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The research

During my three-years-project | focused on the development of novel mono- and bi-valent Sigmal
Receptor (S1R) modulators to address two main objectives: (i) the obtainment of multitarget-directed
ligands (MTDLs) endowed with therapeutic potential for the treatment of neurodegenerative diseases;
(ii) the preparation of a series of bivalent compounds to be used for the study of S1R oligomerization

process. These two major topics are briefly discussed herein.

(i) Neurodegeneration is a key event in many challenging disorders (e.g. Alzheimer’s diseases,
Parkinson’s disease, multiple sclerosis). Such pathologies involve the alteration of several molecular
pathways, making the identification of an effective treatment a difficult task. Considering their complex
nature, the multi-target paradigm is gaining great consensus in the search for small molecules able to
counteract these pathologies. Among the numerous molecular targets that have been correlated with
neurodegenerative disorders, S1R has gained great attention from the scientific community, and S1R
agonists are considered promising pharmacological tools for their neuroprotective activity. Accordingly,
we reasoned that by coupling S1R agonism with modulation of other molecular targets implicated in
neurodegenerative processes we might obtain new molecular entities endowed with higher chances to
counteract such pathologies. The additional targets of our MTDLs include N-Methyl-D-Aspartate (NMDA)
receptor, which plays a relevant role in synaptic plasticity, and acetylcholinesterase (AChE), which
regulates acetylcholine levels in central nervous system. A small structurally focused compound library
was prepared through a divergent synthesis. The so-obtained compounds were tested for a preliminary
biological evaluation, evaluating their affinity and selectivity towards S1R and NMDA receptor, the AChE
inhibition and their antioxidant properties, since oxidative stress plays a potential role in the
pathogenesis of neurodegenerative disorders. A number of promising compounds, endowed with
effective multitarget profile, was identified. These results will pave the way for further biological
investigation and structure optimization in order to achieve viable tools for the treatment of

neurodegenerative pathologies.

(ii) In the last decade numerous studies have supported the hypothesis that S1R can exist in multiple
oligomeric forms. In detail, agonists seem to stabilize SIR monomers and dimers that act as chaperones,
whereas antagonists bind to higher oligomer complexes, maintaining them in repository forms. These
assumptions were recently confirmed by the elucidation of S1R crystal structure, which highlighted the
trimeric form of the receptor. Nevertheless, the mechanism of generation, as well as the precise biological
function of S1R oligomers, are still unknown. Accordingly, a series of homo- and hetero-bivalent S1R ligands

was designed and synthetized to investigate S1R oligomerization process. Since S1R agonists are known to
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exert neuroprotective effects, and S1R can form homo-dimeric structures upon interaction with agonists, we
reasoned that promoting dimerization through bivalent agonists might enhance ligand’s activity. The
designed bivalent compounds consist in two units of (R)-RC-33 (a potent and selective S1R agonist developed
by our group) tethered by a linker. Different lengths, polarities and spatial constraints were explored for the
linker. The key precursor of the synthesis is (R)-RC-33A, an aminic derivative of RC-33. For the obtainment of
enantiopure (R)-RC-33A, three different synthetic approaches have been explored, resulting in the
identification of an efficient pathway to access (R)-RC-33 derivatives with high yield and chiral purity. Once
the designed ligands were obtained in sufficient amount and purity, they were tested in binding assays using
radioligands to assess their S1R affinity. Moreover, computational studies were performed on both mono-
and bi-valent S1IR modulators. In detail, docking into the crystal’s binding pocket served as basis for the
development of a 3D-QSAR model and for the rationalization of experimental results. Molecular dynamics

studies are ongoing, and future functional assays will contribute to shed light on the S1R oligomeric states.

Objectives (i) and (ii) were pursued in parallel during my PhD. Accordingly, the organization of this PhD thesis
will not follow the chronological order of the activities performed. Instead, it will be organized according to
the topics addressed, as follows:

Section 1: gives an introduction on S1R, its structure and oligomeric states, as well as its therapeutic potential,
especially in the treatment of neurodegenerative pathologies. In this section, a brief overview on the
multitarget approach for counteracting neurodegeneration will be given.

Section 2: provides a detailed discussion on the first objective of my work, i.e. the obtainment of MTDLs
targeting the S1R and other related targets to counteract neurodegeneration.

Section 3: describes the pursue of the second objective of my research, i.e. the development of bivalent S1R
ligands to study the S1R oligomerization.

Section 4: draws the most important conclusions and future perspectives concerning both main objectives of
my work.

Section 5: collects all experimental procedures and data.

Section 6: reports all bibliographic references.

Appendix: reports the publications | contributed to, concerning the topics addressed throughout this thesis.

The research is characterized by a high level of interdisciplinarity and involved several researchers with
different competences. | mainly worked at the LabMedChem, at the University of Pavia, where |
performed the synthesis, purification and characterization of the target products. Moreover, | also had
the opportunity to spend part of my PhD in the lab of Julio Caballero (University of Talca, Chile), where
| acquired skills in molecular modelling — working on molecular docking and the early development of a
3D-QSAR model — and in the group of Bernhard Wiinsch (University of Miinster, Germany), where |

finalized the synthesis relative to objective (ii) and | was trained to perform displacement binding assays



with radioligands. Finally, | had the opportunity to follow all the different aspects of this interdisciplinary
project being involved in the planning of activities and in the discussion of the results with all the

research groups involved.
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1.1 Sigma receptors: an overview

The term “Sigma Receptor” (SR) was coined in 1976 by Martin et al., in order to identify a new opioid receptor
subtype?, in virtue of its ability to interact with the benzomorphan analogue (+)-SKF-10,047 (Figure 1).
Subsequent pharmacological characterization demonstrated that this classification was an erroneous

assumption, since the opioid antagonists naloxone and naltrexone had no activity toward SRs?™.

(*)-SKF-10,047 naloxone naltrexone

Figure 1. Chemical structure of (%)-SKF-10,047, which binds to both Sigma and opioid receptors, and those of naloxone
and naltrexone, opioid receptors antagonists.

After years of contradictions and wrong assumptions®, the advances in biological and pharmacological fields
collimated in defining SRs as an orphan receptor family (Figure 2) consisting of two subtypes known as Sigma-
1 (S1R) and Sigma-2 (S2R) receptors, which display a different tissue distribution and a distinct physiological
and pharmacological profile®®. Molecular cloning of both receptor subtypes showed that these proteins are
genetically unrelated to each other and to the true opioid receptors®*°.

A brief summary of the state-of-art knowledge about S1R and S2R is reported hereafter.

Commercial availability of SR reference
standards PRE-084 (S1R agonist),

Identification of SRs as NE100 (S1R antagonist) and siramesine
opioid receptors (S2R ligand)
(Martin et al.) Identification of two S1R crystal structure
receptor subtypes (S1R disclosed
and S2R) (Schmidt et al.)
new
1970 1980
drugs
First S1IR
pharmacophore S1R 3D structure
model proposed
(Glennon et al.) (homology model)

Classification of
SRs as orphan
receptor family

Figure 2. Sigma receptors timeline.
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The gene encoding S1R has been cloned from several species, including humans, rats and mice®’. It
expresses an integral membrane protein composed by 223 amino acids, which shows no sequence similarity
to any other human protein and has a molecular weight of 25.3 kDa2. Over the last ten years, several possible
structures of S1R have been proposed®**4, until the breakthrough in 2016, when the three-dimensional

structure of S1R was finally disclosed (Figure 3)*°.

Figure 3. Structure of human sigma-1 receptor bound to antagonist PD144418, elucidated by Schmidt et al. (PDB:
5HK1)*®. Transmembrane domains are shown in red, while the cytosolic domains of each monomer are depicted in blue,
cyan and grey.

In their outstanding study, Schmidt and collaborators reported two very similar crystal structures, each
complexed with a different ligand (i.e. PD144418 and 4-IBPP). Both co-crystals are constituted by a trimer,
with a single transmembrane helix and a cytosolic domain for each monomer. The ligand binding pocket is
placed in the B-barrel region of the cytosolic domain and is constituted mainly by hydrophobic residues.
Binding of small molecules is mainly due to an ionic interaction between a positively charged center on the
ligand and receptor’s Glul72 residue, that is involved in a network of hydrogen bonds with Asp126 and
Tyr103. In addition, ligands can form hydrophobic n-tinteractions with Tyr103 and other hydrophobic amino
acids in the binding site. Regarding the subcellular localization of S1R, we know that the receptor is localized
at the endoplasmic reticulum/mitochondria interface, in a region called MAM (Mitochondria- associated ER
membrane). Only in 2007, the role played by S1R was clarified. It is now commonly described as a molecular
chaperone which, upon activation, can translocate and modulate the activity of different receptors, enzymes

and ionic channels 1°. In detail, at the MAM level, it ensures the cell survival through different mechanisms:
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i) Ca?* homeostasis control, by chaperoning the inositol triphosphate (IP3) receptor; ii) it promotes an
increase of antioxidant and antistress proteins, by ensuring the correct transmission of ER stress into the
nucleus, through the modulation of Inositol Requiring Enzyme 1 (IRE1); iii) it promotes a decrease of reactive
oxygen species (ROS) formation through Nrf2 signaling. Moreover, under stressful conditions or in case of
pharmacological manipulations S1R can translocate from the MAM to other cellular compartments, affecting
other membranous and soluble proteins. This broad network of interactions determines the involvement of
S1R in numerous signal transduction pathways, indeed it can be defined a pluripotent modulator in living
systems'’. Macroscopically, SIR is ubiquitously expressed (liver, kidney, heart), but above all it is found in the
Central Nervous System (CNS)2. In fact, it has been regarded as a potential therapeutic target for treating
neurodegenerative pathologies (Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis) as
well as cocaine addiction, myocardial hypertension and cancer '°*, Concerning S1R ligands, it has to be
noted that this receptor can bind a wide range of structurally diverse pharmacologically active molecules:
benzomorphans, guanidines, phencyclidine-related compounds, morpholine, piperidine and piperazine
derivatives are but a few of them?. Interestingly, an endogenous ligand for the S1R receptor has yet to be
conclusively identified, although tryptaminergic trace amines, as well as choline and neuroactive steroids

such as dehydroepiandrosterone (DHEA) and pregnenolone all activate the receptor?®?’

. Nevertheless,
development of an effective and reliable binding assay protocol, based on displacement of [3H](+)-
pentazocine?, allowed the correct evaluation of affinity for a large number of chemically dissimilar small
molecules, which in turn led Glennon and co-workers to describe the first S1R binding pharmacophore model
in 1994%°, This consists in an ionizable amine site flanked by two hydrophobic domains and has been a

milestone of crucial importance for the design of new S1R ligands up to the aforementioned publication of

the receptor’s crystal structure in 2016%.
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Figure 4. some representative S1R ligands

On the other hand, S2R is a more enigmatic target that eluded molecular identification since its discovery in
1990°°, which was based on a photoaffinity labelling study: using 1,3-di(2-tolyl)guanidine (DTG), researchers
showed the existence of two protein bands of 25 and 21.5 kDa. The first band was associated to S1R, and this
assumption was confirmed after cloning the gene encoding S1R. The second band was assigned to the S2R3°.
In 2011, Xu et al. postulated the possible localization of the S2R binding site on the Progesterone Receptor
Membrane Component 1 (PGRMC1)3}, but later evidences proved this hypothesis to be wrong, since binding
of S2R ligands was unaffected by whether PGRMC1 was overexpressed or knocked down3?734, It was not until
2017 that S2R was cloned and finally identified as TMEM97, an endoplasmic reticulum-resident
transmembrane protein that regulates the sterol transporter NPC1°. This paved the way to further
development of the already considerable biological investigation on S2R. It is in fact now well-known that
this receptor is correlated with different cancer conditions. In detail, evidence of its over-expression in
proliferating breast carcinoma cells*>?® has led to the development of S2R ligands that are now in clinical
trials for the diagnosis of breast cancer®. It is also relevant that high levels of S2R have been detected in
pancreatic cancer cell lines (Panc-02, Panc-01, CFPAC-1, AsPC-1)%. Remarkably, the pro-apoptotic effects of
S2R ligands suggest the involvement of the Caspase family, protease enzymes playing essential roles in
programmed cell death. Moreover, in some other cases S2R ligands are able to promote toxic damages,

which trigger autophagy or cell-cycle arrest phenomena®. The high intracellular Ca?* level could be another
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implicated mechanism in the cell-death activation. Several organelles and ionic channels are involved in the
Ca?* homeostasis control. S2R ligands are able to modulate the activity of these cellular structures, increasing
the amount of the ion calcium in the cytosol, thus causing cellular damages and death*®™*2, It is noteworthy
that S2R modulators are able to increase the reactive oxygen species (ROS) formation, a peculiar condition
that occurs before apoptosis. Furthermore, S2Rs are widely distributed in the CNS and have been correlated
to pivotal cellular processes in neurological disorders. Particularly, experimental evidence suggested that S2R
is involved in Alzheimer’s disease and some of its modulators are now in clinical trial for the treatment of this
challenging pathology**™>.

As mentioned above, S2R was firstly identified for its ability to bind with high affinity to DTG and haloperidol,
but not to benzomorphans®’. Since then, a large number of molecules able to interact selectively with this
receptor subtype has been reported. These include 6,7-dimethoxytetrahydroisoquinoline analogs, tropane
and granatane analogs, cyclohexylpiperazine analogs and indole analogs®. In 2017, a manually curated

database of the S2R selective ligands was built and is now freely available online*”*,
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Figure 5. some representative S2R ligands

In conclusion, both Sigma receptor subtypes can be considered promising therapeutic targets in virtue of
their involvement in many different pathologies, ranging from CNS-related diseases to cancer. In particular,
the recent elucidation of S1R’s three-dimensional structure allows a rational approach to the design of new
molecules as potential pharmacological tools. A more detailed discussion of S1R’s structural features and

mode of action, as well as its therapeutic potential will be the focus of the next sections.
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1.2 Structure and mechanism of S1R (with a special focus on oligomerization process)

As discussed in the previous section, S1R represents a potential therapeutic target of great interest because
of its involvement in several pathological conditions. Nevertheless, despite significant pharmacological
interest and investigation, it still remains an enigmatic protein which key features have started to be disclosed

only in very recent times, after forty years of studies.
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Figure 6. Schematization of the chaperone model for SIR function. Partner proteins are divided based on their
subcellular localization (picture adapted from reference®).

Nowadays, S1R is unanimously considered a ligand-operated chaperone, able to modulate different signaling
pathways through interaction with other proteins®. Under resting conditions, the receptor is localized at the
MAM, in complex with the binding immunoglobulin protein (BiP) — another chaperone, which plays a central
role in protein folding and quality control®. Stressful conditions or interaction with small molecules can
modulate S1R’s activity. Such small molecules have been divided into agonists and antagonists, on the basis
of their ability to recapitulate the effects, respectively, of genetic overexpression and knockout of S1R in
animal models®. An alternative method to determine agonist/antagonist profile of S1R ligands consist in
evaluation of test compounds’ effect on neurite outgrowth: several experiments on PC12 cells, an in vitro

model of neuronal differentiation, demonstrated that S1R agonists are able to potentiate neurite outgrowth
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and elongation induced by the nerve growth factor (NGF) or epidermal growth factor (EGF), whereas
antagonists block such effects®¥™3, Activation of S1R by agonists or by a decrease in ER Ca2* concentrations
cause the receptor to dissociate from BiP and interact with client proteins in the ER or other organelles.
Studies published up to now suggest that S1R is able to interact with more than 40 different proteins, many
of which are very different in sequence and structure (Figure 6)*°.

However, one of the most intriguing interaction S1R can take part to, is with itself: there is accumulating
evidence suggesting that S1R can exist in a variety of oligomeric forms, which functional consequences still
remain poorly understood. The first hints about existence of S1R oligomers came from a couple of work
published in 2007. In detail, while studying the binding site of S1R through iodolabelled probes, Pal et al.
identified high molecular weight protein complexes not completely dissociated during the SDS-PAGE
analyses>*. Considering that S1R contains two GXXXG integral membrane dimerization domains, the authors
hypothesized that the receptor could exist as a homo- and/or hetero-oligomers. In the same vyear,
Ramachandran an collaborators showed how the S1R radiolabelled ligand, [*H]-(+)-pentazocine, binds to the
molecular target with a molar ratio of 1:2. This event found a possible explanation in the dimerization of the
protein®. Similarly, a study that involved photo-incorporation of a N-alkylamine derivative resulted in an
enhanced electrophoretic mobility of only 50% of the derivatized receptor®®. Also in this case, a binding model
involving a receptor dimer and/or oligomer was proposed. More recently, gel filtration chromatography has
been employed to reveal diverse oligomeric forms that are stabilized by ligand binding®’. Furthermore, FRET
spectrometric analyses revealed different S1R oligomerization states, as a consequence of the binding with
different ligands®®. These studies led to the development of a mechanistic model regarding S1R constructs
according to which agonists stabilize SIR monomers and dimers that act as chaperones, whereas antagonists
bind to higher oligomer complexes, maintaining them in repository forms>’°8. This model is the most
commonly accepted nowadays, and the recent crystallographic studies confirmed S1R’s ability to form homo-
oligomer complexes. Nevertheless, the precise mechanism of generation, as well as the biological function
of such forms are still not completely understood*®~°. These points, along with molecular features of S1R
ligands underpinning agonism/antagonism probably represent the major Sigma enigmas to date. It must be
noted that Glennon’s pharmacophoric model does not differentiate between agonists and antagonists. Even
the publication of the first S1R crystal structure in 2016 could not give particular insights into this aspect. In
fact, Schmidt and co-workers reported that no clear difference could be observed between interactions of
the receptor and the two chemically divergent co-crystallized ligands (i.e. the antagonist PD 144418 and
compound 4-IBP, with a more ambiguous profile)'®. In a later publication, the authors argued that structural
studies of other three well-characterized classical ligands could help to solve the puzzle: crystal structures of
S1R bound to the antagonists haloperidol and NE-100, and to the agonist (+)-pentazocine were disclosed in
2018, Crystallographic analysis of ligands in the antagonist-bound S1R confirmed a highly conserved binding

mode and receptor conformation even for chemically diverse antagonists. Interestingly, the agonist-bound
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receptor crystallized very similarly to antagonist-bound S1R, with the only exception of helix a4, which shifts
approximately 1.8 A away from helix a5 in the (+)-pentazocine-bound structure relative to the PD 144418-
bound structure (see Figure 7). In addition, the authors performed docking studies which suggested that also
other structurally unrelated agonists (such as PRE-084) might adopt a pose very similar to that observed for
the crystallographic (+)-pentazocine. These steric constraints force helix a 4 to shift 1.1-1.8 A away from helix
a5 to accommodate the agonist. Such a modest structural change does not disrupt the oligomerization
interface between individual protomers, nor it seems to be easily exploitable for rational design of
modulators with a well-defined biological profile. Nevertheless, Schmidt and collaborators pointed out that
if a4 were to move to a greater degree it could disrupt the oligomerization interface, which is consistent with
prior data suggesting that S1R agonists bias the receptor toward lower-molecular-weight states, whereas

antagonists bias it toward higher-molecular-weight states.

Figure 7. Alignment of the structures of human S1R bound to (+)-pentazocine (PDB 6DK1), shown in blue, and to PD
144418 (PDB 5HK1), shown in orange. The ligands (+)-pentazocine and PD 144418 are shown in green and purple,
respectively. The red arrow indicates the shift of helix a 4.
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1.3 Sigma 1 Receptor as therapeutic target (with a special focus on neurodegeneration)

As mentioned above, S1R has been extensively studied from a pharmacological standpoint since its discovery
in the 1970s. It has in fact been proposed as drug target for the treatment of various pathologies and
conditions. These include neurodegenerative diseases, such as Alzheimer’s disease (AD)?*°%%°, Parkinson’s
disease (PD)**°, Amyotrophic lateral sclerosis (ALS)%*° and multiple sclerosis (MS) (see Paper 1, Appendix,

6364 and cancer®®’. The considerable

page 119), as well as neuropathic pain®-?, drug and alcohol abuse
amount of patented S1R modulators reflects the significant potential of such molecules as pharmacological
tools®®’. Interestingly, three of them are currently under clinical trial (Figure 8): ANAVEX 2-73, patented by
Anavex Life Sciences Corp, is undergoing Phase llI clinical trials for the treatment of AD®’; AVP-786
(deuterated (d6)-dextromethorphan/quinidine), entered Phase lIl clinical trials to alleviate agitation in
patients with AD®®%%; S1A or MR309/ E-52862, patented by Esteve, is undergoing Phase Il clinical trials for
treating neuropathic pain, post-operative pain and opioid analgesia enhancement’®’!, Furthermore,
pridopidine — originally developed for Huntington disease and thought to be a dopamine D2 receptor

antagonist’?> — has now reached Phase I clinical trial for Parkinson’s Disease Levodopa Induced Dyskinesia

(PD-LID)”3, and has been recently proposed for the treatment of ALS in virtue of its S1R-agonist profile’*.

Alzheimer's disease neuropathic pain PD-LID

o s
O N‘N \\\ S\S//O N
N
@ )
) ¢

ANAVEX 2-73 AVP-786 S1A pridopidine

selective S1R agonist S1R agonist and modulator of other selective S1R antagonist selective S1R agonist
targets (NMDAR, nicotinic receptor, etc.)

Figure 8. S1R modulators currently under clinical trial

S1R’s ability to interact with a wide range of proteins affecting different signaling pathways and biological
cascades, as well as its involvement in cell survival and excitability, makes it an attractive target for the
treatment of complex multi-factorial pathologies that represent today’s major therapeutic challenges. These
include CNS-related diseases and cancer. In the following section a brief excursus on neurodegenerative

diseases and S1R’s correlation with them will be given.

Neurodegeneration is a key feature of many debilitating, incurable diseases that are rapidly rising in

prevalence, partly because of elderly population increase in recent years’®. This heterogeneous group of
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disorders, many of which are age-related, includes AD and other dementias, PD, ALS, MS, Huntington’s
disease (HD), spinocerebellar ataxia (SCA) and post-stroke degeneration’>™”’. These pathologies are diverse
in their pathophysiology — with some causing memory and cognitive impairments and others affecting a
person’s ability to move, speak and breathe. Recent estimates showed that globally, in 2016, neurological
disorders were the leading cause of DALYs (disability-adjusted life years; the sum of years of life lost and
years lived with disability) and second leading cause of deaths (affecting about 9.0 million people),
representing a tremendous burden to the patients, their families, and society’®. The current pharmacological
scenario is meagre, and disease-modifying therapeutics have yet to emerge: the drugs currently approved
only afford symptomatic relief, providing little or no mitigation of the progression of the pathology.
Accordingly, there is an urgent need to develop new and more effective therapeutic strategies to combat
these devastating diseases. Significant efforts have been made in this field to provide new insights into the
complex pathophysiology of such conditions, developing effective models — from cell-based systems, to
complex animals — and revealing candidate biomarkers or therapeutic targets’. Accumulating evidence
suggests that neurodegenerative diseases have a multifactorial origin, being associated with both specific
genetic variations and environmental factors (e.g. smoking and stress) that lead to alteration of several
molecular cascades’®. However, progressive loss of structure and/or function of neurons, within the CNS,
is the pivotal event leading to neurodegeneration. Hence, besides the distinct genetic etiologies and
pathological phenotypes, neurodegenerative disorders appear to share common mechanisms of neuronal
cellular dysfunction, which include calcium dysregulation, excitotoxicity, oxidative and ER stress,
mitochondrial dysfunction and neuroinflammation. S1R, which is expressed in both neurons and glia cells
within the central nervous system, can modulate the aforementioned biological mechanisms associated with

neurodegeneration?%8!,

e Alteration of the intracellular Ca®* levels is often associated with both chronic neurodegenerative
diseases and acute CNS damages. S1R is one of the main actors in the sophisticated homeostasis
control that avoids pro-apoptotic phenomena®. As mentioned in Section 1.2, S1R forms a quiescent
complex with BiP and this structure is Ca?*-dependent. Ca?* depletion or S1R agonism promote the
complex dissociation and thus, the activation of S1R chaperonic activity'®*. Among the S1R client
proteins that take part in restoring calcium influx, the most notable are the inositol 1,4,5-
triphosphate receptor type 3 (IP3R)® and protein kinase C (PKC)®*#. On the other hand, high levels
of Ca®* are dangerous as well. This state is often a consequence of excitotoxicity, i.e. a pathological
condition in which high levels of glutamate over-activate N-Methyl-D-Aspartate (NMDA) receptors,
whichinturn cause an excessive calcium influx. This leads to stochastic failure of calcium homeostasis
and necrotic cell death®®”, Excitotoxicity occurs in various neurodegenerative pathologies, and it has
been correlated with S1R: upon activation it is able to modulate glutamate receptors, albeit the

underlying mechanisms are not completely fathomed yet and seem to be numerous®®?,
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Reactive oxygen species (ROS) are natural by-products of oxygen metabolism, promoting hormetic
responses. In detail, low concentrations of ROS possess beneficial effects in maintaining cellular
homeostasis, whereas a disequilibrium between their production and detoxification systems may
lead to oxidative damage®. Numerous altered conditions contribute in generating ROS, such as
mitochondrial dysfunction and sustained neurotransmission (e.g., of glutamate, dopamine, or
serotonin), and they may cause severe side effects, damaging lipids, nucleic acids and proteins®>°4,
The brain is particularly vulnerable to oxidative stress, since it has high oxygen demand, relatively
low levels of the antioxidant glutathione and is enriched in polyunsaturated fatty acids that are
substrates for lipid peroxidation®®. Accordingly, oxidative stress has been extensively associated with
several CNS-related diseases: strong association between the detection of increased ROS production
and the increased oxidative damage observed in CNS disorders has been documented’®®. Activation
of SIR may also mitigate ROS accumulation, possibly through modulation of ROS-neutralizing
proteins. S1IR knockout, knockdown or addition of antagonist haloperidol can increase oxidative
damage, whereas addition of (+)-pentazocine counteracts it”°8. Along with ROS, reactive nitrogen
species (RNS) can also be generated under pathological conditions in the CNS. Sigma-1 agonists may
also ameliorate nitrosative stress. The sigma receptor agonist PPBP (4-phenyl-1-(4-phenylbutyl)
piperidine) attenuated nitric oxide (NO) production as well as nitrosative damage to proteins and
nucleic acids®. The decrease in NO generation may be linked to the ability of sigma-1 receptor
activation to decrease nitric oxide synthase (NOS) activity'9%10%,

The ER plays an important role in protein synthesis and folding as well as cellular homeostasis. Under
stressful conditions (e.g. calcium dysregulation and oxidative stress), unfolded or misfolded proteins
can accumulate within the ER lumen and promote the protective unfolded protein response
(UPR)1%103 However, in case of prolonged or severe protein accumulation, the ER can eventually
trigger cell death, rather than cell maintenance programs. Multiple studies show that S1R agonists
interfere with abnormal protein accumulation, modulating the UPR2*1%41% |n particular, S1R’s
localization within the ER and at mitochondrial membranes suggests a role in interorganellar
communication and regulation, as well as separate influences in both structures'®. During ER stress
orvia ligand stimulation, S1IR can modulate the activity of other proteins involved in UPR, i.e. protein
kinase RNA like ER kinase (PERK), inositol requiring enzyme 1 alpha (IREla), and activating
transcription factor 6 (ATF6)6194,

Mitochondria play multiple critical roles in neuron maintenance. In addition to supplying ATP and
providing metabolic and biosynthetic substrates, mitochondria also regulate calcium homeostasis
and the initiation of apoptosis. Aberrant mitochondrial function, as well as alterations in

mitochondrial structure and dynamics, are associated with multiple neurodegenerative

diseases’®%, The close apposition of mitochondria to a particular subset of the ER, the MAM, is
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important for multiple aspects of normal mitochondrial and cellular function. Proper interaction
between mitochondria and the MAM maintains lipid synthesis and trafficking, calcium homeostasis,
and regulation of mitochondrial-dependent apoptosis. As mentioned above, the fact that S1R is
localized at the MAM suggests it plays a key role in these biological pathways. Accumulating evidence
suggests S1R is an effective protector against mitochondrial damage**%8, For example, it has been
shown that the S1R agonists BHDP (N-benzyl-N-(2-hydroxy-3,4-dimethoxybenzyl)- piperazine) and

SA4503 preserve mitochondrial respiration and ATP synthesis in different in vitro models, whereas

co-administration of antagonist NE-100 blocks these effects'%’1%, Additional studies suggested that

S1R can also influence the expression of both pro-and anti-apoptotic signals targeting mitochondria.

In detail, SIR agonists seems to promote cell survival by increasing the expression of the anti-

apoptotic protein Bcl-2 as well as by decreasing the activity of the pro-apoptotic protein Bax'%%11°,

e One of the most ubiquitous responses to CNS insults including neurodegenerative disorders is
reactive gliosis'*. This is classified as the “activation” of astrocytes within the CNS, which causes
astrocytes to proliferate, migrate, and produce several factors to further improve brain damage 2.
Several recent studies have shown the ability of sigma ligands to ameliorate reactive astrogliosis'**"
116 Microglia, on the other hand, are a separate and distinct type of glial cell compared to astrocytes.
These are macrophage-derived cells located in the CNS, where they play a key role as mediators of
neuroinflammation. They are grouped into two subcategories: M1 microglia, with pro-inflammatory
properties involved in CNS damage, and M2 microglia, which are anti-inflammatory and stimulate
neuronal regrowth and repair''’. Accumulating evidence suggests that S1IR can also regulate
microglial activity by strengthening the reparative microglia phenotype (M2), while it attenuates the
inflammatory response (M1) and hence promotes neuroprotection?”109-112 Recent publications
showed that these beneficial effects can be triggered, both in vitro and in vivo, by S1R agonists such

as PRE-084110118-121,

Altogether, these data corroborate the great potential of S1R as a therapeutic target to counteract CNS-
related disorders. In particular, its ability to modulate a wide range of orthogonal biological mechanisms
involved in neurodegeneration is generally considered a significant advantage in the fight against such
complex multifactorial diseases. Moreover, the possibility to trigger, enhance or suppress many of the
aforementioned molecular cascades through small molecules modulators makes viable to adopt a medicinal

chemistry approach.
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1.4 Multi target drugs as a modern approach for neurodegenerative diseases

As it has been reported in the previous section, neurodegenerative diseases are complex disorders with
several pathoetiological pathways leading to cell death. The multifactorial origin of such disorders makes the
traditional therapeutic approach, which relies on “one target one drug” paradigm, ineffective. The so-called
“magic bullet” — a ligand interacting with a singular drug target at very high potency — has been extensively
and successfully used for many diverse pathologies, but fails when applied to diseases involving multiple
compensatory mechanisms, namely cancer and CNS-related disorders'??™2>, Cellular networks involved in
such pathologies are robust and prevent major changes in their outputs when a single target is modulated.
Hence, current treatment options for neurodegenerative diseases are limited, relying essentially on
symptomatic relief rather than disease-modifying therapies'?>'?3, Recently, an alternative strategy has been
proposed to alter progression of neurodegenerative diseases: the use of multi-target drugs (MTDs) or
multitarget-directed ligands (MTDLs). According to the definition of Melchiorre and colleagues in their
pioneer publication these are “... compounds that are effective in treating complex diseases because of their
ability to interact with the multiple targets thought to be responsible for the disease pathogenesis...”*?. It
must be noted that many drugs already on the market act via interaction with multiple targets, but in those
cases the discovery of the mechanism of action was made afterwards and/or serendipitously. On the other
hand, with the MTDL approach, a single molecule is designed a priori to act by modulating different disease
pathways, since it is expected that balanced modulation of diverse selected targets can provide an improved
therapeutic effect. One of the main limitations during early years of MTDs rational design was that much of
the complexity between linked signaling pathways was still poorly understood. However, continuous efforts
in defining those mechanisms are constantly adding new pieces to the jigsaw puzzle of neurodegeneration,
eventually paving the way to enhanced treatment options. Accordingly, during recent years, a number of
heterogeneous MTDs have been developed that showed promising results in vitro and in vivo, although issues
like side effects and low bioavailability started to emerge during clinical trials. This suggest that, besides the
correctness of the basic principle, MTDs represent a big challenge in terms of both discovery and
development, prompting the scientific community to pursue further investigations'?-12°. Nowadays, to build
new MTDLs the medicinal chemist decides from the beginning which and how many pharmacophoric groups
have to be assembled into a new scaffold, based on the type and number of biological targets to be
modulated. This strategy gives significant advantages respect to drug cocktails and multi-component
formulations in terms of pharmacodynamic and pharmacokinetic profiles*®**1, In order to combine two
molecules (or parts of them) in a new, single chemical entity, different approaches can be exploited, as
depicted in Figure 9. Hybrid compounds can be obtained by linking (either with a cleavable or not cleavable

linker) two molecules, or by framework integration, which can be done either by fusing (i.e. connecting
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directly) or by merging (i.e. partially superimposing) two scaffolds. In particular, the merging technique
enhances the overlap between the two original compounds and diminishes the new molecule’s dimensions,

which in turn improves ADME profile and drug-like-properties.

o0

0-Q O D

linked fused merged

Figure 9. Schematization of various approaches to the design of multi-target directed ligands, starting from two different
molecules A and B, endowed with affinity for two different targets.

To date, multi-kinase inhibitors constitute the most successful class of rationally designed MTDLs: for
example, lapatinib and neratinib are two notable members of this group that eventually reached the
market'3213, These are dual kinase inhibitors active on both epidermal growth factor receptor (EGFR) and
human epidermal growth factor receptor 2 (HER2). Lapatinib was discovered by Gilmer and colleagues in the
pursuit of a novel compound able to modulate both EGFR and HER2 via the kinase domain, thus obtaining a
synergistic effect’®2. It is currently used in the therapy against breast cancer and other solid tumors under
the trade names Tykerb and Tyverb!3*. More recently, neratinib was approved by FDA for the treatment of
breast cancer!®®. This molecule was designed through computational studies aimed at enhancing affinity
profile toward both EGFR and HER2!33, Another case worth mentioning in the search for multitarget anti-
cancer drugs is CUDC-101, a potent EGFR, HER2, and Histone deacetylase (HDAC) inhibitor!3¢. The compound
was designed at Curis by linking the quinazoline scaffold of known EGFR/HER2 inhibitors, such as lapatinib,
and the hydroxamic acid moiety responsible for the HCDAC inhibitory activity. After excellent results in
preclinical tests, CUDC-101 entered phase | clinical trials for the treatment of head and neck cancer.
Unfortunately, it was later abandoned due to bioavailability issues®’.

Concerning CNS-related diseases, one of the most studied and promising MTDLs for the treatment of
neurodegenerative disorders is ladostigil (Figure 10). It acts as a reversible acetylcholinesterase (AChE) and
butyrylcholinesterase inhibitor (BuChE), and an irreversible monoamine oxidase B (MAO B) inhibitor. Its
scaffold merges the pharmacophoric elements of older drugs like rivastigmine and rasagiline’3®!3°, |n addition
to its neuroprotective properties, ladostigil enhances the expression of neurotrophic factors like GDNF and
BDNF, and may be capable of inducing neurogenesis'*°.Ladostigil reached phase Il clinical trial for the therapy

against cognitive impairments. The results were published very recently and showed that despite a safe

24



profile and good tolerability, the compound was not able to significantly delay progression to dementia,
although it has been associated with reduced brain and hippocampus volume loss!*. Other examples of
linked, fused or merged MTDLs can be found in recent literature and are reported in Figure 10. In 2019
Rajeshwari et al. reported the synthesis and evaluation of a series of tacrine and phenylbenzothiazole hybrids
potentially useful for the treatment of Alzheimer’s disease!*%. These compounds are inhibitors of AChE and
inhibitors of amyloid-B (AB) self-aggregation endowed with neuroprotective effects. The two scaffolds were
joined by a linker. In another recent publication, Lutsenko and collaborators described the preparation of
monoamine oxidase B (MAO B) inhibitors and histamine Hs; receptor (HsR) antagonists as viable tools to
counteract neurodegeneration®*, In this case, the pharmacophoric elements of rasagline and UCL2190 (MAO
B and H3R modulators, respectively) were merged in a single small molecule. Another example of merged
dual ligand is PQM130, which is obtained by the combination of the N-benzylpiperidine group present in
donepezil (AChE inhibitor) and the feruloyl group presentin ferulic acid (a product of degradation of curcumin
endowed with neuroprotective, antioxidant and anti-inflammatory properties). This compound resulted
effective in ameliorating the cognitive impairments and pathology in a mouse model of Alzheimer’s

disease'.
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Figure 10. Some examples of MTDLs currently under investigation. Different colors indicate structural elements of older
ligands (which names are indicated in the same color) that served as inspiration to build new hybrid compounds (which
names are reported in purple, when present).

In conclusion, analysis of recent literature shows that despite promising results in early stages of drug

development and the widely recognized therapeutic potential of multi-target drugs, their rational discovery
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still represent a great challenge. Nevertheless, some notable rationally designed MTDs have already been

approved for therapy (e.g. multi-kinase inhibitors), further supporting the viability of this approach.
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2. Targeting the sigmal receptor system to counteract
neurodegeneration.
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2.1 The S1R modulators: state of the art

As mentioned above, S1R is able to bind a variety of structurally unrelated compounds. However, to date no
endogenous ligand has been definitively identified, although many hypotheses have been advanced.
Neurosteroids (such as dehydroepiandrosterone (DHEA), pregnenolone, and progesterone)'*® as well as the
hallucinogen N,N-dimethyltryptamine (DMT)%*, D-erythro-sphingosine’*® and choline?” have all been
suggested as putative endogenous S1R ligands (Figure 11), but in most cases their low affinity makes these

assumptions uncertain.

DHEA pregnenolone progesterone
| OH |
N - ®
~ = ~
| HO/\‘/\/\C13H27 /N\/\OH
HN NH,
DMT D-erythro-sphingosine choline

Figure 11. Some putative S1R endogenous ligands

Since the discovery of S1R, there has been an extensive pharmacological investigation, which helped to
identify a large number of diverse ligands. Many of these were designed on the basis of the well-known
pharmacophoric model published by Glennon and collaborators in 1994, consisting of a basic nitrogen
flanked by two hydrophobic moieties?. Besides this rather loose common feature, some recurring structural
motives can be identified among the most notable S1R modulators (Figure 12). Morpholine is one of these.
The first selective S1R agonist identified is in fact the morpholine derivative PRE-084, originally employed to
investigate S1R’s role in different CNS-related disorders, and still commonly used as a reference standard in
in vitro and in vivo assays of novel ligands!'*!*. Another important morpholine-based compound with
enhanced S1R affinity is Afobazole, endowed with anxiolytic and neuroprotective properties'®. Its ability to
interact also with S2R proved beneficial to modulate microglial function!!®. The already cited S1A (also known
as E-52862) contains a morpholine ring too’. Esteve is currently investigating this selective S1R antagonist
for the treatment of neuropathic pain’l. Another important class of Sigma ligands is constituted by

guanidines. In particular, 1,3-di-o-tolylguanidine (DTG) deserves to be mentioned for its employment in SRs
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binding assays. This compound is in fact a pan-sigma modulator, i.e. it can bind both Sigma 1 and Sigma 2
receptors. Its tritiated form is commonly used for determining binding affinity at S2R, in the presence of non-
tritiated pentazocine to mask the S1R binding site'®°. Piperazine derivatives also account for a large number
of S1R ligands. These include SA4503, under investigation for treatment of ischemic stroke®!*°, BD1031,
which is being studied for the development of a new method to define the S1R agonist/antagonist profile®®?,
and Rimcazole, originally developed as a potential antipsychotic and historically reported as S1R antagonist
despite its rather low binding affinity'®>%'*3, Finally, many other remarkable S1R modulators share a piperidine
scaffold. Among these, 4-IBP deserves to be mentioned: this non-selective SR ligand has been co-crystallized
with S1R in the pivotal work by Schmidt et al*>. It has been developed as radiopharmaceutical to bind to SRs
on the MCF-7 human breast carcinoma cell line, although its functional profile is not unanimously identified,
with assays suggestive of either agonist or inverse agonist activity'**. 4-PPBP is another compound belonging

155 Moreover, the well-

to this group (it was discovered by Yang et al., who reported its cytoprotective effect)
known antipsychotic drug Haloperidol is a S1R antagonist which also contains a piperidine ring®®.
Interestingly, this structural motif is sometimes found as part of spirocyclic molecules (see Figure 11): this is
the case, for example, of L-687,384, a potent S1R agonist and NMDA receptor antagonist developed by Merck
Sharp & Dohme®’, which inspired a series of analogues, such as Fluspidine, developed by Wiinsch and co-
workers®1%%_ Other nitrogen-containing polycyclic compounds able to bind S1R are benzomorphanes (such
as (+)-pentazocine and (+)-SKF-10, 047)%%, cocaine'® and amantadine®®®. It is worth noting that from the list
of modulators reported in this Section emerges that even compounds sharing a common structural motif can
display divergent biological profiles: this is the case of PRE-084 and S1A, SA4503 and Rimcazole, or 4-PPBP
and Haloperidol. In fact, as discussed in Section 1.2, an elusive aspect of S1R’s modulators is which structural

59,162

elements determine agonist/antagonist behavior . Up to date, classification of small molecules as

agonists or antagonists relies therefore on evaluation of their physiological effects in in vitro and/or in vivo
models, such as neurite outgrowth assay >1°%%1,

In the pursuit of novel SRs modulators endowed with therapeutic potential, our research group developed,
over the last ten years, a large number of molecules bearing the pharmacophoric elements required for
interaction with S1IR. From these studies emerged compound (R)-1-[3-(1,1'-biphen)-4-yl]butylpiperidine
(named (R)-RC-33, Figure 12) as a selective S1R agonist exhibiting excellent affinity (Ki = 1.8 nM), high
selectivity over other receptors, neuroprotective effects and good in vitro metabolic stability?>*31%3, The
ability of (R)-RC-33 to promote the differentiation and the neurite elongation was verified using the rat dorsal
root ganglia (DRG) experimental model'®*. Moreover, after systemic administration in mice, (R)-RC-33
showed an excellent pharmacokinetic profile and CNS distribution®3. This hit compound served as the basis

for the development of new mono- and bi-valent modulators of S1R that constituted the main focus of my

PhD research project.
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Figure 12. Glennon’s pharmacophoric model and some noteworthy S1IR modulators. Recurring structural motives are

highlighted with different colors.
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2.2 Design and pharmacokinetic predictions of novel ligands

As discussed in Section 1.3, the involvement of S1R in numerous molecular cascades related to
neurodegeneration makes it an attractive target for the development of innovative therapies for CNS-related
diseases. Considering the advantages of multitarget-directed ligands presented in Section 1.4, we reasoned
that coupling S1R agonism with modulation of other molecular targets implicated in neurodegenerative
processes, we might obtain new pharmacological tools endowed with higher chances to counteract such
pathologies. Among these additional therapeutic targets, we selected acetylcholinesterase (AChE) and N-
methyl-D-aspartate (NMDA) receptor.

In detail, AChE regulates acetylcholine levels in central nervous system, and since many years is considered
one of the major biomarkers for degeneration of the cholinergic neural network. AChE inhibitors are able to
restore the physiological amount of acetylcholine and are commonly used in therapy for counteracting the
cognitive impairment, a common feature of neurodegenerative diseases'®®, On the other hand, the N-
methyl-D-aspartate receptor (NMDAR) plays a relevant role in synaptic plasticity and synapse formation
underlying memory and learning. This ionotropic glutamate receptor, constituted by two subunits GIuN1 and

167 An alteration of this

GluN2, is one of the major conduits for calcium entry into neuronal cells
neurotransmitter pathway causes accumulation of glutamate in the synaptic terminations that promotes the
GIuN2 activation and thus, an excessive accumulation of Ca?* inside the cell. This condition, known as
excitotoxicity, triggers diverse mechanisms of cell death and is one of the major hallmarks of
neurodegeneration®”1%8  Accumulating evidence suggests that a negative modulation of this molecular
target may contribute in slowing the progression of neuropathies'®. In addition to dysregulation of these
neurotransmitter pathways (i.e. acetylcholine and glutamate systems), an important condition occurring in
neurodegenerative disorders is over-production of Reactive Oxygen Species (ROS) due to alterations of
mitochondrial respiratory chain activity®>!’°. While a low ROS level plays a crucial role in cellular pathways,
abnormal increase in ROS concentration can overcome the cellular antioxidant machinery and induce
macromolecular damages (i.e. interaction with the DNA, proteins and lipids), promoting aberrant molecular
cascades®. Given these premises, we aimed at obtaining molecules able to modulate S1R, to act as AChE and
NMDA receptor inhibitors and endowed with antioxidant properties. To reach this goal we designed a library
of potential MTDLs bearing the pharmacophoric elements of (R)-RC-33, the potent and selective S1R agonist
developed by our group (see Section 2.1), Donepezil (the well-known AChE inhibitor currently used to
counteract cognitive impairment in patients with Alzheimer’s disease)'’?, Ifenprodil (a potent NMDAR
inhibitor)”>13 and Curcumin, the natural antioxidant produced by Curcuma longa plants'’. The new
compound series is characterized by a common arylalkylamineketone scaffold reported in Figure 13, with

three elements of structural diversity: the aromatic ring, the aminic moiety and the length of the linker
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between the aromatic and the aminic portions. Exploration of diverse stereo-electronic features, as well as
evaluation of commercially available building blocks and synthetic feasibility, prompted us to develop the

compound library reported in Table 1.
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Figure 13. Common arylalkylamineketone scaffold of the new MTDL series and reference compounds that served as
inspiration. The pharmacophoric elements that have been implemented in the new library are depicted with different
colors. In detail, the keto-group present in Donepezil and Curcumin is retained in the new series, while aromatic ring,
amine moiety and alkyl linker are the three elements of structural diversity explored.

Before moving forward to the synthesis of the designed compounds, we evaluated in silico their
pharmacokinetic profile. In modern drug discovery, in silico prediction of absorption, distribution,
metabolism and excretion (ADME) parameters is a valuable tool to assess the drug-likeness of a novel
compound and its chances to reach the proper body district where the target lies. Such predictions are
particularly useful in the development of therapeutic molecules for CNS-related diseases, since the blood-
brain barrier (BBB) is able to prevent almost 100% of large molecules and more than 98% of small molecules
drugs to reach the brain’®. Notwithstanding that actual and true data regarding the pharmacokinetic
properties of a molecule must come from experimental results, in the last few years several computational
methods proved to be effective in reducing the attrition rate during the first stages of a drug discovery
process, thanks to the early optimization made possible by the information obtained from computational

methods. Since the primary targets of the designed library (i.e. SIR, AChE and NMDA) are mainly localized in
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CNS, the Wager et al. model'’® was used to predict our compounds’ ability to cross BBB. According to this
well-established and broadly employed model, there are six physicochemical parameters that can be
computed to assess both the pharmacokinetic properties and the ability of a molecule to reach CNS: (a)
partition coefficient (ClogP); (b) distribution coefficient at pH 7.4 (ClogD); (c) molecular weight (MW); (d)
topological polar surface area (TPSA); (e) number of hydrogen-bond donors (HBDs); and (f) acid dissociation
constant (pKa)!”’. According to the Wager et al. model, a score ranging from 0 to 1 is attributed to each
property, applying specific functions for ClogP, ClogD, MW, pKa, HBD and TPSA. The summation of all these
values gives a final score (0-6), which can be defined as follows: i) 0-2, compound is unable to cross the BBB;
ii) 2-5, compound may reach the CNS; iii) 5-6, compound effectively crosses the BBB’®. Accordingly, this
model was exploited to calculate the potential ability of compounds 1-31 in reaching the CNS (Table 1). For
comparative purposes, we reported also the results obtained for (R)-RC-33 and Donepezil, for which is known
their good CNS distribution. The tabulated results show that four compounds (15 and 19-21) possess a score
above 5, whereas the others display values ranging from 2 to 5. Noteworthy, compounds 3, 7, 9, 11, 14, 16-
18 and 22 possess good scores (>4). Altogether these values reveal that all molecules 1-31 are able to reach
the CNS. Moreover, reference compounds (R)-RC-33 and donepezil show scores ranging from moderate to
good (2.57 and 4.41, respectively) and this behavior is in line with their in vivo CNS distribution, which was
extensively confirmed by experimental data and clinical use. With this promising results in our hand, we

moved forward to the synthesis of the whole library.
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Table 1. Designed compounds and their scores related to the predicted BBB penetration. Colors of the score boxes range

from yellow to green as the score increases.

compound score Ar X
1 3.47 phenyl
2 3.57 4-methoxyphenyl
3 4.04 3-methoxyphenyl
4 3.02 naphth-2-yl CHBn
5 3.42 6-mehoxynaphth-2-yl
6 2.97 4-biphenyl
7 4.25 naphth-2-yl
8 3.65 4-biphenyl CH2
9 4.15 4-(benzyloxy)phenyl
10 3.46 phenyl
11 4.09 4-methoxyphenyl
12 2.72 naphth-2-yl CHBn
13 2.61 4-biphenyl
14 4.8 phenyl
15 5.3 4-methoxyphenyl
16 4.35 naphth-2-yl CH;
17 4.18 4-biphenyl
18 4.15 4-(benzyloxy)phenyl
19 5.48 phenyl
20 5.94 4-methoxyphenyl o
21 5.28 naphth-2-yl
22 491 4-biphenyl
23 3.17 phenyl
24 3.79 4-methoxyphenyl
25 3.74 3-methoxyphenyl
26 2.49 naphth-2-yl CHBn
27 2.73 6-mehoxynaphth-2-yl
28 2.32 4-biphenyl
29 3.95 naphth-2-yl
30 3.35 4-biphenyl CH»
31 3.85 4-(benzyloxy)phenyl
(R)-RC-33 2.57
Donepeuzil 4.41
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2.3 Synthesis

To prepare the designed library we planned to adopt a divergent strategy. This approach is in contrast with
target-oriented syntheses, i.e. linear and convergent syntheses, which aim to access a precise region of
chemical space, often defined by a complex natural product known to have a useful biological function.
Divergent synthesis, on the other hand, aims at the preparation of a drug-like or natural product-like
compound library by the derivatization of a versatile synthetic intermediate. This strategy is particularly
useful to explore wider regions of chemical space in a very efficient way'’®'”°. Consequently, it often led to
the discovery of various bioactive compounds, proving its potential to reach a viable drug candidate, and
many reviews and research papers on this topic can be found in recent literature’¢182,

A retrosynthetic analysis was then performed, in order to identify the most convenient pathway to access
the desired compounds. Different well-established approaches for the obtainment of amino-ketones (e.g.
Mannich reaction) were taken into consideration (see Paper 2, Appendix, page 141). Finally, we envisaged to
exploit the Weinreb ketone synthesis. This classical synthetic protocol developed by Weinreb and Nahm
involves two subsequent nucleophilic acyl substitutions: the reaction of an acyl chloride with N,O-
dimethylhydroxylamine, to form a Weinreb amide, followed by treatment of this species with an
organometallic reagent, such as a Grignard reagent or organolithium reagent (Scheme 1)%3. Most
importantly, this last step does not produce tertiary alcohols due to over-addition of organometallic reagent.
In fact, the reaction proceeds through a metal-chelated intermediate (A in Scheme 1), which is very stable at
low temperature, and therefore requires a low-temperature quench to afford target ketone without over-

addition byproducts.

- Weinreb amide B ]
ITJH * HCI M
o) OMe o R'—M Ca : 0
g JU ome ~ 0-Me H30 Py
R™ ~Cl L R™ N R N R R
pyridine, CHCI3 | R" |\ low temp.
0 °C, 1h L _
A

Scheme 1. Generic representation of the Weinreb ketone synthesis.

In our case, we choose lithium arenes as organometallic reagents to be employed in the last step. These can
be obtained through bromo-lithium exchange, performed on the corresponding aryl bromide with t-butyl
lithium in anhydrous THF at -78 °C84. The detailed route employed to obtain our target compounds 1-31 is
reported in Scheme 2. This synthetic strategy allowed us to access a wide range of structurally diverse final

compounds from a limited number of key intermediates (Weinreb amides la-lllb).
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C

NH N
| n n
OMe Et,0/H,0, r.t. OMe K,COs3, ACN, r.t. OMe
n= 2Y 3 Il n=1 (purchasab|e) la n= 1, X =CHBn (999%)
Il n=2(99.9%) Ib n=1,X=CH, (85%)
Il n=3(92%) lla n=2,X=CHBn (99.9%)
llb n=2,X=CH,(99.9%)
lic n=2,X=0 (46%)
llla n=3,X=CHBn (65%)
b n=23,X=CH, (47%)
1) t-BulLi, THF, -78 °C
2) Weinreb amide (la - llib), (0] (\X
THF, -78 °C )LMN\) * HCl
Ar—Br Ar n
3)H,0
4) HCI (1M in Et,0), Et,0 1-31
Cmp Ar n X Yield (%) ! Cmp Ar n X Yield (%)
1 phenyl 40 ; 17 4-biphenyl 5 CH 35
2 4-methoxyphenyl 37 : 18 4-(benzyloxy)phenyl 2 31
3 3-methoxyphenyl 1 CHBn 48 i
4 naphth-2-yl 54 . 19 phenyl 30
5 6-mehoxynaphth-2-yl 49 : 20 4-methoxyphenyl 5 o 38
6 4-biphenyl 33 | 21 naphth-2-yl 41
; 22 4-biphenyl 37
7 naphth-2-yl 42 '
8 4-biphenyl 1 CH, 35 23 phenyl 31
9 4-(benzyloxy)phenyl 29 ' 24 4-methoxyphenyl 30
: 25 3-methoxyphenyl 3 CHBn 33
10 phenyl 28 | 26 naphth-2-yl 41
11 4-methoxyphenyl 2 CHBn 25 . 27 6-mehoxynaphth-2-yl 25
12 naphth-2-yl 22 : 28 4-biphenyl 26
13 4-biphenyl 22 '
; 29 naphth-2-yl 58
14 phenyl 29 ' 30 4-biphenyl 3 CH, 72
15 4-methoxyphenyl 2 CH, 27 | 31 4-(benzyloxy)phenyl 53
16 naphth-2-yl 23 l

Scheme 2. Synthesis of the compound library based on arylalkylaminoketone scaffold. Yields of intermediates are
reported in brackets.

Firstly, Weinreb amides I-1ll were either purchased if commercially available (amide 1) or prepared by reacting
the corresponding acyl chloride with N,0-dimethylhydroxyamine hydrochloride (compounds lI-lll). The
reactions were performed under basic conditions (in presence of K,C0Os3), in a mixture of ether and water 1:1.
Afterwards, nucleophilic substitution on Weinreb amides I-lll was carried out using amines a-c, i.e. 4-
benzylpiperidine, piperidine and morpholine. This led to the key intermediates la-lb, lla-lic and llla-lllb,
characterized by diverse linker lengths and amine groups. The reaction needed 24 h and the presence of

K2COs as base to yield the crude a, B and y amino Weinreb amides. In most cases, an acid/base extraction
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was sufficient to obtain the key intermediates in modest to excellent yields and suitable purity. Conversely,
llla required a purification through flash chromatography, since the reaction gave some side products. Finally,
compounds 1-31 were obtained by coupling intermediates la-lllb with different aryl lithium species
generated in situ. Aromatic moieties thus introduced include phenyl, 4-methoxyphenyl, 3-methoxyphenyl,
naphth-2-yl, 6-mehoxynaphth-2-yl, 4-biphenyl and 4-(benzyloxy)phenyl (see Scheme 2). In detail, this last
step involves the smooth bromo-lithium exchange on the aryl bromide to access the lithiated arene that,
after addition of Weinreb amides la-lllb and quenching with H,O gave the desired crude ketones 1-31 in good
yields. After flash chromatography purification, compounds were converted into their corresponding
hydrochlorides by addition of HCl in Et,O. All the potential MTDLs 1-31 were obtained in a sufficient amount
and with the appropriate degree of purity, as confirmed by IR, *H NMR, **C NMR and UPLC-MS analysis, for

the following biological investigations.
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2.4 Biological investigation

Once all the designed compounds were obtained in suitable amount and purity for preliminary biological
investigation, we proceeded in assessing their affinities toward S1R, S2R and NMDA receptor, as well as their
anti-AChE activity and antioxidant profile.

Competition experiments with radioligands were employed to determine our compounds’ affinities toward
both Sigma receptor subtypes. The assay for S1R was performed using homogenized guinea pig cerebral
cortex membranes, in the presence of [®H]-(+)-pentazocine, as a potent and selective S1R radioligand.
Nonspecific binding values were determined using non-radiolabeled (+)-pentazocine in excess. Conversely,
homogenized rat liver membranes were adopted to evaluate the S2R binding values, employing [*H]-DTG.
Since this compound is a non-selective S2R ligand, S1R was previously masked with an excess of non-tritiated
(+)-pentazocine. Moreover, a high concentration of non-tritiated DTG was used to determine nonspecific
binding values. Compounds with high affinity were tested three times, whereas compounds with low SR
affinity, only one measure was performed. The SRs affinities of compounds 1-31 and reference compounds
(namely, (R)-RC-33, Donepezil and Ifenprodil) are presented in Table 2. Analogously to (R)-RC-33, almost all
compounds display a weak affinity toward S2R, and more than half of the series (2, 4, 9-11, 15-18, 21-26, 29-
30) presents a K; SIR lower than 50 nM. Some preliminary SAR considerations can be drawn from these
results: (i) the 4-methoxyphenyl ring seems to favor the interaction with S1R, as molecules 2, 11, 15 and 24
belonging to the three different n series present good K; values (27, 11, 8 and 2.9 nM, respectively); (ii) a
longer linker adapts well to the S1R binding pocket, as it can be deduced by the 4-benzylpiperidine derivatives
(1-6, 10-13 and 23-28), which follow 1 < 2 < 3 n-scale in the interaction with S1R; (iii) on the other hand, the
length of the linker can limit the selectivity, indeed compounds belonging to the n = 3 series present a
S2R/S1R ranging from 1.6 to 11.4 and thus.

Affinity towards GIuN2 subunit of NMDA was determined through competitive binding assays on membrane
extracts of L cells (tk-), stably transfected with a vector containing the genetic information of GluN1a and
GIuN2B subunits. [*H]-Ifenprodil was employed as a selective and potent GIuN2 inhibitor radioligand.
Compounds with high affinity were tested three times. For compounds with low NMDA affinity, only one
measure was performed. The results reported in Table 2 show that the majority of compounds 1-31 possess
a rather weak affinity towards NMDA receptor. Noteworthy exceptions are 2-4, 10 and 23-28, which show a
Ki < 150 nM. These results suggest that n = 3 linker and benzylpiperidine moiety are a good combination for
NMDAR binding.

Afterwards, compounds 1-31 were tested for defining their potential to inhibit AChE. A spectrophotometric
procedure was adopted, based on the well-known Ellman's method'®®. The chemical mechanisms at the basis

of this assay is reported in Scheme 3: acetylthiocholine is hydrolyzed in acetic acid and thiocholine, which
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reacts with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, also known as Ellman’s reagent) cleaving the disulfide
bond to give 2-nitro-5-thiobenzoic acid (TNB), which ionizes to the TNB? dianion in water at neutral and
alkaline pH. This TNBZ ion has a yellow color and can be quantified in a spectrophotometer by measuring the
absorbance at 412 nm. Compounds that inhibit AChE activity result in a decrease of the test solution’s

absorbance at 412 nm.

N O AChE |
N

CO,H
O,N NO, DTNB
/ +
[ j\ .S
S \/\N+/

| HS 5,5'-dithiobis-(2-nitrobenzoic acid)

(DTNB)
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T
o o
N N
z (@]
(¢)]

Scheme 3. Chemical mechanism of Ellman’s method for assessment of acetylcholinesterase activity.

An initial screening was performed, employing the target compounds at a concentration of 50 uM. The results
of this assay are summarized in Table 1. Noteworthy, 12 compounds (3-4, 11-12, 17, 23-25, 27-30) possess a
percentage of inhibition > 60%. For these most promising molecules, the ICsp values were determined.
Interestingly, the obtained ICso values resulted lower than 25 uM, with the only exception of 3 (ICso = 32.88
+1.77 mM). In particular, 25 and 27 result the most promising AChE inhibitors, with an ICso of 7.64 + 2.07 and
4.28 + 0.23 uM, respectively (Table 2). Interestingly, the most active compounds belong to the n = 3 series
(23-25, 27-28), and the inhibitory activity progressively decreases for n = 2 and n =1 series. Moreover,
molecules bearing the 4-benzylpiperidine or piperidine motif are characterized by higher inhibitory activity
respect to the morpholine-based compounds. Considering the obtained results, both the amine portion and
the linker length seem to be important for the anti-AChE activity, whereas no clear relation between the

aromatic portion and AChE inhibition has emerged.
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Table 2. Binding affinities of compounds 1-31 towards NMDAR, S1R and S2R and S1R selectivity (Ki S2R/Ki S1R). AChE
inhibition activity and ICso of the most promising compounds. Values of model compounds (R)-RC-33, Donepezil and

Ifenprodil are reported for comparative purposes.

compound | KiSIR (M) | KiS2R(nM) | S2R/s1R | N T:"MD)AR inh“‘i’t‘i’; :g:)EuM) A‘i':v:;:”
1 75+3.6 2300 30.7 215 5.65%0.10 2
2 27+1.2 2000 74 16+1.2 8.21+0.06 2
3 131+ 15 1500 11.5 11+0.4 75.50 + 0.02 32.82+1.77
4 27+18 802 30 139+ 11 87.40 * 6.39 9.13+2.24
5 286 1400 4.9 >1000 48.24 +0.02 2
6 340 >1000 - >1000 11.41+0.04 2
7 130+ 16 190 1.5 657 b b
8 132 55 1200 9.1 3100 b b
9 48 +12 976 20.3 796 b b
10 16+1.8 5800 363 3921 42.30+0.21 2
11 11£2.2 2400 218 198 64.10 + 5.58 22.02+9.12
12 211 6200 29.4 >1000 85.50 + 0.02 18.55 £ 7.72
13 167 3900 23.4 >1000 55.04 + 6.69 2
14 171 749 4.4 >1000 b b
15 7.9+0.9 2100 256 1700 42.07 £ 0.04 2
16 2.2+0.7 178 + 12 81 >1000 45.20 + 7.07 3
17 15+ 1.1 462 30.8 >1000 64.80 + 0.35 13.08 + 6.31
18 25+7 972 38.9 954 b b
19 606 >1000 - >1000 10.75 £ 0.01 3
20 301 >1000 - >1000 59.70 +2.24 3
21 9+0.7 >1000 - >1000 24.62 +0.05 3
22 29+0.3 >1000 - 723 12.20+ 1.72 3
23 9.0+0.5 47 2 5.2 39+1.1 74.80 + 3.56 13.07 £ 2.10
24 31+4.2 111+ 8 6.8 96+2.7 80.01 # 0.02 12.80 £ 1.79
25 17+£2.2 43+1.9 2.5 49+1.8 71.80 + 1.60 7.64 +2.07
26 24+3.4 58 +2.3 2.4 26+0.9 b b
27 68+ 1.7 107 £ 10 1.6 20+0.7 92.60 + 0.03 4.28 +0.23
28 135+ 11 704 5.2 96+ 2.6 84.10  0.02 13.94 £ 2.15
29 4.4+2.4 50+ 19 11.4 462 88 1,59 3,84 10,62
30 33+14 82 2.5 200 72+0,36 0,68 + 0,09
31 87 28 199 2.3 673 b b
(R)-RC-33 1.8+0.1 45+ 16 25 >1000 4.82+2.15 2
Donepezil 14.6° - - - 99.4 £ 0.01 0.012 +0.01
Ifenprodil 125 +24 98 + 34 0.8 10+0.7 - -

Values are expressed as mean + SEM of three experiments. Compounds with high affinity were tested three times. For
compounds with low SR and NMDA affinity (K; > 150 nM) only one measure was performed.

2 Inhibition % < 60% at a concentration of 50 uM.

b Compounds were not evaluated for solubility issues.

¢ Data taken from reference

186
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Basing on these preliminary biological investigations, compounds that showed a good multitarget binding
profile were selected for evaluation of antioxidant activity. Since counteraction of oxidative stress can be

exerted through different biological pathways and molecular mechanisms®394187

, @ number of orthogonal
assays was employed. Firstly, free radical scavenging (FRS) activity was determined by 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay, and the results were compared to those of reference molecules (R)-RC-33,
Donepezil and Curcumin. Stock solutions in EtOH of the test compounds (2, 4, 10-11, 15-17, 21-26) were
prepared (5.0 mM). The DPPH absorbance was spectrophotometrically monitored at 515 nm and inhibition
percentages calculated. The results demonstrated that compounds 10-11, 15-17, 21-26, as well as (R)-RC-33
and Donepezil do not display significant antioxidant activity (values ranging from 2.8% to 32%). Conversely,
compounds 2 and 4 exerted a significant FRS activity (65.6 % and 65.7 % respectively), comparable with that
of Curcumin (FRS% 71.3 + 6.74). Since only molecules belonging to the n = 1 series possess intrinsic

antioxidant properties, we postulated that this might be due to the methylene spacer adjacent to both

carbonyl and amine moieties, which could be crucial to stabilize the radical center (Scheme 4)*%8,

0 ﬁ X R 0 ﬁ X o) ﬁ X 0 ﬁ X
Ar)J\/N\) -H- Ar)J\./N\) Ar)\/N\) Ar)k/ﬂ\)
Scheme 4. Proposed mechanism for the radical scavenging activity of n = 1 series compounds.

To further investigate potential antioxidant activity, we evaluated the ability of some selected compounds in
reducing ROS within SH-SY5Y cells after an exposure to oxidative damages mediated by H,0,. The assay is
performed with the cell-permeable non-fluorescent probe 2',7'-Dichlorofluorescin diacetate (DCFDA). Within
the cell, this compound undergoes esterase-mediated de-acetylation and the resulting product is then
subjected to oxidation by ROS, giving 2’,7’-dichlorofluorescein, a highly fluorescent molecule. As reported in
Figure 14, Curcumin possesses the ability to reduce ROS up to a 0%, whereas donepezil and (R)-RC-33 show
no antioxidant properties. Among the tested compounds, 4 and 17 showed the best antioxidant profile, being

able to promote ROS reduction up to 43% and 18% respectively.
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Figure 14. ROS percentage evaluation after administration of test compound in SH-SY5Y cells. Among model
compounds, only Curcumin is able to reduce ROS production, whereas Donepezil and RC-33 resulted ineffective. Among
novel compounds, 4 and 17 showed promising antioxidant activity (inactive compound 11 is reported for comparison).

Lastly, selected compounds were tested on Hela cells to evaluate their antioxidant effect mediated by
aquaporins (AQPs). Aquaporins are a family of water channel proteins present in mammals in different
isoforms and constitute emerging targets in virtue of their role in promoting H,0, diffusion and scavenging
reactive oxygen species, thus alleviating oxidative injury'®¥%, These intriguing membrane proteins are still
unexplored from a medicinal chemistry standpoint.

