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Abstract

The dopamine D2 receptor (D2R) is a G protein-coupled receptor (GPCR) that is strongly

implicated in the symptoms of neurological disorders such as schizophrenia (SCZ) and

Parkinson’s disease. To date, our structural and pharmacological understanding of the D2R have

generally been restricted to ligands which interact with the orthosteric binding site which is highly

conserved amongst aminergic GPCRs. Despite the development of a number of extended (or

bitopic) ligands for the D2R, our understanding of the pharmacological implications of receptor-

ligand interactions at the less structurally-homologous allosteric site is still in its infancy. This

thesis explores the utility of multivalent ligands as chemical probes of secondary binding

interactions at the D2R and their impact upon D2R pharmacology.

Chapter 2 demonstrates the use of multivalent ligands for the investigation of the molecular

determinants of efficacy at the D2R. Sub-chapter 2.1 describes the synthesis and pharmacological

evaluation of a series of chemically truncated analogues of aripiprazole, the first FDA-approved

D2R partial agonist for the treatment of schizophrenia. From this research, it was determined that

the 1,2,3,4-tetrahydroquinolin-2-one (THQ) tail of aripiprazole was a key determinant of

functional affinity (KA) and efficacy (τ) at the D2R. This was confirmed by the synthesis and

evaluation of a series of THQ-containing hybrid molecules which showed enhancements in

affinity and a trend towards improved efficacy. Subsequently, mutagenesis studies of the D2R

centred on both aripiprazole and the hybrid molecules revealed that interactions with extracellular

residues of transmembrane helices (TMs) 1 and 2 can direct affinity and efficacy at the D2R. This

work suggested that it may be possible to direct efficacy using differing tail moieties.

Consequently, Sub-chapter 2.2 details the synthesis and pharmacological evaluation of a second

series of hybrid molecules containing the tail moiety of a high affinity derivative of SB269652, a

D2R negative allosteric modulator (NAM). This work added further evidence to the notion that

the nature of the tail moiety and its positioning within the extracellular regions of the TMs 1 and

2 is able to direct the affinity and efficacy of extended D2R structures.

Chapter 3 details the use of multivalent ligands as chemical probes of allostery at the D2R.

Herein a series of analogues which focussed on the modification to the indole-2-carboxamide tail

of SB269652 were synthesised and pharmacologically profiled in a structure-activity relationship

(SAR) study of negative cooperativity at the D2R. From this research it was evident that negative

cooperativity was strongly influenced by the nature of the tail moiety and yielded a suite of

compounds with a spectrum of negative cooperativities. This work also led to the discovery of a



10

first-in-class SB269652 analogue (15e, Chapter 3) that acts to modulate both dopamine’s affinity

and efficacy.

Chapter 4 demonstrates the utility of multivalent ligands as irreversible probes for the D2R.

This chapter outlines the synthesis and pharmacological characterisation of photoactivatable

derivatives of SB269652. This study yielded a novel photoactivatable irreversible ligand (7,

Chapter 4) which may be used for the investigation of bitopic and allosteric receptor-ligand

interactions at the D2R.

A toolbox of multivalent ligands were synthesised and pharmacologically evaluated to

probe a variety of pharmacological parameters at the D2R. The work described within this thesis

further validates their use in future investigations of the D2R.



Chapter 1

General Introduction and Thesis Aims
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The dopamine D2 receptor (D2R) has been implicated in the symptomology of disorders 
such as schizophrenia and Parkinson’s disease. Multivalent ligands provide useful tools 
to investigate emerging concepts of G protein-coupled receptor drug action such 
as allostery, bitopic binding and receptor dimerization. This review focuses on the 
approaches taken toward the development of multivalent ligands for the D2R recently 
and highlights the challenges associated with each approach, their utility in probing 
D2R function and approaches to develop new D2R-targeting drugs. Furthermore, we 
extend our discussion to the possibility of designing multitarget ligands. The insights 
gained from such studies may provide the basis for improved therapeutic targeting 
of the D2R.

First draft submitted: 15 January 2016; Accepted for publication: 22 March 2016; 
Published online: 30 June 2016

Keywords: allosteric • bitopic • bivalent • D
2
R • designed multiple ligands • dopamine D

2
 

receptor • multivalent • orthosteric

G protein-coupled receptors (GPCRs) are 
the largest family of membrane receptor pro-
teins found within the human genome  [1]. 
They are structurally characterized by seven 
transmembrane (7TM) helices linked by 
three intracellular and three extracellular 
loops, and are further clustered into five sub-
families based on their sequence homology [2] 
(Figure 1). GPCRs are important targets in 
pharmaceutical research given the unrivalled 
number of physiological processes in which 
they are involved, and the variety of stimuli 
to which they respond including, ions, neu-
rotransmitters, peptides and proteins. There-
fore, it is not surprising that almost 40% of 
all commercially available pharmaceuticals 
target GPCR activity in some manner [3].

The class A (rhodopsin-like) family of 
GPCRs includes the dopamine receptor fam-
ily, of which, there are five subtypes (D

1
-D

5
). 

These five subtypes are further classified into 
two groups: D

1
-like (D

1
 and D

5
) and D

2
-like 

(D
2
, D

3
 and D

4
), based on their excitatory 

(G
s
) or inhibitory (G

i/o
) effects on adenylate 

cyclase (AC). Sequence homology within the 
transmembrane domains are highly conserved 
amongst the dopamine receptor subtypes  [5]. 
The D

1
-like receptors have 78% homology, 

while the D
3
 and D

4
 receptors share 75% 

and 53% homology, respectively, with the 
D

2
 receptor  [6]. Dopaminergic innervations 

are predominantly located within the brain 
and are divided into four major dopaminergic 
pathways called the mesolimbic, mesocortical, 
nigrostriatal and tuberoinfundibular path-
ways. Dopaminergic neurons play a crucial role 
in executing central nervous system (CNS) 
functions including movement, reward, sleep, 
affect, feeding, memory and learning. While 
in the periphery, dopamine regulates physi-
ological functions such as emesis, hormone 
regulation, retinal processes, olfaction, car-
diovascular and renal functions [7–13]. Histori-
cally, dopamine receptors have been of great 
interest in the study of diseases that affect the 
CNS. In particular, the dopamine D

2
 recep-

For reprint orders, please 



Figure 1. A crystal structure of the dopamine D3 receptor highlighting the general structure of a class A G protein-
coupled receptor embedded within a lipid bilayer. Seven transmembrane helices are linked by three pairs of 
intracellular and extracellular loops.  
Data taken from [4].
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tor (D
2
R) is an attractive target for the treatment of 

the symptoms of schizophrenia (SCZ) and Parkinson’s 
disease (PD)  [14–20]. At present, D

2
R antagonists and 

partial agonists are amongst the most efficacious drugs 
available for the treatment of SCZ, while D

2
R agonists 

are primarily used to treat the symptoms of PD.

Schizophrenia
Early observations of psychostimulant-induced psycho-
ses, and the discovery of nonselective dopamine receptor 
antagonists (neuroleptics) which alleviated psychoses in 
SCZ sufferers, led to the hypothesis that the causes of 
SCZ were attributed to hyperdopaminergic activity in 
the brain  [21]. Further investigations into the underly-
ing cause for the symptoms of SCZ, however, revealed 
a far more complex and intricate relationship between 
dopaminergic neurotransmission and the symptoms of 
the disease state. The notion of ‘regional imbalance’ 
has led to the evolution of the dopamine hypothesis 
whereby, dopamine dysfunction in the brain is impli-
cated in the symptomology of SCZ without focusing 
on excessive dopamine transmission as a prime cause 
of the disease state [21,22]. Subsequently, it has been sug-
gested that hyperdopaminergic activity at the mesolim-
bic pathway may be responsible for the positive symp-
toms (i.e., hallucinations, delusions, paranoia), while a 
hypodopaminergic state in the mesocortical pathway 
could be attributed to the negative symptoms (i.e., emo-
tional and social withdrawal, blunted affect and motor 

retardation) and cognitive deficits (i.e., difficulties with 
memory and learning) of SCZ  [23,24]. Although the 
dopamine hypothesis addresses the symptomology of 
SCZ in most cases, there are approximately 30% of suf-
ferers whose symptoms are resistant to treatment with 
dopamine antagonists [25]. This anomaly has led to the 
development of alternative hypotheses which implicate 
different neurotransmitter pathways such as the sero-
tonin  [26], glutamate  [27] and muscarinic acetylcho-
line  [28] receptors. It has also been proposed that SCZ 
may be a neurodevelopmental disorder which begins in 
pre- or peri-natal life and finally manifests itself as psy-
choses in late adolescence [29]. The number of theories 
proposed for the symptomology of SCZ, highlights the 
complexity of this disease state and the obvious need for 
further research in this field.

The first generation antipsychotics (FGAs) (e.g., hal-
operidol (1) and chlorpromazine (2)) are potent D

2
R 

antagonists that provide sufferers of SCZ relief from the 
positive symptoms of the disease. Although effective at 
treating the positive symptoms of SCZ, D

2
R antago-

nists are also believed to trigger movement disorders 
(commonly known as extrapyramidal side effects or, 
EPS), prolactin elevation and neurolepsis. These side 
effects are believed to be caused by the indiscriminate 
antagonism of D

2
Rs at the nigrostriatal, tuberoin-

fundibular and mesocortical dopaminergic pathways, 
respectively  [30]. The subsequent discovery of second 
generation antipsychotics (SGAs, e.g.,  clozapine (3) 



Figure 2. Antipsychotic drugs for the treatment of schizophrenia grouped by their classifications.

Figure 3. Structures of levodopa and common ergot- and nonergot-derived D2R agonists used for the treatment of Parkinson’s 
disease. 
L-DOPA: Levodopa.
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and risperidone (4)) and third generation antipsychot-
ics (TGAs, e.g.,  aripiprazole (5) and cariprazine (6)) 
has provided SCZ sufferers with treatments that have 
a lower propensity for EPS. These improvements have 

been attributed to a number of different mechanisms 
including their poly-pharmacological profile (antago-
nism at the 5-HT

2A
R has been highlighted as par-

ticularly important)  [31], differing receptor occupancy 
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levels at high- and low-affinity receptor states [32], and 
fast dissociation kinetics from the D

2
R compared with 

FGAs such as 1 [33]. Although more recently, the fast-
off theory proposed by Seeman and colleagues has 
recently been challenged by Sahlholm and colleagues 
who, using a functional kinetic assay, found no cor-
relation between the atypicality of antipsychotics and 
their apparent off-rate  [34]. Despite these benefits, 
SGAs are also associated with a variety of cardiovas-
cular and metabolic side effects as a consequence of 
their polypharmacology  [35,36]. For example, 3 has a 
high propensity to cause weight gain and other meta-
bolic side effects due to its affinity for the serotonin 
5-HT

2C
 receptor (5-HT

2C
R) [36]. Additionally, almost 

3% of clozapine-users will be prone to agranulocyto-
sis, a potentially fatal blood disorder, which restricts 
its widespread use [37,38]. Consequently, the search for 
novel antipsychotic therapies with further improved 
side effect profiles continues (Figure 2).

Parkinson’s disease
PD is a progressive neurodegenerative disorder charac-
terized by symptoms such as loss of movement, depres-
sion, rigidity and dementia. The motor symptoms of 
PD are attributed to dopaminergic cell loss within the 
substantia nigra (SN) pars compacta, and ultimately 
leads to dysfunction of the basal ganglia (a group of 
deep nuclei involved in the initiation and execution of 
movement) [39]. Levodopa (L-DOPA), a biological pre-
cursor and prodrug of dopamine, was first determined 
to be an effective treatment for PD in the 1950s after 
it was used by Carlsson et al. to reverse parkinsonian-
like symptoms in rabbits  [40,41]. Although L-DOPA 
was approved by the US FDA in the 1970s, and is 
still classified as the gold standard for the treatment 
of motor symptoms of PD, it is associated with a range 
of side effects including: L-DOPA-induced dyskinesias 
or hyperkinetic movement, the re-emergence of PD 
symptoms prior to the next scheduled dose of L-DOPA 
(or ‘wearing off ’) [42], fluctuations of psychomotor state 
(known as ‘on-off oscillations’) [43], nausea and vomit-
ing  [44]. To combat its poor pharmacokinetic profile 
and the side effects associated with its administration 
at high doses, L-DOPA was subsequently co-adminis-
tered with: (i) DOPA decarboxylase (DDC) inhibitors 
to slow the peripheral degradation of L-DOPA prior 
to CNS penetration  [45]; (ii) monoamine oxidase-B 
(MAO-B) inhibitors to prevent the metabolism of 
dopamine in the CNS  [46], and (iii) inhibitors of cat-
echol O-methyl transferase (COMT) to reduce the 
clearance and improve bioavailability of L-DOPA both 
peripherally and centrally [47,48].

Given the poor bioavailability and extremely short 
plasma half-life of L-DOPA (7), D

2
R agonists were 

viewed as a viable alternative since presynaptic dopa-
mine synthesis could be bypassed and D

2
Rs could be 

stimulated directly [45,49]. Although these compounds 
have lower efficacy compared with L-DOPA, D

2
R 

agonists are longer-lasting and have greatly improved 
bioavailability  [50]. D

2
R agonists for the treatment of 

PD can be divided into ergot derived (e.g., lisuride (8), 
bromocriptine (9) and carbergoline (10)) and nonergot 
derived (e.g.,  pramipexole (11), ropinirole (12), apo-
morphine (13) and rotigotine (14)) compounds based 
on their structural properties [45] (Figure 3). The dopa-
mine receptor selectivity profiles of these agonists have 
been observed to vary, and thus, provide some insight 
into the therapeutic benefits of targeting individual 
dopamine receptor subtypes. For instance, D

2
R stim-

ulation is known to ease motor symptoms, while the 
high D

3
R affinity of pramipexole demonstrated anti-

depressant effects in PD and non-PD patients  [51–53]. 
The physiological outcome of D

1
-like receptor activa-

tion is less well understood; however, there is some 
evidence to suggest that D

1
-like receptors have some 

neuroprotective function in PD  [54]. The side effects 
triggered by the use of D

2
R agonists include: halluci-

nations, fluid retention, impulse control disorders and 
somnolence [55]. Despite the prolonged half-life of D

2
R 

agonists (65 h, in the case of 10) compared with that of 
L-DOPA (0.77–1.08 h as single administration, 1.5 h 
when co-administered with DCC inhibitors)  [56], the 
majority of PD sufferers will inevitably be treated with 
L-DOPA due to its superior efficacy. As such, there 
is still an unmet need for improved therapies for the 
treatment of PD.

Multivalent approaches
Chemical probes enable the investigation of receptor 
structure and function in order to consolidate the gaps 
in our current understanding of GPCRs. These chemi-
cal tools allow us to examine questions about the D

2
R 

including whether D
2
Rs are able to form homo- or 

hetero-dimers, or if an allosteric approach could lead 
to the development of a clinically relevant drug for 
the treatment of SCZ or PD, and whether we are able 
to use biased agonism as a means to avoid on-target 
side effects. From probing the various binding sites on 
a receptor and their function, to the investigation of 
signal transduction, chemical probes have an impor-
tant role to play in pharmaceutical research [57,58]. Mul-
tivalency has been defined as the operation of multiple 
molecular regonition events of the same kind occur-
ring simultaneously between two entities [59,60]. Multi-
valent ligands that can occupy more than one binding 
site, simultaneously. Such a mode of interaction means 
that multivalent ligands can be very useful tools for the 
investigation of the pharmacological concepts above. 



Figure 4. Schematic representations of univalent and multivalent binding modes. (A) Classical orthosteric and 
allosteric binding. (B) Multivalent ligand binding. (C) Dual-receptor binding mode of designed multiple ligands.
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Herein, we examine two distinct classes of multivalent 
ligands (Figure 4):

•	 Bivalent ligands that target the orthosteric sites 
of two separate receptors and are useful tools for 
the investigation of receptor dimerization and the 
function of such dimers in biological systems [61,62];

•	 Bitopic ligands which target both the orthosteric 
and allosteric sites within a single receptor, and 
enable the probing of pharmacological outcomes 
exhibited by bitopic binding interactions [63,64];

•	 Finally, in light of the potential advantages of poly-
pharmacology for the treatment of schizophrenia, 
we extend our review to the concept of designed 
multiple ligands (DMLs). In particular, we discuss 
approaches to design DMLs through the incorpo-
ration of structural elements of ligands that selec-
tively bind to particular receptor targets into one 
molecule with the aim of generating a new chemi-
cal entity that displays selectivity across multiple 
targets. As such, DMLs provide an approach to 
rationally design drugs with a desired profile of 
polypharmacology that are useful for the treatment 
of complex disease states such as schizophrenia [65]. 
While DMLs are not multivalent ligands per se, the 
design of DMLs are subject to some of the particu-
lar challenges that applies to the design of multi-
valent ligands, namely the incorporation of mul-
tiple pharmacophores into a single molecule while 
retaining the desired pharmacological activity.

The orthosteric binding site is the region of the 
receptor to which the endogenous ligand (dopamine, 
in the case of the D

2
R) binds. Ligands that compete 

directly with the endogenous ligand, known as the 

orthosteric ligand, are exemplified by the previously 
described treatments for SCZ and PD. The orthosteric 
binding site of the D

2
R has been well defined using 

affinity labeling studies, substituted cysteine acces-
sibility studies, structure–activity studies, molecular 
modeling studies and combinations thereof  [66]. Sub-
sequently, this has aided the discovery of both high 
affinity agonists and antagonists [66,67]. More recently, 
further insight has been gained from the crystal struc-
ture of the highly homologous dopamine D

3
 recep-

tor in complex with the orthosteric antagonist eticlo-
pride [4]. In contrast, an allosteric pocket is a binding 
site that is topographically distinct to the orthosteric 
binding site (Figure 3). Targeting the allosteric site of 
a receptor can yield ligands which have efficacy in 
their own right, or modulate the affinity and/or the 
efficacy of an orthosterically bound ligand. As such, 
these ligands are sometimes termed allosteric modu-
lators [68]. Allosterically binding ligands are not faced 
with the same selectivity challenges as orthosterically 
binding ligands since allosteric sites may be less con-
served between receptor subtypes compared with the 
orthosteric site [69]. Clinically, two FDA-approved allo-
steric modulators have been proven to be useful in the 
treatment of human immunodeficiency virus (mara-
viroc) and parathyroid carcinoma (cinacalcet)  [70]. 
Thus far, a drug-like allosteric D

2
R ligand has yet to 

be discovered.
Although GPCRs have traditionally been consid-

ered to function as single (monomeric) units, recent 
studies suggest that they may also exist as homo- and 
hetero-dimers, and even higher order oligomers [71–74]. 
While these discoveries add further complexities to 
our current understanding of GPCR function and 
their biological outcomes, they provide new avenues 
for exploration and exploitation in drug discovery and 

Allosteric binding

Bitopic binding

Heterobivalent binding

Homobivalent binding

Dual-receptor binding

Orthosteric binding



Figure 5. An example of a β-naltrexamine 
homobivalent ligand initially synthesized by 
Portoghese et al. to probe the opioid receptors.  
Data taken from [84].

1354 Future Med. Chem. (2016) 8(11) future science group

Review    Kopinathan, Scammells, Lane & Capuano

O

N

OH

N
H

O
O

H
N

OH

O

OH
N

OH

15

design. This has led to the synthesis of homo- and het-
erobivalent ligands as pharmacological tools to probe 
receptor dimers through the concomitant engagement 
of two receptors in an orthosteric manner. While 
the existence of D

2
R homodimers and a number of 

D
2
R heterodimers (e.g.,  D

2
R/adenosine A

2A
 recep-

tors  [73], D
2
R/D

1
R  [75] and D

2
R/serotonin 5-HT

2A
 

receptors  [76]) have been supported by qualitative and 
quantitative studies. However, it should be noted that 
a recent study by Frederick et al. has presented evi-
dence against the existence of D

2
R/D

1
R heteromers 

in vivo [77]. This example highlights the key challenges 
associated with the study of GPCR heteromers; that 
of providing definitive evidence of their existence 
in vivo and determining the physiological role of such 
heteromers. In light of this challenge, bivalent ligands 
may be useful tools with which to investigate whether 
receptor homo- or hetero-dimers possess distinct bio-
logical functions that may be exploited in order to treat 
diseases such as SCZ and PD.

The dual occupation of both the orthosteric and 
allosteric sites of a receptor with a single ligand, 
termed bitopic binding, can lead to the development 
of molecules with improved selectivity and affinity [64]. 
Another advantage of bitopic binding is that specific 
receptor conformations may be stabilized which may 
selectively trigger receptor signaling to the relative 
exclusion of others, so called biased agonism. Biased 
agonists may enable us to distinguish distinct signal-
ing pathways which mediate on-target side effects 
from those which mediate on-target therapeutic 
effects [78,79].

Multivalent approaches for the investigation of 
GPCRs provide new avenues to further our knowl-
edge of receptor function. This review focuses on the 
approaches taken toward the development of three 
distinct classes of multivalent ligands; namely, biva-
lent ligands, bitopic ligands and DMLs. Through this 
review we aim to discuss the promise and challenges 

associated with these multivalent ligand approaches to 
explore D

2
R function.

Bivalent ligands
Evidence for the existence of homo- and hetero-
meric receptor dimers have been presented through a 
variety of in vitro and in vivo pharmacological stud-
ies  [71,73,74,80,81], which has had a number of implica-
tions for medicinal chemistry endeavors. First, recep-
tor dimers could potentially have restricted tissue 
distribution; second, they may induce novel receptor 
signaling; and third, dimers may possess novel bind-
ing properties that may be harnessed in drug design 
efforts  [82]. The concept of the bivalent ligand was 
initially developed by Portoghese et al. in the hope of 
probing dimeric opioid receptors [83,84] (Figure 5). Biva-
lent ligands are defined as two pharmacophore units 
attached, via a linker, to a spacer of adequate length 
to span across a receptor dimer and enable simultane-
ous binding at two receptors  [85]. These ligands may 
be developed as either the homobivalent or heterobiva-
lent variants, where two of the same, or two distinct 
pharmacophores, are attached to the spacer, respec-
tively. In the instances where direct attachment of a 
spacer to the pharmacophore proves detrimental to the 
binding of the pharmacophore, a linker may be added 
to join both the pharmacophore and spacer together. 
The work conducted by Portoghese and colleagues in 
order to gain an understanding of receptor dimers of 
the opioid receptor subtypes (μ, κ and δ) has provided 
a guide for the subsequent development and pharma-
cological evaluation of bivalent ligands for other recep-
tor dimers  [83,86,87]. However, research conducted by 
Erbs et al. has demonstrated that although μ and δ opi-
oid receptors exist in close physical proximity to one 
another in neuronal cells, their co-expression may only 
occur in a small number of neuronal cells in subcorti-
cal networks  [88]. These findings highlight the diffi-
culty in the interpretation of data relating to receptor 
dimers and also have implications on the applications 
for which bivalent ligands are utilized as probes.

The dual targeting of two individual binding sites of 
a receptor dimer requires a number of considerations 
to be taken into account, particularly when developing 
bivalent ligands for the investigation of said receptor 
dimer. Bivalent ligands are required to possess the fol-
lowing attributes for their successful development: a 
pharmacophore that has a suitable attachment point 
for either the spacer or linker; a linker that does not 
diminish receptor–ligand interactions and maintains a 
suitable degree of aqueous solubility and a spacer that is 
of suitable length which links the two pharmacophoric 
units and is able to bridge the span of the two recep-
tors  [61] (Figure 6). Achieving these attributes, how-



Figure 6. A schematic of the bivalent ligand synthesized by Huber et al. with the highest affinity at the D2R 
(comprising of two pharmacophores [lilac], two linkers [blue] and a spacer [orange]). 
Data taken from [89].
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ever, typically result in ligands with high molecular 
weights, poor solubility and high lipophilicity, which, 
in turn, make them unfavorable for use in a clinical 
setting. Despite this, bivalent ligands may have util-
ity as probes for investigating the presence and func-
tion of homo- and hetero-dimers of the D

2
R and other 

receptors in native tissues [62].

Homobivalent ligands
The use of homobivalent ligands to investigate homodi-
meric D

2
Rs has become an area of research interest 

since D
2
R homodimers were observed through phar-

macological and histochemical techniques  [71,90–92]. 
Initial work in D

2
R homobivalent ligands conducted 

by Huber et al. demonstrated the importance of a suit-
able linker, through their investigation of ferrocene-
linked homobivalent ligands. Through the incorpo-
ration of a ferrocene ‘hinge’ it was hypothesized that 
conformational flexibility would be beneficial in guid-
ing orthosteric binding of the phenylpiperazine phar-
macophores while providing subtype selectivity for 
the D

2
R. The hypothesis regarding conformational 

flexibility was upheld by the homobivalent ligand, 
16 (Figure 6), which was observed to have the highest 
binding affinity for the D

2
R (K

i
 = 15 nM) compared 

with a reference set of homobivalent ligands lacking 
the ferrocene ‘hinge’ (K

i
 >1000 nM). Subtype selec-

tivity for the D
2
R was not achieved. However, this 

could be anticipated given the use of orthosteric phar-
macophores which inherently interact with the most 
conserved region amongst the dopamine receptor sub-
types. As a consequence of the additional bulk of the 
ferrocene hinges, 16 was also observed to have a minor 
loss in affinity compared with its monovalent counter-
part (K

i
 = 4 nM)  [89]. Although only minor, the loss 

in affinity between the monovalent compound and 16 
might be considered counterintuitive given that biva-
lent ligands are thought to have improved affinity due 
to favorable enthalpic factors which would localize the 

second pharmacophore within the region of its bind-
ing pocket upon binding of the first pharmacophore 
to its receptor [61]. This slight loss in affinity highlights 
the importance of considering thermodynamic factors 
when developing these types of molecules. Based on 
the work by Mohr et al., the loss in affinity observed 
between 16 and its monovalent counterpart may be 
due to a conformational change in the receptor dimer 
that may have occurred upon binding of the first 
pharmacophore which makes binding of the second 
pharmacophore less favorable, termed negative coop-
erativity  [93]. Alternatively, noncomplementary spatial 
geometry of the bivalent ligand upon binding of the 
first pharmacophore may also be another plausible 
reason for diminished binding [93]. However, this may 
be considered less likely given the rotational freedom 
provided by the ferrocene hinges.

Spacer length is also considered a crucial factor in 
enabling a homobivalent ligand to span across, and bind 
the orthosteric sites of receptor dimers. In a study of rop-
inirole-based homobivalent ligands by Jörg et al. (17), as 
the spacer lengths were extended beyond the function-
ally optimal 22–26-atom spacer lengths, a twofold loss 
of functional potency was observed [94]. This is further 
supported by a series of (R)-apomorphine-based homo-
bivalent ligands (18) that were found to show a spacer 
length-dependent decrease in affinity before and after 
the optimal spacer length was achieved  [95]. Although 
these compounds showed increases in potency or 
affinity upon achieving optimal linker lengths (16- 
to 26-atom spacer lengths) within their synthesized 
series, none were observed to be more efficacious than 
their parent pharmacophores [94,95]. Again this lack in 
improved affinity may be attributed to thermodynamic 
factors such as translational and rotational entropy as 
well as spatial geometry. Although the tethering of two 
ligands will reduce the overall entropic cost of recep-
tor binding, as the length and flexibility of a spacer 
increases, the conformational entropic cost when one 



Figure 7. General structures of various homobivalent ligands including their spacer types and optimal spacer lengths as indicated 
from the highlighted atoms (red).
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pharmacophore is bound to a protomer increases con-
siderably. Consequently, highly flexible spacers tether-
ing two pharmacophores together may reduce binding 
affinities due to entropic factors. An exception to this 
was observed in a series of clozapine-based homo-
bivalent ligands synthesized by McRobb  et  al. (19), 
where homobivalent ligands with spacer lengths of 16 
and 18-atom units were observed to display a 75- to 

79-fold increase in affinity in comparison to the parent 
pharmacophore 3 [96] (Figure 7).

Homobivalent ligands have been observed to have 
novel binding profiles. In a study evaluating homo-
bivalent ligands as pharmacological tools for the D

2
R 

by Kühhorn  et  al. (20), a distinct steepening of the 
Hill slopes (the gradient of curves obtained in experi-
ments measuring concentration-dependent competi-

Spacer type: polymethylene (n = 10,14)
Optimal spacer length: 22,26 atoms

Spacer type: polymethylene (n = 10)
Optimal spacer length: 20 atoms

Spacer type: polymethylene (n = 6,8)
Optimal spacer length: 16, 18 atoms

Spacer type: polymethylene (n = 8)
Optimal spacer length: 20 atoms

Spacer type: polyethylene glycol
 (n = 1; X = (CH2OCH2)2)

(n = 3; X = (CH2OCH2)2, (CH2OCH2)3) 
Optimal spacer length: 18–25 atoms
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Figure 8. Arylamidoalkyl-substituted phenylpiperazine 
homobivalent ligands synthesized by Huber et al.
Data taken from [99].
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tive inhibition of an orthosteric radioligand) for homo-
bivalent ligands was noted versus their monovalent 
counterparts. The authors suggested that Hill slopes 
of 2 were indicative of dual occupancy of the ortho-
steric sites of dimerized D

2
Rs. This was rationalized by 

the fact that the binding of one bivalent ligand should 
cause the displacement of two equivalents of the radio-
ligand, which, would lead to a steepening of competi-
tion curves. These findings were further corroborated 
by the observation that the monovalent and asymmet-
ric variants (i.e.,  one pharmacophore is able to bind 
to the D

2
R while the other has little to no affinity for 

the receptor) displayed Hill slopes of unity, suggesting 
that these molecules appear to only bind a single pro-
tomer [97]. Similar observations were made in a recent 
study of haloperidol-based homobivalent ligands by 
Salama  et  al. (21). Additionally, Salama et al. sug-
gested that Hill slopes greater than unity could be an 
indication of positive cooperativity between receptor 
protomers which could result from a receptor-bridg-
ing binding mode and was not solely a characteristic 
of allosterically modulated receptor–receptor interac-
tions [98]. In contrast, Huber et al. synthesized a series 
of arylamidoalkyl substituted phenylpiperazine homo-
bivalent ligands that were observed to produce Hill 
slopes approaching unity (Figure 8) [99]. This anomaly 
was rationalized by the suggestion that these homo-
bivalent ligands adopt an alternative bitopic binding 
mode rather than binding to two adjacent orthosteric 
binding sites. Hence, the occupation of both the ortho-
steric and allosteric sites of a single protomer would 
only cause displacement of a single radioligand, giv-
ing rise to a Hill slope close to unity. It is evident that 
there are a number of challenges associated with the 
accurate evaluation and interpretation of pharmaco-
logical results obtained from the study of homobiva-
lent ligands. The primary challenge in evaluating such 
ligands pharmacologically is the difficulty in dem-
onstrating unequivocally that the receptors exist as 
dimers both in vitro model systems and, in particular, 
in vivo. Although techniques such as bioluminescence 
resonance energy transfer (BRET) have been employed 
to demonstrate the existence of GPCR oligomers in 
living cells [100], the interpretation of such approaches 
has been questioned. As such, it can be challenging to 
provide definitive proof of GPCR dimer/oligomeriza-
tion. It follows then that it is also difficult to deter-
mine whether the novel properties exhibited by biva-
lent ligands are the consequence of engaging a receptor 
dimer or a monomeric receptor. This is further compli-
cated by the fact that affinities of bivalent ligands are 
commonly compared with the affinity of a monova-
lent ligand or the parent pharmacophore which does 
not allow us to adequately compare the dual occupa-

tion of orthosteric sites of both protomers  [89,94–96]. 
‘Dummy’ bivalent ligands (where one pharmacophore 
of the bivalent is replaced with a structurally similar, 
nonbinding motif) would provide a better comparator. 
This is because the ‘dummy’ ligand would orientate 
the pharmacophore and its spacer in a similar fash-
ion to that of the bivalent ligand and reduce some of 
the ambiguity surrounding the contribution made by 
the spacer and its orientation upon binding the first 
protomer. This is exemplified by the work of Küh-
horn et al. where ‘dummy’ bivalent ligands were used 
as a comparator to evaluate their homobivalent ligands 
at the D

2
R [101].

Heterobivalent ligands
Given the complex pathophysiology of CNS disorders 
such as SCZ and PD, it is now widely accepted that 
improved therapeutic benefits can be gained through 
the targeting of additional receptors in combination 
with the D

2
R [102–104]. The targeting of D

2
R heterodi-

mers, which generally have a more discrete distribu-
tion compared with monomeric receptors, provides 
an opportunity to develop ligands that are more selec-
tive in their actions and may show greater efficacy but 
avoid side effects. This is exemplified by two series of 
heterobivalent ligands that have been developed to 
probe D

2
R/adenosine A

2A
 receptor (A

2A
AR) recep-

tor dimers. A
2A

AR antagonists were hypothesized 
to slow the degeneration of dopaminergic neurons 
and the progression of PD  [105]. Thus, in targeting 
D

2
R/A

2A
AR dimers it was hoped that both the motor 

symptoms and the progression of the disease might be 
controlled. In a study conducted by Soriano et al., het-
erobivalent ligands containing XCC (A

2A
AR antago-

nist) and (±)-PPHT-NH
2
 (D

2
R agonist) were synthe-

sized and their utility in detecting heteromeric dimers 
of the A

2A
AR and D

2
R was evaluated (structure not 

shown)  [106]. The results indicated that dopamine-
adenosine heterobivalent ligands were useful tools 
in determining the presence of heteromers in striatal 
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Figure 9. Compound 25, an A2AAR/D2R heterobivalent ligand, and its improved relative A2AAR inhibitory and D2R 
functional potency compared with its parent pharmacophores.  
ND: Not determined.
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tissue. The authors also asserted that an appreciable 
increase in affinity of the heterobivalent ligands, in 
the presence of both receptors, was a strong indication 
of binding across the heteromer [106]. Subsequently, in 
a study by Jörg  et  al., an A

2A
AR/D

2
R heterobivalent 

ligand (25) was synthesized and demonstrated minor 
improvements in inhibitory potency at the A

2A
AR and 

functional potency at the D
2
R (Figure 9). However, 

given the labor intensive process required to synthesize 
these ligands and their unlikelihood of being utilized 
as CNS therapeutics, Jörg and colleagues saw greater 
utility in these compounds as a starting point for the 
development of DMLs (discussed further below) and 
as potential probes for the elucidation of heteromeric 
receptors [107].

