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The research  

 

During my three-years-project I focused on the development of novel mono- and bi-valent Sigma1 

Receptor (S1R) modulators to address two main objectives: (i) the obtainment of multitarget-directed 

ligands (MTDLs) endowed with therapeutic potential for the treatment of neurodegenerative diseases; 

(ii) the preparation of a series of bivalent compounds to be used for the study of S1R oligomerization 

process. These two major topics are briefly discussed herein. 

(i) Neurodegeneration is a key event in many challenging disorders (e.g. Alzheimer’s diseases, 

Parkinson’s disease, multiple sclerosis). Such pathologies involve the alteration of several molecular 

pathways, making the identification of an effective treatment a difficult task. Considering their complex 

nature, the multi-target paradigm is gaining great consensus in the search for small molecules able to 

counteract these pathologies.  Among the numerous molecular targets that have been correlated with 

neurodegenerative disorders, S1R has gained great attention from the scientific community, and S1R 

agonists are considered promising pharmacological tools for their neuroprotective activity. Accordingly, 

we reasoned that by coupling S1R agonism with modulation of other molecular targets implicated in 

neurodegenerative processes we might obtain new molecular entities endowed with higher chances to 

counteract such pathologies. The additional targets of our MTDLs include N-Methyl-D-Aspartate (NMDA) 

receptor, which plays a relevant role in synaptic plasticity, and acetylcholinesterase (AChE), which 

regulates acetylcholine levels in central nervous system. A small structurally focused compound library 

was prepared through a divergent synthesis. The so-obtained compounds were tested for a preliminary 

biological evaluation, evaluating their affinity and selectivity towards S1R and NMDA receptor, the AChE 

inhibition and their antioxidant properties, since oxidative stress plays a potential role in the 

pathogenesis of neurodegenerative disorders. A number of promising compounds, endowed with 

effective multitarget profile, was identified. These results will pave the way for further biological 

investigation and structure optimization in order to achieve viable tools for the treatment of 

neurodegenerative pathologies. 

(ii) In the last decade numerous studies have supported the hypothesis that S1R can exist in multiple 

oligomeric forms. In detail, agonists seem to stabilize S1R monomers and dimers that act as chaperones, 

whereas antagonists bind to higher oligomer complexes, maintaining them in repository forms. These 

assumptions were recently confirmed by the elucidation of S1R crystal structure, which highlighted the 

trimeric form of the receptor. Nevertheless, the mechanism of generation, as well as the precise biological 

function of S1R oligomers, are still unknown. Accordingly, a series of homo- and hetero-bivalent S1R ligands 

was designed and synthetized to investigate S1R oligomerization process. Since S1R agonists are known to 
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exert neuroprotective effects, and S1R can form homo-dimeric structures upon interaction with agonists, we 

reasoned that promoting dimerization through bivalent agonists might enhance ligand’s activity. The 

designed bivalent compounds consist in two units of (R)-RC-33 (a potent and selective S1R agonist developed 

by our group) tethered by a linker. Different lengths, polarities and spatial constraints were explored for the 

linker. The key precursor of the synthesis is (R)-RC-33A, an aminic derivative of RC-33. For the obtainment of 

enantiopure (R)-RC-33A, three different synthetic approaches have been explored, resulting in the 

identification of an efficient pathway to access (R)-RC-33 derivatives with high yield and chiral purity. Once 

the designed ligands were obtained in sufficient amount and purity, they were tested in binding assays using 

radioligands to assess their S1R affinity. Moreover, computational studies were performed on both mono- 

and bi-valent S1R modulators. In detail, docking into the crystal’s binding pocket served as basis for the 

development of a 3D-QSAR model and for the rationalization of experimental results. Molecular dynamics 

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

Objectives (i) and (ii) were pursued in parallel during my PhD. Accordingly, the organization of this PhD thesis 

will not follow the chronological order of the activities performed. Instead, it will be organized according to 

the topics addressed, as follows: 

Section 1: gives an introduction on S1R, its structure and oligomeric states, as well as its therapeutic potential, 

especially in the treatment of neurodegenerative pathologies. In this section, a brief overview on the 

multitarget approach for counteracting neurodegeneration will be given. 

Section 2: provides a detailed discussion on the first objective of my work, i.e. the obtainment of MTDLs 

targeting the S1R and other related targets to counteract neurodegeneration. 

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

ligands to study the S1R oligomerization. 

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

my work. 

Section 5: collects all experimental procedures and data. 

Section 6: reports all bibliographic references. 

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

The research is characterized by a high level of interdisciplinarity and involved several researchers with 

different competences. I mainly worked at the LabMedChem, at the University of Pavia, where I 

performed the synthesis, purification and characterization of the target products. Moreover, I also had 

the opportunity to spend part of my PhD in the lab of Julio Caballero (University of Talca, Chile), where 

I acquired skills in molecular modelling – working on molecular docking and the early development of a 

3D-QSAR model – and in the group of Bernhard Wünsch (University of Münster, Germany), where I 

finalized the synthesis relative to objective (ii) and I was trained to perform displacement binding assays 
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with radioligands. Finally, I had the opportunity to follow all the different aspects of this interdisciplinary 

project being involved in the planning of activities and in the discussion of the results with all the 

research groups involved. 
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List of abbreviations  
 

 

AChE Acetylcholine esterase 

ACN Acetonitrile  

AD Alzheimer’s disease 

ADME Absorption, distribution, metabolism, excretion 

ALS Amyotrophic lateral sclerosis 

AQP Aquaporin 

ATF6 Activating transcription factor 6 

Aβ Amyloid beta 

BBB Blood-brain barrier 

BDNF Brain-derived neurotrophic factor 

BiP Binding Immunoglobulin Protein 

BuChE Butyrylcholinesterase 

CNS Central nervous system 

COMU (1-Cyano-2-ethoxy-2-oxoethylidenaminooxy) dimethylamino-morpholino-carbenium 

hexafluoro-phosphate 

DALY Disability-adjusted life year 

DCC N,N′-Dicyclohexylcarbodiimide 

DCFDA 2′,7′-Dichlorofluorescin diacetate 

DCM Dichloromethane 

DHEA Dehydroepiandrosterone 

DIBAL-H Diisobutylaluminium hydride 

DIPEA N,N-Diisopropylethylamine 

DMF Dimethylformamide  

DMT N,N-dimethyltryptamine 

DRG Dorsal root galnglia 

DTG Ditolylguanidine 

DTNB 5,5′-Dithiobis(2-nitrobenzoic acid) 

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

ER Endoplasmic reticulum 
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FRET Fluorescence resonance energy transfer 

FRS Free radical scavenging 

GDNF Glial cell-derived neurotrophic factor 

H3R Histamine H3 receptor 

HD Huntington’s disease 

HDAC Histone deacetylase 

HER2 Human epidermal growth factor 2 

HPLC High performance liquid chromatography 

I.D. Internal diameter  

IP3 Inositol trisphosphate 

IP3R Inositol trisphosphate receptor 

IPA Isopropyl alcohol 

IRE1 Inositol-requiring enzyme 1 

IRE1α Inositol-requiring enzyme 1 α 

MAM Mitochondria-associated ER membrane 

MAO B Monoamine oxidase B 

MS Multiple sclerosis 

MTD Multitarget drug 

MTDL Multitarget-directed ligand 

mw Microwave 

MW Molecular Weight 

NGF Nerve growth factor 

NMDA N-methyl-D-aspartate 

NMDAR N-methyl-D-aspartate receptor 

NMR Nuclear magnetic resonance 

NODMHA N,O-Dimethylhydroxylamine 

NOS Nitric oxide synthase 

NPC1 Niemann-Pick type C protein 1 

Nrf2 Nuclear factor erythroid 2-related factor 2 

PD Parkinson’s disease 

PDB Protein data bank 

PD-LID Parkinson’s Disease Levodopa Induced Dyskinesia 

PEA Phenylethylamine 

PEG Polyethylene glycol 

PERK Protein kinase RNA like ER kinase 
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PGRMC1 Progesterone Receptor Membrane Component 1 

PKC Protein kinase C 

ps Particle size 

PyBroP Bromo-tris-pyrrolidino-phosphonium hexafluorophosphate 

QSAR Quantitative structure-affinity relationship 

ROS Reactive oxygen species 

S1R Sigma-1 receptor 

S2R Sigma-2 receptor 

SAR Structure-affinity relationship 

SCA Spinocerebellar ataxia 

TBTU 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate 

TEAC Tetraethylammonium chloride  

TFA Trifluoroacetic acid 

THF Tetrahydrofuran  

TLC Thin layer chromatography 

TMS Tetramethylsilane 

UPLC-MS Ultra performance liquid chromatography–mass spectrometry 

UPR Unfolded protein response 
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1. Introduction 
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1.1 Sigma receptors: an overview 
 

The term “Sigma Receptor” (SR) was coined in 1976 by Martin et al., in order to identify a new opioid receptor 

subtype1, in virtue of its ability to interact with the benzomorphan analogue (±)-SKF-10,047 (Figure 1). 

Subsequent pharmacological characterization demonstrated that this classification was an erroneous 

assumption, since the opioid antagonists naloxone and naltrexone had no activity toward SRs2–4.  

 

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

and naltrexone, opioid receptors antagonists. 

 

After years of contradictions and wrong assumptions5, the advances in biological and pharmacological fields 

collimated in defining SRs as an orphan receptor family (Figure 2) consisting of two subtypes known as Sigma-

1 (S1R) and Sigma-2 (S2R) receptors, which display a different tissue distribution and a distinct physiological 

and pharmacological profile6–8. Molecular cloning of both receptor subtypes showed that these proteins are 

genetically unrelated to each other and to the true opioid receptors9,10.  

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

 

Figure 2. Sigma receptors timeline. 
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The gene encoding S1R has been cloned from several species, including humans, rats and mice9,11. It 

expresses an integral membrane protein composed by 223 amino acids, which shows no sequence similarity 

to any other human protein and has a molecular weight of 25.3 kDa12. Over the last ten years, several possible 

structures of S1R have been proposed13,14, until the breakthrough in 2016, when the three-dimensional 

structure of S1R was finally disclosed (Figure 3)15.  

 

Figure 3. Structure of human sigma-1 receptor bound to antagonist PD144418, elucidated by Schmidt et al. (PDB: 

5HK1)15. Transmembrane domains are shown in red, while the cytosolic domains of each monomer are depicted in blue, 

cyan and grey. 

 

In their outstanding study, Schmidt and collaborators reported two very similar crystal structures, each 

complexed with a different ligand (i.e. PD144418 and 4-IBPP). Both co-crystals are constituted by a trimer, 

with a single transmembrane helix and a cytosolic domain for each monomer. The ligand binding pocket is 

placed in the β-barrel region of the cytosolic domain and is constituted mainly by hydrophobic residues. 

Binding of small molecules is mainly due to an ionic interaction between a positively charged center on the 

ligand and receptor’s Glu172 residue, that is involved in a network of hydrogen bonds with Asp126 and 

Tyr103. In addition, ligands can form hydrophobic π-π interactions with Tyr103 and other hydrophobic amino 

acids in the binding site. Regarding the subcellular localization of S1R, we know that the receptor is localized 

at the endoplasmic reticulum/mitochondria interface, in a region called MAM (Mitochondria- associated ER 

membrane). Only in 2007, the role played by S1R was clarified. It is now commonly described as a molecular 

chaperone which, upon activation, can translocate and modulate the activity of different receptors, enzymes 

and ionic channels 16. In detail, at the MAM level, it ensures the cell survival through different mechanisms: 
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i) Ca2+ homeostasis control, by chaperoning the inositol triphosphate (IP3) receptor; ii) it promotes an 

increase of antioxidant and antistress proteins, by ensuring the correct transmission of ER stress into the 

nucleus, through the modulation of Inositol Requiring Enzyme 1 (IRE1); iii) it promotes a decrease of reactive 

oxygen species (ROS) formation through Nrf2 signaling. Moreover, under stressful conditions or in case of 

pharmacological manipulations S1R can translocate from the MAM to other cellular compartments, affecting 

other membranous and soluble proteins. This broad network of interactions determines the involvement of 

S1R in numerous signal transduction pathways, indeed it can be defined a pluripotent modulator in living 

systems17. Macroscopically, S1R is ubiquitously expressed (liver, kidney, heart), but above all it is found in the 

Central Nervous System (CNS)18. In fact, it has been regarded as a potential therapeutic target for treating 

neurodegenerative pathologies (Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis) as 

well as cocaine addiction, myocardial hypertension and cancer 8,19–24. Concerning S1R ligands, it has to be 

noted that this receptor can bind a wide range of structurally diverse pharmacologically active molecules: 

benzomorphans, guanidines, phencyclidine-related compounds, morpholine, piperidine and piperazine 

derivatives are but a few of them25. Interestingly, an endogenous ligand for the S1R receptor has yet to be 

conclusively identified, although tryptaminergic trace amines, as well as choline and neuroactive steroids 

such as dehydroepiandrosterone (DHEA) and pregnenolone all activate the receptor26,27. Nevertheless, 

development of an effective and reliable binding assay protocol, based on displacement of [3H](+)-

pentazocine28, allowed the correct evaluation of affinity for a large number of chemically dissimilar small 

molecules, which in turn led Glennon and co-workers to describe the first S1R binding pharmacophore model 

in 199429. This consists in an ionizable amine site flanked by two hydrophobic domains and has been a 

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

the receptor’s crystal structure in 201615. 
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Figure 4. some representative S1R ligands 

 

On the other hand, S2R is a more enigmatic target that eluded molecular identification since its discovery in 

199030, which was based on a photoaffinity labelling study: using 1,3-di(2-tolyl)guanidine (DTG), researchers 

showed the existence of two protein bands of 25 and 21.5 kDa. The first band was associated to S1R, and this 

assumption was confirmed after cloning the gene encoding S1R. The second band was assigned to the S2R30. 

In 2011, Xu et al. postulated the possible localization of the S2R binding site on the Progesterone Receptor 

Membrane Component 1 (PGRMC1)31, but later evidences proved this hypothesis to be wrong, since binding 

of S2R ligands was unaffected by whether PGRMC1 was overexpressed or knocked down32–34. It was not until 

2017 that S2R was cloned and finally identified as TMEM97, an endoplasmic reticulum-resident 

transmembrane protein that regulates the sterol transporter NPC110. This paved the way to further 

development of the already considerable biological investigation on S2R. It is in fact now well-known that 

this receptor is correlated with different cancer conditions. In detail, evidence of its over-expression in 

proliferating breast carcinoma cells35,36 has led to the development of S2R ligands that are now in clinical 

trials for the diagnosis of breast cancer37. It is also relevant that high levels of S2R have been detected in 

pancreatic cancer cell lines (Panc-02, Panc-01, CFPAC-1, AsPC-1)38. 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 phenomena39. The high intracellular Ca2+ level could be another 
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implicated mechanism in the cell-death activation. Several organelles and ionic channels are involved in the 

Ca2+ homeostasis control. S2R ligands are able to modulate the activity of these cellular structures, increasing 

the amount of the ion calcium in the cytosol, thus causing cellular damages and death40–42. It is noteworthy 

that S2R modulators are able to increase the reactive oxygen species (ROS) formation, a peculiar condition 

that occurs before apoptosis. Furthermore, S2Rs are widely distributed in the CNS and have been correlated 

to pivotal cellular processes in neurological disorders. Particularly, experimental evidence suggested that S2R 

is involved in Alzheimer’s disease and some of its modulators are now in clinical trial for the treatment of this 

challenging pathology43–45.  

As mentioned above, S2R was firstly identified for its ability to bind with high affinity to DTG and haloperidol, 

but not to benzomorphans30. Since then, a large number of molecules able to interact selectively with this 

receptor subtype has been reported. These include 6,7-dimethoxytetrahydroisoquinoline analogs, tropane 

and granatane analogs, cyclohexylpiperazine analogs and indole analogs46. In 2017, a manually curated 

database of the S2R selective ligands was built and is now freely available online47,48. 

 

Figure 5. some representative S2R ligands 

 

In conclusion, both Sigma receptor subtypes can be considered promising therapeutic targets in virtue of 

their involvement in many different pathologies, ranging from CNS-related diseases to cancer. In particular, 

the recent elucidation of S1R’s three-dimensional structure allows a rational approach to the design of new 

molecules as potential pharmacological tools. A more detailed discussion of S1R’s structural features and 

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

 

As discussed in the previous section, S1R represents a potential therapeutic target of great interest because 

of its involvement in several pathological conditions. Nevertheless, despite significant pharmacological 

interest and investigation, it still remains an enigmatic protein which key features have started to be disclosed 

only in very recent times, after forty years of studies. 

 

Figure 6. Schematization of the chaperone model for S1R function. Partner proteins are divided based on their 

subcellular localization (picture adapted from reference49). 

 

Nowadays, S1R is unanimously considered a ligand-operated chaperone, able to modulate different signaling 

pathways through interaction with other proteins16. Under resting conditions, the receptor is localized at the 

MAM, in complex with the binding immunoglobulin protein (BiP) – another chaperone, which plays a central 

role in protein folding and quality control23. Stressful conditions or interaction with small molecules can 

modulate S1R’s activity. Such small molecules have been divided into agonists and antagonists, on the basis 

of their ability to recapitulate the effects, respectively, of genetic overexpression and knockout of S1R in 

animal models50. An alternative method to determine agonist/antagonist profile of S1R ligands consist in 

evaluation of test compounds’ effect on neurite outgrowth: several experiments on PC12 cells, an in vitro 

model of neuronal differentiation, demonstrated that S1R agonists are able to potentiate neurite outgrowth 
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and elongation induced by the nerve growth factor (NGF) or epidermal growth factor (EGF), whereas 

antagonists block such effects51–53. Activation of S1R by agonists or by a decrease in ER Ca2+ concentrations 

cause the receptor to dissociate from BiP and interact with client proteins in the ER or other organelles. 

Studies published up to now suggest that S1R is able to interact with more than 40 different proteins, many 

of which are very different in sequence and structure (Figure 6)49. 

However, one of the most intriguing interaction S1R can take part to, is with itself: there is accumulating 

evidence suggesting that S1R can exist in a variety of oligomeric forms, which functional consequences still 

remain poorly understood. The first hints about existence of S1R oligomers came from a couple of work 

published in 2007. In detail, while studying the binding site of S1R through iodolabelled probes, Pal et al. 

identified high molecular weight protein complexes not completely dissociated during the SDS-PAGE 

analyses54. Considering that S1R contains two GXXXG integral membrane dimerization domains, the authors 

hypothesized that the receptor could exist as a homo- and/or hetero-oligomers. In the same year, 

Ramachandran an collaborators showed how the S1R radiolabelled ligand, [3H]-(+)-pentazocine, binds to the 

molecular target with a molar ratio of 1:2. This event found a possible explanation in the dimerization of the 

protein55. Similarly, a study that involved photo-incorporation of a N-alkylamine derivative resulted in an 

enhanced electrophoretic mobility of only 50% of the derivatized receptor56. Also in this case, a binding model 

involving a receptor dimer and/or oligomer was proposed. More recently, gel filtration chromatography has 

been employed to reveal diverse oligomeric forms that are stabilized by ligand binding57. Furthermore, FRET 

spectrometric analyses revealed different S1R oligomerization states, as a consequence of the binding with 

different ligands58. These studies led to the development of a mechanistic model regarding S1R constructs 

according to which agonists stabilize S1R monomers and dimers that act as chaperones, whereas antagonists 

bind to higher oligomer complexes, maintaining them in repository forms57,58. This model is the most 

commonly accepted nowadays, and the recent crystallographic studies confirmed S1R’s ability to form homo-

oligomer complexes. Nevertheless, the precise mechanism of generation, as well as the biological function 

of such forms are still not completely understood49,59. These points, along with molecular features of S1R 

ligands underpinning agonism/antagonism probably represent the major Sigma enigmas to date. It must be 

noted that Glennon’s pharmacophoric model does not differentiate between agonists and antagonists. Even 

the publication of the first S1R crystal structure in 2016 could not give particular insights into this aspect. In 

fact, Schmidt and co-workers reported that no clear difference could be observed between interactions of 

the receptor and the two chemically divergent co-crystallized ligands (i.e. the antagonist PD 144418 and 

compound 4-IBP, with a more ambiguous profile)15. In a later publication, the authors argued that structural 

studies of other three well-characterized classical ligands could help to solve the puzzle: crystal structures of 

S1R bound to the antagonists haloperidol and NE-100, and to the agonist (+)-pentazocine were disclosed in 

201859. Crystallographic analysis of ligands in the antagonist-bound S1R confirmed a highly conserved binding 

mode and receptor conformation even for chemically diverse antagonists. Interestingly, the agonist-bound 
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receptor crystallized very similarly to antagonist-bound S1R, with the only exception of helix α4, which shifts 

approximately 1.8 Å away from helix α5 in the (+)-pentazocine-bound structure relative to the PD 144418-

bound structure (see Figure 7). In addition, the authors performed docking studies which suggested that also 

other structurally unrelated agonists (such as PRE-084) might adopt a pose very similar to that observed for 

the crystallographic (+)-pentazocine. These steric constraints force helix α 4 to shift 1.1–1.8 Å away from helix 

α5 to accommodate the agonist. Such a modest structural change does not disrupt the oligomerization 

interface between individual protomers, nor it seems to be easily exploitable for rational design of 

modulators with a well-defined biological profile. Nevertheless, Schmidt and collaborators pointed out that 

if α4 were to move to a greater degree it could disrupt the oligomerization interface, which is consistent with 

prior data suggesting that S1R agonists bias the receptor toward lower-molecular-weight states, whereas 

antagonists bias it toward higher-molecular-weight states. 

 

Figure 7. Alignment of the structures of human S1R bound to (+)-pentazocine (PDB 6DK1), shown in blue, and to PD 

144418 (PDB 5HK1), shown in orange. The ligands (+)-pentazocine and PD 144418 are shown in green and purple, 

respectively. The red arrow indicates the shift of helix α 4. 
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1.3 Sigma 1 Receptor as therapeutic target (with a special focus on neurodegeneration) 
 

 

As mentioned above, S1R has been extensively studied from a pharmacological standpoint since its discovery 

in the 1970s. It has in fact been proposed as drug target for the treatment of various pathologies and 

conditions. These include neurodegenerative diseases, such as Alzheimer’s disease (AD)23,50,60, Parkinson’s 

disease (PD)23,50, Amyotrophic lateral sclerosis (ALS)23,50 and multiple sclerosis (MS) (see Paper 1, Appendix, 

page 119), as well as neuropathic pain61,62, drug and alcohol abuse63,64 and cancer65–67. The considerable 

amount of patented S1R modulators reflects the significant potential of such molecules as pharmacological 

tools8,67. Interestingly, three of them are currently under clinical trial (Figure 8): ANAVEX 2-73, patented by 

Anavex Life Sciences Corp, is undergoing Phase III clinical trials for the treatment of AD60; AVP-786 

(deuterated (d6)-dextromethorphan/quinidine), entered Phase III clinical trials to alleviate agitation in 

patients with AD68,69; S1A or MR309/ E-52862, patented by Esteve, is undergoing Phase II clinical trials for 

treating neuropathic pain, post-operative pain and opioid analgesia enhancement70,71. Furthermore, 

pridopidine – originally developed for Huntington disease and thought to be a dopamine D2 receptor 

antagonist72 – has now reached Phase II clinical trial for Parkinson’s Disease Levodopa Induced Dyskinesia 

(PD-LID)73, and has been recently proposed for the treatment of ALS in virtue of its S1R-agonist profile74. 

 

Figure 8. S1R modulators currently under clinical trial 

 

S1R’s ability to interact with a wide range of proteins affecting different signaling pathways and biological 

cascades, as well as its involvement in cell survival and excitability, makes it an attractive target for the 

treatment of complex multi-factorial pathologies that represent today’s major therapeutic challenges. These 

include CNS-related diseases and cancer. In the following section a brief excursus on neurodegenerative 

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

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

prevalence, partly because of elderly population increase in recent years75. This heterogeneous group of 
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disorders, many of which are age-related, includes AD and other dementias, PD, ALS, MS, Huntington’s 

disease (HD), spinocerebellar ataxia (SCA) and post-stroke degeneration75–77. These pathologies are diverse 

in their pathophysiology – with some causing memory and cognitive impairments and others affecting a 

person’s ability to move, speak and breathe. Recent estimates showed that globally, in 2016, neurological 

disorders were the leading cause of DALYs (disability-adjusted life years; the sum of years of life lost and 

years lived with disability) and second leading cause of deaths (affecting about 9.0 million people), 

representing a tremendous burden to the patients, their families, and society78. The current pharmacological 

scenario is meagre, and disease-modifying therapeutics have yet to emerge: the drugs currently approved 

only afford symptomatic relief, providing little or no mitigation of the progression of the pathology. 

Accordingly, there is an urgent need to develop new and more effective therapeutic strategies to combat 

these devastating diseases. Significant efforts have been made in this field to provide new insights into the 

complex pathophysiology of such conditions, developing effective models – from cell-based systems, to 

complex animals – and revealing candidate biomarkers or therapeutic targets79. Accumulating evidence 

suggests that neurodegenerative diseases have a multifactorial origin, being associated with both specific 

genetic variations and environmental factors (e.g. smoking and stress) that lead to alteration of several 

molecular cascades79,80. However, progressive loss of structure and/or function of neurons, within the CNS, 

is the pivotal event leading to neurodegeneration. Hence, besides the distinct genetic etiologies and 

pathological phenotypes, neurodegenerative disorders appear to share common mechanisms of neuronal 

cellular dysfunction, which include calcium dysregulation, excitotoxicity, oxidative and ER stress, 

mitochondrial dysfunction and neuroinflammation. S1R, which is expressed in both neurons and glia cells 

within the central nervous system, can modulate the aforementioned biological mechanisms associated with 

neurodegeneration23,50,81. 

• Alteration of the intracellular Ca2+ levels is often associated with both chronic neurodegenerative 

diseases and acute CNS damages. S1R is one of the main actors in the sophisticated homeostasis 

control that avoids pro-apoptotic phenomena82. As mentioned in Section 1.2, S1R forms a quiescent 

complex with BiP and this structure is Ca2+-dependent. Ca2+ depletion or S1R agonism promote the 

complex dissociation and thus, the activation of S1R chaperonic activity16,23. Among the S1R client 

proteins that take part in restoring calcium influx, the most notable are the inositol 1,4,5-

triphosphate receptor type 3 (IP3R)83 and protein kinase C (PKC)84,85. On the other hand, high levels 

of Ca2+ are dangerous as well. This state is often a consequence of excitotoxicity, i.e. a pathological 

condition in which high levels of glutamate over-activate N-Methyl-D-Aspartate (NMDA) receptors, 

which in turn cause an excessive calcium influx. This leads to stochastic failure of calcium homeostasis 

and necrotic cell death86,87. Excitotoxicity occurs in various neurodegenerative pathologies, and it has 

been correlated with S1R: upon activation it is able to modulate glutamate receptors, albeit the 

underlying mechanisms are not completely fathomed yet and seem to be numerous88–91. 
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• Reactive oxygen species (ROS) are natural by-products of oxygen metabolism, promoting hormetic 

responses. In detail, low concentrations of ROS possess beneficial effects in maintaining cellular 

homeostasis, whereas a disequilibrium between their production and detoxification systems may 

lead to oxidative damage92. Numerous altered conditions contribute in generating ROS, such as 

mitochondrial dysfunction and sustained neurotransmission (e.g., of glutamate, dopamine, or 

serotonin), and they may cause severe side effects, damaging lipids, nucleic acids and proteins93,94. 

The brain is particularly vulnerable to oxidative stress, since it has high oxygen demand, relatively 

low levels of the antioxidant glutathione and is enriched in polyunsaturated fatty acids that are 

substrates for lipid peroxidation95. Accordingly, oxidative stress has been extensively associated with 

several CNS-related diseases: strong association between the detection of increased ROS production 

and the increased oxidative damage observed in CNS disorders has been documented76,96. Activation 

of S1R may also mitigate ROS accumulation, possibly through modulation of ROS-neutralizing 

proteins. S1R knockout, knockdown or addition of antagonist haloperidol can increase oxidative 

damage, whereas addition of (+)-pentazocine counteracts it97,98. Along with ROS, reactive nitrogen 

species (RNS) can also be generated under pathological conditions in the CNS. Sigma-1 agonists may 

also ameliorate nitrosative stress. The sigma receptor agonist PPBP (4-phenyl-1-(4-phenylbutyl) 

piperidine) attenuated nitric oxide (NO) production as well as nitrosative damage to proteins and 

nucleic acids99. The decrease in NO generation may be linked to the ability of sigma-1 receptor 

activation to decrease nitric oxide synthase (NOS) activity100,101. 

• The ER plays an important role in protein synthesis and folding as well as cellular homeostasis. Under 

stressful conditions (e.g. calcium dysregulation and oxidative stress), unfolded or misfolded proteins 

can accumulate within the ER lumen and promote the protective unfolded protein response 

(UPR)102,103. However, in case of prolonged or severe protein accumulation, the ER can eventually 

trigger cell death, rather than cell maintenance programs. Multiple studies show that S1R agonists 

interfere with abnormal protein accumulation, modulating the UPR24,104,105. In particular, S1R’s 

localization within the ER and at mitochondrial membranes suggests a role in interorganellar 

communication and regulation, as well as separate influences in both structures16. During ER stress 

or via ligand stimulation, S1R can modulate the activity of other proteins involved in UPR, i.e. protein 

kinase RNA like ER kinase (PERK), inositol requiring enzyme 1 alpha (IRE1α), and activating 

transcription factor 6 (ATF6)16,104. 

