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Abstract

Abstract

The dopamine (DA) D1 and D> receptors (DR and D2R, respectively) are G protein-coupled receptors
(GPCRs) that are therapeutic targets for the symptomatic treatment of neurological disorders such as
schizophrenia (SCZ) and Parkinson’s disease (PD). Classical approaches to GPCR drug discovery
have focused on developing orthosteric agents with the capacity to engage the endogenous ligand
(dopamine) binding site. Allosteric modulators, molecules that act via a topographically distinct but
spatially linked binding site, have been touted as the next generation of CNS therapeutics and may
show promise towards the treatment of SCZ and PD. To facilitate an understanding of molecular
drug-receptor interactions, such small-molecule allosteric compounds may also be developed and
used as biochemical tools, enabling techniques such as rational structure-based drug design or
advancement of knowledge regarding key residues responsible for emerging concepts such as
functional selectivity. Alternatively, the molecular basis for antipsychotic drug-induced on-target
toxicities are also of significant importance in order to facilitate the development of safer therapeutics,
and receptor-ligand binding kinetics is a key area of interest. Accordingly, this thesis explores
multiple medicinal chemistry and chemical biology approaches to investigate: 1) structural drivers of
small molecule allosteric pharmacology toward understanding structure-activity-relationships (SAR)
for allosteric modulator optimisation and biochemical tool development; ii) the kinetic basis for the
“on target” side effect profiles of clinical antipsychotic drugs (APDs) in order to develop novel

scaffolds with enhanced efficacy/side-effect profiles.

Chapter 2 comprises work published in the Journal of Medicinal Chemistry and details the synthesis
of a small molecule thieno[2,3-d]pyrimidine hit arising from a virtual ligand screen (VLS) performed
using the crystal structure of an antagonist bound D3R as a template. We validate the hit compound’s
allosteric mode of interaction at the DR using radioligand binding and functional assays. In addition,
the synthesis and structure-activity-relationships (SARs) of a series of analogues are further explored.
All compounds are evaluated via the use of an operational model of allosterism to determine values
of functional affinity (Kg) and negative allosteric cooperativity (a, ). Moreover, molecular docking
studies were conducted using the recently determined D»R crystal structure (PDB code 6C38) to assist
in elucidating a potential binding mode for these molecules, and provide rationale for the observed
SAR. Promising analogues were identified that displayed differential attenuation of
affinity/signalling efficacy, and/or increased functional binding affinity. Lastly, marked
improvements in lipophilic ligand efficiency of key active analogues revealed a fragment-like starting

point that can be elaborated through multiple vectors.

Chapter 3 comprises work published in the European Journal of Medicinal Chemistry and explores

the synthesis and biological evaluation of an additional 36 compounds based on the core scaffold

-9.



Abstract

identified in the chapter 2. We assess the influence of introducing various primary and secondary
amino groups, both of aliphatic and aromatic nature (e.g. pyrrolidine, aniline, cyclohexylamine) to
the 4-position of the thieno[2,3-d]pyrimidine core, whilst maintaining the fused cyclohexane moiety
present within the parent VLS hit (Series 1). The functional analysis of this series of compounds
identified three amines (cyclobutylamino, cyclopropylamino, N,N-diethylamino) that engendered
higher affinities and robust allosteric properties relative to the parent ((3-
trifluoromethyl)phenyl)amino substituent. Thus, in an effort to understand their utility, these amines
were further employed in conjunction various 5,6-modifications (eg., aromatic/aliphatic carbocyles).
This allowed us to further explore and establish the structural determinants of D;R allosteric
pharmacology and functional binding affinity. We describe the identification of analogues with a
range of different functional pharmacologies, including two of the highest affinity derivatives to

emerge from the investigation that maintain negative cooperativity, and surprisingly, agonists.

Chapter 4. A detailed structural understanding of allostery at the D2R will enable the progression
of allosteric modulators towards the potential treatment of the symptoms of PD. This chapter
investigates the SARs of a novel D2R positive allosteric modulator (PAM) as the basis for generating
irreversible and fluorescent ligands to be used as biochemical tools, which may permit a better
understanding of molecular allosteric interactions, and to guide rational structure-based drug design.
In order to elucidate potential linking points from which we could append photoactivatable or
fluorescent moieties, we designed and synthesised a focused library of analogues, initially re-
synthesising the parent DoR PAM using a slightly modified 11-step literature synthesis in order to
further characterise its functional pharmacology, as well as making additional modifications to obtain
two novel structural analogues. We also established a novel 7-step synthetic pathway to permit more
efficient access to DoR PAMs, resulting in the synthesis of a further 13 structural analogues. The
compounds were evaluated via the use of an operational model of allosterism to determine values of
functional affinity (Kg), intrinsic agonism (zg) and positive allosteric cooperativity (a, f). These
parameters allowed the elucidation of the molecular determinants of allostery so that this information
may be used for the design of irreversible and fluorescent biochemical tool compounds that retain

their parent pharmacological profile.

Chapter 5. This chapter explores the structure-kinetic-relationships of the butyrophenone APD
haloperidol at the D2R for which there currently exists minimal published literature. Extrapyramidal
symptoms (EPS) and hyperprolactinemia are common debilitating side-effects of typical APDs, and
binding kinetics (i.e. association and dissociation rate from their biological target) at the DR may
play a role in determining these side-effect profiles. It has been suggested that a slow dissociation

rate is associated with hyperprolactinemia, but that a fast association rate is associated with EPS. Our
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investigation further examined the ligand kinetics of butyrophenone analogues at the D>R, and how
these might ultimately impact therapeutic and side-effect profiles. We assessed the ligand binding
kinetics of 50 novel and literature structural analogues of the antipsychotic haloperidol using a time-
resolved Forster resonance energy transfer (FRET) competition association kinetic binding assay. We
determined association and dissociation rates (kon, koff), and equilibrium affinities (pKq) and
discovered that the kinetic profile of the butyrophenone scaffold can vary dramatically with subtle
structural modifications. This may allow optimisation of ligand kinetic parameters to design new

APDs with improved side-effect profiles.

Chapter 6. The DR has been implicated as useful target to ameliorate the cognitive deficits
associated with key CNS disorders. This chapter focuses on the synthesis and pharmacological
validation of Di1R PAMs “compound A” and “compound B”. We conducted various chemical
syntheses to generate racemic PAMs, as well as investigated the use of chiral resolving techniques
and alternative chiral auxiliaries for use in asymmetric Diels-Alder chemistry toward the synthesis of
optically pure enantiomers of “compound B”. The compounds were evaluated at the DR via the use
of an operational model of allosterism to yield estimates of functional affinity (Kg), intrinsic agonism
() and allosteric positive cooperativity (a, f). All compounds displayed allosteric pharmacology.
These molecules were also assessed for their subtype selectivity over the DoR (i.e. DiR vs D2R).
Compound A was found to act as a competitive partial agonist, yet compound B in its racemic and
enantioenriched forms, showed no activity. Compound B will now be used as a starting point to form

the basis of an extensive SAR investigation into subtype selective PAMs of the DiR.

Finally, Chapter 7 provides a brief summary of the outcomes obtained from this thesis, as well as

future prospects.

-11 -
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Chapter 1 — General Introduction & Thesis
Aims
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Chapter 1: Introduction & Thesis Aims

Introduction

1. G protein-coupled receptors as central nervous system drug targets

1.1  GPCR structure and function

GPCRs are a class of dynamic membrane-bound receptors that are encoded by more than 800 genes
in the human genome,' and are the largest family of cell-surface signal transducers.”? GPCRs form a
superfamily that encompasses a large number of receptors embedded on the lipid bilayer of the plasma
membrane of eukaryotic cells. These receptors share a common structural architecture of seven
hydrophobic transmembrane (TM) spanning o helical domains, with an extracellular amino terminus

and an intracellular carboxyl terminus (Figure 1).3

NH,

COOH

Figure 1. (Left) The simplified typical heptahelical architecture of a class A GPCR: the N-terminus
is located extracellularly, and the C-terminus is located intracellularly. The location of several
conserved amino acids among class A GPCRs, that play integral roles in receptor activation, are
highlighted. These include the DRY motif located at the cytoplasmic end of helix 3, the proline and
tryptophan residues located in helix 6, and the short, horizontally positioned C-terminal helix 8
resulting from palmitoylation. (Right) An extracellular view of a prototypical GPCR. The a-helices
are arranged in an approximately circular fashion within the membrane plane. For many GPCRs, the
extracellular accessible ligand binding site is located in a central crevice in the middle of the helices.

Reproduced from Ramesh et al.*

Based on sequence similarity between the seven TM segments, GPCRs are classified into five distinct
families/classes: rhodopsin-like (class A), secretin (class B), glutamate (class C), frizzled/taste family
(class F), and adhesion family. The majority of transmembrane signal transduction in response to
hormones and neurotransmitters is mediated by GPCRs, and these receptors are the principal signal

transducers for the senses of light, odour, and taste.> As such, they play an essential role in physiology
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Chapter 1: Introduction & Thesis Aims

and disease, representing attractive therapeutic targets as exemplified by the fact that ~30% of

clinically approved drugs currently target these receptors.°

GPCR activation occurs upon binding of a ligand (e.g. small molecule or peptide) which initiates
signalling through canonical transducer proteins, called heterotrimeric guanine nucleotide-binding
proteins (G proteins), as well as G protein independent pathways by G protein-coupled receptor
kinase (GRK)-mediated phosphorylation, together with regulatory and scaffolding proteins such as
arrestins, PDZ-domain-containing scaffold and non-PDZ scaffolds, such as A kinase anchor proteins
(AKAPs) that initiate or control distinct patterns of signalling (Figure 2).”"' Receptor-ligand
activation initiates a major conformational change in the receptor, consequently exposing an
intracellular pocket, allowing it to effectively promote dissociation of the heterotrimeric G proteins,
as well as engage GRKSs and arrestins, resulting in functional signalling complexes.!' Heterotrimeric
G proteins, composed of Ga,, GB, and Gy subunits, undergo a conformational change resulting in the
release of guanosine diphosphate (GDP) and its exchange with guanosine triphosphate (GTP).!? The
Ga. and GPy subunits can then go to activate various effector molecules.'3"'? In recent years, our
mechanistic understanding of the complexity of GPCR function has seen a tremendous leap, and will

pave the way for the identification and development of novel GPCR drugs.

Ligand

Trimeric

> % — Downstream

LHrS
G proteir{ %a
/\\ B, signalling
\{1—14
Coy— (B

o o. o, o o Scaffolding
s i(1-3) q 11 12 teins
(X:XL ao’ a( a14 al} pro
| o Q, O Qg6 | (for example, AKAPs,
Downstream signalling KSR1 OI'J|1P)

Increased or decreased

cellular response
Figure 2. Schematic illustration of GPCR signalling. GPCR activation induces the dissociation of
heterotrimeric G proteins (Go,, GBy) which can each activate downstream signalling. There are
multiple families of Ga each with their unique signalling properties. There are also multiple G and

Gy subunits, increasing the complexity of signalling responses. Further, both Ga and Gy subunits
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Chapter 1: Introduction & Thesis Aims

may associate with scaffolding proteins that regulate distinct signalling profiles. Reproduced from

Sexton et al.?’

1.2 Novel modes of GPCR targeting

1.2.1 Allosteric modulation

Traditional means of therapeutically targeting GPCRs have placed emphasis on identifying ligands
that engage with the orthosteric binding site (OBS) (the binding site of the endogenous agonist/s), to
either activate or inhibit the receptor. Ligands that bind to an allosteric site on a GPCR, termed
allosteric modulators, can either act as positive allosteric modulators (PAMs) or negative allosteric
modulators (NAMs) to potentiate or inhibit activation of the receptor by the endogenous agonist,

respectively (Figure 3).%!

Orthosteric agonist binding Functional response
_.100— 100—
S

00

£

= 3

= —

& 50 C 50
= 5

Q >

- g

5

c

@

00

< 0 0

Log [modulator] Log [agonist]
Figure 3. Simulations showing the effects on the binding (left) or function (right) of an orthosteric
agonist (e.g. DA) mediated by allosteric potentiators with three different properties: (red)
enhancement of DA affinity only: (blue) enhancement of DA efficacy only; (green) enhancement of
DA affinity and efficacy in conjunction with direct receptor activation. The black line represents the

unmodulated functional response of the agonist. Reproduced from Conn et al.??

PAMs and NAMs are thought to stabilise receptors in specific conformational states that may act to
increase or decrease the functional response to orthosteric agonists. These compounds have the ability
to modulate the affinity of the orthosteric ligand for the OBS as well as modulate the intrinsic efficacy
of an orthosteric agonist to engage downstream signalling mechanisms.?? As well as positive or
negative modulation, the pharmacological effect of an allosteric modulator may also include inverse
agonism, where the constitutive activity of a receptor is reduced. In addition to potentiating responses
to orthosteric ligands, PAMs may also display intrinsic efficacy and thus activate the receptor in the

absence of an orthosteric agonist (Figure 3). These compounds are often referred to as ago-PAMs.
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Neutral allosteric ligands (NALSs) can also bind to allosteric sites, but do not effect receptor responses
to orthosteric ligands, instead competing for the allosteric binding site to block the actions of PAMs
or NAMs.?32* The types of allosteric modulators are officially described according to the [UPHAR

Committee on Receptor Nomenclature and Drug Classification.?’

1.2.2 Allosteric modulator types and pharmacology

The effects of allosteric modulators on receptor pharmacology, and in particular orthosteric ligand
binding, were originally described and quantified by ternary-complex mass-action models.?62
However, more recently an operational model was introduced that not only incorporates the ability
of a compound to modulate both affinity and efficacy, but also describes the ability of a compound
to exert allosteric agonism.?®3% This model takes into account the interactions of orthosteric and
allosteric ligands, and effector proteins to define the magnitude and direction of an allosteric effect.
In the operational model, modulation of orthosteric binding affinity is governed by a cooperativity
factor, denoted by «, and modulation of signalling efficacy is governed by the cooperativity factor S

(Figure 4). Furthermore, allosteric compounds that exert an effect in their own right and in the absence

of orthosteric ligand, can be quantified through a value of intrinsic efficacy (zg) (Figure 4).

Orthosteric

Allosteric

Transducer

Figure 4. Schematic representation of the parameters underlying the operational model of allosterism
and agonism. Ka and za: Orthosteric ligand equilibrium association constant and intrinsic efficacy
parameter, respectively. Kg and 7g: Allosteric ligand equilibrium association constant and intrinsic
efficacy parameter, respectively. Allosteric ligands may enhance or facilitate orthosteric-agonist
induced receptor function through positive cooperativity (&, binding cooperativity constant), possibly
impacting upon the orthosteric ligands intrinsic efficacy (£, modulation factor). Conversely, it may

inhibit/diminish function through negative cooperativity. Reproduced from Melancon et al.?!
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1.2.3 Advantages of allosteric modulators

Exogenous synthetic ligands that bind to allosteric sites may offer a number of advantages over
orthosteric ligands, and the existence of allosteric modulators of GPCRs has been known for over
two decades.**? Inherent in their mechanism of action, they may alter the structure, dynamics and
function of the receptor to achieve potential therapeutic advantages over orthosteric agents. For
example, allosteric modulators have a ceiling level to their effect, as determined by the magnitude
and nature of cooperativity between allosteric and orthosteric binding sites, resulting in a reduced
potential for on-target overdose and/or toxicity.?’ Other advantages include the ability to obtain a
higher degree of receptor subtype selectivity, as allosteric sites generally show greater sequence
divergence among related GPCRs, and are less evolutionarily conserved.** Using the metabotropic
glutamate receptors (mGluRs) as an example, only a few subtype-selective orthosteric mGluR ligands
have been reported due to high sequence conservation.*>-** However, the allosteric binding domains
of this receptor system have proved to be a tractable target, and hundreds of subtype-selective
allosteric modulators have now been reported, primarily for mGluz,>” mGlus,*®3° and mGlusRs. 404!
In addition, further selectivity may also be achieved through selective cooperativity at a given
receptor subtype with a given orthosteric ligand (probe dependence). Allosteric modulators may also
display the potential to maintain physiological and spatiotemporal signalling patterns due to their
ability to concurrently bind with the endogenous signalling molecule.*? Recent studies with subtype-
selective mGlusRs PAMs provide direct evidence that modulators for this receptor subtype maintain
activity dependence in certain CNS circuits.** In addition, binding or functionally selective PAMs of
the ligand-gated ion channel receptor GABA 4, such as benzodiazepines, have seen clinical validation.
They provide advantages over traditional orthosteric agents as they only exert an effect following the
synaptic release of y-aminobutyric acid (GABA) and activation of the receptor by the endogenous

agonist,* consequently conferring significantly better safety and tolerability profiles.*’

Finally, allosteric agents also have the potential to show differential effects on downstream signalling
pathways, termed biased agonism. This concept reflects the fact that some drugs may have diverse

4647 This was

functional effects on different signalling pathways mediated by a single receptor.
demonstrated using mGlusRs which, activates both intracellular Ca?>* mobilization and ERK
signalling in rat cortical astrocytes. In the presence of two different PAMs, these downstream
signalling pathways were differentially affected as both showed similar induced intracellular Ca?*
transients but their effects on ERK1/2 signalling differed.*® Further, Cook et al. characterised the
ligand-biased profile of novel calcimimetics in HEK293 cells stably expressing the calcium-sensing
receptor, demonstrating molecules with differential bias towards allosteric modulation of Ca?*

immobilisation, IP; accumulation, and pERK 1/2.%° This behaviour suggests that allosteric ligands can

possess multiple efficacies for the many behaviours that a receptor can exhibit.>°
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Figure 5. The various pharmacological characteristics and theoretical advantages of GPCR allostery.

Reproduced from Christopoulos et al.’!

2. The dopaminergic system

DA is the prevalent catecholamine neurotransmitter in the central nervous system (CNS). Its cognate
receptors are members of the class A (rhodopsin-like) family of GPCRs, and can be divided into five
subtypes, classified as Di-like (Di1R and DsR) and D»-like (D2R, D3R, and D4R). The Di-like family
receptors are coupled to the stimulatory G proteins (Gos and Goloir), which cause sequential activation
of the effector adenylate cyclase (AC), an enzyme that converts adenosine triphosphate (ATP) to the
second messenger cyclic adenosine monophosphate (cAMP), as well as cAMP-dependent protein
kinase, and the protein phosphatase-1 inhibitor DARPP-32.5? D»-like family receptor signalling is
mediated by Gai and Gal,, which inhibit AC, but also activate the mitogen-activated protein kinase
(MAPK) pathway.>* This receptor family also activates non-canonical arrestin-dependant signalling
pathways.>3 The transmembrane domains of the DA receptors (DARs) are highly conserved,>* with
the Di-like receptors sharing 78% homology, while D3R and D4Rs share 75% and 53% sequence
conservation with the D2R, respectively.®® Variants also exist in the genes encoding the D>Rs which
can be split into two main types, the short form (D2s) and the long form (D2r), are generated as a
result of differential splicing of exons. The Das variant is a presynaptic inhibitory auto receptor whilst
the Day is a postsynaptic receptor.’®>” DA modulates activities in the brain regions that are innervated

by nigrostriatal, mesocorticolimbic, and tuberoinfundibular dopaminergic pathways (Figure 6).38
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Figure 6. Four major dopaminergic pathways in the brain:nigrostriatal (1), mesolimbic (2),
mesocortical (3a-b), and tuberoinfundibular (4). Figure adapted from Stahl's Essential

Psychopharmacology (3™ edition).>

2.1  Dopamine receptors: D1R and D2R subtypes

The DARs and are involved in the control of numerous physiological functions such as cognition,
emotion, motor behaviour, reward, sleep, memory, as well as neuroendocrine secretion.®® DARs are
widely expressed in the CNS, with the DiRs being dominant neocortically, especially in the pre-
frontal cortex (PFC), and are also found in the striatum, whereas the D2Rs have a high concentration
in the striatum and lower presence in the PFC, hippocampal, entorhinal cortex, amygdaloid, and
thalmic structures.®' The spatial expression patterns of the D2R and D3Rs are also distinct in certain
areas of the brain. The D2R is heavily expressed in regions responsible for motor and endocrine
functions, whereas the brain regions within the mesolimbic circuitry, including the nucleus
accumbens, islands of Calleja, and the ventral striatum, contain relatively localised expression of
D3Rs.3862-64 DARSs are also expressed in the periphery, predominantly in the vasculature and kidneys,
where they’re involved in vascular tone, hormone secretion, sodium homeostasis, as well as hormone

regulation and retinal processes.®

Abnormal dopaminergic signalling has been suggested for a host of CNS pathologies, such as bipolar
disorder, major depression, dyskinesias, and various somatic disorders, including hypertension and
kidney dysfunction.®-%® Research in non-human primates also suggests an important role for the D;R
in the pathophysiology of schizophrenia (SCZ),%*7° and DR dysregulation has been linked to
cognitive deficits in patients with this disease.”! Consequently, the DiR has been hypothesised as a
promising therapeutic target to instead ameliorate the negative and/or cognitive symptoms associated

with SCZ that are not addressed by current APDs. Thus, there is a need for novel agents that can
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better mimic endogenous levels of DA to improve cognitive function. Most notably, the D:R is
targeted for the symptomatic treatment of SCZ and Parkinson’s disease (PD).”?>7® In addition, brain
regions with high levels of localised D3R expression are associated with rewarding and motivational
characteristics of addictive drugs, and thus the D3R receptor has been implicated as an attractive target
for the development of pharmacotherapies to treat substance abuse disorders such as cocaine and

methamphetamine addiction.”8?

3. Structural elucidation of dopamine receptors

Class A GPCRs in the CNS are the most heavily investigated drug targets in the pharmaceutical
industry.®® As these receptors are involved in many different disease-related pathways, a molecular
understanding of these drug targets is critical to enable the rational design of drugs with a specific
pharmacological profile. Class A GPCRs are the most abundant GPCR superfamily, which is
reflected by the number of unique receptor structures solved from this class.?’ The growing number
of high-resolution three-dimensional structures of many GPCRs are being revealed through
breakthroughs in techniques such as cryo-electron microscopy and X-ray free electron lasers as
alternatives to standard X-ray diffraction. GPCR structure-based drug design has seen recent success
in guiding the discovery of novel chemical probes and therapeutic leads.?*%5 Crystal structures are

919 muscarinic,”>® opioid,””*® and

now available for rhodopsin,® serotonin,®-° adrenergic,
adenosine’®!% receptors, in both inactive and activated forms, as well as for chemokine'?! and
histamine'%? receptors in their inactive confirmations. The crystal structures of the D>R (Figure 7),'%?
DsR,'%* and D4Rs!? have also been solved in their inactive confirmations. Despite this, ligand-bound
GPCR complexes are notoriously difficult to elucidate due to their low receptor expression levels in
native tissue, their inherent flexibility and instability upon their isolation from the lipid bilayer, and

the low affinity of their endogenous ligands, in addition to small molecule allosteric modulators.'%

The D3R structure was reported at a resolution of 3.2 A,'%* and the D4R at resolutions of 1.95 A and
2.2 A,'95 where these ligand complexes were obtained with the substituted benzamides eticlopride
and nemonapride, respectively. However, the D2R construct, determined at a resolution of 2.9 A,'%3
was purified and crystallised in complex with the atypical APD risperidone. It is hoped that the DoR
complexed with this non-benzamide ligand will aid in the clarification of specificity determinants of
this receptor family, consequently expanding the understanding of how different structural classes
interact with DARSs to inform basic and translational neuroscience.!’” When comparing the orthosteric
ligand binding pocket of the D2R with structures of the D3R and D4R, marked differences, in addition
to others, were found around residues Val/Phe?¢!, TrpFl!, Phe/Leu®?®, and Tyr/Val’3°, which help to
define an extended binding pocket (EBP) in the D;R (superscript refers to the Ballesteros-Weinstein

numbering system for GPCRs).!® Indeed, previous studies on the D3R!* and D4R!'® have also
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revealed selective EBPs in each receptor, which has subsequently enabled the structure-based
discovery of D4R-selective agonists.!? Interestingly, molecular docking studies of risperidone with
homology models of the D2R, based on either the D3R or D4R, have failed to reproduce the unique
pose adopted by risperidone, nor do they predict a 90° rotation of its tetrahydropyridopyrimidine ring
in the D,R-complex.!?? These findings have implications toward our understanding of receptor-ligand
recognition and the design of novel selective antipsychotic drugs. Furthermore, understanding the
sequence divergence of EBPs located within the D,-like receptors is crucial for the development of

drugs with novel modes of action and unprecedented selectivity.

Figure 7. X-ray crystal structure of the dopamine D receptor (green ribbons) in complex with the
atypical antipsychotic drug risperidone (magenta) solved at a resolution of 2.9 A. Figure adapted from

Wang et al.'®

4. Schizophrenia: background & the dopamine hypothesis

SCZ is a chronic and debilitating neuropsychiatric illness that affects approximately 1% of the human
population.'® The disease is characterised into three distinct symptom domains, namely positive,
negative, and cognitive symptoms, potentially arising from neurodegenerative and
neurodevelopmental pathophysiologic processes (Figure 8).''%!!! The positive symptoms refer to
hallucinations, delusions, disordered thoughts and irrational behaviour, and are considered
manifestations of psychosis. The negative symptoms are defined as a lack of motivation (avolition),
lack of interest (apathy), poverty of speech (alogia) and absence of pleasure (anhedonia).''?> The

cognitive deficits are now considered a central feature of SCZ, and refer to alterations in
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neurocognition, including deficits in working memory, attention, learning, and executive
functioning.'!'>!"* The onset of SCZ is usually in the late teens and early twenties (16-25 years old),
just prior to the commencement of adulthood.!'> Recent genetic data from large-scale genome-wide
association studies suggest that genes underlying the expression of the core symptoms of SCZ are
associated with abnormalities in glutamatergic as well as dopaminergic neurotransmission,!!®
together with the overexpression of immune system genes, including those that regulate synaptic
pruning, such as complement component 4 genes.'!” However, the most widely known theory

contributing to the cause of SCZ is currently the DA hypothesis.

Schizophrenia
— /[ A : + Alogia
) HaIIuc.:mat|ons [\ \ * Affective flattening
* Delusions ‘ e ‘ ‘ o ‘ -
. . ——  Positive || Negative [—— ¢ Asociality
» Disorganised thoughts \ \ | / L
* Bizarre behaviour ‘ \ / ‘ * Avolition
\ / \ \ y * Anhedonia
\\\ ‘,‘"‘ y / \ g v.".‘ P /
Cognitive
N\ /
Difficulties with:
* Perception

* Inferential thinking

* Language

* Behavioural monitoring
* Conceptual fluency

Figure 8. The interrelated set of symptoms that define schizophrenia.

This hypothesis states that SCZ is a result of hyperdopaminergic activity in the mesolimbic system
(dopaminergic projections from the ventral tegmental area (VTA) to the limbic region). This
hypothesis also suggests that disruption of the mesocortical system in patients with SCZ inhibits the
negative feedback loop to the VTA. This leads to an increase in VTA firing and, consequently, an
increase in DA activity in the mesolimbic system.!'8!"” The VTA is the origin of the dopaminergic
mesolimbic pathway, which is known to be overactive in SCZ.'?%!2! In addition, post-mortem brain
studies of schizophrenic patients show an increase in dopamine receptor sensitivity and concentration,
also suggest the involvement of DA in SCZ.!'?>!23 The proposal that SCZ is related to DA
hyperactivity originally stemmed from early work revealing that superimposed X-ray crystal
structures of chlorpromazine (the first SCZ treatment discovered in 1952) and DA, showed many
molecular similarities.'?*!2> This suggested that chlorpromazine might in fact antagonize DARs, and

therefore led to the proposal that SCZ is related to DA hyperactivity.'?® D2R blockade in the brain is
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a general pharmacodynamic property of all antipsychotic drugs,'?’

and their clinical efficacy can be
correlated with their D2R affinity. D2R antagonism is thought to ameliorate the positive symptoms of
patients with SCZ by blocking the levels of excessive dopamine in the brain .!2813! 132 Finally, DAR
agonists produce psychosis that is indistinguishable from that of SCZ in healthy individuals, and also

exacerbate positive symptoms of the disorder.'33!134

4.1 Antipsychotic drugs

Antipsychotic drugs (APDs) are mainstays in the treatment of SCZ and other related disorders,
including but not limited to, schizoaffective disorder, delusional disorder, and bipolar affective
disorder.'® These drugs cover three main classes, namely typical and atypical, and DA system
stabilisers. Typical APDs, such as chlorpromazine (1) and haloperidol (2) (Figure 9), are considered
first generation antipsychotics (FGAs), acting in part through antagonism/inverse agonism of D>Rs
in the mesolimbic pathway.'?¢ FGAs are effective at decreasing the positive symptoms of SCZ, but
are associated with various on-target-mediated side-effects, most notably extrapyramidal symptoms
(EPS), tardive dyskinesia and hyperprolactinemia. EPS are detrimental to a person’s motor control or
function, and include akinesia, akathisia, acute dyskinesias and dystonic reactions, and
Parkinsonism.'37-138 EPS are thought to be mediated by DR signalling blockade in the nigrostriatal
DA system, whereas hyperprolactinemia is associated with D;R signalling blockade in the

tuberoinfundibular pathway.!3%143 Due to this reason, FGA’s are less frequently used.'4¢

Second generation antipsychotics (SGAs), exemplified by clozapine (3) and risperidone (4) (Figure
9), display a wider therapeutic profile (improvement of positive and negative symptoms) with
increased safety, and a diminished incidence of EPS and hyperprolactinemia.!4’-'4° Their mechanism
of action is believed to include more potent blockade of serotonin 5-HT2a receptors than of DA
D,Rs, 130151 together with additional non-DA D>R-mediated actions.!>? Furthermore, most but not all
atypical APDs share this particular feature, particularly modulation of serotonergic

neurotransmission. '3

Blockade of 5-HT receptors has been demonstrated to be beneficial towards
the improvement of negative symptoms associated with SCZ.!3#1% Unfortunately, a lack of
selectivity across aminergic receptors is associated with off-target side-effects, including sedation,
metabolic issues including type II diabetes, weight gain, urinary incontinence and constipation.'>’
Moreover, around 1-2% of clozapine-users will develop agranulocytosis, a potentially fatal blood

disorder restricting its use and as such, it is now only prescribed for treatment-resistant SCZ.!3%:15°
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Figure 9. Antipsychotic drugs used for the treatment of SCZ, grouped according to their

classifications.

The final class of APDs are classified as third-generation antipsychotics (TGAs), as exemplified by
aripiprazole (5) and, more recently, cariprazine (6) and brexpiprazole, which were approved in the
USA and Europe in 2015 for SCZ and bipolar disorder (Figure 9). Aripiprazole (5) displays a unique
pharmacological profile in that it is a partial agonist at both presynaptic and postsynaptic D,Rs as

160-163 and has antagonist activity at 5-HT> receptors.'® However,

well as the serotonin SHT A receptor,
aripiprazole has recently been shown to display a unique functional profile for modulation of D2R-
stimulated G proteins.!®1% A D,R partial agonist still activates the receptor upon binding, but
displays only partial efficacy at the receptor relative to the endogenous agonist dopamine. This means
aripiprazole possesses both agonistic and antagonistic effects. For example, depending on the receptor
population and the concentration of the full agonist DA, a partial agonist can act as a functional
antagonist, competing with the full agonist for receptor occupancy and producing a net decrease in
the activation of the receptor as observed by DA alone.
-4 -



Chapter 1: Introduction & Thesis Aims

In humans, this occurs at the postsynaptic receptors, where there are high concentrations of DA,
consequently enabling aripiprazole to act as an antagonist. This means aripiprazole is able to reduce
the overstimulation of receptors when excess amounts of DA are present as seen in patients with SCZ.
Since dopaminergic neurons all contain autoreceptors responsive to agonists such as DA, activation
of these autoreceptors may function to decrease DA synthesis, release, and neuronal firing pertaining
to certain instances. Alternatively, DA concentrations can be reduced in some brain regions, therefore
a partial agonist can consequently result in partial activation.'®” Due to their distinct pharmacology at
the D2R, partial agonists such as aripiprazole may display a reduced propensity to elicit side-effects
still apparent in many SGAs by accommodating both hypo- and hyper-dopaminergic states in the
brain. The clinical relevance of partial agonists for their treatment of SCZ and other related disorders

is highlighted in reviews from Tamminga et al.'6%!%

4.2  Antipsychotic drug discovery

While the field of APD discovery has seen significant advances over the last seven decades, historical
issues still currently exist. Developing small molecule drugs that are subtype-selective is a major
challenge. The non-selective nature of clinical APDs and their binding to several neurotransmitter
receptors is responsible for a proportion of the side-effect profiles seen with these drugs. Typical and
atypical APDs display complex pharmacological profiles, interacting with a number of dopaminergic
(eg. D2, Ds, and Da),'7%!72 serotonergic (e.g. 5-HTia, 5-HT2a, 5-HTac, 5-HTs, and 5HT5),!73-173
histaminergic (e.g. Hi and Hs)!'7%!'77 adrenergic and muscarinic acetylcholine receptors.!’®!7® Other
disadvantages associated with the use of FGAs, SGAs, and TGAs includes high receptor occupancy
(75-80%) in the caudate/putamen, resulting from the administration of a high-affinity FGA generally
causing the development of EPS. In order to sustain efficacy whilst reaching an appropriate point of
receptor occupancy (60-80%) in brain areas such as the limbic system and cortex,'3%-!82 clinicians
have to titrate the dosage of APDs to stay within this acceptable range, but this often leads to poor
compliance.'®® Administration of SGAs also induces EPS, however the extent of which is dependent
upon the type of SGA used.!®* Further, studies have shown a dependant relationship between the
safety of SGAs and receptor occupancy, whereby increased dosage correlates to increased adverse
effects.'®> Although TGAs such as aripiprazole display a lower propensity to induce dystonia,
parkinsonism, and EPS, ~15-25% of patients still suffer from akathisia, one of aripiprazole’s most

frequent extra-pyramidal symptoms,'86-188

-25 -



Chapter 1: Introduction & Thesis Aims

5. Novel aspects of antipsychotic drug discovery

It is clearly evident that the way in which we design APDs requires a significant transformation, such
that novel drugs can be both safe, efficacious, and devoid of on- and off-target side-effects. Despite
more than a half-century of research being dedicated to building our molecular understanding of this
disease state, there are many questions that still remain to be answered. Another significant limitation
to current APDs are their inability to adequately address all three symptom domains of SCZ. They
are generally effective against the positive symptoms!®%!°? but their effects on negative symptoms
are limited.'”'"'3 Moreover, APD effects on neurocognitive deficits (e.g., executive functioning and

194-201 albeit small.'™® Amelioration of these cognitive

working memory) have too been reported,
deficits is being increasingly recognised as the best predictor of effective long term prognoses, and
thus development of APDs that address this symptom domain are a key target for the development of
novel efficacious therapeutics.??-2** The negative symptoms and cognitive deficits are thought to be

partly related to a deficit in cortical DA levels.?0>-207

5.1 The dopamine D; receptor as a therapeutic target

Impaired cognitive function is a common feature amongst patients with SCZ and other mental
disorders, which inflicts an enormous emotional and social burden on the individual.?%®
Neuropsychological and neurophysiological studies have supported the importance of the PFC in
cognition and cognitive deficits in SCZ.?°°-2!* The majority of DARs in the dorsolateral prefrontal
cortex (dIPFC), a region critical for working memory performance, are of the DR subtype.?!> This
region is especially underactive in schizophrenic patients, and this has been demonstrated as a critical
liability region in SCZ.2'%2!7 Further, increased DiR expression in the PFC has been reported in
patients with SCZ, potentially via compensatory upregulation due to reduced PFC-DA release. This
increased expression has been directly associated with poor working memory performance.?'®
Schizophrenic patients also perform poorly on PFC-mediated tasks that involve working
memory.2!*220 Unfortunately, there has been limited success in establishing effective treatments for
normalising PFC cognitive abilities in humans. Early research conducted on rhesus monkeys, and
later in marmosets, revealed that DA is essential for PFC spatial working memory functions, and that
DA depletion from the dIPFC was as detrimental to cognition as removing the cortex itself.??!2?2 DA
depletion from the dIPFC in marmosets was also shown to impair attentional set formation.?23224
Functional brain imaging studies showed alterations in SCZ correlated to poor performance on
frontally mediated cognitive tasks.??*> Following the advent of more selective pharmacological tools,
additional studies showed that DiR/DsR blockade in the dIPFC impairs working memory
function.??¢??’ Consistent with these findings, low systemic doses of the very first full D;R/DsR

agonist, dihydrexidine (DHX) (8, Figure 10), were shown to improve working memory performance
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in monkeys.?”® Such observations have led to a reformulation of the classical DA hypothesis to now
suggest that a deficit in DA transmission at DiRs in the PFC might be implicated in the cognitive
impairments and negative symptoms.??® This is also supported by the fact that D,R antagonism

displays a lack of efficacy with respect to ameliorating negative and cognitive deficits.

Despite the support for clinical efficacy of DiR agonists, and almost 25 years later, they have failed
to successfully translate into clinical development. This failure is inherently due to the many
challenges associated with the development of orthosteric DiR agonists as therapeutics. Of particular
concern is their propensity to display a narrow inverted U-shaped dose response. For example, high
doses of D1R/DsR antagonist or agonist treatment after systemic or intra-PFC infusions, or very high
levels of DA release in the PFC (as occurs during stress exposure), actually impairs cognition.?30-234
Similar research in humans also suggests an inverted U-shaped dose response.?*>23¢ Another major
issue has been poor oral bioavailability, which can be attributed to a catechol moiety prevalent in all
currently reported full DiR agonists. In select cases where drugs have been shown to display moderate
bioavailability, they also display high plasma protein binding and low free fraction, as well as high
unbound clearance.?*” Other DR agonists have been reported to induce seizures or lower seizure
thresholds of which DR activation seems to be critical;?*® however, this has been shown to be drug

specific?®

and the underlying mechanisms are at present poorly understood. An additional D;R-
related safety concern is hypotension, which was the reason for premature termination of the first
human pilot trial of the full efficacy DR agonist DHX (8).24° These effects may be due to activation

of peripheral DiRs, localised both in the cardiovascular system and renal tissues.?*!

Finally, rapid
acquisition of tolerance also has the potential to limit the use of DiR agonists. Collectively, data from
these studies support the hypothesis that subtype-selective DR full or partial agonists represent an
attractive avenue for the treatment of cognitive dysfunction. Compounds of this description may also
broaden the inverted U-shaped dose response subsequently expanding the dose range for therapeutic
effects. Furthermore, selective PAMs of the DR may have a similar therapeutic profile, and rovide
the potential to explore novel chemical space and improve small molecule physicochemical properties.
A more complete understanding of DA action at different receptor subtypes localised in the PFC will

depend on the advent of highly subtype selective pharmacological tools to ultimately probe the role

of the DR in neurocognitive dysfunction
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Figure 10. Examples of representative experimental DiR agonists. (Top row) Full DR agonists
dinapsoline (a D1R/D:R agonist with high intrinsic activity and significant functional selectivity at
D»Rs) and dihydrexidine (reported to improve working memory in monkeys but subsequent human
studies hampered by poor pharmacokinetics). (Bottom row) The phenylbenzazapine SKF-81297, and
full agonists A-77636 (selective DiR agonist of the novel isochroman chemotype), and A-86829 (the
active compound of the diacetyl prodrug ABT-431 shown to have antiparkinsonian effects but poor

oral bioavailability).

5.2  Binding kinetics in the context of APD side-effect liabilities

Despite decades of research, the on-target side effects induced by administration of APDs remain a
significant problem for the symptomatic treatment of SCZ, often resulting in poor drug
adherence.?*>4} Therefore, understanding the basis for these effects is critical towards enabling the
design of better therapeutics.'#%!'#! Central to most definitions of atypicality is the absence of EPS

and the ability to avoid sustained hyperprolactinemia.?*+-23!

Various hypotheses have been put
forward in an attempt to explain the basis of atypicality. The DA-serotonin theory suggests that
antagonism of the 5-HT»a receptor plays a role in efficacy as well as decreased risk of EPS

128,151,153,156,252

development, as this is thought to “balance” striatal DA signalling. However,

subsequent studies have suggested this theory cannot account for all examples of atypicality,?>323

and the role of DA receptor blockade and modulation remains dominant.

The concept of kinetic binding parameters, that is, the rate at which drugs bind to (association rate,

kon) and dissociate from (dissociation rate, kofr) their biological target, are being increasingly realised
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as important parameters in drug discovery.?>>?¢ Accordingly, another theory that has received
widespread attention is based on the dissociation kinetics of APDs from the D2R, a concept that
originated from the observation that some atypical APDs have lower affinity for the D2R than typical

259261 Radiometric

APDs. 71257258 This was later proposed to be due to a faster dissociation rate.
kinetic studies by Kapur et al., determined the rate constants of a series of nine APDs in an attempt
to relate them to their inhibition constants (K;) and establish whether kon, or kost, or both, contribute to
the differential affinity of APDs for the D2R.?®' These data demonstrated that differences in APD
affinity were correlated with their rate of dissociation as this parameter varied ~1000-fold, and
differences in the kot of these compounds could explain 99% of the variance in their affinity for the
DR, whereas differences in their kon did not meaningfully relate to differences in affinity. These
observations formed the basis of the “fast dissociation hypothesis”, whereby faster rates of receptor
dissociation are proposed to make an APD more accommodating to the rapid and transient nature of
synaptic DA transmission through surmountable antagonism,?%? and thus less likely to give rise to on-
target side effects such as EPS and prolactin elevation.?>* This hypothesis was based on the widely
held assumption that association rates are diffusion limited, thus all APDs exhibit similar DoR
association rates and consequently affinity is comparable and predominantly driven by differences in

D,R dissociation rate alone.!28:263.264

In order to further explore the kinetic basis for on-target side effects, Sykes et al. applied recently
developed methodology to determine the binding kinetics of an extensive series of APDs at
physiological temperature and Na* concentration.?®> These experiments used time-resolved Forster
resonance energy transfer (TR-FRET) in a competition association kinetic binding assay, which
significantly improved throughput relative to traditional radioligand binding assays, allowing a large
number D2R antagonists to be profiled under identical test conditions for the first time. Contrary to
the historical link between APD D;R affinity and dissociation rate (based on the assumption that
APDs exhibit approximately the same kon for D2Rs),?6! Sykes et al. found that atypical APDs
displayed an increased range of kon values compared to a relatively small change in kot values. In
contrast, a much narrower variation in in the value of kon was found for typical APDs, whereby
differences in affinity were instead driven by changes in kofr, highlighting the importance of directly
measuring rate constants. They correlated their kinetic data with data from a recent and relatively
comprehensive multi-treatment clinical meta-analysis that quantified the level of efficacy, EPS and

hyperprolactinemia associated with a diverse group of APDs,?%

as well as a summary of the primary
literature of drug-naive patients. To address a lack of information regarding EPS, they performed an
additional exploratory analysis of studies in first episode or early psychosis drug-free patients.
Intriguingly, they found that the incidence of hyperprolactinemia correlated with the kinetic kos, data

consistent with the “rapid dissociation hypothesis”,?** as ligands that were the slowest to dissociate
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from the D2R displayed the greatest liability for prolactin elevation in patients. In contrast, these
authors found that &on, but not kofr, correlated with the incidence of EPS. This demonstrated that APDs
in which bind more rapidly have greater EPS liabilities, suggesting that ko, may be the predictor of a
compounds liability to elicit this side effect. Interestingly, other studies to estimate APD-D>R kinetics
using D>R-evoked potassium channel activation were unable to distinguish between typical and

atypical APDs, 267268

Based on these data, Sykes et al. proposed to expand the kinetic hypothesis for APD side-effects by
considering not only the kinetic kofr (and therefore the propensity to display insurmountable
antagonism), but also the kinetic ko, and the potential to for receptor rebinding, leading to increased
competition with DA at the synapse. This was extended to incorporate three broad classes of APDs
in an attempt to explain how different kinetic characteristics have the potential to influence on-target
side effects in different tissues (Figure 11). This study suggested that the opposite profile of
haloperidol, such as the slow kon, fast kofr kinetics exhibited by clozapine, is optimal for APDs
targeting D>Rs, and that there is likely to be a “kinetic sweet spot”, whereby rebinding is sufficient
for efficacy but not enough to cause EPS. Although these data are compelling and give tremendous
insight into the potential role of kinetics in APD side-effect liabilities, it’s important to acknowledge
that this study did not rule out alternative mechanisms that may contribute to such liabilities, including
for example, SHT 4 agonism.2®® However, optimisation of APD kinetic parameters may permit the

development of a newer generation of drugs devoid of debilitating on-target toxicities.

Slow Fast
e.g. Haloperidol e.g. Chlorpromazine
| Target rebinding | Target rebinding Fast
| Insurmountability | Insurmountability as
= +++ EPS +++ prolactin = ++ EPS + prolactin

e.g. Clozapine
| Target rebinding Slow
| Insurmountability

= +/- EPS - prolactin

Association rate (k,,)

Dissociation rate (& g)

Figure 11. The three types of APDs identified from the study by Sykes et al. are represented in this
box plot along with their relative potential for “on-target” toxic effects indicated by the following; (-)
no evidence, (+) some evidence, moderate (++) and (+++) strong evidence. Reproduced from Sykes

et al >
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6. Parkinson’s disease

PD is the second most common progressive neurodegenerative disorder, with an average age of onset
of ~60 years.?’® The disease is characterised by a large number of motor and non-motor features. The
four cardinal clinical manifestations generally used to describe PD can be grouped under the acronym
TRAP: tremor at rest, rigidity, akinesia (or bradykinesia), and postural instability/gait disturbance.?”!
Non-motor symptoms are both common and extensive, are present in all stages of the disease, and
can be a major source of disability. These include neuropsychiatric problems such as impulse control

disorder (ICD) amongst many others, as well as cognitive impairment and dementia.

PD is pathologically characterised by degeneration of dopaminergic neurons in the substantia nigra
pars compacta (SNc) that project to the striatum (the nigrostriatal pathway), in addition to the
manifestation of intracytoplasmic proteinaceous inclusions known as Lewy bodies (filamentous
aggregates composed of the presynaptic protein a-synuclein).?’”> These ultimately lead to dysfunction
of the basal ganglia (a group of deep nuclei involved in the initiation and execution of movement),
which in turn leads to an imbalance between the striato-pallidal and pallido-thalamic output
pathways.?’*?7* However, it is also now appreciated that non-dopaminergic pathologies involving
cholinergic, serotonergic, noradrenergic, as well as other neurons localised in the cerebral cortex,
brainstem, and peripheral autonomic nervous system are associated with PD.?’> Despite decades of
research, the aetiology of PD still remains unknown but is believed to result from a complex

interaction between environmental factors and genetic predisposition in individuals.?”®

6.1 Antiparkinsonian Drugs

There are currently no disease-modifying or neuroprotective/neurorestorative therapies to treat PD.?”
Therefore the current goal of PD management is to address the symptomology of the disease (mainly
motor function) as well as gain improvements in non-motor deficits. To achieve this, both
pharmacotherapy and non-pharmacological measures (e.g. stereotaxic neurosurgery, deep-brain

stimulation, and supportive therapies such as physio- and speech therapy) may be considered.

6.1.1 Oral levodopa therapy

The most effective pharmacotherapy currently available for the symptomatic treatment of PD motor
symptoms is levodopa (12, L-DOPA, Figure 12), a biological precursor and prodrug of DA that acts
to restore dopaminergic activity. This compound is still considered the ‘gold standard’ for the
treatment of PD motor symptoms despite its US FDA approval almost 50 years ago. However, chronic
L-DOPA use is associated with a range of side effects including: fluctuations of psychomotor state

(on-off oscillations),?”® nausea and vomiting,?” dyskinesia or hyperkinetic movement, and ‘wearing
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off’, a form of tachyphylaxis whereby patients experience a re-emergence of PD symptoms prior to
the next scheduled dose of L-DOPA.?° To circumvent various adverse and off-target effects
associated with L-DOPA use it is often co-administered with other various agents. These include:
DOPA decarboxylase inhibitors (e.g. carbidopa, 13, Figure 12), which act to slow the peripheral

degradation of L-DOPA prior to BBB penetration;?®!

selective monoamine oxidase B (MAO-B)
inhibitors (e.g. selegiline) which retard the metabolism of DA;*? and catechol-O-methyltransferase
(COMT) inhibitors (e.g. tolcapone) which improve the pharmacokinetics and pharmacodynamics of
L-DOPA, thus increasing the half-life and enhancing CNS bioavailability.?83-?%> However, motor
complications commonly develop in patients treated with L-DOPA after ~4-6 years.”®® In the
advanced phases of the disease, L-DOPA-induced dyskinesias have been proposed to be linked to the
short half-life of the drug that causes non-physiological, pulsatile stimulation of supersensitive post-
synaptic DARs in the striatum.?8” Moreover, L-DOPA may be toxic to DA-containing neurons, further
limiting the window of efficacy.?®® Therefore, primary administration of L-DOPA is generally only
considered if alternative therapies (such as D2R agonists) demonstrate a lack of efficacy, or their side

effect profiles begin to impede symptom control in younger patients. L-DOPA is, however,

recommended as a first-line therapy for older patients in combination with other drugs.?%’
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Figure 12. Chemical structures of L-DOPA, carbidopa, and common ergot- and non-ergot-derived

D>R agonists used for the symptomatic treatment of PD.

6.1.2 Dopamine receptor agonists

Agonists of the DoR have been considered a viable alternative for the treatment of PD due to
theoretical advantages over L-DOPA, including no requirement for enzymatic activation
consequently bypassing presynaptic DA synthesis, increased duration of action, improved

bioavailability, and fewer adverse effects.?8!:290-2!1

Despite their lower efficacies compared to L-
DOPA, D2R agonists are associated with a lower risk of dyskinesias and motor fluctuations, and may
be used as an initial treatment to delay the need for L-DOPA, or as an add-on therapy in patients who
develop motor complications with the aim to reduce L-DOPA usage. They can be divided into two
classes based on their structural properties: ergot derived (e.g. bromocriptine (14), lisuride (15))
(Figure 12), and non-ergot derived (e.g. ropinirole (16), pramipexole (17)) (Figure 12). However D,R
agonists still possess extensive side-effect profiles, which include hallucinations, confusion, nausea,
hypotension, somnolence and an increased incidence of ICDs such as pathological gambling,
shopping, eating and hypersexuality.?*?> These limiting side effects can be attributed to a lack of target
specificity and/or the inability of orthosteric agonists to replicate the spatiotemporal pattern of
endogenous DA brain signalling. Accordingly, there is clearly still an enormous unmet medical need
for novel improved therapies for the treatment of PD. Thus, compounds that possess favourable
selectivity profiles and the potential for ‘fine tuning’ of normal physiological signalling are of great
interest. This is because they may offer distinct advantages over traditional agents due to their
potential in reducing the propensity for desensitization and tachyphylaxis resulting from their
theoretical prospective to maintain temporal, regional, and phasic potentiation of endogenous
signalling. Thus, the identification and development of allosteric potentiators of the D2R is an

attractive avenue to explore novel treatments for PD.

7. Allosteric modulators of dopamine D; receptors

There are a number of potential advantages regarding the development of DiR PAMs to combat
cognitive dysfunction in SCZ pathologies. These include the potential for increased DR selectivity
through targeting less homologous allosteric binding sites which can help to minimise off-target side-
effects. In addition, compounds that can modulate endogenous dopaminergic tone by allowing DA to
still bind the receptor may maintain the spatiotemporal patterns of neurohumoral signalling by
amplifying physiologic control circuits.*»?*> This may consequently enhance safety profiles
providing they display no intrinsic agonism, but can also result in a reduced potential for receptor

desensitization. Compounds of this description might also have advantages to be utilised as
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pharmacological tools to further probe the role of the DiR in neurocognitive deficits, and may
circumvent other challenges associated with non-selective orthosteric Di;R agonists. A
comprehensive review chronologically detailing the work of several companies and their efforts
towards the identification of novel D1R PAMs was very recently been published in J. Med. Chem. by
a Belgian research group from UCB Biopharmaceuticals. It revealed some interesting chemical

structures and biological data contained within both patent applications and peer reviewed journals.?*

7.1  First-in-class D{R PAMs: compound A and compound B

Following a high-throughput screen of the Bristol-Myers Squibb (BMS) chemical library, in 2015
Lewis et al. reported two first-in-class D1R PAM chemotypes represented by “compound A” [1-((re!l-
15,3R,6R)-6-(benzo[d][ 1,3]dioxol-5-yl)bicyclo[4.1.0]heptan-3-yl)-4-(2-bromo-5-
chlorobenzyl)piperazine] (piperazine series) (18, Figure 13), and “compound B” [re/-(9R,10R,125)-
N-(2,6-dichloro-3-methylphenyl)-12-methyl-9,10-dihydro-9,10-ethanoanthracene-12-carboxamide]
(ethanoanthracene series) (19, Figure 13).2 Both compounds showed nanomolar PAM potency
using both CHO and HEK cell backgrounds with no reported intrinsic agonism, whilst “compound
B” was found to be DiR-selective over the D2R, D4R, and DsRs. However, “compound A” was
reported to display agonist activity at the D2R thus it was consequently dropped as this profile would
likely exacerbate positive symptoms of SCZ. “Compound B” was found to be inactive at DiRs
expressed in rat primary neuronal cultures, which was then confirmed using HEK cells
overexpressing the rat DiR. Thus, as the human and rat DiR sequence shares >90% sequence
homology, Lewis et al. sought to determine the critical amino acid(s) that mediate this species
selectivity. To achieve this, they used a parallel approach consisting of alanine mutagenesis in

conjunction with DR human/rat chimera studies.

|:|
N N HsC
"
Br Cl
Compound A (18) Compound B (19)
(rel-1S,3R,6R) (rel-9R,10R,12S)

Figure 13. Chemical structures of two chemically distinct Di{R PAMs identified from a HTS of the
Bristol-Myers Squibb chemical library.?
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These data identified a critical amino acid, R130'“?3, as well as additional amino acids in intracellular
loop 2 (ICL2) together with N- and C-terminal proximal regions of TM a-helix 2 and TM a-helix 3,
suggesting an intracellular binding region for this PAM chemotype. To further rationalise these in
vitro data, Lewis et al. employed a molecular dynamics-refined homology model of the
D;R/dinapsoline complex. This model was generated using the X-ray crystal structure of the
nanobody-stabilised agonist-bound S.-adrenergic receptor as a template.”® In addition to R130,
residues V5823 V119348, W123332 and M135 were determined to likely comprise part of the
Compound B DR binding site. Subsequent sequence alignment studies comparing the DiR to the
D:R or D3R revealed that none of the residues found to negatively impact binding are identical in
these subtypes, whilst only arginine and valine were found to be present at the positions
corresponding to R130 and V119°4? in the D4R. The lack of DsR activity was less easily rationalised
as these subtypes only differ at the position corresponding to V5823, All residues mentioned
previously, with the exception of R130, have hydrophobic side chains that could potentially make
favourable interactions with the primarily hydrophobic/aromatic “compound B”. Furthermore, a side-
chain of R130'“?3 was proposed to make a key n-cation interaction with one of the aromatic rings of
“compound B”. This study represented the initial steps toward the development of D1R PAMs for the
potential treatment of neurocognitive dysfunction in SCZ and other related disorders, and determined
a key residue that determines species selectivity. BMS has since exited the neuroscience area, and no

further reports have emerged from the BMS group.

7.2  UCB: isoindoline and tetrahydroisoquinolines

A Belgian research group at UCB Biopharmaceuticals has published a total of three patent
applications disclosing novel DR PAMs, covering isoindoline and tetrahydroisoquinoline
chemotypes. Pertinent examples from the isoindoline series include phenylacetamide (20) and urea
(21) (Figure 14), where such compounds are reported to display ECso values of <100 nM in LMtk
mouse fibroblast cells expressing the human DiR.?” A simultaneous patent application disclosed
representative tetrahydroisoquinoline examples 22 and 23 (Figure 14). As in the isoindoline patent,
no specific SAR data were provided, but preferred examples are reported to show improved ECso

values of < 10 nM in the same assay.?”®

The latest patent application, published in October 2017,
described an optimized series of tetrahydroisoquinoline derivatives where the 2,6-dichlorophenyl ring
of the acetamide has been replaced by bicyclic 3,5-dichloro-1H-indazol-4-yl and 3,5-dichloro-1H-
pyrazolo[3,4-b]pyridin-4-yl moieties to give examples 24 and 25, respectively (Figure 14).2% Such

compounds are claimed to display DiR PAM ECs values of <30 nM in the same assay.
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Figure 14. Representative DR positive allosteric modulators from three patent disclosures by UCB.

7.3  Astellas: Heterocyclic acetamides & imidazodiazepines

A Japanese research group at Astellas Pharmaceuticals have also published two patent families that
describe D1R PAMs for the treatment of cognitive impairment associated with SCZ, PD, Alzheimer’s
disease, and Huntington’s disease. The first patent family outlines representative examples such as

compounds 26 and 27 (Figure 15).300-30!

N
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Figure 15. Representative DR positive allosteric modulators from two patent disclosures by Astellas.

Using a CHO cell line stably expressing the human DR, ECso values, defined as the concentration to
elicit a 2-fold shift in the DA dose-response curve, were determined for compounds 26 and 27 to be
460 nM and 440 nM, respectively. The second patent disclosure details an optimized structure,
wherein the benzimidazole moiety is replaced with a substituted phenylimidazole moiety and the
imidazole nitrogen atom has been cyclised onto the amide nitrogen atom, giving representative

compound 28 (Figure 15).392 Despite no reports of an ECsg value, two in vivo models, namely the Y-
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maze test and acute phencyclidine (PCP) rat model were used to assess the efficacy of 27. The Y-
maze test measured improvements in spontaneous alteration behaviour following impairment
mediated by an N-methyl-D-aspartate receptor antagonist, wherein a minimum effective dose (MED)
was determined to be 0.3 mg/kg. The PCP rat model, however, determined the MED to be 0.03 mg/kg,
although the reason for this 10-fold MED discrepancy between models is unclear, though differences
in pharmacokinetic and/or CNS penetration differences and/or binding kinetics may offer a partial
explanation.?** Astellas currently have a DiR PAM in phase II clinical trials for cognitive impairment

associated with SCZ; however, its chemical structure and mechanism of action are yet to be reported.

7.4  Eli Lilly: tetrahydroisoquinolines

An original 2014 patent application from a research group at Eli Lilly initially described in vitro and
in vivo data for a series of N-acyl-tetrahydroisoquinolines, namely compounds 29 (also known as
DETQ), 30 and 31 (Figure 16), and were reported to have originated from chemical modification of
a HTS hit.3% As can be seen from the structures in Figure 16, DETQ (29), 30, and 31 only differ by
homologation of the methylene spacer between the tetrahydroisoquinoline phenyl ring and isopropyl

alcohol moieties.

OH
OH OH
OH
N (IDH CI)H
N.___O
Cl
N__O N__O
Cl Cl
Cl
Cl Cl
29 (DETQ) 30 31 (LY3154207)

Figure 16. DR positive allosteric modulators disclosed in several patent applications by Eli Lilly.

DiR PAM activity was determined using HEK293 cells overexpressing the human DR, and in vivo
activity was assessed in two models of movement disorders using C57BI/6 mice with human knock-
in (KI) DR due to the species difference between human and rodent receptors. The patent disclosed
ECso values for compounds 29 (DETQ, ECso=11.8 nM) and 31 (ECso=3.66 nM), where the maximal
effect is relative to the Emax elicited by DA. Despite no in vitro data being reported for compound 30,
it was shown to increase ACh levels in the PFC by approximately 2.6-fold after an intraperitoneal
dose of 30 mg/kg to human DR KI mice, implying potential benefits on cognition. Again using DR

KI mice, compound 31 was tested in a basal locomotor activity (LMA) assay and a reserpine
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impairment model. The basal LMA model showed a dose-dependent response, with doses of 3 mg/kg
displaying a statistically significant effect, whereas the reserpine-induced akinesia model
demonstrated that a dose of 30 mg/kg of compound 31 was able to reverse the reduced LMA caused
by a low dose of reserpine. Further work conducted on the p-hydroxybenzoic acid (PHBA) cocrystal
of 31 showed a statistically significant effect at all doses and a dose-response up to 20 mg/kg. Further
to this, a more recent patent application describes additional details on 31 and its PHBA cocrystal,
with 31 reported to display a DiR PAM ECso of 4.59 nM, while the PHBA cocrystal reported to
display an ECso of 1.11 nM.** No new additional in vivo data was disclosed. According to Eli Lilly’s
pipeline, compound 31 (Figure 16) (now named LY3154207) is currently in phase II trials for the

treatment of dementia associated with PD.

7.5  Further studies on DETQ: a novel Di1R PAM chemotype

The novel, highly selective and potent Di{R PAM DETQ (29, Figure 16) has been the focus of
subsequent publications providing extensive detail on its in vitro and in vivo pharmacological profile.
In a study by Svensson and colleagues, the term “allosteric potentiator” (AP) was used in place of
PAM to emphasise a specific focus on the consequences of amplifying DA-response.3?® Despite the
fact that APs have been widely hypothesised to provide many therapeutic advantages over their
orthosteric counterparts, direct clinical or pre-clinical evidence still remained elusive. This compound
is the prototype of a class of selective and brain penetrant DR potentiators reported to possess several
interesting features that make it a useful biochemical tool for studying the DiR. These include
its >1000-fold D1R/DsR selectivity, in addition to high selectivity towards the D1R compared to other
related receptors (D2R, SHT6R, f-AR.3). Furthermore, oral dosing of DETQ (29) achieves high free
brain levels, implying sufficient headroom for dosing in animal studies, coupled with the absence of
adverse behavioural effects, which is consistent with in vitro selectivity data. The level of allosteric
agonism exerted by DETQ (29) was also quantified to be forty-three times less potent compared to it
as an AP. This was further supported by in vivo studies observing the effect of DETQ (29) on
hypokinesia in human D;R-transgenic mice pre-treated with a high dose of the DA-depleting agent
reserpine. These data indicated that DETQ (29) can be regarded as a pure PAM as it lacks direct-
acting DiR agonist effects in vivo, and demonstrate that the actions of DETQ (29) are dependent on
dopaminergic tone. Furthermore, the increase in cAMP caused by DETQ (29) in HEK293 cells
transfected with the hDiR was dependent on the presence of DA.

More recently, the activity of DETQ (29) was further surveyed in a broad array of behavioural and
neurochemical models thought to be predictive of therapeutic utility in neuropsychiatric disorders. In
behavioural models to examine evidence for DETQ-mediated central potentiation of DiRs, DETQ

(29) was shown to produce a dose-dependent activation in Y-maze locomotion, decreased immobility
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in the forced-swim test, and increased wakefulness in sleep EEG. As previously reported for Di1R
agonists,’° DETQ (29) was also shown to increase spontaneous eye-blink rate in the rhesus monkey,
suggesting potential efficacy against attention deficits in PD. Collectively, these data revealed there
may be several therapeutic opportunities for a D1R potentiator. Specifically, it was hypothesised that
compounds such as DETQ (29) may show utility as a symptomatic treatment for memory impairment,
mood related symptoms, and daytime sleepiness in Alzheimer’s disease. In early PD patients with
partial DA depletion, DiR APs may show utility as a monotherapy, possibly delaying the need to
initiate L-DOPA treatment. Amplification of the DR signalling system may also have a beneficial
effect in major depressive disorder. Finally, mounting evidence suggests a deficiency of DA release
in the dIPFC of patients with SCZ.3°” Moreover, the effect of current APDs to increase DA release
through blocking D> autoreceptors on dopaminergic neurons indirectly increases postsynaptic DiR
tone, which may contribute to their therapeutic efficacy. Thus, these data also support the potential
efficacy of Di1R PAMs for the treatment of negative symptoms and cognitive deficits in SCZ and

related disorders.

7.6  MLS6585 and MLS1082: structurally distinct D{R PAMs

The discovery and characterisation of two additional novel structurally distinct D{R PAM scaffolds
were recently reported from a HTS of the National Institutes of Health Molecular Libraries Program
small molecule library.>®® These compounds, MLS1082 (32) and MLS6585 (33) (Figure 17), were
shown to potentiate both DA-stimulated G protein- and f-arrestin-mediated signalling, increase the

affinity of DA for the DiR and display no intrinsic agonist activity.
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Figure 17. MLS1082 and MLS6585 are D;-like receptor-selective PAMs discovered from a HTS as

reported by Luderman et al.>%®

Receptor selectivity studies showed both compounds exhibited PAM activity at the DsR, but both
were completely devoid of any PAM activity at the D»-like DAR family, or the f>AR, indicating
selectivity for the Di-like DAR family. Interestingly, both compounds functioned as NAMs of
radiolabelled antagonist ([*H]-SCH23390) binding, but potentiated the affinity of both orthosteric
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agonists DA and DHX, and partial agonists SKF82526 and apomorphine, demonstrating their activity

is probe-dependant.

Due to the structural and activity differences seen with different classes of PAMs, Luderman et al.
hypothesised they may be acting at different binding sites on the DR3*%® suggesting that MLS1082
(32) and “compound B (19) share a common allosteric site on the DiR, which is spatially distinct
from the site that is modulated by MLS6585. Additionally, as Lewis et al. hypothesised that residue
R130 is involved in “compound B” binding, this information was subsequently used by the authors
to determine if residue R130 was involved in the activity of MLS1082 (32) or MLS6585 (33).2%
Using mutagenesis, Luderman et al. changed R130 in the human DR to Q (R130Q) and used BRET
assays to measure either f-arrestin recruitment or Gois-stimulated potentiation of DA in the presence
of the PAMs. Using the R130Q DR mutant, MLS6585 (33) but not MLS1082 (32) was able to
potentiate DA’s potency for stimulating f-arrestin recruitment, identical to that of the wildtype DiR.
Furthermore, assessment of these compounds with respect to the Gois BRET assays showed MLS1082
(32) was again inactive at potentiating DA, whereas MLS6585 (33) did. These data suggested that
these novel PAMs (MLS6585 and MLS1082) are potentiating the DR via two distinct binding sites,
and that residue R130 may be involved in the PAM activity of MLS1082 (32), but not MLS6585 (33).
Interestingly, the structurally distinct PAM DETQ (29) was also reported by Bruns et al.>* to be
inactive at rodent DRs, but active in potentiating agonist stimulation at the human DR, suggesting
that MLS1082 (32), “compound B” (19), and DETQ (29) may all function through the same
intracellular binding site. A greater understanding of allosteric binding sites for which PAMs may

engage the DR should facilitate the discovery of such compounds.

Using a combined mutagenesis and DiR/DsR chimera approach in conjunction with homology
modelling and the small molecule allosteric potentiators DETQ and structurally distinct PAM
CID2886111 (34) (Figure 18), Wang et al. recently described the further elucidation of distinct
allosteric binding sites on the D;R.*'° These results suggest that DETQ occupies a cleft in ICL2 as
previously described for Compound B,?* and further confirm that PAMs comprising the 4,5,6,7-
tetrahydrobenzo[b]thiophene moiety occupy a spatially distinct site of which is yet to be identified,
implying a rich structural landscape for DiR allosteric modulation. In agreement with studies
conducted by Luderman et al.,’*® Wang et al. also described a supra-additive response resulting from
the combination of DA, DETQ (29) and CID2886111 (34), implying they bind to three distinct sites
yet drive the same receptor conformation.?!? Interestingly, CID2886111 (34) was unaffected by any
of the ICL2 mutations, and the general binding site location could not be definitively established with
the D1R/DsR chimeras due to similar potencies at each subtype. However, these studies did indicate

a tendency to favour a site in the C-terminal half of the DiR, and a speculative binding site was
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suggested to be located on the outward-facing parts of the cytoplasmic ends of TMs 5, 6, and 7 as
observed for a glucagon-like peptide 1 receptor PAM.3!1:312
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Figure 18. Chemical structure of 6-tert-butyl-2-(thiophene-2-carbonylamino)-4,5,6,7-tetrahydro-1-
benzothiophene-3-carboxamide (CID2886111), a reference D|R PAM.3!3

8. Allosteric modulators of dopamine D; receptors

Allosteric sites have been described for D2Rs, as well as endogenous allosteric ligands such as Na*
and Zn?" ions that act to allosterically regulate the binding of agonists to aminergic GPCRs.?'* In
addition, amiloride (35, Figure 19) and its N-substituted derivatives,®'> analogues of the tripeptide
PLG?3!6317 (36, Figure 19), as well as (-)-OSU6162 (37, Figure 19)!6%318 have been suggested to
interact allosterically with DA DaRs.
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Figure 19. Chemical structures of DR allosteric modulators.

PLG (36) was shown to potentiate the induction of contralateral rotation by L-DOPA in unilateral 6-
OHDA-lesioned rats without exacerbating the induction of dyskinesia,*!® and (-)-OSU6162 (37) was
shown to display antipsychotic-like properties in rats with minimal dyskinesia induction and no
EPS.169320321 Collectively, these data provided initial evidence to suggest that, in addition to

orthosteric agents, PAMs and NAMs acting at DARs may be therapeutically useful agents.
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8.1 SB269652: a NAM of the dopamine D, & Dsreceptors
The most extensively characterised NAM of the D;R and Ds;Rs, SB269652 (38, Figure 20), was
reported by Silvano ef al. in 2010.3%2 SB269652 was originally synthesised by SmithKline Beecham

in a bid to find novel selective orthosteric antagonists of the D3R 323324
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Figure 20. Chemical structure of the NAM SB269652, identified by Silvano et al.3*

This molecule was shown to fully inhibit both [*H]spiperone and [*H]nemonapride binding at low
concentrations at the D2R or D3R, but only sub-maximally inhibit their binding at high concentrations.
Similarly, functional experiments conducted at the DoR showed SB269652 could only submaximally
suppress D>R-mediated stimulation of Gaiz and Gougis, and phosphorylation of ERK1/2 and Akt at
high concentrations of DA. Thus, it was characterised as a NAM of the D;R and DsR.

8.1 SB269652 displays a unique mode of interaction

The unique pharmacology of SB269652 (38) at the DR relative to many other competitive ligands
containing extended structures was hypothesised to be due to a bitopic binding pose that extends from
the OBS into a secondary pocket between TMs 2 and 7 as reported by Lane et al.3* Bitopic molecules
contain two pharmacophores, connected by an appropriately spaced linker, that can simultaneously
engage both orthosteric and allosteric binding domains of a single receptor. The mechanism of
SB269652 binding was extended to now suggest that its allosteric action is exerted across a D2R
dimer (Ks = 776 nM, a8 = 0.06).32% Using functional complementation assays, the authors showed
that SB269652 behaved as a NAM in a dimeric wild-type D2R system (i.e. it engages one protomer
whereby it exerts negative cooperativity on the potency of DA bound to the adjacent protomer)
(Figure 21). However, when using a heterodimeric system consisting of a wild-type D;R and a
D114A332 mutant (unable to facilitate key orthosteric binding interactions), SB269652 was observed
to display competitive pharmacology. They further investigated this mode of interaction via the

synthesis and pharmacological evaluation of the cis-cyclohexylene isomer of SB269652 (MIPS1217,
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Figure 21), with the hypothesis that its 1/H-indole-2-carboxamide moiety would have a different
orientation relative to its 1,2,3,4-tetrahydroisoquinoline-7-carbonitrile (7CN-THIQ) orthosteric
pharmacophore. This was supported by MD simulations showing that SB269652 remains in an
extended conformation, with its cyclohexyl and 1H-indole-2-carboxamide moiety interacting with
Val>¢! and Glu95%%, respectively (Figure 21). In contrast, the cis-isomer was shown to display a
slightly different binding mode, with the 1 H-indole-2-carboxamide moiety instead orientating toward
TM6 and not TM2 (Figure 21). Functional experiments measuring pERK1/2 showed the cis-isomer

to now antagonise DA in a purely competitive manner, confirming this hypothesis.

Q\l\\’(“ SB269652 (trans) )
N N*O = / m: 7
(0] i h\
) / \

D,R D,R
ALLOSTERIC
7 W MIPS1217 (cis)

-~

D,R D,R
COMPETITIVE

v“ A

Figure 21. Allostery mediated by the bitopic ligand SB269652 across a GPCR dimer. The trans-

1somer of SB269652 binds in a bitopic pose with one D,R protomer to act as a NAM of DA binding
and signalling via a second adjacent protomer. Key residues for engagement with the orthosteric site
(D114) and allosteric site (E95 and V91) are indicated in the molecular model. In contrast, the indole
moiety of the cis-isomer (MIPS1217) cannot engage the allosteric pocket to exert any negative
cooperativity, instead acting in a competitive manner with DA. Figure adapted from Lane et al.’*

To explore the interactions that might contribute to the allosteric effect of SB269652, mutagenesis
experiments were performed. The authors firstly determined that the 7CN-THIQ moiety of SB269652,

comprising a tertiary amine that is protonated at physiological pH, was required for making an
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orthosteric interaction with the highly conserved aspartate residue (D114*32). In addition, key
residues at the top of TM2 (Val912%! and Glu95%%) were identified, and the 1H-indole-2-
carboxamide tail was predicted to extend into a secondary binding pocket between TM2 and TM7 of
the D2R whereby Glu952%° was predicted to hydrogen bond with the indolic NH. Accordingly,
mutation of this residue to alanine caused a significant decrease in negative cooperativity exerted on
DA binding and function. To summarise, these data identified key residues that govern allosteric
cooperativity, and established a novel ligand binding mechanism for SB269652, whereby it engages
the receptor via a bitopic mode of action to one GPCR protomer, which acts to allosterically modulate

ligand binding to the OBS of a second adjacent protomer (Figure 22).3%

The bitopic nature of SB269652 was further validated using a fragmentation process whereby
progressively truncated fragments of the 7CN-THIQ moiety of SB269652 were synthesised and
pharmacologically evaluated. Unlike SB269652, it was discovered that these fragments displayed
competitive pharmacology.?”®> Conversely, further SAR studies of 1H-indole-2-carboxamide
fragments by Mistry et al. yielded N-butyl-1H-indole-2-carboxamide (40) (Figure 22), which was
subsequently shown to inhibit DA action in a non-competitive manner, displaying low uM functional
affinity and robust negative allosteric cooperativity.>?® The authors went on to generate a novel bitopic
ligand via the amalgamation of this allosteric fragment with the 7CN-THIQ (39) orthosteric head
group of SB269652, finding that the resulting compound (41) now displayed a 10-fold improvement
in affinity as compared to SB269652 whilst retaining negative cooperativity (Figure 22). Collectively,
these data revealed the 1 H-indole-2-carboxamide moiety as a novel pharmacophore for NAMs of the
DA D;R, and that the allosteric pocket between TMs 2 and 7 can be exploited for the design of novel
NAMs and bitopic ligands acting at the DA D>R.
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Figure 22. Using an approach combining fragments with orthosteric and allosteric pharmacology,
Mistry et al. reported a novel derivative of SB269652 with a 10-fold improved affinity that retains

robust negative cooperativity.3?¢

Key ligand features required for the allosteric pharmacology of SB269652 were further determined
by Shonberg et al., subsequently extending the SAR.3?” This study focused on synthetic analogues of
three main portions of the molecule: the 7CN-THIQ head group; the trans-1,4-cyclohexylene spacer
group; and the 1H-indole-2-carboxamide tail group. In agreement with previous studies, they found
that the region most sensitive to chemical modification was the tail group, where any disturbance to
the indolic NH hydrogen-bond donor ability, or size and lipophilicity, converted allosteric
pharmacology to competitive. Replacing the 7CN-THIQ head group with higher affinity “privileged
scaffolds” was also found to convert allosteric to competitive pharmacology. Thus it was established
that the THIQ head group was also crucial for maintaining allostery, with the only requirement being
a “small” substituent at the 7-position. Additionally, the authors discovered an intriguing relationship
between polymethylene spacer length and allosteric pharmacology, and it was hypothesised that
altering the length of this spacer, and consequently the flexibility, may change the orientation of the
secondary pharmacophore causing a switch from allosteric to competitive pharmacology.
Replacement with a linear 1,4-butylene, or 1,6-hexylene spacer conferred an increase in functional
affinity whilst maintaining negative cooperativity, whilst the 1,5-pentylene spacer conferred
competitive pharmacology. In agreement with these data, MD simulations of D>R models in complex

with the 1,4-butylene and 1,5-pentylene analogues of SB269652 show that the 4-carbon linker permits
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a hydrogen-bond interaction between the indolic NH and E95%%, while this interaction was unable
to form in simulations of the D,R-bound with the 5-carbon linker analogue.*?® Finally, replacing the
1 H-2-indole-carboxamide moiety with a 1H-pyrrolo[2,3-b]pyridine-2-carboxamide moiety (7-
azaindole, 42) conferred a 30-fold increase in affinity whilst maintaining negative cooperativity

(Figure 23).3%7

© Alkyl chain linker
1length dependency!
. forallostery | Essential for

/Oi) ﬁ affinity & allostery
N .
NC ~ .

77777777777777777

' Important for |
1 affinity & allostery

,,,,,,,,,,,,,,,,,

H
(42) H /N

Kg = 23 nM —
=0.04

Figure 23. SAR summary for the SB269652 core (above); and the chemical structure of the 7-
azaindole-2-carboxamide analogue of SB269652 that maintains affinity and negative cooperativity

as reported by Shonberg et al.*’

On the basis of these findings, Kopinathan et al. further extended the SAR of SB269652, paying
particular attention to the influence of subtle structural modifications such as electronic effects, the
positioning of the second nitrogen atom within the tail group, and the attachment point (2- or 3-
position) of the bicyclic aryl moiety, upon allosteric cooperativity.*?° Focusing on the benzo portion
of the indole tail, a series of methoxy- and fluoro-substituted analogues were synthesised. Systematic
incorporation of fluorine at positions 4—7 was shown to increase functional affinity, and modulated
cooperativity based on its positioning. In contrast, electron-donating methoxy substituents increased
functional affinity relative to the parent compound, but resulted in apparent competitive
pharmacology with the exception of the 4-OMe analogue, which retained allosteric pharmacology.
Incorporation of a second nitrogen on the 1/4-indole-2-carboxamide moiety was observed to increase
the functional affinity of all compounds as well as modulate the degree of negative cooperativity in a
similar fashion to the fluoro-substituted analogues. Interestingly, repositioning of the indole-2-

carboxamide tail attachment point from the 2-position to the 3-position increased affinity but
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converted allosteric to competitive pharmacology. However, a similar scaffold-hop strategy was then
employed to access analogues comprising a second nitrogen whilst being substituted at the 3-position,
resulting in a range of properties from competitive to allosteric pharmacology. Most notably, they
found that converting the 1/H-2-indole-carboxamide moiety to the corresponding 1H-pyrrolo[3,2-
b]pyridine-3-carboxamide (4-azaindole) not only yielded a compound with subnanomolar functional
DR affinity (5,000-fold increase), but the ligand now acted to attenuate both orthosteric ligand
potency and maximal response (100-fold increase) (43, Figure 24). This behaviour is in contrast to

previous analogues of SB269652, which only attenuate agonist potency.

Figure 24. Chemical structure of the 4-azaindole-3-carboxamide analogue of SB269652 (43) that

negatively modulate DA affinity and signalling efficacy with sub-nanomolar functional affinity.3?°

In conclusion, the indole motif of SB269652 was found to be particularly amenable to structural
modification, causing changes in negative cooperativity without significant losses in affinity, thus
providing an approach to generate novel derivatives with a spectrum of allosteric profiles. SB269652
has been the focus of intensive molecular pharmacology research efforts over the past eight years,
with particular emphasis on understanding the structural determinants of bitopic NAM binding
modes.3?8330:331 Moreover, the potential of molecules such as SB269652 and their prospects as a new

generation of APDs have been recently reviewed.**

8.2  Virtual ligand screening hit: “compound 7”

One of the ways to search for novel small molecules targeting orthosteric and allosteric pockets of
GPCRs is to perform virtual ligand screening (VLS), either based on homology models or three-
dimensional structures derived from X-ray crystallography or other structural biology techniques.
VLS programs have previously demonstrated high efficiency in their ability to discover novel lead-
like compounds.3**-338 However, using these techniques to screen for allosteric compounds is known
to be more challenging, with only limited examples currently describing allosteric hit compounds
arising from VLS campaigns.*°-** Using crystal structure and ligand-guided receptor optimised**

structural models of the D3R, Lane ef al. assessed their efficiency in prospective screening for ligands
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targeting orthosteric and/or putative allosteric binding pockets.*** They performed a large-scale VLS
campaign that used two optimised crystal-structure-based models: the receptor with an empty binding
pocket and allosteric extension (D3R%P0), and the receptor-complex with DA bound (D3RP°%) (Figure
25). These optimised models were developed in order to expand large-scale VLS applications beyond
orthosteric sites, and this study was the first to systematically search for and identify a number of

chemically distinct allosteric modulators of the D>R and D3R.

V111333 5196546

Figure 25. (Left) DA-bound model of the D3R (D3RP%%) designed for allosteric compound screening.
DA is shown in a space filling representation with cyan carbons. The extended “allosteric” part of the
pocket is highlighted by a red circle. (Right) Example of the binding pose obtained for compound 44
(Figure 26) as predicted by the ICM-VLS procedure with the D;RAP® model. The ligand is shown as
sticks with yellow carbons. The receptor is shown as a grey ribbon with the key side chains of the
pocket shown as thin sticks; the binding pocket is illustrated as a green semitransparent surface.

Reproduced from Lane et al.’*

One of the most interesting non-orthosteric ligands to arise from the D3R4 set was “compound 7”
(44, Figure 26). Interestingly, its structure comprises a thieno[2,3-d|pyrimidine scaffold which did
not at the time feature in any known dopaminergic ligands. This compound was predicted to engage
an extended binding pocket, with its amino group forming a salt-bridge with a non-conserved
GIu90?% side chain instead of the conserved Aspl11033? anchor. Other predicted contacts were
hydrogen-bonding interactions with ECL2, particularly peptide-like polar interactions with the
backbone amide groups of Cys181-Ile183, together with a range of polar and aromatic side chains on
the extracellular side of the binding cavity. This compound proved to be the highest potency D3R
antagonist in their ERK1/2 phosphorylation assay (ICso = 7 nM), and was also shown to cause a

concentration-dependent inhibition of ERK1/2 phosphorylation consistent with its action as either an
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antagonist or NAM of the DA effect. The same ERK1/2 phosphorylation assay was also performed
using CHO cells expressing the D2R, wherein it showed ~5-fold less potent effects compared with
the D3R. In conclusion, this study validated VLS campaigns as important tools for exploring
orthosteric, allosteric and bitopic ligands with novel properties, and expanded on the success of recent

structure-based VLS applications to class A GPCRs.

F3C

2

44

Figure 26. Chemical structure of VLS hit identified from a virtual ligand screen as reported by Lane

et al **

8.3  First-in-class PAMs of the dopamine D> & D3 receptors

In an effort to develop novel pharmacotherapies for PD, Wood et al. recently reported the
identification of racemic 1,3-benzothiazol-2-yl(2-methyl-2,3-dihydro-indol-1-yl)methanone (45)
(Figure 27) from a HTS of 80,000 small molecules.**’ The group went on to identify a more potent
and efficacious PAM (46, Figure 27) suitable for in vivo experimentation. This compound lacked
agonist effects on its own at the hD2(R in a [*3S]-GTPyS binding assay, but potentiated the effects of
a low concentration of DA. It also displayed no action at axc-adrenergic or histaminergic Hsz receptors.
To further investigate the mechanism of the allosteric interaction, the group investigated the effect of
the compound on the saturation binding of [*H]DA. In this assay, a 10 uM concentration failed to
increase the affinity of [PH]DA for the D2R, however markedly increased the number of high affinity
binding sites. Selectivity studies observing the compounds ability to modulate the potency or efficacy
of DA using functional cAMP assays at the hD|R and hD4R showed no response, but was able to
potentiate DA at the hDsR.

To demonstrate these robust allosteric effects are maintained under physiologic expression and signal
transduction conditions, the effects of the R-isomer (45) on the D>R-D3R agonist quinpirole were
assessed using dissociated rat striatal neurons. This compound potentiated the effect of quinpirole to
induce decreases of N-methyl-D-aspartate currents in adult rat striatal neurons. In addition, it was
shown to potentiate the effects of a threshold dose of L-dopa in a unilateral 6-hydroxydopamine (6-

OHDA) lesion model in rats.>*¢ Collectively, this study reported the first described PAMs of the
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D2R/Ds3Rs, and demonstrated a stereoselective interaction for a novel allosteric scaffold, and that

these PAMs maintain potentiation of DA in native tissue as well as in vivo.

@) O
S N HO
F F
(45) (46)

Figure 27. Novel PAMs identified by Wood et al.*** A chiral benzo[d]thiazol-2-yl(2-methylindolin-
1-yl)methanone (45) and (4-fluoro-1H-indol-1-yl)(5-fluoro-4-(hydroxymethyl)-2-
methoxyphenyl)methanone (46).

9. Summary

It 1s clearly evident that treatment options for CNS disease states such as SCZ and PD remain
inadequate. However, emerging hypotheses regarding the design of novel drugs with different modes
of action, improved side-effect profiles, and novel brain targets are revealing new opportunities.
Furthermore, understanding the binding site location of small molecule allosteric modulators acting
at the DRs may facilitate an improved drug discovery and design process. Using techniques in
medicinal chemistry and chemical biology, this thesis further investigates the emerging concepts of
allostery at the DR and D2Rs, in addition to APD binding kinetics as a way to potentially improve
the treatment options for people living with SCZ. Finally, this thesis also explores the initial SAR of
a novel DR PAM scaffold for photoactivatable or fluorescent derivatives that may be used as

biochemical tools to supplement future investigations of the D2R.

-50 -



Chapter 1: Introduction & Thesis Aims

Thesis aims

Aim #1 — Validation of the allosteric pharmacology and SAR analysis of “compound 7”

Following a five step chemical synthesis of VLS hit “compound 7" (44), biochemical and functional
in vitro pharmacological experiments were employed to confirm its allosteric mode of interaction at
the D2R. Observing the effects of 44 on the equilibrium binding of [*H]raclopride in FlpIn CHO cell
membrane homogenates stably expressing the hD> R and hDsR will validate target engagement,
determine affinity, as well as quantify any allosteric effect 44 has on [*H]raclopride binding. The
ability of a ligand to alter the rate of radioligand dissociation is consistent with it binding to a spatially
distinct binding site whereby it induces a change in receptor conformation, subsequently altering the
dissociation rate of the orthosterically-bound ligand. An isotopic dilution method will enable
measurement of [*H]raclopride dissociation from the hD> R in the presence of the prospective
modulator. Further, a cAMP accumulation functional assay will measure the prospective modulator’s
ability to inhibit the action of DA at the hD> R and application of an operational model of allosterism
to these data will yield estimates of affinity (Kg) and allosteric cooperativity (aff). A comprehensive
SAR study of 44 and analogues thereof will determine what structural features are essential for its
activity. The proposed structural modifications are outlined in Figure 28 and will be achieved using
various chemistry. The importance of the fused cyclohexane ring system will be assessed through
increasing and decreasing the ring size, removing the fused ring, as well as substituting the 5- and 6-

positions with aliphatic and aromatic carbocycles.

Substituent effects

(H, F, CH;, OH)
FsC N-Methylamine
N,N-Dimethylamine
Fused Ether
ring size N ) Removal
N 5 o«f/w“' """" (o) (Piperidine)
Removal of =N ¢
fused ring — \ = Removal of
S N morpholinomethyl
/J U Removal
Aliphatic/aromatic Chain (Pyran)

carbocycles extension (n = 1-4)

Figure 28. Initial structural diversification of compound 44.
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The importance of the secondary amino group will be assessed through replacement with an ether
linkage. The meta-CF; substituent will be replaced with various electron withdrawing/donating
substituents as well as being removed completely. The importance of this aromatic system will be
further assessed through its removal and substitution with aliphatic secondary amines. The
morpholinomethyl group will be removed to assess its importance, as well as observing the effect of
incorporating piperidinomethyl and pyranomethyl substituents. Moreover, the effect of progressively
increasing the polymethylene linker length from 1-4 carbons bearing the morpholinomethyl moiety
will be assessed. Finally, various modifications will be employed in conjunction with one another
(e.g. removal of the fused cyclohexane ring together with removal of the morpholinomethyl
substituent) to assess additive effects and further refine the SAR. To determine their selectivity

profiles, selected compounds will also be assessed using equilibrium binding experiments at the D3R.

Aim #2 — Using initial SAR data to optimise the profile of “compound 7”

Using information obtained from the above SAR analyses of 44, the initial aim was to expand the
scope of analysis to further understand structural requirements for allosteric modulation at the D2R,
and to potentially optimise in vitro parameters (e.g. enhance affinity and cooperativity). As outlined
in Figure 29, initial structural modifications for series #1 focused on functionalising the 4-position
with various cyclic aliphatic amines as well as aniline. These data were then utilised to synthesise a
second series of analogues to assess the effects of modification to the fused cyclohexane system in a
similar fashion to Figure 28, but in conjunction with amines from series #1 that engendered
favourable pharmacologic profiles. All compounds would be pharmacologically evaluated in a

functional assay as described above.

Series #1
aniline motif ~ Pyrrolidino
c-hexylamino -butylamino \\ /Tl
piperidino c-propylamino B
piperazind  c_propylmethylamino =N
morpholino c-butylamino / \ /)

S N
Series #2

-~

:'removal of fused system.
: fused cyclopentane '
i fused cycloheptane

+fused cyclooctane \ \\N/\

g:g:z:ﬁ =N , -diethylamino
 5-c-hexyl . \ /) c-butylamino
+ 6-c-hexyl : N c-propylamino

S
1.5,6-dimethyl

.

Figure 29. Further structural diversification of compound 7 (44).
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Aim #3 — Understanding the structural limitations of a novel D;R PAM scaffold

Using a small molecule allosteric modulator as a template for the development of biochemical tools
will require a thorough analysis of the SAR to guide the rational design of such tools, particularly
expensive fluorescent probes, and to lesser extent, irreversible photoactivatable ligands. The
prospective chemical modifications conducted on this scaffold are highlighted in Figure 30, and all
molecules were pharmacologically profiled using the functional cAMP assay described earlier.
Accordingly, we aimed to initially employ a deletion strategy that will individually assess the
requirement for existing substituents both on the benzene ring (A) as well as the indole moiety (B).
In addition to this, the effect of simultaneous deletion of functionality will also be evaluated.
Furthermore, additional structural changes will be conducted such as observing the effect of
demethylating the aryl methyl ether, alkylating the hydroxy, replacing the hydroxymethyl substituent
with a tolyl or methyl ether substituent, as well as conducting a ‘fluorine walk’ on various positions
of the indole moiety. These modifications will ultimately enhance our understanding of allostery at
the D;R, as well as provide an indication of vectors that are amenable to functionalisation for the

purpose of irreversible probe and fluorescent biochemical tool development.

E—des OMe:
:-OH '

i -des CH,OH:! -7+ N7 -des fluoro

+-O-alkylation |.. + HO__- -5-7 fluoro
{OCH, 1 el T @
1 -tolyl “F o

All combinations
& permutations

Figure 30. Proposed structural modifications to a DoR PAM scaffold (46).
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Aim #4 — Understanding how kinetic rate constants of haloperidol analogues are influenced

through subtle structural modification

The role of ligand binding kinetics in producing the on-target side effects of APDs has long been a
topic of intense interest. Recently, the kinetic hypothesis has been expanded to consider individual
effects of both association and dissociation rates and their role in the propensity of an APD to cause
hyperprolactinemia and EPS. Using haloperidol (2) as a model compound, we aim to conduct an
extensive structure-kinetics relationship study to understand the role of structural modification on the
ligand binding kinetics of a typical APD drug scaffold. To achieve this, a broad library of structurally
similar analogues of haloperidol will be synthesised, and their kinetic profiles will be assessed using
a competition association kinetic binding assay using homogeneous time-resolved fluorescence
(HTRF) technology. All aspects of haloperidol’s chemical structure will be investigated; the proposed
structural changes are highlighted in Figure 31. These will include modifying substituents on the
para-fluorophenyl moiety, reduction of the ketone to the corresponding secondary alcohol and
replacement with an ether, thioether, cis- and trans-olefins, and cis- and trans-cyclopropanes. In
addition, the effect of modifying linker length (to generate the corresponding propiophenones and
valerophenones), and composition (to generate alkane and alkyne analogues) will be observed, as
well as modification to the piperidinol moiety, and finally, modifying substituents on the para-

chlorophenyl moiety.

haloperidol (2)

-O-methyl
-p-CIPh -cyclopropane
piperidine -oxirane
-alcohol  py pineridine -olefin
-ether All possible
-thioether % mono- and di-chloro
All possible R2 @substituents
mono- and di-fluoro
substituents% < des-chloro

0 fii= S
% linker length para-EWG & EDG

substituents

des-fluoroa

-alkanes (n =3-5)
-alkenes
-cyclopropanes
L -alkynes )

Figure 31. Chemical structure of typical APD haloperidol (2) and the structural modifications to be
investigated during the proposed SKR study.
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Aim #5 — Validation of DiR PAM pharmacology and exploration of chemical methods to

generate enantiopure allosteric modulators

PAMs of the DA DR may show promise as novel therapeutic agents for the symptomatic treatment
of cognitive dysfunction associated with SCZ. Very few small molecule D1R PAMs have been
reported in the literature, of which minimal information regarding their SAR profiles is described.
Accordingly, “compound A” (18) and “compound B" (19) are attractive starting points for the
optimisation and development of novel DiR PAMs. As such, we aim to synthesise these
aforementioned small molecules as racemic mixtures to validate and quantify their allosteric
pharmacology using functional measurements of DR activation. As the literature describes biological
data for these compounds in their racemic form, chiral resolution and asymmetric synthesis will be
used in an attempt to generate enantiomerically pure forms of “compound B” (Figure 32). This will
provide insight for future SAR studies of DiR PAMs, and in particular the relevance of absolute

configuration and its influence on DR allosteric modulation.

SoaSASaT

compound A (18)

Racemic
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Figure 32. Chemical structure of reported D1R PAMs, racemic “compound A” (18), and racemic
“compound B” (19), together with its two enantiomers as defined by the distinct orientation of bridged

methyl substituents.
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ABSTRACT: Recently, a novel negative allosteric modulator
(NAM) of the D,-like dopamine receptors 1 was identified
through virtual ligand screening. This ligand comprises a
thieno[2,3-d]pyrimidine scaffold that does not feature in
known dopaminergic ligands. Herein, we provide pharmacological
validation of an allosteric mode of action for 1, revealing that it
is a NAM of dopamine efficacy and identify the structural
determinants of this allostery. We find that key structural
moieties are important for functional affinity and negative
cooperativity, while functionalization of the thienopyrimidine
at the S- and 6-positions results in analogues with divergent
cooperativity profiles. Successive compound iterations have
yielded analogues exhibiting a 10-fold improvement in func-

Not required
/ for allostery
2° amine /
important for
allostery N

Aryl/aliphatic <
substitution
not well tolerated
\Not required
for allostery

1 Alkyl chain linker length

F d lot -
used cyciohexane dependency for allostery

optimum ring-size

tional affinity, as well as enhanced negative cooperativity with dopamine affinity and efficacy. Furthermore, our study reveals
a fragment-like core that maintains low uM affinity and robust negative cooperativity with markedly improved ligand

efficiency.

H INTRODUCTION

The dopamine D, receptor (D,R), a class A G-protein-coupled
receptor (GPCR), is a therapeutic target for central nervous
system disorders such as schizophrenia and Parkinson’s disease.
Accordingly, it has been the subject of intensive drug discovery
efforts for the past 60 years. Such efforts have focused on
targeting the orthosteric binding site of the D,R where dopamine
(DA) binds."* Clinically marketed drugs indicated for the
treatment of schizophrenia display efficacy with respect to
treating the positive symptoms of the disease. These drugs all act
as either competitive antagonists or partial agonists at the D,R.
However, these drugs can cause deleterious side effects. First-
generation antipsychotics (FGAs) are associated with a high
frequency of extrapyramidal motor symptoms (EPS) caused
by antagonism of D,R signaling in the nigrostriatal system.3
Although second generation antipsychotic (SGAs) are thought
to be associated with a lower risk of EPS, such drugs are
associated with other limiting side effects such as metabolic side
effects.”

In order to adequately address the unmet medical need
associated with antipsychotic drug discovery, novel approaches
are required. NAMs that display limited negative cooperativity
with dopamine have been proposed as a safer therapeutic option

< ACS Publications  © 2018 American Chemical Society
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to treat the positive symptoms of schizophrenia, in particular for
the onset of EPS, because they would cause only partial blockade
of the D,R.” Indeed, targeting allosteric sites within GPCRs may
be associated with a number of advantages over classical ortho-
steric drug discovery such as improved subtype selectivity and
thus reduced off-target side effects, as well as maintenance of
spatiotemporal patterns associated with endogenous neurohumoral
signaling because they still allow the endogenous neurotransmitter
to bind the receptor.”’

Virtual screening of orthosteric and putative allosteric sites
within the human dopamine Dj receptor (D;R) recently iden-
tified an active thienopyrimidine compound (1, Figure 1).°
In this study, screening was undertaken using two optimized
crystal-structure-based models (PDB code 3PBL):” the receptor
with an empty (unliganded) binding pocket (D;R*°) and the
receptor complex with DA (D;RP°P?). In particular, D;RP°P was
used to screen for allosteric compounds that can bind along with
the endogenous ligand. Interestingly, 1, although identified using
D3RO, was predicted to bind in an allosteric pose and showed
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Figure 1. Compound 1 (2-(morpholinomethyl)-N-(3-(trifluoromethyl)phenyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[ 2,3-d]pyrimidin-4-amine) (left)
was identified from a virtual ligand screen targeting orthosteric and allosteric pockets of the dopamine D,-like receptors. SB269652 (2) (right) is the first

drug-like NAM of the dopamine D, receptor.]O
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Figure 2. Areas of structural modification of 1 conducted during initial SAR investigation.

the highest potency of DA inhibition in vitro.® Furthermore, this
compound also displayed activity at the D,R, and as such, may
represent a novel allosteric scaffold for this receptor.