Bitopic ligands
The concept of the bitopic ligand  [63,64] is considered 
an extension of the bivalent ligand model developed by 
Portoghese. Rather than targeting two adjacent ortho-
steric sites of receptor dimers, bitopic ligands target 
two topographically distinct sites on a single receptor. 
A bitopic ligand can be defined as a chemical entity 
comprising of an orthosteric and allosteric pharma-
cophore that are tethered together via a linker, which 
enables the simultaneous binding of two binding sites 
on a single receptor  [63,93,108]. Bitopic ligands present 
three distinct advantages as an approach: first bitopic 

ligands may provide improvements in affinity com-
pared with classical orthosteric-targeting ligands; sec-
ond, they may engender greater selectivity over receptor 
subtypes and third, bitopic ligands may exhibit signal-
ing bias. An additional advantage of bitopic ligands is 
that, unlike allosteric ligands, bitopic ligands do not 
require the presence of an endogenous ligand in order 
to elicit an effect at their biological target. This may be 
particularly useful in neurodegenerative illnesses, such 
as PD, where there is a lack of endogenous tone [63].

The optimal dual interaction of both an orthosteric 
and allosteric site by a bitopic ligand may enhance the 
affinity and subtype selectivity compared with the par-
ent orthosteric ligand. In addition to subtype selectiv-
ity, it may also be possible for bitopic ligands to sta-
bilize unique receptor conformations that differ from 
that of the parent orthosteric ligand that may be linked 
to a distinct profile of biased agonism. This is exempli-
fied by the bitopic muscarinic M

2
 acetylcholine recep-

tor (M
2
 mAChR) ligands synthesized by Antony et al. 

(26) which incorporated oxotremorine-like orthosteric 
agonists (iperoxo, 27) with M

2
-selective bis(ammonio) 

alkane-type allosteric (W84, 28) (Figure 10). Antony 
and colleagues also found that the engagement of the 
orthosteric site was affinity providing while subtype 
selectivity and biased agonism was a factor of alloste-
ric engagement by their bitopic ligands  [109]. At the 
adenosine A

1
 receptor (A

1
AR), Narlawar  et  al. devel-
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Figure 10. The structure and apparent muscarinic M2 receptor binding affinities of H1 (26) and its parent 
fragments, iperoxo (27) and W84 (28).

Figure 11. A1AR bitopic ligands LUF6258 (29) and VCP746 (31), and the A1AR allosteric enhancer PD81,723 (30).
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oped a series of bitopic ligands to probe the alloste-
ric regions of the receptor. The affinity and potency 
of N6-[2-amino-3-(3,4-dichlorobenzoyl)-4,5,6,7-te
trahydrothieno[2,3-c]-pyridin-6-yl-9-nonyloxy-4-p
henyl]-adenosine (LUF6258, 29) demonstrated no 
significant changes in the presence of PD81,723 (30), 

an allosteric enhancer, providing some evidence that 
the ligand may engage both the orthosteric and an 
allosteric site of the A

1
AR which may be in close prox-

imity [110]. Similarly, Valant et al. developed an A
1
AR 

bitopic ligand, VCP746 (31), following a rational 
design process. Not only were they able to demonstrate 
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Figure 12. The potential binding modes that may be 
adopted by bitopic ligands.
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that 31 bound in a bitopic fashion to the A
1
AR, but 

also verified its cardio-protective actions in vitro  [111] 
(Figure 11). Additionally, much like bivalent ligands, 
it is difficult to conclusively demonstrate that bitopic 
ligands engage in a purely bitopic mode [63]. An alter-
native binding mode that may be engaged by bitopic 
ligands is the “flip-flop” mechanism where the bitopic 
ligand binds solely to either the orthosteric or allosteric 
site but does not occupy both binding sites concomi-
tantly. This “flip-flop” mechanism would be difficult 
to distinguish, pharmacologically, from a ligand with 
a purely bitopic binding mode. It is possible, however, 
to determine the distribution of these two binding 
modes by the relative affinity of the ligand for these 
two distinct orientations  [63,64]. Similarly, it may also 
be possible for two bitopic ligands to simultaneously 
adopt the separate poses in the one receptor (i.e., one 
ligand interacts orthosterically, while the other engages 
allosterically)  [63,112] (Figure 12). In this regard, a 
combined approach of site directed mutagenesis and 
molecular dynamic simulations has been used to pro-
vide further evidence of a bitopic mode of interac-
tion as exemplified by the work of both Antony et al. 
and Keov  et  al.  [109,113]. For example in the study by 
Antony et al., radioligand binding assays, in wild-type 
and mutant receptors, in addition to receptor docking 
simulations were used to validate a bitopic mode of 
interaction of 26 at the M

2
R [109].

Allosteric modulation at the D2R by a bitopic 
mechanism
SB269652 (32) was described as the first drug-like nega-
tive allosteric modulator of the D

2
R by Silvano et al. [114] 

in 2010. Subsequently, in an extensive characterization 
study, Lane et al. provided evidence to suggest that 32 
interacts with the D

2
R via a novel bitopic mode of inter-

action that confers its allosteric activity across a D
2
R 

receptor dimer  [115]. The presence of common struc-
tural orthosteric D

2
R ligand motifs such as an ionisable 

nitrogen, and an aliphatic linker within the structure 
of 32 alluded to the fact that it may interact with the 
orthosteric site of the D

2
R. The subsequent evaluation 

of a series of 1,2,3,4-tetrahydroisoquinolin-7-carboni-
trile (THIQ7CN) fragments provided evidence that 
the THIQ7CN moiety of 32 interacts orthosterically at 
the D

2
R. Intriguingly, 32 exhibited allosteric pharma-

cology rather than a competitive mode of interaction 
which would be typified by orthosteric engagement. 
Bitopic engagement of the receptor was deemed a criti-
cal factor in the ability of 32 to elicit negative coopera-
tivity at the D

2
R. A loss of negative cooperativity was 

noted when 32 was synthesized as the cis variant. This 
led to the hypothesis that bitopic engagement of the 
D

2
R was crucial to the negative cooperativity exerted 

by 32, with the indole-2-carboxamide moiety extend-
ing into a putative allosteric pocket at the top of TM2. 
Molecular modeling predicted a hydrogen bond inter-
action between the indolic NH of the indole-2-carbox-
amide moiety and Glu952.65 located at the top of the 
TM2 helix of the D

2
R. These findings were confirmed 

by a loss of negative cooperativity upon the mutation 
of the Glu952.65 residue to an alanine. Furthermore, 
methylation of the indolic NH converted the pharma-
cology of 32 from a negative allosteric modulator to a 
competitive orthosteric antagonist. A novel functional 
complementation system was employed to determine 
whether 32 was able to modulate the effect of dopamine 
across a D

2
R dimer. This enabled Lane et al. not only 

to reconcile their initial observation that 32 bound in a 
bitopic fashion, but that this bitopic mode of interaction 
confers allostery across a dimer. This discovery extends 
the range of pharmacology that can be triggered by a 
bitopic mode of interaction. Subsequently, in rat striatal 
tissue, 32 demonstrated modulatory activity and, given 
the proposed mechanism of action, suggested the pres-
ence of D

2
R dimers within this tissue  [115] (Figure 13). 

Furthermore, the identification of this putative allo-
steric D

2
R binding site at the top of TM2 has led to 

the synthesis of the first series of allosteric D
2
R frag-

ments [116]. Interestingly, Kühhorn (33, 34) (Figure 14), 
Salama (21) and their colleagues similarly proposed 
that their homobivalent ligands could be binding in a 
bitopic fashion to one protomer of a D

2
R dimer and, 

through a cooperative mechanism, cause displacement 
of the radioligand in the other, thus causing a distinct 
steepening of Hill slopes  [97,98]. Allostery is typically 
defined as the specific interaction between a ligand and 
a topologically distinct binding site of a receptor which 
differs from its orthosteric site [117]. However, the allo-
steric behavior of SB269652 likely differs from other 

Bitopic

Flip-flop

Cooperative



Figure 13. A schematic representation of the extensive structure–activity relationship study conducted on SB269652. 32 is highlighted 
by its various structural regions; the THIQ7CN (pink), the cyclohexylene spacer (blue) and the indole-2-carboxamide tail (green). Synthesis 
and pharmacological evaluation of a series of fragments and analogs led to the proposal of a bitopic binding mode that confers a novel 
mechanism of allostery at a D2R dimer. 
Reproduced with permission from [115] © Macmillan Publishers Ltd (2014).
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prototypical allosteric modulators of aminergic GPCRs. 
Indeed, many allosteric modulators described for the 
muscarinic acetylcholine receptors have a pharmacol-
ogy that can be theoretically accommodated within 
a monomeric receptor model. Such a ternary complex 
between an orthosteric ligand and an allosteric ligand 
simultaneously bound to a single receptor was demon-
strated directly by the solution of the crystal structure 
of the M

2
 muscarinic receptor bound to both an agonist 

and a positive allosteric modulator [118].
Bitopic ligands that act to modulate ligand binding 

and activity across receptor dimers present a new ave-
nue for further research. A subsequent structure–activ-
ity relationship (SAR) study of 32 carried out by 
Shonberg et al. has provided further insights into the 

chemical determinants of 32 which underlie allostery 
at the D

2
R [119]. As we gain a better understanding of 

the structural, chemical and pharmacological intrica-
cies of this novel mechanism for targeting the D

2
R, it 

will provide the basis for the development of improved 
modulators of the D

2
R.

Putative bitopic ligands that demonstrate biased 
agonism
Biased agonism refers to the ability of a ligand to prefer-
entially activate a specific signaling pathway over another 
upon binding to a receptor, by stabilizing a ligand-spe-
cific conformation [120–122] (Figure 15). The advantage of 
biased agonism is the notion that ligands can selectively 
activate therapeutically relevant signaling pathways while 
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Figure 14. D2R homobivalent ligands developed by Kühhorn et al. 
Data taken from [97].

Figure 15. A non-functionally selective ligand which 
activates both signaling pathways (A & B) equally, 
compared with a functionally selective ligand which 
can favor the triggering of one signalling pathway over 
the other.
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avoiding those that contribute to unwanted side effects 
by stabilizing specific receptor conformations. Over 
time, structural investigations of ligands such as McN-
A-343 (an M

2
 muscarinic acetylcholine receptor partial 

agonist, structure not shown) and 31 (an A
1
AR bitopic 

ligand), have highlighted the possibility that bitopic 
binding modes may confer biased agonism [63,111]. This 
idea has been corroborated by the work of Bock  et  al. 
which demonstrated that synthesized bitopic ligands 
were able to stabilize ligand-specific receptor conforma-
tions via interactions within an allosteric vestibule of 
the M

2
 muscarinic acetylcholine receptor to elicit biased 

agonist responses [123].
As of yet, the link between biased agonism at the D

2
R 

and bitopic modes has not been demonstrated. However, 
a number of studies have suggested that the antipsychotic 
aripiprazole (5), a partial agonist of the D

2
R, may be a 

biased agonist and that its antipsychotic efficacy may 
relate to this biased action  [124,125]. A number of func-
tionally selective D

2
R ligands have been developed based 

on the template of 5 by Chen et al. (UNC9975 (35) and 
UNC9994 (36))  [126,127], Vangveravong  et  al. (SV-III-
130s (37)) [128,129], Möller et al. (38) [130] and Szabo et al. 
(39) [131] (Figure 16). Of interest, 5 and other function-

ally selective ligands have been observed to occupy both 
the orthosteric and an extended binding region within 
the D

2
R via computational modeling [132], and it is there-

fore tempting to speculate that the biased actions of such 
ligands may result from a bitopic mode of interaction.

Preliminary investigations into the molecular deter-
minants of biased agonism at the D

2
R have recently 

been conducted. Weichert et al. synthesized two series 
of enantiomerically pure biased agonists using a conju-
gated enyne moiety (40a, 40b) and an aminotetraline 
moiety (41) as the proposed orthosteric portion of the 
ligand. Subsequent pharmacological investigation of 
these ligands found that the enyne-containing ligands 
were observed to have similar biased agonism profiles 
regardless of their enantiomeric form. The aminotetra-
line derivatives, however, showed enantiomer-specific 
biased agonism. The (R)-enantiomer showed selectivity 
toward β-arrestin recruitment, while the (S)-enantio-
mer was not observed to be functionally selective. This 
was rationalized by molecular modeling which sug-
gested that two distinct extended binding pockets of the 
D

2
R may be occupied by the lipophilic appendages of 

each aminotetraline derivative, thus, giving rise to their 
distinctly different pharmacologies [133] (Figure 17).

Biased bitopic ligands are an interesting prospect 
that warrant further investigation. As discussed above, 
however, providing definitive proof of a bitopic mode 
of interaction can be challenging. Through the synthe-
sis and evaluation of novel functionally selective bitopic 
ligands for the D

2
R, however, it may be possible to 

address some of these questions and aid the progression 
toward developing treatments for SCZ and PD which 
are less prone to causing on-target side effects.

DMLs
DMLs are compounds that are designed to have a specific 
profile of multitarget affinity and efficacy and provide an 



Figure 16. The chemical structures of putative bitopic ligands which exhibit biased agonism at the D2R.

Figure 17. A general schematic of the bitopic ligands synthesized by Weichert et al. to investigate the molecular 
determinants of biased agonism at the D2R. 
Data taken from [133].
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alternative strategy for the development of treatments for 
complex disease states  [65,104,134]. The development of 
DMLs for the treatment of CNS disorders is by no means 
a novel concept. The atypical antipsychotic, ziprasidone 
(45), was developed using a DML approach. Dopamine 

(42) and the lipophilic appendage of a serotonin (5-HT) 
(43) receptor ligand were merged, and subsequently 
optimized, to yield a D

2
R/serotonin 5-HT

2A
 recep-

tor (5-HT
2A

R) antagonist that is currently used to treat 
SCZ [134] (Figure 18). While poly-pharmacology has been 
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Figure 18. The development of ziprasidone (45) from dopamine (42) and 43 using a designed multiple ligand and 
optimization approach.
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suggested to underlie the efficacy of some clinically effec-
tive drugs, for example, the superior antipsychotic efficacy 
of clozapine, such profiles of multiple-receptor targeting 
were the result of serendipity rather than design [104]. In 
contrast, efforts in developing DMLs are more focused 
toward the rational and selective ‘building-in’ of ben-
eficial pharmacological profiles through the integrative 
use of structural, computational and pharmacological 
information to guide ligand design. Although DMLs do 
not function in a multivalent fashion, as for multivalent 
ligands, their design requires the integration of multiple 
pharmacophores into a single molecule while retaining 
the activity of the parent molecules. Furthermore, the 
design of DMLs often follows an evolutionary path from 
ligands in which the pharmacophores are separated by a 
linker to more drug-like, integrated structures.

A common approach used in the rational design of 
DMLs has been described by Morphy et al. where two 
individual pharmacophores each with their own distinct 
pharmacology, are integrated into one molecule that pos-
sesses attributes of both parent molecules. The extent of 
integration is methodically increased until the structure 
is merged and drug-like [65] (Figure 19). DMLs are con-
sidered advantageous in complex, multifaceted disease 
states where multiple receptors are implicated in disease 
progression. It has also been asserted that drugs that 
bind multiple receptor targets simultaneously, not only 
improve efficacy, but may also be safer than drugs that 
only target a single receptor [65,135]. It has been proposed 
that DMLs could be safer alternatives to selective drugs, 
particularly when dealing with CNS disorders such as 
SCZ and PD, where co-morbid symptoms require mul-
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Figure 19. The progression of integrating two 
pharmacophores into a designed multiple ligand as 
described by Morphy et al. 
Data taken from [55].

Figure 20. A dihydroquinolinone/sulfonamide designed multiple ligand synthesized by Yan et al. using previously 
discovered D2R partial agonist/SRI designed multiple ligands (46 and 47) and aripiprazole (5) as a starting 
template to yield 48.  
A similar approach was taken by Carro et al. in the development of 49. 
Data taken from [136,137].
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tiple drugs to treat various aspects of the disease. The 
development of DMLs which retain their core mecha-
nism of action while incorporating complementary 
components of action may generate therapeutics which 
have reduced remission rates and which ameliorate drug 
resistance issues, and unfavorable drug–drug interac-
tions [135]. DMLs are also considered to be advantageous 
given that the merging of two known drug-like molecules 
may lead to the ‘designing-out’ of unfavorable structural 
characteristics of a compound which may be associated 
with side-effects  [65]. Additionally, unlike new chemi-
cal entities, DMLs are generally derived from chemical 
structures that have been investigated in SAR analyses 
and, generally, already have favorable drug-like properties 
which makes them ideal candidates for development and 
optimization. Like with most multivalent approaches, 
the design and development of DMLs can have its chal-
lenges. Attaining the desired affinity and receptor selec-
tivity profiles required to yield therapeutic benefits can be 
a difficult and slow process; especially, when SAR of the 
parent ligands are not available, or there is little data on 
the structure of the targeted receptors [134].

Investigations into D
2
R partial agonist/serotonin reup-

take inhibitor (SRI) DMLs by Yan et al. demonstrate the 

advantages that can be gained through taking an integra-
tive approach to DML design. Previous work on tetrahy-
drocarbazole-based DMLs yielded two lead compounds 
which showed in vivo promise in animal models but little 
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Figure 21. Computationally derived designed multiple ligands. Kolaczkowski et al. used computational modeling 
to guide their development of 50 [139]. Similarly, Möller et al. investigated a training set of 1,4-disubstituted 
arylpiperazines (including 5) to derive 51 using 3D QSSR and predictive modeling programs [140].
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difference in affinity for the primary targets (SRI and 
D

2
R) over off-target receptors in vitro. Through rational 

parent molecule choice based on existing D
2
R ligands 

(5, 46, 47) with their desired pharmacological profile, 
subsequent investigation of linker types and length, Yan 
and colleagues uncovered a dihydroquinolinone/sulfon-
amide-based DML (48) that had preferential affinity for 
SRI and the D

2
R over undesired receptors [136] (Figure 20). 

Similarly, Carro et al. investigated a series of aminoalkyl-
tetralones and tetralols as dual D

2
R/5-HT

2A
R ligands for 

the treatment of SCZ (49). In a similar fashion to Yan 
et al., Carro et al. investigated the effects of substitution 
around the structures in order to gain an understanding 
of their effects on function and affinity at the target recep-
tors [137]. Similarly, Szabo et al. demonstrated that DMLs 
could be developed by merging two parent molecules 
with obvious structural overlap. Through the merging 
of Lu AE51090 (M

1
 mAChR agonist), and ziprasidone 

(5-HT
2A

/D
2
R antagonist), a novel M

1
 mAChR/D

2
R/5-

HT
2A

R merged ligand was developed as a lead molecule 
for further development [138].

Structural information about target receptors, the 
binding modes and SAR of parent molecules and the 
determination of ideal regions for linkage or overlap 
provides invaluable insights which aid rational DML 
design. This is best exemplified by the work carried out 
by Kolaczkowski et al., which used computational mod-

eling to guide their choice of parent molecules, and the 
design of their D

2
/5-HT

6
R DMLs using two libraries 

of structurally similar D
2
R partial agonists and 5-HT

6
 

receptor antagonists (not shown). This led to the dis-
covery of 2-(3-(4-(1-(phenylsulfonyl)-1H-indol-4-yl)
piperazin-1-yl)propoxy)benzamide (50), a DML with 
nanomolar affinity for its target receptors in rat mod-
els, and showed potent antidepressant and anxiolytic 
like effects  [139]. More recently, in a computationally 
intensive study conducted by Möller  et  al., 3D quan-
titative structure selectivity relationship (3D QSSR) 
in conjunction with CoMFA and CoMSIA prediction 
models to develop and design a series of 5-HT

2A
/D

2
R 

DMLs. Möller’s study yielded a library of synthesized 
GPCR ligands containing a pyrazolo[1,5-a]pyridine 
head group and a 1,2,3-triazole based linker unit (51) 
(Figure 21). This study yielded one highly potent DML 
that showed sub-nanomolar affinity for the 5-HT

2A
 and 

appreciable affinity for the D
2
R also  [140]. Structural 

information also enabled Jörg et al. to convert a series of 
D

2
R/A

2A
AR heterobivalent ligands into DMLs. Using 

structural information such as the crystal structure of 
the A

2A
AR  [141] and the structure–activity relationship 

(SAR) analysis of ZM 241385 [142], Jörg et al. were able 
to remove the tyrosine moiety from ZM 241385 and 
attach it to ropinirole without the need for a spacer (52) 
(Figure 22) [107].
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Figure 22. The chemical structure of the D2R/A2AAR designed multiple ligand (52) resulting from the progressive 
integration of ropinirole and ZM 241385.
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DMLs are an emerging field in the quest toward 
the development of novel CNS therapies with favor-
able pharmacological profiles. The ability to ‘design-
in’ favorable pharmacological attributes of parent 
molecules while ‘designing-out’ their unfavorable 
attributes may allow for the repurposing of effective 
treatments that were discontinued based on unfavor-
able side effect profiles. While this idea makes DMLs 
an exciting prospect, a great deal of SAR informa-
tion about the parent molecules, and a detailed 
understanding of receptor binding sites are required 
in order to accurately guide rational drug design. 
Additional challenges may also be faced by medici-
nal chemists including; attempting to determine 
disease-specific target combinations that provide 
highly efficacious clinical outcomes, and attempting 
to instill the correct balance of desired activities for 
each target while maintaining greater selectivity over 
undesired targets  [65]. The increasing insights into 
GPCR–drug interactions provided by x-ray crystal-
lography may enhance our ability to rationally design 
DMLs. In this regard, while we have gained some 
insight from the D

3
R crystal structure bound to eti-

clopride [4] (Figure 1), a structure of the D
2
R would be 

of significant value.

Conclusion
The research presented in this review demonstrates 
that multivalent ligands have utility as chemical tools 

and probes for the study of GPCR structure and func-
tion. Bivalent ligands provide an opportunity to probe 
the SAR and function of D

2
R dimers and higher order 

oligomers. The difficulties in correctly interpreting 
these data, however, stems from an inability to conclu-
sively determine whether receptors truly form dimers 
in native tissues and whether these molecules bind in a 
truly bivalent fashion. Similarly, bitopic ligands provide 
a novel way to explore concepts such as biased agonism 
and allostery. However, careful planning of experiments 
and the subsequent analysis of the data obtained is nec-
essary in truly determining whether these ligands con-
comitantly interact with both the orthosteric and allo-
steric site of a receptor. Finally, DMLs provide promise 
for the development of drug-like molecules that display 
a specific profile of polypharmacology at different ther-
apeutically implicated receptors as an approach to treat 
complex disease states such as SCZ and PD.

Future perspective
Multivalent ligands have utility as chemical tools and 
probes for the study of receptor structure and function 
at the D

2
R and other GPCRs of interest. It is envisioned 

that difficulties in the interpretation of data obtained 
through their use may only be addressed upon the 
development of crystallization methods which enable 
the structure of the D

2
R to be elucidated. From this, 

it is anticipated that bound crystal structures of these 
classes of ligands may be obtained in order to eliminate 
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the ambiguities that surround the interpretation of the 
results that they produce. While hetero- and homo-
bivalent ligands have utility in the study of GPCR 
oligomers, their use must be accompanied by compli-
mentary biophysical or biochemical approaches that 
allow us to define the nature of the receptor complexes.
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Executive summary

•	 The development of tool compounds and chemical probes using multivalent approaches has enabled the 
investigation of concepts such as allosterism, bitopic binding, bivalent binding and dual receptor binding to 
aid the development of novel D2R treatments.

•	 Bivalent ligands are useful tool compounds in studying the function of D2R homodimers, heterodimers and 
oligomers.

•	 Bitopic ligands enable the investigation of allostery via a novel mode of interaction and may also enable the 
study of biased agonism and ways to avoid on-target side effects that affect current treatments for SCZ and 
PD.

•	 DMLs provide us with structural insights into the chemical requirements for the development of multitarget 
drugs for treatment of complex disease states.

•	 These probes are useful in the investigation of pharmacological concepts at the D2R; however, caution should 
be exercised in interpreting the results obtained given the ambiguity surrounding their mechanisms of 
interaction.
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1.2 Thesis Aims

Multivalent ligands demonstrate a great deal of potential to act as chemical probes for the

investigation of receptor structure and function, particularly at the D2R. A number of studies

investigating D2R extended structures have postulated that these ligands bind the receptor via an

extended or bitopic binding mode.1-4 Although orthosteric interactions at the D2R have been

thoroughly investigated using a variety of techniques,5,6 very little is understood about allosteric

binding interactions. Herein we present the use of extended D2R structures that engage the D2R in

a multivalent fashion to probe the effects of concomitant orthosteric and allosteric binding on

efficacy, negative cooperativity and receptor-ligand interactions at the D2R. As such, the

overarching aim of this thesis is to demonstrate the utility of multivalent ligands as chemical

probes for the pharmacological and structural evaluation of both orthosteric and allosteric

interactions at the D2R. The published article entitled “Multivalent approaches and beyond: novel

tools for the investigation of dopamine D2 receptor pharmacology”, presented at the beginning of

Chapter 1, provides a detailed review which forms the foundations of the ensuing chapters.

Chapter 2 focuses on the use of multivalent ligands to probe the determinants of efficacy

at the D2R. A spectrum of D2R-acting ligands, ranging from inverse to full agonists, are currently

used to treat a variety of central nervous system (CNS) disorders such as schizophrenia and

Parkinson’s disease. Our understanding of the molecular basis which drives the efficacy of these

ligands, however, is still in its infancy. Sub-chapter 2.1 aims to explore the determinants of

efficacy at the D2R through the synthesis and pharmacological evaluation of truncated synthons

of aripiprazole, the first FDA-approved partial agonist for the treatment of schizophrenia. To

determine whether efficacy was driven by orthosteric or putative allosteric interactions at the D2R,

synthons comprising of either the 1-(2,3-dichlorophenyl)piperazine (DCPP) “head” or the 1,2,3,4-

tetrahydroquinolin-2-one (THQ) “tail” were synthesised (Figure A). The synthons were

characterised pharmacologically to determine measures of binding affinity (Ki), potency (EC50) ,

functional affinity (KA) and efficacy (τ) using either an operational model of partial agonism or

agonism. Next to determine whether similar changes in efficacy could be mediated upon

attachment of the THQ “tail” of aripiprazole to a series of structurally diverse orthosteric D2R

ligands, a series of hybrid molecules were synthesised (Figure A). The hybrid molecules and their

precursors were then pharmacologically evaluated at the wild-type and a series of mutant receptors.

The aim of this work was to determine whether it may be possible to elucidate key receptor

interactions that may be important for the efficacy of these extended structures at the D2R. As a

preliminary investigation Sub-chapter 2.2, drawing on the observations made in Sub-chapter 2.1,
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aimed to investigate whether structurally differing tail moieties could direct the modulation of

efficacy at the D2R. Herein a series of hybrid molecules which contain the N-cyclohexyl-7-

azaindole-2-carboxamide moiety of a potent SB269652 analogue (a bitopic D2R negative

allosteric modulator (NAM)), were synthesised and pharmacologically evaluated (Figure B).4,7

Figure A. The structure of aripiprazole highlighting the head (blue) and tail (green) moieties of

its structure and the subsequent hybrid molecules developed.
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Figure B. The general structure of hybrid molecules synthesised in Sub-chapter 2.2 highlighting

the orthosterically-binding head groups (blue) and the putative allosteric N-cyclohexyl-7-

azaindole-2-carboxamide appendage (green).

Chapter 3 illustrates the utility of multivalent ligands as a probe for gaining insights into

allostery at the D2R. SB269652 is the first drug-like D2R NAM described in the literature.7

Subsequent SAR investigations of its structure, within our group, revealed that SB269652 engaged

the D2R in a bitopic fashion and was able to modulate the potency of dopamine across a D2R

homodimer.4 An initial SAR investigation within our group observed that the indole-2-

carboxamide tail of SB269652 was a key determinant of its negative cooperativity at the D2R.8 In

order to gain a greater appreciation of the molecular determinants of allostery at the D2R an SAR

investigation of SB269652 was conducted which primarily focussed on making modifications to

the indole-2-carboxamide tail (Figure C). To determine the effects on negative cooperativity

caused by these modifications, the compounds were to be characterised using an operational model

of allosterism to obtain values of functional affinity (KB), and cooperativity (αβ) in the presence

of dopamine. In conducting this SAR investigation, the aim was to also develop a suite of

analogues with a range of negative cooperativities (from high to low). This would enable us to

eventually probe the behavioural effects of these molecules in an in vivo setting and, ultimately,

allow us to determine whether NAMs with varying cooperativity have the potential for therapeutic

utility in a clinical setting.
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Figure C. Structural diversification of SB269652.

Chapter 4 showcases the use of multivalent ligands as irreversible probes for the

investigation of receptor-ligand interactions at the D2R. Orthosteric binding at the D2R is a well

understood phenomenon as a consequence of numerous investigations and the recent procurement

of the highly homologous D3R crystal structure.5 Allosteric binding at the D2R, however, is poorly

understood as this region of GPCRs are less structurally conserved amongst receptor subtypes.

Despite this, numerous extended D2R structures are postulated to engage the D2R via an “extended”

or bitopic mode of binding.1-3, 9 Affinity labelling has been extensively utilised for the in vitro and

in vivo examinations of GPCR structure, function, localisation and their interaction with

ligands.10,11 Additionally, the ability of some irreversible probes to also facilitate the crystallisation

of GPCRs,12 makes their development an attractive prospect particularly for the D2R. As such, a

small series of SB269652 derivatives containing a photoactivatable azide moiety were devised as

potential chemical tools that could be used to study allosteric or bitopic receptor-ligand

interactions at the D2R. In vitro pharmacological methods were used to ensure that the two probes

(Figure D) captured the binding site of interest, and were then evaluated for their ability to bind

the D2R irreversibly upon photoactivation.

Figure D. The chemical structures of the proposed SB269652-derived photoactivatable

irreversible D2R probes
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2.1.1 Introduction

The dopamine D2 receptor (D2R) is a well-established therapeutic target for the treatment of

disorders affecting the central nervous system (CNS). A broad spectrum of D2R-targeting ligands

ranging from inverse agonists (or antagonists)1-3 (e.g. clozapine (1) and haloperidol (2)) to agonists

(e.g. ropinirole (7) and rotigotine (8))4 are commonly used to treat the symptoms of diseases such

as schizophrenia (SCZ) and Parkinson’s disease, respectively (Figure 1). In more recent times,

D2R-targeting partial agonists have also become a therapeutic approach for treating schizophrenia.

Whilst their mechanism of action is not fully understood, the therapeutic utility of partial agonists

(particularly in treating the symptoms of SCZ) is believed to result from their ability to attenuate

or increase neurotransmission in dopaminergic pathways which are believed to be hyper- or

hypoactive, respectively. As a consequence of this stabilising effect, partial agonists are also

thought to be particularly beneficial in avoiding the undesirable extrapyramidal side effects (EPS)

and hyperprolactinemia associated with typical antipsychotics.4 Aripiprazole (3) was the first D2R

partial agonist to gain FDA approval in 2002 for the treatment of SCZ,5 however, it remains

unclear why aripiprazole displays antipsychotic efficacy whilst other D2R partial agonists have

failed to do so. Consequently, it has taken more than a decade for a second generation of D2R

partial agonists (i.e. cariprazine (4)6 and brexpiprazole (5)7 (Figure 1)) to obtain FDA approval.

Based on our current understanding, it is evident that there is therapeutic utility for D2R

ligands with a spectrum of efficacies to treat a variety of CNS disorders. Whilst our knowledge of

orthosteric binding at the D2R have been furthered through affinity labelling studies, substituted

cysteine accessibility studies and the resolution of the highly homologous D3R crystal structure,8-

10 our understanding of the molecular basis of efficacy at the D2R (which yields this spectrum of

clinically relevant ligands) is still in its infancy. In a study conducted by Newman and colleagues,

the structural determinants of gaining D3R selectivity over the D2R were investigated using

deconstructed synthons of R-22 (6)11 (Figure 1). Newman et al. noted that whilst the extended

alkyl chain-containing synthons caused an enhancement of affinity at the D2R as a consequence

of gaining additional receptor interactions, affinity and efficacy was decreased upon incorporation

of the indole-2-carboxamide tail of 6. Additionally, investigations of extended D2R partial agonists

within our own research group demonstrated that modifications to the “tail” moiety which extends

towards a secondary binding pocket of the D2R modulated efficacy and influenced their apparent

biased agonism profiles.12,13 Similar findings were also observed by the groups of Gmeiner and

Li.14-16 Taken together, it is apparent that an extended binding mode is an important determinant

of affinity and efficacy of D2R partial agonists and other ligands, and may suggest that a bitopic

mode of interaction may be consistent with these observations.
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Figure 1. The structures of a variety of D2R-targeting ligands in the order of their relative
increasing efficacies (LHS to RHS); inverse agonists (clozapine (1) and haloperidol (2)), partial
agonists (aripiprazole (3), cariprazine (4), brexpiprazole (5) and R-22 (6)) and full agonists
(ropinirole (7) and rotigotine (8)).

In order to gain a better understanding of structural determinants of agonist efficacy at the

D2R, we chose to investigate the structural characteristics of 3. A structure-activity relationship

(SAR) study was conducted through the synthesis and pharmacological characterisation of a series

of progressively fragmented synthons of 3 incorporating either the orthosterically-binding 1-(2,3-

dichlorophenyl)piperazine (DCPP, and or “head”) or the 1,2,3,4-tetrahydroquinolin-2-one (THQ,

and or “tail”) moieties of its structure (Figure 2). In vitro assays were used to evaluate the

synthesised fragments to determine their ability to displace [3H]spiperone or [3H]raclopride

binding at the D2R and their ability to stimulate the inhibition of forskolin (FSK)-induced cyclic
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adenosine monophosphate (cAMP) production as a measure of D2R mediated Gαi/o G protein

activation. Based on the pharmacological results obtained in the fragmented SAR of 3, a series of

hybrid molecules were synthesised by attaching the 7-butoxy-1,2,3,4-tetrahydroquinolin-2-one

“tail”-containing moiety (fragment 14) to a series of known orthosterically-binding D2R ligands

(i.e. 7, FAUC73 (19), 1-(2-methoxyphenyl)piperazine (20) and 1,2,3,4-tetrahydroisoquinoline-7-

carbonitrile (21)) (Figures 1 and 3). These compounds were also evaluated using in vitro

pharmacological profiling and provided further insights into the structural determinants of affinity

and efficacy of elongated structures at the D2R.

Figure 2. Progressively fragmented synthons of 3 incorporating either the DCPP “head” or THQ
“tail”. aCompound was commercially sourced as the hydrochloride salt.
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Figure 3. Orthosterically-binding D2R ligands used in hybrid ligand synthesis; FAUC73 (19, D2R
agonist), 1-(2-methoxyphenyl)piperazine (20, weak D2R partial agonist) and 1,2,3,4-
tetrahydroisoquinoline-7-carbonitrile (21, D2R antagonist).

