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Preface 

This dissertation entitled “Α4β2 neuronal nicotinic acetylcholine receptor ligands: from 

subtype selective to stoichiometric isophorm selective partial agonism” describes the 

research performed as part of the PhD program of Pharmaceutical Sciences at the Department 

of Pharmaceutical Sciences at Università degli Studi di Milano from October 2019 to 

September 2022, that resulted in 6 publications. In addition to the PhD project, some time 

was dedicated to green chemistry topics, which are not included in this thesis, but resulted in 

3 publications. The chemistry experimental work was performed at the department of 

Pharmaceutical Sciences, Universitià degli Studi di Milano, and was supervised by Professors 

Cristiano Bolchi and Marco Pallavicini. 

The time period from August 2021 to December 2021 was spent at the Pharmacy Department, 

University of Texas at Tyler, under the supervision of Professor Ayman K. Hamouda performing 

pharmacological analysis included in this thesis. 

The PhD program was financed by Università degli Studi di Milano. 
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Abstract 

This PhD thesis focuses on the study of the α4β2 nicotinic acetylcholine receptors (nAChRs). 

This dissertation is divided into two parts. The first part is centred on the design, synthesis, 

and biological evaluation of compounds selective for the orthosteric and unorthodox binding 

sites of the α4β2 nAChRs. In the second part, attention is paid to the study of a 

photoactivatable α4β2 nAChRs full agonist. 

Part 1 

The first goal of Part 1 was the mutational studies of Ser108 residue of the hydrophilic pocket 

of the β2(-) side of the α4β2 orthosteric binding site with the purpose of studying the 

importance of the hydroxyl group of serine residue and the steric encumbrance in the pocket. 

For this reason, binding experiments were performed on the heterologously expressed human 

α4β2 receptor and its three Ser108àLeu, Ser108àPhe and Ser108àAla mutants using the 

most promising partial agonists synthesized previously. 

The second goal was the synthesis and pharmacological evaluation of the naked and 

hydroxy/methoxy decorated benzofuran-based compound in order to study the implications 

of the flexibility reduction, abolishment of cycle stereogenic and of the one of the two oxygen 

in comparison with previously tested benzodioxane derivatives. Subsequently, the most 

promising benzodioxane compounds and the obtained benzofuran derivatives were evaluated 

for their affinity and activity on the two distinct α4β2 nAChR isoforms: (α4)2(β2)3 and 

(α4)3(β2)2. 

The third goal was the study of the in vivo effects of prolinol aryl ethers and pyrrolidinyl 

benzodioxanes full and partial agonists. These compounds were tested for their effects on 

zebrafish behaviour. In particular, full agonists were tested for their ability to improve spatial 

memory and attention, and partial agonist for its ability to block the rewarding effects of 

nicotine and therefore its potential use for smoking cessation. 

The fourth goal was the design, synthesis and pharmacological evaluation of selective agonists 

for the α4α4 unorthodox binding site of the α4β2 nAChR based on the structure of NS9283, 

an α4α4selective compound, described in the literature. The main aim was to identify new hit 
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compounds potentially selective at the (α4)3(β2)2 receptor isoform with a better 

pharmacological profile.  

Part 2 

Regarding the second part of this thesis, it focuses on the synthesis of a photoactivatable α4β2 

nAChR full agonist with the purpose to spatiotemporally control its release with light at the 

specific site of action. To follow this strategy, 8-bromo-7-hydroxy-2-methylquinoline (BHQ) 

and 8-cyano-7-hydroxy-2-methylquinoline (CyHQ) protecting groups were synthesized and 

used to cage a previously synthesized full agonist. Subsequently, its release after the 

irradiation with the UV light at 365 nm was followed using HPLC in order to obtain a full photo-

chemical characterization of the caged compounds to get necessary information for in vitro/in 

vivo experiments. 
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Abbreviations and acronyms 

1PE  one-photon excitation 

2PE  two-photon excitation 

Å  angstrom  

α-Bgtx  α-bungarotoxin 

Ac  acetyl 

ACh  acetylcholine 

AChBPs acetylcholine binding proteins 

AChE  acetylcholinesterase  

ACN  acetonitrile 

AcOH  acetic acid 

AD  Alzheimer’s disease  

BBB  blood-brain barrier 

BHQ   8-bromo-7-hydroxyquinoline 

Bn  benzyl  

Boc  tert-butyloxycarbonyl 

BODIPY boron-dipyrromethane 

Bu  butyl 

Cbz  benzyloxycarbonyl 

ChAT  choline acetyltransferase 

Ci  Curie 

CNS  central nervous system 

cRNA  complementary ribonucleic acid 

CryoEM cryo electron microscopy 

CTD  C-terminal extracellular domain  

CyHQ   8-cyano-7-hydroxyquinoline 

DA  dopamine  

DCM  dichloromethane 

dFBr  desformylflustrabromine 

DMA  dimethylacetamide 
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DMED  Dulbecco's modified eagle medium 

DMSO  dimethylsulfoxide 

e.g.   exempli gratia 

EC50  half maximal effective concentration  

EDTA  ethylenediaminetetraacetic acid 

EGTA  ethylene glycol-bis(β-aminoethyl ether)-N,N,Nʹ,Nʹ-tetraacetic acid 

Et  ethyl  

EtOAc  ethyl acetate 

EtOH  ethanol  

Fab  high-affinity antigen-binding fragment 

FBDD  fragment-based drug discovery 

fs  femtosecond  

g   gram 

GABA   γ-aminobutyric acid  

GM   Göppert-Mayer 

GPCR   G protein coupled receptor 

h   hour 

HBA   hydrogen-bond acceptor 

HBD   hydrogen-bond donor 

HEK   human embryonic kidney 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HS   high sensitivity 

Hz   hertz  

i.p.   intraperitoneal 

iPrOH  isopropanol 

kcal  kilocalorie 

Kd   dissociation constant 

kg   kilogram 

Ki   inhibition constant 

kJ   kilojoule 

LBD   ligand binding domain 
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LC  liquid chromatography 

LDT   laterodorsal tegmental nucleus  

LGIC   ligand gated ion channel 

LS   low sensitivity 

Ls-AChBP  Lymnaea stagnalis AChBP 

mAChR  muscarinic acetylcholine receptor 

mCi  millicurie 

Me   methyl  

MEM   methoxyethoxymethyl 

MeOH   methanol  

mg   milligram  

μg   microgram  

MHz   megahertz  

min   minute 

mL   millilitre 

mol   mole 

MOPS   3-(N-morpholino)propanesulfonic acid 

mm   millimetre 

mM   millimolar 

μM   micromolar   

mmol   millimole 

mp   melting point 

Ms   Methansulfonyl 

MS  mass spectrometry 

mV   millivolt  

MWC   Monod-Wyman-Changeux 

N.A.   not available 

NAc   nucleus accumbens 

nAChR   nicotinic acetylcholine receptor 

NAM   negative allosteric modulator 

NBS  N-bromosuccinimide 
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NIS  N-iodosuccinimide 

nm   nanometre  

nM   nanomolar  

NMR   nuclear magnetic resonance  

NNAL   4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol 

NNK   4-(metylnitrosamino)-1-(3-pyridyl)-1-butanon 

NNN   Nʹ-nitrosonornicotine 

NTD   N-terminal extracellular domain 

OT   olfactory tubercle 

PAM   positive allosteric modulator 

PBS   phosphate-buffered saline  

PD   Parkinson’s disease  

PFC   prefrontal cortex 

pH   potential of hydrogen 

Ph   phenyl 

pic-BH3  2-picoline borane complex  

pLGIC   protein ligand gated ion channel 

pM   picomolar  

PNS   peripheral nervous system 

PPG   photoremovable protecting group 

p-TSA  p-toluenesulfonic acid  

Rf   retention factor 

RNA   ribonucleic acid 

rpm   revolutions per minute 

rt   room temperature 

SAM   silent allosteric modulator 

SAR   structure-activity relationship 

sat   saturated  

Saz-A   sazetidine-A 

SD   standard deviation 

s   second  
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sec   second  

SNc   substantia nigra pars compacta 

T  tritium 

TEA   triethylamine  

THF   tetrahydrofuran 

TLC   thin layer chromatography 

TM   transmembrane  

TMD   transmembrane domain 

TPP   tegmental pedunculopontine nucleus 

UV   ultraviolet  

VAChT   vesicular acetylcholine transporter 

VDB   vesicle dialysis buffer 

VORT   virtual object recognition test 

VTA   ventral tegmental area 

W   watt 

WT   wild type 

 

The 3-letter and 1-letter IUPAC nomenclature are used for the 21 proteinogenic amino acids.   
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1. Nicotinic acetylcholine receptors (nAChRs) 

1.1. Structure and function 

Acetylcholine (ACh) is one of the most important neurotransmitters in both the central 

nervous system (CNS) and peripheral nervous systems (PNS). There are two main classes of 

ACh receptors: nicotinic acetylcholine receptors (nAChRs) and muscarinic acetylcholine 

receptors (mAChRs). Their names derive from compounds that selectively bind and activate 

one of the receptor types. Nicotine is selective for nAChRs and muscarine for mAChRs (Figure 

1). They are responsible for different physiological and pathological effects.  

 
Figure 1. The endogenous neurotransmitter ACh, the exogenous agonist of nAChRs (S)-Nicotine and of 
mAChRs Muscarine. 

mAChRs are seven-transmembrane domain receptors (7TM) belonging to the superfamily of 

G-coupled receptors (GPCRs). The activation of these receptors through the neurotransmitter 

binding mediate a metabotropic response.1  

On the other hand, nAChRs are ligand-gated ion channels (LGICs). They are transmembrane 

proteins that allow a regulated flux of ions. Neurotransmitters, such as ACh, or agonists, such 

as nicotine, allows the pore opening and so, the channel gating.2 

nAChRs are hetero- or homopentameric ion channels made up of 5 different or identical 

polypeptide subunits assembled to form diverse collection of subunits with a central pore 

permeable to mono- and/or divalent cations such as Na+, K+ or Ca2+. All the subunits have a 

common structure. They are polypeptides formed by 500-600 amino acid residues. Each 

subunit begins with a short C-terminal extracellular domain (CTD), four α-helix hydrophobic 

transmembrane domains (TMD) and an N-terminal extracellular domain (NTD). This last 

domain contains a loop formed by circa 13 amino acids, constrained by a disulphide bridge 

between two cysteines, C192 and C193, but only in α subunits. This particular structure gives 

O

O
N+

Acetylcholine

N

(S) N
H

(S)-Nicotine

(R)
(S) O (S)

N+

OH
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the name to Cys-loop receptors and its integrity is essential for the architecture and function 

of the receptor.3 On the extracellular domain, at the interface between two adjacent subunits, 

there is the ligand binding domain (LBD) which contains the orthosteric binding sites (Figure 

2). The ion flux is regulated by ligand binding at the orthosteric binding site. Agonist binding 

induces channel opening with the consequent cation flux according to their electrochemical 

gradient (K+ outward, Na+ and Ca2+ inward), causing the membrane depolarization. Instead, 

antagonist binding stabilizes a non-conductive receptor conformation.  Cation selectivity is 

determined by some negatively charged amino acids placed near the channel entrance.4 

 
Figure 2. The structure of neuronal nAChR. A) Structure showing the arrangement of nAChR subunits 
and the location of the two ACh-binding sites. B) A section of the nAChR with the five subunits arranged 
around a central cation-conducting pore. C) A single nAChR subunit embedded in the membrane. The 
extracellular amino acid terminal portion is followed by three hydrophobic transmembrane domains 
(M1-M3), a large intracellular loop, and a fourth hydrophobic transmembrane domain (M4). The 
transmembrane M2 segments lining the ion path wall are shown in dark grey. Adapted from Zoli et al.5 

nAChRs, as said previously, are called Cys-loop receptors and belong to a large superfamily of 

homologue receptors called Cys-loop LGIC superfamily that includes also GABAA, GABAA-r, 

glycine, 5-HT3 and zinc-activated receptors.6 

The physiological consequences of membrane depolarization depend on the localization of 

nAChRs. nAChRs are classified based on their tissue distribution: muscle-type nAChRs and 

neuronal-type nAChRs. Muscle nAChRs are involved in muscle contraction due to their 

activation in the neuromuscular junction. Neuronal nAChRs are distributed mostly in pre- and 

post-synaptic ganglia, hippocampus, retina, cortex, hypothalamus and striatum nucleus.7 They 
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mediate the fast synaptic transmission in both CNS and PNS by controlling the release of 

different neurotransmitters and influence the cell excitability.3,8 The activation of nAChRs is 

involved in various physiological processes, such as cell differentiation, proliferation and 

inflammatory responses.5 In fact, they are associated with different cognitive and pathological 

conditions, such as anxiety, pain, depression, epilepsy, Alzheimer’s and Parkinson’s diseases, 

nicotine and alcohol addiction.9 Neuronal nAChRs are also distributed in non-neuronal cells 

and tissues like endothelial cells and immune system, glial cells, cancer cells, lung epithelium 

and epithelial cells of the digestive tract.5 

1.2. Classification 

During the years, different classifications of nAChRs were proposed. All of them are based on 

structural, phylogenetic or pharmacological approaches. So far, 16 nAChR subunits have been 

described in humans, which can combine into homo- or heteropentameric structures. These 

subunits are classified based on their structural similarity: α (α1-7, α9-10), which contains a 

disulphide bridge in the ECD and non-α, which are β (β1-4), γ, δ and ε. 11 subunits (α2-7, α9-

10, β2-4) assemble to form neuronal nAChRs. The remaining ones assemble into muscle 

nAChRs (Figure 3).10 Different combinations of subunits are possible, forming homo- or 

heteromeric receptors with different pharmacological functions.11 

 
Figure 3. Examples of different combinations of subunits to form homomeric and heteromeric nAChRs. 
Adapted from Bouzat et al.11 
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These subunits can also be classified based on phylogenetic characteristics into 4 subfamilies 

(I-IV), where the subfamily III is further divided into 3 subgroups (Figure 4).8 

 
Figure 4. Phylogenetic classification of nAChRs. Adapted from Jensen et al.4 

A pharmacological classification has been proposed in 1949 by Barlow, Ing, Paton and Zaimis, 

who distinguished muscle-type nAChRs from neuronal ones. They saw the decamethonium 

(C10) was a more effective antagonist of muscle nAChRs than hexamethonium (C6), which 

turned out to be the ganglionic nAChRs antagonist (Figure 5).12,13 

 
Figure 5. nAChRs antagonists used for the pharmacological classification. 

Another classification of nicotinic receptors is based on the sensitivity towards the natural 

neurotoxin α-bungarotoxin (α-Bgtx) and (S)-nicotine. Some receptors have a high affinity for 

α-Bgtx and low affinity for (S)-nicotine, such as α7, α9 and α9 α10, and receptors that bind α-

Bgtx with low affinity and (S)-nicotine with high (different combination of α2-6 and β2-4).6,14 

1.3. Electrophysiology 

As the result of the binding of an agonist, such as ACh, to the orthosteric binding pocket, the 

receptor changes its conformation going towards the channel opening and subsequent 

cationic influx. Due to the prolonged and/or repeated exposure to the agonist, the receptor 

loses its functional response. This phenomenon was discovered in 1957 by Katz and Thesleff. 

They called it “desensitization” and proposed a two-state model for muscle nAChRs.15  

According to this model, the receptor can exist in two different conformations. The first one 

is resting and activable state (R), and the second is desensitized non-conductive state (D). In a 

N+
N+

N+
N+

HexamethoniumDecamethonium
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ligand-free receptor, these two states are in equilibrium. The R conformation was considered 

to have a low agonist affinity because it requires a high concentration of agonists, such as ACh 

or nicotine, to open the channel. Contrariwise, the D conformation was considered to have a 

high affinity for agonists, because a low concentration of them desensitizes the receptor. 

Based on this model, the incubation of an agonist with the receptor takes the receptor to an 

agonist-bound desensitized conformation (AD), because the agonist preferentially binds the 

pre-existing desensitized state due to its higher affinity. Consequentially, R conformation turns 

to D to restore the equilibrium between the two states (Figure 6A).  

In 1984, Monod-Wyman-Changeux (MWC) cyclical model was described.16 This model 

suggests that there are four different receptor conformations in equilibrium with each other. 

There are a resting state (R), a desensitized state (D), an opened and activated state (A) and 

an intermediate desensitized state (I). This state I takes place when the receptor is exposed to 

an agonist for a short time, and it has a faster recovery time to the R state than the D state 

(Figure 6B). 

 
Figure 6. (A) Katz and Thesleff model, standard cyclical model; (B) MWC model, complete cyclical 
model. Adapted from Quick and Lester.17   
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2. α4β2 nAChRs 

2.1. Introduction 

The α4β2 and the α7 subtypes, are the predominant nAChRs in the CNS. The α4β2 subtype 

binds with high affinity the most common nicotinic agonists, such as ACh and (S)-nicotine. This 

subtype was found in different brain areas, such as the cerebral cortex, lateral geniculate 

nucleus, striatum, superior colliculus, cerebellum.6  

nAChRs are pentamers, so heteromeric receptors are present in different stoichiometries. The 

α4β2 assembles in two stoichiometries of α- and β-subunits (2α:3β and 3α:2β), one with two 

α4 and three β2 subunits, the other one with three α4 and two β2. Both isoforms have two 

orthosteric ACh-binding sites at α/β subunit interfaces. However, it was discovered that the 

receptor isoform with three α4 subunits has an additional ACh site on the α4/α4 subunit 

interface that was defined as an unorthodox binding site.18–20 These two stoichiometries differ 

in agonist sensitivity and rate of desensitization, and this difference can be attributed to the 

presence of an unorthodox α4/α4 binding site. The ACh EC50 in 3α:2β is 87 μM while in 2α:3β 

is 4 μM.21 For this reason, they are commonly named low-sensitivity (LS) and high-sensitivity 

(HS) α4β2 nAChRs. In 2011, Harpsøe et al. using mutational and electrophysiological studies 

explains the different receptor sensitivities related to the receptor stoichiometries. The LS 

isoform has two different binding sites and, therefore, biphasic concentration-response 

curves with high- and low-sensitivity components corresponding to agonist binding at two 

different binding sites, where α4/α4 agonist site shows low agonist sensitivity to ACh and 

α4/β2 sites have high agonist sensitivity.22 This additional site, named unorthodox binding 

site, increases the receptor activation by 5-folds and accelerates its desensitization (Figure 

7).23,24 Also, the two stoichiometries have different Ca2+ permeability: 3α:2β is 3-times more 

permeable than 2α:3β and has a higher single channel conductance. The agonist binding to 

this unorthodox site is insufficient to active the receptor, but it synergizes with orthosteric 

binding sites to promote the receptor conformation changing with subsequent activation.20,25–

27 
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Figure 7. Graphic representation of the high affinity (left) and low affinity (right) α4β2receptors. 
Adapted from Marotta et al.21 

2.1.1. α4β2 Architecture 

The muscular nAChR of the Torpedo Marmorata is considered a prototype for all the nAChRs 

due to its similarity with receptors present in humans.28 Between the ‘80s and ‘90s, Unwin 

studied Torpedo Marmorata postsynaptic membranes of electric organs and provided the first 

information regarding the structure of nAChRs using electron microscopy.29–31  In 2001, the 

first X-Ray structures of Acetylcholine Binding Proteins (AChBPs) of Lymnaea Stagnalis and 

Alypsia Californica proteins were published. These proteins regulate the ACh synaptic 

transmission in snails.32 AChBPs can be considered as structural surrogates of nAChR-ECDs 

because they share 15-25% identities.33 Thanks to these similarities, it was possible to obtain 

a higher resolution of the nAChR binding site. Also, the X-Ray structure of other pLGIC 

members, such as the human β3 GABAA receptor34, the mouse 5-HT3 receptor35, the human 

α3 Gly receptor36, the zebrafish α1 Gly receptor37 the invertebrate glutamate-gated chloride 

channel (GluCl)38 and two bacterial pLGICs39,40 were used as surrogate models or as templates 

for homology modelling to determine the architecture of the nicotinic receptor. An important 

thing is that the above structures revealed different possible states of the channel, providing 

information about gating transition and desensitization. 

In 2016, R.E.Hibbs reported the first X-Ray structure of nicotinic α4β2 receptor (HS isoform). 

This α4β2 crystallized receptor retains function comparable to the full-length protein. The best 

crystal was obtained by co-crystallization with nicotine and a cholesterol analogue. The 

obtained resolution was 3.9 Å. The receptor is formed of five subunits arranged pseudo-

symmetrical around a channel axis to form a cylinder. The subunits follow α-β-β-α-β order 

around the pentameric ring (Figure 8).41 Each subunit has a large ECD with an N-terminal α-
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helix and ten β-strands wrap inwards to form a sandwich. The C-terminal part has three TM 

α-helices (M1-M3), an amphipathic or intracellular MX helix, and a final transmembrane α-

helix (M4). This architecture is similar to that discovered in the other Cys-loop receptors.42  

 
Figure 8. The architecture of the α4β2 nicotinic receptor. (A) Side view (α4 subunits are in green and β2 
in blue) with nicotine (red) and sodium (pink); (B) Axial. Adapted from Morales-Perez et al.41 

Consequently, in 2018, the same authors published the Cryo-Electron Microscopy (cryoEM) 

structure of two different stoichiometries of the α4β2. The α- and β- subunits have similar 

structural features, and so makes them indistinguishable at low resolution. For this purpose, 

Walsh et al. raised monoclonal antibodies against the recombinant α4β2 nicotinic receptor 

and isolated high-affinity antigen-binding fragments (Fab) to structurally distinguish different 

subunits in the pentamer. They then produced a mixed population of both stoichiometries 

and co-purified the receptor-Fab complex. Fabs can interact only with the ECD of the β2 

subunits. Therefore, single particle cryoEM revealed two distinct populations of receptors, 

one with two Fabs and one with three Fabs bound. These two populations correspond to LS 

and HS stoichiometries. The cryoEM maps have a 3.5 Å resolution for the receptor and 4 Å 

resolution for the entire complex with Fab (Figure 9).26 
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Figure 9. (A, B) 2α:3β–Fab complex reconstruction; Fab fragments are grey, density corresponding to 
cholesterol is yellow, and the α4 and β2 subunits are green and blue, respectively, with a lighter shade 
of green or blue denoting the subunit position that is unique between the two stoichiometries; (C, D) 
3α:2β–Fab complex reconstruction. Adapted from Walsh et al.26 

The calculation of interfacial free energies revealed that the preferable assemblies are α-β, β-

α and α-α. The β-β interface is the least favourable. Hence, the interfaces α-β and β-α 

assemble first with the consequent incorporation of the fifth subunit. These considerations 

indicate that 3α:2β would be the preferable stoichiometry in the absence of other factors, 

such as low temperature and nicotine presence. For example, nicotine added to the cell 

culture favours the expression of 2α:3β stoichiometry, but the mechanism is unclear. Also, it 

is impossible to have other types of stoichiometries because, from the free energy studies, 

only one α-α and β-β interface can be accommodated in the pentameric structure.26 

2.1.2. α4β2 Electrophysiology 

When the receptor is exposed for a prolonged time to an agonist, it desensitizes, adopting a 

high-affinity non-conducting conformation.42 In their studies, Morals-Perez et al. had 

performed patch-clamp electrophysiology experiments to compare the responses of full-

length WT and crystallized α4β2 receptor to ACh and had found a similar behaviour (Figure 

10). 
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Figure 10. Patch-clamp recordings of the wild type (WT) and crystallized α4β2 receptor with ACh. 
Adapted from Morales-Perez et al.41 

Also, the response to 1mM nicotine was measured, and the receptor desensitization in a few 

milliseconds was observed. The X-Ray structure shows a constriction point of 3.8 Å in 

diameter. This point is formed by glutamate side chains at the -1’ position of the M2 α-helix 

(Figure 11). This diameter is smaller than the minimum consensus pore diameter of 6-8 Å 

which allows the movement of ions. The α4β2 receptor is a non-selective cation channel 

permeable to Na+, K+ e Ca2+. Of these cations, Na+ is the smallest one, with the diameter of 1.9 

Å, which with the single equatorial water molecule of 2.8 Å diameter, would have the diameter 

above (4.7 Å) the constriction point. Thus, this structural analysis suggested that the X-Ray 

structure of the α4β2 receptor represent a desensitized, non-conducting state.41  

 
Figure 11. (A) Pore diameter of LS isoform; blue spheres indicate pore diameters >5.6 Å; yellow are >2.8 
Å and <5.6 Å; (B) Cutaway of the receptor showing the permeation pathway coloured by electrostatic 
potential. Adapted from Morales-Perez et al.41  
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2.1.3. α4β2 Orthosteric binding sites 

Nicotine, ACh and other orthosteric ligands bind at the α-β interface. This site is called the 

orthosteric binding site.  There are two orthosteric binding pockets in both isoforms. This 

binding pocket is lined by α4(+) subunit and β2(-) subunits. Three loops from each side 

contribute to form the binding pocket, A, B and C from (+) side, and D, E and F from the (-) 

side. 

Residues from these latter loops form a so-called “aromatic box”. This boxes floor is lined by 

tyrosine Y100 of loop A and tryptophane W57 of loop D. The back walls are formed by leucine 

L121 of the loop E and tryptophane W156 of loop B. The front wall is defined by the flexible 

loop C with its vicinal cysteines C199 and C200, and tyrosines Y197 and Y204. The top of the 

hydrophobic box is lined by valine V111 and phenylalanine F119 of loop E. All these residues 

contribute to aromatic and hydrophobic interactions with the ligand. Furthermore, nicotine 

forms a hydrogen bond between its positively charged nitrogen of the pyrrolidine ring and the 

oxygen of the carbonyl backbone of W156. This nitrogen is also positioned to form a cation-π 

interaction with the indole ring of W156.43 Loop F does not contribute to the binding of the 

ligands to the aromatic box, but it seems that aspartic acid D170 stabilizes loop C via hydrogen 

bond to the nitrogen of cysteine C199 (Figure 12).41 

Furthermore, nicotine does not bind to β-α and β-β where β2 is a (+) side because of the 

different structure of the binding site. In this case, the small glycine G154 of the α4 subunit is 

substituted with a bulky arginine R149 of β2. Its side chain occupies the binding pocket and 

remains trapped between two tyrosines, twisting away the crucial W151 residue from the 

pocket (Figure 12).41 
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Figure 12. (A) Nicotine binds at the α4β2 interface; (B) Nicotine doesn’t bind to the β2β2 and (C) to the 
β2α4 interface. Adapted from Morales-Perez et al.41 

2.1.4. α4β2 Functions 

The α4β2 nAChRs are the most abundant receptor subtype in CNS and are involved in many 

different physiological and pathological functions. This receptor subtype plays an important 

role in memory, learning, attention, mood, and nociception. Also, they are involved in several 

neurological conditions such as epilepsy, Alzheimer’s and Parkinson’s diseases, depression, 

schizophrenia, drug abuse, alcohol and nicotine addiction.44–47  

2.1.4.1. Nicotine addiction 

Nicotine is a chiral alkaloid derived from the leaves of tobacco plants 

(Nicotiana tabacum and Nicotiana rustica), and it is a primary addictive agent 

in tobacco products. It is nAChRs exogenous agonist which interacts with both 

CNS and PNS. Prolonged exposure leads to addiction development with 

consequent memory, learning and other cognitive pathways modulation.48 It is predominantly 
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used recreationally as a stimulant throughout cigarette smoking, chewing tobacco, holding 

moist snuff in the mouth, inhaling dry snuff through the nose, inhaling smoke from a water 

pipe and inhaling vapour from an electronic cigarette.49  

In 2020, National Institute on Drug Abuse reported that approximately one-fourth of the 

population uses tobacco products, and 20% circa smoke cigarettes.50 Globally, about 57% of 

men and 10% of women smoke tobacco products. Nowadays, tobacco smoking is the cause of 

~5–6 million deaths per year, counting 31% and 6% of all cancer deaths (affecting 18 different 

organs) in middle-aged men and women, respectively. It is estimated that smoking leads to 

about 480000 deaths yearly in the USA. Lung cancer is the dominant malignancy caused by 

smoking. The total number of cases is estimated to be 1.2 million annually, with about 90% 

attributed to smoking. Nicotine itself can be genotoxic and tumour-promoting. Moreover, at 

least 69 chemicals in tobacco smoke are carcinogenic. The overall rates of death from cancer 

are twice as high among smokers as non-smokers. Smoking increases the risk of all histologic 

types of lung cancer such as squamous cell carcinoma, small cell carcinoma, adenocarcinoma 

and large cell carcinoma, but also of head and neck, gastric, pancreatic, gallbladder, liver, 

colon, breast, cervical, urinary bladder and kidney cancers. 50–53 

Nicotine is involved in biological processes such as regulation of cell proliferation, apoptosis, 

migration, invasion, angiogenesis, inflammation, and cell-mediated immunity in a wide variety 

of cells including foetal, embryonic and adult stem cells, adult tissues as well as cancer cells.52 

During cigarette burning, different carcinogenic compounds are produced, such as tobacco-

specific N-nitrosamines. NNN (Nʹ-nitrosonornicotine) and NNK (4-(metylnitrosamino)-1-(3-

pyridyl)-1-butanon) are among the most important and most potent carcinogens. NNAL (4-

(methylnitrosamino)-1- (3-pyridyl)-1-butanol) is a metabolite of NNK (Figure 13).54 
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Figure 13. Formation of NNN, NNK and NNAL. 

Nicotine is a tertiary amine composed of pyridine and pyrrolidine rings. It is a weak base with 

a pKa of 8.0, and at physiological pH, about 30% of nicotine is non-ionized which allows it to 

readily cross cell membranes, including the blood-brain barrier (BBB). Nicotine is rapidly 

absorbed in the small airways and alveoli, and its concentration rises quickly and peaks after 

cigarette smoking. Nicotine is rapidly metabolized in the liver, but also the lung.55 Once 

delivered to the brain, nicotine activates and desensitizes nAChRs at a dose of 20-100nM.10  

Particularly, nicotine exercises its action on dopamine (DA) and GABA pathways in the 

midbrain, especially on the mesostriatal and mesocortical dopamine pathways. The 

mesostriatal system includes the mesolimbic and nigrostriatal dopamine projections. The 

mesolimbic pathway connects the ventral tegmental area (VTA) to the ventral striatum. The 

ventral striatum includes the nucleus accumbens (NAc) and the olfactory tubercle (OT). The 

nigrostriatal pathway connects the substantia nigra pars compacta (SNc) with the dorsal 

striatum. The mammalian VTA is involved in the rewarding effects of different drugs, alcohol, 

and nicotine. The mesocortical pathway connects VTA to the prefrontal cortex (PFC). Also, 

there is a population of VTA GABA neurons that provides inhibitory input to DA neurons. There 

are descending projections to the brainstem mesopontine region, including the tegmental 

pedunculopontine nucleus (TPP). TPP is a brain region that is important in DA independent 

reward signalling. The VTA also receives excitatory glutamatergic and cholinergic projections 
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from both the TPP and the adjacent laterodorsal tegmental nucleus (LDT), as well as inhibitory 

GABA inputs from the TPP (Figure 14).10,56,57  

 
Figure 14. (A) Human (on the left) and rat (on the right) brains with mesolimbic and mesocortical DA 
pathways; (B) Schematic representation of dopaminergic and GABAergic neurons in VTA. Adapted from 
Laviolette et al.56  

Acute effects of nicotine in the VTA affect primary GABA neurons, which rapidly desensitize 

leading to a long-lasting DA neurons excitation through the removal of the GABA inhibitory 

effect. Moreover, this desensitization is correlated to the enhancement of glutamatergic input 

to the DA neurons. To sum up, nicotine activation of GABAergic neurons initially increases 

inhibitory input to the DA neurons, but after prolonged exposure to the nicotine with a 

consequent depolarization of nAChRs on GABA neurons, nicotine bypass these inhibitory cells 

and acts directly on the DA neurons.56  

2.1.4.2. Alzheimer’s disease 

Alzheimer’s disease (AD) is one of the most common neurodegenerative disorders in the 

world. It has affected approximately 47 million people, and the tendency is that this number 

will increase to 62% by 2030. The most affected segment of the population is the over 65. AD 

is characterized by the deposit of β-amyloid (Aβ) plaque in the extracellular surface of 

neurons, the arising of neurofibrillary tangles from the intracellular accumulation of 

hyperphosphorylated Tau protein. These factors are associated with a gradual memory 

deterioration in its early stages, and problems with language, disorientation, mood swings, 
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loss of motivation, behavioural issues, and self-neglect in the advanced phase. AD is also 

associated with the deficit of ACh and oxidative stress caused by exacerbation of 

glutamatergic transmission.58  

In AD there is a constant reduction of α4β2 nAChRs within the hippocampus, frontotemporal 

cortices, and basal forebrain. This reduction is most pronounced within the mesial temporal 

cortex of the hippocampus and basal forebrain. Also, in AD, there is a relationship between 

the decrease of α4β2 nAChRs and loss of memory.59 Cholinergic neurons at the nucleus basalis 

of Meynert (basal forebrain) are the most affected in the disease. It was demonstrated that in 

the advanced patients there are 5 times fewer neurons than in healthy adults. Furthermore, 

the transcription of choline acetyltransferase (ChAT), an enzyme responsible for the synthesis 

of ACh, is drastically decreased in the remaining neurons. This leads to less ACh synthesis and 

dementia progression. Moreover, through molecular modelling it seems that 

acetylcholinesterase (AChE), an enzyme that catalyses the breakdown of ACh, interacts with 

Aβ peptide, promoting the amyloid fibril formation.60  

Currently, only two classes of pharmacological therapy are available for AD. The first class of 

drugs is inhibitors of ChAT, such as donepezil, rivastigmine, and galantamine. They are 

recommended for all types of patients. Another drug is memantine with a non-competitive N-

methyl-D-aspartate receptor antagonist and a dopamine agonist, and it is approved for the 

treatment of patients with moderate to severe AD.61  

2.1.4.3. Parkinson’s disease 

Parkinson’s disease (PD) is a neurodegenerative disorder that affects 1 out of 1000 persons 

over 50, and 19 out of every 1000 over 80. The most common symptoms are involuntary 

movements, tremors, rigidity, and bradykinesia. Cognitive and behavioural problems may 

occur, such as mood disorder, sleep alteration, anxiety, depression, dysautonomia, etc. PD is 

characterised by progressive loss of the nigrostriatal dopaminergic pathways and other 

dopaminergic neurons in the SNc. This neuron reduction explains typical motor symptoms.62 

In the PD there are lesions on the expression of nAChR subtypes in the striatum. In the health 

striatum α4β2 are located on dopaminergic terminals and comprise 30 to 50% of the α4β2 
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striatal population. In a brain with a complete lesion all α4β2 and other nAChRs disappear 

from nigrostriatal dopaminergic terminals (Figure 15).17 Furthermore, nAChRs damage in SNc 

is important. Studies on rats’ and monkeys’ brains suggested that nAChR binding is decreased 

in the lesioned brain. α4β2 are present on dopaminergic neurons and GABAergic interneurons 

afferents from substantia nigra pars reticulata are decreased. 

 
Figure 15. Schematic representation of intact, partial, and near-complete dopaminergic lesioning in the 
striatum. Adapted from Quick et al.17 

As said previously, PD is associated with the abnormalities of the nigrostriatal dopaminergic 

pathway which interacts with the nicotinic cholinergic system. This interaction can help to 

understand a possible and efficient therapy. It is possible to intervene on two different 

mechanisms: 1. protect nigrostriatal damage to improve motor control; 2. directly stimulate 

the dopaminergic system using nAChR ligands. Administration of levodopa to parkinsonian 

patients has been considered the most effective symptomatic treatment for the last 40 

years.17  

2.2. α4β2 Ligands 

All the nAChRs orthosteric ligands are classified based on their electrophysiological effects in 

full agonists, partial agonists, antagonists, inverse agonists, and desensitizing agonists. Ligands 

could be both endogenous and exogenous molecules. The orthosteric binding site is a primary, 

unmodulated binding site. Full agonists are ligands able to bind the receptor binding site and 

activate it resulting in a strong biological response (100% intrinsic activity). A partial agonist is 

a compound that cannot activate the receptor with maximal efficacy, even with its maximal 

binding (intrinsic activity <100%). Whereas antagonists bind the receptor but without 

activating it. As the result of this binding, there is a receptor blockade and inhibition of the 

agonist effect. Inverse agonists are ligands able to reduce the active conformation of the 

receptor with consequent inhibition of the activity.  
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In addition to the orthosteric binding sites, nAChRs have allosteric binding sites that are 

topologically and functionally distinct. Their presence allows more additional interactions 

between a ligand and the receptor, giving rise to an allosteric regulation which translates into 

possible new therapeutic approaches for different pathological conditions. Allosteric ligands 

do not activate the receptor alone but can stabilize it in different electrophysiological 

conformations.63 Allosteric ligands can be positive allosteric modulators (PAMs), negative 

allosteric modulators (NAMs) or silent allosteric modulators (SAMs). PAMs enhance the 

binding affinity between the orthosteric binding site with the ligand. NAMs, on the other hand, 

reduce the binding affinity between the ligand and the orthosteric site. SAMs do not affect 

the binding of the orthosteric ligands but can block the action of other allosteric modulators. 

2.2.1. α4β2 Full agonists 

 Acetylcholine is a fast-acting neurotransmitter at the neuromuscular 

junction and in the autonomic ganglia. It is synthesized in cholinergic nerve 

terminals from choline and acetyl coenzyme A by ChAT. ACh is transported 

using vesicular ACh transporter (VAChT) into synaptic vesicles, where it is stored. After an 

electrical depolarization of the neuron terminal, ACh is released by exocytosis, exerting its 

physiological effects by binding and activating neuronal and muscular nAChRs on pre- and 

postsynaptic membranes. In the end, ACh is hydrolysed in choline and acetate by acetylcholine 

esterase (AChE), and choline is then reuptake into cells. ACh is a non-selective AChRs full 

agonist.64–66 

Nicotine is an exogenous ligand that activates nAChRs located on neurons in 

both CNS and PNS. Its action exerts different physiological effects such as 

diarrhoea, miosis, nausea, vomiting, blood pressure elevation, amnesia, 

tremor, and convulsion. Nicotine acts as a nAChR competitive full agonist 

specifically at the α3β4 ganglion type nicotinic receptor and α4β2 in CNS, rather than at the 

α7.67–69 
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Epibatidine is a very potent antinociceptive alkaloid isolated and 

characterized in 1992 from the frog Epipedobates anthonyi. It is 100 

times more potent than morphine as an analgesic agent from activation 

of nicotinic receptors, but its analgesic effect occurs at doses like those 

causing severe hypertension, convulsion, and respiratory depression. This does not permit to 

use it in therapy, but it has become one of the most well-studied alkaloids. Epibatidine is a 

non-selective very potent full agonist (200 times more potent than nicotine). Epibatidine has 

a much higher affinity at nAChRs than ACh or nicotine. It predominantly binds α4β2 and α3β4 

receptors with very high affinity (20 times higher than nicotine). It has less affinity for α7 

receptors (300 times less than for α4β2 subtype). It also binds the muscle-type nicotinic 

receptors producing a paralyzing effect.69–71 

2.2.2. α4β2 Partial agonists  

The use of α4β2 nAChRs agonist for the treatment of smoking addiction is based on their 

nicotine-like action which replaces the effects of nicotine during a quit attempt. Although, 

given the reinforcing effects of inhaled nicotine, nAChRs agonists cannot substitute the rapid 

increase of nicotine concentrations from smoking, and this is translated into the possibility to 

eliminate withdrawal symptoms with consequent relapse. In 1991, Rose and Levin proposed 

an “agonist-antagonist” approach to reduce the rewarding effects of nicotine. This approach 

consists of the co-administration of a nicotine replacement therapy with a nAChR antagonist, 

such as mecamylamine (channel blocker). Thanks to this combination it is possible to reduce 

withdrawal symptoms and attenuate the reinforcing effects of nicotine through 

mecamylamine’s antagonist effect during a relapse.72 Partial agonists can have both nicotine-

replacing agonist and nicotine-blocking antagonist activities. Therefore, nAChR partial agonist 

can replace nicotine and reduce craving by mimicking the effects of nicotine (“agonist 

activity”). On the other hand, during a relapse, the nAChR partial agonist can compete with 

nicotine for the same binding site and attenuate the reinforcing effect of inhaled nicotine. 

(“antagonist activity”). The advantage of this strategy is that a partial agonist acts as a 

competitive nicotine antagonist and not as an antagonist, which means that its binding slightly 

activates the receptors, both in the absence and in the presence of nicotine from smoking 

(Figure 16).73 

NH

N Cl
H

Epibatidine



 22 

 
Figure 16. Schematic representation of agonist and antagonist effect of nAChR partial agonist during a 
quit attempt and a relapse. Adapted from Rollema et al.73 

Cytisine is an alkaloid found in all parts of the Laburnum and Cytisus. It has a 

molecular structure similar to that of nicotine and it acts as an α4β2 partial 

agonist. Also, it acts as a full agonist at the α7 and α3β4 nAChRs. Because of 

its affinity to the nicotinic receptors, cytisine has been used as a model for the 

development of new drugs for the treatment of nicotine addiction. Since 1964, cytisine was 

used as a smoking cessation drug in Eastern European countries under the name Tabex®. 