To date, very few ligands have been characterized as allosteric
modulators of D,-like dopamine receptors including the drug-
like ligand SB269652 (Figure 1), which acts to negatively
modulate dopamine affinity at the D,R and D;R."*”"* Structure-
based virtual ligand screening (VLS) provides an attractive path
for eflicient discovery of allosteric ligands. However, it is impor-
tant to validate this approach through optimization of initial VLS
hits.'*"* Currently, there is no structure—activity relationship
(SAR) data associated with 1, but there is much scope for further
structural interrogation. We therefore undertook a study to
identify novel allosteric modulators for the D,R, based on the
structure of 1. Through modifications to the scaffold of 1, we
aimed to identify key molecular features responsible for its
allosteric action at the D,R (Figure 2). We applied analytical
pharmacological methods to allow us to supplement this SAR
study with measures of allosteric ligand action to include not only
allosteric ligand affinity (Kg) but also the magnitude of mod-
ulatory effects upon dopamine affinity (@) and efficacy (/). Such
an approach may be useful as a starting point to understand
the relationship between allosteric ligand behavior and the
in vivo eflicacy of such modulators. Indeed, to explore negative
allosteric modulation as an approach to treat the positive symp-
toms of schizophrenia, it would be advantageous to have a set
of D,R NAMs that display a range of different allosteric
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behaviors from modulation of dopamine affinity through to
modulation of dopamine efficacy. Herein, we report the design,
synthesis, and detailed pharmacological characterization of 1,
together with a library of structural analogues. We provide
evidence that 1 does indeed act via an allosteric site at the D,R
and reveal that 1 exerts distinct pharmacology to that of
SB269652, whereby it acts to modulate dopamine efficacy rather
than dopamine affinity. Promising low molecular weight
candidates with marketedly improved lipophilic ligand efficien-
cies (LLE) have been identified and thus represent an attractive
starting point for the development of novel D,R NAMs that
modulate dopamine efficacy, affinity, or both.

Bl RESULTS AND DISCUSSION

Chemistry. In order to validate the pharmacological activ-
ity of lead compound 1, it was resynthesized using a five
step chemical synthesis outlined in Scheme 1.'° Gewald chem-
istry permitted the one-pot assembly of ethyl 2-amino-4,5,6,
7-tetrahydrobenzo[ b]thiophene-3-carboxylate S via commercially
available cyclohexanone 2, ethyl cyanoacetate 3, and sulfur, cat-
alyzed by diethylamine in absolute ethanol at 60 °C to afford the
fused thiophene $ as brilliant orange needles.”® Next, § was sub-
jected to an acid catalyzed intermolecular cyclization in 1,4-dioxane
at room temperature using chloroacetonitrile and hydrogen chloride
gas generated in situ (Kipp’s apparatus) to yield the 2-chloro sub-
stituted thieno[2,3-d]pyrimidin-4(3H)-one core scaffold 6 as a pre-
cipitated white solid.'® Subsequent N-alkylation with morpholine

DOI: 10.1021/acs.jmedchem.7b01565
J. Med. Chem. 2019, 62, 174—-206
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Scheme 1. Chemical Synthesis of 1°
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“Reagents and conditions: (i) morpholine, 0—45 °C, 80%; (ii) chloroacetonitrile, 1,4-dioxane, HCl,) (Kipp’s apparatus), 50 °C, 2 h, 85%;
(iii) DMF, morpholine, Et;N, 100 °C, 2 h, 80%; (iv) POCI;, toluene, 100 °C, 4 h, 75%; (v) i-PrOH, m-trifluoromethylaniline, MWI, 2 h, 70%.

Scheme 2. Chemical Synthesis of 2-Amino-3-carbethoxythiophenes®
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f R'=H,R2=Bn

g R'=cyclohexyl, R?=H
h R'=R2=CHj,

i R'=H, R%=cyclohexyl
j R'=R2=H

“Reagents and conditions: (i) sulfur, abs EtOH, ethyl cyanoacetate, 60 °C, 3—4 h, 50—80% (10a—c); (ii) sulfur, morpholine (neat), ethyl
cyanoacetate, rt, ~18 h, 45—80% (10d—i); (iii) Et;N, ethyl cyanoacetate, DMF, 45 °C, 0.5 h, 55% (10j).

was achieved in DMF at 100 °C followed by cooling to room
temperature to precipitate the desired product 7. Activation of
the pyrimidinone was accomplished with an adapted procedure
using phosphorus oxychloride (POCI;) and catalytic DMF in
toluene to give the corresponding chloropyrimidine 8 as a brown
oil in good yield. Finally, 8 was subjected to microwave assisted
nucleophilic aromatic substitution with 3-(trifluoromethyl)aniline in
i-PrOH to afford the target compound 1, following chromatography
and recrystallization from chloroform.

Single Modifications to Fused Cyclohexane Moiety, 2- and
4-Positions of 1. In addition to 1, we generated a focused library
of thieno[2,3-d]pyrimidine analogues bearing single structural
modifications to examine the effect on functional binding affinity
and allosteric pharmacology of the scaffold (Figure 2). This
included modifying the fused ring system, initially observing the
effect of differing ring size (fused cyclopentane 14a, cycloheptane
14b, and cyclooctane 14c) (Schemes 2 and 3), as well as the
effects of removing substitution at the S- and 6-position of
the thienopyrimidine 14j. Moreover, we explored functionalization
of both the $- and 6-positions with various substituents (6-phenyl,
14d; 5-phenyl, 14e; 6-benzyl, 14f; 5-cyclohexyl, 14g; 5,6-dimethyl,
14h; 6-cyclohexyl, 14i) (Scheme 3) to provide an understanding

176

of the chemical space surrounding this moiety for further future
elaboration. We investigated the effect of removing the CF; sub-
stituent on the aryl ring 16a and the influence of incorporating
additional substituents with different electronic effects (3-F, 16b;
3-OCHj, 16¢; 3-OH, 17) (Scheme 4). In addition to this, we
explored the role of the secondary aliphatic amine bridging the
substituted aryl moiety in 1 through the synthesis of two
analogues bearing N-methylamino (18) and N,N-diethylamino
(19) substituents (Scheme 4). The role of this secondary amine
was further probed through the removal of its hydrogen-bond
donor property via isosteric replacement with an ether linkage
(20) (Scheme 4). This would permit the assessment and
influence of hydrogen bond donor removal and any subsequent
functional effects on the allosteric pharmacology of 1. The
N-methylamino derivative (18) would test the importance of
aromaticity while still maintaining hydrogen-bond characteristics
of 1, while the N,N-diethylamino analogue (19) investigates the
impact of removing aromaticity and hydrogen-bond donor
properties at the 4-position. Additionally, the ether derivative
(20) assesses the importance of removing hydrogen-bond donor
properties while maintaining aromaticity. We also focused on the
2-position of 1, where we sought to evaluate the impact of

DOI: 10.1021/acsjmedchem.7b01565
J. Med. Chem. 2019, 62, 174—206
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Scheme 3. Chemical Synthesis of Analogues of 1 with Modifications to Fused Cyclohexane System”
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“Reagents and conditions: (i) thiophene, chloroacetonitrile, HCl),

50 °C to reflux, 4—24 h, 20—95%; (i) DMF, Et;N, 100 °C, 4—8 h, 50—90%;

(iii) POCl;, DMF (), toluene, 3—5 h, 70—90%; (iv) 3-(trifluoromethyl)aniline, Et;N, i-PrOH, MWI, 1—-3 h, 60—90%; (v) 15, DMF, 100 °C, 33%.

Scheme 4. Synthesis of Analogues Modified at the 4-Position”

(16a: R" = PhNH )
1 16b: R" = 3-F-PhNH
CI\N @ _ _ @ 16c: R' = 3-OCH5-PhNH (i
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s N g s~ N 18 R'=NHCH,4
19 R'=N(CH,CHj3),
8 16a-c, 17-20 20 R' = 3-CF5-PhO

“Reagents and conditions: (i) substituted aniline, i-PrOH, MWI, 2 h, 65—

J

90% (16a—c); (ii) BBry (1 M in DCM), rt, overnight, $3% (17);

(ili) i-PrOH, methylamine, MWI, 140 °C, 2.5 h, 85% (18); i-PrOH, N,N-diethylamine, MWI, 140 °C, 3 h, 91% (19); i-PrOH,

3-(trifloromethyl)phenol, TRIDENT ), MWI, 6 h, 72% (20).

removing the 2-morpholinomethyl moiety entirely (23a, Scheme S),
subsequently conferring no substitution at the 2-position of the
thienopyrimidine. In addition to this, we investigated isosteric
replacement of the morpholino O for CH, to afford the piper-
idine analog 26 (Scheme 6), as well as a similar replacement of
N for CH to furnish the tetrahydopyran analog 33a (Scheme 7).
Moreover, we investigated the effects of increasing the methylene
linker length bearing morpholine (ethylene, 39a; propylene,
39b; butylene, 39¢) (Scheme 8).

Hybrid Modification of 1. Several additional compounds were
synthesized to further investigate the effects of the aforemen-
tioned structural modifications. These modifications included
deletion of the fused cyclohexane system of the tricyclic scaffold,
removal of the 2-morpholinomethyl pendant, isosteric replace-
ment through substitution of the morpholine ring for tetrahy-
dropyran, and the incorporation of a 1,4-butylene linker; all bearing
the N,N-diethylamino functionality in place of the aryl m-CF;

-78 -

moiety. These subsequent analogues 23b (Scheme $), 33b
(Scheme 7), 40 (Scheme 9), 44 (Scheme 11) were synthesized as
outlined previously by varying the nature of the nucleophile used
in the final nucleophilic aromatic substitution. Finally, a further
four analogues (43a,b, Scheme 10; 47a,b, Scheme 11) were
synthesized to examine the effects of simultaneous deletion/
instalment of functionality with respect to maintaining one
of either m-CFj-aryl or N,N-diethylamino substituents at the
4-position of 1.

The thieno[2,3-d]pyrimidine moiety (Figure 2) is prevalent in
a variety of regorted compounds; thus its synthesis is well
established.'”~** Rapid access to a series of analogues substituted
at the S- and 6-positions was achieved using the appropriate
aldehyde or ketone as a starting material, by means of Gewald-
type chemistry (Scheme 2). An alternative method to traditional
Gewald chemistry using solvent-free conditions for the prep-
aration of substituted 2-aminothiophene derivatives from respective

DOI: 10.1021/acs.jmedchem.7b01565
J. Med. Chem. 2019, 62, 174—206
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Scheme S. Chemical Synthesis of Analogues of 1 Devoid of Morpholinomethyl Moiety”
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“Reagents and conditions: (i) formamide, 170 °C, 12 h, 85%; (ii) POCL, DMF ), toluene, 100 °C, 3—5 h, 90%; (iii) i-PrOH, m-CF;-aniline,
DIPEA, MWI, 2 h, 75% (23a); (iv) i-PrOH, Et,NH, DIPEA, MWI, 2 h, 90% (23b).

Scheme 6. Chemical Synthesis of Piperidine Analogue®
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“Reagents and conditions: (i) piperidine, Et;N, 100 °C, 2 h, 71%; (ii) toluene, 100 °C 4 h, 46%; (iii) i-PrOH, m-trifluoromethylaniline, MWI,

2 h, 70%.

ketones/aldehydes in the presence of morpholine as catalyst
was used to furnish a parallel set of analogues (Scheme 2).**
The commercial availability of aldehydes (94, 9f, 9i) or ketones
(9a—c, 9¢, 9g, 9h) and their usefulness in Gewald-type chem-
istries or variations thereof permitted easy access to a variety of
substituted thienocarboxylate precursors 10a—i bearing a
primary amine and ethyl ester as functional handles. Ethyl
2-aminothiophene-3-carboxylate 10j was obtained in accordance
with an adapted procedure* (Scheme 2) using the commercially
available mercaptoacetaldehyde dimer 1,4-dithiane-2,5-diol (9j).
This reagent was successfully used to afford 10j as a yellow
crystalline solid in good yield.

To allow construction of the 2-chloromethyl-substituted
pyrimidine bearing a functional handle for further elaboration,
the appropriate thiophenes 10a—j were subjected to an inter-
molecular cyclization reaction under acidic conditions in the
presence of chloroacetonitrile to afford the desired thieno
[2,3-d]pyrimidine core which could be utilized for further
derivatization (Scheme 3). Cyclization required dry HCI gas to
be generated in situ (Kipps’ apparatus) and to be passed through
a solution containing the respective nitrile and thiophene,

178

furnishing the corresponding 2-haloalkyl pyrimidinones 11a—jin
high yields."®

N-Alkylation of morpholine with 11la—j was conducted in
DMEF and typically proceeded smoothly to provide the corre-
sponding morpholinomethyl analogues 12a—j. Products could
often be precipitated with H,O, washed with an appropriate
solvent, and/or recrystallized. Carbonyl activation was achieved
through the use of POCIl; along with catalytic DMF in toluene to
attain clean conversion to the corresponding chloropyrimidines
(13a—j). Finally, the appropriate chloropyrimidine (13a—j)
could be taken up in i-PrOH and subjected to microwave-assisted
nucleophilic aromatic substitution in the presence of the appro-
priate nucleophile (primary aromatic or secondary acyclic aliphatic
amine) and an excess of Hiinigs base to furnish target analogues
14a—j in good yields. Initially, DMF was trialed as a potential
reaction solvent for nucleophilic aromatic substitution but prod-
uced suboptimal yields and byproducts and thus was not used
further. Compound 15 was isolated as a reaction byproduct
during the attempted synthesis of 14f, due to the presence of
N,N-dimethylamine existing as an impurity in DMF; thus it was
characterized and tested for its in vitro activity.

DOI: 10.1021/acsjmedchem.7b01565
J. Med. Chem. 2019, 62, 174—206
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Scheme 7. Synthesis of Tetrahydro-2H-pyran-4-yl Analogues of 17
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“Reagents and conditions: (i) Et,O, 0 °C to rt, 24 h, 39%; (ii) 10% Pd/C, EtOAc, AcOH, 1 atm, rt, S h, 100%; (iii) 1,4-dioxane, HClyy, rt to reflux,
13 h, 93%; (iv) toluene, POCl;, DMF (., 100 °C, 4 h, 24%; (v) amine, i-PrOH, MWI, 120 °C, 3 h, 48% (33a); (vi) i-PrOH, Et,NH, MWI, 120 °C,

2 h, 85% (33b).

Substituents at the Thienopyrimidine 4-Position. Com-
pounds 16a—c were similarly obtained as previously outlined,
through the use of various substituted anilines via nucleophilic
aromatic substitution with key chloropyrimidine intermediate 8
(Scheme 4). Compound 16¢ was used to access the phenolic
analogue via O-demethylation employing boron tribromide in
DCM at 0 °C to afford the corresponding phenol 17 in good
yield. To assess the impact of removing aromaticity from the
4-position, several additional analogues of 1 were synthesized
(Scheme 4). To do this, key intermediate 8 was again subjected
to nucleophilic aromatic substitution using an excess of N-methyl
or N,N-diethylamine under basic conditions in i-PrOH which
furnished the corresponding N-methylamino and N,N-dieth-
ylamino analogues in good yields as light brown oils (18 and 19,
respectively). To advance our understanding of the aniline’s role
within 1, we generated a compound deficient of a hydrogen-bond
donor group through isosteric replacement with an ether linkage
but still bearing the aryl-CF; substituent (20, Scheme 4).
To achieve this, compound 8 was subjected to MWTI in the presence
of 3-(trifluoromethyl)phenol and a 10% molar equivalent of
phase-transfer catalyst tris[2-(2-methoxyethoxy)ethyl]amine
(TRIDENT). Subsequent chromatographic purification afforded
the target ether derivative 20 as a transparent oil in 72% yield.

Substituents at the Thienopyrimidine 2-Position. To assess
the effects of removing the 2-morpholinomethyl moiety
(Scheme 5), 4,5,6,7-tetrahydrobenzothiophene § was refluxed
for several hours in neat formamide to construct the corresponding
pyrimidinone 21. This compound was similarly converted to
4-chloro analogue 22, followed by nucleophilic aromatic substitution
with 3-(trifluoromethyl )aniline to yield compound 23a (Scheme $).
To further assess the effect of introducing an N,N-diethylamino
substituent at the 4-position of 1, we synthesized an additional
analogue that incorporated this amine in conjunction with removal
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of the 2-morpholinomethyl substituent (23b, Scheme 5).
This compound was accessed using key intermediate 22 via
nucleophilic aromatic substitution, thereby permitting us to fur-
ther probe the effect of incorporating an aliphatic 4-substituent
but still bearing similar hydrogen-bonding capabilities.

Next, we focused on the morpholine moiety to probe the effect
on the allosteric pharmacology of 1 by replacing the O or N
heteroatoms with a methylene or methine group to give piper-
idine analogue 26 and tetrahydropyran analogue 33a, respectively.
Compound 26 (Scheme 6) was accessed via the N-alkylation of
piperidine with key intermediate 6, again followed by chlorination
(25) and substitution to afford 26 in good yield. Compound 33a
(Scheme 7) was furnished via a multistep synthesis that initially
involved activation of diethyl cyanomethylphosphonate 28 with
NaH, followed by dropwise addition of tetrahydro-4H-pyran-4-one
27 in diethyl ether. Vacuum distillation and recrystallization from
petroleum ether afforded the corresponding nitrile 29 as a trans-
parent crystalline solid in moderate yield. Catalytic hydrogenation
employing Pd/C as catalyst in EtOAc and AcOH under atmospheric
pressure gave the corresponding saturated nitrile 30 as a transparent
oil in high purity. Intermolecular cyclization of thiophene S5 with 30
proceeded in 1,4-dioxane under standard acidic conditions (Kipp’s
apparatus) to afford the thienopyrimidinone 31, though requiring
reflux temperatures to achieve full conversion. Subsequent DMF-
catalyzed POCI; activation in toluene provided the chloropyr-
imidine 32, followed by nucleophilic aromatic substitution in
i-PrOH to afford the target tetrahydropyran 33a as a white foam in
moderate yield. To better assess the effects of N,N-diethylamino
substitution of the 4-position in combination with the tetrahy-
dropyran functionality, one additional analogue was synthesized
(33b). This compound was readily accessed by reacting the
appropriate starting material 32 under standard conditions to

afford the target as a light gold oil in good yield (Scheme 7).
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Scheme 8. Synthesis of Morpholino-Substituted Nitriles and Corresponding Alkyl Chain-Extended Analogues of 1¢
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“Reagents and conditions: (i) morpholine, toluene, reflux, 7 h, 45—65% (35a—c); (ii) 1,4-dioxane, nitrile, HC
(37b,¢); (iii) 34a—c, 1,4-dioxane, HCly), rt 12 h to reflux 3 h, 60—83% (36a—c); (iv) DMF, 50 °C, 4 h, 56% (37a3
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o 1t 12 h, reflux 4 h, 57—-80%
; (v) POCL,, toluene, DMF,,),

2—-5 h, 67—88% (38a—c); (vi) NaH, 3-(trifluoromethyl)aniline, DMF, 100 °C, 6 h, 27% (39a); (vii) i-PrOH, MWI, 2—4 h, 56—59% (39b,c).

Chain-Extension of the 2-Substituent Linker of 1. To inves-
tigate the effects of increasing the methylene linker length on the
allosteric pharmacology of 1, we generated a series of analogues
of differing methylene chain length (2—4) bridging the mor-
pholine substituent to the pyrimidine core (Scheme 8). Com-
mercially available primary chloroalkyl nitriles 3-chloropropioni-
trile 34a, 4-chlorobutanenitrile 34b, and S-chloropentanenitrile
34c were reacted in the presence of thiophene § under standard
acidic conditions in order to furnish the corresponding chain-
extended pyrimidinones (36a—c). These nitriles were substan-
tially less reactive than chloroacetonitrile and thus required
reflux temperatures to complete the conversion of the amid-
inium species formed in situ to the corresponding 2-chloropyr-
imidinone.

By use of standard conditions, alkylation of morpholine with
the appropriate chain extended chloropyrimidinone was attempted
to generate the corresponding morpholinoethyl, morpholinopropyl,
and morpholinobutyl substituted intermediates 37a—c. This
methodology successfully afforded the morpholinoethyl pyr-
imidinone 37a in good yield as a yellow crystalline solid (Scheme 8);
however pyrimidinone derivatives bearing the longer chloroalkyl
chains were suspected to be eliminating under basic conditions.
"H NMR analysis provided confirmation of favored intramolecular
cyclization under both ambient and reflux conditions, generating
two tetracyclic regioisomers in a 1:1 ratio.”” In light of this,
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additional efforts focused on construction of the N-substituted
nitrile moiety first (Scheme 8). This was accomplished by stirring
the appropriate nitrile (34a—c) with an excess of morpholine in
refluxing toluene for several hours to furnish the corresponding
N-morpholino nitriles (35a—c) in good yields as transparent oils.
These intermediates were reacted with $ under acidic conditions
to afford the target morpholinopropyl and morpholinobutyl
pyrimidinones in good yields (37b,c) followed by chlorination
(38a—c) and subsequent nucleophilic aromatic substitution to
furnish the final chain extended analogues 39a—c.

Hybrid Functionalization of 2- and 4-Positions of 1. The
subsequent pharmacological effects of incorporating extended
morpholinoalkyl substituents into analogues of 1 (39a—c)
conveyed interesting changes in the functional properties of this
scaffold. The 1,4-butylene linker was of particular interest. Thus,
compound 40 was synthesized using intermediate 38c (Scheme 9)
via nucleophilic aromatic substitution to enhance our understand-
ing of the SAR surrounding the 4-position of 1 with respect to
N,N-dimethylamino substitution. In addition to further inves-
tigate the 1,4-butylene linker, removal of the fused functionality
within 1 (14j) not only resulted in a loss of binding affinity but
rendered this analogue functionally inactive. To this end, we sought
to investigate the effect of removing the fused cyclohexane sys-
tem while maintaining the morpholinobutyl functionality in
conjunction with one of either 3-(trifluoromethyl)anilino or
N,N-diethylamino substitutents at the 4-position (Scheme 10).
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Scheme 9. Synthesis of N,N-Diethylamino Analogue Bearing Morpholinobutyl Substitutent and Fused Cyclohexane Moiety”
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Scheme 10. Further Analogues of 1 Bearing the Morpholinobutyl Substituent”
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Et,NH, MWI, 120 °C, 1.5 h, 80% (43a); i-PrOH, Et,NH, MWI, 120 °C, 4 h, 90% (43b).

These two additional analogues were accessed by reacting the
appropriate unsubstituted thiophene 10j with 35¢ under acidic
conditions to provide cyclized product 41, followed by chlorination
42 and nucleophilic aromatic subsitution employing conditions as
outlined previously to furnish 43a,b in good yields (Scheme 10).

In addition to this, we wanted to observe the effects of
N,N-diethylamino substitution of 14j as a direct comparison with
3-(triffuoromethyl)aniline. Thus, 13j, whose synthesis is depicted
in Scheme 3, was reacted with N,N-diethylamine under microwave
irradiation to afford 44 in good yield (Scheme 11). Moreover,
we wanted to observe the effect of aromatic and aliphatic sub-
stituents at the 4-position of 1 in conjunction with concurrent
removal of the fused cyclohexane and morpholinomethyl moi-
eties. Removal of said functionalities on the structure of 1 effec-
tively results in a low molecular weight fragment-like core. These
compounds were readily accessed using chemistry as outlined
previously (Scheme 11) to furnish the target analogues 47a,b in
high yields.

Pharmacology. Confirmation of an Allosteric Mode of
Action for 1 at the D,R. Our previous study predicted that 1 can
adopt an allosteric pose within the D;R™ model and revealed
that this compound also displayed activity at the D,R, our
primary target of interest.® Prior to initiating an investigation into
1, we wanted to confirm its activity at the D,R and determine if it
displays competitive or allosteric pharmacology. Equilibrium radio-
ligand binding experiments were performed on 1 to monitor
its effect upon orthosteric ligand ([*H]raclopride) binding in
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membranes prepared from FlpIn CHO cells stably expressing the
long isoform of the human D,R (hD,;R).* This assay may also
provide indication of an allosteric versus competitive mode of
action. If the compound displays incomplete or partial displace-
ment of the radioligand, this is consistent with the saturable effect
of an allosteric modulator whereby the degree of negative coop-
erativity with the radioligand detemines the level of radioligand
displacement. In cases where one observes only partial displace-
ment, data may be fit using an allosteric ternary complex model
to derive a value of affinity, denoted as Kg, and cooperativity with
[*H]raclopride (a).*” However, in our assay, 1 was able to com-
pletely displace [*H]raclopride. Therefore, this assay did not allow
us to discriminate between high negative cooperativity with the
[*H]raclopride or competition for the orthosteric binding site
(Table 1). Thus, to determine evidence of an allosteric mode of
action for this ligand, we extended our evaluation to measurements
of [*H]raclopride dissociation from the D,R (Figure 3A). Disso-
ciation of the radioligand was measured following addition of a
high concentration of cold orthosteric ligand (10 #M haloperidol)
to prevent [*H]raclopride rebinding in the absence or presence of 1.
In the presence of 100 M 1, the dissociation rate of [*°H]raclopride
from the D,R significantly increased (Table 2 and Figure 3A),
consistent with 1 binding to an allosteric site within the D,R*®

Our pharmacological analysis using the above radioligand
binding assay did not provide information regarding the
modulatory effect of 1 upon the neurotransmitter dopamine.
Therefore, we tested 1 in an assay measuring inhibition of
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Scheme 11. Further Thieno[2,3-d]pyrimidin-4-amine Analogues of 1*
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forskolin-stimulated cyclic adenosine monophosphate (cAMP)
accumulation through activation of the hD,; R stably expressed in
FlpIn CHO cells using a BRET biosensor.”” The concentration-
dependent response of dopamine was measured in the presence
of increasing concentrations of 1 and 10 uM forskolin. Appli-
cation of an operational model of allosterism to the concentration—
response data yielded an estimate of affinity of 1 for the unoccupied
receptor (Kg) and its cooperativity with dopamine where « is
cooperativity exerted upon dopamine binding, and f denotes
modulation of dopamine efficacy.®® These data are reported in
Table 4 and are presented as logarithms to base 10 to allow
statistical comparison.’’ Values of & or 8 of <1 signify negative
cooperativity with dopamine. The lead compound 1 acted as a
negative allosteric modulator at the D,R, with low uM functional
affinity (Kg = 3.9 uM). The depression in the maximal response
upon the dopamine dose—response curve caused by increasing
concentrations of 1 is characteristic of the action of a NAM of
agonist efficacy (Figure 3B). In order to fit these data, the coop-
erativity of 1 with dopamine affinity (@) was constrained to be
neutral, allowing us to estimate a value of modulatory action
upon dopamine efficacy (/3 = 0.28) that equates to a maximal 3-fold
decrease (Figure 3B, Table 4). This action is different from the
action of the competitive antagonist haloperidol at the D,R that
acts to cause a dextral shift in the dopamine dose—response curve
with no affect upon the maximal effect of dopamine (Figure 3C).
Thus, by using complementary pharmacological approaches
including equilibrium and dissociation kinetic binding analyses,
together with experiments measuring D, receptor function, we
have confirmed that 1 acts through a noncompetitive mechanism
to modulate the activity of dopamine at the D,R; i.e,, it is NAM
of the efficacy of dopamine. The thienopyrimidine scaffold of
1 is unique to known dopaminergic receptor ligands. Therefore,
a novel allosteric scaffold for the D,R has been identified and
validated. Moreover, further validation has been provided for
virtual allosteric ligand screening at the dopamine D,-like
receptors.

Radioligand Binding Analysis of Analogues of 1. To begin
to explore the structural features of 1 that determine its allosteric
activity, we employed the equilibrium [*H]raclopride binding
assay described in our characterization of 1 above. For the major-
ity of compounds, we observed complete displacement of the
radioligand. Therefore, while this simple assay provides us with
both confirmation of target activity and a value of affinity, for
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these compounds, we cannot distinguish between a competitive
mode of interaction or an allosteric interaction that exerts high
negative cooperativity upon [*H]raclopride binding. We first
examined modifications to the fused cyclohexane system of 1
(Table 1). Replacement of the six-membered saturated ring with
a fused cyclopentane (14a) or cycloheptane (14b) system made
no significant impact on binding affinity. However, replacement
with the cyclooctane (14c) system caused a significant 6-fold
decrease in affinity. No significant effect on affinity was seen
when various other substituents were introduced to the S- and
6-positions of the thienopyrimidinone (14d—g,i). Conversely,
introduction of the 5-phenyl substituent (14e) did result in an
apparent decrease in negative cooperativity manifested by an
incomplete displacement of [*H]raclopride that allowed us to deter-
mine a value of cooperativity, @ = 0.13 (Table 1). 5,6-Dimethyl
substitution (14h) and removal of the fused system (14j) both
caused a significant S- to 10-fold decrease in affinity (Kg = 250
and 120 uM, respectively). To further explore the role of the
N-(3-(trifluoromethyl)phenyl) substituent of 1, we generated a
small series of analogues of 1 that incorporated changes to this
functionality, including removal of the CF; substituent (16a), as
well as substitution with various groups (3-F, 16b; 3-OCH;, 16c;
3-OH, 17). Removal of the CF; substituent caused a 6-fold
decrease in affinity, whereas both the 3-OH and 3-OMe analogues
displayed similar affinity to the parent compound (1). To inves-
tigate the effects of removing the N-(3-trifluoromethyl)phenyl
substituent at the 4-position, we synthesized a series of analogues
of 1 that included an N,N-dimethylamino group (15) that was
isolated as a byproduct from the synthesis of 14f as a result
of trialing DMF as a reaction solvent, as well as analogues bear-
ing N-methylamino (18) and N,N-diethylamino (19) moieties.
In addition to this, we investigated the effect of removing the
secondary amine bridging the aryl moiety to the pyrimidine
moiety of 1 by isosteric replacement with an ether linkage (20).
These analogues all saw no significant change in affinity as
compared to 1. Interestingly, however, 19 displayed only par-
tial displacement of [*H]raclopride at the D,R (Kj = 6.0 uM,
a=0.23) (Table 1, Figure 4A). These data demonstrate that the
secondary amine plays no role in the functional affinity of 1, but
modification of this feature can modulate the negative coop-
erativity with [*H]raclopride. Additional analogues were synthe-
sized to examine the effect of increasing the methylene linker
length bearing the morpholine substituent (39a—c), as well as
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Table 1. Ability of 1 and Derivatives of 1 To Displace the Radiolabeled Antagonist [*H]Raclopride at the D, R Expressed in

FlpIn CHO Cells

R* R*

" =N RU =N
I\ =re F\ g
s N R2 S N

1, 14a-c, 16a-c, 17-20,
23a-b, 26, 33a-b, 39a-c, 40

14d-j, 15, 43a-b, 44, 47a-b

n R' R R’ R? pKs (Kg, uM)* Log a (a)’

1 2 - - f;/{:; ﬂfﬁjl@ﬁ 478+0.11 (16.6) -

142 1 - - AVJ:; TEK:LWS 423+0.12(59) -

14b 3 - - f»ji) T[[:LW3 443021 (37) -

14c 4 - - f(\/gi:) TT:E::j\CFa 3.98 +0.17 (106) -

14d - H [:Tx Kvﬁi; T{[:st 4.35+0.13 (45) -

14e - {:lf H ﬂvﬁi} Tf;ilt& 431+0.11 (486) -0.88+0.10(0.13)

14f - H [:::L\/>\ fiV/gi:jf TT:I::]\CF3 430 +0.18 (50) -

14g - [::1?f H X\/N\/f Tﬁ%::j\CF3 4.42 4020 (38) -

14h - CH; CH, ﬁvﬁyj T{K:Lﬁs 3.59 +0.15 (250) -

14i . H [:j;K fk/gA\ T[L:j\w3 4.34+0.18 (45.8) ]

14j - H H fk/g/\ TKL::LC& 3.91 +0.20 (120) -
L ST S I
S S S

16b 2 - - f(\/L/A\ TT:E::]\F nd nd

16¢ 2 - - LA TT:I::]\Ome 4.32£0.14 (48) -

17 2 - - AVE:] ﬂgijb” 4.45+0.10 (35) -
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Table 1. continued
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L

HN/©\CF3 451+0.13(31)  -0.41 +0.04 (0.39)
L

N(CH,CH;),  4.76 £0.07 (17) -
HNQCF3 4.41+0.12 (39) -

L

HN/©\CF3 3.99+027(100)  -0.41+0.08 (0.39)
L

N(CH,CH;),  4.45+0.09 (35) -
HN/©\CF3 4.16 +0.16 (70) -

e

HNQ% 4.89+0.17 (13) -

L

HNQCF3 548+0.09(3.31)  -1.03 +0.09 (0.09)
L

N(CH,CH;),  4.79+0.08 (16) -
HN/©\CF3 471+ 0.09 (19) -

e

N(CH,CH3), 5.51+0.11 (3) -
N(CH,CH;),  5.8940.09 (1.3) -
N(CH,CH;),  4.20+0.09 (63) -
ET.WQC% 4.65+0.12(23)  -1.01+0.14 (0.10)

“Estimate of the negative logarithm of the equilibrium dissociation constant + SEM determined by radioligand binding. “Estimate of the logarithm
of the net cooperativity factor between the modulator and [*H]raclopride. Values represent the mean + SEM from at least three experiments

performed in duplicate.

the effect of replacing either the oxygen or nitrogen atoms within
morpholine with CH, and CH (26 amd 33a, respectively, Table 1).
Of note, the addition of a morpholinobutyl substituent (39¢) not
only appeared to increase affinity S-fold but also appeared to
cause an apparent decrease in negative cooperativity such that
this compound was only able to partially inhibit the binding of
[*H]raclopride (a = 0.09). Interestingly, while incorporation of
piperidine 26 saw no changes in affinity, the tetrahydropyran
analogue 33a lost aflinity and apparent negative cooperativity
with [*H]raclopride as the highest concentration of 33a only par-
tially displaced the radioligand from the receptor (Ky = 100 uM,
a = 0.39) (Table 1, Figure 4A). Similarly, removal of the mor-
pholinomethyl moiety 23a did not affect binding affinity despite
having effects on negative cooperativity with only partial
displacement of the radioligand again observed (Ky = 31 uM,
a=0.39) (Table 1, Figure 4A). In summary, the removal of the
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morpholinomethyl moiety or incorporation of N,N-diethylamino,
tetrahydropyranomethyl, and morpholinobutyl functionalities
yielded ligands that exhibited incomplete displacement of
[*H]raclopride, suggesting that these functionalities were impor-
tant determinants of cooperativity (compounds 23a, 19, 33a, and
39c, respectively). Accordingly, analogues were synthesized inte-
grating these changes with additional structural changes (Table 1).
We synthesized four analogues combining the incorporation of
the N,N-diethylamino moiety into these novel analogues of 1,
including 23b (morpholinomethyl deletion), 33b (tetrahydro-
pyranomethyl), 40 (morpholinobutyl), and (44) (fused cyclo-
hexane deletion). In addition to these modifications, we wanted to
examine the effects of bis-functionalization with respect to incor-
porating m-trifluoromethylaniline or N,N-diethylamine. We syn-
thesized two compounds devoid of the fused cyclohexane system
and morpholinomethyl moieties but maintained substitution with
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Figure 3. Compound 1 displays allosteric pharmacology at the D,R. (A) 1 acts to increase the rate of dissociation of [*H]raclopride from the hD, R
expressed in FIpIN CHO membranes consistent with an allosteric mode of action (Table 2). (B) In an assay measuring inhibition of forskolin-stimulated
cAMP production using a BRET biosensor, 1 acts to cause limited depression in the maximal response of dopamine with more modest effects upon
dopamine potency (these data were fitted with an operational model of allostery to derive values of affinity and cooperativity, Table 4). In constrast
increasing concentrations of haloperidol (C) causes a limitless dextral shift in dopamine potency with no effect on dopamine maximal response
consistent with competitive antagonism and can be fit with a Gaddum—Schild model to derive a value of affnity pA, = 9.67 + 0.10. Data are the mean +

SEM of three independent experiments performed in duplicate.

Table 2. Compounds 1 and 19 Act To Increase the Rate of
[®*H]Raclopride Dissociation from Membrane Homogenates
of FlpIn CHO Cells Stably Expressing the D, R”

kog (min™") t1/» (min)
haloperidol + haloperidol +
haloperidol modulator haloperidol modulator
1 0.020 + 0.004 0.038 + 0.005* 342 18.1
19 0.014 + 0.001 0.038 + 0.003* 49.2 18.2

“Values represent the mean + SEM from at least three independent
experiments performed in quadruplicate. *Analysis with a Student’s
t-test revealed that [*H]raclopride displayed a significantly higher (p <
0.05) kg in the presence of haloperidol plus modulator as compared
to haloperidol alone.

one of either m-trifluoromethylaniline or N,N-diethylamine to reveal
fragment-like low molecular weight analogues (47a and 47b,
respectively). While both maintained affinity at the D,R, the
latter compound was only able to partially displace [*H]raclopride
and a value of a = 0.10 could be determined reflecting moderate neg-
ative cooperativity. Excitingly, our finding that 47a and 47b are
analogues both devoid of the fused system and morpholinomethyl
moieties that maintain affinity indicates that the scaffold of 1
can be “pruned back” to reveal modulators of the D,R with low
molecular weights and high ligand efliciencies. A further two
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compounds were synthesized that comprised the morpholino-
butyl moiety but were devoid of the fused cyclohexane system and
were substituted with either m-trifluoromethylaniline or N,N-
diethylamine (43a and 43b, respectively). Affinity was main-
tained for these analogues showing that the fused cyclohexane
may be removed from the scaffold without detriment. It is
interesting to note that 44 displayed 100-fold improved affinity
(Kg = 1 uM) from its parent analogue 14j (Kz = 120 uM),
demonstrating the N,N-diethylamino substituent is favorable
over the m-trifluoromethyl substituted aryl system. Similarly,
upon introduction of this amine to 33a, compound 33b gained a
3-fold improvement in affinity (Kz = 35 puM) but acted to
completely displace [*H]raclopride suggestive of higher negative
cooperativity or a competitive mode of interaction. This is
consistent with our observation that while 23a partially displaced
[*H]raclopride, compound 23b was able to completely dis-
place the radioligand. In summary, then, our exploration of the
thienopyrimidine scaffold of 1 revealed that a vast array of
modifications are tolerated in terms of affinity for the D,R but
that subtle modifications to the 4-position may modulate the
degree of negative cooperativity between the allosteric ligand and
orthosteric probe [*H]raclopride. As the degree of negative
cooperativity on [*H]raclopride binding significantly changed
upon N,N-diethylamino substitution (19), resulting in the
incomplete displacement of the radioligand, we sought to obtain
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Figure 4. Analogues of 1 act to partially displace orthosteric radioligand
binding at the D,R and D;R. (A) In equilibrium radioligand binding
experiments, 1 acts to completely displace [*H]raclopride from the
hD,; R expressed in FIpIN CHO membranes, an effect consistent with a
competitive mode of binding or an allosteric mode of binding that exerts
high negative cooperativity with [*H]raclopride (Table 1). In contrast
compounds 19, 23a, and 33a act to only partially displace [*H]-
raclopride at the highest concentration consistent with an allosteric
mode of action and moderate negative cooperativity (these data were
fitted with an allosteric ternary complex model to derive estimates
of affinity (Kp) and cooperativity with [*H]raclopride (@), Table 1).
(B) 1 acts to partially displace [*H]raclopride from the hD;R expressed
in FIpIN CHO membranes at the highest concentration measured,
whereas 19 completely displaces [*H]raclopride from the D,R (Table 3).
Data are the mean + SEM of three independent experiments performed in
duplicate.

additional confirmation of an allosteric mode of interaction. The
profile of 19 was further explored through radioligand binding
dissociation kinetic experiments. In the presence of 19, the
dissociation rate of the [*H]raclopride from the D,R again signifi-
cantly increased (Table 2). This experiment provided further
validation of the allosteric mode of action of 1 and its structural
analogues.

Finally, we sought to assess receptor subtype selectivity at the
D;R versus the D,R; accordingly, equilibrium radioligand binding
experiments were conducted on 1 and a further seven structural
analogues (19, 23a, 33a, 39c, 40c, 43b, and 44, Table 3).
Molecules were selected based upon their profiles at the D,R
acquired from [*H]raclopride binding experiments at this recep-
tor, where some showed increased binding affinities and diver-
gent cooperativity profiles. Interestingly, two compounds displayed
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selectivity for the D,R over the D;R 39c (30-fold selec-
tivity) and 44 (10-fold selectivity). In contrast, compounds 1, 19,
and 23a displayed selectivity toward the D;R (57-fold, 23-fold,
140-fold, respectively). All other compounds displayed no signif-
icant subtype selectivity (33a, 40, 43b). It is interesting to note
that many compounds assayed at the D;R saw strikingly different
levels of negative cooperativity with [*H]raclopride binding
compared to that observed at the D,R (Table 3, Figure 4B). For
example, at the D,R, 19 only partially displaces [*H]raclopride at
the highest concentration measured; however, at the D;R it
completely displaces [*H]raclopride at the highest concentration
despite having a lower functional binding affinity (Kj = 89.7 uM)
(Table 3, Figure 4B). As 1 was identified via virtual ligand
screening using a D3R crystal structure, it is unsurprising that 1
displayed subtype selectivity for this receptor. However, our
study has identified D,R-selective compounds that may be used
as a starting point for the future development of D,R subtype-
selective ligands.

Functional Analysis (CAMP) of Analogues of 1. We extended
our characterization of these compounds to their effect upon
dopamine action in the cAMP assay described above. Inter-
estingly, all compounds above were shown to retain activity in
our equilibrium radioligand binding experiments, yet many failed
to have any effects upon dopamine binding and/or signaling
efficacy within the same concentration range. This observation is
likely an example of probe dependence whereby these ligands
exert negative cooperativity on raclopride binding but display
neutral cooperativity upon dopamine binding and efficacy.
In agreement with this hypothesis, while our binding assay found
that 1 displayed a robust effect upon [*H]raclopride binding, our
functional data suggest that 1 acts to modulate dopamine efficacy
but has little effect upon dopamine affinity.

We first examined modifications to the S,6-fused cyclohexane
system of 1 (Table 4). We found that increasing the fused ring
size to greater than six carbons renders these analogues inactive
in this functional assay (14b,c), while the five-membered cyclo-
pentane system (14a) maintained functional affinity (Kg = 11.4 M)
but changed the nature of the cooperativity whereby we observed
a modulatory effect on dopamine affinity (@ = 0.13) rather than
modulation of efficacy (= 1). Both 6-phenyl substitution (14d)
and modifications to the S-position with phenyl (14e) or
cyclohexyl (14g) substituents resulted in a loss of activity. Activ-
ity was maintained for the 6-cyclohexyl substituted analogue
(14, K = 5.4 uM, Figure SA), but in contrast to the action of 1
that modulates dopamine efficacy, this ligand acted to modulate
dopamine affinity only (a = 0.13) (Table 4, Figure SA).
5,6-Dimethyl substitution (14h), as well as removal of the fused
functionality entirely (14j), rendered these analogues inactive in
our functional assays, thus indicating a small window in which 1
can be modified surrounding the 5,6-positions and still maintain
allosteric pharmacology with dopamine. Removal of the CF,
substituent on the aryl ring of 1 (16a, Table 5) or replacement
with 3-F (16b), 3-OMe (16¢), or 3-OH (17) had no effect upon
functional affinity. However, the addition of methoxy or hydroxy
substituents resulted in additional modulatory effects upon
dopamine affinity (@ = 0.19 and a = 0.06, respectively).

We then focused on the importance of the aryl ring within 1 by
replacing the phenyl ring with acyclic aliphatic amines (Table 6).
These analogues still maintained a hydrogen-bond donor—acceptor
but lacked the aromatic moiety in this region. The N-methylamino
analogue (18) was inactive, whereas the N,N-diethylamino
analogue (19) saw a 6-fold increase in functional affinity and a
4-fold increase in negative cooperativity with dopamine efficacy
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Table 3. Ability of 1 and Derivaitives of 1 To Displace the Radiolabeled Antagonist [*H]Raclopride at the D;R eExpressed in FlpIn

CHO Cells
R? R?
T\ I~r T\ J—r
s~ N H™ g7 N
1,19, 23a, 33a, 39¢, 40c 43b, 44
R “pKy (Kg, uM)  D,/Djselectivity *log a (@)
9 L
1 LA o er, 6.54+0.27 (0.3) 57 -0.40 = 0.04 (0.39)
19 &NJ N(CH,CHj), 3.85+ 0.16 (140) 23 ;
23 H ,11@% 6.65+0.21(0.2) 140 -0.39 % 0.03 (0.06)
33a /\/QO HNQCF 428+0.23 (52) 2 -0.44 %023 (0.37)
»wLw 3
9 L
39¢ {(M"N e, 3.97 +0.18 (106) 0.03 -0.69 = 0.20 (0.20)
_________________________ L
40 AN N(CH,CH;), 4.99 +0.05 (10) 1.6 -
,,,,,,,,,,,,,,,,,,,, 4,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
(0]
43b AN N(CH,CH), 6.06 +0.03 (0.9) 3.5 )
,,,,,,,,,,,,,,,,,,,, .
44 9 N(CH,CH), 4.95+0.06 (11) 0.1 -

“Estimate of the negative logarithm of the equilibrium dissociation constant + SEM determined by radioligand binding. “Estimate of the logarithm
of the net cooperativity factor between the modulator and [*H]raclopride. Values represent the mean + SEM from at least three independent

experiments performed in duplicate.

(Kg = 660 nM, f3 = 0.08, Figure 5B). To further probe the effects
of this substituent, we tested an additional analogue of 19 in
which the fused cyclohexane system was removed entirely while
maintaining the N,N-diethyl functionality (44). While the
analogue bearing no substitution at the S- and 6-position (14j)
displayed no activity in this functional assay, to our surprise com-
pound 44 maintained affinity (Kg = 3 zM) as well as robust nega-
tive cooperativity with dopamine affinity and efficacy (a = 0.08,
f = 024). Interestingly, due to the presence of the N,
N-dimethylamino functionality, 6-benzyl substitution (15) no
longer rendered the molecule inactive, as seen previously with
14f (Table 4), but instead caused affinity and negative allosteric
cooperativity to be maintained (Table 6). Together, these data
demonstrate that the nature of the 4-substituent (aromatic or
acyclic aliphatic amine) has significant effects upon negative coop-
erativity with dopamine. Isosteric replacement of the secondary
amine with an ether (20, Table 6) did not affect affinity in our
binding assay; moreover this compound showed no activity in
the functional assay highlighting the importance of the secondary
amine contained within 1 and the potential requirement of a
hydrogen-bond donor—acceptor at the 4-position for coopera-
tivity with dopamine.

Our binding experiments revealed that modifications at the
2-position of the thienopyrimidine can influence the degree of
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negative cooperativity between the modulator and [*H]raclopride.
Therefore, we examined the functional impact of removing the
morpholinomethyl moiety with respect to varying substituents at
the 4-position. Maintaining the m-(trifluoromethyl)anilino
substituent (23a) did not affect functional affinity but resulted
in a 3-fold increase in the modulatory effect upon dopamine
efficacy (ff = 0.10, Table 7). The N,N-diethylamino substituent
(23b) not only maintained functional affinity (K = 1 uM) but
gave rise to almost complete attenuation of dopamine signaling
at a concentration of 10 #M indicative of a very high negative
modulatory effect upon dopamine efficacy (Figure SC, Table 7).
Interestingly, the pyrimidinone analogue (21) was inactive and is
in agreement with our finding that the secondary amine is a key
structural determinant of cooperativity.

We next focused on the nonfunctionalized methylene spacer
group within 1 and the importance of linker length (Table 7).
Increasing linker length by one carbon atom had no effect on
affinity; however the nature of allostery was altered as 39a
modulated dopamine affinity with little effect upon dopamine
efficacy (a = 0.23). Further extension of linker length by one
carbon 39b engendered an additional modulatory effect upon
dopamine efficacy (Kg = 1.39 uM, a = 0.21, # = 0.40). Moreover,
further extension of the linker 39c was observed to not only
increase functional affinity (Kgz = 611 nM) but also increase
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Table 4. Functional Parameters for Analogues of 1 with Chemical Modifications to the 5,6-Fused System Derived from cAMP

BRET Assay
Q\CFs Q\CFs
, HN i PN (\
o) o)
=N SN
(N /)\/N(\\) Rzz/f\/)\/NJ
S N S N
1, 14a-c 14d-
n R' R’ “pKis (K, uM) *Log & (@) “Log B (B)
1 2 - - 5.41+0.22(3.87) = -0.55+0.08 (0.28)
B 4.95£040(114) -090+032(0.13) =0

14b 3 - - nd
14c¢ 4 - - nd
14d - H ©/\ nd
14e - ©\/ H nd
14f - H @\)\ nd
14g - O\/ H nd
14h - CH3 CH3 nd
14i - H O/\ 527+0.17(5.37) -0.90+0.11(0.13) =0
14j - H H nd

“Estimate of the negative logarithm of the equilibrium dissociation constant determined in a cAMP functional assay. “Estimate of the logarithm of
the net cooperativity factor between the modulator and dopamine. “Estimate of the logarithm of the modulatory effect upon efficacy factor induced
by the allosteric modulator. nd = inactive at concentrations up to 100 yM. Values represent the mean + SEM from at least three independent

experiments performed in duplicate.

negative cooperativity with dopamine efficacy (f = 0.03). The
addition of the N,N-diethylamino substituent (40) resulted in a
similar affinity as determined for 39¢ but displayed pharmacol-
ogy best fit with a competitive model (Table 7).

Interestingly, isosteric replacement of the morpholino nitro-
gen with a methine group (33a) caused a 10-fold increase in
functional affinity (Kg = 622 nM), as well as enhancing the neg-
ative allosteric modulatory effect upon dopamine efficacy
(# = 0.13). This finding suggests that the ionizable nitrogen
within 1 is not a structural requirement to maintain modulatory
activity at the D,R. However, the N,N-diethylamino substitution
(33b) was not tolerated in conjunction with the tetrahydropyran
as the compound was inactive in this functional assay. Isosteric
replacement of the morpholino oxygen for a methylene group via
the incorporation of piperidine (26) maintained functional
affinity (K = 6.52 uM) but saw a reduction in negative allosteric
cooperativity (a = 0.49, # = 0.68) compared to 33a.

We also investigated the impact of bis-functionalization of 1
with respect to incorporating various amines at the 4-position of
1 in this functional assay (Table 8). Two analogues of 1 that
incorporate the morpholinobutyl substituent, in conjunction
with removal of the fused cyclohexane system, together with one
of either m-CFj;-anilino (43a) or N,N-diethylamino substituents
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(43b) maintained functional affinity (K3 = 1.3 M and 1.4 uM,
respectively) comparable to 1 but now displayed a higher level of
negative cooperativity with both dopamine afhinity and efficacy
(Table 8). These data further indicate that linker length
extension of the morpholine moiety acts to increase negative
cooperativity with dopamine.

In agreement with our binding data, analogues of 1 devoid of
both the morpholinomethyl and fused cyclohexane moieties but
incorporating one of either m-(trifluoromethyl)aniline (47a) or
N,N-diethylamine (47b, Figure SD) maintained functional affin-
ity and displayed robust negative cooperativity with dopamine
efficacy and affinity despite the lack of a substituent at the
2-position or the presence of the fused cyclohexane system (Kp =
1.3 uM, a = 0.05, # = 0.15 and Ky = 1.4 M, & = 0.13, 3 = 0.06,
respectively, Table 8). These data demonstrate the utility of the
thieno[2,3-d]pyrimidine scaffold as a NAM of the dopamine
effect as “pruned back” analogues maintain negative allosteric
cooperativity while preserving functional affinity relative to 1.
Through successive compound iterations, both the lipophillic
ligand efficiency (LLE) and ligand efficiency (LE) of the scaffold
have been enhanced significantly compared to that of 1, with the
most efficient compound being 47b (Figure 6, LLE = 2.48,
LE = 0.54). This reveals the versatility of the scaffold for further

DOI: 10.1021/acsjmedchem.7b01565
J. Med. Chem. 2019, 62, 174—-206

-89 -



Chapter 2: A Thieno/[2,3-d]pyrimidine Scaffold is a Novel NAM of the D>R

Journal of Medicinal Chemistry

A eer

HN
O
=N
/1 ) N
S N
1oy (M4 GM)
2100 ®°
a m 1
g 80+ A 3
g %01 v 10
E 40- 30
< 20 @
a
X 07
42 41 10 9 8 7 6 5 -4 -3
Log[dopamine(M)]
Lo~
=N
7\ )
S N
120+
% [23b] (uM)
8100-
% 80+ ¢ 0
£ m 1
g% a3
§40- v 10
< 207 30
(a)
X 07
42 410 9 8 -7 -6 5 -4 -3
Log[dopamine(M)]

N
(0]
SN f
/ \ /)\/N\)
S N
[19] (uM)
3120- )
§ 1004 A
v
7] 80-
£ .
(] -
£ 60
X 404
€
< 20A
[a]
X 0
42 41 10 9 -8 7 -6 5 -4 -3
Log[dopamine(M)]
Lo~
~N
7\ /)
S N
£ 100- ® 0
8 m 1
® 60
£ Y 10
g 40- 30
Z 2] @ 100
a
X 01
42 4110 9 8 -7 6 5 -4 -3
Log[dopamine(M)]

Figure S. Exploration of the thieno[2,3-d]pyrimidine scaffold of 1 reveals small molecule modulators of the D, R with distinct functional effects.
(A) Modification of the S,6-fused system in the form of a 6-cyclohexane substitution (14i, Table 4) resulted in negative cooperativity upon dopamine
affinity with no effect upon dopamine efficacy (B). Replacement of the phenyl ring of 1 with N,N-diethyl (19, Table 6) caused a 6-fold increase in affinity
and 4-fold increase in negative cooperativity with dopamine. (C) Removal of the morpholinomethyl moiety along with incorporation of the
N,N-diethylamino substitution (23b, Table 7) maintained affinity but resulted in a large increase in negative cooperativity with dopamine efficacy.
(D) Remarkably, a fragment-like derivative devoid of both the morpholinomethyl and fused cyclohexane moieties but incorporating the
N,N-diethylamino substitution (47b, Table 8) maintained functional affinity and displayed robust negative cooperativity with dopamine efficacy. All
data are the mean + SEM of three independent experiments performed in duplicate. Data were fit using the operational model of allostery to derive

estimates of affinity and cooperativity with dopamine.

structural optimization and development of ligands that non-
competitively modulate dopamine affinity and signaling efficacy
at the D,R. Collectively, these results demonstrate that analogues
of 1 mediate their effects through an allosteric mode of action. While
we were able to gain only relatively modest (10-fold) improve-
ment in affinity, our SAR study revealed compounds with a range of
modulatory effects upon dopamine efficacy and/or affinity.

189

Molecular Docking Studies. The recently solved structure
of D,R receptor (PDB code 6C38)*” provides an opportunity to
accurately model the allosteric binding of compound 1 and a
library of structurally diverse analogues. Specifically, we were
interested in the interactions of these allosteric compounds with
the orthosteric ligand, as reflected in the [*H]raclopride
equilibrium binding assays (Table 1). While the D,R structure
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Table 5. Functional Parameters for Analogues of 1 with Modifications to Aryl Moiety

a¥

HN
=N
7\ N/
S
X pKp (Kg, pM)“
1 CF, S41+022 (3.87)
16a H 5.13 + 0.31 (7.46)
16b F 5.08 + 0.44 (8.39)
16¢ OMe 5.10 + 0.13 (8.02)
17 OH 5.55 +0.12 (2.81)

(3

N
log & (a)® log  (B)°
0 —0.55 + 0.08 (0.28)
0 —0.95 + 0.24 (0.11)
0 —0.40 + 0.11 (0.40)

—0.73 + 0.16 (0.19)
—1.22 + 0.16 (0.06)

—0.53 + 0.14 (0.29)
-3.0

“Estimate of the negative logarithm of the equilibrium dissociation constant determined in an cAMP functional assay. bEstimate of the logarithm of
the net cooperativity factor between the modulator and dopamine. “Estimate of the logarithm of the modulatory effect upon efficacy factor induced
by the allosteric modulator. nd = inactive at concentrations up to 100 M. Values represent the mean = SEM from at least three independent

experiments performed in duplicate.

Table 6. Functional Parameters for Analogues of 1 with Chemical Modifications to the 4-Position and 5,6-Fused System Derived

from cAMP BRET Assay

R3 . R3
o) R fo
B s
S” °N s~ N
18-20 15, 44
R' R’ R’ “pKg (Kg, uM) *Log a (@) ‘Log B (B)
15 H @\)\ N(CHs), 531+0.15(4.90)  -0.17+0.14 (0.68) -0.84+£0.10 (0.15)
18 - NHCH; nd
19 - N(CH,CH;), 6.18£0.16 (0.662) -0.17£0.17 (0.68) -1.10£0.10 (0.08)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, R
44 H H N(CH,CHj;), 5.50+0.10 (3.13) -1.10£0.16 (0.08) -0.62 £0.15 (0.24)

“Estimate of the negative logarithm of the equilibrium dissociation constant determined in an cAMP functional assay. bEstimate of the logarithm of
the net cooperativity factor between the modulator and dopamine. “Estimate of the logarithm of the modulatory effect upon efficacy factor induced
by the allosteric modulator. nd = inactive at concentrations up to 100 yM. Values represent the mean + SEM from at least three independent

experiments performed in duplicate.

was solved with the atypical antipsychotic drug risperidone, we
first generated a conformational model of raclopride bound to
the D,R (D,R™°), Flexible docking of raclopride shows a pose
similar to the pose of eticlopride found in the D,R structure.’
Both raclopride and eticlopride are known to bind to the orthosteric
pocket of the D,R commonly occupied by dopamine; however,
since it is bulkier than dopamine, the allosteric pocket in
the D,R™° complex is shallower, as compared to the D,R P
complex.

Docking of compound 1 in the D,RRcle complex consistently
yielded the best scoring pose shown in Figure 7. This pose is
stabilized by a hydrogen bond between the ionized morpholine
secondary amine and the oxygen atom of the side chain of $409”
(Ballesteros-Wenstein nomenclature®®), as well 7—x stacking
interactions of the thienopyrimidine moiety with Y4082 and
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WI100EL side chains. In addition, the fused cyclohexane ring
system is positioned in the hydrophobic subpocket located
between helices V and VI formed by the residues 1184ECL2,
V1903, H394%%, whereas the phenyl ring bearing the m-CF;
substituent is placed between helices VI and VII, and ECL3 and is
lined by the residues N396°%, N4025°3, 40572, and Y4087
(Figure 7).

The key SAR data support the consistent binding pose of
compound 1 and its analogues as illustrated in Figure 8 and
Supporting Information Figure 2. First, we examined modifica-
tions to the fused cyclohexane system of 1 (14a—j). Most ana-
logues bind in a similar mode, maintaining the key interactions of
the scaffold (Supporting Information Figure 2A). At the same
time, the docking illustrates a modest binding dependence on the
size of this fused hydrophobic ring, as replacement of the
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Table 7. Functional Parameters for Analogues of 1 with Chemical Modifications to the 2-Position Derived from cAMP BRET Assay

R2

=N
T\ g
g N

R' R’ “pKg (Kg, uM) "Log a () ‘Log f (B)
21 H o OH nd
23a H 'ﬂQCFa 4.60 £0.17 (25.4) =0 -1.02 £ 0.35(0.10)
2p  0H N(CH,CHy),  572+0.13(192) =0 =30
26 /\/@ HNQCH -5.16+0.13(6.98)  -0.46+0.12(0.34)  -0.22 £ 0.08 (0.60)
,,,,,,,,,,,,,,,,,,,,,,,,,, e

o AL
33a &O - CFs 6.22+0.26(0.622)  -0.89+0.29(0.13)  -0.63+0.19 (0.23)
33b &O N(CH,CHs), nd

(o]
39a /:M;Q iﬁQCFS 6.01+£0.17 (0.981)  -0.63 +0.05 (0.23) =0

o

39 «'(M;‘\) ET:©\CF3 5.79+0.11 (1.63) -0.68+£0.12(0.21)  -0.40 + 0.08 (0.40)

(o]
39¢ g%,(\ ﬂw@ch 621+0.11(0.611)  -0.72+0.18(0.19)  -1.50+0.15 (0.03)

T

40 AMNJ N(CH,CHs), 5.80£0.20 (1.77) Schild Slope: 1.07 £ 0.11

“Estimate of the negative logarithm of the equilibrium dissociation constant + SEM determined in an cAMP functional assay. “Estimate of the
logarithm of the net cooperativity factor between the modulator and dopamine + SEM determined in an cAMP functional assay. nd = inactive at
concentrations up to 100 x#M. Values represent the mean + SEM from at least three independent experiments performed in duplicate.

cyclohexane with either cyclopentane (14a) or cycloheptane
(14b) would make less favorable hydrophobic interactions,
reducing allosteric binding affinity by approximately 2- to 4-fold
(Figure 8A). Moreover, compounds that lack the fused ring
system (14h,j) showed an even more pronounced decrease in
binding, consistent with loss of interactions with this hydro-
phobic subpocket (Figure 8B).

Next, we examined compounds with variations to in the m-CF,
substituent (16a—c, 17) positioned between helices VI and VII,
and ECL3, but exposed to solvent. As the CF; substituent is
favorable for solvent interactions, its removal in 16a explains the
observed 6-fold decrease in binding for this compound. The
reduction is much smaller for derivatives that have polar sub-
stituents in this position, 3-OH (17) and 3-OMe (16c) (Supporting
Information Figure 2B).

Next, we examined compounds with variations in N-(3-
trifluoromethyl)phenylamino substituent (15, 18, 19). The
docking poses place N,N-dimethylamino (15), N-methylamino
(18), and N,N-diethylamino moieties (19) into the hydro-
phobic subpocket in the proximity of Y408”° and W1005¢H,
with 19 having the most extensive hydrophobic contacts. This
is in agreement with an improved binding affinity for 19
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(Supporting Information Figure 2C). The secondary amine of
compound 1 is not engaged in any interactions, and its isosteric
replacement to an ether (20) did not impact the predicted
binding mode (Supporting Information Figure 2D) or its
binding affinity (Table 1).

Interestingly, removal of the morpholinomethyl moiety (23a)
maintained the 77—z stacking interactions of the thienopyr-
imidine moiety with the Y408”3* and W1005“", though slightly
shifting the scaffold, enabling an additional hydrogen bond
interaction with T4127%°. We hypothesize that though loss of the
morpholine system abolished the interaction with the $4097¢
(Figure 8C), the new hydrogen bond at least partially com-
pensated the loss, maintaining binding affinity of this analogue
(Table 1). However, replacing morpholine with piperidine (26)
leads to 2.5-fold decrease in affinity, reflecting replacement of a
polar oxygen with a carbon in this solvent-exposed position
(Supporting Information Figure 2E).

Moreover, removal of the tertiary amine in the morpholine
ring abolishes the hydrogen bond interaction of 33a with $4097¢
(Figure 8D), with the importance of this hydrogen bond cor-
roborated by a ~7-fold decrease in affinity for this compound
(Table 1).
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Table 8. Functional Parameters for Analogues of 1 with Bifunctionalization in Conjunction with Aromatic or Aliphatic

4-Substituted Amine

H

H

RZ

“pKy (Kg, uM)

=N
I\ =g
g N

"Log a () ‘Log S8 (B)

-0.88+£0.16(0.13)  -1.21 +0.16 (0.06)

-1.34+021(0.05)  -0.82+0.18 (0.15)

43a N 5.85+0.10 (1.4)
!}\M‘t <y
(0]
43b KMNO N(CH,CHs), 5.89 +0.09 (1.3)
4
47a H HNQCF3 6.13+0.21 (0.8)
47b H N(CH,CH), 5.31+0.07 (4.6)

-0.43 +0.06 (0.37)

=0 -0.89 £ 0.04 (0.13)

“Estimate of the negative logarithm of the equilibrium dissociation constant determined in a cAMP functional assay. bEstimate of the logarithm of
the net cooperativity factor between the modulator and dopamine. “Estimate of the logarithm of the modulatory effect upon efficacy factor induced
by the allosteric modulator. Values represent the mean + SEM from at least three independent experiments performed in duplicate.

(@) (\O

=N N\) =N N\) =N =N
T\ P I\ P I\ ) I\
s~ N s~ N s~ N s~ N

1 19 23b 47b
MW: 449 | | Mw: 360 | [ MW: 261 | " MW: 207
ELLE: -0.39; ' LLE: 1.99 | ' LLE: 1.28 ] ' LLE: 2.48 |
\LE:0.24 | |LE: 035 | | LE: 044 |LE: 054

Figure 6. Lipophillic ligand efficiencies (LLE) and ligand efficiencies (LE) of 1, 19, 23b, and 47b calculated according to equilibrium dissociation
constants derived from functional interaction experiments measuring cAMP accumulation. Multiple compound iterations have yielded improvements in
the scaffold’s efficiency through decreased molecular weight and functional binding affinity. This is particularly evident with compound 47b as it shows a
marked improvement in both LLE and LE compared to that of 1, resulting in a promising fragment-like starting scaffold that can be elaborated through

multiple vectors.

Furthermore, we evaluated the effect of elongating the meth-
ylene linker to the morpholine substituent (39a—c). In our
model, increasing the linker length did not hinder the ability of
the compounds to maintain crucial interactions, and even helped
to improve complementarity of 39¢ with the binding pocket, in
accordance with its improved affinity (Figure 8E).

Other docked analogues, characterized by morpholinomethyl
deletion (23b), tetrahydropyranomethyl (33b), morpholinobu-
tyl (40), and fused cyclohexane deletion (44), also maintained
the crucial 7—7 stacking interactions with Y4087° and W1005-
(Supporting Information Figure 2F). Similar poses were
obtained for the two compounds 43a,b, comprising the mor-
pholinobutyl moiety and four carbon linker but devoid of the
fused cyclohexane system (Supporting Information Figure 2G).

Finally, we docked compounds devoid of the fused cyclo-
hexane system and morpholinomethyl moieties but maintained
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substitution with one of either m-trifluoromethylanilino or N,
N-diethylamino (47a,b). This dramatically reduced the size of
the scaffold but also maintained 7— stacking interactions with
Y40873% and W100"" while shifting to gain a hydrogen bond
interaction with T4127* (Figure 8F), which is in agreement with
only a minor loss of binding affinity (Table 1).

Bl CONCLUSIONS

In this study, we report the pharmacological validation of a
VLS hit, confirming it exerts its effect via an allosteric mode of
action at the D,R, as predicted by our initial modeling studies.
We subsequently describe the design and characterization of a
structurally novel series of dopamine D,R NAMSs based on this
thieno[2,3-d]pyrimidine scaffold, demonstrating its scope for
future development of D,R NAMs. The impact of structural
modification was assessed with respect to thienopyrimidine
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substituents (2-, 4-, S-, and 6-positions), isosteric replacement of
the aniline nitrogen with respect to hydrogen bonding, as well as
the importance of bearing an ionizable nitrogen at differing linker
lengths on the 2-substituent and its subsequent impact on the
allosteric pharmacology of 1. The majority of active compounds
displayed comparable binding affinities to that of 1. Rather, the
structural modifications within this study had a profound effect
upon the extent of modulation of dopamine binding and/or
efficacy. Indeed, while 1 exerted its effect predominaly via neg-
ative modulation of dopamine eflicacy, we identified analogues
of 1 that displayed modulatory effects upon dopamine affinity
(e.g, 14a, 14i, 39a), and those that displayed modulatory effects
upon both dopamine affinity and efficacy (e.g, 17, 19, 43a).
Maintaining a hydrogen-bond donor (secondary amine) at the
4-position was found to be a requirement for cooperativity with
dopamine, as thienopyrimidinone analogues were inactive in our
functional assay. Moreover, the ether analogue of 1 (20) was also
inactive in our functional assay, suggesting this modification is
not well tolerated. Most significantly, we show that this scaffold
can be effectively “pruned back” of morpholinomethyl and fused
cyclohexane moieties to reveal a low molecular weight fragment-
like core with low M functional affinity and very high lipophilic
ligand efficiency (47a,b). Our molecular docking studies, using

the recently determined crystal structure as a template, provide
some insight into the molecular determinants of this SAR. Thus,
this minimal thieno[2,3-d]pyrimidine scaffold provides an
attractive starting point for further structural interrogation and
elaboration of the core scaffold to achieve high affinity, low
molecular weight NAMs of the D,R with varying effects upon
dopamine binding and/or function.

B EXPERIMENTAL SECTION

Chemistry: General Information and Synthetic Procedures.
Chemicals and solvents were purchased from standard suppliers and
used without further purification. Davisil silica gel (40—63 ym) for flash
column chromatography was supplied by Grace Davison Discovery
Sciences (Victoria, Australia), and deuterated solvents were purchased
from Cambridge Isotope Laboratories, Inc. (USA, distributed by
Novachem PTY. Ltd,, Victoria, Australia). Reactions were monitored by
thin layer chromatography on commercially available precoated
aluminum-backed plates (Merck Kieselgel 60 F,,). Visualization was
by examination under UV light (254 and 366 nm). A solution of
ninhydrin (in ethanol) was used to visualize primary and secondary
amines. All organic extracts collected after aqueous workup procedures
were dried over anhydrous MgSO, or Na,SO, before gravity/vacuum
filtering and evaporation to dryness. Organic solvents were evaporated
in vacuo at <40 °C (water bath temperature). "H NMR and "*C NMR

DOI: 10.1021/acs.jmedchem.7b01565
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Figure 8. Compound 1 analogues (cyan carbon atoms) in complex with D,R™%° (based on PDB code 6C38). Compounds with variation in the fused
cyclohexane system: (A) compounds 14a,c. (B) Compounds 14h,j. (C) Compound devoid of morpholinomethyl moiety (23a). (D) Compound with
tetrahydropyran moiety (33a). (E) Compounds with variations in alkyl linker length to the morpholine motif (39¢). (F) Fragment-like compounds

(47ab).

spectra were recorded on a Bruker Avance Nanobay III 400 MHz
Ultrashield Plus spectrometer at 400.13 and 100.62 MHz, respectively.
Chemical shifts (5) are recorded in parts per million (ppm) with
reference to the chemical shift of the deuterated solvent. Coupling
constants () are recorded in Hz, and the significant multiplicities are
described by singlet (s), doublet (d), triplet (t), quadruplet (q), broad
(br), multiplet (m), doublet of doublets (dd), and doublet of triplets
(dt). Spectra were assigned using appropriate COSY, distortionless
enhanced polarization transfer (DEPT), HSQC, and HMBC sequences.
LC—MS experiments were run to verify reaction outcome and purity
using an Agilent 6120 series single quad coupled to an Agilent 1260
series HPLC. The following buffers were used: buffer A, 0.1% formic
acid in buffer B, 0.1% formic acid in MeCN. The following gradient was
used with a Poroshell 120 EC-C18 50 mm X 3.0 mm, 2.7 ym column
and a flow rate of 0.5 mL/min and total run time of 5 min; 0—1 min 95%
buffer A and 5% buffer B, from 1 to 2.5 min up to 0% buffer A and 100%
buffer B, held at this composition until 3.8 min, 3.8—4 min 95% buffer A
and 5% buffer B, held until S min at this composition. Mass spectra were
acquired in positive and negative ion mode with a scan range of
100—1000 m/z. UV detection was carried out at 214 and 254 nm.
All retention times () are quoted in minutes. All screening compounds
were of >95% purity unless specified in the individual monologue. All
NMR experiments were performed in CDCl; to permit comparison of
the spectra of the various analogues. Experiments were performed in
acetone-dg, DMSO-d;, or MeOH-d, if selected analogues lacked
solubility in CDCl,.

General Procedure A for the Gewald Synthesis of 2-Amino-3-
carbethoxythiophenes 5, 10a—c. To a stirred solution of ethyl
cyanoacetate (1 equiv) in absolute ethanol was added sulfur powder
(1 equiv), followed by the aldehyde or ketone (1 equiv) at rt under N, and
the resulting mixture cooled to 0—5 °C. To this was added diethylamine
(1 equiv) and the reaction mixture warmed to rt and subsequently
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stirred at 50—55 °C for S h. The reaction was concentrated under
reduced pressure and the residue was chromatographed on silica, eluting
with petroleum ether/EtOAc (10:1) to give the desired compound as a
solid or oil which can be recrystallized from an appropriate solvent as
indicated.

General Procedure B for the Gewald Synthesis of 2-Amino-
3-carbethoxythiophenes 5, 10d—i. An equimolar mixture of
powdered sulfur and morpholine was stirred until total dissolution of
the sulfur. After, the ethyl cyanoacetate (1 equiv) and the aldehyde or
ketone (1 equiv) were added to the reactional mixture, which was stirred
at room temperature for ~18 h. After completion of the reaction, as
monitored by TLC, the crude product was chromatographed on silica
with an appropriate eluent as indicated to afford the desired compound
which could be recrystallized from an appropriate solvent as indicated.

General Procedure C for the Preparation of 6, 11a—j, 31, 36a—
¢, 37b,c, 41. The required amino ethyl ester thiophene (1 equiv) and
appropariate nitrile (1.2 equiv) were taken up in 1,4-dioxane, heated to
50 °C, and passed with dry HCl gas (Kipps apparatus) until the starting
material was absent in 3—24 h or a precipitate formed. The reaction
mixture was filtered directly and the solid washed with n-hexane to
obtain the desired compound. Depending on purity, the solid may be
recrystallized from an appropriate solvent or reacted without further
purification. Alternatively, the reaction mixture can be concentrated
under reduced pressure and the residue chromatographed with an
appropriate eluent as indicated.

General Procedure D for the Preparation of 7, 12a—j, 37a. The
required 2-chlorothienopyrimidinone (1 equiv) was taken up in DMF.
To this solution/suspension was added morpholine (2.5 equiv), and the
resulting solution/suspension was stirred at 100 °C for 2—3 h. The
reaction mixture was then cooled to room temperature or ~4 °C to
induce crystallization of product. Any crystals were collected using vac-
uum filtration, washed with cold i-PrOH, and again recrystallized from
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i-PrOH. In the case of present morpholinium hydrochloride, the solids
were dissolved in CHCI; washed with 5% NaHCO; solution, water,
brine and the organic extracts concentrated in vacuo. If no crystallization
from reaction mixture was evident, the residue can be chromatographed
on silica using 1% Et;N/EtOAc unless otherwise indicated.

General Procedure E for the Preparation of Chloropyrimidines 8,
13a—j, 22, 25, 38a—c, 42, 46. The required thienopyrimidinone
(1 equiv) was taken up in toluene. To this solution/suspension was
added phosphorus oxychloride (4 equiv), N,N-dimethylformamide (cat.),
and the solution/suspension was stirred at 100 °C. After TLC has
indicated complete consumption of starting material, the reaction
mixture was slowly introduced into a stirred suspension of ice—water
and the pH adjusted to ~12 with 6 M NaOH. The aqueous phase was
extracted with EtOAc, and the combined organic extracts were dried
over anhydrous sodium sulfate and concented in vacuo. The resulting
oil/solid, depending on purity, can be reacted without further purifica-
tion or further purified using column chromatography (1:99 Et;N/
EtOAC) or recrystallized as indicated.

General Procedure F for the Synthesis of 1, 14a—j, 16a—c,
18-20, 23a,b, 33a,b, 39a—c, 40, 43a,b, 44, 47a,b. In a suitable
microwave reaction vessel the required chloropyrimidine (1 equiv) was
taken up in i-PrOH. To this was added the required amine (1.1 equiv)
and the mixture irradiated under stirring at 120 °C for 1-2 h. Upon
completion of the reaction, the mixture can be purified using silica gel
chromatography to afford the compound. Similarly, any precipitate can
be collected under vacuum and washed with cold i-PrOH to afford the
desired compound.

2-(Morpholinomethyl)-N-(3-(trifluoromethyl)phenyl)-
5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4-amine
(1). General Procedure F. The residue was chromatographed on silica
(1:99 MeOH/CHCI,) which furnished the title compound as a white
foam (160 mg, 70%). LCMS (m/z): 449.2 [M + HJ*. HPLC: #
7.912 min. HRMS (m/z): C,3H,3F3N;OS requires 449.1671 [M + H]";
found 449.1661. "H NMR 6 8.17 (s, 1H), 7.93 (dd, ] = 8.1, 1.6 Hz, 1H),
7.48 (t,] = 8.0 Hz, 1H), 7.34—7.31 (d, ] = 7.7 Hz, 1H), 7.26 (s, 1H), 3.77
(s,2H), 3.09 (t, J = 6.0 Hz, 2H), 2.87 (t, ] = 6.0 Hz, 2H), 2.58 (s, 4H),
2.04—1.97 (m), 1.98—1.94 (m, 2H), 1.66 (dt, ] = 11.2, 5.6 Hz, 4H).
BC NMR (CDCly) & 167.5, 161.4, 154.2, 139.7, 135.0, 131.4
(g J = 323 Hz), 129.5, 1242, 124.1 (q, J = 2724 Hz), 1232, 119.7
(q,]=3.8Hz),117.1 (q,] = 40 Hz), 115.1,65.8, 54.8,26.6,26.0,24.3,22.7,
22.5.

2-Amino-4,5,6,7-tetrahydrobenzo[blthiophene-3-carboxy-
late®? (4). General Procedure A. The reaction mixture was kept for
30 min at 0 °C, and formed crystals were collected under vacuum filtra-
tion, washed with chilled ethanol (2 X S0 mL), and dried to give the title
compound as bright yellow needles which were used as such for the next
reaction without further purification (2.83 g, 80%). Mp: 110—114 °C.
"H NMR (acetone-dg) & 6.88 (s, 2H), 421 (q, J = 7.1 Hz, 2H), 2.72—
2.60 (m, 2H), 2.45 (m, 2H), 1.81—1.63 (m, 4H), 1.29 (t, ] =7.1 Hz, 3H).
13C NMR (acetone-dg) § 165.6, 162.9, 131.9, 116.2, 104.1, 58.7, 26.8,
24.1,23.1,22.7,13.9.LCMS (m/z): 226.2 [M + H]". HPLC: t; 8.389 min.
HRMS (m/z): C;{H,5sNO,S requires 225.0818 [M + H]*; found 225.0818.

2-(Chloromethyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]-
pyrimidin-4(3H)-one (6).'® General Procedure C. The reaction mix-
ture was filtered directly and the solid washed with n-hexane to obtain
the desired compound as a beige solid (4.21 g, 93%). LCMS (m/z):
255.1 [M + H]*. HPLC: ty 6.858 min. HRMS (m/z): C,;H,,CIN,0S
requires 255.0354 [M + HJ*; found 255.0353. ‘H NMR (DMSO-d;)
51272 (s, 1H), 4.56 (s, 2H), 2.85 (t, J = 5.8 Hz, 2H), 2.73 (¢, ] =
5.8 Hz, 2H), 1.76 (ddd, ] = 7.5, 6.8, 4.4 Hz, 4H). 3C NMR (DMSO-d,)
51624, 158.6, 152.4, 133.7, 131.3, 122.1, 43.0, 25.6, 24.9, 22.8, 22.1.

2-(Morpholinomethyl)-5,6,7,8-tetrahydrobenzo([4,5]thieno-
[2,3-dlpyrimidin-4(3H)-one (7). General Procedure D. Reaction was
cooled and crystals were collected under vacuum filtration to obtain the
desired compound as a white crystalline solid (2.59 g, 70%). LCMS
(m/z): 306.1 [M + H]*. HPLC: ty 4.334 min. '"HNMR (CDCl;) § 10.14
(s, 1H), 3.80—3.73 (m, 4H), 3.57 (s, 2H), 3.09-3.02 (m, 2H), 2.94 (t, J =
7.3 Hz, 2H), 2.63-2.57 (m, 4H), 2.51-2.40 (m, 2H). *C NMR (CDCL,)
5 168.6, 1582, 152.2, 140.1, 138.7, 119.5, 66.7, 60.6, 53.6, 32.2, 29.5,
28.9, 27.
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4-((4-Chloro-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]-
pyrimidin-2-yl)methyl)morpholine (8). General Procedure E. The
residue was chromatographed on silica (1:99 Et;N/EtOAc) to afford the
compound as a brown oil (270 mg, 67%). LCMS (m/z): 324.1
[M + H]*. HPLC: t; 5.112 min. 'H NMR (CDCl,) § 3.80 (s, 2H), 3.06
(t,J = 42 Hz, 2H), 2.84 (t, ] = 4.2 Hz, 2H), 2.52—2.49 (m, 4H), 1.93—
1.86 (m, 2H), 1.67—1.57 (m, 4H), 1.49—1.36 (m, 2H). *C NMR
(CDCly) §169.4, 161.4,152.9, 138.9, 126.9, 126.9, 65.2, 54.7,26.3, 26.0,
25.7,24.1,22.2.

Ethyl 2-Amino-5,6-dihydro-4H-cyclopenta[b]thiophene-
3-carboxylate (10a). > General Procedure A. The reaction was con-
centrated under reduced pressure and the residue eluted through a silica
gel column (10:1 petroleum ether/EtOAc) to afford the compound as a
yellow solid which later turned a dark brown (1.18 g, 37%).

General Procedure B. The reaction was concentrated under reduced
pressure and the residue eluted through a silica gel column (10:1 petro-
leum ether/EtOAc) to afford the compound as a yellow solid which later
turned brown (2.21 g, 44%). LCMS (m/z): 212.1 [M + H]*. HPLC:
tx 8.102 min. 'H NMR (CDCl,) 6 5.85 (s, 2H), 4.24 (q, ] = 7.1 Hz, 2H),
2.82 (ddd, J = 7.9, 3.9, 1.9 Hz, 2H), 2.74—2.68 (m, 2H), 2.35-2.26
(m, 2H), 1.32 (t, ] = 7.1 Hz, 1H). 3C NMR (CDCl;) § 166.4, 165.9,
142.8, 1214, 103.0, 59.5, 30.9, 29.0, 27.4, 14.6.

Ethyl 2-Amino-5,6,7,8-tetrahydro-4H-cycloheptalb]-
thiophene-3-carboxylate (10b). General Procedure A. The reaction
was concentrated under reduced pressure and the residue chromatographed
on silica (10:1 petroleum ether/EtOAc). The resulting residue was
recrystallized from CHCIl;/petroleum ether to afford the desired com-
pound as yellow crystals (1.55 g, 48%). LCMS (m/z): 240.2 [M + H]".
HPLC: t, 8.791 min.

General Procedure B. The crude product was purified by silica gel
column chromatography (10:1 petroleum ether/EtOAc) to afford the
title compound as a yellow solid (3.87 g, 72%). "H NMR (CDCl, § 5.76
(s, 2H), 428 (q, J = 7.1 Hz, 2H), 3.00-2.94 (m, 2H), 2.60—2.54
(m, 2H), 1.85—1.76 (m, 2H), 1.68—1.56 (m, 4H), 1.34 (t, ] = 7.1 Hz, 3H).
BC NMR (CDClLy) § 166.1, 159.9, 138.0, 121.4, 107.6, 59.6, 32.2, 28.7,
28.7,27.9, 27.0, 14.5.

Ethyl 2-Amino-4,5,6,7,8,9-hexahydrocycloocta[b]thiophene-
3-carboxylate (10c). General Procedure A. The solvent was removed
under reduced pressure and the residue eluted through a silica gel
column (10:1 petroleum ether/EtOAc). The product was recrystallized
from CHCl;/petroleum ether to give the desired compound as yellow
crystals (1.32 g, 37%). LCMS (m/z): 254.2 [M + H]*. HPLC: t 9.40S min.

General Procedure B. After completion of the reaction (24 h), as
monitored by TLC, the mixture was concentrated under reduced pres-
sure and the crude product was purified by silica gel column chroma-
tography (10:1 petroleum ether/EtOAc) to afford the title compound as
ayellow solid (2.63 g, 65%). "H NMR (CDCl,) 5 5.94 (s, 1H), 4.27 (q,] =
7.1 Hz, 2H), 2.85—-2.77 (m, 2H), 2.61—2.57 (m, 2H), 2.43—2.36 (m, 1H),
1.91-1.82 (m, 1H), 1.65—1.59 (m, 2H), 1.58—1.52 (m, 2H), 1.49—141
(m, 2H), 1.37—1.26 (m, 3H). 3C NMR (CDCL,) & 166.1, 161.5, 134.9,
120.2, 106.2, 59.5, 32.1, 29.9, 26.8, 26.6, 25.9, 25.7, 14.4.

Ethyl 2-Amino-5-phenylthiophene-3-carboxylate (10d). Gen-
eral Procedure B. After completion of the reaction, as monitored by
TLC, the mixture was concentrated under reduced pressure and the
crude product was purified by silica gel column chromatography (10:1
petroleum ether/EtOAc). This resulting brown solid was recrystallized
from i-PrOH to afford the title compound as dark orange needles (6.30 g,
54%). LCMS (m/2): 248.1 [M + H]". HPLC: t, 7.946 min. '"H NMR
(CDCL,) 6 7.47—7.42 (m, 2H), 7.36—7.30 (m, 2H), 7.25 (s, 1H), 7.23—
7.18 (m, 1H), 6.02 (s,2H) 4.31 (q,J= 7.1 Hz,2H), 1.37 (t,] = 7.1 Hz, 3H).
13C NMR (CDCL) 6 165.5, 162.1, 134.1, 128.9, 126.7, 124.9, 124.8, 121.3,
108.1, 60.0, 14.6.

Ethyl 2-Amino-4-phenylthiophene-3-carboxylate (10e). Gen-
eral Procedure B. The reaction mixture was concentrated under reduced
pressure, and the crude product was purified by silica gel column
chromatography (10:1 petroleum ether/EtOAc). This resulting yellow
solid was recrystallized from i-PrOH to afford the title compound as
yellow crystals (4.88 g, 49%). LCMS (m/z): 248.1 [M + H]*. HPLC:
t 7.379 min. "H NMR (CDCl,) 67.33—7.28 (m, SH), 6.10 (5, 2H), 6.07
(s, 2H), 4.04 (q, J = 7.1 Hz, 2H), 093 (t, ] = 7.1 Hz, 3H). *C NMR
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(CDCL, § 165.8, 163.9, 141.7, 138.6, 129.0, 127.3, 126.9, 105.6, 59.5,
13.7.

Ethyl 2-Amino-5-benzylthiophene-3-carboxylate (10f). Gen-
eral Procedure B. After completion of the reaction, as monitored by
TLC, the mixture was concentrated under reduced pressure and the
crude product chromatographed on silica (10:1 petroleum ether/
EtOAc) to afford the title compound as a yellow oil (2.71 g, 35%).
LCMS (m/z): 262.1 [M + H]*. HPLC: t; 8.633 min. "H NMR (CDCI,
§7.30-7.26 (m, 2H), 7.23—7.18 (m, 3H), 6.69 (t, ] = 1.0 Hz, 1H), 5.83
(s, 2H), 4.22 (q, ] = 7.1 Hz, 2H), 3.87 (s, 2H), 1.30 (t, ] = 7.1 Hz, 1H).
BC NMR (CDCL,) 8 1654, 162.3, 139.9, 128.5, 128.49, 126.5, 125.1,
122.8, 106.1, 59.6, 36.0, 14.5.

Ethyl 2-Amino-4-cyclohexylthiophene-3-carboxylate (10g).
General Procedure B. After completion of the reaction, as monitored by
TLC, the reaction mixture was concentrated under reduced pressure
and the crude product purified by silica gel column chromatography
(10:1 petroleum ether/EtOAc). Collected fractions were concentrated
under reduced pressure and placed in the freezer for 2 h. Formed solids
were collected under vacuum and washed with petroleum ether to afford
the compound as clear crystals (3.56 g, 38%). LCMS (m/z): 254.2
[M + H]*. HPLC: t; 8.936 min. '"H NMR (CDCL) & 6.06 (s, 2H), 5.85
(s, 1H), 429 (q, ] = 7.1 Hz, 2H), 3.03 (tt, ] = 11.4, 2.5 Hz, 1H), 1.97
(d,J=12.0 Hz,2H), 1.80 (d, ] = 12.6 Hz, 2H), 1.73 (d, ] = 12.5 Hz, 1H),
1.37 (t,J = 7.2 Hz, SH), 1.28—1.15 (m, 3H). *C NMR (CDCl;) § 166.2,
164.5, 147.4, 100.6, 59.7, 394, 34.1, 27.1, 26.6, 14.1.

Ethyl 2-Amino-4,5-dimethylthiophene-3-carboxylate (10h).
General Procedure B. After completion of the reaction, as monitored by
TLC, the mixture was concentrated under reduced pressure and the
crude product was purified by silica gel column chromatography (10:1
petroleum ether/ EtOAc) to afford the title compound as a pale yellow
solid which was recrystallized from i-PrOH (3.41 g, 38%). LCMS (m/z):
200.1 [M + H]". HPLC: t 7.265 min. "H NMR (CDCl;) § 5.90 (s, 2H),
427 (q,] =7.1Hz,2H),2.16 (d, ] = 0.7 Hz, 3H), 2.15 (d, ] = 0.7 Hz, 2H),
1.34 (t, ] = 7.1 Hz, 3H). *C NMR (CDCl,) § 166.2, 161.0, 1304, 113.9,
107.0, 59.7, 14.9, 14.5, 12.4.

Ethyl 2-Amino-5-cyclohexylthiophene-3-carboxylate (10i).
General Procedure B. After completion of the reaction, as monitored
by TLC, the mixture was concentrated under reduced pressure and the
crude product was chromatographed on silica (10:1 petroleum ether/
EtOACc) to afford the title compound as a gold oil (3.05 g, 73%). LCMS
(m/z): 2542 [M + H]*. HPLC: £, 8.918 min. '"H NMR (CDCL,) & 6.62
(d, ] = 1.1 Hz, 1H), 5.79 (s, 2H), 425 (q, J = 7.1 Hz, 2H), 2.57—-2.48
(m, 1H), 2.00—1.91 (m, 2H), 1.82—1.76 (m, 2H), 1.72—1.65 (m, 1H),
1.36—1.29 (m, 7H), 1.23—1.13 (m, 1H). *C NMR (CDCl,) § 165.6,
160.9, 133.3, 119.1, 106.2, 59.6, 39.0, 34.9, 26.4, 26.0, 14.6.

Ethyl 2-Aminothiophene-3-carboxylate (10j).>* Triethylamine
(7.34 mL, 52.6 mmol) was added dropwise over 10 min to a mixture of
2,5-dihydroxy-1,4-dithiane (8.09 g, 52.6 mmol), ethyl cyanoacetate
(11.2 mL, 105 mmol), and dimethylformamide (40 mL). The mixture
was stirred at 45 °C for 30 min, diluted with 0.4 M acetic acid, and
extracted with ether. The ethereal layer was dried over sodium sulfate.
The residue was eluted through a silica gel column (10:1 petroleum
ether/EtOAc) and the resulting fractions collected, concentrated under
reduced pressure, and cooled at 4 °C to afford the compound as a light
yellow crystalline solid (5.00 g, 55%). LCMS (m/z): 172.1 [M + H]".
HPLC: t, 6.123 min. "H NMR (CDCL,) § 6.98 (d, ] = 5.8 Hz, 1H), 6.18
(d, J = 5.8 Hz, 1H), 427 (q, ] = 7.1 Hz, 2H), 1.34 (t, ] = 7.1 Hz, 3H).
3C NMR (CDCl,) 6 165.5, 162.7, 126.6, 107.2, 106.9, 59.8, 14.6.

2-(Chloromethyl)-3,5,6,7-tetrahydro-4H-cyclopental4,5]-
thieno[2,3-dlpyrimidin-4-one (11a). General Procedure C. The
precipitate was collected and washed with cold 1,4-dioxane to afford the
compound as a beige solid (2.56 g 70%). LCMS (m/z): 292.1
[M + H]*. HPLC: t; 4.216 min. "H NMR (DMSO-d;) & 12.72 (s, 1H),
4.54 (s, 2H), 2.97-2.85 (m, 4H), 2.37 (p, ] = 7.2 Hz, 2H). *C NMR
(DMSO-d,) § 167.2, 157.9, 151.7, 139.7, 138.7, 119.3, 42.7, 29.1, 28.6,
27.5.