2.1.2 Synthesis

Fragments comprising either the “head” or “tail” moiety of 3 were synthesised using a series of

nucleophilic substitution reactions (Scheme 1). The devised “head”-containing (DCPP) analogues

(9-12) were progressively elongated towards the “tail” (THQ), whilst the THQ-containing

compounds (13-18) were progressively extended towards the ionisable nitrogen of the “head”

moiety. DCPP-containing synthons (10 and 12) were synthesised using commercially available

1-(2,3-dichlorophenyl)piperazine hydrochloride (9) and the necessary alkyl or methoxyalkyl

halide to furnish the final products in yields of up to 54%. The alkyl chain-containing “tail”

fragments, 13 and 14, were similarly synthesised using 7-hydroxy-1,2,3,4-tetrahydroquinolin-2-

one and the necessary alkyl halide which were left to stir at reflux for up to 5 d. 13 was synthesised

in the presence of potassium carbonate (K2CO3) in DMF, whilst 14 was synthesised in the presence

of both K2CO3 and sodium iodide (NaI) in acetonitrile (MeCN), giving respective yields of 72%

and 47%. THQ fragments incorporating an ionisable nitrogen to mimic that of the DCPP “head”

group were devised such that only one ionisable nitrogen was present within their structures to

ensure chemical similarity with 3. Synthons 15 and 16 were synthesised in a similar fashion to

fragment 14 and garnered in respective yields of 97% and 52%. Fragments 17 and 18 were

synthesised by reacting 7-(4-bromobutoxy)-1,2,3,4-tetrahydroquinolin-2-one with either

morpholine or tert-butyl piperazine-1-carboxylate, respectively, and obtained in respectable yields.

Fragment 11 was previously synthesised following literature procedures and was included in our

SAR study given its structural relevance to 3.11
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Scheme 1. Synthesis of DCPP and THQ-containing fragment synthons of 5a

aReagents and conditions: (a) 1-bromopropane (for 10), 1-bromo-4-methoxybutane (for 12),
morpholine (for 17) or tert-butyl piperazine-1-carboxylate (for 18), DIPEA, acetone, reflux, 13 h,
40-73%; (b) MeI, K2CO3, DMF, rt, 16 h, 72%; (c) 1-bromobutane (for 14), di-n-propylamine (for
15) or 1-methylpiperazine (for 16), K2CO3, MeCN or acetone, NaI, reflux, 16 h-5 d, 47-97%.

Next, to test whether a similar increase of affinity and efficacy could be observed upon the

attachment of fragment 14 to other orthosteric D2R structures, a series of hybrid molecules were

designed, synthesised and evaluated. Fragment 14 was attached to a set of pharmacologically and

chemically diverse D2R structures such as ropinirole (7, D2R agonist),17 FAUC73 (19, a non-

canonical dopamine bioisostere (D2R agonist)),18 1-(2-methoxyphenyl)piperazine (20, a weak

D2R partial agonist)11 and 7-cyano-1,2,3,4-tetrahydroisoquinoline (21, D2R antagonist).19

Synthesis of the hybrid molecule series proceeded with the formation of des-propyl analogues of

compounds 7 and 19. Scheme 2 illustrates the synthesis of these two key intermediates in addition

to the de novo synthesis of 19. Synthesis of the intermediate 4-(2-(propylamino)ethyl)indolin-2-

one (28) was carried out following a procedure by Jorg et al.,20 utilising prepared 4-(2-

hydroxyethyl)indolin-2-one as the starting material. The alcohol (26) was activated via tosylation
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then reacted with n-propylamine at reflux to furnish 28 in 54% yield. Following the synthetic route

described by Hiller et al.,21 compound 19 and its des-propyl analogue (34) were prepared from

the initial Grignard reaction of 1,4-cyclohexane-dione monoetheylene acetal (29) and

ethynylmagnesium bromide which furnished the corresponding tertiary alcohol (30). Hydrolysis

of the acetal protecting group (31) and subsequent reductive amination of the resulting ketone

using the required amine in the presence of sodium triacetoxyborohydride (Na(OAc)3BH)

produced the corresponding amino alcohols (32, 33). The amino alcohols were then dehydrated

using a mixture of triphenylphosphine (PPh3), I2 and imidazole to give the products (19, 34) in

good yields. Formation of the final hybrid molecules (21-25) (Scheme 3) were conducted via a

series of nucleophilic substitution reactions in the presence of 7-(4-bromobutoxy)-1,2,3,4-

tetrahydroquinolin-2-one (sourced from AK Scientific, USA) and the corresponding secondary

amine.

Scheme 2. Reaction schemes of key intermediates for hybrid synthesis and 19a

aReagents and conditions: p-toluenesulfonyl chloride, DCM, pyridine, 5–10 oC, 55%; (b) n-
propylamine, reflux, 2 h, 54%; (c) ethynylmagnesium bromide, THF, 0 oC-rt, 24 h, 82%; (d) 80%
(v/v) HCOOH, CuSO4 (0.5 mol%), rt, 18 h, 78%; (e) NaBH(OAc)3, AcOH, DCM, 0 oC-rt, 18 h,
(i) n-propylamine (87%), (ii) dipropylamine (55%); (f) PPh3, I2, imidazole, DCM, rt, 16 h, 3-41%.
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Scheme 3. Synthesis of the 1,2,3,4-tetrahydroquinolin-2-one- containing hybrid moleculesa

aReagents and conditions: (a) 7-(4-bromobutoxy)-1,2,3,4-tetrahydroquinolin-2-one, K2CO3,

MeCN, 18 h-6 d, 32-73%.

2.1.3 Pharmacological Characterisation

Compounds of interest were initially tested for their ability to bind the long or SNAP-tagged short

isoforms of the D2R (D2LR and SNAP-D2SR, respectively) expressed in FlpIn CHO cells (Figure

5, Tables 1 and 3). Competition binding assays were carried out using either [3H]spiperone or

[3H]raclopride (D2R antagonists) as the radioligand and a value of affinity (Ki) was derived for

competitive ligands. In order to measure the activity of compounds, we tested their ability to

stimulate the inhibition of FSK-induced cAMP production through activation of the D2LR or

SNAP-D2SR. From this assay, we were able to determine initial values of potency (EC50) and

efficacy (Emax) for each compound. Whilst informative, measures of EC50 and Emax can be of

limited use since receptor expression levels, and the efficiency with which the pathway is coupled

to the receptor, may influence the maximum effect and potency of a compound.22 To mitigate this

system dependence, partial agonists were subsequently fit to an operational model of partial

agonism in order to obtain values of functional affinity (KA) and intrinsic efficacy (τ) (Tables 2

and 5). To quantify these values in compounds displaying full agonism, however, a series of cAMP

inhibition assays were conducted in cells which were pre-treated with phenoxybenzamine (an

alkylating agent which is used to inhibit high affinity orthosteric interactions at the D2R).23 The

data for compounds evaluated in the presence of the alkylating agent were then fit to an operational

model of receptor depletion in order to determine values of KA and τ (Figure 5, Tables 3 and 5).
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The ability of the fragment compounds 9-18 to competitively displace [3H]spiperone at the

wild-type D2LR (Table 1) was evaluated. Compounds containing the orthosterically-binding DCPP

motif demonstrated significant increases in affinity compared to 9 as they were progressively

elongated towards the THQ moiety. Compounds 10-12 were observed to have an approximate 10-

fold increase in affinity (Ki = 42.9 - 64.1 nM) compared to the parent DCPP fragment (9, Ki = 501

nM) upon introduction of the alkyl or alkoxy spacers. Incorporation of both the alkoxy spacer and

the THQ moiety (to yield 3) enhanced the binding affinity by 400-fold (Ki = 1.25 nM) compared

to 9, suggesting that the THQ moiety is able to provide additional binding interactions within the

D2R. Conversely, the THQ-containing fragments were only able to displace the radioligand upon

inclusion of an ionisable nitrogen within its structure. Compounds lacking this key feature (i.e. 13

and 14), appeared to be non-competitive and were unable to displace the radioligand.

Table 1. Binding affinities of the DCPP and THQ-containing aripiprazole fragments (9-18) and
aripiprazole.a

Compound Fragment Class pKi ± SEM (Ki, nM)

9

DCPP

6.30 ± 0.27 (501)****
10 7.34 ± 0.16 (45.9)***
11 7.19 ± 0.17 (64.1)***
12 7.34 ± 0.11 (42.9)***
13

THQ

-
14 -
15 <5 (>10000)
16 <5 (>10000)
17 <5 (>10000)
18 5.11 ± 0.30 (7831)*

Aripiprazole (3) - 8.91 ± 0.14 (1.25)
aDetermined by competition binding experiments using radiolabelled antagonist [3H]spiperone at
D2LR expressed in FlpIn CHO cell membranes. Data represents the mean ± SEM of three separate
experiments performed in duplicate. Values significantly different from the reference ligand
(aripiprazole) as determined by one-way ANOVA (Dunnett’s post-hoc test) are indicated by
asterisk(s) (*) (where * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ****= p < 0.0001).

Similar fragment-based SAR investigations of McN-A-343 (a muscarinic receptor partial

agonist)24 and TBPB (a selective M1 muscarinic acetylcholine receptor agonist)25 revealed that

they bound their target receptors in a bitopic manner, concomitantly engaging an orthosteric and

an allosteric site within the receptor.26 Given the significant enhancement in binding affinity

observed upon elongation of the DCPP fragments towards the THQ moiety, we questioned

whether 3 may bind to the D2R in a bitopic fashion whereby the THQ tail moiety engages with an

allosteric binding site within the receptor. In order to probe this, fragment 14 was evaluated in
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kinetic binding dissociation studies (Figure 4A). The rate of [3H]spiperone (1 µM) dissociation

was not modulated in the presence of 14 (5 µM), thus, we could not provide clear evidence of the

ability of fragment 14 to adopt an allosteric pose or that 3 might adopt a bitopic pose at the D2R.

We next evaluated the ability of our compounds to activate the D2R and cause inhibition of

forskolin-stimulated cAMP production. Specifically, we were interested in evaluating agonist

efficacy at the D2R. An increase in functional affinity (777-fold) and efficacy (approximately 3-

fold) was observed in the cAMP inhibition assay when fragments 9 and 14 are combined to yield

3 (Figure 4B, 4C and Table 2). These results demonstrate that the THQ moiety within 3 is

important for the partial agonist efficacy of 3 at the D2R. Additionally, although the pharmacology

of 3 is not the sum of an orthosteric and an allosteric fragment (as was shown to be the case for

the partial agonists McN-A-343 and TBPB at the M2 and M1 muscarinic receptors,

respectively),24,25 it is interesting to note that our observations differ from those made by Newman

et al. 11 where it was observed that incorporation of an indole-2-carboxamide containing tail to 9

(to yield R-22) caused a decrease in both affinity and efficacy at the D2R.
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Compound t1/2 (min) koff ± SEM (min-1)

Haloperidol 14.4 0.048 ± 0.01
Haloperidol + 14 12.7 0.055 ± 0.01

B

C

Figure 4. Kinetic binding dissociation curve of haloperidol and haloperidol in the presence of 14
showed no significant effect on radioligand dissociation (A). However, FSK-stimulated cAMP
inhibition assays show a significant increase in functional affinity and efficacy when 9 and 14 are
chemically combined to yield aripiprazole (B,C). Values significantly different as determined by
unpaired t-test or one-way ANOVA (Tukey’s multiple comparisons test) are indicated by
asterisk(s) (*) (where * = p < 0.05, ** = p < 0.01).
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Table 2. Potency, functional affinity and intrinsic efficacy values for compound 9 and
aripiprazole clearly demonstrate enhancements in affinity and efficacy upon incorporation of the

THQ moiety to 9.

Compound
pEC50

(EC50, nM)
pKA ± SEM

(KA, nM)
Logτ ± SEM 

(τ)

Dopaminea 7.04 ± 0.06 (90.8) 4.97 ± 0.23 (10850) 1.90 ± 0.25 (75.7)
9b 5.05 ± 0.37 (8917) 5.00 ± 0.44 (9941) -0.44 ± 0.16 (0.365)
3b 8.17 ± 0.21 (6.73) 7.90 ± 0.22 (12.8) -0.03 ± 0.05 (0.940)

Determined by inhibition of FSK- stimulated cAMP assays in FlpIn CHO cells stably expressing
both wild type D2LR and the CAMYEL biosensor. Data represents the mean ± SEM of three
separate experiments performed in duplicate and was fit to an operational model of agonism (a) or
partial agonism (b).

Pharmacological evaluation of the D2R orthosteric structures, key intermediates and

hybrids 22-25 revealed improvements in both binding and functional affinity (to varying degrees)

upon incorporation of fragment 14 with the D2R orthosteric structures (7, 19-21) (Table 3 and

Figure 5). Hybrid molecules containing D2R agonist orthosteric structures, 22 (Ki = 138 nM) and

23 (Ki = 41.5 nM), were observed to gain moderate improvements in binding affinity compared to

their key intermediates (28, Ki = 2845 nM (21-fold); 34, Ki = 7421 nM (179-fold), respectively)

and maintained full agonism in cAMP assays relative to dopamine (Table 3). In order to determine

whether the hybridisation of 7 and 19 with fragment 14 impacted upon the intrinsic efficacies (τ) 

of these structures, cAMP assays were carried out in cells pretreated with phenoxybenzamine; an

alkylating agent which is used to inhibit high affinity interactions at the D2R.23 Surprisingly,

incorporation of the THQ tail fragment (14) with key intermediates 28 and 34 demonstrated a

trend towards increased efficacy of the hybrid ligands at the D2R compared to their parent

structures (Table 3, Figures 5A and 5B). Compound 22 demonstrated a 3-fold improvement in

efficacy compared to 7 and 28. Compound 23, however, displayed a 5-fold and 2-fold

enhancement in efficacy compared to 34 and 19, respectively. In contrast, hybrid molecules

containing the partial agonist (24, Ki = 0.651 nM) and antagonist (25, Ki = 17.1 nM) D2R

orthosteric scaffolds, displayed marked improvements in binding affinity compared to their

orthosteric cores (Table 3, Figures 5C and 5D). Incorporation of fragment 14 to these core

structures enhanced affinity almost 5000-fold for 24, and almost 2000-fold for 25. Although an

improvement in efficacy was observed for compound 24, it could not be quantified due to the poor

efficacy of 20. Whilst changes in efficacy could not be determined for compound 25 since the

competitive antagonist pharmacology of its orthosteric parent (21) was maintained. Taken together,

these results suggest that attachment of fragment 14 was able to provide significant enhancements
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in affinity and efficacy to other orthosterically-binding D2R scaffolds as observed with 3 (Table 3

and Figure 5).
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Table 3. Radioligand binding affinitiesa, functional affinitiesb and efficacyc values of the 7-butoxy-1,2,3,4-tetrahydroquinolin-2-one- containing hybrid
ligands, their orthosteric cores and key synthetic intermediates

Compound Structure
pKi ± SEM
(Ki, nM) a

Fold
Increase in

Affinity

pEC50 ± SEM
(EC50, nM)
[Emax, %]b

pKA ± SEM
(KA, nM)c

Logτ ± SEM 
(τ)c

28
5.55 ± 0.15

(2845)
1

5.47 ± 0.12
(3378)
[102]

4.73 ± 0.51
(18620)

0.77 ± 0.50
(5.9)

7
6.31 ± 0.11

(492)
5.78

6.82 ± 0.13
(150)
[84.5]

5.58 ± 0.18
(1413)

0.72 ± 0.14
(5.3)

22
6.86 ± 0.29

(138)
20.6

8.19 ± 0.10
(6.54)
[106]

6.61 ± 0.21
(245)

1.27 ± 0.23
(18.8)

34
5.14 ± 0.12

(7421)
1

5.26 ± 0.22
(5501)
[88.6]

5.73 ± 0.20
(1860)

0.50 ± 0.20
(3.16)

19
5.17 ± 0.15

(6761)
1.10

6.32 ± 0.13
(479)
[97.5]

5.46 ± 0.29
(3480)

0.85 ± 0.25
(7.07)

23
7.38 ± 0.21

(41.5)
179

8.55 ± 0.15
(2.85)
[106]

7.04 ± 0.25
(90.0)

1.18 ± 0.27
(15.0)
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20
5.52 ± 0.07

(3057)
1 <5 (>10000) ND ND

24
9.19 ± 0.10

(0.651)
4696

9.43 ± 0.18
(0.373)
[47.0]

ND ND

21
4.56 ± 0.13

(27420)
1 - ND ND

25
7.77 ± 0.15

(17.1)
1604 - ND ND

Dopamine - ND ND
7.12 ± 0.10

(75.7)
(100)

4.97 ± 0.22
(10720)

1.88 ± 0.25
(75.5)

aDetermined by competition binding experiments using radiolabelled antagonist [3H]spiperone at wild type D2LR expressed in FlpIn CHO cell membranes.
Data represents the mean ± SEM of three separate experiments performed in duplicate. b Determined by inhibition of FSK- stimulated cAMP assays in
cells stably expressing both wild type D2LR and the CAMYEL biosensor expressed in FlpIn CHO cells. Data represents the mean ± SEM of three separate
experiments performed in duplicate and was fit to an operational model of agonism. c Determined by inhibition of FSK-stimulated cAMP assays in
phenoxybenzamine-pretreated (30 min) cells stably expressing both the wild type D2LR and the CAMYEL biosensor expressed in FlpIn CHO cells. Data
represents the mean ± SEM of three separate experiments performed in duplicate and was fit to an operational model of receptor depletion. ND: Not
determined.
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C D

Figure 5. Both hybrid molecules with agonist pharmacology demonstrated a small but significant increase in binding affinity, enhancements in functional
affinity and a trend towards improved efficacy (A and B). Hybrids with partial agonist and antagonist pharmacology, respectively, were observed to have
markedly improved binding affinity compared to their orthosteric D2R structures (C and D). Values significantly different as determined by unpaired t-
test or one-way ANOVA (Tukey’s multiple comparisons test) are indicated by asterisk(s) (*) (where * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ****=
p < 0.0001).
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Orthosteric ligand-receptor interactions at the D2R have been thoroughly investigated

through mutagenesis, affinity labelling, molecular modelling and insights gained from the highly

homologous D3R crystal structure.8,9 The structural determinants of agonist efficacy at the D2R,

however, have been largely unexplored and remain an ongoing challenge in the field of G-protein-

coupled receptors (GPCRs). Chien et al. observed a secondary binding pocket in the crystal

structure of the D3R that was distal to the orthosteric binding site and extended out towards the

extracellular regions of transmembrane helices (TMs) 1, 2 and 7.9 Subsequently, Newman and

colleagues observed that interaction of their substituted-4-phenylpiperazine compounds within

this secondary pocket caused a reorientation of the orthosteric moiety which led to a modulation

of efficacy.11 Unpublished work from our group also revealed that mutations of this secondary

binding pocket at the D2R were able to modulate the affinity and efficacy of aripiprazole. Mutation

of L411.39 (superscript numbers refer to Ballesteros-Weinstein nomenclature which allows us to

indicate the location of a specific amino acid residue relative to the most conserved residue within

a specific TM helix across all class A GPCRs)27 caused a 5-fold increase in the affinity of

aripiprazole but attenuated any functional activity of this molecule in cAMP signalling assays,

suggesting that this residue must be a major determinant of aripiprazole’s efficacy.28 Additionally

mutations of V912.61 and E952.65 (located at the top of TM 2) appeared to significantly reduce

aripiprazole’s binding affinity (8- and 3-fold, respectively),28 which are also residues which

implicated in the binding of other extended ligands such as SB269652 and R-22.19 It is also

interesting to note that whilst these mutations affect the affinity and/or the efficacy of extended

structures and some smaller partial agonists (e.g. ropinirole and pardoprunox, respectively) at the

D2R, they do not appear to affect the affinity or efficacy of dopamine.28 Thus, in order to gain

further insight into the ligand-receptor interactions at TMs 1 and 2 that are important for affinity

and efficacy at the D2R we chose to evaluate our series of hybrid molecules (22-25) in a series of

assays using L411.39A, V912.61A and E952.65A SNAP-D2SR mutant receptors (Figure 6).



Chapter 2: Probing Efficacy at the Dopamine D2 Receptor

62

Figure 6. A diagram of the human D2R highlighting (in purple) residues thought to play a role in
agonist efficacy (Diagram generated using http://gpcrdb.org/protein/drd2_human).

All receptor mutants were expressed to the same level as reported by Klein-Herenbrink et

al.28 Radioligand binding assays were conducted using the antagonist [3H]spiperone with the

exception of experiments at the V912.61A mutant at which the affinity of this radioligand was

markedly reduced. In this case [3H]raclopride was used (Table 4). Of the compounds containing

substituted phenylpiperazine scaffolds, both parent scaffolds 9 and 20 demonstrated improvement

in affinity upon mutation of the L411.39 residue (3- and 5-fold, respectively), whilst compound 20

also showed a 4-fold improvement compared to the wild-type receptor upon mutation of the

E952.65 residue (Table 4). Both their respective hybrid compounds, 3 and 24, were observed to

have marked improvements in affinity at the L41A1.39 mutant compared to the wild-type receptor

(27- and 14-fold, respectively). Additionally, it is interesting to note that 24 but not 3 demonstrated

sensitivity to all the mutations including the V912.61 residue, where a 74-fold loss in affinity was

observed compared to wild-type despite their relative structural similarity (Table 4). The

orthosteric D2R antagonist, 21, and its respective hybrid, 25, showed no significant changes in

affinity at the L41A1.39 and E95A2.65 mutant receptors but a significant 10-fold loss in affinity at

the V91A2.61 mutant compared to wild-type. The affinity of the D2R agonist-based compounds

were also influenced by the mutation of these residues. Ropinirole (7) and its key synthetic

intermediate, 28, displayed significantly improved affinity at the E95A2.65 mutant compared to the

wild-type (6- and 15-fold, respectively) receptor. In contrast, only FAUC73 (19) demonstrated

significant enhancement in affinity at the L41A1.39 (7-fold) and E95A2.65 (10-fold) mutants
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compared to the wild-type receptor. It is interesting to note that the affinities of both agonist-based

hybrid molecules (22 and 23) were not significantly affected by mutations at TMs 1 and 2 (Table

4) even though their parent scaffolds were. Taken together, these results demonstrate that

interactions within the extracellular regions of TMs 1 and 2 play a role in dictating the affinity of

some but not all hybrid compounds at the D2R in a manner dependent upon the orthosteric scaffold.

Furthermore, it is interesting to note that despite the relative distance of these mutations from the

orthosteric binding site, the affinity of the orthosterically-binding D2R scaffolds and their key

synthetic intermediates are influenced by these mutations. This in turn may suggest that global

conformational changes of the D2R elicited by residues within the extracellular regions of TMs 1

and 2 are implicated in the differing pharmacological profiles of these molecules.

Hybrid compounds displaying partial agonism (3 and 24), and their orthosteric structures

(9 and 20) were also tested in a standard FSK-stimulated cAMP inhibition assays, whilst the

agonist hybrids compounds (22 and 23), their key intermediates (28 and 34) and orthosteric

scaffolds (7 and 19) were tested in cAMP inhibition assays following phenoxybenzamine pre-

treatment (Table 5, Apendix A1.1). In accordance with findings from radioligand binding assays,

changes in functional affinity and efficacy were noted upon mutation of the L411.39, V912.61and

E952.65 residues of the D2R. The agonist-based compounds (7, 19, 22, 23 and 28) retained

relatively similar functional affinities and efficacies at the L41A1.39 mutant compared to the wild-

type. It was noted, however, that whilst the functional affinity of compound 34 was maintained at

the L41A1.39 mutant, a significant loss in efficacy (2-fold) was noted compared to wild-type. In

contrast, the functional affinity and efficacy of the phenylpiperazine-containing extended

structures (3 and 24) were abrogated upon evaluation at the L41A1.39 mutant (Table 5, Appendix

A1.1). These results suggest that L411.39 makes a key interaction that is necessary for the efficacy

of the phenylpiperazine-containing structures at the D2R despite its distance from the orthosteric

binding site. Additionally, the inability of this mutant to drastically alter the functional affinity

and efficacy of the agonist-based compounds suggests that there may be alternate ligand-receptor

interactions that may be able to compensate for the loss of efficacy caused by the mutation at

L411.39. Surprisingly, unlike the agonist-based compounds which did were not influenced by the

L41A1.39 mutation, a 12-fold loss in dopamine’s functional affinity was observed despite its

distance from the orthosteric binding site. This demonstrates that, as for the extended structures,

the secondary binding pocket is also important for the action of smaller endogenous ligands.

Indicating that this secondary pocket may play an important role in the D2R activation process.

Mutations of the V912.61 and E952.65 residues residing in TM2 of the D2R also resulted in

a number of interesting effects compared to wild-type (Table 5). Of the phenylpiperazine-
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containing compounds, 3 showed a loss of functional affinity at both mutants but increased

efficacy at the E95A2.65 mutant compared to wild-type, whilst 9 gained functional affinity and

efficacy at both mutants. Interestingly, despite structural similarity to 9, 20 demonstrated no

efficacy at the V91A2.61 and the E95A2.65 mutants. Additionally in contrast to 3, 24 demonstrated

agonist-like efficacy relative to dopamine at the TM2 mutations and consequently, was unable be

fit to the operational model of partial agonism (Appendix A1.1). Of the agonist-based compounds,

7, 19, 22, 28 and 34 were not significantly affected by either mutation compared to wild-type

(Table 5). Compound 23, however, displayed a significant 4-fold loss of functional affinity and a

3-fold gain in efficacy at the E95A2.65 mutant compared to wild-type. Changes in functional

affinity and efficacy at the V91A2.61 mutant could not be determine for the ropinirole- and

FAUC73-based compounds since its sensitivity towards phenoxybenzamine alkylation was

markedly reduced.

From these results it is clear to see that mutations of TMs 1 and 2 have an effect on the

affinity and efficacy of orthosterically-binding D2R ligands and their extended hybrids. The

L41A1.39 mutation caused an abrogation of efficacy for the phenylpiperazine-based compounds

and a decrease in dopamine’s functional affinity, but showed no significant effect on the functional

affinity or efficacy of the agonist-based ligands. In contrast, the V91A2.61 and E95A2.65 mutations

decreased the functional affinity of the phenylpiperazine-containing structures but enhanced their

efficacy. Of the agonist-based compounds, the extended hybrid 23 demonstrated a loss in

functional affinity at the E95A2.65 mutation whilst the remaining agonist-based structures were

unaffected. In terms of efficacy, however, key intermediates and extended agonist-based hybrids

were observed to improve upon mutation of the E952.65 residue whilst their parent scaffolds

remained relatively unaffected. Ultimately, these results show that residues at a secondary binding

site within the extracellular domains of TMs 1 and 2 are able to influence the affinity and efficacy

of not only extended D2R scaffolds, but also those of small orthosterically-binding scaffolds.
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Table 4. Radioligand binding affinities of the 7-butoxy-1,2,3,4-tetrahydroquinolin-2-one-
containing hybrid ligands, their orthosteric cores and key synthetic intermediates at the wild-type

D2LR and wild type or mutant SNAP-D2SR proposed to be implicated in agonist efficacya

aDetermined by competition binding experiments using radiolabelled antagonist [3H]spiperone or
[3H]raclopride at wild type D2LR, wild type SNAP-D2SR or mutant SNAP-D2SR expressed in
FlpIn CHO cell membranes. Data represents the mean ± SEM of three separate experiments. bA
final protein concentration of 12.5 µg/mL was used to obtain these data. Values for D2LR WT,
D2SR L41A and D2SR E95A significantly different as determined by one-way ANOVA (Tukey’s
multiple comparisons test) and are indicated by the following notation; significance compared to
D2LR WT is denoted by (*) (where * = p < 0.05, ** = p < 0.01, and ***= p < 0.001) .

pKi ± SEM (Ki, nM)

Compound
D2LR WT

[3H]spiperone

D2SR L41A

[3H]spiperone

D2SR E95A

[3H]spiperone

D2SR WT

[3H]raclopride

D2SR V91Ab

[3H]raclopride

9 6.30 ± 0.27 (501) 6.80 ± 0.16 (157) 6.29 ± 0.16 (509) 7.45 ± 0.31 (33.3) 7.59 ± 0.17 (25.5)

3 8.91 ± 0.14 (1.25)
10.3 ± 0.12
(0.046)***

9.24 ± 0.08
(0.578)

9.70 ± 0.22 (0.200) 9.47 ± 0.26 (0.341)

28
5.55 ± 0.15

(2845)
5.83 ± 0.11 (1477)

6.72 ± 0.18
(190)**

7.08 ± 0.35 (84.2) 7.62 ± 0.30 (23.9)

7 6.31 ± 0.11 (492) 6.45 ± 0.08 (358)
7.14 ± 0.15

(72.5)**
7.49 ± 0.44 (32.1) 8.25 ± 0.40 (5.68)

22 6.86 ± 0.29 (138) 7.25 ± 0.07 (56.9) 7.54 ± 0.13 (29.0) 8.24 ± 0.35 (5.79) 8.56 ± 0.38 (2.78)

34
5.14 ± 0.12

(7421)
5.59 ± 0.09 (2593)

5.21 ± 0.19
(6140)

6.68 ± 0.39 (207)
6.32 ± 0.24

(484)

19
5.17 ± 0.15

(6761)
6.02 ± 0.09

(951)**
6.18 ± 0.12

(657)**
7.23 ± 0.29 (58.5) 7.13 ± 0.18 (74.0)

23 7.38 ± 0.21 (41.5) 7.37 ± 0.08 (42.4) 7.21 ± 0.27 (62.1) 8.61 ± 0.24 (2.45) 8.00 ± 0.17 (10.1)

20
5.52 ± 0.07

(3057)
6.23 ± 0.15 (595)*

6.12 ± 0.13
(767)*

6.49 ± 0.19 (325)
6.43 ± 0.24

(370)

24
9.19 ± 0.10

(0.651)
10.4 ± 0.09
(0.048)***

9.34 ± 0.16
(0.462)

10.3 ± 0.22 (0.052) 8.41 ± 0.26 (3.86)

21
4.56 ± 0.13

(27420)
4.98 ± 0.08

(10560)
4.87 ± 0.21

(13620)
5.62 ± 0.32 (2406) 5.86 ± 0.21 (1398)

25 7.77 ± 0.15 (17.1) 8.17 ± 0.14 (6.76) 7.54 ± 0.19 (28.9) 8.22 ± 0.27 (6.07) 7.21 ± 0.14 (61.8)
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Table 5.Functional affinities and efficacies of the 7-butoxy-1,2,3,4-tetrahydroquinolin-2-one- containing hybrid ligands, their orthosteric cores and key
synthetic intermediates at the wild-type and mutant SNAP-D2SR proposed to be implicated in agonist efficacy.a,b

Compound pEC50 ± SEM (EC50, nM)a pKA ± SEM (KA, nM)b Logτ ± SEM (τ)b

WT L41A V91A E95A WT L41A V91A E95A WT L41A V91A E95A

9 - -
5.94 ± 0.29

(1138)
5.86 ± 0.30

(1380)
- -

5.69 ± 0.43c

(2054)
5.79 ± 0.35c

(1617)
- -

-0.436 ± 0.11c

(0.151)
-0.427 ± 0.11c

(0.374)

3
8.49 ± 0.37

(3.24)
-

7.33 ± 0.50
(47.1)

7.98 ± 0.22
(10.4)

8.41 ± 0.25c

(3.91)
-

7.05 ± 0.36c

(88.3)
7.78 ± 0.19 c

(16.5)
-0.328 ± 0.07c

(0.470)
-

-0.262 ± 0.11c

(0.547)
0.108 ± 0.05c

(1.28)

28 ND ND ND ND
5.35 ± 0.08

(4452)
5.44 ± 0.08

(3594)
-

5.23 ± 0.17
(5878)

0.573 ± 0.06
(3.74)

0.307 ± 0.05
(2.03)

-
1.01 ± 0.16

(10.1)

7 ND ND ND ND
6.18 ± 0.17

(666)
6.10 ± 0.07

(791)
-

6.26 ± 0.10
(548)

0.927 ± 0.23
(8.44)

0.652 ± 0.05
(4.48)

-
1.05 ± 0.09

(11.1)

22 ND ND ND ND
7.48 ± 0.07

(33.5)
7.14 ± 0.07

(72.6)
-

7.42 ± 0.08
(38.0)

0.551 ± 0.04
(3.55)

0.612 ± 0.05
(4.09)

-
0.783 ± 0.07

(6.06)

34 ND ND ND ND
5.21 ± 0.13

(6171)
4.98 ± 0.16

(10480)
-

4.92 ± 0.09
(12000)

0.296 ± 0.07
(1.98)

-0.860 ± 0.07
(0.820)****

-
0.616 ± 0.07

(4.13)

19 ND ND ND ND
5.72 ± 0.16

(1895)
5.68 ± 0.07

(2098)
-

5.54 ± 0.10
(2869)

0.587 ± 0.24
(3.87)

0.585 ± 0.05
(3.84)

-
0.940 ± 0.10

(8.71)

23 ND ND ND ND
7.40 ± 0.07

(39.9)
7.22 ± 0.06

(59.9)
-

6.79 ± 0.10
(162)**

0.659 ± 0.05
(4.56)

0.650 ± 0.05
(4.47)

-
1.11 ± 0.10

(13.0)**

20 - - - - - - - - - - - -

24
9.37 ± 0.26

(0.427)
-

9.08 ± 0.53
(0.835)

9.03 ± 0.19
(0.932)

9.15 ± 0.28c

(0.701)
- - -

-0.457 ± 0.08c

(0.350)
- - -

Dopamine
7.55 ± 0.08

(28.1)
6.49 ± 0.11

(324)
8.01 ± 0.07

(9.74)
7.89 ± 0.04

(12.9)
6.47 ± 0.12

(337)
5.40 ± 0.20

(3954)
-

7.12 ± 0.28
(75.3)

0.897 ± 0.16
(7.88)

1.03 ± 0.25
(10.8)

-
0.661 ± 0.35

(4.58)
aDetermined by inhibition of FSK-stimulated cAMP assays in FlpIN CHO cells stably expressing wild type or mutant SNAP-D2SR and transiently
expressing the CAMYEL biosensor. Data represents the mean ± SEM of three separate experiments performed in duplicate. bDetermined by inhibition
of FSK-stimulated cAMP assays in phenoxybenzamine-pretreated (30 min) using FlpIN CHO cells stably expressing wild type or mutant SNAP-D2SR
and transiently expressing the CAMYEL biosensor. Data represents the mean ± SEM of three separate experiments performed in duplicate. cLogτ and
pKa values were derived for partial agonists which were able to be fit to an operational model of partial agonism. Values significantly different as
determined by one-way ANOVA (Tukey’s multiple comparisons test) and are indicated by the following notation; significance compared to WT is
denoted by (*) (where ** = p < 0.01, and **** = p < 0.0001). ND: Not determined.
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2.1.4 Conclusions

In this study we explored the chemical and structural determinants of efficacy at the D2R. Using

fragment-based SAR, we determined that the THQ moiety (14) was a key determinant of affinity and

efficacy for 3 using functional and binding assays. Furthermore, we were able to attach the THQ

moiety to a chemically and pharmacologically diverse series of orthosterically-binding D2R structures

(7, 19-21) and evaluate the effects of its addition on the affinity and efficacy of hybrid compounds.

