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Abstract

The 5-HT24R is a target in neuropsychiatric conditions such as
psychosis, which is commonly managed with atypical antipsychotics.
These have associated side effects due to off-target interactions.
Consequently, there is a demand to develop therapeutics that exhibit no
affinity for these off-target sites. Moreover, in recent 5-HT2aR X-ray
crystal structures, a unique hydrophobic pocket or passage between
transmembrane helices 4 and 5 sets it apart from other 5-HT2 receptor
subtypes. This structural feature is implicated in the selectivity
demonstrated by therapeutic pimavanserin towards the 5-HT2aR, owing
to its binding conformation. Thus, presenting it as a target to interrogate

for enhancing 5-HT-4R binding.

A structure-based approach was used to design a pimavanserin
analogue series targeting transmembrane helices 4 and 5. In silico
studies involving docking and MM-GBSA calculations using a 5-HT2aR
homology model (RMSD 0.09 A) predicted several analogues to
demonstrate improved binding compared to pimavanserin. Synthesis of
the series yielded low to moderate yields. To evaluate the binding of the
series experimentally a cell membrane-based fluorescent time-resolved
Forster resonance energy transfer (TR-FRET) methodology was chosen.
This led to the development of a high-affinity 5-HT24R fluorescent probe,
and determination of kinetic rates, (Ka 1.74 + 0.46 nM, Kon 1.96 + 0.13 X
108 M~ min~", and Koff 0.42 + 0.02 min~") characterised at SNAP-tagged

human 5-HT24R expressed in Chinese hamster ovary membranes.
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1. Introduction

1. Introduction

1.1 5-HT receptor family

Serotonin/5-hydroxytryptamine (5-HT) G protein-coupled receptors
(GPCR) are a family of membrane proteins ' which are signal
transducers, able to transmit the binding of an extracellular ligand, such
as 5-HT, into an intracellular response.??® These receptors modulate
several physiological processes, including mood, digestion,
cardiovascular function, cognition, and neurogenesis.* The 5-HT
receptors are classified into seven subfamilies (5-HT1-7R) based on their

structural and functional characteristics Table 1.1-1.

Family Subtype  Signal transduction Cellular response
. Decrease cellular
5-HT. A, B,D,E,F Gar-protein-coupled levels of CAMP
) Gag/Gar protein- Increase cellular
S-HT2 ABC coupled levels of IP3 and DAG
Ligand gated Na*  pepolarization
5-HT; -
and K* channel of plasma membrane
. Increase cellular
5-HT4 - Gas protein-coupled levels of CAMP
) Gaj protein- Decrease cellular
S-HTs A coupled levels of cAMP
. Increase cellular
5-HTe - Gas-protein-coupled levels of CAMP
. Increase cellular
5-HT; - Gas-protein-coupled levels of CAMP

Table 1.1-1: List of 5-HTR family and corresponding signal transduction pathway, (-)
no receptor subtypes.

Among them, the 5-HT4R, 5-HT2R, and 5-HTsR subfamilies are

further divided into subtypes (e.g. 5-HT1aR, 5-HT2aR, and 5-HTsaR)

1



1. Introduction

according to their pharmacological profiles and molecular structures.®
The 5-HTzR is a ligand-gated ion channel with a distinct structure and

mechanism of action.®

There is interest into targeting the 5-HT24aR due to its implication in
several neuropsychiatric disorders such as schizophrenia, depression,
obsessive compulsive disorder (OCD), and attention-deficit/hyperactivity
disorder (ADHD).”=° The receptor is the target of many drugs, ranging
from antipsychotics to psychedelics, e.g. risperidone and psilocybin

respectivley.’0

Dysregulation of 5-HT2aR signalling has been linked to
schizophrenia, depression, and anxiety.”’~* However, the development
of effective 5-HT2aR therapeutics is challenging due to high sequence
homology between receptor subtypes across the aminergic GPCR
families. Consequently this leads to off-target side effects and impedes

development of therapeutics.’®

1.2 Therapeutic basis for targeting the 5-HT2aR

The 5-HT24aR is highly expressed in brain regions involved in
cognitive and social functions, such as the cortex, hippocampus, basal
ganglia, and forebrain.'® This receptor is targeted by different types of
therapeutics such as antipsychotics or psychedelics that act as

antagonists 7 or agonists, '8 respectively.

Several neuropsychiatric disorders have been associated with

altered 5-HT2aR expression in the brain.’® For example, major depressive

2



1. Introduction

psychiatric conditions have been linked to decreases in 5-HT2aR
expression, as evidenced by positron emission tomography studies.?®
Depression was linked to reduced 5-HT2aR expression in the cortex,
however this may result from chronic treatment with tricyclic
antidepressants.?' Anxiety has also been associated to the 5-HT2aR, For
example, 5-HT2aR knockout mice were reported to exhibit less anxiety-
like behaviour in behavioural tests than wild-type mice.??2 OCD has too
been associated with increased 5-HT24R expression in the brain.?3 ADHD,
a neurodevelopmental disorder, does not seem to involve changes in 5-
HT2aR expression, 2* but rather genetic variations in the 5-HT2aR gene,
such as the H452W and T102C'-%° (Ballesteros—Weinstein numbering) 25
polymorphisms at the C-terminal domain that may affect the receptor

function and signalling.26:?7

These reports demonstrate that the 5-HT24R is implicated in many
conditions associated to mental health. Consequently, there is an
importance in treatment development, thus the receptor presents itself

as a prominent therapeutic target.

Moreover, there are important physiological and psychological
side-effects to consider for targeting the 5-HT2aR over other 5-HT»
receptor subtypes. 5-HT2gR antagonism has been related to psychotic
conditions 28 and impulsiveness.?’ Whereas 5-HT2gR agonism has been
linked to valvular heart disease.3%3" Therefore ligands binding at this 5-

HT2 receptor subtype is undesirable currently.
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Further importance is necessary for the 5-HTacR. 5-HT2cR
antagonism is known to increase the release of dopamine and
norepinephrine in the brain. Although this effect could potentially
counteract the reduction in dopamine release mediated by 5-HT2aR
antagonists, which are commonly used in antipsychotic medications. In
brain regions where both 5-HT2aR and 5-HT2cR are expressed, the
opposing actions of 5-HT2aR and 5-HTacR antagonism on dopamine
levels may diminish the overall efficacy of 5-HT2aR-targeting
therapeutics.?2 The increased dopamine and norepinephrine release
resulting from 5-HT2cR blockade an contribute to off-target side effects
associated with these therapeutics as well. Thus, being capable to
modulate either receptor individually sought after in therapeutic design
approaches. Moreover, 5-HT2cR inverse agonism may benefit psychiatric

treatment although this is less well known.3334

1.3 5-HT24R signal transduction

Binding of endogenous or exogenous agonists at the different 5-HT
receptor triggers different cellular responses, which are associated to the
receptor conformation and coupled G protein.3®> Agonist binding causes
a conformational change in the receptor. This conformational change is
transmitted to the bound heterotrimeric G protein. The G protein's a
subunit exchanges GDP for GTP. which triggers the dissociation of the G
protein subunits. The GTP-bound Ga subunit dissociates from the

receptor and from the GBy dimer. The GBy dimer also dissociates from
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the receptor. The dissociated Ga-GTP and GBy subunits go on to interact
with other intracellular proteins and initiate signalling cascades. Some 5-
HT receptors can also recruit B-arrestin, a protein that mediates receptor
desensitization and internalization.3¢ An overview of the main signalling
pathway of each 5-HT receptor type and subtype is provided Figure 1.3-

1.

5-HT receptors, except the 5-HT2R and 5-HT3R, have opposing
effects on the cellular level of cyclic adenosine monophosphate (CAMP),
a second messenger that regulates various cellular process. The 5-HT1R
and 5-HTsR families are coupled to Gai/Gao proteins, which reduce the
activity of cAMP-dependent protein kinase A (PKA) by inhibiting adenylyl
cyclase, the enzyme that produces cAMP from ATP. This leads to a
decrease in the cellular concentration of cAMP and has an inhibitory
effect on the postsynaptic neuron.®” Conversely, the 5-HT4R, 5-HT6R, and
5-HT7R families are coupled to Gas proteins, which activate adenylyl
cyclase and increase the production of cCAMP. This leads to an increase
in the cellular concentration and activity of cAMP-dependent PKA, and
has an excitatory effect on postsynaptic neurons.3840 The 5-HT3R family
is a ligand-gated cation channel which in the presence of serotonin,
opens and depolarises the plasma membrane, allowing the influx of Na*

and K* ions. This has an excitatory effect on postsynaptic neurons.®
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Figure 1.3-1: Schematic of the G protein-coupled signalling pathways of the 5-HT
receptor subtypes. Binding of agonist triggers a receptor conformational change and
signalling cascade. Coupled heterotrimeric G proteins consisting of Ga, GB, and Gy
subunits leads to G protein coupling-induced nucleotide exchange from GDP to GTP in
the Ga subunit. Dissociation of the heterotrimer into Ga and GBy subunits occurs. Ga
subunits then either activate (Gas - green) or inhibit (Ga; - red) adenylate cyclase, and
activate phospholipase C (Gaq/Gais, blue). Not depicted in this illustration; GBy subunits
modulation of inward rectifying potassium (GIRK) channels, phosphoinositide 3-kinase
(PI3K), and phospholipase C (PLC). Phosphorylation by G protein-coupled receptor
kinases (GRKs) leading to arrestin recruitment and activation.

The 5-HT2R subtypes are unique in that they are coupled to
Gag/Gaq1-proteins  which activate phospholipase C (PLC-B). This
hydrolyses the membrane phospholipid phosphatidylinositol 4,5-
bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG).#" The secondary messenger IP; dissociates and
binds to its receptors in the endoplasmic reticulum. This process triggers
the release of Ca* ions into the cytoplasm. DAG stays within the plasma

membrane and activates protein kinase C (PKC), causing downstream
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effects such as phosphorylation of target proteins, modulation of gene
expression, regulation of cell growth and differentiation, and cell

survival.42

1.3.1 5-HT24R signalling modulation

Agonists, antagonists, and inverse agonists are pharmacological
agents that interact with and modulate signalling of receptors, such as
the 5-HT2aR. Agonists bind to and activate the receptor, enhancing its
signalling activity above baseline levels. Antagonists bind to the receptor
without activating it, effectively blocking the actions of both agonists and
inverse agonists. Inverse agonists, upon binding, reduce the receptor's
activity below basal levels, producing effects opposite to those of
agonists.343 In the context of 5-HT24aR, agonists increase serotonergic
signalling, antagonists inhibit serotonin-mediated effects, and inverse
agonists suppress serotonin signalling to sub-baseline levels, resulting

in opposite effects to agonist.

The activation of 5-HT2aR by endogenous (e.g. 5-HT) or exogenous
(e.g. psilocybin) agonists, can modulate neuronal excitability, synaptic

plasticity, cognitive functions, mood, inflammation, and vascular tone.**

The cubic ternary complex (CTC) model Figure 1.3.1-1 illustrates
various complexes formed during the interaction between agonist,
receptor, and G protein. Different conformational states, such as inactive

(Ri) and active (Ra), can facilitate G protein dissociation and downstream
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signalling cascades. Different ligands can stabilize these conformations

to different extents, which is the basis for their efficacy.*®

The CTC model includes the 2 receptor states, active (Ra) and
inactive (Rj). Only Ra can activate the relevant G protein (G). The agonist
(A) binds with both Ri and Ra, with higher affinity for Ra (in the case of
inverse agonists, affinity would be higher for R;). Additionally, binding of
A to Ri to form AR; promotes the conversion to AR,, stabilising an active
conformation of the receptor. Finally, the G protein can be activated when
ARJG is formed (agonist binding and receptor activity) or when RaG is

formed (representing constitutive activity).4®

ARG AR.G

AR; AR,
RiG R.G

Ri Ra

Figure 1.3.1-1: Cubic ternary complex model of GPCR activation, A: agonist; G: G
protein; R; : inactive form of receptor; R.: active form of receptor.
Source: adapted from Kenakin 2002 46

An advanced extension of the model proposes the existence of
multiple receptor active conformations, each with varying ligand
affinities. These conformations may signal through different G-proteins

and initiate distinct signalling cascades.*>*’
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1.4 Therapeutics for 5-HT2aR-associated
neuropsychiatric disorders

Typical antipsychotics Figure 1.4-1, such as haloperidol (1) and
chlorpromazine (2) were implemented in 1950s target the dopamine D2
receptors (D2R) and function as antagonists. This mode of action
contributes to their efficacy in treating psychiatric conditions. However,
the interaction of typical antipsychotics with D2R can lead to the
development of extrapyramidal symptoms (EPS) and other unwanted

side effects.
-
cl
OH

Figure 1.4-1: Example of typical antipsychotic drugs
haloperidol (1) and chlorpromazine (2).

The polypharmacology of haloperidol and chlorpromazine also
involves interactions with various receptors beyond dopamine receptors,
such as cholinergic or histaminergic receptors, resulting in a higher
incidence of side effects involving sedation, weight gain, and
hypotension.*® Hence, while effective in treating psychiatric conditions,
the broader receptor interactions and associated side effects of

haloperidol and chlorpromazine warranted caution when selecting these
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medications as treatment. Therefore, improved therapeutics were

desired.

Atypical antipsychotics Figure 1.4-2 are a class of therapeutics
introduced from the 1970s, implemented to treat various
neuropsychiatric conditions, such as schizophrenia, bipolar disorder, and
major depressive disorder, and are still used in clinical settings.*®
Atypical antipsychotics function through dual receptor antagonism,

primarily targeting 5-HT2aR, as well as D2R.*0

Figure 1.4-2: Example of atypical antipsychotic drugs
clozapine (3), risperidone (4), olanzapine (5), ziprasidone (6), paliperidone (7), and
asenapine (8).

Atypical antipsychotics are thought to be improved therapeutics in
comparison to their predecessors. A lower risk of causing EPS
associated to their mechanism of action is reported, as well as have
reduced off-target interactions related to their improved binding profiles.

However, newer atypical antipsychotics are still reported to demonstrate

10
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affinity at several GPCRs as their predecessors, and have comparable

side effects.5’

First was the discovery of clozapine (3), a dibenzodiazepine that
showed improved efficacy such as improved response rate and lower
risk of EPS than conventional antipsychotics.5? However, clozapine may
cause the blood disorder agranulocytosis, thus limiting its clinical use.>?
It also increases prolactin levels, and is associated with weight gain and
metabolic  disturbances.>® A second generation of atypical
antipsychotics emerged, such as risperidone (4), a benzisoxazole with a
better EPS profile than clozapine. Olanzapine (5), a
thienobenzodiazepine derived from clozapine, offered a similar efficacy
and EPS advantage, but with less risk of agranulocytosis.>>% However,
olanzapine is also associated with hepatotoxicity and severe weight
gain.57:58 Further atypical antipsychotics developed included ziprasidone
(6), a benzothiazolylpiperazine that caused the lowest weight gain and
EPS among the atypical antipsychotics.58% This was attributed to its
weak or negligible antagonism of aia-adrenergic receptor, histamine H,

receptor (H1R), and My muscarinic acetylcholine receptor (M; AChR).%0

Newer atypical antipsychotics have been approved for
schizophrenia and bipolar disorders, such as paliperidone (7) and
asenapine (8).5:52 However, 7 is an active metabolite of its predecessor
4, thus sharing similar pharmacological and adverse effects profiles and

63 8 is an under development atypical antipsychotic with a high affinity

11
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for multiple receptors including the D2R, a2a-AR, H1R, and M1R. Its clinical

efficacy and safety are still under investigation.®?

Although atypical antipsychotics pose a lower risk of causing EPS
compared to typical antipsychotics and the incidence is typically lower
than that observed with typical antipsychotics, there is still the risk of it.64
Moreover, affinity of the atypical antipsychotics at off-targets results in
unwanted activation or inhibition of several different cell signalling
pathways implicated with displayed side-effects.4?5165°67  Thus

compounds with improved subtype selectivity are desired.

1.5 5-HT24R X-ray crystal structures

X-ray crystal (XRC) structures have become available for the 5-
HT24R via the Protein Data Bank (PDB), Table 1.5-1. These provide high-
resolution structural details of several types of molecules binding at the
receptor and the associated receptor conformation at the atomistic
scale. Several cryogenic electron microscopy (cryo-em) structures have
also become available. The first high-resolution XRC structures of the 5-
HT2aR (PDB: 6A93 and PDB: 6A94) were available in 2019, in complex
with risperidone and zotepine respectively.'” This provided the first
opportunity to undertake a comparative structural analysis of each 5-HT»

receptor subtype by their available XRC structures.

Unsurprisingly, the resolved 5-HT24R structures have unveiled new
structural details. The central binding pocket of the 5-HT24R can be seen

to extend further between transmembrane helices (TM) 4 and 5 than

12
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what is observed in the available XRC structures of the 5-HT2gR and 5-
HT2cR subtypes, Table 1.5-1. This creates a membrane-exposed opening
into the channel or pocket, depending on the receptor conformation,
connecting the transmembrane environment to the central binding
pocket within the receptor helices bundle. This difference observed in the

binding pockets of the 5-HT> receptor subtypes XRC structures may be

an opportunity to achieve improved affinity towards the 5-HT24aR only.

upse OO 39 77757 Aot 5024
WA Yray 32 5-HT AGO 5022
IWEE xray 26 LSD AGO 5022
WS Xray 32 Psilocin AGO 2022
W7 Yray 26 Lisuride AgO 5022
7VXE 8 X-ray 2.5 Lumateperone Antag 5022
IWE xray 25 THT AGO 022
AR RN G g PP AGO 2022
7\/79D X-ray 3.3 Cariprazine Antag 5091
7\£1OE X-ray 2.9 Aripiprazole Antag 2021
OWET  ray 3.4 LSD AGO 5020
ONPA OV 34 asonnBoH A% 2020
6VZ1H4 X-ray 3.4  Methiothepin Antag 5020
6/'1\793 X-ray 3.0  Risperidone Antag 5019

13
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6'?? 4 X-ray 2.9 Zotepine Antag 2019
6D72RX X-ray 3.1 Lisuride Antag 2018
62280 X-ray 3.2 LY266097 Antag 2018
6D7§ z X-ray 3.1  Methysergide Antag 2018
6DRY Xty 2.9 Methy'ﬁ;gom‘” Ago 2018
5-HT2sR 5TUD
73 X-ray 3.0 Ergotamine Ago 2017
S-I;YN X-ray 2.9 Lysergide Ago 2017
4'\553 X-ray 2.8 Ergotamine Ago 2013
4IB47% X-ray 2.7 Ergotamine Ago 2013
6B79H X-ray 2.7 Ritanserin lago 2018
5-HT2cR
6B79G X-ray 3.0 Ergotamine Ago 2018

Table 1.5-1: Experimentally resolved 5-HT. receptor subtype XRC and cryo-em
structures available from the PDB. Resolution (A), agonist (Ago), antagonist (Antag),
and inverse agonist (lago).

1.6 5-HT2aR molecular structure

5-HT2aR XRC structures display a classic GPCR transmembrane
architecture, as represented by Figure 1.6-1. The receptor structure is
characterized by seven transmembrane a-helices that spans from the
extracellular matrix at the N-terminus to the cytoplasm at the C-terminus.
An additional intracellular helix 8 runs parallel to the cell membrane.
Conserved Class A aminergic GPCR amino acid residues: E318%3,
D17234°, R1733%, Y17435 and N37674%, P377750% and Y38073,
represent the conserved motifs respectively. E/DRY, 78 and NPxxY 7° have

been resolved in all 5-HT2aR XRC structures.?7:41:69-71

14
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I Extracellular

environment

Cell membrane

D1 553432'

P246>",

I 633'40, 7 \ 7.49

6.44

F332 . A 7.50

Figure 1.6-1: The inactive 5-HT2aR XRC structure (PDB: 6A93). highlighting location
of key binding residues. D155332 and toggle switch W336°%48 proximity to the non-
conserved PIF motif. Additionally, the conserved EDRY and NPxxY motifs are
highlighted. The ICL3 between TM5-TM6 (Thr266%7°-Met312%24) was not resolved,
as well as the allosteric Na* ion associated to ligand receptor signalling.

The residue D155%32, critical for ligand binding is located at the
centre of the helices bundle.®® This is in the region of the residue
W336648 known as the toggle switch.’”87 Beneath this, a hydrophobic
triad of residues P246%%, 1163340, and F332%4* form a hydrophobic
region/cleft which extends the binding pocket deeper within the helices
bundle. A direct interaction between F332%44 and W336°48 form the base

of the pocket.82

15
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This hydrophobic cleft appears well defined when the 5-HT2aR is
bound to an antagonist. It appears as a crucial binding mode associated
to the ligands antagonistic effect thus far. Whereas when the 5-HT2aR is
agonist-bound, the hydrophobic cleft is less well defined and the central
binding pocket volume increases, 17783 highlighting the dynamic nature
of the TM helices bundle to accommodate different classes of
molecules. The hydrophobic cleft is conserved across structurally
similar GPCRs: 5-HT2cR 77, D2R 84, 5-HT+gR 8°, and H1R 8¢ when bound to

antagonists and inverse-agonists.

In the 5-HT2aR XRC structures, the extracellular loop 2 (ECL2) was
resolved in a loop conformation, Figure 1.6-2. This appears to form a lid
between the TM helices bundle at the face of the extracellular
environment.83 This appears to secure a ligand into the binding pocket
via hydrophobic interactions with side chain residue L299ECl2 as
demonstrated by mutation of L299AEC2 which impacted ligand

residence time at 5-HT2aR.1741.69

Figure 1.6-2: 5-HT24R (i) ECL2 displaying a folded conformation; and (ii) the ICL2
displaying looped conformation or helical conformation when bound to antagonist
risperidone (PDB: 6A93, teal) and partial agonist LSD (PDB: 6WGT, orange).

16
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The intracellular loop 2 (ICL2) exhibits different conformations
during the binding of antagonists and agonists. In the high energy active
state, it adopts a helical conformation, whereas in its lower energy state
of the inactive conformation, it appears looped, Figure1.6-2. The ICL3
also plays a significant role in the dynamics of the TM6 helices during
receptor activation. However in the available 5-HT2aR XRC structures this
was engineered to enhance the stability of the receptor for crystallisation
purposes.’”#! Future XRC structures of 5-HT2aR in complex with different
types of ligands will reveal further insights into receptor and residue

motif conformation, and their binding interactions.

1.6.1 5-HT24R structural transitions during activation

Upon receptor activation the agonist induced signal transduction
leads to conformational changes and repacking of TM a-helices and
motif side chains. The structural conformational changes associated
with 5-HT2aR activation are shown in Figure 1.6.1-1 - Figure 1.6.1-3.
Binding of an agonist at D155%32 8 in between the TM bundle occurs via
an ionic/salt bridge interaction between the carboxylate anion of
D1558%32 and the ammonium ion of the ligand. This can be considered as
the main anchor between both."74180 Displacement of the allosteric Na*
ion results in collapse of the ion pocket, which triggers the inward
movement of the NPxxY motif Figure 1.6.1-1, where x represents a

variable residue among aminergic GPCRs. This leads to the

17
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rearrangement of R173350 and the disruption of the ionic interaction

between E318%30, Figure 1.6.1-2.

Figure 1.6.1-1: 5-HT2aR NPxxY motif conformation between inactive and active
receptor state when bound to antagonist risperidone (PDB: 6A93, teal), partial agonist
LSD (PDB: 6WGT, orange), and full agonist 25CN-NBOH (PDB: 6WHA, green). Direction
of movement depicted by black arrows.

The structural conformation differences in different 5-HT2aR XRC
structures can be correlated with the pharmacological profile of the
ligand. For instance, the increase in distance between residues E3186-30
and R1733%50 of the E/DRY motif that are associated with active state

complexes, Figure 1.6.1-2.

The distance between the side chains was at its shortest when the
5-HT2aR was bound to the antagonist risperidone (7.10 A) but resolved
at the greatest distance away from one another when bound to the full
agonist 25CN-NBOH (14.14 A). This represents a fully broken ionic lock

and active receptor state.*’ However, in the 5-HT2aR active state

18
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structure bound to the partial agonist LSD, the lock appears to appears
to be intact as E318%30 and R173350 are at the shortest distance from

each other (3.52 A).

Figure 1.6.1-2: 5-HT2aR E/DRY motif conformation between inactive and active
receptor state when bound to antagonist risperidone (PDB: 6A93, teal), partial agonist
LSD (PDB: 6WGT, orange), and full agonist 25CN-NBOH (PDB: 6WHA, green).Direction
of movement depicted by black arrows.

Receptor activation is shown by the W336%4% side chain
conformation resolved in the 5-HT24aR structures when bound to either a
partial agonist, full agonist, and antagonist. For example, when bound to
the full agonist a 25CN-NBOH, Figure 1.6.1-3, W336%48 is facing
downwards towards the bottom of the central binding pocket. Whereas
in the 5-HT24R inactive state structures W336548 is resolved in-line with
the TM6 helix, facing towards the central binding pocket and TM4-TM5.
Residue W336648 is also known as a toggle switch, that forms part of the

cWxP motif.78

19



1. Introduction

Figure 1.6.1-3: 5-HT2aR W336548 "t;ggle switch” and PIF motif conformation between
inactive and active receptor state when bound to antagonist risperidone (PDB: 6A93,
teal), partial agonist LSD (PDB: 6WGT, orange), and full agonist 25CN-NBOH (PDB:
6WHA, green). Direction of movement depicted by black arrows.

A change in the side chain conformations of F332644 forming part
of the PIF motif can be observed, Figure 1.6.1-3. This reduces the size
of the hydrophobic cleft. The conformation changes observed in the PIF
and cWxP motifs during activation are considered part of a larger
receptor motif known as the transmission switch. This switch includes
residues 1340, P550 | 551 F6.44 gnd W648 8187 The motif is proposed to
facilitate conformational alterations in the ligand-binding pocket which
results in a significant displacement of the intracellular ends of TM5 and
TM6. This also results in rearrangements in the interface between TM3

and TM5 to enabling G protein-coupling.*! Considered together, the

available 5-HT2aR XRC structures are useful in highlighting specific
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differences in the arrangements of conserved motifs and associated

side-chain conformations when bound with different classes of ligands.

1.6.2 The 5-HT2aR TM4-TM5 hydrophobic pocket

A unique hydrophobic pocket/passage (HP) has been resolved
between TM4-TM5 helices in the 5-HT2aR XRC structures, represented
via Figure 1.6.2-1. This feature has been identified as a side-extended
pocket, 7 or cavity 88 which appears to form a passage connecting the

pocket in the centre of the TM helices bundle to the TM bilayer.

The TM4-TMS5 HP has been resolved as a passage between both a-
helices when an antagonist such as risperidone and zotepine is bound to
the 5-HT2aR.”” The HP has also been resolved as either a pocket when
the 5-HT24R is bound to agonists such as LSD, psilocin, and 5-HT, or as a
passage, were it was occupied by a lipid.#1%° The TM4-TM5 HP is not
seen in the available XRC structures of the 5-HT2sR and 5-HT2cR
subtypes, Section 1.5, Table 1.5-1. This structural difference presents an
opportunity to explore the TM4-TM5 HP as a potential molecular target

for enhanced ligand binding and selectivity towards the 5-HT2aR.
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Figure 1.6.2-1: Molecular surface slice-through of the 5-HTaR displaying location of
the central binding pocket, hydrophobic cleft, and TM4-TM5 hydrophobic
pocket/passage (HP). Local environments coloured by residue type; green,
hydrophobic; cyan, polar; red, negative; purple, positive; yellow, solvent accessible
surface area per-atom.
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The 5-HT24aR HP is a significantly lipophilic region between TM4 and
TMS5 helices, enclosed by less conserved amphipathic and hydrophobic
residues on TM3, TM4, TM5, and ECL2. It creates a pocket/passage from
the membrane-exposed residues to the centre region of the TM helices

bundle, directly opposite the conserved residue D155332,

The available XRC structures highlight the differences between the
conformation of residue side chains forming the TM bilayer
interface/opening and channel of the HP between the 5-HT24R active and

inactive states, Figure 1.6.2-2.
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Figure 1.6.2-2: 5-HT24R active and inactive displaying TM4-TM5 HP residues P21145",
121046, and F2134¢3 during binding of antagonist risperidone (PDB: 6A93, teal) and
partial agonist LSD (PDB: 6WGT, orange) which form an opening into the TM helices
bundle. ECL2 not displayed.

Comparison of the active and inactive states have resolved F213463
and F234538 hydrophobic side chains are outward-facing from the TM
helices bundle associated to the inactive state (PDB: 6A93) "7 bound to
an antagonist. This appears to increase the size of the TM4-TM5 HP. The
F2134%% and F234538 rotamers appear to be forming a T-stacking

interaction with their aromatic rings.

In contrast, the active state XRC structure (PDB: 6GWT) #' showed
both rotamers resolved inward-facing in an off-set stacked formation
towards the TM helix bundle. In a high energy active state, the size of the

TM4-TM5 HP appears reduced. The interaction and associated rotamer
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conformation changes of F213463 and F234538 between the active and
inactive states are common, as these facilitate the most favourable
interactions between residue side chains.897°" A conformational change
is also observed by 121040 towards F234°47 on TM5 between inactive
and active states, which may also restrict the size of the HP. This change
in side chain conformation is comparable to that of 1163340 and F332644

in the PIF motif upon GPCR activation.

In recent agonist-bound 5-HT24R active state XRC structures, e.g.
(PDB: 7WC6), © the lipid monoolein was resolved binding through the
TM4-TM5 HP. Interactions were reported between the glycerol moiety of
monoolein and $239543, and $242546,%° Thereby suggesting contribution
to ligand binding. F2134%3 and F234538 were resolved adopting side chain
conformations to accommodate the lipid comparable to those resolved
in low energy antagonist-bound 5-HT2aR XRC structures, e.qg. risperidone
(PDB: 6A93) and zotepine (PDB: 6A94).7® However it is unclear if the
presence of monoolein in the TM4-TM5 HP was associated with the
crystallisation process.®® Moreover, monoolein may not be the

endogenous lipid to bind at the 5-HT2aR.%2

Unlike the 5-HT2aR, where F213463 and F234538 face outward and
increase the size of the TM4-TM5 HP. F217538 and F214538 at equivalent
positions in 5-HT2sR and 5-HT2cR face inward and restrict the pocket
size. With the presence of K193463 and 1192463 at the equivalent of
F2134%3 in the 5-HT2aR, neither residue can participate in aromatic-

aromatic interactions which would stabilise either side chain.
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Additionally, K193463 in the 5-HT2gR, and 1192463 or D211%3% in the 5-

HT2cR could sterically hinder F538 rotation.

The influence of the rotamer pair F213463 and F234538 on the
affinity of 5-HT2aR antagonists has been reported.”® The F213K*63
mutation was introduced to mimic the corresponding residue in 5-HT2gR.
Then the affinity of several 5-HT2aR antagonists was then interrogated
and demonstrated no significant difference compared to the wt 5-

HT2aR.%3

The role of F234538in modulating 5-HT24aR affinity was investigated
by attempting to perturb its side chain with mutation of D231F535, one
helical turn away. However, the point mutation D231F53% was thought to
have perturbed membrane folding, thus binding affinity could not be
determined.88 Moreover, the F234538 -D231F535 interactions introduced
by the point mutation could disrupt interactions between the adjacent
F213453 rotamer on TM4, thus impacting 5-HT2aR stability and helix
packing.® This aligned with the lack of detectable binding affinity

demonstrated by the D231F535 mutation.88

The TM helix bundle in the 5-HT2aR XRC structures, shows K220CL2
forms a cover or lid over the TM4-TM5 HP residues nearest the
extracellular surface. An ensemble of interactions: hydrophobic,
charged, or polar, with either F234538 D217467, D231535 N2335%,
K220ECL2 88 gnd S2198C€2 may be permitted, Figure 1.6.2-3. These
interactions may restrict the ECL2 mobility but enhance receptor stability,

which are thought to have a role in a network of electrostatic interactions
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required for ligand binding.88 Supporting evidence includes altered
binding kinetics of LSD following the point mutation K229AECL2 which
was carried out to increase loop mobility.83 This demonstrates the

importance of an electrostatic network of interactions between the TM

and ECL2 in ligand binding.

Figure 1.6.2-3: (i) Superimposition of 5-HT24R active (PDB: 6WGT) and inactive (PDB:
6A93) state in comparison to (ii) the 5-HT»cR active state (PDB: 6BQH) displaying
K220EC-2/K1995C2 forming electrostatic interactions (dashed line), between D*¢7,D5-35,
and N5%7 Source: adapted from Casey et al 2022 8

A similar network of interactions can be observed in the ritanserin-
5-HT2cR XRC structure (PDB: 6BQH), where K199ECL2 is surrounded by the
negative charges of D1964%7 and D211%35.77 This may account for the
higher binding affinity of ligands for the 5-HT2aR and 5-HT2cR subtypes
compared to 5-HT2zR, e.g. (PDB: 6DRZ) which lacks the KE®2 equivalent

residue.88

Residue alignment of the TM4-TM5 HP residues with the other 5-
HT2 receptor subtypes and clinically relevant GPCRs, Table 1.6.2-1,

shows the 5-HT2cR has the highest residue homogeneity at the position
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of the TM4-TM5 HP. G238%42 |ocated at the intrahelical side of the HP,

stands out as non-conserved in the 5-HT2 receptor subtypes as

compared to other aminergic receptors that feature Ala, Ser, Cys, or Thr

at equivalent positions. G238°42 role in ligand binding has been

investigated by the mutation G238S542 in the 5-HT2aR and 5-HTcR. This

resulted in reduced binding affinity at the 5-HT2aR, thereby implicating

(6238542 in ligand binding.””

GPCR Residue

ale|n|slela| e glglala|s|s 2|
SHLR |8 8| 5882 d d e S 2k %3 g

ARSI AR ARSI RSN XA I A S Y
5-HT2sR \ | A P \ P | K L F M F G A A
5-HT2cR \ \% S P | P \ | L F \" | G \Y A
D2R \ | S P L L F G | F V Y S \Y S
H:R Y L w P | L G - T F K M T | N
5-HT1AR \ | S P M L G W | Y T Y S G A
5-HT+eR | | S P F F w - \% Y T Y S G A
5-HToR | | S P L F w R \% Y T Y S G A
5-HTeR M | S P L F w - | Y T Y S G A
5-HT+R | | S P L F W R | S T Y S G A
5-HT4R \ | S P | M Q G F Y A T C \Y A
5-HTsAR \ | S P L L F G \% Y A F S G A
5-HT¢R \ A S P L L L G L F \" \Y A L T
5-HT/R \ | T P L F G - | Y T Y S \Y A
MiR Y L w A | L M H | | T G T A A
AzaR \ | S P L L G - | Y \" F S G S
B1AR \ \ S P | L M H F Y A A S \ S
B2AR \ T S P | Q M H F Y A A S \Y S

Table 1.6.2-1: Sequence based alignment of 5-HT2aR TM4-TM5 HP residues against
equivalent residue positions of other clinically relevant GPCRs. Non-conserved

residues (green).
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Notably, several lipids, such as monoolein, oleamide,
oleoylethanolamide, and 2-oleoyl glycerol, were shown to activate the wt
5-HT2aR, but not the G238S542 mutant which may have perturbed the
TM4-TM5 HP.5° Moreover 1237541 also stands out as a non-conserved
residue to the 5-HT2aR and -5HT2cR subtypes only. lle flexible
hydrophobic side chain has good mobility and may also be a requirement
to the TM4-TM5 HP in combination with G238542, The role of 1237547 in

ligand binding has not yet been investigated.

Previously Gly residues have demonstrated to function as a
molecular hinge for ion channels.”® Therefore a hinge-type mechanism
may also be capable on the TM5, which may be supported by studies on
the B2AR, %798 cannabinoid, °° sphingosine-1-phosphate, °° and opsin

receptors.’0

Furthermore, it was demonstrated via the binding of a
phenylethylamine series at the 5-HT2aR substituted at a single position,
the associated increased lipophilicity of the ligands favoured receptor
activation and recruitment of miniGaq protein.’271% This was
rationalised via docking, which predicted the ligands to bind into the

TMA4-TM5 HP via their substituted moieties.04

Together, resolved 5-HT2aR structures, cell-based assays, and in
silico techniques have provided insight into 5-HT2aR TM4-TM5 HP

influence on ligand binding and signalling pathways. These provide a
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foundation to build upon: targeting the TM4-TM5 HP through a structure-

based design strategy.

1.6.2.1 5-HT24R transmembrane helix 4

Residue alignment of 5-HT2aR TM4 against other clinically relevant
GPCRs reveals the sequences of residues P2094%, 1210469, P211467, and
V212462 adjacent to the TM4-TM5 HP. Notably P2114%1 appears to be a
non-conserved residue belonging to the 5-HT: receptor subtypes. Pro
residues induce helical kinks by sterically hindering neighbouring
carbonyl oxygens.%% Therefore, P20945° and P2114%" may be associated
with a TM4 helical kink observed in available 5-HT2aR XRC structures,
represented by Figure 1.6.2.1-1. The distortion enhances helical
flexibility, enabling kinking and swivel motions.’%® This has been
observed in molecular dynamic simulations demonstrating the helical
anisotropy associated with Pro residues.’%-109 Additionally, Pro residues

like Gly residues can affect interhelical packing.10.111.112

It is common Val and lle residues are also present in conjunction
with Pro and Gly residues. Both Val and lle residues can influence helical
anisotropy depending on their motif position. The flexible, non-planar
side chains may be crucial to the remaining a-helix for the hinge kink and

swivel motions against the Pro ring.
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Figure 1.6.2.1-1: 5-HT24R XRC inactive state structure (PDB: 6A93) with an
observable TM4 a-helix kink (dashed line).

The side chain of Val is short with little steric bulk, and the lle side
chain has good flexibility. Therefore, the sequence P209450, 121040,
P211467, and V21242 Table 1.6.2-1, may play a role in the dynamics of

TM4-TM5 and HP.

1.7 Selectively targeting the 5-HT24R

The World Health Organization recognizes deteriorating mental
health as a global health crisis.’’3"4 In several neuropsychiatric
disorders, the 5-HT24R is implicated, ° making it a target of interest for
various drugs, from antipsychotics to psychedelics.’® Dysregulation of 5-
HT24aR signalling has been linked to conditions such as schizophrenia,
depression, and anxiety.’"'* Moreover, 5-HT2sR modulation is
associated to psychotic conditions, 28 impulsiveness, 2 and valvular

heart disease.3%3" Whereas 5-HT2cR mediated dopamine release has
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opposing effects to 5-HT2aR mediated dopamine release. However,
developing subtype selective and effective 5-HT2aR modulators is
challenging due to the structural similarities between receptor 5-HT»

subtypes and closely related receptor families.

This challenge impedes the development of therapeutics due to off-
target side effects, ' as many therapeutics can bind to more receptors
than the one distinctly associated with the disease signalling pathway.
Therefore, there is a desire for ligands with reduced or no affinity at
related receptor subtypes as an approach to minimize unwanted off-

target side effects.

1.8 5-HT24R selective ligands

Therapeutics initially developed as 5-HT2aR selective, Figure 1.8-1,
e.g spiperone (9), ketanserin (10), and volinanserin (11) also

demonstrate high affinity at other GPCRs, Table 1.8-1.

O NH (0]
e, saess
/©)K/\/N F N\/\N)K/©
e 9 10 O)\N
H
OH
N
/@/\/O/C')ji;
. 1 O

Figure 1.8-1: 5-HT.aR selective ligands, spiperone (9), ketanserin (10), and
volinanserin (11), 4-phenyl-2-dimethylaminotetralin cis-(2R,4R)-diastereomer (12).
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Compound pK; (nM)
10 11

7.8 8.5 8.7 9.5
5.8 6.2 6 6.77
6 6.7 7.5 7.9
8.8 5 ND 3

7.6 6.3 ND ND
8.4 ND ND 3

8.3 8.2 ND 3

9.2 8.2 ND ND
ND ND ND ND
8.1 7.8 ND ND
ND ND ND 6.3

Table 1.8-1: Binding affinity of 5-HT2aR selective ligands (9-12).

Spiperone (9) is a butyrophenone antipsychotic and binds at the
D2R "5 and 5-HT-R subtypes, 16117 with high affinity. Notably, 9 exhibited
> 500-fold higher affinity at the human 5-HT2aR over the 5-HT2gR and 5-
HT2cR."'® However, moderate affinity is also reported at the at a1aR, a1sR,
aipR, 19 5-HTaR, '?° and 5-HT7R.?" The radio-labelled analogue, [*H]J-
spiperone has also been developed and proved useful in the clear
labelling and distinguishing of the 5-HT, subtypes.’?? Analogues of 9
were substituted from the N1-phenyl 1,3,8-triazaspiro[4.5]decanone
moiety to an N1-methyl moiety were reported to achieve high selectivity
between the 5-HT2R subtypes. This however still resulted in modest

affinity at the D2R."%

The subsequent development was ketanserin, (10) a selective 5-
HT2aR and 5-HT2cR antagonist.’?* Initially it was employed as an
antihypertensive agent '?* and treatment for Raynaud’'s phenomenon’?®

and recently has been explored as treatment for visual hallucinations.2¢
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The use of 10 as a subtype selective ligand for the 5-HT2aR activity is
limited, as it demonstrates high affinity at several aminergic receptors,
such as a1aR, aisR, a1oR, '° moderate affinity at the 5-HTxcR, 119122127128
and low affinity at the 5HT1aR, '2° and 5-HT7R.'?! This is evidenced in the
striatum where dopaminergic or adrenergic antagonists could not
displace [*H]-ketanserin at the 5-HT2aR. This antagonist also has

moderate affinity for the vesicular monoamine transporter 2.729.130

The radioligand, [®*H]-ketanserin, is a frequently employed probe
used to study 5-HT24aR pharmacology in preclinical research developed
from 10. It has become the primary antagonist based isotopic probe for
investigating the serotonergic activity of psychedelics in humans.131.132
Thus there is need for 5-HT24R probes to interrogate the pharmacological

profiles of classical and next-generation theraputics.'33

Following the development of 9 and 10 was volinanserin (11) which
demonstrated sub-nanomolar affinity, and over 100-fold selectivity at the
5-HT2aR compared to off-target GPCR and ion channels.'®43% The
pharmacological and selectivity profile was derived using a variety of
animal species, tissue sources, and radioligands. The recorded affinity
appears influenced by differences in: the ligand binding pocket across
species, '3 plasma membrane physiology, '3 and radiolabelling. For
example, studies investigating the behavioural pharmacological profile
of 11 appear conflicting. It was not found to be a potent modulator of
mouse locomotor activity in some studies, '3 while in others, strong
locomotor-suppressing effects were demonstrated.3°
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Initially, pre-clinical studies of 11 demonstrated good antipsychotic
effects in rodent models with a reduced side effect profile.#® Positron
emission tomography (PET) investigations of the human cortex
demonstrated an abundance of 11-5-HT2aR binding that significantly
outlasted the presence of plasma over 24 hours, ' thus suggesting
good efficacy. However clinical trials were halted due to challenges in

translation of pharmacological results from in vitro to in vivo.'#?

Recently a series of 4-phenyl-2-dimethylaminotetralin (4-PAT)
analogues were reported as selective ligands for 5-HT2aR and 5-HT2cR.
The cis-(2R4R)-diastereomer (12) showed stereospecific selectivity,
being 40-fold selective for 5-HT2aR over 5-HT2cR, ® and 100-fold
selectivity over 5-HT25R.’ In silico studies predicted the ligand binding
conformation engaged the 5-HT,R TM4-TM5 HP.'” This was consistent
with the associated mutagenesis studies. A significantly reduced binding
affinity was observed with a 5-HT2aR G238S°42 mutant, which may

impact the TM4-TM5 HP, and perturb ligand binding conformation.®s

1.9 Pimavanserin

At current there are no recognised 5-HT2aR subtype-selective
ligands or therapeutics. However, pimavanserin (13), is a significant
advancement towards achieving 5-HT2aR subtype-selectivity. It is a
clinically approved therapeutic in the USA, as a treatment for
hallucinations and delusions associated with Parkinson's disease

psychosis. By employing high-throughput, selectivity screening, followed
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by lead optimization processes, 13 was developed by Acadia
Pharmaceuticals.’344 Notably, 13 selectively binds with 1000-fold
greater selectivity at the 5-HT2aR (Ki = 0.4 nM) in comparison to other the
receptors it has been screened against, except for the 5-HT2cR (Ki = 16

nM) where only 12-fold greater selectivity is exhibited.!”

0L,
O

Figure 1.9-1: Pimavanserin (13).

Good attenuation of motor and cognitive side effects in humans
compared to typical and atypical antipsychotics is reported by 13.144-147
This is currently rationalised by having negligible affinity at the D,R.*3 It
also has no affinity for the H1R, the muscarinic, or the a-adrenergic
receptor subtypes, which are associated with sedation and weight gain
caused by some atypical antipsychotics.657%7 Therefore, the
pharmacological profile of 13 has the potential to treat other

neuropsychiatric disorders involving psychosis and hallucinations.

Species-dependent affinity by 5-HT2aR ligands such as 13 has been
demonstrated, and should be considered translating data.’84° For
example at modified 5-HT24aR coupled to Gaq/Gai1 proteins expressed in
a Sf9 moth cell line, 13 acted as an inverse agonist. The wt 5-HT2aR was

not used due to challenges in protein expression.’” Conversely, in human
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and mouse brain cortex tissue, 13 acted as a neural antagonist towards

5-HT24aR coupled to Gag/Ga11 proteins in vivo."0

Mutagenesis studies 788 Table 1.9-1 support in silico docking,
178893 which predicts 13 binding into the TM4-TM5 HP using the 4-
isobutoxy moiety. Binding affinity and antagonist activity was
significantly attenuated in the mutated G238S5421793.151 A future XRC

structure of a 13-5-HT2aR complex will provide structural confirmation of

a binding pose.

Residue mutation Risperidone K; (nM) Pimavanserin K;j (nM)
wt 5-HT2aR 6.9 9.5V
1206V*>¢ 28" 247
G2388542 92" 18417
W336F%48 >1000 "7 >1000 7
wt DZR 94 152 0 143,144

Table 1.9-1: 5-HT2aR residue point mutations and associated binding affinities show
residue G2385“2is implicated in the binding mode of 13 in comparison to 4.

In comparison to the risperidone-5-HT2aR XRC structure, 4 binds in
the hydrophobic cleft, and is absent from the TM4-TM5 HP.'’
Subsequently the binding affinity for 4 is reported to not be significantly

affected by point mutation G238S542,17

No XRC structures are available for 13 in complex with the 5-HT2cR
either. However, molecular docking suggests the 5-HT2cR residue
F214538 may adopt an outward facing rotamer orientation, similar to

F234538 resolved in the 5-HT2aR, thereby accommodating the ligand.88

Better insight into the effect of 13 on the 5-HT2cR is still required as

the receptor is widely expressed in the brain where it modulates various
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functions, including dopamine release in the midbrain. Dopamine is a key
neurotransmitter involved in motor control, reward, cognition, and

emotion.’3

The 5-HT2aR and 5-HT2cR have opposing effects to post-synaptic
dopamine release. 5-HT2aR receptor inhibition decreases dopamine
release whereas 5-HT2cR inhibition increases dopamine release.’®*
Therefore, the activity of 13 at 5-HT2cR may counter its desired effects at

5-HT-aR, thus potentially diminishing both its efficacy and potency.

Non-GPCR off-targets are of 13 also include the a-1 subunit of L-
type calcium channels, a voltage-gated ion channel that mediates
calcium influx into neurons.’™ Metabolism of 13 is carried out by
cytochrome P450 enzymes; 3A4, 3A5 and 2J2.7% However,
ketoconazole, a potent P450 3A4 inhibitor, can indirectly increase the
plasma concentration of 13 by 4-fold. Rifampin, a strong P450 3A4
inducer, can indirectly decrease it by 90%."%¢ Therefore, dose adjustment
and monitoring is required when co-administering 13 with drugs or foods
that modulate P450 3A4 activity, such as opioids, calcium channel

blockers, 157 and grapefruit juice.’%®

1.10 Pimavanserin structure-activity relationships

A primary goal in medicinal chemistry is to comprehend how the
structural features of molecules influence their pharmacological
properties. Structure-activity relationships (SARs) maps the effects of

specific structural modifications on the biological activity of a
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compound. The SARs of various classes of molecules targeting the
serotonin 5-HT2aR has been extensively studied.?3151159160 These
molecules commonly share structural features contributing to binding
affinity for the 5-HT2aR. Structure-activity relationship (SAR) analysis
becomes more reliable when focusing on a series of similar compounds

with a shared scaffold.

Pimavanserin (13) serves as a promising model scaffold for
exploring 5-HT24R binding affinity and subtype selectivity. A previously
reported ring labelling system Figure 1.10-1 has been adapted and
facilitates the delineation of SAR.'" Modification to the ring moieties
attached to the urea core have led to the development of pimavanserin
analogues for the 5-HT2aR. The SAR for ring modifications tabulated

below has been derived from functional assays of separate experiments.

- o)
"Ry )]\ Ry
i ] )
Ring A (\ FJ/\N NL\R3 /I Ring C
[ R2

S

~

' Ring B

Figure 1.10-1: SAR map of the pimavanserin scaffold depicted by 3 ring regions and
tri-substituted urea core. Source: Adapted from Ma et al 2022 %'
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Ring A analouges

1.10.1
(0]
SARe!
/@» 14a-n O/W/
F
Compound Ri o0 1
N
13 Q 2z
\N/
14a %N) 75.40 151
\N/
o
14b q) 252.00 151
\N/
. <> 138.00 151
\
N\
14d ? 110.20 151
\
N\
e Q 500.00 15
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14f ND 167
Os./
14g Q 2018.00 16
H
Sﬁ/NW/
14h N 1126.00 161
(@]
14i ¢ 317.30 16"
(@]
14 ¢ NH, 34,65 167
NH,
14k 8.35 167
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o)
~" SOH
o} NH,
141 ND 761
@
O+_OH
Os A
14m ﬁ)jl\l/l-b ND 161
®
0
oK
OH
14n o 0o ND 167
®

Table 1.10.1-1 : Pimavanserin ring A analogues 14a-n. No detectable binding (ND).

The N1-methyl-piperidin-4-yl ring moiety is crucial for binding in

pimavanserin analogues.’"%1 Under physiological conditions, it binds at

the 5-HT2aR as an N1-methyl-piperidinium ring via an essential

ammonium ion. This structural motif is also utilized in analogues and

other drugs that interact with the 5-HT2aR, such as 4 and 10.

Several ring A analogues have been reported Table 1.10.1-1 are

compared in context to 13. Modification of the N-methyl piperidin-4-yl to

a dimethylamino-ethyl amine 14a and an N-dimethylacetamide 14b,

respectively, led to a decrease in antagonism at the receptor. Removing
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the basic nitrogen from the ring system by replacing the piperidin-4-yl
ring with either a cyclobutene 14c¢, cyclopentane 14d, and cyclohexane
ring 14e with a 3-position dimethylamine significantly also decreased

activitiy.’