2-(Chloromethyl)-3,5,6,7,8,9-hexahydro-4H-cycloheptal[4,5]-
thieno[2,3-d]lpyrimidin-4-one (11b). General Procedure C. The
precipitate was collected and washed with cold 1,4-dioxane to afford the
compound as a white powder (5.00 g, 86%). LCMS (m/z): 269.1
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[M + H]*. HPLC: £, 7.039 min. "H NMR (DMSO-d,) 5 12.71 (s, 1H),
4.57 (s, 2H), 3.31-3.21 (m, 2H), 2.86—2.79 (m, 2H), 1.90—1.78
(m, 2H), 1.69—1.49 (m, 4H). *C NMR (DMSO-d;) § 160.4, 158.7,
151.7, 137.6, 136.6, 122.2, 42.6, 32.0, 29.1, 27.3, 27.1, 26.9.
2-(Chloromethyl)-5,6,7,8,9,10-hexahydrocycloocta[4,5]-
thieno[2,3-d]pyrimidin-4(3H)-one (11c). General Procedure C. The
precipitate was collected and washed with cold 1,4-dioxane to afford the
compound as a white powder (3.01 g, 78%). LCMS (m/z): 283.0
[M + H]". HPLC: f, 7.426 min. "H NMR (DMSO-d,) 5 12.68 (s, 1H),
455 (s 2H), 3.06-2.99 (m, 2H), 2.90—2.82 (m, 2H), 1.59 (s, 4H),
1.41—1.36 (m, 2H), 1.29—1.19 (m, 2H). *C NMR (DMSO-d;) § 161.6,
1582, 1517, 136.1, 133.8, 121.6, 42.6, 31.5, 29.8, 26.1, 25.4, 25.2, 24.3.
2-(Chloromethyl)-5-phenylthieno[2,3-d]pyrimidin-4(3H)-
one (11d). General Procedure C. The bright orange suspension was
filtered and the resulting solids were washed with cold 1,4-dioxane which
afforded the desired compound as a yellow solid (4.33 g, 82%). LCMS
(m/z): 277.1 [M + H]*. HPLC: t; 6.476 min. "H NMR (DMSO-d,)
51271 (s, 1H), 7.55 (s, 1H), 7.53 (dd, J = 7.9, 1.3 Hz, 2H), 741—7.37
(m, 2H), 7.35 (dd, ] = 6.6, 2.7 Hz, 1H). *C NMR (DMSO-d) & 165.3,
157.8, 153.1, 138.5, 135.1, 129.4, 127.6, 127.5, 121.8, 119.9, 42.5.
2-(Chloromethyl)-6-phenylthieno[2,3-d]pyrimidin-4(3H)-
one (11e). General Procedure C. The precipitate was collected from the
crude reaction mixture and washed with hot i-PrOH to afford the
compound as a white solid which was used without the need for fur-
ther purification (4.57 g 64%). LCMS (m/z): 277.1 [M + H]*"
HPLC: t; 6.752 min. 'H NMR (DMSO-dg) & 12.72 (1H), 7.80 (s, 1H),
7.78=7.73 (m, 2H), 7.45 (dd, ] = 8.1, 6.7 Hz, 2H), 7.38—7.34 (m, 1H),
4.62 (s,2H). *C NMR (DMSO-dg) 6 162.9, 157.6, 153.2, 140.4, 132.6,
129.3, 128.8, 125.8, 125.1, 117.3, 42.6.
6-Benzyl-2-(chloromethyl)thieno[2,3-d]pyrimidin-4(3H)-one
(11f). General Procedure C. The solvents were removed under reduced
pressure and the residue was chromatographed on silica (40% petro-
leum ether in EtOAc). The collected fractions were concentrated under
reduced pressure and the resulting solid was recrystallized from CHCI,
affording the compound as white-yellow crystals (2.74 g, quantitative
yield). LCMS (m/z): 291.1 [M + H]*. HPLC: t; 6.680 min. ‘H NMR
(DMSO-dq) & 7.62 (s, 1H), 7.35—7.28 (m, 4H), 725 (dd, J = 11.1,
4.3 Hz, 1H),7.16 (s, 1H), 4.54 (s, 2H), 4.20 (s, 2H). *C NMR (DMSO-d;)
5 163.1, 157.6, 152.5, 142.9, 139.5, 128.7, 128.6, 123.7, 119.1, 42.7, 35.6.
2-(Chloromethyl)-5-cyclohexylthieno[2,3-d]pyrimidin-4(3H)-
one (119g). General Procedure C. The precipitate was collected from
the crude reaction mixture and washed with 1,4-dioxane. This afforded
the desired compound as a yellow solid which was used without the need
for further purification (2.75 g, 70%). LCMS (m/z): 283.1 [M + H]*.
HPLC: t, 7.595 min. 'H NMR (DMSO-d,) § 12.73 (s, 1H), 721
(s, 1H), 4.57 (s, 2H), 3.26 (t, ] = 9.6 Hz, 1H), 1.95 (d, ] = 9.8 Hz, 2H),
1.77 (d,J = 11.6 Hz,2H), 1.70 (d, ] = 12.9 Hz, 1H), 1.41—1.28 (m, 4H),
122 (dt, J = 24.7, 9.6 Hz, 1H). *C NMR (DMSO-dy) & 164.6, 158.3,
152.6, 144.8, 120.9, 116.6, 42.5, 37.9, 33.1, 26.3, 25.8.
2-(Chloromethyl)-5,6-dimethylthieno[2,3-d]pyrimidin-4(3H)-
one (11h). General Procedure C. The precipitate was collected from
the crude reaction mixture and washed with hot CHCI; to afford the
compound as a yellow solid (3.38 g, 84%). LCMS (m/z): 229.0
[M + H]*. HPLC: tg 5.717 min. '"H NMR (DMSO-dy) § 12.69 (s, 1H),
4.55 (s,2H),2.36 (d, ] = 0.8 Hz, 3H), 2.34 (d, J = 0.7 Hz, 1H). *C NMR
(DMSO-dg) 6 161.2, 158.4, 151.9, 130.4, 128.8, 122.4, 42.6, 12.7, 12.7.
2-(Chloromethyl)-6-cyclohexylthieno[2,3-d]pyrimidin-4(3H)-
one (11i). General Procedure C. The precipitate was collected from the
crude reaction under vacuum filtration and washed with cold 1,4-dioxane.
The remaining filtrate was concentrated, reduced under pressure and the
resulting residue chromatographed on silica (40:60 EtOAc/petroleum
ether) to afford the compound as a yellow solid (2.56 g, 64%). LCMS
(m/z): 283.0 [M + H]*. HPLC: t, 7.614 min. 'H NMR (DMSO-dj)
5 12.67 (s, 1H), 7.09 (d, J = 0.5 Hz, 1H), 4.57 (s, 2H), 2.89—2.78
(m, 1H), 1.97 (d, ] = 8.5 Hz, 2H), 1.76 (d, ] = 2.3 Hz, 2H), 1.65 (d, ] =
12.5 Hz, 1H), 1.46—1.28 (m, 4H), 1.24—1.15 (m, 1H). C NMR
(DMSO-dg) 6 161.9, 157.7, 152.3, 149.8, 123.6, 116.1, 42.7, 38.9, 34.5,
25.7,25.3.
2-(Chloromethyl)thieno[2,3-d]pyrimidin-4(3H)-one (11j).
General Procedure C. The reaction mixture was concentrated under
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reduced pressure and the residue chromatographed on silica (50:50
petroleum ether/EtOAc) which afforded the compound as a pale white
solid (1.58 g,21%). LCMS (m/z): 201.0 [M + H]*. HPLC: t 4.394 min.
'"H NMR (DMSO-dg) 6 7.62 (d, ] = 5.8 Hz, 1H), 740 (d, | =
5.8 Hz, 1H), 4.58 (s, 2H). ®C NMR (DMSO-d,) & 163.8, 157.9, 152.8,
124.8, 123.6, 121.6, 42.7.
2-(Morpholinomethyl)-3,5,6,7-tetrahydro-4H-cyclopenta-
[4,5]thieno[2,3-d]pyrimidin-4-one (12a). General Procedure D.
The residue was chromatographed on silica (1:99 Et;N/EtOAc) affording
the compound as a beige solid (2.52 g, 86%). LCMS (m/z): 292.1
[M + H]*. HPLC: t 4.216 min. HRMS (m/z): C;,H;N;0,S requires
292.112[M + H]"; found 292.114. 'H NMR (CDCL,) § 10.14 (s, 1H),
3.80—3.73 (m, 4H), 3.57 (s, 2H), 3.09—3.02 (m, 2H), 2.94 (t, ] =
73 Hz, 2H), 2.63-2.57 (m, 4H), 2.51-2.40 (m, 2H). °C NMR
(CDCL,) 5168.6,158.2, 152.2, 140.1, 138.7, 119.5, 66.7, 60.6, 53.6, 29.5,
28.9, 27.
2-(Morpholinomethyl)-3,5,6,7,8,9-hexahydro-4H-
cycloheptal[4,5]thieno[2,3-d]pyrimidin-4-one (12b). General Pro-
cedure D. A precipitate was collected and recrystallized from CHCl;/
i-PrOH affording the compound as a white fluffy solid (3.29 g, 83%).
LCMS (m/z): 320.1 [M + H]". HPLC: t; 5.186 min. HRMS (m/z):
Ci6H,,N;0,S requires 320.1433 [M + H]*; found 320.1427. 'H NMR
(CDCLy) 5 10.09 (s, 1H), 3.83—3.70 (m, 4H), 3.55 (s, 2H), 3.37—325
(m, 2H), 2.88—-2.78 (m, 2H), 2.60 (s, 4H'), 1.89 (ddd, ] = 8.3, 7.5,
4.3 Hz, 2H), 1.74—1.63 (m, 4H). *C NMR (CDCl,) § 161.8, 158.9,
137.8, 1372, 130.1, 122.8, 66.8, 60.7, 53.6, 32.6, 30.1, 28.1, 27.8, 27.4.
2-(Morpholinomethyl)-5,6,7,8,9,10-hexahydrocycloocta-
[4,5]thieno[2,3-d]pyrimidin-4(3H)-one (12c). General Procedure
D. A precipitate was collected and recrystallized from CHCl;/i-PrOH to
afford the compound as a white fluffy solid (1.75 g, 63%). LCMS (m/z):
334.1 [M + H]*". HPLC: #; 5.489 min. HRMS (m/z): C;;H,3N;0,S
requires 334.1592 [M + H]%; found 334.1584. '"H NMR (CDCl,)
§10.17 (s, 1H), 3.81—3.71 (m, 4H), 3.54 (s, 2H), 3.13—3.05 (m, 2H),
2.90-2.81 (m, 2H), 2.67—2.51 (m, 4H), 1.78—1.61 (m, 4H), 1.45 (dd, ] =
9.9, 4.7 Hz, 2H, 1.37—1.25 (m, 2H). *C NMR (CDCl,) § 163.1, 158.6,
152.4,136.3, 134.4, 122.2, 66.9, 60.8, 53.7, 31.9, 30.3,27.1, 26.1, 25.8, 25.2.
2-(Morpholinomethyl)-6-phenylthieno[2,3-d]pyrimidin-
4(3H)-one (12d). General Procedure D. Upon cooling of the reaction
mixture, a precipitate formed which was collected under vacuum and
washed with cold i-PrOH affording the compound as a white solid (2.71 g,
91%). LCMS (m/z): 328.1 [M + H]*. HPLC: f; 5.092 min. HRMS
(m/z): C1;H;;N;0,S requires 328.1118 [M + H]*; found 328.1114.
'H NMR (DMSO-d,) 6 10.85 (s, 1H), 7.78 (s, 1H), 7.78—7.73 (m, 2H),
7.46 (dd, ] = 8.2, 6.8 Hz, 2H), 7.41—7.34 (m, 2H), 3.64—3.55 (m, 4H),
3.48 (s, 2H), 2.50 (dd, J = 6.1, 3.0 Hz, 4H). *C NMR (DMSO-d,)
5 163.3, 157.8, 155.1, 139.3, 132.8, 129.3, 128.6, 125.8, 124.7, 117.1,
66.1, 60.4, 53.0.
2-(Morpholinomethyl)-5-phenylthieno[2,3-d]pyrimidin-
4(3H)-one (12e). General Procedure D. A precipitate was collected
under vacuum and recrystallized from CHCl,/i-PrOH to afford the
desired compound as bright yellow crystals (2.67 g, 83%). LCMS (m/z):
328.1 [M + H]*. HPLC: t, 4.853 min. HRMS (m/z): C,-H,,N;0,8
requires 328.1123 [M + HJ*; found 328.1114. 'H NMR (CDCl,)
510.61 (s, 1H), 7.58—7.54 (m, 2H), 7.44—7.35 (m, 3H), 7.10 (s, 1H),
3.71-3.66 (m, 4H), 3.53 (s, 2H), 2.56—2.50 (m, 4H). *C NMR
(CDCL) 5 166.7, 158.4, 154.2, 139.6, 135.4, 129.5, 127.9, 127.9, 120.3,
66.8, 60.7, 53.6.
6-Benzyl-2-(morpholinomethyl)thieno[2,3-d]lpyrimidin-
4(3H)-one (12f). General Procedure D. The residue was recrystallized
from CHCl,/i-PrOH to afford the compound as beige crystals (247 g,
78%). LCMS (m/z): 342.1 [M + H]". HPLC: t; 5.208 min. HRMS
(m/z): CisHgN;O,S requires 342.1278 [M + H]*; found 342.1271.
'"H NMR (CDCl;) 6 10.09 (s, 1H), 7.35—7.30 (m, 4H), 7.26 (dt, J =
5.0, 1.4 Hz, 3H), 7.13 (t, J = 1.1 Hg, 1H), 4.15 (s, 2H), 3.78-3.74
(m, 4H), 3.55 (s, 2H), 2.61—-2.54 (m, 4H). *C NMR (CDCl;) 6 164.8,
157.8, 153.2, 142.4, 138.8, 128.9, 128.8, 127.1, 123.9, 119.2, 66.8, 60.7,
$3.7, 36.9.
5-Cyclohexyl-2-(morpholinomethyl)thieno[2,3-d]pyrimidin-
4(3H)-one (12g). General Procedure D. i-PrOH was introduced to a
cooled reaction mixture and the resulting precipitate collected to afford
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the compound as bright yellow crystals (1.56 g, 63% yield). LCMS
(m/z): 334.1 [M + H]*. HPLC: 5 5.715 min. HRMS (m/2): C;;H,:N;0,8
requires 334.1587 [M + HJ*; found 334.1584. 'H NMR (CDCI,)
510.15 (5, 1H), 6.82 (s, 1H), 3.79—3.72 (m, 4H), 3.56 (s, 2H), 3.35 (tt, ] =
11.6,2.8 Hz, 1H), 2.62—2.56 (m, 4H), 2.05 (d, ] = 11.7 Hz, 2H), 1.86—
171 (m, 3H), 1.54—1.41 (m, 2H), 1.33 (tt, ] = 7.3, 3.5 Hz, 2H), 1.29—
1.18 (m, 1H). *C NMR (CDCl,) § 166.1, 158.5, 153.3, 146.0, 121.3,
1152, 66.9, 60.6, 53.7, 38.7, 33.8, 26.8, 26.4.
5,6-Dimethyl-2-(morpholinomethyl)thieno[2,3-d]pyrimidin-
4(3H)-one (12h). General Procedure D. Upon cooling of the reaction
mixture, a formed precipitate was collected and washed with petroleum
ether to afford the desired compound as a bright yellow solid (2.74 g,
88%). LCMS (m/z): 2802 [M + H]*. HPLC: f5 4.198 min. HRMS
(m/z): C;3H;N;0,S requires 280.1119 [M + H]*; found 280.1114.
'H NMR (CDCL,) § 10.13 (s, 1H), 3.79—3.71 (m, 4H), 3.53 (s, 2H),
2.63—2.56 (m, 4H), 2.46 (d, J = 0.6 Hz, 3H), 2.37 (s, 3H). '*C NMR
(CDCly) §162.7,158.7, 152.6, 130.3, 129.5, 122.9, 66.9, 60.7, 53.7, 13.2,
13.1.
6-Cyclohexyl-2-(morpholinomethyl)thieno[2,3-d]pyrimidin-
4(3H)-one (12i). General Procedure D. The solids were filtered from
the cooled reaction mixture and recrystallized from i-PrOH to afford the
compound as white fluffy crystals (2.57 g, 60%). LCMS (m/z): 334.2
[M + H]*. HPLC: t 5.603 min. HRMS (m/z): C,,;H,3N;0,S requires
334.1593 [M + HJ% found 334.1584. 'H NMR (CDCl,) § 10.17
(s, 1H),7.13 (d,] = 1.0 Hz, 1H), 3.79—3.71 (m, 4H), 3.55 (5, 2H), 2.83—
2.73 (m, 1H), 2.61-2.53 (m, 4H), 2.10—2.02 (m, 2H), 1.83 (dd, ] = 9.9,
2.9 Hz, 2H), 1.73 (ddd, ] = 9.6, 5.6, 1.5 Hz, 1H), 1.50—1.32 (m, 4H),
1.30—1.18 (m, 1H). C NMR (CDCl;) § 163.5, 158.0, 152.8, 150.2,
123.7, 115.8, 66.9, 60.8, 53.7, 39.9, 34.9, 26.3, 25.9.
2-(Morpholinomethyl)thieno[2,3-dlpyrimidin-4(3H)-one
(12j). General Procedure D. The residue was chromatographed on silica
(1:99 Et;N/EtOAc) which afforded the compound as a gold solid (1.10 g,
58%). LCMS (m/z): 252.1 [M + H]". HPLC: t;, 3.009 min. HRMS (m/z):
C 1 H3NL0,S requires 252.0803 [M + H]*; found 252.0801. 'H NMR
(CDCl,) 61028 (s, 1H), 7.44 (d,] = 5.8 Hz, 1H), 7.21 (d, ] = 5.8 Hz, 1H),
3.78—3.73 (m, 4H), 3.57 (s, 2H), 2.63—2.55 (m, 4H). *C NMR (CDCl,)
6 165.3,158.2, 153.8, 123.7, 123.1, 121.9, 66.8, 60.7, 53.7.
4-((4-Chloro-6,7-dihydro-5H-cyclopental4,5]thieno[2,3-d]-
pyrimidin-2-yl)methyl)morpholine (13a). General Procedure E.
The residue was chromatographed on silica (1:99 Et;N/EtOAc) to
afford the compound as a brown oil (270 mg, 67%). LCMS (m/z): 310.1
[M + H]*. HPLC: t; 5230 min. ‘H NMR (CDCL) § 3.85 (s, 1H),
3.78—3.75 (m, 2H), 3.17—3.11 (m, 2H), 3.07—3.02 (m, 2H), 2.63—2.56
(m, 4H), 2.56—2.47 (m, 1H). *C NMR (CDCl;) § 174.3, 160.5, 152.9,
144.6, 136.2, 124.6, 66.9, 64.9, 53.8, 30.3, 29.5, 27.5.
4-((4-Chloro-6,7,8,9-tetrahydro-5H-cyclohepta[4,5]thieno-
[2,3-d]pyrimidin-2-yl)methyl)morpholine (13b). General Proce-
dure E. The residue was chromatographed on silica (1:99 Et;N/EtOAc)
to afford the compound as a gold oil (2.62 g, 70%). LCMS (m/z): 338.1
[M + H]". HPLC: t5 5.949 min. 'H NMR (CDCL) 5 3.61 (s, 2H),
3.56—3.49 (m, 2H), 3.14—3.03 (m, 2H), 2.77—2.66 (m, 2H), 2.42—2.34
(m, 4H), 1.69 (dd, J = 11.3, 5.9 Hz, 2H), 1.51 (ddd, J = 10.7, 9.4, 5.4 Hz,
4H). BC NMR (CDCly) § 167.8, 159.4, 152.5, 143.1, 131.7, 126.7, 66.3,
64.1, 53.3, 31.4, 29.6, 27.6, 26.5, 26.0.
4-((4-Chloro-5,6,7,8,9,10-hexahydrocycloocta[4,5]thieno-
[2,3-d]pyrimidin-2-yl)methyl)morpholine (13c). General Proce-
dure E. The residue was chromatographed on silica (1:99 Et;N/EtOAc)
to afford the compound as a gold oil (1.91 g, 67%). LCMS (m/z): 352.1
[M + H]*. HPLC: t; 6259 min. 'H NMR (CDCL) § 3.44 (s, 2H),
3.40-3.25 (m, 4H), 2.75-2.65 (m, 2H), 2.61—2.48 (m, 2H), 2.26—2.15
(m, 4H), 1.45—1.24 (m, 4H), 1.08 (dd, J = 9.5, 4.8 Hz, 2H), 0.91—0.84
(m, 2H). BC NMR (CDCL,) 5 168.2, 159.4, 152.0, 141.3, 128.4, 125.8,
65.9, 63.8, 53.0, 30.8, 29.4, 27.2, 25.5, 24.5, 24.1.
4-((4-Chloro-6-phenylthieno[2,3-d]pyrimidin-2-yl)methyl)-
morpholine (13d). General Procedure E. The residue was recrystal-
lized from CHCl;/petroleum ether to afford the compound as pale
white crystals (245 g, 90%). LCMS (m/z): 346.1 [M + H]*. HPLC:
t 6.418 min. "H NMR (DMSO-d;) & 8.08 (s, 1H), 7.96 (d, ] = 6.9 Hz,
2H),7.58—7.48 (m, 3H), 4.67 (s, 2H), 3.89 (s, 4H), 3.60—3.26 (m, 4H).
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3C NMR (DMSO-dg) 6 167.7,153.5, 145.9, 131.7, 130.2, 130.1, 129.5,
126.8, 114.9, 63.4, 59.9, S1.8.
4-((4-Chloro-5-phenylthieno[2,3-d]pyrimidin-2-yl)methyl)-
morpholine (13e). General Procedure E. The residue was chromato-
graphed on silica (1:99 Et;N/EtOAc) which afforded the compound as a
gold solid 1.02 g, 96%). LCMS (m/z): 346.1 [M + H]*. HPLC:
tr 5.595 min. "H NMR (DMSO-d,) 8 7.95 (s, 1H), 7.68—7.29 (m, SH),
3.80 (s, 2H), 3.63—3.53 (m, 4H), 2.55—-2.51 (m, 4H). *C NMR
(DMSO-dg) 6 169.72, 161.43, 153.8, 134.9, 134.7, 130.0, 128.2, 127.8,
127.5, 124.7, 66.2, 63.7, 53.1.
4-((6-Benzyl-4-chlorothieno[2,3-d]pyrimidin-2-yl)methyl)-
morpholine (13f). General Procedure E. The residue was recrystal-
lized from CHCI;/i-PrOH to afford the compound as pale yellow crys-
tals (1.55 g, 70%). LCMS (m/2): 360.1 [M + H]*. HPLC: t 6.261 min.
'"H NMR (DMSO-dy) & 7.34 (d, ] = 4.4 Hz, 1H), 4.35 (s, 2H), 3.76
(s, 2H), 3.60—3.50 (m, 4H), 2.56—2.44 (m, 4H). 3C NMR (DMSO-dj)
6 168.5, 152.4, 148.2, 138.7, 128.8, 128.7, 127.9, 126.9, 116.8, 114.9,
67.1, 65.9, 52.9, 36.1.
4-((4-Chloro-5-cyclohexylthieno[2,3-d]pyrimidin-2-yl)-
methyl)morpholine (13g). General Procedure E. The residue was
chromatographed on silica (1:99 Et;N/EtOAc) which afforded the
compound as a gold oil (1.14 g, 69%). LCMS (m/z): 352.1 [M + H]".
HPLC: t; 6.418 min. '"H NMR (CDCL,) & 7.21 (d, J = 0.7 Hz, 1H),
3.88 (s, 2H), 3.82—-3.73 (m, 4H), 3.45-3.32 (m, 1H), 2.68-2.57
(m, 4H), 2.11 (d, J = 12.8 Hz, 2H), 1.87 (d, ] = 12.9 Hz, 2H),
1.80 (d, J = 12.9 Hz, 1H), 1.53—1.35 (m, 4H), 1.33—1.19 (m, 1H).
BC NMR (CDCl;) 6 1714, 161.1, 154.5, 141.3, 125.7, 120.9, 66.9, 64.7,
53.9, 38.8, 34.4, 26.8, 26.2.
4-((4-Chloro-5,6-dimethylthieno[2,3-d]pyrimidin-2-yl)-
methyl)morpholine (13h). General Procedure E. The residue was
recrystallized from CHCl,/i-PrOH to afford the compound as pale
white crystals (1.55 g, 70%). LCMS (m/z): 298.1 [M + H]*. HPLC:
tx 4.925 min. 'H NMR (CDCl,) & 3.96 (s, 2H), 3.87-3.79 (m, 4H),
2.76 (s, 4H), 2.53 (d, J = 0.5 Hz, 3H), 2.50 (s, 3H). *C NMR (CDCl,)
5168.9, 153.5, 1364, 128.0, 125.1, 118.4, 66.3, 63.9, 534, 14.3, 14.2.
4-((4-Chloro-6-cyclohexylthieno[2,3-d]pyrimidin-2-yl)-
methyl)morpholine (13i). The residue was chromatographed on
silica (1:99 Et;N/EtOAc) affording the compound as a gold oil which
later solidified under vacuum to produce a light yellow/white solid (L.64 g
64%). LCMS (m/z): 352.1 [M + H]*. HPLC: t; 6.663 min. 'H NMR
(CDCL) §7.05 (d, ] = 1.1 Hz, 1H), 3.85 (s, 2H), 3.78—3.73 (m, 4H),
2.95—2.83 (m, 1H), 2.64—2.55 (m, 4H), 2.10 (dd, ] = 13.4, 1.3 Hz, 2H),
1.91-1.83 (m, 2H), 1.80—1.71 (m, 1H), 1.57—1.35 (m, 4H), 1.32—1.21
(m, 1H). 3C NMR (CDCL,)  168.6, 160.9, 155.3, 153.3, 128.7, 1137,
66.9, 65.0, 53.8, 40.5, 34.8, 26.3, 25.8.
4-((4-Chlorothieno[2,3-d]pyrimidin-2-yl)methyl)morpholine
(13j)). General Procedure E. The residue was chromatographed on silica
(1:99 Et;N/EtOAc) which afforded the compound as a gold oil later
solidifying under vacuum (1.12 g, 73%). LCMS (m/z): 270.0 [M + H]*.
HPLC: #,, 1.169 min. 'H NMR (CDCl,) 5 7.58 (d, ] = 6.0 Hz, 1H), 7.41
(d, J = 6.0 Hz, 1H), 3.91 (s, 2H), 3.81=3.74 (m, 4H), 2.70—2.60
(m, 4H). C NMR (CDCl,) 6 169.5, 162.1, 155.1, 128.2, 127.9, 119.8,
66.9, 64.9, 53.9.
2-(Morpholinomethyl)-N-(3-(trifluoromethyl)phenyl)-6,7-di-
hydro-5H-cyclopental4,5]thieno[2,3-d]pyrimidin-4-amine
(14a). General Procedure F. The residue was chromatographed on silica
(1:99 Et;N/EtOAc) and the resulting residue recrystallized from
CHCl,/petroleum ether to afford the title compound as a white powder
(127 mg, 52%). LCMS (m/z): 435.1 [M + H]*. HPLC: t 6.750 min.
HRMS (m/z): CyH,F;N,OS requires 435.1467 [M + H]*; found
435.1464. "H NMR (acetone-dy) §8.49 (s, 1H), 8.13 (d, ] = 8.2 Hz, 1H),
7.86 (s, 1H), 7.58 (t, J = 8.0 Hz, 1H), 7.40 (d, J = 7.7 Hz, 1H), 3.68
(s, 2H), 3.66—3.59 (m, 4H), 3.31 (ddd, J = 5.7, 3.5, 1.7 Hz, 2H), 3.09—
2.99 (m, 2H), 2.63-2.58 (m, 4H), 2.58—2.49 (m, 2H). C NMR
(acetone-d) 8§ 1734, 161.6, 154.7, 141.3, 137.8, 131.1 (q, J = 32.0 Hz),
130.2,125.3 (q, J =272.1 Hz), 125.1,119.9 (d, J = 3.9 Hz), 1182 (d, ] =
4.1 Hz), 113.4, 67.5, 65.8, 54.5, 30.1, 29.6, 28.5.
2-(Morpholinomethyl)-N-(3-(trifluoromethyl)phenyl)-
6,7,8,9-tetrahydro-5Hcycloheptal4,5]thieno[2,3-d]pyrimidin-4-
amine (14b). General Procedure F. The residue was chromatographed
on silica (1:99 Et;N/EtOAc) to afford the title compound as a gold oil

198

(90.3 mg, 12%). LCMS (m/z): 463.1 [M + H]*. HPLC: #; 7.226 min.
HRMS (m/z): C,yH, F;N,OS requires 463.1782 [M + H]*; found
463.1774. '"H NMR (CDCL,) & 8.10 (s, 1H), 7.75 (dd, J = 8.1, 1.7 Hg,
1H), 7.45 (t, ] = 7.9 Hz, 1H), 7.33 (d, ] = 7.8 Hz, 1H), 7.22 (s, 1H),
3.76—3.73 (m, 4H), 3.74 (s, 2H), 3.16—3.08 (m, 2H), 2.93—2.89 (m,
2H), 2.67-2.59 (m, 4H), 1.98—1.78 (m, 4H), 1.88—1.79 (m, 2H).
BC NMR (CDCl,;) 6 166.4, 160.1, 154.1, 139.6, 1389, 131.3 (q, ] =
32.4 Hz), 129.4, 129.3, 124.1 (q, J = 272.5 Hz), 123.6, 119.9 (q, ] =
3.8 Hz), 117.5 (q, ] = 3.9 Hz), 116.4, 67.0, 65.1, 53.8, 30.4, 30.3, 29.1,
26.9, 26.4.
2-(Morpholinomethyl)-N-(3-(trifluoromethyl)phenyl)-
5,6,7,8,9,10-hexahydrocyclooctal4,5]thieno[2,3-d]pyrimidin-4-
amine (14c). General Procedure F. The residue was chromatographed
on silica (1:99 Et;N/EtOAc) to afford the compound as gold oil
(60.2 mg, 11%). LCMS (m/z): 477.2 [M + H]*. HPLC: t 7.442 min.
HRMS (m/z): CyH,,F3N,O requires 477.194 [M + H]%; found
477.193."HNMR (CDCl,) § 8.23 (s, 1H), 7.77 (dd, J = 8.1, 1.7 Hz, 1H),
746 (t, ] = 7.9 Hz, 1H), 7.35 (s, 1H), 7.32 (4, ] = 5.8 Hz, 1H), 3.77
(s, 2H), 3.78—3.74 (m, 4H), 3.07 (dd, ] = 11.8, 5.5 Hz, 2H), 2.95—2.88
(m, 2H),2.69—2.62 (m, 4H), 1.92—1.81 (m, 2H), 1.78—1.69 (m, 2H,0),
1.60—1.51 (m, 2H), 1.39 (dd, ] = 10.5, 5.3 Hz, 2H). 3*C NMR (CDCl,)
5167.0,160.3, 153.9, 139.6, 138.3, 131.4 (q, J = 32.5 Hz), 129.4, 126.5,
124.1 (d, J = 272.5 Hz), 123.45, 119.9 (q, ] = 3.8 Hz), 117.4 (q, ] =
3.9 Hz), 115.2, 67.1, 65.3, 53.9, 31.7, 30.1, 28.0, 26.3, 26.2, 25.2.
2-(Morpholinomethyl)-6-phenyl-N-(3-(trifluoromethyl)-
phenyl)thieno[2,3-d]pyrimidin-4-amine (14d). General Procedure
F. The residue was chromatographed on silica (1:99 Et;N/EtOAc) to
afford the title compound as a gold solid (244 mg, 51%). LCMS (m/z):
471.1 [M + H]*. HPLC: t; 7.124 min. HRMS (m/z): C,,H, F;N,0S
requires 471.1467 [M + H]*; found 471.1461. "H NMR (DMSO-d,)
59.88 (s, 1H), 8.58 (s, 1H), 8.25 (s, 1H), 8.18 (d, = 8.18 Hz, 1H), 7.73
(d,J=7.5Hz,2H),7.62 (t,]=8.0 Hz, 1H), 7.53 (,] = 7.6 Hz, 2H), 7.43
(t, J = 7.8 Hz, 2H), 3.66 (s, 2H), 3.62—3.57 (m, 4H),
2.58-2.52 (m, 4H). C NMR (DMSO-ds) § 166.6, 161.5, 153.8,
140.5, 139.2, 133.0, 129.7, 129.4, 129.4 (d, ] = 31.4 Hz) 128.8, 125.8,
124.3
(q ] = 272.4 Hz), 123.7, 1189 (d, J = 3.8 Hz), 1168, 116.6 (d, ] =
4.1 Hz), 114.9, 662, 64.8, 53.3.
2-(Morpholinomethyl)-5-phenyl-N-(3-(trifluoromethyl)-
phenyl)thieno[2,3-d]pyrimidin-4-amine (14e). General Procedure
F. The residue was chromatographed on silica (1:29:70 Et;N/petroleum
ether/EtOAc) to afford the compound as a gold oil (307 mg, 75%).
LCMS (m/z): 471.1 [M + H]". HPLC: tg 7.195 min. HRMS (m/z):
CpH,,F3N,OS requires 471.1465 [M + H]*; found 471.1461. "H NMR
(CDCl,) & 8.08 (s, 1H), 7.60 (dd, J = 6.4, 2.5 Hz, 3H), 7.55 (d, ] =
22 Hz, 1H), 7.54 (d, ] = 3.8 Hz, 1H), 7.34 (t, ] = 7.9 Hz, 1H), 7.25
(dd, ] = 13.4, 5.5 Hz, 2H), 7.21 (s, 1H), 7.01 (s, 1H), 3.85 (s, 2H), 3.82—
3.77 (m, 4H), 2.76—2.66 (m, 4H). *C NMR (CDCl;) § 168.5, 161.9,
154.6,139.3, 135.9, 133.77, 131.33 (q, ] = 32.2 Hz), 129.6, 129.4, 129.3
(d, J = 2.8 Hz), 1233 (q, J = 272.2 Hz), 1223, 121.5, 1196 (q, ] =
3.8 Hz), 116.5 (q, J = 4.0 Hz), 113.3, 67.0, 65.3, 53.8.
6-Benzyl-2-(morpholinomethyl)-N-(3-(trifluoromethyl)-
phenyl)thieno[2,3-d]pyrimidin-4-amine (14f). General Procedure
F. The reaction precipitate was collected under vacuum and washed with
cold i-PrOH to afford the compound as a white solid (37.5 mg, $5%).
LCMS (m/z): 4852 [M + H]*. HPLC: t; 7.162 min. HRMS (m/z):
C,sH,3F;N,OS requires 485.1624 [M + H]*; found 485.1617. '"H NMR
(DMSO-d,) 510.39 (s, 1H), 8.36 (d, ] = 8.5 Hz, 1H), 8.19 (s, 1H), 7.92
(s, 1H), 7.61 (t, ] = 8.0 Hz, 1H), 7.45 (4, J = 7.7 Hz, 1H), 7.39-7.33
(m, 4H), 7.30—7.25 (m, 1H), 4.52 (s, 2H), 4.30 (s, 2H), 3.89 (s, 4H),
3.40 (s, 4H). 3*C NMR (DMSO-d) § 166.2, 153.9, 142.6, 139.9, 139.2,
129.8, 1294, 129.1, 128.7, 128.7, 126.8, 125.3, 124.2 (q, J = 272.3 Hz),
119.6, 117.6 (d, ] = 3.9 Hz), 1174, 116.8, 63.2, 59.8, 51.8, 36.2.
5-Cyclohexyl-2-(morpholinomethyl)-N-(3-(trifluoromethyl)-
phenyl)thieno[2,3-d]pyrimidin-4-amine (14g). General Procedure
F. The residue was chromatographed on silica (1:29:70 Et;N/petroleum
ether/EtOAc) to afford the title compound as a yellow oil which later
solidified under vacuum (260 mg, 66%). LCMS (m/z): 477.2 [M + H]*.
HPLC: ty 7.618 min. HRMS (m/z): C,,H,,F;N,OS requires
477.1937[M + H]%; found 477.193. '"H NMR (CDCL) & 8.33
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(s, 1H),7.75 (dd, ] = 8.0,0.9 Hz, 1H), 7.49 (t, ] = 7.9 Hz, 1H), 7.37 (d,]
= 6.6 Hz, 2H), 7.01 (s, 1H), 3.80 (s, 2H), 3.79—3.75 (m, 4H), 2.86 (t, ] =
9.6 Hz, 1H), 2.74—2.62 (m, 4H), 2.23 (d, ] = 10.4 Hz, 2H), 2.04—1.98
(m, 2H), 1.89 (d, ] = 12.9 Hz, 1H), 1.64—1.47 (m, 4H), 1.45—1.31 (m,
1H). ®C NMR (CDCL,) § 169.7, 161.2, 154.7, 139.6, 138.8, 131.6 (q, ] =
32.3 Hz), 129.6, 1242 (q, J = 2724 Hz), 1232, 120.1 (q, J =
3.8 Hz), 117.3 (q, ] = 4.0 Hz), 1172, 114.1, 67.1, 65.2, 53.9, 41.3, 342,
26.9, 26.1.
5,6-Dimethyl-2-(morpholinomethyl)-N-(3-(trifluoromethyl)-
phenyl)thieno[2,3-d]pyrimidin-4-amine (14h). General Procedure
F. The residue was chromatographed on silica (1:29:70 Et;N/petroleum
ether//EtOAc) to afford the title compound as a gold oil (214 mg,
40%). LCMS (m/z): 4232 [M + H]*. HPLC: t; 6.577 min. HRMS
(m/z): Cy0H,,F3N,OS requires 423.1464 [M + H]*; found 423.1461.
'H NMR (CDCL,) 6 8.20 (s, 1H), 7.81 (dd, J = 8.1, 1.2 Hz, 1H), 7.46
(t, ] = 8.0 Hz, 1H), 7.38 (s, 1H), 7.34 (d, ] = 7.8 Hz, 1H), 3.78—3.75
(m, 6H), 2.68—2.63 (m, 4H), 2.60 (s, 3H), 247 (s, 3H). 3C NMR
(CDCL,) 6 1668, 160.5, 154.3, 139.5, 1319, 131.4 (q, J = 32.3 Hz),
129.5, 123.8 (q, J = 272.2 Hz), 123.5 (d, ] = 1.2 Hz), 120.0 (q, ] =
3.8 Hz), 117.4 (q, ] = 4.0 Hz), 116.1, 67.1, 65.3, 53.9, 14.6, 13.7.
6-Cyclohexyl-2-(morpholinomethyl)-N-(3-(trifluoromethyl)-
phenyl)thieno[2,3-d]pyrimidin-4-amine (14i). General Procedure
F. The residue was chromatographed on silica (1:99 Et;N/EtOAc) to
afford the compound as a white solid (258 mg, 54%). LCMS (m/z):
4772 [M + HJ*. HPLC: t; 7.666 min. HRMS (m/z): Cy,H,,F;N,0S
requires 477.1942 [M + H]*; found 477.193. 'H NMR (400 MHz,
DMSO-dg) 6 9.72 (s, 1H), 8.57 (s, 1H), 8.17 (d, J = 8.3 Hz, 1H), 7.62
(d, ] = 0.9 Hz, 1H), 7.59 (d, J = 8.1 Hz, 1H), 7.39 (d, ] = 7.7 Hz, 1H),
3.64 (s, 2H), 3.61—3.56 (m, 4H), 2.90 (tt, ] = 10.8, 5.5 Hz, 1H,A), 2.56—
2.51 (m, 4H), 2.07 (d, J = 9.7 Hz, 2H), 1.81 (dd, ] = 9.3, 3.0 Hz, 2H),
1.71 (d, ] = 12.7 Hz, 1H), 1.51—1.35 (m, 4H), 1.26 (ddd, ] = 17.7, 106,
6.0 Hz, 1H). *C NMR (DMSO-dg) 5 165.9, 160.5, 153.4, 148.5, 140.7,
129.7, 129.3 (d, ] = 31.4 Hz), 1243 (q, J = 272.1 Hz), 123.6, 118.7
(d,]=3.8Hz), 1165 (d, ] = 4.0 Hz), 115.6, 113.5, 66.2, 64.7, 53.2, 39.1,
34.4,25.6, 25.4.
2-(Morpholinomethyl)-N-(3-(trifluoromethyl)phenyl)thieno-
[2,3-d]pyrimidin-4-amine (14j). General Procedure F. The precip-
itate was filtered and washed with cold i-PrOH affording the compound
as a brown solid (199 mg, 45%). LCMS (m/z): 395.1 [M + H]*. HPLC:
tn 5.894 min. HRMS (m/z): CsH,F3N,OS requires 395.1106
[M + H]*; found 395.1148. 'H NMR (DMSO-d,) § 10.68 (s, 1H),
843 (d, J = 8.5 Hz, 1H), 829 (d, J = 5.9 Hz, 2H), 7.82 (d, J =
6.0 Hz, 1H), 7.62 (t, ] = 8.0 Hz, 1H), 7.46 (d, ] = 7.7 Hz, 1H), 4.56
(s, 2H), 3.92 (s, 4H), 3.40 (s, 4H). °C NMR (DMSO-d) § 166.6,
154.7, 139.9, 129.7, 1292 (d, ] = 31.6 Hz), 128.8, 125.4, 124.7, 124.2
(q ] = 2724 Hz), 120.3, 119.7 (d, ] = 3.9 Hz), 117.7 (d, ] = 3.9 Hz),
116.4, 63.3, 59.8, S1.9
6-Benzyl-N,N-dimethyl-2-(morpholinomethyl)thieno[2,3-d]-
pyrimidin-4-amine (15). General Procedure F. The residue was
chromatographed on silica (1:99 Et;N/EtOAc) to afford the compound
as a gold oil (91 mg, 33%). LCMS (m/z): 369.2 [M + H]*. HPLC:
tp 6.012 min, 93% purity (214 nm). HRMS (m/z): CyH,N,0S
requires 369.1747 [M + H]"; found 369.1744. '"HNMR (CDCL) 6730
(dd,J=9.7, 4.8 Hz, 1H), 7.26—7.20 (m, 3H), 7.11 (s, 1H), 4.14 (s, 2H),
3.80—3.72 (m, 4H), 3.69 (s, 2H), 3.32 (s, 6H), 2.71-2.60 (m, 1H).
13C NMR (CDCL,) § 169.6, 160.7, 160.0, 157.6, 139.1, 138.2, 128.6,
128.5, 126.7, 118.7, 114.5, 66.8, 65.0, 53.6, 39.8, 36.9.
2-(Morpholinomethyl)-N-phenyl-5,6,7,8-tetrahydrobenzo-
[4,5]thieno[2,3-d]pyrimidin-4-amine (16a). General Procedure F.
The residue was eluted through a silica gel column (99:1 EtOAc/Et;N)
and proceeded to afford the title compound as a light pink oil which later
solidified at room temperature (48.8 mg, 20%). Mp: 129-135 °C.
LCMS (m/z): 381.2 [M + H]". HPLC: t; 6.294 min. HRMS (m/z):
C,H,,N,O0S requires 381.1748 [M + HJ]*; found 381.1744. "H NMR
(CDCL,) § 7.76=7.72 (m, 2H), 7.39—7.33 (m, 2H), 7.17 (s, 1H), 7.13—
7.07 (m, 1H), 3.80—3.77 (m, 4H),), 3.76 (s, 2H), 3.10-3.02 (m, ] =
6.0 Hz, 2H), 2.88—2.78 (m, 2H), 2.69—-2.62 (m, 4H), 2.02—1.96
(m, 2H), 1.96—1.89 (m, 2H). *C NMR (CDCl,) § 167.0, 160.7, 154.7,
138.9, 134.4, 1289, 124.4, 123.5, 120.5, 114.9, 67.0, 65.1, 53.9, 26.5,
25.5,22.6, 22.5.
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N-(3-Fluorophenyl)-2-(morpholinomethyl)-5,6,7,8-
tetrahydrobenzo[4,5]thieno[2,3-d]lpyrimidin-4-amine (16b).
General Procedure F. Chromatographed on silica (1:99 EtOAc/Et;N)
to give the final product as a yellow/orange solid (90.2 mg, 17%). Mp:
141—150 °C. LCMS (m/z): 399.2 [M + H]*. HPLC: t; 6.569 min.
HRMS (m/z): CyH,3FN,OS requires 399.1654 [M + H]*; found
399.1649. 'H NMR (CDCl,) 5 7.97 (dt, J = 11.5, 2.1 Hz, 1H), 7.32—
726 (m, 1H), 7.24—7.19 (m, 2H), 6.80 (td, ] = 8.2, 1.7 Hz, 1H), 3.83—
3.80 (m, 4H), 3.80 (s, 2H), 3.06 (t, ] = 5.7 Hz, 2H), 2.86 (¢, J =
5.7 Hz, 2H), 2.72-2.65 (m, 4H), 2.02—1.97 (m, 2H), 1.97—-191
(m, 2H). *C NMR (CDCl,) § 165.8 (d, ] = 247.2 Hz), 161.9, 160.7,
154.4, 140.7 (d, J = 11.2 Hz), 134.9, 129.9 (d, ] = 9.7 Hz), 124.3, 115.2
(d,J=2.7Hz),115.1,109.9 (d,] =21.6 Hz), 107.78 d, ] = 27.1 Hz), 67.1,
65.1, 53.9, 26.5, 25.6, 22.6, 22.5.

N-(3-Methoxyphenyl)-2-(morpholinomethyl)-5,6,7,8-
tetrahydrobenzo [4,5]thieno[2,3-d]pyrimidin-4-amine (16c).
General Procedure F. This residue was purified using column chro-
matography (50:50 petroleum ether/EtOAc) to afford the final product
asayellow oil (60.5 mg, 18%). 'H NMR (CDCl;) § 7.65 (s, 1H, H), 7.25
(t,J=8.1 Hz, 1H), 7.18 (s, 1H), 7.12 (ddd, ] = 8.2, 2.1, 0.8 Hz, 1H), 6.65
(ddd, J = 82, 2.5, 0.8 Hz, 1H), 3.86 (s, 3H), 3.81—3.76 (m, ] = 8.3,
3.5 Hz, 6H), 3.06 (t, ] = 5.9 Hz, 2H), 2.84 (t, ] = 5.9 Hz, 2H), 2.67
(s, 4H), 2.03—1.96 (m, 2H), 1.96—1.89 (m, 2H). LCMS (m/z): 411.3
[M + H]*. HPLC: t 6.521 min. HRMS (m/z): C,,H,¢N,O,S requires
411.1853 [M + H]*; found 411.1849. '*C NMR (CDCl,) 6 167.0, 160.2,
154.6, 140.2, 134.6, 129.6, 124.4, 115.1, 112.5, 108.7, 106.6, 66.9, 65.2,
60.4, 55.3, 53.8, 26.4, 25.5, 22.6, 22 4.

3-((2-(Morpholinomethyl)-5,6,7,8-tetrahydrobenzo[4,5]-
thieno[2,3-d]pyrimidin-4-yl)Jamino)phenol (17). To a solution of
N-(3-methoxyphenyl)-2-(morpholinomethyl)-5,6,7,8 tetrahydrobenzo-
[4,5]thieno[2,3-d]pyrimidin-4-amine (195 mg, 475 umol) in DCM
(4.00 mL) at 0 °C was added BBr3 (1 M in DCM) (2.37 mlL,
2.37 mmol). The mixture was stirred at rt under a N, environment
overnight and then poured into ice—water. The solution was adjusted to
pH 6 by addition of sat. NaHCO;. The DCM was removed under
reduced pressure and the aqueous residue extracted with EtOAc
(3 X 20 mL). The combined organic extracts were washed with brine,
dried (Na,SO,), filtered, and concentrated in vacuo. The resulting
residue was eluted through a silica gel column (5:95 MeOH/DCM) to
give the title compound as a white/gray solid (100 mg, $3%). Mp: 98—
105 °C. LCMS (m/z): 397.2 [M + H]*. HPLC: t; 5.850 min. HRMS
(m/z): C,;H,4N,O,S requires 397.1699 [M + H]*; found 397.1693.
'H NMR (CDCLy) 6 8.37 (s, 1H), 7.73 (t, ] = 2.0 Hz, 1H), 7.14 (s, 1H),
7.11 (t, ] = 8.1 Hz, 1H), 6.87 (ddd, ] = 8.0, 2.0, 0.7 Hz, 1H), 6.56 (ddd, ] =
8.1, 2.3, 0.7 Hz, 1H), 3.79 (s, 2H), 3.78—3.73 (m, 4H), 2.98 (t, ] =
5.4 Hz, 2H), 2.80-2.72 (m, 6H), 1.98—1.83 (m, 4H). C NMR
(CDCL,) 6 166.4,160.3, 157.4, 154.5, 139.8, 134.4, 129.7, 124.6, 115.1,
111.5,111.1, 108.3, 66.8, 64.0, 52.8, 26.4, 25.5, 22.5, 22.4.

N-Methyl-2-(morpholinomethyl)-5,6,7,8-tetrahydrobenzo-
[4,5]thieno[2,3-d]pyrimidin-4-amine (18). General Procedure F.
Upon completion of reaction the reaction vessel was stored at —4 °C
overnight. Precipitates were collected and washed with cold i-PrOH to
afford the compound as light brown crystals (300 mg, 76%). LCMS (m/z):
319.1[M + H]*. HPLC: f; 5.162 min. HRMS (m/z): C,¢H,,N,OS
requires 319.1593 [M + H]*; found 319.1587. "H NMR (CDCl;) 6 5.23
(dd, J = 94, 5.2 Hz, 1H), 3.82—3.74 (m, 4H), 3.71 (s, 2H), 3.10 (d, ] =
48 Hz, 3H), 2.92-2.85 (m, 2H), 2.82-2.75 (m, 2H), 2.70-2.65
(m, 4H), 1.98—1.81 (m, 4H). 3C NMR (CDCl,) § 165.9, 161.0, 158.0,
132.8, 125.2, 114.6, 67.1, 65.4, 53.9, 28.1, 26.5, 25.5, 22.7.

N,N-Diethyl-2-(morpholinomethyl)-5,6,7,8-tetrahydro-
benzo[4,5]thieno[2,3-d]pyrimidin-4-amine (19). General Proce-
dure F. The reaction mixture was concentrated under reduced pressure
and the residue chromatographed on silica (5% MeOH—DCM) to
afford the compound as a gold oil (299 mg, 90%). LCMS (m/z): 361.2
[M + H]* HPLC: t 5.162 min. HRMS (m/z): C,sH,gN,OS requires
361.2055 [M + H]*; found 361.2057. 'H NMR (CDCL,) § 3.71 (t, ] =
4.7 Hz, 6H), 3.41 (q, ] = 7.0 Hz, 4H), 2.90—2.76 (m, 4H), 2.65—2.55
(m, 4H), 1.92—1.82 (m, 2H), 1.79—1.68 (m, 2H), 1.08 (t, ] = 7.0 Hz, 6H).
BC NMR (CDCL) 6§ 168.9, 161.7, 159.1, 133.7, 127.4, 120.0, 66.9, 65.0,
53.6, 44.7, 26.6, 25.8, 23.1, 22.9, 12.5.
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4-((4-(3-(Trifluoromethyl)phenoxy)-5,6,7,8-tetrahydro-
benzo[4,5]thieno[2,3-d]pyrimidin-2-y|)methy|)morpho|ine16
(20). A mixture of 4-((4-chloro-5,6,7,8-tetrahydrobenzo[4,5]thieno-
[2,3-d]pyrimidin-2-yl)methyl)morpholine (350 mg, 1.08 mmol),
3-(trifluoromethyl)phenol (135 uL, 1.11 mmol), K,CO; (299 mg,
2.16 mmol), and tris[2-(2-methoxyethoxy)ethylamine (TRIDENT)
(34.0 uL, 108 pmol) was taken up in i-PrOH and irradiated at 40 W for
6 h in an 8 mL pressure tube. The reaction mixture was diluted with
water and extracted with DCM. The combined organic extracts were
dried and concentrated in vacuo. The residue was chromatographed on
silica (1:99 Et;N/EtOAc) to afford the title compound as pale yellow oil
(351 mg, 72%). LCMS (m/z): 450.1 [M + H]*. HPLC: #;; 7.432 min.
HRMS (m/z): C,Hy,F3N;0,S requires 450.1468 [M + H]*; found
450.1458. "H NMR (CDCl,) § 7.56—7.48 (m, 3H), 7.41 (dt, J = 7.4,
1.7 Hz, 1H), 3.72—3.60 (m, 6H), 3.04 (t, ] = 4.8 Hz, 2H), 2.85 (t, ] =
4.8 Hz, 2H), 2.54—2.50 (m, 4H), 1.96—1.85 (m, 4H). *C NMR
(CDCLy) § 169.6, 162.2, 160.5, 152.7, 136.2, 131.9 (q, J = 32.9 Hz),
1300, 126.8, 1253 (d, ] = 0.8 Hz), 123.7 (g, ] = 272.4 Hz), 122.0 (g, ] =
3.8 Hz), 119.1 (q, ] = 3.9 Hz), 117.5, 66.8, 643, 53.6, 25.8, 25.6, 22.9,
22.4.
5,6,7,8-Tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4(3H)-
one®® (21). Ethyl-2-amino-4,5,6,7-tetrahydrobenzothiophene-3-car-
boxylate (4.05 g, 17.8 mmol) was taken up in formamide (20 mL)
and heated to 170 °C under a nitrogen atmosphere. The heating was
continued for 12 h and the progress of the reaction was monitored by
TLC. The reaction mixture was allowed to cool to rt, and the
precipitated solids were collected and washed with petroleum spirits to
afford the compound as brown crystals (3.12 g, 85%). LCMS (m/z):
207.1 [M + HJ*. HPLC: t 5.537 min. HRMS (m/z): C,,H,,N,0S
requires 207.0585 [M + H]*; found 207.0587. '"H NMR (DMSO-d;)
57.99 (s, 1H), 2.86 (t, ] = 5.9 Hz, 2H), 2.73 (t, ] = 5.8 Hz, 2H), 1.88—
1.64 (m, 4H). 3 C NMR (DMSO-d,) § 162.4,157.6, 144.8, 132.1, 130.8,
122.6, 25.3, 244, 22.4,21.7.
4-Chloro-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]-
pyrimidine (22). General Procedure E. The residue was chromato-
graphed on silica (99:1 EtOAc/Et;N) which afforded the compound
as a gold solid (1.85 g, 68%). LCMS (m/z): 225.1 [M + H]*. HPLC:
5 8.139 min. 'H NMR (CDCL,) 6 8.70 (s, 1H), 3.09 (t, ] = 4.3 Hz, 2H),
2.88 (dd, J = 5.0, 3.5 Hz, 2H), 1.92 (dt, J = 6.1, 2.9 Hz, 4H). *°C NMR
(CDCL,) & 169.02, 153.3, 151.7, 139.7, 128.9, 127.3, 26.4, 262, 22.5,
22.3.
N-(3-(Trifluoromethyl)phenyl)-5,6,7,8-tetrahydrobenzo[4,5]-
thieno[2,3-d]pyrimidin-4-amine (23a). General Procedure F. The
crude reaction was concentrated under reduced pressure and the residue
chromatographed on silica eluting with (1:29:70 Et;N/petroleum
ether/EtOAc) to afford the compound as an oil which later solidified
under vacuum to give a beige solid (265 mg, 68%). LCMS (m/z):
350.1[M + HJ*. HPLC: t; 8.367 min. HRMS (m/z): C,;H,,F;N,S
requires 350.0936 [M + H]*; found 350.0933. '"H NMR (CDCl,) § 8.52
(s, 1H), 7.96 (s, 1H), 7.91 (d, J = 8.2 Hz, 1H), 7.48 (t, ] = 8.0 Hz, 1H),
736 (d,J=7.8 Hz, 1H), 7.22 (s, 1H), 3.08 (t, ] = 6.0 Hz, 1H), 2.86 (¢, ] =
6.0 Hz, 1H), 2.05—1.91 (m, 4H). 3C NMR (CDCl;) § 166.7, 15.6,
152.4,139.3, 135.5, 131.5 (d, ] = 32.4 Hz), 129.64, 126.1 (d, ] = 1.0 Hz),
124.1 (q, ] = 272.5 Hz), 1203 (q, J = 3.8 Hz), 117.5 (q, J = 3.9 Hz),
116.8, 26.6, 25.6, 22.6, 22.4.
N,N-Diethyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]-
pyrimidin-4-amine (23b). General Procedure F. The solution was
concentrated in vacuo and the residue chromatographed on silica (4:1
EtOAc/petroleum ether) which afforded the desired compound as a
light gold oil that solidified under high vacuum to give a pale yellow solid
(233 mg, 80%). Mp: 60—62 °C. LCMS (m/z): 262.1 [M + H]*. HPLC:
ty 6.281 min. HRMS (m/z): C;,H)N;S requires 262.1376
[M + HJ*; found 262.1372. '"H NMR (CDCL,) & 8.50 (s, 1H), 3.46
(q,J =7.1 Hz, 4H), 2.96—2.82 (m, 4H), 1.97—1.90 (m, 2H), 1.84—1.76
(m, 2H), 1.13 (t, J = 7.1 Hz, 6H),). *C NMR (CDCl;) § 168.3, 162.1,
151.3, 134.2, 127.7, 122.1, 44.9, 26.6, 25.8, 23.0, 22.9, 12.4.
2-(Piperidin-1-ylmethyl)-5,6,7,8-tetrahydrobenzo[4,5]-
thieno[2,3-d]pyrimidin-4(3H)-one (24). General Procedure D. The
reaction mixture was poured into water. The formed precipitates were
collected under vacuum filtration and recrystallized from DMF.
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The mother liquor was extracted with EtOAc, washed with water, brine,
and the combined organic extracts were concentrated in vacuo. The residue
was chromatographed on silica (1:99 MeOH/EtOAc) to afford the tar-
get compound as cream white solid (350 mg, 73%). Mp: 182—184 °C.
LCMS (m/z): 3042 [M + H]". HPLC: t; 5.228 min. HRMS (m/z):
Cy¢H,N;0S requires 303.1356 [M + HJ]*; found 303.14. '"H NMR
59.95 (s, 1H), 3.46 (s, 2H), 3.04—2.97 (m, 2H), 2.77-2.73 (m, 2H),
2.54—2.44 (m, 4H), 1.92—1.78 (m, 4H), 1.62 (m, 4H), 148 (d, J =
52 Hz, 2H). ®C NMR (CDCL,) & 163.7, 158.3, 153.8, 132.8, 131.5,
121.9, 60.8, 54.8, 25.9, 25.6, 25.1, 23.7, 23.0, 22.3.
4-Chloro-2-(piperidin-1-ylmethyl)-5,6,7,8-tetrahydrobenzo-
[4,5]1thieno[2,3-d]pyrimidine (25). General Procedure E. The
residue was eluted through a silica gel column (99:1 EtOAc/Et;N)
which proceeded to give the compound as a golden oil (154 mg, 41%).
LCMS (m/z): 324.1 [M + H]*. HPLC: t; 6.231 min. HRMS (m/2):
C16H»oCIN;S requires 322.114 [M + HJ]*; found 322.1139. '"H NMR
(CDCIl,) 63.80 (s, 2H), 3.06 (t, ] = 4.2 Hz, 2H), 2.84 (t, ] = 4.2 Hz, 2H),
2.52—2.49 (m, 4H), 1.93—1.86 (m, 4H), 1.67—1.57 (m, 4H), 149—1.36
(m, 2H). *C NMR (CDCl;) § 169.4, 161.4, 152.9, 138.9, 126.9, 126.9,
652, 54.7,26.3, 26,0, 25.7, 24.1, 22.5, 22.2.
2-(Piperidin-1-ylmethyl)-N-(3-(trifluoromethyl)phenyl)-
5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4-amine
(26). General Procedure F. This residue was purified on silica gel (99:1
EtOAc/Et;N) to give the final product as a yellow oil which later
solidified at room temperature (100 mg, 24%). Mp: 121—126 °C.
LCMS (m/z): 447.3 [M + H]". HPLC: t 7.602 min. HRMS (m/z):
C,3H,sF3N,S requires 447.1828 [M + H]*; found 447.1825. '"H NMR
58.17 (s, 1H), 7.93 (dd, J = 8.1, 1.6 Hz, 1H), 7.48 (t, ] = 8.0 Hz, 1H),
7.34-7.31 (d, J = 7.7 Hz, 1H), 7.26 (s, 1H), 3.77 (s, 2H), 3.09 (t, ] =
6.0 Hz, 2H), 2.87 (t, ] = 6.0 Hz, 2H), 2.58 (s, 4H), 2.04—1.97 (m),
1.98—1.94 (m, 2H), 1.66 (dt, ] = 11.2, 5.6 Hz, 4H), 1.48—1.39 (m, 2H).
BC NMR (CDCl;) & 167.5, 161.4, 1542, 139.7, 135.0, 131.4
(q ] = 32.3 Hz), 129.5, 1242, 124.1 (q, ] = 2724 Hz), 1232, 119.7
(q,] = 3.8 Hz), 117.1 (q, ] = 4.0 Hz), 115.1, 65.8, 54.8,26.6, 26.0, 25.7,
243,227, 22.5.
2-(Tetrahydro-4H-pyran-4-ylidene)acetonitrile®® (29). To a
suspension of sodium hydride (60% mineral dispersion oil) (2.37 g,
59.3 mmol) in diethyl ether (150 mL) cooled to 0 °C was added diethyl
cyanomethylphosphonate (9.55 mL, 59.3 mmol) dropwise followed by
a solution of tetrahydro-4H-pyran-4-one (5.00 mL, 53.9 mmol) in
diethyl ether (150 mL). After the addition was completed the reaction
was warmed to room temperature and stirred overnight. H,O and
EtOAc were added, the organic layer was separated, washed with brine,
dried over Na,SO,, filtered, and concentrated in vacuo to provide the
compound as a brown oil. The crude oil was then subjected to vacuum
distillation (20 mbar) to reveal the title compound as a transparent oil
which crystallized upon standing. This distillate was dissolved in hot
petroleum ether and left in the fridge overnight to recrystallize. The
crystals were collected and dried to afford the desired compound as a
white crystalline solid (2.56 g, 39%). LCMS (m/z): 124.2 [M + H]".
HPLC: t; 3.390 min. "H NMR (CDCL,) § 5.19-5.16 (m, 1H), 3.81—
371 (m, 4H), 2.67-2.60 (m, 2H), 2.43-2.37 (m, 2H). *C NMR
(CDCL,) 8 162.7, 1162, 93.6, 68.3, 68.1, 35.9, 33.7.
2-(Tetrahydro-2H—pyran-4-y|)acetonitri|e35 (30). To a solution
of 2-(tetrahydro-4H-pyran-4-ylidene )acetonitrile (2.65 g, 20.8 mmol) in
ethyl acetate (25 mL) and acetic acid (1 mL) stirred under N, was added
10% Pd/C (84.0 mg, 4.17 mmol). The reaction mixture was evacuated
under reduced pressure, purged with hydrogen, and stirred for 5 h at rt
under 1 atm of pressure. TLC showed consumption of the starting
material after S h. The reaction was filtered (Celite) and the filtrate was
concentrated in vacuo to provide the compound as pale yellow oil which
was used for the next reaction without any further purification (2.61 g,
quantitative yield). "H NMR (CDCL,) § 4.04—3.98 (m, 2H), 340 (td, ] =
11.9, 2.1 Hz, 2H), 2.32 (d, ] = 6.8 Hz, 2H), 1.93 (qdd, ] = 10.8, 7.0, 3.9 Hz,
2H), 1.75 (ddd, J = 12.6, 3.5, 1.6 Hz, 2H), 1.51—1.38 (m, 2H). *C NMR
(CDCLy) 6 118.1, 67.3, 32.3, 32.1, 24.4.
2-((Tetrahydro-2H-pyran-4-yl)methyl)-5,6,7,8-tetrahydro-
benzo[4,5]thieno[2,3-d]pyrimidin-4(3H)-one (31). General Pro-
cedure C. The reaction mixture was filtered directly and the solid washed
with petroleum ether to obtain the desired compound as a beige solid
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(4.23 g,93%). Mp: 250—252 °C.LCMS (m/z): 255.1 [M + H]*. HPLC:
tx 6.858 min. HRMS (m/z): C,;H,,CIN,OS requires 255.0354
[M + H]; found 255.0353."H NMR (DMSO-d,) 5 7.44 (s, 1H), 4.56
(s, 2H), 2.85 (t, ] = 5.8 Hz, 2H), 2.73 (t, ] = 5.8 Hz, 2H), 1.76 (ddd, ] =
7.5,6.8, 4.4 Hz, 4H). 3C NMR (DMSO-d,) 6 163.1, 158.5, 156.0, 131.0,
130.5, 120.4, 66.8, 40.8, 33.8, 32.2, 25.3, 24.4, 22.5, 21.8.
4-Chloro-2-((tetrahydro-2H-pyran-4-yl)methyl)-5,6,7,8-
tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidine (32). General Pro-
cedure E. The residue was chromatographed on silica (1:99 Et;N/
EtOAc) to afford the compound as a gold oil (350 mg, 24%). LCMS
(m/z): 3232 [M + H]*. HPLC: t; 9.066 min, >95% purity (254 nm).
'"H NMR (CDCl;) § 3.93 (dd, J = 11.5, 2.4 Hz, 2H), 3.38 (td, ] = 11.7,
2.3 Hz, 2H), 3.06 (d, J = 2.1 Hz, 2H), 2.91 (d, J = 7.2 Hz, 2H), 2.85
(d, ] = 2.1 Hz, 2H), 2.28—2.17 (m, 1H), 1.90 (dt, ] = 6.0, 2.9 Hz, 4H),
1.60—1.52 (m, 2H), 1.51—1.39 (m, 2H). *C NMR (CDCl;) § 169.3,
163.4, 152.9, 138.2, 126.9, 126.3, 67.8, 45.7, 35.1, 32.8, 26.3, 25.9, 22.5,
22.3.
2-((Tetrahydro-2H-pyran-4-yl)methyl)-N-(3-(trifluoromethyl)-
phenyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4-
amine (33a). General Procedure F. The crude reaction mixture
was evaporated under reduced pressure and the residue chromato-
graphed on silica (1% MeOH/CHCL;) which furnished the title com-
pound as a white foam (160 mg, 48%). LCMS (m/z): 448.2
[M + H]*. HPLC: £, 7.945 min. HRMS (m/z): C,3H,,F;N;OS requires
448.1673 [M + HJ%; found 448.1665. 'H NMR (CDCL) § 831
(s, 1H), 7.72 (dd, J = 8.1, 1.7 Hz, 1H), 747 (t, ] = 7.9 Hz, 1H),
7.36—7.33 (m, 1H), 7.24 (s, 1H), 3.95 (dd, J = 11.5, 2.4 Hz, 2H), 3.41
(td, = 11.8, 2.1 Hz, 2H), 3.07 (t, ] = 6.0 Hz, 2H), 2.84 (dd, ] = 13.1,6.7
Hz, 4H), 2.26 (dqd, ] = 15.1, 7.5, 3.7 Hz, 1H), 2.03—1.90 (m, 4H), 1.63
(dd, J = 13.0, 1.9 Hz, 2H), 1.52—1.43 (m, 2H). C NMR (CDCl,)
5167.3,163.4, 1542, 139.5, 134.3, 1313, (q, ] = 32.2 Hz), 124.3, 124.1,
(g, ] = 272.5 Hz) 123.0, 1197, (q, ] = 3.8 Hz), 1172, (q, ] = 4.0 Hz),
114.5, 67.9, 46.2, 34.9, 32.9, 26.5, 25.5, 22.6, 22.5.
N,N-Diethyl-2-((tetrahydro-2H-pyran-4-yl)methyl)-5,6,7,8-
tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4-amine (33b).
General Procedure F. Chromatographed on silica (50:50 petroleum
ether/EtOAc) furnishing the target compound as a gold oil (150 mg,
quantitative yield). LCMS (m/z): 360.2 [M + H]*. HPLC: t 6.664 min.
HRMS (m/z): CyHyoN;OS requires 360.2107 [M + HJ*; found
360.2104. 'H NMR (CDCL,) 6 3.94 (dd, J = 11.4, 2.4 Hz, 2H), 3.44 (dd,
J=14.1,7.1 Hz, (m, 4H), 3.42—3.34 (m, 2H), 2.89 (t, ] = 5.9 Hz, 2H),
2.84 (t, ] = 6.3 Hz, 2H), 2.79 (d, ] = 7.2 Hz, 2H), 2.27-2.15 (m, 1H),
1.96—1.88 (m, 2H), 1.81—1.74 (m, 2H), 1.59 (dd, J = 13.0, 1.7 Hz, 2H),
144 (ddd, J = 11.9, 10.3, 6.0 Hz, m, 2H), 1.12 (t, ] = 7.0 Hz, 6H).
3C NMR (CDCl;) § 168.9, 162.0, 161.9, 132.9, 127.6, 119.6, 68.1, 45.9,
44.9, 34.9, 33.0, 26.7, 25.8, 23.1, 23.0, 12.5.
4-Morpholinobutanenitrile®® (35b). Morpholine (3.66 mlL,
42.3 mmol) and 4-chlorobutanenitrile (2.00 mL, 21.6 mmol) were
taken up in toluene (30 mL) and stirred at reflux temperature for 7 h.
The reaction mixture was filtered directly, and the solids were washed
with CH,Cl, The filtrate was acidified with 1 M KHSO, solution and
extracted with further CH,Cl,, and the organic extracts were discarded.
The aqueous phase was then adjusted to pH 12 with 1 M NaOH and
extracted with CH,Cl, (3 X 25 mL). The organic extracts were dried
over anhydrous Na,SO, and concentrated in vacuo to yield the com-
pound as a transparent oil which was utilized without further purification
(2.12 g 65%). LCMS (m/z): 155.1 [M + H]". 'H NMR (CDCI,)
§ 3.77-3.66 (m, 4H), 2.53—2.37 (m, 8H), 1.83 (p, ] = 6.9 Hz, 2H).
13C NMR (CDCly) § 119.8, 66.9, 56.7, 53.5, 22.5, 14.9.
5-Morpholinopentanenitrile®® (35c). Morpholine (6.93 mL,
80.4 mmol) and S-chlorovaleronitrile (4.50 mL, 40.2 mmol) were
taken up in toluene (50 mL) and stirred at reflux temperature for 8 h.
The reaction mixture was filtered directly and the solids were washed
with CH,Cl,. The filtrate was acidified with 1 M KHSO, solution and
extracted with further CH,Cl,, and the organic extracts were discarded.
The aqueous phase was then adjusted to pH 12 with 1 M NaOH and
extracted with CH,Cl, (3 X 30 mL). The organic extracts were dried
over anhydrous Na,SO,, and concentrated in vacuo to yield the
compound as a transparent oil which was utilized without further
purification (2.93 g, 43%). LCMS (m/z): 169.2 [M + H]*. '"H NMR
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(CDCL,) §3.77-3.61 (m, 4H),2.52—2.29 (m, 8H), 1.80—1.57 (m, 4H).
BC NMR (CDCl,) 6 119.7, 67.0, 57.8, 53.7, 25.4, 23.4, 17.1.
2-(2-Chloroethyl)-5,6,7,8-tetrahydrobenzo([4,5]thieno[2,3-
dlpyrimidin-4(3H)-one (36a). General Procedure C. The reaction
was allowed to cool and the precipitate was collected, washed with cold
1,4-dioxane, triturated with petroleum ether, filtered, and dried to afford
the compound as a beige powder (4.95 g, 83%). LCMS (m/z): 269.1
[M + H]*. HPLC: t 6.677 min. "H NMR (DMSO-d;) 6 12.38 (s, 1H),
3.98 (t,J = 6.6 Hz, 2H), 3.09 (t, ] = 6.6 Hz, 2H), 2.84 (t, ] = 5.8 Hz, 2H),
2.71 (t, J = 5.8 Hz, 2H), 1.83—1.67 (m, 4H). *C NMR (DMSO-d;)
0 162.6, 158.4, 154.2, 131.6, 130.7, 120.8, 41.5, 36.6, 25.3, 24.4, 22.5,
21.8.
2-(3-Chloropropyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-
dlpyrimidin-4(3H)-one (36b). General Procedure C. The reaction
mixture was allowed to cool and the formed precipitate was collected
and washed with cold 1,4-dioxane to yield a light brown solid (3.16 g,
60%). LCMS (m/z): 283.1 [M + H]*. HPLC: t; 7.018 min. 'H NMR
(DMSO-dg) 6 1229 (s, 1H), 3.70 (t, ] = 6.5 Hz, 1H), 2.85 (t, ] =
5.8 Hz, 2H), 2.78—2.73 (m, 2H), 2.73—2.68 (m, 2H), 2.15 (dq, ] =
13.6, 6.6 Hz, 2H), 1.77 (ddt, ] = 8.6, 5.2, 2.6 Hz, 4H). *C NMR
(DMSO-dg) 6 162.6, 158.5, 156.4, 131.2, 130.6, 120.6, 44.6, 30.9, 29.3,
25.3, 24.4,22.5,21.8.
2-(4-Chlorobutyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-
dlpyrimidin-4(3H)-one (36¢). The reaction mixture was allowed to
cool and water (150 mL) was added. The precipitate was collected,
washed with MeOH, and recrystallized from DMF to afford the
compound as light brown crystals (6.56 g, 83% yield). LCMS (m/z):
297.1 [M + H]*. HPLC: t; 7.276 min. '"H NMR (DMSO-d,) 5 12.22
(s, 1H), 3.66 (t, ] = 6.3 Hz, 2H), 2.85 (t, ] = 6.0 Hz, 2H), 2.71 (t, ] =
5.8 Hz, 2H), 2.61 (t, ] = 7.2 Hz, 2H), 1.86—1.68 (m, 8H). *C NMR
(DMSO-dg) 6 163.1, 158.5, 157.0, 131.2, 130.5, 120.4, 45.0, 32.9, 31.3,
252, 24.4,24.1, 22.5, 21.8.
2-(2-Morpholinoethyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno-
[2,3-d]pyrimidin-4(3H)-one (37a). General Procedure D. Residue
chromatographed on silica (1:99 Et;N/EtOAc) to yield the compound
as a white solid (800 mg, 56%). LCMS (m/z): 320.1 [M + H]*. HPLC:
tp 4.909 min. HRMS (1/z): C,sH,,N;0,S requires 320.1433 [M + H]%;
found 320.1427. "H NMR (CDCl,) § 12.51 (s, 1H), 3.82—3.71 (m, 4H),
296 (t, ] = 5.9 Hz, 2H), 2.89—2.83 (m, 2H), 2.84—2.78 (m, 2H), 2.74
(t,J = 5.9 Hz, 2H), 2.62—2.56 (q, ] = 3.8 Hz, 4H), 1.90—1.73 (m, 4H).
BC NMR (CDCl;) § 163.9, 159.7, 155.6, 132.6, 131.3, 121.4, 66.9, 55.7,
53.2, 30.1, 25.6, 25.2, 23.1, 22.4.
2-(3-Morpholinopropyl)-5,6,7,8-tetrahydrobenzo[4,5]-
thieno[2,3-d]pyrimidin-4(3H)-0ne37’ (37b). General Procedure C.
The reaction mixture was filtered directly and the solids washed with
petroleum ether to obtain the desired compound as a fluffy beige solid
(3.51 g, 80%). LCMS (m/z): 334.1 [M + H]*. HPLC: t; 4.925 min.
HRMS (m/z): Ci;H,3N;0,S requires 334.1586 [M + H]*; found
334.1584. '"H NMR (DMSO-dg) 6 11.54 (s, 1H), 3.99-3.81 (m, 4H),
342 (d,J=12.3 Hz, 2H), 3.15—-3.07 (m, 2H), 3.06—3.01 (m, 2H), 2.85
(t, J = 5.5 Hz, 2H), 2.70 (t, ] = 7.2 Hz, 4H), 2.17 (dq, ] = 15.4, 7.6 Hz,
2H), 1.86—1.69 (m, 4H). *C NMR (DMSO-d;) 6§ 162.9, 158.9, 156.5,
131.7, 131.0, 121.1, 63.5, 55.5, 51.3, 31.2, 25.7, 24.9, 22.9, 22.2, 20.8.
2-(4-Morpholinobutyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno-
[2,3-d]pyrimidin-4(3H)-one (37c). General Procedure C. The
reaction mixture was filtered directly and the solids collected and
washed with hot i-PrOH to afford the desired compound as a white solid
(2.34 g, 57%). LCMS (m/z): 348.2 [M + H]*. HPLC: t 5.034 min.
HRMS (m/z): CisHysN30,S requires 348.1749 [M + H]*; found
348.1740. '"H NMR (DMSO-d,) § 11.36 (s, 1H), 3.99—-3.77 (m, 4H),
3.36 (d, J = 12.2 Hz, 2H), 3.13—2.93 (m, 2H), 2.83 (t, J = 5.6 Hz, 2H),
270 (t, ] = 5.5 Hz, 2H), 2.64 (t, ] = 6.8 Hz, 2H), 1.86—1.63 (m, SH).
3C NMR (DMSO-dg) 8 162.6, 158.5, 157.1, 131.3, 130.7, 120.6, 63.2,
55.5, 50.9, 33.1, 25.4, 24.5, 24.0, 22.6, 22.1, 21.9.
4-(2-(4-Chloro-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]-
pyrimidin-2-yl)ethyl)morpholine (38a). General Procedure E. The
residue was chromatographed on silica (1:99 Et;N/EtOAc) to afford the
compound as a gold oil (270 mg, 78%). LCMS (m/z): 338.1 [M + H]".
HPLC: f; 5.824 min. "H NMR (CDCl,) 5 3.87—3.52 (m, 4H), 3.29—
3.12 (m, 2H), 3.05 (s, 2H), 2.98—2.89 (m, 2H), 2.85 (s, 2H), 2.59—2.50

DOI: 10.1021/acs jmedchem.7b01565
J. Med. Chem. 2019, 62, 174—206

-102 -



Chapter 2: A Thieno/[2,3-d]pyrimidine Scaffold is a Novel NAM of the D>R

Journal of Medicinal Chemistry

(m, 4H), 1.94—1.84 (m, 4H). *C NMR (CDCl;) § 169.4, 163.3, 152.9,
138.1, 126.9, 1264, 67.0, 57.2, 53.4, 35.9, 26.3, 25.9, 22.5, 22.3.
4-(3-(4-Chloro-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]-
pyrimidin-2-yl)propyl)morpholine (38b). General Procedure E.
The residue was chromatographed on silica (1:99 Et;N/EtOAc) to
afford the compound as a gold oil (1.06 g, 67%). LCMS (m/z): 352.1
[M + HJ*. HPLC: t; 5938 min. 'H NMR (CDCl,) & 3.66—3.61
(m, 4H), 3.08—2.95 (m, 4H), 2.88—2.78 (m, 2H), 2.47—2.37 (m, 4H),
2.11-2.00 (m, 2H), 1.91 (dt, J = 6.0, 2.9 Hz, 4H). *C NMR (CDCl;)
5 169.4, 164.8, 152.8, 137.9, 126.9, 126.2, 66.9, 58.4, 53.6, 26.3, 25.9,
25.4,22.5,22.2.
4-(4-(4-Chloro-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]-
pyrimidin-2-yl)butyl)morpholine (38c). General Procedure E. The
residue was chromatographed on silica (1:99 Et;N/EtOAc) to afford the
compound as a gold oil (1.42 g, 88%). LCMS (m/z): 366.1 [M + H]".
HPLC: tg 6.255 min. '"H NMR (CDCl;) 6 3.75—3.63 (m, 4H), 3.07—
3.02 (m, 2H), 3.02-2.97 (m, 2H), 2.87-2.82 (m, 2H), 2.44—2.34
(m, 6H), 1.98—1.79 (m, 6H), 1.62—1.53 (m, 2H). *C NMR (CDCl;)
8 169.4, 164.9, 152.9, 138.0, 126.9, 126.2, 66.9, 58.7, 53.7, 26.5, 26.2,
26.2,25.9,22.5,22.2.
2-(2-Morpholinoethyl)-N-(3-(trifluoromethyl)phenyl)-
5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4-amine
(39a). General Procedure F. The crude reaction mixture was
concentrated under reduced pressure and the residue chromatographed
on silica (1:99 Et;N/EtOAc). The product was isolated and found to
have coeluted with a reaction byproduct (m/z: 347.2 [M + H]*), this
mixture was concentrated under reduced pressure, and the resulting
bright yellow solid was suspended in Et,O. The solids were collected
under vacuum filtration and washed with Et,O to afford the desired
compound as pale yellow crystalline solid (233 mg, 27%). LCMS (m/z):
4632 [M + HJ*. HPLC: t; 7.025 min. HRMS (m/z): Cy3H,F5N,O
requires 463.1783 [M + H]*; found 463.1774. "H NMR (CDCl,) 5 8.28
(s, 1H), 7.71 (dd, J = 7.9, 1.5 Hz, 1H), 744 (t, ] = 7.9 Hz, 1H),
735-7.31 (m, 1H), 723 (s, 1H), 3.87-3.60 (m, 2H), 3.12—3.04
(m, 4H), 2.97-2.91 (m, 2H), 2.84 (t, ] = 6.0 Hz, 2H), 2.59—-2.49
(m, 4H), 2.07—1.89 (m, 4H). 3*C NMR (CDCl,) § 167.4, 163.3, 154.4,
139.6, 1344, 1314 (q, J = 323 Hz), 1294, 1244, 1241 (q, ] =
2724 Hz),1232,119.8 (q,J = 3.8 Hz), 117.4 (q, ] = 4.0 Hz), 114.7, 672,
574, 53.6, 36.3, 26.6, 25.6, 22.6, 22.5.
2-(3-Morpholinopropyl)-N-(3-(trifluoromethyl)phenyl)-
5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4-amine
(39b). General Procedure F. The residue was chromatographed on silica
(1:99 Et;N/EtOAc) to afford the title compound as a light brown oil
which later solidified under high vacuum to give a dark white solid
(383 mg, 56%). LCMS (m/z): 477.2 [M + H]". HPLC: # 6.671 min.
HRMS (m/z): CyyH,,F;N,OS requires 477.1937 [M + H]*; found
477.1930. '"H NMR (CDCL,) 5 8.24 (s, 1H), 7.78 (dd, J = 8.2, 1.8 Hy,
1H), 7.45 (t, ] = 7.9 Hz, 1H), 7.36—7.31 (m, 1H), 7.22 (s, 1H), 3.70—
3.66 (m, 4H), 3.07 (t, ] = 6.0 Hz, 2H), 2.96—2.88 (m, 2H), 2.84 (t, ] =
6.0 Hz, 2H), 244 (dd, J = 84, 6.6 Hz, 6H), 2.13—1.89 (m, 6H).
3C NMR (CDCl;) § 167.3, 164.7, 154.3, 139.5, 134.1, 131.3, (q, ] =
32.1 Hz), 129.3, 124.3, 124.1, (q, ] = 272.4 Hz), 123.1, 1197, (q, ] =
3.9 Hz), 11722, (q, J = 4.0 Hz), 114.5, 67.1, 58.5, 53.6, 37.1, 26.5, 25.5,
25.2,22.5, 22.4.
2-(4-Morpholinobutyl)-N-(3-(trifluoromethyl)phenyl)-
5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidin-4-amine
(39¢). General Procedure F. The residue was chromatographed on silica
(1:99 Et;N/EtOAc) to afford the title compound as a pale yellow
crystalline solid (400 mg, $9%). LCMS (m/z): 491.2 [M + H]*. HPLC:
t 6.671 min. HRMS (m/z): C,sH,oF;N,OS requires 491.2102
[M + HJ%; found 491.2087. '"H NMR (CDCl,) 6 8.30 (s, 1H), 7.74
(dd, J = 8.2, 1.8 Hz, 1H), 7.46 (t, ] = 7.9 Hz, 1H), 7.35—7.31 (m, 1H),
722 (s, 1H), 3.76—3.62 (m, 4H), 3.06 (t, ] = 6.0 Hz, 2H), 2.94—2.88
(m, 2H), 2.84 (t, ] = 6.0 Hz, 2H), 2.47—2.33 (m, 6H), 1.97 (dddd, ] =
23.5,21.1, 13.6, 8.1 Hz, 6H), 1.59 (tt, ] = 9.8, 6.6 Hz, 2H). '*C NMR
(CDClLy) & 167.3, 164.8, 154.2, 139.5, 134.1, 131.26, (q, ] = 32.2 Hz),
129.3, 124.07, (q, J = 272.6 Hz), 123.0, 119.6, (q, ] = 3.8 Hz), 117.19,
(q, ] =4.0 Hz), 114.4, 67.0, 58.9, 53.7, 38.9, 26.5, 26.2, 25.5, 22.5, 22.4.
N,N-Diethyl-2-(4-morpholinobutyl)-5,6,7,8-tetrahydro-
benzo[4,5]thieno[2,3-d]pyrimidin-4-amine (40). General Proce-
dure F. Pale yellow solid (145 mg, 94%). Mp: 60—62 °C. LCMS (m/z):

202

403.3 [M + H]*. HPLC: t; 5.370 min. HRMS (m/z): C,,H3,N,OS
requires 4032532 [M + HJ'; found 405.2326. 'H NMR (CDCI,)
5 3.76—3.65 (m, 4H) 3.44 (q, J = 7.0 Hz, 4H) 2.94—2.79 (m, 6H) 2.45
(d, J = 3.8 Hz, 4H), 2.39 (dd, ] = 8.6, 7.0 Hz, 2H), 1.96—1.88 (m, 2H),
1.87—1.81 (m, 2H), 1.78 (dtd, J = 8.9, 5.9, 2.9 Hz, 2H), 1.63—1.52
(m, 2H), 1.12 (t, ] = 7.0 Hz, 6H). *C NMR (CDCl;) § 168.9, 163.5,
162.1, 132.8, 127.6, 119.6, 66.9, 58.9, 53.7, 44.8, 38.8, 26.8, 26.5, 26.1,
25.9, 232, 23.1, 12.6.
2-(4-Morpholinobutyl)thieno[2,3-d]pyrimidin-4(3H)-one (41).
General Procedure C. The reaction vessel was decanted leaving a
dark solid mass. The vessel was washed with 1,4-dioxane, and the solids
were collected and stirred in hot 1,4-dioxane to wash away any
1,4-dioxane soluble impurities. The crude solid was chromatographed
on silica (5% MeOH/DCM) affording the desired compound as a fluffy
beige solid (1.22 g, 57%). LCMS (m/z): 2942 [M + H]". HPLC:
tp 3.664 min. HRMS (m/z): C;,H,oN;0,S requires 294.1277 [M + H];
found 294.1271. '"H NMR (CDCL,) 6 7.44 (d, J = 5.8 Hz, 1H), 7.19
(d, ] = 5.8 Hz, 1H), 3.78—3.73 (m, 4H), 2.87 (t, ] = 7.5 Hz, 2H), 2.51—
248 (m,2H),2.47-2.43 (m, 2H), 1.90 (dt, J = 15.1, 7.5 Hz, 2H), 1.70—
1.61 (m, 2H). *C NMR (CDCl,) § 166.0, 160.1, 157.8, 122.3, 122.2,
121.4, 664, 58.1, 53.4, 45.8, 34.4, 25.3, 25.2.
4-(4-(4-Chlorothieno[2,3-d]pyrimidin-2-yl)butyl)morpholine
(42). General Procedure D. The residue was chromatographed on silica
(1:99 Et;N—EtOAc) which afforded the desired compound as a golden
oil (485 mg, 51%). LCMS (m/z): 312.2 [M + H]". HPLC: t; 4.734 min.
"H NMR (CDCl,) 6 7.52 (d, ] = 6.0 Hz, 1H), 7.39 (d, ] = 6.0 Hz, 1H),
3.73-3.69 (m, 4H), 3.10—3.02 (m, 2H), 2.46—2.42 (m, 4H), 2.42—-2.37
(m, 2H), 1.92 (dt, J = 15.5, 7.7 Hz, 2H), 1.60 (ddd, ] = 17.9, 8.6,
6.7 Hz, 2H). *C NMR (CDCl,) 6 169.6, 166.5, 154.9, 127.2, 127.1,
119.9, 67.1, 58.9, 53.9, 38.9, 26.7, 26.3.
2-(4-Morpholinobutyl)-N-(3-(trifluoromethyl)phenyl)thieno-
[2,3-d]pyrimidin-4-amine (43a). General Procedure F. The solvent
was concentrated in vacuo and the brown residue was chromatographed
onsilica (98:1:1 EtOAc/MeOH/Et;N) furnishing the target compound
as a transparent oil, later turning into a white powder under high vacuum
(201 mg, 80%). LCMS (m/z): 437.2 [M + H]*. HPLC: t; 5.670 min.
HRMS (m/z): CyH,3F5N,OS: requires 437.1621 [M + H]*; found
437.1617. "H NMR (CDCl,) 6 8.33 (t, ] = 1.8 Hz, 1H), 7.80 (dd, J =
8.1, 0.8 Hz, 1H), 747 (t, ] = 7.9 Hz, 1H), 7.40 (s, 1H), 7.36 (d, ] =
7.8 Hz, 1H), 7.31 (d, ] = 6.0 Hz, 1H), 7.25 (d, ] = 6.0 Hz, 1H), 3.73—3.67
(m, 4H), 3.00-2.94 (m, 2H), 2.46—2.34 (m, J = 13.7, 6.1 Hz, 6H),
1.98—1.88 (m, 2H), 1.64—1.55 (m, 2H). *C NMR (CDCl,) § 168.4,
166.2, 1544, 139.5, 131.31 (q, J = 32.3 Hz), 129.4, 1239 (q, J =
2722 Hz), 123.4, 1233, 120.0 (q, ] = 3.7 Hz), 117.6 (q, ] = 4.0 Hz),
116.6, 114.8, 67.0, 58.8, 53.7, 39.1, 26.2.
N,N-Diethyl-2-(4-morpholinobutyl)thieno[2,3-d]pyrimidin-
4-amine (43b). General Procedure F. The solvents were evaporated
under reduced pressure and the residue was chromatographed on silica
(3:2 EtOAc/petroleum ether) furnishing the desired compound as
a gold oil (178 mg, 89%). LCMS (m/z): 349.2 [M + H]*. HPLC: t;
4.108 min. HRMS (m/z): C;sH,4N,OS: requires 349.2063 [M + H]*;
found 349.2057. "H NMR (CDCl,) 67.26 (d, ] = 6.2 Hz, 1H), 7.09 (d, ] =
6.2 Hz, 1H),3.74 (q,] = 7.1 Hz, 4H), 3.70 (dd, J = 7.8, 3.1 Hz, 4H), 2.81
(t,J=7.5Hz,2H), 2.44—2.41 (m, 4H), 2.40—2.35 (m, 2H), 1.86 (dt, ] =
15.3, 7.6 Hz, 2H), 1.58 (tt, ] = 9.8, 6.6 Hz, 2H), 1.31 (t, ] = 7.0 Hz, 6H).
13C NMR (CDCl;) 6§ 169.9,165.2, 156.9, 121.2,119.3, 112.5, 67.1, 59.1,
53.8,43.9, 38.9, 26.7, 26.3, 13.4.
N,N-Diethyl-2-(morpholinomethyl)thieno[2,3-d]pyrimidin-4-
amine (44). General Procedure F. The solution was concentrated
under reduced pressure and the residue chromatographed on silica (4:1
EtOAc/petroleum ether) affording the desired compound as a light
brown oil (125 mg, 94%). Mp: 60—62 °C. LCMS (m/z): 262.1
[M + HJ*. HPLC: t 6.281 min. HRMS (m/z): C;sH,,N,OS requires
307.1589 [M + H]"; found 307.1587. "H NMR (CDCl,) 5 729 (d, ] =
62 Hz, 1H), 7.15 (d, ] = 6.2 Hz, 1H), 3.80—3.77 (m, 4H), 3.76 (dd, ] =
124, 5.5 Hz, 4H), 371 (s, 2H), 2.75-2.59 (m, 4H), 131 (t, ] =
7.0 Hz, 3H). *C NMR (CDCl,;) 6 169.9, 160.9, 156.8, 121.1, 120.2,
113.1, 66.9, 65.2, 53.8, 44.0, 13.4.
Thieno[2,3-dlpyrimidin-4(3H)-one (45). Ethyl 2-aminothio-
phene-3-carboxylate (1.25 g, 7.30 mmol) was taken up in formamide
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(15 mL) and heated to 170 °C under a N, atmosphere. The heating was
continued for 5 h, in which the progress of the reaction was monitored
by LC/MS. The crude reaction mixture was diluted with EtOAc and
extracted with aqueous 1 M HCl solution (3 X 30 mL). The organic
extracts were discarded, the aqueous phase adjusted to approximately
pH 10 and further extracted with EtOAc (3 X 30 mL). The organic
extracts were collected and dried over anhydrous sodium sulfate and the
solvent was concentrated under reduced pressure affording the com-
pound as a yellow solid (845 mg, 76%). LCMS (m/z): 153.1 [M + H]*.
HPLC: f; 3424 min. 'H NMR (DMSO-d,) & 12.50 (s, 1H), 8.14
(s, 1H,), 7.59 (d, ] = 5.8 Hz, 1H), 741 (d, ] = 5.8 Hz, 1H). °C NMR
(DMSO-dy) § 164.6, 157.9, 146.1, 125.1, 124.3, 122.1.

4-Chlorothieno[2,3-d]pyrimidine (46). General Procedure E.
The black crude residue was chromatographed on silica (60:40 EtOAc/
petroleum ether) to afford the compound as a fluffy beige solid (695 mg,
77%). LCMS (m/2): 170.9 [M + H]*. HPLC: t; 5.394 min. 'H NMR
(CDCL,) & 8.88 (s, 1H), 7.64 (d, J = 6.0 Hz, 1H), 746 (d, J =
6.0 Hz, 1H). *C NMR (CDCl,) § 168.8, 155.0, 152.8, 129.6, 128.4,
119.2.

N-(3-(Trifluoromethyl)phenyl)thieno[2,3-d]pyrimidin-4-
amine (47a). General Procedure F. The solvent was evaporated under
reduced pressure and the residue was chromatographed on silica
(70:29:1 petroleum ether/EtOAc/Et;N). This afforded the target
compound as a white/pale yellow solid (225 mg, 65%). Mp: 60—62 °C.
LCMS (m/z): 296.0 [M + H]*. HPLC: t; 6.842 min. HRMS (m/z):
C13HF;N;S requires 296.0466 [M + H]*; found 296.0464. '"H NMR
(400 MHz, DMSO-dg) & 9.92 (s, 1H), 8.60 (s, 1H), 833 (t, J =
2.0 Hz, 1H), 8.23 (dd, J = 8.1, 2.0 Hz, 1H), 7.93 (d, J = 6.0 Hz, 1H), 7.80
(d, ] = 6.0 Hz, 1H), 7.63 (t, ] = 8.0 Hz, 1H), 7.44 (ddt, ] = 7.8, 1.7,
0.9 Hz, 1H). *C NMR (DMSO-d,) 5 166.8, 154.5, 152.9, 140.3, 129.7,
129.3 (d,J=31.5 Hz), 124.5, 124.3 (g, ] =272.6 Hz), 1194, 1192 (¢, =
3.7 Hz), 117.2,116.9 (q, ] = 4.0 Hz).

N,N-Diethylthieno[2,3-d]pyrimidin-4-amine (47b). General
Procedure F. The bright blue crude reaction was evaporated of any
volatile solvents and the resulting residue chromatographed on silica
(50:50 petroleum ether/EtOAc) affording the compound as a light
green powder (223 mg, 91%). LCMS (m/z): 208.1 [M + H]*. HPLC:
tp 4.098 min. HRMS (m/z): C,,H;3N;S: requires 208.0984 [M + H]*;
found 208.0903. 'H NMR (CDCl,) & 843 (s, 1H), 7.32 (d, J =
6.2Hz,1H),7.19 (d,] = 6.2 Hz, 1H),3.76 (q,] = 7.1 Hz,4H), 1.33 (t, ] =
7.1 Hz, 6H). ®C NMR (CDCL,) 5 169.1, 157.1, 153.1, 121.4, 120.5,
114.8, 44.1, 13.3.

Pharmacological Characterization. Materials. Dulbecco’s
modified Eagle’s medium, Flp-In CHO cells, and hygromycin B were
purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS)
was purchased from ThermoTrace (Melbourne, VIC, Australia).
[*H]Raclopride, GF/C 96-well filter plates, and MicroScint-0 were
from PerkinElmer (Boston, MA). All other reagents were purchased
from Sigma-Aldrich (St. Louis, MO).

Cell Culture. FlpIn Chinese hamster ovary (CHO) cells (Invitrogen,
Carlsbad, CA, USA) stably expressing the hD, R were grown and
maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 200 ug/mL of
hygromycin-B and maintained at 37 °C in a humidified incubator
containing 5% CO,.

[*HIRaclopride Binding Assay. The membranes of FlpIn CHO
cells expressing the hD,; R were prepared as previously described.”®
Radioligand inhibition assays were performed by co-incubating
membrane homogenates (1S pg of protein) with varying concentrations
of test compound in binding buffer (20 mM HEPES, 100 mM NaCl,
6 mM MgCl,, 1 mM EGTA, 1 mM EDTA; pH 7.4) containing 0.5 nM of
[*H]raclopride to a final volume of 300 4L in the absence or presence of
the competing compounds, and incubated at 25 °C for 2—3 h. Each test
compound was dissolved in dimethyl sulfoxide and diluted in the
binding buffer into 10 half-log,, serial dilutions: final test concentrations
ranged from 107> M to 1077 M. All compound concentrations were
tested in duplicate. Nonspecific binding was determined using 10 uM
haloperidol (Sigma-Aldrich, St. Louis, MO). In the kinetic binding assay,
the dissociation of [*H]raclopride was started after being incubated for
60 min. Binding was terminated by fast flow filtration over GF/C
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membrane unifilter plates (PerkinElmer) using a Uniplate 96-well
harvester (PerkinElmer) followed by five washes with ice-cold 0.9%
NaCl. MicroScint-0 (S0 uL/well) was added, plates were sealed
(TopSeal), and radioactivity was measured in a MicroBeta2 LumiJET
MicroBeta counter (PerkinElmer). The affinity (K;) of [*H]raclopride
at the D,; R determined in saturation binding assays is 1.07 & 0.12 nM,
and the B, value is 1.51 + 0.26 pmol/mg protein.

Cell Culture and Transfection for cAMP Assay. FlpIn CHO cells
stably expressing the human dopamine D, receptor were maintained in
DMEM supplemented with 5% fetal calf serum (FBS) and 0.2 mg/mL
hygromycin at 37 °C in a humidified incubator supplied with 5% CO,.
For transfection, the cells were grown in 10 cm culture dishes until
subconfluent. A mixture of 4 ug of plasmid DNA containing BRET-
based cAMP (CAMYEL) biosensor construct”” and 25 pg of 20 kDa
linear polyethylene imine (PEI) in S00 L 150 mM NaCl was added into
a dish of cells.

cAMP Measurement. The cellular cAMP levels were measured
with the CAMYEL BRET-based biosensor for cAMP.>* One day after
transfection, cells were trypsinized and seeded in white 96-well
microplates. The cells were then cultured for an additional day, rinsed
twice with Hanks’ balanced salt solution (HBSS) and were then
incubated in fresh HBSS. The Renilla luciferase (RLuc) substrate
coelenterazine-h was added to reach a final concentration of S M. The
cells were stimulated with dopamine in the presence of 10 yM forskolin
(final concentration). For the antagonism assay, the antagonists were
added 30 min prior to stimulation. The BRET signals were measured
using a BMG Lumistar counter 30 min after stimulation. The BRET
signal (BRET ratio) was determined by calculating the ratio of the light
emitted at 535 + 30 nm (YFP) to the light emitted at 475 + 30 nm
(RLuc).

Data Analysis. Computerized nonlinear regression, statistical
analyses and simulations were performed using Prism 6.0 (GraphPad
Prism 6.0b software, San Diego, CA).

Analysis of Radioligand Binding Experiments. Competition-
binding curves between [*H]raclopride and 1 and analogues of 1 were
fitted to the allosteric ternary complex model using the following
equation.27

[a]
y— Ky
[
JEN H—“‘
Ky 1+
Kp

(1)

where Y is percentage (vehicle control) binding; [A] and [B] are the
concentrations of [*H]raclopride and modulator, respectively; K, and
Kp are the equilibrium dissociation constants of [*H]raclopride and
modulator, respectively; and « is the cooperativity between [*H]-
raclopride and modulator. Values of & > 1 denote positive cooperativity,
values of <1 (but >0) denote negative cooperativity, and values of 1
denote neutral cooperativity. For analogues of 1 that displayed
incomplete displacement of [*H]raclopride, a value of @ could be
determined experimentally. However, for analogues that acted to
completely displace the radioligand then we could not distinguish an
allosteric mode of action (with high negative cooperativity) from a
competitive mode of interaction. In these cases, we fit the above model
fixing the value of & to assume high negative cooperativity (a = 0.0001).
Values of Kj determined using this fit did not deviate significantly from
values of affinity derived using a competitive model.

Radioligand binding dissociation kinetic data were analyzed and fit to
an exponential decay equation using nonlinear regression to determine
the rate constant.

total binding = NS + (total — NS) ¢ ot )
where NS is nonspecific binding and ¢ is time expressed in minutes. The
dissociation rate constant (k) is expressed in units of inverse, min™".
The half-life for dissociation is also calculated as In(2) /k,or 0.6931/k,.

Analysis of Functional Data. All concentration—response data
were fitted to the following modified four-parameter Hill equation to
derive potency estimates.”
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(B — basal)[A]™

E = basal + —/——M————
nH nH
[A]™ + ECq,

()

where E is the effect of the system, nH is the Hill slope, and ECy is the
concentration of agonist [A] that gives the midpoint response between
basal and maximal effect of dopamine or other agonists (E,;,,), which are
the lower and upper asymptotes of the response, respectively.

To determine the mode of interaction of 1 and derivatives of 1 at the
D,R in relation to the agonist dopamine, data were fit to both a com-
petitive and allosteric model and the best fit was compared statistically.
A logistic equation of competitive agonist—antagonist interaction was
globally fitted to data from functional experiments measuring the
interaction between dopamine and all analogues of 1:

(Emax — bottom)
response = bottom + —
lo—pF/CSOI:l-#(:B] /lo’Kﬁ)]’
L+ |
(a]
4

where s represents the Schild slope for the antagonist and pA, represents
the negative logarithm of the molar concentration of antagonist that
makes it necessary to double the concentration of agonist needed to
elicit the original submaximal response obtained in the absence of antag-
onist. The same data describing the interaction between all analogues of
1 and dopamine were also analyzed using a complete operational model
of allosterism and agonism according to eq 5:

E=

E,(1,[A](Ks + ap[B]) + r5[BIK)™

([AIKy + KyKy + Ky[B] + alA][B])™ + (,[A)(K; + ap[B]) + 5[ BK,)™
(8)
where E,, is the maximum possible cellular response, [A] and [B] are the
concentrations of orthosteric and allosteric ligands, respectively, K, and
Ky are the equilibrium dissociation constant of the orthosteric and
allosteric ligands, respectively, 7, and 7 (constrained to —100) are
operational measures of orthosteric and allosteric ligand efficacy (which
incorporate both signal efficiency and receptor density), respectively,
a is the binding cooperativity parameter between the orthosteric and
allosteric ligand, and f denotes the magnitude of the allosteric effect of
the modulator on the efficacy of the orthosteric agonist. K, was
constrained to 617 nM and represents a value of functional affinity
determined by an operational model of agonism applied to dose—
response data of dopamine in the presence of increasing concentrations
of the alkylating agent phenoxybenzamine. For compounds that caused
a limited rightward shift of the dopamine dose—response curve but no
decrease in E,,,,, data were fit using an operational model of allosterism
where log f# was constrained to 0 to represent neutral cooperativity with
dopamine efficacy. For compounds that produced an unlimited decrease
in the maximal response of dopamine log # was constrained to —3.

For each of the compounds the two equations (models) were then
compared for their fit using an extra-sum-of-squares F test. All of the data
points and values shown in the figures and tables are the mean + SEM of
at least three separate experiments performed in duplicate unless
otherwise stated.

Molecular Docking Simulations. The D,R crystal structure
(PDB code 6C38)** was prepared by the regularization algorithm
implemented in ICM-Pro molecular modeling software.*” Raclopride
was docked into the orthosteric pocket of the D,R using an energy-based
docking protocol implemented in the ICM-Pro software.*” The best
energy binding pose predicted for raclopride in the D,R was found to be
similar to the binding pose of closely related eticlopride in the
cocrystallized complex with the D;R.” The D,R-raclopride complex was
further optimized using biased probability Monte Carlo (BPMC)
optimization of the surrounding residues in the proximity of 5 A of
ligand. In the final D,R-raclopride complex, the rmsd between common
atoms of raclopride and the crystallographic pose of eticlopride did not
exceed 0.5 A.

Compound 1 and its 33 analogues were docked into the D,R-
raclopride complex using an ene §y—based docking protocol imple-
mented in the ICM-Pro software.*”*" Compounds were generated from
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2D representations, and their 3D geometry was optimized using
MMFF-94 force field. The docking was performed in the rectangular
box that comprised the whole extracellular part of the receptor above
raclopride, including the extracellular loops. Docking simulations used
BPMC optimization of the compounds’ internal coordinates in the pre-
calculated grid energy potentials of the receptor. The exhaustive sam-
pling of the compound conformational space was done with the thorough-
ness parameter set to 10 and at least three independent docking runs
performed for each compound. The final docking poses were selected based
on optimal ligand receptor interactions and ICM binding scores.

For D3R docking, we used the previously published D;R-eticlopride
crystal structure (PDB code 3PBL),” where raclopride was docked in
place of eticlopride. Compound 1 and its eight analogues were then
docked into D;R-raclopride complex. Due to the hypothesized high
flexibility of the E90*® residue side chain, it was set up as “explicitly
flexible group” during the docking. Further docking method was used as
above-mentioned.