Hybrid compounds based on the structures of ropinirole and FAUC73 (22 and 23, respectively)

maintained the pharmacological profile of their parent scaffolds with improved affinity and a trend

towards increased efficacy. Phenylpiperazine-containing scaffolds (3 and 24) were observed to gain

efficacy in addition to affinity, whilst the antagonist scaffold (21) did not gain any efficacy upon

hybridisation. Aside from revealing an unappreciated mechanism behind the efficacy of 3,

mutagenesis studies have revealed that extension of structures into a secondary binding pocket is a

determinant of agonist efficacy at the D2R. Additionally, in comparison to the work conducted by

Newman et al. surrounding R-22,11 our work reveals that the nature of the interaction with a secondary

binding pocket within TMs 1 and 2 of the D2R can modulate the efficacy of extended ligands in

different directions. This work, therefore, provides a rational approach for the design of high affinity

agonists with desired efficacies (ranging from low to high).



Chapter 2.2

Efforts towards the Investigation of Modulating Efficacy at the

Dopamine D2 Receptor using Extended Structures
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2.2.1 Rationale

Based on the results obtained in Chapter 2.1, we then questioned whether structurally and

pharmacologically differing tail appendages would be able to influence the pharmacological

profile of orthosterically-binding cores in a similar manner to 14. To investigate this further we

devised a second series of hybrid molecules that would comprise of a pharmacologically diverse

set of orthosteric scaffolds to which we would incorporate the tail moiety of an analogue of

SB269652 (35), an allosteric modulator of the D2R with a bitopic mode of binding.

SB269652 (35) was the first drug-like negative allosteric modulator (NAM) described for

the D2R in 2010 by Silvano et al.29,30 SAR analysis of this molecule within our group has revealed

that the cyclohexylene spacer in conjunction with its indole-2-carboxamide tail is a key chemical

feature of its affinity and modulatory activity.31 This work subsequently led to the development of

36, a 7-azaindole-2-carboxamide derivative with improved affinity and negative cooperativity at

the D2R. Since we had observed that the THQ moiety of 3 was able to influence the efficacy of

orthosterically-binding D2R structures, and that the indole moiety of R-22 has previously been

shown to decrease efficacy at the D2R,11 we extended our studies to explore the effect of

incorporating the 7-azaindole-2-carboxamidoalkyl appendage of 36 (highlighted in blue, Figure 4)

with D2R-binding core structures. We anticipated that the cyclohexylene linker (which differs to

that of R-22) and azaindole moiety may also be able to direct the efficacy of various

orthosterically-binding scaffolds. Consequently, the 7-azaindole-2-carboxamidoalkyl moiety of

36 was attached to six structurally and pharmacologically diverse orthosteric D2R pharmacophores

(i.e. Ropinirole; 7, FAUC-73; 19, Pramipexole; 37, Ziprasidone; 38, Ripseridone; 39 and

Bifeprunox; 40) and assessed them in a cAMP assay to determine whether the 7-azaindole-2-

carboxamide tail may be able to influence affinity or efficacy at the D2R.

2.2.2 Synthesis

Following a synthetic procedure outlined by Shonberg et al.,31 synthesis of these hybrid molecules

(Scheme 4) began with the esterification of 41 to yield 42 using ethyl iodide (EtI) and acetonitrile

(MeCN) in the presence of potassium carbonate (K2CO3) which proceeded in quantitative yield.

Reduction of 42 in the presence of 1 M diisobutylaluminium hydride (DIBAL-H) in toluene at -

78 °C quantitatively yielded the corresponding aldehyde (41). Next, reductive alkylation of 41

with the necessary secondary amine derivative of the orthosteric D2R pharmacophore (28, 34 and

Figure 7 (structures highlighted in red)) in the presence of Na(OAc)3BH and 1,2-dichloroethane

(1,2-DCE) produced compounds 44-49 in 18-75% yield. Finally, de-protection of the boc group
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was conducted in the presence of excess trifluoroacetic acid (TFA) in DCM and converted to the

free base form using K2CO3 or NaOH. Deprotection was confirmed via TLC or LCMS and the

resulting product was carried through to (1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) (HATU)-mediated amide coupling in dry

DMF in the presence of base which furnished the final hybrid molecules (50-55, Figure 8) in yields

of 2-41%.

Figure 7. Structures of D2R negative allosteric modulators (35, 36), agonist (37), inverse agonists
(38, 39) and partial agonist (40). Structures highlighted in red are the D2R orthosteric cores to
which the 7-azaindole-2-carboxamidoalkyl appendage (highlighted in blue) was attached.
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Scheme 4. Synthesis of 7-azaindole-2-carboxamide-containing hybrid moleculesa

aReagents and conditions: (a) EtI, K2CO3, MeCN, 50 ᵒC, overnight, quantitative; (b) 1M DIBALH
in toluene, toluene, -78 ᵒC, 1 h, quantitative; (c) privileged scaffolds (2o amines), NaBH(OAc)3,
1,2-DCE, rt, 16−24 h, 18-75%; (d) TFA, DCM, followed by base, 81%-quantitative; (e) 1H-
pyrrolo[2,3-b]pyridine-2-carboxylic acid, HATU, DMF, DIPEA, rt, 3-24 h, 2-41%.

Figure 8. The final structures of the synthesised 7-azaindole-2-carboxamide-containing hybrid
molecules.
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2.2.3 Pharmacological evaluation

In order to preliminarily measure the activity of the compounds, we tested their ability to stimulate

the inhibition of forskolin (FSK)-induced cyclic adenosine monophosphate (cAMP) production

through activation of the D2LR expressed in FlpIn CHO cells. From this assay, we were able to

determine initial values of potency (EC50) and efficacy (Emax) for each compound as a result of

fitting the data to an operational model of agonism.

Incorporation of the 7-azaindole-2-carboxamide tail with the D2R orthosteric scaffolds,

appeared to improve potency of compounds 50-54 compared to their parent scaffolds. Interestingly,

this enhancement was not to the same extent as the incorporation of the 1,2,3,4-tetrahydroquinolin-

2-one (THQ) tail utilised in Sub-chapter 2.1. We were also intrigued to note that efficacy appeared

unaffected. Compounds 50-54 retained the pharmacological profiles of their parent orthosteric

cores, whilst compound 55 could not be fitted to an operational model of partial agonism and acted

as a full agonist relative to dopamine in the cAMP inhibition assay. The ropinirole-containing

hybrid, 50 (EC50 = 32.0 nM), was observed to have an improved potency compared to 28 (EC50 =

3378 nM, 106-fold) and 7 (EC50 = 150 nM, 5-fold) but did not achieve the same enhancement as

22 (EC50 = 6.54 nM). A similar scenario was also observed for 51 (EC50 = 13.7 nM), where

improvements in potency compared to its key synthetic intermediate 34 (EC50 = 5501 nM, 402-

fold) and parent D2R orthosteric scaffold FAUC73 (19, EC50 = 479 nM, 35-fold) were evident but

not to the same extent as the THQ moiety-containing hybrid (23, EC50 = 2.85 nM). The

pramipexole-containing hybrid compound, 52 (EC50 = 2.79 nM), was observed to have an

approximate 2-fold improvement in potency compared to its parent structure (37, EC50 = 5 nM).32

Compounds 53 and 54 which contained the D2R antagonist cores of ziprasidone and risperidone

(38 and 39), respectively, were unable activate the D2R. In contrast, the potency of 55 appeared

relatively unchanged compared to its parent D2R orthosteric scaffold, 40.28 These results suggest

that the extent to which the spacer and tail moieties of an extended ligand is able to enhance affinity

and efficacy may be dictated by the rigidity of their structure and how well they are able to make

secondary binding interactions. The cyclohexylene spacer of 36 is conformationally more rigid

than the butoxy spacer of 3, therefore, 50-55 may be unable to make the same secondary binding

interactions as a consequence of the positioning of the spacer and tail moieties relative to their

orthosterically- binding scaffolds. These observations are similar to those made previously within

our group in relation to extended biased agonist structures, where the nature of the orthosteric core,

composition of the tail (including the length, orientation and flexibility of the spacer) were

influencing factors in their pharmacological profiles.12



Chapter 2: Probing Efficacy at the Dopamine D2 Receptor

73

Compound
pEC50 ± SEM

(EC50, nM)

Emax (% Dopamine)
± SEM

Dopamine 7.03 ± 0.09 (94.1) 97
50 7.49 ± 0.12 (32.0) 86
51 7.86 ± 0.14 (13.7) 86
52 8.56 ± 0.13 (2.79) 87
53 - -
54 - -
55 9.07 ± 0.16 (0.857) 88

Figure 9. Inhibition of FSK-induced cAMP production. Data represents the mean ± SEM of three
separate experiments performed in duplicate.

2.2.4 Conclusions

Drawing on the observations that we made in Sub-chapter 2.1, we conducted a preliminary

investigation into whether agonism at the D2R may be modulated in differing directions by

extended structures with differing tail appendages. Using the 7-azaindole-2-carboxamidoalkyl

appendage of our highest affinity SB269652 analogue (36), we synthesised a second series of

extended hybrids (50-55). Upon preliminary pharmacological characterisation, we observed that

the hybrid analogues retained the pharmacological profiles of their orthosteric parent scaffolds.

An increase in potency was also observed for the agonist structures, whilst no change in potency

was observed for the bifeprunox-containing structure (55). It is interesting to note that the

enhancements in potency for this second series of hybrid molecules were not as drastic as those

observed for the hybrids containing the THQ tail, nor did we observe a distinct change in efficacy.

From these results, it is apparent that the nature and composition of the tail moiety of extended

structures play a large role in influencing the potency of these extended structures. We also cannot

discount the possibility that compounds 50-55 may have some modulatory properties in the
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presence of dopamine since the tail moiety of 35 (and 36) is thought to be a key structural

determinant of its activity as a NAM.19, 31
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2.3 Experimental

Chemistry. All solvents and chemicals were purchased from standard suppliers and were used

without any further purification.1H NMR and 13C NMR spectra were acquired at 400.13 (1H

spectra) and 100.62 (13C spectra) MHz, respectively, on a Bruker Avance III Nanobay 400 MHz

NMR spectrometer coupled to the BACS 60 automatic sample changer and equipped with a 5 mm

PABBO BB-1H/ D Z-GRD probe. All spectra obtained was processed using MestReNova

software (v.6.0). Chemical shifts (δ) for all 1H spectra are reported in parts per million (ppm) using

tetramethylsilane (TMS, 0 ppm) as the reference. The data for all spectra are reported in the

following format: chemical shift (δ), (multiplicity, coupling constants J (Hz), integral), where the

multiplicity is defined as s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, and m = 

multiplet. 13C NMR were routinely carried out as J-modulated spin-echo experiments (JMOD), all

13C δ are reported in ppm and assignment of carbon signals were abbreviated as: C = quaternary 

carbon, CH = methine carbon, CH2 = methylene carbon, and CH3 = methyl carbon. Thin layer

chromatography (TLC) was carried out routinely on silica gel 60F254 precoated plates (0.25 mm,

Merck). Flash column chromatography was carried out using Davisil LC60A silica gel, 40-63 µm.

Liquid chromatography mass spectrometry (LCMS) was detected on one of two

instruments; either an Agilent 6100 Series Single Quad LC/MS or an Agilent 1200 Series HPLC

(equipped with a 1200 Series G13111A Quaternary Pump, G1329A Thermostatted Autosampler,

and a G1314B Variable Wavelength Detector) and the data was processed using LC/MSD

Chemstation Rev.B.04.01 SP1 coupled with Easy Access Software. Both systems were equipped

with a Reverse Phase Luna C8(2) (5 µm, 50 × 4.6 mm, 100 Å) column maintained at 30 ᵒC. An 

MeCN gradient (5-100%) was used to obtain optimal separation, where 4 min were required for

the gradient to reach 100% MeCN and maintained for a further 3 min before requiring 3 min to

return to the initial gradient of 5% MeCN (total run time = 10 min). Solvent A = 0.1% aqueous

formic acid; Solvent B = MeCN/ 0.1% formic acid.

The purity and retention time of final products were determined using analytical HPLC 

and high resolution mass spectrometry (HRMS). Analytical HPLC was carried out using an

Agilent 1260 Infinity Analytical HPLC fitted with a Zorbax Eclipse Plus C18 Rapid Resolution

column (100 mm × 4.60 mm, 3.5 μm) using a binary solvent system: solvent A of 0.1% aqueous 

TFA; solvent B of 0.1% TFA in MeCN. Gradient elution was achieved over 10 min using 95% A

+ 5% B to 100% B over 9 min, and 100% B maintained for 1 min at a flow rate of 1 mL/min 

monitored at both 214 and 254 nm. HRMS were conducted on an Agilent 6224 TOP LC/MS Mass

Spectrometer coupled to an Agilent 1290 Infinity. All data was acquired and reference mas

corrected via dual-spray electrospray ionisation (ESI) source. Each scan or data point on the total
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ion chromatogram (TIC) is average of 13700 transients, producing one spectrum per second. Mass

spectra were created by averaging the scans across each peak and background subtracted against

the first 10 seconds of the TIC. Data acquisition was carried out using the Agilent Mass Hunter

Data Acquisition software version B.05.00 Build 5.0.5042 and analysis was performed using Mass

Hunter Qualitative Analysis version B.05.00 Build 5.0.519.13.

General Procedure A (Reductive Alkylation)

The amine (1 eq.) and aldehyde (1 eq.) were dissolved in dry 1,2-DCE (15 mL). NaBH(OAc)3

(1.5 eq.) was added and stirred under an atmosphere of N2 for 24 h. LCMS was used to confirm

completion of the reaction. The mixture was then diluted in DCM (20 mL), and washed with 1 M

K2CO3 (3 × 20 mL) and brine, then dried over anhydrous Na2SO4 and evaporated to dryness. The

crude material was then purified using flash chromatography (3:97 MeOH: DCM) unless

otherwise stated.

General procedure B (Deprotection of tert-butyl carbamate and HATU Amide Coupling)

To a stirring solution of protected amine (1 eq.) and DCM (5 mL) at rt was added an excess of

TFA (2 mL). The solution was stirred overnight and then diluted with DCM (20 mL). 1 M K2CO3

or 1 M NaOH was added to bring the mixture to pH 12. The product was then extracted using

DCM (2 × 20 mL). The combined organic extracts were washed with brine, dried over anhydrous

Na2SO4 then concentrated in vacuo to yield the free amine. Following confirmation of product

formation via TLC or LCMS, the resulting amine (1 eq.), carboxylic acid (1.2 eq.) and the coupling

reagent (HATU) (1.2-2 eq.) were stirred in a minimal volume of anhydrous DMF (3 mL). To this,

an excess of DIPEA (2 eq.) was added and the reaction was left to stir between 2 and 24 hours.

The reaction was ceased upon confirmation of complete consumption of the amine via LCMS.

The mixture was then diluted with 1:1 mixture of a sat. NaHCO3 solution and H2O (30 mL) and

left to stir for 30 min. The resulting precipitate was filtered and washed. If precipitation had not

occurred the product was extracted using EtOAc (3 × 20 mL) and concentrated under vacuum.

Any further purification was as specified.
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1-(2,3-Dichlorophenyl)-4-propylpiperazine (10).11

1-(2,3-Dichlorophenyl)piperazine hydrochloride (803 mg, 3.00 mmol), 1-bromopropane (273-µL,

3.00 mmol) and K2CO3 (1.24 g, 9.00 mmol) were stirred in acetone under reflux for 16 hours. The

resultant mixture was then concentrated in vacuo and the resultant residue was diluted with EtOAc,

washed with H2O (2 × 50 mL) and brine (50 mL), and dried over anhydrous Na2SO4. The solution

was then reduced under pressure and purified via column chromatography (1:9 MeOH: CHCl3) to

afford 1-(2,3-dichlorophenyl)-4-propylpiperazine as a colourless oil (444 mg, 54%). 1H NMR

(CDCl3) δ 7.14 (m, 2H), 6.96 (m, 1H), 3.07 (br s, 4H), 2.67 (br s, 4H), 2.38 (m, 2H), 1.55 (m, 2H), 

0.93 (t, J = 7.4 Hz, 3H). 13C NMR (CDCl3) δ 151.5 (C), 134.1 (C), 127.6 (C), 127.5 (CH), 124.6 

(CH), 118.71 (CH), 60.8 (CH2), 53.5 (CH2), 51.5 (CH2), 20.2 (CH2), 12.1 (CH3). HPLC: tR 5.93

min, >95% purity. HRMS (m/z): [M+H]+ calcd for C13H19Cl2N2 requires 273.0920; found

273.0923.

1-(2,3-Dichlorophenyl)-4-(4-methoxybutyl)piperazine (12).

1-(2,3-Dichlorophenyl)piperazine hydrochloride (500 mg, 1.87 mmol), 1-bromo-4-

methoxybutane (244 µL, 1.87 mmol) and K2CO3 (1.24 g, 9.00 mmol) were stirred in acetone at

reflux for 16 h. The mixture was then concentrated in vacuo and the resultant residue was diluted

with EtOAc, washed with H2O (2 × 50 mL) and brine (50 mL), and dried over anhydrous Na2SO4.

The solution was then reduced under pressure and purified via column chromatography (3:2

EtOAc: Hexane) to obtain 1-(2,3-dichlorophenyl)-4-(4-methoxybutyl)piperazine as a yellow oil

(240 mg, 40%). 1H NMR (CDCl3) δ 7.15 (m, 2H), 6.96 (m, 1H), 3.41 (app t, J = 6.1 Hz, 2H), 3.34

(s, 3H), 3.07 (br s, 4H), 2.64 (br s, 4H), 2.38 (app t, J = 7.3 Hz, 2H), 1.65 (m, 4H). 13C NMR

(CDCl3) δ 151.3 (C), 134.0 (C), 127.5 (C), 127.4 (CH). 124.5 (CH), 118.6 (CH), 72.7 (CH2), 58.6

(CH3), 58.4 (CH2), 53.3 (CH2), 51.3 (CH2), 27.7 (CH2), 23.6 (CH2). HPLC: tR 5.85 min, >95%

purity. HRMS (m/z): [M+H]+ calcd for C15H23Cl2N2O requires 317.1182; found 317.1182.
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7-Methoxy-1,2,3,4-tetrahydroquinolin-2-one (13).33

To an rbf containing 7-hydoxy-1,2,3,4-tetrahydroquinolin-2-one (200 mg, 1.23 mmol) and K2CO3

(186 mg, 1.35 mmol), DMF (10 mL) was added and left to stir until completely dissolved. Methyl

iodide (76.3 µL, 1.23 mmol) was then added to the mixture and the reaction was stirred at room

temperature for 16 h. The mixture was then poured into water (100 mL) and neutralised with 1 M

HCl. The compound was extracted with EtOAc (6 × 20 mL) and the combined organic phases

were washed with water (2 × 100 mL) and brine (100 mL). After the organic phase was dried over

anhydrous Na2SO4 and concentrated in vacuo. The crude product was purified via column

chromatography (1:1 EtOAc: Pet. Spirits) to yield 7-methoxy-1,2,3,4-tetrahydroquinolin-2-one as

an opaque, white solid (471 mg, 72%). 1H NMR (CDCl3) δ 7.55 (br s, 1H), 7.06 (d, J = 8.3 Hz,

1H), 6.54 (dd, J = 8.3 Hz, 2.5 Hz, 1H), 6.29 (d, J = 2.5 Hz, 1H), 3.78 (s, 3H), 2.97 – 2.81 (m, 2H),

2.62 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 171.79 (C), 159.23 (C), 138.15 (C), 128.71 (CH), 

115.82 (C), 108.14 (CH), 101.59 (CH), 55.46 (CH3), 31.09 (CH2), 24.58 (CH2). HPLC: tR 5.16

min, >95% purity. HRMS (m/z): [M+H]+ calcd for C10H12NO2 requires 177.0863; found 177.0863.

7-butoxy-1,2,3,4-tetrahydroquinolin-2-one (14).

The phenol (200 mg, 1.23 mmol) was taken up in acetone (15 mL) and added to the solution was

potassium carbonate (339 mg, 2.45 mmol) and 1-bromobutane (248 µL, 2.45 mmol), and the

reaction mixture heated at reflux for 16 h. After this time, the solvents were removed in vacuo,

then the mixture taken up in 1 M sodium hydroxide solution (15 mL) and the product extracted

into chloroform (2 × 20 mL). The combined organic layers were washed with brine (10 mL) then

dried over anhydrous sodium sulfate, and evaporated to dryness to reveal a yellow waxy solid.

The crude material was then purified by gradient flash column chromatography (1:4  ̶ 1:1 EtOAc: 

Pet. Spirits) to give the title compound as a colourless oil (65 mg, 24%).1H NMR (CDCl3) δ 8.92 

(br s, 1H, NH), 7.03 (d, J = 8.3 Hz, 1H), 6.52 (dd, J = 8.3, 2.4 Hz, 1H), 6.39 (d, J = 2.4 Hz, 1H),

3.93 (t, J = 6.5 Hz, 2H), 2.94 – 2.84 (m, 2H), 2.62 (dd, J = 8.3, 6.7 Hz, 2H), 1.79 – 1.69 (m, 2H),

1.55 – 1.38 (m, 2H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (CDCl3) δ 172.4 (C), 159.0 (C), 138.3 (C), 
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128.7 (CH), 115.7 (C), 108.9 (CH), 102.4 (CH), 68.0 (CH2), 31.4 (CH2), 31.3 (CH2), 24.7 (CH2),

19.3 (CH2), 14.0 (CH3). HPLC: tR = 10.0 min, >95% purity.

7-(4-(dipropylamino)butoxy)-1,2,3,4-tetrahydroquinolin-2-one (15).

The alkyl halide (300 mg, 1.01 mmol, Sigma Aldrich, USA) was taken up in acetone (30 mL),

then potassium carbonate (278 mg, 2.01 mmol), sodium iodide (533 mg, 3.56 mmol) and di-n-

propylamine (550 µL, 4.02 mmol) were added to the stirred mixture. The reaction mixture was

heated at reflux for 2 d, after which point complete consumption of starting material was evident

by LCMS. The mixture was evaporated to dryness and taken up in water (20 mL) and ethyl acetate

(2 × 20 mL). The organic phase was then washed with 1 M potassium carbonate solution (15 mL),

then the product was extracted into 1 M hydrogen chloride solution (2 × 15 mL). The acidic

aqueous phase was then neutralised with ammonium hydroxide solution to pH = 10, and then the

product extracted back into ethyl acetate (2 × 25 mL). The final organic phases were combined,

washed with brine (10 mL), then dried over anhydrous sodium sulfate and evaporated to dryness

to give the product as a colourless oil (310 mg, 97%).1H NMR (CDCl3) δ 9.14 (s, 1H), 7.02 (d, J

= 8.3 Hz, 1H), 6.51 (dd, J = 8.3, 2.4 Hz, 1H), 6.41 (d, J = 2.4 Hz, 1H), 3.93 (t, J = 6.4 Hz, 2H),

2.89 (t, J = 7.5 Hz, 2H), 2.67 – 2.56 (m, 2H), 2.51 – 2.42 (m, 2H), 2.40 – 2.32 (m, 4H), 1.83 –

1.70 (m, 2H), 1.64 – 1.52 (m, 2H), 1.51 – 1.38 (m, 4H), 0.93 – 0.81 (m, 6H). 13C NMR (CDCl3) δ 

172.0 (C), 158.3 (C), 138.5 (C), 128.7 (CH), 116.2 (C), 108.8 (CH), 102.5 (CH), 67.2 (CH2), 54.4

(CH2), 52.6 (CH2), 50.8 (CH2), 31.2 (CH2), 26.6 (CH2), 24.7 (CH2), 20.8 (CH2), 17.3 (CH2), 11.4

(CH3). HPLC (λ = 254 nm) tR = 7.85 min, >95% purity. LCMS (m/z): [M+H]+ 319.2.

7-(4-(4-methylpiperazin-1-yl)butoxy)-1,2,3,4-tetrahydroquinolin-2-one (16).

The alkyl halide (160 mg, 539 µmol) was taken up in acetone (15 mL), and added to the solution

was potassium carbonate (124 mg, 899 µmol), sodium iodide (135 mg, 899 µmol) and 1-

methylpiperazine (49.8 µL, 449 µmol). The mixture was heated at reflux for 16 h, after which
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point LCMS confirmed the complete consumption of all piperazine starting material. The mixture

was evaporated of solvents in vacuo, and then taken up in chloroform (20 mL) and washed with 1

M potassium carbonate solution (2 × 15 mL). The organic extract was then washed with brine (15

mL), dried over anhydrous sodium sulfate, and evaporated to dryness to give a yellow oil. The

product was then purified by column chromatography (1:4 MeOH: CHCl3) to give the title

compound as a colourless oil (74 mg, 52%). 1H NMR (CDCl3) δ 9.12 (s, 1H), 7.03 (d, J = 8.3 Hz,

1H), 6.51 (dd, J = 8.3, 2.4 Hz, 1H), 6.39 (d, J = 2.4 Hz, 1H), 3.94 (t, J = 6.3 Hz, 2H), 2.89 (t, J =

7.5 Hz, 2Η), 2.61 (dd, J = 8.4, 6.7 Hz, 2H), 2.58 – 2.42 (m, 8H), 2.40 (d, J = 7.6 Hz, 2H), 2.30 (s,

3H), 1.84 – 1.72 (m, 2H), 1.72 – 1.59 (m, 2H).13C NMR (CDCl3) δ 172.4 (C), 158.7 (C), 138.3 

(C), 128.6 (CH), 115.7 (C), 108.8 (CH), 102.3 (CH), 67.9 (CH2), 58.2 (CH2), 55.2 (CH2), 53.2

(CH2), 46.1 (CH3), 31.2 (CH2), 27.3 (CH2), 24.6 (CH2), 23.5 (CH2). HPLC (λ = 254 nm) tR = 5.65

min, >95% purity. LCMS (m/z): [M+H]+ 318.2.

7-(4-Morpholinobutoxy)-1,2,3,4-tetrahydroquinolin-2-one (17).34

A suspension of morpholine (201 µL, 2.30mmol), 7-(4-bromobutoxy)-1,2,3,4-tetrahydroquinolin-

2-one (570 mg, 1.91 mmol) and potassium carbonate (789 mg, 5.73 mmol) in acetone was left to

stir under reflux overnight. The resultant mixture was then concentrated in vacuo to yield a white

precipitate. The solid product was taken up in 1 M HCl (30 mL) and EtOAc (30 mL) and the

aqueous layer was collected. Sat. Na2CO3 was used to basify the solution to pH 13 and the product

was extracted using EtOAc (4 × 20 mL). The combined organic fractions were then washed with

water (2 × 50 mL) brine (50 mL) and dried over anhydrous Na2SO4. The product was concentrated

in vacuo to yield 7-(4-morpholinobutoxy)- 1,2,3,4-tetrahydroquinolin-2-one as a yellow oil (422

mg, 72%). 1H NMR (CDCl3) δ 7.90 (br s, 1H), 7.04 (d, J = 8.0 Hz, 1H), 6.52 (dd, J = 8.0 Hz, 4.0

Hz, 1H), 6.30 (d, J = 2.0 Hz, 1H), 3.95 (t, J = 6.3 Hz, 2H), 3.72 (app t, J = 4.0 Hz, 4H), 2.90 (app

t, J = 6.0 Hz, 2H), 2.62 (m, 2H), 2.41 (m, 6H), 1.79 (m, 2H), 1.67 (m, 2H). 13C NMR (CDCl3) δ 

171.6 (C), 158.7 (C), 138.1 (C), 128.7 (CH), 115.8 (C), 108.6 (CH), 102.1 (CH), 67.9 (CH2), 67.0

(CH2), 58.6 (CH2), 53.7 (CH2), 31.0 (CH2), 27.2 (CH2), 24.6 (CH2), 23.1 (CH2). HPLC: tR 4.36

min, >95% purity. HRMS (m/z): [M+H]+ calcd for C17H25N2O3 requires 305.1860; found

305.1862.
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tert-Butyl 4-(4-((2-oxo-1,2,3,4-tetrahydroquinolin-7-yl)oxy)butyl)piperazine-1-carboxylate

(18).

A suspension of tert-butyl piperazine-1-carboxylate (300 mg, 1.61 mmol), 7-(4-bromobutoxy)-

1,2,3,4-tetrahydroquinolin-2-one (320 mg, 1.07 mmol) and potassium carbonate (594 mg,

4.30 mmol) in acetone (20 mL) was heated and stirred at reflux overnight. The resultant mixture

was taken up in 20 mL EtOAc and washed with water (2 × 30 mL) and brine. The organic mixture

was then dried over anhydrous Na2SO4 and concentrated in vacuo. Column chromatography (1:19

MeOH: DCM) was then used to yield tert-butyl 4-(4-((2-oxo-1,2,3,4-tetrahydroquinolin-7-

yl)oxy)butyl)piperazine-1-carboxylate as a yellow oil (196 mg, 45%). 1H NMR (CDCl3) δ 8.20 

(br s, 1H), 7.04 (d, J = 8.0 Hz, 1H), 6.52 (dd, J = 8.3, 2.4 Hz, 1H), 6.33 (d, J = 2.4 Hz, 1H), 3.94

(t, J = 6.2 Hz, 2H), 3.43 (app t, J = 6.0 Hz, 4H), 2.90 (app t, J = 6.0 Hz, 2H), 2.63 (app dd, J =

8.3, 6.7 Hz, 2H), 2.41 (m, 6H), 1.80 (m, 2H), 1.67 (m, 2H), 1.46 (s, 9H). 13C NMR (CDCl3) δ 

171.8 (C), 158.6 (C), 154.8 (C), 138.1 (C), 128.7 (CH), 115.7 (C), 108.7 (CH), 102.2 (CH), 79.6

(CH2), 67.8 (CH2), 58.2 (CH2), 53.0 (CH2), 31.1 (CH2), 28.4 (CH3), 27.2 (CH2), 24.6 (CH2), 23.3

(CH2). HPLC: tR 5.46 min, > 95% purity. HRMS (m/z): [M+H]+ calcd for C22H34N3O4 requires

404.2544; found 404.2550.

4-Ethynyl-N,N-dipropylcyclohex-3-en-1-amine hydrochloride (19).18

A suspension of imidazole (522 mg, 7.66 mmol), 4-(dipropylamino)-1-ethynylcyclohexan-1-ol

(856 mg, 3.83 mmol), and PPh3 (3.02 g, 11.5 mmol) in DCM (40 mL) was gently warmed (50 °C)

until completely dissolved. A solution of iodine (1.95 g, 7.66 mmol) in DCM (21 mL) was added

dropwise to this mixture at rt, causing it to go from a transparent yellow to opaque yellow. This

mixture was left to stir for 72 h at rt. The reaction was quenched upon addition of saturated
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NaHCO3 and basified using 6 M NaOH. The product was extracted from the aqueous layer using

DCM, and the combined layers were then dried over anhydrous Na2SO4 and concentrated under

pressure. The resultant pale yellow solid was initially purified by flash chromatography using a

MeOH: DCM: NH3 (30% (v/v)) (3:97:1) system but yielded impure product. The crude was then

loaded onto a second silica column and flushed with DCM until triphenylphosphine oxide could

no longer be visualised by TLC and then the initially stated column conditions were then used to

obtain the product as a yellow oil (23.7 mg, 3%). The resultant oil was then taken up in DCM and

converted to the HCl salt using an excess of 1 M HCl in Et2O. The solution was concentrated in

vacuo to quantitatively yield the product salt as a yellow solid. 1H NMR (CDCl3) δ 6.19 – 6.12 

(m, 1H), 2.81 – 2.72 (m, 2H), 2.46 – 2.32 (m, 4H), 2.30 – 2.05 (m, 4H), 1.89 – 1.78 (m, 1H), 1.53

– 1.35 (m, 5H), 0.86 (t, J = 7.4 Hz, 6H). 13C NMR (CDCl3) δ 135.9 (CH), 119.6 (C), 85.1 (C), 

74.7 (CH), 55.5 (CH), 52.6 (CH2), 30.2 (CH2), 28.5 (CH2), 25.1 (CH2), 22.1 (CH2), 11.9 (CH3).

HPLC: tR (λ 214 nm) 4.78 min, > 95% purity. HRMS (m/z): [M+H]+ calcd for C14H24N requires

206.1903; found 206.1905.

7-(4-((2-(2-Oxoindolin-4-yl)ethyl)(propyl)amino)butoxy)-1,2,3,4-tetrahydroquinolin-2-one

(22).

4-(2-(Propylamino)ethyl)indolin-2-one (171 mg, 670 μmol), 7-(4-bromobutoxy)-1,2,3,4-

tetrahydroquinolin-2-one (200 mg, 670 μmol) and K2CO3 (185 mg, 1.34 mmol) were stirred in

MeCN (20 mL) at reflux for 24 h. The resultant mixture was concentrated in vacuo and purified

using column chromatography (1:9 MeOH: DCM) to afford the product as a purple oil (92.2 mg,

32%). 1H NMR (CDCl3) δ 9.59 (s, 1H), 9.32 (s, 1H), 7.10 (app t, J = 7.8 Hz, 1H), 7.00 (d, J = 8.3

Hz, 1H), 6.82 (d, J = 7.7 Hz, 1H), 6.74 (d, J = 7.7 Hz, 1H), 6.52 – 6.37 (m, 2H), 3.86 (t, J = 6.0

Hz, 2H), 3.49 (br s, 2H), 2.92 – 2.45 (m, 12H), 1.77 – 1.42 (m, 6H), 0.89 (t, J = 7.3 Hz, 3H). 13C

NMR (CDCl3) δ 178.0 (C), 172.5 (C), 158.6 (C), 142.7 (C), 138.3 (C), 136.6 (C), 128.5 (CH), 

128.1 (CH), 124.1 (C), 122.8 (CH), 115.7 (C), 108.5 (CH), 107.9 (CH), 102.5 (CH), 67.7 (CH2),

56.1 (CH2), 53.9 (CH2), 53.4 (CH2), 35.2 (CH2), 31.0 (CH2), 30.5 (CH2), 27.0 (CH2), 24.5 (CH2),

23.4 (CH2), 20.0 (CH2), 11.9 (CH3). HPLC: tR 5.45 min, >95% purity. HRMS (m/z): [M+H]+ calcd

for C26H34N3O3 requires 436.2595; found 436.2603.
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7-(4-((4-Ethynylcyclohex-3-en-1-yl)(propyl)amino)butoxy)-1,2,3,4-tetrahydroquinolin-2-

one (23).