• Mitochondria play multiple critical roles in neuron maintenance. In addition to supplying ATP and 

providing metabolic and biosynthetic substrates, mitochondria also regulate calcium homeostasis 

and the initiation of apoptosis. Aberrant mitochondrial function, as well as alterations in 

mitochondrial structure and dynamics, are associated with multiple neurodegenerative 

diseases76,106. The close apposition of mitochondria to a particular subset of the ER, the MAM, is 
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important for multiple aspects of normal mitochondrial and cellular function. Proper interaction 

between mitochondria and the MAM maintains lipid synthesis and trafficking, calcium homeostasis, 

and regulation of mitochondrial-dependent apoptosis. As mentioned above, the fact that S1R is 

localized at the MAM suggests it plays a key role in these biological pathways. Accumulating evidence 

suggests S1R is an effective protector against mitochondrial damage23,50,81. For example, it has been 

shown that the S1R agonists BHDP (N-benzyl-N-(2-hydroxy-3,4-dimethoxybenzyl)- piperazine) and 

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

co-administration of antagonist NE-100 blocks these effects107,108. Additional studies suggested that 

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

In detail, S1R agonists seems to promote cell survival by increasing the expression of the anti-

apoptotic protein Bcl-2 as well as by decreasing the activity of the pro-apoptotic protein Bax109,110.  

• One of the most ubiquitous responses to CNS insults including neurodegenerative disorders is 

reactive gliosis111. This is classified as the “activation” of astrocytes within the CNS, which causes 

astrocytes to proliferate, migrate, and produce several factors to further improve brain damage 112. 

Several recent studies have shown the ability of sigma ligands to ameliorate reactive astrogliosis113–

116. Microglia, on the other hand, are a separate and distinct type of glial cell compared to astrocytes. 

These are macrophage-derived cells located in the CNS, where they play a key role as mediators of 

neuroinflammation. They are grouped into two subcategories: M1 microglia, with pro-inflammatory 

properties involved in CNS damage, and M2 microglia, which are anti-inflammatory and stimulate 

neuronal regrowth and repair117. Accumulating evidence suggests that S1R can also regulate 

microglial activity by strengthening the reparative microglia phenotype (M2), while it attenuates the 

inflammatory response (M1) and hence promotes neuroprotection107,109–112. Recent publications 

showed that these beneficial effects can be triggered, both in vitro and in vivo, by S1R agonists such 

as PRE-084110,118–121. 

Altogether, these data corroborate the great potential of S1R as a therapeutic target to counteract CNS-

related disorders. In particular, its ability to modulate a wide range of orthogonal biological mechanisms 

involved in neurodegeneration is generally considered a significant advantage in the fight against such 

complex multifactorial diseases. Moreover, the possibility to trigger, enhance or suppress many of the 

aforementioned molecular cascades through small molecules modulators makes viable to adopt a medicinal 

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

 

As it has been reported in the previous section, neurodegenerative diseases are complex disorders with 

several pathoetiological pathways leading to cell death. The multifactorial origin of such disorders makes the 

traditional therapeutic approach, which relies on “one target one drug” paradigm, ineffective. The so-called 

“magic bullet” – a ligand interacting with a singular drug target at very high potency – has been extensively 

and successfully used for many diverse pathologies, but fails when applied to diseases involving multiple 

compensatory mechanisms, namely cancer and CNS-related disorders122–125. Cellular networks involved in 

such pathologies are robust and prevent major changes in their outputs when a single target is modulated. 

Hence, current treatment options for neurodegenerative diseases are limited, relying essentially on 

symptomatic relief rather than disease-modifying therapies122,123. Recently, an alternative strategy has been 

proposed to alter progression of neurodegenerative diseases: the use of multi-target drugs (MTDs) or 

multitarget-directed ligands (MTDLs). According to the definition of Melchiorre and colleagues in their 

pioneer publication these are “...  compounds that are effective in treating complex diseases because of their 

ability to interact with the multiple targets thought to be responsible for the disease pathogenesis...”126. It 

must be noted that many drugs already on the market act via interaction with multiple targets, but in those 

cases the discovery of the mechanism of action was made afterwards and/or serendipitously. On the other 

hand, with the MTDL approach, a single molecule is designed a priori to act by modulating different disease 

pathways, since it is expected that balanced modulation of diverse selected targets can provide an improved 

therapeutic effect. One of the main limitations during early years of MTDs rational design was that much of 

the complexity between linked signaling pathways was still poorly understood. However, continuous efforts 

in defining those mechanisms are constantly adding new pieces to the jigsaw puzzle of neurodegeneration, 

eventually paving the way to enhanced treatment options.  Accordingly, during recent years, a number of 

heterogeneous MTDs have been developed that showed promising results in vitro and in vivo, although issues 

like side effects and low bioavailability started to emerge during clinical trials. This suggest that, besides the 

correctness of the basic principle, MTDs represent a big challenge in terms of both discovery and 

development, prompting the scientific community to pursue further investigations127–129. Nowadays, to build 

new MTDLs the medicinal chemist decides from the beginning which and how many pharmacophoric groups 

have to be assembled into a new scaffold, based on the type and number of biological targets to be 

modulated. This strategy gives significant advantages respect to drug cocktails and multi-component 

formulations in terms of pharmacodynamic and pharmacokinetic profiles130,131. In order to combine two 

molecules (or parts of them) in a new, single chemical entity, different approaches can be exploited, as 

depicted in Figure 9. Hybrid compounds can be obtained by linking (either with a cleavable or not cleavable 

linker) two molecules, or by framework integration, which can be done either by fusing (i.e. connecting 
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directly) or by merging (i.e. partially superimposing) two scaffolds. In particular, the merging technique 

enhances the overlap between the two original compounds and diminishes the new molecule’s dimensions, 

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

 

Figure 9. Schematization of various approaches to the design of multi-target directed ligands, starting from two different 

molecules A and B, endowed with affinity for two different targets. 

 

To date, multi-kinase inhibitors constitute the most successful class of rationally designed MTDLs: for 

example, lapatinib and neratinib are two notable members of this group that eventually reached the 

market132,133. These are dual kinase inhibitors active on both epidermal growth factor receptor (EGFR) and 

human epidermal growth factor receptor 2 (HER2). Lapatinib was discovered by Gilmer and colleagues in the 

pursuit of a novel compound able to modulate both EGFR and HER2 via the kinase domain, thus obtaining a 

synergistic effect132. It is currently used in the therapy against breast cancer and other solid tumors under 

the trade names Tykerb and Tyverb134. More recently, neratinib was approved by FDA for the treatment of 

breast cancer135. This molecule was designed through computational studies aimed at enhancing affinity 

profile toward both EGFR and HER2133. Another case worth mentioning in the search for multitarget anti-

cancer drugs is CUDC-101, a potent EGFR, HER2, and Histone deacetylase (HDAC) inhibitor136. The compound 

was designed at Curis by linking the quinazoline scaffold of known EGFR/HER2 inhibitors, such as lapatinib, 

and the hydroxamic acid moiety responsible for the HCDAC inhibitory activity. After excellent results in 

preclinical tests, CUDC-101 entered phase I clinical trials for the treatment of head and neck cancer. 

Unfortunately, it was later abandoned due to bioavailability issues137. 

Concerning CNS-related diseases, one of the most studied and promising MTDLs for the treatment of 

neurodegenerative disorders is ladostigil (Figure 10). It acts as a reversible acetylcholinesterase (AChE) and 

butyrylcholinesterase inhibitor (BuChE), and an irreversible monoamine oxidase B (MAO B) inhibitor. Its 

scaffold merges the pharmacophoric elements of older drugs like rivastigmine and rasagiline138,139. In addition 

to its neuroprotective properties, ladostigil enhances the expression of neurotrophic factors like GDNF and 

BDNF, and may be capable of inducing neurogenesis140.Ladostigil reached phase II clinical trial for the therapy 

against cognitive impairments. The results were published very recently and showed that despite a safe 
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profile and good tolerability, the compound was not able to significantly delay progression to dementia, 

although it has been associated with reduced brain and hippocampus volume loss141. Other examples of 

linked, fused or merged MTDLs can be found in recent literature and are reported in Figure 10. In 2019 

Rajeshwari et al. reported the synthesis and evaluation of a series of tacrine and phenylbenzothiazole hybrids 

potentially useful for the treatment of Alzheimer’s disease142. These compounds are inhibitors of AChE and 

inhibitors of amyloid-β (Aβ) self-aggregation endowed with neuroprotective effects. The two scaffolds were 

joined by a linker. In another recent publication, Lutsenko and collaborators described the preparation of 

monoamine oxidase B (MAO B) inhibitors and histamine H3 receptor (H3R) antagonists as viable tools to 

counteract neurodegeneration143. In this case, the pharmacophoric elements of rasagline and UCL2190 (MAO 

B and H3R modulators, respectively) were merged in a single small molecule. Another example of merged 

dual ligand is PQM130, which is obtained by the combination of the N-benzylpiperidine group present in 

donepezil (AChE inhibitor) and the feruloyl group present in ferulic acid (a product of degradation of curcumin 

endowed with neuroprotective, antioxidant and anti-inflammatory properties). This compound resulted 

effective in ameliorating the cognitive impairments and pathology in a mouse model of Alzheimer’s 

disease144.  

 

 

Figure 10. Some examples of MTDLs currently under investigation. Different colors indicate structural elements of older 

ligands (which names are indicated in the same color) that served as inspiration to build new hybrid compounds (which 

names are reported in purple, when present). 

 

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

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

approved for therapy (e.g. multi-kinase inhibitors), further supporting the viability of this approach.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



27 
 

2. Targeting the sigma1 receptor system to counteract 

neurodegeneration. 
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2.1 The S1R modulators: state of the art 
 

 

As mentioned above, S1R is able to bind a variety of structurally unrelated compounds. However, to date no 

endogenous ligand has been definitively identified, although many hypotheses have been advanced. 

Neurosteroids (such as dehydroepiandrosterone (DHEA), pregnenolone, and progesterone)145 as well as the 

hallucinogen N,N-dimethyltryptamine (DMT)26, D-erythro-sphingosine146 and choline27 have all been 

suggested as putative endogenous S1R ligands (Figure 11), but in most cases their low affinity makes these 

assumptions uncertain. 

 

Figure 11. Some putative S1R endogenous ligands  

 

Since the discovery of S1R, there has been an extensive pharmacological investigation, which helped to 

identify a large number of diverse ligands. Many of these were designed on the basis of the well-known 

pharmacophoric model published by Glennon and collaborators in 1994, consisting of a basic nitrogen 

flanked by two hydrophobic moieties29. Besides this rather loose common feature, some recurring structural 

motives can be identified among the most notable S1R modulators (Figure 12).  Morpholine is one of these. 

The first selective S1R agonist identified is in fact the morpholine derivative PRE-084, originally employed to 

investigate S1R’s role in different CNS-related disorders, and still commonly used as a reference standard in 

in vitro and in vivo assays of novel ligands114,147. Another important morpholine-based compound with 

enhanced S1R affinity is Afobazole, endowed with anxiolytic and neuroprotective properties148. Its ability to 

interact also with S2R proved beneficial to modulate microglial function118. The already cited S1A (also known 

as E-52862) contains a morpholine ring too70. Esteve is currently investigating this selective S1R antagonist 

for the treatment of neuropathic pain71. Another important class of Sigma ligands is constituted by 

guanidines. In particular, 1,3-di-o-tolylguanidine (DTG) deserves to be mentioned for its employment in SRs 
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binding assays. This compound is in fact a pan-sigma modulator, i.e. it can bind both Sigma 1 and Sigma 2 

receptors. Its tritiated form is commonly used for determining binding affinity at S2R, in the presence of non-

tritiated pentazocine to mask the S1R binding site149. Piperazine derivatives also account for a large number 

of S1R ligands. These include SA4503, under investigation for treatment of ischemic stroke81,150, BD1031, 

which is being studied for the development of a new method to define the S1R agonist/antagonist profile151, 

and Rimcazole, originally developed as a potential antipsychotic and historically reported as S1R antagonist 

despite its rather low binding affinity152,153. Finally, many other remarkable S1R modulators share a piperidine 

scaffold. Among these, 4-IBP deserves to be mentioned: this non-selective SR ligand has been co-crystallized 

with S1R in the pivotal work by Schmidt et al15. It has been developed as radiopharmaceutical to bind to SRs 

on the MCF-7 human breast carcinoma cell line, although its functional profile is not unanimously identified, 

with assays suggestive of either agonist or inverse agonist activity154. 4-PPBP is another compound belonging 

to this group (it was discovered by Yang et al., who reported its cytoprotective effect)155. Moreover, the well-

known antipsychotic drug Haloperidol is a S1R antagonist which also contains a piperidine ring156. 

Interestingly, this structural motif is sometimes found as part of spirocyclic molecules (see Figure 11): this is 

the case, for example, of L-687,384, a potent S1R agonist and NMDA receptor antagonist developed by Merck 

Sharp & Dohme157, which inspired a series of analogues, such as Fluspidine, developed by Wünsch and co-

workers158,159. Other nitrogen-containing polycyclic compounds able to bind S1R are benzomorphanes (such 

as (+)-pentazocine and (+)-SKF-10, 047)1,28, cocaine160 and amantadine161. It is worth noting that from the list 

of modulators reported in this Section emerges that even compounds sharing a common structural motif can 

display divergent biological profiles: this is the case of PRE-084 and S1A, SA4503 and Rimcazole, or 4-PPBP 

and Haloperidol. In fact, as discussed in Section 1.2, an elusive aspect of S1R’s modulators is which structural 

elements determine agonist/antagonist behavior59,162. Up to date, classification of small molecules as 

agonists or antagonists relies therefore on evaluation of their physiological effects in in vitro and/or in vivo 

models, such as neurite outgrowth assay 51,52,81.  

In the pursuit of novel SRs modulators endowed with therapeutic potential, our research group developed, 

over the last ten years, a large number of molecules bearing the pharmacophoric elements required for 

interaction with S1R. From these studies emerged compound (R)-1-[3-(1,1′-biphen)-4-yl]butylpiperidine 

(named (R)-RC-33, Figure 12) as a selective S1R agonist exhibiting excellent affinity (Ki = 1.8 nM), high 

selectivity over other receptors, neuroprotective effects and good in vitro metabolic stability22,53,163. The 

ability of (R)-RC-33 to promote the differentiation and the neurite elongation was verified using the rat dorsal 

root ganglia (DRG) experimental model164. Moreover, after systemic administration in mice, (R)-RC-33 

showed an excellent pharmacokinetic profile and CNS distribution53. This hit compound served as the basis 

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

PhD research project. 
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Figure 12. Glennon’s pharmacophoric model and some noteworthy S1R modulators. Recurring structural motives are 

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

 

As discussed in Section 1.3, the involvement of S1R in numerous molecular cascades related to 

neurodegeneration makes it an attractive target for the development of innovative therapies for CNS-related 

diseases. Considering the advantages of multitarget-directed ligands presented in Section 1.4, we reasoned 

that coupling S1R agonism with modulation of other molecular targets implicated in neurodegenerative 

processes, we might obtain new pharmacological tools endowed with higher chances to counteract such 

pathologies. Among these additional therapeutic targets, we selected acetylcholinesterase (AChE) and N-

methyl-D-aspartate (NMDA) receptor.  

In detail, AChE regulates acetylcholine levels in central nervous system, and since many years is considered 

one of the major biomarkers for degeneration of the cholinergic neural network. AChE inhibitors are able to 

restore the physiological amount of acetylcholine and are commonly used in therapy for counteracting the 

cognitive impairment, a common feature of neurodegenerative diseases165,166. On the other hand, the N-

methyl-D-aspartate receptor (NMDAR) plays a relevant role in synaptic plasticity and synapse formation 

underlying memory and learning. This ionotropic glutamate receptor, constituted by two subunits GluN1 and 

GluN2, is one of the major conduits for calcium entry into neuronal cells167. An alteration of this 

neurotransmitter pathway causes accumulation of glutamate in the synaptic terminations that promotes the 

GluN2 activation and thus, an excessive accumulation of Ca2+ inside the cell. This condition, known as 

excitotoxicity, triggers diverse mechanisms of cell death and is one of the major hallmarks of 

neurodegeneration167,168. Accumulating evidence suggests that a negative modulation of this molecular 

target may contribute in slowing the progression of neuropathies169. In addition to dysregulation of these 

neurotransmitter pathways (i.e. acetylcholine and glutamate systems), an important condition occurring in 

neurodegenerative disorders is over-production of Reactive Oxygen Species (ROS) due to alterations of 

mitochondrial respiratory chain activity93,170.  While a low ROS level plays a crucial role in cellular pathways, 

abnormal increase in ROS concentration can overcome the cellular antioxidant machinery and induce 

macromolecular damages (i.e. interaction with the DNA, proteins and lipids), promoting aberrant molecular 

cascades94. Given these premises, we aimed at obtaining molecules able to modulate S1R, to act as AChE and 

NMDA receptor inhibitors and endowed with antioxidant properties. To reach this goal we designed a library 

of potential MTDLs bearing the pharmacophoric elements of (R)-RC-33, the potent and selective S1R agonist 

developed by our group (see Section 2.1), Donepezil (the well-known AChE inhibitor currently used to 

counteract cognitive impairment in patients with Alzheimer’s disease)171, Ifenprodil (a potent NMDAR 

inhibitor)172,173 and Curcumin, the natural antioxidant produced by Curcuma longa plants174. The new 

compound series is characterized by a common arylalkylamineketone scaffold reported in Figure 13, with 

three elements of structural diversity: the aromatic ring, the aminic moiety and the length of the linker 
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between the aromatic and the aminic portions. Exploration of diverse stereo-electronic features, as well as 

evaluation of commercially available building blocks and synthetic feasibility, prompted us to develop the 

compound library reported in Table 1. 

 

 

Figure 13. Common arylalkylamineketone scaffold of the new MTDL series and reference compounds that served as 

inspiration. The pharmacophoric elements that have been implemented in the new library are depicted with different 

colors. In detail, the keto-group present in Donepezil and Curcumin is retained in the new series, while aromatic ring, 

amine moiety and alkyl linker are the three elements of structural diversity explored. 

 

Before moving forward to the synthesis of the designed compounds, we evaluated in silico their 

pharmacokinetic profile. In modern drug discovery, in silico prediction of absorption, distribution, 

metabolism and excretion (ADME) parameters is a valuable tool to assess the drug-likeness of a novel 

compound and its chances to reach the proper body district where the target lies. Such predictions are 

particularly useful in the development of therapeutic molecules for CNS-related diseases, since the blood-

brain barrier (BBB) is able to prevent almost 100% of large molecules and more than 98% of small molecules 

drugs to reach the brain175. Notwithstanding that actual and true data regarding the pharmacokinetic 

properties of a molecule must come from experimental results, in the last few years several computational 

methods proved to be effective in reducing the attrition rate during the first stages of a drug discovery 

process, thanks to the early optimization made possible by the information obtained from computational 

methods. Since the primary targets of the designed library (i.e. S1R, AChE and NMDA) are mainly localized in 
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CNS, the Wager et al. model176 was used to predict our compounds’ ability to cross BBB.  According to this 

well-established and broadly employed model, there are six physicochemical parameters that can be 

computed to assess both the pharmacokinetic properties and the ability of a molecule to reach CNS: (a) 

partition coefficient (ClogP); (b) distribution coefficient at pH 7.4 (ClogD); (c) molecular weight (MW); (d) 

topological polar surface area (TPSA); (e) number of hydrogen-bond donors (HBDs); and (f) acid dissociation 

constant (pKa)177. According to the Wager et al. model, a score ranging from 0 to 1 is attributed to each 

property, applying specific functions for ClogP, ClogD, MW, pKa, HBD and TPSA. The summation of all these 

values gives a final score (0-6), which can be defined as follows: i) 0-2, compound is unable to cross the BBB; 

ii) 2-5, compound may reach the CNS; iii) 5-6, compound effectively crosses the BBB176. Accordingly, this 

model was exploited to calculate the potential ability of compounds 1-31 in reaching the CNS (Table 1). For 

comparative purposes, we reported also the results obtained for (R)-RC-33 and Donepezil, for which is known 

their good CNS distribution. The tabulated results show that four compounds (15 and 19-21) possess a score 

above 5, whereas the others display values ranging from 2 to 5. Noteworthy, compounds 3, 7, 9, 11, 14, 16-

18 and 22 possess good scores (>4). Altogether these values reveal that all molecules 1-31 are able to reach 

the CNS. Moreover, reference compounds (R)-RC-33 and donepezil show scores ranging from moderate to 

good (2.57 and 4.41, respectively) and this behavior is in line with their in vivo CNS distribution, which was 

extensively confirmed by experimental data and clinical use. With this promising results in our hand, we 

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

from yellow to green as the score increases.  

   

  
 

compound score Ar n X 

1 3.47 phenyl 

1 

CHBn 

2 3.57 4-methoxyphenyl 

3 4.04 3-methoxyphenyl 

4 3.02 naphth-2-yl 

5 3.42 6-mehoxynaphth-2-yl 

6 2.97 4-biphenyl 

7 4.25 naphth-2-yl 

CH2 8 3.65 4-biphenyl 

9 4.15 4-(benzyloxy)phenyl 

10 3.46 phenyl 

2 

CHBn 
11 4.09 4-methoxyphenyl 

12 2.72 naphth-2-yl 

13 2.61 4-biphenyl 

14 4.8 phenyl 

CH2 

15 5.3 4-methoxyphenyl 

16 4.35 naphth-2-yl 

17 4.18 4-biphenyl 

18 4.15 4-(benzyloxy)phenyl 

19 5.48 phenyl 

O 
20 5.94 4-methoxyphenyl 

21 5.28 naphth-2-yl 

22 4.91 4-biphenyl 

23 3.17 phenyl 

3 

CHBn 

24 3.79 4-methoxyphenyl 

25 3.74 3-methoxyphenyl 

26 2.49 naphth-2-yl 

27 2.73 6-mehoxynaphth-2-yl 

28 2.32 4-biphenyl 

29 3.95 naphth-2-yl 

CH2 30 3.35 4-biphenyl 

31 3.85 4-(benzyloxy)phenyl 

(R)-RC-33 2.57       

Donepezil 4.41     

 

 



35 
 

2.3 Synthesis 
 

 

To prepare the designed library we planned to adopt a divergent strategy. This approach is in contrast with 

target-oriented syntheses, i.e. linear and convergent syntheses, which aim to access a precise region of 

chemical space, often defined by a complex natural product known to have a useful biological function. 

Divergent synthesis, on the other hand, aims at the preparation of a drug-like or natural product-like 

compound library by the derivatization of a versatile synthetic intermediate. This strategy is particularly 

useful to explore wider regions of chemical space in a very efficient way178,179. Consequently, it often led to 

the discovery of various bioactive compounds, proving its potential to reach a viable drug candidate, and 

many reviews and research papers on this topic can be found in recent literature178–182.  

A retrosynthetic analysis was then performed, in order to identify the most convenient pathway to access 

the desired compounds. Different well-established approaches for the obtainment of amino-ketones (e.g. 

Mannich reaction) were taken into consideration (see Paper 2, Appendix, page 141). Finally, we envisaged to 

exploit the Weinreb ketone synthesis. This classical synthetic protocol developed by Weinreb and Nahm 

involves two subsequent nucleophilic acyl substitutions: the reaction of an acyl chloride with N,O-

dimethylhydroxylamine, to form a Weinreb amide, followed by treatment of this species with an 

organometallic reagent, such as a Grignard reagent or organolithium reagent (Scheme 1)183. Most 

importantly, this last step does not produce tertiary alcohols due to over-addition of organometallic reagent. 

In fact, the reaction proceeds through a metal-chelated intermediate (A in Scheme 1), which is very stable at 

low temperature, and therefore requires a low-temperature quench to afford target ketone without over-

addition byproducts. 

 

 

Scheme 1. Generic representation of the Weinreb ketone synthesis. 

 

In our case, we choose lithium arenes as organometallic reagents to be employed in the last step. These can 

be obtained through bromo-lithium exchange, performed on the corresponding aryl bromide with t-butyl 

lithium in anhydrous THF at -78 °C184. The detailed route employed to obtain our target compounds 1-31 is 

reported in Scheme 2. This synthetic strategy allowed us to access a wide range of structurally diverse final 

compounds from a limited number of key intermediates (Weinreb amides Ia-IIIb). 
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Scheme 2. Synthesis of the compound library based on arylalkylaminoketone scaffold. Yields of intermediates are 

reported in brackets. 

 

Firstly, Weinreb amides I-III were either purchased if commercially available (amide I) or prepared by reacting 

the corresponding acyl chloride with N,O-dimethylhydroxyamine hydrochloride (compounds II-III). The 

reactions were performed under basic conditions (in presence of K2CO3), in a mixture of ether and water 1:1. 

Afterwards, nucleophilic substitution on Weinreb amides I-III was carried out using amines a-c, i.e. 4-

benzylpiperidine, piperidine and morpholine. This led to the key intermediates Ia-Ib, IIa-IIc and IIIa-IIIb, 

characterized by diverse linker lengths and amine groups. The reaction needed 24 h and the presence of 

K2CO3 as base to yield the crude α, β and γ amino Weinreb amides. In most cases, an acid/base extraction 
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was sufficient to obtain the key intermediates in modest to excellent yields and suitable purity. Conversely, 

IIIa required a purification through flash chromatography, since the reaction gave some side products. Finally, 

compounds 1-31 were obtained by coupling intermediates Ia-IIIb with different aryl lithium species 

generated in situ. Aromatic moieties thus introduced include phenyl, 4-methoxyphenyl, 3-methoxyphenyl, 

naphth-2-yl, 6-mehoxynaphth-2-yl, 4-biphenyl and 4-(benzyloxy)phenyl (see Scheme 2). In detail, this last 

step involves the smooth bromo-lithium exchange on the aryl bromide to access the lithiated arene that, 

after addition of Weinreb amides Ia-IIIb and quenching with H2O gave the desired crude ketones 1-31 in good 

yields. After flash chromatography purification, compounds were converted into their corresponding 

hydrochlorides by addition of HCl in Et2O. All the potential MTDLs 1-31 were obtained in a sufficient amount 

and with the appropriate degree of purity, as confirmed by IR, 1H NMR, 13C NMR and UPLC-MS analysis, for 

the following biological investigations. 
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2.4 Biological investigation 
 

 

Once all the designed compounds were obtained in suitable amount and purity for preliminary biological 

investigation, we proceeded in assessing their affinities toward S1R, S2R and NMDA receptor, as well as their 

anti-AChE activity and antioxidant profile. 

Competition experiments with radioligands were employed to determine our compounds’ affinities toward 

both Sigma receptor subtypes. The assay for S1R was performed using homogenized guinea pig cerebral 

cortex membranes, in the presence of [3H]-(+)-pentazocine, as a potent and selective S1R radioligand. 

Nonspecific binding values were determined using non-radiolabeled (+)-pentazocine in excess. Conversely, 

homogenized rat liver membranes were adopted to evaluate the S2R binding values, employing [3H]-DTG.  

Since this compound is a non-selective S2R ligand, S1R was previously masked with an excess of non-tritiated 

(+)-pentazocine. Moreover, a high concentration of non-tritiated DTG was used to determine nonspecific 

binding values. Compounds with high affinity were tested three times, whereas compounds with low SR 

affinity, only one measure was performed. The SRs affinities of compounds 1-31 and reference compounds 

(namely, (R)-RC-33, Donepezil and Ifenprodil) are presented in Table 2. Analogously to (R)-RC-33, almost all 

compounds display a weak affinity toward S2R, and more than half of the series (2, 4, 9-11, 15-18, 21-26, 29-

30) presents a Ki S1R lower than 50 nM. Some preliminary SAR considerations can be drawn from these 

results: (i) the 4-methoxyphenyl ring seems to favor the interaction with S1R, as molecules 2, 11, 15 and 24 

belonging to the three different n series present good Ki values (27, 11, 8 and 2.9 nM, respectively); (ii) a 

longer linker adapts well to the S1R binding pocket, as it can be deduced by the 4-benzylpiperidine derivatives 

(1-6, 10-13 and 23-28), which follow 1 < 2 < 3 n-scale in the interaction with S1R; (iii) on the other hand, the 

length of the linker can limit the selectivity, indeed compounds belonging to the n = 3 series present a 

S2R/S1R ranging from 1.6 to 11.4 and thus.  

Affinity towards GluN2 subunit of NMDA was determined through competitive binding assays on membrane 

extracts of L cells (tk-), stably transfected with a vector containing the genetic information of GluN1a and 

GluN2B subunits. [3H]-Ifenprodil was employed as a selective and potent GluN2 inhibitor radioligand. 

Compounds with high affinity were tested three times. For compounds with low NMDA affinity, only one 

measure was performed. The results reported in Table 2 show that the majority of compounds 1-31 possess 

a rather weak affinity towards NMDA receptor. Noteworthy exceptions are 2-4, 10 and 23-28, which show a 

Ki < 150 nM. These results suggest that n = 3 linker and benzylpiperidine moiety are a good combination for 

NMDAR binding.  

Afterwards, compounds 1-31 were tested for defining their potential to inhibit AChE. A spectrophotometric 

procedure was adopted, based on the well-known Ellman's method185. The chemical mechanisms at the basis 

of this assay is reported in Scheme 3: acetylthiocholine is hydrolyzed in acetic acid and thiocholine, which 
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reacts with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB, also known as Ellman’s reagent) cleaving the disulfide 

bond to give 2-nitro-5-thiobenzoic acid (TNB), which ionizes to the TNB2- dianion in water at neutral and 

alkaline pH. This TNB2- ion has a yellow color and can be quantified in a spectrophotometer by measuring the 

absorbance at 412 nm. Compounds that inhibit AChE activity result in a decrease of the test solution’s 

absorbance at 412 nm. 

 

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

 

An initial screening was performed, employing the target compounds at a concentration of 50 µM. The results 

of this assay are summarized in Table 1. Noteworthy, 12 compounds (3-4, 11-12, 17, 23-25, 27-30) possess a 

percentage of inhibition ≥ 60%. For these most promising molecules, the IC50 values were determined. 