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.jmedchem.7b01565.

Figures showing multiple sequence alignment of dop-
amine receptors and molecular docking studies (PDF)
Molecular formula strings and some data (CSV)

H AUTHOR INFORMATION

Corresponding Authors

*JR.L.: phone, +61 3 9903 9095; e-mail, rob.lane@monash.edu.
*B.C.: phone, +61 9903 9556; e-mail, ben.capuano@monash.
edu.

ORCID

Barrie Kellam: 0000-0003-0030-9908
Shailesh N. Mistry: 0000-0002-2252-1689
Vsevolod Katrich: 0000-0003-3883-4505
Peter J. Scammells: 0000-0003-2930-895X
Ben Capuano: 0000-0001-5434-0180

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was supported by a National Health and Medical
Research Council (NHMRC) Project Grant APP1049564.

B ABBREVIATIONS USED

cAMP, cyclic adenosine monophosphate; D,R, dopamine D,
receptor; D;R, dopamine Dj; receptor; DA, dopamine; GPCR
, G-protein-coupled receptor; FGA, first-generation antipsychotic;
SGA, second-generation antipsychotic; EPS, extrapyramidal
symptoms; NAM, negative allosteric modulator; VLS, virtual
ligand screening; SAR, structure—activity relationship; CHO,
Chinese hampster ovary; cAMP, cyclic adenosine mono-
phosphate; BRET, bioluminescence resonance energy transfer;
FBS, fetal bovine serum; HBSS, Hanks’ balanced salt solution;
SEM, standard error of mean; DMF, N,N-dimethylformamide;
POCI;, phosphorus oxychloride; i-PrOH, isopropyl alcohol;
EtOAc, ethyl acetate; DCM, dichloromethane; MWI, microwave
irradiation; TRIDENT, tris[2-(2-methoxyethoxy)ethyl]amine

B REFERENCES

(1) Seeman, P. Targeting the dopamine D2 receptor in schizophrenia.
Expert Opin. Ther. Targets 2006, 10, 515—531.

DOI: 10.1021/acsjmedchem.7b01565
J. Med. Chem. 2019, 62, 174—-206

- 105 -



Chapter 2: A Thieno/[2,3-d]pyrimidine Scaffold is a Novel NAM of the D>R

Journal of Medicinal Chemistry

Article

(2) Davis, K. L; Kahn, R. S.; Ko, G; Davidson, M. Dopamine in
schizophrenia: a review and reconceptualization. Am. . Psychiatry 1991,
148, 1474—1486.

(3) Boyd, K. N.; Mailman, R. B. Dopamine receptor signaling and
current and future antipsychotic drugs. Handb. Exp. Pharmacol. 2012,
212, 53—86.

(4) Newcomer, ]. W. Second-generation (atypical) antipsychotics and
metabolic effects: a comprehensive literature review. CNS Drugs 2008,
19, 1-93.

(5) Rossi, M.; Fasciani, L; Marampon, F.; Maggio, R.; Scarselli, M. The
first negative allosteric modulator for dopamine D2 and D3 Receptors,
SB269652 may lead to a new generation of antipsychotic drugs. Mol.
Pharmacol. 2017, 91, 586—594.

(6) Kenakin, T.; Miller, L. J. Seven transmembrane receptors as
shapeshifting proteins: the impact of allosteric modulation and
functional selectivity on new drug discovery. Pharmacol. Rev. 2010,
62, 265—304.

(7) May, L. T.; Christopoulos, A. Allosteric modulators of G-protein-
coupled receptors. Curr. Opin. Pharmacol. 2003, 3, 551—556.

(8) Lane, J. R; Chubukov, P,; Liu, W.; Canals, M.; Cherezov, V.;
Abagyan, R.; Stevens, R. C,; Katritch, V. Structure-based ligand
discovery targeting orthosteric and allosteric pockets of dopamine
receptors. Mol. Pharmacol. 2013, 84, 794—807.

(9) Chien, E. Y.; Liu, W.; Zhao, Q.; Katritch, V.; Han, G. W.; Hanson,
M. A; Shi, L.; Newman, A. H.; Javitch, J. A.; Cherezov, V.; Stevens, R. C.
Structure of the human dopamine D3 receptor in complex with a D2/
D3 selective antagonist. Science 2010, 330, 1091—1095.

(10) Silvano, E.; Millan, M. J.; Mannoury la Cour, C.; Han, Y.; Duan,
L.; Griffin, S. A.; Luedtke, R. R.; Aloisi, G.; Rossi, M.; Zazzeroni, F.;
Javitch, J. A,; Maggio, R. The tetrahydroisoquinoline derivative
SB269,652 is an allosteric antagonist at dopamine D3 and D2 receptors.
Mol. Pharmacol. 2010, 78, 925—934.

(11) Wood, M; Ates, A.; Andre, V. M.; Michel, A.; Barnaby, R ; Gillard,
M. In vitro and in vivo identification of novel positive allosteric
modulators of the human dopamine D2 and D3 receptor. Mol
Pharmacol. 2016, 89, 303—312.

(12) Kumar, V.; Moritz, A. E; Keck, T. M.; Bonifazi, A.; Ellenberger,
M. P,; Sibley, C. D.; Free, R. B; Shi, L.; Lane, J. R; Sibley, D. R;;
Newman, A. H. Synthesis and pharmacological characterization of novel
trans-cyclopropylmethyl-linked bivalent ligands that exhibit selectivity
and allosteric pharmacology at the dopamine D3 receptor (D3R). J.
Med. Chem. 2017, 60, 1478—1494,

(13) Manglik, A; Lin, H; Aryal, D. K; McCorvy, J. D.; Dengler, D.;
Corder, G.; Levit, A; Kling, R. C.; Bernat, V.; Hubner, H.; Huang, X. P,;
Sassano, M. F.; Giguere, P. M,; Lober, S; Duan, D.; Scherrer, G,;
Kobilka, B. K.; Gmeiner, P.; Roth, B. L.; Shoichet, B. K. Structure-based
discovery of opioid analgesics with reduced side effects. Nature 2016,
537, 185—190.

(14) Carlsson, J; Coleman, R. G.; Setola, V.; Irwin, J. J.; Fan, H;
Schlessinger, A.; Sali, A.; Roth, B. L,; Shoichet, B. K. Ligand discovery
from a dopamine D3 receptor homology model and crystal structure.
Nat. Chem. Biol. 2011, 7, 769—778.

(15) Sabnis, R. W.; Rangnekar, D. W.; Sonawane, N. D. 2-
Aminothiophenes by the gewald reaction. J. Heterocycl. Chem. 1999,
36, 333—34S.

(16) Bogolubsky, A. V.; Ryabukhin, S. V.; Stetsenko, S. V.; Chupryna,
A. A; Volochnyuk, D. M.; Tolmachev, A. A. Synthesis of thieno[2,3-
d]pyrimidin-2-ylmethanamine combinatorial library with four diversity
points. J. Comb. Chem. 2007, 9, 661—667.

(17) Bozorov, K; Zhao, J. Y.; Elmuradov, B.; Pataer, A.; Aisa, H. A.
Recent developments regarding the use of thieno[2,3-d]pyrimidin-4-
one derivatives in medicinal chemistry, with a focus on their synthesis
and anticancer properties. Eur. J. Med. Chem. 20185, 102, 552—573.

(18) Wilding, B.; Faschauner, S.; Klempier, N. A practical synthesis of
S-functionalized thieno[2,3-d]pyrimidines. Tetrahedron Lett. 2018, S6,
4486—4489.

(19) Wy, C.-H.; Coumar, M. S,; Chy, C.-Y.; Lin, W.-H.; Chen, Y.-R;;
Chen, C.-T; Shiao, H.-Y,; Rafi, S.; Wang, S.-Y.; Hsu, H.; Chen, C.-H,;
Chang, C.-Y,; Chang, T.-Y.; Lien, T.-W.; Fang, M.-Y.; Yeh, K.-C.; Chen,

205

C.-P.; Yeh, T.-K; Hsieh, S.-H.; Hsu, J. T. A.; Liao, C.-C.; Chao, Y.-S,;
Hsieh, H.-P. Design and synthesis of tetrahydropyridothieno[2,3-
d]pyrimidine scaffold based epidermal growth factor receptor (EGFR)
kinase inhibitors: the role of side chain chirality and michael acceptor
group for maximal potency. J. Med. Chem. 2010, 53, 7316—7326.

(20) Hesse, S.; Perspicace, E.; Kirsch, G. Microwave-assisted synthesis
of 2-aminothiophene-3-carboxylic acid derivatives, 3H-thieno[2,3-
d]pyrimidin-4-one and 4-chlorothieno[2,3-d]pyrimidine. Tetrahedron
Lett. 2007, 48, 5261—5264.

(21) Bugge, S.; Kaspersen, S. J.; Sundby, E.; Hoff, B. H. Route selection
in the synthesis of C-4 and C-6 substituted thienopyrimidines.
Tetrahedron 2012, 68, 9226—9233.

(22) Jang, M.-Y.; Jonghe, S. D.; Belle, K. V.; Louat, T.; Waer, M.;
Herdewijn, P. Synthesis, immunosuppressive activity and structure—
activity relationship study of a new series of 4-N-piperazinyl-thieno[2,3-
d]pyrimidine analogues. Bioorg. Med. Chem. Lett. 2010, 20, 844—847.

(23) Forero, J. S. B.; de Carvalho, E. M.; Jones Junior, J.; da Silva, F. M.
A new protocol for the synthesis of 2-aminothiophenes through the
Gewald reaction in solvent-free conditions. Heterocycl. Lett. 2011, 1, 1—
67.

(24) Baricordi, N.; Benetti, S.; Bertolasi, V.; De Risi, C.; Pollini, G. P.;
Zamberlan, F.; Zanirato, V. 1,4-Dithiane-2,5-diol as an efficient synthon
for a straightforward synthesis of functionalized tetrahydrothiophenes
via sulfa-Michael/aldol-type reactions with electrophilic alkenes.
Tetrahedron 2012, 68, 208—213.

(25) Lilienkampf, A.; Karkola, S.; Alho-Richmond, S.; Koskimies, P.;
Johansson, N.; Huhtinen, K.; Vihko, K; Wihild, K. Synthesis and
biological evaluation of 17/3-hydroxysteroid dehydrogenase type 1 (17/3-
HSD1) inhibitors based on a thieno[2,3-d] pyrimidin-4(3H)-one core. J.
Med. Chem. 2009, 52, 6660—6671.

(26) Shonberg, J.; Draper-Joyce, C.; Mistry, S. N.; Christopoulos, A.;
Scammells, P. J.; Lane, J. R.; Capuano, B. Structure-activity study of N-
((trans)-4-(2-(7-cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)-
cyclohexyl)-1H-ind ole-2-carboxamide (SB269652), a bitopic ligand
that acts as a negative allosteric modulator of the dopamine D2 receptor.
J. Med. Chem. 2015, 58, 5287—5307.

(27) Christopoulos, A.; Kenakin, T. G protein-coupled receptor
allosterism and complexing. Pharmacol. Rev. 2002, 54, 323—374.

(28) Christopoulos, A.; Changeux, . P.; Catterall, W. A.; Fabbro, D.;
Burris, T. P.; Cidlowski, J. A.; Olsen, R. W; Peters, ]. A,; Neubig, R. R;;
Pin, J. P.; Sexton, P. M.; Kenakin, T. P.; Ehlert, F. J.; Spedding, M.;
Langmead, C. J. International Union of Basic and Clinical Pharmacol-
ogy. XC. multisite pharmacology: recommendations for the nomencla-
ture of receptor allosterism and allosteric ligands. Pharmacol. Rev. 2014,
66, 918—947.

(29) Jiang, L. L; Collins, J.; Davis, R; Lin, K. M.; DeCamp, D.; Roach,
T.; Hsueh, R; Rebres, R. A; Ross, E. M,; Taussig, R,; Fraser, I;
Sternweis, P. C. Use of a cAMP BRET sensor to characterize a novel
regulation of cAMP by the sphingosine 1-phosphate/G13 pathway. J.
Biol. Chem. 2007, 282, 10576—10584.

(30) Leach, K.; Sexton, P. M.; Christopoulos, A. Allosteric GPCR
modulators: taking advantage of permissive receptor pharmacology.
Trends Pharmacol. Sci. 2007, 28, 382—389.

(31) Christopoulos, A. Assessing the distribution of parameters in
models of ligand-receptor interaction: to log or not to log. Trends
Pharmacol. Sci. 1998, 19, 351—357.

(32) Wang, S.; Che, T.; Levit, A.; Shoichet, B. K.; Wacker, D.; Roth, B.
L. Structure of the D2 dopamine receptor bound to the atypical
antipsychotic drug risperidone. Nature 2018, 555, 269—273.

(33) Nirogi, R. V. S.; Kambhampati, R. S.; Kothmirkar, P.; Arepalli, S.;
Pamuleti, N. R. G.; Shinde, A. K; Dubey, P. K. Convenient and efficient
synthesis of some novel fused thieno pyrimidines using gewald’s
reaction. Synth. Commun. 2011, 41, 2835—2851.

(34) Rashmi, P,; Nargund, L. V.; Hazra, K; Chandra, J. N.
Thienopyrimidines as novel inhibitors of Mycobacterium tuberculosis:
synthesis and in-vitro studies. Arch. Pharm. 2011, 344, 459—46S.

(35) Brindani, N; Rassu, G.; Dell’Amico, L.; Zambrano, V.; Pinna, L.;
Curti, C,; Sartori, A.; Battistini, L.; Casiraghi, G.; Pelosi, G.; Greco, D.;
Zanardi, F. Organocatalytic, asymmetric eliminative [4 + 2] cyclo-

DOI: 10.1021/acsjmedchem.7b01565
J. Med. Chem. 2019, 62, 174—206

- 106 -



Chapter 2: A Thieno/[2,3-d]pyrimidine Scaffold is a Novel NAM of the D>R

Journal of Medicinal Chemistry

addition of allylidene malononitriles with enals: rapid entry to
cyclohexadiene-embedding linear and angular polycycles. Angew.
Chem, Int. Ed. 2015, 54, 7386—7390.

(36) Frankel, M.; Mosher, H. S.; Whitmore, F. C. Addition reactions of
1-cyano-1,3-butadiene. J. Am. Chem. Soc. 1950, 72, 81—83.

(37) Shibinskaya, M. O.; Kutuzova, N. A; Mazepa, A. V.; Lyakhov, S.
A.; Andronati, S. A; Zubritsky, M. J; Galat, V. F; Lipkowski, J;
Kravtsov, V. C. Synthesis of 6-aminopropyl-6H-indolo[2,3-b]-
quinoxaline Derivatives. J. Heterocylic Chem. 2012, 49, 678—682.

(38) Klein Herenbrink, C.; Sykes, D. A.; Donthamsetti, P.; Canals, M.;
Coudrat, T.; Shonberg, J.; Scammells, P. J.; Capuano, B.; Sexton, P. M.;
Charlton, S. J; Javitch, J. A.; Christopoulos, A.; Lane, J. R. The role of
kinetic context in apparent biased agonism at GPCRs. Nat. Commun.
2016, 7, 10842.

(39) Motulsky, H. J. C. Fitting Models to Biological Data Using Linear
and Nonlinear Regression: A Practical Guide to Curve Fitting; GraphPad
Software, Inc.: San Diego CA, 2003.

(40) Neves, M. A. C.; Totrov, M.; Abagyan, R. Docking and scoring
with ICM: the benchmarking results and strategies for improvement. J.
Comput.-Aided Mol. Des. 2012, 26, 675—686.

(41) Abagyan, R; Orry, A; Rausch, E; Totrov, M. ICM-Pro User
Guide; MolSoft LLC: La Jolla, CA, 2017.

- 107 -

206

DOI: 10.1021/acs.jmedchem.7b01565
J. Med. Chem. 2019, 62, 174—206



Chapter 2: A Thieno/[2,3-d]pyrimidine Scaffold is a Novel NAM of the D>R

Supplementary Information

A Thieno[2,3-d]pyrimidine Scaffold is a Novel Negative Allosteric
Modulator of the Dopamine D, Receptor

Tim J. Fyfe,w’// Barbara Zarzycka,* Herman D. Lim,’ Barrie Kellam, I Shailesh N. Mistry, U
Vsevolod Katrich,*# Peter J. Scammells,’ J. Robert Lane, ** Ben Capuano®

"Medicinal Chemistry, and * Drug Discovery Biology, Monash Institute of Pharmaceutical Sciences, Monash
University, Parkville, Victoria 3052, Australia

/School of Pharmacy, Centre for Biomolecular Sciences, University of Nottingham, Nottingham NG7 2RD,
UK

‘Department of Biological Sciences, Bridge Institute, University of Southern California, Los Angeles, CA
90089, United States.

?Department of Chemistry, Bridge Institute, University of Southern California, Los Angeles, CA 90089,
United States.

Table of Contents

Figure 1 Multiple sequence alignment of dopamine receptors...................... 111-112
Figure 2 Molecular docking studies of analogues of compound 1

in complex with DoRRaClo, 114-115
Figure 3 Molecular docking studies and selectivity profiles of compound 1 and

its analogues in complex with D3RRl 117-118

The overall sequence identity of the full-length dopamine receptors constitutes only 12%, with
sequence identity of the DoR vs DiR, D3R, D4R, and DsR of 25.3%, 57.0%, 34.1%, and 26.6%,

respectively (Figure 1a).

More importantly, the predicted allosteric pocket amongst the dopamine receptors is relatively low
with the overall conservation of 17% (Figure 1c). Thus, low conservation of the predicted allosteric
pocket amongst the dopamine receptors does suggest potential selectivity profile of DoR optimized
compounds. However, the D;R and D3R are the most closely related receptors, with the sequence
identity of the predicted allosteric binding pocket of 88%. Thus, obtaining the high selectivity

profile allosteric modulators for these receptors might be challenging.
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Additionally, the D4R shares only 44% sequence identity, while D1R and DsR are not closely

related, exhibiting only 25% sequence identity (Figure 1c). Thus, it is expected that the selectivity

profile amongst these dopamine receptors will be higher. The recently obtained crystal structure of

the D4R receptor showed significant differences of the predicted allosteric binding site, suggesting

that our optimized compounds might have the higher selectivity profile over D4R than over Ds;R.
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Figure 1. Multiple sequence alignment of dopamine receptors. Alignments are coloured by the
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consensus strength, fully conserved residues (dark green), partially conserved residues (light green).
(a) Full-length sequences. Overall sequence identity is 12%. Sequence identity of the DoR vs DiR,
D3R, D4R, and DsR are 25.3%, 57.0%, 34.1%, and 26.6%, respectively. (b) The orthosteric binding
pockets. Overall sequence identity is 53.0%. Sequence identity of the D2R vs D1R, D3R, D4R, and
DsR are 53.0%, 100%, 100%, and 53.0%, respectively. (c) The predicted allosteric binding
pockets. Overall sequence identity is 17%. Sequence identity of the D2R vs DR, D3R, D4R, and
DsR are 25.0%, 88.0%, 44.0%, and 25.0%, respectively. Residues numbering is indicated above the
alignment. The unique residues which create either orthosteric or allosteric pockets (black), residues

that create both orthosteric and allosteric binding pockets (red).
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Molecular docking studies.
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Figure 2. Compound 1 analogues in complex with D,RR*"_ Compounds with variation in the fused
cyclohexane system. (A) Compounds 14a-j. (B) Compounds with the variations in the m-CF;
substituent (16a-c, 17). (C) Compounds with the variations in the N-(3-trifluoromethyl)phenylamino
system (15, 18, 19). (D) Compound with isosteric replacement to an ether linkage (20). (E) Piperidine
analogue (26). (F) Compounds with morpholinomethyl, tetrahydropyranomethyl, morpholinobutyl,
and fused cyclohexane deletion, respectively (23b, 33b, 40, 44). (G) Compounds with
morpholinobutyl moiety, but devoid of the fused cyclohexane system, and substituted with either m-

trifluoromethylanilino or N,N-diethylamino (43a-b).
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Selectivity

The predicted allosteric binding sites of the DR and D3R show significant structural differences.
Thus, predicted binding pose of compound 1 in complex with D3R is stabilized by distinct interactions
such as salt bride between the ionized morpholine secondary amine and E90%% residue, and hydrogen
bond between the oxygen atom of the morpholine ring and Y36'° residue. Additionally, the phenyl
ring bearing the m-CF; substituent creates hydrophobic ring-ring interaction with Pro3627-3? residue.
While the fused cyclohexane ring system is positioned in the hydrophobic sub-pocket located between
helices VI, VII, and ECL2, creating pronounced hydrophobic ring-ring interaction with Y3657
residue (Figure 3a). This pose is characterized by the strong electrostatic interaction might explain

the low micro molar binding affinity and ~57-fold higher selectivity for D;R over D;R (Table 3).

Interestingly, the abovementioned pose of compound 1 is supported by the SAR of its analogues
(Table 3). Firstly, the compound with the tetrahydropyran moiety (33a), cannot create a salt bridge
with E90%% residue, which is in agreement with the loss of affinity by ~170 fold (Figure 3b).
Interestingly, this compound does not show selectivity, which can be explained by the model in which
it loses the crucial interactions either with E90>% residue or S40973¢ residue for D;R or D:R,

respectively, and none of the pose if significantly preferable.

Additionally, the pose of compound 1 in complex with D3R can be supported by the SAR of analogues
(23a) and (43b) which show low micro molar binding affinities (Table 3). Interestingly, the crucial
interactions can be maintained when introducing the butylene linker, removing the fused cyclohexane
system, and changing the m-CF3-phenylamino substituent with N,N-diethylamino (43b) which is in
accordance with low micro molar binding affinity (Figure 3¢). However, since the crucial interactions
of the compound (43b) can also be maintained in DoR complex, (43b) does not show the selectivity
profile (Table 3). Remarkably, upon removal of the morpholinomethyl moiety (23a), (Figure 3d), the
salt bridge is missing, but the compound is slightly shifted thus creating a new hydrogen bond
interaction with Y36'’ residue and pi-pi stacking interactions with Y32!33 and additionally displays
a perfect shape complementarity with the binding pocket, which might be reflected by ~140 fold
selectivity for D3R over D2R (Table 3). Additionally, compound (19) with the variation in the N-(3-
trifluoromethyl)phenylamino system can maintain the salt bridge interaction with E90%*% residue,
however, its morpholine ring is pointing outside the binding pocket and it loses the hydrophobic ring-
ring interaction with Y3657, This is reflected by the high binding affinity (140 £#M) and therefore
selectivity for DoR over D3R (by ~23 fold). Interestingly, compound (39¢) with a variation in alkyl
linker length to the morpholine motif and maintained fused system cannot create the salt bridge with
E90? residue and maintain the identified interactions characterized for compound (1) (Figure 3e).

This observation is in accordance with its comparatively weak binding affinity (Table 3). However,
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the same compound in complex with D>R can perfectly maintain the crucial interactions in
accordance with low ¢M binding affinity (Table 1). Thus, compound (39¢) shows ~30-fold selectivity
for D2R over D3R.
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Figure 3. Compound 1 and its analogues in complex with D3RR (A) Compounds (1). (B)
Compound with tetrahydropyran moiety (33a). (C) Compound with morpholinobutyl moiety, but
devoid of the fused cyclohexane system, substituted with N,N-diethylamino, and four carbon linker
(43b). (D) Compound devoid of morpholinomethyl moiety (23a) (E) Compounds with variations in
alkyl linker length (butylene) to the morpholine motif (39c¢).
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We recently described a structurally novel series of negative allosteric modulators (NAMs) of the
dopamine D receptor (D;R) based on thieno[2,3-d]pyrimidine 1, showing it can be structurally
simplified to reveal low molecular weight, fragment-like NAMs that retain robust negative cooperativity,
such as 3. Herein, we report the synthesis and functional profiling of analogues of 3, placing specific
emphasis on examining secondary and tertiary amino substituents at the 4-position, combined with a

range of substituents at the 5/6-positions (e.g. aromatic/aliphatic carbocycles). We identify analogues

Keywords:
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with diverse pharmacology at the D,R including NAMs with sub-uM affinity (9h) and, surprisingly, low
efficacy partial agonists (9d and 9i).
Crown Copyright © 2019 Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The D;R is a class A G protein-coupled receptor (GPCR) impli-
cated in the pathophysiology and treatment of a number of central
nervous system (CNS) disorders, including schizophrenia (SCZ). As

Abbreviations: cAMP, cyclic adenosine monophosphate; D,R, dopamine D, re-
ceptor; D3R, dopamine Dj receptor; dopamine, DA; GPCR, G protein-coupled re-
ceptor; EPS, extrapyramidal symptoms; NAM, negative allosteric modulator; PAM,
positive allosteric modulator; VLS, virtual ligand screening; SAR, structure-activity
relationship; CHO, Chinese hamster ovary; BRET, bioluminescence resonance en-
ergy transfer; FBS, foetal bovine serum; HBSS, Hank's Balanced Salt Solution; SEM,
standard error of mean; DMF, N,N-dimethylformamide; POCl;, phosphorus oxy-
chloride; i-PrOH, isopropyl alcohol; EtOAc, ethyl acetate; DCM, dichloromethane;
MWI, microwave irradiation.
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such, drugs targeting this receptor have traditionally targeted the
orthosteric site - where the endogenous ligand DA binds. Clinically
used antipsychotic drugs (APDs) targeting this site act as DR an-
tagonists or low efficacy partial agonists, and are termed typical or
atypical APDs based on their propensity to cause extrapyramidal
side effects. Unfortunately, the efficacy of these drugs is largely
limited to the positive symptoms of this disorder. Typical APDs are
associated with extra-pyramidal motor symptoms (EPS) and
hyperprolactinaemia, which are mediated by blockade of DR sig-
nalling in the nigrostriatal and tuberoinfundibular DA pathways,
respectively [ 1-6]. Atypical APDs show a reduced incidence of EPS,
but display other off-target side-effects mediated through the
interaction with other aminergic receptors, including metabolic
disorders and weight gain [7].

Alternative approaches to target the D,R have emerged via the
identification of homo- and heterodimeric complexes [8]. Such
complexes in specific tissues may provide novel pharmacological
targets for compounds with distinctive functional profiles and
improved therapeutic windows [9—11]. Another proposition which
entails targeting binding sites topographically distinct to the
orthosteric site of GPCRs might also be advantageous. Negative

0223-5234/Crown Copyright © 2019 Published by Elsevier Masson SAS. All rights reserved.
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allosteric modulators (NAMs) of the D,R may represent a safer
therapeutic approach for the treatment of SCZ symptoms. A D;R
NAM with limited negative cooperativity with DA may display
antipsychotic efficacy but avoid EPS through partial blockade of the
D3R akin to the action of atypical partial agonist APDs such as ari-
piprazole [12]. Furthermore, as a NAM will allow DA to bind, the
spatiotemporal pattern of DA signalling is more likely to be main-
tained. Finally, NAMs may display greater selectivity for the D,R
over other targets via the targeting of less evolutionarily conserved
sites and consequently reduced off target toxicities. Drug-like
(NAMs) of DA receptors have recently been identified including
the scaffold that is the focus of the present study [13—19].

Our previous study described the pharmacological validation of
a virtual ligand screen hit (1, Fig. 1), confirming that it binds with
low uM functional affinity and exerts its effect via negative allo-
steric cooperativity, primarily by modulation of dopamine signal-
ling efficacy [18]. Based on the scaffold of 1, we synthesised a small
library of structural analogues to further understand key molecular
features that were responsible for changes in affinity and negative
allosteric cooperativity. Of several promising analogues identified,
2 (Fig. 1) maintained low uM affinity (Kg=1.92 uM) and signifi-
cantly attenuated DA signalling efficacy (8 = 0.001). This compound
was devoid of the morpholinomethyl moiety present on 1, and also
incorporated replacement of the ((3-trifluoromethyl)phenyl)
amino-substituent with an N,N-diethylamino motif. In addition to
this, our previous work focused on assessing various substituents at
the 5/6-positions (e.g. phenyl, cyclohexyl) in place of the fused
cyclohexane system. Moreover, we discovered that the scaffold
could be structurally simplified, to reveal a low molecular weight
fragment-like starting point that maintained uM affinity and
negative cooperativity (MW =207, Kg=4.56uM, $=0.13) (3,
Fig. 1). Thus, we identified an appropriate starting point for further
structural interrogation and elaboration of the core scaffold using 2
and 3 as our lead compounds with the aim to identify higher af-
finity NAMs.

To this end, we sought to investigate the influence of varying the
nature (both aliphatic and aromatic) of the 4-amino moiety of 2
(series 1, Fig. 2). In addition, a second series of compounds was
designed to further explore the effect of 5/6-thiophene substitution
with respect to altering functionality at the 4-position (series 2,
Fig. 2). This would permit further refinement of the structural de-
terminants of D,R affinity and negative cooperativity. Through the
parallel synthesis of an additional thirty-seven structural analogues
of 2, we have identified molecules that exert a range of modulatory
behaviour including, surprisingly, derivatives that display agonism.
To confirm a DyR-mediated mechanism of action, all compounds
with agonist profiles together with selected NAMs were assessed
for their ability to modulate our functional readout in the absence

3
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Fig. 2. Areas of structural modification conducted during SAR investigation of 2.

of the DaR.

2. Chemistry

The synthesis of all compounds generally followed established
methods for the synthesis of 1 and other related compounds pre-
viously reported by our research group [18]. Each compound
detailed in this study was easily accessed in four-five steps
(Schemes 1-3). Briefly, Scheme 1 depicts the synthesis of selected
analogues (9a-j), beginning with Gewald [20] chemistry to facili-
tate the one-pot construction of the ethyl 2-amino-4,5,6,7-
tetrahydrobenzo[b]thiophene-3-carboxylate (5) [18], followed by
cyclisation with formamide (6) to afford the corresponding 5,6,7,8-
tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidinone (7) [18]. POCl3 was
employed to convert pyrimidinone 7 to the corresponding key in-
termediate chloropyrimidine 8 [18], followed by nucleophilic aro-
matic substitution (SNAr) with the desired amine, in the presence of
Hiinig's base in propan-2-ol. This methodology afforded com-
pounds 9a-j in high purity after a simple work-up and/or
chromatography.

|\N/\ |\N/\
J | ~N J | ~N
S N/) S N/)
2 3
Kg =192 uM! | Kg = 4.56 M |
=0.001 ' f =013

Fig. 1. Promising structural analogues of 1 arising from a preliminary structure-activity relationship (SAR) investigation. Compound 1 was identified from a virtual ligand
screen and formed the basis of our previous SAR study [18]. Compound 2 significantly attenuates DA signalling efficacy at a concentration of 10 uM (Kg = 1.92 uM, = 0.001).
Compound 3 retains negative allosteric cooperativity despite being a structurally simplified fragment-like analogue (MW: 207, Kg = 4.56 uM, § =0.13) of 1.
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_— Vi =N 19ac R?= R®= (CH,),, R1 NH-c-butyl 19ec R%=H, R%= CgHs, R" = NH-c-butyl
R3 S | N/) 19ba R?= R® = (CHj,)s, R" = N(CH,CHg), 19fa R?=CgHqq, R®=H, R" = N(CH,CHj3),
19bb R?= R®= (CH,)s, R' = NH-c-propyl 19fb R?= CgHyq4, R3 =H, R' = NH-c-propyl
19aa-hc 19bc R?= R®= (CH,)s, R'= NH-c-butyl 19fc R2=CgHyq, R3=H, R1 NH-c-butyl
ool : 9ca R2=R3= 1= 2 3= =
Ui6a KPS ROZ (CHy, 186 REZH R¥= Gty | 19ca R2 R3 (CHa)s, R1 N(CH,CHg), 19ga R2 H, R®=CgHqy, R ! = N(CH,CHj3),
H 5 o3 2_ 3_ H 19¢cb R“=R"=(CHy)s, R' = NH-c-propyl 19gb R°=H, R3= CgH11, R" = NH-c-propyl
118b R°=R%=(CHy)s  18f R°=CgH4o, R°=H . o 3 . ) 3 4
! o a 2_ ' 19cc R?=R3= (CHy)s, R' = NH-c-butyl 19gc R?=H, R®= CgHy4, R" = NH-c-butyl
| 18c R2=R®=(CHyly 189 R*=H,R®=CoHyy | 19da R2= CgHs, R3= H, R" = N(CH,CH 19ha R2=R3= 1=
118d R?= CgHg, RO=H  18h R%= CHg, R®= CHs | a ,- Cetls: R . N(CH,CHg), a R°=R’=CHg, R" = N(CH,CH3),
---------------------------------------------- 19db R?= CgHs, R3=H, R" = NH-c-propyl 19hb R?=R®= CHj, R' = NH-c-propyl
19dc R?= CgHs, R®=H, R" = NH-c-butyl 19hc R?=R3= CHj, R = NH-c-butyl

Scheme 3. Synthesis of Functionalised Analogues of 2°. “Reagents and conditions: (i) aldehyde or ketone, Sg, morpholine, rt 12—24 h, 38—84%, 16a—h; (ii) formamide, 170°C, 12 h,
75—85%, 17a-h; (iii) POCl3, DMFca.), toluene, 100 °C, 3—5 h, 77-91%, 18a—h; (iv) amine, DIPEA, i-PrOH, MWI, 1-3 h, 71-93%, 19aa—hc.

2.1. Analogues of 2 varied at the 4-(N,N-diethylamino) substituent observe the effect of simultaneously removing the morpholino-
methyl moiety whilst incorporating a 4-(N,N-diethylamino) group

Compound 2 was originally synthesised as an analogue of 1 to in the context of retaining the tricyclic structure of the 5,6,7,8-
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tetrahydrobenzo[4,5]thieno[2,3-d|pyrimidine. As this molecule
was found to be a potent NAM of DA efficacy at the D,R, an addi-
tional series of compounds was synthesised to investigate further
changes to the 4-position of the pyrimidine ring (Scheme 1). Pre-
liminary modifications included incorporating 6-membered sec-
ondary aromatic and aliphatic amino substituents (e.g. anilino (9a)
and cyclohexylamino (9b)) together with 6-membered cyclic
aliphatic tertiary amine moieties, including piperidino (9c), mor-
pholino (9d) and piperazino (10), followed by the smaller pyrroli-
dino (9e) to assess the influence of a five-membered cyclic aliphatic
system. The piperazino analogue 10 was obtained via the SNAr re-
action between commercially available N-Boc piperazine and 8
under microwave conditions as outlined previously (Scheme 1) to
afford 9j as a crystalline solid requiring no further purification.
Standard trifluoroacetic acid-mediated N-Boc de-protection fol-
lowed by an alkaline work-up furnished 10. This molecule is unique
relative to its counterparts in that it will impart a positive charge at
physiological pH. Moreover, we investigated both monocyclic
(cyclopropylamino (9f), cyclopropylmethylamino (9g), cyclo-
butylamino (9h)) and acylic aliphatic secondary amine substituent
(tert-butylamino (9i)). The tert-butylamino substituent was
installed to assess the effect of an acylic aliphatic secondary amine
as a comparison to N,N-diethylamino. These syntheses were all
achieved using chemistry as previously outlined (Scheme 1), and
successfully afforded ten analogues (9a-i, and 10) in yields varying
from 68 to 88% following SNAr of 8 with the appropriate amine.

2.2. Fragment analogues of 3

We previously reported a low molecular weight fragment (N,N-
diethylthieno[2,3-d]pyrimidin-4-amine, (3)) that retains low uM
functional binding affinity and negative allosteric cooperativity at
the DyR (Kg=4.56 uM, =0.13, Fig. 1) [18]. This molecule was
originally synthesised using a deletion strategy to examine the ef-
fect of switching from a 5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]
pyrimidine to the corresponding thieno[2,3-d]pyrimidine scaffold,
in conjunction with incorporating a tertiary aliphatic amine at the
4-position. As such, we generated two additional analogues of 3
bearing 4-cyclopropylamino and 4-cyclobutylamino substituents.
Their synthesis is depicted in Scheme 2 and begins with the con-
struction of ethyl 2-aminothiophene-3-carboxylate (12) [18] using
ethyl cyanoacetate (4) and 1,4-dithiane-2,5-diol (11) under modi-
fied Gewald conditions. Refluxing 12 in neat formamide afforded
the corresponding pyrimidinone (13) [18] in good yield. Subse-
quent chemistry as outlined previously included deoxychlorination
to give 14 [18], followed by SNAr with cyclopropylamine or cyclo-
butylamine to afford the corresponding analogues 15a and 15b,
respectively.

2.3. Single modifications to the 5,6,7,8-tetrahydrobenzo[4,5]thieno
[2,3-d]pyrimidine moiety of 2 whilst varying the nature of the 4-
substituent

Our previously reported SAR study of 1 focused on structural
modifications to the fused cyclohexane system, including switching
from a 5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyrimidine to the
corresponding thieno[2,3-d]pyrimidine, 5- and 6-aryl substitution,
5- and 6-cyclohexyl substitution, 5,6-dimethyl substitution, as well
as incorporation of fused cyclopentane, cycloheptane, and cyclo-
octane systems [18]. These structural modifications were mostly
employed in the presence of a 3-(trifluoromethyl)anilino substit-
uent at the 4-position, and a 2-morpholinomethyl substituent. Only
the fused cyclopentane and the 6-cyclohexyl modifications pre-
served the allosteric pharmacology seen with this scaffold, while
the other structural modifications rendered the corresponding

molecule functionally inactive. This study, however, had demon-
strated the encouraging effects of incorporating N,N-diethylamino,
cyclopropylamino, or cyclobutylamino to the 4-position of the py-
rimidine core, increasing functional affinity as well as maintaining
the magnitude of negative allosteric cooperativity whilst bearing
the fused cyclohexane system (Series 1, Fig. 2). To this end, we
wanted to evaluate combining the structural modifications to the
thiophene, whilst concurrently incorporating the aforementioned
4-amino substituents (Series 2, Fig. 2). These compounds would
further refine the SAR and provide insight into the design of further
high affinity NAMs. These modifications are depicted in Fig. 2 and
their chemical synthesis is outlined in Scheme 3. All compounds
were accessed using established chemistry as detailed in our pre-
vious work, beginning with construction of the appropriate thio-
phene via Gewald [20] chemistry (16a-h) [18], formation of the
corresponding pyrmidinones (17a-h) [18] and chloropyrimidines
(18a-h) [18], followed by SNAr with the appropriate amine to
furnish a further twenty-four analogues (19aa-hc).

3. Pharmacology

3.1. Functional and off-target analyses of analogues of 2 using a
BRET biosensor for cAMP

To measure the effect of these compounds upon the functional
response of the DR when stimulated by DA we made use of a BRET
biosensor of cAMP. This assay measures inhibition of forskolin-
stimulated cAMP accumulation through activation of the long iso-
form of the human DyR (hD5R) stably expressed in FlpIn CHO cells
and provides a robust measurement of DR Gaijo activation to allow
estimates of functional binding affinities and quantify the magni-
tude of modulatory effects [18]. Application of an operational
model of allostery to the DA concentration-response data obtained
in the presence and absence of increasing concentrations of our test
compounds yielded an estimate of their affinity for the unoccupied
receptor (Kg), cooperativity with DA affinity («) and modulation of
DA efficacy (), plus the intrinsic efficacy of the allosteric ligand (7g)
[21]. Values of « or <1 signify negative modulatory effects with
DA, and values of a or #>1 signify positive modulatory effects.
Logarithms of affinity and cooperativity values are normally
distributed, whereas the absolute values (antilogarithms) are not
[22]. Thus, all interpretation of the SAR described below
(Tables 1—3) refer to the logarithmic values. For ease of interpre-
tation, however, the allosteric parameter antilogarithms are also
highlighted in the main text for selected key analogues. As reported
previously, the lead compound 2 acted as a NAM at the DR, with
low uM functional affinity (Kg=1.92uM, Table 1) [18]. The
depression in the DA dose-response curve caused by increasing
concentrations of 2 is characteristic of the action of a NAM of
agonist efficacy and ¢ was fixed to 0.001 when fitting these data to
signify high negative cooperativity (Fig. 3A, Table 1).

To our surprise, we identified molecules based on this NAM
scaffold that now appear to display agonism. It was important, then,
to confirm that these effects are DR mediated. Luciferase assays
may identify false positive ‘hits’ through a variety of mechanisms,
for example, by inhibition of the luciferase enzyme [23—25]. To
allow us to discriminate between D;R-mediated activities and any
non-specific effects (Supplementary Fig. 1), all compounds
observed to display DR agonism in our cAMP assay were selected
for further analysis (9c-d, 9i, 15a-b, 19ac, 19ca, 19da, 19 db, 19dc,
19ec, and 19ha). In addition, a number of other compounds were
selected, namely the parent NAMs 1 and 2, together with NAMs 9h,
19bb, 19 fb, and 19fc. We measured their ability to modulate the
BRET signal in FlpIn CHO cells transfected with the CAMYEL
biosensor [26], but not expressing the D,R. All compounds were
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Functional parameters derived from cAMP BRET assay for analogues of 1 modified with various amines at the 4-position.

R1
=N
7\ )
s N
2, 9a-i, 10
# R' PKs (Kg, uM)* Logrg (75)” Log a (a)f Log 8 (8)°
L 5.72+0.13 (1.92) =-30 - =-30
N/\
ke
9a /@ nd
HN
e
9b /O nd
o
9c O 4.23 +0.13 (59.3) NSE =0 =0
N
ol
9d (o] 3.90 +0.27 (126) —0.22 +0.15 (1.66) =0 =0
Rl
9e I®) 5.37+0.13 (4.23) =0 —0.76 +0.06 (0.17)
N
P
of /A 6.05 +0.09 (0.88) =0 —1.48 +0.08 (0.03)
HN
e
9g HN/W 5.92+0.19 (1.19) —0.06 +0.14 (0.86) —0.54+0.08 (0.29)
ke
9h 17 6.25+0.12 (0.57) ~0.72 £0.12 (0.19) —0.65 +0.07 (0.22)
HN
e
9i J< 4.03 £0.31(92.5) —~0.04+0.15 (0.91) =0 =0
i
10 H 4.70 +0.09 (20.0) =-3.0 =0
o
.

2 Estimate of the negative logarithm of the equilibrium dissociation constant as determined in a cAMP functional assay.

b Estimate of the logarithm of the net cooperativity factor between the modulator and dopamine as determined in a cCAMP functional assay.

¢ Estimate of the intrinsic efficacy of the modulator. nd = inactive at concentrations up to 100 uM. NSE, non-specific effect, compound determined to inhibit forskolin-
stimulated cAMP accumulation in the absence of the D;R. Values represent the mean + S.E.M. from at least three independent experiments performed in duplicate.

Table 2

Functional parameters derived from cAMP BRET assay for fragment analogues of 2 with modifications to the 4-position.

R’
HN”
=N
7\ /)
S N
# R! pKg (Kg, uM)” Logr (78)" Log a () Log 8 (8)°
3 L 5.31+0.07 (4.6) = —~0.89+0.04 (0.13)
N
e
15a f 4.67 +0.08 (21.4) —0.65 +0.07 (0.22) =-3.0 =0
15b \2:‘ 5.13+0.19 (7.38) —0.32 +0.06 (0.48) =0 =0

¢ Estimate of the negative logarithm of the equilibrium dissociation constant determined in a cAMP functional assay.
b Estimate of the logarithm of the net cooperativity factor between the modulator and dopamine determined in a cAMP functional assay.
¢ Estimate of the intrinsic efficacy of the modulator. nd = inactive at concentrations up to 100 uM. Values represent the mean + S.E.M. from at least three independent

experiments performed in duplicate.
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Table 3
Functional parameters derived from cAMP BRET assay for analogues of 2 with modifications to the 5/6-fused system and 4-position.
R! R!
n =N R? =N
I\ 2 DBW,
s N R*Ng N
1, 19aa-c, ba-c, ca-c 19da-c, ea-c, fa-c,
ga-c, ha-c
R' R R? PKp (K, uM)* Logrg (75)° Log 6 (6)°
J 5.72+0.13 (1.92) =-3.0 =-3.0
~N
e
19aa J 6.13+0.14 (0.74) =0 —0.85+0.07 (0.14)
/\N
i
19ab A 5.22+0.14 (6.01) —0.13+0.11 (0.75) —0.55 +0.06 (0.28)
}jNL
19ac o 3.99+0.50 (102) ~0.25+0.29 (0.57) =0 =0
?ﬂ\i
19ba nd
I
e
19bb A 5.53+0.07 (2.96) =0 ~1.30+0.07 (0.05)
Tv
19bc /D 6.04+0.13 (0.91) =0 —1.22 +0.09 (0.06)
}:T-
19ca J 4.84+0.13 (14.5) NSE =0 -3.0
N
e
19¢cb A 6.27+0.18 (0.53) =0 ~1.00+0.11 (0.10)
}j\l/
19cc /D 5.40 + 0.26 (3.98) =0 —0.58 +0.09 (0.26)
?ilf-
19da J ©\/ H 4.22 +0.33 (60.0) —0.57 +0.14 (0.27) =-3.0 =0
/\N
i
19db A H 5.72+0.22 (1.93) ~0.47 +0.09 (0.32) =-30 =0
o 2,
19dc /D H 3.89+0.52 (137) —0.41+0.31 (0.39) =-3.0 =0
Ll
19ea J H 5, 6.04 +0.23 (0.90) =0 =-3.0
~ N
e
19eb A H 5.92+0.17 (6.35) ~0.22+0.10 (0.60) ~0.37+£0.05 (0.43)
ol o8
19ec o H 5.35+0.24 (4.50) 0.55+0.10 (0.28) =0 =0
il o
19fa J OV H nd
~ N
e
19fb A H 493 +0.16 (11.6) =0 —1.04 +0.19 (0.09)
o a,
19fc 13 H 5.53+0.13 (2.92) =0 ~1.55+0.19 (0.03)
HN OY
dee
19ga J H b nd
/\N
.
19gb H nd
" o
e
19gc H nd
o o
19ha J CHs CHs 4.71+030 (19.5) ~0.61+0.11 (0.24) =0 =0
/\N
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Table 3 (continued )
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# n R! R? R? K (Kg, uM)* Logr (78)" Log a (a)° Log 8 (8)°
19 hb - CH3 CHs nd
HNA
19hc - CHs CHs 5.54+0.16 (2.88) —0.90 +0.08 (0.13)

¢ Estimate of the negative logarithm of the equilibrium dissociation constant determined in a cAMP functional assay.

b Estimate of the logarithm of the net cooperativity factor between the modulator and dopamine determined in a cCAMP functional assay.

¢ Estimate of the intrinsic efficacy of the modulator determined in a cAMP functional assay. nd = inactive at concentrations up to 100 uM. NSE — non-specific effect,
compound determined to inhibit forskolin-stimulated cAMP accumulation in the absence of the D,R. Values represent the mean + S.E.M. from at least three independent
experiments performed in duplicate.
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Fig. 3. Modification to the thieno[2,3-d]pyri

idine scaffold 4-sul

1204

(9d] (uM)

[
17
£ 100+ ® 0
Q
3 80 1
T 601 A3
R v 10
© 404
E ¢ 30
3 2 ® 100
I P

42 11 10 9 -8 7 6 5 -4 -3

Log[dopamine(M)]

2 120- D [9h] (uM)
§100- HN ® 0
3 804 SN n 1
€ 60 7\ ) A 3
= §” N v 10
© 40
£ ¢ 30
a 2 ® 100
X BB

42 11 10 9 8 7 -6 5 4 -3

Log[dopamine(M)]

g 2 [15b] (uM)
§1on- ® 0
g 804 |1
= A3
«© -
£ v 10
g 40 * 30

. 1
g 20 ® 100
X o]

42 11 10 9 8 7 6 5 4 -3

Log[dopamine(M)]

ituent results in analogues with distinct functional effects at the hDR. (A) N,N-Diethylamino substi-

tution confers negative allosteric cooperativity on DA signalling efficacy (2). (B) Introduction of the cyclic tertiary aliphatic morpholino moiety confers allosteric agonism (9d). (C, D)
Introduction of cyclopropylamino or cyclobutylamino substituents to the 4-position in conjunction with the fused cyclohexane system results in analogues with sub-uM affinities
that maintain negative allosteric cooperativity (9f, 9h). (E) Introduction of the piperazino moiety (10) converts allosteric to competitive pharmacology. (F) Removal of the fused
cyclohexane in conjunction with a cyclobutylamino substituent converts allosteric pharmacology to agonism (15b). All data used in these graphs are detailed in Tables 1 and 2 and
are presented as mean + SEM from three independent experiments performed in duplicate.
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measured up to a concentration of 100 uM in both the presence and
absence of forskolin (10 uM). DA (10 uM) was also used as a control.
Two compounds (9¢, 19ca) were found to display effects indepen-
dent of any action at the D,R. Importantly, the original VLS hit (1),
representative NAMs (2, 9h, 19bb, 19 fb, and 19fc), as well as all
other agonists exert an effect dependent on the presence of the DyR.

4. Results and discussion

4.1. Functional analysis of 5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-
djpyrimidine analogues of 2

We first examined the effect of introducing various monocyclic/
acyclic aliphatic amines to the 4-position of the core scaffold whilst
still bearing the fused cyclohexane system. This was based on our
finding that 2, bearing a 4-(N,N-diethylamino) substituent, dis-
played high negative cooperativity. As outlined in Table 1, anilino
(9a) and cyclohexylamino (9b) substituents rendered the corre-
sponding analogues functionally inactive. Substitution with the
smaller cyclopropylamino substituent (9f) resulted in a modest
increase in functional affinity (Kg = 0.88 uM) and maintenance of a
negative modulatory effect on DA efficacy (8 = 0.03, Fig. 3C). The
cyclopropylmethylamino analogue (9g) maintained a functional
affinity (Kg=1.19 uM) similar to that of 2, but more modest
modulatory effects upon dopamine efficacy (6 = 0.29). Introduction
of a cyclobutylamino substituent (9h) not only maintained this
negative modulatory action, but acted to increase affinity
(Kg=0.57 uM, a=0.19, §=0.22, Fig. 3D). Conversely, the tert-
butylamino analogue (9i) lost ~50-fold functional affinity relative to
2 (Kg=92.5uM), but now, surprisingly, exerted agonism
(rg=0.91). It is interesting to note that introduction of the tert-
butylamino moiety (9i) abolished negative cooperativity, whereas
the N,N-diethylamino substituent (2) confers a high degree of
negative allosteric modulatory effects upon dopamine efficacy.
These data demonstrate that the ring size and nature of the sub-
stituent at the 4-position are crucial for both affinity and negative
modulatory action. We found that larger 6-membered cyclic sub-
stituents bearing secondary amines, both of aromatic and aliphatic
nature, are not tolerated, whereas three- and four-membered cyclic
substituents (cyclopropylamino and cyclobutylamino, respectively)
increase affinity and maintain modulatory properties in conjunc-
tion with the fused cyclohexane system. We next examined the
effect of substituents bearing tertiary amines by incorporating
various cyclic amines. The piperidino analogue (9c) decreased the
functional affinity by 10-fold (Kg = 59.3 uM), and was devoid of any
modulatory effect on DA but, surprisingly, appeared to exert an
intrinsic response in its own right. However, our assay using FlpIn
CHO cells that do not express the D2R revealed that this is effect is
most likely an off target effect (Supplementary Fig. 1). The mor-
pholino analogue (9d) further decreased the functional affinity,
some ~65-fold (Kg=126uM), but also displayed agonism
(78 = 1.66) with negligible modulatory action on DA an effect that
required the expression of the DR (Fig. 3B). Interestingly, isosteric
replacement of the morpholine O with NH to give the piperazino
analogue (10), significantly changed the pharmacology as concen-
trations of 10 caused no decrease in DA maximal response, whilst
acting to cause a limitless rightward shift in the DA dose-response
curve. Such a pattern could be consistent with either very high
negative cooperativity with DA affinity, or conversely, a competitive
mode of action. Accordingly, these data could also be fit with a
model of competitive antagonism (pA; =4.67 + 0.09, Schild slope:
1.06 + 0.12, Fig. 3E). If this molecule is indeed competitive with DA
we speculate that the presence of the piperazino ionisable nitrogen
atom at physiological pH may potentially confer greater affinity for
the orthosteric binding pocket, consequently converting the

pharmacology from allosteric to competitive. Decreasing the ring
size by one carbon relative to 9c to give pyrrolidine analogue (9e),
maintained functional affinity (Kg = 4.23 uM), and displayed robust
negative allosteric modulatory effects upon DA efficacy (8 =0.17).

4.2. Functional analysis of thieno[2,3-d]pyrimidine fragment
analogues of 2

We recently reported that incorporating an N,N-diethylamino
substituent to the 4-position of the thieno[2,3-d]pyrimidine scaf-
fold devoid of both the 2-morpholinomethyl moiety and fused
cyclohexane systems (3), resulted in a low molecular weight
fragment-like NAM of the DR (Fig. 1) [18]. As 4-cyclopropylamino
and 4-cyclobutylamino substituents on the thieno[2,3-d]pyrimi-
dine moiety conferred sub-uM analogues with robust negative
cooperativity, we further examined the effect of introducing these
substituents to the 4-position of 3 in place of the N,N-diethylamino
functionality (Table 2). We found that introducing the cyclo-
propylamino substituent (15a) did not affect functional affinity,
however caused a limitless rightward shift in the DA dose-response
curve in addition to stimulating a modest agonist response in its
own right. If cooperativity values of « and ( were constrained
to —3.0 and 0, respectively, we could derive a value of affinity and
efficacy (Kg =21.4 uM, 7= 0.22, Table 2). However, this pattern of
ligand action is also consistent with that of a competitive low ef-
ficacy partial agonist. Furthermore, introduction of a cyclo-
butylamino substituent (15b) maintained affinity but abolished
modulatory effects and engendered agonism (Kp=7.38uM,
7= 0.48, Table 2, Fig. 3F). Thus, relatively subtle structural modi-
fications significantly change pharmacology, from compounds
which negatively modulate the behaviour of DA from a secondary
binding site, to molecules that activate the receptor with no
cooperativity. Of note, the D,R orthosteric agonists pramipexole
and sumanirole are both low molecular weight heterocyclic com-
pounds bearing acyclic secondary amines.

4.3. Functional analysis (cAMP) of fused cyclohexane modified
analogues of 2

Our previous study revealed that incorporating various sub-
stituents (fused cyclopentane, cycloheptane, cyclooctane, 5- and 6-
cyclohexyl, 5- and 6-phenyl, 5,6-dimethyl) to the 5-/6-positions of
the thieno[2,3-d]pyrimidine generally rendered the corresponding
analogues functionally inactive. However, these substituents were
all previously examined on molecules also bearing 2-
morpholinomethyl and 4-(3-(trifluoromethyl)anilino)  sub-
stituents. As such, we further extended our study to monitor the
effect of incorporating favourable amino substituents (N,N-dieth-
ylamino, cyclopropylamino, or cyclobutylamino) onto the 4-
position of the thieno[2,3-d]pyrimidine whilst being devoid of
the 2-morpholinomethyl moiety present in 1, and bearing variation
in the nature of substituents at the 5- and/or 6-positions (Table 3).

4.3.1. Fused cyclopentane analogues

Our previous work revealed converting the fused cyclohexane
system of 1 to the homologous cyclopentane system had no adverse
impact on functional affinity, nor the degree of negative coopera-
tivity. Molecular docking studies conducted using the D,R crystal
structure as a template suggest that such fused hydrophobic rings
interact with a hydrophobic subpocket located between helices V
and VI formed by the residues 1184512, v190°3°, H394%°> (where
superscript numbers refer to Ballesteros-Weinstein numbering
system [27]) [18,28]. However, these interactions were predicted
for compounds bearing a fused hydrophobic ring in conjunction
with additional substituents located at the 2-position
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(morpholinomethyl) and 4-position (3-(trifluoromethyl)anilino).
As these groups were now altered, we wanted to re-examine the
importance of this ring system for such compounds. The N,N-
diethylamino analogue (19aa) displayed an increase in functional
affinity (Kg = 0.74 uM) relative to 1 and acted to negatively modu-
late DA signalling efficacy (8 = 0.14, Fig. 4A). The cyclopropylamino
analogue (19 ab) maintained low uM affinity (Kg=6.01 uM) and
similarly acted as a NAM of DA efficacy (6 = 0.28). Conversely, the
cyclobutylamino analogue (19ac) displayed a >15-fold decrease in
functional affinity (Kg = 102 uM) and acted as an agonist (7g = 0.57).
These data were surprising as 9h, the corresponding fused cyclo-
hexane variant of 19ac, displayed sub-uM affinity at the D,R and
acted as a NAM of DA efficacy.
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4.3.2. Larger homologous fused rings (cycloheptane and
cyclooctane)

Increasing the hydrophobic ring size by one carbon relative to 1
was previously shown to abolish D3R activity, potentially due to the
hydrophobic allosteric pocket failing to accommodate such
extended ring sizes [18]. Likewise, further expansion of the hy-
drophobic ring by one additional carbon in the presence of the 3-
(trifluoromethyl)anilino substituent also previously rendered the
corresponding analogue inactive [18]. In the presence of a fused
cycloheptane system devoid of the 2-morpholinomethyl substitu-
ent, incorporation of the 4-(N,N-diethylamino) group (19ba) simi-
larly abolished activity. However, the cyclopropylamino analogue
19bb (Kg=2.96uM, (=0.05, Fig. 4B) and cyclobutylamino
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Fig. 4. Various aliphatic amino substituents at the 4-position can recover allosteric pharmacology. Most modifications to the 5- and 6-positions of the thienopyrimidine were
previously found to be detrimental to the activity of the target compound. However, these activities can be recovered and even enhanced when using N,N-diethylamino, cyclo-
propylamino or cyclobutylamino substituents at the 4-position. (A) Fused cyclopentane with 4-(N,N-diethylamino) substituent (19aa, K = 0.74 uM, (8 = 0.14). (B) Fused cycloheptane
with 4-(cyclopropylamino) substituent (19bb, Kg=2.96 uM, = 0.05). (C) Fused cycloheptane with 4-(cyclobutylamino) substituent (19bc, Kz =0.91 uM, § = 0.06). (D). Fused
cyclooctane with 4-(cycloproylamino) substituent (19 cb, Kg = 0.53 uM, §=0.10). (E) 5-Cyclohexyl with 4-(cyclobutylamino) substituent (19fc, Kz =2.92 uM, §=0.03). (F) 5,6-
Dimethyl with 4-(cyclobutylamino) substituent (19hc, Kp = 2.88 uM, = 0.13). All data used in these graphs are detailed in Table 3 and are presented as mean + SEM from three

independent experiments performed in duplicate.
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analogue 19bc (Kz =0.91 uM, §=0.06, Fig. 4C) remained NAMs of
DA efficacy at the D,R, with uM and sub-uM affinities, respectively.
Interestingly, all cyclooctane analogues in this study maintained
activity at the D,R. The N,N-diethylamino analogue 19ca main-
tained low uM affinity (Kg = 14.5 uM) and negatively modulated DA
signalling efficacy whilst exerting a slight degree of agonism unlike
the inactive structural analogue 19ba bearing the fused cyclo-
heptane system. However, this agonism proved to be a non-specific
effect (Supplementary Fig. 1). To our surprise the cyclopropylamino
analogue 19 cb displayed the highest improvement in affinity seen
for any analogue of 1 to date, some 10-fold compared to 2, coupled
with robust negative modulation of DA signalling efficacy
(Kg=0.53 uM, B = 0.10, Fig. 4D). Introduction of a cyclobutylamino
substituent (19 cc) had no effects on affinity compared to 2 and this
compound still acted as a NAM of DA efficacy (Kg=3.98 uM,
$=0.26).

4.3.3. 5-Phenyl substituted analogues

Installing a phenyl substituent at the 5-position of 1 in the
presence of the 4-(3-(trifluoromethyl)anilino) substituent had
previously been shown to abolish activity [18]. Surprisingly, the
N,N-diethylamino analogue (19da) not only lost >10-fold affinity,
but caused a limitless rightward shift of the DA concentration
response-curve, instead displaying weak agonism. From this
limited set of data, however, its mode of action cannot be conclu-
sively determined (i.e. allosteric agonist versus low efficacy
competitive partial agonist). In order to derive a value of affinity
and efficacy, cooperativity values of « and § were constrained
to —3.0 and O, respectively (K = 60.0 uM, 75 = 0.27). Additionally,
both the cyclopropylamino analogue (19db) (Kp=1.93uM,
73=0.32) and cyclobutylamino analogue (19dc) (K= 137 uM,
73=0.39) lost their modulatory effect upon DA and instead
behaved as agonists.

4.3.4. 6-Phenyl substituted analogues

Converting the fused cyclohexane system of 1 to the corre-
sponding 6-phenyl-substituted thiophene in the presence of 3-
(trifluoromethyl)anilino was previously not tolerated [18]. How-
ever, in the presence of 4-(N,N-diethylamino), 19ea showed
improved functional affinity (Kg = 0.90 uM) relative to 1 and was a
NAM of DA efficacy. The cyclopropylamino analogue 19eb also
maintained affinity and negative allosteric cooperativity
(Kg=6.35 uM, a = 0.60, § = 0.43). Conversely, the cyclobutylamino
analogue 19ec no longer negatively modulated the action of DA but
instead also acted as a weak agonist (Kg = 4.50 uM, 75 = 0.28). These
data further demonstrate that the nature of the amine at the 4-
position can dramatically affect the type of functional behaviour
exerted by this scaffold at the D,R.

4.3.5. 5-Cyclohexyl substituted analogues

Integration of a 5-cyclohexyl substituent into the scaffold of 1
was previously shown to abolish activity [18]. In line with these
data, the N,N-diethylamino analogue (19fa) was also inactive.
However, despite this, analogues 19 fb (K = 11.6 uM, § = 0.09) and
19fc (Kg = 2.92 uM, 8 = 0.03, Fig. 4E) were both NAMs of DA efficacy
at the DyR. These data indicate that incorporation of a 5-cyclohexyl
substituent may be favourable depending on the nature of sub-
stituents at the 2- and 4-positions.

4.3.6. 6-Cyclohexyl substituted analogues

Modifying the thiophene with a cyclohexyl substituent at the
6-position of 1 maintained low uM affinity and negative allosteric
cooperativity [18]. This substituent changed observed pharma-
cology from negative modulation of DA efficacy (8) to negative
modulation of DA affinity (a). However, we found that

incorporating the cyclohexyl substituent into analogues devoid of
the 2-morpholinomethyl moiety (19ga-c) abolished activity
regardless of the nature of the 4-substituent.

4.3.7. 5,6-Dimethyl substituted analogues

This structural modification in conjunction with the 4-(3-(tri-
fluoromethyl)anilino) group was previously shown to abolish ac-
tivity at the DR [18]. In the presence of an N,N-diethylamino in the
4-position, however, 19ha maintained low uM affinity
(Kg=19.5 uM) but failed to have any effects on DA binding and
function, instead displaying agonism (73 = 0.24). Conversely, the
cyclopropylamino analogue (19 hb) was inactive in our functional
assay, while the cyclobutylamino analogue (19hc) maintained low
uM affinity and was a NAM of DA efficacy (Kg = 2.88 uM, §=0.13,
Fig. 4F).

Our data reveal that relatively subtle structural changes can
cause a change in pharmacology from that of a NAM to that of a
weak DoR agonist. With two exceptions, the actions of the ligands
described within this study are mediated through interaction with
the DyR. The phenomenon whereby subtle modifications to a small
molecule allosteric scaffold act to modulate modes of pharma-
cology, presumably via a change in receptor conformation, have
been coined as “molecular switches” [29]. This phenomenon has
been documented for allosteric ligands targeting multiple GPCR
and non-GPCR targets, including muscarinic acetylcholine re-
ceptors (mAChRs) [30—32], as well as kinase [33] and phospholi-
pase [34,35] allosteric ligands. Molecular switches have been
reported to encompass a number of subtle structural changes, for
example, stereochemistry, ring size and simple aryl substitution
(i.e. fluoro vs methyl) to afford compounds with diverse pharma-
cology (e.g. positive and negative alloseric modulators, partial an-
tagonists, and agonists). Indeed it is not surprising that such
changes to allosteric ligands can cause dramatic changes in phar-
macology given that similarly subtle changes to orthosteric ligands
can convert agonists to antagonists. However, for those compounds
that displayed agonism rather than the NAM activity of 1, the na-
ture of this agonism i.e. whether it is non-competitive (allosteric) or
competitive (orthosteric), cannot be conclusively confirmed due to
their low D3R affinity. Thus it is not clear whether such compounds
bind to the same allosteric site as 1, and are examples of molecular
switching, or whether the relatively subtle structural changes
investigated within this study confer the ability to engage the
orthosteric site [18]. Indeed, our recent paper proposed that the
allosteric binding site of 1 was in close proximity to the orthosteric
site.

In summary, it is clear that the nature of substituents at the
thieno[2,3-d]pyrimidine 4-, 5- and 6-positions play a crucial role in
both binding affinity and functional activity (e.g. anilino (9a) and
cyclohexylamino (9b) at the 4-position are not tolerated). However,
other 6-membered substituents (morpholino (9d) and piperazino
(10)) convert NAMs to agonists and competitive antagonists,
respectively. Moreover, smaller acyclic and cyclic at the 4-position
(N,N-diethylamino (2), cyclopropylamino (9f), cyclo-
propylmethylamino (9g) and cyclobutylamino (9h)) are tolerated,
with all compounds retaining modulatory activity as well as 9h
showing a 10-fold increase in affinity. Decreasing the fused ring size
whilst bearing the cyclobutylamino substituent (19ac) abolishes
any negative modulatory effects, and instead confers agonism.
However the N,N-diethylamino (19aa) and cyclopropylamino
(19 ab) counterparts retain negative modulatory action. Interest-
ingly, increasing the ring size (cycloheptane (19bc), cyclooctane
(19 cc)) while bearing the cyclobutylamino substituent maintains
negative modulatory action. However, introduction of the N,N-
diethylamino substituent to the cycloheptane analogue (19ba)
completely abolishes activity. Additionally, introduction of a phenyl
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ring to the 5-position in the presence of any amine converts all
analogues (19da-c) to agonists. In most cases, a cyclohexyl sub-
stituent at this position appears favourable (19 fb-c) as these
compounds retain affinity and cooperativity, whereas an N,N-
diethylamino substituent (19fa) abolishes activity. A phenyl sub-
stituent at the 6-posititon, however, is tolerated in the presence of
N,N-diethylamino (19ea) and cycloproylamino (19eb), yet, with
cyclobutylamino (19ec), this yields an agonist. Installing a cyclo-
hexyl moiety at the 6-position abolishes activity for 19ga-c,
whereas the activity profile of analogues bearing a 5,6-dimethyl
substituent are highly dependent on the amine present at the 4-
position (N,N-diethylamino (19ha)=agonist, cyclopropylamino
(19 hb) = inactive, and cyclobutylamino (19hc) = NAM). All NAMs
identified were modulators of agonist efficacy, whereby structural
modifications did not confer modulation of agonist affinity.

5. Conclusions

In this study, we report the functional characterisation of a small
library of structural analogues based on a thieno[2,3-d]pyrimidine
scaffold that we have previously shown to act as DR NAMs. The
impact of structural modification was initially assessed with
respect to the type of amine substituent at the 4-position in the
presence of the 5,6,7,8-tetrahydrobenzo([4,5]thieno[2,3-d]pyrimi-
dine moiety (series 1). Having identified favourable amines from
series 1, we further extended our study to the analysis of various
substituents in place of the 5/6-fused cyclohexane system in
conjunction with one of three selected amines (series 2) at the 4-
position. While many of these derivatives maintained NAM activ-
ity, some, surprisingly acted as DR agonists. It is not clear from the
present data if this change in activity relates to a switch from an
allosteric to an orthosteric mode of engagement or whether these
compounds bind to the same allosteric site yet display distinct
pharmacological effects. Future studies are needed to address this
but such efforts are complicated by the relatively low affinity of
these ligands. In the presence of a fused cyclohexane system, small
cyclic aliphatic amines (cyclopropylamino, cyclobutylamino) were
found to be vital for negative modulatory action. Two of the highest
affinity NAMs to arise from this scaffold were identified, 9h
(Kg=0.57 uM, fused cyclohexane moiety) and 19 cb (K = 0.53 uM,
fused cyclopentane moiety), that contain cyclobutylamino and
cyclopropylamino substituents, respectively. Conversely, larger
heterocyclic substituents (morpholino) and acyclic amines (tert-
butylamino) conferred agonism and abolished modulatory activity
(9d and 9i, respectively). In combination with a range of different
substituents at the 5/6-positions, however, small cyclic/acyclic
aliphatic amines gave a range of analogues with differential func-
tional pharmacology, ranging from NAMs of DA efficacy, to agonists
and compounds with no apparent functional activity. Taken
together, this study demonstrates that the pharmacology of ana-
logues functionalised at the 4-, 5-, and 6-positions of the thieno
[2,3-d]pyrimidine core is difficult to predict, resulting in shallow
SAR. Such observations are consistent with SAR studies of allosteric
modulators of other GPCR targets, highlighting the challenges
associated with GPCR allosteric ligand design.

6. Experimental section
6.1. General methods for chemistry

Chemicals and solvents were purchased from standard suppliers
and used without further purification. Davisil silica gel (40—63 um)
for flash column chromatography was supplied by Grace Davison
Discovery Sciences (Victoria, Australia), and deuterated solvents
were purchased from Cambridge Isotope Laboratories, Inc. (USA,

distributed by Novachem PTY. Ltd., Victoria, Australia). Reactions
were monitored by thin layer chromatography on commercially
available precoated aluminum-backed plates (Merck Kieselgel 60
Fys4). Visualization was by examination under UV light (254 and
366 nm). A solution of ninhydrin (in ethanol) was used to visualize
primary and secondary amines. All organic extracts collected after
aqueous workup procedures were dried over anhydrous NaySO4
before gravity/vacuum filtering and evaporation to dryness.
Organic solvents were evaporated in vacuo at <40 °C (water bath
temperature). 'TH NMR and >C NMR spectra were recorded on a
Bruker Avance Nanobay Il 400 MHz Ultrashield Plus spectrometer
at 400.13 and 100.62 MHz, respectively. Chemical shifts (3) are
recorded in parts per million (ppm) with reference to the chemical
shift of the deuterated solvent. Coupling constants (J) are recorded
in Hz, and the significant multiplicities described by singlet (s),
doublet (d), triplet (t), quadruplet (q), broad (br), multiplet (m),
doublet of doublets (dd), and doublet of triplets (dt). Spectra were
assigned using appropriate COSY, distortionless enhanced polari-
zation transfer (DEPT), HSQC, and HMBC sequences. All NMR ex-
periments were performed in CDCl; to permit comparison of the
spectra of the various analogues. Experiments were performed in
acetone-dg, DMSO-dg, or MeOH-d4 where selected analogues lacked
solubility in CDCl;. LCMS experiments were run using one of two
systems to verify reaction outcome and purity. System A was the
default unless otherwise stated. System A consisted of the
following: an Agilent 6100 series single quad coupled to an Agilent
1200 series HPLC instrument using the following buffers: buffer A,
0.1% formic acid in H,0; buffer B, 0.1% formic acid in MeCN. The
following gradient was used with a Phenomenex Luna 3 um C8(2)
15 mm x 4.6 mm column and a flow rate of 0.5 mL/min and total
run time of 12 min: 0—4 min 95% buffer A and 5% buffer B, 4—7 min
0% buffer A and 100% buffer B, 7—12 min 95% buffer A and 5% buffer
B. Mass spectra were acquired in positive and negative ion modes
with a scan range of 0—1000 m/z at 5V. UV detection was carried
out at 254 nm. System B consisted of the following: an Agilent 6120
series single quad coupled to an Agilent 1260 series HPLC instru-
ment. The following buffers were used; buffer A, 0.1% formic acid in
H,0; buffer B, 0.1% formic acid in MeCN. The following gradient was
used with a Poroshell 120 EC-C18 50 mm x 3.0 mm, 2.7 um column
and a flow rate of 0.5 mL/min and total run time of 5 min: 0—1 min
95% buffer A and 5% buffer B, from 1 to 2.5 min up to 0% buffer A and
100% buffer B, held at this composition until 3.8 min, 3.8—4 min
95% buffer A and 5% buffer B, held until 5 min at this composition.
Mass spectra were acquired in positive and negative ion modes
with a scan range of 100—1000 m/z. UV detection was carried out at
214 and 254 nm. All retention times (tg) are quoted in minutes.
System C: Analytical reverse-phase HPLC was performed on a
Waters HPLC system coupled directly to a photodiode array de-
tector and fitted with a Phenomenex Luna C8 (2) 100 A column
(150 mm x 4.6 mm, 5 um) using a binary solvent system: solvent A,
0.1% TFA/H,0; solvent B, 0.1% TFA/80% CH3CN/H0. Gradient elution
was achieved using 100% solvent A to 100% solvent B over 20 min at
a flow rate of 1 mL/min. All compounds subjected to biological
testing were found to be >95% pure by HPLC at two wavelengths (A
of 254 and 214 nm).

6.2. General synthetic procedures

6.2.1. General procedure A for the synthesis of 9a-j, 15a-b, 19aa-hc
In a suitable microwave reaction vessel the required chlor-
opyrimidine (1 equiv.) was taken up in i-PrOH. To this was added
the required amine (1.1 equiv.) and the mixture irradiated under
stirring at 120 °C for 1-2 h. Upon completion of the reaction, the
mixture was directly purified using FCC to afford the compound.
Similarly, any precipitate could be collected under vacuum and
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washed several time with cold i-PrOH to afford the desired
compound.

6.2.1.1. N-Phenyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyr-
imidin-4-amine (9a). General procedure A. Purification by FCC
(eluent, 1:1 EtOAc/PE) afforded 105 mg of a white amorphous solid
(84%). LCMS (m/z): 281.9 [M+H]". HPLC: tg 6.244 min, >95% purity
(214 & 254nm). HRMS (m/z): CigHisN3S requires 282.1071
[M+H]*; found 282.1059. 'TH NMR (CDCl3) 5 8.48 (s, 1H), 7.64 (dt,
J=28.8,1.7 Hz, 2H), 7.41-7.34 (m, 2H), 717—7.10 (m, 2H), 3.06 (dd,
J=28.,39Hz, 2H), 2.85 (dd, ] = 8.0, 3.9 Hz, 2H), 2.03—1.89 (m, 4H).
13C NMR (CDCl3) 5 166.3, 155.0, 152.6, 138.5, 134.7, 129.1, 124.8,
124.0,121.3, 116.6, 26.5, 25.5, 22.5, 22.4.

6.2.1.2. N-Cyclohexyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d[pyr-
imidin-4-amine (9b). General procedure A. Purification by FCC
(eluent, 1:1 EtOAc/PE) afforded 115 mg of a beige amorphous solid
(82%). LCMS (m/z): 288.2 [M+H]". HPLC: tg 6.383 min, >95% purity
(214 & 254nm). HRMS (m/z): CygH21N3S requires 288.1533
[M+H]*; found 288.1529. 'TH NMR (CDCl3) & 8.35 (s, 1H), 4.23—4.12
(m, 1H), 2.91 (dd, ] = 6.8, 5.1 Hz, 2H), 2.79 (dd, ] = 8.1, 3.7 Hz, 2H),
2.12-2.03 (m, 2H), 1.96—1.85 (m, 4H), 1.75 (ddd, ] = 13.3, 8.8, 5.0 Hz,
2H), 1.69—1.61 (m, 1H), 1.55—1.42 (m, 2H), 1.32—1.21 (m, 3H). °C
NMR (CDCl3) & 165.3, 156.9, 153.3, 132.9, 125.5, 116.0, 48.9, 33.3,
26.5, 25.8, 25.5, 24.8, 22.7, 22.6.

6.2.1.3. 4-(Piperidin-1-yl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]
pyrimidine (9c). General procedure A. Purification by FCC (eluent,
1:1 EtOAc/PE) afforded 95.2 mg of a white amorphous solid (68%).
LCMS (m/z): 274.1 [M+H]". HPLC: tg 6.478 min, >95% purity (214 &
254 nm). HRMS (m/z): C15sH19N3S requires 224.1374 [M+H]*; found
224.1372. 'H NMR (CDCl3) 3 8.51 (s, 1H), 3.36—3.28 (m, 4H),
2.96—2.91 (m, 2H), 2.90—2.85 (m, ] = 6.3, 1.6 Hz, 2H), 1.97—1.90 (m,
2H),1.81 (ddd,J = 12.1,5.9, 2.6 Hz, 2H), 1.77—1.71 (m, 4H), 1.69—1.62
(m, 2H). 13C NMR (CDCl5) 3 168.1, 162.9, 151.6, 134.4, 127.7, 121.5,
51.8, 26.7, 25.8, 25.7, 24.4, 23.1, 22.9.

6.2.14. 4-(5,6,7,8-Tetrahydrobenzo[4,5|thieno[2,3-d [pyrimidin-4-yl)
morpholine (9d). General procedure A. Purification by FCC (eluent,
1:1 EtOAc/PE) afforded 161 mg of a white amorphous solid (88%).
LCMS (m/z): 275.9 [M+H]". HPLC: tg 5.179 min, >95% purity (214 &
254 nm). HRMS (m/z): Ci14H17N30S requires 275.1065 [M+H]|™;
found 275.1087."H NMR (400 MHz, CDCl3) 3 8.46 (s, 1H), 3.82—3.77
(m, 4H), 3.36—3.31 (m, 4H), 2.87—2.77 (m, 4H), 1.91-1.84 (m, 2H),
1.79—-1.71 (m, 2H). 3C NMR (CDCl3) & 1684, 162.1, 151.5, 135.5,
126.9, 1214, 66.6, 51.1, 26.7, 25.8, 22.9, 22.8.

6.2.1.5. 4-(Pyrrolidin-1-yl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]
pyrimidine (9e). General procedure A. Purification by FCC (eluent,
1:1 EtOAc/PE) afforded 109 mg of a white amorphous solid (82%).
LCMS (m/z): 260.0 [M+H]*. HPLC: tg 5.270 min, >95% purity (214 &
254 nm). HRMS (m/z): C14H17N3S requires 259.1112 [M+-H]*; found
259.1138. '"H NMR (CDCl3) & 8.33 (s, 1H), 3.72—3.65 (m, 4H),
2.90—2.81 (m, 4H), 1.95—1.86 (m, 6H), 1.78—1.71 (m, 2H). >C NMR
(CDCl3) 8 167.7,158.8,150.9, 132.2,127.5,117.9, 50.9, 29.2, 25.8, 25.5,
23.3,22.8.

6.2.1.6. N-Cyclopropyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-dpyr-
imidin-4-amine (9f). General procedure A. Purification by FCC
(eluent, 1:1 EtOAc/PE) afforded 105 mg of a white amorphous solid
(87%). LCMS (m/z): 246.0 [M+H]*. HPLC: tg 4.864 min, >95% purity
(214 & 254nm). HRMS (m/z): Ci3Hi5NsS requires 246.0954
[M+H]*; found 246.0981. 'H NMR (CDCl3) & 8.47 (s, 1H), 5.51 (s, TH),
2.96—2.89 (m, 1H), 2.83 (td, J=5.9, 1.9 Hz, 2H), 2.78 (td, J=6.0,
1.9 Hz, 2H), 1.95-1.83 (m, 4H), 0.95—0.90 (m, 2H), 0.61-0.57 (m,

2H). 13C NMR (CDCl3) 5 165.2, 158.3, 153.1, 133.4, 125.3, 116.2, 26.4,
25.4,23.9, 22.5, 22.4, 7.6.

6.2.1.7. N-(Cyclopropylmethyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno
[2,3-d]pyrimidin-4-amine (9g). General procedure A. Purification
by FCC (eluent, 1:1 EtOAc/PE) afforded 88 mg of a light yellow
amorphous solid (85%). LCMS (m/z): 260.0 [M+H]". HPLC: tg
5.519 min, >95% purity (214 & 254 nm). HRMS (m/z): C14H17N3S
requires 260.1215 [M+H]*; found 260.1216. 'TH NMR (CDCl3) & 8.36
(s,1H), 5.40 (s, 1H), 2.97—2.91 (m, J = 8.0, 4.1, 1.7 Hz, 1H), 2.82—2.78
(m, 2H), 1.98—1.85 (m, 4H), 1.20—1.08 (m, 1H), 0.62—0.55 (m, 2H),
0.33—0.28 (m, 2H). 3C NMR (CDCl3) & 165.3, 157.4, 153.1, 1331,
125.5,116.1, 46.1, 26 .4, 25.5, 22.7, 22.6, 10.8, 3.5.

6.2.1.8. N-Cyclobutyl-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]pyr-
imidin-4-amine (9h). General procedure A. Purification by FCC
(eluent, 1:1 EtOAc/PE) afforded 101 mg of a white amorphous solid
(88%). LCMS (m/z): 260.0 [M-+H]". HPLC: tg 5.612 min, >95% purity
(214 & 254 nm). HRMS (m/z): C14H17N3S requires 260.1213 [M+H]*;
found 260.1213. 'H NMR (CDCl3)  8.37 (s, 1H), 5.41 (d, /= 6.2 Hz,
1H), 4.76—4.64 (m, 1H), 2.93 (td,] = 5.9, 1.6 Hz, 2H), 2.81 (dd, ] = 9.8,
3.7 Hz, 2H), 2.50 (dddd, ] = 13.6, 7.7, 3.7, 2.7 Hz, 2H), 1.99—-1.85 (m,
6H), 1.85—1.76 (m, 2H). *C NMR (CDCl3) 3 165.5, 156.6, 153.2, 133.3,
125.4,115.9, 46.2, 31.8, 26.5, 25.5, 22.7, 22.6, 15.4.

6.2.1.9. N-(tert-Butyl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d][pyr-
imidin-4-amine (9i). General procedure A. Purification by FCC
(eluent, 1:1 EtOAc/PE) afforded 114 mg of a white amorphous solid
(85%). LCMS (m/z): 262.0 [M+H]". HPLC: tg 4.623 min, >95% purity
(214 & 254 nm). HRMS (m/z): C14H19N3S requires 261.1312 [M+H]*;
found 261.1294. '"H NMR (CDCl3) 8 8.34 (s, 1H), 5.28 (s, 1H), 2.88 (td,
J=5.9, 1.6 Hz, 2H), 2.78 (dd, ] =9.8, 3.7 Hz, 2H), 1.95—1.82 (m, 4H),
1.53 (s, 9H). >C NMR (CDCl3) 3 165.1,157.3,152.6, 132.7,125.2, 116 4,
52.3,29.2, 26.5, 25.5, 22.7, 22.5.

6.2.1.10. tert-Butyl-4-(5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d pyr-
imidin-4-yl)piperazine-1-carboxylate (9j). General procedure A.
Purification by FCC (eluent, 1:1 EtOAc/PE) afforded 244 mg of a
white amorphous solid (84%). LCMS (m/z): 375.2 [M+H]*. HPLC: tg
7.500 min, >95% purity (214 & 254 nm). '"H NMR (CDCl3) 3 8.45 (s,
1H), 3.53 (dd, J=6.1, 4.1 Hz, 4H), 3.30—3.25 (m, 4H), 2.82 (ddd,
J=9.2,7.8,3.7 Hz, 4H),1.90—1.83 (m, 2H), 1.77—1.69 (m, 2H), 1.41 (s,
9H). 1*C NMR (CDCl3) & 168.5, 162.3, 154.9, 151.6, 135.6, 127.0, 121.6,
80.1, 28.5, 26.7, 25.8, 23.1, 22.8.

6.2.1.11. 4-(Piperazin-1-yl)-5,6,7,8-tetrahydrobenzo[4,5]thieno[2,3-d]
pyrimidine  (10). tert-Butyl-4-(5,6,7,8-tetrahydrobenzo[4,5]thieno
[2,3-d]pyrimidin-4-yl)piperazine-1-carboxylate (163 mg, 435 umol)
was dissolved in DCM. To this solution was added trifluoroacetic
acid (5.00 mL, 65.3 mmol) and the reaction mixture was stirred at r.t.
for 3 h. The solvents were evaporated and the residue the residue
was taken up in H,0 (20 mL) and added to a separating funnel. The
aqueous solution was washed with Et;O (3 x 30mL), and the
aqueous phase made alkaline with the addition of 2 M NaOH solu-
tion. This phase was then extracted with DCM (3 x 30 mL) and the
organic extracts collected and dried over anhydrous NaySO4 to
afford 115 mg of the corresponding amine free base as a white
amorphous solid (96%). LCMS (m/z): 2749 [M+H]|". HPLC: tg
4.623 min, >95% purity (214 & 254 nm). HRMS (m/z): C14H1gN3S
requires 275.1334 [M+H]*; found 275.1334. TH NMR (CDCl3) & 8.52
(s, TH), 3.41-3.34 (m, 4H), 3.07—3.03 (m, 4H), 2.95—-2.91 (m, 2H),
2.90—2.85(m, 2H), 2.05 (s, 1H), 1.97—1.90 (m, 2H), 1.84—1.78 (m, 2H).
13C NMR (CDCl3) & 168.3, 162.5, 151.5, 135.0, 127.2, 121.4, 51.9, 45.7,
26.8, 25.8, 23.0, 22.8.
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6.2.1.12. N-Cyclopropylthieno[2,3-d]pyrimidin-4-amine (15a).
General procedure A. Purification by FCC (eluent, 1:1 EtOAc/PE)
afforded 77.1 mg of a white amorphous solid (76%). LCMS (m/z):
191.9 [M+H]". HPLC: tg 3.290 min, >95% purity (214 & 254 nm).
HRMS (m/z): CoHgN3S requires 192.0587 [M+H]"; found 192.0590.
"H NMR (CDCls) & 8.55 (s, 1H), 7.35 (d, J=5.2Hz, 1H), 7.27 (d,
J=6.0Hz, 1H), 5.92 (s, 1H), 3.03—2.97 (m, 1H), 0.99—0.93 (m, 2H),
0.74—0.68 (m, 2H). ®C NMR (CDCl3) 3 167.3, 158.6, 153.9, 122.8,
118.4,116.2, 24.6, 8.2.

6.2.1.13. N-Cyclobutylthieno[2,3-d]pyrimidin-4-amine (15b).
General procedure A. Purification by FCC (eluent, 1:1 EtOAc/PE)
afforded 85.1 mg of a white amorphous solid (79%). LCMS (m/z):
206.0 [M+H]". HPLC: tg 3.952 min, >95% purity (214 & 254 nm).
HRMS (m/z): Ci4H17N3S requires 206.0744 [M+H]"; found
206.0746. 'H NMR (CDCl3) & 8.50 (s, 1H), 7.27 (d, J = 5.9 Hz, 1H), 7.17
(d, J=6.0Hz, 1H), 553 (d, J=5.9Hz, 1H), 4.81—4.71 (m, 1H),
2.57—2.46 (m, 2H), 2.07—1.92 (m, 2H), 1.85—1.75 (m, 2H). *C NMR
(CDCl3) § 166.7, 156.3, 154.2, 123.0, 117.2, 116.1, 46.4, 31.7, 15.3.

6.2.1.14. N,N-Diethyl-6,7-dihydro-5H-cyclopenta[4,5]thieno[2,3-d]
pyrimidin-4-amine (19aa). General procedure A. Purification by
FCC (eluent, 1:1 EtOAc/PE) afforded 115 mg of a white amorphous
solid (78%). LCMS (m/z): 248.1 [M4+H]*. HPLC: tg 5.295 min, >95%
purity (214 & 254 nm). HRMS (m/z): Cy3H7N3S requires 248.1217
[M+H]"; found 248.1216. "TH NMR (CDCl3) § 8.35 (s, 1H), 3.59 (q,
J=7.1Hz, 4H), 3.06—2.99 (m, 2H), 2.94 (ddt, ] = 8.2, 6.6, 1.8 Hz, 2H),
2.44—2.34 (m, 2H), 1.19 (t, ] = 7.0 Hz, 6H). >C NMR (CDCl3) § 173.3,
159.4,151.3,138.2, 136.0, 116.0, 43.7, 32.4, 29.8, 28.1, 13.1.

6.2.1.15. N-Cyclopropyl-6,7-dihydro-5H-cyclopenta[4,5]thieno[2,3-d]
pyrimidin-4-amine (19 ab). General procedure A. Purification by
FCC (eluent, 1:1 EtOAc/PE) afforded 105 mg of a white amorphous
solid (77%). LCMS (my/z): 232.1 [M+H]". HPLC: tg 4.629 min, >95%
purity (214 & 254 nm). HRMS (m/z): C;2H13N3S requires 232.0903
[M+H]*; found 232.0903. 'H NMR (CDCl3) & 8.49 (s, 1H), 5.28 (s,
1H), 2.98 (t, J = 7.2 Hz, 4H), 2.92 (td, ] = 6.6, 3.7 Hz, 1H), 2.57—2.47
(m, 2H), 0.97—0.91 (m, 2H), 0.64—0.58 (m, 2H). >*C NMR (CDCl3)
0 170.7,157.7, 153.2, 138.9, 134.2, 133.1, 29.5, 29.2, 27.9, 23.8, 7.6.

6.2.1.16. N-Cyclobutyl-6,7-dihydro-5H-cyclopenta[4,5]thieno[2,3-d]
pyrimidin-4-amine (19ac). General procedure A. Purification by
FCC (eluent, 1:1 EtOAc/PE) afforded 90.1 mg of a white amorphous
solid (83%). LCMS (my/z): 246.1 [M+H]". HPLC: tg 5.373 min, >95%
purity (214 & 254 nm). HRMS (m/z): C13H15N3S requires 246.0466
[M+H]"; found 246.0464. 'TH NMR (CDCl3) & 8.37 (s, 1H), 5.16 (d,
J=6.7Hz,1H), 4.77—4.65 (m, 1H), 3.06—2.96 (m, 4H), 2.60—2.45 (m,
4H), 1.99—1.86 (m, 2H), 1.84—1.75 (m, 2H). *C NMR (CDCl3) § 155.8,
153.2,138.6, 134.3, 113.1, 45.9, 31.8, 29.5, 29.2, 27.9, 15.2.

6.2.1.17. N,N-Diethyl-6,7,8,9-tetrahydro-5H-cyclohepta{4,5]thieno
[2,3-d]pyrimidin-4-amine (19ba). General procedure A. Purification
by FCC (eluent, 1:1 EtOAc/PE) afforded 99.4 mg of a white amor-
phous solid (86%). LCMS (m/z): 276.0 [M+H]™. HPLC: tg 6.323 min,
>95% purity (214 & 254nm). HRMS (my/z): Cy5H2;N3S requires
276.1526 [M+H]"; found 276.1529. "H NMR (CDCl3) & 8.40 (s, 1H),
3.36 (q, J=7.1Hz, 4H), 2.98—2.93 (m, 2H), 2.82—2.78 (m, 2H),
1.87—1.80 (m, 2H), 1.68—1.62 (m, 2H), 1.56 (ddd, ] = 11.4, 6.0, 2.8 Hz,
2H), 1.03 (t, J = 7.1 Hz, 7H). 13C NMR (CDCl3) 3 166.3, 161.7, 150.9,
138.2,132.6, 121.6, 44.5, 32.8, 30.4, 28.7, 27.6, 27.4, 12.3.

6.2.1.18. N-Cyclopropyl-6,7,8,9-tetrahydro-5H-cyclohepta[4,5]thieno
[2,3-d]pyrimidin-4-amine (19bb). General procedure A. Purification
by FCC (eluent, 1:1 EtOAc/PE) afforded 101 mg of a white amor-
phous solid (88%). LCMS (m/z): 274.2 [M+H]*. HPLC: tg 5.709 min,

>95% purity (214 & 254 nm). HRMS (m/z): CisH1gN3S requires
2741374 [M+H]"; found 274.1372. '"H NMR (CDCl3) 3 8.48 (s, 1H),
553 (s, 1H), 2.97—2.90 (m, ] = 5.7, 3.4 Hz, 4H), 2.90—2.84 (m, 4H),
1.93-1.86 (m, 2H), 1.82 (td, J = 11.7, 7.2 Hz, 2H), 0.97—0.89 (m, 2H),
0.64—0.57 (m, 2H). >C NMR (CDCl3) 3 164.2, 158.4, 152.8, 137.37,
130.2, 117.5, 30.48, 30.32, 29.0, 27.1, 26.4, 24.2, 7.7.

6.2.1.19. N-Cyclobutyl-6,7,8,9-tetrahydro-5H-cyclohepta[4,5]thieno
[2,3-d]pyrimidin-4-amine (19bc). General procedure A. Purification
by FCC (eluent, 1:1 EtOAc/PE) afforded 100 mg of a white amor-
phous solid (88%). LCMS (m/z): 274.0 [M+H] ™. HPLC: tg 5.908 min,
>95% purity (214 & 254nm). HRMS (m/z): CisH1gN3S requires
2741371 [M+H]"; found 274.1372. 'H NMR (CDCl3) d 8.35 (s, 1H),
5.40 (d, ] = 6.3 Hz, 1H), 4.74—4.63 (m, 1H), 3.04—2.99 (m, 2H), 2.87
(dd, J = 6.7, 43 Hz, 2H), 2.55—2.45 (m, 2H), 2.03—1.69 (m, 10H). 3C
NMR (CDCl3) 9 164.4,156.5,152.8,136.9,130.2,117.1, 46 .4, 31.8, 30.4,
304, 28.9, 27.2, 26.4, 22.5, 15.5.

6.2.1.20. N,N-Diethyl-5,6,7,8,9,10-hexahydrocycloocta[4,5]thieno
[2,3-d]pyrimidin-4-amine (19ca). General procedure A. Purification
by FCC (eluent, 1:1 EtOAc/PE) afforded 113 mg of a white amor-
phous solid (79%). LCMS (m/z): 290.2 [M+H]™. HPLC: tg 7.076 min,
>95% purity (214 & 254nm). HRMS (m/z): CigH23N3S requires
290.1689 [M+H]|™; found 290.1685. 'H NMR (CDCl3) 3 8.57 (s, 1H),
3.43 (q, J=71Hz, 4H), 3.05-3.01 (m, 2H), 2.93—2.89 (m, 2H),
1.78—1.71 (m, 2H), 1.57 (tt, = 8.4, 6.2 Hz, 2H), 1.49—1.42 (m, 2H),
116—1.11 (m, J=8.3, 3.6 Hz, 2H), 1.09 (t, J= 7.1 Hz, 6H). *C NMR
(CDCl3) 8 168.0,162.4,151.2,138.5,129.8, 121.6, 45.5, 31.8, 31.2, 27.9,
26.2,254,24.6,12.3.

6.2.1.21. N-Cyclopropyl-5,6,7,8,9,10-hexahydrocycloocta[4,5]thieno
[2,3-d]pyrimidin-4-amine (19 cb). General procedure A. Purification
by FCC (eluent, 1:1 EtOAc/PE) afforded 75.2 mg of a white amor-
phous solid (77%). LCMS (m/z): 274.2 [M+H] . HPLC: tg 5.709 min,
>95% purity (214 & 254nm). HRMS (m/z): CyisH19N3S requires
2741374 [M+H]"; found 274.1372. 'H NMR (CDCl3) § 8.52 (d,
J=3.2Hz, 1H), 5.57 (s, 1H), 3.01-2.94 (m, 1H), 2.87 (dd, J=12.3,
5.1 Hz, 4H), 1.75—1.66 (m, 4H), 1.57—1.48 (m, 2H), 1.38—1.27 (m, 2H),
0.99-0.92 (m, 2H), 0.62—0.57 (m, 2H). 3C NMR (CDCl3) 5 164.9,
157.9, 152.9, 136.6, 127.5, 116.3, 31.6, 29.9, 27.8, 26.1, 25.2, 23.9, 7.7.

6.2.1.22. N-Cyclobutyl-5,6,7,8,9,10-hexahydrocycloocta[4,5]thieno
[2,3-d]pyrimidin-4-amine (19 cc). General procedure A. Purification
by FCC (eluent, 1:1 EtOAc/PE) afforded 122 mg of a white amor-
phous solid (86%). LCMS (m/z): 288.2 [M+H]". HPLC: tg 6.266 min,
>95% purity (214 & 254nm). HRMS (m/z): CieH21N3S requires
288.1531 [M+H]™; found 288.1531. 'H NMR (CDCl3) & 8.39 (s, 1H),
5.48 (d, J=6.6Hz, 1H), 4.80—4.67 (m, 1H), 2.95-2.90 (m, 2H),
2.90—2.85 (m, 2H), 2.57—2.47 (m, 2H), 1.98—1.86 (m, 2H), 1.86—1.74
(m, 4H), 1.74—1.65 (m, 2H), 1.57—1.49 (m, 2H), 1.35 (dt, = 10.7,
6.1 Hz, 2H). 13C NMR (CDCl3) 8 165.1, 156.1,152.8, 136.3, 127.5, 115.9,
46.1, 31.8, 31.6, 29.9, 27.8, 26.1, 25.2,15.3.

6.2.1.23. N,N-Diethyl-5-phenylthieno[2,3-d]pyrimidin-4-amine
(19da). General procedure A. Purification by FCC (eluent, 1:1
EtOAc/PE) afforded 94.1 mg of a white amorphous solid (86%). LCMS
(m/z): 283.9 [M+H]' . HPLC: tg 6.1389 min, >95% purity (214 &
254 nm). HRMS (m/z): C;6H17N3S requires 284.1213 [M+H]™; found
284.1216. 'H NMR (CDCl3) & 8.55 (s, 1H), 7.44-7.38 (m, 4H),
7.37—7.32 (m, 1H), 718 (s, 1H), 3.16 (q, J=7.1Hz, 4H), 0.89 (t,
J=7.1Hz, 6H). *C NMR (CDCl3) 3 170.1, 160.9, 152.11, 136.8, 136.4,
128.4,128.1, 127.6, 120.5, 115.6, 43.7, 12.3.

6.2.1.24. N-Cyclopropyl-5-phenylthieno[2,3-d|pyrimidin-4-amine
(19db). General procedure A. Purification by FCC (eluent, 1:1
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EtOAc/PE) afforded 98.3 mg of a white amorphous solid (86%).
LCMS (m/z): 267.9 [M+H]". HPLC: tg 5.308 min, >95% purity (214 &
254 nm). HRMS (my/z): C15H13N3S requires 268.0830 [M+H]*; found
268.0903. 'H NMR (CDCl3) & 8.60 (s, 1H), 7.51-7.47 (m, 3H),
7.43-7.38 (m, 2H), 7.07 (s, 1H), 5.11 (s, 1H), 2.87—2.80 (m, 1H),
0.80—0.74 (m, 2H), 0.29—0.24 (m, 2H). >C NMR (CDCl3) & 166.9,
158.6, 154.4,136.2, 134.7,129.3, 129.1, 128.9, 120.5, 114.27, 23.7, 7.3.