Unfortunately, it has not been available for clinical use outside Eastern European countries, 

probably due to limited access to the clinical studies conducted in East Europe which were 

also not published in English. 21,74–76 

Varenicline is a drug developed by Pfizer in 2005 as a cytisine analogue 

for smoking cessation. It is commercialized with the name of Chantix® 

in the USA and Champix® in the EU and Canada. Varenicline is a highly 

selective and potent α4β2 partial agonist. In vivo studies have demonstrated its ability to 

attenuate the central dopaminergic response to nicotine and providing a sufficient 

dopaminergic tone to limit withdrawal.77 It is selective for LS stoichiometry. It has similar 

hydrogen-bond donor interaction to that of nicotine but different from all other compounds 

hydrogen-bond donor acceptor interaction. This may be due to the capacity of the protein to 

adjust itself to the geometry of varenicline without altering its function.76 
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Sazetidine-A (Saz-A) was synthesized and 

characterized in 2006 by the research group of 

Kozikowski as a new nicotinic ligand with very high 

affinity and selectivity for nAChRs containing β2 

subunits. Saz-A has a very high affinity for rat and human α4β2 nAChRs. Also, it has a 24000 

times higher affinity for the rat α4β2 rather than for rat α3β4. Saz-A has a unique activation 

profile. Contrary to the cytisine and varenicline, Saz-A selectively activated HS stoichiometry 

over LS. It was shown that the pyridine ring gives the compound receptor and subunit 

selectivity, while the hydroxyl groups does not affect it. The β2(-) face with its Val109, Phe117 

and Leu119, generate a hydrophobic pocket while the α4(-) face residues His114, Gln122 and 

Thr124, create a hydrophilic pocket. Mutational studies on the α4(-), where the three residues 

were modified to make them resemble β2(-), allowed to generate receptor response for Saz-

A in the mutated LS receptor, while this was not possible in the wild type LS isoform. Also, 

mutation to make the β subunit similar to the α subunit abolished the actiavion of the HS 

isoform. These results suggest that the α4(-) is too polar and incompatible with the 

hydrophobic side chain of Saz-A, not allowing the interaction with the receptor subtype and 

its further activation.21,78,79 

2.2.3. α4β2 Antagonists  

α-Conotoxines are a large family of disulfide-rich peptides derived from the venom of 

carnivorous marine cone snails of the genus Conus. They act as competitive antagonists at the 

ACh binding site. They are divided into different structural subfamilies with different 

selectivity for nAChR subtypes. α3/5-conotoxins are selective for muscle-type nAChR, while 

α4/6 and α4/7 are selective for neuronal nAChRs.80 

Mecamylamine is a secondary amine that belongs to “ganglionic blockers” 

drugs. It is a nonselective and non-competitive antagonist of both peripheral 

and central nAChRs. It acts as an open-channel blocker, decreasing the 

duration of the open-channel state by interacting with the pore binding site of the open nAChR 

channel. Mecamylamine is a racemic mixture. (S)-mecamylamine in more effective than (R)-

mecamylamine at inhibiting the LS stoichiometry. However, on the HS isoform, (S)-

mecamylamine amplifies, while R)-mecamylamine blocks agonist-induced activation. In pre-
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clinical studies, (S)-mecamylamine resulted to be more effective in blocking nicotine-induced 

seizures, showed better antidepressant and anxiolytic effects than its (R) enantiomer.81  

2.2.4. α4β2 Positive allosteric modulators (PAMs) 

As mentioned previously, PAMs can increase the affinity and/or the efficacy of an orthosteric 

ligand.82 PAMs can increase receptor binding in different ways. Normally, at the baseline 

equilibrium, nAChRs is in its closed state, and it shifts to an open state when a high 

concentration of agonist binds. One of the ways of PAM exerts its activity is by increasing the 

agonist binding to the closed state of the receptor, increasing in this way the potency of the 

agonist. This modulation is advantageous with a low concentration of the agonist that 

otherwise would not give a maximal response. Also, with this strategy, it is possible to use 

lower concentrations of the agonist to limit unwanted side-effects.83 PAMs are generally 

classified into two types based on the effects on nAChR gating kinetics and ACh-mediate 

response. Type I PAMs are compounds that increase the sensitivity to ACh and the peak ion 

current but do not modify the channel kinetics. Type II PAMs, on the other hand, can modify 

the channel gating kinetics. They can also transiently reactivate the desensitized state. For 

these reasons and because nAChRs have numerous allosteric binding sites, PAMs represent a 

possible therapeutic approach to limit side-effects of agonists.84  

Physostigmine and galantamine are AChE inhibitors and first 

identified PAMs. They are able to potentiate both muscle and 

neuronal type nAChRs but have no effect on muscarinic AChRs. 

Physostigmine binds at both agonist binding and non-agonist 

binding sites. Mutiational studies have shown that it is selective 

for LS α4β2. Galantamine binds at α4β2 and α7 nAChRs enhancing 

the DA signaling. It is not clear if AChE inhibition or allosteric 

modulation of nAChRs mechanism of galantamine is responsible 

for the smoking cessation, but it represent a potential therapy for 

smoking addiction.84 
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Desformylflustrabromine (dFBr) is a monomethyltryptamine 

derivative isolated as a secondary metabolite from marine bryozoan 

Flustra foliacea. It is one of the most investigated nAChRs PAMs, and 

a large library of its analogues was described and used to study the 

structure-activity relationship (SAR) of this pharmacophore, identify 

binding sites and in vitro nAChR effects. dFBr itself does not elicit nAChR-mediated current in 

two-electrode voltage-clamp and patch-clamp electrophysiological studies, but it enhances 

the ACh response of α4β2. It potentiates both HS and LS isoforms with an EC50 of ∼0.4 and 

∼1.6 μM and potentiation Imax of ∼400 and ∼300%, respectively. dFBr increases the efficacy 

of nAChR agonists and so it is considered a Type II PAM of the α4β2 because it enhances the 

peak current of low and saturated concentrations of ACh and modifies the channel gating.84 

LY2087101 ([2-[(4-Fluorophenyl)amino]-4-methyl-5- thiazolyl]-

3-thienylmethanone) was developed by Eli Lilly and Company in 

2006 by high-throughput screening. It selectively potentiates 

human α4β2, α4β4, α2β2 and α7 nAChRs but not α3β4. It 

increases ACh maximal response of α4β2 nAChRs while has little or nor effect on its potency.85 

It potentiates both the isoform in the same way (EC50 ∼1 μM), but it is 2-fold less efficacious 

at high-sensitivity isoform rather than at low-sensitivity. It was supposed that these results 

are due to the additional α4 subunit. Subsequently, mutational and computational studies 

were performed, and it was identified that LY2087101 has two distinct binding sites. One site 

is at the interface between two adjacent α4 subunits and the other within the α4 subunit. 

LY2087101 is a Type I PAM because it increases peak agonist-evoked response of nAChRs with 

practically no effect on the receptor desensitization. It is also an equipotent potentiator of 

both isoforms but with higher efficacy at LS nAChR.84–86  

2.2.5. α4β2 Unorthodox ligands  

Recently an additional ACh site was identified at the α4/α4 subunit interface in the LS α4β2 

nAChRs. This additional site was defined as the unorthodox binding site. It was known that LS 

and HS isoforms have different sensitivity to the agonists and a different rate of 

desensitization, but the discovery of an additional α4/α4 site has permitted to better 

understand these differences. This binding site increases the activation of the orthodox α4/β2 
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sites by 5-fold and accelerates the receptor desensitization. This unorthodox site has a 100-

fold lower sensitivity than the classic orthodox site. Moreover, unorthodox sites synergize 

with orthodox sites to promote receptor activation. The only one interaction with the α4/α4 

sites is insufficient to trigger a global conformation change to the activated state, but different 

mutational studies performed during the years in which three amino acids of β2 subunit were 

muted to give three α4/α4-like ACh sites have shown the possibility of the activation of the 

receptor with an unorthodox-selective agonist. It was generated the LS β2 triple mutant, with 

V109H, F117Q and L119T mutations, and the application of NS9283 alone was tested. It was 

seen the response in a dose dependent manner, suggesting that it acts as a partial agonist, 

however not very potent or efficacious.20,21 It was recently established that these compounds 

are neither allosteric nor modulators because they act as selective agonists at the ACh binding 

site formed at the α4/α4 interface. Because they achieve their effects by occupying a third 

ACh site, just as any other full agonist would at that site, they are not a modulator.24 However, 

it is not an error to call these compounds PAMs because, in the presence of an orthodox 

agonist, they act as allosteric modulators to all effects. 

NS9283 (3-(3-(pyridine-3-yl)-1,2,4-oxadiazol-5-yl)benzonitrile) is 

the unorthodox α4/α4 agonist which has no effect at orthodox 

α4/β2 sites, that means that it potentiates the LS isoform and not 

the HS. It was discovered by Neurosearch A/S. This molecule 

represents a new class of selective ligands for α4β2 nAChRs, which are useful in increasing the 

action of nAChR agonists in the treatment of neuropathic pain and increasing cognitive 

functions.24 It was initially erroneously defined as PAM because alone it cannot activates the 

receptor by itself but increases the activity of α4β2 receptors in response to stimulation of an 

agonist. Through the mutation of the α4/β2 sites into α4/α4-like, it was discovered that 

NS9283 could activate the receptor, this allowed to define it as an agonist selective for the 

α4/α4 ACh site. NS9283 increases the potency without affecting the maximum efficacy and 

does not alter the rate of desensitization of currents evoked with ACh and it decrease the rate 

of receptor recovery from a desensitized state.20,84,87 In 2016, Maurer et al. discovered that 

acute and repeated administration of NS9283 attenuated nicotine seeking in rats. These 

results demonstrate that the unorthodox α4/α4 agonists can modulate addiction-like 

behaviours in rats and it possible to hypothesize that the action on α4/α4 binding site may 
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reduce chronic smoking and relapse in humans. In fact, co-administration of NS9283 and a 

subthreshold dose of an α4β2 agonist produce a nicotine-like effects in rats, suggesting that 

lower doses of agonist could be used to treat smoking addiction.88 Furthermore, in 2011 Lee 

et al. studied the co-administration of NS9283 with ABT-594, an α4β2 agonist for treatment 

of pain, which is poorly tolerated at the efficacious doses for its side effects. They 

demonstrated in preclinical models (ferrets and dogs) that the analgesic efficacy of well-

tolerated doses of ABT-594 in humans can be significantly enhanced by co-administration with 

NS9283.89 Moreover, in 2012, Timmermann et al. showed promising results in the treatment 

of cognitive dysfunction in rodents. NS9283 was administered to rats and their behaviour was 

observed in different cognitive tests. They observed, as recently reported that NS9283 

augment the anti-hyperalgesic effects of α4β2 agonists but was ineffective alone. However, 

the pro-cognitive efficacy of NS9283 did not require co-administration of exogenous agonist, 

suggesting that the level of cholinergic tone in the cognitive circuitry is sufficient to drive 

allosteric modulator efficacy. Comparing with other agonists, NS9283 action potentially gives 

the same effects of nicotine but with better selectivity.90  

CMPI (3-(2-chlorophenyl)-5-(5-methyl-1-(piperidin-4-yl)-1H-

pyrazol-4-yl)isoxazole) was developed at Amgen Inc. It 

selectively potentiates α4β2 nAChR and not the other 

subtypes. Especially it potentiates LS α4β2 and has no effect 

on HS α4β2. As NS9283, it is an agonist selective for α4/α4 ACh site with the binding site at 

the extracellular domain ad the α4/α4 subunit interface. It enhances the ACh potency at the 

LS isoform by ∼100 fold without significantly modifying its efficacy.84   
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3. Part 1: Orthosteric and unorthodox binding sites studies 

3.1. State of the art 

3.1.1. Orthosteric binding site studies 

In 1996 Abreo et al. from Abbott Laboratories reported two potent nAChR ligands with a 3-

pyridyl ether structure that possesses a subnanomolar affinity for neuronal nAChRs. A-85380 

and A-84543 resulted to be full agonists with pM (measured by [3H]-(-)-Cytisine displacement 

in the rat brain) affinity and increased efficacy compared to nicotine to stimulate ion flux.91 

The same year, Elliot et al., also from Abbott Laboratories, have reported two bioisosteres of 

A-85380 and A-84543, where the 3-pyridyl ring was substituted with a phenyl ring, (S)-I and 

(S)-II. This substitution maintains a good but decreased binding affinity (Table 1).92 

Compound Structure Ki (nM) 

A-84543 

 

0.15 ± 0.01 

A-85380 

 

0.052 ± 0.0001 

(S)-I 

 

42 ± 1.45 

(S)-II 

 

52 ± 4.3 

(S)-Nicotine 

 

1 ± 0.01 

(±) Epibatidine 

 

0.043 ± 0.006 

Table 1. The compounds were tested for nAChR binding in a whole rat brain preparation using [3H]-
Cytisine. Values represent mean ± S.E.M.91,92  
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In 2006, Pallavicini et al. synthesized two rigid analogues of (S)-I with a benzodioxane scaffold, 

namely N-methyl-2-(2-pyrrolidinyl)benzodioxanes (S,R)-III and (R,S)-III. The decision to 

introduce a rigid structure was taken to study a possible stereochemical complication in the 

proximity of the critical cationic head. The replacement of hydrogen-bond acceptor/π (HBA/π) 

moiety of nicotine (pyridine ring) by 1,4-benzodioxane was chosen considering HBA/π 

proprieties of both systems.93 In 2009, they extended the synthesis to all four stereoisomers. 

The affinity of all four compounds towards the α4β2 and α7 nAChR subtypes were evaluated 

in rat cortex membranes by binding studies using [3H]-Epibatidine and [125I]-α-Bgtx. Only 

compounds with the absolute configuration (S) at the pyrrolidine stereocenter maintained the 

α4β2 affinity and good selectivity against α7 (Table 2).94 

 

Compound Structure α4β2 Ki (μM) α7 Ki (μM)  

(S,R)-III 

 

0.26 21 

(R,S)-III 

 

12.5 35 

(S,S)-III 

 

0.47 14.6 

(R,R)-III 

 

43.8 14.8 

Table 2. The compounds were tested for nAChR binding in whole rat brain membranes using [3H]- 
Epibatidine and [125I]-α-Bgtx. 

Subsequently, to better understand the receptor binding pocket and to discover new 

pharmacophoric elements, different substituents at the aromatic ring were introduced. Based 

on SAR studies conducted on A-84543 and (S)-I, where the most advantageous position for 
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the affinity and selectivity is at the meta-position, Pallavicini’s group synthesized different 7-

substituted analogues of (S,R)-III. The most promising compound was 7-hydroxy substituted 

derivative (S,R)-IV. The introduction of OH group in that position increases the affinity at the 

α4β2 nAChRs from 0.26 to 0.012 μM, maintaining a good selectivity towards α4β2 receptors 

rather then α3β4. Furthermore, this compound resulted to act as a partial agonist on α4β2 

nAChRs measured by the induced [3H]DA release from striatal slices with a maximum effect at 

circa 50% (Figure 17).95 

 
Figure 17. (S,R)-IV structure. Ki value derived from [3H]-Epibatidine competition binding on rat brain 
membranes (left); concentration response curves of agonist-induced [3H]DA release from rat striatal 
slices (right). 

All the other substitutions in the 7-position resulted in loss or poor affinities. Small apolar 

methyl, medium lipophilic bromine, bulky aromatic phenyl or bulky polar hydroxymethyl, 

acetyl and methoxy substituents led to the loss of the affinity. These results suggested that 

there is a small hydrophilic subpocket that can accommodate the hydroxyl group. In 2015, 

Bolchi et al. reported that (S,R)-IV is more than 50-fold more selective at the human α4β2 

nAChRs over the ganglionic α3β4 subtype (α4β2 EC50= 0.3 μM; α3β4 EC50= 17 μM; functional 

selectivity 57) (Figure18). In the same work, new compounds designed using A-84543 and (S)-

I as lead compounds were investigated. In particular, based on the good results obtained by 

the introduction of the hydroxyl group in the 7-position of the benzodioxane scaffold of 

compounds (S,R)-IV, the research group decided to introduce the OH group in meta-position 

of the aromatic ring on these compounds. The resulting compounds (S)-V and (S)-VI resulted 

to be highly potent α4β2 full agonists, but only (S)-VI was functionally selective towards α4β2 

rather than α3β4 nAChRs (Figure 18).96 

B 
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Figure 18. (S,R)-IV, (S)-V and (S)-VI structures. Ki values derived from [3H]-Epibatidine competition 
binding on rat cortex membranes for α4β2 and human α3β4 transfected cells membranes. Agonist 
effects on transfected human α4β2 and α3β4 subtypes normalized to the maximal response to 1mM 
ACh. 

The difference between the activities of (S,R)-IV, (S)-V and (S)-VI might be attributed to their 

structure. Compound (S,R)-IV acts as a partial agonist, while compounds (S)-V and (S)-VI are 

full agonists at the α4β2 nAChRs. The rigid non-flexible structure of (S,R)-IV occupy all the 

space in the binding pocket and keeps the loop C “opened”. The flexible structure of phenyl- 

and pyridyl- ethers of prolinol permits them to position themselves in a more relaxed way in 

the binding pocket, keeping the loop C slightly “closed” and more flexible (Figure 19). 
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α4β2 Ki= 0.0037 μM
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α3β4 EC50= N.D
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Figure 19. Docking at the α4β2orthosteric binding site. (S,R)-IV (in grey) and (S)-VI (in green) poses with 
main interaction (dashed lines).97 

When I joined the research group, their efforts were focused on the synthesis of (S,S)/(S,R) 

diastereomeric pairs of pyrrolidinyl benzodioxanes substituted in 6- and 5-benzodioxane 

positions with groups, such as OH, NH2, NO2, NHAc, NMe2 and Ph, in order to consider small 

or bulky and HBD or HBA substituents. All the substitutions in the 6-position are unfavourable 

for the affinity, probably because of their elongating effect on the shape of the molecule. In 

position 7, only hydroxy and amino groups are beneficial for the affinity, but only with OH the 

selectivity is maintained. All the other groups in that position have no ameliorative effect. 

Furthermore, the substituents in position 5 have a completely different behavioural profile. 

This position tolerates OH, NH2, NO2 and even Ph substituents and maintains the 

submicromolar affinity for α4β2 nAChRs similar to the naked derivative (S,R)-IV but with the 

absolute S configuration at the dioxane stereocenter and not with R configuration as for 7-OH 

derivative. Good results were obtained with the 5-NH2 derivative with (S,S) configuration that 

has high α4β2 affinity and selectivity, and also acts as a weak α3β4 antagonist (Scheme 1).98 

 

 

 

Loop C 
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Compound Structure 

α4β2 

[3H]Epi Ki 

(μM) 

α3β4 

[3H]Epi Ki 

(μM)  

α4β2 

EC50 

(μM) 

α3β4 EC50 

(μM)  

(S,R)-IV 

 

0.012 0.31 0.3 17 

(S,R)-VII 

 

0.022 0.019 14 19 

(S,S)-VIII 

 

1.7 >100 N.A. N.A. 

(S,S)-IX 

 

0.131 13 
0.005 

8.7 
Antagonist 

 
Scheme 1. Ki value derived from [3H]-Epibatidine competition binding on rat cortex membranes for 
α4β2 and human α3β4 transfected cells membranes. Human α4β2 (solid square; n = , and n = 6 for 
(S,R)-VII and (S,S)-IX, respectively) and α3β4 (open circle; n = 7 and n = 2 for (S,R)-VII and (S,S)-IX, 
respectively) nAChRs were transiently transfected into the GH4C1 rat anterior pituitary cell line and the 
activation responses are normalized to the maximal response to 1 mM ACh. 

Furthermore, both diastereomers of all four regioisomers N-methyl-pyrrolidinyl-

pyridodioxanes were synthesized. They were designed as bioisosteres of (S,R)-III and (S,S)-III 

and as rigidified analogous of previously described compound A-84543. They were 

subsequently assayed for their binding affinities and electrophysiological activities at α4β2 
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and α3β4 nAChRs. Only compound (S,R)-X showed high α4β2 affinity and selectivity, whereas 

its diastereomer and all the other regioisomers had much lower affinities (Figure 20).98 

 
Figure 20. N-Me-pyrrolidinyl-pyridodioxanes (S,R)- and (S,S)-X-XIII structures. Ki values derived from 
[3H]-Epibatidine competition binding on rat cortex membranes for α4β2 and human α3β4 transfected 
cells membranes. Adapted from Bolchi et al.99 

3.1.2. Unorthodox binding site studies 

In 2012, Timmermann et al. started with more specific studies on NS9283 (Figure 21A). They 

discovered that this compound does not activate α4β2 receptors by itself, but dramatically 

increases the peak width representing nicotine-induced Ca2+ flux in HEK293-hα4β2 cells 

(Figure 21B). In subsequent experiments it was shown that the effect of NS9283 is 

concentration-dependent, thus suggesting the presence of a specific and saturable binding 

site. To characterize the effect of the molecule on α4β2 receptors, an electrophysiological 

study was performed on both HS and LS isoforms, expressed in X. Laevis oocytes; the results 

show that NS9283 concentrations higher than 0.1 μM generate a clear increase in current 

spikes associated with the action of ACh in the LS receptors compared to the control trace, 

but no positive modulation effect on the HS isoform (Figure 21C,D,E). The enhancement, 

obtained through NS9283, on nAChRs was confirmed in a patch-clamp electrophysiological 

study, in which human α4β2 receptors were expressed in rat GH4C1 cells. NS9283 produces a 

significant increase in peak current obtained by activating nAChR at sub-saturation ACh 

concentrations, without producing any detectable signal when applied alone (Figure 21F).90 

N

O

O

N
N

O

O

N NO

O

N NO

O

N

(S,R)-X
α4β2 Ki= 0.41 (20) μM
α3β4 Ki= 16.2 (35) μM

(S,S)-X
α4β2 Ki= 30.4 (34) μM
α3β4 Ki= 22 (22) μM

(S,R)-XI + (S,S)-XI
α4β2 Ki= 2.5 (30) μM
α3β4 Ki= 12.3 (37) μM

(S,R)-XII
α4β2 Ki= 1.64 (19) μM
α3β4 Ki= 5.8 (27) μM

(S,S)-XII
α4β2 Ki= 3.6 (16) μM
α3β4 Ki= 8.9 (31) μM
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Figure 21. (A) Chemical structure of NS9283; (B) NS9283 does not activates the α4β2 nAChR alone but 
increases the amplitude of nicotine-evoked Ca2+-response; (C) Concentration-response relationship for 
NS9283 allosteric modulation; (D) Current traces of ACh and NS9283+ACh in two-electrode voltage-
clamp experiments in Xenopus laevis oocytes expressing LS isoform of α4β2 nAChR. NS9283 
concentrations were increased in half-log unit increments starting with the lowest concentration (10 
nM) in application ‘1’ and ending with the highest concentration (31.6 mM) in application ‘8’; (E) 
Concentration–response relationships for NS9283 modulation of ACh-evoked currents in X. laevis 
oocytes. Oocytes were injected with a4 and b2 nACh receptor subunits in a 1:4 or 4:1 ratio to obtain 
(a4)2(b2)3 or (a4)3(b2)2 receptors, respectively. Peak current amplitudes were baseline subtracted and 
normalized with respect to the current induced by ACh (1 mM for (a4)2(b2)3, 10 mM for (a4)3(b2)2), 
and are presented as mean � SEM of 11–12 experiments; (F) Representative current traces from whole-
cell patch-clamp experiments on human a4b2 nACh receptors transiently expressed in GH4C1 cells 
stimulated with ACh (100 mM) in the absence, presence and after wash-out of NS9283 (10 mM), 
respectively. Adapted from Timmermann et al.90  

In 2013, Grupe et al. investigated the mechanism of action of NS9283 on α4β2 receptors 

expressed in HEK293-hα4β2 cells. From the experiments, it emerged that this molecule 

increases the potency but not the effectiveness of ACh; it has no effect on the desensitizing 

action of the endogenous agonist nor it is able to reactivate the desensitized receptors. 

NS9283 also reduces the recovery rate from ACh-induced desensitization and slows the 

deactivation rate (Figure 22).83,87 
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Figure 22. Activation scheme of ACh-evoked currents and modulation exerted by NS9283. R is the closed 
unliganded state, AR is the closed agonist-bound state, AO is the open agonist-bound state, and AD is 
the desensitized agonist-bound state. The ticked processes are significantly modulated by NS9283. 
Adapted from Grupe et al.83 

Finally, the effect of NS9283 on "windows current" was studied. The “window current” of a 

ligand-gated ion channel represents the range of an agonist concentration in which several 

receptors can be recovered for activation despite the presence of a desensitizing agonist. The 

overlap between the activation and desensitization curves represents the window current. 

Comparison between the “window currents” of ACh in the presence (area with blue oblique 

lines) and absence (area with black vertical lines) of NS9283 indicates that the peak of the ACh 

window current alone occurs at 1.75 mM reaching a maximal response of 8% of the initial 1 

mM ACh response, whereas the peak of the ACh window current with NS9283 occurs at 250 

nM and reaches a maximal response of 13% of the initial 1 mM ACh response (Figure 23). The 

significance of this result lends itself to different interpretations but, in the light of what 

Vinson and Justice reported in 1997 and Mattinson et al. in 2011, on resting ACh levels in rat 

brains in the range between the nanomolar and low micromolar, the NS9283 could be a 

cholinergic transmission volume enhancing agent.87  

 
Figure 23. Window current of 1 mM ACh in the absence and presence of NS9283. Adapted from Grupe 
et al.87 
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In 2014, Olsen et al., crystallized Lymnaea stagnalis AChBP (Ls-

AChBP) with NS9283 to investigate the mechanism of action and 

binding of this molecule on the α4β2 LS isoform. The data obtained 

show that the main interactions of NS9283 with the conserved 

residues on the principal side of the interface: the pyridine ring 

which forms a π-π bond with Tyr89, the pyridine nitrogen as well as the nitrile group which 

establish a hydrogen bond with Tyr185 and Tyr192 respectively, and the oxadiazole group 

interacting with the carbonyl oxygen of Trp143. On the complementary side of the interface, 

on the other hand, the crystalline structure reveals a close proximity, 4 Å, between the N2 of 

the oxadiazole group and the centroid of Trp53; N2 also appears to be engaged in van der 

Waals bonds with Arg104, Leu112 and Met114. A quantum-mechanical study of the 

interaction between the oxadiazole group and the carbonyl oxygen of Trp143 revealed that 

the area around C5 and C3 appears to possess a partial positive charge, due to the 

descherming effect of the nitrile electron-withdrawing group, thus allowing the interaction 

with the unpaired electron doublets of Trp143 (Figure 24A). The amino acid residues of the 

principal (+) side are completely conserved in both AChBP and the α4 subunit. Although, the 

complementary part of the Ls-AChBP binding site appears to be aligned with the hydrophobic 

amino acids, corresponding to the β2 (-) subunit, but differs from the hydrophilic amino acids 

present in the α4 (-) subunit. Thus, to investigate the interactions between the (-) site and 

NS9283, a homology model was used similar to that described by Harpsøe et al.22 In this model 

NS9283 maintains similar interaction to the ones with AChBP and it suggests potential 

interaction with the complementary side, such as hydrogen bond between His142 and nitrile 

group of the ligand (Figure 24B).100 
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Figure 24.(A) Binding of NS9283 (in gray). Residues from the principal (+) subunit are in green and from 
complementary (-) side in blue. Interactions are shown with dashed lines; (B) Homology model of 
NS9283 binding. Non conserved residues are sticks, and conserved are lines. Adapted from Olsen et 
al.100  

Also, point mutations were performed on the amino acids considered important for the 

interaction of NS9283: Trp88, Arg112, His142, Phe144, Gln150 and Thr152. All the mutations 

led to a modification of NS9283 potency. Trp88 of α4 is the only amino acid conserved in Ls-

AChBP (Trp53) and its mutation to alanine or phenylalanine resulted in greatly reduced 

modulator potency indicating the importance of the Trp-specific interaction. A mutation with 

an arginine completely abolishes the modulation due to a steric encumbrance. Arg112, His142 

and Phe144 seem to play an important role in the binding of NS9283 to the complementary 

part because single mutations of these amino acids in alanine lead to a loss of power of 

NS9283. Interestingly, the α4α4-ACh interaction is similarly affected by the same mutations 

thus suggesting that the interaction model of NS9283 with α4α4 mimics that of agonists. Other 

residues of the complementary subunit α4 (-) such as Thr109, Ser110, Thr139 and His145, 

were mutated and it was confirmed that they are not involved in the interaction with NS9283. 

Furthermore, mutation of the α4 (-) side into a β2 (-) side, where H142V, Q150F and T152L 

mutations were performed, abolished the activity of NS9283. When these mutations were 

performed individually, in the H142V mutant there was no activity, however, in Q150F and 

T152L mutants there was a decreased functional potency by a factor of 2 and 3, respectively 

(Figure 25). It was important to understand if the effect of H142V was due to the lack of 

interaction of the histidine or to a steric encumbrance. Therefore, other two mutations were 
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performed with valine and alanine which are less bulky. The replacement of histidine with 

alanine reduces the potency by about 10-times, but the replacement with valine eliminates 

the effect of NS9283. This means that the bulky and branched valine prevents the binding of 

NS9283 with the α4β2 interface due to steric hindrance, while histidine interacts directly with 

NS9283. Therefore, histidine suggests being the main factor in determining the α4α4 

selectivity of NS9283 by forming a bridge that anchors the ligand by binding it to the binding 

site.100 

 
Figure 25. Mutations of the α4 (-) side lead to a decreased modulatory potency. Adapted from Olsen et 
al.100 

Marotta et al. hypothesized that NS9283 might be able to activate alone receptors with more 

than one α4α4 binding site. For this purpose, they decided to mutate three amino acids of the 

β2(-) side: V136H, F144Q and L146T. In this way, it was obtained a receptor with 3α:2β 

stoichiometry but with two pseudo α4α4 sites instead of native α4β2 binding sites. Indeed, 

the application of NS9283 on this mutant receptor alone activates the receptor response in a 

dose-dependent manner.21 

Thanks to this study it was possible to better understand the mechanism of action of NS9283 

and other compounds with similar behaviour, such as CMPI. SAR studies involving NS9283 and 

CMPI might be useful for the discovery of new molecules that act on nAChRs as well as on 

other members of the Cys-loop receptor family.100,101 In 2017, Wang et al. performed docking 

studies of NS9283 in the absence of ACh using a previously generated LS-α4β2 nAChR 

homology model. Two docking modes with similar interaction energies (-26.99 and -26.87 

kcal/mol) were predicted. In the first docking pose, NS9283 is positioned near His116 
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(His142100), and in the second docking mode, it is tilted outward toward Gln124 and Thr126 

(Gln150 and Thr152100) confirming mutational studies results obtained previously (Figure 26). 

 
Figure 26. NS9283 docked at the α4α4 binding site of LS-α4β2 nAChR homology model based on the X-
ray structure of LS-α4β2 nAChR (PDB ID: 5KXI). (A) NS9283 first docking pose; (B) NS9283 second 
docking pose. Adapted from Wang et al.101 

Furthermore, these nAChRs potentiators may be useful in the treatment of diseases where 

agonists have shown efficacy. The co-administration of these potentiators with α4β2 agonist 

allows the use of lower doses of agonist with consequent decrease of side effects. This can be 

particularly useful with agonists with low therapeutic index and/or low receptor subtype 

selectivity.  For example, the effectiveness of co-application of NS9283 has been 

demonstrated in the treatment of pain, cognitive disorders, obsessive compulsive disorder 

and nicotine addiction. For example, NS9283 is selective for nAChRs containing the α4 and α2 

subunits, without interacting with the α3β2 ganglionic receptors, thus avoiding cardiovascular 

or body temperature regulatory side effects.20 

In 2019, Mazzaferro et al. discovered that mutation on both principal β2 and complementary 

α4 sides prevent the potentiation action of currents generated by ACh in LS isoform by 

NS9283. This result suggest that NS9283 potentiates α4β2 receptor as a pseudo-agonist of the 

β2:α4 interface, as an α4α4 agonist, or both. To distinguish between these possibilities, 

different mutational studies were performed. Trp176 from the principal face of the β2 subunit 

is adjacent to the His142 from the complementary α4 side and together they can contribute 

to the NS9283 binding. The mutation on the β2 subunit of the amino acid W176A in both 

pseudo-interfaces β2α4 suppresses the enhancement while the mutation of the amino acid 

α4H142V on the interface α4α4 induces a significant enhancement. This reveals that the 
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activation of the pseudo-interface β2α4 is necessary to generate a response in the LS α4β2. 

However, β2:α4 interface might not be the binding site, but act as transduction elements for 

potentiation.19 

3.2. Aim and objectives 

Based on previous work, the main goals of this part of my thesis are: 

1. Mutational studies of the hydrophilic pocket defined by Ser108, Asn109 and Leu121 in 

the β2 (-) side of the orthosteric binding site of the α4β2 nAChR, identified by 

modelling the complex α4β2/2-pyrrolidinyl-7-hydroxybenzodioxane (S,R)-IV. 

2. Synthesis of new α4β2 neuronal nicotinic acetylcholine receptor (nAChR) partial 

agonists based on the benzofuran scaffold. 

3. Investigation of the α4β2 HS and LS isoform selectivity of previously synthesized 

compounds. 

4. In vivo studies of the most promising benzodioxanes and prolinol aryl ethers previously 

synthesized using a zebrafish model. 

5. Design, synthesis and evaluation of potential selective agonists for α4β2 unorthodox 

binding site based on NS9283 structure. 

3.3. Mutational studies of β2 subunit 

3.3.1. Introduction and aim 

Compounds (S,R)-IV, (S,S)-IX and (S,R)-X are the most promising compounds synthesized and 

tested for their binding affinity. They were docked into the orthosteric α4β2 binding site and 

it was confirmed that they are involved in hydrogen-bond interaction with Asn109 and Leu121 

through 7-OH ((S,R)-IV), 5-NH2 ((S,S)-IX) and pyridodioxane nitrogen ((S,R)-X). These two 

residues together with Ser108 form a hydrophilic pocket of the β2(-) side. The interactions 

with this site justify that in their absence, like in naked benzodioxane derivative (S,R)-III, the 

affinity is lower and there is a loss of agonist activity. These compounds show α4β2 affinity 

and agonism, and α4β2/α3β4 selectivity. Therefore, it was important to determine the critical 

role of substituents at the aromatic ring in the interaction with the small hydrophilic pocket 

on β2(-) side.98 
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3.3.2. Biology 

For this purpose, we chose to make single mutations rather than backbone mutations, which 

can be generically disruptive to receptor function. Considered the small capacity of the pocket, 

we decided to increase and decrease the volume of Ser108 side chain in order to disfavor or 

favor the accessibility to backbone NH of Leu121 and CO of Asn109. Ser108 residue was 

replaced with leucine (Leu), phenylalanine (Phe) and alanine (Ala). Binding experiments were 

performed on the heterologously expressed human α4β2 receptor and its three Ser108àLeu, 

Ser108àPhe and Ser108àAla mutants. We also tested compound (S,R)-III and (S,R)-VII to 

extend the investigation. The results are shown in Table 3. To assess whether conserved or 

slightly increased binding to the Ala mutated receptor corresponds to unaltered agonist 

activity, compounds (S,R)-IV, (S,S)-IX and (S,R)-X were tested via whole-cell patch clamp 

electrophysiology with GH4C1 cell line cells transiently expressing the human α4β2 subtype 

and its Ser108 → Ala mutant (Figure 27). 

3.3.2.1. Constructs of Mutated β2 Subunits.  

The amino acid S108 of the human β2 subunit, identified by modeling, corresponds to S133 

(due to the presence of signal peptide of 25 amino acids) in the UniProt sequence. The 

mutants S133A, S133L, and S133F have been generated by site-directed mutagenesis using 

the QuikChange Lightning Site-directed mutagenesis kit (#210519, Agilent). The template used 

was pCDNA3-hβ2 (a kind gift of Sergio Fucile, Università la Sapienza, Roma), which codes for 

the entire CDS of the human β2 subunits (protein sequence, ACHB2_HUMAN, UniProt 

database). In pCDNA3-hβ2-S133A, a TCC trinucleotide sequence (position 397−399) that codes 

for a serine is changed to GCC (one nucleotide mutated) that codes for an alanine. To obtain 

pCDNA3-hβ2-S133L, the TCC is converted to CTC (two nucleotides mutated) that codes for a 

leucine, while it is converted to TTC (one nucleotide mutated) that codes for a phenylalanine 
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in pCDNA3-hβ2-S133F. To obtain these substitutions, we designed the following primers (the 

mutated oligonucleotides in bold):  

S133A upper: 5ʹ-CGAGGTGTCCTTCTATGCCAATGCCGTGGTCTCC-3ʹ.  

S133A lower: 5ʹ-GGAGACCACGGCATTGGCATAGAAGGACACCTCG-3ʹ.  

S133L upper: 5ʹ-CGAGGTGTCCTTCTATCTCAATGCCGTGGTCTCC-3ʹ.  

S133L lower: 5ʹ-GGAGACCACGGCATTGAGATAGAAGGACACCTCG-3ʹ.  

S133F upper: 5ʹ-CGAGGTGTCCTTCTATTTCAATGCCGTGGTCTCC-3ʹ.  

S133F lower: 5ʹ-GGAGACCACGGCATTGAAATAGAAGGACACCTCG-3ʹ.  

According to the protocol of the kit, 25 ng of the template was amplified using 125 ng of 

primers with the following PCR protocol: 1 cycle of 95 °C for 2 min (step 1), 18 cycles of 95 °C 

for 20 s, 60 °C for 10 min and 68 °C for 3.5 min (step 2), and 1 cycle of 68 °C for 5 min.  

After the digestion of the parental methylated DNA with the DpnI enzyme, we transformed 

the mutated plasmid into XL10-GOLD Ultracompetent cells. The mutations were checked by 

sequencing the plasmid obtained.  

3.3.2.2. Transfection and Binding Studies of WT and Mutated α4β2 Subtypes 

HeLa cells were purchased from ATCC and grown in a high-glucose DMEM medium (Gibco, 

Thermo Fisher Scientific) supplemented with 10% heat-inactivated FBS (CARLO ERBA 

Reagents) of South American origin, 2 mM L-glutamine (Euro- Clone), 100 U/mL penicillin G, 

and 100 μg/mL streptomycin (EuroClone). The cells were maintained in a 5% CO2 environment 

at 37 °C. On the day before transfection, 2.2 × 106 to 2.5 × 106 cells for each condition were 

plated in a 100 mm Petri dish. Each dish was transfected with 15 μg of pcDNA (7.5 μg of pcDNA 

for each subunit: α4 and β2 for control α4β2; α4 and β2S133A for α4β2S133A subtype; α4 and 

β2S133L for α4β2S133L subtype; α4 and β2S133F for α4β2S133F subtype) by employing JetPEI 

DNA transfection reagent (Polyplus-transfection) diluted with a 150 mM NaCl solution by 

following the manufacturer’s instructions. The culture medium was replaced with fresh 

medium just before transfection. After 24 h, the transfected cells were washed once with PBS, 

harvested, and immediately frozen. For [3H]epibatidine saturation binding experiments, 
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aliquots of the membrane homogenate obtained from transfected HeLa cells were used and 

binding was performed as described above. For competition studies, the inhibition of 

[3H]epibatidine binding was measured by incubating the membranes of HeLa cells transfected 

with the appropriate subtype with increasing concentrations of compounds for 5 min followed 

by overnight incubation at 4 °C, with 0.1 nM [3H]epibatidine. At the end of the incubation time, 

the samples were processed as described above. [3H]Epibatidine binding was determined by 

liquid scintillation counting in a β counter. Ki values were obtained by fitting three 

independent competition binding experiments, each performed in duplicate for each 

compound on each subtype.  

3.3.2.3. Electrophysiological Experiments 

The human α4β2 and α4β2S108A nAChRs were expressed by transient transfection in the rat 

anterior pituitary GH4C1 cell line. Transient transfection was achieved by adding to each well 

0.5 μg of each subunit cDNA, along with 2 μL of Magnetofection reagent NeuroMag (OZ 

Biosciences, France). All culture media were purchased from Invitrogen (Italy). Whole-cell 

current recordings were performed 2−3 days after transfection. Recordings and data analysis 

were performed by using a borosilicate glass patch pipette (3 to 6 MΩ tip resistance) 

connected to an Axopatch 200A amplifier (Axon Instruments, Foster City, CA). Data were 

stored on a PC computer by using PCLAMP10 software (Molecular Devices). During the 

recording period, the cells were bathed in the following solution: 140 mM NaCl, 2 mM CaCl2, 

2.8 mM KCl, 2 mM MgCl2, 10 mM Hepes/ NaOH, and 10 mM glucose (pH 7.3). The patch 

pipettes were filled with a solution containing 140 mM CsCl, 2 mM MgATP, 10 mM 

Hepes/CsOH, and 5 mM BAPTA (pH 7.3). Whole-cell capacitance and patch series resistance 

(5−15 MΩ) were estimated from slow transient compensations. A series resistance 

compensation of 85− 90% was obtained in all cases. The cells were voltage-clamped at a 

holding potential of −70 mV and continuously perfused with a gravity-driven system using 

independent external tubes for the control and agonist-containing solutions. These tubes 

were positioned 50−100 μm from the patched cell and connected to a fast exchanger system 

(RSC-160, BioLogic, France). Dose−response relationships were constructed by sequentially 

applying different concentrations of agonists and normalizing the obtained current 



 45 

amplitudes to the value obtained by applying 100 μM ACh on the same cell. For quantitative 

estimations of agonist actions, dose−response relationships were fitted by the equation: 

I = Imax ([C]nH /(EC50
 nH + [C]nH)), 

where I is the peak current amplitude induced by the agonist at concentration [C], Imax is the 

maximum response of the cell, nH is the Hill coefficient, and EC50 is the concentration for which 

a half-maximum response is induced. Dose−response curves were fitted with separate or 

shared parameters for α4β2 and α4β2S108A nAChRs (Imax, EC50, and nH) and then compared 

with F statistical analysis. No significant difference was found; thus, a single dose−response 

curve was shown for each compound.  

3.3.3. Results and discussion 

Western blot analysis of the mutated receptors showed that none of the three mutations 

affected the expression of the receptors. However, the substitution of Ser108 with Leu and 

Phe residues completely abolished the binding of the [3H]epibatidine, not allowing the 

determination of the Ki of our compounds. Contrastingly, the mutation to Ala had a beneficial 

effect on the binding of the two 7-substituted derivatives (S,R)-IV and (S,R)-VII, and it was 

insignificant to the binding of other 3 compounds (Table 3).  
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Compound Structure 

Wild-type 
α4β2 

nAChR Ki 
(μM) 

Mutated 
α4β2S108A 

nAChR Ki (μM) 

Ratio (wild 
type/mutant) 

(S,R)-IV 

 

0.0067 
(0.001) 

0.0012 (0.0004) 5.6 

(S,S)-IX 

 

0.373 
(0.049) 

0.156 (0.017) 2.4 

(S,R)-X 

 

0.114 
(0.026) 

0.265 (0.091) 0.43 

(S,R)-III 

 

1.175 (0.16) 0.912 (0.29) 1.29 

(S,R)-VII 

 

0.046 
(0.008) 

0.006 (0.001) 7.7 

 
Table 3. The Kd and Ki values were derived from [3H]epibatidine saturation and three competition 
binding experiments using human WT α4β2 and mutated α4β2S108A subtypes. Data from saturation 
and competition binding curves were evaluated by one-site competitive binding curve-fitting 
procedures using GraphPad Prism version 5 (GraphPad Software, Inc., CA, USA). Each compound was 
tested in three separate competition binding curves for both wild-type and mutated receptors and the 
inhibition constant (Ki) was estimated in reference to the Kd of the radioligand according to the Cheng− 
Prusoff equation. The numbers in brackets represent the standard error.98  
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As shown in Figure 27A-C, the three compounds maintain partial agonism responses with 

almost identical efficacies at the wild-type and mutated receptors, confirming the binding 

results. 