Interestingly, the obtained IC50 values resulted lower than 25 µM, with the only exception of 3 (IC50 = 32.88 

± 1.77 mM). In particular, 25 and 27 result the most promising AChE inhibitors, with an IC50 of 7.64 ± 2.07 and 

4.28 ± 0.23 µM, respectively (Table 2). Interestingly, the most active compounds belong to the n = 3 series 

(23-25, 27-28), and the inhibitory activity progressively decreases for n = 2 and n =1 series. Moreover, 

molecules bearing the 4-benzylpiperidine or piperidine motif are characterized by higher inhibitory activity 

respect to the morpholine-based compounds. Considering the obtained results, both the amine portion and 

the linker length seem to be important for the anti-AChE activity, whereas no clear relation between the 

aromatic portion and AChE inhibition has emerged.  
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Table 2. Binding affinities of compounds 1-31 towards NMDAR, S1R and S2R and S1R selectivity (Ki S2R/Ki S1R). AChE 

inhibition activity and IC50 of the most promising compounds. Values of model compounds (R)-RC-33, Donepezil and 

Ifenprodil are reported for comparative purposes. 

compound Ki S1R (nM) Ki S2R (nM) S2R/S1R 
Ki NMDAR 

(nM) 
% of AChE 

inhibition (50 µM) 
AChE IC50 

(µM) 

1 75 ± 3.6 2300 30.7 215 5.65 ± 0.10 a 

2 27 ± 1.2 2000 74 16 ± 1.2 8.21 ± 0.06 a 

3 131 ± 15 1500 11.5 11 ± 0.4 75.50 ± 0.02 32.82 ± 1.77 

4 27 ± 1.8 802 30 139 ± 11 87.40 ± 6.39 9.13 ± 2.24 

5 286 1400 4.9 >1000 48.24 ± 0.02 a 

6 340 >1000 - >1000  11.41 ± 0.04 a 

7 130 ± 16 190 1.5 657 b b 

8 132 ± 55 1200 9.1 3100 b b 

9 48 ±12 976 20.3 796 b b 

10 16 ± 1.8 5800 363 39 ± 2.1 42.30 ± 0.21 a 

11 11 ± 2.2 2400 218 198 64.10 ± 5.58 22.02 ± 9.12 

12 211 6200 29.4 >1000 85.50 ± 0.02 18.55 ± 7.72 

13 167 3900 23.4 >1000 55.04 ± 6.69 a 

14 171 749 4.4 >1000  b b 

15 7.9 ± 0.9 2100 256 1700 42.07 ± 0.04 a 

16 2.2 ± 0.7 178 ± 12 81 >1000 45.20 ± 7.07 a 

17 15 ± 1.1 462 30.8 >1000 64.80 ± 0.35 13.08 ± 6.31 

18 25 ± 7 972 38.9 954 b b 

19 606 >1000 - >1000 10.75 ± 0.01 a 

20 301 >1000 - >1000 59.70 ± 2.24 a 

21 9 ± 0.7 >1000 - >1000 24.62 ± 0.05 a 

22 2.9 ± 0.3 >1000 - 723 12.20 ± 1.72 a 

23 9.0 ± 0.5 47 ± 2 5.2 39 ± 1.1 74.80 ± 3.56 13.07 ± 2.10 

24 31 ± 4.2 111 ± 8 6.8 96 ± 2.7 80.01 ± 0.02 12.80 ± 1.79 

25 17 ± 2.2 43 ± 1.9 2.5 49 ± 1.8 71.80 ± 1.60 7.64 ± 2.07 

26 24 ± 3.4 58 ± 2.3 2.4 26 ± 0.9 b b 

27 68 ± 1.7 107 ± 10 1.6 20 ± 0.7 92.60 ± 0.03 4.28 ± 0.23 

28 135 ± 11 704 5.2 96 ± 2.6 84.10 ± 0.02 13.94 ± 2.15 

29 4.4 ± 2.4 50 ± 19 11.4 462 88 ±1,59 3,84 ± 0,62 

30 33 ± 14 82 2.5 200 72±0,36 0,68 ± 0,09 

31 87 ± 28 199 2.3 673 b b 

 (R)-RC-33 1.8 ± 0.1 45 ± 16 25 >1000 4.82 ± 2.15  a 

Donepezil  14.6c - - - 99.4 ± 0.01 0.012 ± 0.01 

Ifenprodil 125 ± 24 98 ± 34 0.8 10 ± 0.7 - - 

Values are expressed as mean ± SEM of three experiments. Compounds with high affinity were tested three times. For 
compounds with low SR and NMDA affinity (Ki > 150 nM) only one measure was performed. 
a Inhibition % < 60% at a concentration of 50 µM. 
b Compounds were not evaluated for solubility issues. 
c Data taken from reference 186. 
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Basing on these preliminary biological investigations, compounds that showed a good multitarget binding 

profile were selected for evaluation of antioxidant activity. Since counteraction of oxidative stress can be 

exerted through different biological pathways and molecular mechanisms93,94,187, a number of orthogonal 

assays was employed. Firstly, free radical scavenging (FRS) activity was determined by 2,2-diphenyl-1-

picrylhydrazyl (DPPH) assay, and the results were compared to those of reference molecules (R)-RC-33, 

Donepezil and Curcumin. Stock solutions in EtOH of the test compounds (2, 4, 10-11, 15-17, 21-26) were 

prepared (5.0 mM). The DPPH absorbance was spectrophotometrically monitored at 515 nm and inhibition 

percentages calculated. The results demonstrated that compounds 10-11, 15-17, 21-26, as well as (R)-RC-33 

and Donepezil do not display significant antioxidant activity (values ranging from 2.8% to 32%). Conversely, 

compounds 2 and 4 exerted a significant FRS activity (65.6 % and 65.7 % respectively), comparable with that 

of Curcumin (FRS% 71.3 ± 6.74). Since only molecules belonging to the n = 1 series possess intrinsic 

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

carbonyl and amine moieties, which could be crucial to stabilize the radical center (Scheme 4)188. 

 

Scheme 4. Proposed mechanism for the radical scavenging activity of n = 1 series compounds. 

 

To further investigate potential antioxidant activity, we evaluated the ability of some selected compounds in 

reducing ROS within SH-SY5Y cells after an exposure to oxidative damages mediated by H2O2. The assay is 

performed with the cell-permeable non-fluorescent probe 2′,7′-Dichlorofluorescin diacetate (DCFDA). Within 

the cell, this compound undergoes esterase-mediated de-acetylation and the resulting product is then 

subjected to oxidation by ROS, giving 2’,7’-dichlorofluorescein, a highly fluorescent molecule. As reported in 

Figure 14, Curcumin possesses the ability to reduce ROS up to a 0%, whereas donepezil and (R)-RC-33 show 

no antioxidant properties. Among the tested compounds, 4 and 17 showed the best antioxidant profile, being 

able to promote ROS reduction up to 43% and 18% respectively.  
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Figure 14. ROS percentage evaluation after administration of test compound in SH-SY5Y cells. Among model 

compounds, only Curcumin is able to reduce ROS production, whereas Donepezil and RC-33 resulted ineffective. Among 

novel compounds, 4 and 17 showed promising antioxidant activity (inactive compound 11 is reported for comparison). 

 

Lastly, selected compounds were tested on HeLa cells to evaluate their antioxidant effect mediated by 

aquaporins (AQPs). Aquaporins are a family of water channel proteins present in mammals in different 

isoforms and constitute emerging targets in virtue of their role in promoting H2O2 diffusion and scavenging 

reactive oxygen species, thus alleviating oxidative injury189,190. These intriguing membrane proteins are still 

unexplored from a medicinal chemistry standpoint. 

Firstly, osmotic water permeability in oxidative stress conditions was measured by a stopped-flow light 

scattering method. As reported in Figure 15, addition of our test compounds was able to prevent or restore 

the water permeability decrease in most cases. Then, hydrogen peroxide permeability was evaluated: H2O2 

levels were measured in heat-stressed HeLa cells using the fluorescent probe CM-H2DCFDA. Dose-response 

relationship for two representative compounds (21 and 22) are reported in Figure 15. The results obtained 

indicate that our compounds are able to counteract oxidative stress by modulation of Aquaporins activity. 
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Figure 15. Evaluation of MTDLs’ AQPs-mediated antioxidant effect on HeLa cells. Measurement of osmotic water 

permeability and H2O2 levels in oxidative stress conditions. 
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2.5 Computational studies 
 

 

In order to rationalize the results obtained from binding assays, computational studies were carried out on 

the compound library. In detail, the S1R trimeric structure in complex with 4-IBP (PDB: 5HK2) was used to 

dock our arylalkylaminoketones. Interestingly, all active molecules formed ionic interactions with Glu172 and 

Asp126 due to their positively charged amine group. By contrast, low-ranked ligands lacked these key residue 

contacts. The pivotal role of Glu172 is consistent with what was pointed out in the first publication of the S1R 

crystal structure15. Other amino acids often involved in protein-ligand interactions include residues Trp89 

and Phe107, which can form π-cation interactions with the ligands’ protonated amine, and Tyr120 and 

His154, involved in π-π stacking with ligand aromatic rings. As reported in Figure 14, reference compound 

(R)-RC-33 is able to engage most of these stabilizing interactions (i.e. ionic interaction with Glu172 and 

Asp126, cation-π interaction with Phe107 and hydrophobic contacts between aromatic rings and surrounding 

amino acids). Upon docking, it was observed that most of compounds 1-31 conserved key interactions with 

the receptor, although larger molecules with four rings (such as 4-biphenyl derivatives 6, 13 and 28) did not 

fit well into the binding pocket. In detail, either the biphenyl moiety clashed with Tyr206 or the benzyl ring 

did not have enough space on the opposite side of the pocket. Conversely, molecules 14, 19 and 20 that have 

only two rings lacked important hydrophobic contacts resulting in low binding affinity (experimental Ki > 130 

nM). In conclusion, compounds with three rings, which conserved H-bond and hydrophobic interactions, 

seem to be the most promising. In Figure 14, two representative compounds (4 and 17) are reported as 

examples.  

All new derivatives were docked also on AChE using the X-ray crystal structure bound to Donepezil (PDB: 

4EY7). The top-ranked ligands adopted poses similar to the co-crystallized Donepezil, forming π-π and π-

cation interactions with Trp86, Trp286, Tyr337 and Tyr341 residues of the binding pocket (Figure 14). Also, 

the H-bond with the backbone of Phe295 was mostly conserved. In particular, the presence of the carbonyl 

enhanced the binding in the n = 3 series (compounds 23-31), which has the optimal linker length to keep 

both the H-bond to Phe295 and the ionic interaction between amine and Tyr residues. Instead, not all 

compounds formed hydrogen bond interactions with the hydroxyl group of Tyr amino acids. For instance, 

the docking pose of compound 17 showed that the charged amine could fit into a deeper binding pocket, 

where it could form interactions with Glu202. This was possible only for unsubstituted piperidine rings. 

Furthermore, the naphthalene ring (compounds 10 and 27) enhanced the π-π stacking with Trp286. In 

summary, docking poses suggested that the charged amine plays a key role not only for binding to negatively 

charged amino acids, but also to aromatic residues through cation-π interactions. The binding is strengthened 

by the presence of aromatic rings, which form hydrophobic and π-π interactions with both S1R and AChE 

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

the docking poses of 4 and 17 are reported. 

 

Figure 14. Docking poses of reference compounds (RC-33, green, and Donepezil, turquoise) and of 4 and 17 (yellow and 

purple, respectively) on S1R and AChE binding pockets. Ligands and key residues are shown as sticks.  

 

Overall, the preparation and evaluation (both in vitro and in silico) of the reported compound library  have 

been reported in a recent publication (see Paper 3, Appendix, page 154), where additional details can be 

found about computational and biological investigations (including cell viability and neurotrophic activity). It 

is worth noting that the ketone moiety of the designed compounds does not interfere with S1R and AChE 

binding. Hence, it might be exploited for interaction with other molecular targets related to 

neurodegenerative diseases to develop MTDLs with optimized binding profile. In particular, interaction of 

our compounds with NMDAR deserves to be further investigated, since only few of them showed a significant 

inhibitory activity toward this receptor. Although important insights on interaction with GluN2B might come 

from computational studies, such investigations are particularly demanding due to the broad shape of the 

receptor’s binding pocket. This is in fact constituted from a non-polar cavity and two sub-cavities, separated 
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by the side chain of Gln110, which are highly accessible to both the solvent and the ligands191. A drawback of 

this situation is that the large available space makes docking particularly difficult, as well as subsequent free 

energy calculations, since they highly rely on the correctness of the interactions between the ligands and 

their environment. These issues will be addressed in next studies in order to draw important SAR 

considerations. Nevertheless, one should keep in mind that, when dealing with MTDLs, the final goal is an 

equilibrated and synergistic modulation of selected therapeutic targets, rather than extremely high potency 

toward all of them. Moreover, since NMDA receptor is one of the client proteins of S1R, even compounds 

with modest affinity toward NMDAR might result in beneficial modulation of the related biological pathway 

via a Sigma-mediated mechanism. 
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2.6 Discussion 
 

 

As extensively reported in Section 1.3, S1R is now unanimously considered a promising target for 

counteracting neuropathies in virtue of its two main features: (i) ability to modulate a wide range of biological 

pathways involved in cell survival and excitability, (ii) overexpression in central nervous system cells. Its 

therapeutic potential is confirmed by recent studies that culminated in bringing S1R modulators into clinical 

trials. This is the case of Anavex 273 and AVP-786 (under evaluation for Alzheimer’s disease), S1A 

(investigated for the treatment of neuropathic pain), and pridopidine, originally developed for Huntington 

disease and now repositioned for ALS. More S1R agonists are in the pipeline of pharmaceutical industries in 

pursuit of neuroprotective agents. Furthermore, as outlined in Paper 1 (Appendix, page 119), S1R has been 

recently proposed as molecular target to counteract multiple sclerosis, thus expanding the spectrum of 

potential therapeutic application of Sigma1 agonists. This was based on the consideration that S1R plays a 

pivotal role in regulating synaptogenesis, myelination and cellular homeostasis through different pathways 

involving microglial activation and protection against mitochondrial damage and oxidative stress. 

Given these premises, in my PhD work I considered S1R and other related targets to design novel MTDLs with 

the final aim to obtain new agents for counteracting neurodegenerative diseases. Among the eligible targets, 

in the first phase of the work, AChE was selected due to its well-established role in regulation of the 

cholinergic system, which impairments are considered hallmarks of neurodegeneration. Accordingly, the 

pharmacophoric elements of RC-33 and Donepezil (S1R agonist and AChE inhibitor, respectively) were 

assembled in a new scaffold potentially able to bind both targets. Keeping in mind that oxidative stress also 

plays a role in neuropathies, structural features of the natural antioxidant Curcumin were included as well. 

The resulting arylalkylaminoketone scaffold served as basis for the design of a compound library of 24 

potential MTDLs. Briefly, the designed compounds were efficiently synthetized with a divergent approach 

and their biological profile was drawn through binding and spectrophotometric assays. The results have been 

published in Paper 3 (Appendix, page 154). Two compounds resulted of particular interest (i.e. compound 4 

and 17), showing high affinity toward both S1R and AChE and exerting antioxidant and neurotrophic 

properties at non-cytotoxic dose. It is worth noting that (R)-RC-33 shows no anti-AChE property, nor 

antioxidant properties (both in DPPH assay and within SH-SY5Y cells), despite the striking structural similarity 

with compound 17. This suggests that even minor structural changes can induce significant amelioration in 

the compound’s biological profile. Prompted by these encouraging results, we decided to extend this 

approach to a new series of compounds, including investigation on NMDA receptor and Aquaporins (AQPs) 

(manuscript in preparation). Of note, NMDA is involved in synapse formation and plasticity and is commonly 

regarded as one of the main S1R client proteins. On the other hand, Aquaporins are a family of integral 

membrane proteins involved in water and H2O2 transport. They represent an emerging target, still poorly 
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studied from a medicinal chemistry point of view. Interestingly, some AQP subtypes seem to be able to 

interact with NMDA receptor192. Triggering this network of mutual modulation and beneficial effects may 

provide an enhanced therapeutic effect. Accordingly, we designed the new ligands to fill those regions of 

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

 

Figure 15. Multitarget approach schematization: interaction of the same molecule with multiple selected targets can 

promote an enhanced beneficial outcome by activating different molecular cascades, similarly to a key that can open 

many doors. 

 

Among the newly prepared compounds, four had a Ki < 50nM toward S1R (9, 18, 29, 30) and two of them 

showed anti-AChE activity (% of inhibition > 70%), although all exhibited a modest binding affinity toward 

NMDAR (Ki > 200 nM). This last aspect did not discourage us, since NMDAR can be modulated through 

activation of S1R. Finally, evaluation of some selected molecules – from both the first and second library – 

on Aquaporins gave interesting results: almost all tested compounds resulted able to counteract oxidative 

stress conditions by restoring water permeability and lowering H2O2 levels in HeLa cells. Notably, some 

compound (21, 22 and 26) that displayed low intrinsic ROS scavenging properties in DPPH assay, here resulted 

effective, suggesting that their antioxidant activity might be primarily AQP-mediated. The obtained results 

confirm the potential of these unexplored molecular targets to counteract cell damage caused by oxidative 

stress, and represent a step forward in understanding their role in cells. 

To sum up, a library of MTDLs sharing the pharmacophoric requirements for interaction with S1R, AChE and 

NMDAR has been prepared. Their binding profile has been determined, as well as their antioxidant 

properties, revealing a number of compounds endowed with multitarget affinity and able to counteract 

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

 

Over the last 25 years, the use of homo- and hetero-bivalent drugs has been gradually gaining relevant 

consensus among the scientific community, in virtue of their ability to target a variety of therapeutic targets 

with improved efficiency and/or selectivity. The progressive recognition of the therapeutic potential of such 

approach led – from few pioneering studies in the 1990s – to a research outburst in very recent time193–199. 

Indeed, the ability of a single protein to form dimeric or oligomeric complexes can be crucial to activate a 

specific molecular cascade and trigger important biological mechanisms200–203,160,204. As reported in Section 

1.2, S1R can be counted among such proteins, as it is known that agonists bias the receptor toward its 

monomeric or low-molecular-weight homomers (namely, dimers), whereas antagonists favor the formation 

of higher order oligomers, although the dominant physiologically form and how oligomerization is connected 

to agonism are still to be elucidated.  

Given these premises, we planned to develop a series of bivalent S1R modulators as useful tools to study 

molecular mechanisms underlying the receptor’s oligomerization, as well as biological effects triggered by 

this process. In particular, we reasoned that since S1R can form homo-dimeric structures upon interaction 

with agonists, and S1R agonists are known to exert neuroprotective effects, promoting dimerization through 

dimeric ligands could enhance ligand’s beneficial activity. Accordingly, we designed a series of bivalent 

ligands consisting in two units of (R)-RC-33 (our in-house developed S1R agonist) tethered by a linker (Figure 

16). Because of the lack of derivatizable functions within (R)-RC-33 structure, a structural variation was 

required. To decide which portion of the original scaffold is best suited for derivatization and attachment of 

the linker, without disturbing the interaction with the binding pocket, an analysis of the crystal structure 

published in 2016 was required. Immediately, a main issue arose: the binding site is not exposed to the 

solvent, and no clear indication on how ligands could access this highly occluded region was available at that 

time. The authors of the crystallographic study could only hypothesize two main alternatives: one pathway 

is through a gap between the two membrane-adjacent helices, directly into/out of the plasma membrane, 

while the other passes through a polar region occluded by residues Gln135, Glu158, and His154, from the 

cytosolic surface. Notably, the receptor must be endowed with significant conformational plasticity to allow 

reversible ligand binding. 

Computational studies could help to identify the most probable route ligands follow to reach the active site 

and which conformational changes are involved during this process. Such information would be really useful 

for the design of bivalent ligands, helping to decide which scaffold derivatization and linker type best adapt 

to the “open” conformation of the receptor’s binding pocket. However, computations of such major 

conformational changes for proteins as large as S1R (223 aminoacids, 25.3 KDa) are particularly demanding, 

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

this particular form are still unknown. 

Given these premises, a preliminary docking study on (R)-RC-33 was performed to drive some basic 

considerations for the development of bivalent ligands. Starting from these first insights, finer computational 

studies were carried out in parallel with development and experimental evaluation of bivalent ligands.  

In detail, the trimeric crystal structure in complex with 4-IBP was used to dock model compound (R)-RC-33. 

The obtained poses were superimposable with the co-crystallized ligand, with the key ionic interaction 

occurring between the protonated nitrogen of the piperidine ring and Glu172 residue. In addition, 

hydrophobic contacts are shown between the aromatic rings and surrounding amino acids (Met93, Leu95, 

Leu105). Considering that the biphenyl portion is more deeply buried into the receptor’s structure, whereas 

piperidine ring points toward one of the putative pathways for accessing the binding site (the one leading to 

the cytosolic side), we envisaged the introduction of an amminic group at 4-position of the piperidine nucleus 

(compound (R)-RC-33A) for tethering the two sub-units of bivalent derivatives, as reported in Figure 16: this 

allows us to access bivalent compounds through amidation coupling with different di-acidic linkers. To 

validate the hypothesis that derivatization of the piperidine ring does not affect significantly the affinity 

toward S1R, we decided to extend investigation to acetamide derivative 32. The novel bivalent ligands were 

designed with the aim to explore different linker features as length, hydrophilicity and spatial constrain. 

Specifically, homo-bivalent ligands can be grouped into three different categories: i) compounds with linear 

and hydrophobic alkyl-linkers (33-35), ii) molecules with hydrophilic linear polyoxyethylene-linkers (36-38), 

iii) one ligand presenting rigid, planar and hydrophobic phenyl-linker (39). We also designed the hetero-

bivalent compound 40 (Figure 16), bearing RC-33 pharmacophore at one end and an inactive moiety, i.e. 

some functional group that is not expected to give specific interaction with a second binding pocket. This will 

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

 

As mentioned above, for the preparation of homo-bivalent ligands we considered to exploit coupling via 

amidation reaction between two equivalents of key intermediate (R)-RC-33A and one equivalent of 

commercially available di-acidic symmetric linkers (Scheme 5). Obtainment of hetero-bivalent compound 40, 

on the other hand, involves the use of asymmetric linker 42. This can be added to an activated ester of 

benzoic acid to obtain compound 41, which in turn is coupled with (R)-RC-33A.  

An important issue that must be taken into account when dealing with such bivalent ligands is chirality. If the 

pharmacophore that has to be coupled twice with the linker bears one chiral center – as in our case – this 

leads to the possibility to obtain three different products: a couple of enantiomers (with configuration R,R 

and S,S) and one meso compound (R,S). In early studies performed after the discovery of RC-33, both 

enantiomers showed superimposable affinities toward S1R and the (R) enantiomer was later identified as 

lead compound in virtue of its higher metabolic stability163. Accordingly, we directed our efforts toward the 

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

problems during physico-chemical characterization. 

 

 

Scheme 5. Retrosynthetic analysis. Compound (R)-RC-33A is the key intermediate for the obtainment of both homo- 

and hetero-bivalent ligands.  
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3.2 Synthesis of enantiopure compound (R)-RC-33A 
 

 

The obtainment of enantiomerically pure products is a fundamental requirement in modern drug discovery 

and development, due to the different behavior each enantiomer can exhibit in chiral environments, such as 

human body. Depending on the stage of drug discovery process, different techniques and combinations 

thereof can be employed to obtain enantiopure compounds. Two main approaches can be identified: i) 

separation of racemates (through chromatography or crystallization) and ii) enantioselective synthesis 

(exploiting chiral auxiliaries, chiral pool, chiral catalysts, or biocatalysis). In some cases, an integrated 

approach based on combination of different techniques gives the best results. A detailed review on the 

methods for obtaining enantiopure compounds during the drug discovery process can be found in Paper 4 

(Appendix, page 173).  

Three different synthetic pathways (route A, B and C in Scheme 16) have been explored for the obtainment 

of key intermediate (R)-RC-33A in suitable amount and chiral purity for the characterization and evaluation 

of the designed bivalent ligands. As reported in Scheme 16, the investigated synthetic strategies have the 

first step in common, consisting in a Heck reaction between 4-bromobiphenyl and ethyl crotonate. This 

reaction was performed under Jeffery conditions, i.e. with a tetraalkylammonium salt in absence of 

phosphine ligands205. Tetraethylammonium chloride is used here as a phase-transfer catalyst to improve the 

yield and accelerate the rate of the reaction. Moreover, Pd(OAc)2 microencapsulated in polyurea matrix (Pd 

EnCat®) was used as catalyst, in order to facilitate work-up procedure and limit Pd contamination in products. 

Consistently with the typical Heck reaction stereoselectivity, the trans α,β-unsaturated ester 43 is obtained 

as the major product. Identification of the cis/trans products was based on previous works on analogous 

compounds206. At this point, the first pathway explored is route A (Scheme 16), which is based on the protocol 

already developed for the gram-scale synthesis of (R)-RC-3322, properly adapted to access the new target 

compound. The subsequent enantioselective reduction of the double bond is the key step for the 

introduction of the chiral center with the desired configuration. The reaction is carried out in a Parr 

multireactor using the chiral Ir catalyst (S,S) Ir(ThrePHOX) under 70 bar of hydrogen pressure at room 

temperature. Under optimized condition, the saturated ester 44 is obtained with 83% enantiomeric excess 

(ee). With the aim to enhance chiral purity to a degree suitable for biological investigations, ester 44 is 

hydrolyzed to the corresponding acid, which undergoes fractional crystallization with (S)-phenylethylamine 

((S)-PEA) in MeOH/H2O 1:1. This protocol resulted more efficient than the one previously reported for the 

synthesis of (R)-RC-33, in which cinchonidine was used as resolving agent and the crystallization solvent was 

acetone/H2O 1:1. In detail, the diastereomeric salt (S,S)-45∙PEA crystallizes as white needles, whereas (R,S)-

45∙PEA remains in the mother liquors. For this reason, multiple subsequent crystallizations were needed to 
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reach the desired chiral purity. The process was monitored by chiral HPLC: after 5 crystallizations, 1.2g of 

(R,S)-45∙PEA with 94.5% ee and 1.8g of (R,S)-45∙PEA with 98.4% ee were obtained starting from 5g of 

diastereomeric salt. Free acid 45 (94.5% ee) was then subjected to amidation with 4-Boc-aminopiperidine in 

the presence of condensing agent 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate 

(TBTU). The reaction was performed under microwave (mw) irradiation to easily and quickly access the 

desired product with high yield. Upon deprotection with trifluoroacetic acid (TFA), amide 47 is subjected to 

reduction with LiAlH4. Key intermediate (R)-RC-33A is thus obtained with retainment of enantiomeric excess, 

as confirmed by chiral HPLC.  

 

Scheme 16. Synthesis of key intermediate (R)-RC-33A. 

 

With the aim of optimizing the synthesis of RC-33A, an alternative strategy was explored (route B). The key 

step of this new pathway is the organocatalytic enantioselective reduction of α,β-unsaturated aldehyde 48 

to the corresponding saturated product 49. From the pioneering study published by Hajos and Parrish in 

1973, organocatalysis has now become one of the most promising approaches for the obtainment of chiral 
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molecules. This approach employs small organic compounds as catalysts, which contain specific functional 

groups to activate the substrate and special stereo-structures responsible for the stereoinduction. 

Organocatalysis offers several advantages, such as affording asymmetric induction without the use of metal 

catalysts. Moreover, the scope and generality of suitable reactions is really large, and more than one 

stereocenters can be generated efficiently in a single pot operation (domino or cascade organocatalysis), 

although the reactivity of organocatalyst may be lower compared with metal-catalysis, requiring 10-40 mol% 

of catalyst loading. The use of chiral pyrrolidine derivatives for the stereocontrolled β functionalization of 

α,β-unsaturated carbonyl compounds (Scheme 17, A) constitute an important part of organocatalysis that 

has been extensively studied and exploited in organic synthesis207.  From a mechanistic point of view, the 

electronic redistribution induced by the iminium intermediates produces a LUMO-lowering effect that 

facilitates nucleophilic additions, including conjugate additions and pericyclic reactions and enabling the 

asymmetric introduction of several nucleophiles to the β position. 

 

Scheme 17. A) General representation of the aminocatalytic cycle for the β functionalization of α,β-unsaturated 

carbonyl compounds via iminium activation. B) Transition state involved in asymmetric induction with MacMillan’s 

catalyst. 

