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ABSTRACT

My three-years-project has been focused on two main topics, Sigma Receptors (SRs) and

Lithium carbenoids, as briefly summarized in the following paragraphs.

1. Sigma Receptors as novel targets for the cancer treatment.

The driving force of my project work has been the need of finding “druggable” proteins as new
molecular targets to treat cancer conditions. In the discovery of novel anticancer agents, able to
guarantee a result with poor side effects, SRs modulators are fit for purpose. Briefly, Sigma
Receptors are involved in a large number of physiological functions including learning and
memory processes, depression and anxiety, schizophrenia, analgesia and cancer. There are two
subtypes of Sigma Receptors: S1R and S2R based on anatomical distribution, pharmacological
and pathological activities. S1Rs are well known and several modulators have been identified so
far. Particularly, S1IR agonists are proved to exert neuroprotective and neuroplastic effects
whereas S1R antagonists give rise to beneficial activities against neuropathic pain and cancer.
Conversely, S2Rs still present enigmatic aspects, both from structural and pharmacological point
of view. However, numerous experimental evidences show the overexpression of this molecular
target in cancer cells and the scientific community strongly supports the idea that S2R
modulators may have antiproliferative and proapoptotic effects. Accordingly, we spent some of
our efforts in identifying new anticancer agents, acting via SR modulation. In detail, we
generated a QSAR model, using the activity data published in literature and our in-house library.
This approach allowed to identify the structural features that guarantee a high affinity towards
both SR subtypes. From this study emerged that compounds presenting a bulky aminic portion,
i.e. 4-benzylpiperidine, possess pan-SR affinity. Therefore, we designed and synthetized a
compound series of racemic and enantiomeric arylalkyl(alkenyl)-4-benzylpiperidine derivatives.
On the bases of binding profile towards S1R and S2R and of its cytotoxic properties towards a
panel of cancer cell lines, we select RC-106 as the most promising antiproliferative agent. We
believe that RC-106 may be considered a valuable anticancer candidate and an in depth
investigation of its anticancer properties is in progress. Lastly, a biotin-pan-SR conjugate has
been designed as pharmacological tool able to enhance the uptake of antiproliferative molecules
in cancer cells, as well as to avoid side effects. Although several attempts have been carried out,

up to now, the desired product has not been obtained.



2. Lithium carbenoids, useful homologating agents.

During my experience at the University of Vienna, I studied the reactivity/stability of
lithiumcarbenoids toward enone substrates. The final aim of this study was to verify the
applicability of these reagents towards ketone derivatives of RC-106, in order to obtain key
intermediate for future functionalization. The introduction of methylene groups in the drug
structure may lead to a modification of its pharmacological properties and therefore
homologation reactions represent important synthetic steps useful to obtain bio- active
compounds. Particularly, carbenoid-mediated homologations are valuable alternative to the
traditional and sometimes hazardous C-C reactions. Carbenoids are characterized by the
presence of an electron-donating and an electron-withdrawing substituent, these elements
confer to the carbon center an ambiphilic activity. Carbenoids may act as nucleophiles or as
electrophiles, depending on the experimental conditions and, thanks to their versatility towards
different substrates, they are considered important reagents in organic chemistry. The work
presents herein is part of this scenario and it is a pursuance of the prior publication of Pace and
co-workers, which developed a strategy to carry out a chemoselective 1,2-addition of LiCH2Cl to
cyclic enones. Once the applicability of the lithium carbenoids towards these ketones has been
confirmed, the reactivity/stability of these species has been investigated in depth. Therefore, we
focused on the study of the parameters that may influence the behavior of
monohalomethyllithium reagents, using a syringe pump instrument. Interestingly, from this
work unexpected products emerged. Indeed, under particular conditions, a double homologation
may occur, furnishing aldehydes. We analyzed this surprising reaction and disclosed the

mechanism that took place.



ABSTRAKT

Mein dreijahriges Projekt fokussierte sich auf zwei Hauptthemen, Sigmarezeptoren (SRs) und

Lithiumcarbenoide, welche in den anschliefdenden Absatzen kurz zusammengefasst werden.

1.Sigmarezeptor Modulatoren als neuartige Targets in der Krebsbehandlung.

Die Motivation hinter meinem Projekt war die Notwendigkeit, neue ,druggable“ Proteine als
Targets zur Behandlung von Krebserkrankungen aufzufinden. Auf der Suche nach neuartigen
krebsbekdmpfenden Wirkstoffen, welche unter geringen Nebenwirkungen ihre Wirkung
entfalten, sind SRs Modulatoren geeignet. Sigmarezeptoren sind in einer Vielzahl an
physiologischen Funktionen involviert, unter anderem Lern- und Erinnerungsprozesse,
Depressionen und Angstzustdande, Schizophrenie, Analgesie und Krebs. Es gibt dabei zwei
Unterarten von Sigmarezeptoren: S1R und S2R, basierend auf anatomischer Verteilung sowie
pharmakologischer und pathologischer Aktivitaten. S1Rs sind gut bekannt und bisher wurden
mehrere Modulatoren entdeckt. Insbesondere wurde fiir S1R-Agonisten gezeigt, dass sie
neuroprotektive und neuroplastische Effekte haben, wohingegen S1R-Antagonisten zu
positiven Wirkungen gegen neuropathischen Schmerzen und Krebs fiihren. Im Gegensatz
dazu ist S2R immer noch nicht hinreichend bekannt, sowohl in struktureller als auch in
pharmakologischer Hinsicht. Zahlreiche experimentelle Ergebnisse zeigen aber eine
Uberausscheidung dieses Targets in Krebszellen und die Wissenschaft unterstiitzt die Idee,
dass S2R-Modulatoren antiproliferative und proapoptotische Effekte haben kdénnte. Damit
einhergehend verwenden wir einigen Aufwand dafiir, Antikrebs-Wirkstoffe zu finden, die via
SR-Modulation wirken. Genau gesagt haben wir ein QSAR-Modell erstellt, basierend auf in der
Literatur veroffentlichter Daten und Daten aus unserer hauseigenen Bibliothek. Dieser Ansatz
hat es erlaubt, die strukturellen Eigenschaften zu identifizieren, die eine hohe Affinitat
gegeniiber beiden SR-Subtypen garantieren. Aus dieser Studie ging hervor, dass
Verbindungen mit sperrigen Amin-Gruppen, z.B. 4-Benzylpiperidin, pan-SR affin sind. Daher
entwarfen und synthetisierten wir eine Reihe an razemischen und enantiomeren
Arylalkyl(alkenyl)-4-Benzylpiperidin-Derivaten. Auf Grund des Bindungscharakters beziiglich
S1R und S2R, sowie den cytotoxischen Eigenschaften einer Menge an Krebszelllinien, wahlten
wir RC-106 als den vielversprechendsten antiproliferativen Wirkstoff. Wir glauben, dass RC-
106 ein vielversprechender Kandidat fiir einen Antikrebs-Wirkstoff ist, weitergehende
Untersuchungen dieser Eigenschaften sind im Gange. Zu guter Letzt wurde ein Biotin-Pan-SR-

Konjugat als pharmakologisches Werkzeug entworfen, das dazu fahig ist, die Aufnahme an



antiproliferativen Molekiilen in Krebszellen zu erhéhen und Nebenwirkungen zu vermeiden.

Trotz widerholten Versuchen wurde nicht das gewlinschte Produkt gefunden.

2. Lithiumcarbenoide, niitzliche homologierende Stoffe

Waihrend eines Aufenthaltes an der Universitat Wien wurden die Reaktivitat und Stabilitat der
Lithiumcarbenoide gegeniiber Enonsubstraten untersucht. Das Hauptziel dieser
Untersuchung war die Anwendbarkeit dieser Reagenzien gegeniiber Ketonderivaten des RC-
106 zu verifizieren, um das Hauptzwischenprodukt fiir spatere Funktionalisierung zu
gewinnen. Die Einfiihrung einer Methylen-Gruppe in der Wirkstoffstruktur kann zu einer
Modifikation = ihrer = pharmakologischen  Eigenschaften fiihren, somit stellen
Homologisierungsreaktionen wichtige Synthese-Schritte dar, welche dem Auffinden
bioaktiver Verbindungen dienen. Vor allem carbenoidgesteuerte Homologierungen sind
wertvolle Alternativen zu den manchmal gefdhrlichen C-C Reaktionen. Carbenoide sind von
der Gegenwart elektronenspendender und elektronenziehender Substituenten charakterisiert,
diese Elemente geben dem Kohlenstoffzentrum eine ambiphile Aktivitit. So koénnen
Carbenoide abhangig von den experimentellen Bedingungen als Elektrophile und Nukleophile
agieren, was ihrer Vielfaltigkeit gegeniiber unterschiedlicher Substrate zuzurechnen ist. Sie
werden als bedeutende Reaktanden der Organischen Chemie gesehen. Die dabei ausgeiibte
Tatigkeit ist Teil dieses Szenarios und eine Fortsetzung der vorangehenden Publikationen von
Pace et al, welche Strategien zu einer chemoselektiven 1,2-Addition von LiCH2Cl zu
zyklischen Enonen entwickelten. Sobald die Anwendbarkeit dieser Lithiumcarbenoide
gegeniiber diesen Ketonen bestatigt wurde, konnten Reaktivitdt und Stabilitdt dieser Spezies
weiter untersucht werden. Somit richtete sich der Fokus auf die Untersuchung der Parameter
mit einem Spritzpumpen-Apparat, welcher das Verhalten von Monohalomethyllithium-
Reagenzien beeinflussen kénnte. Unerwartete Produkte wurden dabei erhalten. Tatsachlich
kann unter besonderen Bedingungen eine doppelte Homologisierung stattfinden, bei welcher
Aldehyde angefiigt wurden. Die unerwartete Reaktion wurde untersucht und der

grundlegende Mechanismus dahinter gefunden.



RIASSUNTO

Il mio progetto di dottorato si e focalizzato su due argomenti principali, come brevemente

descritto nei paragrafi successivi: i Recettori Sigma (RS) e Carbenoidi di Litio.

1.1 Recettori Sigma come nuovi target molecolari per il trattamento del cancro.

La forza trainante di questo progetto di tesi & stata l'esigenza di individuare proteine
“druggable” quali nuovi targets molecolari per il trattamento del cancro. Da dati di letteratura
e emerso che i Recettori Sigma (RS) rispondono a tale requisito. Brevemente, i RS sono
coinvolti in numerose funzioni fisiologiche, compresi i processi di apprendimento e memoria,
depressione e ansieta, schizofrenia, analgesia e cancro. Due sottotipi recettoriali dei RS sono
stati scoperti: RS1 e RS2. Essi presentano diversa distribuzione anatomica e differenti attivita
farmacologiche e patologiche. RS1 e i suoi modulatori sono noti da tempo. In particolare, €
accertato che gli agonisti dei RS1 hanno effetto neuroprotettivo e neuroplastico, invece gli
antagonisti dei RS1 sono utili contro il dolore neuropatico e il cancro. Differentemente dai
RS1, i RS2 presentano ancora degli aspetti enigmatici, sia da un punto di vista strutturale che
farmacologico. Tuttavia, numerose evidenze sperimentali dimostrano che questi sottotipi
recettoriali sono sovra-espressi in cellule tumorali e la comunita scientifica supporta
fortemente l'idea che i modulatori dei RS2 potrebbero avere effetto anti-proliferativo e pro-
apoptotico. Di conseguenza, abbiamo rivolto la nostra attenzione verso l'identificazione di
nuovi agenti antitumorali, che agiscono attraverso la modulazione dei RS. Nel dettaglio, un
modello QSAR é stato generato, utilizzando l'attivita di molecole note da letteratura e la
nostra libreria di composti. Questo approccio ha permesso di identificare le caratteristiche
strutturali che promuovono un’alta affinita nei confronti di entrambi i sottotipi recettoriali
dei RS. Da questo studio & emerso che i composti che possiedono una porzione amminica
ingombrante, ad esempio la 4-benzilpiperidina, possiedono affinita sia per RS1 che per RS2.
Pertanto, abbiamo progettato e sintetizzato una serie di arilalchil(alchenil)-4-
benzilpiperidine, in forma racemica ed enantiomerica. Sulla base dei profili di binding nei
confronti dei RS1 e dei RS2 e le loro proprieta citotossiche verso un pool di linee cellulari
tumorali, abbiamo selezionato RC-106 come agente anti-proliferativo piu promettente. Noi
riteniamo che RC-106 potrebbe essere considerate un candidato antitumorale molto
promettente, di conseguenza ulteriori valutazioni biologiche sono in atto. Infine, & stato
progettato un coniugato biotina-pan RS al fine di ottenere uno strumento farmacologico

capace di aumentare l'ingresso di molecole anti-proliferative in cellule tumorali, cosi come



per evitare gli effetti collaterali tipici delle terapie antitumorali tradizionali. Nonostante i
numerosi tentativi per ottenere il prodotto desiderato, al momento non abbaiamo

individuato la strategia giusta per accedere al coniugato.

2. Carbenoidi di litio, utili agenti di omologazione.

Durante la mia esperienza presso I'Universita di Vienna, ho studiato la reattivita/stabilita dei
litiocarbenoidi nei confronti di chetoni o,3-insaturi. Lo scopo ultimo di questo studio sara
quello di verificare se tali reagenti possono essere applicati verso derivati chetonici di RC-
106, al fine di ottenere degli intermedi chiave per future funzionalizzazioni. L’introduzione di
gruppi metilenici in una struttura di interesse farmaceutico puo comportare la modifica delle
sue proprieta farmacologiche. Pertanto, le reazioni di omologazione rappresentano
importanti step sintetici utili per ottenere composti bioattivi. In particolare, le omologazioni
mediate dai carbenoidi sono delle alternative preziose alle tradizionali e qualche volta
pericolose reazioni C-C. I carbenoidi sono caratterizzati dalla presenza di un gruppo elettron-
donatore e da un sostituente elettron-attrattore, questi elementi conferiscono al carbonio
attivita ambifiliche. Infatti, i carbenoidi possono agire sia da nucleofili che da elettrofili, in
funzione delle condizioni sperimentali e, grazie alla loro versatilita nei confronti di diversi
substrati, sono considerati degli importanti reagenti in chimica organica. Il lavoro riportato in
questa tesi e parte di questo scenario ed & una continuazione della pubblicazione precedente
di Pace e collaboratori, i quali hanno sviluppato una strategia per effettuare un’addizione 1,2-
chemoselletiva di LiCH2Cl a chetoni o,-insaturi ciclici. Una volta che la fattibilita di queste
reazioni e stata confermata, la reattivita/stabilita di queste specie & stata approfondita.
Pertanto, ci siamo focalizzati sullo studio dei parametri che possono influenzare il
comportamento dei reagenti di monoalometillitio, utilizzando una syringe pumpe come
strumento. Inoltre, da questo lavoro prodotti inaspettati sono emersi. Infatti, in condizioni
particolari, una doppia omologazione puo avvenire, fornendo delle aldeidi. Abbiamo

analizzato questo risultato sorprendente e abbiamo dimostrato il meccanismo che ha luogo.
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Foreword

FOREWORD

This Ph.D. thesis is the result of the work carried out at the Department of Drug Sciences,
University of Pavia, Italy, and at the Faculty of Life Sciences, University of Vienna, Austria,
during the years 2013-2016.

The thesis is structured in two sections, the first is the core of my Medicinal Chemistry project,
and the second is focused on the applicability of monohalomethyllithium reagents towards
enones. In detail, in the first section of this dissertation, the Sigma Receptors (SRs) topic will
be deepened, whereas the second section will highlight the versatility of lithium carbenoids in
Medicinal Chemistry. These two parts converge in a single goal, which is the possible

application of carbenoidic species on a series of SRs modulators.

Medicinal Chemistry is a multifaceted world and encompasses several disciplines. The “trump
card” of the Medicinal Chemist’'s approach is represented by a motley network of
collaborations, which allows a pro and con overview of a project. During my Ph.D. scholarship
[ had the chance to get in touch with several aspects of this intriguing and fascinating world.
In detail, during the last three years I learnt to plan a project, following the classical work flow
related to the discovery of novel pharmacological tools.

In this project we took into consideration the Sigma Receptor (SR) family as a molecular
target, in order to identify New Chemical Entities (NCEs) as promising candidates in the
treatment of cancer conditions. In the recent past, SRs have been discovered and two different
subtypes have been identified: Sigma 1 and Sigma 2 Receptors (S1R and S2R). They have a
diverse anatomical distribution, characterized by distinct pharmacological and pathological
activities. The strict relation between S1R and Central Nervous System (CNS) has been widely
documented. Indeed, numerous works disclosed the neuroprotective and neuroplastic effects
of S1R agonists, therefore SRs could be considered as potential molecules in the treatment of
neurodegenerative diseases (i.e. Alzheimer and Parkinson diseases, Multiple Sclerosis,
Amyotrophic Lateral Sclerosis). Conversely, S1IR antagonists deserve to be mentioned in
virtue of their beneficial activities against neuropathic pain and cancer.

Differently from S1R, the structure and the pharmacological behaviour of S2R still present
enigmatic aspects. However, even though there is the little structural knowledge and the lack
of endogenous ligands related to S2R, numerous experimental evidence shows the
overexpression of this molecular target in cancer cells. Indeed, the scientific community

supports the antiproliferative and the proapoptotic effects associated with S2R modulators.
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Accordingly, the driving force of this work is represented by the urgent need of finding
“druggable” proteins as new molecular targets to treat cancer conditions. In the discovery of
novel anticancer agents, able to guarantee a result with unimportant side effects, SRs
modulators are fit for the purpose. Therefore, in this project we present our efforts in
designing and synthetizing SR ligands, evaluating their activity through an in depth biological

investigation.
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Additionally, I spent a part of my research project at the Organic Laboratory, University of
Vienna, in order to improve my skills as an organolithium chemist. Indeed, the main topic of
Pace’s group is the lithium, as a multitasking element. Lithium reagents present several
applications in the synthetic field, in particular lithium carbenoids are useful homologating
agents. In fact, in the last sixty years carbenoid-mediated homologations took place as a
valuable alternative to the traditional and sometimes hazardous C-C reactions. The high
yields and the versatility of carbenoids towards different substrates lead to consider these
reagents as an important discovery in organic chemistry. The work presented herein is part of
this scenario and it is a pursuance of the prior publication of Pace and co-workers, which
developed a strategy to carry out a chemoselective 1,2-addition of LiCH2Cl to cyclic enones.
Once the applicability of the lithium carbenoids towards these ketones has been confirmed,
the reactivity/stability of these species was investigated in depth. Therefore, we focused on

2
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the study of the parameters that may influence the behaviour of monohalomethyllithium
reagents, using a syringe pump instrument. Interestingly, from this work unexpected products
emerged. Indeed, under particular conditions, a double homologation may occur, furnishing
aldehydes. Considering the interest covered by the aldehyde group in synthetic and in

medicinal chemistry, we analysed this surprising reaction and disclosed the mechanism that

took place.
Lithium carbenoids topic
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Graphical abstract of lithium carbenoids topic

In conclusion, even though several hurdles were envisaged during these three years, we laid
the foundation for further studies focused on the discovery of new anticancer agents and a
novel application for lithium carbenoids. The success of this multidisciplinary project may be
associated with the strict network of collaborations, which is the driving force to reach the
main goal in an experimental research. A consistent part of the results reached so far has been
already published in international journals. Many people gave a crucial contribution to this
work, starting from my supervisors Prof. Simona Collina and Dr. Vittorio Pace to all the co-
authors: the groups of Prof. Liedl and Prof Pricl for their support in modelling; Prof. Juza for
his contribution to the analytical part; Wuensch’s group for the binding assay results; the staff
of Prof. Curti, Dr. Tesei and Prof. Paolillo for the biological investigation; Prof. Holzer and Prof.
Urban for their technical support in NMR interpretation. They are experts on different

disciplines, all essential for conducting a Medicinal Chemistry research project.
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1. INTRODUCTION

Today cancer is one of the main causes of death worldwide ( 15%). Among the over 100
types of neoplasia affecting humans, the most common are lung, breast and prostate tumours
[1]. The International Agency for Research on Cancer (IARC) estimated that annually more
than 10 million people in the world get cancer and this value is expected to increase over the
years [2]. Therefore, there is an urgent need of innovative therapies for this pathology.
Despite the enormous advances in the pharmacological oncology field, to date, surgical
resection is still the only treatment able to guarantee long-term survival in cancer conditions.
Unfortunately, this kind of therapy is reserved only to a small percentage of cases [3] and
chemotherapy still remains the first-choice treatment for the majority of patients [4-6].
Today, identifying molecules endowed with unimportant side effects is still a challenge, since
chemotherapy shows low selectivity and high toxicity against non-neoplastic tissues [7-8]. A
scientific approach, useful to identify new anticancer agents, foresees an in depth
comprehension of the molecular basis underlying tumorgenesis. In this context, the discovery
of new molecular targets and their signalling cascades may open the door to novel therapeutic
strategies. Recent literature data shows the Sigma Receptors (SRs) overexpression in several
cancer tissues, suggesting the therapeutic potential of SR modulators in tumorous conditions.
After a brief overview on SRs, we will focus on the context of oncology, thus introducing my
Ph.D. project.

The term “Sigma Receptor” was coined in 1976 by Martin et al., in order to identify a new
opioid receptor subtype [9]. Despite their capability to interact with the benzomorphan
analogue (%)-SKF-10,047 (Figure 1), this classification was an erroneous assumption, since
the opioid antagonists had no activity toward SRs [10-12]. Subsequently, SRs were proposed
as the binding site of phencyclidine (Figure 1), located on the ionic channel associated with

the N-methyl-D-aspartate (NMDA) receptor. Also in this case the hypothesis was rejected [13].

N/\/
CH,4
SKF-10,047 Phenciclidine

Figure 1. Structures of SKF-10,047 and Phenciclidine.
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Despite the SR excursus presents several contradictions and wrong assumptions, the
advances in biological and pharmacological fields collimate in defining SR as an orphan
receptor family (Figure 2). Currently, two subtypes Sigma 1 (S1R) and Sigma 2 (S2R) are
known [14-15]. The experimental evidence and the literature data collected during the years,
suggest that both S1R and S2R are involved in cell proliferation and survival, triggering
distinct molecular cascades [16]. In the following sections, the state-of-art knowledge about
S1R, S2R and their modulators will be summarized. An in depth description of the proteins
and ligands targeting S1R and/or S2R, available so far is reported in the review MRS.
Furthermore, in this publication we analysed the numerous patents, relating SRs modulators

and cancer conditions, disclosed in the last twenty years.

2012-2014
1982 Clinical candidates:
ANAVEX 2-73,S1RA
No effect on SR exerted (S1R) and [18F]ISO-1
by the antagonist naloxone (S2R)
. 1994
Ligand-SR interaction
stereoselectivity evidenced
1970 1980 1990 2000 2010 2020
| | | |
1976 2001-2002
SR identified and Commercial availability
classified as a novel 1990 of selective ligands: PRE-
opioid receptor subtypes Two receptor 084 (S1R) and siramesine
subtypes (S1R and (S2R)

S2R) identified

Figure 2. Timeline of key events in the history of SR and their modulators.

1.1. Sigma 1 Receptor (S1R)

The gene encoding S1R has been cloned [17-18] and it expresses an integral membrane
protein composed by 223 amino acids, with a molecular weight of 25.3 kDa [19-20]. The
isolated S1R gene is 7 kbp long, localized on 13p band of human chromosome 9, which is a
region related with psychiatric disorders [17-19, 21, 22]. Several consensus binding sites for
transcription factors have been identified on the promoter region of S1R gene. Some of them

are implicated in the tumorgenesis, i.e. NF-Kb, IL-6RE [19].
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For years, the lack of an endogenous
ligand as well as the crystal structure
of the protein, obliged several
research groups to employ a ligand-
based drug design approach to
identify new molecules targeting S1R.
Moreover, in the last ten years,

several possible structures of S1R

have been postulated. In detail, at the

. . . beginning, the analysis of the amino
Figure 3. SIR shows a triangular structure comprising three

tightly associated protomers, each with a single transmembrane  gcids sequences of S1R suggested a
domain at a corner of the oligomeric triangle.
single transmembrane segment [17-

18, 21]. Subsequently, three hydrophobic domains have been proposed: two transmembrane-
spanning domains connected by a loop, whereas the third one protrudes from the inner face of
the membrane [23-24]. Despite the numerous attempts in elucidating the binding site
structure, the advanced proposals about this crucial element mismatched. Only in the 2016,
the ligand binding pocket has been disclosed, since the three-dimensional structure of S1R has
been identified (Figure 3). It is constituted by a trimer, with a single transmembrane helix and
a cytosolic domain for each monomer. The ligand binding pocket is placed in the (-barrel
region of the cytosolic domain and is constituted mainly by hydrophobic residues. The
binding is triggered by an ionic interaction with a highly conserved Glu residue (E172), that is
involved in a network of hydrogen bonds with Asp126 and Tyr103. Therefore, only positively
charged molecule shows S1R activity. Moreover, ligands form hydrophobic m-m interactions
with Tyr103 and other hydrophobic amino acids in the binding site [25]. The previous
receptor models present high degree of similarity with the crystal structure. Conversely, the
presence of a single transmembrane domain is a structural motif in disagreement with the
constructs reported in antecedent studies.

Regarding the localization of S1R, we know that at subcellular level, 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 a molecular
chaperone and, during its translocation, can modulate the activity of different receptors,
enzymes and ionic channels [26]. In detail, at the MAM level, it ensures the cell survival
through different mechanisms: i) Ca?* homeostasis control, by chaperoning the inositol

triphosphate (IP3) receptor; ii) it promotes an increase of antioxidant and antistress proteins,
11
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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 signalling. Moreover, under stressful conditions or in the 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 [27]. Macroscopically, S1IR
is ubiquitously expressed (liver, kidney, heart) above all in the Central Nervous System (CNS)
[28], in fact it could be defined 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 (Figure 4)

[16, 29-31].
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Figure 4. Effects due to the sigmal receptor activation by agonists on the neurological diseases.

1.2. Sigma 2 Receptor (S2R)

While S1R properties and function have been widely elucidated [27], S2R biological
characterization is still to be completely defined, since it has neither been cloned nor its
amino acids sequence deciphered. It has been identified through photoaffinity labelling study,

using 1,3-di(2-tolyl)guanidine (DTG). The results showed the existence of two protein bands
12
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of 25 and 21.5 kDa. The first band was associated to S1R, this assumption was confirmed after
cloning the gene encoding S1R, which presented a molecular weight of 25.3 kDa. The second
band was assigned to the S2R [32]. In the S2R panorama there are several black holes,
nevertheless, Xu et al. recently postulated the possible localization of the S2R binding site on
the Progesterone Receptor Membrane Component 1 (PGRMC1) [33], which was partially
crystallized (Figure 5) [34]. PGRMC1 is a haem binding protein and its over-expression has
been associated to tumour stage and to actively proliferating and invasive cancer cells [35-
37]. Despite the evidence of a S2R binding site on PGRMC1, additional experimental data is
needed to clarify if S2R and PGRMC1 actually co-exist and to define the exact molecular
structure of S2R. It has to be underlined that no firm conclusion about this correlation can be
drawn up to the S2R cloning [38]. Several experimental evidence suggests a strict correlation
between S2R and cancer conditions. In detail, proliferating breast carcinoma cells express S2R
up to ten times more than quiescent cells, and the degree of S2R expression has been
correlated with tumour staging and grading [39-41]. It is also relevant that high level of S2R
has been detected in pancreatic cancer cell lines (Panc-02, Panc-01, CFPAC-1, AsPC-1) [42].
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 [43]. The high intracellular Ca2+ level could be another implicated
mechanism in the cell-death activation. Several organelles and ionic channels are involved in
the CaZ* 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
damage and death [44-46]. Lastly, it is noteworthy the S2R modulators ability in increasing
the reacting oxygen species (ROS) formation, a peculiar event that occurs before apoptosis.

In conclusion, during the abnormal cellular proliferation, S2R subtype is a valid target to take
into consideration [47]. Therefore, S2ZR overexpression could be defined a hallmark in

tumorgenesis.

1.3. S1R and S2R modulators

During the years, the interest in SRs has increased. They represent innovative targets with a
wide spectra of therapeutic employments. Therefore, design and synthesis of SR modulators
acquired an enormous importance. The long road toward the discovery of a novel SR
modulator starts with defining the S1IR or S2R profile. In this context binding assays are

performed, in order to evaluate the affinity constants toward both receptor subtypes. For
13
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determining S1R affinity, the highly selective [3H](+)-pentazocine (Figure 5) is commonly
used. Instead, for evaluating the S2R binging affinity, [3H]DTG (Figure 5), able to bind both
S1R and S2R, is employed, adding unlabeled (+)-pentazocine for masking S1R.
The subsequent step is represented by the comprehension of the agonist/antagonist
behaviour. This kind of test is widely accepted for S1R ligands [48-52], conversely the S2R
agonist/antagonist assay has not been validated and today it provides only a functional test
towards cancer cell lines (Western Blot - Caspase assay) [53]. Defining a S1R profile
contributes to depict the possible pharmacological role of a S1IR modulator. S1R agonists are
widely known for their neuroprotective and neuroplastic effects. Indeed, they are useful
pharmacological tools in treating neurodegenerative diseases [16]. On the contrary, several
studies show the involvement of S1R antagonists in the treatment of neuropathic pain.
Recently, two molecules in Clinical Trials support this outstanding evidence:

- ANAVEX 2-73 (Figure 5), compound patented by Anavex Life Sciences Corp. It has been

proposed for the treatment of Alzheimer’s Disease [54].
- S1RA (Figure 5), compound patented by Esteve. The pharmacological profile includes

the treatment of neuropathic pain and opioid analgesia enhancement [55].
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Figure 5. Structures of [3H](+)-pentazocine, [3H]DTG, ANAVEX 2-73 and S1RA.

Although SR has been associated to CNS pathologies, in the last two decades the involvement
of this molecular target in cancer manifestations has been described [56-57]. This aspect can
be pointed out by the numerous patented molecules, with potential anticancer properties.

From Figure 6, it is appreciable the trend of molecules covered by patents, in CNS and in

14
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oncology fields. This fact reflects the necessity to find novel targets for cancer therapy and to

overcome the major drawbacks of current chemotherapy.

=== CNS-relate patents Cancer-related patents

Figure 6. Overview of SRs-related patents from 1986 to 2016.

Numerous studies show a high expression of S1R in lung, breast and prostate cancer cell lines
[58-59]. Interestingly, S1IR antagonists, including rimcazole, haloperidol, BD-1047 and BD-
1063 (Table 1), reduce the proliferation of breast cancer cell lines. Conversely, S1IR agonists
provide cell proliferation and survival, therefore promote tumor growth.

The signalling pathways triggered by S1R ligands, in causing cell death, have not been
clarified yet. A recent study reviews the strict correlation between S1R and ion channels.
Therefore, Crottes et al. highlighted the possible involvement of S1R in the electrical
remodelling of cancer cell properties. In detail, it is widely documented that cancer cells over-
express ion channels and transporters, which guarantee the cell adaption to the metabolic
cancer conditions (low pH and pOz2, poor nutrient supply, etc.). Probably, S1R chaperones can
modulate these ion channels, in positive/ negative manner, increasing or decreasing tumour
survival and aggressiveness [58]. Other research took into consideration described S1R
ligands as carriers of drugs or nanoparticle-delivery systems to the tumour site in melanoma
and prostate, lung and breast cancers [60-63].

In conclusion, despite the S1R is over-expressed in several tumour types, some aspects have
to be investigated in depth. The scientific community is employing its efforts to disclose the
oncology role of S1Rs, in order to define them as diagnostic or prognostic markers or as
therapeutic targets.

As aforementioned, design and synthesis of S2ZR modulators is hard work. Literature data,
collected over the years, suggests S2R subtype a promising therapeutic target in cancer
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manifestations, and thus ligands targeting S2R are important pharmacological tools in this
pathology. The recent hypothesis about the possible structure overlapping of S2R and
PGRMC1 straighten the idea that this SR subtype is a marker in tumour genesis. In fact,
PGRMC(1 is a protein over expressed in breast tumours and in cancer cell lines from colon,
thyroid, ovary lung and cervix. Considering these interesting results, several research groups
turned their attention in defining pharmacophoric models, in order to design novel molecules
with high affinity and selectivity towards S2R. Recently, Mahfouz T.M. and co-workers
proposed a ligand-based pharmacophore model for S2R, taking into consideration 41 ligands.
The study elucidated the most important features to gain in affinity toward S2R:

- an hydrophobic/aromatic site and the presence of a group able to generate a hydrogen

bond are essential hallmarks
- four hydrogen bond acceptor and two hydrogen bond donor groups as not
fundamental elements [64].

Today, the S2R ligands panorama is wide and four main structural classes have been depicted:
(i) 6,7-dimethoxytetrahydroisoquinoline derivatives; ii) granatane- or tropane-related bicycle
structures; iii) indole derivatives; iv) cyclohexylpiperazine analogues. They share some
chemical elements: an aminic portion between two hydrophobic moieties [65-69]. It is
noteworthy as some molecules, belonging to different classes, have been extensively
investigated in experimental studies. Recent works, carried out on mouse breast cancer,
human or murine pancreatic cancer and human melanoma cell lines, shows that S2R agonists,
i.e. Siramesine, SV119, WC-26 and RHM-138 (Table 1) possess a cytotoxic effect in the
micromolar range. The cellular death could be caused by apoptotic phenomena, such as
caspase activation, autophagy and impared cell-cycle progression [42-43].
Although S2R agonists are promising pharmaceutical /therapeutic tools, human use is still at a
distance. Only compound [18F]ISO-1, a potential PET marker of cell proliferation, is in phase I
clinical trial [70].
In conclusion, over the years, several efforts have been accomplished to find molecules
increasingly active toward S1R or S2R. In this context, some of these compounds have shown

excellent cytotoxic effects toward cancer cell lines, in the micromolar range.
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Table 1. SRs modulators, acting as antiproliferative molecules.
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2. THE RESEARCH

In this section, I briefly discuss the results obtained during my Ph.D. thesis research. The
activity led to seven papers published in international journals; they are reported as attached
documents in the appendix of this thesis. For clarity, the data of the published papers does not
reflect the order in which they were carried out. Herein, the results will be presented

according to the planning of the research.

2.1. Background

From 2007, the Laboratory of Medicinal Chemistry (LabMedChem) at the University of Pavia
worked on the design and synthesis of novel ligands able to bind S1R. Initially, considering
the lack of a three-dimensional receptor structure, the LabMedChem adopted a ligand-based
drug design approach, in order to discover new molecules. Following a pharmacophoric
approach, our research group designed a compound library based on an
arylalkyl(alkenyl)aminic scaffold (Figure 9) [71].

Firstly, arylalkylaminic and arylakenylaminic molecules have been synthesized, with the aim
to investigate the Structure-Activity Relationship (SAR) and to obtain compounds with a good
affinity toward the S1R binding pocket. Accordingly, other studies, aimed at understanding
the role of the spacer bridging the aromatic ring and the aminic portion in the interaction with
S1R, provided the synthesis of some compounds characterized by the presence of an alcoholic
group. Binding results highlighted that the spacer nature does not influence the binding with
the molecular target, instead the aromatic and aminc groups play an important role in
establishing an interaction network with S1R [71].

From this compound library emerged (R/S)-RC33 (Figure 9), compound endowed with an
excellent affinity toward S1R and a high selectivity toward S2R (Ki S1 = 0.70 £ 0.3 nM; Ki S2 =
103 + 10 nM). Moreover, (R/S)-RC33 showed high metabolic stability in several biological

matrices (i.e.,, mouse and rat blood, rat, dog, and human plasma) [71c-d, 72].
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Figure 9. Arylalkyl(alkenyl)aminic scaffold and structure of (R/S)-RC33.
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Firstly, the agonist/antagonist profile of this promising compound was evaluated through
Nerve Growth Factor (NGF)-induced neurite outgrowth in neuronal differentiation cell model
(PC12 cells) at not cytotoxic dose. Furthermore, the good in vitro metabolic stability of (R/S)-
RC33 led us to perform further studies, in order to identify a novel S1R agonist of great
therapeutic interest for CNS pathologies [30].

My work is part of this scenario and we advanced a strategy to develop anticancer agents,
targeting SR subtypes. We hypothesized that pan-modulators could exponentially decrease
the cancer cell viability, since these compounds have a combination of effects.

Keeping in mind this goal we planned a work flow:

1. An in depth study of the literature and patents data was required to plan my research
activity and to clarify the utility of this project in industrial and academic contexts. As
briefly summarized in the “Introduction section” (Paper MR8).

2. Design and synthesis of novel compounds, potential pan-SR modulators. (Papers MR5
and MR7).

3. Evaluation of the role of chirality. (Papers MR2, MR3 and MR®6).

4. Investigation of the pharmacological profile (effect in cancer cell models) of the most
interesting compounds. (Paper MR5).

5. Individuation of chemical tools able to increase the uptake of the designed molecules in

cancer cells. (Paper MR1).

Further studies

Biotinylation
approach

7.

Literature
investigation

Biological !
evaluations Design apd
N synthesis

Study of the
chirality role

SRs project work flow.
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2.2. My Ph.D. Project
Development of a QSAR model for pan-SR modulators
Publication: MR7

The discovery of “pan-SR modulators” is of great interest and represents a challenge up to
now. Our first strategy provided the design and synthesis of novel arylalkylamines, (R/S)-
RC33 analogues (Table 2). The desired compounds 1-4 a-d were obtained in few synthetic
steps, in modest/good yields and in a sufficient amount to perform biological investigations
(Scheme 1). In detail, the key step is the C-C bond generation, consisting in the nucleophilic
addition of the corresponding aryl-lithium reagents to carbonyl group of the appropriate 3-
aminoketone a-d (Scheme 1). The intermediates a-d were prepared via Michael addition of
the corresponding secondary amine to but-3-en-2-one, according to the methodology
reported in our previous works (anhydrous toluene at reflux or PEG 400, r.t.) [71c]. Once
prepared, a-d were added to the appropriate aryllithium reagents (generated by aryl bromine
through Br/Li exchange using t-butyllithium at -78 °C) to give the corresponding tertiary
aminoalcohols. Without any purification, the alcohols were in situ dehydrated under acidic
condition (37% HC], stirring at r.t. for 12 h), thus providing the desired compounds 1’-4’ a-d.
The elimination reaction of alcoholic intermediates resulted highly regio- and (E)-
stereoselective for all alkenylamines synthetized, as confirmed by 'H-NMR analysis and
NOESY experiments of crude compounds, in accordance with our previous experience.
Arylalkenylamines 1’-4’ a-d obtained as (E/Z)-mixture after chromatographic purification or
crystallization could be converted into (E)-alkenylamines in satisfactory yields (30-77%). The
final step of our synthetic strategy consisted in the conversion of (E)-1’-4’ a-d into the
corresponding arylalkylamines 1-4 a-d by catalytic hydrogenation of C-C double bond under
hydrogen atmosphere using Pd(0) EnCat™ 30NP. In this way, arylalkylamines 1-4 a-d, easily
isolated by solid phase extraction (SPE, SCX cartridge), were obtained with acceptable yields
(43% - 95%) and in suitable amounts for the biological investigations (Scheme 1). The
binding results show that almost the whole compounds have a discreet pan-affinity, in the
nanomoral range. In detail, with the only exception of compound 4a, which presents weak
affinities toward S1R and S2R, all compounds show from modest to good SR affinities. An
important structural feature, to gain affinity toward S1R, is the presence of a bulky aromatic
portion, which fits well in the receptor pocket. Conversely, the affinity toward S2R follows
N,N-dimethylamine < piperidine = morpholine < 4-benzylpiperidine scale, demonstrating that
a bulky aminic moiety constitutes the main feature for interacting with the S2R binding site.

Lastly, although some piperidine and morpholine derivatives (2d, 3b, 3d, 4b) show mixed
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affinity toward both molecular targets, only 4-benzylpiperidine compounds (2-4c) exhibit the

best compromise between affinity and selectivity toward SRs.

1) t-BuLi, anhydrous Et20,

Br -78°Ctort;
Ar”

2) ketone, -78 °C to r.t.;

Ar = naphth-2-yl
4-methoxyphenyl!
3-methoxyphenyl!
phenyl

Synthesis of ketone intermediates

Re NR;R; = N,N-dimethylamine

o
o anhydrous toluene, reflux S
+ HN - R piperidine
)v R )k/\N 1 ) o
> or PEG 400 ) 4-benzylpiperidine
Ry morpholine

Synthesis of compounds 10-13 a-d
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.R
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(E) 1-4'a-d

OH )\j\
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Scheme 1. Synthesis of compounds 1-4 a-d. Reagents and reaction conditions.
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-

Table 2. Binding affinities towards S1R and S2R. Values are expressed as mean + SEM of three experiments.

)\/\/R\
Ar NT 1

1

|
R,
~_ 7
~N R4,
Compound AI'/ IlR \ Ki S1IR (nM) £ SEM  Ki S2R (nM) £+ SEM  S2R /S1R
2/
la N,N-dimethylamine 1.95+0.2 43.8+5.2 22
1b Piperidine 1.5+£0.6 50+ 6.4 333
napht-2-yl
1c 4-benzylpiperidine 19+2.1 144 7.6
1d Morpholine 54+14 33+2.0 6.1
2a N,N-dimethylamine 116 £ 22 255 2.2
2b Piperidine 20+£5.8 58+9.4 2.9
4-methoxyphenyl
2c 4-benzylpiperidine 35204 18+ 4.4 5.14
2d Morpholine 76 £7.0 68 +13 0.89
3a N,N-dimethylamine 239 864 3.62
3b Piperidine 36+4.1 35+48 0.97
3-methoxyphenyl
3c 4-benzylpiperidine 29+0.7 14+1.4 4.83
3d Morpholine 137 £40 92+0.2 0.67
4a N,N-dimethylamine 427 >1000 N.D.
4b Piperidine 46+ 6.2 56+9.2 1.22
Phenyl
4c 4-benzylpiperidine 21+1.0 6.5+3.0 31
4d Morpholine 85+6.3 71+3.2 1.2

These considerations are in agreement with the results obtained by the generated QSAR

model, which is based on the activity data published in literature and our in-house library.
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The regression models took into account 7 descriptors (Table 3). Affinity data were converted
to pKi (-loglOKi) values in order to normalize the range of data and perform a linear
regression. The elaborated QSAR was tested afterwards on our new aryalkylamines 1-4 a-d.
Furthermore, by modelling QSARs, we identified the essential structural features to obtain

promising pan-compounds.

Table 3. Molecular descriptors that were used to model quantitative structure activity relationships.

Descriptors
a_don Number of H-bond donor atoms
AM1_IP Ionization potential (kcal/mol)
b_rotN Number of rotatable bonds
BCUT_SLOGP_3 Atoms connection and contribution to logP
Dipole Dipole moment calculated from the partial charges of the
molecule
E_sol Solvation energy
Glob Globularity

QSAR model suggests that, pan-activity is associated to those molecules with some
peculiarities. The presence of a nitrogen atom is an essential feature, since it guarantees the
formation of an ionic interaction with an acidic amino acid in the binding pocket. Two
hydrophobic groups, i.e. an aromatic ring or an aliphatic cycle/long chain, represent the
second hallmark. They establish m-m interactions with aromatic residues in the binding site.
The lack of one aliphatic element causes a penalty in affinity. This behaviour justifies the
absence of activity related to dimethylamine derivatives.

Compounds 1-4b and 1-4d are pan-modulators, but they present low binding affinity because
of lower hydrophobicity and solvation energy.

In conclusion, we identified highly SR affine ligands in the class of arylalkylamines and our
data clearly demonstrates that the driving force to obtain a pan-modulator is represented by
the correct choice of the aminic moiety. In detail, the presence of a bulky aminic group, i.e. 4-

benzylpiperidine, ameliorates the binding affinity toward both S1R and S2R (Figure 10).
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Figure 10. comparison of S1R (blue) and S2R (red) Ki binding affinity values. High affinity towards S1R and S2R

is achieved by 4-benzylpiperidine derivatives.

Design and synthesis of hovel pan-modulators

Publication: MR5

Once the structural features, to design pan-modulators, have been identified, we elaborated a
compound series focused on the discovery of potent SR modulators, able to bind both receptor
subtypes. Therefore, we proposed a set of 9 4-benzylpiperidine derivatives, reporting a
preliminary Structure-Activity Relationship (SAR). Some structural changes have been made,
in order to study in depth the SRs/ligand interaction (Figure 11):

i) the aromatic portion, exploring the naphth-2-yl, 6-hydroxynapht-2-yl and phenyl groups.

ii) the spacer bridging the ring system and the aminic moiety, considering alkyl, alkenyl and
alcoholic derivatives

iii) the 4-benzylpiperidine portion has been maintained.

Compound Ar
s OH
6 naphth-2-yl
H
R ) 7
N N SAR exploration 8 OH
—_—
O\/@ ° phenst

10 H
11 OH
12 6-hydroxynapht-2-yl
13 H

(oo o o0 ]

Figure 11. SAR exploration

The final synthetic protocol required an investigation of several reaction methods to obtain

the desired compounds in a few steps and in good yields (Scheme 4).
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Firstly, the 4-(4-benzylpiperidin-1-yl)butan-2-one, as key intermediate, was prepared via a
Michael addition reaction. Accordingly, the Li/Br exchange at the appropriate aromatic
precursor and thus the addition/substitution of the -aminoketone, guaranteed access to the
desired tertiary alcohols. They represented both our intermediates for the preparation of
compound 6 and 9, as well the final products. Therefore, we decided to apply the strategy
depicted in Scheme 2, to prepare the arylalkyl- and the arylalkenyl-4-benzylpiperidines.

_________________________________

Scheme 2. Design of the synthetic protocol.

A dehydration of tertiary carbinol by Martin sulfurane was applied as protocol a (Scheme 2),
but we obtained as main compound the C3-C4 alkenyl compound, as demonstrated by H-

NMR signals (Figure 12). Therefore this strategy was abandoned.

OH
QoL O

Martin sufurane
anhydrous 1,2-DCE,

“'{J\/\,f
Ar, it =50 °C /
e O
90ROV e

Qg ~ UL IS

' Ph_Ph_Ph_ !
D ‘(l“T/O\S’O\/(’I s _ ‘
: CFy Ph CF, | — L = e e e

Martin sulfurane

....................

Figure 12. Application of the Martin protocol.

Step b, provides the replacement of a hydroxyl functional group with a hydrogen to give an
alkyl group. Different reaction conditions have been employed to achieve the arylalkylamines
(Scheme 3):

i) Barton-McCombie strategy provides, as first step, the conversion of an alcohol into a
reactive carbonothioyl intermediate, which is involved in a radical mechanism. In our case,
only a complex mixture was obtained.

ii) Our second attempt provides the employment of a reducing system for tertiary alcohols,
using Ph,SiCIH and InClz. The stereoisomer (E) was the main product, no traces of the alkyl-

compound were present.
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iii) Lastly, we used the radical deoxygenation of tertiary alcohols via trifluoroacetates.
Surprisingly, we did not obtain the desired ester, probably, an intramolecular mechanism

furnished the (E)-alkenyl compound, in good yield.

First attempt

OH O-phenylchlorothionoformate
©)</\N Et;N, anhydrous DCM,
O\/@ Complex mixture
0°C—>rt

Second attempt

©)§/\ Ph,SiCIH, InCl3 ©)\/\N
O\/@ 1,2-DCE, 80 °C O\/@

Third attempt

@)&N (CF30)20, Cu(0Tf), ©)\/\
Q\/© anhydrous DCM, rt Q\/@

Scheme 3. Experiments performed in order to achieve the desired alkyl compounds.

Considering this lack of success, we decided to adopt a conventional strategy. In other terms,
the dehydration of tertiary alcohols with trifluoroacetic anhydride under Cu(OTf)2 catalysis
conditions afforded a mixture of olefinic regioisomers C3-C4 and the E stereoisomer C2-C3
[73]. After purification, the trans olefins were isolated and finally hydrogenated, using Hz> and
Pd/C (10% p/p) to access the desired arylalkylamines. The same strategy was applied for
accessing 6-hydroxynaphth-2-yl derivatives. However, the protection of the aromatic alcohols
as TBS ethers (and their corresponding removal) was required to avoid interference with the
lithiation step.

In summary, we identified the synthetic strategy to obtain compounds 5-13 (Scheme 4), as
confirmed by 'H NMR, 13C NMR and UPLC-MS (See the Supporting Information). Their

biological evaluation will be deepened in the dedicated section.
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Synthesis of Compounds 5-10
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Synthesis of Compounds 11-13

OH
/“/Br 1) TBDMSCI, DMF, t /“/Br 1) n-BuLi, THF, -78 °C ,\O\ TFAA, Cu(OTf), (2 mol %) ’\O\
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OH
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Pd/C (10 mol %)
EtOH, rt

13 39%

Scheme 4. Synthesis of compounds 5-13. Reagents and reaction conditions.

Chiral role evaluation in the interaction with SIR and S2R

Publications: MR2, MR3 and MR6

To investigate the relationship between stereochemistry and receptor affinity, we prepared
enantiomerically pure 5, 7-8, 10-11 and 13. Indeed, in Medicinal Chemistry, enantiomers of a
chiral compound, have to be considered as two diverse chemical entities, with different
pharmacological and/or toxicological behaviors. It is important to define the eutomer in a
racemic mixture, in order to obtain a high activity or to avoid toxic effects. Therefore, once the
biological activity of racemates has been investigated, studying the enatiomeric profiles in
biological assays represents the second issue to disclose. The LabMedChem employed its
efforts in studying the role of chirality in the SRs/ligands interaction. SAR studies of chiral SR
modulators support the SR ability in discriminating enantimeric forms and this aspect is
strictly dependent on the structural features of ligands. Indeed, our previous experiences
showed how the presence or the absence of a pharmacophoric element can affect the
stereoselectivity in the interaction with the molecular targets. In detail, we demonstrated that
RC-33 enantiomers (Figure 9) have similar binding affinity toward both S1R and S2R (Ki S1(9-

RC-33=1.9+ 0.2nM, Ki S1(®-RC-33 =18 + 0.1 nM; Ki S2()-RC-33=98 + 64 nM; Ki S2(R)-RC-33 = 45
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*+ 16 nM), and their pharmacological behaviours can be overlapped. This surprising result is in
contrast with the well documented enantioselectivity of SRs/ligands interaction. In order to
give an explanation to this unexpected behaviour, in Publication MR2, we hypothesized that a
pharmacoforic element, such as an electronegative atom, is missing and it causes a loss of
stereoselectivity in binding mode of RC-33 enantiomers. We also evaluated the ability of a
series of enantiomerically pure arylalkylaminoalcohols and arylpyrrolidinols, structurally
related to RC-33, presenting a hydrogen bond centre, in the interaction with S1R. After chiral
resolution and absolute configuration assignment of the enantiomers, we performed an in
depth analysis, using in silico study and binding affinity assays of enantiopure 14-18
compounds (Table 4). From the binding results (Table 4), we deduced that (S)-configured
compounds present the best S1R binding affinity values respect to their (R)-counterparts.
This evidence was also highlighted by in silico analysis of the binding modes between 14-18
and S1R (data not shown). The presence of a hydroxyl group - missing in RC-33 structure -
allows to establish a hydrogen bond with the carboxyl chain of Glu172 in the binding pocket,
which guarantees a mild enantiomeric binding discrimination. Among the series, racemic and
enantiomeric 14, from now on called RC-34, was selected for a further biological
investigation. We evaluated RC-34 and its enantiomers on our validated PC12 cell model of
neuronal differentiation, in order to investigate their S1R agonistic/antagonistic profile, and
thus investigating the role of chirality on NGF-induced neurite outgrowth. The obtained
results showed that (S)-RC-34 is the eutomer. Indeed, it enhances NGF-induced neurite
outgrowth and its efficacy is greater than (R/S)-RC-34, while (R)-RC-34 is not effective in
promoting NGF induced neurite outgrowth in PC12 cells at the same concentrations. Once we
identified (S)-RC-34 as the eutomer and a potent S1R agonist, we developed a rapid and
straightforward screening protocol of chiral stationary phases (CSPs) in high performance
liquid chromatography (HPLC) and supercritical fluid chromatography (SFC) (Publication
MR3), aimed at defining methods able to give baseline separation of racemic RC-34. The
analytical conditions, which give a complete resolution of RC-34, with low retention times,

were chosen for a scale-up in (semi)-preparative columns.
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Table 4. Binding affinities towards S1R and S2R. Values are expressed as mean + SEM of three experiments.

R,é" n- C?a'?.c"ﬁ'n'?“ R ,;,R'
A.-t(‘ ; Arls)
R H
template I template IT
Compound Template Ar R: R: NRsR4 Ki S1 (nM) = SEM Ki S2 (nM) + SEM
(R/S)-14 6.57 +0.2 34.6 +47
(R)-14 1 biphenyl-4-yl CHs H N(CHz)s 398 4.3 puM + 315
(9)-14 4.7+0,3 1.8 uM + 288
(R/S)-15 77 £23 66 +13
(R)-15 1 naphtha-2-yl CHs H N(CHs) 205+ 60 651+ 67
(8)-15 63+ 39 755
(R/S)-16 41+11 97 +18
(R)-16 I 6-metoxynaphth-2-yl CH3 H N(CHs)2 51+014 133+£63
(9)-16 254 1.1 puM £ 223
(2R/S,3S/R)-17 65+18 366 + 64
(2R,35)-17 II naphtha-2-yl CHs CHs - 86+ 16 94 + 23
(25,3R)-17 262 432 +53
(2R/S,3S/R)-18 1.9 uM * 304 1.5uM £ 219
(2R35)-18 II 6-metoxynaphth-2-yl CHs CHs - 1.5uM + 226 1.2 uM + 212
(25,3R)-18 1.2 uM # 257 1.9 uM £ 293

The analytical HPLC screening was carried out using cellulose and amylose derived CSPs.
Chiralpak IC, Chiralcel OD-H and Chiralcel OJ-H (all cellulose derivatives) as well as to
Chiralpak IA and Chiralpak AD-H (amylose derivatives) were selected as the most versatile
CSPs available in our laboratory. The analytical protocols involved alcohols (methanol,
ethanol and 2-propanol) and mixtures of n-heptane and polar modifiers (ethanol or 2-
propanol) as mobile phases (Table 5). Results of the screening protocol are reported in Table

1 of Publication MR2 as retention (k), selectivity (a) and resolution (Rs) factors.

Table 5. Mobile phases composition.

Mobile phase composition (%)

Entry
MeOH EtOH n-Hep IPA
A 100
B 100
C 10 90
D 5 95
E

98 2

All mobile phases contained 0.1% DEA. In case of Chiralpak IC and IA mobile phase contained also 0.3% TFA.

Considering the obtained results, and keeping in mind that our purpose was to set up an
economic and productive preparative enantiomer separation, Chiralcel O]-H was selected as

CSP, using pure methanol as eluent (with 0.1% DEA). This method guaranteed a baseline
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separation of RC-34 with relatively short retention times (3.4 min for the first eluted
enantiomer and 4.6 min for the second), high enantioselectivity and good resolution (a = 1.8,
Rs =3.9 atr.t.) (Figure 13 A).

In the meantime, a SFC screening protocol was performed, in order to identify other
conditions for the enantiomeric resolution of RC-34. It is well documented that SFC methods
promote the separation of racemic compounds in a quick and efficient manner. Therefore, we
adopted this methodology to obtain RC-34 enantiomers with a high enantiomeric excess and
in a sufficient amount. At the beginning, we adopted gradient conditions (5% to 45%), using
carbon dioxide (CO2) with polar modifiers (MeOH, EtOH and IPA; all with 0.1% DEA) and two
different CSPs (Chiralpak IA and IC). Despite the baseline separation of RC-34 was achieved, a
second screening, using isocratic conditions and polar/apolar solvents, was carried out to
optimize selectivity and resolution factors. The best conditions were reported in Figure 13 B,

C.

I\

Figure 13. (A) HPLC system: Chiralcel OJ-H. Elution condition: 100% MeOH, DEA 0.1%, flow rate 1.0 mL/min.
(B) SFC system: Chiralpak IA. Elution conditions: 70% CO; and 30% n-Hep/EtOH (90/10 v/v), 0.1% DEA, flow
rate 4.0 mL/min. (C) SFC system: Chiralpak IC. Elution conditions: 75% CO; and 25% IPA/n-Hep (90/10 v/v),
0.1% DEA, flow rate 4.0 mL/min.

The analytical protocols were scaled-up in (semi)-preparative columns, elution conditions

and amount of RC-34 enantiomers were reported in Table 6. In HPLC system, (+)-(S)-RC-34
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enantiomer elutes as the first peak on Chiralcel O]-H, as well as on Chiralpak IA in SFC system.
Conversely, employing Chiralpak IC column, in SFC system, an inversion of elution order was
registered. The developed methods proved to be suitable for obtaining a quick access to the
desired RC-34 enantiomers with enantiomeric excess as high as 94.5% and amounts

sufficient for preliminary biological assays.

Table 13. (Semi)-preparative resolution of RC-34 on HPLC and SFC

Processed amount of Isolated
System CSP n° cycles Vol Inj [MI] ee[%] Yield[%] [a]p202
racemic RC-34 [mg] amount [%]
8.7 99.9 43.3 +24.0
HPLC Chiralcel OJ-H 21 7 1.0b
9.1 99.9 45.5 -24.0
9.1 99.9 45.5 +24.0
Chiralpak [A 20 40 0.05¢
8.2 94.5 41.0 -231
SFC
9.6 99.1 48.0 -239
Chiralpak IC 20 40 0.05¢
9.5 98.9 47.5 +23.8

ac=0.50 % in MeOH
bc =3 mg mL1in MeOH
¢cc=10mgmL1in [PA

Some compounds of the pan-SR modulator series, which were described in the previous
section (Design and synthesis of novel pan-modulators) present a stereogenic centre.
Therefore, the chiral compounds were prepared both in racemic and enantiomeric form, with
the final aim to address the role of chirality in the SR interaction. HPLC procedures were set
up, in order to obtain the enantiomerically pure form of arylalkylaminealcohols (5, 8 and 11)
and arylalkylamines (7, 10 and 13). The optimized analytical conditions, able to provide a
baseline separation of all compounds, were transferred to (semi)-preparative scale to obtain
the enantiomers in a sufficient amount and with an enantiomeric excess higher than 95% to
perform the preliminary biological investigations. Lastly, the absolute configuration was
empirically assigned to enantiopure compounds, combining the electronic circular dichroism
(ECD) technique to the elution order study.

In detail, we performed a first screening using the versatile amylose- and cellulose- based
CSPs immobilized on silica gel chiral columns (Chiralpak IC and IA). The elution conditions
provided the employment of alcohols (MeOH or/and EtOH), or n-Hep in the presence of polar
modifiers (EtOH or IPA), DEA 0.1% and TFA 0.3 %.

Chiralpak IC provided a baseline separation of compounds 5, 7, 10 and 13, even if the
chromatographic conditions were not suitable for a productive scale-up, since the retention

times (tR) are quite long (tR of the second eluted enantiomer ranging from 30 to 90 minutes).
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Instead, Chiralpak IA gave rise to better results, being effective in resolving compounds 5, 7-8,
10-11 and 13.

Despite the complete resolution of all racemic compounds, using the Chiralpak IA, was
achieved, in some compound cases the retention times were not satisfactory to transfer on
(semi)-preparative scale. Therefore, we applied a second screening protocol on Chiralcel OJ-H
column. This strategy allowed to carry out a baseline separation 5, 7-8 and 11, in short
retention times. High enantioselectivity and good resolution were achieved eluting only with
alcohols (MeOH or EtOH). From the analytical results, we disclosed the optimal conditions to
scale up in (semi)-preparative columns. In details, the methods provided the use of Chiralpak
[A for achieving enantiomeric resolution of 10 and 13 and of Chiralcel OJ-H, for solving 5, 7-8
and 11. In Figure 14, the best conditions to solve compounds 5, 7-8, 10-11 and 13 are
reported. On (semi)-preparative conditions racemic 5, 7-8, 10-11 and 13 were processed in a

low number of cycles, leading to enantiopure compounds in satisfactory amounts (6-23 mg)

and yields (76-95 %), with an ee 2 95% (Table 14).

5 Chiralcel OJ-H 7 Chiralcel O]-H 8 Chiralcel O]-H
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a a 200000 a
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b
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0 —
0 — 0 L —t -
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1
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Figure 14. Analytical enantiomer separation of 5, 7-8 and 11 on Chiralcel OJ-H (4.6 mm x 150 mm, dp = 5 pm),
and 10 and 13 on Chiralpak IA (4.6 mm x 250 mm, dp = 5 um). 5 elution condition: 100% EtOH, DEA 0.1%, flow
rate 0.5 mL/min. 7-8 and 11 elution condition: 100% MeOH, DEA 0.1%, flow rate 1.0 mL/min. 10 and 13 elution
condition: 100% MeOH, 0,1% DEA, flow rate 1 mL/min. For all: injection volume 10 pL.
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Table 14. (Semi)-preparative resolution of 5, 7-8, and 11 on Chiralcel OJ-H (10 mm x 250 mm, dp = 5 pm), and
of 10 and 13 on Chiralpak IA (10 mm x 250 mm, dp = 5 pm). Flow rate: 2.5 mL/min. Detection: 254 nm
(compounds 5, 8,11, 13) and 220 nm (compounds 7, 10). Injection volume: 1.0 mL

Processed Isolated amount ee Yield [a]p20
Compound CSPa No. cycles Enantiomer
amount (mg) (mg) (%) (%) (MeOH)
(+)-5 14.1 96.0 94.0 +40.5
5 Chiralcel O]-H 30 3
(-)-5 14.3 97.0 95.3 -42.3
(V-7 229 99.9 91.6 +10.5
7 Chiralcel OJ-H 50 4
-)-7 23.0 98.0 92.0 -9.2
8 Chiralcel OJ-H 30 3 (+)-8 13.8 95.0 92.0 +6.1
(-)-8 12.5 95.0 83.3 -6.3
(+)-10 6.1 99.9 76.3 +8.2
10 Chiralpak [A 16 2
(-)-10 6.3 99.9 78.8 -83
(H)-11 9.1 99.9 82.7 +24.2
11 Chiralcel OJ-H 22 4
()-11 8.9 99.9 80.9 -24.8
(9)-13 10.5 99.9 84.0 +11.8
13 Chiralpak IA 25 3
(-)-13 9.8 99.9 78.4 -12.0

Lastly, electronic circular dichroism (ECD) and chiral HPLC analysis was used, with the aim to
establish the absolute configuration at the sterogenic centre of enantiomeric 5, 7-8, 10-11
and 13. For comparative purpose, ECD spectra of the studied compounds were compared to
ECD curves of the structural analogues RC-33 and RC-34 (known configuration). In detail, the
ECD spectra of enantiomeric arylaminoalcohols 5, 8 and 11 were compared with that of (S)-
RC-34 and the ECD spectra of enantiomeric 7, 10 and 13, with that of (5)-RC-33.

Briefly, the (S) absolute configuration of (+)-(S)-RC-34 may be proposed also for (+)-5, (+)-8
and (+)-11, since they present comparable Cotton effects (CEs). In detail, at 195 and 207 nm
there are negative CEs and between 216 and 223 nm there are positive CE, attributable to the
electronic transitions of benzene and naphthalene.

The same procedure was adopted to assign the absolute configuration to 7, 10 and 13, in this
case we considered (S)-RC-33 as reference compound. All the (+)-enantiomeric compounds
had the same CE trend of (+)-(S)-RC-33, since they displayed a negative CE in the wavelength
range between 198 and 230 nm and an additional CE between 214 to 255 nm. Therefore, (S)-
configuration may be proposed for (+)-7, (+)-10 and (+)-13.

The study of elution order of chiral HPLC analysis was accomplished to support the
configurational assignment. Therefore, (S)-RC-34, (+)-5, (+)-8 and (+)-11 were analyzed
under the same chromatographic conditions (Chiralcel OJ-H, 50% MeOH and 50% EtOH, 0.1%
DEA) and in all cases the (S)-configurated molecules were the first eluted. Conversely,
arylalkylamines (S)-RC-33, (+)-7, (+)-10 and (+)-13 profiles were investigated on Chiralpak

IC (90/10 n-hep/IPA, 0.1% DEA). All first enantiomers possessed the same absolute
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configuration, that is (S) configuration. To sum up, the obtained results are in agreement with
the data collected through ECD technique.

In conclusion, analytical chiral HPLC screening allows to identify the optimized conditions
able to give a complete resolution of racemic compounds. The optimal procedures may be
transferred on (semi)-preparative scale, in order to have a quick access to the desired
amounts of pure enantiomers even at low specific productivities. Therefore, chiral
chromatography HPLC remains a straightforward, productive and robust methodology to
achieve enantiomeric compounds of interest in medicinal chemistry, since it represents one of
the most versatile and cost effective tools for fast isolation of desired enantiomers from a
racemic mixture.

The biological investigations of racemic and enantiomeric 5, 7-8, 10-11 and 13 will be

deepened in the following section.

Pharmacological investigation in cancer cell models

Publication: MR5

We evaluated the biological profile of racemic and enantiomeric arylalkylamines 5, 7-8, 10-11
and 13 and of arylalkenylamines 6, 9 and 12. Keeping in mind that our purpose was the
identification of new chemical entities, targeting both SR subtypes as a first work we
evaluated the binding affinity of the studied compounds toward S1R and S2R. The assays were
performed using guinea pig brain and rat liver membranes, in the presence of radioligands:
[3H]-(+)-pentazocine for S1R and [3H]-DTG, for S2R. In Table 15, the binding values were
reported. All the tested compounds present a high/good affinity toward S1R, with a Ki below
to 70 nM, as also in silico results demonstrate (data reported in Publication MR5). S2R
affinities have variable values, from 6.5 to 900 nM. In detail, 6-hydroxy naphthyl derivatives
possess weak binding constants, probably due to the presence of an aromatic -OH group,
which avoid the interaction with the S2R binding site. Conversely, among naphthyl- and
phenyl- molecules there are some which show interesting results, i.e. compounds 6, 7a,
racemic and enantiomeric 10. Therefore, we selected, from the whole series, compounds with
a high affinity toward both receptor subtypes and a low selectivity, close to 1. Pan-SR activity

is a feature related to compounds 6 and 10, thus sent for preliminary biological investigation.
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Table 15. Binding affinities towards S1R and S2R. Values are expressed as mean + SEM of three experiments.

R
Compound Ar R Ki S1 + SEM Ki S2 + SEM
5 OH 6.9+2 62.5
5a OH 10+2 81+35
5b OH 111 79 £21
6 2-naphthyl - 12+5 22+3
5.6+3 144~
7a H 6.0+0.5 26+9
7b H 691 98
8 OH 9.8+4 57 £11
8a OH 27+9 3392
8b OH 40+ 4 2402
9 phenyl - 0.7+1 47+ 13
10 H 21+1 6.5+3
10a H 29+04 8921
10b H 3.0£03 79+19
11 OH 27 £5 1182
11a OH 70 £21 68+8
11b OH 62+4 9052
12 6-hydroxy naphth-2-yl - 9.6+3 3052
13 H 59+5 314
13a H 35+ 2 5822
13b H 13+4 1052

a Compounds with high affinity were tested three times. For compounds with low SR affinity (> 100 nM), only

one measure was performed.

We evaluated their antiproliferative behaviour, using a MTS test in PaCa3 cells. This cellular
line was selected, as consequence of Real Time-Polymerase Chain Reaction (RT-PCR) results
on a panel of cancer cell lines (see Publication MR5). PaCa3 expresses high levels of both S1IR
and PGRMC1 (putative S2R binding site) mRNA.

The cytotoxicity assay allowed us to identify the hit compound for an in depth biological
investigation. The obtained values of compounds 6 and 10 were compared to siramesine (S2R
agonist) and NE-100 (S1R antagonist). PaCa3, grown in complete medium and in starvation
condition, were exposed to increasing concentrations of compounds for 24h. In both
mediums, compound 6 caused a cell viability reduction, as well as siramesine, whereas
compounds 10 and NE100 showed a poor cytotoxic activity (Figure 15). According to this

data, compound 6, from now on called RC-106, was selected for further investigation.
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Figure 15. The cells were exposed to compounds NE100, Siramesine, 6 (RC-106) and 10, for 24 hours in the
presence or in the absence of 10% FBS. The viability of the cells was determined by MTS assay (mean * SD of 3

independent experiments).

As stated in the Introduction, anticancer activity is related to S1R antagonist. Therefore, we
evaluated the agonist/antagonist profile of RC-106, using NGF-induced neurite outgrowth in
PC12 cells model. Experimental evidence shows that S1R agonists are able to potentiate the
neurite outgrowth in the presence of NGF. The assay foresees to incubate PC12 cell with
increasing concentrations of RC-106 for 96h. The inhibitory effect of RC-106 on neurite
outgrowth is evident when its concentration is 2.5 uM (Figure 16 A). Furthermore, in support
of this result competition assay was carried out. RC-106 antagonized the effect of PRE-084
(well documented S1R agonist) at 0.25 uM concentration (Figure 16 B). All obtained results
suggest that RC-106 is a S1R antagonist.
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Figure 16. (A) Effect of RC-106 alone in the concentration range 0.1-10 pM. RC-106 does not affect NGF-induced
neurite outgrowth in PC12 cell assay in the concentration range 0.1-1 pM. Conversely, NGF-induced neurite
outgrowth is completely inhibited by in the range 2.5-10 uM. Histograms represent the mean * sem of at least 4
different experiments performed in triplicate. (B) Effect of PRE-084 alone or in combination with RC-106, at
0.25 pM. Histograms represent the meantsem of at least 5 different experiments performed in triplicate. **=
p<0.005; ***=p<0.0008; ****=p<0.000004 vs control (0 PRE-084). °°=p<0.007; °°°=p<0.00004 vs PRE-084 10uM
and § = p<0.004 vs PRE-084 25uM.
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Once the S1R agonist/antagonist profile was defined, we evaluated the cytotoxic effect of RC-
106 on a panel of cancer cell lines, through MTS assay. RC-106 induced a decrease of cell
viability in all cell lines starting at 25 pM, with ICso values ranging from 50 uM to 64 uM (Table
16). It is noteworthy that the cytotoxic effect of RC-106 increases in starvation conditions, at a

low compound concentrations (9.6 -10.5 pM) (data not shown).

Table 16. Effect of RC-106 on cell viability was evaluated on a panel of cancer cell lines with different histotypes.
Cells were exposed to the drug for 24 hours in a 10% FBS containing medium. Cell viability was determined by

the MTS assay (average of three independent experiments + SD).