Substituting the N-methyl group to either N-acetyl 14f, N-
methylsulfonyl 14g, or N-isopropyl thiourea 14h moiety resulted in
decreased antagonism. N-carboxylic acid derivatives 14i-14m convert
the piperidin-4-yl nitrogen into an amide. Thus, they may bind via primary
amines present on the amino acid moiety-carbon backbone. This aligns
with the absence of detectable binding of 14n, the N-Boc variant of 14k.
Moreover, the amine moiety position on the amino-acid backbone

appears to be critical ligand binding with respect to 14l and 14m.

Overall modification of the N-methylpiperidinyl ring and
repositioning the amine moiety resulted in a decrease in antagonism at
the receptor with all analouges except 14k. Analogue 14k demonstrated
improved selectivity towards the 5-HT2aR, achieving a 6-fold greater

selectivity for the 5-HT24R over the 5-HT2cR."62

The available ring A SAR data indicate that the piperidinyl ring
system is optimal for 5-HT2aR binding. N-piperidinyl substitution and
alterations in the positioning of the amine moiety have proven
detrimental to ligand binding in all analogues reported except one, for

which improved 5-HT2aR selectivity was highlighted.
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1.10.2 Ring B analogues

Compound R2 ICs0 (M)

13 27.31%1

F
140 (/jij >500 %1
S

N
14p ¢ ji‘j >500 15

14q 2» >500 15

14r N >500 151

14s \ 8.64 151
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14t

43209

14u

>500 151

14v

14.70 15

Table 1.10.2-1: Pimavanserin ring B analogues 140-v. No detectable binding (ND).

The 4-fluorobenzyl ring appears to be a significant structural
feature for ligand binding. During the binding of 13 it is predicted to
occupy a hydrophobic cleft, which is also comparable to the binding

conformation of 4 when bound to the 5-HT2aR."7

In comparison to 13, substituting the fluorobenzyl group with
bulkier groups lacking a halogen atom, Table 1.10.2-1, such as
benzothiophene 140, benzimidazole 14p, pyrazole 14q or 3,5-
dimethyloxazole 14r, leads to a reduction in antagonism. However the
replacement of the 4-fluorobenzyl ring with a 3-fluoropyridyl ring 14s

significantly enhances antagonist potency.’®'

Introduction of an additional 3 position fluorine substitution to
afford the disubstituted 3,3-difluoropyridyl ring 14t lessens antagonist

activity, and replacement of the pyridyl ring to a 2-fluoropyridyl ring 14u
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abolishes binding affinity. Interestingly, replacement of the pyridyl ring to
afford 3-fluoropyridazyl 14v results in a complete loss of inverse
agonism while still retaining binding affinity and antagonist activity."5
These findings highlight that ring B can be associated with modulating
antagonism at the 5-HT24R. The reported modifications lead to reduction

potency overall, except for the 3-fluoropyridyl analogue.

In contrast, many 5-HT2aR agonists lack this type of structural
feature which binds amongst the hydrophobic PIF motif residues in the
5-HT2aR."° Thus, when agonist-bound the hydrophobic cleft is lessened
or absent.*1%° These divergent binding modes and linked structural
requirements between 5-HT2aR antagonists and agonists highlight the
complex nature of ligand-receptor interactions and association to

functional selectivity.
1.10.3 Ring C analogues

S
fog
&~

o
)LN/\R3
H

14w-av

Compound ICs0 (NM)

13 79.4,1%7 27.3 1%

N
O\/\F
14w 2117
=
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O\/\/F
14x /©/ 1.93 151
e
O~
F
14y /© 2.35151
e
F
14z /©/O\)\F 217151
W
O F
14aa /©/ \/\F/ 4.64 157
w
F
14ab /©/O\/\)\F 429151
g
O._CFs
14ac /@ 0.54 151
Ty
O\/\
14ad /©/ CFs 4.70 151
g
O _~_~CF3
14ae /©/ 3.78 1%
]
O_ _CFs3
14af e 33.4075
s
F
(0] C
14ag ~CFs 6.86 151
s
Br
(0] CF
14ah N 12.00 151
W
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Cl
14ai /@(OVCH 27.3075"
s
CF,
(0] CF
14aj /@( e 125.00 15"
'y
14ak /@A)\ 67.20 157
'y
14al /m 26.40 151
W]
CF3
14am /©/\/ 18.30 157
'Y
14an /@AOJ\ 2.05 157
e
O\){
14a0 Q/ 313151
2
(@]
14ap /Cl/\)< 3.49,1510.0631 157
"LLL
(0]
14aq m 0.25 157
Y
(0]
14ar 0.16 157
e
(@]
14as /@E}—< 9.98 151
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O
14at m 20.90 151
g

O
14au 21.2511
7

o]
14av /@;JL 17.27 181
=
“11

Table 1.10.3-1: Pimavanserin ring C analogues 14w-av.

The benzyl 4-isobutoxy moiety of 13 is an important structural
feature associated to its 5-HT2aR selectivity, which is reported to interact
with the TM4-TM5 HP.'” In comparison to 13, there are several analogues
modified at the ring C position Table 1.10.3-1 which exhibit significantly

improved potency and selectivity.151161.163

Cell-based activation assays demonstrated substitutions of the 4-
isobutoxy group with either mono- or di- fluorinated and tri- fluorinated
alkyl chains, 14w-ae, have led to analogues with 5 to 10-fold higher
potency than that of 13. A notable modification was replacement of the
4-isobutoxy moiety to a 2,2,2-trifluoroethoxy moiety, 14ac. This resulted
in a 54-fold increase in potency as compared to 13. The affinity for the 5-
HT2aR (Ki = 0.2 nM) was 10-fold greater as compared to the 5-HT2cR (Ki
= 2.0 nM), and a 1000-fold greater over the 5HT2gR (Ki = 138.7 nM)."1
Docking was used to rationalize ligand binding, predicting the 4-
trifluorobutoxy moiety to engage the TM4-TM5 HP.'5' The modification

of 14c via introduction of a difluorinated methylene moiety on the alkyl
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chain back bone following resulted in 14af, although this led to reduction

in potency in comparison to 13.7%

The inclusion of electron withdrawing groups such as fluorine and
bromine atoms at the 3 position on benzyl ring 14ag-ah, improved the
antagonist activity at the 5-HT2aR 4-fold and 2-fold greater than 13
respectively. However, substitution to a chlorine atom 14ai reduced the
potency 5-fold. Substitution to a trifluoromethyl moiety 14aj attained

potency equal to 13.75'

Replacement of the benzylic 4-isobutoxy moiety with an isopentyl
moiety in 14ak also reduced the potency in comparison to 13. Contrary
to this, a reduction of the alkyl chain backbone by a methylene unit to
afford an isobutyl moiety 14al regained potency similar to 13.
Substitution to a trifluoropropyl moiety 14am increased potency further
than that of 13, but was over 2-fold weaker than that of its
trifluoropropoxy analogue 14ad indicating the oxygen atom at this
position can be beneficial to ligand binding. This was further supported
by the repositioning the oxygen atom one carbon away from the aromatic
ring 14an which also improved the potency 13-fold greater than 13.
Inclusion of a fluorine atom, 14ao, substituting the isobutoxy moiety

hydrogen atom on 13 also improved potency 9-fold."s"

Restricted 4-0-alkoxy benzyl moiety isomers, featuring benzofuran
moieties 14ap-ar exhibited improved potency in comparison to 13, but

similar binding affinities in radioligand competition binding assays.’%’

49



1. Introduction

However, benzopyran derivatives 14au-av exhibitied a decrease in

potency, thus highlighting an association between the ring size and

sterics of the O-benzyl substitution moiety.’ These ring C analogues

demonstrate that sterics effects and bulk in this region can impact ligand

binding affinity and potency.

1.10.3.1

Extension of ring C

heg

o)
M
15 HA<>\o/\{\R

OH

Compound R ICs0 (M)

13 - 22 161
N\/O
15a (J/\@ 0.39 161
"L){N
HN/S
15b (N)\G 0.87 167
%NJ
(0]
15¢ (\Nko/k 93.62 16"
N
N
15d O ; ND 161
w7

Table 1.10.3.1-1: Pimavanserin (Ring C) amino alcohol analogues (15a-d).

No detectable binding (ND).
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Extending the ring C further Table 1.10.3.1-1 via substitution of 4-
isobutoxy moiety with amino alcohol moieties 15a-d, lead to increased

ligand potency as compared to 13

Two bulky bicyclic heterocyclic amino alcohol moieties reported: 6-
fluoro-3-(piperidin-4-yl)benzol[d]-isoxazole 15a and 3-(1-piperazinyl)-1,2-
benzisothiazole 15b analogues, exhibited the greatest improvement in
antagonistic potency, 25-56-fold in comparison to 13. The N-Boc-
piperazine derivative 15¢ also displayed a 10-fold increase in potency.
Notably, N-Boc-deprotection to afford a piperazine ring to afford 15d,
resulted in no detectable binding.’®" These findings demonstrate that
extending 13 at the ring C region via amino alcohol amine moieties is an
effective structural modification. Results display enhanced ligand
potency appears to be correlated with the larger size, increased
lipophilicity of the ligand, as well as additional hydrogen bond donor and

acceptor atoms present associated to the amino alchol moiety.

1.10.4 Pimavanserin scaffold core

oxre, oo,
b,

Figure 1.10.4-1: Structural cores of 5-HT24R selective ligands : (i) 13, (ii) 10, and (iii)
general structure of 1,3-disubstituted thiourea ligands.
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A urea moiety features as the central core of the 13 structure. It
adopts a planar conformation, a characteristic shared by ligands with
related similar skeletal structures, such as 10 which features a
benzoylpiperidinyl core with a planar carbonyl group. Reducing the
carbonyl group of 10 to an alcohol or replacement with a methyl moiety
results in a decrease in binding affinity.627%4 Hence, preserving the
planarity of the urea moiety may confer advantageous binding properties

to analogues of 13.

Biosteric replacement of the urea with a thiourea moiety Figure
1.10.4-1 resulted in improved binding affinity, surpassing that of 10 in
vitro. The incorporation of a substituted benzyl ring system on each ureic
nitrogen atom resulted in ligands that maintained comparable
antagonistic activity. Thus, demonstrating the ability of the receptor to
accommodate diverse substitutions. For example, 3-trifluoropropyl, 3-
nitro, and 4-chloro substituents on one ring, and halogen or alkoxy
moieties at 3 and 4 positions on the opposite ring.’®®> No subtype
selective was demonstrated by the thiourea derivatives between the 5-

HT2aR and 5-HT2cR.

1.11 Fluorescence-based methods to interrogate the

5-HT24R

In response to the plethora of molecules which bind to the 5-HT-aR,
two possible approaches to investigate their pharmacology are
radioligand-based methods or fluorescent-based methods. One well-
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established fluorescent-based method is time-resolved Forster

resonance energy transfer (TR-FRET) Figure 1.11-1.

2) SNAP-Tag 4) 340 nm excitation
lanthanide substrate, - A -
terbi tat - =
eroium cryptate 3) Fluorescent probe £y -
5.i)+ 620 nm
emission
~ (terbium)
M 5.ii) + 660 nm
emission
7| (fluorescent

’  probe)

1) SNAP-Tag
)

Figure 1.11-1: Labelling protocol of GPCR N-terminus and fluorescent probe binding
during cell membrane-based fluorescent TR-FRET assay. (1) SNAP-Tag has been
engineered onto the N terminus of a GPCR of interest, (2) a lanthanide donor using
terbium cryptate is delivered to the receptor via a membrane impermeant lanthanide
labelled SNAP-Tag substrate, (3) the fluorescent probe is added to the modified SNAP-
Tag GPCR, (4) the lanthanide label is then excited using laser excitation (e.g. ~340 nm;
yellow lightning arrow). If the lanthanide and fluorescent probe are within proximity to
each other (typically <10 nm), the energy emitted following lanthanide excitation can be
transferred to excite the fluorophore of the fluorescent probe (FRET). Fluorescence
emissions from donor and acceptor can be recorded and to calculate FRET ratios.
Source: Adapted from Sykes et al 2019 166,167

The cell membrane-based fluorescent TR-FRET assay enables the
evaluation of ligand binding affinities, as well as the determination of
binding kinetics over specified concentrations and time periods. Binding
affinities are expressed as equilibrium dissociation constant (Kq). Kq
represent the ligand concentration at which 50% binding sites are
occupied. Kinetics may be expressed as the observed rate constant
(Kobs). Both quantify ratio between the association rate (Kon), and the rate
of dissociation (Koff) of drug binding to the molecular target.'%® However,
Kobs quantifies the association and dissociation rate of drug binding to

the molecular target at a specific ligand concentration. Unlike Kobs which
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is concentration-dependent, Kq is concentration-independent. Thus,
making it a more universal measure of binding strength. Therefore, Kq

values are often calculated from kinetic assays.

To obtain ligand binding affinities and kinetic rates, TR-FRET relies
on the use of donor and acceptor fluorophores. These are fluorophores
which have distinct emission peak maxima but are required to have
spectral overlap within the emission spectrum to allow FRET to occur.
Together they are considered a FRET pair which leverage the

phenomenon of FRET.

Following laser excitation of the donor fluorophore FRET occurs
between the acceptor fluorophore through non-radiative dipole-dipole
interactions. This leads to changes in the fluorescence emission
spectrum. Optimal distances between the donor and acceptor

fluorophores range within 1-10 nm for efficient FRET.166

Fundamental to TR-TRET, is the terbium donor fluorophore long
emission lifetime and acceptor fluorophore short emission lifetime,
which allows for a time gated/time resolved (tr) detection between
excitation and fluorescence of the acceptor fluorophore. This time
resolved feature is critical to the assay by allowing short-lived

background fluorescence from the assay components to decay.'6.167

Labelling and probe requirements for TR-FRET assays are first
target proteins are required to be modified by chemical labelling with

lanthanides for example terbium, which acts as a donor fluorophore. This
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incorporates terbium into the protein structure. The next requirement is
a high affinity fluorescent probe. These are based on high affinity ligands
known to bind at the target receptor or protein which act as either
antagonists or agonists. They have been strategically modified to feature
a fluorophores as part of their molecular structure.®® Therefore,
attaching an acceptor fluorophore to a receptor-targeting moiety, a ligand
that is known to target the 5-HT2aR possessing donor fluorophore, TR-
FRET-based probes may be developed.'®81%° These fluorescent probes

would assist the screening of unlabelled ligands at the 5-HT2aR.

Several studies have documented the development of fluorescent
probes with selective binding to the 5-HT subtypes, including 5-HT1aR, 170
5-HT2aR, 771 5-HT28R, 172 5-HTcR, 777 5-HT3R, 173 5-HT4R, 74 and 5-HT¢R.175
However, the current availability of a fully characterised fluorescent
probe for the 5-HT24R is limited to CA201019, 7% a 5-HT24R and 5-HT2sR-
selective fluorescent probe. Its exact structure remains undisclosed, but
it is based on 4-(4-fluorobenzoyl)-1-(4-phenylbutyl)piperidine (4F4PP)

(16).

Figure 1.11-2: 4-(4-fluorobenzoyl)-1-(4-phenylbutyl)piperidine (4F4PP) (16).

One study has reported the utilization of this probe, CA201019, in

conjunction with the TR-FRET technique to study the kinetics of

55



1. Introduction

antipsychotics binding to the 5-HT24R, but it demonstrated low specific
binding across a concentration range used.'”” Therefore, there is a need
to develop additional fluorescent probes targeting the 5-HT2aR with
improved binding profiles. For example, lower non-specific binding and
assay ranges, which achieve binding at lower micromolar concentrations

may allow better characterisation of the initial binding phase.

In comparison to the reported radioligands such as ['25I]-R-DOI, 178
[3H]-spiperone, 122 or [3H]-ketanserin, 139 fluorescent probes offer several
advantages; enhanced safety, cost-effectiveness, and faster
experimental procedures.’®” As a result, they serve as attractive tools for

researchers investigating GPCR function.

1.12 In silico tools for exploration of the 5-HT2aR

Integration of experimental structural data, such as XRC, cryo-em,
and NMR structures, with molecular modelling techniques into medicinal
chemistry has made significant improvements in defining the molecular
basis of drug interactions with the 5-HT2aR, as well as providing insight
into receptor structure and dynamics. Advancements in hardware and
software have proved advantageous in permitting the visual analysis and
juxtaposition of structural and physiochemical data, leading to structure-
based drug design approach. This approach capitalizes on targeting
distinct structural attributes of the receptor, particularly those not

observed in closely related or structurally homologous receptors.
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The structure-based drug design approach has proven successful
in enhancing selectivity. For example, in A2AR XRC structures, an
uncharacterized pocket within the helices bundle not present in the A1AR
XRC structures was identified. The design of ligands targeting this novel
pocket followed resulting in potent and selective 1,2,4-triazine A2AR

antagonists.’”®

1.12.1 Homology modelling: building protein structure

Homology modelling is a technique for studying the structures of
proteins that are not yet experimentally resolved. It relies on finding a
suitable template structure that shares a high degree of similarity with
the target protein sequence. A common criterion is for the template and
target to share at least 30% sequence identity. Conserved residues and
motifs act as anchors for sequence alignment, while another critical

criterion is resolution.

In X-ray crystallography, structural resolution is a measure of detail
in the diffraction pattern, providing insights into atomic arrangements
within crystals."8 Cryo-em utilizes high-energy electrons to illuminate
specimens and generate diffraction patterns using a magnetic objective
lens, enabling the study of non-crystalline structures.’®" In contrast, NMR
spectroscopy focuses on analysing nuclear magnetic resonance signals
to study molecular structures and interactions, 82 distinct from the

diffraction patterns seen in XRC and cryo-em.
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The ideal electron density map calculated that is used must be
below 3.0 A. This allows for the identification of most or all atoms in the
protein, as well as their interactions with ligands and solvent molecules.
Lower resolution structures, above 3.0 A, only reveal the general shape
of the protein backbone, and the atomic details must be inferred from
other sources.’ The choice of software also affects quality and
accuracy of the resulting homology model, and there are many options
available for this purpose, from free web servers to expensive software

packages that include tools for model refinement and evaluation.

In this work the web-based tool, the automated SWISS-MODEL
server was the homology model builder.’® It works by first searching for
suitable XRC, cryo-em, or NMR structure in the Protein Data Bank (PDB)
185 that share significant sequence similarity with the target protein to be
used as a template. Sequence alignment is then performed with the
target sequence and template structure, transferring the coordinates of
the conserved regions to the target. Finally, it uses various methods to

refine the model and estimate its quality and reliability.

The XRC structures often necessitate modifications to aid in the
formation of crystals that diffract to an acceptable resolution, '8° despite
the potential disruption of their native conformation. These essential
modifications significantly enhance the quality of crystal structures
obtained through X-ray crystallography. These modifications encompass
the insertion of polar proteins and antibodies, truncation of terminal
regions, introduction of multiple point mutations of residues, and
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crystallization under non-physiological conditions. Consequently, when
modelling proteins and their ligands, it is important to consider reverse
engineering mutations and conduct structural refinements to accurately

represent canonical sequences in the natural environment.

The use of homology models based on early XRC structures of
bovine rhodopsin (PDB: 1U19) '8 and B2AR (PDB: 2RH1) '8 enabled the
identification of key structural features of 5-HT2aR."88 However, different
receptor types can have low sequence homology or unique structural
features. The availability of XRC structures of 5-HT2aR with higher
sequence identity to the canonical sequence offers an opportunity to
significantly improve the accuracy and reliability of the 5-HT2aR

homology models.

1.12.2 Homology model assessment

One of the challenges of computational protein structure prediction
is to ensure that the generated models reflect physiological conditions.
Therefore, it is essential to evaluate the quality and reliability of the

models using various assessment methods.

SWISS-MODEL8* filters templates and alignments. 50 top-ranked
templates are then selected from the full list according to a score which
combines sequence coverage and similarity. The top-ranked templates
and alignments are further assessed and ordered according to the

expected quality of homology model, as estimated by a global model

59



1. Introduction

quality estimate (GMQE). This is set from 0-1, where nearing 1 indicates

a higher expected quality of homology model.

SWISS-MODEL '8 employs a QMEAN score, '8 a scoring function
that evaluates the quality of protein structure models based on their
geometrical features. It can provide both global (for the whole structure)
and local (for each residue) quality scores. It by compares a single model
with statistical potentials and distance constraints derived from
homologous structures. The quality scores are normalized to match with
high-resolution XRC structures. A QMEAN closer to 0 indicates a better

agreement, while score below -4.0 indicate models of low quality.®®

Ramachandran plots are employed, which visualize regions for the
backbone dihedral angles Phi (¢) and Psi (p) of amino acid residues
from energetically favoured, to generously allowed, additionally allowed,
and disallowed regions. Such categorisation is based on the
stereochemical quality and statistical significance of the observed
angles.’ The regions are determined by analysing the distribution of ¢
and y angles based from a large data set of high-quality experimental
structures. SWISS-MODEL uses 12,521 non-redundant experimental
structures with a pairwise sequence identity cut-off at 30% and an X-ray
resolution cut-off at 2.5 A, gathered from the protein sequence culling
server (PISCES) database, used to cull sets of protein sequences from

the PDB with the aim of generating non-redundant datasets.’2
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MolProbity 193 a web service can also be used to validate the quality
of protein structures at both global and local scales. It calculates the
MolProbity score, which is a measure of how well the structure matches
the expected quality at a given resolution. Evaluations include the clash
score, the amount of overlap between van der Waals radii of atoms and
the rotamer outliers, which are amino acids with unlikely side chain
conformations.  Additionally, MolProbity also calculates the
Ramachandran plot. It then combines these evaluations into a single

score, normalized at an equivalent scaling to X-ray resolution.’®3

Herein, the SWISS-MODEL assessment protocol and MolProbity
was used for 5-HT2aR homology model validation to evaluate the quality

and reliability before being employed in silico interrogation.

1.12.3 Modelling ligand binding: molecular docking

Molecular docking is a computational method that simulates the
interaction between a ligand and a protein target. It aims to find the
optimal orientation and conformation of the ligand that minimizes the
free energy of the complex. It can be used in structure-based design
approaches to develop various ligands and study ligand-protein

interactions.

One of the molecular docking programs that has been widely
validated is Glide, developed by Schrédinger.’4195 Glide can dock various
molecules into molecular structure such as proteins and enzymes to

varying degrees of rigor and accuracy at the expense of computational
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efficiency by either rigid or flexible docking methods. The poses are
scored using an empirical function called ChemScore that consists of
several energy components that aim to represent key properties of
ligand-protein binding, '°¢ and then refined using a proprietary function
called GlideScore (Gscore).’®*1%5 Glide can incorporate constraints,
conditions that must be satisfied by the predicted poses. For example,
specific interactions or distances between atoms. Glide can reject any
poses that do not meet the constraints during the docking process.
Results, docked poses of the ligand, are then ranked in order of
decreasing Gscore.'?19 The lower Gscore indicates a more
energetically favoured and stable complex. A molecular docking

workflow in Glide is represented by Figure 1.12.3-1.

Figure 1.12.3-1: Molecular docking workflow schematic, (i) ligand preparation, (ii)
protein preparation of XRC structure or homology model (jii) grid-box generation, (iv)
setting docking constraints and protocol, (v) docking of prepared ligands using
docking protocol. Predicted binding poses ranking docked ligands by Gscore.
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1.12.3.1 Glide docking process summary

Glide employs a hierarchical series of filters to explore potential
ligand locations within the receptor’s active-site region. The receptor's
shape and properties are represented on a grid through various fields,
which provide an increasingly accurate scoring of ligand poses. Glide is
most effective when generating ligand conformations within the
software, as opposed to other methods such as the RDKit
cheminformatics open source software experimental-torsion-knowledge
distance geometry (ETKDG) and deep molecular conformation
generative method (DMCG) '®7 which dock the ligand core plus all
possible rotamer-group conformations as a single object, or using pre-

computed conformations respectively.

For each ligand, an search of potential locations and orientations is
conducted across the defined grid-box.”* The Glide process involves

several stages is described below:

1) Site point selection: The search begins by identifying "site points"
on a 2A grid covering the grid-box. These points are selected based on
distances from grid-box surfaces, with Glide positioning the ligand
centre at a site point.

2) Hierarchical filtering: The filtering proceeds through a series of

processes: A) Orientation Examination: Atoms within a specified distance

of the ligand diameter are examined for possible orientations. If steric
clashes are encountered, orientations are skipped. B) Rotation

Consideration: Rotation about the ligand diameter is then explored,
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scoring interactions of atoms capable of forming hydrogen bonds or
ligand-metal interactions with the receptor. C) Greedy Scoring:
Interactions with the receptor are scored next using Schrddinger’s
discretized version of the ChemScore empirical scoring function,
considering  hydrophobic, hydrogen-bonding, and metal-ligand
interactions, while penalizing steric clashes. D) Refinement: The top-
scoring poses then undergo refinement, allowing rigid movements in
Cartesian directions to improve accuracy. E) Energy Minimization: Energy
minimization is then performed on pre-computed grids for van der Waals
and electrostatic interactions, followed by optimization of torsional
motion for internally generated conformations. F) Rescoring: Lastly, after
minimizing the poses, Schrédinger's proprietary GlideScore scoring
function is applied to rescore them. This hierarchical approach and
optimizing rotamer groups individually enables Glide to predict ligand
binding modes while significantly reducing computational resource as
compared to exhaustive searches.

The GlideScore Equation: 12.3.1-A, originating from ChemScore,
incorporates additional factors such as steric-clash and buried polar
terms, introduced by Schrodinger to penalize electrostatic mismatches,
along with hydrophobic enclosure terms, as well as amide twist, and
excluded volume penalties.’®*

Equation: 12.3.-A

Gscore = 0.05vdW + 0.15Coul + Lipo + Hbond + Metal + Rewards + RotB

+ Site
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Each component in the Gscore formula represents distinct
energetic contributions. Van der Waals energy (vDW) accounts for
interactions with groups possessing formal charges, such as metals,
carboxylates, and guanidiniums, while Coulomb energy (Coul) considers
reduced net ionic charges on such groups. The Lipophilic term (Lipo) is
derived from the hydrophobic grid potential, and Hydrogen-bonding
interactions (HBond) involve weighted components based on the charge
state of donor and acceptor atoms. Metal-binding interactions (Metal)
include considerations of anionic or highly polar acceptor atom
interactions. Rewards encompass various features such as buried polar
groups, hydrophobic enclosure, correlated hydrogen bonds, and amide
twists, offering both rewards and penalties. Penalties for freezing
rotatable bonds is represented as (RotB), and polar interactions in the
active site is expressed as (Site) reward polar but non-hydrogen-bonding
atoms in a hydrophobic region. For Glide Standard Precision (SP)
Gscores of -10 or lower are generally considered to represent good
binding. In Glide Extra Precision (XP), results tend to achieve Gscores -

12 or lower."94

3) Scoring and selection: The best-docked structure for each ligand
is determined by a model energy score (Emodel score) that combines
energy grid score, binding free energy predicted by GlideScore, and
internal strain energy. Additionally, a specially formulated Coulomb-van
der Waals interaction-energy score is computed for comparing binding

affinities.94
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4) Constraints: These are conditions that must be satisfied by the
predicted poses. For example, these may be known or required ligand-
protein interactions. Constraints play part as integral functions to
docking in Glide. These dictate specific ligand-receptor interaction
criteria, guiding ligand placement relative to critical receptor features
during docking. They ensure ligand poses adhere to predefined

requirements.’%*

During the Glide process, first ligand atoms are evaluated, and
ligands lacking the necessary atom types for interactions are skipped.
Subsequent filters ensure matching distances between partner atoms
and receptor atoms, while also orienting ligand rotations appropriately.
Additionally, a restraining potential maintains constraint-satisfying
distances, preventing ligand atom displacement. The grid-optimized
poses are rejected if they do not satisfy all selected constraints. Core
constraints place matching core atoms to the same coordinates as the
reference ligand and rebuilding non-core atoms. These non-core atoms
undergo refinement via grid minimization and torsional sampling to
improve poses. Finally, post-docking minimization adjusts core atom

positions as needed.%*

Glide has been successfully applied to study ligand binding at the
5-HT2aR and predicted accurate binding poses and interactions of

ligands compared to their associated bound complex.17:68.93.151
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1.12.4 In silico calculations of binding free energy

Molecular modelling in drug design primarily involves visualizing
structures and calculating forces between ligands and receptors or
within biological systems. The binding free energy AGuinding value is
commonly used commonly used to estimate binding strength of ligand-

protein interactions in various computational methods.

In silico approaches to calculate free energies include techniques
like linear interaction energy analysis '°® or molecular mechanics-
Poisson Boltzmann surface area / generalized born and surface area
(MM-PBSA/GBSA) calculations.’. MM-PBSA/GBSA calculations have
been employed used in drug discovery for its ability to efficiently
compute relative binding free energies with acceptable accuracy over a

short time scale, as compared to other established techniques.2

Other established techniques such as free energy perturbation
(FEP), 201.202 ymbrella sampling 2%, and thermodynamic integration 204
may provide more accurate calculations. These methods analyse
trajectories from molecular dynamics (MD) or Monte Carlo (MC)
simulations to compute free energies. However, these methods are more

resource demanding and calculations take longer timescales.

1.12.4.1 MM-PBSA/GBSA methodology

The MM-PBSA/GBSA method, introduced in 1998, 25 combines
molecular mechanic energies and continuum solvent models 206 to

calculate the ligand-receptor binding free energy between solvated
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molecules' bound and unbound states.?” However the accuracy of
results are dependent of the accuracy of force field and partial charge
models, 2%8 as well as difficulties in sampling within a large
conformational space.??® Additionally, extended simulation durations
can result in the system becoming trapped in local energy minima, which
are stable configurations necessitating the overcoming of energy
barriers for transitions between structural conformations. This
confinement can restrict the exploration of the complete conformational
space, potentially impacting result accuracy. 2'° However, with prolonged
simulations, there is also the increased probability of the system
breaking free from these local minima and expanding its exploration into
a broader conformational space. This expanded exploration facilitates
transitions between diverse structural conformations, enabling a more

comprehensive sampling process.?'

These are stable configurations of atoms or molecules on the
potential energy surface where the system has reached a relatively low
energy state compared to its immediate surroundings and require
overcoming energy barriers to transition between structure
conformations. Thereby, potentially affecting the accuracy of the MM-

PBSA/GBSA results.2'2

MM-PBSA/GBSA calculation of the receptor-ligand complex can be
performed using multiple or single trajectory approaches. In the multiple

trajectory approach, MD simulations are conducted independently for the
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unbound receptor, unbound ligands, and the complex. Energy terms are

then calculated from snapshots of these individual trajectories.?08

In the single trajectory approach, MD simulations are carried out
only for the complex system. Snapshots from this single trajectory are
used to generate conformations of the receptor and ligand, and their free
energies are calculated.?'32'* The single trajectory approach is more
commonly used due to its lower computational expense and provides
relatively accurate results for investigating protein-ligand interactions.?%°
However, compared to the multiple trajectory approach, the single
trajectory neglects the explicit structural relaxation of the protein and
ligand before binding.?'> Both approaches require a crystal or minimized
structure. The conformation ensembles are compared to the reference
structure to calculate the energy of the conformers and average them.
Thus, conformational changes in the system components contribute to

the final energy.2'®

MM-PBSA/GBSA process dipiected by Figure 1.12.4.1-1,
calculates the binding free energy (AGoinding) of molecular systems
summing their gas-phase energy (Emm), polar and nonpolar contributions
of the solvation free energy, (Gsolv), and the configurational entropy of the
solute (-TAS). Solvation effects are approximated by solving the
Generalized Born (Gps/cs) model for polar solvation. Polar contributions
are dependent on the transfer of charged molecules between a gas-
phase medium (with a dielectric constant of 1) and a solvent medium
(with a dielectric constant of 78-80), estimated by implicit solvent
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models.?'” An empirical term for non-polar solvation based on the
solvent-accessible surface area (SA) is also added. Currently, the GB

theory is preferred over the PB equation due to its computational

efficiency.?16218

Notably, Schrodinger Maestro employs a variable dielectric
constant in the Generalized Born solvation model and better accounts
for the electrostatic interactions between the solute and the solvent,

leading to more accurate predictions.
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Figure 1.12.4.1-1: Diagram representing MM-PBSA/GBSA receptor-ligand
binding free energy calculation method. Source:
Adapted from Gohlke 2012 2'®
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Equation: 1.12.4.1-A represents the calculation of binding free

energy of a protein-ligand complex using the MM-PBSA/GBSA methods:

Equation: 1.12.4.1-A

AGbinding = Gcomplex - Greceptor' Gligand

Where AGbinding is the binding free energy of the protein-ligand
complex, Geomplex is the complex energy, Greceptor is the receptor energy,

and Giigand is the ligand energy.219220

The free energy of each component in Equation: 1.12.4.1-A is

predicted by Equation: 1.12.4.1-B

Equation: 1.2.4.1-B

G=H-TS

Where H denotes enthalpy, T is the absolute temperature, and S is

the entropy of the molecule. Equation: 1.12.4.1-C defines H:

Equation: 1.12.4.1-C

H=Emm + Gsolv

Where Emm represents the molecular mechanical energy of the
molecule and Gsowv is the free energy of solvation in the MM-PBSA
method. Equation: 1.12.4.1-D and Equation: 1.12.4.1-E define Emm and

Gsolv:

Equation: 1.12.4.1-D

Emm = Einternal * Eelectrostatic + Evaw
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Where Eintermal is the summation of all internal energies, bond
angles, angle, and dihedral energies. Eelectrostatic and Evew are used
respectively to define the electrostatic and van der Waals interaction

energies.?"®
Equation: 1.12.4.1-E
Gsov = Gpa/cs + Gsa

Where Gsolv is the summation of the polar (Gps/cs, Eelectrostatic) and
nonpolar (Gsa, non-electrostatic) constituents. Gpg/es is the polar
contribution of solvation energy of the molecule, and Gsa is the nonpolar
solvation free energy. Poisson-Boltzmann (PB) and Generalized Born
(GB) models are implicit solvation models used to compute the polar

contribution of solvation.208

The MM-PBSA/GBSA methodology Figure 1.12.4.1-1, calculates
the AGyuinding of molecular systems by summing their gas-phase energy,
Gsolv, and the configurational entropy of the solute (-TAS). The gas-phase
energy, represented by the molecular mechanical (MM) energy of the
molecules (Emm), is a key component.??! Gsony comprises the polar and
nonpolar contributions of the solvation free energy, with the polar
contribution (Gpe/es) dependent on the transfer of charged molecules
between a gas-phase medium (with a dielectric constant of 1) and a
solvent medium (with a dielectric constant of 78-80), estimated by
implicit solvent models.?'” Currently, the GB theory is preferred over the

PB equation due to its computational efficiency.?16218
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The nonpolar solvation free energy (GSA) reflects the energy
needed to create a cavity for the solute by the solvent, proportional to the
solvent-accessible surface area (SASA) of the solute. The
configurational entropy (S) of solvation in the gas-phase is determined

using either quasi-harmonic 222 or normal model analysis.223
Equation: 1.12.4.1-F
AGbinding =Evwm + (Gsolvcomplex - Gsolvreceptor' Gsowligand)-TAS

Finally, the AGpinding, Equation: 1.12.4.1-F, in the implicit solvent is
the sum of the Emm in the gas-phase, the difference in Gsoiv between the
complex and non-bound molecules, and the configurational entropy
related to complex formation in the gas-phase at specific temperature

(TAS).

MMPBSA/GBSA has been widely used in drug discovery for its
ability to efficiently compute relative binding free energies with

acceptable accuracy.?%0

1.12.4.2 Entropy and Enthalpy

A combination of favourable enthalpy and entropy leads to high
affinity compounds.??* The Gibbs free energy of the molecule (G) is the
difference of enthalpy (H) and sum of entropy (S) at a constant
temperature (T). Thus, AGbinding, Equation: 1.12.4.2-G, determining the
binding free energy between receptor and ligand, depends on changes in

enthalpy (AH) and entropy (AS).2%°
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Equation: 1.12.4.2-G
AGbinding =AH-TAS

Structural modification of a molecule to enhance binding
interactions with the target receptor is a regular strategy that can
increase enthalpy. Although, extensive modifications often fails to
improve ligand potency due to unfavourable entropy resulting from

conformational entropy loss and inhibiting desolvation.226

Moreover, data from broad off-target assay profiling and
associated thermodynamics measurements indicate compounds
binding at their primary targets with high entropy contributions are less
selective, hitting more off-targets compared with those ligands that

demonstrated enthalpy-driven binding.??’

1.125 Alternative in silico approaches to develop 5-

HT2a4R ligands

Alternative computational methods used in ligand design targeting
the 5-HT2aR have identified and assessed molecular interactions

associated to binding affinity and selectivity.

Ligand-based drug discovery which use 3D-QSAR methods, such as
comparative molecular field analysis (CoMFA). CoOMFA models can
predict the binding affinity of potential ligands based on their
electrostatic and steric properties. Unlike traditional quantitative

structure-activity relationship (QSAR) models, CoMFA models can
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include structurally diverse analogues that are usually excluded from
QSAR analyses.??8 For example, a training set of experimental data has
was used to build COMFA models that can estimate the 5-HT24R activity
of new ligands. A 3D-QSAR model for 3-(1,2,5,6-tetrahydropyridin-4-
yl)indole derivative was able to predict the binding affinity of six new

ligands from a training set of 45 compounds.??8

Virtual screening is another method that has increased in use,
supported by improvements in computing hardware and software. It can
explore a much larger chemical space than experimental high throughput
screening (HTS) and predict the binding modes of the compounds.
Virtual screening has been successfully applied to discover novel ligands
for 5-HT24R.%822° The ability to discovery novel 5-HT24R ligands can be
advanced by free ultra-large ligand libraries, including the ZINC database,
230 3 growing library of over a billion compounds. Virtual HTS and ultra-

large library docking have identified potent 5-HT2aR modulators.68

Molecular dynamic (MD) simulations are another in silico technique
that can reveal the dynamic and temporal aspects of protein function.
MD simulations have been used to demonstrate agonist or antagonist
binding at the 5-HT2aR which stabilized distinct receptor states.?3' MD
simulations of the 5-HT2aR bound to psychedelic or non-psychedelic 5-
HT2aR agonists associated different conformations of the ICL2 to 5-

HT24R biased agonism,?32 and was supported epxeriementally.233
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The available computational-based methodologies have been
employed in the design and investigating the binding of ligands
targeting the 5-HT2aR. These approaches have facilitated
elucidating interactions associate to both agonist and antagonist
binding. The integration of techniques such as virtual screening, 8
molecular docking, 723 and molecular dynamics 8 have
rationalized the pharmacological effects associated to their

binding mode
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1.13 Research aims and objectives

The research project aims to investigate 5-HT2aR subtype

selectivity by targeting the 5-HT2AR TM4-TMS5 HP. This involves structure-

based design, synthesis, and evaluation of novel 5-HT2aR ligands,

employing a multidisciplinary approach integrating in silico, organic

chemistry, and pharmacology methods. The objectives are as follows:

1)

Use 13, as a model ligand and predict its binding conformation
when bound to 5-HT-aR. Identify the optimal structural position for
modifications targeting the TM4-TM5 HP.

Develop a matched molecular pair analogue series through
structure-based design by performing structural modifications to
13 at the identified position for targeting the TM4-TM5 HP.

Use and optimize in silico screening methods, including docking
and free energy calculations, to predict and evaluate binding poses,
interactions, and binding free energy (AG) values of the structure-
based analogue series.

Synthesize the analogue series using synthetic chemistry methods
and prepare for cell-based fluorescence assays.

Develop fluorescent probes for the 5-HT2aR through a structure-
based design process for use in a cell-based fluorescence assay.
Evaluate the binding affinity of the analogue series at the 5-HT2aR

via cell-based fluorescence assay.
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2. In silico exploration of pimavanserin analogues at
the human 5-HT2aR

2.1 Introduction

This chapter investigates the binding interactions of pimavanserin
analogues with the 5-HT24R using in silico methods. Homology modelling
and molecular docking provide a way to explore predicted binding
interactions within the TM4-TM5 HP of the 5-HT2aR. This approach
allows for the visualization of the receptor's structure, to support the

design of ligands to specifically interact with distinct binding sites

2.2 Aims

The aims of this section were to; 1) Utilize a structure-based
approach to design a series of pimavanserin analogues targeting the
TM4-TM5 HP of the 5-HT2aR. 2) Investigate the binding interactions
between the designed pimavanserin analogues and the 5-HT2aR using in
silico methods, including molecular modelling and molecular docking. 3)
Rationalize the binding modes, associated interactions, and binding
scores of the pimavanserin analogues. 4) Provide theoretical support for
the synthesis of the pimavanserin analogue series based on in silico

results.

2.3 Designing the pimavanserin analogue series

The discovery of a unique structural feature in the 5-HT24R resolved

XRC structures in the 5-HT24R, the TM4-TM5 HP, sets it apart from other
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5-HT, receptor subtypes. Experimental evidence, such as mutagenic
studies combined with molecular docking, 7% provide strong support
that, 13, a selective 5-HT2a/2cR ligand, binds into the 5-HT2aR TM4-TM5
HP using the 4-isobutoxy moiety positioned on ring C. Notably, this
results in higher binding affinity for the 5-HT2aR compared to the 5-HT2cR,
and minimal binding to the 5-HT2gR. Consequently this presents 13 as a
model ligand for selectively targeting the 5-HT2aR sub-type via the TM4-

TM5 HP on account of the modelled binding pose.'7:88

L,
o ey

Figure 2.3-1: Pimavanserin (13).

Reported, pimavanserin amino alcohol analogues, Figure 1.10.3.1-
1 have exhibited significantly increased potency upon modifying the 4-
isobutyl moiety to an amino alcohol moiety. Thus, demonstrating a
relationship between the size and type of substituent at this position on

the ring C.

It was hypothesized that modifications from an isobutyl moiety to
the amino alcohol moiety would enable deeper ligand binding into the 5-
HT24aR TM4-TM5 HP and increase binding interactions more than 13,
which lead to the enhanced 5-HT24R binding in comparison to the other

5-HT, receptor subtypes.
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To begin investigating this hypothesis, a pimavanserin amino
alcohol matched molecular pair series featuring different O-benzyl
substitutions was designed, Figure 2.3-2. Initially a series of
pimavanserin analogues 17a-c were chosen that incorporate different 4-
alkyloxy moieties on ring C. This would permit a comparison between the
performance of an unfunctionalized carbon backbone, and subsequent
variants containing hetero-atoms and chiral centres in the amino alcohol

moiety.

17 \’\O\Ni”n A
: J o
F R
A

|

10

[
a b
Figure 2.3-2: Structure-based designed pimavanserin ring C analouges (17a-c).

Next, the design of the 4-amino alcohol series R/S-18a-j was
initiated from the ring C oxygen atom in place of the 4-isobutyl moiety,
Figure 2.3-3. The first amino alcohol group would feature a primary
amine. This would then be followed by matched pairs between each
amino alcohol amine moiety, thus ranging from the primary amine to

larger substituted tertiary amines.
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Figure 2.3-3: Structure-based designed pimavanserin ring C
amino alcohol analogues (18a-j).

Incorporating matched molecular pairs provides a comparative
approach to evaluate the SAR associated with the amino alcohol moiety,
relating to size, introduction of ring constraints, or changes in elemental
content. Systematically exploring these modifications may improve
understanding and rationalise how different structural features influence

ligand binding and selectivity via the 5-HT2aR TM4-TM5 HP.

Increasing the length of the ligands or introducing ring constraint,
provides a method to explore the optimal size and shape of the amino
alcohol moiety required for effective binding within the 5-HT2aR TM4-
TM5 HP. This can highlight information about the spatial requirements
and interactions necessary for ligand-receptor recognition and
stabilization. Modulating electrostatics through the introduction of
heteroatoms such as oxygen or and nitrogen atoms, as well as

associated functional groups offers insights into the role of electronic
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properties in ligand binding. It can help elucidate how charge distribution
and polarity influence the interaction between the ligand and the

receptor, potentially enhancing binding affinity and selectivity.

Overall, this approach provides a comprehensive way to predict the
structural and electronic factors that govern ligand binding to the 5-
HT2aR. This can rationalise the design of novel ligands thus subsequently

facilitating their synthesis.

2.4 5-HT24R homology model

The available XRC structures of the 5-HT2aR include point
mutations and loop insertions to improve the receptor crystallisation
process, '7%° as such they do not represent the true human wild-type
sequence, thus, a homology model process was carried out to remediate

this.

In this study, the human 5-HT2aR sequence obtained from UniProt
a protein sequence database was utilized 23 to construct the homology
model for molecular docking using SWISS-MODEL, a fully automated

protein structure homology-modelling server.’84

2.4.1 Template search

For the construction of the homology model, SWISS-MODEL8
utilized BLAST 236 and HHblits 237 algorithms to search the SWISS-

MODEL template library (version 2022-05-18) for templates (protein
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structures in the PDB) that aligned with the canonical human 5-HT2aR

target protein sequence.

This search resulted in the identification of 487 potential templates.
Subsequently, an HHblits profile was generated.?38 This profile was then
subjected to one iteration of HHblits against Uniclust30.23° The resulting
profile was used to search against all profiles available in the SWISS-

MODEL template library, affording an additional 937 templates.

The alignment process identified the lumateperone-5HT2aR XRC
structure (PDB: 7WC8) as a potentially optimal template, with a
resolution of 2.45 A, a sequence similarity of 85.71%, and a global model
quality estimate (GMQE) score of 0.54.The GMQE score is set between
0-1, 240 with 1 indicating better quality of homology model and suggests
a favourable alignment. Thereby indicating the lumateperone-5HT2aR
XRC structure is a suitable template for building a homology model of

the canonical human 5-HT2aR.

2.4.2 Model Building

Homology models were built based on the target-template
alignment using ProMod3 (ProMod 3: Release 3.2.1. 2021) as part of
SWISS-MODEL homology model builder pipepline.?*? Conserved
coordinates between the target and the template were copied from the
template to the model. Insertions and deletions were reengineered using

a fragment library. Side chains were then reconstructed. Finally, the

83



2. In silico docking of pimavanserin analogues at the human 5-HT2aR

geometry of the resulting model was regularized by using a force field-

based approach.

SWISS-MODEL automatically omitted N-terminus residues 1-70 and
C-terminus residues 400-471. The TM1 region was truncated at the
extracellular end of the helices not part of the binding site by 4 residues:
L6977, H70"28, L71"2%, and Q72'-3°. The wt human ICL3 (intracellular
loop 3) region was automatically constructed between T26657° and
M31262410 represent the complete structure, improve docking accuracy,

and could be advanced into molecular dynamic simulations. |

2.4.3 Ligand Modelling

In SWISS-MODEL, ligands present in the template structure are
transferred by homology to the model when the following criteria are
met: (i) The ligands are annotated as biologically relevant in the template
library, (ii) the ligand is in contact with the model, (iii) the ligand is not
clashing with the protein, (iv) the residues in contact with the ligand are
conserved between the target and the template. If any of these four
criteria is not satisfied, the ligand will be excluded from the model.
SWISS-MODEL retained lumateperone, cholesterol (x4), and (2R)-2,3-

dihydroxypropyl (9Z)-octadec-9-enoate (x9).

2.4.4 Model quality assessment

Using the lumateperone-5-HT2aR XRC structure (PDB: 7WC8) as a

template structure SWISS-MODEL was able to construct a 5-HT2aR

84

Commented [LD1]: | have reexamined the template
and found these mutations had not been carried out.
This was referring to an earlier piece of work | had
carried out using an older template PDB: 6A93
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homology model with a low RMSD (0.09 A3) by 3-point manual
superimposition of identical a-carbons between the homology model
and template backbone. The low RMSD value indicates a high degree of
structural similarity between the homology model and the template
structure. This was attributed to the large degree of sequence

conservation between the template and target.

The quality assessment of the homology model was performed
using various scoring methods. First assessed was the QMEANisCO
score, 0.74 + 0.05, that suggested good agreement between the
homology model accuracy and the lumateperone-5-HT2aR XRC structure
at a global and local scale. A QMEANisCo ranges between 0-1, with
nearer 1 indicating better agreement between the homology model and

template.™0

Ramachandran plot analysis Graph 2.4.4-1, was used to assess the
conformational quality of the model.’" This revealed that 95% of the
residues in the model exhibited favoured backbone dihedral angles.
Several, there were some outliers observed were reported, specifically
P142ECL1) 1 284/CL3 and P285'CL3, approximately 1% of the residues.
However, from visual inspection these outliers were found to be spatially
distant from the central binding pocket and TM4-TM5 HP, suggesting
that further refinement of these regions might not be necessary at this
stage. It is worth noting that no crystal structure for the canonical ICL3
sequence is available. The homology model, assessed with
MolProbity 4.4, achieved a score of 1.47 within the range of 0 to 100,
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lower than the XRC structure resolution of the homology model template.
Lower indicate better quality and structural accuracy, thus supporting the

reliability of the constructed homology model."93
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Graph 2.4.4-1: Ramachandran plot analysis of SWISS-MODEL 5-HT2aR homology
mode displaying 94.8% (310/327) of all residues were in favoured (98%) regions.

Considered together, results of the validation scoring methods and the
high level of conservation observed between the template it was
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concluded the SWISS-MODEL automated homology model building
server provided a dependable and accurate homology model suitable for

predicting the pimavanserin analogue binding modes at the 5-HT2aR.

2.5 Molecular docking protocol

2.5.1 Ligand preparation

The structures of 13, 15a-d, 17a-c, and 18a-j were drawn using the
2D sketcher in Maestro. These structures were then converted to 3D and
prepared for docking using LigPrep (Schrodinger Release 2021-1:

LigPrep, Schrodinger, LLC, New York, NY, 2021).

During the preparation process, where ligands featured a chiral
centre models for both R and S enantiomers were generated. Thus,
labelled as individual enantiomers e.g R-18 or S-18 within Chapter 2.
Protonation state(s) relevant to physiological pH were predicted using
EPIK 242243 The optimized potentials for liquid simulations 4 (OPLS4)
force field (Schrodinger Release 2021-1: Schrédinger, LLC, New York, NY,

2021) 244 was utilized for the geometry optimisation of the ligands.

2.5.2 Protein preparation

The 5-HT2aR homology model obtained from SWISS-MODEL was
imported into Maestro (Schrodinger Release 2021-2: Maestro,
Schrodinger, LLC, New York, NY, 2021). To prepare the structure for
docking, the Protein Preparation Wizard (Schrodinger Release 2021-1:
Protein Preparation Wizard, Schrodinger, LLC, New York, NY, 2021) was
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employed. In the preparation process, non-standard heteroatoms and
ligands were removed from the model. Hydrogen bond assignments
were optimized using simplified rules, and the pH was set to neutral to
simulate physiological conditions. The OPLS4 2* force field was utilized

for the energy minimization of the model.