7-(4-Bromobutoxy)-1,2,3,4-tetrahydroquinolin-2-one (148 mg, 494 µmol), 4-ethynyl-N-

propylcyclohex-3-en-1-amine (73.8 mg, 452 µmol), and K2CO3 (192 mg, 1.4 mmol) in MeCN

were heated in an rbf at reflux for 6 d. The reaction was terminated upon LCMS confirmation that

the amino starting material had been consumed. The mixture was evaporated in vacuo and initially

purified using flash chromatography (3:97 MeOH: DCM). The persistence of impurities led to

further purification via flash chromatography (1:9 MeOH: DCM) which was unsuccessful in

purifying the compound to a satisfactory standard. Ultimately, a solvent system of 100% EtOAc

yielded the pure compound as a yellow oil using flash chromatography methods in good yield

(77.3 mg, 45%). 1H NMR (CDCl3) δ 8.36 (s, 1H), 7.03 (d, J = 8.3 Hz, 1H), 6.51 (dd, J = 8.3, 2.4

Hz, 1H), 6.34 (d, J = 2.4 Hz, 1H), 6.16 – 6.10 (m, 1H), 3.93 (t, J = 6.4 Hz, 2H), 2.93 – 2.84 (m,

2H), 2.83 – 2.71 (m, 2H), 2.65 – 2.58 (m, 2H), 2.52 – 2.34 (m, 4H), 2.31 – 2.14 (m, 3H), 2.13 –

2.01 (m, 1H), 1.89 – 1.81 (m, 1H), 1.81 – 1.69 (m, 2H), 1.62 – 1.36 (m, 5H), 0.86 (t, J = 7.3 Hz,

3H). 13C NMR (CDCl3) δ 171.9 (C), 158.7 (C), 138.1 (C), 135.8 (CH), 128.6 (CH), 119.6 (C), 

115.7 (C), 108.7 (CH), 102.2 (CH), 85.1 (C), 74.9 (CH), 68.1 (CH2), 55.2 (CH), 52.4 (CH2), 50.1

(CH2), 31.1 (CH2), 30.2 (CH2), 28.4 (CH2), 27.1 (CH2), 25.4 (CH2), 25.0 (CH2), 24.6 (CH2), 22.1

(CH2), 11.9 (CH3). HPLC: tR 5.66 min, >95% purity. HRMS (m/z): [M+H]+ calcd for C24H33N2O2

requires 381.2537; found 381.2546.

7-(4-(4-(2-Methoxyphenyl)piperazin-1-yl)butoxy)-1,2,3,4-tetrahydroquinolin-2-one (24).

An rbf containing 1-(2-methoxyphenyl)piperazine hydrochloride (320 mg, 1.40 mmol), 7-(4-

bromobutoxy)-1,2,3,4-tetrahydroquinolin-2-one (500 mg, 1.68 mmol) and K2CO3 (193 mg,

1.40 mmol) in MeCN (30 mL) was stirred at reflux for 72 h. The resultant mixture was
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concentrated in vacuo and purified using column chromatography (1:9 MeOH: DCM). The

product obtained was a yellow oil (389 mg, 68%). 1H NMR (CDCl3) δ 9.33 (s, 1H), 7.03 – 6.82 

(m, 5H), 6.50 (dd, J = 8.3, 2.4 Hz, 1H), 6.40 (d, J = 2.4 Hz, 1H), 3.94 (t, J = 6.1 Hz, 2H), 3.84 (s,

3H), 3.10 (br s, 4H), 2.87 (t, J = 7.5 Hz, 2H), 2.62 (m, 6H), 2.47 (t, J = 7.5 Hz, 2H), 1.86 – 1.65

(m, 4H). 13C NMR (CDCl3) δ 172.5 (C), 158.7 (C), 152.3 (C), 141.4 (C), 138.3 (C), 128.5 (CH), 

122.9 (CH), 121.0 (CH), 118.2 (CH), 115.6 (C), 111.2 (CH), 108.8 (CH), 102.3 (CH), 67.9 (CH2),

58.3 (CH2), 55.4 (CH3), 53.5 (CH2), 50.7 (CH2), 31.1 (CH2), 27.3 (CH2), 24.6 (CH2), 23.4 (CH2).

HPLC: tR 5.50 min, >95% purity. HRMS (m/z): [M+H]+ calcd for C24H32N3O3 requires 410.2438;

found 410.2443.

2-(4-((2-Oxo-1,2,3,4-tetrahydroquinolin-7-yl)oxy)butyl)-1,2,3,4-tetrahydroisoquinoline-7-

carbonitrile (25).

1,2,3,4-Tetrahydroisoquinoline-7-carbonitrile (117 mg, 738 µmol), 7-(4-bromobutoxy)-1,2,3,4-

tetrahydroquinolin-2-one (200 mg, 671 µmol) and K2CO3 (92.7 mg, 671 µmol) in MeCN (20 mL)

were added to an rbf and stirred at reflux for 72 h. The resultant mixture was concentrated in vacuo

and purified using column chromatography (1:1 MeOH: DCM). The product obtained was a

yellow oil (185 mg, 73%). 1H NMR (CDCl3) δ 9.04 (s, 1H), 7.39 (d, J = 7.9 Hz, 1H), 7.31 (s, 1H),

7.18 (d, J = 7.9 Hz, 1H), 7.03 (d, J = 8.3 Hz, 1H), 6.51 (dd, J = 8.3, 2.4 Hz, 1H), 6.39 (d, J = 2.4

Hz, 1H), 3.97 (t, J = 6.0 Hz, 2H), 3.63 (s, 2H), 2.92 (m, 4H), 2.75 (t, J = 5.9 Hz, 2H), 2.60 (m,

4H), 1.79 (m, 4H). 13C NMR (CDCl3) δ 172.3 (C), 158.7 (C), 140.4 (C), 138.3 (C), 136.3 (C), 

130.4 (CH), 129.6 (CH), 129.5 (CH), 128.6 (CH), 119.1 (C), 115.7 (C), 109.4 (C), 109.0 (CH),

102.3 (CH), 67.8 (CH2), 57.8 (CH2), 55.5 (CH2), 50.2 (CH2), 31.1 (CH2), 29.5 (CH2), 27.2 (CH2),

24.6 (CH2), 23.6 (CH2). HPLC: tR 5.45 min, >95 % purity. HRMS (m/z): [M+H]+ calcd for

C23H26N3O2 requires 376.2020; found 376.2025.
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2-(2-Oxoindolin-4-yl)ethyl 4-methylbenzenesulfonate (27).20

Using a procedure outlined in Jörg et al.,20 a suspension of 4-(2-hydroxyethyl)indolin-2-one (6.30

g, 35.6 mmol) and pyridine (14.1 g, 178 mmol) were stirred in an rbf at 5‒10 ᵒC. A solution of p-

toluenesulfonyl chloride (8.13 g, 42.7 mmol) in DCM (32 mL) was then added to the reaction

dropwise over 30 min. The reaction mixture was maintained at 5‒10 ᵒC and left to stir for 4 h. 6 

M HCl (35 mL) was then added in order to maintain the mixture at temperatures below 15 ᵒC, and 

the aqueous was extracted with DCM. The combined organic layers were washed with H2O, dried

over anhydrous Na2SO4 and concentrated in vacuo. The organic layer was concentrated until a

residual volume of 50 mL was observed and a further 50 mL of Pet. Spirits were added to induce

product crystallisation. The suspension was then filtered and the precipitant washed with a mixture

of Pet. Spirits: DCM (1:1), dried overnight under vacuum to yield the title compound as a white

solid (6.53 g, 55%).1H NMR (CDCl3) δ 8.38 (br s, 1H), 7.67 – 7.63 (m, 2H), 7.27 (d, J = 7.9 Hz,

2H), 7.13 (app t, J = 7.8 Hz, 1H), 6.76 (t, J = 8.2 Hz, 2H), 4.23 (t, J = 6.7 Hz, 2H), 3.32 (s, 2H),

2.89 (t, J = 6.7 Hz, 2H), 2.43 (s, 3H). 13C NMR (CDCl3) δ 176.7 (C), 145.2 (C), 142.4 (C), 132.9 

(C), 132.8 (C), 129.8 (CH), 128.4 (CH), 127.8 (CH), 124.5 (C), 122.9 (CH), 108.3 (CH), 69.2

(CH2), 34.8 (CH2), 32.4 (CH2), 21.62 (CH3). LCMS (m/z): [M+H]+ 332.2.

4-(2-(Propylamino)ethyl)indolin-2-one hydrochloride (28).20

Following a method described by Jörg et al.,20 2-(2-oxoindolin-4-yl)ethyl 4-

methylbenzenesulfonate (2.00 g, 6.04 mmol) was dissolved in propylamine (2.46 mL, 24.1 mmol).

The mixture was stirred at reflux for 1.5 h then partitioned between EtOAc and 1 M aq. K2CO3.



Chapter 2: Probing Efficacy at the Dopamine D2 Receptor

86

The aqueous layer was extracted with 1 M aq. HCl (3 × 50 mL) then reduced in vacuo. The

resultant residue was re-suspended in MeOH, filtered and then washed with additional MeOH to

yield the title compound as a yellow solid (1.62 g, 54%) in accordance with the literature. 1H

NMR (D2O) δ 6.93 (t, J = 7.8 Hz, 1H), 6.64 (d, J = 7.8 Hz, 1H), 6.53 (d, J = 7.8 Hz, 1H), 3.10 –

2.93 (m, 2H), 2.78 – 2.65 (m, 2H), 2.65 – 2.51 (m, 2H), 1.49 – 1.23 (sext, J = 7.5 Hz, 2H), 0.64

(t, J = 7.5 Hz, 3H). 13C NMR (D2O) δ 179.9 (C), 142.3 (C), 132.2 (C), 128.3 (CH), 124.6 (C), 

122.6 (CH), 109.0 (CH), 49.0 (CH2), 46.5 (CH2), 28.7 (CH2), 18.9 (CH2), 9.9 (CH3).

8-Ethynyl-1,4-dioxaspiro[4.5]decan-8-ol (30).21

Following an amended procedure initially described by Hiller et al.21, 0.5 M ethynylmagnesium

bromide in THF (76.8 mL, 38.4 mmol) was diluted in THF (50 mL) and cooled to 0 °C. To this

mixture, was added a solution of 1,4-dioxaspiro[4.5]decan-8-one (4.00 g, 25.6 mmol) dissolved

in THF (20 mL) dropwise. The reaction mixture was left to stir and warm to rt overnight.

Completion of the reaction was tracked by TLC and visualised using potassium permanganate

(KMnO4). Sat. NH4Cl was added to the reaction mixture and stirred briefly and diethyl ether

(Et2O) (3 × 100 mL) was used to extract the product from the aqueous phase. The combined

organic phases were dried over anhydrous Na2SO4, filtered and evaporated to dryness. The

resultant yellow oil was purified using vacuum distillation (124 °C, 6 mmHg) to furnish the

product as a pale yellow oil (3.85 g, 82%). 1H NMR (CDCl3) δ 3.88 (s, 4H), 2.96 (s, 1H), 2.44 (s, 

1H), 1.98 – 1.60 (m, 8H). 13C NMR (CDCl3) δ 108.0 (C), 87.1 (C), 72.1 (CH), 64.2 (CH2), 36.9

(CH2), 30.3 (CH2).

4-Ethynyl-4-hydroxycyclohexan-1-one (31).21

Following a procedure described by Hiller et al.21, a catalytic amount (0.5 mol%) of copper (II)

sulfate (26.5 mg) was added to a solution of 8-ethynyl-1,4-dioxaspiro[4.5]decan-8-ol (3.85 g, 21.1

mmol) in 80 % (v/v) formic acid (14 mL) and left to stir overnight at rt. Consumption of the

starting material was tracked by TLC and visualised using KMnO4. Upon completion of the

reaction, the mixture was diluted with H2O, basified to a pH of 12 with 6 M sodium hydroxide
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(NaOH) and the product was extracted from the aqueous layer using Et2O (10 × 50 mL). The

combined organic phases were dried over anhydrous Na2SO4, filtered and concentrated in vacuo

to give a waxy white solid (2.29 g, 78%). 1H NMR (CDCl3) δ 2.67 – 2.37 (m, 5H), 2.31 – 2.07 

(m, 5H). 13C NMR (CDCl3) δ 209.7 (C), 85.8 (C), 73.1 (CH), 66.3 (C), 38.7 (CH2), 37.3 (CH2).

4-(Dipropylamino)-1-ethynylcyclohexan-1-ol (32).

Using the method prescribed by Hiller et al.21, a suspension containing sodium

triacetoxyborohydride (3.83 g, 18.1 mmol) in DCM (27 mL) was cooled on ice. To this, a solution

of 4-ethynyl-4-hydroxycyclohexan-1-one (1.00 g, 7.24 mmol) in DCM (13 mL) was added drop-

wise over 30 min, followed by N,N-dipropylamine (3.97 mL, 29.0 mmol) and glacial acetic acid

(455 µL, 8.00 mmol). The reaction mixture was then allowed to warm to rt and left to stir

overnight. The reaction was quenched with saturated NaHCO3 and basified to pH 12 using 6 M

NaOH. The product was extracted from the aqueous layer using DCM, and the combined organic

layers were dried over anhydrous Na2SO4 and concentrated in vacuo. The resultant residue was

purified using flash chromatography using a mixture of MeOH and DCM (1:19) supplemented

with 1% (v/v) ammonia solution (NH3 (30% (v/v)), which yielded the product as a waxy white

residue (893 mg, 55%) in accordance to the literature. 1H NMR (CDCl3) δ 2.60 – 2.44 (m, 2H), 

2.42 – 2.26 (m, 4H), 2.03 (dd, J = 10.3, 2.4 Hz, 2H), 1.83 – 1.48 (m, 7H), 1.47 – 1.35 (m, 4H),

0.85 (td, J = 7.3, 2.6 Hz, 6H). 13C NMR (CDCl3) δ 73.1 (C), 70.4 (CH), 69.3 (C), 58.8 (CH), 53.0 

(CH2), 52.8 (CH2), 39.4 (CH2), 38.4 (CH2), 25.6 (CH2), 23.3 (CH2), 22.3 (CH2), 11.9 (CH3).



Chapter 2: Probing Efficacy at the Dopamine D2 Receptor

88

1-Ethynyl-4-(propylamino)cyclohexan-1-ol (33).21

Using n-propylamine as the secondary amine, the procedure outlined for 32 was used to yield the

product as a waxy white residue (1.75 g, 69%). 1H NMR (CDCl3) δ 2.62 – 2.39 (m, 4H), 2.08 – 

1.86 (m, 3H), 1.76 (m, 2H), 1.66 – 1.38 (m, 7H), 0.96 – 0.86 (m, 3H). 13C NMR (CDCl3) δ 87.2 

(C), 73.5 (CH), 71.2 (C), 56.1 (CH), 49.46 (CH2), 38.8 (CH2), 37.2 (CH2), 30.7 (CH2), 28.3 (CH2),

23.9 (CH2), 11.88 (CH3).

4-Ethynyl-N-propylcyclohex-3-en-1-aminium chloride (34).21

Using 1-ethynyl-4-(propylamino)cyclohexan-1-ol as the required reactant, the synthetic procedure

outlined for 19 was followed. The resultant pale yellow solid was purified by flash

chromatography. The crude was loaded onto the column and flushed with DCM until

triphenylphosphine oxide was no longer visualised by TLC. Purification of the product was

undertaken in a solvent mixture of MeOH: DCM: NH3 (30% (v/v)) (3:97:1) to obtain the title

compound as a yellow oil (997 mg, 41%). The resultant oil was then taken up in DCM and

converted to the HCl salt using an excess of 1 M HCl in diethyl ether. The solution was

concentrated in vacuo to quantitatively yield the product salt as a yellow solid. 1H NMR (CDCl3)

δ 6.05 (d, J = 1.6 Hz, 1H), 2.76 (s, 1H), 2.72 – 2.62 (m, 1H), 2.61 – 2.47 (m, 2H), 2.40 – 2.05 (m,

3H), 1.95 – 1.79 (m, 2H), 1.69 (s, 1H), 1.53 – 1.31 (m, 3H), 0.91 – 0.78 (m, 3H). 13C NMR (CDCl3)

δ 134.2 (CH), 119.6 (C), 84.9 (C), 75.0 (CH), 52.1 (CH), 48.9 (CH2), 32.8 (CH2), 28.6 (CH2), 28.3

(CH2), 23.4 (CH2), 11.8 (CH3). HPLC: tR (λ 214 nm) 4.03 min, > 95% purity. HRMS (m/z):

[M+H]+ calcd for C11H18N requires 164.1466; found 164.1469.
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Ethyl 2-((trans)-4-((tert-butoxycarbonyl)amino)cyclohexyl)acetate (42).31

Following a procedure outlined by Shonberg et al.,31 2-((trans)-4-((tert-

butoxycarbonyl)amino)cyclohexyl)acetic acid (500 mg, 1.94 mmol) and K2CO3 (403 mg,

2.91 mmol) were suspended in 30 mL of MeCN. To this suspension was added EtI (173 µL,

2.16 mmol) and the reaction was heated at 50 ᵒC overnight. Once the mixture had cooled, it was 

then concentrated in vacuo to remove both the MeCN and EtI. The resultant residue was taken up

in EtOAc and washed with H2O (30 mL), sat. NaHCO3 (2 × 30 mL) and brine (30 mL). After

evaporation, the product was obtained as a wax-like, opaque white solid (551 mg, quantitative

yield). 1H NMR (CDCl3) δ 4.39 (br s, 1H), 4.11 (q, J = 7.1 Hz, 2H), 3.37 (br s, 1H), 2.17 (app d,

J = 6.8 Hz, 2H), 2.10 – 1.93 (m, 2H), 1.83 – 1.65 (m, 3H), 1.44 (s, 9H), 1.26 (t, J = 7.1 Hz, 3H),

1.19 – 1.01 (m, 4H); 13C NMR (CDCl3) δ 172.9 (C), 155.2 (C), 79.1 (C), 60.2 (CH2), 49.5 (CH),

41.5 (CH2), 34.0 (CH), 33.2 (CH2), 31.6 (CH2), 28.4 (CH3), 14.3 (CH3).

tert-Butyl ((trans)-4-(2-oxoethyl)cyclohexyl)carbamate (43).31

Using a method previously described by Shonberg et al.,31 ethyl 2-((trans)-4-((tert-

butoxycarbonyl)amino)cyclohexyl)acetate (551 mg, 1.93 mmol) was dissolved in dry toluene (10

mL). The mixture was then degassed with nitrogen for 15 min before cooling to -78 ᵒC in a bath 

of dry ice and MeCN. To the stirred solution was added 1 M DIBAL-H in toluene (3.90 mL,   ̴ 2 

eq.) and the temperature was maintained (-78 ᵒC) for 3 h. The reaction was then quenched with 

the drop-wise addition of MeOH (4 mL) and warmed to rt. After a further 15 min of stirring, sat.

potassium sodium tartrate solution (Rochelle’s salt) was added (20 mL) and left to stir for another

30 min. The reaction mixture was then extracted with Et2O (4 × 25 mL), and the combined organic

extracts were dried over anhydrous Na2SO4 concentrated in vacuo to yield the product as a white

solid (434 mg, 93%).1H NMR (CDCl3) δ 9.76 (t, J = 4.0 Hz, 1H), 4.39 (br s, 1H), 3.38 (br s, 1H),

2.33 (dd, J = 4.0 Hz, 2.0 Hz, 2H), 2.10 – 2.00 (m, 2H), 1.90 – 1.70 (m, 3H), 1.44 (s, 9H), 1.22 –

1.05 (m, 4H). 13C NMR (CDCl3) δ 202.1 (CH), 155.2 (C), 78.8 (C), 50.6 (CH2), 49.3 (CH), 33.0

(CH2), 31.7 (CH2), 31.6 (CH), 28.3 (CH3).
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tert-Butyl ((trans)-4-(2-((2-(2-oxoindolin-4-

yl)ethyl)(propyl)amino)ethyl)cyclohexyl)carbamate (44).

O

HN N

O

O

N
H

Using 4-(2-(propylamino)ethyl)indolin-2-one as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed. Flash

chromatography yielded the title compound as an oil (49.8 mg, 18%). 1H NMR (CDCl3) δ 8.92 

(br s, 1H), 7.13 (app t, J = 7.8 Hz, 1H), 6.82 (d, J = 7.8 Hz, 1H), 6.74 (d, J = 7.7 Hz, 1H), 4.43 (d,

J = 6.5 Hz, 1H), 3.47 (s, 2H), 3.35 (m, 1H), 2.71 (s, 4H), 2.60 – 2.40 (m, 4H), 1.96 (m, 2H), 1.70

(m, 2H), 1.58 – 1.30 (m, 13H), 1.24 – 0.93 (m, 5H), 0.88 (t, J = 7.3 Hz, 3H). 13C NMR (CDCl3) δ 

177.5 (C), 155.3 (C), 142.6 (C), 136.2 (C), 128.1 (CH), 124.1 (C), 122.7 (CH), 107.8 (CH), 79.1

(C), 55.7 (CH2), 53.9 (CH2), 51.6 (CH2), 49.8 (CH), 43.5 (CH2), 35.1 (CH2), 35.0 (CH), 33.4

(CH2), 31.9 (CH2), 30.3 (CH2), 28.4 (CH3), 19.7 (CH2), 11.9 (CH3). LCMS (m/z): [M+H]+ 444.3.

tert-Butyl ((trans)-4-(2-((4-ethynylcyclohex-3-en-1-

yl)(propyl)amino)ethyl)cyclohexyl)carbamate (45).

Using 4-ethynyl-N-propylcyclohex-3-en-1-amine as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed. Flash

chromatography afforded the product as a yellow oil (289 mg, 73%). 1H NMR (401 MHz, CDCl3)

δ 6.15 (s, 1H), 4.35 (s, 1H), 3.35 (s, 1H), 2.80 (s, 1H), 2.52 – 2.33 (m, 3H), 2.32 – 1.95 (m, 6H), 

1.90 – 1.51 (m, 6H), 1.44 (s, 9H), 1.28 (m, 4H), 1.13 – 0.92 (m, 5H), 0.86 (t, J = 7.3 Hz, 3H). 13C

NMR (CDCl3) δ 119.8 (C), 85.0 (C), 75.0 (CH), 61.0 (CH), 55.7 (CH), 52.6 (CH2), 48.5 (CH2),

35.4 (CH), 33.6 (CH2), 32.1 (CH2), 32.0 (CH2), 30.3 (CH2), 28.5 (CH3), 25.2 (CH2), 22.1 (CH2),
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12.0 (CH3). NOTE: Two quaternary and one methylene signal could not be observed in the carbon

spectrum due to signal broadening. LCMS (m/z): [M+H]+ 389.3.

tert-Butyl ((trans)-4-(2-(((S)-2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-

yl)(propyl)amino)ethyl)cyclohexyl)carbamate (46).

Using (S)-N6-propyl-4,5,6,7-tetrahydrobenzo[d]thiazole-2,6-diamine as the amine and tert-butyl

((trans)-4-(2-oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed.

The resultant product was purified via flash chromatography (1:19 MeOH: DCM) to yield a yellow

foam (94.8 mg, 31%). 1H NMR (CDCl3) δ 5.61 (br s, 2H), 4.45 (d, J = 7.9 Hz, 1H), 3.35 (br s,

1H), 3.08 – 2.97 (m, 1H), 2.75 – 2.32 (m, 7H), 1.99 (m, 4H), 1.82 – 1.54 (m, 3H), 1.50 – 1.41 (m,

10H), 1.30 (m, 4H), 1.15 – 0.92 (m, 4H), 0.87 (t, J = 7.3 Hz, 3H). 13C NMR (CDCl3) δ 166.6 (C), 

155.2 (C), 144.2 (C), 116.5 (C), 79.1 (C), 57.4 (CH), 52.5 (CH2), 49.9 (CH), 48.6 (CH2), 35.7

(CH2), 35.2 (CH), 33.4 (CH2), 32.0 (CH2), 28.4 (CH3), 26.2 (CH2), 25.6 (CH2), 24.8 (CH2), 22.0

(CH2), 11.8 (CH3). LCMS (m/z): [M+H]+ 437.4.

tert-Butyl ((trans)-4-(2-(4-(benzo[d]isothiazol-3-yl)piperazin-1-

yl)ethyl)cyclohexyl)carbamate (47).

Using 3-(piperazin-1-yl)benzo[d]isothiazole as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed. Upon

purification the title compound was garnered as an oil (227 mg, 75%). 1H NMR (CDCl3) δ 7.89 

(d, J = 8.2 Hz, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.55 – 7.42 (m, 1H), 7.33 (ddd, J = 8.0, 7.0, 0.9 Hz,
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1H), 4.54 (br s, 1H), 3.59 – 3.48 (m, 4H), 3.37 (br s, 1H), 2.73 – 2.56 (m, 4H), 2.43 (m, 2H), 2.07

– 1.91 (m, 2H), 1.82 – 1.66 (m, 2H), 1.43 (m, 10H), 1.30 – 1.13 (m, 1H), 1.13 – 0.89 (m, 5H). 13C

NMR (CDCl3) δ 163.9 (C), 155.3 (C), 152.7 (C), 128.0 (C), 127.5 (CH), 123.9 (CH), 120.6 (CH), 

79.0 (C), 56.6 (CH2), 53.0 (CH2), 50.0 (CH2), 49.9 (CH), 39.7 (CH2), 35.4 (CH), 33.7 (CH2), 33.4

(CH2), 32.0 (CH2), 31.9 (CH2), 28.5 (CH3). LCMS (m/z): [M+H]+ 445.2.

tert-Butyl ((trans)-4-(2-(4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-1-

yl)ethyl)cyclohexyl)carbamate (48).

Using 6-fluoro-3-(piperidin-4-yl)benzo[d]isoxazole as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed. Flash

chromatography afforded the product as an oil (198 mg, 66%). 1H NMR (CDCl3) δ 7.71 (dd, J =

8.7, 5.1 Hz, 1H), 7.23 (dd, J = 8.5, 1.9 Hz, 1H), 7.05 (td, J = 8.9, 2.1 Hz, 1H), 4.46 (d, J = 6.0 Hz,

1H), 3.38 (s, 1H), 3.18 – 2.96 (m, 3H), 2.47 – 2.37 (m, 2H), 2.20 – 2.04 (m, 6H), 2.03 – 1.72 (m,

5H), 1.44 (s, 9H), 1.33 – 1.17 (m, 1H), 1.15 – 0.96 (m, 5H). 13C NMR (CDCl3) δ 164.1 (d, 1JCF =

250.6 Hz, C), 163.9 (d, 3JCF = 13.6 Hz, C), 161.2 (C), 155.3 (C), 122.7 (d, 3JCF = 11.1 Hz, CH),

117.3 (C), 112.4 (d, 2JCF = 25.3 Hz, CH), 97.5 (d, 2JCF = 26.7 Hz, CH), 79.1 (C), 57.0 (CH2), 53.8

(CH2), 49.9 (CH), 35.6 (CH), 34.7 (CH), 34.0 (CH2), 33.5 (CH2), 32.0 (CH2), 30.5 (CH2), 28.5

(CH3). LCMS (m/z): [M+H]+ 446.2.

tert-Butyl ((trans)-4-(2-(4-(2-oxo-2,3-dihydrobenzo[d]oxazol-7-yl)piperazin-1-

yl)ethyl)cyclohexyl)carbamate (49).

Using 7-(piperazin-1-yl)benzo[d]oxazol-2(3H)-one as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed. The resultant
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product was purified via flash chromatography (3:97 MeOH: DCM) to yield a colourless oil (117

mg, 38%). 1H NMR (401 MHz, CDCl3) δ 7.03 (t, J = 8.1 Hz, 1H), 6.69 – 6.48 (m, 2H), 4.53 (d, J

= 8.1 Hz, 1H), 3.46 – 3.17 (m, 5H), 2.64 (s, 4H), 2.50 – 2.35 (m, 2H), 1.99 (d, J = 8.6 Hz, 2H),

1.87 – 1.71 (m, 2H), 1.56 – 1.34 (m, 12H), 1.33 – 1.15 (m, 1H), 1.20 – 0.94 (m, 4H). 13C NMR

(CDCl3) δ 155.3 (C), 135.8 (C), 134.1 (C), 130.7 (C), 124.5 (CH), 110.2 (CH), 102.5 (CH), 79.1 

(C), 56.67 (CH2), 53.1 (CH2), 49.7 (CH), 48.9 (CH2), 35.5 (CH), 33.5 (CH2), 33.3 (CH2), 31.9

(CH2), 28.4 (CH3). LCMS (m/z): [M+H]+ 445.3.

N-((trans)-4-(2-((2-(2-Oxoindolin-4-yl)ethyl)(propyl)amino)ethyl)cyclohexyl)-1H-

pyrrolo[2,3-b]pyridine-2-carboxamide (50).

Using tert-butyl ((trans)-4-(2-((2-(2-oxoindolin-4-

yl)ethyl)(propyl)amino)ethyl)cyclohexyl)carbamate as the protected amine, general procedure B

was followed. Upon confirmation of tert-butyl carbamate deprotection via TLC, the amide

coupling procedure was carried out. The resultant precipitate was purified using flash

chromatography (1:4 MeOH: DCM) to yield the product as an off-white solid (18.7 mg, 34%). 1H

NMR (d6-DMSO) δ 12.04 (s, 1H), 10.34 (s, 1H), 8.32 (dd, J = 4.6, 1.5 Hz, 1H), 8.23 (d, J = 7.9

Hz, 1H), 8.05 (dd, J = 7.9, 1.4 Hz, 1H), 7.14 – 7.04 (m, 3H), 6.79 (d, J = 7.7 Hz, 1H), 6.65 (d, J =

7.6 Hz, 1H), 3.74 (m, 1H), 3.45 (d, J = 8.9 Hz, 1H), 2.62 (s, 4H), 2.43 (s, 3H), 1.88 (m, 2H), 1.75

(m, 2H), 1.50 – 1.15 (m, 8H), 1.01 (m, 2H), 0.85 (t, J = 7.3 Hz, 3H). 13C NMR (d6-DMSO) δ 176.3 

(C), 159.6 (C), 148.3 (C), 148.1 (C), 145.1 (CH), 143.5 (C), 132.4 (C), 129.9 (CH), 127.5 (CH),

124.5 (C), 121.9 (CH), 119.3 (C), 116.3 (CH), 106.9 (CH), 101.8 (CH), 55.2 (CH2), 53.6 (CH2),

50.9 (CH2), 48.4 (CH), 34.6 (CH2), 34.5 (CH), 32.3 (CH2), 32.2 (CH2), 31.7 (CH2), 11.8 (CH3).

HPLC: tR 5.62 min, >95% purity. HRMS (m/z): [M+H]+ calcd for C29H38N5O2 requires 488.3020;

found 488.3032.
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N-(2-((trans)-4-(1H-Pyrrolo[2,3-b]pyridine-2-carboxamido)cyclohexyl)ethyl)-4-ethynyl-N-

propylcyclohex-3-en-1-aminium 2,2,2-trifluoroacetate (51).

Using tert-butyl ((trans)-4-(2-((4-ethynylcyclohex-3-en-1-

yl)(propyl)amino)ethyl)cyclohexyl)carbamate as the protected amine, general procedure B was

followed. Upon confirmation of complete deprotection via LCMS, the amide coupling procedure

was carried out. The resultant precipitate was purified using gradient flash chromatography (5‒

10% MeOH in DCM) followed by preparative HPLC to furnish the TFA salt as a yellow solid

(7.70 mg, 2%). 1H NMR (MeOD) δ 8.38 (d, J = 7.0 Hz, 1H), 7.40 (br s, 1H), 7.30 (s, 1H), 6.09 (d,

J = 4.6 Hz, 1H), 3.89 (m, 1H), 3.61 (m, 1H), 3.34 – 3.31 (m, 1H), 3.29 – 3.03 (m, 5H), 2.61 – 2.33

(m, 4H), 2.21 – 2.01 (m, 3H), 1.96 – 1.58 (m, 7H), 1.46 (m, 3H), 1.25 (m, 2H), 1.04 (t, J = 7.4 Hz,

3H). HPLC: tR 5.07 min, >95% purity. HRMS (m/z): [M+H]+ calcd for C27H37N4O requires

433.2962; found 433.2977.

2-((1R,4S)-4-(1H-Pyrrolo[2,3-b]pyridine-2-carboxamido)cyclohexyl)-1-((S)-((S)-2-amino-

4,5,6,7-tetrahydrobenzo[d]thiazol-6-yl)(propyl)-l4-azaneyl)ethan-1-ylium 2,2,2-

trifluoroacetate (52).

H2N

N
S

N
H

N
H
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Using tert-butyl ((trans)-4-(2-(((S)-2-amino-4,5,6,7-tetrahydrobenzo[d]thiazol-6-

yl)(propyl)amino)ethyl)cyclohexyl)carbamate as the protected amine, general procedure B was

followed. Upon confirmation of complete deprotection via LCMS, the amide coupling procedure
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was carried out. The resultant precipitate was purified using preparative HPLC to yield the product

salt as an off-white solid (32.3 mg, 31%). 1H NMR (MeOD) δ 8.60 – 8.29 (m, 2H), 7.37 (s, 1H), 

7.28 (s, 1H), 4.00 – 3.80 (m, 2H), 3.40 – 3.11 (m, 4H), 3.12 – 2.64 (m, 4H), 2.36 (d, J = 10.7 Hz,

1H), 2.19 – 2.00 (m, 3H), 2.00 – 1.59 (m, 6H), 1.58 – 1.35 (m, 3H), 1.33 – 1.14 (m, 2H), 1.05 (t,

J = 7.3 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 168.5 (C), 159.6 (C), 148.2 (C), 145.0 (CH), 

137.0 (C), 132.5 (C), 129.9 (CH), 119.3 (C), 116.4 (CH), 111.0 (C), 101.8 (CH), 58.5 (CH), 52.1

(CH2), 49.2 (CH2), 48.1 (CH), 34.5 (CH), 32.0 (CH2), 30.9 (CH2), 22.8 (CH2), 22.2 (CH2), 17.8

(CH2), 10.9 (CH3). HPLC: tR 3.89 min, >95% purity. HRMS (m/z): [M+H]+ calcd for C26H37N6OS

requires 481.2744; found 481.2758.