Firstly, osmotic water permeability in oxidative stress conditions was measured by a stopped-flow light
scattering method. As reported in Figure 15, addition of our test compounds was able to prevent or restore
the water permeability decrease in most cases. Then, hydrogen peroxide permeability was evaluated: H,0;
levels were measured in heat-stressed Hela cells using the fluorescent probe CM-H2DCFDA. Dose-response
relationship for two representative compounds (21 and 22) are reported in Figure 15. The results obtained

indicate that our compounds are able to counteract oxidative stress by modulation of Aquaporins activity.
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Figure 15. Evaluation of MTDLs" AQPs-mediated antioxidant effect on Hela cells. Measurement of osmotic water
permeability and H,0; levels in oxidative stress conditions.
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2.5 Computational studies

In order to rationalize the results obtained from binding assays, computational studies were carried out on
the compound library. In detail, the S1R trimeric structure in complex with 4-1BP (PDB: 5HK2) was used to
dock our arylalkylaminoketones. Interestingly, all active molecules formed ionic interactions with Glu172 and
Asp126 due to their positively charged amine group. By contrast, low-ranked ligands lacked these key residue
contacts. The pivotal role of Glul72 is consistent with what was pointed out in the first publication of the S1R
crystal structure®®. Other amino acids often involved in protein-ligand interactions include residues Trp89
and Phel07, which can form m-cation interactions with the ligands’ protonated amine, and Tyr120 and
His154, involved in mt-it stacking with ligand aromatic rings. As reported in Figure 14, reference compound
(R)-RC-33 is able to engage most of these stabilizing interactions (i.e. ionic interaction with Glu172 and
Asp126, cation-ttinteraction with Phe107 and hydrophobic contacts between aromatic rings and surrounding
amino acids). Upon docking, it was observed that most of compounds 1-31 conserved key interactions with
the receptor, although larger molecules with four rings (such as 4-biphenyl derivatives 6, 13 and 28) did not
fit well into the binding pocket. In detail, either the biphenyl moiety clashed with Tyr206 or the benzyl ring
did not have enough space on the opposite side of the pocket. Conversely, molecules 14, 19 and 20 that have
only two rings lacked important hydrophobic contacts resulting in low binding affinity (experimental K> 130
nM). In conclusion, compounds with three rings, which conserved H-bond and hydrophobic interactions,
seem to be the most promising. In Figure 14, two representative compounds (4 and 17) are reported as
examples.

All new derivatives were docked also on AChE using the X-ray crystal structure bound to Donepezil (PDB:
4EY7). The top-ranked ligands adopted poses similar to the co-crystallized Donepezil, forming n-t and n-
cation interactions with Trp86, Trp286, Tyr337 and Tyr341 residues of the binding pocket (Figure 14). Also,
the H-bond with the backbone of Phe295 was mostly conserved. In particular, the presence of the carbonyl
enhanced the binding in the n = 3 series (compounds 23-31), which has the optimal linker length to keep
both the H-bond to Phe295 and the ionic interaction between amine and Tyr residues. Instead, not all
compounds formed hydrogen bond interactions with the hydroxyl group of Tyr amino acids. For instance,
the docking pose of compound 17 showed that the charged amine could fit into a deeper binding pocket,
where it could form interactions with Glu202. This was possible only for unsubstituted piperidine rings.
Furthermore, the naphthalene ring (compounds 10 and 27) enhanced the m-nt stacking with Trp286. In
summary, docking poses suggested that the charged amine plays a key role not only for binding to negatively
charged amino acids, but also to aromatic residues through cation-minteractions. The binding is strengthened
by the presence of aromatic rings, which form hydrophobic and m-mt interactions with both S1R and AChE

ligand pockets. Several compounds among our new set of derivatives showed protein-ligand interaction
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patterns which are similar to reference compounds (R)-RC-33 and Donepezil, as shown in Figure 14, where

the docking poses of 4 and 17 are reported.

S1R AChE

Figure 14. Docking poses of reference compounds (RC-33, green, and Donepezil, turquoise) and of 4 and 17 (yellow and
purple, respectively) on S1R and AChE binding pockets. Ligands and key residues are shown as sticks.

Overall, the preparation and evaluation (both in vitro and in silico) of the reported compound library have
been reported in a recent publication (see Paper 3, Appendix, page 154), where additional details can be
found about computational and biological investigations (including cell viability and neurotrophic activity). It
is worth noting that the ketone moiety of the designed compounds does not interfere with S1R and AChE
binding. Hence, it might be exploited for interaction with other molecular targets related to
neurodegenerative diseases to develop MTDLs with optimized binding profile. In particular, interaction of
our compounds with NMDAR deserves to be further investigated, since only few of them showed a significant
inhibitory activity toward this receptor. Although important insights on interaction with GIuN2B might come
from computational studies, such investigations are particularly demanding due to the broad shape of the

receptor’s binding pocket. This is in fact constituted from a non-polar cavity and two sub-cavities, separated
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by the side chain of GIn110, which are highly accessible to both the solvent and the ligands*®*. A drawback of
this situation is that the large available space makes docking particularly difficult, as well as subsequent free
energy calculations, since they highly rely on the correctness of the interactions between the ligands and
their environment. These issues will be addressed in next studies in order to draw important SAR
considerations. Nevertheless, one should keep in mind that, when dealing with MTDLs, the final goal is an
equilibrated and synergistic modulation of selected therapeutic targets, rather than extremely high potency
toward all of them. Moreover, since NMDA receptor is one of the client proteins of S1R, even compounds
with modest affinity toward NMDAR might result in beneficial modulation of the related biological pathway

via a Sigma-mediated mechanism.
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2.6 Discussion

As extensively reported in Section 1.3, S1R is now unanimously considered a promising target for
counteracting neuropathies in virtue of its two main features: (i) ability to modulate a wide range of biological
pathways involved in cell survival and excitability, (ii) overexpression in central nervous system cells. Its
therapeutic potential is confirmed by recent studies that culminated in bringing S1IR modulators into clinical
trials. This is the case of Anavex 273 and AVP-786 (under evaluation for Alzheimer’s disease), S1A
(investigated for the treatment of neuropathic pain), and pridopidine, originally developed for Huntington
disease and now repositioned for ALS. More S1R agonists are in the pipeline of pharmaceutical industries in
pursuit of neuroprotective agents. Furthermore, as outlined in Paper 1 (Appendix, page 119), S1R has been
recently proposed as molecular target to counteract multiple sclerosis, thus expanding the spectrum of
potential therapeutic application of Sigmal agonists. This was based on the consideration that S1R plays a
pivotal role in regulating synaptogenesis, myelination and cellular homeostasis through different pathways
involving microglial activation and protection against mitochondrial damage and oxidative stress.

Given these premises, in my PhD work | considered S1R and other related targets to design novel MTDLs with
the final aim to obtain new agents for counteracting neurodegenerative diseases. Among the eligible targets,
in the first phase of the work, AChE was selected due to its well-established role in regulation of the
cholinergic system, which impairments are considered hallmarks of neurodegeneration. Accordingly, the
pharmacophoric elements of RC-33 and Donepezil (S1IR agonist and AChE inhibitor, respectively) were
assembled in a new scaffold potentially able to bind both targets. Keeping in mind that oxidative stress also
plays a role in neuropathies, structural features of the natural antioxidant Curcumin were included as well.
The resulting arylalkylaminoketone scaffold served as basis for the design of a compound library of 24
potential MTDLs. Briefly, the designed compounds were efficiently synthetized with a divergent approach
and their biological profile was drawn through binding and spectrophotometric assays. The results have been
published in Paper 3 (Appendix, page 154). Two compounds resulted of particular interest (i.e. compound 4
and 17), showing high affinity toward both S1IR and AChE and exerting antioxidant and neurotrophic
properties at non-cytotoxic dose. It is worth noting that (R)-RC-33 shows no anti-AChE property, nor
antioxidant properties (both in DPPH assay and within SH-SY5Y cells), despite the striking structural similarity
with compound 17. This suggests that even minor structural changes can induce significant amelioration in
the compound’s biological profile. Prompted by these encouraging results, we decided to extend this
approach to a new series of compounds, including investigation on NMDA receptor and Aquaporins (AQPs)
(manuscript in preparation). Of note, NMDA is involved in synapse formation and plasticity and is commonly
regarded as one of the main S1R client proteins. On the other hand, Aquaporins are a family of integral

membrane proteins involved in water and H,0; transport. They represent an emerging target, still poorly
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studied from a medicinal chemistry point of view. Interestingly, some AQP subtypes seem to be able to
interact with NMDA receptor?®?. Triggering this network of mutual modulation and beneficial effects may
provide an enhanced therapeutic effect. Accordingly, we designed the new ligands to fill those regions of

chemical space unexplored with the first library (Figure 15).

MTDL
Cholinergic system _ o il ‘ Anti-oxidant
restoration effects
Mutual
correlation
Yy
%
NMDAR

Neuroprotection

Figure 15. Multitarget approach schematization: interaction of the same molecule with multiple selected targets can
promote an enhanced beneficial outcome by activating different molecular cascades, similarly to a key that can open
many doors.

Among the newly prepared compounds, four had a K; < 50nM toward S1R (9, 18, 29, 30) and two of them
showed anti-AChE activity (% of inhibition > 70%), although all exhibited a modest binding affinity toward
NMDAR (Ki > 200 nM). This last aspect did not discourage us, since NMDAR can be modulated through
activation of S1R. Finally, evaluation of some selected molecules — from both the first and second library —
on Aquaporins gave interesting results: almost all tested compounds resulted able to counteract oxidative
stress conditions by restoring water permeability and lowering H,0, levels in Hela cells. Notably, some
compound (21, 22 and 26) that displayed low intrinsic ROS scavenging properties in DPPH assay, here resulted
effective, suggesting that their antioxidant activity might be primarily AQP-mediated. The obtained results
confirm the potential of these unexplored molecular targets to counteract cell damage caused by oxidative
stress, and represent a step forward in understanding their role in cells.

To sum up, a library of MTDLs sharing the pharmacophoric requirements for interaction with S1R, AChE and
NMDAR has been prepared. Their binding profile has been determined, as well as their antioxidant
properties, revealing a number of compounds endowed with multitarget affinity and able to counteract

oxidative stress.
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3.Studying the S1R oligomerization process
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3.1 Design of bivalent ligands

Over the last 25 years, the use of homo- and hetero-bivalent drugs has been gradually gaining relevant
consensus among the scientific community, in virtue of their ability to target a variety of therapeutic targets
with improved efficiency and/or selectivity. The progressive recognition of the therapeutic potential of such
approach led — from few pioneering studies in the 1990s — to a research outburst in very recent time!%1%°,
Indeed, the ability of a single protein to form dimeric or oligomeric complexes can be crucial to activate a
specific molecular cascade and trigger important biological mechanisms?00-203160.204 ' Ag reported in Section
1.2, S1R can be counted among such proteins, as it is known that agonists bias the receptor toward its
monomeric or low-molecular-weight homomers (namely, dimers), whereas antagonists favor the formation
of higher order oligomers, although the dominant physiologically form and how oligomerization is connected
to agonism are still to be elucidated.

Given these premises, we planned to develop a series of bivalent SIR modulators as useful tools to study
molecular mechanisms underlying the receptor’s oligomerization, as well as biological effects triggered by
this process. In particular, we reasoned that since S1R can form homo-dimeric structures upon interaction
with agonists, and S1R agonists are known to exert neuroprotective effects, promoting dimerization through
dimeric ligands could enhance ligand’s beneficial activity. Accordingly, we designed a series of bivalent
ligands consisting in two units of (R)-RC-33 (our in-house developed S1R agonist) tethered by a linker (Figure
16). Because of the lack of derivatizable functions within (R)-RC-33 structure, a structural variation was
required. To decide which portion of the original scaffold is best suited for derivatization and attachment of
the linker, without disturbing the interaction with the binding pocket, an analysis of the crystal structure
published in 2016 was required. Immediately, a main issue arose: the binding site is not exposed to the
solvent, and no clear indication on how ligands could access this highly occluded region was available at that
time. The authors of the crystallographic study could only hypothesize two main alternatives: one pathway
is through a gap between the two membrane-adjacent helices, directly into/out of the plasma membrane,
while the other passes through a polar region occluded by residues GIn135, Glu158, and His154, from the
cytosolic surface. Notably, the receptor must be endowed with significant conformational plasticity to allow
reversible ligand binding.

Computational studies could help to identify the most probable route ligands follow to reach the active site
and which conformational changes are involved during this process. Such information would be really useful
for the design of bivalent ligands, helping to decide which scaffold derivatization and linker type best adapt
to the “open” conformation of the receptor’s binding pocket. However, computations of such major
conformational changes for proteins as large as S1R (223 aminoacids, 25.3 KDa) are particularly demanding,

and their reliability must be confirmed by experimental results. Moreover, S1R has been crystallized only as
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trimeric complex, hence, receptor’s dimeric structure and the exact distance between two binding sites in
this particular form are still unknown.

Given these premises, a preliminary docking study on (R)-RC-33 was performed to drive some basic
considerations for the development of bivalent ligands. Starting from these first insights, finer computational
studies were carried out in parallel with development and experimental evaluation of bivalent ligands.

In detail, the trimeric crystal structure in complex with 4-1BP was used to dock model compound (R)-RC-33.
The obtained poses were superimposable with the co-crystallized ligand, with the key ionic interaction
occurring between the protonated nitrogen of the piperidine ring and Glul72 residue. In addition,
hydrophobic contacts are shown between the aromatic rings and surrounding amino acids (Met93, Leu95,
Leu105). Considering that the biphenyl portion is more deeply buried into the receptor’s structure, whereas
piperidine ring points toward one of the putative pathways for accessing the binding site (the one leading to
the cytosolic side), we envisaged the introduction of an amminic group at 4-position of the piperidine nucleus
(compound (R)-RC-33A) for tethering the two sub-units of bivalent derivatives, as reported in Figure 16: this
allows us to access bivalent compounds through amidation coupling with different di-acidic linkers. To
validate the hypothesis that derivatization of the piperidine ring does not affect significantly the affinity
toward S1R, we decided to extend investigation to acetamide derivative 32. The novel bivalent ligands were
designed with the aim to explore different linker features as length, hydrophilicity and spatial constrain.
Specifically, homo-bivalent ligands can be grouped into three different categories: i) compounds with linear
and hydrophobic alkyl-linkers (33-35), ii) molecules with hydrophilic linear polyoxyethylene-linkers (36-38),
iii) one ligand presenting rigid, planar and hydrophobic phenyl-linker (39). We also designed the hetero-
bivalent compound 40 (Figure 16), bearing RC-33 pharmacophore at one end and an inactive moiety, i.e.
some functional group that is not expected to give specific interaction with a second binding pocket. This will

serve as a negative control, to verify the effects of activating two S1IR monomers through a bivalent agonist.
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Figure 16. Structures of S1R ligands designed to study the receptor’s dimerization.

As mentioned above, for the preparation of homo-bivalent ligands we considered to exploit coupling via
amidation reaction between two equivalents of key intermediate (R)-RC-33A and one equivalent of
commercially available di-acidic symmetric linkers (Scheme 5). Obtainment of hetero-bivalent compound 40,
on the other hand, involves the use of asymmetric linker 42. This can be added to an activated ester of
benzoic acid to obtain compound 41, which in turn is coupled with (R)-RC-33A.

An important issue that must be taken into account when dealing with such bivalent ligands is chirality. If the
pharmacophore that has to be coupled twice with the linker bears one chiral center — as in our case — this
leads to the possibility to obtain three different products: a couple of enantiomers (with configuration R,R
and §,S) and one meso compound (R,S). In early studies performed after the discovery of RC-33, both
enantiomers showed superimposable affinities toward S1R and the (R) enantiomer was later identified as
lead compound in virtue of its higher metabolic stability'®3. Accordingly, we directed our efforts toward the

obtainment of enantioenriched (R,R) bivalent ligands, in order to i) prevent quicker degradation during
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biological investigations and ii) to avoid a final mixture of three different stereoisomers that might give

problems during physico-chemical characterization.

homo-bivalent ligands retrosynthesis

Ar/\/\l\o\ o o Q/\)\Ar Ar/(é)\/\rxo\ o o
N\*}KW‘N — NH,  + Hokdm)J\OH
H H

(R)-RC-33A
33-39 2 equiv. 1 equiv.
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Scheme 5. Retrosynthetic analysis. Compound (R)-RC-33A is the key intermediate for the obtainment of both homo-
and hetero-bivalent ligands.
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3.2 Synthesis of enantiopure compound (R)-RC-33A

The obtainment of enantiomerically pure products is a fundamental requirement in modern drug discovery
and development, due to the different behavior each enantiomer can exhibit in chiral environments, such as
human body. Depending on the stage of drug discovery process, different techniques and combinations
thereof can be employed to obtain enantiopure compounds. Two main approaches can be identified: i)
separation of racemates (through chromatography or crystallization) and ii) enantioselective synthesis
(exploiting chiral auxiliaries, chiral pool, chiral catalysts, or biocatalysis). In some cases, an integrated
approach based on combination of different techniques gives the best results. A detailed review on the
methods for obtaining enantiopure compounds during the drug discovery process can be found in Paper 4

(Appendix, page 173).

Three different synthetic pathways (route A, B and C in Scheme 16) have been explored for the obtainment
of key intermediate (R)-RC-33A in suitable amount and chiral purity for the characterization and evaluation
of the designed bivalent ligands. As reported in Scheme 16, the investigated synthetic strategies have the
first step in common, consisting in a Heck reaction between 4-bromobiphenyl and ethyl crotonate. This
reaction was performed under Jeffery conditions, i.e. with a tetraalkylammonium salt in absence of
phosphine ligands®®. Tetraethylammonium chloride is used here as a phase-transfer catalyst to improve the
yield and accelerate the rate of the reaction. Moreover, Pd(OAc), microencapsulated in polyurea matrix (Pd
EnCat®) was used as catalyst, in order to facilitate work-up procedure and limit Pd contamination in products.
Consistently with the typical Heck reaction stereoselectivity, the trans a,B-unsaturated ester 43 is obtained
as the major product. Identification of the cis/trans products was based on previous works on analogous

206 At this point, the first pathway explored is route A (Scheme 16), which is based on the protocol

compounds
already developed for the gram-scale synthesis of (R)-RC-33%, properly adapted to access the new target
compound. The subsequent enantioselective reduction of the double bond is the key step for the
introduction of the chiral center with the desired configuration. The reaction is carried out in a Parr
multireactor using the chiral Ir catalyst (S,S) Ir(ThrePHOX) under 70 bar of hydrogen pressure at room
temperature. Under optimized condition, the saturated ester 44 is obtained with 83% enantiomeric excess
(ee). With the aim to enhance chiral purity to a degree suitable for biological investigations, ester 44 is
hydrolyzed to the corresponding acid, which undergoes fractional crystallization with (S)-phenylethylamine
((S)-PEA) in MeOH/H,0 1:1. This protocol resulted more efficient than the one previously reported for the
synthesis of (R)-RC-33, in which cinchonidine was used as resolving agent and the crystallization solvent was

acetone/H,0 1:1. In detail, the diastereomeric salt (S,S)-45-PEA crystallizes as white needles, whereas (R,S)-

45-PEA remains in the mother liquors. For this reason, multiple subsequent crystallizations were needed to
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reach the desired chiral purity. The process was monitored by chiral HPLC: after 5 crystallizations, 1.2g of
(R,S)-45-PEA with 94.5% ee and 1.8g of (R,S)-45-PEA with 98.4% ee were obtained starting from 5g of
diastereomeric salt. Free acid 45 (94.5% ee) was then subjected to amidation with 4-Boc-aminopiperidine in
the presence of condensing agent 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate
(TBTU). The reaction was performed under microwave (mw) irradiation to easily and quickly access the
desired product with high yield. Upon deprotection with trifluoroacetic acid (TFA), amide 47 is subjected to
reduction with LiAlH,4. Key intermediate (R)-RC-33A is thus obtained with retainment of enantiomeric excess,

as confirmed by chiral HPLC.
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Scheme 16. Synthesis of key intermediate (R)-RC-33A.

With the aim of optimizing the synthesis of RC-33A, an alternative strategy was explored (route B). The key
step of this new pathway is the organocatalytic enantioselective reduction of a,B-unsaturated aldehyde 48
to the corresponding saturated product 49. From the pioneering study published by Hajos and Parrish in

1973, organocatalysis has now become one of the most promising approaches for the obtainment of chiral
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molecules. This approach employs small organic compounds as catalysts, which contain specific functional
groups to activate the substrate and special stereo-structures responsible for the stereoinduction.
Organocatalysis offers several advantages, such as affording asymmetric induction without the use of metal
catalysts. Moreover, the scope and generality of suitable reactions is really large, and more than one
stereocenters can be generated efficiently in a single pot operation (domino or cascade organocatalysis),
although the reactivity of organocatalyst may be lower compared with metal-catalysis, requiring 10-40 mol%
of catalyst loading. The use of chiral pyrrolidine derivatives for the stereocontrolled B functionalization of
a,B-unsaturated carbonyl compounds (Scheme 17, A) constitute an important part of organocatalysis that

has been extensively studied and exploited in organic synthesis®’.

From a mechanistic point of view, the
electronic redistribution induced by the iminium intermediates produces a LUMO-lowering effect that
facilitates nucleophilic additions, including conjugate additions and pericyclic reactions and enabling the

asymmetric introduction of several nucleophiles to the B position.
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Scheme 17. A) General representation of the aminocatalytic cycle for the B functionalization of a,B-unsaturated
carbonyl compounds via iminium activation. B) Transition state involved in asymmetric induction with MacMillan’s
catalyst.

In our case, the reaction to be performed is an enantioselective reduction of the C-C double bond through
hydrogen transfer from a dihydropyridine derivative (Hantzsch ester). Such reaction was reported by
MacMillan, who demonstrated its high performance in terms of yield and stereocontrol (ee >90%)2°. The
reaction is performed with the chiral imidazolidinone shown in Scheme 17 (MacMillan’s catalyst), which is

purchasable in mixture with the Hantzsch ester under the trade name (S)-Mac-H. Another interesting aspect

56



of this reaction, which prompted us into exploration of its feasibility, is its remarkable enantioconvergence:
the authors reported that the product configuration is determined only by the catalyst configuration,
independently from the E/Z isomerism of the starting material. This represent a significant advantage for our
synthesis, since it means that the Z isomer of ester 43, which is inevitably obtained as minor product during
Heck arylation, can be recovered. Considering this feature, along with the easier and safer protocol respect
to route A (avoidance of transition metals and high-pressure H, gas) and the excellent enantiomeric excesses
reported in literature, we decided to apply this strategy to our substrate. Notably, route B involves only four
synthetic steps starting from ester 43, whereas route A requires five synthetic steps and a fractional
crystallization. The first reaction of the new pathway is therefore the reduction of E ester 43 to the
corresponding aldehyde with diisobutylaluminium hydride (DIBAL-H). The reaction was performed using one
equivalent of reducing agent, at -78 °C, to avoid over-reduction. Unfortunately, allylic alcohol 50 was
obtained as sole product, in very low yield. Considering that the outcome of such reactions is often aleatory,
especially in the case of conjugated esters, we decided to add DIBAL-H in excess to push the reaction toward
complete reduction to allylic alcohol 50 and then to oxidize it to aldehyde with Mn,O (Scheme 18). In this
phase we were not concerned about optimizing this step as our main goal was to obtain aldehyde 48 for
testing the feasibility of the organocatalytic reaction. Accordingly, once the a,B-unsaturated aldehyde was
obtained, scouting reactions with MacMillan’s catalyst were performed. Since (R)-Mac-H was already
available among our supplies, we employed this catalyst at first, although it was expected to give the
saturated aldehyde with the S configuration. We started performing the reaction at -45 °Cin chloroform with
20 mol% of imidazolidinone and 1.2 equivalent of Hantzsch ester. Under these conditions, no consumption
of the starting material could be appreciated, even after 48 hours. A second experiment was then performed,
raising the temperature to -30 °C. After 12 hours, TLC analysis showed the appearance of a new product,
although the starting material was not completely consumed. The reaction was stopped anyway to evaluate
identity and chiral purity of the product. After purification, *H-NMR analysis confirmed the obtainment of
aldehyde 49. Since a validated chiral HPLC method was not available for this compound, we opted for a
smooth conversion of the aldehyde to RC-33 via reductive amination with piperidine, in order to access a
product already well-characterized. The experimental conditions can be summarized as follows: Chiralcel OJ-
H (4.6 mm I.D. x 250 mm L, ps = 5 um); eluent: MeOH/Et;NH, 100:0,1, (v/v); flux: 0,5 mL/min (A =250nm).
Unfortunately, the chromatogram showed that the obtained product was a racemic mixture. Additional
experiments were performed on Z aldehyde and on a mixture of E£/Z aldehydes, obtaining superimposable
results. Therefore, we concluded that organocatalytic reduction with MacMillan’s catalyst takes place

without stereocontrol on our substrate.
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Lastly, route C was explored. Similarly to route A, this pathway involves enantioselective reduction of
conjugated ester 43 to the saturated derivative 44. In this case, the asymmetric 1,4-reduction is catalyzed by
a diamidine cobalt complex developed by Kitamura’s group (Naph-diPIM-dioxo-R, Scheme 19)*°. The
advantages of the new protocol are: i) the easier and safer protocol (the reaction exploits NaBH, as reducing
agent, instead of H, gas at high pressure) and ii) the higher enantioselectivity compared to the Ir-catalyzed
reduction. In particular, this last feature would bring an additional advantage to route C: obtainment of ester
44 with suitable ee would allow to adopt a strategy similar to route B (i.e. reduction to aldehyde followed by
reductive amination), avoiding conversion to acid and fractional crystallization. Investigation of this new
synthetic pathway was made possible by availability of Co chiral catalyst, kindly provided by prof. Kitamura,
at the Institute of Pharmaceutical and Medicinal Chemistry of Miinster, where | spent part of my PhD. The
synthesis of this family of catalysts, which are not commercially available, has been reported in recent
publications?'?, as well as its versatility and efficiency: for example, it has been used for the optimization of
the synthesis of Fluspidine, a potent and selective S1R antagonist developed by Wiinsch?!!. For the synthesis
of (R)-RC-33A, the (R,R)-Naph-diPIM-dioxo-iPr/CoCl, complex was used to access the desired (R)-44
enantiomer with high yield and excellent chiral purity (ee 98%), as confirmed by HPLC analysis. The
experimental setup is simple, the reaction quick and clean; moreover, the use of ligand with the opposite
configuration gave the (S) isomer of 44 with comparable yield and enantioselectivity. From a mechanistic
standpoint, it has been proposed that the Naph-diPIM-dioxo-iPr-CoH, (with n=1 or 2) species is generated
from the Co"Cl, precursor by the action of NaBH4, and that the hydride is delivered to C3 of the conjugated
ester in a 1,4-addition manner by a two-electron-transfer mechanism. Steric hindrance of the dioxolane ring
onthe (R,R) ligand favors the formation of cat/subsisi complex rather than cat/subgere, yielding (R)-44 as major

product.
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sterically favored. R = iPr, Me or H; Ar = biphen-4-y.

The subsequent reduction of ester 44 with DIBAL-H gave aldehyde 49 in satisfying yield, in contrast to what
it was observed for the attempted reduction of a,B-unsaturated ester 43 to the corresponding aldehyde 48
(Scheme 18). The final steps to obtain (R)-RC-33A with route C are currently under investigation: these consist
in a reductive amination with 4-Boc-aminopiperidine and subsequent deprotection. If the experiments will
prove successful, route C will result the most convenient synthetic pathway for the obtainment of (R)-RC-

33A.
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3.3 Synthesis of bivalent ligands

With key intermediate (R)-RC-33A in hour hands, we moved forward to the preparation of the designed
ligands. Acetamide derivative 32 was easily obtained by treating (R)-RC-33A with acetic anhydride, whereas
for compounds 33-39 different coupling reagents (e.g. DCC, EDC, PyBroP, TBTU, COMU) and reaction
conditions were explored in scouting reactions. The general procedure involves activation of acidic moieties
with a condensing agent, followed by addition of two equivalents of (R)-RC-33A. Optimal conditions for the

obtainment of each final compound are reported in Table 3.

Table 3. Reagents and conditions for the final step in the synthesis of homo-bivalent ligands 33-39. Ar = Biphen-4-yl;
mw = microwave irradiation; (a) the reagent employed is the corresponding acyl chloride; (b) the reagent employed is
the corresponding anhydride.

coupling agent,

NH, * HOJ\ )J\OH NJ\ )k

solvent, N
(R)-RC-33A temperature H H
(2 equiv.) (1 equiv.) 33-39
Cmpd linker coupling agent base solvent temperature Yield
33 CH; TBTU DIPEA CHsCN r.t. 63%
34 (CH2)s TBTU DIPEA CHsCN mw:90°C, S0W,  5og
5x10 min
35 (CHa2)s TBTU DIPEA CHsCN mw:90°C, S0W,  5og
5x10 min
36 CH,0CH,? - EtsN CH,Cl, r.t. 94%
37 (CH,0CHa3)2 comu DIPEA DMF 0°Ctor.t. 40%
38 CH3(CH,0CH3)9CH; coOMuU DIPEA DMF O0°Ctor.t. 59%
39 1,2 phen® TBTU DIPEA THF mw: 120 °C, S0W, 5000

5x10 min

Uronium salts resulted the best performing condensing agents: compounds 33-35 and 39 were obtained
using TBTU, whereas for compounds 37 and 38 COMU was employed. Compound 36 was obtained without
the need of such coupling reagents because the commercially available acyl chloride derivative of the linker

was employed.
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Hetero-bivalent compound 40, on the other hand was obtained through the convergent synthesis reported

in Scheme 20.
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Scheme 20. Synthesis of hetero-bivalent compound 40.

To avoid protection/deprotection steps, benzoic acid is first activated with COMU (1), then amino-PEG4-acid
linker 42 is added (2) to yield compound 41. This is then reacted with (R)-RC-33A to give target product 40.
Identity of all final products was confirmed by *H and 3C NMR analysis and their purity was determined via
HPLC. Assessment of their ee is currently ongoing, through the development of a proper chiral HPLC method.
Nevertheless, it is reasonable to assume that chiral purity obtained for (R)-RC-33A is retained during the last
synthetic step, considering that (i) final compounds retained the levorotatory optical activity observed for
intermediates 44-47 and (R)-RC-33A, and (ii) coupling with the linker involves the primary amine, which is
distant from the chiral center, and the reaction conditions are not too harsh to cause a racemization. To
further verify the retainment of the configuration, X-ray crystallography on some representative bivalent
compound, such as 33, was taken into consideration. In the attempt to obtain single crystals suitable for this
technique, vapor diffusion was selected as the most promising crystallization technique, and different binary
solvent systems (e.g. CHCl3/Et,O, CHCls/acetone, CHCls/petroleum ether) were investigated. Further

improvements are needed in order to grow crystals that are fit for purpose.
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3.4 Biological evaluation of bivalent ligands

Once compounds 32-40 were obtained in suitable amount and purity, competition experiments with
radioligands were performed to determine binding site affinities toward S1R. The test was performed using
homogenized guinea pig cerebral cortex membranes, in the presence of [*H]-(+)-pentazocine, as a potent
and selective S1R radioligand. Nonspecific binding values were determined using non-radiolabeled (+)-
pentazocine and haloperidol in excess (as described in Experimental Section). Compounds with high affinity
were tested three times. For compounds with low S1R affinity, only one measure was performed. Moreover,
compounds considered most promising (Ki < 200nM) were also tested on S2R to evaluate their receptor
subtype selectivity. For S2R, homogenized rat liver membranes were adopted to evaluate the binding values,
employing [®H]-DTG and non-tritiated (+)-pentazocine to mask the S1R. Moreover, a high concentration of
non-tritiated DTG was used to determine nonspecific binding values. The results are reported in Table 4,

along with the K; values of parent compound (R)-RC-33.

Table 4. Binding affinities of compounds 32-40 toward S1R. K;values are reported with standard error of the mean (SEM)
for compounds tested three times; (a) data retrieved from literature®?; (b) compound tested as hydrochloride salt to
improve its solubility.

cmpd type spacer Ki S1R (nM) Ki S2R (nM)

(R)-RC-33? reference cmpd - 1.8+0.1 45+ 16

32 acetamide - 11+4 206

33 CH, 200+ 16 Inhibition 0%

34° (CH2)s 622 -

35° (CH2)s 1300 -

36 homo-bivalent CH,0CH, Inhibition 0% -

37 (CH,0CH,), 2.6+0.6 46

38 CH(CH,0CH,)sCH> 799 -

39 1,2 phenyl 134 6600

40 hetero-bivalent (CH,0CH3)4 1600 -

The K; values of the smallest ligand of the series, acetamide 32, show only a modest increase respect to RC-
33. This result confirmed our hypothesis that the 4-position of the piperidine ring can be derivatized without
significant loss in affinity. However, when derivatization leads to an important change in ligand’s dimension

—as in the case of bivalent ligands — the resulting binding profile can be more difficult to predict. Both length
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and nature of the linker seem to be strongly important in determining affinity toward the receptor. For
example, compound 35 bears a linker quite similar in length to that of compound 37, but the difference in
their K; values is almost three orders of magnitude. In particular, compound 37 is endowed with excellent
affinity, comparable to that of our lead compound (R)-RC-33 (2.6 nM and 1.8 nM, respectively), which is
remarkable for a ligand of that size. Our hypothesis is that compound 37 is able to stabilize the “open”
conformation of the binding pocket, i.e. those conformational changes that allow ligands to enter and exit
the active site. Other bivalent compounds show affinities ranging from modest to low. Interestingly, hetero-
bivalent ligand 40 shows a micromolar K;i value. The absence of a second pharmacophore able to interact
with the receptor might be the main reason behind this drastic drop in affinity.

Further biological investigations are needed to get a clearer picture of the behavior of our compounds. In
particular, functional assays such as NGF-induced neurite outgrowth assay could be the key to evaluate
agonism profile of our ligands and the potential enhancement in neuroprotective effect.

To rationalize the results obtained so far, modelling studies were performed on both mono- and bi-valent

ligands.
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3.5 Computational studies

The recent publication of the first S1R crystal structure was essential for the development of computational
studies aimed at better understanding ligand-receptor interactions. Nevertheless, even this milestone left
some unanswered question. First of all, the authors reported that no significant difference could be identified
in the 3D-structure of the receptor co-crystallized with two chemically divergent ligands (i.e. antagonist PD
144418 and agonist/inverse agonist 4-1BP). Hence, it was not possible to determine what structural elements
and which interactions in the binding pocket are responsible for the agonism and antagonism of small
molecules. Secondly, the binding site is not exposed to the solvent. Although this fact accounted for the slow
kinetic of ligands binding to S1R, it was unclear how small molecules could access this highly occluded region.
During our research, we started from investigation of the interactions of model compound RC-33 and its
monovalent analogs with the S1R binding site. Overall, 80 compounds reported in recent publications by our
group were selected for this first task (see Experimental Section, Table 5)?'72'°, These molecules were
originally designed on the basis of the pharmacophoric model proposed by Glennon?, and therefore they
share some common structural features (Figure 17). Compounds were docked into the active site of S1R
crystal structure bound to PD144418 (PDB code: 5HK1) by using the software Glide from the Schrodinger
suite. Several poses were obtained for each compound, and both scoring energies (i.e. glide score) and
information of PD144418 and 4-IBP crystallographic structures helped to select the best solutions. The results
showed how Glennon’s pharmacophore is oriented within the S1R binding site and confirmed the key
importance of electrostatic interaction between the charged amino group of the ligands and the side chain
carboxylate group of the residue Glul72, since the best docking solution for most compounds gave this
interaction. The best docking poses of RC-33 and its derivatives resulted superimposable with orientations
of the co-crystallized ligands. In particular, docked ligands placed their larger hydrophobic groups near the
so-called primary hydrophobic site (delimited by residues Val84, Met93, Leu95, Leu105, Tyr206, Ile178,
Leul82, and Tyr103), while their smaller hydrophobic groups locate near the secondary hydrophobic site
(residues Phel07, Trp164, His154, and lle124). Best poses obtained from docking experiments, along with
experimental K; value of each compound, served as the basis for the development of 3D-QSAR models to
explain the SAR of the RC-33 analogs. These studies originated as side-project during the development of this
thesis, hence they will be discussed only briefly herein. The bioactive conformations predicted by docking
were used as the alignment rule for deriving the models. The structural features that affect ligands’ activities
on S1R were identified by describing steric and electrostatic fields. Fields variables were calculated and
processed to construct different 3D-QSAR models. The most accurate model resulted the one combining both
steric field, as major contribution (88%), and electrostatic field. This is reasonable considering that the S1R

binding site is mostly hydrophobic. In particular, bulky groups are desired in the bigger hydrophobic region —
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near residues Tyr103, Tyr206, Thr202 — and in the region delimited by Val84, Trp89, Phel07, Alal85, where
RC-33 places its methyl group. Another bulky moiety can be placed in the space near residues Tyr120, Ser117,
Trp164, (where the piperidine of RC-33 is placed in the docked structure) although regions where steric
hindrance disfavor affinity are also present in the neighboring space, reflecting the complexity of the steric
field inside the binding pocket. The electrostatic field, on the other hand, contributes to a lesser extent to
the model: smaller regions where an increase in positive charge enhance or diminishes ligands’ activity are
present in the bigger hydrophobic region. For a more detailed description of these studies, which did not

include bivalent ligands, please refer to Paper 5 (Appendix, page 191).

Figure 17. A Docking poses of some representative S1R ligand. In green are reported those which general structure is
indicated in the Figure and that were used to perform 3D-QSAR studies. In purple is depicted co-crystallized PD144418.
All docked compounds show poses similar to PD144418. B On the left are reported the docking poses of (R)-RC-33
(green) and its acetamide derivative 32 (yellow), on the right are shown the docking poses of 34 (pink) and 37 (purple).

Overall, the most active ligands (i.e. those with low experimental K; values) share a high degree of similarity
in the predicted binding poses, which are also similar to the binding mode of the co-crystallized ligands
(Figure 17). In particular, it is worth noting that the docking pose of (R)-RC-33 and the 3D-QSAR model suggest
that derivatization at 4-position of the piperidine nucleus is a good strategy for the obtainment of bivalent
ligands. In fact, this portion, which is located in the small hydrophobic region, tolerates bulky groups and
points toward one of the postulated pathways for the access to the binding pocket (the one leading to the
cytosolic side and occluded by residues GIn135, Glu158, and His154). This intuition was further confirmed by

the good binding profile of acetamide derivative 32 (Ki S1IR = 11 + 4 nM), indicating that insertion of an
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additional moiety in that position does not compromise receptor’s affinity. The pathway between the small
hydrophobic region and the cytosol could therefore accommodate a linear chain serving as linker to tether
two RC-33 units, as originally envisaged. Accordingly, bivalent ligands were oriented with one end
superimposed to the docked (R)-RC-33 and the linker occupying the aforementioned region, then
macromodel minimization was performed to allow structural rearrangements of the receptor. The output
was used to generate a grid box to dock the bivalent ligands. The obtained poses showed that while one
extremity of the bivalent ligand fits well into the binding pocket, the other end can barely reach the solvent,
meaning that the linkers are too short to reach two different binding sites. The only exception is compound
38, which is characterized by a very long PEG9 linker. However, it must be noted that every S1R crystal
published up to date consists in a trimer, meaning that the precise architecture of dimer and the distance
between two binding pockets in this form are still unknown. Moreover, the bivalent ligands developed during
this project can be exploited to study how molecules enter the binding site. Particularly, compound 37
exhibited an excellent binding affinity, suggesting that it might stabilize the open conformation of the
receptor. To shed light on these intriguing aspects, further investigations involving molecular dynamics
simulations are ongoing. These computations are particularly demanding due to the receptor’s dimension
and the entity of the conformational changes, but we are confident that they will result in important
contribution to this research field. Our first paper on the use of bivalent S1R ligands to study receptor’s

dimerization is currently under review (see Paper 6, Appendix, page 212).
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3.6 Discussion

S1R is known to be able to form complexes with many different proteins. However, homo-oligomerization
still represent a poorly understood phenomenon. Accumulating evidence suggest that agonists binding
promotes formation of low molecular weight species (i.e. monomers and dimers), whereas antagonists shift
S1R structure toward higher order oligomers. Nevertheless, the exact molecular mechanism that relates
agonism/antagonism to the oligomerization state is still unknown. Considering that S1IR agonists exert
neuroprotective effects and bias S1R toward dimeric form, we hypothesized that promoting dimerization
through bivalent agonists might enhance ligand’s activity and biological function of S1R dimers. The designed
ligands are based on two (R)-RC-33 scaffolds tethered by a linker. The synthesis of such compounds required
the obtainment of key intermediate (R)-RC-33A in enantiopure form for two reasons: (i) although RC-33
interaction with S1R is not stereoselective, the (R) enantiomer was identified as the most stable in biological
matrices; (ii) since coupling two RC-33-like scaffolds with a linker implies doubling the chiral centers, using
one enantiomer instead of the racemic mixture avoids having a mixture of different entities and the related
complication in their isolation and characterization. Accordingly, different approaches (enantioselective
metal catalysis, organocatalysis, fractional crystallization) have been explored to identify the most efficient
route to access enantiopure (R)-RC-33A. The synthetic pathway involving the Co-catalyzed asymmetric 1,4-
reduction of ester 43 resulted the best strategy. Thereafter, scouting reactions for the final coupling of the
di-acidic linkers with (R)-RC-33A have been performed to find the optimal conditions for each target
compound. Once the synthetic feasibility of our approach was confirmed, we took advantage of the recent
publication of the S1R crystal structure to perform computational studies on our bivalent ligands. At first,
docking experiments on RC-33 and its monovalent analogues were performed. These served both to observe
how such molecules are oriented within the binding pocket and to elaborate a 3D-QSAR model, which is
reported in Paper 5 (Appendix, page 191). We found that the piperidine ring of RC-33 points toward one of
the putative pathways to access the occluded binding site, suggesting that the general design of our bivalent
ligands, with the linker tethering two RC-33 from the piperidine side, have good chances to be effective in
promoting dimerization. Docking of the bivalent ligands revealed that, although one extremity can fit well
into the active site, the linkers initially designed are probably too short to reach two binding pockets. A
precise estimate of the optimal linker length is difficult, because every S1R crystal structure available so far
consists in a trimer with occluded binding pockets. Therefore, the architecture of S1R dimeric form and the
conformational changes involved in the binding site opening are unknown. Taking into account these
considerations we decided to expand our library introducing a small monovalent analog of RC-33 (compound
32), a ligand with longer PEG linker (compound 38, see Figure 18) and one hetero-bivalent ligand (compound

40). Moreover, we set molecular dynamics experiments to get clearer information on possible receptor’s
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conformational rearrangements during ligands binding. In particular, we reasoned that even shorter bivalent
ligands could be exploited in these studies to understand how molecules reach the occluded binding pocket.
However, to get reliable information, comparison with experimental binding affinity is necessary.
Accordingly, the whole library was tested through binding assays using radiolabeled (+)-pentazocine. Bivalent
ligand 37 exhibited the highest affinity (Ki = 2.6 nM), comparable to that of model compound (R)-RC-33. We
hypothesize that 37 is able to bind the receptor’s pocket in its open conformation, since the linker seemed
too short to join two binding sites. Compound 32 also showed a good binding affinity, confirming that
derivatization on the piperidine portion of (R)-RC-33 allows to retain key interaction with the binding site of
S1R. In contrast, hetero-bivalent ligand 40 exhibited a very low affinity, suggesting that the presence of two
RC-33 scaffolds is crucial for interaction with the receptor. The computational and experimental evaluation
of the simplest bivalent ligand (compound 33), as well as comparison with (R)-RC-33 and PD144418, is
reported in a paper currently under revision (Paper 6, Appendix, page 212). Further in silico studies, on the
whole compound series, are ongoing, as well as functional assays to define the agonist profile. We are
confident that the results obtained from these investigations will be a significant contribution into better

understanding S1R molecular mechanisms underpinning agonism and oligomerization.

Transembrane
region

Cytosolic
side

Figure 18. Docking of model compound (R)-RC-33 (orange) and bivalent ligands 37 and 38 (yellow and green,
respectively) inside one of the monomers that build up the trimeric crystal structure (each monomer is represented in
different colors, and co-crystallized ligands are shown in purple).
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4. Conclusions

The first main objective of my research project concerned the preparation of novel multitarget directed
ligands potentially useful to counteract neurodegenerative diseases through modulation of selected targets
—namely S1R, AChE and NMDA —and endowed with antioxidant properties. To achieve this goal, a compound
library of 31 arylalkylaminoketones was prepared in a quick and efficient way, exploiting a divergent
approach based on Weinreb ketone synthesis. The common scaffold brings the pharmacophoric elements of
RC-33 (S1R agonist), Donepezil (AChE inhibitor), Ifenprodil (NMDAR inhibitor) and Curcumin (natural
antioxidant). The ability of the designed compound to cross the BBB was assessed in silico through a well-
established method (Wager et al. model). The preliminary biological investigation consisted in assessment of
their binding profile through displacement binding assays. Specifically, affinity toward S1R, S2R and NMDAR
was evaluated using radioligands. Conversely, inhibition of AChE was evaluated spectrophotometrically. It
emerged that more than half of the compound library displayed a good S1R affinity (Ki< 50 nM) and selectivity
over S2R. Fewer compounds showed a promising activity on NMDA receptor and AChE. Those showing a
good multi-target profile were selected for further investigations, which concerned the evaluation of
antioxidant activity: DPPH assay allowed to determine intrinsic free radical scavenging properties, whereas
tests on Hela cells indicated Aquaporins-mediated effects on water and H,0, permeability. Interestingly,
some of the tested compounds resulted effective in counteracting oxidative stress conditions. Docking
studies on S1R and AChE showed that compounds with higher affinity are predicted to assume poses similar
to that of parent compounds (i.e. RC-33 and Donepezil). Notably, the carbonyl group does not interfere with
S1R binging in the active site. Hence, this moiety could be exploited in the design of novel MTDLs with
improved binding profile toward NMDA receptor. To address this task, an in-depth computational study will
be needed, to determine key interactions inside the broad NMDAR binding site. To sum up, the prepared
compound library allowed to identify a number of compounds (e.g. 2, 4, 17, 23-25) endowed with a promising
combination of affinity towards S1R, NMDAR, anti-AChE and antioxidant activity. The results obtained so far
were reported in a recent publication (see Paper 3, Appendix). Further biological investigation will hopefully
pave the way for achievement of viable therapeutic candidates for the treatment neurodegenerative

disorders.

The second objective of this thesis was the development of bivalent S1R ligands, as viable tools for studying
the receptor’s dimerization process and its physiological role. The homo-bivalent ligands were designed as
two units of (R)-RC-33 joined by a linker, which can vary in length, hydrophilicity and spatial constraint. To
obtain such compounds, an amide coupling between a di-acidic linker and two equivalents of (R)-RC-33A was

envisaged. Three different synthetic approaches have been explored to access this key intermediate (an
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amine derivative of RC-33) in enantiomerically pure form. As a result, a quick, stereoselective and efficient
synthetic protocol was set up. After exploration of different coupling agents and reaction conditions, optimal
procedures for the obtainment of the designed homo-bivalent compounds were identified. One hetero-
bivalent ligand and the acetamide derivative of RC-33 were also prepared to gather additional information.
From the subsequent binding assays, two compounds (32 and 37) emerged for their high affinity toward S1R
(Ki < 15 nM). Furthermore, docking studies were carried out on both mono- and bi-valent S1R ligands to
rationalize experimental results. From this work, a 3D-QSAR model was developed as reported in our recent
publication (see Paper 5, Appendix). Further computational studies, involving molecular dynamics, are
currently ongoing, as well as functional assays (i.e. evaluation of NGF induced neurite outgrowth). The results
are expected to help understand molecular mechanisms at the basis of receptor’s oligomerization and

ligands’ agonism/antagonism activities.
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5. Experimental section
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5.1 Laboratory materials and equipment

Reagents and solvents for synthesis, TLC and NMR were purchased from Sigma Aldrich. Silica gel for flash
chromatography (60 A, 230-400 Mesh) was purchased from Sigma Aldrich. Solvents were evaporated at
reduced pressure with the Heidolph Laborota 4000 Efficient equipment. Analytical thin layer
chromatography (TLC) analyses were carried out on silica gel pre-coated glass-backed plates (TLC Silica Gel
60 F254, Merk) impregnated with a fluorescent indicator, and visualised with the instrument MinUVIS,
DESAGA® Sastedt-GRUPPE by ultraviolet (UV) radiation from UV lamp (A= 254 and 366 nm) or by stain
reagents such as Ninidrine and Cerium Molybdate. NMR were measured at room temperature (15° - 25°C)
on a Bruker Advance 400 MHz spectrometer, using tetramethylsilane (TMS) as internal standard and a BBI 5
mm probe. All raw FID files were processed with Top Spin program from Bruker and the spectra analysed
using the MestRenova 6.0.2 program from Mestrelab Research S.L. Chemical shifts are expressed in parts per
million (ppm, & scale). *H-NMR spectroscopic data are reported as follow: chemical shift in ppm (multiplicity,
coupling constants J (Hz), integration intensity). The multiplicities are abbreviated with s (singlet), d (doublet),
t (triplet), g (quartet), m (multiplet) and brs (broad signal). The chemical shift of all symmetric signals is
reported as the centre of the resonance range. **C-NMR spectroscopic data are reported as follows: chemical

shift in ppm.

5.2 General experimental details

Reactions performed under inert atmosphere were carried out with dry glassware, previously dried in oven
or flamed with Bunsen burner, fitted with rubber septum, under an atmosphere of nitrogen or argon and
with magnetic stirring. Liquid reagents, air-/moisture- sensitive and dry solvents were added using plastic
syringes with metal needle, previously conditioned with nitrogen. Solid reagents were transferred opening
the rubber septum under nitrogen or argon flow or solubilizing them in appropriate dry solvents. Low
temperatures were reached either with a cryostat or with cooling agents, such as ice (0°C), mixture of ice,
methanol and sodium chloride (-18°C), or mixture of solid carbon dioxide and acetone (-78°C) placed in a
Dewar suitable for the reaction flask. Reactions at high temperature were performed in oil baths heated with
heating plates and temperature control probes. Reactions conducted under microwave irradiation were
performed in a microwave mono-mode oven, specific for organic synthesis (Discover® Lab-Mate instrument,
CEM Corporate). Reactions’ progress and ending were monitored by TLC; in addition, the final products were

analysed with *H and 3C Nuclear Magnetic Resonance (NMR).
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5.3 Synthetic procedures

5.3.1 General procedure for the preparation of compounds Il — |l

To an aqueous solution of potassium carbonate (K,COs, 2.0 equiv.) was added diethyl ether (Et,0) and N,O-
dimethylhydroxyamine (NODMHA) hydrochloride (1.5 equiv.). The resulting mixture was cooled at 0 °C and
then the corresponding acyl chloride (1.0 equiv.) was added dropwise. The reaction was let to reach room
temperature and then it was stirred overnight. The reaction mixture was extracted with Et,O (2 X 10mL) and
washed with water (10mL) and brine (20mL). The organic phase was dried (anhydrous sodium sulphate
Na,S0.), filtered and, after removal of the solvent under reduced pressure, the pure compounds Il — Il were

obtained.

3-Chloro-N-methoxy-N-methylpropanamide (Il)

By following the General Procedure, starting from 3-chloropropanoyl chloride (127 mg, 1.00 mmol, 1.0
equiv.), K2C0O5 (276 mg, 2.0 mmol, 2.0 equiv.), N,0-dimethylhydroxyamine hydrochloride (146 mg, 1.5 mmaol,
1.5 equiv.), H20 (3 mL) and Et,0 (3 mL), the desired product was obtained in 92% (139 mg) as a pale yellow
oil. 'H-NMR (500MHz, CDCl3): & (ppm) = 3.80 (t, J = 6.9 Hz, 2H, CH>CH.Cl), 3.70 (s, 3H, NOCHj), 3.19 (s, 3H,
NCH;), 2.91 (t, J = 6.7 Hz, 2H, CH,CH,CO). **C-NMR (125 MHz, CDCl5): § 170.8, 61.4, 39.2, 35.0, 32.0.

4-Chloro-N-methoxy-N-methylbutanamide (Ill)

By following the General Procedure, starting from 4-chlorobutanoyl chloride (141 mg, 1.00 mmol, 1.0 equiv.),
K2COs (276 mg, 2.0 mmol, 2.0 equiv.), N,0-dimethylhydroxyamine hydrochloride (146 mg, 1.5 mmol, 1.5
equiv.), H20 (3 mL) and Et,0 (3 mL), the desired product was obtained in a quantitative amount (yield >99.9%)
(166 mg) as a bright yellow oil. *H-NMR (500MHz, CDCl3): & 3.70 (s, 3H, NOCH;), 3.63 (t, J = 6.4 Hz, 2H,
CH,CH,Cl), 3.18 (s, 3H, NCH3), 2.62 (t, J = 6.7 Hz, 2H, CH,CH,CO), 2.11 (m, J = 6.9 Hz, 2H, CH,CH,CH,). *C-NMR
(125 MHz, CDCls): 6 170.8, 61.4, 39.2, 35.0, 32.0.

5.3.2 General procedure for the preparation of compounds la-b, Ila-c and llla-b

To a solution of Weinreb amide (1.0 equiv.) in ACN, the corresponding amine (1.0 equiv.) and K,COs (1.5

equiv.) were added. The mixture was stirred overnight, at room temperature. In case of compound Ib the
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mixture was stirred for 36h at room temperature; for compound llb four days at room temperature were
needed; lastly for compound lllb the temperature was raised to 50 °C for 8h, then it was let to reach room
temperature and stirred for five days. After removal of the solvent under reduced pressure, the crude was
extracted with DCM (3 x 5 mL) and washed with water (5 mL) and brine (10 mL). In the case of compounds la
and lb, this work-up was sufficient to obtain the pure products. Conversely, an acid (pH = 3-4) / base (pH = 8-
9) work-up was required for lla-c and llla-b, the combined organic phases were dried (anhydrous Na,SO,),
filtered and, evaporated under vacuum to get the desired compounds. The crude compound llla was further

purified through flash chromatography (silica gel) to afford pure compound llla.

2-(4-benzylpiperidin-1-yl)-N-methoxy-N-methylacetamide (la) By following the General Procedure, starting
from 2-chloro-N-methoxy-N-methylacetamide (138 mg, 1.00 mmol, 1.0 equiv), K,CO; (207 mg, 1.5 mmol, 1.5
equiv), 4-benzylpiperidine (175 mg, 176 mL 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product was
obtained in quantitative amount (276 mg) as a bright yellow oil. *H-NMR (500 MHz, CDCl3) &: 7.27 (m, 2H,
Ar), 7.18 (t, 1H, /= 7.5 Hz, Ar), 7.14 (d, 2H, J = 7.3 Hz, Ar), 3.69 (s, 3H, NOCH3), 3.29 (s, 2H, CH>N), 3.16 (s, 3H,
NCH;), 2.96 (d, 2H, Pip-2, Pip-6), 2.53 (d, 2H, CH;Pip-4), 2.07 (t, 2H, Pip-2, Pip-6), 1.62 (d, 2H, Pip-3, Pip-5),
1.51 (m, 1H, Pip-4), 1.40 (q, 2H, Pip-3, Pip-5). *C-NMR (125 MHz, CDCl;) &: 171.4, 140.5, 129.1, 128.1, 125.7,
61.3, 58.5,54.1, 43.1, 37.5, 32.1, 32.0.

N-methoxy-N-methyl-2-(piperidine-1-yl)-acetamide (lb) By following the General Procedure, starting from 2-
chloro-N-methoxy-N-methylacetamide (I, commercially available) (138 mg, 1.00 mmol, 1.0 equiv.), K2COs;
(207 mg, 1.5 mmol, 1.5 equiv.), piperidine (175 mg, 176mL 1.0 mmol, 1.0 equiv.) and ACN (10 mL), the desired
product was obtained in 85% (235 mg) as a dark oil. 'TH-NMR (500 MHz, CDCls3) 6: 3.71 (s, 3H, NOCHs), 3.29 (s,
2H, CH:N), 3.19 (s, 3H, NCHSs), 2.50 (m, 4H, CH; piperidine), 1.71 (m, 4H, CH; piperidine), 1.47 (m, 2H, CH;

piperidine).

3-(4-benzylpiperidin-1-yl)-N-methoxy-N-methylpropanamide (lla) By following the General Procedure,
starting from 3-chloro-N-methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv), KCOs3 (207 mg, 1.5
mmol, 1.5 equiv), 4-benzylpiperidine (175 mg, 176 mL, 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired
product was obtained in quantitative amount (290 mg) as a bright yellow oil. *H-NMR (500 MHz, CDCls) &:
7.27 (m, 2H, Ar), 7.18 (t, 1H, J = 7.4 Hz, Ar), 7.13 (d, 2H, J = 7.4 Hz, Ar), 3.68 (s, 3H, NOCH3), 3.16 (s, 3H, NCH3),
2.95 (d, 2H, Pip-2, Pip-6), 2.72-2.70 (m, 4H, CH:N, CH,CH:N), 2.53 (d, 2H, CH,Pip-4), 2.00 (t, 2H, Pip-2, Pip-6),
1.65 (d, 2H, Pip-3, Pip-5), 1.54 (m, 1H, Pip-4), 1.36 (g, 2H, Pip-3, Pip-5). 3C-NMR (125 MHz, CDCls) &: 173.1,
140.5,129.1, 128.1, 125.8, 61.3, 53.8, 53.6, 43.0, 37.6, 37.1, 32.1, 29.5.
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N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide (llb) By following the General Procedure, starting from
3-chloro-N-methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv), K.COs; (207 mg, 1.5 mmol, 1.5
equiv), piperidine (85 mg, 99 mL, 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product was obtained in
quantitative amount (200 mg) as a bright yellow oil. *H-NMR (400 MHz, CDCls) &: 3.76 (s, 3H, NOCHs), 3.24
(s, 3H, NCHs), 2.76 (s, 4H, CH2N, CH2CH,N), 2.52 (t, 4H, Pip-2, Pip-6), 1.70-1.56 (m, 6H, Pip-3, Pip-4, Pip-5). 13C-
NMR (100 MHz, CDCl5) 6:175.2, 61.3, 54.5, 54.2, 29.7, 25.9, 24.2.

N-methoxy-N-methyl-3-morpholinopropanamide (lic) By following the General Procedure, starting from 3-
chloro-N-methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv), K2CO3 (207 mg, 1.5 mmol, 1.5
equiv), morpholine (87 mg, 87 mL, 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product was obtained
in 46 % (93 mg) as a bright yellow oil. 'H-NMR (400 MHz, CDCls) &: 3.78-3.73 (m, 4H, NCH,CH,0), 3.73 (s, 3H,
NOCH3), 3.22 (s, 3H, NCH3), 2.81-2.63 (m, 4H, CH,CH:N, CH.CH:N), 2.56-2.51 (t, 4H, NCH>CH,0). *C-NMR (100
MHz, CDCls) 6: 175.3, 66.9, 61.3, 53.9, 53.6, 32.2, 29.4.

4-(4-benzylpiperidin-1-yl)-N-methoxy-N-methylbutanamide (llla) By following the General Procedure,
starting from 4-chloro-N-methoxy-N-methylbutanamide (166 mg, 1.00 mmol, 1.0 equiv), K2COs (207 mg, 1.5
mmol, 1.5 equiv), 4-benzylpiperidine (175 mg, 176 mL 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired
product was obtained in 65 % (198 mg) as a bright yellow oil after chromatography on silica gel (60:40
ethylacetate:n-hexane). 'H-NMR (400 MHz, CDCls) &: 7.33-7.12 (m, 5H, Ar), 3.69 (s, 3H, NOCH;), 3.48 (s, 2H,
CH:N), 3.18 (s, 3H, NCH3), 2.74-2.66 (m, 2H, Pip-2, Pip-6), 2.60-2.50 (m, 4H, CH,Pip-4, Pip-2, Pip-6), 2.31-2.21
(m, COCH,CH,), 2.09-1.94 (m, 2H, COCH,CH,CH>), 1.82-1.65 (m, 5H, Pip-3, Pip-4, Pip-5). *C-NMR (125 MHz,
CDCls) 6:173.6, 139.9, 129.1, 128.3, 126.1, 61.1, 57.1, 53.1, 42.5, 37.2, 30.3, 29.5, 20.3.

N-methoxy-N-methyl-4-(piperidin-1-yl)-butanamide (lllb) By following the General Procedure, starting from
4-chloro-N-methoxy-N-methylbutanamide (166 mg, 1.00 mmol, 1.0 equiv.), K2COs; (207 mg, 1.5 mmol, 1.5
equiv.), piperidine (85 mg, 99 mL, 1.0 mmol, 1.0 equiv.) and ACN (7 mL), the desired product was obtained in
47% (101 mg) as a yellow oil. 'H-NMR (400 MHz, CDCls) &: 3.70 (s, 3H, NOCH3), 3.16 (s, 3H, NCHs), 2.56 (t, ) =
2.7Hz, 2H, CH:N), 2.51 (m, 4H, CH:N piperidine), 2.19 (t, J = 7.4Hz, 2H COCH,), 1.93 (m, 2H, COCH.CH,), 1.71
(m, 4H, CH; piperidine), 1.46 (m, 2H, CH; piperidine).
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5.3.3 General procedure for the preparation of compounds 1-31

Under argon atmosphere, tert-butyllithium (2.2 equiv., 1.9 M in pentane) was added dropwise to a -78 °C
cooled solution of the appropriate arylbromide (1.5 equiv.) in anhydrous THF. After 20 minutes, the solution
of the corresponding Weinreb amide in anhydrous THF was added dropwise. The stirring was continued for
5 additional hours and then quenched with water. The reaction was extracted with Et,0 (3 x 5 mL) and
washed with water (5 mL) and brine (10 mL). The organic phase was dried (anhydrous Na,SQ,), filtered and,
after removal of the solvent under reduced pressure, the so-obtained crude mixture was subjected to
chromatography (silica gel) to afford pure compounds. Lastly, pure compounds were converted into their

corresponding hydrochlorides, adding an ethereal solution of HCI (1.0 equiv., 1 M in Et,0).

4-benzyl-1-(2-oxo-2-phenylethyl)piperidin-1-ium hydrochloride (1) By following the General Procedure,
starting from bromobenzene (236 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-1-yl)-N-methoxy-N-
methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BulLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5
mL), the desired product was obtained in 40% (117 mg) as a bright yellow oil after chromatography on silica
gel (60:40 hexane:ethylacetate) and converted into the corresponding hydrochloride. FT-IR (cm™): 3058,
3023, 2922, 2846, overtones Ar = 2100-1800, 1706, 1598, 1580, 1448. *H-NMR (400 MHz, CDCls3) &: 12.07 (s,
1H, NH*), 7.95 (brs, 2H, Ar), 7.65 (brs, 1H, Ar), 7.50 (brs, 2H, Ar), 7.31 (t, /= 7.0 Hz, 2H, Ar), 7.23 (t, /= 8.0 Hz,
1H, Ar), 7.16 (d, J = 8.0 Hz, 2H, Ar), 4.75 (s, 2H, COCH:N), 3.55 (brs, 4H, Pip-2, Pip-6), 2.64 (m, 2H, CH,Pip-4),
2.09-1.85 (m, 5H, Pip-3, Pip-4, Pip-5). *C-NMR (100 MHz, CDCls) 6: 190.3, 139.0, 134.9, 133.9, 129.1, 128.9,
128.4, 128.1, 126.3, 59.7, 52.4, 42.0, 35.9, 29.3. UHPLC-ESI-MS: ABS tr = 1.19, 96% pure (A = 210 nm), m/z =
294.3 [M + H]".

4-benzyl-1-(2-(4-methoxyphenyl)-2-oxoethyl)piperidin-1-ium hydrochloride (2) By following the General
Procedure, starting from 1-bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-
1-yl)-N-methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5
equiv.) and THF (5 mL), the desired product was obtained in 37% (120 mg) as a bright yellow oil after
chromatography on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding
hydrochloride. FT-IR (cm™): 3059, 3013, 2932, overtones Ar = 2100-1750, 1694, 1603, 1578, 1512, 1402. H-
NMR (400 MHz, CDCls) 6: 11.93 (brs, 1H, NH*), 7.90 (d, J = 8.0 Hz, 2H, Ar), 7.30 (t, J = 8.0 Hz, 2H, Ar), 7.22 (t,
J=8.0Hz, 1H, Ar), 7.15 (d, J = 8.0 Hz, 2H, Ar), 6.93 (d, J = 8.0 Hz, 2H, Ar), 4.68 (s, 2H, COCH:N), 3.87 (s, 3H,
OCH;s), 3.51 (brd, 4H, Pip-2, Pip-6), 2.63 (d, 2H, CH,Pip-4), 2.06 (m, 2H, Pip-3, Pip-5), 1.85-1.82 (m, 3H, Pip-3,
Pip-4, Pip-5). 3C-NMR (100 MHz, CDCls) &: 188.5, 164.8, 148.5, 139.0, 130.5, 128.9, 128.4, 126.9, 126.2,
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114.2,59.1, 55.6, 52.2, 42.0, 35.8, 29.3. UHPLC-ESI-MS: ABP tz = 1.87, 98% pure (A=210 nm), m/z=324.4 [M
+HJ*".

4-benzyl-1-(2-(3-methoxyphenyl)-2-oxoethyl)piperidin-1-ium hydrochloride (3) By following the General
Procedure, starting from 1-bromo-3-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-
1-yl)-N-methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5
equiv.) and THF (5 mL), the desired product was obtained in 48% (155 mg) as a bright yellow oil after
chromatography on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding
hydrochloride. FT-IR (cm™): 3056, 3026, 3003, 2923, 2841, overtones Ar = 2100-1750, 1696, 1596, 1431. *H-
NMR (400 MHz, CDCls) 6: 11.94 (brs, 1H, NH*), 7.49-7.16 (m, 9H, Ar), 4.77 (s, 2H, COCH:N), 3.84 (s, 3H, OCH;),
3.56 (m, 4H, Pip-2, Pip-6), 2.63 (brd, 2H, CH,Pip-4), 2.08 (brs, 2H, Pip-3, Pip-5), 1.86-1.73 (m, 3H, Pip-3, Pip-4,
Pip-5). *C-NMR (100 MHz, CDCl3) 6:190.1, 160.0, 139.0, 135.2, 130.1, 128.9, 128.4, 126.3, 121.4, 120.6,
112.2,60.0, 55.6, 52.5, 42.0, 35.8, 29.3. UHPLC-ESI-MS: ABP tg = 1.85, 99% pure (A =220 nm), m/z=324.4 [M
+ H]%.