 
Figure 27. Agonist properties of (S,R)-X (A), (S,S)-IX (B), and (S,R)-IV (C) do not differ on human α4β2 
and α4β2S108A nAChRs. (A) (S,R)-X dose−response relationship (normalized with respect to the 
response elicited by 100 μM ACh) for human α4β2 nAChR (black circle; n = 3) and for human α4β2S108A 
nAChR (white circle; n = 2). A single Hill equation was best fitted to all data, yielding Imax = 26 ± 2%, EC50 
= 2.6 ± 0.6 μM, and nH = 1.8 ± 0.8; (B) (S,S)-IX dose−response relationship (normalized as in A) for 
human α4β2 nAChR (black circle; n = 3) and for human α4β2S108A nAChR (white circle; n = 4). A single 
Hill equation was best fitted to all data, yielding Imax = 31 ± 5%, EC50 = 2.4 ± 1.7 μM, and nH = 0.9 ± 0.4; 
(C) (S,R)-IV dose−response relationship (normalized as in A) for human α4β2 nAChR (black circle; n = 4) 
and for human α4β2S108A nAChR (white circle; n = 8). A single Hill equation was best fitted to all data, 
yielding Imax = 29 ± 3%, EC50 = 3.8 ± 2.1 μM, and nH = 0.6 ± 0.1.  

Replacement of the hydroxymethyl side chain of Ser108, one of the amino acid residues lining 

the small hydrophilic β2 pocket, with the little less bulky methyl of Ala increases the affinity 

of the 7-OH and 7-NH2 derivatives without significantly modifying that of the benzodioxane 

derivatives unsubstituted or 5-modified and, in any case, it does not affect α4β2 partial 

agonism. On the contrary, replacement of the hydroxymethyl side chain of Ser108 even just 

with the little bulkier isopropyl of Leu abolishes the labeled epibatidine binding so as to hinder 

α4β2 affinity determination. These results indicate that the small β2 pocket is well receptive 

to OH and NH2 substituents and to pyridodioxane nitrogen, which are indispensable to elicit 

the agonist activity, but with very strict occupancy limits.98  
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3.4. Design, synthesis and pharmacological evaluation of new α4β2 partial 

agonists 

3.4.1. Introduction and aim 

As discussed in the previous chapter 2.3, a series of pyrrolidinyl-benzodioxanes and analogues 

were synthesized, and their pharmacological profiles were investigated. Their activity strictly 

depends on the conformation and the configuration of -C-O- linker between the pyrrolidine 

ring and the aryl moiety and on the substitution pattern of the latter. In smoking cessation, 

the partial agonist approach combines agonist activity to relieve craving during abstinence 

with attenuation of the rewarding effects of smoking by blocking nicotine’s access to the α4β2 

nAChR. From the results obtained with the mutational studies, we decided to further 

investigate the importance of the hydrophilic pocket and the interaction of hydroxyl group 

with it. Therefore, we were interested to find new α4β2 potential partial agonists based on 

the benzofuran scaffold in place of benzodioxane system previously synthesized in our 

research group to further investigate the implications of the flexibility reduction, abolishment 

of stereogenic centre and of the one of the two oxygen in comparison with previously tested 

benzodioxane derivatives. For this purpose, we designed and synthesized compounds 1-6 with 

naked or hydroxy/methoxy decorated benzofuran scaffold (Figure 28).  

 
Figure 28. Potential α4β2 partial agonists 1-4 and antagonists 5 and 6. All the compounds are racemic. 

We performed docking in the orthosteric binding pocket of the α4β2 receptor starting from 

the new Cryo-EM structure of the full-length human receptor (6CNJ) now available. Docking 

was performed using the Glide XP Ligand Docking Protocol docking in Maestro, Schrodinger, 

with default settings (van der Waals radius scaling factor: 0.8, partial cutoff: 0.15, XP precision, 

OPLS3e forcefield, flexible sampling), with a grid centered on the present ligand. It is possible 
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to observe that our most interesting benzodioxane derivative, (S,R)-IV, places the hydroxyl 

group  deep in the hydrophilic pocket. Otherwise, the hydroxyl group of the benzofuran 

analogues 1 and 2 were slightly out of the pocket. These docking results prompted us to 

synthesize a series of pyrrolidinyl benzodioxanes differently substituted, at the benzene ring, 

in order to better evaluate the role of such interactions with the hydrophilic pocket (Figure 

29). 

 
Figure 29. A) Binding modes of (S,R)-IV (pink) and 1 (green) and of B) (S,R)-IV (cyan) and 2 (yellow) at 
the α4β2-nAChR orthosteric binding site (PDB ID: 6CNJ). The backbone of the receptor is represented 
with blue (α4) and orange (β2) cartoons, and amino acids of the binding sites are shown in dark grey. 
For clarity, only H-bonds are depicted (yellow dashed lines). Whereas the pyrrolidine rings and aromatic 
cores of (S,R)-IV and 1 are similarly positioned, the terminal hydroxyl group of 1 does not access 
completely the small hydrophilic subpocket, and interacts only with the backbones of S108 and N109, 
but not with the side chain of S108. Repositioning of the terminal OH group to (S,R)-IV and 2 disallows 
H-bond interactions with both S108 and N109 of the hydrophilic subpocket and an overall upwards shift 
of the ligands. 

3.4.2. Chemistry 

For the synthesis of these compounds, I started with N-Boc protection of commercially 

available pyrrolidine performed by treatment with di-tert-butyl decarbonate (Boc2O). This is 

the main intermediate which will then react with properly substituted 2- or 3-

bromobenzofurans in a Catalytic Lithiation Trapping-Negishi Coupling reaction to give the 

desired products. 
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Scheme 2. Reagents and condition (a) DCM, TEA, Boc2O, rt, overnight, 98%.  

The synthesis of 2-bromobenzofuranol scaffolds is based on the Ramirez olefination reaction 

followed by the intramolecular cyclization of the formed dibromoolefine to benzofuran. The 

properly substituted dihydroxybenzaldehyde (compounds 8 and 9) was reacted with CBr4 and 

PPh3 in presence of Zn powder, used as a scavenger of acidity, to give the correspondent gem-

dibromoalkene. This latter was found to decompose on isolation and for this reason, the crude 

of the reaction was submitted directly to the cyclization step by treatment with CuI and K2CO3 

o Cs2CO3, giving compounds 10 and 11. Many efforts have been made for the optimization of 

this step by trying different bases, solvents, and temperatures. I also tried to use a 

heterogenous Copper-catalyst based on AquivionH polymer, which gave higher yields. 

Unfortunately, every attempt to recover this cataluyst at the end of the reaction was not 

effective, so I decided to use CuI, which is less expensive. Compounds 10 and 11 were then O-

alkylated by reaction with BnBr or MeI to obtain compounds 12-15 (Scheme 3).  

 
Scheme 3. Reagents and conditions (a) ACN, CBr4, Ph3, Zn, rt, 1h; (b) NH4Cl, rt, 30min; Cs2CO3 or K2CO3, 
CuI reflux 3h, 43% (10), 36% (11); (c) dry THF, NaH, BnBr, rt, overnight, 84% (12), 73% (13); (d) dry THF, 
NaH, MeI, rt, overnight, 70% (14), 86% (15).  

The obtained benzofurans 12-15 were then coupled with N-Boc pyrrolidine in a lithiation 

trapping – Negishi reaction giving compounds 16-19. Compounds 20, 21 and 3 were then 

obtained by N-Boc deprotection and subsequent N-methylation of pyrrolidine ring by 

reductive amination. Compound 4 was obtained by N-Boc deprotection of 19 with LiAlH4. 
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Compounds 1 and 2 were obtained by catalytic hydrogenation of compounds 20 and 21 

(Scheme 4).  

  
Scheme 4. Reagents and conditions (a) dry THF, s-BuLi, ZnCl2, Pd(OAc)2, tBu3PHBF4, rt, 16h, 16% (16), 
20% (17), 10% (18), 17% (19); (b) HCl in MeOH 1.25N, 50°C, 3h; (c) MeOH, CH3COOH, 37% HCHO(aq), pic-
BH3, rt, 4h, 60% (20), 41% (21), 37% (3); (d) dry THF, LiAlH4, rt, 3h, 14% (4); (e) H2, Pd/C 10%, MeOH, rt, 
2h, 78% (1), 66% (2).  

Mechanism of the step a: 

 

Compound 5 was synthesized using a Lewis acid promoted addition of n-BuLi to an 

intermediate imine. In this synthesis, N-lithiated pyrrolidine reduces benzophenone forming 

a lithium alkoxied and 1-pyrroline. This intermediate imine is instable on isolation, so it directly 

reacts with previously formed α-lithiated benzofuran, forming the α-functionalized 

intermediate compound 22. The addition of Lewis acid in the condensation step activates the 

1-pyrroline towards nucleophilic attack. The desired compound 5 was then obtained by N-

methylation of pyrrolidine ring by reductive amination (Scheme 5).  

  
Scheme 5. Reagents and conditions (a) dry THF, dry Et2O, n-BuLi, benzophenone, BF3

.Et2O, rt, 2h, 7%; 
(b) MeOH, CH3COOH, 37% HCHO(aq), pic-BH3, rt, 4h, 62%. 

 

N
Boc

O
Br+

7 12 X=OBn, Y=H 
13 X=H,      Y=OBn 
14 X=OMe, Y=H 
15 X=H,      Y=OMe

X

Y ON
Boc

Y

X

16 X=OBn, Y=H    
17 X=H,      Y=OBn
18 X=H,      Y=OMe
19 X=OMe, Y=H

ON

Y

X

20 X=OBn, Y=H
21 X=H,      Y=OBn
3 X=H,        Y=OMe
4 X=OMe,   Y=H

1 X=OH, Y=H
2 X=H,    Y=OH

a b, c

e

d

N
Boc

H
H

N Li
THF

OO
tBu

THF

Pd
OAc

O

X
Y

ON
Boc

Y

XOAc

N
Boc

ZnCl

O
Br

X

Y

O
Pd

X

Y

OAc

Br
OAc

N
Boc

sBuLi
THF

ZnCl2

Pd(OAc)2
tBu3PHBF4

N
H

O
+ a

ON
H

ON

b

22 5



 52 

Mechanism of the step a: 

 

For the synthesis of compound 6, the key intermediate is 3-bromobenzofuran, which was 

obtained by the treatment of the commercially available benzofuran with bromine to obtain 

the corresponding 2,3-dibromo derivative, that was dehydrobrominated to the desired 

compound 23. Subsequently, this latter compound 23 was coupled with N-Boc-pyrrolidine to 

give intermediate 24, which was then Boc-deprotected by treatment with HCl methanol 

solution and N-methylated using reductive amination procedure to final compound 6 (Scheme 

6). 

 
Scheme 6. Reagents and conditions (a) DCM, Br2, rt, 30min; followed by KOHsat in EtOH, reflux, 3h, 56%; 
(b) dry THF, N-Boc pyrrolidine, s-BuLi, ZnCl2, Pd(OAc)2, tBu3PHBF4, rt, 16h, 15%; (c) HCl in MeOH 1.25N, 
50°C, 3h, 33%; (d) MeOH, CH3COOH, 37% HCHO(aq), pic-BH3, rt, 4h, 26%. 

3.4.3. Biology 

3.4.3.1. Cell culture and membrane preparation 

Culture of HEK-293 cells stably transfected with human α4β2 (HEK-α4β2) or rat α3β4 (HEK-

α3β4) and membrane fractions preparation were performed as previously described.102 HEK-

α4β2 and HEK-α3β4 cells were grown at 37 °C in a humidified incubator at 5% CO2 in 25 mL of 

growth medium 140 mm tissue culture dishes for 4 days. The medium consists of a 1:1 mixture 

of DMED and Ham’s F12, supplemented with 10% fetal bovine serum, penicillin (100 

units/mL), streptomycin (100 units/mL) and G418 (450 μg/mL). At 80-100% confluency, cells 

were treated with trypsin and harvested by gentle scraping. Cells were washed twice with 

phosphate buffer saline and final cell pellet was stored at -20 °C till used. At the day of 

membrane preparation, cells were thawed on ice in vesicle dialysis buffer (VDB; 100mM NaCl, 
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0.1mM EDTA, 0.02% NaN3, 10mM MOPS, pH 7.5) in the presence of protease inhibitor cocktail 

(Calbiochem, Millipore, San Diego, CA, USA). Cell were homogenized using glass-Teflon 

homogenizer and unsuspended cell debris was removed by centrifugation at 2000 rpm at 4 °C 

for 20 min. The supernatant was collected and centrifuged at 15K rpm at 4 °C for 1 h to pellet 

membrane fractions which was resuspended in VBD.  

3.4.3.2. Binding assay 

The affinity (Kd) of the nAChR agonist epibatidine at the α4β2 nAChR was determined using 

[3H]epibatidine saturation binding to membranes isolated from HEK-293 cells stably 

transfected with human α4β2 (HEK-α4β2). The affinities (Ki) of the synthesized compounds 1-

6 for the α4β2 and α3β4 nAChRs were determined using their concentration-dependent 

displacement of the specific binding of [3H]epibatidine to HEK-α4β2 and HEK-α3β4 

membranes, respectively. The total and specific bindings of [3H]epibatidine were determined 

using a filtration based assay as described in Pinheiro et al.103 and every experiment was done 

in triplicate. Briefly, for saturation experiments, HEK- α4β2 membranes at 0.1 mg/mL protein 

were incubated at room temperature for 3 h with 1- 20 nM concentrations of [3H]epibatidine 

in the absence (total binding) or presence of 1 mM carbamylcholine (nonspecific binding). At 

the end of the incubation, receptor bound and free [3H]epibatidine were separated by rapid 

filtration using polyethyleneimine-treated glass microfiber filters. Filters then washed with 5 

mL of ice-cold VDB, allowed to fully dry, soaked in 5 mL of scintillation cocktail, and their 3H 

contents were quantified by liquid scintillation counting (liquid scintillation analyzer Tri-Carb 

4810TR, PerkinElmer Life Sciences, Waltham, MA, USA). For [3H]epibatidine competition 

studies, the inhibition of [3H]epibatidine binding was measured by incubating membranes of 

the appropriate subtype with 1 nM [3H]epibatidine and increasing concentrations of the 

compound to be tested at room temperature for 3 h. The Kd of the ligands for each subtype 

was determined by performing triplicate binding experiments for each compound for each 

dose. Data analysis, curve fitting and Kd determination were calculated using GraphPad Prism 

version 9 (GraphPad Software, Inc., San Diego, CA, USA). Inhibition constants (Ki) of newly 

synthesized compounds were determined using the Cheng−Prusoff equation and the Kd value 

for [3H]epibatidine are expressed as μM values ± SD. The results are shown in Table 4. 
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3.4.3.3. Receptor expression in Xenopus oocytes 

For α4β2 nAChRs, cRNA transcripts concentration were determined from absorbance at 260 

nm. cRNas subunits were mixed at ratios of 8α:1β or 1α:8β to express nAChRs with subunit 

stoichiometries of 3α:2β or 2α:3β, respectively. For α3β4 nAChR, RNA was mixed at ratios of 

1α:1β. Oocytes were injected with a volume containing 5-20 ng of cRNA mixture. Oocytes-

positive female X.laevis were purchased from NASCO (Fort Atkinson, WI), and ovarian lobules 

were harvested surgically following animal use protocols approved by the University of Texas 

at Tyler Institutional Animals Care and Use Committee. The lobules were treated with 3 mg/mL 

collagenase type 2 (Worthington Biomedical) with gentle shaking for 3 h at room temperature 

in Ca2+ -free OR2 buffer (85 mM NaCl, 2.5 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.6). Stage 

V and VI oocytes were selected, injected with cRNA, and incubated at 18 °C in ND96-

gentamicin buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, 50 μg/mL 

gentamicin, pH 7.6) for 24 –72 h to allow receptor expression.  

3.4.3.4. Electrophysiological recording 

A standard two-electrode voltage-clamp technique was used to acquire whole-cell current 

from Xenopus oocytes expressing WT nAChR in response to drugs application as described in 

Wang et al.101 Xenopus oocytes were voltage-clamped at -50 mV using Oocyte Clamp OC-725C 

(Warner Instruments, Holliston, MA, USA) in a custom-made small recording chamber and 

under continuous perfusion with recording buffer (ND96; 100 mM NaCl, 2 mM KCl, 1 mM 

CaCl2, 0.8 mM MgCl2, 1 mM EGTA, 10 mM HEPES, pH 7.5). An automated perfusion system 

made up of glass reservoirs and Teflon tubing (Warner Instruments, Holliston, MA, USA) was 

used to control recording chamber perfusion and drug application. Each recording run 

included 3-5 drug applications (5 s each) separated by 120 s wash intervals unless otherwise 

specified in the figure legends, and oocytes were washed for 3 min between runs. Each drug 

concentration was tested in at least three oocytes. Current traces were digitized at 50 Hz and 

peak current amplitudes in response to drug applications were quantified using Digidata 

1550A interface/ pCLAMP 10.7 software (Molecular Devices, San Jose, CA, USA). ACh and 

LY2087101were prepared as 10mM stock solution in DMSO. Stock solutions were stored at -

20 °C and diluted to final concentrations in recording buffer on the day of experiments. At the 

highest concentration tested, DMSO was present at 0.1%, which had no effect on ACh 
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responses. Dose-response relationships were constructed by sequentially applying different 

concentrations of drugs and normalized to the value obtained by applying 10μM ACh on the 

same oocyte unless otherwise specified in the figure legends. For quantitative estimations of 

agonist actions, dose−response relationships were fitted by the 4-parameter Hill equation  

Ix = I0 + (xh )*(Imax-I0)/(xh+ EC50
h) 

where Ix is the normalized ACh current in the presence of the drug at concentration x, I0 is the 

bottom plateaus, Imax is the maximum potentiation of current, h is the Hill coefficient, and EC50 

is the drug concentration producing 50% of maximal potentiation.  

3.4.4. Results and discussion 

The binding studies indicate that compounds do not bind or bind very little the α3β4 nAChRs 

with Ki values in μM scale, making them selective for α4β2 receptor subtype. We can observe 

analogies between 2-(N-methyl-2-pyrrolidinyl)benzofurane (5) and 2-(N-methyl-2-

pyrrolidinyl)-1,4-benzodioxane ((S,R)-III): the hydroxylation at C(6) and C(7), to give, 

respectively, 1 and (S,R)-IV, increases not only the α4β2 affinity but also the α4β2 selectivity. 

The higher selectivity ratios of the benzofuranes 5 and 6, compared to benzodioxane (S,R)-III, 

and of benzofurane 1, compared to the benzodioxane (S,R)-IV, could be due also to the fact 

that the α3β4 affinities of 1, 5, and 6 were determined at the rat receptor subtype, which is, 

as previously underlined, more discriminating than the human receptor subtype used to 

determine the α3β4 affinities of (S,R)-III and (S,R)-IV. (Table 4, Figure 30). The most promising 

compounds previously synthesized were reported for the comparison.   



 56 

Compound Structure 
α4β2 

Ki (μM) 

α3β4 

Ki (μM) 

α4β/α3β4 

selectivity 

1 
 

0.172 (0.025) 45.31 (13.26) 260 

2 

 

>100 >100  

3 

 

181 >100  

4 
 

>100 27.10 (11.18)  

5 
 

0.718 (0.98) 19.43 (2.7) 27 

6 

 

0.828 (0.32) 81.55 (69.48) 98 

(S,R)-III 

 

0.26 (0.08) 1.2 (0.34)  4.6 

(S,R)-IV 

 

0.012 (0.002)  0.31 (0.1)  26 

Table 4. The Ki values were derived from [3H]epi competition binding experiments using HEK α4β2 and 
HEK α3β4 membranes. Data from competition binding curves were evaluated by one-site competitive 
binding curve-fitting procedures using GraphPad Prism version 9. Each compound was tested in 
triplicated for each subtype and the inhibition constant Ki was estimated using Kd of the radioligand 
according to Cheng-Prusoff equation. The numbers in brackets represent the standard error.  
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Figure 30. (A) Inhibition of [3H]epibatidine binding to the α4β2 nAChR subtype by increasing compound 
concentration. Competition binding curves were evaluated by one-site competitive binding curve-fitting 
procedures using GraphPad Prism version 9 and Ki was using Kd of the radioligand according to Cheng-
Prusoff equation; (B) Inhibition of [3H]epibatidine binding to the α3β4 nAChR subtype at 100μM 
concentration of compound. 
 

The activity at the two α4β2 isoforms, the HS and the LS, were determined for the compounds 

displaying the highest α4β2 affinities, namely the 6-hydroxylated pyrrolidinyl benzofurane 1 

and the 7-hydroxylated pyrrolidinyl benzodioxane (S,R)-IV. In addition to the α4β2 partial 

agonist (S,R)-IV, we thought to test two other benzodioxane based α4β2 partial agonists, 

namely the 7- and 5-amino analogues of (S,R)-III (compounds (S,R)-VII and (S,S)-IX). These 

three benzodioxane derivatives have three different activity profiles. They are all α4β2 partial 

agonists, but (S,R)-IV with a moderate α4β2/α3β4 functional selectivity, (S,R)-VII with no 

α4β2/α3β4 functional selectivity and (S,S)-IX with no α3β4 functional activity. The functional 

effect was assessed using two-electrode voltage-clamp technique and measuring the whole 

cell current elicited in Xenopus oocytes expressing wild-type human LS or HS nAChRs in 

response to application of these ligands alone or in combination with other nAChR ligands as 

described by Wang et al.101 and by Deba et al.85 To circumvent the low current amplitudes 

observed with these ligands at HS and/or LS receptors, 1 μM of the positive allosteric 

modulator LY2087101 was coapplied. LY2087101, as underlined previously, is expected to 

enhance maximal responses with little effect on potencies at both stoichiometries based on 

its effect on the current elicited by ACh under similar experimental conditions (Figure 31).85  

A B 
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Figure 31. Potency enhancement of 1 in the presence of PAM LY2087101 (HS left, LS right).  

From the functional tests, it is possible to notice that compound 1 has similar potency at both 

isoforms with EC50 of 2.34 ± 0.07 μM at HS and 3.0 ± 0.46 μM at LS isoform (Figure 32A). 

However, the efficacy of this compound is different at two isoforms. The Imax at the high 

sensitivity isoform is 24 ± 4.3 % while it is only 3.4 ± 1.5 % at the low sensitivity α4β2 nAChR 

(Figure 32B,C). It was also tested for its activity at the α3β4 nAChR. At the saturation dose of 

100 μM, it does not elicit any current at the receptor (Figure 32D).  
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Figure 32. (A) Current elicited by Xenopus oocytes expressing WT (α4)2(β2)3 and (α4)3(β2)2 nAChRs in 
response to 5 s applications of increasing concentrations of 1 with 1 μM LY2087101 were recorded and 
normalized to peak currents elicited by 30 μM 1 co-applied with LY2087101; (B, C) Representative two-
electrode clamp traces showing the effects of different concentration of 1 with 1 μM LY2087101 and 
ACh in HS (B) and LS (C) α4β2 nAChRs; (D) Representative two-electrode clamp traces showing the 
effects of different concentration of ACh in α3β4 nAChRs. 

On the other hand, the three benzodioxane-based compounds (S,R)-IV, (S,R)-VII and (S,S)-IX 

exhibit three different potency profiles (Figure 33A-C). 
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Figure 33. Current elicited by Xenopus oocytes expressing WT (α4)2(β2)3 and (α4)3(β2)2 nAChRs in 
response to 5 s applications of increasing concentrations of compounds (S,R)-IV (A), (S,R)-VII (B) and 
(S,S)-IX (C) with 1 μM LY2087101 were recorded and normalized to peak currents elicited by 10 μM 
ACh. 

A 

B 

C 
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The 2-pyrrolidinyl-7-hydroxybenzodioxane (S,R)-IV is 170 times more potent at the HS 

isoform, the 2-pyrrolidinyl-7-aminobenzodioxane (S,R)-VII shows modestly different 

potencies, while the 2- pyrrolidinyl-5-aminobenzodioxane (S,S)-IX has no activity at the HS 

isoform. All the four compounds are partial agonists with markedly higher efficacy at the HS 

isoform, except for (S,S)-IX, which has null efficacy at the HS isoform (Table 5). 

Compound 
(α4)2(β2)3 (α4)3(β2)2 

EC50 (μM) Imax % EC50 (μM) Imax % 

1 2.34 (0.07) 24 (4.3) 3.0 (0.46) 3.4 (1.5) 

(S,R)-IV 0.129 (0.22) 30 (3.7) 21.8 (3.29) 12.1 (1.9) 

(S,R)-VII 0.799 (0.07) 38 (2.9) 4.8 (4.6) 2.3 (0.2) 

(S,S)-IX no current 18.5 (1.92) 3.4 (1.5 
Table 5. Potency and efficacy of compounds 1, (S,R)-IV, (S,R)-VII and  (S,S)-IX at the two wild type human 
α4β2 nAChR isoforms expressed in Xenopus oocytes. Current responses by Xenopus oocytes expressing 
WT (α4)2(β2)3 and (α4)3(β2)2 nAChRs to 5 s applications of increasing concentrations compounds alone 
or with 1 μM LY2087101 were recorded and normalized to peak current amplitude elicited by 10 μM 
ACh alone. Efficacies are expressed as percentage ratio between the maximal effect of the compound, 
in the absence of LY2087101, and the maximal effect of ACh at the (α4)2(β2)3 (10 μM) or (α4)3(β2)2 (1 
mM) isoform.  

The activation profile of (S,R)-IV resembles that of sazetidine-A, which selectively activates the 

HS over the LS receptor, while the behaviour of compound (S,S)-IX is analogous to that of 

cytisine. Such results indicate that substituents at benzodioxane C(7) and C(5), which are determinant 

for the α4β2/α3β4 selectivity, as we have previously rationalized, are involved also in the 

stoichiometry selectivity. This is intriguing and not surprising. In fact, the substituents at the 

benzodioxane aromatic ring interact mostly with the complementary β2(-), and β4(-) faces 

controlling the α4β2/α3β4 selectivity and it is reasonable that these substituents also interact 

with the α4(-) face of the third “low” affinity ACh site identified at the α4/α4 interface, unique 

in the LS receptor, thus being critical also for the HS/LS selectivity.19,84,104 

Taken together, these results show how the benzofuran scaffold can take the place of the 

benzodioxane scaffold and how, for both, the position of the oxygens of the heterocycle and 

the decoration of the aromatic ring are discriminant. Furthermore, the investigation of the 
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two isoforms highlights how these characteristics are involved in a discriminating way in the 

interaction with the two α4β2 isoforms in the case of the benzodioxane scaffold. 

3.5. Zebrafish in vivo studies of α4β2 nAChRs agonists 

3.5.1. Introduction and aim 

As discussed above, prolinol aryl ethers and pyrrolidinyl benzodioxanes have a high affinity for 

mammalian α4β2 nAChRs.95,96,99,105 Their electrophysiological profiles were studied in the past 

years but not their in vivo effects. We tested them for their effects on zebrafish behaviour. 

We hypothesised that α4β2 receptor full agonists (S)-V and (S)-VI may reinforce learning and 

memory. We tested (S)-V and (S)-VI and the antagonist (S,R)-III using the T-maze and a virtual 

object recognition tests which respectively evaluate spatial memory and attention. We also 

tested the (S,R)-IV partial agonist, using conditioned place preference, in order to investigate 

its ability to block the rewarding effects of nicotine and therefore its potential use in smoking 

addiction.106 

 

3.5.2. Biology 

3.5.2.1. Animals and housing 

Five hundred and seventy adult male and female (approximately 50%–50%) wild-type (short 

fin) zebrafish (Danio rerio) were obtained from the Department of Life and Environmental 

Science of the Università Politecnica delle Marche (Ancona, Italy). The zebrafish were 6–12 

months old, 3–4 cm long, that is typical of young age107, and were housed in mixed age groups 

of 30 in 96 L tanks under standard conditions (28 ± 2 °C, 14–10 h day/night cycle, with lights 

on at 7:00 a.m.) for at least 2 weeks before the experiments. The tank water contained sea 

salts (Instant Ocean, Aquarium System, Sarrebourg, France) at a concentration of 0.6 g/10 L, 

dissolved in water obtained by means of a reverse osmosis filter system. Water quality was 

kept at opti- mal levels and checked for pH (6.5–7.5) every day and for nitrates (< 0.02 ppm) 

O

O

N

(S,R)-III

O

O

OHN

(S,R)-IV

O OHN

N

O OHN

(S)-V (S)-VI



 63 

every 3 days. The fish were fed twice a day (2 h before each test in the morning and late in the 

eve- ning) with commercial flakes (tropical fish food, Consorzio G5, Italy) supplemented with 

live brine shrimp. All of the fish were drug naive. All of the experiments followed the ARRIVE 

guidelines and were approved by the National Ethics Committee for the care and use of 

laboratory animals and the National Ministry of Health (Italian Government Decree N° 

513/2018PR). In addition, the number of animals used and their suffering was minimised in all 

experiments.  

3.5.2.2. Behavioural testing 

Behavioural testing took place between 09:00 and 14:00 h during the light phase. Animals 

from different tanks were chosen using a simple randomisation method based on a spe- cific 

statistical random table. For each test, the tank was positioned in front of a webcam in order 

to ensure optimal video recording for later video-aided analysis. Each video was evaluated by 

three trained observers blinded to treatment. To reduce handling stress during the T-maze 

and VORT tasks, groups of 16 fish first underwent two habituation trials of 1 h each every day 

for 3 days during which they were allowed to freely explore the entire apparatus. To minimise 

acute social isolation stress, the number of fish was gradually reduced: starting with 16 on day 

1, to eight fish on day 2 and four fish on day 3 with individual fish testing starting on day 4108. 

After each habituation trial, the fish were returned to their home tank until the next 

habituation. Each fish was used only for one test. Ten fish per group were used for each drug 

concentration based on Braida et al.109,110 and Ponzoni et al. 111, and each fish received a single 

dose of only one compound.  

3.5.2.3. Treatment 

Zebrafish body weight was measured according to Braida et al.  Each fish was removed from 

its tank using a net and placed in a container of tank water positioned on a digital balance, 

and its weight was determined as the weight of the container plus the fish minus the weight 

of the container before the fish was added. The mean of three measurements was recorded. 

After weighing, each fish was put into an an-aesthetic solution of tricaine methanesulfonate 

(Sigma- Aldrich, St. Louis, MO, USA) (150 mg/L) and, upon loss of response to touch, was 

placed in a supine position. The drugs were injected into the abdominal cavity using a 
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Hamilton syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland) at a volume of 2 μL/g. No 

more than the tip of the needle was inserted into the abdomen of each fish in order to prevent 

damage to its internal organs. After injection, each fish was immediately transferred back to 

its tank water for recovery.  

3.5.3. In vivo assays 

3.5.3.1. T-maze test 

Zebrafish possess associative learning, and they prefer to swim in vegetation enriched areas 

where they feel safe from predators. In this experiment, we used a transparent Plexiglas T-

maze filled with 10 cm of tank water. The maze is formed by a start zone (30 x 10 cm) which 

is separated from the rest of the structure with a removable door. Behind the door, there is a 

long arm (50 x 10 cm) with two short arms (20 x 10 cm) at the end (chambers). One of the 

short arms contains only water, while the other one is filled with plants, shells, stones, and 

marbles. Each fish was subjected to two training trials of exposure in the mazed with a 24-

hour interval. At the beginning of each test, the fish was placed in the start zone with the door 

closed for 5 min, after which the door was opened allowing the fish to enter the maze. Each 

subject had 10 minutes to reach one of the two chambers. The running time taken to reach 

the enriched chambers and stay in it for at least 20 seconds was recorded. After this time, 

each fish was returned to a home tank. Half of the fish were injected with saline solution 

during the first day and with the drug during the second. The other half received the drug on 

the first day and the saline on the second. The fish were then subjected to a second exposure 

trial after 24 hours, and the time taken to reach and stay for 20 sec in the enriched chamber 

was recorded. The difference between these measured times measures the memory of the 

spatial location of reward.  

3.5.3.2. Virtual object recognition test 

Virtual object recognition test (VORT) was carried out in a transparent Plexiglas tank filled with 

water. A central area was delimited by two removable opaque barriers which isolate the two 

stimuli areas. These areas consist of two identical white geometrical shapes on a black 

background located on the opposite walls. In this test, fish were placed for 5 minutes in the 
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central area, after which each fish was subjected to a familiarisation trial, called acquisition 

phase T1, followed by a shape recognition trial, called test phase T2, with a 5-minute interval 

between them. During T1, the fish was exposed for 10 minutes to two identical white 

geometrical shapes on a black background (square, circle, triangle, cross, etc.). After this time, 

the fish was placed in the home tank. At this point, one of the two shapes was replaced with 

a new one. After 5 minutes, the fish was placed again in the central area for the T2 phase. 

Shape recognition was scored with a stopwatch in terms of exploration time every time the 

fish directed its head toward the shape. 

3.5.3.3. Conditioned place preference 

For this test, we used a tank divided into two equal parts with three black polka dots in one 

halve and no dots in the other. Two halves were divided with a perforated wall in order to 

allow the fish movement. The fish was placed in the tank and the percentage of time spent on 

a given side during a 15-minute trial was calculated as a baseline preference. This was defined 

as the pre-conditioning phase. After 6 hours, the fish were injected i.p. with nicotine (0.01 

mg/kg dose) or one of the doses of (S,R)-IV or vehicle (saline solution) and restricted in the 

least preferred side for 30 min, and after 24 hours, the fish was placed in the opposite side for 

30 min. On the third day, there was a post-conditioning phase during which the fish was free 

to swim between in the tank for 15 minutes. The time spent on each side was recorded. 

Subtracting the time spent in the drug-paired compartment of the pre-conditioning phase 

from the post-conditioning phase reflected rewarding or aversive effects. To sum up, during 

the first restriction, the fish associates the rewarding effect of nicotine or the drug with the 

least preferred side. During the second restriction, the fish is in a kind of drug withdrawal, and 

it starts to associate the preferred side with a negative sensation.  

3.5.4. Results and discussion 

The effects of nicotine and full agonists (S)-V and (S)-VI on the memory of the spatial location 

are shown in Figure 34. (S)-VI (Fig. 34a) induces a significant cognitive enhancement at 10 

ng/kg dose, while (S)-V (Fig. 34b) exercises its maximal effect at 1 μg/kg dose. Antagonist (S,R)-

III alone has no effect, but when co-applied with nicotine and full agonists it drastically reduces 

memory improvement (Fig. 34c). 
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Figure 34. Cognitive improvement of zebrafish in terms of running time in a T-maze after treating with 
nicotine and different drugs. The antagonist was given in combination with agonists. All the drugs were 
injected i.p. 20 min before the test. Running time was calculated as the difference of pre-training 
running time at 0 h minus post-training running time evaluated at 24 h. Each value represents the mean 
± SEM of 10 observations per group.  

The effects of nicotine and full agonists in VORT are shown in Figure 35. (S)-VI at 10 ng/kg dose 

increases the attention in a way similar to nicotine, while higher doses progressively reduce 

the memory improvement (Fig. 35a). (S)-V has a similar behaviour but with the maximally 

effective dose of 0.1 mg/kg dose (Fig. 35b). Also, in this test, (S,R)-III applied alone has no 

effect, but it reduces drastically nicotine and full agonists memory improvement (Fig. 35c). 

Regarding the total exploration time, there is no difference between the T1 and T2 phases 

(Fig. 35d-f). 
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Figure 35. Effect on nicotine and different drugs on discrimination index (a-c) and exploration time (d-
f) in VORT. The antagonist was given in combination with agonists. All the drugs were injected i.p. 20 
min before T1. N – novel shape, F – familiar shape. Each value represents the mean ± SEM of 10 
observations per group.  

Nicotine and the partial agonist (S,R)-IV administration develops a conditioned place 

preference in zebrafish. The i.p. injection of (S,R)-IV at doses between 1 and 10 mg/kg 

increases the time spent in the drug-paired side during the post-conditioning phase, while 

lower and higher doses are ineffective. It has a similar effect to a 1 μg/kg dose of nicotine. The 

dose of 5 mg/kg resulted in the maximal effect. Combined treatment with nicotine and the 

partial agonist, given at the maximal used dose, significantly blocked the rewarding effect of 

nicotine (Figure 36). 
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Figure 36. Effect of (S,R)-IV on conditioned place preference compared to nicotine. All the drugs were 
injected i.p. 20 min before the conditioning session. Preference was calculated by subtracting the time 
(mean ± SEM) spent in the drug-paired compartment before drug-conditioning from the time spent 
after drug-conditioning. Each value represents the mean ± SEM of 10 observations per group.  

In conclusion, both full agonists (S)-V and (S)-VI improve attention and spatial memory in a 

dose-dependent manner in a way similar to nicotine. Although, the maximal effective doses 

of (S)-V and (S)-VI were 10.5 and 882 times lower than those of nicotine. From previous 

binding studies, we know that (S)-VI is a highly selective α4β2 full agonist and this can explain 

its low effective dose compared to (S)-V. Also, the administration of these drugs improved the 

attention, in terms of shape discrimination in VORT. Both (S)-V and (S)-VI are, one more time, 

more potent than nicotine. Moreover, their effects are completely blocked by (S,R)-III, a 

compound previously identified as an antagonist. 

The partial agonist (S,R)-IV has the maximal reinforcing effect at the dose of 5 mg/kg with 

lower or higher doses less or non-effective. These results are comparable with the results 

obtained using other partial agonists such as cytisine or varenicline.111 Furthermore, when 

(S,R)-IV is co-applied with nicotine, it prevents the maximal effect of nicotine on this response, 

antagonises the rewarding properties. This antagonistic activity may be explained by the 

intrinsic pharmacological properties of partial agonists, which may decrease the rewarding 

effects of nicotine by reducing the release of dopamine at the level of the mesolimbic circuit. 

All the data were published.106 
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3.6. Design, synthesis and pharmacological evaluation of NS9283 analogues 

3.6.1. Introduction and aim 

As abovementioned, NS9283 is an agonist of the unorthodox α4α4 binding site. Unfortunately, 

there is little information about its interactions with LS isoform and where is exactly located 

its binding site. Moreover only a few selective compounds for the unorthodox binding site, 

are described in the literature. In this context, the investigation of new hit compounds, 

targeting the α4α4 binding site, is of great interest and outcomes could be very useful to 

better understand the distribution and the drugability of the LS isoform.  

3.6.2. Design of NS9283 analogues 

As the first step, we decided to synthesize and investigate the activity of some NS9283 

derivatives, reported by Jin et al. in 2014 as α4β2α5 as positive allosteric modulators (PAMs). 

In fact, we supposed that these compounds would bind the α4α4 binding site. NS9283 is made 

up of 3 different fragments: 3-pyridyl moiety, a central oxadiazole ring and a 3-CN substituted 

phenyl ring. In this work, they selectively modified one of the fragments to see the effects of 

one point change.112 We decided to resynthesize the most promising and interesting 

modification from their paper (compounds 25, 28, 30-33, 35). Furthermore, to complete our 

SAR investigation we design other compounds introducing other modifications to complete 

our SAR investigation (compounds 26, 27, 29, 34, 36-41).  
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Afterwards, we decided to further expand our studies using virtual screening approach. We 

decided to use two different approaches: Fragment-based Drug Discovery (FBDD) using 

BROOD 3.1.2.2 software113 and Shape Similarity Screening using Schrödinger software114,115. 
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For the FBDD, we used the ChEMBL20 database which is a manually curated chemical 

database of bioactive molecules with drug-like proprieties. Using BROOD, we separately 

selected the three fragments of NS9283 and then the software substituted them with 

different fragments based on different values such as molecular weight, logP, polar surface 

area, rotatable bonds, heavy atoms, Lipinski donors and acceptors etc. After running BROOD 

screening the results were visualized using VIDA 4.4.0.4 software. All the potential hit 

compounds were divided into clusters by the software. The most interesting compounds were 

selected based on their shape and electronic characteristics and also synthetic complexity and 

availability (Figure 37).  

 

 

A 
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Figure 37. (A) Example of FBDD using BROOD® and VIDA® Software; (B) selected compounds for the 
synthesis. 

For the second approach we screened 2 different databases of molecules extracted from Zinc 

using the Shape Similarity Screening (Maestro, Schrödinger114). These results were clustered 

the results using a Fingerprint Similarity Clustering (Canvas115) and then, handpicked the 24 

compounds relying on chemical diversity and commercial availability. In details, for the Shape 

Screening, the pharmacophore type volume scoring was applied, and compound conformers 

were pre-generated and directly extracted online from the ZINC database previously 

prepared. ZINC database was developed by John Irwin from the Department of 

Pharmaceutical Chemistry at the University of California, San Francisco and it is free of charge 

database of commercially available chemical compounds prepared especially for the virtual 

screening. From this database, two smaller databases were prepared. Database 1 contains 

circa 24 million molecules and Database 2 with 6 million containing negatively charged and 

neutral molecules, respectively. This was done to avoid the loss of selectivity due to the 

positive charge against the other interfaces. The included molecules should have a MW 
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between 200 and 500 with a logP of 1-4.5. Furthermore, pan-assay interference compounds 

(PAINs) should be excluded and the selected compound should be in stock and/or custom 

synthesized (Table 6). The top 50,000 compounds of the shape screening results were 

retained. Of those, the top 44-45k compounds presented a very similar scaffold to the original 

hit compound. Therefore, the effort was focused on the last 5000 compounds from the 

screening results. A fingerprint similarity search was applied in Canvas using the MOLPRINT2D 

fingerprint, which is a radial-like fingerprint that encodes atom environments using 

predefined lists of atom types located at different topological distances. The atom type 

scheme takes into account ring sizes, aromaticity, hydrogen bond acceptors/donors, 

ionization potential, whether rings are terminal, and whether halogens are present. In all 

scenarios, bonds are distinguished by their bond orders. In cases where little information is 

known about the active ligands, MOLPRINT2D fingerprints have been found to produce the 

highest average retrieval rates of true actives when compared to other fingerprints.116 

Clustering following the “average” method was applied resulting in 349 and 43 number of 

clusters for Database 1 and 2 screening results, respectively. Reclustering was further applied 

in cases where the sub-clusters contained too many and/or too chemically similar compounds, 

using the “complete” method. 24 compounds were then handpicked from clusters and 

checked for purchase availability and were later sent for pharmacological evaluation (Figure 

38). 

Table 6. Database preparation for the virtual screening with all selected characteristics such as charges, 
molecular weight, logP, biological properties and availability. 