Cell line Origin Tumor source Morphology ICso

Capan-2 Pancreas Primary tumor Epithelial 52.6 £0.1
Paca3 Pancreas Primary tumor Epithelial 498+ 4.1
SUM 159 Breast Primary tumor Epithelial 583+ 1.8
MDA-MB 231 Breast Metastatic site Epithelial 649 + 8.2
PC3 Prostate Metastatic site Epithelial 50.6+ 5.6
LNCaP Prostate Metastatic site Epithelial 61.1+ 3.0
us7 Glioblastoma Primary tumor Epithelial 60.6x 3.4

In summary, RC-106 shows antiproliferative properties, causing a decrease of the cell
viability on a panel of tumorous cell lines. Moreover, TUNEL and Annexin V assays were
performed on PaCa3 cell line, to disclose the mechanism involved in the cellular death. Also in
these cases the tests envisaged the application of the starvation conditions. The results clearly
demonstrated that RC-106 acts triggering an apoptotic pathway rather than a necrotic one
(Figure 17). Furthermore, the Caspase 3 assay was adopted for understanding the pro-
apoptotic factors involved by RC-106 in the antiproliferative activity, as well as the S2R
agonist/antagonist profile. Indeed, recently, Zeng et al. reported that caspase-dependent
cellular death is a hallmark related to S2R agonist. Western Blot assay pointed out that RC-

106 activates Caspase 3 as an apoptotic factor.
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Figure 17. (A) TUNEL assay. Percentage of apoptotic cells after 24 h exposure to compound 3 (RC-106) at 10, 25
and 50 puM. *p<0.05. (B). Cytofluorimetric (FACS) analysis of apoptosis by Annexin V test. Cells were exposed
for 24 h to compound 3 (RC-106) (25 pM). Q1 area represents viable cells; Q2 early-apoptotic cells; Q3 late-
apoptotic cells; Q4 necrotic cells. The images are representative of three experiments. (C) WB analysis of
apoptotic-related marker after 24 h exposure to 3 (RC-106) at 25 uM. Images are representative of two

independent experiments.

In conclusion, we identified RC-106 a pan-SR, S1R antagonist and a S2R agonist, endowed
with cytotoxic properties. Furthermore, the molecule activates a pro-apoptotic program
caspase-mediated. Moreover, it is widely documented that S1R antagonists are useful
pharmaceutical tools for alleviating neuropathic pain, a pathologic condition that frequently
occurs in cancer patients. Accordingly, the design and synthesis of pan-SR modulators may
play a key role in developing antitumor and analgesic drugs, and thus they could represent an

innovative pharmacological approach for treating cancer patients with advanced disease.

Synthesis of Biotin-derivatives to increase the cancer cell uptake of RC-106

Publication: MR1

It is widely accepted that chemotherapy presents several drawbacks and side effects, due to
its lack of specificity towards cancer cells. Numerous experimental evidence underlined the
benefits in targeting SRs, in virtue of their over-expression in different tumorous types.
Considering this interesting data, a drug-targeting approach may further enhance the efficacy
of SR ligands towards cancer. An in depth literature analysis pointed out the feasibility of this
strategy, which may increase the uptake of antiproliferative agents in cancer cells. In detail,

vitamin-mediated drug targeting emerged as an attractive method to develop innovative
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anticancer drugs [74-78]. In this context, biotin-derivatives took places, according to their
high internalization in cells that rapidly divide, such as cancer cell lines [79]. The elevated
biotin uptake may be justified by the recent identification of sodium-dependent multivitamin
transporter (SMVT) [80-81]. This channel mediates the biotin cell entrance and it is highly
expressed in several aggressive tumorous lines, i.e. leukemia (L1210FR), ovarian (OV2008,
ID8), colon (Colo-26), mastocytoma (P815), lung (M109), renal (RENCA, RD0995) and breast
(4T1, JC, MMT06056) [80-81]. Therefore, different biotin-conjugates have been investigated
in order to discover novel anti-neoplastic molecules endowed with poor side effects.
Generally, the procedure provides the biotinylation of well-known or new anticancer
compounds, as well as antiproliferative peptides. Interestingly, the analysis presented in
Publication MR1 highlights the possibility to enhance the cytotoxic properties of some
anticancer drugs commonly used in cancer therapy (taxoids, doxorubicin and gemcitabine)
[82-85]. Noteworthy, the toxicity of biotin-conjugates is significantly reduced against normal
cells, underlining the great potential of the biotin-mediated drug targeting.

Considering the excellent results obtained via biotinylation, our research group focused on
the biotin-derivatization of potential pan-SR modulators. Firstly, we designed the biotin-
spacer, characterized by three building blocks: i) the biotin; ii) a PEG-chain and iii) a reactive

group (Figure 18).
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Figure 18. Design of the biotinylated spacer.

A retrosynthetic analysis disclosed the synthetic pathway (Scheme 5) to obtain the desired
biotinylated-spacer 21. The strategy provides the activation of the carboxylic group of biotin,
as succinimidyl ester 19, employing N-hydroxysuccinimide, EtsN and the DCC, as coupling
agent. After an amidation was applied to the activated carboxylic acid, using the 1-amino-3-
butyne reagent. The amidic intermediate 20, presenting an alkynyl functionality, reacted with
the 11-azido-3,6,9-trioxaundecan-1-amine via a 1,3-dipolar cycloaddition, in the presence of a
catalytic amount of CuBr. The whole protocol furnished the desired 1,2,3-triazole SA3 in good

yield, as confirmed by 1H NMR, 13C NMR and HR-MS.
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Scheme 5. Synthesis of biotinylated-spacer 21. Reagents and reaction conditions.

The critical step in this synthetic scheme was represented by the last reaction. In detail, the
CuAAC (Copper(l)-catalyzed Azide-Alkyne Cycloaddition), also known as “Sharpless-type click
reaction” is a variation of the Huisgen 1,3-dipolar cycloaddition. It provides the regioselective
formation of a 1,2,3-triazole, starting from an alkyne and an azide. The high yields, the
tolerance towards diverse substituents and the employment of solvents with completely
different characteristics confer to this reaction an elevated versatility. Moreover, the
definition “Click” is related to the time needed to perform the reaction, occurring very quickly.
Nevertheless we encountered some difficulties in carrying out the last step. Indeed, we set up
different strategies in order to disclose the optimal protocol. In Table 17, the analysed
parameters have been reported. From these results, the conditions suitable to obtain the
desired biotinylated-spacer 21 in good yield, are described by entry 5. The protocol envisages
the employement of the DMF/H20 mixture as solvent, the CuBr as source of Cu(I) in the

presence of DIPEA, under atmosphere of Nz for three days, at 50 °C.

Table 17. Click chemistry protocols.

Entry Solvent Catalyst Temperature Time Yield [%]
1 t-BuOH/H20  CuSO4+5H20/NaAscorbate rt 24 h 5
2 DMF CuSO0+5H20/NaAscorbate rt 24h 10
3 DMF Cu(0)/CuS0+5H20 MW/(80°C,100W, 100 Psi)  10min 13
4 DMF/H20 CuBr/DIPEA 50°C 48h 38
5 DMF/H20 CuBr/DIPEA 50°C 72h 43

Keeping in mind that our idea was the formation of a biotin-pan-SR conjugate, we performed

several attempts to get the desired product. Firstly, we evaluated the synthetic protocol
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suitable for the biotinylation of compound 12 (selected as model). Considering the presence
of the -NH3, as reactive group in the spacer, and the -OH in molecule 12, we identified the
carbamidic group as the optimal functionality to conjugate the two compounds. Therefore, as
the first attempt we applied on SA3 a “green” protocol, in order to obtain a carboimidazole
derivative, using H20 as solvent (Scheme 6 - path a). The absence of the expected product led
us to abandon this strategy and thus, we adopted the dangerous methodology to obtain
isocyanates (Scheme 6 - path b). Indeed, we used the triphosgene in a DCM/NaHCO3 (5%)

mixture, however, also in this case no product has been observed.

o
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Scheme 6. Attempts to obtain the carbamidic derivatives.

These failures were associated to the low reactivity of the aminic group in SA3z. According to
this speculation, we turned our attention in developing a method useful for the
functionalization of compound-derivatives of 12. In order to avoid the use of 12, we
addressed the investigation toward simple starting materials, presenting functionalities able
to react with a -NHz. Accordingly, phenol and benzyl alcohol were selected as substrates,
since they present a hydroxyl group suitable to be transformed in a carbamidic functionality,
through the “one pot” reaction (Scheme 7 - path a and b). In these cases, the use of p-
nitrophenyl chloroformate provides the formation of the carbonic derivatives, as confirmed
by 'H-NMR of the crude, in the presence of a Lewis base (DMAP). Afterwards, SAz was added
to the no-purified crude. However, the carbamidic products was not identified. Therefore, we
abandoned the synthetic protocols to generate carbamides and we evaluated the potentiality
of a reductive amination. Indeed, we treated the acetophenone with acetic acid to activate the
carbonyl group. 1 hour later the compound 21 was added to the solution and the mixture was
stirred for 3 hours. Lastly, the reductive reagent NaBH3CN was employed to reduce the
putative imine into the desired amine. The 1H-NMR evidenced the absence of the signal

related to the desired product.
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Scheme 7. Attempts to obtain the biotin-pan-SR conjugates.

We believe that all these negative results could be explained by the low reactivity of the -NH>.

The cause may be found in the high flexibility or in the low nucleophilicity of the molecule 21.

Moreover, the polarity of this compound represents an important hurdle to take into

consideration, since it may limit the choice towards other reaction strategies that envisage the

use of apolar solvents. In conclusion, the biotin-pan-SR conjugates approach is of high interest

for the scientific community and therefore this part of the project deserves further

investigation.
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3. CONCLUSION AND OUTLOOK

The design and synthesis of Novel Chemical Entities (NCEs) are crucial in the drug discovery
programs, not only in academia, but also in the pharmaceutical industry. Within the
framework of this Ph.D. thesis, we had to deal with the lack of two milestones: the knowledge
of the endogenous SR ligands and of the three-dimensional receptor structures. As a
consequence, we adopted a ligand-based drug design approach, developing a QSAR model,
suitable for designing NCEs potentially able to bind both S1R and S2R. This strategy led to the
identification of the main structural feature (a bulky aminic group) suitable to obtain NCEs
having affinity for both SR subtypes (pan-affinity). The prepared compounds, belonging to our
classical scaffold [arylalkyl(alkenyl)amine] are characterized by the common presence of a 4-
benzylpiperidine. Therefore, to acquire more information on SAR of this compound class, we
decided to modify the aromatic moiety and the alkyl/alkenyl chaining, and also to study the
role of the chirality. Indeed, our previous experience led us to point out that the SRs - ligands
interaction may be stereospecific and it is strongly related to the structural elements present
in the molecule. Accordingly, a new series of compounds was prepared and characterized.
Chiral compounds were subjected to a systematic screening protocol by chiral
chromatography and the optimal analytical conditions were transferred to (semi)-preparative
scale. In this way, homochiral compounds were obtained and their absolute configurations at
the chiral centres were assigned by comparing electronic circular dichroism analysis and
chiral HPLC elution order.

The whole compound series was then biologically investigated and RC-106 emerged to
possess a pan-SR profile and was selected as a candidate for further biological studies (S1R
and S2R agonist/antagonist profile, antiproliferative effect). Obtained results clearly show
that RC-106 has a S1R antagonist and a S2R agonist profile, and is endowed with interesting
cytotoxic properties towards a panel of cancer cell lines. Moreover, it exhibited pro-apoptotic
effect on PaCa3 cells, triggering the caspase-mediated mechanisms. RC-106 was selected as a
candidate for an in depth pre-clinical evaluation. The kinetic profile of RC-106, i.e. the
stability studies in different biological matrices and the in vivo distribution, is currently under
investigation. Another important aspect to disclose is the ability of S1IR antagonists in
alleviating chronic pain, which is a pathologic condition that frequently occurs in cancer
patients. We strongly believe that the identification of potent pan-SR modulators will open
new doors for developing drugs with both antitumor and analgesic properties, thus
representing an innovative pharmacological approach for the treatment of cancer patients

with advanced disease.
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Noteworthy, our SAR exploration is still open, indeed we would like to identify new SR
ligands, with a high degree of structural novelty, with the final aim to design and prepare
patentable compounds. In this context, in collaboration with the University of Vienna, we will
apply the carbenoids chemistry (described in depth in the following sections) towards our
substrates. In detail, we are planning to adopt these reagents on a series of ketones, to obtain
oxiranes. These products may represent versatile intermediate compounds suitable for

further functionalization as well as for biotinylation (Scheme 8).
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Scheme 8. Retrosynthetic analysis for obtaining functionalized or biotinylated derivatives.

48



4. EXPERIMENTAL SECTION






Experimental Section

4. EXPERIMENTAL SECTION

In this section, I will show only the unpublished results. The experimental sections,
concerning the data already presented in publications, have been reported as attached file in
the Appendix. In detail, all the enclosed Papers (MR1-MR8) are followed by their “Supporting

Information” file.

4.1. Compounds characterizations and biological evaluations
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4.2, Materials and methods

Reagents and solvents for synthesis were obtained from Aldrich (Italy). Solvents were
purified according to the guidelines in Purification of Laboratory Chemicals. Melting points
were measured on SMP3 Stuart Scientific apparatus and are uncorrected. Analytical thin-
layer-chromatography (TLC) was carried out on silica gel precoated glass-backed plates
(Fluka Kieselgel 60 F254, Merck) and on aluminiumoxid precoated aluminium-backed plates
(DC-Alufolien Aluminiumoxid 60 F254 neutral, Merck); visualized by ultra-violet (UV)
radiation, acidic ammonium molybdate (IV), or potassium permanganate. Flash
chromatography (FC) was performed with Silica Gel 60 (particle size 230-400 mesh)
purchased from NovaChimica and neutral aluminium oxide (particle size 0.05-0.15 mm)
purchased from Fluka. Bond Elute SCX cartridges were purchased from Varian. IR spectra
were recorded on a Jasco FT/IR-4100 spectrophotometer; only noteworthy absorptions are
given. 1H NMR spectra were measured with an AVANCE 400 spectrometer Bruker, Germany at
rt. Chemical shifts (d) are given in ppm, coupling constants () are in Hertz (Hz) and signals
are designated as follows: (s) singlet, (br s) broad singlet, (d) doublet, (t) triplet, (q) quartet,
and (m) multiplet. TMS was used as internal standard. MS spectra were recorded on a
Finnigan LCQ Fleet system (Thermo Finnigan, San Jose, CA, USA), using an ESI source
operating in positive ion mode. The purities of target compounds were determined on a Jasco
HPLC system equipped with a Jasco autosampler (model AS-2055 plus), a quaternary gradient
pump (model PU-2089 plus), and a multiwavelength detector (model MD-2010 plus). The
HPLC method for the arylalkenylamines was as follows: column XBridge™ Phenyl, 4.6 mm x
150 mm, 5 pm; column temperature, ambient; flow rate, 1 mL/min; gradient elution, 10%
methanol in phosphate buffer (5 mM, pH 7.6) to 90% methanol in phosphate buffer (5 mM, pH
7.6) in 10 min, followed by isocratic elution, 90% methanol in phosphate buffer (5 mM, pH
7.6) for 10 min.

4.3. Synthesis of biotin derivative 21 (SA3)

4.3.1. Preparation of compound 19

 NH NH
5 2 8 (0]
4 7 9 R O\
S'3 N 11
O
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NHS (2.0 mmol) and DCC (2.0 mmol) were added to a solution of Biotin (1.0 mmol) in DMF
(8.0 mL), at 45 °C. The reaction mixture was stirred for 24 h, at rt. Afterwards, the mixture
was filtered through sintered glass funnel, in order to eliminate the DCU. The obtained
solution was evaporated under reduced pressure. The solid crude was washed with cold Et;0
and thus, white solid compound 19 was obtained.

2,5-dioxopyrrolidin-1-yl 5-(2-oxohexahydro-1H-thieno|[3,4-d]imidazol-4-yl)pentanoate
Yield: 98%, white solid, mp: 202-205 °C. IR (cm1) 3014, 2967, 1748, 1718, 1362, 1230, 1214.
1H NMR (400 MHz, DMSO) & (ppm): 6.45-6.39 (d, 2H, H-1,6), 4.31 (t, 1H, H-5), 4.15 (t, 1 H, H-
2), 3.11 (m, 1H, H-3), 2.79-2.87 (d e m, 5H, H-4,11,12), 2.68 (t, 2H, H-10), 2.57 (d, 1H, H-4);
1.35-1.67 (m, 6H, H-7,8,9).

4.3.2. Preparation of compound 20

0]
NH NH
5 11
2 8 10 H 13
4 7 9 N._12
S 3 \/\

14

A solution of compound 2 (1.0 mmol) in DMF (11.0 mL) was added dop wise to a solution of
but-3-yn-1-amine (1.2 mmol) and Et3N (1.5 mmol) in DMF (2.3 mL), under N2 atmosphere.
The reaction mixture was stirred for 24 h, at rt. Afterwards, the solvents was evaporated
under reduced pressure and the so-obtained crude was washed with cold Et20 (3x20 mL).
Pure compound 20 was synthetized as white solid.
N-(but-3-yn-1-yl)-5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide
Yield: 88%, white solid, mp: 147-149 °C. IR (cm-1) 3629, 3450, 2967, 2139, 1733, 1553. 1H
NMR (400 MHz, DMSO) & (ppm): 7.97 (t, 1H, H-11), 6.44-6.37 (d, 2H, H-1,6), 4.30 (t, 1H, H-5),
4.13 (t, 1H, H-2), 3.15-3.09 (m, 3H, H-3,12), 2.82 (m, 2H, H-4,14), 2.58 (d, 1H, H-4), 2.27 (t, 2H,
H-13), 2.06 (t, 2H, H-10), 1.60-1.31 (m, 6H, H-7,8,9).

4.3.3. Preparation of compound 21 (SA3)

1.
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A solution of compound 20 (1.0 mmol) in DMF (5.0 mL) and degassed water (5.0 mL) was
added to a solution of N3-PEG3-NH; (1.0 mmol) and DIPEA (6.0 mmol) in DMF (1.0 mL) and
degassed water (1.0 mL). Lastly, CuBr (0.2 mmol) was added to the mixture, under N
atmosphere. The reaction was stirred for 72 h, at 50 °C. The mixture was filtered on a silica
pad, elueting with DCM:MeOH, 50:50, v/v + 2,5% di NHz in MeOH as mobile phase.
Afterwards, the reaction was evaporated under reduced pressure, obtaining a yellow oil. The
crude was purified through flash chromatography (mobile phase: DCM:MeOH, 50:50, v/v +
2,5% di NH3 in MeOH). Compound 21 was obtained as yellow oil, as confirmed by 'H NMR and
HPLC-MS.
N-(2-(1-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)ethyl)-5-
(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide

Yield: 43%, yellow oil. IR (cm'1) 3435, 2988, 2869, 1818, 1676, 1392, 1293, 1142, 999. 1H
NMR (400 MHz, DMSO) & (ppm): 8.05 (t, 1H, H-17), 7.87 (d, 1H, H-13), 6.45-6.41 (d, 2H, H-
2,7), 4.46 (t, 2H, H-18), 4.30 (t, 1H, H-5), 4.13 (t, 1H, H-3), 3.79 (t, 2H, H-15); 3,50 (m, 10H, H-
20-24), 3.27-3.21 (m, 3H, H-4,25), 3.10 (m, 2H, H-19), 2.84-2.81 (dd, 1H, H-5), 2.74 (t, 2H, H-
14), 2.60-2.57 (d, 1H, H-5), 2.06 (t, 2H, H-11), 1.61-1.29 (m, 6H, H-8,9,10). 13C NMR (100 MHz,
DMSO) & (ppm): 172.09 (C-12), 162.76 (C-1), 144.26 (C-16), 122.60 (C-17), 69.69, 69.63 and
69.59 (C-20-24), 68.79 (C-19), 61.05 (C-3), 59.21 (C-6), 55.45 (C-4), 49.26 (C-18), 40.07 (C-5),
38.38 (C-14), 35.21 (C-11), 28.22 (C-9), 28.05 (C-8), 25.61 (C-15), 25.28 (C-10). HPLC-MS tR =
5.29 min (m/z = 514 [M+H]*, m/z = 536 [M+Na]*, m/z = 1027 [2M+H]*; m/z = 1049
[2M+Na]*).
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Experimental Section
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1. INTRODUCTION

In a homologous series, compounds differ in a constant unit, generally a methylene group (-
CHz-) [1]. In Medicinal Chemistry, homologations represent important synthetic steps, useful
to obtain pharmacologically active molecules. One of the most intriguing aspects to mention in
the systematically introduction of methylene groups is the possibility to modify the bioactive
properties related to a drug. Indeed, the examples in literature are numerous (Figure 1), i.e.
nicotinic ligands hexamethonium and decamethonium possess a completely distinct effect
(antagonist and agonist respectively) towards the receptor; another case is represented by

superior homologues of the Enalaprilat, which exhibit significantly lower ICso.

b ® M
N/ e

M ”‘
Me'© H
Hexamethonium
; }\*»

Nicotinic receptor antagonist

Me

Me ) ® Me n = 2 (Enalaprilat) IC., 19000 nM
Me” SN '1 n=31Cz 1700 nl
M n=51Cs 4.8 nM
Decamethonium
Nicotinic receptor partial agonist

Figure 1. Examples of pharmacologically active molecules.

From an organic point of view, several homologation protocols have been developed in order
to insert a CHz group into the molecules [2]. Among them, it is noteworthy the Arndt-Eistert
reaction, which provides the conversion of a carboxylic acid 1 to its homologue 4, through the

formation of the key intermediate diazomethylketone 3 (Scheme 1) [3].

CHyN»y [e) hv or heat fe)
(e} lC'z» j\ (2-6 equiv) N, or cat. R\)k
R”SOH -SO; R” ~ClI R H,0 OH
- HCI H
1 2 3 4

Scheme 1. The Arndt-Eistert homologation.

A considerable issue to disclose is the formation of side products, i.e. chloroketone 7, due to
the presence of HCl, as by-product (Scheme 2 - path b). Two or more equivalents of
diazomethane may be used to overcome this drawback. (Scheme 2 - path a) [4]. Another
strategy to consider is the employment of triethylamine, which reacts with the released HCl
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[5]. The protocol efficacy is arguable, since the experimental conditions might produce a
ketene when the acid chlorides bear acidic protons (Scheme 2 - path c) [6]. Lastly, an
innovative and practical strategy, proposed by Pace and De Kimpe, suggests the use of calcium

oxide as acid scavenger (Scheme 2 - path d) [3d].

patha path b
CH;N, (2 - 6 equiv) CH,N, (1 equiv) )
/ N Tttt /—' R \)J\/x

R\)K?N2 i R\)J\X

6 CHoN, (1 equiv) ! ! CHN, (1 equiv)
X CeO(t1equy) i 8 1 \_ base (1 equiv) RYC”O
Et,0 Et,0 H
path d path c 8

Scheme 2. Alternative protocols for the Arndt-Eistert homologation.

Although these solutions have been proposed to reduce the formation of by-products, the
hazard of the diazomethane remains an important hurdle to take into consideration.
Therefore, Conrad J. Kowalski designed a chemical reaction for the homologation of esters as a
safer alternative to the Arndt-Eistert synthesis, since it avoids the use of diazomethane. The
reaction provides the formation of the alkynolate anion 10, which is converted into the

homologous ester 11, through a still undisclosed mechanism (Scheme 3) [7].

1) LITMP
j\ 2) LIHMDS, LiOEt HCI, EtOH o
R * CHaBr; [R — ou] R R
R” "0 3) s-BuLi \)ko
9 4) n-BuL 10 1

Scheme 3. Kowalsky homologation for ester compounds.

The Corey-Chaykovsky homologation is a valuable reaction to carry out for obtaining
epoxides from aldehyde or ketone [8]. The reactive species is a sulfur ylide, a
dimethylsulfoxonium methylide 12 or a dimethylsulfonium methylide 15, prepared through
the deprotonation of the corresponding sulfonium salts [9]. Two main drawbacks have to be
considered: i) the treatment of an «,f-unsaturated carbonyl compound with 12 produces as
major product the cyclopropane; ii) sulfur ylide 15 is more reactive and less stable than 12, so

it is usually generated and used at low temperatures (Scheme 4).
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R, R
o o 0 R'”R2 R'"°R?
"~ NaH (©le)
/ISI@ _— PN - /S:CH / 13
HSC T CH3 DMSO ch éHCHz H3C éH 2
CH3 3 3
_H2
dimethylsulfoxonium methylide 12 X 0
X=Cl, Br, | 11>)L 2
R1/\)J\R2 R R
14
0 o}
X K
X H,C®_GH HsC..CH y’ ot
3uIa- 2 3YNaz 2
HC.@.CHy _ NaH S - 3
i DMSO CHs CH3
CH, H; \ 0
. . . 0
dimethylsulfonium methylide 15 M
1 2
R1/\)J\R2 R R

Scheme 4. Corey-Chaykovsky homologation.

In this scenario, carbenoidic reagents took place as homologating agents [10]. The term
carbenoid was coined by Closs and Moss [11], and it defines organometallic compounds
containing a carbon bridging a metal atom (e.g. Li, Mg) and an electronegative element (e.g.
halogen). This definition takes into consideration the carbene-like features (Scheme 5), which
are analogous to those of carbenes without necessarily being free divalent carbon species. The
pioneer in this synthetic panorama was G. Kébrich, who published, in the sixties, different

seminal works [12]. He described the relevance of carbenoids as versatile synthetic tools.

1.1. Lithium carbenoids

Carbenoids are characterised by the presence of an electron-donating and an electron-
withdrawing substituent; these elements confer to the carbon centre an ambiphilic activity.
Indeed, carbenoids possess a dual reactivity, since they may act as nucleophiles or as
electrophiles, depending on the experimental conditions. At low temperatures the
nucleophilicity prevails; conversely, electrophilic behaviour is shown at higher temperatures
(Scheme 5). The mesomeric structures explain the ambivalent character of carbenoid
reagents. In fact, carbenoids present two different ionization forms: negative charge located
on the carbon or a positive charge associated to the carbon, nucleophilic 16a and electrophilic
16b behaviour, respectively. Considering their characteristics, carbenoids may be involved
into two different reaction categories: i) nucleophilic additions (eventually followed by
elimination - i.e. acyl nucleophilic substitutions); ii) cyclopropanation-type processes.

Moreover, the reaction trend is conditioned by the metal bonded to the carbon atom. In
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particular, lithium and magnesium carbenoids exhibit carbanionic-like reaction [10d],
whereas zinc and rhodium carbenoids operate as carbocation molecules [10c, 13].
To conclude, the ambiphilicity of these reagents leads to consider carbenoids as versatile

agents to carry out C-C reactions.

H + H . Hin
,\C"_ -— ,\C'L' -— ,\C'L“j
X X o

16a 16b
H

16

low N \/:/ higher

temperatures f / \ temperatures
A

cE c

H™ H H

Scheme 5. Nucleophilic or electrophilic behaviour of carbenoids.

Nevertheless, there is an important hurdle to highlight: the thermolability of carbenoids.
Several works examine in depth this aspect in order to identify the optimal conditions to
achieve a compromise between stability and reactivity of these species. Kébrich proposed to
generate chloromethyllithium (LiCH2Cl) from bromochloromethane and n-Buli, at -110 °C,
followed by carbonation [12, 14]. This protocol provided the chloroacetic acid in only 4%
yield (Scheme 6). In a second seminal work, Cainelli generated the monohalomethyllithium at
-78 °C in the presence of the electrophile (“Barbier”’-like manner) [15]. Therefore, the
carbenoid species was immediately involved in the homologation of a ketone into the
corresponding halohydrin, followed by the cyclization into the final epoxide (Scheme 6).
Furthermore, Kobrich disclosed that dihalomethyl- and trihalomethyllithiums reagents are

significantly more stable than the monohalocarbenoids [16].

Koébrich, 1967: External quenching

n-BuLi co

BN —————— | i l — > CI” COH
Trapp mixture 4%

17a 110 °C 18

Cainelli, 1971: Internal quenching - "Barbier"-like

b
Rl R2 (@]
Br/\ Br 1>Z R2
Li dispersion
17b THF, -78 °C 19
35-95%

Scheme 6. Initial studies about temperature.

74



Introduction

Cainelli was the first to establish that an internal quenching allows carrying out the
homologation reactions mediated by carbenoids at -78 °C [15]. Nevertheless, this approach
may provide the a-elimination by-product (carbene). Accordingly, a subsequent study
performed by Villieras and coworkers highlighted the requirement of temperatures below -
115 °C, which avoid the undesired a-elimination reaction [17]. Besides, this study disclosed
the importance of lithium halides as stabilizing agents, which coordinate the halogen atom of
the carbenoid [18]. These salts interfere with the internal Li-X interaction responsible for a-
elimination, which promotes decomposition of the carbenoid to the free carbene (Scheme 7 -
path a). Additionally, Lewis basic ethereal-type solvents constitute meaningful stabilizing
elements for carbenoids, in virtue of their ability to coordinate the metal atom of the
carbenoidic reagents (Scheme 7 - path b). Conversely, destabilization of monohalolithium
carbenoids can be achieved using polar solvents like hexamethylphosphoramide (HMPA)
(Scheme 7 - path c). They strongly coordinate - through the oxygen atom - the lithium atom
of the carbenoid, thus promoting the breaking of the carbon-lithium bond. Therefore, this kind
of solvent determines the activation of the degradative a-elimination process. A noteworthy
case is that of dihalolithium carbenoids, which maintain the nucleophilic behaviour even if

polar solvent is added.

HE LiRee==7 a-elimination H

”/C y ———— ©a b

S H
Factors infiuencing the a-elimination

Path a Path b Path c

M Li H L =<--Z H L ==X

C C.
’ ¢ H™ X
H X--+=Y H X
Stabilization by thium saits Stabilization by ethereal solvents Destabilization by HMPA

Y = LiBr, Lil, LICIO, Z = THF, Etz0

Scheme 7. Pathways that promote stabilization or destabilization of carbenoids.

Later, Matteson and Barluenga carried out the reactions at -78 °C, suggesting this temperature
as the optimal one [19-20]. Indeed, it guarantees a good compromise between thermal
stability and reactivity of chloromethyllithium and bromomethyllithium. Notably, in the early
2000s, Concellén reported the employment of 0 °C for generating iodomethyllithium to

accomplish a homologation towards ketone compounds (Scheme 8) [21].
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Concellon
e} I,CH, - MeLi 0
1JJ\ 2 ° . 1 2
R R THF, 0°C,30min R R
rt, 1h
35-95%

Scheme 8. Concellon procedure.

To conclude, a certain shrewdness must be taken into consideration in order to elude the
activation of degradation pathways. Firstly, the adoption of an internal quenching guarantees
high yields. Moreover, lithium carbenoids require low temperatures, suggesting -78 °C as the
optimal one, since it permits to combine stability and reactivity of these species. Lithium salts

are valuable reagents, which allow the stabilization of lithium carbenoids.

1.2. Generation of monohalolithium carbenoids

The literature suggests four main methods to prepare organolithium reagents [22]: 1)
lithiation via lithium-halogen exchange; 2) lithiation via lithium-hydrogen exchange (i.e.
deprotonation); 3) lithiation via lithium-sulfoxide exchange; 4) lithiation via lithium-tin

exchange (Scheme 9).

1) Lithium-halogen exchange (most common method) 3) Lithium-tin exchange
i H, D
X=CLBrl o~ RL i H,,D PPhs, CCl4 H, D PhCHO Meli Ph £
Y =Br, | < - ‘ E——
BusSn™ "OH  pecn it BWSTT Ol qpE s OH
2) Deprotonation 4) Lithium-sulfoxide exchange
H H Li o ) _
H RoNLi N\ e n R 0 R
X X ——> X7 7X ArTEY” - S T S
& Ar”+R CI™ L

Scheme 9. Lithium halocarbenoids preparation.

Lithiation via Lithium-Halogen Exchange

The lithium-halogen exchange represents the prototypical approach to be employed for
carbenoid formation (Scheme 9 - path 1). Indeed, it presents some advantages: i) the easy
operational details required and ii) the availability of dihalomethane precursors [22a]. Over
the years several experimental conditions have been proposed. At the beginning, Villieras [17]
accomplished the exchange reaction using s-BuLi in Trapp mixture (THF-Et20- n-pentane,
75:15:10 v/v) at -115 °C [23]. Some studies have recently shown that this lithium base is
advisable to perform deprotonations rather than exchange reactions [24]. Accordingly, MeLi
and n-BuLi arose as the optimal lithium sources [20b]. Moreover, Matteson and Pace
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employed the commercially available MeLi-LiBr complex in Et;O to synthetize carbenoids.
Lithium bromide causes the stabilization of the carbenoid and furthermore avoids the
competing attack of MeLi to the electrophile present in the reaction medium under Barbier
conditions [25].

In conclusion, the homologation reaction provides the in situ generation of carbenoid, which
reacts immediately with the electrophile present therein. In this experimental condition, LiBr
facilitates the attack of the formed carbenoid to the electrophile counterpart, since it
coordinates the oxygen carbonyl lone pairs of the electrophilic species, exerting a mild Lewis
acid effect. Considering the easy and fast exchange between iodine and lithium, the selected
1,1-dihalomethane as carbenoid precursor is usually the iodochloromethane. Another aspect
to analyse is the stoichiometric ratio between dihalomethane and organolithium reagent. The
kinetic suggests that a 1:1 ratio is sufficient to achieve a quantitative exchange. However, it is
advisable to employ a small excess of dihalomethane to avoid the possibility of competing
attack of the lithium species to the electrophile. Additionally, as reported above the instability
of lithium carbenoids is a considerable issue, for this reason it is wise to add slowly and at low
temperatures the alkyllithium to a solution containing the electrophile and the

dihalomethane.

Lithiation via Lithium-Hydrogen Exchange

An alternative method to generate lithium carbenoids is the lithium-hydrogen exchange
(Scheme 9 - path 2). This approach presents a significant hurdle, indeed basic s-BuLi may be
involved in a halogen/lithium exchange, as reported by Villieras [17]. Consequently,
deprotonation reaction became the protocol of choice for obtaining dihalomethylcarbenoids
(e.g. LiCHCIz, LiCHBrz and LiCHI;) from the corresponding dihalomethanes, using lithium
amide base such as LTMP, LNCyz, LDA or LiHDMS.

Although different studies, reported by Nozaki, suggested to carry out the reaction with an
internal quenching [26], recently, Bull demonstrated that this requirement may be eluded.
Indeed, LiCHI> could be easily formed prior to the reaction with the electrophile [27].
Furthermore, Molinski applied deprotonation for obtaining trichloromethyllithium from
chloroform and n-BulLi at -100 °C [28]. The presence of these three halogens in the carbenoid
makes it a soft nucleophile, which can react in a Michael manner with an unsaturated sultam.

In this case Barluenga conditions are not necessary either.
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Lithiation via Lithium-Sulfoxide Exchange

As reported by Hoffmann magnesium carbenoids can be generated through magnesium-
sulfoxide exchange (Scheme 9 - path 3) [29]. These reactions are accomplished treating
sulfoxide with Grignard reagents, above all i-PrMgCl. In this case as well, -80 °C is required as
optimal temperature. It is noteworthy that these reactants present configurational stability,
thus they are useful for asymmetric synthesis [30-31]. In the early 2000s, this attractive
strategy has been employed by Blackemore and co-workers for obtaining lithium carbenoids,
starting from a halogenated arylsulfoxide [32]. p-tolyl substituent is generally the aromatic
ring attached to the sulfoxide; the R% group replaces the non-aromatic group on the sulfoxide
R (Scheme 9 - path 3). From a stereochemical point of view, the inversion of configuration at
sulfur is registered. In the case of the generated carbenoid, the stereochemistry is not

predictable.

Lithiation via Lithium-Tin Exchange

This protocol, introduced by Hammerschmidt and co-workers, may be useful in asymmetric
chemistry (Scheme 9 - path 4). More specifically, chiral stannane, reacting with MelLi,
promotes the synthesis of configurationally stable chloromethyllithiums, which easily reacts
with the electrophile at -78 °C [33]. The desired product can be obtained using the homochiral
tributylstannyl-[D1]-methanol, as precursor. Alcohol-derivative is converted into enantiopure
chloromethylstannane-[D1] applying Appel conditions [34]. Notably, the formation of side-
products is strictly related to the employed arylalkyllithium reagents. In particular, MeLi
provides highly satisfactory results in the tin-lithium exchange compared to n-BuLi, which
produces less clean reactions with a considerable formation of undesired impurities. A
possible explanation of MeLi behaviour is its lower basicity compared to n-BuLi. The seminal
Hammerschmidt's work laid the foundations in chiral organolithium chemistry. Indeed, he
depicted the first example of chiral carbenoid, operating at -95 °C; this reaction trend is

maintained up to -78 °C, and above this temperature carbenoid decomposes.

1.3. Carbon electrophiles for carbenoids

Recently, lithium carbenoids have found application in the Medicinal Chemistry field, for the
preparation of HIV protease inhibitors (e.g. Nelfinavir 20, amprenavir 21) (Scheme 10) [35,
36]. The retrosynthetic analysis highlights the importance associated to the a-haloketones 22,
as intermediate, which is easily obtained using carbenoids. This precursor is stereoselectively
reduced into the homochiral aminohalohydrin 23 [37], the direct precursor of the

78



Introduction

enantiopure epoxide 24. This oxirane reacts with a nucleophilic amine leading to the 1,3-
diaminopropan-2-ol fragment 25, which represents the common building block of such class
of inhibitors (Scheme 10) [35, 38-39]. This example demonstrates the importance of
carbenoids and, in particular, their potential usefulness in obtaining final and intermediate
compounds, worthwhile as pharmaceutical tools. Therefore, in this section the potentiality of

lithium carbenoids towards different electrophiles will be investigated in depth.

HIV protease
inhibitors

25 24 23 22

Scheme 10. Retrosynthetic pathway to obtain HIV protease inhibitors.

Imines

Imines are attractive species, since they can be easily converted in other molecules, i.e. -
haloamines or aziridines, useful as final or intermediate compounds. In 2008, Concellon
published the addition of iodomethyllithium to sulfonyl-protected imines (Scheme 11),
demonstrating that the protective group enhances the electrophilicity of the azomethinic
carbon through an electron-withdrawing effect [40]. Moreover, it is important to underline
that N-tosylaziridines 28a-b are easily prepared in short reaction times. However, harsh
conditions are required to remove the tosyl-type protecting groups. To date, the use of Sml;
could be a considerable alternative to overcome this problem [41]. Subsequently, the same
protocol has been applied on N-sulfonyl protected imines, adding chloromethyllithium [42].

The method afforded (3-chloroamines 29a-b upon simple acidic work-up.
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Scheme 11. Reactions of sulfonyl-protected imines with iodomethyllithium.

Esters and Weinreb amides

As mentioned before, a-haloketones are interesting prochiral building blocks in organic and in
pharmaceutical chemistry. This kind of compounds could be achieved using as precursors
esters or Weinreb amides. In particular, the pioneer in homologation of esters was Barluenga,
who reported the conversion of ester compounds (general formula 30) into a-haloketones 32
by a single addition of carbenoids at -78 °C (Scheme 12) [20b,c]. Usually, these electrophiles
react with organometallic reagent to produce carbinols through the double addition of the
nucleophile [20b,c]. In this case, the reaction mechanism evidences the formation of the
tetrahedral intermediate 31, which is stable and thus it avoids the double addition of the
organometallic species [43]. The stability of this intermediate is guaranteed by the presence

of the halogen and oxygen substituents which avert the elimination of the alkoxyde group.

NBn
=2 CICH,l (1.8 equiv) NBn, NEBn,
R Cl
o) LiBr, MeLi (1.8 equiv) ;?g; 85-90% o)
THF, -78 °C, 30 min >99% ee
R = Me, i-Bu, Bn
30 tetrahedral intermediate 31 32

Scheme 12. Barluenga’s condition: homologation of esters.

Interestingly, this homologation is prevented by the presence of amino or amido groups, since
the nitrogen bears a hydrogen atom, which can be abstracted by carbinoid. Nevertheless, the
industrial team Ajinomoto Co., led by K. Izawa, proposed a solution to overcome this hurdle
[44]. Indeed, they introduced the employment of N-protected 3-oxazolidin-5-ones 33 which
can be easily chloromethylated to generate the intermediate 34, followed by its
transformation into the desired chloroketone 35 upon acidic treatment (Scheme 13). An

alternative to prevent this drawback was proposed by Hilpert, who applied the temporary
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protection of a (secondary) amide moiety with the trimethylsilyl (TMS) group prior to
homologation [45]. Furthermore, Izawa’s group reported that the chemoselective
chloromethylation of N-imine protected amino acids esters 36 [44b]. The bulkiness of the

acetophenone derivative thwarts the addition of the carbinoid to the azomethinic position.

, cl
—~0 CICHBr (1.8 equiv) ~0 HCI6N HCI o
o N N Moy —— HN
oY LiBr, MeLi (1.8 equiv) ~ Boc™ THF, rt H
I THF, -78°C, 30 min o Ph”
33 quant. 34 35

CICH,Br (1.8 equiv)
Ph_ N
v QJ\ oMe Ph N \;)Jvm
Ph - LiBr, MeLi (1.8 equiv) Ph -
~ i ~
Ph THF, -78 °C, 30 min Ph
36 HCI 6N. 37

quant., 98% ee

Scheme 13. Homologation of lactones and imino-esters using Izawa conditions.

In this panorama, Pace et al. gave their contribution to explain the behaviour of carbenoids in
the homologation of carboxylic acid derivatives [25c]. Specifically, a comparative study
between esters and Weinreb amides remarked that the driving force for the success of these
reactions is the formation of a stable putative tetrahedral intermediate (Scheme 14) [46]. The
work, conducted on N-arylamino acetic acid derivatives, suggests that in the case of an ester
the homologation happens when an additional EDG is present on the nitrogen. In fact, the
relative basicity of the nitrogen can stabilize the intermediate 39, and thus the reaction
proceeds. Conversely, an EWG diminishes the basicity of the nitrogen and destabilizes the
intermediate 42, thus the transformation does not happen. Instead, in the case of N-methoxy-
N-methyl amides, the reaction takes place regardless the nature of the substituent on the
nitrogen. The stability of the chelated 5-membered tetrahedral intermediate 45 represents
the explanation to this unexpected result. Indeed, the basicity of the nitrogen does not
influence the stability of the intermediate, since it is involved in the chelate with the methoxy

group of the Weinreb amide.
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Scheme 14. Different behaviour of esters and Weinreb amides, after treatment with lithium carbenoids.

Mechanistic explanation.

Pace et al. reported another interesting comparative study on homologation of o,(3-
unsaturated Weinreb amides and esters (47 and 51 respectively) [25a]. This work was
accomplished in order to rationalize the different chemoselectivity of these reactions. They
assumed the peculiar stability at -78 °C of the intermediate 48 offered by the N-methoxy
group of the Weinreb amide, which hinders a second addition of LiCH2X (Scheme 15, path a).
Accordingly, the transformation stops to the desired a-haloketone 49. Instead, tetrahedral
intermediate 52 (not stable at -78 °C), resulting from the addition of carbenoid to ester 51, is
more susceptible to a second attack of the carbenoid, and thus providing the carbinol 50
(Scheme 15, path b). Moreover, the a-haloketone is the major product when the reaction on
esters is performed at -115 °C. Hence, it is conceivable that the tetrahedral intermediate 52 -
generated through mono addition to an ester - is only stable at very low temperature,

thwarting the second addition.
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Path a: Chemoselective monoaddition of LiICH,X to Weinreb amides at -78°C

/Me
o) Li-O o
LiCH,X o0 NH,CI, H,O
RA\)LN,OMG 2 - (0] N‘Me _ > R S X
Me 78°C /=7&x
47 R 48 49

exceptional stability at -78°C

Path b: Temperature depending addition of LiCH,X to esters

o LiCH,X oH «
/\)J\/X R/%
RT™S NH,CI, H,0

4 2 X

49 transient 50

0 LICH,X Li—0 O,R' NH,CI, H,0 o
\ , —_— —_— \ X

R OR
78°C R X R
51 52 49

stable only at -115 °C
not stable intermediate at -78°C

Scheme 15. Different behaviour towards halomethylithium reagents of Weinreb amides (path a) and esters

(path b). Temperature-based mechanistic explanation.

Isocyanates

In 2013, Pace et al. defined a new method to synthesize a-haloamides, through the addition of
lithium carbenoids to isocyanetes (Scheme 16) [25b]. The protocol guarantees high-yields and
no purification. The advantages of this synthetic protocol are numerous compared to the
classical procedures used to prepare the a-haloamides. As a matter of fact, the success of the
reaction is independent from the nucleophilicity of the amine and the steric hindrance on the

isocyanate does not influence the transformation.

XCHyl (1.5 equiv.)
_O  MeLi-LiBr (1.25 equiv.) o

N°© R\ Jk/x
R Et,0, -78 °C, 0.5-1 h H
then NH4CI aq.
R = aliphatic, aromatic - 82-98% yield
X=Cl,Br, | - no erosion of enantiopurity

- chromatographic free

Scheme 16. Homologation of isocyanates.
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2. THE RESEARCH
2.1. Background

As already extensively reported in the “Introduction”, lithium halomethylcarbenoids acquired
an enormous interest both in academic and industrial environment. These reagents are
synthetically versatile tools for accomplishing homologation reactions towards several
electrophiles. The carbon species are the main carbenoid counterparts, however, the
electrophilic panorama has been recently extended to boron, zirconium, germanium/silicon,
sulfur-containing substrates [32a, 47-51].

The applicability of carbenoid chemistry towards carbonyl compounds, i.e. ketone or
aldehyde, is widely documented. Indeed, over the years, several studies highlighted the
feasibility of the reaction between carbenoids and carbonyl compounds, which easily provides
halohydrins [15, 17, 19, 20b, 21, 52, 53]. Moreover, the obtained products are versatile
building blocks in a synthetic pathway and they may be susceptible to other transformations,
i.e. epoxidation or cyclic enlargement [54-56]. In this context, the forefather Nozaki developed
a series of protocols, involving cyclic ketone (general formula 53) and dihalomethyllithium
reagents (e.g, LICHCI2 or LiCHBr2), in order to access the homologated saturated structures.
The process provides a (-oxido carbenoid rearrangement in the presence of a lithium base,
giving a simple homologated ketone 54 or a homologated a-chloro ketone 55 (Scheme 17)

[57-59].

(e}
) n+1 ) n+1
54 55

Scheme 17. Nozaki’s protocols.

As regards the monohalomethyllithium carbenoids, their applications have been limited to the
formation of oxiranes, starting from saturated cyclic ketone. Therefore, Pace et al. employed
their efforts to examine in depth the carbenoid behaviour towards cyclic ketone compounds,
presenting another functionalization, such as an a,f3-unsaturation, in order to strengthen the
versatility of these reagents [60]. The double bond in the starting material 56 may interfere
with the reaction success. Indeed, several by-products may contaminate the desired
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halohydrin 58 (Scheme 18). In particular, Tiffeneau-Demjanov-like tetrahedral intermediate
57 could expel the halogen atom and, through a transposition, access the homologated ketone
59 [61]. The same intermediate could be involved into an internal displacement, which
guarantees the epoxide 60 formation [56b, 62-63]. Lastly, enones like vinylogous carboxylic
acid triflates may promote tandem nucleophilic addition-fragmentation reactions, providing

alkynyl ketones 61 [64-65].

o) R;
ClM
n
61
? if R = OTf
' - LiOTf
Li
o ‘o OH
Ry o | R cl R, cl
AN .
R n R n R n

56 57 58

, - LiCl AN
¥ b Y
o (@]
R n+ 1 R n
Scheme 18. Possible side reactions, in the chemoselective 1,2-addition of LiCHCl to cyclic enones.

In 2014, Pace and co-workers disclosed a chemoselective 1,2-addition of LiCH2Cl to cyclic
enones (Scheme 19) [60]. The study provided an optimization of the conditions in order to
define the best protocol to perform the reactions and to maximize the yields. The enone 62
(Scheme 19) has been selected as model precursor, bearing two conjugated olefinic moieties
and thus, susceptible to cyclopropanation as well as to 1,4- or 1,6-conjugate additions. Several
conditions have been explored, firstly the equivalents of reactants to generate carbenoid at -
78 °C have been selected: MeLi-LiBr (4.0 equiv.) with ICH2Cl (4.5 equiv.). Once the ratio
between reagents was identified, the effect of solvents was analysed: the mixture THF-Et20
provided the optimal results. The LiBr action as a mild Lewis acid is noteworthy; its
coordinating effect prevents the decomposition of carbenoid into carbene, accordingly the
yields exponentially increased. The optimised protocol was adopted in order to pursue the
goal of the work, which is validating the feasibility of this method to different a,-unsaturated
ketone substrates. The results highlighted that the reaction mechanism provides the addition
of carbenoid to the most activated carbon, obtaining the tertiary cyclic allylic alcohols. From

the high yields of the desired alcohols emerged that side products, such as epoxides or
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homologated ketones, are present in small traces. Moreover, this protocol was successfully
applied to five-, six- and seven-membered enones including fused natural products structures.
The reaction is tolerant to sensitive olefins and/or other functionalities susceptible to
carbenoids. Particularly, the results showed that this strategy yields halohydrins in several
cases: different sized ring systems, such as clopentene (64a-b), cyclohexene (64c-f) and
cycloheptene (64h) derivatives bearing different substituents across the cyclic core. The
method tolerates functionalities sensitive to organolithiums, i.e. a chlorine atom (64g) or even
the bicyclic acetal-type system of levoglucosenone (64h). Furthermore, the success of the
homologation is not influenced by the presence of heteroatoms in the starting enones (64i-j).
Notably, the reaction might be carried out with complex enone systems incorporated into
natural products such as nootkatone (64m), a sesquiterpene derived from grapefruit with
insecticide-repellent properties towards deer ticks. The same methodology was efficiently
applied to prepare the medicinally relevant scaffold (64n) from cholest-4-en-3-one (63n) in

high yield.

/
o

o0 ICH,CI (4.5 equiv.) HO_,—Cl

Rﬁ MeLi-LiBr (4.0 equiv.) R |

Ry A )n THF-EO, -78°C,th x n
o
64 a-n

| NH,CI (aq.)
R"
63 a-n
HO —Cl HO —Cl HO —Cl HO —ClI HO —Cl
Me Ph
64a (78%) 64b (87%) 64c (85%) 64d (90%) 64e (93%)
HO —Cl HO —Cl
6 | fg
CI N
Me Me Boc
64f (83%) 64g (88%) 64h (97%) 64i (68%) 64j (74%)
Sy oo
60 Q O
HO

HO
64K (74%) 64l (95%) 64m (74%) 64n (85%)

Scheme 19. Pace’s addition of chloromethyllithium to cyclic enones.
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A relevant case was described in this work, regarding the effect exerted by an electron-
releasing oxygen atom at the B-position of the olefinic bond (Scheme 20). From a structural
point of view, this kind of enones can be considered as 1,3-dicarbonyl-like derivatives; indeed,
the mesomeric effect provides structures 65a/65b and 66a/66b, which are subject to the
attack of the carbenoid, providing the intermediates 65c¢ and 66c, respectively. The nature of
the group linked to the enol-type oxygen atom plays a key role in determining the mechanism
for the collapse of the addition intermediates of type c. Thus, in the presence of nucleofugal
leaving groups (e.g., EtO or MsO) which could be easily eliminated, upon quenching the enone

system is re-established providing compound 67 as the only product.

o) Oe oe Oe
LiICH,CI ® Q
OR OR OR or "ROH
65 (R = Et) 65a 65b 65c “CI Cl
66 (R = Ms) 66a 66b 66¢C 67 (84%)

Scheme 20. (3-Activating effect of an RO group: the case of 3-alkoxy systems.

Considering the excellent results gained in this study, my project took place in this context. A
work flow was planned, in order to further investigate the carbenoid behaviour towards this
electrophilic compound class:
1. We evaluated how the slowly addition of lithium reagents might influence the success
of homologation reactions.
2. The optimal conditions was applied on a set of a,3-unsaturated ketones.
3. We disclosed a new rearrangement mechanism, which provides a double

homologation, producing an aldehyde.

\nq"\“
optimization W
ces>
pcod

Lithium carbenoids project workflow.
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2.2. My Ph.D. Project

Identification of the optimal conditions

As mentioned before, Pace et al. reported a strategy to identify the optimal conditions to carry
out the chemoselective 1,2-addition of LiCH2Cl on a,B-unsaturated ketones. My project has
been focused on the reactivity/stability study of monohalomethyllithium carbenoids, when
the syringe pump is employed to perform the addition of lithium base. This work was
conducted in order to demonstrate how a slowly introduction of lithium reagents may
positively influence the trend of a homologation reaction. We used cyclohex-2-en-1-one (68),
as compound model, to perform these reactions. Barbier-like conditions were employed and
thus, lithium base (flow: 0.200 mL/min) was added to a solution of ketone and
chloroiodomethane, cooled at -78 °C. In Table 1, the results related to the screening of

solvents and equivalents were reported.

Table 1. Screening protocol to individuate the correct solvent and equivalents to perform the chemoselective

1,2-addition of LiCH2CI to compound 68.

0 HO —Cl
ICH,CI, MeLi-LiBr
b THF, -78 °C, 1h 6
68 NH(CI(aq) 69
Entry ICH2CI (equiv.) RiLi (equiv.) Solvent Yield [%]

1 45 MelLi-Lil (4.0) THF 90
2 45 Meli (4.0) THF 99
3 45 MelLi-LiBr (4.0) THF 99
4 3.0 MeLi-LiBr (2.8) THF 99
5 2.0 MeLi-LiBr (1.8) THF 82
6 1.3 MeLi-LiBr (1.1) THF 66
7 3.0 MeLi-LiBr (2.8) MeTHF 61
8 3.0 MeLi-LiBr (2.8) CPME 39
9 3.0 MeLi-LiBr (2.8) TRAPP mixture 57
10 3.0 MelLi-LiBr (2.8) Et20 67
11 3.0 MeLi-LiBr (2.8) Toluene 47

From this first analysis we can assert that the use of syringe pump allows to decrease the
reagent equivalents for generating carbenoids. Indeed, in the previous work, Pace showed
that the correct ratio between starting material: ICH2Cl:RLi is 1:4.5:4.0; whereas from this
experimental evidence a lower ratio promotes in any case a quantitative reaction. Moreover,

the solvents screening disclosed THF as the best means to access the product.
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Once the first parameters were identified, we applied other methodologies to generate

carbenoids. Lithium-sulfoxide and lithium-tin exchanges are not advisable to perform the

reactions with this electrophile, since the only obtained product is starting material (Table 2).

Table 2. Other methodologies to generate carbenoids and their application.

Entry

XCH2Y (equiv.)

RiLi (equiv.) Solvent Yield [%]

12

13

14

15

16

PhSOCH:CI (2.0)
PhSOCH:CI (2.0)
PhSOCH:CI (2.0)
PhSOCH:CI (2.0)

BnsSnCH.Cl (3.0)

MeLi (1.8) THF NR
t-BuLi(1.8)  THF NR
PhLi (1.8) THF NR
MeLi-LiBr (1.8)  THF NR
MeLi-LiBr (2.8)  THF NR

Another parameter to take into consideration is the temperature. It is widely accepted that

the thermolability is a big drawback associated to lithium carbenoids. Therefore, we

examined in depth this aspect performing a temperature dependence study, in order to

identify the optimal degrees, which guarantee a good compromise between stability and

reactivity (Figure 2). For comparative purpose, we applied the temperature screening

protocol to a Weinreb amide.

(0]

NH,Cl (aq )

-80

i ICH,CI (3.0 equiv.)
Meli-LiBr (2.8 equiv )
— e
THF.-78 °C, 1h

HO ~—CI

O

¢ ICH,CI (3.5 equiv.), (0]

MeLi-LiBr (3.0 equiv.) | B

MELELIOr .0 equivy)
THF,-78°C, 1h |
™~ NH,Cl(aq)

Temperature dependence

-60 -40

Temperature (*C)

100

~4#—Ketones

Yield (%)

—#—Weinreb amides

Figure 2. Temperature dependence study. A comparison between the reaction trend of a,3-unsaturated ketone

(blue) and Weinreb amide (red).

The histogram highlights that the stability and reactivity of carbenoids are strictly related to

the selected temperature. High yields were obtained at -78 °C. In case of ketone, the curve
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trend exponentially collapses when the temperature range was between -78 °C and -55 °C;
afterwards a plateau was reached and the yields varied among 53% and 40%. Lastly, warming
the reaction until 0 °C, the carbenoid lost its effect and no reaction was registered.

On the bases of this experimental evidence, we may conclude affirming that the slowly
addition of lithium base, through syringe pump, exerts no effect on the temperature selection.
Therefore, the use of additional salts (3.0 equiv.) has been implemented, in order to achieve
even higher conversion rates at higher temperatures. In Table 3, the results were reported
and we compared them with the conversion rate of REF, which indicates the reaction

performed in absence of additives.

Table 3. Use of additive/salts.

ICH,CI (3.0 equiv.),

MeLi-LiBr (2.8 equiv.) "o
O Additive (3.0 equiv.) HO —Cl =
THF, -35°C, 1h
ﬁj NH,CI (aq.) é : &
68 69 70
Entry Additive 1 [%] 2a[%] 2b[%]
REF REF 62 46 2
1 LiCl 81 18 1
2 LiBr 68 17 5
3 Ti(0iPr)s 56 44 0
4 MnClyLiz 32 68 0
5 TMEDA 92 7 1
6 LaCls 86 11 3
7 CeCl3 83 17 0
8 FeCl3 53 47 0
9 CoCl2 78 22 0
10 NiClz 73 26 1
11 PbCl2 83 16 1
12 InCls 80 20 0
13 LiClO4 0 >99 0
14 CuCl 79 19 2
15 Cul 58 37 5
16 SbCls 57 43 0
17 CdCI2 85 15 0
18 MeNHEtNHMe 54 38 8
19 HMPA 51 20 2
20 DMPU 81 17 2

Conversions (%) of 68 to 69 and 70 based on tH-NMR

Considering the tabulated values, the addition of salts has almost no beneficent effect on the
conversion towards 69. Nevertheless, few cases deserve to be mentioned, i.e. entries 2, 15
and 18. Although the additives LiBr, Cul and MeNHEtNHMe do not promote the complete
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conversion of 68, they provide the formation of aldehyde 70 in small traces. Moreover,
lithium perchloride (LiClO4, entry 13) is the only salt which allows to access quantitatively the
desired halohydrin 69 (> 99 %). Probably, this additive exerts a strong coordinating effect,

guaranteeing a high yield.

Application of the optimal conditions

The optimal conditions were applied on a set of cyclic and non-cyclic a,-unsaturated ketones.
The desired halohydrins were obtained in good yields, ranging between 63 % and 88 %.
Phenyl allyl ketones are worth mentioning, since they represent useful scaffolds to design and
synthetize compounds of pharmaceutical interest. Indeed, chalconoids are widely known as
central core for various biological molecules endowed with antibacterial, antifungal,
antitumor and anti-inflammatory properties. Another example to take into consideration is
the xanthone, which was introduced as an insecticide. Therefore, these starting materials are
important building blocks to manipulate and the proposed protocol may have different

application in academic and industrial environments (Scheme 21).

o) ICH,CI (3.0 equiv.) HO ¢
R, QJ\[RZ MeLi-LiBr (2.8 equiv.) R1Q%Rz
Lol THF, -78 °C, 1h Yo

R R NH,CI (aq.) R R
71 a-p 72 a-p (63-88%)

HO Cl HO Cl HO Cl HO
©/\)<;e = Me

72a 72b 72¢ 72d

HO Cl

HO Cl HO cl HO Cl
N s
Me
O O \ ! Q
72h

S5 D S @
@”@éw

Scheme 21. New protocol applied on cyclic and acyclic enones.

94



The research

This work is a pursuance of the aforementioned Communication reported by Pace et al. In this
context, the carbenoid chemistry was successfully applied to other sized ring systems, i.e.
cyclooctenone or to alkinyl compound. It is of great interest, the tolerance demonstrated by
olefinic ketones, which are included into an aromatic system. Notably, the
monohalomethyllithium does not display any electrophilic reactivity towards the aromatic
rings. Moreover, this protocol could be efficiently used towards molecules presenting
heteroatoms. Interestingly, unexpected products were obtained, treating xanthone and
thioxanthone with chloromethyllithium. In particular, as side-product of the reaction,
chlorovinyl derivatives (77-78) were produced. Furthermore, compounds 77-78 represent
the major products, when the quenching of the reaction is carried out using H2S04 (2 M),
rather than with NH4Cl (aq). The explanation of this fact may be found into the tandem
elimination-rearrangement mechanism, which takes place (Scheme 22). The desired
halohydrins (75-76), in presence of an acidic proton, provide the formation of a water
molecule, which is easily eliminated, as a consequence of the electron pair shift at the oxygen
(75a-76a). The subsequent transposition of the H, in [3-position to the chlorine and the

aromatic ring reconstitution (75b-76b) offer the chlorovinyl derivatives 77-78.

o /\ H, altln cl
Cl— OH ) Cl— OH 4 ) |
O O ICH,CI, MeLi-LiBr O O H O D O O X O O O
o, +
X THF, -78 °C, 1h X X X2 X
73 (X=0) 75 (X = 0) 75a 75b 77 (X=0)
74(X=9) 76 (X=9) 76a 76b 78 (X=9)

Scheme 22. The heteroatom effect: the case of xanthone derivatives.

Accordingly, these results disclose the benefit in employing the chloromethyllithium reagents
as homologating agents. Despite the temperature hurdle, the protocol provides the expected
product in good/high yields.

Considering the high versatility of halohydrins 79 in synthetic process, we evaluated their
reactivity in a classical ring enclosure (epoxidation). After a meticulous investigation among
several in-house alkaline reagents, we set up the optimal protocol that led to the desired
oxiranes (80). The methodology required the use of hard and hazardous conditions, such as

NaH in the presence of a catalytic amount of Nal (Scheme 23).
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HO Cl NaH (1.1 equiv.),
Ry S | Rz Nal (0.1 equiv.) R1\1/\[R2
% >R, THF,0°C X

Ry~~~ "Ry THF, Ry~ R

79 80 a-d (89-98%)
©/ OO oo O
80a 80b 80c 80d

Scheme 23. Epoxidations.

Pace/Holzer rearrangement

During the optimization of the reaction between carbenoids and o,3-unsaturated ketones, the
aldehyde 70 was obtained as by-product, at high temperature. Therefore, we investigated this
unexpected outcome, in order to elucidate the possible side mechanisms involved in the
chemoselective 1,2-addition of LiCH2Cl to enones. The optimal reaction conditions were set
up, performing various attempts on (E)-4-phenylbut-3-en-2-one, which was selected as
model. The protocol envisaged the classical conditions to get halohydrins; some temperature
and time parameters were modified. Specifically, after adding the lithium base (MeLi-LiBr) to
the starting material and chloroiodomethane solubilized in THF, at -78 °C, the reaction was
stirred for 1h and subsequently warmed overnight up to rt (Scheme 24). Once the quenching
with aqueous saturated solution of NH4Cl was carried out, two aldehydes were identified (8.5-
9 ppm 1H-NMR) in the crude. However, no trace of halohydrin was recognized. The
purification step, through silica gel column, revealed that the compound 81 was the main

product, whereas 82 was the minor one.

(0]

Me  cHO
Ny ICHeCLMeLBr @/\X
THF, 78 “C tor.t. ©/\)\
NH,CI (aq.) o i

Scheme 24. Optimal experimental conditions.

Considering this experimental evidence, we focused on investigating the mechanism
occurring between the reagents. Firstly, we studied the role of temperature by carrying out
the reaction at -78 °C, for 8h. The lack of aldehyde in the crude disclosed a thermodynamic
mechanism. Furthermore, we employed the deuterated-reagent, CD2Br;, aiming at the deeply
comprehension of the reaction mechanism (Scheme 25). The products 83-84 were obtained,

as confirmed by 1H-NMR and 13C-NMR analysis.
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o Me  CDO CDO
@MMe CD,Br,,MeLi-LiBr ©/\)<Me + ¥ Me
THF, -78 °C tor.t.
NH4CI (aq.) 83 84

Scheme 25. Experiments performed using deuterated-reagents, CD;Br; and D-0.

With this data in the hand, we postulated the potential mechanism (Scheme 26). The high
temperature may promote the formation of oxirane 86 and thus, the epoxide-aldehyde
rearrangement 87 takes place. The electrophilic species in the reaction environment (MeX an
H*) may be attacked by the nuchleophilic double bond 88, leading to compounds 89 and 90.
In certain cases, the product 91 also emerged in traces, as third aldehyde. This assumption
was confirmed by performing the same reaction in the presence of a hard electrophile, the
benzyl bromide. The resulting compound 92, as well as the previous experiments, guarantees

the reliability of the proposed mechanism.

H
o) HT N 07
R1 \)ﬁ |R2 Me R1\X[R2
f Ol
%“, \_—' Ry R4\/"/ Rs
86 87

Me CHO CHO NS R
R1\,)<[R2 R1Jk[R2 Ry \'l R2 MeX or H*
; . > S
Ry~ Re RS-~ Ry RS- R3\\
89 90 88 H*

Me  cHO
ICH,Cl,MeLi-LiBr N
©/\)L benzyl bromide O
THF, -78 °C tor.t. ‘
NH4ClI (aq.) 92

Scheme 26. Reaction mechanism.

As reported in Publication MR4, the ubiquity of formyl motif in natural and synthetic
molecules of pharmaceutical interest is broadly documented. Furthermore, the formyl group
may be susceptible to other organic transformations, due to its particular reactivity. The
polarizability of carbonyl bond, due to the hard donor oxygen and to the fairly hard acceptor
carbon behaviours, leads to consider formyl moiety as electrophile. Considering the high
interest in formylation, several protocols and reagents were proposed in order to introduce

formyl functionality (Scheme 27). Firstly, the formylating agents may be grouped in two
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distinct classes: i) those working under acid catalysis conditions and, ii) those delivering the
CHO to polarized species [66].

To the first group belongs the oldest Gattermann-Kock reaction, which provides a formylation
via addition of carbon monoxide under superacidic conditions (Scheme 27 - path a) [67]. The
introduction of the formyl group may be achieved through Friedel-Crafts-like chemistry, using
dichloromethyl ethers or dichloromethyl amines (Scheme 27 - path b) [68-69]. Olah proposed
formyl fluoride, in the presence of a Lewis acid, as fomylating agent (Scheme 27 - path c) [70].
In order to achieve formyl derivatives, the relatively inert formic acid may be employed;
however, in this case it is advisable to introduce anhydride to improve the efficiency of the
processes (Scheme 27 - path d) [71-72]. The second class of formylating agents includes the
Comins-Meyers amides and Vilsmeier-Haack-Arnold (VHA) reagent (N-chloromethylene-N,N-
dimethylammonium chloride), useful tools for adding a CHO group (Scheme 27 - path e and f)
[73-74].

Eriedel-Crafts type formylation

Cl
1
HCI:—OR + AICI3/HCI
Cl
path b
Gattermann-Koch reaction Olah Formylation
CO/HCI . . )CJ)\ Lewis
%\ ol H”F © Acid(BFs)
) |
ey
L.XZCNOS
. . 2.
Vilsmeier—H k=Arnold pathf ‘% Formic Acid derivatives
Formylation
Me "
Ve ¢l o 0 O
H__N.
W&+ Me path e HJJ\OH or HJ\OJJ\R
Cl +
DCC R: Ig:nstable above -40
Formamide derivatives °
X
R\N H
R!

Scheme 27. Methodologies useful to introduce the formyl group on substrates.

Despite the conceptually distinct approach achieved via formylating reagents, our study as
well envisaged the “introduction” of a CHO, using the homologating reagent lithiumcarbenoid.
Moreover, the procedure reported herein enables to obtain an aldehyde bearing a quaternary
stereocenter, which is a challenge in several cases [75]. In order to verify the feasibility of our
protocol, we adopted the method on a series of cyclic and acyclic enones (Scheme 28). The
methodology may be used towards different starting materials with various substituents and
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functionalities, such as ethers and sulphur. Moreover, despite the high temperature employed,

no trace of cyclopropryl by-product has been observed.

0 ICH,CI (3.0 equiv.), Me CHO
R1J\[R2 MeLi-LiBr (2.8 equiv.) R, {_ R,
T |
X __.~g. THF,-78°Ctort X >R
R4 ® NH,Cl (aq.) Ra )

93 94 a-s (59-92%)

Me CH
Me CHO e CHO Me CHO Me CHO

94e 94f
Me CHO Me, CHO Me CHO Me_CHO Me_ CHO
Me Me CHO
A~ Me
Me Me
Me Me MeO

Ph" Ph Me
94h 94i 94j 94k 94| 94m
Me_ CHO Me CHO Me_ CHO Me CHO
A Me CHO
) :
X Me
OHC
94n 940

Scheme 28. New protocol applied on cyclic and acyclic enones.

Interestingly, acetophenone derivatives, under the same conditions, arrested the reaction to
the corresponding epoxide, which is obtained in a quantitative amount (Scheme 29). This
experimental data demonstrates that the presence of an electron-withdrawing or a bulky

group stabilized the oxirane, avoiding the rearrangement into the aldehyde.

0 ICH,CI (3.0 equiv.),
/©)LR MeLi-LiBr (2.8 equiv.) /©/\R
D THF, -78 °C to rt EWD

NH,CI (aq.)

95 ' 96 a-d (Quant.)
FsC
96a

Scheme 29. The acetophenone-derivatives case.

To conclude, a rearrangment-nucleophilic addition mechanism was disclosed. In particular,
the chemoselective addition of carbenoids to enones promotes, in “one pot”, the access to 3,y-

unsaturated aldehydes in high/good yields.
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3. CONCLUSION AND OUTLOOK

In the “Overview Section”, we investigated the reactivity/stability of carbenoids towards the
a,B-unsaturated ketones. The employment of a syringe pump, as an instrument to add the
lithium reagents, is of great importance. Indeed, it may contribute in reducing the equivalents
of reactants to generate carbenoidic species. Moreover, an in depth analysis promoted the
identification of the optimal conditions to carry out the chemoselective 1,2-addition of
LiCH2Cl to cyclic/acyclic ketones. The desired halohydrins have been obtained in high yield,
demonstrating the applicability of this procedure. Notably, the so-obtained products may be
involved in an epoxidation reaction under harsh conditions, for accessing to oxiranes, which
represent interesting intermediates in medicinal chemistry. These results led us to postulate
that the syringe pump may increase the yields and decrease the equivalents of reagents in
other synthesis, involving different starting electrophiles (e.g. isocyanates, Weinreb amides).
Taking into account these considerations, we are applying the “Syringe pump” protocol on
different substrates to verify this assumption.