4-benzyl-1-(2-(naphthalen-2-yl)-2-oxoethyl)piperidin-1-ium hydrochloride (4) By following the General
Procedure, starting from 2-bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-1-yl)-N-
methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BulLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5 mL), the desired product was obtained in 54% (185 mg) as a bright yellow oil after chromatography
on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding hydrochloride. FT-IR (cm™):
3023, 2924, overtones Ar = 2100-1800, 1689, 1599, 1495, 1453. 'H-NMR (400 MHz, CDCls) 6: 11.63 (brs, 1H,
NH*), 8.51 (s, 1H, Nap), 7.91 (d, 2H, Nap), 7.78 (t, 2H, Nap), 7.59 (t, J = 8.0 Hz, 1H, Nap), 7.51 (t, J = 8.0 Hz, 1H,
Nap), 7.28-7.11 (m, 5H, Ar), 4.96 (s, 2H, COCH:N), 3.60-3.52 (m, 4H, Pip-2, Pip-6), 2.59 (brd, 2H, CH,Pip-4),
2.04 (m, 2H, Pip-3, Pip-5), 1.82-1.79 (m, 3H, Pip-3, Pip-4, Pip-5). *C-NMR (100 MHz, CDCls) 6:190.2, 139.0,
136.0, 132.0, 131.0, 130.7, 129.8, 129.4, 128.9, 128.4, 127.6, 127.2, 126.2, 122.6, 59.9, 52.7, 41.9, 35.7, 29.3.
UHPLC-ESI-MS: ABP tg = 2.08, 95% pure (A =210 nm), m/z = 344.3 [M + H]*.

4-benzyl-1-(2-(6-methoxynaphthalen-2-yl)-2-oxoethyl)piperidin-1-ium hydrochloride (5) By following the
General Procedure, starting from 2-bromo-6-methoxynaphthalene (256 mg, 1.5 mmol, 1.5 equiv.), 2-(4-
benzylpiperidin-1-yl)-N-methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL,
2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product was obtained in 49% (183 mg) as a bright yellow
oil after chromatography on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding

hydrochloride. FT-IR (cm™): 3023, 2932, overtones Ar = 2100-1800, 1682, 1483. *H-NMR (400 MHz, CDCls) &:
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11.46 (brs, 1H, NH*), 8.38 (s, 1H, Nap), 7.79 (m, 2H, Nap), 7.61 (brd, 1H, Nap), 7.28-7.00 (m, 7H, Ar, Nap), 4.92
(s, 2H, COCH.N), 3.90 (s, 3H, OCH3), 3.59-3.53 (m, 4H, Pip-2, Pip-6), 2.58 (brd, 2H, CH.Pip-4), 2.03 (m, 2H, Pip-
3, Pip-5), 1.82-1.79 (m, 3H, Pip-3, Pip-4, Pip-5). 3C-NMR (100 MHz, CDCls) &: 189.7, 160.4, 139.0, 137.9, 131.4,
130.5, 129.0, 128.9, 128.3, 127.5, 127.3, 126.2, 123.4, 120.1, 105.7, 59.9, 55.4, 52.7, 42.0, 35.7, 29.3. UHPLC-
ESI-MS: ABS tg = 1.63, 95% pure (A = 210 nm), m/z = 374.5 [M + H]*.

1-(2-([1,1'-biphenyl]-4-yl)-2-oxoethyl)-4-benzylpiperidin-1-ium hydrochloride (6) By following the General
Procedure, starting from 4-bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-1-yl)-N-
methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5 mL), the desired product was obtained in 33% (122 mg) as a bright yellow oil after chromatography
on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding hydrochloride. FT-IR (cm™):
3025, 2986, 2935, 2916, 2847, overtones Ar = 2100-1800, 1691, 1603, 1414. *H-NMR (400 MHz, CDCl5) &:
11.70 (brs, 1H, NH*), 8.00 (d, J = 6.3 Hz, 2H, Ar), 7.66 (brs, 2H, Ar), 7.55 (ds, J = 4.0 Hz, 2H, Ar), 7.44 (m, 3H,
Ar), 7.28-7.13 (m, 5H, Ar), 4.88 (s, 2H, COCH;N), 3.60-3.55 (m, 4H, Pip-2, Pip-6), 2.62-2.52 (brs, 2H, CH,Pip-4),
2.07 (m, 2H, Pip-3, Pip-5), 1.86-1.83 (m, 3H, Pip-3, Pip-4, Pip-5). *C-NMR (100 MHz, CDCl;) 6: 189.8, 147.4,
139.0, 138.9, 132.5, 129.0, 128.7, 128.6, 128.4, 127.5, 127.1, 126.2, 60.0, 52.7, 42.0, 35.8, 29.3. UHPLC-ESI-
MS: ABP tr = 2.22, 98% pure (A = 210 nm), m/z = 370.5 [M + H]".

1-(2-(naphthalen-2-yl)-2-oxoethyl)piperidin-1-ium hydrochloride (7) By following the General Procedure,
starting from 2-bromonaphthalene (1.5 equiv.), N-methoxy-N-methyl-2-(piperidin-1-yl)-acetamide (1.0
equiv.), t-Buli (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 42% vyield as a yellow solid
after chromatography on silica gel (90:10 ethylacetate/methanol) and converted into the corresponding
hydrochloride. Rs: 0.27 (80:20 ethylacetate/methanol). mp: 252-253°C. *H-NMR (400MHz, MeOD): & 8.68 (s,
1H, Napht), 8.12 (d, J=8.0 Hz, 1H, Napht), 8.07 (s, 2H, Napht), 8.01 (d, J = 8.1 Hz, 1H, Napht), 7.73 (t, /= 7.5
Hz, 1H, Napht), 7.67 (t, J = 7.4 Hz, 1H, Napht), 5.10 (s, 2H, COCH;N), 3.66 (brs, 2H, pip), 3.17 (brs, 2H, pip),
2.03 (brs, 5H, pip), 1.64 (brs, 1H, pip). *C-NMR (100 MHz, MeOD) &: 190.51, 136.37, 132.43, 130.94, 130.67,
129.53, 129.28, 128.67, 127.63, 127.09, 122.59, 61.24, 54.27, 22.58, 21.22.

1-(2-([1,1"-biphenyl]-4-yl)-2-oxoethyl)piperidin-1-ium hydrochloride (8) By following the General Procedure,
starting from 4-bromo-1,1’-biphenyl (1.5 equiv.), N-methoxy-N-methyl-2-(piperidin-1-yl)-acetamide (1.0
equiv.), t-Buli (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 35% yield as a pale yellow
solid after chromatography on silica gel (90:10 ethylacetate/methanol) and converted into the corresponding

hydrochloride. Rs: 0.27 (80:20 ethylacetate/methanol). mp: 236-238°C. *H-NMR (400MHz, MeOD): § 8.15 (d,
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J=8.3Hz, 2H, Ph-PhCO), 7.89 (d, J = 8.3 Hz, 2H, Ph-PhCO), 7.74 (d, J = 7.7 Hz, 2H, Biph), 7.53 (t, J = 7.5 Hz, 2H,
Biph), 7.46 (t, J = 7.2 Hz, 1H, Biph), 4.99 (s, 2H, COCH:N), 3.65 (brs, 2H, pip), 3.16 (t, J = 13.1 Hz, 2H, pip), 2.08
—1.87 (brs, 5H, pip), 1.69 — 1.55 (brs, 1H, pip). 3C-NMR (100 MHz, MeOD) &: 190.12, 147.42, 139.19, 132.31,
128.81, 128.67, 128.41, 127.17, 126.89, 61.19, 54.23, 22.57, 21.21.

1-(2-(4-(benzyloxy)phenyl)-2-oxoethyl)piperidin-1-ium hydrochloride (9) By following the General Procedure,
starting from 1-(benzyloxy)-4-bromobenzene (1.5 equiv.), N-methoxy-N-methyl-2-(piperidin-1-yl)-acetamide
(1.0 equiv.), t-Buli (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 29% (90 mg) as a pale
yellow solid after chromatography on silica gel (80:20 ethylacetate/methanol) and converted into the
corresponding hydrochloride. Rs: 0.19 (80:20 ethylacetate/methanol). mp: 86-88°C. 'H-NMR (400 MHz,
MeOD): 6 8.03 (d, J = 8.8 Hz, 2H, OPhCO), 7.47 (d, J = 7.4 Hz, 2H, PhCH,), 7.41 (t, J = 7.3 Hz, 2H, PhCH,), 7.36
(d, J=7.2 Hz, 1H, PhCH,), 7.19 (d, J = 8.8 Hz, 2H, OPhCO), 5.24 (s, 2H, PhCH,0Ph), 4.87 (s, 2H, COCH:N), 3.61
(d, J=12.1 Hz, 2H, pip), 3.11 (brs, 2H, pip), 1.94 (brs, 5H, pip), 1.60 (m, 1H, pip). 3C-NMR (100 MHz, MeOD)
6:193.52, 130.63, 128.58, 127.74, 115.10, 70.33, 59.24, 52.20, 23.04, 21.50.

3-(4-benzylpiperidin-1-yl)-1-phenylpropan-1-one (10) By following the General Procedure, starting from
bromobenzene (236 mg, 1.5 mmol, 1.5 equiv.), 3-(4-benzylpiperidin-1-yl)-N-methoxy-N-methylpropanamide
(290 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired
product was obtained in 28% yield (86 mg) as a bright yellow oil after chromatography on silica gel (90:10
ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™): 3059, 3045, 3025,
2996, 2921, overtones Ar = 2100-1700, 1682, 1596, 1447. *H-NMR (500 MHz, CDCl5) 6: 7.88 (d, J = 8.3 Hz, 2H,
Ar), 7.48 (m, 1H, Ar), 7.38 (t, J = 7.5 Hz, 2H, Ar), 7.20 (m, 2H, Ar), 7.11 (t, J = 7.0 Hz, 1H, Ar), 7.06 (d, / = 7.4 Hz,
2H, Ar), 3.17 (m, 2H, COCH,CH,), 2.91 (d, 2H, Pip-2, Pip-6), 2.77 (m, 2H, CH,CH:N), 2.47 (d, J = 7.2 Hz, 2H,
CH,Pip-4), 1.96 (m, 2H, Pip-2, Pip-6), 1.59 (d, 2H, Pip-3, Pip-5), 1.48 (m, 1H, Pip-4), 1.30 (m, 2H, Pip-3, Pip-5).
13C-NMR (125 MHz, CDCls) &: 199.0, 140.4, 136.7, 133.1, 129.0, 128.6, 128.1, 128.0, 125.8, 53.9, 53.3, 43.0,
37.6, 36.1, 31.8. UHPLC-ESI-MS: ABS tg = 1.25, 95% pure (A = 254 nm), m/z = 308.4 [M + H]".

3-(4-benzylpiperidin-1-yl)-1-(4-methoxyphenyl)propan-1-one (11) By following the General Procedure,
starting from 1-bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 3-(4-benzylpiperidin-1-yl)-N-
methoxy-N-methylpropanamide (290 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5
equiv.) and THF (5 mL), the desired product was obtained in 25% (84 mg) as a bright yellow oil after
chromatography on silica gel (90:10 ethylacetate:methanol) and converted into the corresponding

hydrochloride. FT-IR (cm™): 3048, 3030, 3005, 2939, 2918, 2841, overtones Ar = 2100-1700, 1673, 1601, 1457,
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1420. 'H-NMR (500 MHz, CDCls) &: 7.96 (d, J = 8.7 Hz, 2H, Ar), 7.28 (m, 2H, Ar), 7.20 (t, J = 6.7 Hz, 1H, Ar), 7.13
(d, J = 7.5 Hz, 2H, Ar), 6.93 (d, J = 8.7 Hz, 2H, Ar), 3.87 (s, 3H, OCHs), 3.41 (m, 2H, COCH.CH,), 3.17 (m, 2H,
Pip-2, Pip-6), 3.07 (m, 2H, CH,CH,N), 2.57 (brd, 2H, CH.Pip-4), 2.28 (m, 2H, Pip-2, Pip-6), 1.73 (brd, 2H, Pip-3,
Pip-5), 1.64 (m, 3H, Pip-3, Pip-4, Pip-5). *C-NMR (125 MHz, CDCls) 6: 177.5, 163.8, 139.9, 130.5, 129.2, 129.0,
128.3,126.1, 113.8, 53.7, 52.8, 42.5, 37.1, 34.6, 30.5. UHPLC-ESI-MS: ABS tr = 1.35, 98% pure (A = 254 nm),
m/z = 338.4 [M + H]".

3-(4-benzylpiperidin-1-yl)-1-(naphthalen-2-yl)propan-1-one (12) By following the General Procedure, starting
from 2-bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), 3-(4-benzylpiperidin-1-yl)-N-methoxy-N-
methylpropanamide (290 mg, 1.00 mmol, 1.0 equiv.), t-BulLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF
(5 mL), the desired product was obtained in 22% (79 mg) as a bright yellow oil after chromatography on silica
gel (90:10 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™): 3059,
3029, 2943, 2921, 2864, overtones Ar = 2000-1700, 1674, 1595, 1495, 1456. *H-NMR (500 MHz, CDCls) &:
8.41 (s, 1H, Nap), 7.95 (d, J = 8.7 Hz, 1H, Nap), 7.89 (d, J = 8.1 Hz, 1H, Nap), 7.80 (t, J = 8.9 Hz, 2H, Nap), 7.54-
7.46 (m, 2H, Nap), 7.20 (t, J = 7.5 Hz, 2H, Ar), 7.11 (t, J=7.3 Hz, 1H, Ar), 7.06 (d, J = 7.5 Hz, 2H, Ar), 3.31 (t, /=
7.5 Hz, 2H, COCH,CH,), 2.95 (brd, 2H, Pip-2, Pip-6), 2.85 (t, J = 7.6 Hz, 2H, CH,CH:N), 2.47 (d, J = 7.2 Hz, 2H,
CH,Pip-4), 2.00 (m, 2H, Pip-2, Pip-6), 1.61 (brd, 2H, Pip-3, Pip-5), 1.50 (m, 1H, Pip-4), 1.33 (m, 2H, Pip-3, Pip-
5). 3C-NMR (125 MHz, CDCl3) 6: 198.9, 140.4, 135.5, 133.9, 132.4, 129.8, 129.5, 129.0, 128.5, 128.4, 128.2,
127.7,125.8, 123.7, 53.9, 53.4, 43.0, 37.6, 36.1, 31.7. UHPLC-ESI-MS: ABP tz = 1.62, 98% pure (A = 254 nm),
m/z = 358. [M + H]".

1-([1,1'-biphenyl]-4-yl)-3-(4-benzylpiperidin-1-yl)propan-1-one (13) By following the General Procedure,
starting from 4-bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), 3-(4-benzylpiperidin-1-yl)-N-methoxy-
N-methylpropanamide (290 mg, 1.00 mmol, 1.0 equiv.), t-BulLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF
(5 mL), the desired product was obtained in 22% yield (84 mg) as a bright yellow oil after chromatography on
silica gel (90:10 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™):
3059, 3029, 2916, overtones Ar = 2100-1700, 1677, 1601, 1457, 1402. 'H-NMR (400 MHz, CDCl3) &: 12.24
(brs, 1H, NH*), 8.09 (brd, 2H, Ar), 7.70 (brd, 2H, Ar), 7.63 (brd, 2H, Ar), 7.48 (brt, 2H, Ar), 7.43 (brt, 1H, Ar),
7.29-7.13 (m, 5H, Ar), 3.87 (brs, 2H, COCH,CH), 3.58 (brs, 2H, Pip-2, Pip-6), 3.48 (brs, 2H, CH,CH:N), 2.71-
2.64 (m, 4H, Pip-2, Pip-6, CH,Pip-4), 2.08 (brt, 2H, Pip-3, Pip-5), 1.87-1.79 (m, 3H, Pip-3, Pip-4, Pip-5). 3C-
NMR (100 MHz, CDCl;) 6: 195.7, 146.6, 139.4, 138.9, 134.0, 128.9, 128.4, 128.3, 127.3, 127.2, 126.3, 53.6,
52.1, 41.8, 36.4, 33.3, 28.9. UHPLC-ESI-MS: ABP tg = 2.37, 95% pure (A = 254 nm), m/z = 384.4 [M + H]*.
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1-phenyl-3-(piperidin-1-yl)propan-1-one (14) By following the General Procedure, starting from
bromobenzene (236 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide (200
mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product
was obtained in 29% vyield (63 mg) as a bright yellow oil after chromatography on silica gel (60:40
ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™): 3055, 3021, 2938,
2863, overtones Ar = 2100-1700, 1682, 1597, 1581, 1477, 1456. *H-NMR (500 MHz, CDCl3) 6:7.95 (dd, J = 1.2
and 7.9 Hz, 2H, Ar), 7.55 (m, 1H, Ar), 7.45 (t, J = 7.9 Hz, 2H, Ar), 3.24 (t, J = 7.4 Hz, 2H, COCH.CH,), 2.83 (t, J =
7.8 Hz, 2H, CH,CH;N), 2.49 (brs, 4H, Pip-2, Pip-6), 1.62 (m, 4H, Pip-3, Pip-5), 1.44 (m, 2H, Pip-4). *C-NMR
(125 MHz, CDCls) 6: 197.1, 136.7, 133.1, 128.6, 128.0, 54.5, 53.7, 36.0, 25.7, 24.0. UHPLC-ESI-MS: ABP t; =
1.07, 96% pure (A = 254 nm), m/z = 218.3 [M + H]".

1-(4-methoxyphenyl)-3-(piperidin-1-yl)propan-1-one (15) By following the General Procedure, starting from
1-bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-(piperidin-1-
yl)propanamide (200 mg, 1.00 mmol, 1.0 equiv.), t-BulLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5
mL), the desired product was obtained in 27% yield (67 mg) as a bright yellow oil after chromatography on
silica gel (60:40 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™):
2951, 2937, 2875, overtones Ar = 2100-1700, 1672, 1598, 1464, 1442, 1425. 'H-NMR (500 MHz, CDCls) &:
7.93 (d, J = 8.9 Hz, 2H, Ar), 6.91 (d, / = 8.7 Hz, 2H, Ar), 3.85 (s, 3H, OCH3), 3.17 (t, J = 7.4 Hz, 2H, COCH,CH,),
2.80 (t, J = 7.9 Hz, 2H, CH,CH:N), 2.47 (brs, 4H, Pip-2, Pip-6), 1.60 (m, 4H, Pip-3, Pip-5), 1.44 (m, 2H, Pip-4).
13C-NMR (125 MHz, CDCl;) &: 197.8, 163.4, 130.3, 129.9, 113.7, 55.4, 54.5, 53.9, 35.8, 25.8, 24.1. UHPLC-ESI-
MS: ABP tr = 1.24, 98% pure (A = 254 nm), m/z = 248.3 [M + H]".

1-(naphthalen-2-yl)-3-(piperidin-1-yl)propan-1-one (16) By following the General Procedure, starting from 2-
bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide (200
mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product
was obtained in 23% vyield (61 mg) as a bright yellow oil after chromatography on silica gel (60:40
ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™): 3037, 2934, 2891,
2855, overtones Ar = 2100-1700, 1676, 1598, 1463. *H-NMR (500 MHz, CDCls) 6: 8.50 (s, 1H, Nap), 8.02 (d, J
=8.5Hz, 1H, Nap), 7.96 (d, /= 8.1 Hz, 1H, Nap), 7.88 (t, J = 9.2 Hz, 2H, Nap), 7.62-7.54 (m, 2H, Nap), 3.43 (t,
=7.3 Hz, 2H, COCH>CH,), 2.95 (t, J = 7.2 Hz, 2H, CH,CH:N), 2.59 (brs, 4H, Pip-2, Pip-6), 1.68 (m, 4H, Pip-3, Pip-
5), 1.49 (m, 2H, Pip-4). BC-NMR (125 MHz, CDCls) &: 198.9, 135.6, 134.0, 132.5, 129.9, 129.6, 128.5, 127.7,
126.8, 123.7, 54.5, 53.7, 36.0, 25.5, 23.9. UHPLC-ESI-MS: ABS tr = 1.09, 95% pure (A = 254 nm), m/z = 268.3
[M + H]*.
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1-([1,1'-biphenyl]-4-yl)-3-(piperidin-1-yl)propan-1-one (17) By following the General Procedure, starting from
4-bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide
(200 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired
product was obtained in 35% yield (103 mg) as a bright yellow oil after chromatography on silica gel (60:40
ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™): 3055, 3027, 2934,
overtones Ar = 2100-1700, 1680, 1605, 1560, 1449, 1430. *H-NMR (500 MHz, CDCl;) &: 8.04 (d, J = 8.3 Hz, 2H,
Ar), 7.68 (d, J = 8.4 Hz, 2H, Ar), 7.62 (d, J = 8.0 Hz, 2H, Ar), 7.47 (t, J = 7.3 Hz, 2H, Ar), 7.41 (t, J = 7.2 Hz, 1H,
Ar), 3.27 (t, J = 7.4 Hz, 2H, COCH,CH,), 2.86 (t, J = 7.8 Hz, 2H, CH,CH:N), 2.51 (brs, 4H, Pip-2, Pip-6), 1.63 (m,
4H, Pip-3, Pip-5), 1.47 (m, 2H, Pip-4). **C-NMR (125 MHz, CDCls3) 6: 198.8, 145.7, 139.8, 135.5, 128.9, 128.6,
128.2,127.2, 54.6, 53.8, 36.2, 25.7, 24.1. UHPLC-ESI-MS: ABP tr = 1.89, 95% pure (A = 254 nm), m/z = 294.3
[M + H]*.

1-(3-(4-(benzyloxy)phenyl)-3-oxopropyl)piperidin-1-ium hydrochloride (18) By following the General
Procedure, starting from 1-(benzyloxy)-4-bromobenzene (1.5 equiv.), N-methoxy-N-methyl-2-(piperidin-1-
yl)-propanamide (1.0 equiv.), t-Buli (1.7M, 2.5 equiv.) and THF (5 mL), the desired product was obtained in
31% yield as a yellow solid after chromatography on silica gel (90:10 DCM/methanol) and converted into the
corresponding hydrochloride. *H-NMR (400 MHz, MeOD): § 8.05 (d, J = 8.2 Hz, 2H, OPhCQ), 7.47 (d, J = 6.3
Hz, 2H, PhCH,), 7.40 (t, J = 6.5 Hz, 2H, PhCH,), 7.35 (brs, 1H, PhCH,), 7.14 (d, J = 8.3 Hz, 2H, OPhCO), 5.22 (s,
2H, PhCH;0), 3.62 (brs, 2H, COCH,CH5), 3.55 (brs, 4H, pip), 3.04 (t, J = 12.5 Hz, 2H, COCH,CH,), 1.98 (brs, 2H,
pip), 1.82 (brs, 3H, pip), 1.58 (brs, 1H, pip). *C-NMR (125 MHz, MeOD) &: 194.91, 163.38, 136.55, 131.05,
129.00, 128.08, 127.49, 126.54, 113.90, 69.85, 53.31, 52.22, 32.29, 22.95.

3-morpholino-1-phenylpropan-1-one (19) By following the General Procedure, starting from bromobenzene
(236 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-morpholinopropanamide (202 mg, 1.00 mmol, 1.0
equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product was obtained in
30% (66 mg) as a bright yellow oil after chromatography on silica gel (90:10 ethylacetate:methanol) and
converted into the corresponding hydrochloride. FT-IR (cm™): 3086, 2981, 2930, 2872, overtones Ar = 2100-
1700, 1685, 1597, 1584, 1445, 1405. 'H-NMR (500 MHz, CDCls) 6: 7.94 (dd, J = 1.3 and 7.2 Hz, 2H, Ar), 7.55
(m, 1H, Ar), 7.46 (t, J = 7.8 Hz, 2H, Ar), 3.70 (t, J = 4.6 Hz, 4H, Mor-3, Mor-5), 3.18 (t, J = 7.3 Hz, 2H, COCH,CH.),
2.83 (t, J = 7.7 Hz, 2H, CH2CH:N), 2.50 (brs, 4H, Mor-2, Mor-6). 3C-NMR (125 MHz, CDCls) 6: 198.9, 136.7,
133.1, 128.6, 128.0, 66.8, 53.6, 53,4, 35.9. UHPLC-ESI-MS: ABP tz = 0.82, 99% pure (A = 254 nm), m/z = 220.2
[M + H]*.
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1-(4-methoxyphenyl)-3-morpholinopropan-1-one (20) By following the General Procedure, starting from 1-
bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-morpholinopropanamide
(202 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired
product was obtained in 38% vyield (95 mg) as a bright yellow oil after chromatography on silica gel (90:10
ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™): 2990, 2954, 2932,
2857, overtones Ar = 2100-1700, 1674, 1597, 1427. *H-NMR (500 MHz, CDCls) &: 7.94 (d, J = 8.9 Hz, 2H, Ar),
6.93 (d, J = 8.9 Hz, 2H, Ar), 3.87 (s, 3H, OCHs), 3.74 (m, 4H, Mor-3, Mor-5), 3.17 (t, J = 7.3 Hz, 2H, COCHCH,),
2.86 (t, J = 7.2 Hz, 2H, CH,CH:N), 2.47 (brs, 4H, Mor-2, Mor-6),. 3C-NMR (125 MHz, CDCls) &: 197.3, 163.5,
130.3, 129.8, 66.7, 55.5, 53.6, 35.4. UHPLC-ESI-MS: ABP tz = 0.84, > 99% pure (A = 254 nm), m/z = 250.2 [M +
HI".

3-morpholino-1-(naphthalen-2-yl)propan-1-one (21) By following the General Procedure, starting from 2-
bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-morpholinopropanamide (202
mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product
was obtained in 41% (110 mg) as a bright yellow oil after chromatography on silica gel (90:10
ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™): 3018, 2924, 2863,
overtones Ar = 2100-1700, 1687, 1594, 1469, 1436. 'H-NMR (500 MHz, CDCls) &: 8.48 (s, 1H, Nap), 8.02 (dd,
J=1.5and 8.5 Hz, 1H, Nap), 7.95 (d, J = 8.5 Hz, 1H, Nap), 7.88 (t, / = 9.5 Hz, 2H, Nap), 7.61-7.53 (m, 2H, Nap),
3.76 (t, J= 4.5 Hz, 4H, Mor-3, Mor-5), 3.37 (t, J = 7.0 Hz, 2H, COCH,CH>), 2.94 (t, J = 7.5 Hz, 2H, CH,CH>N), 2.60
(brs, 4H, Mor-2, Mor-6). *C-NMR (125 MHz, CDCl;) 6: 198.6, 135.6, 134.0, 132.4, 129.8, 129.5, 128.5, 127.7,
126.8, 123.7, 66.6, 53.6, 53.5, 35.7. UHPLC-ESI-MS: ABP tg = 1.48, 99% pure (A = 254 nm), m/z = 270.3 [M +
HI*.

1-([1,1'-biphenyl]-4-yl)-3-morpholinopropan-1-one (22) By following the General Procedure, starting from 4-
bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-morpholinopropanamide (202
mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product
was obtained in 37% (109 mg) as a bright yellow oil after chromatography on silica gel (90:10
ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™): 3023, 2861,
overtones Ar = 2100-1700, 1683, 1603, 1451. 'H-NMR (500 MHz, CDCls) 6: 8.03 (d, J = 8.4 Hz, 2H, Ar), 7.68
(d, J = 8.4 Hz, 2H, Ar), 7.62 (d, J = 7.6 Hz, 2H, Ar), 7.47 (t, J = 7.4 Hz, 2H, Ar), 7.40 (t, J = 7.4 Hz, 1H, Ar), 3.73
(t, J = 4.6 Hz, 4H, Mor-3, Mor-5), 3.23 (t, J = 7.4 Hz, 2H, COCH.CH,), 2.87 (t, J = 7.7 Hz, 2H, CH,CH:N), 2.54

83



(brs, 4H, Mor-2, Mor-6). 3C-NMR (125 MHz, CDCl;) 6: 198.4, 145.8, 139.7, 135.4, 128.9, 128.6, 128.2, 127.2,
66.8, 53.6, 53.5, 35.9. UHPLC-ESI-MS: ABP tg = 1.74, 99% pure (A = 254 nm), m/z =296.3 [M + H]".

4-benzyl-1-(4-oxo-4-phenylbutyl)piperidin-1-ium hydrochloride (23) By following the General Procedure,
starting from bromobenzene (236 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-1-yl)-N-methoxy-N-
methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BulLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5
mL), the desired product was obtained in 31% yield (100 mg) as a bright yellow oil after chromatography on
silica gel (80:20 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm™):
3025, 2930, 2849, overtones Ar = 2100-1700, 1680, 1595, 1580, 1452, 1414. *H-NMR (500 MHz, CDCl;) &:
12.06 (brs, 1H, NH*), 7.94 (d, J = 7.2 Hz, 2H, Ar), 7.59 (t, J = 7.4 Hz, 1H, Ar), 7.47 (t, J = 7.3 Hz, 2H, Ar), 7.29 (t,
J=7.1Hz, 2H, Ar), 7.22 (t,J=7.1 Hz, 2H, Ar), 7.13 (d, J = 7.0 Hz, 1H, Ar), 3.60 (brd, 2H, Pip-2, Pip-6), 3.22 (brs,
2H, COCHCH,), 3.04 (brs, 2H, CH2CH:N), 2.63 (m, 4H, CH,Pip-4, Pip-2, Pip-6), 2.34 (brs, 2H, CH.CH,CH,), 2.10
(m, 2H, Pip-3, Pip-5), 1.83 (d, 2H, Pip-3, Pip-5), 1.60 (m, 1H, Pip-4). **C-NMR (125 MHz, CDCl;) &: 198.4, 139.1,
136.1, 133.7,129.0, 128.8, 128.5, 128.0, 126.4, 57.0, 53.1, 41.9, 36.7, 35.6, 28.9, 18.0. UHPLC-ESI-MS: ABP tg
=2.00, >99% pure (A = 254 nm), m/z = 322.5 [M + H]".

4-benzyl-1-(4-(4-methoxyphenyl)-4-oxobutyl)piperidin-1-ium hydrochloride (24) By following the General
Procedure, starting from 1-bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-
1-yl)-N-methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5
equiv.) and THF (5 mL), the desired product was obtained in 30% yield (106 mg) as a bright yellow oil after
chromatography on silica gel (80:20 ethylacetate:methanol) and converted into the corresponding
hydrochloride. FT-IR (cm™): 3024, 3003, 2922, overtones Ar = 2100-1700, 1677, 1603, 1451. *H-NMR (500
MHz, CDCls) 6: 12.03 (brs, 1H, NH*), 7.92 (d, J = 8.1 Hz, 2H, Ar), 7.29 (t, / = 7.2 Hz, 2H, Ar), 7.21 (t, /= 7.2 Hz,
1H, Ar), 7.12 (d, J = 7.1 Hz, 2H, Ar), 6.92 (d, / = 8.0 Hz, 2H, Ar), 3.87 (s, 3H, OCH3s), 3.59 (brd, 2H, Pip-2, Pip-6),
3.16 (brs, 2H, COCH,CH,), 3.03 (brs, 2H, CH,CH:N), 2.62 (m, 4H, CHPip-4, Pip-2, Pip-6), 2.32 (brs, 2H,
CH,CH,CH,), 2.08 (m, 2H, Pip-3, Pip-5), 1.82 (d, 2H, Pip-3, Pip-5), 1.73 (brs, 1H, Pip-4). *C-NMR (125 MHz,
CDCl5) 6:196.9, 163.8,139.1, 130.3, 129.2, 129.0, 128.5, 126.3, 113.9, 57.0, 55.5, 53.0, 41.9, 36.6, 35.1, 28.8,
18.1. UHPLC-ESI-MS: ABS tr = 1.43, 99% pure (A = 254 nm), m/z = 352.4 [M + H]".

4-benzyl-1-(4-(3-methoxyphenyl)-4-oxobutyl)piperidin-1-ium hydrochloride (25) By following the General
Procedure, starting from 1-bromo-3-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-
1-yl)-N-methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5

equiv.) and THF (5 mL), the desired product was obtained in 33% yield (116 mg) as a bright yellow oil after
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chromatography on silica gel (80:20 ethylacetate:methanol) and converted into the corresponding
hydrochloride. FT-IR (cm™): 3022, 2946, 2861, overtones Ar = 2100-1700, 1687, 1595, 1486, 1465. *H-NMR
(500 MHz, CDCls) 6: 12.04 (brs, 1H, NH*), 7.52 (d, J = 7.4 Hz, 1H, Ar), 7.45 (s, 1H, Ar), 7.37 (t, / = 7.9 Hz, 1H,
Ar), 7.29 (t,J =7.2 Hz, 2H, Ar), 7.21 (t, J =.7.2 Hz, 1H, Ar), 7.13 (m, 3H, Ar), 3.85 (s, 3H, OCHs), 3.59 (brd, 2H,
Pip-2, Pip-6), 3.21 (brs, 2H, COCH,CH,), 3.03 (brs, 2H, CH.CH;N), 2.63 (m, 4H, CH;Pip-4, Pip-2, Pip-6), 2.33 (brs,
2H, CH,CH:CH>), 2.09 (m, 2H, Pip-3, Pip-5), 1.83 (d, 2H, Pip-3, Pip-5), 1.73 (brs, 1H, Pip-4). 3C-NMR (125 MHz,
CDCls) 6: 198.3, 159.8, 139.1, 137.4, 129.8, 129.0, 128.5, 126.4, 120.6, 120.1, 112.0, 56.9, 55.5, 53.0, 41.9,
36.6, 35.6, 28.8, 18.0. UHPLC-ESI-MS: ABP tg = 2.08, 99% pure (A = 254 nm), m/z = 352.5 [M + H]".

4-benzyl-1-(4-(naphthalen-2-yl)-4-oxobutyl)piperidin-1-ium hydrochloride (26) By following the General
Procedure, starting from 2-bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-1-yl)-N-
methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5 mL), the desired product was obtained in 41% (152 mg) as a bright yellow oil after chromatography
on silica gel (80:20 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm"
1): 3055, 3027, 2937, 2907, overtones Ar = 2100-1700, 1681, 1496, 1441. *H-NMR (500 MHz, CDCl;) &: 12.06
(brs, 1H, NH*), 8.50 (s, 1H, Nap), 7.98 (d, J = 8.1 Hz, 2H, Nap), 7.88 (t, / = 10.0 Hz, 2H, Nap), 7.61 (t, /= 6.8 Hz,
1H, Nap), 7.57 (t, J = 6.9 Hz, 1H, Nap), 7.29 (t, / = 7.1 Hz, 2H, Ar), 7.22 (t,/ = 7.1 Hz, 1H, Ar), 7.14 (d, J = 7.1 Hz,
2H, Ar), 3.62 (brd, 2H, Pip-2, Pip-6), 3.37 (brs, 2H, COCH,CH), 3.09 (brs, 2H, CH,CH:N), 2.64 (m, 4H, CHPip-
4, Pip-2, Pip-6), 2.41 (brs, 2H, CH,CH>CH,), 2.11 (m, 2H, Pip-3, Pip-5), 1.84 (d, 2H, Pip-3, Pip-5), 1.71 (m, 1H,
Pip-4). *C-NMR (125 MHz, CDCl5) &: 198.4, 139.1, 135.6, 133.4, 132.4, 130.1, 129.7, 129.0, 128.8, 128.7,
128.5, 127.8, 126.4, 123.4, 57.0, 53.1, 41.9, 36.6, 35.7, 28.9, 18.2. UHPLC-ESI-MS: ABS tr = 1.67, > 99% pure
(A=254 nm), m/z=372.5[M + H]".

4-benzyl-1-(4-(6-methoxynaphthalen-2-yl)-4-oxobutyl)piperidin-1-ium hydrochloride (27) By following the
General Procedure, starting from 2-bromo-6-methoxynaphthalene (256 mg, 1.5 mmol, 1.5 equiv.), 4-(4-
benzylpiperidin-1-yl)-N-methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32
mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product was obtained in 25% (101 mg) as a bright
yellow oil after chromatography on silica gel (80:20 ethylacetate:methanol) and converted into the
corresponding hydrochloride. FT-IR (cm™): 3024, 2936, overtones Ar = 2100-1700, 1674, 1482, 1409. *H-NMR
(500 MHz, CDCls) 6:12.06 (brs, 1H, NH*), 8.41 (s, 1H, Nap), 7.95 (d, /= 8.3 Hz, 1H, Nap), 7.85 (t, /= 8.7 Hz, 1H,
Nap), 7.76 (d, J = 8.4 Hz, 1H, Nap), 7.29 (t, J = 7.1 Hz, 2H, Ar), 7.21 (t, 2H, Ar, Nap), 7.13 (d, 3H, Ar, Nap), 3.94
(s, 3H, CHs), 3.61 (brd, 2H, Pip-2, Pip-6), 3.32 (brs, 2H, COCH,CH,), 3.08 (brs, 2H, CH,CH:N), 2.63 (m, 4H,
CH,Pip-4, Pip-2, Pip-6), 2.38 (brs, 2H, CH,CH-CH>), 2.09 (m, 2H, Pip-3, Pip-5), 1.83 (d, 2H, Pip-3, Pip-5), 1.74
(m, 1H, Pip-4). 3C-NMR (125 MHz, CDCls) &: 198.1, 159.9, 139.1, 137.5, 131.5, 131.3, 129.9, 129.0, 128.5,
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127.7,127.3, 126.4, 124.2, 119.9, 105.6, 57.0, 55.4, 53.0, 41.9, 36.6, 35.4, 28.9, 18.2. UHPLC-ESI-MS: ABS tr
=1.71, > 99% pure (A = 254 nm), m/z = 4022.5 [M + H]".

1-(4-([1,1'-biphenyl]-4-yl)-4-oxobutyl)-4-benzylpiperidin-1-ium hydrochloride (28) By following the General
Procedure, starting from 4-bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-1-yl)-N-
methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BulLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5 mL), the desired product was obtained in 26% (103 mg) as a bright yellow oil after chromatography
on silica gel (80:20 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm"
1): 3083, 3025, 2995, 2850, overtones Ar = 2100-1700, 1684, 1604. 'H-NMR (500 MHz, CDCls) 6: 12.07 (brs,
1H, NH*), 8.02 (d, J = 6.3 Hz, 2H, Ar), 7.69 (d, J = 6.3 Hz, 2H, Ar), 7.62 (d, J = 7.2 Hz, 2H, Ar), 7.46 (t, J = 7.1 Hz,
2H, Ar), 7.41 (t,J=7.2 Hz, 1H, Ar), 7.30(t, J= 7.1 Hz, 2H, Ar), 7.22 (t,J= 7.2 Hz, 1H, Ar), 7.14 (d, J = 7.0 Hz, 2H,
Ar), 3.61 (brd, 2H, Pip-2, Pip-6), 3.26 (brs, 2H, COCH,CH,), 3.07 (brs, 2H, CH,CH:N), 2.64 (m, 4H, CH,Pip-4, Pip-
2, Pip-6), 2.37 (brs, 2H, CH,CH,CH>), 2.11 (m, 2H, Pip-3, Pip-5), 1.85 (d, 2H, Pip-3, Pip-5), 1.73 (m, 1H, Pip-4).
13C-NMR (125 MHz, CDCl3) &: 198.0, 146.2, 139.6, 139.1, 134.8, 129.0, 128.7, 128.5, 128.4, 127.4, 127.2,
126.4, 57.0, 53.2, 41.9, 36.7, 35.7, 28.9, 18.1. UHPLC-ESI-MS: ABS tz = 1.81, 98% pure (A = 254 nm), m/z =
398.4 [M + H]*.

1-(4-(naphthalen-2-yl)-4-oxobutyl)piperidin-1-ium hydrochloride (29) By following the General Procedure,
starting from 2-bromonaphthalene (1.5 equiv.), N-methoxy-N-methyl-4-(piperidin-1-yl)-butanamide (1.0
equiv.), t-Buli (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 58% vyield as a pale yellow
solid after chromatography on silica gel (60:40 ethylacetate/methanol) and converted into the corresponding
hydrochloride. Rs: 0.17 (50:50 ethylacetate/methanol). mp: 213-215°C. *H-NMR (400 MHz, MeOD): 6 8.66 (s,
1H, Napht), 8.10 — 8.05 (m, 2H, Napht), 8.01 — 7.94 (m, 2H, Napht), 7.64 (m, 2H, Napht), 3.65 (d, J = 12.3 Hz,
2H, pip), 3.40(t, J = 6.6 Hz, 2H, CH,CH,CH>), 3.28 — 3.20 (m, 2H, CH,CH,CH,), 3.01 (t, J = 12.4 Hz, 2H, pip), 2.29
—2.17 (m, 2H, CH,CH,CH,), 2.01 (d, J = 14.9 Hz, 2H, pip), 1.86 (m, 3H, pip), 1.63 — 1.52 (m, 1H, pip). *C-NMR
(125 MHz, CDCls) 6: 199.1, 130.0, 129.7, 128.7, 128.5, 127.8, 126.1, 122.6, 56.7, 53.1, 35.6, 22.4, 22.1, 18.0.

1-(4-([1,1"-biphenyl]-4-yl)-4-oxobutyl)piperidin-1-ium hydrochloride (30) By following the General Procedure,
starting from 4-bromo-1,1’-biphenyl (1.5 equiv.), N-methoxy-N-methyl-4-(piperidin-1-yl)-butanamide (1.0
equiv.), t-Buli (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 72% yield as a pale yellow
solid after chromatography on silica gel (40:60 ethylacetate/methanol) and converted into the corresponding
hydrochloride. Ry: 0.23 (40:60 ethylacetate/methanol). mp: 250-251°C. *H-NMR (400 MHz, MeOD): 6 8.13 (d,
J=8.3 Hz, 2H, Ph-PhCO), 7.81 (d, J = 8.3 Hz, 2H, PhPhCO), 7.71 (d, J = 7.6 Hz, 2H, PhPhCO), 7.51 (t, J = 7.5 Hz,
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2H, PhPhCO), 7.43 (t, J = 7.3 Hz, 1H, PhPhCO), 3.63 (brs, 2H, pip), 3.28 (t, J = 6.6 Hz, 2H, CH,CH,CH,), 3.25 —
3.18 (m, 2H, CH,CH,CH,), 3.00 (brs, 2H, pip), 2.25 — 2.13 (m, 2H, CH2CH,CH,), 1.92 (brs, 5H, pip), 1.59 (brs, 1H,
pip). 3C-NMR (125 MHz, CDCls) &: 198.8, 145.8, 139.7, 135.7, 130.0, 128.9, 128.6, 128.3, 127.3, 56.7, 53.2,
35.6, 22.5, 22.2, 18.0.

1-(4-(4-(benzyloxy)phenyl)-4-oxobutyl)piperidin-1-ium hydrochloride (31) By following the General
Procedure, starting from 1-(benzyloxy)-4-bromobenzene (1.5 equiv.), N-methoxy-N-methyl-4-(piperidin-1-
yl)-butanamide (1.0 equiv.), t-Buli (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 53% yield
as a pale yellow solid after chromatography on silica gel (60:40 ethylacetate/methanol) and converted into
the corresponding hydrochloride. Rs: 0.18 (40:60 ethylacetate/methanol). mp: 188-190°C. *H-NMR (400 MHz,
MeOD) &: 8.02 (d, J = 8.8 Hz, 2H, OPhCO), 7.47 (d, J = 7.4 Hz, 2H, PhCH,), 7.40 (t, J = 7.3 Hz, 2H, PhCH,), 7.35
(d, J=7.1Hz, 1H, PhCH,), 7.12 (d, J = 8.8 Hz, 2H, OPhCO), 5.21 (s, 2H, PhCH,0Ph), 3.60 (brs, 2H, pip), 3.18 (m,
4H, CH,CH,CH,), 2.98 (brs, 2H, pip), 2.21 — 2.08 (m, 2H, CH,CH,CH>), 2.04 —1.72 (brs, 5H, pip), 1.57 (brs, 1H,
pip). *C-NMR (125 MHz, CDCls) &: 198.1, 160.0, 138.1, 137.4, 130.1, 128.1, 127.7, 127.3, 114.4, 69.7, 56.3,
53.1, 31.2,22.8,21.5, 18.1.

5.3.4 synthesis of (R)-RC-33A with route A

Synthesis of (E)-ethyl 3-([1,1’-biphenyl]-4-yl)but-2-enoate (43)

In a dry double-necked round bottom flask, under inert atmosphere (N3), 4-bromo-1,1’-biphenyl (4.00 g,
17.16 mmol, 1 equiv.), TEAC (tetraethylammonium chloride, 9.53 g, 34.3 mmol, 2 equiv.), AcONa (2.81 g, 34.3
mmol, 2 equiv.), Pd(Oac); (0.19 g, 0.86 mmol, 0.05 equiv.) and ethyl crotonate (3.12 ml, 25.74 mmol, 1.5
equiv.) are solubilized in DMF (55 ml). The mixture is kept under magnetic stirring and refluxed overnight.
Afterwards, the crude was filtered on Celite and concentrated in vacuo. The residue was added to 150 ml of
dichloromethane (DCM) and extracted with water (3 x 100 ml). the organic layer is dried on Na,SO,, filtered
and concentrated in vacuo. The crude product (yellow solid) was purified by flash chromatography on silica
gel, eluting with n-hexane/ethyl acetate (97/3, v/v). White solid; yield: 66%; m.p.: 82.0- 84.0 °C; Rf = 0.35
(TLC: n-hexane/AcOEt, 95/5, v/v); IR (cm™): 3396, 2935, 1921, 1704, 1623, 1260, 1173, 1041, 839, 768; H-
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NMR (400 MHz CDCls) & (ppm)= 7.68-7.57 (m, 6H, aromatic), 7.51-7.44 (m, 2H, aromatic), 7.43-7.36 (m, 1H,
aromatic), 6.23 (s, 1H, ArCCH), 4.26 (q, J = 7.1 Hz, 2H, COOCH.), 2.64 (s, 3H, ArCCHS3), 1.36 (t, 3H, J = 7.1 Hz,
CHCHs).

Synthesis of (R)-ethyl 3-([1,1’-biphenyl]-4-yl)butanoate (44)

Catalyst (S,5)-Ir(ThrePHOX) (213 mg, 0.124 mmol, 0.01 equiv.) was weighted in a glass vessel. The vessel was
purged with nitrogen, and a 0.362 M DCM solution (34 ml) of 43 (3.301 g, 12.39 mmol, 1 equiv.) was added.
The vessel was placed into the autoclave and purged three-times with hydrogen at 70 bar. The reaction was
stirred overnight at room temperature under pressure of hydrogen, then hydrogen was released, DCM was
evaporated, and the conversion was determined by NMR analysis of the crude. The desired product was
obtained after purification by flash chromatography (98:2 and then 97:3 n-hexane/ethyl acetate) as a
colorless oil. Then the ee was determined by enantioselective HPLC. Colorless oil; yield: 95%; Rf = 0.25 (TLC:
n-hexane/AcOEt, 97/3, v/v); IR (cm™): 3030, 2971, 2926, 1908, 1731, 1487, 1163, 1033, 765, 697; HPLC: tz =
11.24 min, ee 83% [Chiralcel OJ-H (4.6 mm I.D. x 150 mm L, ps = 5 um); eluent: n-heptane/i-PrOH = 90/10
(v/v); flux: 0.8 mL/min; (A = 250 nm)]; *H-NMR (400 MHz CDCls3) & (ppm)= 7.64-7.53 (m, 4H, aromatic), 7.49-
7.42 (m, 2H, aromatic), 7.39-7.30 (m, 3H, aromatic), 4.12 (q, /= 7.1 Hz, 2H COOCH,), 3.42-3.30 (m, 1H, ArCH),
2.68 (dd, J1 = 15.0, J, = 7.1 Hz, 1H, ArCHCH-H), 2.60 (dd, J:= 15.0, J, = 7.1 Hz, 1H, ArCHCH-H), 1.37 (d, J=7.0
Hz, 3H, ArCCH3), 1.22 (t, J = 7.1 Hz, 3H, CH,CH3).

Synthesis of (R)-3-([1,1’-biphenyl]-4-yl)butanoic acid (45)

3M NaOH (65 ml) was added to compound 44 (2.76 g, 10.29 mmol) in 50 ml of abs. EtOH and the reaction
mixture was maintained under stirring at room temperature for 2 h. The organic phase was then evaporated,
and the residue dissolved in water. The aqueous phase was made acid with 1M HCI (pH 2) and then extracted
with ethyl acetate (3 x 100 ml). The combined organic phases were dried over anhydrous Na,SO, and
evaporated to dryness, yielding the desired product as a white solid. The ee was determined by
enantioselective HPLC. [column: ChiralpackTM IC (4.6mm I.D. x 250mm L, ps = 5 um); eluent: n-
heptane/iPrOH/TFA, 96/4/0.1 (v/v/v); flow: 0.8 mL/min; (A = 254 nm)]. White solid, m.p.= 110.1°C-111.5;
yield= 97%; Rf =0.33 (TLC: n-hexane:AcOEt:HCOOH, 80:20:1, v/v/v); IR (cm™) 3033, 2961, 2925, 1705, 1697,
1488, 1409, 1297, 947, 834, 761, 687; HPLC: tr: 8,31min; e.e. 83% [Chiralpak™ IC (4.6mm I.D. x 250mm L, ps
=5 um); eluent: n-hexane/i-PrOH/TFA, 96/4/0,1 (v/v/v); flux: 0.8 mL/min; (A = 254 nm)]; [a]p?°= -33.6; H-
NMR (400 MHz, CDCls) & (ppm)=7.57 (dt, J1=7.06 Hz, J, = 1.31 Hz, 2H, aromatic), 7.53 (dt, /1 =8.33 Hz, /> =
2.51 Hz, 2H, aromatic), 7.42 (t, J = 7.32 Hz, 2H, aromatic), 7.35-7.28 (m, 3H, aromatic), 3.39-3.29 (m, 1H,
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CHCH3), 2.71 (dd, J1 = 15.58 Hz, J, = 6.86 Hz, 1H, CH,CH), 2.61 (dd, J1 = 15.58 Hz, J, = 8.17 Hz, 1H, CH:CH), 1.35
(d, J=6,97 Hz, 3H, CHCH3).

Fractional crystallization on acid 45

A solution of acid 45 (ee 83%, 2.483 mmol; 240.3 mg; 1 eq) in MeOH (8 mL) is added to (S)-phenylethylamine
(2.483 mmol; 0.312 mL; 1eq; d = 0.965 g/mL); the mixture is maintained under magnetic stirring and then
concentrated under reduced pressure. The diastereomeric salts of R/S-45 are crystallized from MeOH/H,0
(1:1 v/v). The white crystals thus obtained are filtered on Buchner and dried, whereas the mother liquor is
concentrated in vacuo and then extracted with CH,Cl, and a 10% aqueous solution of HCI (3x20 mL). the
organic layer is dried on Na,SO, and concentrated under reduced pressure. A white solid is thus obtained,
which is analyzed by means of enantioselective HPLC [column: Chiralpak™ IC (4.6mm |.D. x 250mm L, ps =5

um); eluent: n-hexane/iPrOH/TFA, 96/4/0.1 (v/v/v); flow: 1 mL/min; (A = 254 nm)].

(R)-3-([1,1’-biphenyl]-4-yl)butanoic acid [45]: white solid. Yield: 94%. Rf: 0.5 (TLC: DCM/MeOH, 9/1v/v). m.p.=
110-112°C; HPLC: tz= 7.49 min; ee 94,5% [Chiralpak™ IC (4.6mm I.D. x 250mm L, ps = 5 um); eluent: n-
hexane/i-PrOH/TFA, 96/4/0,1 (v/v/v); flux: 1 mL/min; (A = 254 nm)]; [a]p?°= -21.6 (c = 0.5% in MeOH). IR (cm"
1) 3033, 2961, 2925, 1705, 1697, 1488, 1409, 1297, 947, 834, 761, 687. *H-NMR (400 MHz, CDCls) 6(ppm)=
7.57 (dt, J1 =1.31 Hz, J, = 7.06 Hz, 2H, aromatic), 7.53 (dt, J1 = 2.51 Hz, J, = 8.33 Hz, 2H, aromatic), 7.43 (t, J =
7.32 Hz, 2H, aromatic), 7.35-7.28 (m, 3H, aromatic), 3.39-3.29 (m, 1H; CHCHs), 2.71 (dd, /1 =6.86 Hz, J, = 15.58
Hz, 1H; CH,CH), 2.61 (dd, J1 =8.17 Hz, J, = 15.58 Hz, 1H; CH,CH), 1.35 (d, J = 6.97 Hz, 3H; CHCH3).

Synthesis of (R)-tert-butyl (1-(3-([1,1"-biphenyl]-4-yl)butanoyl)piperidin-4-yl)carbamate (46)

Enantioenriched acid 45 (146.8 mg, 0.611 mmol, 1 eq.) is dissolved in acetonitrile (14 mL) with 2-(1H-
Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU, 235.0 mg, 0.733 mmol, 1.2 eq.)
and N,N-diisopropylethylamine (DIPEA, 214.0 uL, 1.222 mmol, 2 eq.). the reaction mixture is heated with a
microwave oven to 50 °C for 10 minutes at 200 W. After the formation of acid-TBTU adduct is verified by TLC
analysis (DCM/MeOH/NH3 in MeOH 7 N 90:10:0.1 v/v/v), the proper amount of 4-(N-Boc-amino)piperidine
(258.0 mg, 0.611 mmol, 1 eq.) is added to the reaction mixture. This is subjected to 5 heating cycles at the
microwave oven at 90 °C and 200 W for 10 minutes. Afterwards, the solvent is evaporated under reduced
pressure, the crude product is solubilized in AcOEt (100 mL) and extracted, in order, with an agueous solution
of NaOH 1M (1x100 mL) and with (R/S) tartaric acid 1M (1x100 mL). The organic layer is then dried with
Na,S0O,, filtered and evaporated under reduced pressure. Compound (R)-4 is obtained as a yellow/orange

solid and used for the subsequent synthetic step without further purification. Yellow/orange solid. Yield =
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95.8%; Re= 0.83 (TLC: DCM/MeOH, 9/1 v/v); m.p. = 130 °C; HPLC: tr= 14.2 min; ee: 93.4% [Chiralpak™ OJ-H
(4.6mm 1.D. x 150mm L, ps = 5 um); eluent: MeOH; flux: 0.8 mL/min; (A = 250 nm)]; [a]p?°= -6.4 (c = 0.5% in
MeOH); IR (cm™) = 606.503, 630.60, 713.533, 751.138, 789.707, 847.561, 1044.26, 1170.58, 1243.86,
1320.04, 1391.39, 1473.35, 1520.6, 1627.63, 1747.19, 1779.01, 2348.87, 2832.92, 2887.88, 2981.41,
3343.96, 3721.94. *H-NMR (400MHz, CDCls) &(ppm)= 7.57 (dd, J = 13.7, 7.6 Hz, 4H, aromatic), 7.44 (d, J = 7.3
Hz, 2H, aromatic), 7.35 (s, 3H, aromatic), 2.86-2.51 (m, 3H, CH3CHCH,, CH,CO, CHNBoc), 2.12 (s, 2H,
piperidine), 1.93 (m, 7H, piperidine), 1.45 (d, /= 10.0 Hz, 12 H, C-(CHs)3), 1.39 (d, J = 6.3 Hz, 3H, CHCH3;).

Synthesis of (R)-3-([1,1"-biphenyl]-4-yl)-1-(4-aminopiperidin-1-yl)butan-1-one (47)

Compound (R)-46 (400 mg, 0.947 mmol) is dissolved in DCM (49.76 mL) and then trifluoroacetic acid (12.96
mL) is added dropwise. The reaction is maintained under magnetic stirring for 1 hour at room temperature.
After complete conversion of the starting material is confirmed via TLC (DCM/MeOH 9/1 v/v) the solvent is
evaporated under reduced pressure. The crude obtained is dissolved in AcOEt (100 mL) and extracted with a
saturated aqueous solution of NaHCO; (3x100 mL). The organic layer is dried on Na,SO,, filtered and
evaporated under reduced pressure. The desired product (R)-5 is obtained as a pale-yellow oil which is used
for the subsequent step without further purification. Pale yellow oil. Yield: 65%. R¢ = 0.29 (TLC: DCM/MeOH
90/10, v/v). HPLC: tg= 5.12 min; ee: 93% [Chiralcel™ OJ-H (4.6mm I.D. x 150mm L, ps = 5um); eluent:
MeOH/DEA, 100/0,1 v/v; flux: 0.8 mL/min; (A = 250 nm)]. [a]o?°=-16.8 (c = 0.5% in MeOH); IR (cm™)=696.177,
730.889, 762.709, 838.883, 981.59, 1007.62, 1090.55, 1160.94, 1209.15, 1274.72, 1338.36, 1366.32,
1445.39, 1485.88, 1541.81, 1624.73, 1747.19, 2318.98, 2372.98, 2841.6, 3023.84, 3565.74, 3613.95, 3647.7,
3739.3, 3757.62, 3862.72. 'H-NMR (400MHz, CDCls) §(ppm)= 7.59 (d, J = 7.6 Hz, 2H, aromatic), 7.55 (d, J =
7.6 Hz, 2H, aromatic), 7.44 (t, J= 7.2 Hz, 2H, aromatic), 7.34 (m, 3H, aromatic), 2.95 (dt, 1H, CHsCHCH,), 2.67
(m, 2H, CHHCO, CHNH,), 2.60-2.51 (m, 1H, CHHCO), 2.04 (bs, 6H, piperidine CH, NH;), 1.91-1.75 (m, 2H,
piperidine), 1.38 (d, J = 6.8 Hz, 3H, CHs), 1.35-1.25 (m, 2H, piperidine).

Synthesis of (R)-1-(3-([1,1"-biphenyl]-4-yl)butyl)piperidin-4-amine, (R)-RC-33A

Compound (R)-47 (180 mg, 0.558 mmol, 1 eq.) is placed in a dry round-bottom flask under inert atmosphere
(N2) and solubilized in anhydrous THF (5.40 mL). The flask is placed in an ice-cold bath and LiAlIH4 (1M in THF,
2.232 mL, 4 eq) is added dropwise. The reaction is left under magnetic stirring at 0° C for 2 hours and
monitored via TLC (DCM/MeOH/NHs in MeOH 7N, 90:10:0.1, v/v/v). Upon completion, the reaction is
guenched by slowly adding few drops of a saturated solution of NH4Cl, until the effervescence ceases. The
reaction mixture is allowed to reach room temperature and then it is extracted with Et0 (3x20 mL). The

reunited organic layers are dried on Na,SO,, filtered and evaporated under reduced pressure. The crude
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product is further purified through flash chromatography (eluent DCM/MeOH/NHs in MeOH, gradient from
90:10:0,1 v/v/v to 90:0:10 v/v/v). The product is obtained as a white solid. White solid; yield: 69%; R+= 0.16
(TLC: DCM/MeOH/NHs in MeOH, 90:10:0.1 v/v/v); HPLC: tz= 13.6 min; ee 94.5% [Chiralcel™ AD-H (4.6mm
[.D. x 150mm L, ps = 5um); eluent: MeOH/DEA, 100/0,1 v/v; flux: 0.5 mL/min; (A = 250 nm)]; [a]p*°=-12.68 (c
= 0.5% in MeOH); IR (cm™)= 1507.1, 1521.56, 1540.85, 1558.2 1616.06, 1636.3, 1652.7, 1683.55, 1698.02,
1867.72, 2806.88, 2927.41. 'H NMR (400 MHz, CDCls) 8(ppm)= 7.60 (d, J = 7.6 Hz, 1H, aromatic), 7.54 (d, J =
8.1 Hz, 1H, aromatic), 7.45 (t, / = 7.6 Hz, 1H, aromatic), 7.34 (t, J = 7.3 Hz, 1H, aromatic), 7.30-7.25 (m, 1H,
aromatic), 2.86 (m, 2H, piperidine CH,N), 2.78 (m, J = 8.0 Hz, 1H, CHsCHCH,), 2.65 (m, 1H, CHNH,), 2.32 (m,
1H, diastereotopic CHCH,CHHN), 2.22 (m, 1H, diastereotopic CHCH,CHHN), 1.97 (m, 2H, piperidine CH:N),
1.83 (m, 4H, CHCH.CH;N and piperidine CHz), 1.7 (bs , 2H, CHNH,) 1.39 (m, 2H, piperidine CH,), 1.31 (d, J =
6.9 Hz, 3H, CHs).

5.3.5 synthesis of (R)-RC-33A with route B

Synthesis of (E)-3-([1,1'-biphenyl]-4-yl)but-2-en-1-ol (50)

In a round-bottom flask, under N, atmosphere, ester 43 (6.19 mmol, 1 equiv.) is solubilized in dry DCM (20
mL), and DIBAL-H (1M solution in toluene, 15.5 mmol, 2.5 equiv.) is added dropwise at -78 °C. The reaction
is monitored via TLC (n-hexane/AcOEt 75:25) and after 30 minutes is quenched by adding AcOEt (2 mL) and
Et,0 (15 mL). The mixture is stirred at room temperature and H,0 (2 mL) and Et,0 (30 mL) are added. After
filtration on Celite, the crude is purified through flash chromatography on silica gel (eluent: n-hexane/AcOEt,
75:25) and the pure product is obtained as a yellow solid. Yield = 59%, m.p. = 103.5°C Rs= 0.30 (TLC: n-
hexane/AcOEt, 75:25); IR (cm™): 3659, 3372, 3030, 2911, 1721, 1667, 1600, 1485, 1404, 1267, 831, 760, 694;
'H-NMR (400 MHz, CDCl3) & (ppm): 7.58-7.64 (m, 4H, aromatic), 7.45-7.53 (m, 4H, aromatic), 7.34-7.40 (m,
1H, aromatic), 6.06-6.10 (t, 1H, J = 8.0 Hz, ArCCHCH,OH), 4.42 (d, 2H, J = 8.0 Hz, ArCCHCH;), 2.15 (s, 1H, CH5).

Synthesis of (E)-3-([1,1'-biphenyl]-4-yl)but-2-enal (48)

Allylic alcohol 50 (1.070 mmol, 1 equiv.) is solubilized in THF (8 mL) and MnO, (21.4 mmol, 20 equiv.) is added
in four equal portions over 6 hours. Then, the reaction mixture is filtered on Celite and the desired product
is obtained as a white solid, with sufficient purity for the next step. Yield = 66%, R=0.35 (TLC: n-hexane/AcOEt
85:15); IR (cm™): 3745, 3714, 2997, 2902, 2846, 2143, 1650, 1486, 1324, 831, 734, 691, 601; 'H-NMR (400
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MHz) (CDCls) & (ppm): 10.23 (d, 1H, COH), 7.61-7.72 (m, 6H, aromatic), 7.47-7.51 (t, 2H, aromatic), 7.40 (m,
1H, aromatic), 6.49 (d, 1H, J = 8.0 Hz, ArCCHCOH), 2.6 (s, 1H, ArCCH3).

Synthesis of (R)-3-([1,1'-biphenyl]-4-yl)butanal (49)

Compound 48 (0.158mmol, 1 equiv.) is solubilized in CHCI3 (1 mL), and the flask is placed into an acetone
bath kept at -30 °C through a cryostat. Reagent (S)-Mac-H is then added to the reaction mixture (0.108 mmol,
0.7 equiv.). The reagent contains a mixture 1:6 of Hantzsch ester and (S)-2-(tert-butyl)-3-methyl-4-
oxoimidazolidinium trifluoroacetate (MacMillan’s imidazolidinone). The reaction is monitored via TLC (n-
hexane/DCM/AcOEt 9.5:0.5:0.5). After 12 hours, the reaction is stopped. The mixture is extracted with Et,0
and HCI 10% (3 x 10 mL). The organic layer is dried on Na,SQ,, filtered and concentrated under vacuum. The
crude is purified by flash chromatography on silica gel (eluent: n-hexane/DCM/AcOEt 9.5:0.5:0.5) and the
product is obtained as a colorless oil. Yield: 26 % R= 0,39 (n-hexane/DCM/AcOEt 9.5:0.5:0.5) IR (cm™): 3667,
3020, 29578, 2930, 1730, 1495, 1407, 865, 770, 734, 697; *H-NMR (400 MHz, CDCls) § (ppm): 9.77 (s, 1H,
COH), 7.56-7.61 (m, 4H, aromatic), 7.44-7.47 (m, 2H, aromatic), 7.31-7.38 (m, 3H, aromatic), 3.9-3.49 (m, 1H,
ArCH), 2.69-2.86 (m, 2H, ArCHCH,), 1.38 (d, J = 7.0 Hz, 3H, ArCHCH3).

5.3.6 Synthesis of (R)-RC-33A with route C

Synthesis of (R)-ethyl 3-([1,1'-biphenyl]-4-yl)butanoate (44)

To a round-bottom flask previously conditioned with N, catalyst (R,R) Naph-diPIM-dioxo-iPr/CoCl, (1.5 mg,
0.01 equiv.), NaBH,4 (15 mg, 2 equiv.) and ester 43 (49 mg, 1 equiv.) are added in sequence. Then, the flask is
placed in an ice-cold bath and the reagents are solubilized in DCM (2 mL). The obtained solution is blue.
Afterwards, MeOH (2 mL) is added dropwise under magnetic stirring. After 10 minutes of stirring at 0 °C, the
ice bath is removed, and the reaction is left under stirring at r.t. for 1h. After this time the reaction mixture
is almost completely clear and TLC analysis (cyclohexane/AcOEt 96:4) confirms complete consumption of the
starting material. The reaction is quenched with HCl 1M (4 mL) and extracted with DCM (4 x 4 mL). The
organic phase is dried on Na,SO,, filtered and concentrated under vacuum. The obtained crude (pale blue
solid) is purified through filtration on silica gel (eluent: cyclohexane/AcOEt 96:4). The pure product is a
yellowish oil (46 mg). Yield = 94%. HPLC: RT = 17.68 min, ee 98% [Chiralcel OJ-H (4.6 mm I.D. x 150 mm L, ps
=5 um); eluent: n-heptane/i-PrOH = 90/10 (v/v); flux: 0.8 mL/min; (A = 250 nm)]; *H-NMR (400 MHz CDCls) &
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(ppm) = 7.64-7.53 (m, 4H, aromatic), 7.49-7.42 (m, 2H, aromatic), 7.39-7.30 (m, 3H, aromatic), 4.12 (g, /=7.1
Hz, 2H CO,CH,CHs), 3.36 (m, 1H, ArCHCH3), 2.68 (dd, J1 = 15.0, J, = 7.1 Hz, 1H, diastereotopic ArCHCHH), 2.60
(dd, J1= 15.0, J, = 7.1 Hz, 1H, diastereotopic ArCHCHH), 1.37 (d, J = 7.0 Hz, 3H, ArCCHs), 1.22 (t, J = 7.1 Hz, 3H,
CH.CH3).