 Database 1 Database 2 

Number 24 mil (24281397) 6 mil (6396364) 

Includes Negative charge Neutral 

Why Avoid loss of selectivity due to the + charge 

MW 200-500 200-500 

Log P 1-4.5 1-4.5 

Filter 1 No PAINS No PAINS 

Filter 2 Includes also the custom synthesis In stock 
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Figure 38. Selected compounds from Shape Similarity Screening with Schrodinger® Software. 

3.6.3. Chemistry 

For the synthesis of compounds 25-42, 44-51 the key reaction is the condensation between 

properly substituted amidoximes and acyl chloride (Scheme 7). 

 
Scheme 7. Synthetic scheme for the synthesis of compounds 25-42, 44-51. 

The intermediates were synthesized by the treatment of properly substituted nitrile-

derivatives with hydroxylamine hydrochloride in aqueous ethanol solution to give the desired 

amidoximes and by the treatment of different carboxylic acids with thionyl chloride obtained 

the intermediate acyl chlorides (Scheme 8).  

 
Scheme 8. Synthetic scheme for the synthesis of intermediate amidoximes and acyl chlorides. 

For the synthesis of compounds 25-41, 44, 48-51, the common intermediate 76 was 

synthesized as described above using commercially available 3-cyanopyridine which was 
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treated with hydroxylamine hydrochloride in an aqueous ethanol solution. The obtained 

amidoxime was coupled with previously obtained acyl chlorides (77-98) from differently 

substituted acids. For the synthesis of intermediates 99-102, commercially available nipecotic 

and isonipecotic acids were first treated with acetic anhydride or acetic anhydride and formic 

acid to obtain acetyl or formyl derivatives respectively, which were subsequently treated with 

SOCl2 (Scheme 9). 
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Scheme 9. Reagents and conditions. (a) DCM, acetic anhydride, rt,overnight, 80%; (b) DCM, acetic 
anhydride, rt, overnight, 98%; (c) formic acid, acetic anhydride, rt, 16h, 76% (101), 94% (102); (d) 
EtOH/H2O 1:1, NH2OH.HCl, NaHCO3, reflux, 4h, 84%; (e) SOCl2, reflux, 1-5h, quantitative; (f) Py or 
toluene, reflux, 3h-overnight. 

Compounds 42, 45-47 were synthesized in the similar way described previously. Differently 

substituted amidoximes derived from the reaction between commercially available cyano 

derivative and hydroxylamine hydrochloride in an aqueous ethanol solution (103-106). The 

obtained intermediates were coupled with 3-cyanobenzoyl chloride 107, to give final 

compounds 42, 45-47 (Scheme 10). 
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Compound R1 Yield % 
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Scheme 10. Reagents and conditions. (a) EtOH/H2O 1:1, NH2OH.HCl, NaHCO3, reflux, 4h, 53% (103),46% 
(104), 53% (105), 98% (106); (b) SOCl2, reflux, 2h, quantitative; (f) Py or toluene, reflux, overnight. 

Compound 43 was synthesized using a different procedure. 3-cyanopyridine was treated with 

hydroxylamine hydrochloride in an aqueous ethanol solution to obtain the amidoxime 76 

which was subsequently cycled to 3-(pyridine-3-yl)-1,2,4-oxadiazole 108 using trimethyl 

orthoformate and TFA. Concurrently, 3-iodobenzoic acid was methylated using H2SO4 in 

MeOH to give the intermediate compound 109. Then, compounds 108 and 109 were coupled 

together using Pd(OAc)2, PPh3  and AgOAc in toluene to obtain methylated compound 110 

which was, in the end, demethylated using NaOH 1M giving the final compound 43 (Scheme 

11). 
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Scheme 11. Reagents and conditions. (a) EtOH/H2O 1:1, NH2OH.HCl, NaHCO3, reflux, 4h, 84%; (b) 
HC(OMe)3, TFA, 60°C, 30min, 63%; (c) MeOH, H2SO4, reflux, 3h, 93%; (d) toluene, Pd(OAc)2, PPh3 , 
AgOAc, reflux, overnight, 54%; (e) MeOH, NaOH 1M, rt, 2h, 78%. 

Moreover, [3H]NS9283 was prepared in order to study the binding affinities of selected 

potential unorthodox-site selective agonists. The tritiation of NS9283 was performed in 

collaboration with Dr. Aleš Marek from Institute of Organic Chemistry and Biochemistry of the 

CAS, Prague, Czech Republic. Before the tritiation, a deutartion of the same compound was 

performed in order to investigate the optimal reaction conditions; in fact, the use of tritium 

was avoided because of its toxic radioactivity.  

The [2H]NS9283 was synthesized by deuteration of brominated analogue in meta-position of 

pyridine ring of NS9283 using different conditions: catalyst, solvents, time, etc. (Table 7). The 

brominated intermediated was synthesized using the same procedure described for other 

analogues using commercially available 3-bromo-5-cyanopyridine and 3-cyanobenzoic acid. 

The best conditions are described in the Exp13, using 10% Pd/C in EtOAc for 2h. These 

conditions were subsequently applied for the tritiation.  
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Exp Catalyst Solvent Base Time 2H2 2H-NS9283 Over-reduced Starting 
mat. 

1 10% 
Pd/alumina MeOH − 2,5 h 0,98 10 % 90 % − 

2 10% 
Pd/alumina MeOH TEA 1,5 h − − 100 % − 

3 10% 
Pd/alumina MeOH − 0,5 h 0,83 20 % 48 % 32 % 

4 10% 
Pd/alumina MeOH − 1 h 0,88 5 % 95 % − 

5 10% 
Pd/alumina MeOH − 0,75 h 0,71 21 % 56 % 23 % 

6 10% 
Pd/alumina MeOH TEA 1 h − − 100 % − 

7 5% Pd/BaSO4 MeOH − 0,75 h 0,77 18 % 40 % 42 % 

8 5% Pd/BaSO4 MeOH TEA 1 h − 3 % − 97 % 

9 10% Pd/C MeOH − 0,5 h 0,9 18 % 44 % 38 % 

10 10% Pd/C EtOAc − 0,5 h 0,96 23 % − 77 % 

11 10% Pd/C EtOAc − 1 h 0,93 26 % − 74 % 

12 10% Pd/C EtOAc TEA 1 h 0,93 2 % 98 % − 

13 10% Pd/C EtOAc − 2 h 0,94 35 % − 65 % 
Table 7. Screening condition for deuteration of NS9283. 

The [3H]NS9283 synthesis is based on the best conditions obtained in the deuteration reaction 

screening using as a starting compound the  brominated analogue in meta-position of NS9283 

which was treated with tritium (Scheme 12).  

 
Scheme 12. Reagents and conditions. 10% Pd/C, ~950 mbar 3H2, EtOAc, 2h, 22%. 

Tritiated product was obtained with a 22% conversion with a specific activity of 26.08 

Ci/mmol. Different formulations were prepared: 1mCi/1mL EtOH/H2O 9:1 for binding assays 

and 0.5mCi/0.5mL EtOH/H2O 9:1 for stability studies. Subsequently, [3H]NS9283 was analysed 

N

Br N

ON
CN

N

2H N

ON
CN

cat.
2H2

N

Br N

ON
CN

N

3H N

ON
CN

10% Pd/C
3H2



 81 

using LC-MS chromatography, radio HPLC and 1H NMR as a crude and purified compound 

(Figure 39). 
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Figure 39. (A) LC-MS chromatograms and spectrum of crude [3H]NS9283; (B) radio HPLC chromatogram 
of pure [3H]NS9283; (C) LC-MS spectrum of pure [3H]NS9283; (D) 3H-1H NMR [3H]NS9283 in DMSO-d6;  
(E) 1H NMR [3H]NS9283 (in light blue) and 1H NMR [1H]NS9283 (in dark blue)in DMSO-d6. 
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3.6.4. Biology 

3.6.4.1. Binding assays  

For the binding affinities, we started designing the experiment to calculate the Kd for 

[3H]NS9283. For this purpose, we used a saturation binding assay using membranes isolated 

from HEK-293 cells stably transfected with human α4β2 (HEK-α4β2) and [3H]NS9283 at 

different concentrations. This analysis depends on the assumption that the incubation has 

reached the equilibrium. As a first attempt, we used a filtration-based assay to determine the 

reversible binding of [3H]NS9283 to HEK-α4β2 membranes. In this first experiment, we 

couldn’t saturate the α4β2 nAChR with [3H]NS9283, so it was impossible to calculate the Kd 

(Figure 40A). Subsequently, we tried to solve the problem using: 1) centrifugation instead of 

filtration to separate the bound [3H]NS9283 from the unbound, 2) lower concentration of HEK-

α4β2 membranes in order to reduce binding sites, 3) purified LS-α4β2 nAChRs in lipid vesicles 

instead of membranes to reduce non-specific binding, 4) isotopically diluted [3H]NS9283 with 

cold NS9283 in order to reduce the specific activity. Unfortunately, none of these attempts 

gave positive results, so we couldn’t calculate the Kd for [3H]NS9283. Furthermore, it was 

noticed that application of [3H]NS9283 with cold NS9283, increased the radioactivity by more 

than 10-folds, a phenomenon which does not occur with α4β2 nAChRs agonists such as 

nicotine and TC2559 which bind to the orthosteric binding site (Figure 40B). To investigate this 

phenomenon, we used two different batched of cold NS9283 (one synthesized in our lab and 

one purchased from Tocris) in the binding assays towards [3H]CMPI, [3H]Epibatidine and 

[3H]dFBr and we did not observe any increase nor decrease in the radioactivity. This proves 

that, cold NS9283 somehow interacts with [3H]NS9283 radioactivity and does not affects the 

the HEK-α4β2 membrane or the filter  (Figure 40C).  
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Figure 40. (A) Saturation binding assay for [3H]NS9283, on the X axis [3H]NS9283 concentration in μM, 
on the Y axis counts per minute; (B); binding assay of cold nicotine, NS9283 and TC2559 (α4β2nAChR 
partial agonist) towards [3H]NS9283, on the Y axis counts per minute; (C) binding assay of cold nicotine, 
NS9283 and TC2559 towards [3H]Epibatidine, on the Y axis counts per minute. 

Due to the impossibility of performing binding assays, we switched our effort on functional 

assays. Functional assays were performed in collaboration with prof. Isabel Bermudez from 

the Department of Biological and Medical Sciences of Oxford Brookes University. 

3.6.4.2. Functional assays  

Animals 

Xenopus laevis toads were housed and cared for following the UK Home Office code of practice 

guidelines for the species. The collecting of oocytes from Xenopus toads was carried out in a 

regulated room in the Biomedical Services facility at Oxford University, where the toads were 

housed. Adult female Xenopus laevis were purchased from Xenopus 1 (MI, USA). Xenopus 

toads were housed in a climate-controlled, light-regulated room. 50 toads were used. Toads 

were anaesthetized by immersion in 0.5% tricaine until no-responsive to toe pinch. Toads 

were then decapitated and ovarian lobes were harvested and then incubated in 2 mg/mL 

collagenase Type IA at room temperature for 2 h to isolate and defolliculate oocytes. The 

collagenase incubation procedure was carried out in a solution (OR2) containing 82 mM NaCl, 

2 mM KCl, 2 mM MgCl2, 5 mM HEPES; pH 7.6. Oocytes were maintained until use at 18 °C in 

the same solution (minus collagenase), supplemented with 20 mg/mL of neomycin, 100 IU/mL 

penicillin and 100 mg/mL streptomycin. 
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Xenopus oocytes: expression of nAChR and two-electrode voltage clamp recordings 

Electrophysiological experiments were carried out with human α7, α4β2 or α5α4β2 nicotinic 

acetylcholine receptors (nAChR) expressed heterologously in Xenopus oocytes. Oocytes were 

injected with α7 or  α4 and β2 cDNAs or α5α4β2 cRNA, and recorded using standard 

procedures, as described previously.117,118 We expressed the two stoichiometries of the α4β2 

nAChR. For the stoichiometry (α4)3(β2)2, a mixture of 10 α4: 1 β2 cDNAs was injected into the 

nucleus of oocytes, whereas for the (α4)2(β2)3 subtype the cDNA ratio injected was 1 α4: 10 

β2. α7 cDNA was co-injected with chaperone NACHO at a ratio of 1 α7: 0.01 NACHO. For 

expression of α5α4β2 nAChR, cRNA of fully concatenated subunits (α5-β2-α4-β2-α4) was 

injected into the cytoplasm of the oocytes. Receptor expression was examined at least two 

days later, as previously described.117 

Oocytes were impaled with two electrodes filled with 3 M KCl, and their membrane potential 

was maintained at -60 mV throughout the experiment. All recordings were performed at 18 

°C, and cells were perfused with OR2 solution at pH 7.4. Currents were recorded using an 

automated platform equipped with a standard two-electrode voltage-clamp configuration 

(HiClamp; Multi Channel Systems, Reutlignen, Germany). This system differs from standard 

electrophysiology and other automated platforms because, instead of applying the compound 

in the perfusion, the oocyte is moved into a well from a 96-well microtiter plate containing 

230 μl of the desired solution. Experiments were carried out only if the resting potential of the 

impaled oocytes was greater than -10 mV and the total holding current was less than 0.2 μA. 

Data were filtered at 10 Hz and captured at 100 Hz using proprietary data acquisition and 

analysis software running under Matlab (Mathworks Inc., Natick, MA). Ligands were prepared 

as concentrated stock solutions in DMSO and then diluted in the recording medium to obtain 

the desired test concentrations. To determine the potentiating efficacy of the ligands tested, 

a single concentration of ligand (30 µM) was co-applied with an EC20 ACh (30 µM for α7 or 

(α4)3(β2)2 nAChR or 3 µM for (α4)2(β2)3 or α5α4β2 nAChR). For comparison purposes, 30 µM 

of the compound NS9283 was also tested in the presence of 30 µM ACh. Concentration-

Response curves were determined only for ligands that showed potentiating effects on ACh 

EC30 current responses. The potentiating effect was only observed at the (α4)3(β2)2 nAChR; 

the ligands have no effect on the other nAChR tested. The concentration-response curves 
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were determined using a protocol of 6-8 concentrations with a reference response (30 µM 

ACh), The ligand was co-applied with ACh 30 µM. A complete experiment on a single oocyte 

comprised all initial control applications of 30 µM ACh followed by the full planned 

concentration-response relationship for the compound + 30 µM tested. Following the initial 

control applications, the actual concentration-response relationships of the agonists were 

obtained. The ligand + 30 µM ACh were applied for 5 s and the washing period between 

applications was 5 min. 

Concentration-activation curve data were fitted with the Hill equation:  

y = Imax/[1/(EC50/[agonist])nH], 

where y is the normalised current amplitude, Imax is the maximal response (Imax/IAChMax), EC50 

is the agonist concentration at half-maximal efficacy, [agonist] is the agonist concentration, 

and nH the Hill coefficient. Curve fitting was carried out using the least squares method in 

MATLAB or using GraphPad version 5 (GraphPad Software, Inc., San Diego, CA, USA).  

Experimental design and statistical analysis of functional data 

Final data sets were assembled from a minimum of 5 independent recordings (i.e., n = 5) 

conducted on oocytes obtained from at least 3 different Xenopus donors (i.e., N = 3 The data 

sets represent full concentration-response relationships obtained from individual oocytes 

(i.e., incomplete experiments were discarded). The data from each experiment were fitted 

separately and the estimated EC50 values were used to obtain the mean EC50 or IC50 (95% CI) 

reported in the Table of EC50. Prior to the ANOVA analysis, the data were tested for normality 

using the D’Agostino and Pearson normality test in PRISM and were normally distributed. Post 

hoc tests were run only if F achieved P < 0.05 and there was no significant variance in 

homogeneity. For all the functional data shown here, differences between wild type and tests 

were considered statistically different if p < 0.05. 
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3.6.5. Results and discussion 

Functional assays have shown the following results. None of the compounds was able to 

potentiate the effects of ACh better than NS9283. However, few compounds resulted to have 

similar effects to NS9283 in terms of potency (EC50) and relative efficacy of the potentiation. 

Regarding the compounds derived from the Shape Similarity Screening, none of them was able 

to potentiate the currents evoked by 30μM ACh (Figure 41). These results suggest that these 

compounds are not able to bind the α4/α4 interface nor other PAM binding sites. 

Furthermore, it is possible to assume that the α4/α4 unorthodox binding site is highly 

restrictive and selective and does not permit the compounds with significantly different 

structures to bind. 

 
Figure 41. Relative efficacy ligands for potentiating the current responses of submaximal ACh 
concentrations (EC20, 30 µM) of (a4)3(b2)2 nAChR expressed heterogously in Xenopus oocytes. The 
relative efficacy of the ligands at a concentration of 30 µM was determined using the equation: 
maximal response to 30 µM test compound / maximal response to 30 µM ACh. Values are the mean ± 
SEM of 3-7 independent experiments carried out on oocytes from 5-6 different Xenopus donors.  For 
comparison purposes, the potentiating efficacy of NS9283 is included. 

On the other hand, NS9283 structural analogues, designed using FBDD approach and the work 

of Jin et al, have shown interesting profiles which can help to better understand the SAR 

(Figure 42) of the lead compound. The most interesting NS9283 analogues resulted to be 31 

and 32, in which the 3 cyano phenyl residue, was substituted with 3 and 4 nitro phenyl 
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moieties respectively and 26, in which the nitrile group of the lead compound was moved on 

4 position of the benzene ring. The 3-cyano phenyl group was also replaced with a pyridine 

residue, leading to compounds 28 and 29 and with N-acetyl and N-formyl piperidine leading 

to 50 and 51 respectively. From the first screening at a 30μM dose of the selected compound, 

it is possible to see that, except for NS9283 and its 4 substituted analogue 26, the compounds 

substituted at position 4 resulted to have a higher efficacy rather than their meta-substituted 

analogue. This can be attributed to the positioning of the substituent in the hydrophilic pocket 

on α4(-) face with subsequent interaction with the binding site. The most interesting results 

are obtained with 50 and 51, because an action on the potentiation of the currents evoked by 

the ACh similar to that of NS9283 is associated to a significantly new substructure. Instead of 

the usual differently substituted aromatic ring, these compounds carry an aliphatic piperidine 

ring formylated or acetylated on the nitrogen. These results broaden the horizons for further 

development of new potentiators selective for the unorthodox binding site. For the most 

promising compounds, the functional assays to study their dose-response curve will be per 

performed.  

 
Figure 42. Relative efficacy ligands for potentiating the current responses of submaximal ACh 
concentrations (EC20, 30 µM) of (a4)3(b2)2 nAChR expressed heterogously in Xenopus oocytes. The 
relative efficacy of the ligands at a concentration of 30 µM was determined using the equation: 
maximal response to 30 µM test compound / maximal response to 30 µM ACh. Values are the mean ± 
SEM of 3-7 independent experiments carried out on oocytes from 5-6 different Xenopus donors.  For 
comparison purposes, the potentiating efficacy of NS9283 is included. Compound 36 was not included 
due to its low solubility in buffer solution. 
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4. Part 2: Synthesis of photoactivatable α4β2 nAChRs agonist 

4.1. State of the art 

Biological processes are very complex, and to study their mechanisms, cellular activity needs 

to be controlled and tuned with the help of orthogonal tools. During the last decade, huge 

attention was paid to the light as a major orthogonal trigger. It is used in many biological fields 

such as neuroscience, genetics, and embryology.119–121 Photoactivation was also used in the 

development of light-dependent drug release using nanocarriers which permit precise spatial 

and temporal control of the drug release.122 This mechanism allows to activate the molecule 

after its diffusion and to better understand the reaction kinetics. So, in vivo uncaging could be 

a new therapeutic approach. Upon the irradiation, photons provide the energy to cleave the 

covalent bond between the photoremovable protecting group (PPG) and the drug molecule, 

which regains its activity, allowing the study of physiological processes in cell culture, intact 

tissues, and whole animals. This photo-releasing process can be initiated by one-photon 

excitation (1PE) of UV or near-UV light. Lately, the two-photon excitation (2PE) process was 

investigated due to its advantages compared to 1PE. 

As previously, uncaging consists of the dissociation between PPG and the active molecule, and 

this reaction requires energy. The photon wavelength needed for this dissociation can be 

calculated as the average bond energy. C-C and C-O bonds correspond to 320-350 nm light, 

while C-N bond up to 395 nm UV light.123 After the irradiation with a UV lamp, the absorption 

of one UV photon provides the necessary energy to reach the excited state at which photo 

release can start. Normally, at the excited point, the molecule can emit light and return to its 

ground state or can undergo the bond cleavage or rearrangement reaction. Despite having 

been adopted for several biological studies, 1PE has different disadvantages. 

In 1929 Maria Göppert-Mayer supposed that an atom could be excited through the absorption 

of two photons.124 Lately, in 1961 the 2PE was studied by Kaiser and Garret in CaF2:Eu2+ 

crystals.125 In 1990, Denk, Strickler and Webb observed the fluorogenic indicators in biological 

samples using a laser-scanning two-photon microscope.126 In 1994, Denk showed the 

distribution of ACh-gated ion channels through a highly localized liberation of “caged” 
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neurotransmitter carbamoylcholine by two-photon absorption-mediated photoactivation in 

conjunction with recording the induced whole-cell current.127 The 2PE has a few advantages 

compared to 1PE: 

1. Excitation is localized to small volumes (femtoliter range). 

2. Less photodamage to biological tissues. 

3. Deeper penetration into the sample. 

In 2PE, the excited molecule absorbs not one, but two nonresonant photons of the same 

wavelength. This absorption permits to generate an electronically excited state with 

subsequent photolysis as in 1PE but using the light with twice the wavelength required to 

achieve 1PE, and consequently with half energy (Figure 43).128 

 
Figure 43. Jablonski diagrams of electronic transitions of a chromophore upon 1PE and 2PE. Adapted 
from Dore et al.128 

The 2PE process uses a short-lived virtual excited state that consists of a combination of the 

ground and excited stats. This state exists only when the chromophore interacts with the first 

photon. After the absorption of the second photon, the molecule passes from the virtual to 

electronically excited state following photolysis. In the case of centrosymmetric 

chromophores, the transition for the excited state is different for 2PE compared to 1PE, 

leading to a different excited state, called S2. This results in a different absorption wavelength 

which is not exactly twice the 1PE absorbance maximum. For dipolar chromophores, there is 

no difference between 1PE and 2PE excitation, and in this case, the maximum 2PE absorption 

is twice the maximum 1PE absorption.128 2PE can be explained in terms of nonlinear optical 

phenomena. The irradiation of the chromophore provokes a nonlinear response. Therefore, 

the excitation can exist only where the light intensity is maximum, called the focal point of the 
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optical system used, and if the numerical aperture objective is used, the irradiated volume can 

be as small as a femtoliter (Figure 44).  

 
Figure 44. Comparison between the spatial selectivity of excitation with 1PE and 2PE. Adapted from 
Dore et al.128 

So, the probability of absorption (P) increases with the square of the light intensity (I), in the 

relation to the two-photon absorption cross-section (σ2) of the molecule. On the contrary, 1PE 

depends linearly on the light intensity.129   

𝑃 =
1
2𝜎!𝐼

! 

For the generation of large density photons for 2PE it is required a focused and pulsed laser, 

such as titanium-sapphire laser with tuning ranges of 700-1000 nm, <140 fs pulses, 90 MHz 

repetition rate and average power of at least 1 W.128 

To recapitulate, the 2PE process is more advantageous than 1PE because, as described 

previously: 

1. Excitation is localized to the order of femtoliter which is much smaller than a 

mammalian cell. This allows having the photolysis reaction in a precise area. 

2. Used wavelengths are not absorbed by biomolecules in cells and tissues, making this 

process safer. 

3. A longer wavelength of light is not scattered or absorbed by native chromophores as 

UV wavelengths, allowing deeper penetration into the biological tissue.  
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Photoremovable protecting groups (PPGs) permit spatial and temporal control over the 

release of different molecules. PPGs are widely used in synthesis, biochemistry, neurobiology, 

biomedicine, etc. The molecule protected by a PPG was defined as “caged”. Generally, PPG 

should have absorption wavelengths above 300 nm. Also, the photolysis reaction should occur 

with a high quantum yield, Φrel. The quantum yield is equal to the amount of released 

substrate, nrel/mol, divided by the number of photons at the irradiation wavelength λ, np/mol, 

that were absorbed by the caged compound:130 

𝛷"#$ =
𝑛"#$
𝑛%

 

The efficacy of PPG is measured as the product of the quantum yield and the molar decadic 

absorption coefficient ε of the PPG, but the sensitive detection of the response depends also 

on the background level of activity of the caged compound before its irradiation. Thus, the 

PPG should be stable in the media and has low intrinsic activity. Furthermore, it is not enough 

for PPG to be stable in the media, but it should also be soluble in order to eventually pass 

different biological barriers. It is a good thing if the photochemical byproducts are transparent, 

so they don’t compete in the absorption of the excitation wavelengths.130 Also, a good PPG 

should have a large two-photon uncaging cross-section, δu, which is the product of the two-

photon absorbance cross-section δa and the uncaging quantum yield Φrel. It represents the 

parameter used to quantify the photosensitivity of a cage group to a photolysis induced by 

2PE. It is expressed in Göppert-Mayer (GM) where 1 GM is 10-50 cm4s per photon. Preferably, 

to be relevant for biological studies, δu value should exceed 0.1 GM.131 

Photoremovable protecting groups were developed with the purpose of functional group 

protection and subsequent selective deprotection using light to achieve better yields.132 The 

first studies on caged compounds for in vitro light controlled release of ATP and cAMP were 

performed by Hoffman133, Schlaeger134 and co-workers. These studies gave new perspectives 

on the use of this class of protecting groups. In the past years, different types of PPGs were 

developed for a selective photo-regulation of functional group, e.g., 2-nitrobenzyl (a), 1-(4,5- 

dimethoxy-2-nitrophenyl)-ethyl (b), 6-bromo-7-hydroxy-coumarin-4-yl-methyl (c), [7-(diethyl-

amino)- coumarin-4-yl]-methyl (e), and 7-nitro-indolinyl (e) (Figure 45). They were successfully 

used to photo-regulate metal ions, neurotransmitters, carboxylic acids, proteins, nucleotides, 
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peptides, RNAs, and DNAs release. Unfortunately, they have different unfavourable properties 

such as poor water solubility, high self-fluorescence, and/or lower photolysis sensitivity 

towards 2PE. 

 
Figure 45. Structure of most common PPGs. 

In 2001, Matsuzaki et al. have developed a caged-glutamate compound and managed the 

neurotransmitter’s release using 2PE allowing a systematic investigation of glutamate 

receptors at the synaptic level. For this purpose, they used a 4-methoxy-7-nitroindolinyl 

cage.135 The next step was to design new PPGs with better two-photon absorption properties. 

In 2006, Zhu et al. developed an 8-bromo-7-hydroxyquinoline (BHQ) cage that showed δu 

values from 0.40 GM to 0.90 GM based on the nature of the released compound after a 740 

nm irradiation.136 In 2009, Jarrett Davis et al. studied different substituents on BHQ structure 

and their effect on sensitivity towards 1PE and 2PE. This study led to the discovery of 8-cyano-

7-hydroxyquinoline (CyHQ) (Figure 46). The substitution of bromine with -CN group increases 

by 3-folds the sensitivity for acetate release due to its high ε value. The quinoline based caging 

groups provided a new prospective in photoactivation studies. In comparison to previously 

used PPGs, BHQ and CyHQ have better photochemical and photophysical characteristics such 

as a larger δu, better water solubility, a reduced self-fluorescence and higher uncaging Φrel. 

These quinoline-based PPGs are excellent for the study of biological systems. For example, a 

commercially available 4,5-dimethoxy-2-nitrobenzyl group (DMNB) has poor sensitivity to 

two-photon excitation (δu = 0.03 GM at 740 nm). A variant of this protecting group, 3-(4,5- 

dimethoxy-2-nitrophenyl)-2-butyl (DMNPB), has a slightly higher but still low cross-section (δu 

= 0.17 GM at 720 nm). 4-methoxy-7-nitroindolinyl PG (MNI) has a cross-section of 0.06 GM at 

720 nm. Coumarin- and quinoline-based caging groups have much higher sensitivity to two-

photon excitation; values of δu for 6-bromo-7-hydroxycoumarin (Bhc) and 8-bromo-7-

hydroxyquinoline (BHQ) are 0.72 and 0.59 GM, respectively. 137 BHQ and CyHQ are efficient 

cage groups in releasing of different types of molecules, carboxylates, primary and secondary 
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amines, diols and phenols, phosphates, using both UV light (365 nm) and 1PE and near-visible 

light (740 nm) and 2PE.138 

 
Figure 46. BHQ and CyHQ structures. 

Since 2005, different research groups developed photoactivable forms of Tamoxifen, a 

chemotherapy drug for breast cancer, and its active 4-hydroxylated metabolite for the 

regulation of gene expression through Cre-recombinase systems through 1PE.139–141 In 2017, 

Wong et al. developed a series of new 4-hydroxylated tamoxifen probes caged with a 

coumarin-based caging group and their effective uncaging activity in vitro using both 1PE and 

2PE. Moreover, promising results were obtained in a preliminary in vivo study on mice.142 

Based on these studies, Asad et al. decided to design Tamoxifen and 4-OH-Tamoxifen caged 

with CyHQ as a quaternary ammonium salt. They were able to efficiently release the drug and 

its metabolite with both 1PE and 2PE. The photoactivable forms of Tamoxifen and 4-OH-

Tamoxifen could be used to control gene expression in the Cre-recombinase system. Not only 

photoactivable Tamoxifen were studied, but also other tertiary amines were linked to CyHQ 

providing the corresponding quaternary ammonium salts and their release was studied 

(Figure 47). They discovered the pKa of the leaving group is crucial for effective photorelease 

of the biologically active messenger. Ammonium and alkylammonium ions have pKa values in 

the range of 9-11, and quaternary ammonium salt of CyHQ would release a tertiary amine 

upon exposure to light. A threshold of 10.1 has been established for BHQ and slightly higher 

for CyHQ. This is because amines with sp2 hybridization did not photolyze, despite being good 

leaving groups, probably because photophysical decay processes out-competed C−N bond 

cleavage. CyHQ-protected tertiary anilines underwent a photoaza-Claisen rearrangement 

instead of photolysis to reveal a tertiary amine.138  

NHO
Br

NHO
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Figure 47. Schematic representation for tertiary amines uncaging upon 1PE and 2PE. Adapted from 
Asad et al.138 

In 2020, Asad et al. developed photoactivable forms of dopamine (DA) and sulpiride using 

previously reported CyHQ. Particularly, CyHQ-O-DA and CyHQ-sulpiride have shown Φrel of 

0.20 with high sensitivity to 1PE and modest sensitivity to 2PE with δu values of 0.24 and 0.26 

GM, respectively. In vitro studies have shown that CyHQ-O-DA activates D1 receptors on 

breast cancer cell line after exposure to 405 nm light. Furthermore, CyHQ-O-DA releases 

dopamine and activates D2 receptors in brain slices from SNc. On the other hand, CyHQ-

sulpiride releases efficiently sulpiride which antagonizes D2 receptors enabling the 

measurement of agonist off rates and other elements of dopamine synapse physiology.143  

4.2. Synthesis of photoactivatable α4β2 nAChRs agonist 

4.2.1. Introduction and aim 

PPGs, initially used only for transient protection of functional groups of intermediates in 

organic synthesis, were successively developed to cage bioactive compounds. During the 

years, a wide variety of PPGs were developed. However, the preeminent position is occupied 

by 8-bromo-7-hydroxy-2-methylquinoline (BHQ) and 8-cyano-7-hydroxy-2-methylquinoline 

(CyHQ). Recent works published by Asad et al.138,143 have demonstrated that BHQ and CyHQ 

are effective cage groups in the release of different types of molecules such as tertiary amines 

and phenols in response to irradiation with 1PE (365 nm) or 2PE (740 nm). In addition, these 

PPGs show good water solubility, a low self-fluorescence and high uncaging that are extremely 

important for the study of living cells and tissue cultures.  
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For this reason, we decided to study this strategy based on the photoremovable-protecting 

group to control the spatiotemporally the release of α4β2 nAChR full agonist (S)-VI with light 

at specific sites of action using quinoline-based PPGs (Figure 48). 

 
Figure 48. BHQ- and CyHQ-protected full agonist (S)-VI. 

4.2.2. Chemistry 

The synthesis of MEM protected (S)-VI 114 is described in the Scheme 13. The mesyl ester 

derivative of N-Cbz protected (S)-prolinol 111 reacted with 3-hydroxy-5-((2-

methoxyethoxy)methoxy)pyridine 112 to give the intermediate 113, than converted into 

corresponding N-methyl derivative 114 by treatment with LiAlH4. 

 
Scheme 13. Reagents and conditions: (a) DMF, NaH, N2, rt, 4h, 64%; (b) THF, LiAlH4, N2, rt, 3h, 72%. 
 

(S)-N-benzyloxycarbonyl-2-methylsulfonyoxymethyl 111 pyrrolidine was synthesized by the 

reduction of (S)-proline with LiAlH4 and subsequent protection with benzyl chloroformate and 

methanesulfonyl chloride (Scheme 14). 

 
Scheme 14. Reagents and conditions: (a) THF, LiAlH4, N2, reflux, 2h, 63%; (b) THF, benzyl chloroformate, 
NaHCO3, rt, 16h, 56%; (c) DCM, TEA, MsCl, rt, 3h, 94% 

3-hydroxy-5-((2-methoxyethoxy)methoxy)pyridine 112 is described in the Scheme 15. The 

nucleophilic displacement of one of the two chlorine atoms from commercial available 3,5-

dichloropyridine with sodium salt of benzylic alcohol gave 3-benzyloxy-5-chloro pyridine 117. 
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Subsequent copper-mediated amination using ammonia provide 3-amino-5-

benzyloxypyridine 118 which was converted into 3-benzyloxy-5-hydroxypyridine 119 via 

diazonium salt. O-MEM protection and benzyl removal by hydrogenolysis gave the 

intermediate 112. 

 
Scheme 15. Reagents and conditions: (a) DMF, BnOH, NaH, N2, rt, overnight, 81%; (b) NH3 25% in water, 
CuSO4, 180°C, overnight, 52%; (c) H2O, H2SO4, NaNO2, rt, 3h, 97%; (d) DCM, MEMCl, DIPEA, N2, 35°C, 
4h, 63%; (e) MeOH, H2, Pd/C, rt, 3h, 95%; 

The synthesis of BHQ-OMs 121 and CyHQ-OMs 122 started from the synthesis of 7-hydroxy-

2-methylquinolin-1-ium-4-metylbenzenesulfonate 123 that was obtained through a multistep 

process. Firstly, a Skraup reaction between the commercially available crotonaldehyde and 3-

hydroxyaniline gave 7-hydroxy-2-methyquinoline as intermediated, which was subsequently 

isolated as para-toluene sulfonic salt (Scheme 16).  

 
Scheme 16. Reagents and conditions: (a) butanol, 6N HCl, FeCl3, 95°C, 1h; (b) 2-propanol, p-TSA, rt, 2h, 
30%. 

Treatment of this salt with N-bromosuccinimide (NBS) resulted in bromination at C-8 of 

quinoline to give 124. The same reaction conducted using N-idosuccinimide (NIS) instead of 

NBS resulted in iodination on C-8 (125) (Scheme 17). 
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Scheme 17. Reagents and conditions: (a) methanol, NBS, rt, overnight, 66%; (b) methanol, NIS, rt, 
overnight, 60%. 

Iodine was replaced with cyano, after protecting the phenolic function with an acetyl group 

(126), by treatment with CuCN. Hydrolysis of the acetate gave the quinoline 127 (Scheme 18). 

 
Scheme 18. Reagents and conditions: (a) ACN, TEA, Acetyl Chloride, N2, 0°C to rt, 30 min, 100%; (c) DMA, 
CuCN, Pd-Tetrakis, 5h, reflux, 61%. 

The intermediates 124 and 127 were then submitted to the same synthetic procedure to give 

the desired PPGs. In detail, MEM protection of the phenolic function (128, 129) followed by 

methyl oxidation with SeO2 will provide the aldehydes 130 and 131. Subsequent reduction 

with NaBH4 (132, 133) followed by treatment with methansulfonyl chloride (MsCl) gave the 

corresponding MEM-BHQ-OMs 134 and MEM-CyHQ-OMs 135 PPGs which were then MEM 

deprotected to obtain desired intermediates BHQ-OMs 121 and CyHQ-OMs 122 (Scheme 19). 
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Scheme 19. Reagents and conditions: (a) acetone, MEMCl, K2CO3, N2, 0°C to rt, overnight, 69% (128); 
88% (129); (b) dioxane, SeO2, 80°C, 1h, quantitative (130); 60°C, 3h, 60% (131); (c) ethanol, NaBH4, rt, 
1h, quantitative (132); 86% (133); (d) DCM, MsCl, 0°C, 1h, 57% (134); 79% (135); (e) DCM, TFA, rt, 8h, 
90% (121); 72% (122). 

The final compounds BHQ-(S)-VI and CyHQ-(S)-VI were synthesized with a simple nucleophilic 

substitution between 114 and 121 or 122 in acetonitrile and subsequent MEM deprotection 

using TFA (Scheme 20). 

 
Scheme 20. Reagents and conditions: (a) acetonitrile, rt, 4h, 55% (136), 76% (137); (b) DCM, TFA, rt, 5h, 
17% (BHQ-(S)-VI), 59% (CyHQ-(S)-VI). 

4.2.3. Photochemical characterization of uncaging studies 

Determination of the solubility of compounds BHQ-(S)-VI and CyHQ-(S)-VI in aqueous 

solution 

Compounds BHQ-(S)-VI and CyHQ-(S)-VI (1 mg) was added to HEPES buffer (500 μL), and the 

resulting suspension was heated at 65 °C with sonication for 1 h. The solution was allowed to 

equilibrate at room temperature in the dark for 12 h before being filtered and analysed by 

HPLC. For each compound, the experiment was performed in triplicate. Quantification of BHQ-

(S)-VI and CyHQ-(S)-VI was achieved by comparison with a calibration curve obtained from a 

standard solution in acetonitrile. The final solubility values obtained were 1.33 mg/mL for 

CyHQ-(S)-VI and 1.5 mg/mL for BHQ-(S)-VI. 
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UV-vis spectra of 138, 139, BHQ-(S)-VI, CyHQ-(S)-VI and (S)-VI 

Based on the proposed uncaging mechanisms138, compounds 138 and 139 were synthesized 

as a by-product of the uncaging reaction. 

 

Solutions of 138, 139, BHQ-(S)-VI, CyHQ-(S)-VI and (S)-VI in HEPES buffer were used to acquire 

the UV-vis spectrum using a blank solution of HEPES buffer as baseline. Spectra were acquired 

with an Shimadzu® UV-1900 UV-Vis spectrophotometer in the 600-200nm range.  

BHQ-(S)-VI λmax = 260 nm; 

CyHQ-(S)-VI λmax = 247 nm; 

(S)-VI λmax = 306 nm. 

Determination of the molar extinction coefficient (ε) 

Solutions of BHQ-(S)-VI and CyHQ-(S)-VI (0.1 mM) in HEPES buffer were used to acquire the 

UV-vis spectrum using a blank solution of HEPES buffer as baseline. The measurement was 

repeated in triplicate and the absorbance values averaged. Final ε values at λ=365 nm were 

obtained from the Beer-Lambert law: ε = A(cl)-1. 

BHQ-(S)-VI ε365 = 1800 M-1cm-1; 

CyHQ-(S)-VI ε365 = 5600 M-1cm-1. 

Assessment of the stability of compounds BHQ-(S)-VI and CyHQ-(S)-VI in the dark 

Solutions of BHQ-(S)-VI and CyHQ-(S)-VI in HEPES buffer were stored in the dark at room 

temperature and sampled periodically to determine the extent of degradation by HPLC as 
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described for the photolysis reaction. Less than 1% of BHQ-(S)-VI and CyHQ-(S)-VI degraded 

during a period of one week. 

Photolysis reaction with 1-photon excitation of compounds BHQ-(S)-VI and CyHQ-(S)-VI 

Substrates were dissolved in HEPES buffer to a final concentration of 2.73 mM. 1 mL of the 

resulting solution was irradiated in a quartz cuvette using a LED lamp (Cairn MonoLED) at 365 

nm with stirring. Aliquots (50 μL) were sampled at different time intervals and analysed by 

HPLC, using external standard calibration method to obtain quantitative data for BHQ-(S)-VI 

and CyHQ-(S)-VI cleavage and calibration curve to obtain quantitative data for (S)-VI release. 

Each experiment was repeated in triplicate. Chromatographic runs were performed using 

Hypersil® BDS C18 column (particle size 5μm, 250x4.6 mm dimension), monitoring the AUC at 

the wavelength of 305 nm (λmax of (S)-VI). Separations were obtained with a gradient elution 

(flow rate 1 mL/min) using as mobile phases (A) H2O and (B) CH3CN, both containing 0.1% of 

TFA; the elution was set as follows (%B): 0 min, 10%; 9 min, 20%; 12 min, 20%; 14 min, 10%; 

16 min, 10%. The quantitative data obtained were plotted versus time of photolysis and the 

t90% values (time in seconds for 90% of reaction to complete) calculated by fitting the data to 

a one phase exponential decay curve using the software GraphPad Prism version 8 (GraphPad 

Software, Inc., CA, USA). The released compound (S)-VI was monitored during the appearance 

and plotted as an exponential rise. 

4.2.4. Results and discussions 

Upon the irradiation of BHQ-(S)-VI and CyHQ-(S)-VI, dissolved in the simulated physiological 

buffer (HEPES pH 7.4) using 365 nm light, the release of the full agonist (S)-VI was observed. 

The time course of the photolysis was monitored by HPLC, and the appearance of the (S)-VI 

and disappearance of BHQ-(S)-VI and CyHQ-(S)-VI were observed by comparison with 

calibration curves. The irradiation was performed at different times from 1 sec to 120 sec.  

Regarding the compounds BHQ-(S)-VI it is possible to observe that the disappearance of the 

starting material is complete with the t90% of 43 sec. However, that the maximum release of 

the full agonist (S)-VI is only of 30% circa. This phenomenon is due to the photobleaching of 

the compound BHQ-(S)-VI or intramolecular photo-rearrangement or photo-degradation due 

to the prolonged exposure to a high lamp intensity (Figure 49). 
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Figure 49. Time courses for the photolysis reaction of BHQ-(S)-VI: percentage of released (S)-VI (left) 
and percentage of remaining BHQ-(S)-VI (right). Curves were obtained using GraphPad Prism version 8 
using one phase exponential decay curve. 