Remarkably, an innovative mechanism to form aldehydes was depicted. The simple variation
of the temperature guarantees the generation of formylating derivatives. It is noteworthy that
in the case of acetophenone, presenting an electron-withdrawing group or a bulky
substituent, the reaction arrests at the corresponding oxirane, avoiding the subsequent
rearrangement into the aldehyde. This behaviour may be explained by the high stability
shown by these species. Considering the results described in the previous section, this tandem
rearrangement-nucleophilic addition mechanism (Pace/Holzer rearrangement) deserves
further investigations. In particular, we would like to demonstrate that this procedure may be
applied in the presence of other electrophiles, i.e. benzyl bromide, allyl bromide, crotyl
bromide, propargyl bromide and tert-butyl bromoacetate, in order to obtain 97 compound-

like (Scheme 30), instead of the methyl addition product.

0O 1) ICH,CI (3.0 equiv.), CHO
R, R, MeLi-LiBr (2.8 equiv.) R, R,
; | THF, -78 °C to rt. ! |
a R, 21— D R
Ra * overnight Ra 3
3) NH,4Cl (aq.) 97

Scheme 30. Reaction with different electrophiles.

Lastly, as highlighted in the prior Chapter, the optimised conditions will be adopted to
functionalise RC-106 derivatives, in order to obtain key intermediates, suitable for further

functionalizations and/or biotinylations. The results will be described in due the course.
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4.1. Materials and methods

All TH NMR and 13C NMR spectra were recorded on Bruker Avance spectrometers operating at
200, 300, 400 or 500 MHz and at 50, 75, 100, or 125 MHz, respectively, from CDCl3 solutions.
The (residual) solvent signal was used as an internal standard which was related to TMS with
6 7.26 ppm (1H) and 6 77.0 ppm (13C). Spin-spin coupling constants (J) are given in Hz. In
some cases, full and unambiguous assignment of all 1H, 13C, resonances was performed by
combined application of standard NMR techniques, such as APT, DEPT, HSQC, HMBC and
NOESY experiments.

All melting points are uncorrected. Column chromatography purifications were conducted on
silica gel 60 (40-63 um). TLC was carried out on aluminum sheets pre-coated with silica gel
60F254; the spots were visualized under UV light (A = 254 nm) and/or KMnO4 (aq.) was used
as revealing system.

Starting enone-type materials were supplied from commercial sources otherwise indicated.

4.2, General Procedure for the Chemoselective Addition of LiCH2Cl to Ketones, to obtain
halohydrins

To a cooled (-78 °C) solution of enone (1.0 equiv) in dry THF was added chloroiodomethane
(3.0 equiv). After 2 min, an ethereal solution of MeLi-LiBr (2.8 equiv, 1.5 M) was added
dropwise, using a syringe pump (flow: 0.200 mL/min). The resulting solution was stirred for
1 h, at that temperature. Saturated aq NH4Cl was added (2 mL/mmol substrate) and the
cooling bath was removed, the mixture was stirred till it reached r.t, and then, it was
extracted with Et20 (2 x 5 mL) and washed with water (5 mL) 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.
(3E)-1-chloro-2-methyl-4-phenyl-3-buten-2-ol (72a)

_HO ,—cCl
©/\)s<;e
2

By following the General Procedure, starting from (E)-4-phenylbut-3-en-2-one (146 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
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1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 76% (149
mg) as a colorless oil after chromatography on silica gel (90:10 hexane:etylacetate).

1H NMR (400 MHz, CDCl3) &: 7.40 (m, 2H, Ph H-2,6), 7.33 (m, 2H, Ph H-3,5), 7.26 (m, 1H, Ph H-
4),6.73 (d, ] = 16.0 Hz, 1H, H-1), 6.26 (d, J = 16.0 Hz, 1H, H-2), 3.65 and 3.62 (AB-system, 2/ =
11.0 Hz, 2H, CH2(l), 2.35 (s, 1H, OH), 1.49 (s, 1H, Me). 13C NMR (100 MHz, CDCl3) 6: 136.3 (Ph
C-1), 132.3 (C-2), 129.8 (C-1), 128.6 (Ph C-3,5), 127.9 (Ph C-4), 126.6 (Ph C-2,6), 72.5 (C-3),
54.4 (CH:Cl), 25.8 (Me). ESI-HRMS m/z: 197.82 [M+H]*

(3E)-1-chloro-2,4-diphenyl-3-buten-2-ol (72b)

HO Cl
‘)@\‘
U
2

By following the General Procedure, starting from (E)-chalcone (208 mg, 1.00 mmol, 1.0
equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL, 2.8
mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 75% (194 mg) as a
white solid after chromatography on silica gel (90:10 hexane:etylacetate).

1H NMR (400 MHz, CDCl3) &: 7.56 (m, 2H, 2-Ph H-2,6), 7.42 (m, 4H, 2-Ph H-3,5; 4-Ph H-2,6),
7.34 (m, 3H, 2-Ph H-4; 4-Ph H-3,5), 7.27 (m, 1H, 4-Ph H-4), 6.71 (d, ] = 16.0 Hz, 1H, H-3), 6.52
(d, J = 16.0 Hz, 1H, H-2), 3.99 and 3.98 (AB-system, 2/ = 11.4 Hz, 2H, CHCl), 2.94 (s, 1H). 13C
NMR (100 MHz, CDCI3) &: 142.3 (2-Ph C-1), 136.2 (4-Ph C-1), 131.5 (Ph C-4), 131.5 (C-2),
131.0 (C-3), 128.6 (2-Ph C-3,5), 128.5 (4-Ph C-3,5), 128.0 (4-Ph C-4), 127.8 (2-Ph C-4), 126.7
(4-Ph C-2,6), 125.7 (2-Ph C-2,6), 76.2 (C-1), 53.8 (CH2Cl). ESI-HRMS m/z: 281.07 [M+Na]*

(1E, 4E)-3-(chloromethyl)-1,5-diphenyl-1,4-pentadien-3-ol (72c)

HO Cl
‘/\)@\‘
O ' | 3 O

2' 2

By following the General Procedure, starting from (1E, 4E)-1,5-diphenylpenta-1,4-dien-3-one
(285 mg, 1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr
complex (1.5 M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was
obtained in 72% (205 mg) as a white solid after chromatography on silica gel (90:10
hexane:etylacetate).

1H NMR (400 MHz, CDCl3) é: 7.43 (m, 4H, Ph H-2,6,2°,6’), 7.34 (m, 4H, Ph H-3,5,3",5"), 7.27 (m,
2H, Ph H-4,4’), 6.81 (d, ] = 16.0 Hz, 2H, H-3,3’), 6.35 (d, / = 16.0 Hz, 2H, H-2,2"), 3.79 (s, 2H,

CH,Cl), 2.64 (s, 1H, OH). 13C NMR (100 MHz, CDCl3) &: 136.2 (Ph C-1,1"), 131.2 (C-3,3"), 130.1
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(C-2,2), 128.6 (Ph C-3,5,3",5"), 128.0 (Ph C-4,4"), 126.7 (Ph C-2,6,2",6"), 75.0, 53.1 (CH:Cl). ESI-
HRMS m/z: 285.23 [M+H]*

1-chloro-2-methyl-4-phenyl-3-butyn-2-ol (72d)
HO Cl
// Me

By following the General Procedure, starting from 4-phenylbut-3-yn-2-one (144 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 67% (130
mg) as a bright yellow oil after chromatography on silica gel (80:20 hexane:etylacetate).

1H NMR (400 MHz, CDCl3) &: 7.45 (m, 2H, Ph H-2,6), 7.32 (m, 3H, Ph H-3,4,5), 3.78 and 3.69
(AB-system, 2/ = 10.9 Hz, 2H, CH2Cl), 2.86 (s, 1H, OH), 1.68 (s, 3H, Me). 13C NMR (100 MHz,
CDCl3) &: 131.8 (Ph C-2,6), 128.6 (Ph C-4), 128.2 (Ph C-3,5), 122.0 (Ph C-1), 89.5 (C-alkyne),
84.5 (C-alkyne), 68.0, 54.1 (CH2Cl), 26.9 (Me). ESI-HRMS m/z: 217.04 [M+Na]*

(3E,5E)-1-chloro-2,6-dyphenyl3,5-hexadien-2-o0l (72e)

Ho_ ,—Cl
‘)@\/6\‘
2 N 4

By following the General Procedure, starting from (2E,4E)-1,5-diphenylpenta-2,4-dien-1-one
(234 mg, 1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr
complex (1.5 M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was
obtained in 83% (236 mg) as a bright yellow solid after chromatography on silica gel (90:10
hexane:etylacetate).

1H NMR (400 MHz, CDCl3) 6: 7.50 (m, 2H, 2-Ph H-2,6), 7.40 (m, 2H, 2-Ph H-3,5),7.38 (m, 2H, 6-
Ph H-2,6), 7.31(m, 3H, 2-Ph H-4, 6-Ph H-3,5), 7.23 (m, 1H, 6-Ph H-4), 6.80 (dd, / = 15.7 and
10.5 Hz, 1H), 6.58 (d, / = 15.7 Hz, 1H), 6.52 (dd, / = 15.3 and 10.5 Hz, 1H), 6.10 (d, J = 15.3 Hz,
1H), 3.94 and 3.92 (AB-system, ?/ = 11.2 Hz, 2H, CH:(Cl), 2.83 (s, 1H, OH). 13C NMR (100 MHz,
CDCl3) &: 142.3 (2-Ph C-1), 136.9 (6-Ph C-1), 135.3 (C-3), 133.9 (C-6), 131.5 (C-4),128.6 (2-Ph
C-3,5), 128.5 (6-Ph C-3,5), 127.8 (2-Ph C-4), 127.7 (C-5), 127.0 (6-Ph C-4), 126.4 (6-Ph C-2,6),
125.6 (2-Ph C-2,6) 76.2 (C-2), 53.7 (CH2Cl). APCI-HRMS m/z: 267.09 [M-H20]*
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1-chloro-2-(2-thiophenyl)-2-propanol (72f)

, Ho_ —Cl
S
Me
SQJ%(

3
By following the General Procedure, starting from 1-(thiophen-2-yl)ethanone (126 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 68% (120
mg) as a yellow oil after chromatography on silica gel (80:20 hexane:etylacetate).

1H NMR (400 MHz, CDCl3) &: 7.24 (dd, ] = 4.6 and 1.8 Hz, 1H, H-5), 6.99 (m, 1H, H-3), 6.98 (m,
1H, H-4), 3.82 and 3.73 (AB-system, 2] = 11.2 Hz, 2H, CH:Cl), 3.12 (br s, 1H, OH), 1.72 (s, 3H,
Me). 13C NMR (100 MHz, CDCl3) &: 148.7 (C-2), 126.7 (C-4), 124.6 (C-5), 123.3 (C-3), 72.9, 54.9
(CH2Cl), 27.5 (CH3). ESI-HRMS m/z: 199.00 [M+Na]*

3-butyl-1-(chloromethyl)-2-cyclohexen-1-ol (72g)

HO Cl
6 2
5 v A s_Me

By following the General Procedure, starting from 3-butyl-cyclohex-2-enone (152 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 81% (164
mg) as a bright yellow oil after chromatography on silica gel (70:30 hexane:etylacetate).

1H NMR (400 MHz, CeDs) 6: 5.30 (s, 1H, H-2), 3.29 (s, 2H, CHCl), 1.87 (br s, 1H, OH), 1.80 (m,
2H, H-1"), 1.72-1.57 (m, 4H, H-4,5,6), 1.50 (m, 1H, H-6), 1.34-1.14 (m, 5H, H-5,2",3"), 0.86 (t, J =
7.1 Hz, 3H, Me). 13C NMR (100 MHz, CeDs) 6: 143.8 (C-3), 123.6 (C-2), 69.7, 54.4 (CH2Cl), 37.6
(C-19), 33.5 (C-6), 29.9 (C-2"), 28.9 (C-4), 22.7 (C-3’), 19.6 (C-5), 14.2 (Me). ESI-HRMS m/z:
225.10 [M+Na]*

1-(chloromethyl)-2,3-diphenyl-1H-inden-1-o0l (72h) [MR-204-1]
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By following the General Procedure, starting from 2,3-diphenyl-inden-1-one (282 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 70% (232
mg) as a yellow solid after chromatography on silica gel (90:10 hexane:etylacetate).

1H NMR (400 MHz, CDCl3) 6: 7.70 (m, 1H, H-7), 7.45 (m, 2H, 2-Ph H-2,6), 7.35 (m, 5H, 3-Ph H-
2,3,4,5,6) 7.34 (m, 1H, H-5), 7.29 (m, 1H, H-4), 7.27 (m, 4H, 2-Ph H-3,4,5 and H-6), 3.98 and
3.66 (AB-system, 2/ = 11.0 Hz, 2H, CH:Cl), 2.75 (s, 1H, OH). 13C NMR (100 MHz, CDClI3) 6: 145.6
(C-7a), 143.0 (C-2), 142.9 (C-3a), 141.9 (C-3), 134.0 (3-Ph C-1), 133.9 (2-Ph C-1), 129.4 (2-Ph
C-2,6), 129.2 (3-Ph C-2,6), 129.1 (C-5), 128.5 (3-Ph C-3,5), 128.2 (2-Ph C-3,5), 127.8 (3-Ph C-
4),127.7 (2-Ph C-4), 126.7 (C-6), 122.9 (C-7), 121.0 (C-4), 84.3, 49.1 (CH:Cl). ESI-HRMS m/z:
355.09 [M+Na]*

9-(chloromethyl)-9H-thioxanthen-9-o0l (72i)
) HO Cl

9

4

l a~"S " 10a

4 10 5

By following the General Procedure, starting from thioxanthen-9-one (212 mg, 1.00 mmol, 1.0
equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL, 2.8
mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 63% (166 mg) as a
yellow oil after chromatography on silica gel (90:10 hexane:etylacetate).

1H NMR (400 MHz, CeDs) 8: 7.71 (m, 2H, H-1,8), 7.17 (m, 2H, H-4,5), 7.04 (m, 2H, H-2,7), 6.89
(m, 2H, H-3,6), 3.55 (s, 2H, CH:Cl), 2.75 (s, 1H, OH). 13C NMR (100 MHz, CsDs) &: 137.1 (C-
8a,9a), 130.6 (C-4a,10a), 128.0 (C-3,6), 126.9 (C-1,8), 126.7 (C-2,4,5,7), 74.6 (C-9), 49.1
(CH2CI). ESI-HRMS m/z: 263.92 [M+H]*

9-(chloromethylene)-9H-thioxantene (78) 1H NMR (400 MHz, CDCl3) é: 8.00 (m, 1H, H-1),
7.51 (m, 1H, H-4), 7.47 (m, 1H, H-8), 7.45 (m, 1H, H-5), 7.37 (m, 1H, H-2), 7.31 (m, 1H, H-3),
7.30 (m, 2H, H-6,7), 6.55 (s, 1H, CH). 13C NMR (100 MHz, CDClz) &: 136.4 (C-9), 134.9 (C-8a),
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133.1 (C-4a), 131.9 (C-10a), 130.9 (C-9a), 129.2 (C-1), 127.9 (C-3), 127.6 (C-6), 126.9 (C-7),
126.5 (C-4), 126.0 (C-5), 125.7 (C-2,8), 117.1(CH).
9-(chloromethyl)-9H-xanthen-9-ol (72j)

) HO
9

By following the General Procedure, starting from thioxanthen-9-one (196 mg, 1.00 mmol, 1.0
equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL, 2.8
mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 68% (168 mg) as a
yellow oil after chromatography on silica gel (90:10 hexane:etylacetate).
1H NMR (400 MHz, CeDs) &: 7.47 (m, 2H, H-1,8), 7.07 (m, 2H, H-4,5), 7.02 (m, 2H, H-3,6), 6.91
(m, 2H, H-2,7), 3.43 (s, 2H, CH2Cl), 2.21 (s, 1H, OH). 13C NMR (100 MHz, CsDs) &: 151.2 (C-
4a,10a), 129.7 (C-3,6), 127.1 (C-1,8), 124.6 (C-8a,9a), 123.5 (C-2,7), 116.4 (C-4,5), 68.9 (C-9),
54.8 (CH2Cl). ESI-HRMS m/z: 247.96 [M+H]*

Cl

9a
I4aO1

1

9-(chloromethylene)-9H-xanthene (77) 1H NMR (400 MHz, CeDs) &: 8.45 (m, 1H, H-1), 7.05
(m, 1H, H-4), 7.00 (m, 1H, H-5), 6.96 (m, 1H, H-3), 6.93 (m, 1H, H-8), 6.92 (m, 1H, H-6), 6.90
(m, 1H, H-2), 6.73 (m, 1H, H-7) 6.10 (s, 1H, CH). 13C NMR (100 MHz, CsDs) 6: 152.6 (C-4a),
151.1 (C-10a), 130.1 (C-3), 129.4 (C-6), 128.4 (C-1), 127.6 (C-9), 124.0 (C-7), 128.3 (C-8),
123.0 (C-2), 122.7 (C-8a), 120.2 (C-9a), 117.1 (C-4,5), 111.7 (CH).

2-chloro-9-(chloromethyl)-9H-thioxanthen-9-ol (72Kk)

By following the General Procedure, starting from 2-chloro-9H-thioxanthen-9-one (247 mg,
1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5
M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 71%

(211 mg) as a yellow oil after chromatography on silica gel (90:10 hexane:etylacetate).
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1H NMR (400 MHz, CeDe) 8: 7.78 (dd, 1H, ] = 2.2 and 0.5 Hz, H-1), 7.62 (dd, 1H, ] = 7.9 and 1.4
Hz, H-8), 7.11 (ddd, 1H, ] = 7.7, 1.3 and 0.5 Hz, H-5), 7.02 (m, 1H, H-7), 6.87 (m, 1H, H-6), 6.85
(dd, 1H, J = 8.3 and 2.2 Hz, H-3), 6.81 (dd, 1H, J = 8.3 and 0.5 Hz, H-4), 3.40 and 3.37 (AB-
system, 2] = 11.0 Hz, 2H, CHzCl), 2.47 (s, 1H, OH). 13C NMR (100 MHz, CsDs) &: 138.9 (C-9a),
136.5 (C-8a), 133.1 (C-4a), 130.2 (C-5a), 129.1 (C-2), 128.2 (C-6), 128.1 (C-3), 127.8 (C-4),
127.2 (C-1), 126.9 (C-8), 126.8 (C-7), 12.6 (C-5), 74.5 (C-9),48.5 (CH:Cl). ESI-HRMS m/z:
298.32 [M+H]*

5-(chloromethyl)-5H-dibenzo[a,d][7]annulen-5-o0l (721)
HO Cl

By following the General Procedure, starting from 5H-dibenzo[a,d][7]annulen-5-one (206 mg,
1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5
M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 74%
(190 mg) as a colourless oil after chromatography on silica gel (90:10 hexane:etylacetate).

1H NMR (400 MHz, C¢D¢) 8: 8.03 (m, 2H, H-4,6), 7.21 (m, 2H, H-3,7), 7.04 (m, 4H, H-1,2,8,9),
6.59 (s, 2H, H-10,11), 3.81 (s, 2H, CH2Cl), 3.19 (s, 1H, OH). 13C NMR (100 MHz, CsD¢) 6: 139.4
(C-4a,5a), 132.7 (C-9a,10a), 131.5 (C-10,11), 129.8 (C-1,9), 129.2 (C-3,7), 127.4 (C-2,8), 125.6
(C-4,6), 76.1 (C-5), 49.7 (CH2Cl). ESI-HRMS m/z: 257.07 [M+H]*

(3E)-1-chloro-4-phenyl-2-(2-thyenyl)-3-buten-2-ol (72m)

, HO /—Cl
S 2.8
2 5
YN
3 p

By following the General Procedure, starting from (E)-3-phenyl-1-(thiophen-2-yl)prop-2-en-
1-one (214 mg, 1.00 mmol, 1.0 equiv), ICH2CI (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-
LiBr complex (1.5 M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was
obtained in 80% (212 mg) as a colourless oil after chromatography on silica gel (90:10
hexane:etylacetate).

1H NMR (400 MHz, CDCl3) 6: 7.17 (m, 2H, Ph H-2,6), 7.08 (m, 2H, Ph H-3,5), 7.04 (m, 1H, Ph H-
4),6.83 (dd, = 5.0 and 1.1 Hz, 1H, H-5"), 6.75 (d, /] = 15.9 Hz, 1H, H-4), 6.74 (dd, J = 3.6 and 1.1
Hz, 1H, H-3’), 6.69 (dd, / = 5.0 and 3.6 Hz, 1H, H-4"), 6.32 (d, ] = 15.9 Hz, 1H, H-3), 3.61 and 3.51
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(AB-system, 2] = 11.1 Hz, 2H, CH2(Cl), 2.67 (s, 1H). 13C NMR (100 MHz, CDCl3) &: 147.6 (C-2"),
136.6 (Ph C-1), 131.4 (C-3), 131.3 (C-4), 128.8 (Ph C-3,5), 128.2 (Ph C-4), 127.0 (Ph C-2,6, C-
4"),125.5 (C-5"), 124.7 (C-3"), 75.4 (C-2), 56.0 (C-1). ESI-HRMS m/z: 265.05 [M+H]*
(2Z)-1-(chloromethyl)-2-cycloocten-1-o0l (72n)

HO Cl
2 8

3 7
4 6

By following the General Procedure, starting from (Z)-cyclooct-2-enone (124 mg, 1.00 mmol,
1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL,
2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 79% (138 mg) as a
colourless oil after chromatography on silica gel (70:30 pentane:diethylethere).

1H NMR (400 MHz, CDCl3) &: 5.42 (m, 1H, H-8), 5.41 (m, 1H, H-7), 3.12 and 3.09 (AB-system, 2/
= 10.7 Hz, 2H, CH:Cl), 2.58 (m, 1H, H-6), 1.87 (m, 1H, H-6), 1.70 (s, 1H, OH), 1.67 (m, 1H, H-3),
1.64 (m, 1H, H-4), 1.63 (m, 1H, H-2), 1.41 (m, 2H, H-2, 3), 1.36 (m, 2H, H-5), 1.25 (m, 1H, H-4).
13C NMR (100 MHz, CDCl3) 6: 133.6 (C-8), 131.5 (C-7), 74.3 (C-1), 56.2 (CH2Cl), 38.2 (C-2),
27.7 (C-5), 25.1 (C-4), 24.8 (C-6), 22.2 (C-3). ESI-HRMS m/z: 175.95 [M+H]*

(3E)-1-chloro-2-methyl-3-hepten-2-o0l (720)

HO ,—Cl
By following the General Procedure, starting from (3E)-hept-3-en-2-one (112 mg, 1.00 mmol,
1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL,
2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 88% (143 mg) as a
bright yellow oil after chromatography on silica gel (70:30 pentane:diethylether).
1TH NMR (400 MHz, C¢D¢) 6: 5.64 (td, /] = 15.5 Hz, 6.9 Hz, 1H, H-4), 5.30 (td, J = 15.5 Hz, 1.5 Hz,
1H, H-5), 3.18 and 3.14 (AB-system, 2/ = 10.8 Hz, 2H, H-1), 1.88 (s, 1H, OH) 1.87 (m, 2H, H-5),
1.28 (m, 2H, H-6), 1.13 (s, 3H, CH3), 0.82 (t,/ = 7.3 Hz, 3H, H-7). 13C NMR (100 MHz, C¢D¢) 6:
133.9 (C-53),130.4 (C-4), 71.9 (C-2), 54.7 (C-1), 34.5 (C-5), 25.7 (CH3), 22.6 (C-6), 13.7 (C-7).
ESI-HRMS m/z: 163.13 [M+H]*
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Copies of NMR spectra
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4.3. General Procedure for the conversion of the halohydrins into epoxides

A round bottom flask was torched under a stream of argon and charged with THF (1 M). The
reaction vessel was cooled to 0 °C in an ice bath and NaH (95%, 1.1 eq) and Nal (10 mol%)
were added. The heterogenous mixture was stirred for 5 minutes then halohydrin (1.0 equiv)
dissolved in an equal volume of THF, was added slowly over 30 minutes. When the addition
was complete the reaction was maintained at 0 °C and the reaction progress followed by TLC.
When the starting material was consumed the reaction was quenched with saturated aq.
NH4Cl (2 mL) and extracted with Et20 (3 x 5 mL). The organic layer was washed with brine (5
mL), dried over NazS0,, filtered and after removing the solvent under reduced pressure (bath

20 °C), the pure epoxide was obtained.

2-methyl-2-(phenylethynyl)oxirane (80a)

4& 2 Me

By following the General Procedure, starting 1-chloro-2-methyl-4-phenyl-3-butyn-2-ol (194
mg, 1.00 mmol, 1.0 equiv.), NaH (95%, 1.1 equiv), Nal (10% mol) and THF (1 M), the desired
product was obtained in 98% (155 mg) as a a bright yellow oil.

1H NMR (400 MHz, C¢D¢) 6: 7.37 (m, 2H, Ph H-2,6), 6.93 (m, 3H, Ph H-3,4,5), 2.80 (d, / = 5.7 Hz,
1H, H-1), 2.26 (d, ] = 5.7 Hz, 1H, H-1), 1.37 (s, 3H, Me). 13C NMR (100 MHz, CDCl3) 6: 132.1 (Ph
C-2,6), 128.7 (Ph C-4), 128.6 (Ph C-3,5), 122.9 (Ph C-1), 89.7 (C-3), 82.3 (C-4), 55.1 (C-1), 47.4
(C-2),23.1 (Me). ESI-HRMS m/z: 159.67 [M+H]*

Spiro[dibenzo[a,d][7]annulene-5,2’-oxirane (80b)

By following the General Procedure, starting 5-(chloromethyl)-5H-dibenzo[a,d][7]annulen-5-
ol (256 mg, 1.00 mmol, 1.0 equiv.), NaH (95%, 1.1 equiv), Nal (10% mol) and THF (1 M), the
desired product was obtained in 89% (196 mg) as a a bright yellow oil.

1H NMR (400 MHz, CeD¢) 6: 7.83 (m, 2H, H-4,6), 7.12 (m, 2H, H-3,7), 7.05 (m, 2H, H-1,9),
7.03(m, 2H, H-2,8), 6.77 (s, 2H, H-10,11), 2.41 (s, 2H, H-12). 13C NMR (100 MHz, CsDs) 6: 138.8
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(C-4a,5a), 134.6 (C-9a,10a), 131.5 (C-10,11), 128.9 (C-3,7), 128.4 (C-1,9), 127.5 (C-2,8), 124.4
(C-4,6), 60.6 (C-5), 57.7 (C-12). ESI-HRMS m/z: 221.14 [M+H]*

spiro[fluorene-9,2'-oxirane] (80c)

0 10

2 9a i 8a -
3 O O
4a 4p 6
4 5

By following the General Procedure, starting 9-(chloromethyl)-9H-fluoren-9-ol (231 mg, 1.00
mmol, 1.0 equiv.), NaH (95%, 1.1 equiv), Nal (10% mol) and THF (1 M), the desired product
was obtained in 92% (179 mg) as a a bright yellow oil.

1H NMR (400 MHz, CeDs) 8: 7.41 (m, 2H, H-4,5), 7.13 (m, 2H, H-3,6), 7.03 (m, 2H, H-1,8), 7.01
(m, 2H, H-2,7), 3.14 (s, 2H, H-10). 13C NMR (100 MHz, C¢Ds) 6: 141.7 (C-8a,9a), 141.5 (C-
4a,4b), 129.3 (C-3,6), 127.7 (C-2,7), 122.1 (C-1,8), 120.5 (C-4,5), 62.3 (C-9), 54.5 (C-10). ESI-
HRMS m/z: 195.11 [M+H]*

1-oxaspiro[2.6]non-4-ene (80d)

By following the General Procedure, starting 1-(chloromethyl)cyclohept-2-enol (161 mg, 1.00
mmol, 1.0 equiv.), NaH (95%, 1.1 equiv), Nal (10% mol) and THF (1 M), the desired product
was obtained in 91% (113 mg) as a a bright yellow oil.

1H NMR (400 MHz, CDCI3) &: 5.71 (d, J = 11.7 Hz, 1H, H-5), 5.41 (d, /] = 11.7 Hz, 1H, H-4), 2.44
(dd, /= 5.5 and 1.3 Hz, 1H, H-3), 2.41 (d, J = 5.5 Hz, 1H, H-3), 1.97 (m, 1H, H-6), 1.93 (m, 1H, H-
6), 1.86 (m, 1H, H-9), 1.61 (m, 1H, H-8), 1.48 (m, 1H, H-7), 1.44 (m, 1H, H-7), 1.42 (m, 2H, H-9),
1.36 (m, Z2H, H-8). 13C NMR (100 MHz, CDCI3) &: 133.9 (C-4), 134.0 (C-5), 58.4 (C-2), 54.2 (C-
3), 35.7 (C-9), 28.6 (C-6), 27.3 (C-7), 25.4 (C-8). ESI-HRMS m/z: 125.16 [M+H]*
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4.4. General Procedure for the Chemoselective Addition of LiCH2Cl to Ketones to obtain
aldehydes

To a cooled (-78 °C) solution of enone (1.0 equiv) in dry THF was added chloroiodomethane
(3.0 equiv). After 2 min, an ethereal solution of MeLi-LiBr (2.8 equiv, 1.5 M) was added
dropwise, using a syringe pump (flow: 0.200 mL/min). The resulting solution was stirred
overnight until the room temperature was reached. Saturated aq NH4Cl was added (2
mL/mmol substrate) and then, it was extracted with Et20 (2 x 5 mL) and washed with water
(5 mL) and brine (10 mL). The organic phase was dried (anhydrous Na;S04), 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.

2-methyl-2-(2-thienyl)propanal (94a)

By following the General Procedure, starting from 1-(thiophen-2-yl)ethanone (126 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 73% (113
mg) as a bright yellow oil after chromatography on silica gel (90:10 hexane:etylacetate).

1H NMR (400 MHz, CsDs) 6: 9.10 (s, 1H, CHO), 6.80 (dd, J = 5.1 and 1.2 Hz, 1H, H-2), 6.67 (dd, J
= 5.1 and 3.6 Hz, 1H, H-3), 6.54 (dd, J = 3.6 and 1.2 Hz, 1H, H-4), 1.20 (s, 6H, Me). 13C NMR
(100 MHz, Ce¢Ds) &: 198.6 (CHO), 146.3 (C-5), 127.5 (C-3), 125.2 (C-2), 124.8 (C-4), 48.7, 23.4
(Me). ESI-HRMS m/z: 155.57 [M+H]*

2-(2-thionyl)propanal (94a‘) 1H NMR (400 MHz, C¢De¢) 6: 9.24 (d, / = 1.5 Hz, 1H, CHO), 6.78
(dd, J = 5.1 and 1.2 Hz, 1H, H-2), 6.67 (dd, J = 5.1 and 3.5 Hz, 1H, H-3), 6.49 (ddd, J = 3.6, 1.2
and 0.8 Hz, 1H, H-4), 3.19 (m, 1H, CH), 1.14 (d, J = 7.1 Hz, 3H, Me). 13C NMR (100 MHz, C¢Ds)
6:197.0 (CHO), 140.7 (C-5), 127.5 (C-3), 125.5 (C-4), 125.1 (C-2), 47.8, 15.3 (Me).
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(3E)-2,2-dimethyl-4-phenyl-3-butenal (94b)

; Me_Me

6

. N9CHO

1 8
o 2

By following the General Procedure, starting from (E)-4-phenylbut-3-en-2-one (146 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 81% (141
mg) as a bright yellow oil after chromatography on silica gel (90:10 hexane:etylacetate).

1H NMR (400 MHz, CeDs) 6: 9.18 (s, 1H, CHO), 7.13 (m, 2H, H-2, 6), 7.11 (m, 2H, H-3, 5), 7.06
(m, 1H, H-4), 6.25 (d, / = 16.3 Hz, 1H, H-7), 5.93 (d, /] = 16.3 Hz, 1H, H-8), 0.99 (s, 6H, Me). 13C
NMR (100 MHz, CsDs) &: 200.7 (CHO), 137.2 (C-1), 131.6 (C-8), 131.2 (C-7), 128.8 (C-3, 5),
128.0 (C-4), 126.8 (C-2, 6), 48.6 (C-9), 21.5 (Me). ESI-HRMS m/z: 175.86 [M+H]*

CHO

3

94b’
(Z)-2-methyl-4-phenyl-2-butenal (94b’) TH NMR (400 MHz, CsD¢) 6: 9.20 (s, 1H, CHO),
7.14-7.01 (m, 3H, H-2, 6, 4), 6.89-6.84 (m, 2H, H-3, 5), 5.98-5.93 (m, 1H, H-8), 3.08 (d, ] = 4.0
Hz, 2H, H-7), 1.64 (s, 3H, Me). 13C NMR (100 MHz, C¢Ds) 6: 193.9 (CHO), 150.8 (C-8), 139.7 (C-
1),138.7 (C-9), 128.9 (C-2, 6), 128.7 (C-3, 5), 126.8 (C-4), 34.9 (C-7), 9.25 (Me).

1,4,4-trimethyl-2-cyclohexene-1-carbaldehyde (94c)

M:a CHO

6 2

L

Me® Me
By following the General Procedure, starting from 4,4-dimethylcyclohex-2-enone (124 mg,
1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5
M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 89%
(136 mg) as a bright yellow oil after chromatography on silica gel (96:4 pentane:diethylether).
1H NMR (400 MHz, CsDs) 6: 9.23 (s, 1H, CHO), 5.45 (d, J = 10.0 Hz, 1H, H-3), 5.14 (d, / = 10.0
Hz, 1H, H-2), 1.79 (m, 1H, H-6), 1.32 (m, 1H, H-5), 1.24 (m, 1H, H-5), 1.18 (m, 1H, H-6), 0.87 (s,
3H, H-7), 0.82 (s, 6H, Me). 13C NMR (100 MHz, C¢D¢) 6: 201.5 (CHO), 141.1 (C-3), 125.7 (C-2),
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47.6 (C-1), 33.7 (C-5), 31.5 (C-4), 29.5 (Me), 29.1 (Me), 27.1 (C-6), 22.0 (C-7). ESI-HRMS m/z:
153.79 [M+H]*

Me Me
94c'

4,4-dimethyl-1-cyclohexene-1-carbaldehyde (94c¢’) TH NMR (400 MHz, C¢Ds) 6: 9.31 (s,
1H, CHO), 6.00 (m, 1H, H-2), 2.20 (m, 2H, H-6), 1.58 (m, 2H, H-3), 1.05 (t, / = 6.5 Hz, 2H, H-5),
0.66 (s, 6H, Me). 13C NMR (100 MHz, C¢De¢) &: 192.7 (CHO), 148.7 (C-2), 140.6 (C-1), 40.1 (C-3),
34.3 (C-5), 29.1 (C-4), 28.0 (Me), 19.6 (C-6).

3-sec-butyl-1-methyl-2-cyclohexene-1-carbaldehyde (94d)

11
Me CHO

By following the General Procedure, starting from 3-(sec-butyl)cyclohex-2-enone (152 mg,
1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5
M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 80%
(144 mg) as a bright yellow oil after chromatography on silica gel (96:4 pentane:diethylether).
1H NMR (400 MHz, CsDs) &: 9.293 (s, 1H, CHO), 9.290 (s, 1H, CHO), 5.04 (s, 1H, H-2), 1.82 (m,
1H, H-7), 1.78 (m, 1H, H-6), 1.53 - 1.70 (m, 2H, H-4), 1.32 - 1.51 (m, 2H, H-5), 1.15 - 1.30 (m,
2H, H-8), 1.09 (m, 1H, H-6), 0,95 (s, 3H, H-11), 0,94 (s, 3H, H-11), 0.89 (d, / = 6.9 Hz, 3H, H-10),
0.76 (t, ] = 7.4 Hz, 3H, H-9), 0.75 (t, ] = 7.4 Hz, 3H, H-9). 13C NMR (100 MHz, CsDs) &: 201.83
(CHO), 201.74 (CHO), 146.40 (C-3), 146.39 (C-3), 121.71 (C-2), 121.67 (C-2), 47.73 (C-1),
47.68 (C-1), 43.43 (C-7), 43.37 (C-7), 30.28 (C-6), 30.17 (C-6), 27.86 (C-8), 24.91 (C-4), 24.87
(C-4), 22.54 (C-11), 22.52 (C-11) 19.81 (C-5), 19.71 (C-5), 19.41 (C-10), 19.29 (C-10), 12.14
(C-9),12.13 (C-9). ESI-HRMS m/z: 181.53 [M+H]*
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3-butyl-1-methyl-2-cyclohexene-1-carbaldehyde (94e)

1"

Me CHO

By following the General Procedure, starting from 3-butylcyclohex-2-enone (152 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 92% (166
mg) as a bright yellow oil after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, Ce¢Ds) &: 9.29 (s, 1H, CHO), 5.04 (s, 1H, H-2), 1.83 (t, / = 6.9 Hz, 2H, H-7),
1.77 (m, 1H, H-6), 1.65 (m, 2H, H-4), 1.35 - 1.52 (m, 2H, H-5), 1.25 (m, 2H, H-8), 1.21 (m, 2H,
H-9), 1.09 (m, 1H, H-6), 0.94 (s, 3H, H-11), 0.86 (t, /] = 7.0 Hz, 3H, H-10). 13C NMR (100 MHz,
CeDs) 6: 201.8 (CHO), 142.5 (C-3), 121.9 (C-2), 47.7 (C-1), 38.0 (C-7), 30.1 (C-8), 30.0 (C-6),
28.3 (C-4), 22.7 (C-9), 19.7 (C-5), 14.2 (C-10). ESI-HRMS m/z: 181.78 [M+H]*

1-methyl-2-cyclohexene-1-carbaldehyde (94f)

7

Me CHO
6 2
5 3

By following the General Procedure, starting from cyclohex-2-enone (96 mg, 1.00 mmol, 1.0
equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL, 2.8
mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 70% (87 mg) as a
bright yellow oil after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, CsDs) 6: 9.24 (s, 1H, CHO), 5.67 (td, ] = 10.0 Hz, 3.8 Hz, 1H, H-3), 5.26 (td, J
=10.0 Hz, 2.1 Hz, 1H, H-2), 1.74 (m, 1H, H-6), 1.63 - 1.68 (m, 2H, H-4), 1.26 - 1.44 (m, 2H, H-
5),1.07 (m, 1H, H-6), 0.87 (s, 3H, H-7). 13C NMR (100 MHz, C¢D¢) &: 201.7 (CHO), 130.7 (C-3),
128.2 (C-2),47.5 (C-1), 30.0 (C-6), 24.9 (C-4), 22.1 (C-7), 19.1 (C-5). ESI-HRMS m/z: 125.43
[M+H]*
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1,3-dimethylcyclohex-2-enecarbaldehyde (94g)

8

Me CHO

6 2

5 3 Me
4 7

By following the General Procedure, starting from 3-methylcyclohex-2-enone (110 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 65% (90
mg) as a bright yellow oil after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, CeDe¢) 6: 9.27 (s, 1H, CHO), 4.99 (m, 1H, H-2), 1.74 (m, 1H, H-6), 1.58 (m,
2H, H-4), 1.49 (m, 3H, H-7), 1.31-1.49 (m, 2H, H-5), 1.05 (m, 1H, H-6), 0.90 (s, 3H, H-8). 13C
NMR (100 MHz, CsDs) 6: 201.8 (CHO), 138.4 (C-3), 122.5 (C-2), 47.7 (C-1), 29.8 (C-4), 29.7 (C-
6), 24.1 (C-7), 22.3 (C-8), 19.6 (C-5). ESI-HRMS m/z: 139.61 [M+H]*

1,2-dimethyl-2-cyclohexene-1-carbaldehyde (94h)

8
Me CHO

Me 7
2

6

5 3
4

By following the General Procedure, starting from 2-methylcyclohex-2-enone (110 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 59% (82
mg) as a bright yellow oil after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, C¢Ds) 6: 9.26 (s, 1H, CHO), 5.45 (m, 1H, H-3), 1.70 - 1.76 (m, 2H, H-4), 1.54
(m, 1H, H-6), 1.47 (m, 3H, H-7), 1.37 (m, 1H, H-5), 1.28 (m, 1H, H-5), 1.08 (m, 1H, H-6), 1.00 (s,
3H, H-8). 13C NMR (100 MHz, CsDs) 6: 202.4 (CHO), 132.7 (C-2), 127.0 (C-3), 50.5 (C-1), 31.7
(C-6), 25.6 (C-4), 19.9 (C-7), 19.5 (C-8), 18.7 (C-5). ESI-HRMS m/z: 139.80 [M+H]*

94h’
2-methyl-2-cyclohexene-1-carbaldehyde (94h’) 1H NMR (400 MHz, Ce¢Ds) 6:9.32 (d,J = 2.3
Hz, 1H, CHO), 5.43 (m, 1H, H-3), 2.38 (m, 1H, H-1), 1.72 (m, 2H, H-4), 1.68 (m, 1H, H-6), 1.56
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(m, 3H, H-7), 1.28 (m, 1H, H-6), 1.20-1.32 (m, 2H, H-5). 13C NMR (100 MHz, CsDs) 5: 200.6
(CHO), 129.1 (C-2), 126.1 (C-3), 52.6 (C-1), 25.1 (C-4), 23.0 (C-6), 22.8 (C-7), 19.5 (C-5).

CHO

94h"
2-methyl-2-cyclohexene-1-carbaldehyde (94h”) 1H NMR (400 MHz, CeDs) 6: 10.04 (s, 1H,
CHO), 2.24 (m, 2H, H-5), 1.61 (m, 2H, H-3), 1.49 (m, 3H, H-7), 1.29 (m, 2H, H-6), 1.22 (m, 2H,
H-4).13C NMR (100 MHz, CsDs) 6: 189.7 (CHO), 153.6 (C-2), 133.9 (C-1), 22.7 (C-5), 22.3 (C-4),
22.0 (C-6).

(3E)-2,2-dimethyl-3-heptenal (94i)
CHO .
6l 5 2

7 Me 1
Me 3

8
By following the General Procedure, starting from (3E)-hept-3-en-2-one (112 mg, 1.00 mmol,
1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL,
2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 69% (97 mg) as a
bright yellow oil after chromatography on silica gel (96:4 pentane:diethylether).
1H NMR (400 MHz, C¢Ds) 6: 9.19 (s, 1H, CHO), 5.29 (td, J = 15.8 Hz, 6.6 Hz, 1H, H-4), 5.18 (td, J
=15.8 Hz, 1.2 Hz, 1H, H-5), 1.82 (m, 2H, H-3), 1.22 (m, 2H, H-2), 0.95 (s, 6H, H-7, H-8), 0.79 (t,]
= 7.4 Hz, 3H, H-1). 13C NMR (100 MHz, Ce¢D¢) 6: 201.2 (CHO), 132.3 (C-5), 131.9 (C-4), 48.3 (C-
6), 35.1 (C-3), 22.7 (C-2), 21.6 (C-7, C-8), 13.7 (C-1). ESI-HRMS m/z: 141.45 [M+H]*

94i'
(22)-2-methyl-2-hept2enal (94i’) tH NMR (400 MHz, CsDs) &: 9.29 (s, 1H, CHO), 5.84 (m,
1H, H-5), 1.83 (m, 2H, H-4), 1.63 (m, 3H, H-7), 1.07 (m, 4H, H-2, H-3), 0.78 (m, 3H, H-1). 13C
NMR (100 MHz, C¢Ds) 8: 194.0 (CHO), 139.6 (C-6), 153.1 (C-5), 30.6 (C-3), 28.5 (C-4), 22.5 (C-
2),14.0 (C-1),9.2 (C-7).
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1-methyl-4,4-diphenyl-2-cyclohexene-1-carbaldehyde (94j)

By following the General Procedure, starting 4,4-diphenyl-2-cyclohexen-1-one (248 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 81% (225
mg) as a colourless solid after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, C¢D¢) 8: 9.19 (s, 1H, CHO), 7.14 (m, 2H, H-6’, H-6"), 7.12 (m, 2H, H-2’, H-
2"),7.09 (m, 2H, H-3’, H-3"), 7.03 (m, 1H, H-4"), 7.01 (m, 1H, H-4"), 6.11 (d, / = 10.1 Hz, 1H, H-
3),5.41 (d,J = 10.1 Hz, H-2), 2.07 - 2.21 (m, 2H, H-5), 1.77 (m, 1H, H-6), 1.16 (m, 1H, H-6). 13C
NMR (100 MHz, CsDe¢) 6: 201.1 (CHO), 148.7 (C-1"), 148.2 (C-1"), 138.2 (C-3), 128.53 (C-3’, C-
3”), 128.47 (C-5’, C-5"), 128.40 (C-2’, C-2"), 128.4 (C-2), 128.09 (C-6’, C-6"), 126.35 (C-4"),
126.31 (C-4"), 48.8 (C-4), 47.7 (C-1), 33.0 (C-5), 26.6 (C-6), 26.1 (C-7). ESI-HRMS m/z: 277.65
[M+H]*

94j'

4,4-diphenyl-1-cyclohexene-1-carbaldehyde (94j’) tH NMR (400 MHz, CsD¢) 6: 9.25 (s, 1H,
CHO), 7.06 (m, 4H, H-3’, H-3”, H-5’, H-5"), 7.00 (m, 2H, H-4’, H-4"), 6.95 (4H, H-2’, H-2”, H-6'".
H-6"), 6.12 (m, 1H, H-2), 2.41 (m, 2H, H-3), 1.99 (m, 2H, H-6), 1.96 (m, 2H, H-5). 13C NMR (100
MHz, CsDs) 6: 192.0 (CHO), 148.2 (C-1’, C-1"), 147.7 (C-2), 141.7 (C-1), 128.4 (C-3’, C-3”, C-5".
C-5"), 127.2 (C-2’, C-2”, C-6’, C-6"), 126.3 (C-4’, C-4”), 45.9 (C-4), 39.2 (C-3), 32.2 (C-5), 19.5
(C-6).
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1,3,5,5-tetramethyl-2-cyclohexene-1-carbaldehyde (94k)

10

Me CHO
g 6 2
Me
M65 4 3Me7

8
By following the General Procedure, starting 3,5,5-trimethylcyclohex-2-enone (138 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 63% (105
mg) as a colourless solid after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, CsDs) 6: 9.30 (s, 1H, CHO), 5.18 (m, 1H, H-2), 1.79 (ddd, ] = 13.7 Hz, 1.7 Hz,
1.0 Hz, H-6), 1.54 (m, 3H, H-7), 1.51 (m, 1H, H-4), 1.38 (m, 1H, H-4), 0.92 (d, / = 13.7 Hz, 1H, H-
6), 0.87 (s, 3H, H-10), 0.81 (s, 3H, H-9), 0.72 (s, 3H, H-8). 13C NMR (100 MHz, C¢D¢) &: 202.5
(CHO), 135.9 (C-3), 121.9 (C-2), 48.2 (C-1), 44.1 (C-4), 43.0 (C-6), 30.7 (C-9), 30.0 (C-5), 28.0
(C-8), 24.3 (C-7), 24.0 (C-10). ESI-HRMS m/z: 167.83 [M+H]*

6-isopropyl-1,3-dimethyl-2-cyclohexene-1-carbaldehyde (941)
10 11
8Me Me CHO
Me” T2
9
53 M7e

By following the General Procedure, starting 6-isopropyl-3-methylcyclohex-2-enone (152 mg,
1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5
M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), a mixture of two aldehydes (which are
inseparable) was obtained in 61% (110 mg) as a bright yellow oil.after chromatography on
silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, CeD¢) 6: 9.70 (s, 1H, CHO), 4.71 (m, 1H, H-2), 1.88 (m, 1H, H-8), 1.77 (m,
2H, H-4), 1.52 (m, 3H, H-7), 1.50 (m, 1H, H-5), 1.37 (m, 1H, H-5), 1.18 (m, 1H, H-6), 1.16 (s, 3H,
H-11), 0.77 (d, ] = 6.9 Hz, 3H, H-10), 0.65 (d, / = 6.9 Hz, 3H, H-9). 13C NMR (100 MHz, C¢D¢) &:
201.0 (CHO), 139.3 (C-3), 124.1 (C-2), 52.2 (C-1), 49.6 (C-6), 31.0 (C-4), 26.5 (C-8), 23.7 (C-7),
23.6 (C-10), 21.3 (C-11), 19.4 (C-5), 18.27 (C-9). ESI-HRMS m/z: 181.92 [M+H]*
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Me CHO
B 6
Me 2
9 7
5 3 Me
4
aUl'

6-isopropyl-3-methyl-2-cyclohexene-1-carbaldehyde (941') 1H NMR (400 MHz, CsD¢) 6:
9.26 (d, ] = 3.2 Hz, 1H, CHO), 5.08 (m, 1H, H-2), 2.72 (m, 1H, H-1), 1.65 (m, 2H, H-4), 1.52 (m,
5H, H-6, H-8, H-7), 1.43 (m, 1H, H-5), 1.10 (m, 1H, H-5), 0.70 (d, / = 6.6 Hz, 3H, H-9). 13C NMR
(100 MHz, CsDs) 6: 201.3 (CHO), 139.2 (C-3), 116.1 (C-2), 53.4 (C-1), 38.9 (C-6), 29.4 (C-4),
29.3 (C-8), 23.8 (C-7), 22.1 (C-5), 21.1 (C-10), 18.24 (C-9).

2-(4-methoxyphenyl)-2-methylpropanal (94m)

10

. Me CHO
5 7 Me
9 4 8

MeO 2
3

By following the General Procedure, starting 4-methoxy-acetophenone (150 mg, 1.00 mmol,
1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL,
2.8 mmol, 2.8 equiv) and THF (2 mL the desired product was obtained in 62% (111 mg) as a
colourless solid after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, CeDs) &: 9.28 (s, 1H, CHO), 6.96 (m, 2H, H-2, H-6), 6.72 (m, 2H, H-3, H-5),
3.30 (s, 3H, H-9), 1.19 (s, 6H, H-7, H-8). 13C NMR (100 MHz, C¢Ds) 6: 200.9 (CHO), 159.2 (C-4),
133.5 (C-1), 128.1 (C-2, C-6), 114.5 (C-3, C-5), 54.8 (C-9), 49.6 (C-7), 22.5 (C-8, C-10). ESI-
HRMS m/z: 179.73 [M+H]*

CHO
6
5 7 Me
9 4 5 8
MeO
3
94m'

2-(4-methoxyphenyl)propanal (94m’) 1H NMR (400 MHz, C¢Ds) 6: 9.38 (d, /= 1.4 Hz, 1H,
CHO), 6.80 (m, 2H, H-2, H-6), 6.71 (m, 2H, H-3, H-5), 3.27 (s, 3H, H-9), 3.03 (m, 1H, H-7), 1.18
(d,J=7.1Hz, 3H, H-8). 3C NMR (100 MHz, C¢Ds) 6: 199.6 (CHO), 159.5 (C-4), 130.1 (C-1),
129.6 (C-2, C-6),114.8 (C-5), 54.8 (C-9), 52.3 (C-7), 14.8 (C-8).
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(E)-1-methyl-3-styryl-2-cyclohexene-1-carbaldehyde (94n) [VP-294-2]
Me CHO

By following the General Procedure, starting (E)-3-styryl-2-cyclohexen-1-one (198 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 72% (163
mg) as a colourless solid after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, CDCl3) &: 9.41 (s, 1H, CHO), 7.34 (d,J = 8.0 Hz, 2H, Ph-2, Ph-6), 7.24 (t, ] =
8.0 Hz, 2H, H-3, H-5), 7.14 (t,/ = 8.0 Hz, 1H, H-4), 6.72 (d,/ = 12.0 Hz, 1H, H-7), 6.49 (d, ] = 12.0
Hz, 1H, H-8), 5.53 (s, 1H, H-2), 2.28-2.17 (m, 2H, H-4), 1.97-1.92 (m, 1H, H-6), 1.77-1.62 (m,
2H, H-5, H-6), 1.41-1.36 (m, 1H, H-5), 1.11 (s, 3H, Me). 13C NMR (100 MHz, CDCl3) 6: 202.7
(CHO), 138.3 (Ph-1), 137.4 (C-3), 131.4 (C-7), 129.3 (C-2), 128.6 (Ph-3, Ph-5), 127.4 (Ph-2, Ph-
6), 127.3 (Ph-4), 126.4 (C-8), 48.6 (C-1), 29.9 (C-6), 24.3 (C-4), 22.2 (Me), 19.0 (C-5). ESI-
HRMS m/z: 227.81 [M+H]*

6-isopropenyl-2,4,4a-trimethyl-2,3,4,4a,5,6,7,8-octahydro-2-naphthalenecarbaldehyde
(940)

By following the General Procedure, starting 4,4a-dimethyl-6-(prop-1-en-2-yl)-4,4a,5,6,7,8-
hexahydronaphthalen-2(3H)-one (218 mg, 1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL,
3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL
the desired product was obtained in 63% (155 mg) as a colourless oil after chromatography
on silica gel (96:4 pentane:diethylether).

Major tH NMR (400 MHz, CsDs): 6 9.18 (s, 1H, CHO), 4.94 (m, 1H, H-1), 4.80-4.76 (m, 2H, H-
12), 2.14 (m, 1H, Hax-8), 2.11 (m, 1H, Hax-6), 1.98 (m, 1H, Hax-8), 1.83 (m, 1H, Heq-5), 1.67
(m, 1H, Heq-7), 1.63 (m, 3H, H-13), 1.57 (m, 1H, Heq-3), 1.44 (m, 1H, Hax-4), 1.12 (m, 1H, Hax-
7), 1.05 (s, 3H, CH3z), 0.95 (m, 1H, Hax-3), 0.90 (m, 1H, Hax-5), 0.75 (s, 3H, H-9), 0.72 (d, ] = 6.7
Hz, 3H, H-10). 13C NMR (100 MHz, CsDs): 6 201.97 (CHO), 149.93 (C-6), 147.21 (C-8a), 120.69
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(C-1), 109.1 (C-12), 49.03 (C-2), 45.07 (C-5), 40.98 (C-11), 38.29 (C-4a), 36.60 (C-4), 33.45 (C-
3),33.16 (C-7), 33.02 (C-8), 21.51 (CH3), 20.97 (C-13), 18.12 (C-9), 15.44 (C-10).

Minor 1H NMR (400 MHz, CeDs): § 9.34 (d, /] = 0.8 Hz, 1H, CHO), 4.98 (m, 1H, H-1), 4.80-4.76
(m, 2H, H-12), 2.14 (m, 1H, Hax-8), 2.11 (m, 1H, Hax-6), 1.98 (m, 1H, Hax-8), 1.83 (m, 1H, Heqg-
5), 1.69 (m, 1H, Heqg-3), 1.67 (m, 1H, Heqg-7), 1.61 (m, 3H, H-13), 1.50 (m, 1H, Hax-4), 1.12 (m,
1H, Hax-7), 1.07 (m, 1H, Hax-3), 0.84 (s, 3H, CHs), 0.90 (m, 1H, Hax-5), 0.77 (s, 3H, H-9), 0.73
(d, /= 6.8 Hz, 3H, H-10). 13C NMR (100 MHz, C¢D¢): 6 201.33 (CHO), 149.90 (C-11), 147.83 (C-
8a), 121.69 (C-1), 109.2 (C-12), 47.98 (C-2), 44.81 (C-5), 41.09 (C-6), 37.95 (C-4a), 38.28 (C-
4),35.21 (C-3), 33.17 (C-7), 33.02 (C-8), 23.07 (CH3), 20.90 (C-13), 18.22 (C-9), 15.50 (C-10).

1,2-dimethyl-2-cyclopentene-1-carbaldehyde (94p)

Me CHO

6
5 2_Me
4 3

By following the General Procedure, starting 2-methylcyclopent-2-enone (96 mg, 1.00 mmol,
1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL,
2.8 mmol, 2.8 equiv) and THF (2 mL the desired product was obtained in 70% (87 mg) as a
colourless oil after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, CeDe¢): 6 9.26 (s, 1H, CHO), 5.29 (m, 1H, H-3), 2.03 (m, 2H, H-4), 1.98 (m,
1H, H-5), 1.38 (m, 3H, H-6), 1.36 (m, 1H, H-5), 1.02 (s, 3H, CH3). 13C NMR (100 MHz, CsDs): &
201.3 (CHO), 140.1 (C-2),129.4 (C-3), 61.8 (C-1), 33.7 (C-5), 30.4 (C-4), 17.9 (CH3), 13.0 (C-6).
ESI-HRMS m/z: 125.32 [M+H]*

1-methyl-3-(2-methyl-2-propanyl)-2-cyclohexene-1-carbaldehyde (94q)

8
Me CHO

By following the General Procedure, starting 3-(t-butyl)cyclohex-2-enone (152 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL the desired product was obtained in 85% (153

mg) as a colourless oil after chromatography on silica gel (96:4 pentane:diethylether).
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1H NMR (400 MHz, CeD): 8 9.29 (s, 1H, CHO), 5.18 (t, ] = 1.6 Hz, 1H, H-2), 1.78 (m, 1H, H-6),
1.75 (m, 2H, H-4), 1.38 (m, 9H, CH3), 1.51 (m, 1H, H-5), 1.02 (s, 3H, H-8). 13C NMR (100 MHz,
CeDe): & 201.6 (CHO), 150.2 (C-3), 118.7 (C-2), 47.5 (C-1), 35.5 (C-6), 29.6 (C-9), 28.8 (CH3),
24.4 (C-4), 22.5 (C-8), 20 (C-5).

1-methyl-3-phenyl-2-cyclohexene-1-carbaldehyde (94r)

8
Me CHO

By following the General Procedure, starting 5,6-dihydro-[1,1'-biphenyl]-3(4H)-one (172 mg,
1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5
M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL the desired product was obtained in 79%
(158 mg) as a colourless oil after chromatography on silica gel (96:4 pentane:diethylether).
1H NMR (400 MHz, CsDe): 6 9.28 (s, 1H, CHO), 7.23 (m, 2H, Ph-H 2,6), 7.15 (m, 2H, Ph H-3,5),
7.10 (m, 1H, Ph H-4), 5.68 (t, /] = 1.6 Hz, 1H, H-2), 2.10-2.06 (m, 2H, H-4), 1.79 (m, 1H, H-6),
1.56-1.39 (m, 2H, H-5), 1.10 (m, 1H, H-6), 0.94 (s, 3H, H-8). 13C NMR (100 MHz, CsD¢): 6 201.4
(CHO), 142.1 (Ph C-1), 142.0 (C-3), 128.6 (Ph C-3,5), 127.6 (Ph C-4), 125.8 (Ph C-2,6), 125.0
(C-2),48.2 (C-1), 29.6 (C-6), 27.4 (C-4), 22.3 (C-8), 19.7 (C-5).

1-methyl-3-(2-thienyl)-2-cyclohexene-1-carbaldehyde (94s)

8
Me CHO

By following the General Procedure, starting 3-(thiophen-2-yl)cyclohex-2-enone (178 mg,
1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5
M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL the desired product was obtained in 74%
(153 mg) as a colourless oil after chromatography on silica gel (96:4 pentane:diethylether).

1H NMR (400 MHz, CeDs): 6 9.18 (s, 1H, CHO), 6.79 (dd, ] = 4.9 Hz and 1.2 Hz, 1H, H-5), 6.78
(dd, J = 3.7 and 1.2 Hz, 1H, H-3’), 6.73 (dd, / = 4.9 Hz and 3.7 Hz, 1H, H-4"), 5.88 (t, /] = 1.7 Hz,
1H, H-2), 2.14-2.00 (m, 2H, H-4), 1.73 (m, 1H, H-6), 1.50-1.32 (m, 2H, H-5), 1.03 (m, 1H, H-6),
0.87 (s, 3H, H-8). 13C NMR (100 MHz, CsDs): 6 200.9 (CHO), 146.0 (C-2’), 135.0 (C-3), 127.4 (C-
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4),124.0 (C-5"), 123.6 (C-2), 122.9 (C-3"), 48.1 (C-1), 29.6 (C-6), 27.5 (C-4), 22.1 (C-8), 19.4 (C-
5).

(3E)-2-benzyl-2-methyl-4-phenyl-3-butenal (92)
. Me_ CHO

By following the General Procedure, starting (E)-4-phenylbut-3-en-2-one (256 mg, 1.00 mmol,
1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL,
2.8 mmol, 2.8 equiv), benzylbromine (833 pL, 7.0 equiv) and THF (2 mL), the desired product
was obtained in 82% (205 mg) as a colourless solid after chromatography on silica gel (90:10
hexane:diethylether).

1H NMR (400 MHz, CsDe¢) 6: 9.31 (s, 1H, CHO), 7.12 (m, 2H, H-2’, H-6’), 7.11 (m, 2H, H-3’, H-5),
7.05 (m, 3H, H-4’, H-3”, H-5"), 7.03 (m, 1H, H-4"), 6.95 (m, 2H, H-2", H-6"), 6.19 (d, ] = 16.4 Hz,
1H, H-4), 6.02 (d, ] = 16.4 Hz, 1H, H-3), 2.79-2.73 (AB-system, 2Jag = 13.4 Hz, 2H, H-1), 0.98 (s,
3H, H-5). 13C NMR (100 MHz, C¢D¢) &: 200.8 (CHO), 137.2 (C-1"), 137.0 (C-1"), 132.0 (C-4),
130.8 (C-2”, C-6"), 130.5 (C-3), 128.9 (C-3’, C-5"), 128.3 (C-3”, C-5"), 128.0 (C-4’), 126.8 (C-4"),
126.75 (C-2’, C-6"), 53.3 (C-2), 42.6 (C-1), 18.3 (C-5). ESI-HRMS m/z: 251.76 [M+H]*

(3E)-2,2-dimethyl-4-phenyl(1-2H)-3-butenal (83)

, Me_Me

6

5 1\9CDO
8

4 2
3

By following the General Procedure, starting (E)-4-phenylbut-3-en-2-one (256 mg, 1.00 mmol,
1.0 equiv), CD2Br; (528 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL,
2.8 mmol, 2.8 equiv), benzylbromine ( and THF (2 mL), the desired product was obtained in
31% (54 mg) as a colourless solid after chromatography on silica gel (90:10
hexane:diethylether).

1H NMR (400 MHz, C¢D¢) 6: 7.13 (m, 2H, H-2, H-6), 7.10 (m, 2H, H-3, H-5), 7.07 (m, 1H, H-4),
6.25 (d,J = 16.3 Hz, 1H, H-7), 5.93 (d, / = 16.3 Hz, 1H, H-8), 0.98 (s, 6H, Me). 13C NMR (100
MHz, CsDs) 6: 200.4 (t, 1:1:1, ] = 26.6 Hz, CDO), 137.2 (C-1), 131.6 (C-8), 131.2 (C-7), 128.8 (C-
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3,C-5), 128.0 (C-4), 126.8 (C-2,6), 48.5 (t, 1:1:1, ] = 3.3 Hz, C-9), 21.5 (Me). ESI-HRMS m/z:
176.48 [M+H]*

1-methyl-3-phenyl-2-cyclohexene-1-carbaldehyde (84) 1H NMR (400 MHz, CsD¢): 7.12
(m, 2H, H-3,5), 7.06 (m, 1H, H-4), 6.85 (m, 2H, H-2,6), 5.95 (qt, / = 7.4 and 1.4 Hz, 1H, H-8),
3.09 (d, /= 7.4 Hz, 2H, H-7), 1.64 (td, / = 1.4 and 0.9 Hz, 3H, CH3). 13C NMR (100 MHz, C¢D¢): &
193.5 (t 1:1:1, ] = 26.4 Hz, CDO), 150.7 (C-8), 139.6 (t 1:1:1, / = 3.7 Hz, C-9), 138.7 (C-1), 129.0
(C-3,5),128.7 (C-2,6), 126.8 (C-4), 35.0 (C-7), 9.21 (CH3).
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4.5. General Procedure for the Chemoselective Addition of LiCH2Cl to Ketones to obtain
epoxides

To a cooled (-78 °C) solution of enone (1.0 equiv) in dry THF was added chloroiodomethane
(3.0 equiv). After 2 min, an ethereal solution of MeLi-LiBr (2.8 equiv, 1.5 M) was added
dropwise, using a syringe pump (flow: 0.200 mL/min). The resulting solution was stirred
overnight until the room temperature was reached. Saturated aq NH4Cl was added (2
mL/mmol substrate) and then, it was extracted with Et20 (2 x 5 mL) and washed with water
(5 mL) and brine (10 mL). The organic phase was dried (anhydrous Na;S04), filtered and,

after removal of the solvent under reduced pressure, pure compounds were obtained.

2-(2-methyl-2-propanyl)-2-phenyloxirane (96a)

o) 8

1 9
5 7

12

. ) 11

3

10

By following the General Procedure, starting 2,2-dimethyl-1-phenylpropan-1-one (162 mg,
1.00 mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5
M, 1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 99%
(174 mg) as a bright yellow oil.

1H NMR (400 MHz, CDCl3) 6: 7.35 (m, 2H, H-2, H-6), 7.30 (m, 2H, H-3, H-5), 7.28 (m, 1H, H-4),
3.11 (d, 9/ = 5.1 Hz, 1H, H-8), 2.65 (d, 4/ = 5.1 Hz, 1H, H-8), 0.98 (s, 9H, H-10, H-11, H-12). 13C
NMR (100 MHz, CDCI3) 6: 139.5 (C-1), 128.8 (C-2, C-6), 127.3 (C-3, C-5), 127.2 (C-4), 66.8 (C-
7), 50.8 (C-8), 33.7 (C-9), 26.3 (C-10, C-11, C-12). APCI-HRMS m/z: 177.12 [M+H]*

2-methyl-2-phenyloxirane (96b)

By following the General Procedure, starting acetophenone (120 mg, 1.00 mmol, 1.0 equiv),
ICH2CI (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL, 2.8 mmol,
2.8 equiv) and THF (2 mL), the desired product was obtained in 99% (133 mg) as a bright

yellow oil.
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1H NMR (400 MHz, CDCls) &: 7.37 (m, 2H, H-2, H-6), 7.34 (m, 2H, H-3, H-5), 7.28 (m, 1H, 4),
2.98 (d, ] = 5.4 Hz, 1H, H-9), 2.81 (qd, q = 0.7, d = 5.4, 1H, H-9), 1.73 (d, ] = 0.7 Hz, 3H, H-8). 13C
NMR (100 MHz, CDCls) &: 141.2 (C-1), 128.3 (C-3, C-5), 127.4 (C-4), 125.3 (C-2, C-6), 57.0 (C-
9), 56.7 (C-7), 21.8 (C-8). ESI-HRMS m/z: 135.39 [M+H]*

2-methyl-2-[4-(trifluoromethyl)phenyl]oxirane (96c)

A O
]
© 5

F3C
%o s

By following the General Procedure, starting 4’-(trifluoromethyl)acetophenone (188 mg, 1.00
mmol, 1.0 equiv), ICH2Cl (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M,
1.87 mL, 2.8 mmol, 2.8 equiv) and THF (2 mL), the desired product was obtained in 99% (200
mg) as a red oil.

1H NMR (400 MHz, CsD¢) 6: 7.30 (m, 2H, H-3, H-5), 7.05 (m, 2H, H-2, H-6), 2.40 (d, J = 5.5 Hz,
1H, H-9), 2.21 (dq, d = 5.5, q = 0.7, 1H, H-9), 1.26 (d, / = 0.7 Hz, 3H, H-8). 13C NMR (100 MHz,
CeDe) 6: 145.9 (C-1), 129.7 (g, ] = 32.2 Hz, C-4), 126.0 (C-2, C-5), 125.5 (g, ] = 3.9 Hz, C-3, C-5),
124.9 (g, ] = 271.7 Hz, C-10), 56.6 (C-9), 55.9 (C-7), 21.2 (C-8). 19F NMR (376 MHz, CsDs) &: -
62.2 (CF3). ESI-HRMS m/z: 203.47 [M+H]*

2,2-diphenyloxirane (96d)

By following the General Procedure, starting benzophenone (182 mg, 1.00 mmol, 1.0 equiv),
ICH2CI (529 mg, 0.22 mL, 3.0 mmol, 3.0 equiv), MeLi-LiBr complex (1.5 M, 1.87 mL, 2.8 mmol,
2.8 equiv) and THF (2 mL), the desired product was obtained in 99% (194 mg) as a red oil.

1H NMR (400 MHz, CD2Clz) &: 7.30-7.36 (m, 5H, Ph1, Ph2), 3.26 (s, 2H, H-8). 13C NMR (100
MHz, CD2Cl2) &: 140.2 (C-1), 128.6 (C-3, C-5), 128.3 (C-4), 127.8 (C-2, C-6), 62.0 (C-7), 57.1 (C-
8). ESI-HRMS m/z: 197.69 [M+H]*
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Abstract

with anticancer properties.