1-(2-((trans)-4-(1H-Pyrrolo[2,3-b]pyridine-2-carboxamido)cyclohexyl)ethyl)-4-

(benzo[d]isothiazol-3-yl)piperazin-1-ium 2,2,2-trifluoroacetate (53).

Using tert-butyl ((trans)-4-(2-(4-(benzo[d]isothiazol-3-yl)piperazin-1-

yl)ethyl)cyclohexyl)carbamate as the protected amine, general procedure B was followed. Upon

confirmation of complete deprotection via LCMS, the amide coupling procedure was carried out.

The resultant precipitate was purified using preparative HPLC which yielded the product as an

off-white solid (113 mg, 41%). 1H NMR (d6-DMSO) δ 12.01 (s, 1H), 8.31 (dd, J = 4.5, 1.3 Hz,

1H), 8.23 (d, J = 7.9 Hz, 1H), 8.05 (d, J = 7.9 Hz, 3H), 7.56 (app t, J = 7.4 Hz, 1H), 7.44 (app t, J

= 7.6 Hz, 1H), 7.10 (dd, J = 7.9, 4.6 Hz, 2H), 3.84 – 3.66 (m, 1H), 3.45 (s, 4H), 2.59 (s, 4H), 2.46

– 2.32 (m, 2H), 1.94 – 1.78 (m, 4H), 1.50 – 0.90 (m, 8H). 13C NMR (d6-DMSO) δ 164.1 (C), 160.1 

(C), 152.5 (C), 148.8 (C), 144.9 (CH), 133.0 (C), 130.3 (CH), 128.3 (CH), 127.8 (C), 124.9 (CH),

124.6 (CH), 121.6 (CH), 119.7 (C), 116.7 (CH), 102.2 (CH), 56.3 (CH2), 53.1 (CH2), 50.2 (CH2),

48.8 (CH), 35.3 (CH), 34.0 (CH2), 32.7 (CH2), 32.2 (CH2). HPLC: tR 5.27 min, >95% purity.

HRMS (m/z): [M+H]+ calcd for C27H33N6OS requires 489.2431; found 489.2424.
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1-(2-((trans)-4-(1H-Pyrrolo[2,3-b]pyridine-2-carboxamido)cyclohexyl)ethyl)-4-(6-

fluorobenzo[d]isoxazol-3-yl)piperidin-1-ium 2,2,2-trifluoroacetate (54).

Using tert-butyl ((trans)-4-(2-(4-(6-fluorobenzo[d]isoxazol-3-yl)piperidin-1-

yl)ethyl)cyclohexyl)carbamate as the protected amine, general procedure B was followed. Upon

confirmation of complete deprotection via LCMS, the amide coupling procedure was carried out.

The resultant precipitate was purified using preparative HPLC to afford the product as an off-

white solid (34.1 mg, 12%). 1H NMR (d6-DMSO) δ 12.05 (s, 1H), 9.60 (s, 1H), 8.43 – 8.24 (m, 

2H), 8.15 – 7.95 (m, 2H), 7.74 (d, J = 7.3 Hz, 1H), 7.36 (t, J = 8.1 Hz, 1H), 7.14 (s, 2H), 3.73 (m,

3H), 3.27 – 3.03 (m, 4H), 2.31 (m, 2H), 2.11 (m, 2H), 1.88 (m, 4H), 1.70 – 1.54 (m, 2H), 1.37 (m,

3H), 1.23 – 1.02 (m, 2H). 13C NMR (d6-DMSO) δ 164.6 (d, 1JCF = 177.6 Hz, C), 163.6 (C), 163.0

(C), 160.5 (C), 160.1 (C), 148.6 (C), 145.5 (CH), 133.0 (C), 130.5 (CH), 124.08 (d, 3JCF = 11.0

Hz, CH), 117.3 (C), 116.4 (CH), 113.3 (d, 2JCF = 25.4 Hz, CH), 102.4 (CH), 98.0 (d, 2JCF = 27.5

Hz, CH), 54.9 (CH2), 51.9 (CH2), 48.6 (CH), 34.8 (CH), 32.4 (CH2), 31.6 (CH2), 31.5 (CH), 30.6

(CH2), 27.7 (CH2). HPLC: tR 5.18 min, >95% purity. HRMS (m/z): [M+H]+ calcd for C28H33FN5O2

requires 490.2613; found 490.2610.

1-(2-((1r,4r)-4-(1H-pyrrolo[2,3-b]pyridine-2-carboxamido)cyclohexyl)ethyl)-4-(2-oxo-2,3-

dihydrobenzo[d]oxazol-7-yl)piperazin-1-ium 2,2,2-trifluoroacetate (55)

Using tert-butyl ((trans)-4-(2-(4-(2-oxo-2,3-dihydrobenzo[d]oxazol-7-yl)piperazin-1-

yl)ethyl)cyclohexyl)carbamate as the protected amine, general procedure B was followed. Upon

confirmation of complete deprotection via LCMS, the amide coupling procedure was carried out.

The resultant precipitate was purified using preparative HPLC which yielded the product as an
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off-white solid (5.47 mg, 4%). 1H NMR (MeOD) δ 8.34 (br s, 1H), 8.13 (d, J = 7.9 Hz, 1H), 7.14

(m, 3H), 6.83 – 6.64 (m, 2H), 4.04 – 3.83 (m, 3H), 3.81 – 3.55 (m, 3H), 3.30 – 3.06 (m, 4H), 2.07

(m, 2H), 1.92 (m, 2H), 1.79 – 1.66 (m, 2H), 1.46 (m, 3H), 1.32 – 1.09 (m, 3H). 13C NMR (101

MHz, MeOD) δ 162.5 (C), 156.5 (C), 148.2 (C), 135.0 (C), 133.5 (C), 132.7 (C), 132.5 (CH), 

132.3 (CH), 125.96 (CH), 112.7 (C), 111.9 (CH), 110.9 (C), 105.2 (CH), 103.6 (CH), 56.6 (CH2),

53.1 (CH2), 50.3 (CH), 47.9 (CH2), 36.0 (CH), 33.2 (CH2), 32.7 (CH2), 31.8 (CH2). NOTE: One

methine signal could not be observed in the carbon spectrum due to signal broadening. HPLC: tR

4.31 min, >95% purity. HRMS (m/z): [M+H]+ calcd for C27H33N6O3 requires 489.2609; found

489.2606.

Pharmacology

Cell Lines and Transfection. FlpIn CHO cells stably expressing the wild-type D2LR were

transfected and maintained in the conditions stated by Szabo et al.13

For FlpIn CHO cells stably expressing both the wild-type D2LR and the YFP-Epac-RLuc

biosensor (CAMYEL), FlpIn CHO cells were both transfected with pGO44 (Invitrogen Life

Technology) and the D2LR gene cloned in pEF5/FRT/v-dest plasmid (Invitrogen Life Technology)

and selected with 700 µg/ mL Hygromycin B Gold (Invivogen). The cells stably expressing the

D2LR were then transfected with the CAMYEL construct35 and selected as a monoclonal cell line

using both Hygromycin B Gold and G418 (Gibco Life Technology) at a concentration of 700 µg/

mL.

FlpIn CHO cells stably expressing the wild-type or mutant SNAP-D2SR were grown in

DMEM supplemented with 10% foetal bovine serum and maintained at 37 °C in a humidified

incubator containing 5% CO2. The FlpIn CHO cells were transfected with the pOG44 vector

encoding Flp recombinase and the pDEST vecotor encoding the wild-type or mutant SNAP-D2SR

at a ratio of 9:1 using polyethylenimine as the transfection agent.36 24 hours post-transfection, the

cells were subcultured in media that was supplemented with 700 µg/mL hygromycin B as a

selection agent to obtain cells stably expressing the SNAP-D2SR.

Membrane Preparation. FlpIn CHO cells stably expressing the wild-type D2LR, wild-type

SNAP-D2SR or mutant SNAP-D2SR were grown to confluency using 500 cm2 cell culture plates.

The cells were harvested in PBS containing 2 mM EDTA and centrifuged at 300g for 3 min at

4 ᵒC. The resulting pellet was resuspended in ice cold assay buffer (20 mM HEPES, 100 mM 



Chapter 2: Probing Efficacy at the Dopamine D2 Receptor

98

NaCl, 6 mM MgCl2, 1 mM EGTA and 1 mM EDTA, pH 7.4) and the centrifugation was repeated.

The intact cell pellet was then resuspended in assay buffer and homogenised using a Polytron

homogeniser. After centrifugation (300g, 5 min, 4 ᵒC), the supernatant was centrifuged at 30,000g

for 1 h at 4 ᵒC using a Sorval Evolution RC ultracentrifuge (Thermo Scientific). The resulting 

pellet was resuspended in the assay buffer and stored in 250 µL aliquots at -80 ᵒC. Membrane 

protein concentration was determined using the Bradford method.

[3H]Spiperone and [3H]Raclopride Competitive Binding Assays. All radioligand binding

experiments were conducted in a 1 mL reaction volume in assay buffer (20 mM HEPES, 100 mM

NaCl, 6 mM MgCl2, 1 mM EGTA and 1 mM EDTA, pH 7.4). In all cases non-specific binding

was determined in the presence of 1 µM haloperidol. To obtain affinity estimates of unlabelled

agonists, partial agonists and antagonists, competition binding experiments were performed at

equilibrium to measure the ability of increasing concentrations of the test ligands to compete 0.1

nM [3H]spiperone or 1 nM [3H]raclopride for binding at either the D2LR (wild-type), or the SNAP-

D2SR (wild-type or mutant). The membranes (5 µg, unless otherwise stated) were incubated with

the drugs for 3 h at 37 ᵒC ([3H]spiperone) or 25 ᵒC ([3H]raclopride). Following incubation, bound

and free radioligand were separated by fast-flow filtration through GF/B filters using a Brandel

harvester followed by three washes with ice cold NaCl (0.9% (m/v)). Filter-bound radioactivity

was measured by scintillation spectrometry after the addition of 3.5 mL of Ultima Gold

(PerkinElmer) using a Tri-Carb 2900TR liquid scintillation counter (PerkinElmer).

[3H]Spiperone Binding Dissociation Assays. All binding dissociation experiments were

conducted in a 1 mL reaction volume in assay buffer (20 mM HEPES, 100 mM NaCl, 6 mM

MgCl2, 1 mM EGTA and 1 mM EDTA, pH 7.4). In all cases non-specific binding was determined

in the presence of 0.5 µM haloperidol. D2LR (wild-type) membranes (5 µg, unless otherwise

stated) were equilibrated with [3H]spiperone (0.1 nM) in assay buffer for 2.5 h at 37 ᵒC. Upon 

equilibration, haloperidol (0.5 µM final concentration) or haloperidol and the test ligand (0.5 and

5 µM final concentrations, respectively) were added to the corresponding test tubes at the

appropriate time points and thoroughly mixed whilst being maintained at 37 ᵒC. To quench the 

experiment, bound and free radioligand were separated by fast-flow filtration and filter-bound

radioactivity was measured using the same procedure as outlined for competitive binding assays.
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Bioluminescence Resonance Energy Transfer (BRET) cAMP assay. Flp-In-CHO cells stably

expressing wild-type D2LR and the CAMYEL biosensor were plated at a density of 50,000 cells

per well into 96-well CulturPlates (PerkinElmer) and grown overnight. Alternately, for

experiments utilising the wild-type or mutant SNAP-D2SR, cells were seeded at a density of

1,000,000 cells per 10 cm dish and were transfected the following day with 4 µg CAMYEL to

allow the detection of cAMP levels within the cells. 24 h post-transfection, the cells were plated

into 96-well CulturPlates and grown overnight. The cells were equilibrated in Hank’s balanced

salt solution (HBSS) at 37 ᵒC before commencing the experiment. The cells were co-stimulated 

with the ligands and 10 µM (final concentration) forskolin for the indicated times prior to BRET

measurement. Coelenterazine (Promega) was added at a final concentration of 5 µM at least 5 min

prior to measurement. The signals were detected at 445‒505 and 505‒565 nm using a LUMIstar 

Omega instrument (BMG LabTech, Offenburg, Germany).

Phenoxybenzamine-treated experiments were carried out in Flp-In-CHO cells stably

expressing the wild-type or mutant SNAP-D2SR which The cells were then treated with 0.1, 0.3 or

1 µM of Phenoxybenzamine (Sigma Aldrich) and equilibrated at 37 ᵒC for 30 min prior to the 

commencement of the assay.

Data Analysis. The results obtained were analysed using Prism 6.01 (GraphPad Software Inc.,

San Diego, CA). For the displacement of [3H]spiperone or [3H]raclopride data were fit to a one-

site model with a variable Hill slope:

� =
(� � � � � � � � � � )� � �

� � � � 	� � � �
� �

(1)

where Y denotes the percent specific binding; top and bottom denote the maximal and minimal

asymptotes, respectively; � denotes the inhibitor potency (mid-point location) parameter; � �

denotes the Hill slope factor. With the assumption of simple competition, IC50 values were

converted to Ki values via the Cheng-Prusoff equation.37 [3H]spiperone binding dissociation data

were fit to a one phase exponential decay model:

� = ( � (0) − � � ) � � � � + � � (2)
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where Y denotes the percent specific binding; � (0) denotes percent binding at time zero; NS

denotes percent non-specific binding at infinite times; − � is the inverse rate constant in minutes;

� denotes time in minutes. In the functional cAMP assay, agonist concentration-response curves

were fitted to the following three parameter equation by use of Prism 6:

� � � � � � � � = � � � � � � +
� � � � � � � � � �

� � � � (� � � � � � � –	� � � [� ]) (3)

where top and bottom represent the maximal and minimal asymptote of the dose-response curve;

[� ] is the molar concentration of the agonist; � � � � is the molar concentration of agonist required

to give a response midway between the bottom and top. Dose-response data were also fitted to

the following form of the operational model of agonism38:

� = � � � � � +
� � � � � � � �

� � �
� � � 	[� ]

� 	× [� ]
�
� (4)

where Em is the maximal response of the system; KA denotes the functional equilibrium dissociation

constant of the agonist [A]; τ is an index of the coupling efficiency (efficacy) of the agonist and is 

defined as RT /KE (where RT is the total concentration of receptors and KE is the concentration of

agonist-receptor complex that yield half the Em; and n is the slope of the transducer function that

links occupancy to response. For partial agonists, the KA value was estimated directly from the

functional data via (4). The determination of KA values for compounds determined through

receptor depletion by phenoxybenzamine alkylation were determined as follows; given the

proportional relationship of RT to measured τ, 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 curves for each agonist.39, 40
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3.1 Introduction

The dopamine D2 receptor (D2R) is a member of the class A G protein-coupled receptor (GPCR)

family, and is considered a well-established therapeutic target for the treatment of disorders

affecting the central nervous system (CNS) such as schizophrenia (SCZ).1 To date, drug discovery

at this target has primarily focussed on the development of orthosterically-binding ligands with a

spectrum of efficacies (e.g. agonists, partial agonists, inverse agonists and antagonists) and are

used routinely in clinical settings to treat ailments of the CNS. Although many of these

orthosterically-binding D2R antipsychotics are effective at treating the positive symptoms of

diseases such as SCZ, the therapeutic utility of these drugs is often marred by the significant side-

effects with which they are also associated.2 First generation antipsychotics (e.g. haloperidol and

chlorpromazine) which tend to have high D2R occupancy often lead to extrapyramidal side-effects

(EPS) despite providing efficacy for symptoms of psychoses. In contrast, second generation

antipsychotics (exemplified by clozapine) lower the risk of EPS compared to their predecessors,

but are known to cause side-effects such as agranulocytosis or hyperprolactinemia, respectively.3,4

More recently, research efforts have shifted towards the development of allosteric

modulators which interact with a topographically distinct binding site of a receptor, proximal to

that of the endogenous ligand. Allosteric modulators provide a number of advantages over their

orthosteric counterparts. Aside from improved sub-type selectivity, allosteric modulators allow

the endogenous neurotransmitter to bind the receptor and are able to modulate this response

without disrupting the spatio-temporal profile of physiological signalling. In addition, allosteric

modulators have a saturable effect determined by their cooperativity with the endogenous ligands,

thus a negative allosteric modulator (NAM) may act to partially antagonise the D2R, relieving the

positive symptoms of the disease without causing the complete blockade which is associated with

EPS.2,5

Efforts towards the development of allosteric modulators for the D2R have been bolstered

by the discovery of SB269652’s (1) modulatory properties by Silvano et al.6 Initially synthesised

in an effort to develop selective orthosteric D3R ligands by SmithKline Beecham, re-assessment

of its pharmacological profile by Silvano and colleagues demonstrated that 1 was unable to

completely displace high concentrations of radioligand, or entirely block G protein activation in

the presence of high concentrations of dopamine.6,7 Ultimately this led Silvano et al. to the

conclusion that 1 was a NAM of the D2R and D3R.2 This atypical behaviour was subsequently

reconciled within our own group where 1 was found to be a bitopic D2R ligand through a structure-

activity relationship (SAR) study of fragments of 1.8 The SAR study determined that the 1,2,3,4-

tetrahydroisoquinoline-7-carbonitrile motif (7CN-THIQ) of 1, which contains a tertiary amine that
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is positively charged at physiological pH, was essential for making an orthosteric interaction with

the highly conserved aspartate residue (D1143.32, where superscript numbering denotes

Ballesteros-Weinstein nomenclature).8,9 The indole-2-carboxamide tail was found to extend into

a secondary binding pocket between transmembrane helices (TMs) 2 and 7 of the D2R.

Furthermore, a hydrogen-bond interaction with the side chain of the E952.65 was found to be

important for the allosteric behaviour of 1. Additionally, the competitive pharmacological profile

of the cis-stereoisomer of 1 added further weight to the idea that 1 must engage both the orthosteric

and an allosteric binding site in order to observe negative cooperativity.8 Our group was then able

to reconcile both the bitopic binding mode and pharmacological profile of 1 across a D2R dimer.

Using functional complementation assays, we were able to demonstrate that 1 behaved as a NAM

in a dimeric system where both protomers were wild-type D2Rs (i.e. 1 bound to the binding site

of one protomer and modulated the functional affinity of dopamine, that had bound the adjacent

protomer). However, in a heterodimeric system which consisted of a wild-type receptor and a

D114A3.32 mutant receptor (which could no longer facilitate key orthosteric binding interactions),

1 was observed to have competitive pharmacology.8 Based on these results, further SAR

investigations of 1 within our group were conducted to determine the structural determinants of

allostery at the D2R. We investigated the modification of the 7CN-THIQ “head”, the

cyclohexylene “spacer” or the indole-2-carboxamide “tail” and how this impacted upon negative

cooperativity at the D2R (Figure 1).5 The results of this study showed that head groups with small

substituents at the 7-position were necessary to maintain the negative cooperativity of 1, whilst

replacement of the cyclohexylene spacer with polymethylene spacers of varying lengths were

observed to cause linker length dependent changes to allosteric modulation. Alterations to the

indole-2-carboxamide tail, however, proved more critical to the negative cooperativity of 1. The

replacement of the bicyclic indole with smaller aromatic and non-aromatic heterocyclic moieties

(i.e. pyrrole, proline) led to the abrogation of weak negative cooperativity, whilst a series of N-

methylated derivatives confirmed the importance of the indolic NH as a key hydrogen bond donor

which is necessary for NAM activity. This also underlined the requirement of a hydrogen bond

interaction between the indolic NH and the E952.65 residue of the D2R for the allosteric

pharmacology of these compounds. Interestingly, substitution of the indole-carboxamide with a

7-azaindole-2-carboxamide (2) led to the highest affinity analogue of 1 to date. Whilst compound

1 demonstrated a functional affinity of 776 nM and a negative cooperativity (αβ) of 0.06 which

confers a maximal 17-fold decrease in dopamine potency, compound 2 (KB = 23.4 nM; αβ = 0.04)

was observed to have 30-fold greater affinity whilst maintaining similar capabilities in attenuating

dopamine potency (25-fold).5
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Figure 1. The chemical structure of SB269652 (1) highlighting its head, spacer and tail sections,
and the structure chemical of the highest affinity analogue (2) that resulted from our initial SAR
investigation.

Given that our initial SAR investigation determined the indole-2-carboxamide moiety to

be an integral structural motif in maintaining the NAM properties of 1 and the magnitude of this

allosteric effect, a further SAR study focussed primarily on the effects of modifications to the tail

of SB269652 was conducted. In making modifications to this specific region of 1, the aim was to

develop a suite of analogues that displayed varying degrees of negative cooperativity in order to

further our understanding of allosterism at the D2R.

3.2 Synthesis

A library of analogues of 1 that primarily focussed on modifications to the indole-2-carboxamide

tail was synthesised to build a library of compounds with varying degrees of negative

cooperativities. The SAR study began with the synthesis of a series of compounds comprising the

best “head”, “spacer” and “tail” moieties of our initial SAR investigation to determine whether a

beneficial additive effect on affinity and allosteric pharmacology could be observed. The effects

of electron-donating and electron-withdrawing substituents on negative cooperativity through

attachment of either a methoxy or fluorine substituent, respectively, at positions 4-7 of the indole

ring was also investigated. Then, to explore various azaindole-2-carboxamide tail moieties, a

nitrogen walk around the benzo portion of the indole ring of 1 was conducted since 2 showed a

30-fold enhancement in affinity and maintained negative cooperativity at the D2R. A thienopyrrole
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analogue was also synthesised as an isosteric replacement for the indole ring system of 1. Finally,

based on our initial SAR investigation, N-methylation of the carboxamide of 1 was observed to

cause a 4-fold decrease in the attenuation of dopamine’s affinity at the D2R.5 As such, the effects

of alkylation of the carboxamide and indolic NH moieties were evaluated as a means of tuning

potent compounds identified with high negative cooperativity.

Scheme 1 depicts the synthetic route employed to derive the majority of analogues

synthesised with varying “tail” moieties, and the synthesis of N-methylated amide derivatives.

The synthesis of all compounds generally followed previously described established methods

employed for the synthesis of 1 and associated analogues from our initial SAR investigations.5,8

Following the procedure outlined in Lane et al., compound 3 was quantitatively esterified to the

ethyl ester (4) in the presence of ethyl iodide (EtI) and potassium carbonate (K2CO3), and reduced

to the corresponding aldehyde (5) in the presence of 1 M diisobutylaluminium hydride (DIBAL-

H) in anhydrous toluene at -78°C. Reductive amination in the presence of sodium

triacetoxyborohydride in 1,2-dichloroethane (1,2-DCE) facilitated the attachment of the required

“head” group moiety to furnish compounds 8a and 8b in 80% yield. Removal of the boc protecting

group was carried out using an excess of trifluoroacetic acid (TFA) in DCM and garnered

compounds 9a and 9b as the free base following an aqueous base extraction.8 Three differing

amide coupling reagents were used in order to attach the “tail” moieties since some carboxylic

acids were unreactive in the presence of certain coupling reagents. 1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate

(HATU) in the presence of DIPEA and dry DMF, however, facilitated the majority of amide

couplings and yielded compounds 12a-16a. To evaluate the effects of electron-donating and

electron-withdrawing substituents on allosteric pharmacology we synthesised 12a-d and 13a-d.

The fluorine-substituted analogues (12a-d) were synthesised via HATU-mediated coupling in

yields of up to 57%, whilst the methoxy-substituted carboxylic acids were coupled using

(benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate (BOP) in dry DMF

and in the presence of excess DIPEA to afford 13a-d in yields of up to 74%. Given the improved

affinity of 2 in our previous SAR investigation, a nitrogen walk comprising of the various

azaindole-2-carboxylic acids, and the corresponding pyrazolo- and imidazo-pyridine-2-carboxylic

acids was conducted. Upon attempting these couplings, however, we were only able to synthesise

compounds 14a-c successfully. The remaining 2-substituted carboxylic acids generally favoured

self-dimerisation over coupling to the primary amine (9a-b) (See Appendix A.2.1), and in some

cases, coupling was not favoured at all. Therefore, in order to avoid the issue of dimerisation and

non-reactivity and to allow a more thorough investigation of the biological impact of isosteric
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replacement of the CH for N, the nitrogen scan was conducted using the corresponding 3-

carboxylic acid substituted derivatives of indole, azaindoles, pyrazolo-pyridine and imidazo-

pyridine to garner 15a-g in respectable yields. Compound 18 was synthesised using both N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) and 1H-

benzo[d][1,2,3]triazol-1-ol (HOBt) with DIPEA in DCM to furnish the final product in 20% yield.

A series of N-methylated amide derivatives were synthesised to investigate the ability of

methylation, as a general mechanism, to attenuate the allosteric pharmacology of derivatives.

Following an amended procedure which was initially described by Shonberg et al., 4 underwent

quantitative N-methylation of the amide functionality using an excess of sodium hydride (NaH),

methyl iodide (MeI) in dry DMF under inert atmosphere to yield 6.5 Compound 6 was then

exposed to the chemistry previously outlined for the un-substituted derivatives to obtain

compounds 16b and 17 via HATU-mediated coupling in respectable yields.
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Scheme 1. Synthesis of analogues of 1 and N- methylated amide derivatives thereof.a

aReagents and conditions: (a) EtI, K2CO3, MeCN, overnight 50 ᵒC, quantitative; (b) 1M DIBALH in toluene, -78 ᵒC, 1 h, quantitative; 
(c) MeI, NaH, dry DMF, 3 d, quantitative; (d) THIQ or 7CN-THIQ, NaBH(OAc)3, 1,2-DCE, rt, 16−24 h, 80%; (e) TFA, DCM, base 
extraction, 84%-quantitative; (f) EDC and HOBt or HATU or BOP, DCM or dry DMF, DIPEA, rt, 3-24 h, 5-74%. NOTE: Compounds
15c-16a were isolated as the trifluoroacetate salts and compound 18 was isolated as the hydrochloride salt.
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Scheme 2 describes the synthesis of derivatives of 1 comprising of polymethylene spacers

and N-methylated amides thereof. To synthesise the derivatives comprising of a butylene spacer

19 was boc-protected to quantitatively yield the primary amine 20 following basic workup.

Alternately, the N-alkylation of 19 occurred via formylation and lithium aluminium hydride

(LiAlH4) reduction to yield 21 in 72% yield. 21 was then boc-protected to furnish 22 in respectable

yields. The primary alcohol functionality of the either derivative was then activated using

methanesulfonyl chloride (MsCl) to their corresponding mesylated derivatives (23 and 24). Given

the instability of 23 and 24, reaction progression was monitored with TLC, and upon complete

conversion, were reacted on without further purification with 1,2,3,4-tetrahydroisoquinoline

(THIQ) to yield compounds 25 and 26. Boc de-protection was carried out using an excess of

trifluoroacetic acid in DCM and produced compounds 27 and 28 as their respective free base forms

upon basic aqueous extraction in quantitative yields. The final compounds (29 and 30) were

generated using HATU-mediated coupling conditions. To generate the N-methylated hexylene

derivative (39), 31 was quantitatively boc-protected using standard conditions to furnish 32.

Following a procedure outlined by Thuring et al.,10 the primary alcohol of 32 was proctected using

tert-butyldimethylsilyl chloride (TBS-Cl) to yield 33 in 89% yield. N-methylation of 33 was

conducted using sodium hydride and methyl iodide to obtain 34 in 72% yield. The TBDMS

protecting group was removed using tetrabutylammonium fluoride (TBAF) to furnish 35, and the

primary alcohol was activated with Ms-Cl. Again, due to instability 36 was carried through

without further purification and immediately reacted with 7CN-THIQ to afford 37 in respectable

yields. Boc de-protection and HATU-mediated amide coupling were performed as previously

stated for the propylene derivatives to produce compound 39 in 21% yield.



114

Scheme 2. Synthesis of polymethylene derivatives and their N-methylated amide variants.a

aReagents and conditions: (a) Boc2O, DIPEA, DCM, overnight, reflux, quantitative; (b)(i) Ethyl formate, EtOH, reflux, 16 h, quantitative, (ii) 1M LiAlH4

in THF, anhydrous THF, reflux 3 h, aqueous workup, 72%; (c) Boc2O, DIPEA, DCM, rt, 2 d, 59%; (d) MsCl, DCM, 0 °C, 30 min, 0 °C - rt, overnight,
quantitative; (e) THIQ or 7CN-THIQ, K2CO3, reflux or rt, overnight, 14-72%; (f) TFA, DCM, base extraction, quantitative; (g) indole-2-carboxylic acid
or 7-azaindole-2-carboxylic acid, HATU, dry DMF, DIPEA, rt, 3-24 h, 9-21%; (h) Imidazole, DCM, 0 °C - rt, 30 min, TBS-Cl, 0 °C - rt, overnight, 89%;
(i) NaH, MeI, 0 °C - rt, 22 h, 72%; (j) 1 M TBAF in THF, THF, 0 °C - rt, overnight, 77%. NOTE: Compounds 30 and 39 were isolated as the
trifluoroacetate salts.
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3.3 Pharmacological Evaluation

In order to determine the effect of the synthesised compounds upon the neurotransmitter dopamine,

all compounds were tested in an assay measuring phosphorylation of extracellular signal-regulated

kinases 1/2 (pERK1/2) through activation of the long isoform of the D2R (D2LR) expressed in

FlpIn CHO cells. Compounds were assessed for their ability to antagonise the action of increasing

concentrations of dopamine. An example of these data is presented in Figure 2. The data was fitted

with a derivation of the operational model of allosterism to derive values of functional affinity

(KB) and allosteric cooperativity with dopamine (αβ, where α is negative cooperativity with

dopamine binding (signified by a limited concentration-dependent rightward shift in curves), and

β is the modulation of dopamine efficacy (signified by a concentration-dependent depression in

Emax)).5,11 The data were also fit to a Gaddum-Schild model of competitive antagonism to derive

values of KB and a Schild slope. In instances where a Schild slope was not significantly different

from unity (i.e. Schild slope = 1), compounds were considered to demonstrate competitive

antagonism. The data for each compound were analysed using both models and the best fit was

determined by an F-test. These data (Tables1, 2, 3, 4 and Figures 2 and 3) are presented as

logarithms to allow for statistical comparison.12 Values of Log αβ < 0 signify negative

cooperativity.

The first series of synthesised compounds combined the head, spacer and tail motifs which

had a beneficial effect on functional affinity and maintained negative cooperativity from our initial

SAR efforts.5 From this previous work, replacing the head or spacer moieties of 1 with THIQ or

butylene, respectively, enhanced functional affinity almost 10-fold whilst maintaining similar

negative cooperativity to that of 1. Similarly, replacement of the indole-2-carboxamide tail with a

7-azaindole-2-carboxamide enhanced functional affinity more than 30-fold and maintained similar

negative cooperativity to that of the parent compound. It was anticipated that incorporation of

these favourable modifications may have an additive effect on functional affinity as well as

negative cooperativity (Table 1). Upon pharmacological evaluation of compounds 18 and 29,

however, we found that the sum of these favourable structural attributes were not additive.

Compound 18 (KB = 467 nM, αβ = 0.14) was observed to have no significant enhancement of

functional affinity or negative cooperativity compared to 1 (KB = 776 nM, αβ = 0.06). In contrast,

compound 29 (KB = 44.7 nM) demonstrated competitive pharmacology upon evaluation in the

pERK1/2 assay but was observed to have a functional affinity 17-fold greater than 1. From this

series of compounds, it was evident that incorporation of all the beneficial structural modifications

into a single compound did not provide additive improvements in functional affinity and negative

cooperativity. It is noteworthy, however, that the rigidity of the cyclohexylene spacer in 18 was
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beneficial in maintaining some negative cooperativity whilst the flexible butylene spacer of 29

was beneficial for affinity and appeared to confer a competitive mode of interaction with dopamine

(Table 1).

Table 1. Functional parameters for analogues containing the most favourable head, tail and
spacer moieties determined from our initial SAR

Compound X Y Z
pKB ± SEM,

(KB, nM)
Logαβ ±

SEM, (αβ)
Schild Slope

± SEM

1 CN
6.11 ± 0.02

(776)
-1.23 ± 0.14

(0.06)
n/aa

2 CN
7.63 ± 0.10

(23.4)*
-1.42 ± 0.09

(0.04)*
n/aa

18 H
6.33 ± 0.18

(467)
-0.86 ± 0.09

(0.14)
n/aa

29 H
7.35 ± 0.22

(44.7)
n/ab -0.86 ± 0.10

Determined by ERK1/2 phosphorylation studies in the presence of dopamine. Data represents the
mean ± SEM of three individual experiments conducted in duplicate; an/a: Compound
demonstrated a Schild slope significantly different from unity, therefore, the compound
demonstrated negative cooperativity; bn/a: Compound displayed competitive antagonism in the
presence of dopamine, therefore, no value of cooperativity factor was derived.