The same experiment was performed also on CyHQ-(S)-VI, in order to analyse and compare 

with the previously obtained results using bromo-substituted PPG. In this case, the photolysis 

is still efficient with the t90% of 47 sec. However, the release of the full agonist (S)-VI from 

cyano-substituted PPG base compound is much higher than the bromo-substituted one. The 

release of full agonist (S)-VI is of 75% (Figure 50). 

 
Figure 50. Time courses for the photolysis reaction of CyHQ-(S)-VI: percentage of released (S)-VI (left) 
and percentage of remaining CyHQ-(S)-VI (right). Curves were obtained using GraphPad Prism version 
8 using one phase exponential decay curve. 

In conclusion, two photoactivatable forms of (S)-VI, namely BHQ-(S)-VI and CyHQ-(S)-VI, were 

designed, synthesized, and tested for their ability to release the full agonist through 1PE 
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excitation. The photorelease reactions occur with complete consumption of the caged 

compounds. However, this process is accompanied by photobleaching. Therefore, a proper 

HPLC analysis protocol was developed to evaluate the effective release of (S)-VI. Of the two 

photoactivatable compounds, CyHQ-(S)-VI shows better photochemical properties than its 

brominated analogue, releasing the nicotinic agonist (S)-VI up to nearly 80%. Such a behaviour 

highlights the higher photostability of the cyano derivative, CyHQ-(S)-VI, compared to its 

brominated analogue BHQ-(S)-VI.Subsequently, in vitro studies will be performed in 

collaboration with Dr. Nicola Origlia from Instituto di Neuroscienze of CNR of Pisa. The use of 

a photoactivatable α4β2 nAChR full agonist represents an important tool to deeply investigate 

the neurophysiology of the entorhinal-hippocampal circuitry, that is essential for cognitive 

functioning and involved in a variety of neurological disorders and neurodegenerative 

diseases. Indeed, its spatiotemporal control in a brain slice, by local uncaging, can be used to 

understand the critical role of α4β2 nAChRs in CNS and how stimulation of such receptors, in 

different brain circuitries, can subtly influence various aspects of neuronal communication and 

contribute to the overall efficiency of synaptic connections.  
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5. General conclusions and future perspectives 

In conclusion, it was observed that the mutation of Ser108 amino acid of the small hydrophilic 

β2 pocket modifies the epibatidine binding. If the hydroxymethyl side chain of Ser108 is 

replaced with bulkier isopropyl of Leu It abolishes the binding. On contrary, the substitution 

with less bulky methyl of Ala increases or does not affect the affinity of α4β2 partial agonist. 

Based on these results, a series of benzofuran derivatives were synthesized. These compounds 

have demonstrated that the position of the oxygens of the heterocycle and the decoration of 

the aromatic ring are crucial. Also, the studies on the two isoforms of the receptor show the 

involvement of these characteristics with the receptor interaction. 

Subsequently, the most promising compounds were tested in vivo and it was demonstrated 

that α4β2 full agonists are involved in attention and spatial memory improvement in a way 

similar to nicotine. On the other hand, partial agonist (S,R)-IV when co-applied with nicotine 

antagonises the rewarding effects. The results of these in vivo studies have identified potential 

new lead molecules for improving learning and memory ((S)-V and (S)-VI) or for inducing 

smoking cessation ((S)-VI).  

Studies on the compounds selective for the α4/α4 interface of the α4β2 nAChR have shown 

that this unorthodox binding site is highly selective and restrictive. SAR studies broaden the 

horizons for the further development of new potentiators selective for the unorthodox 

binding site. The future perspectives are to synthesize other compounds based on NS9283. 

Two synthetic strategies will be studied. The first one consists of the combination of the most 

promising modifications of the pyridine and 3-CN substituted phenyl rings. The second 

approach is based on the further investigation of the piperidine moiety instead of the phenyl 

ring with the corresponding lengthening of the substituent on the N and 

shrinkage/enlargement of the piperidine ring to pyrrolidine and azepane one. 

Regarding the photoactivatable α4β2 full agonist, it was observed that BHQ and CyHQ 

protecting groups are efficient in the photolysis reaction using a 365 nm lamp. With the BHQ 

group, the release of the full agonist was only 30% due to photobleaching of the compound, 

intramolecular rearrangement and photo-degradation. However, the same experiment 
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performed on CyHQ caged full agonist, the photolysis in more effective with the release of the 

full agonist of 75%. Further studies will be focused on the investigation of other quinoline-

based cage groups substituted with fluorine or trifluoromethyl groups in the 8-position and 

their coupling with the full agonist (S)-VI. Also, the use of different cage groups such as BODIPY 

will be investigated. Another aspect to deepen is the coupling of the PPGs at different 

positions of the active compounds (pyridine nitrogen, pyrrolidine nitrogen or phenyl oxygen).  



 106 

6. Experimental section 

All chemicals and solvents were used as received from commercial sources or prepared as 

described in the literature. Flash chromatography purifications were performed using 

Biotage® IsoleraTM flash purification system using KP-Sil 32-63 μm 60 Å cartridges and Merck 

Silica Gel 60 (0.040-0.063 μm). TLC analyses were performed using 0.25mm silica gel plates on 

aluminium foil, containing a fluorescent indicator (Macherey-Nagel Alugram® SilG/UV 254). 

The spots were visualized under UV light (l = 254 or 365 nm). The staining of TLC plates was 

performed with potassium permanganate, cerium sulfate, ninhydrin and cerium molybdate 

stain; Rf values are given for guidance. 1H and 13C NMR spectra were recorded at 300 and 75 

MHz using Varian Mercury 300 spectrometer and elaborated with Mnova software. Chemical 

shifts are reported in ppm relative to residual solvent (CHCl3, MeOH or DMSO) as internal 

standard. Melting points were determined by Buchi Melting Point B-540 apparatus. Optical 

rotations were determined in a 1 dm cell of 1 mL capacity on Jasco P-1010 Polarimeter. The 

purity of compounds was assessed by HPLC analysis using HP1050 instrument. All compounds 

showed a purity ≥95%. Mass Spectra of compounds were acquired on a 4000 QTRAP (ABSciex), 

operated in both positive and negative electrospray ionization. High Resolution Electrospray 

Mass Spectra of all the final compounds were acquired on Q-TOF Synapt G2 Si (WATERS). 

Computation studies were performed using Schrodinger®, BIOVIA Discovery Studio® and 

BROOD® software. Absorption spectra were recorded using a Shimadzu® UV-1900 UV-Vis 

spectrophotometer in the 900nm-200nm range using a 1.5 mL quartz cuvette.	 

6.1. Part 1 

General procedure for benzylation of 2-bromo-benzofuranols to give 12 and 13 (A) 

A solution of benzofuranol (1.0 eq) in anhydrous THF (4 mL) was added dropwise to a 

suspension of NaH (1.1 eq) in anhydrous THF (3 mL) at 0 °C under N2. The resulting suspension 

was stirred at 0 °C for 10 min. Then, BnBr (2.0 eq) was added rapidly. The mixture was allowed 

to warm to rt and stirred at rt for 16 h. The mixture was quenched with H2O (1 mL) and 

concentrated under reduced pressure. Saturated NaHCO3 (10 mL) was added, and the mixture 

was extracted with EtOAc (3 x 5 mL). The combined organic layers were dried (Na2SO4) and 
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evaporated under reduced pressure to give the corresponding crude 2-bromo-

benzyloxybenzofuran. 

General procedure for methylation of 2-bromo-benzofuranols to give 14 and 15 (B) 

A solution of benzofuranol (1.0 eq) in anhydrous THF (4 mL) was added dropwise to a 

suspension of NaH (1.1 eq) in anhydrous THF (3 mL) at 0 °C under N2. The resulting suspension 

was stirred at 0 °C for 10 min. Then, MeI (2.0 eq) was added rapidly. The mixture was allowed 

to warm to rt and stirred at rt for 16 h. The mixture was quenched with H2O (1 mL) and 

concentrated under reduced pressure. Saturated NaHCO3 (10 mL) was added, and the mixture 

was extracted with EtOAc (3 x 5 mL). The combined organic layers were dried (Na2SO4) and 

evaporated under reduced pressure to give the corresponding crude 2-bromo-

methoxybenzofuran.  

General procedure for Catalytic Lithiation-Negishi Coupling for compounds 16-19,24 (C) 

Procedure adapted from literature.144 s-BuLi (2.9 mL of a 1.3 M solution in hexane, 1.3 eq) was 

added dropwise to a stirred solution of N-Boc pyrrolidine (1.0 eq) in anhydrous THF (5 mL) at 

–30 °C under N2. The resulting solution was stirred at –30 °C for 5 min. Then, ZnCl2 (1.8 mL of 

a 1.0 M solution in Et2O, 0.6 eq) was added dropwise. The resulting solution was stirred at – 

30 °C for 30 min and allowed to warm to rt and stirred for 30 min. To this stirred solution of 

the organozinc reagent, the aryl bromide (0.7 eq) was added. Then, Pd(OAc)2 (0.1 eq, 10 mol%) 

and tBu3PHBF4 (0.13 eq, 12.5 mol%) were added in one portion and the resulting solution was 

stirred at rt for 16 h. 35% NH4OH(aq) (10 mL) was added and the solution was stirred at rt for 1 

h. The solids were removed by filtration through Celite® and washed with Et2O (20 mL). The 

filtrate was washed with HCl 1M (20 mL) and brine (20 mL), dried (Na2SO4) and evaporated 

under reduced pressure to give the crude product. 

General procedure for the removal of Boc protecting group and N-methylation to give 

compounds 3, 5, 20 and 21 (D) 

Procedure adapted from literature.98,145 HCl in MeOH (3 mL of a 1.25 M solution) was added 

to a stirred solution of the N-Boc benzofuran (1.0 eq) in MeOH (3 mL) at rt. The resulting 

solution was stirred at 50 °C for 3 h. Then, the solvent was evaporated under reduced pressure 
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to give the crude HCl salt as a brown oil. Then, H2O (5 mL) and saturated NaHCO3 (5 mL) were 

added, and the mixture was extracted with EtOAc (3 x 5 mL). The combined organic layers 

were dried (Na2SO4) and evaporated under reduced pressure to give the crude product. MeOH 

(5 mL) and AcOH (80 μL) were added at 0 °C. 37% HCHO(aq) (0.1 mL) was added dropwise to a 

stirred reaction mixture. Then, pic-BH3 (1.0 eq) was added, and the resulting solution was 

stirred at rt for 2 h. The mixture was concentrated under reduced pressure. HCl 1 M (5 mL) 

was added, and the resulting solution was stirred at rt for 1 h to quench the unreacted 2-

picolin-borane. Then, Na2CO3 2M was added at 0 °C. The mixture was extracted with EtOAc (3 

x 5 mL). The combined organic layers were washed with brine (10 mL), dried (Na2SO4) and 

evaporated under reduced pressure to give the crude product that was purified by flash 

column chromatography. 

General procedure for the removal of benzyl protecting group for compounds 1 and 2 (E) 

Procedure adapted from literature.98 10% Pd/C (0.5 eq) was added to a solution of 

benzyloxybenzofuran (1.0 eq) in MeOH (5 mL). The resulting mixture was stirred at rt for 4 h 

under H2 (1 atm). Then, the stirred solution was filtered over Celite® and washed with MeOH. 

The filtrate was evaporated under reduced pressure to give the crude product as an orange 

oil. 

N-Boc-pyrrolidine (7) 

 

Molecular Weight: 171,24 

Procedure adapted from literature.146 TEA (3.4 mL, 0.02 mmol) and (Boc)2O (6.88 g, 0.03 

mmol) were added to a stirred solution of pyrrolidine (2 mL, 0.02 mol) in DCM (8 mL) at 0 °C 

and the resulting mixture was stirred at rt overnight. The stirred solution was washed with HCl 

1 M (10 mL), brine (10 mL), dried (Na2SO4) and evaporated under reduced pressure to give N-

Boc-pyrrolidine (7) (4.06 g, 0.02 mol, 98%) as a colourless oil; Rf (Cyclohexane/EtOAc 8:2) 0.41; 
1H NMR (300 MHz, CDCl3): δ 3.35 – 3.26 (m, 4H), 1.88 – 1.78 (m, 4H), 1.46 (s, 9H). 

N
Boc
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2-bromo-5-hydroxybenzofuran (11) 

 

Molecular Weight: 213.03 

Procedure adapted from literature.147 A solution of CBr4 (9.6 g, 28.96 mmol) in ACN was added 

dropwise to a suspension of 2,5-dihydroxybenzaldehyde (1.0 g, 7.24 mmol), PPh3 (7.6 g, 28.96 

mmol) and Zn powder (1.89 g, 28.96 mmol) in ACN at rt under N2. The resulting suspension 

was stirred at rt for 30 min. Then, NH4Cl (1.94 g, 36.20 mmol) was added, and the mixture was 

stirred vigorously until it became a clear solution. K2CO3 (5.00 g, 36.20 mmol) and CuI (138 mg, 

0.72 mmol, 10 mol%) were added and the suspension was stirred and heated at reflux for 3 h. 

Then, the suspension was allowed to cool to rt, filtered through Celite® and evaporated under 

reduced pressure to give the crude product.  Purification by flash column chromatography 

with 9:1 cyclohexane-ethyl acetate as eluent gave 2-bromo-5-hydroxybenzofuran (11) (550 

mg, 2.58 mmol, 36%) as a pale orange solid, mp decomposes at 68 °C; Rf (Cyclohexane/EtOAc 

8:2) 0.25; 1H NMR (300 MHz, CDCl3): δ 7.30 (d, J = 8.9 Hz, 1H), 6.91 (d, J = 2.6 Hz, 1H), 6.76 (dd, 

J = 8.9, 2.6 Hz, 1H), 6.63 (s, 1H), 4.91 (br s, 1H, exchange with D2O).  

2-bromo-5-benzyloxybenzofuran (13) 

 

Molecular Weight: 303.16 

Using the general procedure A, a mixture of 2-bromo-benzofuran-5-ol (11) (260 mg, 1.22 

mmol), NaH (32 mg, 1.34 mmol) and BnBr (0.29 mL, 2.44 mmol) in anhydrous THF (7 mL) gave 

the crude product as an orange oil. Purification by flash column chromatography with 9:1 

petroleum ether-DCM as eluent gave 2-bromo-5-benzyloxybenzofuran (13) (269 mg, 0.89 

mmol, 73%) as a colourless oil; Rf (cyclohexane) 0.17; 1H NMR (300 MHz, CDCl3): δ 7.49 – 7.28 

(m, 6H), 7.03 (d, J = 2.6 Hz, 1H), 6.94 (dd, J = 9.1, 2.6 Hz, 1H), 6.65 (s, 1H), 5.08 (s, 2H).  
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2-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)-5-benzyloxybenzofuran (17) 

 

Molecular Weight: 393.48 

Using the general procedure C, a mixture of N-Boc-pyrrolidine (7) (280 mg, 1.65 mmol), s-BuLi 

(1.6 mL of a 1.3 M solution in hexane, 2.13 mmol), ZnCl2 (0.98 mL of a 1.0 M solution in Et2O, 

0.98 mmol), Pd(OAc)2 (37 mg, 0.16 mmol), tBu3PHBF4 (60 mg, 0.21 mmol) and 2-bromo-5-

benzyloxybenzofuran (13) (347 mg,  1.15 mmol) in anhydrous THF (10 mL)  gave the crude 

product. Purification by flash column chromatography with 10:0 to 9:1 cyclohexane-ethyl 

acetate as eluent gave 2-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)-5-benzyloxybenzofuran (17) 

(130 mg, 0.33 mmol, 20%) as yellow oil; Rf (Cyclohexane/EtOAc 8:2) 0.32; 1H NMR (300 MHz, 

CDCl3: δ 7.50 – 7.27 (m, 6H), 7.04 (s, 1H), 6.90 (d, J = 7.0 Hz, 1H), 6.38 (br s, 1H), 5.02 (s, 2H), 

4.99 – 4.85 (m, 1H), 3.74 – 3.37 (m, 2H), 2.31 – 2.07 (m, 2H), 2.01 – 1.88 (m, 2H), 1.42 (s, 9H).  

2-(5-(benzyloxybenzofuran-2-yl)-1-methylpyrrolidine (21) 

 

Molecular Weight: 307.39 

Using the general procedure D, a mixture of HCl in MeOH (5 mL of a 1.25 M solution) and tert-

butyl 2-(5-(benzyloxy)benzofuran-2-yl)pyrrolidine-1-carboxylate (17) (130 mg, 0.33 mmol) in 

MeOH (3 mL) gave 2-(5-(benzyloxy)benzofuran-2-yl)pyrrolidine as a brown oil. Then, 2-(5-

(benzyloxy)benzofuran-2-yl)pyrrolidine (70 mg, 0.24 mmol), 37% HCHO(aq) (0.1 mL) and pic-

BH3 (25 mg, 0.24 mmol) in MeOH (4 mL) and AcOH (60 μL) gave the crude product. Purification 

by flash column chromatography with 98:2 DCM-MeOH and 0.5% NH3(22% in water) as eluent gave 

2-(5-(benzyloxybenzofuran-2-yl)-1-methylpyrrolidine (21) (30 mg,  0.10 mmol, 41%) as an 

orange oil; Rf (DCM/MeOH 9:1 + 0.1% NH3(22% in water)) 0.48; 1H NMR (300 MHz, CDCl3): δ 7.51 

– 7.29 (m, 6H), 7.06 (d, J = 2.6 Hz, 1H), 6.93 (dd, J = 8.9, 2.6 Hz, 1H), 6.53 (s, 1H), 5.09 (s, 2H), 

O

BnO
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3.34 (t, J = 8.0 Hz, 1H), 3.25 (ddd, J = 9.5, 7.4, 2.3 Hz, 1H), 2.45 – 2.27 (m, 4H), 2.21 – 2.10 (m, 

2H), 2.10 – 1.97 (m, 1H), 1.94 – 1.76 (m, 1H).  

2-(5-hydroxybenzofuran-2-yl)-1-methylpyrrolidine (1) 

 

Molecular Weight: 217.27 

Using the general procedure E, a mixture of 2-(5-(benzyloxy)benzofuran-2-yl)-1-

methylpyrrolidine (21) (90 mg, 0.29 mmol) and 10% Pd/C (15 mg) in MeOH (9 mL) gave the 

crude product. Purification by flash column chromatography with 9:1 DCM-MeOH and 0.1% 

NH3(22% in water)  as eluent gave 2-(5-hydroxybenzofuran-2-yl)-1-methylpyrrolidine (1) (42 mg,  

0.19 mmol, 66%) as a light yellow oil; Rf (DCM/MeOH 9:1 + 0.1% NH3(22% in water)) 0.41; 1H NMR 

(300 MHz, CD3OD): δ 7.23 (d, J = 8.8 Hz, 1H), 6.89 (d, J = 2.5 Hz, 1H), 6.72 (dd, J = 8.8, 2.5 Hz, 

1H), 6.57 (s, 1H), 3.44 (t, J = 8.4 Hz, 1H), 3.16 (ddd, J = 9.5, 7.4, 2.7 Hz, 1H), 2.41 (dd, J = 9.5, 

8.4, 1H), 2.32 (s, 3H), 2.29 – 2.10 (m, 2H), 2.09 – 1.81 (m, 2H); 13C NMR (75 MHz, CD3OD): δ 

157.55, 152.90, 149.53, 128.97, 112.34, 110.62, 105.08, 103.99, 63.89, 56.14, 39.33, 29.80, 

21.95.  

2-bromo-6-hydroxybenzofuran (10) 

 

Molecular Weight: 213,03 

Procedure adapted from literature.147 A solution of CBr4 (9.60 g, 28.96 mmol) in ACN was 

added dropwise to a suspension of 2,4-dihydroxybenzaldehyde (1.00 g, 7.24 mmol), PPh3 (7.6 

g, 28.96 mmol) and Zn powder (1.89 g, 28.96 mmol) in ACN at rt under N2. The resulting 

suspension was stirred at rt for 30 min. Then, NH4Cl (1.94 g, 36.20 mmol) was added, and the 

mixture was stirred vigorously until it became a clear solution. Cs2CO3 (11.79 g, 36.10 mmol) 

and CuI (138 mg, 0.72 mmol, 10 mol%) were added and the suspension was stirred and heated 
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at reflux for 3 h. Then, the suspension was allowed to cool to rt, filtered through Celite® and 

evaporated under reduced pressure to give the crude product.  Purification by flash column 

chromatography with 9:1 cyclohexane-ethyl acetate as eluent gave 2-bromo-6-

hydroxybenzofuran (10) (655 mg, 3.08 mmol, 43%) as a white solid, mp decomposes at 50 °C; 

Rf (Cyclohexane/EtOAc 7:3) 0.46; 1H NMR (300 MHz, CDCl3): δ 7.33 (d, J = 8.4 Hz, 1H), 6.95 (d, 

J = 2.2 Hz, 1H), 6.77 (dd, J = 8.4, 2.2 Hz, 1H), 6.64 (s, 1H), 4.81 (br s, 1H, exchange with D2O).  

2-bromo-6-benzyloxybenzofuran (12) 

  

Molecular Weight: 303.16 

Using the general procedure A, a mixture of 2-bromo-benzofuran-6-ol (10) (580 mg, 2.72 

mmol), NaH (72 mg, 2.99 mmol) and BnBr (0.65 mL, 5.45 mmol) in anhydrous THF (7 mL) gave 

the crude product as an orange oil. Purification by flash column chromatography with 

cyclohexane as eluent gave 2-bromo-6-benzyloxybenzofuran (12) (690 mg, 2.28 mmol, 84%) 

as a colourless oil; Rf (cyclohexane) 0.20; 1H NMR (300 MHz, CDCl3): δ 7.48 – 7.30 (m, 6H), 7.05 

(d, J = 2.3 Hz, 1H), 6.94 (dd, J = 8.6, 2.3 Hz, 1H), 6.64 (s, 1H), 5.09 (s, 2H). 

2-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)-6-benzyloxybenzofuran (16) 

 

Molecular Weight: 393.48 

Using the general procedure C, a mixture of N-Boc-pyrrolidine (7) (500 mg, 2.92 mmol), s-BuLi 

(2.9 mL of a 1.3 M solution in hexane, 3.8 mmol), ZnCl2 (1.8 mL of a 1.0 M solution in Et2O, 

1.75 mmol), Pd(OAc)2 (65 mg, 0.29 mmol), tBu3PHBF4 (106 mg, 0.37 mmol) and 2-bromo-6-

benzyloxybenzofuran (12) (620 mg, 2.04 mmol) in anhydrous THF (10 mL) gave the crude 

product. Purification by flash column chromatography with 10:0 to 9:1 cyclohexane-ethyl 

acetate as eluent gave 2-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)-6-benzyloxybenzofuran (16) 
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(180 mg, 0.46 mmol, 16%) as a yellow oil; Rf (Cyclohexane/EtOAc 8:2) 0.45; 1H NMR (300 MHz, 

CDCl3): δ 7.54 – 7.29 (m, 6H), 7.03 (d, J = 2.2 Hz, 1H), 6.91 (d, J = 8.3 Hz, 1H), 6.45 (br s, 1H), 

5.09 (s, 2H), 5.08 – 4.83 (m, 1H), 3.67 – 3.35 (m, 2H), 2.30 – 1.98 (m, 2H), 1.98 – 1.88 (m, 2H), 

1.46 (s, 9H).  

2-(6-(benzyloxybenzofuran-2-yl)-1-methylpyrrolidine (20) 

 

Molecular Weight: 307.39 

Using the general procedure D, a mixture of HCl in MeOH (3 mL of a 1.25 M solution) and tert-

butyl 2-(6-(benzyloxy)benzofuran-2-yl)pyrrolidine-1-carboxylate (16) (63 mg, 0.16 mmol) in 

MeOH (3 mL) gave 2-(6-(benzyloxy)benzofuran-2-yl)pyrrolidine as a brown oil. Then, 2-(6-

(benzyloxy)benzofuran-2-yl)pyrrolidine (32 mg, 0.11 mmol), 37% HCHO(aq) (0.1 mL) and pic-

BH3 (12 mg, 0.11 mmol) in MeOH (2 mL) and AcOH (60 μL) gave the crude product. Purification 

by flash column chromatography with 1:1 cyclohexane-ethyl acetate and 0.5% TEA as eluent 

gave 2-(6-(benzyloxybenzofuran-2-yl)-1-methylpyrrolidine (20) (20 mg,  0.07 mmol, 60%) as 

orange oil; Rf (Cyclohexane/EtOAc 1:1 + 0.5% TEA) 0.18; 1H NMR (300 MHz, CDCl3): δ 7.54 – 

7.29 (m, 6H), 7.07 (d, J = 2.2 Hz, 1H), 6.91 (dd, J = 8.4, 2.2 Hz, 1H), 6.50 (s, 1H), 5.09 (s, 2H), 

3.36 – 3.18 (m, 2H), 2.54 – 2.39 (m, 1H), 2.40 – 2.25 (m, 4H), 2.15 (dd, J = 8.1, 7.4 Hz, 2H), 2.09 

– 1.95 (m, 1H).  

2-(6-hydroxybenzofuran-2-yl)-1-methylpyrrolidine (2) 

 

Molecular Weight: 217.27 

Using the general procedure E, a mixture of 2-(6-(benzyloxy)benzofuran-2-yl)-1-

methylpyrrolidine (20) (60 mg, 0.20 mmol) and 10% Pd/C (15 mg) in MeOH (9 mL) gave the 

crude product. Purification by flash column chromatography with 9:1 DCM-MeOH and 0.1% 

OBnO N

OHO N
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NH3(22% in water) as eluent gave 2-(6-hydroxybenzofuran-2-yl)-1-methylpyrrolidine (2) (33 mg,  

0.15 mmol, 78%) as a light yellow oil; Rf (DCM/MeOH 9:1 + 0.1% NH3(22% in water)) 0.42; 1H NMR 

(300 MHz, CD3OD): δ 7.31 (d, J = 8.4 1H), 6.85 (d, J = 2.2, 1H), 6.71 (dd, J = 8.4, 2.2 Hz, 1H), 6.60 

(s, 1H), 3.47 (t, J = 8.3 Hz, 1H), 3.23 – 3.12 (m, 1H), 2.51 – 2.36 (m, 1H), 2.33 (s, 3H), 2.25 – 2.14 

(m, 2H), 2.07 – 1.87 (m, 2H); 13C NMR (75 MHz, CD3OD): δ 156.14, 155.22, 154.75, 120.49, 

111.57, 104.25, 104.19, 97.09, 63.90, 56.06, 39.20, 29.54, 21.86.  

2-bromo-5-methoxybenzofuran (15) 

 

Molecular Weight: 227.06 

Using the general procedure B, a mixture of 2-bromo-benzofuran-5-ol (11) (870 mg, 4.08 

mmol), NaH (108 mg, 4.49 mmol) and MeI (0.51 mL, 8.17 mmol) in anhydrous THF (15 mL) 

gave the crude product as an orange oil. Purification by flash column chromatography with 

9:1 petroleum ether-DCM as eluent gave 2-bromo-5-methoxybenzofuran (15) (800 mg, 3.52 

mmol, 86%) as a pale-yellow oil; Rf (petroleum ether) 0.23; 1H NMR (300 MHz, CDCl3): δ 7.33 

(d, J = 9.0 Hz, 1H), 6.96 (d, J = 2.6 Hz, 1H), 6.85 (dd, J = 9.0, 2.6 Hz, 1H), 6.66 (s, 1H), 3.83 (s, 

3H).  

2-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)-5-methoxybenzofuran (18) 

 

Molecular Weight: 317.39 

Using the general procedure C, a mixture of N-Boc-pyrrolidine (7) (310 mg, 1.81 mmol), s-BuLi 

(1.8 mL of a 1.3 M solution in hexane, 2.35 mmol), ZnCl2 (1.1 mL of a 1.0 M solution in Et2O, 

1.09 mmol), Pd(OAc)2 (41 mg, 0.18 mmol), tBu3PHBF4 (66 mg, 0.23 mmol) and 2-bromo-5-

methoxybenzofuran (15) (288 mg, 1.27 mmol) in anhydrous THF (10 mL) gave the crude 

product. Purification by flash column chromatography with 10:0 to 9:1 cyclohexane-ethyl 
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acetate as eluent gave 2-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)-5-methoxybenzofuran  (18) 

(100 mg, 0.32 mmol, 17%) as a yellow oil; Rf (Cyclohexane/EtOAc 8:2) 0.38; 1H NMR (300 MHz, 

CDCl3): δ 7.34 – 7.24 (m, 1H), 7.00 – 6.93 (m, 1H), 6.88 – 6.76 (m, 1H), 6.39 (br s, 1H), 5.05 – 

4.90 (m, 1H), 3.83 (s, 3H), 3.67 – 3.39 (m, 2H), 2.28 – 2.02 (m, 2.45H), 2.01 – 1.86 (m, 2H), 1.46 

(s, 9H). 

2-(5-methoxybenzofuran-2-yl)-1-methylpyrrolidine (3) 

 

Molecular Weight: 231.30 

Using the general procedure D, a mixture of HCl in MeOH (6 mL of a 1.25 M solution) and tert-

butyl 2-(5-methoxybenzofuran-2-yl)pyrrolidine-1-carboxylate (18) (84 mg, 0.27 mmol) in 

MeOH (3 mL) gave 2-(5-(benzyloxy)benzofuran-2-yl)pyrrolidine as a light yellow oil. Then, 2-

(5-methoxybenzofuran-2-yl)pyrrolidine (57 mg, 0.27 mmol), 37% HCHO(aq) (0.2 mL) and pic-

BH3 (28 mg, 0.27 mmol) in MeOH (8 mL) and AcOH (120 μL) gave the crude product. 

Purification by flash column chromatography with 98:2 DCM-MeOH and 0.5% NH3(22% in water) 

as eluent gave 2-(5-methoxybenzofuran-2-yl)-1-methylpyrrolidine (3) (22 mg,  0.1 mmol, 37%) 

as pale-yellow oil; Rf (DCM/MeOH 9:1 + 0.1% NH3(22% in water)) 0.33; 1H NMR (300 MHz, CDCl3): 

δ 7.34 (d, J = 8.9 Hz, 1H), 6.98 (d, J = 2.6 Hz, 1H), 6.84 (dd, J = 8.9, 2.6 Hz, 1H), 6.53 (s, 1H), 3.83 

(s, 3H), 3.35 (t, J = 8.0 Hz, 1H), 3.28 – 3.20 (m, 1H), 2.43 – 2.28 (m, 4H), 2.16 (qd, J = 8.0, 2.4 

Hz, 2H), 2.09 – 1.96 (m, 1H), 1.93 – 1.80 (m, 1H); 13C NMR (75 MHz, CDCl3): δ 159.19, 155.78, 

150.02, 128.87, 112.20, 111.66, 103.95, 103.24, 64.22, 56.78, 55.92, 40.50, 30.98, 22.70.  
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2-bromo-6-methoxybenzofuran (14) 

 

Molecular Weight: 227.06 

Using the general procedure B, a mixture of 2-bromo-benzofuran-6-ol (10) (400 mg, 1.88 

mmol), NaH (50 mg, 2.06 mmol) and MeI (0.23 mL, 3.76 mmol) in anhydrous THF (7 mL) gave 

the crude product as an orange oil. Purification by flash column chromatography with 9:1 

cyclohexane-ethyl acetate as eluent gave 2-bromo-6-methoxybenzofuran (14) (300 mg, 1.32 

mmol, 70%) as a colourless oil; Rf (petroleum ether) 0.23; 1H NMR (300 MHz, CDCl3): δ 7.36 (d, 

J = 8.6 Hz, 1H), 6.99 (d, J = 2.2 Hz, 1H), 6.86 (dd, J = 8.6, 2.2 Hz, 1H), 6.64 (s, 1H), 3.84 (s, 3H).  

2-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)-6-methoxybenzofuran (19) 

 

Molecular Weight: 317.39 

Using the general procedure C, a mixture of N-Boc-pyrrolidine (7) (365 mg, 2.13 mmol), s-BuLi 

(2.1 mL of a 1.3 M solution in hexane, 2.77 mmol), ZnCl2 (1.3 mL of a 1.0 M solution in Et2O, 

1.28 mmol), Pd(OAc)2 (24 mg, 0.11 mmol), tBu3PHBF4 (39 mg, 0.13 mmol) and 2-bromo-6-

methoxybenzofuran (14) (339 mg, 1.49 mmol) in anhydrous THF (10 mL) gave the crude 

product. Purification by flash column chromatography with 10:0 to 9:1 cyclohexane-ethyl 

acetate as eluent gave tert-butyl 2-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)-6-

methoxybenzofuran (19) (70 mg, 0.22 mmol, 10%) as a yellow oil; Rf (Cyclohexane/EtOAc 8:2) 

0.38; 1H NMR (300 MHz, CDCl3): δ 7.40 – 7.29 (m, 1H), 7.02 – 6.93 (m, 1H), 6.88 – 6.74 (m, 1H), 

6.38 (br s, 1H), 5.03 – 4.80 (m, 1H), 3.82 (s, 3H), 3.69 – 3.36 (m, 2H), 2.31 – 1.98 (m, 2H), 1.97 

– 1.88 (m, 2H), 1.52 – 1.38 (m, 9H).  
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2-(6-methoxybenzofuran-2-yl)-1-methylpyrrolidine (4) 

 

Molecular Weight: 231.30 

LiAlH4 (107 mg, 2.84 mmol) was added to a solution of 2-(6-methoxybenzofuran-2-yl)-1-

methypyrrolidine (19) (300 mg, 0.95 mmol) in anhydrous THF (5 mL) at 0 °C and the resulting 

solution was stirred for 20 min. Then, the reaction mixture was stirred and heated at reflux 

for 3 h. MeOH (5 mL) and H2O (5 mL) were added dropwise to the solution at 0 °C. The two 

layers were separated, and the aqueous layer was extracted with EtOAc (3 × 5 mL). The 

combined organic layers were dried (Na2SO4) and concentrated under reduced pressure to 

give the crude product as a brown oil. Purification by flash column chromatography with 9:1 

cyclohexane-acetone as eluent gave 2-(6-methoxybenzofuran-2-yl)-1-methylpyrrolidine (4) 

(30 mg, 0.13 mmol, 14%) as an light yellow oil; Rf (DCM/MeOH 9:1 + 0.1% NH3(22% in water)) 0.33; 
1H NMR (300 MHz, CDCl3): δ 7.36 (d, J = 8.4 Hz, 1H), 7.02 (d, J = 2.3 Hz, 1H), 6.83 (dd, J = 8.4, 

2.3 Hz, 1H), 6.51 (s, 1H), 3.82 (s, 3H), 3.32 (t, J = 8.1 Hz, 1H), 3.28 – 3.17 (m, 1H), 2.44 – 2.23 

(m, 4H), 2.22 – 2.08 (m, 2H), 2.07 – 1.96 (m, 1H), 1.95 – 1.76 (m, 1H); 13C NMR (75 MHz, CDCl3): 

δ 157.59, 157.07, 156.01, 121.58, 120.56, 111.35, 103.72, 96.19, 64.16, 56.73, 55.68, 40.43, 

30.80, 22.63.  

2-(benzofuran-2-yl)pyrrolidine (22) 

 

Molecular Weight: 187.24 

Procedure adapted from literature.148 n-BuLi (1.7 mL of a 2.5 M solution in hexanes, 4.24 

mmol) was added dropwise to a stirred solution of the 1-benzofuran (500 mg, 4.24 mmol) in 

anhydrous THF (6 mL) at –78 °C under N2. The resulting mixture was stirred at –78 °C for 30 

min, to give the corresponding lithiated benzofuran solution. n-BuLi (1.1 mL of a 2.5 M solution 

in hexanes, 2.83 mmol) was added dropwise to a stirred solution of pyrrolidine (201 mg, 2.83 

OMeO N
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mmol) in anhydrous Et2O (5 mL) at –78 °C under N2. The resulting solution was stirred at –78 

°C for 10 min. To this solution was then added via cannula a solution of benzophenone (618 

mg, 3.39 mmol) in anhydrous Et2O (5 mL). The resulting mixture was stirred at –78 °C for 10 

min and added to the stirred solution of the organometallic nucleophile (4.24 mmol) in one 

portion, followed immediately by the addition of BF3
.Et2O (3.4 mL of a 1 M solution in THF, 

3.39 mmol). Subsequently, the reaction vessel was taken out of the low temperature bath and 

stirred at rt for 2 h. The reaction mixture was then cooled to 0 °C and quenched with MeOH 

(1 mL). The resulting mixture was diluted with Et2O (20 mL) and washed with NaOH 1 M (20 

mL). The aqueous layer was extracted with Et2O (3 x 20 mL) and the combined organic layers 

were washed with brine (30 mL), dried (Na2SO4), and evaporated under reduced pressure to 

give the crude product. Purification by flash column chromatography with 95:5 DCM-MeOH 

and 0.1% NH3(22% in water) as eluent gave 2-(benzofuran-2-yl)-1-pyrrolidine (22) (38 mg, 0.20 

mmol, 7%) as an pale-yellow oil; Rf (DCM/MeOH 95:5 + 0.1% NH3 (22% in water)) 0.21; 1H NMR 

(300 MHz, CDCl3): δ 7.52 – 7.47 (m, 1H), 7.45 – 7.40 (m, 1H), 7.29 – 7.12 (m, 2H), 6.53 (s, 1H), 

4.36 (t, J = 6.7 Hz, 1H), 3.21 – 3.11 (m, 1H), 3.03 (ddd, J = 10.0, 7.7, 5.8 Hz, 1H), 2.36 – 2.11 (m, 

1H), 2.08 – 1.79 (m, 3H).148 

2-(benzofuran-2-yl)-1-methylpyrrolidine (5) 

 

Molecular Weight: 201.27 

Using the general procedure D, a mixture of 2-(benzofuran-2-yl)pyrrolidine (22) (137 mg, 0.73 

mmol), 37% HCHO(aq) (0.1 mL) and pic-BH3 (78 mg, 0.73 mmol) in MeOH (5 mL) and AcOH (172 

μL) gave the crude product. Purification by flash column chromatography with 95:5 DCM-

MeOH and 0.1% NH3(22% in water) as eluent gave 2-(benzofuran-2-yl)-1-methylpyrrolidine (5) (91 

mg, 0.45 mmol, 62%) as an pale-yellow oil; Rf (Cyclohexane/EtOAc 8:2 + 0.1% NH3 (22% in water)) 

0.25; 1H NMR (300 MHz, CDCl3): δ 7.54 – 7.43 (m, 2H), 7.27 – 7.15 (m, 2H), 6.58 (s, 1H), 3.37 

(t, J = 8.1 Hz, 1H), 3.25 (ddd, J = 9.9, 7.7, 2.5 Hz, 1H), 2.41 – 2.30 (m, 4H), 2.23 – 2.13 (m, 2H), 
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2.12 – 1.97 (m, 1H), 1.93 – 1.77 (m, 1H); 13C NMR (75 MHz, CDCl3): δ 158.32, 155.06, 128.36, 

123.68, 122.50, 120.54, 111.31, 103.82, 64.19, 56.81, 40.53, 31.00, 22.70.  

3-bromo-benzofuran (23) 

  

Molecular Weight: 197.03 

Procedure adapted from literature.149 A solution of Br2 (1.1 ml, 21.2 mmol) in DCM (5 mL) was 

added dropwise to a stirred solution of benzofuran (2.21 g, 20.0 mmol) in DCM (20 mL) at –10 

°C and the resulting mixture was stirred at rt for 1 h. Then, NaOH 1 M (1 mL) was added. The 

solution was washed with H2O (5 mL) and Na2S2O3 (5 mL), and the combined aqueous layers 

were extracted with DCM (3 x 5 mL). The combined organic layers were dried (Na2SO4) and 

evaporated under reduced pressure, the crude was dissolved in EtOH (20 mL) and the 

saturated solution of KOH in EtOH (20 mL) was added dropwise at 0 °C. The mixture was stirred 

at reflux for 2h. Then, the solution was allowed to cool to rt, H2O (10 mL) was added, EtOH 

was concentrated under reduced pressure and the mixture was extracted with EtOAc (3 x 5 

mL). The combined organic layers were washed with brine (10 mL), dried (Na2SO4) and 

evaporated under reduced pressure to give 3-bromo-benzofuran (23) (2.19 g, 11.2 mmol, 

56%) as a yellow oil; Rf (petroleum ether) 0.75; 1H NMR (300 MHz, CDCl3): δ 7.66 (s, 1H), 7.59 

– 7.54 (m, 1H), 7.53 – 7.47 (m, 1H), 7.40 – 7.28 (m, 2H). 

3-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)benzofuran (24) 

 

Molecular Weight: 287.36 

Using the general procedure C, a mixture of N-Boc-pyrrolidine (7) (500 mg, 2.92 mmol), s-BuLi 

(2.9 mL of a 1.3 M solution in hexane, 3.80 mmol), ZnCl2 (1.8 mL of a 1.0 M solution in Et2O, 

O

Br
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1.75 mmol), Pd(OAc)2 (65 mg, 0.29 mmol), tBu3PHBF4 (106 mg, 0.37 mmol) and 3-bromo-

benzofuran (23) (402 mg, 2.04 mmol) in anhydrous THF (10 mL) gave the crude product. 

Purification by flash column chromatography with 10:0 to 9:1 cyclohexane-ethyl acetate as 

eluent gave 3-(N-tert-butoxycarbonyl-2’-pyrrolidinyl)benzofuran (24) (180 mg, 0.46 mmol, 

16%) as a light yellow oil; Rf (Cyclohexane/EtOAc 8:2) 0.32; 1H NMR (300 MHz, CDCl3): δ 7.55 

– 7.49 (m, 1H), 7.48 – 7.42 (m, 1H), 7.38 (s, 1H), 7.32 – 7.14 (m, 2H), 5.18 – 4.98 (m, 1H), 3.67 

– 3.41 (m, 2H), 2.00 – 1.72 (m, 4H), 1.45 (m, 9H).  