Chemotherapy is still the first-line treatment of cancer, even if drugs currently used in therapy generally possess
high toxicity and poor selectivity. In the last two decades several efforts have been made to overcome these drawbacks
by specifically carrying anticancer drugs to the tumors. Among the different approaches, the so called vitamin-
mediated drug targeting has recently emerged as a novel and valuable strategy. Indeed, the linkage of cytotoxic drugs
to selected vitamins, leading to vitamin-drug conjugates, would result in specifically delivering great amounts of the
targeted drug at high doses to cancer cells. Among vitamins, biotin seems to be the most promising targeting agent.
The aim of this review is to get an overview on recent success in the conjugation of biotin with molecules endowed

Keywords: Anticancer drugs; Biotin; Doxorubicin; Drug targeting;
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Introduction

Chemotherapy is still the first-line treatment of cancer, even if the
drugs currently used in therapy, generally possess high toxicity and poor
selectivity. Drugs commonly used in cancer therapy are characterized
by different mechanisms of action i.e. i) toxicity to specific cancer cells,
ii) anti-proliferative activity or iii) capability of modifying the cell cycle
at specific phases [1-5]. As a direct consequence of the cellular activity
of anti-cancer drugs, in particular with respect to rapidly proliferating
and dividing cells, they show low selectivity towards not-cancerous
cells like red blood cells, gut epithelia, bone marrow or hair follicles
[6]. On the other side, due to the slow proliferation typical of certain
tumors, several anticancer drugs used so far result ineffective against
such tumors, thus leading to the need of high dose therapies to limit the
cancer growing. These high doses could destroy part of the cancer cells
but also result in a hard damage to the adjacent normal-proliferating
cells. Due to these drawbacks, the cancer therapy has to be discontinued
and sometimes stopped before the tumor mass has been reduced or
eliminated [7,8]. Thus, reaching a real selectivity of anti-cancer drugs is
amilestone and still a challenge in cancer research. To this aim, different
approaches could be applied. One of the most common consists in
providing the drug with a suitable carrier. The polymeric drug carriers
emerged as the most effective ones because of their versatility of use
as well as their straightforward chemical modification [9-17]. These
systems usually bring to a passive drug targeting due to their ability to
accumulate in a specific organ as a result of their route of elimination
or for particular organotropism. A more specific drug targeting could
be attained by providing the carrier with specific targeting agent, such
as antibodies, vitamins, magnetic particles, hormones or peptides [18-
24]. Another widely applied approach for drug targeting is the direct
linking of the targeting molecule to the drug to form a new chemical
entity pharmacologically active per se or a prodrug [7,25-27]. In this
context, the so called vitamin-mediated drug targeting has recently
emerged as a novel concept in specifically carrying anticancer drugs
to the tumors [7,28-31]. As known, for their survival living cells need
to consume vitamins during their life cycle. This is particularly true for
those cells that rapidly divide, such as cancer cells. Indeed, the intense
metabolic activity of cancer cell arises from their fast growth and is
accompanied by a strong use of essential vitamins; consequently the
receptors involved in vitamin internalization are overexpressed on

the cell surface. This concept is essential from a therapeutic point of
view. In fact, it has been argued that the linkage of cytotoxic drug to
selected vitamins, leading to vitamin-drug conjugates, would result
in specifically delivering great amounts of the targeted drug at high
doses to cancer cells, and thus, represents an attractive and valuable
approach for targeting tumor cells. In this context, biotin, folic acid,
vitamin B12 and riboflavin, that are essential for the division of all cells
and in particular for tumor cells, have been recently experimented as
targeting agents [20,32-35]. Interestingly, among these vitamins, biotin
seems to be the most promising targeting agent. It is well known that
the uptake of biotin by mammalian cells is receptor-mediated [36].
Among the first insights on cell surface biotin receptors there are the
studies from SM Grassl in 1992 and Janos Zempleni and Donald M.
Mock in 1998. Studying the biotin uptake by human peripheral blood
mononuclear cells (PBMC) Zempleni and Mock found that “...in the
presence of ouabain, biotin uptake into PBMC is dependent on normal
function of Na-K-ATPase. It seems likely that biotin is co-transported
with sodium, because biotin uptake into PBMC was reduced when
extracellular sodium was replaced by choline, lithium, or ammonium.
Likewise, as observed by others, the biotin uptake into rat hepatocytes,
rat intestinal cells, or Hep G2 cells was reduced by ouabain and by
sodium-free media.” [37-39]. In a subsequent study, they also found
that PBMC accumulate biotin by a transporter that is specific for biotin.
These studies provided evidence that another, less specific transporter
in mammalian cells may bind biotin, pantothenic acid, and similar
compounds. However, the contribution of this transporter to biotin
uptake into PBMC is quantitatively minor [38]. The main transporter
for biotin has been found in the sodium-dependent multivitamin
transporter (SMVT), which has been found to be overexpressed in
several aggressive cancer lines such as leukemia (L1210FR), ovarian
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(OV 2008, ID8), colon (Colo-26), mastocytoma (P815), lung (M109),
renal (RENCA, RD0995), and breast (4T1, JC, MMT06056) cancer cell
lines [40,41]. Additionally, its overexpression was found superior to
that of folate receptor [30]. This is not surprising because biotin belongs
to a particular category of (exogenous) micronutrients required for
cellular functions and, in particular, for cell growth [42,43]. For this
reason, the biotin demand in tumors, especially in the rapidly growing
tumors, is higher than normal tissues.

One of the first papers dealing with the evaluation of the
effectiveness of folate, vitamin B12 or biotin-functionalized polymeric
materials as active drug targeting agents to tumor cells was published in
2004 by Russell-Jones et al. Particularly, by examining in vitro several
tumor cell lines, they reported “cell types appeared to cluster in three
categories. Category one, represented by 0157, BW5147, B16, LL-2
and HCT-116, were shown to have no enhancement of uptake with
any of the targeting agent. Category two, represented by L1210FR,
0Ov2008, ID8, and Ovcar, showed enhanced uptake of folate and biotin-
targeted polymers, but not vitamin B12 (Cbl). Category three, tumors
represented by Colo-26, P815, M109, RENCA, RD995, 4T1, JC and
MMT060562, showed enhanced uptake of vitamin B12 and biotin-
labeled polymers” [31]. They also reported that the cells overexpressing
the receptors for folate or vitamin B12, also overexpress receptors for
biotin. Furthermore, an in vivo study revealed that a rhodamine-labeled
polyacrylate reached relatively high level in the mice tumor cells only
when targeted by biotin or folate, but not by vitamin B12. Moreover,
although the relative increase in uptake of targeted polymer is varying
between different cell lines, as a tendency, the biotin labeled polymer
showed the highest level of uptake. The same trend has been observed
when the cytotoxic drug methotrexate has been conjugated to the
vitamin targeted polymer. Indeed, the biotin targeted systems resulted
more cytotoxic than the folate or vitamin B12-targeted ones. They
also found that the treatment of Colo-26-bearing mice with vitamin-
doxorubicin- polymer conjugates resulted in greatly enhanced killing,
with respect to the control, when using the biotin targeted drug-
polymer complex. However, the same effect was not seen when either
folate or vitamin B12 were used as targeting agents [31]. These results
are clearly addressing biotin as the most promising targeting agent.

As we will report in this review, the biotin-mediated drug targeting
of anti-tumor drugs emerges as an attractive approach to both improve
efficiency and efficacy and reduce cytotoxicity of anti-cancer therapy.
It is worth noting that the application of biotin-anticancer drug
conjugates in drug development is still at its early stage, and translation
in clinical research is being done progressively. The purpose of this
review is to bring an objective view on the antitumor potential of biotin
conjugates showing recent works, with particular emphasis on the last
4 years. A focus will be made on conjugates in which biotin is linked to
i) drugs used in cancer therapy or their derivatives, ii) anticancer drug
candidates and iii) protein with antitumor effect.

Biotinylation of Drugs used in Cancer Therapy or their
Derivatives

Biotin conjugated to taxoids

The microtubules, which are formed by a- and p-tubulin
heterodimers, are the main components of the cytoskeleton and possess
a variety of functions in intracellular processes, i.e. in maintaining cell
shape and structure or in regulating the receptors moving inside the
cell [44]. To date, numerous antimicrotubule agents with antimitotic
properties and anticancer potential have been discovered and developed
[3,45,46]. Among these agents, Paclitaxel is a natural highly oxygenated

diterpenoid that was first isolated in 1971 from the stem bark of the
western yew, Taxus brevifolia. It is widely used to treat a variety of
solid tumors such as breast, ovarian, non-small cell lung, head and
neck cancers [47,48]. Since Paclitaxel was discovered, its structure has
been extensively studied and modified yielding the so called taxoids, a
class of proven anticancer drugs which promote microtubule assembly
and suppress microtubule dynamics, thus causing the block of mitotic
activity and subsequent cellular apoptosis [3,5].

In 2010, Chen et al, applied what they called “an efficient
mechanism-based tumor-targeting drug delivery system, based
on tumor-specific vitamin-receptor mediated endocytosis...”. The
Authors prepared a biotin conjugates with one of the new-generation
taxoids, SBT-1214 [40]. The approach of this work is clear: to use
the biotin- SBT-1214 conjugate 1 (Figure 1), which is characterized
by an intracellularly labile disulfide linkage, to target the cancer cell
by exploiting the overexpression of biotin receptor on the tumor cell
surface.

In order to follow the entire process involved in the tumor
targeting of the conjugate, the Authors synthesized three fluorescent
biotin conjugates (Figure 2): i) the biotin-fluorescein conjugate 2, to
observe the receptor-mediated endocytosis by tracking the fluorescent
biotin in its route, ii) the biotin-coumarin conjugate 3, as a fluorogenic
probe to evaluate the intracellular degradation of the disulfide linkage
between the linker and coumarin, which becomes fluorescent only
when it is released as a free molecule via disulfide cleavage of the spacer
and iii) the biotin- SBT-1214 -fluorescein conjugate 4, to validate the
whole internalization by receptor-mediated endocytosis and drug
release processes, wherein the released fluorescent taxoid should bind
to microtubules in the cancer cells.

In details, conjugates 2, 3 and 4 have been tested on L1210FR
murine leukemia cell line, which overexpress receptors for biotin on
their cell surface. Firstly, the Authors proved the internalization of the
biotin-fluorescein conjugate 2 into the leukemia cells, by evaluating the
intracellular fluorescence after incubation with the probe. Furthermore,
they confirmed that the internalization was receptor-mediated by pre-
incubation of the same cells with an excess of free biotin. They found that
in these conditions the fluorescence of the biotin-fluorescein conjugate
2 decreased about 4.5 times, thus confirming that the biotin-fluorescein
internalization is receptor-mediated. Secondly, the Authors confirmed
the effectiveness of the fluorogenic biotin- coumarin conjugate 3 by
incubating the chosen cell line with conjugate 3. Differently from
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Figure 1: Chemical structure of biotin- SBT-1214 conjugate 1.
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Figure 2: Chemical structure of biotin-fluorescein conjugate 2, biotin-coumarin conjugate 3 and biotin-SBT-1214-fluorescein conjugate 4.

conjugate 2, the intracellular fluorescence for conjugate 3 could be only
evidenced after reductive cleavage of the spacer. Due to the visualized
intracellular fluorescence, this study clearly demonstrated that the
intracellular release of coumarin via cleavage of the disulfide linkage by
GSH followed by thiolactonization took place as designed. Successively,
they tested the biotin-SBT-1214-fluorescein conjugate 4. These results
confirmed the internalization of the conjugate and also clearly proved
that the released fluorescent taxoid binds to the microtubules. A cross-
confirmation of the previous data has been performed by testing
conjugate 4 using two more cell lines, L1210 murine leukemia cell line
and WI38 noncancerous human lung fibroblast cell line, which do not
overexpress receptors for biotin on their cell surfaces. This experiment
resulted in a much stronger (about 12-13 times) fluorescence in
L1210FR cells (with biotin receptors overexpressed) as compared to
that in L1210 cells or WI38 cells, so confirming the biotin-mediated
drug targeting. Finally, the Authors evaluated the cytotoxicity of the
compound 1 against L1210FR, L1210 and WI38 cell lines by using
the MTT assays. The conjugate 1 resulted high cytotoxic against
L1210FR (IC,, 8.8 nM), while the cytotoxicity against L1210 (IC,, 522
nM) and WI38 (IC,, 570 nM) cell lines were 59 times and 65 times
lower, respectively, as a further confirmation of the receptor mediated
endocytosis. A fundamental consideration arises from the last results:
the low toxicity that these conjugates showed against not-cancerous
cells demonstrates that these systems could differentiate cancer cells
from normal ones so reducing the side effects related to the use of
cytotoxic drugs. These results are of paramount importance in the
field of biotin targeted drugs because clearly demonstrated that: i) the
biotin-drug conjugates are preferentially internalized into cancer cells,
ii) the toxicity against normal cell is significantly reduced, and iii) the
intracellular cleavage of the employed spacer allows a better systemic
stability and a lower interaction with non-cancerous cells.

Biotin conjugated to doxorubicin

The antibiotic doxorubicin is extensively used against different
human cancers, such as breast cancer, soft tissue sarcomas, and
Hodgkin’s and non-Hodgkin’s lymphomas. The anticancer activity
of doxorubicin has been addressed to several mechanisms of action:
i) inhibition of DNA synthesis in the tumor cell, ii) generation of
free radicals, iii) DNA adduct formation and DNA cross-linking,
iv) interference with DNA strand separation and DNA helicase,
v) interaction with cell membranes, vi) induction of DNA damage
through interference with topoisomerase II, vii) induction of apoptosis
and viii) growth arrest of tumor cells [49]. Nevertheless, the clinical
use of doxorubicin is affected by several harmful side effects, among
them, the cardiotoxicity is the most important one, leading to
cardiomyopathy and congestive heart failure. Indeed, doxorubicin is
known to cause cardiotoxicity through multiple routes, including
the build-up of reactive oxygen species and disruption of the calcium
homeostasis in cardiac myocytes. Several approaches have been
proposed to limit its cardiotoxic effects, i.e. incorporation of the drug
inside liposomes, formation of prodrugs proteolytically activated in the
tumor cells, or the formation of polymeric prodrugs bearing specific
drug-targeting moieties. Although these approaches are valuable, they
are still not resolving the drawbacks connected to doxorubicin side
effects [50]. Aiming at limiting the adverse side effects of doxorubicin,
in 2010 Ibsen S. et al. designed and synthesized the biotin-doxorubicin
conjugate 5 (Figure 3), in which the amine group of doxorubicin was
derivatized with a photocleavable biotinylated spacer [51].

They demonstrated that the active drug is released only after the
internalization of the conjugates in cancer cells and the subsequent
activation of the photocleavable group via exposure to UV at 350
nm, thus minimizing the cytotoxic effects on not-cancerous cells.
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Figure 3: Chemical structure of biotin-doxorubicin conjugate 5.

The Authors affirmed that the UV irradiation of deep tissues could be
performed by implanting optic fibers or UV light-emitting diodes into
the tumor mass and that light with 350 nm wavelength has significant
penetration through tissue that does not contain melanin with minimal
absorption also by DNA [52]. The Authors also studied the cell uptake
and cellular localization in PTK2 epithelial cells, which are sensitive to
doxorubicin and capable to remain flat during cell division, allowing the
mitotic spindle and chromosomes to be readily visible. Interestingly,
they found that the intracellular localization of doxorubicin was distinct
from that of biotin-doxorubicin conjugate. In details, doxorubicin was
found into the cell and concentrated almost exclusively in the nucleus,
where it was associated with the chromatin most likely through a DNA
intercalation mechanism. As a consequence, the nuclear membrane
was degraded and doxorubicin strongly localized to the exposed
chromosomes. On the contrary, the biotin-doxorubicin conjugate 5
showed a quick internalization and did not concentrate in the nucleus,
but around it. The biotin-doxorubicin conjugate was thus excluded
from the mitotic spindle and the associated chromosomes. Moreover,
its intracellular concentration resulted 10 times higher than that of
doxorubicin and the cells much healthier, appearing to be undergoing
normal mitosis. After one hour of UV exposition, the photocleavage of
the spacer allowed the release of the naturally fluorescent doxorubicin,
which, in turn, accumulated into the nucleus, as proved by the intense
fluorescence observed. The Authors also evaluated the cytotoxicity of
both doxorubicin and its conjugate 5 on the human lung cancer cell
line A549. The results of the cell proliferation assay clearly evidenced
a significantly lower cytotoxicity of conjugate 5 with respect to that
of free doxorubicin, being the IC, value equal to 1.2 uM and 250 uM
for doxorubicin and the biotin-doxorubicin conjugate, respectively.
As expected, after UV exposure of the treated cells, the IC,, values for
conjugate 5 resulted comparable to that of free doxorubicin. Another
important consideration that emerges from this study is that the
incorporation of the biotin moiety might help to increase the clearance
rate of the freely circulating biotinylated doxorubicin, because it has
been demonstrated that the elimination of biotinylated molecules
from the human body could be higher than the corresponding not-
biotinylated ones [25,53]. Summarizing, this approach allowed to
obtain a system able to spare not-cancer cell from the drug cytotoxicity
so targeting the conjugate to tumor cells, where the drug could be
“activated” by in-situ UV irradiation. Overall, result obtained so far
strongly suggest that the biotin-doxorubicin conjugate 5 could be a
good drug candidate to reduce the undesirable systemic side effects of
doxorubicin.

Biotin conjugated to gemcitabine

Gemcitabine is an anti-metabolite used to control non-small cell
lung, pancreatic, metastatic breast and current ovarian cancers [54,55].
After cellular uptake, gemcitabine is phosphorylated to gemcitabine
monophosphate (dFACMP) which, in turn, is converted to gemcitabine
di- and triphosphate (dFACDP and dFdCTP, respectively) that are the
active drug metabolites. The triphosphate analogue of gemcitabine acts
i) replacing one cytidine during DNA replication and ii) inhibiting
the DNA polymerase [56]. Some characteristic of gemcitabine, i.e.
its short plasma half-life (9-13 min in human) due to its rapid renal
clearance, and its myelosuppression side effect, contribute to decrease
the gemcitabine chemotherapeutic index [57].

In their efforts to overcome the side effects of gemcitabine, in
two recent papers Maiti et al. and Bhuniya et al. synthesized two new
theranostic anticancer targeted prodrugs of gemcitabine (conjugates 6
and 7, Figure 4), which are characterized by a disulfide cleavable linker
containing a fluorescent probe (coumarin for 6 and IR fluorescent
BODIPY fluorophore for 7) [55,58]. A theranostic is a special type of
Drug Delivery System (DDS) useful for therapeutic and diagnostic
applications, which is able to provide not only a specific cellular drug
release, but also a real time monitoring of the drug released in tissue
[59].

The Authors studied the behavior of 6 and 7 in the presence
of glutathione (GSH), which is the most abundant thiol in cells, or
dithiothreitol (DTT) and demonstrated that gemcitabine release
is due to cleavage of the sulfide bond upon GSH or DTT treatment,
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Figure 4: Chemical structure of biotin-gemcitabine conjugates 6 and 7.

Med chem

Cancer Prevention and Therapy

ISSN: 2161-0444 Med chem, an open access journal


http://dx.doi.org/10.4172/2161-0444.S1-004
http://en.wikipedia.org/wiki/Cytidine
http://en.wikipedia.org/wiki/DNA_replication

Citation: Tripodo G, Mandracchia D, Collina S, Rui M, Rossi D (2014) New Perspectives in Cancer Therapy: The Biotin-Antitumor Molecule Conju-

gates. Med chem S1: 004. doi:10.4172/2161-0444.S1-004

Page 5 of 8

followed by an intramolecular nucleophilic substitution of the thiol
at the carbamate moiety. This mechanism of gemcitabine release is
supported by further studies carried out in the presence of different
biologically relevant analyte containing or not thiol groups, such as
cysteine, homocysteine, non-thiol amino acids or metal ions. Results
clearly evidenced that conjugates 6 and 7 undergo only a thiol-mediate
cleavage, with no significant interference from other molecules present
in biological environment. To investigated whether the biotin moiety
can guide 6 and 7 to biotin receptor-positive or biotin receptor-negative
tumor cells, Authors evaluated the fluorescence by confocal microscopy
in A549 (biotin receptor-positive) and WI38 (biotin receptor-negative)
cells pre-incubated with 6 and 7. A strong fluorescence intensity
was only observed in the A549 cells, thus confirming that biotin acts
as targeting agent to cancer cells. Additionally, to investigate the
intracellular location of gemcitabine release, Authors performed co-
localization experiments using fluorescent endoplasmic reticulum (ER)
and lysosome-selective markers. They found that biotin-gemcitabine
conjugate 7, containing the near IR BODIPY fluorophore, localized
to the ER, while biotin-gemcitabine conjugate 6, containing coumarin,
localized to the lysosome, probably by receptor mediated endocytosis.
The subsequent thiol-induced disulfide cleavage released gemcitabine
which, in turn, diffused to the cell nucleus. Finally, MTT assay
performed on A549 cells clearly evidenced a stronger anticancer effect
for the biotin conjugates 6 and 7 with respect to their analogues without
the biotin moiety, further confirming the biotin-mediated targeting
to tumor cells. In summary, also in these studies the conjugation of
anticancer drugs with biotin emerged as a successful approach to spare
cancer and non-cancer cells, thus increasing the cell specificity of the
drug.

Biotinylaton of Potential Anti-tumor Drug Candidates

Biotin conjugated to Annonaceous Acetogenis derivatives

Squamocin (compound 8, Figure 5) and bullatacin (compound
9, Figure 5) are annonaceous acetogenins (ACGs) belonging to
adjacent bis-THF type of acetogenins [41,60,61]. ACGs are secondary
metabolites occurring in some plants of Annonaceae family. They are
derivatives of long-chain fatty acid (C32 or C34) bearing a terminal
y-lactone ring and have been reported to potently inhibit the activity
of NADH-ubiquinone oxidoreductase (respiratory complex I). These
long-chain fatty acid derivatives display impressive cytotoxicity against
various tumor cell lines (IC, value ranging from 107° M to 107" M) as
well as in vivo antitumor effect [41,62-64].

In a just-published research paper, Shi et al. report on the
synthesis of nineteen biotinylated derivatives of 8 and 9 as well
as on their cytotoxicity against three cancer cell lines: 4T1 (breast
cancer), P815 (mastocytoma) and L1210 (leukemia). The first two
cell lines overexpress the receptor for biotin, while the third one is
not overexpressing the receptor [41]. Generally, they found that the
cytotoxic activity of the biotin- ACG conjugates against L1210 cell

line is almost the same as that of the parent 8 and 9. This datum is
fundamental to asses that biotinylation of 8 and 9 does not adversely
affect their cytotoxic potential. On the other side, the biotin- ACG
conjugates showed significantly higher cytotoxicity than 8 and 9
against 4T1 and P815 cell lines. In particular, the biotin- squamocin
conjugate 10 (Figure 6) resulted ten and twenty six times more active
than 8 against 4T1 and P815 cells, respectively. Similarly, the biotin-
bullatacin conjugate 11 (Figure 6), resulted three and eight times more
potent than 9 against 4T1 and P815 cells, respectively. Taken together,
the results clearly demonstrate that biotin targeted derivatives of 8 and
9 are still active against different cancer cell lines and that cytotoxicity
is significantly increased by biotin conjugation.

Concerning the influence of the number of biotinyl residues on
the cytotoxic activity, the Authors found that the addition of a second
biotinyl residue does not generally result in further improvement of
the potency of the biotin-ACG conjugate, with the only exception
of the already mentioned biotin-squamocin conjugate 10. Indeed,
this conjugate, which is characterized by two biotinyl moieties,
resulted up to three times more potent and two times more selective
than the corresponding mono-biotinylated derivative 12 (Figure
6). Interestingly, the Authors also noticed that the optimal site of
attachment of biotin strongly depend on whether or not the 6-amino-
caproic acid residue is present as a linker between the ACG scaffold
and the biotinyl residue. Particularly, concerning biotin-squamocin
conjugates, the preferred site of attachment of biotin is the C-28
hydroxyl group when biotin is directly attached to the scaffold, and
become the C-15 hydroxyl group when the linker between biotin and
squamocin is present. In the case of biotin-bullatacin conjugates, the
optimal site for biotinyl derivatization is the C-15 hydroxyl group in
the absence of the linker, which changes to the C-4 and C-24 hydroxyl
groups in the presence of the linker. Moreover, regarding the effect
of the linker on the biological activity, Authors showed that biotin-
ACG conjugates bearing the linker are generally more potent than
the analogues which lack such linker, thus proving that the presence
of the linking spacer positively affect the anticancer potential of the
conjugates. Indeed, the biotin-squamocin conjugate 12 (Figure 6),
biotinylated at C-15 and bearing the linker between squamocin and
biotin, is almost four and ten times more potent against 4T1 cells
and P815 cells, respectively, than the analogue without the linker.
Similarly, conjugates 11 and 13 (Figure 6), biotinylated at C-24 and
C-4, respectively, and both bearing the linker between bullatacin and
biotin, are twelve to forty nine times more active against 4T1 cells and
P815 cells, respectively, than the corresponding analogues without
the linker. In summary, in this study a broad investigation of the
effect of biotin conjugation on the anticancer activity of two ACGs
has been described. The results clearly proved that biotin conjugation
significantly increases the anticancer potential ACGs, which, in turn,
is significantly affected by i) the number of biotinyl residues included
in the conjugates, ii) the point of attachment of the biotinyl residue, as
well as iii) the presence or not of a spacer between ACG and biotin.

Figure 5: Chemical structure of Squamocin 8 and Bullatacin 9.
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Biotinylation of Protein with Antitumor Effect
Biotin conjugated to p53 protein

p53 is a transcription factor involved in various cellular functions,
such as cell-cycle regulation, initiation of apoptotic cell death and
DNA repair. Mutated or otherwise deactivated p53 is observed in the
majority of human cancers [65]. Several mechanisms, i.e. mutations
in p53 DNA binding domain and enhanced proteasomal degradation
upon ubiquitination, are responsible for p53 inactivation. Due to
its vital functions, p53 has attracted a great attention, and several
approaches have been pursued to deliver p53 into tumor cells [66]. In
this context, in 2013 Fahrer et al. demonstrated that biotinylation of
P53 represents a successful strategy to target and deliver the protein
to cancer cells [67]. In this study the Authors take advantage of the
already developed C2-streptavidin transporter [68,69] to introduce
the biotin-p53 conjugate into various mammalian cell lines. Briefly, as
reported in Figure 7, the nontoxic moiety of Clostridium botulinum C2
toxin of the recombinant C2-streptavidin fusion protein mediates the
cellular uptake by a cascade of events that bring to the internalization
of the toxin by a clathrin-dependent endocytosis and, on the other side,
the streptavidin unit serves as a binding platform for biotin-labeled
cargo molecules. Firstly, recombinant human p53 was produced in
insect cells infected with p53 baculovirus [70] and then, it was properly
biotinylated, yielding a biotin-p53 conjugate in which the protein was
modified with 2.2 biotin groups per molecule. Next, the Authors clearly
demonstrated that the biotinylation of p53 does not affect its DNA-
binding activity. Indeed the DNA-binding of biotin- p53 conjugate
was comparable to that of unmodified p53. Furthermore, the addition
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of the biotin-p53 conjugate to specific DNA sequences resulted in
the formation of DNA-p53 complexes in a concentration-dependent
manner. Finally, the Authors assessed the C2-streptavidin-mediated
internalization of biotin-p53 conjugate in both Vero cells (monkey
kidney epithelial cells) and Hela (cervix carcinoma) cells. Interestingly,
an efficient internalization of biotin-p53 conjugate in a C2-streptavidin-
dependent manner was observed in both cases. Summarizing, these
data demonstrate that biotin conjugation to p53 is a successful
approach to promote the C2-streptavidin mediated internalization of
the transcription factor into cultured tumor cells, where the biotin-p53
conjugate resulted stable over 24 h and not underwent proteasomal
degradation. It should be noted that the mild chemistry adopted by
the Authors for the biotin conjugation to p53 could be used for wide
number of labile proteins or peptides of pharmaceutical interest.

Conclusions

This review gives a highlight on recent progresses on the so-called
biotin-mediated drug targeting of molecules endowed with anticancer
properties. Particularly, the review has been organized in three different
sections in which we have examined recent success in the conjugation
of biotin with i) anticancer drugs commonly used in cancer therapy
(toxoids, doxorubicin and gemcitabine) or their derivatives, as well
as ii) anticancer drug candidates or iii) protein with antitumor effect,
furnishing biotin conjugates able to preferentially deliver the anticancer
molecules to cancer cells.

In summary, from the analysis of the literature on this topic clearly
emerged that the conjugation of biotin with anticancer molecules
represents an attractive and highly innovative approach to improve
efficiency and efficacy and reduce cytotoxicity of anti-cancer therapy.
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Figure 6: Chemical structure of biotin-squamocin conjugates 10 and 12; chemical structure of biotin- bullatacin conjugates 11 and 13.
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@S{Sﬁf}ﬁi{i A step forward in the sigma enigma: a role for
chirality in the sigmal receptor-ligand
gltfstshls: Med. Chem. Commun., 2015, i nt e r a Ct i o n?T

Daniela Rossi,i* Annamaria Marra, i Marta Rui, Erik Laurini,® Maurizio Fermeglia,®
Sabrina Pricl,*° Dirk Schepmann,® Bernhard Wuensch,® Marco Peviani,® Daniela Curti®
and Simona Collina*?

In our recent research racemic RC-33 was identified as a potent and highly promising o, receptor agonist,
showing excellent oy receptor affinity and promoting NGF-induced neurite outgrowth in PC12 cells at very
low concentrations. Surprisingly, both its interaction with the biological target and its effect on neurite
sprouting proved to be non-stereoselective. Starting from the observation that a hydrogen bond center
in the scaffold of a oy ligand is an important pharmacophoric element for receptor/ligand interaction, we
hypothesized that the absence of such pharmacophoric feature in the structure of RC-33 could be also
responsible for the lack of enantioselectivity in its interaction with the target receptor. To verify our
hypothesis, in this paper we evaluated — both in silico and in vitro — the ability of a series of
enantiomeric arylalkylaminoalcohols and arylpyrrolidinols 1-5 to interact with the receptor. All these
compounds are structurally related to RC-33 and are characterized by the presence of an —OH group as
the additional pharmacophore feature. Interestingly, the results of our study show that the o, receptor
exhibits enantiopreference toward compounds characterized by (S)-configuration at the stereogenic
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Introduction

The sigma (o) binding sites were originally defined and classified
as opioid receptor subtypes.' Later investigations demonstrated
that o receptors were distinct from opioid and phencyclidine
analogues, and since then at least two distinct ¢ receptor
subtypes, designated o; and o,,> have been pharmacologically
characterized.®” In particular, the o; receptor subtype has been
purified and cloned from several animal species and humans.*”
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thus supporting our original hypothesis.

o, receptors are ubiquitously expressed in mammalian tissues
and highly distributed in the central nervous system (CNS),**°
with the highest density found in the spinal cord, cerebellum,
hippocampus, hypothalamus, midbrain, cerebral cortex, and
pineal gland. Strong pharmacological evidence indicates that o,
receptors are involved in the pathophysiology of all major CNS
disorders," including mood disorders (anxiety”> and depres-
sion®), psychosis and schizophrenia,* as well as drug addiction,
pain,” and neurodegenerative diseases such as Parkinson's, Alz-
heimer's, and amyotrophic lateral sclerosis.'® Moreover, from a
biological perspective, the o, receptors reside in the endoplasmic
reticulum (ER) at the ER-mitochondria interface,'” and they are
unique ligand-regulated molecular chaperones'™®® that can
translocate to the plasma membrane or to other subcellular
compartments under stressful conditions and/or pharmacolog-
ical manipulation.

Ligands displaying preferential affinity for the o, receptor
subtype are (+)-benzomorphans such as (+)-pentazocine and
(+)-N-allylnormetazocine (NANM, SKF-10047), whereas halo-
peridol and 1,3-di-(2-tolyl)guanidine (DTG) exhibit high affinity
for both receptor subtypes.* Since (+)-pentazocine shows a very
low affinity for the o, receptors, it represents the prototypical
selective agonist used in its tritiated form to label o, receptors.
Several compounds endowed with o, affinity and selectivity,
characterized by different scaffolds, have been identified, e.g.,

This journal is © The Royal Society of Chemistry 2015
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arylalkylamines,**¥ benzooxazolones,? and spirocyclic pyr-
anopyrazoles,* and different pharmacophore models for o
receptor ligands have been published. All these models share
the common features of a basic amino group and at least two
hydrophobic substituents at the basic nitrogen atom.>**¥
However, the last-generation, three-dimensional (3D) pharma-
cophore models>**¥ are characterized by an additional phar-
macophore requirement: a heterogroup in the scaffold of the
molecule that is able to form hydrogen bond interactions with
the receptor counterpart. Actually, heteroatoms such as O or S
are frequently present in very potent o, ligands, bridging the
aromatic component and the classic alkyl or cycloalkyl inter-
mediate spacer linked to the basic nitrogen atom.>**”

In this scenario, our group designed and synthesized a large
number of very interesting o, receptor ligands.?*** Among
these, the most promising molecule is 1-[3-(1,1’-biphen)-4-yl]
butylpiperidine (RC-33, Fig. 1), showing excellent o; receptor
affinity and agonistic profile in its racemic form, as testified by
its Kjo, value of 0.70 &+ 0.3 nM and by the potentiation of the
NGF-induced neurite outgrowth in the PC12 cell at very low
concentrations.”*¢

Racemic resolution of RC-33 and isolation of the enantio-
mers revealed that (i) the interaction with the biological target is
non-stereoselective (Kio,"®% = 1.9 + 0.2 nM, Ko, ®R¢3 —
1.8 + 0.1 nM) and (ii) the pharmacological activity is not
dependent on the absolute configuration.?** The behavior of
RC-33 is particularly surprising, since the enantioselectivity of
the o, receptor is well documented.* Starting from the obser-
vation that an important pharmacophoric element is missing in
the RC-33 structure (i.e., a hydrogen bond donor or accept-
or),” ¢ we first hypothesized that the absence of such phar-
macophoric feature could be responsible for the lack of
enantioselectivity in the interaction with the biological target.
Then, we verified our hypothesis by evaluating the ability of a
series of enantiomeric arylalkylaminoalcohols and arylpyrroli-
dinols, structurally related to RC-33, to interact with o, recep-
tors. Specifically, here we report and discuss in detail the results
of the in silico study, synthesis, chiral resolution and biological
evaluation of the arylalkylaminoalcohol 1 (Table 1), analogue of
RC-33, complemented by the in silico and in vitro studies of
other enantiomeric arylalkylaminoalcohol and arylpyrrolidinol
derivatives (Table 1). These molecules were selected from a
compound cohort previously prepared and characterized by us
as analgesic agents with effects similar or higher than morphine
but never evaluated as o, receptor ligands.?**

The final aim of our work is to understand how chirality may
affect the o, receptor-ligand interaction and activity, thus

Fig.1 (R,S)-RC-33.

This journal is © The Royal Society of Chemistry 2015
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Table 1 Alcoholic compounds structurally related to RC-33

Rs. .R Constrained Riq
R4 Son structure Ry N
A/H) pE— Ar-T\)
OH
Ry OH
template I template I1
Compound Template Ar Ry R, NR;R,
(R,S)1 I biphenyl-4yl CH; H  N(CHp)s
(R1
(831
(R,S)-2 I naphth-2-yl CH; H  N(CH),
(R)-2
(5)-2
(R,S)-3 I 6-methoxy-naphth-2yl CH; H N(CHz3),
(R)-3
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2R/S,3S/R)-4 11 naphth-2yl CH; CHj;
2R,35)-4

2R/S,3S/R)-5 1I
2R 3S)

(

(

(
(25,3R)-4
( 6-methoxy-naphth-2yl CH; CHj;
(

(

contributing a step forward in unveiling the sigma-enigma.
Indeed, even although our knowledge of the sigma receptors
has evolved over the past 20 years, several aspects in the sigma
field still remain rather obscure.

Results and discussion
Compound selection

With the aim of evaluating the role of a hydrogen bond center as
an additional pharmacophore element in the stereoselective
interaction with the o; receptor we designed compound 1,
featuring an alcoholic function on the alkyl spacer bridging the
aromatic ring to the basic nitrogen atom, as an analogue of the
arylalkylamino derivative RC-33 (Table 1).

For the purpose of comparison and discussion, we selected
other structurally related alcoholic compounds from our library
of chiral molecules synthesized over the years. Among these, we
chose molecules 2 and 3 (template I, Table 1) as structurally
related to 1, and the constrained arylpyrrolidinols 4 and 5
(template II, Table 1), being characterized by less conforma-
tional freedom.?**¢

Synthesis, chiral resolution and configurational assignment

For the synthesis of (R,S)-1 we planned to follow the method-
ology described in our previous work, with suitable modifica-
tions (Scheme 1).>** We started our synthetic approach with the
synthesis of 4-piperidinyl butan-2-one (6), obtained via Michael
addiction from a solution of piperidine and but-3-en-2-one in
PEG 400 in good yield (62%). Concerning the synthesis of (R,S)-
1, B-aminoketone 6 was added to the biphenyl anion, obtained

Med. Chem. Commun., 2015, 6, 138-146 | 139
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Br
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® ®

Synthesys of 6

HN . )cj)\/ PEG 400 )OKA,O

6

N

(R/S)1

Scheme 1 Synthesis of (R,S)-1. Reagents and conditions: (a) t-Buli,
anhydrous Et,O, —40 °C to rt; (b) 4-piperidinyl butan-2-one (6),
—78°Cto 0 °C; (c) H,O rt.

by halogen-metal exchange between the aromatic substrate and
tert-butyllitium (tert-BuLi) in anhydrous ethyl ether (Et,O) at
—40 °C. After an acid-base work-up and purification by crys-
tallization from methanol/water, (R,S)-1 was obtained as a white
solid in good yield (68%). The final compound was character-
ized by "H-NMR.

In order to make (R,S)-1 suitable for biological assays, a small
amount of this compound was obtained in its salt form as (R,S)-
1-dl-tartrate.

Chiral resolution of (R,S)-1 was achieved using chiral high
performance liquid chromatography (HPLC). To identify the

w0
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best experimental condition for the subsequent scaling-up, a
standard screening protocol for cellulose and amylose derived
chiral stationary phases (CSPs) was applied to the Chiralcel OJ-
H (4.6 mm diameter x 150 mm length, 5 um), Chiralpak AS-H
(4.6 mm diameter x 250 mm length, 5 um) and Chiralpak IC
(4.6 mm diameter x 250 mm length, 5 um) columns, whose
chiral selectors are cellulose tris-(4-methylbenzoate) (Chiralcel
OJ-H) and amylose tris [(S)-a-methylbenzylcarbamate] (Chir-
alpak AS-H) coated on a silica gel substrate and cellulose tris
(3,5-dichlorophenylcarbamate) immobilized on silica gel
(Chiralpak IC). Elution conditions adopted included mixtures
of n-heptane and polar modifiers (EtOH or 2-propanol), alcohols
(MeOH, EtOH, and 2-propanol), and acetonitrile; in all cases
0.1% of diethylamine was added to the mobile phase; in the
analysis with Chiralpak IC 0.3% of trifluoroacetic acid was also
added. The best result, in terms of enantioselectivity («) and
resolution factor (Rs), was obtained with Chiralcel OJ-H, eluting
with MeOH/diethylamine (100/0.1, v/v), as clearly illustrated in
Fig. 2 (¢t = 6.99 min; ¢, = 9.59 min; & = 1.98; Rg = 6.93).
These experimental conditions are characterized by the most
important prerequisites for an economic and productive enan-
tiomeric separation on a semi-preparative scale, such as high
solubility of racemate and enantiomers in the eluent solvent,
shortest retention times, and the use of a mobile phase consisting
of a pure low-cost solvent, which ultimately facilitates workup and
re-use of the mobile phase. Therefore, the analytical method was
suitably transferred to the semi-preparative scale employing a
Chiralcel OJ-H column (10 mm x 250 mm, 5 pm). In 17 cycles, 51
mg of (R,S)-1 were processed, yielding 22.1 mg of the first eluted

947

5.00 10:00

Fig. 2 Analytical separation of (R,S)-1. Chromatographic conditions:
100/0.1 (v/v), flow rate: 0.5 mL min~%, UV detector at 254 nm.

140 | Med. Chem. Commun., 2015, 6, 138-146

15.00 20,00 [min)

Chiralcel OJ-H (4.6 mm x 150 mm, 5 um), MeOH/diethylamine
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enantiomer and 23.2 mg of the second eluted one, characterized
by [a] values of +24.1 and —24.2, respectively (c: 0.5 in MeOH),
along with 5.7 mg of an intermediate fraction as a mixture of the
two enantiomers. Both enantiomers of 1 were obtained with a
yield of about 87% and ee = 99.9%, as evidenced by analytical
control of the collected fractions.

The configuration assignment study of the resolved enan-
tiomers of compound 1 was then performed comparing the
electronic circular dichroism (ECD) curves of (+)-1 with that of
(S)-(—)-2, whose absolute configuration was already assigned.>*
The ECD spectra (reported in the ESIT) of both (+)-1 and (S)-
(—)-2 evidenced a similar profile in the range of wavelength
between 200 and 300 nm. In detail, both compounds show a
negative Cotton Effect (CE) at about 210 nm [(+)-1: Apax 206.5
nm, Mol. CD —6.61; (S)-(—)-2: Amax 209.0 nm, Mol. CD —6.21]
and a positive CE in the range 220-260 nm [(+)-1: Amax 253.5 nm,
Mol. CD +2.60; (S)-(—)-2: Amax 224.0 nm, Mol. CD +16.80]. Based
on these considerations, the absolute configuration (S) was
assigned to (+)-1. Both enantiomers of 1 were finally converted
into the corresponding tartrates [(R)-1-l-tartrate and (S)-1-d-
tartrate, respectively], suitable for biological investigation.

Molecular modeling studies

Molecular Dynamics (MD) simulations were carried out to
predict binding mode, affinity, and eventual stereoselective
binding features of the selected compounds towards the o
receptors. To the purpose, both (R) and (S) enantiomers of
compounds 1-5 were modeled and the relevant free energy of
binding (AGping) With the protein was estimated via MM/PBSA
calculations®** using the optimized structure of the
compounds in complex with our validated homology model of
the o, receptor.>**?

Taking compounds (R)-1 and (S)-1 as a proof-of-concept, the
analysis of the corresponding MD trajectories revealed that four
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major types of interactions are involved in the binding mode of
both (R)-1 and (S)-1 to the o, receptor, as shown in Fig. 3A and B:
(i) a permanent salt bridge is detected between the -NH" moiety
of the ligand piperidine ring and the COO™ group of Asp126; (ii)
the side chains of Arg119 and Trp121 are engaged in stabilizing
7 interactions with the biphenyl group of the ligands; (iii)
several further hydrophobic interactions concur to stabilize
compound/receptor binding, mainly via the side chains of the
o; residues belonging to the hydrophobic pocket Ile128,
Phe133, and Tyr173; and (iv) a hydrogen bond (HB) between the
hydroxyl group of the compounds and the carboxylic chain of
Glu172 conclusively anchors the ligand to the protein binding
cavity.

The results of our modeling investigation predict that both
enantiomers of 1 can be aptly accommodated within the oy
binding site and establish similar networks of stabilizing
interactions with the receptor.

To quantify the overall effect of these interactions, binding
free energy calculations were applied and, according to our
simulations, both molecules are endowed with similar affinities
towards the biological target, with a slight preference of the
receptor for the (S) enantiomer, as AGping = —10.81 & 0.22 kcal
mol~* for (R)-1 and AGping = —11.09 = 0.23 kcal mol ™" for (S)-1.
The same trend was obtained for all other protein/ligand
complexes considered, although compounds 2-5 showed lower
affinities towards the o; receptor with respect to the biphenyl
derivatives, as seen from the AGy;,q values listed in Table 2.

To investigate in detail the reason for this behavior, decon-
volution of the enthalpic component (AHp;nq) of the binding
free energy into contributions from each protein residue was
carried out. As shown in Fig. 4 for compounds (R)-1 and (S)-1,
the stable salt bridge involving Asp126 is responsible for
comparable stabilizing contribution of —2.15 kcal mol " and
—2.19 keal mol ™, respectively (average dynamic length (ADL) =
411 + 0.05 A for (R)-1 and ADL= 4.08 + 0.06 A for (S)-1).

Trp121 Asp126

”
’ Argl19

(8)-1

Tle128

Phel33

Glu172
Tyrl73

Fig. 3 (A) Two dimensional schematic representation of postulated interactions between the o, receptor and 1, established by direct affinity

measurements. The lines/arrows indicate proposed key interaction between the receptor and its ligand. (B) Modeled complex of the o, receptor
with (S)-1 showing the key interactions proposed in the topographical interaction model depicted in part A. The main protein residues involved in
these interactions are Argl119 (red), Trpl21 (cyan), Aspl26 (blue), Ile128 (forest green), Glul72 (yellow), and Tyrl73 (magenta). The ligand is
portrayed in sticks and balls and colored by element, while the protein residues mainly involved in the interaction with (S)-1 are highlighted as
colored sticks and labeled. Salt bridge and H-bond interactions are shown as black lines. Water, ions, and counterions are not shown for clarity.
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Table 2 Binding free energies AGping (kcal mol™Y) and KiG1(calca) Values for the tested compounds in the complex with the o, receptor. *The

calculated Kio; values were estimated from the corresponding AGping Values using the relationship AGping = —RT IN(1/KiG1(calca)
Compounds AH};nq keal mol ™ —TAS keal mol ™! AGping keal mol ™! KiO1(caled)
(R)1 —23.89 £ 0.09 —13.08 £ 0.20 —10.81 £+ 0.22 12 nM
(S)F1 —24.20 £+ 0.08 —13.11 £ 0.22 —11.09 £+ 0.23 7.5 nM
(R)-2 —22.55 £ 0.11 —12.83 £ 0.21 —9.72 £ 0.24 76 nM
(8)2 —22.71 £ 0.12 —12.79 £ 0.20 —9.92 + 0.23 54 nM
(R)-3 —22.51 + 0.13 —12.81 £+ 0.23 —9.70 + 0.26 78 nM
()3 —22.74 £ 0.10 —12.86 £+ 0.19 —9.88 + 0.21 57 nM
(2R,35)-4 —20.97 £ 0.08 —11.88 £ 0.22 —9.09 £+ 0.23 219 nM
(25,3R)-4 —21.46 £+ 0.09 —11.93 £ 0.24 —9.53 + 0.26 104 nM
(2R,35)-5 —19.90 £ 0.10 —11.79 £ 0.21 —8.11 £+ 0.23 1.1 pM
(ZS 3R) 5 —19.89 £+ 0.12 —11.70 £ 0.18 —8.19 £+ 0.22 998 nM

Furthermore, the substantial van der Waals and electrostatic
interactions contributed, via the aforementioned 7 interaction,
by Arg119 (—0.82 kcal mol " for (R)-1 and —0.88 kcal mol ™~ for
(S)-1) and Trp121 (—1.01 keal mol™* for (R)-1 and —0.98 kecal
mol ™" for (S)-1), and by the residues belonging to the hydro-
phobic pocket Ile128, Phe133, and Tyr173 (with a clustered
contribution of —3.08 kcal mol " for (R)-1 and —3.04 kcal mol *
for (S)-1), also did not discriminate the affinity of the enantio-
mers for the receptor. In contrast, the stabilizing effects
provided by the permanent hydrogen bond through interac-
tions with Glu172 are dissimilar, as confirmed by the corre-
sponding ADL (2.08 + 0.06 A for (R)-1 and 1.92 + 0.04 A for (S)-1,
Fig. 4A) and, more importantly, the specific AHpi,g values
(=1.01 keal mol™" for (R)-1 and —1.59 kcal mol™" for (S)-1,
Fig. 4B). This structural and energetical evidence explains the
slightly higher affinity of the enantiomer with (S) configuration
toward the o, receptor.

This per residue-based analysis allowed us to better under-
stand and quantitatively explain the differences in affinity
among all compounds of the series. As shown in Table 2, the
derivatives 2 and 3 show a decrease in AGy;nq of about 1 kecal
mol ' compared to the best ligand 1. Based on the results of our
computational approach both molecules are able to preserve all
key interactions with the main o; residues involved in the
binding site (Fig. S3A and Bf). Nevertheless, taking the (S)
enantiomers as reference for our considerations, the

replacement of the piperidine portion of (S)-1 with a less bulky
N,N-dimethyl group leads to a substantial reduction of the
stabilizing contribution afforded by the ¢, amino acids Ile128,
Phe133, and Tyr172 which constitute the typical hydrophobic
pocket of the o; binding site (Fig. S4t). Actually, if the contri-
bution of the other residues remained comparable to that of (S)-
1, the clustered AHp;ng Of these three residues (—1.36 kcal mol™*
for (S)-2 and —1.45 keal mol ™" for (S)-3, respectively) would
become significantly lower in comparison with the value of the
piperidine derivative (—3.04 kcal mol ™).

Regarding the constrained derivatives (2S,3R)-4 and (2S,3R)-
5, the increased structural rigidity leads to a different binding
pose with respect to the compounds discussed above. As already
shown in other studies on o, ligands,>#*® to comply with the
pharmacophoric requirements upon target binding these
molecules must adopt a reverse orientation into the hydro-
phobic binding pocket (Fig. S3C and Dt). Therefore, the aryl-
pyrrolidinol derivative (25,3R)-4 exhibits a moderate binding
affinity (Kio(calcq) = 104 nM, Table 2) since its naphthyl moiety
can still be encased in the binding pocket by establishing
favorable interactions with the involved o, residues. As a result
of this binding pose, the interaction profile of 1le128, Phe133,
and Tyr172 with (2S,3R)-4 is very similar to that of compound
(S)-1 (Fig. S4t). However, the structure of this compound
prevents it to establish other stabilizing interactions: indeed, we
detected a drastic loss in the stabilization effect of the salt

=

AHping (kcal/mol)

N A
S« &

Fig.4 (A) Comparison between the zoomed view of a MD representative snapshot of the hydrogen bond interaction between (R)-1 (purple) and
(5)-1 (green) with the oy receptor residue Glul72. The compounds are portrayed as ball-and-stick, while the amino acid is depicted as stick and
colored accordingly. (B) Per residue energy decomposition for the o, receptor in complex with (R)-1 (purple) and (S)-1 (green), showing those

residues for which |AHpingl > 0.60 kcal mol™™.
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Table 3 Binding affinity of the compounds toward the o, receptor.
Values are means + SEM of three experiments

Compound Kic; (nM) + SEM Kic, (nM) £+ SEM
(R,S)-RC-33 0.9 +£ 0.3 103 £ 10
(R)-RC-33 1.8 £ 0.1 45 + 16
(S)-RC-33 1.9 £0.2 98 + 64
(R,S)1 6.57 £ 0.2 34.6 + 47
(R)1 39+ 8 4.3 uM =+ 315
(8)1 47403 1.8 uM =+ 288
(R,S)-2 77 £23 66 + 13
(R)-2 205 + 60 651 + 67
(S)2 63 + 39 75+5
(R,S)-3 41 £ 11 97 + 18
(R)-3 51414 133 £ 63
(5)-3 25 +4 1.1 M =+ 223
(2R,S/3S,R)-4 65 £ 18 366 + 64
(2R,35)-4 86 + 16 94 + 23
(2S,3R)-4 26 £ 2 432 + 53
(2R,S/38,R)-5 1.9 uM + 304 1.5 pM + 219
(2R,35)-5 1.5 uM =+ 226 1.2 uM + 212
(25,3R)-5 1.2 pM + 257 1.9 pM + 293

bridge with Asp126 and of the hydrogen bond with Glu172
(Fig. S4t). In addition, the contribution of the 7 interaction with
Arg119 and Trp121 was completely abolished (Fig. S31). Finally,
the 6-OCH; substituted compound (2S,3R)-5 ranks as the
weakest o; binder of the series, with an estimated affinity in the
uM range (Table 2). In fact, the steric hindrance of its methoxyl
group prevents the molecule to penetrate deeply in the receptor
binding pocket, (Fig. S3D) with a consequent overall decrease
of all binding stabilizing interactions (Fig. S47).

Taken together, our in silico studies support our original
hypothesis: actually, the presence of an extra pharmacophoric
feature in compounds 1-5, missing in the original compound RC-
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33, leads to an additional interaction of the ligands with the o,
receptor. Importantly, however, the presence of this feature does
not afford a meaningful contribution in differentiating binding
affinity of enantiomeric ligands. But, at the same time, it seems to
be a potential key-requirement for the stereoselective compound
interaction with the o; receptor. In fact, notwithstanding the
interaction spectra of (R)- and (S)-1 reported in Fig. 4B differ, both
qualitatively and quantitatively, from those obtained for (R)- and
(S)RC-33,> the contribution afforded by each residue involved in
ligand binding is somewhat lower in the case of 1 with respect to
RC-33, ultimately resulting in an only slightly lower affinity of 1 for
the receptor. Hence, the presence of the additional pharmaco-
phore feature detected for the present series of compounds seems
to play an orientational, rather than an energetic role, in the
selectivity of o, for their (S) enantiomers.

Pharmacological evaluation

The affinities of (R,S)-1-3, (2R/S,3S/R)-4-5, (R)-1-3, (2R,35)-4-5, (S)-
1-3, and (2S,3R)-4-5 towards the o; and o, receptors were
experimentally determined in radioligand receptor binding
studies.

In o, receptor binding assay the test compounds compete
with a potent and selective radioligand (i.e. [*’H]-(+)-pentazo-
cine) for the respective binding site. Nonspecific binding was
recorded in the presence of cold non-radiolabeled (+)-pentazo-
cine in large excess. Membrane preparations from guinea pig
cerebral cortex homogenates served as the receptor source. In
the o, assay, membrane preparations of the rat liver served as
the source for o, receptors. The nonselective radioligand
[3H]DTG was employed in the o, assay because no o,-selective
radioligands are commercially available yet. To mask the o
receptors, an excess of non-tritiated (+)-pentazocine was added
to the assay solution, while a high concentration of non-tritiated
DTG was used to determine nonspecific binding. In Table 3 the

Effect of (R,S)-1:DL tartrate and corresponding pure enantiomers
on NGF-induced neurite outgrowth in PC12
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Fig. 5 Effect of o; receptor ligands (R,S)-1-dl-tartrate and corresponding enantiomers on NGF-induced neurite outgrowth. Co-administration
of NE-100 selective o receptor antagonist totally blocked the potentiating effect of (R,S)-1 and (S)-1 compounds. Histograms represent the
mean + SEM of at least three different experiments performed in duplicate. *** = p < 0.005; ** = p < 0.01; * = p < 0.05; ° = p = 0.05 vs. NGF

alone. A =p < 0.0l vs. (R,/9)-1; §§ = p < 0.01 vs. (S)-1.
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o; and o, receptor affinities of all tested compounds are
summarized and compared with affinities of racemic and
enantiomeric RC-33**¢ as reference compounds. With the only
exception of arylpyrrolidinol 5, which is a weak o, receptor
binder, all compounds generally showed an interesting o
affinity, in accordance with our in silico predictions (Table 2).
Most importantly, the (S)-configured enantiomers at the ster-
eogenic center directly linked to the aromatic moiety exhibit a
preferential interaction with the target protein, thus suggesting
that the interaction with the receptor is stereoselective. This is
particularly evident for (S)-1, which shows a eudismic ratio of
about 8 and represents the compound with both the highest
affinity and selectivity toward o, receptors among all molecules
investigated (Kio; = 4.7 &+ 0.3 nM, K;0,/K;c,;= 382, Table 3).

Racemic and enantiomeric 1 were then selected for further
investigation in our validated PC12 cell model of neuronal
differentiation with the purpose of determining their agonistic/
antagonistic profile and investigating the role of chirality and
their effect on NGF-induced neurite outgrowth. The range of
concentrations for racemic and enantiomeric 1 was chosen
according to our previous assays*‘ performed on RC-33. Both
(S)-1-d-tartrate and (R,S)-1-dl-tartrate displayed a o; agonistic
profile, consistently and significantly potentiating NGF-induced
neurite outgrowth at concentrations of 2.5 and 5 uM (p = 0.05
and p < 0.05, respectively, vs. NGF alone for (R,S)-1; p < 0.01 and
P < 0.005, respectively, vs. NGF alone for (S)-1, Fig. 5). Consis-
tently, the effect of these compounds was totally blocked by co-
administration of the selective o; antagonist NE-100. In
contrast, (R)-1-l-tartrate did not affect the percentage of cells
with neurite outgrowth with respect to NGF alone (Fig. 5).
Importantly, (S)-1-dl-tartrate was more effective than the cor-
responding racemate in promoting NGF induced neurite
outgrowth (p < 0.01 vs. (R,S)-1, Fig. 5).

Taken together, these results show that (S)-1-d-tartrate is the
eutomer. Indeed it enhances NGF-induced neurite outgrowth
and its efficacy is greater than (R,S)-1-dl-tartrate, while (R)-
1-l-tartrate is not effective in promoting NGF induced neurite
outgrowth in PC12 cells at the same concentrations.

Conclusions

The stereoselectivity of the ligand binding to o; receptor
remains one of the obscure yet intriguing aspects of the activity
of this enigmatic transmembrane protein. In this paper, to
enrich our knowledge of the structural origins of the enantio-
selective interaction of o, ligands we studied the enantiomeric
compounds 1-5 structurally related to the potent ¢, agonist RC-
33. According to the latest and more specific o; receptor 3D
pharmacophore models and with respect to the reference ligand
RC-33 (for which the interaction with its target receptor is not
dependent on the absolute configuration), compounds 1-5
present an additional pharmacophoric feature: a hydrogen
bond center. Our in silico analysis of the binding modes and
interactions between compounds 1-5 and the o, receptor
revealed that, for these molecules, four major intermolecular
interactions are involved in stabilizing ligand binding within
the receptor binding pocket. Among those, the extra hydrogen
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bond interaction - missing in the RC-33/c, receptor complex —
plays a role in mild enantiomeric binding discrimination.
Interestingly, the mechanism of enantiomer recognition is
typically described assuming that three*' or four®* key interac-
tions are necessary to distinguish one enantiomer from the
other. Thus, our results seem to be in line with this view.
Accordingly, for all studied compounds, a weak (about two) to
moderate (about eight) stereoselectivity in the interaction with
the o, receptor was observed and (S)-1 was found to be the most
active compound of the entire series (Kjo; = 4.7 nM, eudismic
ratio = 8). In summary, we showed that the o, receptor exhibits
enantiopreference toward compounds characterized by (S)-
configuration at the stereogenic center bearing the aromatic
moiety only when the alcoholic group is present at the chiral
center. Although a more robust and populated dataset of
compounds is undoubtedly needed to verify our hypothesis, we
postulate that a heterogroup at the chiral center is required for a
o;-ligand interaction to be stereoselective. An effort to corrob-
orate this claim is ongoing in our laboratories.

Regarding the effect in promoting neurite outgrowth, the
results of the functional assays related to 1 demonstrated that
the chirality of the molecule affects the biological activity;
indeed (S)-1 enhances NGF-induced neurite outgrowth and,
also, its efficacy is greater than (R,S)-1. Most importantly (R)-1 is
not effective in potentiating NGF-induced neurite outgrowth at
the tested concentrations.

Altogether our observations provide further insights into the
role of chirality in the o; receptor-ligand interaction and
represent a step-forward in future development of more specific
and effective o, agonists.
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1.1 General

All reagents and solvents were purchased from commercial suppliers and used without any further
purification. All reactions involving air-sensitive reagents were performed under nitrogen
atmosphere. Anhydrous solvents were obtained according to standard procedures. All solvents were
evaporated under reduced pressure using a Heidolph Laborota 4000. Melting points were
determined in open capillaries on SMP3 Stuart Scientific apparatus and are uncorrected. Proton
nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 400 spectrometer
operating at 400.13 MHz. Proton chemical shifts (d) are reported in ppm with the solvent reference
relative to tetramethylsilane (TMS) employed as the internal standard (CDCI3, 6 = 7.26 ppm;
CD2CI2, 0 = 5.32 ppm; [D6]acetone, 0 = 2.05 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. Reaction courses were checked by thin layer
chromatography (TLC) on silica gel (Fluka Kieselgel 60 F254, Merck) pre-coated glass-backed
plates purchased from Fluka and the chromatograms were detected by UV radiations, potassium
permanganate and acidic ammonium molybdate (IV). Intermediates and final compounds were
purified by flash chromatography using Silica Gel 60 (particle size 230—400 mesh) purchased from
Nova Chimica (Cinisello Balsamo, Italy).

Optical rotation values were measured on the Jasco photoelectric polarimeter DIP 1000 with a 1 dm
cell at the sodium D line (4 = 589 nm); sample concentration values ¢ are given in g 10-2 mL-1.

Circular dichroism spectra were recorded on a Jasco J-710 dichrograph.

1.2 Synthesis of (R,S)-1

Synthesis of 4-Piperidin-1-yl-butan-2-one (6).

A solution of piperidine (0.1 mL, 1 mmol) and but-3-en-2-one (0.12 mL, 1.5 mmol) in PEG 400
(2.5 g) was stirred at rt for 35 min. Subsequently, 10% HCI was added to the mixture until pH 2 was
reached and an acid-basic work-up was performed. Initially, the aqueous phase was washed with
dichloromethane (CH,Cl,), then made alkaline with 1 N NaOH solution (pH 10) and extracted with
CH,Cl,. The combined organic layers were dried over anhydrous Na,SO,4 and concentrated under

reduced pressure affording the desired product as yellow oil (96 mg, 62%).

Synthesis of 2-([1,1'-biphenyl]-4-yl)-4-(piperidin-1-yl)butan-2-ol [(R,S)-1].
To a solution of 4-bromo-1,1'-biphenyl (12.5 mmol) in anhydrous diethyl ether (Et,O, 50mL),
cooled to —40°C, tert-BuLi (25 mmol, 1.7 M in pentane) was added with stirring under nitrogen

atmosphere (N;), keeping the temperature for 20 min. The reaction mixture was then slowly
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allowed to warm to room temperature. After 1 h stirring, a solution of 4-(piperidin-1-yl)butan-2-one
(10 mmol) in dry Et,0O (15 mL) was added dropwise at -78°C. The reaction mixture was slowly
allowed to warm to 0°C and stirring was continued for 3 h; then the reaction mixture was treated
with water (30 mL). The aqueous phase was extracted with Et,O and the combined organic phases
were extracted with 5% DL-tartaric acid aqueous solution until pH 4. The acid aqueous layer

was made alkaline with 1 N NaHCO to pH 8, extracted with CH,Cl, and concentrated in vacuum,
yielding a white solid. The crude product was further purified by crystallization from
methanol/water (8/2, v/v) and transformed into the salts (R,S)-1-DL-tartrate (molar ratio 1/1).
[(R,S)-1] 2-([1,1'-biphenyl]-4-yl)-4-(piperidin-1-yl)butan-2-ol: white solid (105 mg, 68%). Mp:
110 — 111°C. Rf: 0,46 (TLC: AcOEt/NH3, 100/0,1, v/v); 'TH-NMR 6;(400 MHz; DMSO) 1,40 (2H,
bs, N(CH,CH,)CH;), 1,44 (3H, s,CCHj3), 1,51 (4H, m, N(CH,CH,)2CH,), 1,98 (2H, m, CH,CH;,N),
2,25 (4H, m, N(CH,CH;),CH,), 2,41 (2H, m, ArCCH,CH,), 6,23 (1H, bs, OH), 7,38 (1H, m,

aromatic), 7,54 (4H, m, aromatics), 7,69 (4H, m, aromatics).

2. Chiral Resolution of (R,S)-1

Analytical chiral resolution of 1 was performed via chiral high performance liquid chromatography
(HPLC) using a Jasco (Cremella, LC, Italy) system equipped with a Jasco AS-2055 plus
autosampler, a PU-2089 plus quaternary gradient pump, and a MD-2010 plus multiwavelength
detector, and using the following columns: Chiralcel OJ-H (4.6 mm diameter x 150 mm length,
Sum), Chiralpak AS-H (4.6 mm diameter x 250 mm length, S5um) and Chiralpak IC (4.6 mm
diameter x 250 mm length, Sum). Experimental data were acquired and processed by Jasco Borwin
PDA and Borwin Chromatograph Software. Solvents used for enantioselective chromatography
were HPLC grade and supplied by Carlo Erba (Milan, Italy). All HPLC analyses were performed at
room temperature (rt). Sample solutions were prepared dissolving analyte in MeOH (c: 0.5 mg/mL)
and filtering the solution through 0.45 um PTFE membranes before analysis. The injection volume
was 10 pL, the flow rate of 0.5 mL/min and the analysis were carried out by UV detector at 254 nm.
The retention factor (k) was calculated using the equation k = (tr - 1))/ t,, where f#x is the retention
time and ¢, the dead time (#, was considered to be equal to the peak of the solvent front and was
taken from each particular run). The enantioselectivity (o) and the resolution factor (R;) were
calculated as follows: a=k,/ k;and Ry =2 (trs - tr1) / (Ww; + wy) where tr, and fR; are the retention
times of the second and the first eluted enantiomers, and w; and w, are the corresponding base peak

widths.
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Pure enantiomers of 1 were obtained by a semi-preparative process using a Chiralcel OJ-H column
(10 mm diameter x 250 mm length, 5 um), eluting with MeOH/diethylamine 100/0.1 (v/v) at rt with
a flow rate of 3 mL/min (UV detector: 254 nm). Sample solutions were prepared dissolving analyte
in MeOH (c: 3 mg/mL), filtered through 0.45 um PTFE membranes before analysis, and the
injection volume was 1 mL. The fractions were collected as reported in Figure S1. Analytical
control of collected fractions was performed on Chiralcel OJ-H eluting with MeOH/diethylamine
100/0.1 (v/v), at a flow rate 0.5 mL/min, UV detector at 254 nm. The fractions obtained containing

the enantiomers were evaporated at reduced pressure.

|
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Fig. S1. Semi-preparative enantiomer separation of (R,S)-1. Chromatographic conditions: Chiralcel OJ-H (10 mm X 250
mm, 5 pm), MeOH/diethylamine 100/0.1 (v/v), flow rate: 3 mL/min, UV detector at 254 nm, injected amount 3 mg, cut
points given by dashes (—).

3. Electronic Circular Dichroism
The solutions of (+)-1 (c: 2.02x10-°M in n-hexane, optical pathway 1 cm) and (-)-(S)-2 (c: 2.5x10
M in n-hexane, optical pathway 1 cm) were analyzed in nitrogen atmosphere. ECD spectra were

scanned at 50 nm/min with a spectral band width of 2 nm and data resolution of 0.5 nm (Fig.S2).
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Fig. S2 CD curves of (+)-1 (c: 2.02x10-°M in n-hexane) (A), and (-)-(S)-2 (c: 2.5x10-°M in n-hexane) (B).

4. Molecular Modeling

The model structures of compounds 1-5 were sketched and geometrically optimized using
Discovery Studio (DS, version 2.5, Accelrys, San Diego, CA). A conformational search was then
carried out using a well-validated, ad hoc developed combined molecular mechanics/molecular
dynamics simulated annealing (MDSA) protocolS!ab. 82, S3ab yging Amber 1254 and the ff03 force
field.$> The optimized compound structures were then docked into the o putative binding pocket by
applying a consolidated procedure performed with Autodock 4.3/Autodock Tools 1.4.6%¢ on a
win64 platform. For each compound only the molecular conformation satisfying the combined
criteria of having the lowest (i.e., more favorable) Autodock energy and belonging to a highly
populated cluster was selected to carry for further modeling.

Each ligand/receptor complex obtained from the docking procedure was further refined in Amber
12 using the quenched molecular dynamics (QMD) method. According to QMD, 1 ns MD
simulations at 300 K were employed to sample the conformational space of each ligand/receptor
complex in the GB/SA continuum solvation environment.S’* The integration step was equal to 1
fs. After each picosecond, each system was cooled to 0 K, and the structure was extensively
minimized and stored. To prevent global conformational changes of the protein, the backbone
atoms of the protein binding site were constrained by a harmonic force constant of 100 kcal/A,
whereas the amino acid side chains and the ligands were allowed to move without any constraint.
The best energy configuration of each complex resulting from the previous step was subsequently
solvated by a cubic box of TIP3PS7 water molecules extending at least 10 A in each direction from
the solute. Each system was then neutralized and, furthermore, the solution ionic strength was
adjusted to the physiological value of 0.15 M by adding the required amounts of Na* and ClI- ions.
Each solvated system was relaxed by 500 steps of steepest descent followed by 500 other
conjugate-gradient minimization steps and then gradually heated to a temperature of 300 K in
intervals of 50 ps of NVT MD, using a Verlet integration time step of 1.0 fs. The Langevin
thermostat was used to control temperature, with a collision frequency of 2.0 ps'!. The SHAKE
methodS® was used to constrain all of the covalently bound hydrogen atoms, while long-range
nonbonded van der Waals interactions were truncated by using dual cutoffs 6 and 12 A. The particle
mesh Ewald (PME)® was applied to treat long-range electrostatic interactions. The protein was
restrained with a force constant of 2.0 kcal/(mol A), and all simulations were carried out with

periodic boundary conditions.
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The density of the system was subsequently equilibrated via MD runs in the isothermal — isobaric
(NPT) ensemble (with isotropic position scaling and a pressure relaxation time of 1.0 ps), for 50 ps
with a time step of 1 fs. Each system was further equilibrated using NPT MD runs at 300 K, with a
pressure relaxation time of 2.0 ps. Five equilibration steps were performed, each 2 ns long and with
a time step of 2.0 fs. To check the system stability, the fluctuations of the root-mean-square
deviation (rmsd) of the simulated position of the backbone atoms of the o, receptor with respect to
those of the initial protein were monitored. All chemico-physical parameters and rmsd values
showed very low fluctuations at the end of the equilibration process, indicating that the systems
reached a true equilibrium condition.

The equilibration phase was followed by a data production run consisting of 20 ns of MD
simulations in the canonical (NVT) ensemble. Only the last 10 ns of each equilibrated MD
trajectory were considered for statistical data collections.

The binding free energy, AGyng, between all ligands and the o; receptor was estimated by resorting
to the MM/PBSA approach. According to this well-validated methodology®3: 510a-b. Slla-e the free
energy was calculated for each molecular species (complex, receptor, and ligand), and the binding
free energy was computed as the difference:

AGyind = Geomplex — (Greceptor T Giigand) = AEmm + AGgo1 — TAS (Eq.1)

The molecular mechanics energy AEy\ was calculated as the sum of the van der Waals and
electrostatic interactions:

AEmm = AEvpw + AEgLE (Eq.2)

The solvation free energy term AGg, was composed of the polar and nonpolar contributions:

AGgo = AGpp + AGnp (Eq.3)

AGpp was estimated using DelPhi,5!? which solves the Poisson—Boltzmann equations numerically
and calculates the electrostatic energy according to the electrostatic potential. Dielectric constants
of 1 and 80 were used for solute and solvent, respectively. A grid spacing of 0.5 per angstrom,
extending 20% beyond the dimensions of the solute, was employed in these calculations.

The nonpolar solvation contribution was determined using the following relationship:S!3

AGNP =y x SA + (Eq.4)

in which y = 0.00542 kcal/(mol A2), B = 0.92 kcal/mol, and SA is the molecular surface area
estimated by means of the MSMS software.5!4

The conformational entropy (translation, rotation, and vibration) upon ligand binding (—TAS in Eq.
(1)) was estimated using normal-mode analysis®!> with the Nmode module of Amber 12. Prior to
normal-mode calculations, each MD snapshot of each receptor/ligand complex was energy

minimized using a  distance-dependent
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dielectric constant & = 4r;; until the root-mean-square of the elements of the gradient vector was less
that 10 kcal/mol A. To minimize the effects due to different conformations adopted by individual
snapshots, and due to the high computational demand of this approach, we averaged the estimation
of entropy over MD 100 snapshots for each molecular complex that were evenly extracted from the
last 10 ns of each corresponding MD trajectory.

The per residue binding free energy decomposition was performed exploiting the MD trajectory of
each given compound/receptor complex, with the aim of identifying the key residues involved in
the ligand-receptor interaction. This analysis was carried out using the MM/GBSA approachS'® and
was based on the same snapshots used in the binding free energy calculation.

All simulations were carried out using the Sander and Pmemd modules of Amber 12, running on the
EURORA-CPU/GPU calculation cluster of the CINECA supercomputer facility (Bologna, Italy).
The entire MD simulation and data analysis procedure was optimized by integrating Amber 12 in

modeFRONTIER, a multidisciplinary and multiobjective optimization and design environment.5!”