6.2.1.25. N-Cyclobutyl-5-phenylthieno[2,3-d]pyrimidin-4-amine
(19dc). General procedure A. Purification by FCC (eluent, 1:1 EtOAc/
PE) afforded 85.1 mg of a white amorphous solid (75%). LCMS (m/z):
281.9 [M+H]". HPLC: tg 6.183 min, >95% purity (214 & 254 nm).
HRMS (m/z): CigHisN3S requires 282.1059 [M+H]|"; found
282.1059. 'H NMR (CDCl3) 3 8.48 (s, 1H), 7.54—7.49 (m, 5H), 7.46 (dd,
J=6.7,2.7Hz,2H), 7.07 (s,1H), 5.10 (d, J = 5.5 Hz, 1H), 4.62—4.50 (m,
1H), 2.37—2.27 (m, 2H), 1.73—1.59 (m, 2H), 1.57—1.44 (m, 2H). °C
NMR (CDCl3) 8 166.9, 156.4, 154.2, 136.2, 134.7, 129.4, 128.89, 128.7,
120.0, 113.9, 45.7, 31.2, 15.2.

6.2.1.26. N,N-Diethyl-6-phenylthieno[2,3-d]pyrimidin-4-amine
(19ea). General procedure A. Purification by FCC (eluent, 1:1
EtOACc/PE) afforded 96.8 mg of a white amorphous solid (84%).
LCMS (m/z): 284.0 [M+H]*. HPLC: tg 6.080 min, >95% purity (214 &
254 nm). HRMS (m/z): C1gH17N3S requires 284.1213 [M+H]"; found
284.1216. 'H NMR (CDCl3) & 8.41 (s, 1H), 7.65—7.61 (m, 2H), 7.48 (s,
1H), 7.45—7.40 (m, 2H), 7.37—7.32 (m, 1H), 3.79 (q, /= 7.1 Hz, 4H),
1.36 (t, J= 7.1 Hz, 6H). 3C NMR (CDCl3) 5 168.9, 156.9, 153.2, 138.1,
134.1,129.2, 128.4,126.3, 116.8, 116.4, 44.2, 13.4.

6.2.1.27. N-Cyclopropyl-6-phenylthieno[2,3-d]pyrimidin-4-amine
(19eb). General procedure A. Purification by FCC (eluent, 1:1 EtOAc/
PE) afforded 99.1 mg of a white amorphous solid (90%). LCMS (m/z):
267.9 [M+H]*. HPLC: tg 5.407 min, >95% purity (214 & 254 nm).
HRMS (m/z): CisH13N3S requires 268.0830 [M+H]"; found
268.0903. 'H NMR (401 MHz, CDCl3) & 8.53 (s, 1H), 7.65—7.61 (m,
1H), 7.49 (s, 1H), 7.44—7.38 (m, 1H), 7.37—7.32 (m, 1H), 5.79 (s, 1H),
3.06-2.99 (m, 1H), 1.01-0.95 (m, 1H), 0.74—0.70 (m, 1H). 3C NMR
(101 MHz, CDCl3) & 166.8, 158.2, 153.9, 140.7, 133.6, 129.2, 128.7,
126.4,117.7,113.3, 24.6, 8.2.

6.2.1.28. N-Cyclobutyl-6-phenylthieno[2,3-d][pyrimidin-4-amine
(19ec). General procedure A. Purification by FCC (eluent, 1:1 EtOAc/
PE) afforded 108 mg of a white amorphous solid (92%). LCMS (m/z):
281.9 [M+H]". HPLC: tg 5.940 min, >95% purity (214 & 254 nm).
HRMS (m/z): CyigHisN3S requires 282.1058 [M+H]'; found
282.1059. 'H NMR (CDCl3) & 8.48 (s, 1H), 7.65—7.62 (m, 2H),
745-739 (m, 2H), 7.37-731 (m, 2H), 547 (d, J=7.2Hz, 1H),
4.83—4.72 (m, 1H), 2.63—2.41 (m, 2H), 2.07—1.95 (m, 2H), 1.87-1.77
(m, 2H). '*C NMR (CDCl3) 5 166.1, 155.9, 154.1, 140.9, 133.6, 129.2,
128.7,126.3, 117.6, 112.5, 46.4, 31.7,15.3.

6.2.1.29. 5-Cyclohexyl-N,N-diethylthieno[2,3-d]pyrimidin-4-amine
(19fa). General procedure A. Purification by FCC (eluent, 1:1 EtOAc/
PE) afforded 115 mg of a white amorphous solid (81%). LCMS (m/z):
290.2 [M+H]*. HPLC: tg 7189 min, >95% purity (214 & 254 nm).
HRMS (m/z): CyeH23N3S requires 290.1689 [M+H]'; found
290.1685. 'H NMR (CDCl3) & 8.58 (s, 1H), 7.02 (s, 1H), 3.47 (q,
J=71Hz,1H),3.17-3.06 (m, ] = 2.9 Hz,1H), 1.98 (dd, ] = 12.7,1.3 Hz,
1H), 1.89—1.82 (m, 1H), 1.81—1.73 (m, 1H), 1.48—1.20 (m, 1H), 1.13 (t,
J=71Hz, 1H). 3C NMR (CDCl3) & 169.8, 163.3, 151.6, 141.6, 119.9,
117.3, 45.0, 38.4, 34.8, 26.9, 26.2, 12.4.

6.2.1.30. 5-Cyclohexyl-N-cyclopropylthieno[2,3-d[pyrimidin-4-amine
(19fb). General procedure A. Purification by FCC (eluent, 1:1
EtOACc/PE) afforded 87.8 mg of a white amorphous solid (88%). LCMS

(m/z): 274.2 [M+H]*. HPLC: tg 6.073 min, >95% purity (214 &
254 nm). HRMS (m/z): C1gH15N3S requires 274.1375 [M+H]*; found
274.1372. 'H NMR (CDCl3)  8.55 (s, 1H), 6.87 (s, 1H), 5.57 (s, 1H),
3.07—2.99 (m, 1H), 2.59 (dd, J = 13.5, 5.5 Hz, 1H), 2.06 (t, ] = 11.0 Hz,
2H), 1.95 (t, J=10.5Hz, 2H), 1.83 (d, J = 12.7 Hz, 1H), 1.50—1.38 (m,
4H), 1.30 (ddd, J=13.7, 12.5, 49Hz, 1H), 1.01-0.95 (m, 2H),
0.63—0.56 (m, 2H). 3C NMR (CDCl3) 3 167.7, 158.6, 153.5, 139.7,
115.6, 115.3, 40.9, 33.9, 26.7, 25.9, 24.1, 7.7.

6.2.1.31. N-Cyclobutyl-5-cyclohexylthieno[2,3-d]pyrimidin-4-amine
(19fc). General procedure A. Purification by FCC (eluent, 1:1 EtOAc/
PE) afforded 115 mg of a white amorphous solid (81%). LCMS (m/z):
288.2 [M+H]*. HPLC: tg 6.820 min, >95% purity (214 & 254 nm).
HRMS (m/z): CyigHp1N3S requires 288.1531 [M+H]|"; found
288.1529. '"H NMR (CDCl3) 3 8.43 (s, 1H), 6.85 (s, 1H), 5.51 (d,
J=6.3Hz,1H), 4.79—4.69 (m, 1H), 2.74—2.66 (m, 1H), 2.60—2.50 (m,
2H), 2.15 (d, = 8.2 Hz, 2H), 2.02—1.90 (m, 4H), 1.91-1.81 (m, 5H),
1.53—1.40 (m, 5H), 1.34 (ddd, J=12.5, 8.2, 3.5Hz, 1H). '3C NMR
(CDCl3) & 167.8,156.6, 153.5, 139.8, 115.2, 46.2, 41.0, 33.9, 31.7, 26.8,
26.0,154.

6.2.1.32. 6-Cyclohexyl-N,N-diethylthieno[2,3-d]pyrimidin-4-amine
(19ga). General procedure A. Purification by FCC (eluent, 1:1
EtOACc/PE) afforded 113 mg of a white amorphous solid (91%). LCMS
(m/z): 290.0 [M+H]". HPLC: tg 6.559 min, >95% purity (214 &
254 nm). HRMS (m/z): C16H23N3S requires 290.1683 [M+H]*; found
290.1685. 'H NMR (CDCl3) 8 8.37 (s, 1H), 6.96 (d, J = 1.0 Hz, 1H), 3.73
(q,J=71Hz, 4H), 2.83 (tt, J= 11.2, 3.5 Hz, 1H), 2.10—2.04 (m, 2H),
1.89-1.82 (m, 2H), 1.79—1.71 (m, 1H), 1.55—1.35 (m, 4H), 1.32 (t,
J=71Hz, 6H), 1.30—1.19 (m, 1H). 3C NMR (CDCl3) & 167.9, 156.6,
152.5, 146.9, 115.4, 115.3, 44.07, 40.3, 35.1, 26.4, 25.9, 13.6.

6.2.1.33. 6-Cyclohexyl-N-cyclopropylthieno|[2,3-d[pyrimidin-4-amine
(19gb). General procedure A. Purification by FCC (eluent, 1:1
EtOAC/PE) afforded 84.8 mg of a white amorphous solid (87%).
LCMS (m/z): 274.0 [M+H]*. HPLC: tg 5.986 min, >95% purity (214 &
254 nm). HRMS (m/z): C15H19N3S requires 274.1369 [M+H]"; found
274.1372. 'H NMR (CDCl3) & 8.49 (s, 1H), 6.94 (s, 1H), 5.63 (s, TH),
2.97 (qd, J=6.7, 3.6 Hz, 1H), 2.81 (td, ] = 10.9, 3.2 Hz, 1H), 2.06 (d,
J=10.6Hz, 2H), 1.87-1.81 (m, 2H), 1.74 (d, J=12.7Hz, 1H),
1.52—1.33 (m, 4H), 1.31-1.20 (m, 1H), 0.97—0.91 (m, 2H), 0.70—0.64
(m, 2H). '3C NMR (CDCl3) 3 157.7, 153.3, 149.7, 116.5, 111.8, 40.2,
35.01, 26.3, 25.9, 24.5, 8.15.

6.2.1.34. N-Cyclobutyl-6-cyclohexylthieno[2,3-d]pyrimidin-4-amine
(19gc). General procedure A. Purification by FCC (eluent, 1:1 EtOAc/
PE) afforded 101 mg of a white amorphous solid (88%). LCMS (m/z):
288.0 [M+H]*. HPLC: tg 6.377 min, >95% purity (214 & 254 nm).
HRMS (m/z): CigH21N3S requires 288.1528 [M+H]|"; found
288.1529. TH NMR (CDCl3) 8 8.43 (s, 1H), 6.80 (d, J = 1.0 Hz, 1H), 5.31
(d,J =7.2Hz, 1H), 4.80—4.67 (m, 1H), 2.86—2.77 (m, 1H), 2.55—2.45
(m, 2H), 2.11-2.04 (m, 2H), 2.03—1.91 (m, 2H), 1.89—1.71 (m, 5H),
1.53—1.33 (m, 4H), 1.32—1.20 (m, 1H). *C NMR (CDCl3) & 165.4,
155.5,153.4,149.9,116.4, 111.1, 46.3, 40.2, 35.0, 31.8, 26.4, 25.9, 15.3.

6.2.1.35. N,N-Diethyl-5,6-dimethylthieno[2,3-d]pyrimidin-4-amine
(19ha). General procedure A. Purification by FCC (eluent, 1:1
EtOAc/PE) afforded 82.3 mg of a white amorphous solid (71%).
LCMS (m/z): 236.0 [M+H]". HPLC: tg 5.322 min, >95% purity (214 &
254 nm). HRMS (m/z): C12H17N3S requires 236.1212 [M+H]*; found
236.1216. "H NMR (CDCl3) 3 8.50 (s, 1H), 3.46 (q,J = 7.1 Hz, 4H), 2.43
(d,J = 0.8 Hz, 3H), 2.41 (d, J = 0.7 Hz, 3H), 1.12 (t, ] = 7.1 Hz, 6H). 13C
NMR (CDCl3) 8 167.2,162.0, 151.1, 131.3, 124.9, 122.3, 44.8,13.9, 13.7,
12.3.
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6.2.1.36. N-Cyclopropyl-5,6-dimethylthieno[2,3-d|pyrimidin-4-
amine (19 hb). General procedure A. Purification by FCC (eluent, 1:1
EtOACc/PE) afforded 101 mg of a white amorphous solid (93%). LCMS
(m/z): 2201 [M+H]'. HPLC: tg 5.322 min, >95% purity (214 &
254 nm). HRMS (m/z): C11H13N3S requires 220.0898 [M+H]"; found
220.0903. '"H NMR (CDCl3) 5 8.49 (s, 1H), 5.65 (s, 1H), 2.98—2.91 (m,
1H), 2.41 (s, 6H), 0.97—0.91 (m, 2H), 0.63—0.58 (m, 2H). 3C NMR
(CDCl3) 3 164.6,158.4, 153.2, 130.2, 122.9, 117.2, 24.1, 14.5, 13.5, 7.7.

6.2.1.37. N-Cyclobutyl-5,6-dimethylthieno[2,3-d[pyrimidin-4-amine
(19hc). General procedure A. Purification by FCC (eluent, 1:1 EtOAc/
PE) afforded 85.5 mg of a white amorphous solid (73%). LCMS (m/z):
234.0 [M+H]*. HPLC: tg 5.940 min, >95% purity (214 & 254 nm).
HRMS (m/z): CigHis5N3S requires 234.1056 [M-+H]"; found
234.1059. 'H NMR (CDCl3) & 8.37 (s, 1H), 5.55 (d, J=5.9 Hz, 1H),
4.81-4.59 (m, 1H), 2.54—2.48 (m, 2H), 2.46 (s, 3H), 2.41 (d,
J=0.6Hz, 3H), 1.98—1.86 (m, 2H), 1.86—1.76 (m, 2H). >*C NMR
(CDCl3) 8 164.8,156.5,153.1,129.8,123.0, 116.8, 46.2, 31.8,15.4, 14.5,
13.5.

6.3. Pharmacological characterisation

6.3.1. Materials

Dulbecco's modified Eagle's medium, Flp-In CHO cells, and
hygromycin B were purchased from Invitrogen (Carlsbad, CA). Fetal
bovine serum (FBS) was purchased from ThermoTrace (Melbourne,
VIC, Australia). All other reagents were purchased from Sigma
Aldrich (St. Louis, MO).

6.3.2. Cell culture and transfection for cAMP assay

FlpIn CHO cells stably expressing the human dopamine Dy re-
ceptor (or WT FlpIn CHO cells for off-target screening assay) were
maintained in DMEM supplemented with 5% foetal calf serum (FBS)
and 0.2 mg/mL hygromycin at 37°C in a humidified incubator
supplied with 5% CO5.

6.3.3. cAMP measurement (interaction & off-target assay)

The cellular cAMP levels were measured with the CAMYEL
BRET-based biosensor for cAMP [26]. One day after transfection,
cells were trypsinised and seeded in white 96-well microplates. The
cells were then cultured for an additional day, rinsed twice with
Hank's Balanced Salt Solution (HBSS) and were then incubated in
fresh HBSS. The Renilla luciferase (RLuc) substrate coelenterazine-h
was added to reach a final concentration of 5 uM.

Interaction assay: FlpIn CHO cells stably expressing the human

Em(TalAl(Kp + aB[B]) + 75[BIKa)"™

measured using a BMG Lumistar counter 30 min after stimulation.
The BRET signal (BRET ratio) was determined by calculating the
ratio of the light emitted at 535 + 30 nm (YFP) to the light emitted
at 475 + 30 nm (RLuc).

6.3.4. Data analysis

Computerized nonlinear regression, statistical analyses and
simulations were performed using Prism 6.0 (GraphPad Prism 6.0b
Software, San Diego, CA).

6.3.5. Analysis of functional data

All concentration-response data were fitted to the following
modified four-parameter Hill equation to derive potency estimates
[36].

(Emax — Basal).[A]™H

E = Basal +
[AnH] + EC2H

(1)

where E is the effect of the system, nH is the Hill slope and ECsg is
the concentration of agonist [A] that gives the midpoint response
between basal and maximal effect of dopamine or other agonists
(Emax), Which are the lower and upper asymptotes of the response,
respectively.

To determine the mode of interaction of 1 and analogues of 1 at
the D,R in relation to the agonist dopamine, data were fit to both a
competitive and allosteric model and the best fit compared statis-
tically. A logistic equation of competitive agonist-antagonist inter-
action was globally fitted to data from functional experiments
measuring the interaction between dopamine and all analogues of
1:

(Emax — Bottom)

14 <10 s [l (ﬁ)])
0 LonBl

where s represents the Schild slope for the antagonist and pA;
represents the negative logarithm of the molar concentration of
antagonist that makes it necessary to double the concentration of
agonist needed to elicit the original submaximal response obtained
in the absence of antagonist. The same data describing the inter-
action between all analogues of 1 and dopamine were also analyzed
using a complete operational model of allosterism and agonism
according to equation (3) [37].

Response = Bottom +

nH

- ([AJK + KaKp + Ka[B] + alA][B])"™ + (a[A] (Kp + aB[B] ) + 75[BJKx )"

dopamine D;; receptor were stimulated with dopamine in the
presence of 10 uM forskolin (final concentration). For the antago-
nism assay, the allosteric antagonists were added 30 min prior to
stimulation. The BRET signals were measured using a BMG Lumistar
counter 30 min after stimulation. The BRET signal (BRET ratio) was
determined by calculating the ratio of the light emitted at
535 + 30 nm (YFP) to the light emitted at 475 + 30 nm (RLuc).
Off-target assay using non-hDyR-expressing FIp-In CHO cells: The
allosteric antagonists (1—-100 uM), and dopamine (10 uM) were
added 30 min prior to stimulation in the presence or absence of
10 uM forskolin (final concentration). The BRET signals were

(3)

where Ey, is the maximum possible cellular response, [A] and [B]
are the concentrations of orthosteric and allosteric ligands,
respectively, Ky and Kp are the equilibrium dissociation constant of
the orthosteric and allosteric ligands, respectively, 74 and 75 (con-
strained to —100) are operational measures of orthosteric and
allosteric ligand efficacy (which incorporate both signal efficiency
and receptor density), respectively, « is the binding cooperativity
parameter between the orthosteric and allosteric ligand, and
denotes the magnitude of the allosteric effect of the modulator on
the efficacy of the orthosteric agonist. K, was constrained to
617 nM, and represents a value of functional affinity determined by
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an operational model of agonism applied to concentration-
response data of dopamine in the presence of increasing concen-
trations of the alkylating agent phenoxybenzamine. For com-
pounds that caused a limited rightward shift of the dopamine dose-
response curve but no decrease in Epax, data were fit using an
operational model of allosterism where Log8 was constrained to
0 to represent neutral cooperativity with dopamine efficacy. For
compounds that produced an unlimited decrease in the maximal
response of dopamine Logf was constrained to —3.

For each of the compounds the two equations (models) were
then compared for their fit using an extra-sum-of-squares F test. All
of the data points and values shown in the figures and tables are the
mean + S.E.M. of at least three separate experiments performed in
duplicate unless otherwise stated.
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
Scaffold Yield NAMs & Agonists of the D>R
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Supporting Figure 1. Measuring the Ability of thieno[2,3-d]pyrimidines to Modulate the BRET Signal
in hD, R Negative FlpIn CHO Cells Transfected with the CAMYEL Biosensor. All compounds observed
to be agonists in our functional interaction assay, together with selected NAMs, were further assessed for their
integrity. Compounds were measured both in the presence (panels A, C, E) and absence (panels B, D, F) of
10 uM forskolin. The BRET signal obtained in the presence and absence of 10 M forskolin was normalised
to 0 and 100%, respectively. (A) In the absence of the D,R, compound 9¢ was shown to cause a concentration-
dependant change in the BRET signal, effecting a maximal 26% change at 100 uM. (C) Compound 19ca gave
a similar response, effecting a maximal 28% change of the BRET signal at 100 4M. All data used in these
graphs are presented as mean + SEM from a minimum of three independent experiments performed in

duplicate.
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure 2A. '"H NMR spectrum for compound 9¢ (non-specific inhibitor).
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Supporting Figure 2B. *C NMR spectrum for compound 9¢ (non-specific inhibitor).
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Supporting Figure 3A. '"H NMR spectrum for compound 9d.
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Supporting Figure 3B. “C NMR spectrum for compound 9d.
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure 3C. HRMS spectrum (ESI) for compound 9d.

Qualitative Compound Report

Data File TF4-196.d Sample Name TF4-1%6
Sample Type Sample Position P2-D6
Instrument Name Instrument 1 User Name Dr Jason Dang
Acq Method Monash_Direct.m Acquired Time 27-3ul-16 1:07:38 PM
IRM Calibration Status SR, DA Method Monash_Accuracy.m
Comment
Sample Group Info.
Formula C14H17N30S Stream Name Lc1
Acquisition SW Version 6200 series TOF/6500 saries Q-TOF B.05.01 (B56172 SP1)
Compound Table
Compound Label RT | Mass Abund Formula I Tgt Mass. Diff (ppm)
| Cpd 1: CI4HI7 N3 0 5] 0.12] 275.1097| 6339693 CI4HI7N3 0S5 | 2751092 1.5{
[Compound Label [m/z [RT |Algorithm Mass |
[Cpd T CIaRI7N3 05 |276.1168 [o12 |Find By Formula [275.1057 |
x10 6 Cpd 1: C14 H17 N3 O S: +ESI Scan (rt: 0.087, 0.237-0.270 min, 4 scans) Frag=160.0V TF-4-196.
5 -
4
3 .
2 -
T 550.2242
0 | 2[C14H17N30S]+
250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
MS Spectrum Peak List
m/z Calc m/z Diff(ppm) z Abund [Formula Ion
275.1065) 275.1087 7.97 1 2193.46|C14H17N30S M+
276.1168 276.1165 -1.17 1 6339693.14|C14H17N30S (M+H)+
298.0575, 298.0585 3.32 1 1438.13|C12H17N305 (M+Na)+
--- End Of Report ---
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure 3D. Analytical HPLC trace for compound 9d.

DAD1 A, Sig=254,4 Ref=off (CHEMIST\2016\07-16\270716-TF-4-19611-11083.D)
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2 5.719 MM 0.0440 1747.80688 661.63831 95.5095

- 139 -



Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure 4A. '"H NMR spectrum for compound 9h.
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Supporting Figure 4B. *C NMR spectrum for compound 9h.
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine

Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure 4C. HRMS spectrum (ESI) for compound 9h

Qualitative Compound Report

Data File TF-5-884 Sample Name TF-5-88
Sample Type Semple Position P1-B1
Instrument Name Instrument 1 User Name Dr Jason Dang
Acg Method Morish_Direct.m Acquired Time 23-5e-16 2-58:45 PM
IRM Calibration Status S 0A Method Monash_Accuracy.m
Comment
Sample Group Info.
Formula C14H17NES Stream Name c1
Acquisition SW Version 6200 series TOF/6500 series Q-TOF B.06.01 (B6172 S°1)
Compound Table
[ Compound Label | RT | Mass | Abund | Formula | Tgt Mass | Diff (ppm) |
| Cpd 1: C14 H17 NG §] 0.121] 255.1141] Seas102] Q4 HI7 NG S 1 259.1143] 0.67]
C Gbel [mz "7 I Mass |
|G- Q4HI7NE S 260.1213 jo.121 |Find By Formuls |258.1141 |

Cpd 1: C14 H17 N3 S: +ESI Scan (rt: 0.088. 0.237-0.271 min. 4 scans) Frag=160.0V TF-5-88.d S

x10 ©
5 -
4
3 .
2 N
1 -
0 T T T T L} T T T T T L} T T T T
250 300 350 400 450 500 550 600 650 700 750 800 850 900 950
Counts vs. Mass-to-Charge (m/z)
MS Spectrum Peak List
m/z Calc m/z Diff(ppm) z Abund Formula Ion
260.1213 260.1216 1.08 1 T685101.54| C1aH17N35 (M+H)+
261.124§) 261.1244 -0.9 1 1006464.92|C14H17N3S (M+H)+
282.103] 282.1035 19 1 1321.78|C12H17N3S (M+Na)+
--- End Of Report -—-
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
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Supporting Figure 4D. Analytical HPLC trace for compound 9h.
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure SA. '"H NMR spectrum for compound 9i.
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Supporting Figure 5B. *C NMR spectrum for compound 9i.
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine

Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure SC. HRMS spectrum (ESI) for compound 9i.

Qualitative Compound Report

Data File TF-5-16.4 Sample Name TF5-16
Sample Type Ssmple Position P28
Instrument Name Instrument 1 User Name Dr Jason Dang
Acg Method Monash_Direct.m Acquired Time 27-)-16 12:47:53 PM
IRM Calibration Status N OA Method Morish_Accuracy.m
Comment
Sample Group Info.
Formula C14H190GS Stream Name 1
Acquisition SW Version 6200 series TOF/6500 serkes Q-TOF B.06.01 (86172 SP1)
Compound Table
[ Compound Label RT T Mass I Abund | Formula I Tgt Mass T Diff (ppm) ]
| Cpd 1: C14 HIS NG 5] 0.12] 261.131] 7478110] Cl14HISN3 S 1 261.13] 4.14]
x10 6 Cpd 1: C14 H19 N3 S: +ESI Scan (rt: 0.237-0.270 min, 3 scans) Frag=160.0V TF-5-16.d Subtract
7 -
6
54
4
34
24
14 545.2491
oL (2[C14H19N3S]+Na)+
250 300 350 400 450 500 550 600 650 700 750 800 850 900 950

MS Spectrum Peak List

Counts vs. Mass-to-Charge (m/z)

m/z Calc myz Diff(ppm) z Abund [Formula Ion
261.1312| 261.1294 -6.83 1 1685.45|C14H1SN3S M+
262.1382| 262.1372 -3.79 1 7478110.4|C14H1SN3S (M+H)+
284.119§| 284.1192 -2.62 1 3529.13|C14H1SN3S (M+Na)+

--- End Of Report ---
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
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Supporting Figure SD. Analytical HPLC trace for compound 9i.
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure 6A. '"H NMR spectrum for compound 9f.
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Supporting Figure 6B. “C NMR spectrum for compound 9f.
1ul15-2016 3 8= ¢ g | a ess A 3000
TF4-200C JN,B 8 8 8 & 2 RR2 P EEP I
50 | | N N\
s 4500
HN
%,
./E\ /:§"! L4000
s—, A 3CNMR (101 MEz CDC) 3 165 21 (s), 15832 (5), 153,10 (s, /= 14 2, 133.45 (5), 12530(5),
N 11623 (6), 26.35(5), 23543 (), 2393 (5), 2252 (), 2248 (5), 7.60(5).
N
S 10 3500
3000
1(s)
22.48| 2500
B (s) E(s) H (s)
158.32 12530 25.43
2000
A(s) || C(s) D (s) F(s) G (s) L(s)
165.21| [153.10 13345 116.23 26.39 760
I | I 1 1 1 H
e 1500
353
K(s) 1000
252
500
i d
L L] |
fomaspapeoret et o
500
1000
- - ; ' : : - - ; ' ' ; - - ; ! : ; - ; :
0 1% 10 U0 160 10 40 10 120 10 40 90 8 @ N 4 d N W 0
ppm,

- 146 -



Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
Scaffold Yield NAMs & Agonists of the D>R

Supporting Figure 7A. '"H NMR spectrum for compound 10.
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Supporting Figure 7B. *C NMR spectrum for compound 10.
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Chapter 3: Subtle Modifications to a Thieno[2,3-d]pyrimidine
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Supporting Figure 8A. '"H NMR spectrum for compound 15b.
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Supporting Figure 9A. '"H NMR spectrum for compound 19aa.
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Supporting Figure 10A. '"H NMR spectrum for compound 19bb.
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Supporting Figure 10B. *C NMR spectrum for compound 19bb.
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Supporting Figure 11A. '"H NMR spectrum for compound 19bc.
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Supporting Figure 12A. '"H NMR spectrum for compound 19ca (non-specific inhibitor).
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Supporting Figure 13A.
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Supporting Figure 14A. '"H NMR spectrum for compound 19fc.
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Supporting Figure 14B. “C NMR spectrum for compound 19fc.
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Supporting figure 14C. HRMS spectrum (ESI) for compound 19fc.
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Supporting Figure 14D. Analytical HPLC trace for compound 19fc.
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Supporting Figure 15A. '"H NMR spectrum for compound 19he.
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SAR Studies Toward the Synthesis of Irreversible and Fluorescent
Analogues of a Dopamine D2 Receptor Positive Allosteric Modulator

Tim J. Fyfe,m Peter J. Scammells,T J. Robert Lane,*i Ben Capuano”‘T

"Medicinal Chemistry, and * Drug Discovery Biology, Monash Institute of Pharmaceutical Sciences, Monash
University, Parkville, Victoria 3052, Australia.

O-demethylation

S

N™ N\ de/et/on

O- alkylat/on y J

'fluorine walk'

Abstract. Current therapeutic approaches for the treatment of the neurodegenerative disorder
Parkinson’s disease (PD) predominantly rely on the use of levodopa (LD) and agonists of the
dopamine receptors (D1-5Rs). Positive allosteric modulators (PAMs) of the DR may offer distinct
advantages over these approaches including maintenance of endogenous temporal and spatial
signalling, as well as enhanced receptor subtype selectivity. A DoR PAM of agonist affinity (2) has
recently been described. In order to understand its potentially novel binding mode to aid in the
optimisation of D,R PAMs, we examined the effect of subtle structural modification of 1 toward the
design and synthesis of photoactivatable irreversible and fluorescent analogues. Herein, we describe
a more efficient synthesis of 2 in fewer steps compared to literature, and describe initial structure-
activity-relationships (SARs). Essentially all structural modifications to the core scaffold diminish
PAM activity, highlighting the potential difficulty in developing dopaminergic allosteric modulators
as small-molecule biochemical tools. Most notably, replacement of the methoxy substituent with
hydrogen increases the degree of intrinsic efficacy 25-fold relative to 2, and converts the
corresponding compound into an allosteric agonist that maintains D;R affinity, but shows decreased

positive allosteric cooperativity.
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Introduction. Due to the therapeutic potential of DR PAMs in pathologic conditions such as PD,
understanding the mechanism of how such compounds modulate the binding and function of an
orthosteric ligand is paramount in order to interpret these effects in vivo. For example, a PAM may
potentiate orthosteric ligand affinity and/or efficacy, and it may be that one effect is desirable but the
other is not. The limited amount of SAR information associated with the novel D,R PAMs identified
by Wood et al., in particular compound 2 (Figure 1), provides much scope for further structural
interrogation.! Accordingly, we aim to elucidate and understand the key structural features of 2 that
underlie its distinct allosteric pharmacology. This will firstly be achieved via the generation of a series

of analogues of 2 followed by their in vitro biochemical characterisation.

o~ o
S 0
¢ N HO
F F
() ()

Figure 1. Novel D2R PAM scaffolds reported from an HTS campaign by Wood et al!

Chemical Probes. In addition to understanding the effect of chemical structure and function for the
purpose of identifying novel PAMs with various allosteric properties, elucidating the location where
such compounds engage the D2R is of great interest to permit future rational design. An ionisable
nitrogen at physiological pH has been demonstrated to be a critical feature of all orthosteric
monoaminergic receptor ligands as well as NAMs of the D2R.23 In particular, the nitrogen of agonists,
antagonists and NAMs, forms an ionic interaction with a highly conserved aspartate or glutamate
residue in the DA receptors (D114332 and E952%° respectively) (where the superscript refers to
Ballesteros-Weinstein nomenclature)®, supported by numerous studies on allosteric compounds and
recent crystals structures of the D>-D4Rs bound by orthosteric ligands.>® However, as 2 lacks an
ionisable nitrogen, it is thought that this ligand may engage a distinct allosteric binding site compared
to that of the traditional allosteric site on the D2R. Accordingly, unmasking the ligand binding site of
2 would permit not only a better understanding of allosteric sites within this receptor, but may also
permit structure-based allosteric drug design for the discovery of small molecule PAMs toward the
symptomatic treatment of PD. Moreover, there is a need for selective pharmacological tools to probe
poorly understood, existing, and novel receptor targets.'® This information may be obtained through
the use of bifunctional molecular probes. Chemical probes are small molecules comprising a
pharmacophore (e.g. PAM or NAM) that display affinity/selectivity for a given GPCR target, tethered

to a functional group that exhibits specific properties (Figure 2). These properties may include
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radiation or fluorescence,'! as well as photo- and electrophilic-affinity labels that allow compounds
to irreversibly bind to their targets via a reactive cross-linking moiety (also known as irreversible

probes).!? There are several resources that provide comprehensive overviews of irreversible probe

13-17

chemical structures and their various applications in GPCR biology, as well as other protein and

enzyme targets.'8-22

| Fluorescent tag! | Radioactive tag

[Pharmacophore]i Linker Tag

____________ | Electrophilic!
1 affinity tag !

Figure 2. General design of bifunctional molecular probes. The active pharmacophore (orthosteric

or allosteric) is either directly fused to a tag, or a connecting linker moiety may be employed.

Irreversible (also known as covalent or affinity) probes are categorised according to the type of
pharmacophore and/or reactive group they contain. The pharmacophore drives receptor-target affinity
and selectivity, whereas the reactive group is required to form a covalent bond with the receptor. Thus,
defining the SAR of a chemical scaffold is beneficial for the accurate prediction of attachment
locations that ensure parent pharmacological activity is retained. The inability of these ligands to
dissociate from their targeted binding site allows them to be used as tools to provide insight into the
structure and function of GPCRs using a variety of techniques.?® This is particularly relevant from a
drug discovery perspective, thus making the development of irreversible probes an attractive avenue
to permit rational drug design. Furthermore, their ability to provide insight regarding key receptor-
ligand interactions may have implications for understanding specific pharmacological functions such
as those that govern functional selectivity. There are two common types of irreversible probes;

chemoreactive or photoactivatable.

Chemoreactive Probes. Various electrophilic functional groups can be employed to generate
chemoreactive tool compounds that are able to form a covalent bond with nucleophilic residues
located in the binding pocket (Figure 3), and probes of this type may have both in vitro and in vivo
applications. Electrophilic groups may be selected based on detailed knowledge of their reactivity
and amino acid selectivity profiles, which may be determined through various computational

approaches.?*?® Some common examples of these groups are detailed in Figure 4, including Michael

27,28 29,30

acceptors, alkylating and sulfonylating agents, and isothiocyanates.?! Sulfonyl fluorides, for
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example, have become important chemical biology and pharmacology tools, enabling the targeting
of context-specific residues such as lysine and tyrosine to map enzyme binding sites and substrates.>?
In order to incorporate these functionalities, synthetic strategies must be carefully devised in a manner
such that they can be installed in the final stages of synthesis in order to avoid cross-reactivity.
Chemoreactive probes, however, suffer from several shortcomings such as incomplete cross-linking?3
and reduced receptor activation when covalent binding leads to a loss of agonist efficacy.’*3
Moreover, such probes may be unpredictable and readily form irreversible covalent bonds in a non-

selective manner.3¢

0 H

R\NJ\(:Br l\llu—receptor
H S

+

-H

O
R \N)K/Nu—receptor
H

+Nu = nucleophillic residue E
re.g. cysteine, serine, histidine,
'threonine, lysine |

___________________________

Figure 3. Mechanism of the covalent bond formation between the chemoreactive haloacetamide

functional group and a nucleophilic residue located in the target binding pocket.
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Michael acceptors

R o Q
o 1 NC
— (0]
O R
Maleimide Fumarate Cyanoacrylamide

Alkylating agents

0 0
X\)J\N,R < ©
H | —,S

Haloacetamide
X=F,Cl,Br I Fluorosulfonylphenyl

A

Isothiocyanates

oy 1 D
=N  N=/ cI” el N0 07 Y

N | I/

Various reagents
R-NH, 9 R—N=C=S

Figure 4. Select examples of chemoreactive functional groups and commercially available reagents

used for synthesising chemoreactive probes containing isothiocyanate electrophilic affinity labels.

Despite this, chemoreactive probes have been utilised in structural and functional investigations of
many GPCRs. Recently, chemoreactive probes containing a disulfide moiety were reported to have
facilitated the crystallisation of the first agonist-bound GPCR crystal structure, in turn enabling the
development of slow dissociating neurotransmitter analogues to be used as tools to facilitate
crystallisation of other GPCRs.!”*7 At the DA DR, the study of functional and behavioural effects
of receptor blockade and calmodulin activity was enabled through the development of fluphenazine-

38,39

N-mustard derivatives. In addition, phenoxybenzamine, N-ethoxycabronyl-2-ethoxy-1,2-

dihydroquionoline, and N-(p-isothiocyanatophenethyl)spiperone have been used as chemoreactive

probes to investigate D,R function in both in vivo and in vitro settings.*0-43

Photoreactive Probes. Conversely, photoreactive (or photoactivatable) functional groups must be
chemically inert so that only upon UV photolysis a reactive species is produced (e.g. carbene, nitrene

or diradical) that is then able to form a covalent bond with a neighbouring residue in close proximity
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(Figure 5). This allows photoreactive probes to be employed in an in vitro receptor binding or

functional assay at equilibrium, before being activated in situ resulting in target cross-linking.**

aryl azides benzophenones diazirines
® N o)
N7
N
R R R" "R?
aryl azides corresponding nitrene receptor-bound

complex

®_N
NP

o "
N vati N N
/©/ photoactivation —_ /@/ receptor
R R R

Figure 5. Common photoactivatable groups employed to synthesise photoreactive chemical probes

followed by an example of the formed reactive species upon photoactivation of an aryl azide and its

subsequent receptor-bound complex.

In contrast to their chemoreactive counterparts, photoreactive probes offer temporal control over
reactivity which enhances the probability of capturing the receptor-ligand complex of interest.
Furthermore, probes of this nature display greater synthetic tractability as their reactivity is dependent
upon irradiation with ultra violet light. There is an extensive range of photoreactive groups that are
at the disposal of the chemical biologist,*> and some structural examples, namely aryl azides,
benzophenones, and diazirines are detailed in Figure 5.7 Although benzophenones are chemically
stable and display high cross-linking efficiency, their steric bulk may adversely affect their receptor-
ligand interaction resulting in reduced accuracy. Alternatively, the smaller diazirines and aryl azides
may be considered an attractive prospect due to their size. Unfortunately, the synthesis of diazirines
can be difficult and time consuming therefore posing a major drawback for their use. In contrast, aryl
azides are readily accessible targets which can be accessed from anilines via an intermediate
diazonium salt upon treatment with sodium azide. Alternatively, aromatic azides may also be
prepared from anilines upon treatment with commercially available tertiary-butyl nitrite and
azidotrimethylsilane.*® In addition, aryl azides may be prepared from the appropriate aryl halide upon
treatment with sodium azide under copper iodide and diamine catalysis in the presence of a sodium
ascorbate oxidant.** One limitation to their use, though, is their requirement for irradiation at

wavelengths of 250-350 nm, which can potentially cause non-specific tissue damage to the biological
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system being tested.>® However, for the purpose of preliminary in vitro studies, aryl azides provide

an ideal starting point for the development of photoactivatable irreversible ligands.

Photoactivatable probes have demonstrated utility in the identification and characterisation of GPCR-

1551 as well as providing preliminary evidence for receptor dimerization,>? and

ligand binding sites,
facilitation of receptor purification subsequently aiding GPCR crystallisation.’® In addition,
orthosterically-targeted photoactivatable probes containing an azide functionality are well
documented and have extended our knowledge of the DR in a variety of tissues.>*® Thus, developing
biochemical tool variants of 2 with defined photoactivatable functional groups may not only facilitate
the identification of novel drug targets and key molecular interactions involved in the binding of the
2 to the D2R, but may also help to probe the structure and function of these allosteric sites. This

information could also identify novel conformations of the receptor and guide the development of

new and improved allosteric modulators

Fluorescent Probes. Fluorescent probes have seen widespread use in real-time monitoring of ligand-
receptor interactions, as well as the visualisation and interrogation of drug-receptor targets.**-%¢ There
are, however, multiple challenges when developing fluorescent probes. The attachment of a large
molecular weight fluorophore to a ligand of interest may result in a loss of target affinity, but might
also affect the pharmacological properties of the ligand such that it is no longer PAM or NAM.
Accordingly, there are many structural aspects to consider when designing fluorescently labelled
ligands. The length and composition of the linker/spacer used between the ligand and the fluorophore
is a key consideration.®’” These subtleties can affect not only the ability of the probe to engage its
target effectively, but may also affect its physical properties such as solubility. Various options are
available to modify such properties, including incorporating linkers with greater rigidity to avoid
conformational flexibility in the binding site, as well as increasing hydrophilicity through use of poly-
ethylene glycol linkers, for example, to enhance aqueous solubility. Most importantly, a thorough
understanding of an optimal attachment point for the linker and fluorophore must be obtained through
SAR studies as functionalising the wrong position on the pharmacophore may cause losses in affinity

and efficacy, or a complete abolishment of activity.

Fluorophores are organic dyes that usually consist of a conjugated system that results in them being
able to emit light of a different wavelength relative to their excitation wavelength. Many fluorophores
are now commercially available with key components optimised so that they may be useful over a
variety of different wavelengths and brightness, and that they promote photostability with reduced
self-quenching. Fluorophore optimisation has been achieved through increasing or decreasing the

extent of conjugation of the molecules and also creating more rigid structures through incorporation
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of extra rings, as well as introducing substituents with different electronic or electrostatic properties,
such as fluorines or sulfonates, respectively.®® As outlined in Figure 6, there are a number of
traditional fluorophores based on the scaffold of fluorescein, rhodamine, cyanine, and BODIPY, from
which further derivatives have been developed and optimised. Fluorophores based on the structural
core of fluorescein are commonly used as they display high molar absorptivity, good aqueous
solubility, and fluorescence quantum yield, making them suitable for confocal microscopy and flow
cytometry.®® However photobleaching, quenching, and pH sensitivity have limited their use.”%’!
Rhodamine-based fluorophores display greater pH stability and reduced photodegradation despite
their structural similarity to fluoresceins, and may display increased sensitivity.”>’? Cyanine
fluorophores consist of two aromatic or heterocyclic rings connected through a conjugated carbon-
carbon system.%® In an effort to increase aqueous solubility and brightness, sulfonate derivatives of
cyanine fluorophores have been especially advantageous.”* Finally, the structure of BODIPY
fluorophores are based upon a 4,4,-difluoro-4-bora-3a,4a-diaza-s-indacene core which may be further
functionalised. BODIPY fluorophores and derivatives thereof offer many beneficial properties as they
are highly fluorescent and are insensitive to solvent polarity and pH, making them ideal for use in
biological labelling studies.” Furthermore, their large absorption coefficient and high fluorescence
quantum yields make them suitable for many different applications and particularly for imaging

purposes.”®

HO O (@)
PO
l COOCH

Fluorescein

Cyanine core

HZNIO!NH

Rhodamine

BODIPY core

Figure 6. Scaffolds of xanthene-based fluorophores, fluorescein and rhodamine, the BODIPY

(boron-dipyrromethene) core, and the representation of the general substitution pattern of cyanine-

based fluorophores.
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Many commercially available fluorophores contain specific functional groups such as N-
hydroxysuccinimide active ester or imidoesters that permit their rapid incorporation into target
molecules via nucleophilic substitution and subsequent amide bond formation. In order to modify 1
to give a potential fluorescent probe, an initial SAR evaluation of how the parent scaffold tolerates
subtle structural changes will be used. At a cellular level, reversible fluorescent DR PAMs of this
nature may have utility in the development of fluorescence-based ligand binding assays and receptor
expression, localisation and trafficking studies. Selective fluorescent D:R PAMs may also aid in the
study of the D>R in native cells and ultimately native tissue and whole animals, which is currently
hindered by a lack of selective tools for detecting their expression. Moreover, fluorescent PAMs may
serve as surrogate radioligands that can be used to determine fluorescent PAM affinity via saturation
binding assays, and the affinity of non-fluorescent PAMs through competition binding assays. More
recently, fluorescent histamine Hi-receptor antagonists have been developed for use in high-
resolution confocal imaging, and to study ligand binding kinetics in living cells as well as membrane

preparations, providing new opportunities for future drug discovery applications (Figure 7).””

Considerable research efforts have been devoted to developing fluorescently labelled orthosteric
probes that bind other class A GPCRs implicated in various CNS disorders, including adenosine,”®

7 serotonin® and opioid®!:%? receptors. Similar work conducted on DAR ligands is

muscarinic,
relatively limited in the literature. However, these studies have demonstrated both D2R agonists®® and
antagonists®*® to be amenable for fluorophore attachment, whereby these modifications retained the
pharmacological profile of the parent ligands. Conversely, there is a current void in the literature

surrounding the characterisation of fluorescently labelled allosteric ligands of the DARs.

Figure 7. Chemical structure of representative broad-utility fluorescent probe of the histamine H;
receptor based on the structure of the first-generation antihistamine, mepyramine, as reported by
Stoddart ef al.”” The probe comprises three independent structural moieties, namely the parent
mepyramine pharmacophore (red), a tripeptide linker (green) appended to a BODIPY derivative
(BODIPY630/650-X)) (blue).

In summary, the aims of this project were to gauge the amenability of the core scaffold to structural

modification for the purpose of generating irreversible and fluorescent derivatives of 1. If successful,
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photoactivatable derivatives may help to facilitate studies toward the elucidation of their allosteric
binding mode. Additionally, fluorescent derivatives may display potential for a variety of applications,
including as fluorescent tracers to enable the characterisation of allosteric modulator binding kinetics.
To be useful tools these derivatives must maintain both affinity for the receptor as well as PAM
activity, and thus some preliminary structure-activity relationships would need to be established to

permit the rational design of these biochemical tools.

Chemistry. In order to better understand potential linking points from which we could append a
fluorophore or photoactivatable functional group whilst also gauging the importance of existing
functionality, we designed and synthesised a focused library of derivatives of 2. Initially, we re-
synthesised 2 (Scheme 1) in order to further characterise its pharmacology, as well as make additional
modifications to this molecule to understand the structural limitations of the scaffold. Following an
adapted procedure from Wood et al.,! commercially available 1,4-dibromo-2,5-difluorobenzene 3
was treated with n-butyllithium at -78 °C, followed by treatment with solid CO; to afford the
corresponding benzoic acid 4. Fisher esterification via treatment of acid 4 with MeOH and thionyl
chloride gave methyl ester 5. Sodium methoxide was prepared from sodium metal and methanol and
subsequently reacted with aryl fluoride 5 via nucleophilic aromatic substitution in DMF to install
methyl ether 6. Stille coupling conditions in the presence of Pd(PPh3).Cl> were used to convert aryl
bromide 6 to the corresponding terminal olefin 7, followed by treatment with ozone in DCM via
ozonolysis, affording the corresponding benzaldehyde 8 after reductive work-up with dimethyl
sulfide. NaBH4 was employed to effect reduction of the aldehyde 8 to the corresponding benzyl
alcohol 9. Next, ester saponification under alkaline conditions afforded carboxylic acid 10. Treatment
with fert-butyldimethylsilyl chloride (TBS-CI) in the presence of imidazole, afforded the silyl-
protected ether 11. Next, the carboxylic acid 11 was treated with 4-fluoro-1H-indole in the presence
of EDC and DMAP to afford the corresponding amide 12. Finally, silyl ether de-protection proceeded
smoothly in the presence of tetrabutylammonium fluoride (TBAF) and acetic acid and, after

recrystallization from DCM/petroleum ether, afforded target compound 2.
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Scheme 1. Chemical Synthesis of 2 Using Literature Methodology”
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(viii) (viiii) (x)
—_— OH —_— o NN —_— HO NTR
85°° TBS”
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“Reagents and conditions: (i) n-BuLi, CO», Et:O, -78 °C — rt, 75%; (i1) SOCl>, MeOH, 0-60 °C, 3 h

95%; (i11)) NaOMe, dry DMF, rt, 18h, 75%; (iv) tributylvinylstannane, Pd(PPh3).Cl,, DMSO, 80 °C,
16 h, 70%; (v) O3, dry DCM, dimethylsulfide, -78 °C, 6 h, 68%; (vi) NaBH4, THF, rt, 3 h, 85%; (vii)
LiOH, 55 °C, 4 h, 95%; (viii) TBS-CI, imidazole, DMF, rt, 24 h, 75%; (viiii) 4-fluoro-1H-indole,
EDC, DMAP, dry 1,2-DCE, 0 °C — reflux, 65%; (x) TBAF, AcOH, THF, tt, 16 h, 75%.

Our SAR investigation into 2 placed specific emphasis on existing functionality present on the
benzene ring at the 2-, 4-, and 5-positions (OMe, CH,OH and F respectively). Initially we wanted to
assess the effect of converting the OMe substituent to the corresponding phenol, as well as probe the
importance of the primary alcohol through methylation. To achieve this, 2 was further functionalised
to yield an additional two analogues (13 and 14, Scheme 2). To synthesise the phenol analogue, 2
was demethylated using borontribromide in DCM, providing the corresponding phenol 13 in
moderate yield. In addition, 2 was alkylated with methyl iodide in the presence of silver(I) oxide to
install the methoxymethyl moiety, which proceeded slowly under reflux conditions, eventually

affording 14 in high yield.
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Scheme 2. Chemical Synthesis of Phenol and Methoxymethyl Ether Variants of 2¢

OH O
U] N\
HO
o~ o F F
NN
HO
F F o~ o

IV©AN N
‘ o
(i) .

Reagents and conditions: (i) BBr3, DCM, 0 °C, 3h, 71%; (i1)) AgO, Mel, reflux, 48 h, 94%.

In addition to these analogues, we wanted to assess the effect of alternate fluorine substitution on the
indole, as well as a des-fluoro variant, by employing different indoles in the amide bond formation
step. As the literature synthesis of 2 involves many synthetic steps including Stille coupling,
ozonolysis and reduction, it was sought after to investigate a more appropriate synthesis, one in which
contains fewer steps and is more conducive to the synthesis of structural analogues. Thus, an
alternative 7-step synthetic pathway was established and is outlined in Scheme 3. The synthesis
begins with the methyl esterification of commercially available 2,5-difluoro-4-methylbenzoic acid 15
using conditions outlined previously, to afford the corresponding ester 16. Next, nucleophilic
aromatic substitution was employed' to convert the aryl fluoride 16 to the corresponding methyl ether
17. The tolyl substituent was then subjected to a 1,1'-azobis(cyclohexanecarbonitrile)-initiated radical
bromination using N-bromosuccinimide in acetonitrile, affording the corresponding alkyl bromide 18.
Next, the one-pot hydrolysis of alkyl bromide 18 to the corresponding hydroxymethyl-substituted
benzoic acid proceeded smoothly in the presence of sodium hydroxide at reflux to give 19. TBS-
protection of the alcohol was achieved using conditions as described earlier to give the corresponding
silyl ether 20, followed by EDC-mediated coupling with the appropriate indole in 1,2-dichloroethane
to afford the corresponding amide products 21-24. Finally, TBAF de-protection using conditions
outlined previously were employed to afford the corresponding final analogues 21a-24a in

respectable yields.
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Scheme 3. Alternative Synthesis of 2 Using 2,5-Difluoro-4-Methylbenzoic Acid*
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R' = 7-Fluoro
R'=H

“Reagents and conditions: (i) SOCl,, MeOH, 0-60 °C, 3 h 95%; (ii)) NaOMe, dry DMF, rt, 18h, 75%;
(i11) NBS, azobisisobutyronitrile, MeCN, reflux, 3 h, 84%; (iv) NaOH, MeOH/H»O, 100 °C, 4 h, 85%
(v) TBS-CI, imidazole, DMF, rt, 24 h, 75%; (vi) Indole, EDC, DMAP, dry 1,2-DCE, 0 °C — reflux,
45-80% (21-24); (vi) TBAF, AcOH, THF, rt, 16 h, 65-85% (21a-24a).

It is important to note that if careful stoichiometry is not adhered to with respect to the brominating
agent, the aryl methyl will readily undergo dibromination. This results in the formation of a gem-
dibromomethylarene intermediate 25. However, this compound can be readily converted to the
corresponding hydroxymethyl intermediate 27 in two steps as outlined in Scheme 4. Firstly,
dibromomethyl compound (25) was stirred in neat DMSO at 120 °C, to effect transformation to the
corresponding aldehyde 26 in excellent yield, followed by treatment with NaBHa, to provide the

corresponding alcohol, 27.
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Scheme 4. Synthesis of Key Intermediate 28 from Dibromo Side-Product®
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“Reagents and conditions: (i) NBS, azobisisobutyronitrile (cat), MeCN, reflux, 3 h; (i1) DMSO, 120
°C, 24 h, 84%; (ii1)) NaBH4, MeOH, rt, 3 h, 94%.

The next focus of the SAR study surrounding 2 was to examine the effects of removing substituents
on the phenyl group (OMe, CH,OH, F). All designed analogues devoid of the hydroxymethyl
substituent could be easily accessed by reacting the appropriate commercially available benzoic acid
with 4-fluoro-1H-indole (Scheme 5) using conditions outlined previously. Commercially available
benzoic acids 28-33 used in the synthesis of corresponding analogues 28a-33a are outlined in Table

1 and make specific reference to Scheme 5.

Table 1. Commercially Available Benzoic Acids Used for the Synthesis of Products 28a-33a.

CPD # Benzoic acid Product CPD # Benzoic acid Product
-
o~ o o
28 ©)L OH 28a 31 ©)LOH 31a
F
o o o~ o
29 @/LOH 29a 32 /©)LOH 32a
F
o) o~ o
30 Q)LO” 30a 33 Q)LOH 33a
o
F I F

All reactions proceeded smoothly to give the corresponding amide products 28a-33a (Scheme 5).
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Scheme S. Further Synthesis of Analogues of 2 Devoid of Hydroxymethyl Moiety”

28a R' = 2-OMe, 5-F

0
, o} ) R!
R ) NN 29a R' = 2-OMe
OH —_—
30aR'=5-F
F |31aR'=H

32a R' = 2-OMe, 4-OMe, 5-F
28-33 28a-33a 33a R'=2-OMe, 4-Me, 5-F

“Reagents and conditions: (i) 4-fluoro-1H-indole, EDC, DMAP, dry 1,2-DCE, 0 °C — reflux, 65-77%
(28a-33a).

Further to these analogues, we wanted to assess the role of the hydroxymethyl functionality, both as
a lone substituent, and in conjunction with the OMe and F substituents. To achieve this (Scheme 6),
the appropriate commercially available toluic acid derivative (34a-c¢) was radically brominated using
conditions outlined previously, to afford the corresponding alkyl halides 35a-c¢ in good yields.
Nucleophilic displacement with sodium hydroxide proceeded smoothly to give compounds 36a-c
bearing the corresponding hydroxymethyl substituent at the 4-position. Alcohol protection was
achieved with TBS-chloride using conditions described earlier to afford the corresponding silyl ethers
37a-c, followed by EDC-mediated amide coupling with 4-fluoro-1H-indole again using conditions
as outlined previously to afford amide products 38a-c in respectable yields. Finally, TBAF de-
protection in the presence of acetic acid in THF afforded the corresponding final products 39a-39¢ in

good yields.

Scheme 6. Further Synthesis of Analogues of 2 Containing Hydroxymethyl Functionality”

G g e

34a-c 35a-c 36a-c 37a-c

R'" © R'" O
(iv) TBS NN (v) NN 39a R'=2-OMe, R?= 5-H

—_— ] —_— 1_ 2_
le) HO 39b R'=2-H, R2=5-F
1-p2 =
R? E R? E 39cR'=R%2=H
38a-c 39a-c

“Reagents and conditions: (i) NBS, azobisisobutyronitrile, MeCN, reflux, 2-3.5 h, 65-80% (35a-c);
(i) NaOH, MeOH/H-0, 100 °C, 4 h, 70-90% (36a-c); (iii) TBS-CI, imidazole, DMF, rt, 24 h, 60-88%
(37a-c); (iv) 4-fluoro-1H-indole, EDC, DMAP, dry 1,2-DCE, 0 °C — reflux, 65-77% (38a-c); (v)
TBAF, AcOH, THF, rt, 16 h, 58-84% (39a-c).
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Pharmacology. To validate and quantify the pharmacology of 2 in our laboratory, we utilised a
BRET biosensor assay to measure inhibition of 10 uM forskolin-stimulated cyclic adenosine
monophosphate (cAMP) accumulation through Gai,o G-protein activation by the hD>iR stably
expressed in FlpIn CHO cells. We initially conducted a series of cAMP inhibition assays in cells pre-
treated with phenoxybenzamine (an alkylating agent used as an irreversible antagonist at the D2R)
(Figure 8A).8¢ The concentration-response data for DA evaluated in cells treated or untreated with
this alkylating agent were then fit to an operational model of receptor depletion in order to determine
values of Ka and 7a (log Ka =-6.21 £ 0.13, log ta=1.26 + 0.13) for the agonist DA. These data were
used to fit the data described below in which DA concentration-response curves in the absence or

presence of increasing concentrations of 2 or derivatives were fit to an operational model of allostery.

In our functional assay the concentration-dependant response of DA was measured in the presence of
increasing concentrations of 2, where it was shown to act as a PAM at the hD;.R. These data are
reported in Table 2 and Figure 8B, and are presented as logarithms to base 10. For ease of
interpretation, however, allosteric parameter antilogarithms are also highlighted in the main text for
selected key derivatives. Application of an operational model of allostery to the concentration-
response data yielded an estimate of affinity of 2 for the unoccupied receptor (Kg = 4.68 M), and its
cooperativity with DA, where o/ is the composite cooperativity parameter exerted upon DA binding
and efficacy (af = 54.2). Values of aff > 1 signify positive cooperativity with DA, and this equates to
a maximal 54—fold increase upon the potency of DA in this assay. This model also permitted
derivation of the molecules direct effect upon engaging with the receptor (termed allosteric agonism
or intrinsic efficacy, denoted as tg) (tg = 0.53). Thus, by using an assay measuring D>R function, we
have confirmed that 2 acts through a non-competitive mechanism to modulate the affinity of DA at

the D2R i.e. it is a PAM of agonist affinity whilst also displaying intrinsic efficacy in its own right.
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Figure 8. Derivation of Orthosteric Ligand Parameters. (A) The alkylating agent
phenoxybenzamine displays a concentration-dependant inhibition of DA at the hD>LR (data fit to an
operational model of receptor depletion in order to derive values of orthosteric ligand affinity (Ka)
and intrinsic response (7a)). Compound 2 and Structural Analogue 39b Display Distinct
Allosteric Pharmacology at the hD,R. (B) In an assay measuring inhibition of forskolin-stimulated
cAMP production using a BRET biosensor at the hD>1R, 2 acts to cause a limited potentiation of DA
potency with no effect on the maximal response of DA consistent with positive allosteric modulation.
(C) In contrast, 28a (des-CH>OH analogue) is now inactive at the hD, R at a concentration of 30 uM.
(D) Despite this, increasing concentrations of 39b (des-OMe analogue) (up to 3 uM) effect a maximal
response in their own right, with modest effects on DA potency and no effect on DA maximal
response, consistent with allosteric agonism (data from panels B-C were fitted with an operational
model of allostery to derive values of affinity, cooperativity and intrinsic efficacy, Table 2). Data is

the mean + SEM of three independent experiments performed in duplicate.
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Functional Analysis (cAMP) of Analogues of 2. In order to explore the molecular features of 2 that
are responsible for its allosteric activity, as well as gauge potential vectors for which we could append
a fluorophore, we extended our functional characterisation to all additional analogues of 2 using the
cAMP assay described above (Table 1). We first examined modifications to existing functionality on
2. Converting the methyl ether to corresponding phenol (13) resulted in a slight decrease in functional
affinity, whilst retaining a similar degree of allosteric agonism relative to 2 (Kg = 31.0 uM, t8 = 0.58).
However, interestingly, this compound lost any modulatory effect on DA. Converting the
hydroxymethyl to the corresponding methoxymethyl analogue (14), resulted in a 10-fold decrease in
affinity and again abolished any modulatory effect, however resulted in a 3-fold increase in allosteric
agonism (K = 55.8 uM, 18 = 3.84). We next examined the effect of modifications to the indole
moiety of 2. To allow us to derive a more accurate value of affinity and cooperativity for the 5-fluoro
variant (21a), the value of intrinsic efficacy (ts) was constrained to 1. This modification caused a ~4-
fold loss in affinity, coupled with a ~4-fold loss in allosteric cooperativity (K =19 uM, a = 12). On
the other hand, the 6-fluoro variant (22a) lost ~10-fold affinity, together with a slight increase in the
degree of allosteric agonism, however still retained positive modulatory effects on DA affinity,
albeit >2-fold lower than 2 (Kg = 41.7 uM, 18 = 0.76, a = 21.0). To enhance the accuracy of fit for
data obtained for the 7-fluoro analogue (23a), the value of intrinsic efficacy (ts) was constrained to
1. This modification caused a ~37-fold loss in affinity relative to 2, however modulatory effects were
somewhat maintained (Kg = 372 uM, o = 45). Interestingly, removal of the fluorine (24a) completely
abolished activity. It is evident that both the presence and position of the fluoro substituent is
absolutely critical to maintaining affinity and in particular, positive allosteric cooperativity. The effect
of removing the hydroxymethyl substituent was the next area of focus, where it was also discovered
to be integral to maintenance of affinity and positive modulatory effects. All combinations and
permutations were explored, beginning with removal of the hydroxymethyl (28a) (Figure 8C),
followed by removal of the hydroxymethyl and aryl fluoride (29a), removal of the hydroxymethyl
and methyl ether (30a), as well as removal of all substituents on the phenyl ring (31a). These
modifications rendered all of the corresponding analogues inactive. Substituting the hydroxymethyl
moiety for a methyl ether (32a) or methyl (33a) also abolished functional activity. Notably, any
modification to the primary alcohol has significant adverse effects on the activity and modulatory
effect of the resulting compound. We next focused on maintaining the hydroxymethyl substituent
whilst modifying the other substituents on the phenyl ring. Removal of the aryl fluoride (39a) resulted
in a ~39-fold loss of functional affinity (K = 182 uM), however this modification acted to increase
the degree of allosteric agonism and positive modulatory effects relative to 2 (tg = 10.0, o = 354).

Removal of the methyl ether (39b) had dramatic effects on the allosteric pharmacology of 2. The
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effect on functional affinity was negligible (K = 6.82 M), though this molecule now weakly
potentiated DA affinity (o= 3.64), however was now an efficacious allosteric agonist with a ~25-fold
increase in intrinsic efficacy relative to 2 (tg = 12.5), able to elicit an equivalent maximal response
relative to that of DA at a concentration of 3 uM (Figure 8D). It is interesting to note that this
compound is devoid of an ionisable nitrogen, yet is able to directly activate the receptor from a
topographically distinct binding site. To our knowledge, this is one of the first reported compounds
with this ability. Removing both the methyl ether and fluorine substituents simultaneously (39¢) had
slight effects on functional affinity (K = 38.6 uM) and allosteric agonism (18 = 0.58), although

diminishing any levels of positive allosteric cooperativity.

Table 2. Functional Parameters for 2 and Analogues of 2 Derived from Functional c(AMP BRET

Assay.
R'" O
NTN
RZ
R4
R! R? R* pKs (K, uM)* Logts (t8)° Log af (af)°
-0.28 £0.05
2 OMe CH,OH F 4-F 5.33+£0.15 (4.68) 1.73 £0.19 (54.2)
(0.53)
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' 024+02
13 OH CH,OH F 4-F 4.51£0.36 (31.0) =0
(0.58)
''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' 0.18+024
14 OMe CH,0OMe F 4-F 4.25+£0.37 (55.8) =0
(1.51)
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 1.08+0.07
21a OMe CH,OH F 5-F 4.71 £0.09 (19) =0(1) 12)
012021
22a OMe CH,OH F 6-F 4.31+0.34 (48.2) 1.32 £0.27 (21.0)
(0.76)
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" 1.66+0.19
23a OMe CH,OH F 7-F 3.76 £0.19 (173) =0(1) 45)
24a OMe CH,OH F H nd
28a OMe H F 4-F nd
29a OMe H H 4-F nd

-177 -



Chapter 4: SAR Studies Toward Irreversible &
Fluorescent Analogues of a D:R PAM

30a H H F 4-F nd

31a H H H 4-F nd

32a OMe OMe F 4-F nd

33a OMe CH3 F 4-F nd
""""""""""""""""""""""""""""""""" 374071  099+0.64  255+071

39a OMe CH,OH H 4-F

(182) (10) (354)

''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''' 1.10+020

39b H CH,OH F 4-F 5.17+0.21 (6.82) (12.5) 0.56 £0.92 (3.64)
023022

39¢ H CH,OH H 4-F -4.41 £0.38 (38.6) 0.58) =0

“Estimate of the negative logarithm of the equilibrium dissociation constant determined in an cAMP functional assay.
PEstimate of the intrinsic efficacy of the modulator. “Estimate of the logarithm of the net cooperativity factor between the
modulator and dopamine. “Estimate of the logarithm of the modulatory effect upon efficacy factor induced by the
allosteric modulator. nd = inactive at a concentration of 30 uM. Values represent mean + S.E.M. from at least three

independent experiments performed in duplicate.

Our data indicates that essentially any modification explored in this series of compounds has negative
effects on not only the functional affinity of 2, but also the degree of positive allosteric cooperativity
upon DA affinity and the level of intrinsic agonism. This is currently not encouraging for the design
of fluorescent derivatives of 2 bearing fluorophores linked through any of the currently substituted
vectors of 2 (R! — R*). Work exploring the synthesis of irreversible azido derivatives of 2 and whether

these analogues maintain allosteric pharmacology is currently underway in our laboratory.

Conclusions. In this study, we report the design, synthesis and characterisation of a series of
compounds based on the scaffold of a novel DoR PAM (2). This was achieved to further our
understanding of the molecular features required for allostery at the D>R, and to investigate an
appropriate starting point toward the synthesis of irreversible and fluorescent analogues of 2 to aid in
the elucidation of DR PAM allosteric binding modes. We have established a novel synthesis to
access analogues of 2 in fewer synthetic steps compared to literature, and characterised all compounds
in an assay measuring D>R function. 2 was found to display low 4M affinity for the D2R and be a
PAM of agonist affinity (54-fold potentiation of DA potency). We investigated the role of existing
functionality on 2, namely the A-ring substituents (OMe, CH>OH, F) as well as the importance of the
aryl fluoride and its position on the indole (B ring). A large proportion of analogues displayed an

abolishment of activity (24a, 28a-33a), and this was particularly evident when the hydroxymethyl
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substituent of 2 was modified. An indolic fluoro substituent on the 4-position was determined to be
optimal, while movement of this substituent to the 5-, 6-, and 7-positions reduced affinity and positive
allosteric cooperativity (21a-23a). Removal of the aryl fluoride on the A-ring caused a ~39-fold loss
in affinity, and increased the degree of allosteric agonism (39a). However, the most interesting
compound to arise from this study was compound 39b, as removal of the aryl methyl ether substituent
caused a ~25-fold increase in allosteric agonism, whilst reducing the degree of positive modulatory
effects and having no impact on the functional binding affinity. Unfortunately, the SAR obtained
from this study demonstrates that the scaffold of 2 is not particularly amenable to structural
modification. Thus, using 2 to develop fluorescent probe derivatives that retain their parent
pharmacological profiles will likely fail. However, due to the relatively small size of the
photoactivatable azide functionality, our data indicates some promise in regards to the successful
development of such compounds. Accordingly, these data will be used to further guide the design and

synthesis of irreversibly binding analogues of 2.

Experimental section

Chemistry: General Information and Synthetic Procedures. Chemicals and solvents were
purchased from standard suppliers and used without further purification. Davisil silica gel (40—63 um)
for flash column chromatography was supplied by Grace Davison Discovery Sciences (Victoria,
Australia), and deuterated solvents were purchased from Cambridge Isotope Laboratories, Inc. (USA,
distributed by Novachem PTY. Ltd., Victoria, Australia). Reactions were monitored by thin layer
chromatography on commercially available precoated aluminum-backed plates (Merck Kieselgel 60
F2s4). Visualization was by examination under UV light (254 and 366 nm). A solution of ninhydrin
(in ethanol) was used to visualize primary and secondary amines. All organic extracts collected after
aqueous workup procedures were dried over anhydrous MgSOs or Na>SO4 before gravity/vacuum
filtering and evaporation to dryness. Organic solvents were evaporated in vacuo at <40 °C (water bath
temperature). '"H NMR and '3C NMR spectra were recorded on a Bruker Avance Nanobay 111 400
MHz Ultrashield Plus spectrometer at 400.13 and 100.62 MHz, respectively. Chemical shifts (o) are
recorded in parts per million (ppm) with reference to the chemical shift of the deuterated solvent.
Coupling constants (J) are recorded in Hz, and the significant multiplicities described by singlet (s),
doublet (d), triplet (t), quadruplet (q), broad (br), multiplet (m), doublet of doublets (dd), and doublet
of triplets (dt). Spectra were assigned using appropriate COSY, distortionless enhanced polarization
transfer (DEPT), HSQC, and HMBC sequences. LC-MS were run to verify reaction outcome and
purity using an Agilent 6120 series single quad coupled to an Agilent 1260 series HPLC. The
following buffers were used: buffer A, 0.1% formic acid in; buffer B, 0.1% formic acid in MeCN.
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The following gradient was used with a Poroshell 120 EC-C18 50 mm % 3.0 mm 2.7 ym column, and
a flow rate of 0.5 mL/min and total run time of 5 min; 0—1 min 95% buffer A and 5% buffer B, from
1 to 2.5 min up to 0% buffer A and 100% buffer B, held at this composition until 3.8 min, 3.8—4 min
95% buffer A and 5% buffer B, held until 5 min at this composition. Mass spectra were acquired in
positive and negative ion mode with a scan range of 100—1000 m/z. UV detection was carried out at
214 and 254 nm. All retention times (7r) are quoted in minutes. All screening compounds were of >95%
purity unless specified in the individual monologue. All NMR experiments were performed in CDCl3
to permit comparison of the spectra of the various analogues. Experiments were performed in acetone-

de, DMSO-ds, or MeOH-d, if selected analogues lacked solubility in CDCls.

General Synthetic Procedures.

General Procedure A. TBS Protection of Primary Alcohols for the Synthesis of 11, 20, 37a-c.
TBSCI (2.0 eq.) was added to a stirred solution of primary alcohol (1.0 eq.), imidazole (3.0 eq.) and
4-dimethylaminopyridine (DMAP) (0.1 eq.) in N,N-dimethylformamide (DMF). The reaction
mixture was stirred overnight at room temperature and then diluted with DCM, partitioned with
saturated aqueous NH4Cl, and extracted with DCM. The combined organic layers were dried
(Na2S0Og4), filtered and concentrated in vacuo. The residue was purified by flash column

chromatography (FCC) with an appropriate eluent as indicated.

General Procedure B. EDC-Mediated Coupling for the Synthesis of 12, 21-24, 28a-33a, 38a-c.
EDC (1.25 equiv.) was added to a solution carboxylic acid (1 eq.), appropriate indole (1 equiv.), and
DMAP (1 eq.) in dry DCM. The reaction mixture was stirred for 16 h or until complete consumption
of starting material was evident. The reaction was evaporated in vacuo and the residue purified by

FCC using an appropriate eluent as indicated.

General Procedure C. TBAF Deprotection of Silyl Ethers for the Synthesis of 2, 21a-24a, 39a-
¢. Tetra-N-butylammonium fluoride (1.2 eq.) was added dropwise to a stirred solution of silyl ether
(1.0 eq.) and acetic acid (1.2 eq.) in tetrahydrofuran. The reaction mixture was stirred at room
temperature overnight then diluted with dichloromethane, partitioned with ammonium chloride and
extracted with dichloromethane. The combined organic layers were dried (Na;SOs), filtered and

concentrated in vacuo. The residue was purified by FCC using an appropriate eluent as indicated.

General procedure D. Radical Bromination for the Synthesis of 18, 35a-c. To a solution of toluic
acid derivative (1 eq.) in CCls or MeCN (20 mL) were added N-bromosuccinimide (1.02 eq.) and (£)-
1,1'-(diazene-1,2-diyl)bis(cyclohexane-1-carbonitrile) (0.15 eq.). After stirring at 90°C for 30 min
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and at 100°C for 2.5 hr, the mixture was cooled to 0°C. The precipitate was collected by filtration
and washed with n-hexanes and water to give a crude product. The crude product was dissolved in
ethyl acetate (5 mL), and n-hexanes (10 mL) was added. The precipitated solid was collected by
filtration, and dried under reduced pressure to give the desired alkyl halide. Similarly the reaction
mixture could be directly concentrated in vacuo and purified by FCC with an appropriate eluent as

indicated.

4-Bromo-2,5-difluorobenzoic acid (4).

F O Under an nitrogen atmosphere, to a solution of 1,4-dibromo-2,5-difluorobenzene

OH (7.00 g, 25.8 mmol) in dry Et,O (120 mL) was added dropwise n-butyl lithium

Br (2.5 M solution in n-hexanes) (10.8 mL, 27.0 mmol) at -78 °C, and the mixture
F was stirred at same temperature for 2 min. The mixture was added quickly to a

stirred suspension of dry ice (~75 g) and Et:O (80 mL), and the mixture was warmed up to room
temperature. The precipitate was collected by filtration, and washed with Et;O. The obtained solid
was treated with water (50 mL) and 1 M HCI solution (70 mL), and extracted with Et,O. The organic
layer was washed with brine and dried. The desiccant was removed by filtration and the filtrate was
evaporated in vacuo. The resulting residue was washed with n-hexanes, and dried in vacuo to obtain
the desired compound as a pale yellow solid (4.35g, 72%). LCMS (m/z): 190.9 [M - H]". HPLC:
5.744 min, >95% purity (214 & 254 nm). 'H NMR (ds-DMSO) 6 7.88 (dd, J=9.7, 5.6 Hz, 1H), 7.77
(dd, J=8.7, 6.2 Hz, 1H). *C NMR (ds-DMSO) & 163.4 (dd, J= 3.5, 1.8 Hz), 156.8 (dd, J = 257.1,
1.9 Hz), 154.5 (d, J =239.7 Hz), 122.2 (d, J = 28.0 Hz), 120.2 (dd, /= 12.7, 6.4 Hz), 118.2 (d, J =
25.9 Hz), 113.6 (dd, J=23.5, 10.4 Hz).

Methyl 4-bromo-2,5-difluorobenzoate (5).

To a solution of 4-bromo-2,5-difluoro-benzoic acid (10.6 g, 44.7 mmol) in dry

F O
o MeOH (140 mL) was added SOCI» (6.49 mL, 89.4 mmol) at 0 °C dropwise. After
5 addition, the mixture was stirred at 70 °C for 3 h as indicated by TLC before the
"
F excess reagent was removed in vacuo. The residue was diluted with EtOAc and

washed with saturated NaHCOs3 solution and brine. The organic phase was dried and concentrated in
vacuo to give the desired compound as a yellow solid (10.4 g, 92%). %). HPLC: #r 6.961 min, >95%
purity (214 & 254 nm). '"H NMR (CDCls) 8 7.70 (dd, J = 8.3, 6.0 Hz, 1H), 7.40 (dd, J = 9.3, 5.4 Hz,
1H), 3.94 (s, 3H). *C NMR (CDCl3) & 163.2 (dd, J = 4.3, 1.8 Hz), 157.5 (dd, J = 230.2, 2.7 Hz),
155.1 (dd, J=244.9, 2.8 Hz), 122.2 (d,J=27.6 Hz), 119.1 — 118.2, 115.1 (d, J=10.1 Hz), 114.8 (d,
J=9.8 Hz), 52.8.

- 181 -



Chapter 4: SAR Studies Toward Irreversible &
Fluorescent Analogues of a D:R PAM

Methyl 4-bromo-5-fluoro-2-methoxybenzoate (6).

~o o NaOMe (1.06 g, 19.6 mmol) (prepared from sodium metal (500 mg, 21.8 mmol)
o~ and MeOH (20 mL)) was introduced to a stirred solution of methyl 4-bromo-2,5-

Br difluorobenzoate (4.09 g, 16.3 mmol) in anhydrous DMF (70 mL). The solution
F was stirred at rt for 16 h after which the reaction mixture was diluted with EtOAc

(200 mL) and washed with H2O (35 mL x 3). The organic layer was dried and concentrated in vacuo
and the residue was purified by FCC (eluent, 1:10 EtOAc/PE) to afford the desired compound as a
yellow crystalline solid (2.12 g, 52%). LCMS (m/z): 264.8 [M+H]". HPLC: tr 6.589 min, >95% purity
(214 & 254 nm). '"H NMR (CDCls) 8 7.58 (d, J= 8.6 Hz, 1H), 7.14 (d, J= 5.4 Hz, 1H), 3.88 (s, 3H),
3.88 (s, 3H). *C NMR (CDCl3) 6 164.3, 154.4, 154.2 (d, J = 243.8 Hz), 120.3 (d, /= 25.7 Hz), 118 .4
(d, /J=6.0Hz), 117.3,116.05 (d, J=23.1 Hz), 57.7.

Methyl 5-fluoro-2-methoxy-4-vinylbenzoate (7). A mixture of methyl 4-bromo-5-fluoro-2-

~o0 o methoxybenzoate (1.14 g, 4.33 mmol), DMSO (15 mL), tributyl(vinyl)stannane

o (1.77 mL, 6.07 mmol) and trans-dichlorobis(triphenylphosphine) palladium(II)

N (456 mg, 650 umol) was stirred under N> atmosphere at 80°C for 16 h and
F cooled. H>O, EtOAc and PE (100, 140 and 70 mL, respectively) were added,

the organic layer was separated and the aqueous phase extracted with a 2:1 mixture of EtOAc/PE.
The organic layers were washed with H>O, dried over anhydrous Na>SO4 and evaporated in vacuo.
The resulting residue was purified by FCC (eluent, 1:5 EtOAc/PE). Fractions containing the target
product were combined and evaporated in vacuo to give the title compound as a pale yellow oil (676
mg, 74%). LCMS (m/z): 211.1 [M+H]". HRMS (m/z): C11H11FOs: requires 211.0684. [M+H]"; found
211.0687. HPLC: tr 6.636 min, >95% purity (214 & 254 nm). '"H NMR (CDCls) & 7.52 (d, J = 10.6
Hz, 1H), 7.02 (d, /= 5.9 Hz, 1H), 6.84 (dd, J=17.7, 11.2 Hz, 1H), 5.91 (dd, J=17.7, 0.7 Hz, 1H),
5.50 (dd, J=11.2, 0.6 Hz, 1H), 3.91 (s, 3H), 3.88 (s, 3H). 3C NMR (101 MHz, CDCls) 6 165.2 (d, J
=2.2 Hz), 155.5 (s, J=2.0 Hz), 153.7 (dd, J = 243.4, 1.5 Hz), 129.8 (d, J=13.8 Hz), 128.9 (d, J =
3.0 Hz), 119.8 (d, /= 7.2 Hz), 118.9 (d, /= 5.0 Hz), 118.6, 110.3 (d, J= 3.5 Hz), 56.6, 52.1.

Methyl 5-fluoro-4-formyl-2-methoxybenzoate (8).

~

O O Methyl 5-fluoro-2-methoxy-4-vinylbenzoate (1.55 g, 7.37 mmol) was

0~ dissolved in DCM (25 mL) in a flask open to air. The reaction mixture was

ox cooled to -78 °C and a stream of O2(g) was passed through it for 5 min. At this
F

time, O3(g) was bubbled into the mixture until the color turned a dark
brown/green and TLC indicated complete consumption of starting material. The resulting solution

was then purged with Ox(g) for an additional 5 min before being treated with dimethylsulfide (1.64
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mL, 22.1 mmol) and allowed to warm to rt overnight. The mixture was concentrated in vacuo and
purified using FCC (eluent, 3:1 DCM/PE) to afford the compound as a pale yellow solid (855 mg,
55 %). HRMS (m/z): CisHoF2NO: requires 212.0481 [M+H]"; found 212.0479. HPLC:  5.447
min, >95% purity (214 & 254 nm). '"H NMR (CDCl3) & 10.37 (s, 1H), 7.58 (d, J=10.0 Hz, 1H), 7.39
(d, J=5.2 Hz, 1H), 3.93 (s, 3H), 3.93 (s, 3H). 3C NMR (CDCl;3) 6 186.5 (d, /= 6.1 Hz), 164.9 (d, J
=2.1Hz), 158.3 (d, J=252.3 Hz), 155.2 (d,J=2.3 Hz), 127.2 (d, /= 7.5 Hz), 126.5 (d, J=9.7 Hz),
119.6 (d, J=24.4 Hz), 110.2 (d, J= 1.8 Hz), 56.8, 52.8.

Methyl 5-fluoro-4-(hydroxymethyl)-2-methoxybenzoate (9).

~o o NaBH4 (674 mg, 17.8 mmol) was added to a stirred solution of methyl 5-

o~ fluoro-4-formyl-2-methoxybenzoate (1.89 g, 8.91 mmol) in THF (70 mL).

HO The reaction mixture was stirred for 2 h (TLC control). Sat. NaHCO3 (50 mL)
F and EtOAc (100 mL) were added, the organic layer was separated and the

aqueous phase extracted with EtOAc. The organic layer was dried over anhydrous Na>SOs and
evaporated in vacuo. The residue was purified by FCC (eluent, 1:1 EtOAc/PE). Fractions containing
the target product were combined and evaporated in vacuo to afford the title compound as a
translucent oil (1.75 g, 92%). LCMS (m/z): 214.9 [M+H]". HPLC: tr 4.787 min, >95% purity (214 &
254 nm). 'H NMR (CDCls) & 7.43 (d, J = 10.0 Hz, 1H), 7.06 (d, J = 5.7 Hz, 1H), 4.74 (s, 2H), 3.85
(s, 3H), 3.84 (s, 3H), 2.75 (s, 1H). '*C NMR (CDCls) 6 165.6, 155.8, 153.2 (d, J = 239.2 Hz), 133.9
(d, /=163 Hz), 119.1 (d,J=7.1 Hz), 1179 (d, J=24.8 Hz), 112.1 (d, J=4.4 Hz), 58.7 (d, /= 3.9
Hz), 56.6, 52.3.

5-Fluoro-4-(hydroxymethyl)-2-methoxybenzoic acid (10).

~o o A mixture of methyl 5-fluoro-4-(hydroxymethyl)-2-methoxybenzoate (2.00 g,

OH 9.34 mmol), THF (40 mL), water (15 mL) and LiOH (483 mg, m 20.2 mmol)

HO was stirred at rt for 3 h and then at 50°C for a further hour (TLC control). The
F organic solvent was evaporated under reduced pressure and the resulting

aqueous solution acidified with concentrated HCI (~pH 1-2). The aqueous phase was then extracted
with DCM (3 x 30 mL) and the organic extracts combined. Crystallisation of the product occurred
upon standing at rt. The suspension was cooled to 0°C to induce further crystallisation of product.
The crystals were collected under vacuum filtration and washed with ice cold DCM to afford a
transparent crystalline solid. The aqueous phase was further extracted with EtOAc (2 x 25 mL), the
organic extracts were dried over Na;SO4 and concentrated in vacuo to afford the corresponding free
acid as a white solid (1.81 g, 97%). LCMS (m/z): 200.9 [M+H]". HPLC: tr 3.640 min, >95% purity
(214 & 254 nm). '"H NMR (MeOD) & 7.48 (d, J= 10.1 Hz, 1H), 7.24 (d, J= 5.8 Hz, 1H), 4.70 (s, 2H),
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3.91 (s, 3H). 3C NMR (MeOD) & 168.4 (d, J=2.1 Hz), 156.9, 154.7 (d, J = 238.5 Hz), 135.8 (d, J =
16.6 Hz), 120.7 (d, J = 6.9 Hz), 118.6 (d, J = 24.9 Hz), 113.4 (d, J = 4.4 Hz), 58.6 (d, J = 4.0 Hz),
57.0.

4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-fluoro-2-methoxybenzoic acid (11).

o o General procedure A using S5-fluoro-4-(hydroxymethyl)-2-methoxybenzoic

TBS OH acid. Purification by FCC (eluent, DCM/EtOAc, 70:30) gave 1.82 g of a white
0 solid (69 %). (LCMS (m/z): 314.9 [M + H]". HPLC: tr 8.803 min, >95% purity
F (214 & 254 nm). '"HNMR (CDCl3) 8 7.64 (d, J=10.0 Hz, 1H), 7.14 (d,J=5.4

Hz, 1H), 4.69 (t, J= 1.0 Hz, 2H), 3.92 (s, 3H), 0.83 (s, 9H), -0.00 (s, 6H). >*C NMR (CDCL) & 164.6,
154.5, 153.8 (d,J=241.0 Hz), 136.7 (d, /= 16.7 Hz), 119.1 (d, J=24.5 Hz), 116.9, 110.9 (d, J= 4.6
Hz), 58.8 (d, J= 4.2 Hz), 57.2, 25.9, -5.27.

(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-fluoro-2-methoxyphenyl)(4-fluoro-1H-indol-1-

yDmethanone (12).
-0 © General procedure B using 4-(((tert-butyldimethylsilyl)oxy)methyl)-
N™S 5-fluoro-2-methoxybenzoic.  Purification with FCC (eluent,
TBS
o F DCM/EtOAc, 3:1) gave a white solid (500 mg, 69%). LCMS (m/z):

F 432.3 [M + H]". HPLC: t& 9.373 min, >95% purity (214 & 254 nm).
HRMS (m/2): C23H27F2NO;3Si: requires 432.1813 [M+H]*; found 432.18.01. "H NMR (CDCls) § 8.04
(d, J=8.2 Hz, 1H), 7.13 (td, J = 8.2, 5.4 Hz, 1H), 7.06 (d, J = 5.5 Hz, 1H), 6.97 (d, J= 9.0 Hz, 1H),
6.87 (d, J=3.8 Hz, 1H), 6.82 (ddd, J=9.6, 8.1, 0.6 Hz, 1H), 6.49 (dd, J= 3.8, 0.5 Hz, 1H), 4.70 (s,
1H), 3.60 (s, 1H), 0.82 (s, J = 2.7 Hz, 4H), -0.00 (s, 2H). '3C NMR (CDCl) & 166.0, 155.7 (d, J =
247.8 Hz), 153.3 (d, J=239.3 Hz), 152.8, 137.7 (d, J= 9.2 Hz), 133.2 (d, J = 16.0 Hz), 127.4, 125.9
(d,J=7.3Hz),123.2(d,J=6.9 Hz), 119.8 (d, J=21.8 Hz), 115.7 (d, J=24.8 Hz), 112.7 (d, J= 3.8
Hz), 110.9 (d, J= 4.7 Hz), 109.6 (d, J = 18.6 Hz), 104.5, 58.9 (d, J = 4.3 Hz), 56.3, 26.0, -5.2.

(4-Fluoro-1H-indol-1-yl)(5-fluoro-4-(hydroxymethyl)-2-methoxyphenyl)methanone (2).

o General procedure C. Purification by FCC (eluent, DCM/EtOAc, 3:1)
N™™ and recrystallization from DCM/PE gave a fluffy white solid (130 mg,

g 47%). LCMS (m/z): 318.1 [M + H]". HPLC: tr 7.093 min, >95% purity

F (214 & 254 nm). HRMS (m/z): Ci17H13F2NOs: requires 318.094 [M+H]";
found 318.0936. '"H NMR (CDCls) 6 8.21 (d, J=8.2 Hz, 1H), 7.31 (td, J= 8.2, 5.5 Hz, 1H), 7.16 (dd,
J=17.2,4.3 Hz, 2H), 7.04 — 6.97 (m, 2H), 6.67 (dd, J = 3.8, 0.5 Hz, 1H), 4.85 (s, 2H), 3.78 (s, 3H),
2.18 (s, IH). BC NMR (CDCls) 8 165.9, 155.6 (d, J = 248.1 Hz), 153.8 (d, J = 241.3 Hz), 152.7 (d,

e

HO
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J=2.1Hz), 137.5 (d, J= 9.2 Hz), 132.2 (d, J= 16.2 Hz), 127.1, 125.9 (d, J= 7.2 Hz), 123.8 (d, J =
6.9 Hz), 119.7 (d, J=21.8 Hz), 115.9 (d, J = 25.1 Hz), 112.6 (d, J= 3.8 Hz), 111.4 (d, J = 4.5 Hz),
109.6 (d, J= 18.6 Hz), 104.6, 58.8 (d, J = 4.1 Hz), 56.3.

(4-Fluoro-1H-indol-1-yl)(5-fluoro-2-hydroxy-4-(hydroxymethyl)phenyl)methanone (13).

o} To a solution of (4-fluoro-1H-indol-1-yl)(5-fluoro-4-(hydroxymethyl)-
N 2-methoxyphenyl)methanone (75 mg, 236 pmol) in DCM (10 mL) at
0 °C was added a solution of BBr3 (IM in heptane) (1.18 mL, 1.18

HO

HO F
F mmol). The mixture was stirred at rt under a N> environment for three

hours until TLC indicated complete consumption of the starting material. The reaction was poured
into ice-water and the pH of the solution was adjusted to pH 6 by addition of saturated aqueous
NaHCOs. The DCM was removed under reduced pressure and the aqueous residue extracted with
EtOAc (3 x 20 mL). The combined organic extracts were washed with brine, dried (Na2SOs), filtered
and concentrated in vacuo. The residue was purified by FCC (10:1 PE/EtOAc) to afford the title
compound as a gold solid (51 mg, 71%). LCMS (m/z): 301.9 [M - H]*. HPLC: & 6.324 min, >95%
purity (214 & 254 nm). HRMS (m/z): Ci1¢H11F2NOs: requires 302.0635 [M-H]; found 302.0634. 'H
NMR (CDCl3) 8 9.71 (s, 1H), 8.02 (d, /J=8.3 Hz, 1H), 7.42 (d, /= 3.8 Hz, 1H), 7.33 (td, /= 8.2, 5.4
Hz, 1H), 7.29 — 7.24 (m, J=9.0, 8.1 Hz, 2H), 7.02 (ddd, /= 9.5, 8.1, 0.6 Hz, 1H), 6.82 (dd, J=3.8,
0.6 Hz, 1H), 4.83 (d, J = 2.8 Hz, 2H), 1.95 (s, 1H). '*C NMR (101 MHz, CDCl3) § 169.6, 158.1,
155.9 (d, J=248.9 Hz), 152.6 (d, J=240.1 Hz), 138.1 (d, /=9.1 Hz), 136.9 (d, /= 16.6 Hz), 127.3,
126.2 (d,J=7.4 Hz), 119.7 (d, J=22.2 Hz), 118.2 (d, J=4.2 Hz), 116.3 (d, /= 24.7 Hz), 114.5 (d,
J=6.9Hz), 112.3 (d, /=3.9 Hz), 109.8 (d, /= 18.6 Hz), 105.2, 59.1 (d, /= 3.9 Hz).

(4-Fluoro-1H-indol-1-yl)(5-fluoro-2-methoxy-4-(methoxymethyl)phenyl)methanone (14).

o} To a solution of (4-fluoro-1H-indol-1-yl)(5-fluoro-4-(hydroxymethyl)-2-

N methoxyphenyl)methanone (115 mg, 362 pumol) in dry DCM (15 mL)
g £ was added Ag0 (252 mg, 1.09 mmol) and Mel (135 uL, 2.17 mmol).
After stirring for 12 h at reflux temperature, additional Mel (1.35 pL, 2.17

~0

mmol) and Ag0O (168 mg, 725 umol) was added. The reaction was stirred an additional 36 h at reflux
and subsequently cooled. The mixture was filtered through Celite, evaporated under reduced pressure,
and the residue purified by FCC (eluent, 1% MeOH/DCM) to afford the title compound as an opaque
oil (113 mg, 94%). HRMS (m/z): C1sHi5F2NOs: requires 332.1098 [M+H]"; found 332.1093. LCMS
(m/z): 331.9 [M+H]". HPLC: tr 7.842 min, >95% purity (214 & 254 nm). '"H NMR (CDCl;) § 8.11
(d, /J=8.2 Hz, 1H), 7.19 (td, /= 8.2, 5.4 Hz, 1H), 7.07 (d, J = 8.8 Hz, 1H), 7.02 (d, /= 5.4 Hz, 1H),
6.92 (d, J=3.8 Hz, 1H), 6.88 (ddd, /=9.6, 8.1, 0.6 Hz, 1H), 6.55 (dd, /= 3.8, 0.7 Hz, 1H), 4.48 (dd,

- 185 -



Chapter 4: SAR Studies Toward Irreversible &
Fluorescent Analogues of a D:R PAM

J=1.2, 0.6 Hz, 2H), 3.67 (s, 3H), 3.39 (s, 3H). 3C NMR (CDCls) 5 164.7, 154.5 (d, J = 248.0 Hz),
152.9 (d, J=241.7 Hz), 151.6 (d, J = 2.1 Hz), 136.5 (d, J= 9.3 Hz), 128.7 (d, J = 16.2 Hz), 126.10,
124.8 (d, J= 7.3 Hz), 123.0 (d, J= 7.0 Hz), 118.6 (d, J=21.8 Hz), 114.8 (d, J=25.4 Hz), 111.5 (d,
J=3.8Hz), 110.9 (d, J=4.3 Hz), 108.4 (d, J = 18.6 Hz), 103.4, 66.6 (d, J = 3.5 Hz), 57.7, 55.3.

Methyl 2,5-difluoro-4-methylbenzoate (16).

F O To a solution of 4-bromo-2,5-difluoro-benzoic acid (15.0 g, 87.1 mmol) in dry
o~ MeOH (150 mL) was added SOCIl; (12.6 mL, 174 mmol) at 0 °C dropwise. The
mixture was stirred at 70 °C for 3 h and the excess reagent was removed in vacuo.

F The residue was diluted with EtOAc and washed with saturated NaHCO3 solution

and brine. The organic phase was dried and concentrated to give 4-bromo-2,5-difluoro-benzoic acid
methyl ester (14.5 g, 89%) as a darkened yellow oil that later solidified to give yellow crystals. LCMS
(m/z): 186.9 [M+H]". HPLC: tr 6.579 min, >95% purity (214 & 254 nm). '"H NMR (CDCl;3) § 7.56
(dd, J=9.4, 5.9 Hz, 1H), 6.97 (ddd, J = 10.6, 6.0, 0.4 Hz, 1H), 3.92 (s, 3H), 2.31 (d, J = 1.7 Hz,
3H).!3C NMR (CDCl3) & 164.0 (dd, J = 4.2, 2.1 Hz), 157.8 (dd, J = 256.2, 2.4 Hz), 156.7 (dd, J =
242.1,2.5Hz), 132.7 (dd, J=19.9, 8.9 Hz), 119.5 (dd, J=24.9, 4.9 Hz), 117.7 (dd, J=26.5, 1.8 Hz),

116.9 (dd, J=12.1, 7.5 Hz), 52.5, 15.0 (dd, J = 3.0, 0.8 Hz).

Methyl 4-bromo-5-fluoro-2-methoxybenzoate (17).

SO o To a solution of methyl 4-bromo-2,5-difluorobenzoate (4.09 g, 16.3 mmol) in
o~ anhydrous DMF (70 mL) was added CH3;ONa (1.06 g, 19.6 mmol). The mixture

solution was stirred at rt for 16 h. The reaction mixture was diluted with 200 mL

F EtOAc and washed with H>O (35 mL x 3). The organic layer was dried and

concentrated to be purified by FCC (eluent, 1:20 EtOAc/PE) to afford the title compound as a gold
solid (14.2 g, 77%). LCMS (m/z): 199.0 [M+H]". HPLC: tr 6.324 min, >95% purity (214 & 254 nm).
"H NMR (CDCl3) 6 7.48 (d, J=9.7 Hz, 1H), 6.77 (d, J = 6.0 Hz, 1H), 3.87 (s, 6H), 2.30 (d, J = 1.8
Hz, 3H). *C NMR (CDCl3) 8 165.6 (d, J = 2.2 Hz), 155.5 (d, J = 2.0 Hz), 154.8 (d, J = 238.2 Hz),
131.1, 130.9, 117.9 (d, J=25.6 Hz), 115.2 (d, /= 4.6 Hz), 56.8, 52.2, 15.3 (d, J= 3.0 Hz).

Methyl 4-(bromomethyl)-5-fluoro-2-methoxybenzoate (18).

>~ o General procedure D using methyl 4-bromo-5-fluoro-2-methoxybenzoate. The

o~ precipitated solid was collected by filtration, and dried under reduced pressure

Br to give a white solid (2.45 g, 88%). LCMS (m/z): 277.0 [M+H]*. HPLC:
F 6.486 min, >95% purity (214 & 254 nm). '"H NMR (CDCls) 8 7.52 (d, J = 9.7

Hz, 1H), 6.97 (d, J = 5.9 Hz, 1H), 4.48 (d, J = 1.0 Hz, 2H), 3.90 (s, 3H), 3.89 (s, 3H). '3C NMR
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(CDCl3) & 165.2 (d, J = 2.1 Hz), 155.6 (d, J = 2.3 Hz), 153.9 (d, J = 243.6 Hz), 130.1 (d, J = 16.2
Hz), 121.3 (d, J=7.0 Hz), 118.8 (d, /= 24.9 Hz), 114.6 (d, J=2.8 Hz), 56.9, 52.5, 24.9 (d, /= 3.8
Hz).

5-Fluoro-4-(hydroxymethyl)-2-methoxybenzoic acid (19).

~o o A mixture of methyl 4-(bromomethyl)-5-fluoro-2-methoxybenzoate (1.05 g,

oH 3.79 mmol), THF (20 mL), H>O (10 mL) and NaOH (758 mg, 19.0 mmol) was

HO stirred at 60 °C for 8 h. The organic solvent was evaporated under reduced
F pressure and the resulting aqueous solution acidified with concentrated HCl

(~pH 1-2). The aqueous phase was then extracted with DCM (3 x 30 mL) and the organic extracts
combined and evaporated to dryness to afford the title compound as a white solid (685 mg, 90%).
LCMS (m/z): 200.9 [M+H]". HPLC: tr 3.640 min, >95% purity (214 & 254 nm). '"H NMR (MeOD)
87.48 (d,J=10.1 Hz, 1H), 7.24 (d, J = 5.8 Hz, 1H), 4.70 (s, 2H), 3.91 (s, 3H). 3C NMR (MeOD) &
168.4 (d, J= 2.1 Hz), 156.9, 154.7 (d, J = 238.5 Hz), 135.8 (d, /= 16.6 Hz), 120.7 (d, J = 6.9 Hz),
118.6 (d, J=24.9 Hz), 113.4 (d, J= 4.4 Hz), 58.6 (d, J= 4.0 Hz), 57.0.

4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-fluoro-2-methoxybenzoic acid (20).