2-(benzofuran-3-yl)-1-methylpyrrolidine (6) 

 

Molecular Weight: 201.27 

Using the general procedure D, a mixture of HCl in MeOH (5 mL of a 1.25 M solution) and tert-

butyl 2-(benzofuran-3-yl)pyrrolidine-1-carboxylate (24) (185 mg, 0.64 mmol) in MeOH (3 mL) 

gave 2-(benzofuran-3-yl)pyrrolidine as a brown oil. Then, 2-(benzofuran-3-yl)pyrrolidine (40 

mg, 0.21 mmol), 37% HCHO(aq) (0.1 mL) and pic-BH3 (23 mg, 0.21 mmol) in MeOH (3 mL) and 

AcOH (80 μL) gave the crude product. Purification by flash column chromatography with 98:2 

DCM-MeOH and 0.1% NH3(22% in water) as eluent gave 2-(benzofuran-3-yl)-1-methylpyrrolidine 

(6) (11 mg, 0.06 mmol, 26%) as an light yellow oil; Rf (DCM/MeOH 9:1 + 0.1% NH3 (22% in water)) 

0.41; 1H NMR (300 MHz, CDCl3): δ 7.70 (dd, J = 7.4, 1.6 Hz, 1H), 7.57 (s, 1H), 7.53 – 7.42 (m, 

1H), 7.34 – 7.15 (m, 2H), 3.37 (t, J = 8.0 Hz, 1H), 3.33 – 3.20 (m, 1H), 2.40 – 2.16 (m, 5H), 2.11 

– 1.95 (m, 2H), 1.95 – 1.74 (m, 1H); 13C NMR (75 MHz, CDCl3): δ 155.77, 141.95, 126.99, 124.17, 

122.28, 121.69, 120.62, 111.48, 62.16, 57.02, 40.67, 32.33, 22.54.  

6.2. Part 2 

General procedure for amidoximes 76 and 103-106 synthesis (F) 

Procedure adapted form literature.150 Hydroxylamine hydrochloride (2.0 eq) and NaHCO3 (1.0 

eq) were dissolved in H2O (20 mL) and the mixture was stirred until no effervescence occurred. 
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Then, nitrile (1.3 eq) dissolved in EtOH (20 mL) was added. The resulting solution was stirred 

and heated at reflux for 3 h. Then, the solution was allowed to cool to rt, and ethanol was 

concentrated under reduce pressure. The aqueous residue was extracted with EtOAc (3 x 20 

mL). The combined organics were dried (Na2SO4) and evaporated under reduced pressure to 

give the crude product used for the next reaction without further purification. 

General procedure for acyl chloride 77-98 and 107 synthesis (G) 

Procedure adapted form literature.151 Carboxylic acid (1.0 eq) was dissolved in SOCl2 (20 mL), 

and the mixture was stirred and heated at reflux for 2 h. Then, the solution was allowed to 

cool to rt and evaporated under reduced pressure to give the crude acyl chloride used for the 

next reaction without further purification. 

General procedure for the condensation for compounds 25-42 and 44-51 (H) 

Procedure adapted form literature.112 Acyl chloride (1.2 eq) dissolved in toluene or pyridine 

(20 mL) was slowly added to a suspension of amidoxime (1.0 eq) in toluene or pyridine (80 

mL). The resulting mixture was stirred and heated at reflux overnight. Then, the solution was 

allowed to cool to rt, concentrated under reduce pressure and washed with HCl 1M (2 x 10 

mL), saturated NaHCO3 solution (2 x 10 mL) and brine (2 x 10 mL). The combined organics 

were dried (Na2SO4) and evaporated under reduced pressure to give the crude product. 

N-hydroxynicotinimidamide (76) 

 

Molecular Weight: 137.14 

Using the general procedure F, a mixture of NH2OH.HCl (3.48 g, 50.00 mmol), NaHCO3 (2.65 g, 

25.00 mmol), 3-cyanopyridine (3.4 g, 33.00 mmol) in H2O (20 mL) and EtOH (20 mL) gave the 

crude product. Purification by crystallization in DCM (10 mL) gave N-hydroxynicotinimidamide 

(76) (2.5 g, 18.3 mmol, 55%) as a white solid, mp 131.5-132.9 °C (lit., 152133.0-134.0 °C); Rf 

(DCM/MeOH 9:1) 0.40; 1H NMR (300 MHz, DMSO-d6): δ 9.80 (bs, 1H, exchange with D2O), 

N

N
H

NH
OH
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8.84 (dd, J = 2.3, 0.9 Hz, 1H), 8.54 (dd, J = 4.8, 1.7 Hz, 1H), 7.99 (ddd, J = 8.0, 2.3, 1.7 Hz, 1H), 

7.38 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H), 5.94 (bs, 2H, exchange with D2O).150 

Benzoyl chloride (77) 

 

Molecular Weight: 140.57 

Using the general procedure G, a mixture of benzoic acid (300 mg, 2.46 mmol) in SOCl2 (7 mL) 

gave benzoyl chloride (77) (345 mg, 2.45 mmol, 100%) as a clear oil used for the next reaction 

without further purification. 

5-phenyl-3-(pyridin-3-yl)-1,2,4-oxadiazole (25) 

 

Molecular Weight: 223.24 

Using the general procedure H, a mixture of benzoyl chloride (77) (362 mg, 2.64 mmol), N-

hydroxynicotinimidamide (76) (460 mg, 3.27 mmol) in pyridine (30 mL) gave the crude 

product. Purification by flash column chromatography with 8:2 petroluem ether-ethyl acetate 

as eluent gave 5-phenyl-3-(pyridin-3-yl)-1,2,4-oxadiazole (25) (380 mg, 1.70 mmol, 52%) as a 

white solid, mp 138.6-141.0 °C (lit., 153138.1-138.3 °C); Rf (Cyclohexane/EtOAc 8:2) 0.21; 1H 

NMR (300 MHz, CDCl3): δ 9.41 (dd, J = 2.2, 0.9 Hz, 1H), 8.77 (dd, J = 4.9, 1.7 Hz, 1H), 8.45 (ddd, 

J = 8.0, 2.2, 1.7 Hz, 1H), 8.29 – 8.12 (m, 2H), 7.68 – 7.52 (m, 4H), 7.46 (ddd, J = 8.0, 4.9, 0.9 Hz, 

1H); 13C NMR (75 MHz, CDCl3): δ 176.13, 167.00, 151.99, 148.70, 134.73, 133.00, 129.16, 

128.20, 123.92, 123.62, 123.25.153; MS (ESI+) m/z calcd for C13H9N3O (M+H)+ 224.08, found 

224.1 
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4-cyanbenzoyl chloride (78) 

 

Molecular Weight: 165.58 

Using the general procedure G, a mixture of  4-cyanobenzoic acid (300 mg, 2.04 mmol) in SOCl2 

(5 mL) gave 4-cyanobenzoyl chloride (78) (337 mg, 2.04 mmol, 100%) as a white solid used for 

the next reaction without further purification. 

5-(4-cyanophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (26) 

 

Molecular Weight: 248.25 

Using the general procedure H, a mixture of 4-cyanobenzoyl chloride (78) (360 mg, 2.17 

mmol), N-hydroxynicotinimidamide (76) (239 mg, 1.74 mmol) in pyridine (25 mL) gave the 

crude product. Purification by crystallization in iPrOH gave 5-(4-cyanophenyl)-3-(pyridin-3-yl)-

1,2,4-oxadiazole (26) (276 mg, 1.11 mmol, 51%) as a white solid, mp 179.9-180.8 °C; Rf 

(Cyclohexane/EtOAc 7:3) 0.21; 1H NMR (300 MHz, CDCl3): δ 9.41 (s, 1H), 8.85 – 8.73 (m, 1H), 

8.45 (d, J = 6.5 Hz, 1H), 8.41 – 8.31 (m, 2H), 7.94 – 7.83 (m, 2H), 7.49 (t, J = 6.5 Hz, 1H); 13C 

NMR (75 MHz, CDCl3): 174.38, 167.44, 152.37, 148.72, 134.75, 132.96, 128.72, 127.59, 123.76, 

122.74, 117.64, 116.50; MS (ESI+) m/z calcd for C14H8N4O (M+H)+ 249.08, found 249.1. 
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Picolinoyl chloride (79) 

 

Molecular Weight: 141.55 

Using the general procedure G, a mixture of picolinic acid (300 mg, 2.44 mmol) in SOCl2 (6 mL) 

gave picolinoyl chloride (79) (345 mg, 2.44 mmol, 100%) as a brown solid used for the next 

reaction without further purification. 

5-(pyridin-2-yl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (27) 

 

Molecular Weight: 224.22 

Using the general procedure H, a mixture of picolinoyl chloride (79) (340 mg, 2.40 mmol), N-

hydroxynicotinimidamide (76) (264 mg, 1.92 mmol) in pyridine (30 mL) gave the crude 

product. Purification by flash column chromatography with 7:3 to 6:4 DCM-ethyl acetate as 

eluent  gave 5-(pyridin-2-yl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (27) (174 mg, 0.78 mmol, 32%) 

as a white solid, mp 131.7-133.3 °C; Rf (DCM/MeOH 95:5) 0.37; 1H NMR (300 MHz, CDCl3): δ 

9.43 (dd, J = 2.2, 0.8 Hz, 1H), 8.87 (ddd, J = 4.8, 1.8, 0.8 Hz, 1H), 8.76 (dd, J = 4.9, 1.8 Hz, 1H), 

8.53 – 8.43 (m, 1H), 8.30 (dd, J = 7.9, 1.1 Hz, 1H), 7.95 (td, J = 7.9, 1.8 Hz, 1H), 7.60 – 7.48 (m, 

1H), 7.45 (ddd, J = 7.9, 4.9, 0.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 174.81, 167.32, 152.13, 

150.82, 148.73, 143.35, 137.44, 134.95, 126.93, 124.35, 123.69, 122.96; MS (ESI+) m/z calcd 

for C12H8N4O (M+H)+ 225.08, found 225.2. 
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Nicotinoyl chloride (80) 

 

Molecular Weight: 141.55 

Using the general procedure G, a mixture of nicotinic acid (1.00 g, 8.12 mmol) in SOCl2 (20 mL) 

gave nicotinoyl chloride (80) (1.15 g, 8.12 mmol, 100%) as a white solid used for the next 

reaction without further purification. 

3,5-di(pyridin-3-yl)-1,2,4-oxadiazole (28) 

 

 

Molecular Weight: 224.22 

Using the general procedure H, a mixture of nicotinoyl chloride (80) (997 mg, 7.04 mmol), N-

hydroxynicotinimidamide (76) (779 mg, 5.68 mmol) in toluene (100 mL) gave the crude 

product. Purification by flash column chromatography with 8:2 cyclohexane-ethyl acetate as 

eluent gave 3,5-di(pyridin-3-yl)-1,2,4-oxadiazole (28) (600 mg, 2.68 mmol, 47%) as a white 

solid, mp 126.3-127.4 °C (lit., 154125.0-127.0 °C); Rf (Cyclohexane/EtOAc 1:1) 0.31; 1H NMR 

(300 MHz, DMSO-d6): δ 9.35 (d, J = 1.8 Hz, 1H), 9.26 (d, J = 1.8 Hz, 1H), 8.90 (dd, J = 4.8, 1.5 

Hz, 1H), 8.81 (dd, J = 4.8, 1.5 Hz, 1H), 8.56 (dt, J = 8.0, 1.8 Hz, 1H), 8.45 (dt, J = 8.0, 1.8 Hz, 1H), 

7.71 (dd, J = 8.0, 4.9 Hz, 1H), 7.65 (dd, J = 8.0, 4.9 Hz, 1H); 13C NMR (75 MHz DMSO-d6): δ 

174.60, 167.05, 154.25, 152.99, 148.98, 148.27, 136.07, 135.19, 124.95, 124.83, 122.66, 

120.28.155; MS (ESI+) m/z calcd for C12H8N4O (M+H)+ 225.08, found 225.0. 
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Isonicotinoyl chloride (81) 

 

Molecular Weight: 141.55 

Using the general procedure G, a mixture of isonicotinic acid (300 mg, 2.44 mmol) in SOCl2 (7 

mL) gave isonicotinoyl chloride (81) (345 mg, 2.44 mmol, 100%) as a white solid used for the 

next reaction without further purification. 

3-(pyridin-3-yl)-5-(pyridin-4-yl)-1,2,4-oxadiazole (29) 

 

Molecular Weight: 224.22 

Using the general procedure H, a mixture of isonicotinoyl chloride (81) (460 mg, 3.25 mmol), 

N-hydroxynicotinimidamide (76) (357 mg, 2.60 mmol) in pyridine (25 mL) gave the crude 

product. Purification by crystallization in iPrOH  gave 3-(pyridin-3-yl)-5-(pyridin-4-yl)-1,2,4-

oxadiazole (29) (296 mg, 1.32 mmol, 41%) as a white solid, mp 123.4-125.7 °C; Rf (DCM/MeOH 

98:2) 0.44; 1H NMR (300 MHz, CD3OD): δ 9.32 (d, J = 2.2 Hz, 1H), 8.92 – 8.84 (m, 2H), 8.76 (dd, 

J = 4.9, 1.7 Hz, 1H), 8.58 (dt, J = 8.0, 2.0 Hz, 1H), 8.25 – 8.17 (m, 2H), 7.71 – 7.61 (m, 1H); 13C 

NMR (75 MHz, CD3OD): δ 174.34, 167.05, 151.42, 150.37, 147.33, 135.45, 131.41, 124.37, 

123.24, 121.60; MS (ESI+) m/z calcd for C12H8N4O (M+H)+ 225.08, found 225.1. 
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2-nitrobenzoyl chloride (82) 

 

Molecular Weight: 185.56 

Using the general procedure G, a mixture of 2-nitrobenzoic acid (1.0 g, 5.98 mmol) in SOCl2 

(20 mL) gave 3-nitrobenzoyl chloride (82) (1.11 g, 5.98 mmol, 100%) as a clear oil used for the 

next reaction without further purification. 

5-(2-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (30) 

 

Molecular Weight: 268.23 

Using the general procedure H, a mixture of 2-nitrobenzoyl chloride (81) (617 mg, 3.23 mmol), 

N-hydroxynicotinimidamide (76) (400 mg, 9.92 mmol) in pyridine (20 mL) gave the crude 

product. Purification by crystallization in EtOAc and Et2O gave 5-(2-nitrophenyl)-3-(pyridin-3-

yl)-1,2,4-oxadiazole (30) (231 mg, 0.86 mmol, 30%) as a white solid, mp 105.2-106.2 °C (lit., 
156104-105 °C); Rf (Cyclohexane/EtOAc 1:1) 0.26; 1H NMR (300 MHz, CDCl3): δ 9.37 (s, 1H), 8.78 

(d, J = 4.7 Hz, 1H), 8.41 (dt, J = 8.1, 1.8 Hz, 1H), 8.12 – 7.96 (m, 2H), 7.88 – 7.76 (m, 2H), 7.47 

(dd, J = 8.1, 4.7 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 173.00, 167.10, 152.22, 148.77, 148.66, 

134.97, 133.28, 133.02, 131.41, 124.76, 123.78, 122.73, 118.83; MS (ESI+) m/z calcd for 

C13H8N4O (M+H)+ 268.06, found 269.0. 
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3-nitrobenzoyl chloride (83) 

 

Molecular Weight: 185.56 

Using the general procedure G, a mixture of 3-nitrobenzoic acid (1.0 g, 5.98 mmol) in SOCl2 

(20 mL) gave 3-nitrobenzoyl chloride (83) (1.11 g, 5.98 mmol, 100%) as a white solid used for 

the next reaction without further purification. 

5-(3-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (31) 

 

Molecular Weight 268.23 

Using the general procedure H, a mixture of 3-nitrobenzoyl chloride (83) (983 mg, 5.30 mmol), 

N-hydroxynicotinimidamide (76) (586 mg, 4.27 mmol) in pyridine (30 mL) gave the crude 

product. Purification by crystallization in EtOAc gave 5-(3-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-

oxadiazole (31) (685 mg, 2.55 mmol, 59%) as a light yellow solid, mp 137.7-138.6 °C (lit., 
157142.0-144.0 °C); Rf (Cyclohexane/EtOAc 1:1) 0.52; 1H NMR (300 MHz, CDCl3): δ 9.42 (d, J = 

1.5 Hz, 1H), 9.09 (s, 1H), 8.80 (dd, J = 4.8, 1.5 Hz, 1H), 8.56 (d, J = 8.0 Hz, 1H) 8.52 – 8.40 (m, 

2H), 7.81 (t, J = 8.0 Hz, 1H), 7.48 (dd, J = 8.0, 4.8 Hz, 1H)158; 13C NMR (75 MHz, CDCl3): δ 174.03, 

167.43, 152.40, 148.76, 134.79, 133.59, 130.58, 127.32, 125.53, 123.73, 123.25, 122.70; MS 

(ESI+) m/z calcd for C13H8N4O (M+H)+ 268.06, found 269.0. 
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4-nitrobenzoyl chloride (84) 

 

Molecular Weight: 185.56 

Using the general procedure G, a mixture of 4-nitrobenzoic acid (1.0 g, 5.98 mmol) in SOCl2 

(20 mL) gave 4-nitrobenzoyl chloride (84) (1.11 g, 5.98 mmol, 100%) as a white solid used for 

the next reaction without further purification. 

5-(4-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (32) 

 

Molecular Weight 268.23 

Using the general procedure H, a mixture of 4-nitrobenzoyl chloride (84) (1.20 g, 6.46 mmol), 

N-hydroxynicotinimidamide (76) (715 mg, 5.21 mmol) in toluene (100 mL) gave the crude 

product. Purification by flash column chromatography with 7:3 cyclohexane-ethyl acetate as 

eluent gave 5-(4-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (32) (838 mg, 3.13 mmol, 60%) 

as light-yellow solid, mp 178.2-178.5 °C (lit., 159179.0-181.0 °C); Rf (Cyclohexane/EtOAc 1:1) 

0.40; 1H NMR (300 MHz, CDCl3): δ 9.41 (d, J = 1.6 Hz, 1H), 8.80 (dd, J = 4.8, 1.6 Hz, 1H), 8.51 – 

8.37 (m, 5H), 7.48 (dd, J = 8.0, 4.8 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 174.12, 167.52, 152.41, 

150.38, 148.75, 134.75, 129.30, 129.16, 124.42, 123.72, 122.67; MS (ESI+) m/z calcd for 

C13H8N4O (M+H)+ 268.06, found 269.1. 
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3-fluorobenzoyl chloride (85) 

 

Molecular Weight: 158.56 

Using the general procedure G, a mixture of 3-fluorobenzoic acid (400 mg, 2.86 mmol) in SOCl2 

(7 mL) gave 3-fluorobenzoyl chloride (85) (453 mg, 2.86 mmol, 100%) as a clear oil used for 

the next reaction without further purification. 

5-(3-fluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (33) 

 

Molecular Weight: 241.23 

Using the general procedure H, a mixture of 3-fluorobenzoyl chloride (85) (455 mg, 2.87 

mmol), N-hydroxynicotinimidamide (76) (394 mg, 2.87 mmol) in pyridine (20 mL) gave the 

crude product. Purification by flash column chromatography with 7:3 petroleum ether-ethyl 

acetate gave 5-(3-fluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (33) (186 mg, 0.77 mmol, 

26%) as a light yellow solid, mp 112.4-113.3 °C (lit., 160112-113 °C); Rf (Cyclohexane/EtOAc 7:3) 

0.47; 1H NMR (300 MHz, CDCl3): δ 9.38 (d, J = 2.1 Hz, 1H), 8.76 (dd, J = 4.9, 1.7 Hz, 1H), 8.42 

(dt, J = 8.0, 2.1 Hz, 1H), 8.01 (dt, J = 7.8, 1.2 Hz, 1H), 7.91 (ddd, J = 9.0, 2.7, 1.7 Hz, 1H), 7.55 

(ddd, J = 8.4, 7.8, 5.5 Hz, 1H), 7.45 (dd, J = 8.0, 4.9 Hz, 1H), 7.32 (td, J = 8.4, 2.7 Hz, 1H); 13C 

NMR (75 MHz, CDCl3): δ 175.08, 167.14, 162.81 (d, J = 246.8 Hz), 152.12, 148.68, 131.07 (d, J 

= 8.3 Hz), 125.73 (d, J = 9.0 Hz), 124.02, 123.69, 123.04, 120.15 (d, J = 21.0 Hz), 115.23 (d, J = 

24.09 Hz); MS (ESI+) m/z calcd for C13H8FN3O (M+H)+ 242.08, found 242.1 
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4-fluorobenzoyl chloride (86) 

 

Molecular Weight: 158.56 

Using the general procedure G, a mixture of 4-fluorobenzoic acid (300 mg, 2.14 mmol) in SOCl2 

(6 mL) gave 4-fluorobenzoyl chloride (86) (340 mg, 2.14 mmol, 100%) as a clear oil used for 

the next reaction without further purification. 

5-(4-fluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (34) 

 

Molecular Weight: 241.23 

Using the general procedure H, a mixture of 4-fluorobenzoyl chloride (86) (340 mg, 2.14 

mmol), N-hydroxynicotinimidamide (76) (294 mg, 2.14 mmol) in pyridine (20 mL) gave the 

crude product. Purification by flash column chromatography with 7:3 petroleum ether-ethyl 

acetate gave 5-(4-fluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (34) (121 mg, 0.50 mmol, 

23%) as a white solid, mp 144.6-156.4 °C; Rf (Cyclohexane/EtOAc 7:3) 0.47; 1H NMR (300 MHz, 

CDCl3): δ 9.40 (s, 1H), 8.82 – 8.74 (m, 1H), 8.45 (dt, J = 8.2, 1.9 Hz, 1H), 8.30 – 8.21 (m, 2H), 

7.48 (ddd, J = 8.2, 4.8, 0.9 Hz, 1H), 7.32 – 7.21 (m, 2H).; 13C NMR (75 MHz, CDCl3): δ 175.29, 

166.98, 165.64 (d, J = 253.5 Hz), 151.80, 148.46, 134.99, 130.72 (d, J = 9.0 Hz), 123.79, 123.30, 

120.30 (d, J = 3.0 Hz), 116.62 (d, J = 21.8 Hz); MS (ESI+) m/z calcd for C13H8FN3O (M+H)+ 242.08, 

found 242.2. 
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3,4-difluorobenzoyl chloride (87) 

 

Molecular Weight: 176.55 

Using the general procedure G, a mixture of 3,4-difluorobenzoic acid (1.00 g, 6.32 mmol) in 

SOCl2 (20 mL) gave 3,4-difluorobenzoyl chloride (87) (1.12 g, 6.32 mmol, 100%) as a white solid 

used for the next reaction without further purification. 

5-(3,4-difluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (35) 

 

Molecular Weight: 259.22 

Using the general procedure H, a mixture of 3,4-difluorobenzoyl chloride (87) (1.00 g, 5.66 

mmol), N-hydroxynicotinimidamide (76) (626 mg, 4.57 mmol) in pyridine (30 mL) gave the 

crude product. Purification by flash column chromatography with 1:1 cyclohexane-ethyl 

acetate as eluent gave 5-(3,4-difluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (35) (1.10 g, 

4.24 mmol, 93%) as an orange solid, mp 121.4-122.7 °C (lit., 161123.0-124.0°C); Rf 

(Cyclohexane/EtOAc 4:6) 0.58; 1H NMR (300 MHz, CDCl3): δ 9.39 (s, 1H), 8.78 (dd, J = 4.8, 1.6 

Hz, 1H), 8.42 (dt, J = 8.0, 1.6 Hz, 1H), 8.13 – 7.97 (m, 2H), 7.46 (dd, J = 8.0, 4.8 Hz, 1H), 7.43 – 

7.30 (m, 1H); 13C NMR (75 MHz, CDCl3): δ 174.26, 167.17, 153.5 (dd, J = 257.6, 12.5 Hz), 152.17, 

150.65 (dd, J = 251.5, 13.4 Hz), 148.66, 134.77, 125.19 (dd, J = 7.5, 4.0 Hz), 123.69, 122.92, 

120.88 (dd, J = 6.8, 4.1 Hz), 118.55 (d, J = 18.4 Hz), 117.69 (dd, J = 19.6, 1.2 Hz); MS (ESI+) m/z 

calcd for C13H7F2N3O (M+H)+ 259.06, found 259.9. 
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2,3,4-trifluorobenzoyl chloride (88) 

 

Molecular Weight: 194.54 

Using the general procedure G, a mixture of 2,3,4-trifluorobenzoic acid (500 mg, 2.84 mmol) 

in SOCl2 (7 mL) gave 2,3,4-trifluorobenzoyl chloride (88) (552 mg, 2.84 mmol, 100%) as a clear 

oil used for the next reaction without further purification. 

3-(pyridin-3-yl)-5-(2,3,4-trifluorophenyl)-1,2,4-oxadiazole (36) 

 

Molecular Weight: 277.21 

Using the general procedure H, a mixture of 2,3,4-trifluorobenzoyl chloride (88) (552 mg, 2.84 

mmol), N-hydroxynicotinimidamide (76) (389 mg, 2.84 mmol) in pyridine (32 mL) gave the 

crude product. Purification by flash column chromatography with 8:2 cyclohexane-ethyl 

acetate as eluent gave 3-(pyridin-3-yl)-5-(2,3,4-trifluorophenyl)-1,2,4-oxadiazole (36) (80 mg, 

0.29 mmol, 10%) as a white solid, mp 146.5-147.8 °C; Rf (Cyclohexane/EtOAc 7:3) 0.34; 1H 

NMR (300 MHz, CDCl3): δ 9.39 (d, J = 2.1 Hz, 1H), 8.78 (dd, J = 4.9, 1.7 Hz, 1H), 8.43 (dt, J = 8.0, 

2.1 Hz, 1H), 8.08 – 7.93 (m, 1H), 7.46 (dd, J = 8.0, 4.9 Hz, 1H), 7.25 – 7.15 (m, 1H); 13C NMR (75 

MHz, CDCl3): δ 171.56, 166.94, 155.97, 155.93, 155.84, 155.80, 152.49, 152.33, 152.30, 

148.77, 148.74, 142.67, 142.48, 139.30, 139.10, 134.81, 125.01, 124.95, 129.90, 124.83, 

123.71, 122.73, 113.52, 113.28, 110.48, 110.43, 110.37, 110.32; MS (ESI+) m/z calcd for 

C13H6F3N3O (M+H)+ 278.06, found 278.2. 
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3,4,5-trifluorobenzoyl chloride (89) 

 

Molecular Weight: 194.54 

Using the general procedure G, a mixture of 3,4,5-trifluorobenzoic acid (400 mg, 2.27 mmol) 

in SOCl2 (6 mL) gave 3,4,5-trifluorobenzoyl chloride (89) (442 mg, 2.27 mmol, 100%) as a clear 

oil used for the next reaction without further purification. 

3-(pyridin-3-yl)-5-(3,4,5-trifluorophenyl)-1,2,4-oxadiazole (37) 

 

Molecular Weight: 277.21 

Using the general procedure H, a mixture of 3,4,5-trifluorobenzoyl chloride (87) (440 mg, 2.26 

mmol), N-hydroxynicotinimidamide (76) (250 mg, 1.83 mmol) in toluene (45 mL) gave the 

crude product. Purification by flash column chromatography with 8:2 cyclohexane-ethyl 

acetate as eluent gave 3-(pyridin-3-yl)-5-(3,4,5-trifluorophenyl)-1,2,4-oxadiazole (37) (85 mg, 

0.31 mmol, 14%) as a white solid, mp 152.0-153.2 °C; Rf (Cyclohexane/EtOAc 7:3) 0.49; 1H 

NMR (300 MHz, CDCl3): δ 9.38 (d, J = 1.4 Hz, 1H), 8.79 (dd, J = 4.9, 1.8 Hz, 1H), 8.42 (dt, J = 8.0, 

1.8 Hz, 1H), 7.97 – 7.82 (m, 2H), 7.48 (ddd, J = 8.0, 4.9, 0.9 Hz, 1H); 13C NMR (75 MHz, CDCl3): 

δ 167.37, 153.44, 153.27, 152.37, 152.27, 150.37, 146.63, 148.70, 148.64, 134.85, 134.81, 

123.76, 123.73, 122.70, 113.18, 113.07, 112.97, 112.86, 112.68; MS (ESI+) m/z calcd for 

C13H6F3N3O (M+H)+ 278.06, found 278.2 
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2,3,4,5-tetrafluorobenzoyl chloride (90) 

 

Molecular Weight: 212.53 

Using the general procedure G, a mixture of 2,3,4,5-tetrafluorobenzoic acid (400 mg, 2.06 

mmol) in SOCl2 (6 mL) gave 2,3,4,5-tetrafluorobenzoyl chloride (90) (438 mg, 2.06 mmol, 

100%) as a yellow solid used for the next reaction without further purification. 

3-(pyridin-3-yl)-5-(2,3,4,5-tetrafluorophenyl)-1,2,4-oxadiazole (38) 

 

Molecular Weight: 295.20 

Using the general procedure H, a mixture of 2,3,4,5-tetrafluorobenzoyl chloride (90) (438 mg, 

2.06 mmol), N-hydroxynicotinimidamide (76) (228 mg, 1.66 mmol) in toluene (40 mL) gave the 

crude product. Purification by flash column chromatography with 8:2 cyclohexane-ethyl 

acetate as eluent gave 3-(pyridin-3-yl)-5-(2,3,4,5-tetrafluorophenyl)-1,2,4-oxadiazole (38) (85 

mg, 0.28 mmol, 14%) as a white solid, mp 112.1-113.0 °C; Rf (Cyclohexane/EtOAc 7:3) 0.37; 1H 

NMR (300 MHz, CDCl3): δ 9.40 (dd, J = 2.3, 0.9 Hz, 1H), 8.80 (dd, J = 4.9, 1.7 Hz, 1H), 8.44 (ddd, 

J = 8.0, 2.3, 1.7 Hz, 1H), 7.98 – 7.84 (m, 1H), 7.48 (ddd, J = 8.0, 4.9, 0.9 Hz, 1H); 13C NMR (75 

MHz, CDCl3): δ 170.80, 167.00, 152.50, 152.31, 149.04, 149.01, 148.99, 148.96, 148.90, 

148.87, 148.85, 148.82, 148.72, 148.61, 145.72, 145.69, 145.67, 145.64, 145.56, 145.53, 

145.50, 145.40, 145.36, 145.31, 145.23, 145.20, 145.18, 145.15, 145.06, 145.04, 145.01, 

143.59, 143.54, 143.43, 143.38, 143.33, 143.22, 143.17, 142.08, 142.04, 141.92, 141.88, 

141.82, 141.69, 141.66, 140.20, 140.15, 140.03, 139.99, 139.94, 139.82, 139.77, 134.84, 

134.72, 134.67, 123.78, 123.74, 123.66, 122.44, 112.05, 112.00, 111.95, 111.76, 111.72, 
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111.67, 108.85, 108.77, 108.66, 108.61; MS (ESI+) m/z calcd for C13H5F4N3O (M+H)+ 296.05, 

found 296.2. 

3-fluoro-4-nitrobenzoyl chloride (91) 

 

Molecular Weight: 203.55 

Using the general procedure G, a mixture of 3-fluoro-4-nitrobenzoic acid (400 mg, 2.16 mmol) 

in SOCl2 (6 mL) gave 3-fluoro-4-nitrobenzoyl chloride (91) (440 mg, 2.16 mmol, 100%) as a clear 

oil used for the next reaction without further purification. 

5-(3-fluoro-4-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (39) 

 

Molecular Weight: 286.22 

Using the general procedure H, a mixture of 3-fluoro-4-nitrobenzoyl chloride (91) (440 mg, 

2.16 mmol), N-hydroxynicotinimidamide (76) (297 mg, 2.16 mmol) in toluene (20 mL) gave the 

crude product. Purification by flash column chromatography with 7:3 to 8:2 petroleum ether-

ethyl acetate as eluent gave 5-(3-fluoro-4-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (39) 

(100 mg, 0.35 mmol, 16%) as a white solid, mp 176.1-177.3 °C; Rf (Cyclohexane/EtOAc 7:3) 

0.33; 1H NMR (300 MHz, CDCl3): 9.40 (d, J = 1.6 Hz, 1H), 8.81 (dd, J = 4.9, 1.6 Hz, 1H), 8.51 – 

8.40 (m, 1H), 8.34 – 8.10 (m, 2H), 7.50 (dd, J = 8.0, 4.9 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 

174.00, 173.08, 167.58, 155.55 (d, J = 265.5 Hz), 152.32, 148.55, 135.00, 130.03 (d, J = 9.0 Hz), 

127.28 (d, J = 2.25 Hz), 124.22, 124.02 (d, J = 20.3 Hz), 122.57, 118.38 (d, J = 23.3 Hz); MS (ESI+) 

m/z calcd for C13H7FN4O3 (M+H)+ 287.06, found 287.2. 
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4-fluoro-3-nitrobenzoyl chloride (92) 

 

Molecular Weight: 203.55 

Using the general procedure G, a mixture of 4-fluoro-3-nitrobenzoic acid (500 mg, 2.70 mmol) 

in SOCl2 (8 mL) gave 3-fluoro-4-nitrobenzoyl chloride (92) (550 mg, 2.70 mmol, 100%) as a 

yellow oil used for the next reaction without further purification. 

5-(4-fluoro-3-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (40) 

 

Molecular Weight: 286.22 

Using the general procedure H, a mixture of 4-fluoro-3-nitrobenzoyl chloride (92) (550 mg, 

2.70 mmol), N-hydroxynicotinimidamide (76) (371 mg, 2.70 mmol) in toluene (25 mL) gave the 

crude product. Purification by flash column chromatography with 8:2 petroleum ether-ethyl 

acetate as eluent gave 5-(4-fluoro-3-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (40) (103 

mg, 0.36 mmol, 13%) as a light yellow solid, mp 149.9-151.9 °C; Rf (Cyclohexane/EtOAc 7:3) 

0.34; 1H NMR (300 MHz, CDCl3): δ 9.38 (d, J = 2.3 Hz, 1H), 8.93 (dd, J = 7.0, 2.3 Hz, 1H), 8.78 

(dd, J = 4.9, 1.8 Hz, 1H), 8.49 (ddd, J = 8.7, 4.1, 2.2 Hz, 1H), 8.43 (dt, J = 8.0, 1.9 Hz, 1H), 7.60 – 

7.40 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 173.16, 173.13, 167.42, 157.89 (d, J = 271.5 Hz), 

152.39, 148.66, 134.86 (d, J = 9.8 Hz), 134.79, 126.41 (d, J = 2.3 Hz), 123.79, 122.60, 121.10 (d, 

J = 4.5 Hz), 119.98 (d, J = 21.75 Hz); MS (ESI+) m/z calcd for C13H7FN4O3 (M+H)+ 287.06, found 

287.3. 
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6-fluoronicotinoyl chloride (93) 

 

Molecular Weight: 159.54 

Using the general procedure G, a mixture of 6-fluoronicotinic acid (400 mg, 2.83 mmol) in 

SOCl2 (8 mL) gave 6-fluoronicotinoyl chloride (93) (452 mg, 2.83 mmol, 100%) as a clear oil 

used for the next reaction without further purification. 

5-(2-fluoropyridin-4-yl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (41) 

 

Molecular Weight: 242.21 

Using the general procedure H, a mixture of 6-fluoronicotinoyl chloride (93) (452 mg, 2.83 

mmol), N-hydroxynicotinimidamide (76) (389 mg, 2.83 mmol) in pyridine (20 mL) gave the 

crude product. Purification by flash column chromatography with 7:3 to 8:2 petroleum ether-

ethyl acetate as eluent gave 5-(2-fluoropyridin-4-yl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (41) (83 

mg, 0.34 mmol, 12%) as a white solid, mp 161.7-162.5 °C; Rf (Cyclohexane/EtOAc 7:3) 0.21; 1H 

NMR (300 MHz, CDCl3): δ 9.40 (dd, J = 2.2, 0.9 Hz, 1H), 9.12 (dt, J = 2.5, 0.9 Hz, 1H), 8.79 (dd, J 

= 4.9, 1.8 Hz, 1H), 8.61 (m, 1H), 8.44 (ddd, J = 8.0, 2.2, 1.8 Hz, 1H), 7.48 (ddd, J = 8.0, 4.9, 0.9 

Hz, 1H), 7.17 (ddd, J = 8.6, 3.0, 0.9 Hz, 1H); 13C NMR (75 MHz, CDCl3): δ 173.20, 167.37, 165.65 

(d, J = 235.5 Hz), 152.35, 148.73, 148.46, 144.68, 140.84 (d, J = 9.0 Hz), 134.84, 123.76, 122.37, 

110.61 (d, J = 37.5Hz); MS (ESI+) m/z calcd for C12H7FN4O (M+H)+ 243.22, found 243.3. 
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3-cyanobenzoyl chloride (107) 

 

Molecular weight: 165.58 

Using the general procedure G, a mixture of 3-cianobenzoic acid (1 g, 6.80 mmol) in SOCl2 (30 

mL) gave 3-cyanibenzoyl chloride (107) (1.13 g, 6.80 mmol, 100%) as a white solid used for the 

next reaction without further purification. 

3-[(hydroxyamino)(imino)methyl]benzoic acid (106) 

 

Molecular Weight: 180.16 

Using the general procedure F, a mixture of NH2OH.HCl (3.54 g, 50.97 mmol), K2CO3 (7.05 g, 

50.97 mmol), 3-cyanobenzoic acid (1.50 g, 10.20 mmol) in H2O (15 mL) and EtOH (30 mL) gave 

3-[(hydroxyamino)(imino)methyl] benzoic acid (106) (1.80 g, 9.99 mmol, 98%) as a white solid, 

mp decomposes at 235°C; Rf (DCM/MeOH 9:1) 0.32; 1H NMR (300 MHz, DMSO-d6): δ 9.47 (bs, 

1H, exchange with D2O), 8.20 (s, 1H), 7.91 (d, J = 7.7 Hz, 1H), 7.83 (d, J = 7.7 Hz, 1H), 7.44 (t, J 

= 7.7 Hz, 1H), 6.38 (s, 1H), 5.66 (bs, 1H, exchange with D2O), 5.14 (bs, 1H, exchange with 

D2O).162 
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3-(5-(3-cyanophenyl)-1,2,4-oxadiazol-3-yl)-benzoic acid (42) 

 

Molecular Weight: 291.27 

Using the general procedure H, a mixture of 3-cyanobenzoyl chloride (107) (1.50 g, 9.06 

mmol), 3-[(hydroxyamino)(imino)methyl]benzoic acid (106) (1.63 g, 9.06 mmol) in pyridine (15 

mL) gave the crude product. Purification by crystallization in MeOH (5 mL) gave 3-(5-(3-

cyanophenyl)-1,2,4-oxadiazol-3-yl)benzoic acid (42) (1.33 g, 4.57 mmol, 50%) as a light yellow 

solid, mp 270-272 °C; Rf (DCM/MeOH 9:1) 0.38; 1H NMR (300 MHz, DMSO-d6): δ 13.33 (s, 1H), 

8.65 – 8.55 (m, 2H), 8.48 (d, J = 7.9 Hz, 1H), 8.30 (d, J = 7.9 Hz, 1H), 8.21 – 8.11 (m, 2H), 7.85 

(t, J = 7.9 Hz, 1H), 7.72 (t, J = 7.9 Hz, 1H); 13C NMR (75 MHz, DMSO-d6) δ 174.57, 168.27, 

166.91, 137.13, 132.88, 132.80, 132.28, 131.96, 131.54, 131.31, 130.32, 128.26, 126.70, 

124.91, 118.06, 113.29; MS (ESI+) m/z calcd for C16H9N3O3 (M-H)- 291.06, found 290.0. 

3-(pyridine-3-yl)-1,2,4-oxadiazole (108) 

 

Molecular Weight: 147.14 

Procedure adapted form literature.150 To a solution of N-hydroxypyridine-3-carboximidamide 

(76) (500 mg, 3.65 mmol) in trimethyl orthoformate (10 mL) was added a catalytic amount of 

TFA (0.8 mL). The mixture was stirred for 5 min and then heated up to 60 °C and stirred for 

additional 30 min. Then, the mixture was allowed to cool to rt and concentrated under 

reduced pressure. The crude was diluted with NaHCO3 (30 mL) and extracted with EtOAc (3 x 

15 mL). The combined organics were washed with brine (10 mL), dried (Na2SO4) and 

evaporated under reduced pressure to give 3-(1,2,4-oxadiazol-3-yl)pyridine (108) (340 mg, 

2.31 mmol, 63%) as a white solid, mp 89.9-92.1 °C; Rf (Cyclohexane/EtOAc 6:4) 0.26; 1H NMR 
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(300 MHz, CDCl3): δ 9.36 (s, 1H), 8.85 (s, 1H), 8.77 (d, J = 4.9, 1H), 8.39 (d, J = 8.0, 1H), 7.50 (dd, 

J = 8.0, 4.9 Hz, 1H).  

Methyl 3-iodobenzoate (109) 

 

Molecular Weight: 262.05 

Procedure adapted from literature.163 To a solution of 3-iodobenzoic acid (2.00 g, 8.06 mmol) 

in MeOH (50 mL) was assed dropwise concentrated H2SO4 (5 mL). The resulting solution was 

stirred and heated at reflux for 3 h. Then, the solution was allowed to cool to rt, diluted with 

Et2O (100 mL) and washed with H2O (2 × 10 mL), saturated NaHCO3 (100 mL) and brine (100 

mL). The organic layer was dried (Na2SO4) and evaporated under reduced pressure to give 

methyl 3-iodobenzoate (109) (1.96 g, 7.46 mmol, 93%) as a white solid, mp 53.0-54.5 °C (lit., 
16454-56°C); Rf (Cyclohexane/EtOAc 7:3) 0.72; 1H NMR (300 MHz, CDCl3): δ 8.38 (s, 1H), 8.00 

(d, J = 7.9 Hz, 1H), 7.88 (d, J = 7.9 Hz, 1H), 7.18 (t, J = 7.9 Hz, 1H), 3.92 (s, 3H).164 

Methyl 3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)benzoate (110) 

 

Molecular Weight: 281.27 

Procedure adapted from literature.150 A mixture of 3-(1,2,4-oxadiazol-3-yl)pyridine (108) (170 

mg, 1.12 mmol), 3-iodobenzoate (109) (590 mg, 2.24 mmol), Pd(OAc)2 (25 mg, 0.11 mmol), 

PPh3 (60 mg, 0.22 mmol) and AgOAc (506 mg, 3.36 mmol) in toluene (27 mL) was stirred and 

heated at reflux overnight. Then, the suspension was allowed to cool to rt, and the solids were 

removed by filtration through Celite® and washed with EtOAc (3 x 25 mL). The combined 

organics were washed with brine (15 mL), dried (Na2SO4) and evaporated under reduced 
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pressure to give the crude product. Purification by flash column chromatography on silica with 

8:2 cyclohexane-ethyl acetate as eluent gave methyl 3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-

yl)benzoate (110) (170 mg, 0.60 mmol, 54%) as a white solid, mp 123.2-125.2 °C; Rf 

(Cyclohexane/EtOAc 8:2) 0.23; 1H NMR (300 MHz, CDCl3): δ 9.42 (d, J = 1.2 Hz, 1H), 8.90 (s, 

1H), 8.79 (dd, J = 4.8, 1.2 Hz, 1H), 8.55 – 8.38 (m, 2H), 8.31 (d, J = 7.9 Hz, 1H), 7.68 (t, J = 7.9 

Hz, 1H), 7.47 (dd, J = 7.9, 5.2 Hz, 1H), 4.01 (s, 3H).  