Fig. S3. Superposition of equilibrated MD snapshots of the s; receptor in complex with (S)-1 (green) in comparison
with (S)-2 (A, orange), (S)-3 (B, orange red), (2S,3R)-4 (C, khaki) and (2S,3R)-5 (D, sandy brown). Hydrogen atoms,

water molecules, ions and counterions are omitted for clarity.
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Fig. S4. Per residue energy decomposition for s; receptor in complex with (S)-1 (green), (S)-2 (orange), (S)-3 (orange
red), (2S,3R)-4 (khaki) and (2S,3R)-5 (sandy brown) showing those residues involved in key binding interactions.

5. Biological investigation
5.1 Binding Assays
Materials: Guinea pig brains for the o, receptor binding assays were commercially available
(Harlan-Winkelmann, Borchen, Germany). Homogenizer: Elvehjem Potter (B. Braun Biotech
International, Melsungen, Germany) and Soniprep 150, MSE, London, UK). Centrifuges: Cooling
centrifuge model Rotina 35R (Hettich, Tuttlingen, Germany) 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 tumbling speed (scientific workshop of the institute). Vortexer: Vortex
Genie 2 (Thermo Fisher Scientific, Langenselbold, Germany). Harvester: MicroBeta FilterMate-96
Harvester. Filter: Printed Filtermat Type A and B. Scintillator: Meltilex (Type A or B) solid-state
scintillator. Scintillation analyzer: MicroBeta Trilux (all PerkinElmer LAS, Rodgau-Jiigesheim,
Germany). Chemicals and reagents were purchased from various commercial sources and were of
analytical grade.
Preparation of membrane homogenates from rat liver : Two rat livers (Sprague—Dawley rats) 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 g for 10 min at 4 °C.
The supernatant was separated and centrifuged at 31 000 g for 20 min at 4 °C. The pellet was re-
suspended in 5—6 volumes of buffer (50 mm Tris, pH 8.0) and incubated at RT for 30 min. After
incubation, the suspension was centrifuged again at 31000 g for 20 min at 4 °C. The final pellet was
re-suspended in 5—6 volumes of buffer and stored at - 80 °C in 1.5 mL portions containing ~2 (mg

protein)mL-!
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Preparation of membrane homogenates from guinea pig brain cortex: Five guinea pig brains were
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 g for 10 min at 4°C. The supernatant was
separated and centrifuged at 23500 g for 20 min at 4°C. The pellet was re-suspended in 5-6
volumes of buffer (50 mm Tris, pH 7.4) and centrifuged again at 23500 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 1.5 mL portions containing ~1.5 (mg protein)mL-!.

Protein determination: The protein concentration was determined by the method of BradfordS'®
modified by Stoscheck.5!” The Bradford solution was prepared by dissolving 5 mg of Coomassie
Brilliant Blue G 250 in 2.5 mL EtOH (95% v/v). Deionized H,O (10 mL) and phosphoric acid (85%
w/v, 5 mL) were added to this solution, and the mixture was stirred and filled to a total volume of
50 mL with deionized water. Calibration was carried out using bovine serum albumin as a standard
in nine concentrations (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, and 4.0 mg mL-"). In a 96-well standard
multiplate, 10 mL of the calibration solution or 10 mL of the membrane receptor preparation were
mixed with 190 mL of the Bradford solution. After 5 min, the UV absorption of the protein—dye
complex at 1=595 nm was measured with a plate reader (Tecan Genios, Tecan, Crailsheim,
Germany).

General protocol for binding assays: The test compound solutions were prepared by dissolving ~10
mmol (usually 2—4 mg) of test compound in DMSO so that a 10 uM 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 polyethylenimine solution
for 2 h at 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 uL of the respective assay buffer, 50 puL test compound solution
at various concentrations (103, 10, 107, 10%, 10° and 10'°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 mL 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 [3H]-counting
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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 IC50 values were subsequently transformed into Ki values using the equation of Cheng and
Prusoff.52° The Ki values are given as mean value +SEM from three independent experiments.

o, receptor binding assay: The assay was performed with the radioligand [*H](+)-pentazocine (22.0
Ci mmol'; PerkinElmer). The thawed membrane preparation of guinea pig brain cortex (~100 mg
protein) was incubated with various concentrations of test compounds, 2 nM [*H](+)-pentazocine,
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.

o; receptor binding assay: The assays were performed with the radioligand [PH]DTG (specific
activity 50 Cimmol-'; ARC, St. Louis, MO, USA). The thawed membrane preparation of rat liver
(~100 mg protein) was incubated with various concentrations of the test compound, 3 nM [*H]DTG,
and buffer containing (+)-pentazocine (500 nM (+)-pentazocine in 50 mM Tris, pH 8.0) at RT. The
non-specific binding was determined with 10 mM unlabeled DTG. The K4 value of [*H]DTG is
17.9 nM.

5.2 NGF-induced neurite outgrowth in PC12 cells.

Cell culture: PC12 cells were cultured at 37°C, under 5% CO, in RPMI 1640 medium
supplemented with 5% heat-inactivated fetal bovine serum (FBS), 10% heat-inactivated horse
serum (HS), 1% Glutamax, 1% Zell (Biochrom). The medium was changed two or three times a
week. When NGF with or without the test compounds had to be added, cells were detached from
the culture dishes, centrifuged at 150 g for 5 min, re-suspended in RPMI 1640 medium containing
0.5% HS, 1% Glutamax, 1% Zell and plated at 8000 cells mL-! in 24-well tissue culture plates
coated with poly-D-lysine; 24 h after plating, the medium was replaced and NGF (2.5 ng mL-") was
added with or without drugs. Stock solutions (10 mM) of compounds (R,S)-1-DL-tartrate, (R)-1-L-
tartrate and (S)-1-D-tartrate were dissolved with apyrogenic H,O to 1 mM solution and added to
the cell medium to reach the selected final concentrations (0.25 uM, 2.5 uM, 5 pM). In some
experiments, the well-characterized o, receptor antagonist NE-100 was co-administered with (R,S)-
1-DL-tartrate, (R)-1-L-tartrate or (S)-1-D-tartrate at a final concentration of 3uM.

Quantification of neurite outgrowth: five days after incubation with NGF (2.5 ng mL-") with or
without drugs, PC12 cells were fixed at RT for 30 min in phosphate-buffered saline (PBS)
containing 4% (w/v) paraformaldehyde. Morphometric analysis was performed on digitized images
of fixed cells taken under phase-contrast illumination with a microscope (Optika) linked to a digital

camera. Images of at least six fields per well were taken at 20 x magnification in order to count an
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average of 300 cells. At least three independent experiments were performed for each condition,
using different batches of PC12 cells. Neurite outgrowth was scored by measuring the percentage of
differentiated cells bearing at least one neurite longer than the cell body diameter. Cell counting and
neurite length measurements were performed in a blind manner by two independent observers using
NeuronJ plugin®?! of ImageJ public domain software.

Statistical analysis: Data are expressed as the mean + standard error of the mean (SEM). Statistical
analysis was performed by two-way analysis of variance (ANOVA) followed by post hoc

Bonferroni-Dunnett’s test. Values of p<0.05 were considered statistically significant.
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Arapid and straightforward screening protocol of chiral stationary phases (CSPs) in HPLC and SFC resulted
in three different methods “fit-for-purpose”, i.e. analysis and scale-up to semi-preparative enantiose-
lective chromatography. The efficient use of these three methods allowed expedited preparation of an
important drug discovery target, (R/S)-1, a potent new sigma 1 (o1 ) receptor agonist. The approach taken
resulted in significant savings of both time and labor for the isolation of enantiomers compared to the
development of a stereo-selective synthesis.

The enantiomers of 1 have been isolated allowing studies of their chirooptical properties and an in-deep
comparative examination of the pharmacological profile for the individual enantiomers.
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1. Introduction

The sigma 1 receptor (o1R) has been intensively studied in
an attempt to investigate its role as a therapeutic target in sev-
eral pathologies [1], including neurodegenerative diseases, such
as Parkinson’s, Alzheimer’s and amyotrophic lateral sclerosis [2],
mood disorders [3,4] and pain [5]. In the last decade, our group
designed and synthesized a large number of o¢R ligands [6-8].
Among these, (R/S)-2-(4-phenylphenyl)-4-(1-piperidyl)butan-2-
ol, (R/S)-1 (Table 1) was recently identified as a potent o1 R agonist
[9]. Given that the stereoselectivity of the ligand binding to o;R
remains one of the obscure, yet intriguing aspects of the activity
of this protein, (R)- and (S)-1 were prepared in amount suitable
for evaluating their interaction with the biological target and their
effect in promoting neurite outgrowth. As a result, (S)-1 was found
to be the best o1 R ligand (K;o; =4.7 nM, eudismic ratio = 8) and the
only enantiomer effective in enhancing NGF-induced neurite out-
growth at the tested concentrations [9]. Unfortunately, during this
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study both enantiomers of 1 were obtained in minute amounts, only
sufficient to support a preliminary in vitro biological investigation.

The work here presented is as a part of our ongoing efforts
focused on the development of rapid and easy to use methods suit-
able for obtaining a quick access to the enantiomers of medicinal
chemistry interest with high enantiomeric excess and amounts suf-
ficient for biological investigations [10]. In the light of the above
considerations, the aim of the present work was to develop a
productive and robust system “fit-for-purpose” [11] suitable for
isolating pure enantiomers of 1 in amounts sufficient to support
an exhaustive biological investigation. It should be stressed that
in medicinal chemistry and early phases of drug development
high throughput of candidates rather than sophisticated analyti-
cal methods suitable for validation or fully optimized separations
dedicated to production under GMP are the main focus. Therefore,
a general applicable set of experimental conditions was developed
and tested employing racemic 1, for which neither a stereoselective
synthesis, nor any other method for isolating the enantiomers had
been described before.

Among the different approaches for the preparation of enan-
tiopure compounds, (semi)-preparative enantioselective high per-
formance liquid chromatography (HPLC) and (semi)-preparative
enantioselective supercritical fluid chromatography using chiral
stationary phases (CSPs) have been successfully employed for the
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Table 1
Screening results for enantiomer separation of (R/S)-2-(4-phenylphenyl)-4-(1-piperidyl)butan-2-ol, (R/S)-1, via HPLC.
Me
N
O 1

Eluent? Cellulose based CSPs
Chiralpak IC" Chiralcel OD-H Chiralcel OJ-H
kA kB o Rs kA kB o Rs kA kB o Rs
A 0.36 1 n.a. 0.34 1 n.a. 0.69 1.27 1.83 4.89
B 1.05 1 n.a. 0.19 1 n.a. 0.37 0.69 1.84 2.99
C 5.22 7.06 135 3.37 0.26 1 n.a. 0.69 1.05 1.52 2.95
D 4.22 5.02 1.19 2.54 0.25 1 n.a. 0.94 1.5 1.6 3.75
E n.a. 0.44 0.71 1.59 1.61 n.a.
Eluent® Amylose based CSPs
Chiralpak IA® Chiralpak AD-H
ka kg o Rs ka kg o Rs
A 1.18 1 n.a 0.69 0.89 1.29 1.69
B 1.1 1 n.a 0.9 1 n.a
C 2.38 2.88 1.2 2.07 0.76 0.97 1.28 2
D 5.63 7.13 1.27 4.88 1.07 1.36 1.27 1.77
E n.t. n.t.

3 Mobile phases: A: MeOH; B: EtOH; C: n-Hp/EtOH (90/10, v/v); D: n-Hp/EtOH (95/5, v/v); E: n-Hp/IPA (98/2, v/v). All mobile phases contained 0.1% DEA. n.t. not tested;

n.a.: not applicable.
b Mobile phase contained 0.3% TFA.

isolation of the enantiomers of a chiral molecule, being a viable
route for straightforward and rapid access to both enantiomers
with high optical purity and yields. Accordingly, a fast, pragmatic,
and non-comprehensive column screening was the key driver for
the rapid establishment of a resolution of 1 via enantioselective
HPLC and supercritical fluid chromatography (SFC) on chiral sta-
tionary phases [12-14] at a (semi) preparative scale. The elution
order of the two enantiomers could be switched by selection of
suitable chromatographic conditions.

2. Materials and methods
2.1. Chemical and instruments

Solvents used as eluents (HPLC grade) were obtained from
Aldrich (Italy). (R/S)-1 was prepared by us, as already described [9].

HPLC measurements were carried out on a Jasco system (JASCO
Europe, Cremella, LC, Italy) consisting of PU-2089 plus pump,
AS-2055 plus autosampler and MD-2010 plus detector. Data acqui-
sition and control were performed using the Jasco Borwin Software.

For all SFC runs an Investigator Analytical/(semi) preparative
SFC system, Waters SpA (Milan, Italy) was employed. Data acqui-
sition and control of the SFC systems were performed using the
Waters SuperChrom Software Waters SpA (Milan, Italy).

Retention factors of first and second eluted enantiomer kg, and
ky, respectively, were calculated following IUPAC recommenda-
tions [15]; the dead time ty was considered to be equal to the peak
of the solvent front for each particular run. Resolution was calcu-
lated according to Ph. Eur. 2.2.29 [16], enantioselectivity (o) was
calculated according to: o= kp/kg.

Optical rotations measurements were determined on a Jasco
photoelectric polarimeter DIP 1000 system (JASCO Europe,
Cremella, LC, Italy) with a 1dm cell at the sodium D line
(A=589nm); sample concentration values c are given in g
102 mL-1.

2.2. Chiral chromatographic resolution by HPLC

Analytical HPLC runs were performed using the commer-
cially available Chiralcel OD-H (150 mm x 4.6 cm, 5 wm), Chiralcel
OJ-H (150 mm x 4.6 cm, 5wm), Chiralpak IC (250 mm x 4.6 cm,
5 wm), Chiralpak IA (150 mm x 4.6cm, 5 wm) and Chiralpak AD-
H (150 mm x 4.6 cm, 5 wm) columns (Daicel Industries Ltd., Tokyo,
Japan). The mobile phase compositions as well as the chromato-
graphic parameters are summarized in Table 1. Sample solutions of
the analyte [0.5 mgmL~! in ethanol (EtOH)] were filtered through
0.45 p.m PTFE membranes (VWR International, Milan, Italy) before
analysis. The injection volume was 10 pL, the flow rate was
1.0mLmin~! and detection wavelength was 254 nm. All experi-
ments were performed at room temperature (r.t.).

(Semi) preparative HPLC runs were carried out employing a
Chiralcel OJ-H column (250 mm x 10 mm, 5 pm) (Daicel Industries
Ltd., Tokyo, Japan), eluting with methanol (MeOH)/ diethylamine
(DEA) (99.9/0.1; v/v) at a flow rate of 3 mL min~!. Sample solutions
of analytes (3 mgmL-! in MeOH) were filtered before analysis. The
injection volume was 1 mL and the UV detection at 254 nm (r.t).
For the preparative HPLC runs the flow rate calculated from the
linear scale-up (i.e. approx. 5mLmin~1) led to a partial co-elution
of an achiral impurity in the starting material; therefore the flow
rate was reduced to 3 mL min~!, for which no significant co-elution
was observed.

The collected fractions were evaporated at reduced pressure. In
process control was performed using an analytical Chiralcel OJ-H
column.

2.3. Chiral chromatographic resolution by SFC

SFC analytical screening was carried out employing Chiralpak
IA (250mm x 4.6cm, 5 pum) and Chiralpak IC (250 mm x 4.6 cm,
5 wm). A pilot screening was performed by gradient elution using
carbon dioxide (CO,) mixed with (i) polar modifiers (MeOH, EtOH
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Table 2
Screening results for enantiomer separation of (R/S)-1 via SFC.

Organic modifier? Percentage [%] Chiral stationary phase

Chiralpak IA Chiralpak IC
ka kg o Rs ka kg o Rs
MeOH 5-45° 49 5.5 1.12 1.48 6.4 6.9 1.08 1.57
10 6.6 8.3 1.26 1.18 n.t.
20 24 3.2 133 1.89 4.2 5.0 1.19 2.07
30 n.t. 1.9 2.2 1.16 1.18
EtOH 5-45° 4.2 n.a. n.a. 5.0 5.5 1.10 1.74
IPA 5-45P 3.9 4.3 1.10 1.77 5.1 5.9 1.16 2.07
15 2.2 29 132 2.95 n.t.
20 14 1.8 1.29 1.95 2.4 34 1.42 1.11
25 0.9 1.2 133 2.12 n.t.
30 n.t. 1.2 1.6 1.33 0.89
IPA/n-Hp (9/1, v/v) 15 14 1.9 1.36 2.66 n.t.
25 n.t. 1.8 2.5 1.39 4.25
30 n.t. 13 1.8 1.39 2.70
IPA/n-Hp (8/2, v/v) 15 25 33 1.32 1.77 n.t.
n-Hp/EtOH (9/1, v/v) 30 24 3.0 1.25 2.56 n.t.

a All modifiers contained 0.1% DEA.

b Gradient conditions: linear decrease from 95 to 55 % of CO, from the time O to 10.25 min; isocratic at 55% CO, for 2 min; return to the initial conditions (95% CO;)in 15s,

equilibration of the system from 12.40 min to 18 min at 95% CO,; n.t.: not tested.

or isopropanol (IPA) added with 0.1% DEA) or (ii) mixtures of n-
heptane (n-Hp) and alcohols (IPA or EtOH) added with 0.1% DEA.
Successively, isocratic runs were performed. Results are summa-
rized in Table 2. Sample solutions were prepared by dissolving the
analyte at 1mgmL-! in IPA. The injection volume was 10 L, the
flow rate 4mLmin~! and the detection wavelength was 254 nm.
All experiments were performed at 40°C.

The (semi) preparative runs were carried out employing either a
Chiralpak IA (250 mm x 10 mm, 5 pm) eluting with 70% of CO, and
30% of n-Hp/EtOH/DEA (9/1/0.1, v/v/v)ataflow rate of 10 mL min~!,
or a Chiralpak IC column (250 mmx 10 mm, 5 wm), eluting with
75% CO, and 25% of n-Hp/IPA/DEA (9/1/0.1, v/v/v) at a flow rate
of 8mLmin~'. Sample solutions of analytes (10 mgmL~! in IPA)
were filtered before analysis. For the preparative SFC runs the flow
rate calculated from the linear scale-up (approx. 20 mLmin~') was
out of the operating range of the instrument; however, it could
be increased to 8 mL min~'on Chiralpak IA, due to the partial
co-elution of the two enantiomers, and even to 10mL min~! on
Chiralpak IC for which the two enantiomers were separated better.
Fraction collection was performed according to the UV profile; ana-
lytical in process control of collected fractions was performed using
the Chiralpak IA column eluting with 70% of CO, and 30% of a mix-
ture of n-Hp/EtOH/DEA (90/10/0.1, v/v/v). The collected fractions
were evaporated under reduced pressure.

3. Results and discussion

The synthesis of racemic 1 and analogous biphenylyl-
alkylamines has been reported four decades ago [17]. However,
no stereo-selective synthesis or enantioselective chromatographic
method for obtaining the single enantiomers in g scale has been
described ever before. In order to obtain both enantiomers of 1
in amounts sufficient for an exhaustive biological investigation,
preparative enantioselective HPLC and SFC separations were devel-
oped, scaled-up and the obtained results compared. The design
of experiments followed the general strategy recently outlined
by analytical development groups working at Pfizer and Vertex
focusing on methods “fit-for-purpose” in early stages of drug devel-
opment [11]. “Fit-for-purpose” means that “the method used is
sufficient to answer the question at the time of need, but will prob-
ably change as the development progresses” [11]. In view of the
good solubility of 1 in alcohols only normal phase and polar organic
solvent chromatography were tested [18].

3.1. Analytical screening and development of a scalable
enantiomer separation of 1

For HPLC the screening started with a standard protocol for
cellulose and amylose derived CSPs [19] which was applied to
ChiralpakIC, Chiralcel OD-H and Chiralcel OJ-H (all cellulose deriva-
tives) as well as to Chiralpak IA and Chiralpak AD-H (amylose
derivatives). We intentionally narrowed our screening to some
of the most versatile CSPs available in our laboratories; elution
conditions in the screening included alcohols (methanol, ethanol
and 2-propanol) and mixtures of n-heptane and polar modifiers
(ethanol or 2-propanol). Results of the screening protocol are
reported in Table 1 as retention factor (k), selectivity (o) and reso-
lution (R;) factors.

The retention times of 1-enantiomers on Chiralpak IC and IA
with non-polar eluent compositions were quite long and do not
give grounds for a productive scale-up; with polar eluents no sepa-
ration was observed. Enantiomer separation of 1 on Chiralcel OD-H
could only be achieved when using a mobile phase with very high
alkane content, while the results on Chiralcel OJ-H turned out to be
quite promising for further scale-up. Interestingly Chiralpak IA (the
immobilized version of Chiralpak AD-H) shows significantly longer
retention times in comparison to its non-immobilized analogue
employing alkane-based mobile phases, while retention behavior
and enantioselectivity with methanol and ethanol as mobile phase
are very similar and do not allow enantiomer separation of 1.

Using pure methanol as eluent (with 0.1% DEA) relatively short
retention times (3.4 min for the first eluted enantiomer and 4.6 min
for the second), high enantioselectivity and good resolution (o = 1.8,
Rs=3.9atr.t.) could be observed on Chiralcel OJ-H (Fig. 1A). Accord-
ingly, these experimental conditions are suitable for the scale-up
to (semi) preparative scale. In view of these results no further
attempts were made to extend the screening under HPLC condi-
tions.

Simultaneously, we tested enantioselective SFC for the enan-
tiomer separation of 1, which is considered as one of the most
rapid and efficient methods for obtaining directly both enantiomers
in high optical purity [20-23]. Recently, the advantages of enan-
tioselective SFC over HPLC in analytical [24,25] and preparative
separations [26] have been reported by several authors. Due to
lower viscosities SFC allows running chromatographic separations
at faster flow rates [27] and often gives the opportunity to use
less solvent in the final fraction. Therefore a straightforward and
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A
|
| f System: HPLC
Column:  Chiralcel OJ-H
| | Eluent:  MeOH/DEA (99.9/0.1, v/v)
| | " “ ‘\‘ Flow rate: 1.0 mL min’!
o o= 1.83; Ry =4.89
B
System: SFC
. p Column: Chiralpak TA
. | Eluent: 70% CO2, 30% n-Hp/
\\ EtOH/DEA (9/1/0.1, v/v/v)
. i |, Flow rate: 4.0 mL min™!
________ o =125 Rs;=2.56
. ‘ S System: SFC
ﬂ Column: Chiralpak IC
7 | Eluent:  70% CO2,25% IPA/n-Hp/
| DEA (9/1/0.1, v/v/v)
Ny | - ,L 3 Flow rate: 4.0 mL min™

s o=139,R, =425

Fig. 1. Analytical enantiomer separation of (R/S)-1 on A) Chiralcel OJ-H (4.6 mm x 150 mm, dp =5 m), tg1: 3.4min; tgo: 4.6 min at r.t; B) Chiralpak IA (25cm x 0.46 cm,
dp=5um), tgr: 3.39min; tgz: 3.99 min at 40°C; C) Chiralpak IC (25 cm x 0.46 cm, dp=5 pwm), tgr: 2.82 min; tgy: 3.53 at 40°C For all: Injection volume 10 w1, detection at
254 nm, eluent composition and flow rates see text in Figure.

Table 3
Conditions and isolated amounts of (+)-(S)-1 and (—)-(R)-1 obtained by (semi) preparative enantioselective SFC or HPLC starting from racemic 1.
System  (Semi) Amount of No. cycles Vol. inj (iL) Specific Isolated amount ee[%] VYield[%] [«]p2°?
preparative CSP (R/S)-1 separated productivity [mg]
[mg] [kkd]¢
HPLC Chiralcel OJ-H 21 7 1mL" 0.0270 8.7 99.9 433 +24.0
9.1 99.9 45.5 -24.0
SFC Chiralpak IA 20 40 50 pLe 0.0072 9.1 99.9 45.5 +24.0
8.2 94.5 41.0 -231
Chiralpak IC 20 40 50 pL® 0.0065 9.6 99.1 48.0 -239
9.5 98.9 47.5 +23.8

¢=0.50% in MeOH.

c=10mgmL-" in IPA.

a
b c=3mgmL-! in MeOH.
C
d

kkd = kg racemate separated per kg CSP per day.
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Fig. 2. (Semi) preparative enantiomer separation of 1 by SFC and final analysis.

A
Chiralpak IA
CIOEN
(-(R)-1
B
Chiralpak IC
(-1
R |
|
i
|

Left: (Semi) preparative enantiomer separation of racemic 1 (A) on Chiralpak IA (10.0 mm x 250 mm, dj, =5 um), eluting with 70% of CO, and 30% of n-Hp/EtOH/DEA (9/1/0.1%,
v/v/v), flow rate 10mL min~!, tgy: 6.5 min, tgy: 7.25 min (a=1.16, Ry =0.93), injection volume 0.05 mL (c=10mgmL-! in IPA); and (B) on Chiralpak IC (10.0 mm x 250 mm,
dp =5 pm), eluting with 75% of CO, and 25% of IPA/n-Hp/DEA (9/1/0.1%, v/v/v), flow rate 8 mLmin~", tzy: 7.1 min; tg,: 9.2 min (v =1.45, Ry =2.25). In both cases the injection
volume was 0.05 mL (c=10mg mL-" in IPA), detection at 254 nm at 40 °C. Cut-points for fraction collection are indicated in the chromatogram with horizontal dashes (n).

Right: Analytical enantioselective analysis of first and second collected fraction on Chiralpak IA (4.6. mm ID x 250 mm, dp, =5 pm), eluting with 70% of CO, and 30% n-
Hp/EtOH/DEA (90/10/0.1, v/v/v), flow rate 4mLmin~! at 40°C. Analytes were detected at 254 nm. A) tgr: 3.21 min; tgy: 3.71 min at 40°C; B) tzq: 3.33 min (second eluted

enantiomer on Chiralpak IC) tg,: 3.95 min (first eluted enantiomer on Chiralpak IC).

fast screening [28,29] of suitable chiral stationary phases and polar
modifiers (MeOH, EtOH and IPA; all with 0.1% DEA) under gradi-
ent conditions (5-45%) was performed. First scouting experiments
on two columns (Chiralpak IA and Chiralpak IC) using the afore-
mentioned solvents resulted in five enantiomer separations of 1
(Table 2) under 10 min. Only the use of EtOH as polar CO, modifier

did not result in chiral resolution of 1 on Chiralpak IA. Also in this
case the screening was not broadened considering the high success
rate of the first experiments.

In a second step, the optimization of selectivity and resolution
was performed under isocratic conditions, excluding unpromising
experiments from the screening matrix (e.g. experiments with pure
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EtOH as polar modifier on Chiralpak IA). We included also mix-
tures of n-heptane with IPA and EtOH in the screening and, at the
first glance, an excellent separation on Chiralpak IA was discov-
ered with 30 % n-heptane/EtOH (90/10, v/v) in CO, (Fig. 1B and
Table 2, =1.25, R; =2.56). However, as our screening under HPLC
conditions (Table 1) had shown, Chiralpak IA shows good enan-
tioselectivity employing various ratios of n-Hp/EtOH, even though
retention times were relatively long compared to other conditions.
In view of the relatively high content of modifier it can be assumed
that the separation is no longer under supercritical conditions, but
subcritical conditions, in which compressed CO, is no longer a
supercritical fluid, but a liquid [30,31]. Retention times are sig-
nificantly reduced in comparison to the HPLC conditions due to
the fourfold higher flow rate. In a similar way also the separation
conditions on Chiralcel IC were optimized. The best conditions in
regard to enantioselectivity and resolution were found using 25 %
IPA/ n-heptane (90/10, v/v) in CO, (Fig. 1C and Table 2, a=1.39,
Rs=4.25).

3.2. Preparation of 1 enantiomers through HPLC and SFC systems

Preparative resolution of enantiomers using HPLC and SFC is a
powerful technique for rapid generation of enantiomers in pharma-
ceutical discovery [26]. Employing a HPLC system, among the most
important prerequisites for an economic and productive prepara-
tive enantiomer separation are retention times as short as possible,
a high solubility of the racemate and the enantiomers in the elu-
ent/injection solvent and the use of a mobile phase consisting of
a pure low-cost solvent, facilitating workup and re-use of mobile
phase. As previously discussed, using a Chiralcel OJ-H and pure
methanol as eluent (with 0.1% DEA), relatively short retention times
(3.4 min for the first eluted enantiomer and 4.6 min for the second),
high enantioselectivity and good resolution («=1.8, R;=4.9 at r.t.)
could be observed (Fig. 1A). Accordingly, these experimental condi-
tions were selected for the scale-up to (semi) preparative scale [32].
Based on scale-up calculations [33,34] the enantiomer separation
was transferred to a Chiralcel OJ-H column with an ID of 10 mm
on which a maximum of 3.0mg could be separated in one run
within 16 min. 21 mg(R/S)-1 have been processed in 7 cycles afford-
ing 8.7 mg of the first (yield: 43.3%; ee=99.9%; [a|p20 +24.0) and
9.1 mg of the second eluted enantiomer (yield: 45.5%; ee=99.9%;
[a]p20 — 24.0) at an overall yield of 88.8 % (Table 3). Therefore, using
the available (semi) preparative set-up per day 270 mg racemic 1
can be processed using enantioselective HPLC on Chiralcel OJ-H.
Based on these experiments a specific productivity [35,36] of 27 g
racemate separated per 24 h on 1 kg of CSP can be assumed.

Regarding SFC technique, both separations which gave rise to
the best resolutions were scaled-up employing (semi) prepara-
tive columns with an inner diameter of 10 mm and 250 mm length
packed with 5 pum CSPs [37]. Starting from an injection volume of
50 pL and a flow rate of 5mLmin~1, as suggested by literature [38],
gradual steps of both parameters were performed. The best pro-
files are obtained 1) on Chiralpak IA injecting 50 L per run and
eluting at a flow rate of 10mLmin~!, 2) on Chiralpak IC injecting
50 pL per run and eluting at a flow rate of 8mLmin~!. In detail,
using Chiralpak IA 20 mg (R/S)-1 could be processed in 40 cycles
of 10 min each (Fig. 2A). 9.1 mg of the (S) enantiomer (first eluted,
yield: 45.5%; ee=99.9 %; [a]p20 + 24.0) and 8.2 mg of the (R) enan-
tiomer (second eluted yield: 41.0%; ee =94.5%; [a]p2? - 23.1) at an
overall yield of 86.5% (Table 3). On Chiralpak IC 20 mg (R/S)-1 has
been processed in 40 cycles of 11 min each (Fig. 2B). 9.6 mg of the
(R) enantiomer (first eluted, yield: 48.0%; ee=99.1%; [a]p2° - 23.9)
and 9.5 mg of the (S) enantiomer (second eluted, yield: 47.5%; ee =
98.9%; [a]p20 +23.8) at an overall yield of 95.5% (Table 3). In sum-
mary, using the available (semi) preparative set-up per day 72 mg
racemic 1 can be separated using enantioselective SFC on Chiral-

pak IA. Based on these experiments a specific productivity of 7.2 g
racemate separated per 24 h on 1kg of CSP can be assumed [35].
On Chiralpak IC in SFC 64.8 mg of racemic 1 can be separated/24 h.
The specific productivity estimated is in the range of 6.5g per
kg CSP/24 h. The specific productivities observed are at least two
orders of magnitude under those observed for commercial pro-
cesses [36], Actually, productivity of SFC separation could have been
improved further performing a full optimization of the process (i.e.
by using mobile phase composition ensuring higher solubility of
the analytes — some portion of dichloromethane for example - or
stacked injections instead of batch injections). Actually, the process
was not fully optimized in preparative scale, mainly due to the lim-
ited amount of the molecule available, and also considering that
(i) the optimization might have taken one or two days, by which
the compound was already isolated in high yield and enantiomeric
excess, and, more importantly, (ii) the objective of our development
work was to obtain the enantiomers in the quickest possible way
with the tools at hand employing methods “fit-for-purpose”.

Our experiments show that the elution order [39] for the enan-
tiomers of 1 is S before R on Chiralcel OJ-H in HPLC as well as on
Chiralpak IA in SFC and R before S on Chiralpak IC in SFC, which
allows to choose which enantiomer will be eluted as first peak (cf.
Fig. 2 and Table 3).

4. Conclusions

A systematic and pragmatic screening protocol for enantioselec-
tive HPLC was established for 1, which led to a fast and easy-to-use
chiral HPLC separation suitable for a (semi) preparative scale-up.
Overall time frame for screening, linear scale-up and isolation of R-
and S-1 was less than two weeks.

As a result of a first standard screening, it was found that Chi-
ralcel OJ-H and a mixture of methanol/diethylamine (99.9/0.1, v/v)
lead to relatively short retention times, high enantioselectivity and
goodresolution (a = 1.8, Rs =3.9). The (+)-(S)-1 enantiomer elutes as
the first peak on Chiralcel OJ-H. The developed method proved to
be suitable for obtaining a quick access to the desired enantiomers
with enantiomeric excess as high as 99.9% and amounts sufficient
for preliminary biological assays.

A rapid screening protocol under SFC-conditions run in parallel
made it possible to identify another number of promising condi-
tions for the enantiomer separation of 1. The protocol under SFC
condition revealed an inversion of elution order of the enantiomers
on Chiralcel IC using CO, with 25 % of the polar modifier IPA/n-
heptane/diethylamine (90/10/0.1, v/v/v) as eluent.

Scale-up to (semi) preparative SFC allowed assessing productiv-
ities and recoveries under HPLC and SFC conditions. Even though
recoveries and yields in (semi) preparative HPLC and SFC are in the
same range and compounds with high enantiomeric excess were
obtained through both technologies, the specific productivity of SFC
is almost 4 times lower that the specific productivity observed in
(semi) preparative HPLC.

Employing the SFC system, the bottle neck is the injection vol-
ume possible for each run (50 L), which turned out to be very
limited. The eluent consumption on Chiralpak IA and Chiralpak IC
is 3.3 and 2.6 times higher, respectively. However, under the con-
sideration that the eluents in SFC consisted of 70 or 75 % CO,, the
organic solvent use for Chiralpak IA is equal to the amount of sol-
vent used in (semi) preparative HPLC on Chiralcel OJ-H and one
third lower on Chiralcel IC.

In summary, enantioselective (semi) preparative HPLC proved
to be superior in the case of 1 in terms of specific productivity
compared to SFC in our laboratory. The (—)-(R)-1 and (+)-(S)-1
enantiomers were obtained with an ee >99% and therefore can be
used for an in-deep comparative examination of the pharmacolog-
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ical profile for the individual enantiomers of the new o1 receptor
agonist 1.

The recovery of the enantiomers after chromatography was in
therange of 41 to 48%, equivalent to 82 up to 96% of the theoretically
possible yield of the individual enantiomers.

(Semi) preparative enantioselective chromatography for com-
pounds of interest in medicinal chemistry proves to be a
straightforward, productive and robust methodology for the quick
access to the desired amounts of pure enantiomers even at low
specific productivities. It remains one of the most versatile and
cost effective tools for fast isolation of desired enantiomers from
a racemic mixture.

Analytical and semi-preparative enantiomer separations have
been developed “fit-for-purpose” using a limited number of CSPs
and sub-optimal equipment for scale-up. In case larger amounts of
the desired enantiomers will be required an intensified and broader
screening of CSPs and mobile phases will be employed, for which
ample protocols exist.

Compound 1 is one in a series of more than twenty struc-
turally related compounds that have recently been screened and
successfully separated employing the “fit-for-purpose”-protocol
developed by the authors.
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Formylation reactions are fundamental operationsyirthetic chemistry allowing the incorporationoiré given structure formyl groups amenable of fenth
derivatization. Conceptually, the introduction afck groups through the reaction between an eldutiopdonor and a nucleophilic acceptare(

organometallic reagent) constitutes a reliable negre with widespread applications. In this Hightigwe summarize the effectiveness of the so called

Comins-Meyers amide - [MN¢methylN-formylamino]pyridine — in such a chemistry withstas to the syntheses of natural products anddbatty active

substrates.

Keywords: Formylation, Amides, Chemoselectivity, Organiathesis.

The formyl motif is an ubiquitous functionality matural product
chemistry (Figure 1) and represents a versatilé tooorganic
transformations because of the particular reagtdinferred by the
classical carbonyl-type mesomerism (Scheme 1).

Indole alkaloids from Nauclea officinalis

Demethylzeylasteral

Figure 1. Examples ohatural product containing formyl groups.

As such, its polarizability is reflected by the thaonor oxygen and
by the fairly hard acceptor carbon behavioufs Scheme 1).
Moreover, by connecting the formyl group to a hadtom
presenting a non bonded pair of electroBs $cheme 1) (e.g.
nitrogen), the electrophilicity of the resulting risanyl carbon
decreases considerably: the resulting amide-tymivadiwes do
present a tamed reactivity towards nucleophilehé8e 2).[1]

N :
5 o] 0 :
' H%R HJLi\'rRl !
: A B RZ |

1

Scheme 1:. Mesomeric effects: (A) formyl group — (B) formareidroup.

0 0 0
,RZ \+/R2 + ,RZ
RIJLN " Rl)\N - Rl)\N
RS R3 R3

Scheme 2: Characteristics of the amide bond.

Because of this outstanding importance, the iratait of the
formyl functionality into a given organic framewodonstitutes a
formidable challenge for synthetic chemists andthis context
various tactics and reagents have been designedeusloped for
introducing it in a chemo- and regioselective fast[2]

A preliminary categorization distinguishes two majasses of
reagents: (a) formylating agents working under acatalysis
conditions and, (b) electrophilic agents delivering CHO group to
polarized species.€. carbanions).[2]

Friedel-Crafts chemistry represents a classical hatkt to
accomplish formylations as reported in 1897 by Gatann and
Koch who generated the highly electrophilic fornfisdm carbon
monoxide under superacidic conditiormath a).[3] Alternatively,
dichloromethyl ethers and dichloromethyl amines atétable
precursors of the CHO motif under analogous coomkti path
b).[4,5] Formyl fluoride in the presence of a Lewisd - introduced
by Olah - shows a remarkable substrate scope asyaoted in the
cases of alcohols, phenols, thiols, primary andrsgary amines
(path c).[6] Interestingly, also the relatively inert foicnacid may
be employed; however, performing reactions in thesence of the
corresponding anhydride improves the efficiencythad processes
(path d).[7,8] Finally, the Vilsmeier—Haack—Arnold (VHAgagent
(N-chloromethyleneN,N-dimethylammonium  chloride) is an
effective precursor of formyl scaffolds mainly five synthesis of
policarbonyl compounds such as malondialdehydéh(f) (Scheme
3).[9,10]
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Friedel-Crafts type formylation
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Rt
Formamide derivatives

Scheme 3:. Overview of the main methods to introduce formyugp.

A conceptually distinct approach relies on the diteansfer of the
formyl unit to an organometallic reagent such amonomagnesium
or organolithium compounds. This tactic evidentbquires the
design of convenient precursors which do not suffenmon side
reactions for these reactive species such as odditian or
reduction.[11 a-f] In this sense, because of tleemfientioned mild
reactivity of amide derivativesN-formylamines are excellent
scaffolds for delivering the CHO fragment.

The Cominsand Meyers Amide

Among the plethora of reagents designed for sugiumose, a
prominent role is played by [2N(methylN-formylamino)]pyridine
(1) introduced in 1978 by Comins and Meyers for theriylation
of Grignard reagents to access aldehydes in goettisyiand
selectivities Yide infra).[12] Although nowadays it is a commercial
available, it can be smoothly prepared from 2-amymioline and
phenyl formate followed by methylation of the reamg 2-(N-
formylamino)pyridine (Scheme 4).

\
AL
Me
1
or
B o ) 9 Mel
_ P2 [ 1
NH, rt NN H

Scheme 4: Synthesis of [2-(N-methyl-N-formylamino)]pyridine.

Upon the addition of an organomagnesium reagéntq (1) the
stable six-membered chelate intermedi&)aq formed (Scheme 5):
the nitrogen at the 2-position of the pyridyl rirgpordinates
efficiently the magnesium counterion (MgX) of the generated
alkoxyde, thus inhibiting overaddition phenomen@akly, only
upon acidic treatment the desired aldehy®eig released jointly
with 2-N-methylpyridine 4). This method can be applied for the
addition of various Grignard reagents such as aitigyl, vinyl and
acetylenic species.[12] It should be observed thatlogous
coordination effects are responsible for the effectess of the so
called Weinreb amidesN¢methoxyN-methylamides) &) in the
synthesis of carbonyl compounds starting from oogaetallic
reagents.[13,14] However, the somewhat tedious sacte the
Weinreb amide of formic acid renders this last tegg less
explored than the corresponding addition to amafedistinct acids
(Scheme 5).[12,13]
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(From PhMgBr, 72%) (From Ph(CH,),MgBr, 75%)
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(From Ph(CH),MgBr, 70%) (From Ph(C),Mgl, 75%)

(From 1-NpMgBr, 76%)

stable
6 7 8
Scheme 5: Addition of organometallic reagents to formamideup.

Subsequently, Comins and Meyers reported an acylatiethod of
different nucleophiles 9) wusing variously substitutedN-
methylamino pyridine amided@) (Scheme 6), thus expanding the
versatility of the protocol to the synthesis of dats, alcohols
(under reductive conditions) or estet®)([15]

CL
N\ -Me o

D
(VENTIR G G N N + g
NTTNTUR Mg )<Nu R)LNU
Me
9 10 11 12
R =Ph
R=Et
MAPA 9 Condition: 12 %Yields
R=Pt EtMgBr THF,-78°C PhCOOE 83
R=Pt LiAIH 4 THF, 0°C  PhCHOH 98
R=Pt PhCF,ONz THF, 0°C PhCF,0OCOPt 75
R=El PhMgC THF,-78°C PhCOE 75

Scheme 6: Application of Comins-Meyers amide in synthesiketone, alchol
and esters.

It is worth noting that Comins-Meyers amides areenable
substrates to access imné pot” unsymmetrical secondary and
tertiary alcohols 16) through the consecutive additions of two
different nucleophiles (Scheme 7). Evidently, thisrticular
behaviour of non-formyl MAPAs relies on the decezhstability of
the corresponding pyridyl-type intermediaté8)(compared to the
formyl-type initially studied by these authors. &edl, the addition
of the second nucleophile is triggered by the iaseeof temperature
which evidently facilitates the collapsing of thiesf intermediate
(Scheme 7).

MN? S H,0 R
QX%Q,W @\\,Me AT
N N N2
M kr M /@
"OT Nt
" " ) 14 MO, 16
15
OH OH OH OH
—
L

95% 70% 70% 98%
Scheme 7: “One pot” unsymmetrical synthesis of alcohols.

More recently, MAPA substrate48) have been accessed by Odell
et al. via the microwave-assisted Pd-catalyzed Heck
aminocarbonylation with Mo(CQ) or W(CO). As shown in
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Scheme 8 this protocol is applicable to differerftipctionalized
aryl bromides (17), which - except rare cases radwt better than
the corresponding iodides.[16]

Pd(OAc),, Xantphos

Mo(CO)s, DMAP, K,PO, (Y ¢
Ar—Br + 4 - . P J\
Dioxane, 120 °C MW, 30 min NN A
17 Me
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 18 .
XN o X

From 2-MePhBr, 41%
2-MePhl, 62%

A o
L
NN
Me
CF3

From 4-CF3PhBr, 59%
4-CF3Phl, 57%

From PhBr, 79%

From 4-MeOPhBr, 61%
Phl, 63%

4-MeOPhI, 59%

From 4-PhCOPhBr, 91%
4-PhCOPhI, 50%

Scheme 8: Pd-catalyzed Heck aminocarbonylation.

Applicationsin Natural Products Synthesis

The seminal studies by Comins and Meyers provideduliinsights
not only for the mechanistic aspects, but alsdHerpotentialities of
the reagent in multi-steps synthesis. In 1983 tihegumented the

employment of 1) during the total synthesis of the anticancer agen

(-)-Maysine which required the formylation of thalfar-stabilized
Grignard reagen®() (Scheme 9).[17]

o_H o H
H tBuMe,Si0 e t-BuMe,SiO e
5 e LICH,CS,Et -BuMe,Si 1) Z 0okt -BuMe,Si
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vwd o -78°C 2) EtMgl e
ST sEt Mg~ st
19 20 21

0.

>H
1 t-BuMe,SiO Me
_ e OEE
H SEt
SEt
o

22

Scheme 9: Total synthesis of (-)-Maysine.

In 2009 Lovely and coworkers reported the total tisgsis of
Nagelamide D, a pyrrole-imidazole containing ndtupaoduct,
isolated in Agelisida, Axinellida, and Halichondrida spp. As
depicted in Scheme 10, the crucial formylationha protected 4,5-

diiodoimidazole 23) was accomplished through the selective

magnesiation at C5 followed by treatment with MARA).
Subsequent olefination, reduction and protectiofordéd the
pivotal precursor of the targe2q).[18]

I |
{NI[ EtMgBr, CH,Cl, (NI[ MeQ o .
. /
P CO,Me (2 equiv) N
N7 1 N NcHo  Meo” T -COMe @ ¢
DMAS —_—
DMAS 53 24 KHMDS (2.0 equiv), THF, ! COMe
o5 0c— nt DMAS 25 ?
7777777777777777777777777777777777777777 85%
3 Br DIBAL-H (2.2 equiv)
: HZN} : Cly
B —N | 78 °C—=rt
| HN,_ g Dar | I
| N | N TBSCI (13 equiv) |
: o H ; ¢ imidazole (2 equiv) M
: N o [ NN 0TBS A o
FHN— H : DMAS !
; N N AN | DMAS
' H HoL 8 : 27 26
: ; 93% 93%
' *2TFA Br '
: : DMAS = Dimethylacetylsuccinate
Nagelamide D Viacety

Scheme 10: Lovely’s synthesis of Nagelamide D.
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The same group adopted an analogous approach éortotial
synthesis of the Leucetta-derived alkaloid CaléagdA (Scheme
11). Although the formylation step in the present€l) worked
nicely, diastereoselectivity issues motivated thdtching to a
different formyl sourceN-methylformanilide) providing the correct
stereoisomer required for ending the synthesis.[19]

o OH
e oa a
N EtMgBr (1.1 eq) N MeOr MgBr N oOMe
V% THF, r.t. 30 min vé Me
1 THF, reflux
oTBS TBSO TBSO
28 30
78% 99%
TFA (2.0 equiv)
MeOH, 40°C

O,N OMe
)O;Nso Ph N
) 2 </ ] O
OMe H

/

MeOH, 40°C

OMe ; OMe TBSO
: 32 31
30% 92%

obtained stereochemistry

Calcaridine A
expected stereochemistry

Scheme 11:. Total synthesis of the Leucetta-derived alkaloac@ridine A.

Roehret al. employed 1 for the synthesis of the serotonine re-
uptake inhibitors ¥7a and 37b) (Scheme 12). The use of the
Comins-Meyers formylating agent proved to be idsiice the
desired 3-formylated compound@6) was obtained as the exclusive
reaction product upon lithiation and subsequennhgiiag with it.
This is a big advantage compared to proceduresdparvehe use of
different sources of CHO such as DMF, which causetere
chemoselective issues thus, lowering the synthagtigeal of the
method. In fact, although the reaction of the #thil species with
DMF ensures the correct deliver of the formyl groapthe 3-
position, theN,N-dimethylamine released, is able to perform an
aromatic nucleophilic displacement on the fluorfrearing 2- and
6-positions. As such, the undesired compourgdy &nd @5) are
formed. On the other hand, the Comins-Meyers angieleerates
upon reaction with an organometallic species tlve haicleophilic
2-methylaminopyridine which, evidently cannot reaa a {Ar
process thus, delivering in high excellent selégtithe building
block required for finalizing the pharmaceuticallgriented
synthesis.[20]

/@\ 1) LDA (1.1 equiv), THF, -65°C, 2 h
P

F~ N~ °F 2)DMF (1 equiv), -65 °Ctort
33

ENNT N,Me Me\N N F
Me Me

34 (25%) 35 (41%)

1) LIHDMS (1.1 equiv), THF, -65 °C, 2h

2) 1 (1equiv)
NN
"~ N” °N
~CHO Me N 1S
\ I
FNNF —_— 37 37a(R=H)
37b (R=CHy)

36 (49%)
Scheme 12: Synthesis of the serotonine re-uptake inhibitors.

Similarly, Eskildsen et al. used the Meyers forrtigia reagent 1)

in the synthesis of pyrazolo [3,4-c] quinoline ligdes @1) (Scheme
13). Such a ring system displays significant biaal activities,
good affinity and selectivity towards adenosing, &ABA and
NMDA receptors.[21]
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susceptible of further derivatization. The driviniprce for

Ny i N N e eliminating the risk of overaddition side reactiansthe case of
J\AN’NfO T {C.MQJPN’NO } L J\AN’N@’O Grignard ?egaents is the formation of a stableathelriggered by
the coordinative capability of the pyridyl nitrogéame pair for the
MgX counterion. Remarkably, when organolithium resg are
added the resulting chelate displays an increas®tehcy to further
react with the same or with a different nucleophilteis affording
tertiary alcohols. Although numerous applicatiafihis versatile
reagent are known, in our opinion more detailedlissiregarding

Br THF °C, -78 °C, 15 min THF, -78 °C, 15 min OHC

PMB PMB PMB
38 39 40
74%

T w8 the addition of functionalized organometallieg( carbenoids) are
\R i | needed to better estimate its real potentialitie€4C bond forming
‘n transformations.
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Conclusions and Outlook

Comins-Meyers amide congeners are useful reagemts f
introducing not only a formyl group but also ketagpe carbonyls
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In the early 2000s, the Sigma Receptor (SR) family was identified as potential “druggable” target in
cancer treatment. Indeed, high density of SRs was found in breast, lung, and prostate cancer cells,
supporting the idea that SRs could play a role in tumor growth and progression. Moreover, a link be-
tween the degree of SR expression and tumor aggressiveness has been postulated, justified by the
presence of SRs in high metastatic-potential cancer cells. As a consequence, considerable efforts have
been devoted to the development of small molecules endowed with good affinity towards the two SR
subtypes (S1R and S2R) with potential anticancer activity. Herein, we report the synthesis and biological
profile of aryl-alkyl(alkenyl)-4-benzylpiperidine derivatives - as novel potential anticancer drugs tar-
geting SR. Among them, 3 (RC-106) exhibited a preclinical profile of antitumor efficacy on a panel of cell
lines representative of different cancer types (i.e. Paca3, MDA-MB 231) expressing both SRs, and emerged
as a hit compound of a new class of SR modulators potentially useful for the treatment of cancer disease.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

Radioligand binding studies and biochemical analyses have
shown the presence of two SR subtypes, Sigma 1 (S1R) and Sigma

Sigma receptors (SRs) are an enigmatic receptor family local-
ized in plasmatic, mitochondrial and endoplasmic reticulum
membranes of several organs including liver, kidney and brain.
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2 (S2R) receptors with different anatomical distribution, distinct
physiological and pharmacological profiles [1—4].

It is well known that S1Rs play critical roles in the mammalian
nervous system, indeed their involvement in different neurode-
generative and neuropsychiatric diseases has been well docu-
mented [5—8]. Their ligands can yield both cytoprotective or
cytotoxic actions. In detail, STR agonists promote neuroprotection,
neurite outgrowth, trophic factor production as well as microglial
activation, mitochondrial integrity and reduce production of
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reactive oxygen species [9,10]. As a consequence, S1R agonists
display a high therapeutic potential for Central Nervous System
(CNS) pathologies such as Amyotrophic Lateral Sclerosis, Multiple
Sclerosis, Alzheimer's disease and Parkinson disease [5,11,12].
Conversely, STIR antagonists may play a role in neuropathic pain
and anticancer therapy. Overexpression of S1R in high metastatic
potential cancer cells, together with the efficacy of the S1R antag-
onist Rimcazole (Fig. 1) in inhibiting tumor cell survival and in
promoting apoptosis in breast cancer cells (MCF-7, MDA-MB-231,
MDA-MB-157 and T47D) suggests a link between the degree of
S1R expression and tumor growth and aggressiveness [13]. Despite
the evidence supporting the importance of S1R in cancer, the
mechanism of action of S1R antagonists in causing cell death is still
unclear. Currently, it has been hypothesized that the observed
apoptototic phenomena are related to the increase of intracellular
calcium levels [14—16].

The S2R subtype is still largely unknown: it has not been cloned
yet and its molecular structure has not been clarified. In the
intracellular environment, S2R binding sites are localized in mito-
chondria, lysomes, endoplasmic reticulum, and plasma membrane.
Recent studies describe how S2R ligands trigger a cell response
which inhibit the activity of the P-glycoprotein, responsible for the
active extrusion of anticancer drugs, leading to cell death [17,18].
Moreover, the hypothesis of a correlation between S2R and Pro-
gesterone Receptor Membrane Component 1 (PGRMC1) [19,20]
supports the idea that S2R may exert a critical role in tumorigen-
esis [18]. Indeed, the over-expression of PGRMC1 has been associ-
ated to tumor stage and to actively proliferating and invasive cancer
cells [21]. It is also relevant that proliferating breast carcinoma cells
express S2R up to ten times more than quiescent cells, and the
degree of S2R expression has been correlated with tumor staging
and grading [22—24]. The highest level of S2R has been detected in
pancreatic cancer cell lines (Panc-02, Panc-01, CFPAC-1, AsPC-1)
[25]. A recent study, carried out on mouse breast cancer (EMT-6)
and human melanoma (MDA-MB-435) cell lines, demonstrate that

®
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siramesine (Fig. 1), a S2R selective ligand commonly used as
reference compound, can induce cell death (with an ECsg in both
cell lines lower than 10 puM) by three different mechanisms: cas-
pase activation, autophagy, and impaired cell-cycle progression
[26]. In the same work, it has been also demonstrated that other
S2R ligands, i.e. SV119, WC-26 and RHM-138 (Fig. 1), possess a
cytotoxic effect in the micromolar range in the aforementioned
cancer cell lines [26]. Moreover, the same compounds are able to
inhibit proliferation of pancreatic cancer cells (human lines: BXxPC3,
AsPC1, Cfpac, Pancl and PaCa-2; murine line: Panc02) with an
IC50 < 100 uM [25].

On the bases of the above findings, we reasoned that both S1R
antagonist and S2R agonists could be useful tools to address novel
and more focused cancer treatments. Hence, SRs could represent an
exciting target to develop anticancer drugs with novel mechanisms
of action. Our group has previously prepared and characterized a
wide series of compounds with preferential affinity towards S1R
[29a-d]. In an intriguing observation, we documented that the
presence of the bulky 4-benzylpiperidine moiety, while preserving
high binding strength for S1R, increases the affinity towards S2R
[29c¢]. Therefore, in the present study we present our efforts aimed
at the identification and characterization of potent SR modulators,
able to bind both receptor subtypes. Specifically, we report herein

v
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Fig. 2. SAR exploration. Structural elements subjected to variation are highlighted.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 1. SIR and S2R compounds able to promote antiproliferative effects. Rimcazole (KiS1 = 908.0 + 99 nM; KiS2 = 302.0 + 37 nM) [27]. Siramesine (KiS1 = 17.0 nM;
KiS2 = 0.12 nM); SV119 (KiS1 = 1417.0 nM; KiS2 = 5.2 nM); WC-26 (KiS1 = 1436.5 + 166.1 nM; KiS2 = 2.58 + 0.59 nM); RHM-138 (KiS1 = 544.0 nM; KiS2 = 12.3 nM); SW43

(KiS1 = 133.0 nM; KiS2 = 19.0 nM) [28].
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the preliminary structure-activity relationship (SAR) (Fig. 2) of aryl-
alkyl(alkenyl)-4-benzylpiperidines with the general structure of
Fig. 2. Derivatives 3 and 6 that displayed good affinity toward both
receptor subtypes, from now on called pan-SR ligands, were passed
for testing in vitro cytotoxic activity evaluation. To validate the
hypothesis that SIR and S2R modulators could be effective as
anticancer drugs, compound 3 was next screened towards a panel
of tumor cell lines representative of various cancer types, all
expressing both sigma receptors. The results of our studies showed
that 3, called by us RC-106, has interesting anticancer activities
against prostate, glioblastoma, pancreas and breast cancer cell
lines. The activity against pancreatic PaCa3 cells is of particular
interest, being 3 (RC-106) effective against actively proliferating
cells (ICso = 42 uM) and against cells with reduced proliferation
rate (ICsg = 7.0 uM). The results of this effort are described below.

2. Results
2.1. Chemistry

The preparation of compounds 1-12 is summarized in Scheme
1. In cases where a chiral center was present, (semi)preparative
chiral chromatography was used to isolate the stereoisomers.

The key intermediate of the synthetic process is the -amino-
ketone A. The synthetic pathway to obtain A was already described
by us and involves a Michael addition of 4-benzylpiperidine to but-
3-en-2-one in absolute ethanol and glacial acetic acid, followed by
purification via acid/basic extraction, as reported in our previous
work [29c]. The subsequent lithiation reaction at aryl-bromine in
anhydrous Et;O at —78 °C with t-butyl lithium, followed by

addition/substitution reaction in the presence of the B-amino-
ketone A and quenching with H;O0, led to isolate crude compounds.
After purification via acid/basic extraction, 1 and 2 in sufficient
amount for the subsequent reaction a suitable purity for biological
assay were obtained, as confirmed by 'H NMR, *C NMR and
UHPLC-MS analysis.

Arylalkylaminoalcohols 1 and 2 were treated with trifluoro-
acetic anhydride in the presence of a catalytic amount of cupper
triflate, according with a procedure already experimented by us
[30]. In this way, compounds 3 and 4, as (E) stereoisomers C2-C3,
together with low amounts of the olefinic regioisomers C3-C4, were
obtained as evidenced by "H NMR. It is worth noting that no signals
related to the (Z) stereoisomer, which represented the minor
product using the standard acidic conditions (37% HCI) [29b] were
present in the '"H NMR of crude products. As a further step, an
amount of arylalkenylamines were subjected to catalytic reduction
reaction in hydrogen atmosphere in the presence of Pd (0)/C 10% (p/
p) in absolute EtOH, giving rise to the corresponding arylalkyl-
amines 5 and 6. Crude 3—6 were purified using alumina (II Brock-
mann degree) column chromatography, yielding pure compounds
as confirmed by 'H NMR, *C NMR and UHPLC-MS analysis.

In the case of compounds bearing the hydroxyl group at the
naphtylic moiety, an additional step was required, consisting in the
protective reaction of the —OH group by t-butyldimethylsilyl
chloride, thus obtaining 7 which was lithiated in anhydrous THF
at —78 °C using an excess of n-butyl lithium. After 20 min, the
aminoketone A was added to the C-lithiated intermediate, keeping
the temperature below —50 °C for 1.5 h. The reaction was quenched
with saturated aqueous NH4Cl and extracted with Et,0. The crude
product was purified by column chromatography giving 8. An
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Scheme 1. Synthesis of compounds 1-12.
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amount of this compound was subjected to an elimination reaction
using trifluoroacetic anhydride in the presence of a catalytic
amount of cupper triflate to give the arylalkenylamine 10 [(E) ste-
reoisomer C2-C3] as main compound, easily isolated by column
chromatography. Compounds 8 and 10 were then subjected to the
deprotection of —OH-aromatic by drop wise addition of tetra-N-
butylammonium fluoride at 0 °C in argon atmosphere in anhy-
drous dichloromethane (DCM), to give 9 and 11, respectively. Lastly,
the reduction reaction of 11 using a catalytic amount of Pd (0) in
hydrogen atmosphere gave rise to arylalkylamine 12. With the
exception of compound 11, which was purified by treatment with
methanol, pure 9 and 12 were obtained after purification through
silica column chromatography. Also in the case of naphthol-
derivatives 9 and 11-12, the identities were confirmed by 'H
NMR, ®C NMR and UPLC-MS analysis.

All potential SR modulators 16,9 and 11-12 were obtained in a
sufficient amount and with the appropriate degree of purity for the
subsequent biological investigations and, in the case of racemic
compound, also for HPLC chiral resolution.

2.2. Chiral resolution

To investigate the relationship between stereochemistry and
receptor binding affinity, we prepared enantiomeric 1-2, 5—6, 9
and 12. On the bases of our previous experience, a direct chiral
HPLC method of enantiomeric separation was applied, and the
scaling up of the process was performed [31a-e|. Baseline separa-
tion of racemates was obtained using cellulose and amylose derived
chiral stationary phases (Chiralcel OJ-H, Chiralpack IC and Chir-
alpack IA), under different elution conditions, including different
mixtures of n-heptane and polar modifiers (methanol, ethanol or 2-
propanol) and alcohols (methanol, ethanol and 2-propanol). In all
cases 0.1% of diethylamine (DEA) was added to the mobile phase.
Moreover, in the case of the Chiralpak IC, the analysis were carried
out also in the presence of 0.3% of trifluoroacetic acid (TFA), which
improves enantiomer separations. The optimized analytical
methods (Table 1, Fig. SI1, see Supplementary material) were suit-
ably transferred to the (semi)preparative scale. In detail, enantio-
meric 1, 2, 5 and 9 were resolved by a (semi)preparative Chiralcel
OJ-H column, eluting with ethanol and 0.1% diethylamine (for the
compound 1) or methanol and 0.1% diethylamine (for the com-
pounds 2, 5 and 9), whereas compounds 6 and 12 were resolved on
(semi)preparative Chiralpak IA, using methanol and 0.1% of dieth-
ylamine, in all cases eluting at a flow rate of 2.5 mL/min. The elution
conditions applied provided a quick access to the desired enan-
tiomers (Table 2) with enantiomeric excess over than 95%, as evi-
denced by analytical control of the collected fractions, and in
sufficient amount for preliminary biological assays.

2.3. SAR studies

The S1R and S2R binding site affinities of the tested compounds

Table 1

Analytical chiral resolution of 1-2, 5—6, 9 and 12.
Compound Column Eluent K; K> o Rs
1 Chiralcel OJ-H A 1.03 1.63 1.58 3.25
2 Chiralcel OJ-H B 1.24 1.80 1.45 4.05
5 Chiralcel OJ-H B 3.98 4.80 1.21 2.46
6 Chiralpak 1A B 0.57 0.81 1.42 3.06
9 Chiralcel OJ-H B 1.10 1.61 1.46 2.62
12 Chiralpak IA B 0.96 1.27 1.32 2.49

Eluent: A (100% ethanol, 0.1% diethylamine); B (methanol 100%, 0.1% diethylamine),
flow rate: 1 mL/min; detection UV at 220 (compounds 2 and 6) and at 254 nm
(compounds 1, 5,9 and 12).

Table 2
Chiroptical properties of enantiomeric 1-2, 5—6, 9 and 12.

Compound []8° (c% in MeOH) ee (%)° K

1a +40.5 (0.2) 96.0 1.03
1b —423(0.2) 97.0 1.63
2a 4105 (0.6) 99.9 1.24
2b ~9.2(0.6) 98.0 1.80
5a +6.1(02) 95.0 398
5b ~63(0.2) 95.0 480
6a +82(03) 99.9 057
6b -8.3(0.3) 99.9 0.81
9% 4242 (0.1) 99.9 1.10
9b ~2438(0.1) 99.9 1.61
12° +11.8 (0.3) 99.9 0.96
12b -12.0 (0.3) 99.9 1.27

2 Determined by chiral HPLC under the analytical conditions reported in Table 1.

were determined in competition experiments using radioligands.
All compounds were tested on guinea pig brain and rat liver
membranes obtained by homogenization, centrifugation, and
washing of the respective tissues. S1R binding site assays were
performed with [3H]-(+)-pentazocine as radioligand. The S2R
binding values were evaluated using [*H]-DTG as radioligand.
Compounds with high affinity were tested three times. For com-
pounds with low SR affinity, only one measure was performed. The
SR affinities of all compounds towards both S1R and S2R are pre-
sented in Table 3.

All compounds, with the only exception of 9a, 9b and 12,
showed an interesting affinity towards S1R (KiS1 < 50 nM) and a
good/modest affinity towards S2R, with the exception of com-
pounds 2a, 2b, 9 and 12, which are weak S2R binders. Particularly,
all the arylalkylaminoalcohols 1, 2 and 9 showed a preference af-
finity towards S1R and the first eluted enantiomers exhibit a slight
preferential interaction with the target, in accordance with our
previous work [32]. Conversely, SRs do not show stereoselectivity

Table 3
Binding affinities towards S1R and S2R. Values are expressed as mean + SEM of three
experiments.

R
Compound Ar R KiS1 + SEM KiS2 + SEM
1 2-naphtyl OH 6.9 +2 62.5
1a 2-naphtyl OH 10+2 81 +35
1b 2-naphtyl OH 11+1 79 £ 21
2 Phenyl OH 98 +4 57+ 11
2a Phenyl OH 27 +9 3397
2b Phenyl OH 40 + 4 240*
3 2-naphtyl - 12+5 22+3
4 Phenyl - 0.7 +1 47 + 13
5 2-naphtyl H 56«3 144°
5a 2-naphtyl H 6.0 + 0.5 26+9
5b 2-naphtyl H 69 +1 98
6 Phenyl H 21+1 65+3
6a Phenyl H 29+04 89+ 2.1
6b Phenyl H 3.0+03 79 +19
9 6-hydroxy naphtyl OH 27 +5 118°
9a 6-hydroxy naphtyl OH 70 + 21 68 +8
9b 6-hydroxy naphtyl OH 62+ 4 9057
11 6-hydroxy naphtyl - 96«3 305°
12 6-hydroxy naphtyl H 59 +5 314°
12a 6-hydroxy naphtyl H 35+2 5827
12b 6-hydroxy naphtyl H 13+4 105°

2 Compounds with high affinity were tested three times. For compounds with low
SR affinity (>100 nM), only one measure was performed.
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towards the enantiomer of arylalkylamines, confirming our previ-
ous findings [31a-b]. Of particular interest are compounds 3 and 6
(racemic and enantiomeric), having a good affinity towards both
S1R and S2R.

To propose a molecular rationale for the experimental affinity of
the new 4-benzylpiperidine derivatives for the S1R, we used our
validated three-dimensional model of the S1R [29d,31a-b,33-35].
We applied a consolidated simulation recipe based on free energy
of binding (AGpjinq) estimation in the framework of the Molecular
Mechanics/PoissonBoltzmann Surface Area (MM/PBSA) computa-
tional methodology (Table SI1, see Supplementary material) [36].
Taking the naphthalene derivative 3 as a proof-of-concept, the
analysis of the corresponding MD trajectory reveals that
4-benzylpiperidine moiety establishes a strong network of polar
and hydrophobic interactions with the receptor. As shown in Fig. 3A
and B, the piperidine nitrogen atom is engaged in the prototypical
salt bridge with the carboxylic side chain of Asp126, while the
aliphatic portion of the heterocycle together with the benzyl ring
are perfectly encased in the hydrophobic S1R cavity lined by resi-
dues 1le128, Phe133, Tyr173 and Leu186. Finally, the naphthalene
group of 3 performs stabilizing 7 interactions with the side chains
of Arg119 and Trp121.

For each compound, a quantitative analysis of ligand/protein
interactions was next performed via a per-residue deconvolution of
the enthalpic contribution to binding (Fig. SI3, see Supplementary
material). Taking again compound 3 as reference, Fig. 3C shows the
resulting interaction spectrum. Substantially, the hydrophobic in-
teractions of 3 with the side chains of residues Ile128, Phe133,
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Tyr173, and Leul86 contribute an overall stabilization term to
binding equal to —3.25 kcal/mol, while the permanent salt bridge
between the N-atom of 3 and the side chain of Asp126 (average
dynamic length (ADL) = 4.09 + 0.04 A) reflects in a stabilizing
contribution of —1.87 kcal/mol. Finally, the important /7 and 7/
cation interactions (established between the naphthyl ring of the
molecule and the indole ring of Trp121 and the cationic side chain
of Argl119, respectively) result in a strong enthalpic stabilization
of —2.01 kcal/mol.

To sum up, compounds 3 and both racemic and enantiomeric 6
revealed good affinity towards S1R, in agreement with the molec-
ular modeling studies, together with a S2R affinity and therefore
they have been selected for a deeper biological investigation.

2.4. Quantification of SRs expression in cancer cell lines

As stated in the introduction section, an appropriate modulation
of both receptors could have a synergic effect in inducing tumor cell
death. Therefore, the first step of our in depth biological investi-
gation consisted in testing a panel of cancer cell lines representative
of different human solid tumors (Table 4) for SRs expression
[37—40]. In details, we determined the expression levels of mRNA
of S1IR and PGRMC(1, considered as the S2R binding site, by Real
Time RT- Polymerase Chain Reaction (RT-PCR).

The expression values of SIR and PGRMC-1 in CFPAC-1 line are
very similar as evidenced by western blot and related densito-
metric analysis showed in supplementary data (Fig. SI4) and for this
reason were used as reference values (arbitrary set equal to 1) for
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Fig. 3. (A) 2D schematic representation of the identified interactions between the S1R 3D model and 3. (B) Zoomed view of SR1 in complex with 3. The compound is in atom colored
sticks-and-balls (C, gray; N, blue). Hydrogen atoms, water molecules, ions, and counterions are not shown for clarity. A dashed black line highlights the salt bridge between the SIR
D126 side chain and the piperidine nitrogen atom of 3. (C) Per-residue binding enthalpy (AHpind res) decomposition for the SIR/3 complex. Only SR1 amino acids from positions 100
to 200 — most relevant to ligand binding - are shown for clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Table 4

Tumor cell lines expressing both SR selected for this study.
Cell line Origin Tumor source Morphology
Capan-2 Pancreas Primary tumor Epithelial
Paca3 Pancreas Primary tumor Epithelial
CFPaC-1 Pancreas Metastatic site Epithelial
SUM 159 Breast Primary tumor Epithelial
MDA-MB 231 Breast Metastatic site Epithelial
PC3 Prostate Metastatic site Epithelial
LNCaP Prostate Metastatic site Epithelial
us7 Glioblastoma Primary tumor Epithelial

Real Time RT-PCR evaluation of S1R or PGRMC-1 expression in the
panel of cell line investigated. As shown in Fig. 4 the highest SIR
mRNA expression levels were found in MDA-MB 231, LNCaP and
PaCa3 cell lines, whereas PGRMC1 mRNA was found to be highly
expressed in PC3, CAPAN-2, and PaCa3 cell lines, respectively.