The OPLS4 force field minimization protocol consists of several key
steps: 1) Initial structure preparation, ensuring proper atom types and
connectivity. 2) Application of OPLS4 force field parameters to the
system. 3) Restrained energy minimization, where heavy atoms are
constrained to maintain overall structure. 4) Gradual relaxation of
constraints through multiple minimization cycles. 5) Final unconstrained
minimization allowing all atoms to move freely. 6) Convergence, of heavy
atoms, set at 0.30 A RMSD, 7) Validation of the minimized structure for
geometric and energetic consistency. This process optimizes molecular

geometry while preserving essential structural features.

2.5.3 Receptor grid generation method

2.5.3.1 Receptor grid generation for pimavanserin

To establish an accurate docking space for the binding of
pimavanserin analogues 15a-d, 17a-c, and 18a-j into the 5-HT2aR
homology model, the predicted complex of pimavanserin-5HT2aR 788
previously reported was considered best suited. However, due to the
unavailability of a freely accessible pimavanserin-5-HT2aR comple, it

was necessary to remodel the binding pose. This involved generating a
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receptor grid using the co-crystalised ligand lumateperone to define the
centroid of the grid (37 A3) for the docking of 13. One core constraint was
applied. The grid constraint requiring H-bond formation with D155%32,
This was successful in regenerating the pimavanserin-5-HT2aR complex
previously predicted 7% and provided a suitable model for defining a

reliable receptor grid to dock 15a-d, 17a-c, and 18a-j.

2.5.3.2 Receptor grid generation for pimavanserin analogues

The hypothesised pimavanserin-5-HT2aR complex previously
reported 1788 was used to define the centroid of a grid (30 A3) for self-
docking of 13 and docking of 15a-d, 17a-c, and 18a-j. The grid constraint
requiring H-bond formation with D155332 was carried over. Additionally,
a core constraint was introduced requiring that the ligands dock within a
2 A distance from the heavy atoms of 13 to better refine the sampling to
a specific binding pose of interest. This constraint had been successfully
employed in previous docking studies and has proven effective in
generating meaningful results that could rationalize experimental
binding affinities.245 Together, the defined grid and 2 constraints guide
the docking process to generate predicted binding poses of the
pimavanserin analogues. Glide was able to redock 13, Figure 2.5.3.2-1
with a low RMSD (0.32 A) in the self-docking process after manual
superimposition, demonstrating the suitability of the modified receptor

grid and applied constraints.
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Extracellular surface

Figure 2.5.3.2-1: Superimposition of 13 self-docking pose (purple) via pimavanserin
analogue receptor grid generation protocol and the docked pose of 13 (grey) via the
receptor grid generation protocol for 13.

2.5.4 Docking protocol

Analogues 15a-d and 18a-j were docked as individual enantiomers
R/S-15a-d and R/S-18a-j. Standard precession (SP) sampling was
enabled for the docking protocol, which involved minimizing 50 poses for
each ligand after docking. A maximum of 20 poses were then selected
as the output. Default settings were utilized unless specifically
mentioned. Gscores of -10 or lower are considered to represent good

binding within Glide SP.
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2.6 Molecular docking results and discussion

2.6.1 Glide results

The top ranked docking pose is reported for each analogue of 13 in

Table 2.6.1-1.
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Table 2.6.1-1: Gscore for 13, R/S-15a-d, and R/S-18a-j. Reversed pose (%), Gscore
lower (green) or higher (red) than pimavanserin. Top Gscore (blue highlight). (*)
denotes compounds were tested as racemic mixtures. No detectable binding (ND).
Compounds not tested experimentally (-).

All analogues docked demonstrate good Glide scores (Gscores) (<
-9 kcal.mol ™), except 17a, 17b, S-18c and R-18i. Lower Gscores were
achieved by known analogues R/S-15a, R/S-15c, and S-15b in
comparison to 13. Of these, R/S-15a demonstrated the lowest Gscores.
In contrast, R-15b scored highest, including 13. As the racemic mixture,
analogue 15d showed no detectable binding experimentally; however, a
docking pose is predicted for both R/S-15d with an improved Gscore

respectively in comparison to 13.

The structure-based design of novel pimavanserin analogues 17a-

c resulted in lower Gscores than 13. However , analouges R/S-18f, R/S-
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189, R/S-18j, R-18b, R-18c, R-18d, and R-18h achieve improved Gscores
in comparison to 13, Table 2.6.1-1. This also suggests the inclusion of
the chiral centre at position of the amino alcohol moiety may be
associated to the improved Gscores. Analogue S-18j is predicted as the
most stable complex with the lowest Gscore compared to R/S-18a-j.
Whereas S-18c and R-18i appeared to be the least stable complexes
with the highest Gscores. Overall, Glide has predicted that several novel
analogues could exhibit binding affinities or potencies equal to or greater

than 13.

2.6.2 Glide binding pose assessment

Glide docked analogues all structure-based design pimavanserin
analogues 17a-c, R/S-15a-d, and R/S-18a-j, docked into the SWISS-
MODEL 5-HT2aR homology model. Several of these were predicted with
a binding pose and interactions like 13, exemplified by Figure 2.6.2-1 (i-
ii) and Figure 2.6.2-2 (i) Contrary to this S-18c and R-18i are predicted

to favour a different binding pose exemplified by Figure 2.6.2-2 (ii).

The amino alcohol moiety of R/S-15a-d occupied the TM4-TM5 HP,
with the ammonium ion of their respective N-methyl- piperidinium ring
positioned near to D155%32, allowing for the formation of a H-bond and
salt bridge, or salt-bridge alone. This interaction is highly conserved
across aminergic GPCR and plays a crucial role in the binding of most

amine-containing ligands®®
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Figure 2.6.2-1: (i) 13 and (ii) S-18a docked into 5-HT24R homology model. Reduced
hydrophobic interactions with the TM4-TM5 HP by the amino alcohol moiety of the
latter, which features a primary amine, is associated to weaker Gscore in comparison
to 13. Interactions displayed as dashed lines; hydrophobic (lime green), H-bond
(yellow), salt bridge (purple), m-cation (green), -CH (blue).

oA

~

Figure 2.6.2-2: (i) S-18j docked into 5-HT2aR homology model, showing the amino
alcohol moiety within the TM4-TM5 HP. Compared to pimavanserin, increased
hydrophobic interactions by the amino alcohol moiety’s 4-phenyl-piperdinyl ring is
associated to a better Gscore. (ii) S-18c docked into 5-HT24 SWISS-MODEL homology
model, illustrating a “reversed” pose. Interactions displayed as dashed lines;
hydrophobic (lime green), H-bond (yellow), salt bridge (purple), r-cation (green), -CH
(blue).

The predicted binding poses of 13 and analogues R/S-15a-d, R/S-
18a-b, 17a, R-18c, R/S-18d-h, S-18i, and R/S-18j support previous
observations. The fluorobenzyl ring can reside deep in the hydrophobic
cleft of the central binding pocket. In this orientation, the 4-fluorobenzyl
ring can interact directly with 1163%4° and F332%44 of the conserved

P246550-]1163340-F322644 motif, which are amino acid residues
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associated with the activation mechanism of 5-HT2-type GPCR. Aromatic
edge-to-face interactions are predicted between the 4-fluorobenzyl ring
and the side chain of W336648, known as a 'toggle switch' and suggested
to play a critical role in mediating the activation or deactivation of class
A GPCR. Aromatic edge-to-face interactions with the side chains of
F340952 were also predicted, and the urea core appears to be able to
adopt different orientations within the central binding pocket. These
aromatic interactions were comparable with previous docking studies
178893151 and align with mutagenic studies reporting that mutations
W336%48 and F3406-52 to either alanine or leucine significantly impacted

the binding of agonists 246 and antagonists.?3

In comparison to 13, the highest scoring docked poses of 17b and
17c adopted similar binding pose and interactions, engaging and
protruding through the TM4-TM5 HP respectfully, with the ring C 4-
position alkoxy substituents. However, in these complexes the
fluorophenyl ring is orientated in an opposite pose away from the
hydrophobic cleft towards the extracellular. The highest scoring docked
poses S-18c and R-18i exhibit a “reversed” orientation when compared
to 13, Figure 2.6.2-2 (ii). In this conformation, the amino alcohol moiety
amine extended through the TM4-TM5 HP and established a salt bridge
with D155%32in S-18c. Notably, no interactions with the residues forming
the hydrophobic cleft were predicted, as both the piperidin-4-yl ring and

4-fluorobenzyl ring were predicted outside of the receptor parallel to the
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TM4-TM5 helices. Therefore, is not clear if the reversed orientation of S-

18c is an alternative binding pose.

Consistent with previous docking studies,'”#8 the 4-isobutoxy
moiety of 13 is predicted to occupy the TM4-TM5 HP formed by
conserved and non-conserved amphipathic and hydrophobic side chains
between TM4-TM5 of the 5-HT2aR. This observation, further supports
mutagenesis studies,’” which provides a structural rationale for the

subtype selectivity of 13 towards the 5-HT2aR.

A similar binding pose is also predicted for analogues R/S-15a-d,
R/S-18a-b, 17a, R-18c, R/S-18d-h, S-18i, and R/S-18j where the amino
alcohol moiety is occupying the TM4-TM5 HP, suggesting the potential
to interact via hydrophobic, polar, and charged interactions, leading to
improved ligand binding. The amino alcohol moiety is not obstructed by
the a-hydrogen of G238542, a conserved residue in 5-HT> receptor sub-
types,?*’ and the rotamer conformation of F234538 as revealed by 5-
HT2aR XRC structures.’”41% Side chain conformations of F213463 and
F234538increases the volume and length of the TM4-TM5 HP. This may
permit the amino alcohol moiety to protrude or extend outside of the
TM4-TM5 HP and receptor should the size of the amino alcohol moiety
be long enough to do so. Increased hydrophobic interactions with
F213463 and F234538 appear to significantly contribute to the binding
strength of S-18j in comparison to 13 and R/S-18a, including edge-to-
face CH-mt interactions. Moreover, the hydroxyl moiety is predicted to
participate as an H-bond donor to the carbonyl backbone oxygen atom
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of 1206%%. In a comparable manner the docked pose of known
pimavanserin analogue S-15a also shows increased hydrophobic
interactions with F234538 and new cation-Tt interactions compared to 13
itself. Ligand interaction diagram showing these interactions are
provided, Figure 2.6-2-3. Seemingly, the involvement of the amino
alcohol moiety in binding in certain cases is associated with lower G

scores in comparison to 13.
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Figure 2.6.2-3: Ligand interaction diagram (i) 13, (ii) S-18a, and (iii) S-18;j.
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2.6.3 Glide discussion

From comparison with 13, the modification of an amino alcohol
moiety from the 4-position oxygen atom on the ring C region appears to
improve Gscores. Comparison of Gscores between the smallest
analogue (R/S-18a), and the largest (R/S-18j), suggest the larger
hydrophobic amino alcohol substitutions at this position will be most

favoured.

This also aligns with previously reported experimental potency of
R/S-15a-c, although these were tested as racemic mxtures.'®’ Notably
docking of induvial enantiomers results in a comparable trend of Gscore
to ICso, predicting increase binding strength and demonstrating

increased potency respectively, compared to 13, Table 2.6.3-1.

Gscore
Compound ICs0 (NM) R/S (kcal.mol™)
13 29 161 - -10.30
R -10.53
15a 0.39 67
S -12.14
R -9.12
15b 0.87 67
S -11.47
R -11.7
15¢ 1.93 6 °
S -10.35
R -10.66
15d ND 161
S -10.12

Table 2.6.3-1: Experimental potency of 13 and 15a-d compared to their individual
enantiomer Gscores, shows an increasing trend between both. No detectable binding
(ND).

Gscores suggest, stereospecificity does not appear to be
significant across the analogue series. However, it does result in
differences in precited ligand-protein interactions. Any predicted
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differences in R/S enantiomer Gscores may be attributed partially to the
static nature of the receptor in this Glide docking technique,'*248 which
may not fully optimize the interactions between residue side chains and
the ligand. Therefore, the weaker binding scores may be obtained due to
suboptimal ligand-receptor interactions. These differences may be
lessened by further accounting for receptor flexibility in alternative in

silico techniques that may refine the docked complexes.

Docking of R/S-15a-c resulted in predicted complexes which
rationalize the reported increased experimental potency in comparison
to pimavansinen.'®? Interactions modelled with the amino alcohol moiety
occupying the TM4-TM5 HP provide a structural basis for the observed
increase in binding potency, the amino alcohol moiety, 3-(1-piperazinyl)-
1,2-benzisothiazole and  6-fluoro-3-(piperidin-4-yl)benzol[dlisoxazole,

permit increased interactions with TM4-TM5 HP residues.

This trend is also apparent for larger lipophilic substituted amino
alcohol moieties of R/S-18f, R/S-18g, R/S-18j, and R-18d in comparison
to R/S-18a and S-18i which feature an amino alcohol moiety with a
primary amine or hydroxyl moiety respectively. Cation-Tt interactions
were predicted between the amino alcohol primary amine and F234538,
and H-bond donation between the hydroxy moiety and 120645, It
predicted the lack of steric bulk and charged, or polar nature of several
amino alcohol moieties present in certain analogues limits their overall
binding interactions with the hydrophobic TM4-TM5 HP thus making
them less favoured. However, this does not account for the higher
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Gscore award to R/S-18e and R/S-18a, compared to 13. The amino
alcohol diisopropyl amine group, respectively, exhibits good steric bulk;
however, its size might be constrained by the steric tolerance in this
specific region of the receptor or the rigid receptor docking method
employed. Additionally, the cationic amine faces electrostatic

unfavorability among hydrophobic residues.

Overall, from visual assessment of predicted binding poses and
Gscores it appears the predicted improvements in ligand binding
correlate to the size, sterics and lipophilicity of the amino alcohol moiety
as this impacts on hydrophobic and electrostatic interactions between

the amino alcohol moiety and TM4-TM5 HP residues.

2.6.4 MM-GBSA assessment

The Molecular Mechanics-Generalized Born and Surface Area (MM-
GBSA) method is a computational technique used to estimate the free
energy of binding between a ligand and its target protein. By calculating
the binding free energy (AG), the MM-GBSA approach allows us to
estimate the potential binding affinity of 13 and R/S-18a-j at the 5-HT24R,
and further highlight specific chemical features or trends that ligand

improve binding.

The MM-GBSA method can provide refinements to docking results
obtained from Glide. However, it is essential to be cautious of the
accuracy of the predicted complexes used, that are obtained from the

docking method and the limitations of the MM-GBSA method. For
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example, one major limitation is the neglect of conformational
contributions and the influence of binding-site water molecules in the
estimation of entropy. As entropy plays a critical role in ligand binding,
the absence of this information could lead to potential inaccuracies in

the free energy calculations.??!

In the MM-GBSA calculation, the binding free energy (AG) is a
fundamental term that quantifies the stability of the ligand-protein
complex. A lower (more negative) AG indicates a more stable complex
and suggests a higher predicted affinity or potency for the ligand,

potentially more effective as selective ligands.

2.6.4.1 Ligand-5-HT2aR complex refinement

The variable dielectric generalised born (VSGB) solvation model 24°
and OPLS4 2#4 force field were employed. The ligand-5HT2aR complexes
were refined using Prime (Schrodinger Release 2023-2: Prime,
Schrédinger, LLC, New York, NY, 2021) 250 by considering atoms within a
5.0A distance from the ligand. Default settings were used for all other

parameters.

MM-GBSA calculation results Table 2.6.4-1 lists the predicted AG
MM-GBSA calculations of docked complexes 13, R/S-15a-d, and R/S-

18a-j.

Gscore MM-GBSA
(kcal.  AGBind

R group R/S HAC

mol™) (kcal.
mol™)
13 -10.30 -95.27 31 5.1
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Table 2.6.4-1: Predicted AG via MM/GBSA, cLogP, and heavy atom count (HAC) of
docked complexes 13, R/S-15a-d, and R/S-18a-j, reversed pose ('), MM-GBSA AG
lower (green) or higher (red) than 13. Highest Gscore pimavanserin amino alcohol
analogue (blue shaded).
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A lower AG is calculated for known analogues R/S-15a, S-15b, R/S-
15¢, and S-15d featuring substituted amino alcohol substituents, in
comparison to 13 and R/S-18a. Contrary to this R-15b displayed a AG
higher than its S enantiomer and 13. Although R/S-15d is determined to
be non-binding experimentally, a MM-GBSA AG is comparable to other
ligands. In general, the ranking of calculated AG did not follow Gscore

ranking.

R/S-18j were again predicted to have strongest binding strength,
thus lowest AG MM-GBSA value, amongst the proposed analogues R/S-
18a-j. Moreover, a lower MM-GBSA AG is also calculated for R/S-18b, R-
18c¢, and R/S-18f-h in comparison to 13 and R/S-18a. Notably, R/S-18e
were also predicted to achieve AG lower than 13, now contrary to their
Gscore rank, as did R-18d. Overall, the AG of these predicted complexes
demonstrate improved MM-GBSA AG calculations over 13, and stronger

experimental binding affinity is predicted.

In contrast to this, an increase in AG MM-GBSA value, thus a decrease in
binding affinity is predicted for analogues with either charge and polar
amino alcohol moieties such as, R/S-15a and R/S-18m. Moreover, the
AG of reverse binding poses S-18c and R-18i were calculated to be the
highest amongst analogues, thus predicting them to form the least

stable complexes.

Further analysis of the amino alcohol moieties AG obtained from

MM/GBSA in association to the predicted binding affinity was carried
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out. Graph 2.6.4-1 depicts relationship between AG of the pimavanserin
analogues obtained from MM/GBSA and increase in the heavy atom
count. The change in heavy atom count reflects the change of the amino
alcohol moiety size since this is the only part of the molecular structure
to change in the analogue series. However, it is important to highlight
that because analogues R/S-15c were determined to be non-binding
experimentally, "' and S-18c and R-18i adopted "reversed" binding
poses in comparison to 13 in molecular docking, data for these

analogues has not been included.

It was predicted that the relationship between the predicted AG of
the pimavanserin analogues obtained from MM/GBSA calculations, and
heavy atom count differed significantly between the R and S enantiomers
(R = 0.00 / R? = 0.66). For the S enantiomers, a relatively strong
correlation was predicted, suggesting the amino alcohol moiety size
could modulate the binding affinity. However, this result may be
associated with the rigid receptor docking method used initially. In
contrast, no correlation for the R enantiomers is demonstrated. Notably,
R-15a and R-15b appear to be outliers from the remaining R enantiomer
amino alcohol analogues. A relatively strong correlation (R? = 0.74) was
also found between lipophilicity, represented as the computational
estimate of the logarithm of the partition coefficient (cLogP) calculated
via QikProp in Maestro, and the AG MM-GBSA values for S enantiomers,
Graph 2.6.4-2. Thus demonstrating lipophilicity of the amino alcohol

moiety contributes to modulating the AG of the ligand also. Taken
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together both correlations predicted the size and lipophilicity of the

amino alcohol moiety have an important effect on ligand binding which

could be optimized to increase binding affinity towards the 5-HT2aR.
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Graph 2.6.4-1: MM-GBSA AG plotted against the HAC of
R/S-15a-d, R/S-18a-e, R-18c, R/S-18e-h, S-18i, and R/S-18;j.
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Graph 2.6.4-2: MM-GBSA AG plotted against the cLogP for
R/S-15a-d, R/S-18a-¢, R-18c, R/S-18e-h, S-18i, and R/S-18;j.
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2.6.5 MM-GBSA calculation discussion

MM-GBSA calculations suggest, if the predicted binding pose of the
structure-based designed analogues R/S-18a-b, R-18c, R/S-18d-h, S-
18i, and R/S-18j from Glide are accurate, they may bind to the 5-HT2aR
receptor with good affinity. By considering residue flexibility within a 5.0
A radius around the ligand during MM-GBSA calculations, it has
permitted optimisation of the ligand-receptor interactions. In many
cases, these analogues could demonstrate greater binding affinity than
13, as indicated by their lower AG MM-GBSA values. This aligns with
known analogues R/S-15a-c demonstrating lower binding affinities than
13 experimentally. The ranking of AG MM-GBSA values did not match the

ranking of experimental binding affinity ' Table 2.6.5-1.

Compound ICs0 (NM) A(?«':\::wr;?)ll?%p‘

13 22761 -95.27
15a 0.39 16" g :1 ?Z:g
15b 0.87 16" g 32212
15¢ 1.93 16" g :1 13:2
e 1

Table 2.6.5-1: Experimental potency of 13 and 15a-d compared to their individual
enantiomer MM-GBSA AG values showing no ranking order correlation between
binding strength.

The lower AG MM-GBSA values were associated to larger amino
alcohol moieties, such as diisopropylamine, pyrrole, piperidine,

morpholine, and 4-phenyl-piperidine. These moieties were shown to
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afford deeper binding into the TM4-TM5 HP and create further
interactions with residue side chains such as hydrophobic interactions,
particular with compared to those limited by the smaller amino alcohol
moieties. Consequently, the ligand-receptor complex becomes more

stable than that of 13 or R/S-18a, R-18d, and S-18i.

It appears either polar or charged groups are not well-tolerated in
the TM4-TM5 HP either, potentially affecting the binding affinity of
ligands to the receptor. Both charged or polar groups such as the amine
or hydroxyl group featured on R/S-18a and R/S-18i have higher AG MM-
GBSA values compared to 13 or larger lipophilic amine groups featured
on R/S-18e or R/S-18j. Conversely, lipophilic groups show to have better
compatibility with the TM4-TM5 HP, as they exhibit lower AG MM-GBSA
values, suggesting stronger binding interactions within the pocket. Thus,

highlighting the hydrophobic characteristic of the pocket or passage.

Moreover, differences in AG MM-GBSA values appears to be
modulated by the lipophilicity of the amino alcohol moiety binding into
the TM4-TM5 HP, potentially leading to higher binding affinities. This
aligns with recent finds where substituted phenylethylamines were
predicted to bind into the side extend pocket. The change in lipophilicity
of the phenylethylamines resulting from the substitution at the position
bound into the TM4-TMS5 HP was correlated experimentally with miniGq

protein activation.%4
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Though the size and lipophilicity of the amino alcohol moiety
appears to impact the AG MM-GBSA of the pimavanserin amino alcohol
analogues, particularly in the context of the S enantiomers, it is crucial to
consider the limitations of docking and refinement alone.25"252 Thus,
modelled poses between R/S enantiomers are influenced by the lack of
flexibility in the receptor model during docking and time given to complex

refinement.

Overall predicted MM-GBSA calculations have built upon the Glide
docking, which indicated that larger and lipophilic amino alcohol
moieties are associated with lower AG MM-GBSA values. Thus, they
show a modulating effect that might confer to enhanced binding affinity,
potency, and selectivity at the 5-HT2aR. Further experimental validation
is now necessary to confirm the binding activity of the new structure-
based analogues R/S-18a-j at the 5-HT2aR before selectivity at

alternative receptor subtypes can be compared.

2.7 Conclusion of pimavanserin analogue docking

In docking the 5-HT2aR TM4-TM5 HP has been targeted and the
predicted binding mode of the structure-based designed analogues 17a-
¢ and R/S-18a-j and resulting complexes interrogated. Modification to
an amino alcohol moiety at the position of the ring ¢ 4-isobutyl moiety of
13, appears to be an effective strategy for increasing the pimavanserin
scaffold length and size. The amino alcohol moiety extension was

predicted to enable deeper binding within the TM4-TM5 HP towards the
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transmembrane space. This resulted in a range of Gscores and
calculated MM-GBSA AG demonstrated by analogues R/S-15a-d and
R/S-18a-j. Notably improved in silico scoring and calculations were
achieved by several analogues compared to 13. MM-GBSA predicted a
potential of stereochemical preference of the amino alcohol moiety
highlighted by AG MM-GBSA calculations, and potentially ligand binding.
Therefore, consideration to stereospecific synthesis to afford a specific
enantiomer could be warranted, as it could potentially enhance ligand

binding and selectivity.

However, caution must be exercised when interpreting in silico
results, as several factors may influence accuracy and lead to
confounding outcomes due to the chosen methodology. For instance,
employing a rigid receptor docking method resulted in a false positive
result for R/S-15d, which was experimentally determined to be non-

binding, despite achieving G-scores comparable to 13.

In a similar manner to their Gscores, analogues S-18c and R-18i
achieved higher AG MM-GBSA values than 13 and were predicted to bind
in opposite directions across the binding sites. However, this is based
upon the complexes from the initial docking method, which predicted S-
18c and R-18i to bind in reversed orientation across the binding sites in

comparison to 13.
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Moreover, it is crucial to note that these predictions do not fully
consider the binding of the analogue series to other receptor subtypes,
such as the 5-HT2cR, for which 13 exhibits binding affinity. This suggests
steric tolerance in this region of the 5-HT2cR that may also accommodate

the analogue series.

Overall, the results obtained from molecular docking provide
important structural insights into the putative binding modes of
structure-based designed pimavanserin analogues 17a-c and R/S-18a-j,
with some predicted to demonstrate enhanced binding at the 5-HT24aR in
comparison to 13. Although, these in silico results do not assess 5-HT2aR
subtype selectivity. Further in silico techniques maybe employed to
investigate this, such as molecular dynamics or induced fit docking at
other the 5-HT2 receptor subtypes or D2R, and experimental validation is

required.

In conclusion, while in silico results provide initial insights for the
structure-based designed pimavanserin analogue series 17a-c and R/S-
18a-j, these predictions must be interpreted cautiously. The study
revealed limitations in the rigid receptor docking method, exemplified by
the false positive result for R/S-15d. Moreover, the current predictions do
not fully account for binding to other receptor subtypes or assess 5-
HT2aR subtype selectivity. Although docking results showed some
correlation between R/S-15a-c¢ G-scores and experimental trends, the
potential inaccuracy of predicted poses, particularly for R/S-15d,
highlights the need for refined methodologies. The MM-GBSA
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calculations, while indicating enhanced binding for R/S-15a-c as
compared to 13, no correlation between experimental or AG MM-GBSA
values was demonstrated and are based on potentially incorrect initial
complexes. To improve the accuracy of the docking protocol, future work
should focus on expanding the training set to include additional
experimentally validated analogues of 13. Ultimately, experimental
validation remains crucial to confirm in silico predictions and assess the
actual binding properties and selectivity of these analogues,
underscoring the complementary nature of in silico and experimental
approaches in drug design. Thus, the synthesis of the pimavanserin

analogues 17a-c and R/S-18a-j becomes evident.
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3. Design, synthesis, characterisation of 5-HT2aR
fluorescent probes

3.1 Introduction

The human 5-HT24R is an important therapeutic target for many
neuropsychiatric conditions.73153253-255 Ag such, new 5-HT2aR-targeting
drugs and ligands require pharmacological interrogation at the receptor.
Fluorescence-based pharmacological  techniques, such as
bioluminescence resonance energy transfer (BRET) assays and Foérster
resonance energy transfer (FRET) assays, prove effective for

interrogating ligand-GPCR binding."%°

Crucial to this is utilizing high-affinity fluorescent probes —
biologically active compounds such as 1-(2,5-dimethoxy-4-iodophenyl)-
propan-2-amine (DOI) and ketanserin (10), linked to fluorophores,

resulting in fluorescent ligand conjugates/probes.2%¢

High-affinity fluorescent antagonist conjugates such as probes can
effectively target the GPCR, 70257258 gas can fluorescent agonist
conjugates.’%'72 These may also enable the monitoring of dynamic
processes like receptor internalization and trafficking.?%® A fluorescent
probe can be substituted in place of a radiolabelled ligand in a
competition-based binding assay, which gives them a considerable

advantage.'06:260-262

Utilizing FRET offers the advantage of evaluating specific binding

in a homogeneous format. This obviates the need to separate bound
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from free tracers, or ligands, enabling continuous real-time monitoring
263 and at high-throughput if required.?¢" Thus, reducing operator process
steps and mitigating inherent safety risks, legal concerns, and disposal
costs associated with conventional radioligand binding assays '30.166
that can employ agonist and antagonists based radioligands such as

['251)-R-DOlI, 264265 [3H]-spiperone, 22 and [3H]-ketanserin.130

The approach of the competition-based binding assays remain
consistent whether a ligand possesses a radioisotope or a fluorophore.
The primary goal being the estimation of bound ligand. Radioligands
commonly employ scintillation counting to measure bound ligand
concentration, although this requires the separation of bound and free
ligands. The methods to measure the concentration of bound fluorescent
probes include fluorescence spectroscopy, fluorescence plate readers,

flow cytometry, confocal microscopy, and FRET techniques.6816°

Fluorescent probes can be developed from antagonists and agonist
ligands for the molecular target. Unless bound to an internalized receptor
the probe should remain extracellular, exhibit minimal non-specific
binding to the cell membrane, undergo quenching when not bound to
either receptor or cell membrane, and be displaceable using higher
concentrations of a known unlabelled chemical probe targeting the same
receptor. Following the synthesis of a fluorescent probe, thorough
pharmacological characterization of its affinity and efficacy profile is

necessary. Fluorescent probes are unique chemical entities with

114



3. Design, synthesis, characterisation of 5-HT24R fluorescent probes

modifications to the parent pharmacophore, leading to significant

differences in properties compared to the selected pharmacophore.68

3.1.1 5-HT2 receptor fluorescent probes

Several studies have reported the development and use of
fluorescent probes targeting the 5-HT, subtypes.’”"172177 Fluorescent
probes previously designed for the 5-HT2zR are conjugates of the known
5-HT- receptor type agonist DOI. The receptor targeting moiety, Figure

3.1.1-1.

Figure 3.1.1-1: DOI based fluorescent probes featuring acid functionalised propoxy
linker tethered to; dansyl (19a), NBD (19b), or rhodamine-based (19c) fluorophores.

Position 2 of the DOI phenyl ring was known to increase binding
affinity and selectivity towards the receptor.’72266 Thus, the integration of
an acid-functionalized ether linker tethered to a dansyl fluorophore, 19a
at this position was chosen in the fluorescent probe design strategy. In
radioligand binding competition binding assays used to characterise the
fluorescent probe, a propyl chain was identified as the optimal linker
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length. Although selectivity was improved for the 5-HT2gR, this resulted
in a reduction of binding affinity (Ki = 111.79 nM). Binding affinity was
diminished at the 5-HT2aR (Ki = 1709 nM) and 5-HT2cR (Ki = 273.25 nM),

in comparison to DOI (Ki = 48.19 nM, Ki = 61.15 nM, K; =18.24 nM) also.772

Different fluorophores were then tethered to the linker to explore
their effect on photochemical and pharmacological profile of the
fluorescent probe. Substituting the dansyl fluorophore 19a with a 7-
nitrobenz-2-oxa-1,3-diazole (NBD) based fluorophore via classical amide
coupling reaction conditions2%7 was notable 19b, as this retained potency
and improved selectivity at 5-HT2gR (Ki = 90.99 nM) compared to 5-HT2aR
(Ki = 3307 nM) and 5-HT2cR (Ki = 1806 nM). Subsequently, tethering of a
rhodamine-based fluorophore to afford 19¢ resulted in reduced binding
affinity across all 5-HT2 receptor subtypes as compared to DOI. However,
selectivity was maintained for the 5-HT2gR (Ki = 261.60 nM) over the 5-

HT24R (Ki = 1217 nM) and 5-HT2cR (Ki = 994.32 nM).

Moreover, in fluorescence microscopy studies the favourable
photochemical properties of the rhodamine-based fluorophore in 19¢ in
comparison to the NBD-based fluorophore in 19b, such as longer
excitation and emission wavelength ~555/580 nm and ~461/530 nm
respectively, permitted specific labelling of the 5-HT2gR stably expressed
in Chinese hamster ovary (CHO) cells in a concentration-dependent
manner. However, such labelling was not observed in CHO cells stably
expressing 5-HT2aR, highlighting the structural differences between
receptor subtype binding pockets.72
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Attempts have also been made to develop 5-HT2cR, agonist-based
fluorescent probes Figure 3.1.1-2 as tools for cell-based fluorescent

polarization assays.

HoN

Figure 3.1.1-2: 5-HT-based fluorescent probes tethered to fluorophores; Cyannie3B
(Cy3B) (20a-f), tetramethylrhodamine (TMR) (20g-h), and EVOBlue™ (20i).

5-HT was used as receptor targeting moiety. The 5-position hydroxy
moiety was identified as a potential linker attachment site, thus several
different amino ether linker with carbon chains ranging from 2-7 carbons,
were installed, and tethered to Cyannie3B (Cy3B) 20a-f, a yellow-emitting
cyanine dye, under amide coupling conditions. In addition,
tetramethylrhodamine (TMR), 20g and 20h, an orange emitting dye with
a 3 and 7 carbon linkers, and EVOBIlue™, 20i, a red emitting dye with a 2-
carbon linker were also tethered.”? Interestingly, modelling not shown by

the authors suggested the fluorophore was oriented perpendicular
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towards the TM5 region in the 5-HT2cR, 17" also the position of the HP in

the 5-HT2aR."7

To characterize the designed serotonin-based fluorescent probes
radioligand binding assays were employed. The binding affinities of
serotonin at the 5-HT2aR (Ki = 7.8 nM), 5-HT2sR (Ki = 128 nM), and 5-HT2cR
(Ki = 7.5 nM) was determined. The addition of Cy3B-based fluorophore
with 2-carbon linker from the 5-position phenol oxygen atom next
improved binding affinity of the fluorescent probe at the 5-HT2cR (Ki = 1.9
nM) and the 5-HT-2aR (Ki = 6.09 nM), and selectivity over 5-HT2gR (Ki = 552
nM) in comparison to serotonin. Increasing the linker length to 3 carbons
appeared to reduce potency of the fluorescent probe at the 5-HT2cR (Ki =
3.4 nM), but improved selectivity over the 5-HT24R (Ki = 32.18 nM), and 5-

HT2gR (Ki = 6713 nM), in comparison to the 2-carbon linker."”

Conversely, increasing linker length to 4 carbons was associated to
an increase in 5-HT24R binding affinity and selectivity (Ki = 4.57) over the
5-HT2cR (Ki = 10 nM), and 5-HT2gR (Ki = 2657 nM). Extending the linker
length longer than 4 carbons binding activity was diminished at the 5-
HT2aR but maintained at the 5-HTxcR. Overall a decreasing trend in
potency was observed at the 5-HT2cR with all Cy3B, TMR, and EVO based
fluorescent probes as linker length increased between 1-6 carbons.
Notably, only the Cy3B based serotonin probes demonstrated 5-HT2aR

affintiy.’”’
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The favourable binding profile of the 20b, featuring the 2-carbon
linker prompted its selection for evaluation in a fluorescent polarization
competition binding assay for the 5-HT2cR. The kinetically derived Kq for
the fluorescent probe at the 5-HT2cR receptor (K4 = 0.23 + 0.04 nM)
closely matched saturation experiments (Kq = 0.20 + 0.04 nM). Moreover,
20b was employed in a fluorescence polarization competition binding
assay, affording binding affinities of known therapeutics which closely
mirrored those determined by radioligand binding assays. The favourable
binding profile of 20b for 5-HT2aR also prompted attempts at further
characterization via a fluorescent polarization competition binding
assay. However, these efforts were impeded by low 5-HT2aR

expression.’”

An advantage of fluorescence anisotropy (FA) and fluorescence
polarization (FP) assays is their ability to distinguish between bound and
unbound ligands without requiring a wash or filtration step, allowing for
homogenous assays, and typically employ cell membranes. However,
high receptor concentrations and low ligand concentrations necessary
to observe a substantial change in FA/FP upon ligand binding often lead
to significant ligand depletion. Consequently, there is a the potential for
notable alterations in the free concentrations of both labelled and
unlabelled ligands during kinetic and competition binding experiments

using this method.™®°

One commercially available fluorescent probe from Hello Bio
developed to bind at the 5-HT24R, as well as the 5-HT2gR is CA201019
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CellAura fluorescent 5-HT2a28R antagonist [4F4PP].77¢ The complete
structure and fluorophore details remain undisclosed, but the molecular
weight is provided (987 g mol™). It is based on the molecular structure of
(4-fluorophenyl)(1-(4-phenylbutyl)piperidin-4-yl)methanone (4F4PP), 16,
and has a red emitting dye according to its excitation and emission

wavelength (633/650 nm).

Figure 3.1.1-3: Molecular structure of 5-HT2aR and 5-HTcR antagonist 4F4PP (16).

One study has characterised the fluorescent probe CA201019 in a
human 5-HT24R cell-membrane-based fluorescent TR-FRET competition
binding assay.’”” This assay employed CHO-K1 cell lines transiently
transfected with cDNA encoding a SNAP-tagged human 5-HT24R, aiming
to explore the binding affinity and kinetics of antipsychotics binding to
the receptor. When characterising the binding affinity, or equilibrium
dissociation constant (Kg) of CA201019 (Kq = 3.98 + 0.65 nM) at the
receptor via this assay, its specific binding appeared not to be
significantly higher than the background signal from non-specific
binding, which represented over 50% total binding. This could be result
of the CLogP (4.69) of receptor targeting moiety and type of fluorophore

CA201019 features at physiological pH."””
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In evaluating the binding affinity of pimavanserin analogues R/S-
18a-j at the human 5-HT24aR through fluorescence-based techniques like
a cell-membrane based fluorescent assay employing TR-FRET, the
selection of an appropriate fluorescent probe becomes crucial. A
promising starting point is provided by the fluorescent probe CA201019
from Hello Bio highlighted above.'’® This ligand offers the starting
molecular scaffold of 16 which has been reported as an antagonist with
high affinity for the 5-HT24R (Ki = 5.3 nM) but low affinity for the 5-HT2cR
(Ki = 620 nM), "4 and may also be useful in the attempt to develop

subtype-selective fluorescent probes.

3.2 Aims

The primary goals of this study were twofold: 1) develop a 5-HT2aR
fluorescent probe for the human 5-HT2aR; 2) Evaluate the probes binding
at the receptor by cell-membrane based fluorescent TR-FRET saturation
assays. These probes could serve as the pharmacological tools for
assessing the binding affinity of the pimavanserin analogues R/S-18a-j

at the 5-HT2aR in TR-FRET completion binding assays.

3.3 5-HT24R fluorescent probe design

The fluorescent probe incorporates three key elements: the
pharmacophore as the receptor targeting moiety, a linker region, and
fluorophore. This follows the functionalized congener approach Figure

3.3-1, originating in the 1980s, 26826 that was used to design adenosine
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receptor congeners and catecholamine conjugates, and has now been

extensively applied to a range of ligands targeting GPCRs.172175263.270

Covalent

Receptor targeting conjugation Distal

moiety site moiety

Figure 3.3-1: Functionalised congener schematic.

The design strategy of the functionalised congener approach
enables the modulation of a nonpeptide drug's affinity or selectivity for
its target receptor. This modulation was achieved through the strategic
introduction of chemical motifs and functional groups at the terminus of
an attached chain, positioned at a permissive site on the ligand. Implicit
in this approach is the assumption that the steric constraints within the
target binding site diminish at the distal region of this appended chain.?”"
This approach offered the added advantage of enabling tethering to a
distal moiety with additional chemical functionality to the receptor
targeting moiety. Thereby making it feasible to design spectroscopic

ligands with high receptor affinity.2”?

The design process initiates by identifying a suitable model ligand
or therapeutic as the receptor targeting moiety, followed by an
examination of its molecular structure to identify optimal sites for linker
attachment. Subsequently, the selection of an appropriate linker is
determined, and the final step involves choosing a fluorophore that is
well-suited for covalent tethering, based on its intended application.?”2

SAR and protein structural and modelling data where available should be
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employed to rationally identify linker position on the pharmacophore
tolerant to chemical modification, or is predicted be by the later

approach.68

3.3.1 The receptor targeting moiety

The receptor targeting moiety is the section of the molecule binding
at the target site of the protein. This may be an orthosteric binding pocket
270 or allosteric binding pocket.?3 It is crucial in the fluorescent probe
design strategy as it must interact with the target binding pocket ideally
with high affinity. Therefore, 16 was chosen as a model ligand because
of its high affinity for the 5-HT2aR where it acts as an antagonist. The
structure of 16 incorporates binding motifs that are recognised by the 5-
HT2aR. A 4-(4-fluorobenzoyl)piperidine moiety introduces an essential
amine group, a prerequisite for effective ligand binding to the aminergic
receptors via a hydrogen bond/ionic interaction with D1553-32,80

Additionally, the significance of the 4-fluorophenyl ring binding at
inactive conformations with in the hydrophobic cleft of the 5-HT24R has
been elucidated.’>62 Respectively the 4-fluorophenyl ring in 4 and 13
has been observed and predicated to interact with the residues of the PIF
motif and W336°48, indicating its role in ligand binding, and its
association to a ligands antagonism.

To ascertain the binding conformation of 16 and identify potential
linker attachment sites, molecular docking was conducted employing

the 5-HT2aR homology model and docking protocol in Chapter 2.
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Compound 16 was docked into the central binding pocket within the
helices bundle Figure 3.3.1-1. The favourable Gscore calculated < -9
kcal.mol " (-9.29 kcal.mol ") aligns with the high affinity reported for 16 at
5-HT2aR (Ki = 5.3 nM)."%4 Predicted interactions offer a structural basis
for the demonstrated antagonism at the receptor.?2 The binding of 16
was predicted to involve a salt bridge/hydrogen bond interaction
between the piperidinium ring ammonium ion and D155%32, including
edge-to-face m-CH interactions between F340552 and W366548, and the
fluorophenyl ring inserted into the hydrophobic cleft.

Extracellular surface
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W1 51 3.28 N\
ECL2 .
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‘K\” 63340

Figure 3.3.1-1: Compound 16 docked into the human 5-HT24R. Residues surrounding
central pocket and TM4-TMS5 HP displayed. Key binding interactions; H-bond (purple),
salt bridge (yellow), and nt-CH (blue).

’\/ Y3707 T

This may be supported by superimposing the docked pose of 16 with
the antagonist 4, 24 in the risperidone-5HT24R XRC structure (PDB: 6A93),

Figure 3.3.1-2.
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Extracellular surface

Figure 3.3.1-2: Superimposition sideview of 16 (grey) docked and 4 (red-orange) co-
crystalised ligand in the human 5-HT2aR. Molecular surface displayed. No TM4-TM5
HP binding predicted by 16 or 4.

Crucially, the orientation of the phenyl butyl moiety was bound
through the vestibule connecting the central binding pocket to the
extracellular loop region, a more solvent-exposed region of the receptor,
forming hydrophobic interactions (not displayed for clarity) with the alkyl
chain and phenyl ring. Therefore, its adoption as receptor targeting
moiety in the fluorescent probe design appeared reasonable.

The structural analysis of the predicted binding conformation of 16
in the 5-HT2aR central binding pocket justified constructing the linker
from the phenyl butyl moiety, thus minimizing the chance of unfavourable
interactions with the receptor or modifications at this part of the
molecule. However, the absence of suitable attachment points for further
linker extension from the phenyl moiety was noted. Consequently, it was
envisioned substitution to a phenol moiety proposed by 21, in place of

the aryl moiety on the butyl chain present in 16, could be a suitable
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strategy to enable linker extension, Figure 3.3.1-3. The substitution
would afford a viable attachment site to start the linker with amino ether
linkers, as exemplified in analogous fluorescent probe design

strategies.’71, 268,271

(0] (@]
@*@ @*@
HO

Figure 3.3.1-3: Proposed phenol substitution on 4F4PP molecular structure

3.3.2 Linker region

A linker forms the region between the pharmacophore and tethered
a fluorophore outside the central binding pocket at an optimal distance
from the receptor. A well-designed linker region is vital for preserving the
pharmacophore’s binding properties as the nature and length of the
spacer, type of linker, and the fluorophore itself significantly influencing
the final pharmacological profile of the fluorescent conjugate.?¢ For
example short linker chains have proved useful in in the design of potent
A1AR fluorescent probes.?’ Strategic structural modifications at specific
positions are essential to ensure easy tolerance without causing a
significant impact on pharmacological activity of the pharmacophore.?76

One approach to the linker region construction in the fluorescent
probe design has been the incorporation of amino ether linkers and
spacers.263274276277 Therefore it was hypothesized, based on the

predicted binding pose of the proposed 4F4PP-based receptor targeting
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moiety, an amino ether linker could be initiated from the oxygen atom of
phenol ring. However, due to the unknown optimal linker and spacer
distance between the pharmacophore and fluorophore, a viable solution
involved commencing the linker region from the phenol oxygen atom
with a short linker such as an ethanamine linker featuring 2 carbons as
previously used Figure 3.3.2.-1, (i)."”" To interrogate this, a proposed
4FAPP-based N-Boc protected congener, 22, featuring the aminoethoxy

linker was then docked into the 5-HT2aR homology model.

o)
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Figure 3.3.2-1: Proposed linker regions for the modified 4F4PP-based fluorescent
probes. (i) ethanamine linker (ii) amino propanamide linker.

Figure 3.3.2-2: Proposed N-Boc protected 4F4PP-based congener (22)
with 2 carbon amino-alkyl linker.

The predicted docking model Figure 3.3.2-3 resulted in 22
maintaining a similar binding pose to 4 and 16 bound and docked to the
5-HT24R respectively. The Gscore calculated (-9.67 kcal.mol™) predicted

favourable binding would be maintained. The binding of the receptor
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target moiety was still predicted to involve the same interactions as
previous. Additional interactions were predicted with the G3597:32
backbone oxygen atom and the sidechain carbonyl oxygen atom of
N3637-3¢. Crucially, the ethanamine linker was predicted directed towards
the solvent exposed extracellular loop region, extending the ligand
further from the phenol ring oxygen atom. However, the N-Boc group was

predicted to bind within a hydrophobic pocket between TM6-TM7.

To increase the length linker region in a methodical approach N-
Boc-pB-alanine can be coupled via an amide bond. This would introduce
an additional linker length incorporating an amide group, an additional of
2 carbon spacer, and a terminal amine, Figure 3.3.2-2, (ii), for
fluorophore conjugation following N-Boc deprotection.

Extracellular surface
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Figure 3.3.2-3: N-Boc protected congener (22) docked into the human 5-HT2aR.
Residues surrounding central pocket and TM4-TM5 HP displayed. Key binding
interactions; H-bond (purple), salt bridge (yellow), and m-CH (blue).
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Extracellular surface

Figure 3.3.2-4: N-Boc protected congener (22) docked the human 5-HT,4R. Molecular
surface displayed. No TM4-TM5 HP binding predicted by 22.

3.3.3 Fluorophore

A variety of fluorophores can be tethered to the fluorescent ligand
congener tailored to individual applications. It is the crucial component
in a cell-membrane based fluorescent TR-FRET assay operating as the
acceptor molecule in the FRET process. Fluorophores can vary
significantly in size and impact upon the pharmacological activity. Thus,
the choice of an appropriate fluorophore is critical to ensure efficient
energy transfer and accurate detection. When selecting the appropriate
fluorophore for attaching to a ligand of a target receptor, essential
considerations include the absorption and emission profile of the
fluorophore, its lipophilicity, which can influence its distribution in a
biological system, and identifying the particular environments the

fluorophore undergoes quenching.%8
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The 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
fluorophore has been successfully applied in the design of fluorescent
probes targeting various Class A GPCRs.263270275 However they have not
been reported in fluorescent probes targeting the 5-HT24R, thus their
effectiveness as a molecular tool in a fluorescent 5-HT2aR cell-based
assay is unknown. BODIPY dyes are favoured in high-throughput
fluorescence-based assays due to their extended fluorescence lifetimes
(>5 nanoseconds), visible wavelength emission, favourable anisotropy,
high molar absorptivity, and minimal pH sensitivity.?’8

One BODIPY fluorophore variant, BODIPY 630/650, offers
advantageous spectral characteristics, with excitation and emission
occurring at longer wavelength, approximately 630/650 nm, respectively.
Its emission profile is particularly beneficial for cell-based TR-FRET
assays due to its red-shifted emission in comparison to those at a
shorter wavelength Table 3.3.3.-1.

The longer wavelength helps reduce background interference and
minimizes autofluorescence from biological samples, thereby enhancing
the sensitivity and specificity of the TR-FRET assay. Quenching of
BODIPY 630/650 has also been observed in aqueous solutions which is
favourable. This suggests that an optimal environment for this
fluorophore would be within a lipid environment, as it effectively
diminishes background fluorescence stemming from non-bound
ligands.?’# Therefore, ideally suited to study GPCRs in cell membranes.

This may be advantageous over more hydrophilic fluorophores such as
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cyanine-5 (Cy5), or cyanine 3 (Cy3). However, consideration should also
be given to potential interactions with the cell membrane due to the

fluorophores lipophilicity.274276

Absorbance
Fluorophore Emission nm Emitting colour
nm
Fluorescein 498 517 Green
BODIPY FL 505 513 Geen
Cy3 550 570 Green yellow
Alexa Fluor Cy3 555 565 Orange
BODIPY TMR 542 574 Orange
BODIPY 630/650 630 650
Sulf-Cy5 647 663
Alexa Fluor Cy5 650 665
Cy5 651 670
Sulf-Cy5 647 663

Table 3.3.3-1: List of fluorophore excitation and emission wavelengths.

Among the BODIPY 630/650 fluorophores, options include the
commercially available BODIPY 630/650 carboxylic acid (23) and the
BODIPY 630/650 X succinimidyl ester (NHS) activated form (24).
Incorporation of either a carboxylic acid or NHS moieties into the
structure was tailored for the acylation of amino-containing molecules.
Moreover, BODIPY 630/650 X features an integrated aminohexanoyl
linker denoted as “X,” contributing to a linker region that should also be

taken into consideration in fluorescent probe and linker region design.

131



3. Design, synthesis, characterisation of 5-HT24R fluorescent probes

Figure 3.3.3-1: BODIPY 630/650 carboxylic acid (23) and
630/650 X NHS variants (24).

3.4 Proposed 5-HT-4R fluorescent probes

From the evaluation of the fluorescent probe design strategy the
fluorescent probes 25 and 26, Figure 3.4-1, were proposed and a

retrosynthetic analysis undertaken Scheme 3.4.-1 and Scheme 3.4.-2.
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Figure 3.4-1: Proposed 5-HT4R fluorescent probes (25) and (26).
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3.4.1Reterosynthetic analysis of proposed 5-HT2aR

fluorescent probes

Scheme 3.4.1-1: Retrosynthesis of 25.
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Scheme 3.4.1-2: Retrosynthesis of 26.
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3.5 Synthetic route to 5-HT24R fluorescent probes

©\M \Q\M

Scheme 3.5-1: Synthesis pathway for 25 and 26.