3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)sodium benzoate (43) 

 

Molecular Weight: 289.23 

NaOH 1M (4 mL) was added to a solution of methyl 3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-

yl)benzoate (110) (150 mg, 0.53 mmol) in MeOH (5 mL). The solution was stirred at rt for 2 h 

and then concentrated under reduced pressure. The residue was diluted with H2O (20 mL) and 

extracted with EtOAc (3 x 10 mL). The combined organics were dried (Na2SO4) and evaporated 

under reduced pressure to give 3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)sodium benzoate (43) 

(120 mg, 0.41 mmol, 78%) as a white solid, mp decomposes at 290°C ; Rf (DCM/MeOH 9:1) 

0.21; 1H NMR (300 MHz, DMSO-d6): δ 9.25 (s, 1H), 8.79 (d, J = 4.9 Hz, 1H), 8.68 (s, 1H), 8.45 

(d, J = 7.9 Hz, 1H), 8.18 (d, J = 7.7 Hz, 1H), 8.12 (d, J = 7.7 Hz, 1H), 7.68 – 7.51 (m, 2H); 13C NMR 

(75 MHz, DMSO-d6) δ 176.68, 168.12, 166.98, 152.79, 148.23, 142.39, 135.22, 134.36, 129.07, 

129.04, 128.48, 124.81, 123.03, 122.61; MS (ESI+) m/z calcd for C14H8N3O3 (M-Na)- 289.05, 

found 289.9. 
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Cyclohex-1-ene-1-carbonyl chloride (98) 

 

Molecular Weight: 144.60 

Using the general procedure G, a mixture of cyclohex-l-ene-1-carboxylic acid (500mg, 3.96 

mmol) in SOCl2 (12 mL) gave cyclohex-1-ene-1-carbonyl chloride (98) (550 mg, 3.80 mmol, 

96%) as a yellow liquid used for the next reaction without further purification. 

5-(cyclohex-1-en-1-yl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (44) 

 

Molecular Weight: 227.27 

Using the general procedure H, a mixture of cyclohex-1-ene-1-carbonyl chloride (98) (556 mg, 

3.84 mmol), N-hydroxynicotinimidamide (76) (425 mg, 3.10 mmol) in pyridine (30 mL) gave 

the crude product. Purification by flash column chromatography with 8:2 cyclohexane-ethyl 

acetate as eluent gave 5-(cyclohex-1-en-1-yl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (44) (210 mg, 

0.92 mmol, 30%) as a light-yellow solid, mp 79.6-81.1 °C; Rf (Cyclohexane/EtOAc 8:2) 0.32; 1H 

NMR (300 MHz, CDCl3): δ 9.31 (dd, J = 2.1, 0.9 Hz, 1H), 8.72 (dd, J = 4.9, 1.9 Hz, 1H), 8.36 (dt, J 

= 8.0, 1.9 Hz, 1H), 7.41 (ddd, J = 8.0, 4.9, 0.9 Hz, 1H), 7.22 – 7.15 (m, 1H), 2.60 – 2.49 (m, 2H), 

2.40 – 2.26 (m, 2H), 1.86 – 1.65 (m, 4H); 13C NMR (75 MHz, CDCl3): δ 176.97, 166.41, 151.71, 

148.56, 139.04, 134.72, 123.96, 123.58, 123.54, 25.86, 24.54, 21.74, 21.29; MS (ESI+) m/z calcd 

for C13H13N3O (M+H)+ 227.11, found 228.1. 
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N-hydroxyfuran-3-carboximidamide (103) 

 

Molecular weight: 126.12 

Using the general procedure F, a mixture of NH2OH.HCl (3.48 g, 50.00 mmol), NaHCO3 (2.65 g, 

25.00 mmol),  3-furonitrile (3.07 g, 33.00 mmol) in H2O (20 mL) and EtOH (20 mL) gave N-

hydroxyfuran-3-carboximidamide (103) (2.21 g, 17.52 mmol, 53%) as yellow oil; Rf 

(Cyclohexane/EtOAc 1:1) 0.40; 1H NMR (300 MHz, DMSO-d6): δ 9.58 (bs, 1H, exchange with 

D2O), 7.65 (dd, J = 1.8, 0.8 Hz, 1H), 6.73 (dd, J = 3.4, 0.8 Hz, 1H), 6.50 (dd, J = 3.4, 1.8 Hz, 1H), 

5.67 (bs, 2H, exchange with D2O).165  

3-(3-(furan-3-yl)-1,2,4-oxadiazol-5-yl)-benzonitrile (45) 

 

Molecular weight: 237.22 

Using the general procedure H, a mixture of 3-cyanobenzoyl chloride (107) (1.0 g, 6.04 mmol), 

N-hydroxyfuran-3-carboximidamide (103) (614 mg, 4.87 mmol) in pyridine (30 mL) gave the 

crude product. Purification by flash column chromatography with 8:2 cyclohexane-ethyl 

acetate as eluent gave 3-(3-(furan-3-yl)-1,2,4-oxadiazol-5-yl)-benzonitrile (45) (525 mg, 2.21 

mmol, 45%) as a light pink solid, mp 124.0-124.4 °C; Rf (Cyclohexane/EtOAc 1:1) 0.67; 1H NMR 

(300 MHz, CDCl3): δ 8.52 (s, 1H), 8.44 (dt, J = 7.9, 1.4 Hz, 1H), 7.90 (dt, J = 7.9, 1.4 Hz, 1H), 7.71 

(t, J = 7.9 Hz, 1H), 7.68 - 7.65 (m, 1H), 7.24 (d, J = 3.5 Hz, 1H), 6.62 (dd, J = 3.5, 1.8 Hz, 1H); 13C 

NMR (75 MHz, CDCl3): δ 173.61, 162.08, 145.55, 141.85, 135.88, 131.99, 131.69, 130.21, 

125.20, 117.35, 114.37, 113.92, 112.01; MS (ESI+) m/z calcd for C13H7N3O2 (M+H)+ 237.05, 

found 238.1. 
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N-hydroxycyclohexanecarboximidamide (104) 

 

Molecular weight: 142.20 

Using the general procedure F, a mixture of NH2OH.HCl (3.48 g, 50.00 mmol), NaHCO3 (2.65 g, 

25.00 mmol), cyclohexanecarbonitrile (3.60 g, 33.00 mmol) in H2O (20 mL) and EtOH (20 mL) 

gave N-hydroxycyclohexanecarboximidamide (104) (2.18 g, 15.30 mmol, 46%) as a white solid, 

mp 90.4-92.7 °C; Rf (Cyclohexane/EtOAc 1:1) 0.17; 1H NMR (300 MHz, DMSO-d6): δ 8.64 (s, 

1H), 5.18 (s, 2H), 1.93 (tt, J = 11.9, 3.0 Hz, 1H), 1.81 – 1.53 (m, 5H), 1.40 – 1.02 (m, 5H). 

3-(3-cyclohexyl-1,2,4-oxadiazol-5-yl)benzonitrile (46) 

 

Molecular weight: 253.31 

Using the general procedure H, a mixture of 3-cyanobenzoyl chloride (107) (1.00 g, 6.04 

mmol), N-hydroxycyclohexanecarboximidamide (104) (693 mg, 4.87 mmol) in pyridine (30 mL) 

gave the crude product. Purification by flash column chromatography with 8:2 cyclohexane-

ethyl acetate as eluent gave 3-(3-cyclohexyl-1,2,4-oxadiazol-5-yl)benzonitrile (46) (530 mg, 

2.09 mmol, 43%) as a white solid, mp 62.0-62.6 °C; Rf (Cyclohexane/EtOAc 9:1) 0.36; 1H NMR 

(300 MHz, CDCl3): δ 8.42 (s, 1H), 8.34 (d, J = 7.9 Hz, 1H), 7.85 (d, J = 7.9 Hz, 1H), 7.66 (t, J = 7.9 

Hz, 1H), 2.88 (tt, J = 11.4, 3.6 Hz, 1H), 2.14 – 2.01 (m, 2H), 1.93 – 1.55 (m, 5H), 1.51 – 1.24 (m, 

3H); 13C NMR (75 MHz, CDCl3): δ 175.00, 172.97, 135.41, 131.77, 131.41, 130.07, 125.76, 

117.43, 113.66, 35.84, 30.55, 25.69, 25.60; MS (ESI+) m/z calcd for C15H15N3O (M+H)+ 253.12, 

found 254.2. 
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N-hydroxypiperidine-1-carboximidamide (105) 

 

Molecular weight: 143.19 

Using the general procedure F, a mixture of NH2OH.HCl (1.74 g, 25.00 mmol), NaHCO3 (1.33 g, 

12.50 mmol), piperidine-1-carbonitrile (1.82 g, 16.50 mmol) in H2O (20 mL) and EtOH (20 mL) 

gave N-hydroxypiperidine-1-carboximidamide (105) (939 mg, 6.56 mmol, 53%) as a yellow oil; 

Rf (Cyclohexane/EtOAc 4:6) 0.33; 1H NMR (300 MHz, CDCl3): δ 4.82 (s, 1H), 4.70 - 4.20 (s, 2H), 

3.32 (m, 4H), 3.03 (m, 6H). 

3-(3-(piperidin-1-yl)-1,2,4-oxadiazol-5-yl)benzonitrile (47) 

 

Molecular weight: 254.29 

Using the general procedure H, a mixture of 3-cyanobenzoyl chloride (107) (1.00 g, 6.04 

mmol), N-hydroxypiperidine-1-carboximidamide (105) (697 mg, 4.87 mmol) in pyridine (30 

mL) gave the crude product.  Purification by flash column chromatography with 8:2 

cyclohexane-ethyl acetate as eluent gave 3-(3-(piperidin-1-yl)-1,2,4-oxadiazol-5-

yl)benzonitrile (47) (672 mg, 2.64 mmol, 54%) as a white solid, mp 87.8°C; Rf 

(Cyclohexane/EtOAc 8:2) 0.43; 1H NMR (300 MHz, CDCl3): δ 8.37 (s, 1H), 8.28 (d, J = 7.9 Hz, 

1H), 7.83 (d, J = 7.9 Hz, 1H), 7.63 (t, J = 7.9 Hz, 1H), 3.49 (m, 4H), 1.71 – 1.63 (m, 6H); 13C NMR 

(75 MHz, CDCl3): δ 171.91, 170.75, 135.18, 131.63, 131.32, 129.91, 126.13, 117.60, 113.52, 

47.00, 24.99, 24.10; MS (ESI+) m/z calcd for C14H14N4O (M+H)+ 254.12, found 255.3. 
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1-acetylpiperidine-3-carboxylic acid (99) 

 

Molecular Weight: 171.19 

Procedure adapted from literature.166 Nipecotic acid (500 mg, 3.87 mmol) was added to the 

solution of DCM (9 mL) and acetic anhydride (0.37 mL, 3.87 mmol). The rection mixture was 

stirred at rt overnight. Then, the solution was concentrated under reduced pressure to give 

the crude compound. Purification by ion-exchange resin (Dowex 50WX4-400) in water gave 1-

acetylpiperidine-3-carboxylic acid (99) (530 mg, 3.10 mmol, 80%) as a clear oil; Rf (DCM/MeOH 

8:2) 0.43; 1H NMR (300 MHz, CDCl3) (50:50 mixture of rotamers): δ 11.67 (bs, 1H), 4.06 (dd, J 

= 13.1, 3.9 Hz, 0.5H), 3.90 (dt, J = 13.1, 4.9 Hz, 0.5H), 3.72 (dd, J = 13.1, 3.9 Hz, 0.5H), 3.59 – 

3.39 (m, 1H), 3.33 (dd, J = 13.1, 8.5 Hz, 0.5H), 3.23 (ddd, J = 13.0, 9.4, 3.3 Hz, 0.5H), 3.12 (ddd, 

J = 13.0, 9.4, 3.3 Hz, 0.5H), 2.52 – 2.34 (m, 1H), 2.12 (s, 1.5H), 2.06 (s, 1.5H), 2.02 – 1.90 (m, 

1H), 1.89 – 1.70 (m, 1.5H), 1.70 – 1.58 (m, 0.5H), 1.56 – 1.38 (m, 1H). 

1-acetylpiperidine-3-carbonyl chloride (94) 

 

Molecular Weight: 189.64 

Using the general procedure G, a mixture of 1-acetylpiperidine-3-carboxylic acid (99) (530 mg, 

3.10 mmol) in SOCl2 (15 mL) gave 1-acetylpiperidine-3-carbonyl chloride (94) (585 mg, 3.10 

mmol, 100%) as a brown oil used for the next reaction without further purification. 
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1-(3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)piperidin-1-yl)ethan-1-one (48) 

 

Molecular Weight: 272.31 

Using the general procedure H, 1-acetylpiperidine-3-carbonyl chloride (94) (585 mg, 3.08 

mmol), N-hydroxynicotinimidamide (76) (341 mg, 2.49 mmol) in pyridine (30 mL) gave the 

crude product. The obtained solid was dissolved in DCM (20 mL) washed with NaOH 20% (2 x 

10 mL) gave the crude product. Purification by flash column chromatography with 8:2 to 9:1 

ethyl acetate-petroleum ether as eluent gave 1-(3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-

yl)piperidin-1-yl)ethan-1-one (48) (50 mg, 0.19 mmol, 12%) as a light yellow 

oil; Rf (EtOAc/petroleum ether 8:2) 0.38; 1H NMR (300 MHz, CDCl3) (50:50 mixture of 

rotamers):  δ 9.25 (s, 1H), 8.71 (s, 1H), 8.37 – 8.25 (m, 1H), 7.41 (dd, J = 8.0, 4.8 Hz, 1H), 4.84 

– 4.70 (m, 0.5H), 4.03 – 3.87 (m, 1H), 3.83 – 3.69 (m, 1H), 3.32 – 3.00 (m, 2.5H), 2.38 – 2.18 

(m, 1H), 2.15 (s, 1.5H), 2.09 (s, 1.5H), 2.13 – 1.98 (m, 0.5H), 1.99– 1.84 (m, 1H), 1.79 – 1.51 (m, 

1.5H); 13C NMR (75 MHz, CDCl3): δ 180.18, 179.91, 169.12, 166.29, 166.13, 151.81, 151.51, 

148.27, 148.16, 135.07, 134.91, 123.81, 123.26, 48.64, 46.57, 43.97, 41.60, 35.11, 34.53, 

28.50, 28.07, 24.75, 23.26, 21.48, 21.43; MS (ESI+) m/z calcd for C14H16N4O2 (M+H)+ 273.13, 

found 273.1. 

1-formylpiperidine-3-carboxylic acid (101) 

 

Molecular weight: 157.17 

Procedure adapted from literature.167 A solution of formic acid (4.5 mL) and acetic anhydride 

(11 mL) was heated at 60 °C for 1 h and then cooled to 0 °C. Nipecotic acid (500 mg, 3.87 
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mmol) was added to the solution portion-wise. The mixture was allowed to warm to rt and 

stirred for 16 h. Then, the pH was adjusted to 7 using NaOH, concentrated under reduced 

pressure, diluted with DCM (5 mL) and filtered. The filtrate was concentrated under reduced 

pressure to give the crude product. Purification by crystallization in iPrOH (5 mL) gave 1-

formyllpiperidine-3-carboxylic acid (9) (460 mg, 2.93 mmol, 76%) as a white solid, mp 110.9   

111.4 °C (lit., 167110.0-112.0°C); Rf (DCM/MeOH 8:2) 0.46; 1H NMR (300 MHz, CDCl3) (50:50 

mixture of rotamers): δ 11.13 (s, 1H), 8.09 (s, 1H), 4.58 (dd, J = 13.3, 4.2 Hz, 0.5H), 3.86 (ddd, 

J = 13.3, 5.8, 4.2 Hz, 0.5H), 3.78 – 3.64 (m, 1H), 3.53 (dd, J = 13.8, 8.2 Hz, 0.5H), 3.22 (ddd, J = 

13.3, 9.1, 3.4 Hz, 0.5H), 3.10 (ddd, J = 13.8, 11.2, 3.4 Hz, 0.5H), 2.92 (dd, J = 13.3, 10.4 Hz, 0.5H), 

2.61 – 2.39 (m, 1H), 2.06 – 1.92 (m, 1H), 1.92 – 1.77 (m, 1H), 1.76 – 1.60 (m, 1H), 1.60 – 1.40 

(m, 1H).	 

1-formylpiperidine-3-carbonyl chloride (95) 

 

Molecular Weight: 175.61 

Using the general procedure G, a mixture of 1-formylpiperidine-3-carboxylic acid (101) in 

SOCl2 (15mL) gave 1-formylpiperidine-3-carbonyl chloride (95) (510 mg, 2.90 mmol, 99.2%) as 

a yellow solid used for the next reaction without further purification. 

3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)piperidine-1-carbaldehyde (49) 

 

Molecular Weight: 258.28 

Using the general procedure H, a mixture of 1-formylpiperidine-3-carbonyl chloride (95) (508 

mg, 2.90 mmol), N-hydroxynicotinimidamide (76) (341 mg, 2.49 mmol) in pyridine (30 mL) 
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gave the crude product. Purification by flash column chromatography with 8:2 ethyl acetate-

petroleum ether + 1% TEA as eluent gave  3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)piperidine-

1-carbaldehyde (49) (47 mg, 0.19 mmol, 8%) as a yellow oil; Rf (EtOAc/petroleum ether 8:2) 

0.33; 1H NMR (300 MHz, CDCl3) (50:50 mixture of rotamers): δ 9.27 (bs, 1H), 8.72 (bs, 1H), 

8.32 (ddt, J = 8.0, 2.7, 1.8 Hz, 1H), ), 8.10 (s, 0.5H), 8.07 (s, 0.5H), 7.42 (dd, J = 8.0, 4.8 Hz, 1H), 

4.64 – 4.55 (m, 0.5H), 3.97 – 3.83 (m, 1H), 3.74 – 3.57 (m, 1H), 3.22 – 3.12 (m, 2.5H), 2.42 – 

2.24 (m, 1H), 2.19 – 1.86 (m, 1.5H), 1.85 – 1.48 (m, 1.5H); 13C NMR (75 MHz, CDCl3) δ 179.77, 

179.50, 166.34, 166.26, 161.13, 160.99, 151.90, 151.73, 148.36, 148.31, 134.97, 134.90, 

123.79, 48.12, 45.77, 42.09, 39.88, 35.15, 34.23, 28.75, 28.41, 24.85, 23.01; MS (ESI+) m/z 

calcd for C13H14N4O2 (M+H)+ 259.11, found 259.7. 

1-acetylpiperidine-4-carboxylic acid (100) 

 

Molecular Weight: 171.20 

Procedure adapted from literature.166 Isonipecotic acid (500 mg, 3.87 mmol) was added to the 

solution of DCM (9 mL) and acetic anhydride (0.37 mL, 3.87 mmol). The rection mixture was 

stirred at rt overnight. Then, the solution was concentrated under reduced pressure to give 

the crude compound. Purification by ion-exchange resin (Dowex 50WX4-400) in water gave 1-

acetylpiperidine-4-carboxylic acid (100) (648 mg, 3.79 mmol, 98%) as a pale yellow oil; 

Rf (DCM/MeOH 8:2) 0.45; 1H NMR (300 MHz, CDCl3): δ 9.88 (s, 1H), 4.48 – 4.37 (m, 1H), 3.88 

– 3.77 (m, 1H), 3.16 (t, J = 12.5 Hz, 1H), 2.85 (t, J = 12.5 Hz, 1H), 2.76 – 2.56 (m, 1H), 2.10 (s, 

3H), 2.05 – 1.94 (m, 2H), 1.82 – 1.58 (m, 2H)168. 
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1-acetylpiperidine-4-carbonyl chloride (96) 

 

Molecular Weight: 189.64 

Using the general procedure G, a mixture of 1-acetylpiperidine-4-carboxylic acid (100) (800 

mg, 4.67) in SOCl2 (5 mL) gave the 1-acetylpiperidine-4-carbonyl chloride (96) (343 mg, 1.81 

mmol, 39%) as pink solid used for the next reaction without further purification. 

1-(4-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)piperidin-1-yl)ethan-1-one (50) 

 

Molecular Weight: 272.31 

Using the general procedure H, a mixture of 1-acetylpiperidine-4-carbonyl chloride (96) 

(342.90 mg, 1.81 mmol), N-hydroxynicotinimidamide (76) (200 mg, 1.46 mmol) in pyridine (30 

mL) gave the crude product. Purification by flash column chromatography with 8:2 DCM-

acetone as eluent gave 1-(4-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)piperidin-1-yl)ethan-1-one 

(50) (80 mg, 0.29 mmol, 20%) as a yellow solid, mp 105.3-106.3 °C; Rf (DCM/Acetone 8:2) 

0.14; 1H NMR (300 MHz, CDCl3): δ 9.26 (dd, J = 2.0, 0.9 Hz, 1H), 8.71 (dd, J = 4.8, 1.9 Hz, 1H), 

8.31 (dt, J = 8.0, 1.9 Hz, 1H), 7.40 (ddd, J = 8.0, 4.8, 0.9 Hz, 1H), 4.50 (dtd, J = 13.7, 4.2, 1.4 Hz, 

1H), 3.89 (dtd, J = 13.7, 4.2, 1.4 Hz, 1H), 3.33 – 3.18 (m, 2H), 2.94 (ddd, J = 13.7, 11.1, 3.2 Hz, 

1H), 2.24 – 2.13 (m, 2H), 2.11 (s, 3H), 2.02 – 1.78 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 181.39, 

168.92, 166.37, 152.05, 148.59, 134.65, 123.65, 123.00, 45.42, 40.52, 34.30, 29.53, 28.89, 

21.41; MS (ESI+) m/z calcd for C14H16N4O2 (M+H)+ 272.13, found 273.2. 
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1-formylpiperidine-4-carboxylic acid (102) 

 

Molecular Weight: 157.17 

Procedure adapted from literature.167Formic acid (0.99 mL, 23.22 mmol) was added to acetic 

anhydride (2.2 mL, 23.22 mmol). The resulting solution was stirred and heated at 60 °C for 1 

h. Then, the reaction mixture was gradually cooled to 5 °C, and isonipecotic acid (500 mg, 3.87 

mmol) was added. The resulting mixture was stirred at rt for 16 h. Then, the mixture was 

concentrated under reduced pressure and 2-propanol (2 mL) was added. The suspension was 

filtered under cooled condition (6 °C) to obtained 1-formylpiperidine-4-carboxylic acid (102) 

(574 mg, 3.65, 94%) as a white solid, mp 136-138 °C; Rf (DCM/Acetone 8:2) 0.38; 1H NMR (300 

MHz, CDCl3): δ 8.04 (s, 1H), 4.32 – 4.14 (m, 1H), 3.73 – 3.56 (m, 1H), 3.25 – 3.11 (m, 1H), 3.00 

– 2.87 (m, 1H), 2.78 – 2.58 (m, 1H), 2.08 – 1.94 (m, 2H), 1.80 – 1.60 (m, 2H).  

1-formylpiperidine-4-carbonyl chloride (97) 

 

Molecular Weight: 175.61 

Using the general procedure G, a mixture of 1-formylpiperidine-4-carboxylic acid (102) in 

SOCl2 (3 mL) gave 1-formylpiperidine-4-carbonyl chloride (97) (876 mg, 4.99 mmol, 100%) as 

light oil used for the next reaction without further purification. 
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4-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)piperidin-1-carbaldehyde (51) 

 

Molecular Weight: 258.28 

Using the general procedure H, a mixture of 1-formylpiperidine-4-carbonyl chloride (97) (873 

mg, 4.97 mmol), N-hydroxynicotinimidamide (76) (550 mg, 4.01 mmol) in pyridine (30 mL) 

gave the crude product. Then, the solution was allowed to cool to rt and concentrated under 

reduce pressure. The obtained solid was dissolved in DCM (20 mL) washed with NaOH 20% (2 

x 10 mL) gave the crude product. Purification by flash column chromatography with 2:8 

petroleum ether-ethyl acetate + 1% TEA as eluent gave 4-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-

yl)piperidin-1-carbaldehyde (51) (54 mg, 0.21 mmol, 18%) as a light yellow solid, mp 103.9-

105.5 °C; Rf (Petroleum ether/EtOAc + 1% TEA) 0.18; 1H NMR (300 MHz, CDCl3): δ 9.28 (s, 1H), 

8.73 (dd, J = 4.9, 1.9 Hz, 1H), 8.32 (dt, J = 8.0, 1.9 Hz, 1H), 8.07 (s, 1H), 7.41 (dd, J = 8.0, 4.9 Hz, 

1H), 4.32 (dtd, J = 13.5, 4.2, 1.3 Hz, 1H), 3.74 (dtd, J = 13.5, 4.2, 1.3 Hz, 1H), 3.41 – 3.21 (m, 

2H), 3.11 – 2.94 (m, 1H), 2.31 – 2.12 (m, 2H), 2.04 – 1.80 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 

181.05, 166.40, 160.79, 152.03, 148.55, 134.75, 123.69, 123.00, 44.70, 38.64, 34.54, 29.70, 

28.44; MS (ESI+) m/z calcd for C13H14N4O2 (M+H)+ 258.11, found 259.2. 

6.3. Part 3 

(S)-prolinol (115) 

 

Molecular Weight: 101.15 

Procedure adapted from literature.96 To a suspension of LiAlH4 (1.05 g, 27.80 mmol) in 

anhydrous THF (20 mL) was added very slowly (S)-proline (2.00 g, 17.37 mmol) at 0 °C under 

N2. The mixture was stirred at reflux for 2 h. A solution of KOH 20% (10 mL) was added very 
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slowly, and the precipitate was removed by filtration. The solvent was concentrated under 

reduced pressure to give (S)-prolinol (115) (1.10 g, 10.91 mmol, 63%) as a pale-yellow oil; Rf 

(DCM/MeOH 9:1 stained with KMnO4) 0.77; [α]D25 = +31.70° (c1, CHCl3) (lit., 169[α]D25  = +35.6° 

(c1, CHCl3)); 1H NMR (300 MHz, CDCl3): δ 3.53 – 3.46 (m, 1H), 3.43 – 3.16 (m, 2H), 3.01 – 2.78 

(m, 2H), 1.93 – 1.58 (m, 3H), 1.46 – 1.36 (m, 1H). 

(S)-N-benzyloxycarbonylprolinol (116) 

 

Molecular Weight: 235.28 

Procedure adapted from literature.170 Saturated NaHCO3 (30 mL) was added to a solution of 

(S)-prolinol (115) (2.72 g, 26.92 mmol) in THF (20 mL) and the solution was cooled to 0 °C. 

Benzyl chloroformate (5.1 mL, 35.81 mmol) was added dropwise and the obtained mixture 

was stirred at 0 °C for 1 h, and then at rt for 16 h. The resulting mixture was diluted with H2O 

(10 mL) and extracted with EtOAc (3 x 20 mL). The combined organic layers were washed with 

brine (30 mL), dried (Na2SO4), and evaporated under reduced pressure to give the crude 

product. Purification by flash column chromatography with 8:2 to 7:3 petroleum ether-ethyl 

acetate as eluent gave (S)-N-benzyloxycarbonylprolinol (116) (3.54 g, 15.02 mmol, 56%) as 

colourless oil; Rf (Cyclohexane/EtOAc 7:3) 0.19; [α]D20 = -41.86° (c1, CHCl3) (lit., 170[α]D20 = -

40.2° (c1, CHCl3)); 1H NMR (300 MHz, CDCl3): δ 7.30 – 7.39 (m, 5H), 5.18 (s, 2H), 4.06 – 3.90 

(m, 1H), 3.70 – 3.30 (m, 4H), 3.15 – 3.00 (br s, 1H, exchange with D2O), 2.05 – 1.55 (m, 4H). 
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(S)-N-benzyloxycarbonyl-2-methylsulfonyoxymethylpyrrolidine (111) 

 

Molecular Weight: 313.37 

Procedure adapted from literature.96 TEA (1.7 mL, 12.17 mmol) was added to a stirred solution 

of (S)-N-benzyloxycarbonylprolinol (116) (2.60 g, 11.05 mmol) in DCM (10 mL) at -10 °C. The 

resulting mixture was stirred for 10 min. Then, MsCl (0.94 mL, 12.17 mmol) was added 

dropwise and the solution was stirred at rt for 3 h. The stirred solution was washed with HCl 

1 M (10 mL) and the organic layer was dried (Na2SO4) and evaporated under reduced pressure 

to give the crude product. Purification by flash column chromatography with 7:3 petroleum 

ether-ethyl acetate as eluent gave (S)-N-benzyloxycarbonyl-2-

methylsulfonyoxymethylpyrrolidine (111) (3.24 g, 10.34 mmol, 94%) as a light yellow solid, mp 

43.7 – 44.1 °C (lit.,9643.7°C); Rf (Cyclohexane/EtOAc 6:4 stained with KMnO4) 0.26; [α]D25 = -

51.00° (c1, CHCl3) (lit.,96[α]D25 = -51.00° (c1, CHCl3)) ; 1H NMR (300 MHz, CDCl3): δ 7.30 – 7.38 

(m, 5H), 5.13 (s, 2H), 4.32 – 4.05 (m, 3H), 3.48 – 3.43 (m, 2H), 2.95 – 2.83 (m, 3H), 2.17 – 1.85 

(m, 4H). 

3-benzyloxy-5-chloropyridine (117) 

 

Molecular Weight: 219.67 

Procedure adapted from literature.171 A solution of benzyl alcohol (3.5 mL, 33.79 mmol) in 

anhydrous DMF (5 mL) was added dropwise to a suspension of NaH (1.05 g, 43.92 mmol) in 

anhydrous DMF (10 mL) at -10 °C under N2. The resulting suspension was stirred at 0 °C for 30 

min. Then, a solution of 3,5-dichloropyridine (5.00 g, 33.79 mmol) in anhydrous DMF (10 mL) 

was added dropwise. The mixture was stirred at rt overnight. The mixture was quenched with 

H2O (10 mL) and extracted with EtOAc (3 x 10 mL). The combined organic layers were dried 
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(Na2SO4) and evaporated under reduced pressure to give the crude product. Purification by 

flash column chromatography with 9:1 petroleum ether-ethyl acetate as eluent gave 3-

benzyloxy-5-chloropyridine (117) (5.99 g, 27.28 mmol, 81%) as a white solid, mp 46.4-47.3°C; 

Rf (Petroleum ether/EtOAc 9:1) 0.34; 1H NMR (300 MHz, CDCl3): δ 8.28 (d, J = 2.6 Hz, 1H), 8.28 

(d, J = 1.9 Hz, 1H), 7.47 – 7.30 (m, 5H), 7.27 (dd, J = 2.6, 1.9 Hz,1H), 5.10 (s, 2H). 

3-amino-5-benzyloxypyridine (118) 

 

Molecular Weight: 200.24 

In a pressure vessel, 3-benzyloxy-5-chloropyridine (117) (970 mg, 3.67 mmol), CuSO4 (1.84 g, 

1.84 mmol) and NH3 (25% in water) (15 mL) were added and stirred at 180 °C overnight. The mixture 

was allowed to warm at rt and when cooled to 0 °C. The product was filtered off, washed with 

saturated K2CO3 (2 x 10 mL) and suspended in EtOAc (15 mL). Undissolved material was filtered 

off and the filtrate was dried (Na2SO4) and concentrated under reduced pressure to give 3-

amino-5-benzyloxypyridine (118) (380 g, 1.90 mmol, 52%) as a light yellow solid, mp 100.5-

101.3°C; Rf (DCM/MeOH 95:5) 0.31; 1H NMR (300 MHz, CDCl3): δ 7.82 (s, 1H), 7.75 (s, 1H), 

7.47 – 7.27 (m, 5H), 6.58 (t, J = 2.3 Hz, 1H), 5.06 (s, 2H), 3.55 (br s, 2H).  

3-benzyloxy-5-hydroxypyridine (119) 

 

Molecular Weight: 201.23 

3-amino-5-benzyloxypyridine (118) (666 mg, 3.33 mmol) was stirred into concentrated H2SO4 

(3 mL), H2O (3 mL) and ice. The mixture was heated until the solution became homogenous 

and when allowed to stir at rt for 10 min. Then, the suspension was cooled to 0 °C and a 

solution of NaNO2 (230 mg, 3.33 mmol) in H2O (5 mL) was added. The mixture was allowed to 

stir for 10 min at 0 °C and then for 10 min at rt. A boiling solution of concentrated H2SO4 (1 
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mL) was added. The mixture was stirred at rt for 3 h. Then, the pH was adjusted to 10 with 

10% NaOH solution (10 mL) and the mixture was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were dried (Na2SO4) and evaporated under reduced pressure to give 

3-benzyloxy-5-hydroxypyridine (119) (525 mg, 2.61 mmol, 97%) as a red solid, mp 128.1-

130.2°C; Rf (EtOAc) 0.63; 1H NMR (300 MHz, CDCl3): δ 7.93 – 7.87 (m, 2H), 7.48 – 7.26 (m, 5H), 

6.91 (t, J = 2.1 Hz, 1H), 5.08 (s, 2H).  

3-(benzyloxy)-5-((2-methoxyethoxy)methoxy)pyridine (120) 

 

Molecular Weight: 289.33 

MEMCl (0.15 mL, 1.31 mmol) was added dropwise to a solution of 3-benzyloxy-5-

hydroxypyridine (119) (188 mg, 0.94 mmol) and DIPEA (0.29 mL, 1.66 mmol) in DCM (5 mL) at 

0 °C under N2. The mixture was stirred and heated at 35 °C for 4 h. Then, the mixture was 

quenched with saturated aqueous NH4Cl at 0 °C. The aqueous layer was extracted with EtOAc 

(3 x 10 mL). The combined organic layers were dried (Na2SO4) and evaporated under reduced 

pressure to give the crude product. Purification by flash column chromatography with 6:4 

cyclohexane-ethyl acetate as eluent gave 3-(benzyloxy)-5-((2-

methoxyethoxy)methoxy)pyridine (120) (171 mg, 0.60 mmol, 63%) as a yellow oil; Rf 

(Cyclohexane/EtOAc 6:4) 0.31; 1H NMR (300 MHz, CDCl3): δ 8.07 (t, J = 2.4 Hz, 2H), 7.47 – 7.30 

(m, 5H), 7.04 (t, J = 2.4 Hz, 1H), 5.27 (s, 2H), 5.09 (s, 2H), 3.87 – 3.78 (m, 2H), 3.58 – 3.52 (m, 

2H), 3.38 (s, 3H). 
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3-hydroxy-5-((2-methoxyethoxy)methoxy)pyridine (112) 

 

Molecular Weight: 199.20 

10% Pd/C (40 mg) was added to a solution of 3-(benzyloxy)-5-((2-

methoxyethoxy)methoxy)pyridine (120) (229 mg, 0.79 mmol) in MeOH (5 mL). The resulting 

mixture was stirred at rt for 3 h under H2. Then, the stirred solution was filtered over Celite® 

and washed with MeOH. The filtrate was evaporated under reduced pressure to give the crude 

product. Purification by flash column chromatography with 3:7 petroleum ether-ethyl acetate 

as eluent gave 3-hydroxy-5-((2-methoxyethoxy)methoxy)pyridine (112) (150 mg, 0.75 mmol, 

95%) as a yellow oil; Rf (Petroleum ether/EtOAc 3:7) 0.38; 1H NMR (300 MHz, CDCl3): δ 7.99 

(d, J = 2.3 Hz, 1H), 7.93 (d, J = 2.3 Hz, 1H), 7.10 (t, J = 2.3 Hz, 1H), 5.27 (s, 2H), 3.88 – 3.79 (m, 

2H), 3.63 – 3.54 (m, 2H), 3.39 (s, 3H).  

(S)-N-Cbz-2-(((5-((2-methoxyethoxy)methoxy)pyridine-3-yl)oxy)methyl)pyrrolidine (113) 

 

Molecular Weight: 416.47 

A solution of 3-hydroxy-5-((2-methoxyethoxy)methoxy)pyridine (112) (160 mg, 0.80 mmol) in 

anhydrous DMF (5 mL) was added dropwise to a suspension of NaH (19 mg, 0.80 mmol) in 

anhydrous DMF (5 mL) at -10 °C under N2. The resulting suspension was stirred at -10 °C for 

10 min. Then, a solution of (S)-N-Cbz-2-(((methylsulfonyl)oxy)methyl)pyrrolidine (111) (252 

mg, 0.80 mmol) in anhydrous DMF (5 mL) was added dropwise. The mixture was stirred at 80 

°C for 4 h. The reaction was cooled to rt, DMF was evaporated and the residue was treated 

with H2O (15 mL) and extracted with EtOAc (3 x 10 mL). The combined organic layers were 

dried (Na2SO4) and evaporated under reduced pressure to give the crude product. Purification 

by flash column chromatography with 1:1 petroleum ether-ethyl acetate + 1% TEA as eluent 
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gave (S)-N-Cbz-2-(((5-((2-methoxyethoxy)methoxy)pyridine-3-yl)oxy)methyl)pyrrolidine (113) 

(213 mg, 0.51 mmol, 64%) as a yellow oil; Rf (Petroleum ether/EtOAc + 1% TEA 8:2) 0.36; [α]D25 

= -40.50° (c0.5, CHCl3); 1H NMR (300 MHz, CDCl3): δ  8.03 (m, 2H), 7.42 – 7.31 (m, 5H), 7.04 (s, 

1H), 5.27 (s, 2H), 5.17 – 5.10 (m, 2H), 4.24 – 4.18 (m, 2H), 3.92 – 3.77 (m, 3H), 3.61 – 3.51 (m, 

2H), 3.51 – 3.45 (m, 2H), 3.37 (s, 3H), 2.09 – 1.81 (m, 4H). 

 (S)-3-((2-methoxyethoxy)methoxy)-5-((1-methylpyrrolidin-2-yl)methoxy)pyridine (114) 

 

Molecular Weight: 296.37 

A solution of (S)-N-Cbz-2-(((methylsulfonyl)oxy)methyl)pyrrolidine (113) (204 mg, 0.49 mmol) 

in anhydrous THF (3 mL) was added dropwise to a suspension of LiAlH4 (74 mg, 1.96 mmol) in 

anhydrous THF (5 mL) at 0 °C under N2. The reaction was stirred at rt for 3 h. Then, H2O (15 

mL) was added to quench LiAlH4. HCl 1M (10 mL) was added and the mixture was extracted 

with DCM (3 x 10 mL). The aqueous layer was basified at pH 10 with NaOH 1M (11 mL) and 

extracted with DCM (3 x 15 mL). The combined organic layers were dried (Na2SO4) and 

evaporated under reduced pressure to give (S)-3-((2-methoxyethoxy)methoxy)-5-((1-

methylpyrrolidin-2-yl)methoxy)pyridine (114) (104 mg, 0.35 mmol, 72%) as light yellow oil; Rf 

(DCM/MeOH 93:7 + 1% NH3 (22% in water)) 0.18; [α]D25 = -0.656° (c0.5, MeOH); 1H NMR (300 MHz, 

CDCl3): δ 8.10 – 7.94 (m, 2H), 6.97 (t, J = 2.4 Hz, 1H), 5.27 (s, 2H), 4.11 – 4.00 (m, 1H), 3.99 – 

3.88 (m, 1H), 3.87 – 3.78 (m, 2H), 3.60 – 3.51 (m, 2H), 3.37 (s, 3H), 3.22 – 3.11 (m, 1H), 2.75 – 

2.69 (m, 1H), 2.51 (s, 3H), 2.43 – 2.28 (m, 1H), 2.14 – 1.97 (m, 2H),  1.86 – 1.68 (m, 2H). 
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7-hydroxy-2-methylquinolin-1-ium-4-metylbenzenesulfonate (123) 

 

Molecular Weight: 331.39 

Procedure adapted from literature.138 3-aminophenol (10.00 g, 91.63 mmol) was added to a 

solution of FeCl3 (14.86 g, 91.63 mmol) in 6N HCl (40 mL). Then butanol (25 mL) was added 

and the resulting mixture was stirred and heated to 95 °C. At the desired temperature, 

crotonaldehyde (9 mL, 108.63 mmol) in butanol (12 mL) was added dropwise over 45 min and 

the resulting suspension was stirred at the reflux for 1 h. Then the mixture was allowed to cool 

first to room temperature and subsequently to <10 °C on an ice bath.  The pH was adjusted to 

7.5 using NH3 (22% in water). The temperature was not allowed to go above 40 °C during the 

neutralization. Then, butanol (20 mL) was added and the resulting biphasic mixture was 

filtered over Celite® and washed with butanol (10 mL) and H2O (10 mL). The layers were 

separated and the aqueous layer extracted with THF (3 x 20 mL). The combined organic layers 

were dried (Na2SO4) and filtered over Celite® and washed with THF (10 mL).  The filtrate was 

concentrated under reduced pressure and then diluted with 2-propanol (20 mL). Undissolved 

material was filtered off and the resulting cake was washed with 2-propanol (15 mL).  Para-

toluene sulfonic acid monohydrate (17.43 g, 91.63 mmol) was added to the organic filtrate 

and the mixture was stirred at rt for 2 h. The product was filtered off, washed with 2-propanol 

(2 x 5 mL) and left to dry under vacuum to give 7-hydroxy-2-methylquinolin-1-ium-4-

metylbenzenesulfonate (123) (9.20 g, 27.70 mmol, 30%) as a light brown solid, mp 236-237 

°C; Rf (Cyclohexane/EtOAc 3:7 + 1% TEA) 0.31; 1H NMR (300 MHz, DMSO-d6): δ 15.40 (s, 1H), 

11.55 (s, 1H), 8.85 (d, J = 8.3 Hz, 1H), 8.14 (d, J = 8.9 Hz, 1H), 7.65 (d, J = 8.3 Hz, 1H), 7.46 (d, J 

= 7.9 Hz, 2H), 7.41 – 7.34 (m, 2H), 7.10 (d, J = 7.9 Hz, 2H), 2.84 (s, 3H), 2.27 (s, 3H).138 
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8-Bromo-7-hydroxy-2-methylquinolin-1-ium-4-metylbenzenesulfonate (124) 

 

Molecular Weight: 410.28 

7-hydroxy-2-methylquinolin-1-ium-4-metylbenzenesulfonate (123) (9.19 g, 27.73 mmol) was 

dissolved in MeOH (25 mL) and the mixture was stirred at rt for 10 min. N-bromosuccinimide 

(9.87 g, 55.45 mmol) was added in portions to the stirred solution and the resulting suspension 

was stirred at rt overnight. Then, the resulting mixture was concentrated under reduced 

pressure to dryness to give the crude compound. Acetonitrile (20 mL) was added and the 

formed slurry was stirred at rt for 1 h. Undissolved material was filtered off, washed with 

acetonitrile (2 x 5 mL) and left to dry under vacuum to give 8-Bromo-7-hydroxy-2-

methylquinolin-1-ium-4-metylbenzenesulfonate (124) (7.50 g, 18.28 mmol, 66%) as a yellow-

orange powder, mp 218-220 °C; 1H NMR (300 MHz, DMSO-d6,): δ 8.44 (d, J = 8.2 Hz, 1H), 7.91 

(d, J = 9.1 Hz, 1H), 7.54 – 7.39 (m, 3H). 7.37 (d, J = 9.1 Hz, 1H), 7.10 (d, J = 8.2 Hz, 2H), 2.75 (s, 

3H), 2.28 (s, 3H).138 

8-Bromo-7-((2-methoxyethoxy)methoxy)-2-methylquinoline (128) 

 

Molecular Weight: 326.19 

Procedure adapted from literature.172 A mixture of previously released 8-Bromo-7-Hydroxy-

2-metylquinoline from 124 (2.62 g, 11.00 mmol) and K2CO3 (1.52 g, 11.00 mmol) in acetone 

(20 mL) was stirred at rt for 30 min under N2. Then, the mixture was cooled to 0 °C and a 

solution of MEMCl (1.3 mL, 11.00 mmol) in acetone (10 mL) was added dropwise over 20 min 

and the resulting mixture was stirred at rt overnight. EtOAc (20 mL) was added to the mixture, 

acetone was evaporated under reduced pressure and then the reaction mixture was 
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quenched with NaOH 1M. The layers were separated and the aqueous phase was extracted 

with EtOAc (3 x 10 mL). The combined organic layers were dried (Na2SO4) and concentrated 

under reduced pressure to dryness to give a brownish oil. Purification by flash column 

chromatography with 8:2 cyclohexane-ethyl acetate as eluent gave 8-Bromo-7-((2-

methoxyethoxy)methoxy)-2-methylquinoline (128) (2.50 g, 7.66 mmol, 69%) as a colourless 

oil; Rf (Cyclohexane-Acetone 7:3) 0.46; 1H NMR (300 MHz, CDCl3): δ 7.98 (d, J = 8.3 Hz, 1H), 

7.70 (d, J = 9.0 Hz, 1H), 7.48 (d, J = 9.0 Hz, 1H), 7.23 (d, J = 8.3 Hz, 1H), 5.48 (s, 2H), 4.01 – 3.87 

(m, 2H), 3.63 – 3.52 (m, 2H), 3.36 (s, 3H), 2.80 (s, 3H). 