2.5. Preliminary biological evaluation of 3 and 6

We perform a preliminary assessment of the anticancer poten-
tial of compounds 3 and 6, showing a good affinity towards SRs, on
PaCa3 cells that express both SRs at high level, using siramesine, a
well known commercial S2R agonist, and NE100, a S1R antagonist,
as reference compounds [26,41]. The effect of compounds 3, 6,
siramesine and NE100 on cell viability was evaluated by the MTS
assay. Cell lines grown in a 10% serum-containing medium were
exposed to increasing concentrations of compounds (0.1 uM -
100 pM) for 24 h. Compound 3 showed an interesting cytotoxic
activity, comparable to siramesine, whereas compounds 6 and

6 A

M. Rui et al. / European Journal of Medicinal Chemistry 124 (2016) 649—665

NE100 exhibited a poor cytotoxic effect (Fig. 5). Since fetal bovine
serum (FBS) is enriched in a variety of growth factors and neuro-
steroids that may interfere and/or mask SR binding sites, the effect
of compounds 3 and 6 on PaCa3 was evaluated also in serum-free
medium. Interestingly, the decrease of cell viability induced by 3
was enhanced by starvation conditions (IC5o = 49.8 + 4.1 uM and
IC50 = 7.0 + 0.2 uM, respectively). A similar effect was observed for
siramesine (ICsop = 45.4 + 2.0 uM in complete medium and
ICsp = 6.0 + 0.3 uM, in starvation condition). On the contrary,
starvation conditions are irrelevant for the cytotoxic properties of 6
and NE100.

According to this data, compound 3, by now on called RC-106,
was selected for further investigation.

2.6. S1R agonist/antagonist profile of compound 3 (RC-106)

Considering that the anticancer activity of a S1R ligands is
related to their antagonist profile [ 13], we investigated the profile of
3 (RC-106) by assessing its in vitro ability to modulate NGF-induced
neurite outgrowth in PC12 cells. Indeed, S1R agonists are known to
potentiate NGF-induced neurite outgrowth when used in the low
micromolar concentration range [29c,31al. In detail, PC12 cells
were incubated in a medium containing 0.5% FBS plus NGF (2.5 ng/
ml), in the presence of increasing concentrations of 3 (RC-106)
(0—10 uM) for 96 h. Subsequently, cells were fixed and those dis-
playing a neurite longer than the diameter of the cell body were
counted. Neurite outgrowth was not affected by the addition of 3
(RC-106) up to 1 uM concentration; on the other hand, starting
from 2.5 uM neurite outgrowth was completely inhibited (Fig. SI3,
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Fig. 4. Relative Quantification (RQ) of the target genes SR1 and PGRMC1 RNA expression. The mRNA levels were normalized to the endogenous reference genes GAPDH and
HPRT, and quantified respect to the value of SIR or PGRMC-1 found in CFPaC-1 cell line that was arbitrary set equal to 1 (RQ = 1). Values are the mean + SD of three independent

experiments.
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Fig. 5. Effect of different SR modulators. The cells were exposed to compounds NE100, Siramesine, 3 (RC-106) and 6, for 24 h in the presence or in the absence of 10% FBS. The
viability of the cells was determined by MTS assay (mean + SD of 3 independent experiments).
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see Supplementary material), thus suggesting a S1R antagonist
profile. To confirm this hypothesis, competition assays were per-
formed. Specifically, PC12 cells were incubated with the standard
S1R agonist PRE-084 (5,10 and 25 pM) in the absence/presence of 3
(RC-106) at 0.25 or 2.5 pM. At 0.25 uM concentration, compound 3
(RC-106) significantly antagonized the effect of PRE-084 (10 and
25 pM) on NGF-induced neurite outgrowth (Fig. 6). At 2.5 pM
concentration, 3 (RC-106) completely blocked NGF-induced neurite
sprouting, even in the presence of PRE-084 (results not shown). The
results confirm that 3 (RC-106) is a S1R antagonist.

2.7. Effect of 3 (RC-106) on cell viability

The cytotoxic activity of the pan-SR modulator 3 (RC-106) was
evaluated by the MTS assay on the panel of cancer cell lines (LNCaP,
PC3, U87, Paca3, Capan-2, MDA MB 231, SUM 159) expressing both
S1R and S2R. Briefly, cell lines grown in a 10% serum-containing
medium were exposed to increasing concentrations of 3 (RC-106)
(0.1 uM - 100 uM) for 24 h (Fig. 7). Compound 3 (RC-106) induced a
decrease of cell viability in all cell lines starting at 25 uM, with ICsq
values ranging from 50 uM to 64 pM. The ICsq values did not vary
significantly by increasing the incubation time up to 48 h, except for
the Paca3 cell line, whose ICsg value markedly decreased after 48 h
incubation (28.73 + 4.6, data not shown).

The effect of 3 (RC-106) on U87, Capan-2 and LNCaP cancer cells
in the absence of serum-induced cell cycle stimulation was also
evaluated. Interestingly, in all the cell lines treated with 3 (RC-106)
in serum-free conditions, a marked decrease of cell survival at low
compound 3 (RC-106) concentrations compared to cells treated in
FBS containing medium, was shown, as evidenced by the low ICsq
values (9.6—10.5 pM) (Fig. 8). This trend is similar to that already
evidenced on PaCa3 cells.

2.8. Study of 3 (RC-106) apoptotic pathway through capase 3
activation

Lastly, to evaluate whether the observed decrease of cell
viability under both conditions was due to apoptosis, TUNEL and
Annexin V stainings (analyzed by FACS) and caspase 3 activation
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Fig. 6. Assay of NGF—induced neurite outgrowth in PC12 cells. Effect of PRE-084
alone or in combination with 3 (RC-106), at 0.25 pM. Histograms represent the
mean =+ sem of at least 5 different experiments performed in triplicate. ** = p < 0.005;
** = p < 0.0008; **** = p < 0.000004 vs control (0 PRE-084). °° = p < 0.007;
°°° — p < 0.00004 vs PRE-084 10 uM and ® = p < 0.004 vs PRE-084 25 M.

(western blot, WB) were performed on PaCa3 cells, the tumor line
displaying also the highest PGRMC1 mRNA levels. Moreover, ac-
cording to Zeng C. et al. [42] we adopted caspase 3 assay in order to
clarify the S2R agonist/antagonist profile of 3 (RC-106).

The TUNEL assay showed that in serum containing medium a
significant induction of apoptosis after 24 h exposure to 3 (RC-106)
could be observed only at 25 uM concentration (Fig. 9A). This result
is supported by the detection of the cleaved form of caspase 3 by
WB analysis (Fig. 9C) and by the Annexin V assay. In these FACS
experiments, a significant increase of early and late apoptotic cells
(43.1% + 3.4 and 34.1% + 8.2, respectively) at 25 uM compound 3
(RC-106) was detected (Fig. 9B).

When the same experiments were repeated under serum-free
conditions (Fig. 10), a significant increase of apoptotic cells was
detected by FACS analysis. In particular, at 10 pM, 3 (RC-106) in-
duces significant apoptosis in PaCa3 cells (early apoptotic
cells = 10.9% + 0.0 and late apoptotic cells = 17.2% + 0.6). The
apoptosis induction was further confirmed by WB detection of
cleaved caspase 3, after exposure of the cells at the same 3 (RC-106)
concentration.

The apoptotic effect of compound 3 (RC-106) is caspase-
dependent, as evidenced by WB assay. Therefore, through this
functional assay, we can conclude that 3 (RC-106) is a S2R agonist.

Paca3 cells were exposed to 24 h starvation-condition and to
10 uM compound 3 (RC-106) and the percentage of apoptotic cells
was compared in untreated cells (UTR). (A) TUNEL assay: the values
are the mean + SD of 3 individual experiments. *p < 0.05 (B)
Representative images of FACS analysis of apoptosis by Annexin V
test. (C) WB analysis of apoptotic-related markers. Images are
representative of two independent experiments.

3. Discussion

On the basis of recent literature evidences, we hypothesized that
pan-SR modulators can evoke anticancer activity. However, the
design of new such compounds represents a major challenge, since
no structural information is currently available on S2R, which could
enable the adoption of effective techniques such as e.g., computer-
aided drug design. Notwithstanding these difficulties, and with this
new goal in mind, we capitalized our previous work [29c]|, ac-
cording to which the presence of a bulky aminic portion seemed to
be an important feature in favoring ligand binding to both re-
ceptors. Therefore, we designed a new molecular series of aryl-
alkyl(alkenyl) 4-benzylamines. The chemical strategy to obtain
compounds 1-6, 9 and 1112 followed a divergent synthesis, based
on the initial preparation of the common B-aminoketone inter-
mediate A, easily obtainable via Michael chemistry (Scheme 1)
[29c]. Accordingly, the smooth bromo-lithium exchange on the
appropriate aryl bromide afforded the lithiated arene that, upon
quenching with f-aminoketone A, gave the tertiary alcohols 1-2 in
high yields. The subsequent dehydration with trifluoroacetic an-
hydride under Cu(OTf); catalysis conditions [30] afforded a mixture
of olefinic regioisomers C3-C4 and the E stereoisomer C2-C3. After
purification, olefins 3 and 4 were isolated and finally hydrogenated
to access the desired amines 5 and 6. The same strategy was applied
for accessing hydroxylated compounds 9 and 11-12. However, the
protection of the aromatic alcohols as TBS ethers (and their corre-
sponding removal) was required to avoid interference with the
lithiation step. Concerning the synthetic pathway of 9 and 11-12,
two additional observations are worth at this point: i) the lithiation
of the protected TBS-bromonaphtols with n-BuLi in THF performed
better than the t-BuLi/Et;O based method, and ii) keeping tem-
perature below —50 °C after quenching with B-aminoketone A
improved the efficiency of the alcohol synthesis. In the case of
racemic compounds, a (semi)preparative chiral high performance
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Fig. 7. Effect of 3 (RC-106) on cell viability was evaluated on a panel of cancer cell lines with different histotypes. Cells were exposed to the drug for 24 h in a 10% FBS
containing medium. Cell viability was determined by the MTS assay (average of three independent experiments + SD).

liquid chromatography (HPLC) resolution process was performed
and the pure enantiomers obtained in amounts sufficient to sup-
port a preliminary biological investigation. All compounds showed
— insilico and in vitro - very high/good affinity for the S1R, with K;S1
values in the range 0.7—120 nM (Table 1, Tables SI1 and SI2, see
Supplementary material). Molecular modeling revealed that the
main molecular requirements for high S1R affinity (ie., the
instauration of the prototypical salt bridge involving the ligand
basic N atom and the carboxylic side chain of Asp126, the encase-
ment of an aromatic portion of the ligand within the hydrophobic

S1R cavity lined by residues Ile128, Phe133, Tyr173 and Leu186, and
the generation of a set of further stabilizing ligand/receptor 7 in-
teractions) were all satisfied by the present series of compounds.
Keeping in mind that the purpose of the work was the identi-
fication of dual S1R and S2R ligands, compounds 3, called by us RC-
106, and 6 have been selected for a preliminary investigation of
their cytotoxic properties, being the molecules in the full series
endowed with a good affinity towards both receptor subtypes [3
(RC-106) KiS1 = 12.0 + 50 nM; KiS2 = 22.0 + 3.0 nM; 6
KiS1 = 2.1 + 1.0; K;S2 = 6.5 + 3.0]. The preliminary biological
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Fig. 8. MTS assay in serum-free conditions. After a 24 h starvation, cell lines were treated for 24 h with the indicated concentrations of 3 (RC-106). Data are expresses as percent of
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Fig. 9. Apoptosis and apoptotic-related markers analysis in Paca3 cells grown in 10% FBS complete medium. (A) TUNEL assay. Percentage of apoptotic cells after 24 h exposure
to compound 3 (RC-106) at 10, 25 and 50 pM *p < 0.05. (B). Cytofluorimetric (FACS) analysis of apoptosis by Annexin V test. Cells were exposed for 24 h to compound 3 (RC-106)
(25 uM). Q1 area represents viable cells; Q2 early-apoptotic cells; Q3 late-apoptotic cells; Q4 necrotic cells. The images are representative of three experiments. (C) WB analysis of
apoptotic-related marker after 24 h exposure to 3 (RC-106) at 25 uM. Images are representative of two independent experiments.

evaluation of 3 (RC-106) and 6 were carried out using PaCa3 cell
line (MTS assay) considering the high level of expression of both
SRs. For comparative purposes, the effects of siramesine (S2R
agonist) and NE100 (S1R antagonist) were also evaluated. Com-
pounds 3 (RC-106) and siramesine showed an interesting anti-
proliferative activity, both in complete medium and in starvation
conditions. Conversely, compound 6 and NE100 showed poor
cytotoxic properties and therefore 6 were discarded.

To in depth characterize 3 (RC-106) from a functional point of
view, we assessed its S1R agonist/antagonist profile on NGF-
induced neuronal differentiation in PC12 cells model [43]. Indeed,
it has been reported that S1R agonists, such as (+)-pentazocine,
imipramine, fluvoxamine, PRE-084 and RC-33, among the others,
potentiate NGF-induced neurite outgrowth in PC12 cells, and that

selective STR antagonist (such as NE-100 and BD1063) significantly
attenuate the efficacy of S1R agonists both in the same in vitro assay
[29¢,43-47]. Our results (Fig. 6) clearly show that compound 3 (RC-
106) has a S1R antagonist profile.

We then investigated the cytotoxic activity of 3 (RC-106) on a
panel of tumor cell lines representative of various cancer types all
expressing both SRs. In particular, with regard to S2R, we evaluated
PGRMC1 mRNA by RT-PCR as equivalent to S2R expression, even if
the actual identity of S2R is still controversial [20,40—54]. When we
tested the effect of 3 (RC-106) on actively proliferating tumor cell
lines, we observed significant cytotoxicity at concentrations start-
ing from 10 pM in all the cell lines under investigation. Interest-
ingly, 3 (RC-106) showed cytotoxic effect in all the cell lines tested
under low proliferation conditions induced by serum deprivation.
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Fig. 10. Apoptosis and apoptotic-related markers analysis in Paca3 cells.

In particular, our data indicated that a short term starvation (24 h)
enhances the cytotoxic effect of 3 (RC-106), as evidenced by the low
ICs0 values detected and by the low dose of 3 (RC-106) needed to
trigger apoptotic mechanism under these conditions. This result is
also in agreement with recent data from pre-clinical models
showing that short term starvation may be able to potentiate the
effectiveness of chemotherapy and radiotherapy [55—59]. Several
clinical trials are currently studying the effect of fasting or fasting-
mimic diets in patients undergoing chemotherapy (NCT01304251,
NCT01175837, NCT00936364, NCT01175837, NCT01802346,
NCT02126449). Importantly, the apoptotic effect of 3 (RC-106) is
caspase-mediated both in normal and in starvation conditions,
evidencing the S2R the agonist profile of 3 (RC-106).

To sum up, we identified a S1R antagonist and a S2R agonist
exerting an interesting cytotoxic action toward a panel of tumor cell
lines (pancreas, breast, prostate and glioblastoma) both in complete
medium and under starvation conditions. Our data also suggest
that the observed decrease of cell viability is due to an apoptotic
process triggered by 3 (RC-106).

4. Conclusion

There is increasing evidence that both S1R and S2R play a sig-
nificant role in cancer biology, therefore modulator of both SR
subtypes could be of high interest for developing novel anti-cancer
drugs. In this scenario, we report the design and synthesis of a
compound series targeting both SR subtypes with high affinity.
Among these, we identified 3 (RC-106), a compound able to induce
a strong cytotoxic effect in a wide panel of cancer cell lines, all
expressing SRs, both actively proliferating and in low proliferation
rate in response to serum deprivation. The antitumor properties of

3 (RC-106) have been observed in all cell lines independently from
tumor histotype. In particular, in pancreatic PaCa3 cells, the cell line
expressing the highest levels of both receptors, 3 (RC-106) acts as
pro-apoptotic drug, inducing a fast triggering of cell death program.

To sum up, 3 (RC-106) exhibited a promising cytotoxic activity
on a panel of cancer cell lines of different tumors, representative of
various cancer expressing both SRs. This compound could meet the
requirements of new-generation drugs to enter into the so-called
basket trials, consisting in treating several neoplastic diseases, all
characterized by the same molecular alterations, in this case rep-
resented by high expression of S1R or S2R or both [60]. Lastly, it has
to be underlined that S1R antagonists can be used for alleviating
chronic pain, especially in conditions such as neuropathic pain, a
pathologic condition that frequently occurs in cancer patients
[61—63]. Accordingly, the identification of new, potent pan-sigma
receptor modulators will be of great interest, to develop anti-
tumor and analgesic drugs, representing an innovative pharmaco-
logical approach for the treatment of cancer patients with advanced
disease. Therefore, 3 (RC-106) represents the hit compound of a
new class of dual-action ligands targeting S1R and S2R potentially
useful for the treatment of cancer disease. Moreover, the evaluation
of the antinociceptive properties of 3 (RC-106) is under investiga-
tion and will be reported in due course.

5. Experimental section
5.1. 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. Melting points were measured on
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SMP3 Stuart Scientific apparatus and are uncorrected. Analytical
thin-layer-chromatography (TLC) was carried out on silica gel
precoated glass-backed plates (Fluka Kieselgel 60 F254, Merck) and
on aluminiumoxid precoated aluminium-backed plates (DC-Alu-
folien Aluminiumoxid 60 F254 neutral, 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
Nova Chimica) and neutral aluminium oxide (particle size
0.05—0.15 mm, purchased from Fluka). Proton nuclear magnetic
resonance (NMR) spectra were recorded on a Bruker Avance 500
spectrometer operating at 500 MHz. Proton chemical shifts (6) are
reported in ppm with the solvent reference relative to tetrame-
thylsilane (TMS) employed as the internal standard (CDCls,
0 = 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. 13C NMR spectra were recorded on a 500 MHz spectrometer,
with complete proton decoupling. Carbon chemical shifts (6) are
reported in ppm relative to TMS with the respective solvent reso-
nance as the internal standard (CDCl3, 6 = 77.23 ppm).

UHPLC-UV-ESI/MS analysis were carried out on a Acquity UPLC
Waters LCQ FLEET system using an ESI source operating in positive
ion mode, controlled by ACQUITY PDA and 4 MICRO (Waters).
Analyses were run on a ACQUITY BEH C18 (50 x 2.1 mm, 1.7 pm)
column, 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~". All of the final
compounds had 95% or greater purity.

Chiral HPLC runs were conducted on a Jasco (Cremella, LC, Italy)
HPLC system consisting of PU-1580 pump, 851-AS auto-sampler,
and MD-1510 Photo Diode Array (PDA) detector. Experimental
data were acquired and processed by Jasco Borwin PDA and Borwin
Chromatograph Software. Solvents used for chiral chromatography
were HPLC grade and supplied by Carlo Erba (Milan, Italy). Chiral
analytical columns: Chiralcel OJ-H (4.6 mm diameter x 150 mm
length, dp 5 um), Chiralpack IC (4.6 mm diameter x 250 mm length,
dp 5 um) and Chiralpack IA (4.6 mm diameter x 250 mm length, dp
5 um). Analytes were detected photometrically at 220 and 254 nm.
Unless otherwise specified, sample solutions were prepared dis-
solving analytes at 1 mg/mL in ethanol and filtered through 0.45 pm
PTFE membranes before analysis. The injection volume was 10 pL.
Detection was performed at 220 and 254 nm. The retention factor
(k) was calculated using the equation k = (tg - tg)/to, where tg is the
retention time and tg the dead time (ty was considered to be equal
to the peak of the solvent front and was taken from each particular
run). The enantioselectivity () and the resolution factor (Rs) were
calculated as follows: o = ka/ky and Rs = 2 (tgz — tr1)/(Wq + W3)
where tg, and tgq are the retention times of the second and the first
eluted enantiomers, and w; and ws are the corresponding base
peak widths. All HPLC analyses were performed at room
temperature.

The best conditions found by the screening protocol were
applied to a (semi)preparative scale-up. The enantiomers of 1, 2, 5
and 9 were then completely resolved by a (semi)preparative pro-
cess using a Chiralcel OJ-H column (10 mm diameter x 250 mm
length, 5 pm), eluting with ethanol (for the compound 2) or
methanol (for the compounds 3, 5 and 8) at RT with a flow rate of
2.5 mL/min. Compounds 6 and 12 were resolved on Chiralpak IA
(10 mm diameter x 250 mm length, 5 um) using MeOH at a flow
rate of 2.5 mL/min as eluent. The eluate was fractioned according to
the UV profile (detection preformed at 220 and 254 nm). The

fractions obtained containing the enantiomers were evaporated at
reduced pressure. Analytical control of collected fractions was
performed using the analytical columns.

Optical rotation values of enantiomeric compounds were
measured on a Jasco photoelectric polarimeter DIP 1000 using a
0.5 dm cell and a sodium and mercury lamp (A = 589 nm, 435 nm);
sample concentration values are given in 1072 g mL™! (Table 2).

5.2. General procedure for the preparation of compounds 1 and 2

Under nitrogen atmosphere, tert-Buli (2.5 equiv, 1.7 M in
pentane) was added dropwise to a —78 °C cooled solution of the
appropriate aryl bromide (1.25 equiv) in anhydrous diethyl ether
(20 mL). After 20 min the reaction was slowly allowed to reach
room temperature. The stirring was continued for 1 additional hour
and a solution of 4-(4-benzyl-piperidin-1-yl)-butan-2-one (1.0
equiv) in anhydrous diethyl ether (6 mL) was then added dropwise
at —78 °C. The reaction mixture was slowly warm to 0 °C, stirred for
3 h and then quenched with water (12 mkL); after an acid
(pH = 3—4)/base (pH = 8—9) work-up, the combined organic
phases were evaporated under vacuum to get the desired
compounds.

5.2.1. 4-(4-benzylpiperidin-1-yl)-2-(naphthalen-2-yl)butan-2-ol,
1]

Yield: 44%; white solid; mp: 105—107 °C; IR (cm”): 3434, 2918,
1653, 1438, 1156, 1112, 820; 'H NMR (500 MHz) (CDCl3) 6 (ppm):
8.01 (s, 1H), 7.86—7.81 (m, 3H), 7.47—7.45 (m, 3H), 7.28 (t,] = 7.8 Hz,
2H), 719 (t, ] = 7.0 Hz, 1H), 713 (d, J = 7.1 Hz, 2H), 3.19 (d, 1H),
2.54—2.50 (m, 3H), 2.31 (m, 1H), 2.22—2.14 (m, 2H), 1.92 (d, 1H), 1.84
(m, 1H), 1.76 (m, 1H), 1.68 (m, 1H), 1.60 (m, 1H), 1.57 (s, 3H), 1.50 (m,
1H),1.31 (m, 2H); 3C NMR (500 MHz) (CDCl3) 6 (ppm): 146.3,140.5,
133.3, 132.0, 129.1, 128.2, 128.1, 127.6, 1274, 125.8, 125.4, 123.8,
123.6, 75.7, 55.1, 54.8, 52.6, 43.1, 37.8, 374, 32.6, 32.1, 31.4; UHPLC-
ESI-MS: tg = 2.03, >99.9% pure (A = 225 nm), m/z = 374 [M + H]*

5.2.1.1. (+)-4-(4-benzylpiperidin-1-yl)-2-(naphthalen-2-yl)butan-2-
ol, [(+)-1]. White solid; [a]3” = +40.5 (c 0.2, CH30H). The IR and
NMR spectra are identical to that of 1. HPLC: tg = 8.5 min, ee 96.0%.

5.2.1.2. (-)-4-(4-benzylpiperidin-1-yl)-2-(naphthalen-2-yl)butan-2-
ol, [(-)-1]. White solid; [«]3° = —42.3 (c 0.2, CH30H). The IR and
NMR spectra are identical to that of 1. HPLC: tg = 11.1 min, ee 97.0%.

5.2.2. 4-(4-benzylpiperidin-1-yl)-2-phenylbutan-2-ol, [2]

Yield: 77%; white solid; mp: 90.9—93 °C; IR (cm™'): 3184, 3125,
1602, 1369, 1343, 1156, 846, 699; 'H NMR (500 MHz) (CDCls)
0 (ppm): 745 (d, ] = 8.9 Hz, 2H), 7.33 (t, ] = 8.1 Hz, 2H), 7.27 (t,
J=74Hz,2H),7.21-7.19 (m, 2H), 713 (d,J = 7.0 Hz, 2H), 3.15 (d, 1H),
2.54 (m, 1H), 2.52 (m, 2H) 2.30 (m, 1H), 2.22 (m, 1H), 2.07 (m, 1H),
1.86 (m, 1H),1.80 (m, 1H) 1.75 (m, 1H), 1.67 (m, 1H) 1.60 (m, 1H), 1.50
(m, 1H), 149 (s, 3H) 1.31 (m, 2H); *C NMR (500 MHz) (CDCl3)
6 (ppm): 148.9, 140.5, 129.1, 127.9, 128.2, 126.0, 125.8, 125.0, 75.5,
55.1, 54.8, 52.6, 43.1, 37.8, 37.7, 32.6, 32.1, 31.4; UHPLC-ESI-MS:
tr = 1.75, >97% pure (A = 210 nm), m/z = 324 [M + H|"

5.2.2.1. (+)-4-(4-benzylpiperidin-1-yl)-2-phenylbutan-2-ol, [(+)-2].
Yellow oil; [a]3° = +10.5 (¢ 0.6, CH30H). The IR and NMR spectra are
identical to that of 2. HPLC: tg = 3.4 min, ee 99.9%.

5.2.2.2. (-)-4-(4-benzylpiperidin-1-yl)-2-phenylbutan-2-ol, [(-)-2].
Yellow oil; [@]g° = —9.2 (c 0.6, CH30H). The IR and NMR spectra are
identical to that of 2. HPLC: tg = 4.2 min, ee 98.0%.
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5.3. General procedure for the preparation of compounds 3 and 4

Under argon atmosphere trifluoroacetic anhydride (2.0 equiv)
was added dropwise to a solution of the tertiary alcohol (1.0 equiv)
and copper triflate (2 mol %) in anhydrous dichloromethane (5 mL)
cooled to 0 °C. After stirring the reaction a solution of NaHCO3(aq)
(5%) was added. The phases were separated and the organic phase
was dried over anhydrous Na;SO4 and concentrated under reduced
pressure. The obtained crude was purified by alumina (II Brock-
mann degree) column chromatography (9 n-hexane — 1 ethyl
acetate).

5.3.1. (E)-4-benzyl-1-[3-(naphthalen-2-yl)but-2-en-1-yl]
piperidine, [3]

Yield: 50%, yellow solid; mp: 221—222 °C; IR (cm™!): 3049-2977,
2926, 2848, 2514, 1597, 1482, 1453-1434,1287-1157,1039, 940, 895,
855, 819, 744, 689; 'H NMR (500 MHz) (CDCl3) 6 (ppm): 7.82—7.80
(m, 3H). 7.78 (d, ] = 9.0 Hz, 1H), 7.61 (d, ] = 8.6 Hz, 1H), 7.46—7.44
(m, 2H), 7.29 (t, | = 7.4 Hz, 2H), 7.20 (t, ] = 7.1 Hz, 1H), 7.16 (d,
J=7.6 Hz, 2H), 6.09 (t, ] = 6.6 Hz, 1H), 3.22 (d, ] = 6.5 Hz, 2H), 3.03
(d, 2H) 2.57 (d,] = 6.9 Hz, 2 H), 2.16 (s, 3H), 1.98 (t, 2H), 1.68 (d, 2H),
1.57 (m, 1H), 1.38 (m, 2 H); 3C NMR (500 MHz) (CDCl3) ¢ (ppm):
140.7, 140.4, 136.9, 133.4, 132.5, 129.1, 128.1, 128.0, 127.6, 127.5,
126.0, 125.7, 125.6, 124.2, 1241, 57.2, 54.1, 43.2, 379, 32.2, 16.1;
UHPLC-ESI-MS: tg = 2.20, >98% pure (A = 245 nm), m/z = 356 [M +
H]™

5.3.2. (E)-4-benzyl-1-(3-phenylbut-2-en-1-yl)piperidine, [4]

Yield: 42%; yellow solid; mp: 220—222 °C; IR (cm™~!): 3085-
2979, 2926, 2488, 1641-1580, 1484-1401, 1273-1160, 1038, 943, 835,
765-748, 689; "H NMR (500 MHz) (CDCl3) 6 (ppm): 7.40 (d, ] = 7.9,
2H), 7.31-7.28 (m, 4H); 7.24 (m, 1H), 7.19 (t, ] = 7.6 Hz, 1H), 7.15 (d,
J=73Hz,2H),5.92(t,] = 6.4 Hz, 1H), 3.16 (d, ] = 6.5 Hz, 2H), 2.99 (d,
4H), 2.55 (d, ] = 6.8 Hz, 2H), 2.05 (s, 3H), 1.95 (t, 2H), 1.66 (d, 2H),
1.54 (m, 1H), 1.36 (m, 2H); '*C NMR (500 MHz) (CDCl3) ¢ (ppm):
143.3,140.7,137.1,129.1, 128.2, 128.1, 126.9, 125.7, 125.6, 124.9, 57.0,
54.0, 43.2, 37.6, 32.1, 16.1; UHPLC-ESI-MS: tg = 1.97, >98% pure
(A =205 nm), m/z = 306 [M + H|*

5.4. General procedure for the preparation of compound 5 and 6

To a solution of olefin (1.0 equiv) in absolute ethanol (10 mL) was
added a catalytic amount of Pd (0)/C 10% (p/p, 0.06 equiv). The
suspension was stirred vigorously under hydrogen atmosphere
(1 atm). The reaction mixture was then filtered through Celite,
using dichloromethane as solvent. The crude was purified by
alumina (II Brockmann degree) column chromatography (9 n-
hexane — 1 ethyl acetate).

5.4.1. 4-benzyl-1-[3-(naphthalen-2-yl)butyl]piperidine, [5]

Yield: 56%, yellow oil; IR (cm’1): 3025, 2924, 2508, 1631, 1602,
1542, 1496, 1453; 'H NMR (500 MHz) (CDCl3) 6 (ppm): 7.79—7.77 (t,
J = 8.7 Hz, 3H), 7.59 (s, 1H), 7.45—7.42 (m, 2H), 7.32 (d, ] = 8.8 Hz,
1H), 7.25 (m, 2H), 7.17 (m, 1H), 7.08 (m, 2H), 3.30 (broad peak, 2H),
2.90 (m, 1H), 2.76 (m, 1H), 2.55 (d, J = 7.4 Hz, 2H), 2.46 (m, 1H),
227-213 (m, 4H), 1.82—1.71 (m, 4H), 159 (m, 1H), 1.36 (d,
] = 6.5 Hz, 3H); '3C NMR (500 MHz) (CDCls) ¢ (ppm): 142.4, 139.3,
133.4, 132.3, 128.9, 128.5, 128.3, 127.6, 127.5, 126.1, 125.5, 125.3,
124.8, 56.1, 52.4, 41.9, 38.3, 36.5, 31.8, 29.1, 22.7; UHPLC-ESI-MS:
tr = 2.17, >97% pure (A = 220 nm), m/z = 358 [M + H]"

5.4.1.1. (+)-4-benzyl-1-(3-(naphthalen-2-yl)butyl)piperidine,
[(+)-5]. Yellow oil; [2]3’ = +6.1 (c 0.2, CH30H). The IR and NMR
spectra are identical to that of 5. HPLC: tg = 7.7 min, ee 95.0%.

5.4.12. (-)-4-benzyl-1-(3-(naphthalen-2-yl)butyl)piperidine, [(-)-5].
Yellow oil; []3° = —6.3 (c 0.2, CH30H). The IR and NMR spectra are
identical to that of 5. HPLC: tg = 9.0 min, ee 95.0%.

5.4.2. 4-benzyl-1-(3-phenylbutyl)piperidine, [6]

Yield: 47%, yellow oil; IR (cm™1): 3682, 3019, 2929, 2856, 2434,
2400, 1230; '"H NMR (500 MHz) (CDCl3) 6 (ppm): 7.28-7-27 (m, 4H),
7.17 (m, 4H), 7.13 (d, ] = 7.0 Hz, 2H), 2.86 (broad peak, 2H), 2.71 (m,
1H), 2.52 (d,] = 6.6 Hz, 2H), 2.26 (m, 1H), 2.14 (m, 1H), 1.87—1.72 (m,
4H), 1.61 (d, 2H), 1.49 (m, 1H), 1.29 (m, 2H), 1.24 (d, ] = 7.3 Hz, 3H);
13C NMR (500 MHz) (CDCl3) 6 (ppm): 147.3,140.7,129.1,128.3,128.1,
126.9, 125.9, 125.7, 57.3, 54.1, 53.9, 43.2, 38.4, 37.9, 354, 32.1, 22.6;
UHPLC-ESI-MS: tg = 1.92, >97% pure (A = 200 nm), m/z = 308 [M +
H]*

5.4.2.1. (+)-4-benzyl-1-(3-phenylbutyl)piperidine, [(+)-6].
Yellow oil; [¢]3° = +8.2 (c 0.3, CH30H). The IR and NMR spectra are
identical to that of 6. HPLC: tg = 3.7 min, ee 99.9%.

5.4.2.2. (-)-4-benzyl-1-(3-phenylbutyl)piperidine, [(-)-6].
Yellow oil; []3° = —8.3 (c 0.3, CH30H). The IR and NMR spectra are
identical to that of 6. HPLC: tg = 5.3 min, ee 99.9%.

5.5. (6-bromonaphthalen-2-yloxy )-tert-butyldimethtyl-silane, [7]

Under argon atmosphere 6-bromo-2-naphthol (1.0 equiv),
imidazole (1.0 equiv) and tert-butyldimethylsilyl chloride (1.2
equiv) were solubilized in anhydrous dimethylformamide (20 mL).
After stirring the solution overnight, the reaction mixture was
extracted by dichloromethane (x 2) and brine (x 5). The organic
phase was dried over NaySO4, and concentrated under reduced
pressure. The crude was purified by column chromatography (10 n-
hexane).

Yield: 90%, white solid; mp: 62—64 °C; IR (cm™!): 3743, 2954,
1735, 1653, 1560, 1470, 1256, 1062; 'H NMR (500 MHz) (CDCl3)
0 (ppm): 7.92 (s, 1H), 7.64 (d, ] = 8.9 Hz, 1H), 7.57 (d, ] = 8.9 Hz, 1H),
748 (dd, J = 9.2 and 2.3 Hz, 1H), 7.16 (ds, ] = 2.4 Hz, 1H), 7.10 (dd,
J=8.5and 2.2 Hz, 1H), 1.02 (s, 9H), 0.25 (s, 6H); >C NMR (500 MHz)
(CDCl3) 6 (ppm): 153.8,133.1,130.2,129.6,129.4, 128.4, 128.3,123.1,
117.3, 114.9, 25.7, 18.2, -4.4; ESI-MS: m/z = 338 [M + H]*

5.6. 4-(4-benzylpiperidin-1-yl)-2-[6-(tert-butyldimethyl-silanoloxy )-
naphtalen-2-yl]-butan-2-ol, [8]

Compound 7 (1.5 equiv) was dissolved in anhydrous tetrahy-
drofuran (5 mL) under argon atmosphere. The solution was cooled
to —78 °C, then was added dropwise n-butyl-lithium (4.4 equiv,
2.5 M in n-hexane). After 20 min, the temperature was increased up
to —50 °C and a solution of 4-(4-benzyl-piperidin-1-yl)-butan-2-
one (1.0 equiv) in anhydrous tetrahydrofuran (5.0 mL) was added
dropwise. The reaction mixture was stirred for 1.5 h, keeping the
temperature below —50 °C. The solution was quenched with 10 mL
of saturated solution of NH4Cl(aq) and extracted with Et;0. The
organic phase was dried over NaySO4. The solvent was removed
under reduced pressure and the crude was purified by alumina (II
Brockmann degree) column chromatography (8 n-hexane — 2 ethyl
acetate).

Yield: 63%; bright yellow oil; IR (cm~1): 3336, 3026, 2926, 2856,
2349, 2310, 1603, 1496, 1471, 1453, 1371, 1260; 'H NMR (500 MHz)
(CDCl3) 6 (ppm): 7.92 (s, 1H), 7.72 (d, ] = 9.1 Hz, 1H), 7.65 (d,
J=8.6Hz,1H),7.42(d,] = 8.6 Hz,1H), 7.27 (m, 2H), 718 (t,] = 7.7 Hz,
2H), 7.12 (t, ] = 8.6 Hz, 2H), 7.06 (dd, J = 8.4 and 1.8 Hz, 1H), 3.18
(broad peak, 1H), 3.02 (broad peak, 1H), 2.61 (broad peak, 1H), 2.53
(m, 2H), 2.31 (d, 1H), 2.12 (t, 1H), 1.92—1.86 (m, 2H), 1.75 (m, 1H),
1.65—1.63 (m, 2H), 1.54 (s, 3H), 1.51 (m, 1H), 1.29 (m, 2H), 1.02 (s,
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9H), 0.24 (s, 6H); '3C NMR (500 MHz) (CDCl3) 6 (ppm): 153.2,144.2,
140.5, 133.1, 1294, 129.1, 129.0, 128.2, 126.4, 125.8, 124.1, 123.3,
122.0, 114.5, 75.6, 55.1, 54.7, 54.2, 53.7, 52.6, 43.1, 37.8, 374, 32.5,
32.1, 314, 25.7,18.2, -4.3; APCI-MS: m/z = 504 [M + H]"

5.7. (E)-4-benzyl-1-{3-[6-(tert-butyldimethyl-silanyloxy )-naphthalen-
2-yl]-but-2-en-1-yl}-piperidine, [10]

Under argon atmosphere trifluoroacetic anhydride (2.0 equiv)
was added dropwise to a solution of compound 8 (1.0 equiv) and
copper triflate (2 mol %) in anhydrous dichloromethane (5 mL)
cooled to 0 °C. After stirring the reaction a solution of NaHCO3(aq)
(5%) was added. The phases were separated and the organic phase
was dried over anhydrous Na,SO4 and concentrated under reduced
pressure. The obtained crude was purified by alumina (Il Brock-
mann degree) column chromatography (9 n-hexane — 1 ethyl
acetate).

Yield: 61%; yellow solid; mp: 102—104 °C; IR (cm™): 3027, 2926,
2856, 2801, 2349, 1597, 1497, 1478, 1374, 1318, 1257; 'H NMR
(500 MHz) (CDCl3) 6 (ppm): 7.74 (s, 1H), 7.69 (d, ] = 9.0 Hz, 1H), 7.63
(d,J = 8.9 Hz,1H), 7.56 (d, ] = 8.7 Hz, 1H), 7.28 (m, 2H), 7.19—7.15 (m,
4H), 7.06 (d,] = 9.1 Hz, 1H), 6.04 (t,] = 6.7 Hz, 1H), 3.21 (d, 2H), 3.02
(broad peak, 2H), 2.56 (d, ] = 7.0 Hz, 2H), 2.13 (s, 3H), 1.97 (broad
peak, 2H), 1.68 (broad peak, 2H), 1.55 (broad peak, 1H), 1.36 (m, 2H),
1.02 (s, 9H), 0.25 (s, 6H); >C NMR (500 MHz) (CDCl3) 6 (ppm):
153.4, 140.7, 138.5, 136.9, 133.7, 129.4, 129.1, 128.1, 126.4, 125.7,
125.0,124.5,123.9,122.2,114.7,57.2, 54.1,43.2, 37.9, 32.2, 25.7,18.2,
16.1, -4.4; ESI-MS: m/z = 486 [M + H]"

5.8. General procedure for the preparation of compounds 9 and 11

Tetra-N-butylammonium fluoride (1.5 equiv, 1.0 M in tetrehy-
drofuran) was added dropwise to a solution of compounds 8 and 10
(1.0 equiv) in anhydrous dichloromethane (5.0 mL), at 0 °C, in argon
atmosphere. After 2 h the reaction mixture was extracted by a so-
lution of NaHCO3 (5%). In the case of compound 9, the crude was
purified by column chromatography (9 dichloromethane — 1
methanol — 0.1% NH3 in methanol); on the contrary for compound
11, it was been enough to do a precipitation of the solid impurities
using methanol.

5.8.1. 6-[4-(4-benzylpiperidin-1-yl)-2-hydroxybutan-2-yljnaphthalen-
2-ol, [9]

Yield: 64%; yellow oil; IR (cm’]): 3452, 2925, 1633, 1605, 1560,
1454, 1381; 'H NMR (500 MHz) (CDCls) 6 (ppm): 7.91 (s, 1H), 7.72
(d, ] = 8.4 Hz, 1H), 7.60 (d, ] = 8.4 Hz, 1H), 7.40 (d, ] = 8.8 Hz, 1H),
7.25 (t, ] = 6.9 Hz, 2H), 7.18—7.14 (m, 3H), 7.07 (d, J = 8.0 Hz, 2H),
3.20 (broad peak, 1H), 2.61 (broad peak, 1H), 2.46 (d, ] = 6.5 Hz, 2H),
2.34 (m, 2H), 2.18 (m, 1H), 1.96 (broad peak, 1H), 1.88 (broad peak,
1H), 1.80 (broad peak, 1H), 1.66 (broad peak, 2H), 1.59 (s, 1H), 1.49
(broad peak, 1H), 1.34 (broad peak, 2H); 3C NMR (500 MHz)
(CDClI3) 6 (ppm): 154.0,143.0, 140.3,133.3,129.8,129.0, 128.5,128.2,
126.2, 125.8, 124.1, 1234, 118.3, 109.2, 75.8, 55.0, 54.7, 52.6, 42.9,
37.6, 374, 31.7, 31.3; UHPLC-ESI-MS: tg = 1.68, >97% pure
(A =230 nm), m/z = 390 [M + H]"

5.8.1.1. (+)-6-[4-(4-benzylpiperidin-1-yl)-2-hydroxybutan-2-yl]
naphthalen-2-ol, [(+)-9]. Yellow oil; [¢]3° = +24.2 (¢ 0.1, CH30H).
The IR and NMR spectra are identical to that of 9. HPLC:
tr = 4.0 min, ee 99.9%.

5.8.1.2. (-)-6-[4-(4-benzylpiperidin-1-yl)-2-hydroxybutan-2-yl]
naphthalen-2-ol, [(-)-9]. Yellow oil; [a]3° = —24.8 (c 0.1, CH30H).
The IR and NMR spectra are identical to that of 9. HPLC:
tr = 5.0 min, ee 99.9%.

5.8.2. (E)-6-[4-(4-benzylpiperidin-1-yl)but-2-en-2-yl[naphthalen-
2-ol, [11]

Yield: 64%; bright yellow solid; mp: 157—159 °C; IR (cm™!):
3629, 2926, 2854,2349, 1601, 1454; 'H NMR (500 MHz) (CDCl3)
6 (ppm): 7.50 (s, 1H), 7.44 (d, J = 8.7 Hz, 1H), 7.28 (t, ] = 8.1 Hz, 2H),
719 (t,] = 8.0 Hz, 1H), 7.15—7.11 (t,J = 7.8 Hz, 2H), 7.03—7.01 (m, 3H),
6.89 (ds, 1H), 5.89 (t,J = 7.2 Hz, 1H), 3.28 (ds, 2H), 3.21 (ds, 2H), 2.57
(d, J = 7.5 Hz, 2H), 2.13 (m, 2H), 2.12 (s, 3H), 1.74 (m, 2H), 1.63 (m,
1H), 1.53 (m, 2H); *C NMR (500 MHz) (CDCl3) é (ppm): 154.5,140.4,
136.7, 134.0, 130.0, 129.1, 128.2, 128.0, 125.9, 124.0, 123.7, 122.7,
119.2, 109.9, 56.8, 53.9, 429, 37.8, 31.3, 15.7; UHPLC-ESI-MS:
tr = 1.92, >97% pure (A = 245 nm), m/z = 372 [M + H]"

5.9. 6-[4-(4-benzylpiperidin-1-yl)butan-2-yl[naphthalen-2-ol, [12]

To a solution of compound 11 (1.0 equiv) in absolute ethanol
(10 mL) was added a catalytic amount of Pd (0)/C 10% (p/p, 0.06
equiv). The suspension was stirred vigorously under hydrogen at-
mosphere (1 atm). The reaction mixture was then filtered through
Celite, using dichloromethane as solvent. The crude was purified by
column chromatography (9 dichloromethane — 1 methanol — 0.1%
NH3 in methanol).

Yield: 39%; yellow oil; IR (cm™1): 3297, 2924, 2349, 2309, 1604,
1453, 1376, 1269; 'H NMR (500 MHz) (CDCl3) & (ppm): 7.42 (d,
J=9.0Hz, 1H), 7.37 (s, 1H), 7.24 (t, 2H), 7.17 (d, ] = 8.0 Hz, 1H), 7.17
(m, 1H), 7.06 (m, 3H), 6.98 (d, J = 9.0 Hz, 1H), 6.81 (s, 1H), 3.26
(broad peak, 1H), 3.10 (broad peak, 1H), 2.73 (m, 1H), 2.50—2.49
(broad peak, 4H), 2.14—2.12 (m, 2H), 2.04 (m, 2H), 1.67 (m, 2H),
1.60—1.54 (m, 3H), 1.28 (overlapped peak, 3H); >C NMR (500 MHz)
(CDCl3) 6 (ppm): 154.6,139.5,133.6,129.0, 128.3, 126.8, 126.0, 125.1,
125.0, 118.7,109.2, 56.5, 53.7, 52.9, 42.3, 38.1, 37.0, 33.2, 30.0, 22.9;
UHPLC-ESI-MS: tg = 1.86, >95% pure (A = 230 nm), m/z = 374 [M +
H]*

5.9.1. (+)-6-[4-(4-benzylpiperidin-1-yl)butan-2-ylJnaphthalen-2-
ol, [(+)-12]

Yellow oil; [«]3” = +11.8 (c 0.3, CH30H). The IR and NMR spectra
are identical to that of 12. HPLC: tg = 4.9 min, ee 99.9%.

5.9.2. (-)-6-[4-(4-benzylpiperidin-1-yl)butan-2-ylnaphthalen-2-
ol, [(-)-12]

Yellow oil; [a]3” = —12.0 (¢ 0.3, CH30H). The IR and NMR spectra
are identical to that of 12. HPLC: tg = 5.7 min, ee 99.9%.

5.10. Molecular modeling

The optimized structures of selected compounds were docked
into the putative binding pockets for the S1R by applying a
consolidated procedure [29d,31a,32-35,64]. The resulting docked
conformations for each complex were clustered and visualized;
then, for each compound, only the molecular conformation satis-
fying the combined criteria of having the lowest (i.e., more favor-
able) energy and belonging to a highly populated cluster was
selected to carry for further modeling. The ligand/receptor com-
plexes obtained from the docking procedure was further refined in
Amber 14 [65] using the quenched molecular dynamics (QMD)
method, as previously described [29d,31a,32-35,64]. According to
QMD, the best energy configuration of each complex resulting from
this step was subsequently solvated by a cubic box of TIP3P [66]
water molecules extending at least 10 A in each direction from
the solute. The system was neutralized and the solution ionic
strength was adjusted to the physiological value of 0.15 M by
adding the required amounts of Na™ and CI~ ions. Each solvated
system was relaxed by 500 steps of steepest descent followed by
500 other conjugate-gradient minimization steps and then
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gradually heated to a target temperature of 300 K in intervals of 50
ps of NVT MD, using a Verlet integration time step of 1.0 fs. The
Langevin thermostat was used to control temperature, with a
collision frequency of 2.0 ps~! The protein was restrained with a
force constant of 2.0 kcal/(mol A), and all simulations were carried
out with periodic boundary conditions. Subsequently, the density
of the system was equilibrated via MD runs in the isothermal-
isobaric (NPT) ensemble, with isotropic position scaling and a
pressure relaxation time of 1.0 ps for 50 ps with a time step of 1 fs.
All restraints on the protein atoms were then removed, and each
system was further equilibrated using NPT MD runs at 300 K, with a
pressure relaxation time of 2.0 ps. Three equilibration steps were
performed, each 2 ns long and with a time step of 2.0 fs. To check
the system stability, the fluctuations of the rmsd of the simulated
position of the backbone atoms of the receptor with respect to
those of the initial protein were monitored. All chemophysical
parameters and rmsd values showed very low fluctuations at the
end of the equilibration process, indicating that the systems
reached a true equilibrium condition. The equilibration phase was
followed by a data production run consisting of 40 ns of MD sim-
ulations in the canonical (NVT) ensemble. Only the last 20 ns of
each equilibrated MD trajectory were considered for statistical data
collections. A total of 1000 trajectory snapshots were analyzed the
each ligand/receptor complex. The binding free energy, AGpind,
between the ligands and the sigmal receptor was estimated by
resorting to the MM/PBSA approach implemented in Amber 14.
According to this well validated methodology [36], the free energy
was calculated for each molecular species (complex, receptor, and
ligand), and the binding free energy was computed as the
difference:

AGping = Gcomplex - (Greceptor + Gligand) = AEmm + AGsg) - TAS

in which AEpy represents the molecular mechanics energy, AGgg)
includes the solvation free energy and TAS is the conformational
entropy upon ligand binding. The per residue decomposition of the
enthalpic term of AGyping was performed exploiting the equilibrated
MD trajectory of each given compound/receptor complex. This
analysis was carried out using the MM/GBSA approach [67,68], and
was based on the same snapshots used in the binding free energy
calculation. All simulations were carried out using the Pmemd
modules of Amber 14, running on the MOSE CPU/GPU calculation
cluster.

5.11. Binding assays

5.11.1. 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
centrifuge model Rotina 35R (Hettich, Tuttlingen, Germany) 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 tumbling speed
(scientific workshop of the institute). Vortexer: Vortex Genie 2
(Thermo Fisher Scientific, Langenselbold, Germany). Harvester:
MicroBeta FilterMate-96 Harvester. Filter: Printed Filtermat Type A
and B. Scintillator: Meltilex (Type A or B) solid-state scintillator.
Scintillation analyzer: MicroBeta Trilux (all PerkinElmer LAS,
Rodgau-Jiigesheim, Germany). Chemicals and reagents were pur-
chased from various commercial sources and were of analytical
grade.

5.11.2. Preparation of membrane homogenates from guinea pig
brain cortex

Five guinea pig brains were homogenized with the potter
(500—800 rpm, 10 up-and-down strokes) in six volumes of cold
0.32 m sucrose. The suspension was centrifuged at 1200 g for
10 min at 4 °C. The supernatant was separated and centrifuged at
23,500 g for 20 min at 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 8C). This procedure was repeated twice. The
final pellet was resuspended in 5—6 volumes of buffer and frozen
(—80 °C) in 1.5 mL portions containing ~1.5 (mg protein)mL~".

5.11.3. Protein determination

The protein concentration was determined by the method of
Bradford modified by Stoscheck. The Bradford solution was pre-
pared by dissolving 5 mg of Coomassie Brilliant Blue G 250 in
2.5 mL EtOH (95% v/v). Deionized H,0 (10 mL) and phosphoric acid
(85% w/v, 5 mL) were added to this solution, and the mixture was
stirred and filled to a total volume of 50 mL with deionized water.
Calibration was carried out using bovine serum albumin as a
standard in nine concentrations (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0,
and 4.0 mg mL™!). In a 96-well standard multiplate, 10 mL of the
calibration solution or 10 mL of the membrane receptor prepara-
tion were mixed with 190 mL of the Bradford solution. After 5 min,
the UV absorption of the protein—dye complex at I = 595 nm was
measured with a plate reader (Tecan Genios, Tecan, Crailsheim,
Germany).

5.11.4. General protocol for binding assays

The test compound solutions were prepared by dissolving
~10 mmol (usually 2—4 mg) of test compound in DMSO so that a
10 puM 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 polyethylenimine solution for 2 h at 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 pL of the respective assay buffer, 50 pL test compound solution at
various concentrations (107>, 10,1077, 108, 10~° and 10710 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 mL of water. Subsequently, the filtermats were
dried at 95 °C. The solid scintillator was melted on the dried fil-
termats 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 efficiency was 20%. The
IC50 values were calculated with GraphPad Prism 3.0 (GraphPad
Software, San Diego, CA, USA) by nonlinear regression analysis. The
IC50 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.

5.11.5. S1R binding assay

The assay was performed with the radioligand [H](+)-
pentazocine (22.0 Ci mmol~!; PerkinElmer). The thawed mem-
brane preparation of guinea pig brain cortex (~100 mg protein) was
incubated with various concentrations of test compounds, 2 nM
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[H](+)-pentazocine, 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.

5.11.6. 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 Ci mmol~!) in 50 mM
Tris—HCI, pH 8.0, 0.5 mL final volume. (+)-pentazocine (100 nM)
and haloperidol (10 pM) were used to mask S1R and to define non-
specific binding, respectively.

5.12. Cell lines

PC12 cells were grown in RPMI 1640 (Mediatech, Manassas, VA)
supplemented with 10% heat inactivated horse serum (HS) and 5%
fetal bovine serum (FBS) (Biochrom) 1% Glutamax, 1% penicillin/
streptomycin (pen/strep). Cell differentiation was induced by
exposure to a medium containing RPMI 1640 supplemented with
0.5% HS, Glutamax 1%, pen/strep 1% and NGF 2.5 ng/ml. PRE-084
and BD-1063 were prepared at 10 mM stock solutions in apyro-
genic water. Pancreatic adenocarcinoma Capan-2 and PaCa3, breast
adenocarcinoma MDA-MB 231 and SUM 159 cell line and prostatic
adenocarcinoma PC3 cell lines were grown in culture medium
composed of DMEM/Ham's F12 (1:1) (Euroclone) supplemented
with fetal calf serum (FCS) (10%) (Euroclone), glutamine (2 mM)
(Euroclone) and insulin (10 pg/ml) (Sigma-Aldrich, St. Louis, MO,
USA). Glioblastoma cell line U87 was grown in EMEM culture me-
dium (Euroclone) supplemented with FCS (10%) and glutamine
(2 mM). Prostatic adenocarcinoma cell line LNCaP was grown in
RPMI culture medium (Euroclone) supplemented with FCS (10%)
and glutamine (2 mM). Serum restriction was done by incubating
cells in low glucose culture medium without FCS for 24 h. All cell
lines were purchased by the American Type Culture Collection
(ATCC) except for SUM 159 that was purchased from Amsterand plc
(Detroit, MI, USA).

All experiments were performed on cells in the exponential
growth phase and checked periodically for mycoplasma contami-
nation by MycoAlert™ Mycoplasma Detection Kit (Lonza, Basel,
Switzerland).

5.13. Cytotoxicity test

5.13.1. 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 3 x 102 cells per well. The effect of the drugs
was evaluated after 24 h of continued exposure. Three independent
experiments were performed in octuplicate. The optical density
(OD) of treated and untreated cells was determined at a wavelength
of 490 nm using a plate reader. Dose response curves were created
by Excel software. IC50 values were determined graphically from
the plot.

5.13.2. Flow cytometry

Flow cytometric analysis was performed using a FACS Canto
flow cytometer (Becton Dickinson, San Diego, CA). Data acquisition
and analysis were performed using FACSDiva software (Becton
Dickinson). Samples were run in triplicate and 10,000 events were
collected for each replicate.

5.13.3. Annexin-V assay

After exposure to compound, medium was removed and cell
were detached by tripsinization, washed once in PBS 1x and
incubated with 25 ul/ml Annexin V-FITC in binding buffer

(Affimetrix eBioscience, San Diego, USA) for 15 min at 37 °C in a
humidified atmosphere in the dark. Cells were then washed in PBS
and suspended in binding buffer.

Immediately before flow cytometric analysis, propidium iodide
was added to a final concentration of 5 pug/ml to discriminate be-
tween apoptotic (Ann-V positive and PI positive or PI negative) and
necrotic cells (Ann-V negative and PI positive).

5.13.4. TUNEL assay

Cells were fixed in 1% formaldehyde in PBS on ice for 15 min,
suspended in 70% ice cold ethanol and stored overnight at 20 °C.
Cells were then washed twice in PBS and re-suspended in PBS
containing 0.1% Triton X-100 for 5 min at 48C. Thereafter, samples
were incubated in 50 pl of solution containing TdT and FITC con-
jugated dUTP deoxynucleotides 1:1 (Roche Diagnostic GmbH,
Mannheim, Germany) in a humidified atmosphere for 90 min at
37 °C in the dark, washed in PBS, counterstained with propidium
iodide (2.5 pg/ml, MP Biomedicals, Verona, Italy) and RNAse (10 kU/
ml, Sigma—Aldrich) for 30 min at 48 °C in the dark and analyzed by
flow cytometry.

5.13.5. Western blot

Cell proteins were extracted with M-PER Mammalian Protein
Extraction Reagent (Thermo Fisher Scientific) supplemented with
Halt Protease Phosphatase Inhibitor Cocktail (Thermo Fisher Sci-
entific). Mini-PROTEANTGX™ precast gels (4—20%) (BIO-RAD) were
run using Mini-PROTEAN Tetra electrophoresis cells and then
electroblotted by Trans-BlotTurbo™ Mini PVDF Transfer Packs
(BIORAD). The unoccupied membrane sites were blocked with T-
TBS 1x (Tween 0.1%) and 5% non-fat dry milk to prevent nonspe-
cific binding of antibodies and probed with specific primary anti-
bodies overnight at 4 °C. This was followed by incubation with the
respective secondary antibodies. The antibody-antigen complexes
were detected with Immun-Star™ WesternC™ kit (BIO-RAD).

The following primary antibodies were used: anti-caspase-3
(Cell Signaling Technology, Inc., Celbio, Pero, Milan, Italy). Ant-
vinculin (sc-5573) from Santa Cruz Biotechnology was used as
housekeeping. Quantity One Software was used for analysis.

5.14. Real time RT-PCR

Total cellular RNA was extracted using TRIzol reagent (Life
technologies) in accordance with manufacturer's instruction and
quantified using the Nanodrop MD-1000 spectrophotometer sys-
tem. Reverse transcription reactions were performed in 20 uL of
nuclease free water containing 400 ng of total RNA using iScript
cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA). Real-Time
PCR was run using 7500 Fast Real-Time PCR system (Applied Bio-
systems) and TagMan assays to detect the expression of SIGMAR1
and PGRMC1 genes.

Reactions were carried out in triplicate at a final volume of 20 pL
containing 40 ng of cDNA template, TagMan universal PCR Master
Mix (2x), and selected TagMan assays (20x). Samples were
maintained at 50 °C for 2 min, then at 95 °C for 10 min followed by
40 amplification cycles at 95 °C for 15 s, and at 60 °C for 30 s.

The amount of mRNA was normalized to the endogenous genes
GAPDH and HPRT-1.

5.15. Statistical analysis

All statistical analyses were done using standard software
packages GraphPad Prism (GraphPad Software, San Diego California
USA, version 5.0). The comparison between groups was performed
by applying the Student “t” test for 2-group comparisons or one-
way ANOVA followed by appropriate post hoc tests for multiple
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comparisons. p-values lower than 0.05 were considered statisti-
cally significant.
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1. Chiral resolution
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Figure SI1. Selected analytical chromatographic profiles oflAB) 2, C)5, D) 6, E)9, F) 12.

2. Molecular Modelling

Table SIL Free energy component&Hping and —ASying) and total binding free energieAGying) for

compoundd-6 and9, 11-12in complex with S1R. Errors are given in parenihes standard errors of the
mean.

Compound AHping (kcal/mol) -TASping (kcal/mol) AGping (kcal/mol)
la -23.71 (0.08) -13.77 (0.17) -9.94 (0.19)
1b -23.81 (0.10) -13.72 (0.19) -10.09 (0.21)
2a -24.33 (0.08) -13.71 (0.19) -10.62 (0.21)
2b -24.44 (0.11) -13.70 (0.16) -10.74 (0.19)
3 -25.11 (0.09) -14.15 (0.16) -10.96 (0.18)
4 -25.61 (0.08) -14.19 (0.17) -11.42 (0.19)
5a -24.59 (0.11) -13.91 (0.18) -10.68 (0.21)
5b -24.77 (0.09) -13.95 (0.20) -10.82 (0.22)



6a

6b

9a

9b

11

12a

12b

-25.26 (0.09)
-25.08 (0.09)
-23.62 (0.12)
-24.04 (0.09)
-25.20 (0.09)
-24.64 (0.13)

-24.62 (0.08)

-14.07 (0.15)
-14.03 (0.18)
-13.70 (0.21)
-13.86 (0.20)
-14.21 (0.18)
-14.04 (0.17)

-13.95 (0.18)

-11.19 (0.17)
-11.05 (0.20)
-9.92 (0.24)
-10.18 (0.22)
-10.99 (0.20)
-10.60 (0.21)

-10.67 (0.20)

The computational analysis of the free energy nélinig confirms that all compounds are
able to bind S1R with high affinity, in agreementhwexperimental data. Although all

molecules are provided with the molecular requinetme aptly bind the target receptor,

our approach explains how the different aryl moestg the carbonic spacer between this

aromatic portion and the piperidine nitrogen atoam affect ligand/receptor interactions.

The per residue deconvolution of the binding emthalHping resWas extended to all new

derivativesl-6, 9, 11-12in order to dissect the main structural featussponsible for
similarities/differences in their S1IR affinity (Figl2). This approach allowed us to

guantitatively corroborate the SAR presented abowethe effect of the different

aryl/spacer moiety. Furthermore, the receptor/liyamteraction pattern determined for

the present derivatives is highly reminiscent c¢ ttine previously reported for other

arylalkylamines and arylalkylaminoalcohols [1-4].
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Figure SI2. Comparison of per-residue binding enthalpy decasitipm for compound8, 4 and11 (A) and
2, 4, and6 (B) in complex with the S1R. Only the receptosideies for whichAHp;ng res< -0.40 kcal/mol
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are shown. Moleculeg and 6 are chiral compounds and, for the sake of a quidkirpretation, the
reportedAHyinq res Values for these compounds represent the averetyeeén the computational binding
affinities of each enantiomer, since they can hesier equivalent (see Table SI2), in agreemerit witr
previous works [1-4].

The effect of the different aryl moieties was amaly with the aim of explaining the most
favorable free energy of binding of the benzyl $mbied compoundt (AGping = -11.42
kcal/mol, Table SI1). The phenyl moiety adopts atiroal configuration in the binding
site (Fig. SI2A), and the confined difference im thinding affinity with respect to the
naphthalene and hydroxynaphthalene derivatdsaad11 can be ascribed to an overall,
more favorable adaptation of the aryl moiety tofquen = interaction with the residues
Arg119 and Trp121 in the receptor binding pockeg.(BI12A).

Regarding the second purpose of our analysis, anmmirend among the affinity of the
molecules can be observed: the more rigid but-2-sepgcer insured the best binding
performances. Within the phenyl-bearing derivati2ed, and6, the results confirmed
that moleculet, provided with a but-2-enyl spacer, exerted thet bénding interactions.
The replacement of this linker with an alkyl chamthe compound led to a slight
reduction of the same stabilizing contribution, sl®wn in the comparison of the
corresponding interaction spectra (Fig. SI2B). Twés somewhat an expected result, as
the differences between the two molecules fundaafigrreside in the ability of the rigid
alkenyl spacer to adopt an optimal conformatiorhimithe receptor binding site, with the
most productive orientation of the interacting greuOn the other hand, the behaviour of
derivative 2 deserves a more detailed examination of the estiie presence of the
hydroxybutan-2-yl linker adds an extra pharmacojghopportunity in compoundg,
absent in derivatived and 6. This, in turn, reflects in the occurrence of aditional
hydrogen bond between the —OH group on the compdiokdr and the side chain of
Glul72, which provides a stabilizing contribution-0.61 kcal/mol (Fig. SI2B). Despite
the presence of this further feature, the contibbutafforded by the other receptor
residues involved in ligand binding in the cas@ ad lower than the one estimated #br
and6 (Fig. SI2B), and this, eventually, results in sfgraintly lower affinity of2 for the
S1R.
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3. S1R agonist/antagonist profile of compound 3 (RC-H).

A Effect of RC-106 on NGF-induced neurite outgrowth
in PC12 cells

w
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Figure SI3. Assay of NGF-induced neurite outgrowtlin PC12 cells.Effect of RC-106alone in the
concentration range 0.1-10 uNRC-106 does not affect NGF—induced neurite outgrowth @12 cell
assay in the concentration range 0.1-1 pM. ConkerdeGF—induced neurite outgrowth is completely
inhibited by in the range 2.5-10 uM. Histogramsresent the mean + sem of at least 4 different
experiments performed in triplicate.

4. Expression of S1IR and PGRMC-1 in CFPAC-1 line
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Figure Sl4. Western blot and densitometry analysiof S1IR and PGRMC-1 proteins CFPaC-1 cell
line. (A) Immunoblotting reveal that CFPaC- 1 cell liagpresses both S1R and PGRMC-1 at the same
level. (B) Relative protein levels were quantifiey densitometry and normalized fieactin expression.
Densitometric analysis was made with Quantity Oofiware (BIO-RAD). Immunoblotting data are
representative of experiments performed in dupichio significant difference was noted using Sttiden
t-test comparisons 0.05, and £ 0.01).
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5. 'H and *C NMR Spectra
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Compound 1

PV163 in cdel3 (Proton), 7.2.2015
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Compound 2

PV170 in cdcl3 (Proton), 8.2.2015
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Compound 3 (RC-106)
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Compound 4

(Proton), 23.4 2015
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(Protcn), 24.3.2015
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Compound 7
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Compound 8
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Compound 10

MR127_2 in cdei3 (Proton), 11.2.2015
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Abstract: The identification of novel pan-sigma receptor (SR) modulators, potentially useful in
cancer treatment, represents a new goal of our research. Here, we report on the preparation of
novel chiral compounds characterized by a 3-C alkyl chain bridging an aromatic portion to a
4-benzyl-piperidine moiety. All of the studied compounds have been prepared both in racemic and
enantiomerically-pure form, with the final aim to address the role of chirality in the SR interaction.
To isolate and characterize enantiomeric compounds, high-performance liquid chromatography
(HPLC) procedures were set up. A systematic analytical screening, involving several combinations of
chiral stationary and mobile phases, allowed us to optimize the analytical resolution and to set up the
(semi-)preparative chromatographic conditions. Applying the optimized procedure, the enantiomeric
resolution of the studied compounds was successfully achieved, obtaining all of the compounds
with an enantiomeric excess higher than 95%. Lastly, the absolute configuration has been empirically
assigned to enantiopure compounds, combining the electronic circular dichroism (ECD) technique to
the elution order study.

Keywords: sigma receptor (SR) modulators; amylose- and cellulose-derived CSPs; chiral resolution;
enantioselective HPLC; electronic circular dichroism (ECD)

1. Introduction

Sigma receptors (SRs) are involved in different pharmacological and pathological pathways.
They modulate cell survival and excitability and sub-serve many critical functions in the human
body. To date, two subtypes have been identified: Sigma 1 (S1R) and Sigma 2 receptors (S2R). S1Rs
are overexpressed in the central nervous system (CNS), while S2Rs are overexpressed in tumor cells
and tissues in proliferation [1]. Accordingly, SIR modulators could be useful for the treatment of
several CNS diseases, such as anxiety, depression, schizophrenia, drug addiction, Parkinson’s and
Alzheimer’s diseases [2], whereas S2R ligands could have a relevant role in cancer diagnosis and
therapy [3]. Since some research groups identified an overexpression of S1R in different typologies of
cancer cells and demonstrated a strict correlation between S1R and this pathological manifestation, SIR
has been also proposed as a potential target for treating cancer conditions [4-6]. As a result, therapies
that have S1R and S2R as targets might play a role against a wide spectrum of cancer types. Indeed,
recent literature highlights the anticancer potential of ligands able to bind both receptor subtypes,
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called pan-SR ligands [7]. The work presented here falls into this field, and it is a part of our ongoing
research focused on the identification of novel SR modulators. Along the years, we prepared and
studied a wide compound library of SR modulators [8]. The SAR analysis evidenced that a good
affinity towards both SRs is related to the presence of a bulky aminic moiety [9,10]. Particularly, the
4-benzylpiperidine derivative RC-106 (Figure 1) is characterized by a good affinity toward both S1IR
and S2R (Ki S1R = 12.0 nM =+ 6.0; Ki S2R = 22.0 nM = 1.1). Moreover, the SAR studies of chiral SR
modulators showed that small changes in the ligand structure markedly influence the ability of SRs to
discriminate the enantiomeric form. For example, racemic and enantiomeric RC-33 (Figure 1) interact
in a non-stereoselective manner with SRs, both enantiomers showing a similar affinity toward both
SIR and S2R [11-13]. A different behavior was observed for the analogue RC-34, characterized by the
presence of an electronegative element (the only structural difference with respect to RC-33). In this
case, the (S)-configured enantiomer resulted in being the eutomer, with the following eudismic ratio
(ER, Kj gistomer/Ki eutomer):ERs1r = 8.3 and ERgpr = 2.5 [14]. According to these results, the capability
of SRs to discriminate between the enantiomers of a ligand seems to be strictly related to its structural

features [15].
R
IO oL
.

R = H (RC-33)

R = OH (RC-34) RC-106

Figure 1. Structures of RC-33, RC-34 and RC-106.

In this paper, we report on the preparation of the potential chiral SR modulators 1-6, characterized
by an alkyl or alcoholic spacer bridging an aromatic moiety to the 4-benzyl-piperidine portion (Table 1)
and discuss in detail our efforts to develop easy-to-use chiral chromatographic methods, this approach
being effective for both analytical and preparative purposes [16-19]. Moreover, we report on absolute
configuration assignment studies of enantiomerically-pure 1-6, combining electronic circular dichroism
(ECD) and elution order studies. Our final aim is to have enantiopure 1-6 in a sufficient amount for
the biological investigation, in order to study the intriguing aspect of the influence of chirality in
SR interaction.

Table 1. Molecules under investigation.

R
Compound Ar R
OH
H
©/ OH
H
i
HO H

NU | W N =

2. Results and Discussion

2.1. Synthesis

As reported in Scheme 1, the synthesis of 4-(4-benzyl-piperidin-1-yl)-butan-2-one, common
intermediate (A), was accomplished in a good yield via the Michael addition of 4-benzyl piperidine to



Molecules 2016, 21, 1210 3o0f12

but-3-en-2-one in absolute ethanol and glacial acetic acid. Briefly, Compounds 1 and 3 were obtained
adopting a nucleophilic addition strategy of in situ-generated organolithium species to ketones.
The appropriate aryl-bromine was lithiated with an excess of tert-butyllithium (t-BuLi) in anhydrous
diethyl ether (Et,O) at —78 °C, followed by the addition of A: the desired tertiary alcohols 1 and 3 were
obtained in practical yields. Subsequently, the so-obtained alcohols were subjected to dehydration
with trifluoroacetic anhydride under copper(l) triflate catalytic conditions [20]. Purification on alumina
column chromatography provided the olefins 2a and 4a, which were hydrogenated (Pd (0)/C 10%
(p/p)) to give the corresponding reduced amines 2 and 4. The same tactic was applied for accessing
naphthol derivatives 5 and 6. However, prior to lithiation, the protection of the aromatic alcohol as
TBS-ether was required to prevent interference during the metalation step. Additional points merit
mention: (1) keeping the temperature at —50 °C after the quenching with A, (2) employing THF as
the solvent and (3) using the less basic n-BuLi as the lithiating agent resulted in being beneficial to
maximize the yield. Lastly, under identical conditions to those ones reported for the synthesis of 2 and
4, Compound 6 was obtained in a good yield.

o HN a j\/\
—_—
n
A Bn
Synthesis of f-Aminoketone A

Synthesis of Compounds 1-4 Synthesis of Compounds 5-6

Br
A Br
HO
a, b,c
a,b,cd

N
Ar @\ OH
OO RO
Bn
1 (Ar=Np) 44% TBSO Bn

3 (Ar=Ph) 77% 5a63%

K )/ \!