 

In our case, the reaction to be performed is an enantioselective reduction of the C-C double bond through 

hydrogen transfer from a dihydropyridine derivative (Hantzsch ester). Such reaction was reported by 

MacMillan, who demonstrated its high performance in terms of yield and stereocontrol (ee >90%)208. The 

reaction is performed with the chiral imidazolidinone shown in Scheme 17 (MacMillan’s catalyst), which is 

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



57 
 

of this reaction, which prompted us into exploration of its feasibility, is its remarkable enantioconvergence: 

the authors reported that the product configuration is determined only by the catalyst configuration, 

independently from the E/Z isomerism of the starting material. This represent a significant advantage for our 

synthesis, since it means that the Z isomer of ester 43, which is inevitably obtained as minor product during 

Heck arylation, can be recovered. Considering this feature, along with the easier and safer protocol respect 

to route A (avoidance of transition metals and high-pressure H2 gas) and the excellent enantiomeric excesses 

reported in literature, we decided to apply this strategy to our substrate. Notably, route B involves only four 

synthetic steps starting from ester 43, whereas route A requires five synthetic steps and a fractional 

crystallization. The first reaction of the new pathway is therefore the reduction of E ester 43 to the 

corresponding aldehyde with diisobutylaluminium hydride (DIBAL-H). The reaction was performed using one 

equivalent of reducing agent, at -78 °C, to avoid over-reduction. Unfortunately, allylic alcohol 50 was 

obtained as sole product, in very low yield. Considering that the outcome of such reactions is often aleatory, 

especially in the case of conjugated esters, we decided to add DIBAL-H in excess to push the reaction toward 

complete reduction to allylic alcohol 50 and then to oxidize it to aldehyde with Mn2O (Scheme 18). In this 

phase we were not concerned about optimizing this step as our main goal was to obtain aldehyde 48 for 

testing the feasibility of the organocatalytic reaction. Accordingly, once the α,β-unsaturated aldehyde was 

obtained, scouting reactions with MacMillan’s catalyst were performed. Since (R)-Mac-H was already 

available among our supplies, we employed this catalyst at first, although it was expected to give the 

saturated aldehyde with the S configuration. We started performing the reaction at -45 °C in chloroform with 

20 mol% of imidazolidinone and 1.2 equivalent of Hantzsch ester. Under these conditions, no consumption 

of the starting material could be appreciated, even after 48 hours. A second experiment was then performed, 

raising the temperature to -30 °C. After 12 hours, TLC analysis showed the appearance of a new product, 

although the starting material was not completely consumed. The reaction was stopped anyway to evaluate 

identity and chiral purity of the product. After purification, 1H-NMR analysis confirmed the obtainment of 

aldehyde 49. Since a validated chiral HPLC method was not available for this compound, we opted for a 

smooth conversion of the aldehyde to RC-33 via reductive amination with piperidine, in order to access a 

product already well-characterized. The experimental conditions can be summarized as follows: Chiralcel OJ-

H (4.6 mm I.D. x 250 mm L, ps = 5 μm); eluent: MeOH/Et2NH, 100:0,1, (v/v); flux: 0,5 mL/min (λ =250nm). 

Unfortunately, the chromatogram showed that the obtained product was a racemic mixture. Additional 

experiments were performed on Z aldehyde and on a mixture of E/Z aldehydes, obtaining superimposable 

results. Therefore, we concluded that organocatalytic reduction with MacMillan’s catalyst takes place 

without stereocontrol on our substrate. 
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Scheme 18. Exploration of synthetic route B. 

 

Lastly, route C was explored. Similarly to route A, this pathway involves enantioselective reduction of 

conjugated ester 43 to the saturated derivative 44. In this case, the asymmetric 1,4-reduction is catalyzed by 

a diamidine cobalt complex developed by Kitamura’s group (Naph-diPIM-dioxo-R, Scheme 19)209. The 

advantages of the new protocol are: i) the easier and safer protocol (the reaction exploits NaBH4 as reducing 

agent, instead of H2 gas at high pressure) and ii) the higher enantioselectivity compared to the Ir-catalyzed 

reduction. In particular, this last feature would bring an additional advantage to route C: obtainment of ester 

44 with suitable ee would allow to adopt a strategy similar to route B (i.e. reduction to aldehyde followed by 

reductive amination), avoiding conversion to acid and fractional crystallization. Investigation of this new 

synthetic pathway was made possible by availability of Co chiral catalyst, kindly provided by prof. Kitamura, 

at the Institute of Pharmaceutical and Medicinal Chemistry of Münster, where I spent part of my PhD. The 

synthesis of this family of catalysts, which are not commercially available, has been reported in recent 

publications210, as well as its versatility and efficiency: for example, it has been used for the optimization of 

the synthesis of Fluspidine, a potent and selective S1R antagonist developed by Wünsch211. For the synthesis 

of (R)-RC-33A, the (R,R)-Naph-diPIM-dioxo-iPr/CoCl2 complex was used to access the desired (R)-44 

enantiomer with high yield and excellent chiral purity (ee 98%), as confirmed by HPLC analysis. The 

experimental setup is simple, the reaction quick and clean; moreover, the use of ligand with the opposite 

configuration gave the (S) isomer of 44 with comparable yield and enantioselectivity. From a mechanistic 

standpoint, it has been proposed that the Naph-diPIM-dioxo-iPr-CoHn (with n=1 or 2) species is generated 

from the CoIICl2 precursor by the action of NaBH4, and that the hydride is delivered to C3 of the conjugated 

ester in a 1,4-addition manner by a two-electron-transfer mechanism. Steric hindrance of the dioxolane ring 

on the (R,R) ligand favors the formation of cat/subSiSi complex rather than cat/subReRe, yielding (R)-44 as major 

product. 
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Scheme 19. Proposed rationalization of the observed enantioselectivity: the catalyst/substrate complex cat/subSiSi is 

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

 

The subsequent reduction of ester 44 with DIBAL-H gave aldehyde 49 in satisfying yield, in contrast to what 

it was observed for the attempted reduction of α,β-unsaturated ester 43 to the corresponding aldehyde 48 

(Scheme 18). The final steps to obtain (R)-RC-33A with route C are currently under investigation: these consist 

in a reductive amination with 4-Boc-aminopiperidine and subsequent deprotection. If the experiments will 

prove successful, route C will result the most convenient synthetic pathway for the obtainment of (R)-RC-

33A. 
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3.3 Synthesis of bivalent ligands 
 

 

With key intermediate (R)-RC-33A in hour hands, we moved forward to the preparation of the designed 

ligands. Acetamide derivative 32 was easily obtained by treating (R)-RC-33A with acetic anhydride, whereas 

for compounds 33-39 different coupling reagents (e.g. DCC, EDC, PyBroP, TBTU, COMU) and reaction 

conditions were explored in scouting reactions. The general procedure involves activation of acidic moieties 

with a condensing agent, followed by addition of two equivalents of (R)-RC-33A. Optimal conditions for the 

obtainment of each final compound are reported in Table 3. 

Table 3. Reagents and conditions for the final step in the synthesis of homo-bivalent ligands 33-39. Ar = Biphen-4-yl; 

mw = microwave irradiation; (a) the reagent employed is the corresponding acyl chloride; (b) the reagent employed is 

the corresponding anhydride. 

 

Cmpd linker coupling agent base solvent temperature Yield 

33 CH2 TBTU DIPEA CH3CN r.t. 63% 

34 (CH2)3 TBTU DIPEA CH3CN 
mw: 90 °C, 50 W, 

5x10 min 
32% 

35 (CH2)5 TBTU DIPEA CH3CN 
mw: 90 °C, 50 W, 

5x10 min 
59% 

36 CH2OCH2 
a - Et3N CH2Cl2 r.t. 94% 

37 (CH2OCH2)2 COMU DIPEA DMF 0 °C to r.t. 40% 

38 CH2(CH2OCH2)9CH2 COMU DIPEA DMF 0 °C to r.t. 59% 

39 1,2 phen b TBTU DIPEA THF 
mw: 120 °C, 50 W, 

5x10 min 
28% 

 

Uronium salts resulted the best performing condensing agents: compounds 33-35 and 39 were obtained 

using TBTU, whereas for compounds 37 and 38 COMU was employed. Compound 36 was obtained without 

the need of such coupling reagents because the commercially available acyl chloride derivative of the linker 

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

in Scheme 20. 

 

 

Scheme 20. Synthesis of hetero-bivalent compound 40. 

 

To avoid protection/deprotection steps, benzoic acid is first activated with COMU (1), then amino-PEG4-acid 

linker 42 is added (2) to yield compound 41. This is then reacted with (R)-RC-33A to give target product 40. 

Identity of all final products was confirmed by 1H and 13C NMR analysis and their purity was determined via 

HPLC. Assessment of their ee is currently ongoing, through the development of a proper chiral HPLC method. 

Nevertheless, it is reasonable to assume that chiral purity obtained for (R)-RC-33A is retained during the last 

synthetic step, considering that (i) final compounds retained the levorotatory optical activity observed for 

intermediates 44-47 and (R)-RC-33A, and (ii) coupling with the linker involves the primary amine, which is 

distant from the chiral center, and the reaction conditions are not too harsh to cause a racemization. To 

further verify the retainment of the configuration, X-ray crystallography on some representative bivalent 

compound, such as 33, was taken into consideration.  In the attempt to obtain single crystals suitable for this 

technique, vapor diffusion was selected as the most promising crystallization technique, and different binary 

solvent systems (e.g. CHCl3/Et2O, CHCl3/acetone, CHCl3/petroleum ether) were investigated. Further 

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

 

Once compounds 32-40 were obtained in suitable amount and purity, competition experiments with 

radioligands were performed to determine binding site affinities toward S1R. The test was performed using 

homogenized guinea pig cerebral cortex membranes, in the presence of [3H]-(+)-pentazocine, as a potent 

and selective S1R radioligand. Nonspecific binding values were determined using non-radiolabeled (+)-

pentazocine and haloperidol in excess (as described in Experimental Section). Compounds with high affinity 

were tested three times. For compounds with low S1R affinity, only one measure was performed. Moreover, 

compounds considered most promising (Ki < 200nM) were also tested on S2R to evaluate their receptor 

subtype selectivity. For S2R, homogenized rat liver membranes were adopted to evaluate the binding values, 

employing [3H]-DTG and non-tritiated (+)-pentazocine to mask the S1R. Moreover, a high concentration of 

non-tritiated DTG was used to determine nonspecific binding values. The results are reported in Table 4, 

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

Table 4. Binding affinities of compounds 32-40 toward S1R. Ki values are reported with standard error of the mean (SEM) 

for compounds tested three times; (a) data retrieved from literature163; (b) compound tested as hydrochloride salt to 

improve its solubility. 

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

(R)-RC-33a reference cmpd - 1.8 ± 0.1 45 ± 16 

32 acetamide - 11 ± 4 206 

33 

homo-bivalent 

CH2 200 ± 16 Inhibition 0% 

34b (CH2)3 622 - 

35b (CH2)5 1300 - 

36 CH2OCH2 Inhibition 0% - 

37 (CH2OCH2)2 2.6 ± 0.6 46 

38 CH2(CH2OCH2)9CH2 799 - 

39 1,2 phenyl 134 6600 

40 hetero-bivalent (CH2OCH2)4 1600 - 

 

The Ki values of the smallest ligand of the series, acetamide 32, show only a modest increase respect to RC-

33. This result confirmed our hypothesis that the 4-position of the piperidine ring can be derivatized without 

significant loss in affinity. However, when derivatization leads to an important change in ligand’s dimension 

– as in the case of bivalent ligands – the resulting binding profile can be more difficult to predict. Both length 
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and nature of the linker seem to be strongly important in determining affinity toward the receptor. For 

example, compound 35 bears a linker quite similar in length to that of compound 37, but the difference in 

their Ki values is almost three orders of magnitude. In particular, compound 37 is endowed with excellent 

affinity, comparable to that of our lead compound (R)-RC-33 (2.6 nM and 1.8 nM, respectively), which is 

remarkable for a ligand of that size. Our hypothesis is that compound 37 is able to stabilize the “open” 

conformation of the binding pocket, i.e. those conformational changes that allow ligands to enter and exit 

the active site. Other bivalent compounds show affinities ranging from modest to low. Interestingly, hetero-

bivalent ligand 40 shows a micromolar Ki value. The absence of a second pharmacophore able to interact 

with the receptor might be the main reason behind this drastic drop in affinity.  

Further biological investigations are needed to get a clearer picture of the behavior of our compounds. In 

particular, functional assays such as NGF-induced neurite outgrowth assay could be the key to evaluate 

agonism profile of our ligands and the potential enhancement in neuroprotective effect. 

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

ligands. 
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3.5 Computational studies 
 

 

The recent publication of the first S1R crystal structure was essential for the development of computational 

studies aimed at better understanding ligand-receptor interactions. Nevertheless, even this milestone left 

some unanswered question. First of all, the authors reported that no significant difference could be identified 

in the 3D-structure of the receptor co-crystallized with two chemically divergent ligands (i.e. antagonist PD 

144418 and agonist/inverse agonist 4-IBP). Hence, it was not possible to determine what structural elements 

and which interactions in the binding pocket are responsible for the agonism and antagonism of small 

molecules. Secondly, the binding site is not exposed to the solvent. Although this fact accounted for the slow 

kinetic of ligands binding to S1R, it was unclear how small molecules could access this highly occluded region. 

During our research, we started from investigation of the interactions of model compound RC-33 and its 

monovalent analogs with the S1R binding site. Overall, 80 compounds reported in recent publications by our 

group were selected for this first task (see Experimental Section, Table 5)212–215. These molecules were 

originally designed on the basis of the pharmacophoric model proposed by Glennon29, and therefore they 

share some common structural features (Figure 17). Compounds were docked into the active site of S1R 

crystal structure bound to PD144418 (PDB code: 5HK1) by using the software Glide from the Schrödinger 

suite. Several poses were obtained for each compound, and both scoring energies (i.e. glide score) and 

information of PD144418 and 4-IBP crystallographic structures helped to select the best solutions. The results 

showed how Glennon’s pharmacophore is oriented within the S1R binding site and confirmed the key 

importance of electrostatic interaction between the charged amino group of the ligands and the side chain 

carboxylate group of the residue Glu172, since the best docking solution for most compounds gave this 

interaction. The best docking poses of RC-33 and its derivatives resulted superimposable with orientations 

of the co-crystallized ligands. In particular, docked ligands placed their larger hydrophobic groups near the 

so-called  primary hydrophobic site (delimited by residues Val84, Met93, Leu95, Leu105, Tyr206, Ile178, 

Leu182, and Tyr103), while their smaller hydrophobic groups locate near the secondary hydrophobic site 

(residues Phe107, Trp164, His154, and Ile124). Best poses obtained from docking experiments, along with 

experimental Ki value of each compound, served as the basis for the development of 3D-QSAR models to 

explain the SAR of the RC-33 analogs. These studies originated as side-project during the development of this 

thesis, hence they will be discussed only briefly herein. The bioactive conformations predicted by docking 

were used as the alignment rule for deriving the models. The structural features that affect ligands’ activities 

on S1R were identified by describing steric and electrostatic fields. Fields variables were calculated and 

processed to construct different 3D-QSAR models. The most accurate model resulted the one combining both 

steric field, as major contribution (88%), and electrostatic field. This is reasonable considering that the S1R 

binding site is mostly hydrophobic. In particular, bulky groups are desired in the bigger hydrophobic region – 
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near residues Tyr103, Tyr206, Thr202 – and in the region delimited by Val84, Trp89, Phe107, Ala185, where 

RC-33 places its methyl group. Another bulky moiety can be placed in the space near residues Tyr120, Ser117, 

Trp164, (where the piperidine of RC-33 is placed in the docked structure) although regions where steric 

hindrance disfavor affinity are also present in the neighboring space, reflecting the complexity of the steric 

field inside the binding pocket. The electrostatic field, on the other hand, contributes to a lesser extent to 

the model: smaller regions where an increase in positive charge enhance or diminishes ligands’ activity are 

present in the bigger hydrophobic region. For a more detailed description of these studies, which did not 

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

 

Figure 17. A Docking poses of some representative S1R ligand. In green are reported those which general structure is 

indicated in the Figure and that were used to perform 3D-QSAR studies. In purple is depicted co-crystallized PD144418. 

All docked compounds show poses similar to PD144418. B On the left are reported the docking poses of (R)-RC-33 

(green) and its acetamide derivative 32 (yellow), on the right are shown the docking poses of 34 (pink) and 37 (purple). 

 

Overall, the most active ligands (i.e. those with low experimental Ki values) share a high degree of similarity 

in the predicted binding poses, which are also similar to the binding mode of the co-crystallized ligands 

(Figure 17). In particular, it is worth noting that the docking pose of (R)-RC-33 and the 3D-QSAR model suggest 

that derivatization at 4-position of the piperidine nucleus is a good strategy for the obtainment of bivalent 

ligands. In fact, this portion, which is located in the small hydrophobic region, tolerates bulky groups and 

points toward one of the postulated pathways for the access to the binding pocket (the one leading to the 

cytosolic side and occluded by residues Gln135, Glu158, and His154). This intuition was further confirmed by 

the good binding profile of acetamide derivative 32 (Ki S1R = 11 ± 4 nM), indicating that insertion of an 
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additional moiety in that position does not compromise receptor’s affinity. The pathway between the small 

hydrophobic region and the cytosol could therefore accommodate a linear chain serving as linker to tether 

two RC-33 units, as originally envisaged. Accordingly, bivalent ligands were oriented with one end 

superimposed to the docked (R)-RC-33 and the linker occupying the aforementioned region, then 

macromodel minimization was performed to allow structural rearrangements of the receptor. The output 

was used to generate a grid box to dock the bivalent ligands.  The obtained poses showed that while one 

extremity of the bivalent ligand fits well into the binding pocket, the other end can barely reach the solvent, 

meaning that the linkers are too short to reach two different binding sites. The only exception is compound 

38, which is characterized by a very long PEG9 linker. However, it must be noted that every S1R crystal 

published up to date consists in a trimer, meaning that the precise architecture of dimer and the distance 

between two binding pockets in this form are still unknown. Moreover, the bivalent ligands developed during 

this project can be exploited to study how molecules enter the binding site. Particularly, compound 37 

exhibited an excellent binding affinity, suggesting that it might stabilize the open conformation of the 

receptor. To shed light on these intriguing aspects, further investigations involving molecular dynamics 

simulations are ongoing. These computations are particularly demanding due to the receptor’s dimension 

and the entity of the conformational changes, but we are confident that they will result in important 

contribution to this research field. Our first paper on the use of bivalent S1R ligands to study receptor’s 

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

 

S1R is known to be able to form complexes with many different proteins. However, homo-oligomerization 

still represent a poorly understood phenomenon. Accumulating evidence suggest that agonists binding 

promotes formation of low molecular weight species (i.e. monomers and dimers), whereas antagonists shift 

S1R structure toward higher order oligomers. Nevertheless, the exact molecular mechanism that relates 

agonism/antagonism to the oligomerization state is still unknown. Considering that S1R agonists exert 

neuroprotective effects and bias S1R toward dimeric form, we hypothesized that promoting dimerization 

through bivalent agonists might enhance ligand’s activity and biological function of S1R dimers. The designed 

ligands are based on two (R)-RC-33 scaffolds tethered by a linker. The synthesis of such compounds required 

the obtainment of key intermediate (R)-RC-33A in enantiopure form for two reasons: (i) although RC-33 

interaction with S1R is not stereoselective, the (R) enantiomer was identified as the most stable in biological 

matrices; (ii) since coupling two RC-33-like scaffolds with a linker implies doubling the chiral centers, using 

one enantiomer instead of the racemic mixture avoids having a mixture of different entities and the related 

complication in their isolation and characterization. Accordingly, different approaches (enantioselective 

metal catalysis, organocatalysis, fractional crystallization) have been explored to identify the most efficient 

route to access enantiopure (R)-RC-33A. The synthetic pathway involving the Co-catalyzed asymmetric 1,4-

reduction of ester 43 resulted the best strategy. Thereafter, scouting reactions for the final coupling of the 

di-acidic linkers with (R)-RC-33A have been performed to find the optimal conditions for each target 

compound. Once the synthetic feasibility of our approach was confirmed, we took advantage of the recent 

publication of the S1R crystal structure to perform computational studies on our bivalent ligands. At first, 

docking experiments on RC-33 and its monovalent analogues were performed. These served both to observe 

how such molecules are oriented within the binding pocket and to elaborate a 3D-QSAR model, which is 

reported in Paper 5 (Appendix, page 191).  We found that the piperidine ring of RC-33 points toward one of 

the putative pathways to access the occluded binding site, suggesting that the general design of our bivalent 

ligands, with the linker tethering two RC-33 from the piperidine side, have good chances to be effective in 

promoting dimerization. Docking of the bivalent ligands revealed that, although one extremity can fit well 

into the active site, the linkers initially designed are probably too short to reach two binding pockets. A 

precise estimate of the optimal linker length is difficult, because every S1R crystal structure available so far 

consists in a trimer with occluded binding pockets. Therefore, the architecture of S1R dimeric form and the 

conformational changes involved in the binding site opening are unknown. Taking into account these 

considerations we decided to expand our library introducing a small monovalent analog of RC-33 (compound 

32), a ligand with longer PEG linker (compound 38, see Figure 18) and one hetero-bivalent ligand (compound 

40). Moreover, we set molecular dynamics experiments to get clearer information on possible receptor’s 
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conformational rearrangements during ligands binding. In particular, we reasoned that even shorter bivalent 

ligands could be exploited in these studies to understand how molecules reach the occluded binding pocket. 

However, to get reliable information, comparison with experimental binding affinity is necessary. 

Accordingly, the whole library was tested through binding assays using radiolabeled (+)-pentazocine. Bivalent 

ligand 37 exhibited the highest affinity (Ki = 2.6 nM), comparable to that of model compound (R)-RC-33. We 

hypothesize that 37 is able to bind the receptor’s pocket in its open conformation, since the linker seemed 

too short to join two binding sites. Compound 32 also showed a good binding affinity, confirming that 

derivatization on the piperidine portion of (R)-RC-33 allows to retain key interaction with the binding site of 

S1R. In contrast, hetero-bivalent ligand 40 exhibited a very low affinity, suggesting that the presence of two 

RC-33 scaffolds is crucial for interaction with the receptor. The computational and experimental evaluation 

of the simplest bivalent ligand (compound 33), as well as comparison with (R)-RC-33 and PD144418, is 

reported in a paper currently under revision (Paper 6, Appendix, page 212). Further in silico studies, on the 

whole compound series, are ongoing, as well as functional assays to define the agonist profile. We are 

confident that the results obtained from these investigations will be a significant contribution into better 

understanding S1R molecular mechanisms underpinning agonism and oligomerization.  

 

Figure 18. Docking of model compound (R)-RC-33 (orange) and bivalent ligands 37 and 38 (yellow and green, 

respectively) inside one of the monomers that build up the trimeric crystal structure (each monomer is represented in 

different colors, and co-crystallized ligands are shown in purple). 
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4. Conclusions 
 

 

The first main objective of my research project concerned the preparation of novel multitarget directed 

ligands potentially useful to counteract neurodegenerative diseases through modulation of selected targets 

– namely S1R, AChE and NMDA – and endowed with antioxidant properties. To achieve this goal, a compound 

library of 31 arylalkylaminoketones was prepared in a quick and efficient way, exploiting a divergent 

approach based on Weinreb ketone synthesis. The common scaffold brings the pharmacophoric elements of 

RC-33 (S1R agonist), Donepezil (AChE inhibitor), Ifenprodil (NMDAR inhibitor) and Curcumin (natural 

antioxidant). The ability of the designed compound to cross the BBB was assessed in silico through a well-

established method (Wager et al. model). The preliminary biological investigation consisted in assessment of 

their binding profile through displacement binding assays. Specifically, affinity toward S1R, S2R and NMDAR 

was evaluated using radioligands. Conversely, inhibition of AChE was evaluated spectrophotometrically. It 

emerged that more than half of the compound library displayed a good S1R affinity (Ki < 50 nM) and selectivity 

over S2R. Fewer compounds showed a promising activity on NMDA receptor and AChE. Those showing a 

good multi-target profile were selected for further investigations, which concerned the evaluation of 

antioxidant activity: DPPH assay allowed to determine intrinsic free radical scavenging properties, whereas 

tests on HeLa cells indicated Aquaporins-mediated effects on water and H2O2 permeability. Interestingly, 

some of the tested compounds resulted effective in counteracting oxidative stress conditions. Docking 

studies on S1R and AChE showed that compounds with higher affinity are predicted to assume poses similar 

to that of parent compounds (i.e. RC-33 and Donepezil). Notably, the carbonyl group does not interfere with 

S1R binging in the active site. Hence, this moiety could be exploited in the design of novel MTDLs with 

improved binding profile toward NMDA receptor. To address this task, an in-depth computational study will 

be needed, to determine key interactions inside the broad NMDAR binding site. To sum up, the prepared 

compound library allowed to identify a number of compounds (e.g. 2, 4, 17, 23-25) endowed with a promising 

combination of affinity towards S1R, NMDAR, anti-AChE and antioxidant activity. The results obtained so far 

were reported in a recent publication (see Paper 3, Appendix). Further biological investigation will hopefully 

pave the way for achievement of viable therapeutic candidates for the treatment neurodegenerative 

disorders. 

The second objective of this thesis was the development of bivalent S1R ligands, as viable tools for studying 

the receptor’s dimerization process and its physiological role. The homo-bivalent ligands were designed as 

two units of (R)-RC-33 joined by a linker, which can vary in length, hydrophilicity and spatial constraint. To 

obtain such compounds, an amide coupling between a di-acidic linker and two equivalents of (R)-RC-33A was 

envisaged. Three different synthetic approaches have been explored to access this key intermediate (an 
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amine derivative of RC-33) in enantiomerically pure form. As a result, a quick, stereoselective and efficient 

synthetic protocol was set up. After exploration of different coupling agents and reaction conditions, optimal 

procedures for the obtainment of the designed homo-bivalent compounds were identified. One hetero-

bivalent ligand and the acetamide derivative of RC-33 were also prepared to gather additional information. 

From the subsequent binding assays, two compounds (32 and 37) emerged for their high affinity toward S1R 

(Ki < 15 nM). Furthermore, docking studies were carried out on both mono- and bi-valent S1R ligands to 

rationalize experimental results. From this work, a 3D-QSAR model was developed as reported in our recent 

publication (see Paper 5, Appendix). Further computational studies, involving molecular dynamics, are 

currently ongoing, as well as functional assays (i.e. evaluation of NGF induced neurite outgrowth). The results 

are expected to help understand molecular mechanisms at the basis of receptor’s oligomerization and 

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

Reagents and solvents for synthesis, TLC and NMR were purchased from Sigma Aldrich. Silica gel for flash 

chromatography (60 Å, 230-400 Mesh) was purchased from Sigma Aldrich. Solvents were evaporated at 

reduced pressure with the Heidolph Laborota 4000 Efficient equipment. Analytical thin layer 

chromatography (TLC) analyses were carried out on silica gel pre-coated glass-backed plates (TLC Silica Gel 

60 F254, Merk) impregnated with a fluorescent indicator, and visualised with the instrument MinUVIS, 

DESAGA® Sastedt-GRUPPE by ultraviolet (UV) radiation from UV lamp (λ= 254 and 366 nm) or by stain 

reagents such as Ninidrine and Cerium Molybdate. NMR were measured at room temperature (15° - 25°C) 

on a Bruker Advance 400 MHz spectrometer, using tetramethylsilane (TMS) as internal standard and a BBI 5 

mm probe. All raw FID files were processed with Top Spin program from Bruker and the spectra analysed 

using the MestRenova 6.0.2 program from Mestrelab Research S.L. Chemical shifts are expressed in parts per 

million (ppm, δ scale). 1H-NMR spectroscopic data are reported as follow: chemical shift in ppm (multiplicity, 

coupling constants J (Hz), integration intensity). The multiplicities are abbreviated with s (singlet), d (doublet), 

t (triplet), q (quartet), m (multiplet) and brs (broad signal). The chemical shift of all symmetric signals is 

reported as the centre of the resonance range. 13C-NMR spectroscopic data are reported as follows: chemical 

shift in ppm. 

 

5.2 General experimental details 
 

Reactions performed under inert atmosphere were carried out with dry glassware, previously dried in oven 

or flamed with Bunsen burner, fitted with rubber septum, under an atmosphere of nitrogen or argon and 

with magnetic stirring. Liquid reagents, air-/moisture- sensitive and dry solvents were added using plastic 

syringes with metal needle, previously conditioned with nitrogen. Solid reagents were transferred opening 

the rubber septum under nitrogen or argon flow or solubilizing them in appropriate dry solvents. Low 

temperatures were reached either with a cryostat or with cooling agents, such as ice (0°C), mixture of ice, 

methanol and sodium chloride (-18°C), or mixture of solid carbon dioxide and acetone (-78°C) placed in a 

Dewar suitable for the reaction flask. Reactions at high temperature were performed in oil baths heated with 

heating plates and temperature control probes. Reactions conducted under microwave irradiation were 

performed in a microwave mono-mode oven, specific for organic synthesis (Discover® Lab-Mate instrument, 

CEM Corporate). Reactions’ progress and ending were monitored by TLC; in addition, the final products were 

analysed with 1H and 13C Nuclear Magnetic Resonance (NMR). 
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5.3 Synthetic procedures 
 

5.3.1 General procedure for the preparation of compounds II – III 
 

To an aqueous solution of potassium carbonate (K2CO3, 2.0 equiv.) was added diethyl ether (Et2O) and N,O-

dimethylhydroxyamine (NODMHA) hydrochloride (1.5 equiv.). The resulting mixture was cooled at 0 °C and 

then the corresponding acyl chloride (1.0 equiv.) was added dropwise. The reaction was let to reach room 

temperature and then it was stirred overnight. The reaction mixture was extracted with Et2O (2 × 10mL) and 

washed with water (10mL) and brine (20mL). The organic phase was dried (anhydrous sodium sulphate 

Na2SO4), filtered and, after removal of the solvent under reduced pressure, the pure compounds II – III were 

obtained. 

 

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

By following the General Procedure, starting from 3-chloropropanoyl chloride (127 mg, 1.00 mmol, 1.0 

equiv.), K2CO3 (276 mg, 2.0 mmol, 2.0 equiv.), N,O-dimethylhydroxyamine hydrochloride (146 mg, 1.5 mmol, 

1.5 equiv.), H2O (3 mL) and Et2O (3 mL), the desired product was obtained in 92% (139 mg) as a pale yellow 

oil. 1H-NMR (500MHz, CDCl3): δ (ppm) = 3.80 (t, J = 6.9 Hz, 2H, CH2CH2Cl), 3.70 (s, 3H, NOCH3), 3.19 (s, 3H, 

NCH3), 2.91 (t, J = 6.7 Hz, 2H, CH2CH2CO). 13C-NMR (125 MHz, CDCl3): δ 170.8, 61.4, 39.2, 35.0, 32.0. 