Next, we were interested in evaluating the impact of inductive effects on negative

cooperativity given that replacement of the indole-2-carboxamide tail of 1 with the electron

deficient 7-azaindole-2-carboxamide (2) resulted in the most potent analogue in our initial SAR

investigation. We synthesised a series of compounds containing fluorine-substituted and methoxy-

substituted indole-2-carboxamide tails (12a-12d and 13a-13d, respectively; Table 2) to test the

effects of electron-withdrawing and electron-donating moieties on negative cooperativity. Upon

pharmacological evaluation, it was clear to see that electron withdrawing functional groups were

clearly beneficial to NAM activity at the D2R. Compound 12a (4-F, KB = 47 nM, αβ = 0.03) was

observed to have virtually identical pharmacological characteristics as 2, with a 30-fold

improvement in functional affinity relative to 1. Compounds 12b (5-F, KB = 7 nM, αβ = 0.02) and
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12d (7-F, KB = 4 nM, αβ = 0.02) were observed to have significant improvements in functional

affinity (110- and 194-fold, respectively) and negative cooperativity (3-fold) compared to 1. In

contrast, compound 12c (6-F, KB = 219 nM, αβ = 0.06) maintained functional affinity and negative

cooperativity similar to that of 1. This suggests that whilst incorporation of fluorine substituents

at the 4, 5 and 7 position of the indole-2-carboxamide tail are well tolerated, fluorine substituents

at the 6 position are not as favourable (Table 2). It is also interesting to note, that, with the

exception of 12b and 12c, these results are in accordance with those of a previous study conducted

within our group which yielded a novel class of indole-2-carboxamide small molecule allosteric

modulators for the D2R.13 Within this study the N-isopropyl-1H-indole-2-carboxamide

compounds with fluorine substituents at the 4- and 7-positions demonstrated negative

cooperativity whilst analogues containing fluorine substituents at the 5- and 6- positions displayed

competitive pharmacology. These results suggest that the NAM activity of these compounds does

not solely rely on the tail moiety but is also dependent on the nature of the head and spacer moieties

and their orientation within the binding site. Consequently, we are able to observe NAM profiles

for compounds 12b and 12c despite the fact that their small molecule counterparts only displayed

competitive pharmacology. In contrast to the fluorinated derivatives, the methoxy derivatives

(13a-d) clearly demonstrated that ring activating substituents were detrimental to NAM activity

(Table 2). Although compounds 13b-d demonstrated competitive antagonist pharmacology in the

pERK1/2 assay, we observed significant improvements in functional affinity (13b; 111-fold, 13c;

31-fold and 13d; 15-fold). Interestingly, compound 13a (4-MeO, KB = 617 nM, αβ = 0.30)

appeared to act as a NAM and possessed weak negative cooperativity (5-fold less than 1) and

maintained similar functional affinity to 1. Based on this result, it may be possible that 13a may

be interacting with a previously unidentified hydrogen-bond donating residue within the allosteric

binding site that may elicit NAM activity.

Based on this series of compounds, it is apparent that inductive effects may influence NAM

activity at the D2R. It was evident to see that the electron-withdrawing fluorine substituent was

more favourable for NAM pharmacology whilst the electron-donating methoxy-containing

derivatives were not. This series of analogues were also considered to be particularly interesting

given that the majority of the analogues were observed to have significant increases in functional

affinity and negative cooperativity (where applicable) upon addition of either substituent. This

finding is also significant as it suggests that the tail moieties of this series contribute to the affinity

of these compounds, which was not the case with 1 (where affinity was driven predominantly by

the orthosteric head group as opposed to the allosteric tail).8,13 It must beacknowledged, however,

that these observations are the outcome of a preliminary investigation of substituent effects on



Chapter 3: Probing Allostery at the Dopamine D2 Receptor

118

allostery. The use of larger substituents such as chlorine, bromine or iodine may produce very

different effects compared to fluorine, as would hydroxyl or methyl substituents compared to

methoxy.
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Table 2. Pharmacological evaluation of the fluoro- or methoxy-indole-2-carboxamide
substituted analogues.

Determined by ERK1/2 phosphorylation studies in the presence of dopamine. Data represents the
mean ± SEM of three individual experiments conducted in duplicate; an/a: Compound
demonstrated a Schild slope significantly different from unity, therefore, the compound
demonstrated negative cooperativity; bn/a: Compound displayed competitive antagonism in the
presence of dopamine, therefore, no value of cooperativity factor was derived. (*) Statistically
different from the corresponding parameters for 1 (p < 0.05, one-way ANOVA, Dunnett’s post-
hoc test).

Compound X
pKB ± SEM,

(KB, nM)
Logαβ ±

SEM, (αβ)
Schild Slope

± SEM

1
6.11 ± 0.02

(776)
-1.23 ± 0.14

(0.06)
n/aa

2
7.63 ± 0.10

(23.4)*
-1.42 ± 0.09

(0.04)*
n/aa

12a
7.33 ± 0.24

(47)*
-1.50 ± 0.19

(0.03)
n/aa

12b
8.17 ± 0.29

(7)*
-1.80 ± 0.22

(0.02)*
n/aa

12c
6.66 ± 0.39

(219)
-1.19 ± 0.29

(0.06)
n/aa

12d
8.35 ± 0.29

(4)*
-1.79 ± 0.18

(0.02)*
n/aa

13a
6.21 ± 0.06

(617)
-0.52 ± 0.11

(0.30)*
n/aa

13b
8.70 ± 0.32

(7)*
n/ab 0.54 ± 0.05

13c
7.60 ± 0.17

(25)*
n/ab 0.69 ± 0.04

13d
7.29± 0.13

(51)*
n/ab 1.28 ± 0.09
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Since a marked improvement in functional affinity was observed for compound 2 (30-fold)

compared to 1, we chose to conduct a nitrogen scaffold hop around the six-membered ring of the

indole tail. The scaffold-hopping strategy is a commonly applied medicinal chemistry method for

molecular backbone replacements (in our instance, replacing the carbon at various positions of the

benzo portion of the indole ring with nitrogen). It is a drug design strategy that is often utilised in

the development of novel compounds with increased potency and altered physicochemical

characteristics (Table 3).14 As previously mentioned, due to the synthetic intractability of the

imidazopyridine- and a number of the azaindole-2-carboxylic acids, only compounds 14a-c were

able to be synthesised. Nonetheless, we were astonished to observe drastic increases in functional

affinity and negative cooperativity upon moving the nitrogen from the 7-position (2) to the 6-

position (14a) of the indole moiety. Compound 14a (KB = 3 nM, αβ = 0.0005) was observed to

have a functional affinity that was 260- and 8-fold greater functional affinity than 1 and 2,

respectively. More intriguingly, 14a was able to induce an 1800-fold decrease in dopamine

potency compared to 1 (17-fold) and 2 (25-fold), yielding the NAM with the highest negative

cooperativity thus far. The pyrazolopyridine-2-carboxamide derivative, 14b (KB = 165 nM, αβ =

0.03) displayed a 5-fold improvement in functional affinity compared to 1, but maintained

negative cooperativity similar to that of 2 despite a comparative 16-fold loss in functional affinity.

It is also interesting to note that despite lacking the crucial indolic NH which acts as a hydrogen

bond donor for the E952.65 residue at the extracellular regions of transmembrane helix 2 (TM 2),5

14b was still able to demonstrate NAM activity (Table 3). In contrast to this the thienopyrrole-2-

carboxamide derivative, 14c (KB = 87 nM) displayed competitive antagonism at the D2LR,

suggesting that isoteric replacement of the phenyl ring was detrimental to NAM activity (Table 3).

The attachment point to the scaffold was altered from the 2-position to the 3-position to

avoid the previously observed self-dimerisation issues associated with some the aryl-2-carboxylic

acids. Aside from investigating the biological impact of aryl-3-carboxamide derivatives, we were

confident that the change in connection point would solve this dimerization issue. The

pyrazolopyridine-, imidazopyridine- and isomeric azaindole-3-carboxamides were successfully

synthesised (15a-g, Table 3 and Figure 2) and self-dimerisation was not evident during product

formation. The indole-3-carboxamide variant of 1, compound 15a (KB = 63 nM), demonstrated

competitive antagonist pharmacology at the D2LR in the pERK1/2 assays but displayed a 12-fold

improvement in functional affinity compared to 1. The simple change in attachment point of the

indole relative to 1 produced a dramatic change in pharmacology. Surprisingly, the 7-azaindole-

3-carboxamide derivative, 15b (KB = 34 nM, αβ = 0.03), maintained similar values of negative

cooperativity and functional affinity as compared to 2. Compound 15c (KB = 24 nM, αβ = 0.003)
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displayed an 8-fold loss in functional affinity and a 6-fold loss in negative cooperativity compared

to its 2-carboxamide derivative, 14a. The 5-azaindole-3-carboxamide variant, 15d (KB = 3 nM),

displayed a functional affinity similar to that of our highest affinity analogue (14a) but was not

observed to have a Schild slope which significantly deviated from unity, and thus, was considered

to be a competitive antagonist. Unlike its 2-carboxamide analogue (14b), 15f (KB = 3 nM),

displayed a 4-fold improvement in functional affinity but appeared to behave as a competitive

antagonist. The imidazopyridine-3-carboxamide analogue (15g; KB = 24 nM, αβ = 0.005),

however, displayed NAM activity similar to 15c despite lacking the presence of an indolic NH

which is able to interact with the side chain of the E952.65 residue within TM 2 (Table 3).

Remarkably, the 4-azaindole-3-carboxamide derivative (15e) displayed a novel

pharmacological profile unlike any previous analogues synthesised to date. Not only was 15e

observed to cause a limited dextral shift in dopamine’s potency at the D2LR in a similar fashion to

our previous analogues, but it was also observed to cause a significant limited depression in

dopamine’s efficacy (Emax) (Figure 2). Compound 15e (KB = 0.15 nM, α = 0.05, β = 0.16) (Figure

2) is, to our knowledge, the first D2R NAM to display sub-nanomolar functional affinity for the

D2LR and not only acts to modulate both dopamine’s potency (21-fold) as observed for 1, but also

exerts an additional effect upon dopamine’s efficacy (6-fold). Thus, this expands the behaviour of

bitopic SB269652 derivatives at the D2R.

Taken together, these results suggest that subtle changes to the indolic tail of 1 have

varying effects on both functional affinity and negative cooperativity at the D2R. It is clear that

incorporation of a second heteroatom within the tail of 1 was beneficial for functional affinity

since all of the analogues synthesised had improved results compared to 1. The positioning of the

second nitrogen atom within the tail as well as the attachment point of the aryl motif to the spacer

unit (either 2- or 3-substituted), in particular, influenced the negative cooperativity and the

functional affinity drastically and led to the discovery of compounds 14a and 15e (Table 3 and

Figure 2). It was also interesting to note that 15e demonstrated a distinctly unique functional

profile compared to the other analogues, with the observation of modulatory effects upon both

dopamine’s affinity and efficacy in functional assays (Figure 2). In addition to this, negative

cooperativity was maintained despite some analogues (e.g. 14b and 15g) lacking the indolic NH

and therefore, the capability to make hydrogen bond interactions to the previously identified

E952.65 residue at the top of TM 2. This finding is in agreement with our mutagenesis studies that

revealed that mutation of E952.65 to alanine did not result in a competitive mode of action for 1 but

instead modulated the degree of negative cooperativity. Thus a hydrogen bond interaction between

the indolic NH of 1 and the side chain of E952.65 appears to determine the degree of cooperativity
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but not whether 1 and its derivatives display allosteric versus competitive pharmacology. We can

also consider the possibility of an additional interaction between the amide NH of 1 and its

derivatives and the E952.65. It was also evident that isosteric replacement of the benzo portion of

the tail was unfavourable since 14c demonstrated competitive pharmacology upon evaluation in

pERK1/2 assays. This may suggest that interactions with aromatic amino acid residues within the

extracellular regions of TM 2 and TM 7 may be important for NAM activity at the D2R.
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Table 3. Pharmacological characterisation for analogues synthesised in the nitrogen scaffold hop
of the indole-2-carboxamide tail

Determined by ERK1/2 phosphorylation studies in the presence of dopamine. Data represents the
mean ± SEM of three individual experiments conducted in duplicate; an/a: Compound
demonstrated a Schild slope significantly different from unity, therefore, the compound
demonstrated negative cooperativity; bn/a: Compound displayed competitive antagonism in the
presence of dopamine, therefore, no value of cooperativity factor was derived. (*) Statistically
different from the corresponding parameters for 1 (p < 0.05, one-way ANOVA, Dunnett’s post-
hoc test).

Compound X
pKB ± SEM,

(KB, nM)
Logαβ ±

SEM, (αβ)
Schild Slope

± SEM

1
6.11 ± 0.02

(776)
-1.23 ± 0.14

(0.06)
n/aa

2
7.63 ± 0.10

(23.4)*
-1.39 ± 0.16

(0.04)*
n/aa

14a
8.57 ± 0.09

(3)
-3.26 ± 0.09
(0.0005)*

n/aa

14b
6.78 ± 0.12

(165)
-1.52 ± 0.09

(0.03)
n/aa

14c
7.06 ± 0.10

(87)*
n/ab 1.04 ± 0.04

15a
7.20 ± 0.15

(63)*
n/ab 1.01 ± 0.06

15b
7.47 ± 0.11

(34)*
-1.50 ± 0.09

(0.03)
n/aa

15c
8.00 ± 0.11

(24)
-2.44 ± 0.15

(0.003)
n/aa

15d
8.46 ± 0.21

(3)
n/ab 0.90 ± 0.04

15f
7.39 ± 0.21

(40)
n/ab 0.71 ± 0.07

15g
7.62 ± 0.12

(24)
-2.31 ± 0.12

(0.005)
n/aa
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Figure 2. Concentration-response curve of 15e in the presence of dopamine showing both negative
modulation of affinity (limited dextral shift) and efficacy (concentration-dependent depression in
Emax). Determined by ERK1/2 phosphorylation studies in the presence of dopamine. Data
represents the mean ± SEM of three individual experiments conducted in duplicate.

Initial synthesis of the polymethylene derivatives in our previous SAR investigation,

uncovered a linker length dependency in NAM activity at the D2R.5 Analogues containing

polymethylene spacers were observed to demonstrate NAM activity at lengths of 4 (KB = 81 nM,

αβ = 0.05) or 6 units (KB = 30 nM, αβ = 0.02) (i.e. butylene and hexylene, respectively), whilst

the derivative consisting of a 5 unit spacer (i.e. pentylene; KB = 132 nM) behaved as a competitive

antagonist. Since our previous studies illustrated that the interaction with E952.65 was a

determinant of the magnitude of cooperativity with orthosteric ligands, we hypothesised that a

polymethylene spacer which was 4 units (i.e. butylene) in length was able to make the key

hydrogen bond interaction with the E952.65 residue via the indolic NH of the tail, whilst the

hexylene derivative made this interaction via the amide NH.5 Additionally, within our current

investigation, compounds 14b and 15g were able to confer NAM activity despite lacking an

indolic NH to make this key interaction. To test this hypothesis, we synthesised the N-methylated

amide variant of the analogue containing the hexylene spacer (39; Figure 3) to determine whether

the amide NH was involved in the hydrogen bond with the E952.65 residue which is thought to be

important for NAM activity. Upon pharmacological evaluation we observed a pharmacological

Compound Structure
pKB ± SEM,

(KB, nM)
Logα ±

SEM, (α)
Logβ ±

SEM, (β)

15e
9.83 ± 0.16
(0.15 nM)

-1.32 ± 0.14
(0.05)

-0.80 ± 0.08
(0.16)
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profile similar to that of 15e, where, 39 appeared to be modulating both the affinity (α = 0.02) and

efficacy (β fixed to -3 to represent high negative cooperativity as no limit in this effect was

observed) of dopamine in pERK1/2 assays (Figure 3). However, we must also consider the

possibility that this result may be a reflection of the transient nature of the signalling assay

conducted. This is because it is not possible to achieve equilibrium due to the short time lapse

between administration of the agonist and the point at which response measurement takes place

(i.e. dopamine is added 5 minutes prior to screening in order to obtain a robust signal).

Consequently, these results may be an observation of the actions of a slow-off antagonist in hemi-

equilibrium conditions.15,16 Further experiments are required to explore these two possibilities.
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Compound Structure
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(91 nM)
-1.72 ± 0.08
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Figure 3. Concentration-response curve of 39 in the presence of dopamine. Determined by
ERK1/2 phosphorylation studies in the presence of dopamine. Data represents the mean ± SEM
of three individual experiments conducted in duplicate. aData was constrained to fit the operational
model of allosterism.

Our current experimental approach has allowed the successful determination of both

functional affinity and negative cooperativity for ligands that have demonstrated allosteric

pharmacology. Despite this, it is equally important to remember that we cannot exclude the

possibility that compounds which behave competitively in the presence of dopamine may, in fact,

display very high negative cooperativity given than such compounds would be indistinguishable



Chapter 3: Probing Allostery at the Dopamine D2 Receptor

126

from competitive antagonists.5 Our previous studies illustrated that N-methylation of the indolic

NH of 1 appeared to confer a competitive mode of interaction whilst N-methylation of the amide

NH of analogues led to a dampening of negative cooperativity.5, 8 With this in mind, we

synthesised compounds 16a-b, 17 and 30 whereby methylation of the indolic or amide NH of

compounds that displayed competitive pharmacology or high negative cooperativity was

conducted in the hope that we might identify ligands with limited negative cooperativity (Table

4). Due to time constraints, however, pharmacological characterisation could only be obtained for

compounds 16a and 17 prior to the submission of this thesis. Compound 16a (KB = 10 nM, αβ =

0.008) demonstrated a 3-fold loss in functional affinity compared to its desmethylated variant from

our previous SAR investigation (KB = 3 nM)5 but displayed negative cooperativity 7-fold greater

than 1. This result was interesting since the pyrrole derivative displayed pharmacology

indistinguishable from a competitive mode of interaction. Given 16a was methylated at the NH of

the pyrrole and not the amide we hypothesise that abrogation of the interaction between the

pyrrolic NH and E952.65 may act to decrease negative cooperativity (Table 4). Furthermore,

compound 16a also lacked the benzo ring which we have previously proposed to be important for

NAM activity. In contrast, the N-methylated amide variant of 14a, compound 17 (KB = 23 nM),

was observed to be a competitive antagonist with an 8-fold loss in functional affinity compared to

its desmethylated counterpart (Table 4).
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Table 4. Pharmacological characterisation of the N-methylated amide or indolic NH derivatives

Compound W X Y Z
pKB ± SEM,

(KB, nM)
Logαβ ±

SEM, (αβ)
Schild Slope

± SEM

1 CN H
6.11 ± 0.02

(776)
-1.23 ± 0.14

(0.06)
n/aa

16a CN H
8.00 ± 0.11

(10)
-2.08 ± 0.10

(0.008)
n/aa

17 CN Me
7.64 ± 0.23

(23)
n/ab 0.98 ± 0.08

Determined by ERK1/2 phosphorylation studies in the presence of dopamine. Data represents the
mean ± SEM of three individual experiments conducted in duplicate; an/a: Compound
demonstrated a Schild slope significantly different from unity, therefore, the compound
demonstrated negative cooperativity; bn/a: Compound displayed competitive antagonism in the
presence of dopamine, therefore, no value of cooperativity factor was derived.

Taken together, this investigation further highlights the role of the tail moiety in

determining the degree of negative cooperativity of 1 and its derivatives. It illustrates that

hydrogen bonding involving both the indolic and amide NH may determine the level of

cooperativity and that SAR is not an additive phenomenon. This work also suggests that it is most

likely that a number of receptor-ligand interactions, and not only hydrogen bonding with the

E952.65, that determines the degree of negative cooperativity. Furthermore, we cannot discount the

possibility that N-methylation may alter the orientation of the tail moiety within the secondary

pocket as it adds steric bulk to these compounds.

3.4 Conclusions

Based on our previous SAR investigation of 1, we determined that the indole-2-carboxamide tail

to be a key structural determinant of NAM activity at the D2R. Using this knowledge, analogues

of 1 were designed, synthesised and pharmacologically characterised with varying tail moieties in

order to probe their effects on negative cooperativity at the D2R. Since incorporation of a second

nitrogen atom within the indole-2-carboxamide tail of 1 in our initial SAR investigation led to the

discovery of our highest affinity analogue (2), the influence of electronic effects upon allostery at
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the D2R were evaluated. A series of derivatives substituted with either a fluorine or methoxy

substituent at the various positions around the benzo portion of the indole tail were synthesised. It

was evident that the electron-withdrawing fluorine was favourable for allostery at the D2R. The

fluoro-substituted derivatives (12a-d) demonstrated significant increases in affinity and

modulated cooperativity based on the positioning of the fluorine. Electron-donating methoxy-

substituted derivatives, in contrast, proved to be detrimental to allostery at the D2R with the

exception of compound 13a which displayed similar functional affinity and reduced negative

cooperativity (5-fold) compared to 1. It was also noted that the affinity of the fluoro- and methoxy-

substituted derivatives were driven primarily by their tail moieties; this was considered

particularly unusual since the affinity of 1 is believed to be driven by its 7CN-THIQ head. The

effects of incorporating a second nitrogen atom via a scaffold hop analysis of indole tail were also

studied. In general, the nitrogen scaffold hop was observed to be beneficial to the functional

affinity of all the synthesised compounds within the series. It was particularly interesting to note

that allostery was modulated by the position of the nitrogen within the 6-membered ring of the

indole tail in a similar fashion to the fluorine substituted analogues. Incredibly, shifting the

nitrogen from the 7- to the 6-position of the benzo ring (14a) caused a drastic increase in negative

cooperativity (70-fold greater) compared to our best analogue to date (2), which equated to an

1800-fold decrease in dopamine’s affinity at the D2R. The subtle repositioning of the attachment

point of the indole-carboxamide tail from the 2- position to the 3-position led to some

unanticipated pharmacological results. Synthesis of the indole-3-carboxamide analogues yielded

compound 15e, which was observed to be a sub-nanomolar affinity NAM which could modulate

both the affinity and efficacy of dopamine. Compound 15e is the first derivative of 1 to show

modulation of both pharmacological parameters (i.e. affinity and efficacy) and subnanomolar

functional affinity for the D2R. Finally, the N-methylated analogues and analogues comprising the

best head, spacer and tail moieties from our initial SAR investigation illustrate that our SAR was

not additive and highlight the complex nature of SAR for a bitopic allosteric modulator.

Nonetheless, we were able to show how allostery of 1 and its analogues are strongly influenced

by the nature of the tail moiety. This investigation also enabled the generation of analogues with

varying NAM activities and provided further insight into the structural determinants of negative

cooperativity at the D2R.
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3.5 Experimental

Chemistry. All solvents and chemicals were purchased from standard suppliers and were used

without any further purification.1H NMR and 13C NMR spectra were acquired at 400.13 (1H

spectra) and 100.62 (13C spectra) MHz, respectively, on a Bruker Avance III Nanobay 400 MHz

NMR spectrometer coupled to the BACS 60 automatic sample changer and equipped with a 5 mm

PABBO BB-1H/ D Z-GRD probe. All spectra obtained was processed using MestReNova

software (v.6.0). Chemical shifts (δ) for all 1H spectra are reported in parts per million (ppm) using

tetramethylsilane (TMS, 0 ppm) as the reference. The data for all spectra are reported in the

following format: chemical shift (δ), (multiplicity, coupling constants J (Hz), integral), where the

multiplicity is defined as s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, and m = 

multiplet. 13C NMR were routinely carried out as J-modulated spin-echo experiments (JMOD), all

13C δ are reported in ppm and assignment of carbon signals were abbreviated as: C = quaternary 

carbon, CH = methine carbon, CH2 = methylene carbon, and CH3 = methyl carbon. Thin layer

chromatography (TLC) was carried out routinely on silica gel 60F254 precoated plates (0.25 mm,

Merck). Flash column chromatography was carried out using Davisil LC60A silica gel, 40-63 µm.

Liquid chromatography mass spectrometry (LCMS) was detected on one of two

instruments; either an Agilent 6100 Series Single Quad LC/MS or an Agilent 1200 Series HPLC

(equipped with a 1200 Series G13111A Quaternary Pump, G1329A Thermostatted Autosampler,

and a G1314B Variable Wavelength Detector) and the data was processed using LC/MSD

Chemstation Rev.B.04.01 SP1 coupled with Easy Access Software. Both systems were equipped

with a Reverse Phase Luna C8(2) (5 µm, 50 × 4.6 mm, 100 Å) column maintained at 30 ᵒC. An 

MeCN gradient (5-100%) was used to obtain optimal separation, where 4 min were required for

the gradient to reach 100% MeCN and maintained for a further 3 min before requiring 3 min to

return to the initial gradient of 5% MeCN (total run time = 10 min). Solvent A = 0.1% aqueous

formic acid; Solvent B = MeCN/ 0.1% formic acid.

The purity and retention time of final products were determined using analytical HPLC 

and high resolution mass spectrometry (HRMS). Analytical HPLC was carried out using an

Agilent 1260 Infinity Analytical HPLC fitted with a Zorbax Eclipse Plus C18 Rapid Resolution

column (100 mm × 4.60 mm, 3.5 μm) using a binary solvent system: solvent A of 0.1% aqueous 

TFA; solvent B of 0.1% TFA in MeCN. Gradient elution was achieved over 10 min using 95% A

+ 5% B to 100% B over 9 min, and 100% B maintained for 1 min at a flow rate of 1 mL/min 

monitored at both 214 and 254 nm. HRMS were conducted on an Agilent 6224 TOP LC/MS Mass

Spectrometer coupled to an Agilent 1290 Infinity. All data was acquired and reference mas

corrected via dual-spray electrospray ionisation (ESI) source. Each scan or data point on the total
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ion chromatogram (TIC) is average of 13700 transients, producing one spectrum per second. Mass

spectra were created by averaging the scans across each peak and background subtracted against

the first 10 seconds of the TIC. Data acquisition was carried out using the Agilent Mass Hunter

Data Acquisition software version B.05.00 Build 5.0.5042 and analysis was performed using Mass

Hunter Qualitative Analysis version B.05.00 Build 5.0.519.13.

General Procedure A (Reductive Alkylation)

The amine (1 eq.) and aldehyde (1 eq.) were dissolved in dry 1,2-DCE (15 mL). NaBH(OAc)3

(1.5 eq.) was added and stirred under an atmosphere of N2 for 24 h. LCMS was used to confirm

completion of the reaction. The mixture was then diluted in DCM (20 mL), and washed with 1 M

K2CO3 (3 × 20 mL) and brine, then dried over anhydrous Na2SO4 and evaporated to dryness. The

crude material was then purified using flash chromatography (MeOH:DCM 3:97) unless otherwise

stated.

General Procedure B (De-protection of tert-Butyl carbamate)

To a stirred solution of protected amine (1 eq.) and DCM (5 mL) at rt was added an excess of TFA

(2 mL). The solution was stirred overnight and then diluted with DCM (20 mL). 1 M K2CO3 or 1

M NaOH was added to bring the mixture to pH 12. The product was then extracted using DCM (2

× 20 mL). The combined organic extracts were then washed with brine and dried over anhydrous

Na2SO4 before being concentrated in vacuo to yield the product as the free amine.

General Procedure C (HATU Amide Coupling)

The amine (1 eq.), carboxylic acid (1.2 eq.) and the coupling reagent, HATU (1.2 eq.), were stirred

in a minimal volume of anhydrous DMF (3-4 mL). To this was added an excess of DIPEA (2 eq.)

and the reaction was left to stir between 2 h and overnight and ceased upon complete consumption

of the amine which was determined via LCMS. The mixture was then diluted with a sat. NaHCO3

and H2O solution (1:1) which was ten times the volume of DMF added to the reaction and left to

stir for 30 min. The resulting precipitate was filtered and washed, or if precipitation had not

occurred, the product was extracted from the aqueous using EtOAc (3 × 20 mL). Any further

purification was as specified.
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General Procedure D (Synthesis of Methoxy-Substituted Derivatives): To a solution of the

methoxy-substituted indole-2-carboxylic acid (1 eq.) in DMF (5 mL) was added N,N-

diisopropylethylamine (1.2 eq.) under N2 at rt. BOP (1.1 eq.) was then added, and the reaction left

to stir for 5-10 min. 2-(2-((trans)-4-Aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-

carbonitrile (1.2 eq.) was then added slowly, and after 16 h the solvent was removed in vacuo and

the resulting residue dissolved in DCM (20 mL) and partitioned between NaHCO3 (30 mL). The

aqueous phase was further extracted with 3 × 10 mL portions of DCM. The organic layers were

then collected and washed with H2O (30 mL), brine (30 mL), dried over anhydrous Na2SO4,

filtered and concentrated to give the crude product. To remove excess HMPA, the crude product

was dissolved in EtOAc and washed with 3 × 20 mL portions of 2 M brine. Purification of the

product was achieved via column chromatography (2:98 MeOH:CHCl3).

Ethyl 2-((trans)-4-((tert-butoxycarbonyl)amino)cyclohexyl)acetate (4).5

Refer to compound 42 in Chapter 2.

tert-Butyl ((trans)-4-(2-oxoethyl)cyclohexyl)carbamate (5)5

Refer to compound 43 in Chapter 2.

Ethyl 2-((trans)-4-((tert-butoxycarbonyl)(methyl)amino)cyclohexyl)acetate (6).5

Following a modified procedure by Shonberg et al.,5 ethyl 2-((trans)-4-((tert-

butoxycarbonyl)amino)cyclohexyl)acetate (635 mg, 2.23 mmol) was taken up in dry DMF (16 mL)

and cooled to 0 °C. To the stirred solution was added sodium hydride (60% dipersion in mineral



Chapter 3: Probing Allostery at the Dopamine D2 Receptor

132

oil) (890 mg, 22.3 mmol). After 30 min stirring, iodomethane (4.16 mL, 66.8 mmol) was slowly

added and the mixture was allowed to warm to rt. After 4 d, the reaction appeared yellow in colour

and was diluted with H2O (60 mL) and the product extracted into EtOAc (2 × 60 mL), the

combined organic extracts were washed with brine and dried over anhydrous Na2SO4 and

evaporated to dryness. The product was then purified using flash column chromatography (1:99

MeOH:DCM) to give the title compound as a pale yellow oil in quantitative yield (667 mg). 1H

NMR (401 MHz, CDCl3) δ 4.12 (q, J = 7.1 Hz, 2H), 4.01 – 3.60 (m, 1H), 2.71 (s, 3H), 2.18 (d, J

= 7.0 Hz, 2H), 1.82 (d, J = 13.0 Hz, 2H), 1.76 – 1.64 (m, 3H), 1.49 – 1.40 (m, 9H), 1.31 – 1.20

(m, 4H), 1.11 (d, J = 11.3 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 173.0 (C), 155.8 (C), 79.3 (C), 

60.4 (CH2), 41.7 (CH2), 34.3 (CH), 32.2 (CH2), 29.9 (CH2), 28.7 (CH3), 28.4 (CH3), 14.4 (CH3).

NOTE: One methine signal could not be observed due to signal broadening.

tert-Butyl methyl((trans)-4-(2-oxoethyl)cyclohexyl)carbamate (7).5

Following the same procedure outlined for tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate the product was obtained as a pale yellow oil (216 mg, 97%). 1H

NMR (CDCl3) δ 9.76 (t, J = 2.0 Hz, 1H), 4.07 - 3.58 (m, 1H), 2.72 (s, 3H), 2.38 - 2.23 (m, 2H),

1.81 (m, 2H), 1.74 – 1.56 (m, 3H), 1.54 – 1.38 (m, 12H), 1.21 – 1.06 (m, 2H).13C NMR (CDCl3)

δ 202.2 (CH), 149.4 (C), 79.3 (C), 50.8 (CH2), 46.8 (CH), 38.8 (CH), 32.2 (CH2), 31.8 (CH3), 29.6

(CH2), 28.5 (CH3).

tert-Butyl ((trans)-4-(2-(3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)carbamate (8a).5

Using 1,2,3,4-tetrahydroisoquinoline as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed to furnish the

product as a pale yellow oil (77.2 mg, 35%). 1H NMR (CDCl3) δ 7.08 – 6.91 (m, 4H), 4.31 (br s, 

1H), 3.54 (s, 2H), 3.30 (br s, 1H), 2.83 (t, J = 5.9 Hz, 2H), 2.65 (t, J = 5.9 Hz, 2H), 2.45 (m, 2H),
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1.96 – 1.68 (m, 4H), 1.49 – 1.26 (m, 11H), 1.20 (m, 1H), 1.08 – 0.86 (m, 4H). 13C NMR (CDCl3)

δ 155.3 (C), 134.7 (C), 134.3 (C), 128.6 (CH), 126.6 (CH), 126.1 (CH), 125.6 (CH), 79.0 (C), 56.3 

(CH2), 56.2 (CH2), 51.0 (CH2), 49.9 (CH), 35.3 (CH), 34.1 (CH2), 33.5 (CH2), 32.0 (CH2), 29.0

(CH2), 28.5 (CH3). LCMS (m/z): [M+H]+ 359.3.

tert-Butyl ((trans)-4-(2-(7-cyano-3,4-dihydroisoquinolin-2(1H)-

yl)ethyl)cyclohexyl)carbamate (8b).5

Using 1,2,3,4-tetrahydroisoquinoline-7-carbonitrile as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed. The resultant

product obtained was a pale yellow solid (175 mg, 73%). 1H NMR (CDCl3) δ 7.33 (app dd, J =

7.9, 1.5 Hz, 1H), 7.25 (br s, 1H), 7.13 – 7.11 (d, J = 8.0, 1H), 4.31 (br s, 1H), 3.55 (s, 2H), 3.31

(br s, 1H), 2.88 (app t, J = 5.7 Hz, 2H), 2.67 (app t, J = 5.8 Hz, 2H), 2.47 (app t, J = 8.0 Hz, 2H),

1.96 – 1.86 (m, 2H), 1.75 – 1.66 (m, 2H), 1.46 – 1.33 (m, 11H), 1.21 – 1.17 (m, 1H), 1.06 – 1.00

(m, 4H); 13C NMR (CDCl3) δ 155.3 (C), 140.3 (C), 136.1 (C), 130.4 (CH), 129.6 (CH), 129.5 

(CH), 119.1 (C), 109.4 (C), 79.1 (C), 56.1 (CH2), 55.5 (CH2), 50.2 (CH2), 49.8 (CH), 35.2 (CH),

33.9 (CH2), 33.4 (CH2), 32.0 (CH2), 29.3 (CH2), 28.4 (CH3). LCMS (m/z): [M+H]+ 384.3.