2a (Ar = Np) 50% 564% 6a61%
4a (Ar = Ph) 42% J
g

J .

6b 64%

Bn
2 (Ar = Np) 56% h
4 (Ar=Ph) 47%

6 39%

Scheme 1. Synthesis of Compounds 1-6. Experimental conditions: 3-aminoketone A: (a) glacial acetic
acid, abs EtOH, rt; Compounds 1-4: (a) {-BuLi, anhydrous Et,O, —78 °C to rt; (b) ketone A, —78 °C
to 0 °C; (¢) HyO rt; (d) Cu(OTf),, (CF30),0, anhydrous DCM, 0 °C to rt; (e) Hy, Pd(0)/C 10% (p/p),
abs EtOH, rt; Compounds 5-6: (a) TBDMSCI, DMF; (b) n-BuLi, THE, —78 °C; (c) ketone A, —50 °C;
(d) NH4Cl1 (aq.), rt; (e) TBAF, CH,Cl,, 0 °C; (f) TFAA, Cu(OTf); (2 mol-%) CH,Cl,, 0 °C to rt; (g) TBAF,
CH,Cly; (h) H; (1 atm) Pd/C (10 mol %) EtOH, rt.



Molecules 2016, 21, 1210 40f12

2.2. Analytical Screening and Development of a Scalable Resolution Method

The strategy we adopted for obtaining enantiopure 1-6 is based on our knowledge and extensive
experience in chiral liquid chromatography that led us to have a wide range of chiral analytical and
(semi-)preparative columns in-house. As a first choice, we used amylose- and cellulose-based CSPs
immobilized on silica gel chiral columns, due to their wide solvent compatibility, versatility and
robustness. In details, Chiralpak IC (cellulose tris(3,5-dichlorophenylcarbamate immobilized on silica
gel) and Chiralpak IA (amylose tris(3,5-dimethylphenylcarbamate, immobilized on silica gel) have
been used, eluting with alcohols (MeOH or/and EtOH) or with n-hep in the presence of polar modifiers
(EtOH or IPA), DEA 0.1% and TFA 0.3%.

Therefore, the HPLC screening protocol of Table 2 was applied, and only when the results of this
screening were encouraging, but not fully successful, the mobile phase was slightly modified in order to
achieve a compound baseline separation. Since no satisfactory chiral separation for all compounds was
obtained, conventional cellulose-based chiral column Chiralcel OJ-H (cellulose tris(4-methylbenzoate,
coated on silica gel) was also experimented with, again eluting with alcohols (MeOH or/and EtOH)
or n-hep in the presence of IPA as polar modifier and adding DEA 0.1%. Results of the analytical
screening are reported in Tables 3-5 and are expressed as retention (k), selectivity («) and resolution
(Rs) factors.

Table 2. Screening protocol: mobile phase composition.

Mobile Phase Composition (%)

Entry
MeOH EtOH n-hep IPA
1 100 - - -
2 50 50 - -
3 - 10 90 -
4 - - 90 10

Chiralpak IC provided a baseline separation of Compounds 1, 2, 4 and 6, even if the
chromatographic conditions were not suitable for a productive scale-up (Table 3). In detail, no
enantioresolution was observed eluting with alcohols (data not shown), while modest or good values
of o and Rs were obtained eluting with n-hep/EtOH or n-hep/IPA, even if the retention times (tg)
are quite long (tg of the second eluted enantiomer ranging from 30-90 min). Moreover, to solve
Compound 1, a slight modification of the mobile phase composition of the screening protocol, eluting
with n-hep/IPA (92/8, v/v), has been necessary. Nevertheless, a modest resolution was achieved
(¢ =1.12 and Rs = 1.44).

Table 3. Analytical screening on Chiralpak IC with different mobile phases containing 0.1% DEA and

0.3% TFA.
Compound Mobile Phase K K A Rs
n-hep (%) EtOH (%) IPA (%)
90 10 - 1.52 1 -
(R/S)1 90 - 10 445 1 -
9 - 8 7.76 8.72 112 1.44
90 10 - 1.93 1 -
(R/S)2 90 - 10 7.83 9.62 123 236
90 10 - 1.29 1 -
(R/S)3 90 - 10 1.35 1 -
90 10 - 1.56 1 -
(R/S)-4 90 - 10 6.52 8.68 133 3.08
90 10 - 324 1 -
(R/S)5 90 - 10 15.79 1 -
90 10 - 407 1 -
(R/S)-6 90 - 10 27.14 29.97 111 1.26

Flow rate: 1 mL/min. Detection: 254 nm (Compounds 1, 2, 5, 6) and 220 nm (Compounds 3, 4).
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Chiralpak IA gave rise to better results, being effective in resolving Compounds 1-6 (Table 4).
Interestingly, the presence of n-hep in the mobile phase was essential for the separation of 1, 3 and 5 and
gave rise to quite long retention times (tr of the second eluted enantiomer ranging from 15-65 min).
Conversely, 2, 4 and 6 (endowed with an alkyl spacer) have been successfully resolved eluting with
pure MeOH in short times (tg second eluted enantiomer less than 10 min).

Table 4. Analytical screening on Chiralpak IA with different mobile phases containing 0.1% DEA.

Mobile Phase

Compound K1 K> o Rs
n-hep (%) MeOH (%) EtOH (%) IPA (%)
- 100 - - 5.48 1 -
(R/S)1 90 - 10 - 3.48 1 -
90 - - 10 5.00 5.55 1.11 1.69
- 100 - - 1.00 1.24 1.24 1.73
(R/S)-2 90 - 10 - 2.62 1 -
90 - - 10 4.24 5.07 1.19 2.08
- 100 - - 0.53 1 -
(R/S)-3 90 - 10 - 2.77 3.25 1.17 1.67
90 - - 10 3.84 1 -
- 100 - - 0.57 0.81 1.42 3.06
(R/S)-4 90 - 10 - 1.99 1 -
90 - - 10 3.21 1 -
- 100 - - 0.35 1 -
(R/S)-5 90 - 10 - 1372 1738  1.27 3.04
90 - - 10 14.68 1855  1.26 2.95
- 100 - - 0.96 1.27 1.32 2.49
(R/S)-6 90 - 10 - 890 1045 1.18 3.22
90 - - 10 1976 2386 121 2.94

Flow rate: 1 mL/min. Detection: 254 nm (Compounds 1, 2, 5, 6) and 220 nm (Compounds 3, 4).

On the basis of these results and keeping in mind that our purpose is to set up an economic and
productive preparative enantiomer separation for 1-6, we turned our attention to a further analytical
screening, using the Chiralcel OJ-H column. Baseline separation of Compounds 1-3 and 5 has been
obtained in short retention times, less than 12 min (referred to the second eluted enantiomer). Results
are reported in Table 5. Interestingly, high enantioselectivity and good resolution have been achieved
eluting only with alcohols, while no separation occurs eluting with n-hep, with the only exception of
Compound 1.

Table 5. Analytical screening on Chiralcel OJ-H with different mobile phases containing 0.1% DEA.

Mobile Phase

Compound K; K, o Rs
n-hep (%) MeOH (%) EtOH (%) IPA (%)

- 100 - - 2.5 1 -

50 50 - 1.77 2.40 1.36 3.14

(R/9)1 - - 100 - 1.03 1.63 158 325

90 - - 10 1.56 2.27 1.46 2.35

- 100 - - 3.98 4.80 1.21 2.46

- 50 50 - 1.87 2.25 1.20 1.97

(R/5)-2 - - 100 - 1.23 1.46 1.19 1.83
90 - - 10 9.61 1 -
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Table 5. Cont.

Mobile Phase

Compound Kq K, o3 Rs
n-hep (%)  MeOH (%)  EtOH (%)  IPA (%)

- 100 - - 124  1.80 145  4.05

50 50 - 070 093 133 232
(R/5)-3 ; 100 ; 224 1 )
90 - - 10 0.46 1 -
- 100 - - 1.52 1 -
50 50 - 0.74 1 -
(R/5)-4 - - 100 - 0.46 1 -
90 - - 10 0.54 1 -

- 100 - - 1.10 1.61 146 262

50 50 - 074 107 145 1.99

(R/S)-5 - - 100 - 0.39 0.70 1.79 1.92
90 - - 10 0.32 1 -
- 100 - - 2.20 1 -
50 50 - 1.25 1 -
(R/5)-6 - - 100 - 0.73 1 -
90 - - 10 0.61 1 -

Flow rate: 0.5 mL/min. Detection: 254 nm (Compounds 1, 2, 5, 6) and 220 nm (Compounds 3, 4).

To sum up, we set up methods able to give baseline separation of 1-6 in a relatively short analysis
time. In detail, the methods foresee the use of Chiralpak IA for solving Compounds 4 and 6 and
of Chiralcel OJ-H for solving 1-3 and 5. In view of these results, we considered the developed
methodologies suitable for the scale-up to the (semi-)preparative scale, and accordingly, no further
attempts were made to extend the screening under HPLC conditions. Figure 2 shows chromatograms
of racemic 1-6, when the highest resolution was reached, that is using Chiralpak IA or Chiralcel OJ-H
columns, eluting with 100% methanol (Compounds 2-6) or with 100% ethanol (Compound 1).

®/$)-1 Chiralcel OJ-H (R/5)-2 Chiralcel O]-H (R/S)-3 Chiralcel OJ-H
1,500,000 1,500,000]
= s g
3 3 = 200,000
1,000,000 1,000,00 z
= = @
2 z g
g b} £ 100,000
£ 500,000 S 500,000
0
0 — T 0
80 9.0 100 110 120 75 50 85 90 3234 36 38 40 42 44 46
Retention Time (min) Retention Time (min) Retention Time (min)
®/S)-4 Chiralpak IA ®S)-5 Chiralcel OJ-H ®S)-6 Chiralpak IA
1,000,000 1,500,001
s )
> =5
< 1,000,000 "71,000,00
= = z
500,000 @ @
& 2 g
g c £ 500,000
2
3
0 1 01 0 T T ¥ T T T T T T T
3.0 3.5 4.0 4.5 50 5.5 3.6 3.8 4.0 4.2 4.4 4.6 4.8 5.0 5.2 5.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4
Retention Time (min) Retention Time (min) Retention Time (min)

Figure 2. Analytical enantiomer separation of (R/S)-1, (R/S)-2, (R/S)-3, (R/S)-5 on Chiralcel OJ-H
(4.6 mm x 150 mm, dp = 5 um) and of (R/S)-4 and (R/S)-6 on Chiralpak IA (4.6 mm x 250 mm,
dp =5 um). (R/S)-1 elution condition: 100% EtOH, DEA 0.1%, flow rate 0.5 mL/min. (R/S)-2, (R/S)-3
and (R/S)-5 elution condition: 100% MeOH, DEA 0.1%, flow rate 1.0 mL/min. (R/S)-4 and (R/S)-6
elution condition: 100% MeOH, 0.1% DEA, flow rate 1 mL/min. For all: injection volume 10 pL.
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2.3. Preparation of Enantiomeric 1-6 through HPLC

During the drug discovery process, (semi-)preparative resolution of enantiomers using HPLC is a
powerful technique for the rapid preparation of enantiomers. Employing this technique, important
prerequisites for an economic and productive preparative enantiomer separation are: (i) retention times
as short as possible; (ii) high solubility of the racemate and the enantiomers in the eluent/injection
solvent; and (iii) the use of a mobile phase consisting of a pure low-cost solvent, facilitating work-up
and re-use of the mobile phase. As previously discussed, using Chiralpak IA or Chiralcel OJ-H columns
and eluting with alcohols added with DEA (0.1%), relatively short retention times (less than 12 min
for the second eluted enantiomer), high enantioselectivity and good resolution could be observed
(Figure 2). Accordingly, these experimental conditions were transferred to a Chiralpak IA and a
Chiralcel OJ-H columns with an ID of 10 mm, on which a maximum of 12.5 mg could be separated in
one run, depending on the solubility of the compound in the mobile phase. Therefore, racemic 1-6
were processed in a low number of cycles (Table 6), leading to enantiopure 1-6 in satisfactory amounts
and yields, with an ee > 95% (Table 6), as evidenced by analytical control of the collected fractions
(Figure S1).

Table 6. (Semi-)preparative resolution of (R/S)-1, (R/S)-2, (R/S)-3, (R/S)-5 on Chiralcel OJ-H
(10 mm x 250 mm, dp = 5 um) and of (R/S)-4 and (R/S)-6 on Chiralpak IA (10 mm x 250 mm,

dp =5 um).

Compound  CSP \Oeel | e Enantiomer , BORCE eecn ot el
Rrs e 30 s 3 143 w0 s a3
®2 ot s O 123 B0 w3 e
®/sys el g 3 20 %0 920 92
®R/sye Mk 2 O 03 wo 78 o83
®sys el o 05 9 %9 w8 -8
®/sp6 ko s Ok 08 @9 784 120

Flow rate: 2.5 mL/min. Detection: 254 nm (Compounds 1, 2, 5, 6) and 220 nm (Compounds 3, 4). Injection
volume: 1.0 mL.

Chiralcel O]-H

Intensity (v

1,000,00¢
IS

0.0 20 40 6.0 8.0 10.0 12.0
Retention Time (min)

500,000

Intensity (UV)

1b

0.0 5.0 10.0 15.0
Retention Time (min)

V
g

50,000

Intensity (p )

0

0.0 2.0 40 6.0 8.0 10.012.014.0

Retention Time (min)

Figure 3. Representative chromatogram of (semi-)preparative resolution: compound (R/S)-1, Chiralcel
OJ-H (10 mm x 250 mm, dp =5 um). Elution condition: 100% EtOH, DEA 0.1%, flow rate 2.5 mL/min.
Injection volume 1.0 mL. 1a: (+)-1, 1b: (—)-1.
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A representative example of (semi-)preparative resolution is reported in Figure 3. Actually, 30 mg
of racemic 1 were processed in three runs (45 min in total) at a flow rate of 2.5 mL/min at room
temperature. According to the chromatographic profile (Figure 3), a small intermediate fraction was
collected. Final analysis of 1 enantiomers is shown in Figure 3.

2.4. Absolute Configurational Assignment

As the last step of this work, the absolute configuration at the stereogenic center of enantiomeric
1-6 was established by combining electronic circular dichroism (ECD) and chiral HPLC analysis. The
electronic circular dichroism (ECD) spectra have been compared with the ECD curves of structural
analogues RC-33 and RC-34, whose configuration was already assigned by us [13,14]. In detail, the
ECD spectra of enantiomeric arylamino alcohols 1, 3 and 5 were compared with that of (S)-RC-34
(Figure 1) and the ECD spectra of enantiomeric 2, 4 and 6, with that of (S)-RC-33.

Briefly, comparable Cotton effects (CEs) for (+)-1, (+)-3, (+)-5 and (+)-(S)-RC-34 compounds are
evident in two ranges of wavelengths. Between 195 and 207 nm, there are negative CEs, and between
216 and 223 nm there are positive CE, attributable to 17, and 1Lb electronic transitions of benzene and
naphthalene (Figure 4). The sign of the CEs of 'L, is consistently opposite that at the longer wavelength
(*Ly,). Some evident differences in the profile of the curves are in agreement with the UV spectra and
could depend on the substitution pattern of the aromatic moiety. Basing on these considerations, the
(S) absolute configuration of (+)-(S)-RC-34 may be proposed also for (+)-1, (+)-3 and (+)-5, because the
sequence around the stereogenic center is the same for all four compounds.

Further support to this configurational assignment was derived from the study of the elution order
of chiral HPLC analysis, taking into account that the absolute configuration of structurally-related
compounds usually follows the same chiral recognition mechanism in the chromatographic process on
a given chiral stationary phase, using the same mobile phase. Accordingly, (5)-RC-34, (+)-1, (+)-3 and
(+)-5 were analyzed under the same chromatographic conditions (Chiralcel OJ-H, 50% MeOH and 50%
EtOH, 0.1% DEA) and resulted in all cases in the first eluted enantiomers. The elution order results
confirmed that the (S) absolute configuration may be attributed also to (+)-1, (+)-3 and (+)-5.

Empirical absolute configuration assignment of 2, 4, 6 was effected applying a similar approach.
ECD spectra of 2, 4, 6 have been compared with that of the structurally-related compound (5)-RC-33,
as a reference of known stereochemistry. The enantiomers (+)-2, (+)-4, (+)-6 and (5)-RC-33 displayed
a similar negative CE in the wavelength range between 198 and 230 nm and a CE between 214 and
255 nm, associated with !L, and Ly, electronic transitions of the aromatic chromophores, respectively.
Again, the sign of the CEs of 'L, is consistently opposite that at the longer wavelength ('L,), and
the differences in the profile of the curves could depend on the different aromatic nucleus. Based
on these considerations, the (S) absolute configuration of (+)-(S)-RC-33 may be proposed also for
(+)-2, (+)-4 and (+)-6 (Figure 5), having the same substituents around the stereogenic center. Again,
(S)-RC-33 and (+)-2 were analyzed under the same chromatographic conditions (Chiralcel OJ-H,
50% MeOH and 50% EtOH, 0.1% DEA) and resulted in both cases in the first eluted enantiomers.
Unfortunately, the OJ-H column is not able to solve Compounds 4 and 6. To confirm that a set of
structurally-related compounds is characterized by the same absolute configuration, they must be
analyzed under the same chromatographic conditions. Indeed, chiral recognition mechanisms on chiral
stationary phases may be sensitive to even minor structural or conditional changes. Therefore, we took
into consideration the chromatographic profiles of (S)-RC-33, (+)-2, (+)-4 and (+)-6 on Chiralpak IC
(90/10 n-hep/IPA, 0.1% DEA), a condition that ensures the baseline separation of all of the studied
compound enantiomers. (S)-RC-33, (+)-2, (+)-4 and (+)-6 showed the same behaviors, confirming that
all of the first eluted enantiomers are characterized by the same absolute configuration, that is the (S)
configuration. These results are in agreement with the data collected through ECD technique, and the
(S) absolute configuration may be attributed also to (+)-1, (+)-3 and (+)-5.
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Figure 4. ECD curves of (A) (+)-(S)-RC-34 and (B) (+)-1, (+)-3, (+)-5 and their Cotton effect (CE) in the

wavelength range 190-300 nm.
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Figure 5. ECD curves of (A) (+)-(5)-RC-33, B) (+)-2, (+)-4, (+)-6 and their Cotton effect (CE) in the

wavelength range of 190-300 nm.

3. Experimental Section

3.1. HPLC-UYV Chiral Resolution

In order to identify the best conditions to be properly scaled up to the (semi-)preparative scale,
an analytical screening of cellulose- and amylose-based CSPs was firstly performed using Chiralcel
OJ-H (Chiral technologies Europe, Illkirch-Cedex, France, Europe, 4.6 mm diameter x 150 mm
length, dp 5 um), Chiralpack IC (Chiral technologies Europe, Illkirch-Cedex, France, Europe, 4.6 mm
diameter x 250 mm length, dp 5 um) and Chiralpack IA (Chiral technologies Europe, Illkirch-Cedex,
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France, Europe, 4.6 mm diameter x 250 mm length, dp 5 um) columns and eluting with a flow rate
of 0.5 mL/min, 1 mL/min and 1 mL/min, respectively. Analytes were detected photometrically
at 220 and 254 nm. Unless otherwise specified, sample solutions were prepared dissolving analytes
at 1 mg/mL in ethanol and filtered through 0.45-um PTFE membranes before analysis. The injection
volume was 10 pL. The mobile phases consisted of alcohols (MeOH or/and EtOH) or mixtures of
n-hep and polar modifiers (EtOH or IPA). In all cases, 0.1% of DEA was added to the mobile phase. In
the case of the Chiralpak IC columns, the analyses were carried out also in the presence of 0.3% of TFA.
The retention factor (k) was calculated using the equation k = (tr — tp)/to, where tg is the retention
time and ty the dead time (ty was considered to be equal to the peak of the solvent front and was taken
from each particular run). The enantioselectivity () and the resolution factor (Rs) were calculated as
follows: o = ko /k1 and Rs = 2 (tgp — tr1)/ (w1 + w»), where tg, and tr; are the retention times of the
second and the first eluted enantiomers and w; and wy are the corresponding base peak widths. The
best conditions found by the screening protocol were applied to a (semi-)preparative scale-up. The
enantiomers of 1, 2, 3 and 5 were then completely resolved by a (semi-)preparative process using a
Chiralcel OJ-H column (10 mm diameter x 250 mm length, 5 um), eluting with EtOH (for Compound
1) or MeOH (for Compounds 2, 3 and 5) at rt with a flow rate of 2.5 mL/min. Compounds 4 and 6
were resolved on Chiralpak IA (10 mm diameter x 250 mm length, 5 um) using MeOH at a flow rate
of 2.5 mL/min as the eluent.

The eluate was fractioned according to the UV profile (detection at 220 and 254 nm). The fractions
obtained containing the enantiomers were evaporated at reduced pressure. Analytical control of the
collected fractions was performed using the analytical columns.

3.2. Electronic Circular Dichroism

The solutions of 1-6 enantiomers: (+)-1 (c: 2.68 x 107> M, in n-hexane), (+)-2 (c: 1.90 x 107> M
in n-hexane), (+)-3 (c: 3.09 x 107> M in n-hexane), (+)-4 (c: 2.21 x 10> M in n-hexane), (+)-5 (c:
6.29 x 107% M in n-hexane), (+)-6 (c: 1.31 x 107> M in n-hexane; optical pathway 1 cm), (+)-(5)-RC-34
(c: 2.5 x 107° M in n-hexane; optical pathway 1 cm) and (+)-(S)-RC-33 (c: 9.12 x 10~ M in n-hexane;
optical pathway 1 cm) were analyzed in a nitrogen atmosphere. ECD spectra were scanned at
50 nm/min with a spectral band width of 2 nm and a data resolution of 0.5 nm (Figures 4 and 5).

4. Conclusions

In this paper, we presented the synthesis of the novel potential SR modulators 1-6 and their
enantioseparation via HPLC chiral resolutions on cellulose- and amylose-based CSPs. A systematic
screening protocol for enantioselective HPLC was established leading to fast and easy-to-use chiral
HPLC separations suitable for a (semi-)preparative scale-up. The separation of the enantiomers was
optimized by varying the chromatographic parameters. Baseline separations were obtained for all of
the studied compounds under optimized chromatographic conditions. The recovery of the enantiomers
after chromatography was in the range of 76%-95%, for the individual enantiomers. (Semi-)preparative
enantioselective chromatography for compounds of interest proves to be a straightforward, productive
and robust methodology for the quick access to the desired amounts of pure enantiomers. It remains
one of the most versatile and cost effective tools for the fast isolation of desired enantiomers from a
racemic mixture. The absolute configuration at the chiral center of enantiomeric 1-6 was empirically
assigned by combining electronic circular dichroism (ECD) and chiral HPLC analysis.

The bioactivity of each enantiomer is now under investigation in order to deeply understand the
role of chirality in the SRs-ligand interaction.

Supplementary Materials: Supplementary materials can be accessed at: http:/ /www.mdpi.com/1420-3049/21/
9/1210/s1.
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Supplementary Materials: Novel Enantiopure Sigma
Receptor (SR) Modulators: Quick (Semi)-Preparative

Chiral Resolution via HPLC and Absolute
Configuration Assignment

Marta Rui, Annamaria Marra, Vittorio Pace, Markus Juza, Daniela Rossi and Simona Collina
1. Materials and Methods

1.1. General

Optical rotation values were measured on a Jasco photoelectric polarimeter DIP 1000 using a
0.5-dm cell and a sodium and mercury lamp (A = 589 nm, 435 nm, 405 nm); sample concentration
values (c) are given in 102 g-mL-.

Proton nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance 500
spectrometer operating at 500 MHz. Proton chemical shifts () are reported in ppm with the solvent
reference relative to tetramethylsilane (TMS) employed as the internal standard (CDCI3,
0 = 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 spectrometer, with complete proton decoupling. Carbon chemical shifts (0) are
reported in ppm relative to TMS with the respective solvent resonance as the internal standard
(CDCI3, d = 77.23 ppm). UPLC-UV-ESI/MS analyses were carried out on an Acquity UPLC Waters
LCQ FLEET system using an ESI source operating in positive ion mode, controlled by ACQUITY
PDA and 4 MICRO ( Waters S.A.S., Saint-Quentin En Yvelines Cedex, France). Analyses were run on
a ACQUITY BEH C18 (Waters S.A.S). 50 x 2.1 mm, 1.7 um) column, at room temperature, with
gradient elution (Solvent A: water containing 0.1% of formic acid; Solvent B: methanol containing
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™. All of the final
compounds had 95% or greater purity.

1.2. Compound Characterization

(+)-(S)-4-(4-Benzyl-piperidin-1-yl)-2-naphthalen-2-yl-butan-2-ol, [(+)-(S)-1]: White solid; [a]5 = +40.5
(c 0.2, CHsOH). IR (cm™): 3434, 2918, 1653, 1438, 1156, 1112, 820; '"H-NMR (500 MHz) (CDCls) d (ppm):
8.01 (s, 1H), 7.86-7.81 (m, 3H), 7.47-7.45 (m, 3H), 7.28 (t, ] = 7.8 Hz, 2H), 7.19 (t, ] = 7.0 Hz, 1H), 7.13
(d, ] =7.1 Hz, 2H), 3.19 (d, 1H), 2.54-2.50 (m, 3H), 2.31 (m, 1H), 2.22-2.14 (m, 2H), 1.92 (d, 1H), 1.84
(m, 1H), 1.76 (m, 1H), 1.68 (m, 1H), 1.60 (m, 1H), 1.57 (s, 3H), 1.50 (m, 1H), 1.31 (m, 2H); 3C-NMR (500
MHz) (CDCls) d (ppm): 146.3, 140.5,133.3, 132.0, 129.1, 128.2, 128.1, 127.6, 127.4, 125.8, 125.4, 123.8,
123.6, 75.7, 55.1, 54.8, 52.6, 43.1, 37.8, 37.4, 32.6, 32.1, 31.4. HPLC: tr = 8.5 min, ee 96.0%.

(-)-(R)-4-(4-Benzyl-piperidin-1-yl)-2-naphthalen-2-yl-butan-2-ol, [(-)-(R)-1]: White solid; [a]5 =-42.3
(c 0.2, CH3OH). The IR and NMR spectra are identical to that of (+)-(5)-1. HPLC: tr = 11.1 min,
ee 97.0%.

(+)-(S)-4-Benzyl-1-(3-naphthalen-2-yl-butyl)-piperidine, [(+)-(S)-2]: Yellow oil; [a]; = +6.1 (c 0.2,
CH:OH). IR (cm™): 3025, 2924, 2508, 1631, 1602, 1542, 1496, 1453; 'H-NMR (500 MHz) (CDCls) 6 (ppm):
7.79-7.77 (t, ] = 8.7 Hz, 3H), 7.59 (s, 1H), 7.45-7.42 (m, 2H), 7.32 (d, ] = 8.8 Hz, 1H), 7.25 (m, 2H), 7.17
(m, 1H), 7.08 (m, 2H), 3.30 (broad peak, 2H), 2.90 (m, 1H), 2.76 (m, 1H), 2.55 (d, ] = 7.4 Hz, 2H), 2.46
(m, 1H), 2.27-2.13 (m, 4H), 1.82-1.71 (m, 4H), 1.59 (m, 1H), 1.36 (d, | = 6.5 Hz, 3H); BC-NMR (500
MHz) (CDCls) & (ppm): 142.4, 139.3, 133.4, 132.3, 128.9, 128.5, 128.3, 127.6, 127.5, 126.1, 125.5, 125.3,
124.8,56.1, 52.4, 41.9, 38.3, 36.5, 31.8, 29.1, 22.7. HPLC: tr = 7.7 min, ee 95.0%.
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(-)-(R)-4-Benzyl-1-(3-naphthalen-2-yl-butyl)-piperidine, [(-)-(R)-2]: Yellow oil; [a]p = —6.3 (c 0.2,
CH3s0H). The IR and NMR spectra are identical to that of (+)-(5)-2. HPLC: tr = 9.0 min, ee 95.0%.

(+)-(S)-4-(4-Benzyl-piperidin-1-yl)-2-phenyl-butan-2-ol, [(+)-(S)-3]: Yellow oil; [a]p = +10.5 (c 0.6,
CHs0H). IR (cm™): 3184, 3125, 1602, 1369, 1343, 1156, 846, 699; 'H-NMR (500 MHz) (CDCls) d (ppm):
745 (d, ] =89 Hz, 2H), 7.33 (t, ] = 8.1 Hz, 2H), 7.27 (t, | = 7.4 Hz, 2H), 7.21-7.19 (m, 2H), 7.13 (d,
J=7.0 Hz, 2H), 3.15 (d, 1H), 2.54 (m, 1H), 2.52 (m, 2H) 2.30 (m, 1H), 2.22 (m, 1H), 2.07 (m, 1H), 1.86
(m, 1H), 1.80 (m, 1H) 1.75 (m, 1H), 1.67 (m, 1H) 1.60 (m, 1H), 1.50 (m, 1H), 1.49 (s, 3H) 1.31 (m, 2H);
1BC-NMR (500 MHz) (CDCls) 6 (ppm): 148.9, 140.5, 129.1, 127.9, 128.2, 126.0, 125.8, 125.0, 75.5, 55.1,
54.8,52.6,43.1,37.8,37.7, 32.6, 32.1, 31.4. HPLC: tr = 3.4 min, ee 99.9%.

(-)~(R)-4-(4-Benzyl-piperidin-1-yl)-2-phenyl-butan-2-ol, [(-)-(R)-3]: Yellow oil; [a]p = 9.2 (c 0.6,
CH3s0H). The IR and NMR spectra are identical to that of (+)-(5)-3. HPLC: tr = 4.2 min, ee 98.0%.

(+)-(S)-4-Benzyl-1-(3-phenyl-butyl)-piperidine, [(+)-(S)-4]: Yellow oil; [a] = +8.2 (c 0.3, CHsOH). IR
(cm™): 3682, 3019, 2929, 2856, 2434, 2400, 1230; '"H-NMR (500 MHz) (CDCls) d (ppm): 7.28-7.27 (m,
4H), 7.17 (m, 4H), 7.13 (d, ] = 7.0 Hz, 2H), 2.86 (broad peak, 2H), 2.71 (m, 1H), 2.52 (d, ] = 6.6 Hz, 2H),
2.26 (m, 1H), 2.14 (m, 1H), 1.87-1.72 (m, 4H), 1.61 (d, 2H), 1.49 (m, 1H), 1.29 (m, 2H), 1.24 (d, ] =7.3
Hz, 3H); BC-NMR (500 MHz) (CDCls) d (ppm): 147.3, 140.7, 129.1, 128.3, 128.1, 126.9, 12 5.9, 125.7,
57.3,54.1,53.9,43.2,38.4,37.9,35.4, 32.1, 22.6. HPLC: tr = 3.7 min, ee 99.9%.

(-)-(R)-4-Benzyl-1-(3-phenyl-butyl)-piperidine, [(-)-(R)-4]: Yellow oil; [a]5 = 8.3 (c 0.3, CHsOH). The
IR and NMR spectra are identical to that of (+)-(5)-4. HPLC: tr = 5.3 min, ee 99.9%.

(+)-(S)-6-[3-(4-Benzyl-piperidin-1-yl)-1-hydroxy-1-methyl-propyl]-naphthalen-2-ol, [(+)-(5)-5]:
Yellow oil; [a]y = +24.2 (c 0.1, CHsOH). IR (cm™): 3452, 2925, 1633, 1605, 1560, 1454, 1381; 'H-NMR
(500 MHz) (CDCls) d (ppm): 7.91 (s, 1H), 7.72 (d, ] =8.4 Hz, 1H), 7.60 (d, | = 8.4 Hz, 1H), 7.40 (d, ] = 8.8
Hz, 1H), 7.25 (t, ] = 6.9 Hz, 2H), 7.18-7.14 (m, 3H), 7.07 (d, ] = 8.0 Hz, 2H), 3.20 (broad peak, 1H), 2.61
(broad peak, 1H), 2.46 (d, ] = 6.5 Hz, 2H), 2.34 (m, 2H), 2.18 (m, 1H), 1.96 (broad peak, 1H), 1.88 (broad
peak, 1H), 1.80 (broad peak, 1H), 1.66 (broad peak, 2H), 1.59 (s, 1H), 1.49 (broad peak, 1H), 1.34 (broad
peak, 2H); *C-NMR (500 MHz) (CDCls) d (ppm): 154.0, 143.0, 140.3, 133.3, 129.8, 129.0, 128.5, 128.2,
126.2, 125.8, 124.1, 123.4, 118.3, 109.2, 75.8, 55.0, 54.7, 52.6, 42.9, 37.6, 37.4, 31.7, 31.3. HPLC:
tr = 4.0 min, ee 99.9%.

(=)-(R)-6-[3-(4-Benzyl-piperidin-1-yl)-1-hydroxy-1-methyl-propyl]-naphthalen-2-ol, [(5)-(R)-5]:
Yellow oil; [a]5 =—24.8 (c 0.1, CHsOH). The IR and NMR spectra are identical to that of (+)-(S)-5.
HPLC: tr = 5.0 min, ee 99.9%.

(+)-(5)-6-[3-(4-Benzyl-piperidin-1-yl)-1-methyl-propyl]-naphthalen-2-ol,  [(+)-(5)-6]: Yellow oil;
[a]y = +11.8 (c 0.3, CH30OH). IR (cm™): 3297, 2924, 2349, 2309, 1604, 1453, 1376, 1269; "H-NMR (500
MHz) (CDCls) 6 (ppm): 7.42 (d, | =9.0 Hz, 1H), 7.37 (s, 1H), 7.24 (t, 2H), 7.17 (d, ] = 8.0 Hz, 1H), 7.17
(m, 1H), 7.06 (m, 3H), 6.98 (d, | = 9.0 Hz, 1H), 6.81 (s, 1H), 3.26 (broad peak, 1H), 3.10 (broad peak,
1H), 2.73 (m, 1H), 2.50-2.49 (broad peak, 4H), 2.14-2.12 (m, 2H), 2.04 (m, 2H), 1.67 (m, 2H), 1.60-1.54
(m, 3H), 1.28 (overlapped peak, 3H); ¥*C-NMR (500 MHz) (CDCls) d (ppm): 154.6, 139.5, 133.6, 129.0,
128.3, 126.8, 126.0, 125.1, 125.0, 118.7, 109.2, 56.5, 53.7, 52.9, 42.3, 38.1, 37.0, 33.2, 30.0, 22.9. HPLC:
tr =4.9 min, ee 99.9%.

(=)-(R)-6-[3-(4-Benzyl-piperidin-1-yl)-1-methyl-propyl]-naphthalen-2-ol, [(-)-(R)-6]: Yellow oil;
[a]s =-12.0 (c 0.3, CH:0OH). The IR and NMR spectra are identical to that of (+)-(S)-6. HPLC:
tr = 5.7 min, ee 99.9%.
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1.3. (Semi-)Preparative Chromatograms and Analytical Controls
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Figure S1. (Semi-)preparative enantiomer separations and analytical enantioselective analysis of first
and second collected fractions of (A) 1, (B) 2, (C) 3, (D) 4, (E) 5, (F) 6. Elution conditions: (A) 100%
EtOH, DEA 0.1%, flow rate 2.5 mL/min for (semi-)preparative analysis and 0.5 mL/min for analytical
analysis; (B, C, E) 100% MeOH, DEA 0.1%, flow rate 2.5 mL/min for (semi-)preparative analysis and
0.5 mL/min for analytical analysis; and (D, F) 100% MeOH, 0.1% DEA, flow rate 2.5 mL/min for
(semi-)preparative analysis and 1 mL/min for analytical analysis. Injection volume: 1 mL for

(semi-)preparative analysis and 10 uL for analytical analysis. Detection: 254 nm (Compounds 1, 2, 5,
6) and 220 nm (Compounds 3, 4).
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Abstract

Sigma Receptor (SR) modulators are involved in different signal transduction pathways, representing important
pharmacological/therapeutic tools in several pathological conditions, such as neurodegenerative diseases and cancers.
To this purpose, numerous compounds have been developed in order to target selectively one of the two subtypes (S1R
and S2R) as chemotherapeutic agent. However, experiments have also shown that ligands able to bind both SR
subtypes can be useful for the diagnosis and/or the treatment of cancers. Therefore, the discovery of compounds with
good affinity towards both S1R and S2R (“pan-modulators”) is also of great interest and still represents a challenge up
to now. For this reason, we synthesized novel arylalkylamines with the aim to obtain compounds with S1R and S2R
affinity in the nM range and, by modelling quantitative structure-activity relationships (QSARs), we identified the
essential structural features to obtain promising pan-compounds.
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1. Introduction

The term Sigma Receptor (SR) was coined in 1976 to identify a new opioid receptor subtype; Martin et al. showed the
high affinity presented by the benzomorphan analog (+)-SKF-10,047 (Figure 1) toward this receptor subtype class.[1]
Subsequent studies established that the previous classification was not proper, since the opioid antagonists, naloxone
and naltrexone, were ineffective toward SR.[2-4] Another hypothesis, mistakenly described, proposed SR as the
binding site of phencyclidine (Figure 1), located on the ionic channel associated to the N-methyl-D-aspartate (NMDA)
receptor.[5]

Two subtypes have been discovered so far, Sigma 1 Receptor (S1R) and Sigma 2 Receptor (S2R), with different
distribution and pharmacological/pathological behavior.[6, 7]

The gene encoding S1R, cloned in 1996, expresses an integral membrane protein composed by 223 amino acids,
resulting in a molecular weight of 23-30 kDa. S1R is highly conserved among different animal species, that share a
sequence similarity of 90-96 %.[8-10] These data, collected during the years, laid the foundation for accessing to the
first three-dimensional (3D) model of S1R through homology modeling techniques and to the design of numerous
ligands[11]. Indeed, the structural model allowed the design of several compounds with a good binding profile toward
S1R and the rationalization of the binding results that were obtained by ligand-based drug design.[12, 13]

Only in 20186, the crystal structure of the human S1R has been determined in complex with two ligands endowed with
high S1R affinity (pdb codes 5hk1, 5hk2): it is 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.[14] The binding is triggered by an ionic interaction with a highly
conserved Glu residue (E172), that is involved in a network of hydrogen bonds with Asp126 and Tyr103. Therefore,
only positively charged molecules show S1R activity. Moreover, ligands form hydrophobic n-n interactions with
Tyr103 and other hydrophobic amino acids in the binding site. The previous homology model presents high degree of
similarity with the crystal structure. However, the presence of a single transmembrane domain is a structural motif in
disagreement with the constructs reported by antecedent studies [11, 15]. These results represent an important starting
point for deepening the knowledge about this poorly understood molecular target.

From a biological point of view some questions are still open; only in the last decade several studies focused their
attention on the transduction signal cascades associated with S1R. It is localized in a region, called MAM
(Mitochondria-Associated-ER  Membrane) domain, between the ER and the mitochondria interface.[16] In
physiological conditions, S1R is associated with BiP (Binding immunoglobulin Protein) as a silent complex; instead,
under stressful conditions or pharmacological manipulation, the receptor acts as molecular chaperone, controlling a
broad network of proteins (voltage and ligand-gated channels, G-protein coupled receptors, kinases) and interrupting
the cellular death.[17, 18] Its protective action can be explained by decreasing the concentration of reactive oxygen
species (ROS) produced by mitochondria, through still unclear mechanisms. Another important role played by S1R is
related to its capability to promote the communication among different cellular districts, regulating the membrane lipid
composition.[19, 20]

In contrast, little information on S2R is available; the gene encoding this receptor has not been cloned yet and the
protein has not been purified. It has been identified by photoaffinity labeling, using tritiated 1,3-di(2-tolyl)-guanidine
(PHIDTG) (Figure 1): results revealed a protein of 18-21 kDa.[7] Considering these evidences and the unsuccessful
attempt to identify the endogenous ligand, the design of selective S2R molecules represent still a challenge today.
Recently, the Progesterone Receptor Membrane Component 1 (PGRMC1) has been proposed as S2R binding site and
partially crystallized (pdb code 4x8y).[21, 22] Despite some experimental data support this theory, Chu and coworkers



recently stated that the genes encoding S2R and PGRMC1 are different. Indeed, sequence alignment of PGRMC1 and
S1R reveals sequence similarity below 30%, indicating a low probability to be homologs. Also a structural comparison
shows different folds and putative binding sites. Even though PGRMCL1 is supposed to be anchored to the membrane
by an o helix as S1R, its crystallized cytosolic domain is not trimeric, but only upon binding to haem is able to form a
dimer. Therefore, the S2R putative binding site would be highly different with respect to S1R. In contrast, S2R binding
assays show that S1R and S2R ligands have similar chemical properties, indicating that the binding sites should be also
similar. In conclusion, further investigations are still necessary to provide a better understanding of the S2R-binding

pocket.[23]
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Figure 1: chemical structures of the benzomorphan analog (+)-SKF-10,047, NMDA antagonist phencyclidine and
tritiated 1,3-di(2-tolyl)-guanidine.

From a pharmacological standpoint, S1IR is closely related to the Central Nervous System and involved in
neuroprotection [24-26]: accordingly, two S1R ligands are currently in phase Il of clinical trials as potential drugs for
the treatment of Alzheimer’s disease and neuropathic pain respectively, the S1R agonist ANAVEX 2-73 and the S1IR
antagonist SIRA (Figure 2)[27, 28]. Furthermore, recent studies evidenced the potential in cancer therapy of S1R
antagonist. Indeed, S1R is overexpressed in lung, breast and prostate cancer cell lines.[29] Also S2R is linked to several
cancerous conditions [30-32], making selectiveS2R ligands useful tools in tumor diagnosis and S2R selective agonists
useful in cancer treatment.

To date, the molecular panorama related to S2R modulators is wide. They belong to four main chemical classes: i) 6,7-
dimethoxytetrahydroisoquinoline derivatives; ii) granatane- or tropane-related bicycle structures; iii) indole derivatives;
iv) cyclohexylpiperazine analogs. Although they represent promising pharmaceutical/therapeutic tools, only compound
[*®F]ISO-1, a PET marker of cell proliferation, is in phase I clinical trial (Figure 2).[33, 34]
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Figure 2: chemical structures of S1R and S2R ligands that are currently in clinical trials.

During the years we focused our attention on SR modulators, preparing and characterizing a wide compound library of
SR ligands. These molecules possess a common arylalkyl(alkenyl)amine scaffold. Among them, RC-33 (1-[3-(1,1°-
biphen)-4-yl]-butylpiperidine) showed excellent S1R affinity (K; SIR = 0,70 + 0,3 nM), selectivity over S2R (K; S2R/
K;S1R = 147,1) and good in vitro metabolic stability (Table 1). [35-39] Considering the discovery of a new S1R lead



compound (RC-33) and keeping in mind the high interest in S2R modulators as promising therapeutic tools, in this
paper we present our efforts in better understanding the structure activity relationships (SARs) of novel RC-33 analogs.
In detail, we investigated the relevance of functional groups in obtaining a gain of affinity towards both receptors. Our
aim is the discover of molecules with mixed affinity. Taking into account our reported molecules and especially
compound RC-33 [35], we designed and synthesized a small compound library (Scheme 1), in order to examine the
importance of the aryl group and the amine moiety. Moreover, to better identify the chemical properties that-are
essential for improving the binding affinity, we generated a quantitative structure-activity relationship (QSAR) model,
based on the activity data published in literature and our in-house library. This model has been, afterwards, tested on
the new class of compounds that we present here.

2. Results

2.1 Chemistry

The synthesis of arylalylamines 10-13 a-d followed the synthetic pathway reported in Scheme 1. The key step is the C-
C bond generation, consisting in the nucleophilic addition of the corresponding aryl-lithium reagents 1-4 to carbonyl
group of the appropriate f-aminoketone 5a-d (Scheme 1). The intermediates 5a-d were prepared via Michael addition
of the corresponding secondary amine to but-3-en-2-one, according to the methodology reported in our previous works
(anhydrous toluene at reflux or PEG 400, r.t.)[37] Once prepared, 5a-d were added to the appropriate aryllithium
reagents (generated by aryl bromine 1-4 through Br/Li exchange using t-butyllithium at -78 °C) to give the
corresponding tertiary aminoalcohols. Without any purification, the alcohols were in situ dehydrated under acidic
condition (37% HCI, stirring at r.t. for 12 h), thus providing the desired compounds 6-9 a-d. The elimination reaction of
alcoholic intermediates resulted highly regio- and (E)-stereoselective for all alkenylamines synthetized, as confirmed
by 'H-NMR analysis and NOESY experiments of crude compounds, in accordance with our previous experience.
Arylalkenylamines 6-9 a-d obtained as (E/Z)-mixture after chromatographic purification or crystallization could be
converted into (E)-alkenylamines in satisfactory yields (30-77%). The final step of our synthetic strategy consisted in
the conversion of 6-9 a-d into the corresponding arylalkylamines 10-13 a-d by catalytic hydrogenation of C-C double
bond under hydrogen atmosphere using Pd(0) EnCat™ 30NP. In this way, arylalkylamines 10-13 a-d, easily isolated
by solid phase extraction (SPE, SCX cartridge), were obtained with acceptable yields (43% - 95%) and in suitable
amounts for the biological investigations.

6-13 a-d structures were confirmed by *H-NMR and MS analysis.



Synthesis of compounds 5 a-d

o Ry o) 5a NR4R; = N,N-dimethylamine
- uN | aorb M~ Ry B NRR; = piperidine
R, N ¢ NR4R; = 4-benzylpiperidine
Ra d NR;R; = morpholine
o Synthesis of compounds 10-13 a-d
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3 Ar = 3-methoxyphenyl
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Scheme 1: Synthesis of f-aminoketones 5 a-d. Reagents and conditions: a) anhydrous toluene, reflux for 5 a; b) PEG
400 for compounds 5 b-d. Synthesis of compounds 10-13 a-d. Reagents and conditions: c) t-BuLi, anhydrous Et,0, -
78 °C to rt; d) ketone 5 a-d, -78 °C to r.t.; ) 37% HCI, r.t.; f) 1IN NaOH; g) crystallization from acetone; h) H,, Pd(0)
EnCat™ 30NP, abs EtOH, rt.

2.2 Binding assays

We measured the affinity towards S1R and S2R of our new compounds 10-13 a-d through radioligand receptor binding
studies. The assay for S1R is based on the use of membrane from guinea pig cerebral cortex, which represents a
receptor source in the presence of a potent and selective S1R radioligand (i.e. [*H]-(+)-pentazocine). Nonspecific
binding values were determined using non-radiolabeled (+)-pentazocine and haloperidol in large excess. Instead, in the
case of S2R, we used the membrane of rat liver as receptor source. This test was performed using a nonselective
radioligand ([*H]-DTG), since no S2R selective radioligand are commercially available. Moreover, it is important to
mask the S1R: for this reason, an excess of non-tritiated (+)pentazocine was added to the assay solution. In order to
determine nonspecific binding,a high concentration of non-tritiated DTG was used[7, 40].

Table 1 reports S1IR and S2R affinities of all tested compounds in their racemic form, in comparison with the affinity
of RC-33 as reference compound. With the only exception of compound 13a, which presents weak affinities toward
both receptor subtypes, all compounds generally show from modest to good S1R affinity. Naphthalene and 4-
benzylpiperidine derivatives (10a-d) exhibit the best S1R affinities for the presence of bulky aromatic portion, which
fits well /in the receptor pocket (Figure 3). Moreover, 4-benzylpiperidine derivatives (11c, 12c¢, 13c) show also
interesting S2R affinity values. In this case, a bulky amine moiety constitutes the main feature for interacting with the
S2R binding site. Indeed, N,N-dimethylamine derivatives (11a, 12a, 13a), presenting a small amine moiety, are
characterized by a very weak affinity toward S2R. Lastly, we identified also compounds (11d, 12b, 12d, 13b) with
mixed affinity toward both receptors subtypes, from now on called pan-selective SR ligands.



Table 1. Binding affinities towards S1R and S2R. Values are expressed as mean + SEM of three experiments.

Ry
SN Ri-
Compound Ar | \ _ _
R, Ki SIR (nM) £ SEM  Ki S2R (nM) +SEM  S2R/SIR

(R/S)-RC-33 4-biphenyl Piperidine 0,70+0,3 103 +10 147,1
(R/S)-10a napht-2-yl N,N-dimethylamine 1.95+0.2 43.8+5.2 22
(R/S)-10b napht-2-yl Piperidine 1.5+0.6 50 + 6.4 333
(R/S)-10c napht-2-yl 4-benzylpiperidine 19+21 1442 7.6
(R/S)-10d napht-2-yl Morpholine 54+14 33+2 6.1
(R/S)-11a  4-methoxyphenyl  N,N-dimethylamine 116 + 22 255° 2.2
(R/S)-11b  4-methoxyphenyl Piperidine 20+5.8 58+9.4 2.9
(R/S)-11c 4-methoxyphenyl  4-benzylpiperidine 35+04 18+4.4 5.14
(R/S)-11d  4-methoxyphenyl Morpholine 76 £ 7.0 68 + 13 0.89
(R/S)-12a  3-methoxyphenyl  N,N-dimethylamine 239° 864° 3.62
(R/S)-12b  3-methoxyphenyl Piperidine 36+4.1 35+4.8 0.97
(R/S)-12c  3-methoxyphenyl  4-benzylpiperidine 29+0.7 14+14 4.83
(R/S)-12d 3-methoxyphenyl Morpholine 137 +£40 92+0.2 0.67
(R/S)-13a phenyl N,N-dimethylamine 427 > 1000% N.D.
(R/S)-13b phenyl Piperidine 46 +6.2 56 +9.2 1.22
(R/S)-13c phenyl 4-benzylpiperidine 21+10 65+3 3.1
(R/S)-13d phenyl Morpholine 85+6.3 71+3.2 1.2

& Compounds with high affinity were tested three times. For compounds with low SR affinity (> 100 nM), only one
measure was performed.
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Figure 3: comparison of S1R and S2R Ki binding affinity values. High affinity towards S1R (indicated by white to
light blue colors) is achieved by naphthalene and 4-benzylpiperidine derivatives. Whereas, the highest affinity towards
S2R (marked with white to light red colors) is achieved by 4-benzylpiperidine derivatives only.

2.3 QSAR Modelling

Based on previously published affinity data, we modelled quantitative structure-activity relationships (QSARS) in order
to rationally interpret the experimental data and to design further ligands.

From the linear regression models we found that the binding affinity to the receptors is increased mainly by two
molecular features: flexibility (expressed by “b_rotN”) and hydrophobicity (expressed by “BCUT_SLOGP_3”). On
one hand, flexible molecules are characterized by higher number of rotational bonds: therefore, they can easily orient in
the binding pocket in order to form molecular interactions with key residues. On the other-hand, the descriptor that
calculates hydrophobicity (SlogP) takes additionally into consideration if determined atoms are bonded and their
atomic distance. For instance, if the nitrogen atom is placed between two aromatic rings (4-benzylpiperidine series), the
BCUT_SLOGP_3 value is high (~2.738) and results in better binding affinity towards both receptors; whereas, if one
aromatic and one aliphatic ring (piperidine) are present, its value is lower and the binding affinity is modest.
Dimethylamines show the lowest values of hydrophobicity and binding affinity. Compounds 10a and 10b constitute
exceptions, as they possess high affinity towards S1R despite their relatively low values of BCUT_SLOGP_3. Indeed,
this descriptor is identified as more important for binding to S2R-than S1R, and the correlation between pK; and
BCUT_SLOGP_3 is higher for S2R than S1R (R 0.61 for S2R, 0.59 for S1R).

Moreover, given hydrophobic molecules, we assume that their solvation energy (E_sol) is higher than for water soluble
compounds and, consequently, increases pK; values for both receptors. Indeed, morpholine derivatives show the lowest
energy values, whereas 4-benzylpiperidine derivatives the highest ones.

Another molecular descriptor identified by our QSAR model is globularity (expressed by “glob™), that indicates if
compounds have a spherical, flat or rod-like shape: in this case, our models reveals that the binding affinity is
disfavored by higher globularity values, that reveal spherical shapes. Therefore, it is clear that planar or rod-like
compounds fit better to the binding site.

The binding affinity is also decreased by high dipole moment (expressed by “dipole”), that is calculated from the
partial charges of the molecule. For instance, compounds of series a (dimethylamines) are characterized by high dipole
moment, whereas compounds of series ¢ (4-benzylpiperidines) by low dipole moment. This descriptor is more relevant
for binding to S2R than S1R receptor, that correlates better to the ionization potential (expressed by “AM1_IP”): for
instance, the compounds with a notable S1R affinity (10a and 10b), have lower values than the other ligands (13a).
Furthermore, the binding affinity is penalized by H-bond donors that do not include basic atoms like nitrogen: indeed,
“a_don” counts only for atoms that are both H-bond donor and acceptors such as the hydroxyl group. The compounds
that we present in this paper do not contain any OH group; however, we built the QSAR models on a library that
included also compounds with an OH group attached to the alkylic chain. Comparing their affinity values, we can
conclude that in average the presence of this H-bond donor feature does not improve, but instead decreases the affinity
to both receptors.

We did not include the descriptor for the number of nitrogen atoms because it is a common feature to all compounds in
the series and it is well known that a positively charged atom is essential for binding both receptors. Therefore, it would

not add any information and improve the quality of the models.



3. Discussion

The identification of pan-modulators, i. €. compounds that are able to bind both SR subtypes, is of great interest for the
development of chemotherapeutic drugs targeting SRs. We report here the design and synthesis of pan-modulators in
the class of arylalkylamines. We designed a series of RC-33 analogues, in order to deepen the role played by the
hydrophobic ring and the basic portion, maintaining the spacer bridging the two main structural features, in the
interaction with the molecular targets.

The synthetic protocol provides few steps for accessing to the final alkyl-compounds. The lithium chemistry was
essential to obtain the alcoholic precursors. Indeed, as reported in our previous publication[37], a Li/Br exchange, at the
aromatic ring, guaranteed the lithiated species formation. The subsequent quenching with the appropriate [-
aminoketone, led to crude alcohols. Without any additional manipulation, 37% HCI was added at the reaction
environment. Therefore, the dehydration reaction gave the (E/Z) stereoisomer mixture, which was subjected to a
purification, using crystallization or chromatographic purification methods, in order to obtain the (E)-compounds, as
only isomer. A hydrogenation allowed accessing to the desired compounds 10-13.a-d, which were obtained in
good/modest yields and in sufficient amounts to perform the biological investigations.

Their affinity to S1IR and S2R of 10-13 a-d compounds were evaluated has been measured through binding assays and
compared with the RC-33 respective values, in order to understand which structural changes improve the affinity
toward S1R or S2R and which ones are necessary to decrease the S2R / S1R ratio.

First of all, mixed affinity is obtained by the presence of the nitrogen atom, that is expected to be charged and to form
ionic interactions with Glul72 in the binding site of S1R./As the sequence of S2R is not known yet, we suppose that
also the binding pocket of S2R includes an acidic amino acid that can interact with the nitrogen.

Another essential molecular property is hydrophobicity: the nitrogen atom is placed between two hydrophobic features,
that can be either aromatic or aliphatic. Aromatic rings are expected to form n-x interactions with aromatic residues in
the binding site, as Tyr103 in S1R. Also the binding to S2R requires two hydrophobic features around the nitrogen
atom: if one of these is missing (as in the dimethylamine derivatives) the binding affinity is penalized. Although S1R
receptor is also likely to bind two hydrophobic features, it does not require a second feature if the first is a naphthalene
(compounds 10a-d). Indeed, the S2R/S1R Ki ratio clearly shows that compounds 10a-d are selective towards S1R
(Figure 4). Therefore, togain in affinity to both SRs, the naphthalene moiety has to be excluded.

Series ¢, i.e. 4-benzylpiperidine derivatives, is relatively more selective towards S1R than S2R, but the binding
affinities are very good .in both cases, indicating that the presence of a second aromatic ring bound to the piperidine
favors mixed binding properties.

On the other hand, 11-12-13d are the least selective ligands, as they present a morpholine and an aryl. Indeed, these
compounds can bind both receptors for the presence of the nitrogen and the aromatic ring, but they show low binding
affinity because of lower hydrophobicity and solvation energy.

Methoxy substituent does not change substantially the selectivity: for piperidines the S2/S1 ki ratio decreases only if
the substitution is in meta (12b), for morpholine in both cases (11d and 12d), whereas for 4-benzylpiperidines it
increases resulting in higher selectivity towards S1R (11c and 12c).

It has to be pointed out that N-(3-(3-fluorophenyl)propyl)pyrrolidine, compound number 44 from Banister et al.[41]),
shows similar binding affinity towards S2R, but inactivity towards S1R (K; S2R = 39 nM, S1R K; >10 uM, S1R Ki/
S2R Ki = 256). Its molecular structure is similar to 12b with a F atom in meta position of the phenyl ring and
pirrolidine instead of piperidine. This confirms the importance of the substituent in meta position rather than in para to
improve S2R binding affinity. On the other side, the pyrrolidine ring is more rigid than a piperidine and the fluorine



atom acts as H-bond acceptor beside its hydrophobic properties. Therefore, these features should be investigated also
on piperidine derivatives to explain the complete loss of affinity towards the S1R receptor.

In summary, our data clearly show that a satisfactory compromise between affinity and selectivity is achieved by the 4-
benzylpiperidine derivatives (series c). Moreover, molecules with a piperidine or a morpholine (series b and d
respectively), with the exception of the naphthalene derivatives (10b and 10d), lose in affinity toward both receptor
subtypes, however they maintain a good selectivity (< 3). Whereas molecules with a small amine group as N,N-
dimethylamine (series a) exhibit unsatisfactory binding values towards both receptors, unless compound 10a possess a
high affinity toward S1R. From this analysis we conclude that the driving force to obtain a SR pan-modulator is
represented by the right choice of the aminic moiety.

A G = BT

25 75 L
~ ®13d
'O b 20 ®11d
& o11b ®13b
®10a
10
10d e12b
NN d 3 25 |
Lo 0 11c
10 11 12 13

S2R/S1R

S2R Ki (nM)

12c
®13c

Ar )
/©/ ©/ 0 25 50 75 100
HCO S1R Ki (nM)

OCH3

Figure 4: S2R/S1R Ki ratio (A) in relation to S1IR and S2R affinity values (B). A: compound 13a is not shown as its
S2R Ki value has not been determined with accuracy. Substitutions at amine and aromatic positions are shown and
colored according to the S2R/S1R Ki ratio. Low values (marked by dark red color) indicate mixed affinity of
compounds towards both-receptors. Instead, selective compounds show high ratio values (highlighted by dark blue
color). It is clear that enhanced mixed affinity cannot be achieved by naphthalene derivatives, that are the most active
towards S1R.

B: compounds with both S1R and S2R affinity values lower than 100 nM are displayed and colored according to the
S2R/S1RKi ratio. It is evident that all 4-benzylpiperidine derivatives (series c), but the naphthalene substituted (10c),
present the higher affinities towards both receptors, as they cluster in the bottom left corner of the plot. However, their
S2R/S1R ratio is in the range 3 — 8, as indicated by their red to grey color; whereas morpholine and piperidine
compounds (series b and d), excluding the naphthalene substitution, show very good mixed properties (marked by dark
red color), but also low affinity values towards both receptors, as they cluster in the top right corner of the graph.

4. Conclusions

A novel series of arylalkylamines has been prepared and their affinity towards S1R and S2R evaluated. To clarify the
structural features leading to the affinity for both receptor subtypes, robust QSAR models have been developed. QSAR
modelling revealed that the substitution of the nitrogen with a benzylpiperidine allows the achievement of pan-activity



without losing in affinity. The only exception is compound 10c: despite the high hydrophobicity, the presence of a
bulky aromatic portion, as a naphth-2-yl, causes a loss in affinity toward S2R.

Noteworthy is compound 13c, which represents a good compromise between affinity (Ki SIR = 2.1+ 1.0; Ki S2R = 6.5
+ 3) and pan-activity (S2R / S1R = 3.1). Therefore, 13c could be considered the hit compound of this pan-ligand series.
To sum up, our study opens the way to the design of further pan-modulators as potential novel chemotherapeutic
candidates. It is important to underline that all compounds possess a stereogenic center and at this stage of the research
have been tested as racemate. Our current efforts are directed to obtain homochiral compounds, to investigate the role
of chirality in the interaction with the SRs.

5. Material and Methods

5.1 Chemistry

General remarks: Reagents and solvents for synthesis were obtained from Aldrich (ltaly). Solvents were purified
according to the guidelines in Purification of Laboratory Chemicals.[42] Melting points were measured on SMP3 Stuart
Scientific apparatus and are uncorrected. Analytical thin-layer-chromatography (TLC) was carried out on silica gel
precoated glass-backed plates (Fluka Kieselgel 60 F254, Merck) and on aluminiumoxid precoated aluminium-backed
plates (DC-Alufolien Aluminiumoxid 60 F254 neutral, Merck); visualized by ultra-violet (UV) radiation, acidic
ammonium molybdate (IV), or potassium permanganate. Flash chromatography (FC) was performed with Silica Gel 60
(particle size 230-400 mesh) purchased from NovaChimica and neutral aluminium oxide (particle size 0.05-0.15 mm)
purchased from Fluka. Bond Elute SCX cartridges were purchased from Varian. IR spectra were recorded on a Jasco
FT/IR-4100 spectrophotometer; only noteworthy absorptions are given. *H-NMR spectra were measured with an
AVANCE 400 spectrometer Bruker, Germany at rt. Chemical shifts (d) are given in ppm, coupling constants (J) are in
Hertz (Hz) and signals are designated as follows: (s) singlet, (br s) broad singlet, (d) doublet, (t) triplet, (q) quartet, and
(m) multiplet. TMS was used as internal standard.-MS spectra were recorded on a Finnigan LCQ Fleet system (Thermo
Finnigan, San Jose, CA, USA), using an ESI source operating in positive ion mode. The purities of target compounds
were determined on a Jasco HPLC system equipped with a Jasco autosampler (model AS-2055 plus), a quaternary
gradient pump (model PU-2089 plus), and a multiwavelength detector (model MD-2010 plus). For the HPLC analysis
of the arylalkylamines a Chromolith® column (50 x 4.6mm), eluting with H,O (0.1% formic acid, solvent A) and ACN
(0.1% formic acid, solvent B) under gradient condition (Methods A, B, C, D) at room temperature. Method A
(compounds 10b-10d, 11b, 12¢, 13b-13d): 0 min 95% A and 5% B, 3 min 95% A and 5% B, 13 min 5% A and 95% B,
15 min , 5% A and 95% B, 20 min, 95% A and 5% B. Flow rate 1.5 mL/min. Method B (compounds 11c-11d, 12d, and
13a): 0 min 95% A and 5% B, 3 min 95% A and 5% B, 23 min 5% A and 95% B, 25 min, 5% A and 95% B, 30 min,
95% A and 5% B. Flow rate 1.5 mL/min. Method C (compound 10a and 12b): gradient conditions as Method B, Flow
rate 2 mL/min.  Method D (compounds 11a and 12a): 0 min 90% A and 10% B, 10 min 10% A and 90% B, 20 min
10% A and 90% B, 25 min, 90% A and 10% B. Flow rate 2 mL/min. For the general procedure and characterization
of compounds 6-9 a-d see Supplementary material.

5.1.1 General procedure for the preparation of compound 10-13 a-d

Before use, Pd(0) EnCat™ 30NP (supplied as a water wet solid with water content 45% w/w) was washed thoroughly
with absolute ethanol to remove water. Pre-washed Pd(0) EnCat™ 30NP (0.20 equiv) was added to a stirred solution of
the appropriate arylalkenylamine as free base (0.14 mmol) in absolute ethanol (11 mL) and the reaction mixture was
left at room temperature in hydrogen atmosphere (balloon) for 30 h. The catalyst was then filtered off and washed with
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absolute ethanol; the organic phases were lastly dried in vacuo. In this way, pure 13b was obtained as yellow oils. In
the case of compounds 10-12 a-d, 13a and 13c the crudes were loaded on SCX cartridge and eluted with 1 M NH3 in
methanol, pure compounds were obtained in good yield.

(R/S)-N,N-dimethyl-(3-naphthalen-2-yl-butyl)-amine [(R/S)-10a]: Yield: 59%, white solid, mp: 177-179 °C; IR (cm™):
3362, 3010, 2776, 2577, 2467, 1599, 1474, 1190, 1014, 963, 751; 'H-NMR (400 MHz) (CD30OD) 6 (ppm): 7.80 (m,
3H), 7.63 (s, 1H), 7.40 (m, 3H), 2.87 (m, 1H), 2.30 (m, 2H), 2.18 (s, 6H), 1.89 (m, 2H), 1.35 (d, J = 7.1 Hz, 3H) ); ESI-
MS m/z = 228.21 [M + H]*. HPLC tR = 5.42 min, > 98 % purity (A =270 nm).
(R/S)-1-(3-naphthalen-2-yl-butyl)piperidine [(R/S)-10b]: Yield: 77%, white solid; IR (cm™): 3050, 2928,1908, 1600,
1122, 816, 742; *H-NMR (400 MHz) (CDCls) & (ppm): 7.83-2.76 (m, 3H), 7.60 (s, 1H), 7.48-7.26 (m, 3H), 2.90
(sextuplet, J = 7.1 Hz, 1H), 2.44-2.26 (m, 4H), 2.25-2.17 (m, 1H), 1.97-1.83 (m, 3H), 1.62-1.57 (m, 4H), 1.37-1.25 (m,
2H), 1.24 (d, J = 7.1 Hz, 3H); ESI-MS m/z = 268. 24 [M + H]*. HPLC tR = 7.41 min, > 97 % purity (A =270 nm).
(R/S)-4-benzyl-1-(3-naphthalen-2-yl-butyl)piperidine [(R/S)-10c]: Yield: 56%, yellow oil; IR (cm™): 3025, 2924, 2508,
1631, 1602, 1542, 1496, 1453; *H-NMR (400 MHz) (CDCl3) & (ppm): 7.79-7.77 (t,3H); 7:59 (s, 1H), 7.45-7.42 (m,
2H), 7.32 (m, 1H), 7.26-7.23 (m, 2H), 7.19-7.17 (m, 1H), 7.08 (M, 2H), 3.30 (br.d, 2H), 2.93-2.86 (m, 1H), 2.78-2.73
(m, 1H), 2.55 (d, J = 7.0 Hz, 2H), 2.48-2.43 (m, 1H), 2.27-2.13 (m, 4H), 1.82-1.71 (m, 4H), 1.61-1.59 (m, 1H), 1.36 (d,
J =6.9 Hz, 3H); ESI-MS m/z = 358.62 [M + H]". HPLC tR = 11.12 min, > 95 % purity (A = 270 nm).
(R/S)-4-(3-naphthalen-2-yl-butyl)morpholine [(R/S)-10d]: Yield: 80%, yellow oil; IR (cm™): 3053-3026, 2954, 2923-
2806, 1599, 1485, 1448, 1115, 836, 763, 732, 696; "H-NMR (400 MHz) (CDCl3) & (ppm): 7,78-7,81 (m, 3H), 7.61 (s,
1H), 7.48-7.40 (m, 2H), 7.35 (dd, 1H), 3.71 (t, 4H), 2.93 (m, J = 7.1 Hz, 1H), 2.40 (br. s, 4H), 2.17-2.34 (m, 2H), 1.93-
1.84 (m, 2H), 1.35 (d, J = 7.0 Hz, 3H); ESI-MS m/z = 270.13 [M + H]". HPLC tR = 6.88 min, > 95 % purity (A = 270
nm).

(R/S)-N,N-dimethyl-[3-(4-methoxy-phenyl)-butyl]-amine [(R/S)-11a]: Yield: 98%, white solid; mp: 194-195 °C; IR
(cm™): 2951b, 2599, 2362, 2350, 1681, 1514, 1238, 1173, 1031, 828, 668; "H-NMR (400 MHz) (CDOD) & (ppm): 7.18
(d, J=8.7Hz, 2H), 6.9 (d, J = 8.7 Hz, 2H), 3.78 (s, 3H), 3.15-3.09 (m, 1H), 2.83 (s, 6H), 2.84-2.76 (M, 1H), 2.02-1.94
(m, 2H) 1.31 (d, J = 7.34 Hz, 3H); ESI-MS'm/z = 208.15 [M + H]", HPLC tR = 4.51 min, > 95 % purity (A =270 nm).
(RIS)-1-[3-(4-methoxy-phenyl)-buty[] piperidine [(R/S)-11b]: Yield: 58%, yellow oil; IR (cm™): 3030-2994, 2930,
2852-2762, 1611, 1511, 1245, 1176, 1089, 1036, 1010, 827, 790; *H-NMR (400 MHz) (CDCl;) & (ppm): 7.10 (d, J =
8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 3.79 (s, 3H), 2.73-2.62 (sextuplet, J = 7.1 Hz, 1H), 2.39-2.21 (m, 5H), 2.16-2.09
(m, 1H), 1.78-1.73 (9, J. = 7.7 Hz, 2H), 1.59-1.51 (m, 4H), 1.41 (m, 2H), 1.22 (d, J = 7.7 Hz, 3H); ESI-MS m/z =
248.12 [M +H]". HPLC tR = 7.00 min, > 95 % purity (» =270 nm).

(RIS)-4-benzyl-1-[3-(4-methoxy-phenyl)-butyl] piperidine [(R/S)-11c]: Yield: 76%, yellow oil; IR (cm™): 3060-3024,
2916, 2833-2766,1609,1510, 1453,1243, 1176, 1036, 827, 744, 698; *H-NMR (400 MHz) (CDCl3) & (ppm): 7.23-7.20
(m, 2H), 7.18-7.10 (m, 3H), 7.09 (d, J = 8.7 Hz, 2H), 6.82 (d, J = 8.7 Hz, 2H), 3.78 (s, 3H), 2.85 (br. d, 2H), 2.65-2.52
(sextuplet, J = 7.1 Hz, 1H), 2.51 (d, J = 7.1 Hz, 2H), 2.26-2.09 (m, 2H), 1.82-1.63 (m, 4H), 1.62-1.56 (m, 2H), 1.47-
1.41 (m, 1H), 1.34-1.27 (m, 2H), 1.21 (d, J = 7.7 Hz, 3H); ESI-MS m/z = 338.22 [M + H]". HPLC tR = 10.37 min, >
96 % purity (A =270 nm).