 

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

By following the General Procedure, starting from 4-chlorobutanoyl chloride (141 mg, 1.00 mmol, 1.0 equiv.), 

K2CO3 (276 mg, 2.0 mmol, 2.0 equiv.), N,O-dimethylhydroxyamine hydrochloride (146 mg, 1.5 mmol, 1.5 

equiv.), H2O (3 mL) and Et2O (3 mL), the desired product was obtained in a quantitative amount (yield >99.9%) 

(166 mg) as a bright yellow oil. 1H-NMR (500MHz, CDCl3): δ 3.70 (s, 3H, NOCH3), 3.63 (t, J = 6.4 Hz, 2H, 

CH2CH2Cl), 3.18 (s, 3H, NCH3), 2.62 (t, J = 6.7 Hz, 2H, CH2CH2CO), 2.11 (m, J = 6.9 Hz, 2H, CH2CH2CH2). 13C-NMR 

(125 MHz, CDCl3): δ 170.8, 61.4, 39.2, 35.0, 32.0. 

 

 

5.3.2 General procedure for the preparation of compounds Ia-b, IIa-c and IIIa-b 
 

To a solution of Weinreb amide (1.0 equiv.) in ACN, the corresponding amine (1.0 equiv.) and K2CO3 (1.5 

equiv.) were added. The mixture was stirred overnight, at room temperature. In case of compound Ib the 



74 
 

mixture was stirred for 36h at room temperature; for compound IIb four days at room temperature were 

needed; lastly for compound IIIb the temperature was raised to 50 °C for 8h, then it was let to reach room 

temperature and stirred for five days. After removal of the solvent under reduced pressure, the crude was 

extracted with DCM (3 x 5 mL) and washed with water (5 mL) and brine (10 mL). In the case of compounds Ia 

and Ib, this work-up was sufficient to obtain the pure products. Conversely, an acid (pH = 3-4) / base (pH = 8-

9) work-up was required for IIa-c and IIIa-b, the combined organic phases were dried (anhydrous Na2SO4), 

filtered and, evaporated under vacuum to get the desired compounds. The crude compound IIIa was further 

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

 

2-(4-benzylpiperidin-1-yl)-N-methoxy-N-methylacetamide (Ia) By following the General Procedure, starting 

from 2-chloro-N-methoxy-N-methylacetamide (138 mg, 1.00 mmol, 1.0 equiv), K2CO3 (207 mg, 1.5 mmol, 1.5 

equiv), 4-benzylpiperidine (175 mg, 176 mL 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product was 

obtained in quantitative amount (276 mg) as a bright yellow oil. 1H-NMR (500 MHz, CDCl3) δ: 7.27 (m, 2H, 

Ar), 7.18 (t, 1H, J = 7.5 Hz, Ar), 7.14 (d, 2H, J = 7.3 Hz, Ar), 3.69 (s, 3H, NOCH3), 3.29 (s, 2H, CH2N), 3.16 (s, 3H, 

NCH3), 2.96 (d, 2H, Pip-2, Pip-6), 2.53 (d, 2H, CH2Pip-4), 2.07 (t, 2H, Pip-2, Pip-6), 1.62 (d, 2H, Pip-3, Pip-5), 

1.51 (m, 1H, Pip-4), 1.40 (q, 2H, Pip-3, Pip-5). 13C-NMR (125 MHz, CDCl3) δ: 171.4, 140.5, 129.1, 128.1, 125.7, 

61.3, 58.5, 54.1, 43.1, 37.5, 32.1, 32.0. 

 

N-methoxy-N-methyl-2-(piperidine-1-yl)-acetamide (Ib) By following the General Procedure, starting from 2-

chloro-N-methoxy-N-methylacetamide (I, commercially available) (138 mg, 1.00 mmol, 1.0 equiv.), K2CO3 

(207 mg, 1.5 mmol, 1.5 equiv.), piperidine (175 mg, 176mL 1.0 mmol, 1.0 equiv.) and ACN (10 mL), the desired 

product was obtained in 85% (235 mg) as a dark oil. 1H-NMR (500 MHz, CDCl3) δ: 3.71 (s, 3H, NOCH3), 3.29 (s, 

2H, CH2N), 3.19 (s, 3H, NCH3), 2.50 (m, 4H, CH2 piperidine), 1.71 (m, 4H, CH2 piperidine), 1.47 (m, 2H, CH2 

piperidine). 

 

3-(4-benzylpiperidin-1-yl)-N-methoxy-N-methylpropanamide (IIa) By following the General Procedure, 

starting from 3-chloro-N-methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv), K2CO3 (207 mg, 1.5 

mmol, 1.5 equiv), 4-benzylpiperidine (175 mg, 176 mL, 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired 

product was obtained in quantitative amount (290 mg) as a bright yellow oil. 1H-NMR (500 MHz, CDCl3) δ: 

7.27 (m, 2H, Ar), 7.18 (t, 1H, J = 7.4 Hz, Ar), 7.13 (d, 2H, J = 7.4 Hz, Ar), 3.68 (s, 3H, NOCH3), 3.16 (s, 3H, NCH3), 

2.95 (d, 2H, Pip-2, Pip-6), 2.72-2.70 (m, 4H, CH2N, CH2CH2N), 2.53 (d, 2H, CH2Pip-4), 2.00 (t, 2H, Pip-2, Pip-6), 

1.65 (d, 2H, Pip-3, Pip-5), 1.54 (m, 1H, Pip-4), 1.36 (q, 2H, Pip-3, Pip-5). 13C-NMR (125 MHz, CDCl3) δ: 173.1, 

140.5, 129.1, 128.1, 125.8, 61.3, 53.8, 53.6, 43.0, 37.6, 37.1, 32.1, 29.5. 
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N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide (IIb) By following the General Procedure, starting from 

3-chloro-N-methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv), K2CO3 (207 mg, 1.5 mmol, 1.5 

equiv), piperidine (85 mg, 99 mL, 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product was obtained in 

quantitative amount (200 mg) as a bright yellow oil. 1H-NMR (400 MHz, CDCl3) δ: 3.76 (s, 3H, NOCH3), 3.24 

(s, 3H, NCH3), 2.76 (s, 4H, CH2N, CH2CH2N), 2.52 (t, 4H, Pip-2, Pip-6), 1.70-1.56 (m, 6H, Pip-3, Pip-4, Pip-5). 13C-

NMR (100 MHz, CDCl3) δ: 175.2, 61.3, 54.5, 54.2, 29.7, 25.9, 24.2. 

 

N-methoxy-N-methyl-3-morpholinopropanamide (IIc) By following the General Procedure, starting from 3-

chloro-N-methoxy-N-methylpropanamide (152 mg, 1.00 mmol, 1.0 equiv), K2CO3 (207 mg, 1.5 mmol, 1.5 

equiv), morpholine (87 mg, 87 mL, 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired product was obtained 

in 46 % (93 mg) as a bright yellow oil. 1H-NMR (400 MHz, CDCl3) δ: 3.78-3.73 (m, 4H, NCH2CH2O), 3.73 (s, 3H, 

NOCH3), 3.22 (s, 3H, NCH3), 2.81-2.63 (m, 4H, CH2CH2N, CH2CH2N), 2.56-2.51 (t, 4H, NCH2CH2O). 13C-NMR (100 

MHz, CDCl3) δ: 175.3, 66.9, 61.3, 53.9, 53.6, 32.2, 29.4. 

 

4-(4-benzylpiperidin-1-yl)-N-methoxy-N-methylbutanamide (IIIa) By following the General Procedure, 

starting from 4-chloro-N-methoxy-N-methylbutanamide (166 mg, 1.00 mmol, 1.0 equiv), K2CO3 (207 mg, 1.5 

mmol, 1.5 equiv), 4-benzylpiperidine (175 mg, 176 mL 1.0 mmol, 1.0 equiv) and ACN (7 mL), the desired 

product was obtained in 65 % (198 mg) as a bright yellow oil after chromatography on silica gel (60:40 

ethylacetate:n-hexane). 1H-NMR (400 MHz, CDCl3) δ: 7.33-7.12 (m, 5H, Ar), 3.69 (s, 3H, NOCH3), 3.48 (s, 2H, 

CH2N), 3.18 (s, 3H, NCH3), 2.74-2.66 (m, 2H, Pip-2, Pip-6), 2.60-2.50 (m, 4H, CH2Pip-4, Pip-2, Pip-6), 2.31-2.21 

(m, COCH2CH2), 2.09-1.94 (m, 2H, COCH2CH2CH2), 1.82-1.65 (m, 5H, Pip-3, Pip-4, Pip-5). 13C-NMR (125 MHz, 

CDCl3) δ: 173.6, 139.9, 129.1, 128.3, 126.1, 61.1, 57.1, 53.1, 42.5, 37.2, 30.3, 29.5, 20.3. 

 

N-methoxy-N-methyl-4-(piperidin-1-yl)-butanamide (IIIb) By following the General Procedure, starting from 

4-chloro-N-methoxy-N-methylbutanamide (166 mg, 1.00 mmol, 1.0 equiv.), K2CO3 (207 mg, 1.5 mmol, 1.5 

equiv.), piperidine (85 mg, 99 mL, 1.0 mmol, 1.0 equiv.) and ACN (7 mL), the desired product was obtained in 

47% (101 mg) as a yellow oil. 1H-NMR (400 MHz, CDCl3) δ: 3.70 (s, 3H, NOCH3), 3.16 (s, 3H, NCH3), 2.56 (t, J = 

2.7Hz, 2H, CH2N), 2.51 (m, 4H, CH2N piperidine), 2.19 (t, J = 7.4Hz, 2H COCH2), 1.93 (m, 2H, COCH2CH2), 1.71 

(m, 4H, CH2 piperidine), 1.46 (m, 2H, CH2 piperidine). 
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5.3.3 General procedure for the preparation of compounds 1-31 
 

Under argon atmosphere, tert-butyllithium (2.2 equiv., 1.9 M in pentane) was added dropwise to a -78 °C 

cooled solution of the appropriate arylbromide (1.5 equiv.) in anhydrous THF. After 20 minutes, the solution 

of the corresponding Weinreb amide in anhydrous THF was added dropwise. The stirring was continued for 

5 additional hours and then quenched with water. The reaction was extracted with Et2O (3 x 5 mL) and 

washed with water (5 mL) and brine (10 mL). The organic phase was dried (anhydrous Na2SO4), filtered and, 

after removal of the solvent under reduced pressure, the so-obtained crude mixture was subjected to 

chromatography (silica gel) to afford pure compounds. Lastly, pure compounds were converted into their 

corresponding hydrochlorides, adding an ethereal solution of HCl (1.0 equiv., 1 M in Et2O). 

 

4-benzyl-1-(2-oxo-2-phenylethyl)piperidin-1-ium hydrochloride (1) By following the General Procedure, 

starting from bromobenzene (236 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-1-yl)-N-methoxy-N-

methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 

mL), the desired product was obtained in 40% (117 mg) as a bright yellow oil after chromatography on silica 

gel (60:40 hexane:ethylacetate) and converted into the corresponding hydrochloride. FT-IR (cm-1): 3058, 

3023, 2922, 2846, overtones Ar = 2100-1800, 1706, 1598, 1580, 1448.  1H-NMR (400 MHz, CDCl3) δ: 12.07 (s, 

1H, NH+), 7.95 (brs, 2H, Ar), 7.65 (brs, 1H, Ar), 7.50 (brs, 2H, Ar), 7.31 (t, J = 7.0 Hz, 2H, Ar), 7.23 (t, J = 8.0 Hz, 

1H, Ar), 7.16 (d, J = 8.0 Hz, 2H, Ar), 4.75 (s, 2H, COCH2N), 3.55 (brs,  4H, Pip-2, Pip-6), 2.64 (m, 2H, CH2Pip-4), 

2.09-1.85 (m, 5H, Pip-3, Pip-4, Pip-5). 13C-NMR (100 MHz, CDCl3) δ: 190.3, 139.0, 134.9, 133.9, 129.1, 128.9, 

128.4, 128.1, 126.3, 59.7, 52.4, 42.0, 35.9, 29.3. UHPLC-ESI-MS: ABS tR = 1.19, 96% pure (λ = 210 nm), m/z = 

294.3 [M + H]+. 

 

4-benzyl-1-(2-(4-methoxyphenyl)-2-oxoethyl)piperidin-1-ium hydrochloride (2) By following the General 

Procedure, starting from 1-bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-

1-yl)-N-methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 

equiv.) and THF (5 mL), the desired product was obtained in 37% (120 mg) as a bright yellow oil after 

chromatography on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding 

hydrochloride. FT-IR (cm−1): 3059, 3013, 2932, overtones Ar = 2100-1750, 1694, 1603, 1578, 1512, 1402. 1H-

NMR (400 MHz, CDCl3) δ: 11.93 (brs, 1H, NH+), 7.90 (d, J = 8.0 Hz, 2H, Ar), 7.30 (t, J = 8.0 Hz, 2H, Ar), 7.22 (t, 

J = 8.0 Hz, 1H, Ar), 7.15 (d, J = 8.0 Hz, 2H, Ar), 6.93 (d, J = 8.0 Hz, 2H, Ar), 4.68 (s, 2H, COCH2N), 3.87 (s, 3H, 

OCH3), 3.51 (brd, 4H, Pip-2, Pip-6), 2.63 (d, 2H, CH2Pip-4), 2.06 (m, 2H, Pip-3, Pip-5), 1.85-1.82 (m, 3H, Pip-3, 

Pip-4, Pip-5). 13C-NMR (100 MHz, CDCl3) δ: 188.5, 164.8, 148.5, 139.0, 130.5, 128.9, 128.4, 126.9, 126.2, 
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114.2, 59.1, 55.6, 52.2, 42.0, 35.8, 29.3. UHPLC-ESI-MS: ABP tR = 1.87, 98% pure (λ = 210 nm), m/z = 324.4 [M 

+ H]+. 

 

4-benzyl-1-(2-(3-methoxyphenyl)-2-oxoethyl)piperidin-1-ium hydrochloride (3) By following the General 

Procedure, starting from 1-bromo-3-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-

1-yl)-N-methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 

equiv.) and THF (5 mL), the desired product was obtained in 48% (155 mg) as a bright yellow oil after 

chromatography on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding 

hydrochloride. FT-IR (cm-1): 3056, 3026, 3003, 2923, 2841, overtones Ar = 2100-1750, 1696, 1596, 1431. 1H-

NMR (400 MHz, CDCl3) δ: 11.94 (brs, 1H, NH+), 7.49-7.16 (m, 9H, Ar), 4.77 (s, 2H, COCH2N), 3.84 (s, 3H, OCH3), 

3.56 (m, 4H, Pip-2, Pip-6), 2.63 (brd, 2H, CH2Pip-4), 2.08 (brs, 2H, Pip-3, Pip-5), 1.86-1.73 (m, 3H, Pip-3, Pip-4, 

Pip-5). 13C-NMR (100 MHz, CDCl3) δ:190.1, 160.0, 139.0, 135.2, 130.1, 128.9, 128.4, 126.3, 121.4, 120.6, 

112.2, 60.0, 55.6, 52.5, 42.0, 35.8, 29.3. UHPLC-ESI-MS: ABP tR = 1.85, 99% pure (λ = 220 nm), m/z = 324.4 [M 

+ H]+. 

 

4-benzyl-1-(2-(naphthalen-2-yl)-2-oxoethyl)piperidin-1-ium hydrochloride (4) By following the General 

Procedure, starting from 2-bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-1-yl)-N-

methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) 

and THF (5 mL), the desired product was obtained in 54% (185 mg) as a bright yellow oil after chromatography 

on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding hydrochloride. FT-IR (cm-1): 

3023, 2924, overtones Ar = 2100-1800, 1689, 1599, 1495, 1453. 1H-NMR (400 MHz, CDCl3) δ: 11.63 (brs, 1H, 

NH+), 8.51 (s, 1H, Nap), 7.91 (d, 2H, Nap), 7.78 (t, 2H, Nap), 7.59 (t, J = 8.0 Hz, 1H, Nap), 7.51 (t, J = 8.0 Hz, 1H, 

Nap), 7.28-7.11 (m, 5H, Ar), 4.96 (s, 2H, COCH2N), 3.60-3.52 (m, 4H, Pip-2, Pip-6), 2.59 (brd, 2H, CH2Pip-4), 

2.04 (m, 2H, Pip-3, Pip-5), 1.82-1.79 (m, 3H, Pip-3, Pip-4, Pip-5). 13C-NMR (100 MHz, CDCl3) δ:190.2, 139.0, 

136.0, 132.0, 131.0, 130.7, 129.8, 129.4, 128.9, 128.4, 127.6, 127.2, 126.2, 122.6, 59.9, 52.7, 41.9, 35.7, 29.3. 

UHPLC-ESI-MS: ABP tR = 2.08,  95% pure (λ = 210 nm), m/z = 344.3 [M + H]+. 

 

4-benzyl-1-(2-(6-methoxynaphthalen-2-yl)-2-oxoethyl)piperidin-1-ium hydrochloride (5) By following the 

General Procedure, starting from 2-bromo-6-methoxynaphthalene (256 mg, 1.5 mmol, 1.5 equiv.), 2-(4-

benzylpiperidin-1-yl)-N-methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 

2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product was obtained in 49% (183 mg) as a bright yellow 

oil after chromatography on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding 

hydrochloride. FT-IR (cm-1): 3023, 2932, overtones Ar = 2100-1800, 1682, 1483. 1H-NMR (400 MHz, CDCl3) δ: 
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11.46 (brs, 1H, NH+), 8.38 (s, 1H, Nap), 7.79 (m, 2H, Nap), 7.61 (brd, 1H, Nap), 7.28-7.00 (m, 7H, Ar, Nap), 4.92 

(s, 2H, COCH2N), 3.90 (s, 3H, OCH3), 3.59-3.53 (m, 4H, Pip-2, Pip-6), 2.58 (brd, 2H, CH2Pip-4), 2.03 (m, 2H, Pip-

3, Pip-5), 1.82-1.79 (m, 3H, Pip-3, Pip-4, Pip-5). 13C-NMR (100 MHz, CDCl3) δ: 189.7, 160.4, 139.0, 137.9, 131.4, 

130.5, 129.0, 128.9, 128.3, 127.5, 127.3, 126.2, 123.4, 120.1, 105.7, 59.9, 55.4, 52.7, 42.0, 35.7, 29.3. UHPLC-

ESI-MS: ABS tR = 1.63, 95% pure (λ = 210 nm), m/z = 374.5 [M + H]+. 

 

1-(2-([1,1'-biphenyl]-4-yl)-2-oxoethyl)-4-benzylpiperidin-1-ium hydrochloride (6) By following the General 

Procedure, starting from 4-bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), 2-(4-benzylpiperidin-1-yl)-N-

methoxy-N-methylacetamide (274 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) 

and THF (5 mL), the desired product was obtained in 33% (122 mg) as a bright yellow oil after chromatography 

on silica gel (60:40 hexane:ethylacetate) and converted into the corresponding hydrochloride. FT-IR (cm-1): 

3025, 2986, 2935,  2916, 2847, overtones Ar = 2100-1800, 1691, 1603, 1414. 1H-NMR (400 MHz, CDCl3) δ: 

11.70 (brs, 1H, NH+), 8.00 (d, J = 6.3 Hz, 2H, Ar), 7.66 (brs, 2H, Ar), 7.55 (ds, J = 4.0  Hz, 2H, Ar), 7.44 (m, 3H, 

Ar), 7.28-7.13 (m, 5H, Ar), 4.88 (s, 2H, COCH2N), 3.60-3.55 (m, 4H, Pip-2, Pip-6), 2.62-2.52 (brs, 2H, CH2Pip-4), 

2.07 (m, 2H, Pip-3, Pip-5), 1.86-1.83 (m, 3H, Pip-3, Pip-4, Pip-5). 13C-NMR (100 MHz, CDCl3) δ: 189.8, 147.4, 

139.0, 138.9, 132.5, 129.0, 128.7, 128.6, 128.4, 127.5, 127.1, 126.2, 60.0, 52.7, 42.0, 35.8, 29.3. UHPLC-ESI-

MS: ABP tR = 2.22, 98% pure (λ = 210 nm), m/z = 370.5 [M + H]+. 

 

1-(2-(naphthalen-2-yl)-2-oxoethyl)piperidin-1-ium hydrochloride (7) By following the General Procedure, 

starting from 2-bromonaphthalene (1.5 equiv.), N-methoxy-N-methyl-2-(piperidin-1-yl)-acetamide (1.0 

equiv.), t-BuLi (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 42% yield as a yellow solid 

after chromatography on silica gel (90:10 ethylacetate/methanol) and converted into the corresponding 

hydrochloride. Rf: 0.27 (80:20 ethylacetate/methanol). mp: 252-253°C. 1H-NMR (400MHz, MeOD): δ 8.68 (s, 

1H, Napht), 8.12 (d, J=8.0 Hz, 1H, Napht), 8.07 (s, 2H, Napht), 8.01 (d, J = 8.1 Hz, 1H, Napht), 7.73 (t, J = 7.5 

Hz, 1H, Napht), 7.67 (t, J = 7.4 Hz, 1H, Napht), 5.10 (s, 2H, COCH2N), 3.66 (brs, 2H, pip), 3.17 (brs, 2H, pip), 

2.03 (brs, 5H, pip), 1.64 (brs, 1H, pip). 13C-NMR (100 MHz, MeOD) δ: 190.51, 136.37, 132.43, 130.94, 130.67, 

129.53, 129.28, 128.67, 127.63, 127.09, 122.59, 61.24, 54.27, 22.58, 21.22. 

 

1-(2-([1,1'-biphenyl]-4-yl)-2-oxoethyl)piperidin-1-ium hydrochloride (8) By following the General Procedure, 

starting from 4-bromo-1,1’-biphenyl (1.5 equiv.), N-methoxy-N-methyl-2-(piperidin-1-yl)-acetamide (1.0 

equiv.), t-BuLi (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 35% yield as a pale yellow 

solid after chromatography on silica gel (90:10 ethylacetate/methanol) and converted into the corresponding 

hydrochloride. Rf: 0.27 (80:20 ethylacetate/methanol). mp: 236-238°C. 1H-NMR (400MHz, MeOD): δ 8.15 (d, 
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J = 8.3 Hz, 2H, Ph-PhCO), 7.89 (d, J = 8.3 Hz, 2H, Ph-PhCO), 7.74 (d, J = 7.7 Hz, 2H, Biph), 7.53 (t, J = 7.5 Hz, 2H, 

Biph), 7.46 (t, J = 7.2 Hz, 1H, Biph), 4.99 (s, 2H, COCH2N), 3.65 (brs, 2H, pip), 3.16 (t, J = 13.1 Hz, 2H, pip), 2.08 

– 1.87 (brs, 5H, pip), 1.69 – 1.55 (brs, 1H, pip). 13C-NMR (100 MHz, MeOD) δ: 190.12, 147.42, 139.19, 132.31, 

128.81, 128.67, 128.41, 127.17, 126.89, 61.19, 54.23, 22.57, 21.21. 

 

1-(2-(4-(benzyloxy)phenyl)-2-oxoethyl)piperidin-1-ium hydrochloride (9) By following the General Procedure, 

starting from 1-(benzyloxy)-4-bromobenzene (1.5 equiv.), N-methoxy-N-methyl-2-(piperidin-1-yl)-acetamide 

(1.0 equiv.), t-BuLi (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 29% (90 mg) as a pale 

yellow solid after chromatography on silica gel (80:20 ethylacetate/methanol) and converted into the 

corresponding hydrochloride. Rf: 0.19 (80:20 ethylacetate/methanol). mp: 86-88°C. 1H-NMR (400 MHz, 

MeOD): δ 8.03 (d, J = 8.8 Hz, 2H, OPhCO), 7.47 (d, J = 7.4 Hz, 2H, PhCH2), 7.41 (t, J = 7.3 Hz, 2H, PhCH2), 7.36 

(d, J = 7.2 Hz, 1H, PhCH2), 7.19 (d, J = 8.8 Hz, 2H, OPhCO), 5.24 (s, 2H, PhCH2OPh), 4.87 (s, 2H, COCH2N), 3.61 

(d, J = 12.1 Hz, 2H, pip), 3.11 (brs, 2H, pip), 1.94 (brs, 5H, pip), 1.60 (m, 1H, pip). 13C-NMR (100 MHz, MeOD) 

δ: 193.52, 130.63, 128.58, 127.74, 115.10, 70.33, 59.24, 52.20, 23.04, 21.50. 

 

3-(4-benzylpiperidin-1-yl)-1-phenylpropan-1-one (10) By following the General Procedure, starting from 

bromobenzene (236 mg, 1.5 mmol, 1.5 equiv.), 3-(4-benzylpiperidin-1-yl)-N-methoxy-N-methylpropanamide 

(290 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired 

product was obtained in 28% yield (86 mg) as a bright yellow oil after chromatography on silica gel (90:10 

ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 3059, 3045, 3025, 

2996, 2921, overtones Ar = 2100-1700, 1682, 1596, 1447. 1H-NMR (500 MHz, CDCl3) δ: 7.88 (d, J = 8.3 Hz, 2H, 

Ar), 7.48 (m, 1H, Ar), 7.38 (t, J = 7.5 Hz, 2H, Ar), 7.20 (m, 2H, Ar), 7.11 (t, J = 7.0 Hz, 1H, Ar), 7.06 (d, J = 7.4 Hz, 

2H, Ar), 3.17 (m, 2H, COCH2CH2), 2.91 (d,  2H, Pip-2, Pip-6), 2.77 (m, 2H, CH2CH2N), 2.47 (d, J = 7.2 Hz, 2H, 

CH2Pip-4), 1.96 (m, 2H, Pip-2, Pip-6), 1.59 (d, 2H, Pip-3, Pip-5), 1.48 (m, 1H, Pip-4), 1.30 (m, 2H, Pip-3, Pip-5). 

13C-NMR (125 MHz, CDCl3) δ: 199.0, 140.4, 136.7, 133.1, 129.0, 128.6, 128.1, 128.0, 125.8, 53.9, 53.3, 43.0, 

37.6, 36.1, 31.8. UHPLC-ESI-MS: ABS tR = 1.25, 95% pure (λ = 254 nm), m/z = 308.4 [M + H]+. 

 

3-(4-benzylpiperidin-1-yl)-1-(4-methoxyphenyl)propan-1-one (11) By following the General Procedure, 

starting from 1-bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 3-(4-benzylpiperidin-1-yl)-N-

methoxy-N-methylpropanamide (290 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 

equiv.) and THF (5 mL), the desired product was obtained in 25% (84 mg) as a bright yellow oil after 

chromatography on silica gel (90:10 ethylacetate:methanol) and converted into the corresponding 

hydrochloride. FT-IR (cm-1): 3048, 3030, 3005, 2939, 2918, 2841, overtones Ar = 2100-1700, 1673, 1601, 1457, 
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1420. 1H-NMR (500 MHz, CDCl3) δ: 7.96 (d, J = 8.7 Hz, 2H, Ar), 7.28 (m, 2H, Ar), 7.20 (t, J = 6.7 Hz, 1H, Ar), 7.13 

(d, J = 7.5 Hz, 2H, Ar), 6.93 (d, J = 8.7 Hz, 2H, Ar), 3.87 (s, 3H, OCH3), 3.41 (m, 2H, COCH2CH2), 3.17 (m,  2H, 

Pip-2, Pip-6), 3.07 (m, 2H, CH2CH2N), 2.57 (brd, 2H, CH2Pip-4), 2.28 (m, 2H, Pip-2, Pip-6), 1.73 (brd, 2H, Pip-3, 

Pip-5), 1.64 (m, 3H, Pip-3, Pip-4, Pip-5). 13C-NMR (125 MHz, CDCl3) δ: 177.5, 163.8, 139.9, 130.5, 129.2, 129.0, 

128.3, 126.1, 113.8, 53.7, 52.8, 42.5, 37.1, 34.6, 30.5. UHPLC-ESI-MS: ABS tR = 1.35, 98% pure (λ = 254 nm), 

m/z = 338.4 [M + H]+. 

 

3-(4-benzylpiperidin-1-yl)-1-(naphthalen-2-yl)propan-1-one (12) By following the General Procedure, starting 

from 2-bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), 3-(4-benzylpiperidin-1-yl)-N-methoxy-N-

methylpropanamide (290 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF 

(5 mL), the desired product was obtained in 22% (79 mg) as a bright yellow oil after chromatography on silica 

gel (90:10 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 3059, 

3029, 2943, 2921, 2864, overtones Ar = 2000-1700, 1674, 1595, 1495, 1456. 1H-NMR (500 MHz, CDCl3) δ: 

8.41 (s, 1H, Nap), 7.95 (d, J = 8.7 Hz, 1H, Nap), 7.89 (d, J = 8.1 Hz, 1H, Nap), 7.80 (t, J = 8.9 Hz, 2H, Nap), 7.54-

7.46 (m, 2H, Nap), 7.20 (t, J = 7.5 Hz, 2H, Ar), 7.11 (t, J = 7.3 Hz, 1H, Ar), 7.06 (d, J = 7.5 Hz, 2H, Ar), 3.31 (t, J = 

7.5 Hz, 2H, COCH2CH2), 2.95 (brd,  2H, Pip-2, Pip-6), 2.85 (t, J = 7.6 Hz, 2H, CH2CH2N), 2.47 (d, J = 7.2 Hz, 2H, 

CH2Pip-4), 2.00 (m, 2H, Pip-2, Pip-6), 1.61 (brd, 2H, Pip-3, Pip-5), 1.50 (m, 1H, Pip-4), 1.33 (m, 2H, Pip-3, Pip-

5). 13C-NMR (125 MHz, CDCl3) δ: 198.9, 140.4, 135.5, 133.9, 132.4, 129.8, 129.5, 129.0, 128.5, 128.4, 128.2, 

127.7, 125.8, 123.7, 53.9, 53.4, 43.0, 37.6, 36.1, 31.7. UHPLC-ESI-MS: ABP tR = 1.62, 98% pure (λ = 254 nm), 

m/z = 358. [M + H]+. 