8-Bromo-7-((2-methoxyethoxy)methoxy)-quinoline-2-carbaldehyde (130) 

 

Molecular Weight: 340.17  

Procedure adapted from literature.173 Selenium dioxide (780 mg, 7.03 mmol) was added to a 

solution of 8-Bromo-7-(2-(methoxyetoxy)methoxy)-2-methylquinoline (128) (1.95 g, 5.98 

mmol) in dioxane (15 mL) and the mixture was heated at 80 °C for 1 h. Then, the mixture was 

filtered and the filtrate was concentrated under reduced pressure to give 8-Bromo-7-((2-

methoxyethoxy)methoxy)-quinoline-2-carbaldehyde (130) (2.04 g, 5.98 mmol, 100%) as a dark 

red solid, mp 80-83 °C; Rf (Cyclohexane-Acetone 7:3) 0.41; 1H NMR (300 MHz, CDCl3): δ 10.30 

(s, 1H), 8.28 (d, J = 8.3 Hz, 1H), 7.99 (d, J = 8.3 Hz, 1H), 7.85 (d, J = 9.1 Hz, 1H), 7.71 (d, J = 9.1 

Hz, 1H), 5.54 (s, 2H), 4.05 – 3.88 (m, 2H), 3.65 – 3.50 (m, 2H), 3.36 (s, 3H).  
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8-Bromo-7-((2-methoxyethoxy)methoxy)quinolin-2-yl)methanol (132) 

 

Molecular Weight: 342.15 

Procedure adapted from literature.173 NaBH4 (226 mg, 5.98 mmol) was added portionwise to 

a suspension of 8-Bromo-7-((2-methoxyethoxy)methoxy)-quinolin-2-carbaldehyde (130) (2.03 

g, 5.98 mmol) in ethanol (20 mL) and the resulting solution was stirred at rt for 1 h. EtOAc (15 

mL) was added and the organic phase washed with H2O (10 mL). The two layers were 

separated and the aqueous layer was extracted with EtOAc (3 × 7 mL). The combined organic 

layers were dried (Na2SO4) and concentrated under reduced pressure to give 8-Bromo-7-((2-

methoxyethoxy)methoxy)quinolin-2-yl)methanol (132) (2.05 g, 5.98 mmol, 100%) as a brown-

orange solid, mp 78-81 °C; Rf (Cyclohexane-Acetone 7:3) 0.27; 1H NMR (300 MHz, CDCl3): δ 

8.09 (d, J = 8.3 Hz, 1H), 7.76 (d, J = 9.1 Hz, 1H), 7.55 (d, J = 9.1 Hz, 1H), 7.22 (d, J = 8.3 Hz, 1H), 

5.51 (s, 2H), 4.94 (s, 2H), 3.99 – 3.89 (m, 2H), 3.62 – 3.53 (m, 2H), 3.36 (s, 3H). 

(8-Bromo-7-((2-methoxyethoxy)methoxy)quinolin-2-yl)methyl methansulfonate (134) 

 

Molecular Weight: 420.27 

Procedure adapted from literature.138 TEA (2.6 mL, 18.43 mmol) was added to a solution of 8-

Bromo-7-((2-methoxyethoxy)methoxy)quinolin-2-yl)methanol (132) (2.05 g, 5.98 mmol) in 

DCM (20 mL) and the resulting solution was stirred for 5 min. Then, the mixture was cooled to 

5 °C and methanesulfonyl chloride (0.94 mL, 12.16 mmol) was slowly added. The resulting 

solution was stirred at 5 °C for 1 h. Upon completion, the reaction was quenched with H2O (7 

mL) and the layers were separated. The organic layer was dried (Na2SO4) and concentrated 

under reduced pressure to give the crude product. Purification by flash column 

chromatography with 7:3 cyclohexane-ethyl acetate as eluent gave (8-Bromo-7-((2-

N
Br

MEMO OH

N
Br

MEMO OMs



 164 

methoxyethoxy)methoxy)quinolin-2-yl)methyl methansulfonate (134) (1.45 g, 3.45 mmol, 

57%) as a white solid; Rf (Cyclohexane/EtOAc 7:3) 0.12; 1H NMR (300 MHz, CDCl3): δ 8.19 (d, J 

= 8.3 Hz, 1H), 7.79 (d, J = 9.1 Hz, 1H), 7.60 (d, J = 9.1 Hz, 1H), 7.52 (d, J = 8.3, 2H), 5.56 (s, 2H), 

5.51 (s, 2H), 4.00 – 3.91 (m, 2H), 3.63 – 3.51 (m, 2H), 3.36 (s, 3H), 3.22 (s, 3H). 

(8-Bromo-7-hydroxyquinolin-2-yl)methyl methansulfonate (121) 

 

Molecular Weight: 332.17 

Procedure adapted from literature.138 Trifluoroacetic acid (2.6 mL, 34.50 mmol) was added to 

a solution of (8-Bromo-7-((2-methoxyethoxy)methoxy)quinolin-2-yl)methyl methansulfonate 

(134) (1.45 g, 3.45 mmol) in DCM (15 mL) and the resulting solution was stirred at rt for 8 h. 

Then, the solution was washed with H2O (5 mL) and the layers were separated. The aqueous 

layer was extracted with EtOAc (2 x 7 mL). The combined organic layers were dried (Na2SO4) 

and concentrated under reduced pressure to give the crude product. Purification by flash 

column chromatography with 10:0 to 7:3 Cyclohexane-Acetone as eluent gave (8-Bromo-7-

hydroxyquinolin-2-yl)methyl methansulfonate (121) (1.03 g, 3.10 mmol, 90%) as an orange-

brown solid, mp 132-134 °C; Rf (Cyclohexane-Acetone 7:3) 0.17; 1H NMR (300 MHz, CDCl3): δ 

8.18 (d, J = 8.4 Hz, 1H), 7.74 (d, J = 8.8 Hz, 1H), 7.50 (d, J = 8.4 Hz, 1H), 7.37 (d, J = 8.8 Hz, 1H), 

5.55 (s, 2H), 3.20 (s, 3H). 
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(2S)-1-((8-bromo-7-hydroxyquinolin-2-yl)methyl)-2-(((5-((2-

methoxyethoxy)methoxy)pyridin-3-yl)oxy)methyl)-1-methylpyrrolidin-1-ium 

methanesulfonate (136) 

 

Molecular Weight: 628.54 

Procedure adapted from literature.138 (8-bromo-7-hydroxyquinolin-2-

yl)methylmethansulfonate (121) (85 mg, 0.26 mmol) and (S)-3-((2-methoxyethoxy)methoxy)-

5-((1-methylpyrrolidin-2-yl)methoxy)pyridine (114) (95 mg, 0.32 mmol) were dissolved in 

acetonitrile (5 mL). The mixture was stirred at rt for 4 h. Then, the solvent was concentrated 

under reduced pressure to give the crude product as a brown oil. Purification by flash column 

chromatography with 8:2 DCM/MeOH as eluent gave ((2S)-1-((8-bromo-7-hydroxyquinolin-2-

yl)methyl)-2-(((5-((2-methoxyethoxy)methoxy)pyridin-3-yl)oxy)methyl)-1-methylpyrrolidin-1-

ium methanesulfonate (136) (110 mg, 0.18 mmol, 55%) as a light yellow oil; Rf (DCM/MeOH 

8:2) 0.15; 1H NMR (300 MHz, CD3OD): δ 8.35 (dd, J = 8.3, 6.2 Hz, 1H), 8.04 – 7.94 (m, 2H), 7.84 

(dd, J = 8.9, 5.0 Hz, 1H), 7.54 (dd, J = 8.3, 6.2 Hz, 1H), 7.35 (dd, J = 8.9, 4.1 Hz, 1H), 7.25 (dt, J = 

8.7, 2.4 Hz, 1H), 5.32 (d, J = 5.1 Hz, 2H), 5.22 (d, J = 14.1 Hz, 1H), 4.99 (d, J = 14.1 Hz, 1H), 4.81 

– 4.61 (m, 2H), 4.27 (dd, J= 12.0, 7.1 Hz, 1H), 4.03 – 3.93 (m, 1H), 3.86 – 3.77 (m, 2H), 3.60 – 

3.49 (m, 3H), 3.38 (s, 3H), 3.29 (s, 3H), 2.85 (s, 3H), 2.55 – 2.22 (m, 4H). 

(2S)-1-((8-bromo-7-hydroxyquinolin-2-yl)methyl)-2-(((5-hydroxypyridin-3-yl)oxy)methyl)-1-

methylpyrrolidin-1-ium methanesulfonate (BHQ-(S)-VI) 

 

Molecular Weight: 540.43 

Procedure adapted from literatrure.138 Trifluoroacetic acid (0.13 mL, 1.75 mmol) was added 

to a solution of ((2S)-1-((8-bromo-7-hydroxyquinolin-2-yl)methyl)-2-(((5-((2-
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methoxyethoxy)methoxy)pyridin -3-yl)oxy)methyl)-1-methylpyrrolidin-1-ium 

methanesulfonate (136) (110 mg, 0.18 mmol) in DCM (5 mL). The mixture was stirred at rt for 

3 h. Then, the solvent was concentrated under reduced pressure to give the crude product as 

a brown oil. Crystallization with DCM (2 mL) gave (S)-1-((8-bromo-7- hydroxyquinolin-2-

yl)methyl)-2-(((5-hydroxypyridin-3-yl)oxy)methyl)-1-methylpyrrolidin-1-ium (BHQ-(S)-VI) 

(10.4 mg, 0.02 mmol, 17%) as a light yellow oil; Rf (DCM/MeOH 8:2) 0.48; [α]= -15.04° (c0.5, 

MeOH); 1H NMR (300 MHz, CD3OD) (50:50 mixture of rotamers): δ 8.33 (dd, J = 8.3, 6.2 Hz, 

1H), 8.10 – 8.04 (m, 1H), 7.99 – 7.88 (m, 1H), 7.82 (dd, J = 9.0, 4.5 Hz, 1H), 7.54 (dd, J = 8.3, 5.9 

Hz, 1H), 7.43 (d, J = 16.1 Hz, 1H), 7.34 (dd, J = 8.9, 3.9 Hz, 1H), 5.20 (d, J = 14.1 Hz, 0.5H), 4.98 

(d, J = 14.2 Hz, 0.5H), 4.93 – 4.82 (m, 1H), 4.81 – 4.65 (m, 3H), 4.35 – 4.15 (m, 1H), 4.03 – 3.91 

(m, 0.5H), 3.83 – 3.68 (m, 0.5H), 3.51 (s, 1,5H), 3.39 (s, 1.5H), 2.70 (s, 3H), 2.55 – 2.20 (m, 4H); 
13C NMR (75 MHz, CD3OD): δ 161.74, 161.27, 156.71, 150.96, 146.07, 146.05, 138.05, 127.99, 

127.97, 125.29, 123.46, 123.31, 120.57, 120.25, 119.84, 119.76, 115.07, 106.23, 106.13, 

74.72, 72.81, 67.17, 66.40, 65.77, 65.55, 64.82, 60.53, 50.18, 44.36, 38.19, 38.16, 33.97, 23.93, 

23.51, 19.48, 19.19; HRMS (ESI+) m/z calcd  for C21H23N3O3Br (M+H)+ 444.0923, found 

444.0923. 

8-Iodio-7-hydroxy-2-methylquinolin-1-ium-4-metylbenzenesulfonate (125) 

 

Molecular Weight: 457.28 

7-hydroxy-2-methylquinolin-1-ium-4-metylbenzenesulfonate (123) (2.19 g, 6.61 mmol) was 

dissolved in MeOH (20 mL) and the mixture was stirred at rt for 10 min. N-iodosuccinimide 

(2.98 g, 13.22 mmol) was added in portions to the stirred solution and the resulting suspension 

was stirred at rt overnight. Then, the resulting mixture was concentrated under reduced 

pressure to dryness to give the crude compound. Acetonitrile (20 mL) was added and the 

formed slurry was stirred at rt for 1 h. Undissolved material was filtered off, washed with 

acetonitrile (2 x 5 mL) and left to dry under vacuum to give 8-Iodio-7-hydroxy-2-

methylquinolin-1-ium-4-metylbenzenesulfonate (125) (1.81 g, 3.97 mmol, 60%) as a dark 
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orange powder; mp 218-220°C;  1H NMR (300 MHz, DMSO-d6): δ 8.11 (d, J = 7.9 Hz, 1H), 7.76 

(d, J = 8.7 Hz, 1H), 7.45 (d, J = 8.1 Hz, 2H), 7.29 – 7.17 (m, 2H), 7.12 – 7.02 (m, 2H), 2.65 (s, 3H), 

2.27 (s, 3H). 

8-Iodio-2-methylquinolin-7-yl acetate (126) 

 

Molecular Weight: 327.12 

Procedure adapted from literature.138 TEA (1.4 mL, 9.83 mmol) was added to a suspension of 

8-Iodio-7-hydroxy-2-methylquinolin-1-ium-4-metylbenzenesulfonate (125) (1.81 g, 3.97 

mmol) in acetonitrile under a N2 and the resulting solution was cooled to 5 °C. Acetyl chloride 

(0.34 mL, 4.75 mmol) in acetonitrile (2.5 mL) was added dropwise to the cold solution over 20 

min. The mixture was allowed to warm to rt and then it was concentrated under reduced 

pressure to dryness. EtOAc (5 mL) and H2O (5 mL) were added to the crude and the layers 

were separated. The organic layer was washed with saturated NaHCO3 solution (2.5 mL) and 

H2O (2 x 2.5 mL), dried (Na2SO4) and concentrated under reduced pressure to give 8-Iodio-2-

methylquinolin-7-yl acetate (126) (1.30 g, 3.97 mmol, 100%) as a brownish solid, mp 88-93 °C; 

Rf (Cyclohexane/EtOAc 7:3) 0.51; 1H NMR (300 MHz, CDCl3): δ 7.99 (d, J = 8.2, 1H), 7.76 (d, J = 

8.7, 1H), 7.31 (d, J = 8.2, 1H), 7.24 (d, J = 8.7, 1H), 2.81 (s, 3H), 2.45 (s, 3H). 

8-Cyano-7-Hydroxy-2-methylquinolin (127) 

 

Molecular Weight: 184.20 

Procedure adapted from literature.138 A solution of 8-Iodio-2-methylquinolin-7-yl acetate 

(126) (1.30 g, 3.97 mmol) in N,N-dimethylacetamide (5 mL) was added dropwise over 1 h to a 

refluxing solution of CuCN (0.71 g, 7.95 mmol) in N,N-dimethylacetamide. After the 

NAcO
I

NHO
CN



 168 

completion of the addition, Pd-Tetrakis (0.23 mg, 0.20 mmol) was added. The resulting 

mixture was stirred at reflux for 5 h. Then, the suspension was cooled to rt. H2O (10 mL) was 

slowly added and a precipitate was formed. The suspension was filtered and the solid material 

was dissolved in NH4OH(aq) and the resulting solution was adjusted to pH=3 using HCl 37%. The 

aqueous solution was extracted with 2-butanol, dried (Na2SO4) and concentrated under 

reduced pressure to give the crude product. DCM (10 mL) and Et2O (10 mL) were added to the 

crude and the precipitate was filtered. The organic layer was concentrated under reduced 

pressure and then acetonitrile (20 mL) was added. The mixture was filtered, and the organic 

layer was evaporated to give the crude product. Purification by flash column chromatography 

with 9:1 to 7:3 Cyclohexane-Acetone as eluent gave 8-Cyano-7-Hydroxy-2-methylquinolin 

(127) (460 mg, 2.49 mmol, 61%) as a yellow solid, mp 81-85 °C; Rf (Cyclohexane/EtOAc 4:6) 

0.51; 1H NMR (300 MHz, CD3OD): δ 8.20 (d, J = 8.5 Hz, 1H), 8.02 (d, J = 9.1 Hz, 1H), 7.33 (d, J = 

8.5 Hz, 1H), 7.25 (d, J = 9.1 Hz, 1H), 2.78 (s, 3H).138 

8-Cyano-7-((2-methoxyethoxy)methoxy)-2-methylquinoline (129) 

 

Molecular Weight: 272.304 

Procedure adapted from literature.172 A mixture of 8-Cyano-7-Hydroxy-2-methylquinoline 

(127)  (460 g, 2.49 mmol) and K2CO3 (690 mg, 4.99 mmol) in acetone (10 mL) was stirred at rt 

for 30 min under N2. Then, the mixture was cooled to 0 °C and a solution of MEMCl (0.28 mL, 

2.49 mmol) in acetone (5 mL) was added dropwise over 20 min and the resulting mixture was 

stirred at rt overnight. EtOAc (15 mL) was added to the mixture, acetone was evaporated 

under reduced pressure and then the reaction mixture was quenched with NaOH 1M. The 

layers were separated and the aqueous phase was extracted with EtOAc (3 x 10 mL). The 

combined organic layers were dried (Na2SO4) and concentrated under reduced pressure to 

dryness to give a brownish oil. Purification by flash column chromatography with 8:2 

cyclohexane-ethyl acetate as eluent gave 8-Cyano-7-((2-methoxyethoxy)methoxy)-2-

methylquinoline (129) (600 mg, 2.20 mmol, 88%) as a light yellow oil; Rf (Cyclohexane/EtOAc 
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7:3) 0.17; 1H NMR (300 MHz, CDCl3): δ 8.00 (d, J = 8.5 Hz, 1H), 7.91 (d, J = 9.1 Hz, 1H), 7.51 (d, 

J = 9.1 Hz, 1H), 7.27 (d, J = 8,5 Hz, 1H), 5.53 (s, 2H), 4.00 – 3.89 (m, 2H), 3.58 – 3.51 (m, 2H), 

3.36 (s, 3H), 2.78 (s, 3H). 

8-Cyano-7-((2-methoxyethoxy)methoxy)-quinoline-2-carbaldehyde (131) 

  

Molecular Weight: 286.29 

Selenium dioxide (286 mg, 1.17 mmol) was added to a solution of 8-Cyano-7-((2-

methoxyethoxy)methoxy)-2-methylquinoline (129) (600 mg, 2.20 mmol) in dioxane (15 mL) 

and the mixture was heated at 60 °C for 3 h. Then, the mixture was filtered and the filtrate 

was concentrated under reduced pressure to give the crude product. Purification by flash 

column chromatography with 7:3 to 1:1 petroleum ether-ethyl acetate as eluent gave 8-

Cyano-7-((2-methoxyethoxy)methoxy)-quinoline-2-carbaldehyde (131) (380 mg, 1.33 mmol, 

60%) as yellow solid, mp 73-75; Rf (Cyclohexane/EtOAc 6:4) 0.18; 1H NMR (300 MHz, 

CDCl3): δ 10.29 (s, 1H), 8.32 (d, J = 8.3 Hz, 1H), 8.08 (d, J = 8.3 Hz, 1H), 8.03 (d, J = 9.1 Hz, 

1H), 7.76 (d, J = 9.1 Hz, 1H), 5.58 (s, 2H), 4.03 – 3.90 (m, 2H), 3.62 – 3.53 (m, 2H), 3.35 (s, 3H).  

8-Cyano-7-((2-methoxyethoxy)methoxy)quinolin-2-yl)methanol (133) 

 

Molecular Weight: 288.30 

Procedure adapted from literature.138 NaBH4 (50 mg, 1.33 mmol) was added portionwise to a 

suspension of 8-Cyano-7-((2-methoxyethoxy)methoxy)-quinoline-2-carbaldehyde (131) (380 

mg, 1.33 mmol) in ethanol (5 mL) and the resulting solution was stirred at rt for 1 h. EtOAc (10 

mL) was added and the organic phase washed with H2O (7 mL) . The two layers were separated 

and the aqueous layer was extracted with EtOAc (3 x 5 mL). The combined organic layers were 
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dried  (Na2SO4) and concentrated under reduced pressure to give 8-Cyano-7-((2-

methoxyethoxy)methoxy)quinolin-2-yl)methanol (133) (329 mg, 1.14 mmol, 86% yield) as a 

dark yellow oil; Rf (Cyclohexane/EtOAc 4:6) 0.27; 1H NMR (300 MHz, CDCl3): δ 8.13 (d, J = 8.5 

Hz, 1H), 7.99 (d, J = 9.1 Hz, 1H), 7.59 (d, J = 9.1 Hz, 1H), 7.30 (d, J = 8.5 Hz, 1H), 5.55 (s, 2H), 

4.96 (s, 2H), 3.99 – 3.91 (m, 2H), 3.60 – 3.54 (m, 2H), 3.38 (s, 3H).  

(8-Cyano-7-((2-methoxyethoxy)methoxy)quinolin-2-yl)methyl methansulfonate (135) 

 

Molecular Weight: 366.39 

Procedure adapted from literature.138 TEA (0.32 mL, 2.28 mmol) was added to a solution of 8-

Cyano-7-((2-methoxyethoxy)methoxy)quinolin-2-yl)methanol (133) (329 mg, 1.14 mmol) in 

DCM (5 mL) and the resulting solution was stirred for 5 min. Then, the mixture was cooled to 

5°C and methanesulfonyl chloride (0.18 mL, 2.28 mmol) was slowly added. The resulting 

solution was stirred at 5 °C for 1h. Upon completion, the reaction was quenched with H2O (4 

mL) and the layers were separated. The organic layer was dried (Na2SO4) and concentrated 

under reduced pressure to give the crude product. Purification by flash column 

chromatography with 1:1 to 4:6 cyclohexane-ethyl acetate as eluent gave (8-Cyano-7-((2-

methoxyethoxy)methoxy)quinolin-2-yl)methyl methansulfonate (135) (330 mg, 0.90 mmol, 

79%) as a white solid, mp 93-96 °C; Rf (Cyclohexane/EtOAc 4:6) 0.24; 1H NMR (300 MHz, 

CDCl3): δ 8.22 (d, J = 8.5 Hz, 1H), 8.01 (d, J = 9,1 Hz, 1H), 7.63 (d, J = 9,1 Hz, 1H), 7.56 (d, J = 8,5, 

1H), 5.55 (s, 4H), 4.06 – 3.83 (m, 2H), 3.62 – 3.46 (m, 2H), 3.36 (s, 3H), 3.27 (s, 3H). 
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(8-Cyano-7-hydroxyquinolin-2-yl)methyl methansulfonate (122) 

 

Molecular Weight: 278.28 

Procedure adapted from literature.138 Trifluoroacetic acid (0.69 mL, 9.00 mmol) was added to 

a solution of (8-Cyano-7-((2-methoxyethoxy)methoxy)quinolin-2-yl)methyl methansulfonate 

(135) (330 mg, 0.90 mmol) in DCM (5 mL) and the resulting solution was stirred at rt for 8 h. 

Then, the solution was washed with H2O (5 mL) and the layers were separated. The aqueous 

layer was extracted with EtOAc (2 x 7 mL). The combined organic layers were dried (Na2SO4) 

and concentrated under reduced pressure to give the crude compound. Titration with DCM 

gave (8-Cyano-7-hydroxyquinolin-2-yl)methyl methansulfonate (122) (180 mg, 0.65 mmol, 

72%) as a white solid; Rf (Cyclohexane/EtOAc 4:6) 0.17; 1H NMR (300 MHz, MeOD): δ 8.29 (d, 

J = 8.5 Hz, 1H), 7.99 (d, J = 9.1 Hz, 1H), 7.51 (d, J = 8.5 Hz, 1H), 7.22 (d, J = 9.1 Hz, 1H), 5.52 (s, 

2H), 3.28 (s, 3H).  

(2S)-1-((8-cyano-7-hydroxyquinolin-2-yl)methyl)-2-(((5-((2-

methoxyethoxy)methoxy)pyridin-3-yl)oxy)methyl)-1-methylpyrrolidin-1-ium 

methanesulfonate (137) 

 

Molecular Weight: 574.65 

Procedure adapted from literature.138 (8-cyano-7-hydroxyquinolin-2-

yl)methylmethansulfonate (122) (48 mg, 0.17 mmol) and (S)-3-((2-methoxyethoxy)methoxy)-

5-((1-methylpyrrolidin-2-yl)methoxy)pyridine (114) (41 mg, 0.14 mmol) were dissolved in 

acetonitrile (4 mL). The mixture was stirred at rt for 4h. Then, the solvent was concentrated 

under reduced pressure to give the crude product as a yellow wax. Purification by flash column 

chromatography with 9:1 DCM/MeOH + 1% NH3(22% in water)  as eluent gave (2S)-1-((8-cyano-7-
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hydroxyquinolin-2-yl)methyl)-2-(((5-((2-methoxyethoxy)methoxy)pyridin-3-yl)oxy)methyl)-1-

methylpyrrolidin-1-ium methanesulfonate (137) (75 mg, 0.13 mmol, 76%) as a light yellow oil; 

Rf (DCM/MeOH 8:2) 0.22; 1H NMR (300 MHz, CD3OD): δ 8.12 – 7.98 (m, 3H), 7.68 (dd, J = 9.3, 

2.0 Hz, 1H), 7.28 (dt, J = 3.6, 2.3 Hz, 1H), 7.23 (dd, J = 8.0, 2.0 Hz, 1H), 6.96 (dd, J = 9.3, 2.0 Hz, 

1H), 5.34 (s, 2H), 5.05 (d, J = 13.7 Hz, 1H), 4.90 – 4.80 (m, 1H), 4.78 – 4.65 (m, 2H), 4.65 – 4.55 

(m, 2H), 4.39 – 4.19 (m, 1H), 3.90 – 3.76 (m, 2H), 3.59 – 3.43 (m, 2H), 3.40 (s, 3H), 3.28 (s, 3H), 

2.86 (s, 3H), 2.51 – 2.19 (m, 4H).  

(2S)-1-((8-cyano-7-hydroxyquinolin-2-yl)methyl)-2-(((5-hydroxypyridin-3-yl)oxy)methyl)-1-

methylpyrrolidin-1-ium 2,2,2-trifluoroacetate (CyHQ-(S)-VI) 

 

Molecular Weight: 504.47 

Procedure adapted from literatrure.138 TFA (0.1 mL, 1.32 mmol) was added to a solution of 

(2S)-1-((8-cyano-7-hydroxyquinolin-2-yl)methyl)-2-(((5-((2-methoxyethoxy)methoxy)pyridin-

3-yl)oxy)methyl)-1-methylpyrrolidin-1-ium methanesulfonate (137) (76 mg, 0.13 mmol) in 

DCM (5 mL). The mixture was stirred at rt for 5 h. Then, the solvent was concentrated under 

reduced pressure to give the crude product as a brown oil. Crystallization with 2:1 diethyl 

ether and MeOH  gave (2S)-1-((8-cyano-7-hydroxyquinolin-2-yl)methyl)-2-(((5-

hydroxypyridin-3-yl)oxy)methyl)-1-methylpyrrolidin-1-ium 2,2,2-trifluoroacetate (CyHQ-(S)-

VI) (38 mg, 0.08 mmol, 59%) as a white solid, mp 139.8-141.1 °C; Rf (DCM/MeOH 8:2) 0.23; 

[α]= –8.47° (c0.5, MeOH); 1H NMR (300 MHz, CD3OD) (55:45 mixture of rotamers): δ 8.41 (dd, 

J = 8.3, 4.8 Hz, 1H), 8.09 (dd, J = 9.2, 3.5 Hz, 1H), 7.89 – 7.71 (m, 2H), 7.60 (dd, J = 8.3, 2.5 Hz, 

1H), 7.35 (dd, J = 9.2, 3.5 Hz, 1H), 6.95 (dt, J = 10.8, 2.5 Hz, 1H), 5.21 (d, J = 14.2 Hz, 0.55H), 

4.98 (d, J = 14.2 Hz, 0.45H), 4.91 (s, 1H), 4.78 – 4.51 (m, 3H), 4.30 – 4.15 (m, 1H), 3.99 – 3.86 

(m, 0.55H), 3.78 – 3.63 (m, 0.45H), 3.46 (s, 1.25H), 3.34 (s, 1.75H), 2.69 – 2.21 (m, 4H); 13C 

NMR (75 MHz, CD3OD): δ 164.91, 155.40, 155.22, 152.10, 152.03, 148.99, 148.83, 138.30, 

133.90, 130.54, 130.50, 127.73, 127.63, 121.99, 121.91, 121.52, 119.54, 114.94, 114.88, 
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109.28, 109.12, 75.36, 73.03, 67.10, 65.83, 64.65, 60.45, 24.02, 23.44, 19.50, 19.39; HRMS 

(ESI+) m/z calcd  for C22H23N4O3 (M+H)+ 391.1764. 
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8. Supporting information 
2-(6-hydroxybenzofuran2-yl)-1-methylpyrrolidine (1) 
 

 

OHO N



 192 

 

Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 1 mL/min 

Inj volume: 10 μL 

Mobile Phase: AcOEt/MeOH 97.5/2.5 + 0.5% NH3 aq 

λ: 254 nm 

Rt/10 min: 5.2 min 

Purity: 96.39% 
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2-(5-hydroxybenzofuran2-yl)-1-methylpyrrolidine (2) 

 

O

HO

N
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 1 mL/min 

Inj volume: 10 μL 

Mobile Phase: AcOEt/MeOH 97.5/2.5 + 0.5% NH3 aq 

λ: 254 nm 

Rt/10 min: 5.0 min 

Purity: 96.67% 
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2-(5-methoxybenzofuran-2-yl)-1-methylpyrrolidine (3)

 

 

O

MeO

N
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 1 mL/min 

Inj volume: 10 μL 

Mobile Phase: AcOEt/MeOH 97.5/2.5 + 0.5% NH3 aq 

λ: 254 nm 

Rt/10 min: 4.1 min 

Purity: 100% 
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2-(6-methoxybenzofuran-2-yl)-1-methylpyrrolidine (4)

 

 

OMeO N
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 1 mL/min 

Inj volume: 10 μL 

Mobile Phase: AcOEt/MeOH 97.5/2.5 + 0.5% NH3 aq 

λ: 254 nm 

Rt/10 min: 4.1 min 

Purity: 95.04% 
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2-(benzofuran-2-yl)-1-methylpyrrolidine (5)
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 1 mL/min 

Inj volume: 10 μL 

Mobile Phase: AcOEt/MeOH 97.5/2.5 + 0.5% NH3 aq 

λ: 254 nm 

Rt/10 min: 3.9 min 

Purity: 100% 
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2-(benzofuran-3-yl)-1-methylpyrrolidine (6)

 

 



 202 

 

Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 1 mL/min 

Inj volume: 10 μL 

Mobile Phase: AcOEt/MeOH 97.5/2.5 + 0.5% NH3 aq 

λ: 254 nm 

Rt/10 min: 3.8 min 

Purity: 95.46% 
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5-phenyl-3-(pyridin-3-yl)-1,2,4-oxadiazole (25) 

 

  

N

N

ON
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 9.7 min 

Purity: 100% 
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5-(4-cyanophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (26) 

 

 

N

N

ON
CN
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 8.81 min 

Purity: 100% 
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5-(pyridin-2-yl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (27) 

 

 

N

N

ON

N
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 7.65 min 

Purity: 97.44% 
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3,5-di(pyridin-3-yl)-1,2,4-oxadiazole (28)
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 0.75 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc 

λ: 280 nm 

Rt/12 min: 6.1 min 

Purity: 99.64% 
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3-(pyridin-3-yl)-5-(pyridin-4-yl)-1,2,4-oxadiazole (29) 
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 8.1 min 

Purity: 96.46% 
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5-(2-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (30) 

 

 

N

N
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O2N
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 8.6 min 

Purity: 100% 
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5-(3-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (31)

 

 

N

N

ON

NO2
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 0.75 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 97.5/2.5 

λ: 280 nm 

Rt/12 min: 4.7 min 

Purity: 100% 
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5-(4-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (32)

 

 

N

N

ON
NO2
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 0.75 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 97.5/2.5 

λ: 280 nm 

Rt/12 min: 4.7 min 

Purity: 100% 
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5-(3-fluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (33)
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N
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 9.8 min 

Purity: 100% 
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5-(4-fluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (34) 
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 9.7 min 

Purity: 96.97% 
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5-(3,4-difluorophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (35)
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 0.75 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 97.5/2.5 

λ: 280 nm 

Rt/12 min: 4.7 min 

Purity: 100% 
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3-(pyridin-3-yl)-5-(2,3,4-trifluorophenyl)-1,2,4-oxadiazole (36) 
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 9.7 min 

Purity: 100% 

 



 227 

3-(pyridin-3-yl)-5-(3,4,5-trifluorophenyl)-1,2,4-oxadiazole (37) 
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 10.3 min 

Purity: 96.73% 
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3-(pyridin-3-yl)-5-(2,3,4,5-tetrafluorophenyl)-1,2,4-oxadiazole (38)
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 9.7 min 

Purity: 98.17% 
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5-(3-fluoro-4-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (39) 
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N
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 9.3 min 

Purity: 98.35%



 233 

5-(4-fluoro-3-nitrophenyl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (40) 
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 9.1 min 

Purity: 100% 
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5-(2-fluoropyridin-4-yl)-3-(pyridin-3-yl)-1,2,4-oxadiazole (41) 

 

 

N
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N
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 9.1 min 

Purity: 100% 
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3-(5-(3-cyanophenyl)-1,2,4-oxadiazol-3-yl)-benzoic acid (42)

 

 

N

ON
HOOC

CN
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 8.6 min 

Purity: 96.00% 

  



 239 

3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)-sodium benzoate (43)

 

 

N N
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O
O-Na+
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 8.1 min 

Purity: 100% 
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5-(cyclohex-1-en-1-yl)-3-(pyridine-3-yl)-1,2,4-oxadiazole (44)
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N
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 0.75 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 97.5/2.5 

λ: 280 nm 

Rt/12 min: 4.7 min 

Purity: 99.17% 
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3-(3-(furan-3-yl)-1,2,4-oxadiazol-5-yl)-benzonitrile (45)

 

 

N
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CNO
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 0.75 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 97.5/2.5 

λ: 280 nm 

Rt/12 min: 4.2 min 

Purity: 100% 

 

  



 245 

3-(3-cyclohexyl-1,2,4-oxadiazol-5-yl)-benzonitrile (46)
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 0.75 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 97.5/2.5 

λ: 280 nm 

Rt/12 min: 4.2 min 

Purity: 100% 
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3-(3-(piperidin-1-yl)-1,2,4-oxadiazol-5-yl)-benzonitrile (47)
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 0.75 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 97.5/2.5 

λ: 280 nm 

Rt/12 min: 4.2 min 

Purity: 100% 
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1-(3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)-pyperidin-1yl)ethan-1one (48)
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 95/5 

λ: 280 nm 

Rt/12 min: 5.3 min 

Purity: 99.15% 
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3-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)pyperidin-1-carbaldehyd (49)
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: MeOH 40% 

λ: 254 nm 

Rt/12 min: 6.8 min 

Purity: 99.06% 
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1-(4-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)-pyperidin-1yl)ethan-1one (50) 
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: H2O/MeOH 70/30-95/5 

λ: 280 nm 

Rt/20 min: 6.2 min 

Purity: 95.15% 
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4-(3-(pyridin-3-yl)-1,2,4-oxadiazol-5-yl)pyperidin-1-carbaldehyde (51)
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Column: Supelcosil LC-SI (250x4.6 mm 5 μm) 

Flow: 1.5 mL/min 

Inj volume: 10 μL 

Mobile Phase: EtOAc/MeOH 95/5 

λ: 280 nm 

Rt/12 min: 4.2 min 

Purity: 97.26% 
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(2S)-1-((8-bromo-7-hydroxyquinolin-2-yl)methyl)-2-(((5-hydroxypyridin-3-yl)oxy)methyl)-1-

methylpyrrolidin-1-ium methanesulfonate (BHQ-(S)-V)
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Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1 mL/min 

Inj volume: 5 μL 

Mobile Phase: 75:25 H2O/CH3CN + 0.1% TFA 

λ: 240 nm 

Rt/10 min: 4.57 min 

Purity: 97.28% 
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(2S)-1-((8-cyano-7-hydroxyquinolin-2-yl)methyl)-2-(((5-hydroxypyridin-3-yl)oxy)methyl)-1-

methylpyrrolidin-1-ium 2,2,2-trifluoroacetate (CyHQ-(S)-VI) 

 

 

N

OHON+N
CN

HO
CF3COO-



 260 

 
  



 261 

 

Column: Hypersil BDS C18 (250x4.6 mm 5 μm) 

Flow: 1 mL/min 

Inj volume: 5 μL 

Mobile Phase: 75:25 H2O/CH3CN + 0.1% TFA 

λ: 240 nm 

Rt/10 min: 3.61 min 

Purity: 99.40% 
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Absorption spectra of 8-bromo-2-(hydroxymethyl)quinolin-7-ol (138) 

 
No. Wavelength nm. Abs. 
1 329.50   0.788 
 
Absorption spectra of 8-cyano-2-(hydroxymethyl)quinoline-7-ol (139) 

 
No Wavelength nm.  Abs. 
1 377.50    0.343 
2 337.50    0.918 
3 297.50    0.751 
4 285.50    0.803 

 

 

N
CN

HO OH

0.5 mM

N
Br

HO OH

0.39 mM
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Absorption spectra of (S)-5-((1-methylpyrrolidin-2-yl)methoxy)pyridin-3-ol (S)-VI 

 
No. Wavelength nm. Abs. 
1 306.00   2.09 
2 298.00   1.81 
3 240.00   1.36 

 

Absorption spectra of (2S)-1-((8-bromo-7-hydroxyquinolin-2-yl)methyl)-2-(((5-
hydroxypyridin-3-yl)oxy)methyl)-1-methylpyrrolidin-1-ium methanesulfonate BrHQ-(S)-VI 

 
No. Wavelength nm. Abs. 
1 379.00   0.20 
2 260.00   1.43 
3 214.00   4.00 

N O

N

OH

0.53 mM

N

OHON+
N

Br
HO
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0.1 mM

2  

3  
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Absorption spectra of (2S)-1-((8-cyano-7-hydroxyquinolin-2-yl)methyl)-2-(((5-hydroxypyridin-
3-yl)oxy)methyl)-1-methylpyrrolidin-1-ium 2,2,2-trifluoroacetate CyHQ-(S)-VI 

 
No. Wavelength nm. Abs. 
1 372.00   0.58 
2 277.00   2.79 
3 247.00   3.27 
4 214.00   4.00 
 

nm.
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Photolysis reaction with 1-photon excitation (1PE) of compound BHQ-(S)-VI 
Gradient elution (flow rate 1 mL/min) using as mobile phases (A) H2O and (B) CH3CN, both 
containing 0.1% of TFA; the elution was set as follows (%B): 0 min, 10%; 9 min, 20%; 12 min, 
20%; 14 min, 10%; 16 min, 10%. 

  

(S)-VI 
 

BHQ-(S)-VI  
0 sec 
 

BHQ-(S)-VI  
1 sec 
 
BHQ-(S)-VI  
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BHQ-(S)-VI 
5 sec 
 
BHQ-(S)-VI  
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BHQ-(S)-VI  
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BHQ-(S)-VI  
30 sec 

BHQ-(S)-VI 
45 sec 
 
BHQ-(S)-VI  
60 sec 
 
BHQ-(S)-VI  
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BHQ-(S)-VI  
120 sec 
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Photolysis reaction with 1-photon excitation (1PE) of compound CyHQ-(S)-VI 
Gradient elution (flow rate 1 mL/min) using as mobile phases (A) H2O and (B) CH3CN, both 
containing 0.1% of TFA; the elution was set as follows (%B): 0 min, 10%; 9 min, 20%; 12 min, 
20%; 14 min, 10%; 16 min, 10%. 
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