Reagents and conditions: (a) triethylamine (TEA) 3 eq, DMAP 0.2 eq, p-tosyl chloride
1.1 eq, r.t, 96%; (b) 4-fluorobenzoylpiperidine.HCI 0.9 eq, K.COs 4 eq, r.t, 72%; (c)
pyridine.HCl 7 eq, MW 160°C, 66%, (d) 60% NaH/mineral oil 1.1 eq, tert-butyl-2-
bromoethyl)carbamate 1.5 eq, dimethylformamide (DMF) 0°C-r.t, 30%; (e) 4M HCI/1,4-
dioxane excess, rt ,94%; (f) N-Boc-B-alanine 1.1 egq, (1-cyano-2-ethoxy-2-
oxoethylidenaminooxy)dimethylamino-morpholino-carbenium  hexafluorophosphate
(COMU) 1.1 eq, N,N-diisopropylethylamine (DIPEA) 4 eq, 0°C, 17%: (g) 4M HCI/1,4-
dioxane, excess, r.t ,94%; (h) BODIPY 630/650-X-NHS ester, 1 eq, DIPEA, 2.1 eq,
darkness, r.t. 70-79%.
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Retrosynthetic analysis above of both 25 and 26 allowed the design
of tractable synthetic route Scheme 3.5-1. Starting with 4-(4-
methoxyphenyl)butanol, 27, the hydroxyl group was converted to the
corresponding tosylate ester 28. Displacement of the tosylate moiety by
the amine of 4-(4-fluorobenzoyl)piperidine was carried out under
alkylating conditions using MeCN and K2CO3 with warming at 70°C to
afford 29, the receptor targeting moiety, and to provide a point of further
attachment to the linker from phenol moiety oxygen atom after

demethylation of the arylmethoxy group.

To find a suitable O-demethylation method, three distinct
conditions: pyridine HCI,?’° aqueous HBr, and BBrz in DCM?% were
trialled. Initially, the pyridine HCl method (method A) was employed. This
method offered an advantage of short reaction times and being
solventless but relied on a substantial excess of demethylating agent
and combined with high temperatures. Therefore, the reaction was
monitored at 5-minute intervals. After a total of 25 minutes of microwave
irradiation (215W) at 160°C, no starting material was detected by LCMS.
However, workup and purification led to a 66% yield, suggesting either
mechanical loss, or degradation of the product and starting material
during the reaction. Ensuring anhydrous pyridine HCI is used may help
improve yield, as wet pyridine HCI can lead to water competing with the
interead nucleophile, the chloride ion.

Despite achieving fair yields with the pyridine HCl demethylation

method, the desire for increased yield prompted experimentation with
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the established BBrs method 28° (method B). This 24-hour procedure,
conducted at a lower temperature range (0°C to room temperature),
required a substantial molar excess of the demethylating agent due to
boron forming complexes with non-target lone pair electrons.
Purification yielded 53%, but no starting material was recovered. The
decrease in yield is likely attributed to the formation of unhydrolyzed
boron complexes during workup and the degradation of the starting
material and mechanical loss.

Next the classical method employing aqueous 48% HBr (method
C), a Brgnsted-Lowry acid, was considered as an alternative to a Lewis
acid BBrs. However, this process involved reflux under strong acidic
conditions. LCMS revealed no detectable starting material after 24 hours
of reflux however work-up and purification proceed to afford a 56% yield.

Overall, none of the investigated methods afforded high yields of
the desired phenol product, thus sub-optimal and demonstrated the
requirement for substrate specific optimization of each reaction type.
Demethylation via pyridine HCI was selected as the preferred approach
to afford 22. This would serve as a suitable point for the subsequent

attachment of the linker region.

A bimolecular nucleophilic substitution (Sn2) reaction, displacing
the bromide ion from tert-butyl-(2-bromoethyl)carbamate under
alkylation conditions, using DMF and 60% NaH/mineral oil at 0°C to r.t,
led to the formation of 22 the N-Boc protected congener, although in poor

yield. Low yield may be attributed to competition between an elimination
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reaction mechanism pathway occurring with N-Boc-2-bromoethane
before nucleophilic attack by the phenolate occurs. N-Boc deprotection
was carried out using 4M HCI/1,4-dioxane to afford 30 featuring the

terminal amine for fluorophore conjugation.

Acylation between 30 and BODIPY 630/650 X (NHS) ester was
carried out using in-house developed methodology at milligram scale
previously reported.?63270 This step allowed the conjugation of the
BODIPY 630/650 fluorophore via an attached aminohexanoyl linker to

afford 25.

Concurrently, 30 was coupled to N-Boc B-alanine under amide
coupling conditions employing COMU as the coupling reagent to extend
the linker, resulting in 31. However, during preparative HPLC (HPLC-
method E), 31 exhibited N-Boc deprotection, leading to decreased yield,
which is attributed to exposure to the acidic eluent environment
containing formic acid.?®' N-Boc deprotection of 31 was carried out
using 4M HCL in 1, 4 dioxane to afford 32 featuring the terminal amine

for fluorophore conjugation.

Finally, as before the congener and BODIPY 630/650 X NHS ester
was coupled using the same methodology as above, affording 26. Both
fluorescent probes were isolated and purified via preparative reverse

phase high performance liquid chromatography (prep HPLC).
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3.6 Pharmacological characterisation of fluorescent
probes binding to the human 5-HT2aR

The cell-membrane based fluorescent TR-FRET assay used in this
study to evaluate the probe-receptor interactions in a cellular context by
monitoring real-time ligand binding. Thus, making it suitable for studying
compounds targeting specific receptors like the human 5-HT2aR

expressed in CHO membranes.

In this assay, 5-HT24R is labelled with a donor fluorophore, terbium,
emitting light at a specific wavelength. When this lanthanide interacts
with the BODIPY 630/650 acceptor fluorophore, FRET occurs, producing
a longer lasting measurable emission that is recorded after a short time

delay allowing the background fluorescence to diminish.

The binding of 25 and 26 was tested in a cell-membrane based
fluorescent TR-FRET assay with human 5-HT.aR expressed in CHO
membranes. Fluorescent probe 26 showed saturable binding and low
non-specific binding (NSB) Graph 3.6-1, determined by the competition
of a high concentration of unlabelled ligand, sertindole (10 uM), for a
single population of inactive receptor conformation binding sites forced
by guanylyl-imidodiphosphate (GppNHp), a non-hydrolysable analogue
of guanosine triphosphate (GTP), thereby preventing an active receptor

conformation.
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Graph 3.6-1: Saturation binding experiment employing endpoint analysis for
derivation of 26 affinity to the human 5-HT24R expressed in CHO-cell membranes (4
g per well) were incubated for 30 min with gentle agitation, with increasing
concentrations of 26. Assay was performed in the presence of GppNHp (0.1mM) with
non-specific binding levels determined by the inclusion of sertindole (10 pM). Data
presented is a single representative from n=3 performed in singlet.
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Graph 3.6-2: Saturation time course binding experiment employing kinetic analysis
for derivation of 26 affinity to the human 5-HT24R expressed in CHO-cell membranes
(4 pg per well) were incubated for 30 min with gentle agitation with increasing
concentrations of 26. Assay was performed in the presence of GppNHp (0.1mM)
with non-specific binding levels determined by the inclusion of sertindole (10 pM).
Data presented is a single representative from n=3 performed in singlet.
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Compound | Saturation end Kinetic rate parameters
point from global fit concentration range

K4 (nM) Ka (nM) Kon (M_1 min_1) Kot (min_1)
25 ND ND ND ND
26 1.74+0.46 216+022 |106+0.13x10° | 0.42£0.02
CA201019 7”7 3.98+0.65 2.82+0.47 4.21+0.47 x10 | 0.09£0.01
Table 3.6-1 Binding affinities and kinetic rate parameters of 25 and 26 in 5-HT2aR
membranes determined by saturation binding assays.

All values represent mean * SEM of n=3, not determined (ND).

This technique allowed the real-time tracking of specific ligand
binding to the receptor by observing changes in the FRET ratio, which
represents the relationship between the energy emitted by the acceptor
and donor fluorophores. From these studies, the saturation endpoint-
derived equilibrium dissociation constant (Kq) of 26 was calculated to be
(K4 1.74 + 0.46 nM, n = 3), based on three independent experiments
performed in singlets Table 3.6-1. Furthermore, the binding kinetics of
26 were also examined by monitoring the observed association rates
across six different ligand concentrations, Graph 3.6-2, which displayed

a logarithmic saturation curve, extending up to 40 nM, (> 20x Kq).

To determine the kinetic rate parameters of 25 and 26, Table 3.6-1,
the association curves were globally fitted across a concentration range
of 0-40 nM. Probe 26 resulted in a single best-fit estimate for the
association rate constant (Kon), Kon (1.96  0.13 x 108 M™" min™"), the
dissociation rate constant (Kosf), Koff (0.42 + 0.02 min-1), and a kinetically
derived binding affinity (Ka), K4 (2.16 *+ 0.22 nM, n = 3). Notably, this K4

value aligned closely with the binding affinity determined through
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saturation endpoint analysis, thereby supporting the accuracy of the

kinetic assessment.

Binding at the receptor was not determined (ND) for 25 as
represented by Graph 3.6-3, which appears to be associated to the in
difference in linker region length of 25 and 26. By comparison it appears
the shorter linker length of 25 is less well tolerated and appears to have

an adverse impact on fluorescent probe binding.

25 (nM)
— 40
— 20
10

2000+

5
LR R 25
1000 R —- 125
- 0.625
—-— 0

-2000 1 1 U 1 1
0 5 10 15 20 25

Time (Min)

Specific HTRF Ratio (665/620) *10000

Graph 3.6-3: Saturation time course binding experiment employing kinetic analysis
for derivation of 25 affinity to the human 5-HT2aR expressed in CHO-cell membranes
(4 ug per well) incubated for 30 min with gentle agitation with increasing
concentrations of 25. Assay was performed in the presence of GppNHp (0.1mM) with
non-specific binding levels determined by the inclusion of sertindole (10 pM). Data
presented is a single representative from n=3 performed in singlet.

3.7 5-HT2a4R fluorescent probe pharmacology
discussion

The cell-membrane based fluorescent TR-FRET assay described

here in has provided a means to accurately measure the binding affinity
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of the novel molecular entity, 26. This fluorescent probe successfully

bound to the human 5-HT24R expressed in CHO cell membranes.

Probe 26 demonstrated an enhanced specific binding window in
comparison to CA201019, as indicated by analogous cell-membrane
based fluorescent TR-FRET saturation endpoint experiments. The
favourable combination of a high Bmax value (4512) and low background
(970) from minimal non-specific binding of 26 provided a large
separation between the specific and non-specific binding curves.
Consequently, the specific binding signal could be reliably measured
above the non-specific levels across the full concentration range of the
fluorescent probe. Notably, the binding affinity of 26 at the receptor
determined via TR-FRET saturation endpoint experiments was greater
than that reported for CA201019. demonstrated by is lower Kq value.’””
However, in kinetic studies, probe 26 exhibited a similar binding affinity
to CA201019, but significantly different kinetic rates via TR-FRET kinetic
rate experiments. Probe 26 exhibited a faster Kon and Ko indicating

faster binding and dissociation in comparison, Table 3.6-1.

This builds on previous attempts of fluorescent probe development
at the receptor 7" and as no synthetic or structural data is available for
CA201019, 26 offers an accessible alternative for researchers in need of

high affinity fluorescent probe targeting the 5-HT2aR.

The kinetic parameters of 26 may enhance sensitivity in a cell-

based TR-FRET assay, particularly towards low unlabelled ligand
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concentrations and low-affinity binding interactions. This improved
sensitivity results in more accurate measurements and more precise
determination of a ligands binding affinity. The use of lower probe ligand
concentrations can also minimize non-specific binding and reduces
background signals, simplifying the identification of specific binding
events.'®® Lower probe and ligand concentrations also help prevent
aggregation or precipitation issues during solvation which can occur
with high ligand concentrations, as well as maintaining a linear response
range through lower ligand concentrations improves the overall fit of the
assay.?82 Thus, enhancing its accuracy and reliability. Moreover, the
quantification of 26 kinetic rates also facilitate kinetic studies
investigating the on- and offrates of unlabelled ligands or

therapeutics.’””

In comparison, the successful characterisation of 25 affinity and
kinetic rates at the 5-HT2aR may have been perturbed by the probes
shorter linker region, potentially disrupting ligand binding and FRET.
However, this should not deter interrogating the binding of 25 at the other

5-HT2R subtypes.
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3.8 Conclusion of pharmacological characterisation
of fluorescent probes binding to the human 5-

HT2aR

The primary objective of this study was the development of high
affinity 5-HT2aR fluorescent probes as tools for assessing unlabelled
ligand binding at the 5-HT2aR. The fluorescent probes design strategy
involved the selection of the receptor targeting moiety, linker region, and
appropriate fluorophore optimized for a cell membrane-based
fluorescent TR-FRET assay. This was achieved by the design, synthesis,
and characterisation of 26. Docking of 16 and 22 in the 5-HT24R could be
used to rationalize the binding conformation of 26, as the fluorophore
must be in 1-10 nm proximity to the terbium labelled SNAP-tag

engineered on to the receptor N-terminus of the receptor.

Pharmacological characterization of 26 resulted in good 5-HT2aR
binding, demonstrating a high binding affinity (K4 = 1.74 £ 0.46 nM), fast
kinetics, (Kon 1.96 + 0.13 x 108 M™" min™"), and (Kofr 0.42 + 0.02 min™"),
good receptor saturation, and weak non-specific binding, thus affirming
its suitability for advancement as a competitor ligand in fluorescence-

based 5-HT2aR competition binding assays.

The fluorescent probe (26) can be employed as molecular tool in
facilitating the evaluation of binding affinity and kinetics of unlabelled

ligands at the human 5-HT2aR, 77 such as the structure-based designed
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pimavanserin analogues 17a-c and R/S-18a-j via cell membrane-based
fluorescent TR-FRET 5-HT2aR competition binding assays. Moreover, it is

a new addition to the available 5-HT-aR targeting fluorescent probes.
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4. Synthesis and pharmacological evaluation of
pimavanserin analogues

4.1 Introduction

The availability of the human 5-HT2aR XRC structures discussed in
Chapter 1, makes it possible to develop more accurate structure-based
designed ligands, which could potentially enhance therapeutic efficacy.
These XRC structures have facilitated the comparison of co-crystallized
ligands, such as risperidone, '7 zotepine, 7 and lumateperone,®® none of
which bind in the TM4-TM5 HP. Furthermore, these structures facilitate
in silico techniques such as modeling and docking on unknown ligand-
receptor complexes, predicting binding poses and interactions
correlated to residue point mutations within the receptor, exemplified by

pimavanserin.'7:8893

Pimavanserin, also discussed in Chapter 1, demonstrates
selectivity for the 5-HT2aR and 5-HT2cR subtypes.’®® Consequently, it
emerges as a promising scaffold for modification to target the TM4-TM5

HP.

In silico results, Chapter 2, indicate, the pimavanserin analogues are
predicted to adopt a binding conformation like 13 within the binding
pocket. These are associated with lower AG MM-GBSA values as
compared to 13, except for S-18c and R-18i, which are predicted to bind
in an opposite orientation. These are associated to higher AG MM-GBSA

values.
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The range in AG of the pimavanserin analogues appears to be
associated to analogues with larger and lipophilic amino alcohol
moieties, which may establish more favorable interactions within the
TMA4-TM5 HP. Whereas analogues with smaller, polar, or charged amino

alcohol amine moieties appear less favored.

Synthesis of the structure-based designed pimavanserin analogues
R/S-18a-j will enable the assessment of SARs associated with their
experimental binding affinity at the 5-HT2aR, resulting from modifications
to the amino alcohol moiety. This data can be further correlated with the
in silico results obtained from modeling, docking, and simulation to

evaluate their accuracy.

Fluorescent cell-based assays provide a suitable approach for
experimentally assessing binding affinity. TR-FRET assays are
particularly attractive due to their ability to quantitatively measure ligand-
receptor binding and circumvent the use of hazardous radioactive
probes.’3 Therefore fluorescent probe 26 reported in Chapter 3 could be

utilized.

Investigation into the 5-HT2aR binding affinity of pimavanserin
analogues with ring C modifications longer than an isobutyl moiety has
remained largely unexplored. Only four analogues that extend the
pimavanserin model at the ring C position through alkanol amino
moieties have been previously reported.’® Thus, the need for a well-

structured exploration of the SARs associated to the extension of the
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pimavanserin scaffold via ring C, in combination with suitable cell-based

binding assays, becomes evident.

4.2 Aims

The main aim of the study was twofold:

1) Synthetic route design for synthesizing the structure-based
designed pimavanserin analogues 17a-c and R/S-18a-j, which were
evaluated via docking in Chapter 2 as their R/S enantiomers. Although
the S enantiomer was predicted to exhibit improved binding over R
enantiomers after MM-GBSA calculations, the analogue series would be
synthesized as racemic mixtures, 18a-j. The static receptor in the initial
docking method via Glide SP does not account for receptor flexibility,
thus potentially compromising the accuracy of the method. Additionally,
one enantiomer could be rendered inactive and offers a means to explore
the SAR of racemic mixtures of 18a-j. Furthermore, the enantioselective
synthesis of enantiomers can be strategically planned or achieved

through chiral column resolution using chromatography at a later stage.

2) Evaluate the binding affinity of the analogue series at the 5-HT2aR
using a fluorescence cell membrane-based fluorescent TR-FRET
competition binding assay with employing the fluorescent probe 26 at
the 5-HT2aR (with a Kq of 1.74 t 0.46) following the successful
characterisation within the cell membrane-based fluorescent TR-FRET

saturation assay in Chapter 3.
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4.3 Synthesis of structure-based pimavanserin

analogues

4.3.1 Pimavanserin analogues synthesis route 1

¢ =i,

a@ \,
e
@2 @2 LA

17a,R = CHz(Can)
17b, R = (CH2)sCHs
~N
9By
N
/@) 180 O/Y\R
OH

P4

Z

«—

17¢,R= (CH2)11CH3

18a, R =NH; 18e, R= N-diisopropyl  18i, R = N-ethanolamino

18b, R = N-methyl 18f, R = 1-pyrrolidyl 18j, R = 1-pipieridiyl-4-benzene
18c¢, R = N-dimethyl 18g, R = 1-piperiyl

18d, R = N-diethyl 18h, R = morpholino

Scheme 4.3.1-1: 17a-c and 18a-j synthesis route 1.

Reagents and conditions: (a) (i) 1,1-Carbonyldiimidazole (CDI) 1 eq, dimethylformamide
(DMF), (ii) N-(4-fluorobenzyl)-1-methylpiperidin-4-amine 1 eq - 1.1 eq, rt, 53%; (b)
bromobutane, 1.1 eq, (bromomethyl)cyclohexane 1.1 eq, bromododecane 1.1 eq, or
epichlorohydrin 1.1 eq, 60% NaH/mineral oil 1.1 eq, DMF, 0°C-rt; 0-53%.

To begin the synthesis a linear synthetic pathway was designed
Scheme 4.3.1-1. Starting with 4-hydroxybenzylamine (32), the primary
amine was reacted as the first nucleophile with 1,1-carbonyldiimidazole

(CDI) to form a mono-imidazole-carboxamide intermediate in situ. N-(4-
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Fluorobenzyl)-1-methylpiperidin-4-amine would then be added as the
second nucleophile to afford 33, a phenol analogue of 13. Compound
(33) was a key intermediate featuring a phenol moiety at the ring C. This
gave access to compounds 17a-c via Sn2 halide displacement of the

respective alkyl halide in moderate yields.

Attempts were then made to react 33 with epichlorohydrin under
the same alkylating conditions used before to afford 34 featuring an
epoxide handle. This would have had acted as second key intermediate
to the pimavanserin amino alcohol analogues via ring opening of the
epoxide handle with the respective the amines. However, attempts to
purify and isolate 34 via normal phase and reverse phase
chromatography were not successful at that time. No product or by
products were recovered in collected fractions. Attempts to afford 18a-j

via this synthetic route were ceased.

4.3.2 Pimavanserin analogues synthesis route 2

The following convergent synthetic route was then adopted
Scheme 4.3.2-1, '®7 as this synthetic pathway had been proven to work

for the previously reported analogues 15a-d.
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18c R = N-dimethyl 18n R = dibenzylamino

18d R= N-diethyl 180 R = N-methyl-N-benzylamino

18e R= N-diisopropyl 18p R = N-benzyl-ethanolamino f
18f R=1-pyrrolidiyl 18q R = N-benzyl-phenylamino

18g R= 1-piperidyl f

18h R=morpholino )
P 18r R = N-benzylamino

1:jklz-_11—p|p|erF1yI—f1—benzene 18b R = N-methy] [ 18aR =NH>
= T-indolinlyindolinyl oo . 18t R = NHBocC
18I R = 4-methylpiperidin-1-yl 18iR = N-ethanola_mlno '

18m R = 4-cyanopiperidin-1-y 18s R = phenylamino

37a, 38a R, = N-dimethyl 37a R2= NHBoc; 38a R, = NH3

37hb, 38b R, = N-diethyl 37b R2= NHBoC; 38b R2= NH>

37c, 38c R, = N-diisopropyl 37c R2= NHBoC; 38c R2= NH>

37d, 38d R = 1-pyrrolidiyl 37d Rz= NHBoc; 38d R2= NH>

37e, 38e Ry = 1-piperidyl 37e R2= NHBoc; 38e R, = NH;

37f, 38f R, = morpholino 37f R,= NHBoc; 38f R2 = NH>

379, 38g R, = 1-pipierdyl-4-benzene 37g R2= NHBoc; 38g R2= NH>

37h, 38h R = 1-indolinlyindolinyl 37h R, = NHBoc; 38h R, = NH,

37i, 38i R, = 4-methylpiperidin-1-yl 37i R,= NHBoC; 38i R, = NH

37j, 38] Ry = 4-cyanopiperidin-1-yl 37j R2= NHBoC; 38j R2= NH:

37k, 38k R = dibenzylamino 37k R2= NHBoc; 38k Rz = NH2

371, 381 R, = N-methyl-N-benzylamino 371 Rz = NHBoc; 381 Rz = NH»
37m, 38m R, = N-benzyl-ethanolamino 37m Rz = NHBoc; 38m R2= NH;
37n, 38n Ry = N-benzyl-phenylamino 37n Rz= NHBoc; 38n R2= NH>

Scheme 4.3 2-1: 18a-t synthesis route 2.
Reagents and conditions: (a) Di-tert-butyl-dicarbonate 2 eq, NaHCO3 1 eq, MeOH, H20,
r.t, 95%; (b) 60% NaH/mineral oil 1.15 eq, epichlorohydrin 1.5 eq, DMF, 0°C-r.t; 63%; (c)
HNRia-n 1 eq-1.5eq, IPA, 60°C, 21-99%; (d) 4M HCI/1,4-dioxane excess, EtOAc, r.t; 95-
96% (e) (i) TEA 2 eq, CDI 1 eq, (ii) N-(4-fluorobenzyl)-1-methylpiperidin-4-amine 1 eq -
1.2eq, DCM, r.t, 3-46%; (f) Pd/C 5% 0.1 eq, EtOH, H,0, AcOH, Hy, 1.t 6-47%, (g) di-tert-
butyl-dicarbonate 2 eq, NaHCO3 1 eq, MeOH, H20, r.t, 27%.

Use of this synthetic route afforded all pimavanserin analogues
featuring an amino alcohol moiety with a tertiary amine, 18c-h and 18j.
To afford the pimavanserin amino alcohol analogues 18a, 18b, and 18i

featuring primary and secondary amines, a second amine protection
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strategy was required to avoid chemo selectivity issues during the final
step when reacting the benzylic primary amine with CDI. Thus, their N-

benzyl protected amine derivatives were synthesised first, 18n-q.

To begin the second synthetic pathway 32 was treated with di-tert-
butyl-dicarbonate to afford N-Boc protection of the primary amine moiety
to afford, 33. Alkylating conditions were then used employing 60% NaH
in mineral oil in DMF to react the phenol moiety with epichlorohydrin via
Sn2, thereby affording the epoxide intermediate 36 in good yield. This
provided access the amino alcohols featuring tertiary amines 37a-n via
epoxide ring opening under facile conditions with the respective

secondary amines.

N-Boc deprotection of amino alcohols via HCI in 1,4-dioxane was
then carried out to afford the amino alcohols 38a-n as either their HCI
salts, or free amines after purification. Following neutralisation with
triethylamine were the HCI salts were used or as their free amine, the
deprotected amino alcohols were then reacted as the first nucleophiles
with CDI to afford the mono-imidazole-carboxamide in situ.
Commercially available N-(4-fluorobenzyl)-1-methylpiperidin-4-amine
was then added as the second nucleophile. This afforded pimavanserin
amino alcohol analogues featuring the tertiary amines, 18c-h and 18;,
and pimavanserin amino alcohol analogues featuring a tertiary amine

with N-benzyl protection group 18n-q.
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N-Benzyl deprotection 18n-q successfully proceeded via H: in the
presence of 5% Pd/C under optimised solvent conditions doped with the
addition of acetic acid. The addition of acetic acid for the Pd/C-catalysed
hydrogenative deprotection of the N-benzyl protecting group reduces the
poisoning rate of Pd/C by the formation of amine salts 28 to facilitate
the deprotection to afford 18a, 18b, 18i, 18r, and 18s. Overall the
pimavansen amino alcohol analogues were obtained in low to moderate

yields as either their acid salt forms or free amines.

It was recongised that the epoxide 41 was a key intemdate within
the synthetic route having facilitated convenient access to pimavanseirn
amino alcohol intermediates one step prior to forming the
pimavanvanserin analogue. Consequentally the synthesis of 18k-m was
carried out and N-Boc protection of the primary amine analogue 18a

afforded 18t, although these had not been explored in silico.

4.4 Pharmacological characterisation of
pimavanserin analogues binding to the human 5-

HT2aR

The unlabelled ligand binding of 17a-c and 18a-t was evaluated in
a cell membrane-based TR-FRET assay with human 5-HT2aR expressed
in CHO membranes. While compound 26 showed promising binding in
fluorescent probe characterization, data could not confirm ligand binding

events in the TR-FRET competition binding assay when both probe and
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analogue series were used together. Overall, the structure-based
analogues 17a-c and 18a-t demonstrated either no detectable binding
or low confidence in the affinity recorded during the binding assays. This
includes commercially bought 13 used in the assay. The inconsistency
in the data across the three assay replicates does not provide insights
into the SAR associated with amino alcohol modifications. This
inconsistency may be due to an increased impact of mechanical errors
from performing the assay in singlet. Therefore, conducting a
competition binding assay for each ligand in multiples would be a more

suitable approach.

4.5 Conclusions of pimavanserin analogues binding

to the human 5-HT2AR

The attempt to synthesize structure-based pimavanserin
analogues 17a-c via the proposed synthetic route 1 was achieved in
moderate yields. However, attempts to synthesis pimavanserin amino
alcohols 18a-j was hindered by challenges in isolating compound 34.
Adaption of the previously reported synthetic pathway ¢! for 15a-d led
to the development of synthetic route 2, yielding 18a-j, as well as 18k-t,
but in low to moderate yield. Thus, there is scope to optimise these
reactions or explore alternative routes. For example, the N-benzyl
deprotection step to afford the primary and secondary amino alcohol
moieties. The attempt to develop a cell membrane-based fluorescent TR-

FRET competition binding assay to evaluate the series at the human 5-

155



4. Synthesis and pharmacological evaluation of pimavanserin analogues

HT24R expressed in CHO membranes following did not result in obtaining
affinity data. This prevents SAR analysis, but also prevents correlating
with the results from modelling and docking in Chapter 2. Therefore,

future work is required.
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5. Future work

5.1.1 Binding affinity evaluation of the pimavanserin

analogue series at the 5-HT2 receptor subtypes

The further development of a cell membrane-based fluorescent TR-
FRET competition binding assay is outstanding and required to evaluate
the affinity of 17a-c and 18a-t, as this remains unknown. Thus, it is not
possible to determine if modifying pimavanserin 4-isobutyl moiety to an
amino alcohol moiety enhances binding affinity for the 5-HT2aR
compared 13, or to assess the accuracy of the model and docking results

in Chapter 2.

A further limitation arises due to the absence of binding affinity
data against the 5-HT2sR and 5-HT2cR, hindering the determination of the
analogue’s selectivity profiles. Therefore, evaluation of the analogue
series at the 5-HT2cR and 5-HT2gR via an analogous cell membrane-
based fluorescent TR-FRET competition assay could be considered.
However, this requires the use of a high-binding affinity 5-HT2sR and 5-

HT2cR fluorescent probe.

The development of a BRET-based method, NanoBRET, could be
explored employing 26. NanoBRET utilizes the NanoLuc (Nluc) luciferase
as the energy donor, which exhibits ~150 times greater luminescence
than the Renilla luciferase used in previous BRET methods. This
increased luminescence allows for more sensitive detection binding

events. Additionally, Nluc's emission spectrum is slightly blue-shifted
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compared to Renilla luciferase, providing better spectral separation from
the fluorescent acceptor proteins. Nluc is also more physically stable

under various conditions, improving the robustness of the assay also.?84

NanoBRET permits independent quantification of donor and
acceptor levels and unlike FRET, BRET does not require excitation
illumination. This renders it better suited for in vivo imaging and
advantageous for light-sensitive cells and avoiding issues like
photobleaching.?85 However, compared to FRET signals which can be
amplified, BRET signals may be too dim without specialized equipment.
For example, luminometers or plate readers equipped with BRET
detection capabilities, modified microscopy systems, specialized BRET
biosensors.?8* Recently, a NanoBRET cell-based assay has successfully
evaluated the affinity of BODIPY 630/650 X fluorescent probes targeting
the CXC chemokine receptor 2 (CXCR2) and demonstrated its use for in

vivo imaging.263

5.1.2 Characterize fluorescent probes at 5-HT2cR and 5-

HT2eR

To determine binding affinity of unlabelled ligands at the 5-HT2sR
and 5-HT2cR, high-affinity fluorescent probes becomes essential. The
structural similarities among the 5-HT> receptor subtypes, characterized
by conserved residues, binding sites, and sequence homogeneity,
necessitate further investigation into probes 25 and 26 as potential

fluorescent probes at the 5-HT2cR and 5-HT2gR. This may involve the
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development of a cell membrane-based fluorescent TR-FRET saturation
endpoint and kinetic assay to elucidate their binding affinity. Fluorescent
probes successfully characterized as binding at each 5-HT2 receptor
subtype could be advanced into cell membrane-based fluorescent TR-
FRET competing binding assays with the pimavanserin analogue series.
This approach would allow for the assessment of ligand binding affinity

across all three 5-HT> receptor subtypes.

5.1.3 Pimavanserin-based 5-HT24R fluorescent probe

The ongoing exploration into structural modifications of
pimavanserin presents a promising avenue for the development of
putative 5-HT2aR subtype selective fluorescent probes. Similarities are
predicted between the docked poses 13, Chapter 2 and 16, Chapter 3.
The piperidyl ring nitrogen atom of 13 provides a potential site for the
linker region attachment. Thus, a strategic synthetic approach may
involve integrating the linker and fluorophore selection strategies
employed in the 5-HT24R fluorescent probe design Chapter 3. A plausible

synthetic route is proposed Scheme 5.1.3-1.

To start, 4-isobutoxybenzylamine (32) can be reacted with CDI,
followed by the addition of 1-benzyl-N-(4-fluorophenyl)piperidin-4-amine
to afford an N-benzyl piperidinyl analogue of pimavanserin, (40). N-
benzyl deprotection of the piperidine ring may proceed via H2 and Pd/C
to afford N-desmethylpimavanserin, (41), featuring a secondary amine

as part of the piperidinyl ring.
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Scheme 5.1.3-1: Synthetic route to pimavanserin-based fluorescent probe (48).

Reagents and conditions: (a) (i) 4-isobutoxybenzylamine, CDI, DMF, r.t; (ii) 1-benzyl-N-
(4-fluorophenyl)piperidin-4-amine, (b) Pd/C 5% EtOH, H20, AcOH, Ha, r.t, (c) K2COs,
MeCN, r.t-75°C, (d) pyridine.HCl, MW 160°C, (¢) 60% NaH/mineral oil, tert-butyl-2-
bromoethyl)carbamate, DMF, 0°C-r.t, (f) 4M HCI/1,4-dioxane, r.t, (g) N-Boc-B-alanine,
COMU, DIPEA, 0°C, (h) 4M HCI/1,4-dioxane, r.t, (i) BODIPY 630/650-X-NHS ester, DIPEA,
darkness, r.t.

Subsequently, this nitrogen can serve in displacement of the
tosylate moiety of 28, to afford 42. Arylmethoxy demethylation via

pyridine.HCI and irradiation can then proceed to afford 43, a phenol

160



5. Future work

intermediate suitable for further extension of the linker. Alkylation of the
phenol via halide displacement of N-Boc ethyl bromide to afford 44
would initiate the linker with an aminoethoxy unit. N-Boc deprotection
following via 4M HCI/1,4-dioxane would afford 45 featuring an amine
handle. Coupling of N-Boc B-aniline to the terminal amine handle would
lead to the congener 46, increasing the linker length further. N-Boc
deprotection of the congener leads to 47 with an amine handle. The
amine handle then permits acylation with the BODIPY 630/650 X NHS
fluorophore. Ultimately resulting in the pimavanserin-based fluorescent

probe 48.

5.1.4 Optimize Synthetic Route

During the synthesis of fluorescent probes, challenges arose with
low yields during the linker attachment in the Sn2 halide displacement
involving N-Boc ethyl bromide and 21, utilizing the alkylating conditions

specified in Scheme 3.5-1.

To overcome this, a proposed alternative approach for linker
attachment entails accessing the primary amine handle through its
corresponding nitrile, Scheme 5.1.4-1. In this method, bromoacetonitrile
(BrCH2CN) replaces N-Boc ethyl bromide, with the methylene carbon
serving as the site for nucleophilic attack. This strategy has shown
success in similar fluorescent probe designs.’' Reduction of the nitrile
using Hz2 and Pd/C, Raney Ni, or LiAlH4 would yield the primary amine.

Moreover, the reaction could be modified to a Finkelstein reaction 286 with
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the addition of Kl for Br to | halogen exchange, improving the ability of

leaving group displacement using either choice of alkylating reagent.
o 0
O T 0
N
N
F 21 \/\/\@\ F 9 \/\/\@\
OH
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F 30 "
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Scheme 5.1.4-1: Proposed optimised synthetic route to fluorescent probe deprotected
congeners via nitrile reduction.

0" CN

Reagents and conditions: (a) 60% NaH/mineral oil, bromoacetonitrile, DMF, 0°C-r.t, (b)
Pd/C 5% EtOH, H20, AcOH, Ha, r.t.
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6. Experimental

6.1 Pharmacology methods

6.1.1 Materials

Tag-lite labelling medium (LABMED), SNAP-Lumi4-Tb was acquired
from Hello Bio (Bristol, UK). 96-well polypropylene plates (Corning) were
acquired from Fisher Scientific UK (Loughborough, UK) and 384-well
Optiplate plates were sourced from Perkin EImer (Beaconsfield, UK). 5
Guanylyl imidodiphosphate (GppNHp) sertindole was obtained from
Sigma-Aldrich (Poole, UK). Pimavanserin was sourced from Generon Ltd)
(Slough, UK). The host Chinese hamster ovary (CHO) K1 cell line was
transiently transfected using Fugene (Fugene: DNA ratio 3:1) with the
cDNA encoding a SNAP-tagged human serotonin 5-HT2aR (Cis Bio,
France). CHO-5HT2aR cells were maintained in Dulbecco's modified
Eagle’s medium: Ham F12 (DMEM: F12) including 2mM glutamine
(Sigma-Aldrich, Poole, UK) and supplemented with 10% fetal calf serum

(Life Technologies, Paisley UK).

6.1.2 Terbium labelling of SNAP-tagged cells

This section of work was carried out by PhD student Hannah Lockington

in the School of Life Sciences, University of Nottingham

Cell culture medium was separated from the t175cm2 flasks
containing confluent adherent CHO-5HT24R 12 mL of Tag-lite labelling

medium containing 100 nM of SNAP-Lumi4-Tb was added to the flask
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and incubated for 1 hour at 37 °C under 5% CO2. Cells were washed 2x
in PBS (GIBCO Carlsbad, CA) to remove excess SNAP-Lumi4-Tb then
detached using 5 mL of GIBCO enzyme-free Hank's-based cell
dissociation buffer (GIBCO, Carlsbad, CA) and collected in a vial
containing 5mL of DMEM: F12 containing 2mM glutamine (Sigma-
Aldrich) and supplemented with 10% fetal calf serum. Cells were pelleted
by centrifugation (5 min at 1500 rpm) and the pellets were frozen to -80
°C. To prepare membranes homogenisation steps were performed at 4°C
(to reduce receptor degradation). Specifically, 20 ml per t175-cm2 flask
of wash buffer (10 mM HEPES and 10 mM EDTA, pH 7.4) was added to
the pellet, followed by homogenization via an electrical homogenizer
Ultra-Turrax (Ika-Werk GmbH & Co. KG, Staufen, Germany) (position 6, 4
x 5-s bursts) and subsequently centrifuged at 48,0009 at 4°C (Beckman
Avanti J-251 Ultracentrifuge; Beckman Coulter, Fullerton, CA) for 30 min.
The supernatant was discarded, and the pellet was re-homogenized and
centrifuged as described above in wash buffer. The final pellet was
suspended in ice-cold 10 mM HEPES and 0.1 mM EDTA, pH 7.4, at a
concentration of 5 to 10 mg/ml. Protein concentration was determined
using the bicinchoninic acid assay kit (Sigma-Aldrich), using BSA as a
standard and aliquots maintained at -80°C until required. Prior to their
use, the frozen membranes were thawed, and the membranes
suspended in the assay buffer at a membrane concentration of

0.2mg/ml.
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6.1.3 Fluorescent probe-binding assays

5-HT24aR fluorescent binding experiments employed 25 and 26.
Experiments were conducted in white 384-well Optiplates, in assay
binding buffer; Hanks' balanced salt solution (HBSS) containing 5 mM (4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.02%
pluronic acid, 1% DMSO pH 7.4 and 100 yM GppNHp. GppNHp was
included to remove the G-protein coupled population of receptors that
can result in two distinct populations of binding sites in membrane
preparations, since the Motulsky—Mahan model (1984) 287 is only
appropriate for ligands competing at a single site. In the case of the
human 5-HT2aR, nonspecific binding was determined in the presence of

sertindole (10 uM).

6.1.4 Determination of fluorescent probe binding kinetics

To accurately determine 25 and 26 association rate (kon) and
dissociation rate (koff) values, the observed rate of association (kobs) was
calculated using at least six different concentrations. The appropriate
concentration of 25 and 26 was incubated with human 5-HT2aR CHO cell
membranes (4 ug per well) in assay binding buffer (final assay volume,
40ul). The degree of 25 and 26 bound to the receptor was assessed at
multiple time points by HTRF detection to allow construction of
association kinetic curves. The resulting data were fitted to a one phase
exponential association model, equation (1) to derive an estimate of kon

and koff from plotting tracer concentration versus observed association
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(kobs) as described under Data Analysis. As previously described by

Sykes et al (2017).288

6.1.5 Unlabelled ligand-binding assays

5-HT2aR unlabelled ligand binding experiments employed 17a-c
and 18a-t. Experiments were conducted in white 384-well Optiplates, in
assay binding buffer; HBSS containing 5 mM HEPES, 0.02% pluronic acid,
1% DMSO pH 7.4 and 100 pM GppNHp, competing for the same
population of binding sites against 26 (5 nM) added simultaneously. 5-
HT2aR, nonspecific binding was determined in the presence of sertindole

(10 pM).

6.1.6 Signal detection and data analysis

Signal detection was performed on a Pherastar FS (BMG Labtech,
Offenburg, Germany) using standard HTRF settings. The terbium donor
fluorophore was always excited with 3 laser flashes at a wavelength of
337 nm. A kinetic TR-FRET signal was collected at 20 seconds intervals
both at 665 nm and 620 nm, when using red acceptor fluorophore. HTRF
ratios were obtained by dividing the acceptor signal (665 nm) by the
donor signal (620 nm) and multiplying this value by 10,000. Probe
dissociation rates were analysed by displacement of the tracer with a
large excess of an unlabelled ligand known to bind to the same site with
similar or higher affinity. All experiments were analysed by non-
regression using GraphPad Prism version 10.0.0 for Windows, GraphPad

Software, Boston, Massachusetts USA, www.graphpad.com. 26
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association data was analysed using nonlinear regression to fit the
specific binding data to a one phase exponential association equation,

Equation: 6.1.6-A:
Equation: 6.1.6-A
Y =Y max*[1- exp(-kob *X)]

Where X is time (min) and kob is the observed rate of association
(min™). 26 followed a simple law of mass action model, with kob
increasing in a logarithmic fashion as a function of fluorescent probe
concentration up to a value of 40 nM. The slope of the line equates to the
association rate (kon), and extrapolation of the plot to y = 0 yields the
dissociation rate (koff).28° Competition displacement binding data were
fitted to sigmoidal (variable slope) curves using a “four parameter

logistic equation” Equation: 6.1.6-B:
Equation: 6.1.6-B
Y = Bottom + (Top _ Bottom) / (1 + -|O(IogE050-X),Hillcoefﬂcient)

ICso values obtained from the inhibition curves were converted to K;

values using the method of Cheng and Prusoff (1973).290
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6.2 General chemistry

Chemicals and solvents (reagent and HPLC grade) were purchased
from commercial suppliers used without further purification.
BODIPY630/650-X-NHS was purchased from Molecular Probes (Thermo
Fisher Scientific). Unless otherwise stated all reactions carried out at
room temperature (r.t). All organic extracts after aqueous work-up
procedures were dried over MgSO4 or Na2SO4 before filtering and
evaporation to dryness. Organic solvents were removed under vacuum
at =40 °C (water bath temperature).

Thin layer chromatography employed precoated aluminium-backed
plates (Merck Kieselgel 60 F254). Visualization was by examination under
UV light (254 and 366 nm). General staining was carried out with
ninhydrin (solution in ethanol), KMnO4, bromocresol green, or iodine.
Column chromatography was carried out using technical grade silica gel
60 A, 230-400 mesh particle size, 40-63 pm particle size. Preparative
layer chromatography (PLC) was carried out using Analtech Uniplate
silica gel GF UV254 2000 pm (200 mm x 200 mm) unless otherwise
specified. Flash chromatography was performed using Biotage SP4
flash purification system and Interchim prepack PuriFlash columns, high
performance spherical silica 50 pm (50SIHP) unless otherwise specified.
Reverse phase (RP) flash chromatography was performed using
Interchim PuriFlash 4100 system and Interchim prepack RP PuriFlash
columns, high performance C18, 30 um (30C18HP) unless otherwise

specified.
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TH NMR spectra were recorded on a Bruker-AV 400 at 400.13 MHz.
13C NMR spectra were recorded at 101.62 MHz and "®F NMR spectra
were recorded at 377 MHz. Chemical shift (8) are recorded in parts per
million (ppm) with reference to the chemical shift of the deuterated
solvent. Solvents used for NMR analysis were CDCls (Cambridge Isotope
Laboratories Inc.), (6u = 7.26 ppm, 6¢c = 77.16 ppm) and DMSO-ds
supplied by Sigma Aldrich (6n = 2.50 ppm, 6¢c = 39.52 ppm). Coupling
constants (J) are recorded in hertz and the significant multiplicities
described by singlet (s), doublet (d), triplet (1), quadruplet (q), broad (br),
multiplet (m) doublet of doublets (dd), and doublet of triplets (dt). The
spectra were analysed using Mestrenova software (Release 15.0.0
2024).2°"

LC-MS spectra were recorded on a Shimadzu UFLCXR system
coupled to an Applied Biosystems API2000 and visualised at 254 nm
(channel 1) and 220 nm (channel 2). LC-MS was carried out using a
Phenomenex Gemini-NX C18 110A, column (50 mm x 2 mm x 3 ym) at a
flow rate 0.5 mL/min using a gradient of 10-95% solvent B in solvent A
over 5 minutes (HPLC-method A, solvent A = 0.01% formic acid in H20,
solvent B = 0.01% formic acid in MeCN). All high-resolution mass spectra
(HRMS) were recorded on a Bruker microTOF mass spectrometer using
MS electrospray ionization operating in positive ion mode.

Analytical RP-HPLC was performed using Shimadzu Nexera XR
HPLC system and monitored using a Shimadzu SPD-M40 photodiode

array detector at wavelengths 220 and 254 nm. Spectra were analysed
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using LabSolutions software. Phenomenex Luna C8 100 A column (150
mm x 4.6 mm x 5 ym) at a flow rate of 1.0 mL/min. Final products were
one single peak and >96% pure. The retention time of the final product is
reported using a gradient of 10-100% solvent B in solvent A over 30
minutes (HPLC-method B, solvent A = 0.01% formic acid in H-0, solvent
B = 0.01% formic acid in MeCN), or gradient of 5-100% solvent B in
solvent A over 30 minutes (HPLC-method C, solvent A = 0.01% formic
acid in H20, solvent B = 0.01% formic acid in MeCN).

Preparative (prep) RP-HPLC was performed using Shimadzu
Nexera preprartive HPLC system and monitored using a Shimadzu SPD-
40V at wavelengths 220 and 254 nm. Spectra were analysed using Lab
Solutions software. Phenomenex Gemini NX-C18 110 A column (250
mm x 21.2 mm x 5 pm) at a flow rate of 20.0 mL/min. Final products
were automatically collected as one single peak using either, a gradient
of 5-100% solvent B in solvent A over 25 minutes (HPLC-method D,
solvent A = 0.01% formic acid in H20, solvent B = 0.01% formic acid in
MeCN), a gradient of 10-100% solvent B in solvent A over 25 minutes
(HPLC-method E, solvent A = 0.01% formic acid in H20, solvent B =0.01%
formic acid in MeCN), a gradient of 30-70% solvent B in solvent A over
25 minutes (HPLC-method F, solvent A = 0.01% formic acid in H20,
solvent B =0.01% formic acid in MeCN), or a gradient of 30-100% solvent
B in solvent A over 25 minutes (HPLC-method G, solvent A = 0.06% TFA

in H20, solvent B = 0.06% trifluoroacetic acid (TFA) in MeCN).
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Fluorescent probes 25, 26 and pimavanserin analogues 17a-c and 18a-

t were synthesised at a purity > 95%.

6.3 Fluorescent probe synthesis methods

4-(4-Methoxyphenyl)butyl 4-methylbenzenesulfonate (28)

4-(4-Methoxyphenyl)butan-1-ol  (27) (0.500 g, 2.774 mmol) and
triethylamine (0.840 g, 1.15 mL, 8.301 mmol, 3 eq) were dissolved in
DCM (10 mL) wunder an atmosphere of Nz Next, NN-
dimethylaminopyridine (4-DMAP) (0.067 g, 0.558 mmol, 0.2 eq) was
added, and the reaction mixture cooled to 0°C. p-Tosyl chloride (0.581 g,
3.047 mmol, 1.1 eq) was then added. The reaction progress was
monitored by TLC (eluent EtOAc:cyclohexane, 2:8) until starting material
had been consumed, and a ppt was noted to form as the reaction
progressed. A saturated solution of NH4Claq) (50 mL) was then added,
resulting in a clear solution. The mixture was extracted with EtOAc (3 x
20 mL), and the organic layer was dried over Na>S0a, suction filtered,
concentrated under vacuum, and purified by flash column
chromatography (eluent EtOAc:cyclohexane 0-30%) to obtain the title

compound as a clear colourless oil (0.866 g, 96%).

ReUNs v

Arring 3-H, 5-H, 7.02 (d, J = 8.1 Hz, 2H, methoxy ring 2-H, 6-H), 6.80 (d, J

TH NMR (CDCl3) 61 7.78 (d, J = 8.7 Hz, 2H,

tosyl Ar ring 2-H, 6-H, 7.33 (s, 2H, tosylate

= 7.8 Hz, 2H, methoxy ring 3-H, 5-H), 4.03 (t, J = 1.1 Hz, 2H, S0.CH>), 3.78

(s, 3H, methoxy ring 4-COCHs), 2.50 (t, J = 7.1 Hz, 2H, methoxy ring 1-
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CCH2 ), 2.44 (s, 3H, tosyl Ar ring 4-CCH3), 1.63 (m, 4H, methoxy ring 1-

CCH2CH2CH>).

13C NMR (CDCl3) 6¢ 157.8 (methoxy ring 4-C), 144.6 (tosyl Ar ring 4-C),
133.6 (tosyl Ar ring 1-C), 133.2 (methoxy ring 1-C), 129.8 (methoxy ring
2-C, 6-C), 129.2 (tosyl Ar ring 2-C, 6-C), 127.8 (tosyl Ar ring -C, 5-C), 113.7,
(methoxy ring 3-C, 5-C), 70.45 (CH2S03), 55.2 (methoxy ring 4-COCHs),
34.1 (methoxy ring 1-CCH> ), 28.2 (methoxy ring 1-CCH2CH?>), 27.3 (tosyl

Ar ring 4-CCHa), 21.6 (methoxy ring 1-CCH2CH2CH?>).

((4-Fluorophenyl)(1-(4-(4-methoxyphenyl)butyl)piperidin-4-yl)

methanone) (29)

4-(4-Methoxyphenyl)butyl-4-methylbenzenesulfonate (28) (0.374 g,
1.119 mmol) was dissolved in MeCN (5 mL), and 4-
fluorobenzylopiperidine.HCI (0.218 g, 0.897 mmol, 0.9 eq) added. Next,
K2C03(0.496 g, 3.589 mmol, 4 eq) was added and the reaction mixture
was warmed to 70°C with stirring. Upon completion, as indicated by TLC
(eluent MeOH[1M NH3]:DCM, 12:82) H20 was then added to the reaction
mixture, and volatiles removed under vacuum. The remaining aqueous
solution was extracted with EtOAc (3 x 20 mL). The organic layer was
then dried over Na2S0yg, suction filtered, concentrated under vacuum, and
purified using flash chromatography (eluent MeOH[1M NH3]:DCM, 0-1%)

to give the title compound as a clear colourless oil (0.241 g, 72%).

LC-MS m/z calculated for C23H20FNO2 [M+H]*: 370.2, found: 370.00, tr =

2.32 mins (HPLC-method A).
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o H NMR (CDCl3) 61 7.96 (dd, J = 8.8,

mp 5.5 Hz, 2H, 4-fluorophenyl ring 3-H, 5-

\OQ/\N H), 7.18 = 7.05 (m, 4H, methoxy ring 3-
H, 5-H, 4-fluorophenyl ring 2-H, 6-H), 6.82 (d, J = 8.6 Hz, 2H, methoxy ring
2-H, 6-H), 3.78 (s, 3H, methoxy ring 4-CCOH3), 3.18 (ddd, J = 15.0, 8.9, 7.0
Hz, TH, piperidin-4-yl ring 4-H), 2.98 (dt, J = 11.5, 3.6 Hz, 2H, piperidin-4-
yl ring 6-H), 2.57 (t, J = 7.3 Hz, 2H, methoxy ring 1-CCH>), 2.41 - 2.32 (m,
2H, piperidin-4-yl ring NCH2), 2.11 — 1.98 (m, 2H, piperidin-4-yl 2-H), 1.88
- 1.79 (m, 4H, piperidin-4-yl 5-H, piperidin-4-yl ring 3-H), 1.71 - 1.47 (m,

4H, methoxy ring 4-CCH2CH,CH>).