(R/S)-4-[3-(4-methoxy-phenyl)-butylJmorpholine [(R/S)-11d]: Yield: 78%, yellow oil; IR (cm™): 3030-2993, 2954,
2852-2806, 1611, 1512, 1456, 1245, 1116, 1035, 829; *H-NMR (400 MHz) (CDCls) & (ppm): 7.12 (d, J = 8.7 Hz, 2H),
6.86 (d, J = 8.7 Hz, 2H), 3.81 (s, 3H), 3.72 (t, 4H), 2.72 (sextuplet, J = 7.1 Hz, 1H), 2.41 (br. s, 4H), 2.33-2.16 (m, 2H),
1.79-1.70 (m, 2H), 1.25 (d, J = 7.0 Hz, 3H); ESI-MS m/z = 250.45 [M + H]*. HPLC tR = 6.93 min, > 95% purity (A =
276 nm).
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(R/S)-N,N-dimethyl-[3-(3-methoxy-phenyl)]amine [(R/S)-12a]: Yield: 72%, white solid; mp: 130-131 °C; IR (cm™):
3169, 2350, 2326, 1771, 1696, 1484, 1245, 1013, 860, 795, 701; *H-NMR (400 MHz) (CDOD) & (ppm): 7.29-7.23 (t,
1H), 6.82-6.75 (m, 3H), 3.80 (s, 3H), 3.20-3.11 (m, 1H), 2.84 (s, 6H), 2.84-2.75 (m, 1H), 2.12-2.00 (m, 2H), 1.33 (d, J
= 6,85 Hz, 3H); ESI-MS m/z = 208.22 [M + H]". HPLC tR = 3.96 min, > 99 % purity (A = 270 nm).
(R/S)-1-[3-(3-methoxy-phenyl)-butyl] piperidine [(R/S)-12b]: Yield: 77%, yellow oil; IR (cm™): 3027-2995, 2930,
2852-2736, 1599, 1583, 1486, 1453, 1437, 1257, 1157, 1042, 871, 776, 700; *H-NMR (400 MHz) (CDCls) & (ppm):
7.21 (t, J = 7.0 Hz, 1H), 6.78 (d, J = 7.6 Hz, 1H), 6.74-6.70 (m, 2H), 3.80 (s, 3H), 2.68 (M, J = 7.1 Hz, 1H), 2:33 (br.
m, 5H), 2.29-2.11 (m, 1H), 1.84-1.71 (m, 2H), 1.59-153 (m, 4H), 1.52-1.41 (m, 2H), 1.24 (d, J = 6.9 Hz, 3H): ESI-MS
m/z = 248.04 [M + H]". HPLC tR = 6.16 min, > 98% purity (. = 270 nm).
(R/S)-4-benzyl-1-[3-(3-methoxy-phenyl)-butyl] piperidine [(R/S)-12c]: Yield: 52%, colorless oil; IR (cm™): 3082-3024,
2916, 2845-2766,1599, 1583, 1485,1452, 1436, 1258, 1044, 776, 744, 698; *H-NMR (400.MHz) (CDCls) & (ppm):
7.35-7.25 (m, 2H), 7.24-7.14 (m, 4H), 6.80 (d, J = 7.7 Hz, 1H), 6.78-6.73 (m, 2H), 3.82 (s, 3H), 2.89 (br. d, 2H), 2.71
(sextuplet, J = 6.9 Hz, 1H), 2.54 (d, 2H), 2.36-2.18 (m, 2H), 1.88-1.76 (br. m, 4H), 1.62 (br. d, 2H), 1.57-1.46 (m,
N(CH,CH,),CH, 1H), 1.38-1.28 (m, 2H), 1.26 (d, J = 6.9 Hz, 3H); ESI-MS m/z'= 338.36 [M + H]". HPLC tR = 8.21
min, > 96 % purity (A = 270).

(RIS)-4-[3-(3-methoxy-phenyl)-butyl[morpholine [(R/S)-12d]: Yield: 43%, yellow oil; IR (cm™): 3050-3024, 2954,
2852-2806, 1607, 1598, 1583, 1486, 1454, 1259, 1116, 1043, 867, 778, 700; "H-NMR (400 MHz) (CDCls) & (ppm):
7.21 (t, J = 7.7 Hz, 1H), 6.78 (d, J = 7.7 Hz, 1H), 6.74-6.72 (m, 2H), 3.80 (s, 3H), 3.70 (t, 4H), 2.72 (m, J = 7.1 Hz,
1H), 2.39 (br. s, 4H), 2.31-2.16 (m, 2H), 1.79-1.72 (m, 2H), 1.25 (d, J = 7.0 Hz, 3H); ESI-MS m/z = 250.16 [M + H]".
HPLC tR = 6.25 min, > 95 % purity, (A =270 nm).

(R/S)-N,N-dimethyl-(3-phenyl-butyl)-amine [(R/S)-13a]: Yield: 95%, white solid; mp: 220-222 °C; IR (cm™): 2957,
2462, 2362, 2313, 1471, 1315, 1173, 1017, 959, 764, 708; "H-NMR (500 MHz) (CDOD) & (ppm): 7.37-7.25 (m, 2H),
7.25-7.12 (m, 3H), 3.21-3.10 (m, 1H), 2.83 (s, 6H), 2.79-2.75 (m, 1H), 2,03-1.95 (m, 2H), 1,32 (d, J = 6.8 Hz, 3H);
ESI-MS m/z = 178.23 [M + H]". HPLC tR = 17.12 min, > 95 % purity (A = 276 nm).
(RIS)-1-(3-phenyl-butyl)piperidine [(R/S)-18b]: Yield: 58%, yellow oil; IR (cm™): 3083-3026, 2929, 2852-2762, 1602,
1493, 1451, 1154, 1120, 759, 698; "H-NMR (400 MHz) (CDCl3) & (ppm): 7.29 (t, J = 8.1 Hz, 2H), 7.19-7.16 (m, 3H),
2.73-2.68 (sextuplet, J = 7.1 Hz, 1H), 2.36-2.26 (m, 5H), 2.19-2.12 (m, 1H), 1.84-1.78 (m, 2H), 1.61-1.56 (m, 2H),
1.41 (m, 2H), 1.25 (d, J =6.9 Hz, 3H); ESI-MS m/z = 218.17 [M + H]". HPLC tR = 9.27 min, > 95 % purity (A = 250
nm).

(RIS)-4-benzyl-1-(3-phenyl-butyl)piperidine [(R/S)-13c]: Yield: 47%, yellow oil; IR (cm™): 3682, 3019, 2929, 2856,
2434, 2400, 1230; *H-NMR (400 MHz) (CDCls) § (ppm): 7.36-7.25 (m, 4H), 7.24-7.13 (m, 6H), 2.86 (br. d, 2H), 2.71
(sextuplet, 3= 7.0 Hz 1H), 2.52 (d, J = 7.1 Hz, 2H), 2.34-2.21 (m, 1H), 2.20-2.11 (m, 1H), 1.89-1.72 (m, 4H), 1.61 (br.
d, 2H), 1.58-1.42 (m, 1H), 1.39-1.30 (m, 2H), 1.28 (d, J = 7.2 Hz, 3H). ESI-MS m/z = 308.19 [M + H]*. HPLC tR =
8.40 min, > 98 % purity (A =270 nm).

(RIS)-4-(3-phenylbutyl)morpholine [(R/S)-13d]: Yield: yellow oil; IR (cm™): 2972, 2857, 1602, 1492, 1445, 1370,
1265, 1116, 914, 860. ‘H-NMR (400 MHz) (CDCls) § (ppm): 7.40-7.35 (m, 2H), 7.30-7.22 (m, 1H), 7.18-7.10 (m, 2H),
3.66-3.62 (m, 4H), 2.73 (m, 1H), 2.54-2.49 (m, 2H), 2.37-2.24 (m, 2H), 2.22-2.14 (m, 2H), 1.82-1.71 (m, 2H), 1.27 (d,
J =7.0 Hz, 3H). ESI-MS m/z = 220.42 [M + H]". HPLC tR = 8.72 min, > 96 % purity (. = 250 nm).

5.2 Binding assays
The affinities of compounds 10-13 a-d towards S1R and S2R were evaluated by radioligand receptor binding studies.
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The assay for S1R is based on the use of membrane from guinea pig cerebral cortex, which represents a receptor source
in the presence of a potent and selective S1R radioligand (i.e. [*H]-(+)-pentazocine). Nonspecific binding values were
determined using non-radiolabeled (+)-pentazocine and haloperidol in large excess.

Instead, in the case of S2R, we used the membrane of rat liver as receptor source. This test was performed using a
nonselective radioligand ([*H]-DTG), since no S2R selective radioligand are commercially available. Moreover, it is
important to mask the S1R: for this reason, an excess of non-tritiated (+)pentazocine was added to the assay solution. In
order to determine nonspecific binding, a high concentration of non-tritiated DTG was used.

5.2.1 Materials

Guinea pig brains for the S1R binding assays were commercially available (Harlan—Winkelmann, Borchen, Germany).
Homogenizer: Elvehjem Potter (B. Braun Biotech International, Melsungen, Germany) and Soniprep 150, MSE,
London, UK). Centrifuges: Cooling centrifuge model Rotina 35R (Hettich, Tuttlingen, Germany) 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 tumbling speed (scientific workshop of the institute). Vortexer: VortexGenie-2 (Thermo Fisher Scientific,
Langenselbold, Germany). Harvester: MicroBeta FilterMate-96 Harvester. Filter: Printed Filtermat Type A and B.
Scintillator: Meltilex (Type A or B) solid-state scintillator. Scintillation analyzer: MicroBeta Trilux (all PerkinElmer
LAS, Rodgau-Jugesheim, Germany). Chemicals and reagents were purchased from various commercial sources and
were of analytical grade.

Preparation of membrane homogenates from guinea pig brain cortex: Five guinea pig brains were 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 g for 10 min at 4°C. The supernatant was separated and centrifuged at 23500 g for 20 min at 4°C.
The pellet was resuspended in 5-6 volumes of buffer (50 mm Tris, pH 7.4) and centrifuged again at 23500 g (20 min, 4
8C). This procedure was repeated twice. The final pellet was resuspended in 5-6 volumes of buffer and frozen (-80°C)
in 1.5 mL portions containing ~1.5 (mg protein)mL™.

5.2.2

Protein determination: The protein concentration was determined by the method of Bradford™! modified by
Stoscheck[44]. The Bradford solution was prepared by dissolving 5 mg of Coomassie Brilliant Blue G 250 in 2.5 mL
EtOH (95% v/v). Deionized H,O (10 mL) and phosphoric acid (85% w/v, 5 mL) were added to this solution, and the
mixture was stirred and filled to a total volume of 50 mL with deionized water. Calibration was carried out using
bovine serum-albumin as a standard in nine concentrations (0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 1.5, 2.0, and 4.0 mg mL‘l). Ina
96-well standard multiplate, 10 mL of the calibration solution or 10 mL of the membrane receptor preparation were
mixed with 190 mL of the Bradford solution. After 5 min, the UV absorption of the protein—dye complex at =595 nm
was measured with a plate reader (Tecan Genios, Tecan, Crailsheim, Germany).

5.2.3 General protocol for binding assays

The test compound solutions were prepared by dissolving ~10 mmol (usually 2—4 mg) of test compound in DMSO so
that a 10 uM 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 polyethylenimine solution
for 2 hours at 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
WL of the respective assay buffer, 50 pL test compound solution at various concentrations (10, 10, 107, 10, 10° and
10™°M), 50 pL of corresponding radioligand solution, and 50 L of the respective receptor preparation into each well
of the multiplate (total volume 200 uL). The receptor preparation was always added last. During the incubation, the
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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 mL 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 efficiency was 20%. The IC50 values
were calculated with GraphPad Prism 3.0 (GraphPad Software, San Diego, CA, USA) by nonlinear regression analysis.
The IC50 values were subsequently transformed into Ki values using the equation of Cheng and Prusoff.[45] The Ki
values are given as mean value £SEM from three independent experiments.

5.2.4 S1R binding assay

The assay was performed with the radioligand [*H](+)-pentazocine (22.0 Ci mmol™; PerkinElmer). The thawed
membrane preparation of guinea pig brain cortex (~100 mg protein) was incubated with various concentrations of test
compounds, 2 nM [*H](+)-pentazocine, 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.

5.2.5 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 Ci mmol™) in 50' mM Tris—HCI, 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.

6. QSAR Modelling

We generated 3D structures of 75 arylalkylamine derivatives by using MOE dedicated tools5. Before calculating
descriptors, we prepared the structures by using its “wash” function to protonate them at physiological pH. Energy
minimization followed using MMFEF94x and applying default settings[46].

We divided our dataset into training and test set: the training set contains 61 derivatives, that were already published in
literature and other in-house compounds (unpublished data). We generated the QSAR models based on the training set.
We calculated and scaled all available 2D and 3D descriptors in MOE: the most important 7 descriptors were selected
out of 338 by considering their correlation to the assay data (Supplemental Material Tablel). Affinity data were
converted to-pKi (-logyoKi) values in order to normalize the range of data and perform a linear regression. More
negative pKi values indicate higher Ki values and, hence, lower affinity. QSAR models were generated by Partial Least
Square analysis with a limit of 3 principal components and validated by cross validation.

QSAR models have been validated internally by Leave-One-Out (LOO) cross validation and externally by testing our
new 14 derivatives.

The model for receptor SIR has a correlation coefficient R? 0.64 and root mean square error RMSE 0.64; cross-
validated correlation coefficient (Q?) is 0.55, with RMSE of 0.72, indicating that the prediction is reliable. We modeled
QSARSs also for S2R receptor, by using the same procedure and descriptors (correlation coefficient R? 0.58, root mean
square error RMSE 0.44, cross-validated correlation coefficient Q2 0.48, cross-validated RMSE 0.49).

PKisir = - 1.44302 + 0.23255 * BCUT_SLOGP_3 - 0.33249 * a_don + 0.27685 * E_sol + 0.20083 * b_rotN - 0.13502
* glob - 0.03737 * dipole - 0.46869* AM1_IP
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PKiszr = - 2.23985 + 0.27149 * BCUT_SLOGP_3 - 0. 20203 * a_don + 0.12047 * E_sol + 0.14450 * b_rotN - 0.11578
* glob - 0.24609 * dipole - 0.02238 * AM1_IP

The equation that describes the linear correlation indicates that the descriptors contribute to the binding affinity with
positive or negative coefficients. Descriptors, that contribute to the predicted pKi values with a negative coefficient,
decrease the hinding affinity. On the opposite, descriptors, that contribute to the predicted pKi values with a positive
coefficient, increase it.

To estimate whether selected descriptors are not inter-correlated, we generated a correlation matrix by using the
respective MOE tool: we found that the absolute correlation is lower than 0.5 for all descriptors, but E_sol that is
orthogonal to AM1_IP and dipole descriptors with correlation of 0.73 and 0.64 respectively. However, AM1_IP and
dipole do not exceed the threshold of 0.5 (correlation 0.22).
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1. Experimental procedures and Spectroscopic Data

General remarks: Reagents and solvents for synthesis were obtaimed Aldrich (ltaly). Solvents were purified accordito the
guidelines in Purification of Laboratory Chemicald.[Melting points were measured on SMP3 Stuare@iic apparatus and are
uncorrected. Analytical thin-layer-chromatographf€) was carried out on silica gel precoated glamskbd plates (Fluka
Kieselgel 60 F254, Merck) and on aluminiumoxid ma&ed aluminium-backed plates (DC-Alufolien Alumimioxid 60 F254
neutral, Merck); visualized by ultra-violet (UV)diation, acidic ammonium molybdate (IV), or potassi permanganate. Flash
chromatography (FC) was performed with Silica Gel(pérticle size 230-400 mesh) purchased from Nowat€hi and neutral
aluminium oxide (particle size 0.05-0.15 mm) pusathfrom Fluka. Bond Elute SCX cartridges were paseld from Varian. IR
spectra were recorded on a Jasco FT/IR-4100 spéctrometer; only noteworthy absorptions are givehNMR spectra were
measured with an AVANCE 400 spectrometer Bruker, Genyrat rt. Chemical shifts (d) are given in ppm,glog constantsJ)
are in Hertz (Hz) and signals are designated dswis! (s) singlet, (br s) broad singlet, (d) dowb(® triplet, (q) quartet, and (m)
multiplet. TMS was used as internal standard. M&sp were recorded on a Finnigan LCQ Fleet sysfEmro Finnigan, San
Jose, CA, USA), using an ESI source operating iitigeson mode. The purities of target compoundseagetermined on a Jasco
HPLC system equipped with a Jasco autosampler (mA8el055 plus), a quaternary gradient pump (mod&PB89 plus), and a
multiwavelength detector (model MD-2010 plus). HieLC method for the arylalkenylamines was as foltoggdumn XBridge™
Phenyl, 4.6 mm x 150 mm, |@m; column temperature, ambient; flow rate, 1 mL/ngradient elution, 10% methanol in phosphate
buffer (5 mM, pH 7.6) to 90% methanol in phosphatéer (5 mM, pH 7.6) in 10 min, followed by isotiaelution, 90% methanol
in phosphate buffer (5 mM, pH 7.6) for 10 min. THiIeLC method for the arylalkanylamines was as folldwalumn Chromolith®,
column temperature, ambient; flow 1.5-2 mL/min;djesmt elution, 5% acetonitrile with formic acid %% acetonitrile with formic
acid in 10-20 min, followed by isocratic elutiorf% acetonitrile with formic acid for 2 min. All afie final compounds had 95% or
greater purity. Elemental analyses (C, H, N) werdopmed on a Carlo Erba 1106 analyzer and the aisatgsults were within

+0.4% of the theoretical values.

General procedure for the preparation of compounds 6-9 a-d: t-BuLi (2.5 equiv, 1.7 M in pentane) was added drigpvto a solution
of the appropriate aromatic precursor (1.25 equivgnhydrous diethyl ether (0.2 M) cooled to -78 é@der nitrogen atmosphere,
keeping the temperature for 20 min. The reactios than slowly allowed to warm to room temperat&tirring was continued for
1h and a solution of the correspondpigminoketone (1.0 equiv) in anhydrous diethyl e{{@e8 M) was then added dropwise at -78
°C. The reaction mixture was slowly warm to 0 °Gyretl for 3 h and then quenched with 37% HCI untilpihd stirred overnight.
Reaction work-up for compoundib-c and7c: the organic phase was separated from the aquewigontaining a white-yellow
solid, which was isolated by filtration and dissadvin water. The aqueous solution was then maddirmékwith 1 N NaOH (pH 10)
and extracted with EtOAc. The combined organic phasere dried over anhydrous, S8, and concentrated in vacuo, yielding
crude6b-c and7c as free bases. Compouritsand7b were then converted into the corresponding hydooictes and crystallized
from acetone to give pure (Bp HCI and (E)7b HCI as white solids. Compounds was further purified by crystallization from
CH,CI, and then converted into the corresponding hydoodd, which was crystallized from acetone affogdpure (E)éc HCI, as
white solid.

Reaction work-up for compound&9a, 7-9b, 8-9c, 6-8d: the organic layer was extracted with 10% HCI amel aqueous phase
washed with diethyl ether. The combined acid aqagihases were then made alkaline with 1 N NaOH1@Hand extracted with
EtOAc. The organic phases were dried over anhydMaSQO,, treated with 37% HCI and crystallized from acetémegive the
desired pure (E) hydrochlorides salts as whitedsolFor compoundgb and7d, a further purification by flash chromatography on
silica gel (n-hexane/EtOAc/methanol/7 N NH3 in naetbl 9:1:0.5:0.1 v/v/iviv and n-hexane/EtOAc/diettmgine 5:5:0.1 v/iviv,
respectively) was performed prior to salificationystallization from acetone furnished the expegteck (E)7b HCl and7d HCI as

white solids.

(E)-dimethyl-(3-naphthal en-2-yl-but-2-enyl)amine hydrochloride (6a): Yield: 76%, white solid; mp: 201-2013 °C; IR (@n
3051,2892, 2563, 2477, 2366, 2310, 1632, 1475, 1880, 950, 820, 741H-NMR (400 MHz) (CROD) & (ppm): 7.95 (s, 1H),
S2



7.80 (m, 3H), 7.64 (d) = 7.8 Hz, 1H), 7.48 (m, 2H), 6.02 (&= 7.8 Hz, 1H), 4.03 (d] = 7.8 Hz, 2H), 2.94 (s, 6H), 2.30 (s, 3H).
Anal. Calcd. for GgH,oNCI: C, 73.41; H, 7.70; N, 5.35. Found: C, 73.14; 577N, 5.16.

(E)-1-(3-(naphthalen-2-yl)but-2-en-1-yl)piperidine hydrochloride (6b): Yield: 77%; white solid; mp: 209-210 °C. IR (&jn 3058,
2931, 2859, 2607, 2484, 2413-2395, 1646-1595, 143WY—1280, 11601078, 1038, 957—944, 896, 85Q, BABH-NMR (400
MHz) (D20)3§ (ppm): 7.73-7.86 (m, 4H), 7.50 (dbi= 1.8, 7.7 Hz, 1H), 7.39-7.47 (m, 2H), 5.76)(t 7.8 Hz, 1H), 3.72 (d]= 7.8
Hz, 2H), 3.38 (br. d, 2H]) = 11.5 Hz), 2.78 (br. t] = 12.1 Hz, 2H), 2.05 (s, 3H), 1.74-1.86 (m, 2HE4E1.74 (m, 1H), 1.46-1.64
(m, 2H), 1.22-1.40 (m, 1H); HPLC Tr = 14.14 min; Mz = 266.13 [M+HI.

(E)-4-benzyl-1-(3-naphthal en-2-yi-but-2-enyl)piperidine (6c): Yield: 30%, white solid; mp: 221-222 °C; IR (cin 3049-2977, 2926,
2848, 2514, 1597, 1482, 1453-1434, 1287-1157, 1989, 895, 855, 819, 744, 68%-NMR (400 MHz) (CQOD) 6 (ppm): 7.82-
7.80 (m, 3H) 7.78 (d) = 17 Hz, 1H), 7.61 (d] = 17 Hz, 1H), 7.46-7.44 (m, 2H), 7.29 Jt= 15.1 Hz, , 2H), 7.20 (] = 14.5 Hz,
1H), 7.16 (dJ = 14.5 Hz, 2H), 6.09 (1] = 13.2 Hz, 1H), 3.22 (d} = 13.2 Hz, 2H), 3.03 (d} = 23.3 Hz, 2H), 2.57 (d} = 13.9 Hz, 2
H), 2.16 (s, 3H), 1.98 (1 = 22.7 Hz, 2H), 1.68 (d] = 19.5 Hz, 2H), 1.57 (m, 1H), 1.38 (m, 2 H); HPLE=T16.21 min; MS: m/z =
356.21 [M+H].

(E)-4-(3-naphthal en-2-y1)-but-2-en-1-yl)morpholine hydrochloride (6d): Yield: 57%, white solid; mp: 221-222 °C, IR (&)3056,
2976-2939, 2526-2453, 1639, 1440-1399, 1123, 1961, 812, 740*H-NMR (400 MHz) (DO) 5 (ppm): 7.88 (dJ =1.2 Hz, 1H),
7.87-7.80 (m, 3H), 7.56 (dd,= 1.8, 8.7 Hz, 1H), 7.51-7.46 (m, 2H), 5.83 (@t 1.2, 8.0 Hz, 1H), 3.88 (d,= 7.9 Hz, 2H), 4.19-
3.60 (br, 4H), 3.57-2.99 (br, 4H), 2.13 (s 1.2 Hz, 3H); HPLC Tr = 13.16 min; MS: m/z = 26B[M+H"].

(E)-[3-(4-methoxy-phenyl)-but-2-enyl] -dimethyl-amine (7a): Yield: 46%, white solid; mp: 200-201 °C; IR (€)n 3006, 2573, 2481,
2362, 2310, 1511, 1250, 1182, 1029, 1009, 954, B85{MR (400 MHz) (CROD) 6 (ppm): 7.42-7.37 (m, 2H), 6.94-6.87 (m, 2H),
5.69 (qt,J = 1.3, 6.8 Hz, 1H), 3.82 (dl = 7.8 Hz, 2H), 3.73 (s, 3H), 2.78 (s, 6H), 2.02 J&= 1.3 Hz, 3H). Anal. Calcd. for
C1aH20NOCI: C, 64.59; H, 8.34; N, 5.79. Found: C, 64.728193; N, 5.81. HPLC Tr = 12.06 min; MS: m/z = 206[1&-H"].

(E)-1-(3-(4-methoxyphenyl)but-2-en-1-yl)piperidine hydrochloride (7b): Yield: 48%, white solid; mp: 210-212 °C; IR (i 2934,

2614, 2520, 1607, 1509, 1464, 1454, 1287, 12443,11G33, 958, 830, 817H-NMR (400 MHz) (DO) & (ppm): 7.42 (dJ = 8.8

Hz, 2H), 6.94 (dJ = 8.8 Hz, 2H), 5.71 (t) = 7.9 Hz, 1H), 3.80 (d] = 8.0 Hz, 2H), 3.76 (s, 3H), 3.46 (br. d, 2H), 2.88 § =2.5,

12.6 Hz, 2H), 2.04 (s, 3H), 1.91-1.80 (m, 2H), 21789 (m, 1H), 1.68-1.53 (m, 2H), 1.44-1.31 (m, AHPLC Tr = 13.27 min; MS:
m/z = 246.01 [M+H].

(E)-4-benzyl-1-(3-(4-methoxyphenyl ) but-2-en-1-yl )piperidine hydrochloride (7¢): Yield: 50%, white solid, mp: 190-193 °C; IR (tm
%): 3061-3030, 2973-2837, 2506, 1605, 1511, 1448212027, 821, 751H-NMR (400 MHz) (3O) 5 (ppm): 7.46-7.38 (m, 2H),
7.35-7.26 (m, 2H), 7.25-7.16 (m, 3H), 7.00-6.91 @), 5.701 (tJ = 7,6 Hz, 1H), 3.81 (d] = 7.7 Hz, 2H), 3.77 (s, 3H), 3.49 (br. d,
J=12.6 Hz, 2H), 2.86 (br. i = 12.4 Hz, 2H), 2.55 (d] = 6.4 Hz, 2H), 2.03 (s, 3H), 1.89-1.74 (m, 3H), 11430 (m, 2H); HPLC
Tr = 15.10 min; MS: m/z = 336.25 [M+H

(E)-4-(3-(4-methoxyphenyl)but-2-en-1-yl)morpholine hydrochloride (7d): Yield: 53%, white solid, mp: 209-210 °C; IR (&n 3032-
3000, 2934, 2866, 2433, 1512, 1244, 1128, 1026, 8FD.*H-NMR (400 MHz) (D,0O) 5 (ppm): 7.37 (d,J = 8.8 Hz, 2H), 6.88 (d]
= 8.8 Hz, 2H), 5.66 (qt) = 8,0 Hz, 1H), 3.82 (d] = 8,0 Hz, 2H), 3.94-3.73 (br, 4H), 3.71 (s, 3HB33.09 (br, 4H), 2.00 (d} =
1.2 Hz, 3H); HPLC Tr = 12.25 min; MS: m/z = 248.024H"].

[ 3-(3-methoxy-phenyl)-but-2-enyl] -dimethyl-amine hydrochloride (8a): Yield: 60%, white solid; mp: 156-157 °C; IR (&hn 3031,
2364, 2310, 1606, 1574, 1424, 1338, 1213, 1051, 869, 771H-NMR (400 MHz) (CQOD) & (ppm): 7.27 (tJ = 8.0 Hz, 1H),
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7.04 (d,J = 7.8 Hz, 1H), 6.95 (t] = 2.2 Hz, 1H), 6.89 (dd] = 2.3, 8.0 Hz, 1H), 5.73 (qf,= 1.4, 7.8 Hz, 1H), 3.84 (d,= 7.9 Hz,
2H), 3.73 (s, 3H), 2.79 (s, 6H), 2.03 (= 1.4 Hz, 3H). Anal. Calcd. forgH,(NOCI: C, 64.59; H, 8.34; N, 5.79. Found: C, 64.73;
H, 7.97; N, 5.63. HPLC Tr = 12.23 min; MS: m/z = 2DB[M+H"].

(E)-1-[ 3-(3-methoxy-phenyl)-but-2-enyl] piperidine hydrochloride (8b): 60%, white solid; mp: 163-165 °C; IR (& 2998-3068,
2944, 2834-2856, 2611, 2507, 1600, 1572, 1486, 14291, 1211, 1158, 1047, 941-958, 878, 827, 780,'6I-NMR (400 MHz)

(D,0) & (ppm): 7.31 (tJ = 8.0 Hz, 1H), 7.10 (d] = 8.0 Hz, 1H), 6.99 (1] = 2.3 Hz, 1H), 6.93 (dd} = 2.5, 8.1 Hz, 1H), 5.75 (1,=

1.3, 7.9 Hz, 1H), 3.82 (d,= 7.9 Hz, 2H), 3.77 (s, 3H), 3.48 (br.X& 12.1 Hz, 2H), 2.80 (dfl = 2.7, 12.7 Hz, 2H), 2.06 (d,= 1.3

Hz, 3H), 1.82-1.92 (m, 2H), 1.70-1.79 (m, 1H), £B50 (m, 2H), 1.32-1.46 (m, 1H). HPLC Tr = 13.30MS: m/z = 246.09
[M+H™.

(E)-4-benzyl-1-[ 3-(3-methoxy-phenyl)-but-2-enyl] piperidine hydrochloride (8c): Yield: 45%, white solid; mp: 169-173 °C; IR (&n
3079-3024, 2998-2919, 2490, 1576, 1454-1432, 12BN, 1046, 776, 743, 698, 69R1-NMR (400 MHz) (D.O) & (ppm): 7.26—
7.35 (m, 3H), 7.16-7.24 (m, 3H), 7.09-7.03 (m, 16i97—7.01 (m, 1H), 6.93 (dd,= 2.5, 8.2 Hz, 1H), 6.75 (§,= 7.8 Hz, 1H), 3.82
(d,J = 7.9 Hz, 2H), 3.78 (s, 3H), 3.50 (br.Xs 11.8 Hz, 2H), 2.87 (br. § = 12.6 Hz, 2H), 2.55 (dl = 6.7 Hz, 2H), 2.05 (s, 3H),
1.74-1.90 (m, 3H), 1.32-1.47 (m, 2H). HPLC Tr = B5n@in; MS: m/z = 336.15 [M+H.

(E)-4-[ 3-(3-methoxy-phenyl)-but-2-enyl] mor pholine hydrochloride (8d): Yield: 39%, white solid; mp: 203-212 °C; IR (i 3021,
2834-2999, 2454-2469, 1580, 1444-1464, 1213, 1108), 1032, 962, 865, 840, 783, 709, 68%-NMR (400 MHz) (DO) 5
(ppm): 7.24 (tJ = 8.0 Hz, 1H), 7.00 (d] = 7.9 Hz, 1H), 6.93 (] = 2.1 Hz, 1H), 6.87 (ddl = 2.2, 8.2 Hz, 1H), 5.69 (qi,= 1.2, 7.9
Hz, 1H), 3.85 (dJ = 7.9 Hz, 2H), 3.71 (s, 3H), 3.56-3.95 (br, 4HR®-3.45 (br, 4H), 2.01 (d,= 1.1 Hz, 3H). HPLC Tr = 12.29
min; MS: m/z = 248.02 [M+H.

(E)-N,N-dimethyl-3-phenyl but-2-en-1-amine hydrochloride (9a): Yield: 39%, white solid; mp: 199-200 °C; IR (S 3113, 2350,
2310, 1548, 1515, 1182, 1020, 950, 870, 757, 83MR (500 MHz) (CROD) § (ppm): 7.54-7.48 (m, 2H), 7.43-7.31 (m, 3H),
5.88 (t,J=1.2, 6.9 Hz, 1H) 4.00 (d,= 7.8 Hz, 2H), 2.94 (s, 6H), 2.22 (57 1.2 Hz, 3H). Anal. Calcd. forgH;gNCI: C, 68.07; H,
8.57; N, 6.62. Found: C, 68.52; H, 8.22; N, 6.5PLI& Tr = 12.06 min; MS: m/z = 176.01 [M¥H

(E)- 1-(3-phenyl-but-2-enyl)piperidine hydrochloride (9b): Yield: 30%; white solid; mp: 2943, 2609, 2489, 164834-1454, 947,
846, 758, 691*H-NMR (400 MHz) (D0) & (ppm): 7.34—7.42 (m, 2H), 7.21-7.34 (m, 3H), 563 = 7.7 Hz, 1H), 3.75 (d] = 7.8
Hz, 2H), 3.40 (br. dJ = 12.1 Hz, 2H), 2.82 (br. § = 12.0 Hz, 2H), 2.00 (s, 3H), 1.73-1.86 (m, 2HE3t1.72 (m, 1H), 1.47-1.62
(m, 2H), 1.24-1.39 (m, 1H). HPLC Tr = 13.25 min; M8z = 216.04 [M+H].

(E)-4-benzyl-1-(3-phenyl-but-2-enyl)piperidine hydrochloride (9c): Yield: 45%; white solid; mp: 220-222 °C; IR (& 3055-3025,
2922, 2493, 1650-1598, 1455-1442, 758, 744, 89IMR (400 MHz) (DO) & (ppm): 7.48-7.40 (d, 2H), 7.40-7.27 (m, 5H); 7.25-
7.17 (m, 3H), 5.75 (qt] = 1.3, 7.9 Hz, 1H), 3.83 (d,= 7.9 Hz, 2H), 3.51 (br. d, = 12.8 Hz, 2H), 2.88 (br. §, = 12.7 Hz, 2H), 2.55
(d,J=6.7 Hz, 2H), 2.06 (d] = 1.3 Hz, 3H), 1.89-1.77 (m, 3H), 1.47-1.32 (m)2HPLC Tr = 15.05; MS: m/z = 306.17 [M + H]

2. QSAR Modélling

The design of pan-modulators can be achieved bgidering molecular descriptors, that show simiiative importance towards
both receptors. Whereas chemo-physical propetties,show different importance for the receptortgpés, can be considered to

design selective ligands. Relative importance vaha® been calculated by MOE QSAR tools [2].

Table 1. molecular descriptors that were used to model ipaéime structure activity relationships.
Descriptors S1R Relative| S2R Relative

importance importance
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a_don Number of H-bond donor atoms 0.72 0.78
AM1_IP lonization potential (kcal/mol) 1.00 0.08
b_rotN Number of rotatable bonds 0.42 0.54
BCUT_SLOGP_3| Atoms connection and contribution tdlog 0.48 1.00
Dipole Dipole moment calculated from the partiahiies of the molecule 0.08 0.89
E_sol Solvation energy 0.60 0.47
Glob Globularity 0.26 0.39
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ARE SIGMA MODULATORS AN EFFECTIVE OPPORTUNITY FOR C ANCER
TREATMENT? A PATENT OVERVIEW (1996-2016)

ABSTRACT

Introduction: Although several molecular targets against cancer have ioeenified, there is a
continuous need for new therapeutic strategiean&i&eceptors (SRs) overexpression has been
recently associated to different cancer conditidierefore, novel anticancer agents targeting SRs
may increase the specificity of therapies, overcgmsome of the common drawbacks of
conventional chemotherapy.

Areas covered: The present review focuses on patent documentsosisg SR modulators with
possible application in cancer therapy and diagnoie analysis reviews patents of the last two
decades (1996-2016); patents have been groupeddaugto target subtypes (S1R, S2R, pan-SRs)
and relevant Applicants. The literature was seat¢heough Espacenet, ISI Web, PatentScope and
PubMed databases.

Expert Opinion: The number of patents related to SRs and canceinbgesased in the last twenty
years, confirming the importance of this receptamify as valuable target against neoplasias.
Despite their short history in the cancer scenamiany SR modulators are at pre-clinical stage and
one is undergoing a phase Il clinical trial. SRgatids may represent a powerful source of
innovative antitumor therapeutics. Further invesimn is needed for validating SR modulators as
anti-cancer drugs. We strongly hope that this se@weuld stimulate the interest of both Academia
and pharmaceutical companies.

Keywords: cancer, diagnostic and therapeutic tools, drugugaigs, sigma receptors (SRs), pan-SR

ligands, S1R and S2R modulators.
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- Conventional chemotherapy is becoming more and nefiective. However, it brings
important issues, such as poor specificity and sifiects. The need for novel therapeutic
targets is still unmet;

- In the last two decades, Sigma Receptors overesipredias been observed in several
tumour types (e.g. pancreatic adenocarcinoma aakbcancer);

- SRs have been only recently associated to cancgtitmmns, although growing evidence
supports their value as potential targets for antter drugs;

- Despite the numerous SR ligands designed, only J{I®8B-1 is undergoing a Phase I
clinical trial for the diagnosis of primary breasincer;

- Multiple strategies have been employed for develgppiew anticancer agents targeting SRs.
S1R ligands re-evaluation and drug conjugates deemmost promising approaches in the

patent literature.

INTRODUCTION

The incidence of cancer is increasing over thesyems reported by the International Agency for
Research on Cancer (IARC), with estimated 14.lionilhew cancer cases and 8.2 million cancer
deaths in 2012 worldwide [1]. Finding innovativedamore effective treatments for this pathology
remains indeed an urgent medical need. This fgmtas even more relevant when considering the
therapies available as standard chemotherapyirdtecthoice treatment for the majority of patients
[2-4]. In the past decades anticancer drugs hasente more effective and specific, although with
many hurdles. Poor selectivity and high toxicitydks in non-neoplastic tissues are frequently
associated to anticancer drugs: fast replicatitig,cich as gut epithelia, bone marrow cells ar ha
follicles are the most affected [5,6]. Chemotheragginly targets one of the principal hallmark of
cancer, i.e. sustaining proliferative signallinghieh is shared with these normal tissues. In
developing innovative and effective anticancer drugis essential to consider also the other main

features of cancer cells, whose progressive admunstontribute to tumour development. These



hallmarks include sustaining proliferative signglirevading growth suppression, resisting cell
death, enabling replicative immortality, inducinggé&genesis, activating invasion and metastasis
[7]. Understanding the molecular basis underlyummarigenesis and finding new molecules acting
on them is therefore of primary importance andaegeon novel targets for anticancer therapy has
been extremely intense [8]. In the last decadesedison of tumorigenesis mechanisms and efforts
to find new and more efficient therapies have mtedistrong evidence that Sigma Receptors (SRs)
play a crucial role in cancer progress and devetganSRs were discovered in 1976 by Martin et
al. and classified as orphan receptor family [9-a#gr several experimental evidence. Biological
assays allowed the identification of two receptdrtgpes, Sigma 1 (S1R) and Sigma 2 (S2R) [15].
Increasing evidence suggests that both S1R andn&BRregulate cell proliferation and survival:
S1Rs seems to promote cell growth and inhibit aggpt whereas S2R activation through both
selective and nonselective ligands induces growtistiand cell death in various cell lines [16].
Nonetheless, S1R has been proposed for years &tutanl target for treating neurodegenerative
diseases. Accordingly, the first S1Rs-related fdatdisclosed the great potential of S1IR modulators
against neurological disorders (e.g. epilepsy, @uufi, Alzheimer's disease, Parkinson’s disease,
etc.), as we previously discussed [17]. Only rdge®1R has been regarded as a “druggable” target
in cancer conditions, as several research groupgeooout [18,19]. Indeed, high expression levels
of S1R have been found in different cancer typ€s-22]. S1R may also be involved in apoptosis as
suggested by its location at the mitochondria-aased membranes (MAM) [23]. Accordingly, this
hypothesis is supported by the fact that mitochiandre involved in regulating cellular stress
response and apoptosis, especially under pathalogpaditions [24].

While S1R properties and function have been widelycidated [25], S2R biological
characterization is still to be completely definsihce it has neither been cloned nor its amind aci
sequence deciphered. However, there is growingeacel to consider S2R as a promising
therapeutic target in cancer conditions, when #ueptor is often highly expressed [26—28]. S2R

modulators mainly with agonist profile are currgntunder investigation as valuable



pharmacological tools with anti-proliferative propes [29]. Prompted by the increasing interest,
the scientific community has postulated several $BBrmacophoric models for designing new
compounds characterized by different scaffolds high degree of structural novelty. Several
compounds have been synthesized and evaluateffifotyaowards S2R. Some of them are being
pharmacologically investigated [30].

In summary, SRs have gained greater value in oggchnd many medicinal chemistry programs
have been launched to discover new anticancer dmagieg via SRs. Considering the present
scenario and future prospects of SR-related arderadirugs, in this review we analyze the patent
applications that (1) disclose new SR modulatorsyiew of their potential in cancer therapy or

diagnosis and (2) propose anticancer therapeuglication for SR ligands.

1. New SR modulators for cancer therapy and diagnes

SR ligands with potential anticancer applicatioasénincreased in number, as clearly demonstrated
by the trend in literature of the last twenty ye@gure 1). A similar trend was observed for paten
applications. In this section, patents are disaisseording to the binding profile of the compounds

and grouped according to the Applicants.

INSERT FIGURE 1

1.1 S1R ligands- Patent references: W0199620928 (Australian Nuckeience & technology
organization), WO02008055932, WO02011147910 (Laboi@do del Dr. Esteve S.A),
US20100179111, US8349898, US2013102571, US8946302sconsin Alumni Research
Foundation), WO2015132733 (Universita degli Studpalvia).

1.1.1 - Patent reference: W0199620928ustralian Nuclear science & technology organ@at

In 1996 researchers of the Australian Nuclear seiétechnology organization deposited a patent

describing a series of piperidine derivatidegFigure 2) [31] characterized by a good affinity



towards S1 receptors (Kalues, ranging 0.38nM-4.3nM) and negligible affirfor S2R and other
receptors. The Applicants proposed these compolasdes for therapy of SRs-related pathological
conditions, such as psychosis and cancer. The tpatsa pointed out the unavailability of a
commercial S1R radio-ligand for computed tomographyestigation [32]. Therefore, the
Applicants disclosed radio-labelled piperidine datives, which are able to cross the Blood Brain
Barrier (BBB). These compounds are claimed to lefuligools for cancer diagnosis. Among them,
compoundl, **3-HEPIE (Figure 2, KS1R = 2.3nM, KS2R = 139nM), is characterized by a good
biodistribution in nude mice with B16 melanomaspdhying positive tumor/tissue ratios at 24h in
most organs, such as brain (5.2), muscle (22.8p [5.3). Based on this evidence, the Inventors

suggest®i-HEPIE applications as both imaging of malignamiamoma and therapeutic agent.

1.2 - Patent references: W0O2008055932 and WO2011940(Laboratorios del Dr. Esteve S.A.)

In 2008, Researchers from Laboratorios del Dr.\Ees&® A. claimed a family of compounds based
on a 1,2,4-triazole scaffold decorated with différeubstituents; (General formula Figure 2)
[33]. All the patented compounds have a S1R bingirtdile. The inventors claim that compounds
belonging to 1,2,4-triazole series may be usedhe treatment of S1R-related conditions,
suggesting a wider application, from CNS disordersancer. Besides S1R affinity values, the
pharmacological profiles of these triazole deriweasi have not been reported. It is noteworthy that
this is the first patent with anticancer applicaidor S1R ligands from the company “Lab. Del
Dottor Esteve”, a leader in S1Rs modulators reseand development.

In 2011 the same Applicant [34] discussed noveapgie-derived compounds, characterized by the
presence of an alkylamine chain (General fornililaFigure 2) in position 3. Some representative
molecules have been tested for S1R affinity. Theatues range from micromolar to nanomolar; in
particular, three compounds in the full series hpr@mising binding affinity (Kvalues: 2.1; 3.2
and 2.13nM). However, unless the authors claimtti@atisclosed compounds are S1R antagonists,

the patent includes no evaluation of agonisticigoéstic profile. As a consequence, the Inventors



do not specify particular pathological conditionedapropose a wide range of therapeutic
applications including cancer and neuropathic paaboratorios del Dr. Esteve S.A. promoted
S1RA, a S1R antagonist with a pyrazole core, whadieing tested in a phase Il clinical trial foe th

treatment of neuropathic pain [35,36].

INSERT FIGURE 2

1.1.3 — Patent references: US20100179111, US8349&882013102571, US89463Q@/isconsin
Alumni Research Foundation)

In the same years, Ruoho et al. of the Wisconsimmili Research Foundation claimed the N,N-
dimethylphenylpropyl aminic scaffold as a cruciadiety for binding to S1R (General formui,
Figure 3). The patents cover both the preparatiarogel S1R ligands and tham vitro biological
characterization [37-40]. An in-depth SAR explavati of alkylamine derivatives allowed
identifying molecules with good affinity towards B1Firstly, the Applicant evaluated whether the
length of alkyl chain had a role in the influendetlte S1R binding profile. The affinities for S1R
increased with the length of carbon chain, shovimgdodecylamine mojety the highest affinity (K
= 0.02 uM). Attention has also been paid to thenglpgopyl-group bound to the aminic portion of
the molecules. This SAR investigation resulted iphe¢nylpropyl derivatives of the N-alkylamines
with a 100-1000-fold increase in S1R affinity. Theventors studied the effect of an electron-
withdrawing group (e.g. nitro group) as substitueinthe phenyl ring. The nitro derivatives showed
an even higher affinity towards S1R. Furthermoreldgical investigation of presented compounds
revealed their ability to inhibit the proliferationf several cancer cell lines. In particular,
compounds3 and 4 (Figure 3) displayed the highest cytotoxicity todsmany cancer types. The
applicants disclosed also a further series ofamrtamines (N,N’-dialkyl or N-alkyl-N'-arylalkyl
derivatives). Compoun€ (Figure 3) emerged for its cytotoxic propertiemaimost all the cell lines

tested, unless it does not display high S1R affi(i = 7.24uM). On the other hand, compoubd



(Figure 3)showed a good compromise between S1R affinity5IR.3 nM) and inhibition activity
(ICsp ranging from 28 to 58 uM) towards a panel of cargel lines (i.e. NCI-H460, SKOV-3,
Dul145, MCF7, MB-MDA-231). The Inventors performetbéd studies on the S1R binding site,
using both radio-labelled ligands and cross-linkirepagents. The data disclosed have been
supported by scientific publications [41].

In summary, the Applicants proposed for the firstet the use of S1IR modulators in cancer therapy,
claiming that the disclosed molecules may inhiamhour proliferation, prevent metastasis, suppress
angiogenesis and potentially induce the death nte@us cells. Administration to patients may
result in a reduced number or size of cancerousvtgg Although the inventors claim that
disclosed molecules are SI1R inhibitors, they pmvido data on the evaluation of
agonistic/antagonistic profile. The studies destiberein can be considered as a milestone in the
history S1R research, given the results reportedhan patents, especially on the suggested

anticancer mechanisms.

INSERT FIGURE 3

1.1.4 Patent reference: W0O2015132738Iniversity of Pavia)

In 2014, Collina and co-workers of the University Bavia, patented a wide series of aryl-
alkylamines derivatives (General formwg Fig 4) as S1R ligands, potentially useful for the
treatment of neuropathic pain and cancer [42]. Gaumd 2-([1,1'-biphenyl]-4-yl)-4-(piperidin-1-
yl)butan-1-ol ¥ — Figure 4) was selected for a deeper investigatio account of its potency and
selectivity. The analysis focused on evaluatingiftsvitro S1R-antagonizing effectsn vitro
metabolic stability and its ability to reduce imflenatory pain (formalin test).

Compound? has a S1R Kof 6.3 nM, displaying S1R antagonist profile, ataesignificantly reduce
inflammatory pain in mice injected with 20% fornmakolution at the lowest dose tested (1mg/Kg).

Moreover, it shows a high metabolic stability ire tbonsidered biological matrices. All of these



results can be of high interest as S1R is a usaftdhgonist for alleviating neuropathic pain,
frequently occurring in cancer patients. Combinthgs dual effect in one drug would be an
innovative approach to treat patients with advanwaiter disease. No information is reported on

the investigation of anticancer effect of the coonpus.

INSERT FIGURE 4

1.2 S2R ligands Patent references: US20080161343, US7612085, 108248614, US8168650,
US8168650 (Washington University), US20120190710efare A, Mantua — NJ, USA).

1.2.1 - Patent reference: US20080161343, US7612085, US2048614, US8168650,
US789326§Washington University)

From 2008 to 2015, Mach et al. of the Washingtonvehsity deposited several patents [43-46]
disclosing the synthesis of S2R ligands, belonginly-substituted 9-azabicyclo[3.3.1]nonam3-
phenylcarbamate analogues. Among them, compo8r(el¢C26),9 (SV119) andl0 (RHM-138)
reported in Figure 5 have been deeply investigatammpounds3, 9 and 10 are able to induce
apoptosis in EMT-6 cancer cells, balla caspase-dependent and caspase-independent mdnners.
the first case, cell death is mediated by Caspaaeti8ation, unless a caspase inhibitor partially
blocks the apoptosis. Accordingly, the Applicanksirned that the presented compounds may be
used as anticancer drugs, both alone or in combmatith other chemotherapy agents (e.g.
doxorubicin and others). The BfJafter 48h of treatment in EMT-6 cells) of compda®, 9 and
10are 12.54M, 11 uM and 16uM, respectively.

To increase the intracellular amount of S2R salectigands in cancer cells, the Applicants
proposed the derivatization of patented compounitls lvotin. Several studies demonstrated that
biotin transporter (sodium-dependent multi-vitantransporter — SMVT) is over-expressed in
different aggressive cancer lines [47-50]. The Agawit disclosed the synthesis of biotinilated

compoundsl4-17 (Fig 5), obtained by the reaction betwékeand biotin, using spacers of different



length. Surprisingly, SRs affinities and S2R sel@yt dramatically collapse when biotin group is
incorporated into the structure, lowering S2R affifrom 70 (compoun®) to 1351 nM. From this
first attempt, the biotin derivatization seemed k@ ineffective in improving tumour uptake.
Different drug conjugates comprising S2R ligandd anticancer drugs have been explored in other
patent applications, as reported below in thisewvi

The Applicant focused also on the development oR S@ands as diagnostic agents. The
preparation of radiolabelled and fluorescent mdiexgcompound4l, 12, 13— Figure 3) and their
evaluation in xenograft models of pancreatic tumdisplaying high S2R expression, have been
described. Using micro-PET/CT imaging techniqué® Inventors demonstrated the uptake of
compoundl3 into the tumour, thus showing the potential o§timolecule as a powerful diagnostic
agent.

In 2011, the inventors explored novel benzamidimpounds [51] with the general structuiéls

VII andVIII of Figure 6 and proposed their applications agteaters for S2R expressing tumour
types, such as breast cancer. The invention caliersynthesis, biological evaluation, SRs affinity
and biodistribution analysis, performed bathvitro andin vivo. The patent particularly focuses on
compounds with general formull, which are already broadly investigated. Moreoverlve
compounds of this “series” have been evaluatedtheirr SRs binding affinity, four of which
showed interesting values of; ligainst S2R, equal to or below 10 nM. These comg®also
display a high selectivity towards S2R whenuélues are compared with those for D2, D3 and
S1R. The most interesting compound seems td&avhich has been radiolabeled wittBr for
biodistribution and tumour intake experiments. &tail, 18 has been studied in Balb/C mice which
were implanted with EMT-6-derived mammary tumodtise results showed th&Br-18 has a high
tumour uptake and could be used for breast canetactbn and diagnosis with non-invasive
techniques, such as PET, SPECT and others.

The findings of the patents from Washington Uniitgrare of great interest, since they present

innovative and valuable S2R ligands, having godasiiferative and diagnostic properties.
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INSERT FIGURE 5

INSERT FIGURE 6

1.2.2 — Patent Reference: US201201907(ejare A. — Mantua, NJ)

The invention is related to the synthesis and dtaraation of S2R ligands [52], which may find
applications in the treatment of pathological ctinds where S2R is overexpressed (e.g. cancer).
The compounds presented in the patent are bicyggtahn-2-amines with General Formuba
detailed in figure 7 and include a phenyl ring,i@/blo-heptane and a secondary amine group. The
patent covers a wide range of chemical entities pogkible pharmaceutical formulations of the
compounds. Broad therapeutic uses are suggestdthugh the treatment of cancer and
neurological disorders are presented as the mbablee Three compounds have been evaluated for
their SRs binding affinity profile and for the efteon the viability of different cancer cell lines.
Selected compounds, namél§, 20 and21, displayed an interestingly high affinity for S2Re&ing
their K in the nanomolar range (9.6; 16; 5.5 nM respelgtjvéoreover, they are S2R selective,
having very low affinities for S1R ({&10000nM) and other receptors (i.e. 544,1D1, D2,u- and
k-opioid receptors). The compountlS, 20 and21 have been evaluated in murine neuroblastoma
cancer cells (N2a) for the viability tests, as vealin human glioma and breast cancer lines (U-138
and MCF-7 respectively). In both cases, theredese-dependent viability inhibition of cancer cells

when compared to normal cells.

INSERT FIGURE 7

1.2.3 — Patent Reference: US2009176705, WO201515B&¥ashington University)
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The patents disclosed S2R ligands (selected ambwget present in a previous patent
US2009176705 by the same inventors) conjugatedawtiell established anticancer drug [53] [54].
The proposed drug conjugates are claimed to sedbgttarget S2R-highly expressing tumors,
given the role of SR ligands as an effective carak potentiated anticancer molecules. In the
patent, the antitumor agent des-methyl analogudcraktin (Figure 8) selectively killed cells
expressing the small T onco-protein and oncogeag; Bausing an alteration of the intracellular ion
homeostasis and leading to oxidative cell deatke Gbnjugates included either Erastin or des-
methyl analogue, which are linked to a S2R seledigand, either SV119 or SW V-43 (Figure 8).
Among the compounds, SW V-49s has been extensexdjuated for anticancer properties in
tumour pancreatic cell lines (CFPAC-1, BxPC-3, AsB®ANC-1 and Mia PaCa-2) and in SYO-
1, a synovial sarcoma cell line. In detail, SW \&4fisplayed an 1§ in the low micromolar field
for all the cancer cell lines tested, while thggl@alues for Erastin and SV119 alone were >d0D
and >54uM, respectively. The inventors demonstrated thdbtoxicity of SW V-49s towards
pancreatic cell lines is mediated by both apopt@sid ferroptosis, being the latter an iron-
dependent oxidative cell death [55-57]. Moreovely §¥49s is able to reduce the volume of
subcutaneous KCKI mouse pancreatic tumour in C5@Bhice. Interestingly, Erastin, SV119, or a
combination of them, had no effect on the reductibmouse xenografts. The patent provides both
novel S2R ligands and innovative uses for exiséinicancer drugs (i.e. Erastin [58]). Ultimately,
the conjugates disclosed may have future prospectargeted anticancer therapy, with greater
effectiveness and reduced side effects, due to high level of cytotoxicity of standard

chemotherapy.

INSERT FIGURE 8

1.3 - S1R and S2R (pan-SRs) ligand$ratent references: W0200230422 (Merck Patent GMBH),

W02008087458, WO2010097641 (Vamvakides A.).
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1.3.1-Patent Reference: WO20023042@Vierck Patent GMBH)

The inventors presented a compound library, chanzed by piperidine or piperazine-ring
systems with General Formulasll and Xl (Figure. 9) [59]. The document shows the
affinity/selectivity values of novel SR ligands. dlaffinities have been expressed ag fGr both
receptor subtypes. The values suggest that themiegt molecules display low selectivity between
SRs with possible mixed activity. The patent claithat the compounds may be used for the

treatment of cancer, in particular lung carcinomalanoma and sarcoma tumour types.

INSERT FIGURE 9

1.3.2 Patent reference: WO2008087458 and WO2010041¢Vamvakides, A)

The invention [60] is related to previously syniked SRs ligands [61] with anti/pro apoptotic
properties and neuroprotective, anti-cancer, ameftiastatic and anti-inflammatory actions. The
molecules have General Form&V (Figure 10) characterized by the presence of monadi-
substituted adamantyl ring. The most interestingmounds are claimed to have a mixed-activity,
i.e. S1IR antagonist/S2R agonist profile, althougherperimental data is provided. Only structures
are displayed, together with physico-chemical coftaer&zation. The inventors claim that all
S1R/S2R mixed-modulators have a strong (nanomaféinity towards S1R, whereas the affinity
towards S2R ranges from nanomolar to micromolaeséhmolecules seems to be toxic to cancer
cells, showing a very low toxicityn vivo (data not shown). In 2010, the same Applicant stibch
another patent [62], referring to a previous aian [60].

The inventors concretize the concept of bio-modulatactivity, by analysing the previously
synthetized compounds and classifying them baseth&n agonistic/antagonistic action on S1R
and S2R. The patent discloses two different “clsise¢ molecules, which are described in the
Example Section: i) S1R agonists with anti-apoptotic propertieshicih may be used for

cytoprotective and/or cytoregenerative purposesniyman the CNS), by virtue of their ability to
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counteract the ER stress and prevent apoptosisyeidk S1R agonist and S1R antagonists/S2R
agonists, which have the ability to promote apaptoscancer cells. They may be used alone or in
combination with other commercially available dru@@r treating cancer, metastasis and
neuropathic pain.

As previously reported for WO2008087458, the biatlafinvestigation and the pharmacological
profiling are poorly detailed. However, the investoprovided some data about cytotoxic
concentrations of the pan-SRs ligands. Besidesas$p®ct, the patent is one of the first to have
disclosed pan-SRs ligands as antiproliferative tagefhe Applicants claim that cytotoxicity has
been evaluated in many cancer cell types (i.e.reofal, prostate, ovarian, renal, pancreas, lung,
gliomas, glioblastomas leukemia, lymphomas, melagymarcomas and hepatoma), ag \@lues
lower than 10uM. For comparative purposes, antiprotozoal drugn@cine (QNC) and the
antihistaminic Astemizole (AST) have been evaluafElde IG, values range 3-BM in vitro
against the mentioned cancer types, whereas fgrmsistant melanoma, breast cancer, colon and
glioblastoma, the I§; ranges 1-21M respectivelyln vivo evaluation has been carried out in order
to confirmin vitro results.

The inventors claimed that the presented SRs Igatmlld be used for both inducing and
preventing apoptosis. This property may be expioiter preparing new drugs against cancer,
neurodegenerative diseases, and neuropathic ggending on the SRs binding profile and on the
doses. Cytoprotection is accomplished using S1Riatgat low doses, whereas anticancer activity

may be exerted via pan-SRs ligands at higher doses.

INSERT FIGURE 10

2. Anticancer applications for well-established SRBgands
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Several scientific original articles and patentsehdeen published on the discovery of new SR
ligands, potentially useful in CNS disease treatm8&mce the 2000s well known SR modulators
have been used as standard compounds with the aigstablish a correlation between SR
modulation and cancer. This section focuses ompatdaiming novel anticancer applications for

SRs modulators, either alone or in combination wttier anticancer drugs.

2.1 — Patent References: W0O200000599, W0O2001743302009074809 (University of

Dundee)

The first patent from the University of Dundee @r@ed different methods for selectively inducing
NF-kp mediated apoptosis in cancer cells [63]. The itmsnused different “apoptosis inducers”,
comprising opioid- , opioid-like- and Sigma- Rea@ptligands. Among the latter class, SRs and
dopamine receptors antagonist Haloperidol, as aelBRs selective antagonist Rimcazole (Figure
11) [64], are used as inducers of apoptosis inraéeell lines, both tumorous and healthy control
cells. The apoptotic mechanism observed in lungeacell lines involved NF¢f pathway; the co-
administration of the compounds with opioid-likeeats (i.e. TNF) results in an increase of cellular
death. To further confirm these results, the ineenttested Haloperidol and Rimcazole in
Hodgkin’s lymphoma cells and breast cancer cekdifMCF7 and MDA), where NF«p is
constitutively activated. For comparative purposies,same investigation was performed in healthy
cell line. According to experimental data, Halodetiand Rimcazole promote apoptosis especially
in cancerous rather than normal control cells. Thentors demonstrated that two S1R ligands
with opposite action (Rimcazole and cis-U50488 [65Figure 11) cooperate in the apoptosis
induction, when co-administered to MDA-MB-468 brieeancer cell line.

Lastly, when p53 activators and SRs ligands aral usecombination, there is an increased
percentage of apoptotic cells compared to Rimcaaalk p53-activators alone. Besides these
vitro experiments, the patent also provides data abbmuteffective growth inhibition of human

breast carcinoma xenografts in athymic mice.
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In 2001, the same Applicants presented a new p§éit claiming new methods for using SRs
ligands to regulate endothelial cells proliferati@md/or survival, therefore controlling the
angiogenesis. The main example molecules are s&le®t R antagonists Rimcazole and IPAG [67]
(Figure 11). The patent stems from two considengtidl) angiogenesis is required for tumor
development and endothelial cells are necessarthi®process; 2) endothelial cells are extremely
sensitive to opioid and sigma-mediated inhibitidnsarvival. The investigation begins with the
expression profile of S1IR in human endothelial s;efollowed by the evaluation of S1R
antagonistic effects in this cell type. Thed®alues of Rimcazole and IPAG are |50 and 11uM,
respectively. The inventors demonstrated that SitRganists are characterized by antiproliferative
and antiangiogenic properties bathvitro andin vivo. In particular, S1IR antagonists inhibit the
growth of breast carcinoma xenograft. Lastly, imeolvement of S1IR overexpression in cancer is
further confirmed, since high expression leveldhaf receptor are able to repress p53- and Bax-
induced apoptosis. The patent has an innovativaoapp to develop alternative anticancer
therapies. The presented molecules act on normi @ee. endothelial cells) rather than on

tumorous cells, which are usually more difficulti® effectively targeted by drugs.

In 2009 the Applicants focused on the possibleaideB Kinase (IKK)/NF«B pathway inhibitors
[68,69] in combination with S1R antagonists, sushRamcazole [70], aiming to enhance activity
through a synergic effect. As previously mention&imcazole is able to selectively induce
apoptosis in cancer cell lines, through the aadtiwabf NF«xB pathway. However, the stimulation
of IKK/NF-kB pathway branch may lead to severe ffects and anti-apoptotic activity. The aim
of the Inventors was to provide a method to avbaltbxicity linked with hyper-activation of NF-
kB. To this purpose, the Applicants suggested tbe of some Hystone deacetylase (HDAC)
inhibitors (i.e. Sodium Valproate) and a proteasanhgitor MG132, which have demonstrated to
block the anti-apoptotic arm of the pathway (IKKAKB). The combination with Rimcazole leads

to a synergic effect and promotes the Rimcazoleiaed cancer cells death.
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2.2 — Patent Reference?Ww02010128309Modern Biosciences PLC)

In 2010 Spruce and co-workers proposed the useiratdole and some of its derivatives, in
combination with a microtubules-stabilizing ageriessg. Taxanes) [71] for treating tumour
conditions such as breast cander.vitro studies have been performed, but results showad th
Rimcazole and Taxol exhibit a slightly antagonistftect against each other. Howevir,vivo
studies in breast cancer xenografts (MDA-MB-231 ogafts) demonstrated that the tumour
growth had reduced thanks to the combination ofdzole and Taxol, rather than to the molecules
alone. Besides these promising results, the Invemxcluded a synergic action between Rimcazole

and taxanes.

2.3 — Patent Reference: US2015018258Dentre National de la Recherche Scientifigue — SNR

Paris, France/Univerite Nice Sophia Antipolis, NiEeance)

The patent application [72] relates to the use bR Snodulators to regulate the ion channel
expression at a post-transcriptional level. Thempatocuses on human Ether-a-go-go Related Gene
(hERG) ion channel modulation in K562 cells (choomyeloid leukaemia) and MDA-MD-435s
(breast cancer cell model). The Inventors demotestrghat S1R is part of the signalling that
regulates the cell adhesion to extracellular matexhallmark of cancer cells. The patent
application suggests a method for modulating ioandels (i.e. hERG) through S1R, by using
selective agonists (Igmesine and (+)-pentazocire7f] — Figure 11) and by silencing S1R
expression in the selected cell models. The maidirig is that Igmesine and (+)-pentazocine are
able to reduce the number of active channels ateélenembrane, without affecting the electrical
characteristics of hERG. In conclusion, the patedicates a possible strategy to affect multiple
cancer features, such as proliferation, invasipoptosis and others, in which hERG seems to be
involved. Remarkably, since S1R agonists do n&cafiERG electrical properties, they would not

trigger the side effects that are observed withveational hERG inhibitors [75].

INSERT FIGURE 11
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CONCLUSIONS

Despite the longstanding interest in SRs as patedtug targets, these receptors remain quite
enigmatic. Early studies led to several controesrsend wrong assumptions about SRs
classification: they have been recently classiisdorphan receptor family, with broad spectra of
potential therapeutic applications, especially iNScrelated pathologies. Some pharmaceutical
companies included S1R agonists in their pipeletedifferent stages of clinical research [17]. In

the past twenty years, the scientific communityorega several data on the involvement of SRs in
cancer. These receptors are overexpressed in s sgritumor types, supporting the use of SR
ligands to control disease progression. The patealysis demonstrated that SRs ligands belong to
three major classes, S1R, S2R and pan-SRs modylatoggesting the involvement of both SR

subtypes in cancer.

EXPERT OPINION

Besides the patents disclosing SRs modulators iassdcwith CNS pathologies, since the late
1990s, an increasing number of Intellectual Prgpadoicuments has included cancer treatment as a
possible application of SRs ligands (Figure 12ov8ng evidence suggests that both S1R and S2R
ligands display antiproliferative properties, alilgh triggering distinct molecular cascades

[27,76,77].
INSERT FIGURE 12

Among the early approaches in developing novetantier drugs targeting SRs is the re-evaluation
of well established S1R modulators as anti-pradiiee agents. Since SRs-regulated mechanisms
are still unclear, the traditional ligand-basedgddesign may be challenging thus the use of already

known SRs. The crucial seminal works by Spruce $oadani identified the relationship between
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S1R ligands and well documented anticancer tarfets IKK/NF-kB pathway and hERG ion

channel).

Although “patent of use” can be considered as astohe in developing novel SRs-related
anticancer therapies, the synthesis of new S1Rhdgavith anti-tumour properties has gained
importance over the years. In particular, Ruoho @ilbagues, as well as Lab. Del Dr. Esteve S.A.,
presented interesting compounds, which have besmetl to be selective S1R inhibitors, with
broad applications in cancer and neuropathic pegatment. In the effort to produce S1R
antagonists as anticancer agents, Collina et @esgpted the synthesis and the biological evaluation
of a novel class of S1R inhibitors (aryl-alkylansnéderivatives). This patent is the sole that
provides data on the agonist/antagonist profiletlsd disclosed compounds, although other
applicants do not focus on this aspect. Collinaletlaimed that the presented S1R antagonists
might address both tumour growth and pain, whicloften associated with cancer pathologies.
Concerning S1R selective ligands with specific mapilons in diagnostics->I-HEPIE is worth

mentioning for its good biodistribution properteesd high specificity for cancer tissues.

Unlike S1R, S2R subtype has been associated teicanaditions since its identification. Several
researchers focused on the synthesis of new cheemtiies (NCES) targeting S2R, in virtue of the
high expression of S2R subtype in cancer cell lined tissues [78]. The evidence that S2R
stimulation selectively inhibits cancer prolifemti gave a further boost to the design and
development of S2R agonists. All these data hawn lmncretized in pharmacophoric models
definition [79-82], to ultimately design novel moiges with both high affinity and selectivity
towards S2R. The compounds synthesized so far eagrduped into four main structural classes:
() 6,7-dimethoxytetrahydroisoquinoline derivatiyes) granatane- or tropane-related bicycle
structures; iii) indole derivatives; iv) cyclohepyperazine analogs [29,83]. Within these categpries
many S2R ligands have been suggested as valuablgoocmds for cancer therapy and diagnosis, as

previously reviewed [29,84]. In addition, patertedature offers an interesting scenario, including



19

several molecules with potential diagnostic andapeutic applications in different cancer types.
Mach and co-workers have been very active sinc® 20@emonstrating the high tumor uptake of
fluorescent and radiolabelled S2R ligands (L&, 12, 13 — Figure 5). Notably, the biological
investigation has been extensive, comprising bathlitro and xenograft models of pancreatic
cancer. Besides the possible use as anticances,dhage molecules appear to be of interest for the
diagnosis of high-expressing cancer types (e.geneatic carcinoma and breast cancer) [28,85-87].
Since the conjugation of S2R ligands with Biotid dot result in improved anticancer molecules, a
different approach was claimed in the patents frdaavkins et al., and Mach et al., who proposed
the combination of a S2R ligand and a well esthblisanticancer drug (i.e. Erastin). The rationale
of the latter strategy is based on the cooperaot®n between the two molecules, in which the
binding to S2R is aimed to increase the anti-peddifive effect of the anticancer agent. This
approach has also been published in scientificalitee [88] and it may be considered as a “Hybrid”
strategy between de novo synthesis and the “Patéhtse”.

A further way to exploit SRs in cancer therapy e&presented by compounds with a mixed-
S1R/S2R activity (pan-modulators) (Vamvakides et 2008). The idea of pan-SR ligands was
introduced when Kashiwagi et al. evaluated thetoyio activity of Haloperidol [85]. Afterwards, a
metabolite of this drug, with pan-SRs activity, sled anti-proliferative behaviour in prostate
cancer cell lines [89]. This class of compounds tmayonsidered as a starting point for developing
dual-target anticancer agents. The manipulationtwvad molecular targets may improve the

therapeutic efficacy addressing the multiple fasthat occur in this pathological condition [90].

The interest of SRs as target for therapies agaarster and related conditions reflects not only in
the patent literature, but also in the pharmacaltompanies’ pipelines, as well in some clinical
trials. Anavex Corp. is carrying out pre-clinicalidies on five compounds, claimed to be SRs
modulators, with possible anticancer and analgeplications. Among these, ANAVEX 1037

displays high S1R and low S2R affinities, alonghwthe interaction with sodium channels.

Conjugate compounds represent other potential amder candidates, comprising a S2R agonist
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and Erastin. These molecules are present in theipgof a small company, Accuronix, founded by
the Applicants of a previously analysed patent [93jis young company may serve as a good

example of translating research results into comiaky available products.

As for SRs-targeting diagnostic tools, two clinidakls involve the compound [18F]ISO-1 (a
highly selective S2R ligand) as radiotracer foriffos Emission Tomography [91]. the Washington
University School of Medicine completed a Phasdiriaal trial for the assessment of cellular
proliferation in different cancer types, using [J&O-1 and PET/CT [92]. The study had the aim to
determine which tissues and organs of the body tgk¢l18F]-ISO-1 naturally. The Abramson
Cancer Center of Pennsylvania University has staateecond clinical trial (Phase Il) very recently

[93]. The main objective is to determine the [1&1 uptake in primary breast cancer patients.
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