Synthesis of (R)-3-([1,1'-biphenyl]-4-yl)butanal (49)

In a dry round-bottom flask, under N, atmosphere, compound 44 (23 mg, 0.09 mmol, 1 equiv.) is solubilized
in anhydrous DCM (4 mL). The flask is placed in a dry ice/acetone bath (-78 °C) and DIBAL-H (1M solution in
toluene, 0.09 mL, 1 equiv.) is added dropwise under magnetic stirring. After 15 minutes, TLC analysis
(cyclohexane/AcOEt 94:6) confirms complete consumption of the starting material. The reaction is quenched
by adding H,O (3 mL) at -78 °C, then the flask is removed from the bath, diluted with Et,O (4 mL) and left
under magnetic stirring for some minutes. The mixture is then transferred to a separatory funnel and more
H,0 (7 mL) and Et,0 (6 mL) are added. After extraction with ether (3 x 6 mL), the organic layers are reunited,
dried on Na,SO,, filtered and concentrated under vacuum. The crude is purified through filtration on silica
gel (eluent: cyclohexane/AcOEt 92:8). The pure product is obtained as a white solid. Yield = 80%. 'H-NMR
(400 MHz CDCls) 6 (ppm) =9.73 (t, J = 2.0 Hz, 1H, COH), 7.55 (m, 4H, aromatic), 7.42 (m, 2H, aromatic), 7.30
(m, 3H, aromatic), 3.41 (m, 1H, CH3CHCH;), 2.79 (ddd, J; = 16.7, J, = 6.9, J3 = 1.8 Hz, 1H, diastereotopic
CHCHHCOH), 2.69 (ddd, J; = 16.7, J, = 7.6, J3 = 2.2 Hz, 1H, diastereotopic CHCHHCOH), 1.35 (d, J = 7.0 Hz, 3H,
CH;).

5.3.7 Synthesis of bivalent ligands

(R)-N-(1-(3-([1,1"-biphenyl]-4-yl)butyl)piperidin-4-yl)acetamide (32)

Acetic anhydride (20 uL, 0.2 mmol, 1.25 eq.) is added to (R)-RC-33A (50 mg, 0.16 mmol, 1.0 eq.) in anhydrous
CHCl; (2.0 mL) at room temperature under N, atmosphere. The reaction mixture is heated to reflux for 1 h,
and then cooled on ice. Upon addition of NaOH (10% aqueous solution, 5 mL) the mixture is extracted with
DCM (3 x 5mL). The organic layers are reunited, dried on Na,SO,, filtered and concentrated under vacuum.
The crude product is purified by flash chromatography on silica gel (eluent: DCM/MeOH/NH3 90:10:0.5). the
pure product is obtained as a yellow solid. Yield 95%; R¢ = 0.23 (DCM/MeOH/NH; 90:10:0.5); m.p. = 129.5-
132.8; [a]p®° =-13.64 (c = 0.5% in CHCI3); *H-NMR (400 MHz, CDCl3) §(ppm) = 7.56 (d, J = 7.1 Hz, 2H, aromatic),
7.51 (d, J = 8.2 Hz, 2H, aromatic), 7.41 (t, J = 7.6 Hz, 2H, aromatic), 7.31 (t, / = 7.3 Hz, 1H, aromatic), 7.2 (d, J
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=8.3 Hz, 2H, aromatic), 5.51 (d, /= 7.3 Hz, 1H, NHCO), 3.80 (m, 1H, piperidine CHNH), 2.93 (brs, 2H, piperidine
CH:N), 2.76 (m, J =8.0 Hz, 1H, CH5CHCH,), 2.42 (m, 1H, diastereotopic CH,CHHN), 2.30 (m, 1H, diastereotopic
CH,CHHN), 2.17 (m, 2H, piperidine CH:N), 1.94 (s, 3H, COCHs), 1.86 (m, 4H, piperidine CHz;and ArCHCH,CH,),
1.58 (m, 2H, piperidine CHz), 1.28 (d, J = 6.9 Hz, 3H, CH:CHCH,). *C-NMR (400 MHz, CDCls) &(ppm) = 169.43,
145.65, 140.91, 139.06, 128.68, 127.25, 127.17, 127.03, 126.93, 56.73, 52.44, 46.06, 37.87, 34.73, 31.49,
23.45, 22.50.

Synthesis of N, N>-bis(1-((R)-3-([1,1"-biphenyl]-4-yl)butyl)piperidin-4-yl)malonamide (33)

A solution of (R)-RC-33A (56 mg, 0.181 mmol, 2 eq.) and diisopropylamine (32 ul, 0.181 mmol, 2 eq.) in CH3CN
(2 mL) is added dropwise to a solution of malonic acid (11.30 mg, 0.109 mmol, 1.2 eq.) and 2-(1H-
Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU, 58.12 mg, 0.181 mmol, 2 eq.) in
2.4 mL of CHsCN. The reaction is maintained under magnetic stirring at room temperature for 30 minutes.
upon reaction completion, which is confirmed by TLC analysis (DCM/MeOH/NH3 in MeOH 90:10:0.1), the
solvent is evaporated under reduced pressure. The crude is then dissolved in EtOAc (10 mL) and washed first
with a saturated aqueous solution of NaHCO3 (3x 10mL) and then with Brine (2x10mL). The organic layer is
then dried on Na2S04, filtered and concentrated under reduced pressure. The product is further purified
through flash chromatography (eluent DCM/MeOH/NHs in MeOH, 90:10:0.1 v/v/v) and the desired product
is isolated as a pale-yellow oil. Yield: 63%; Ri= 0.72 (DCM/MeOH/NHs in MeOH 90:10:0,1); [a]p?°=-20.30 (c =
0.5% in MeOH); 'H-NMR (400 MHz, CDCl3) §(ppm) = 7.60 (d, J = 7.6 Hz, 4H, aromatic), 7.54 (d, J = 8.0 Hz, 4H,
aromatic), 7.44 (t, / = 7.6 Hz, 4H, aromatic), 7.34 (t, /= 7.2 Hz, 2H, aromatic), 7.27 (d, J = 8.4 Hz, 4H, aromatic),
6.94 (d, J = 7.2 Hz, 1H, NH), 3.77 (m, 2H, piperidine), 3.13 (s, 2H, COCHCO), 2.79 (m, 6H, CH3;CHCH, and
piperidine), 2.39-2.19 (m, 4H, CHCH,CHN), 2.16-2.01 (m, 4H, CHCH,CH;,N), 1.91 (m, 4H, piperidine), 1.83 (dd,
J1=14.8, J, = 7.6 Hz, 4H, piperidine), 1.53 (dd, /1 = 20.8, J, = 10.0 Hz, piperidine), 1.31 (d, J = 6.8 Hz, 6H,
CH3CHCH2). *C-NMR (400 MHz, CDCls) 8(ppm) = 171.3, 145.65, 140.91, 139.02, 128.61, 127.28, 127.16,
127.04, 126.98, 56.72, 56.72, 52.04, 52.00, 46.35, 37.80, 35.06, 31.44, 31.38, 22.29.

Synthesis of N, N°-bis(1-((R)-3-([1,1"-biphenyl]-4-yl)butyl)piperidin-4-yl)glutaramide (34)

Glutaric acid (15.6 mg, 0.118 mmol, 1.2 eq.), TBTU (63.2 mg, 0.197 mmol, 2 eq.) and N,N-
diisopropylethylamine (DIPEA, 34.5 ul, 0.197 mmol, 2 eq.) are dissolved in 2 ml of CHsCN in a vial for
microwave oven. The mixture is kept under magnetic stirring at room temperature for 5 minutes to allow
reaction between the acid and TBTU. Afterwards, a solution of (R)-RC-33A (60.9 mg, 0.197 mmol, 2 eq.) in 2
ml of CH3CN is added and the vial undergoes 5 cycles of microwave irradiation (10 minutes each) at 90°C and

50W. The reaction mixture is then evaporated under reduced pressure, giving a brown residue that is
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dissolved in CH,Cl, (15 ml) and extracted first with water (3x15 ml) and then with a saturated solution of
NaHCO; (15 ml). The organic layer is dried on Na,SO,, filtered and concentrated under reduced pressure. The
brown oil thus obtained is purified through flash chromatography (eluent DCM/MeOH/NHs in MeOH,
90:10:0.1 v/v/v) and the pure product is obtained as a yellow solid. Yield: 31.5 %. Rf = 0,83 (TLC:
DCM/MeOH/NH; in MeOH; 80:20:0.1 v/v/v). m.p.= 207-210°C. [a]p?°= -12.9 (c = 0.5% in DCM); IR (cm™)=
1473.35, 1488.78, 1507.1, 1540.85, 1557.24, 1645.95, 1670.05, 1683.55, 1698.02, 1716.34, 1748.16,
1867.72, 2343.09, 2359.48. *H-NMR (400 MHz, CDCls) §(ppm)=7.60 (dd, J1 = 1.2, J, = 8.5, 4H, aromatic), 7.55
(d, J=8.2 Hz, 4H, aromatic), 7.45 (t, J = 7.6 Hz, 4H, aromatic), 7.35 (t, / = 7.3 Hz, 2H aromatic), 7.26 (d, J = 8.4
Hz, 4H, aromatic), 5.88 (s, 2H, NH ), 3.81 (m, 2H, piperidine), 2.95 (d, J = 10.5 Hz, 4H, piperidine), 2.80 (m, 2H,
CH3CHCHj, ), 2.48-2.38 (m, 4H, CHCH,CH:N ), 2.24 (t, J = 7.1 Hz, 4H, NHCOCH.), 2,18 (m, 4H, piperidine), 1.92
(m, 10H, piperidine, CHCH,CH,N, NHCOCH,CH,), 1.60 (d, J = 11.3 Hz, 4H, piperidine), 1.32 (d, J = 6.9 Hz, 6H,
CH3CHCH; ). *C-NMR (400 MHz, CDCls) 8§(ppm)= 171.9, 146.12, 140.75, 139.02, 128.61, 127.29, 126.17,
127.04, 126.9, 56.7, 52.2, 46.37, 37.8, 35.3, 32.05, 22.3, 21.9.

Synthesis of N,N’-bis(1-((R)-3-([1,1"-biphenyl]-4-yl)butyl)piperidin-4-yl)heptanediamide (35)

Pimelic acid (17.6 mg, 0.1098 mmol, 1.2 eq.) TBTU (8.7 mg, 0.183 mmol, 2 eq.) and N,N-
diisopropylethylamine (DIPEA, 32.0 pl, 0.183 mmol, 2 eq.) are dissolved in 2 ml of CHsCN in a vial for
microwave oven. The mixture is kept under magnetic stirring at room temperature for 5 minutes to allow
reaction between the acid and TBTU. Afterwards, a solution of (R)-RC-33A (56.6 mg, 0.183 mmol, 2 eq.) in 2
ml of CH3CN is added and the vial undergoes 5 cycles of microwave irradiation (10 minutes each) at 90°C and
50W. The reaction mixture is then evaporated under reduced pressure, giving a brown residue that is
dissolved in CH,Cl, (15 ml) and extracted first with water (3x15 ml) and then with a saturated solution of
NaHCOs (15 ml). The organic layer is dried on Na,SO,, filtered and concentrated under reduced pressure. The
brown oil thus obtained is purified through flash chromatography (eluent DCM/MeOH/NH3 in MeOH,
80:20:0,1 v/v/v) and the pure product is obtained as white solid. Yield: 58.9%; Ri= 0.64 (TLC: DCM/MeOH/NH3
in MeOH; 80:20:0.1 v/v/v). m.p.= 192-194°C [a]p*’= -12.1 (c = 0.5% in DCM); IR (cm™)= 1418.39, 1456.96,
1473.35, 1488.78, 1507.1, 1522.52, 1540.85, 1557.24, 1644.98, 1698.02, 1716.34, 1733.69, 1792.51,
1829.15, 1844.58, 1868.68, 2342.12, 2360.44. 'H-NMR (400 MHz, CDCl3) §(ppm)= 7.60 (dd J:= 1.3, J, = 8.5
Hz, 4H, aromatic), 7.54 (d, J = 8.2 Hz, 4H, aromatic), 7.45 (t, J = 7.6 Hz, 4H, aromatic), 7.35 (t, / = 7.3 Hz, 2H,
aromatic), 7.26 (m, 4H, aromatic), 5.65 (s, 2H, NH), 3.80 (m, 2H, piperidine), 2.99 (d, J = 10.8 Hz, 4H,
piperidine), 2.80 (m, 2H, CHsCHCH,), 2.47-2.34 (m, 4H, CHCH,CH:N), 2.20 (m, 4H, piperidine), 2.17 (t, /= 7.4
Hz, 4H, NHCOCH.), 1.93 (m, 8H, piperidine, CHCH,CH:N), 1.65 (m, 8H, piperidine, NHCOCH,CH), 1.36 (d, J =
6.9, 2H, NHCOCH,CH,CH,), 1.32 (d, J = 6.9 Hz, 6H, CH3;CHCH,). *C-NMR (400 MHz, CDCl3) §(ppm)= 172.2,
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145.90, 140.91, 139.02, 128.61, 127.28, 127.11, 127.04, 126.98 126.95, 56.7, 52.3, 46.19, 37.8, 36.31, 35.17,
31.96, 25.03, 22.47.

Synthesis of 2,2'-oxybis(N-(1-((R)-3-([1,1'-biphenyl]-4-yl)butyl)piperidin-4-yl)acetamide) (36)

Compound (R)-RC-33A (52.9 mg, 0.171 mmol, 2 equiv.) is dissolved in 3 mL of anhydrous CH,Cl, with
triethylamine (35.8 pl, 0.256 mmol, 3 equiv.) in a round bottom flask under Nitrogen atmosphere. Then, a
solution of diglycolyl chloride (15.2 ul, 0.128 mmol, 1.5 equiv.) in 3.5 mL of CH,Cl; is added dropwise. HCl is
released as white gas. After 30 minutes TLC analysis (DCM/MeOH/NH; in MeOH 90:10:0.1 v/v/v) confirms
reaction completion, with the formation of a spot with R= 0.53. The reaction is then quenched by pouring
water (6 mL) and the mixture is extracted with a saturated solution of NaHCOs; (3 x 10 ml). The organic phase
is dried on Na;S0O,, filtered and concentrated under reduced pressure. A brown oil is obtained, which is then
purified through flash chromatography (eluent DCM/MeOH/NHs in MeOH 90:10:0,1 v/v/v), giving the desired
product as a yellowish oil (57.4 mg). Yield = 94%; Rs= 0.53 (TLC: DCM/MeOH/NH3 in MeOH; 90:10:0.1 v/v/v).
[a]p®= -13.3 (c = 0.5% in DCM); IR (cm™)= 1245.79, 1399.1, 1487.81, 1508.06, 1540.85, 1645.95, 1772.26,
2342.12, 2360.44. 'H NMR (400 MHz, CDCl3) 8§(ppm)= 7.6 (dd, J; =1.3, J> = 8.4 Hz, 4H, aromatic), 7.55 (d, J =
8.2 Hz, 4H, aromatic), 7.45 (t, /= 7.4 Hz, 4H, aromatic), 7.35 (t, /= 7.3 Hz, 2H, aromatic), 7.27 (d, 4H, aromatic),
6.69 (s, 2H, NH), 4.03 (s, 4H, NHCOCH,0), 3.98 (m, 2H, piperidine), 3.05 (d, J = 10.1 Hz, 4H, piperidine), 2.80
(m, 1H, CHNHCO), 2.51-2.38 (m, 4H, CHCH,CH:N), 2.27 (d, J= 11.9 Hz, 4H, piperidine), 1.90 (m, 8H, piperidine,
CHCHCH>N), 1.77 (d, J = 10.9 Hz, 4H, piperidine), 1.33 (d, J = 6.9 Hz, 6H, CH3CHCH,). *C-NMR (400 MHz,
CDCl3) 6(ppm)= 167.78, 145.9, 139.04, 128.68, 127.26, 127.16, 127.02, 126.8, 71.03, 56.58, 52.20, 45.75,
34.74, 31.39, 22.53.

Synthesis of 2,2'-(ethane-1,2-diylbis(oxy))bis(N-(1-((R)-3-([1,1'-biphenyl]-4-yl)butyl)piperidin-4-yl) acetamide)
(37)

In a round-bottom flask, under N, atmosphere, 3,6-Dioxaoctanedioic acid (6.1 mg, 0.034 mmol, 1 equiv.) is
placed with COMU (36.4 mg, 0.085 mmol, 2.5 equiv.) and compound (R)-RC-33A (21 mg, 0.068 mmol, 2
equiv.). The mixture is solubilized in dry DMF (4 mL) under magnetic stirring at 0 °C, then DIPEA (25 L, 0.14
mmol, 4 equiv.) is added and the reaction mixture turns a bright yellow. After 1h the ice bath is removed,
and the reaction is allowed to reach spontaneously room temperature. The reaction progression is monitored
via TLC (DCM/MeOH/NH; in MeOH 94:6:1.5 v/v/v) and upon completion, after 2h 45min, the mixture is
diluted with 20 mL of EtOAc and washed with water (20 mL) and Brine (2 x 25 mL). The reunited aqueous
phase is extracted with fresh EtOAc (15 mL). Then, the organic phases are reunited, dried on Na,SO, filtered

and concentrated under vacuum. The obtained crude product is purified through flash chromatography on

96



SiO; (eluent DCM/MeOH/NH3 in MeOH 94:6:1.5 v/v/v) and the desired product is obtained as a whitish solid.
Yield = 43%; R¢= 0,29 (TLC: DCM/MeOH/NHs in MeOH; 94:6:1.5 v/v/v). [a]o®= -10.3 (c = 0.5% in DCM). 'H
NMR (400 MHz, CDCls) 8(ppm)= 7.58 (dt, J; = 6.8, J> = 1.6 Hz, 4H, aromatic), 7.51 (dt, J; = 8.4, J, = 2 Hz, 4H,
aromatic), 7.42 (td, J; = 7.2, J, = 1.6 Hz, 4H, aromatic), 7.32 (td, J; = 6.8, J, = 1.6 Hz, 2H, aromatic), 7.24 (dt, J;
=8.4,J,=2 Hz, 4H, aromatic), 6.60 (d, J = 8 Hz, 2H, NH), 3.98 (s, 4H, COCH,0), 3.81 (m, 2H, CHNHCO), 3.68 (s,
4H, OCH,CH-0), 2.83 (brs, 4H, piperidine), 2.77 (m, 2H, CH3sCHCH,), 2.32 (m, 2H, diastereotopic CHCH,CHHN),
2.22 (m, 2H, diastereotopic CHCH,CHHN), 2.06 (m, 4H, CHCH,CH,), 1.91 (m, 4H, piperidine), 1.80 (m, 4H,
piperidine), 1.49 (m, 4H, piperidine), 1.28 (d, J = 6.8, 6H, ArCH3CH,). 3C-NMR (400 MHz, CDCl3) §(ppm)=
168.72, 159.38, 140.91, 139.04, 128.68, 127.26, 127.16, 127.02, 126.93, 70.68, 70.50, 56.68, 53.38, 52.34,
52.10, 37.83, 26.88, 22.51.

Synthesis of N1, N31-bis(1-((R)-3-([1,1"-biphenyl]-4-yl)butyl)piperidin-4-yl)-4,7,10,13,16,19,22,25,28-

nonaoxahentriacontane-1,31-diamide (38)

In a round-bottom flask, under N, atmosphere, 4,7,10,13,16,19,22,25,28-nonaoxahentriacontane-1,31-dioic
acid (bis-PEG9-acid, 21 mg, 0.04 mmol, 1 equiv.) is placed with COMU (34 mg, 0.08 mmol, 2 equiv.) and
compound (R)-RC-33A (25 mg, 0.08 mmol, 2 equiv.). The mixture is solubilized in dry DMF (4 mL) under
magnetic stirring at 0 °C, then DIPEA (30 uL, 0.16 mmol, 4 equiv.) is added and the reaction mixture turns a
bright yellow. After 1h the ice bath is removed, and the reaction is allowed to reach spontaneously room
temperature. The reaction progression is monitored via TLC (DCM/MeOH/NHs in MeOH 90:10:0.5 v/v/v) and
upon completion, after 4h of stirring at room temperature, the mixture is diluted with 25 mL of EtOAc and
washed in sequence with 0.5 M HCI (2 x 5 mL), saturated NaHCOs3 (2 x 5 mL) and Brine (2 x 5 mL). The acidic
aqueous phase is then extracted with fresh DCM (3 x 10 mL). Then, the organic phases are reunited, dried on
Na,SO,, filtered and concentrated under vacuum. The crude product is a brown oil which is purified through
flash chromatography on SiO, (eluent DCM/NH3 in MeOH 92:8) and the desired product is obtained as a pale-
yellow oil. Yield = 59%; R¢= 0.34(TLC: DCM/NH3 in MeOH 92:8). [a]p?°=-9.5 (c = 0.5% in DCM). *H NMR (400
MHz, CDCls) 6(ppm)=7.58 (d, J = 7.2Hz, 4H, aromatic), 7.52 (d, J = 8.4Hz, 4H, aromatic), 7.42 (t, / = 7.2Hz, 4H,
aromatic), 7.33 (t, / = 7.2 Hz, 2H, aromatic), 7.25 (d, J = 8.4Hz, 4H, aromatic), 6.33 (d, J = 7.6Hz, 2H, NHCO),
3.77 (m, 2H, CHNHCO), 3.7 (t, J = 5.8Hz, 4H, COCH,CH0), 3.62 (m, 32H, OCH,CH0 PEG chain), 2.85 (brs, 4H,
piperidine CHzN), 2.77 (m, 2H, CH3CHCH,), 2.43 (t, J = 5.8Hz, 4H, COCH,CH;0), 2.33 (m, 2H, diastereotopic
CHCH,CHHN), 2.27 (m, 2H, diastereotopic CHCH,CHHN), 2.11 (m, 4H, piperidine CH;), 1.91 (m, 4H, piperidine
CH,), 1.83 (dd, J; = 15.2, J, = 7.6Hz, 4H, piperidine CH;), 1.50 (m, 4H, CH; piperidine), 1.29 (d, J = 7.0Hz, 6H,
CH;). 3C-NMR (400 MHz, CDCl3) 8(ppm) = 173.56, 148.72, 143.64, 141.60, 131.35, 129.96, 129.77, 129.67,
129.60, 73.21, 73.17, 73.04, 72.95, 70.04, 59.51, 55.08, 54.93, 48.79, 40.55, 39.74, 37.88, 34.53, 25.16.

97



Synthesis of 1-oxo-1-phenyl-5,8,11,14-tetraoxa-2-azahexadecan-16-oic acid (41)

Benzoic acid (17 mg, 0.14 mmol, 1.3 equiv) and COMU (53 mg, 0.12 mmol, 1.1 equiv) are placed in a round-
bottom flask under N, atmosphere and solubilized in dry DMF (3 mL). The flask is placed in an ice-cold bath
and DIPEA (40 pL) is added under magnetic stirring. The reaction is monitored via TLC (DCM/MeOH 9:1 +
0,1% HCOOH) and after 1h complete consumption of the starting material is observed. Then, the amino-
PEGs-acid 42 (28.6 mg, 0.11 mmol, 1 equiv) is solubilized in 1 mL of dry DMF and is added to the reaction
mixture at 0 °C. About 2 mL of dry DMF are used to wash the flask and recover all the amino-PEG;-acid. The
reaction is then allowed to reach spontaneously room temperature and monitored via TLC (DCM/MeOH 9:1
+ 0,1% HCOOH). About 1h 30' after addition of the amino acid, the reaction is completed. The mixture is
diluted with EtOAc (20 mL) and extracted with a saturated NaHCOs solution (20 mL). Then, the aqueous phase
is neutralized with conc. HCI and extracted with DCM (2 x 20 mL). The reunited organic layers are dried on
Na,SO,, filtered and concentrated under vacuum. The crude obtained is a yellowish oil which is then purified
through flash chromatography (eluent: DCM/MeOH 9:1 + 0,1% HCOOH). The pure product is a white solid.
Yield = 48%, R¢= 0,15 (TLC: DCM/MeOH 9:1 + 0,1% HCOOH). *H NMR (400 MHz, CDCls) §(ppm)=7.83 (d, J =
7.0Hz, 2H, aromatic), 7.47 (t, J = 7.3Hz, 1H, aromatic), 7.41 (t, ) = 7.3Hz, 2H, aromatic), 7.14 (brs, 1H, NHCO),
4.10 (s, 2H, OCH,CO,H), 3.71-3.62 (m, 16H, CH, PEG chain)

Synthesis of (R)-N-(1-(3-([1,1"-biphenyl]-4-yl)butyl)piperidin-4-yl)-14-benzamido-3,6,9,12-

tetraoxatetradecan-1-amide (40)

Compound (R)-RC-33A (16.3 mg, 0.05 mmol, 1 equiv.), compound 41 (17.3 mg, 0.05 mmol, 1 equiv.) and
COMU (21.4 mg, 0.05 mmol, 1 equiv.) are placed in a round bottom flask, under N, atmosphere. The mixture
is solubilized in dry DMF (3 mL) under magnetic stirring at 0 °C, then DIPEA (17 uL, 0.1 mmol, 2 equiv.) is
added and the reaction mixture turns a bright yellow. After 1h the ice bath is removed, and the reaction is
allowed to reach spontaneously room temperature. The reaction progression is monitored via TLC
(DCM/MeOH/NH3 in MeOH 90:10:0.1 v/v/v) and upon completion, after 4h 30' of stirring at room
temperature, the mixture is diluted with 15 mL of EtOAc and washed with Brine (3 x 15 mL). The aqueous
phases are reunited and extracted with EtOAc (2 x 15 mL). Then, the organic phases are reunited, dried on
Na,SO,, filtered and concentrated under vacuum. The crude product is a orange oil which is purified through
flash chromatography on SiO, (eluent DCM/MeOH/NH; in MeOH 90:10:0.1) and the desired product is
obtained as a dense yellow oil. Yield = 64%, R¢=0,5 (DCM/MeOH/NHs in MeOH 90:10:0.1 v/v/v), [a]p?°=-7.0
(c=0.5% in DCM). *H NMR (400 MHz, CDCls) §(ppm)=7.81(d, J = 7.2Hz, 2H, aromatic), 7.55 (d, J = 7.1Hz, 2H,
aromatic), 7.51 (d, J = 8.2Hz, 2H, aromatic), 7.47-7.37 (m, 5H, aromatic), 7.31 (t, J = 7.4Hz, 1H, aromatic), 7.21
(d, J = 8.3Hz, 2H, aromatic), 7.14 (brs, 2H, NHCO), 3.92 (s, 2H, COCH,0), 3.86 (brs, 1H, CHNHCO), 3.66-3.60
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(m, 16H, CH; PEG chain), 3.16 (brs, 2H, CH:N), 2.75 (m, 1H, CH3CHCH,), 2.49-2.34 (m, 4H, CHCH,CH, and CH
piperidine), 1.98 (m, 4H, CH, piperidine), 1.85 (brs, 2H, CH; piperidine), 1.28 (d, / = 6.9Hz, 3H, CH;)

5.4 General protocol for binding assays

The test compound solutions were prepared by dissolving =10 pmol (usually 2-4 mg) of test compound in
DMSO (unless otherwise specified), so that a 10 mM stock solution was obtained. To obtain the required test
solutions for the assay, the DMSO stock solution was diluted with the respective assay buffer. Due to
solubility issues, test compounds 34 and 35 were converted in their hydrochloride salts and dissolved in EtOH
to prepare 10 mM stock solutions. The filtermats were presoaked in 0.5% aqueous polyethylenamine solution
for 2 h at r.t. before use. All binding experiments were carried out in duplicate in 96-well multiplates. The
concentrations given are the final concentrations in the assay. Generally, the assays were performed by
addition of 50 pL of the respective assay buffer, 50 pL test compound solution at various concentrations (i.e.
10°°,10%,107,10%,10° and 10*° M), 50 pL of corresponding radioligand solution, and 50 pL of the respective
receptor preparation into each well of the multiplate (total volume 200 pL). The receptor preparation was
always added last. During the incubation, the multiplates were shaken at a speed of 500-600 rpm at the
specified temperature. Unless otherwise noted, the assays were terminated after 120 min by rapid filtration
using the harvester. During the filtration each well was washed five times with 300 uL of water. Subsequently,
the filtermats were dried at 95 °C. The solid scintillator was melted on the dried filtermats at 95 °C for 5 min.
After solidifying of the scintillator at r.t., the trapped radioactivity in the filtermats was measured with the
scintillation analyzer. Each position on the filtermat corresponding to one well of the multiplate was
measured for 5 min with the [*H]-counting protocol. The overall counting efficiency was 20%. The IC50 values
were calculated with GraphPad Prism 3.0 (GraphPad Software, San Diego, CA, USA) by nonlinear regression
analysis. The ICso values were subsequently transformed into K; values using the equation of Cheng and

Prusoff. The K; values are given as mean value + SEM from three independent experiments.

5.4.1 S1R binding assay

The assay was performed with the radioligand [3H](+)-pentazocine (22.0 Ci mmol?; Perkin-Elmer). The
thawed membrane preparation of guinea pig brain cortex (=100 pg protein) was incubated with various

concentrations of test compounds, 2 nM [3H](+)-pentazocine, and Tris buffer (50 mM, pH 7.4) at 37 °C. The
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nonspecific binding was determined with 10 mM unlabeled (+)-pentazocine. The K4 value of (+)-pentazocine

is 2.9 nM.

5.4.2 S2R binding assay

The assay was performed using 150 pg of rat liver homogenate, which was incubated with various
concentrations of test compound for 120 min at room temperature, along with 3 nM [*H]-DTG (Perkin-Elmer,
specific activity 58.1 Ci mmol™) in 50 mM Tris-HCl, pH 8.0, 0.5 mL final volume. (+)-pentazocine (100 nM) and

haloperidol (10 uM) were used to mask S1R and to define nonspecific binding, respectively.

5.4.3 GIuN2 binding assay

The competitive binding assay was performed with the radioligand [*H]-ifenprodil (60 Ci mmol™; BIOTREND,
Cologne, Germany). The thawed cell membrane preparation from the transfected L(tk-) cells (about 20 ug
protein) was incubated with various concentrations of test compounds, 5 nM [*H]-ifenprodil, and TRIS/EDTA
buffer (5mM TRIS/1 mM EDTA, pH 7.5) at 37 °C. The non-specific binding was determined with 10mM

unlabeled ifenprodil. The K4 value of ifenprodil is 7.6 nM.

5.5 Computational studies

5.5.1 Dataset preparation

The molecular structures of test compounds were sketched using Maestro’s molecular editor (Maestro
10.2.011, Schrodinger LLC). Afterwards, the 3D structures were obtained using the LigPrep module (LigPrep,
Maestro 10.2.011, Schrodinger LLC); ionization states were generated at pH 7.0 £ 2.0 using Epik.

For the development of 3D-QSAR model, 80 monovalent RC-33 analogs were selected from previously
reported works by Collina and co-workers (see Table 5). The experimental K; values (ranging from 0.69 nM
to 1 uM) were converted into logarithmic pK; values. The compound chemical structures and their pK; values

are depicted in Table 5.
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Table 5. Structures, pK; values and reference of S1R ligands selected for 3D-QSAR study.

Entry Structure Ar pK; Ref
1 H%(/\ Naphth-2-yl 7.6 216
Ar N~

2 | 6-Methoxy-naphth-2-yl 7.41 217
3 Naphth-1-yl 6.99 216
4 Naphth-2-yl 7.70 216
5 6-Methoxy-naphth-2-yl 7.67 216
6 ArJ\/\T/ Biphen-4-yl 8.85 218
7 Phenyl 6.00 218
8 4-Methoxyphenyl 6.09 218
9 3-Methoxyphenyl 6.00 218
10 Naphth-1-yl 7.33 216
11 . Naphth-2-yl 8.71 216
12 Ar/\/\l?/ 6-Hydroxy-naphth-2-yl 7.72 216
13 6-Methoxy-naphth-2-yl 8.64 216
14 Biphen-4-yl 8.99 216
HO 217

15 ;</\ 6-Methoxy-naphth-2-yl 8.22

Ar N

16 | Biphen-4-yl 8.62 217
17 Naphth-2-yl 8.10 216
18 Biphen-4-yl 8.20 216
J\/\ 217

19 Ar 'Tl/\@ 6-Methoxy-naphth-2-yl 7.86
20 Phenyl 7.04 216
21 4-Methoxyphenyl 8.28 216
22 : Naphth-2-yl 8.27 216
23 ArMT© Biphen-4-yl 8.24 26
24 6-Methoxy-naphth-2-yl 8.64 27
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25 6-Methoxy-naphth-2-yl 7.98 217
26 Naphth-2-yl 9.01 218
27 Biphen-4-yl 9.07 218
28 J\/\ Phenyl 6.34 218
ArT AN
29 4-Methoxyphenyl 7.85 218
30 3-Methoxyphenyl 7.04 218
31 6-Methoxy-naphth-2-yl 8.36 217
32 Biphen-4-yl 9.16 218
Ar” "N
33 6-Methoxy-naphth-2-yl 8.89 217
34 Naphth-2-yl 7.64 218
35 J\/\ Biphen-4-yl 8.15 218
NS
36 Ar I\O\/@ Phenyl 8.97 218
37 4-Methoxyphenyl 8.38 218
38 3-Methoxyphenyl 8.11 218
39 Naphth-2-yl 8.02 218
40 ArJ\AN/\ Biphen-4-yl 7.94 | 8
41 K/O 4-Methoxyphenyl 6.00 218
42 3-Methoxyphenyl 6.00 218
43 o Naphth-2-yl 6.00 29
44 Ar/\)l\@ Q 4-Methoxyphenyl 6.00 219
N
45 6-Methoxy-naphth-2-yl 6.00 29
46 Q Biphen-4-yl 6.00 29
Ar/\)LNﬂ '
47 K/N\ 4-Methoxyphenyl 6.00 29
48 O | Naphth-2-yl 6.00 29
Ar/\)J\ N~ > N
49 H 4-Methoxyphenyl 6.00 29
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50 7.41 215
. o biphenyl-4yl
51 ArA/\N 8.33 s
HO,
52 Ar/’</\’?/ 6.69 215
. OH naphth-2-yl
53 AFA/\N/ 7.20 215
|
HO,
54 Ar/(/\N/ 7.29 215
oH | 6-methoxy-naphth-2yl
55 ArA/\N/ 7.60 215
|
56 Ar/\/\l\() naphth-2yl 8.82 213
57 Ar/\/\,\()\/@ 8.22 213
naphth-2yl
58 Ar/k/\,\()\/@ 8.16 213
59 Ar/\/\N/\ naphth-2yl 8.27 213
O
60 AN 694 | B
|
61 Ar/\/\'\(j 7.70 213
62 Ar/\/\l\O\/@ 4-Methoxyphenyl 8.46 213
63 AI'/\/\N/\ 7.12 213
O
64 AN 662 |
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65 Ar/\/\'\(j 744 213
66 Ar/\/\h(j\/@ 3-Methoxyphenyl 8.54 213
67 AN 6.86 | 2
(@]
69 ©/\/\,O 7.34 213
70 ©/\/\®\/© Phenyl 8.54 213
71 ©/’\/\,\©\© 8.52 213
72 N/\ 7.07 213
(0]
oL
73 Ar O\/@ 8.00 214
., OH 2-Naphtyl
74 ArA/\,O\/@ 7.96 214
75 Ar l\O\/@ 7.57 214
., OH Phenyl
* " h@\/@ " )
77 Ar l\O\/@ 7.15 214
 OH 6-Hydroxy naphtyl
78 ’ 721 214
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79 Ar/\/\'\(j\/@ 7.46 214
80 A,—/k/\,\()\/@ 7.89 214

5.5.2 Docking protocol.

The ligand-receptor molecular docking experiments of RC-33 and its mono- and bi-valent analogs into the
active site of S1IR were performed by using the software Glide from the Schrédinger suite. Protein coordinates
were extracted from the crystal structure of SIR bound to the selective antagonist PD144418 (PDB code:
5HK1). A grid box of 20 X 20 X 20 A was centered on the center of mass of the ligand in this crystal structure
covering the binding site of S1R. Glide standard (SP) and extra-precision (XP) modes were employed with the
same protocol and parameters that were reported by Caballero in previous works??%??!, Glide SP was used to
evaluate the capability of the Glide method to obtain poses that fit the known pharmacophore of S1R ligands,
and the more precise Glide XP was used for finding the final docking poses. After several poses were found
for each compound, the ones that showed the best scoring energies (i.e. glide score) were considered. The
information of PD144418 and 4-IBP in the crystallographic structures was considered for the selection of the
best solutions, i.e. those with a good Gscore and which docking pose was close to that of co-crystallized
ligands.

For bivalent ligands, superimposition tool was used to fit one end of the ligand into the binding pocket, in a
position similar to that of docked (R)-RC-33. After merging the reoriented bivalent ligand and the protein,
minimization was performed using MacroModel application (Force Field: OPLS3). The result was used to
generate a new grid and dock the bivalent ligand following the general protocol reported at the beginning of

the paragraph.
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CHAPTER 12

Sigma Receptors as New Target
for Multiple Sclerosis

MARTA RUI, GIACOMO ROSSINO, DANIELA ROSSI AND
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27100, Italy
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12.1 Introduction

During recent years, new advances in genomics and proteomics have led to
the identification of new pharmacological targets, offering new opportuni-
ties to discover drugs that could cure several multifactorial pathologies, such
as multiple sclerosis (MS), a widespread disease associated with genetic,
environmental and sociocultural factors.'” Indeed, not only may specific
genetic variations increase the risk to manifest the pathology (see Chapter
2),* but also the exposure to infectious agents (e.g. human herpes viruses)
and to smoking and stress (Figure 12.1).*®

Accumulating evidence suggests that neurodegeneration, together with
immune system abnormalities, represent leading events in the exacerbation
of the disease.®’ Oxidative stress, mitochondrial alterations and oligoden-
drocyte degeneration constitute triggering factors to promote dysfunctions
within the central nervous system (CNS).” The main pathophysiological
features of MS are represented by the axon demyelination process, inflam-
mation, occurring after the T cells attack the myelin sheaths, and breaching
of the blood-brain barrier (BBB) that becomes permeable to T cells (Figure
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Figure 12.1 Multiple sclerosis features.

12.1).*° The pathological signs of MS depend on the locations of the lesions
within the CNS. Loss of sensitivity, muscle weakness, blurred vision, ataxia,
speech or swallowing problems, visual disturbances, fatigue, acute or chronic
pain, and bladder and bowel difficulties are some of the main and debilitat-
ing MS clinical manifestations (Figure 12.1).°

To date, only few drugs that are able to delay the devastating outcome are
available and an effective cure for MS is still missing. Accordingly, there is an
urgent need to identify novel and potent remedies suitable to eradicate this
debilitating disorder."""* Many efforts have been spent studying the molec-
ular basis underlying this complex disease. The discovery of novel molec-
ular targets and their signalling cascades may open the door to innovative
therapeutic strategies. Among the eligible targets, sigma 1 receptor (S1R) has
recently attracted the interest of scientists engaged in MS study, in virtue of
its involvement in several neurodegenerative phenomena.”

12.2 Sigma 1 Receptor

In the late 1970s, sigma receptors (SRs) were identified as an opioid recep-
tor subtype for their capability to interact with the benzomorphan analogue
(£)-SKF-10,047." Nevertheless, this classification was an erroneous assump-
tion, since the opioid antagonists — naloxone and naltrexone — had no activ-
ity towards SRs.'®'® Subsequently, SRs were proposed as the binding site of
phencyclidine, located on the ionic channel associated with the N-methyl-D-
aspartate (NMDA) receptor. Also in this case the hypothesis was rejected.'
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Despite the SRs discovery pathway presenting several contradictions and
wrong assumptions, the advances in biological and pharmacological fields
eventually culminated in defining SRs as an orphan receptor family, divided
into two receptor subtypes, SIR and S2R.***' They display a different tissue
distribution and a distinct physiological and pharmacological profile.*
Throughout this chapter, the state-of-the-art knowledge about S1R and its
modulators will be disclosed, to offer an overview of S1R involvement in neu-
rodegeneration, and how its ligands may be beneficial in counteracting MS.

The gene encoding S1R has been cloned from several species, including
humans, rats and mice, and it expresses an integral membrane protein com-
posed of 223 amino acids (homologous only to yeast sterol isomerases), with
a molecular weight of 25.3 kDa.?*?® The isolated S1R gene is 7 kbp long,
localized on 13p band of human chromosome 9, which is a region related
to psychiatric disorders.>*%"*# In recent decades, several possible struc-
tures of S1R have been postulated. In detail, at the beginning the analysis
of the amino acid sequence of S1R suggested a single trans-membrane seg-
ment.”?*** Subsequently, three hydrophobic domains have been proposed:
two trans-membrane-spanning domains connected by a loop, and a third
one protruding from the inner face of the membrane.*”*” Despite numerous
attempts to elucidate the binding site structure, advanced proposals on this
crucial element did not match up. Regarding this aspect, the breakthrough
took place in 2016, when the three-dimensional structure of S1R was pub-
lished (co-crystallized with PD144418 and 4-IBP, PDB ID: 5HK1 and 5HK2,
respectively). The crystal presents a trimeric architecture, with a single trans-
membrane helix and a cytosolic domain for each protomer. The ligand bind-
ing pocket, placed in the B-barrel region of the cytosolic domain, consists
mainly of hydrophobic residues. The so-obtained crystal structure possesses
a high degree of similarity with the previous receptor models, with the excep-
tion of the single trans-membrane domain, which is a structural motif in
disagreement with the constructs reported in antecedent studies.?

At the subcellular level, S1R is localized at the endoplasmic reticulum/
mitochondria interface, in a region called the mitochondria-associated
endoplasmic reticulum (ER) membrane (MAM) and in 2007, its chaperone
behaviour was clarified by Hayashi et al.** In detail, under resting conditions,
S1R is in a dormant state, forming a complex with another chaperone, the
glucose-regulated protein (BiP) whereas, under stressful conditions or in the
case of pharmacological manipulations, S1R can translocate from the MAM
to other cellular compartments, regulating the activity of other receptors,
enzymes and ionic channels.” Moreover, it plays a pivotal role in ensuring
the cell's survival, regulating different signal cascades: (1) Ca* homeosta-
sis control, by chaperoning the inositol triphosphate receptor (IP3-R); (2)
increase of antioxidant and anti-stress protein production, by ensuring the
correct transmission of ER stress into the nucleus, through the modulation
of inositol requiring enzyme 1 (IRE1); (3) decrease of reactive oxygen species
(ROS) formation, by promoting the nuclear factor (erythroid-derived 2 }-like-2
factor (Nrf2) signalling.**

123



Sigma Receptors as New Target for Multiple Sclerosis 267

An interesting theory developed in the last decade concerns the ability
of S1R to generate both homodimers and higher order oligomers. The first
study, aimed at analysing this structural aspect, was published by Ram-
achandran et al., who showed how the S1R radiolabelled ligand, [*H]-(+)-
pentazocine, binds to the molecular target with a molar ratio of 1:2.%> An
explanation of this phenomenon, according to which a molecule interacts
with a single receptor subunit, can be found in the putative asymmetric
dimerization between two S1R species, endowed with different molecu-
lar weights (26 kDa and 23 kDa).*® More recently, fluorescence resonance
energy transfer (FRET) spectrometric analyses of S1R constructs, contain-
ing monomeric green fluorescent protein 2 (GFP2) and yellow fluorescent
protein (YFP) C-terminal fusions, have revealed the presence of higher
monomers, dimers and oligomers.*” Lastly, the already mentioned trimeric
form of the crystal obtained in 2016 confirmed the ability of S1R to form
oligomers, although the mechanism of formation and the biological func-
tion of such forms are still unclear. Mechanistic models suggest that these
structural changes seem strictly related to the ligands interacting with S1R.
In particular, agonists stabilize SIR monomers and dimers that act as chap-
erones, whereas antagonists bind to higher oligomer complexes, maintain-
ing them in repository forms.**

Macroscopically, S1R is ubiquitously expressed (liver, kidney, heart), but
above all it is found in the CNS tissues (spinal cord, pons, cerebellum, hip-
pocampus, hypothalamus, midbrain, cerebral cortex and pineal gland) and
therefore is considered a potential therapeutic target for treating neurode-
generative pathologies. '™

12.2.1 Sigma 1 Receptor and MS

From the evidence reported so far, it emerges that SIR could be a viable and
innovative target to treat MS, in virtue of its involvement in neurodegenera-
tion, a condition occurring at the onset of MS in some patients.” This molec-
ular target plays a pivotal role in regulating synaptogenesis and myelination,
as well as in controlling cellular homeostasis via different mechanisms, such
as microglial activation, maintenance of mitochondrial integrity and regula-
tion of oxidative stress.**8

In this section, we will examine the numerous functions that this protein
mediates in neuronal cells, along with the neuroprotective effects that can be
obtained by regulating S1R and its therapeutic potential in the treatment of
MS (Figure 12.2).

12.2.1.1 Calcium Regulation

A microscopic condition, often associated with both chronic neurodegener-
ative diseases and acute CNS damages, involves an alteration of the intra-
cellular Ca®" levels. Several molecular cascades take part in restoring the
cellular physiological condition, and S1R is one of the main actors in this
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Figure 12.2 S1R-mediated molecular cascades.

sophisticated homeostasis control, avoiding pro-apoptotic phenomena.*’
As previously mentioned, S1R forms a quiescent complex with BiP and this
structure is Ca**-dependent. Ca** depletion or decrease in glucose levels, as
well as S1IR agonism promote the complex dissociation and thus, the acti-
vation of S1R chaperonic activity.”* The inositol 1,4,5-triphosphate receptor
type 3 (IP;R) is a client protein of S1R chaperone and it regulates the Ca*'
influx into mitochondria for stimulating adenosine triphosphate (ATP) pro-
duction through Krebs' cycle activation.*! Another mechanism overcoming
the low level of Ca** takes advantages from the modulation of phospholipase
C and protein kinase C. In detail, their SIR-mediated stimulation activates
the IP;R channels, increasing the level of IP; in the cytoplasm and the release
of Ca* from the ER.**>*

A cytoprotective effect guaranteed by S1R provides the acid-sensing ion
channel-1a inhibition, arresting intracellular Ca** accumulation. Specifi-
cally, this neuronal Na' channel, activated by fluctuation of extracellular H*
levels, is highly distributed in the central and peripheral nervous system of
mammals and is selectively permeable to Ca*. High levels of intracellular
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Ca®' cause membrane depolarization and increase Ca*" influx, activating the
mitochondrial permeability transition pore (MPTP). Altogether this cascade
provides a sequence of toxic events that culminate in ischaemic neuronal cell
death.””*

The ability of S1R to inhibit the MAPK/ERK pathway is another effective
route to regulate the Ca**-associated downstream signalling cascades, which
may trigger programmed cell death and neurotoxic damages.*’

12.2.1.2 Glutamate Excitotoxicity Reduction

Excitotoxicity is a pathological condition in which high levels of glutamate
over-activate NMDA receptors, causing high levels of Ca** to enter the cell,
which in turn stimulate various enzymes involved in different mecha-
nisms of programmed cell death. Excitotoxicity occurs in various neuro-
degenerative pathologies, and it has been correlated with S1R in virtue
of its ability to modulate glutamate receptors.”® However, the underlying
mechanisms are still unclear and seem to be numerous. For example, in a
study exploiting a chronic restraint stress model of depression, it has been
evidenced that S1R stimulation promotes glutamate release by increasing
presynaptic intracellular concentration of Ca*".*” This mechanism could
be reverted by S1R agonists, which decrease Ca** entry through presyn-
aptic voltage-dependent Ca** channels and suppress PKC molecular path-
ways, causing a limited glutamate release from nerve terminals in the rat
cerebral cortex.®” This effect can be achieved by preventing small conduc-
tance Ca**-activated K* (SK) channel opening, which are strictly related to
NMDA activation.®!

NMDA receptors can be regulated by S1R both directly, by binding to spe-
cific subunits of the NMDA receptor, and indirectly, modulating the interac-
tion of other proteins with NMDA receptors.®** In fact, S1R antagonists can
inhibit the interaction between S1R and the cytosolic C-terminal region of
the NMDA receptor GluN1 subunit in recombinant cells, while activation of
S1R can stimulate the binding to GluN2 subunit. When this occurs, NMDA
receptors are translocated to the cell surface, thus increasing their availabil-
ity at the plasma membrane.® S1R agonists also increase the overexpression
of GluN2A and GluN2B subunits of the NMDA receptor, influencing synap-
tic plasticity.®®” In another study, conducted on an ischaemia/reperfusion
vascular dementia model, SIR agonists were found to be able to increase
brain-derived neurotrophic factor (BDNF) levels, by modulating the GluN2A
subunit.*®

Concerning the modulation of NMDA receptors, vig interaction with other
proteins, it has recently been found that S1R agonists promote interaction
between histidine triad nucleotide binding protein 1 (HINT1) and G-protein
coupled receptors (GPCRs), which eventually improve GPCR-NMDA interac-
tion.* Lastly, recent studies demonstrated that S1R agonism can modulate
other glutamate receptors, besides NMDA receptors, such as kainate and
alpha-amino-3-hydroxy-5-methyl-5 isoxazole propionic (AMPA) receptors to
exert neuroprotection.”™”!
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Overall, these results suggest that S1R can exert neuroprotection by modu-
lation of glutamatergic neurotransmission, through numerous mechanisms
which can be very complex and are not always completely understood.

12.2.1.3 Oxidative and ER Stresses and Mitochondrial
Dysfunction

ROS are natural by-products of oxygen metabolism, promoting hormetic
responses. In detail, low concentrations of ROS possess beneficial effects
in maintaining cellular homeostasis, whereas a disequilibrium between
their production and detoxification systems may lead to oxidative dam-
age.” Numerous altered conditions contribute in generating ROS, such as
mitochondrial dysfunction and sustained neurotransmission, and they may
cause severe side effects, damaging lipids, nucleic acids and proteins.”>"*
The brain is particularly vulnerable to oxidative stress, since it has high
oxygen demand, relatively low levels of the antioxidant glutathione and is
enriched in polyunsaturated fatty acids that are substrates for lipid perox-
idation.” Accordingly, oxidative stress has been extensively associated with
several CNS-related diseases. Moreover, under ER stress, unfolded or mis-
folded proteins can accumulate within the ER lumen and promote the pro-
tective unfolded protein response (UPR), which involves three molecular
cascades: (1) activating transcription factor 6 (ATF6); (2) protein kinase RNA
like ER kinase (PERK); and (3) inositol requiring enzyme 1 alpha (IRE1a).”®"7
Multiple studies show that S1R agonists interfere with ROS production and
abnormal protein accumulation, modulating the UPR. More specifically, SIR
attenuates the activation of PERK and ATF6, increasing cell survival, whereas
it stabilizes IRE-1a.”®" This last enzyme oligomerizes to activate its cytoplas-
mic kinase and endoribonuclease domains, which initiate the splicing of the
ER stress linked transcriptional factor x-box binding protein 1 (XBP1) mRNA,
which encodes for transcription factors necessary for the expression of spe-
cific genes to weaken ER stress.*”®" The IRE-1a-XBP1 pathway is involved in
several neurodegenerative disorders, and high levels of spliced XBP1 mRNA
were also identified in MS demyelinated lesions.**™®

Mitochondrial abnormalities (Ze. mitochondrial DNA mutations, bioen-
ergetic and dynamic impairments) are often associated with neurodegen-
eration, and accumulating evidence suggests S1R as an effective protector
against mitochondrial damage.***® S1R is able to influence the expression
of both pro- and anti-apoptotic signals targeting mitochondria. In detail,
S1R agonists promote cell survival by increasing the expression of the anti-
apoptotic protein Bel-2 - via the ROS/NF-kB pathway - as well as by decreas-
ing the activity of the pro-apoptotic protein Bax.*™

12.2.1.4 Oligodendrocyte Degeneration

Oligodendrocytes (OLs) are non-neuronal cells involved in myelin forma-
tion and regulation of myelin protein shunting. Glycosphingolipids are the
main fatty substances surrounding axons and they are responsible for nerve
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conduction control, as well as for the terminal OL differentiation. Accord-
ingly, an alteration of this refined framework may lead to irreversible CNS
damage, causing neurodegeneration.”” The role played by S1R in controlling
the intracellular lipid flow and the membrane reconstitution in lipid rafts is
still clouded, although the ability of S1R to influence the compartmentaliza-
tion of lipids into the ER lipid storage sites may provide a concrete explana-
tion.*! Moreover, the up-regulation of S1R affects the function of proteins
residing in plasma membrane lipid rafts, such as trophic factor receptors.
In this context, it has been highlighted that SIR promotes neurite sprouting
by amplifying the activity of the neurotrophin NGF and this synergic effect
is a consequence of lipid constituent changes at the plasma membrane lipid
rafts. In addition, overexpression of S1R potentiates OL differentiation, while
S1R knockdown avoids OL maturation.”® Recently, it has been evidenced
that the destruction of OLs and the axonal demyelination may be limited,
exploiting the inhibitory aptitude of S1R toward the altered response of CD3*
lymphocytes and cytokines (i.e. IL-1, IL-6, TNF-a). Indeed, a single injection
of S1R ligand in experimental autoimmune encephalomyelitis susceptible
mice (animal model for MS) impedes mononuclear cell accumulation and
demyelination in brain and spinal cord, reducing the clinical progression of
the disease.™

12.2.1.5 Neuroinflammation

Microglia are macrophage-derived cells located in the CNS, where they play
a key role as mediators of neuroinflammation. They are grouped into two
subcategories: M1 microglia, with pro-inflammatory properties involved in
CNS damage, and M2 microglia, which are anti-inflammatory and stimulate
neuronal regrowth and repair.”*® Accumulating evidence suggests that S1R
can regulate microglial activity by strengthening the reparative microglia
phenotype (M2), while it attenuates the inflammatory response (M1) and
hence promotes neuroprotection. In particular, during a recent study neuro-
toxic dosing with methamphetamine was observed to activate M1 microglia
responses in the mouse striatum, while pre-treatment with S1R ligand pre-
vented it. This process involves variations of the levels of pan-macrophage
markers, cluster of differentiation 68 (CD68) and ionized calcium binding
adapter molecule 1 (IBA-1)."” In another study, conducted on lipopolysac-
charide (LPS)-stimulated murine microglial BV2 cells, the authors observed
that the S1R agonists suppress M1 microglial activation, also reducing the
levels of pro-inflammatory cytokines, such as interleukin (IL)-1f8, tumour
necrosis factor-a (TNF-a), and inducible NOS.*® Similarly, other S1R agonists
have shown the ability to prevent microglial activation and inflammatory
cytokines release in response to a number of microglial activators such as
LPS, ATP, uridine triphosphate and monocyte chemoattractant protein-1.%
PRE-084 was deeply investigated in different studies that confirmed its
ability to counteract neuroinflammation: in an in vivo model of traumatic
brain injury, PRE-084 decreases IBA-1 expression following controlled cor-

tical impact, reduces lesion volume and improves behaviour in mice;' in a
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mouse model of amyotrophic lateral sclerosis (ALS) it also reduces counts of
IBA-1 positive microglial cells;'” and in another study on animals with motor
neuron disease, PRE-084 increases the levels of pan-macrophage marker
CD68 and CD206, which is associated with M2 microglial responses.*!
Another important pathological scenario in which S1R intervenes is leu-
kocyte extravasation into the brain occurring upon disruption of the BBB by
injury, a condition that exacerbates neuroinflammation. Being expressed in
lymphocytes, SIR can suppress CD3 lymphocyte proliferation in vitro and
LPS-induced release of cytokines in vive.'”'® This was confirmed by Oxom-
bre et al. using an S1R ligand in a mouse autoimmune encephalitis model
with peripheral leukocyte infiltration into the brain, demyelination and axo-
nal loss. The ligand considerably reduced the clinical signs of encephalitis by
preventing mononuclear cell accumulation and demyelination in the CNS,
while also increasing the proportion of B-cell subsets and regulatory T-cells.**
Overall, these findings demonstrate the involvement of S1R in neuroin-
flammation and its potential to counteract this pathological condition.

12.2.2 Sigma 1 Receptor and Its Modulators

Over time, the interest in S1R has increased. It represents an innovative tar-
get with a wide spectrum of therapeutic uses, and thus design and synthesis
of S1R modulators have gained enormous importance.”

One critical aspect is represented by the lack of endogenous ligand. Neu-
rosteroids (i.e. dehydroepiandrosterone (DHEA), pregnenolone, and proges-
terone) have been suggested as putative endogenous S1R ligands, despite
their low binding affinities (0.3-10 pM).’%%1% Their compound structures are
shown in Figure 12.3.

The long road to discovering a novel S1R modulator begins with the com-
prehension of the agonist/antagonist behaviour. Defining an S1R profile con-
tributes to depicting the possible pharmacological role of an S1R modulator.
A biological test has been set up that provides the evaluation of nerve growth
factor (NGF)-induced neurite outgrowth in PC-12 cells (pheochromocytoma
of the rat adrenal medulla), a widely accepted neuronal differentiation model.
S1R agonists promote neurite elongation, demonstrating their neuroplastic
effects. By contrast, SIR antagonists have no effect on this cell line, and sev-
eral data show their involvement in the treatment of neuropathic pain and
cancer conditions.'” Recently, three drugs in clinical development support
this outstanding evidence: (1) ANAVEX 2-73 (Figure 12.3), patented by Anavex
Life Sciences Corp, is undergoing Phase III clinical trials for the treatment of
Alzheimer's disease (AD);'"” (2) AVP-923 (Dextromethorphan-Quinidine) (Fig-
ure 12.3), patented by Concert Pharmaceuticals Inc., is undergoing Phase 11
clinical trials to alleviate agitation in patients with AD;'* (3) S1A or MR309/
E-52862 (Figure 12.3), patented by Esteve, is undergoing Phase II clinical tri-
als for treating neuropathic pain, post-operative pain and opioid analgesia
enhancement.'”
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Figure 12.3  Structures of S1R endogenous ligands and S1R modulators under clin-
ical trials.

In this chapter we will focus on the S1R agonists, as potential neuroprotec-
tive agents able to counteract MS.”

The growing interest in the S1R/neurodegenerative diseases correla-
tion required the identification of molecules able to selectively bind this
molecular target. For years this aspect has been a challenge, since sev-
eral research groups have faced the lack of two fundamental milestones:
knowledge of endogenous S1R ligands and the three-dimensional receptor
structure. As a result, ligand-based drug design approaches were adopted
to identify new molecules targeting S1R. The pioneer was Glennon, who
described the first pharmacophore model, in which an ionizable amine site
and two hydrophobic domains are essential structural elements.'™ Later
on, Gund et al. introduced an electronegative atom - an oxygen or a sulfur
- as an additional pharmacophore element to the previous model.’™ Nev-
ertheless, in 2005, Laggner et al. demonstrated how this electronegative
atom is a negligible element and is not required to increase the affinity of
a ligand with S1R.'"

Over the years, numerous S1R modulators have been designed, taking into
account these structural common features and, the resulted compounds
can be grouped into six chemical classes: (1) morpholine derivatives; (2)
1,3-disubstituted guanidines; (3) piperazine-based molecules; (4) spirocy-
cles; (5) cyclopropanes; and (6) piperidine-based compounds. The most
representative molecules, belonging to the six different groups, are briefly
described in this section.
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12.2.2.1 Morpholine Derivatives

The main morpholine-based compound is known as PRE-084 (Figure 12.4).
It was the first selective S1R ligand identified as an S1R agonist and has
been employed to define the pathophysiological role played by S1R in dif-
ferent CNS-related disorders. Nowadays is still commonly used as an S1R
agonist reference standard in in vitre and in vivo assessments of new com-
pound.'*'"*1n 2009, Seredinin et al. reported the high affinity of Afobazole
(Figure 12.4) - a morpholine derivative with anxiolytic and neuroprotective
properties — towards S1R.'"” This molecule is also able to interact with S2R,
and in a recent study the pan-SRs affinity of Afobazole was useful to provide
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superior long-term outcomes compared with other S1R ligands in the rat
middle cerebral artery occlusion (MCAO) stroke model, by enhancing glial
cell survival, blocking ischaemia-induced glial cell activation, and decreas-
ing nitrosative stress.''®

12.2.2.2  1,3-Disubstituted Guanidines

1,3-di-o-tolylguanidine (DTG) (Figure 12.4) belongs to the second category of
S1R agonists. It was patented by researchers at the University of Oregon. In
their investigation, the authors claim that the tritiated form, [*H]-DTG, is an
effective radioligand for SR binding assays.""” This molecule shows an equal
affinity for both SRs, and thus it cannot be considered a selective S1R ligand.
Nevertheless, it is a widely accepted reference molecule to perform in vitro
evaluations, outclassing the previous non-selective radiolabelled SR ligand,
(£)[*H]-SKF 10,047. Indeed, it is still used for determining binding affinity at
S2R, in the presence of non-tritiated pentazocine to mask the S1R binding
site.'"®

12.2.2.3 Piperazine-based Molecules

This class of derivatives counts numerous molecules with affinity for S1R.
Among them, SA4503, or Cutamesine (Figure 12.4), deserves to be men-
tioned. It was introduced in the pharmaceutical panorama by Matsuno et
al., who described in 1996 this novel S1R agonist.''*"** SA4503 reached a
phase 1II clinical trial for evaluating its safety, tolerability, dose range and
functional effects in patients with ischaemic stroke. Although this study
failed, since no significant effects on functional end points were seen in
the treated population compared to the placebo control, post-hoc analy-
sis of subjects with severe or modest ischaemic stroke showed significant
improvements. Accordingly, once patient characteristics are optimized
to identify a potential responder population, further clinical evaluations
will be performed.” The same authors reported on another arylalkylpip-
erazine derivative in a constrained structure: BD1031 (Figure 12.4). Their
work aimed at proposing a novel method to define the S1R agonist/antag-
onist profile, evaluating the burst duration of red nucleus neurons in the
invitro turtle brain. The study revealed that SIR agonists, including BD1031,
increase burst duration and produce dystonic postures after microinjection
into the red nucleus, whereas antagonists promote the opposite effect.'*'??
Another member belonging to the piperazine class, structurally related to
SA4503, is BHDP (Figure 12.4), defined as an S1R agonist. In a compara-
tive study with other S1R ligands, Klouz et al. showed that BHDP possesses
a high affinity for S1R in liver mitochondria and rat brain membranes.'*
Moreover, the ability of BHPD to prevent hypoxia-induced ATP depletion in
cultured astrocytes suggests that this molecule is a potential cytoprotective
agent.'*
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12.2.2.4 Spirocycles

The potent S1R agonist L-687,384 (Figure 12.4), developed by Merck Sharp
& Dohme, is characterized by a spirocycle structure.'® In 1994, it was also
evidenced that this molecule promotes a negative effect on N-methyl-D-
aspartate (NMDAJ-induced currents in cultured rat hippocampal pyramidal
neurons and thus, it acts as an antagonist at the NMDA receptor-channel
complex.'?® 1-687,384-inspired molecules, presenting a heteroatom in the
aliphatic part of the tetraline substructure, were designed and synthesized
by Wuensch's group. Compound 14a (Figure 12.4), so-numbered in their
work, belongs to a broad series of derivatives and shows high S1R affinity
and good S1R/S2R-selectivity.'”’

12.2.2.5 Cyclopropanes

Among compounds characterized by a cyclopropane moiety, igmesine is
worth noting (Figure 12.4). It is a potent and selective SIR ligand, endowed
with neuroprotective and antidepressant-like effects, comparable to those
of fluoxetine.™ ! It completed Phase II clinical trials for the treatment of
depression; however, it failed Phase III clinical trials.’*® Cyclopropanes, also
containing a piperidine motif, are endowed with S1R-mediated neuroprotec-
tive effects, as demonstrated by Marrazzo's group. Of particular interest is
trans-(+)-1d (so-numbered in the work) (Figure 12.4), in virtue of its excellent
S1R affinity and selectivity over S2R, and the authors proposed it as a prom-
ising tool for the study of S1R.™"

12.2.2.6 Piperidine-based Molecules

Piperidine-based molecules include 4-IBP (Figure 12.4), a non-selective SR
modulator, which was co-crystallized with S1R.*""** It has been developed as
radiopharmaceutical to bind to SRs on the MCF-7 human breast carcinoma
cell line. Moreover, it shows antiproliferative properties, by decreasing the
migration of human cancer cells (e.g. glioblastoma cells) and sensitizing them
to cytotoxic insults of pro-apoptotic and pro-autophagic drugs.'* 4-PPBP (Fig-
ure 12.4) is another compound belonging to this group. It was discovered by
Yang et al, who reported the cytoprotective effect of this molecule, in virtue
of its ability to control a mechanism involving the anti-apoptotic protein bel-
2.%* Additionally, this molecule made it possible to individuate a correlation
between S1R and the mitogen-activated protein kinase (MAPK) cascade in
neuroprotection. Specifically, 4-PPBP promotes the activation of extracellular
signal-regulated kinase (ERK1/2) - a subfamily of MAPKs - in glucose-deprived
cells (ischaemic models), via an S1R-mediated phosphorylation mechanism."”

Lastly, a wide series of arylalkylpiperidines with neuroprotective effects
have been prepared by Collina's research team."*"** Of particular interest
is enantiomeric (R)-1-[3-(1,1-biphen)-4-yl]butylpiperidine hydrochloride
(named RRC33, Figure 12.4), a selective S1IR agonist with an excellent
S1R affinity (Ki = 1.8 nM) along with high selectivity over other receptors
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and good in vitro metabolic stability. The ability of RRC-33 to promote the
differentiation and the neurite elongation was verified using the rat dorsal
root ganglia (DRG) experimental model. DRG neurite elongation is a well-
accepted simple method to screen the neurotoxic or neuroprotective effect
of a drug. The results obtained in vitro highlighted the positive neurotrophic
role of RRC-33 on neurite outgrowth, and thus support and strengthen the
hypothesis to test the effect of this compound in more complex in vitro mod-
els representing MS. Moreover, after systemic administration in mice, RRC-33
showed an excellent pharmacokinetic profile and CNS distribution. Taken
together, these characteristics might potentially be the basis for finding effec-
tive treatments against MS. Accordingly, RRC-33 can be considered as a can-
didate for proof of concept in vivo studies in an animal model of MS.*2:139.140
Another interesting compound is RC-403 (Figure 12.4), a dual S1R agonist/
anti-acetylcholinesterase ligand with antioxidant properties, currently under
investigation in in vitro and in vivo neurodegenerative models.'*!

Before concluding, well-established drugs, in clinical use for the treatment
of other pathological conditions such as antitussives, antidepressants, anti-
psychotics, anti-AD drugs, anti-Parkinson's disease (anti-PD) drugs and some
drugs of abuse, are reported to act as S1R agonists.'**"** The most effective
molecules belonging to the diverse groups have been reported in Figure 12.5.
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i Ogvﬁow”x/ e H
i a ] E
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Figure 12.5 Well-established drugs for the treatment of other pathological condi-
tions, able to interact with S1R.
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Moreover, the experimental drug ANAVEX2-73 (Figure 12.3), acting as a mus-
carinic and S1R agonist in clinical trials for AD, is of high interest.'®” All these
drugs may have a great relevance for understanding the potential of S1R ago-
nists in MS. Based on the leading principle of translational medicine, which
seeks to coordinate the use of new knowledge in clinical practice, clinical
observations deriving from the use of such drugs in patients affected by MS
may provide feedback about the applications of patient treatment with S1R
agonists, confirming the scientific hypotheses of their potential efficacy.