~o0 o General procedure A using 5-fluoro-4-(hydroxymethyl)-2-methoxybenzoic

TBS OH acid. Purification by FCC (eluent, DCM/EtOAc, 70:30) gave a white solid (1.66
0 g, 74 %). (LCMS (m/z): 314.9 [M+H]". HPLC: tr 8.803 min, >95% purity (214
F & 254 nm). "H NMR (CDCls) 8 7.64 (d, J = 10.0 Hz, 1H), 7.14 (d, J = 5.4 Hz,

1H), 4.69 (t, J = 1.0 Hz, 2H), 3.92 (s, 3H), 0.83 (s, 9H), -0.00 (s, 6H).3C NMR (CDCls) § 164.6,
155.0, 154.6 (d, J= 1.9 Hz), 152.6, 136.7 (d, J= 16.7 Hz), 119.1 (d, J = 24.5 Hz), 116.9, 110.9 (d, J
= 4.6 Hz), 58.8(d, J= 4.2 Hz), 57.2, 25.9, -5.27.

(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-fluoro-2-methoxyphenyl)(5-fluoro-1H-indol-1-

yDmethanone (21).
~o O General procedure B. Purification with FCC (eluent, DCM /EtOAC, 3:1)
N gave a white solid (101 mg, 72%). LCMS (m/z): 432.3 [M+H]". HPLC:
TBS(\) tr 9.373 min, >95% purity (214 & 254 nm). 'H NMR (CDCls) & 8.43 (d,
F J=28.2 Hz, 1H), 7.43 (td, /= 8.2, 5.4 Hz, 1H), 7.21 (d, /= 5.3 Hz, 1H),

7.01 (d, J=9.0 Hz, 1H), 6.95 (d, J= 3.7 Hz, 1H), 6.88 (ddd, /= 10.1, 8.1,
0.8 Hz, 1H), 6.55 (dd, J = 3.9, 0.6 Hz, 1H), 4.72 (s, 1H), 3.70 (s, 1H), 0.88 (s, J = 2.9 Hz, 4H), -0.00
(s, 2H). 3C NMR (CDCls) § 168.2, 156.4 (d, J = 247.6 Hz), 152.1 (d, J = 72.2 Hz), 138.2 (d, J = 9.2
Hz), 134.5 (d, J=16.0 Hz), 128.1, 125.9 (d, J=7.7 Hz), 123.9 (d, /= 6.9 Hz), 121.3 (d, J=22.8 Hz),
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116.8 (d, J=24.9 Hz), 111.7 (d, J = 3.8 Hz), 111.1 (d, J = 4.9 Hz), 109.2 (d, J = 18.6 Hz), 105.5,
59.2 (d, J= 4.8 Hz), 56.3, 28.0, -5.2.

(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-fluoro-2-methoxyphenyl)(6-fluoro-1H-indol-1-

yDmethanone (22).
~o © General procedure B. Purification with FCC (eluent, DCM /EtOAC, 3:1)
N°y  gave a white solid (167 mg, 68%). LCMS (m/z): 432.3 [M+H]". HPLC: fr
TBSb 9.373 min, >95% purity (214 & 254 nm). 'H NMR (CDCls) 3 8.21 (d, J =
F . 9.7 Hz, 1H), 7.48 (dd, J = 8.5, 5.3 Hz, 1H), 7.23 (d, /= 5.5 Hz, 1H), 7.13

(d, J=9.0 Hz, 1H), 7.05 (dd, J = 10.9, 3.1 Hz, 2H), 6.53 (d, J = 3.5 Hz,
2H), 4.97 — 4.72 (m, 2H), 3.78 (s, 3H), 1.00 (s, 9H), 0.17 (s, 6H). '*C NMR (CDCL) & 167.5, 156.8,
155.2 (d, J=247.7 Hz), 146.9, 137.8 (d, J= 9.3 Hz), 130.8, 127.7, 126.6 (d, J= 7.3 Hz), 122.7, 122.4,
121.8, 119.4, 114.3 (d, J= 3.8 Hz), 109.3 (d, J = 18.5 Hz), 109.1, 104.0, 64.6, 55.8, 26.1, -5.1.

(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-fluoro-2-methoxyphenyl)(7-fluoro-1H-indol-1-

yDmethanone (23).
o General procedure B. Purification with FCC (eluent, DCM /EtOAC, 3:1)
e
N7, gave atransparent oil (142 mg, 62%). LCMS (m/z): 432.3 [M+H]". HPLC:
TBS . fr 9.373 min, >95% purity (214 & 254 nm). 'H NMR (CDCl;) § 8.04 (d,
O
F J=28.2Hz, 1H), 7.13 (td, J = 8.2, 5.4 Hz, 1H), 7.06 (d, J = 5.5 Hz, 1H),

6.97 (d, J= 9.0 Hz, 1H), 6.87 (d, J = 3.8 Hz, 1H), 6.82 (ddd, J= 9.6, 8.1, 0.6 Hz, 1H), 6.49 (dd, J =
3.8, 0.5 Hz, 1H), 4.70 (s, 1H), 3.60 (s, 1H), 0.82 (s, J=2.7 Hz, 4H), -0.00 (s, 2H). '*C NMR (CDCls)
§167.2,157.4 (d, J=247.8 Hz), 152.4 (d, J=72.2 Hz), 137.7 (d, J= 9.2 Hz), 133.2 (d, J= 16.0 Hz),
127.4,125.9 (d, J = 7.3 Hz), 123.2 (d, J= 6.9 Hz), 119.8 (d, J = 21.8 Hz), 115.7 (d, J = 24.8 Hz),
112.7 (d, J= 3.8 Hz), 110.9 (d, J = 4.7 Hz), 109.6 (d, J = 18.6 Hz), 104.5, 58.9 (d, J = 4.3 Hz), 56.3,
26.0,-5.2.

(4-(((tert-Butyldimethylsilyl)oxy)methyl)-5-fluoro-2-methoxyphenyl)(1 H-indol-1-yl)methanone
(24).

o o General procedure B. Purification with FCC (eluent, DCM /EtOAC, 3:1)

TBS gave 165 mg of a white solid (62%). LCMS (m/z): 414.2 [M+H]". HPLC:
° @ tr 6.664 min, >95% purity (214 & 254 nm). 'H NMR (CDCls) & 8.27 (d,
F J=17.7Hz, 1H), 7.39 (d, J= 7.5 Hz, 1H), 7.23 — 7.17 (m, 1H), 7.13 (td,

J=1.5, 1.0 Hz, 1H), 7.06 (d, J = 5.5 Hz, 1H), 6.96 (d, J= 9.1 Hz, 1H), 6.89 (d, J= 3.7 Hz, 1H), 6.39
(d, J=3.8 Hz, 1H), 4.70 (s, 2H), 3.60 (s, 3H), 0.82 (s, 9H), -0.00 (s, 6H). 3C NMR (CDCls) § 165.9,
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153.3 (d, J = 240.4 Hz), 152.8 (d, J = 2.0 Hz), 135.7, 132.8 (d, J = 16.0 Hz), 131.1, 127.4, 125.1,
124.2, 120.9, 116.6, 115.6 (d, J = 24.8 Hz), 110.9 (d, J = 4.6 Hz), 109.1, 58.9 (d, J = 4.3 Hz), 56.3,
26.0, 18.5, -5.2.

(5-Fluoro-1H-indol-1-yl)(5-fluoro-2-methoxy-4-(methoxymethyl)phenyl)methanone (21a).

o o General procedure C. Purification by FCC (eluent, DCM/EtOAc, 3:1) and

recrystallization from DCM/PE gave a white solid (62 mg, 85%). LCMS (m/z):

318.1 [M+H]". HPLC: & 7.090 min, >95% purity (214 & 254 nm). HRMS

HO F (m/z): Ci17H13F2NOs: requires 318.094 [M+H]"; found 318.0934.'"H NMR

F (CDCh)68.42(d,J=3.9 Hz, 1H), 7.22 (dd,J= 8.7, 2.5 Hz, 1H), 7.18 — 7.14

(m, 2H), 7.13 — 7.05 (m, 2H), 6.52 (dd, J = 3.8, 0.5 Hz, 1H), 4.85 (d, J = 5.6 Hz, 2H), 3.79 (s, 3H),

2.01 (t,J=5.9 Hz, 1H). 3C NMR (CDCl3) § 165.5, 160.1 (d, J = 240.8 Hz), 155.1, 152.8 (d, J = 2.1

Hz), 152.7, 132.2 (d, /= 10.1 Hz), 132.0 (d, /= 2.7 Hz), 131.9, 128.8, 117.7 (d, /= 9.0 Hz), 116.0

(d, J=25.1 Hz), 112.8 (d, J = 24.8 Hz), 111.6 (d, J = 4.5 Hz), 108.9 (d, J = 3.9 Hz), 106.7 (d, J =
24.0 Hz), 59.1 (d, /= 4.1 Hz), 56.5.

NTX

(6-Fluoro-1H-indol-1-yl)(5-fluoro-2-methoxy-4-(methoxymethyl)phenyl)methanone (22a).

o o General procedure C. Purification by FCC (eluent, DCM/EtOAc, 3:1) and

N recrystallization from DCM/PE gave a white solid (45 mg, 51%). LCMS (m/z):

318.1 [M+H]". HPLC: & 7.091 min, >95% purity (214 & 254 nm). HRMS

HO F (m/z): C17H13F2NOs: requires 318.094 [M+H]"; found 318.0932. 'H NMR
F (MeOD) 6 7.38 (dd, J= 7.8, 0.7 Hz, 1H), 7.29 (d, J= 2.8 Hz, 1H), 7.27 (d, J

=3.9 Hz, 2H), 7.26 — 7.21 (m, 1H), 7.02 (ddd, J = 12.2, 8.0, 0.6 Hz, 1H), 6.67 (dd, J= 3.7, 1.9 Hz,
1H), 4.75 (s, 2H), 3.73 (s, 3H). >C NMR (MeOD) § 165.8, 155.1 (d, J = 239.6 Hz), 155.1, 151.7 (d,
J=252.1Hz), 136.6 (d, J=4.1 Hz), 135.3 (d, J = 16.5 Hz), 130.2, 125.8 (d, J= 7.0 Hz), 124.6 (d, J
=3.3 Hz), 124.5 (d,J=3.3 Hz), 118.0 (d, J= 3.7 Hz), 117.6 (d, J = 25.4 Hz), 113.0 (d, J = 4.5 Hz),
112.5 (d, J=21.4 Hz), 109.7 (d, J= 1.7 Hz), 58.6 (d, J= 4.2 Hz), 56.8.

(7-Fluoro-1H-indol-1-yl)(5-fluoro-2-methoxy-4-(methoxymethyl)phenyl)methanone (23a).

o~ o General procedure C. Purification by FCC (eluent, DCM/EtOAc, 3:1) and
recrystallization from DCM/PE gave 69 mg of a white solid (82%). LCMS

(m/z): 318.1 [M+H]". HPLC: tr 7.088 min, >95% purity (214 & 254 nm).

HO F HRMS (m/z): C17H13F2NOs: requires 318.094 [M+H]"; found 318.0931. 'H
NMR (CDCl) & 8.20 (d, J=9.7 Hz, 1H), 7.48 (dd, J = 8.6, 5.3 Hz, 1H), 7.16 (d, J = 3.5 Hz, 1H),
7.14 (s, 1H), 7.07 (ddd, J=9.1, 8.6, 2.4 Hz, 1H), 7.00 (d, /= 3.8 Hz, 1H), 6.53 (dd, /= 3.8, 0.6 Hz,
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1H), 4.85 (s, 2H), 3.78 (s, 3H), 2.18 (s, 1H). 3C NMR (CDCls) § 165.9 (d, J= 1.5 Hz), 161.4 (d, J =
241.1 Hz), 153.8 (d, J = 241.3 Hz), 152.7, 135.7 (d, J = 12.9 Hz), 132.1 (d, J= 16.2 Hz), 127.5 (d, J
=4.0 Hz), 123.9 (d, J= 6.9 Hz), 121.5 (d, J= 9.8 Hz), 115.9 (d, J=25.1 Hz), 112.4 (d, J = 24.2 Hz),
111.5 (d, J= 4.5 Hz), 108.9, 104.2 (d, J = 28.7 Hz), 58.9 (d, J= 4.1 Hz), 56.4.

(5-Fluoro-4-(hydroxymethyl)-2-methoxyphenyl)(1 H-indol-1-yl)methanone (24a).

o~ o General procedure C. Purification by FCC (eluent, DCM/EtOAc, 3:1) and
recrystallization from DCM/PE gave 42 mg of a white solid (74%). LCMS
(m/z): 300.1 [M+H]". HPLC: tr 6.994 min, >95% purity (214 & 254 nm).
HO F HRMS (m/z): C17H13F2NOs: requires 300.0958 [M+H]*; found 300.0949. 'H
NMR (CDCl) & 8.21 (d, J = 8.2 Hz, 1H), 7.31 (td, J = 8.2, 5.4 Hz, 1H), 7.16 (dd, J = 7.2, 4.6 Hz,
2H), 7.04 — 6.97 (m, 3H), 6.67 (dd, J=3.8, 0.5 Hz, 1H), 4.85 (d, /= 3.0 Hz, 2H), 3.79 (s, J=2.2 Hz,
3H), 2.08 (s, IH). 3C NMR (CDCls) & 165.9, 156.9, 154.8 (d, J = 239.2 Hz), 152.8 (d, J = 2.1 Hz),
152.7, 137.7 (d, J= 9.3 Hz), 132.2 (d, J = 16.2 Hz), 127.2, 126.1 (d, J= 7.3 Hz), 124.0 (d, /= 7.0
Hz), 119.8 (d,/=21.8 Hz), 116.0 (d, J=25.2 Hz), 112.7 (d, /J=3.9 Hz), 111.6 (d, J=4.4 Hz), 109.7
(d, J=18.6 Hz), 104.7, 59.1 (d, J = 4.1 Hz), 56.5.

NN

Methyl 4-(dibromomethyl)-5-fluoro-2-methoxybenzoate (25). Product isolated from bromination

- of methyl 5-fluoro-2-methoxy-4-methylbenzoate as a transparent oil (2.26 g,

(0]
25 %) (17). LCMS (m/z): 354.9 [M+H]". HPLC: & 6.599 min, >95% purity
. (214 & 254 nm). '"H NMR (CDCls) & 7.46 (d, J = 10.0 Hz, 1H), 7.38 (d, J =
I 5.8 Hz, 1H), 6.89 (s, 1H), 3.97 (d, J = 6.3 Hz, 3H), 3.89 (s, 3H). 3C NMR

(CDCls) & 164.8, 155.8 (d, J = 2.2 Hz), 149.9 (d, J= 244.5 Hz), 133.3 (d, J = 13.7 Hz), 122.7 (d, J =
6.9 Hz), 118.7 (d, J = 25.0 Hz), 113.6, 56.9, 52.6, 34.0.

5-Fluoro-4-formyl-2-methoxybenzoic acid (26).

Methyl 4-(dibromomethyl)-5-fluoro-2-methoxybenzoate (2.25 g, 6.32 mmol)

~
O O

was taken up in DMSO (20 mL) and heated to 120 °C for 24 h. The reaction

o} was diluted with EtOAc (50 mL) and washed with H>O (4 x 35 mL), followed

H F by brine (40 mL). The organic layer was dried (Na>SO4) and evaporated to

dryness to give a brown residue which was purified by FCC (eluent, PE/EtOAc 10:1) to afford the
title compound as a white solid (1.05 g, 84%). '"H NMR (CDCl3) & 10.38 (s, 1H), 7.96 (d, J = 10.0
Hz, 1H), 7.50 (d, J = 5.0 Hz, 1H), 4.10 (s, 3H). '3C NMR (CDCls) & 186.2 (d, J = 5.9 Hz), 164.2 (d,
J=1.7Hz), 158.9 (d, J=253.9 Hz), 154.5 (d, /= 2.4 Hz), 127.7 (d, /= 10.4 Hz), 124.6 (d, J= 7.6
Hz), 121.7 (d, J=24.6 Hz), 110.6 (d, J= 1.8 Hz), 57.6.

- 190 -



Chapter 4: SAR Studies Toward Irreversible &
Fluorescent Analogues of a D:R PAM

5-Fluoro-4-(hydroxymethyl)-2-methoxybenzoic acid (27).

~o o NaBH4 (267 mg, 7.07 mmol) was added to a stirred solution of 5-fluoro-4-

o formyl-2-methoxybenzoic acid (1.00 g, 4.71 mmol) in MeOH (15 mL) at rt and

HO | the reaction was stirred for 3 h. The mixture was quenched with H,O (5 mL)
F and evaporated to remove the MeOH. The residue was diluted with saturated

aqueous NaHCOs solution and extracted with EtOAc (2 x 25 mL). The EtOAc extracts were washed
with brine (30 mL), dried (NaxSO4) and evaporated to dryness to afford the compound as a white
solid (949 mg, 94%). LCMS (m/z): 214.9 [M+H]". HPLC: tz 4.787 min, >95% purity (214 & 254
nm). '"H NMR (CDCl3) § 7.43 (d, J = 10.0 Hz, 1H), 7.06 (d, J = 5.7 Hz, 1H), 4.74 (s, 2H), 3.85 (s,
3H), 3.84 (s, 3H), 2.75 (s, 1H). '*C NMR (CDCls3) & 165.6, 155.8, 153.2 (d, J = 239.2 Hz), 133.9 (d,
J=16.3 Hz), 119.1 (d,J=7.1 Hz), 117.9 (d, J=24.8 Hz), 112.1 (d, /J=4.4 Hz), 58.7 (d, /= 3.9 Hz),
56.6, 52.3.

(4-Fluoro-1H-indol-1-yl)(5-fluoro-2-methoxyphenyl)methanone (28a).

General procedure B. Purification with FCC (eluent, CHCI3/PE, 3:1) gave 201
mg of a white solid (79%). LCMS (m/z): 287.9 [M+H]*. HPLC: t 7.796
min, >95% purity (214 & 254 nm). HRMS (m/z): CicH11F2NO2: requires

F F 288.0835 [M+H]"; found 288.083. '"H NMR (CDCls) & 8.22 (d, /= 8.1 Hz, 1H),
7.31 (td, J = 8.2, 5.4 Hz, 1H), 7.26 — 7.21 (m, 1H), 7.19 (dd, J = 7.7, 2.9 Hz, 1H), 7.04 — 6.94 (m,
3H), 6.67 (dd, J = 3.8, 0.6 Hz, 1H), 3.76 (s, 3H). 3C NMR (CDCl3) & 165.9, 156.8 (d, J=241.9 Hz),
155.7 (d, J = 248.1 Hz), 152.7, 137.7 (d, J = 9.2 Hz), 127.2, 126.1 (d, /= 7.3 Hz), 125.4 (d,J= 7.0
Hz), 118.8 (d,/=22.9 Hz), 116.2 (d, J=25.1 Hz), 112.9 (d, /J=7.8 Hz), 112.7 (d, J= 3.9 Hz), 109.7
(d, J=18.6 Hz), 104.7, 56.5.

(4-Fluoro-1H-indol-1-yl)(2-methoxyphenyl)methanone (29a).

o o General procedure B. Purification with FCC (eluent, CHCI3/PE, 3:1) gave a

@)LN N white solid (164 mg, 62%). LCMS (m/z): 269.9 [M+H]". HPLC: & 7.726

min, >95% purity (214 & 254 nm). HRMS (m/z): CisH12FNO2: requires

F'270.0929 [M+H]*; found 270.0925. '"H NMR (CDCls) & 8.22 (d, J = 7.9 Hz,

1H), 7.52 (t, J= 7.8 Hz, 1H), 7.45 (d, J = 6.6 Hz, 1H), 7.33 — 7.23 (m, 2H), 7.09 (t, /= 7.4 Hz, 1H),

7.05 — 6.95 (m, 3H), 6.7 (d, J = 3.5 Hz, 1H), 3.78 (s, 3H). *C NMR (CDCl3)  167.4, 156.5, 155.7

(d, J=248.0 Hz), 132.6, 129.3, 127.54, 125.9 (d, /= 7.3 Hz), 124.6, 121.1, 119.8 (d, J = 21.8 Hz),
112.7, 111.7, 109.4 (d, J= 18.5 Hz), 104.2, 55.9.
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(4-Fluoro-1H-indol-1-yl)(3-fluorophenyl)methanone (30a).

General procedure B. Purification with FCC (eluent, CHCI3/PE, 3:1) gave 130
mg of a white solid (47%). General procedure B. LCMS (m/z): 257.9 [M+H]".
HPLC: tr 7.898 min, >95% purity (214 & 254 nm). HRMS (m/z): Ci1sHoF2NO:

F F requires 258.0729 [M+H]"; found 258.0725. '"H NMR (CDCl3) & 8.17 (d, J =
8.3 Hz, 1H), 7.54 — 7.51 (m, 2H), 7.47 — 7.44 (m, 1H), 7.35 - 7.30 (m, 2H), 7.25 (d, /= 3.8 Hz, 1H),
7.01 (ddd, J=9.6, 8.1, 0.6 Hz, 1H), 6.74 (dd, J = 3.8, 0.7 Hz, 1H). 3C NMR (CDCl3) 6 167.3, 162.6
(d, J=249.5 Hz), 155.8 (d, J=248.4 Hz), 138.2 (d, /=9.1 Hz), 136.3 (d,J=7.1 Hz), 130.7 (d, J =
8.0 Hz), 127.3,126.2 (d, /= 7.3 Hz), 125.1 (d, J=3.2 Hz), 119.4 (d, J=21.2 Hz), 116.5 (d,/=23.4
Hz), 112.6 (d, J=3.9 Hz), 109.7 (d, J = 18.5 Hz), 104.7.

0]
N™N

(4-Fluoro-1H-indol-1-yl)(phenyl)methanone (31a).

0 General procedure B. Purification with FCC (eluent, CHCI3/PE, 3:1) gave a

: /U\N N white solid (135 mg, 60%). LCMS (m/z): 239.9 [M+H]". HPLC: # 7.841

min, >95% purity (214 & 254 nm). HRMS (m/z): CisHi1o0FNO: requires

F239.0759 [M+H]"; found 239.0741. "H NMR (CDCls) & 8.18 (d, J = 8.3 Hz,

1H), 7.76 — 7.72 (m, 2H), 7.64 — 7.59 (m, 1H), 7.56 — 7.50 (m, 2H), 7.34 — 7.26 (m, 2H), 7.00 (ddd,

J=9.6,8.1,0.7 Hz, 1H), 6.72 (dd, J= 3.8, 0.7 Hz, 1H). *C NMR (CDCl3) 6 168.8 (C), 155.8 (d, J =

248.1 Hz), 138.3 (d, J=9.2 Hz), 134.4, 132.3, 129.4, 128.8, 127.7, 125.9 (d, /= 7.3 Hz), 119.7 (d, J
=21.8 Hz), 112.6 (d, /= 3.9 Hz), 109.4 (d, /= 18.5 Hz), 104.2.

(4-Fluoro-1H-indol-1-yl)(5-fluoro-2,4-dimethoxyphenyl)methanone (32a).

~o © General procedure B. Purification with FCC (eluent, CHCI3/PE, 3:1) gave a
N white solid (122 mg, 72%). LCMS (m/z): 318.1 [M+H]". HPLC: # 7.761

g min, >95% purity (214 & 254 nm). HRMS (m/z): C17H13F2NO3: requires

O\ F 318.094 [M+H]"; 318.0936. 'H NMR (CDCls) § 8.17 (d, J = 8.3 Hz, 1H),

7.32 —7.27 (m, 1H), 7.24 (d, J= 10.7 Hz, 1H), 7.08 (d, J = 3.8 Hz, 1H), 6.98 (ddd, J= 9.6, 8.1, 0.7
Hz, 1H), 6.66 (dd, J=3.8, 0.5 Hz, 1H), 6.61 (d, J= 6.7 Hz, 1H), 3.99 (s, 1H), 3.77 (s, IH). '*C NMR
(CDCls) & 165.9, 155.7 (d, J = 247.8 Hz), 153.8 (d, J = 2.0 Hz), 150.9 (d, J = 11.7 Hz), 146.7 (d, J =
241.4 Hz), 137.8 (d, J = 9.4 Hz), 127.5, 125.8 (d, J = 7.3 Hz), 119.8 (d, J= 21.9 Hz), 117.1 (d, J =
21.4 Hz), 115.7 (d, J= 5.4 Hz), 112.6 (d, J= 3.8 Hz), 109.4 (d, J = 18.6 Hz), 104.2, 98.3, 56.7, 56.6.
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(4-Fluoro-1H-indol-1-yl)(5-fluoro-2-methoxy-4-methylphenyl)methanone (33a).

o General procedure B. Purification with FCC (eluent, CHCI3/PE, 3:1) gave a

NT white solid (175 mg, 64%). LCMS (m/z): 301.9 [M+H]". HPLC: t 7.827
min, >95% purity (214 & 254 nm). HRMS (m/z): Ci7H13F2NO2: requires
302.0993 [M+H]"; 302.0987. '"H NMR (CDCl3) & 8.22 (d, J = 8.2 Hz, 1H),
7.30 (td, J=8.2, 5.4 Hz, 1H), 7.14 (d, J=8.7 Hz, 1H), 7.05 (d, /= 3.8 Hz, 1H), 6.99 (dd, J=9.3, 8.4
Hz, 1H), 6.83 (d, J = 5.8 Hz, 1H), 6.66 (dd, J = 3.8, 0.6 Hz, 1H), 3.75 (s, 3H), 2.37 (d, /= 1.9 Hz,
3H). 3C NMR (CDCls) 6 166.1, 155.6 (d, J = 247.8 Hz), 155.3 (d, J = 240.1 Hz), 152.4 (d, J=2.2
Hz), 137.7 (d, J=9.4 Hz), 129.5 (d, /= 18.7 Hz), 127.4, 1259 (d, /= 7.3 Hz), 122.6 (d, /= 6.8 Hz),
119.8 (d, J=21.8 Hz), 115.9 (d, J=26.1 Hz), 114.5 (d,J=4.6 Hz), 112.7 (d, J=3.9 Hz), 109.5 (d,
J=18.5Hz), 104.4, 56.4, 15.4 (d, J= 3.2 Hz).

o)

4-(Bromomethyl)-2-methoxybenzoic acid (35a).

~o o General procedure D. The precipitated solid was collected by filtration, and

oH dried under reduced pressure to give 1.10 g of a white solid (74%). LCMS
Br (m/z): 244.8 [M+H]". HPLC: tr 5.309 min, >95% purity (214 & 254 nm). 'H
NMR (CDCl) & 8.13 (d, J= 8.0 Hz, 1H), 7.14 (dd, J = 8.0, 1.5 Hz, 1H), 7.09 (d, J = 1.3 Hz, 1H),

4.48 (s, 2H), 4.10 (s, 3H). *C NMR (CDCl3) & 165.0, 158.3, 145.2, 134.5, 122.7, 117.7, 112.4, 56.9,
31.9.

4-(Bromomethyl)-3-fluorobenzoic acid (35b).

0 General procedure D. The precipitated solid was collected by filtration, and

oH dried under reduced pressure to give 1.33 g of a white solid (70%). LCMS

Br (m/z): 232.9 [M-H]. HPLC: tr 5.796 min, >95% purity (214 & 254 nm). 'H

F NMR (CDCI3) 6 7.89 (dd, J = 8.0, 1.5 Hz, 1H), 7.80 (dd, J = 10.0, 1.5 Hz,

1H), 7.52 (t,J= 7.6 Hz, 1H), 4.53 (s, 2H). 3C NMR (CDCl3) § 178.3, 160.4 (d, J=251.3 Hz), 131.8

(d,/J=7.8Hz), 131.5(d,J=3.1 Hz), 131.1 (d, J=14.7 Hz), 126.3 (d, /= 3.7 Hz), 117.6 (d, J=23.3
Hz), 29.7.

4-(Bromomethyl)benzoic acid (35c¢).

o} General procedure D. The precipitated solid was collected by filtration, and

\/©)J\ OH dried under reduced pressure to give a pale yellow solid (1.35 g, 86%). LCMS
Br (m/z): 214.9 [M-H]". HPLC: & 5.541 min, >95% purity (214 & 254 nm). 'H
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NMR (ds-DMSO) & 7.93 (d, J = 8.3 Hz, 2H), 7.57 (d, J = 8.4 Hz, 1H), 4.76 (s, 2H). '3C NMR (d-
DMSO) § 166.9, 142.8, 130.5, 129.7, 129.4, 29.5.

4-(Hydroxymethyl)-2-methoxybenzoic acid (36a).

~S o

4-(Bromomethyl)-2-methoxybenzoic acid (726 mg, 2.96 mmol) was taken up

v©/U\OH in an aqueous solution of KoCOs3 (10%, 20 mL) and stirred at 70 °C for 30 min.
"o The reaction mixture was cooled and acidified with concentrated HCI. The
resulting precipitate was filtered off, washed with H>O and dried to afford 530 mg of a white solid
(98%). LCMS (m/z): 181.8 [M-H]. HPLC: tr 3.306 min, >95% purity (214 & 254 nm). "H NMR (ds-
DMSO) 6 7.63 (d, J = 7.8 Hz, 1H),7.08 — 7.07 (m, 1H), 6.94 (ddt, /= 7.9, 1.4, 0.7 Hz, 1H), 4.54 (s,
2H), 3.81 (s, 3H). *C NMR (d¢-DMSO0) 8 167.1, 158.4, 148.5, 130.9, 119.1, 117.6, 109.9, 62.5, 55.6.

3-Fluoro-4-(hydroxymethyl)benzoic acid (36b).

0 4-(Bromomethyl)-3-fluorobenzoic acid (1.01 g, 4.33 mmol) was taken up in an

oH aqueous solution of K2CO3 (10%, 25 mL) and stirred at 70 °C for 1.5 h. The

HO reaction mixture was cooled and acidified with concentrated HCI. The resulting

F precipitate was filtered off, washed with H,O and dried to afford a white solid

(684 mg, 93%). LCMS (m/z): 169.0 [M-H]. HPLC: & 3.575 min, >95% purity (214 & 254 nm). 'H

NMR (ds-DMSO0) 6 7.79 (dd, J = 7.9, 1.4 Hz, 1H), 7.65 — 7.59 (m, 2H), 4.62 (s, 2H). '3C NMR (dé-

DMSO) 6 166.3 (d, J=2.6 Hz), 159.1 (d, J=244.9 Hz), 134.4 (d,J=15.0 Hz), 131.4 (d, /= 7.3 Hz),
128.9 (d, J=5.0 Hz), 125.3 (d, /J=3.1 Hz), 115.3 (d, J=22.7 Hz), 56.6 (d, /= 4.2 Hz).

4-(Hydroxymethyl)benzoic acid (36c¢).
o 4-(Bromomethyl)benzoic acid (1.25 g, 5.81 mmol) was taken up in an
ﬂOH aqueous solution of KoCOs3 (10%, 25 mL) and stirred at 70 °C for 1.5 hr. The
HO reaction mixture was cooled and acidified with concentrated HCI. The
resulting precipitate was filtered off, washed with H,O and dried to afford a white solid (687 mg,
78%). LCMS (m/z): 151.0 [M-H]". HPLC: & 3.375 min, >95% purity (214 & 254 nm). "H NMR (ds-

DMSO) § 7.91 (d, J = 8.1 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 4.58 (s, 2H). 3C NMR (ds-DMSO) &
167.8, 148.2, 129.7, 129.5, 126.7, 62.9.

4-(((tert-Butyldimethylsilyl)oxy)methyl)-2-methoxybenzoic acid (37a).

~o o General procedure A. Purification with FCC (eluent, 2:3 EtOAc/PE) gave
ﬁOH a transparent oil (1.45 g, 77%). LCMS (m/z): 297.0 [M+H]". HPLC:
8s° 6.732 min, >95% purity (214 & 254 nm). '"H NMR (CDCl3) 6 7.98 (d, J =
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8.0 Hz, 1H), 7.00 (d, J= 0.5 Hz, 1H), 6.89 (ddt, /= 8.0, 1.5, 0.8 Hz, 1H), 4.67 (s, 2H), 3.94 (s, 3H),
0.84 (s, 9H), -0.00 (s, 6H). 13C NMR (CDCLs) 5 165.8, 158.5, 149.8, 133.7, 119.1, 116.5, 108.9, 64.3,
56.6,25.9, -5.19.

4-(((tert-Butyldimethylsilyl)oxy)methyl)-3-fluorobenzoic acid (37b).

0 General procedure A. Purification with FCC (eluent, 2:3 EtOAc/PE) gave a

on White solid (687 mg, 68%). LCMS (m/z): 232.9 [M-H]". HPLC: tr 8.255

0 min, >95% purity (214 & 254 nm). 'H NMR (CDCls) & 7.79 (dd, J = 8.0,

F 1.5 Hz, 1H), 7.59 (dd, J = 10.4, 1.5 Hz, 1H), 7.50 (t, J= 7.6 Hz, 1H), 4.73

(s, 2H), 0.83 (s, 9H), -0.00 (s, 6H). '*C NMR (CDCl3) 6 171.1, 159.3 (d, J = 246.5 Hz), 135.3 (d, J =

14.4 Hz), 129.7 (d, /= 7.7 Hz), 128.2 (d, /= 4.7 Hz), 126.2 (d, /= 3.2 Hz), 116.5 (d, J = 23.0 Hz),
59.0 (d, J=4.9 Hz), 26.0, -5.25.

TBS”

4-(((tert-Butyldimethylsilyl)oxy)methyl)benzoic acid (37c¢).
0 General procedure A. Purification with FCC (eluent, 2:3 EtOAc/PE) gave
VQ)J\OH a white solid (375 mg, 80%). LCMS (m/z): 282.9 [M-H]". HPLC: & 8.510
TBS/O min, >95% purity (214 & 254 nm). '"H NMR (CDCl3) § 7.97 (d, J= 8.3 Hz,
2H), 7.31 (d, J = 8.4 Hz, 2H), 4.70 (s, 2H), 0.84 (s, 9H), -0.00 (s, 6H). *C NMR (CDCls) & 172.3,

147.9,130.4, 128.1, 125.9, 64.7, 26.1, -5.15.

(4-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)(4-fluoro-1H-indol-1-yl)methanone (38a).

-~ © General procedure B. Purification with FCC (eluent, PE/EtOAC, 10:1)
NTS gave a white solid (375 mg, 43%). HRMS (m/z): Ca3sHasFNOsSi:
TBS
5 F requires 414.1903 [M+H]"; found 414.1895. HPLC: & 6.732 min, >95%

purity (214 & 254 nm). '"H NMR (CDCls) & 8.22 (d, J = 8.3 Hz, 1H),
7.41(d,J=7.7 Hz, 1H), 7.29 (td, J= 8.3, 5.6 Hz, 1H), 7.09 — 7.06 (m, 2H), 7.02 — 6.96 (m, 2H), 6.64
(dd, J=3.8, 0.7 Hz, 1H), 4.82 (s, 2H), 3.79 (s, 3H), 0.98 (s, 9H), 0.15 (s, 6H). *C NMR (CDCL) &
167.5, 156.8, 155.7 (d, J = 247.7 Hz), 146.9, 137.8 (d, J = 9.3 Hz), 129.3, 127.7, 125.8 (d, J= 7.3
Hz), 122.9, 119.9, 119.7, 118.1, 112.7 (d, J = 3.8 Hz), 109.31 (d, J = 18.5 Hz), 109.0, 104.1, 64.6,
55.8,26.1, -5.1.

- 195 -



Chapter 4: SAR Studies Toward Irreversible &
Fluorescent Analogues of a D:R PAM

(4-(((tert-Butyldimethylsilyl)oxy)methyl)-3-fluorophenyl)(4-fluoro-1H-indol-1-yl)methanone
(38b).

0 General procedure B. Purification with FCC (eluent, PE/EtOAC,

NT 10:0.5) gave a white solid (184 mg, 3%). LCMS (m/z): 402.1 [M+H]".

TBS&) = HPLC: fr 7.726 min, >95% purity (214 & 254 nm). 'H NMR (CDCL)
F 6 8.01 (d, J=8.3 Hz, 1H), 7.54 (t, J= 7.5 Hz, 1H), 7.38 (dd, J = 7.9,

1.6 Hz, 1H), 7.26 (dd, J = 10.0, 1.6 Hz, 1H), 7.2 (td, J = 8.2, 5.4 Hz, 1H), 7.12 (d, J = 3.8 Hz, 1H),
6.85 (ddd, J= 9.6, 8.1, 0.6 Hz, 1H), 6.58 (dd, J= 3.8, 0.7 Hz, 1H), 4.73 (s, 2H), 0.82 (s, 9H), 0.00 (s,
6H). '°C NMR (CDCls) § 159.3 (d, J = 248.4 Hz), 155.8 (d, J = 248.2 Hz), 138.2 (d, J = 9.1 Hz),
134.4 (d,J="7.1 Hz), 133. 7, 133.5, 128.5 (d, /= 5.0 Hz), 127.4, 126.1 (d, J= 7.3 Hz), 125.2, 125.2,
119.8, 119.6, 115.9 (d, J = 23.3 Hz), 112.6 (d, J = 3.9 Hz), 109.6 (d, J = 18.5 Hz), 104.5, 58.8, 26.0,
5.2.

(4-(((tert-Butyldimethylsilyl)oxy)methyl)phenyl)(4-fluoro-1H-indol-1-yl)methanone (38c¢).

o) General procedure B. Purification with FCC (eluent, PE/EtOAC,
N™ 10:0.5) gave a white solid (210 mg, 58%). LCMS (m/z): 402.1 [M+H]".
TBS(:) £ HPLC: fz 7.735 min, >95% purity (214 & 254 nm). 'H NMR (CDCls)

§ 8.02 (d, J= 8.3 Hz, 1H), 7.61 — 7.55 (m, 2H), 7.35 (d, J = 8.4 Hz,
2H), 7.19 — 7.13 (m, 2H), 6.85 (ddd, J = 9.6, 8.1, 0.6 Hz, 1H), 6.57 (dd, J = 3.8, 0.6 Hz, 1H), 4.70 (s,
2H), 0.83 (s, 9H), -0.00 (s, 6H). '*C NMR (CDCl:) 5 168.8, 155.8 (d, J = 248.0 Hz), 146.4, 138.3 (d,
J=9.3Hz), 132.8, 129.5, 127.8, 126.1, 125.8 (d, J = 7.3 Hz), 119.7 (d, J = 21.9 Hz), 112.6 (d, J =
3.9 Hz), 109.3 (d, J = 18.5 Hz), 103.9, 64.6, 26.1, -5.14.

(4-Fluoro-1H-indol-1-yl)(4-(hydroxymethyl)-2-methoxyphenyl)methanone (39a).

o General procedure C. Purification with FCC (eluent, DCM/EtOAc, 3:1)

N gave the title compound as a white solid (270 mg, 93%). LCMS (m/z):
299.9 [M+H]". HPLC: t 6.741 min, >95% purity (214 & 254 nm).
HRMS (m/z): C17H14FNO3: requires 300.1038 [M+H]"; found 300.103.
HPLC: tr 6.732 min, >95% purity (214 & 254 nm). 'H NMR (CDCl3) 6 8.21 (d, J= 8.3 Hz, 1H), 7.42
(d, J=7.7 Hz, 1H), 7.29 (td, J = 8.2, 5.4 Hz, 1H), 7.08 (s, 1H), 7.06 — 7.03 (m, 2H), 6.99 (ddd, J =
9.6, 8.1, 0.6 Hz, 1H), 6.64 (dd, J= 3.8, 0.7 Hz, 1H), 4.79 (s, 2H), 3.79 (s, 3H), 2.05 (s, 1H). 3C NMR
(CDCl3) 6 167.4, 156.9, 155.7 (d, J = 244.3 Hz), 146.1, 137.7 (d, J=9.3 Hz), 129.5, 127.5, 125.9 (d,
J=7.3Hz), 123.6,119.8 (d,/=21.8 Hz), 118.9, 112.7 (d, /= 3.8 Hz), 109.7, 109.4 (d, /= 18.5 Hz),
104.2, 64.9, 55.9.

—0

HO F
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(4-Fluoro-1H-indol-1-yl)(3-fluoro-4-(hydroxymethyl)phenyl)methanone (39b).

o General procedure C. Purification with FCC (eluent, DCM/EtOAc, 3:1)

N™S gave 88 mg of the title compound as a white solid (90%). LCMS (m/z):

F 288.0 [M+H]". HPLC: & 6.913 min, >95% purity (214 & 254 nm).

F HRMS (m/z): CisH11F2NO2: requires 288.0758 [M+H]"; found

288.0753. 'HNMR (CDCl3) 6 8.16 (d, J = 8.3 Hz, 1H), 7.66 (t,J = 7.4 Hz, 1H), 7.54 (dd, J=7.8,1.3

Hz, 1H), 7.45 (dd, J=9.9, 1.3 Hz, 1H), 7.33 (td, /= 8.2, 5.5 Hz, 1H), 7.26 (d, /= 2.6 Hz, 1H), 7.04

—6.99 (m, 1H), 6.75 (d, J = 3.7 Hz, 1H), 4.89 (s, 2H), 2.03 (s, 1H). 3*C NMR (CDCls) 6 161.3, 158.8,

155.8 (d, J=248.5 Hz), 138.2 (d,/=9.3 Hz), 135.2 (d, J= 7.2 Hz), 132.6 (d, /= 14.8 Hz), 129.3 (d,

J=49Hz), 127.3, 126.2 (d, J=7.3 Hz), 125.3 (d, J=3.6 Hz), 119.7 (d, /= 21.9 Hz), 116.4 (d, J =
23.5 Hz), 112.6 (d, J=3.9 Hz), 109.7 (d, J = 18.5 Hz), 104.7, 58.9 (d, /= 4.4 Hz).

HO

(4-Fluoro-1H-indol-1-yl)(4-(hydroxymethyl)phenyl)methanone (39c).

o General procedure C. Purification with FCC (eluent, DCM/EtOAc, 3:1)

N™N gave the title compound as a white solid (99 mg, 94%). LCMS (m/z2):

F 270.0 [M+H]". HPLC: & 6.678 min, >95% purity (214 & 254 nm).

HRMS (m/z): CisHi2FNO2: requires 270.0852 [M+H]*; found

270.0842. "H NMR (CDCl3) 6 8.16 (d, J = 8.3 Hz, 1H), 7.73 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 8.3 Hz,

2H), 7.30 (ddd, J = 15.4, 8.8, 5.4 Hz, 2H), 7.00 (dd, J = 9.3, 8.5 Hz, 1H), 6.75 — 6.69 (m, 1H), 4.82

(s, 2H), 2.05 (s, 1H). 3C NMR (CDCl3) & 168.7, 155.8 (d, J=248.2 Hz), 145.5, 138.2 (d,J=9.2 Hz),

133.4,129.7, 127.6, 126.9, 1259 (d, /= 7.3 Hz), 119.7 (d, J=21.9 Hz), 112.5 (d, J = 3.9 Hz), 109.4
(d, J=18.5 Hz), 104.2, 64.7.

HO

Pharmacological Characterisation. Materials. Dulbecco’s modified Eagle’s medium, Flp-In CHO
cells, and hygromycin B were purchased from Invitrogen (Carlsbad, CA). Fetal bovine serum (FBS)
was purchased from ThermoTrace (Melbourne, VIC, Australia). All other reagents were purchased

from Sigma Aldrich (St. Louis, MO).

Cell culture. Flpln Chinese Hamster Ovary (CHO) cells (Invitrogen, Carlsbad, CA, USA) stably
expressing the hD> R were grown and maintained in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), and 200 pg/mL of Hygromycin-B, and maintained

at 37 °C in a humidified incubator containing 5% COs,.
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Cell culture and transfection for cAMP assay: Flpln CHO cells stably expressing the human
dopamine Dy receptor were maintained in DMEM supplemented with 5% foetal calf serum (FBS)
and 0.2 mg/mL hygromycin at 37 °C in a humidified incubator supplied with 5% CO.. For
transfection, the cells were grown in 10 cm culture dishes until sub-confluent. A mixture of 4 ug
plasmid DNA containing BRET-based cAMP (CAMYEL) biosensor construct®” and 25 pg 20 kDa
linear polyethylene imine (PEI) in 500 4L 150 mM NaCl was added into a dish of cells.

cAMP measurement: The cellular cAMP levels were measured with the CAMYEL BRET-based
biosensor for cAMP.87 One day after transfection, cells were trypsinized and seeded in white 96-well
microplates. The cells were then cultured for an additional day, rinsed twice with Hank's Balanced
Salt Solution (HBSS) and were then incubated in fresh HBSS. The Renilla luciferase (RLuc) substrate
coelenterazine-h was added to reach a final concentration of 5 M. The cells were stimulated with
dopamine in the presence of 10 uM forskolin (final concentration). For the antagonism assay, the
antagonists were added 30 min prior to stimulation. The BRET signals were measured using a BMG
Lumistar counter 30 min after stimulation. The BRET signal (BRET ratio) was determined by
calculating the ratio of the light emitted at 535 + 30 nm (YFP) to the light emitted at 475 = 30 nm
(RLuc).

Data analysis. Computerized nonlinear regression, statistical analyses and simulations were

performed using Prism 6.0 (GraphPad Prism 6.0b Software, San Diego, CA).

Analysis of functional data. All concentration-response data were globally fitted to the following

operational model of allosterism and agonism (eq 1):%8

E = (En(t4[Al(Kp + aB[B]) + ©5[B]IK,)™)
/(([AlKg + KuKp + [B]K, + a[A][BD™
+ (T4[Al(Kp + afB[B]) + t5[BIK)™)

where Ey, 1s the maximum possible cellular response, [A] and [B] are the concentrations of orthosteric
and allosteric ligands, respectively, Ka and Kp are the equilibrium dissociation constant of the
orthosteric and allosteric ligands, respectively, 7a and tg are operational measures of orthosteric and
allosteric ligand efficacy, respectively, a is the binding cooperativity parameter between the

orthosteric and allosteric ligand, f denotes the magnitude of the allosteric effect of the modulator on
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the efficacy of the orthosteric agonist, and n denotes the transducer slope that describes the underlying
stimulus—response coupling of the ligand-occupied receptor to the signal pathway. The Ka for
dopamine was determined through receptor depletion by phenoxybenzamine alkylation as follows;
given the proportional relationship of Rrto measured 7, Ka is invariant with receptor depletion. Thus,
unique estimates of Ka could be obtained by direct operational model fitting of the family of

concentration-response curve for dopamine.®-°
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Abstract. Haloperidol (1) is a “typical” butyrophenone antipsychotic drug (APD) with high
propensity to cause on-target extrapyramidal side effects (EPS) and hyperprolactinemia relative to
atypical APDs such as clozapine (2). Both drugs are antagonists at the dopamine D; receptor (D2R),
with contrasting kinetic profiles. Whilst 1 displays relatively fast association and slow dissociation at
the DR, 2 exhibits relatively slow association and fast dissociation. Although 2 has a lower
propensity for DoR-mediated side effects, it is associated with severe off-target side effects. Both
drugs have diverse polypharmacology, and a number of mechanisms have been proposed to explain
the typical/atypical profile of APDs. We recently provided evidence that a slow dissociation rate from
the D2R predicts hyperprolactinemia, likely through insurmountable antagonism, whereas EPS were
predicted by a fast association rate at the DR, resulting in a higher receptor rebinding potential. We
suggested there may be an optimal kinetic profile where rebinding is sufficient for efficacy but
insufficient to cause EPS. To further explore this hypothesis, we have conducted a detailed structure-
kinetic study via kinetic binding parameter measurements of 50 structural analogues of 1 using a
time-resolved Forster resonance energy transfer (TR-FRET) assay. Our study demonstrates that even

subtle modifications to the core scaffold dramatically influences binding kinetic rate constants,
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affording compounds with structural similarity to 1, whilst possessing a clozapine-like kinetic profile.
Thus, through optimisation of these kinetic parameters, it may be possible to develop analogues of 1
with minimal side-effect profiles that would have been previously overlooked on the basis of affinity-

driven drug discovery programs.

Introduction. Haloperidol (1, Figure 1) is an effective, typical antipsychotic drug (APD) that was
widely used in the clinical treatment of schizophrenia (SCZ), acting through antagonism of dopamine
(DA) D; receptors (D2R) in the mesolimbic pathway.! This drug is now commonly prescribed in
emergency cases for fast-acting treatment of positive psychotic symptoms.? Unfortunately, 1 along
with many other typical APDs, are associated with severe on-target side effects including neuroleptic
drug-induced acute EPS (e.g., dystonia and Parkinsonian symptoms such as bradykinesia and tremor),
as well as tardive dyskinesia and hyperprolactinemia.? These symptoms are mediated by blockade of
D3R signalling in the nigrostriatal DA system and the tuberoinfundibular pathway, respectively.**
EPS generally develops early in the course of treatment, whilst tardive dyskinesia occurs much later

during extended neuroleptic therapy.'’

Conversely, atypical APDs display a diminished incidence of EPS and hyperprolactinemia.'!-!?

Clozapine (2, Figure 1) is a prototypical atypical antipsychotic with markedly lower on-target side
effects compared to typical APDs. Clozapine’s mechanism of action is believed to include more
potent blockade of the 5-HT2aR than of the D>R,!*!5 together with additional DoR-mediated actions.®
Most, but not all atypical APDs share this activity profile, particularly modulation of serotonergic
neurotransmission.!” Unfortunately, this lack of selectivity across aminergic receptors is associated
with off-target side-effects, including sedation, metabolic issues including type II diabetes, weight
gain, urinary incontinence and constipation.'® Of particular concern, patients using 2 can also suffer

from acute agranulocytosis, a potentially life threatening white blood cell disorder.

/
Cl
0 N=
N
F H
haloperidol (1) clozapine (2)

Figure 1. Typical APD haloperidol (1) and atypical APD clozapine (2).

The primary distinction between typicality and atypicality is based on clinical observations, although
these descriptors carry inherent ambiguity and the mechanism(s) that might drive this distinction

remain unclear. Another enduring hypothesis for atypicality has also been proposed which is based
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on the DA-serotonin antagonism theory. It suggests a role for the 5-HT2a receptor in efficacy as well
as decreased risk of EPS development.!® The relatively fast rate at which 2 dissociates from the D,R
has also been hypothesised to be the basis for its atypical profile and other related APDs. The rapid
dissociation hypothesis postulates that the fast rate of APD dissociation from the D;R contributes to
the reduced side-effect profile of atypical APDs,?’ and was in part based on the consensus that APDs
exhibit similar association rates (kon) for the D;R meaning that affinity is largely mediated by

differences in dissociation rate (kofr).”!

The incorporation of drug-receptor kinetic binding parameters into drug discovery programs is seen
as increasingly important for the development of next generation therapeutics.??*° Pharmacological
experiments to derive estimates of APD kinetic rate constants have traditionally been carried out
using mostly radiometric detection methods with limited assay throughput.?!*%3! However, we have
recently developed a competition association assay using TR-FRET to determine ligand kinetic

parameters of unlabelled D2R agonists,?3

and profiled an extensive series of clinical APDs under
physiological temperature and sodium ion concentration in order to explore the kinetic basis for on-
target side effects.>* We found that association rates, but not dissociation rates, correlate with EPS,
challenging the fast dissociation hypothesis.?%3* We proposed that rapid association rate leads to drug
rebinding at the D>R, maintaining a higher concentration of APD in the striatum and thus resulting in
a more profound blockade of dopamine signalling.* In contrast, hyperprolactinaemia, which is
related to the rate of reversal of APD-receptor occupancy (occurring via the phenomenon of
insurmountable antagonism), was directly correlated with APD dissociation rate. In this study, 1 was
shown to have fast kon, slow kofr kinetics, whereas 2 was characterised by slow kon, fast kofr kinetics.
It 1s thought that the differences in kinetic rate constants may be a distinguishing factor in the
corresponding clinical profile of these drugs.>* This has led to an expanded kinetic hypothesis for
APD side effects by considering both dissociation and association rates of drugs.** Optimising D>R
binding kinetics may permit the design of novel tools to rigorously test the kinetic hypothesis, as well

as facilitate the potential generation of new APDs with an improved therapeutic profile.

Haloperidol (1), a typical APD, displays a lower affinity for the 5-HT>4 receptor and has fewer off-
target side effects as compared to 2, however it displays a kinetic profile at DoRs (fast kon, slow ko)
that our recent study suggests may underlie its on-target side effect profile (i.e. a prevalence for EPS
and hyperprolactinemia). In contrast, the atypical APD clozapine (2), displays a broad non-selective
profile with affinity for many aminergic GPCRs, contributing to its off-target side effects such as
weight gain. However, the latter’s D2R kinetic profile (slow kon, fast kofr) is thought to contribute to
the absence of debilitating “on-target” side effects; resulting in a lower incidence of EPS and reduced
hyperprolactinemia.** We have therefore selected 1 as our model compound to interrogate and
potentially optimise its kinetic profile towards that of 2. We hypothesise that modification to the
- 209 -



Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

scaffold of 1 will facilitate further understanding of the influence of molecular structure on the kinetic
rate constants of DR ligands, toward the kinetic optimisation of novel APDs.

To this end, we herein describe the design and synthesis of 50 analogues of 1, focusing on structural
modification of four key moieties (figure 2) and use competition association kinetic binding
methodology to determine their association and dissociation rates, and equilibrium affinities at the
D,R. We detail an extensive kinetic evaluation of 1, showing that both the association and dissociation
kinetics of this scaffold can vary considerably with subtle structural modification. Interestingly, we
have identified previous analogues of 1, among others, that may have been overlooked on the basis
of affinity-driven scaffold optimisation, that possess favourable kinetic profiles. These data will help
us interrogate the structure-kinetic relationships (SKR) of 1, as well as expand our understanding of
the kinetic hypothesis and the relationship between APD kinetic binding parameters and on-target
side-effect profiles. Although the structure-activity relationships (SAR) surrounding the
butyrophenone scaffold of APDs have been extensively studied in previous years,>>** to our

knowledge, these data represent the first reported SKR relating to analogues of 1.

Chemistry. To begin our structure-kinetic study, we focused on modifying four distinct regions of
1, namely the para-fluorophenyl (red box), ketone and alkyl linker (green box), piperidinol (orange
box), and para-chlorophenyl (blue box) moieties, as depicted in figure 2. For completeness, we
included both established and novel analogues of 1 in our approach, covering 50 compounds in

totality.

[ , ' Piperidinol | - - ______
‘Keto-alkyl | moiety : p-Chlorophenyl !

Figure 2. Structural regions of haloperidol (1) investigated as part of the SKR study.

Variation of para-chlorophenyl moiety of 1. In evaluating the positional effects of halogen
substitution on the p-chlorophenyl moiety, we initially synthesised analogues bearing the chloro-
substituent in the ortho (8n) and meta (8a) positions, as well as incorporation of all possible dichloro
substitution patterns (2,3-diCl (8b); 2,4-diCl (8¢); 2,5-diCl (8d); 2,6-diCl (8e); 3,4-diCl (8f); and 3,5-
diCl (8g)). In addition, we wanted to assess the effects of halogen removal through the proteo

analogue (8h), as well as alternative para-substituents, including methyl (8i), trifluoromethyl (8j),
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N,N-dimethylamino (8k) and fluoro (81). The synthesis of these compounds is summarised in scheme
1. Firstly, the appropriately substituted bromobenzene (3a-1) underwent lithiation using n-BulLi,
followed by treatment with commercially available tert-butyl 4-oxopiperidine-1-carboxylate (4) to
afford the corresponding N-Boc-protected phenylpiperidinols (5a-l1). HCl-mediated N-Boc-
deprotection afforded the corresponding hydrochloride salts or free amines following basic work-up
(6a-1). Finally, nucleophilic displacement of key intermediate 4-chloro-1-(4-fluorophenyl)butan-1-
one (7a) with the appropriate substituted phenylpiperidinol (6a-1) was achieved by refluxing in
toluene in the presence of KI and NaHCOs, to afford the desired final analogues (8a-1).

Scheme 1. Synthesis of haloperidol (1) analogues with modification to para-chlorophenyl

5

R 5a-l

lan

OH NH
o @Q v (ii) ES’)O
N -
(e}
/©)\/\/ cl| R
F 8a-l 6a, 6¢, 6e-f, 6h-I (free base)
6b, 6d, 6g (HCI salt)

F 7a

moiety’

Br * )
& ot
R! o

3a-l 4

8a R'=3-CI g R'=35<Cl
b R'=23-Cl hR'=H
c R'=24-Cl i R'=4-Me
d R'=25-Cl j R'=4-CF,
e R'"=26-Cl k R'=4-N(CH3),
f R"=34-Cl | R'=4-F

“Reagents and conditions: (1) n-BuLi, THF, -78 °C, 3-8 h, 50-88% (5a-1); (i1) HCI (4 M), 1,4-dioxane,
1-3 h, 75-98% (6a, 6¢, 6e-f, 6h-1 (free base) 6b, 6d, 6g (HCI salt)); (iii)) NaHCO3, KI, toluene, reflux,
24 h, 45-70% (8a-1).

Though established, the employed lithiation chemistry proved to be problematic towards the synthesis
of the o-chloro analogue (8n, scheme 2). Standard conditions failed to deliver the desired N-Boc-
protected piperidinol intermediate from 3m, instead producing the biphenyl piperidinol (Sm). Whilst
unintended, this molecule would still provide additional information to our study and was N-Boc
deprotected to give 6m, followed by N-alkylation with 7a using conditions outlined previously, to
furnish biphenyl analogue (8m). In contrast, the desired o-chloro analogue was accessed in three steps
using an alternative approach (scheme 2). Grignard addition of 3m to 4 yielded o-chlorophenyl
piperidinol intermediate Sn, which underwent N-Boc deprotection to give 6n. Final N-alkylation with

7a, furnished 8n.
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Scheme 2. Synthesis of biphenyl side-product and ortho-Cl analogues of 1¢

Cl 0] OH
+ (0] N _— fo) N E—
HN
o oy 1Y

3m 4 5m‘ 5n Gm, 6n
'd N\
OH O
(iv) O R?
_— N R? = RZ=
7a O Cl
F Cl
8m, 8n L 5m, 6m, 8m 5n, 6n, 8n |

“Reagents and conditions: (i) n-BuLi, THF, -78 °C, 6 h, 55% (Sm); (i1) Mg, I»(at), Et2O, 0 °C —
reflux, 3 h, 54% (5n); (ii1) HCI, 1,4-dioxane, rt, 2 h, 72-96% (6m, 6n); (ii1) NaHCOs3, KI, toluene,
reflux, 24 h, 62-76% (8m, 8n).

Variation of the p-fluorophenyl moiety of 1. To investigate positional effects of fluorine substitution
in the butyrophenone phenyl ring on the kinetics of 1, we generated analogues with all possible mono
and di-fluoro substituents (2-F (14a); 3-F (14b); 2,3-diF (14c¢); 2,4-diF (14d); 2,5-diF (14e); 2,6-diF
(14f); 3,4-diF (14g); 3,5-diF (14h), as well as two ortho-substituted analogues (2-Cl (14i) and 2-Me
(14j)), a para-substituted analogue (4-Cl (16k)) and a des-fluoro variant (141). As detailed in scheme
3, commercially available 3-butynol (9) was treated with SOCl, and catalytic pyridine at reflux
temperature, followed by distillation to afford 4-chlorobut-1-yne (10). The appropriate iodobenzene
(11a-j) was then employed in a Pd-catalysed Sonogashira cross-coupling reaction*! with 10, affording
the corresponding internal aryl alkynes (12a-j). Next, we utilised a TfOH-catalysed metal-free

142 with 2,2,2-trifluoroethanol as solvent in the

regioselective Markovnikov-type hydration protoco
presence of H>O, furnishing the corresponding aryl ketones (13a-j). Finally, N-alkylation of
commercially available key intermediate 7b with each synthesised alkyl chloride (13a-b, 13d-e, 13g-
j) furnished final analogues 14a-b, 14d-e, and 14g-j. Alternatively, 4-chloro-1-(4-
chlorophenyl)butan-1-one (131) was accessed via Freidel-Crafts acylation, followed by N-alkylation
of 7b to afford 14k. Finally, commercially available 4-chloro-1-phenylbutan-1-one (131) was

aminated with 7b to afford the des-fluoro analogue 141.
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Scheme 3. Synthesis of analogues of 1 with modification to p-fluorophenyl moiety*

Cl
/
OH @0 cl (i Z
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—_—
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dR¥=24-F j R®=2-Me
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Cl N
f R®=2,6-F IR°=H

3
R 13kR3=4-Cl
131R3 = H

“Reagents and conditions: (i) SOCl,, pyridine, 0 °C — reflux, 30 min, 82%; (ii) PdCl>(PPhs),, Cul,
Et3N, 1,4-dioxane, 50 °C, 1-3 h, 45-85% (12a-j); (iii) TfOH, H,O, CF3:CH>OH, 60 °C, 3-8 h, 50-90%
(13a-j); (iv) NaHCO:;, K1, toluene, reflux, 24 h, 50-82% (14a-b, d-e, g-1); 14¢ and 14f were detected

but unable to be isolated in appreciable yield.

The synthesis of analogues containing 2,3-difluorophenyl (14¢) and 2,6-difluorophenyl (14f)
substituents were problematic. When attempting to N-alkylate key intermediate 7b with the
corresponding alkyl halides (13¢, 13f) major side-products due to a competing SNnAr reaction were
observed, making purification of the target compounds by FCC and preparative HPLC extremely
challenging. These side-products are believed to arise due to activation of the position ortho to the
ketone moiety, when a fluoro-substituent is present. To circumvent the SNAr reaction, syntheses of
the affected analogues were modified to incorporate ketal protection/deprotection of the ketone,
permitting nucleophilic displacement of the alkyl halide only (scheme 4). Beginning with ketal
protection of 13¢, we employed a pTsOH-catalysed reaction with trimethyl orthoformate in MeOH
at room temperature, to afford the corresponding dimethyl ketal (15¢). Alternatively, 13f was reacted
with 1,2-ethanediol in the presence of catalytic pTsOH in toluene under Dean-Stark conditions, to
afford the corresponding 1,3-dioxolane (15f). These compounds were then subjected to nucleophilic
displacement using 7b to furnish 16¢ and 16f, followed by acid-catalysed hydrolysis in acetone at

reflux, affording final compounds 14¢ and 14f.
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Scheme 4. Synthesis of 2,3- and 2,6-difluoro analogues of 1 using various protection strategies®

0 - R* R®
o (i) or (ii) 4 o (iiif)
3 —_— Cl —_—
R RS 7b
13¢ R% = 2,3-diF 15¢ R®=2,3-F, R* = Me, R® = Me
13f R®=2,6-diF 15f R®=2,6-F, R* = R® = (CH,),

cl cl
R* RS OH W) OH
o0 M 0
N N
- @)ﬁ/\/ - @)k/\/
16c R®=2,3-F, R* = Me, R® = Me
16f R®=2,6-F, R* = R% = (CH,), 14f R®=26-F
“Reagents and conditions: (i) trimethylorthoformate, p-TsOH.H,O, MeOH, rt, 12 h, 77% (15c¢); (i1)
ethylene glycol, p-TsOH.H»O, toluene, reflux (Dean-Stark), 16 h, 83% (15f); (ii1)) NaHCOs3, KI,

toluene, reflux, 24 h, 71-77% (16c¢, 16f); (iv) p-TsOH.H>O, 15:1 acetone/H>O, reflux, 48 h, 76-82%
(14c, 14f).

Variation of ketone and linker moiety of 1. We focused on replacement of the ketone group of 1 with
a range of moieties, including ether, thioether and the corresponding carbinol (racemic). The ether-
and thioether-variants of 1 were accessed using a literature procedure in three steps*® (17a-b, Figure
3, Supplementary Scheme 1), whilst the corresponding secondary alcohol was afforded in two-steps

also through literature procedure (18, Figure 3)** (Supplementary Scheme 2).

( cl ci cr )
OH OH OH
OH o)
(jx\/\/N /©/K/\/N /@)‘\/\/N
F F F
17aX =S 18 42
17b X =0

43 55 56

(. J

Figure 3. Literature analogues of 1 synthesised using various methodologies. (A) Ether- and
thioether-analogues*? (17a-b, respectively). (B) Racemic alcohol analogue** (18). (C) Tropanyl
analogue® (42). (D) Piperazinyl analogue?®’ (43). (E) Reverse substitution analogue® (55). (F) des-
Halo analogue®® (56).
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Our subsequent focus was to further understand the effect and importance of geometry on the kinetics
of conformationally restricted analogues of 1, via synthesis of both olefin geometric isomers. The
trans-olefin 23 was accessed through a five step chemical synthesis as outlined in scheme S,
beginning with a one-pot base-mediated intramolecular enolate alkylation of key intermediate 7a, to
furnish cyclopropyl(4-fluorophenyl)methanone (19) in quantitative yield. Subsequent reduction with
NaBH4 afforded secondary alcohol 20, followed by a wvanadyl acetylacetonate-catalysed
stereoselective isomerisation in chlorobenzene to yield (£)-4-(4-fluorophenyl)but-3-en-1-ol (21) as
the exclusive geometric isomer. Compound 21 was subsequently activated with methanesulfonyl
chloride to give mesylate 22. This was followed by N-alkylation of 7b using standard conditions,

affording final olefin analogue 23.

Scheme 5. Synthesis of frans-olefin analogue of 1¢

(0] OH

0
— — —_—
F F F
19

20

cl
/@/\/\/OH (iii) N OMs (iv) ©(©/
— — OH

F E 7b /@/\/\/N

21 22 F 2

“Reagents and conditions: (i) NaOH, MeOH, 60 °C, 5 h, quantitative; (i1)) NaBH4, MeOH, 0 °C —rt,
3 h, 99%; (iii) VO(acac),, BHT, PhClI, 80 °C, 48 h, 35%; (iv) MsCl, DCM, EtN, rt, 3h, 88%; (V)
NaHCO:;, K1, toluene, reflux, 24 h, 82%.

The cis-isomer 28, was accessed through a three-step synthesis as outlined in scheme 6. Initially, Ni-
catalysed stereoselective arylation of 2,3-dihydrofuran 24 with (4-fluorophenyl)magnesium bromide
(25) at -30 °C, successfully afforded the cis-olefin 26 as the exclusive isomer. This compound was
then mesylated using standard conditions to afford 27, followed by N-alkylation of 7b using
conditions outlined previously, furnishing 28. As outlined in scheme 7, both frans and cis-isomers
(21 and 26, respectively) were treated with diethylzinc and diiodomethane using Simmons-Smith*’
conditions to access the corresponding racemic trans- and cis-cyclopropanes (29 and 30,
respectively). This was followed by mesylation to give 29a and 30a, and subsequent N-alkylation of

7b to afford racemic 29b and 30b.
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Scheme 6. Synthesis of cis-olefin analogue of 1¢

Cl

OH OMs

0 (i) F (ii) F (iii) OH
O~ "0 O e
T N
24 25 26 27 _

28

“Reagents and conditions: (i) Ni[COD]>, 1,3-bis-(2,6-diisopropylphenyl)imidazolinium chloride,
LiCl, THF, -30 °C, 8 h, 31%; (ii) MsCl, EzN, DCM, rt, 24 h, 90%; (iii) NaHCO3, KI, toluene, reflux,
24 h, 75%.

Scheme 7. Synthesis of both trans- and cis-cyclopropane enantiomers of 1¢

(E)
X

F 21= _tca_f_'{ @AL
’2-9- Z ;f ans
F ........ . 130=0is
126 = cis

...........

(ii) /@AL (iii)
- —> N
7b
129a = trans 129b = trans
130a=cis_ 130b = cis }

Cl

“Reagents and conditions: (i) Et2Zn, CHzl>, DCM, 0 °C —rt, 24 h, 95-98% (29, 30); (i1) MsCl, Et3N,
DCM, rt, 90-95% (29a, 30a); (iii) NaHCO3, KI, toluene, reflux, 24 h, 67-70% (29b, 30b).

Next, we focused on the synthesis of both propiophenone and valerophenone analogues of 1 that
maintained the ketone functionality (scheme 8). Beginning with Friedel-Crafts acylation chemistry,
the appropriate commercially available acyl chloride (31a, 31¢) was reacted with fluorobenzene 32
in the presence of stoichiometric AICI3 to afford the corresponding phenones (33a, 33¢). This was
followed by N-alkylation of 7b to afford final analogues (34a, 34c). In addition, we wanted to access
the 1,3-propylene, 1,4-butylene and 1,5-pentylene analogues of 1 (scheme 8). To achieve this,
phenones 33a, 7a, and 33¢ were treated with triethylsilane in TFA, followed by evaporation and direct
chromatographic purification to furnish the corresponding reduced intermediates 35a-c. Lastly, N-

alkylation of key intermediate 7b furnished alkane analogues 36a-c.
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To assess analogues of 1 incorporating internal aromatic alkynes (scheme 9), 1-fluoro-4-iodobenzene
(37) was intially subjected to modified Sonagashira conditions*® using commercially available
alcohols (38a, 38c), affording aryl alkynes (39a, 39¢). Next, the alcohols were converted to their
corresponding mesylates (40a, 40c¢), followed by N-alkylation of 7b with the appropriate mesylate to
afford the corresponding final propynyl and pentynyl analogues (41a and 41c, respectively). The
butynyl analogue 41b was accessed via the cross-coupling reaction between key intermediate 10 and
1-fluoro-4-iodobenzene (37), providing aryl alkyne intermediate 40b, which underwent amination

with 7b.

Scheme 8. Synthesis of ketone and alkane analogues of 1¢

0
o ? /©)LM’\
(i (i) N
oo /©)LM/\CI ™ F
o -
F

OH
31a =1 33a =1 34a =1 Cl
31c =3 32 33¢ =3 34c =3
(iii)
0 . N
cll (i) /©/\(\,)/\Cl (vi)
e o F
F 7b OH
F 7a 35a =1 36a =1 Cl
35b =2 36b =2
35¢c =3 36c =3

“Reagents and conditions: (i) AICl3, DCM, 0 °C —rt, 6 h, 85% (33a, 33c¢); (i) NaHCO3, KI, toluene,
reflux, 24 h, 75-90% (34a, 34c¢); (ii1) triethylsilane, trifluoroacetic acid, 0°C, 2-3 h, 75-85% (35a-c¢);
(iv) NaHCO3, KI, toluene, reflux, 24 h, 72-91% (36a-c).

-217 -



Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

Scheme 9. Synthesis of internal alkyne analogues of 1¢

F.
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Cl =
e —
/\/
40b

“Reagents and conditions: (i) Pd(PPh3).Cl,, Cul, EtsN, MeCN, rt 5 h, 94% (39a, 39c); (i)
methanesulfonyl chloride, EtsN, DCM, 24 h, 93% (40a, 40c); (iii)) PdCI>(PPhs)2, EtN, 1,4-dioxane,
50 °C, 3 h, 75% (40b); (iii) NaHCOs3, KI, toluene, reflux, 24 h, 68-74% (41a-c).

Variation of the piperidinol moiety of 1. Modification to the piperidinol moiety of 1 was another key
interest in our SKR investigation. To observe the kinetic effect of introducing an ethylene bridge on
the piperidinol, we synthesised tropanyl analogue 42 according to a literature procedure®’ (Figure 3,
Supplementary Scheme 3), utilising #-BuLi in place of Grignard chemistry. We then sought to modify
the tertiary alcohol group, beginning with synthesis of piperazinyl analogue 43 (Figure 3). This
compound was accessed in two steps via the construction of the piperazine ring and subsequent N-
alkylation with 7a* (Supplementary Scheme 4).

Removing the tertiary alcohol within 1 to generate the corresponding 3,6-dihydropyridine (45) was
our next focus, as well as further elaboration of the olefin to yield the corresponding cycloalkane
derivative (46) (scheme 10). Key piperidinol intermediate 7b was firstly dehydrated using neat
concentrated HCI followed by an alkaline work-up to afford the 1,2,3,6-tetrahydropyridine (44).
Displacement of 7a with 44 furnished olefin 45. This molecule was subsequently treated using
Simmons-Smith*’ conditions, as outlined previously, to afford the corresponding cyclopropane

analogue 46.
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Scheme 10. Synthesis of dihydropyridyl and fused cyclopropane analogues of 1¢

(¢]]
Cl cl
OH (i) (i) o N
— N —
HN 7a N
7b HN
44 F 45
(i) T d_OC'
/©)‘\/\/N

F Rad 46
Reagents and conditions: (i) HCI (conc.), reflux, 5 h, quantitative; (i1) NaHCO3, KI, toluene, reflux,
24 h, 65%; (iii) EtaZn, CH2l», DCM, 0 °C —rt, 24 h, 75% (46b).

In addition, we synthesised two piperidine analogues of 1 (scheme 11). 1,2,3,6-Tetrahydropyridine
intermediate 44 was subjected to a 10% Pd/C-catalysed hydrogenation using standard conditions,
however resulted in dehalogenation of the aryl chloride to produce the corresponding unsubstituted
phenylpiperidine 47. Displacement of 7a with 47 furnished the des-chlorophenyl piperidine analogue
48. To circumvent dehalogenation, use of Adam’s catalyst was explored but still resulted in
dehalogenation. To this end, we sourced commercially available 4-(4-chlorophenyl)piperidine 49
and, following N-alkylation with 7a, afforded the corresponding 4-chlorophenyl piperidine analogue
50.

Scheme 11. Synthesis of phenyl piperidinyl analogues of 1¢

cl . NH i
(1) (if) 0
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HN
44 47 F 48
+Z@
cl
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HN
F
49 50

“Reagents and conditions: (1) 10% Pd/C, Haz), MeOH, rt, 4 h, 95%; (i1) NaHCO3, KI, toluene, reflux,
24 h, 68%; (iii)) NaHCOs3, KI, toluene, reflux, 24 h, 70%.

Further emphasis was placed on the tertiary alcohol contained within 1, where we sought to assess

the impact of O-methylation (scheme 12). N-Boc-protection of key intermediate 7b gave 51, followed
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by O-alkylation with methyl iodide to afford the corresponding methyl ether 52. This was followed
by N-Boc-deprotection to give secondary amine 53 as the hydrochloride salt. Final N-alkylation with

key intermediate 7a afforded compound 54.

Scheme 12. Synthesis of methyl ether analogue of 1¢

ol Cl \
@0@ - @Q e O
o__N
0N
HN >( \([)l/ >f \[c])/
b 51 52

“Reagents and conditions: (i) Boc2O, EtsN, DCM, rt, 4 h, 85%; (i1) NaH, Mel, DMF, rt, 24 h, 80%;
(ii1) HCI, 1,4-dioxane, rt, 2 h, 95%; (iv) NaHCO3, K1, toluene, reflux, 24 h, 70%.

Dual modification to halo-aryl moieties of 1. Recent molecular dynamics (MD) simulations by
Thomas et al.*® were used to understand the ligand binding pathways of 1 and 2 at the D,R/D3R. The
final stable pose of 1 was shown to occupy the same space as predicted in a number of molecular
docking studies;**3? however, the molecular orientation was contradictory to these data by 180°, with
the butyrophenone moiety buried most deeply in the receptor. Therefore, and due to confounding
studies regarding the orientation of 1 at the D2R, it was of interest to investigate the kinetic effects of
modifying both phenyl moieties of 1 simultaneously. Accordingly, we synthesised a further two
structural analogues of 1 (Figure 3, Supplementary Scheme 4). These modifications included
swapping both aromatic termini (55), as well as removal of these aromatic substituents (56). 55 was
synthesised according to a literature procedure following Friedel-Crafts acylation and N-alkylation.
Compound 56 was similarly accessed through literature methods (Figure 3, Supplementary Scheme

4).46
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Pharmacology. Characterisation of PPHT-red binding. Specific equilibrium binding of the agonist
PPHT-red (Cisbio Bioassays) to human Do receptor (hD21R) was saturable and best described by the
interaction of PPHT-red with a single population of binding sites (Supplementary Figure 1A). From
these studies, the equilibrium dissociation constant (Kq) of the fluorescent ligand was determined to
be 43.2 = 0.37 nM. The binding kinetics of PPHT-red were characterised by monitoring the observed
association rates at six different ligand concentrations (Supplementary Figure 1B). The observed rate
of association was related to PPHT-red concentration in a linear fashion (Supplementary Figure 1C).
Kinetic rate parameters for PPHT-red were calculated by globally fitting the association time courses,
resulting in a kon0f 9.21 £ 0.24 x 10° M™! min™' and kofr 0f 0.35 +0.01 min™'. The resulting Kq (Koft/kon)

0f' 46.3 + 0.15 nM was comparable to that obtained from equilibrium studies.

Characterisation of kinetic binding parameters of unlabelled analogues of 1 at the D:>R. The
competition association binding method allows the characterisation of the kinetic rate parameters of
unlabelled compounds (kon, kotr) and the subsequent calculation of a kinetically-derived (kon/kofr)
equilibrium dissociation constant (K4). The binding affinity of the various ligands for the hD, R were
measured at equilibrium at 37 °C in a buffer containing 5'-guanylyl imidodiphosphate (GppNHp) (0.1
mM) to ensure that antagonist and tracer binding only occurred to the G protein-uncoupled form of
the receptor. K; values for compound 1, 2, and the 50 structural analogues studied are summarised in
Tables 1-5, and representative competition curves are presented in Figure 4A. In these tables we have
separated the analogues into five groups, those that have been modified at the para-chlorophenyl,
para-fluorophenyl, piperidinol, ketone/alkyl linker, and concurrent phenyl ring moiety modification,
as indicated in Figure 2. Representative kinetic competition curves for selected analogues are in
Figures 4B-D. Association curves for PPHT-red alone and in the presence of competitor were globally
fitted to Eq. 3 enabling the calculation of both kon (k3) and kotr(k4) for each of the ligands, as reported
in Tables 1-5. To validate the rate constants, we compared the kinetically derived dissociation
constant (Kq) values (kon/korr) Wwith the dissociation constant (Ki) obtained from equilibrium
competition binding experiments (Figure 5). There was a good correlation between these two values
for all compounds tested (two-tailed Pearson’s correlation 72 = 0.99, p < 0.0001), indicating that the

parameters determined in the kinetic assay were in agreement with those determined at equilibrium.
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Figure 4. Equilibrium and competition association binding. (A) Competition between PPHT-red
(12.5 nM) and increasing concentrations of 1 and representative analogues (8b, 8d, 8g, 81, 14j, 14k,
45, 46, 50, 55) at the hD, .R. PPHT-red competition association curves in the presence of (B) 30b;
(C) 34c¢; (D) 42. All binding reactions were performed at 37 °C in the presence of GppNHp (100 xM)
with non-specific binding levels determined by inclusion of haloperidol (10 uM). Kinetic and
equilibrium data were fitted to the equations described in “Methods” section to calculate K;, Kq, and
kon and kofr values for the unlabelled ligands: these are summarised in tables 1-5. Data are presented

as singlet values from a representative of four.

Characterisation of the kinetic profile of 1 at the hD>.R. The equilibrium affinities and kinetic rate
constants of 1 and 2 have recently been determined using the aforementioned TR-FRET assay.** Prior
to initiating an investigation into 1, we also assessed its parameters and determined similar estimates
in agreement with literature®* (korr= 0.61 £ 0.04 min"!, kon=1.29 £ 0.21 x 10° M"! min’!, pKq = 9.31
+ 0.05, Table 1), validating our experimental conditions and further demonstrating that 1 is indeed a
high affinity, fast kon/slow kofr compound at the hD>R. Previous characterisation of 2 using the same
experiment under identical test conditions showed it to have relatively slow kon, fast kosr kinetic
properties (kon = 8.23 £ 1.42 x 10’ M min™, kor = 1.67 £ 0.25 min™'), and moderate affinity (pKa =
7.69 £ 0.02) consistent with literature estimates.>*>* These values are outlined in Tables 1-5 and all

experimental structure-kinetic data will make specific reference to these data as a comparison.
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Furthermore, compounds with fast kot values approaching >1.0 min"! were reassessed using a
modified “online” injection protocol, whereby the hD> R membrane homogenates were introduced
using an online injector whilst simultaneously measuring TR-FRET binding. This is to avoid any
delay between membrane addition and initial TR-FRET measurement, improving the quality of the
non-linear fit for compounds with rapid equilibration kinetics and thus increasing our confidence in
the rate parameter estimate. Characterisation of 1 using this methodology returned comparable
estimates to the offline injection protocol. Additional data acquired for selected compounds using this

methodology are located in Tables 2 and 3.
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Figure 5. Correlating equilibrium and Kinetically derived parameters for haloperidol (1) and
51 structural analogues at the dopamine D; receptor. Correlation between pK; and kinetically
derived pKgy for the 51 test ligands including haloperidol. pKi values were taken from PPHT-red
competition binding experiments at equilibrium as exemplified in Figure 4A. The values composing
the kinetically derived pKq (kofi/kon) Were taken from competition kinetic association experiments as
exemplified in Figures 4B-D. All data used in these plots are detailed in Tables 1-5. Data are presented

as mean £+ S.E.M. from four separate experiments.

Kinetic effects of variation of the para-chlorophenyl moiety of 1. Initially focusing on modification
of the para-chlorophenyl moiety of 1, we sought to assess the kinetic effect of all possible mono (8a,
8n) and di-chlorophenyl substituents (8b-g), as well as variation of the para- substituent (8h-m)
through the synthesis of 14 structural analogues (Table 1). These compounds exhibited a 17-fold
variation in affinity, which was driven by interesting changes in kinetic parameters, spanning a >10-
fold variation in association rate (kon = 1.22 = 0.20 x 108 M! min™! to 2.95 + 0.30 x 10° M"! min™),

and a ~4-fold variation in dissociation rate (kofr = 0.30 + 0.01 min! to kofr = 1.25 £ 0.09 min™).
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The data show that analogues lacking an electron withdrawing group (EWG) (chloro) substituent at
the meta- and para-positions have reduced binding affinity, and this loss is mirrored by a decrease in
kon and an increase in kofr relative to 1. For example, the ortho-Cl analogue (8n) displayed an ~8-fold
reduction in affinity resulting from a decreased kon and increased kofr (kon = 3.54 £ 0.16 x 103 M min
!, korr=1.16 £ 0.11 min™"). This was also evident for the 2,6-diCl analogue (8e) losing ~6-fold affinity,
also mediated by a slowed association and increased dissociation rate (kon = 5.07 £ 0.47 x 108 M"!
min!, kotr = 1.05 + 0.05 min'). This trend continued with the des-Cl analogue 8h, as it also revealed

a similar change in rate constants (kon = 1.22 £ 0.20 x 103 M min’!, kosr = 1.02 £ 0.10 min™").

Addition of a strong electron donating group (EDG) (N,N-dimethylamino, 8k) results in a >10-fold
decrease in affinity (pKq = 8.12 £+ 0.04) and again appears to be driven by a decrease in kon and an
increase in kost (kon = 1.64 £ 0.12 x 103 M™' min™, kor = 1.25 + 0.09 min™'), with this compound
displaying a kinetic profile similar to that of 2. Furthermore, other analogues bearing weakly electron
donating substituents (e.g. para-tolyl analogue 8i) saw a smaller decrease in affinity (~3-fold),
similarly mediated by a change in both rate constants towards the profile of 2 (kon = 1.00 £ 0.06 x 10°
M min!, kotr = 0.98 + 0.02 min™').

Conversely, insertion of a meta-Cl substituent (exemplified by 8a), despite decreasing affinity ~8-
fold, acts only to decrease the kon whilst having no effect on kott (kon = 3.62 £ 0.94 x 108 M"! min’!,
kot = 0.64 £ 0.10 min™"), and this similarly applies to para-Cl substituents. The trend continued with
2,4-dichloro (8¢) and 2,5-dichloro (8d) analogues, losing ~7-fold and 3-fold affinity, respectively.
Again, this loss was largely mediated by a decreased association rate (8¢: kon = 2.87 = 0.56 x 108 M-
"min™!, kotr=0.70 £ 0.16 min'; 8d: kon = 5.29 £ 0.36 x 108 M"! min"!, kot = 0.56 £ 0.06 min™'), relative
to 1. Interestingly, when the ortho- and meta-chloro substituents are combined (2,3-diCl analogue
(8b)), affinity increases ~5-fold, and this is now predominantly mediated by both a ~2-fold increase
in association rate and ~2-fold decrease in dissociation rate (pKq¢ = 9.84 £ 0.08, kon = 2.20 £ 0.30 %
10° M min'!, kotr = 0.30 £ 0.01 min™'). Substitution with a strongly electron withdrawing para-CF3
substituent (8j) maintained affinity, with no effect on the kinetic profile of the analogue relative to 1
(kon = 1.36 £ 0.07 x 10° M™! min"!, kot = 0.62 + 0.02 min™"). Furthermore, replacing the para-chloro

substituent for a para-fluoro (81) predominantly decreased kon.

All compounds bearing an ortho-substituent (8n, 8c, 8d, 8e, 8m), with the exception of 8b, displayed
a reduced on-rate, indicating potential sensitivity to steric bulk at this position through resulting
rotation of the phenyl group relative to the piperidinol. Interestingly, the 2,3-diCl analogue (8b),
contains the privileged 2,3-dichlorophenylpiperidine pharmacophore known to confer high affinity
in other molecules at both the D»-like and SHT receptors. This particular substitution pattern may

therefore support a different binding mode. Both increased lipophilicity and steric bulk are preferred
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at the meta- and para—positions of the ring, with the 4-position being optimal, which is supported by
8h (4-fluoro) and 8l (4-H) being less favoured. For the off-rate, the substituent effect is reversed in
terms of increasing kofr (0>m>p). This parameter appears to be less impacted by steric factors, and
instead the electronics may play a greater role (8k, 8i, 8h). In summary, these initial data provide
insight into how structural modifications of haloperidol (1) impact upon individual kinetic
parameters, demonstrating the potential for differential modification of rate constants towards the

profile of clozapine (2) depending on the position and nature of the aryl substituents of the 4-

phenylpiperidin-4-ol moiety.

Table 1. Kinetic binding parameters for haloperidol (1), clozapine (2), and unlabelled analogues

of 1 for human D;. receptors estimated using TR-FRET assay.

Haloperidol (1), 8a-8n

()

/
N

Clozapine (2)

# R? kon(MT min")*  kogr(min)*  #,2 (min)* pKa* pKki®
1 B ) 129:021x10°  0.61:0.04  1.15:0.08 9.3140.05  9.33+0.09
P 823+1.42x107  1.67-025 | 041  7.69+0.02  7.60-0.02
8a @ 6.3240.94 x108  0.64+0.10  1.19:022 9.00+0.05  9.00+0.03
Cl
8n @ 3.5440.16 x108  1.16=0.11  0.61=0.05 8.49-0.03  8.67-0.09
Cl
8b @ 2204030 x10°  0.30-0.01  2.28+0.04 9.84+0.08  9.92+0.03
Cl Cl
g | § > ¢ 2874056 X108 0.70-0.16  1.15-0.24 8.62-0.02  8.58+0.01
Cl
_____________________ N —_—_, i A H - HbkkL
8d @ 5204036 108 0.56-0.06 1.27-0.11 8.98:0.02  8.99-0.01
Cl
_______________ NN
8e @ 5.07+-0.47 108 1.05:0.05 0.67-0.05 8.68-0.04  8.83-0.08
Cl
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8f ‘<?C' 2.9540.30 x10°  0.42+0.02  1.67+0.11 9.84-0.03  9.81+0.04

8m O 3.2540.77 108~ 0.82+0.11  0.89+0.12 8.57+0.05  8.61+0.03
cl

“The rate constants kofs, kon, the half-life (#12), and the kinetically derived pK4 were obtained from competition

kinetic association experiments using PPHT-red. ’pK; values were taken from PPHT-red competition binding
experiments at equilibrium. Data are presented as mean + S.E.M. from four experiments performed in singlet.

*Completed using online injection protocol.

Kinetic effects of variation of the para-fluorophenyl moiety of 1. We examined the effect of fluoro
substituents at both ortho-(14a) and meta-(14b) positions of the phenone moiety, as well as all
possible di-fluorophenyl substituents (14c-h), together with three additional ortho-analogues (o-Cl
(14i), 0-CHs (14j) o-Cl (14k)), and an unsubstituted analogue (141). Modification to this moiety
caused large decreases in affinity relative to 1, spanning over 100-fold from pKq= 6.67 + 0.01 (14h)
to pKq = 8.75 = 0.02 (14l), and is associated with a wide range of association and dissociation rate
constants. These losses in affinity are mediated through concurrent changes in both kon and kosr. This
applies to all but the para-Cl analogue (14Kk), as it lost affinity 10-fold relative to 1, but was largely
mediated by a decreased rate of association (kon = 1.38 = 0.05 x 108, koe = 0.70 £ 0.03 min!). The
des-fluoro analogue (141) maintained the highest affinity, and similar to the previous series, this was
facilitated by a shift in both rate constants (pKaq = 8.75 £ 0.02, kon = 6.33 £ 1.06 x 10 M"! min™!, kot
=1.12 £ 0.18 min™"). Of the three ortho-substituted analogues (14a (m-F), 14i (m-Cl)), 14j (m-CH3)),
the fluoro substituent was the least favourable in terms of affinity, decreasing ~13-fold relative to 1,
whereas the ortho-tolyl substituent only reduces affinity by 6-fold. However, these changes are
likewise mediated by a decreased association rate and increased rate of dissociation. Notably, the m-

ClI (14i) and m-CH3 (14j) substituents have similar Van der Waals radii, but very different electronic
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effects, thus highlighting a steric factor as being important. The meta-fluoro substituted analogue
(14b) also dramatically reduced the affinity and was similarly driven by a decreased kon and increased

kott (kon = 2.55 £0.27 x 10" M min! kofr= 1.08 £0.21 min").

Difluoro substitution of the phenyl group revealed no clear SKR and commonly caused substantial
losses in binding affinity. However, unlike the previous chloro series, greater increases in the rate of
dissociation were observed. Interestingly, using our online injection protocol, we identified
compounds with even slower ko, values relative to 2, coupled with equal to or faster korrvalues, despite
their affinities being lower than 2. For example, the 2,3-(14¢), 2,4-(14d) and 2,5-difluoro (14e)
analogues of 1 (pKgq = 7.28 £ 0.04, 6.92 £+ 0.05 and 6.85 £ 0.04, respectively) showed dissociation
rates faster than any compound identified in the previous series (koft= 1.70 £ 0.09 min™', kotr= 1.36 £
0.21 min" and kofr= 1.49 + 0.36 min’', respectively). In conclusion, these preliminary data suggest
that different fluorine substitution patterns dramatically reduce binding affinities, mediated through
changes in both kinetic parameters. However, the relationship between the nature of substituents, the

substitution pattern and the corresponding kinetic profile is unclear.

Table 2. Kinetic binding parameters of unlabelled analogues of 1 with modification to the

para-fluorophenyl moiety for human D; receptors estimated using TR-FRET assay.

/
N

()

Haloperidol (1), 14a-l Clozapine (2)
# R® kon(MTmin')  Kofr(min™) t12 (min) pKa pki
1 Q)\ 1.29+0.21 x10°  0.61+0.04 1.15+0.08 9.31+0.05 9.33+0.09
F
P - 8.23:1.42x107  1.67:025 041 7.69-0.02  7.60:0.02
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14c¢ @i 3.01+0.47 x107  1.29+0.26 0.60+0.10 7.38+0.02 7.39+0.04
F

1.3840.05 x10*  0.70+0.03 1.00+0.04 8.30+0.02 8.30+0.02

ok

N

w
(]

6.33+1.06 x10%  1.12+0.18 0.67+0.11 8.75+0.02 8.75+0.05

[y
N
—

“The rate constants kofs, kon, the half-life (#12), and the kinetically derived pK4 were obtained from competition
kinetic association experiments using PPHT-red. ’pK; values were taken from PPHT-red competition binding
experiments at equilibrium. Data are presented as mean + S.E.M. from four experiments performed in singlet.

*Completed using online injection protocol.

Kinetic effects of variation of ketone and linker moieties of 1. We next examined the effect of
modification to the linker and ketone moieties of 1 through synthesis of a further 15 analogues.
Specific linker-modified compounds included propiophenone (34a) and valerophenone (34c)
analogues of 1, alongside 3-5 carbon alkane (36a-c¢) and alkyne analogues (41a-c). In addition, a

thorough analysis of modification to the ketone moiety was undertaken via synthesis of geometric
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olefin isomers (23, 26) and their corresponding cyclopropane derivatives (29b, 30b), through to
1sosteric replacement with sulfur (17a) or oxygen (17b), as well as conversion of the ketone to the

corresponding secondary alcohol (18).

All compounds in this series lost binding affinity relative to 1 and, for the most part, this was mediated
through a decrease in kon and an increase in korr. Converting the ketone to its corresponding secondary
alcohol (18) (racemic), however, whilst engendering a 13-fold reduction in affinity compared to 1,
was exclusively caused by a slowed kon (pKa = 7.04 £ 0.01, kon = 6.19 = 0.41 x 10 M"' min™).
Replacement of the carbonyl moiety with sulfur (17a) or oxygen (17b) modulated both kinetic
binding parameters, though their respective association rates varied ~6-fold (kon = 4.99 £ 0.59 x 108
M- min"! and kon = 1.22 £ 0.35 x 10° M min™!, respectively). This difference may be due to the size
of the S atom vs the O atom, whereby sulfur lone pairs are less efficient at donating into the aromatic
ring compared to those on oxygen, which in turn may affect the rotation of the ring relative to the
side chain. The trans alkene (23) lost ~10-fold affinity relative to 1, and this was again predominantly
due to a decreased kon (kon = 6.39 = 0.88 x 107 M"! min™!). Interestingly, the cis- isomer (26) saw a
further 5-fold reduction in affinity (pKq = 7.49 + 0.12), however, this was predominantly due to a
change in association rate, displaying a ko, almost 20-fold slower and a kot 2-fold faster than 1 (kon =
3.35+£0.72 x 107 M"! min™!, kotr = 1.25 + 0.16 min™"). This compound possesses a “slower on, faster
off” profile resembling that of 2. Further analysis of the racemic cycloalkane diastereomers was also
interesting. Introduction of the trans-cyclopropane (29b) resulted in a ~10-fold increase in affinity
relative to the parent trans-olefin 23, which was predominantly due to a further ~10-fold increase in
association rate (kon = 6.07 + 0.87 x 108 M"! min™!). Conversely, introduction of the cis-cyclopropane
(30b) had no effects on affinity relative to the parent cis-olefin 28; however, this substituent
marginally decreased kon Whilst increasing the kofr and thus shifting the kinetic profile further towards
that of 2 (kon = 4.47 £ 0.47 x 107 M"! min’!, koir = 1.37 £ 0.09 min™'). These data indicate that cis-
geometry is preferred as opposed to trans- with respect to this sub-set of compounds in reference to
tuning the kinetic profile towards "slow on, fast off”” characteristics, and demonstrates the importance
of geometry in the corresponding pharmacological profile of APDs. Analysis of the propiophenone
and valerophenone analogues of 1 returned further intriguing results. Decreasing the linker length by
just one carbon (34a) relative to 1 resulted in dramatic changes in both association and dissociation
rate constants (kon = 1.33 £ 0.17 x 10’ M"! min™!, kofr = 1.95 + 0.32 min’"). However, this compound
lost affinity at the D2R by >20-fold (pKq = 6.84 £ 0.05). Interestingly, the binding of 1 at the D2R has
been proposed to arise via a “handover” mechanism, whereby an initial key m-stacking interaction
with Tyr’33 (Ballesteros-Weinstein numbering scheme)’® allows this residue to act as a pivot point
from which the ligand can explore the extracellular vestibule, followed by formation of a salt-bridge

with Asp®32.% This mechanism appears to be reliant upon an optimal (7.89 A) intramolecular distance
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between the p-fluorophenyl moiety of 1 and the protonated amine, thus changes in this distance
through linker extension might be expected to influence orthosteric binding and the corresponding
kinetic profile of the ligand. Perhaps the most exciting compound to arise from our study was the
valerophenone analogue (34c¢). Despite losing affinity by >10-fold relative to 1, this compound
displayed a ~10-fold slower kon and a >3.5-fold faster kosr than 1. Furthermore, it retained greater DR
affinity compared to 2, with only a marginally faster kon, and displayed a kofr that is ~1.4-fold faster
(pKa=7.89 £ 0.01, kon = 1.80 £ 0.15 x 103 M! min™!, kogr = 2.35 £ 0.19 min™"). The alkane analogues
of 1 (36a-c) exhibited a 10-fold variation in affinity with respect to one another, with the butylene
analogue (36b) found to be optimal in terms of affinity conservation relative to 1 (pKq¢=8.17 £0.03),
despite all having >10-fold losses in affinity relative to 1. Interestingly, although being of lower
affinity than 2, the propylene analogue (36a) was found to have a “slow on, fast off” kinetic profile
(pKa=7.18 £0.06, kon=2.29 £ 0.15 x 10’ M min™!, kotr=1.54 = 0.07 min™'). Finally, analysis of the
3-5-carbon alkyne analogues (41a-c) saw a 10-fold variation in affinity, with the pentyne analogue
(41c) being optimal (pKq=7.75 £ 0.03), as well as displaying the largest change in both rate constants
towards that of 2 (kon=6.41 + 0.80 x 107, kofr = 1.15 £ 0.15 min™").

Table 3. Kinetic binding parameters of unlabelled analogues of 1 with modifications to the

ketone and linker moieties for human D21 receptors estimated using TR-FRET assay.

/
N

()

Haloperidol (1), 17a-b, 18, 23, 26,

29b, 30b, 34a,c, 36a-c, 41a-c Clozapine (2)
# Structure  kon (M min!) ko (min™) t12 (min) pKa pki
0
1 M 1.29+0.21 x10° 0.61+0.04 1.15+0.08 9.31+0.05 9.33+0.09
2% 823:142x107  1.67:025 041 7.6940.02  7.60-0.02
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41b \/\)\ 1.61+0.24 x107  1.10+0.21 0.69+0.11 7.15+0.05 7.13+0.06
41c \/\/\/ 6.41+0.80 x107  1.15+0.15 0.65+0.11 7.75+0.03 7.72+0.04

“The rate constants kofs, kon, the half-life (#12), and the kinetically derived pK4 were obtained from competition
kinetic association experiments using PPHT-red. ’pK; values were taken from PPHT-red competition binding
experiments at equilibrium. Data are presented as mean + S.E.M. from four experiments performed in singlet.

*Completed using online injection protocol.