 

1-([1,1'-biphenyl]-4-yl)-3-(4-benzylpiperidin-1-yl)propan-1-one (13) By following the General Procedure, 

starting from 4-bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), 3-(4-benzylpiperidin-1-yl)-N-methoxy-

N-methylpropanamide (290 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF 

(5 mL), the desired product was obtained in 22% yield (84 mg) as a bright yellow oil after chromatography on 

silica gel (90:10 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 

3059, 3029, 2916, overtones Ar = 2100-1700, 1677, 1601, 1457, 1402. 1H-NMR (400 MHz, CDCl3) δ: 12.24 

(brs, 1H, NH+), 8.09 (brd, 2H, Ar), 7.70 (brd, 2H, Ar), 7.63 (brd, 2H, Ar), 7.48 (brt, 2H, Ar), 7.43 (brt, 1H, Ar), 

7.29-7.13 (m, 5H, Ar), 3.87 (brs, 2H, COCH2CH2), 3.58 (brs,  2H, Pip-2, Pip-6), 3.48 (brs, 2H, CH2CH2N), 2.71-

2.64 (m, 4H, Pip-2, Pip-6, CH2Pip-4), 2.08 (brt, 2H, Pip-3, Pip-5), 1.87-1.79 (m, 3H, Pip-3, Pip-4, Pip-5).  13C-

NMR (100 MHz, CDCl3) δ: 195.7, 146.6, 139.4, 138.9, 134.0, 128.9, 128.4, 128.3, 127.3, 127.2, 126.3, 53.6, 

52.1, 41.8, 36.4, 33.3, 28.9. UHPLC-ESI-MS: ABP tR = 2.37, 95% pure (λ = 254 nm), m/z = 384.4 [M + H]+. 
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1-phenyl-3-(piperidin-1-yl)propan-1-one (14) By following the General Procedure, starting from 

bromobenzene (236 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide (200 

mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product 

was obtained in 29% yield (63 mg) as a bright yellow oil after chromatography on silica gel (60:40 

ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 3055, 3021, 2938, 

2863, overtones Ar = 2100-1700, 1682, 1597, 1581, 1477, 1456. 1H-NMR (500 MHz, CDCl3) δ: 7.95 (dd, J = 1.2 

and 7.9 Hz, 2H, Ar), 7.55 (m, 1H, Ar), 7.45 (t, J = 7.9 Hz, 2H, Ar), 3.24 (t, J = 7.4 Hz, 2H, COCH2CH2), 2.83 (t, J = 

7.8 Hz, 2H, CH2CH2N), 2.49 (brs,  4H, Pip-2, Pip-6), 1.62 (m, 4H, Pip-3, Pip-5), 1.44 (m, 2H, Pip-4). 13C-NMR 

(125 MHz, CDCl3) δ: 197.1, 136.7, 133.1, 128.6, 128.0, 54.5, 53.7, 36.0, 25.7, 24.0. UHPLC-ESI-MS: ABP tR = 

1.07, 96% pure (λ = 254 nm), m/z = 218.3 [M + H]+. 

 

1-(4-methoxyphenyl)-3-(piperidin-1-yl)propan-1-one (15) By following the General Procedure, starting from 

1-bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-(piperidin-1-

yl)propanamide (200 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 

mL), the desired product was obtained in 27% yield (67 mg) as a bright yellow oil after chromatography on 

silica gel (60:40 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 

2951, 2937, 2875, overtones Ar = 2100-1700, 1672, 1598, 1464, 1442, 1425. 1H-NMR (500 MHz, CDCl3) δ: 

7.93 (d, J = 8.9 Hz, 2H, Ar), 6.91 (d, J = 8.7 Hz, 2H, Ar), 3.85 (s, 3H, OCH3), 3.17 (t, J = 7.4 Hz, 2H, COCH2CH2), 

2.80 (t, J = 7.9 Hz, 2H, CH2CH2N), 2.47 (brs,  4H, Pip-2, Pip-6), 1.60 (m, 4H, Pip-3, Pip-5), 1.44 (m, 2H, Pip-4). 

13C-NMR (125 MHz, CDCl3) δ: 197.8, 163.4, 130.3, 129.9, 113.7, 55.4, 54.5, 53.9, 35.8, 25.8, 24.1. UHPLC-ESI-

MS: ABP tR = 1.24, 98% pure (λ = 254 nm), m/z = 248.3 [M + H]+. 

 

1-(naphthalen-2-yl)-3-(piperidin-1-yl)propan-1-one (16) By following the General Procedure, starting from 2-

bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide (200 

mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product 

was obtained in 23% yield (61 mg) as a bright yellow oil after chromatography on silica gel (60:40 

ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 3037, 2934, 2891, 

2855, overtones Ar = 2100-1700, 1676, 1598, 1463. 1H-NMR (500 MHz, CDCl3) δ: 8.50 (s, 1H, Nap), 8.02 (d, J 

= 8.5 Hz, 1H, Nap), 7.96 (d, J = 8.1 Hz, 1H, Nap), 7.88 (t, J = 9.2 Hz, 2H, Nap), 7.62-7.54 (m, 2H, Nap), 3.43 (t, J 

= 7.3 Hz, 2H, COCH2CH2), 2.95 (t, J = 7.2 Hz, 2H, CH2CH2N), 2.59 (brs,  4H, Pip-2, Pip-6), 1.68 (m, 4H, Pip-3, Pip-

5), 1.49 (m, 2H, Pip-4). 13C-NMR (125 MHz, CDCl3) δ: 198.9, 135.6, 134.0, 132.5, 129.9, 129.6, 128.5, 127.7, 

126.8, 123.7, 54.5, 53.7, 36.0, 25.5, 23.9. UHPLC-ESI-MS: ABS tR = 1.09, 95% pure (λ = 254 nm), m/z = 268.3 

[M + H]+. 
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1-([1,1'-biphenyl]-4-yl)-3-(piperidin-1-yl)propan-1-one (17) By following the General Procedure, starting from 

4-bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-(piperidin-1-yl)propanamide 

(200 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired 

product was obtained in 35% yield (103 mg) as a bright yellow oil after chromatography on silica gel (60:40 

ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 3055, 3027, 2934, 

overtones Ar = 2100-1700, 1680, 1605, 1560, 1449, 1430. 1H-NMR (500 MHz, CDCl3) δ: 8.04 (d, J = 8.3 Hz, 2H, 

Ar), 7.68 (d, J = 8.4 Hz, 2H, Ar), 7.62 (d, J = 8.0 Hz, 2H, Ar), 7.47 (t, J = 7.3 Hz, 2H, Ar), 7.41 (t, J = 7.2 Hz, 1H, 

Ar), 3.27 (t, J = 7.4 Hz, 2H, COCH2CH2), 2.86 (t, J = 7.8 Hz, 2H, CH2CH2N), 2.51 (brs,  4H, Pip-2, Pip-6), 1.63 (m, 

4H, Pip-3, Pip-5), 1.47 (m, 2H, Pip-4). 13C-NMR (125 MHz, CDCl3) δ: 198.8, 145.7, 139.8, 135.5, 128.9, 128.6, 

128.2, 127.2, 54.6, 53.8, 36.2, 25.7, 24.1. UHPLC-ESI-MS: ABP tR = 1.89, 95% pure (λ = 254 nm), m/z = 294.3 

[M + H]+. 

 

1-(3-(4-(benzyloxy)phenyl)-3-oxopropyl)piperidin-1-ium hydrochloride (18) By following the General 

Procedure, starting from 1-(benzyloxy)-4-bromobenzene (1.5 equiv.), N-methoxy-N-methyl-2-(piperidin-1-

yl)-propanamide (1.0 equiv.), t-BuLi (1.7M, 2.5 equiv.) and THF (5 mL), the desired product was obtained in 

31% yield as a yellow solid after chromatography on silica gel (90:10 DCM/methanol) and converted into the 

corresponding hydrochloride. 1H-NMR (400 MHz, MeOD): δ 8.05 (d, J = 8.2 Hz, 2H, OPhCO), 7.47 (d, J = 6.3 

Hz, 2H, PhCH2), 7.40 (t, J = 6.5 Hz, 2H, PhCH2), 7.35 (brs, 1H, PhCH2), 7.14 (d, J = 8.3 Hz, 2H, OPhCO), 5.22 (s, 

2H, PhCH2O), 3.62 (brs, 2H, COCH2CH2), 3.55 (brs, 4H, pip), 3.04 (t, J = 12.5 Hz, 2H, COCH2CH2), 1.98 (brs, 2H, 

pip), 1.82 (brs, 3H, pip), 1.58 (brs, 1H, pip). 13C-NMR (125 MHz, MeOD) δ: 194.91, 163.38, 136.55, 131.05, 

129.00, 128.08, 127.49, 126.54, 113.90, 69.85, 53.31, 52.22, 32.29, 22.95. 

 

3-morpholino-1-phenylpropan-1-one (19) By following the General Procedure, starting from bromobenzene 

(236 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-morpholinopropanamide (202 mg, 1.00 mmol, 1.0 

equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product was obtained in 

30% (66 mg) as a bright yellow oil after chromatography on silica gel (90:10 ethylacetate:methanol) and 

converted into the corresponding hydrochloride. FT-IR (cm-1): 3086, 2981, 2930, 2872, overtones Ar = 2100-

1700, 1685, 1597, 1584, 1445, 1405. 1H-NMR (500 MHz, CDCl3) δ: 7.94 (dd, J = 1.3 and 7.2 Hz, 2H, Ar), 7.55 

(m, 1H, Ar), 7.46 (t, J = 7.8 Hz, 2H, Ar), 3.70 (t, J = 4.6 Hz, 4H, Mor-3, Mor-5), 3.18 (t, J = 7.3 Hz, 2H, COCH2CH2), 

2.83 (t, J = 7.7 Hz, 2H, CH2CH2N), 2.50 (brs,  4H, Mor-2, Mor-6). 13C-NMR (125 MHz, CDCl3) δ: 198.9, 136.7, 

133.1, 128.6, 128.0, 66.8, 53.6, 53,4, 35.9. UHPLC-ESI-MS: ABP tR = 0.82, 99% pure (λ = 254 nm), m/z = 220.2 

[M + H]+. 
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1-(4-methoxyphenyl)-3-morpholinopropan-1-one (20) By following the General Procedure, starting from 1-

bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-morpholinopropanamide 

(202 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired 

product was obtained in 38% yield (95 mg) as a bright yellow oil after chromatography on silica gel (90:10 

ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1):  2990, 2954, 2932, 

2857, overtones Ar = 2100-1700, 1674, 1597, 1427. 1H-NMR (500 MHz, CDCl3) δ: 7.94 (d, J = 8.9 Hz, 2H, Ar), 

6.93 (d, J = 8.9 Hz, 2H, Ar), 3.87 (s, 3H, OCH3), 3.74 (m, 4H, Mor-3, Mor-5), 3.17 (t, J = 7.3 Hz, 2H, COCH2CH2), 

2.86 (t, J = 7.2 Hz, 2H, CH2CH2N), 2.47 (brs,  4H, Mor-2, Mor-6),. 13C-NMR (125 MHz, CDCl3) δ: 197.3, 163.5, 

130.3, 129.8, 66.7, 55.5, 53.6, 35.4. UHPLC-ESI-MS: ABP tR = 0.84, > 99% pure (λ = 254 nm), m/z = 250.2 [M + 

H]+. 

 

3-morpholino-1-(naphthalen-2-yl)propan-1-one (21) By following the General Procedure, starting from 2-

bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-morpholinopropanamide (202 

mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product 

was obtained in 41% (110 mg) as a bright yellow oil after chromatography on silica gel (90:10 

ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 3018, 2924, 2863, 

overtones Ar = 2100-1700, 1687, 1594, 1469, 1436. 1H-NMR (500 MHz, CDCl3) δ: 8.48 (s, 1H, Nap), 8.02 (dd, 

J = 1.5 and 8.5 Hz, 1H, Nap), 7.95 (d, J = 8.5 Hz, 1H, Nap), 7.88 (t, J = 9.5 Hz, 2H, Nap), 7.61-7.53 (m, 2H, Nap), 

3.76 (t, J = 4.5 Hz, 4H, Mor-3, Mor-5), 3.37 (t, J = 7.0 Hz, 2H, COCH2CH2), 2.94 (t, J = 7.5 Hz, 2H, CH2CH2N), 2.60 

(brs,  4H, Mor-2, Mor-6). 13C-NMR (125 MHz, CDCl3) δ: 198.6, 135.6, 134.0, 132.4, 129.8, 129.5, 128.5, 127.7, 

126.8, 123.7, 66.6, 53.6, 53.5, 35.7. UHPLC-ESI-MS: ABP tR = 1.48, 99% pure (λ = 254 nm), m/z = 270.3 [M + 

H]+. 

 

1-([1,1'-biphenyl]-4-yl)-3-morpholinopropan-1-one (22) By following the General Procedure, starting from 4-

bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), N-methoxy-N-methyl-3-morpholinopropanamide (202 

mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product 

was obtained in 37% (109 mg) as a bright yellow oil after chromatography on silica gel (90:10 

ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 3023, 2861, 

overtones Ar = 2100-1700, 1683, 1603, 1451. 1H-NMR (500 MHz, CDCl3) δ: 8.03 (d, J = 8.4 Hz, 2H, Ar), 7.68 

(d, J = 8.4 Hz, 2H, Ar), 7.62 (d, J = 7.6 Hz, 2H, Ar), 7.47 (t, J = 7.4 Hz, 2H, Ar), 7.40 (t, J = 7.4 Hz, 1H, Ar), 3.73 

(t,  J = 4.6 Hz, 4H, Mor-3, Mor-5), 3.23 (t, J = 7.4 Hz, 2H, COCH2CH2), 2.87 (t, J = 7.7 Hz, 2H, CH2CH2N), 2.54 
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(brs,  4H, Mor-2, Mor-6). 13C-NMR (125 MHz, CDCl3) δ: 198.4, 145.8, 139.7, 135.4, 128.9, 128.6, 128.2, 127.2, 

66.8, 53.6, 53.5, 35.9. UHPLC-ESI-MS: ABP tR = 1.74, 99% pure (λ = 254 nm), m/z = 296.3 [M + H]+. 

 

4-benzyl-1-(4-oxo-4-phenylbutyl)piperidin-1-ium hydrochloride (23) By following the General Procedure, 

starting from bromobenzene (236 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-1-yl)-N-methoxy-N-

methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) and THF (5 

mL), the desired product was obtained in 31% yield (100 mg) as a bright yellow oil after chromatography on 

silica gel (80:20 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-1): 

3025, 2930, 2849, overtones Ar = 2100-1700, 1680, 1595, 1580, 1452, 1414. 1H-NMR (500 MHz, CDCl3) δ: 

12.06 (brs, 1H, NH+), 7.94 (d, J = 7.2 Hz, 2H, Ar), 7.59 (t, J = 7.4 Hz, 1H, Ar), 7.47 (t, J = 7.3 Hz, 2H, Ar), 7.29 (t, 

J = 7.1 Hz, 2H, Ar), 7.22 (t, J = 7.1 Hz, 2H, Ar), 7.13 (d, J = 7.0 Hz, 1H, Ar), 3.60 (brd, 2H, Pip-2, Pip-6), 3.22 (brs, 

2H, COCH2CH2), 3.04 (brs, 2H, CH2CH2N), 2.63 (m, 4H, CH2Pip-4, Pip-2, Pip-6), 2.34 (brs, 2H, CH2CH2CH2), 2.10 

(m, 2H, Pip-3, Pip-5), 1.83 (d, 2H, Pip-3, Pip-5), 1.60 (m, 1H, Pip-4). 13C-NMR (125 MHz, CDCl3) δ: 198.4, 139.1, 

136.1, 133.7, 129.0, 128.8, 128.5, 128.0, 126.4, 57.0, 53.1, 41.9, 36.7, 35.6, 28.9, 18.0. UHPLC-ESI-MS: ABP tR 

= 2.00, > 99% pure (λ = 254 nm), m/z = 322.5 [M + H]+. 

 

4-benzyl-1-(4-(4-methoxyphenyl)-4-oxobutyl)piperidin-1-ium hydrochloride (24) By following the General 

Procedure, starting from 1-bromo-4-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-

1-yl)-N-methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 

equiv.) and THF (5 mL), the desired product was obtained in 30% yield (106 mg) as a bright yellow oil after 

chromatography on silica gel (80:20 ethylacetate:methanol) and converted into the corresponding 

hydrochloride. FT-IR (cm-1): 3024, 3003, 2922, overtones Ar = 2100-1700, 1677, 1603, 1451. 1H-NMR (500 

MHz, CDCl3) δ: 12.03 (brs, 1H, NH+), 7.92 (d, J = 8.1 Hz, 2H, Ar), 7.29 (t, J = 7.2 Hz, 2H, Ar), 7.21 (t, J = 7.2 Hz, 

1H, Ar), 7.12 (d, J = 7.1 Hz, 2H, Ar), 6.92 (d, J = 8.0 Hz, 2H, Ar), 3.87 (s, 3H, OCH3), 3.59 (brd, 2H, Pip-2, Pip-6), 

3.16 (brs, 2H, COCH2CH2), 3.03 (brs, 2H, CH2CH2N), 2.62 (m, 4H, CH2Pip-4, Pip-2, Pip-6), 2.32 (brs, 2H, 

CH2CH2CH2), 2.08 (m, 2H, Pip-3, Pip-5), 1.82 (d, 2H, Pip-3, Pip-5), 1.73 (brs, 1H, Pip-4). 13C-NMR (125 MHz, 

CDCl3) δ: 196.9, 163.8, 139.1, 130.3, 129.2, 129.0, 128.5, 126.3, 113.9, 57.0, 55.5, 53.0, 41.9, 36.6, 35.1, 28.8, 

18.1. UHPLC-ESI-MS: ABS tR = 1.43, 99% pure (λ = 254 nm), m/z = 352.4 [M + H]+. 

 

4-benzyl-1-(4-(3-methoxyphenyl)-4-oxobutyl)piperidin-1-ium hydrochloride (25) By following the General 

Procedure, starting from 1-bromo-3-methoxybenzene (281 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-

1-yl)-N-methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 

equiv.) and THF (5 mL), the desired product was obtained in 33% yield (116 mg) as a bright yellow oil after 
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chromatography on silica gel (80:20 ethylacetate:methanol) and converted into the corresponding 

hydrochloride. FT-IR (cm-1): 3022, 2946, 2861, overtones Ar = 2100-1700, 1687, 1595, 1486, 1465. 1H-NMR 

(500 MHz, CDCl3) δ: 12.04 (brs, 1H, NH+), 7.52 (d, J = 7.4 Hz, 1H, Ar), 7.45 (s, 1H, Ar), 7.37 (t, J = 7.9 Hz, 1H, 

Ar), 7.29 (t, J = 7.2 Hz, 2H, Ar), 7.21 (t, J = .7.2 Hz, 1H, Ar), 7.13 (m, 3H, Ar), 3.85 (s, 3H, OCH3), 3.59 (brd, 2H, 

Pip-2, Pip-6), 3.21 (brs, 2H, COCH2CH2), 3.03 (brs, 2H, CH2CH2N), 2.63 (m, 4H, CH2Pip-4, Pip-2, Pip-6), 2.33 (brs, 

2H, CH2CH2CH2), 2.09 (m, 2H, Pip-3, Pip-5), 1.83 (d, 2H, Pip-3, Pip-5), 1.73 (brs, 1H, Pip-4). 13C-NMR (125 MHz, 

CDCl3) δ: 198.3, 159.8, 139.1, 137.4, 129.8, 129.0, 128.5, 126.4, 120.6, 120.1, 112.0, 56.9, 55.5, 53.0, 41.9, 

36.6, 35.6, 28.8, 18.0. UHPLC-ESI-MS: ABP tR = 2.08, 99% pure (λ = 254 nm), m/z = 352.5 [M + H]+. 

 

4-benzyl-1-(4-(naphthalen-2-yl)-4-oxobutyl)piperidin-1-ium hydrochloride (26) By following the General 

Procedure, starting from 2-bromonaphthalene (311 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-1-yl)-N-

methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) 

and THF (5 mL), the desired product was obtained in 41% (152 mg) as a bright yellow oil after chromatography 

on silica gel (80:20 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-

1): 3055, 3027, 2937, 2907, overtones Ar = 2100-1700, 1681, 1496, 1441. 1H-NMR (500 MHz, CDCl3) δ: 12.06 

(brs, 1H, NH+), 8.50 (s, 1H, Nap), 7.98 (d, J = 8.1 Hz, 2H, Nap), 7.88 (t, J = 10.0 Hz, 2H, Nap), 7.61 (t, J = 6.8 Hz, 

1H, Nap), 7.57 (t, J = 6.9 Hz, 1H, Nap), 7.29 (t, J = 7.1 Hz, 2H, Ar), 7.22 (t, J = 7.1 Hz, 1H, Ar), 7.14 (d, J = 7.1 Hz, 

2H, Ar), 3.62 (brd, 2H, Pip-2, Pip-6), 3.37 (brs, 2H, COCH2CH2), 3.09 (brs, 2H, CH2CH2N), 2.64 (m, 4H, CH2Pip-

4, Pip-2, Pip-6), 2.41 (brs, 2H, CH2CH2CH2), 2.11 (m, 2H, Pip-3, Pip-5), 1.84 (d, 2H, Pip-3, Pip-5), 1.71 (m, 1H, 

Pip-4). 13C-NMR (125 MHz, CDCl3) δ: 198.4, 139.1, 135.6, 133.4, 132.4, 130.1, 129.7, 129.0, 128.8, 128.7, 

128.5, 127.8, 126.4, 123.4, 57.0, 53.1, 41.9, 36.6, 35.7, 28.9, 18.2. UHPLC-ESI-MS: ABS tR = 1.67, > 99% pure 

(λ = 254 nm), m/z = 372.5 [M + H]+. 

 

4-benzyl-1-(4-(6-methoxynaphthalen-2-yl)-4-oxobutyl)piperidin-1-ium hydrochloride (27) By following the 

General Procedure, starting from 2-bromo-6-methoxynaphthalene (256 mg, 1.5 mmol, 1.5 equiv.), 4-(4-

benzylpiperidin-1-yl)-N-methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 

mL, 2.5 mmol, 2.5 equiv.) and THF (5 mL), the desired product was obtained in 25% (101 mg) as a bright 

yellow oil after chromatography on silica gel (80:20 ethylacetate:methanol) and converted into the 

corresponding hydrochloride. FT-IR (cm-1): 3024, 2936, overtones Ar = 2100-1700, 1674, 1482, 1409. 1H-NMR 

(500 MHz, CDCl3) δ: 12.06 (brs, 1H, NH+), 8.41 (s, 1H, Nap), 7.95 (d, J = 8.3 Hz, 1H, Nap), 7.85 (t, J = 8.7 Hz, 1H, 

Nap), 7.76 (d, J = 8.4 Hz, 1H, Nap), 7.29 (t, J = 7.1 Hz, 2H, Ar), 7.21 (t, 2H, Ar, Nap), 7.13 (d, 3H, Ar, Nap), 3.94 

(s, 3H, CH3), 3.61 (brd, 2H, Pip-2, Pip-6), 3.32 (brs, 2H, COCH2CH2), 3.08 (brs, 2H, CH2CH2N), 2.63 (m, 4H, 

CH2Pip-4, Pip-2, Pip-6), 2.38 (brs, 2H, CH2CH2CH2), 2.09 (m, 2H, Pip-3, Pip-5), 1.83 (d, 2H, Pip-3, Pip-5), 1.74 

(m, 1H, Pip-4). 13C-NMR (125 MHz, CDCl3) δ: 198.1, 159.9, 139.1, 137.5, 131.5, 131.3, 129.9, 129.0, 128.5, 
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127.7, 127.3, 126.4, 124.2, 119.9, 105.6, 57.0, 55.4, 53.0, 41.9, 36.6, 35.4, 28.9, 18.2. UHPLC-ESI-MS: ABS tR 

= 1.71, > 99% pure (λ = 254 nm), m/z = 4022.5 [M + H]+. 

 

1-(4-([1,1'-biphenyl]-4-yl)-4-oxobutyl)-4-benzylpiperidin-1-ium hydrochloride (28) By following the General 

Procedure, starting from 4-bromo-1,1'-biphenyl (350 mg, 1.5 mmol, 1.5 equiv.), 4-(4-benzylpiperidin-1-yl)-N-

methoxy-N-methylbutanamide (304 mg, 1.00 mmol, 1.0 equiv.), t-BuLi (1.9 M, 1.32 mL, 2.5 mmol, 2.5 equiv.) 

and THF (5 mL), the desired product was obtained in 26% (103 mg) as a bright yellow oil after chromatography 

on silica gel (80:20 ethylacetate:methanol) and converted into the corresponding hydrochloride. FT-IR (cm-

1): 3083, 3025, 2995, 2850, overtones Ar = 2100-1700, 1684, 1604. 1H-NMR (500 MHz, CDCl3) δ: 12.07 (brs, 

1H, NH+), 8.02 (d, J = 6.3 Hz, 2H, Ar), 7.69 (d, J = 6.3 Hz, 2H, Ar), 7.62 (d, J = 7.2 Hz, 2H, Ar), 7.46 (t, J = 7.1 Hz, 

2H, Ar), 7.41 (t, J = 7.2 Hz, 1H, Ar), 7.30 (t, J = 7.1 Hz, 2H, Ar), 7.22 (t, J = 7.2 Hz, 1H, Ar), 7.14 (d, J = 7.0 Hz, 2H, 

Ar), 3.61 (brd, 2H, Pip-2, Pip-6), 3.26 (brs, 2H, COCH2CH2), 3.07 (brs, 2H, CH2CH2N), 2.64 (m, 4H, CH2Pip-4, Pip-

2, Pip-6), 2.37 (brs, 2H, CH2CH2CH2), 2.11 (m, 2H, Pip-3, Pip-5), 1.85 (d, 2H, Pip-3, Pip-5), 1.73 (m, 1H, Pip-4). 

13C-NMR (125 MHz, CDCl3) δ: 198.0, 146.2, 139.6, 139.1, 134.8, 129.0, 128.7, 128.5, 128.4, 127.4, 127.2, 

126.4, 57.0, 53.2, 41.9, 36.7, 35.7, 28.9, 18.1. UHPLC-ESI-MS: ABS tR = 1.81, 98% pure (λ = 254 nm), m/z = 

398.4 [M + H]+. 

 

1-(4-(naphthalen-2-yl)-4-oxobutyl)piperidin-1-ium hydrochloride (29) By following the General Procedure, 

starting from 2-bromonaphthalene (1.5 equiv.), N-methoxy-N-methyl-4-(piperidin-1-yl)-butanamide (1.0 

equiv.), t-BuLi (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 58% yield as a pale yellow 

solid after chromatography on silica gel (60:40 ethylacetate/methanol) and converted into the corresponding 

hydrochloride. Rf: 0.17 (50:50 ethylacetate/methanol). mp: 213-215°C. 1H-NMR (400 MHz, MeOD): δ 8.66 (s, 

1H, Napht), 8.10 – 8.05 (m, 2H, Napht), 8.01 – 7.94 (m, 2H, Napht), 7.64 (m, 2H, Napht), 3.65 (d, J = 12.3 Hz, 

2H, pip), 3.40 (t, J = 6.6 Hz, 2H, CH2CH2CH2), 3.28 – 3.20 (m, 2H, CH2CH2CH2), 3.01 (t, J = 12.4 Hz, 2H, pip), 2.29 

– 2.17 (m, 2H, CH2CH2CH2), 2.01 (d, J = 14.9 Hz, 2H, pip), 1.86 (m, 3H, pip), 1.63 – 1.52 (m, 1H, pip). 13C-NMR 

(125 MHz, CDCl3) δ: 199.1, 130.0, 129.7, 128.7, 128.5, 127.8, 126.1, 122.6, 56.7, 53.1, 35.6, 22.4, 22.1, 18.0.  

 

1-(4-([1,1'-biphenyl]-4-yl)-4-oxobutyl)piperidin-1-ium hydrochloride (30) By following the General Procedure, 

starting from 4-bromo-1,1’-biphenyl (1.5 equiv.), N-methoxy-N-methyl-4-(piperidin-1-yl)-butanamide (1.0 

equiv.), t-BuLi (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 72% yield as a pale yellow 

solid after chromatography on silica gel (40:60 ethylacetate/methanol) and converted into the corresponding 

hydrochloride. Rf: 0.23 (40:60 ethylacetate/methanol). mp: 250-251°C. 1H-NMR (400 MHz, MeOD): δ 8.13 (d, 

J= 8.3 Hz, 2H, Ph-PhCO), 7.81 (d, J = 8.3 Hz, 2H, PhPhCO), 7.71 (d, J = 7.6 Hz, 2H, PhPhCO), 7.51 (t, J = 7.5 Hz, 
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2H, PhPhCO), 7.43 (t, J = 7.3 Hz, 1H, PhPhCO), 3.63 (brs, 2H, pip), 3.28 (t, J = 6.6 Hz, 2H, CH2CH2CH2), 3.25 – 

3.18 (m, 2H, CH2CH2CH2), 3.00 (brs, 2H, pip), 2.25 – 2.13 (m, 2H, CH2CH2CH2), 1.92 (brs, 5H, pip), 1.59 (brs, 1H, 

pip). 13C-NMR (125 MHz, CDCl3) δ: 198.8, 145.8, 139.7, 135.7, 130.0, 128.9, 128.6, 128.3, 127.3, 56.7, 53.2, 

35.6, 22.5, 22.2, 18.0. 