12.3 Conclusions

Over the years SIR agonists have become part of the pharmaceutical pan-
orama; in particular, some of them have become full members of the drug
candidates group for the treatment of neurodegenerative diseases. Through-
out this work, we pointed out the inestimable value of S1R and its role in
modulating different molecular cascades to prevent neurodegeneration, a
clinical manifestation accompanying the immune system abnormalities in
MS. Although the involvement of S1R in MS deserves to be further investi-
gated, previous data clearly suggests the great potential of S1R as an eligi-
ble target to hit for offering an alternative to conventional therapies against
MS. Moreover, S1R agonists may be exploited in combinatorial therapeutic
strategies to reinforce the beneficial effects of the well-known anti-MS drugs.
This synergism may decrease the side effects associated with the disease-
modifying drugs in clinical use and improve the probability of success in the
fight against MS. Lastly, S1R agonists could be effective molecules to provide
a multi-target therapy, in virtue of their ability to activate S1R, which in turn
modulates the function of several client proteins.
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Abstract: Compound libraries are important requirement in target-based drug discovery. In the
present work, a small focused compound library based on f-aminoketone scaffold has been prepared
combining microwave-assisted organic synthesis (MAOS) with polymer-assisted solution phase
synthesis (PASPS) and replacing reaction workup standard purification procedures with solid phase
extraction (SPE). Specifically, the effects of solvent, such as dioxane, dimethylformamide (DMF),
polyethylene glycol 400 (PEG 400), temperature, irradiation time, stoichiometric ratio of reagents, and
catalysts (HCL, acetic acid, cerium ammonium nitrate (CAN)) were investigated to maximize both
conversion and yield. The optimized protocol generally afforded the desired products in satisfying
yields and purities. The designed library is a part of our current research on sigma 1 receptor
modulators, a valuable tool for the identification of novel potential hit compounds.

Keywords: Mannich reaction; p-aminoketones; microwave-assisted organic synthesis; polymer-
assisted solution phase synthesis; solid phase extraction; drug discovery

1. Introduction

Identifying hit compounds is the first step in the complex drug-discovery process, and the
degree of structural diversity is an important element, enhancing the rate of success in finding
a potential lead candidate. In this context, f-amino carbonyl compounds represent a class of important
pharmacophores and useful building blocks for the synthesis of diverse classes of biologically active
molecules [1,2].

Numerous -amino ketones and their analogues exhibit potent activity of great interest in
medicinal chemistry, such as anti-inflammatory [3,4], antibacterial [5,6], antiviral [7], antifungal [6,8],
analgesic [9], and anticancer activity [10-13], to cite just a few examples (Figure 1). Moreover, f-amino
acids are found in some important bioactive natural compounds and are widely employed in the
preparation of peptide-based drugs [14-17] (Figure 1). No less important, f-amino ketones can be key

intermediates for the synthesis of pharmaceutically relevant compounds [18,19].

Molecules 2018, 23, 775; doi: 10,3390/ molecules230407 75 www.mdpi.com/joumal /molecules
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Figure 1. Some important p-amino ketones, both synthetic and natural, and their biological properties.

While many synthetic strategies to achieve f-amino carbonyl compounds can be found in the
recent literature (Figure 2), such as aza-Michael reaction [20], enamine-aldehyde cross-coupling
via N-heterocyclic carbenes [21], copper-catalyzed electrophilic amination of cyclopropanols [22],
Pd-catalyzed aminocarbonylation of alkenes [23], and hydrogenolysis of isoxazolines [24], the Mannich
multicomponent reaction (Figure 2) remains the most used procedure [2,25], and many improvements
to and implementations of the original protocol have been studied [19,26].
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Figure 2. Alternative synthetic routes for accessing f-amino carbonyl compounds.

In particular, the three-component one-pot Mannich reaction allows the formation of f-amino
ketones, presenting general structure A or B (Figure 2) with great structural variability, depending on
the amine and aldehyde employed [27,28].

In light of these considerations and as part of our ongoing research, we herein focus on the
development of an efficient protocol based on the three-component one-pot Mannich reaction for the
preparation of a f-amino ketone small library endowed with general formula A (Figure 2), consisting
of a tertiary amine bridged to an aromatic ring by a propylenic chain. The final aim is to discover

144



Molecules 2018, 23, 775 3ofl12

new potential sigma receptor (SR) modulators [29-32]. We set up an efficient, clean, quick, and
scalable protocol based on microwave-assisted organic synthesis (MAOS), using cerium ammonium
nitrate (CAN) as a catalyst and polyethylene glycol 400 (PEG 400) as a solvent, combined with
polymer-assisted solid phase synthesis (PASPS). Purification of final compounds occurred by solid
phase extraction (SPE). Overall, our strategy led us to obtain the desired f-amino ketones efficiently
and quickly.

2. Results and Discussion

Through this procedure, a small focused library of 36 f-amino ketones derived from the coupling
of aryl-ketones 1-6 with amines a—f (Figure 3) was prepared. Relying on our long experience in the SR
field, both building blocks were selected by taking into account the state-of the-art structure activity
relationship (SAR) of SR ligands [33,34]. We exploited aromatic or heterocyclic methyl-ketones (1-6)
and cyclic (a, d, f) or benzyl acyclic (b, c, e) secondary amines (Figure 3).

]
B

general structure A
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o

D U A ,@I)K P
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o o
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Figure 3. Designed library.

2.1. Setup and Optimization of Synthetic Protocol

According to data in the literature concerning the different reactivities of secondary amines related
to their structures and experimental conditions in the Mannich reaction [25,35], we set up a novel protocol
using the cyclic and acyclic amines a and b as “building block” models. First, compounds 1a and 1b were
synthesized with conventional heating, applying an existing protocol (Figure 4, condition A), and were
properly purified [36]. Molar extinction coefficients of acetophenones 1, 1a, and 1b were determined
(1.265 x 10, 6.327 x 10°, and 6703 x 10° L-mol~".cm™!, respectively) and high performance liquid
chromatography-ultraviolet-photodiode array detector (HPLC-UV-PAD) methods were devecloped
to determine the percentage of conversion and purity of new compounds. Afterwards, based on our
own experience, we set up a microwave-assisted synthetic protocol (Figure 4) to obtain our f-amino
ketones 1-6, a—f. Of note, MAOS has already been successfully employed in Mannich reactions [37,38].
Microwave oven parameters (ie., temperature, irradiation power, and time) were explored and different
solvents, such as dioxane, dimethylformamide (DMF), tetrahydrofuran (THF), methanol (MeOH),
ethanol (EtOH) tested. Temperature and irradiation power varied from 35 °C to 200 °C and from 60 W to
200 W, respectively, as did irradiation time. Lastly, both type and amount of protic acidic additive were
evaluated (HCl, HBFy, HCIOy, acetic acid). Unfortunately, no satisfying results were obtained. Therefore,
we considered the use of ceric ammonium nitrate (CAN) as a catalyst in PEG 400, as it had already
been used in a three-component Mannich reaction to access B-amino ketones of general structure B
(Figure 2) under conventional heating [39]. Accordingly, we employed this catalyst/ solvent combination
in our microwave-assisted protocol to access the designed compounds of general structure A (Figure 2).
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Compounds 1a and 1b were obtained under microwave irradiation (60 W, 90 °C for 10 min) using 5%
mol of CAN in PEG 400. The HPLC analysis (see Appendix A) showed that the reaction was clean and
quick, affording the desired products with 80% conversion. Interestingly, using hydrochloride amines as
reagents led to the best results. A schematic comparison between the old and new protocols (path A and
path B, respectively) is shown in Figure 4.

2 eq. HCI, reflux,

29 h, EtOH abs.
A
2 H - Y = 44% (fa); 20 % (1b) 0
+ =0 o+ HN T Rer-
. L
N Ry . 0.05 eq. CAN . y
80°C, 6OW, o
10 min,PEG 400
1 amine a-b B 1a-b

Y = 66% (1a); 46% (1b)

Figure 4. Comparison between (A) traditional and (B) new protocol.

With these promising results, we moved forward to determine the effect of stoichiometric ratio
of reagents on both conversion percentage and crude purity. Results are reported in Tables 1 and 2.
Reactions conducted with excess amine (entries 2-4 and 10-13) led to high conversion percentages,
even if the products had lower purities. An opposite trend was observed using an excess of ketone
(entries 5-8 and 14-17). Accordingly, conditions of entries 6 and 15 (i.e., 2 equivalents (eq.) of ketone
and 1 eq. of amine) were considered the best compromise and were extended to the other substrate for
preparation of the whole library.

Table 1. Investigation of stoichiometric ratio of the reagents on conversion and purity of compound 1a.

Entry 1(eq) afleq) % Conversion % Purity

1 1 1 80.0 825
2 1 1.5 76.7 778
3 1 2 79.9 67.5
4 1 25 78.5 60.7
5 1.5 1 67.1 68.9
6 2 1 724 97.7
7 2.5 1 772 96.1
8 3 1 67.7 95.8

Reagents and reaction conditions: cerium ammonium nitrate (CAN) (0.05 eq.), paraformaldehyde (1.0 eq.), PEG 400,
(MW: 90 “C, 60 W, 10 min).

Table 2. Investigation of stoichiometric ratio of the reagents on conversion and purity of compound 1b.

Entry 1(eq) bileq) % Conversion % Purity

9 1 1 80.0 60.1
10 1 2 77.2 35.1
11 1 2.5 86.9 342
12 1 3 934 235
13 1 3.5 649 235
14 15 1 815 69.4
15 2 1 745 81.1
16 3 1 61.6 89.6
17 3.5 1 49.2 922

Reagents and reaction conditions: CAN (0.05 eq.), paraformaldehyde (1.0 eq.), PEG 400, (MW: 90 °C, 60 W, 10 min).

2.2. MW-Assisted Library Synthesis

The optimized protocol was then employed to synthesize the small focused library. The following
table reports the yields and purities of each compound.
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The developed protocel allowed production of the desired compounds (Table 3) with the exception
of dibenzylaminic (1-6c) and 4 acetyl-pyridinic (4a-f) compounds (Figure 3). Of note, cyclic amines
(a, d, f) were well tolerated in this protocol; in particular, piperidines were the most versatile reagents,
since they were able to react with the ketone counterpart, offering products in satisfying yields
(Table 3). Relying on the molecules endowed with an acyclic amine, different reactivity was seen:
N-benzylmethylamine > 3,4-dimethoxy-N-methylbenzylamine > dibenzylamine. The failure in the
reaction involving dibenzylamine may be attributed to its low basicity, which may slow down the
formation of the intermediate imine resulting from the reaction with formaldehyde. This result is not
surprising. Indeed, it has been shown that the reactivity in the Mannich reaction is strictly related to
the amine structure, and within a homologous series the reactivity may be different. An emblematic
example is diethylamine, which is unable to be transformed into f-amino ketone, whereas the superior
and inferior amine analogues react efficiently to give access to the desired products [35]. Regarding
the ketone building block, the procedure was successfully applied to aromatic ketones, presenting
benzene and thienyl nucleus, whereas no product was observed when ketone 4, bearing a pyridine
moiety, was used. This behavior can be explained by considering the basic properties of the pyridine
ring, which reduced the reactivity of methyl ketone 4. We performed additional model reactions on

ketone 4 under traditional conditions at high temperature and for long times to force the reaction.

Again, the desired products (compounds 4a and 4b) were not isolated, supporting our hypothesis that
the low reactivity of 4 acetyl-pyridine compromised the reaction outcome.

Table 3. Yield and purity of compounds 1la—6f.

(o]
R
Ry B K
Compound Ar NR;R; Yield % 2 Purity % 2
la 4 benzylpiperidine 72 98
1b N-benzylmethylamine 70 B6
1d phenyl piperidine 58 75
1e 3,4-dimethoxy-N-methylbenzylamine 33 &6
1f morpholine - Traces (5)
2a 4-benzylpiperidine 32 =]
2b N-benzylmethylamine 34 81
2d naphtyl piperidine 50 75
2e 3,4-dimethoxy-N-methylbenzylamine 38 54
2f morpholine 46 71
3a 4-benzylpiperidine 75 75
3b N-benzylmethylamine 55 &7
3d biphenyl piperidine 50 73
3e 3,4-dimethoxy-N-methylbenzylamine - Traces (5)
3f morpholine 50 61
Sa 4-benzylpiperidine 63 95
5b N-benzylmethylamine 56 85
5d 2-thienyl piperidine 30 83
Se 3,4-dimethoxy-N-methylbenzylamine 25 [
5f morpholine 32 7
ba 4-benzylpiperidine 55 76
&b N-benzylmethylamine 40 7
6d 5-bromo-2-thienyl piperidine 29 57
be 3,4-dimethoxy-N-methylbenzylamine nr -
of maorpholine 3 38

Reagents and reaction conditions: ketone (20 eq.), amine (1.0 eq.), CAN (0.05 eq.), paraformaldehyde (1.0 eq.),
FEG 400, (MW: 90 °C, 60 W, 10 min). * determined by LC-MS analysis. - no data. n.r. no reaction.
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3. Materials and Methods

Reactions performed under conventional heating were monitored by thin layer chromatography
(TLC) with Fluka silica gel 60 F254 (Merck KGaA, Darmstadt, Germany) and purified by automatic
flash chromatography with CombiFlash®RF (AlfaTech, Teledyne Isco, Inc., Genoa, Italy).

All reactions conducted under microwave irradiation were performed in a microwave mono-mode
oven specifically for organic synthesis (Discr:wer® LabMate instrument, CEM Corporation, Matthews,
NC, USA). The obtained products were purified with Bond Elut SCX® cartridge (Varian, Walnut Creek,
CA, USA) and silica gel SPE cartridge (Varian, Walnut Creek, CA, USA).

UV spectra were recorded on a LAMBDA™ 25 UV /VIS spectrometer (Perkin Elmer Inc., Waltham,
MA, USA). HPLC analyses were carried out on a Jasco HPLC system (Jasco Europe 5.x1., Cremella, Italy),
consisting of a pump model PU 1580, a Reodyne 7125 injector (20 uL. sample loop), and an MD-1510
diode array detector, combined with a Spectra AS3000 autosampler. Experimental data were acquired
and interpreted with Borwin PDA and Borwin chromatograph software 1.5. Reversed-phase HPLC
analyses were carried out at room temperature on an XTerra RP18 column (3.5 um, 4.6 » 50 mm)
(Waters, Milford, MA, USA) and a Hypersil ODS RP18 column (3 um, 4.6 x 100 mm) (VWRE, Milano,
Italy). The mobile phase was phosphate buffer (pH 7.8) added with acetonitrile as organic modifier;
the analysis was carried out using gradient elution (see Tables Al and A2, Figures Al and A2 in
Appendix A).

Electrospray ionization LC-MS analyses were performed with a single quadrupole AQA
ThermoQuest Finnigan (ThermoFinnigan, San Jose, CA, USA) or a Waters Micromass ZQ2000 (Waters,
Milford, MA, USA), employing an XBridge C8 column (3.5 um, 4.6 % 50 mm) (Waters, Milford, MA, USA).

TH-NMR spectra were registered with a Briker ARX 300 (300 MHz) (Bruker Daltonics, Billerica,
MA, USA). Chemical shifts are reported in parts per million (§) downfield from tetramethylsilane
(TMS) as internal standard.

3.1. General Procedure for the Synthesis of pB-Aminoketone 1a and 1b under Conventional Heating (Method A)

A solution of acetophenone (1.0 eq.), amine (2.0 eq.), paraformaldehyde (2.0 eq.), and HCI (2.0 eq.)
in absolute ethanol (2.25 mL) was refluxed for 24 h in N; atmosphere under magnetic stirring. Then,
the reaction mixture was evaporated under reduced pressure and the residue purified by automated

flash chromatography (CombiFlash®RF) using a mixture of 80:20 hexane:diethyl ether, 0.1 NH; /MeOH
as eluent, and silica gel RediSep column (12 g) (particle size: 35-70 pm).

3.2. General Procedure for the Synthesis of p-Aminoketones 1a—6f under Microwave Heating (Method B)

A mixture of ketone (2.0 eq.), amine hydrochloride (1 eq.), paraformaldehyde (1 eq.), and CAN
(0.05 eq.) in PEG 400 (0.8 mL) was irradiated with a microwave power of 60 watts at 90 °C for 10 min.
The reaction workup was performed as follows: the mixture was quenched in 2 M NaOH, then
the solid was collected by centrifugation, dissolved in methanol or dichloromethane (depending on
the solubility of the compound), and purified using SCX cartridge, eluting with a solution of 0.3 M
NH;3/MeOH in dichloromethane to remove the excess ketone. Finally, the product was isolated using
silica gel SPE cartridge, eluting with dichloromethane to remove the nonreacted amine. Then the
organic phase was evaporated to dryness.

3.3. Analytical Data of Prepared Compounds

3-(4-Benzylpiperidin-1-yl)-1-phenylpropan-1-one (1a). Yield: 44% (method A), 72% (method B). Yellow oil;
'H-NMR (300 MHz, CDCly) (ppm): 1.62 (brs, 2H), 1.74 (d, 3H), 2.26 (br s, 2H), 2.58 (d, 2H), 2.95-3.26
(m, 4H), 3.43 (t, 2H), 7.10-7.25 (m, 3H), 7.25-7.33 (m, 2H), 7 43-7.53 (m, 2H), 7.53-7.63 (m, 1H), 7.92-8.03
(m, 2ZH); LC-MS: Purity 98%; RT 4.53 min. MH™ 308.14 [40].
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3-[ Benzyl (methyl)amino]-1-phenylpropan-1-one (1b). Yield: 70%; Yellow oil; "TH-NMR (300 MHz, CDCls)
(ppm): 2.34 (s, 3H), 3.00 (t, 2H), 3.29 (t, 2H), 3.67 (br s, 2H), 7.28-7.32 (m, 1H), 7.32-7.39 (m, 4H),
7.42-7.50 (m, 2H), 7.53-7.61 (m, 1H), 7.92-7.88 (m, 2H); LC-MS: Purity 86%; RT 3.84 min. MH"
254.11 [41].

1-Phenyl-3-(piperidin-1-yl)propan-1-one (1d). Yield: 58%; 'H-NMR (300 MHz, CDCls) (ppm): 1.49-1.57
(m, 2H), 1.62-1.79 (m, 4H), 2.54-2.71 (m, 4H), 2.94 (t, 2H), 3.34 (t, 2H), 7.41-7.52 (m, 2H), 7.53-7.63 (m,
1H), 7.94-8.01 (m, 2H); LC-MS: Purity 75%; RT 3.12 min. MH* 218.16 [42].

3-[(3,4-Dimethoxybenzylmethyl Jamino |-1-phenylpropan-T-one (1e). Yield: 33%; Yellow oil; TH-NMR
(300 MHz, CDCls) (ppm): 2.34 (s, 3H), 2.94-3.06 (m, 2H), 3.21-3.33 (m, 2H), 3.71 (s, 2H), 3.88 (s, 6H),
6.65-6.77 (m, 2H), 6.77-6.87 (m, 2H), 7.42-7.53 (m, 2H), 7.53-7.62 (m, 1H), 7.91-8.05 (m, 1H); LC-MS:
Purity 66%; RT 3.79 min. MH* 314.12.

3-(Morpholin-4-yl)-1-phenylpropan-1-one (1f). LC-MS: Purity 5%; RT 2.73 min. MH" 220.11 [41]

3-(4 Benzylpiperidin-1-yl)-1-(aphthalen-2-yl)propan-1-one (2a). Yield: 32%; Yellow oil; 'H-NMR
(300 MHz, CDCl3) (ppm): 1.52-1.88 (m, 5H), 2.19-2.48 (m, 2H), 2.60 (d, 2H), 3.04-3.35 (m, 4H),
3.46-3.76 (m, 2H), 7.12-7.24 (m, 3H), 7.28-7.36 (m, 2H), 7.47-7.70 (m, 2H), 7.84-7.94 {m, 2H), 7.95-8.08
(m, 2H), 8.54 (s, 1H); LC-MS: Purity 69%; RT 4.99 min. MH" 358.09 [40].

3 Benzyl(methyl)amino]-1-(naphthalen-2-yljpropan-I-one (2b). Yield: 34%; "H-NMR (300 MHz, CDCl;)
(ppm): 2.38 (s, 3H), 3.06 (t, 2H), 3.43 (t, 2H), 3.71 (s, 2H), 7.307.41 (m, 5H), 7.527.66 (m, 2H), 7.85-7.93
(m, 2H), 7.97 (d, 1H), 8.02 (dd, 1H), 8.47 (s, 1H); LC-MS: Purity 81%; RT 4.51 min. MH* 304.11 [41].

1-(Naphthalen-2-yl)-3-(piperidin-1-yl)propan-1-one (2d). Yield: 50%; TH-NMR (300 MHz, CDCl3) (ppm):
1.44-1.63 (m, 2H), 1.72-1.91 (m, 4H), 2.60-2.88 (m, 4H), 3.11 (t, 2H), 3.57 (br t, 2H), 7.46-7.68 (m, 2H),
7.83-8.11 (m, 4H), 8.53 (br s, 1H); LC-MS: Purity 75%; RT 4.04 min. MH" 268.14 [42].

3-((3, 4 Dimethoxybenzyl)(methyl Jamino)-1-(naphthalen-2-yl)propan-1-one (2e). Yield: 38%; Yellow oil;
TH-NMR (300 MHz, CDCl) (ppm): 2.32 (s, 3H), 2.98 (t, 2H), 334 (t, 2H), 3.60 (s, 2H), 3.85 (s, 6H), 6.8
(m, 3H), 7.70 (m, 2H), 7.98-8.15 (m, 4H), 8.50 (s, 1H); LC-MS: Purity 54%; RT 4.41 min. MH* 364.08.

3-(Morpholin-4-yl)-1-(naphthalen-2-yl)propan-1-one (2f). Yield: 46%; TH-NMR (300 MHz, CDCly) (ppm):
276 (br s, 4H), 3.10 (br t, 2H), 3.51 (br t, 2H), 3.86 (br t, 4H), 7.53-7.66 (m, 2H), 7.86-7.94 (m, 2H),
7.96-8.01 (m, 1H), 8.04 (dd, 1H), 851 (br s, 1H); LC-MS: Purity 71%; RT 3.78 min. MH" 270.09 [42].

3-(4-Benzylpiperidin-1-yl)-1-(biphenyl-4-yl)propan-1-one (3a). Yield: 75%; 'H-NMR (300 MHz, CDCl5)
(ppm): 1.67-1.84 (m, 5H), 2.58 (br d, 2H), 3.18-3.37 (m, 4H), 3.53-3.71 (m, 4H), 7.09-7.17 (m, 2H),
7.19-7.24 (m, 1H), 7.28-7.32 (m, 1H), 7.37-7.52 (m, 4H), 7.60-7.66 (m, 2H), 7.67-7.74 (m, 2H), 8.03-8.09
(m, 2H); LC-MS: Purity 75%; RT 5.21 min. MH™ 384.12.

3-[Benzyl(methyl)amina]-1-(biphenyl-4-yl jpropan-1-one (3b). Yield: 55%; 'H-NMR (300 MHz, CDCls)
(ppm): 2.40 (s, 3H), 3.02-3.15 (m, 2H), 3.39 (t, 2H), 3.75 (br 5, 2H), 7.28-7.44 (m, 6H), 7.45-7.53 (m, 2H),
7.60-7.66 (m, 2H), 7.66-7.73 (m, 2H), 7.99-8.07 (m, 2H); LC-MS: Purity 67%; RT 4.83 min. MH* 330.11.

1-(Biphenyl-4-yl)-3-(piperidin-1-yl Jpropan-1-one (3d). Yield: 50%; TH-NMR (300 MHz, CDCls) (ppm):
1.51-1.66 (m, 2H), 1.72-1.86 (m, 4H), 2.66-2.78 (m, 4H), 3.06 (t, 2H), 3.46 (br t, 2H), 7.38-7.52 (m, 3H),
7.61-7.66 (m, 2H), 7.67-7.73 (m, 2H), 8.03-8.10 (m, 2H); LC-MS: Purity 73%; RT 4.38 min. MH" 294.16.

3-(34-Dimethoxybenzyl)imethyl Jamino]-1-(biphenyl-4-yl)propan-1-one (3e). LC-MS: Purity 5%; RT 4.73
min. MH" 390.03.

1-(Biphenyl-4-yl - 3-(morpholin-4-yljpropan-1-one (3f). Yield: 50%; 'H-NMR (300 MHz, CDCl5) (ppm):
2.70-2.86 (m, 4H), 3.04-3.16 (m, 2H), 3.38-3.50 (m, 2H), 3.84-3.93 (m, 4H), 7.39-7.53 (m, 3H), 7.61-7.67
(m, 2H), 7.68-7.73 (m, 2H), 8.03-8.09 (m, 2H); LC-MS: Purity 61%; RT 4.18 min. MH* 296.11 [40].
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3-(4-Benzylpiperidin-1-yl)-1-(thiophen-2-yl)propan-1-one (3a). Yield: 63%; 'H-NMR (300 MHz, CDCl;)
(ppm): 1.37-1.77 (m, 5H), 2.12 (t, 2H), 2.57 (d, 2H), 2.92 (t, 2H), 2.98-3.08 (m, 2H), 3.23 (t, 2H), 7.12-7.17
(m, 3H), 7.19-7.28 (m, 2H), 7.28-7.32 (m, 1H), 7.63-7.67 (m, 1H), 7.77 (dd, 1H); LC-MS: Purity 95%; RT
4.40 min. MH* 314.05 [43].

3-[Benzyl(methyl)amino]-1-(thiophen-2-yl)propan-1-one (5b). Yield: 56%; TH-NMR (300 MHz, CDCls)
(ppm): 2.35 (s, 3H), 2.97-3.07 (m, 2H), 3.19-3.29 (m, 2H), 3.68 (s, 2H), 7.13 (dd, 1H), 7.29-7.40 (m, 5H),
7.64 (dd, 1H), 7.73 (dd, 1H); LC-MS5: Purity 85%; RT 3.59 min. MH" 260.08 [44].

3-(Piperidin-1-yl)-1-(thiophen-2-yl Jpropan-1-one (5d). Yield: 30%; TH-NMR (300 MHz, CDCls) (ppm):
1.33-1.61 (m, 2H), 1.70 (m, 4H), 2.41-2.69 (m, 4H), 2.94 (t, 2H), 3.27 (m, 2H), 7.01-7.19 (m, 1H), 7.63-7 .68
(m, 1H), 7.78 (dd, 1H); LC-MS: Purity 83%; RT 2.77 min. MH™ 224.13 [42].

3-[(3,4-Dimethoxybenzyl )(ntethylmmino]-1-(thiophen-2-yl Jpropan-1-one (5e). Yield: 25%; TH-NMR (300 MHz,
CDCls) (ppm): 2.38 (s, 3H), 2.97-3.05 (m, 2H), 3.13-3.25 (m, 2H), 3.75 (s, 3H), 3.87-3.91 (m, 5H), 6.61-6.89
(m, 3H), 7.15 (t, 1H), 7.62 (d, 1H), 7.73 (d, 1H); LC-MS: Purity 66%; RT 3.19 min. MH* 320.04.

3-(Morpholin-4-yl)-1-(thiophen-2-ylpropan-1-one (5f). Yield: 32%; TH-NMR (300 MHz, CDCl3) (ppm):
2.63-2.78 (m, 4H), 3.03 (br t, 2H), 3.29 (br t, 2H), 3.78-3.87 (m, 4H), 7.15 (dd, 1H), 7.67 (dd, 1H), 7.79
(dd, 1H); LC-MS: Purity 77%; RT 2.16 min. MH* 226.08 [42].

3-(4-Benzylpiperidin-1-yl)-1-(5-bromothiophen-2-yl)propan-1-one (6a). Yield: 55%. Yellow oil; TH-NMR
(300 MHz, CDCl3) (ppm): 1.55-1.81 (m, 5H), 2.22-2.39 (m, 2H), 2.58 (d, 2H), 2.98-3.10 (m, 2H), 3.11-3.22
(m, 2H), 3.33 (t, 1H), 7.07-7.16 (m, 3H), 7.16-7.26 (m, 2H), 7.26-7.34 (m, 2H), 7.57 (d, 1H); LC-MS: Purity
76%; RT 4.83 min. MH™ 391.91 [42].

3-[Benzyltmethylamino]-1-(5-bromothiophen-2-yljpropan-1-one (6b). Yield: 40%. Yellow oil. TH-NMR
(300 MHz, CDCl3) (ppm): 2.40 (s, 3H), 3.08 (d, 2H), 3.26 (br s, 2H), 3.78 (s, 2H), 7.10 (d, 1H), 7.31-7.44
(m, 5H), 7.50 (d, 1H); LC-MS: Purity 37%; RT 4.20 min. MH* 339.93 [45].

1-(5-Bromothiophen-2-yl)-3-(piperidin-1-yl)propan-1-one (6d). Yield: 29%; 'H-NMR (300 MHz, CDCl3)
(ppm): 0.80-0.94 (m, 1H), 1.49-1.55 (m, TH), 1.67-1.80 (m, 4H), 2.57-2.68 (m, 4H), 2.96 (t, 2H), 3.24 (br t,
2H), 7.10-7.13 (m, 1H), 7.54 (d, 1H); LC-MS: Purity 57%; RT 3.61 min. MH* 303.97 [45].

1-(5-Bromothiophen-2-yl)-3-(morpholin-4-yl Jpropan-I-one (6f). Yield: 6%; TH-NMR (300 MHz, CDCl;)
(ppm): 2.62-2.89 (m, 4H), 2.99-3.11 (m, 1H), 3.22-3.34 (m, 1H), 3.55-3.67 (m, 3H), 3.86 (br t, 3H), 7.13
(d, 1H), 7.54 (d, TH); LC-MS: Purity 38%; RT 3.38 min. MH* 305.91.

4, Conclusions

In summary, we have developed a rapid and easy-to-use microwave-assisted protocol based
on a combination of PEG 400/ CAN, PASPS, and SPE, obtaining the desired products faster than
conventional procedures. The reaction optimized with respect to various parameters afforded most of
the desired products with good yield and satisfying purity. Our approach could be adapted to a new
library of compounds with different aromatic ketones. No less important, the obtained compounds
could serve as key intermediates for further functionalization at the ketone group to allow scaffold
modifications, suitable for disclosing novel potential hit compounds. We believe that simple reaction
procedures and substrate compatibility along with environmentally friendly conditions make our
protocol an important supplement to the existing methods.

Lastly, the small focused library we present aims at discovering new potential sigma 1 receptor
modulators as part of our ongoing research in this field. From this consideration came our decision
to add these products to the library of MuTaLig, an innovative ligand identification platform for the
drug-discovery process.
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Appendix A

Table Al. HPLC analysis for 1a. XTerra RP18 column (3.5 um, 4.6 » 50 mm). Flow rate: 1 mL/min.

Time (Minutes) % Phosphate Buffer % Acetonitrile
0 90 10
3 90 10
10 60 40
13 60 40
20 5 95
25 90 10
35 90 10
40810 -
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Figure Al. (A) Acetophenone (RT: 6.8 min); (B) compound 1a (RT: 16 min); (C) reaction mixture (MW)
acetophenone (2.0 eq.), 4-benzylpiperidine hydrochloride (1 eq.), paraformaldehyde (1 eq.).
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Table A2. HPLC analysis for 1b. Hypersil ODS RP18 column (3 um, 4.6 x 100 mm). Flow rate: 2 mL/ min.

Time (Minutes) % Phosphate Buffer % Acetonitrile
o 90 10
3 90 10
10 60 40
13 60 40
20 5 95
30 5 95
35 90 10
40 90 10
S0 A
o
.0 1
hn i
loxwr
o
1o 1
00 00 1500 Fs Il
L
25a100 B
Lo
15x 1
Loz ¢
Sonwr
B By T IrIL'r
=08 10:00 1500 20:00 fmrl

Figure A2. (A) Compound 1b (RT: 12 min); (B) reaction mixture (MW) acetophenone (2.0 eq.),
N-benzylmethylamine hydrochloride (1 eq.), paraformaldehyde (1 eq.).
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In this manuscript we report on the design, synthesis and evaluation of dual Sigma 1 Receptor (S1R)
modulators/Acetylcholinesterase (AChE) inhibitors endowed with antioxidant and neurotrophic prop-
erties, potentially able to counteract neurodegeneration. The compounds based on arylalkylaminoketone
scaffold integrate the pharmacophoric elements of RRC-33, a S1R modulator developed by us, donepezil,
a well-known AChE inhibitor, and curcumin, a natural antioxidant compound with neuroprotective
properties, A small library of compounds was synthesized and preliminary in vitro screening performed.
Some compounds showed good S1R binding affinity, selectivity towards S2R and N-Methyl-n-Aspartate
(MMDA) receptor, AChE relevant inhibiting activity and are potentially able to bypass the BEB, as pre-
dicted by the in silico study. For the hits 10 and 20, the antioxidant profile was assessed in SH-SY5Y
human neuroblastoma cell lines by evaluating their protective effect against Ha0s cytotoxicity and
reactive oxygen species (ROS) production. Tested compounds resulted effective in decreasing ROS pro-
duction, thus ameliorating the cellular survival. Moreover, compounds 10 and 20 showed to be effective
in promoting the neurite elongation of Dorsal Root Ganglia (DRG], thus demonstrating a promising
neurotrophic activity. Of note, the tested compounds did not show any cytotoxic effect at the concen-
tration assayed. Relying on these encouraging results, both compounds will undergo a structure opti-
mization program for the development of therapeutic candidates for neurndegenerative diseases
treatment.

© 2018 Elsevier Masson SAS. All nights reserved.
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1. Introduction

The progressive loss of structure and/or function of neurons,
within the Central Nervous System (CNS), is the prototypical event
leading to neurodegeneration, which is an aspect underpinning a
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heterogeneous group of disorders [1,2]. The World Health Organi-
zation (WHO) recently reported that neurodegenerative diseases,
ie. Alzheimer's (AD), Parkinson's (PD), Amyotrophic Lateral Scle-
rosis (ALS) and Multiple Sclerosis {MS), are one of the main causes
of death worldwide, causing the death of 6.8 million people
annually (Fig. 1) [3—5]. Moreover, the treatment options of neuro-
degenerative diseases are meagre, since only few molecules able to
attenuate the devastating outcome and/or to limit the progression
of the diseases are available and thus, there is an urgent need of
effective therapies [G]. Neurodegenerative disorders have a multi-
factorial origin, being associated with both environmental factors,
such as smoking, stress and the use of pesticides, and specific ge-
netic variations, leading to alteration of several molecular cascades
(Fig. 1) [7,8]. Dysfunction of neurotransmitter pathways (i.e.
acetylcholine or dopamine systems) can sometimes occur together
with abnormal structure and/or accumulation of proteins — i.e. tau
protein hyperphosphorylation, p-amyloid accumulation, further
aggravating the pathological condition [9—12]). An important hall-
mark of neurodegeneration conditions is an over-production of
Reactive Oxygen Species {ROS) due to alterations of mitochondrial
respiratory chain activity [13,14].

In our continuing efforts towards the design and development of
new molecular entities able to counteract neurodegeneration,
some years ago we designed and characterized a wide series of
Sigma 1 Receptor (51R) modulators [15]. These compounds may
have a great potential as neuroprotective agents, since under
pathological conditions S1R operates as a chaperone modulating
different proteins, restoring the calcium homeostasis and control-
ling the generation of ROS, thus preventing cellular damage
[16—23]. Accordingly, S1R modulators are able to simultaneously
address more than one pathological event and then they represent
a good therapeutic opportunity for treating neurodegenerative
disorders. At the same time, it is worth noting that the multifac-
torial origin of such disorders prompted the interest of the sdentific
community toward the so-called mult-target drugs (MTDs) and
along the years, a number of heterogeneous MTDs have been
developed combining drugs already used in therapy with several
scaffolds endowed with different activities [24—27]. With these
premises in mind and in the attempt of obtaining molecules able to
modulate SR, to act as acetylcholinesterase (AChE) inhibitors and
endowed with antioxidant properties, herein we report on a new
series of dual ligands, designed by focussing on RRC-33, donepezil
and curcumin (Cur) (Fig. 2), as reference molecules.

PD

In details, RRC-33 is our most promising compound, showing an
excellent affinity and selectivity towards SIR over S2R (Ki
S1=18+0.1 nM; Ki 52 =45 + 16 nM) and a high metabolic stability
in several biclogical matrices [28]. Furthermore, it is able to pro-
mote neurite differentiation and elongation in rat Dorsal Root
Ganglia {DRG) experimental model [29]. Donepezil is an AChE in-
hibitor able to restore the physiological amount of acetylcholine
and it is commenly used in therapy for counteracting the cognitive
impairment, a common feature of neurodegenerative diseases
[30,31], while Cur (Fig. 2) is an effective ROS scavenging compound
[32] It is the main yellow-colored pigment of Curcuma longa, his-
torically employed in Ayurvedic medidne [33]. Although its
numerous drawbacks linked to its solubility, instability in physio-
logical fluids, and low bioavailability [34], Cur possesses a wide
spectrum of action including antioxidant activities, which may be
useful to counteract neurodegenerative diseases [35—37].

Thus, combining the structural features of RRC-33, donepezil
and Cur (Fig. 2), we designed a new series of compounds. The newly
synthesized compounds were investigated in terms of SRs affinity
and inhibitory activity toward AChE enzyme and their mode of
interaction with S1R and AChE was in silico studied. Furthermore,
their in silico ADME parameters have been evaluated to assess their
ability to cross the blood brain barrier (BEB) and reach the CNS.
Lastly, the antioxidant profile and neurotrophic activity of the most
interesting derivatives were evaluated.

2. Results and discussion
2.1. Chemistry

We prepared a new compound series, characterized by an ary-
lalkylamineketone scaffold with three elements of structural di-
versity, i.e. the aromatic ring, the aminic moiety and the length of
the linker between the aromatic and the aminic portions (Fig. 2).
The conceived arylalkylamineketone scaffold allowed improving
synthetic feasibility and chemical tractability by removal of chiral
center present in the inspiring S1R modulator RRC-33.

Compounds were synthesized by following the general syn-
thetic route outlined in Scheme 1 and Scheme 2.

A divergent synthesis has been adopted to access the desired
products in good yields and in few steps. Target compounds 7—30
were obtained via Weinreb ketone synthesis from key in-
termediates 4a, 5a-c and 6a, which in turnwere prepared through:

Genetic variations
Environmental factors,

i.e. pesticides

Dopamine system impairments

AD
Genetic variations
Cholinergic system impairments
p-amyloid accumulation
Tau hyperphosphorylation

Multifactorial
neurodegenerative
diseases

M5
Genelic variations
Environmental factors,
i.e. smoking and stress
Pathogenes

ALS
Genetic variations
Environmental factors,
i.e. pesticides
Traumatic head injury

Fig. 1. Some actiological Factors that promote multifactorial neurodegenerative diseases.
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Scheme 1. Weinreb amide formation and nudeophilic substitution. Reagents and reaction conditions: 1) K200z, Etz0/Hz0, rt.; i) K200, ACN, rt.

iii, iv, v, vi ﬁ [ }J‘
Ar-Br — Ar ‘fvf'nN gl
*HCl
7-30
Cmpd Ar n X Yield (%) Cmpd Ar n X Yield (%)

T phenyl 40 19 naphth-2.yl 2 CH, 23
8 4-methoxyphenyl a7 20 4-biphenyl 35
9 3-methoxyphenyl 1 CHEn 48
10 naphith-2-yl &4 21 Phenyl 30
" Bemethoxynaphtie 2.yl 48 22 d.methoxyphenyl 2 o 38
12 4-biphenyl 33 23 naphth-2-y1 41

24 4-biphenyl 37
13 Phanyl 28
14 4-methexyphanyl 2 CHEn 25 25 phenyl 3
15 naphth-2-yl 22 26 4-methexypheanyl 30
16 4-biphenyl 22 27 3-methexyphenyl 3 CHEn 33

28 naphth-2-y1 41
17 phenyl 2 CH 28 29 B-mathoxynaphth-2-yl 25
18 4-methoxyphenyl s 27 30 4-biphenyl 26

Scheme 2. Lithiate d arene formation and guenching with the corresponding Weinreb amide. Reagents and reaction conditions: iii) --Buli, THE, =78°C iv) Weinreb amide (4a, Sa-¢

or Ba), —78°C; V) Hz0: vi) HO (1M in Etz0), EGO.
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i) the Weinreb amide formation and ii) a nucleophilic substitution
(Scheme 1). Specifically, the starting acyl chlorides were easily
converted into the desired f and y chloro Weinreb amides, using
the amine N,0-dimethylhydroxyamine hydrochloride (NODMHA),
in the presence of a basic reagent, KzC0Os. The reactions performed
in a mixture of ether and water (in equal amount) were stirred for
24 h. A simple extraction provided compounds 2—3 in excellent
yields. This reaction was not applied for achieving intermediate 1,
since it is commercial available. Accordingly, the Weinreb amides
were subjected to a nucleophilic substitution, exploiting the chlo-
rine as good leaving group. The reaction performed with the cor-
responding secondary amine (a-c), needed 24 h and the presence of
K2C05 as base to yield the crude «, p and ¥ amino Weinreb amides
4a, 5a-c and 6a. An acid/base extraction was essential to obtain the
key intermediates, presenting 1 or 2 carbonaceous units, in modest/
good yields. Conversely, 6a required a purification through flash
chromatography, since the starting material conversion into the
desired products furnished some side products. Lastly, the smooth
bromo-lithium exchange on the aryl bromide afforded the lithiated
arene that, upon quenching with 4a, 5a-c and 6a, gave the desired
ketones 7-30 in good yields, after an adequate purification
(Scheme 2). Specifically, the corresponding aryl bromide were
lithiated, in anhydrous THF at —78°C with t-butyl lithium. The
subsequent addition of compounds 4a, 5a-c and 6a and quenching
with Hz0 led to isolate crude compounds, which were purified
through flash chromatography. All the potential MTD molecules
7—30 were obtained in a sufficient amount and with the appro-
priate degree of purity, as confirmed by IR, "H NMR, *C NMR and
UPLC-MS analysis, as well as thermal analysis, for the following
biological investigations. Preliminary solid-state characterization
by DSC analysis revealed that all the compounds are crystalline
anhydrous phases, with a well-defined melting point followed by
sample decomposition, with the only exception of 28 which crys-
tallized as solvatomorph.

2.2. Physicochemical and pharmacokinetic predictions

Molecular descriptors were computed to predict six physico-
chemical properties of each compound: {(a) partition coefficient
(ClogP); (b)distribution coefficient at pH 7.4 (ClogD); (c) molecular
weight (MW); (d) topological polar surface area (TPSA); (e) number
of hydrogen-bond donors (HBDs); and (f) acid dissociation constant
(pKa). These parameters are the most representative features to
determine the ADME profile, as well as the ability of a compound in
reaching the CNS [38]. According to Wager et al model, which is a
well-established procedure broadly employed in academic and in
industrial settings [39], a score — ranging from O to 1 - is attributed
to each property, applying a monotonic decreasing function for
ClogP, ClogD, MW, pKa, and HED, whereas a hump function for
TPSA (Table SI1). The summation of all these values gives access to a
final score (0—6), which can be defined as follows: i) 0—2, com-
pound is unable to cross the BBB; i) 2—5, compound may reach the
CNS; iii) 5-6, compound effectively crosses the BBB [39]. Accord-
ingly, we exploited this model to calculate the potential ability of
compounds 7-30 in reaching the CNS (Table 1). For comparative
purposes, we compared the obtained results with those of RRC-33
and donepezil (Table 1, Table 511), for which is known their good
CNS distribution.

The tabulated results show that only four compounds (18 and
21-23) possess a score higher than 5, whereas the other ones
possess values ranging from 2 to 5. Noteworthy, compounds 9, 14,
17,19, 20 and 24 display a good score (>4 ). Altogether these values
reveal that all molecules 7—30 are able to reach the CNS. Moreover,
reference compounds RRC-33 and donepezil show good scores
(2.57 and 4.41, respectively) and this behaviour is in line with their

in vivo CNS distribution, which was extensively confirmed by
experimental data and dinical use.

2.3. Binding affinity, enzymatic studies, and structure-activity
relationship (SAR) exploration

S1R and 52R binding site affinities of compounds 7—30 were
measured through competition experiments, using radioligands.
The assay for SIR was performed using homogenized guinea pig
cerebral cortex membranes, in the presence of [*H]-{ +)-pentazo-
cine, as a potent and selective S1R radioligand. Nonspecific binding
values were determined using non-radiolabeled (+ }pentazodne
and haloperidol in excess (see experimental section). Conversely,
homogenized rat liver membranes were adopted to evaluate the
S2R binding values, employing [*H]-DTG - a non-selective S2R
radioligand - and, non-tritiated (+)-pentazocine to mask the SIR
Moreover, a high concentration of non-tritiated DTG was used to
determine nonspecific binding values. Compounds with high af-
finity were tested twice. For compounds with low SR affinity, only
one measure was performed. The SR affinities of compounds 7—30
towards both S1R and S2R are presented in Table 1.

Similar to reference compound RRC-33, almost all compounds
possess a weak affinity for S2R, but only 12 compounds (8, 10,
13-14, 18, 20, 23—28) over 24 present a Ki S1R lower than 50 nM.
Altogether these results allow to draw some SAR considerations: i)
the 4-methoxyphenyl ring seems to play a key role in the interac-
tion with S1R, in fact molecules 8, 14, 18 and 26 belonging to the
three different n series present a good Ki values (27, 11, 8 and
2.9 nM, respectively); i) a longer linker guarantees the S1R binding,
as it is evident in the 4-benzylpiperidine derivatives (7—16 and
25—30), which follow 1= 2 < 3 n-scale in the interaction with S1R;
i), the length of the linker can limit the selectivity, indeed com-
pounds belonging to the n=3 series present a S2R/S1R ranging
from 1.6 to 6.8 and thus, they may be considered as pan-5R mod-
ulators. Lastly, arylalkylamineketones possess a lower S1R affinity
than RRC-33 (Ki S1R = 1.8 nM), this difference may be associated to
the presence of a novel pharmacophoric element, which can limit
the interaction with the molecular target.

At the same time, we extended our study on the N-Methyl-p-
Aspartate (NMDA) receptor, an ionotropic glutamate receptor,
constituted by two subunits GluN1 and GluN2Z. NMDA receptor
plays a relevant role in synaptic plasticity and synapse formation
underlying memory and learning. An alteration of this neuro-
transmitter pathway causes an accumulation of glutamate in the
synaptic terminations that promotes the GluN2 activation and thus,
the long-term signal enhancement between two neurons. More-
over, the pathological triad, that involves mitochondrial dysfunc-
tion, loss of neuronal structures integrity, and disruption of
excitation—transcription coupling, may be triggered. Accumu-
lating evidence suggests that a negative modulation of this mo-
lecular target may contribute in slowing the progression of
neuropathies [40]. Relying on these considerations, we evaluated
the affinity of 7—30 towards GluNZ2 subunit of NMDA. Competitive
binding assays on membrane extracts of L cells (tk-), stably trans-
fected with a vector containing the genetic information of GluN1a
and GIuN2B subunits, were performed, using [*H]-ifenpredil, a
selective and potent GluN2 inhibitor radioligand. Compounds with
high affinity were tested three times. For compounds with low
NMDA affinity, only one measure was performed. The results are
reported in Table 1 and they show that 7—30 possess a weak affinity
towards NMDA receptor, with the exception of compounds 8—10,
13, 2529, which show a Ki < 150nM. These results highlight that
the affinity towards NMDA receptor depends on the length of the
spacer, in fact compounds belonging to the n=3 series present
good affinity towards GluN2 (20—117 nM). Conversely, molecules
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Table 1

Scores related to the potential ability of compounds 7-30 in gossing the BBE. Binding affinities towards NMDA, S1R and 52R and S1R selectivity (Ki S2R/Ki S1R)L AchE in-

hibition activity and [Csg of the most promising compounds,

Cmpd Score Ki STR (nM) Ki 52K (nM) S2R/S1R Ki NMDA {nM) % of inhibition (50 pM) ICsq (M)
7 347 75436 2300 30.7 215 565+0.10 o

8 357 27412 2000 74 16+£1.2 821+ 006 o

9 404 131£15 1500 115 11+04 7550+ 0.02 32824177
10 im 7x£18 802 30 139£11 87.40+639 913+2.24
1 342 286 1400 49 >1000 4824 10,02 o

12 297 340 >1000 - >1000 1141 £0.04 o

13 3,46 16218 5800 363 39421 4230021 o

14 4m N+22 2400 218 198 64.10 +5.58 22024912
15 275 211 6200 294 >1000 85.50 + 002 1855+7.72
16 261 167 3900 234 >1000 5504 + 669 o

17 480 171 749 44 >1000 = a

18 530 79109 2100 256 1700 4207 +0.04 b

19 435 22407 178212 81 >1000 4520+ 7.07 o

20 418 15211 462 308 >1000 64.80 +035 13.08+631
21 5.48 606 >1000 - >1000 10.75 £ 0.01 o

22 594 301 >1000 - >1000 59.70.+2.24 o

23 528 90+0.7 >1000 - >1000 2462 + 005 :

24 491 29+0.3 >1000 - 723 1220+ 1.72 "

25 317 90+0.5 47 +2 52 39411 74.80.+£3.56 1307+2.10
26 379 3142 11148 68 9627 80,01 +0.02 1280+ 1.79
27 374 17222 43419 15 49418 7180+ 1.60 764£2.07
28 250 4+34 58423 24 26409 = =

29 273 68417 107 £ 10 16 20407 92,60 + 0,03 428+0.23
30 kv 135411 704 52 96+ 26 84.10 + 002 13944215
RRC-33 257 L8 0.1 45+ 16 25 >1000 4824215 B
Donepezil 441 14.6° - - - 994 +001 0012001
Ifenprodil - 125424 98+ 34 o8 1007 - -

Valuesare expressed as mean + SEM of three experiments. Compounds with high affinity were tested three times. For com pounds with low SR and NMDA affinity (=150 nM},

only ome measure was performed.
* Compounds were not evaluated for solubility issues,
" Inhibition % < 60% at a concentration of 50 M.
© Data taken from Ref. [43]

with 3 carbonaceous units between the aromatic portion and the
aminic moiety are endowed with a negligible affinity for the ion-
otropic glutamate receptor, with the exception of compound 13
(Ki =39 + 2.1 nM). Lastly, molecules 7—12 show an intermediate
behaviour, presenting a moderate binding affinity. These results did
not discourage us, since the affinity towards NMDA receptor is nota
necessary condition to define our compounds as MTDs. In fact, as
aforementioned S1R can modulate the activity of several client
proteins and NMDA receptor is a molecular target of S1R.

Compounds 7—30 were then tested for defining their potential
to inhibit AChE. A spectrophotometric procedure was adopted,
applying suitable modifications to the original Ellman's method
[41,42]. An initial screening was performed, employing the target
compounds at a concentration of 50pM. The results of this assay
are summarized in Table 1. Noteworthy, 10 compounds (9-10,
1415, 20, 25—27, 29—-30) over 24 possess a percentage of inhabi-
tation > 60%, whereas only five (7-8, 12, 21 and 24) can be
considered inactive since they present a percentage of
inhibition < 20%.

In the light of these data, for the most promising compounds,
showing at a concentration of 50 pM an inhibition percentage more
than 60%, the 1Csg values were determined. Interestingly, all the
tested compounds possess an ICsg lower than 25 pM, with the only
exception of 9 (ICsp =32.88 + 1.77 pM) (Table 1). In particular, 27
and 29 result the most promising AChE inhibitors, with an 1Csy of
7.64 + 2.07 and 4.28 £ 0.23 uM, respectively.

From a structural point of view, the most interesting compounds
are characterized by the presence of 4-benzylpiperidine, as aminic
portion, with the exception of compound 20 that is characterized
by a piperidine moiety. Moreover, molecules belonging to the n=3
series (25—27, 29—30) show greater anti-AChE effect; this inhibi-
tory activity progressively decreases for p- and a-amino ketones,
respectively (9—10, 14—15 and 20). Basing on the obtained results
we can conclude that both the 4-benzylpiperidine portion and the
linker length have a crucial role for the anti-AChE activity, whereas
no relation between the aromatic portion and the anti-AChE ac-
tivity has been evidenced. Interestingly, RRC-33, the S1R reference
compound, demonstrates no inhibition property against AChE
(percentage of inhibition < 5%).

24. Molecular dynamic simulations and docking studies

Root mean square deviation (RMSD) values of SIR entire
trimeric complex, monomer and binding pocket indicate that the
protein structure is stable during MD simulations (RMSD of Cux
atoms below 2 A). The SIR structure in complex with 4-1BP was
stable and no conformational changes occurred. The ligand formed
H-bonds with the E172 for almost the entire simulation time (above
92%) butonly in two binding pockets. In the third one, instead, the
interaction was replaced by H-bonds with water molecules. The
most representative cluster (occurring 41% of the simulation time)
slightly differs from the others (average distance of 1.11A)
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However, the second cluster has also occurrence of 35% and the
RMSD between them is 1.34 A. They differ from the starting co-
ordinates of 1.53 and 156, respectively.

The most representative cluster was used to dock known
(training set) and new (test set) S1R ligands. In particular, the best
docking results were obtained with rigid docking without any
constraints (AUC 0.78). However, not all active compounds were
docked to the binding pocket: 4 out of 32 agonists were not suc-
cessful, probably because they bind to a different conformation of
the receptor. Indeed, results did not improve by flexible docking
(AUC 0.53), and there is no crystal structure of the receptor in the
active state that could be used to specifically investigate agonists.

Nevertheless, all active agonists formed ionic interactions with
E172 and D126 due to their positively charged amine group. By
contrast, low-ranked ligands lacked of these key residue contacts.
Moreover, further amino acids (W89 and F107) were often involved
in protein-ligand interactions: for instance, these residues were
close to the protonated amine and eventually formed 7-cation in-
teractions. Furthermore, Y120 and H154 can form -7 stacking
with ligand aromatic rings.

The docking pose of RRC-33 shows that the positively charged
nitrogen atom forms ionic interactions with E172 and D126, and
cation-7 interactions with F107 (Fig. 3). Moreover, hydrophobic
contacts (not displayed) occur between the aromatic rings and

surrounding amino acids (M93, L95, L105). The test set of new
derivatives (7—30) was docked and all molecules conserved key
interactions with the receptor as for the training set. Nevertheless,
larger molecules with four rings (such as 4-biphenyl derivatives 12,
16 and 30) did not fit well into the binding pocket in comparison
with smaller compounds. Indeed, either the biphenyl moiety
clashed with Y206 or the benzyl ring did not have enough space on
the opposite side of the pocket. In contrast, molecules 17, 21 and 22
that have only two rings lacked important hydrophobic contacts
resulting in low binding affinity. In conclusion, compounds with
three rings, which conserved H-bond and hydrophobic in-
teractions, seem to be the most interesting ones. In Fig. 3, com-
pounds 10 and 20 are reported by way of example.

All new derivatives were docked also to AChE. Flexible docking
on AChE X-ray structure, both including and excluding water
molecules, gave the best results. AUC was 0.71 in both cases, indi-
cating that the model was able to distinguish between active
compounds and decoys. The top-ranked ligands formed 7-7 and 7~
cation interactions with W86, W286, Y337 and Y341 residues of the
binding pocket, as in the donepezil-bound arystal structure (Fig. 3).
Also, the H-bond with the backbone of F295 was mostly conserved.
In particular, the presence of the carbonyl enhanced the binding
when n was equal to 3 carbon atoms (compounds 25-30), which is
the optimal distance to keep the ionic interaction of the amine and

Fig. 3. Docking poses of reference compounds (RRC-33 and donepezil) and of 10 and 20 on S1R (on the left side) and AChE (on the right side) binding pockets. Hydrogen atoms are

not displayed. Ligands and key residues are shown as sticks,
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the H-bond to F295. Instead, not all compounds formed hydrogen
bond interactions with the hydroxyl group of Tyr amino acids
(compound 20). For instance, the docking pose of compound 20
showed that the charged amine could fit into a deeper binding
pocket, where it could form interactions with E202 (Fig. 3). This was
possible only for unsubstituted piperidine rings. Furthermore, the
naphthalene ring (compounds 10 and 29) enhanced the w-m
stacking with W286.

In summary, docking poses suggested that the charged amine
plays a key role not only for binding to negatively charged amino
acids, but also to aromatic residues through cation-m interactions.
The binding is strengthened by the presence of aromatic rings,
which form hydrophobic and 7-7 interactions with both S1R and
AChE ligand pockets. Several compounds among our new set of
derivatives showed protein-ligand interaction patterns which are
similar to reference compounds RRC-33 and donepezil, as shown in
Fig. 3, where the docking poses of 10 and 20 are reported.

25. Antioxidant profile and neurotrophic activity

Basing on preliminary biological investigations compounds 8,
10, 13—14, 18—20, 23—28 with either SR affinity or both good SIR
affinity and relevant AChE inhibitory activity were selected for
further evaluations.

25.1. Free radical scavenging (FRS) activity

FRS activity of 8, 10, 13—14, 18—20, 2328 was determined by
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, and the results were
compared to those of reference molecules RRC-33, donepezil and
Cur. Stock solutions in EtOH of the tested compounds were pre-
pared (5.0 mM). The DPPH absorbance was spectrop hotometrically
monitored at 515 nm and at a concentration of 465 uM; inhibition
percentages are reported in Table SI2. These preliminary results
demonstrated that compounds 13—14, 18—20, 2328, as well as
RRC-33 and donepezil do not display significant antioxidant ac-
tivity (values ranging from 2 8% up to 32%). Conversely, compounds
8 and 10 could be considered promising antioxidant molecules,
since they show an FRS activity ( »65%), comparable with the widely
recognised Cur antioxidant activity. Accordingly, only molecules
belonging to the n=1 series possess intrinsic antioxidant proper-
ties, probably due to the methylene spacer adjacent to both
carbonyl and amine moieties which stabilize the radical centre
(Scheme 3) [44].

In the light of these data, the ICsq calculation of 8 and 10 was
performed at four different concentrations (ranging from 465 to
45 uM).

25.2. Cell viability and 2',7-dichlorofluorescein diacetate (DCFDA)
assays

Toxicity of 8, 10, 13—14, 18—20, 23—28 was assessed in SH-SYSY
neuronal cell line, at different concentrations, ranging from 10 to
50pM. The cell viability was evaluated through 3-{45-
dimethylthiazol-2-yl }-5-(3-carboxymethoxyphenyl)-2-{4-
sulfophenyl}-2H-tetrazolium (MTS) assay, after exposing cells to
these compounds for 24h and 48 h. The results are reported in
Table 2. The tested compounds show a dose-de pendent effect on SH-
SYSY cell lines {Homo Sapiens bone marrow neuroblastoma) at
different exposure times. Moreover, these values show that almost

all molecules do not exhibit cytotoxic activities, with the exception of
compound 23, which deaeases cell viability even at a 10uM con-
centration (77%). We speculated that this countertrend could be due
to the presence of morpholine as aminic moiety. Furthermore,
compounds belonging to the n = 2 series and presenting a piperidine
portion show cytotoxic properties when they are administered for
48 h at a concentration of 25puM and 50 uM. Noteworthy, molecules
with a 9-atoms linker between the two aromatic portions do not
alter the cell viability even if they are employed at high doses. Lastly,
for comparative purpose, RRC-33, donepezil and Cur were subjected
to MTS test. Also in this case, the results indicate the lack of toxicity.
Considering the results obtained so far (good BBB score, good SIR
affinity, high AChE inhibition percentage) compounds 10, 14 and 20
were selected for a second screening aimed at calculating the 1Csg
value, by testing them at 6 different concentrations (ranging from
1pM to 100 pM) for 24 and 48 h. Compounds 10 and 20 showed an
IC5p higher than 20 pM (24 h = 52 and 37, res pectively; 48 h =57 and
22, respectively). The viability trend is reported in Fig. 4.

The major intracellular ROS sources are complex | (NADH de-
hydrogenase ubigquinone-ubiguinone reductase) and complex 1l
(ubiquinone cytochrome C reductase), both of them take part tothe
mitochondrial electron transport chain [45]. A low ROS level plays a
crucial role in cellular pathways. Nevertheless, when the ROS
concentration increases and overcomes the cellular antioxidant
machinery, it can induce macromolecular damages (Le. interaction
with the DNA, proteins and lipids) and compromise the thiol redox
circuits, promoting aberrant molecular cascades [46]. Considering
that oxidative stress, induced by the increase of ROS intracellular
concentration, is a driving issue in neurodegenerative diseases, we
evaluated the ability of 10, 14 and 20 and reference compounds in
reducing ROS within SH-SY5Y cells, after an exposure to oxidative
damages mediated by H»0,. The assay provided the employment of
DCFDA reagent, which diffuses within the cell and undergoes
esterase-mediated de-acethylation. The so-obtained product is
then subjected to oxidation by ROS, giving access to 2',7'-dichlor-
ofluorescein, a high fluorescent molecule with adsorption and
emission wavelength of 495 and 529 nm, respectively.

The compounds were tested at a concentration of 10puM in the
presence of HzOp (180 pM) for 24 h. In parallel experiments, we
evaluated the cell viability by MTS assay, to verify the lack of
cytotoxicity under the same experimental conditions (Fig. 5). The
results reveal that all compounds show a safe profile and thus they
can be evaluated through fluorescent assay. As reported in Fig. 5,
Cur possesses the ability to reduce ROS up to a 0%, whereas done-
pezil and RRC-33 show no antioxidant properties. On the basis of
our data, 10 and 20 are able to promote ROS reduction up to 43%
and 18% respectively and thus can be considered antioxidant mol-
ecules, whereas 14 resulted ineffective and it was abandoned.

25.3. Neurotrophic activity

Basing on our previous experience, we evaluated the neuro-
trophic effect of the most interesting compounds 10 and 20, eval-
uating the neurite differentiation and elongation by using the
straightforward model of Dorsal Root Ganglia (DRG) [29]. Briefly,
DRG explants from E15 Sprague — Dawley rat embryos are able to
sprout meurites when cultured with pro-differentiation agents,
such as Nerve Growth Factor (NGF). The neurite elongation is
promoted by neurotrophic drugs and blocked or slowed up by

I/\

0 X R 0 r"“x o X [s] X
MJ'L\/N-\/J “H» M/u\:,N-\) At /‘J"‘Q/N\/] Ar k—wa

Scheme 3. Proposed mechanism for the radical scavenging activity of n= 1 series compounds.
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Table 2

Viability test at 24 h and 48 h.
Cmpd 24h 48h

10 1M () 25uM (%) S0pM (%) 10 M (%) 25 uM (%) S0 M (%)

8 103 +0.03 984 +0.05 87+003 B55+0.12 693 +0.03 525 +0.02
10 107 + 0,05 1042 + 0,04 BlL3+0.03 895 +0.02 716 +004 484 +0.01
13 93 20,01 482001 49 £0.01 106 £0.17 44 100 36 +0.04
14 999 +0.01 G3.9 +0.04 56.5+0.05 974+002 502 + 005 44.7 +0.00
18 119 +0.02 B6+0.03 63 +0.01 104 + 008 49.4 + 006 434 +0.01
19 986 +0.04 BG4 2001 654 x0.01 703 20,02 42 201 40 £0.03
0 104 £ 0.06 954 001 64 £0.05 959003 493 2 004 44.7 0003
3 77 +0.04 48+ 0.01 49+ 001 79 +0.04 38 + 006 37 +0.04
24 100 +0.01 73+0.01 833+0.08 100 + 0.06 66+ 0.03 G624 +0.01
25 100 £ 0.04 100 + 0,02 87 x0.01 96 + 0.02 95 £ 005 54 +0002
26 100 £0.01 100 + 0.04 84430 9731002 87 £ 004 610,01
27 100 +0.03 100 +0.01 98 +0.01 948 +0.05 B5.6+0.03 65 +0001
8 802 + 004 860,01 86 £0.07 770001 57001 61+
RRC-33 100+ 0.03 100+ 003 B6 £0.04 84 001 712001 573 x0000
Donepezil 100 +0.01 993 +002 947 +0.01 943 +0.01 804 +001 64.4 +0.02
Curcimin 100 +0.01 765+ 001 7L5+0.01 100 + 0.0 58.7 £ 001 59 +0.02

1 0 5 a5 £ 100
Coneantrasian (ab]

Corwe i ratioes [LW)

Fig. 4. Viability trends of compounds 10, 14 and 20, after 24 and 48 h of e posure.
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Fig. 5 ROS percentage evaluation after administration of compounds 10, 14, 20, Cur, Donepezil and (R}-RC-33.

neurotoxic agents. Compounds 10 and 20 were tested at different
concentration, after 24 and 48 h of exposure (Fig. 6 and Figures SI1-
SI4). Interestingly, both compounds showed neurotrophic effect. In
particular, best results were obtained for compound 10 at the
concentration of 2.5 pM, starting from 24 h of exposure and leading
to an increase of the neurite length of about 15% with respect to the
untreated control DRG. For compound 20, the concentrations 5 pM
and 2.5 pM resulted to be the most effective, both after 24 h and
after 48 h of exposure, with an increase of neurite length of about
20% with respect to control DRG. For both compounds, none con-
centrations resulted neurotoxic, except at the concentration 10 pM,
which showed after 24 h of exposure an only transient neurotoxic
effect, being disappeared after 48 h. The present results demon-
strated the pro-differentiation properties of compounds 10 and 20,
thus confirming their neurotrophic effect.

3. Conclusion

In the present paper we discovered dual ST1R modulators/AChE
inhibitors endowed with antioxidant and neurotrophic properties.
The adopted medidnal chemistry approach led to a novel series of
compounds sharing the pharmacophoric requirements for inter-
acting with both S1R and AChE, as confirmed by the molecular
modelling study. Within the whole series, three compounds
resulted endowed with considerable S1R affinity, good selectivity
over 52R and AChE inhibition activity. Their effect on neuroblas-
toma cell (SH-5Y5Y) survival was evaluated and the ROS damage
was mimicked by exposing SH-SY5Y cells to H0:. The results
highlighted that only compounds 10 and 20 decrease ROS pro-
duction, thus ameliorating the cellular survival and therefore, they
were selected for further experimental investigations. To this
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Fig 6 Evaluation of Neurotrophic activity of compounds 10 and 20, after 24h and 48 h of exposure.

purpose, their effect on neurite outgrowth in DRG in vitro model
was assessed and their neurotrophic role confirmed. Of note, the
tested compounds did not show any cytotoxic effect at the con-
centration assayed.