13C NMR (CDCls) 6¢ 201.1 (C=0), 165.7 (d, 'Jcr = 254.5 Hz, 4-fluorophenyl
ring 4-C), 157.8 (methoxy ring 4-C), 134.7 (methoxy ring 1-C), 132.6 (d,
4Jce = 3.1 Hz, 4-fluorophenyl ring 1-C), 130.9 (d, 3Jcr = 9.2 Hz, 4-
fluorophenyl ring 2-C, 6-C), 129.3 (methoxy ring 2-C, 6-C), 115.8 (d, 2Jcr =
21.7 Hz, 4-fluorophenyl ring 3-C, 5-C), 113.8 (methoxy ring 3-C, 5-C), 58.9
(piperidin-4-yl-NCH), 55.3 (methoxy ring 4-OCCHs), 53.4, (piperidin-4-yl
ring 2-C, 6-C), 43.9 (piperidin-4-yl ring 4-C), 35.0 (methoxy ring 1-CCH>),
29.8 (methoxy ring 1-CCH2CH>CH2CH?>), 28.8 (piperidin-4-yl ring 3-C, 5-C),

26.7 (methoxy ring 1-CCH2CH2CH2CH>)
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((4-Fluorophenyl)(1-(4-(4-hydroxyphenyl)butyl)piperidin-4-yl)

methanone) (21)

Pyridine. HCI demethylation method A

In a microwave vial ((4-Fluorophenyl)(1-(4-(4-methoxyphenyl)
butyl)piperidin-4-yl)methanone) (29) (200 mg, 0.542 mmol) was
powdered and mixed with pyridine HCI (440 mg, 3.780 mmol, 7 eq),
flushed with N2, and irradiated in 5-minute intervals at 160°C at 215 W.
After 15 minutes LCMS showed no starting material remained. H20 (20
ml) was then added, and the reaction mixture sonicated until crude solid
residue was suspended. The aqueous suspension reaction mixture was
then transferred into H20 (100 ml) and adjusted to pH 9 using sat bicarb
solution. The basic aqueous reaction mixture was then extracted with
EtOAc (50 ml x 3). The organic layers were combined, dried over MgSO0s,
concentrated under vacuum, and purified via column chromatography
(eluent DCM, 100; and MeOH[1M NH3]:DCM, 3.5:6.5) to afford the title

compound as a yellow foam (0.126 g, 66%).

BBr3z demethylation method B

((4-Fluorophenyl)(1-(4-(4-methoxyphenyl)butyl)piperidin-4-yl)

methanone) (29) (55 mg, 0.149 mmol) was dissolved in anhydrous DCM
(2 mL), under N, and chilled to -78°C. A solution of BBrs [1M] in DCM
(0.75mL, 0.745 mmol, 5 eq) was added over 30 seconds. After 24 hours
of stirring, a brown residue formed. MeOH (1 M NH3) in DCM (0.5 mL)

was added to the reaction mixture at -78°C, resulting in a yellow solution
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and a white precipitate. The reaction mixture was exposed to nitrogen
for 5 minutes, and volatile components were removed to give a crude
residue. DCM (10 mL) was added, and the reaction mixture was
sonicated, and gravity filtered. MeOH[1M NH3]:DCM,40:60 (10 ml) was
added to the residue, sonicated, gravity filtered and combined with
previous filtrate. Filtrate was concentrated under vacuum to give a crude
residue upon which MeOH (10 mL) was added, followed by sonication,
gravity filtering, concentrated under vacuum, followed by adsorption onto
isolute, and purified via column chromatography (eluent MeOH [1M
NH3]:DCM, 0.1:9.9 and 0.4:9.6) to afford the title compound as a yellow

residue (18 mg, 52%).

Aqg 48% HBr demethylation method C

((4-Fluorophenyl)(1-(4-(4-methoxyphenyl)butyl)piperidin-4-yl)

methanone) (29) (296 mg, 0.800 mmol) dissolved in aq.HBr 48% (5 mL,
excess) and refluxed. Upon consumption of starting material determined
by TLC (eluent MeOH[1M NH3]:DCM, 3.5:6.5), N2 was bubbled through
reaction mixture for 10 mins, followed by removal of volatiles to give an
orange solid. A saturated solution of NaHCO3 (30 mL) was then added,
and the mixture sonicate for 10 mins. The mixture was then extracted
with EtOAc (3 x 30 mL). The organic layer was then washed with H-0,
dried over MgS04, concentrated under vacuum, and purified via column
chromatography (eluent DCM, 100; and MeOH[1M NH3]:DCM, 3.5:6.5) to

afford the title compound as a clear yellow oil (0.190 g, 63%).
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LC-MS m/z calculated for C22H27FNO2 [M+H]*: 356.2, found: 356.50, tr =

2.36 mins (HPLC-method A).

o TH NMR (CDCls) 6 7.85 (dd, J = 8.9, 5.4

/@MmF Hz, 2H, 4-fluorophenyl ring 3-H, 5-H),
HO 7.01 (d, J = 8.6 Hz, 2H, 4-fluorophenyl

ring 2-H, 6-H), 6.87 (d, J = 8.4 Hz, 2H, phenol 3-H, 5-H), 6.56 (d, J = 8.4 Hz,
2H, phenol 2-H, 6-H), 3.21 — 3.01 (m, 1H, piperidin-4-yl ring 4-H), 2.92 (d,
J =11.8 Hz, 2H, piperidin-4-yl 2-H), 2.44 (t, J = 6.8 Hz, 2H, phenol 4-CCH2),
2.30 (t, J = 7.3 Hz, 2H, piperidin-4-yl ring NCH), 2.14 — 1.98 (m, 2H,
piperidin-4-yl ring 6-H), 1.91 - 1.68 (m, 4H, piperidin-4-yl ring 3-H, 5-H),

1.62 — 1.32 (m, 4H, phenol 4-CCH2CH2CH>).

13C NMR (CDCls) 6¢ 200.9 (C=0), 165.6 (d, 'Jcr = 254.6 Hz, 4-fluorophenyl
ring 4-C), 154.2 (phenol 1-C), 133.5 (phenol 4-C), 132.4 (d, *Jcr = 3.0 Hz,
4-fluorophenyl ring 1-C), 130.8 (d, 3Jcr = 9.2 Hz, 4-fluorophenyl ring 2-C,
6-C), 129.3, (phenol 3-C, 5-C), 115.7 (d, 2Jcr = 21.8 Hz, 4-fluorophenyl ring
3-C, 5-C), 115.2 (Ar ring 2-C, 6-C), 58.8 (piperidin-4-yl ring NCH>), 53.1
(piperidin-4-yl ring 2-C, 6-C), 43.5 (piperidin-4-yl ring 4-C), 34.7 (phenol 4-
CCH2CH2CH2), 29.4 (phenol 4-CCH2CH2CH>), 28.2 (piperidin-4-yl ring 3-C,

5-C), 26.0 (phenol 4-CCH2CH2CH?2).

(tert-Butyl-(2-(4-(4-(4-(4-fluorobenzoyl)piperidin-1-1)butyl)phenoxy)

ethyl)carbamate) (22)

((4-Fluorophenyl)(1-(4-(4-hydroxyphenyl)butyl)piperidin-4-yl)methanone)

(21) (0.255 mg, 0.718 mmol) was dissolved in DMF (3 mL), triethylamine
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(0.126 g, 0.180 mL, 1.245 mmol, 1.5 eq) and stirred for 10 mins at 0°C.
NaH 60% in mineral oil (0.037 g, 0.910 mmol, 1.1 eq) was then added.
Upon cessation of evanescence, N-Boc-ethylbromide (0.279 g, 1.250
mmol, 1.5 eq) was added. Upon completion as determined by LC-MS the
solvent was removed under vacuum and H,0 (50 mL) added. The
reaction vial was sonicated for 10 mins and then extracted with EtOAc (3
x 30 mL). The organic extracts were combined, dried over MgS0s, suction
filtered, concentrated under vacuum, and purified via column
chromatography, (eluent DCM, 100; and MeOH[1M NH3]:DCM, 2.5:7.5) to

afford the title compound as a yellow residue (0.123 g, 30%)

LC-MS m/z calculated for C2oHagFN204 [M+H]*: 499.3, found 498.80, tr =

2.83 mins (HPLC-method A).

o THNMR (CDCl3) 6 7.96 (dd,

sae!
s an F
(o]

7.20 — 7.04 (m, 4H, Ar ring 2-H, 6-H), 4-fluorophenyl ring 2-H, 6-H), 6.80

J = 89, 54 Hz, 2H, 4

fluorophenyl ring 3-H, 5-H),

(d, J = 8.6 Hz, 2H, Ar ring 3-H, 5-H), 5.00 (s, TH, HNCOCH2CH-0), 3.99 (t,
J =5.1 Hz, 2H, HNCOCH>CH-0), 3.51 (d, J = 5.4 Hz, 2H, HNCOCH>CH-0),
3.18 (p, J = 7.6 Hz, TH, piperidin-4-yl ring 4-H), 2.98 (d, J = 11.5 Hz, 2H,
piperidin-4-yl ring 2-H), 2.57 (1, J = 7.3 Hz, 2H, Ar ring 1-CCH>), 2.46 — 2.29
(m, 2H, piperidin-4-yl ring NCH>), 2.26 - 1.95 (m, 2H, piperidin-4-yl ring 6-
H), 1.93 - 1.78 (m, 4H, piperidin-4-yl ring 3-H, 5-H), 1.71 — 1.50 (m, 4H, Ar

ring 1-CCH2CH2CH>), 1.45 (s, 9H, Boc OC(CHz)s3).
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13C NMR (CDCl3) 6¢ 201.1 (C=0), 165.7 (d, "Jcr = 254.5 Hz, 4-fluorophenyl
ring 4-C), 156.8 (HNCOCH,CH-0), 156.0 (Ar ring 4-C), 135.1 (Ar 1-C),
132.6 (d, *Jcr = 3.1 Hz, 4-fluorophenyl ring 1-C), 130.9 (d, 3Jcr = 9.2 Hz, 4-
fluorophenyl ring 2-C, 6-C), 129.4 (Ar 2-C, 6-C), 115.8 (d, 2Jcr = 21.8 Hz, 4-
fluorophenyl ring 3-C, 5-C), 114.4 (Arring 3-C, 5-C), 79.6 Boc C(CH3)s, 67.3
(HNCOCH2CH-0), 58.8 (piperidin-4-yl ring NCH>), 53.4 (piperidin-4-yl ring
2-C, 6-C), 43.9 (piperidin-4-yl ring 4-C), 40.3 (HNCOCH.CH-0), 35.0 (Ar
ring 1-CCH>), 29.7 (Ar ring 1-CCH2CH>CH>), 28.8 (piperidin-4-yl ring 3-C,

5-C), 28.5 (Boc OC(CHs)3), 26.6 (Ar ring 1-CCH2CHCHo)

(1-(4-(4-(2-Aminoethoxy)phenyl)butyl)piperidin-4-yl)(4-fluorophenyl)

methanone. di-trifluoroacetate salt (30)

tert-Butyl-(2-(4-(4-(4-(4-fluorobenzoyl)piperidin-1-l)butyl)phenoxy)ethyl)

carbamate) (23) (0.123 g, 0.250 mmol) was dissolved in 4M HClin 1, 4
dioxane (2 mL, excess). After completion determined by LC-MS a
precipitate had formed. Volatiles were removed under vacuum give an
orange residue followed by purification via prep-HPLC (HPLC-method G).
Collected fractions were concentrated under vacuum and lyophilised to

afford the title compound as a clear residue (0.110 g, 94%)

LC-MS m/z calculated for C24H32FN202 [M+H]*: 400.2, found: 399.50, tr =

2.13 mins (HPLC-method A).

o TH NMR (DMSO) &1 9.67

I NH? ¢ (s, TH, piperdin-1-ium ring
0" o +H3N\/\O/©M ‘0. _0

FIF 1-H),8.16 — 8.04 (m, 3H, 4-
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fluorophenyl ring 3-H, 5-H, H3*NCH2CH20), 7.39 (t, J = 8.8 Hz, 2H, 4-
fluorophenyl ring 2-H, 6-H), 7.15 (d, J = 8.6 Hz, 2H, Ar ring 2-H, 6-H), 6.90
(d, J = 8.6 Hz, 2H, Arring 3-H, 5-H), 4.13 (t, J = 5.2 Hz, 2H, H3*NCH2CH20),
3.79 - 3.64 (m, 1H, piperdin-1-ium ring 4-H), 3.55 (d, J = 12.1 Hz, 2H,
piperdin-1-ium ring 2-H), 3.21 (q, J = 5.4 Hz, 2H, piperdin-1-ium ring
NH*CH>), 3.14 - 2.98 (m, 4H piperdin-1-ium ring 6-H,), 2.56 (t, J = 7.3 Hz,
2H, Arring 1-CCHy), 2.00 (d, J = 14.1 Hz, 2H, piperdin-1-ium ring 3-H), 1.87
- 1.76 (m, 2H, piperdin-1-ium ring 5-H), 1.78 — 1.51 (m, 4H, Ar ring 1-

CCH2CH2CH>).

13C NMR (DMSO0) & 200.0 (C=0), 165.6 (d, "Jcr = 252.3 Hz, 4-fluorophenyl
ring 4-C), 158.8 (q, "Jer = 33.3 Hz, F3COOH), 156.5 (Ar ring 4-C), 134.6 (Ar
ring 1-C), 132.2 (d, *Jcr = 2.7 Hz, 4-fluorophenyl ring 1-C), 131.8 (d, 3Jcr =
9.5 Hz, 4-fluorophenyl ring 2-C, 6-C), 129.7 (Ar ring 2-C, 6-C), 116.4 (d, 2Jcr
= 21.8 Hz, 4-fluorophenyl ring 3-C, 5-C), 115.0 (Ar ring 3-C, 5-C), 64.7
(H3*NCH2CH20), 56.3 (piperdin-1-ium ring NH*CH>), 51.5 (piperdin-1-ium
ring 2-C, 6-C), 49.1 (piperdin-1-ium ring 4-H), 38.8 (H3*NCH,CH-0), 34.0
(Ar ring 1-CCH>), 28.5 (Ar ring 1-CCH2CH2CH?>), 26.2 (piperdin-1-ium ring

3-C, 5-C), 23.2 (Ar ring 1-CCH2CH2CHy).

19F NMR (377 MHz, DMSO0) 6¢-74.1 (F3COOH),-105.5 (4-fluorophenyl ring

4-F).
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tert-Butyl-(3-((2-(4-(4-(4-(4-fluorobenzoyl)piperidin-1-yl)butyl)

phenoxy)ethyl)amino)-3-oxopropyl)carbamate. formate salt (31)

(1-(4-(4-(2-Aminoethoxy)phenyl)butyl)piperidin-4-yl) (4-fluorophenyl)

methanone. di-trifluoroacetate salt (30) (0.092 g, 0.195 mmol) was
dissolved in DMF (3 mL) under N2 and transferred into a stirring solution
of N-Boc-B-alanine (0.042 g, 0.222 mmol, 1.1 eq) and COMU® (0.094 g,
0.291 mmol, 1.1 eq) dissolved in DMF (2 mL). The reaction mixture was
chilled to 0°C. DIPEA (0.094 g, mmol, 4 eq) was then added. The reaction
mixture turned yellow. Upon completion as determined by LC-MS EtOAc
(5 mL) was added and portioned against cold H20 (100 mL). The
aqueous was extracted further with EtOAc (3 x 10 mL). Organic extracts
were combined, dried over MgS0s4, suction filtered, and concentrated
under vacuum to give an orange residue, purified via column
chromatography (eluent DCM, 100; and MeOH[1M NH3]:DCM, 0.1:9.9,
0.2:9.8), and prep-HPLC (HPLC-method E) to afford the title compound

as a clear residue (0.020 g, 17%).

LC-MS m/z calculated for C32H4sFN3Os [M+H]*: 570.3, found: 570.10, tr=

2.71 mins (HPLC-method A).

o H NMR (DMSO) &1

" " /@/\/\/(}
XOTNWN\/\O k\
(o]

kS S piperdin-1-ium ring

1-H), 8.09 (t, J = 5.4 Hz, NH, HNCOCH.CH20), 8.07 - 8.02 (m, 2H, 4-

fluorophenyl ring 3-H, 5-H), 7.34 (t, J = 8.8 Hz, 2H, 4-fluorophenyl ring 2-
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H, 6-H), 7.09 (d, J = 8.8 Hz, 2H, Ar ring 2-H, 6-H), 6.84 (d, J = 8.6 Hz, 2H,
Ar ring 3-H, 5H), 6.72 (t, TH, HNBoc), 3.93 (t J = 4.0 Hz, 2H,
HNCOCH2CH20), 3.47 - 3.32 (m, 3H, HNCOCH>CH0, piperdin-1-ium ring
4-H), 3.14 - 3.07 (q, J = 6.44, 2H, HNBocCH2CH;HNCO), 2.86 (d, J = 11.2
Hz, 2H, piperdin-1-ium ring 2-H), 2.52 (d, J = 5.8 Hz, 2H, piperdin-1-ium
ring NH*CH2), 2.26 (m, 4H, Ar ring 1-CCH2, HNBocCH2CH2HNCO), 2.11 -
1.96 (t, J = 10.33, 2H, piperdin-1-ium ring 6-H), 1.73 (d, J = 12.9 Hz, 2H,
piperdin-1-ium ring 3-H), 1.68 — 1.47 (m, 4H, piperdin-1-ium ring 6-H, 5-H,
Ar ring 1-CCH2CH2CH2), 1.36 (m, 11H, Ar ring 1-CCH2CH2CH>, Boc

OC(CHs3)3).

3¢ NMR (DMSO0) 6. 170.6 (HOOCH), 157.9 (HNCOOC(CHs), 157.6 (Ar
ring 1-C), 138.9 (Ar ring 4-C), 134.5 (d, 3Jcr = 10.0, 4-fluorophenyl ring 2-
C, 6-C), 131.4 (d, *Jer = 2.9 Hz, 4-fluorophenyl ring 1-C), 129.2 (Ar ring 2-
C, 6-C), 115.9(d, 2Jcr = 21.9 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.3 (Ar
ring 3-C, 5-C), 70.3 HNCOCH2CH-0, 58.6 (piperdin-1-ium ring NH*CHy),
51.0 (piperdin-1-ium ring 3-C, 5-C), 42.0 (piperdin-1-ium ring 4-H), 38.5
(HNCOCH2CH-0), 36.9 (HNBocCH2CH2HNCO), 35.2
(HNBocCH2CH,HNCO), 33.5 (HNBocCH2CHoHNCO), 31.9 (Ar ring 1-
CCH2CH2CH?>), 28.2 (Boc OC(CHs)s3), 28.0 (piperdin-1-ium ring 3-C, 5-C),
25.8 (Ar ring 1-CCH2CH2CH2, Ar ring 1-CCH2CH2CH2). Missing: (4-

fluorophenyl ring 4-C).
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3-Amino-N-(2-(4-(4-(4-(4-fluorobenzoyl)piperidin-1-yl)butyl)phenoxy)

ethyl)propenamide. di-formate salt (32)

tert-Butyl-(3-((2-(4-(4-(4-(4-fluorobenzoyl)piperidin-1-yl)butyl)phenoxy)

ethyl)amino)-3-oxopropyl)carbamate. formate salt (31) (0.020 g, 0. 035
mmol) was dissolved in 4M HCI in 1, 4 dioxane (2 mL, excess). Upon
completion determined by LC-MS volatiles were removed to give a crude
residue, follows by purification via column chromatography (eluent DCM,
100; and MeOH[1M NH3]:DCM 0.3:0.7) followed by prep-HPLC (HPLC-
method E). Collected fractions were concentrated under vacuum and

lyophilised to afford the title compound as a clear residue (0.010 g, 94%).

LC-MS m/z calculated for C27H37FN303 [M+H]*: 470.3, found: 470.40, tr =

2.24 mins (HPLC-method A).

o H NMR (DMSO) &

- H O
O™ *HyN N\/\/Ej/\/V 3
~N o \

) o} HNCOCH,CH-0),
8.24 (s, 2H, piperdin-1-ium ring 1-H, H3*NCH>CH2NHCO), 8.05 (dd, J = 8.7,
5.7 Hz, 2H, 4-fluorophenyl ring 3-H, 5-H), 7.36 (t, J = 8.8 Hz, 2H, 4-
fluorophenyl ring 2-H, 6-H), 7.11 (d, J = 8.5 Hz, 2H, Ar ring 2-H, 6-H), 6.85
(d, J = 8.5 Hz, 2H, Arring 3-H, 5-H), 3.97 (t, J = 5.6 Hz, 2H, HNCOCH2CH20),
3.45 (dt, J = 5.5, 5.5 Hz, 2H, HNCOCH.CH20), 3.38 (tt, J = 11.4, 4.0 Hz,
1H, piperdin-1-ium ring 4-H), 2.99 (t, J = 6.8 Hz, 2H, H3*NCH2CH20CNH),
2.89 (d, J = 11.4 Hz, 2H, piperdin-1-ium ring 2-C), 2.49 — 2.42 (m, 4H,

piperdin-1-ium ring NH*CHy, H3*NCH2CH20CNH), 2.34 (t, J = 7.3 Hz, 2H,
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Ar ring 1-CCH2), 2.19 - 2.02 (m, 2H, piperdin-1-ium ring 6-C), 1.75 (d, J =
14.9 Hz, 2H, piperdin-1-ium ring 3-C), 1.69 - 1.50 (m, 4H, Ar ring 1-
CCH2CH2CH>, piperdin-1-ium ring 5-C), 1.47 — 1.31 (m, 2H, Ar ring 1-

CCH2CH2CH>).

13C NMR (DMSO) 8. 201.1(C=0), 169.7 (HNCOCH2CH20), 164.9 (d, "JcF =
251.4 Hz, 4-fluorophenyl ring 4-C), 164.0 (HCOOH), 156.4 (Ar ring 4-C),
134.3 (Arring 1-C), 132.3 (d, *Jcr = 2.90 Hz, 4-fluorophenyl ring 1-C), 129,
131.1 (d, 3Jcr = 9.5 Hz, 4-fluorophenyl ring 2-C, 6-C), 129.2 (Ar ring 2-C, 6-
C), 115.8 (d, 2Jcr = 21.7 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.2 Ar ring 3-
C, 5-C), 66.1 (HNCOCH2CH0), 57.7 (piperdin-1-ium ring NH*CH,), 52.4
(piperdin-1-ium ring 2-C, 6-C), 42.5 (piperdin-1-ium ring 4-C), 38.3
(HNCOCH2CH20), 35.3 (Hs*NCH2CH2), 34.0 (H3*NCH2CH2), 32.2 (Ar 1-
CCH2CH2CH2), 29.0 (Ar CH2CH2CHy), 27.4 (piperdin-1-ium ring 3-C, 5-C),

25.7 (Ar ring 1-CCH2CH2CH,). Missing: (4-fluorophenyl ring 4-C).
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E)-6-(2-(4-(2-(5,5-difluoro-7-(thiophen-2-yl)-5H-5A% 6 A*-dipyrrolo
[1,2-c:2',1'-fl[1,3,2]diazaborinin-3-yl)vinyl)phenoxy) acetamido)-N-(2-
(4-(4-(4-(4-fluorobenzoyl)piperidin-1-yl)butyl)phenoxy)ethyl)

hexanamide. di-formate salt (25)

(1-(4-(4-(2-Aminoethoxy)phenyl)butyl) piperidin-4-yl) (4-fluorophenyl)

methanone. di-trifluoroacetate salt (30) (9.000x10g, 1.438x10° mmol)
was dissolved in DMF (1 mL) and DIPEA (4.0x10*mL, 3.200x10-® mmol,
2.1 eq) which was then combined with BODIPY 630/650 X NHS
(9.000x10* g, 1.3636x103 mmol, 1 eq), covered to darkness and stored
at r.t. Upon completion determined by LC-MS the solvent was removed
under vacuum to give blue crude residue which was then purified prep-
HPLC (HPLC-method E). Collected fractions were concentrated under
vacuum and lyophilization, to afford the title compound as a clear residue

(8.000x104g, 70%).

HRMS m/z (ESI-TOF+) calculated for Cs3sHsgBF3sNs0sS: 943.4200, found:

944.4242 [M+H]*
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(E)-6-(2-(4-(2-(5,5-difluoro-7-(thiophen-2-yl)-5H-5A%, 6A\*-
dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-3-yl) vinyl)phenoxy)
acetamido)  -N-(3-((2-(4-(4-(4-(4-fluorobenzoyl)piperidin-1-yl)butyl)

phenoxy)ethyl)amino)-3-oxopropyl)hexanamide. di-formate salt (26)

3-Amino-N-(2-(4-(4-(4-(4-fluorobenzoyl)piperidin-1-yl)butyl)phenoxy)

ethyl)propenamide. di-formate salt (32) (8.000x10*g, 1.279x10° mmol)
was dissolved in DMF (1 mL) and DIPEA (2.000x10* mL, 1.279x103
mmol, 1 eq) which was then combined with BODIPY 630/650 X NHS
(8.000x10*g, 1.212x10° mmol, 0.95 eq). Covered to darkness and stored
at r.t. Upon completion determined by LC-MS the solvent was removed
under vacuum to give blue crude residue which was then purified prep-
HPLC (HPLC-method E). Collected fractions were concentrated under
vacuum and lyophilised to afford the title compound as a clear residue

(1.000x103 g, 79%).

HRMS m/z (ESI-TOF+) calculated for CssHesBF3sN¢O6S: 1014.46, found:

1015.4600 [M+H]*
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6.4 Pimavanserin analogues synthesis methods

4-(3-(4-Butoxybenzyl)-1-(4-fluorobenzyl)ureido)-1-methylpiperidin-1-

ium (17a)

1-(4-Fluorobenzyl)-3-(4-hydroxybenzyl)-1-(1-methylpiperidin-4-yl)urea

(33) (0.100 g, 0.270 mmol) was dissolved in anhydrous DMF (10 mL)
under No, stirred, and cooled to 0°C. NaH 60% in mineral oil (0.041 g,
0.297 mmol, 1.1 eq) was added in one portion and stirred until
effervescence ceased. The reaction mixture turned yellow. Bromobutane
(32 pl, 0.297 mmol, 1.1 eq) was added dropwise over 1 minute and the
reaction was allowed to come up to room temperature. Upon completion
as determined by LCMS (HPLC-method A) the solvent was removed
under vacuum and crude residue partitioned between H,0 (50 mL) and
EtOAC (30 mL). The aqueous was extracted further with EtOAc (30 mL x
2), combined, dried over MgSQs, suction filtered, concentrated under
vacuum, purified via prep HPLC (HPLC-method E) and lyophilised to

afford the title compound as clear colourless residue (50 mg, 43%).

HRMS m/z (ESI-TOF+) calculated for C25H3sFN302 [M+H]*: 428.26, found:

428.2726 [M+H]*

o= . H NMR (DMSO) &4 8.23 (s, 1H,
H

\“O\ i piperdin-1-ium ring NH*), 7.24 (dd, J
Sas!

/@2 o~_- =8.4,5.6 Hz, 2H, 4-fluorophenyl ring

F

3-H, 5-H), 7.16 - 7.06 (m, 4H, 4-

fluorophenyl ring 3-H, 5-H, phenol ring 3-H, 5-H), 6.88 (1, J = 5.7 Hz, 1H,
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NHCH?2), 6.83 (d, J = 8.6 Hz, 2H, phenol ring 2-H, 6-H), 4.41 (s, 2H, 4-
fluorophenyl ring 4-CCHy), 4.18 (d, J = 5.6 Hz, 2H, NHCH,), 4.01 - 3.88
(m, 3H, piperdin-1-ium ring 4-CH, Ar ring 4-COCH2CH,CH2CHz3), 2.81 (d, J
= 11.2 Hz, 2H, piperdin-1-ium ring 2-H), 2.19 (s, 3H, piperdin-1-ium ring
N1-CH3), 2.11 = 2.01 (m, 2H, piperdin-1-ium ring 6-H), 1.73 = 1.54 (m, 4H,
piperdin-1-ium ring 3-H, Ar ring 4-COCH2CH>CH2CHs3), 1.50 — 1.35 (m, 4H,
piperdin-1-ium ring 5-H, Ar ring 4-COCH2CH2CH>CH3), 0.92 (t, J = 7.4 Hz,

3H, Ar ring 4-COCH2CH2CH2CHs).

3¢ NMR (DMSO) & 164.2 (HCOOH), 161.1 (d, 'Jor = 241.6 Hz, 4-
fluorophenyl ring 4-C), 157.7 (C=0), 157.54 (butoxybenzyl ring 1-C), 137.2
(d, *Jcr = 3.0 Hz, 4-fluorophenyl ring 1-C), 133.2 (butoxybenzyl ring 4-C),
128.5 (d, 3Jer = 8.0 Hz, 4-fluorophenyl ring 2-C, 6-C), 128.3 (butoxybenzyl
ring 2-C, 6-C), 115.0 (d, 2Jcr = 21.2 Hz, 4-fluorophenyl ring 3-C, 5-C),
114.2(butoxy aryl 3-H, 5-H), 67.3 (Ar ring 1-CCH2CH2CH2CH3), 54.7
(piperdin-1-ium 2-C, 6-C), 52.1 (piperdin-1-ium ring 4-C), 45.3 (piperdin-1-
ium ring 6-C), 44.2 (4-fluorophenyl ring 4-CH), 43.3 (Ar ring 1-CCH), 31.0
(Ar ring 1-CCH2CH2CH2CH?3), 30.0 (piperdin-1-ium ring 3-C, 5-C), 19.0 (Ar

ring 1-CCH2CH2CH,CHs), 14.0 (Ar ring 1-CCH2CH2CHaCH).

3-(4-(Cyclohexylmethoxy)benzyl)-1-(4-fluorobenzyl)-1-(1-methyl

piperidin-4-yl)urea (17b)

1-(4-Fluorobenzyl)-3-(4-hydroxybenzyl)-1-(1-methylpiperidin-4-yl)urea
(33) (0.100 g, 0.270 mmol) was dissolved in anhydrous DMF (10 mL),

under Ny, stirred, and cooled to 0°C. NaH 60% in mineral oil (0.041 g,
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0.297 mmol, 1.1 eq) was added in one portion and stirred until
effervescence ceased. The reaction mixture turned vyellow.
Bromomethylcyclohexane (42 pl, 0.297 mmol, 1.1 eq) was added
dropwise over 1 minute and the reaction was allowed to come up to room
temperature. Upon completion as determined by LCMS (HPLC-method
A) the solvent was removed under vacuum and crude residue partitioned
between H>0 (50 mL) and EtOAc (30 mL). The aqueous was extracted
further with EtOAc (30 mL x 2), combined, dried over MgSOs, suction
filtered, concentrated under vacuum, purified via prep HPLC (HPLC-
method E), and lyophilised to afford the title compound as the yellow

residue (40 mg, 53%).

HRMS m/z (ESI-TOF+) calculated for C2gH3gFN302 [M+H]*: 468.29, found:

468.3019 [M+H]*

\I\O\ o) TH NMR (CDCl3) 617.17 (dt, J = 8.4, 5.2 Hz,
A ae!

H o 2H, 4-fluorophenyl ring 3-H, 5-H), 7.04 -

F KO 6.93 (m, 4H, 4-fluorophenyl ring 2-H, 6-H,

cyclohexylmethoxybenzyl ring 3-H, 5-H), 6.77 (d, J = 8.5 Hz, 2H,
cyclohexylmethoxybenzyl ring 2-H, 6-H), 4.46 (t, J = 5.5 Hz, TH, urea NH),
4.33 (s, 3H, piperidin-4-yl ring 4-CH, 4-fluorophenyl ring 4-CCH>), 4.27 (d,
J = 5.4 Hz, 2H, cyclohexylmethoxybenzyl ring 1-CHCH>), 3.70 (d, J = 6.3
Hz, 2H, cyclohexyl ring 1-CHCH>0), 2.86 (d, J = 11.1 Hz, 2H, piperidin-4-yl
ring 2-H), 2.25 (s, 2H, piperidin-4-yl ring N1-CHs), 2.07 (td, J=11.7, 3.1 Hz,
2H, piperidin-4-yl ring 6-H), 1.85 (dd, J = 12.3, 3.6 Hz, 2H, piperidin-4-yl

ring 3-H), 1.82 — 1.58 (m, 7H, piperidin-4-yl ring 5-H, cyclohexyl ring 1-H,
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cyclohexyl ring 2-H, 6-H), 1.36 — 1.13 (m, 4H, cyclohexyl ring 3-H, 5-H),

1.03 (qd, J = 12.0, 3.4 Hz, 2H, cyclohexyl ring 4-H).

13C NMR (CDCls3) 6¢ 162.0 (d, 'Jcr = 245.8 Hz, 4-fluorophenyl ring 4-C),
158.5 (C=0), 158.1 (cyclohexylmethoxybenzyl ring 1-C), 134.1 (d, *Jcr =
3.1 Hz, 4-fluorophenyl ring 1-C), 131.1 (cyclohexylmethoxybenzyl ring 4-
C), 128.7 (cyclohexylmethoxybenzyl ring 3-C, 5-C), 127.7 (d, 3Jcr = 8.0 Hz,
4-fluorophenyl ring 2-C, 6-C), 115.7 (d, 2Jcr = 21.6 Hz, 4-fluorophenyl ring
3-C, 5-C), 114.5 (cyclohexylmethoxybenzyl ring C-2, C-6), 73.6 (cyclohexyl
ring 1-CHCH-0), 55.3 (piperidin-4-yl ring C-2, C6), 52.2 (piperidin-4-yl ring
4-H), 46.1 (4-fluorophenyl ring 4-CCH2) 45.1 (piperidin-4-yl ring N1-CHz),
44.5 (cyclohexylmethoxybenzyl ring 1-CHCH?), 37.7 (cyclohexyl ring 1-C),
30.1 cyclohexyl ring 2-C, 6-C), 29.9 (piperidin-4-yl ring 3-C, 5-C), 26.5

(cyclohexyl ring 4-C), 25.8 (cyclohexyl ring 3-C, 5-C).

4-(3-(4-(Dodecyloxy)benzyl)-1-(4-fluorobenzyl)ureido)-1-methyl

piperidin-1-ium (17c)

1-(4-Fluorobenzyl)-3-(4-hydroxybenzyl)-1-(1-methylpiperidin-4-yl)urea

(33) (0.100 g, 0.270 mmol) was dissolved in anhydrous DMF (10 mL) with
stirring and cooled to 0°C. NaH 60% in mineral oil (0.041 g, 0.297 mmol,
1.1 eq) was added in one portion and stirred until effervescence ceased.
The reaction mixture turned yellow. Bromododecane (65 pl, 0.297 mmol,
1.1 eq) was added dropwise over 1 minute and the reaction mixture was
allowed to come up to room temperature. Upon completion as

determined by LCMS (HPLC-method A) the solvent was removed under
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vacuum and crude residue partitioned between H20 (50 mL) and EtOAc
(30 mL). The aqueous was extracted further with EtOAc (30 mL x 2),
combined, dried over MgSOs, suction filtered, concentrated under
vacuum, purified via prep HPLC (HPLC-method E), and lyophilised to

afford the title compound was a clear residue (2 mg, 1.4%).

HRMS m/z (ESI-TOF+) calculated for C33Hs1FN302 [M+H]*: 540.39, found:

540.3972 [M+H]*

? 'H NMR (DMSO) &y

o+

~H o 8.31 (s, 1H, piperdin-1-
O\NLN

/@) H/\©\o/\/\/\/\/\/\ ium ring NH*), 7.24 (dd,

F J = 8.4, 5.5 Hz, 2H, 4-
fluorophenyl ring 3-H, 5-H), 7.10 (m, 4H, dodecyloxybenzy ring 3-H, 5-H,
4-fluorophenyl ring 2-H, 6-H), 6.91 - 6.78 (m, 3H, dodecyloxybenzy ring
2-H, 6-H, urea NH), 4.41 (s, 2H, 4-fluorophenyl ring 4-CCH>), 4.18 (d, J =
5.6 Hz, TH, dodecyloxybenzy ring 4-CCH>), 4.01 - 3.84 (m, 3H, piperdin-
1-ium ring 4-H, dodecyloxybenzy ring OCH>), 2.71 (d, J = 11.3 Hz, 2H,
piperdin-1-ium ring 2-H), 2.10 (s, 3H, piperdin-1-ium ring N1-CHz), 1.89 (%,
J = 11.4 Hz, 2H, piperdin-1-ium ring 6-H), 1.68 (p, J = 6.7 Hz, 2H,
dodecyloxybenzy ring OCH2CH>), 1.61 — 1.48 (m, 2H, piperdin-1-ium ring
3-H), 1.46 — 1.36 (m, 2H, piperdin-1-ium ring 5-H), 1.25 (s, 18H,
dodecyloxybenzy ring OCH2CH2(CH2)sCHs), 0.86 (t, J = 6.6 Hz, 3H,

O(CH2)11CH3).
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13C NMR (DMSO0) &6¢ 160.9 (d, "Jcr = 241.4 Hz, 4-fluorophenyl ring 4-C),
157.5 (C=0), 157.3 (dodecyloxybenzy ring 1-C), 137.0 (d, *Jcr = 3.1 Hz, 4-
fluorophenyl ring 1-C), 133.0 (dodecyloxybenzy ring 4-C), 128.3 (d, 3JcF =
8.1 Hz, 4-fluorophenyl ring 3-C, 5-C), 128.1 (dodecyloxybenzy ring 2-C, 6-
C), 114.7 (d, 2Jcr = 21.3 Hz, 4-fluorophenyl ring 2-C, 6-C), 114.0
(dodecyloxybenzy ring 3-C, 5-C), 67.3 (dodecyloxybenzy ring OCH>), 54.7
(piperdin-1-ium ring 2-C, 6-C), 52.1 (piperdin-1-ium ring 4-C), 45.5 (4-
fluorophenyl ring 4-CCHy), 44.0 (dodecyloxybenzy ring 4-CCH,), 43.1
(piperdin-1-ium ring N-CHs), 31.3 (piperdin-1-ium ring 2-C, 6-C), 29.7
dodecyloxybenzy ring OCH2CH2(CH2)4(CH2)sCH3), 29.1 - 28.9 (m,
dodecyloxybenzy ring OCH2CH2(CH2)7CH2CH2CHs), 28.7
(dodecyloxybenzy ring O(CH2)7CH2(CH2)sCHs), 25.5 (dodecyloxybenzy
ring O(CHz2)2CH2(CH2)7CHs), 22.1 (dodecyloxybenzy ring

O(CH2)10CH2CHs), 14.0 (dodecyloxybenzy ring O(CH2)11CH3).

3-(4-((3-(4-Fluorobenzyl)-3-(1-methylpiperidin-4-yl)ureido)methyl)

phenoxy)-2-hydroxypropan-1-aminium (18a)

4-(3-(4-(3-(Dibenzylammonio)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)ureido)-1-methylpiperidin-1-ium (18n) (97 mg, 0.16 mmol) was
dissolved in EtOH (4 mL) and sonicated for 10 minutes. AcOH (1.16 mL)
was then added, and the mixture saturated with H2. The mixture was then
transferred to Pd/C 10% (41 mg, 0.02 mmol, 0.2 eq) suspended in H.0
(2.28 mL) and stirred. After completion as determined by LC-MS
Reaction mixture was filtered through Celite® and filter cake washed

with MeOH (20 mL x 3). Filtrate was concentrated under vacuum to give
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crude residue, purified by silica gel column chromatography (eluent DCM,
100; and MeOH[1M NH3]:DCM, 0.2:9.8], 0.5:9.5, 0.7:9.3, 1:9, 1.5:8.5) and
prep-HPLC (HPLC-method D). Collected fractions were concentrated
under vacuum and lyophilised, to give the title compound as a clear

residue (4 mg, 6%).

HRMS m/z (ESI-TOF+) calculated for C2sHssFN4Os [M+H]*: 459.2800,

found: 445.2596 [M+H]*

N o H NMR (DMSO) 64 8.31 (s, TH,
O\NLN o

/©) H/\©\O/\§/\NH3+’O) ammonium NHs*), 7.28 — 7.20 (m,
F on 2H, 4-fluorophenyl ring 3-H, 5-H),
7.15 = 7.05 (m, 4H, 4-fluorophenyl 2-H, 6-H, Ar ring 2-H, 6-H), 6.89 (t, TH,
ureido NH), 6.86 (d, J = 8.6 Hz, 2H, Ar ring 3-H, 5-H), 4.43 - 4.38 (m, 2H,
4-fluorophenyl ring 1-CCH2), 4.18 (d, J = 5.6 Hz, 2H, Ar ring 1-CCHy), 3.98
(s, TH, chiral HC), 3.95 - 3.78 (m, 3H, 1-methylpiperidin-1-ium ring 4-H, Ar
ring 4-COCHy), 2.97 (d, J = 12.4 Hz, TH, HaCNHs*), 2.84 — 2.62 (m, 3H,
HoCNHs*,  1-methylpiperidin-1-ium ring 2-H), 211 (s, 3H, 1-
methylpiperidin-1-ium ring CHs), 1.96 — 1.85 (m, 2H, 1-methylpiperidin-1-
ium ring 6-H), 1.62 — 1.49 (m, 2H, 1-methylpiperidin-1-ium ring 3-H), 1.48
- 1.39 (m, 2H, 1-methylpiperidin-1-ium ring 5-H).
13C NMR (DMSO) 6. 172.0 (HCOOH), 158.0 (Ar ring 4-C), 157.5 (C=0),
137.6 (d, *Jcr 2.7 Hz, 4-fluorophenyl ring 1-C), 134.0 (Ar ring 1-C), 128.9
(d, 3Jcr = 8.0 Hz, 4-fluorophenyl ring 2-C, 6-C), 128.6 (Ar ring 2-C, 6-C),

115.2 (d, 2Jcr = 21.43 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.6 (Ar ring 3-C,

192



6.Experimental

5-C), 70.3 (Ar ring 4-COCHy), 67.0 (chiral C), 55.3 (1-methylpiperidin-1-ium
ring 2-C, 6-C), 52.7 (1-methylpiperidin-1-ium ring 4-C), 46.2 (1-
methylpiperidin-1-ium ring CHs), 46.0 (4-fluorophenyl ring 1-CCHy), 44.7
(Ar ring 1-CCH?2), 43.5 (H2CNH3s*), 30.3 (1-methylpiperidin-1-ium ring 3-C,

5-C). Missing: (4-fluorophenyl ring 4-C).

4-(1-(4-Fluorobenzyl)-3-(4-(2-hydroxy-3-(methylammonio)propoxy)-

benzyl)ureido)-1-methylpiperidin-1-ium (18b)

3-(4-(3-(Benzyl(methyl)amino)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)-1-(1-methylpiperidin-4-yl)urea (180) (111 mg, 0.20 mmol) was
dissolved in EtOH (4 mL) and sonicated for 10 minutes. AcOH (1.16 mL)
was then added, and the mixture saturated with H2. The mixture was then
transferred to Pd/C 10% (22 mg, 0.02 mmol, 0.1 eq) suspended in H20
(2.28 mL) and stirred. After completion as determined by LC-MS
Reaction mixture was filtered through Celite® and filter cake washed
with MeOH (20 mL x 3). Filtrate was concentrated under vacuum to give
crude residue, purified by silica gel column chromatography (eluent
MeOH[1TM NH3]:DCM, 18:82), and prep-HPLC (HPLC-method G).
Collected fractions were concentrated under vacuum and lyophilised, to

afford the title compound as a clear residue (10 mg, 9%).

HRMS m/z (ESI-TOF+) calculated for C2sH3sFN4O3 [M+H]*: 459.2800,

found: 459.2765 [M+H]*
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0 H NMR (DMSO) & 9.59 (s,

F C)kO'+

3
~K o 1H, 1-methylpiperidin-1-ium
O\NXNA@ ring NH*), 856 (s, 2H
O/Y\”/ g ! : ! !
2

F O o cr, methylammonium NH2*),

7.24 (ddt, J = 8.9, 5.6, 2.0 Hz,
2H, 4-fluorophenyl ring 3-H, 5-H), 7.14 (t, J = 8.4 Hz, 4H, Ar ring 2-H, 6-H,
4-fluorophenyl ring 2-H, 6-H), 7.01 (t, J = 6.0 Hz, 1H, ureido NH), 6.90 -
6.82 (m, 2H, Ar ring 3-H, 5-H), 4.41 (s, 2H, 4-fluorophenyl ring 1-CCHy),
4.20 (d, J = 5.5 Hz, 3H, 4-fluorophenyl ring 1-CCH>, 1-methylpiperidin-1-
ium ring 4-H), 4.12 (dtd, J = 9.2, 4.7, 2.0 Hz, 1H, chiral HC), 4.00 - 3.79
(m, 2H, Ar ring 4-COCHy), 3.43 — 3.33 (m, 2H, 1-methylpiperidin-1-ium ring
2-H), 3.12 (ddd, J = 8.1, 6.3, 4.0 Hz, TH, H.CNHy*), 3.07 - 2.93 (m, 3H,
HwCNH2*, 1-methylpiperidin-1-ium ring 6-H), 2.71 (d, J = 4.0 Hz, 3H, 1-
methylpiperidin-1-ium ring CHs), 2.61 (t, J = 5.3 Hz, 3H, NH2*CH3), 1.92 -
1.77 (m, 2H, 1-methylpiperidin-1-ium ring 3-H), 1.71 - 1.64 (m, 2H, 1-

methylpiperidin-1-ium ring 5-H).

13C NMR (DMSO0) &6¢ 161.5 (d, "Jcr = 241.9 Hz, 4-fluorophenyl ring 4-C),
158.8 (COCF3), 158.5 (COCF3), 157.8 (C=0), 157.4 (Ar ring 4-C), 136.7 (d,
4Jcr = 2.93 Hz, 4-fluorophenyl ring 1-C), 133.9 (Ar ring 1-C), 128.8 (d, 3Jcr
= 8.1 Hz, 4-fluorophenyl ring 2-C, 6-C), 128.7 (Ar ring 2-C, 6-C), 119.8 (CFs),
118.8 (CF3), 115.4 (d, 2Jcr = 21.3 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.6
(Ar ring 3-C, 5-C), 70.2 (Ar ring 4-COCH>), 65.3 (chiral C), 53.7 (1-
methylpiperidin-1-ium ring 2-C, 6-C), 51.4 (H2CNH2*) 50.2 (Ar ring 1-

CCH>), 44.9 (4-fluorophenyl ring 1-CCH>), 43.5 (1-methylpiperidin-1-ium
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ring 4-C), 42.9 (1-methylpiperidin-1-ium ring CHs), 33.5 (NH2*CH3), 27.7

(1-methylpiperidin-1-ium ring 3-C, 5-C).
19F NMR (DMSO) 6 -73.84 (HOOCFs3), -116.62, (4-fluorophenyl F).

4-(3-(4-(3-(Dimethylammonio)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)ureido)-1-methylpiperidin-1-ium (18c)

3-(4-(Ammoniomethyl)phenoxy)-2-hydroxy-N,N-dimethylpropan-1-

aminium (38a) (279 mg, 0.94 mmol) was dissolved in anhydrous DCM (6
mL) and triethylamine (327 pl, 2.36 mmol, 2.5 eq) under N2 and stirred.
CDI (239 mg, 2.36 mmol, 1.1 eq) was added after 5 minutes. After
formation of a mono-substituted imidazole intermediate species as
determined by LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (195
ul, 0.94 mmol, 1 eq) was added. Upon completion as determined by LC-
MS volatiles were removed and crude reside portioned between H20 (20
mL) and EtOAc (20 mL). Saturated bicarb solution was added to the
aqueous until basic and extracted with EtOAc (20 mL x 2). Organics were
then combined, dried over MgSQs, suction filtered, concentrated under
vacuum, and purified by silica gel column chromatography (eluent
MeOH[1M NH3]:DCM, 0.6:9.4 and 0.9:9.1), and prep-HPLC (HPLC-method
G). Collected fractions were concentrated under vacuum and lyophilised

to afford the title compound as a clear residue (67 mg, 10%).

HRMS m/z (ESI-TOF+) calculated for C2¢H3sFN4O3 [M+H]*: 472.2900,

found: 473.2912 [M+H]*
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o H NMR (DMSO0) 6 9.80 (s,
F CAO'*
3
\b o o TH, 1-methylpiperidin-1-ium
NLN/\©\ +-OXCF
H H_ ° ring NH*), 9.50 (d, J = 10.9
N
JogRase

Hz, 1H, dimethylammonio
NH*), 7.31 = 7.19 (m, 2H, 4-fluorophenyl ring 3-H, 5-H), 7.19 - 7.08 (m,
4H, 4-fluorophenyl 2-H, 6-H, Ar ring 2-H, 6-H), 7.02 (t, J = 5.9 Hz, TH, ureido
NH), 6.87 (d, J = 8.6 Hz, 2H, Ar ring 3-H, 5-H), 4.41 (s, 2H, 4-fluorophenyl
ring 1-CCH>), 4.30 — 4.16 (m, 5H, 1-methylpiperidin-1-ium ring 4-H, Ar ring
1-CCH, chiral HC), 3.98 - 3.86 (m, 2H, Ar ring 4-COCH2), 3.46 - 3.36 (m,
2H, 1-methylpiperidin-1-ium ring 2-H), 3.32 — 3.14 (m, 2H, H.CNH*), 3.05
- 2.91 (m, 2H, 1-methylpiperidin-1-ium ring 6-H), 2.84 (dd, J = 14.5, 4.5
Hz, 6H, NH*(CHs)2), 2.71 (d, J = 4.0 Hz, 3H, 1-methylpiperidin-1-ium ring
CHzs), 1.86 (qd, J = 13.3, 3.9 Hz, 2H, 1-methylpiperidin-1-ium ring 3-H),

1.73 = 1.65 (m, 2H, 1-methylpiperidin-1-ium ring 5-H).

13C NMR (DMSO0) &6¢ 161.5 (d, "Jcr = 242.0 Hz, 4-fluorophenyl ring 4-C),
158.9 (q, J = 35.0 Hz, COCF3), 157.8 (Ar ring 4-C), 157.4 (C=0), 136.7 (d,
4Jcr = 2.9 Hz, (4-fluorophenyl ring 1-C), 133.9 (Ar ring 1-C), 128.8 (d, 3Jcr
= 8.0 Hz, 4-fluorophenyl ring 2-C, 6-C), 128.7 (Ar ring 2-C, 6-C), 121.0 (CFs),
118.0 (CF3), 115.4 (d, 2Jcr = 21.2 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.6
(Ar ring 3-C, 5-C), 70.4 (Ar ring 4-COCH?>), 64.1 (chiral C), 59.4 (H2CNH"),
53.7 (1-methylpiperidin-1-ium ring 2-C, 6-C), 50.2 (1-methylpiperidin-1-
ium ring 4-C), 44.8 (4-fluorophenyl ring 1-CCHy), 43.5 (Ar ring 1-CCHy),
42.9 (1-methylpiperidin-1-ium ring CHs), 42.0 (NH*(CHs)2), 27.6 (1-

methylpiperidin-1-ium ring 3-C, 5-C).
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19F NMR &r (DMSO) 6¢ -74.5 (HOOCF3), -116.7 (1F, 4-fluorophenyl F).