 

 

 1-(4-(4-(benzyloxy)phenyl)-4-oxobutyl)piperidin-1-ium hydrochloride (31) By following the General 

Procedure, starting from 1-(benzyloxy)-4-bromobenzene (1.5 equiv.), N-methoxy-N-methyl-4-(piperidin-1-

yl)-butanamide (1.0 equiv.), t-BuLi (1.7M, 2.5 equiv.) and THF, the desired product was obtained in 53% yield 

as a pale yellow solid after chromatography on silica gel (60:40 ethylacetate/methanol) and converted into 

the corresponding hydrochloride. Rf: 0.18 (40:60 ethylacetate/methanol). mp: 188-190°C. 1H-NMR (400 MHz, 

MeOD) δ: 8.02 (d, J = 8.8 Hz, 2H, OPhCO), 7.47 (d, J = 7.4 Hz, 2H, PhCH2), 7.40 (t, J = 7.3 Hz, 2H, PhCH2), 7.35 

(d, J = 7.1 Hz, 1H, PhCH2), 7.12 (d, J = 8.8 Hz, 2H, OPhCO), 5.21 (s, 2H, PhCH2OPh), 3.60 (brs, 2H, pip), 3.18 (m, 

4H, CH2CH2CH2), 2.98 (brs, 2H, pip), 2.21 – 2.08 (m, 2H, CH2CH2CH2), 2.04 – 1.72 (brs, 5H, pip), 1.57 (brs, 1H, 

pip). 13C-NMR (125 MHz, CDCl3) δ: 198.1, 160.0, 138.1, 137.4, 130.1, 128.1, 127.7, 127.3, 114.4, 69.7, 56.3, 

53.1, 31.2, 22.8, 21.5, 18.1. 

 

 

 

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

 

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

In a dry double-necked round bottom flask, under inert atmosphere (N2), 4-bromo-1,1’-biphenyl (4.00 g, 

17.16 mmol, 1 equiv.), TEAC (tetraethylammonium chloride, 9.53 g, 34.3 mmol, 2 equiv.), AcONa (2.81 g, 34.3 

mmol, 2 equiv.), Pd(Oac)2 (0.19 g, 0.86 mmol, 0.05 equiv.) and ethyl crotonate (3.12 ml, 25.74 mmol, 1.5 

equiv.) are solubilized in DMF (55 ml). The mixture is kept under magnetic stirring and refluxed overnight. 

Afterwards, the crude was filtered on Celite and concentrated in vacuo. The residue was added to 150 ml of 

dichloromethane (DCM) and extracted with water (3 × 100 ml). the organic layer is dried on Na2SO4, filtered 

and concentrated in vacuo. The crude product (yellow solid) was purified by flash chromatography on silica 

gel, eluting with n-hexane/ethyl acetate (97/3, v/v). White solid; yield: 66%; m.p.: 82.0- 84.0 °C; Rf = 0.35 

(TLC: n-hexane/AcOEt, 95/5, v/v); IR (cm-1): 3396, 2935, 1921, 1704, 1623, 1260, 1173, 1041, 839, 768; 1H-
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NMR (400 MHz CDCl3) δ (ppm)= 7.68-7.57 (m, 6H, aromatic), 7.51-7.44 (m, 2H, aromatic), 7.43-7.36 (m, 1H, 

aromatic), 6.23 (s, 1H, ArCCH), 4.26 (q, J = 7.1 Hz, 2H, COOCH2), 2.64 (s, 3H, ArCCH3), 1.36 (t, 3H, J = 7.1 Hz, 

CH2CH3). 

 

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

Catalyst (S,S)-Ir(ThrePHOX) (213 mg, 0.124 mmol, 0.01 equiv.) was weighted in a glass vessel. The vessel was 

purged with nitrogen, and a 0.362 M DCM solution (34 ml) of 43 (3.301 g, 12.39 mmol, 1 equiv.) was added. 

The vessel was placed into the autoclave and purged three-times with hydrogen at 70 bar. The reaction was 

stirred overnight at room temperature under pressure of hydrogen, then hydrogen was released, DCM was 

evaporated, and the conversion was determined by NMR analysis of the crude. The desired product was 

obtained after purification by flash chromatography (98:2 and then 97:3 n-hexane/ethyl acetate) as a 

colorless oil. Then the ee was determined by enantioselective HPLC. Colorless oil; yield: 95%; Rf = 0.25 (TLC: 

n-hexane/AcOEt, 97/3, v/v); IR (cm-1): 3030, 2971, 2926, 1908, 1731, 1487, 1163, 1033, 765, 697; HPLC: tR = 

11.24 min, ee 83% [Chiralcel OJ-H (4.6 mm I.D. x 150 mm L, ps = 5 μm); eluent: n-heptane/i-PrOH = 90/10 

(v/v); flux: 0.8 mL/min; (λ = 250 nm)]; 1H-NMR (400 MHz CDCl3) δ (ppm)= 7.64-7.53 (m, 4H, aromatic), 7.49-

7.42 (m, 2H, aromatic), 7.39-7.30 (m, 3H, aromatic), 4.12 (q, J = 7.1 Hz, 2H COOCH2), 3.42-3.30 (m, 1H, ArCH), 

2.68 (dd, J1 = 15.0, J2 = 7.1 Hz, 1H, ArCHCH-H), 2.60 (dd, J1= 15.0, J2 = 7.1 Hz, 1H, ArCHCH-H), 1.37 (d, J = 7.0 

Hz, 3H, ArCCH3), 1.22 (t, J = 7.1 Hz, 3H, CH2CH3). 

 

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

3M NaOH (65 ml) was added to compound 44 (2.76 g, 10.29 mmol) in 50 ml of abs. EtOH and the reaction 

mixture was maintained under stirring at room temperature for 2 h. The organic phase was then evaporated, 

and the residue dissolved in water. The aqueous phase was made acid with 1M HCl (pH 2) and then extracted 

with ethyl acetate (3 × 100 ml). The combined organic phases were dried over anhydrous Na2SO4 and 

evaporated to dryness, yielding the desired product as a white solid. The ee was determined by 

enantioselective HPLC. [column: ChiralpackTM IC (4.6mm I.D. × 250mm L, ps = 5 μm); eluent: n-

heptane/iPrOH/TFA, 96/4/0.1 (v/v/v); flow: 0.8 mL/min; (λ = 254 nm)]. White solid, m.p.= 110.1°C-111.5; 

yield= 97%; Rf =0.33 (TLC: n-hexane:AcOEt:HCOOH, 80:20:1, v/v/v); IR (cm-1) 3033, 2961, 2925, 1705, 1697, 

1488, 1409, 1297, 947, 834, 761, 687; HPLC: tR: 8,31min; e.e. 83% [ChiralpakTM IC (4.6mm I.D. × 250mm L, ps 

= 5 μm); eluent: n-hexane/i-PrOH/TFA, 96/4/0,1 (v/v/v); flux: 0.8 mL/min; (λ = 254 nm)]; [α]D
20= -33.6; 1H-

NMR (400 MHz, CDCl3) δ (ppm)= 7.57 (dt, J1 = 7.06 Hz, J2 = 1.31 Hz, 2H, aromatic), 7.53 (dt, J1 = 8.33 Hz, J2 = 

2.51 Hz, 2H, aromatic), 7.42 (t, J = 7.32 Hz, 2H, aromatic), 7.35-7.28 (m, 3H, aromatic), 3.39-3.29 (m, 1H, 
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CHCH3), 2.71 (dd, J1 = 15.58 Hz, J2 = 6.86 Hz, 1H, CH2CH), 2.61 (dd, J1 = 15.58 Hz, J2 = 8.17 Hz, 1H, CH2CH), 1.35 

(d, J = 6,97 Hz, 3H, CHCH3). 

 

Fractional crystallization on acid 45 

A solution of acid 45 (ee 83%, 2.483 mmol; 240.3 mg; 1 eq) in MeOH (8 mL) is added to (S)-phenylethylamine 

(2.483 mmol; 0.312 mL; 1eq; d = 0.965 g/mL); the mixture is maintained under magnetic stirring and then 

concentrated under reduced pressure. The diastereomeric salts of R/S-45 are crystallized from MeOH/H₂O 

(1:1 v/v). The white crystals thus obtained are filtered on Buchner and dried, whereas the mother liquor is 

concentrated in vacuo and then extracted with CH2Cl2 and a 10% aqueous solution of HCl (3x20 mL). the 

organic layer is dried on Na2SO4 and concentrated under reduced pressure. A white solid is thus obtained, 

which is analyzed by means of enantioselective HPLC [column: ChiralpakTM IC (4.6mm I.D. × 250mm L, ps = 5 

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

 

(R)-3-([1,1’-biphenyl]-4-yl)butanoic acid [45]: white solid. Yield: 94%. Rf: 0.5 (TLC: DCM/MeOH, 9/1 v/v). m.p.= 

110-112°C; HPLC: tR= 7.49 min; ee 94,5% [ChiralpakTM IC (4.6mm I.D. × 250mm L, ps = 5 μm); eluent: n-

hexane/i-PrOH/TFA, 96/4/0,1 (v/v/v); flux: 1 mL/min; (λ = 254 nm)]; [α]D
20= -21.6 (c = 0.5% in MeOH). IR (cm-

1) 3033, 2961, 2925, 1705, 1697, 1488, 1409, 1297, 947, 834, 761, 687. 1H-NMR (400 MHz, CDCl3) δ(ppm)= 

7.57 (dt, J1 = 1.31 Hz, J2 = 7.06 Hz, 2H, aromatic), 7.53 (dt, J1 = 2.51 Hz, J2 = 8.33 Hz, 2H, aromatic), 7.43 (t, J = 

7.32 Hz, 2H, aromatic), 7.35-7.28 (m, 3H, aromatic), 3.39-3.29 (m, 1H; CHCH3), 2.71 (dd, J1 = 6.86 Hz, J2 = 15.58 

Hz, 1H; CH2CH), 2.61 (dd, J1 = 8.17 Hz, J2 = 15.58 Hz, 1H; CH2CH), 1.35 (d, J = 6.97 Hz, 3H; CHCH3). 

 

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

Enantioenriched acid 45 (146.8 mg, 0.611 mmol, 1 eq.) is dissolved in acetonitrile (14 mL) with 2-(1H-

Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU, 235.0 mg, 0.733 mmol, 1.2 eq.) 

and N,N-diisopropylethylamine (DIPEA, 214.0 μL, 1.222 mmol, 2 eq.). the reaction mixture is heated with a 

microwave oven to 50 °C for 10 minutes at 200 W. After the formation of acid-TBTU adduct is verified by TLC 

analysis (DCM/MeOH/NH3 in MeOH 7 N 90:10:0.1 v/v/v), the proper amount of 4-(N-Boc-amino)piperidine 

(258.0 mg, 0.611 mmol, 1 eq.) is added to the reaction mixture. This is subjected to 5 heating cycles at the 

microwave oven at 90 °C and 200 W for 10 minutes. Afterwards, the solvent is evaporated under reduced 

pressure, the crude product is solubilized in AcOEt (100 mL) and extracted, in order, with an aqueous solution 

of NaOH 1M (1x100 mL) and with (R/S) tartaric acid 1M (1x100 mL). The organic layer is then dried with 

Na2SO4, filtered and evaporated under reduced pressure. Compound (R)-4 is obtained as a yellow/orange 

solid and used for the subsequent synthetic step without further purification. Yellow/orange solid. Yield = 
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95.8%; Rf= 0.83 (TLC: DCM/MeOH, 9/1 v/v); m.p. = 130 °C; HPLC: tR= 14.2 min; ee: 93.4% [ChiralpakTM OJ-H 

(4.6mm I.D. × 150mm L, ps = 5 μm); eluent: MeOH; flux: 0.8 mL/min; (λ = 250 nm)]; [α]D
20= -6.4 (c = 0.5% in 

MeOH); IR (cm-1) = 606.503, 630.60, 713.533, 751.138, 789.707, 847.561, 1044.26, 1170.58, 1243.86, 

1320.04, 1391.39, 1473.35, 1520.6, 1627.63, 1747.19, 1779.01, 2348.87, 2832.92, 2887.88, 2981.41, 

3343.96, 3721.94. 1H-NMR (400MHz, CDCl3) δ(ppm)= 7.57 (dd, J = 13.7, 7.6 Hz, 4H, aromatic), 7.44 (d, J = 7.3 

Hz, 2H, aromatic), 7.35 (s, 3H, aromatic), 2.86-2.51 (m, 3H, CH3CHCH2, CH2CO, CHNBoc), 2.12 (s, 2H, 

piperidine), 1.93 (m, 7H, piperidine), 1.45 (d, J = 10.0 Hz, 12 H, C-(CH3)3), 1.39 (d, J = 6.3 Hz, 3H, CHCH3). 

 

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

Compound (R)-46 (400 mg, 0.947 mmol) is dissolved in DCM (49.76 mL) and then trifluoroacetic acid (12.96 

mL) is added dropwise. The reaction is maintained under magnetic stirring for 1 hour at room temperature. 

After complete conversion of the starting material is confirmed via TLC (DCM/MeOH 9/1 v/v) the solvent is 

evaporated under reduced pressure. The crude obtained is dissolved in AcOEt (100 mL) and extracted with a 

saturated aqueous solution of NaHCO3 (3x100 mL). The organic layer is dried on Na2SO4, filtered and 

evaporated under reduced pressure. The desired product (R)-5 is obtained as a pale-yellow oil which is used 

for the subsequent step without further purification. Pale yellow oil. Yield: 65%. Rf = 0.29 (TLC: DCM/MeOH 

90/10, v/v). HPLC: tR= 5.12 min; ee: 93% [ChiralcelTM OJ-H (4.6mm I.D. x 150mm L, ps = 5μm); eluent: 

MeOH/DEA, 100/0,1 v/v; flux: 0.8 mL/min; (λ = 250 nm)]. [α]D
20= -16.8 (c = 0.5% in MeOH); IR (cm-1)= 696.177, 

730.889, 762.709, 838.883, 981.59, 1007.62, 1090.55, 1160.94, 1209.15, 1274.72, 1338.36, 1366.32, 

1445.39, 1485.88, 1541.81, 1624.73, 1747.19, 2318.98, 2372.98, 2841.6, 3023.84, 3565.74, 3613.95, 3647.7, 

3739.3, 3757.62, 3862.72. 1H-NMR (400MHz, CDCl3) δ(ppm)= 7.59 (d, J = 7.6 Hz, 2H, aromatic), 7.55 (d, J = 

7.6 Hz, 2H, aromatic),  7.44 (t, J = 7.2 Hz, 2H, aromatic), 7.34 (m, 3H, aromatic), 2.95 (dt, 1H, CH3CHCH2), 2.67 

(m, 2H, CHHCO, CHNH2), 2.60-2.51 (m, 1H, CHHCO), 2.04 (bs, 6H, piperidine CH2, NH2), 1.91-1.75 (m, 2H, 

piperidine), 1.38 (d, J = 6.8 Hz, 3H, CH3), 1.35-1.25 (m, 2H, piperidine). 

 

 

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

Compound (R)-47 (180 mg, 0.558 mmol, 1 eq.) is placed in a dry round-bottom flask under inert atmosphere 

(N2) and solubilized in anhydrous THF (5.40 mL). The flask is placed in an ice-cold bath and LiAlH4 (1M in THF, 

2.232 mL, 4 eq) is added dropwise. The reaction is left under magnetic stirring at 0° C for 2 hours and 

monitored via TLC (DCM/MeOH/NH₃ in MeOH 7N, 90:10:0.1, v/v/v). Upon completion, the reaction is 

quenched by slowly adding few drops of a saturated solution of NH4Cl, until the effervescence ceases. The 

reaction mixture is allowed to reach room temperature and then it is extracted with Et2O (3x20 mL). The 

reunited organic layers are dried on Na2SO4, filtered and evaporated under reduced pressure. The crude 
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product is further purified through flash chromatography (eluent DCM/MeOH/NH₃ in MeOH, gradient from 

90:10:0,1 v/v/v to 90:0:10 v/v/v). The product is obtained as a white solid. White solid; yield: 69%; Rf= 0.16 

(TLC: DCM/MeOH/NH₃ in MeOH, 90:10:0.1 v/v/v); HPLC: tR= 13.6 min; ee 94.5% [ChiralcelTM AD-H (4.6mm 

I.D. x 150mm L, ps = 5μm); eluent: MeOH/DEA, 100/0,1 v/v; flux: 0.5 mL/min; (λ = 250 nm)]; [α]D
20= -12.68 (c 

= 0.5% in MeOH); IR (cm-1)= 1507.1, 1521.56, 1540.85, 1558.2 1616.06, 1636.3, 1652.7, 1683.55, 1698.02, 

1867.72, 2806.88, 2927.41. 1H NMR (400 MHz, CDCl3) δ(ppm)= 7.60 (d, J = 7.6 Hz, 1H, aromatic), 7.54 (d, J = 

8.1 Hz, 1H, aromatic), 7.45 (t, J = 7.6 Hz, 1H, aromatic), 7.34 (t, J = 7.3 Hz, 1H, aromatic), 7.30-7.25 (m, 1H, 

aromatic), 2.86 (m, 2H, piperidine CH2N), 2.78 (m, J = 8.0 Hz, 1H, CH3CHCH2), 2.65 (m, 1H, CHNH2), 2.32 (m, 

1H, diastereotopic CHCH2CHHN), 2.22 (m, 1H, diastereotopic CHCH2CHHN), 1.97 (m, 2H, piperidine CH2N), 

1.83 (m, 4H, CHCH2CH2N and piperidine CH2), 1.7 (bs , 2H, CHNH2) 1.39 (m, 2H, piperidine CH2), 1.31 (d, J = 

6.9 Hz, 3H, CH3). 

 

 

 

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

 

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

In a round-bottom flask, under N2 atmosphere, ester 43 (6.19 mmol, 1 equiv.) is solubilized in dry DCM (20 

mL), and DIBAL-H (1M solution in toluene, 15.5 mmol, 2.5 equiv.) is added dropwise at -78 °C. The reaction 

is monitored via TLC (n-hexane/AcOEt 75:25) and after 30 minutes is quenched by adding AcOEt (2 mL) and 

Et2O (15 mL). The mixture is stirred at room temperature and H2O (2 mL) and Et2O (30 mL) are added. After 

filtration on Celite, the crude is purified through flash chromatography on silica gel (eluent: n-hexane/AcOEt, 

75:25) and the pure product is obtained as a yellow solid. Yield = 59%, m.p. = 103.5°C Rf= 0.30 (TLC: n-

hexane/AcOEt, 75:25); IR (cm-1): 3659, 3372, 3030, 2911, 1721, 1667, 1600, 1485, 1404, 1267, 831, 760, 694; 

1H-NMR (400 MHz, CDCl3) δ (ppm): 7.58-7.64 (m, 4H, aromatic), 7.45-7.53 (m, 4H, aromatic), 7.34-7.40 (m, 

1H, aromatic), 6.06-6.10 (t, 1H, J = 8.0 Hz, ArCCHCH2OH), 4.42 (d, 2H, J = 8.0 Hz, ArCCHCH2), 2.15 (s, 1H, CH3). 

 

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

Allylic alcohol 50 (1.070 mmol, 1 equiv.) is solubilized in THF (8 mL) and MnO2 (21.4 mmol, 20 equiv.) is added 

in four equal portions over 6 hours. Then, the reaction mixture is filtered on Celite and the desired product 

is obtained as a white solid, with sufficient purity for the next step. Yield = 66%, Rf=0.35 (TLC: n-hexane/AcOEt 

85:15); IR (cm-1): 3745, 3714, 2997, 2902, 2846, 2143, 1650, 1486, 1324, 831, 734, 691, 601; 1H-NMR (400 
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MHz) (CDCl3) δ (ppm): 10.23 (d, 1H, COH), 7.61-7.72 (m, 6H, aromatic), 7.47-7.51 (t, 2H, aromatic), 7.40 (m, 

1H, aromatic), 6.49 (d, 1H, J = 8.0 Hz, ArCCHCOH), 2.6 (s, 1H, ArCCH3). 

 

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

Compound 48 (0.158mmol, 1 equiv.) is solubilized in CHCl3 (1 mL), and the flask is placed into an acetone 

bath kept at -30 °C through a cryostat. Reagent (S)-Mac-H is then added to the reaction mixture (0.108 mmol, 

0.7 equiv.). The reagent contains a mixture 1:6 of Hantzsch ester and (S)-2-(tert-butyl)-3-methyl-4-

oxoimidazolidinium trifluoroacetate (MacMillan’s imidazolidinone). The reaction is monitored via TLC (n-

hexane/DCM/AcOEt 9.5:0.5:0.5). After 12 hours, the reaction is stopped. The mixture is extracted with Et2O 

and HCl 10% (3 x 10 mL). The organic layer is dried on Na2SO4, filtered and concentrated under vacuum. The 

crude is purified by flash chromatography on silica gel (eluent: n-hexane/DCM/AcOEt 9.5:0.5:0.5) and the 

product is obtained as a colorless oil. Yield: 26 % Rf= 0,39 (n-hexane/DCM/AcOEt 9.5:0.5:0.5) IR (cm-1): 3667, 

3020, 29578, 2930, 1730, 1495, 1407, 865, 770, 734, 697; 1H-NMR (400 MHz, CDCl3) δ (ppm): 9.77 (s, 1H, 

COH), 7.56-7.61 (m, 4H, aromatic), 7.44-7.47 (m, 2H, aromatic), 7.31-7.38 (m, 3H, aromatic), 3.9-3.49 (m, 1H, 

ArCH), 2.69-2.86 (m, 2H, ArCHCH2), 1.38 (d, J = 7.0 Hz, 3H, ArCHCH3). 

 

 

 

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

 

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

To a round-bottom flask previously conditioned with N2, catalyst (R,R) Naph-diPIM-dioxo-iPr/CoCl2 (1.5 mg, 

0.01 equiv.), NaBH4 (15 mg, 2 equiv.) and ester 43 (49 mg, 1 equiv.) are added in sequence. Then, the flask is 

placed in an ice-cold bath and the reagents are solubilized in DCM (2 mL). The obtained solution is blue. 

Afterwards, MeOH (2 mL) is added dropwise under magnetic stirring. After 10 minutes of stirring at 0 °C, the 

ice bath is removed, and the reaction is left under stirring at r.t. for 1h. After this time the reaction mixture 

is almost completely clear and TLC analysis (cyclohexane/AcOEt 96:4) confirms complete consumption of the 

starting material. The reaction is quenched with HCl 1M (4 mL) and extracted with DCM (4 x 4 mL). The 

organic phase is dried on Na2SO4, filtered and concentrated under vacuum. The obtained crude (pale blue 

solid) is purified through filtration on silica gel (eluent: cyclohexane/AcOEt 96:4). The pure product is a 

yellowish oil (46 mg). Yield = 94%. HPLC: RT = 17.68 min, ee 98% [Chiralcel OJ-H (4.6 mm I.D. x 150 mm L, ps 

= 5 μm); eluent: n-heptane/i-PrOH = 90/10 (v/v); flux: 0.8 mL/min; (λ = 250 nm)]; 1H-NMR (400 MHz CDCl3) δ 
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(ppm) = 7.64-7.53 (m, 4H, aromatic), 7.49-7.42 (m, 2H, aromatic), 7.39-7.30 (m, 3H, aromatic), 4.12 (q, J = 7.1 

Hz, 2H CO2CH2CH3), 3.36 (m, 1H, ArCHCH3), 2.68 (dd, J1 = 15.0, J2 = 7.1 Hz, 1H, diastereotopic ArCHCHH), 2.60 

(dd, J1= 15.0, J2 = 7.1 Hz, 1H, diastereotopic ArCHCHH), 1.37 (d, J = 7.0 Hz, 3H, ArCCH3), 1.22 (t, J = 7.1 Hz, 3H, 

CH2CH3). 

 

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

In a dry round-bottom flask, under N2 atmosphere, compound 44 (23 mg, 0.09 mmol, 1 equiv.) is solubilized 

in anhydrous DCM (4 mL). The flask is placed in a dry ice/acetone bath (-78 °C) and DIBAL-H (1M solution in 

toluene, 0.09 mL, 1 equiv.) is added dropwise under magnetic stirring. After 15 minutes, TLC analysis 

(cyclohexane/AcOEt 94:6) confirms complete consumption of the starting material. The reaction is quenched 

by adding H2O (3 mL) at -78 °C, then the flask is removed from the bath, diluted with Et2O (4 mL) and left 

under magnetic stirring for some minutes. The mixture is then transferred to a separatory funnel and more 

H2O (7 mL) and Et2O (6 mL) are added. After extraction with ether (3 x 6 mL), the organic layers are reunited, 

dried on Na2SO4, filtered and concentrated under vacuum. The crude is purified through filtration on silica 

gel (eluent: cyclohexane/AcOEt 92:8). The pure product is obtained as a white solid. Yield = 80%. 1H-NMR 

(400 MHz CDCl3) δ (ppm) = 9.73 (t, J = 2.0 Hz, 1H, COH), 7.55 (m, 4H, aromatic), 7.42 (m, 2H, aromatic), 7.30 

(m, 3H, aromatic), 3.41 (m, 1H, CH3CHCH2), 2.79 (ddd, J1 = 16.7, J2 = 6.9, J3 = 1.8 Hz, 1H, diastereotopic 

CHCHHCOH), 2.69 (ddd, J1 = 16.7, J2 = 7.6, J3 = 2.2 Hz, 1H, diastereotopic CHCHHCOH), 1.35 (d, J = 7.0 Hz, 3H, 

CH3). 

 

 

 

5.3.7 Synthesis of bivalent ligands 

 

 

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

Acetic anhydride (20 µL, 0.2 mmol, 1.25 eq.) is added to (R)-RC-33A (50 mg, 0.16 mmol, 1.0 eq.) in anhydrous 

CH2Cl2 (2.0 mL) at room temperature under N2 atmosphere. The reaction mixture is heated to reflux for 1 h, 

and then cooled on ice. Upon addition of NaOH (10% aqueous solution, 5 mL) the mixture is extracted with 

DCM (3 x 5mL). The organic layers are reunited, dried on Na2SO4, filtered and concentrated under vacuum. 

The crude product is purified by flash chromatography on silica gel (eluent: DCM/MeOH/NH3 90:10:0.5). the 

pure product is obtained as a yellow solid. Yield 95%; Rf = 0.23 (DCM/MeOH/NH3 90:10:0.5);  m.p. = 129.5-

132.8; [α]D
20 = -13.64 (c = 0.5% in CHCl3); 1H-NMR (400 MHz, CDCl3) δ(ppm) = 7.56 (d, J = 7.1 Hz, 2H, aromatic), 

7.51 (d, J = 8.2 Hz, 2H, aromatic), 7.41 (t, J = 7.6 Hz, 2H, aromatic), 7.31 (t, J = 7.3 Hz, 1H, aromatic), 7.2 (d, J 
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= 8.3 Hz, 2H, aromatic), 5.51 (d, J = 7.3 Hz, 1H, NHCO), 3.80 (m, 1H, piperidine CHNH), 2.93 (brs, 2H, piperidine 

CH2N), 2.76 (m, J = 8.0 Hz, 1H, CH3CHCH2), 2.42 (m, 1H, diastereotopic CH2CHHN), 2.30 (m, 1H, diastereotopic 

CH2CHHN), 2.17 (m, 2H, piperidine CH2N), 1.94 (s, 3H, COCH3), 1.86 (m, 4H, piperidine CH2 and ArCHCH2CH2), 

1.58 (m, 2H, piperidine CH2), 1.28 (d, J = 6.9 Hz, 3H, CH3CHCH2). 13C-NMR (400 MHz, CDCl3) δ(ppm) = 169.43, 

145.65, 140.91, 139.06, 128.68, 127.25, 127.17, 127.03, 126.93, 56.73, 52.44, 46.06, 37.87, 34.73, 31.49, 

23.45, 22.50. 

 

 

Synthesis of N1,N3-bis(1-((R)-3-([1,1'-biphenyl]-4-yl)butyl)piperidin-4-yl)malonamide (33) 

A solution of (R)-RC-33A (56 mg, 0.181 mmol, 2 eq.) and diisopropylamine (32 μl, 0.181 mmol, 2 eq.) in CH3CN 

(2 mL) is added dropwise to a solution of malonic acid (11.30 mg, 0.109 mmol, 1.2 eq.) and 2-(1H-

Benzotriazole-1-yl)-1,1,3,3-tetramethylaminium tetrafluoroborate (TBTU, 58.12 mg, 0.181 mmol, 2 eq.) in 

2.4 mL of CH3CN. The reaction is maintained under magnetic stirring at room temperature for 30 minutes. 

upon reaction completion, which is confirmed by TLC analysis (DCM/MeOH/NH3 in MeOH 90:10:0.1), the 

solvent is evaporated under reduced pressure. The crude is then dissolved in EtOAc (10 mL) and washed first 

with a saturated aqueous solution of NaHCO3 (3x 10mL) and then with Brine (2x10mL). The organic layer is 

then dried on Na2SO4, filtered and concentrated under reduced pressure. The product is further purified 

through flash chromatography (eluent DCM/MeOH/NH₃ in MeOH, 90:10:0.1 v/v/v) and the desired product 

is isolated as a pale-yellow oil. Yield: 63%; Rf= 0.72 (DCM/MeOH/NH3 in MeOH 90:10:0,1); [α]D
20= -20.30 (c = 

0.5% in MeOH); 1H-NMR (400 MHz, CDCl3) δ(ppm) = 7.60 (d, J = 7.6 Hz, 4H, aromatic), 7.54 (d, J = 8.0 Hz, 4H, 

aromatic), 7.44 (t, J = 7.6 Hz, 4H, aromatic), 7.34 (t, J = 7.2 Hz, 2H, aromatic), 7.27 (d, J = 8.4 Hz, 4H, aromatic), 

6.94 (d, J = 7.2 Hz, 1H, NH), 3.77 (m, 2H, piperidine), 3.13 (s, 2H, COCH2CO), 2.79 (m, 6H, CH3CHCH2 and 

piperidine), 2.39-2.19 (m, 4H, CHCH2CH2N), 2.16-2.01 (m, 4H, CHCH2CH2N), 1.91 (m, 4H, piperidine), 1.83 (dd, 

J1= 14.8, J2 = 7.6 Hz, 4H, piperidine), 1.53 (dd, J1 = 20.8, J2 = 10.0 Hz, piperidine), 1.31 (d, J = 6.8 Hz, 6H, 

CH3CHCH2). 13C-NMR (400 MHz, CDCl3) δ(ppm) = 171.3, 145.65, 140.91, 139.02, 128.61, 127.28, 127.16, 

127.04, 126.98, 56.72, 56.72, 52.04, 52.00, 46.35, 37.80, 35.06, 31.44, 31.38, 22.29. 