Overall, our hit compounds 10 and 20 combine in the same
molecule the SIR modulation and the AchE inhibition, together
with cell damage protection and neurotrophic properties. It is
important to underline that RRC-33 has no anti-AChE effect,
whereas both RRC-33 and donepezil show no antioxidant proper-
ties in our cellular model of ROS damage. Importantly, both com-
pounds maintain the high affinity toward SIR

Both 10 and 20 compounds will undergo a structure optimiza-
tion program for the development of therapeutic candidates for
neurodegenerative diseases treatment.

4. Materials and methods
4.1. General remarks

Reagents and solvents for synthesis were obtained from Aldrich
(Italy). Solvents were purified according to the guidelines in Puri-
fication of Laboratory Chemicals. Thermal characterization was
performed by using differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA) on a Mettler Star® System
equipped with a DSC 821°and TGA-DSC1 cell, respectively. Samples
were weighed and placed in sealed aluminum (DSC) or alumina
(TGA) pans. The samples were heated from 30 °C to 300 °C with a
scanning rate of 10°C/min under nitrogen atmosphere. The in-
struments were previously calibrated with Indium as standard

reference. For FT-IR analysis a Spectrum One Perkin Elmer spec-
trophotometer equipped with a MIRacle™ ATR device was used.
The IR spectra were scanned over wavenumber range of
4000—-650 cm™" with a resolution of 4 cm™". Analytical thin-layer-
chromatography (TLC) was carried out on silica gel precoated glass-
backed plates (Fluka Kieselgel 60 F254, Merck); visualized by ultra-
violet (UV) radiation, acidic ammonium molybdate (IV), or potas-
sium permanganate. Flash chromatography (FC) was performed
with Silica Gel 60 (particle size 230—400 mesh, purchased from
Sigma Aldrich). Proton nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Avance 500, 400 and 200 spectrometers
operating at 500 MHz, 400 MHz and 200 MHz, respectively. Proton
chemical shifts (4) are reported in ppm with the solvent reference
relative to tetramethylsilane (TMS) employed as the internal stan-
dard (CDCls, 6 = 7.26 ppm). The following abbreviations are used to
describe spin multiplicity: s=singlet, d=doublet, t=triplet,
q = quartet, m = multiplet, br = broad signal, dd = doublet-doublet,
td = triplet-doublet. The coupling constant values are reported in
Hz. 3C NMR spectra were recorded on a 500 MHz, 400 MHz and
200 MHz spectrometers operating at 125MHz, 100 MHz and
50 MHz, respectively, with complete proton decoupling. Carbon
chemical shifts (4) are reported in ppm relative to TMS with the
respective solvent resonance as the internal standard (CDCl3,
6=7723ppm).

UPLC-UV-ESI/MS analyses were carried out on a Acuity UPLC
Waters LCQ FLEET system using an ESI source operating in positive
ion mode, controlled by ACQUIDITY PDA and 4 MICRO (Waters).
Analyses were run on a ACQUITY BEH Phenyl (ABP) (50 x 2.1 mm,
1.7um) or ACQUITY BEH Shield (ABS) (100 x 2.1 mm, 1.7 um)
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columns, at room temperature, with gradient elution (solvent A:
water containing 0.1% of formic acid; solvent B: methanol con-
taining 0.1% of formic acid; gradient: 10% B in A to 100% B in 3 min,
followed by isocratic elution 100% B for 1.5 min, return to the initial
conditions in 0.2 min) at a flow rate of 0.5 mL min-1. All of the final
compounds had 95% or greater purity.

4.2, General procedure for the preparation of compounds 2—3

To an aqueous solution of K;C03 (2.0 equiv.) was added Et;0 and
N O-dimethylhydroxyamine hydrochloride (1.5 equiv.). The result-
ing mixture was cooled at 0°C and after 2 min the corresponding
acyl chloride (1.0 equiv.) was added dropwise. The reaction was
stirred overnight until the room temperature was reached. The
reaction mixture was extracted with Et;0 (2 = 5 mL) and washed
with water (5 mL) and brine {10 mL). The organic phase was dried
(anhydrous NayS0y), filtered and, after removal of the solvent un-
der reduced pressure, the pure compounds 2—3 were obtained.

4.2.1. 3-Chloro-N-methoxy-N-methylpropanamide (2)

By following the General Procedure, starting from 3-
chloropropanoyl chloride (127 mg, 1.00 mmol, 1.0 equiv), K2CO3
(276 mg, 2.0mmol, 2.0 equiv), N,0-dimethylhydroxyamine hydro-
chloride {146 mg, 1.5 mmol, 1.5 equiv), Hz0 (3 mL)and Etz0 (3 mL),
the desired product was obtained in a quantitative amount
(>99.9%) (151 mg) as a bright yellow oil. 'H NMR (500 MHz, CDCls)
#: 3.80 (1, ] = 6.9 Hz, 2H, CH3CH,C1), 3.70 (5, 3H, NOCH3), 3.19 (s, 3H,
NCHz), 291 (t, J= 6.7Hz, 2H, CH>CH;CD). *C NMR (125 MHz,
CDCls) é: 170.8, 61.4, 39.2, 35.0, 32.0.

4.22. 4-Chloro-N-methoxy-N-methylbutanamide (3)

By following the General Procedure, starting from 4-
chlorobutanoy! chloride (141 mg, 1.00 mmol, 1.0 equiv), K2COs;
(276 mg, 2.0mmol, 2.0 equiv), N,0-dimethylhydroxyamine hydro-
chloride { 146 mg, 1.5 mmol, 1.5 equiv), Hz0 (3 mL)and Etz0 (3 mL),
the desired product was obtained in 92% (152 mg) as a bright yel-
low oil. 'TH NMR (500 MHz, CDCls) 6: 3.70 (s, 3H, NOCHz), 3.63 (t,
J=64Hz, 2H, CHzCH>C), 3.18 (s, 3H, NCH3), 2.62 (t, ] = 6.7 Hz, 2H,
CH;CH>CO), 211 (m, J=69Hz, 2H, CH;CH:CH;). “C NMR
(125 MHz, CDCls) é: 173.3, 61.3, 44.7 32.1, 28.6, 271

4.3. General procedure for the preparation of compounds 4a, 5a-¢
and 6a

To a solution of Weinreb amide (1.0 equiv.) in ACN, the corre-
sponding amine { 1.0 equiv.) and K205 (1.5 equiv.) were added. The
mixture was stirred overnight, at room temperature, After removal
of the solvent under reduced pressure, the crude was extracted
with DCM (3 x 5mL) and washed with water (5 mL) and brine
(10 mL). In the case of compound 4a, this work-up was sufficient to
obtain the pure compound. Conversely, an acid (pH= 3—4)/base
(pH = 8—9) work-up was required for 5a-c and 6a, the combined
organic phases were dried (anhydrous Na;SOy), filtered and,
evaporated under vacuum to get the desired compounds. The crude
compound 6a was further purified through flash chromatography
(silica gel) to afford pure compound 6Ga.

4.3.1. 2-(4-Benzylpiperidin-1-yl}—N-methoxy-N-me thylacetamide
(4a)

By following the General Procedure, starting from 2-chloro-N-
methoxy-N-methylacetamide (138 mg, 1.00mmol, 1.0 equiv),
K2CO3 (207 mg, 1.5 mmol, 1.5 equiv), 4-benzylpiperidine (175 mg,
176 mL 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product
was obtained in quantitative amount (276 mg) as a bright yellow
oil. '"H NMR (500MHz, CDCOs) & 7.27 (m, 2H, Ar), 718 (t 1H,

J=7.5Hz,Ar), 714 (d, 2H, ] = 7.3 Hz, Ar), 3.69 (s, 3H, NOCH3),3.29 (s,
2H, CHN), 316 (s, 3H, NCH3), 2.96 {d, 2H, Pip-2, Pip-6), 2.53 (d, 2H,
CH,Pip-4), 2.07 (t, 2H, Pip-2, Pip-6), 1.62 (d, 2H, Pip-3, Pip-5), 1.51
{m, 1H, Pip-4), 1.40 {q, 2H, Pip-3, Pip-5). ®C NMR (125 MHz, CDCl3)
d: 1714, 14055, 1291, 128.1, 125.7, 61.3, 58.5, 54.1, 43.1, 375, 32.1,
32.0.

4.32. 3-(4-Benzylpiperidin-1-yl}— N-methoxy-N-
methylpropanamide (5a)

By following the General Procedure, starting from 3-chloro-N-
methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv),
K2C0Osz (207 mg, 1.5 mmol, 1.5 equiv), 4-benzylpiperidine (175 mg,
176 mL, 1.0mmol, 1.0 equiv) and ACN (7 mL), the desired product
was obtained in quantitative amount (290mg) as a bright yellow
oil. '"H NMR (500MHz, CDCls) &: 727 (m, 2H, Ar), 718 (¢ 1H,
J=74Hz, Ar), 713 (d, 2H, | = 7.4 Hz, Ar), 3.68 (s, 3H, NOCH3), 3.16 (s,
3H, NCHz), 2.95 (d, 2H, Pip-2, Pip-6), 272—2.70 (m, 4H, CH;N,
CH2CH,N), 2.53 (d, 2H, CHzPip-4), 2.00 (t, 2H, Pip-2, Pip-6), 1.65 (d,
2H, Pip-3, Pip-5), 1.54 (m, 1H, Pip-4),1.36 (q, 2H, Pip-3, Pip-5). *C
NMR (125 MHz, CDClz) 4: 173.1, 140.5,129.1, 1281, 125.8, 61.3, 53.8,
53.6, 43.0, 37.6, 371, 32,1, 29.5.

4.33. N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide (5b)

By following the General Procedure, starting from 3-chloro-N-
methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv),
K2C03 (207 mg, 1.5 mmol, 1.5 equiv), piperidine (85mg, 99 mL,
1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product was ob-
tained in quantitative amount (200 mg) as a bright yellow oil. 'H
NMR (400 MHz, CDCls) 4: 3.76 (s, 3H, NOCH3), 3.24 (s, 3H, NCH3),
2.76 (s,4H, CH3N, CH;CH;N), 2.52 (t, 4H, Pip-2, Pip-6),1.70—1.56 (m,
6H, Pip-3, Pip-4, Pip-5). BC NMR (100 MHz, CDClz) d: 1752, 61.3,
54.5, 542,297, 259, 24.2.

4.34. N-methoxy-N-methyl-3-morpholinopropanamide (5c)

By following the General Procedure, starting from 3-chloro-N-
methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv),
K2CO3 (207 mg, 1.5 mmol, 1.5 equiv), morpholine (87 mg, 87 mL,
1.0 mmel, 1.0 equiv) and ACN (7 mL), the desired product was ob-
tained in 46% (93 mg) as a bright yellow oil. '"H NMR (400 MHz,
CDCl3) d: 3.78—3.73 (m, 4H, NCHzCH>0), 3.73 (s, 3H, NOCH3), 3.22
(s, 3H, NCH3), 2.81—2.63 (m, 4H, CH,CH;N, CH>CH,N), 2.56—2.51 (¢,
4H, NCH>CH0). BC NMR { 100 MHz, CDCls) &: 175.3, 66.9, 61.3, 53.9,
53.6,322,294.

4.35. 4-(4-Benzylpiperidin- 1-yl)—N-methoxy-N-
methylbutanamide (Ga)

By following the General Procedure, starting from 4-chloro-N-
methoxy-N-methylbutanamide (166 mg, 1.00mmol, 1.0 equiv),
K2CO3 (207 mg, 1.5 mmol, 1.5 equiv), 4-benzylpiperidine (175 mg,
176 mL 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product
was obtained in 65% (198 mg) as a bright yellow oil after chroma-
tography on silica gel (60:40 ethylacetate:n-hexane). 'H NMR
(400 MHz, CDCl5) d: 7.33—7.12 {m, 5H, Ar), 3.69 (s, 3H, NOCH3), 3.48
(s, 2H, CH:zN), 3.18 (s, 3H, NCH3), 2.74—-2.66 (m, 2H, Pip-2, Pip-6),
2.60-2.50 (m, 4H, CHoPip-4, Pip-2, Pip-6), 2.31-221 (m,
COCH>CH,), 2.09-1.94 (m, 2H, COCH,CH>CH, ), 1.82—1.65 {m, 5H,
Pip-3, Pip-4, Pip-5). *C NMR (100 MHz, CDCl3) 4: 173.6,139.9,129.1,
128.3,126.1, 61.1, 571, 53.1, 42.5,37.2,30.3, 29.5, 20.3.

4.4. General procedure for the preparation of compounds 7—30

Under argon atmosphere, tert-butyllithium (2.2 equiv,, 19 M in
pentane) was added dropwise to a ~78°C cooled solution of the
appropriate arylbromide (15 equiv.) in anhydrous THF. After
20 min, the solution of the corresponding Weinreb amide in
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anhydrous THF was added dropwise, The stirring was continued for
5 additional hours and then quenched with water. The reaction was
extracted with EtzO (2 = 5 mL) and washed with water (5mL) and
brine (10 mL). The organic phase was dried (anhydrous NazS04),
filtered and, after removal of the solvent under reduced pressure,
the so-obtained crude mixture was subjected to chromatography
(silica gel) to afford pure compounds. Lastly, pure compounds were
converted into their corresponding hydrochlorides, adding an
ethereal solution of HCl (1.0 equiv,, 1 M in Etz0).

44.1. 4-Benzyl-1-{2-oxo-2-phenylethyl )piperidin-1-ium
hydrochloride (7)

By following the General Procedure, starting from bromo-
benzene (236 mg, 1.5 mmol, 15 equiv.), 2-{4-benzylpiperidin-1-yl)
—N-methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.),
t-Buli (1.9M, 1.32mL, 2.5mmol, 2.5 equiv.) and THF (5 mL), the
desired product was obtained in 40%( 117 mg) as a bright yellow oil
after chromatography on silica gel (60:40 hexane:ethylacetate) and
converted into the corresponding hydrochloride. FT-IR (cm™'):
3058, 3023, 2922, 2846, overtones Ar= 2100—-1800, 1706, 1598,
1580, 1448."H NMR (400 MHz, CDCl3) 6: 12.07 (s, 1H, NH™), 7.95
(brs, 2H, Ar), 7.65 {brs, 1H, Ar), 750 (brs, 2H, Ar), 7.31 (t,] = 7.0 Hz,
2H, Ar), 7.23 (t,] = 8.0 Hz, 1H, Ar), 716 (d, ] = 8.0 Hz, 2H, Ar),4.75 (s,
2H, COCH,N), 3.55 (brs, 4H, Pip-2, Pip-6), 2.64 (m, 2H, CHzPip-4),
2.09—1.85 (m, 5H, Pip-3, Pip-4, Pip-5). '>C NMR {100 MHz, CDCl3) 4:
190.3,139.0, 134.9,133.9,129.1,128.9, 128.4,128.1,126.3, 59.7, 52.4,
42,0, 359, 293, UHPLC-ESI-MS: ABS =119, 96% pure
(A=210 nm), mjz = 294.3 [M + HJ*.

The thermal profile showed two endothermic effects; the first of
little intensity at 136.9 +0.5 °C, not associated with a mass loss in
TGA curve, was probably attributable to a metastable phase
melting, followed by a recrystallization exotherm at around 142 °C
and a second endothermic effect due to the melting at
208.4+0.1 °C (AHps =50 + 1] g™").0f a stable phase.

44.2. 4-Benzyl-1-(2-(4-methoxyphenyl)-2-oxoethyl )piperidin-1-
ium hydrochloride (8)

By following the General Procedure, starting from 1-bromo-4-
methoxybenzene (281mg  15mmol, 15 equiv), 2{4-
benzylpiperidin-1-yl —N-methoxy-N-methylacetamide (274 mg,
1.00 mmol, 1.0 equiv.), -Buli {1.9 M, 1.32 mL, 2.5mmol, 25 equiv.)
and THF (5 mL), the desired product was obtained in 37%( 120 mg) as
a bright yellow oil after chromatography on silica gel (60:40 hex-
ane:ethylacetate) and converted into the correspending hydrochlo-
ride. FI-IR {am~'): 3059, 3013, 2932, overtones Ar—2100—1750,
1694, 1603, 1578, 1512, 1402.'"H NMR (400 MHz, CDCly) 4: 11.93 (brs,
1H,NH*),790(d,] = 80 Hz, 2H,Ar), 730 (1] = 8.0Hz, 2H, Ar), 7.22(t,
J=8.0Hz, 1H, Ar), 715 (d, J=8.0Hz, 2H, Ar), 693 (d, ]=8.0Hz, 2H,
Ar), 4.68 (s, 2H, COCHzN), 3.87 (s, 3H, 0CHz), 3.51(brd, 4H, Pip-2, Pip-
6), 263 (d, 2H, CHzPip-4), 2.06 {m, 2H, Pip-3, Pip-5), 1.85—1.82 (m,
3H, Pip-3, Pip-4, Pip-5). BC NMR (100 MHz, CDCl3) 6: 188.5, 164.8,
1485, 139.0, 130.5, 128.9, 128.4, 126.9, 1262, 114.2, 591, 55.6, 52.2,
42.0,35.8, 293, UHPLC-ESI-MS: ABP ty = 1.87, 98% pure (A = 210 nm),
mfz=3244 [M + HJ".

The thermal profile was typical of an anhydrous form showing
the melting  endothermic  effect at  2331+07°C
(AHps = 136+4]g ")

44.3. 4-Benzyl-1-(2-(3-methoxyphenyl)-2-oxoethyl )piperidin-1-
ium hydrochloride (9)

By following the General Procedure, starting from 1-bromo-3-
methoxybenzene (281mg, 15mmol 15 equiv.), 2-{4-
benzylpiperidin-1-yl - N-methoxy-N-methylacetamide (274 mg,
1.00 mmol, 1.0 equiv.), t-BuLi {1.9 M, 1.32 mL, 2.5 mmol, 25 equiv.)
and THF (5 mL), the desired product was obtained in 48% (155 mg)

as a bright yellow oil after chromatography on silica gel (60:40
hexane:ethylacetate) and converted into the corresponding hy-
drochloride. FT-IR (em™'): 3056, 3026, 3003, 2923, 2841, overtones
Ar =2100—1750, 1696, 1596, 1431.'"H NMR (400 MHz, CDCl3) 4:
11.94 (brs, 1TH, NH™), 7.49—7.16 (m, 9H, Ar), 4.77 (s, 2H, COCHzN),
3.84 (s, 3H, OCH3), 3.56 (m, 4H, Pip-2, Pip-6), 2.63 (brd, 2H, CHzPip-
4), 2.08 (brs, 2H, Pip-3, Pip-5),1.86—1.73 (m, 3H, Pip-3, Pip-4, Pip-5).
B NMR (100 MHz, CDCl3) 6:190.1, 160.0, 139.0, 135.2, 1301, 128.9,
128.4, 1263, 121.4, 1206, 112.2, 60.0, 55,6, 52.5, 42.0, 35.8, 29.3.
UHPLC-ESI-MS: ABP tg = 1.85, 99% pure (A=220nm), mfz = 324.4
[M + H]".

The thermal profile showed a first broad endothermic effect at
1472+07°C followed by melting at 1914+05°C
(AHps =61+5]) g"l The first endothermic effect, not assodated
with a mass loss in TGA curve, was probably attributable to the
melting of a metastable phase.

44.4. 4-Benzyl-1-(2-(naphthalen-2-yl)-2-oxoethyl )piperidin-1-
ium hydrochloride (10)

By following the General Procedure,
bromonaphthalene (311 mg, 15mmol, 15 equiv), 2-{4-
benzylpiperidin-1-yl)—N- methoxy-N-methylacetamide (274 mg,
1.00 mmol, 1.0 equiv.), t-BuLi { 1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5 mL), the desired product was obtained in 54% (185 mg)
as a bright yellow oil after chromatography on silica gel (60:40
hexane:ethylacetate) and converted into the corresponding hy-
drochloride. FT-IR (cm™'): 3023, 2924, overtones Ar = 2100—1800,
1689, 1599, 1495, 1453./H NMR {400 MHz, CDCls) é: 1163 (brs, 1H,
NH*), 851 (s, 1H, Nap), 791 (d, 2H, Nap), 7.78 (t, 2H, Nap), 7.59 (t,
J=8.0Hz, 1H, Nap), 7.51 (t, ] =8.0 Hz, 1H, Nap), 728—7.11 (m, 5H,
Ar),4.96 (s,2H, COCHzN), 3.60-3.52 (m, 4H, Pip-2, Pip-6), 2.59 (brd,
2H, CHoPip-4), 2.04 (m, 2H, Pip-3, Pip-5), 1.82—1.79 {m, 3H, Pip-3,
Pip-4, Pip-5). BC NMR (100 MHz, CDCl;) #:190.2, 139.0, 136.0,
1320, 131.0, 130.7, 129.8, 129.4, 1289, 128.4, 1276, 127.2, 126.2,
122.6, 59.9, 52.7, 41.9, 35.7, 29.3. UHPLC-ESI-MS: ABP tg = 2.08, 95%
pure (A =210 nm), m{z = 344.3 [M + H]*.

The thermal profile showed an exothermic effect at
191.9 + 0.6 °C, probably due to the crystallization of an amorphous
portion of sample, induced by heating. The melting of the anhy-
drous form was recorded at 212.0 + 0.9 °C (AHps =69 +5] g"].

starting from 2-

44.5. 4-Benzyl-1-(2-(6-methoxynaphthalen-2-yl)-2-oxoethyl)
piperidin-1-ium hydrochloride (11)

By following the General Procedure, starting from 2-bromo-6-
methoxynaphthalene (256mg, 15mmol, 15 equiv.), 2-{4-
benzylpiperidin-1-yl)—N- methoxy-N-methylacetamide (274 mg,
1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5 mL), the desired product was obtained in 49% (183 mg)
as a bright yellow oil after chromatography on silica gel (60:40
hexane:ethylacetate) and converted into the corresponding hy-
drochloride. FT-IR (cm™"): 3023, 2932, overtones Ar = 2100—1800,
1682, 1483."H NMR (400 MHz, CDClz) 5: 11.46 (brs, 1H, NH*), 8.38
(s,1H,Nap), 7.79(m, 2H, Nap), 7.61 (brd, 1H, Nap), 728—7.00 (m, 7H,
Ar, Nap),4.92 (s, 2H, COCHzN), 3.90(s, 3H, 0CH3),359-3.53 (m, 4H,
Pip-2, Pip-6), 2.58 (brd, 2H, CHzPip-4), 2.03 (m, 2H, Pip-3, Pip-5),
1.82—1.79 (m, 3H, Pip-3, Pip-4, Pip-5). 3C NMR {100 MHz, CDCl3) é:
189.7, 160.4, 139.0, 137.9, 131.4, 130.5, 129.0, 128.9, 128.3, 1275,
1273, 1262, 123.4, 1201, 105.7, 59.9, 554, 52.7, 42.0, 35.7, 29.3,
UHPLC-ESI-MS: ABS tg = 1.63, 95% pure (A =210nm), m(z = 374.5
[M +H]™.

The thermal profile showed an exothermic effect at
137.9 + 0.4 °C, attributable to crystallization, induced by heating, of
an amorphous portion of sample. The melting of the anhydrous
crystalline form was recorded at212.9+ 0.9°C{AHgy = Sﬂizjg"].
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4.4.6. 1-(2-([ 1,1-biphenyl]-4-y1 } 2- oxoethyl)-4-benzylpiperidin-1-
ium hydrochloride (12)

By following the General Procedure, starting from 4-bromo-1,1"-
biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), 2-{4-benzylpiperidin-1-yl)
—N-methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.),
t-BuLi (19 M, 132 mL, 2.5 mmol, 2.5 equiv.) and THF {5 mL), the
desired product was obtained in 33%( 122 mg) as a bright yellow oil
after chromatography on silica gel (60:40 hexane:ethylacetate) and
converted into the corresponding hydrochloride. FT-IR (cm™'):
3025, 2986, 2935, 2916, 2847, overtones Ar= 2100-1800, 1691,
1603, 1414 H NMR (400MHz, CDCls) &: 11.70 (brs, 1H, NH™), 800
(d,J= 6.3 Hz, 2H, Ar), 7.66 (brs, 2H, Ar), 7.55(ds, ] =4.0 Hz, 2H, Ar),
744 (m, 3H, Ar), 728—713 (m, 5H, Ar), 488 (s, 2H, COCH>N),
3.60—3.55 (m, 4H, Pip-2, Pip-6), 2.62—2.52 (brs, 2H, CH;Pip-4), 2.07
(m, 2H, Pip-3, Pip-5),1.86—1.83 (m, 3H, Pip-3, Pip-4, Pip-5). *C NMR
(100MHz, CDClz) 4: 189.8, 1474, 139.0, 138.9, 132.5, 129.0, 128.7,
128.6, 128.4, 127.5, 1271, 126.2, 60.0, 52.7, 42.0, 358, 29.3. UHPLC-
ESI-MS: ABP tg=2.22, 98% pure (A =210nm), m/z = 370.5 [M +
HI™

The thermal profile was typical of an anhydrous form showing
Ehe melting endothermic effect at 208.2 + 0.4 °C (AHpw =64+ 2] g7

).

4.47. 3-(4-Benzylpiperidin-1-yl}-1-phenylpropan-1-one (13)

By following the General Procedure, starting from bromo-
benzene (236 mg, 1.5 mmol, 1.5 equiv.), 3-{4-benzylpiperidin-1-yl)
—N-methoxy-N-methylpropanamide (290mg, 100mmol, 1.0
equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL),
the desired product was obtained in 28% (86 mg) as a bright yellow
oil after chromatography on silica gel (90:10 ethyl-
acetate:methanol) and converted into the corresponding hydro-
chloride. FT-IR (cm~'); 3059, 3045, 3025, 2996, 2921, overtones
Ar =2100-1700, 1682, 1596, 1447."H NMR (500 MHz, CDClz) & 7.88
(d,] =8.3 Hz, 2H, Ar), 748 (m,1H,Ar), 7.38 (t, ] = 75 Hz,2H, Ar), 7.20
(m, 2H, Ar), 711 (t,] = 7.0 Hz, 1H, Ar), 706 (d, ] = 74 Hz, 2H, Ar), 3.17
(m, 2H, COCH;CHy), 291 (d, 2H, Pip-2, Pip-6), 2.77 (m, 2H,
CH3CH;N), 2.47 (d, | = 7.2 Hz, 2H, CHy Pip-4), 1.96 (m, 2H, Pip-2, Pip-
6),1.59 (d, 2H, Pip-3, Pip-5), 1.48 (m, 1H, Pip-4), 1.30 (m, 2H, Pip-3,
Pip-5). *C NMR (125 MHz, CDCl3) &: 199.0, 140.4, 136.7,133.1,129.0,
128.6, 1281, 128.0, 125.8, 53.9, 53.3, 43.0, 3756, 36.1, 31.8. UHPLC-
ESI-MS: ABS tp=1.25, 95% pure (k=254 nm), m/z = 3084 [M +
H]*.

The thermal profile was typical of an anhydrous form showing
the melting  endothermic  effect at  193.4+0.7°C
(AHps=175+2]g ).

4.48. 3-(4-Benzylpiperidin-1-yl}-1-{4-methoxyphenyl)propan-1-
one (14)

By following the General Procedure, starting from 1-bromo-4-
methoxybenzene (281 mg, 15mmol, 15 equiv.) 3-{4-
benzylpiperidin-1-yl}—N-methoxy-N-methylpropanamide
(290 mg, 1.00 mmol, 1.0 equiv.), --BuLi{ 1.9 M, 1.32 mL, 2.5 mmol, 2.5
equiv.) and THF (5 mL), the desired product was obtained in 25%
(84mg) as a bright yellow oil after chromatography on silica gel
(90:10 ethylacetate:methanol) and converted into the corre-
sponding hydrochloride. FT-IR (cm~'): 3048, 3030, 3005, 2939,
2918, 2841, overtones Ar —2100—1700, 1673, 1601, 1457, 1420.'H
NMR (500 MHz, CDCls) é: 7.96 (d, | = 8.7 Hz, 2H, Ar), 728 {m, 2H,
Ar), 720 (t, ] = 6.7Hz, TH, Ar), 713 (d, = 7.5 Hz, 2H, Ar), 6.93 (d,
=87 Hz, 2H, Ar), 3.87 (s, 3H, OCH3), 3.41 (m, 2H, COCH>CHy), 3.17
(m, 2H, Pip-2, Pip-6), 3.07 (m, 2H, CH2CHzN ), 2.57 ( brd, 2H, CH2Pip-
4), 2.28 (m, 2H, Pip-2, PE—E], 1.73 (brd, 2H, Pip-3, Pip-5), 1.64 (m,
3H, Pip-3, Pip-4, Pip-3). “C NMR (125MHz, CDClz) §: 177.5, 163.8,
139.9, 1305, 129.2, 129.0, 128.3, 126.1, 113.8, 53.7, 52.8, 425, 371,
34,6, 30.5. UHPLC-ESI-MS: ABS tg = 1.35, 98% pure (A =254nm), m/

z=13384[M + H]".

The DSC curve showed the typical thermal profile of an anhy-
drous form with a melting endothermic effect recorded at
1915 +0.1°C (AHps =129+ 7] g7).

4.49. 3-(4-Benzylpiperidin- 1-yl)-1-(naphthalen-2-yl)propan-1-
one (15)

By following the General Procedure, starting from 2-
bromonaphthalene (311 mg, 1.5mmol, 1.5 equiv.), 3-{4-
benzylpiperidin-1-y|}—N-methoxy-N-methylpropanamide
(290 mg, 1.00 mmel, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5
equiv.) and THF (5 mL), the desired product was obtained in 22%
(79mg) as a bright yellow oil after chromatography on silica gel
(90:10 ethylacetate:methanol) and converted into the corre-
sponding hydrochloride. FI-IR {cm‘I ) 3059, 3029, 2943, 2921,
2864, overtones Ar— 2000—1700, 1674, 1595, 1495, 1456.'"H NMR
(500 MHz, CDCl3) &: 8.41 (s, 1H, Nap), 7.95 (d, ] = 8.7 Hz, 1H, Nap),
7.89 (d, ] = 8.1 Hz, 1H, Nap), 7.80 (t, ] = 8.9Hz, 2H, Nap), 7.54—7.46
(m, 2H, Nap), 720 (t, J=7.5Hz, 2H, Ar), 711 (t, J= 7.3Hz, 1H, Ar),
7.06 (d, ] = 7.5 Hz, 2H, Ar), 3.31 (t, = 75Hz, 2H, COCHCHz), 2.95
(brd, 2H, Pip-2, Pip-6), 2.85 (t, J=76Hz, 2H, CH:CHzN), 2.47 (d,
J=7.2Hz, 2H, CHPip-4), 2.00 (m, 2H, Pip-2, Pip-6), 1.61 (brd, 2H,
Pip-3, Pip-5),1.50 (m, TH, Pip-4),133 (m, 2H, Pip-3, Pip-5). *C NMR
(125 MHz, CDCl3) é: 198.9, 140.4, 135.5, 133.9, 132.4, 129.8, 129.5,
129.0, 128.5, 128.4, 128.2, 127.7, 125.8, 123.7, 53.9, 53.4, 43.0, 37.6,
36.1, 31.7. UHPLC-ESI-MS: ABP tg = 1.62, 98% pure (A = 254 nm), m/
z=1358. [M + HJ".

The thermal profile was typical of an anhydrous form showing
the melting  endothermic effect  at 199.2+0.2°C
(AHps =178 £1]g™).

4.4.10. 1-([1,1-biphenyl]-4-yl}-3-(4-benzylpiperidin- 1-yl)propan-
1-one ( 16)

By following the General Procedure, starting from 4-bromo-1,1-
biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), 3-{4-benzylpiperidin-1-yi)
—N-methoxy-N-methylpropanamide (290 mg, 1.00 mmol, 1.0 equiv.),
t-Buli (1.9M, 132 mlL, 25mmol, 25 equiv.) and THF (5mL), the
desired product was obtained in 22% (84 mg) as a bright yellow oil
after chromatography on silica gel (90:10 ethylacetate: methanol)
and converted into the corresponding hydrochloride. FT-IR (cm™"):
3059, 3029, 2916, overtones Ar=2100-1700, 1677, 1601, 1457,
1402."H NMR (400 MHz, CDCls) 6: 12.24(brs, 1H, NHT), 8.09 (brd, 2H,
Ar), 7.70 (brd, 2H, Ar), 7.63 (brd, 2H, Ar), 7.48 (brt, 2H, Ar), 7.43 (brt,
1H, Ar), 7.29—7.13 (m, 5H, Ar), 3.87 (brs, 2H, COCH2CHz), 3.58 (brs,
2H, Pip-2, Pip-6), 3.48 (brs, 2H, CHzCH:N), 2.71-264 (m, 4H, Pip-2,
Pip-6, CHPip-4), 2.08 (brt, 2H, Pip-3, Pip-5), 1.87—1.79 (m, 3H, Pip-
3, Pip-4, Pip-5). 3C NMR (100MHz, (DCl3) 6: 1957, 1466, 1394,
138.9, 134.0, 128.9, 128.4, 128.3,127.3, 127.2, 1263, 53.6, 521, 418,
364, 333, 289, UHPLC-ESI-MS: ABP tp =237, 95% pure
(h=254nm), mjz = 3844 [M + H]".

The thermal profile was typical of an anhydrous form showing
Ehe melting endothermic effect at 198.9 + 0.6°C{AHps = 115+ 2] &

)

4.4.11. 1-Phenyl-3-(piperidin- 1-yl)propan-1-one (17)

By following the General Procedure, starting from bromo-
benzene (236 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-
(piperidin- 1-yl)propanamide (200 mg, 1.00 mmol, 1.0 equiv.), t-
BuLi (1.9M, 1.32mL, 25 mmol, 2.5 equiv.) and THF (5 mL), the
desired product was obtained in 29% (63 mg) as a bright yellow oil
after chromatography on silica gel {60:40 ethylacetate:methanol)
and converted into the corresponding hydrochloride. FT-IR{cm™"):
3055, 3021, 2938, 2863, overtones Ar=2100-1700, 1682, 1597,
1581, 1477, 1456."H NMR (500MHz, CDClz) 4: 7.95 (dd, | = 1.2 and
7.9Hz, 2H, Ar), 755 (m, TH, Ar), 745 (t, ]=79Hz, 2H, Ar), 3.24 (¢,
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J=74Hz, 2H, COCHz(H;), 2.83 (t, ] = 7.8 Hz, 2H, CHyCH:N), 2.49
(brs, 4H, Pip-2, Pip-6), 1.62 (m, 4H, Pip-3, Pip-5), 1.44 (m, 2H, Pip-4).
BC NMR (125 MHz, CDClz) é: 197.1, 136.7, 133.1, 128.6, 128.0, 54.5,
537, 360, 25.7, 24.0. UHPLC-ESI-MS: ABP =107, 96% pure
(k=254 nm), mz = 2183 [M + H|".

The thermal profile was typical of an anhydrous form showing
Ehe melting endothermic effectat 185.4+ 0.1 °C(AHpe =147+ 1] &

)

4412, 1-(4-methoxyphenyl)-3-(piperidin-1-yl Jpropan-1-one (18)

By following the General Procedure, starting from 1-bromo-4-
methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), N-methaxy-N-
methyl-3-(piperidin-1-yl)propanamide (200 mg, 1.00 mmol, 1.0
equiv,), t-BuLi (1.9 M, 1.32 mL, 2.5 mmel, 2.5 equiv.) and THF (5 mL),
the desired product was obtained in 27% (67 mg) as a bright vellow
oil after chromatography on silica gel (60:40 ethyl-
acetate:methanol) and converted into the corresponding hydro-
chloride. FT-IR (cm™'): 2951, 2937, 2875, overtones
Ar =2100-1700, 1672, 1598, 1464, 1442, 1425.'H NMR (500 MHz,
CDCls) & 7.93 (d, ] = 8.9Hz, 2H, Ar), 691 (d, ] = 8.7 Hz, 2H, Ar), 3.85
(s, 3H, OCHz), 317 (t, ] = 7.4 Hz, 2H, COCH;CHy), 2.80 (t, | = 7.9 Hz,
2H, CH3CH;N), 2.47 {brs, 4H, Pip-2, Pip-6), 1.60 (m, 4H, Pip-3, Pip-5),
1.44 (m, 2H, Pip-4). *C NMR (125 MHz, CDClz) é: 197.8, 163.4,130.3,
1299, 113.7, 55.4, 545, 53.9, 35.8, 25.8, 24.1. UHPLC-ESI-MS: ABP
tg = 1.24, 98% pure (k= 254 nm), m/z = 248.3 [M + H]*.

The thermal profile was typical of an anhydrous form showing
the melting  endothermic effect  at 2073 +06°C
(AHps =107+6)g").

44.13. 1-(Naphthalen-2-yl)-3-{ piperidin-1-yl Jpropan-1-one (19)

By following the General Procedure, starting from 2-
bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), N-methaxy-N-
methyl-3-(piperidin-1-yl)propanamide (200 mg, 1.00 mmol, 1.0
equiv,), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL),
the desired product was obtained in 23% (61 mg) as a bright vellow
oil after chromatography on silica gel (60:40 ethyl-
acetate:methanol) and converted into the corresponding hydro-
chloride. FT-IR (cm™'); 3037, 2934, 2891, 2855, overtones
Ar = 2100-1700, 1676, 1598, 1463."H NMR (500 MHz, CDCls) é: 8.50
(s.1H, Nap), 8.02 (d, ] = 8.5Hz,1H, Nap), 796 (d, ] = 8.1 Hz,1H, Nap),
788 (L J=9.2Hz, 2H, Nap), 762-754 (m, 2H, Nap), 343 (
J=73Hz, 2H, COCHz(H3), 2.95 (t, ] = 7.2 Hz, 2H, CHaCHzN), 2.59
(brs, 4H, Pip-2, Pip-6), 1.68 (m, 4H, Pip-3, Pip-5), 1.49 {m, 2H, Pip-4).
BC NMR (125 MHz, CDCls) é: 198.9,135.6,134.0,132.5, 129.9,129.6,
128.5,127.7,126.8,123.7, 54.5, 53.7, 36.0, 25.5, 23 9. UHPLC-ESI-MS:
ABS tp = 1.09, 95% pure (A= 254 nm), mjz = 268.3 [M + H]™.

The thermal profile was typical of an anhydrous form showing
the melting  endothermic  effect  at 1887 +02°C
(AHps =130+3]g").

44.14. 1-([1,1"-biphenyl]-4-yl)-3-( piperidin-1-yl Jpropan-1-one
(20)

By following the General Procedure, starting from 4-bromo-1,1"-
biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-
(piperidin-1-yl)propanamide (200mg, 1.00 mmol, 1.0 equiv.), t-
BuLi (19M, 132 mL, 2.5 mmel, 2.5 equiv.) and THF (5mL), the
desired product was obtained in 35% (103 mg) as a bright yellow oil
after chromatography on silica gel (60:40 ethylacetate:methanol)
and converted into the corresponding hydrochloride. FT-IR (cm™'):
3055, 3027, 2934, overtones Ar=2100-1700, 1680, 1605, 1560,
1449, 1430."H NMR (500 MHz, CDCl3) & 8.04 (d, ] = 8.3Hz, 2H, Ar),
768 (d, J=8.4Hz, 2H, Ar), 762 (d, J=8.0Hz, 2H, Ar), 747 (t,
J=73Hz, 2H, Ar), 741 (1, ] = 7.2 Hz, 1H, Ar), 3.27 (t, ]= 74 Hz, 2H,
COCH;CH3), 2.86 (t, ] = 7.8 Hz, 2H, CHyCH5N), 251 (brs, 4H, Pip-2,
Pip-6), 1.63 (m, 4H, Pip-3, Pip-5), 1.47 (m, 2H, Pip-4). *C NMR

(125 MHz, CDCls) &: 198.8, 145.7, 139.8, 135.5, 128.9, 128.6, 128.2,
127.2, 54.6, 53.8, 36.2, 25.7, 24.1. UHPLC-ESI-MS: ABP tg = 1.89, 95%
pure (A=254nm), mfz = 2943 [M + H|".
The thermal profile was typical of an anhydrous form showing
F‘ne melting endothermic effect at 190.6 £+ 0.9°C (AHp:=61+4]g"
).

44.15. 3-Morpholino-1-phenylpropan- 1-one (21)

By following the General Procedure, starting from bromo-
benzene (236 mg, 1.5 mmol, 15 equiv.), N-methoxy-N-methyl-3-
morpholinopropanamide (202 mg, 1.00mmol, 1.0 equiv.), t-Buli
(19M, 1.32mL, 2.5 mmol, 2.5 equiv.) and THF {5mL), the desired
product was obtained in 30% (66 mg) as a bright yellow oil after
chromatography on silica gel (90:10 ethylacetate:methanol) and
converted into the corresponding hydrochloride. FT-IR (cm™'):
3086, 2981, 2930, 2872, overtones Ar=2100-1700, 1685, 1597,
1584, 1445, 1405.'H NMR (500 MHz, CDCl3) d: 7.94 (dd, J= 1.3 and
7.2Hz, 2H, Ar), 7.55 (m, 1H, Ar), 746 (t, ] = 7.8 Hz, 2H, Ar), 3.70 (¢,
J=4.6 Hz, 4H, Mor-3, Mor-5), 3.18 (t, | = 7.3 Hz, 2H, COCH»CH;y), 2.83
(t, J=7.7 He, 2H, CH>CH:N), 2.50 (brs, 4H, Mor-2, Mor-6). *C NMR
(125 MHz, CDCls) 6: 198.9,136.7, 133.1, 128.6, 128.0, 66.8, 53.6, 53,4,
35.9. UHPLC-ESI-MS: ABP tp =0.82, 99% pure (A =254nm), m/
z=2202[M + H|".

The thermal profile was typical of an anhydrous form showing
the melting endothermic effect at 178.1 + 0.8 °C (AHps = 160+ 2 ] 2~

1y,

44.16. 1-(4-methoxyphenyl }- 3-morpholinopropan-1-one (22)

By following the General Procedure, starting from 1-bromo-4-
methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), N-methaxy-N-
methyl-3-morpholinopropanamide (202 mg, 1.00 mmol, 1.0 equiv.),
t-Buli (1.9M, 1.32mL, 2.5mmol, 2.5 equiv.) and THF (5mL), the
desired product was obtained in 38% (95 mg) as a bright yellow oil
after chromatography on silica gel (90:10 ethylacetate:methanol)
and converted into the corresponding hydrochloride. FT-IR (cm™):
2990, 2954, 2932, 2857, overtones Ar =2100-1700, 1674, 1597,
1427."H NMR (500 MHz, CDCl3) &: 794(d,] = 8.9Hz, 2H,Ar),6.93 (d,
J=89Hz, 2H, Ar), 3.87 (s, 3H, OCH3), 3.74 (m, 4H, Mor-3, Mor-5),
317 (t,J= 7.3 Hz, 2H, COCH>CHz), 2.86 (t, ] = 7.2 Hz, 2H, CHzCH:N ),
2.47 (brs, 4H, Mor-2, Mor-6). ®C NMR (125 MHz, CDCls) d: 197.3,
1635, 130.3, 129.8, 66.7, 55.5, 53.6, 35.4. UHPLC-ESI-MS: ABP
tg = 0.84, >99% pure (A=254nm), mfz = 2502 [M + H]".

The thermal profile was typical of an anhydrous form showing
:11e melting endothermic effect at 211.0 £+ 0.9 °C(AHpy: =244+ 5] g

).

44.17. 3-Morpholino-1-(naphthalen-2-yl)propan-1-one (23)

By following the General Procedure, starting from 2-
bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-
methyl-3-morpholinopropanamide (202 mg, 1.00 mmol, 1.0 equiv.),
t-Buli (1.9M, 1.32mL, 2.5mmol, 2.5 equiv.) and THF (5mL), the
desired product was obtained in 41% (110 mg) as a bright yellow oil
after chromatography on silica gel (90:10 ethylacetate:methanol)
and converted into the corresponding hydrochloride. FT-IR (cm™):
3018, 2924, 2863, overtones Ar=2100-1700, 1687, 1594, 1469,
1436."H NMR (500 MHz, CDCl3) 6: 8.48 (s, 1H, Nap), 8.02 (dd, ] = 1.5
and 8.5Hz, 1H, Nap), 7.95 (d, | = 8.5 Hz, TH, Nap), 7.88 (£, ] = 9.5 Hz,
2H, Nap), 7.61-7.53 (m, 2H, Nap), 3.76 (t, ] = 4.5 Hz, 4H, Mor-3, Mor-
5), 3.37 (t, J=70Hz, 2H, COCH-(H3z), 294 (t, [=75Hz, 2H,
CHzCHzN), 2.60 (brs, 4H, Mor-2, Mor-6). Bc NMR (125 MHz, CDCl3)
# 198.6, 135.6, 134.0, 132.4, 129.8, 129.5, 128.5, 127.7, 126.8, 123.7,
66.6, 53.6, 535, 35.7. UHPLC-ESI-MS: ABP tp—148, 99% pure
(k=254 nm), mjz = 270.3 [M + HJ".

The thermal profile was typical of an anhydrous form showing
the melting  endothermic  effect  at 1989 +04°C
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(AHps=153+5] g

4.4.18. 1-([1,1-biphenyl]-4-yl)-3-morpholinopropan-1-one (24)

By following the General Procedure, starting from 4-bromo-1,1-
biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-
morpholinopropanamide (202 mg, 1.00 mmol, 1.0 equiv.), t-BuLi
(1.9M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired
product was obtained in 37% (109 mg) as a bright yellow oil after
chromatography on silica gel (90:10 ethylacetate:methanol) and
converted into the corresponding hydrochloride. FI-IR (cm™'):
3023, 2861, overtones Ar = 2100—1700, 1683, 1603, 1451."H NMR
(500 MHz, CDCls) 4: 8.03 (d, J=8.4Hz, 2H, Ar), 7.68 (d, J= 8.4 Hz,
2H, Ar), 7.62 (d, ] = 7.6 Hz, 2H, Ar), 747 (t, ] = 7.4 Hz, 2H, Ar), 7.40 (L,
J=74Hz, 1H, Ar), 3.73 (& J=46Hz, 4H, Mor-3, Mor-5), 3.23 (¢,
J=7.4Hz, 2H, COCHyCH3), 2.87 (t, J=7.7 Hz, 2H, CHCHzN), 2.54
(brs, 4H, Mor-2, Mor-6). ¥ NMR (125 MHz, CDCls) &: 198.4,145.8,
139.7,135.4,128.9, 128.6, 128.2, 127.2, 66.8, 53.6, 53.5, 35.0. UHPLC-
ESI-MS: ABP tg = 1.74, 99% pure (A =254 nm), mjz = 2963 [M +
HJ*.

The thermal profile showed a double endothermic effect with a
peak at 207.5+ 0.1°C and a shoulder at 196.8 + 0.5°C, with a total
area corresponding to an enthalpy value of 165+1]g". This
behaviour could be attributed to the presence of two solid phases
that should be better investigated.

4.4.19. 4-Benzyl-1-(4-oxo-4-phenylbutyl)piperidin-1-ium
hydrochloride (25)

By following the General Procedure, starting from bromo-
benzene (236 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-1-yl)
—N-methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.),
t-Buli (19M, 132 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the
desired product was obtained in 31% (100 mg) as a bright yellow oil
after chromatography on silica gel (80:20 ethylacetate: methanol)
and converted into the corresponding hydrochloride. FT-IR (cm™—):
3025, 2930, 2849, overtones Ar= 2100-1700, 1680, 1595, 1580,
1452, 1414.'H NMR (500 MHz, CDCl3) é: 12.06 (brs, 1H, NH*), 7.94
(d,] =7.2Hg, 2H, Ar), 7.59(t,] = 74Hz, 1H, Ar), 747 (t, ] = 7.3 Hz, 2H,
Ar), 7.29 (t, ] =71 Hz, 2H, Ar), 7.22 (t, ]=7.1Hz, 2H, Ar), 713 (d,
J=7.0Hz, 1H, Ar), 3.60 (brd, 2H, Pip-2, Pip-6), 3.22 (brs, 2H,
COCHzCH3z), 3.04 (brs, 2H, CHzCHzN), 2.63 (m, 4H, CHzPip-4, Pip-2,
Pip-6), 2.34 (brs, 2H, CH3CH2CH5), 2.10 (m, 2H, Pip-3, Pip-5),1.83 (d,
2H, Pip-3, Pip-5), 1.60 {m, 1H, Pip-4). *C NMR {125 MHz, CDClz) :
198.4, 1391, 136.1,133.7, 129.0, 128.8, 128.5, 128.0, 126.4, 57.0, 531,
419, 36.7, 35.6, 28.9, 18.0. UHPLC-ESI-MS5: ABP tr = 2.00, =99% pure
(k=254 nm), mjz = 3225 [M + HJ*.

The thermal profile showed two well defined endothermic ef-
fects; the first at 142.8+0.3°C attributable to a lower melting
phase (AHp:=60+1]g™"), followed at 148.0+03°C by the
exothermic recrystallization into the higher melting phase
(Trus = 1576 +0.3°C, AHps=30= 3] 1),

4.420. 4-Benzyl-1-(4-(4-methoxyphenyl)-4-oxobutyl)piperidin-1-
iwm hydrochloride (26)

By following the General Procedure, starting from 1-bromo-4-
methoxybenzene (281 mg, 15mmol, 15 egquiv), 4-{4-
benzylpiperidin-1-yl}-N-methoxy-N-methylbutanamide (304 mg,
1.00mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5mL), the desired product was obtained in 30% (106 mg)
as a bright yellow oil after chromatography on silica gel (80:20
ethylacetate:methanol) and converted into the corresponding hy-
drochloride. FT-IR {cm"]: 3024, 3003, 2922, overtones
Ar =2100—1700, 1677, 1603, 1451.'"H NMR (500 MHz, CDCl3) é:
12.03 (brs, 1H, NH™), 792 (d, ] = 8.1 Hz, 2H, Ar), 729 (t, J=72 Hz,
2H, Ar), 7.21 (t,J=72 Hz, 1H, Ar), 712 (d, /= 7.1 Hz, 2H, Ar), 692 (d,
J=80Hz, 2H, Ar), 3.87 (s, 3H, OCH3), 3.59 (brd, 2H, Pip-2, Pip-6),

3.16 (brs, 2H, COCHz(H3), 3.03 (brs, 2H, CHzCHzN), 262 (m, 4H,
CHPip-4, Pip-2, Pip-6), 2.32 (brs, 2H, CHy CH2CH,), 2.08 (m, 2H, Pip-
3, Pip-5), 1.82 (d, 2H, Pip-3, Pip-5), 1.73 (brs, 1H, Pip-4). *C NMR
(125 MHz, CDCls) &: 196.9, 163.8, 1391, 130.3, 120.2, 129.0, 1285,
126.3, 113.9, 57.0, 55.5, 53.0, 41.9, 36.6, 35.1, 28.8, 18.1. UHPLC-ESI-
MS: ABS tg = 1.43, 99% pure (A=254nm), mjz = 3524 [M + H]".

The thermal profile showed two endothermiceffects; the first of
litde intensity at 119.8 + 0.9 °C, not associated with a mass loss in
TGA curve, was probably due to a metastable phase melting, and
the second instead related to a stable phase melting at
1574 +0.5°C (AHps =61 +1] g').

4.421. 4-Benzyl-1-{4-{3-methoxy phenyl }-d-oxobutyl piperidin-1-
ium hydrochloride (27)

By following the General Procedure, starting from 1-bromo-3-
methoxybenzene (281 mg, 15mmol, 1.5 equiv.), 4+4-
benzylpiperidin-1-yl}-N-methoxy-N-methylbutanamide (304 mg,
1.00mmol, 1.0 equiv.), t-Buli (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5 mL), the desired product was obtained in 33% (116 mg)
as a bright yellow oil after chromatography on silica gel (80:20
ethylacetate:methanol) and converted into the corresponding hy-
drochloride. FT-IR {cm_']: 3022, 2946, 2861, overtones
Ar =2100-1700, 1687, 1595, 1486, 1465.'H NMR (500 MHz, CDClz)
#: 12,04 (brs, 1H, NHT), 7.52 (d, ] = 7.4 Hz, 1H, Ar), 7.45 (s, 1H, Ar),
737 (t, J= 79Hz, 1H, Ar), 7.29 (t, J= 7.2Hz, 2H, Ar), 7.21 (t, ] =
72 Hz, 1H, Ar), 713 (m, 3H, Ar), 3.85 (s, 3H, OCHz), 3.59 (brd, 2H,
Pip-2, Pip-6), 3.21 (brs, 2H, COCH>CHz), 3.03 (brs, 2H, CHzCHzN),
2.63 (m, 4H, CHzPip-4, Pip-2, Pip-6),2 33 (brs, 2H, CHzCH>CH; ), 2.09
(m, 2H, Pip-3, Pip-5), 1.83 (d, 2H, Pip-3, Pip-5), 1.73 (brs, 1H, Pip-4).
13¢ NMR (125 MHz, CDCls) é: 198.3,159.8, 139.1,137.4, 129.8,129.0,
128.5,126.4,120.6,120.1,112.0, 56.9, 55 .5,53.0,41.9, 36.6, 35.6, 28.8,
18.0. UHPLC-ESI-MS: ABP tg —2.08, 99% pure (A =254 nm), m/
z=13525[M + HJ*.

The thermal profile showed an endothermic effecx at
148.9 + 0.1 *C with a shoulder at 153.9 + 0.2 (AHps =76 + 3]g"]k

4.422. 4-Benzyl-1-(4-(naphthalen-2-yl)-4-oxobutyl)piperidin-1-
ium hydrochloride (28)

By following the General Procedure, starting from 2-
bromonaphthalene (311 mg, 1L5mmel, 15 equiv), 4-{4-
benzylpiperidin-1-yl}-N-methoxy-N-methylbutanamide (304 mg,
1.00mmol, 1.0 equiv,), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.)
and THF (5 mL), the desired product was obtained in 41% (152 mg)
as a bright yellow oil after chromatography on silica gel (80:20
ethylacetate:methanol) and converted into the corresponding hy-
drochloride. FT-IR (cm™'): 3055, 3027, 2937, 2907, overtones
Ar = 2100—1700, 1681, 1496, 1441."H NMR (500 MHz, CDCl5) &
12.06 (brs, 1H, NHT ), 8.50 (s, 1H, Nap), 798 (d, ] = 8.1 Hz, 2H, Nap),
7.88 (t, J=10.0 Hz, 2H, Nap), 761 (t, J=6.8Hz, 1H, Nap), 7.57 (¢,
J=6.9Hz, 1H, Nap), 729 (t, ] = 7.1 Hz, 2H, Ar), 7.22 (t,] = 7.1 Hz, TH,
Ar), 714 (d, ] = 7.1 Hz, 2H, Ar), 3.62 (brd, 2H, Pip-2, Pip-6), 3.37 (brs,
2H, COCH2CHz), 3.09 (brs, 2H, CH2CH5N), 2.64 (m, 4H, CH:Pip-4,
Pip-2, Pip-6), 2.41 (brs, 2H, CH2CH2CH;z), 2.11 (m, 2H, Pip-3, Pip-5),
1.84 (d, 2H, Pip-3, Pip-5), 1.71 {m, 1H, Pip-4). 3C NMR ({125 MHz,
CDCls) &: 198.4, 139.1, 135.6, 1334, 132.4, 130.1, 129.7, 129.0, 128.8,
128.7,128.5, 127.8, 126.4, 123.4, 57.0,53.1, 41.9, 36.6, 35.7, 28 9, 18.2.
UHPLC-ESI-MS: ABS tg = 1.67, =99% pure (L =254nm), mfz = 3725
[M + HJ™.

The thermal profile showed a first endothermic effect at
781 +0.6°C (AH =103 +4] g™') atrributable to the desolvation of
the sample. The TGA mass loss of 10.0 + 0.1%, recorded in the same
DSC temperature range, was in agreement with the theoretical loss
of one molecule of ethanol for molecule of compound (10.15%),
allowing to presume the crystallization of a solvatomorph. The
second endothermic effect at 162.9+ 0.4°C (AHp:=58+ 3] g"]
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was due to the melting of the anhydrous form.

44.23. 4-Benzyl-1-{4-(6-methoxynaphthalen-2-yl)-d-oxobutyl)
piperidin-1-ium hydrochloride (29)

By following the General Procedure, starting from 2-bromo-6-
methoxynaphthalene (256 mg, 1.5mmol, 15 equiv.) 4-{4-
benzylpiperidin-1-yl}-N-methoxy-N-methylbutanamide (304 mg,
1.00 mmol, 1.0 equiv.), --BuLi (1.9 M, 1.32 mL, 2.5 mmol, 25 equiv.)
and THF (5mL), the desired product was obtained in 25% (101 mg)
as a bright yellow oil after chromatography on silica gel (80:20
ethylacetate:methanol) and converted into the corresponding hy-
drochloride. FT-IR {cm™!'): 3024, 2936, overtones Ar — 2100—1700,
1674, 1482, 1409.'"H NMR (500 MHz, CDCls) 4: 12.06 (brs, 1H, NH™),
8.41 (s, 1H, Nap), 7.95 (d, ] = 8.3 Hz, 1H, Nap), 7.85 (t,] = 8.7 Hz, 1H,
Map), 7.76 (d,] = 8.4 Hz, 1H, Nap), 7.29 (t, ] =71 Hz, 2H, Ar), 7.21 (¢,
2H, Ar, Nap), 713 (d, 3H, Ar, Nap), 3.94 (s, 3H, CHa), 3.61 (brd, 2H,
Pip-2, Pip-6), 3.32 (brs, 2H, COCHzCH, ), 3.08 (brs, 2H, CH>CH2N),
2.63 (m, 4H, CHzPip-4, Pip-2, Pip-5), 2.38 (brs, 2H, CHCH>CHy),
2.09 (m, 2H, Pip-3, Pip-5), 1.83 (d, 2H, Pip-3, Pip-5), 1.74 (m, 1H, Pip-
4). 3C NMR (125 MHz, CDClz) 6 1981, 159.9, 139.1, 1375, 1315,
131.3,129.9, 129.0, 128.5,127.7,127.3, 126.4, 124.2, 119.9, 105.6, 57.0,
55.4, 53.0, 41.9, 36.6, 35.4, 28.9, 18.2. UHPLC-ESI-MS: ABS tp = 1.71,
>99% pure (A =254 nm), m/z = 40225 [M + HJ".

The thermal profile showed, at 170.5 + 0.6 °C, an endothermic
effect due to a lower melting phase (AHps =53 +4] g"], followed
at 178.1+ 0.5 °C by the exothermic recrystallization into the higher
melting phase (Trys = 206.7+ 02 °C, AHpc= 68 5] g7").

44.24. 1-(4-([1,1-biphenyl ]-4-yl)-4-oxobutyl )-4-benzyipiperidin-
1-ium hydrochloride (30)

By following the General Procedure, starting from 4-bromo-1,1'-
biphenyl (350mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-1-yl)
—N-methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.),
t-Buli (1.9 M, 1.32mL, 25mmol, 2.5 equiv.) and THF (5 mL}, the
desired product was obtained in 26% (103 mg) as a bright yellow oil
after chromatography on silica gel (80:20 ethylacetate:methanol)
and converted into the corresponding hydrochloride. FT-IR (cm™):
3083, 3025, 2995, 2850, overtones Ar — 2100—1700, 1684, 1604.'H
NMR (500 MHz, CDCl3) é: 12.07 (brs, 1H, NHY), 8.02 (d, | = 6.3 Hz,
2H, Ar), 7.69 (d, ] = 6.3 Hz, 2H, Ar), 7.62 (d, | = 7.2 Hz, 2H, Ar), 746 (t,
J=71Hz, 2H, Ar), 741 (t, |=7.2 Hz, TH, Ar), 7.30 (t, ] = 7.1 Hz, 2H,
Ar), 7.22 (t, J=7.2Hz, 1H, Ar), 714 (d, ] = 7.0 Hz, 2H, Ar), 3.61 (brd,
2H, Pip-2, Pip-6), 3.26 (brs, 2H, COCH:CHz), 3.07 (brs, 2H,
CHzCHzN), 2.64 (m, 4H, CHzPip-4, Pip-2, Pip-6), 2.37 (brs, 2H,
CHzCHzCH3), 211 (m, 2H, Pip-3, Pip-5), 1.85 (d, 2H, Pip-3, Pip-5),
173 (m,1 H,Pip—ﬂl].BCNMRHE,S MHz, CDClz) d: 198.0,146.2, 139.6,
139.1,134.8, 129.0, 128.7,128.5,128 4, 1274, 127.2,126.4, 57.0, 53.2,
419, 36.7, 35.7, 28.9, 18.1. UHPLC-ESI-MS: ABS tr = 1.81, 98% pure
(A= 254 nm), mfz = 398.4 [M + H|*.

The thermal profile showed an exothermic effect at
168.7+0.9°C, probably attributable to a crystallization of an
amorphous fraction of sample, induced by heating. The melting of
the anhydrous form was then recorded at 2164 +04°C
(AHps =84+1]g™).

45. Physicochemical and pharmacokinetic predictions

The physicochemical properties of compounds 7—-30 were
calculated by using Chemicalize online property explorer. The in
silico ability in crossing the BBB was calculated by using the CNS
Multiparameter Optimization Desirability {CNS MPO) tool.

4.6. Binding assays

46.1. Materials

Guinea pig brains for the S1R binding assays were commercially
available (Harlan—Winkelmann, Borchen, Germany). Homogeniz-
er: Elvehjem Potter {B. Braun Biotech International, Melsungen,
Germany) and Soniprep 150, MSE, London, UK). Centrifuges:
Cooling centrifugze model Rotina 35R ({Hettich, Tuttingen, Ger-
many) and High-speed cooling centrifuge model Sorvall RC-5C plus
(Thermo Fisher Scientific, Langenselbold, Germany). Multiplates:
standard 96-well multiplates (Diagonal, Muenster, Germany).
Shaker: self-made device with adjustable temperature and tum-
bling speed (scientific workshop of the institute). Vortexer: Vortex
Genie 2 (Thermo Fisher Sdentific, Langenselbold, Germany).
Harvester: MicroBeta FilterMate-96 Harvester. Filter: Printed Fil-
termat Type A and B, Scintillator: Meltilex (Type A or B) solid-state
scintillator. Scintillation analyzer: MicroBeta Trilux (all PerkinElmer
LAS, Rodgau-Jigesheim, Germany). Chemicals and reagents were
purchased from various commerdal sources and were of analytical
grade.

46.2. Preparation of membrane homogenates from Guinea pig
brain cortex

Five guinea pig brains were homogenized with the potter
(500—800rpm, 10 up-and-down strokes) in six volumes of cold
0.32 M sucrose. The suspension was centrifuged at 1200 x g for
10 min at 4 °C. The supernatant was separated and centrifuged at
23,500 = g for 20minat 4°C. The pellet was resuspended in 5-6
volumes of buffer (50 mM Tris, pH 7.4) and centrifuged again at
23,500 g (20 min, 4°C). This procedure was repeated twice. The
final pellet was resuspended in 5—6 volumes of buffer and frozen
(~80+=C) in 1.5mL portions containing ~1.5 {mg protein)mL~".

4.6.3. Preparation of membrane homogenates from rat liver

Two rat livers were cut into small pieces and homogenized with
the potter (500—800 rpm, 10 up-and-down strokes) in six volumes
of cold 0.32M sucrose. The suspension was centrifuged at 1200 x g
for 10 min at 4°C, The supernatant was separated and centrifuged
at 31,000 « g for 20 minat 4°C. The pellet was resuspended in
5—6vol of buffer (50 mM TRIS, pH 8.0) and incubated at rt for
30 min. After the incubation, the suspension was centrifuged again
at 31,000 x g for 20 min at 4 °C. The final pellet was resuspended in
5—6 vol of buffer and stored at —80 °Cin 1.5 mL portions containing
about 2 mg protein/mL.

4.6.4. Cell culture and preparation of membrane homogenates from
GluN2B cells

Mouse L{tk-) cells stably transfected with the dexamethasone
inducible eukaryotic expression vectors pMSG GluNla, pMSG
GluM2B (1:5 ratio) were grown in Modified Earl's Medium (MEM)
containing 10% of standardized FCS (Biochrom AG, Berlin,
Germany).

The expression of the NMDA receptor at the cell surface was
induced after the cell density of the adherent growing cells had
reached approximately 90% of confluency. For the induction, the
original growth medium was replaced by growth medium con-
taining 4 pM dexamethasone and 4 pM ketamine (final concentra-
tion). After 24 h, the cells were rinsed with phosphate buffered
saline solution (PBS, Biochrom AG, Berlin, Germany), harvested by
mechanical detachment and pelleted (10 min, 5000 x g).

For the binding assay, the cell pellet was resuspended in PBS
solution and the number of cells was determined using a Scepter®
cell counter (MERCK Millipore, Darmstadt, Germany). Subse-
quently, the cells were lysed by sonication (4 °C, 6 x 10s cycles with
breaks of 10 s). The resulting cell fragments were centrifuged with a
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high performance cool centrifuge (23,500 x g, 4°C). The superna-
tant was discarded and the pellet was resuspended in a defined
volume of PBS vyielding cell fragments of approximately
500,000 cells/mL. The suspension of membrane homogenates was
sonicated again (4°C, 2 » 10 s cycles with a break of 10 s) and stored
at -80°C.

4.65. General protocol for binding assays

The test compound solutions were prepared by dissolving
~10 pmol {usually 2—4 mg) of test compound in DMSO so that a
10 mM stock solution was obtained. To obtain the required test
solutions for the assay, the DMSO stock solution was diluted with
the respective assay buffer. The filtermats were presoaked in 0.5%
aqueous polyethylenamine solution for 2 hat rt before use. All
binding experiments were carried out in duplicate in 96-well
multiplates. The concentrations given are the final concentrations
in the assay. Generally, the assays were performed by addition of
50 L of the respective assay buffer, 50 pL test compound solution at
various concentrations (1077, 107% 1077, 107%, 107 and 107" M),
50 uL of corresponding radioligand solution, and 50 pL of the
respective receptor preparation into each well of the multiplate
(total volume 200 pL). The receptor preparation was always added
last. During the incubation, the multiplates were shaken at a speed
of 500—600 rpm at the specified temperature. Unless otherwise
noted, the assays were terminated after 120 min by rapid filtration
using the harvester. During the filtration each well was washed five
times with 300 pL of water. Subsequently, the filtermats were dried
at 95 *C. The solid scintillator was melted on the dried filtermats at
95 *C for 5 min. After solidifying of the scintillator at RT, the trapped
radioactivity in the filtermats was measured with the scintillation
analyzer. Each position on the filtermat corresponding to one well
of the multiplate was measured for 5 min with the [*H]-counting
protocol. The overall counting effidency was 20%. The ICsp values
were calculated with GraphPad Prism 3.0 (GraphPad Software, San
Diego, CA, USA) by nonlinear regression analysis. The 1Csp values
were subsequently transformed into Ki values using the equation of
Cheng and Prusoff. The Ki values are given as mean value + SEM
from three independent experiments,

4.66. SIR binding assay

The assay was performed with the radioligand [PH)+)-
pentazocine (22.0 G mmol~': PerkinElmer). The thawed mem-
brane preparation of guinea pig brain cortex (~100 pg protein) was
incubated with various concentrations of test compounds, 2 nM
|3H]{v]—penrazocine,and Tris buffer (50 mM, pH 7.4) at 37 °C. The
nonspecific binding was determined with 10 mM unlabeled
(+)-pentazocine. The Kd value of (+)-pentazocine is 2.9 nM.