4-(3-(4-(3-(Diethylammonio)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)ureido)-1-methylpiperidin-1-ium (18d)

3-(4-(Ammoniomethyl)phenoxy)-N,N-diethyl-2-hydroxypropan-1-

aminium (38b) (289 mg, 1.10 mmol) was dissolved in anhydrous DMF (5
mL) under N2 and stirred. CDI (194 mg, 1.20 mmol, 1.1 eq) was added
stirred. After formation of a mono-substituted imidazole intermediate
species as determined by LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-
amine (170 pl, 0.82 mmol, 1 eq) was added. Upon completion as
determined by LC-MS volatiles were removed and crude reside portioned
between H20 (20 mL) and EtOAc (20 mL). Aqueous was further extracted
with EtOAc (15 mL x 3). Organics were combined, dried over MgS0s,
concentrated under vacuum, and purified by silica gel column
chromatography (eluent MeOH[1TM NHz]:DCM, 18:82) and prep-HPLC
(HPLC-method E). Collected fractions were concentrated under vacuum
and lyophilised to afford the title compound as a clear residue (17 mg,

28%).

HRMS m/z (ESI-TOF+) calculated for C2sH42FN4O3 [M+H]*: 501.3200,

found: 501.3244 [M+H]*

? TH NMR (CDCl3) &1 8.43 (s, 2H, 1-

o+
methylpiperidin-1-ium ring NH*,

H
N (o] 0
3, t .
H/\©\ o diethylammonio NH*), 7.19 - 7.13
ot
F

o K (m, 2H, 4-fluorophenyl ring 3-H, 5-H),
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7.08 — 6.90 (m, 4H, 4-fluorophenyl 2-H, 6-H, Ar ring 2-H, 6-H), 6.76 (d, J =
8.6 Hz, 2H, Ar ring 3-H, 5-H), 4.63 (it, J = 12.2, 4.2 Hz, 1H, 1-
methylpiperidin-1-ium ring 4-H), 4.58 (t, J = 5.4 Hz, TH, ureido NH), 4.51
- 4.37 (m, TH, chiral HC), 4.35 (s, 2H, 4-fluorophenyl ring 1-CCH>), 4.25
(d, J = 5.4 Hz, 2H, Arring 1-CCH>), 4.11 (dd, J = 9.4, 4.5 Hz, 1H, Ar ring 4-
COCHo.), 3.84 (dd, J = 9.4, 8.2 Hz, TH, Ar ring 4-COCHp), 3.46 — 3.33 (m,
2H, 1-methylpiperidin-1-ium ring 2-H), 3.18 (qd, J = 7.1, 3.1 Hz, 5H,
HbCNH*, NH*(CHz)2), 3.07 (dd, J = 13.3, 9.9 Hz, 1H, H.CNH*), 2.68 - 2.56
(m, 5H, 1-methylpiperidin-1-ium ring CHs, 1-methylpiperidin-1-ium ring 2-
H), 2.12 (qd, J = 13.2, 3.9 Hz, 2H, 1-methylpiperidin-1-ium ring 3-H), 1.94
- 1.75 (m, 2H, 1-methylpiperidin-1-ium ring 5-H), 1.35 (t, J = 7.3 Hz, 6H,

NH*(CH2)2(CHs)2).

3¢ NMR (CDCl3) &c 168.3 (HCOOH), 162.3 (d, 'Jor = 246.1 Hz, 4-
fluorophenyl ring 4-C), 158.1 (C=0), 157.5 (Ar ring 4-C), 133.4 (d, *Jor =
2.57 Hz, 4-fluorophenyl ring 1-C), 132.1 (Ar ring 1-C), 128.8 (Ar ring 2-C,
6-C), 127.7 (d, 3Jcr = 8.0 Hz, 4-fluorophenyl ring 2-C, 6-C), 116.1 (d, 2Jcr =
21.6 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.6 (Ar ring 3-C, 5-C), 69.9 (Ar
ring 4-COCHy), 64.5 (chiral C), 57.3 (H2CNH?*), 54.2 (1-methylpiperidin-1-
ium ring 2-C, 6-C), 50.3 (1-methylpiperidin-1-ium ring 4-C), 48.6
(NH*(CH2)2), 45.4 (4-fluorophenyl ring 1-CCH2), 44.4 (Ar ring 1-CCH>),
43.8 (1-methylpiperidin-1-ium ring CHs), 27.6 (1-methylpiperidin-1-ium

ring 3-C, 5-C), 8.9 (NH*(CH2)2(CHa)2).

198



6.Experimental

4-(3-(4-(3-(Diisopropylammonio)-2-hydroxypropoxy)benzyl)-1-(4-

fluorobenzyl)ureido)-1-methylpiperidin-1-ium (18e)

3-(4-(Ammoniomethyl)phenoxy)-2-hydroxy-N,N-diisopropylpropan-1-

aminium (38c) (286 mg, 0.81 mmol) was dissolved in anhydrous DCM (5
mL) and triethylamine (277 pl, 0.2 mmol, 2.5 eq) under N2 and stirred. CDI
(146 mg, 0.90 mmol, 1.1 eq) was added after 5 minutes. After formation
of a mono-substituted imidazole intermediate species as determined by
LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (187 pl, 0.80 mmol,
1 eq) was added. Upon completion as determined by LC-MS volatiles
were removed and crude reside portioned between H20 (50 mL) and
EtOAc (30 mL). The aqueous was further extracted with EtOAc (30 mL x
2). Organics were combined, dried over MgSOs4 suction filtered,
concentrated under vacuum, and purified by silica gel column
chromatography (eluent MeOH[1M NH3]:DCM, 0.8:9.2) and prep-HPLC
(HPLC-method D). Collected fractions were concentrated under vacuum
and lyophilised to afford the title compound as a clear residue (13 mg,

33%).

HRMS m/z (ESI-TOF+) calculated for CsoHasFN4O3 [M+H]*: 529.3500,

found: 529.3568 [M+H]*

? H NMR (CDCl3) 64 8.47 (d, J = 0.9
o
y

\U Hz, 2H, diisopropylammonio NH*, 1-

: J /\©\ O J\ methylpiperidin-1-ium ring NH?*),

7.7 (dd, J = 8.5, 5.2 Hz, 2H, 4-
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fluorophenyl ring 3-H, 5-H), 7.00 (t, J = 7.8 Hz, 4H, Ar ring 2-H, 6-H, 4-
fluorophenyl ring 2-H, 6-H), 6.83 — 6.68 (m, 2H, Ar ring 3-H, 5-H), 4.63 -
4.52 (m, 2H, ureido NH, 1-methylpiperidin-1-ium ring 4-H), 4.44 (d, J =
9.2, 4.4 Hz, 1H, chiral HC), 4.35 (s, 2H, 4-fluorophenyl ring 1-CCH>), 4.26
(d, J = 5.4 Hz, 2H, Arring 1-CCH>), 4.13 (dd, J = 9.4, 4.4 Hz, 1H, Ar ring 4-
COCHa), 3.80 (t, J = 9.1 Hz, TH, 4-COCHp), 3.53 (hept, J = 6.7 Hz, 2H,
NH*(CH).), 3.35 - 3.27 (m, 2H, 1-methylpiperidin-1-ium ring 6-H), 3.21 (d,
J =13.9 Hz, TH, H.CNH*), 2.93 (dd, J = 14.0, 9.7 Hz, 1H, H,CNH*), 2.53 (s,
3H, 1-methylpiperidin-1-ium ring 6-H, 1-methylpiperidin-1-ium ring CHs),
2.05 (qd, J = 12.3, 3.6 Hz, 2H, 1-methylpiperidin-1-ium ring 3-H), 1.87 -
1.76 (m, 2H, 1-methylpiperidin-1-ium ring 5-H), 1.39 (dd, J = 11.1, 6.5 Hz,

12H, NH*(CH2)2(CHz)4).

13C NMR (CDCls3) 6¢ 168.2 (HCOOH), 158.0 (C=0), 161.0 (4-fluorophenyl
ring 4-C), 157.4 (Ar ring 4-C), 133.3 (d, *Jcr = 3.01 Hz, 4-fluorophenyl ring
1-C), 131.9 (Ar ring 1-C), 128.7 (Ar ring 2-C, 6-C), 127.6 (d, 3Jcr = 8.0 Hz,
4-fluorophenyl ring 2-C, 6-C), 116.0 (d, 2Jcr = 21.6 Hz, 4-fluorophenyl ring
3-C, 5-C), 114.4 (Ar ring 3-C, 5-C), 70.0 (Ar ring 4-COCH?>), 65.3 (chiral C),
55.0 (NH*(CH)2), 54.1 (1-methylpiperidin-1-ium ring 2-C, 6-C), 52.5
(H2CNH*), 50.4 (1-methylpiperidin-1-ium ring 4-C), 45.2 (4-fluorophenyl
ring 1-CCH>), 44.3 (Ar ring 1-CCH>), 43.9 (1-methylpiperidin-1-ium ring
CHs), 27.8 (1-methylpiperidin-1-ium ring 3-C, 5-C), 18.5 (NH*(CH2)2(CH3)2,

17.8 (NH*(CH2)2(CHs)o.
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4-(1-(4-Fluorobenzyl)-3-(4-(2-hydroxy-3-(pyrrolidin-1-ium-1-yl)

propoxy)benzyl)ureido)-1-methylpiperidin-1-ium (18f)

(4-(2-Hydroxy-3-(pyrrolidin-1-yl)propoxy)phenyl)methanaminium  (38d)
(252 mg, 0.82 mmol) was dissolved in anhydrous DCM (10 mL) and
triethylamine (350 pl, 4.6 mmol, 5.6 eq) under N2 and stirred. CDI (139
mg, 0.86 mmol, 1.05 eq) was added after 5 minutes. After formation of
a mono-substituted imidazole intermediate species as determined by
LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (170 pl, 0.82 mmol,
1 eq) was added. Upon completion as determined by LC-MS volatiles
were removed and crude reside portioned between H20 (50 mL) and
EtOAc (30 mL) and sedted. The aqueous was further extracted with
EtOAc (30 mL x 2). Organics were combined, dried over MgSOs,
concentrated under vacuum, and purified by RP flash chromatography
(H20:MeCN, 0.1% formic acid, 100-10%) and prep-HPLC (HPLC-method
G). Collected fractions were concentrated under vacuum and lyophilised,

to afford the title compound as a clear residue (20 mg, 3%).

HRMS m/z (ESI-TOF+) calculated for C2sHaoFN4O3z [M+H]*: 499.3100,

found: 499.3077 [M+H]*

o H NMR (DMSO0) &k 9.68 (s,

\b o o 2H, pyrrolidin-1-ium-1-yl ring
N N

*'OXCF
H H * NH* , 1-methylpiperidin-1-
. OH

ium ring NH*), 7.24 (dd, J =

8.5, 5.6 Hz, 2H, 4-fluorophenyl ring 3-H, 5-H), 7.13 (dt, J = 8.9, 4.6 Hz, 2H,
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4-fluorophenyl ring 2-H, 6-H), 7.02 (t, J = 5.7 Hz, 3H, ureido NH, Ar ring 2-
H, 6-H), 6.94 — 6.83 (m, TH Ar ring 3-H, 5-H), 4.41 (s, 2H, 4-fluorophenyl
ring 1-CCH>), 4.27 — 4.14 (m, 3H, 1-methylpiperidin-1-ium ring 4-H, Ar ring
1-CCHo, chiral HC), 3.98 - 3.86 (m, 2H, Ar ring 4-COCH>), 3.63 - 3.53 (m,
2H, H,CNH), 3.46 - 3.35 (m, 2H, 1-methylpiperidin-1-ium ring 2-H), 3.29
(dtd, J = 12.9, 8.1, 4.3 Hz, 2H, pyrrolidin-1-ium-1-yl ring 2-H, 3.10 (dt, J =
10.9, 7.4 Hz, 2H, pyrrolidin-1-ium-1-yl ring 5-H), 3.03 - 2.90 (m, 2H, 1-
methylpiperidin-1-ium ring 6-H), 2.71 (d, J = 4.1 Hz, 3H, 1-methylpiperidin-
1-ium ring CHs), 2.09 - 1.96 (m, 2H, pyrrolidin-1-ium-1-yl ring 3-H), 1.92 -
1.79 (m, 4H, 1-methylpiperidin-1-ium ring 3-H, pyrrolidin-1-ium-1-yl ring 4-

H), 1.72 — 1.62 (m, 2H, 1-methylpiperidin-1-ium ring 5-H).

13C NMR (DMSO) 6¢ 161.0 (d, "Jcr = 242.0 Hz, 4-fluorophenyl ring 4-C),
158.5 (HOOCF3), 158.2 (HOOCFs), 157.4 (C=0), 157.0 (Ar ring 4-C), 136.3
(4-fluorophenyl ring 1-C), 133.4 (Ar ring 1-C), 128.3 (d, 3Jcr = 8.1 Hz, 4-
fluorophenyl ring 2-C, 6-C), 128.2 (Ar ring 2-C, 6-C), 118.7 (4-fluorophenyl
ring 4-C), 114.9 (d, 2Jcr = 21.3 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.1 (Ar
ring 2-C, 6-C), 70.0 (Ar ring 4-COCHy), 64.9 (chiral C), 56.6 (pyrrolidin-1-
ium-1-yl ring 2-C), 54.9 (pyrrolidin-1-ium-1-yl ring 5-C), 53.2 (H2CNH?),
52.7 (1-methylpiperidin-1-ium ring 2-C, 6-C), 49.7 (1-methylpiperidin-1-
ium ring 4-C), 44.3 (4-fluorophenyl ring 1-CCH2), 43.1 (Ar ring 1-CCH>),
42.5 (1-methylpiperidin-1-ium ring CHz), 27.2 (pyrrolidin-1-ium-1-yl ring 3-

C, 4-C), 22.5 (1-methylpiperidin-1-ium ring 3-C, 5-C).

19F NMR (DMSO) 8¢ -73.6 (6F, HOOCF3), -116.7 (1F, 4-fluorophenyl F).
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4-(1-(4-Fluorobenzyl)-3-(4-(2-hydroxy-3-(piperidin-1-ium-1-yl)

propoxy)benzyl)ureido)-1-methylpiperidin-1-ium (18g)

1-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)piperidin-1-ium

(38e) (252 mg, 0.82 mmol) was dissolved in anhydrous DCM (10 mL),
triethylamine (350 pl, 4.6 mmol, 5.6 eq) under N2 and stirred. CDI (139
mg, 0.86 mmol, 1.05 eq) was added after 5 minutes. After formation of
a mono-substituted imidazole intermediate species as determined by
LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (170 pl, 0.82 mmol,
1 eq) was added. Upon completion as determined by LC-MS volatiles
were removed and crude reside portioned between H20 (50 mL) and
EtOAc (30 mL) and sedted. The aqueous was further extracted with
EtOAc (30 mL x 2). Organics were combined, dried over MgSOs,
concentrated under vacuum, and purified by silica gel column
chromatography (eluent DCM, 100; and MeOH[1M NH3]:DCM, 0.4:9.6,
0.65:9.35) and prep-HPLC (HPLC-method D). Collected fractions were
concentrated under vacuum and lyophilised, to afford the title compound

as a clear residue (30 mg, 9%).

HRMS m/z (ESI-TOF+) calculated for CaoH4FN4O3 [M+H]*: 513.3200,
found: 513.3242 [M+H]*

"H NMR (DMSO) & 8.29 (s, 2H, 1-
h methylpiperidin-1-ium ring NH*,
S i

N N/\©\ H piperidin-1-ium-1-yl ring NH*), 7.41
/@) O/Y\
.

S
OH - 7.17 (m, 2H, 4-fluorophenyl ring 3-
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H, 5-H), 7.16 — 7.06 (m, 4H, 4-fluorophenyl 2-H, 6-H, Ar ring 2-H, 6-H), 6.92
(t, J = 5.8 Hz, T1H, ureido NH), 6.85 (d, J = 8.6 Hz, 2H, Ar ring 3-H, 5-H),
4.41 (s, 2H, 4-fluorophenyl ring 1-CCH>), 4.19 (d, J = 5.5 Hz, 2H, Ar ring 1-
CCHy), 4.13 = 3.97 (m, 2H, 1-methylpiperidin-1-ium ring 4-H, chiral HC),
3.96 - 3.82 (m, 2H, 4-COCHy), 2.93 (d, J = 3.0 Hz, 2H, 1-methylpiperidin-
1-ium ring 2-H), 2.78 - 2.69 (m, 5H, H.CNH?*, piperidin-1-ium-1-yl ring 2-
H, 6-H), 2.64 (dd, J = 12.9, 7.9 Hz, TH, H,CNH*), 2.43 - 2.15 (m, 5H, 1-
methylpiperidin-1-ium ring CHs, 1-methylpiperidin-1-ium ring 6-H), 1.77 -
1.38 (m, 10H, 1-methylpiperidin-1-ium ring 3-H, 5-H, piperidin-1-ium-1-yl

ring 3-H, 4-H, 5-H).

3¢ NMR (DMSO) &: 164.8 (HCOOH), 160.9 (d, 'Jer = 241.7 Hz, 4-
fluorophenyl ring 4-C), 157.5 (C=0), 157.2 (Ar ring 4-C), 136.8 (d, “Jcr =
2.9 Hz, 4-fluorophenyl ring 1-C), 133.3 (Ar ring 1-C), 128.3 (d, 3Jcr = 8.2
Hz, 4-fluorophenyl ring 2-C, 6-C), 128.2 (Ar ring 3-C, 5-C), 114.8 (d, 2Jcr =
21.3 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.1 (Ar ring 3-C, 5-C), 70.8 (Ar
ring 4-COCHy), 65.3 (chiral C), 60.6 (H.CNH*), 54.0 (1-methylpiperidin-1-
ium ring 2-C, 6-C, piperidin-1-ium-1-yl ring 2-H, 6-H), 51.4 (4-fluorophenyl
ring 1-CCHz), 44.2 (1-methylpiperidin-1-ium ring CHs), 44.1 (4
fluorophenyl ring 1-CCHy), 43.1 (Ar ring 1-CCHy), 28.7 (1-methylpiperidin-
1-ium ring 3-C, 5-C), 24.2 (piperidin-1-ium-1-yl ring 3-C, 5-C), 22.9

(piperidin-1-ium-1-yl ring 4-C).
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4-(3-(4-((3-(4-Fluorobenzyl)-3-(1-methylpiperidin-1-ium-4-yl)

ureido)methyl)phenoxy)-2-hydroxypropyl)morpholin-4-ium (18h)

4-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)morpholin-4-ium

(38f) (292 mg, 0.87 mmol) was dissolved in anhydrous DCM (5 mL) and
triethylamine (420 ul, 1.90 mmol, 2.5 eq) under N2 and stirred. CDI (156
mg, 0.96 mmol, 1.1 eq) was added after 5 minutes. After formation of a
mono-substituted imidazole intermediate species as determined by LC-
MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (180 pl, 0.87 mmol, 1
eq) was added. Upon completion as determined by LC-MS volatiles were
removed and crude reside portioned between H,0 (50 mL) and EtOAc
(30 mL) and se4ted. The aqueous was further extracted with EtOAc (30
mL x 2). Organics were combined, dried over MgS0s, concentrated under
vacuum, and purified by silica gel column chromatography (eluent
MeOH[1M NH3z]:DCM) [12:88] and prep-HPLC (HPLC-method D).
Collected fractions were concentrated under vacuum and lyophilised, to

afford the title compound as a clear residue (28 mg, 8%).

HRMS m/z (ESI-TOF+) calculated for CzsHaoN4Os4 [M+H]*: 515.3000,

found: 515.3044 [M+H]*

O‘k TH NMR (CDCl3) &n 8.30 (s, 2H,
o
morpholin-4-ium ring NH*, 1-

H

N o

LA, ?

H/\©\ % methylpiperidin-1-ium ring NH*)

g o~ |
OH (o]

F 7.21 = 7.12 (m, 2H, 4-fluorophenyl

ring 3-H, 5-H), 7.05 - 6.93 (m, 4H, 4-fluorophenyl 2-H, 6-H, Ar ring 2-H, 6-
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H), 6.82 - 6.73 (m, 2H, Ar ring 3-H, 5-H), 4.68 (tt, J = 12.3, 3.9 Hz, 1H, 1-
methylpiperidin-1-ium ring 4-H), 4.60 (t, J = 5.5 Hz, TH, ureido NH), 4.35
(s, TH, 4-fluorophenyl ring 1-CCHy), 4.34 — 4.25 (m, 1H, chiral HC), 4.25
(d, J = 5.5 Hz, 2H, Ar ring 1-CCH>), 4.00 (dd, J = 9.6, 5.0 Hz, TH, Ar ring 4-
COCHS.), 3.91 (dd, J = 9.5, 5.8 Hz, TH, Ar ring 4-COCHy), 3.85 (dt, J = 6.6,
3.3 Hz, 4H, morpholin-4-ium ring 3-H, 5-H), 3.50 (d, J = 12.4 Hz, 1H, (1-
methylpiperidin-1-ium ring 2-C), 2.97 - 2.69 (m, 8H, H,CNH*, morpholin-
4-ium ring 2-H, 6-H, 1-methylpiperidin-1-ium ring 6-H), 2.68 (s, 3H, 1-
methylpiperidin-1-ium ring CHs), 2.20 (qd, J = 12.9, 3.8 Hz, 2H, 1-
methylpiperidin-1-ium ring 3-H), 1.86 (d, J = 14.0 Hz, 2H, 1-

methylpiperidin-1-ium ring 5-H).

3C NMR (CDCls) 6c 166.8 (HCOOH), 163.6 (4-fluorophenyl ring 4-C),
158.2 (C=0), 157.8 (Ar ring 4-C), 133.1 (d, *Jcr = 3.0 Hz, 4-fluorophenyl
ring 1-C), 131.7 (Ar ring 1-C), 128.8 (Ar ring 2-C, 6-C), 127.7 (d, 3Jcr = 8.0
Hz, 4-fluorophenyl ring 2-C, 6-C), 116.2 (d, 2Jcr = 21.6 Hz, 4-fluorophenyl
ring 3-C, 5-C), 114.7 (Ar ring 3-C, 5-C), 70.2 (Ar ring 4-COCH>), 65.7
(morpholin-4-ium ring 3-C, 5-C), 65.0 (chiral C), 61.4 (H.CNH*), 54.2 (1-
methylpiperidin-1-ium ring 2-C, 6-C), 53.7 (1-methylpiperidin-1-ium ring 2-
C, 6-C), 49.8 (1-methylpiperidin-1-ium ring 4-C), 45.3 (4-fluorophenyl ring
1-CCHz), 44.5 (Ar ring 1-CCH?2), 43.5 (1-methylpiperidin-1-ium ring CHs),

27.1 (1-methylpiperidin-1-ium ring 3-C, 5-C).
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4-(1-(4-Fluorobenzyl)-3-(4-(2-hydroxy-3-((2-hydroxyethyl)Jammonio)

propoxy)benzyl)ureido)-1-methylpiperidin-1-ium (18i)

4-(3-(4-(3-(Benzyl(2-hydroxyethyl)ammonio)-2-hydroxypropoxy)benzyl)-

1-(4-fluorobenzyl)ureido)-1-methylpiperidin-1-ium (18p) (92 mg, 0.16
mmol) was dissolved in EtOH (8 mL) and sonicated for 10 minutes. AcOH
(2.72 mL) was then added, and the mixture saturated with Hz. The
mixture was then transferred to Pd/C 10% (15 mg, 0.03 mmol, 0.15 eq)
suspended in H20 (4.60 mL) and stirred. After completion as determined
by LC-MS Reaction mixture was filtered through Celite® and filter cake
washed with MeOH (30 mL x 4). The reaction mixture was adjusted to
basic, pH 9, with saturated bicarbonate solution and volatiles removed
under vacuum. The remaining aqueous reaction mixture was extracted
with EtOAc (30 mL x 3). Organics were dried over MgSO4 and
concentrated under vacuum to give crude residue purified by prep-HPLC
(HPLC-method D). Collected fractions were concentrated under vacuum
and lyophilised, to afford the title compound as a clear residue (10 mg,

11%).

HRMS m/z (ESI-TOF+) calculated for CzsH3sN4Os [M+H]*: 489.2900

found: 489.2887 [M+H]*

O‘K TH NMR (DMSO) 64 8.35 - 8.25
o+
\b o (m, 2H, 1-methylpiperidin-1-ium
0L ing NH") (
o N~-OH Ting NH*), 7.29 — 7.20 (m, 2H, 4-
Tk
F 5 fluorophenyl ring 3-H, 5-H), 7.16
[¢]
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- 7.05 (m, 4H, 4-fluorophenyl ring 2-H, 6-H, Ar ring 2-H, 6-H), 6.92 - 6.81
(m, 3H, ureido NH, Ar ring 3-H, 5-H), 4.41 (s, 2H, 4-fluorophenyl ring 1-
CCH2), 4.18 (d, J = 5.6 Hz, 2H, Ar ring 1-CCHy), 4.00 - 3.80 (m, 4H, 1-
methylpiperidin-1-ium ring 4-H, chiral HC, Ar ring 4-COCH>), 3.75 - 3.43
(m, 2H, CH20H), 2.96 - 2.80 (m, 1H, 1-methylpiperidin-1-ium ring 3-Ha),
2.73(dd, J =11.1, 6.4 Hz, 2H, H2,CNH?*, 1-methylpiperidin-1-ium ring 3-Hp),
2.11 (s, 2H, 7), 1.92 (1, J = 11.6 Hz, 2H, 1-methylpiperidin-1-ium ring 6-H),
1.62 — 1.49 (m, 2H, 1-methylpiperidin-1-ium ring 3-H), 1.47 — 1.39 (m, 2H,

1-methylpiperidin-1-ium ring 5-H). Missing: (2H CH2CH,0H).

13C NMR (DMSO0) 6¢ 160.1 (4-fluorophenyl ring 4-C), 158.0 (C=0), 157.7
(Ar ring 4-C), 133.8 (Ar ring 1-C), 128.8 (d, 3Jcr = 7.7 Hz, 4-fluorophenyl
ring 2-C, 6-C), 128.6 (Ar ring 2-C, 6-C), 115.1 (d, 2Jcr = 21.2 Hz, 4-
fluorophenyl ring 3-C, 5-C), 114.6 (Ar ring 3-C, 5-C), 71.0 (Ar ring 4-
COCH,), 70.8 (chiral C), 67.6 (1-methylpiperidin-1-ium ring 4-C), 59.6
(CH20H) 52.7 (4-fluorophenyl ring 1-CCH>), 46.2 (1-methylpiperidin-1-
ium ring CHs), 44.4 (Ar ring 1-CCHy), 43.6 (H2CN), 40.9 (CH2CH,0H), 30.3
(1-methylpiperidin-4-yl ring 3-C, 5-C). Missing: (HCOOH, 4-fluorophenyl

ring 1-C)

1-(4-Fluorobenzyl)-3-(4-(2-hydroxy-3-(4-phenylpiperidin-1-yl)

propoxy)benzyl)-1-(1-methylpiperidin-4-yl)urea (18j)

1-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)-4-phenylpiperidin-
1-ium (38g) (269 mg, 0.65 mmol) was dissolved in anhydrous DCM (6

mL) and triethylamine (226 ul, 1.63 mmol, 2.5 eq) under N2 and stirred.
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CDI (117 mg, 0.72 mmol, 1.1 eq) was added after 5 minutes. After
formation of a mono-substituted imidazole intermediate species as
determined by LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (144
ul, 0.65 mmol, 1 eq) was added. Upon completion as determined by LC-
MS volatiles were removed and crude reside portioned between H,0 (30
mL) and EtOAc (20 mL) and se4ted. The aqueous was further extracted
with EtOAc (20 mL x 2). Organics were combined, dried over MgSQs,
concentrated under vacuum, and purified by silica gel column
chromatography (eluent MeOH[1M NHs]:DCM, 0.9:9.1). Collected
fractions were concentrated under vacuum, to afford the title compound

as an off-white foam (131 mg, 34%).

HRMS m/z (ESI-TOF+) calculated for CssHaeNsOs [M+H]*: 589.3500

found: 589.3553 [M+H]*

\,\O\ o "H NMR (CDCl3) 61 7.42 - 7.10
NLH/\@ (m, 7H, 4-fluorophenyl ring 3-H
O/\S/\N , /A, pnhenyl ring )

F on 5-H, 4-phenylpiperidin-1-yl
phenyl ring 2-H-6-H), 7.00 (m, 4H, 4-fluorophenyl 2-H, 6-H, Ar ring 2-H, 6-
H), 6.82 (d, J = 8.6 Hz, 2H, Ar ring 3-H, 5-H), 4.47 (t, J = 5.4 Hz, 1H, urea
NH), 4.38 - 4.30 (m, 3H, 1-methylpiperidin-4-yl ring 4-H, 4-fluorophenyl
ring 1-CCHy), 4.28 (d, J = 5.4 Hz, 2H, Ar ring 1-CCH2), 4.10 (dg, J = 9.4, 4.8
Hz, 1H, chiral HC), 3.97 (d, J = 4.9 Hz, 2H, Ar ring 4-COCH), 3.14 (d, J =
11.3 Hz, TH, piperidin-1-yl ring 2-Ha), 2.98 (d, J = 11.3 Hz, TH, piperidin-1-
ylring 6-Ha), 2.86 (d, J = 11.5 Hz, 2H, 1-methylpiperidin-4-yl ring 2-H), 2.70

- 2.49 (m, 3H, H2CNH, piperidin-1-yl ring 4-H), 2.43 (td, J = 11.2, 3.5 Hz,
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1H, piperidin-1-yl ring 6-Hb), 2.26 (s, 3H, 1-methylpiperidin-4-yl ring CHs),
2.20 = 2.01 (m, OH, 1-methylpiperidin-4-yl ring 6-H piperidin-1-yl ring 2-
Hp), 1.93 - 1.82 (m, 2H, piperidin-1-yl ring 3-H), 1.82 — 1.59 (m, 6H, 1-

methylpiperidin-4-yl ring 3-H, 5-H, piperidin-1-yl ring 5-H).

13C NMR (CDCl3) 6¢ 162.0 (d, "Jcr = 245.8 Hz, 4-fluorophenyl ring 4-C),
158.1 (C=0), 158.0 (Ar ring 4-C), 146.1 (4-phenylpiperidin-1-yl phenyl ring
1-C), 134.1 (d, *Jcr = 2.9 Hz, 4-fluorophenyl ring 1-C), 131.8 (Ar ring 1-C),
128.7 (4-phenylpiperidin-1-yl phenyl ring 2-C, 6-C), 128.5 (4
phenylpiperidin-1-yl phenyl ring 3-C, 5-C), 127.7 (d, 3%Jcr = 7.9 Hz, 4-
fluorophenyl ring 2-C, 6-C), 126.8 (Ar ring 2-C, 6-C), 126.2 (4-
phenylpiperidin-1-yl phenyl ring 4-C), 115.8 (d, 2Jcr = 21.6 Hz, 4-
fluorophenyl ring 3-C, 5-C), 114.6 (Ar ring 3-C, 5-C), 70.5 (Ar ring 4-
COCHy), 65.6 (chiral C), 60.8 (H2CNH*), 56.1 (phenylpiperidin-1-yl ring 2-
C), 55.3 (1-methylpiperidin-4-yl ring 2-C, 6-C) 53.0 (phenylpiperidin-1-yl
ring 6-C), 52.2 (1-methylpiperidin-4-yl ring 4-C), 46.1 (1-methylpiperidin-4-
yl ring CHs), 45.2 (4-fluorophenyl ring 1-CCH>), 44.4 (Ar ring 1-CCH,), 42.4
(piperidin-1-yl ring 4-C), 33.7 (piperidin-1-yl ring 3-C), 33.4 (piperidin-1-yl

ring 5-C), 30.1 (1-methylpiperidin-4-yl ring 3-C, 5-C).
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4-(3-(4-(3-(7-Azabicyclo[4.2.0]octa-1(6),2,4-trien-7-yl)-2-hydroxy-
propoxy)benzyl)-1-(4-fluorobenzyl)ureido)-1-methylpiperidin-1-ium

(18k)

1-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)indolin-1-ium (38h)
(374 mg, 1.01 mmol) was dissolved in anhydrous DCM (10 mL) and
triethylamine (350 pl, 2.50 mmol, 2.5 eq) under N2 and stirred. CDI (178
mg, 1.11 mmol, 1.1 eq) was added after 5 minutes. After formation of a
mono-substituted imidazole intermediate species as determined by LC-
MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (210 pl, 1.01 mmol, 1
eq) was added. Upon completion as determined by LC-MS volatiles were
removed and crude reside portioned between H,0 (50 mL) and EtOAc
(50 mL) and se4ted. The aqueous was further extracted with EtOAc (50
mL x 3). Organics were combined, dried over MgS0a, concentrated under
vacuum, and purified RP flash chromatography (H20:MeCN, 0.1% formic
acid, 100-10%) and prep-HPLC (HPLC-method D). Collected fractions
were concentrated under vacuum and lyophilised, to afford the title

compound as a white residue (38 mg, 8%).

HRMS m/z (ESI-TOF+) calculated for CspHsoN4O3 [M+H]*: 547.3100

found: 547.3109 [M+H]*

° H NMR (DMSO) 8y 8.23 (d, J =
o

~N o 1.5 Hz, 1H, 1-methylpiperidin-1-

O\NX”ACL ium ring NH¥), 7.25 (dd, J = 8.5

O/Y\N\p lum ring ), . ( , J = 0.9,

F o 5.7 Hz, 2H, 4-fluorophenyl ring 3-
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H, 5-H), 7.16 — 7.04 (m, 4H, 4-fluorophenyl 2-H, 6-H, Ar ring 2-H, 6-H), 7.00
(d, J = 7.2 Hz, 1H, indoline ring 7-H), 6.95 (t, J = 7.7 Hz, 1H, indoline ring
3-H), 6.91 — 6.83 (m, 3H, ureido NH, Ar ring 3-H, 5-H), 6.59 - 6.44 (m, 2H,
indoline ring 3-H. 4-H), 4.42 (s, 2H, 4-fluorophenyl ring 1-CCH>), 4.20 (d, J
= 5.6 Hz, 2H, Ar ring 1-CCH_), 4.06 (p, J = 5.5 Hz, 1H, chiral HC), 3.95 (h, J
= 4.6 Hz, 3H, 1-methylpiperidin-1-ium ring 4-H, Ar ring 4-COCH), 3.53 -
3.36 (m, 2H, indoline ring 2-H), 3.29 - 3.15 (m, TH, H.CNH*), 3.11 (dd, J =
13.9, 6.1 Hz, TH, H,CNH*), 2.89 (t, J = 8.4 Hz, 2H, indoline ring 3-H), 2.81
(d, J = 11.2 Hz, 2H, 1-methylpiperidin-1-ium ring 2-H), 2.19 (d, J = 1.8 Hz,
3H, 1-methylpiperidin-1-ium ring CHs), 2.05 (t, J = 11.7 Hz, 2H, 1-
methylpiperidin-1-ium ring 6-H), 1.60 (it, J = 12.4, 6.8 Hz, 2H, 1-
methylpiperidin-1-ium ring 3-H), 1.46 (d, J = 13.1 Hz, 2H, 1-

methylpiperidin-1-ium ring 5-H).

3¢ NMR (DMSO) & 164.0 (HCOOH), 160.9 (d, 'Jor = 241.6 Hz, 4-
fluorophenyl ring 4-C), 157.5 (C=0), 157.3 (Ar ring 4-C), 152.7 (indoline
ring 7s-C), 137.0 (d, *Jcr = 2.9 Hz, 4-fluorophenyl ring 1-C), 133.2 (Ar ring
1-C), 129.1 (indoline ring 5s-C), 128.3 (d, 3Jcr = 7.9 Hz, 4-fluorophenyl ring
2-C, 6-C), 128.2 (Arring 3-C, 5-C), 127.1 (indoline ring 3-C), 124.1 (indoline
ring 3-C), 116.8 (indoline ring 3s-C), 114.8 (d, 2Jcr = 21.2 Hz, 4-
fluorophenyl ring 3-C, 5-C), 114.1 (Ar ring 3-C, 5-C), 106.3 (indoline ring 4-
C), 70.2 (Ar ring 4-COCH?>), 67.6 (chiral C), 54.5 (indoline ring 3-C), 54.1
(indoline ring 2-C), 52.6 (H2CNH*), 52.0 (1-methylpiperidin-1-ium ring 4-

C), 45.2 (1-methylpiperidin-1-ium ring CHs), 44.0 (4-fluorophenyl ring 1-
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CCHy), 43.1 (Arring 1-CCH>), 29.4 (1-methylpiperidin-1-ium ring 2-C, 6-C),

28.2 (1-methylpiperidin-1-ium ring 3-C, 5-C).

1-(3-(4-((3-(4-Fluorobenzyl)-3-(1-methylpiperidin-1-ium-4-yl)ureido)

methyl)phenoxy)-2-hydroxypropyl)-4-methylpiperidin-1-ium (18I)

1-(4-(Aminomethyl) phenoxy)-3-(4-methylpiperidin-1-yl)propan-2-ol (38i)
(64 mg, 0.15 mmol) was dissolved in anhydrous DCM (5 mL) under N
and stirred. CDI (27 mg, 0.17 mmol, 1.1 eq) was added after 5 minutes.
After formation of a mono-substituted imidazole intermediate species as
determined by LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (31
ul, 0.15 mmol, 1 eq) was added. Upon completion as determined by LC-
MS volatiles were removed and crude reside portioned between H,0 (50
mL) and EtOAc (30 mL) and se4ted. The aqueous was further extracted
with EtOAc (30 mL x 3). Organics were combined, dried over MgSQa,
concentrated under vacuum, and purified by prep-HPLC (HPLC-method
D). Collected fractions were concentrated under vacuum and lyophilised

to afford the title compound as a clear residue (13 mg, 14%).

HRMS m/z (ESI-TOF+) calculated for CsoHsN4Os [M+H]*: 527.3400

found: 527.3400 [M+H]*

? TH NMR (DMSO0) 644 8.25 (s, 2H, 1-
H

\,\0\ o o
N)LN/\©\ mo*
N . g L .
O/\é/\":lt)\ NH*, 1-methylpiperidin-1-ium ring
OH
F

NH*), 7.24 (dd, J = 8.4, 5.6 Hz, 2H,

methylpiperidin-1-ium-4-yl  ring

4-fluorophenyl ring 3-H, 5-H), 7.11 (dt, J = 8.6, 4.6 Hz, 4H, 4-fluorophenyl
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2-H, 6-H, Ar ring 2-H, 6-H), 6.90 (t, J = 5.7 Hz, TH, ureido NH), 6.85 (d, J =
8.3 Hz, 2H, Arring 3-H, 5-H), 4.41 (s, 2H, 4-fluorophenyl ring 1-CCH2), 4.19
(d, J = 5.5 Hz, 2H, Ar ring 1-CCH2), 4.12 - 3.96 (m, 2H, chiral HC, 1-
methylpiperidin-1-ium ring 4-H), 3.92 (dd, J = 10.1, 4.1 Hz, 1H, Ar ring 4-
COCHa), 3.85 (dd, J = 10.0, 5.7 Hz, TH, Ar ring 4-COCHp), 3.06 (t, J = 13.0
Hz, 2H, 1-methylpiperidin-1-ium-4-yl ring 2-H), 2.91 (d, J = 11.4 Hz, 2H, 1-
methylpiperidin-1-ium ring 2-H), 2.77 — 2.57 (m, 2H, H.CNH), 2.38 — 2.19
(m, 7H, 1-methylpiperidin-1-ium-4-yl ring 6-H, 1-methylpiperidin-1-ium
ring 6-H, 1-methylpiperidin-1-ium ring CHs), 1.75 - 1.58 (m, 4H, 1-
methylpiperidin-1-ium-4-yl ring 3-H, 1-methylpiperidin-1-ium ring 3-H),
1.49 (d, J = 12.2 Hz, 2H, 1-methylpiperidin-1-ium ring 5-H), 1.47 - 1.32
(m, TH, 1-methylpiperidin-1-ium-4-yl 4-H), 1.24 (td, J = 12.2, 3.7 Hz, 2H, 1-
methylpiperidin-1-ium-4-yl ring 5-H), 0.89 (d, J = 6.4 Hz, 3H, 1-

methylpiperidin-1-ium-4-yl ring 4-CHCHs).

3¢ NMR (DMSO) & 164.3 (HCOOH), 160.9 (d, "Jer = 241.5 Hz, 4-
fluorophenyl ring 4-C), 157.5 (C=0), 157.3 (Ar ring 4-C), 136.8 (d, *Jcr =
3.1 Hz, 4-fluorophenyl ring 1-C), 133.2 (Ar ring 1-C), 128.3 (d, 3Jcr = 8.0
Hz, 4-fluorophenyl ring 2-C, 6-C), 128.2 (Ar ring 2-C, 6-C), 114.8 (d, 2Jcr =
21.2 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.1 (Ar ring 3-C, 5-C), 70.8 (Ar
ring 4-COCHy), 65.5 (chiral C), 60.4 (H2CNH*), 54.1 (1-methylpiperidin-1-
ium ring 2-C, 6-C), 53.7 (1-methylpiperidin-1-ium-4-yl ring 2-C), 53.19 (1-
methylpiperidin-1-ium-4-yl ring 6-C), 51.5 (1-methylpiperidin-1-ium ring 4-
C), 44.4 (1-methylpiperidin-1-ium ring CHs), 44.1 (4-fluorophenyl ring 1-

CCHz2), 43.1 (Arring 1-CCHz), 32.7 (1-methylpiperidin-1-ium-4-yl ring 5-C),
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32.6 (1-methylpiperidin-1-ium-4-yl ring 3-C), 29.4 (1-methylpiperidin-1-
ium-4-yl ring 4-C), 28.1 (1-methylpiperidin-1-ium ring 3-C, 5-C), 21.5 (1-

methylpiperidin-1-ium-4-yl ring 4-CHCHs.

4-Cyano-1-(3-(4-((3-(4-fluorobenzyl)-3-(1-methylpiperidin-1-ium-4-

yl)ureido)methyl)phenoxy)-2-hydroxypropyl)piperidin-1-ium (18m)

1-(3-(4-(Ammoniomethyl) phenoxy)-2-hydroxypropyl)-4-cyanopiperidin-1-
ium (38j) (200 mg, 0.55 mmol) was dissolved in anhydrous DCM (10 mL)
and triethylamine (200 pl, 1.38 mmol, 2.5 eq) under N2 and stirred. CDI
(98 mg, 0.61 mmol, 1.1 eq) was added after 5 minutes. After formation
of a mono-substituted imidazole intermediate species as determined by
LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (122 pl, 0.55 mmol,
1 eq) was added. Upon completion as determined by LC-MS volatiles
were removed and crude reside portioned between H,0 (50 mL) and
EtOAc (30 mL) and separated. The aqueous was further extracted with
EtOAc (30 mL x 3). Organics were combined, dried over MgSOs,
concentrated under vacuum, and purified by prep-HPLC (HPLC-method
D). Collected fractions were concentrated under vacuum and lyophilised

to afford the title compound as a clear residue (30 mg, 14%).

HRMS m/z (ESI-TOF+) calculated for CsoHasNsOs [M+H]*: 539.7000

found: 539.7000 [M+H]*
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o TH NMR (DMSO) & 8.24 (s,
Q

o

\b ).i o 2H, 1-methylpiperidin-1-ium

|
J ”@ ko'.l ring NH?, 4-
o oot
F ont Sy cyanomethylpiperidin-1-ium-

4-yl ring NH*), 7.24 (dd, J = 8.4, 5.5 Hz, 2H, 4-fluorophenyl ring 3-H, 5-H),
7.15 = 7.07 (m, 4H, 4-fluorophenyl ring 2-H, 6-H, Ar ring 2-H, 6-H), 6.90 (t,
J = 5.8 Hz, TH, ureido NH), 6.84 (d, J = 8.3 Hz, 2H, Ar ring 3-H, 5-H), 4.41
(s, 2H, 4-fluorophenyl ring 4-CCH2), 4.18 (d, J = 5.5 Hz, 2H, Ar ring 1-
CCH2), 4.06 - 3.96 (m, TH, 1-methylpiperidin-1-ium ring 4-H), 3.94 - 3.87
(m, 2H, Ar ring 4-COCH>), 3.86 — 3.77 (m, TH, chiral HC), 2.92 (d, J = 11.3
Hz, 2H, 1-methylpiperidin-1-ium ring 2-H), 2.88 - 2.80 (m, 1H, 4-
cyanomethylpiperidin-1-ium-4-yl ring 4-H), 2.64 - 2.59 (m, 2H, 4-
cyanomethylpiperidin-1-ium-4-yl ring 2-H), 2.49 - 2.17 (m, 9H, 1-
methylpiperidin-1-ium ring CHs, 1-methylpiperidin-1-ium ring 6-H,
H2CNH?, 4-cyanomethylpiperidin-1-ium-4-yl ring 6-H), 1.89 - 1.79 (m, 2H,
4-cyanomethylpiperidin-1-ium-4-yl ring 3-H), 1.76 - 1.60 (m, 4H, 1-
methylpiperidin-1-ium ring 3-H, 4-cyanomethylpiperidin-1-ium-4-yl ring 5-

H), 1.50 (d, J = 11.3 Hz, 2H, 1-methylpiperidin-1-ium ring 5-H).

13C NMR (DMSO) 6c 164.6 (HCOOH), 161.4 (d, 'Jer = 241.7 Hz, -4-
fluorophenyl ring 4-C), 158.0 (C=0), 157.9 (Ar ring 4-C), 137.3 (d, *Jcr =
3.23 Hz, 4-fluorophenyl ring 1-C), 133.6 (Ar ring 1-C), 128.8 (d, 3Jcr = 8.0
Hz, 4-fluorophenyl ring 2-C, 6-C), 128.6 Ar ring 2-C, 6-C), 122.9 (nitrile CN),
115.3 (d, 2Jcr = 21.1 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.6 (Ar ring 3-C,

5-C), 71.4 (Arring 4-COCH?>), 67.0 (chiral C), 61.6 (1-methylpiperidin-1-ium
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ring 4-C), 54.6 (4-fluorophenyl ring 1-CCH2), 52.2 (1-methylpiperidin-1-
ium ring 2-C, 6-C), 51.9 (4-cyanomethylpiperidin-1-ium-4-yl ring 2-C, 6-C),
44.9 (1-methylpiperidin-1-ium ring CHs), 44.5 (Ar ring 1-CCH»), 43.6
(H2CNH*), 29.3 (1-methylpiperidin-4-yl ring 3-C, 5-C), 28.7 (4-
cyanomethylpiperidin-1-ium-4-yl  ring 3-C, 5-C), 255 (4

cyanomethylpiperidin-1-ium-4-yl ring 4-C).

4-(3-(4-(3-(Dibenzylammonio)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)ureido)-1-methylpiperidin-1-ium (18n)

3-(4-(Ammoniomethyl)phenoxy)-N,N-dibenzyl-2-hydroxypropan-1-

aminium (38k) (397 mg, 0.55 mmol) was dissolved in anhydrous DCM
(10 mL) and triethylamine (200 pl, 1.38 mmol, 2.5 eq) under N2 and
stirred. CDI (98 mg, 0.61 mmol, 1.1 eq) was added after 5 minutes. After
formation of a mono-substituted imidazole intermediate species as
determined by LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (122
ul, 0.55 mmol, 1 eq) was added. Upon completion as determined by LC-
MS volatiles were removed and crude reside portioned between H,0 (50
mL) and EtOAc (30 mL) and se4ted. The aqueous was further extracted
with EtOAc (30 mL x 3). Organics were combined, dried over MgSQa,
concentrated under vacuum, and purified by silica gel column
chromatography (eluent EtOAc, 100; and MeOH[1M NH3]:DCM 0.5:99.5,
1:99, 2:98, 4:96) and prep-HPLC (HPLC-method D). Collected fractions
were concentrated under vacuum and lyophilised to afford the title

compound as a clear residue (21 mg, 5%).
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HRMS m/z (ESI-TOF+) calculated for CseHaeNsOs [M+H]*: 625.3500

found: 625.3563 [M+H]*

TH NMR (DMSO) &4 8.18 (d, J =

~KN o o 1.0 Hz, 4H, 1-methylpiperidin-1-
NLN ‘

H/\©\ o+ . . + )

O/Y\H ium ring NH*, 1

F on K@ dibenzylammonio NHY), 7.43 -

7.19 (m, 12H, 4-fluorophenyl ring 3-H, 5-H, N-benzyl ring (2-H-6H)2), 7.17

o}
N

- 7.06 (m, 4H, 4-fluorophenyl 2-H, 6-H, Ar ring 2-H, 6-H), 6.91 (t, 1H, ureido
NH), 6.73 (ddt, 2H, Ar ring 3-H, 5-H), 4.47 - 4.39 (m, 2H, 4-fluorophenyl
ring 1-CCH2), 4.24 - 4.14 (m, 2H, Ar ring 1-CCH), 4.03 (s, 1H, 1-
methylpiperidin-1-ium ring 4-H), 3.96 (q, J = 5.3 Hz, 1H, chiral HC), 3.75 -
3.60 (m, 2H, N-benzyl (CHa)2), 3.58 — 3.47 (m, 2H, N-benzyl (CHy)2), 2.97
(d, 2H, 1-methylpiperidin-1-ium ring 2-H), 2.65 — 2.55 (m, TH, HaCNH*),
2.49 — 2.40 (m, TH, HoCNH*), 2.40 — 2.27 (m, 5H, 1-methylpiperidin-1-ium
ring 6-H, T1-methylpiperidin-1-ium CHsz), 1.79 - 1.58 (m, 2H, 1-
methylpiperidin-1-ium 3-H), 1.59 — 1.44 (m, 2H, 1-methylpiperidin-1-ium

5-H).