 

Synthesis of N1,N5-bis(1-((R)-3-([1,1'-biphenyl]-4-yl)butyl)piperidin-4-yl)glutaramide (34) 

Glutaric acid (15.6 mg, 0.118 mmol, 1.2 eq.), TBTU (63.2 mg, 0.197 mmol, 2 eq.) and N,N-

diisopropylethylamine (DIPEA, 34.5 μl, 0.197 mmol, 2 eq.) are dissolved in 2 ml of CH3CN in a vial for 

microwave oven. The mixture is kept under magnetic stirring at room temperature for 5 minutes to allow 

reaction between the acid and TBTU. Afterwards, a solution of (R)-RC-33A (60.9 mg, 0.197 mmol, 2 eq.) in 2 

ml of CH3CN is added and the vial undergoes 5 cycles of microwave irradiation (10 minutes each) at 90°C and 

50W. The reaction mixture is then evaporated under reduced pressure, giving a brown residue that is 
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dissolved in CH2Cl2 (15 ml) and extracted first with water (3x15 ml) and then with a saturated solution of 

NaHCO3 (15 ml). The organic layer is dried on Na2SO4, filtered and concentrated under reduced pressure. The 

brown oil thus obtained is purified through flash chromatography (eluent DCM/MeOH/NH₃ in MeOH, 

90:10:0.1 v/v/v) and the pure product is obtained as a yellow solid. Yield: 31.5 %. Rf = 0,83 (TLC: 

DCM/MeOH/NH3 in MeOH; 80:20:0.1 v/v/v). m.p.= 207-210°C. [α]D
20= -12.9 (c = 0.5% in DCM); IR (cm-1)= 

1473.35, 1488.78, 1507.1, 1540.85, 1557.24, 1645.95, 1670.05, 1683.55, 1698.02, 1716.34, 1748.16, 

1867.72, 2343.09, 2359.48. 1H-NMR (400 MHz, CDCl3) δ(ppm)= 7.60 (dd, J1 = 1.2, J2 = 8.5, 4H, aromatic), 7.55 

(d, J = 8.2 Hz, 4H, aromatic), 7.45 (t, J = 7.6 Hz, 4H, aromatic), 7.35 (t, J = 7.3 Hz, 2H aromatic), 7.26 (d, J = 8.4 

Hz, 4H, aromatic), 5.88 (s, 2H, NH ), 3.81 (m, 2H, piperidine), 2.95 (d, J = 10.5 Hz, 4H, piperidine), 2.80 (m, 2H, 

CH3CHCH2 ), 2.48-2.38 (m, 4H, CHCH2CH2N ), 2.24 (t, J = 7.1 Hz, 4H, NHCOCH2), 2,18 (m, 4H, piperidine), 1.92 

(m, 10H, piperidine, CHCH2CH2N, NHCOCH2CH2), 1.60 (d, J = 11.3 Hz, 4H, piperidine), 1.32 (d, J = 6.9 Hz, 6H, 

CH3CHCH2 ). 13C-NMR (400 MHz, CDCl3) δ(ppm)= 171.9, 146.12, 140.75, 139.02, 128.61, 127.29, 126.17, 

127.04, 126.9, 56.7, 52.2, 46.37, 37.8, 35.3, 32.05, 22.3, 21.9. 

 

Synthesis of N1,N7-bis(1-((R)-3-([1,1'-biphenyl]-4-yl)butyl)piperidin-4-yl)heptanediamide (35) 

Pimelic acid (17.6 mg, 0.1098 mmol, 1.2 eq.), TBTU (8.7 mg, 0.183 mmol, 2 eq.) and N,N-

diisopropylethylamine (DIPEA, 32.0 μl, 0.183 mmol, 2 eq.) are dissolved in 2 ml of CH3CN in a vial for 

microwave oven. The mixture is kept under magnetic stirring at room temperature for 5 minutes to allow 

reaction between the acid and TBTU. Afterwards, a solution of (R)-RC-33A (56.6 mg, 0.183 mmol, 2 eq.) in 2 

ml of CH3CN is added and the vial undergoes 5 cycles of microwave irradiation (10 minutes each) at 90°C and 

50W. The reaction mixture is then evaporated under reduced pressure, giving a brown residue that is 

dissolved in CH2Cl2 (15 ml) and extracted first with water (3x15 ml) and then with a saturated solution of 

NaHCO3 (15 ml). The organic layer is dried on Na2SO4, filtered and concentrated under reduced pressure. The 

brown oil thus obtained is purified through flash chromatography (eluent DCM/MeOH/NH₃ in MeOH, 

80:20:0,1 v/v/v) and the pure product is obtained as white solid. Yield: 58.9%; Rf= 0.64 (TLC: DCM/MeOH/NH3 

in MeOH; 80:20:0.1 v/v/v). m.p.= 192-194°C [α]D
20= -12.1 (c = 0.5% in DCM); IR (cm-1)= 1418.39, 1456.96, 

1473.35, 1488.78, 1507.1, 1522.52, 1540.85, 1557.24, 1644.98, 1698.02, 1716.34, 1733.69, 1792.51, 

1829.15, 1844.58, 1868.68, 2342.12, 2360.44. 1H-NMR (400 MHz, CDCl3) δ(ppm)= 7.60 (dd J1= 1.3, J2 = 8.5 

Hz, 4H, aromatic), 7.54 (d, J = 8.2 Hz, 4H, aromatic), 7.45 (t, J = 7.6 Hz, 4H, aromatic), 7.35 (t, J = 7.3 Hz, 2H, 

aromatic), 7.26 (m, 4H, aromatic), 5.65 (s, 2H, NH), 3.80 (m, 2H, piperidine), 2.99 (d, J = 10.8 Hz, 4H, 

piperidine), 2.80 (m, 2H, CH3CHCH2), 2.47-2.34 (m, 4H, CHCH2CH2N), 2.20 (m, 4H, piperidine), 2.17 (t, J = 7.4 

Hz, 4H, NHCOCH2), 1.93 (m, 8H, piperidine, CHCH2CH2N), 1.65 (m, 8H, piperidine, NHCOCH2CH2), 1.36 (d, J = 

6.9, 2H, NHCOCH2CH2CH2), 1.32 (d, J = 6.9 Hz, 6H, CH3CHCH2). 13C-NMR (400 MHz, CDCl3) δ(ppm)= 172.2, 
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145.90, 140.91, 139.02, 128.61, 127.28, 127.11, 127.04, 126.98 126.95, 56.7, 52.3, 46.19, 37.8, 36.31, 35.17, 

31.96, 25.03, 22.47. 

 

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

Compound (R)-RC-33A (52.9 mg, 0.171 mmol, 2 equiv.) is dissolved in 3 mL of anhydrous CH2Cl2 with 

triethylamine (35.8 μl, 0.256 mmol, 3 equiv.) in a round bottom flask under Nitrogen atmosphere. Then, a 

solution of diglycolyl chloride (15.2 μl, 0.128 mmol, 1.5 equiv.) in 3.5 mL of CH2Cl2 is added dropwise. HCl is 

released as white gas. After 30 minutes TLC analysis (DCM/MeOH/NH3 in MeOH 90:10:0.1 v/v/v) confirms 

reaction completion, with the formation of a spot with Rf= 0.53. The reaction is then quenched by pouring 

water (6 mL) and the mixture is extracted with a saturated solution of NaHCO3 (3 x 10 ml). The organic phase 

is dried on Na2SO4, filtered and concentrated under reduced pressure. A brown oil is obtained, which is then 

purified through flash chromatography (eluent DCM/MeOH/NH₃ in MeOH 90:10:0,1 v/v/v), giving the desired 

product as a yellowish oil (57.4 mg). Yield = 94%; Rf= 0.53 (TLC: DCM/MeOH/NH3 in MeOH; 90:10:0.1 v/v/v). 

[α]D
20= -13.3 (c = 0.5% in DCM); IR (cm-1)= 1245.79, 1399.1, 1487.81, 1508.06, 1540.85, 1645.95, 1772.26, 

2342.12, 2360.44. 1H NMR (400 MHz, CDCl3) δ(ppm)= 7.6 (dd, J1 =1.3, J2 = 8.4 Hz, 4H, aromatic), 7.55 (d, J = 

8.2 Hz, 4H, aromatic), 7.45 (t, J = 7.4 Hz, 4H, aromatic), 7.35 (t, J = 7.3 Hz, 2H, aromatic), 7.27 (d, 4H, aromatic), 

6.69 (s, 2H, NH), 4.03 (s, 4H, NHCOCH2O), 3.98 (m, 2H, piperidine), 3.05 (d, J = 10.1 Hz, 4H, piperidine), 2.80 

(m, 1H, CHNHCO), 2.51-2.38 (m, 4H, CHCH2CH2N), 2.27 (d, J= 11.9 Hz, 4H, piperidine), 1.90 (m, 8H, piperidine, 

CHCH2CH2N), 1.77 (d, J = 10.9 Hz, 4H, piperidine), 1.33 (d, J = 6.9 Hz, 6H, CH3CHCH2). 13C-NMR (400 MHz, 

CDCl3) δ(ppm)= 167.78, 145.9, 139.04, 128.68, 127.26, 127.16, 127.02, 126.8, 71.03, 56.58, 52.20, 45.75, 

34.74, 31.39, 22.53. 

 

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

(37) 

In a round-bottom flask, under N2 atmosphere, 3,6-Dioxaoctanedioic acid (6.1 mg, 0.034 mmol, 1 equiv.) is 

placed with COMU (36.4 mg, 0.085 mmol, 2.5 equiv.) and compound (R)-RC-33A (21 mg, 0.068 mmol, 2 

equiv.). The mixture is solubilized in dry DMF (4 mL) under magnetic stirring at 0 °C, then DIPEA (25 µL, 0.14 

mmol, 4 equiv.) is added and the reaction mixture turns a bright yellow. After 1h the ice bath is removed, 

and the reaction is allowed to reach spontaneously room temperature. The reaction progression is monitored 

via TLC (DCM/MeOH/NH3 in MeOH 94:6:1.5 v/v/v) and upon completion, after 2h 45min, the mixture is 

diluted with 20 mL of EtOAc and washed with water (20 mL) and Brine (2 x 25 mL). The reunited aqueous 

phase is extracted with fresh EtOAc (15 mL). Then, the organic phases are reunited, dried on Na2SO4, filtered 

and concentrated under vacuum. The obtained crude product is purified through flash chromatography on 
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SiO2 (eluent DCM/MeOH/NH3 in MeOH 94:6:1.5 v/v/v) and the desired product is obtained as a whitish solid. 

Yield = 43%; Rf= 0,29 (TLC: DCM/MeOH/NH3 in MeOH; 94:6:1.5 v/v/v). [α]D
20= -10.3 (c = 0.5% in DCM). 1H 

NMR (400 MHz, CDCl3) δ(ppm)= 7.58 (dt,  J1 = 6.8, J2 = 1.6 Hz, 4H, aromatic), 7.51 (dt, J1 = 8.4, J2 = 2 Hz, 4H, 

aromatic), 7.42 (td, J1 = 7.2, J2 = 1.6 Hz, 4H, aromatic), 7.32 (td, J1 = 6.8, J2 = 1.6 Hz, 2H, aromatic), 7.24 (dt, J1 

= 8.4, J2 = 2 Hz, 4H, aromatic), 6.60 (d, J = 8 Hz, 2H, NH), 3.98 (s, 4H, COCH2O), 3.81 (m, 2H, CHNHCO), 3.68 (s, 

4H, OCH2CH2O), 2.83 (brs, 4H, piperidine), 2.77 (m, 2H, CH3CHCH2), 2.32 (m, 2H, diastereotopic CHCH2CHHN), 

2.22 (m, 2H, diastereotopic CHCH2CHHN), 2.06 (m, 4H, CHCH2CH2), 1.91 (m, 4H, piperidine), 1.80 (m, 4H, 

piperidine), 1.49 (m, 4H, piperidine), 1.28 (d, J = 6.8, 6H, ArCH3CH2). 13C-NMR (400 MHz, CDCl3) δ(ppm)= 

168.72, 159.38, 140.91, 139.04, 128.68, 127.26, 127.16, 127.02, 126.93, 70.68, 70.50, 56.68, 53.38, 52.34, 

52.10, 37.83, 26.88, 22.51. 

 

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

nonaoxahentriacontane-1,31-diamide (38) 

In a round-bottom flask, under N2 atmosphere, 4,7,10,13,16,19,22,25,28-nonaoxahentriacontane-1,31-dioic 

acid (bis-PEG9-acid, 21 mg, 0.04 mmol, 1 equiv.) is placed with COMU (34 mg, 0.08 mmol, 2 equiv.) and 

compound (R)-RC-33A (25 mg, 0.08 mmol, 2 equiv.). The mixture is solubilized in dry DMF (4 mL) under 

magnetic stirring at 0 °C, then DIPEA (30 µL, 0.16 mmol, 4 equiv.) is added and the reaction mixture turns a 

bright yellow. After 1h the ice bath is removed, and the reaction is allowed to reach spontaneously room 

temperature. The reaction progression is monitored via TLC (DCM/MeOH/NH3 in MeOH 90:10:0.5 v/v/v) and 

upon completion, after 4h of stirring at room temperature, the mixture is diluted with 25 mL of EtOAc and 

washed in sequence with 0.5 M HCl (2 x 5 mL), saturated NaHCO3 (2 x 5 mL) and Brine (2 x 5 mL). The acidic 

aqueous phase is then extracted with fresh DCM (3 x 10 mL). Then, the organic phases are reunited, dried on 

Na2SO4, filtered and concentrated under vacuum. The crude product is a brown oil which is purified through 

flash chromatography on SiO2 (eluent DCM/NH3 in MeOH 92:8) and the desired product is obtained as a pale-

yellow oil. Yield = 59%; Rf= 0.34(TLC: DCM/NH3 in MeOH 92:8). [α]D
20= -9.5 (c = 0.5% in DCM). 1H NMR (400 

MHz, CDCl3) δ(ppm)= 7.58 (d, J = 7.2Hz, 4H, aromatic), 7.52 (d, J = 8.4Hz, 4H, aromatic), 7.42 (t, J = 7.2Hz, 4H, 

aromatic), 7.33 (t, J = 7.2 Hz, 2H, aromatic), 7.25 (d, J = 8.4Hz, 4H, aromatic), 6.33 (d, J = 7.6Hz, 2H, NHCO), 

3.77 (m, 2H, CHNHCO), 3.7 (t, J = 5.8Hz, 4H, COCH2CH2O), 3.62 (m, 32H, OCH2CH2O PEG chain), 2.85 (brs, 4H, 

piperidine CH2N), 2.77 (m, 2H, CH3CHCH2), 2.43 (t, J = 5.8Hz, 4H, COCH2CH2O), 2.33 (m, 2H, diastereotopic 

CHCH2CHHN), 2.27 (m, 2H, diastereotopic CHCH2CHHN), 2.11 (m, 4H, piperidine CH2), 1.91 (m, 4H, piperidine 

CH2), 1.83 (dd, J1 = 15.2, J2 = 7.6Hz, 4H, piperidine CH2), 1.50 (m, 4H, CH2 piperidine), 1.29 (d, J = 7.0Hz, 6H, 

CH3). 13C-NMR (400 MHz, CDCl3) δ(ppm) = 173.56, 148.72, 143.64, 141.60, 131.35, 129.96, 129.77, 129.67, 

129.60, 73.21, 73.17, 73.04, 72.95, 70.04, 59.51, 55.08, 54.93, 48.79, 40.55, 39.74, 37.88, 34.53, 25.16.  
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Synthesis of 1-oxo-1-phenyl-5,8,11,14-tetraoxa-2-azahexadecan-16-oic acid (41) 

Benzoic acid (17 mg, 0.14 mmol, 1.3 equiv) and COMU (53 mg, 0.12 mmol, 1.1 equiv) are placed in a round-

bottom flask under N2 atmosphere and solubilized in dry DMF (3 mL). The flask is placed in an ice-cold bath 

and DIPEA (40 µL) is added under magnetic stirring. The reaction is monitored via TLC (DCM/MeOH 9:1 + 

0,1% HCOOH) and after 1h complete consumption of the starting material is observed. Then, the amino-

PEG4-acid 42 (28.6 mg, 0.11 mmol, 1 equiv) is solubilized in 1 mL of dry DMF and is added to the reaction 

mixture at 0 °C. About 2 mL of dry DMF are used to wash the flask and recover all the amino-PEG4-acid. The 

reaction is then allowed to reach spontaneously room temperature and monitored via TLC (DCM/MeOH 9:1 

+ 0,1% HCOOH). About 1h 30' after addition of the amino acid, the reaction is completed. The mixture is 

diluted with EtOAc (20 mL) and extracted with a saturated NaHCO3 solution (20 mL). Then, the aqueous phase 

is neutralized with conc. HCl and extracted with DCM (2 x 20 mL). The reunited organic layers are dried on 

Na2SO4, filtered and concentrated under vacuum. The crude obtained is a yellowish oil which is then purified 

through flash chromatography (eluent: DCM/MeOH 9:1 + 0,1% HCOOH). The pure product is a white solid. 

Yield = 48%,  Rf =  0,15 (TLC: DCM/MeOH 9:1 + 0,1% HCOOH). 1H NMR (400 MHz, CDCl3) δ(ppm)= 7.83 (d, J = 

7.0Hz, 2H, aromatic), 7.47 (t, J = 7.3Hz, 1H, aromatic), 7.41 (t, J = 7.3Hz, 2H, aromatic), 7.14 (brs, 1H, NHCO), 

4.10 (s, 2H, OCH2CO2H), 3.71-3.62 (m, 16H, CH2 PEG chain) 

 

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

tetraoxatetradecan-1-amide (40) 

Compound (R)-RC-33A (16.3 mg, 0.05 mmol, 1 equiv.), compound 41 (17.3 mg, 0.05 mmol, 1 equiv.) and 

COMU (21.4 mg, 0.05 mmol, 1 equiv.) are placed in a round bottom flask, under N2 atmosphere. The mixture 

is solubilized in dry DMF (3 mL) under magnetic stirring at 0 °C, then DIPEA (17 µL, 0.1 mmol, 2 equiv.) is 

added and the reaction mixture turns a bright yellow. After 1h the ice bath is removed, and the reaction is 

allowed to reach spontaneously room temperature. The reaction progression is monitored via TLC 

(DCM/MeOH/NH3 in MeOH 90:10:0.1 v/v/v) and upon completion, after 4h 30' of stirring at room 

temperature, the mixture is diluted with 15 mL of EtOAc and washed with Brine (3 x 15 mL). The aqueous 

phases are reunited and extracted with EtOAc (2 x 15 mL). Then, the organic phases are reunited, dried on 

Na2SO4, filtered and concentrated under vacuum. The crude product is a orange oil which is purified through 

flash chromatography on SiO2 (eluent DCM/MeOH/NH3 in MeOH 90:10:0.1) and the desired product is 

obtained as a dense yellow oil. Yield = 64%,  Rf = 0,5 (DCM/MeOH/NH3 in MeOH 90:10:0.1 v/v/v), [α]D
20= -7.0 

(c = 0.5% in DCM). 1H NMR (400 MHz, CDCl3) δ(ppm)= 7.81 (d, J = 7.2Hz, 2H, aromatic), 7.55 (d, J = 7.1Hz, 2H, 

aromatic), 7.51 (d, J = 8.2Hz, 2H, aromatic), 7.47-7.37 (m, 5H, aromatic), 7.31 (t, J = 7.4Hz, 1H, aromatic), 7.21 

(d, J = 8.3Hz, 2H, aromatic), 7.14 (brs, 2H, NHCO), 3.92 (s, 2H, COCH2O), 3.86 (brs, 1H, CHNHCO), 3.66-3.60 
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(m, 16H, CH2 PEG chain), 3.16 (brs, 2H, CH2N), 2.75 (m, 1H, CH3CHCH2), 2.49-2.34 (m, 4H, CHCH2CH2 and CH2 

piperidine), 1.98 (m, 4H, CH2 piperidine), 1.85 (brs, 2H, CH2 piperidine), 1.28 (d, J = 6.9Hz, 3H, CH3) 

 

 

 

5.4 General protocol for binding assays 
 

The test compound solutions were prepared by dissolving ≈10 µmol (usually 2-4 mg) of test compound in 

DMSO (unless otherwise specified), so that a 10 mM stock solution was obtained. To obtain the required test 

solutions for the assay, the DMSO stock solution was diluted with the respective assay buffer. Due to 

solubility issues, test compounds 34 and 35 were converted in their hydrochloride salts and dissolved in EtOH 

to prepare 10 mM stock solutions. The filtermats were presoaked in 0.5% aqueous polyethylenamine solution 

for 2 h at r.t. before use. All binding experiments were carried out in duplicate in 96-well multiplates. The 

concentrations given are the final concentrations in the assay. Generally, the assays were performed by 

addition of 50 µL of the respective assay buffer, 50 µL test compound solution at various concentrations (i.e. 

10- 5, 10-6, 10-7, 10-8, 10-9 and 10-10 M), 50 µL of corresponding radioligand solution, and 50 µL of the respective 

receptor preparation into each well of the multiplate (total volume 200 µL). 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 µL of water. Subsequently, 

the filtermats were dried at 95 °C. The solid scintillator was melted on the dried filtermats at 95 °C for 5 min. 

After solidifying of the scintillator at r.t., the trapped radioactivity in the filtermats was measured with the 

scintillation analyzer. Each position on the filtermat corresponding to one well of the multiplate was 

measured for 5 min with the [3H]-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. 

 

5.4.1 S1R binding assay 
 

The assay was performed with the radioligand [3H](+)-pentazocine (22.0 Ci mmol-1; Perkin-Elmer). The 

thawed membrane preparation of guinea pig brain cortex (≈100 µg protein) was incubated with various 

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

is 2.9 nM.  

 

5.4.2 S2R binding assay 
 

The assay was performed using 150 µg of rat liver homogenate, which was incubated with various 

concentrations of test compound for 120 min at room temperature, along with 3 nM [3H]-DTG (Perkin-Elmer, 

specific activity 58.1 Ci mmol-1) in 50 mM Tris-HCl, pH 8.0, 0.5 mL final volume. (+)-pentazocine (100 nM) and 

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

 

5.4.3 GluN2 binding assay 
 

The competitive binding assay was performed with the radioligand [3H]-ifenprodil (60 Ci mmol-1; BIOTREND, 

Cologne, Germany). The thawed cell membrane preparation from the transfected L(tk-) cells (about 20 µg 

protein) was incubated with various concentrations of test compounds, 5 nM [3H]-ifenprodil, and TRIS/EDTA 

buffer (5mM TRIS/1 mM EDTA, pH 7.5) at 37 °C. The non-specific binding was determined with 10mM 

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

 

 

 

5.5 Computational studies 
 

 

5.5.1 Dataset preparation 

The molecular structures of test compounds were sketched using Maestro’s molecular editor (Maestro 

10.2.011, Schrödinger LLC). Afterwards, the 3D structures were obtained using the LigPrep module (LigPrep, 

Maestro 10.2.011, Schrödinger LLC); ionization states were generated at pH 7.0 ± 2.0 using Epik.  

For the development of 3D-QSAR model, 80 monovalent RC-33 analogs were selected from previously 

reported works by Collina and co-workers (see Table 5). The experimental Ki values (ranging from 0.69 nM 

to 1 μM) were converted into logarithmic pKi values. The compound chemical structures and their pKi values 

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

Entry Structure Ar pKi Ref 

1 

 

Naphth-2-yl 7.6 216 

2 6-Methoxy-naphth-2-yl 7.41 217 

3 

 

Naphth-1-yl 6.99 216 

4 Naphth-2-yl 7.70 216 

5 6-Methoxy-naphth-2-yl 7.67 216 

6 Biphen-4-yl 8.85 218 

7 Phenyl 6.00 218 

8 4-Methoxyphenyl 6.09 218 

9 3-Methoxyphenyl 6.00 218 

10 

 

Naphth-1-yl 7.33 216 

11 Naphth-2-yl 8.71 216 

12 6-Hydroxy-naphth-2-yl 7.72 216 

13 6-Methoxy-naphth-2-yl 8.64 216 

14 Biphen-4-yl 8.99 216 

15 

 

6-Methoxy-naphth-2-yl 8.22 217 

16 Biphen-4-yl 8.62 217 

17 

 

Naphth-2-yl 8.10 216 

18 Biphen-4-yl 8.20 216 

19 6-Methoxy-naphth-2-yl 7.86 217 

20 Phenyl 7.04 216 

21 4-Methoxyphenyl 8.28 216 

22 

 

Naphth-2-yl 8.27 216 

23 Biphen-4-yl 8.24 216 

24 6-Methoxy-naphth-2-yl 8.64 217 
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25 

 

6-Methoxy-naphth-2-yl 7.98 217 

26 

 

Naphth-2-yl 9.01 218 

27 Biphen-4-yl 9.07 218 

28 Phenyl 6.34 218 

29 4-Methoxyphenyl 7.85 218 

30 3-Methoxyphenyl 7.04 218 

31 6-Methoxy-naphth-2-yl 8.36 217 

32 

 

Biphen-4-yl 9.16 218 

33 6-Methoxy-naphth-2-yl 8.89 217 

34 

 

Naphth-2-yl 7.64 218 

35 Biphen-4-yl 8.15 218 

36 Phenyl 8.97 218 

37 4-Methoxyphenyl 8.38 218 

38 3-Methoxyphenyl 8.11 218 

39 

 

Naphth-2-yl 8.02 218 

40 Biphen-4-yl 7.94 218 

41 4-Methoxyphenyl 6.00 218 

42 3-Methoxyphenyl 6.00 218 

43 

 

Naphth-2-yl 6.00 219 

44 4-Methoxyphenyl 6.00 219 

45 6-Methoxy-naphth-2-yl 6.00 219 

46 

 

Biphen-4-yl 6.00 219 

47 4-Methoxyphenyl 6.00 219 

48 

 

Naphth-2-yl 6.00 219 

49 4-Methoxyphenyl 6.00 219 



103 
 

50 

 biphenyl-4yl 

7.41 215 

51 

 

8.33 215 

52 

 naphth-2-yl 

6.69 215 

53 

 

7.20 215 

54 

 6-methoxy-naphth-2yl 

7.29 215 

55 

 

7.60 215 

56 

 

naphth-2yl 8.82 213 

57 

 naphth-2yl 

8.22 213 

58 

 

8.16 213 

59 

 

naphth-2yl 8.27 213 

60 

 

4-Methoxyphenyl 

6.94 213 

61 

 

7.70 213 

62 

 

8.46 213 

63 

 

7.12 213 

64 

 

6.62 213 
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65 

 

3-Methoxyphenyl 

7.44 213 

66 

 

8.54 213 

67 

 

6.86 213 

68 

 

Phenyl 

6.37 213 

69 

 

7.34 213 

70 

 

8.54 213 

71 

 

8.52 213 

72 

 

7.07 213 

73 

 
2-Naphtyl 

8.00 214 

74 

 

7.96 214 

75 

 
Phenyl 

7.57 214 

76 

 

7.4 214 

77 

 
6-Hydroxy naphtyl 

7.15 214 

78 

 

7.21 214 
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79 

 

7.46 214 

80 

 

7.89 214 

 

 

5.5.2 Docking protocol. 

The ligand-receptor molecular docking experiments of RC-33 and its mono- and bi-valent analogs into the 

active site of S1R were performed by using the software Glide from the Schrödinger suite. Protein coordinates 

were extracted from the crystal structure of S1R bound to the selective antagonist PD144418 (PDB code: 

5HK1). A grid box of 20 X 20 X 20 Å was centered on the center of mass of the ligand in this crystal structure 

covering the binding site of S1R. Glide standard (SP) and extra-precision (XP) modes were employed with the 

same protocol and parameters that were reported by Caballero in previous works220,221. Glide SP was used to 

evaluate the capability of the Glide method to obtain poses that fit the known pharmacophore of S1R ligands, 

and the more precise Glide XP was used for finding the final docking poses. After several poses were found 

for each compound, the ones that showed the best scoring energies (i.e. glide score) were considered. The 

information of PD144418 and 4-IBP in the crystallographic structures was considered for the selection of the 

best solutions, i.e. those with a good Gscore and which docking pose was close to that of co-crystallized 

ligands. 

For bivalent ligands, superimposition tool was used to fit one end of the ligand into the binding pocket, in a 

position similar to that of docked (R)-RC-33. After merging the reoriented bivalent ligand and the protein, 

minimization was performed using MacroModel application (Force Field: OPLS3). The result was used to 

generate a new grid and dock the bivalent ligand following the general protocol reported at the beginning of 

the paragraph. 
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