Kinetic effects of variation of the piperidinol moiety of 1. The kinetic effect of structural modifications
to the 4-phenylpiperidin-4-ol moiety of 1 was explored through the synthesis of eight additional
analogues. We observed the effects of introducing an ethylene bridge (42), as well as modification
primarily to the tertiary alcohol through methyl ether formation (54) and its subsequent removal,
generating a variety of compounds containing piperidinyl (48, 50), piperazinyl (43), dihydropyridinyl
(45), and cyclopropyl (46) functionalities. We observed a wide range of affinities that spanned a ~30-
fold difference, and unlike the previous chemical series, modification to the piperidinol moiety for

the most part had relatively negligible effects on the kofr, with the majority maintaining similar values

-231 -



Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

to that of 1 (Table 3). Instead, a decrease in affinity relative to 1 was largely facilitated by a decreased
kon. Notably, of the two analogues with higher affinities relative to 1, these were instead largely
mediated by an increase in kon and decrease in kofr. For example, introducing the tropanyl moiety (42)
conferred a ~10-fold increase in affinity which was equally driven by an increase in kon and decrease
in kotr (pKa = 10.26 + 0.06, kon = 3.68 + 0.64 x 10° M min'!, kor = 0.19 + 0.02 min!). The
cyclopropane variants (46) 5-fold improved affinity relative to 1 was also mediated by an increased
kon and decreased kotr (pKa = 9.84 £ 0.02, kon=2.03 £ 0.09 x 10° M min™!, kotr= 0.30 £ 0.01 min™").
The improved affinities and decreased dissociation rates of 42 and 46 (tropanyl and cyclopropane
analogues, respectively) can perhaps be rationalised through a major conformational difference
induced by these substituents, resulting in a more entropically favourable binding event. From these
preliminary data, it appears that modification to the piperidinol moiety is not particularly amenable

to significant increases in the corresponding compounds rate of dissociation.

Table 4. Kinetic binding parameters of unlabelled analogues of 1 with modifications to the

piperidinol moiety for human D;. receptors estimated using TR-FRET assay.

/
N

o -
P aau v

Haloperidol (1), 42-43, Clozapine (2)
46a-b, 45, 48, 50, 54

# kon(MTmin')  kogr(min')  #,2 (min) pKa pki
cl
1 (jjj@ 1.29+0.21 x10°  0.61+0.04 1.15+0.08 9.31+0.05 9.33+0.09
1{N
PR - 823:142x107 1674025 041  7.69:0.02  7.60-0.02
__________________________ D
42 v 3.68+0.64 x10°  0.19+0.02  3.59+0.39 10.26+0.06  10.28+0.08
N
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cl
45 <j/©/ 6.52+0.46 x10”  0.65+0.05  1.09+0.09  8.00+0.02 8.00+0.02
X

cl
46 (ﬂ/g 2.0340.09 x10°  0.30+0.01  2.35+0.10  9.84+0.02 9.80+0.02
N

z

<

Cl
~o
54 ’/\j/©/ 3.60+0.22 x108 0.68+0.03 1.03+£0.05  8.72+0.01 8.72+0.01
\{N

“The rate constants kofs, kon, the half-life (#12), and the kinetically derived pKq were obtained from competition

kinetic association experiments using PPHT-red. ’pK; values were taken from PPHT-red competition binding

experiments at equilibrium. Data are presented as mean + S.E.M. from four experiments performed in singlet.

Dual modifications to both phenyl moieties of 1. Finally, we assessed the effect of swapping the
halogen substituents on each end of haloperidol (1) through compound (55a), as well as their
simultaneous removal as exemplified by the des-halo analogue 56 (Table 5). These structural changes
all decreased affinity, which was reflected by decreases in the corresponding kon, with only minor
effects on kot relative to 1. Swapping the halogen atoms on each ring (55a) caused a 16-fold loss in
affinity (pKa = 7.73 £ 0.02), which was predominantly driven by a 16-fold decrease in kon (kon=4.17
£ 0.28 x 10’ M- min!). Finally, removal of both halogen atoms (56) simultaneously caused a ~18-
fold loss in affinity (pKa = 7.51 = 0.01), driven by a sole ~18-fold decrease in kon relative to 1 (kon =
2.28 £0.13 x 10’ M™! min"). This effect is unlike that of previous analogues bearing a para-halo
substituent on only one of the two phenyl rings (8h and 141), whereby both ko, and kofr are altered
(tables 1 and 2, respectively).
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Table S. Kinetic binding parameters of unlabelled bi-functionalised analogues of 1 for human

D21 receptors estimated using TR-FRET assay.

/
N

o (7

o ey

Haloperidol (1), 55, 56 Clozapine (2)
# R® kon(M' min')  kor(min')  #,2 (min) pKa pKk;
1 /©/\ !—< }cu 1.29+0.21 x10°  0.61+0.04 1.15+0.08 9.31+0.05 9.33+0.09
F
22 - - 8.23:1.42x107 1.67:0.25 041  7.69:0.02 7.60-0.02

56 ©/\ F( )  228:013x107 0714005 0.98:0.07 7.51:0.01 7.49:0.01

“The rate constants kofs, kon, the half-life (#12), and the kinetically derived pK4 were obtained from competition
kinetic association experiments using PPHT-red. ’pK; values were taken from PPHT-red competition binding
experiments at equilibrium. Data are presented as mean + S.E.M. from four experiments performed in singlet.

*Completed using online injection protocol.

Our studies show that modifying the scaffold of 1 produces compounds with a wide range of both
association rates (spanning ~30-fold, from kon = 3.37 £ 0.62 x 10® M"! min™! to 3.68 + 0.64 x 10° M"!
min') and dissociation rates (spanning >10-fold, from kofr = 0.19 & 0.02 min™! to 2.35 + 0.19 min™!),
which constituted large variations in hD> R affinities (spanning over three orders of magnitude from
Kq =288 nM to 0.0549 nM). To further understand the relationship between kinetic rate constants
and the affinity of D2R ligands, we have correlated the kinetic binding data of these 50 compounds
(kon, kotr) with the derived equilibrium affinity estimates (pKq) (Figure 6A). Our data confirms that
pKa is robustly correlated with association rate (see Figure 6A, Spearman’s 7%= 0.96, p > 0.0001),
whereas pKj 1s, to a much lesser extent, correlated with dissociation rate (Figure 6B). These data are
in contrast to previous studies claiming the differences in APD affinities are determined entirely by
how fast they dissociate from the D>R.?! This is due to the fact that association rates have widely been
assumed to be diffusion limited. Indeed, studies conducted at other systems, namely the M3
muscarinic acetylcholine and A4 adenosine receptors, have found correlations between kot values

56-58

and affinity. However, the association rate constants of a series of metabotropic glutamate
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receptor 2 positive allosteric modulators were found to be strongly correlated to affinity, whereas
dissociation rate constants were not.>* This correlation has also been observed at the orexin OX»
receptor and Sr-adrenoreceptors for ligands with distinct chemotypes.>®-6°

It is evident that modification to the scaffold of 1 and the corresponding changes in affinity are
principally mediated by a change in the rate of association (Figure 6A). Though, our study highlights
that particular structural moieties of 1 are more appropriate for the modification of both kinetic
parameters towards a “slow on, fast off” profile. For example, when modification to the piperidinol
moiety caused a loss in binding affinity relative to 1, this was predominantly k., mediated, whilst
having negligible effects on k. However, modification of the p-fluorophenyl or linker moieties and
subsequent losses in affinity saw greater changes in both kinetic rate constants, highlighting these
areas as a focal point for future SKR investigations. In addition, we were able to derive preliminary
SKR for the p-chlorophenyl moiety of 1. From our kinetic data obtained from a limited amount of
compound structural/chemical diversity, we determined that both the electronic nature and position
of substituents on the aromatic ring dictate the corresponding kinetic profile. We found that meta-
and para-EWG groups (depending on compound affinity), can either slow the kon whilst having no
effect on kot (8a, 8c, 8d), or equally, slow the ko, whilst increasing korr (8b, 8f, 8g). Conversely,
compounds bearing ortho-Cl substituents and that are not meta- or para-substituted, act to slow the
kon but increase the kor(8e, 8n). This is also true for para-EDG substituents at these positions (8h, 8i,
8k). It may be possible to use such molecules as templates in an attempt to further increase affinity

via decoration of the aromatic termini, whilst maintaining the attractive kinetic profile of 2.
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Figure 6. Correlating kinetically derived equilibrium dissociation constants vs. Kkinetic rate
constants of haloperidol (1) and 51 structural analogues at the dopamine D; receptor. (A) A
plot of log kon vs. pKa demonstrates a statistically significant correlation (two-tailed Pearson’s
correlation 2= 0.96, p = < 0.0001) between these two variables. (B) Conversely, a plot of pKqvs. log
kofr demonstrates a much poorer correlation (two-tailed Pearson’s correlation 72 = 0.34, p = < 0.0001)
despite the traditional scientific consensus that APD affinity is solely driven by changes in kofr. (C)
The observed association rate (log kon) and calculated partition coefficient (cLogP) show no
correlation (two-tailed Pearson’s correlation 2= 0.007, p = 0.562). The central line corresponds to
the linear regression of the data, the dotted lines represent the 95% confidence intervals for the
regression. (D) Representing the diversity in affinity and corresponding kinetic profiles for analogues
of 1. A plot of log kot vs. log kon represents a spectrum of compounds with various kinetic profiles
(~10-fold difference in kofr, ~30-fold difference in kon) identified from this study. Clozapine** (2) and
typical APD chlorpromazine** are also included as reference points. These data identify several
compounds with interesting ‘slow on, fast off” kinetic profiles similar to 2 (14¢, 30b, 34c, 36a).

Combinations of kon and kofr that result in identical affinity (Kq4) values are represented by diagonal
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dotted lines. All data used in these plots apart from chlorpromazine are detailed in Tables 1-5. Data
are presented as mean from at least four separate experiments.

The derived association rate of all compounds was further assessed for any potential correlation with
physicochemical parameters such as clogP (Figure 6C) and topological polar surface area (tPSA)
(Supplementary Figure 2), to which there was found to be no relationship. This is unsurprising as this
study places particular emphasis on the kinetics of not only positional isomers between subsets of
compounds, but close structural analogues which display very similar properties of size, lipophilicity
and polarity. This further provides evidence that the observed changes to affinity and kinetic profile
are not simply due to modification of physicochemical properties. These data are in contrast to
previous observations at the D>R reporting that compounds with fast dissociation rates are less
lipophilic and have lower molecular weights.®® This is notable as additional micro-
pharmacokinetic/pharmacodynamic mechanisms, such as ligand binding to the cell membrane, are
known to play a role in target binding kinetics.®? Although it is widely accepted that increasing
lipophilicity results in increased affinity, this study shows that for this subset of compounds this is
not the case, highlighting that careful analysis of kinetic parameters is essential and also likely to be

context/target dependent.

Our recent proposal to expand the kinetic hypothesis for APD side effects considers not only the
dissociation rate (and therefore the propensity to display insurmountable antagonism), but the
association rate and subsequent potential for receptor rebinding.’* Based on this hypothesis, we
proposed three broad classes of APDs in an attempt to explain how different kinetic characteristics
have the potential to influence on-target side effects. Class I: fast on/slow off compounds exemplified
by haloperidol (1), Class 2: fast on/fast off compounds, namely chlorpromazine, an early typical APD
and Class 3: slow on/fast off compounds exemplified by clozapine (2). A fast association rate will
result in a higher receptor rebinding potential in the striatum and consequently high EPS potential. In
contrast, slow dissociation at the level of the pituitary results in insurmountable antagonism leading
to increased prolactin release (e.g. 1). These data suggest that the profile of 1, i.e. slow kon/fast kofr
kinetics as exhibited by 2, is optimal for APDs targeting D;Rs. Using the scaffold of 1, we have
shown that single structural modifications to one of four moieties produces structurally similar
molecules with a spectrum of association and dissociation kinetic rate constants (Figure 6D), and
several molecules have been identified (14c, 30b, 34c, 36a) that display interesting profiles
resembling that of 2. Of the known literature compounds we tested (14k-1, 17a-b, 18, 42, 43, 55, 56),
information regarding their EPS and hyperprolactinemia liabilities is absent. Our data highlights the
importance of employing kinetic analyses in conjunction with other parameters toward the

optimisation of APD drug leads.

-237 -



Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

The identification of substituents and structural drivers that modulate kinetic profiles for the
butyrophenone scaffold through a concurrent increase in ko, and decrease in kofr, such as EDGs on
the p-chlorophenyl moiety, difluoro-substituents on the p-fluorophenyl moiety, replacing the ketone
for a cis-cyclopropane, or the simple alteration of the alkyl linker length, may be used to ‘fine tune’
the design of novel compounds structurally similar to 1 with enhanced kinetic parameters similar to
that of atypical APD 2. Collectively, these data represent the first reported kinetic characterisation of
analogues of 1 and clearly demonstrate that incorporation of kinetic binding parameter analyses into
APD discovery programs may facilitate the identification of D;R antagonist APDs with an improved

therapeutic window.

= CONCLUSIONS

In this study, we report the chemical synthesis and extensive kinetic profiling of 50 analogues of
haloperidol (1) at the hD> R, using a TR-FRET competition association kinetic binding assay,
permitting the derivation of multiple equilibrium and kinetic parameters (pKi, pKad, kon and kotr). The
kinetic profile was assessed with respect to predominantly single modification of one of four
structural moieties of 1, namely the p-fluorophenyl, ketone and alkyl linker, piperidinol, and p-
chlorophenyl moieties. Specifically, we observed the effect of both mono and di-halogen substituents
on individual phenyl rings, as well as ketone and linker modified variants, incorporating cis- and
trans-olefins and their corresponding cyclopropanes, together with numerous alkanes and alkynes. In
addition, we investigated the effect of modification to the tertiary alcohol, as well as incorporation of
piperazinyl, tetrahydropyridinyl and other piperidinyl moieties. Importantly, we show that there is no
correlation between kon and the physicochemical parameters clogP and TPSA, meaning that
differences in kinetic profiles and corresponding compound affinities are not simply due to non-
specific effects such as cell membrane binding. Moreover, we reveal that ko, is significantly correlated
with pK4, and is contrary to previous reports at the DoR. Thus, we found that a loss in binding affinity
i1s generally associated with a decrease in kon. However, preliminary SKR derived for the p-
chlorophenyl moiety of 1, demonstrates that particular substitution patterns and the nature of aromatic
substituents are more likely to concurrently decrease kon Whilst increasing kofr. For example, chloro
substituents at the ortho-position modulate the kinetic parameters toward a slow kon/fast kofr profile,
whereas meta and/or para-chloro substituents can either decrease the kon, whilst having no effect on
kofr, or, equally, they may also simultaneously decrease kon/kotr. The p-fluorophenyl and ketone/alkyl
linker structural moieties of 1 were found to be important for mediating changes in both kinetic rate
parameters, particularly the ko, whilst the piperidinol moiety was more linked to changes in ko only.
For example, converting the aryl ketone to a cis-cyclopropane group or increasing/decreasing the

linker length, significantly modulates both rate constants, whereas most modifications to the
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piperidinol ring simply modulate the kon. We show that with minimal variation this scaffold can
effectively be converted to resemble the kinetic profile of 2, a prototypical atypical APD, and we
have identified a number of molecules (14¢, 30b, 34¢, 36a) that display these improved profiles.
These compounds may be used as tools to further explore the influence of kinetic rate parameters and
their role in the corresponding clinical profile of APDs toward the development of novel efficacious

treatments devoid of EPS and hyperprolactinemia propensities.

Chemistry: Materials and Methods. Chemicals and solvents of analytical and HPLC grade were
purchased from commercial suppliers and used without further purification. Reactions were
monitored by thin-layer chromatography on commercially available silica pre-coated aluminium-
backed plates (Merck Kieselgel 60 F254). Visualisation was under UV light (254 nm and 366 nm),
followed by staining with ninhydrin or KMnOs dips. Flash column chromatography was performed
using silica gel 60, 230-400 mesh particle size (Sigma Aldrich). NMR spectra were recorded on a
Bruker-AV 400. 'H spectra were recorded at 400.13 Hz and '*C NMR spectra at 101.62 Hz. All 1*C
NMR are 'H broadband decoupled. Solvents used for NMR analysis (reference peaks listed) were
CDCls supplied by Cambridge Isotope Laboratories Inc., (du = 7.26 ppm, 6c = 77.16) and CD3OD
supplied by VWR (ou = 3.31 ppm and dc = 49.00). Chemical shifts (0) are recorded in parts per
million (ppm) and coupling constants are recorded in Hz. The following abbreviations are used to
described signal shapes and multiplicities; singlet (s), doublet (d), triplet (t), quadruplet (q), broad
(br), dd (doublet of doublets), ddd (double doublet of doublets), dtd (double triplet of doublets) and
multiplet (m). Spectra were assigned using appropriate COSY and HSQC experiments. Processing of
the NMR data was carried out using the NMR software Topspin 3.0. RP-HPLC-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). RP-HPLC-MS was carried out using a Phenomenex
Gemini® NX-C18 110 A, column (50 mm x 2 mm x 3 um) at a flow rate 0.5 mL/min over a 5-min
period (Method A). Final products were one single peak and >95% pure. The retention time of the
final product is reported using a gradient method of 5-95% solvent B in solvent A over 12 minutes.
(Solvent A = 0.01% trifluoroacetic acid in H>O, solvent B = 0.01% trifluoroacetic acid in CH3CN
(Method B). All high-resolution mass spectra (HRMS) were recorded on a Bruker microTOF mass
spectrometer using MS electrospray ionization operating in positive ion mode. Preparative RP-HPLC
was performed on a Waters 515 LC system and monitored using a Waters 996 photodiode array
detector at wavelengths between 190 and 800 nm. Spectra were analysed using Millenium 32
software. Preparative RP-HPLC was performed using a Gemini® NX-C18 110 A column (250 mm
x 21.2 mm % 5 um) at a flow rate of 20.0 mL/min using a gradient method of 5-95% B over 15
minutes (Solvent A = 0.01% trifluoroacetic acid in H20, solvent B = 0.01% trifluoroacetic in CH3CN
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(Method C)). Predicted partition coefficient (cLogP) values were calculated using Data Warrior 4.7.2,

Actelion Pharmaceutical Ltd.

General Procedure A. n-Butyllithium mediated addition of aryllithiums to ketones for the
preparation of Sa-m. To a stirred solution of substituted bromobenzene (3a-1) (1.35 equiv.) in THF
at -78 °C was added n-butyllithium (1.30 equiv.) and the reaction maintained at -78 °C for 30 min.
After this, a solution of ketone (1 equiv.) in THF was slowly introduced into the reaction and stirred
at -78 °C for 2 h. The reaction was quenched with the addition of a saturated solution of NH4Cl and
transferred to a separating funnel and extracted with DCM (3 x 40 mL). The organic extracts were
dried (anhydrous Na;SO4) and the residue purified by column chromatography using PE/EtOAc in a

ratio as indicated to afford the desired compound.

General procedure B. N-Boc deprotection for the preparation of 6a-n. The N-Boc protected
amine was taken up in 4 M HCl in 1,4-dioxane (20 mL) and stirred at r.t. for 2 h. The solvents were
evaporated in vacuo to afford the corresponding amine hydrochloride. Alternatively, the residue could
be taken up in H,O (20 mL) and added to a separating funnel. The aqueous solution was washed with
Et;0 (3 x 30 mL), and the aqueous phase made alkaline with the addition of 2 M NaOH solution.
This phase was then extracted with DCM (3 x 30 mL) and the organic extracts collected, dried over

anhydrous Na,SO4 and evaporated in vacuo to afford the corresponding amine free base.

General Procedure C. N-Alkylation for the preparation of 8a-n, 14a-1, 17a-b, 18, 23, 26, 29b,
30b, 34a, 34c, 36a-c, 41a-c, 42-43, 46a-b, 48, 50, 54, 55, 56. To a round-bottom flask or sealed
microwave vessel was added the amine (1.1 equiv.), alkyl halide or mesylate (1 equiv.), KI (0.1
equiv.) and NaHCOs (2 equiv.) followed by toluene. This suspension was then heated at reflux
temperature for 24 h. The reaction was filtered and evaporated to dryness followed by direct

chromatographic purification using an appropriate eluent as indicated.

General Procedure D. Sonogashira cross-coupling of aryl iodides for the preparation of 12a-j,
40b. PdCl>(PPh3), (1 mol %) and copper(I) iodide (2 mol %) were placed in a 50 mL round-bottomed
flask equipped with a magnetic bar and then non-dried 1,4-dioxane (10 mL), the corresponding iodide
(1.0 equiv.), 4-chloro-1-butyne (1.2 equiv.), and triethylamine (5.0 equiv.) were added. The flask was
capped with a rubber septum, and the resulting mixture was magnetically stirred at 50 °C for 2-6 h.
The reaction was diluted with Et2O (100 mL) after cooling, removing the solids by filtration. The
resulting solution was purified by column chromatography (petroleum ether) to yield the

corresponding alkyne product.
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General Procedure E. Sonogashira cross-coupling of aryl iodides for the preparation of 39a,
39¢. To a No-degassed solution of CH3CN and triethylamine (2.0 equiv.) were added alkyne (1.1
equiv.), the appropriate iodobenzene (1.0 equiv.), Pd(PPh3)>Cl (2% mol) and Cul (2% mol), and the
mixture was stirred at room temperature for 5 hr. The reaction was diluted with Et,O, filtered,

concentrated, and purified on silica gel (n-hexanes).

General Procedure F. Triflic acid-catalysed Markovnikov-type hydration of internal alkynes
for the preparation of 13a-j. The purified alkyne was treated with triflic acid (0.5 equiv.) and H.O
(2 equiv) in 2,2,2-trifluoroethanol in a sealed vial equipped with a magnetic stirring bar, and stirred
at 60 °C for 6 h. The reaction mixture was concentrated under reduced pressure and the corresponding

ketone directly purified by FCC with an appropriate eluent as indicated.

General procedure G. Alcohol mesylation for the preparation of 22, 27, 29a, 30a, 40a, 40c). To
a solution of alcohol (1 equiv.), EtsN (2.5 equiv.), in DCM was added at room temperature MsCl (1.3
equiv.). The mixture was stirred at room temperature for 1.5-24 h until complete consumption of
starting material was evident. The mixture was diluted with EtOAc, washed with H>O, brine, and the
organic fraction dried (Na>SOs4). The solvents were removed in vacuo and the residue
chromatographed on silica eluting with the appropriate solvent as indicated. Similarly, and in many

cases, the residue could be used for the next reaction without the need for purification.

tert-Butyl 4-(4-chlorophenyl)-4-hydroxypiperidine-1-carboxylate (5a). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 7.64 g of a white foam (74%). LCMS (m/z):
312.1 [M+H]", tr 2.95 min. 'H NMR (CDCls) & 7.43 — 7.38 (m, 2H), 7.34 — 7.30 (m, 2H), 4.08 — 3.91
(m, 2H), 3.21 (td, J = 13.0, 2.7 Hz, 2H), 1.94 (td, J = 13.3, 4.9 Hz, 2H), 1.75 (s, 1H), 1.69 (dq, J =
14.2, 2.8 Hz, 2H), 1.47 (s, 9H). 13C NMR (CDCl3) & 154.9, 146.7, 133.2, 128.7, 126.2, 79.8, 71.5,
39.9, 38.2, 28.6.

tert-Butyl 4-(3-chlorophenyl)-4-hydroxypiperidine-1-carboxylate (5b). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.25 g of a white solid (69.1%). LCMS
(m/z): 312.1 [M+H]*, tr 2.95 min. '"H NMR (CDCl3) & 7.51 (t, J = 1.8 Hz, 1H), 7.35 (dt, J=7.6, 1.6
Hz, 1H), 7.30 (t, J= 7.6 Hz, 1H), 7.25 (dt, /= 7.7, 1.7 Hz, 1H), 4.03 (ddt, /= 13.4, 4.2, 1.7 Hz, 2H),
3.23 (td, J=13.0, 2.7 Hz, 2H), 2.03 (s, 1H), 1.96 (td, J=13.3, 4.9 Hz, 2H), 1.77 — 1.66 (m, 2H), 1.49
(s, 9H). '*C NMR (CDCl3) & 154.9, 150.4, 134.5, 129.8, 127.4, 125.2, 122.9, 79.8, 71.5, 39.9, 38.1,
28.6.

tert-Butyl 4-(2,3-dichlorophenyl)-4-hydroxypiperidine-1-carboxylate (5c). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.87 g of a white solid (65.9%). LCMS
(m/z): 346.1 [M+H]", tr 3.05 min. '"H NMR (CDCls) & 7.55 (dd, J = 8.0, 1.6 Hz, 1H), 7.49 (dd, J =
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8.0, 1.6 Hz, 1H), 7.35 — 7.26 (m, 1H), 4.15 — 4.05 (m, 2H), 3.33 (td, J = 13.0, 2.7 Hz, 2H), 2.38 —
2.27 (m, 2H), 2.07 — 1.98 (m, 2H), 1.54 (s, 9H), 1.51 (s, 1H). '3C NMR (CDCls) & 155.0, 145.7, 135.2,
130.2, 129.9, 127.7, 125.4, 79.7, 72.9, 39.9, 35.3, 28.6.

tert-Butyl 4-(2,4-dichlorophenyl)-4-hydroxypiperidine-1-carboxylate (5d). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.30 g of a transparent oil (71%). LCMS
(m/z): 346.1 [M+H]", tr 3.02 min. '"H NMR (CDCl3) 6 7.27 (d, J = 8.0 Hz, 2H), 7.03 (t, J = 8.0 Hz,
1H), 4.01 (s, 2H), 3.42 (s, 1H), 3.23 (s, 2H), 2.76 (td, /= 13.2, 5.0 Hz, 2H), 1.90 (d, /= 12.9 Hz, 2H),
1.44 (s, 9H). 3C NMR (CDCls) & 155.0, 145.2, 133.4, 133.0, 129.9, 128.7, 127.7, 79.8, 72.4, 35.0,
28.6.

tert-Butyl 4-(2,5-dichlorophenyl)-4-hydroxypiperidine-1-carboxylate (Se). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.48 g of a white solid (68%). LCMS (m/z):
346.3 [M+H]*, #r 3.02 min.'H NMR (CDCl3) 8 7.59 (d, J = 2.5 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H),
7.18 (dd, J = 8.4, 2.5 Hz, 1H), 4.09 — 4.00 (m, 2H), 3.28 — 3.21 (m, 2H), 2.83 (d, /= 1.0 Hz, 1H),
2.32 (td, J = 13.3, 4.9 Hz, 2H), 1.84 (d, J = 13.4 Hz, 2H), 1.47 (s, 9H). '*C NMR (CDCls) & 155.0,
145.2,133.4, 133.0, 129.9, 128.7, 127.7, 79.8, 72.4, 35.0, 28.6.

tert-Butyl 4-(2,6-dichlorophenyl)-4-hydroxypiperidine-1-carboxylate (5f). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.72 g of a transparent oil (76%). LCMS
(m/z): 346.1 [M+H]", tr 3.03 min. "H NMR (CDCls) & 7.32 (d, J = 8.0 Hz, 2H), 7.12 — 7.03 (m, 1H),
4.02 (dd, J=13.2, 4.8 Hz, 2H), 3.26 (td, J = 12.9, 2.8 Hz, 2H), 2.81 (td, /= 13.2, 5.0 Hz, 2H), 2.01
—1.89 (m, 2H), 1.48 (s, 9H). *C NMR (CDCl3) & 155.1, 140.1, 133.8, 132.1, 128.4, 79.6, 76.1, 39.9,
35.7, 28.6.

tert-Butyl 4-(3,4-dichlorophenyl)-4-hydroxypiperidine-1-carboxylate (5g). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.25 g of a white foam (73.4%). LCMS
(m/z): 346.2 [M+H]*, tr 3.06 min. "H NMR (CDCl3) 6 7.59 (d, J= 2.2 Hz, 1H), 7.38 (d, /= 8.4 Hz,
1H), 7.26 (dd, J= 8.4, 2.2 Hz, 1H), 3.97 (dt, J=12.9, 3.3 Hz, 2H), 3.19 (t, /= 12.9 Hz, 2H), 1.86 (td,
J=13.2, 4.8 Hz, 2H), 1.71 — 1.65 (m, 2H), 1.46 (s, 1H), 1.44 (s, 9H). '*C NMR (CDCl;) & 154.9,
148.9, 132.4, 130.9, 130.3, 127.2, 124.3, 79.8, 70.9, 42.9, 36.6, 28.5.

tert-Butyl 4-(3,5-dichlorophenyl)-4-hydroxypiperidine-1-carboxylate (5h). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 2.22 g of a white solid (78.2%). LCMS
(m/z): 345.9 [M+H]", tr 3.09 min. '"H NMR (CDCl3) 6 7.35 (d, J = 1.9 Hz, 2H), 7.24 (t,J = 1.9 Hz,
1H), 4.01 (ddt, J=13.5,4.7, 1.8 Hz, 21H), 3.18 (td, J=13.1, 2.7 Hz, 2H), 2.22 (s, 1H), 1.90 (td, J =
13.3,4.9 Hz, 2H), 1.71 — 1.62 (m, 2H), 1.45 (s, 9H). '3C NMR (CDCls) 6 154.9, 151.9, 135.2, 127.3,
123.7,79.9, 71.5, 39.8, 38.1, 28.6.
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tert-Butyl 4-hydroxy-4-phenylpiperidine-1-carboxylate (5i). General procedure A. Purification by
FCC (eluent: EtOAc/hexane 0-40%) gave 1.49 g of a white foam (76%). LCMS (m/z): 278.1 [M+H]",
fr 2.83 min. '"H NMR (CDCl3) 6 7.53 — 7.45 (m, 2H), 7.43 —7.33 (m, 2H), 7.34 — 7.24 (m, 1H), 4.03
(ddt, J=13.3, 4.4, 1.8 Hz, 2H), 3.26 (td, /= 13.1, 2.7 Hz, 2H), 2.01 (td, /= 13.4, 4.9 Hz, 2H), 1.84
(s, 1H), 1.50 (s, 9H). 13C NMR (CDCls) & 154.9, 148.1, 128.5, 127.2, 124.5, 79.5, 71.5, 39.9, 38.1,
28.5.

tert-Butyl 4-hydroxy-4-(p-tolyl)piperidine-1-carboxylate (5j). General procedure A. Purification
by FCC (eluent: EtOAc/hexane 0-40%) gave 1.29 g of white foam (68%). LCMS (m/z): 292.2
[M+H]", fr 2.93 min. '"H NMR (CDCls) § 7.37 — 7.33 (m, 2H), 7.17 (dt, J = 7.9, 0.7 Hz, 2H), 3.99
(dt,J=13.1, 2.6 Hz, 2H), 3.23 (td, /= 13.1, 2.7 Hz, 2H), 2.34 (s, 3H), 1.96 (td, J= 13.4, 4.9 Hz, 2H),
1.84 — 1.78 (m, 1H), 1.76 — 1.66 (m, 2H), 1.47 (s, 9H). '3C NMR (CDCls) & 155.0, 145.3, 136.9,
129.2, 124.5, 79.6, 71.4, 40.0, 38.3, 28.6, 21.1.

tert-Butyl 4-hydroxy-4-(4-(trifluoromethyl)phenyl)piperidine-1-carboxylate (5k). General
procedure A. Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.43 g of a white foam (84%).
LCMS (m/z): 346.2 [M+H]", tr 3.00 min. "H NMR (CDCl3) & 7.60 (m, 4H), 4.04 (ddt, J = 13.7, 4.6,
1.8 Hz, 2H), 3.22 (td, J=13.0, 2.6 Hz, 2H), 1.98 (td, /= 13.3, 4.9 Hz, 2H), 1.75 — 1.66 (m, 2H), 1.47
(s, 9H), 1.35—1.27 (m, 1H). *C NMR (CDCl3) & 154.9, 152.2 (d, J= 1.5 Hz), 129.6 (q, J=32.5 Hz),
125.5 (q, J=3.8 Hz), 125.1, 124.2 (q, J =272.1 Hz), 79.9, 71.7, 39.8, 38.1, 28.6.

tert-Butyl  4-(4-(dimethylamino)phenyl)-4-hydroxypiperidine-1-carboxylate (5I). General
procedure A. Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.22 g of white solid (69%).
LCMS (m/z): 321.0 [M+H]*, fr 2.51 min. 'H NMR (CDCl3) & 7.34 (d, J = 8.9 Hz, 2H), 6.73 (d, J =
8.5 Hz, 2H), 3.96 (s, 2H), 3.25 (t, J=11.6 Hz, 2H), 2.94 (s, 6H), 2.03 — 1.88 (m, 2H), 1.79 — 1.71 (m,
2H), 1.47 (s, 9H). *C NMR (CDCls) 6 155.1, 129.2, 128.3, 125.7, 112.6, 79.5, 71.1, 40.8, 28.6, 28.6.

tert-Butyl 4-(4-fluorophenyl)-4-hydroxypiperidine-1-carboxylate (5m). General procedure A.
Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 1.24 g of transparent oil (71%). '"H NMR
(CDCl3) 6 7.42 — 7.35 (m, 2H), 6.94 (t, /= 8.7 Hz, 2H), 3.88 (dd, /= 12.8, 4.4 Hz, 2H), 3.22 — 3.09
(m, 2H), 3.07 (s, 1H), 1.83 (td, /= 13.2, 4.7 Hz, 2H), 1.64 (dd, J = 14.1, 2.5 Hz, 2H), 1.39 (s, 9H).
3CNMR (CDCls3) 6 161.8 (d,J=245.3 Hz), 154.9, 144.3 (d,J=3.1 Hz), 126.4 (d, /= 7.9 Hz), 114.9
(d, J=21.2 Hz), 79.6, 70.9, 38.1, 28.4.

tert-Butyl 4-(2'-chloro-[1,1'-biphenyl]-2-yl)-4-hydroxypiperidine-1-carboxylate (Sm). General
procedure A. Purification by FCC (eluent: EtOAc/hexane 0-40%) gave 700 mg of a white solid
(55%). Reaction by-product from the attempted synthesis of TF-01-62. LCMS (m/z): 388.1 [M+H]",
fr 3.12 min. "H NMR (CDCls) 6 7.51 (dd, J = 8.0, 1.3 Hz, 1H), 7.49 — 7.41 (m, 1H), 7.40 (td, J= 7.7,
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1.6 Hz, 1H), 7.29 (dtd, J= 10.5, 6.2, 5.6, 2.9 Hz, 4H), 7.01 (dd, J = 7.5, 1.5 Hz, 1H), 3.89 (dddd, J =
15.5, 13.2, 5.0, 2.6 Hz, 2H), 3.06 (qd, J = 12.4, 2.7 Hz, 2H), 2.09 — 1.98 (m, 1H), 1.96 — 1.85 (m,
1H), 1.74 (ddd, J = 13.8, 11.4, 2.7 Hz, 2H), 1.44 (s, 9H). *C NMR (CDCls) § 154.9, 145.0, 142.9,
137.3, 133.5, 132.3, 131.0, 129.5 128.8, 128.2, 126.9, 126.4, 126.3, 79.5, 73.6, 38.6, 38.2, 28.6.

tert-Butyl 4-(2-chlorophenyl)-4-hydroxypiperidine-1-carboxylate (5n). To a stirred solution of 1-
bromo-2-chloro-benzene (609 L, 5.22 mmol) in EtoO was added magnesium turnings (150 mg, 6.17
mmol), followed by catalytic iodide and the reaction stirred at room temperature for 2 h. This mixture
was then cooled to 0°C, and treated with 4-oxopiperidine-1-carboxylic acid tert-butyl ester (946 mg,
4.75 mmol) dissolved in Et;O (10 mL) and added to the reaction mixture slowly. The reaction was
heated at reflux temperature for 3 h. The reaction was quenched with a saturated solution NH4Cl and
the aqueous phase extracted with EtOAc. The organic extracts were combined and dried over MgSOs,
filtered and evaporated in vacuo. The residue was purified by FCC (eluent: EtOAc/n-hexanes 0-40%)
and gave 800 mg of a white foam (54%). LCMS (m/z): 312.2 [M+H]", tr 2.97 min. 'H NMR (CDCls)
0 7.56 (dd, J=17.9, 1.8 Hz, 1H), 7.30 (dd, J= 7.8, 1.5 Hz, 1H), 7.21 (td, J= 7.6, 1.5 Hz, 1H), 7.15
(td, J=7.5,1.7Hz, 1H), 3.96 (dd, /= 13.4, 4.8 Hz, 2H), 3.22 (t, /= 12.9 Hz, 2H), 3.05 (s, 1H), 2.29
(td, J=13.2,4.9 Hz, 2H), 1.87 — 1.78 (m, 2H), 1.43 (s, 9H). 3*C NMR (CDCl3) & 154.9, 143.5, 131.7,
131.5, 128.6, 127.2, 127.1, 79.5, 72.2, 39.8, 34.9, 28.5.

4-(3-Chlorophenyl)piperidin-4-ol (6a). General procedure B. Alkaline work-up afforded 660 mg of
a white solid (97%). LCMS (m/z): 212.0 [M+H]", tr 0.74 min. '"H NMR (CDCl3) § 7.52 (t, J= 1.9
Hz, 1H), 7.37 (dt, J= 7.7, 1.5 Hz, 1H), 7.29 (t, /= 7.8 Hz, 1H), 7.24 (dt, J= 7.9, 1.7 Hz, 1H), 3.10
(td, J=12.3, 2.6 Hz, 2H), 2.99 — 2.90 (m, 2H), 2.42 (d, /= 9.1 Hz, 2H), 1.97 (td, J = 13.2, 4.6 Hz,
2H), 1.70 (dd, J = 14.1, 2.5 Hz, 2H). '3C NMR (CDCls) & 151.2, 134.4, 129.8, 127.1, 125.2, 122.9,
71.4,42.2,39.1.

4-(2,3-Dichlorophenyl)-4-hydroxypiperidin-1-ium chloride (6b). General procedure B.
Concentration in vacuo gave 685 mg of a beige solid (94%). LCMS (m/z): 246.0 [M+H]", & 2.53
min. "H NMR (DMSO-ds) & 9.19 (d, J = 55.0 Hz, 2H), 7.75 (dd, J = 8.1, 1.7 Hz, 1H), 7.60 (dd, J =
8.0, 1.6 Hz, 1H), 7.40 (t, J= 8.0 Hz, 1H), 5.88 (s, 1H), 3.20 (s, 4H), 2.74 (dt, /= 14.1, 8.9 Hz, 2H),
1.80 (dd, J = 14.3, 2.4 Hz, 2H). *C NMR (DMSO-ds) & 146.4, 133.4, 129.7, 128.8, 128.0, 126.8,
69.8, 30.5.

4-(2,4-Dichlorophenyl)piperidin-4-ol (6¢). General procedure B. Alkaline work-up afforded 325
mg of a white solid (65 %). LCMS (m/z): 246.0 [M+H]", tr 2.65 min. '"H NMR (CDCls) & 7.27 (dd,
J=28.0, 1.9 Hz, 2H), 7.01 (td, J = 8.0, 2.1 Hz, 1H), 3.20 — 3.09 (m, 2H), 2.96 — 2.84 (m, 2H), 2.80 —
2.66 (m, 3H), 1.91 (dt, J= 14.0, 2.4 Hz, 2H). 3C NMR (CDCl;) & 140.9, 133.9, 131.9, 131.9, 127.9,
76.0,42.1, 36.6.
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4-(2,5-Dichlorophenyl)-4-hydroxypiperidin-1-ium chloride (6d). General procedure B.
Concentration in vacuo gave 180 mg of a white solid (98%). LCMS (m/z): 246.2 [M+H]", = 1.34
min.'"H NMR (DMSO-ds) 6 9.42 — 8.91 (m, 2H), 7.79 (d, J = 2.6 Hz, 1H), 7.45 (d, J = 8.4 Hz, 1H),
7.39 (dd, J=8.5,2.6 Hz, 1H), 5.98 (s, 1H), 3.23 —3.11 (m, 4H), 2.77 (dt, J= 14.1, 9.0 Hz, 2H), 1.70
(d, J = 13.9 Hz, 2H)."*C NMR (DMSO-ds) & 146.1, 133.2, 132.1, 129.1, 128.8, 128.0, 69.4, 39.2,
30.3.

4-(2,6-Dichlorophenyl)piperidin-4-ol (6e). General procedure B. Alkaline work-up afforded 682
mg of a white solid (96%). LCMS (m/z): 246.0 [M+H]", tr 0.88 min. '"H NMR (DMSO-ds) 6 8.93 (d,
J=60.3 Hz, 2H), 7.45 (d, J= 7.9 Hz, 2H), 7.28 (dd, J = 8.4, 7.5 Hz, 1H), 5.67 (s, 1H), 3.21 (s, 4H),
2.90 — 2.76 (m, 2H), 2.16 (d, J = 13.7 Hz, 2H). '3C NMR (DMSO-ds) & 139.9, 133.6, 132.0, 129.2,
72.0,32.1.

4-(3,4-Dichlorophenyl)piperidin-4-ol (6f). General procedure B. Alkaline work-up afforded 702 mg
of a white solid (98%). LCMS (m/z): 246.0 [M+H]", #r 1.86 min. "H NMR (CDCl3) § 7.61 (d, J=2.2
Hz, 1H), 7.40 (d, J= 8.4 Hz, 1H), 7.30 (dd, J = 8.4, 2.2 Hz, 1H), 3.07 (td, J=12.3, 2.7 Hz, 2H), 2.97
—2.90 (m, 2H), 2.21 (s, 2H), 1.94 (ddd, J = 13.6, 12.2, 4.8 Hz, 2H), 1.70 — 1.63 (m, 2H). '3C NMR
(CDCl3) 6 149.3, 132.4, 130.8, 127.1, 124.2, 71.2,42.1, 38.9.

4-(3,5-Dichlorophenyl)-4-hydroxypiperidin-1-ium chloride (6g). General procedure B.
Concentration in vacuo gave 755 mg of a white solid (93%). LCMS (m/z): 246.0 [M+H]", tr 2.62
min. '"H NMR (DMSO-ds) 6 9.03 (s, 2H), 7.52 (t, J = 1.9 Hz, 1H), 7.45 (d, J = 1.9 Hz, 2H), 5.79 (s,
1H), 3.17 (dtd, J = 22.5, 12.8, 11.9, 7.0 Hz, 4H), 2.26 (td, J = 13.5, 5.0 Hz, 2H), 1.74 (dd, J = 13.9,
2.3 Hz, 2H). 3C NMR (DMSO-ds) & 152.7, 134.0, 126.5, 123.7, 68.5, 33.9.

4-Phenylpiperidin-4-ol (6h). General procedure B. Alkaline work-up afforded 622 mg of a white
solid (97%). LCMS (m/z): 178.2 [M+H]", fr 0.42 min. 'H NMR (CDCls3) § 7.55 — 7.48 (m, 2H), 7.41
—17.32 (m, 2H), 7.31 — 7.22 (m, 1H), 3.10 (dd, J = 12.2, 2.6 Hz, 2H), 2.98 — 2.89 (m, 2H), 2.22 (s,
2H), 2.00 (ddd, J = 13.5, 12.2, 4.6 Hz, 2H), 1.75 — 1.69 (m, 2H). *C NMR (CDCl3) & 149.1, 128.4,
126.9, 124.6, 71.5, 42.4, 39.3.

4-(p-Tolyl)piperidin-4-ol (6i). General procedure B. Alkaline work-up afforded 621 mg of a white
solid (95%). LCMS (m/z): 192.1 [M+H]", tr 0.62 min. "H NMR (CDCl3) & 7.37 (d, J = 8.3 Hz, 2H),
7.15 (d, J= 8.0 Hz, 2H), 3.07 (dd, J = 12.2, 2.7 Hz, 2H), 2.92 — 2.86 (m, 2H), 2.42 — 2.26 (m, 5H),
1.96 (td, J = 13.0, 4.6 Hz, 2H), 1.69 (dd, J = 14.1, 2.6 Hz, 2H). 13C NMR (CDCl;) & 146.2, 136.5,
129.1, 124.6, 71.2,42.4, 39.3, 21.0.

4-(4-(Trifluoromethyl)phenyl)piperidin-4-ol (6j). General procedure B. Alkaline work-up afforded
702 mg of a light yellow solid (92%). LCMS (m/z): 246.1 [M+H]*, tx 1.41-1.82 min. 'H NMR
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(CDCls) & 7.66 — 7.56 (m, 4H), 3.11 (td, J = 12.3, 2.6 Hz, 2H), 3.01 — 2.92 (m, 2H), 2.20 — 2.07 (m,
2H), 2.01 (ddd, J = 13.5, 12.3, 4.8 Hz, 2H), 1.74 — 1.65 (m, 2H). 3C NMR (CDCls) § 152.9, 129.3
(q,J=32.4 Hz), 125.4 (q, J= 3.7 Hz), 125.1, 71.7, 42.3, 39.2.

4-(4-(Dimethylamino)phenyl)piperidin-4-ol (6k). General procedure B. Alkaline work-up afforded
675 mg of a light orange solid (98%). LCMS (m/z): 221.2 [M+H]", tr 0.31 min. '"H NMR (CDCls) &
7.40 — 7.31 (m, 2H), 6.76 — 6.68 (m, 2H), 3.09 (td, /= 12.1, 2.7 Hz, 2H), 2.93 (s, 6H), 2.90 (dt, J =
11.9, 3.5 Hz, 2H), 2.07 (s, 2H), 1.96 (ddd, J=13.3, 11.9, 4.5 Hz, 2H), 1.77 — 1.68 (m, 2H). 3C NMR
(CDCl3) & 149.6, 136.9, 125.4, 112.4, 70.9, 42.5, 40.7, 39.3.

4-(4-Fluorophenyl)piperidin-4-ol (61). General procedure B. Alkaline work-up afforded 600 mg of
a light yellow solid (92%). LCMS (m/z): 196.2 [M+H]", tr 0.42 min."H NMR (CDCl3) & 7.47 — 7.42
(m, 2H), 7.01 (t, J = 8.7 Hz, 2H), 3.07 (td, J = 12.2, 2.6 Hz, 2H), 2.91 (ddd, J = 12.6, 4.2, 2.1 Hz,
2H), 1.95 (td, J=13.0, 4.7 Hz, 2H), 1.69 (dd, J = 14.1, 2.6 Hz, 2H). 3C NMR (CDCl3) § 161.9 (d, J
=245.2 Hz), 144.9 (d,J=3.0 Hz), 126.4 (d, /= 8.0 Hz), 115.1 (d, J=21.1 Hz), 71.4, 42.5, 39.5.

4-(2'-Chloro-[1,1'-biphenyl]-2-yl)piperidin-4-0l (6m). General procedure B. Alkaline work-up
afforded 200 mg of a white solid (95%). LCMS (m/z): 288.0 [M+H]", #r 2.06 min. "H NMR (CDCls)
67.61(dd,J=8.1, 1.3 Hz, 1H), 7.49 — 7.41 (m, 1H), 7.44 — 7.37 (m, 1H), 7.35 - 7.25 (m, 4H), 7.02
(dd, J=17.6, 1.5 Hz, 1H), 3.05 — 2.95 (m, 2H), 2.90 — 2.81 (m, 2H), 2.37 (s, 2H), 2.09 (ddd, J = 13.9,
12.2, 4.6 Hz, 1H), 1.98 (ddd, J = 13.7, 12.2, 4.7 Hz, 1H), 1.78 (ddt, J = 13.5, 10.5, 2.7 Hz, 2H). 1*C
NMR (CDCl) & 145.6, 143.1, 137.2, 133.4, 132.2, 131.1, 129.4, 128.6, 128.2, 126.7, 126.5, 126.2,
73.5,39.2, 38.8.

4-(2-Chlorophenyl)piperidin-4-ol (6n). General procedure B. Alkaline work-up afforded 285 mg of
a white solid (72 %). LCMS (m/z): 2121 [M+H]", f& 0.48 min. '"H NMR (CDCl3) 6 7.57 (dd, J = 7.9,
1.8 Hz, 1H), 7.34 (dd, /= 7.8, 1.5 Hz, 1H), 7.25 (td, J= 7.6, 1.5 Hz, 1H), 7.18 (td, /= 7.6, 1.8 Hz,
1H), 3.15 (td, /= 12.4, 2.7 Hz, 2H), 2.99 — 2.89 (m, 2H), 2.63 (s, 1H), 2.29 (ddd, J=13.4, 12.3, 4.7
Hz, 2H), 1.96 — 1.86 (m, 2H). '3C NMR (CDCls) & 144.2, 131.9, 131.8, 128.5, 127.3, 127.2, 72.4,
42.2,36.3.

4-(4-Chlorophenyl)piperidin-4-ol (7b). General procedure B. Alkaline work-up afforded 1.62 g of
a beige solid (96%). LCMS (m/z): 311.1 [M+H]", fr 0.76 min. '"H NMR (CDCl3) § 7.43 — 7.38 (m,
2H), 7.32 — 7.27 (m, 2H), 3.05 (td, J = 12.3, 2.7 Hz, 2H), 2.91 — 2.84 (m, 2H), 2.18 (s, 2H, broad),
1.91 (ddd, J=13.4,12.2, 4.7 Hz, 2H), 1.71 — 1.60 (m, 2H). 3C NMR (CDCls)  147.7, 132.7, 128.5,
126.2,71.3, 42.3, 39.3.

4-(4-(3-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (8a). General
procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 91 mg of the title
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compound as a white solid (68%). LCMS (m/z): 376.2 [M+H]", = 3.37 min. HRMS (m/z):
C21H23CIFNO2: requires 376.1505 [M+H]"; found 376.1546. '"H NMR (CDCl;3) 6 8.02 (t, J= 6.7 Hz,
2H), 7.44 (s, 1H), 7.35 - 7.18 (m, 3H), 7.14 (t, /= 8.4 Hz, 2H), 2.98 (t, /= 7.0 Hz, 2H), 2.78 (d, J =
11.4 Hz, 2H), 2.55 — 2.35 (m, 4H), 2.06 — 1.90 (m, 5H), 1.67 (d, J = 13.6 Hz, 2H). '3C NMR (CDCl5)
0 198.5, 165.7 (d, J = 254.5 Hz), 150.7, 134.4, 133.8 (d, J = 3.1 Hz), 130.8 (d, J = 9.2 Hz), 129.7,
127.2,125.2, 1229, 115.8 (d, J=21.7 Hz), 71.3, 57.9, 49.4, 38.5, 36.4, 22.1.

4-(4-(2,3-Dichlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (8b).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 82 mg of
the title compound as a white solid (68%). LCMS (m/z): 410.3 [M+H]", tr 3.58 min. HRMS (m/z):
C21H22CLFNO;: requires 410.1118 [M+H]"; found 410.1151. '"H NMR (CDCls) & 7.99 (dd, J = 8.6,
5.6 Hz, 2H), 7.41 (ddd, J = 16.5, 8.0, 1.5 Hz, 2H), 7.18 (t, J= 8.0 Hz, 1H), 7.11 (t, J = 8.6 Hz, 2H),
2.98 (t,J=17.1 Hz, 3H), 2.94 (s, 1H), 2.81 (dt, J=11.9, 3.2 Hz, 2H), 2.58 — 2.45 (m, 4H), 2.26 (td, J
=13.0, 4.4 Hz, 2H), 2.04 — 1.93 (m, 4H). '3*C NMR (CDCl3) & 198.5, 165.7 (d, J = 254.4 Hz), 145.9,
134.9, 133.7 (d, J=3.0 Hz), 130.8 (d, J=9.2 Hz), 129.7, 127.5, 125.5, 115.7 (d, J = 21.8 Hz), 72.4,
57.7,49.1, 36.3, 35.4, 21.8.

4-(2,4-Dichlorophenyl)-1-(4-(4-fluorophenyl)-4-oxobutyl)-4-hydroxypiperidin-1-ium 2,2,2-
trifluoroacetate (8c). General procedure C. Purification by preparative HPLC (Method C) afforded
the title compound as a white solid (44 mg, 60%). LCMS (m/z): 410.3 [M+H]", tr 3.47 min. HRMS
(m/z): C21H22CLL,FNOz: requires 410.1012 [M+H]*; found 410.1094. "H NMR (CDCls) & 12.05 (s,
1H), 8.00 —7.92 (m, 2H), 7.33 (d, J = 8.0 Hz, 2H), 7.12 (td, J = 8.2, 4.1 Hz, 2H), 5.59 (s, 1H), 3.58
(d, J=11.3 Hz, 2H), 3.36 (q, J/ = 11.2 Hz, 2H), 3.28 — 3.10 (m, 6H), 2.35 (d, /= 14.1 Hz, 2H), 2.22
(p, J = 6.8 Hz, 2H). '*C NMR (CDCls) 4 196.78, 166.1 (d, J = 255.6 Hz), 137.8, 133.8, 132.7 (d, J =
3.1 Hz), 132.2,130.8 (d, J=9.5 Hz), 129.2, 116.0 (d, /=21.9 Hz), 73.3, 56.7, 48.5, 35.1, 33.7, 18.2.

4-(4-(2,5-Dichlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (8d).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 91 mg of
the title compound as a white solid (70%). LCMS (m/z): 410.3 [M+H]", tr 3.65 min. HRMS (m/z):
C21H22CLFNO;: requires 410.1012 [M+H]"; found 410.1093. '"H NMR (CDCl3) & 8.04 — 7.94 (m,
2H), 7.53 (d, J=2.5 Hz, 1H), 7.25 (d, J= 8.5 Hz, 1H), 7.17 — 7.07 (m, 3H), 2.97 (t, J= 7.0 Hz, 2H),
2.77 (dt, J=10.8, 2.8 Hz, 3H), 2.51 — 2.42 (m, 4H), 2.28 (td, J = 13.0, 4.4 Hz, 2H), 1.96 (p, J=17.1
Hz, 2H), 1.86 (dd, J= 13.7, 2.6 Hz, 2H). '3*C NMR (CDCl3) § 198.7, 165.7 (d, J = 254.4 Hz), 145.6,
133.8 (d, /=3.1 Hz), 133.2, 132.8, 130.8 (d, /=9.1 Hz), 130.1, 128.4, 127.7, 115.7 (d, J=21.8 Hz),
72.0,57.7,49.1, 36.3, 35.2, 21.9.

4-(4-(2,6-Dichlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (8e).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 69 mg of
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the title compound as a white solid (73%). LCMS (m/z): 410.72 [M+H]", fr 3.50 min. HRMS (m/z):
C21H22CLFNO;: requires 410.1111 [M+H]*; found 410.1066. '"H NMR (CDCls) & 8.01 (dd, J = 8.7,
5.6 Hz, 2H), 7.29 (d, /= 7.9 Hz, 2H), 7.12 (t,J = 8.6 Hz, 2H), 7.04 (t, /= 8.0 Hz, 1H), 3.24 (s, 1H),
2.98 (t,J=17.1 Hz, 2H), 2.81 — 2.69 (m, 4H), 2.54 — 2.48 (m, 2H), 2.45 (t, /= 7.1 Hz, 2H), 2.06 (d, J
=13.6 Hz, 2H), 1.97 (p, J= 7.1 Hz, 2H). 3C NMR (CDCl3) & 198.8, 165.7 (d, J = 254.1 Hz), 140.7,
134.0, 133.8 (d, J= 3.0 Hz), 132.0, 130.8 (d, /= 9.2 Hz), 128.2, 115.7 (d, J=21.7 Hz), 75.8, 57.8,
49.2,36.4,36.2,22.1.

4-(4-(3,4-Dichlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (81).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 84 mg of
the title compound as a white solid (70%). LCMS (m/z): 410.2 [M+H]", tr 3.69 min. HRMS (m/z):
C21H22CLFNO;: requires 410.1111 [M+H]*; found 410.1066. '"H NMR (CDCl3) 6 8.03 (dd, J = 8.7,
5.5 Hz, 2H), 7.55 (d, J= 2.1 Hz, 1H), 7.40 (d, J= 8.5 Hz, 1H), 7.31 — 7.23 (m, 1H), 7.16 (t, J = 8.6
Hz, 2H), 2.99 (t,J=7.0 Hz, 2H), 2.80 (dt, J=11.4, 2.9 Hz, 2H), 2.54 — 2.37 (m, 4H), 2.08 — 1.91 (m,
4H), 1.66 (dd, J = 14.1, 2.6 Hz, 2H). *C NMR (CDCl3) & 198.4, 167.0, 164.5, 148.9, 133.8, 133.8,
132.5, 130.9, 130.8, 130.7, 130.3, 127.2, 124.3, 115.9, 115.7, 77.5, 77.2, 76.8, 71.1, 57.9, 49.3, 38.4,
36.3, 22.0.

4-(4-(3,5-Dichlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (8g).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 92 mg of
the title compound as a white solid (62%). LCMS (m/z): 410.7 [M+H]", tr 3.59 min. HRMS (m/z):
C21H22CLFNO:: requires 410.1084 [M+H]"; found 410.1097. "H NMR (DMSO-ds) & 8.08 (dd, J =
8.5,5.6 Hz, 2H), 7.41 (t, J = 1.9 Hz, 1H), 7.35 (t,J = 8.7 Hz, 2H), 7.28 (d, J = 1.9 Hz, 2H), 5.04 (s,
1H), 2.95 (t,J= 6.6 Hz, 2H), 2.57 (d, /= 10.9 Hz, 2H), 2.35 (t, /= 6.8 Hz, 2H), 2.29 (t, /= 11.4 Hz,
2H), 1.85 (t, J = 6.7 Hz, 2H), 1.58 (dt, J = 12.9, 6.4 Hz, 2H), 1.42 (d, J = 12.9 Hz, 2H). *C NMR
(DMSO-ds) 6 198.2, 164.7 (d, J = 251.1 Hz), 154.7, 134.1 (d, /= 2.9 Hz), 133.7, 130.8 (d, /=9.4
Hz), 125.8,123.8, 115.6 (d, J=21.7 Hz), 69.9, 57.2, 48.7, 37.5, 35.6, 22.2.

1-(4-Fluorophenyl)-4-(4-hydroxy-4-phenylpiperidin-1-yl)butan-1-one (8h). General procedure
C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4sOH) gave 101 mg of the title
compound as a white solid (88%). LCMS (m/z): 342.3 [M+H]", = 2.92 min. HRMS (m/z):
C21H24FNO:: requires 342.1864 [M+H]"; found 342.1873. '"H NMR (CDCls) & 8.08 — 7.99 (m, 2H),
7.48 (dd, J=17.6, 1.7 Hz, 2H), 7.36 (t, J=7.7 Hz, 2H), 7.31 — 7.22 (m, 1H), 7.15 (t, /= 8.6 Hz, 2H),
3.00 (t, J= 7.1 Hz, 2H), 2.81 (dt, J = 11.7, 3.1 Hz, 2H), 2.56 — 2.42 (m, 4H), 2.05 (ddd, J = 28.3,
13.9, 5.8 Hz, 4H), 1.89 (s, 1H), 1.73 (dd, J = 14.2, 2.6 Hz, 2H)."3C NMR (CDCl3) 6 198.5, 165.7 (d,
J=2543 Hz), 148.5, 133.8 (d, /= 3.0 Hz), 130.8 (d, J=9.3 Hz), 128.4, 127.1, 124.6, 115.7 (d, J =
21.7 Hz), 71.4,57.9, 49.5, 38.5, 36.4, 22.0.
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1-(4-Fluorophenyl)-4-(4-hydroxy-4-(p-tolyl)piperidin-1-yl)butan-1-one (8i). General procedure
C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 84 mg of the title compound
as a white solid (80%). LCMS (m/z): 356.2 [M+H]", tr 3.22 min. HRMS (m/z): C22H26FNOz: requires
356.2067 [M+H]*; found 356.2068. '"H NMR (CDCls) 6 8.01 (dd, J = 8.7, 5.6 Hz, 2H), 7.34 (d, J =
8.0 Hz, 2H), 7.18 — 7.08 (m, 4H), 2.98 (t, /=7.1 Hz, 2H), 2.78 (dt, J=12.1, 3.3 Hz, 2H), 2.52 - 2.40
(m, 4H), 2.33 (s, 3H), 2.09 — 1.94 (m, 5H), 1.70 (dd, J= 14.2, 2.6 Hz, 2H). *C NMR (CDCl;) § 198.5,
165.7 (d,J=254.3 Hz), 145.6, 136.7, 133.8 (d, J=3.1 Hz), 130.8 (d, /= 9.3 Hz), 129.1, 124.6, 115.7
(d, /=21.8 Hz), 71.1, 57.9, 49.6, 38.5, 36.4, 21.9, 21.1.

1-(4-Fluorophenyl)-4-(4-hydroxy-4-(4-(trifluoromethyl)phenyl)piperidin-1-yl)butan-1-one
(8j). General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 65
mg of the title compound as a white solid (69%). LCMS (m/z): 410.2 [M+H]", tr 3.59 min. HRMS
(m/z): C2oH23F4NOz: requires 410.1756 [M+H]"; found 410.1778. '"H NMR (CDCl3) & 8.00 (dd, J =
8.6, 5.5 Hz, 2H), 7.57 (s, 4H), 7.13 (t, J = 8.6 Hz, 2H), 2.99 (t, /= 7.0 Hz, 2H), 2.85 (d, /J=11.2 Hz,
2H), 2.57 —2.45 (m, 4H), 2.17 — 1.90 (m, 5H), 1.79 — 1.63 (m, 2H). 3C NMR (CDCls) & 198.4, 165.8
(d, J=254.7 Hz), 152.3,133.7 (d, J=3.1 Hz), 129.4 (d, J = 32.4 Hz), 125.4 (q, J = 3.7 Hz), 125.2,
124.3 (q, J=272.9 Hz), 115.8 (d, J=21.9 Hz), 71.3, 57.9,49.3, 38.2, 36.3, 21.7.

4-(4-(4-(Dimethylamino)phenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (8k).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 60 mg of
the title compound as a light orange solid (62%). LCMS (m/z): 385.4 [M+H]", tr 1.41 min. HRMS
(m/z): C23H20FN>Os: requires 385.2310 [M+H]"; found 385.2274. '"H NMR (CDCl3) & 7.99 (dd, J =
8.7, 5.6 Hz, 2H), 7.32 (d, J = 8.8 Hz, 2H), 7.12 (t, J = 8.6 Hz, 2H), 6.70 (d, J = 8.9 Hz, 2H), 3.01 (t,
J=17.0 Hz, 2H), 2.92 (s, 6H), 2.93 — 2.86 (m, 2H), 2.60 (dt, /= 14.8, 8.4 Hz, 4H), 2.14 (td, J=13.3,
4.3 Hz, 2H), 2.02 (p, J = 7.3 Hz, 2H), 1.94 (s, 1H), 1.77 (dd, J = 14.3, 2.7 Hz, 2H). 3C NMR (CDCl5)
0 198.2,165.8 (d, J=254.4 Hz), 149.8, 135.8, 133.(d, J=3.0 Hz), 130.8 (d, /=9.2 Hz), 125.5, 115.7
(d, /J=21.8 Hz), 112.5, 70.4, 57.5, 49.4, 40.7, 37.7, 36.3, 21.2.

1-(4-Fluorophenyl)-4-(4-(4-fluorophenyl)-4-hydroxypiperidin-1-yl)butan-1-one (81). General
procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 80 mg of the title
compound as a white solid (74%). LCMS (m/z): 360.3 [M+H]", & 3.09 min. HRMS (m/z):
C21H23F2NO»: requires 360.1697 [M+H]; found 360.1777. "H NMR (CDCl3) 6 8.12 — 7.96 (m, 2H),
7.44 —7.36 (m, 2H), 7.13 (t, J = 8.6 Hz, 2H), 7.00 (t, J = 8.7 Hz, 2H), 2.98 (t, J = 7.0 Hz, 2H), 2.80
(dt, J=11.7, 3.0 Hz, 2H), 2.55 — 2.41 (m, 4H), 2.02 (dt, J = 14.3, 10.2 Hz, 5H), 1.70 (dd, J = 14.2,
2.6 Hz, 2H). 3C NMR (CDCls) 8 198.5, 165.8 (d, J = 254.4 Hz), 161.9 (d, J = 245.3 Hz), 144.2 (d, J
=2.6 Hz), 133.8 (d, /= 3.3 Hz), 130.8 (d, /= 9.2 Hz), 126.4 (d, /= 8.0 Hz), 115.7 (d, /= 21.8 Hz),
115.1 (d, J=21.1 Hz), 71.1, 57.9, 49.5, 38.5, 36.4, 21.9.
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4-(2'-Chloro-[1,1'-biphenyl]-2-yl)-1-(4-(4-fluorophenyl)-4-oxobutyl)-4-hydroxypiperidin-1-
ium 2,2,2-trifluoroacetate (8m). General procedure C. Purification by preparative HPLC (Method
C) afforded 95 mg of the title compound as a transparent oil (76%). LCMS (m/z): 452.2 [M+H]", tr
4.00 min. HRMS (m/z): C27H27CIFNOz: requires 452.1787 [M+H]*; found 452.1811. '"H NMR
(CDCl3) 6 12.19 (s, 1H), 7.94 (dd, J = 8.6, 5.3 Hz, 2H), 7.53 (d, /= 8.0 Hz, 1H), 7.49 — 7.38 (m, 2H),
7.33(ddd, J=17.5,5.1,2.7 Hz, 2H), 7.25 (d, J= 7.6 Hz, 2H), 7.12 (t, J= 8.5 Hz, 2H), 7.02 (d, /= 7.5
Hz, 1H), 3.44 (dd, J = 26.7, 11.6 Hz, 2H), 3.22 — 2.99 (m, 6H), 2.71 — 2.58 (m, 1H), 2.46 (td, J =
14.0, 4.1 Hz, 1H), 2.35 (s, 1H), 2.15 (t, J= 7.2 Hz, 2H), 2.01 (dd, J = 30.5, 14.6 Hz, 2H). '*C NMR
(CDCl3) 6 196.7, 166.1 (d, J = 255.6 Hz), 142.3, 142.1, 137.1, 133.4, 132.8 (d, J = 3.0 Hz), 132.4,
130.9, 130.8 (d, /= 9.5 Hz), 129.6, 129.2, 128.8, 127.8, 126.7, 126.4, 116.0 (d, /= 21.9 Hz), 71.4,
56.6, 48.6, 35.9, 35.6, 35.1, 18.2.

4-(2-Chlorophenyl)-1-(4-(4-fluorophenyl)-4-oxobutyl)-4-hydroxypiperidin-1-ium 2,2,2-
trifluoroacetate (8n). General procedure C. Purification by preparative HPLC (Method C) afforded
88 mg of the title compound as a white solid (62%). LCMS (m/z): 376.2 [M+H]", tr 3.37 min. HRMS
(m/z): C21H23CIFNO: requires 376.1474 [M+H]; found 376.1479. '"H NMR (CDCls) 6 12.14 (s, 1H),
8.01 — 7.92 (m, 2H), 7.46 (dd, J = 7.7, 1.9 Hz, 1H), 7.37 (dd, J= 7.5, 1.8 Hz, 1H), 7.32 — 7.19 (m,
2H), 7.13 (t, J= 8.5 Hz, 2H), 4.05 (s, 1H), 3.58 (d, /= 11.5 Hz, 2H), 3.36 (q, J = 11.2 Hz, 2H), 3.15
(q,J=6.5,5.2 Hz, 4H), 2.67 (td, J=13.9, 4.1 Hz, 2H), 2.31 (d, /= 14.1 Hz, 2H), 2.22 (p, /= 6.6 Hz,
2H). 3C NMR (CDCl3) 6 196.6, 166.0 (d, J = 255.5 Hz), 140.6, 132.6 (d, J = 3.0 Hz), 131.9, 131.5,
130.7 (d, J=9.4 Hz), 129.5, 127.7, 127.1, 115.9 (d, J = 22.0 Hz), 69.8, 56.6, 48.4, 35.0, 32.9, 18.1.

4-Chlorobut-1-yne (9). 3-Butynol (25.0 mL, 330 mmol) and pyridine (2.66 mL, 33 mmol) were
placed in a 100 mL roundbottomed flask, and the mixture was cooled in an ice bath. Then, thionyl
chloride (24.4 mL, 334 mmol) was added dropwise for 10 min. The flask was shaken occasionally
during the addition, and after the thionyl chloride was added, the mixture was heated under reflux for
30 min. Fractional distillation of the products gave 4-chloro-1-butyne as a light-yellow liquid (24 mL,
82%). 'HNMR (CDCl3)  3.58 (t,J= 7.1 Hz, 2H), 2.63 (td, J = 7.1, 2.6 Hz, 2H), 2.07 (t, J= 2.7 Hz,
1H). *C NMR (CDCl3) § 80.2, 70.5, 41.9, 22.8.

1-(4-Chlorobut-1-yn-1-yl)-2-fluorobenzene (12a). General procedure D. Purification by FCC (n-
hexanes) gave 1.24 g of a yellow oil (72%). LCMS (m/z): 183.1 [M+H]", tx 3.05 min. '"H NMR
(CDCl3) 6 7.47 — 7.40 (m, 1H), 7.34 — 7.26 (m, 1H), 7.15 — 7.03 (m, 2H), 3.73 (t, /= 7.2 Hz, 2H),
2.95 (t,J=7.2 Hz, 2H). 3C NMR (CDCls) 6 162.9 (d, J=251.0 Hz), 133.8 (d, /= 1.5 Hz), 129.9 (d,
J=79Hz), 124.0 (d,/=3.8 Hz), 115.6 (d,/=21.0 Hz), 111.7 (d, J=15.7 Hz), 91.2 (d, /= 3.3 Hz),
75.9 (d,J=1.1 Hz), 42.1, 24.1.
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1-(4-Chlorobut-1-yn-1-yl)-3-fluorobenzene (12b). General procedure D. Purification by FCC (n-
hexanes) gave 1.55 g of a yellow oil (90%). LCMS (m/z): 183.0 [M+H]", tx 3.02 min. '"H NMR
(CDCl3) 6 7.32 — 7.25 (m, 1H), 7.22 (dt, J=7.7, 1.3 Hz, 1H), 7.14 (ddd, J = 9.5, 2.6, 1.4 Hz, 1H),
7.03 (tdd, J=8.4,2.7, 1.2 Hz, 1H), 3.71 (t,J=7.2 Hz, 2H), 2.91 (t,J=7.2 Hz, 2H). 3*C NMR (CDCl3)
0 162.6 (d, J=246.3 Hz), 129.9 (d, J = 8.5 Hz), 127.7 (d, J= 3.1 Hz), 125.1 (d, /= 9.5 Hz), 118.6
(d, J=22.7Hz), 115.6 (d, J=21.2 Hz), 86.9, 81.5 (d, /= 3.4 Hz), 42.1, 23.9.

1-(4-Chlorobut-1-yn-1-yl)-2,3-difluorobenzene (12c). General procedure D. Purification by FCC
(n-hexanes) gave 1.65 g of a yellow o0il (87%). LCMS (m/z): 201.1 [M+H]", #r 3.02 min. '"H NMR
(CDCl3) 6 7.20 — 7.11 (m, 1H), 7.15 — 7.05 (m, 1H), 7.00 (dddd, J = 8.3, 7.8, 4.9, 1.6 Hz, 1H), 3.70
(t,J=7.2 Hz, 2H), 2.93 (td, J= 7.2, 0.7 Hz, 2H). 3C NMR (CDCl3) 8 151.3 (dd, J = 252.7, 13.4 Hz),
150.7 (dd, J=248.3, 12.2 Hz), 128.5 (d, /= 3.4 Hz), 123.9 (dd, J=7.3, 4.9 Hz), 117.4 (d, J=17.5
Hz), 113.9 (dd, J=12.3, 1.8 Hz), 92.6 (d, J = 3.8 Hz), 74.9 (dd, /= 4.6, 1.3 Hz), 41.9, 24.1.

1-(4-Chlorobut-1-yn-1-yl)-2,4-difluorobenzene (12d). General procedure D. Purification by FCC
(n-hexanes) gave 1.72 g of a yellow oil (82.3%). LCMS (m/z): 201.1 [M+H]*, tr 2.99 min. 'H NMR
(CDCl3) 6 7.42 —7.35 (m, 1H), 6.86 — 6.78 (m, 2H), 3.69 (t, /J="7.2 Hz, 2,H), 2.91 (t, /= 7.2 Hz, 2H).
13C NMR (CDCl3) 8 163.3 (dd, J = 253.7, 12.2 Hz), 162.6 (dd, J = 251.7, 11.3 Hz), 134.6 (dd, J =
9.7, 2.8 Hz), 111.6 (dd, J = 21.9, 3.8 Hz), 108.1 (dd, J = 16.0, 4.1 Hz), 104.3 (dd, J =24.9, 0.2 Hz),
90.9 (dd, J=3.4, 1.8 Hz), 75.0 (d, J = 1.4 Hz), 42.04, 24.1.

2-(4-Chlorobut-1-yn-1-yl)-1,4-difluorobenzene (12¢). General procedure D. Purification by FCC
(n-hexanes) gave 1.45 g of a yellow o0il (70%). LCMS (m/z): 201.1 [M+H]", #r 3.00 min. '"H NMR
(CDCl3) 6 7.10 (ddd, J = 8.5, 5.4, 2.9 Hz, 1H), 7.04 — 6.93 (m, 2H), 3.69 (t, J = 7.2 Hz, 2H), 2.92 (t,
J=7.2Hz, 2H). ®C NMR (CDCls) § 159.3 (d, J = 249.6 Hz), 158.2 (d, J = 242.8 Hz), 128.8 (d, J =
81.5Hz), 119.8 (dd, J=25.2, 1.9 Hz), 116.7 (dd, J=10.6, 8.6 Hz), 116.5 (dd, J=10.5, 8.5 Hz), 92.3
(d, /J=3.4Hz), 75.1 (d,/J=2.6 Hz), 41.9, 24.1.

2-(4-Chlorobut-1-yn-1-yl)-1,3-difluorobenzene (12f). General procedure D. Purification by FCC
(n-hexanes) gave 992 mg of a pink oil (53%). LCMS (m/z): 200.9 [M+H]", & 2.97 min. 'H NMR
(CDCl3) 6 7.32 —7.20 (m, 1H), 6.96 — 6.86 (m, 2H), 3.74 (t, J= 7.3 Hz, 2H), 2.99 (t,J = 7.3 Hz, 2H).
3C NMR (CDCl3) 8 163.5 (d, J = 253.2 Hz), 163.4 (d, J = 253.3 Hz), 129.6 (t, J = 10.0 Hz), 111.4
(dd, /=4.5,0.3 Hz), 111.2 (dd, J=4.5, 1.2 Hz), 102.2 (t, /= 19.8 Hz), 96.2 (t, J = 3.1 Hz), 69.6 (t,
J=1.4Hz), 41.8, 24.3.

4-(4-Chlorobut-1-yn-1-yl)-1,2-difluorobenzene (12g). General procedure D. Purification by FCC
(n-hexanes) gave 1.53g of a yellow oil (81%). LCMS (m/z): 200.9 [M+H]", tr 3.03 min. '"H NMR
(CDCl3) 6 7.21 (ddd, J=10.9, 7.5, 2.0 Hz, 1H), 7.13 (dd, /=4.6, 1.6 Hz, 1H), 7.08 (dt, /= 10.2, 8.2
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Hz, 1H), 3.67 (t, J = 7.1 Hz, 2H), 2.86 (t, J = 7.1 Hz, 2H). '*C NMR (CDCl3) 8 150.6 (dd, J = 250.9,
12.5 Hz), 150.0 (dd, J = 248.7, 13.0 Hz), 128.4 (dd, J = 6.4, 3.6 Hz), 120.8 (d, J= 18.3 Hz), 117.5 (d,
J=17.8 Hz), 86.5 (d, J= 1.9 Hz), 80.6 (t, J = 2.3 Hz), 42.1, 23.8.

1-(4-Chlorobut-1-yn-1-yl)-3,5-difluorobenzene (12h). General procedure D. Purification by FCC
(n-hexanes) gave 1.61 g of a yellow o0il (85%). LCMS (m/z): 200.9 [M+H]", #r 3.03 min. '"H NMR
(CDCl3) 6 6.98 — 6.91 (m, 2H), 6.79 (tt, J= 9.0, 2.4 Hz, 1H), 3.70 (t, /= 7.1 Hz, 2H), 2.90 (t, /= 7.1
Hz, 2H). *C NMR (CDCl3) 8 162.8 (d, J = 248.5 Hz), 162.7 (d, J = 248.6 Hz), 125.9 (t,J= 11.8 Hz),
1149 (d, J= 7.4 Hz), 114.7 (d, J = 7.4 Hz), 104.5 (t, J = 25.4 Hz), 88.2, 80.6 (t, J= 3.9 Hz), 41.94,
23.8.

1-Chloro-2-(4-chlorobut-1-yn-1-yl)benzene (12i). General procedure E. Purification by FCC (n-
hexanes) gave 1.12 g of a light-yellow liquid (88%). LCMS (m/z): 200.4 [M+H]*, tr 3.02 min.'H
NMR (CDCls) & 7.45 (dd, J = 7.5, 1.9 Hz, 1H), 7.38 (dd, J= 7.9, 1.5 Hz, 1H), 7.21 (dtd, J = 16.1,
7.4, 1.6 Hz, 2H), 3.72 (t, J= 7.3 Hz, 2H), 2.95 (t, J = 7.3 Hz, 2H). '*C NMR (CDCls) & 136.0, 133.5,
129.3,129.2, 126.5, 123.1, 91.3, 79.5, 42.1, 24.1.

1-(4-Chlorobut-1-yn-1-yl)-2-methylbenzene (12j). General procedure E. Purification by FCC (n-
hexanes) gave 1.32 g of a transparent liquid (92%). LCMS (m/z): 179.1 [M+H]", tr 3.03 min. 'H
NMR (CDCl3) 6 7.39 (dd, J=17.4, 1.3 Hz, 1H), 7.23 — 7.17 (m, 2H), 7.17 - 7.07 (m, 1H), 3.71 (t, J =
7.2 Hz, 2H), 2.93 (t, J = 7.2 Hz, 2H), 2.44 (s, 3H). *C NMR (CDCl3) & 140.4, 132.0, 129.5, 128.2,
125.6, 123.0, 89.7, 81.5, 42.5, 24.1, 20.8.

4-Chloro-1-(2-fluorophenyl)butan-1-one (13a). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 1.12 g of a yellow oil (82%). LCMS: tr 2.91 min. '"H NMR (CDCl3) &
7.87 (td, J=17.6, 1.9 Hz, 1H), 7.52 (dddd, J = 8.3, 7.1, 5.0, 1.9 Hz, 1H), 7.23 (ddd, /= 7.8, 7.3, 1.1
Hz, 1H), 7.14 (ddd, J=11.3, 8.3, 1.1 Hz, 1H), 3.66 (t, /= 6.4 Hz, 2H), 3.18 (td, /= 6.9, 3.1 Hz, 2H),
2.27 —2.17 (m, 2H). *C NMR (CDCl3) & 197.4 (d, J = 4.0 Hz), 162.2 (d, J = 254.6 Hz), 134.8 (d, J
=9.1 Hz), 130.7 (d, J=2.7 Hz), 125.6 (d, J=13.0 Hz), 124.6 (d, /= 3.4 Hz), 116.9 (d, /= 24.0 Hz),
44.6,40.5 (d,J="7.8 Hz), 26.8 (d,J=2.1 Hz).

4-Chloro-1-(3-fluorophenyl)butan-1-one (13b). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 449 mg of a dark red oil (41%). LCMS (m/z): 201.1 [M+H]", tr 2.91
min. '"H NMR (CDCl3) 8 7.77 (ddd, J = 7.8, 1.6, 1.0 Hz, 1H), 7.66 (ddd, J = 9.5, 2.6, 1.5 Hz, 1H),
7.46 (td, J=8.0, 5.5 Hz, 1H), 7.28 (tdd, J = 8.3, 2.7, 1.0 Hz, 1H), 3.69 (t, J = 6.2 Hz, 2H), 3.17 (t, J
= 6.9 Hz, 2H), 2.27 — 2.20 (m, 2H). '*C NMR (CDCl3) 4 197.7 (d, J = 2.0 Hz), 162.9 (d, J = 248.0
Hz), 138.9 (d, J= 6.0 Hz), 130.4 (d, /= 7.6 Hz), 123.9 (d, J=3.0 Hz), 120.3 (d, /= 21.4 Hz), 114.8
(d, J=22.3 Hz), 44.6, 35.5, 26.7.
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4-Chloro-1-(2,3-difluorophenyl)butan-1-one (13c). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 745 mg of a yellow oil (81%). LCMS: fr 2.94 min. 'H NMR (CDCls)
6 7.61(ddt,J=17.8,6.0, 1.7 Hz, 1H), 7.36 (dddd, /=9.8, 8.2, 7.4, 1.8 Hz, 1H), 7.17 (tdd, J = 8.1, 4.6,
1.5 Hz, 1H), 3.66 (t,J = 6.3 Hz, 2H), 3.18 (td, J=6.9, 3.1 Hz, 2H), 2.22 (dddd, J=13.3, 6.9, 6.2, 0.8
Hz, 32H). *C NMR (CDCl3) 6 196.2 (dd, J = 3.8, 2.6 Hz), 151.1 (dd, J = 250.1, 14.0 Hz), 150.5 (dd,
J=1256.7,13.7 Hz), 127.5 (d, J = 9.9 Hz), 125.1 (dd, J = 3.6, 1.6 Hz), 124.5 (dd, J = 6.6, 4.5 Hz),
121.6 (dd, J=17.5, 1.4 Hz), 44.4, 40.5 (d, /= 7.0 Hz), 26.6 (d, /= 2.0 Hz).

4-Chloro-1-(2,4-difluorophenyl)butan-1-one (13d). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 294 mg of a yellow oil (58%). LCMS: tr 2.91 min. '"H NMR (CDCl3) &
7.94 (td, J= 8.6, 6.6 Hz, 1H), 7.01 — 6.91 (m, 1H), 6.87 (ddd, J=11.1, 8.6, 2.4 Hz, 1H), 3.65 (t,J =
6.3 Hz, 2H), 3.14 (td, J= 6.9, 3.3 Hz, 2H), 2.20 (dddd, J = 13.3, 6.9, 6.2, 0.8 Hz, 2H). '3C NMR (101
MHz, CDCls) 6 195.7 (d, J = 4.8 Hz), 165.9 (dd, J=257.2, 12.4 Hz), 162.9 (dd, J=257.5, 12.6 Hz),
132.7 (dd, J=10.5, 4.3 Hz), 122.0 (dd, J=13.2, 3.6 Hz), 112.4 (dd, /= 21.4, 3.4 Hz), 104.9 (dd, J =
27.9,25.4 Hz), 44.5 (s),40.3 (d, /= 7.8 Hz), 26.7 (d, /= 2.2 Hz).

4-Chloro-1-(2,5-difluorophenyl)butan-1-one (13e). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 384 mg of a clear oil (82%). LCMS: # 2.90 min. '"H NMR (CDCls) &
7.50 (ddd, /=8.7, 5.5, 3.3 Hz, 1H), 7.18 (ddt, J=9.0, 7.0, 3.6 Hz, 1H), 7.10 (ddd, J=10.1, 9.0, 4.2
Hz, 1H), 3.62 (t, J = 6.3 Hz, 2H), 3.13 (td, J = 6.9, 3.2 Hz, 2H), 2.17 (pd, J = 6.6, 0.8 Hz, 2H). 1*C
NMR (CDCls) 6 195.8 (dd, J=4.8, 1.3 Hz), 158.7 (dd, J = 244.6, 2.2 Hz), 158.1 (dd, J=250.8, 2.4
Hz), 126.4 (dd, J = 15.8, 6.2 Hz), 121.4 (dd, J = 24.6, 9.4 Hz), 118.3 (dd, J=27.4, 7.9 Hz), 116.4
(dd, J=25.0,3.3 Hz), 44.4, 40.3 (d, J = 8.2 Hz), 26.6 (d, J= 2.3 Hz).

4-Chloro-1-(2,6-difluorophenyl)butan-1-one (13f). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 408 mg of a clear oil (79%). LCMS (m/z): 219.1 [M+H]", tr 2.90 min.
"H NMR (CDCls) 6 7.39 (tt, J = 8.4, 6.3 Hz, 1H), 6.94 (t, J = 8.2 Hz, 2H), 3.63 (t, J = 6.3 Hz, 2H),
3.06 (t,J=7.0 Hz, 2H), 2.20 (p, J = 6.7 Hz, 2H). '3C NMR (CDCI3) & 196.6, 159.9 (d, J = 253.5 Hz),
159.9 (d, J=253.7 Hz), 132.6 (t,J=10.5 Hz), 112.4 — 112.3 (m), 112.21 — 112.06 (m), 44.2, 41.9 (t,
J=2.3 Hz), 26.5.

4-Chloro-1-(3,4-difluorophenyl)butan-1-one (13g). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 1.27 g of a yellow oil (78%). LCMS (m/z): 219.5 [M+H]", tr 2.94 min.
"H NMR (CDCl3) & 7.87 — 7.78 (m, 1H), 7.78 (dtd, J = 6.5, 2.1, 1.0 Hz, 1H), 7.34 — 7.22 (m, 1H),
3.71 —3.67 (m, 2H), 3.16 (t, J = 6.9 Hz, 2H), 2.30 — 2.20 (m, 2H). *C NMR (CDCls) § 196.5, 153.8
(dd, J=257.1, 13.0 Hz), 150.6 (dd, J = 251.0, 13.0 Hz), 133.9 (t, /= 3.8 Hz), 125.1 (dd, J=17.5, 3.6
Hz), 117.7 (d, J=17.8 Hz), 117.4 (dd, J = 17.9, 1.9 Hz), 44.6, 35.3, 26.7.
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4-Chloro-1-(3,5-difluorophenyl)butan-1-one (13h). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 309 mg of a red oil (72%). LCMS: fr 2.96 min. 'H NMR (CDCls) § 7.53
—7.42 (m, 2H), 7.02 (tt, J = 8.4, 2.4 Hz, 1H), 3.67 (t, J= 6.2 Hz, 2H), 3.13 (t, /= 6.9 Hz, 2H), 2.22
(tt, J= 6.8, 6.0 Hz, 2H). '3*C NMR (CDCl3) 4 196.47 (t, J= 2.4 Hz), 163.20 (dd, J=251.1, 11.7 Hz),
139.71 (t, J= 7.4 Hz), 111.07 (dd, J = 18.9, 7.3 Hz), 108.63 (t, J = 25.4 Hz), 44.46, 35.61, 26.57.

4-Chloro-1-(2-chlorophenyl)butan-1-one (13i). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 1.12 g of a yellow oil (80%). LCMS (m/z): 217.1 [M+H]", tr 2.90 min.
"H NMR (CDCl3) 6 7.48 (dd, J= 7.5, 1.7 Hz, 1H), 7.44 — 7.36 (m, 2H), 7.32 (td, J= 7.2, 1.8 Hz, 1H),
3.65 (t,J=6.3 Hz, 2H), 3.14 (t,J= 7.0 Hz, 2H), 2.21 (p, J = 6.7 Hz, 2H). 3C NMR (CDCl5) § 202.2,
139.3, 131.9, 130.9, 130.7, 128.9, 127.1, 44.4, 39.9, 26.9.

4-Chloro-1-(o-tolyl)butan-1-one (13j). General procedure F. Purification by FCC (n-
hexanes/EtOAc 10:0.1) gave 900 mg of a yellow oil (74%). LCMS (m/z): 197.3 [M+H]", tr 2.90 min.
"H NMR (CDCl3) 6 7.68 (dd, J= 7.8, 1.4 Hz, 1H), 7.38 (td, J= 7.5, 1.4 Hz, 1H), 7.30 — 7.23 (m, 2H),
3.67 (t, J = 6.3 Hz, 2H), 3.10 (t, J = 6.9 Hz, 2H), 2.50 (s, 3H), 2.20 (p, J = 6.6 Hz, 2H). '3C NMR
(CDCl3) 6 203.1, 138.2, 137.8, 132.1, 131.5, 128.6, 125.9, 44.7, 38.3, 27.0, 21.5.

4-(4-Chlorophenyl)-1-(4-(2-fluorophenyl)-4-oxobutyl)-1,2,3,6-tetrahydropyridin-1-ium 2,2,2-
trifluoroacetateone (14a). General procedure C. Purification by preparative HPLC (Method C)
afforded 49 mg of white solid (45%). LCMS (m/z): 376.3 [M+H]", tr 3.34 min. HRMS (m/z):
C21H23CIFNO2: requires 376.1401 [M+H]; found 376.1483. "H NMR (CDCl3) 8 11.71 (s, 1H), 7.87
(td, J=17.6,1.8 Hz, 1H), 7.57 (tdd, J="7.3, 5.0, 1.8 Hz, 1H), 7.41 (d, /= 8.5 Hz, 2H), 7.33 (d, /= 8.4
Hz, 2H), 7.29 — 7.22 (m, 1H), 7.17 (dd, J=11.4, 8.3 Hz, 1H), 3.88 (s, 1H), 3.55 (d, J=11.6 Hz, 2H),
3.34 (q,J=11.2 Hz, 2H), 3.14 (tt, J = 6.6, 3.3 Hz, 4H), 2.53 (td, /= 14.1, 4.1 Hz, 2H), 2.26 — 2.14
(m, 2H), 1.94 (d, J = 14.4 Hz, 2H).

4-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(3-fluorophenyl)butan-1-one (14b). General
procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 55 mg of a white
solid (39%). LCMS (m/z): 376.1 [M+H]", tr 3.21 min. HRMS (m/z): C21H23CIFNOz: requires
376.1474 [M+H]"; found 376.1480. '"H NMR (Methanol-ds) § 7.89 (dt, J = 7.8, 1.2 Hz, 1H), 7.75
(ddd, J=9.7,2.7, 1.6 Hz, 1H), 7.63 — 7.51 (m, 3H), 7.45 — 7.35 (m, 3H), 3.61 (d, J = 11.9 Hz, 2H),
3.49 (td, J=12.7, 2.8 Hz, 2H), 3.34 — 3.24 (m, 4H), 2.43 (td, J = 14.5, 4.4 Hz, 2H), 2.31 — 2.18 (m,
2H), 2.01 (dq, J = 15.3, 2.9 Hz, 2H). '*C NMR (Methanol-d4) 6 198.9 (d, J= 2.3 Hz), 164.3 (d, J =
246.3 Hz), 147.0, 140.1 (d, J= 6.2 Hz), 134.23, 131.8 (d, J=7.7 Hz), 129.5, 127.5, 125.2 (d, /= 3.0
Hz), 121.3 (d, J=21.7 Hz), 115.5 (d, J = 22.8 Hz), 69.3, 50.3, 49.6, 36.4, 36.3, 19.6.
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4-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(2,3-difluorophenyl)butan-1-one (14¢). A
solution of 4-(4-chlorophenyl)-1-(4-(2,3-difluorophenyl)-4,4-dimethoxybutyl)piperidin-4-ol (110
mg, 250 gmol) in 15 mL of 15:1 acetone:H20 was treated with pTsOH (61.8 mg, 326 zmol), and the
mixture was heated at reflux for 48 h. The mixture was concentrated under reduced pressure. The
residue was dissolved in EtOAC (20 mL) and poured into saturated NaHCO3 (20 mL). The aqueous
phase was extracted with EtOAc (2 x 20 mL) and the combined extracts were dried (Na,SO4), and
concentrated under reduced pressure. The residue was purified by FCC (5102, 98:1 EtOAc:MeOH),
affording the title compound as a beige solid (75 mg, 76%). LCMS (m/z): 394.2 [M+H]", tr 3.37 min.
HRMS (m/z): C21H22CIF2NO;: requires 394.1380 [M+H]; found 394.1390. '"H NMR (CDCls) 8 7.62
(ddt,J=17.9, 6.1, 1.8 Hz, 1H), 7.38 — 7.32 (m, 3H), 7.32 — 7.25 (m, 2H), 7.16 (tdd, J = 8.1, 4.5, 1.5
Hz, 1H), 3.01 (td, J= 7.0, 2.8 Hz, 2H), 2.82 — 2.76 (m, 2H), 2.51 — 2.38 (m, 4H), 2.05 — 1.79 (m, 5H),
1.66 (dd, J = 14.0, 2.7 Hz, 2H). *C NMR (CDCl3) 4 197.0 (dd, J = 6.3, 2.6 Hz), 151.1 (dd, J=250.4,
14.8 Hz), 150.4 (dd, J = 256.2, 13.6 Hz), 147.0, 132.8, 128.5, 128.1 (d, /= 9.9 Hz), 126.2, 125.2 (dd,
J=3.5,13 Hz), 124.3 (dd, /= 6.6, 4.5 Hz), 121.2 (d, J=17.4 Hz), 71.2, 57.8,49.4,41.4 (d, /= 6.8
Hz), 38.5, 21.9.

4-(4-Chlorophenyl)-1-(4-(2,4-difluorophenyl)-4-oxobutyl)-4-hydroxypiperidin-1-ium 2,2,2-
trifluoroacetate (14d). General procedure C. Purification by preparative HPLC (Method C) afforded
68 mg of a white solid (66%). LCMS (m/z): 394.3 [M+H]", tr 3.35 min. HRMS (m/z):
C21H22CIF2NO;: requires 394.1380 [M+H]*; found 394.1387. "H NMR (CDCls) & 11.54 (s, 1H), 7.53
(ddd, J = 8.6, 5.4, 3.3 Hz, 1H), 7.39 (d, J = 8.4 Hz, 2H), 7.31 — 7.20 (m, 3H), 7.15 (td, /= 9.5, 4.1
Hz, 1H), 4.83 (s, 1H), 3.47 (d, J=10.2 Hz, 2H), 3.33 (q, /= 11.3 Hz, 2H), 3.11 (td, /= 6.4, 3.2 Hz,
4H), 2.45 (td, J = 14.0, 4.2 Hz, 2H), 2.18 (dq, J = 13.7, 6.7 Hz, 2H), 1.93 (d, J = 14.4 Hz, 2H). 13C
NMR (CDCI3) 6 195.1, 158.7 (dd, J = 245.1, 1.9 Hz), 158.3 (dd, J = 251.3, 2.2 Hz), 144.8, 133.6,
128.8, 126.1, 125.6 (dd, J=15.4, 6.4 Hz), 122.1 (dd, J=24.5, 9.6 Hz), 118.6 (dd, /= 27.2, 7.8 Hz),
116.4 (d, J=27.9 Hz), 68.8, 56.5, 48.9, 39.9 (d, /= 9.0 Hz), 35.4, 18.1.

4-(4-Chlorophenyl)-1-(4-(2,5-difluorophenyl)-4-oxobutyl)-4-hydroxypiperidin-1-ium 2,2,2-
trifluoroacetate (14e). General procedure C. Purification by preparative HPLC (Method C) afforded
60 mg of a white solid (66%). LCMS (m/z): 394.3 [M+H]", tr 3.35 min. HRMS (m/z):
C21H22CIF2NO;: requires 394.1380 [M+H]*; found 394.1385. "H NMR (CDCls3) 8 11.15 (s, 1H), 7.53
(ddd, J=8.7,5.4,3.3 Hz, 1H), 7.38 (d, /= 8.3 Hz, 2H), 7.31 (d, J = 8.4 Hz, 2H), 7.23 (dq, /= 6.9,
3.1 Hz, 1H), 7.14 (td, /= 9.6, 4.1 Hz, 1H), 3.55 (d, /= 11.4 Hz, 2H), 3.33 (q, /= 11.3 Hz, 2H), 3.21
—3.05 (m, 4H), 2.53 — 2.42 (m, 2H), 2.19 (t, J = 7.9 Hz, 2H), 1.9 (d, J = 14.5 Hz, 2H). '3C NMR
(CDCl3) 6 195.1, 158.6 (dd, J = 245.1, 1.9 Hz), 158.2 (dd, J = 251.0, 2.3 Hz), 144.2, 133.8, 128.9,
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125.8, 122.0 (dd, J = 24.5, 9.8 Hz), 118.5 (dd, J=27.5, 8.0 Hz), 116.4 (d, J= 3.1 Hz), 1162 (d, J =
2.8 Hz), 69.0, 56.5, 48.9, 39. 8 (d, J = 8.9 Hz), 35.3, 18.1.

4-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(2,6-difluorophenyl)butan-1-one (14f). A
solution of 4-(4-chlorophenyl)-1-(3-(2-(2,6-difluorophenyl)-1,3-dioxolan-2-yl)propyl)piperidin-4-ol
(150 mg, 342 umol) in 15 mL of 15:1 acetone:H20 was treated with pTsOH (84.7 mg, 445 umol),
and the mixture was heated at reflux for 48 h. The mixture was concentrated under reduced pressure.
The residue was dissolved in EtOAC (20 mL) and poured into saturated NaHCO3 (20 mL). The
aqueous phase was extracted with EtOAc (2 x 20 mL) and the combined extracts were dried
(Na2S04), and concentrated under reduced pressure. The residue was purified by FCC (eluent, 98:1
EtOAc/MeOH), affording the title compound as a beige solid (110 mg, 82%). LCMS (m/z): 394.2
[M+H]", tr 3.27 min. HRMS (m/z): C21H22CIF2NO»: requires 394.1418 [M+H]*; found 394.1465. 'H
NMR (CDCl3) & 7.45 —7.37 (m, 2H), 7.36 (td, J= 8.4, 7.3, 5.3 Hz, 1H), 7.32 — 7.25 (m, 2H), 6.94 (t,
J=28.1 Hz, 2H), 2.92 (t, J= 7.1 Hz, 2H), 2.79 (dt, /= 11.7, 3.1 Hz, 2H), 2.50 — 2.37 (m, 4H), 2.07
(td, J=13.2,4.5 Hz, 2H), 1.94 (p, J = 7.2 Hz, 3H), 1.69 (dd, J = 14.0, 2.7 Hz, 2H). '*C NMR (CDCl3)
6 197.6, 159.9 (dd, J = 253.1, 7.5 Hz), 147.1, 132.8, 132.3 (t, /= 10.4 Hz), 128.5, 126.2, 118.5 (t, J
=19.6 Hz), 112.4 - 112.2 (m), 112.2—-111.9 (m), 71.12, 57.6, 49.4, 42.9, 38.5, 21.3.

4-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(3,4-difluorophenyl)butan-1-one (14g).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 48 mg of
a white solid (74%). LCMS (m/z): 364.2 [M+H]", tr 3.51 min. HRMS (m/z): C21H22CIF2NO:: requires
394.1380 [M+H]*; found 394.1388. '"H NMR (CDCls3) 8 7.82 (ddd, J = 10.5, 7.7, 2.1 Hz, 1H), 7.76
(ddd, /=8.8,4.1, 1.8 Hz, 1H), 7.37 (d, /= 8.4 Hz, 2H), 7.28 (d, /= 8.7 Hz, 2H), 7.28 — 7.18 (m, 1H),
2.95 (t,J=17.0 Hz, 2H), 2.76 (d, J= 12.2 Hz, 2H), 2.49 — 2.34 (m, 4H), 2.03 — 1.90 (m, 4H), 1.80 (s,
1H), 1.66 (dd, J=14.2, 2.6 Hz, 2H). *C NMR (CDCl3) 8 197.5, 153.6 (dd, J=256.7, 13.0 Hz), 150.5
(dd, J=1250.7, 12.9 Hz), 147.0, 134.5 (t, /= 3.8 Hz), 132.9, 128.5, 126.2, 125.1 (dd, J=7.3, 3.6 Hz),
117.7-117.6 (m), 117.5-117.4 (m), 71.1, 57.8, 49.4, 38.4, 36.3, 21.9.