3¢ NMR (DMSO) 8¢ 163.6 (HCOOH) 163.5 (HCOOH), 160.9 (d, "Jer =
241.8 Hz, 4-fluorophenyl ring 4-C), 157.5 (C=0), 157.3 (Ar ring 4-C), 139.3
(N-benzyl ring 1-C), 136.7 (d, *Jcr = 2.02 Hz, 4-fluorophenyl ring 1-C) 133.0
(Ar ring 1-C), 128.7 (N-benzyl ring (2-C, 6-C)2), 128.3 (d, 3Jcr = 8.1 Hz, 4-
fluorophenyl ring 2-C, 6-C), 128.7 (Ar ring 2-C, 6-C), 126.8 (N-benzyl ring
(4-C)2), 114.8 (d, 2Jcr = 21.1 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.1 (Ar

ring 3-C, 5-C), 114.0 (N-benzyl ring (3-C, 5-C)2), 70.9, (Ar ring 4-COCHy),
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67.1 (chiral C), 58.4 ( N-benzyl CH2), 56.3 (H2CNH*), 54.0 (1-
methylpiperidin-1-ium 2-C, 6-C), 51.3 (1-methylpiperidin-1-ium ring 4-C),
44.2 (4-fluorophenyl ring 1-CCH>, 1-methylpiperidin-4-yl ring CHs), 43.1

(Ar ring 1-CCHz), 28.6 (1-methylpiperidin-4-yl ring 3-C, 5-C).

3-(4-(3-(Benzyl(methyl)amino)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)-1-(1-methylpiperidin-4-yl)urea (180)

3-(4-(Ammoniomethyl)phenoxy)-N-benzyl-2-hydroxy-N-methylpropan-1-

aminium (38lI) (462 mg, 1.24 mmol) was dissolved in anhydrous DCM (10
mL) and triethylamine (420 pl, 2.50 mmol, 2.5 eq) under N2 and stirred.
CDI (220 mg, 1.36 mmol, 1.1 eq) was added after 5 minutes. After
formation of a mono-substituted imidazole intermediate species as
determined by LC-MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (260
ul, 1.24 mmol, 1 eq) was added. Upon completion as determined by LC-
MS volatiles were removed and crude reside portioned between H20 (30
mL) and EtOAc (20 mL) and se4ted. The aqueous was further extracted
with EtOAc (20 mL x 3). Organics were combined, dried over MgSQs,
concentrated under vacuum, and purified by silica gel column
chromatography (eluent EtOAc, 100; MeOH[1M NHs]:DCM, 0.9:9.1,
0.3:9.7, and 0.4:9.6). Collected fractions were concentrated under
vacuum to afford the title compound as a clear colourless oil (107 mg,

46%).

HRMS m/z (ESI-TOF+) calculated for Cs2H42N4O3 [M+H]*: 549.3200

found: 549.3235 [M+H]*
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N o H NMR (CDCls) 64 7.38 - 7.23 (m,

Q\NLN

/©) H/\©\O/Y\N/ 5H, N-benzyl ring 2-H-6H), 7.22 -
F o K@ 7.12 (m, 2H, 4-fluorophenyl ring 3-
H, 5-H), 7.05 - 6.93 (m, 4H, Ar ring 2-H, 6-H, 4-fluorophenyl 2-H, 6-H), 6.83
- 6.74 (m, 2H, Ar ring 3-H, 5-H), 4.47 (t, J = 5.5 Hz, T1H, urea NH), 4.34 (s,
3H, 1-methylpiperidin-4-yl ring 4-H, 4-fluorophenyl ring 1-CCH>), 4.27 (d, J
= 5.4 Hz, 2H, Ar ring 1-CCH>), 4.09 (dq, J = 9.4, 4.7 Hz, TH, chiral HC), 3.92
(d, J = 4.9 Hz, 2H, Ar ring 4-COCHy), 3.68 (d, J = 13.1 Hz, 1H, N-benzyl
CHa), 3.53 (d, J = 13.1 Hz, TH, N-benzyl CHy), 2.90 - 2.81 (m, 2H, 1-
methylpiperidin-4-yl ring 2-H), 2.64 (dd, J = 12.4, 9.6 Hz, TH, H.CNH), 2.53
(dd, J =12.4, 4.1 Hz, TH, HoCNH), 2.28 (s, 3H, N-methyl CH3), 2.25 (s, 3H,
1-methylpiperidin-4-yl ring CH3), 2.06 (td, J = 11.7, 3.0 Hz, 2H, 1-
methylpiperidin-4-yl ring 6-H), 1.76 — 1.59 (m, 4H, 1-methylpiperidin-4-yl

ring 3-H, 5-H).

13C NMR (CDCl3) 6¢ 162.1 (d, "Jcr = 245.8 Hz, 4-fluorophenyl ring 4-C),
158.17 (C=0), 158.0 (Ar ring 4-C), 138.4 (N-benzyl ring 1-C), 134.2 (d, *Jcr
= 3.1 Hz, 4-fluorophenyl ring 1-C), 131.8 (Ar ring 1-C), 129.1 (N-benzyl ring
2-C, 6-C), 128.7 (Ar ring 2-C, 6-C), 128.5 (N-benzyl ring 3-C, 5-C), 127.8 (d,
8Jcr = 8.0 Hz, 4-fluorophenyl ring 2-C, 6-C), 127.4 (N-benzyl ring 4-C),
115.8 (d, 2Jcr = 21.6 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.6 (Ar ring 3-C,
5-C), 70.5 (Ar ring 4-COCHy), 66.3 (chiral C), 62.7 (N-benzyl CH), 59.7
(H2CNH), 55.3 (1-methylpiperidin-4-yl ring 2-H, 6-H), 523 (1-
methylpiperidin-4-yl ring 4-C), 46.1 (1-methylpiperidin-4-yl ring CHs), 45.2

(4-fluorophenyl ring
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1-CCHy), 44.5 (1-methylpiperidin-4-yl ring 4-C), 42.3 (N-methyl CH3), 30.2

(1-methylpiperidin-4-yl ring 3-H, 5-H).

4-(3-(4-(3-(Benzyl(2-hydroxyethyl)ammonio)-2-hydroxypropoxy)

benzyl)-1-(4-fluorobenzyl)ureido)-1-methylpiperidin-1-ium (18p)

3-(4-(Ammoniomethyl)phenoxy)-N-benzyl-2-hydroxy-N-(2-

hydroxyethyl)propan-1-aminium (38m) (402 mg, 1.01 mmol) was
dissolved in anhydrous DCM (10 mL) and triethylamine (350 ul, 2.54
mmol, 2.5 eq) under N2 and stirred. CDI (181 mg, 1.12 mmol, 1.1 eq) was
added after 5 minutes. After formation of a mono-substituted imidazole
intermediate species as determined by LC-MS N-(4-fluorobenzyl)-1-
methylpiperidin-4-amine (210 pl, 1.01 mmol, 1 eq) was added. Upon
completion as determined by LC-MS volatiles were removed and crude
reside portioned between H20 (50 mL) and EtOAc (30 mL) and se4ted.
The aqueous was further extracted with EtOAc (30 mL x 3). Organics
were combined, dried over MgSQ4, concentrated under vacuum, and
purified by silica gel column chromatography (eluent EtOAc, 100; and
MeOH[1M NH3]:DCM; 0.5:99.5, 1:99, 1.5:98.5, 4:96, and 6:94), and prep-
HPLC (HPLC-method D). Collected fractions were concentrated under
vacuum and lyophilised to afford the title compound as a clear residue

(27 mg%).

HRMS m/z (ESI-TOF+) calculated for CssHa4NsOs [M+H]*: 579.3300

found: 579.3332 [M+H]*
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TH NMR (CDCl3) 64 8.36 (s, 2H,

'O\ o o ammonio NH*, 1-
NLN mo_+

H/\©\O/Y\H/\/OH methylpiperidin-1-ium ring NH*),
F

on 7.47 - 7.27 (m, 5H, N-benzyl
ring 2-H-6H), 7.17 (dd, J = 8.5, 5.2 Hz, 2H, 4-fluorophenyl 3-H, 5-H), 7.08
- 6.87 (m, 4H, Ar ring 2-H, 6-H, 4-fluorophenyl 2-H, 6-H), 6.80 — 6.67 (m,
2H, Ar ring 3-H, 5-H), 4.63 (dt, J = 10.8, 4.7 Hz, 1H, ureido NH, 1-
methylpiperidin-1-ium ring 4-H), 4.35 (s, 2H, 4-fluorophenyl ring 1-CCHy),
4.24(d,J = 5.5 Hz, 3H, 7, chiral HC), 4.03 (q, J = 13.5 Hz, 2H, CH.0H), 3.93
(dd, J = 9.5, 5.3 Hz, 1H, Arring 4-COCH,), 3.84 (dd, J = 9.5, 5.7 Hz, 1H, Ar
ring 4-COCHp), 3.79 (t, J = 5.1 Hz, 2H, N-benzyl CHy), 3.46 (d, J = 11.8 Hz,
2H, 1-methylpiperidin-1-ium ring 2-H), 3.21 — 2.87 (m, 4H, H2CNH",
CH2CH20H), 2.69 (td, J = 12.6, 2.9 Hz, 2H, 1-methylpiperidin-1-ium ring 6-
H), 2.64 (s, TH, 1-methylpiperidin-4-yl ring CHs), 2.15 (qd, J = 13.0, 4.1 Hz,
2H, 1-methylpiperidin-1-ium ring 3-H), 1.84 (d, J = 13.4 Hz, 2H, 1-

methylpiperidin-1-ium ring 6-H).

3C NMR (CDCl3) 6¢c 167.3 (HCOOH), 162.3 (d, 'Jcr = 246.6 Hz, 4-
fluorophenyl ring 4-C), 158.2 (C=0), 157.7 (Ar ring 4-C), 134.4 (N-benzyl
ring 1-C), 133.2 (d, *Jcr = 3.03 Hz, 4-fluorophenyl ring 1-C), 131.8 (Ar ring
1-C), 130.3 (Ar ring 2-C, 6-C), 129.0 (N-benzyl ring 2-C, 6-C), 128.8 (N-
benzyl ring 3-C, 5-C), 128.7 (N-benzyl ring 4-C), 127.7 (d, 3Jcr = 8.1 Hz, 4-
fluorophenyl ring 2-C, 6-C), 116.1 (d, 2Jcr = 21.5 Hz, 4-fluorophenyl ring 3-
C, 5-C), 114.6 (Ar ring 3-C, 5-C), 70.1 (Ar ring 4-COCH>), 66.5 (chiral C),

59.8 (CH20H), 59.7 (N-benzyl CH2), 57.6 (H2CNH*), 57.1 (CH2CH20H)
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54.1 (1-methylpiperidin-1-ium ring 2-C, 6-C), 50.0 (11-methylpiperidin-1-
ium ring 4-C), 45.3 (4-fluorophenyl ring 1-CCH2), 44.5 (Ar ring 1-CCHy),
43.6 (1-methylpiperidin-1-ium ring CHs), 27.2 (1-methylpiperidin-1-ium

ring 3-C, 5-C).

3-(4-(3-(Benzyl(phenyl)amino)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)-1-(1-methylpiperidin-4-yl)urea (18q)

(4-(3-(Benzyl(phenyl)amino)-2-hydroxypropoxy)phenyl)methanaminium

(38n) (545 mg, 1.25 mmol) was dissolved in anhydrous DCM (10 mL) and
triethylamine (420 ul, 3.14 mmol, 2.5 eq) under N2 and stirred. CDI (224
mg, 1.38 mmol, 1.1 eq) was added after 5 minutes. After formation of a
mono-substituted imidazole intermediate species as determined by LC-
MS N-(4-fluorobenzyl)-1-methylpiperidin-4-amine (260 pl, 1.25 mmol, 1
eq) was added. Upon completion as determined by LC-MS volatiles were
removed and crude reside portioned between H>0 (50 mL) and EtOAc
(30 mL) and se4ted. The aqueous was further extracted with EtOAc (30
mL x 3). Organics were combined, dried over MgSQa, concentrated under
vacuum, and purified by NP flash chromatography (eluent MeOH[1M
NHs]:DCM, 0.5:99.5, 1:99, and 2:98). Collected fractions were
concentrated under vacuum to afford the title compound as a clear

residue (106 mg, 14%).

HRMS m/z (ESI-TOF+) calculated for Cs7Ha4N4Os [M+H]*: 611.3300

found: 611.3365 [M+H]*
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N o TH NMR (CDCl3) 64 7.34 — 7.25 (m,
O\NLN

Q) H/\©\O/Y\N© 2H, N-benzyl ring 3-H, 5-H), 7.25 -
F > b 7.14 (m, 5H, N-benzyl ring 6-H, N-
benzyl ring 4-H, N-benzyl ring 2-H, aniline ring 2-H, 6-H), 7.05 — 6.93 (m,
4H, Ar ring 2-H, 6-H, 4-fluorophenyl 2-H, 6-H), 6.81 — 6.68 (m, 5H, Ar ring
3-H, 5-H, aniline ring 3-H, 4-H, 5-H), 4.68 (d, J = 17.1 Hz, TH, N-benzyl CH,),
4.61 (d, J = 17.1 Hz, TH, N-benzyl CHp), 4.49 (1, J = 5.5 Hz, 1H, urea NH),
4.34 (m, 4H, 1-methylpiperidin-4-yl ring 4-H, 4-fluorophenyl ring 1-CCHo,
chiral HC), 4.28 (d, J = 5.4 Hz, 2H, Ar ring 1-CCHy), 4.00 (dd, J = 9.5, 4.0
Hz, 1H, Ar ring 4-COCH,), 3.93 (dd, J = 9.5, 5.5 Hz, T1H, Ar ring 4-COCHy,),
3.69 (dd, J = 15.0, 5.6 Hz, TH, H,CNH), 3.60 (dd, J = 15.0, 7.1 Hz, TH,
H,CNH), 2.92 - 2.82 (m, 2H, 1-methylpiperidin-4-yl ring 2-H), 2.27 (s, 3H,
1-methylpiperidin-4-yl ring CHs), 2.09 (td, J = 11.5, 3.5 Hz, 2H, 1-
methylpiperidin-4-yl ring 6-H), 1.77 — 1.60 (m, 4H, 1-methylpiperidin-4-yl

ring 3-H, 5-H).

13C NMR (CDCls3) 6¢ 162.0 (d, "Jcr = 246.0 Hz, 4-fluorophenyl ring 4-C),
158.1 (C=0), 157.6 (Ar ring 4-C), 148.6 (aniline ring 1-C), 138.4 (N-benzyl
ring 1-C), 134.0 (d, *Jcr = 3.1 Hz, 4-fluorophenyl ring 1-C), 132.1 (Ar ring
1-C), 129.3 (N-benzyl ring 2-C, 6-C), 128.7 (N-benzyl ring 3-C), 128.7 (N-
benzyl ring 5-C), 127.7 (d, 3Jcr = 8.0 Hz, 4-fluorophenyl ring 2-C, 6-C),
126.9 (N-benzyl ring 4-C), 126.7 (Ar ring 2-C, 6-C), 117.3 (aniline ring 4-C),
115.8 (d, 2Jcr = 21.6 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.6 (Ar ring 3-C,
5-C), 113.1 (aniline ring 2-C, 6-C), 69.7 (Ar ring 4-COCHy), 68.3 (chiral C),

55.4 (N-benzyl CH2), 55.2 (1-methylpiperidin-4-yl ring 2-C, 6-C), 54.2
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(H2CNH), 52.1 (1-methylpiperidin-4-yl ring 4-C), 46.0 (1-methylpiperidin-
4-yl ring CH3), 45.7 (4-fluorophenyl ring 1-CCH>), 44.3 (Ar ring 1-CCHy),

30.0 (1-methylpiperidin-4-yl ring 3-C, 5-C).

4-(3-(4-(3-(Benzylammonio)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)ureido)-1-methylpiperidin-1-ium (18r)

4-(3-(4-(3-(Dibenzylammonio)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)ureido)-1-methylpiperidin-1-ium (18n) (264 mg, 0.42 mmol) was
dissolved in EtOH (4 mL) and sonicated for 10 minutes. AcOH (1.16 mL)
was then added, and the mixture saturated with H>. The mixture was then
transferred to Pd/C 10% (7 mg, 0.06 mmol, 0.1 eq) suspended in H20
(2.28 mL) and stirred. After completion as determined by LC-MS
Reaction mixture was filtered through Celite® and filter cake washed
with MeOH (20 mL x 3). The reaction mixture was adjusted to basic, pH
9, with saturated bicarbonate solution and volatiles removed under
vacuum. The remaining aqueous reaction mixture was extracted with
EtOAc (30 mL x 3). Organics were dried over MgS04 and concentrated
under vacuum to give crude residue purified by prep-HPLC (HPLC-
method D). Collected fractions were concentrated under vacuum and

lyophilised, to afford the title compound as a clear residue (60 mg, 27%).

HRMS m/z (ESI-TOF+) calculated for CsiHoN4Os [M+H]*: 535.3100,

found: 535.3094 [M+H]*
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0 "H NMR (DMSO0) 61 8.24 (s, 2H,
(.
~ 1-methylpiperidin-1-ium  ring

N o
QNX”/\Q\O/YN NH*,  benzylammonio NH?*),
F OH %:Q 743 - 718 (m, 7H, 4
° fluorophenyl ring 3-H, 5-H, N-
benzyl 2-H-6-H), 7.16 - 7.04 (m, 4H, Ar ring 2-H, 6-H, 4-fluorophenyl 2-H,
6-H), 6.94 — 6.86 (m, TH, ureido NH), 6.83 (dt, J = 8.7, 1.8 Hz, 2H, Ar ring
3-H, 5-H), 4.41 (s, 2H, 4-fluorophenyl ring 1-CCH>), 4.18 (m, 2H, Ar ring 1-
CCH>), 4.04 — 3.76 (m, 5H, 1-methylpiperidin-1-ium ring 4-H, chiral HC, Ar
ring 4-COCHz, N-benzyl CH2), 291 - 274 (m, 3H, H.CNH*, 1-
methylpiperidin-1-ium ring 2-H), 2.73 — 2.64 (m, 1H, HL,CNH*), 2.19 (s, 3H,
1-methylpiperidin-1-ium ring CHs), 2.07 (td, J = 11.9, 2.1 Hz, 2H, 1-
methylpiperidin-1-ium ring 6-H), 1.61 (qd, J = 12.5, 3.9 Hz, 2H, 1-
methylpiperidin-1-ium ring 3-H), 1.52 — 1.38 (m, 2H, 1-methylpiperidin-1-

ium ring 5-H).

13C NMR (DMSO) 8¢ 164.7 (HCOOH) 164.1 (HCOOH), 161.4 (d, "Jer =
241.7 Hz, 4-fluorophenyl ring 4-C), 158.0 (C=0), 157.7 (Arring 4-C), 137.4
(4-fluorophenyl ring 1-C) 133.7 (Ar ring 1-C), 129.1 (N-benzyl ring 2-C, 5-
C), 128.8 (d, 3Jcr = 9.0 Hz, , 4-fluorophenyl ring 2-C, 6-C), 128.6 (Ar ring 2-
C, 6-C), 127.8 (N-benzyl ring 4-C), 115.2 (d, ZJcr = 21.1 Hz, 4-fluorophenyl
ring 3-C, 5-C), 114.6 (Ar ring 3-C, 5-C), 70.9 (Ar ring 4-COCH?>), 67.5 (chiral
C), 54.9 (1-methylpiperidin-1-ium ring 2-C, 6-C), 52.5 (N-benzyl CH2), 52.3

(1-methylpiperidin-1-ium ring 4-C), 51.3 (H2CNH*), 455 (1-
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methylpiperidin-1-ium ring CHs), 44.5 (4-fluorophenyl ring 1-CCH>), 43.5

(Arring 1-CCH>), 78.0 (1-methylpiperidin-4-yl ring 3-C, 5-C).

4-(1-(4-Fluorobenzyl)-3-(4-(2-hydroxy-3-(phenylamino) propoxy)

benzyl)ureido)-1-methylpiperidin-1-ium (18s)

3-(4-(3-(Benzyl(phenyl)amino)-2-hydroxypropoxy)benzyl)-1-(4-fluoro

benzyl)-1-(1-methylpiperidin-4-yl)urea (18q) (84 mg, 0.16 mmol) was
dissolved in EtOH (4 mL) and sonicated for 10 minutes. AcOH (1.16 mL)
was then added, and the mixture saturated with H2. The mixture was then
transferred to Pd/C 10% (15 mg, 0.014 mmol, 0.1 eq) suspended in H20
(2.28 mL) and stirred. After completion as determined by LC-MS
Reaction mixture was filtered through Celite® and filter cake washed
with MeOH (20 mL x 3). Filtrate was concentrated under vacuum to give
crude residue, purified by silica gel column chromatography (eluent
MeOH[1M NH3]:DCM, 5.5:95.5), and prep-HPLC (HPLC-method D).
Collected fractions were concentrated under vacuum and lyophilised, to

afford the title compound as a clear residue (34 mg, 47%).

HRMS m/z (ESI-TOF+) calculated for CsoH3gN4Os [M+H]*: 521.2900,

found: 521.2915 [M+H]*

ci TH NMR (CDCls) 64 8.38 (s, TH, 1-
o
b

\O\ methylpiperidin-1-ium ring NH*),

Q) m /©717dtJ—8362Hz4H4-

fluorophenyl ring 3-H, 5-H, aniline

ring 2-H, 6-H), 7.06 — 6.91 (m, 4H, 4-fluorophenyl ring 2-H, 6-H, Ar ring 2-
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H, 6-H), 6.79 (d, J = 8.6 Hz, 2H, Ar ring 3-H, 5-H), 6.73 (t, J = 7.3 Hz, TH,
aniline ring 4-H), 6.70 — 6.59 (m, 2H, aniline ring 3-H, 5-H), 4.67 — 4.56 (m,
2H, 1-methylpiperidin-1-ium ring 4-H, ureido NH), 4.34 (s, 2H, 4-
fluorophenyl ring 1-CCHy), 4.25 (d, J = 5.4 Hz, 2H, Ar ring 1-CCHy), 4.22
(dd, J = 7.6, 3.6 Hz, 1H, chiral HC), 4.01 (dd, J = 5.1, 3.8 Hz, 2H, Ar ring 4-
COCHy>), 3.48 - 3.33 (m, 3H, 1-methylpiperidin-1-ium ring 2-H, H.CNH),
3.27 (dd, J = 12,9, 7.1 Hz, 1H, H,CNH), 2.80 - 2.48 (m, 6H, 1-
methylpiperidin-1-ium ring 6-H, 1-methylpiperidin-1-ium ring CHs), 2.12
(qd, J = 13.0, 4.1 Hz, 2H, 1-methylpiperidin-1-ium ring 3-H), 1.86 — 1.76

(m, 2H, 1-methylpiperidin-1-ium ring 5-H).

3¢ NMR (CDCl3) &c 167.3 (HCOOH), 162.2 (d, 'Jor = 246.5 Hz, 4-
fluorophenyl ring 4-C), 158.0 (C=0), 157.7 (Ar ring 4-C), 148.1 (aniline ring
1-C), 133.2 (d, *Jer = 3.2 Hz, 4-fluorophenyl ring 1-C), 131.8 (Ar ring 1-C),
129.4 (aniline ring 3-C, 5-C), 128.7 (Ar ring 2-C, 6-C), 127.6 (d, 3Jcr = 8.1
Hz, 4-fluorophenyl ring 2-C, 6-C), 118.0 (aniline ring 4-C), 116.0 (d, 2Jcr =
21.6 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.6 (Ar ring 3-C, 5-C), 113.3
(aniline ring 2-C, 6-C), 70.2 (Ar ring 4-COCHy), 68.7 (chiral C), 54.0 (1-
methylpiperidin-1-ium ring 4-C), 50.0 (4-fluorophenyl ring 1-CCH>), 46.7
(1-methylpiperidin-1-ium ring 2-C, 6-C), 45.2 (H2CN), 44.3 (Ar ring 1-
CCH>), 43.5 (1-methylpiperidin-1-ium ring CHs), 27.3 (1-methylpiperidin-

4-yl ring 3-C, 5-C).
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4-(3-(4-(3-((tert-Butoxycarbonyl)amino)-2-hydroxypropoxy)benzyl)-1-

(4-fluorobenzyl)ureido)-1-methylpiperidin-1-ium (18t)

3-(4-((3-(4-Fluorobenzyl)-3-(1-methylpiperidin-4-yl)ureido)methyl)

phenoxy)-2-hydroxypropan-1-aminium (18a) (120 mg, 0.27 mmol) was
dissolved n MeOH (1.5 mL) and H20 (1.5 mL) Boc20 (70 mg, 0.32 mmol,
1.2 eq) was added, followed by NaCHO3 (60 mg, 0.71 mmol, 2.6 eq).
Upon completion as determined by LC-MS volatile solvents were
removed under vacuum and aqueous extracted with EtOAc (10 mL x 3).
Organics were then dried over MgSO04, concentrated under vacuum, and
purified by prep-HPLC (HPLC-method D). Collected fractions were
concentrated under vacuum and lyophilised, to afford the title compound

as a clear residue (40 mg, 27%).

HRMS m/z (ESI-TOF+) calculated for C2oHa2N4Os [M+H]*: 545.3100,

found: 545.3152 [M+H]*

o TH NMR (DMSO) &4 8.21 (s, 3H,
§

< 1-methylpiperidin-1-ium  ring

H
N (0]
O\NLN (o]
H/\©\ D L NHY,7.24 (dd,J = 84,55 Hz
o g
F o 2H, 15,17), 7.16 — 7.05 (m, 4H,
4-fluorophenyl ring 3-H, 5-H, Ar ring 2-H, 6-H), 6.90 (t, J = 5.7 Hz, 1H,
ureido NH), 6.86 — 6.74 (m, 3H, Ar ring 3-H, 5-H, N-Boc NH), 4.41 (s, 2H,
4-fluorophenyl ring 1-CCHz), 4.18 (d, J = 5.5 Hz, 2H, Ar ring 1-CCH2), 4.11
- 3.95 (m, TH, 1-methylpiperidin-1-ium ring 4-H), 3.86 (dd, J = 8.1, 5.6 Hz,

TH, Ar ring 4-COCHa), 3.79 (h, J = 5.9 Hz, 2H, chiral HC, Ar ring 4-COCHp),
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3.10 (dt, J = 11.8, 5.7 Hz, 1H, HaC-N-Boc), 3.05 - 2.86 (m, 3H, H,C-N-Boc,
1-methylpiperidin-1-ium ring 2-H), 2.29 (d, J = 11.5 Hz, 5H, 1-
methylpiperidin-1-ium ring CH3), 1-methylpiperidin-1-ium ring 6-H), 1.67
(dg, 2H, 1-methylpiperidin-1-ium ring 3-H), 1.50 (d, J = 12.1 Hz, 2H, 1-

methylpiperidin-1-ium ring 5-H), 1.37 (d, J = 1.1 Hz, 9H, N-Boc (CHz)s3).

3¢ NMR (DMSO) &: 164.0 (HCOOH), 160.9 (d, 'Jer = 241.4 Hz, 4-
fluorophenyl ring 4-C), 157.5 (C=0), 157.3 (Ar ring 4-C), 155.8 (N-Boc
C=0), 136.8 (d, *Jcr = 3.0 Hz, 4-fluorophenyl ring 1-C), 133.1 (Ar ring 1-C),
128.4 (d, 3Jcr = 7.9 Hz, 4-fluorophenyl ring 2-C, 6-C), 128.2 (Ar ring 2-C, 6-
C), 114.8 (d, 2Jcr = 21.3 Hz, 4-fluorophenyl ring 3-C, 5-C), 114.1 (Ar ring 3-
C, 5-C), 77.7 (N-Boc C(CHa)s), 70.4 (Ar ring 4-COCH?y), 68.2 (chiral C), 54.1
(1-methylpiperidin-1-ium ring 2-C, 6-C), 51.4 (1-methylpiperidin-1-ium ring
4-C), 44.3 (1-methylpiperidin-1-ium ring CHs), 44.1 (4-fluorophenyl ring 1-
CCH>), 43.5 (H2CN), 43.1 (Ar ring 1-CCH>), 28.7 (1-methylpiperidin-4-yl

ring 3-C, 5-C), 28.2 (N-Boc (CHz)s3).

1-(4-Fluorobenzyl)-3-(4-hydroxybenzyl)-1-(1-methylpiperidin-4-yl)
urea (33)

Under N2 4-hydroxybenzylamine (32) (0.67 g, 5.447 mmol) and CDI (1.06
g, 5.447 mmol, 1 eq) were dissolved in DMF (15 mL) and stirred. After
visual disappearance of starting material and convergence to an
intermediate determined by TLC (eluent MeOH[1M NH3]:DCM, 10:90) N-
(4-fluorobenzyl)-1-methylpiperidin-4-amine dissolved in DMF (10 mL)
under N2 was added. After visual disappearance of an intermediate

determined by TLC (eluent MeOH[1M NH3]:DCM, 10:90) H,0 was added
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(10 mL) and stirred for 1 hr. The reaction mixture was extracted with
EtOAc (50mL x 3), dried over NaSQs, suction filtered, and concentrated
on vacuum, and purified by silica gel column chromatography (eluent
(IMS:EtOAc, 1:3):cyclohexane, 95:5; NH3.H0, 2%; and MeOH[1M
NH3]:DCM, 10:90) to afford the title compound as a clear semi-solid foam
(1.05 g, 53%).
HRMS (TOF ES+) m/z: calculated for C21H2sFN302 [M+H]*: 372.2000,
found: 372.2400 [M+H]*

o O/ H NMR (CDCls) 64 7.09 - 7.00 (m, 2H, 4-
HOQAH 1 fluorophenyl ring 3-H, 5-H), 6.92 — 6.83 (m, 2H,

F 4-fluorophenyl ring 2-H, 6-H), 6.82 — 6.73 (m,

2H, phenol ring 3-H, 5H), 6.60 — 6.52 (m, 2H, phenol ring 2-H, 6-H), 4.43
(t,J =5.4Hz, TH,NHCH>), 4.30 — 4.18 (m, 2H, 4-fluorophenyl ring 4-CCHo,
piperidin-4-yl ring 4-CH), 4.15 (d, J = 5.4 Hz, 2H, NHCH>), 2.85 - 2.76 (m,
2H, piperidin-4-yl ring 2-H), 2.18 (s, 3H, piperidin-4-yl ring N1-CHs), 2.02
(m, 2H, piperidin-4-yl ring 6-H), 1.60 (m, 4H, piperidin-4-yl ring 3-H, 5-H).
13C NMR (CDCl3) 6¢ 162.2 (d, "Jcr = 245.8 Hz, 4-fluorophenyl ring 4-C),
158.3 (C=0), 156.0 (phenol 4-C), 133.9 (d, *Jcr = 3.17 Hz, 4-fluorophenyl
ring 4-C), 130.47 (phenol1 1-C), 128.8 (phenol 3-H, 5-H), 127.83 (d, 3JcF =
8.06 Hz, 4-fluorophenyl ring 2-H, 6-H), 116.0 (4-fluorophenyl ring 3-H, 5-
H), 115.8 (phenol 2-H, 6-H), 55.2 (piperidin-4-yl ring 2-C, 6-C), 52.2
(piperidin-4-yl ring 4-CH), 46.0 (4-fluorophenyl ring 4-CH,), 454
(piperidin-4-yl ring N1-CHs), 44.6 (NHCH>), 29.8 (piperidin-4-yl ring 3-C, 5-

0).

231



6.Experimental

tert-Butyl-(4-hydroxybenzyl)carbamate (35)
4-Hydroxybenzylamine (32) (2.700 g, 21.95 mmol) was dissolved in

MeOH (30 mL) and H20 (30 mL). Di-tert-butyl-dicarbonate (9.600 g, 43.99
mmol, 2 eq) was added and stirred for 5 minutes. NaHCO3 (4.620 g,
90.58 mmol, 2.5 eq) was then added and stirred. After completion as
determined by LC-MS (HPLC method A) the volatile solvent was removed
under vacuum and aqueous extracted with EtOAc (50 mL x 3) to afford
the title compound as a clear colourless oil (4.800 g, 98%) that was used

without further purification.

LC-MS m/z calculated for C12H1sNO3 [M+H]*: 224.1, found: 224.10, tg =

2.15 mins (HPLC-method A)

0 TH NMR (CDCls) 611 7.07 (d, J = 8.0 Hz, 2H, Ar ring 2-
>LOANA©\

; on H,6-H),6.77 (d,J = 8.5 Hz, 2H, Arring 3-H, 5-H), 4.97
(s, TH, NH), 4.20 (d, J = 5.4 Hz, 2H, Ar ring 1-CCHy), 1.46 (s, 9H, Boc

(CHs)3).
tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36)

tert-Butyl-(4-hydroxybenzyl)carbamate (35) (4.600 g, 21.00 mmol) was
dissolved in DMF (45 mL), sonicated for 10 minutes, flushed with N,
stirred, and chilled to 0°C. NaH 60% in mineral oil (0.960 g, 24.15 mmol,
1.15 eq) was added. After cessation of effervescence epichlorohydrin
(3.380 mL, 40.00 mmol, 2 eq) was added dropwise over 5 minutes. Upon
completion as determined by LC-MS the volatile solvents were removed

under vacuum and the crude residue portioned between H20 (50 mL) and
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EtOAc (50 mL). The aqueous was then further extract with EtOAc (50 mL
x 2), dried over MgS04, suction filtered, concentrated under vacuum, and
purified via NP flash chromatography (eluent EtOAc: cyclohexane, 0-20%)

to afford the title compound as a clear colourless oil (4.010 g, 68%).

LC-MS m/z calculated for C1sH22NO4 [M+H]*: 280.2, found: 280.20, tr =

2.77 mins (HPLC-method A)

/@ANHBOC TH NMR (CDCls) 6+ 7.19 (d, J = 8.2 Hz, 2H, oxiran-

?/\o 2-ylmethoxybenzyl ring 2-H, 6-H), 6.87 (d, J = 8.5
Hz, 2H, oxiran-2-ylmethoxybenzyl ring 3-H, 5-H), 4.80 (s, TH, NH), 4.26 —
4.16 (m, 3H, oxirane ring 3-Ha, oxiran-2-ylmethoxybenzyl ring 4-CCH>),
3.94 (dd, J = 11.0, 5.6 Hz, 1H, oxirane ring 3-Hp), 3.38 — 3.30 (m, 1H,
oxirane ring OCH), 2.93 - 2.86 (m, 1H, oxirane ring 1-CCHa), 2.74 (dd, J =

4.9,2.6 Hz, TH, oxirane ring 1-CCHp), 1.45 (d, J = 1.0 Hz, 9H, Boc C(CH3)s3).

3C NMR (CDCl3) &¢ 157.8 (oxiran-2-ylmethoxybenzyl ring 4-C), 155.9
(C=0), 131.7 (oxiran-2-ylmethoxybenzyl ring 1-C), 128.9 (oxiran-2-
ylmethoxybenzyl ring 2-C, 6-C), 114.8 (oxiran-2-ylmethoxybenzyl ring 3-C,
5-C), 79.4 (Boc C(CHs3)3), 68.8 (oxirane ring 1-CCH2), 50.2 (oxirane ring 1-
CCHy), 44.7 (oxirane ring 3-C), 44.1 (oxiran-2-ylmethoxybenzyl ring 4-

CCH.), 28.4 (Boc C(CHs3)s.
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tert-Butyl-(4-(3-(dimethylamino)-2-hydroxypropoxy)benzyl)carbamate

(37a)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (300 mg, 1.08
mmol) was dissolved in IPA (5 mL), stirred, and warmed to 70°C.0°C.
Dimethylamine solution, 33 wt.% in EtOH (333 pl, 1.62 mmol, 1.5 eq) was
added. After completion as determined by LC-MS the solvent was
removed under vacuum and remaining residue purified by silica gel
column chromatography (eluent MeOH[1M NH3]:DCM, 0.9:9.1) to afford

the title compound as a clear colourless oil (296 mg, 85%).

LC-MS m/z calculated for C17H29N204 [M+H]*: 325.2, found: 325.20, tz =

2.01 mins (HPLC-method A)

o TH NMR (CDCls) 61 7.10 (d, J = 8.5 Hz, 2H, Ar
oy
oy ring 3-H, 5-H), 6.82 — 6.74 (m, 2H, Ar ring 2-H, 6-
H), 4.70 (s, TH, NH), 4.14 (d, J = 5.8 Hz, 2H, Ar ring 1-CCH>), 4.03 — 3.89
(m, TH, chiral HC), 3.86 (d, J = 5.0 Hz, 2H, Ar ring 4-COCHy), 2.45 (dd, J =
12.2,9.8 Hz, TH, HaCN), 2.30 (dd, J = 12.2, 3.7 Hz, TH, HpCN), 2.23 (s,

5H, N(CHs)2), 1.36 (s, 9H, 19, Boc (CHz)s).

13C NMR (CDCls3) 6¢ 158.1(Ar ring 6-C), 155.9 (C=0), 131.4 (Ar ring 4-C),
128.8 (Ar ring 3-C, 5-C), 114.7 (Ar ring 2-C, 6-C), 79.4 Boc C(CHz3)s, 70.5
(Ar ring 4-COCHy), 66.2 (chiral C), 61.8 (H2CN), 45.6 (N(CHz3)2), 44.2 (Ar

ring 1-CCH>), 28.4 Boc (CHs)s. Missing: (Ar 1-C).

234



6.Experimental

tert-Butyl-(4-(3-(diethylamino)-2-hydroxypropoxy)benzyl)carbamate

(37b)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (300 mg, 1.08
mmol) was dissolved in IPA (3 mL), stirred, and warmed to 70°C.
Diethylamine (170 pl, 1.603 mmol, 1.5 eq) was added. After completion
as determined by LC-MS the solvent was removed under vacuum and
remaining residue purified by NP flash chromatography (eluent
MeOH[1M NH3]:DCM, 0-10%) to afford the title compound as a clear

colourless oil (321 mg, 84%).

LC-MS m/z calculated for C19H33N204 [M+H]*: 353.2, found: 353.24, tz =

2.05 mins (HPLC-method A)

o TH NMR (CDCl3) &1 7.19 (d, J = 8.4 Hz, 2H, Ar
Hhry
0/\(5)?(\ ring 3-H, 5-H), 6.92 - 6.84 (m, 2H, Ar ring 2-H, 6-
H), 4.77 (s, TH, NH), 4.23 (d, J = 5.8 Hz, 2H, Ar ring 1-CCHy), 4.04 — 3.89
(m, 2H, Ar ring 4-COCHy, chiral HC), 2.73 - 2.47 (m, 6H, CHaN(CHy)2), 1.45

(s, 9H, Boc (CHa)s), 1.04 (t, J = 7.1 Hz, 3H, N(CHz2)2(CHz3)2).

13C NMR (CDCl3) &¢ 158.2 (C=0), 155.9 (Ar ring 4-C), 131.2 (Ar ring 1-C),
128.8 (Ar ring 2-C, 6-C), 114.7 (Ar ring 3-C, 5-C), 79.4 (Boc C(CHs)3), 70.6
(chiral C), 65.8 (Ar ring 4-COCH?2), 55.9 (CH2N(CHz)2), 47.3 (CH2N(CH2)2),

44.2 (Arring 1-CCH>), 28.4 (Boc (CHs3)3), 12.0 (N(CH2)2(CHs)2).
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tert-Butyl-(4-(3-(diisopropylamino)-2-hydroxypropoxy)benzyl)-

carbamate (37c)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (500 mg, 1.43
mmol) was dissolved in IPA (5 mL), stirred, and warmed to 70°C.
Diisopropylamine (300 pl, 2.15 mmol, 1.5 eq) was added. After
completion as determined by LC-MS the solvent was removed under
vacuum and remaining residue purified by silica gel column
chromatography (eluent MeOH[1M NH3]:DCM, 0.5:9.5) to afford the title

compound as a clear colourless oil (350 mg, 64%).

LC-MS m/z calculated for C21H37N204 [M+H]*: 381.3, found: 381.27, tr =

2.18 mins (HPLC-method A)

H NMR (CDCls) &1 7.19 (d, J = 8.5 Hz, 2H, Ar

[e]
XOA”A@O

H), 4.77 (s, TH, NH), 4.24 (d, J = 5.8 Hz, 2H, Ar ring 1-CCH), 4.03 - 3.85

m* ring 3-H, 5-H), 6.93 - 6.83 (m, 2H, Ar ring 2-H, 6-

(m, 3H, chiral HC, Ar ring 4-COCH>), 3.07 (hept, J = 6.7 Hz, 2H, N(CH)>),
2.71 (dd, TH, HaCN), 2.47 (dd, J = 13.3,9.7 Hz, TH, H,CN), 1.45 (s, 9H, Boc

(CHs)s), 1.11 = 1.00 (m, 12H, N(CH)2(CHs)a).

13C NMR (CDCls) 8¢ 158.3 (Ar ring 4-C), 155.9 (C=0), 131.2 (Ar ring 1-C),
128.8 (Ar ring 2-C, 6-H), 114.7 Ar ring 3-C, 5-C), 79.4 (Boc C(CHs)s3), 70.9
(Arring 4-COCHy), 65.5 (chiral C), 48.3 (N(CH)2), 47.1 (H2CN), 44.2 Ar ring

1-CCH?2), 28.4 (Boc (CHa3)3), 22.3 NCH(CHz)2), 19.6 (NCH(CH3)2).
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tert-Butyl-(4-(2-hydroxy-3-(pyrrolidin-1-yl)propoxy)benzyl)carbamate

(37d)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (39) (300 mg, 1.08
mmol) was dissolved in IPA (3 mL), stirred, and warmed to 70°C.
Pyrrolidine (220 pl, 1.605 mmol, 1.5 eq) was added. After completion as
determined by LC-MS the solvent was removed under vacuum and
remaining residue purified by silica gel column chromatography (eluent
MeOH[1M NH3]:DCM, 0.5:9.5) to afford the title compound as a clear

colourless oil (296 mg, 78%).

LC-MS m/z calculated for C19H31N204 [M+H]*: 351.2, found: 351.20, tz =

2.05 mins (HPLC-method A)

>L o TH NMR (CDCl3) 6+ 7.09 (d, J = 8.3 Hz, 2H,
PY
O N
H i - - -
/O\oyNQ Ar ring 3-H, 5-H), 6.82 - 6.74 (m, 2H, Ar

OH

ring 2-H, 6-H), 4.72 (s, TH, NH), 4.14 (d, J =
5.7 Hz, 2H, Ar ring 1-CCH>), 4.03 — 3.92 (m, 1H, chiral HC), 3.90 - 3.84
(m, 2H, Ar ring 4-COCHy), 2.71 (dd, J = 12.1, 9.6 Hz, TH, HaCN), 2.65 -
2.55 (m, 2H, pyrrolidinyl ring 5-H), 2.43 (ddd, J = 12.1, 6.5, 2.7 Hz, 3H,
HwCN, pyrrolidinyl ring 2-H), 1.76 — 1.64 (m, 4H, pyrrolidinyl ring 3-H, 4-H),

1.36 (s, 9H, Boc (CH3)s).

13C NMR (CDCls) 8¢ 158.3 (Ar ring 4-C), 156.0 (C=0), 131.4 (Ar ring 1-C),
128.9 (Ar ring 2-C, 6-C), 114.8 (Ar ring 3-C, 5-C), 79.5 (Boc C(CHs)s), 70.7

(Arring 4-COCHy), 67.5 (chiral C), 58.6 (H2CN), 54.3 (pyrrolidinyl ring 2-H,
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5-H), 44.3 (Ar ring 1-CCH>), 28.5 (Boc (CHs)3), 23.8 (pyrrolidinyl ring 3-C,

4-C).

tert-Butyl-(4-(2-hydroxy-3-(piperidin-1-yl)propoxy)benzyl)carbamate

(37e)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (300 mg, 1.08
mmol) was dissolved in IPA (4 mL), stirred, and warmed to 70°C.
Piperidine (160 pl, 1.62 mmol, 1.5 eq) was added. After completion as
determined by LC-MS the solvent was removed under vacuum and
remaining residue purified by silica gel column chromatography (eluent
MeOH[1M NH3]:DCM, 0.9:9.1) to afford the title compound as a clear

colourless oil (197 mg, 50%).

LC-MS m/z calculated for C20H33N204 [M+H2]*: 364.2, found: 366.20, tr =

2.05 mins (HPLC-method A)

o TH NMR (DMSO0) 61 7.18 (d, J = 8.3 Hz, 2H,

>l\O)'LN
”AQC,YN Ar 3-H, 5-H), 6.91 - 6.83 (m, 2H, Ar 2-H, 6-

OH

H), 4.78 (s, TH, NH), 4.23 (d, J = 5.8 Hz, 2H,
Ar ring 4-COCH_2), 4.08 (dq, J = 7.6, 5.2 Hz, 1H chiral HC), 4.01 — 3.89 (m,
2H, Ar ring 1-CCH>), 2.67 — 2.58 (m, 2H, piperidinyl ring 2-H), 2.52 — 2.46
(m, 2H, H2CN), 2.40 (s, 2H, piperidinyl ring 6-H), 1.60 (dq, J = 9.6, 5.8 Hz,
4H, piperidinyl ring 3-H, 5-H), 1.46 — 1.43 (m, 11H, Boc (CHs)s, piperidinyl

ring 4-H).

13C NMR (DMSO0) 6. 153.4 (Ar ring 4-C), 151.1 (C=0), 126.6 (Ar ring 1-C),

124.1 (Arring 2-C, 6-C), 110.0 (Ar ring 3-C, 5-C), 74.7 (Boc C(CH3)3), 65.8
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(Ar ring 4-COCH?>), 60.5 (chiral C), 56.4 (CH2CN), 50.0 (piperidinyl ring 2-
C, 6-C), 39.4 (Ar ring 1-CCHy), 23.7 (Boc (CHs)3), 21.2 (piperidinyl ring 3-

C, 5-C), 19.4 (piperidinyl ring 4-C).

tert-Butyl-(4-(2-hydroxy-3-morpholinopropoxy)benzyl)carbamate

(37f)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (39) (300 mg, 1.08
mmol) was dissolved in IPA (4 mL), stirred, and warmed to 70°C.
Morpholine (140 pl, 1.60 mmol, 1.5 eq) was added. After completion as
determined by LC-MS the solvent was removed under vacuum and
remaining residue purified by silica gel column chromatography (eluent
MeOH[1M NHz3]:DCM, 0.6:9.4) to afford the title compound as a clear

colourless oil (292 mg, 74%).

LC-MS m/z calculated for C19H31N20s [M+H]*: 367.2, found: 367.20, tz =

2.13 mins (HPLC-method A)

J 8 H NMR (CDCls) 84 7.10 (d, J = 8.5 Hz,
O

J
N
“A@Oy,ﬂﬁ 2H, Ar ring 3-H, 5-H), 6.82 - 6.74 (m, 2H,

on L_o
Ar ring 2-H, 6-H), 4.69 (s, TH, NH), 4.14

(d, J=6.2Hz, 2H, Arring 1-CCH?>), 4.01 (dq, J = 9.5, 4.9 Hz, 1H, chiral HC),
3.88 (d, J = 4.9 Hz, 2H, Ar ring 4-COCHy), 3.70 - 3.57 (m, 4H, morpholino
ring 2-H, 6-H), 2.57 (ddd, J = 11.6, 5.4, 3.8 Hz, 2H, morpholino ring 3-H),

2.52 = 2.32 (m, 2H, morpholino ring 5-H), 1.35 (s, 9H, Boc (CH3)3).

13C NMR (CDCls) 8¢ 158.2 (Ar ring 1-C), 156.0 (C=0), 131.6 (Ar ring 4-C),

129.0 (Arring 2-C, 6-C), 114.8 (Ar ring 3-C, 5-C), 79.6 (Boc C(CHs)3), 70.4
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(Ar ring 4-COCH?>), 67.1 (morpholino ring 2-C, 6-C), 65.5 (chiral C), 61.2
(CH2N), 53.9 (morpholino ring 3-C, 5-C), 44.3 (Ar ring 1-CCH>), 28.6 (Boc

(CHa)s).

tert-Butyl-(4-(2-hydroxy-3-(4-phenylpiperidin-1-yl)propoxy)benzyl)-

carbamate (379)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (300 mg, 1.08
mmol) was dissolved in IPA (4 mL), stirred, and warmed to 75°C. Phenyl-
4-piperidine (260 mg, 1.88 mmol, 1.5 eq) was added. After completion as
determined by LC-MS the solvent was removed under vacuum and
remaining residue purified by (eluent MeOH[1M NH3]:DCM, 1:9 and 2:8)

to afford the title compound as an off-white semi solid (352 mg, 74%).

LC-MS m/z calculated for CosH37N204 [M+H]*: 441.3, found: 441.30, tg =

2.46 mins (HPLC-method A)

J o H NMR (CDCls) 61 7.26 — 7.17 (m,
° N 2H, phenyl ring 3-H, 5-H), 7.12 (ddd,
> O\Q J=12.6,7.7,1.4 Hz, 5H, Ar ring 3-H,
5-H, phenyl ring 2-H, 4-H, 6-H, 6.84 - 6.75 (m, 2H, Ar ring 2-H, 6-H), 4.69
(s, TH, NH), 4.15 (d, J = 5.9 Hz, 2H, Ar ring 1-CCH2), 4.02 (dg, J = 9.4, 4.8
Hz, 1H, chiral HC), 3.89 (dd, J = 4.9, 0.9 Hz, 2H, Ar ring 4-COCH32), 3.10 -
3.00 (m, TH, HaCN), 2.93 — 2.84 (m, TH, HsCN), 2.55 - 2.29 (m, 4H,
phenylpiperidinyl ring 3-H, 5-H), 2.05 (td, J = 11.6, 2.6 Hz, 1H,
phenylpiperidinyl 4-H), 1.81 - 1.58 (m, 4H, phenylpiperidinyl ring 2-H, 6-

H), 1.36 (s, 9H, Boc (CHs)3).

240



6.Experimental

13C NMR (CDCl3) 8¢ 158.2 (Ar ring 4-C), 155.9 (C=0), 146.1 (phenyl ring
1-C), 131.4 (Ar ring 1-C), 128.9 (Ar ring 2-C, 6-C), 128.5 (phenyl ring 3-C,
5-C), 126.8 (phenyl ring 2-C, 6-C), 126.3 (phenyl ring 4-C), 114.7 (Ar ring
3-C, 5-C), 79.4 (Boc C(CHs3)3), 70.5 (Ar ring 4-COCHy), 65.6 (chiral C), 60.8
(phenylpiperidinyl ring 6-C), 56.1 (phenylpiperidinyl ring 2-C), 53.0 (H2CN),
442 (Ar ring 1-CCH2), 42.4 (phenylpiperidinyl ring 4-C), 33.7
(phenylpiperidinyl ring 5-C), 33.4 (phenylpiperidinyl ring 3-C), 28.4 (Boc

(CHz3)3).

tert-Butyl-(4-(2-hydroxy-3-(indolin-1-yl)propoxy)benzyl)carbamate

(37h)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (250 mg, 0.90
mmol) was dissolved in IPA (10 mL), stirred, and warmed to 75°C.
Indoline (129 pl, 1.08 mmol, 1.2 eq) was added. After completion as
determined by LC-MS the solvent was removed under vacuum and
remaining residue purified by (eluent EtOAc:cyclohexane, 2:8) to the title

compound as a purple oil (315 mg, 79%).