4.6.7. S2R binding assay

The assay was performed using 150 pg of rat liver homogenate
were incubated for 120 min at room temperature with 3 nM [*H]-
DTG (Perkin—Elmer, specific activity 58.1 Cimmol™!) in 50 mM
Tris—HC, pH 8.0, 0.5 mL final volume. (+)}-pentazocine (100 nM)
and haloperidol (10 uM) were used to mask S1R and to define non-
specific binding, respectively.

4.6.8. GluN2 binding assay

The competitive binding assay was performed with the radio-
ligand [*H-ifenprodil (60 Cimmol~'; BIOTREND, Cologne, Ger-
many). The thawed cell membrane preparation from the
transfected L{tk-) cells (about 20 pg protein) was incubated with
various concentrations of test compounds, 5nM [*H]-ifenprodil,
and TRIS/EDTAbuffer (5 mM TRIS/1 mM EDTA, pH 7.5) at 37 °C. The
non-specific binding was determined with 10 mM unlabeled ifen-
prodil. The Kd value of ifenprodil is 7.6 nM.

4.7. Inhibition of AChE

AChE inhibitory activity of compounds 7—30 were determined
by the modified Ellman's method. Briefly, stock solutions of tested
compounds {5.0 mM) were prepared in DMSO and diluted using
0.1 M KH3zPD4/KzHPO, buffer(pH 8.0) to afford a final concentration
range between 1 and 50 pM. Enzyme solutions were prepared by
dissolving lyophilized powder in double-distilled water. The assay
solution consisted of 845 pL of 0.1 M phosphate buffer KHoPO4/
KzHPO4, 25 pL of AChE solution (0.22 U/mL, E.C. 3.1.1.7, from electric
eel) and 10 uL of various concentrations of test compounds, which
was allowed to stand for 5minat 25°C before 100 pL of 0.01 M
DTNB were added. The reaction was started by addition of 20 pL of
the 0075M substrate solution (acetylthiocholine iodide) and
exactly 2Zmin after substrate addition, the absorption was
measured at 25°C at 412 nm. In enzyme-free assay systems the
non-enzymatic hydrolysis of acetylthiocholine iodide was
measured, and the results were employed as blank. In control ex-
periments, inhibitor-free assay systems were utilized to measure
the full activity. A positive control of Donepezil was used to afford a
final concentration range between 10 nM—50 pM. The percent in-
hibition was calculated, using the expression: (1 - Aj/A;) =100,
where A; and A; are the absorbances obtained for AChE in the
presence and absence of the inhibitors, respectively, after sub-
tracting the respective background. Each experiment was per-
formed in triplicate, and the mean +standard deviation was
calculated. Data from concentration-inhibition experiments of the
inhibitors were calculated by nonlinear regression analysis, using
the Excel program.

4.8. In silico studies

4.8.1 Molecular dynamic simulations

S1R crystal structure in complex with 4-IBP (pdb code 5hk2)
[47] was retrieved from the Protein Data Bank [48] and used to
investigate the dynamic properties of the receptor. Instead, the X-
ray structure of AChE was available in complex with Donepezil (pdb
code 4ey7) [49] and we relied on it for molecular docking of our
novel compounds.

Molecular dynamic (MD) simulations of S1R were performed in
a membrane environment, in the holo form (without any lizand)
and in complex with the co-crystallized ligand. Structures were
prepared with MOE [50] dedicated tools: hydrogen atoms and
missing side chains were added. Atomic charges were calculated
and the protonation state determined at physiological conditions
(pH 74). N— and C-termini were capped with acetyl and N-methyl
groups, respectively. Salt, detergent and bulk water molecules were
removed from the crystal structures, whilst water molecules which
were present in the binding site were maintained. The membrane
was built around the three alpha helices by using the CHARMM-
GUI membrane builder [51]. The protein was embedded in a het-
erogeneous membrane, composed of POPC (palmitoyl-oleoyl-
phosphatidyl-choline) and cholesterol in 3:1 ratio. Potassium ions
were added in order to neutralize the system. MD simulations were
performed with the AMBER force field and analyzed with Amber
tools [52]. The ligand was parametrized by using Antechamber [53]
and Parmchk [52]. Dedicated force fields were used for protein
(ff995Bonlysc), lipids (lipid14), ions (ionsff99_tip3p) and water
(TIP3P) [54]. MD simulations were performed at 300 K, with time
step of 2 fs and in anisotropic pressure scaling conditions. Van der
Waals and short-range electrostatic interactions were cut off at
10 A, whilst long-range ones were computed with Particle Mesh
Ewald (PME) method. Simulations were carried out for 100 ns for
each system.
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4.8.2. Molecular docking

The crystal structures and the centroid of the most represen-
tative cluster obtained from MD simulations were used to dock li-
gands into S1R and AChE binding pockets. Ligand docking was
carried out with Glide, a grid-based algorithm implemented in
Maestro Schradinger's suite [55]. The grid was generated around
the co-crystallized ligands with a radius of 15 A. Default Van der
Waals scaling was used, with scaling factor of 1.0 and partial change
cut-off of 0.25. Partial charges were computed with the OPLS-2005
force field. E172 was selected as possible H-bond constraint for S1R
ligand binding. Ligands of the training set were extracted from the
ChEMBL database [56] and decoys from the DUDE database [57].
The S1R dataset included 102 agonists and 150 decoys. W hereas, for
the AChE dataset we considered 100 inhibitors and 151 decoys.
Ligands were processed with Maestro LigPrep, which generated
three-dimensional structures and determined the protonation
state. Rigid docking was performed for S1R by using a diverse set of
25 conformers for every molecule, which were generated by
Maestro ConfGen with default settings. In contrast, flexible docking
was applied to AChE ligands. The docking models were then vali-
dated with the new dataset of compounds that we present in this

paper.
49. Antiexidant activity

FRS activity of the examined compounds was determined using
the DPPH assay. Briefly, compounds 8, 10, 13—14, 18-20, 2328,
RRC-33, donepezil and Cur were dissolved in 1 mL of EtOH, to
obtain a stock solution of 5.0 mM. The FRS potential was evaluated
at a final concentration of 465 pM. The reaction mixture was pre-
pared by adding 100 pL of each compound solution to 1.875mL of
DPPH solution, freshly prepared by dissolving DPPH in methanol/
KH;PO4 and NaOH buffer (50/50 vjv) at a concentration of
6 x 107 M. After 20 min of incubation at room temperature, the
absorbance was measured at 515nm by the UV—Visible
spectrophotometer.

FRS% was expressed as a percent compared with the control,
consisting of 1.875 mL of DPPH solution and 100 pL of EtOH. The
percent inhibition of the DPPH radical by the test solution was
calculated using the following formula:

FRS% = [{Abs control — Abs sample) [ Abs control] = 100

The analyses were carried out in triplicate and results are
expressed as mean + SE.

4.10. MTS assay

CellTiter 96" AQueous One Solution Cell Proliferation Assay
(Promega, Milan, Italy) was used on cells seeded onto a 96-well
plate at a density of 9 x 10° cells per well The effect of com-
pounds 8,10, 13—14, 18—20, 23— 28, RRC-33, donepezil and Cur was
evaluated, at three different concentrations (10, 25 and 50 uM),
after 24 h and 48 h of continued exposure. Three independent ex-
periments were performed for each concentration. The optical
density (OD) of treated and untreated cells was determined at a
wavelength of 490 nm using a plate reader. For compounds 10, 14
and 20, a dose response curve was determined by using five
different concentrations (1, 10, 25, 35, 50 and 100 uM). 1G5 values
were calculated by GrapH Pad Prism 5 Program.

4.11. Neuroprotection against HoO; induced neurotoxicity

ROS assay was performed in living cells. Human neuroblastoma
cell lines (SH-SY5Y ) were seeded at 2 = 10° cells per well in 96-well

plates for neuroprotection activity assay. Briefly, intracellular ROS
production was measured from SH-SY5Y cells, using ab113851 kit
(DCDFA ROS assay kit). Cells were pre-treated with compounds 10,
14, 20, Cur, donepezil and RRC-33 for 3 h. The medium was replaced
with 100 pL of DCDFA (25pM) and incubated for 45 min. After-
wards the medium was eliminated and cells were washed with
buffer solution. Lastly, cells were treated with 100pL of each
compound (10 pM) and Hz0z (180 uM) for 24 h. The total fluores-
cence was measured using a fluorescence microplate reader (Syn-
ergy HTX, Biotek), with excitation and emission wavelengths of
490 nm and 530 nm, respectively.

4.12. Neurotrophic activity

The neurotrophic activity was assessed by measuring the neu-
rite elongation in DRG explants as experimental model. Briefly,
compound 10 and 20 were dissolved in DMSO to obtain a stock
solution of 10mM, then diluted in culture medium to obtain the
different working concentrations. DRG from E15 Sprague-Dawley
rats were aseptically removed and cultured onto a single layer of
rat-tail collagen surfaces in 35 mm dishes. DRG were incubated in
ANz medium (MEM plus 10% Calf Bovine Serum, 50 pg/mL ascorbic
acid, 1.4 mM 1-glutamine, 0.6% glucose) in the presence of 5 ng/ml
NGF and Fudr (107" M) to remove supporting cells in a 5% CO;
humidified incubator at 37 °C.

To study the neurotrophic effect of compound 10 and 20 on
neurite elongation, DRG explants were treated for 2 h with NGF and
then exposed to different compound concentrations { 10 uM, 7,5 uM,
5uM,2,5 pM, 1 1M, 750 nM, 500 nM, 250 nM ) for 24 h and 48 h. DRG
treated with AN> medium and 5 ng/ml NGF alone represented con-
trols. The neurotrop hic effect was evaluated by measuring the length
of the longest neurite in each DRG using the Image] program (NIH,
Bethesda, MD, USA). A statistical analysis was carried out with the
one-way Anova test and Tukey post-test with the statistical package
GraphPad Prism (GraphPad Software, San Diego, CA, USA). P
Value < 0.05 was considered as statistically significant.
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ABSTRACT

Introduction: Over the last 30 years, the scientific community has directed its efforts towards the
identification of enantioselective approaches to obtain the desired active enantiomer. Accordingly,
efficient preduction of single enantiomers from small to large scale, throughout Drug Discovery (DD)
programs, has become of great interest and a fundamental challenge.

Areas covered: This review focuses on two fundamental strategies for preparing enantiomers in high
yields and with an excellent enantiomeric excess (ee). Separation of racemates, enantioselective synth-
esis procedures, and integrated approaches have been extensively reviewed, to offer a guide that
enables the selection of the suitable methodoelogy for producing pure enantiomers in scales from small
to large.

Ex pert opinion: Over the past two decades, drug regulatory agencies have set strict rules on the use of
racemates and pure enantiomers, leading to the transformation of the drug market. Indeed, the number
of drugs approved as a single enantiomer has exponentially increased, outclassing the racemic com-
pounds. As a consequence, the academia and pharmaceutical companies are eager to develop efficient
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procedures for obtaining enantiopure compounds on the desired scale.

1. Introduction

The growing use of enantiopure drugs, pesticides, insecticides,
fungicides, and herbicides triggers the increasing market
demand for chiral-based products [1-4]. During the last
60 years, scientists leamed a lot about the dose relationship
between enantiopure compounds and human body. It is now
well recognized that each enantiomer of a chiral drug may
behave differently under physiological conditions (i.e. they can
exhibit different phamacological andfor toxicological pro-
files), due to the stereochemical discrimination in the interac-
tion with biological molecules that are themselves chiral [5-9].

Despite the complexity associated with chiral chemistry, in
2010 the Transparency Market Research estimated a growth of
the global market of chiral technology, which can be divided
into enantioselective synthesis, separation of enantiomers, and
chiral analysis. From an economic standpoint, in 2010 enan-
tioselective synthesis gained 80% of the total market, generat-
ing a revenue of $3.7 billion, whereas the chiral analysis
market was worth $734 million [10]. Looking at the phama-
ceutical industry, most of the commercially available drugs are
chiral. Furthermore, the vast majority of new small-molecule
drug candidates are enantiomerically pure and thus methods
suitable to obtain the target emantiomer in high purity are
required [5,11-13].

U5, Food and Drug Administration (U5 FDA) and
European Medicines Agency are supporting the growth of
chiral market. Since 1992, US. FDA guidelines and policies
require that the absolute stereochemistry of all chiral centers
present in a drug must be established. Regulators still allow

the development of racemic mixtures; however, their devel-
opment has to be justified by an assessment of the risk/
benefit ratio [14,15]. To date, pharmaceutical companies
involved in Drug Discovery (DD) programs are obliged to
prepare single enantiomers, in amount sufficient for testing
them separately. At the beginning, only milligrams of enantio-
meric compounds should be available, while in the late DD
phases the preparation of enantiomeric pure compounds in
multi-gram scale is required to evaluate their biological prop-
erties. Several procedures can be applied for obtaining enan-
tiomers (Figure 1), depending on the stage of DD (hit
identification, lead generation and lead optimization, preclini-
cal evaluation) [16]. Accordingly, robust skills in enantiopure
compound preparation and separation techniques are neces-
sary to evaluate all the parameters, having an impact on
quality, time, and cost for the identification of new potential
drugs [17]. In light of these considerations, the preparation of
single enantiomers is a fundamental challenge for both aca-
demia and pharmaceutical industry and it plays a key role in
DD processes.

In this review, we will focus on the main methodologies
commonly used to obtain enantiomeric pure compounds in a
suitable amount for performing the biological investigations
to mowve forward in the DD programs. We will particularly
discuss the scalable methodologies useful for producing enan-
tiomers from milligrams to multi-grams scale. The main
approaches used in the various stages of DD will be discussed:
(i) separation of racemates through chromatography or crys-
tallization techniques, (ii) enantioselective synthesis based on
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Article highlights

« The demand for enantiopure drugs has led, during the last decades,
to the widespread need of enantiopure compounds, deeply affecting
the drug discovery (DD) process in all its phases.

Different technigues can be exploited to obtain enanticpure com-
pounds, and an accurate evaluation of advantages and limitations of
each procedure is essential.

« Two main approaches are usually adopted: either sepamtion of
enantiomers (which involves different techniques such as enantiose-
lective chromategraphy over chiral stationary phases and aystalliza-
tion) or enantioselective synthesis (which includes chiral pool
synthesis, enantioselective catalysis and biocatalysis).

Depending on DD stage (from hit identification to early develop-
ment), enantiomerc purity reguired, synthetic feasibility, environ-
mental impact and econcmic budget, the best amongst the
reported approaches should be identified.

Semetimes, using only one technigue could result in unsatisfactory
results in terms of purity, productivity or scalability. In these cases,
integrated approaches are crucial: combining two or more of the
described techniques could significantly improve the overal
effidency

This box summarizes key points contained in the article.

chiral pool, chiral auxiliaries, chiral catalysts, or biocatalysis,
and (jii) integrated approaches based on the combination of
different techniques.

2. Separation of racemates

In the initial phase of the DD process, racemic compounds in
small quantities are required for a first screening. Once the
most active compound has been identified, both enantiomers
are needed for the first biological testing at least in the scale
of 10 mg [16,17]. For the separation of racemates, enantiose-
lective chromatography using chiral stationary phases (C5Ps) is
generally considered at first, being a viable route for straight-
forward and rapid access to both enantiomers with high
enantiomeric purity and yields. For the scaling up to multi-
grams scale, sometimes the procedure could be revised and
crystallization of diastereoisomeric salts may be exploited as a

good alternative. Scalability is the most important factor to be
considered for selecting the appropriate resolution method to
access enantiomeric compounds for biological/pharmacologi-
cal testing. f a medicinal chemistry team studied eary the
issues related to scale-up, it may change the strategy on time,
thus avoiding delays in reaching the drug development stage
[5,11-13,16-18].

Here, we will focus only on enantioselective chromatogra-
phy and crystallization of diastereomeric salts (Figure 1) as the
major easily scalable resolution approaches used in the last
20 years, as resulted by the numerous reviewed papers.

Some promising and emerging techniques are under inves-
tigation, ie. capillary electrophoresis and membrane-based
resolution, but only analytical applications have been reported
so far [19,20].

2.1. Enantioselective chromatography

Keeping in mind that enantiomers possess the same physico-
chemical properties (i.e. solubility, melting point, pKa), they
obviously behave identically in an achiral chromatographic
environment. Therefore, enantiodiscrimination can be
achieved when enantiomers are converted into covalent
(indirect methods) or transient (direct methods) diastereoiso-
meric derivatives. In the indirect chromatographic methods,
an enantiomeric pure chiral agent is employed to transform
each enantiomer into a covalent diastereomeric complex that
are then separated using an achiral stationary phase, taking
advantage of their different chemical or physical proper-
ties [21].

As regarding the direct chromatographic methods, the pro-
tagonist is a chiral selector — physically or chemically immabi-
lized or coated onto a solid support — which forms with the two
enantiomers transient diastereoisomeric derivatives, endowed
with different stability and thus the enantiomers are able to
migrate through the column with different speed.

The indirect methods are often limited by (i) the additional
step of derivatization, (i) the problems in removing the
reagents, and (i) the necessity to monitor and control

DISCOVERY DEVELOPMENT
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Figure 1. Approaches for isolation of enantiomers in drug discovery and development.
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racemization during the resolution process and thus these
drawbacks led to antiquating the strategy [22].

Based on literature analysis and our long experience in the
preparation of enantiomeric compounds [23-26], high perfor-
mance liquid chromatography (HPLC) and supercritical fluid
chromatography (SFC) using CSPs are powerful and easily
scalable tools. In fact, they are perfectly in line with the criteria
required at the various stages of DD, such as a quick access to
both the enantiomers of a chiral molecule with high enantio-
meric excess and amounts ranging from milligrams to multi-
gram scale (Figure 1). The chiral selector of the CSP is the core
of the enantiodiscrimination process and numerous CSPs
became available on the market during the last 30 years for
analytical, semi-preparative, and preparative purposes. Among
these, the most common C5Ps used in DD process are
reported in Table 1, together with their chiral selector, the
column trade nmame, and the chromatographic technique
(HPLC, SFC, or both) they are suitable for.

The reviewed literature highlights that in the past two
decades a limited number of CSPs dominate the chromato-
graphic resolution scenario [13,27]. Particulary, the polysac-
charide-based CSPs are the mast versatile columns, in virtue of
their ability to resolve a wide range of racemates and there-
fore, they are commonly used in DD. The first generation of
these columns is the ‘coated polysaccharide-based C5Ps’, char-
acterized by a good loadability but poor solvent compatibility,
ie. DCM or AcOEt have to be avoided. This drawback was
outstandingly overcome by immobilizing the chiral selector
onto the solid support, obtaining the new generation of
‘immobilized polysaccharide-based C5Ps’ that allow the use
of an extended solvent range, previously incompatible with
the coated C5Ps [28].

The key point of the chromatographic separation of enan-
tiomers is the selection of CSPs in combination with a suitable
mobile phase. Although their structural features diversity
could guarantee a complementary recognition, column selec-
tion still remains an empirical process, based on the experi-
ence of the researchers, on literature suggestion, or more
simply, on the dassical trial and emor process. Accordingly,
the setup of a fast, pragmatic, and non-comprehensive col-
umn screening in analytical scale could drive the rapid estab-
lishment of the optimal experimental conditions for scale-up
purposes. A consolidated approach consists in a primary
screening with chiral selectors with the broadest application
and in incuding the remaining selectors in a secondary
screening. In fact, a significant number of publications deals
with this topic [29-31]. Accordingly, the standard screening
protocol used in our laboratory for primary screening employs
both immobilized and coated cellulose- and amylose-derived
C5SPs (Table 1). The elution conditions include mixtures of
alkane and polar modifiers (i.e. ethanol or 2-propanol), alco-
hals (methanol, ethanol, and 2-propanol), acetonitrile as well
as mixtures of acetonitrile and alcohols [26].

The selection of the optimal combination CSP-mabile
phase is guided by enantioselectivity and enantioresolution
values. Nevertheless, retention times (they must be as short as
possible), high solubility of the racemate and the enantiomers
in the eluent/injection solvent, and the use of a mobile phase
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consisting of a pure low-cost solvent, thus facilitating workup
and re-use of mobile phase, are other important prerequisites
for an economic and productive preparative enantiomer
separation. Once the analytical resolution method was prop-
ery evaluated, optimization of the separation on a given
column is a methodical and straightforward process [23].

It should be noted that not only polysaccharide-derived CSPs
can be used for analytical and preparative enantiomer separa-
tions. Other types of chiral selectors include stationary phases
based on m-m interactions [32], ligand exchange mechanisms
[33], anion exchange C5Ps [34] as well as C5Ps based on anti-
biotics [35] or proteins [36], chiral synthetic polymers [37] and
many more. All these types of C5Ps have merits of their own and
are very often alternatives to polysaccharidic CSPs and can pro-
vide in some cases unigue enantioselectivity complementary to
amylose- and cellulose-based CSPs. A number of overviews on
C5Ps have been published [38].

Among the plethora of works in the field of separation of
enantiomers published so far, here we report as an example the
resolution of the racemic flavanone Maringenin NRG, (5,7-dihy-
droxy-2-(4-hydroxyphenyl)chroman-4-one) via enantioselective
HPLC on a semi-preparative scale [23]. The application of the
mentioned screening protocol for cellulose- and amylose-
derived CSPs allowed to quickly identify Chiralpak AD-H
(Table 1) and methanol as the best C5P-mobile phase combina-
tion, giving rise to relatively short retention times, high enantios-
electivity, and good resolution. These experimental conditions
were then properly scaled-up, on both a pre-packed Regispack
column and a Chiralpak AD column packed and tested in-house
with bulk CSP. In both cases, about 2.5 g of racemic NRG were
processed in 28 h with an eluent consumption of about 50 L
Therefore, this procedure enabled an exhaustive biological inves-
tigation of both NRG enantiomers in very short times.

The major drawback of enantioselective HPLC is related to
solvent consumption. To reduce the volumes of solvents, the
‘green chromatographic’ SFC methodology, which uses carbon
dioxide combined with a liquid co-solvent in smaller quantities
as eluent, has been developed [39]. The addition of the modifier
leads often to subcritical conditions of CO.; however, the term
SFC is used for supercritical and subcritical conditions alike. Over
the last few years, SFC has been established as a full analytical
technique - not only for separations of enantiomers - that is a
very valid and broadly accepted option for efficient method
development platforms, as it is testified by the increasing num-
ber of works in this field [39—41]. The CO, is removed by reducing
the pressure, leaving only a smaller amount of modifier to eva-
porate. This reduction in solvent volumes allows for higher pro-
duct concentrations and reduces time and cost of purification.
Furthermore, the low viscosity and the high diffusivity of CO,
pemnit the high flow rates, which reduce analysis and equilibra-
tion times and increase the throughput capacity without com-
promising efficiency.

However, some factors still limit the extensive use of SFC.
First of all, the higher cost of the instruments in comparison to
HPLC units and the larger size of the equipment and reserva-
tions about the use of compressed gases hinder the fast
implementation of this technology. Nevertheless, the obvious
advantages of SFC, i.e. high diffusivity, fast mass transfer, and
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Table 1. Commonly used chiral eolumns for semipreparative scale (1.D. 6-10 mm) or preparative scale (1.D. >21.2 mm) separations.
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SN
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Chiral selector
Trade name

Cellulose

R= -CHy

MCTA/CTAA (Merck); Chiralcel CA-1, Chiralcel OA (Daicel)

=
R=

p—

=

Chiralcel OB (Daicel); Eurocel 02 (Knauer); Reprosil Chiral-BM (Dr. Maisch HPLC)
[+#]
P
R= |
P

Chiralcel OJ (Daicel); Eurocel 03 (Knauer); CHIRIS-10J (CHIRIS); Lux Cellulose-3 (Phenomenex); Reprosil ChiralJM (Dr. Maisch HPLC); Enantiocel-C3 (Colum Tek);
Chiral Cellulose T-MB (Silicycle); Chromega Chiral CO (ES Industries)

e (7

Chiralce! OK (Daicel)

"‘\r*“\»-f N

\T,’/

Chiralcel OD, Chiralcel OD-|, Chiralpak 1B (Daicel); Mucleocel Delta (Macherey & MNagel); Eurocel 01 (Knauer); CelluCoate (Akzo Nobel); Lux Cellulose-1
(Phenomenex); RegisCell (Regis); CHIRIS-IOD (CHIRIS); Epitomize CSP-1C (Orechem Technologies); Reflection CL (Sielc Technolegies); ChiraOM (CS-
Chromategraphie); Cellulose DMP (Sigma-Aldrich (Astec)); Reprosil ChiraHOM (Dr. Maisch HPLC); CHIRAL ART Cellulose-C, CHIRAL ART Cellulose-SB (YMC);
EnanticcelC1 (Column Tek); ACQUITY Trefoil CEL1 (Waters); Chiral Cellulose T-DPC (Silicyde); Chromega Chiral CCO (ES Industries).

R=

H
w N
=

~F

=

Eurccel 04 (Knauer); CHIRIS-I0B (CHIRIS); Chiralcel OC (Daicel); Reprosil Chiral-CM (Dr. Maisch HPLC)

Chiralcel 0G (Daicel)
H
R= I/QRVN\
Cl/\v//

Chiraleal OF (Daicel); Reprosil Chim-FM (Dr. Maisch HPLC);

H
Cle o oM
34
/‘!\qf/’

Chiralcel OZ (Daicel); Lux Cellulose-2 (Phenomenex); Epitomize CSP-1Z (Orochem Technologies); Chromega Chiral CC2 (ES Industries); Reprosil Chiral ZM (Dr.
Maisch HPLC); Enantioeel-C2 (Column Tek); ACQUITY Trefoil CEL2 (Waters).

(Continued )
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Table 1. (Continued).

Chiral selector
Trade name

ZT

A
it
gg

s

Chiralcel OX (Daicel); Lux Cellulose-4 (Phenomenex); Chromega Chiral CC4 (ES Industries).

H

N"'\.

Chromega Chiral CCO F4 (ES Industries).

Fal
R=
F

N.

-~

Q

Chromega Chiral CCO F4T3 (ES Industries).

cl
R=

N

=

Chiralpak IC {Daicel); CHIRAL ART Cellulose-5C (YMC); Lux i-Cellulose-5 (Phenomenex).

H
M.

-

I%a

Chromega Chiral CCO F2 (ES Industries).

H
Cl N.

Rm

-

&

Chromega Chiral CCC (ES Industries).

H
M

-

=
i
=

Chromega Chiral CCC (ES Industries)
Q,

Ey

S o
™o

0, s]
o
oo
Amylose
H
M.

Chiralpak AD, Chirlpak 1A (Daicel); AmyCoate (Akzo Mobel); Nucleocel ALPHA (Macherey & Nagel), Europak 01 (Knauer); RegisPack (Regis)CHIRIS-IAD (CHIRIS);
Epitomize CSP-1A (Orochem Technologies)MulttoHigh Chirl-AM (CS-Chromatographie); Reprosil ChirmkAM (Dr. Maisch HPLC); CHIRAL ART Amylose-C, CHIRAL

ART Amylose-5A (YMC); Enantiopak-A1 (Column Tek); ACQUITY Trefoil AMY1 (Waters); Lux Amylose-1 (Phenomenex); Chiral Amylose T-DPC (Silicycle);
Chromega Chiral CCA (Es Industries).

(Continued )
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Table 1. (Continued).

Chiral selector
Trade name

Chiralpak AS-V (Daicel); Reprosil Chiral-AS (Dr. Maisch HPLO); Chromega Chiral CCS (ES Industries).

R

H
Gl N

P

Chiralpak AZ, Chiralpak IF (Daicel); Lux Amylose-2 (Phenomenex); Epitomize CSP-1K (Orochem Technologies);Reprosil Chirl-ZA (Dr. Maisch HPLC); Chromega

Chiral CC4 (ES Industries).
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Chiralpak 1G (Daicel).

H
Sy N

R=

p

Chromega Chiral CCA F4 (ES Industries).

Chiralpak AY (Daicel); Chromega Chiral CC3 (ES Industries); RegisPack CLA-1 (Regis); Reprosil ChimlkYM (Dr. Maisch HPLC); Lux Amylose-2 (Phenomenes).

ey N

R=

|
\Lf

Chiralpak ID (Daicel).

]

H
Ol N

I\f

l

Chiralpak IE (Daical); CHIRAL ART Amylosa-SE (YMC).

the resulting short retention times, together with a new gen-
eration of reliable SFC systems from major instrument produ-
cers will lead inevitably to the adoption of this technology in
industry and academia. Especially in the pharmaceutical indus-
try, the higher throughput and productivity of SFC versus
HPLC allows for a direct comparison of investment and oper-
ating costs and how fast SFC will reach a breakeven point with
HPLC.

A number of studies provided by the chiral column produ-
cers demonstrated that preparative polysaccharide-based col-
umns gave comparable results both in SFC and HPLC
separation conditions.

Recently, we compared HPLC and SFC productivity of enan-
tiomeric 2-(4-phenylphenyl)-4-(1-piperidyl)butan-2-ol RC-34 in
multi-gram scale [25]. The sigma-1 receptor (51R) agonist RC-

34 was subjected to a pilot SFC screening on Chiralpak 1A and
Chiralpak IC by gradient elution using CO, and polar modifiers
(MeOH, EtOH, or isopropanol) or a mixture of n-heptane and
alcohols (isopropanol or EtOH). Then, isocratic runs were car-
ried out in order to optimize selectivity and resolution. The
screening in SFC turned out to be much faster and more
straightforward when compared to HPLC. The best separation
conditions in terms of enantioselectivity and resolution
obtained on Chiralpak 1A and on Chiralpak IC (Table 1) were
properly scaled-up. As regarding enantioselective HPLC,
Chiralcel OJ-H and MeOH resulted the best combination of
CSP-mobile phase, and accordingly they were scaled-up.
Although HPLC and 5FC gave rise to recoveries and yields in
the same range as well as compounds with high enantiomeric
excess (ee), the specific productivity of SFC method resulted to
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be almost four times lower than the specific productivity
observed in semi-preparative HPLC.

As discussed above, the well-established and versatile HPLC
and SFC techniques are both effective in resolving racemates.
Their use depends on the instrumentation availability, as well
as the experience of the DD teams involved. SFC and HPLC are
often complementary in selectivity and both technologies are
useful tools for enantiomer separations. HPLC is mainly wide-
spread in academic labs, while SFC is gaining more and more
importance in research and throughput-driven industry. For
better insight, important reviews recently published in the
field of separations of enantiomers, coming from both aca-
demic groups and industry, should be consulted
[13,16,17,41-45].

Another up-to-date chromatographic technique to be men-
tioned is the simulated moving bed (SMEB) chromatography. It
is employed only in the preparative mode and therefore it is
mainly useful for the clinical phases and industrial production,
which is a topic not discussed in this review. Broader reviews
on SMB are in references [45-47]. Chiral gas chromatography
(GC) can also be successfully used for enantiomer separation
of volatile compounds of phamaceutical interest. However,
due to low loading and stability issues of many compounds
under GC conditions, this remains a niche technology [48].

2.2. Crystallization of diastereomeric salts

Potential drugs with acidic or basic properties can be resolved
by crystallization of their diastereomeric salts (sometimes
referred to as 'fractional crystallization’) [49,50]. The interaction
of a racemic mixture with the single enantiomer of a chiral
material, called resolving agent, gives rise to two diastereo-
meric derivatives, with dissimilar physical properties, allowing
a separation of enantiomers through crystallization. This
approach requires laboratory equipment only and it is suitable
for resolutions from the 100-mg scale to industrial processes.
On the other hand, sometimes crystallization processes do not
provide a product with an enantiomeric purity meeting reg-
ulatory requirement due to the phase diagram, and further
enantioselective  chromatographic  purification  will  be
required. Many papers on diastereomeric salt resolution and
on the behavior of enantiomeric mixtures can guide research-
ers in the selection of a proper resolving agent, although this
choice depends on the experience of the researchers and still
has trial-and-error aspects [49-52].

For identifying crystallization resolution conditions, at least
1-2 g of racemates are needed and a systematic approach has
to be applied, taking into account that the use of a resolving
agent structurally related to the racemic molecule generally
produces a more efficient resolution [12,52]. Different enantio-
merically pure acids or bases as resolving agents, depending
on the racemate properties, and different solvents (or solvent
mixtures) have to be screened. If the crystallization process
occurs, the ee of crystals and mother liquors obtained has to
be evaluated by analytical HPLC using C5Ps.

Far the resolution of racemic amines, tartaric acid and its
diaryl derivatives (i.e. dibenzoyl- tartaric acid and di-p-toluoyl-
L-tartaric acid), mandelic acid, camphor sulphonic acids and
some M-acetylated amino acids are widely used, also
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considering that they are relatively cheap. Moreover, dehy-
droabietic acid (DHAA) is a natural chiral carboxylic acid and
can be largely and inexpensively obtained. The application of
DHAA and its derivatives for separation of some enantiomers
(Figure 2) is well documented [53].

For the resolution of racemic acids, several alkaloids (ie.
brucine, cinchonine, quinine, and quinidine), phenylethyla-
mine, and ephedrine are available (Figure 2). Despite the
efficiency of crystallization via diastereomeric salts has been
broadly reported, this procedure requires operators with a
long experience in this field and an acute ability in choosing
the solvents and their quantities [54]. A significant aspect that
deserves to be mentioned is the time-consuming precipitation
of the desired diastereomeric salt, which may occur slowly.
Insights into these considerations, as well as the greater
understanding of crystallization processes, are becoming
increasingly useful in obtaining new resolving agents.

A variant of the crystallization of diastereomeric salts
described above is the so-called ‘Dutch resolution” where a
mixture of resolving agents with analogous structure (called
families) is applied. A mixture of three structurally related and
stereochemically homogeneous compounds is generally used
as resolving agents instead of a single resolving agent [12,55].
Several families of structurally related resolving agents have
been described, including the mandelic acids (M-mix), benzoyl
tartaric acids (T-mix), cyclic phosphoric acids (P-mix), chal-
cones (J-mix), N-benzoylphenylglycines (PGA-mix), amino-phe-
nylethanol (PG-mix), and phenylethylamines (PE-l-mix, PE-lI-
mix, and PE-lll-mix) (Figure 2) [56,57].

This process is extremely useful for resolving racemates up
to 100-mg scale, thus filling the gap of the fractional crystal-
lization. This variant generally possesses high success rate and
represents a valuable opportunity for reaching enantio-separa-
tion in DD process.

A wide number of resolutions by crystallization of diaster-
eomeric salts has been reported in the literature. From the
analysis of the papers it clearly emerges that this technigue is
nowadays preferentially applied in industry for preparative
purposes, rather than in academia in the DD process [58,59].

2.3. Preferential crystallization

A very elegant technique to achieve enantiomeric separation
is preferential (sometimes called ‘direct’) crystallization. This
approach is applicable only when the racemate is a conglom-
erate, i.e. a mixture of mimor-image crystallized phases exhi-
biting symmetrical enantiomeric excess [60]. Unfortunately,
conglomerates are not much common: it has been estimated
that only 5-10% of the chiral substances belong to this type
[61]. However, when it can be performed, preferential crystal-
lization represents a powerful, clean, and scalable technique
that does not necessitates chiral auxiliaries. There are two
main methods that can be employed: (i) the entrainment
process and (ii) simultaneous crystallization [12]. The first one
is a kinetic process that exploits the difference in crystalliza-
tion rates of the enantiomers when homochiral seeds are
added to the racemic supersaturated solution. The energy
required for the growth of the seeded crystals is lower than
the energy required for the spontaneous nucleation of the
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Figure 2. Resolving agents commonly used.

nonseeded enantiomer. However, the process must be
stopped before crystallization of the undesired enantiomer
becomes likely, so that the system cannot reach equilibrium.
This process can be carried out in different modes, the most
important of which are known as Seeded Isothermal
Preferential  Crystallization and  Seeded  Polythermic
Preferential Crystallization [60]. The entrainment process is

mainly employed on smaller scales in a batch mode.
Nonetheless, some example of its use on industrial scale is
available, such as in the production of broad-spectrum anti-
biotics (e.g. chloramphenicol, thiamphenicol, and b-lactames)
[61]. The second approach, ie. simultaneous crystallization, is
typically used on large scale, both in batch and continuous
modes. The two enantiomers are allowed to crystallize
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simultaneously, but they are locally separated from a solution
that remains close to the racemic composition [12].
Simultaneous crystallization has been used for industrial-
scale production of various commercially relevant products
and intermediates, such as (-) -menthol, L-a-methyldopa, and
L-glutamic acid [62]. Many improvements and innovations
have been exploited during the years to enhance efficiency,
material throughput, batch reproducibility, and crystal quality
associated with preferential crystallization. These include, for
example, Auto-Seeded Polythermic Programmed Preferential
Crystallization, continuous crystallization techniques per-
formed with innovative reactor concepts, and Second-Order
Asymmetric Transformation, which exploits racemization of
the unwanted enantiomer to increase owverall yield and mini-
mize waste. For an in-depth discussion on these topics, we
suggest referring to some excellent reviews that can be found
in recent literature [12,63].

3. Enantioselective synthesis

In the last stage of DD and in early stage of development, large
quantities (100 g upto kg) of a newly identified biologically active
compound with a defined stereochemistry are needed. The litera-
ture analysis evidenced that in the chemical landscape of modem
medicinal chemistry, asymmetric synthesis is currently the pre-
ferred approach once the eutomer has been identified
[11,12,64-66].

3.1. Chiral pool

Enantiomerically pure compounds can be obtained starting
from molecules belonging to the chiral pool, ie. a set of
enantiopure molecules naturally available (carbohydrates, a
amino acids, terpenes, hydroxyl acids, and alkaloids). These
starting materials are incorporated into the new compounds,
providing the chiral center(s) with the desired configuration
[67]. Compounds from chiral pool are often relatively cheap
and can become the starting materials for efficient synthetic
strategy. Nonetheless, they have to present a certain similarity
to the desired product; otherwise, the subsequent synthesis
can be more challenging, requiring multiple steps with possi-
ble racemization. In particular, racemization is a potential issue
that should always be kept in mind: all the reactions per-
formed with building blocks from chiral pool must avoid this
aspect, otherwise the chiral information of the starting mate-
rial will be lost [11].

Some recent examples in literature show how chiral pool
synthesis is used to successfully access enantiomeric pure
products of phamaceutical interest. For instance, in 2015, an
efficient total synthesis of antiepileptic (R)-lacosamide 2 start-
ing from L-serine was developed [68]. The process, consisting
in five synthetic steps, has an overall yield of 54% and does
not involve kinetic resolution or expensive chiral ligands, mak-
ing it commercially viable (Figure 3). Another recent study
demonstrated the possibility to obtain 1,2-disubstituted 3-
benzazepines 4 using natural amino acids as chiral-building
blocks [69]. The key step of the synthetic pathway is a calcium-
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catalyzed Friedel-Crafts cyclization, which afforded the desired
products with high diastereoselectivity (Figure 3).

Several interesting examples of chiral pool synthesis have
been properly discussed in a recent literature review [11].

3.2. Chiral auxiliaries

A different synthetic strategy consists in using achiral com-
pounds (prochiral substrates) as starting material, which can
be easily converted into enantiopure compounds. Enantiopure
chiral auxiliaries can be used for controlling the stereochemi-
cal course of specific reactions [12,70]. This approach requires
the use of stoichiometric amounts of a chiral auxiliary, which is
temporarily coupled with the starting material. The obtained
product is involved in a diastereoselective transformation,
where the selectivity of the reaction is governed by the con-
figuration of the chiral auxiliary. Despite its use in stoichio-
metric amount, the chiral auxiliary possesses the advantage to
be recovered after a reaction and thus recycled for another
process or producing more of the target enantiomer.
Racemization is an important drawback related to the enan-
tiopure agent and particular attention is required to avoid this
issue to prevent enantiomeric purity lowering.

3.3. Chiral catalysts

Chiral catalysts, such as chiral coordination complexes, in stoi-
chiometric amount can be used to obtain the formation of the
desired stereoisomer. The chiral catalyst is not consumed dur-
ing the process and can be reused, avoiding waste and
improving the efficiency of the synthetic procedure. Here
below, we highlight a few examples of the two workhorses
in DD and development.

Asymmetric hydrogenation (AH) is one of the most relevant
enantioselective transformations. During its  history of
40 years, thousands of homogeneous catalysts have been
developed, allowing the hydrogenation of many substrates
with high enantioselectivity [11]. Recently, new ligands suita-
ble for rhodium-catalyzed AH of olefins and ketones have
been designed and synthetized. Particularly, a family of supra-
molecular chiral phosphite ligands, named PhthalaPhos, has
been dewveloped using a combinatorial approach. These
ligands, which share a common phthalamidic group, are easily
prepared from inexpensive starting materials, and showed
excellent enantioselectivity in the hydrogenation, on mg
scale, of both benchmark olefins and challenging substrates
5-6, 9, 11 of potential interest from a medicinal chemistry
standpoint (Figure 3) [71]. To replace the commonly used
expensive and highly toxic transition metals (e.g. Ru, Rh, Ir,
Pd) with their cheaper and safer first-row counterparts (e.g. Fe,
Co, Ni), new BINOL-derived chiral (cyclopentadienone) iron
complexes (CK) were prepared. The new compounds catalyze
the AH of ketones (i.e. 13) with good enantioselectivities (i.e.
14, up to 77% ee) (Figure 3). These iron catalysts are of interest
for DD, in virtue of their stability, low cost, and scalability
characteristics and provide compounds with good ee [72].

Another important stereoselective reaction of great relevance
in DD is the asymmetric allylic alkylation (AAA). This reaction,
originally developed by Trost [73], exploits a chiral palladium
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Figure 3. Chiral synthesis examples.

catalyst and has shown good versatility in organic synthesis.
Recently, the AAA has been used to access quaternary a-D-C-
mannosyl-(S}-amino acids 18 with high yields and excellent dia-
sterecisomeric ratio (dr). The optimal condition provided a Pd
source, a chiral diphosphine ligand, and a solvent, affording the
desired product in 100-mg scale from commercial 4,6-di-O-acetyl
R-pseudoglucal carbonate 15 and racemic amino acid-derived
azalactones 16. C-glycosyl a-amino acids have recently emerged
as useful building blocks in the synthesis of C-glycosylated pep-
tides, which are impartant mimics of naturally occurring N- and
O-glycoproteins with potential therapeutic applications in a vari-
ety of diseases (Figure 3) [74].

Another example regarding AH is the synthesis of BMS-
986104 21, which is a sphingosine 1-phosphate receptor mod-
ulator, which is characterized by the presence of three chiral
centers (Figure 3). The originally proposed synthesis was not
stereoselective, requiring 11 steps, several resolutions with SFC,
and was characterized by low overall yield (<19% yield) [75]. The
AH of a trisubstituted alkene was the key step of an alternative
synthetic strategy. The use of S-isopinocampheylborane (5-Ipc-
BH2) allowed high levels of diasterecselectivity, thus providing
the desired compound 21 with purity up to 99.8% and an
increased overall yield respect to the original synthesis (21%
yield, 12 steps) (Figure 3) [76].
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Chiral sulfoxides can be found in a number of drugs, con-
taining asymmetric sulfinyl moieties. A metal-catalyzed asym-
metric oxidation of prochiral sulfides can be adopted to obtain
chiral sulfoxides in high ee (up to 99%). Titanium-catalyzed
asymmetric oxidations of tri- and tetrasubstituted 2-thioimida-
zoles 22 afforded the corresponding sulfoxides 23. In this way,
11 sulfoxides have been synthetized some of them with high
yields and high ee in gram scale. Depending on the config-
uration of the chiral auxiliaries, S-BINOL or R-BINOL, both
enantiomers are synthetically accessible (Figure 3) [77].

Exploring new reaction conditions is generally time-consum-
ing. Nevertheless, a vast number of asymmetric synthesis cur-
rently employed and the systematic literature reviews published
so far could be helpful for medicinal chemists [11,64-66,78,79].

3.4. Biocatalysis

Biocatalysis is lately gaining importance for the synthesis of
enantiomerically pure drugs [80,81]. The increasing diffusion
of this methodology is due to its intrinsic advantages, such as
the use of renewable and biodegradable enzymatic catalysts,
the reduction of synthetic steps, and the mild reaction condi-
tions. There are hundreds of enzymes that can be used for
biocatalysis, belonging to diverse categories, such as lipases,
esterases, transaminases, reductases, oxidases, and isomerases
[82]. Hereinafter, we focus on some commonly employed
enzymes, reporting significant recent examples of their suc-
cessful application to pharmaceuticals production.

Lipases are among the most commonly employed enzymes
in biocatalysis. A recent review reports the most interesting
examples found in literature over the last years concerning the
use of lipases to obtain enantiopure drugs and/or their inter-
mediates [83]. Most reported biocatalytic processes refer to
kinetic resolutions of racemic substrates, which occur under
mild conditions with a high degree of regio- or enantioselec-
tivity. Hydrolysis of racemic or prochiral esters along with
stereoselective acylation of alcohols are the most popular
lipase-catalyzed reactions. A recent example foresees the
immaobilization of the lipase on synthetic resin in order to

Hughes &f &f. 2010
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facilitate separation and recycle of the enzyme at the end of
the reaction [84].

Among the products of pharmaceutical interest, chiral
amines deserve particular mention. They can be easily
obtained using biocatalytic approaches. In fact, kinetic
resolution of racemic amines through lipases has been
extensively used [85,86]. A more efficient strategy, which
is currently gaining relevance, consists in the use of trans-
aminases for converting prochiral ketones directly into
primary amines in a single operation. Recent studies have
been aimed at overcoming the limitations of this method,
such as solubility, limited substrate range, and product
inhibition. In 2010, an efficient biocatalytic process for
the large-scale production of the antidiabetic sitagliptin
25 (Figure 4) was developed. In this procedure, a novel
effective transaminase enzyme was used, affording a nota-
ble improvement over the previous Rh-catalyzed synthesis
[87], with the undesired isomer not being formed in quan-
tities above the limits of detection [88]. Moreover, the
enzyme developed showed a broad substrate range and
enhanced tolerance toward organic solvents, making it of
practical interest for pharmaceutical manufacturing. A
further improvement of this process was achieved 2 years
later immobilizing the transaminase on hydrophobic resin,
making it fully operational in organic solvent and allowing
multiple rounds of enzyme reuse [89]. Another enzyme, a
ketoreductase, was recently covalently bound to polymer-
based resin to obtain enantiopure (R)-1-(3,5-bis(trifluoro-
methyl)phenyljethanol 27, a key intermediate in the synth-
esis of the antiemetic EMEND 28 (Figure 4). This synthesis
showed excellent selectivity, conversion, and versatility, as
it was demonstrated to be effective on other ketones.
Additionally, it can be applied in both batch mode and
continuous plug flow reactor [90].

Although these few examples underline the high potential
of biocatalysis for obtaining enantiopure products, this tech-
nique is still not widely exploited in industry, mainly owing to
the absence of familiarity with the commercially available
enzymes. Moreover, enzymes are conceived as biological
agents rather than chemical reagents [91].
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Figure 4. Biocatalysis examples.
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4. Integrated approaches

As outlined in the previous paragraphs, there are many meth-
ods to obtain single enantiomers with high ee and purity in
suitable amount for the various phases of DD process.
Nevertheless, sometimes each of these methodologies, if per-
formed alone, can be inefficient, leading to low purity, poor
yields, or highly time-consuming procedures. In these cases,
the use of integrated approaches (i.e. combining different of
the aforementioned techniques) can be crucial to obtain the
desired results.

Hereinafter, we report some examples in which integrated
approach proved to be the winning strategy. The cases
described try to cover as diverse as possible technique com-
binations, among those reported in recent literature.

To synthesize the glucocorticoid receptor modulators 30
and 31 (Figure 5), the key intermediate (5)-29 was initially
prepared in kilogram-scale applying SFC. The optimized pro-
tocol allowed a processing rate of up to 96 mL/h of a 50:50
solution of 2%a and 29b, which provided 31 g/day of enantio-
mer 29a. This rate failed to satisfy the delivery timeline
required for dinical campaign, so other routes were explored

Q
1. resolution with \\'J‘LDH
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[92]. Since neither enzymatic nor chemical resolutions pro-
vided the desired enantiomeric purity (299.0 HPLC area per
cent), the best solution was to use integrated approach. This
strategy consisted in a partial resolution of racemate 29a/2%
through crystallization of diastereomeric salts, followed by SFC
performed on the enantio-enriched mixture, reducing the
initial processing time by 54%. In detail, the racemic acid 29
was treated with 0.5 equivalents of the chiral amine cinchoni-
dine, to give the crystalline solid salt of the undesired 29b,
while the mother liquor contained an 85:15 mixture of 29a
and 29b. This enriched mixture was subsequently purified via
preparative SFC to enhance processing rates up to 80 mL/h of
the partially resolved mixture, affording a 57 g/day production
of 29a with an ee =99.5%. The new protocol satisfied both
timeline and enantiomeric purity requests (Figure 5) [92].
Another interesting example is the resolution of 2'6"-
Pipecoloxylidide 31 (PPX, Figure 5), a key intermediate in the
synthesis of some important anesthetics, such as mepivacaine
33, ropivacaine 34, and bupivacaine 35. Since the (5)-enantio-
mer of such compounds presents lower system toxicity and
allows better surgical results, a large-scale production of enan-
tiopure PPX is of great interest For many years, a
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diastereomeric salt resolution of racemic PPX was the chosen
route in industry due to its low cost. Nevertheless, this proce-
dure allows only a maximum of 50% yield and produces a
high amount of waste [23]. Accordingly, altematives have
been explored to enhance the process efficiency [94].
Chromatographic separation, crystallization, and asymmetric
synthesis were taken into account, but all of these approaches,
if considered separately, were not satisfying. Again, an inte-
grated process proved to be successful. First, preparative
enantioselective chromatography afforded an enantio-
enriched solution, which is then further purified by preferen-
tial crystallization. The costs of chromatography can be
reduced by lowering purity requirements: the output is an
enantio-enriched mixture that can be concentrated by partial
solvent evaporation and then charged in the crystallization
vessel where it can undergo preferential crystallization by
means of proper cooling. It has to be noted that this kind of
purification cannot be performed on racemates, since it needs
a preliminary enrichment to a composition above the eutectic.
The desired enantiomer (5)-PPX 32b is obtained as a crystalline
solid with ee = 99.5%. The mother liquor derived from this
step is recycled to chromatography since it still contains some
of the desired enantiomer. This can be easily done because
the solvent system is the same for both purifications, requiring
simple concentration changes. However, even with this expe-
dient, the combination of chromatography and crystallization
does not provide an appealing improvement in the overall
process. In this scenario, the introduction of a new step to
reduce waste becomes crucial: racemization of the undesired
(R}-enantiomer meets this requirement. A homogeneous cata-
lytic racemization was successfully performed using Shvo's
catalyst. Thus, combining chromatography, crystallization,
and racemization, the authors managed to triumphantly
improve the large-scale synthesis of enantiopure (S)-PPX 32b
(Figure 5) [94].

Lastly, an integrated approach was applied for the prepara-
tion of the S1R agonist (R)}-RC-33 38 in g-scale [95]. This
compound was originally obtained through preparative HPLC
resolution of the racemate in amount suitable for the identi-
fication of the eutomer. The original strategy was then revised,
to obtain gram-scale amount of the eutomer needed for in
vitro/in vivo studies. Several strategies have been investigated,
such as enantioselective chromatography, fractional crystalli-
zation, and enantioselective synthesis alone and in combina-
tion to set up the best protocol, in terms of yield, time, and
cost. The optimal strategy combined the enantioselective
hydrogenation, peformed using the (5,5)-Ir(ThrePHOX) com-
plex as catalyst, carried out on (E)-ethyl 3-(biphenyl-4-yl)but-2-
enoate, affording (-)-(R)-ethyl 3-(biphenyl-4-yl)butanoate 36
with ee of 83%. The ethyl ester was then converted in the
corresponding enantio-enriched acid, which was solved by
crystallization of the diastereoisomeric salt with cinchonidine,
obtaining the (R) enantiomer 37 with 98% ee. In this case,
fractional crystallization presents important advantages com-
pared to enantioselective chromatography, giving excellent
results with lower costs and modest environmental impact.
The two last steps of the synthesis (amidation with piperidine
and reduction of the amide moiety with LiAlH4) did not affect
the excellent ee obtained (Figure 5) [95].
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5. Conclusion

The long-standing interest in enantiopure drugs, together with
the restriction provided by the leading drug regulatory agencies,
has prompted the scientific community to develop straightfor-
ward and robust methodologies to obtain enantiomeric com-
pounds in good yields and with excellent ee. This review
highlights how different procedures may be combined in pro-
moting the formation of the desired enantiomeric product,
underlining the ‘pros and cons’ of each strategy. We focused
our attention, throughout this work, on the main DD phases -
from the hit identification up to the preclinical studies - demon-
strating that racemic resolution techniques may be effective
during all the DD stages. Conversely, enantioselective synthesis
represents the current procedure of choice in multi-g scale
phase, in virtue of its high versatility and scalability. Lastly, two
methods are widely employed for the production of an enantio-
pure active phamaceutical ingredient at the development stage:
asymmetric synthesis and separation of enantiomers by crystal-
lization. Despite the satisfactory results, these methodologies
may be unproductive (low yields and insufficient ee), when
they are individually applied. Accordingly, the introduction of
integrated approaches may thwart this drawback, since the ben-
eficial effects of each procedure contribute in accessing to the
enantiomeric pure compound endowed with the suitable fea-
tures to perform the in vitrofin vivo investigations.

6. Expert opinion

Since 1992, the importance of stereoselective pharmacody-
namics and pharmacokinetics has been widely recognized
[7]. The evidence that the use of single enantiomer drugs
could be beneficial for the human health [96], associated to
the impact of the regulatory guidelines, led to an increased
development of new single enantiomers and technological
improvements [97]. The pharmaceutical market transforma-
tions can be appreciated by the trend of new molecular
entities approved by U.S. FDA during 2002-2016 (Figure &)
[7,98,99]. The histogram clearly shows that single enantiomer
drugs have exponentially increased in the pharmaceutical
scenario, outclassing the racemic molecules.

As extensively reported, the desired enantiomeric com-
pounds can be prepared adopting two workable routes:
separation of racemates or enantioselective synthesis. In
general, a DD process provides an initial rapid screening
of the most promising approaches, performing an accurate
evaluation of all parameters. Once the optimal method for
a mg-scale has been selected, it will be further optimized
and scaled-up, saving precious time and money.

When talking about the isolation of enantiopure compounds
in large scale, ecological/environmental considerations have
also to be taken into account, in order to reduce potential
toxicity and hazard of the process. In chromatography using
CSPs, large amounts of solvents are used. This aspect is neither
desirable nor convenient. Methods able to reduce the amount
or to recycle solvents are preferred. In this context, SFC is the
ideal method, in virtue of its intrinsic properties and green
features. In fact, this procedure requires CO, (raw carbon diox-
ide is recovered as a normal 'by-product’ of industrial processes
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Table 2. Advantages and disadvantages of the main methods for isolating
enantiomers.

Pros Cons

Chiral HPLC
Wide appliation
Easily scalable method
High efficiency

Chiral SFC
Wide appli@tion
Enviomental friendly method
Easily scalable method
Efficiency

Resolution via crystallization of diasterecmeric salts

Solvent consumption
Low processing rate

High cost of instrumentation

Low cost Trial and error approach

Simplicity Suitable for only acid and basic
compounds

Robustness Low yield

Largefindustrial scale
Enantioselective synthesis (chiral pool and chemocatalisis)
Wide appliation Time-consuming setup
Efficizncy High cost
Suitable for the medium/late stage  Large amount of waste
of DD

Biocatalysis
Efficiency Cost
Enviomental friendly Enzyme stability
Mild conditions Solubility issues

and can be used as eluent after purification and liquefaction)
and small amounts of alcoholic modifiers, as mobile phase
[100]. Furthermore, SFC spans a range from small preparative
(a few milligrams to a hundred of grams) up to larger scale.
Fractional crystallization is a widely used method, though it
allows obtaining only 50% of the final material. For economic
and ecological reasons, the racemization of the non-desired’
enantiomer is advantageous, since it can be reused for further
cycles [97]. At the g-scale stage of DD process, enantioselective
synthesis may guarantee an indubitable efficacy. In detail, this
approach collects a series of appealing procedures - chiral pool,
the employment of prochiral substrates, and biocatalysis — able
to offer the enantiomeric product endowed with a good ee.

Nevertheless, the efficiency of an enantioselective synthesis
process can never be close to 100% and the subsequent pur-
ification of the desired enantiomer is generally complex and
often unattainable. Moreover, these methodologies may be
limited by the costs, since chiral agents (i.e. chiral auxiliaries,
chemical, or biocatalysts) are expensive. Several artifices have
been developed to counteract these issues, among them the
recycling of the chiral agents, as well as the racemization of the
enantiomeric counterpart are the main solutions not to burden
academic and industrial economy. Lastly, the integrated
approaches deserve to be mentioned, since they enable to
overcome the major hurdles that can be encountered when a
single enantioselective strategy is adopted. We reported few
examples that could be sufficient to demonstrate how the
synergy among different approaches can provide several ben-
efits in terms of costs and time.

Altogether these data suggest that choosing an appropri-
ate synthetic scheme useful for preparing enantiomers may be
tough and requires both scientific and strategic assessments.
The decision on which enantioselective approaches to adopt,
throughout a DD program, has an immense impact on the
project timelines and cost, thus the selection of a gold stan-
dard strategy can lead to competitive and fast DD procedures.
Conversely, a wrong decision, adopted without rigor, scrutiny,
can promote a cascade of events that collimates in a signifi-
cant waste of time and money.

Table 2 gives a complete picture of the main advantages
and disadvantages of the wvarious techniques used for
obtaining large-scale enantiomers. This schematic overview
may contribute in choosing the right procedure for a
g-scale production of enantiopure compounds.
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The human Sigmal receptor (S1R), which has been identified as a targst with an
important role in neuropsychological disorders, was first crystallized 3 years ago. Since
S1R structure has no relation with another previous crystallized structures, the presence
of the new crystal is an important hallmark for the design of agonists and antagonists
against this important target. Some years ago. our group identified RC-33, a potent
and selective S1R agonist, endowed with neuroprotective properties. In this work,
drawing on new structural information, we studied the interactions of RC-33 and its
analogs with the 51R binding site by using computational methods such as docking,
interaction fingerprints, and receptor-guided alignment three dimensional quantitative
structure—activity relationship (3D-QSAR). We found that RC-33 and its analogs adopted
similar orientations within S1R binding site, with high similitude with orientations of the
crystallized ligands; such information was used for identifying the residues involved in
chemical interactions with ligands. Furthermore, the structure-activity relationship of the
studied ligands was adequately described considering classical QSAR tests. All relevant
aspects of the interactions between the studied compounds and S1R were covered here,
through descriptions of orientations, binding interactions, and features that influence
differential affinities. In this sense, the present results could be useful in the future design
of novel 31R modulators.

Keywords: sigmal receptor ligands, RC-33, arylalkylamine derivates, docking, quantitative structure—activity
relationships, interaction fingerprints

INTRODUCTION

The Sigma receptors (SR) have attracted the interest of the scientific community thoroughly in
the last decades owing to their potential role in cell survival and function modulation (Walker
et al., 1990; Chu and Rucho, 2016). They were originally misclassified as a subtype of opioid
receptors (Martin et al., 1976), but they were later classified as unique class of intracellular proteins,
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distinct from other receptors such as GPCRs (G protein-coupled
receptors). Sigma receptors (SRs), comprise two subtypes o, and
o2 receptors (S1R and S2R, respectively) associated with aging-
and mitochondria-associated disorders (Tesei et al., 2018). Both
subtypes are highly expressed in the central nervous system, but
they are derived from completely different genes. S1R was cloned
in 1996 (Hanner et al,, 1996) and was crystallized for the first
time 3 years ago, in 2016 (Schmidt et al., 2016), whereas S2R was
cloned only very recently, in 2017, by Alon et al. (2017).

SIR is an intracellular modulator between the endoplasmic
reticulum and the mitochondria, the cell nuclei, the membrane,
and it also modulates intracellular signaling. It plays a key role
in neuropsychological disorders such as depression, enhances
the glutamatergic neurotransmission (DeCoster et al, 1995;
Meyer et al., 2002), and modulates second messenger systems,
such as the phospholipase C/protein kinase Clinositol 1,4,5-
trisphosphate system (Morin-Surun et al, 1999). Multiple
biological roles of SIR have been identified, which made this
protein a relevant target for the future treatment of epilepsy,
schizophrenia, sclerosis, Alzheimer, and Parkinson’s diseases,
cancer, etc. (Mishina et al., 2005; Hashimoto, 2009; Furuse and
Hashimoto, 2010; Mavlyutov et al., 2015; Vavers et al., 2017; Tesei
et al., 2018). Moreover, SIR agonists enhanced neuroplasticity,
and may be effective in amyotrophic lateral sclerosis (Peviani
etal., 2014) and multiple sclerosis (Collina et al., 2017h).

Not less important, preclinical studies carried out on different
models of memory impairment have revealed that S1R ligands
could be promising drugs to treat cognitive dysfunctions
(Hayashi and Su, 2004; Monnet and Maurice, 2006; Yagasaki
et al., 2006; Collina et al., 2017a). Therefore, the identification
of potent and selective SIR modulators is of great interest
to develop novel therapeutic strategies focused mainly in the
treatment of central nervous system disorders. The list of
SIR ligands in the last years includes thioxanthene-derived
compounds (Glennon et al, 2004), fenpropimorph-derived
analogs (Hajipour et al., 2010), 2(3H)-benzothiazolones (Yous
et al., 2005), cyclopropylmethylamines (Prezzavento et al., 2007),
benzo[d]oxazol-2(3H)-one derivatives (Zampieri et al., 2009),
etc. All these compounds were developed when the three-
dimensional (3D) structure of SIR was unknown. Despite this,
the pharmacophoric features of S1R were identified and these
compounds comply with the general accepted pharmacophoric
pattern. It was demonstrated that at least one N positively
charged atom is important for binding at sigma receptors
and this atom must be flanked by two hydrophobic regions
of different sizes (Ablordeppey et al., 2000; Glennon, 2005;
Caballero et al., 2012).

In the last years, we designed and synthesized compounds that
comply with the proposed pharmacophore model and evaluated
them as SIR ligands (Collina et al., 2007; Urbano et al., 2007;
Rossi et al., 2010, 2011), leading to the finding of compound
RC-33 as a potent and selective SI1R agonist (Rossi et al., 2013a;
Marra et al., 2016). The structure-activity relationship (SAR) of
the majority of these compounds was previously described by
us by using 2D-QSAR methodologies (Quesada-Romero et al.,
2015). With the recent report of the S1R 3D structure (Schmidt
et al., 2016), structure-based molecular modeling methods could

be used to investigate SIR ligands with a new glance. With this
in mind, we propose in this work the analysis of the SAR of
RC-33 and its analogs (in total there were 80 compounds) by
combining docking and a 3D-QSAR methodology. This is the
first study focused on describing the SAR of S1R ligands by using
structure-based molecular modeling methods, after the report of
the crystallographic structure of this important biological target.

MATERIALS AND METHODS

Dataset Preparation

The studied compounds were extracted from references (Collina
et al., 2007; Urbano et al., 2007; Rossi et al., 2010, 2011,
2015, 2017; Rui et al, 2016). This dataset yielded a total of 80
compounds with reported activities as Ki ranging from 0.00069
to 1 M. Ki values were converted into logarithmic pKi values
prior 3D-QSAR models’ elaboration. The compound chemical
structures and their pKi values are depicted in Table 1. The
molecular structures were sketched using Maestro’s molecular
editor (Maestro 10.2.011, Schrodinger LLC). Thereafter, the 3D
structures were obtained with the help of the LigPrep module
(LigPrep, Maestro 10.2.011, Schrédinger LLC); ionization states
were generated at pH 7.0 & 2.0 using Epik (Shelley et al., 2007).
For compounds containing two possible enantiomers which
are reported in racemic form, the R enantiomer was chosen
for QSAR experiments because it was determined that both
RC-33 enantiomers showed similar affinities for the SIR and
they are almost equally effective as SIR agonists (Rossi et al,,
2013b). However, both enantiomers were chosen for docking
experiments to explore the interactions in the S1R binding site.

Molecular Docking

The ligand-receptor molecular docking experiments of RC-
33 analogs into the active site of SIR were performed
by using the software Glide from the Schridinger suite
(Friesner et al, 2004). Glide is one of the most effective
docking programs at this moment with many successful
applications relating to rational design of novel drugs
and investigation of protein-ligand interactions. Such
applications encompass in silico search of novel drugs
(Osguthorpe et al, 2012; Amaning et al, 2013), analysis
of the SAR of congeneric series of compounds (Almerico
et al., 2012; Quesada-Romero and Caballero, 2014; Quesada-
Romero et al, 2014; Mena-Ulecia et al., 2015), evaluation of
enzymatic reaction pathways (Wu et al, 2011; Batra et al,
2013), etc.

Protein coordinates were extracted from the crystal structure
of S1R bound to the selective antagonist PD144418 (code 5SHK1
in Protein Data Bank) (Schmidt et al., 2016). A grid box of
20 % 20 x 20A was centered on the center of mass of the
ligand in this crystal structure covering the binding site of
S1R. Glide standard (SP) and extra-precision (XP) modes were
employed with the same protocol and parameters that were used
by us in previous works (Quesada-Romero and Caballero, 2014;
Quesada-Romero et al., 2014; Mena-Ulecia et al., 2015). Glide
SP was used to evaluate the capability of the Glide method to
obtain poses that fit the known pharmacophore of SI1R ligands,
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TABLE 1 | Structures of RC-33 analogs as S1R ligands.