4-(4-Chlorophenyl)-1-(4-(3,5-difluorophenyl)-4-oxobutyl)-4-hydroxypiperidin-1-ium 2,2,2-
trifluoroacetate (14h). General procedure C. Purification by FCC (eluent 20:0.5:0.1,
EtOAc/MeOH/NH4OH) gave 42 mg of a white solid (44%). LCMS (m/z): 394.3 [M+H]", tr 3.44 min.
HRMS (m/z): C21H22CIFaNOz: requires 394.1307 [M+H]*; found 394.1371. '"H NMR (Methanol-ds)
0 7.64 —7.53 (m, 2H), 7.49 (d, J=8.4 Hz, 2H), 7.36 (d, /= 8.4 Hz, 2H), 7.28 — 7.17 (m, 1H), 3.71 —
3.54 (m, 2H), 3.44 (td, J=12.8, 2.8 Hz, 2H), 2.34 (td, J = 14.1, 4.3 Hz, 2H), 2.27 — 2.15 (m, 2H),
2.04 — 1.94 (m, 2H). *C NMR (Methanol-ds) 8 197.6, 164.6 (d, J = 249.3 Hz), 164.5 (d, J = 249.3
Hz), 147.0, 141.1 (t, J = 7.5 Hz), 134.2, 129.5, 127.4, 112.1 (d, J= 7.2 Hz), 111.9 (d, J = 7.4 Hz),
109.3 (t, J=26.0 Hz), 69.2, 57.5, 36.6, 36.3, 19.4.
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1-(2-Chlorophenyl)-4-(4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl)butan-1-one (14i). General
procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 89 mg of a white
solid (70%). LCMS (m/z): 392.2 [M+H]", ®r 3.40 min. HRMS (m/z): C21H23CIbNO2: requires
392.1106 [M+H]*; found 392.1184. '"H NMR (CDCl3) § 7.47 (dd, J = 7.5, 1.7 Hz, 1H), 7.42 — 7.34
(m, 4H), 7.33 —7.25 (m, 3H), 2.97 (t,J= 7.1 Hz, 2H), 2.77 (dt, /= 11.9, 3.0 Hz, 2H), 2.47 —2.36 (m,
4H), 2.10 - 1.98 (m, 3H), 1.93 (p, J = 7.2 Hz, 2H), 1.68 (dd, J = 14.2, 2.6 Hz, 2H). *C NMR (CDCl;)
0203.4, 147.1, 139.7, 132.8, 131.7, 130.9, 130.6, 128.9, 128.4, 126.9, 126.2, 71.1, 57.7, 49.4, 40.9,
38.5,21.7.

4-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(o-tolyl)butan-1-one (14j). General procedure
C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 90 mg as a white solid
(70%). LCMS (m/z): 372.3 [M+H]", tr 3.47 min. HRMS (m/z): C22H26CINOz: requires 372.1652
[M+H]*; found 372.1626. 'H NMR (CDCl3)  7.66 (d, J=7.6 Hz, 1H), 7.39 (d, J= 8.5 Hz, 2H), 7.35
(d, J=8.0 Hz, 1H), 7.28 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 7.5 Hz, 2H), 2.92 (t, J = 7.1 Hz, 2H), 2.78
(dt, J=12.0, 3.1 Hz, 2H), 2.49 (s, 3H), 2.50 — 2.36 (m, 4H), 2.04 (td, /= 13.3, 4.5 Hz, 2H), 1.93 (p,
J =72 Hz, 3H), 1.68 (dd, J = 14.1, 2.6 Hz, 2H). '3C NMR (CDCls) & 204.4, 147.1, 138.3, 138.0,
132.8, 132.0, 131.2, 128.6, 128.4, 126.2, 125.7,71.2, 57.9, 49.5, 39.5, 38.6, 21.9, 21.4.

4-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-phenylbutan-1-one (14k). General procedure
C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 75mg of a white solid (75
mg, 79%). LCMS (m/z): 358.1 [M+H]", tr 3.21 min. HRMS (m/z): C21H24CINOz: requires 358.1558
[M+H]*; found 358.1579. "H NMR (CDCls) & 7.98 (d, J = 8.3 Hz, 2H), 7.60 — 7.51 (m, 1H), 7.51 —
7.42 (m, 2H), 7.36 (d, J = 8.4 Hz, 2H), 7.32 — 7.22 (m, 2H), 3.00 (t, J = 7.0 Hz, 2H), 2.79 (dt, J =
12.0, 3.0 Hz, 2H), 2.51 —2.37 (m, 4H), 2.07 — 1.92 (m, 5H), 1.65 (dd, J = 14.1, 2.6 Hz, 2H). *C NMR
(CDCl) 6 200.1, 147.1, 137.4, 132.9, 132.8, 128.7, 128.5, 128.2, 126.2, 71.2, 58.0, 49.4, 38.5, 36.4,
22.1.

1-(4-Chlorophenyl)-4-(4-(4-chlorophenyl)-4-hydroxypiperidin-1-yl)butan-1-one (14l). General
procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 68 mg of the title
compound as a yellow solid (80%). LCMS (m/z): 392.4 [M+H]", tr 3.68 min. HRMS (m/z):
C21H23CILNO:»: requires 392.1106 [M+H]; found 392.1174. "H NMR (CDCl3) & 7.92 (d, J = 8.6 Hz,
2H), 7.43 (d, J = 8.6 Hz, 2H), 7.35 (d, /= 8.7 Hz, 2H), 7.28 (d, J = 8.7 Hz, 2H), 2.96 (t, J = 7.0 Hz,
2H), 2.75 (dt, J=12.2, 3.2 Hz, 2H), 2.50 — 2.35 (m, 4H), 2.06 — 1.90 (m, 4H), 1.73 (s, 1H), 1.65 (dd,
J=14.1, 2.6 Hz, 2H). *C NMR (CDCl3) & 198.8, 147.1, 139.4, 135.7, 132.8, 129.7, 128.9, 128.5,
126.2,71.2,57.9, 49.4, 38.5, 36.4, 22.1.
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1-(4-Chloro-1,1-dimethoxybutyl)-2,3-difluorobenzene (15c¢). 4-Chloro-1-(2,3-
difluorophenyl)butan-1-one (450 mg, 2.06 mmol), was taken up in MeOH (15 mL) and treated with
trimethyl orthoformate (450 mL, 4.12 mmol), p-toluenesulphonic acid monohydrate (7.83 mg, 41.2
mmol) and stirred for 3 hr at r.t. This was diluted with sat. ag. NaHCO3; (20 mL), H,O (20 mL) and
extracted with EtOAc (3 x 15 mL). The organic extracts were combined, washed with brine (20 mL),
dried over MgSOQs, filtered and concentrated in vacuo to afford 425 mg of the title compound as a
light green oil (77%). LCMS (m/z): 265.8 [M+H]", fr 3.08 min. 'H NMR (CDCl3) & 7.35 (ddt, J =
8.1, 6.4,1.7 Hz, 1H), 7.14 (dddd, J=9.9, 8.7, 7.1, 1.8 Hz, 1H), 7.06 (tdd, J = 8.1, 5.0, 1.6 Hz, 1H),
3.42 (t,J= 6.6 Hz, 2H), 3.19 (s, 6H), 2.22 — 2.13 (m, 2H), 1.54 — 1.42 (m, 2H). 3C NMR (CDCl;) &
151.1 (dd, J=247.4, 13.6 Hz), 147.9 (dd, J = 253.0, 13.5 Hz), 129.8 (d, /= 7.3 Hz), 125.1 (dd, J =
3.7,2.2 Hz), 123.5(dd, /=6.8, 4.8 Hz), 117.3 (d, /= 17.2 Hz), 101.8 (d, /= 3.2 Hz), 48.8, 44.8, 32.4
(d, J=3.1 Hz), 27.3.

2-(3-Chloropropyl)-2-(2,6-difluorophenyl)-1,3-dioxolane (15f). A solution of 4-chloro-1-(2,6-
difluorophenyl)butan-1-one (250 mg, 1.14 mmol), ethylene glycol (320 pL, 5.72 mmol), and p-
TsOH.H>0 (10.9 mg, 57.2 umol) in toluene (15 mL) was heated at reflux temperature with use of a
Dean-Stark water trap for 16 h. The cooled reaction mixture was washed with NaOH (3 x 20 mL),
followed by H>O (2 x 20 mL) and dried (Na2SOs). The organic layer was removed in vacuo and the
residue purified by FCC (5:95 EtOAc/PE) to afford 249 mg of a clear oil (83%). LCMS (m/z): 263.3
[M+H]", tr 2.91 min. '"H NMR (CDCl3) & 7.23 (tt,J = 8.2, 5.3 Hz, 1H), 6.85 (t, J= 8.7 Hz, 2H), 4.12
—4.03 (m, 2H), 3.93 — 3.84 (m, 2H), 3.56 (t, /= 6.8 Hz, 2H), 2.25 —2.19 (m, 2H), 1.93 (dt, /= 14.1,
6.9 Hz, 2H). *C NMR (CDCls) 6 160.6 (dd, J = 252.0, 7.6 Hz), 129.9 (t, J=11.1 Hz), 117.7 (t,J =
14.7 Hz), 112.7 - 112.6 (m), 112.5—-112.4 (m), 109.1 (t, J=3.5 Hz), 64.9, 45.1, 36.5 (t, /= 1.8 Hz),
26.8.

4-(4-Chlorophenyl)-1-(4-(2,3-difluorophenyl)-4,4-dimethoxybutyl)piperidin-4-ol (16¢). General
procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 130 mg as a
transparent oil (71%). LCMS (m/z): 440.1 [M+H]", ¢k 2.39 min. '"H NMR (CDCl3) § 7.40 (d, J= 8.7
Hz, 2H), 7.38 — 7.33 (m, 1H), 7.29 (d, J = 8.6 Hz, 2H), 7.12 (dtd, /= 9.6, 7.9, 1.8 Hz, 1H), 7.04 (tdd,
J=28.1,5.0, 1.4 Hz, 1H), 3.18 (s, 6H), 2.66 (d, /= 11.4 Hz, 2H), 2.38 = 2.19 (m, 4H), 2.11 - 1.97 (m,
4H), 1.76 (s, 1H), 1.65 (dd, J = 14.1, 2.6 Hz, 2H), 1.29 — 1.16 (m, 2H). '3C NMR (CDCl3) & 151.1
(dd, J=246.8, 13.8 Hz), 147.9 (dd, J = 252.8, 13.3 Hz), 146.9, 132.9, 130.1 (d, J= 7.1 Hz), 128.5,
126.2, 125.2 (t,J=4.9, 2.3 Hz), 123.4 (dd,J=12.0, 5.1 Hz), 117.1 (d, J=17.2 Hz), 102.2 (t,J= 3.1
Hz), 71.1, 58.2, 49.4, 48.8, 38.4,32.7 (d, J=2.9 Hz), 21.4.

4-(4-Chlorophenyl)-1-(3-(2-(2,6-difluorophenyl)-1,3-dioxolan-2-yl)propyl)piperidin-4-ol (16f).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 325 mg
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as a transparent oil (77%). LCMS (m/z): 438.1 [M+H]", tr 2.39 min. "H NMR (CDCl3) § 7.42 (d, J =
8.6 Hz, 2H), 7.29 (d, J = 8.6 Hz, 2H), 7.25 - 7.17 (m, 1H), 6.89 — 6.79 (m, 2H), 4.12 — 4.02 (m, 2H),
3.93-3.86 (m, 2H), 2.78 (d,J=11.3 Hz, 2H), 2.44 —2.34 (m, 4H), 2.15—-2.01 (m, 4H), 1.85 (s, 1H),
1.68 (d, J=11.5 Hz, 4H). *C NMR (CDCl3) 8160.7 (d, J=251.7 Hz), 160.7 (d, J= 251.9 Hz), 147.1,
132.8, 129.7 (t,J=11.0 Hz), 128.5, 126.2, 117.9 (t, J=14.8 Hz), 112.6 (d, /J=7.2 Hz), 112.4 (d, J =
7.2 Hz), 109.5 (t, J=3.5 Hz), 71.2, 64.9, 58.5, 49.4, 38.5, 37.2, 20.9.

4-(4-Chlorophenyl)-1-(3-((4-fluorophenyl)thio)propyl)piperidin-4-ol (17a). General procedure
C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 67 mg of a white solid
(77%). LCMS (m/z): 380.1 [M+H]", tr 3.73 min. HRMS (m/z): C20H2»3CIFNOS: requires 380.1276
[M+H]*; found 380.1308. 'H NMR (CDCl3) 8 7.43 (d, J = 8.6 Hz, 2H), 7.39 — 7.31 (m, 2H), 7.34 —
7.24 (m, 2H), 6.99 (t, J = 8.6 Hz, 2H), 2.92 (t, J = 7.3 Hz, 2H), 2.75 (dt, J = 11.8, 3.0 Hz, 2H), 2.50
(t, J=17.3 Hz, 2H), 2.40 (td, J = 12.0, 2.4 Hz, 2H), 2.08 (td, /= 13.2, 4.5 Hz, 2H), 1.82 (p, J=17.3
Hz, 2H), 1.70 (dd, J = 14.2, 2.6 Hz, 3H). '*C NMR (CDCl3) & 161.8 (d, J = 246.1 Hz), 146.9, 132.9,
132.3 (d, /= 8.0 Hz), 131.5 (d, J = 3.4 Hz), 128.5, 126.2, 116.1 (d, J = 21.8 Hz), 71.2, 57.4, 49.6,
38.6, 33.2, 26.8.

4-(4-Chlorophenyl)-1-(3-(4-fluorophenoxy)propyl)piperidin-4-ol (17b). General procedure C.
Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 77 mg of a white solid (80%).
LCMS (m/z): 364.2 [M+H]", tr 3.51 min. HRMS (m/z): C20H23CIFNO:z: requires 380.1474 [M+H]";
found 364.1492. "H NMR (CDCls) & 7.44 (d, J= 8.7 Hz, 2H), 7.31 (d, J = 8.6 Hz, 2H), 6.96 (dd, J =
9.6, 7.7 Hz, 2H), 6.84 (dd, /=9.1, 4.3 Hz, 2H), 3.98 (t, J= 6.3 Hz, 2H), 2.88 — 2.76 (m, 2H), 2.58 (t,
J=17.5Hz, 2H), 2.51 — 2.39 (m, 2H), 2.11 (td, J = 13.2, 4.5 Hz, 2H), 2.03 — 1.93 (m, 2H), 1.73 (dd,
J =142, 2.7 Hz, 3H). 3C NMR (CDCl3) & 157.3 (d, J = 238.0 Hz), 155.2 (d, J = 2.1 Hz), 147.0,
132.9, 128.5, 126.3, 115.9 (d, J=23.0 Hz), 115.6 (d, J= 7.8 Hz), 71.2, 67.1, 55.4, 49.6, 38.6, 27.1.

4-(4-Chlorophenyl)-1-(4-(4-fluorophenyl)-4-hydroxybutyl)piperidin-4-ol (18). General
procedure C. Purification by FCC (20:1:0.1, EtOAc/MeOH/NH4OH) gave 60 mg of the title
compound as a white solid (67%). LCMS (m/z): 378.3 [M+H]", = 3.05 min. HRMS (m/z):
C21H2sCIFNOz: requires 378.1558 [M+H]"; found 378.1643. '"H NMR (CDCls) & 7.48 — 7.38 (m,
2H), 7.36 — 7.23 (m, 4H), 6.99 (t, J = 8.7 Hz, 2H), 4.67 — 4.61 (m, 1H), 3.07 — 2.99 (m, 1H), 2.89 —
2.79 (m, 1H), 2.64 (td, J=12.1, 2.7 Hz, 1H), 2.58 — 2.47 (m, 3H), 2.22 (ddt, J = 18.7, 12.9, 4.7 Hz,
2H), 2.00 — 1.88 (m, 1H), 1.81 — 1.65 (m, 6H), 1.25 (s, 1H). '*C NMR (CDCls) & 161.9 (d, J = 244.1
Hz), 146.4, 141.6 (d, J= 3.1 Hz), 133.2, 128.6, 127.4 (d, /= 8.0 Hz), 126.3, 115.1 (d, /= 21.2 Hz),
73.3,70.9, 58.9, 50.2, 48.6, 40.2, 37.9, 37.7, 24.1.

Cyclopropyl(4-fluorophenyl)methanone (19). To a stirred solution of NaOH (1.82 g, 45.6 mmol)

in H,O (30 mL) at room temperature was added a solution of 4-chloro-1-(4-fluorophenyl)butan-1-
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one (5.00 mL, 30.4 mmol) in THF (10 mL). After addition, the reaction temperature was increased
to 60 °C and stirred for a further 5 hours. EtOAc and H,O were added and the organic phase was
washed with additional H,O, brine, and dried (Na,SO4) followed by concentration in vacuo to yield
the product as a light-yellow oil (5.00 g, quantitative). LCMS: fr 2.73 min. "H NMR (CDCls) & 8.08
—7.99 (m, 2H), 7.19 - 7.09 (m, 2H), 2.62 (tt, /= 7.8, 4.6 Hz, 1H), 1.23 (ddt, /= 6.8, 4.6, 2.2 Hz, 2H),
1.04 (dq, J = 7.3, 3.6 Hz, 2H). '3C NMR (CDCl3) 6 199.1, 165.7 (d, J = 254.0 Hz), 134.5 (d, J = 3.0
Hz), 130.7 (d, J=9.2 Hz), 115.7 (d, J=21.8 Hz), 17.2, 11.8.

Cyclopropyl(4-fluorophenyl)methanol (20). To a stirred solution of cyclopropyl(4-
fluorophenyl)methanone (5.00 g, 30.5 mmol) in MeOH (40 mL) at 0° C was added NaBH4 (1.50 g,
39.6 mmol) portion-wise. The reaction mixture was allowed to come to room temperature and stirred
for a further 4 hours. To the reaction mixture was added to sat. aqueous NH4Cl solution and EtOAc,
the phases were separated, the aqueous phase was extracted twice with EtOAc, the combined organic
phases were dried (Na>SOs), filtered, and concentrated in vacuo to afford 5.01 g of a gold oil (99%).
LCMS (m/z): tr 2.73 min. '"H NMR (CDCl5) & 8.08 — 7.99 (m, 1H), 7.19 — 7.09 (m, 1H), 2.62 (it, J =
7.8,4.6 Hz, 1H), 1.23 (ddt, J= 6.8, 4.6, 2.2 Hz, 2H), 1.04 (dq, J= 7.3, 3.6 Hz, 2H). *C NMR (CDCl5)
0 199.1, 165.7 (d, J=254.0 Hz), 134.5 (d, /= 3.0 Hz), 130.7 (d, J=9.2 Hz), 115.7 (d, J=21.8 Hz),
17.2,11.8.

(E)-4-(4-Fluorophenyl)but-3-en-1-ol (21). To a mixture of vanadyl acetylacetonate (639 mg, 2.41
mmol), 2,6-di-tert-butyl-p-cresol (265 mg, 1.20 mmol), and chlorobenzene (40 mL) in a round-
bottom flask was added solution of cyclopropyl(4-fluorophenyl)methanol (4.00 g, 24.1 mmol) in
chlorobenzene (5.00 mL) and the resulting mixture was stirred at 80 °C. After 48 h, the reaction
mixture was cooled to r.t. and filtered through a pad of Florisil. The solvent was evaporated and the
residue was purified by FCC (eluent, 4:1 n-hexanes/EtOAc) to yield 1.41 g of a transparent oil (35%).
LCMS: #r 2.73 min. '"H NMR (CDCl3) § 7.35 — 7.26 (m, 2H), 6.98 (t, J = 8.7 Hz, 2H), 6.45 (d, J =
15.9 Hz, 1H), 6.11 (dt, J=15.8, 7.1 Hz, 1H), 3.74 (t, /= 6.3 Hz, 2H), 2.46 (qd, /= 6.4, 1.4 Hz, 2H),
2.04 (s, 1H). *C NMR (CDCls) 8 162.2 (d, J = 246.2 Hz), 133.5 (d, J=3.2 Hz), 131.6, 127.6 (d, J =
8.0 Hz), 126.3 (d, J=2.3 Hz), 115.5 (d, /= 21.5 Hz), 62.1, 36.4.

(E)-4-(4-Fluorophenyl)but-3-en-1-yl methanesulfonate (22). General procedure G. Purification by
FCC (eluent 4:1, PE/EtOAc) gave 152 mg of a transparent oil (83%). LCMS (m/z): tr 2.79 min. 'H
NMR (CDCls) 8 7.35 — 7.28 (m, 2H), 6.99 (t, J = 8.7 Hz, 2H), 6.48 (dt, J = 15.8, 1.5 Hz, 1H), 6.07
(dt, J=15.8, 7.0 Hz, 1H), 4.33 (t, J = 6.6 Hz, 2H), 3.01 (s, 3H), 2.65 (qd, J = 6.7, 1.4 Hz, 2H). *C
NMR (CDCl) & 162.4 (d, J = 246.7 Hz), 133.1 (d, J = 3.2 Hz), 132.5, 127.8 (d, /= 7.9 Hz), 123.7
(d, /J=2.3Hz), 115.6 (d, J=21.6 Hz), 69.1, 37.7, 32.9.
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(E)-4-(4-Chlorophenyl)-1-(4-(4-fluorophenyl)but-3-en-1-yl)piperidin-4-ol (23). General
procedure C. Purification by FCC (20:1:0.1, EtOAc/MeOH/NH4OH) gave 80 mg of a white solid
(82%). LCMS (m/z): 360.3 [M+H]", fr 3.62 min. HRMS (m/z): C21H23CIFNO: requires 360.1452
[M+H]*; found 360.1541. '"H NMR (CDCl3) § 7.48 — 7.40 (m, 2H), 7.35 — 7.26 (m, 4H), 6.98 (t, J =
8.7 Hz, 2H), 6.40 (d, J=15.8 Hz, 1H), 6.12 (dt, J=15.7, 6.9 Hz, 1H), 2.85 (dt, J=11.9, 3.0 Hz, 2H),
2.59 —2.51 (m, 2H), 2.49 — 2.39 (m, 4H), 2.13 (td, /= 13.2, 4.5 Hz, 2H), 1.91 (s, 1H), 1.73 (dd, J =
14.2, 2.6 Hz, 2H). 3C NMR (CDCl3) 8 162.1 (d, J = 245.8 Hz), 147.1, 133.9 (d, J= 3.2 Hz), 132.9,
129.9, 128.5, 128.2 (d, /= 2.3 Hz), 127.5 (d, /= 7.8 Hz), 126.2, 115.5 (d, J=21.5 Hz), 71.1, 58.5,
49.5, 38.6, 30.9.

(Z)-4-(4-Fluorophenyl)but-3-en-1-0l (26). An oven-dried round-bottom flask containing a stirring
bar was charged with Ni(COD) (319 mg, 10 mol%), 1,3-bis(2,6-diisopropylphenyl)imidazolinium
chloride (492 mg, 10 mol%) and LiCl (491 mg, 11.6 mmol). The flask was fitted with a rubber
septum, evacuated and back-filled with argon (this sequence was repeated an additional two times).
2,3-Dihydrofuran (875 uL, 11.6 mmol) was added to the flask along with THF (15 mL). The reaction
mixture was then cooled to -30 °C and stirred for 2 minutes. Then, (4-fluorophenyl)magnesium
bromide (0.8 M solution in THF; 28.9 mL, 23.1 mmol) was added via syringe. The mixture was
stirred at this temperature for 6 hours and then diluted with EtOAc (30 mL) and a solution of aqueous
sat. NH4Cl (20 mL). The separated organic layer was dried over anhydrous Na>SOs, filtered and
concentrated in vacuo. The crude material was purified by FCC (eluent 4:1 n-hexanes/EtOAc) to
afford 600 mg of a transparent oil (31%). LCMS: #r 2.73 min. '"H NMR (CDCl3) § 7.35 — 7.26 (m,
2H), 6.98 (t, J = 8.7 Hz, 2H), 6.45 (d, /= 15.9 Hz, 1H), 6.11 (dt, J=15.8, 7.1 Hz, 1H), 3.74 (t, J =
6.3 Hz, 2H), 2.46 (qd, J = 6.4, 1.4 Hz, 2H). *C NMR (CDCl3) & 161.8 (d, J = 246.1 Hz), 133.3 (d, J
=3.4 Hz), 130.6, 130.4 (d, /= 7.8 Hz), 128.3 (d, /= 1.5 Hz), 115.2 (d, J = 21.1 Hz), 62.5, 31.9.

(Z)-4-(4-Fluorophenyl)but-3-en-1-yl methanesulfonate (27). General procedure G. Compound
degraded after attempted FCC purification (eluent 4:1 EtOAc/PE). Therefore, the compound was used

for the next reaction without purification.

(Z)-4-(4-Chlorophenyl)-1-(4-(4-fluorophenyl)but-3-en-1-yl)-4-hydroxypiperidin-1-ium  2,2,2-
trifluoroacetate (28). General procedure C. Purification by preparative HPLC (Method C) gave 65
mg of a white solid (75%). LCMS (m/z): 360.3 [M+H]", R 3.65 min. HRMS (m/z): C21H23CIFNO:
requires 360.1452 [M+H]"; found 360.1533. '"H NMR (CDCls) 8 11.28 (s, 1H), 7.36 (d, J = 8.5 Hz,
2H), 7.29 (d, J = 8.5 Hz, 2H), 7.20 (dd, J = 8.5, 5.4 Hz, 2H), 7.05 (t, J = 8.6 Hz, 2H), 6.59 (d, J =
11.5 Hz, 1H), 5.89 (s, 1H), 5.50 (dt, /= 11.5, 7.1 Hz, 1H), 3.37 (d,J=11.4 Hz, 2H),3.23 (q, J=11.2
Hz, 2H), 3.05 (dq, /=9.2, 4.4 Hz, 2H), 2.75 (q, J= 7.7 Hz, 2H), 2.41 (td, J = 14.0, 4.2 Hz, 2H), 1.87
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(d, J= 14.4 Hz, 2H). 3C NMR (CDCls) § 161.9 (d, J = 247.4 Hz), 144.4, 133.6, 132.2, 132.1 (d, J =
3.6 Hz), 130.2 (d,J= 8.0 Hz), 128.8, 125.9, 124.4, 115.5 (d, J=21.5 Hz), 68.7, 56.5, 48.9, 35.2, 23.1.

trans-2-(2-(4-Fluorophenyl)cyclopropyl)ethan-1-ol (29). A solution of (£)-4-(4-fluorophenyl)but-
3-en-1-o0l (250 mg, 1.50 mmol) in DCM (30 mL), was treated with Et2Zn (0.9 M in hexanes; 8.36
mL, 7.52 mmol). After 10 minutes, the reaction mixture was cooled to 0 °C, and treated with a
solution of CHzI2 (607 pL, 7.52 mmol) in DCM (10 mL) drop-wise over 10 minutes and allowed to
warm to ambient temperature. After 24 h, the reaction mixture was quenched slowly with sat. aqueous
NH4ClI and stirred for 10 minutes. The reaction mixture was extracted with DCM (3 x 20 mL), and
the combined organic phases were washed with sat. aqueous NaHCOs3, dried (Na>SOs), filtered, and
concentrated in vacuo to yield the desired cyclopropane as a transparent oil (265 mg, 98%). LCMS:
fr 2.67 min. 'H NMR (CDCl3) § 7.00 (dd, J = 8.6, 5.5 Hz, 2H), 6.93 (dd, J = 9.8, 7.6 Hz, 2H), 3.76
(t,J=6.5Hz, 2H), 1.72 — 1.57 (m, 4H), 1.09 — 1.00 (m, 1H), 0.87 (dt, J= 8.5, 5.0 Hz, 1H), 0.80 (dt,
J=8.7,5.2Hz, 1H). ®C NMR (CDCl3) § 161.1 (d, J = 243.0 Hz), 139.0 (d, /= 3.0 Hz), 127.2 (d, J
=17.9 Hz), 115.1 (d,J=21.3 Hz), 62.9, 37.3, 22.2, 20.1, 15.5.

cis-2-(2-(4-Fluorophenyl)cyclopropyl)ethan-1-o0l (30). A solution of (£)-4-(4-fluorophenyl)but-3-
en-1-ol (250 mg, 1.50 mmol) in DCM (30 mL), was treated with EtoZn (0.9 M in hexanes; 8.36 mL,
7.52 mmol). After 10 minutes, the reaction mixture was cooled to 0 °C, and treated with a solution of
CHazl2 (607 pL, 7.52 mmol) in DCM (10 mL) drop-wise over 10 minutes and allowed to warm to
ambient temperature. After 24 h, the reaction mixture was quenched slowly with sat. aqueous NH4Cl
and stirred for 10 minutes. The reaction mixture was extracted with DCM (3 x 20 mL), and the
combined organic phases were washed with sat. aqueous NaHCOs3, dried (Na2SOs), and concentrated
in vacuo to yield the desired cyclopropane as a yellow oil (271 mg, quantitative). LCMS (m/z): 181.3
[M+H]", tr 2.65 min. "H NMR (CDCl3) & 7.16 — 7.11 (m, 2H), 6.95 (t, J = 8.7 Hz, 2H), 3.56 (td, J =
6.3, 2.5 Hz, 2H), 2.11 (td, J = 8.3, 5.8 Hz, 1H), 1.58 (s, 1H), 1.43 — 1.31 (m, 1H), 1.19 — 1.05 (m,
2H), 1.01 (td, J = 8.2, 4.9 Hz, 1H), 0.65 (q, J = 5.3 Hz, 1H). '*C NMR (CDCl3) § 161.4 (d, J = 243.7
Hz), 134.8 (d, J=3.2 Hz), 130.5 (d,/="7.8 Hz), 114.8 (d, J=21.1 Hz), 62.8, 31.9, 19.8, 15.4, 9.6.

trans-2-(2-(4-Fluorophenyl)cyclopropyl)ethyl methanesulfonate (29a). General procedure G. No
purification required post work-up, giving 366 mg of a transparent oil (95%). LCMS (m/z): 259.4
[M+H]", fr 2.83 min. 'H NMR (CDCl3) 6 7.04 — 6.98 (m, 2H), 6.93 (dd, J = 9.9, 7.6 Hz, 2H), 4.32
(td, J=6.5, 1.5 Hz, 2H), 2.96 (s, 3H), 1.83 (qd, J= 6.7, 3.3 Hz, 2H), 1.71 (dt, /= 9.2, 4.9 Hz, 1H),
1.10 — 1.00 (m, 1H), 0.92 (dt, J= 8.5, 5.1 Hz, 1H), 0.83 (dt, J = 8.7, 5.3 Hz, 1H). *C NMR (CDCls)
0 161.2 (d, J=243.4 Hz), 138.3 (d, J=3.1 Hz), 127.3 (d, /= 7.7 Hz), 115.2 (d, J = 21.3 Hz), 69.8,
37.4,33.8,22.3,19.4, 15.2.
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cis-2-(2-(4-Fluorophenyl)cyclopropyl)ethyl methanesulfonate (30a). General procedure G.
Purification by FCC (eluent 4:1, PE/EtOAc) gave 274 mg of a transparent oil (83%). LCMS: # 2.83
min. "H NMR (CDCl3) & 7.19 — 7.10 (m, 2H), 6.96 (t, J = 8.7 Hz, 2H), 4.20 — 4.04 (m, 2H), 2.92 (s,
3H), 2.18 (td, J = 8.6, 6.0 Hz, 1H), 1.56 (dq, J = 13.2, 6.6 Hz, 1H), 1.31 (dt, J = 14.4, 7.2 Hz, 1H),
1.22 — 1.15 (m, 1H), 1.05 (td, J = 8.4, 5.3 Hz, 1H), 0.69 (q, J = 5.6 Hz, 1H). *C NMR (CDCls) &
161.5 (d, J = 244.2 Hz), 134.1 (d, J= 3.1 Hz), 130.5 (d, /= 7.9 Hz), 115.1 (d, J = 21.2 Hz), 69.8,
37.3,28.6,19.9, 14.7, 9.5.

trans-4-(4-Chlorophenyl)-1-(2-(2-(4-fluorophenyl)cyclopropyl)ethyl)piperidin-4-ol (29Db).
General procedure C. Purification by FCC (20:1:0.1, EtOAc/MeOH/NH4+OH) gave 72 mg of a white
solid (80%). LCMS (m/z): 374.3 [M+H]", tr 3.73 min. HRMS (m/z): C2HasCIFNO: requires
374.1609 [M+H]"; found 374.1690. 'H NMR (CDCls) & 7.46 — 7.39 (m, 2H), 7.33 — 7.26 (m, 2H),
7.00 (dd, J= 8.6, 5.5 Hz, 2H), 6.97 — 6.88 (m, 2H), 2.81 (dt,J=11.5, 3.3 Hz, 2H), 2.54 (dd, J = 8.9,
6.9 Hz, 2H), 2.43 (ddd, J=11.8, 9.7, 2.0 Hz, 2H), 2.10 (td, /= 13.3, 4.4 Hz, 3H), 1.71 (dd, /= 14.2,
2.7 Hz, 2H), 1.66 — 1.55 (m, 3H), 1.01 — 0.91 (m, 1H), 0.85 (dt, J = 8.4, 5.0 Hz, 1H), 0.77 (dt, J =
8.6, 5.2 Hz, 1H). '3C NMR (CDCls) 8 161.1 (d, J = 243.0 Hz), 147.1, 139.2 (d, J = 3.1 Hz), 132.8,
128.5,127.2(d,J=7.7Hz), 126.2, 115.1 (d,J=21.3 Hz), 71.1, 58.5, 49.7, 49.6, 38.5 (d, /= 1.5 Hz),
32.1,22.6, 21.6, 15.8.

cis-4-(4-Chlorophenyl)-1-(2-(2-(4-fluorophenyl)cyclopropyl)ethyl)piperidin-4-ol (30b). General
procedure C. Purification by FCC (20:1:0.1, EtOAc/MeOH/NH4OH) gave 49 mg of a white solid
(66%). LCMS (m/z): 374.3 [M+H]", tr 3.73 min. HRMS (m/z): C22H25CIFNO: requires 374.1609
[M+H]*; found 374.1687. "H NMR (CDCl3) & 7.44 — 7.37 (m, 2H), 7.33 — 7.26 (m, 2H), 7.21 — 7.12
(m, 2H), 6.97 (t,J = 8.7 Hz, 2H), 2.70 — 2.59 (m, 2H), 2.51 — 2.40 (m, 1H), 2.42 — 2.29 (m, 2H), 2.25
(td, J=13.3,11.7, 3.8 Hz, 1H), 2.16 — 1.98 (m, 3H), 1.86 (s, 1H), 1.65 (dq, J = 14.2, 2.8 Hz, 2H),
1.34 (td, J=11.9, 11.2, 5.4 Hz, 1H), 1.20 — 0.97 (m, 3H), 0.64 (q, /= 5.3 Hz, 1H). *C NMR (CDCls)
0 161.2 (d, J=243.5 Hz), 146.9, 134.8 (d, J = 3.0 Hz), 132.7, 130.4 (d, /= 7.7 Hz), 128.4, 126.1,
114.7 (d, J=21.2 Hz), 70.9, 58.3, 49.6, 48.9, 38.2, 26.0, 20.1, 16.9, 9.7.

3-Chloro-1-(4-fluorophenyl)propan-1-one (33a). To a stirred suspension of AIClz (3.40 g, 25.5
mmol) in DCM (100 mL) at 0 °C was added fluorobenzene (2.00 mL, 21.2 mmol) drop-wise. After
30 minutes, 3-chloropropionyl chloride (2.81 mL, 25.5 mmol) was added drop-wise. The reaction
was brought to room temperature and stirred for a further 6 hours, poured out on ice and extracted
with DCM (2 x 30 mL). The organic fractions were collected and washed with sat. aqueous NaHCO3
and H»O, dried (Na>SOs), filtered, and the solvent removed in vacuo. The residue was purified by
FCC (eluent, 99:1 PE/EtOAc) to afford 3.68 g of beige crystals (93%). LCMS (m/z): 187.3 [M+H]",
fr 2.75 min. '"H NMR (CDCls) & 8.07 — 7.90 (m, 2H), 7.19 — 7.09 (m, 2H), 3.91 (t, J = 6.8 Hz, 2H),
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3.43 (t, J= 6.8 Hz, 2H). *C NMR (CDCl3) 6 195.2, 166.1 (d, J = 255.6 Hz), 132.9 (d, J= 3.1 Hz),
130.9 (d, J=9.4 Hz), 116.0 (d, /= 21.9 Hz), 41.3, 38.7.

5-Chloro-1-(4-fluorophenyl)pentan-1-one (33¢). To a stirred suspension of AICIlz (2.12 g, 15.9
mmol) in DCM (75 mL) at 0 °C was added fluorobenzene (1.25 mL, 13.3 mmol) drop-wise. After 30
minutes, 5-chloropentanoyl chloride (2.06 mL, 15.9 mmol) was added drop-wise. The reaction was
brought to room temperature and stirred overnight, poured out on ice and extracted with DCM (2 x
30 mL). The organic fractions were collected and washed with sat. aqueous NaHCO3 and H>O, dried
(Na2S0a), filtered, and the solvent removed in vacuo. The residue was purified by FCC (eluent, 1:99
PE/EtOAc) to afford 2.55 g of a light brown oil (90%). LCMS (m/z): 215.3 [M+H]", tr 2.91 min. 'H
NMR (CDCl) & 8.01 — 7.92 (m, 2H), 7.12 (t, J = 8.6 Hz, 2H), 3.57 (t, J = 6.0 Hz, 2H), 2.98 (t, J =
6.5 Hz, 2H), 1.91 — 1.79 (m, 4H). '3C NMR (CDCl3) & 198.0, 165.8 (d, J = 254.7 Hz), 133.4 (d, J =
3.1 Hz), 130.7 (d, /= 9.4 Hz), 115.8 (d, /= 21.9 Hz), 44.8, 37.6, 32.1, 21.6.

3-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)propan-1-one (34a).
General procedure C. Purification by FCC (20:1:0.1, EtOAc/MeOH/NH4OH) gave 110 mg of a white
solid (77%). LCMS (m/z): 362.4 [M+H]", tr 3.42 min. HRMS (m/z): C20H2iCIFNOz: requires
362.1245 [M+H]; found 362.1357. '"H NMR (CDCl3) & 8.01 — 7.95 (m, 2H), 7.46 — 7.39 (m, 2H),
7.34 —7.26 (m, 2H), 7.13 (t, J= 8.6 Hz, 2H), 3.18 (dd, J=17.9, 6.7 Hz, 2H), 2.89 (dd, /= 8.0, 6.7 Hz,
2H), 2.82 (dt, J=11.6, 3.2 Hz, 2H), 2.54 (td, J = 12.0, 2.5 Hz, 2H), 2.09 (td, J = 13.2, 4.5 Hz, 2H),
1.89 — 1.83 (s, 1H), 1.73 (dt, J = 14.0, 2.8 Hz, 2H). '*C NMR (CDCl3) & 197.7, 165.9 (d, J = 254.8
Hz), 146.9, 133.5 (d, J= 3.0 Hz), 132.9, 130.8 (d, /= 9.2 Hz), 128.6, 126.2, 115.9 (d, /= 21.9 Hz),
70.9, 53.3, 49.6, 38.5, 36.4.

5-(4-(4-Chlorophenyl)-4-hydroxypiperidin-1-yl)-1-(4-fluorophenyl)pentan-1-one (34c). General
procedure C. Purification by FCC (20:1:0.1, EtOAc/MeOH/NH4OH) gave 115 mg of a white solid
(75%). LCMS (m/z): 390.3 [M+H]", tr 3.42 min. HRMS (m/z): C22H25sCIFNOz: requires 390.1558
[M+H]*; found 390.1640. "H NMR (CDCl3) & 8.02 — 7.92 (m, 2H), 7.45 — 7.37 (m, 2H), 7.31 — 7.24
(m, 2H), 7.11 (t, J= 8.6 Hz, 2H), 2.96 (t, /= 7.2 Hz, 2H), 2.79 (dt, J=11.9, 3.0 Hz, 2H), 2.50 — 2.35
(m, 4H), 2.26 (s, 1H), 2.08 (td, J= 13.1, 4.4 Hz, 2H), 1.80 — 1.65 (m, 4H), 1.66 — 1.53 (m, 2H). 1*C
NMR (CDCls) & 198.6, 165.8 (d, J=254.6 Hz), 147.1, 133.5 (d, J=3.0 Hz), 132.8, 130.8 (d, J=9.3
Hz), 128.5,126.2, 115.8 (d, J=21.8 Hz), 71.1, 58.5, 49.5, 38.5, 38.4, 26.6, 22.4.

1-(3-Chloropropyl)-4-fluorobenzene (35a). 3-Chloro-1-(4-fluorophenyl)propan-1-one (600 mg,
3.22 mmol) was taken up in trifluoroacetic acid (5 mL) and the solution cooled to 0 °C. To this
solution was added dropwise triethylsilane (1.44 mL, 9.00 mmol) and the reaction stirred at 0 °C for
5 h. The solvents were removed in vacuo and the crude product was purified by FCC (eluent, n-

hexanes) to afford 437 mg of a transparent oil (79%). LCMS: & 3.00 min. '"H NMR (CDCl3) § 7.20
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—7.12 (m, 2H), 7.03 — 6.94 (m, 2H), 3.52 (t, J = 6.4 Hz, 2H), 2.77 (t, J= 7.4 Hz, 2H), 2.13 — 2.01 (m,
2H). 3C NMR (CDCls) & 161.6 (d, J = 243.8 Hz), 136.4 (d, J = 3.1 Hz), 130.0 (d, J= 7.9 Hz), 115.4
(d, J=21.1 Hz), 44.2, 34.2, 32.0.

1-(4-Chlorobutyl)-4-fluorobenzene (35b). 4-Chloro-1-(4-fluorophenyl)butan-1-one (1.25 mL, 7.66
mmol) was taken up in trifluoroacetic acid (10 mL) and the solution cooled to 0 °C. To this solution
was added dropwise triethylsilane (3.42 mL, 21.5 mmol) and the reaction stirred at 0 °C for 2 h. The
solvents were removed in vacuo and the crude product was purified by FCC (eluent, n-hexanes) to
afford 1.27 g of a transparent oil (89%). LCMS (m/z): 187.2 [M+H]", tr 3.10 min. '"H NMR (CDCls)
6 7.19-7.09 (m, 1H), 7.03 — 6.92 (m, 1H), 3.55 (t, J= 6.3 Hz, 1H), 2.63 (t, /= 7.1 Hz, 1H), 1.87 —
1.70 (m, 2H). '*C NMR (CDCls) 4 161.4 (d, J = 243.4 Hz), 137.6 (d, /= 3.1 Hz), 129.8 (d, J= 7.8
Hz), 115.2 (d, J=21.2 Hz), 44.9, 34.4, 32.1, 28.8.

1-(5-Chloropentyl)-4-fluorobenzene (35c¢). 5-Chloro-1-(4-fluorophenyl)pentan-1-one (600 mg,
2.80 mmol) was taken up in trifluoroacetic acid (5 mL) and the solution cooled to 0 °C. To this
solution was added dropwise triethylsilane (1.25 mL, 7.83 mmol) and the reaction stirred at 0 °C for
5 h. The solvents were removed in vacuo and the crude product was purified by FCC (eluent, n-
hexanes) to afford 472 mg of a transparent oil (84%). LCMS: #z 3.15 min. '"H NMR (CDCl3) § 7.13
(dd, J= 8.4, 5.6 Hz, 2H), 6.97 (t, J= 8.7 Hz, 2H), 3.53 (t, J= 6.7 Hz, 2H), 2.60 (t, /= 7.7 Hz, 2H),
1.81 (dd, J = 8.0, 6.7 Hz, 2H), 1.67 — 1.58 (m, 2H), 1.54 — 1.43 (m, 2H). 3C NMR (CDCls) § 161.3
(d,J=243.0 Hz), 138.0 (d, /J=3.2 Hz), 129.8 (d, /= 7.9 Hz), 115.1 (d, J=21.0 Hz), 45.1, 35.1, 32.6,
30.9, 26.6.

4-(4-Chlorophenyl)-1-(3-(4-fluorophenyl)propyl)piperidin-4-ol (36a). General procedure C.
Purification by FCC (20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 105 mg of a white solid (72 mg, 70%).
LCMS (m/z): 348.3 [M+H]", tr 3.52 min. HRMS (m/z): C20H23CIFNO: requires 348.1452 [M+H]";
found 348.1532. '"H NMR (CDCl3) & 7.47 — 7.40 (m, 2H), 7.35 — 7.27 (m, 2H), 7.18 — 7.10 (m, 2H),
7.01 —=6.91 (m, 2H), 2.82 (dd, J=9.1, 3.2 Hz, 2H), 2.62 (t,J = 7.7 Hz, 2H), 2.49 — 2.37 (m, 4H), 2.13
(td, J=13.2, 4.5 Hz, 3H), 1.84 (dq, J = 9.6, 7.7 Hz, 2H), 1.77 — 1.67 (m, 2H). '3C NMR (CDCls) &
161.2 (d,J=243.1 Hz), 146.8, 137.6 (d, J=3.2 Hz), 132.8, 129.7 (d, /= 7.8 Hz), 128.4, 126.1, 115.1
(d, /J=21.1Hz), 71.0, 57.9, 49.4, 38.4, 32.9, 28.7.

4-(4-Chlorophenyl)-1-(4-(4-fluorophenyl)butyl)piperidin-4-ol (36b). General procedure C.

Purification by FCC (20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 150 of a white solid (77%). LCMS

(m/z): 362.2 [M+H]", tr 3.72 min. HRMS (m/z): C21H25CIFNO: requires 362.1712 [M+H]"; found

362.1743. '"H NMR (CDCl3) & 7.43 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 7.12 (dd, J = 8.4,

5.6 Hz, 2H), 6.95 (t, J= 8.7 Hz, 2H), 2.80 (dd, /= 9.1, 3.1 Hz, 2H), 2.61 (t, J = 7.3 Hz, 2H), 2.47 —

2.35 (m, 4H), 2.12 (td, /= 13.2, 4.4 Hz, 2H), 1.81 (s, 1H), 1.71 (dd, J = 14.1, 2.7 Hz, 2H), 1.58 (dtd,
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J=123.0,8.4,3.3 Hz, 4H). *C NMR (CDCL) § 161.3 (d, J=243.1 Hz), 147.0, 138.1 (d, J = 3.3 Hz),
132.9, 129.8 (d, J = 7.7 Hz), 128.5, 126.2, 115.1 (d, J = 21.0 Hz), 71.2, 58.8, 49.6, 38.5, 35.1, 29.7,
26.6.

4-(4-Chlorophenyl)-1-(5-(4-fluorophenyl)pentyl)piperidin-4-ol (36¢). General procedure C.
Purification by FCC (20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 116 mg of a white solid (80%). LCMS
(m/z): 376.3 [M+H]", tr 3.88 min. HRMS (m/z): C22H27CIFNO: requires 376.1765 [M+H]"; found
376.1846. 'H NMR (CDCl3) 6 7.43 (d, J = 8.6 Hz, 2H), 7.30 (d, J = 8.6 Hz, 2H), 7.12 (dd, J = 8.4,
5.6 Hz, 2H), 6.95 (t, J= 8.7 Hz, 2H), 2.82 (dt, J=11.6, 3.2 Hz, 2H), 2.58 (t, J = 7.7 Hz, 2H), 2.45 —
2.35 (m, 4H), 2.13 (td, J=13.3, 4.5 Hz, 3H), 1.76 — 1.67 (m, 2H), 1.67 — 1.57 (m, 2H), 1.55 (ddt, J
=10.9, 7.8, 3.7 Hz, 2H), 1.40 — 1.29 (m, 2H). '3C NMR (CDCls) 6 161.3 (d, J = 243.0 Hz), 147.0,
138.3 (d, J=3.1 Hz), 132.9, 129.8 (d, /= 7.7 Hz), 128.5, 126.2, 115.1 (d, J=21.0 Hz), 71.2, 58.9,
49.6, 38.5, 35.2, 31.6, 27.3, 26.9.

3-(4-Fluorophenyl)prop-2-yn-1-o0l (39a). General procedure E. Purification by FCC (eluent, 1:5
EtOAc/n-hexanes) gave 2.45 g of a brown oil (94%). LCMS (m/z): 151.1 [M+H]", tr 2.47 min. 'H
NMR (CDCl3) & 7.44 — 7.37 (m, 2H), 7.03 — 6.93 (m, 2H), 4.48 (s, 2H), 2.29 (s, 1H). 3C NMR
(CDCl3) 6 162.7 (d, J = 249.6 Hz), 133.7 (d, J = 8.4 Hz), 118.7 (d, /= 3.5 Hz), 115.7 (d, J = 22.1
Hz), 87.1 (d, /= 1.5 Hz), 84.7, 51.6.

4-(4-Fluorophenyl)but-3-yn-1-o0l (39b). General procedure E. Purification by FCC (eluent, 1:5
EtOAc/n-hexanes) gave 3.41 g of a brown oil that solidified upon standing (96%). LCMS (m/z): 165.3
[M+H]", tr 2.56 min. "H NMR (CDCl3) & 7.43 — 7.36 (m, 2H), 6.99 (t, J = 8.7 Hz, 2H), 3.82 (t, J =
6.3 Hz, 2H), 2.68 (t,J = 6.3 Hz, 2H), 2.14 (s, 1H). 3C NMR (CDCls) § 162.4 (d, J=248.8 Hz), 133.6
(d, /J=8.3Hz), 119.5 (d, J=3.5 Hz), 115.56 (d, J=22.0 Hz), 86.2 (d, /= 1.4 Hz), 81.4, 61.2, 23.8.

5-(4-Fluorophenyl)pent-4-yn-1-ol (39¢). General procedure E. Purification by FCC (eluent, 1:5
EtOAc/n-hexanes) gave 2.05 g of a brown oil (94%). LCMS (m/z): 179.3 [M+H]", tr 2.65 min. 'H
NMR (CDCI3) 6 7.40 — 7.31 (m, 2H), 7.01 — 6.92 (m, 2H), 3.81 (t, J = 6.1 Hz, 2H), 2.52 (t, /=7.0
Hz, 1H), 1.85 (p, J = 6.6 Hz, 2H), 1.72 (s, 1H). '*C NMR (CDCl3)  162.2 (d, J = 248.3 Hz), 133.5
(d, /=83 Hz), 11991 (d, J=3.5Hz), 115.55 (d, J=22.1 Hz), 89.1 (d, /= 1.5 Hz), 80.2, 61.9, 31.5,
16.1.

3-(4-Fluorophenyl)prop-2-yn-1-yl methanesulfonate (40a). General procedure G. Compound
degraded after attempted FCC purification (eluent 4:1, PE/EtOAc). Therefore, the compound was

used for the next reaction without purification.

1-(4-Chlorobut-1-yn-1-yl)-4-fluorobenzene (40b). General procedure D. Purification by FCC
(eluent, n-hexanes) gave 2.56 g of a yellow o0il (75%). LCMS (m/z): 183.0 [M+H]", tr 3.00 min. 'H
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NMR (CDCls) § 7.44 — 7.34 (m, 1H), 7.04 — 6.93 (m, 1H), 3.67 (t, J = 7.2 Hz, 1H), 2.87 (t, J= 7.2
Hz, 1H). *C NMR (CDCls) § 162.5 (d, J = 249.1 Hz), 133.7 (d, J = 8.4 Hz), 119.3 (d, J = 3.5 Hz),
115.6 (d, J=22.0 Hz), 85.5 (d, J= 1.5 Hz), 81.6, 42.3, 23.9.

5-(4-Fluorophenyl)pent-4-yn-1-yl methanesulfonate (40c). General procedure G. Purification by
FCC (eluent 4:1, PE/EtOAc) gave 333 mg of a transparent oil (93%). LCMS (m/z): 257.2 [M+H]", tr
2.83 min. 'H NMR (CDCls) 8 7.40 — 7.33 (m, 2H), 6.97 (t, J = 8.7 Hz, 2H), 4.40 (t, J = 6.1 Hz, 2H),
3.03 (s, 3H), 2.56 (t, J = 6.8 Hz, 2H), 2.03 (p, J = 6.5 Hz, 2H). 3C NMR (CDCl3) 6 162.3 (d, J =
248.7 Hz), 133.5(d, J=8.4 Hz), 119.5 (d, /J=3.6 Hz), 115.6 (d, /= 22.1 Hz), 87.32, 80.9, 37.4, 28.2,
15.8.

4-(4-Chlorophenyl)-1-(3-(4-fluorophenyl)prop-2-yn-1-yl)piperidin-4-ol (41a). General procedure
C. Purification by FCC (20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 84 mg of a yellow solid (74%).
LCMS (m/z): 344.2 [M+H]", tr 3.46 min. HRMS (m/z): C20H19CIFNO: requires 344.1139 [M+H]";
found 344.1214. '"H NMR (CDCl3) & 7.47 — 7.37 (m, 4H), 7.31 (d, J = 8.3 Hz, 2H), 6.98 (t, J = 8.5
Hz, 2H), 3.52 (s, 1H), 2.90 (dt, J = 11.6, 3.0 Hz, 2H), 2.71 (td, J = 12.0, 2.5 Hz, 2H), 2.18 (td, J =
13.2, 4.6 Hz, 2H), 1.84 (s, 1H), 1.77 (dd, J = 14.2, 2.6 Hz, 2H). *C NMR (CDCl3) & 162.5 (d, J =
249.1 Hz), 146.9, 133.7 (d, J= 8.3 Hz), 132.9, 128.6, 126.2, 119.2 (d, /J=3.5 Hz), 115.6 (d, J=22.1
Hz), 84.4 (d, /= 6.1 Hz), 70.8, 48.7, 48.0, 38.5.

4-(4-Chlorophenyl)-1-(4-(4-fluorophenyl)but-3-yn-1-yl)piperidin-4-ol (41b). General procedure
C. Purification by FCC (20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 45 mg of a light brown solid (45
mg, 80%). LCMS (m/z): 358.2 [M+H]", tr 3.60 min. HRMS (m/z): C21H21CIFNO: requires 358.1400
[M+H]"; found 358.1440. 'H NMR (CDCls) 6 7.44 (d, J = 8.3 Hz, 2H), 7.37 (dd, J = 8.4, 5.5 Hz, 2H),
7.31 (d, J=8.3 Hz, 2H), 6.97 (t, /= 8.5 Hz, 2H), 2.89 — 2.80 (m, 2H), 2.75 (t, /= 7.6 Hz, 2H), 2.66
—2.57 (m, 2H), 2.55 (d, J=11.9 Hz, 2H), 2.12 (td, J = 13.2, 4.5 Hz, 2H), 1.81 (s, 1H), 1.79 — 1.68
(m, 2H). *C NMR (CDCl3) & 162.3 (d, J = 248.5 Hz), 146.9, 133.5 (d, J = 8.3 Hz), 132.9, 128.6,
126.2,119.9, 115.5 (d, J=21.9 Hz), 88.1, 80.5, 71.1, 57.5, 49.2, 38.6, 17.9.

4-(4-Chlorophenyl)-1-(5-(4-fluorophenyl)pent-4-yn-1-yl)piperidin-4-ol (41c). General procedure
C. Purification by FCC (20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 74 mg of a gold oil (68%). LCMS
(m/z): 372.3 [M+H]", tr 3.78 min. HRMS (m/z): C22H23CIFNO: requires 372.1452 [M+H]"; found
372.1532. '"H NMR (CDCls) & 7.45 — 7.38 (m, 2H), 7.39 — 7.31 (m, 2H), 7.32 — 7.25 (m, 2H), 6.96 (4,
J=28.7 Hz, 2H), 2.80 (dt, /= 11.9, 3.1 Hz, 2H), 2.57 — 2.48 (m, 2H), 2.49 — 2.38 (m, 4H), 2.25 (s,
1H), 2.10 (td, J = 13.2, 4.5 Hz, 2H), 1.80 (p, J = 7.2 Hz, 2H), 1.70 (dd, J = 14.1, 2.7 Hz, 2H). *C
NMR (CDCls) 6 162.1 (d, J =248.3 Hz), 147.1, 120.0 (d, /= 3.5 Hz), 115.5 (d, J = 22.0 Hz), 89.45
(d,J=1.5Hz),79.9,71.1, 57.8, 49.5, 38.5, 26.2, 17.6.
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3-(4-Chlorophenyl)-8-(4-(4-fluorophenyl)-4-oxobutyl)-3-hydroxy-8-azabicyclo[3.2.1]octan-8-
ium 2,2,2-trifluoroacetate (42). General procedure C. Purification by preparative HPLC (Method
C) afforded 45 mg of the title compound as a white solid (68%). LCMS (m/z): 402.3 [M+H]", tr 3.58
min. HRMS (m/z): C23H2sCIFNOz: requires 402.1631 [M+H]"; found 402.1633. '"H NMR (CDCls) &
11.34 (s, 1H), 7.99 (dd, J = 8.6, 5.4 Hz, 2H), 7.52 (d, J = 8.3 Hz, 2H), 7.33 — 7.25 (m, 2H), 7.17 (t,J
= 8.5 Hz, 2H), 4.71 (s, 1H), 4.00 (t, J = 4.1 Hz, 2H), 3.13 (t, /= 6.1 Hz, 2H), 3.06 (dt, /= 10.5, 5.8
Hz, 4H), 2.84 — 2.69 (m, 4H), 2.26 — 2.12 (m, 4H), 2.05 (d, J = 15.4 Hz, 2H). '*C NMR (CDCls) &
197.1,166.2 (d, J=256.0 Hz), 145.8, 133.5, 132.7 (d, /= 3.0 Hz), 130.8 (d, /= 9.4 Hz), 128.7, 126.3,
116.1 (d, J=22.0 Hz), 71.9, 61.6, 50.9, 43.6, 34.9, 24.4, 18.8.

4-(4-(4-Chlorophenyl)piperazin-1-yl)-1-(4-fluorophenyl)butan-1-one (43). General procedure C.
Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 115 mg of the title compound
as a white solid (69%). LCMS (m/z): 361.3 [M+H]", tr 3.41 min. HRMS (m/z): C20H2CIFN-O:
requires 361.1405 [M+H]"; found 361.1487. '"H NMR (CDCl3) 6 8.05 — 7.93 (m, 2H), 7.20 — 7.14
(m, 2H), 7.11 (t, J = 8.6 Hz, 2H), 6.84 — 6.79 (m, 2H), 3.09 (dd, /= 6.2, 3.8 Hz, 4H), 2.99 (t, /= 7.0
Hz, 2H), 2.57 (t,J = 5.0 Hz, 4H), 2.45 (t,J = 7.0 Hz, 2H), 1.97 (p, /= 7.1 Hz, 2H). *C NMR (CDCls)
0 198.4, 165.7 (d, J = 254.4 Hz), 150.0, 133.7 (d, J = 3.0 Hz), 130.7 (d, J = 9.2 Hz), 128.9, 124.4,
117.2, 115.7 (d, J=21.8 Hz), 57.7, 53.0, 49.1, 36.2, 21.6.

4-(4-Chlorophenyl)-1,2,3,6-tetrahydropyridine (44). To concentrated hydrochloric acid (10 mL)
in a 25 mL round-bottom flask was added 4-(4-chlorophenyl)piperidin-4-ol (500 mg, 2.36 mmol),
and the suspension was stirred at reflux for 5 h. The solution was allowed to cool, then slowly added
to 5 M NaOH (20 mL), and extracted with DCM (3 x 20 mL). The organic extracts were dried
(Na2S0s4) and concentrated under reduced pressure to afford the 457 mg of a white solid (quantitative
yield). LCMS (m/z): 194.3 [M+H]", tr 1.87 min. 'H NMR (CDCl3) 6 7.34 — 7.23 (m, 4H), 6.11 (dt, J
=3.5, 1.8 Hz, 1H), 3.51 (q, /= 3.0 Hz, 2H), 3.09 (t, /= 5.7 Hz, 2H), 2.41 (dddd, /=6.9, 4.0, 2.7, 1.2
Hz, 2H), 1.65 (s, 1H). *C NMR (CDCl3) 6 139.9, 134.4, 132.7, 128.5, 126.2, 124.3, 45.7, 43.4, 27.9.

4-(4-(4-Chlorophenyl)-3,6-dihydropyridin-1(2 H)-yl)-1-(4-fluorophenyl)butan-1-one (45).
General procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 49 mg of
the title compound as a white solid (80%). LCMS (m/z): 358.2 [M+H]", tr 3.64 min. HRMS (m/z):
C21H21CIFNO: requires 358.1296 [M+H]"; found 358.1379. '"H NMR (CDCls) 6 8.04 — 7.94 (m, 2H),
7.33 —7.23 (m, 4H), 7.11 (t, J= 8.6 Hz, 2H), 6.04 (t, /= 1.7 Hz, 1H), 3.14 (q, J = 3.0 Hz, 2H), 3.02
(t,J=17.1 Hz, 2H), 2.69 (t, J = 5.7 Hz, 2H), 2.54 (t, J = 7.1 Hz, 2H), 2.49 (tt, J = 5.8, 2.5 Hz, 2H),
2.01 (p, J=7.1 Hz, 2H). 3C NMR (CDCl3) & 198.6, 165.8 (d, J=254.4 Hz), 139.4, 134.1, 133.7 (d,
J=3.0Hz), 132.8, 130.8 (d, /=9.3 Hz), 126.3, 122.6, 115.7 (d, J=21.8 Hz), 57.5, 53.3, 50.3, 36.3,
28.1,21.9.
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4-(6-(4-Chlorophenyl)-3-azabicyclo[4.1.0]heptan-3-yl)-1-(4-fluorophenyl)butan-1-one (46). A
solution of 4-(4-(4-chlorophenyl)-3,6-dihydropyridin-1(2H)-yl)-1-(4-fluorophenyl)butan-1-one (110
mg, 307 umol) in DCM (20 mL), was treated with EtzZn (0.9 M in hexanes; 1.71 mL, 1.54 mmol).
After 10 minutes, the reaction mixture was cooled to 0 °C, and treated with a solution of CH>I> (124
4L, 1.54 mmol) in DCM (2 mL) drop-wise over and allowed to warm to ambient temperature. After
24 h, the reaction mixture was quenched slowly with sat. aqueous NH4Cl and stirred for 10 minutes.
The reaction mixture was extracted with DCM (3 x 20 mL), and the combined organic phases were
washed with sat. aqueous NaHCO3, dried (Na>;SOs4), and concentrated in vacuo. The resulting residue
was purified by FCC (eluent, 5% MeOH/EtOAc) to yield 82 mg of the title compound as a white
solid (72%). LCMS (m/z): 372.2 [M+H]", tr 3.94 min. HRMS (m/z): C2o0H»3FNO: requires 372.1452
[M+H]"; found 372.1517. '"H NMR (CDCl3) & 8.05 — 7.95 (m, 2H), 7.24 — 7.17 (m, 2H), 7.18 — 7.07
(m, 4H), 2.97 (t, J = 7.1 Hz, 2H), 2.81 (dd, J = 11.3, 5.8 Hz, 1H), 2.69 (dd, J= 11.3, 1.7 Hz, 1H),
2.36 (t,J=6.9 Hz, 2H), 2.26 — 2.20 (m, 2H), 2.03 (dq, J = 14.0, 7.4, 6.9 Hz, 2H), 1.92 (p, J="7.1 Hz,
2H), 1.37 — 1.28 (m, 1H), 0.87 (dd, J = 9.2, 4.2 Hz, 1H), 0.79 (dd, J = 5.7, 4.3 Hz, 1H). *C NMR
(CDCl3) 8 196.7, 166.1 (d, J = 256.1 Hz), 142.7, 132.9, 132. 7 (d, /= 3.0 Hz), 130.8 (d, /= 9.3 Hz),
129.9, 128.9, 116.0 (d, J=22.2 Hz), 56.3, 52.7, 48.1, 34.9, 28.7, 23.6, 18.1, 17.7, 15.1.

4-Phenylpiperidine (47). Pd/C (25 mg) was added to a solution of 4-(4-chloro-phenyl)-1,2,3,6-
tetrahydropyridine (300 mg, 1.55 mmol) in MeOH (20 mL). The reaction mixture was stirred for 4 h
at room temperature under 1 ATM of H». After separation of the catalyst (Celite), the solvent was
removed in vacuo to yield 250 mgof a beige solid (quantitative yield). LCMS (m/z): 162.2 [M+H]",
fr 0.65 min. '"H NMR (CDCl3) 6 8.21 (s, 1H), 7.28 (t, J = 7.5 Hz, 2H), 7.21 (d, J= 7.5 Hz, 3H), 3.56
(d, J=12.6 Hz, 2H), 2.98 (td, /= 13.0, 2.9 Hz, 2H), 2.79 — 2.66 (m, 1H), 2.17 (qd, J = 13.2, 3.9 Hz,
2H), 1.98 (d, J = 14.0 Hz, 2H). '3C NMR (CDCls) 6 143.8, 128.8, 126.9, 126.7, 44.7, 40.7, 30.2.

1-(4-Fluorophenyl)-4-(4-phenylpiperidin-1-yl)butan-1-one  (48). General procedure C.
Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 89 mg of the title compound as
a white solid (75%). LCMS (m/z): 326.4 [M+H]", tr 3.35 min. HRMS (m/z): C21H24FNO: requires
326.1842 [M+H]; found 326.1930. '"H NMR (CDCl3) & 8.08 — 7.97 (m, 2H), 7.33 — 7.25 (m, 2H),
7.20 (d, J=7.3 Hz, 3H), 7.14 (t, J = 8.6 Hz, 2H), 3.07 — 2.95 (m, 4H), 2.51 — 2.41 (m, 3H), 2.10 —
2.02 (m, 2H), 2.01 — 1.94 (m, 2H), 1.84 — 1.77 (m, 2H), 1.71 (qd, J = 12.4, 3.7 Hz, 2H). *C NMR
(CDCl3) & 198.6, 165.8 (d, J = 254.4 Hz), 146.5, 133.8 (d, /= 3.0 Hz), 130.8 (d, J=9.2 Hz), 128.5,
126.9, 126.2, 115.7 (d, J=21.8 Hz), 58.2, 54.4, 42.8, 36.5, 33.5, 22.1.

4-(4-(4-Chlorophenyl)piperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (50). General procedure C.
Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 59 mg of the title compound as
a beige solid (68%). LCMS (m/z): 360.2 [M+H]", tr 3.72 min. HRMS (m/z): C21H23CIFNO: requires
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360.1452 [M+H]"; found 360.1539. '"H NMR (CDCls) & 8.01 (dd, J = 8.7, 5.5 Hz, 2H), 7.26 — 7.22
(m, 2H), 7.16 — 7.08 (m, 4H), 3.05 — 2.94 (m, 4H), 2.52 — 2.38 (m, 3H), 2.09 — 1.90 (m, 4H), 1.76
(dq, J = 12.6, 2.2 Hz, 2H), 1.63 (qd, J = 12.4, 3.8 Hz, 2H). '3C NMR (CDCls) § 198.5, 165.7 (d, J =
254.2 Hz), 144.9, 133.8 (d, J= 3.0 Hz), 131.8, 130.8 (d, J=9.2 Hz), 128.6, 128.3, 115.7(d, J= 21.7
Hz), 58.2, 54.3, 42.2, 36.4, 33.5, 22.0.

tert-Butyl 4-(4-chlorophenyl)-4-hydroxypiperidine-1-carboxylate (51). To a suspension of 4-(4-
chlorophenyl)piperidin-4-ol (500 mg, 2.36 mmol) and Etz:N (823 uL, 5.90 mmol) in DCM (20 mL),
was added di-fert-butyl dicarbonate (2.06 g, 9.45 mmol) and the reaction stirred at rt for 4 h. The
solvent was evaporated under reduced pressure and the residue was purified by FCC (eluent, 10:1 n-
hexanes/EtOAc) to afford 715 mg of a clear 0il (97%). LCMS (m/z): 312.3 [M+H]", tr 3.09 min. 'H
NMR (CDCl) 6 7.38 (d, J = 7.2 Hz, 2H), 7.15 (d, J = 7.3 Hz, 2H), 3.94 (br s, 2H), 3.18 (br s, 2H),
1.89 (br s, 2H), 1.46 (s, 11H).

tert-Butyl 4-(4-chlorophenyl)-4-methoxypiperidine-1-carboxylate (52). To a stirred suspension of
sodium hydride (64.7 mg, 2.69 mmol) in dry DMF (15 mL) at rt was added tert-butyl 4-(4-
chlorophenyl)-4-hydroxypiperidine-1-carboxylate (700 mg, 2.24 mmol). After 30 minutes, methyl
1odide (168 uL, 2.69 mmol) was added and the mixture was stirred overnight. The mixture was poured
into an equal volume of H,O and extracted with EtOAc (2 x 30 mL). The EtOAc extracts were
collected and washed with additional H>O (3 x 30 mL), dried (Na>SOs), filtered, and concentrated in
vacuo to give an orange oil. The crude oil was purified by FCC (eluent, 10:1 n-hexanes/EtOAc) to
afford 645 mg of a clear oil (88%). LCMS (m/z): 326.3 [M+H]", tr 3.18 min. '"H NMR (CDCl3) &
8.00 (dd, J=8.7, 5.5 Hz, 2H), 7.33 — 7.25 (m, 4H), 7.16 — 7.06 (m, 2H), 2.97 (t, /= 7.1 Hz, 2H), 2.93
(s, 3H), 2.75 — 2.65 (m, 2H), 2.45 (t, J= 7.2 Hz, 2H), 2.38 (td, J=11.7, 2.5 Hz, 2H), 2.03 — 1.90 (m,
4H), 1.84 (dt, J=13.1, 6.7 Hz, 2H). 3C NMR (CDCls) 6 198.5, 165.7 (d, J = 254.4 Hz), 143.6, 133.8
(d, J=3.0 Hz), 133.0, 130.8 (d, J = 9.3 Hz), 128.6, 127.6, 115.7 (d, J = 21.8 Hz), 75.4, 49.2, 36.4,
34.7,22.1.

4-(4-Chlorophenyl)-4-methoxypiperidin-1-ium chloride (53). General procedure B. Concentration
in vacuo gave 296 mg of a white solid (95%). '"H NMR (DMSO-dc) 6 9.30 (s, 2H), 7.53 — 7.45 (m,
2H), 7.45 — 7.36 (m, 2H), 3.18 (d, /= 12.5 Hz, 12H), 3.11 — 2.96 (m, 2H), 2.89 (s, 3H), 2.20 — 2.08
(m, 4H). 3C NMR (DMSO-dc) 8 141.9, 132.4, 128.6, 127.8, 73.4, 49.6, 39.3, 30.5.

4-(4-(4-Chlorophenyl)-4-methoxypiperidin-1-yl)-1-(4-fluorophenyl)butan-1-one (54). General
procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 88 mg of the title
compound as a white solid (81%). LCMS (m/z): 390.3 [M+H]", = 3.82 min. HRMS (m/z):
C22HasCIFNOz: requires 390.1558 [M+H]*; found 390.1639. '"H NMR (CDCl;3) & 8.00 (dd, J = 8.7,
5.5 Hz, 2H), 7.33 — 7.25 (m, 4H), 7.16 — 7.06 (m, 2H), 2.97 (t, J = 7.1 Hz, 2H), 2.93 (s, 3H), 2.75 —

-270 -



Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

2.65 (m, 2H), 2.45 (t, J = 7.2 Hz, 2H), 2.38 (td, J = 11.7, 2.5 Hz, 2H), 2.03 — 1.90 (m, 4H), 1.84 (dt,
J=13.1, 6.7 Hz, 2H). 3C NMR (CDCls) § 198.5, 165.7 (d, J = 254.4 Hz), 143.6, 133.8 (d, J = 3.0
Hz), 133.0, 130.8 (d, J= 9.3 Hz), 128.6, 127.6, 115.7 (d, J= 21.8 Hz), 75.4, 49.2, 36.4, 34.7, 22.1.

1-(4-Chlorophenyl)-4-(4-(4-fluorophenyl)-4-hydroxypiperidin-1-yl)butan-1-one (55). General
procedure C. Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4+OH) gave 75 mg of the title
compound as a light yellow solid (71%). LCMS (m/z): 376.3 [M+H]", tr 3.39 min. HRMS (m/z):
C21H23CIFNO2: requires 376.1401 [M+H]"; found 376.1488. '"H NMR (CDCls) & 7.99 — 7.88 (m,
2H), 7.48 — 7.36 (m, 4H), 7.01 (t, J=8.7 Hz, 2H), 2.98 (t, /= 7.0 Hz, 2H), 2.76 (dd, J=9.1, 6.1 Hz,
2H), 2.51 — 2.38 (m, 4H), 2.03 — 1.92 (m, 5H), 1.69 (dd, J = 14.2, 2.6 Hz, 2H). '3C NMR (CDCl3) &
198.9, 161.9 (d, J = 245.2 Hz), 144.3 (d, J = 3.1 Hz), 139.4, 135.7, 129.6, 128.9, 126.4 (d, J = 7.9
Hz), 115.0 (d, J=21.2 Hz), 71.1, 57.9, 49.5, 38.6, 36.4, 22.1.

4-(4-Hydroxy-4-phenylpiperidin-1-yl)-1-phenylbutan-1-one (56). General procedure C.
Purification by FCC (eluent 20:0.5:0.1, EtOAc/MeOH/NH4OH) gave 125 mg of the title compound
as a white solid (88%). LCMS (m/z): 324.3 [M+H]", tr 2.72 min. HRMS (m/z): C21H25NOz: requires
324.1865 [M+H]"; found 324.1965. '"H NMR (CDCl3) & 8.03 — 7.94 (m, 2H), 7.59 — 7.51 (m, 1H),
7.46 (dd, J= 8.4, 6.9 Hz, 4H), 7.33 (dd, J= 8.4, 6.8 Hz, 2H), 7.27 - 7.21 (m, 1H), 3.01 (t,J=7.0 Hz,
2H), 2.82 (dt, J=11.9, 3.2 Hz, 2H), 2.55 — 2.44 (m, 4H), 2.14 — 1.94 (m, 5H), 1.71 (dd, J=14.1, 2.7
Hz, 2H). '*C NMR (CDCl3) 6 200.1, 148.4, 137.3, 132.9, 128.7, 128.4, 128.2, 127.1, 124.6, 71.3,
57.9, 49.5, 38.3, 36.5, 21.9.

Pharmacological Characterisation. Materials. Tag-lite labeling medium (LABMED), SNAP-
Lumi4-Tb, and the PPHT ((#)-2-(N-phenethyl-N-propyl)amino-5-hydroxytetralin hydrochloride;1-
Naphthalenol,5,6,7,8-tetrahydro-6-[ (2-phenylethyl)propylamino]) derivative labelled with a red
fluorescent probe (PPHT-red) was obtained from Cisbio Bioassays (Bagnolssur-Céze, France).
Ninety-six-well polypropylene plates (Corning) were purchased from Fisher Scientific UK
(Loughborough, UK) and 384-well optiplate plates were purchased from PerkinElmer (Beaconsfield,
UK). GppNHp used in competition assays were obtained from Sigma-Aldrich (Poole, UK).

Cell culture. The host Chinese hamster ovary (CHO) K1 cell line was transfected with the cDNA
encoding a SNAP-tagged human dopamine Da1. receptor (Genbank ref.: NM_000795), and a stable
dilution-cloned cell line (CHO-hD»1) was established by zeocin resistance encoded by the plasmid
vector (pcDNA3.1zeo", Invitrogen, Paisley UK). Cells were maintained in Dulbecco’s modified
Eagle’s medium: Ham F12 (DMEM:F12) containing 2 mM glutamine (Sigma-Aldrich, Poole, UK)
and supplemented with 10% fetal calf serum (Life Technologies, Paisley UK).
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Terbium labelling of SNAP-tagged D:; cells. Cell culture medium was removed from the t175 cm?
flasks containing confluent adherent CHO-Dyp cells. Twelve mL of Tag-lite labelling medium
containing 100 nM of SNAP-Lumi4-Tb was added to the flask and incubated for 1 h at 37 °C under
5% COa. Cells were washed 2x in PBS (GIBCO Carlsbad, CA) to remove the excess of 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 5 mL 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 conducted at 4 °C (to avoid receptor degradation). Specifically 20 mL per
t175-cm? flask of wash buffer (10 mM HEPES and 10 mM EDTA, pH 7.4) was added to the pellet.
This was homogenised using an electrical homogenizer Ultra-Turrax (Ika-Werk GmbH & Co. KG,
Staufen, Germany) (position 6, 4 x 5-s bursts) and subsequently centrifuged at 48,000xg at 4 °C
(Beckman Avanti J-251 Ultracentrifuge; Beckman Coulter, Fullerton, CA) for 30 min. The
supernatant was discarded, and the pellet was re-homogenised and centrifuged as described above in
wash buffer. The final pellet was suspended in ice-cold 10mM HEPES and 0.1mM EDTA, pH 7.4,
at a concentration of 5-10 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 membranes concentration of 0.2 mg mL™!.

Fluorescent ligand-binding assays. All fluorescent binding experiments using PPHT-red were
conducted in white 384-well Optiplate plates, in assay binding buffer, 20 mM HEPES, 138 mM NaCl,
6 mM MgClz, 1 mM EGTA, 1 mM EDTA, and 0.02% pluronic acid pH 7.4, 100 uM GppNHp, and
0.1% ascorbic acid. 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*! is only appropriate for ligands competing at a single site. In all cases,

nonspecific binding was determined in the presence of 10 uM haloperidol.

Determination of PPHT-red binding kinetics. To accurately determine association rate (kon) and
dissociation rate (kofr) values, the observed rate of association (kov) was calculated using at least four
different concentrations of PPHT-red (50-1.56 nM). The appropriate concentration of PPHT-red was
incubated with human D, CHO cell membranes (2 ug per well) in assay binding buffer (final assay
volume, 40 uL). The degree of PPHT-red bound to the receptor was assessed at multiple time points
by HTRF detection to allow construction of association kinetic curves. The kinetic parameters of
PPHT-red and plus those of unlabelled compounds were determined using a start time of ~Isec and

an interval time of 20sec. The resulting data were globally fitted to the association kinetic model Eq.
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2 to derive a single best-fit estimate for kon and kotr as described under data analysis. The expression
level of the hDa R recombinantly expressed in CHO cells was assessed, using [*H]-spiperone

saturation binding and determined to be 1.13 £ 0.11 pmol mg™! protein.>*

Competition binding kinetics. To determine the association and dissociation rates of D2R ligands, we
used a competition kinetic binding assay recently described to profile the kinetics of a series of DoR
agonists’> and antipsychotic drugs.>* This approach involves the simultaneous addition of both
fluorescent ligand and competitor to the receptor preparation, so that at ¢+ = 0 all receptors are
unoccupied. 12.5 nM PPHT-red (a concentration which avoids ligand depletion in this assay volume),
was added simultaneously with the unlabelled compound of varying concentrations (at = ~1 sec) to
CHO cell membranes derived from cells stably expressing the human D21R (2 ug per well) in 40 uL
of assay buffer. The degree of PPHT-red bound to the receptor was assessed at multiple time points
by HTRF detection.

Non-specific binding was determined as the amount of HTRF signal detected in the presence of
haloperidol (10 M) and was subtracted from each time point, meaning that = 0 was always equal
to zero. Each time point was conducted on the same 384-well plate incubated at 37 °C with orbital
mixing (1 s of 100 RPM per cycle). Multiple concentrations of unlabelled competitor were tested for
determination of rate parameters. Data were globally fitted using Eq. 3 to simultaneously calculate

kon and koff .

Signal detection and data analysis. Signal detection was performed on a Pherastar FS (BMG Labtech,
Offenburg, Germany) using standard HTRF settings. The terbium donor was always excited with
three laser flashes at a wavelength of 337 nm. A kinetic TR-FRET signal was collected at 20 s
intervals both at 665 and 620 nm, when using red acceptor. HTRF ratios were obtained by dividing
the acceptor signal (665 nm) by the donor signal (620 nm) and multiplying this value by 10,000. All
experiments were analysed by non-linear regression using Prism 6.0 (Graphpad Software, San Diego,
USA). Competition displacement data were fitted to sigmoidal (variable slope) curves using a “four

parameter logistic equation”:
Y = Bottom + (Top — Bottom) /(1 + 10109ECso=X)Hillcoef ficient), (1)

ICso values obtained from the inhibition curves were converted to Kjvalues using the method of Cheng
and Prusoff.®* PPHT-red association data were fitted as follows to a global fitting model using

Graphpad Prism 6.0 to simultaneously calculate kon and kofr using the following equation, where ko

equals the observed rate of association:
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kob = [PPHT - Ted] ' kon + koff (2)

Association and dissociation rates for unlabelled compounds were calculated using the equations

described by Motulsky and Mahan:?!

K, = k1[L] + k;
KB = kz[[] +k4

S = \/(KA _ KB)2+4-k1-k3-L-I-10_18
KS = OS(KA+KB _S)
DIFF = Kp — K

Bmaxkq:L107°

Q=

DIFF
k4'DIFF k4s—K — K- k4s—K K
Y:QX(4 + 4 F-exp( KFX)_4_S.exp( KSX)_
KrpXKg Kr Kg

Where: X = Time (min), ¥ = Specific binding (HTRF ratio 665 nm/620 nmx10,000), k1 = kon PPHT-
red, k2 = kost PPHT-red, L = Concentration of PPHT-red used (nM), Bmax = Total binding (HTRF ratio
665 nm/620 nmx10,000), / = Concentration of unlabelled antagonist (nM). Fixing the above
parameters allowed the following to be calculated: k3 = Association rate of unlabelled ligand (M™!
min'), ks = Dissociation rate of unlabelled ligand (min™!). Dissociation of PPHT-red was fitted to a
one phase mono-exponential decay function to estimate the dissociation rate of PPHT-red directly.
Specific binding was determined by subtracting the nonspecific HTRF ratio from the total HTRF

ratio.
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Supplementary Scheme 1. Commercially available 4-chlorobutan-1-ol (s2) was subjected to
nucleophilic displacement with either 4-fluorobenzenethiol (sla) or 4-fluorophenol (s1b) to give
primary alcohols s3a-b respectively. These compounds were subsequently activated using
methanesulfonyl chloride in the presence of EtsN in DCM at room temperature, affording mesylates
s4a-b. This was followed by nucleophilic displacement with 7b using conditions outlined previously,

furnishing target analogues 17a-b.!

Supplementary Scheme 1. Synthesis of oxygen and sulphur analogues of 1¢

X () X _~_OCH (ii)
+ HO/\/\/Cl — e
F s2 F
s1la X = SH s3aX=8
s1b X = OH s3bX =0

Cl
OH
/©/X\/\/0Ms (i) (j/@
o X
F PO o
HN Cl
s4aX=8 F 17aX =S

s4b X =0 7b 17b X =0
“Reagents and conditions: (1) KI, K»COs, i-PrOH, reflux, 3-4 h, 68-83%; (ii) MsCl, EtsN, DCM, rt,
12 h, 72-81%; (iii) NaHCO3, KI, toluene, reflux, 24 h, 77-80%.

Supplementary Scheme 2. Key intermediate 7a was treated with sodium borohydride in MeOH to
afford 4-chloro-1-(4-fluorophenyl)butan-1-ol (s5) in excellent yield. Lastly, N-alkylation of 7b with

s5 using standard conditions afforded final compound 18.

Supplementary Scheme 2. Synthesis of racemic alcohol analogue of 1¢

Cl
o . OH OH
m : /©)\I\/ 7 z
- OH . N
. cl . cl HNDLQ—U /@AN
7a F
7b

s5

18

Reagents and conditions: (1) NaBH4, EtOH, 0 °C —rt, 90%; (i1)) NaHCOs, KI, toluene, reflux, 24 h,
67%.

Supplementary Scheme 3. 4-Bromobenzene (3b) was subjected to n-butyl lithium-halogen
exchange in THF followed by treatment with commercially available N-carbethoxy-4-tropinone (s6),
producing tertiary alcohol (s7). Decarbamylation was achieved by heating s7 in the presence of KOH
in ethylene glycol, furnishing the secondary amine (s8) after trituration with CH3Cls, followed by N-

alkylation with 7a to furnish the desired analogue 42 after preparative chromatography.
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Supplementary Scheme 3. Synthesis of bridged analogue of 1¢
o}

o 0 Lok
CI/©/ + )O)J\@o - )O ’

3b s6 s7

(ii)

Cl

cl
OH
OH (iii) o @/@
F/©)K/\/
42

(0]
e
s8 Cl
F 7a

“Reagents and conditions: (i) n-butyl lithium, THF, -78 °C —rt, 7 h, 54%; (ii) KOH, ethylene glycol,

150 °C, 6 h, 70%; (ii1)) NaHCOs, KI, toluene, reflux, 24 h, 65%.

Supplementary Scheme 4. Commercially available 4-chloroaniline (s9) was subjected to an

intermolecular cyclisation reaction with bis-(2-chloroethylamine)hydrochloride (s10) in the presence

of catalytic p-TsOH in refluxing xylenes, affording the corresponding 4-chlorophenyl piperazine

hydrochloride (s11) in excellent yield. N-alkylation of s11 with key intermediate 7a using standard

conditions furnished piperazine analogue 43.

Supplementary Scheme 4. Synthesis of piperazine analogue of 1¢

Cl
N
HoN CI®H2 ?)
CI/\/N\/\CI H2N
®
s9 s11
s10 F cl

7a

o} N

/@)K/VN\)

o

“Reagents and conditions: (1), p-TsOH, xylenes, reflux 16 h, 90%; alkyl halide, NaHCOs, KI, toluene,

reflux, 24 h, 69%.
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Supplementary Scheme 5. Freidel Crafts acylation of chlorobenzene (s13) with 4-chlorobutanoyl
chloride (s12) using conditions outlined previously, afforded the 4-chloro-1-(4-chlorophenyl)butan-
l-one intermediate (13k). Next, N-alkylation of 61 with 7a using conditions outlined previously

afforded 55.2

Supplementary Scheme 5. Synthesis of “reverse” analogue of 1¢

o .
0 (i) cl (if)
_ ’
s12 Cl
6l

13k
s13

F
OH
O
/@)K/VN
Cl 55

“Reagents and conditions: (i) AIClz, DCM, 0 °C —1t, 14 h, 91%; (ii) NaHCOs, KI, toluene, reflux,
24 h, 71-80%; (ii1) NaHCO3, KI, toluene, reflux, 24 h, 74%.

Supplementary Scheme 6. N-alkylation of 6i using the commercially available 4-chloro-1-
phenylbutan-1-one (131) using previously outlined conditions, afforded the des-halo analogue 56 in

good yield.?

Supplementary Scheme 6. Synthesis of des-halo analogue of 1¢

0] OH
@*NC' ® 9
OH N
0
56
6i

131

“Reagents and conditions: (i) NaHCO3, KI, toluene, reflux, 24 h, 88%.

Experimental

3-((4-Fluorophenyl)thio)propan-1-ol (s3a). A mixture of 4-fluorothiophenol (1.37 mL, 12.9 mmol),
3-chloropropanol (1.61 mL, 19.3 mmol), KI (107 mg, 644 umol), K»COs (3.56 g, 25.8 mmol) in i-
PrOH (25 mL) was refluxed under N; for 1 h. The mixture was diluted with EtOAc (50 mL), and
washed with water (100 mL) and brine (50 mL). The organic layer was dried with Na>SOs, and
filtered. The filtrate was concentrated in vacuo, and the residue was chromatographed on silica eluting

with 5:1 petroleum ether/EtOAc to give the desired product as a clear oil (2.10 g, 83%). LCMS (m/z):
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187.0 [M+H]", & 2.61 min. '"H NMR (CDCls) & 7.39 — 7.29 (m, 2H), 7.02 — 6.95 (m, 2H), 3.74 (¢, J
=6.1 Hz, 2H), 2.97 (t, J= 7.1 Hz, 2H), 1.87 (s, 1H), 1.83 (tt, J= 7.1, 6.0 Hz, 2H). '>*C NMR (CDCls)
§ 161.9 (d, J = 246.1 Hz), 132.4 (d, J= 8.0 Hz), 131.1 (d, J= 3.2 Hz), 116.1 (d, J = 21.8 Hz), 61.4,
31.8,31.7.

3-(4-Fluorophenoxy)propan-1-ol (s3b). A mixture of 4-fluorophenol (3.00 g, 26.8 mmol), 3-
chloropropanol (3.36 mL, 40.1 mmol), KI (222 mg, 1.34 mmol), K»CO; (7.40 g, 53.5 mmol) in i-
PrOH was refluxed under N> for 4 h. The mixture was diluted with EtOAc, and washed with water
(200 mL) and brine (50 mL). The organic layer was dried with Na;SOs, and filtered. The filtrate was
concentrated in vacuo, and the residue was chromatographed on silica eluting with 5:1 petroleum
ether/EtOAc to give the desired product as a pink oil (3.10 g, 68%). LCMS (m/z): 171.1 [M + H]", tr
2.73 min. '"H NMR (CDCls) 8 7.02 — 6.90 (m, 2H), 6.89 — 6.78 (m, 2H), 4.06 (t, J = 6.0 Hz, 2H), 3.84
(t, J= 5.9 Hz, 2H), 2.07 (s, 1H), 2.02 (p, J = 5.9 Hz, 2H). *C NMR (CDCls) & 157.4 (d, J = 238.4
Hz), 155.0 (d, J=2.2 Hz), 115.9 (d, J=23.1 Hz), 115.6 (d, /= 7.9 Hz), 66.4, 60.4, 32.1.

3-((4-Fluorophenyl)thio)propyl methanesulfonate (s4a). General procedure G. Purification by
FCC (eluent 10:1, PE/EtOAc) gave 2.56 g of a yellow oil (72%). LCMS (m/z): 265.1 [M+H]", tr 2.81
min. "H NMR (CDCl3) 6 7.02 — 6.91 (m, 2H), 6.88 — 6.78 (m, 2H), 4.43 (t, J = 6.1 Hz, 2H), 4.04 (t,
J=5.9 Hz, 2H), 2.99 (s, 3H), 2.21 (p, J= 6.0 Hz, 2H). *C NMR (CDCls) & 154.5 (d, J = 238.7 Hz),
151.7 (d, J=2.1 Hz), 113.0 (d, J=23.1 Hz), 112.6 (d, /= 8.0 Hz), 63.8, 60.9, 34.4, 26.3.

3-(4-Fluorophenoxy)propyl methanesulfonate (s4b). General procedure G. Purification by FCC
(eluent 10:1, PE/EtOAc) gave 2.35 g of a pink oil (81%). LCMS (m/z): 249.1 [M+H]", tr 2.73 min.
"H NMR (CDCl3) § 7.39 — 7.32 (m, 2H), 7.04 — 6.96 (m, 2H), 4.34 (t, J = 6.0 Hz, 2H), 3.00 (s, 3H),
2.97 (t, J=7.0 Hz, 2H), 2.01 (tt, J= 7.0, 6.0 Hz, 2H). *C NMR (CDCl;3) § 162.2 (d, J = 247.1 Hz),
133.0 (d, J=8.1 Hz), 130.2 (d, /J=3.4 Hz), 116.3 (d, J=21.9 Hz), 68.0, 37.5, 31.2, 28.7.

4-Chloro-1-(4-fluorophenyl)butan-1-ol (s5). NaBH4 (245 mg, 6.48 mmol) was added to a solution
of 4-chloro-1-(4-fluorophenyl)butan-1-one (1.00 g, 4.98 mmol) in EtOH (20 mL) at 0 °C. The mixture
was stirred at room temperature for 3 h. The mixture was quenched with H,O (5 mL) and evaporated
to remove the organic portion. The residue was diluted with saturated aqueous NaHCO3 solution and
extracted with DCM (3 x 20 mL). The DCM extracts were washed with brine (20 mL), and evaporated
to dryness to afford 947 mg of a yellow 0il (94%). LCMS (m/z): 203.1 [M+H]", tr 3.62 min. 'H NMR
(CDCl3) 6 7.34 —7.25 (m, 2H), 7.03 (t,J = 8.7 Hz, 2H), 4.68 (t, /= 6.1 Hz, 1H), 3.54 (td, /= 6.0, 2.2
Hz, 2H), 2.14 (d, J = 2.9 Hz, 1H), 1.96 — 1.69 (m, 4H). *C NMR (CDCls) § 162.3 (d, J = 245.7 Hz),
140.2 (d, J=3.1 Hz), 127.6 (d, /= 8.1 Hz), 115.5 (d, J=21.4 Hz, 73.3, 45.0, 36.4, 28.9.
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Ethyl 3-(4-chlorophenyxy-8-azabicyclo[3.2.1]octane-8-carboxylate (s7). General procedure A.
Purification by FCC (eluent, 1:5 EtOAc/PE) gave 750 mg of a transparent oil (65%). LCMS (m/z):
310.1 [M+H]", #r 2.85 min. '"H NMR (CDCl3) & 7.33-7.26 (m, 4H), 4.38 (s, 2H), 4.17 (q, J = 6.8 Hz,
2H), 2.30-1.73 (m, 8H), 1.27 (t, J = 7.2 Hz, 3H). 3C NMR (CDCl3) § 154.2, 148.3, 132.8, 128.5,
126.1, 73.4, 61.2, 53.4, 45.0, 28.3, 14.9.

3-(4-Chlorophenyl)-8-azabicyclo[3.2.1]octan-3-ol (s8). A mixture of KOH (870 mg, 15.5 mmol)
in ethylene glycol (5 mL) was added to a solution of ethyl 3-(4-chlorophenyl)-3-hydroxy-8-
azabicyclo[3.2.1]octane-8-carboxylate (600 mg, 1.94 mmol) in MeOH (5 mL) and the resulting
mixture was heated at 150 °C, with constant stirring, for 4 h and then allowed to cool to room
temperature. H>O (50 mL) was added, and the mixture was extracted with EtOAc (3 x 30 mL). The
organic phases were combined, washed with H,O (100 mL), brine (50 mL) and dried (Na>SOs). The
organic phase was filtered, and the filtrate was concentrated in vacuo and the residue was purified by
FCC (eluent, 4:2 CH2Cl./MeOH) to give 310 mg of white-yellow crystals (310 mg, 67%). LCMS
(m/z): 238.0 [M+H]*, tr 1.00 min. "H NMR (Methanol-d4) 8 7.50 — 7.46 (m, 2H), 7.29 —7.25 (m, 2H),
3.59 - 3.53 (m, 2H), 2.37 — 2.29 (m, 2H), 2.18 (d, /= 3.8 Hz, 1H), 2.15 (d, /= 3.8 Hz, 1H), 1.85 —
1.76 (m, 4H). '*C NMR (Methanol-ds) § 151.1, 133.0, 128.8, 127.7, 73.8, 55.4, 46.4, 29.6.

4-(4-Chlorophenyl)piperazin-1-ium chloride (s11). The mixture of 4-chloroaniline (1.10 g, 8.62
mmol), bis-(2-chloroethylamine)hydrochloride (1.47 g, 8.21 mmol) and para-toluenesulphonic acid
(PTSA) (70.7 mg, 411 umol) in xylene (15 mL) were heated to reflux for 16 h. The mixture was
cooled to room temperature to crystallise. The crystals were collected under vacuum filtration and
washed with hot acetone to afford 1.72 g of a white solid (90%). LCMS (m/z): 197.2 [M+H]", tr 1.13
min. '"H NMR (DMSO-ds) 6 9.47 (s, 2H), 7.27 (d, J = 8.9 Hz, 2H), 7.02 — 6.95 (m, 2H), 3.37 (t, J =
5.1 Hz, 4H), 3.17 (t, J= 5.1 Hz, 4H). 3C NMR (DMSO-ds) 6 148.9, 128.8, 123.5, 117.5, 45.2, 42.3,
35.9,25.2,17.2.

4-Chloro-1-(4-chlorophenyl)butan-1-one (13k). To a stirred suspension of AlICl; (3.16 g, 23.7
mmol) in DCM (75 mL) at 0 °C was added chlorobenzene (2.00 mL, 19.7 mmol) drop-wise. After 30
minutes, 4-chlorobutanoyl chloride (2.65 mL, 23.7 mmol) was added drop-wise. The reaction was
brought to room temperature and stirred overnight, poured out on ice and extracted with DCM (2 x
40 mL). The organic fractions were collected and washed with sat. aqueous NaHCOs3, H>O, dried
(Na2S0y), filtered, and the solvent removed in vacuo. The residue was purified by FCC (eluent, 1:99
PE/EtOAc) to afford 3.90 g of a light brown oil (91%). LCMS (m/z): 218.3 [M+H]", tr 2.91 min. 'H
NMR (CDCl3) & 7.90 (d, J = 8.6 Hz, 2H), 7.43 (d, J = 8.6 Hz, 2H), 3.66 (t,J = 6.2 Hz, 2H), 3.14 (t, J
=7.0 Hz, 2H), 2.21 (p, J = 6.8 Hz, 2H). 3C NMR (CDCl3) 6 197.8, 139.7, 135.1, 129.5, 129.1, 44.7,
35.4,26.7.
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Supplementary Figure 1. Determination of PPHT-red equilibrium and Kinetic binding
parameters. (A) Saturation analysis showing the binding of PPHT-red to the human dopamine D2R.
CHO-hDy R cell membranes (2 ug per well) were incubated for 30 min with increasing
concentrations of PPHT-red. Data are presented in singlet form from a representative of four
experiments. (B) Observed association of PPHT-red binding to the hD> R. Data are presented in
singlet form from a representative of four experiments. (C) Plot of PPHT-red concentration vs. kobs.
Binding followed a simple law of mass action model, ks increasing in a linear manner with
fluorescent ligand concentration. Data are presented as mean + S.E.M. from a total of four
experiments. All binding reactions were performed in the presence of GppNHp (100 4M with non-
specific binding levels determined by inclusion of haloperidol (10 xM)).
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Supplemental Figure 3. '"H NMR spectrum for compound 8e.
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Supplemental Figure 5. '"H NMR spectrum for compound 8f.
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Supplemental Figure 6. *C NMR spectrum for compound 8f.
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Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

Supplemental Figure 7. '"H NMR spectrum for compound 8i.
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Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

Supplemental Figure 9. '"H NMR spectrum for compound 14c.
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Supplemental Figure 10. '°C NMR spectrum for compound 14c.
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Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

Supplemental Figure -11. "H NMR spectrum for compound 23.
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Supplemental Figure 12. '"H NMR spectrum for compound 23.
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Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

Supplemental Figure 13. '"H NMR spectrum for compound 30b.
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Supplemental Figure 14. °C NMR spectrum for compound 30b.
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Chapter 5: Structure-Kinetic Profiling of Haloperidol Analogues at the Dopamine D2R

Supplemental Figure 15. '"H NMR spectrum for compound 34c.
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Supplemental Figure 16. '°C NMR spectrum for compound 34c.
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