LC-MS m/z calculated for C23H31N204 [M+H]*: 399.2, found: 399.20, tz =

2.33 mins (HPLC-method A)

TH NMR (CDCl) 61 7.21 (d, J = 8.5 Hz,

m p 2H, Ar ring 3-H, 5-H), 7.09 (ddd, J =

15.6,7.7,1.3 Hz, 2H, indolinyl ring 6-H,
7-H), 6.90 (dt, J = 8.6 Hz, 2H, Ar ring 2-H, 6-H), 6.71 (td, J = 7.4,0.9 Hz, 1H,

indolinyl ring 5-H), 6.56 (d, J = 7.8 Hz, 1H, indolinyl ring 4-H), 4.81 (s, 1H,
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NH), 4.40 — 4.18 (m, 3H, Ar ring 1-CCH, chiral HC), 4.15 - 3.98 (m, 2H,
Ar ring 4-COCH?>), 3.60 - 3.44 (m, 1H, indolinyl ring 2-Hs), 3.43 - 3.29 (m,
2H, CHaN, indolinyl ring 2-Hp), 3.23 (dd, J = 13.8, 5.2 Hz, TH, CHuN), 3.01
(t, J = 8.3 Hz, 2H, indolinyl ring 2-H), 2.73 (s, 1H, OH), 1.46 (s, 9H, Boc

(CHs)3).

13C NMR (CDCls) &¢ 157.9 (Ar ring 4-C), 155.9 (C=0), 152.7 (indolinyl ring
75-C), 131.6 (Ar ring 1-C), 129.8 (indolinyl ring 32-C), 128.9 (indolinyl ring
6-C), 127.4 (Ar ring 2-C, 6-C), 124.6 (indolinyl ring 4-C), 118.4 (indolinyl
ring 5-C), 114.7 (Ar ring 3-C, 5-C), 107.2 (indolinyl ring 7-C), 79.5 (Boc
C(CHs)3), 70.0 (Ar ring 4-COCH2), 68.4 , (chiral C), 55.0 (CH2N), 53.5
(indolinyl ring 2-C), 44.2 (Ar ring 1-CCH), 28.8 (indolinyl ring 3-C), 28.4

(Boc (CHs)3).

1-(3-(4-(((tert-Butoxycarbonyl)amino)methyl)phenoxy)-2-hydroxy

propyl)-4-methylpiperidin-1-ium (37i)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (200 mg, 0.73
mmol) was dissolved in IPA (5 mL), stirred, and warmed to 75°C. 4-
methylpiperidine (75 pl, 0.78 mmol, 1.07 eq) was added. After
completion as determined by LC-MS the solvent was removed under
vacuum and remaining residue purified by RP flash chromatography
(eluent H20:MeCN, 0.1% formic acid, 90-0%) and lyophilised afford the

title compound as a clear residue (222 mg, 80%).

LC-MS m/z calculated for C21H3sN204 [M+H]*: 379.3, found: 379.27, tr =

2.35 mins (HPLC-method A)
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>LoiN OKO.+ H NMR (DMSO0) &y 8.25 (s, TH, NHY),
H/\Q\OYRO\ 7.30 (t, J = 6.3 Hz, TH, NH), 7.14 (d, J =

8.3 Hz, 2H, Arring 3-H, 5-H), 6.87 (d, J =

8.3 Hz, 2H, Ar ring 2-H, 6-H), 4.04 (d, J = 6.2 Hz, 3H, chiral HC, Ar ring 1-
CCHy), 3.92 (dd, J = 10.0, 4.1 Hz, TH, Ar ring 4-COCHo), 3.85 (dd, J = 10.0,
5.7 Hz, TH, Ar ring 4-COCHb), 3.06 (t, J = 13.3 Hz, 2H, H,CNH*), 2.70 (dd,
J =129, 4.8 Hz, 1H, 1-methylpiperidin-1-ium ring 6-Ha), 2.60 (1, 1H, 1-
methylpiperidin-1-ium ring 2-Ha), 2.33 (t, J = 10.0 Hz, 2H, 1-
methylpiperidin-1-ium ring 6-Hy, 1-methylpiperidin-1-ium ring 2-Hy), 1.62
(d, J = 15.2 Hz, 2H, 1-methylpiperidin-1-ium ring 5-H), 1.51 = 1.13 (m, 13H,
Boc (CHs)s, 1-methylpiperidin-1-ium ring 3-H, 4-H), 0.89 (d, J = 6.4 Hz, 3H,

1-methylpiperidin-1-ium ring 4-CHCHjs).

3¢ NMR (DMSO0) 8. 164.76 HCOOH, 157.9 (Ar ring 4-C), 156.2 (C=0),
132.8 (Ar ring 1-C), 128.7 (Ar ring 2-C, 6-C), 114.7 (Ar ring 3-C, 5-C), 78.1
(Boc C(CHs)s), 71.3 (Ar ring 4-COCHy), 65.9 (chiral C), 60.8 (H.CNH*), 54.1
(1-methylpiperidin-1-ium ring 5-C), 53.6 (1-methylpiperidin-1-ium ring 2-
C), 43.3 (Ar 1-CCH>), 33.1 (1-methylpiperidin-1-ium ring 5-C), 33.1 (1-
methylpiperidin-1-ium ring 3-C), 29.8 (1-methylpiperidin-1-ium ring 4-C),

28.7 (Boc (CHs)3), 22.0 (1-methylpiperidin-1-ium ring 4-CHCH3)
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1-(3-(4-(((tert-Butoxycarbonyl)amino)methyl)phenoxy)-2-hydroxy
propyl)-4-cyanopiperidin-1-ium (37j)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (200 mg, 0.73
mmol) was dissolved in IPA (5 mL), stirred, and warmed to 75°C.
Piperidine-4-nitrile (87 pl, 0.78 mmol, 1.07 eq) was added. After
completion as determined by LC-MS the solvent was removed under
vacuum and remaining residue purified by RP flash chromatography
(eluent H20:MeCN, 0.1% formic acid, 90-0%). Collected fractions were
concentrated under vacuum and lyophilised to afford the title compound

as a clear residue (281 mg, 99%).

LC-MS m/z calculated for C21H33N304 [M+H]*: 391.2, found: 391.25, tr =

2.21 mins (HPLC-method A)

Q o TH NMR (DMSO) 64 8.15 (s, TH, NH*),
LA, L.
H/\©\o/\é/\“ 7.24 - 7.15 (m, 1H, NH), 7.05 (d, J =

208
S\ 8.3 Hz, 2H, Ar ring 3-H, 5-H), 6.78 (d,

J =8.2 Hz, 2H, Ar ring 2-H, 6-H), 6.71 - 6.66 (m, 1H, OH), 3.95(d, J = 6.2
Hz, 3H, Ar ring 4-CCHo, chiral HC), 3.83 (dd, J = 10.0, 4.1 Hz, 1H, Ar ring 4-
COCHba), 3.76 (dd, J = 10.0, 5.7 Hz, TH, Ar ring 4-COCHb), 3.06 — 2.94 (m,
2H, H.CHH*), 2.60 (dd, J = 13.0, 4.8 Hz, 1H, 4-cyanopropylpiperidin-1-ium
ring 6-Ha), 2.50 (dd, J = 12.9, 7.5 Hz, 1H, 4-cyanopropylpiperidin-1-ium
ring 6-Hp), 2.23 (t, J = 11.4 Hz, 2H, 4-cyanopropylpiperidin-1-ium ring 2-

H), 2.05 (ddt, J = 10.9, 8.3, 4.1 Hz, TH, 4-cyanopropylpiperidin-1-ium ring
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4-H),1.68 — 1.48 (m, 4H, 4-cyanopropylpiperidin-1-ium ring 3-H, 5-H), 1.29

(s, 9H, Boc (CHs)s3).

3¢ NMR (DMSO0) 6. 164.7 (HCOOH), 158.0 (C=0), 156.2 (Ar ring 4-C),
132.8, (Ar ring 1-C), 128.7 (Ar ring 2-C, 6-C), 114.7 (Ar ring 3-C, 5-C),
78.1Boc C(CHs)3, 71.3 (Ar ring 4-COCH?>), 66.0 (chiral C), 60.8 (H2CNH?),
53.6 (4-cyanopropylpiperidin-1-ium ring 6-C), 53.2 (4-
cyanopropylpiperidin-1-ium ring 2-C), 43.3 (Ar ring 1-CCH2), 41.0 (4-
cyanopropylpiperidin-1-ium ring 4-C), 41.0 (4-cyanopropylpiperidin-1-ium

ring 3-C, 5-C), 28.7 Boc (CHs)3). Not found (CN).

N,N-Dibenzyl-4-(4-(((tert-butoxycarbonyl)amino)methyl)phenoxy)-2-

hydroxybutan-1-aminium (37k)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (350 mg, 1.13
mmol) was dissolved in IPA (10 mL), stirred, and warmed to 70°C.
Dibenzylamine 97% (360 ul, 1.88 mmol, 1.5 eq) was added. After
completion as determined by LC-MS the solvent was removed under
vacuum and remaining residue purified by RP flash chromatography
(H20:MeCN, 0.1% formic acid, 100-20%) to afford the title compound as

clear colourless oil (250 mg, 48%).

LC-MS m/z calculated for Co9H37N204 [M+H]*: 477.3, found: 477.30, tr =

2.44 mins (HPLC-method A)
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o o H NMR (CDCls) 6 7.41 - 7.28 (m, 11H,
XOANACL S0 NH*, N-benzyl ring (2-6H)z, 7.17 (d, J

H + - i - =

O/Y\H , N-benzyl ring ( )2, 7.17 (d,

on K@ 8.3 Hz, 2H, Ar ring 3-H, 5-H), 6.78 (d, J =

8.6 Hz, 2H, Ar ring 2-H, 6-H), 4.84 (s, TH, NH), 4.23 (d, J = 5.8 Hz, 2H, Ar

fing 1-CCHo), 4.16 (dq, J = 9.9, 5.2 Hz, TH, chiral HC), 3.92 (d, J = 13.5 Hz,

2H, N-benzyl ring (CHa)2), 3.89 — 3.78 (m, 2H, Ar ring 4-COCH>), 3.68 (dd,

J = 13.4,1.6 Hz, 20H, N-benzyl ring (Cb)2), 2.91 — 2.60 (M, 2H, H2NCNH?®),

1.46 (s, TH, Boc (CH3)s).

13¢ NMR (CDCls) 6¢ 167.0 (C=0), 157.9 (HCOOH), 155.9 (Ar ring 4-C),
136.6 (N-benzyl ring 1-C), 131.4 (Ar ring 1-C), 129.6 (N-benzyl ring 2-C, 6-
C), 128.8 (Arring 2-C, 6-C), 128.7 (N-benzyl ring 3-C, 5-C), 127.9 (N-benzyl
ring 4-C), 114.6 (Ar ring 3-C, 5-C), 79.5 (Boc C(CHs)s), 70.2 (Ar ring 4-
COCH?), 66.1 ,(chiral C), 58.6 , N-benzyl CH2), 55.7 (H2.CNH*), 44.2 (Ar ring

1-CCH?2), 28.5 (Boc (CH3)3).

tert-Butyl-(4-(3-(benzyl(methyl)amino)-2-hydroxypropoxy)benzyl)

carbamate (371)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (300 mg, 1.08
mmol) was dissolved in IPA (3 mL), stirred, and warmed to 70°C. N-
methyl-1-phenylmethanamine (170 ul, 1.29 mmol, 1.2 eq) was added.
After completion as determined by LC-MS the solvent was removed
under vacuum and remaining residue purified by silica gel column
chromatography (eluent DCM, 100, and MeOH[1M NH3]:DCM, 2.5:7.5) to

afford the title compound as a yellow oil (276 mg, 63%).
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LC-MS m/z calculated for C23Hz3sN204 [M+H]*: 401.2, found: 401.20, tg =

2.76 mins (HPLC-method A)

9 H NMR (CDCls) 81 7.37 — 7.22 (m, 5H,

saaet

H H —
0NN N-benzyl ring 2-6-H), 7.19 (d, J = 8.5 Hz,
OH

© 2H, Ar ring 3-H, 5-H), 6.90 - 6.82 (m, 2H,
Arring 2-H, 6-H), 4.77 (s, TH, NH), 4.24 (d, J = 5.9 Hz, 2H, Ar ring 1-C CH),
411 (dq, J = 9.3, 4.7 Hz, TH, chiral HC), 3.95 (d, J = 4.9 Hz, 2H, Ar ring 4-
COCH_), 3.69 (d, J = 13.1 Hz, TH, N-benzyl CH), 3.53 (d, J = 13.1 Hz, TH,
N-benzyl CHy), 2.65 (dd, J = 12.3, 9.6 Hz, TH, CH.N), 2.54 (dd, J = 12.4,

4.1 Hz, TH, CHaN), 2.28 (s, 3H, N-methyl), 1.46 (s, 9H, Boc (CHs)3).

13C NMR (CDCls) 8¢ 158.1 (C=0), 155.9 (Ar ring 4-C), 138.3 (Ar ring 1-C),
131.3 (N-benzyl ring 1-C), 129.1 (Ar ring 2-C, 6-C), 128.8 , (N-benzyl ring
4-C), 128.4 (N-benzyl ring 2-C, 6-C), 127.3 (N-benzyl ring 3-C, 5-C), 114.7
(Arring 3-C, 5-C), 77.2 (Boc C(CHs)3), 70.4 (Ar ring 4-COCH>), 66.2, (chiral
C), 62.6 (N-benzyl CHz), 59.7 (CH2N), 44.2 (Ar ring 1-CCHy), 42.2 (N-

methyl), 28.4 (Boc (CHs)s).

tert-Butyl-(4-(3-(benzyl(2-hydroxyethyl)amino)-2-hydroxypropoxy)

benzyl)carbamate (37m)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (310 mg, 1.11
mmol) was dissolved in IPA (6 mL), stirred, and warmed to 75°C. 2-
(Benzylamino)ethan-1-ol (240 pl, 1.67 mmol, 1.5 eq) was added. After
completion as determined by LC-MS the solvent was removed under

vacuum and remaining residue purified by silica gel column
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chromatography (eluent MeOH[1M NH3]:DCM, 4:6) to afford the title

compound as a clear colourless oil (232 mg, 52%).

LC-MS m/z calculated for C24H3sN20s [M+H]*: 431.3, found: 431.30, tz =

2.22 mins (HPLC-method A)

o TH NMR (CDCls) 81 7.32 (d, J = 5.6 Hz,

N/\©\
H 5H, N-benzyl ring 2-6-H), 7.18 (d, J =
o N/\/OH
/E\
K@ 8.3 Hz, 2H, Ar ring 3-H, 5-H), 6.86 -

6.77 (m, 2H, Ar ring 2-H, 6-H), 4.78 (s, TH, NH), 4.23 (d, J = 5.9 Hz, 2H, Ar
ring 1-CCHy), 4.06 (dq, J = 7.6, 5.0 Hz, 1H, chiral HC), 3.93 - 3.84 (m, 2H,
Ar ring 4-COCHy), 3.80 (d, J = 13.6 Hz, 1H, N-benzyl CH3), 3.72 — 3.58 (m,
3H, N-benzyl CHy, CH,0H), 2.87 - 2.66 (m, 4H, HoCNCHy), 1.45 (s, 9H,

Boc (CHs)s3).

13C NMR (CDCl3) 8¢ 158.0 (Ar ring 4-C), 155.9 (C=0), 138.6 (N-benzyl ring
1-C), 131.5 (Ar ring 1-C), 129.0 (N-benzyl ring 2-C, 6-C), 128.9 (N-benzyl
ring 4-C), 128.5 (N-benzyl ring 3-C, 5-C), 127.4 (Ar ring 2-C, 6-C), 114.6 (Ar
ring 3-C, 5-C), 79.5 (Boc C(CHs)s), 70.3 (Ar ring 4-COCCHy>), 67.7 (chiral
C), 59.8 (N-benzyl CHz), 56.9 (H2CN), 56.5 (NCH2CHs), 50.9 (NCH2CHy),

44.2 (Ar ring 1-CCHz), 28.4 (Boc (CHz3)a).

tert-Butyl-(4-(3-(benzyl(phenyl)amino)-2-hydroxypropoxy)benzyl)

carbamate (37n)

tert-Butyl-(4-(oxiran-2-ylmethoxy)benzyl)carbamate (36) (350 mg, 1.25
mmol) was dissolved in IPA (6 mL), stirred, and warmed to 75°C. N-

Benzyaniline (300 pl, 1.88 mmol, 1.5 eq) was added. After completion as
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determined by LC-MS the solvent was removed under vacuum and
remaining residue purified by RP flash chromatography (H.0:MeCN, 0.1%
formic acid, 100-10%) to afford the title compound as a clear residue

(124 mg, 21%).

LC-MS m/z calculated for CogH3sN204 [M+H]*: 463.3, found: 463.26, tr =

2.17 mins (HPLC-method A)

"H NMR (CDCl3) 64 7.47 - 7.08 (m, 9H,

/\©\ /© Ar ring 3-H, 5-H, N-phenyl ring 2-6H, N-

benzyl ring 2-H, 6-H), 7.04 — 6.78 (m, 4H,

Ar ring 2-H, 6-H, N-benzyl ring 3-H, 5-H), 6.77 — 6.70 (m, T1H, N-benzyl ring
4-H), 4.82 (s, TH, NH), 4.74 — 4.47 (m, 2H, N-benzyl CHy), 4.35 (p, J = 7.0
Hz, TH, chiral HC), 4.25 (d, J = 5.8 Hz, 2H, Ar 1-CCHy), 4.03 (dd, J = 9.5,
4.1 Hz, 2H, 34), 3.96 (dd, J = 9.5, 5.4 Hz, OH, 34), 3.70 (dd, J = 15.0, 5.6
Hz, 2H, Ar 1-COCHy), 3.62 (dd, J = 15.0, 7.1 Hz, 2H, CH2N), 1.47 (s, 9H,

(Boc (CHs)s).

13C NMR (CDCls3) &¢ 157.8 (C=0), 155.9 (Ar ring 4-C), 148.6 (N-phenyl ring
1-C), 138.4 (N-benzyl ring 1-C), 131.7 (Ar ring 1-C), 129.4 (Ar ring 2-C, 6-
C), 128.9 (N-benzyl ring 4-C), 128.7 (N-phenyl ring 3-C, 5-C), 127.0 (N-
benzyl ring 2-C 6-C), 126.7 (N-benzyl ring 3-C, 5-C), 117.3 (N-phenyl 4-C),
114.7 (Arring 3-C, 5-C), 113.1 (N-phenyl ring 2-C 6-C), 79.5 (Boc C(CHs)3),
69.8 (Ar 4-COCHy2), 68.3 (chiral C), 55.5 (CHzN), 54.1 (N-benzyl CHy), 44.2

(Arring 1-C), 28.5 (Boc (CHs)3).
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3-(4-(Ammoniomethyl)phenoxy)-2-hydroxy-N,N-dimethylpropan-1-

aminium (38a)

tert-Butyl-(4-(3-(dimethylamino)-2-hydroxypropoxy)benzyl)carbamate

(37a) (297 mg, 0.92 mmol) was dissolved in MeOH (0.2 mL), 4M HCl in
1, 4 dioxane (2 mL), and stirred. After completion as determined by LC-
MS the solvent was removed under vacuum to afford the title compound

as an off-white oil (250 mg, 93%), used without further purification.

LC-MS m/z calculated for C12H21N202 [M+H]*: 225.2, found: 225.20, tr =

0.40 mins (HPLC-method A)

CI*HiN o+ THNMR (DMSO0) 81 10.28 (s, TH, NH*), 8.55 (s,

no OH " 3H, NHs*), 7.44 (d, J = 8.4 Hz, 2H, Ar 2-H, 6-H),
6.98 (d, J = 8.5 Hz, 2H, Ar 3-H, 5-H), 6.05 (s, 1H, OH), 4.36 — 4.29 (m, chiral
HC), 4.03 — 3.88 (m, 4H, Ar ring 1-CCHo, Ar ring 4-COCHy), 3.27 (s, TH,
HaCNHY), 3.23 - 3.13 (m, 1H, H,CNH*), 2.82 (d, J = 11.3 Hz, 6H,

NH*(CHzs)2).

13C NMR (DMSO0) 6. 158.8 (Ar ring 4-C), 131.1 (Ar ring 2-C, 6-C), 126.9 (Ar
ring 1-C), 115.0 (Ar ring 3-C, 5-C), 70.6 (Ar ring 4-COCH?>), 64.3 (chiral C),

59.6, (H2CNH*), 44.2 (NH*CHs), 42.6 (NH*CHz), 42.0 (Ar ring 1-CCHy).

3-(4-(Ammoniomethyl)phenoxy)-N,N-diethyl-2-hydroxypropan-1-

aminium (38b)

tert-Butyl-(4-(3-(diethylamino)-2-hydroxypropoxy)benzyl)carbamate
(37b) (296 mg, 0.85 mmol) was dissolved in EtOAc (5 mL), 4M HCl in 1,

4 dioxane (2 mL), and stirred at 0°C allowing to come up to r.t. After
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completion as determined by LC-MS the solvent was removed under
vacuum to afford the title compound as a white foam (275 mg, 106%),

used without further purification.

LC-MS m/z calculated for C14H25N202 [M+H]*: 253.2, found: 253.19, tr =
0.42 mins (HPLC-method A)

<;|—+H3Nm(:L o H NMR (DMSO0) 81 10.15 (s, TH, NH*), 8.49
Oﬁo?@ (s, 3H, NHs*), 7.47 = 7.41 (m, 2H, Ar 2-H, 6-
H), 7.03 - 6.95 (m, 2H, Ar 3-H, 5-H), 6.01 (s, TH, OH), 4.34 (td, J = 8.2, 4.1
Hz, 1H, chiral HC), 4.07 - 3.88 (m, 4H, Ar ring 1-CCHp, Ar ring 4-COCH>),
3.20 (ddt, J = 16.2, 9.4, 4.0 Hz, 4H, H,CNH*(CHz)2), 1.24 (t, J = 7.2 Hz, 6H,

(CHs)2).

13C NMR (DMSO0) 6 158.8 (Ar ring 4-C), 131.1 (Ar ring 2-C, 6-C), 126.9 (Ar
ring 1-C), 115.0 (Ar ring 3-C, 5-C), 70.4 (Ar ring 4-COCH,), 54.2
(H2CNH*(CH2)2), 48.1 (H2CNH*CaHy), 47.4 (H2CNH*CuH2), 42.1 (Ar ring 1-

CCHy), 9.0 (CaH3), 8.9 (CoHs3).

3-(4-(Ammoniomethyl)phenoxy)-2-hydroxy-N,N-diisopropylpropan-1-

aminium (38c)

tert-Butyl-(4-(3-(diisopropylamino)-2-hydroxypropoxy)benzyl)carbamate

(37¢) (276 mg, 0.73 mmol) was dissolved in EtOAc (2 mL), 4M HCl in 1,
4 dioxane (2 mL), and stirred. After completion as determined by LC-MS
the solvent was removed under vacuum to afford the title compound as

a white semi solid (240 mg, 93%), used without further purification.
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LC-MS m/z calculated for C16H2sN202 [M+H]*: 281.2, found: 281.22, tr =

0.63 mins (HPLC-method A)

Yo H NMR (DMSO) 611 9.51 (s, TH, NH*), 8.45 (s,

O“fi 3H, NHs*), 7.4 (d, J = 8.7 Hz, 2H, Ar 2-H, 6-
H), 6.99 (d, J = 8.7 Hz, 2H, Ar 3-H, 5-H), 5.90 (d, J = 5.0 Hz, 1H, OH), 4.28
(s, TH, chiral HC), 4.12 = 3.97 (m, 2H, Ar ring 4-COCH>), 3.96 — 3.90 (m,
2H, Ar ring 1-CCHz), 3.76 — 3.62 (m, 2H, NH*(CH)2(CHaCH)s, 3.34 — 3.24
(M, TH, H.CNH?), 3.20 = 3.09 (m, TH, HyCNH?), 1.40 = 1.31 (m, 9H, CaHs,

(CoHa3)2), 1.27 (d, J = 6.5 Hz, 3H, (CaaH3).

13C NMR (DMSO0) 8. 58.8 (Ar ring 4-C), 131.1 (Ar ring 2-C, 6-C), 126.9 (Ar
ring 1-C), 115.0 (Ar ring 3-C, 5-C), 69.9 (Ar ring 4-COCH?>), 66.1 (chiral C),
56.1 , (NH*CaH), 55.1 (NH*CbH), 51.0 (Ho.CNH*), 42.1 (Ar ring 1-CCHo),

18.9 (CaHs), 18.8 (CoHs), 17.5 (CaaHa), 16.5 (ChaHa).

(4-(2-Hydroxy-3-(pyrrolidin-1-yl)propoxy)phenyl)methanaminium

(38d)

tert-Butyl-(4-(2-hydroxy-3-(pyrrolidin-1-yl)propoxy)benzyl)carbamate

(37d) (365 mg, 1.04 mmol) was dissolved in EtOAc (6 mL), 4M HCl in 1,
4 dioxane (2 mL), and stirred. After completion as determined by LC-MS
the solvent was removed under vacuum to afford a crude residue,
purified by silica gel column chromatography (eluent MeOH[1M
NHs]:DCM, 18:82) to give the title compound as a white foam (167 mg,

56%).
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LC-MS m/z calculated for C14H23N202 [M+H]+: 251.2, found: 251.20, tg =

0.57 mins (HPLC-method A)

CWBN«@ TH NMR (DMSO) &+ 8.68 (s, 2H, NHs*), 7.47 -

OEHANQ 7.37 (m, TH, Ar 2-H, 6-H), 7.02 - 6.94 (m, 2H,
Ar 3-H, 5-H,), 5.59 (s, TH, OH), 4.19 — 4.11 (m, 1H, chiral HC), 4.02 - 3.90
(m, 4H, Ar ring 1-CCHa, Ar ring 4-COCHy), 3.17 (s, 2H, pyrrolidine ring 2-
Ha, 5-Ha), 3.12 — 2.83 (m, 3H, H.CNH?*, pyrrolidine ring 2-Haa, 5-Haa), 1.90

= 1.80 (m, 4H, pyrrolidine ring 3-H, 4-H).

13¢ NMR (DMSO0) 8 159.0 (Ar ring 4-C), 131.0 (Ar ring 2-C, 6-C), 126.6 (Ar
ring 1-C), 115.0 (Ar ring 3-C, 5-C), 70.7 (Ar ring 4-COCH?>), 66.0 (chiral C),
57.7 (H2CNH*), 54.4 (pyrrolidine ring 2-C, 5-C), 42.3 (Ar ring 1-CCH,), 23.2

(pyrrolidine ring 3-C, 4-H).

1-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)piperidin-1-ium

(38e)

tert-Butyl-(4-(2-hydroxy-3-(piperidin-1-yl)propoxy)benzyl)carbamate

(37e) (97 mg, 0.54 mmol) was dissolved in EtOAc (4 mL), 4M HClin 1, 4
dioxane (2 mL), and stirred. After completion as determined by LC-MS
the solvent was removed under vacuum to afford the title compound as

a white foam (200 mg, 101%), used without further purification.

LC-MS m/z calculated for C1sH25N202 [M+H]*: 265.2, found: 269.20, tr =

0.50 mins (HPLC-method A)
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CWSN«@ o TH NMR (DMSO0) 81 10.17 (s, TH, NH*), 8.46
O%OHAHQ (s, 3H, NHs*), 7.43 (d, J = 8.5 Hz, 2H, Ar 2-H,

6-H), 6.99 (d, J = 8.6 Hz, 2H, Ar 3-H, 5-H), 5.98 (d, J = 5.0 Hz, TH, OH), 4.41
(s, TH, chiral HC), 3.96 (dt, J = 7.7, 3.8 Hz, 2H, Ar ring 4-COCH>), 3.92 (s,
2H, Ar ring 1-CCHy), 3.56 — 3.43 (m, 2H, Ho.CNH*), 3.25 (d, J = 13.2 Hz,
1H, piperidin-1-ium ring 2-Ha), 3.17 — 3.07 (m, 1H, piperidin-1-ium ring 2-
Hp), 2.97 (s, 2H, piperidin-1-ium ring 6-H), 2.03 - 1.54 (m, 5H, piperidin-1-

ium ring 3-H, 4-H,, 5-H), 1.38 (d, J = 12.6 Hz, TH, 4-Hy).

13C NMR (DMSO) &6 158.9 (Ar ring 4-C), 131.0 (Ar 2-C, 6-C), 127.0 (Ar ring
1-C), 115.1 (Ar 3-C, 5-C), 70.7 (Ar ring 4-COCH>), 64.1 (chiral C), 59.4
(H2CNH*), 54.0 (piperidin-1-ium ring 2-C), 52.6 (piperidin-1-ium ring 6-C),
42.1 (Ar ring 1-CCHy), 22.7 , (piperidin-1-ium ring 3-C), 22.6 (piperidin-1-

ium ring 3-C), 21.8 (piperidin-1-ium ring 4-C).

4-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)morpholin-4-ium

(38f)

tert-Butyl-(4-(2-hydroxy-3-morpholinopropoxy)benzyl)carbamate  (37f)
(292 mg, 0.80 mmol) was dissolved in EtOAc (4 mL), 4M HCl in 1, 4
dioxane (2 mL), and stirred. After completion as determined by LC-MS
the solvent was removed under vacuum to afford the title compound as

a white semi solid (239 mg, 86%), used without further purification.

LC-MS m/z calculated for C14H23N203 [M+H]*: 267.2, found: 267.17, tr =

0.50 mins (HPLC-method A)
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Crmwm@ o TH NMR (DMSO0) 6 10.99 (s, TH, NH*), 8.48

Oﬁofb (s, 3H, NH3*), 7.44 (d, J = 8.6 Hz, 2H, Ar 2-H,
6-H), 6.99 (d, J = 8.6 Hz, 2H, Ar 3-H, 5-H,), 6.01 (s, TH, OH), 4.50 - 4.41
(m, TH, chiral HC), 4.09 - 3.74 (m, 9H, Ar ring 1-CCHz, Ar ring 4-COCH,
morpholin-4-ium ring 2-H, 6-H), 3.58 — 3.43 (m, 2H, morpholin-4-ium ring
3-Ha, 5-Ha), 3.35 (dt, J = 13.4, 3.2 Hz, TH, H,CNH*), 3.23 (dq, J = 7.9, 4.1

Hz, 3H, H.CNH*, 3-Hp, 5-Hb).

13C NMR (DMSO0) 6¢ 158.9 (Ar ring 4-C), 131.0 (Ar ring 2-C, 6-C), 126.9 (Ar
ring 1-C), 115.1(Ar ring 3-C, 5-C), 70.7 (Ar ring 4-COCH), 64.0 (chiral C),
63.6 (morpholin-4-ium ring 2-C), 63.5 (morpholin-4-ium ring 6-C), 59.4

(H2CNH?), 53. morpholin-4-ium ring 3-C), 42.1 morpholin-4-ium ring (5-C).

1-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)-4-phenyl-

piperidin-1-ium (38g)

tert-Butyl-(4-(2-hydroxy-3-(4-phenylpiperidin-1-yl)propoxy)benzyl)

carbamate (37g) (322 mg, 0.73 mmol) was dissolved in MeOH (0.3 mL),
4M HCI in 1, 4 dioxane (2 mL), and stirred. After completion as
determined by LC-MS the solvent was removed under vacuum to afford
the title compound as a white semi-solid foam (303 mg, 101%), used

without further purification.

LC-MS m/z calculated for C21H29N202 [M+H]*: 342.3, found: 342.33, tr =

0.52 mins (HPLC-method A)
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C|—+H3Nm o TH NMR (DMSO0) 8+ 10.62 (s, TH, NH*),
O%OHA% 8.54 (s, 3H, NHs*), 7.49 - 7.41 (m, 2H,

Ar 2-H, 6-H), 7.34 (dd, J = 8.2, 6.9 Hz,

2H, phenyl ring 2-H, 6-H), 7.28 — 7.18 (m, 3H, phenyl ring 3-H, 4-H, 5-H),
7.00 (d, J = 8.7 Hz, 2H, Ar 3-H, 5-H), 6.02 (s, TH, OH), 4.49 (s, 1H, chiral
HC), 4.07 — 3.96 (m, 2H, Ar ring 1-CCH>), 3.92 (d, J = 5.4 Hz, 2H, Ar ring
4-COCHy), 3.72 (d, J = 12.3 Hz, TH, phenylpiperidin-1-ium ring 2-Ha), 3.63
(d, J = 12.1 Hz, 1H, phenylpiperidin-1-ium ring 6-Ha), 3.38 — 3.28 (m, 1H,
phenylpiperidin-1-ium ring 2-Hp), 3.26 - 3.11 (m, 3H, H2CNH*,
phenylpiperidin-1-ium ring 6-Hy), 2.82 (t, J = 3.7 Hz, 1H, phenylpiperidin-
1-ium ring 4-H), 2.27 - 2.08 (m, 2H, phenylpiperidin-1-ium ring 3-H), 1.94

(d, J = 14.1 Hz, 2H, phenylpiperidin-1-ium ring 5-H).

13C NMR (DMSO) &¢ 158.9 (Ar ring 4-C), 144.8 (phenylpiperidin-1-ium ring
1-C), 131.1 (Ar ring 2-C, 6-C), 129.0 (phenyl ring 2-C, 6-C), 127.1 (phenyl
ring 3-C, 4-C, 5-C), 126.9 (Ar ring 1-C), 115.1 (Ar ring 3-C, 5-C), 70.7 (Ar
ring 4-COCHy), 64.3 (chiral C), 59.8 (H.CNH*), 53.9 (phenylpiperidin-1-ium
ring 2-C), 52.9 (phenylpiperidin-1-ium ring 6-C), 42.0 (Ar ring 1-CCHy),
39.1 (phenylpiperidin-1-ium ring 4-C), 30.2 (phenylpiperidin-1-ium ring 3-

C), 30.1 (phenylpiperidin-1-ium ring 4-C).
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1-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)indolin-1-ium

(38h)

tert-Butyl-(4-(2-hydroxy-3-(indolin-1-yl)propoxy)benzyl)carbamate (37h)
(98 mg, 0.25 mmol) was dissolved in MeOH (0.5 mL), 4M HCl in 1, 4
dioxane (0.4 mL), and stirred. After completion as determined by LC-MS
the solvent was removed under vacuum to afford the title compound as

a white semi solid foam (68 mg, 93%), used without further purification.

LC-MS m/z calculated for C1gH23N202 [M+H]*: 299.2, found: 299.20, tg =

0.75 mins (HPLC-method A)

C|'*H3N TH NMR (DMSO0) &1 10.02 (s, TH, NH3*),
Af\f/ 8.37 (s, 2H,NH*), 61 7.21 (d, J = 8.5 Hz, 2H,

Arring 3-H, 5-H), 7.09 (ddd, J = 15.6, 7.7, 1.3 Hz, 2H, indolinyl ring 6-H, 7-
H), 6.90 (dt, J = 8.6 Hz, 2H, Ar ring 2-H, 6-H), 6.71 (td, J = 7.4, 0.9 Hz, TH,
indolinyl ring 5-H), 6.56 (d, J = 7.8 Hz, 1H, indolinyl ring 4-H), 4.40 — 4.18
(m, 3H, Ar ring 1-CCHo, chiral HC), 4.15 — 3.98 (m, 2H, Ar ring 4-COCHy),
3.60 — 3.44 (m, TH, indolinyl ring 2-Ha), 3.43 — 3.29 (m, 2H, CH.N, indolinyl
ring 2-Hb), 3.23 (dd, J = 13.8, 5.2 Hz, TH, CHuN), 3.01 (t, J = 8.3 Hz, 2H,

indolinyl ring 2-H), 2.73 (s, TH, OH).

13C NMR (DMSO) ¢ 157.9 (Ar ring 4-C), 155.9 (C=0), 152.7 (indolinyl ring
7a-C), 131.6 (Ar ring 1-C), 129.8 (indolinyl ring 3.-C), 128.9 (indolinyl ring
6-C), 127.4 (Ar ring 2-C, 6-C), 124.6 (indolinyl ring 4-C), 118.4 (indolinyl

ring 5-C), 114.7 (Ar ring 3-C, 5-C), 107.2 (indolinyl ring 7-C), 79.5, 70.0 (Ar
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ring 4-COCH>), 68.4 (chiral C), 55.0 (CH2N), 53.5 (indolinyl ring 2-C), 44.2

(Ar ring 1-CCHz), 28.8 (indolinyl ring 3-C).

1-(4-(Aminomethyl)phenoxy)-3-(4-methylpiperidin-1-yl)propan-2-ol

(38i)

1-(3-(4-(((tert-Butoxycarbonyl)amino)methyl)phenoxy)-2-hydroxypropyl)-
4-methylpiperidin-1-ium (37i) (196 mg, 0.52 mmol) was dissolved in
MeOH (0.5 mL), 4M HCI in 1, 4 dioxane (0.4 mL), and stirred. After
completion as determined by LC-MS the solvent was removed under
vacuum to adsorb crude residue onto isolute and purified by silica gel
column chromatography (eluent MeOH[1M NH3]:DCM, 1:9 and 1.5:8.5) to
afford the title compound as a clear colourless oil (120 mg, 74%), used

without further purification.

LC-MS m/z calculated for C16H27N202 [M+H]*: 279.2, found: 279.22, tr =

0.55 mins (HPLC-method A)

HZN/\©\ TH NMR (DMSO0) 61 7.21 (d, J = 8.3 Hz, 2H, Ar

OA(f@\ 2-H, 6-H), 6.85 (d, J = 8.7 Hz, 2H, Ar 3-H, 5-H),
4.12 - 3.85 (m, 2H, Ar ring 4-COCH>), 3.86 — 3.76 (m, TH, chiral HC), 3.63
(s, 2H, Ar ring 1-CCHy), 3.17 (s, 1H, OH), 3.01 - 2.71 (m, 2H,
methylpiperidinyl ring 2-H), 2.39 (dd, J = 12.7, 6.0 Hz, H,CN), 2.30 (dd, J
= 12.6, 6.3 Hz, 1H, H,CN), 1.95 (tdd, J = 11.6, 4.6, 2.6 Hz, 1H,
methylpiperidinyl ring 6-H), 1.53 (dd, J = 10.0, 56 Hz, 2H,

methylpiperidinyl ring 3-H), 1.38 — 1.20 (m, 1H, methylpiperidinyl ring 4-

258



6.Experimental

H), 1.11 (qd, J = 11.9, 3.9 Hz, 2H, methylpiperidinyl ring 5-H), 0.87 (d, J =

6.4 Hz, 3H, methylpiperidinyl ring 4-CCHs).

13C NMR (DMSO) 6. 157.8 (Ar ring 4-C), 136.6 (Ar ring 1-C), 128.6 (Ar ring
2-C, 6-C), 114.6 (Ar ring 3-C, 5-C), 71.7 (Ar ring 4-COCHy>), 67.1 (chiral C),
62.0 (H2CN), 54.7 (methylpiperidinyl ring 2-C), 54.6 (methylpiperidinyl
ring 6-C), 45.5 (Ar ring 1-CCH>), 34.6 (methylpiperidinyl ring 3-C), 34.6
(methylpiperidinyl ring 5-C), 30.7 (methylpiperidinyl ring 4-C), 22.4

(methylpiperidinyl ring 4-CCH3).

1-(3-(4-(Ammoniomethyl)phenoxy)-2-hydroxypropyl)-4-cyano-

piperidin-1-ium (38j)

1-(3-(4-(((tert-Butoxycarbonyl)amino)methyl)phenoxy)-2-hydroxypropyl)-
4-cyanopiperidin-1-ium (37j) (239 mg, 0.52 mmol) was dissolved in
MeOH (0.5 mL), 4M HCI in 1, 4 dioxane (0.4 mL), and stirred. After
completion as determined by LC-MS the solvent was removed under
vacuum to afford the title compound as a white semi solid foam (153

mg, 74%), used without further purification.

LC-MS m/z calculated for C16H24N302 [M+H]*: 290.2, found: 290.20, tz =

1.20 mins (HPLC-method A)

CWSN«@ o TH NMR (DMSO) &4 11.12 - 10.49 (m,

O%OHAHO\ 1H, NH*), 8.52 (s, 3H, NH3*), 7.43 (d, J =
7.3 Hz, 2H, Ar 2-H, 6-H), 6.97 Eldd, J=8.2,4.1 Hz, 2H, Ar 3-H, 5-H), 5.97 (s,
1H, OH), 4.46 — 4.32 (m, TH, chiral HC), 4.23 - 3.79 (m, 4H, Ar ring 1-

CCHa, Ar ring 4-COCH?2), 3.74 - 3.57 (m, TH, HaCN), 3.49 - 3.33 (m, 1H,
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HbCN), 3.34 — 2.97 (m, 5H, 4-cyanopiperidin-1-ium ring 2-H, 4-H, 6-H),

2.34 — 1.74 (m, 4H, 4-cyanopiperidin-1-ium ring 3-H, 5-H).

13C NMR (DMSO0) 6. 158.8, (HCOOH), 158.8 (Ar ring 4-C), 131.1 (Ar ring
2-C, 6-C), 126.9 (Ar ring 1-C), 121.9 (nitrile CN), 115.1 (Ar ring 3-C, 5-C),
70.7 (Ar ring 4-COCHy), 64.3 (chiral C), 59.4 (H,CN), 51.9 4-
cyanopiperidin-1-ium ring 2-C), 51.1 (4-cyanopiperidin-1-ium ring 6-C),
421 (Ar ring 1-CCH»), 26.1 (4-cyanopiperidin-1-ium 3-C), 26.0 (4-

cyanopiperidin-1-ium 5-C), 24.0 (4-cyanopiperidin-1-ium 4-C).

3-(4-(Ammoniomethyl)phenoxy)-N,N-dibenzyl-2-hydroxypropan-1-

aminium (38k)

N,N-Dibenzyl-4-(4-(((tert-butoxycarbonyl)amino)methyl)phenoxy)-2-

hydroxybutan-1-aminium (37k) (600 mg, 1.26 mmol) was dissolved in
EtOAc (5 mL), 4M HCl in 1, 4 dioxane (2 mL), and stirred. After completion
as determined by LC-MS the solvent was removed under vacuum to
afford the title compound as a semi-solid white foam (543 mg, 92%),

used without further purification.

LC-MS m/z calculated for C24H20N202 [M+H]*: 377.2, found: 377.20, tr =

1.17 mins (HPLC-method A)

TH NMR (DMSO) &4 11.00 (m, TH, NH*),

C"*HsN“@ cn;gj 8.49 (s, 3H, NH3*), 7.70 (t, J = 8.1 Hz, 4H,
O/Y\N

OH K@ (N-benzyl ring (2-H, 6-H)2), 7.45 (d, J = 5.0

Hz, 6H, N-benzyl ring (3-H, 4-H, 5H),), 7.41

(d, J = 8.2 Hz, 2H, Ar ring 3-H, 5-H), 6.84 (d, J = 8.1 Hz, 2H, Ar ring 2-H, 6-
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H), 6.15 (s, TH, OH), 4.47 (q, J = 10.6 Hz, 5H, chiral HC, N-benzyl (CH)2),
3.92 (d, J = 6.0 Hz, 2H, Ar 1-CCHy), 3.82 (dd, J = 10.1, 5.8 Hz, 2H, Ar 4-

COCH?2), 3.24 - 3.15 (m, 2H, H2aCNH?*), 3.04 (t, J = 11.6 Hz, 2H, H2,CNH?).

13C NMR (DMSO) &¢ 158.1 (Ar ring 4-C), 131.9 (N-benzyl ring 1-C.), 131.6
(N-benzyl ring 1-Cb), 130.5 (Ar ring 2-C, 6-C), 129.9 (N-benzyl ring 3-C,, 5
Ca), 129.6 , (N-benzyl ring 3-Cpb, 5-Cb), 129.5 (N-benzyl ring 4-Ca, 4-Cb),
128.8 (N-benzyl ring 2-Caa, 6-Caa), 126.4 (Ar ring 1-C), 114.5 (Ar ring 3-C,
5-C), 69.7 (Ar ring 4-COCH?>), 63.7 (chiral C), 57.2 N-benzyl CaH2), 56.8 (N-

benzyl CyH2), 53.8 (H2CNH*), 41.6 (Ar ring 1-CCHy).

3-(4-(Ammoniomethyl)phenoxy)-N-benzyl-2-hydroxy-N-methyl-

propan-1-aminium (38l)

tert-Butyl-(4-(3-(benzyl(methyl)amino)-2-hydroxypropoxy)benzyl)

carbamate (371) (209 mg, 0.52 mmol) was dissolved in EtOAc (4 mL), 4M
HCl in 1, 4 dioxane (2 mL), and stirred. After completion as determined
by LC-MS the solvent was removed under vacuum to afford the title
compound as a white semi solid (190 mg, 98%), used without further

purification.

LC-MS m/z calculated for C24H2sN202 [M+H]*: 315.2, found: 315.21, tr =

1.02 mins (HPLC-method A)

H_

CPHst@ o H NMR (DMSO) &4 10.94 — 10.19 (m, TH,
OAE)HAN NH*), 8.40 (s, TH, NH3*), 7.69 — 7.57 (m, 4H,

N-benzyl ring 2-H, 6-H), 7.55 - 7.36 (m, 5H,

Ar 2-H, 6-H, N-benzyl ring 3-C, 4-H, 5-C), 6.94 (d, J = 8.7 Hz, 4H, Ar 3-H, 5-
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H), 6.04 (s, TH, OH), 4.43 (d, J = 17.5 Hz, TH, chiral HC), 4.05 - 3.77 (m,
4H, Ar ring 1-CCHy, Ar ring 4-COCHy,), 3.34 (s, 3H, NH*CHz), 3.24 - 3.04

(m, 2H, N-benzyl CH2), 2.77 (d, J = 8.0 Hz, 2H, H,CNH*).

3C NMR (DMSO0) 6. 158.8 (Ar ring 4-C), 131.9 (N-benzyl ring 2-C, 6-C),
131.0 (Ar ring 2-C, 6-C), 129.9 (N-benzyl ring 1-C), 129.2 , (N-benzyl ring
3-C, 4-C, 5-C), 126.9 (Ar ring 1-C), 115.0 (Ar ring 3-C, 5-C), 70.5 (Ar ring 4-
COCH?>), 59.8 (chiral C), 57.7 (NH*CHs)), 57.2 (N-benzyl CHz), 42.1 (Arring

1-CCHy), 41.0 (H2CNH?*).

3-(4-(Ammoniomethyl)phenoxy)-N-benzyl-2-hydroxy-N-(2-hydroxy

ethyl) propan-1-aminium (38m)

tert-Butyl-(4-(3-(benzyl(2-hydroxyethyl)amino)-2-hydroxypropoxy)benzyl)
carbamate (37m) (200 mg, 0.47 mmol) was dissolved in 4M HCl in 1, 4
dioxane (2 mL) and stirred. After completion as determined by LC-MS the
solvent was removed under vacuum to afford the title compound as a

white semi-solid foam (190 mg, 101%), used without further purification.

LC-MS m/z calculated for C19H27N203 [M+H]*: 331.2, found: 331.20, tg =

1.24 mins (HPLC-method A)

CrHgN o H NMR (DMSO0) &1 10.02 (s, TH, NH3*),
o H/\/OH

SH 8.37 (s, 2H, NH*), 7.64 (s, 2H, N-benzyl

ring 2-H, 6-H), 7.48 — 7.37 (m, 5H, Ar 2-H,

6-H, N-benzyl ring 3-C, 4-H, 5-C), 6.93 (d, J = 8.4 Hz, 2H, Ar 3-H, 5-H), 6.04

(s, TH, CH,0H), 5.41 (s, TH, OH), 4.76 — 4.23 (m, 3H, chiral HC, Ar ring 1-
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CCH2), 4.11 = 3.65 (m, 6H, Ar ring 4-COCH>, N-benzyl CH,, CH20H), 3.37

- 3.04 (m, 2H, H2CNH*CH20H).

13C NMR (DMSO0) 6. 158.8 (Ar ring 4-C), 132.0 (N-benzyl ring 2-C, 6-C),
131.0 (Arring 2-C, 6-C), 130.0 (N-benzyl ring 1-C), 129.3 (N-benzyl ring 3-
C, 4-C, 5-C), 126.8 (Ar ring 1-C), 115.0 (Ar ring 3-C, 5-C), 70.5 (Ar ring 4-
COCH;), 64.4 (chiral C), 58.0 (CH20H), 55.5 (H2CNH*CHy), 42.1(Ar ring 1-

CCHy).

(4-(3-(Benzyl(phenyl)amino)-2-hydroxypropoxy)phenyl)

methanaminium (38m)

tert-Butyl-(4-(3-(benzyl(phenyl)amino)-2-hydroxypropoxy)benzyl)

carbamate (37m) (24 mg, 0.05 mmol) was dissolved 4M HCl in 1, 4
dioxane (3 mL) and stirred. After completion as determined by LC-MS the
solvent was removed under vacuum to afford the title compound as a

white semi solid (17 mg, 94%), used without further purification.

LC-MS m/z calculated for C24H27N202 [M+H]*: 363.2, found: 363.22, tr =

1.11 mins (HPLC-method A)

cr *H3N/\©\ /@ "H NMR (DMSO0) 64 8.36 (s, 3H, NHs*),

7.41 (d, J = 8.3 Hz, 2H, Ar ring 2-H, 6-H),
7.33 = 7.24 (m, 2H, N-benzyl ring 2-H, 6-
H), 7.20 (dd, J = 7.8, 5.7 Hz, 3H, N-benzyl 3-H, 4-H, 5-H), 7.10 (t, J = 7.7
Hz, 2H, N-phenyl 3-H, 5-H), 6.97 (d, J = 8.5 Hz, 2H, Ar ring 3-H, 5-H), 6.77
(d, J = 8.1 Hz, 2H, N-phenyl 2-H, 6-H), 6.65 — 6.55 (m, TH, N-phenyl 4-H),

4.94 - 4.41 (m, 2H, N-benzyl CH), 4.13 (dq, J = 10.0, 5.3 Hz, 1H, chiral
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HC), 4.05 - 3.85 (m, 4H, Ar 1-CCHa, Ar 4-OCHy), 3.68 (dd, J = 14.9, 5.1 Hz,

TH, H2aCN), 3.51 (dd, J = 15.0, 6.9 Hz, TH, H2.CN).

13C NMR (DMSO) &¢ 159.1 (Ar ring 4-C), 148.( N-phenyl ring 1-C), 137.4
(N-benzyl ring 1-C), 131.0 (Ar ring 2-C, 6-C), 129.5 (N-phenyl 3-C, 5-C),
128.9 (N-benzyl ring 2-C, 6-C), 127.2 (N-benzyl ring 3-C, 4-C, 5-C), 126.6
(Ar ring 1-C), 115.0 (Ar ring 3-C, 5-C), 70.8 (Ar 4-OCH), 67.4 (chiral C),

66.8, (H2CN), 55.2,, (N-benzyl CHz), 42.1 (Ar 1-CCHy).
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