ID Structure Experimental Predicted References
pKi® pKi®
‘/‘/\/\ N
1 (RC-33) 916 9.37 Fossi et al., 2011
HO,
; -
|
2 760 7.54 Collina et al., 2007
HO
< ~
N
- |
3 O T.41 7.49 Fossi at al., 2010
x> P
‘/Lf |\|J
4 6.99 6.96 Coliina et al., 2007
= -
Coy
] 7.0 762 Collina et al., 2007
= -~
N
- |
6 @] 767 7.44 Collina et al., 2007
™ -~
‘/‘)\/\ T
T 885 B.73 Fossi et al., 201 1
T ~
@)\/‘\T
g= 6.00 6.79 Hossi et al., 2011
_ -~
N
- |
] (@] £.00 6.23 Rossi et al., 2011
/OGNN’
10 6.00 6.14 Hossi et al., 2011
(Confinued)
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TABLE 1 | Continuad

D Structure Experimental Predicted References
pKi® pKi®
11 733 7.1 Collina ot al., 2007
128 a8n .99 Collina et al., 2007
; -
/./\/\hrl
13 HO 772 765 Collina at al., 2007
- -
Oy
.
14 0] .64 8.4 Calina et al., 2007
: -

|

15 8.99 9.05 Collina et al., 2007
HO,
N
- I
18 O 8.2 8.10 Fossi at &, 2010
Ho,

N /\@

17 8.682 B.26 Rossi et &., 2010
=
18 810 B.09 Collina et al., 2007
T

T/\@

19 8.20 B.20 Caolina et al., 2007
(Continued)
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TABLE 1 | Continuad

D Structure Experimental Predictad References
pKi® pKit
oo
20 0 7.85 B.22 Rossi et al., 2010
T
b 7.4 7.06 Collina et al., 2007
.
N
. |
22 0 828 B.11 Collina et al., 2007
|
238 837 B.O6 Collina et al., 2007
24 ‘/‘/\f 824 8.30 Collina et al., 2007
S
25 O 864 B.52 Rossi et al., 2010
HO,
26 0 .98 B8.01 Rossi et &, 2010
™
.)\/\ hO
27 9.0 B.79 Rossi at al, 2011
2
riij
28 9.07 022 Rossi at al, 2011

{Continued)
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TABLE 1 | Continued

ID Structure Experimental Predicted Ref
plﬁ" pl(f-‘
=
N
208 B.24 E.23 Rossiat a., 2011
T
N
~
30 0 7.85 TET Rossiat a., 2011
0 NN
31 704 740 Rossiat a., 2011
/.)%/\ N
a2 Q 8.35 8.62 Rossi et al., 2010
070
.
a3 O 8.80 8.99 Aossi et al., 2010
¥
N
348 764 7.65 Rossiat &, 2011
T N
S
35 = 8.15 8.20 Hossi et al., 2011
T
N
ag2 8.97 8.56 Rossiat &, 2011
= N
S
ara 0 833 828 Rossiat &, 2011
ag® 811 7.40 Rossiat &, 2011
(Continuead)
Frontiers in Chemistry | www.frontiarsin.ong July 2019 | Volume 7 | Article 496

198



Veldrquez-Libera et al.

Madeling of Sigmai Receptor Ligands

TABLE 1 | Continued

D Structure Experimental Predicted Referances
pKi® pKi®
.)*“J\ N /\|
30 K/O 8.02 B.04 Rossi at al., 2011
= N /\
G K/O
40 754 7.83 Rossi et al., 2011
0
M ~o I\/ 6.00 6.38 Flossi ot al., 2011
"DGJV N
42 I\/O 6.00 5.08 Rossi at al., 2011
0]
Co0
438 I\/N 6.00 7.29 Urbana at al., 2007
0
o N /\
~ N
44 O .00 £.03 Urbano at al., 2007
o]
T N /\
~ k, N
45 0 .00 6.16 Urbano at al., 2007
0
T N/\I
= K/N\
46 = .00 578 Urbano at al., 2007
(0]
e N /\I
™~ K/N\
478 0] .00 £.36 Urhana at al., 2007

(Continued)
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TABLE 1 | Continued

ID Structure Experimental Predicted References
pKiP pKI®
Q |
AN N
N/\\/ s
H
48 6.00 5.50 Urbano et al., 2007
9 |
\ N
N"’\\/ ~
H
~
49 0] 6.00 575 Urhano at al., 2007
HO,
O D
50 7. 7.52 Rossi et al, 20156
- OH
O U
51 8.3 8.a7 Anesi at &, 2015
HO,
-~
i
52 6.60 661 Aossi et &, 2015
- OH
: ~
.A/\'Tl
53 7.20 7.40 Aossi et al., 2015
HO,
-
N
- |
547 O 7.20 7.44 Flossi et al., 2015
-~ OH
- -~
e T
- |
55 O 7.60 7.90 Aossi et al., 2015
.’ ~ "N
56 a2 857 Aoesi at al., 2017
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TABLE 1 | Continuad

[»] Structure Exparimental Predicted Referances
pKi® pKi®
57 822 B20 Rossigt al, 2017
58 8.6 814 Rossi et al,, 2017
N
50 8.27 8.20 Fossi t al, 2017
N
~
&0 o] 5.04 6.01 FAossiet ., 2017
. /@/\/\ _
&1 O 7.70 768 Rossi ot &, 2017
. /@/\/\
g2 8] 8.48 8.ar FAossi et al., 2017
N
~
&3 O 742 7.20 FAossiet ., 2017
N
~
&4 (o] 6.62 6.75 FAossiet al., 2017
g5° 7.44 6.42 Rossi et al, 2017
/0\©/\/\
B6 854 856 Fossi et al, 2017
{Continued)
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TABLE 1 | Continuad

D Structure Experimental Predicted Referances
pKi® pKi®
/0 N /\
Lo _
678 6.86 725 Rossi at al., 2017
: -
|
68 637 6.35 Rossi et &, 2017
N
69 T34 T.37 Rossi et a., 2017
N
70e 854 g.62 Aossi et al., 2017
N
7 852 545 Rossi et &, 2017
N /\
0] ;
728 7.07 6.56 Rossi at &, 2017
73 B.00 B Rui et al., 2016
4 796 T8z Rui et al., 2016
HO,
’O\/@
75 757 7.73 Rui et al., 2016
76 740 745 Rui et al., 2016
(Confinued)
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TABLE 1 | Continuad

D Structure Exparimental Predictad Referances
pKi® pK®

v 7.16 T.08 Rui et al., 2016

8 [l 7.18 Rui et al., 2016

79 7.48 T.42 Auietal., 2016

808 7.89 718 Rui et al., 2016

2Test sof compounds.
b Expanmeantal and pradicted pii valuas using Model SE.

and the more precise Glide XP was used for finding the final
docking poses.

After several poses were found for each compound, the ones
that showed the best scoring energies were considered. The
information of PD144418, 4-1BP, haloperidol, NE-100, and (+)-
pentazocine in the crystallographic structures recently reported
(Schmidt et al., 2016, 2018) was considered for the selection of
the best solutions; these compounds show how the previously
reported pharmacophoric pattern (Glennon, 2005) is oriented
inside the S1R binding site. The essential chemical interactions
described for analog ligands (ECIDALs) (Muioz-Gutierrez et al.,
2016; Ramirez and Caballero, 2018) defined for S1R ligands were
identified using this information. The most obvious essential
chemical interaction is that charged amino group of the ligands
must be close to the side chain carboxylate group of the residue
Glul72, forming an electrostatic interaction. Therefore, the
best docking solution for each compound was the pose that
had the best scoring energy and complies with this essential
chemical interaction.

The “Interaction Fingerprints Panel” of Maestro (Maestro
10.2.011, Schrodinger LLC) was used for deriving the Interaction
fingerprints (IFPs) as described in Singh et al. reports (Deng
et al., 2004; Singh et al., 2006). The method accounts for the
presence of different types of chemical interactions between
ligands and the binding site residues of the target receptor
by using bits. For this purpose, distance cutoffs are defined
for the binding site, and the interacting set encompasses
the residues that contain atoms within the specified cutoff
distance from ligand atoms. An interaction matrix is constructed
including the bits with relevant information of the defined
chemical interactions.

QSAR Modeling

After docking experiments, 3D-QSAR models were performed
to explain the SAR of the RC-33 analogs. Their bioactive
conformations predicted by using docking were used as the
alignment rule for deriving the models. The structural features
that affect their activities against the S1R were identified by
describing steric and electrostatic fields.

The 80 compounds dataset was randomly partitioned into
training (64 compounds) and external (16 compounds) sets. A
homogenous distribution of the activities was granted in both
training and test sets. 3D-QSAR models were generated using
Open3DQSAR (Tosco and Balle, 2011), an open access tool
with all the capacities to construct 3D-QSAR models. Steric
and electrostatic fields were computed according to classical
molecular mechanics equations using the Merck Molecular Force
Field (Halgren, 1996).

The field variables were calculated by describing the
interaction energies between probe atoms (sp® carbon atoms
with a charge +1) and structures in a 1.0 A step size grid box
surrounding the whole set. Variables were processed as follows:
(i) high energies adopted the top value of 30 kcal/mol, (ii) energy
values very close to zero (below 0.05 kcal/mol) were set to zero
in order to reduce noise, (iii} variables which only assumed a
few different values (n-level variables) were removed. Thereafter,
variables were scaled using the Block Unscaled Weighting
procedure (Kastenholz et al., 2000; Boh4¢ et al., 2002) and the
predictive power of the models was improved by using the Smart
Region Definition algorithm (Pastor et al., 1997).

Partial Least Square (PLS) regression was used to construct
3D-QSAR models, including from one to five Principal
Components (PCs) and different combinations of fields. Models
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were derived by using one field and by combining them; the best
model was selected by considering the higher value of the internal
leave-one-out (LOO) cross-validation Q.

RESULTS AND DISCUSSION

Docking Predictions

We have a structural information of the binding poses of
SI1R ligands such as PD144418, 4-IBF, haloperidol, and NE-
100 that similar in shape to RC-33. This information was used
for evaluating the quality of the obtained docking results for
RC-33 and its analogs. It is known that S1R ligands contain
a charged nitrogen central atom flanked by two hydrophobic
regions of different size (Glennon, 2005). The above mentioned
S1R ligands form electrostatic interactions between the ligand
charged nitrogen atoms and the side chain carboxylate of Glu172.
In addition, their larger hydrophobic groups locate near the
residues Val84, Met93, Leu95, Leul05, Tyr206, 1le178, Leul82,
and Tyrl03 (primary hydrophobic site), and their smaller
hydrophobic groups locate near the residues Phel07, Trpléd,
His154, and Ile124 (secondary hydrophobic site). It is expected
that the studied compounds establish such interactions.

Docking orientations of RC-33 and its analogs are represented
in Figure 1. The best docking pose obtained for RC-33 was
compared with the orientations of PD144418, 4-1BP, haloperidol,
NE-100, and (+)-pentazocine in the reference crystallographic
structures SHK1, 5HK2, 6DJZ, 6DKO0, and 6DKI, respectively.
(+)-Pentazocine is an agonist as RC-33, but it is shorter than
RC-33 and the other crystallized ligands; therefore, it is the
least suitable ligand for the structural comparison between the
crystallized ligands and the docked RC-33 analogs. Figure 1A
shows that the docked structure of RC-33 was similarly oriented
as the other crystallized ligands. On the other hand, Figure 1B
shows that suitable binding modes of the ligands were found
for all the RC-33 analogs. All of them form the conserved salt
bridge between the charged N atom of the ligands and the residue
Glul72 of the S1R. They also oriented their large hydrophobic
groups to the primary hydrophobic site, and oriented their
small hydrophobic groups to the secondary hydrophobic site.
Representations in Figure 1 show that our docking poses are
similar to the S1R-ligand X-ray structures reported to date.

We calculated RMSD values for the studied compounds
with respect to the docking result of RC-33 inside the SIR
by using an in-house script (Veldzquez-Libera et al, 2018).
These calculations show the similarity in orientations between
RC-33 and its analogs in an easy way. Since the RC-33
derivatives are different from the reference compound, RMSD
values were calculated by considering only the common graphs
between molecules. %RefMatch and %MolMatch values were
defined, where %RefMatch refers to the percent of common
graphs between the docked compound and RC-33 regarding
the total number of atoms of RC-33; meanwhile, %MolMatch
refers to the percent of common graphs between the docked
compound, and RC-33 regarding the total number of atoms
of the docked compound. These values allow identifying the
maximal similitude between the docked compound and RC-33;
therefore, an RMSD value with high %RefMatch and %MolMatch

FIGURE 1 | Docking resutts for AC-33 and its analogs. (A) Docking pose
obtained for RC-33 (sfick representation in green) and comparison with X-ray
crystallographic structures of the antagonist PD1444418 (thin stick
representation in purple, PDE code SHK 1), the ambiguous ligand 4-1BP (thin
stick represantation in light blue, PDB coda SHKZ), the antagonist halopenidol
(thin stick representation in liac, POB coda 60U7), the antagonist ME-100 (thin
stick representation in teal, PDE code 60KD), and the agonist (4)-pentazocing
(thin stick representation in cyan, PDB code 60K1). N positively chargaed atom
for each compound is represented by a blue sphera. (B) (top) Docking of
RGC-32 {in sticks represantation) and comparison with its anakegs (n lines
rapresentation); for each compound large hydrophobic group is in green at the
left, small hydrophobic group is in purple at the night, and N positively charged
atom is a sphera in blue. (bottom) Pharmacophonc model for S1H ligands: N
positively chargad atom {blue) flanked by large hydrophobic {gresn) and small
hydrophobic (purple) ragions.

values reflects that the compound under analysis bears a strong
resemblance with RC-33.

The majority of the compounds under study have the 1-
(3-phenylbutyl)piperidine or parts of this group in commaon
with RC-33. Their RMSD values are reported in Table2. In
general, RMSD values reflect that the majority of compounds had
the 1-(3-phenylbutyl)piperidine (or part of this group) similarly
oriented with respect to RC-33 (RMSD < 2 A). However,
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TABLE 2 | EMSD values of the obtained docking pose commen fragments for the studied compounds with respect to the docking result of AC-33 inside the S1R.

D RMSD (A)? %RefMatch? %MolMatch® RMSD (A)2d %RefMatchbd %MolMatch®d
1 (RC-23) 0.86 100 100
2 170 50 a1 2.30 50 il
3 140 50 55 182 50 55
4 2.61 36 47
5 2.20 36 47
6 1.42 36 42
7 0.45 64 74
8 2.94 36 62
g 167 36 53
10 2.50 36 53
11 2.30 50 66 2.30 50 65
12 2.06 50 85 216 50 fi5
13 2.24 50 a1 1.50 50 il
14 143 50 58 146 50 58
15 0.43 77 89 0.86 7 &
16 145 50 42 107 50 42
17 0.97 77 65 0.69 7 65
18 158 36 35
19 0.42 64 56
20 120 36 32
2 2.85 36 42
22 0.38 36 a3
23 2.00 50 43 1.94 50 43
24 0.04 77 8 0.83 7 &8
o5 122 50 44 0.82 50 44
265 123 73 70 1.08 73 70
27 138 36 40
28 0.59 64 64
29 2.24 36 50
30 0.85 36 44
at 115 36 44
a2 111 36 36
33 2.15 73 73 1.78 73 73
34 2.14 36 30
35 0.45 64 43
36 a.70 36 a5
a7 447 36 32
38 2.41 36 32
30 116 36 40
40 0.63 64 64
4 0.77 36 44
42 0.72 36 44
43 2.10 a2 26
44 110 a2 28
45 1.65 a2 24
48 0.67 50 57
47 1.05 a2 a7
48 2.28 a2 a5
49 223 32 39
50 0.06 100 06
51 0.64 100 96

(Continued]
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TABLE 2 | Continued

ID RMSD (A) % RefMatcht % MolMatch® RMSD (A)ad . RefMatchbd %MolMateh®d
52 1.50 50 61

53 1.87 50 &1

54 1.48 50 55

55 1.07 50 56

56 2.10 73 80 1.06 73 B0
5T 2.63 73 50

56 2.22 73 59

50 1.958 o1 100 1.08° o1 100
60 1.80 50 73 254 50 73
& 2,63 75 89 1.52 73 89
62 a.02 73 64 697 73 64
B3 3.38% B2 100 3,519 8z 100
B4 2.1 50 73 258 50 73
65 2.45 73 89 1.01 73 80
66 2.68 73 64 496 73 B4
i 2.19° a2 100 1.08° a2 100
66 0.63 50 85 296 50 85
0 265 73 100 273 73 100
70 387 73 70

7 6.66 73 70

72 2.58¢ 73 100 1.408 73 100
73 2.29 73 57

T4 2.20 75 57

75 4.65 73 67

76 4.30 73 &7

T 2.72 73 55

78 2.34 73 55

7a 1.74 73 57

&0 2.08 75 57

ARS0 valuss considanng amy the common chamical fragments betwean the docked compound and the reference compound RC-23.

5% RafMatch refors fo the parcont of common graphs befwoan the dockod and refierance compound AC-33 concaming the total number of atoms of the refarence compound AC-33.
“%MoMatch refoers to the parcent of common graphs betwean the docked and refarence compound RC-33 regarding the fotal number of atoms of the docked compound.

2RMSD, %Reifaich, and %MolMatch valuas for the S enantiomer of the compounds reparted as racemic pairs.

=l tfis case, diffarance in rng heavy afoms wars not considared bafwean the docked compound and tha referance compound RC-33.

Table 2 reports compounds with RMSD = 2.5 A (for instance,
compounds 11 (R and S), 57, 60 (S), and 77). The 1-(3-
phenylbutyl)piperidine group of these compounds is displaced
toward the helices w4 and «5; however, their amine groups
keep the salt bridge interaction with the residue Glul72. In
addition, we found in Table 2 compounds with RMSD = 4 A
(for instance, compounds 37, 62 (S), 66 (S), 75, and 76). The 1-
(3-phenylbutyl)piperidine group of these compounds is oriented
to the reverse with respect to this group in RC-33; their amine
groups also keep the salt bridge interaction with the residue
Glu172. These compounds have larger hydrophobic substituents
at position 4 of the piperidine, increasing the size of this group.
The changed groups fit better inside the bigger hydrophobic
cavity close to the helices o4 and w5 when their orientations
are opposed to the orientation of the 1-(3-phenylbutyl)piperidine
group in RC-33. In this way, these compounds are also adapted
to the previous described pharmacophore pattern for S1R ligands

(Ablordeppey et al., 2000; Glennon, 2005; Caballero et al., 2012)
(the N positively charged atom flanked by two hydrophobic
groups of different sizes), where the charged atom is salt-bridged
to Glul72, the bigger hydrophobic group is placed near the
helices o4 and @5 at the membrane proximal, and the smaller
hydrophobic group is placed near the narrow end of the cupin
barrel that is further from the membrane.

The chemical interactions between the RC-33 analogs and
the residues at the SIR binding site can be described in
detail by using IFPs. This method has been commonly used
for identifying the relevant residues involved in protein-ligand
affinities (Caballero et al., 2018; Navarro-Retamal and Caballero,
2018; Veldzquez-Libera et al., 2018). IFPs capture and label the
chemical contacts between a target protein and a set of its ligands
as a whole. The chemotypes are identified with the following
labels: P (polar groups), H (hydrophobic groups), A (hydrogen
bonds where the residue is the acceptor), D (hydrogen bonds
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where the residue is the donor), Ar (aromatic groups), and
Ch (electrostatic interactions with charged groups). IFPs also
differentiate between contacts with backbone and contacts with
side-chain functional groups. We calculated IFPs by considering
the S1R-ligand complexes formed by our docked structures.

The calculated IFPs are reported in Figure2. The IFP
analysis applied to the complexes between SIR and the RC-33
analogs obtained by docking revealed that 29 SIR residues had
contacts with ligands. These residues and their positions in the
SIR secondary structure are depicted in Figure 2A. The SIR
binding site is mainly hydrophobic; in fact, the vast majority
of the observed interactions are hydrophobic or aromatic when

analyzing the occurrence of chemical contacts in the studied
structures (Figure 2C).

The residues with polar interactions were identified in the
plots of percent of occurrence obtained from IFP calculations
(Figure2). The residue E172 at the sheet B10 has polar
contributions in 100% of the total structures, forming a salt-
bridge and it also acts as HB acceptor in 80% of the studied
structures. The residue D126 at the sheet B5 was identified with
polar contributions in more than 50% of the studied structures.
The residue T181 at the helix a4 has polar contributions in
more than 80% of the studied structures. Finally, the residues
S117 (backbone and side chain), H154 (side chain), and T202

10000
g
2 so00
g 50.00
S soo0
o
B Ih.n
@ o o . " ™
o
> & b > &
2 CRPIPEI SR P I PIT P PPILFLLITFE ‘0 &
Residues
g 100.00
§ 0.0 [
v
£ wom &
2 Lo
4000
3 5
0.00 II ,
Phod w0
O’ oos m war
* VE4 WES MA3 195 ASE Y108 L10S F107 S117 Y120 1124 D128 F183 Qll§ VIS2 MIS8 TI60 VIS WI64 MITO E172 178 TIRD L182 FIS4 ALSS TIO2 1208 Y06

FIGURE 2 | Occurrence of interaction types at the S1R-ligand binding interface. (A) Residues with observed interactions, their position in the S1R sequence. (B)
Percantages of occurrence of contacts C, interactions with the backbone of the residue B, and interactions with the side chain of the residue S. (C) Percantages of
occurrence of chemical interactions: contacts C, polar P, hydrophobic H, HBs where the residue is acceptor A, HBs where the residue is donor D, aromatic Ar, and
electrostatic with charged groups Ch. The S1R-ligand structures obtained by docking were used for calculations of the percentages of occurmence represented here.
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TABLE 3 | Statistical information of the 3D-0SAR models.

Fieldls NC R? 5 @ Sigo Ry Swest %S %E
s 8 098 043 084 054 034 081 A

E 4 081 039 054 062 058 06 - 1
SE 7 087 015 070 050 061 062 088 012

NC is the number of components; § is the standard deviation of the fitted activity of the
training set; ¥, O, and AL, are the coefficients of comalation of the fraining sef, LOO
cross validation, and test sef, respectivaly; Sioo is the standard dewiation of the LOO
cross valioation, and Sy 5 the slandard deviation of the test predictions. %S5 and %KE
are the relafive contributions of the steric (S and the electrostatic (£ felds, raspectivel
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FIGURE 3 | Scatier plot of the experimental activities vs. predicted activities
for the maodal SE: (#) training set predictions, (<) LOO cross-validation
pradictions, and () test sat predictions.

(backbone and side chain) have polar contributions in around
30% of the studied structures.

Several residues with aromatic interactions were also
identified in the plots of percent of occurrence obtained from IFP
calculations (Figure 2). The residues with aromatic interactions
were important for the shape of the SIR binding site because
they restrict the space of the pockets. Four aromatic residues
located at the center of the binding site (W89, Y103, F107, and
Y120) were identified by the IFP calculations with percent of
occurrence values above 80%. These residues cause a bottleneck
just in front of the residue E172; therefore they could help to
orient the positively charged N of the ligands to form the salt
bridge. At the same time, they could stabilize the presence of the
positive charge by means of m-cation interactions. The aromatic
residues F133 at the sheet p6 and W164 the sheet p9, located
close to the narrower end of the cupin B-barrel, have percent
of occurrence values of 50 and 70%, respectively. On the other

hand, the residue Y206, located at the helix o5, has a percent of
occurrence value of 70%.

The remaining residues with hydrophobic interactions were
also identified in the plots of percent of occurrence obtained
from IFP calculations (Figure 2). The residues identified with
percent of occurrence above 75% M93 (at p2), L105 (at f3), and
L182/A185 (at ad) are located at the bigger hydrophobic pocket.
The residues V84 (at 1), L95 (at p2), and 1178 (at the loop
between P10 and w4) are also located at the bigger hydrophobic
pocket and were identified by [FP calculations with lower percent
of occurrences, and the residue 1124 at B5, located at the smaller
hydrophobic pocket, had a percent of occurrence below 40%.

In general, the reported IFPs identify the most important
S1R residues which establish chemical interactions with RC-33
analogs. Furthermore, it could be useful for the understanding of
the interactions between SIR and its ligands.

3D-QSAR Results

We constructed the 3D-QSAR models based on docking
alignment; therefore, the docked structures were included in
a box for creating the relevant fields, since they are models
of the ligand conformations inside the SIR binding site. The
docking-based or receptor-guided alignment 3D-QSAR is a well-
documented method in literature (Guasch et al., 2012; Navarro-
Retamal and Caballero, 2016; Mufioz-Gutiérrez et al., 2017).
Three 3D-QSAR models were trained using the steric field
(Model §), the electrostatic field (Model E), and the combination
of both fields (Model SE). The most reliable models were selected
by measuring the LOO cross-validation performance (Q* = 0.5)
and the test set predictions (R, = 0.5).

Table 3 lists the description and statistical information of
the best 3D-QSAR models. This report proved that model S
has better (LOQ) cross-validation @° than model E. However,
when both steric and electrostatic fields are tied together
in the more complex model SE, the (* value increases;
therefore, this model, which had a @* = 0.70 including seven
components, containing a major contribution of the steric
field (88%), was identified as the model best describing the
structure-activity relationship of the studied RC-33 analogs.
These results reflect that the steric features are mandatory for
modulating the agonistic activities of the studied compounds.
This is reasonable considering that the SIR binding site is
mostly hydrophobic.

The model SE explains 97% of the variance and has a low
standard deviation (§ = 0.15). The predictions of pKi values
for the 64 RC-33 analogs in the training set using the model
SE are reported in Table 1 and the correlations between the
predicted and experimental pKi values (from training and LOO
cross validation) are shown in Figure 3. It is possible to observe
that the selected model fitted adequately the whole dataset; it is
noteworthy that the more potent compounds had an outstanding
performance. When the model SE was used to predict the
pKi values of the test set compounds, well results were also
found, reflected by the value of R?_, = 0.61. The predicted pKi
values for the test set are listed in Table 1, and the correlation
between the calculated and experimental pKi values are plotted
in Figure 3.
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negative charge enhances the activity. RC-33 is shown inside the fields.

FIGURE 4 | 3D-JSAR contour maps for the RC-22 analogs imodsl SE). The steric fiedd is represanted by green and yellow isopleths: the grean ones indicate regions
where bulky groups enhance the activity, and the yellow cnes indicate regions where bulky groups disfavor the activity. The electrostabic field is representad by blue
and red isopleths: the blue ones indicate regions where an increasa of positive charge enhances the activity and the red ones indicate regions where an increase of

Figure 4 shows contour plots of the steric and electrostatic
fields projected onto the docked structure of RC-33 for
association between the fields, the compounds of the whole
set, and the residues at the SIR binding site. In this figure,
green and yellow contours represent regions with positive and
negative steric components, respectively. It is noted that positive
steric components have a major role. A great green contour in
front of the 3-phenylbutylamine, and near the residues V84,
W89, F107, and A185, indicates that bulk groups are desired in
this region. It is noteworthy that the most active compounds
such as RC-33, 7, 15, 27, 28, and 33 has the methyl group of
the 3-phenylbutylamine in this region, but the majority of the
less active compounds such as 8, 29, 41, 64, and 67 have this
group deeper into the bigger hydrophobic pocket. Another three
green contours are located near the piperidine of RC-33 and
the residues Y120, 5117, and W164 indicating that this group
or another bulky group in this region is needed. In general,
compounds with a dimethylamine in this region (compounds
2-15) are less active than similar compounds that contain
piperidine. Another green contour near the residues Y103 and
E172 reflects that several active compounds contain the methyl
group of the 3-phenylbutylamine in this region. Another green
contours are located at the bigger hydrophobic pocket near the
residues Y103, Y206, and T202, indicating the preference of a
bulky group in this region. For instance, the biphenyl group in
compound 7 is preferred instead the phenyl group in compound
8 because the former group fills the entire space of the bigger
hydrophobic pocket. Several yellow contours were identified near
the residues W164, L105, F107, and T202. All of them are close
to the green contours both in the bigger and smaller pockets,
and reflect the complexity of the steric field inside the SIR
binding site.

In Figure 4, blue and red contours represent regions with
positive and negative electrostatic components, respectively;
all of them are small and are located inside the bigger
hydrophobic pocket. The blue contours are near the residues
T181, A185, L182, and the backbone of Y206, and the red
contours are near the residues A92, 195, 1105, L182, and
T202. The blue contours are located in regions where ligands
placed hydroxyl groups and their pKi values are between 7
and 7.8 (moderate activities). For instance, compounds 13
and 77 have hydroxyl close to the backbone of Y206, 75,
and 76 have hydroxyl close to Al185, and 53, 55, and 78
have hydroxyl close to T181. The red contours are located in
regions where ligands placed OMe groups and the activity is
increased. For instance, compounds 22 and 30 that contain
OMe have better activities than compounds 21 and 29 without
this group.

The docking-based 3D-QSAR methodology allows
establishing a comparison between the chemical features
that describe the structure-activity relationship of bicactive
ligands and the protein binding site (Alzate-Morales and
Caballero, 2010; Caballero et al., 2011; Quesada-Romero et al.,
2014; Mena-Ulecia et al., 2015 Muoz-Gutiérrez et al,, 2017).
The contour plots in receptor-based 3D-QSAR are not receptor
maps, but they solve another key point of the description of the
differential activities: different potency in activities is connected
with different chemical environments and interactions. The
docking and 3D-QSAR methods applied to the study of RC-33
analogs give more information about the structure of S1R-ligand
complexes, and identify important chemical features to take into
account in the future design of potent S1R ligands. We feel that
another similar studies on other series of compounds will be
reported during next years.
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CONCLUSION

This is the first structure-based molecular modeling investigation
a few years after the elucidation of the S1R crystallographic
structure; therefore, details of the binding poses and the
chemical interactions in the binding site are described. Binding
orientations and structure-activity relationship of RC-33 analogs
as S1R agonists were studied by using molecular docking and
3D-QSAR methods.

Docking poses obtained for the studied compounds inside the
S1R binding site explain the interactions between the well-known
theoretical pharmacophore model reported for these compounds
(elucidated before the knowledge of the S1R 3D structure) and
the residues located at the binding site. They also reproduced
structural features reported for complexes between SIR and
PD144418, 4-IBP, and other active ligands. The docking analysis,
including the IFP calculations, confirmed the preponderant role
of E172 forming a salt bridge with the positively charged N of
the ligands. Furthermore, docking experiments also identified the
importance role of the aromatic residues delimiting the shape
of the S1R binding site: specifically, W89, Y103, F107, and Y120
which are at the center of the binding site, F133 and W 164 which
are close to the narrower end of the cupin p-barrel, and Y206
which is close to the helix a5.

A receptor-guided alignment 3D-QSAR model with adequate
statistical significance and acceptable prediction power was
obtained. Steric and electrostatic features had contributions to
the differential potency of the agonists, with a major role of the
steric ones. The 3D-QSAR model demonstrated that an implicit
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ABSTRACT: Significant progresses have been made to under-

stand the molecular basis of the Sigmal receptor (SIR) operating  Sigmal
in normal and pathological conditions. SIR is a transmembrane Receptor
protein that participates in a wide variety of processes at the
central nervous system; hence, its function has been associated
with mental and neurological disorders. Several ligands have been
proposed to regulate the function of S1R revealing a high plasticity
of the ligand-binding pocket. Previous drug-design studies have
been mainly based on pharmacophore models; however, the
recently revealed crystal structure of SIR provides an excellent
opportunity for verifying previous predictions and for evaluating
the binding of novel compounds. Interestingly, the crystal
structure shows that the binding pocket of S1R is highly occluded
from solvent; therefore, it is not clear how ligands access this site.
In the present work, we applied steered molecular dynamics (SMD) simulations to open the occluded ligand-binding pocket in
the SIR erystal structure and to determine the preferred ligand pathway to enter and exit the binding site. The intracellular
surface of the f-barrel ligand-binding region was found the most favorable route to accommodate ligands. This route supports
the binding of RC-33 (our in-house-developed SIR modulator) and a new bivalent derivative that constitutes the first divalent
structure shown to interact with SIR. Free energy calculations of these compounds associated with SIR agree with experimental
K, values and provide molecular insights of the binding mode of modulators that could access the SIR ligand-binding pocket
through the cytoplasmic region.

H INTRODUCTION

The Sigmal receptor (SIR) is a known drug target implicated
in a variety of pathologies related to the cardiovascular and
nervous systems.' Many psychostimulant drugs interact with
this receptor in the brain and heart,” making it clear that S1R is
a critical target for designing and developing novel
pharmaceutical compounds. The gene encoding SIR is located
on the human chromosome 9 band pl3, a region associated
with different psychiatric disorders.” Behavioral phenotype of
knockout SIR in mice revealed gender-related anxiety and
depression-like and memory alterations.** The central nervous
system, therefore, appears to be the primary site of S1R activity
and modulation.

The Sigmal gene has been cloned from various organisms,
namely, guinea pig, human, rat and mouse,°™ exhibiting a

< ACS Publications %0 American Chemical Saciety

greater than 90% species homology.” In humans, the Sigmal
gene is expressed as a small protein of 223 amino acids, acting
as chaperone at the endoplasmic reticulum,'”’ where it
modulates the activity of protein receptors, ion channels, and
kinases.'"'* Because of the difficulty of expressing, purifying,
and crystallizing membrane-bound proteins, the SIR erystal
structure has been only recently elucidated, 20 years after its
cloning and expression in mammals.® Schmidt et al. reported
the first fulllength SIR structure in complex with two
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chemically divergent ligands, PD144418 and 4-IBP."* The
overall structure shows a trimeric architecture, with each
protomer containing a single transmembrane segment and a
cytosolic domain termed as the ff-barrel ligand-binding region.
Interestingly, this large hydrophobic ligand-binding cavity
shows remarkable plasticity to bind unrelated ligand structures
in a similar orientation and position. The ligand-binding site of
each protomer at the crystal structure is occupied by one single
molecule, and its interior is completely occluded from solvent.
It is necessary, therefore, to understand how ligands enter and
exit from this site.

A fascinating feature of S1R is that it binds ligands with very
different structures. These include psychostimulant drugs such
as cocaine, metamphetamine, haloperidol, dextrometorphan,
fluoxetine, donepezil, and others.”'* Based on structure—
activity relationship studies, a pharmacophore model of SIR
ligands has been proposed, including two h?rdmphobic
constituents attached to a central nitrogen atom.'” Most S1R
agonists, antagonists, and allosteric modulators fit this
pharmacophore model'® Ligand-based molecular modeling
methodologies, integrating the pharmacophore information,
have been employed in the design of active Iggand series.)” ™
Additionally, low-quality protein models'"**** were previously
used to identify S1R ligands through studies of structure-based
drug design. Nonetheless, taking into account that the quality
of homology models is affected by low sequence identity and
the use of multiple templates, the recent reported SIR crystal
structure provides an excellent frame for corroborating
previous predictions and for extending binding studies of
novel ligand compounds.

In an effort to better understand the mechanism of
interaction between SIR and its modulators, especially the
way they reach the ligand-binding pocket, we decided to
compare, by both in silico and in vitro analyses, the binding of
the cocrystallized PD144418 ligand with two in-house
developed SIR agonists, namely, 1-[3-(1,1"-biphen)-4-yl]-
butyl-piperidine (RC-33)”""" and a novel RC-33 bivalent
derivative N',N’-bis(1-((R)-3-([1,1"-biphenyl]-4-yl)butyl)-
piperidin-4-yl)malonamide (DIM-3C), whose structures are
reported in Figure 1. In particular, RC-33 was identified as a
SIR agonist with an excellent affinity in the nanomolar range
and high selectivity as compared with the Sigma2, u-, and x-
opioid receptors.”™*® In vitro assays of (§) and (R)
enantiomers of RC-33 revealed that both molecules exhibit a

O ~o

PD144418 {R}RC-33
suseRSVeaus
A
H H
(R.R)-DIM-3C

Figure 1. Structures of the compounds evaluated to interact with S1R.
Only the (R) isomers of RC-33 and DIM-3C are shown; however,
both (S) enantiomers of RC-33 and DIM-3C and the meso
compound (R,S)-DIM-3C were also studied, as discussed in the
main text.

comparable receptor binding profile, a similar effect in
promoting NGF neurite outgrowth, and similar behavior in a
calcium influx assa).r.z-"‘?8 As a result of further studies, however,
we identified the (R) enantiomer as a lead compound, due to
its metabolic stability and an optimal in vive distribution.”” In
the present work, (R)-RC-33 was used as a template for
designing a bivalent compound (ie., DIM-3C), which
constitutes a bulkier ligand potentially able to induce a
conformational change in S1R keeping the ligand-binding
pocket open. Taking advantage of the SIR crystal structure, we
evaluated its association in silico with both RC-33 and DIM-
3C. Conformational change studies in the SIR ligand-binding
cavity were carried out to identify the ligand access pathway
and to evaluate the binding of these two new compounds. The
steered molecular dynamies (SMD) method™ was used to
induce unbinding of the PD144418 ligand from the crystal
structure and to generate the opening of the ligand-binding
pocket. Two ligand access pathways were explored, with the
cytosolic surface of the f-barrel ligand-binding region showing
greater flexibility and providing a transient ligand access
pathway from the solvent to the binding site. Molecular
docking, molecular dynamics (MD) simulations, and free
energy perturbation (FEP) calculations were used to describe
the binding mode of RC-33 and DIM-3C into the open SIR
structure and to determine their relative binding affinities,
which were compared with experimental K| values corroborat-
ing theoretical predictions.

B METHODS

Molecular Dynamics Simulations. The crystal structure
of the human SIR in complex with the PD144418 chemical
compound (PDB code SHK1)" was used to characterize the
SIR ligand-binding site and to evaluate the association of new
compounds. The structure reveals a trimeric architecture;
however, only the protomer with the longest sequence length
was selected for our study. The protomer ligand-free form as
well as the protomer bound to the PD 144418 molecule were
embedded in a fully hydrated palmitoyl-oleyl-phosphatidyl-
choline (POPC) bilayer solvated with explicit water melecules.
Sodium and chloride ions (0.15 M NaCl) were added to the
aqueous phase to ensure charge neutrality. The protonation
states of the residues were analyzed with PropKa® The
Aspl26 residue was considered protonated at neutral pH. The
parameters for the positively charged PD 144418 ligand were
obtained from the ParamChem server, using the CGenFF force
field** The initial configurations of the systems were
optimized by means of 30,000 steps of energy minimization,
followed by equilibration and relaxation in a 120—435 ns MD
simulation at 300 K in the isobaric—isothermal ensemble. Soft
harmonic constraints were applied to the protein backbone
and ligand during the first 10 ns of simulation, which were
decreased gradually from 20 to 0 keal mol™ A~ over this
period. Constant temperature was enforced using a Langevin
thermostat with a damping coefficient of 1 ps™". The Langevin
piston method®™ was used to maintain constant pressure
(101325 kPa). Long-range electrostatic interactions were
computed using the particle-mesh Ewald summation meth-
od,* with a smooth real-space cutoff applied between 8 and 9
A, All covalent bonds involving hydrogen as well as the
intramolecular geometries of water molecules were constrained
using the SETTLE algor_iLhm.“ The Verlet-I/r-RESPA multi-
ple time-step integrator™ was used with a time step of 2 fs. All
MD simulations were performed using the program NAMD
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v2.12-GPUY" with the standard ions, lipids, and water
molecules of the CHARMM36™ force field. The root mean-
square deviation (RMSD) for the position of protein and
ligand atoms in the simulated systems was utilized to evaluate
the stability and thermodynamic equilibrium.

Steered Molecular Dynamics for Studying the
Unbinding of PD144418. After equilibration and relaxation
of the S1R bound to PD144418, an external force was applied
to the ligand in order to open the access to the binding pocket,
which could not usually be achieved by standard MD
simulations. The steered molecular dynamics (SMD) meth-
od® implemented in NAMD v2.12°" was used. Two ligand
access pathways were evaluated: one directed toward the
intracellular milieu and another directed toward the plasma
membrane (Figure 2). The PD 144418 molecule was pulled in

Figure 2. Ligand access pathways to the binding pocket. The
presumed ligand-accessible pathways are illustrated using yellow
arrows. All-atom simulation system of SIR bound to PD 144418 is
represented. SI1R is shown in a cartoon representation and colored by
secondary structure. PD144418 is displayed as spheres colored by
atom type: carbon in yellow, oxygen in red, and nitrogen in blue.
POPC lipid head groups and tails are shown as gray spheres and white
sticks, respectively. TIP3P water molecules are represented by a blue
transparent surface. Na* and CI” ions are shown in light yellow and
green spheres, respectively.

both directions using a parallel vector passing through the
center of mass of the benzene and pyridine rings. The pulled
atoms were harmonically constrained with a force constant of §
keal mol™" A~ Different velocities were tested to avoid any
distortion of the ligand or the protein as a consequence of
pulling, ie, 0.002, 0.005 and 0.02 A ps™'. The SMD
simulations time was =20 ns, which was enough to observe
the ligand completely outside the binding pocket. All
calculations were performed using the simulation conditions
described in the Molecular Dynamics Simulations section. The
force acting on the PD 144418 ligand was monitored over time

course of simulations to appraise the ligand unbinding event
and, therefore, the opening of the occluded binding pocket.

Analysis of Ligand-Binding Cavity Dimensions. The
HOLE® program was used to calculate the dimensions of the
cavity connecting the ligand-binding site of SIR with the
intracellular region. Analyses were performed for both the SIR
crystal structure and the conformation adopted by the protein
in the last 10 ns of the SMD trajectory, i.e., for the occluded
and open ligand-binding cavities. HOLE algorithm uses the
Metropolis Monte Carlo simulated annealing procedure™ to
find the largest sphere which can be accommodated in each
point on the plane normal to the vector passing through the
ligand-binding cavity. The center of mass of the benzene and
pyridine rings of the PD144418 ligand were used to define the
searching vector. The series of spheres of maximum radius
were calculated at a distance of 0.25 A in the vector direction.
The values used for van der Waals radii of the protein atoms
were taken by default from the AMBER™ force field. Structural
analyses of HOLE outputs were carried out with the VMD
v1.9.3 software."

Molecular Docking of RC-33 and DIM-3C. The
association of RC-33" and the divalent DIM-3C compound
was evaluated into three different open conformations of the
SIR ligand-binding pocket obtained through SMD simulations.
The structural stability of these conformations was evaluated
through HOLE” and root-mean-square fluctuation (RMSF)
analyses (Figure S1). An extensive conformational search in
different states of the protein was conducted to ensure that all
possible poses of the ligands into the binding site were
sampled. All stereoisomers of the compounds were considered
for this study (ie, (R)-RC-33, (5)-RC-33, (RR)-DIM-3C,
(S,5)-DIM-3C, and (R,S)-DIM-3C), which were built with the
ACD/ChemSketch v15.01 software (Advanced Chemistry
Development, Inc, Toronto, On, Canada). LogP octanol/
water values were calculated for each compound by using the
QikProp program implemented in Maestro (Schrodinger,
LLC, New York, USA). The three conformational states of
the protein as well as all structural isomers of the ligands were
prepared for docking with AutoDockTools v1.5.6," ass:l'%ning
Gasteiger partial charges. Based on previous reporrs,"“ ” the
amine group of the ligands and the residue Aspl26 of the
protein were defined as protonated. Docking simulations were
carried out with the AutoDock Vina v1.1.2 software.*® Search
space for docking was demarcated through a grid box large
enough (25 A X 25 A x 50 A) to accommodate free motion of
the ligands into the binding site. The grid center was defined as
the mass center of PD144418 in the ligand-bound S1R erystal
structure.” Residues Aspl26 and Glul72 were defined to be
flexible during the docking simulation. Ten conformations of
the ligands were generated for each receptor—ligand complex,
which were analyzed with the software PyMOL v1.7.7
(Schridinger, LLC). The distances of the mass center of the
docked conformations against PD144418 in the crystallo-
graphic structure were calculated in order to cluster the
conformers at RMSD values of 2.5, §, 7.5, 10, and 15 A. The
lowest scoring conformations in the most populated cluster for
both the (S/R) RC-33 and (5S/R,R/R,S) DIM-3C ligand sets
were selected as the most probable binding conformations. It
should be noted that AutoDock Vina was used only to obtain a
very rough idea of the ligands’ affinity. Free energy calculations
were subsequently carried out to estimate the relative binding
free energy and the precise orientation of the ligands into the
SIR binding site.
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Scheme 1. Synthesis of DIM-3C*
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“Ar = Biphen-4-yl; reagents and conditions: (i) Pd(OAc), § mol %, TBAC, AcONa, DMF, 105°C, yield 66%. (ii) H, (70 bar), (5,5)-
[Ir(ThrePHOX)cod |BAF, DCM, r.t, yield 95%, ee 83%. (iii) NaOH 3M, abs EtOH, r.t, yield 97%. (iv) fractional crystallization with (S)-
phenylethylamine in MeOH/H,O (1:1 v/v), yield 94%, ee 98%. (v)TBTU, 4-Boc-aminopiperidine, DIPEA, THE, A (MW), yield 96%. (vi) TEA,
DCM, r.t, yield 65%; vii) LiAlHy, THF, r.t, yield 69%; viii) malonic acid (0.5 Equ.i\r), TBTU, DIPEA, CH;CN, ct., yield 63%.

Free Energy Perturbation for Studying the RC-33 and
DIM-3C Binding. The most probable receptor—ligand
complexes yielded by molecular docking, for the RC-33 and
DIM-3C compounds, were used as the starting point for
determining the relative binding affinity and the specific
interactions of the ligands into the open ligand-binding pocket
of SIR. Each complex was embedded in a pre-equilibrated
palmitoyl-oleyl-phosphatidyl-choline (POPC) bilayer solvated
with explicit water molecules. Sodium and chloride ions (0.15
M NaCl) were added to the aqueous phase. The initial
configurations of the systems were minimized and equilibrated
under MD simulation conditions similar to those deseribed in
the Molecular Dynamics Simulations section. The equilibra-
tion time for each system was =70 ns. The parameters for the
positively charged RC-33 and DIM-3C ligands were obtained
from the ParamChem server, using the CGenFF force field.*
The relative binding free energy of the ligands bound to SIR
was estimated employing the free energy perturbation (FEP)
method. " Each ligand molecule was gradually annihilated
from bulk solution as it gradually appeared on the S1R binding
site. The binding energy of the PDI144418-bound SIR
structure was also estimated as a reference. For each FEP
calculation, 80—160 intermediate states (4 = 0.0125; A =
0.00625) were considered in the forward and backward
directions,™ involving for each state 0.1 ns of equilibration
followed by 0.15 ns of data collection. A total simulation time
of 320 ns was invested. Weak harmonic distance restraints
were used to keep the ligand molecule near the protein binding
site, whereas the molecule in bulk solution was kept at a
distance far enough from the protein applying positional and
orientational restraints. All restraints were applied using the
collective variable (COLVAR) module™ available in NAMD
v2.12.*" The ParseFEP plugin implemented in VMD v1.9.3%
was used to determine the BAR®” estimators alongside with its
statistical error by combining forward and backward trans-
formations. The statistical data obtained from these analyses
were used to evaluate the convergence of the FEP calculations
(Figures S2 and §3).

Synthesis of DIM-3C. For the synthesis of bivalent
compound DIM-3C (Figure 1), we envisaged a coupling via
amidation reaction between malonic acid, which serves as
linker, and two units of compound 5, a derivative of our in-
house developed hit compound RC-33," bearing a primary
amine at the C4 position of piperidine. To obtain compound

5, we properly modified the protocol reported in our previous
work for the synthesis of (R)-RC-33,"*"' with the aim of
introducing the primary aminic moiety on the piperidine ring.
The synthetic pathway and conditions are reported in Scheme
1. First, a Heck arylation was performed to access af-
unsaturated ester 1. This was subjected to an enantioselective
reduction of the double bond with a chiral Ir catalyst. After
subsequent hydrolysis and fractional crystallization, an
excellent enantiomeric excess (ee 98%) was obtained. Acid 3
was then subjected to amidation with 4-Boc-aminopiperidine
in the presence of condensing agent TBTU. Afterward,
reduction of the amide moiety with LiAIH, and subsequent
Boc cleavage afforded key intermediate 5. Once we verified
that the ee had been preserved, we proceeded to the coupling
with malonic acid using TBTU. Upon reaction completion, the
crude was purified, and target compound DIM-3C was
obtained as a yellowish oil

Binding Assays. K, values were retrieved from literature for
compounds PD144418°* and RC-33,"" whereas for the novel
compound DIM-3C, a well-established competition binding
assay was exploited. This involves the use of homogenized
guinea pig cerebral cortex membranes in the presence of [*H]-
(+)-pentazocine, a selective SIR ligand (the same assay was
used in our previous work to assess RC-33 affinity toward
SIR).

B RESULTS

Opening of the Occluded Ligand-Binding Pocket.
The ecrystal structure of the human SIR has been recently
elucidated, providing an unique opportunity for structure-
based drug design. In this work, the best resolution SIR
structure (ie, 25 A) containing the PD144418 ligand was
chosen to generate the opening of the ligand-binding pocket
and, subsequently, evaluate the association of the RC-33 and
DIM-3C compounds. Initially, the unbounded SIR was relaxed
in a 435 ns MD simulation to promote the binding pocket
opening; however, during this time, no significant distortions
in the dimensions of the ligand-binding cavity were observed.
It is possible that the binding pocket opening might happen on
longer time scales, which implies a high computational cost.
We opted, therefore, for applying an external force to pull the
ligand from the occluded f-barrel binding region causing its
opening.

DOM:10.1021/acsjcimn _Sb00&49
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Figure 3. Opening of the ocduded ligand-binding pocket. (A) Force-time profile of PD 144418 pulled in the two pathways proposed to the ligands
enter and exit from the binding site. (B) Surface representation of the ligand-binding cavity, calculated by HOLE,” in the SIR crystal structure
(ocduded state) and last frame of the SMD trajectory (open state). Surface is colored according to binding cavity dimensions. (C) HOLE-radius
profile of the ligand-binding cavity calculated for the SIR crystal structure and as an average over last 10 ns of the SMD simulation.

Considering the highly occluded ligand-binding cavity in the
SIR, the ligand pathway to enter and exit from the binding
pocket remains poorly understood. One proposed pathway
involves a gap between the two membrane-adjacent helices D
and E, where the ligand is exposed directly into/out of the
plasma membrane. Another pathway implicates that it accesses
the binding pocket through the intracellular medium. Here, we
defined a vector crossing both pathways and used the SMD
method™ to estimate the force required to pull out the
PD144418 ligand from the binding site either toward the
membrane or toward the intracellular side (Figure 2). At the
beginning of the SMD simulation (f = 0 ns), the ligand was in
the bound state, interacting with the protein residues as
described in the crystal structure.'”” After 3 ns of SMD
simulation applying a pulling velocity of 0.005 A ps™" (Figure
3A), the ligand was moved through Pathway 1 experiencing a
dissociative force of ~600 pN, while the same molecule going
through Pathway 2 required ~900 pN to move out of the
binding site. The duration of this primary rupture force was
longer along Pathway 2, which could be used to determine the
difficulty of dissociating the ligand along the two access
pathways. A second force peak was observed around 8 ns,
where the ligand in Pathway 1 showed a rupture force
equivalent to the first peak, whereas the ligand in Pathway 2
exhibited a lower and longer dissociative force of ~400 pN.
After 13 ns, the pulling force applied to the ligand in both
access pathways becomes close to zero, indicating that
PD144418 was completely dissociated from the protein.
Based on the first rupture force peak observed for the ligand
along the two unbinding pathways, we determined Pathway 1
as the most probable ligand access route. The structural

unbinding mechanisms associated with this pathway are
explained below.

The unbound SIR structure obtained from the SMD
simulation for PD144418 going through access Pathway 1
was analyzed with the program HOLE.” This algorithm is
used to determine the size and shape of cavities in proteins. As
shown in Figure 3B, the dimensions of the intracellular f-barrel
ligand-binding region in the conformation obtained by SMD
simulation were analyzed and compared with the dimensions
in the X-ray structure (PDB code SHK1)."* Overall, at the top
of the ligand-binding cavity, both structures show roughly the
same size and shape; however, the bottom region occluded
from solvent in the crystal structure is completely open in the
conformation obtained from SMD. This latter structure
exhibits a continuous central cavity of at least 5 A diameter
(Figure 3C), which is open enough to evaluate binding of RC-
33 and the novel bivalent DIM-3C compound.

Dissociation of PD144418 and Binding of RC-33 and
the Novel Bivalent Derivative DIM-3C. SMD simulations
can provide important insights into the binding and unbinding
mechanisms in protein—ligand complexes.”® The peaks in the
force profiles along the trajectories can be assigned to the
forming and breaking of specific interactions. Here, we
identified the structural factors determining the unbinding
force peaks when the PD 144418 ligand was pulled out toward
the intracellular region (Figure 3A, Pathway 1). The
mechanism of the contacts rupture into the f-barrel ligand-
binding region was separated into three distinct stages (Figure
4A). Initially, as described in previous reports,"*** PD 144418
interacts with the glutamate residue at position 172 (Glu172)
and the protonated aspartic residue at position 126 (Aspl126),
which have shown to be essential for ligand binding. This
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Figure 4. Mechanistic features of PD 144418 unbinding process and
association of RC-33 and the novel compound DIM-3C. (A)
Dependence of dissociation forces experienced by PD144418 on its
displacement toward the intracellular region (Pathway 1). The f-
barrel ligand-binding region is shown in a blue cartoon representation.
PD 144418 is displayed as sticks colored by atom type: carbon in
yellow, oxygen in red, nitrogen in blue, and hydrogen in white. (B)
Preferred binding conformations of (R)-RC-33 and (C) (R,R)-DIM-
3C, derived from docking calculations, into the open ligand-accessible
conformation of SIR. The two molecules are shown in sticks with the
carbon atoms colored in violet and red, respectively. Key residues
making contact with the ligands are exhibited with the carbon atoms
colored in green (polar residues) and gray (hydrophobic residues).

interaction is established mainly through the positively charged
piperidine nitrogen of PD144418. As the ligand is pulled out of
the binding site, a second interaction is formed with residue
Hisl54 in its neutral form. Derivatization studies have shown
Hisl54 to be in direct contact with SIR ligands.” We
hypothesize here the formation of a cation—r interaction,”
although no explicit terms for this type of contacts are

contained in the CHARMM force field*® At the end of the
pulling simulation, the breakage of all stabilizing interactions
for PD144418 in the binding site was observed, and the ligand
is slowly moved toward the bulk solvent.

As was mentioned above, employing SMD simulations the
narrow end of the f-barrel ligand-binding region of SIR was
opened, allowing thus the evaluation of new ligand compounds
to interact with the protein. Starting from the three distinct
open conformations of the f-barrel ligand-binding region
previously described, protein—ligand docking simulations were
carried out for all sterecisomeric structures of RC-33 and the
novel bivalent DIM-3C compound. For RC-33, a total of 78
docking poses including (§) and (R) enantiomers were
generated, whereas for DIM-3C, 115 poses were obtained
including the (5,5), (R,R), and (R,S) isomers. The best docked
conformation of each compound was selected as that with the
lowest AutoDock Vina score energy and the lowest distance of
the mass center calculated against PD144418 in the crystallo-
graphic structure. In agreement with a previous reporl,s' the
two RC-33 enantiomers can be accommodated within the SIR
ligand-binding site, though (R)-RC-33 was identified as the
conformation with a more favorable binding energy. For DIM-
3C, the (S,8) and (R,R) isomers showed higher affinity than
(R,S); however, their affinities were predicted as equivalent.

As shown in Figure 4B, (R)-RC-33 is bound to the f-barrel
ligand-binding region of SIR through an electrostatic
interaction between the protonated piperidine nitrogen and
the side chain of residue E172, which is in close contact with
the residue D126. Additionally, the large hydrophobic group of
the ligand is located near the residues V84, W89, M93, L95,
L105, F107, and L182 (primary hydrophobic site), whereas the
small hydrophobic group of the ligand is located near the
residues 1124 and W164 (secondary hydrophobic site). Such
contacts are equivalent to those described for the PD 144418
ligand in the S1R crystal structure. ™ Thus, (R)-RC-33 adopts a
similar position, orientation, and interactions as those
elucidated for PD144418. On the other hand, DIM-3C (Figure
4C) forms a salt bridge with the negatively charged residue
E172 and one of its monomers is placed with the same
orientation of (R)-RC-33 (ie,, its large and small hydrophobic
groups occupying the primary and secondary hydrophobic
sites, respectively), while the second monomer is oriented
toward the open cavity obtained through SMD clculations.
Because of its bivalent structure, DIM-3C forms additional
polar contacts with the residues S117, Q135, H154, and E158
located at the opened end of the fi-barrel. The hydrophobic
contacts network around DIM-3C contemplates the above-
mentioned hydrophobic residues, further including the
residues F133, F146, V152, V153, and V162 ako located at
the opened end of the f-barrel.

The association of DIM-3C into the f-barrel ligand-binding
region supports the ligand access pathway to the binding site
from intracellular region. Based on the docked conformation of

Table 1. Comparison of Experimental and Theoretical Predicted AG Binding Energies (kcal/mol) for PD144418, RC-33, and

DIM-3C
Binding complex K, (nM) Experimental AG (keal/mol) FEP AG (keal/mol) BAR estimator
SIR: PD144418 008 + 0.01° -13.76 -13.24 —15.49 + 0.17
SI1R: RC-33 18 + 01" -11.92 -11.32 —12.81 + 0.12
S1R: DIM-3C 200 + 16 -9.10 —9.65 —636+ 0.34

“K, taken from Akunne et al in ref 52. bK,- taken from Rossi et al. in ref 28,

F
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DIM-3C, one of its monomers needs the opening of the f-
barrel ligand-binding region to be oriented in a similar
conformation as that found to RC-33. If the pathway directed
toward the plasma membrane is considered, an opposite
orientation of the DIM-3C monomer with respect to RC-33
would be required in order to locate the second monomer
between the membrane-adjacent helices D and E.

To corroborate the predicted ligand binding modes into the
open f-barrel ligand-binding region and to estimate the relative
binding energies of the SIR:RC-33 and SIR:DIM-3C
complexes, free energy perturbation (FEP) calculations were
carried out. The S1IR:PD144418 complex was also evaluated as
a reference. As mentioned above, the three ligands were bound
in the same binding pocket establishing polar and hydrophobic
contacts with residues lining the f-barrel ligand-binding region.
Calculated affinities for each complex are reported in Table 1.
The highest affinity (—13.24 keal/mol) was observed for the
cr}rslallograﬁghjc PD144418 ligand, which is a known SIR
antagonist.”” In agreement with previous e);:perimem.s,z-"'28 RC-
33 exhibited a binding free energy of —11.32 kcal/mol,
whereas the lowest affinity was found for the bivalent
compound DIM-3C (—9.65 kcal/mol). It should be noted
that although the predicted binding energy for DIM-3C
exhibits a moderate affinity as compared with the monomeric
ligands these results suggest a possible role of divalent ligands
to modulate the SIR function. Overall, the binding free
energies (AG) obtained by the FEP method agree with
experimental K, values previously reported for PD144418%
and RC-33,”" while the energy value caleulated for DIM-3C is
consistent with our current experimental K analysis (K, = 200
nM as reported in Table 1). Binding free energies and
statistical errors determined using the BAR esl:i.malm',"8 a
combination of the forward and backward transitions to obtain
free energy differences, follow the same trend as the
experimental K] values. It should be noted that a non-negligible
hysteresis between the forward and backward transformations
was observed for DIM-3C (Figure S3), which may be
attributed to the size and flexibility of this compound. On
other hand, the effect of Colvars restraints on the binding free
energy was estimated for each complex as reported by
Gumbart et. al,f'q finding a minimal contribution (~0.3 kcal/
mol).

DIM-3C Synthesis and Ligand Binding assays. The
synthetic approach described above allowed us to obtain the
first reported bivalent SIR ligand. To obtain the DIM-3C
compound, we envisaged the symmetric dimerization of RC-
33. Specifically, we employed a reactive RC-33 derivative
(compound 5), in which the piperidine ring bears a primary
amine on the C-4 position, as reported in Scheme 1. This
particular position was chosen for derivatization because in the
docked pose of RC-33 it is the one pointing toward the
proposed entrance of the ligand-binding pocket (Figure 4B).
Accordingly, two equivalents of compound 5 were coupled via
amide bond to one equivalent of a diacidic linker (i.e., malonic
acid) for obtaining the target compound DIM-3C (Scheme 1).
Thus, the designed (R,R)-DIM-3C molecule consists in two
subunits—corresponding to the (R)-RC-33 scaffold—joined
together by a three-carbon atom chain. The target compound
was obtained in suitable amount and purity for further
biological evaluation, ie., competiion assay with [*H]-
(+)-pentazocine. The symmetry of (RR)-DIM-3C allows it
to reach the SIR ligand-binding site indifferently from both
ends, which may compensate the expected decrease in binding

affinity due to its larger volume. We also envisaged that this
compound represents a viable tool to validate the ligand access
pathways to enter and exit the S1R binding pocket.

DIM-3C showed a decreased affinity toward SIR in
comparison with the parent compound RC-33 (K| values are
200 and 1.8 nM, respectively); nevertheless, the new bivalent
ligand is able to displace the radiolabeled pentazocine in a
dose-dependent manner, indicating its ability to bind the
receptor. A lower affinity was expected for this compound due
to its bigger dimension as compared to RC-33, which was
correctly predicted by in silico simulations.

B DISCUSSION

As an initial step toward evaluating the association of new
ligands at the S1R erystal structure and identifying key residues
for binding interactions, the occluded ligand-binding pocket
was opened by pulling out the erystallographic PD144418
ligand. The SMD method, employed for this purpose, has been
demonstrated as a promising computational tool for inducing
unbinding of 'ga_nds and evaluating conformational changes in
biomolecules.™ "~ Tt is still uncertain how ligands enter and
exit the SIR binding site; therefore, we explored two putative
pathways for extracting the PD144418 ligand from the crystal
structure. As described in previous reporls,”’ﬁ’ﬂ the proposed
pathways include a cytoplasmic entrance passing through the
narrow polar region occluded by the residues Q135, H154, and
E158, and a gap between the helices D and E adjacent to the
plasma membrane. Based on force profiles obtained from SMD
calculations, which can be quantitatively correlated with
protein—ligand binding affinity, the pathway going through
the cytoplasmic region was selected as the most accessible for
ligands. Analyses of the internal geometry of the [-barrel
ligand-binding region, after its opening applying an external
force, show enough space to accommodate ligands entering
from the intracellular space.

SMD simulations also provide a detailed atomistic
description of the unbinding mechanism of a ligand out of
its binding pocket at the protein, which can be used to identify
key structural elements in the formation of protein—ligand
complexes. Previous studies have revealed that SMD
simulations are more suited for identifying electrostatic
interactions rather than hydrophobic contacts.”’ Our simu-
lations, indeed, showed that the polar residues D126, H154,
and E172 mainly determine the association of the PD 144418
ligand to SIR. Seth et al. previously identified the residues
D126 and E172 as essentials for ligand binding."* Moreover, a
protonated state for D126 has been proposed when ligands are
bound to S1R,"* which was certainly considered in our study.
The open ligand-binding pocket structure of SIR, with special
emphasis in these three polar residues, was employed to
evaluate the binding of two additional compounds. RC-33 has
been recognized as a potent and selective SIR ligand;*"**
therefore, its association was evaluated at the atomic level
against the open SIR structure. Docking studies support the
binding of RC-33 to the open f-barrel ligand-binding region
and denote a similar orientation and interactions with
surrounding residues as those observed for the PD144418
ligand in the SIR crystal structure.

To validate the proposed ligand access pathway in SIR and
to test the binding of a new compound, we designed a bivalent
ligand based on the RC-33 structure. DIM-3C constitutes a
bulkier ligand with the potential to occupy the binding pocket
in its open conformation. For this work, we decided to
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synthesize only the (RR) DIM-3C dimer for the following
reasons: (i) Physicochemical characterization is easier when
dealing with a single sterecisomer. (ii) Based on current and
previous studies, there is no significant difference between (R)-
and (S)-RC-33 interaction with the SIR ligand-binding
pocket.*”** (iii) Since (R)-RC-33 was earlier identified as hit
compound for its higher metabolic stability,” the synthetic
strategy to obtain this enantiomer was recently optimized by
our group, and the same protocol could be used to obtain
(R,R)-DIM-3C.

The association of DIM-3C with SIR was evaluated by
computational studies. This compound forms similar inter-
actions into the f-barrel ligand-binding region as those found
for RC-33. A comparable binding association was in fact
expected, as DIM-3C is a divalent RC-33 derivative. This
ligand corresponds to the first bivalent structure shown to
interact with SIR. DIM-3C was of particular interest in our
study, allowing us to validate the ligand access pathway from
the intracellular space to reach the binding site. Our study,
therefore, argues against the ligand entering through the two
adjacent helices to the plasma membrane, at least for large
ligands. In addition, the interaction of DIM-3C with the
residues Q135, H154, and E158—forming the occluded
narrow polar region in the SIR crystal structure—allows us
to hypothesize that SIR ligands initially interact with these
residues and then reach the binding site. This is particularly
interesting considering that lipid/water partition coefficients
calculated for the three studied compounds denote a
preference to be associated into lipid environments.

Computationally demanding MD simulations using the FEP
method were carried out to estimate the relative binding free
energies of PD 144418, RC-33, and DIM-3C interacting with
SIR. Our results corroborate the predicted ligand-binding
modes obtained by docking and agree with experimental K|
values. The best affinity was found for PD144418, whereas the
binding free energy calculated for RC-33 shows the potential of
this compound to modulate the S1R activity, which agrees with
its reported apparent affinity.® Experimental affinity assays for
DIM-3C were also performed. For this compound, the binding
affinity was found to be moderate in comparison with
monomeric structures, in accordance with predicted AG
energy (Table 1). Interestingly, its dose-dependent displace-
ment of [*H]-(+)-pentazocine in the binding assays confirms
the ability of DIM-3C to accommodate into the SIR ligand-
binding pocket in its open conformation, penetrating through
the intracellular side.

In conclusion, while the calculations presented here have a
number of limitations—exploration of only two defined
pathways for ligands entering and leaving the SIR binding
site, the use of approximate force field parameters for ligands,
and free energy calculations based on representative stereo-
isomers—our results suggest that ligands access the SIR
binding site through the cytoplasmic region. A conformation
opened at the narrow end of the f-barrel seems to be favorable
for ligands diffusion from the intracellular space toward the
binding site, particularly, for large ligands whose access
through the plasma membrane could imply a great structural
distortion. Qur study also proves an updated characterization
of the RC-33 binding into the SIR ligand-binding pocket based
on a high-resolution structure of the protein. In addition, the
association of SIR with the bivalent RC-33 derivative ligand
(i.e, DIM-3C) is demonstrated by our analyses, revealing a
molecular structure without precedent to modulate the SIR

activity. DIM-3C is the first divalent compound associated with
SIR and represents a good example to argue the ligand access
pathway to the binding pocket from the intracellular region.
We emphasize that although the ability of DIM-3C to regulate
the SIR function is significanty less than that of monomeric
ligands, it may be an adequate molecule to describe the
opening of the binding pocket for the entrance of ligands. Our
study, therefore, is envisioned to prove useful for better
understanding the binding mechanism of different compounds
into the SIR ligand-binding pocket, providing the molecular
basis to design new S1R modulators based on its structure.
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