(trans)-4-(2-(3,4-Dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexan-1-amine (9a).5

Using tert-butyl ((trans)-4-(2-(3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)carbamate as

the protected amine, general procedure B was followed to furnish an oil in quantitative yields (50.0

mg). 1H NMR (CDCl3) δ 7.13 – 6.98 (m, 4H), 3.61 (s, 2H), 2.90 (t, J = 5.9 Hz, 2H), 2.71 (t, J =

5.9 Hz, 2H), 2.66 – 2.46 (m, 3H), 1.93 – 1.72 (m, 4H), 1.64 – 1.40 (m, 5H), 1.17 – 0.93 (m, 4H).

13C NMR (CDCl3) δ 134.9 (C), 134.4 (C), 128.6 (CH), 126.6 (CH), 126.1 (CH), 125.6 (CH), 56.5 

(CH2), 56.3 (CH2), 51.1 (CH2), 50.8 (CH), 36.7 (CH2), 35.5 (CH), 34.3 (CH2), 32.2 (CH2), 29.1

(CH2). LCMS (m/z): [M+H]+ 259.3.
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2-(2-((trans)-4-Aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile (9b).5

Using tert-butyl ((trans)-4-(2-(7-cyano-3,4-dihydroisoquinolin-2(1H)-

yl)ethyl)cyclohexyl)carbamate as the protected amine, general procedure B was followed to garner

the product as a yellow oil (135 mg, 94%). 1H NMR (CDCl3) δ 7.41 (dd, J = 7.9 Hz, 1.6 Hz, 1H),

7.20 (app d, J = 7.9 Hz, 1H), 7.20 (d, J = 7.9 Hz, 1H), 3.61 (s, 2H), 3.30 (br s, 2H), 2.95 (t, J =

5.8 Hz, 2H), 2.73 (t, J = 5.9 Hz, 3H), 2.54 (m, 2H), 1.86 (m, 4H), 1.54 – 1.43 (m, 2H), 1.35 – 0.90

(m, 5H). 13C NMR (CDCl3) δ 140.4 (C), 136.4 (C), 130.4 (CH), 129.6 (CH), 129.5 (CH), 119.2 

(C), 109.3 (C), 56.1 (CH2), 55.63 (CH2), 50.7 (CH), 50.3 (CH2), 35.1 (CH), 35.0 (CH2), 34.1 (CH2),

31.8 (CH2), 29. 5 (CH2). LCMS (m/z): [M+H]+ 284.2.

tert-Butyl ((trans)-4-(2-(7-cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)(methyl)

carbamate (10).5

Using 1,2,3,4-tetrahydroisoquinoline-7-carbonitrile as the amine and tert-butyl methyl((trans)-4-

(2-oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed to give the

title compound as a yellow oil (234 mg, 70%). 1H NMR (CDCl3) δ 7.39 (d, J = 7.9 Hz, 1H), 7.32

(s, 1H), 7.19 (d, J = 7.9 Hz, 1H), 4.08 – 3.74 (m, 1H), 3.61 (s, 2H), 2.94 (t, J = 5.8 Hz, 2H), 2.77

– 2.67 (m, 6H), 2.56 – 2.49 (m, 2H), 1.84 (m, 2H), 1.68 (m, 2H), 1.54 – 1.41 (m, 12H), 1.32 –

1.21 (m, 2H), 1.09 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 155.7 (C), 140.4 (C), 136.4 (C), 130.4 

(CH), 129.6 (CH), 129.5 (CH), 119.2 (C), 109.4 (C), 79.2 (C), 56.1 (CH2), 55.6 (CH2), 50.3 (CH2),

45.3 (CH), 39.7 (CH2), 35.3 (CH3), 34.1 (CH2), 33.5 (CH), 32.4 (CH2), 29.5 (CH2), 28.6 (CH3).

LCMS (m/z): [M+H]+ 398.3.
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2-(2-((trans)-4-(Methylamino)cyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-

carbonitrile (11).5

Using tert- butyl((trans)-4-(2-(7-cyano-3,4-dihydroisoquinolin-2(1H)-

yl)ethyl)cyclohexyl)(methyl) carbamate as the protected amine, general procedure B was followed

to furnish the product as a yellow oil in quantitative yield. 1H NMR (CDCl3) δ 7.37 (dd, J = 7.9,

1.5 Hz, 1H), 7.31 (d, J = 1.0 Hz, 1H), 7.18 (d, J = 7.9 Hz, 1H), 3.60 (s, 2H), 2.97 – 2.89 (m, 2H),

2.72 (t, J = 5.9 Hz, 2H), 2.57 – 2.48 (m, 2H), 2.43 (s, 3H), 2.40 – 2.28 (m, 1H), 2.02 – 1.91 (m,

2H), 1.87 – 1.73 (m, 2H), 1.54 – 1.44 (m, 3H), 1.17 – 0.92 (m, 5H). 13C NMR (101 MHz, CDCl3)

δ 140.2 (C), 136.3 (C), 130.1 (CH), 129.3 (CH), 129.2 (CH), 118.9 (C), 109.1 (C), 58.4 (CH), 56.0 

(CH2), 55.4 (CH2), 50.3 (CH2), 35.3 (CH), 34.0 (CH2), 33.1 (CH3), 32.3 (CH2), 31.6 (CH2), 29.2

(CH2). LCMS (m/z): [M+H]+ 298.2.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-4-fluoro-1H-

indole-2-carboxamide (12a).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(126 mg, 444 µmol) as the amine and 4-fluoro-1H-indole-2-carboxylic acid (95.5 mg, 533 µmol)

as the acid, general procedure C was followed. The resultant precipitate was then recrystallised

via hot filtration in a mixture of MeOH and H2O to yield the product (111 mg, 56%). 1H NMR

(CDCl3) δ 9.59 (br s, 1H), 7.41 (dd, J = 7.9, 1.5 Hz, 1H), 7.33 (s, 1H), 7.23 – 7.16 (m, 3H), 6.89

(d, J = 1.7 Hz, 1H), 6.80 (ddd, J = 10.2, 6.9, 1.5 Hz, 1H), 6.02 (d, J = 8.2 Hz, 1H), 4.01 – 3.88

(m, 1H), 3.63 (s, 2H), 2.96 (t, J = 5.7 Hz, 2H), 2.75 (t, J = 5.9 Hz, 2H), 2.58 (d, J = 9.8 Hz, 2H),

2.13 (d, J = 9.8 Hz, 2H), 1.88 (d, J = 12.3 Hz, 2H), 1.54 (m, 2H), 1.42 – 1.06 (m, 5H). 13C NMR

(d6-DMSO) δ 160.1 (C), 156.6 (d, 1JCF = 245.5 Hz, C), 141.2 (C), 139.3 (d, 3JCF = 10.9 Hz, C),

137.2 (C), 132.9 (C), 130.8 (CH), 130.1 (CH), 129.9 (CH), 124.1 (d, 4JCF = 4.1 Hz, CH), 119.6

(C), 116.7 (d, 2JCF = 22.0 Hz, C), 109.3 (CH), 108.6 (C), 104.3 (d, 2JCF = 18.1 Hz, CH), 98.4 (CH),
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55.8 (CH2), 55.3 (CH2), 50.3 (CH2), 48.7 (CH), 35.2 (CH), 34.1 (CH2), 32.7 (CH2), 32.2 (CH2),

29.4 (CH2). HPLC: tR 6.36 min, >95% purity. HRMS (m/z): C27H30FN4O requires [M+H]+

445.2398; found 445.2404.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-5-fluoro-1H-

indole-2-carboxamide (12b).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(126 mg, 444 µmol) as the amine and 5-fluoro-1H-indole-2-carboxylic acid (95.5 mg, 533 µmol)

as the acid, general procedure C was followed. The resultant precipitate was then recrystallised

via hot filtration in a mixture of MeOH and H2O to yield the product (103 mg, 52%). 1H NMR

(d6-DMSO) δ 11.62 (s, 1H), 8.25 (d, J = 8.1 Hz, 1H), 7.62 – 7.52 (m, 2H), 7.43 – 7.34 (m, 2H),

7.31 (d, J = 8.4 Hz, 1H), 7.13 (d, J = 1.5 Hz, 1H), 7.02 (td, J = 9.4, 2.6 Hz, 1H), 3.83 – 3.69 (m,

1H), 3.57 (s, 2H), 2.88 (t, J = 5.6 Hz, 2H), 2.66 (t, J = 5.8 Hz, 2H), 2.51 – 2.45 (m, 2H), 1.84 (m,

4H), 1.54 – 1.22 (m, 5H), 1.06 (m, 2H). 13C NMR (d6-DMSO) δ 160.3 (C), 157.6 (d, 1JCF = 232.3

Hz, C), 141.2 (C), 137.2 (C), 134.2 (C), 133.5 (C), 130.8 (CH), 130.1 (CH), 129.9 (CH), 127.6 (d,

3JCF = 10.5 Hz, C), 119.6 (C), 113.9 (d, 3JCF = 9.8 Hz, CH), 112.1 (CH), 108.6 (C), 106.0 (d, 2JCF

= 23.1 Hz, CH), 102.9 (d, 4JCF = 4.7 Hz, CH), 55.8 (CH2), 55.3 (CH2), 50.3 (CH2), 48.7 (CH), 35.2

(CH), 34.1 (CH2), 32.7 (CH2), 32.2 (CH2), 29.4 (CH2). HPLC: tR 6.36 min, >95% purity. HRMS

(m/z): C27H30FN4O requires [M+H]+ 445.2398; found 445.2404.
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N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-6-fluoro-1H-

indole-2-carboxamide (12c).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(126 mg, 444 µmol) as the amine and 6-fluoro-1H-indole-2-carboxylic acid (95.5 mg, 533 µmol)

as the acid, general procedure C was followed. The resultant precipitate was then recrystallised

via hot filtration in a mixture of MeOH and H2O to yield the product (58.2 mg, 30%). 1H NMR

(d6-DMSO) δ 11.59 (s, 1H), 8.20 (d, J = 8.1 Hz, 1H), 7.60 (m, 3H), 7.31 (d, J = 8.4 Hz, 1H), 7.22

– 7.06 (m, 2H), 7.06 – 6.83 (m, 1H), 3.88 – 3.68 (m, 1H), 3.57 (s, 2H), 2.88 (t, J = 5.6 Hz, 2H),

2.66 (t, J = 5.8 Hz, 2H), 2.52 – 2.38 (m, 2H), 1.95 – 1.73 (m, 4H), 1.58 – 1.27 (m, 5H), 1.06 (d, J

= 12.6 Hz, 2H). 13C NMR (d6-DMSO) δ 160.4 (C), 160.2 (d, 1JCF = 237.1 Hz, C), 141.1 (C), 137.2

(C), 136.7 (d, 3JCF = 12.9 Hz, C), 133.3 (d, 3JCF = 3.6 Hz, C), 130.8 (CH), 130.1 (CH), 129.9 (CH),

124.4 (C), 123.3 (d, 3JCF = 10.3 Hz, CH), 119.6 (C), 109.1 (d, 2JCF = 24.8 Hz, CH), 108.6 (C),

103.1 (CH), 98.2 (d, 2JCF = 25.6 Hz, CH), 55.8 (CH2), 55.3 (CH2), 50.3 (CH2), 48.7 (CH), 35.2

(CH), 34.1 (CH2), 32.8 (CH2), 32.2 (CH2), 29.4 (CH2). HPLC: tR 6.39 min, >95% purity. HRMS

(m/z): C27H30FN4O requires [M+H]+ 445.2398; found 445.2405.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-7-fluoro-1H-

indole-2-carboxamide (12d).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(126 mg, 444 µmol) as the amine and 7-fluoro-1H-indole-2-carboxylic acid (95.5 mg, 533 µmol)

as the acid, general procedure C was followed. The resultant solid was then recrystallised via hot

filtration in a mixture of MeOH and H2O to yield the product (112 mg, 57%). 1H NMR (d6-DMSO)

δ 11.95 (s, 1H), 8.22 (d, J = 7.9 Hz, 1H), 7.59 – 7.54 (m, 2H), 7.45 – 7.40 (m, 1H), 7.31 (d, J =
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8.4 Hz, 1H), 7.19 (d, J = 2.5 Hz, 1H), 7.04 – 6.96 (m, 2H), 3.75 (m, 1H), 3.57 (s, 2H), 2.88 (t, J =

5.6 Hz, 2H), 2.66 (t, J = 5.8 Hz, 2H), 2.55 – 2.44 (m, 2H), 1.96 – 1.75 (m, 4H), 1.45 (dd, J = 14.5,

6.8 Hz, 2H), 1.40 – 1.23 (m, 3H), 1.14 – 0.96 (m, 2H). 13C NMR (d6-DMSO) δ 160.0 (C), 149.7 

(d, 1JCF = 245.1 Hz, C), 141.2 (C), 137.2 (C), 134.0 (C), 131.3 (d, 3JCF = 5.7 Hz, C), 130.8 (CH),

130.1 (CH), 129.9 (CH), 125.0 (d, 2JCF = 13.4 Hz, C), 120.4 (d, 3JCF = 6.0 Hz, CH), 119.6 (C),

118.0 (d, 3JCF = 3.4 Hz, CH), 108.6 (C), 108.3 (d, 3JCF = 16.2 Hz, CH), 104.6 (CH), 55.8 (CH2),

55.3 (CH2), 50.3 (CH2), 48.8 (CH), 35.2 (CH), 34.0 (CH2), 32.7 (CH2), 32.1 (CH2), 29.4

(CH2).HPLC: tR 6.36 min, >95% purity. HRMS (m/z): C27H30FN4O requires [M+H]+ 445.2398;

found 445.2405.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-4-methoxy-1H-

indole-2-carboxamide (13a).

Following general procedure D, using 4-methoxy-1H-indole-2-carboxylic acid (35 mg,

0.18 mmol), gave the product as a beige solid (47 mg, 56%). 1H NMR (d6-DMSO) δ 11.50 (d, J =

1.7 Hz, 1H) 8.13 (d, J = 8.1 Hz, 1H), 7.57 – 7.56 (m, 2H), 7.31 (d, J = 8.4 Hz, 1H), 7.24 (m, 1H),

7.09 – 6.99 (m, 2H), 6.49 (d, J = 7.4 Hz, 1H), 3.87 (s, 3H), 3.74 (m, 1H), 3.58 (s, 2H), 2.88 (m,

2H), 2.67 (m, 2H), 2.48 (m, 2H), 1.88 – 1.79 (m, 4H), 1.45 (dd, J = 14.4, 6.8 Hz, 2H), 1.34 – 1.28

(m, 3H), 1.06 (m, 2H). 13C NMR (d6-DMSO) δ 160.1 (C), 153.6 (C), 140.6 (C), 137.7 (C), 136.7 

(C), 130.6 (C), 130.4 (CH), 129.7 (CH), 129.5 (CH), 124.1 (CH), 119.1 (C), 118.1 (C), 108.2 (C),

105.4 (CH), 100.1 (CH), 99.2 (CH), 55.3 (CH2), 55.0 (CH3), 54.8 (CH2), 49.8 (CH2), 48.2 (CH),

34.7 (CH), 33.6 (CH2), 32.3 (CH2), 31.7 (CH2), 28.9 (CH2). HPLC: tR 6.32 min, >99% purity.

HRMS (m/z): C28H33N4O2 requires [M+H]+ 457.2604; found 457.2614.
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N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-5-methoxy-1H-

indole-2-carboxamide (13b).

Following general procedure D, using 5-methoxy-1H-indole-2-carboxylic acid (29 mg, 0.15 mmol)

gave the product as a white solid (39 mg, 56%). 1H NMR (d6-DMSO) δ 11.35 (d, J = 1.7 Hz, 1H),

8.13 (d, J = 8.1 Hz, 1H), 7.56 – 7.57 (m, 2H), 7.31 (d, J = 9.0 Hz, 2H), 7.06 – 7.04 (m, 2H), 6.82

(dd, J = 8.9, 2.5 Hz, 1H), 3.75 (s, 3H), 3.74 (m, 1H), 3.58 (s, 2H), 2.88 (m, 2H), 2.67 (m, 2H),

2.48 (m, 2H), 1.89 – 1.80 (m, 4H), 1.44 (dd, J = 14.5, 6.8 Hz, 2H), 1.28 – 1.37 (m, 3H), 1.06 (m,

2H). 13C NMR (d6-DMSO) δ 160.2 (C), 153.7 (C), 140.7 (C), 136.7 (C), 132.3 (C), 131.6 (C), 

130.4 (CH), 129.7 (CH), 129.4 (CH), 127.4 (C), 119.1 (C), 114.2 (CH), 113.1 (CH), 108.2 (C),

102.2 (CH), 101.9 (CH), 55.4 (CH2), 55.3 (CH3), 54.8 (CH2), 49.8 (CH2), 48.2 (CH), 34.8 (CH),

33.6 (CH2), 32.3 (CH2), 31.7 (CH2), 28.9 (CH2). HPLC: tR 5.98 min, >99% purity.

HRMS (m/z): C28H33N4O2 requires [M+H]+ 457.2604; found 457.2620.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-6-methoxy-1H-

indole-2-carboxamide (13c).

Following general procedure D, using 6-methoxy-1H-indole-2-carboxylic acid (35 mg, 0.18 mmol)

gave the product as a white solid (40 mg, 47%). 1H NMR (d6-DMSO) δ 11.32 (d, J = 1.6 Hz, 1H) ,

8.06 (d, J = 8.1 Hz, 1H), 7.57 – 7.56 (m, 2H), 7.46 (d, J = 8.7 Hz, 1H), 7.31 (d, J = 8.4 Hz, 1H),

7.07 (d, J = 1.5 Hz, 1H), 6.88 (d, J = 2.2 Hz, 1H), 6.68 (dd, J = 8.7, 2.3 Hz, 1H), 3.76 (s, 3H),

3.74 (m, 1H), 3.57 (s, 2H), 2.88 (m, 2H), 2.66 (m, 2H), 2.48 (m, 2H), 1.88 – 1.79 (m, 4H), 1.45

(dd, J = 14.4, 6.8 Hz, 2H), 1.35 – 1.29 (m, 3H), 1.07 (m, 2H). 13C NMR (d6-DMSO) δ 160.3 (C), 

156.9 (C), 140.7 (C), 137.3 (C), 136.7 (C), 130.9 (C), 130.4 (CH), 129.7 (CH), 129.4 (CH), 122.2

(CH), 121.3 (C), 119.1 (C), 110.8 (CH), 108.2 (C), 102.7 (CH), 94.2 (CH), 55.4 (CH2), 55.1 (CH3),

54.8 (CH2), 49.8 (CH2), 48.1 (CH), 34.8 (CH), 33.6 (CH2), 32.4 (CH2), 31.8 (CH2), 28.9 (CH2).

HPLC: tR 6.25 min, 93% purity. HRMS (m/z): C28H32N4O2 requires [M+H]+ 457.2604; found

457.2606.
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N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-7-methoxy-1H-

indole-2-carboxamide (13d).

Following general procedure D, using 7-methoxy-1H-indole-2-carboxylic acid (30 mg, 0.16 mmol)

gave the product as pale yellow solid (53 mg, 74%). 1H NMR (CDCl3) δ  9.34 (s, 1H), 7.43 (dd, J

= 7.9, 1.6 Hz, 1H), 7.35 (m, 1H), 7.23 (t, J = 7.6 Hz, 2H), 7.06 (t, J = 7.9 Hz, 1H), 6.81 (d, J =

2.3 Hz, 1H), 6.71 (d, J = 7.3 Hz, 1H), 6.05 (d, J = 8.2 Hz, 1H), 3.96 (m, 1H), 3.97 (s, 3H), 3.69

(s, 2H), 3.00 (m, 2H), 2.81 (m, 2H), 2.61 (m, 2H), 2.13 (m, 2H), 1.87 (m, 2H), 1.57 (dd, J = 15.1,

6.8 Hz, 2H), 1.35 (m, 1H), 1.30 – 1.16 (m, 4H). 13C NMR (CDCl3) δ 160.7 (C), 146.7 (C), 140.3 

(C), 136.1 (C), 130.8 (C), 130.5 (CH), 129.9 (CH), 129.7 (CH), 128.9 (C), 127.4 (C), 121.2 (C),

119.2 (C), 114.2 (CH), 109.7 (C), 103.6 (CH), 102.3 (CH), 56.03 (CH2), 55.5 (CH3), 55.4 (CH2),

50.2 (CH2), 48.9 (CH), 35.3 (CH), 33.8 (CH2), 33.2 (CH2), 32.0 (CH2), 29.2 (CH2). HPLC: tR 6.39

min, 94% purity. HRMS (m/z): C28H33N4O requires [M+H]+ 457.2604; found 457.2602.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-1H-

pyrrolo[2,3-c]pyridine-2-carboxamide (14a).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(29.2 mg, 103 µmol) as the amine and 1H-pyrrolo[2,3-c]pyridine- 2-carboxylic acid (33.4 mg,

206 µmol) as the acid, general procedure C was followed. Prior to work up and purification, a

small amount of precipitate was noted, this was filtered under vacuum and discarded. The filtrate

was washed as per general procedure C. The mixture was then extracted using EtOAc, washed

with H2O (2 × 20 mL) and brine (20 mL) and dried over anhydrous Na2SO4. The mixture was then

evaporated to dryness and purified by flash chromatography (1:9 MeOH:DCM) to produce the

title compound as an off-white, oily residue (18 mg, 41%). 1H NMR (MeOD) δ 8.75 (br s, 1H,), 

8.08 (br s, 1H), 7.63 (m, 1H), 7.46 (m, 2H), 7.28 (d, J = 8.5 Hz, 1H), 7.12 (s, 1H), 3.85 (m, 1H),

3.73 (s, 2H), 2.98 (m, 2H), 2.90 – 2.80 (m, 2H), 2.64 (m, 2H), 2.02 – 1.81 (m, 4H), 1.63 – 1.51
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(m, 2H), 1.51 – 1.28 (m, 3H), 1.28 – 1.05 (m, 2H). 13C NMR (MeOD) δ 210.5 (C), 162.2 (C), 

141.3 (C), 138.2 (CH), 137.4 (C), 136.7 (C), 136.0 (CH), 134.2 (C), 131.7 (CH), 131.1 (CH),

130.9 (CH), 119.9 (C), 110.7 (C), 102.9 (CH), 57.0 (CH2), 56.0 (CH2), 51.3 (CH2), 50.6 (CH),

36.6 (CH), 34.4 (CH2), 33.4 (CH2), 33.1 (CH2), 30.7 (CH), 29.5 (CH2). HPLC: tR 4.45 min, >95%

purity. HRMS (m/z): C26H30N5O requires [M+H]+ 428.2445; found 428.2457.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)pyrazolo[1,5-

a]pyridine-2-carboxamide (14b).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile (75.0

mg, 265 µmol) as the amine and pyrazolo[1,5-a]pyridine-2-carboxylic acid (51.5 mg, 318 µmol)

as the acid, general procedure C was followed. The resultant precipitate was recrystallised from a

mixture of MeOH and H2O to furnish the title compound as an amorphous solid (55.4 mg, 49%).

1H NMR (CDCl3) δ 8.38 (dd, J = 7.0, 0.8 Hz, 1H), 7.59 (app d, J = 8.9 Hz, 1H), 7.40 (app d, J =

7.9 Hz, 1H), 7.33 (app s, 1H), 7.19 (d, J = 7.9 Hz, 1H), 7.14 (m, 1H), 7.06 (s, 1H), 6.93 (d, J =

8.4 Hz, 1H), 6.85 (td, J = 7.0, 1.3 Hz, 1H), 4.07 – 3.85 (m, 1H), 3.62 (s, 2H), 2.95 (t, J = 5.8 Hz,

2H), 2.74 (t, J = 5.9 Hz, 2H), 2.67 – 2.49 (m, 2H), 2.13 (app d, J = 9.7 Hz, 2H), 1.86 (app d, J =

12.0 Hz, 2H), 1.53 (m, 2H), 1.42 – 1.04 (m, 5H). 13C NMR (CDCl3) δ 161.3 (C), 148.2 (C), 141.4 

(C), 140.4 (C), 136.4 (C), 130.4 (CH), 129.6 (CH), 129.5 (CH), 128.4 (CH), 123.7 (CH), 119.3

(CH), 119.2 (C), 113.6 (CH), 109.4 (C), 98.0 (CH), 56.1 (CH2), 55.7 (CH2), 50.3 (CH2), 48.4 (CH),

35.3 (CH), 34.1 (CH2), 33.0 (CH2), 31.9 (CH2), 29.5 (CH2). HPLC: tR 5.05 min, >95% purity.

HRMS (m/z): C26H30N5O requires [M+H]+ 428.2445; found 428.2449.
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N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-4H-thieno[3,2-

b]pyrrole-5-carboxamide (14c).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(118 mg, 416 µmol) as the amine and 4H-thieno[3,2-b]pyrrole-5-carboxylic acid (83.5 mg,

500 µmol) as the acid, general procedure C was followed. The resultant precipitate was

recrystallised from a mixture of MeOH and H2O to furnish a solid (11.4 mg, 6%). 1H NMR (CDCl3)

δ 9.39 (s, 1H), 7.43 (dd, J = 7.9, 1.6 Hz, 1H), 7.35 (app s, 1H), 7.26 (d, J = 5.3 Hz, 1H), 7.22 (d,

J = 7.9 Hz, 1H), 6.99 (dd, J = 5.3, 0.6 Hz, 1H), 6.75 (dd, J = 1.9, 0.6 Hz, 1H), 5.76 (d, J = 8.1

Hz, 1H), 4.02 – 3.85 (m, 1H), 3.64 (s, 2H), 2.98 (t, J = 5.8 Hz, 2H), 2.76 (t, J = 5.9 Hz, 2H), 2.61

– 2.55 (m, 2H), 2.12 (m, 2H), 1.90 (m, 2H), 1.55 (m, 2H), 1.31 – 1.10 (m, 5H). 13C NMR (CDCl3)

δ 187.4 (C), 160.5 (C), 140.3 (C), 140.1 (C), 136.3 (C), 130.4 (CH), 129.6 (CH), 129.5 (CH), 

127.8 (CH), 124.5 (C), 119.1 (C), 111.3 (CH), 109.4 (C), 100.8 (CH), 56.1 (CH2), 55.6 (CH2),

50.3 (CH2), 48.8 (CH), 35.3 (CH), 34.0 (CH2), 33.2 (CH2), 31.9 (CH2), 29.5 (CH2). HPLC: tR 5.93

min, >95% purity. HRMS (m/z): C25H29N4OS requires [M+H]+ 433.2057; found 433.2062.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-1H-indole-3-

carboxamide (15a).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(126 mg, 445 µmol) as the amine and 1H-indole-3-carboxylic acid (86.0 mg, 534 µmol) as the

acid, general procedure C was followed. The resultant precipitate was recrystallised via hot

filtration from a mixture of MeOH and H2O to yield the product (97.0 mg, 51%). 1H NMR (d6-

DMSO) δ 11.49 (s, 1H), 8.12 (d, J = 7.9 Hz, 1H), 8.01 (d, J = 2.6 Hz, 1H), 7.57 (m, 3H), 7.40 (d,

J = 7.7 Hz, 1H), 7.31 (d, J = 8.3 Hz, 1H), 7.10 (m, 2H), 3.82 – 3.64 (m, 1H), 3.57 (s, 2H), 2.87 (t,

J = 5.3 Hz, 2H), 2.66 (t, J = 5.7 Hz, 2H), 2.49 (m, 2H), 1.95 – 1.73 (m, 4H), 1.45 (m, 2H), 1.38 –
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1.18 (m, 3H), 1.05 (m, 2H). 13C NMR (d6-DMSO) δ 164.2 (C), 141.2 (C), 137.2 (C), 136.5 (C), 

130.8 (CH), 130.1 (CH), 129.9 (CH), 127.8 (CH), 126.8 (C), 122.2 (CH), 121.6 (CH), 120.6 (CH),

119.6 (C), 112.1 (CH), 111.3 (C), 108.6 (C), 55.8 (CH2), 55.3 (CH2), 50.3 (CH2), 48.1 (CH), 35.3

(CH), 34.1 (CH2), 33.1 (CH2), 32.4 (CH2), 29.4 (CH2). HPLC: tR 5.58 min, >95% purity. HRMS

(m/z): C27H31N4O requires [M+H]+ 427.2492; found 427.2497.

N-((trans)-4-(2-(7-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-1H-

pyrrolo[2,3-b]pyridine-3-carboxamide (15b)

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(162 mg, 573 µmol) as the amine and 1H-pyrrolo[2,3-b]pyridine-3-carboxylic acid (112 mg, 688

µmol) as the acid, general procedure C was followed. The resultant precipitate was recrystallised

via hot filtration from a mixture of MeOH and H2O to furnish an off-white solid (84.5 mg, 35%).

1H NMR (d6-DMSO) δ 12.01 (s, 1H), 8.43 (dd, J = 7.9, 1.6 Hz, 1H), 8.25 (dd, J = 4.6, 1.6 Hz,

1H), 8.16 (s, 1H), 7.73 (d, J = 7.9 Hz, 1H), 7.56 (m, 2H), 7.31 (d, J = 8.4 Hz, 1H), 7.15 (dd, J =

7.9, 4.7 Hz, 1H), 3.82 – 3.66 (m, 1H), 3.57 (s, 2H), 2.88 (t, J = 5.6 Hz, 2H), 2.66 (t, J = 5.8 Hz,

2H), 2.50 – 2.44 (m, 2H), 1.85 (m, 4H), 1.36 m, 5H), 1.05 (m, 2H). 13C NMR (d6-DMSO) δ 163.6 

(C), 148.8 (C), 143.8 (CH), 141.2 (C), 137.2 (C), 130.8 (CH), 130.1 (CH), 129.9 (CH), 129.7 (CH),

128.2 (CH), 119.6 (C), 119.1 (C), 117.2 (CH), 110.1 (C), 108.6 (C), 55.82 (CH2), 55.3 (CH2), 50.3

(CH2), 48.2 (CH), 35.3 (CH), 34.1 (CH2), 33.1 (CH2), 32.3 (CH2), 29.4 (CH2). HPLC: tR 4.88

min, >95% purity. HRMS (m/z): C26H30N5O requires [M+H]+ 428.2445; found 428.2453.
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2-(2-((trans)-4-(1H-Pyrrolo[2,3-c]pyridine-3-carboxamido)cyclohexyl)ethyl)-7-cyano-

1,2,3,4-tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (15c).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(184 mg, 649 µmol) as the amine and 1H-pyrrolo[2,3-c]pyridine-3-carboxylic acid (126 mg,

778 µmol), general procedure C was followed. The resultant precipitate purified via preparative

HPLC to furnish the product salt as an off-white solid (86.3 mg, 25%). 1H NMR (MeOD) δ 9.17 

(s, 1H), 8.76 (s, 1H), 8.63 (d, J = 6.4 Hz, 1H), 8.35 (d, J = 6.5 Hz, 1H), 7.67 – 7.59 (m, 2H), 7.49

– 7.41 (m, 1H), 4.75 – 4.32 (m, 3H), 3.98 – 3.85 (m, 1H), 3.76 – 3.50 (m, 2H), 3.43 – 3.34 (m,

2H), 3.33 – 3.20 (m, 1H), 2.15 – 2.02 (m, 2H), 2.00 – 1.89 (m, 2H), 1.89 – 1.75 (m, 2H), 1.55 –

1.40 (m, 3H), 1.33 – 1.12 (m, 2H). 13C NMR (MeOD) δ 163.1 (C), 138.9 (CH), 136.9 (C), 136.7 

(C), 132.0 (C), 131.3 (CH), 130.6 (CH), 129.7 (CH), 129.6 (C), 129.3 (CH), 128.0 (CH), 117.9

(CH), 117.8 (C), 112.8 (C), 110.7 (C), 54.7 (CH2), 52.0 (CH2), 49.2 (CH2), 48.6 (CH), 34.7 (CH),

31.9 (CH2), 31.3 (CH2), 30.6 (CH2), 25.4 (CH2). HPLC: tR 4.04 min, >95% purity. HRMS (m/z):

C26H30N5O requires [M+H]+ 428.2445; found 428.2450.

2-(2-((trans)-4-(1H-Pyrrolo[3,2-c]pyridine-3-carboxamido)cyclohexyl)ethyl)-7-cyano-

1,2,3,4-tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (15d).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(114 mg, 402 µmol) as the amine and 1H-pyrrolo[3,2-c]pyridine-3-carboxylic acid (78.3 mg, 483

µmol), general procedure C was followed. The resultant precipitate purified via preparative HPLC

to garner the product salt as an off-white solid (26.9 mg, 12%) 1H NMR (MeOD) δ 9.51 (s, 1H), 

8.47 – 8.40 (m, 2H), 8.03 (d, J = 6.6 Hz, 1H), 7.72 – 7.62 (m, 2H), 7.47 (d, J = 8.0 Hz, 1H), 4.53

(br s, 2H), 3.96 – 3.82 (m, 1H), 3.65 (br s, 2H), 3.40 – 3.32 (m, 3H), 3.30 – 3.26 (m, 1H), 2.01 (m,

4H), 1.85 – 1.74 (m, 2H), 1.45 (m, 3H), 1.25 (m, 2H). 13C NMR (101 MHz, MeOD) δ 162.4 (C), 
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136.8 (C), 135.9 (CH), 135.8 (C), 135.6 (CH), 132.9 (C), 131.3 (CH), 130.5 (CH), 129.7 (CH),

129.6 (C), 128.7 (CH), 117.8 (CH), 117.7 (C), 110.8 (C), 106.9 (C), 54.7 (CH2), 52.0 (CH2), 49.2

(CH2), 48.3 (CH), 34.6 (CH), 32.0 (CH2), 31.3 (CH2), 30.6 (CH2), 25.4 (CH2). HPLC: tR 4.02

min, >95% purity. HRMS (m/z): C26H30N5O requires [M+H]+ 428.2445; found 428.2448.

2-(2-((trans)-4-(1H-Pyrrolo[3,2-b]pyridine-3-carboxamido)cyclohexyl)ethyl)-7-cyano-

1,2,3,4-tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (15e).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(114 mg, 402 µmol) as the amine and 1H-pyrrolo[3,2-b]pyridine-3-carboxylic acid (78.3 mg, 483

µmol), general procedure C was followed. The resultant precipitate purified via preparative HPLC

to yield the product salt as an off-white solid (30.0 mg, 14%). 1H NMR (MeOD) δ 8.70 – 8.56 (m, 

3H), 7.76 (dd, J = 8.2, 5.9 Hz, 1H), 7.69 – 7.60 (m, 2H), 7.50 – 7.43 (m, 1H), 4.68 – 4.32 (m, 2H),

3.94 (m, 1H), 3.60 (m, 2H), 3.43 – 3.32 (m, 2H), 3.30 – 3.23 (m, 1H), 2.13 - 2.14 (m, 2H), 1.98 –

1.90 (m, 2H), 1.86 – 1.75 (m, 2H), 1.53 – 1.40 (m, 4H), 1.34 – 1.14 (m, 2H). 13C NMR (MeOD) δ 

162.4 (C), 136.8 (C), 135.9 (CH), 135.8 (C), 135.6 (CH), 132.9 (C), 131.3 (CH), 130.5 (CH),

129.7 (CH), 129.6 (C), 128.7 (CH), 117.8 (CH), 117.7 (C), 110.8 (C), 106.9 (C), 54.7 (CH2), 52.0

(CH2), 49.2 (CH2), 48.3 (CH), 34.6 (CH), 32.0 (CH2), 31.3 (CH2), 30.6 (CH2), 25.4 (CH2). HPLC:

tR 4.14 min, >95% purity. HRMS (m/z): C26H30N5O requires [M+H]+ 428.2445; found 428.2449.

7-Cyano-2-(2-((trans)-4-(pyrazolo[1,5-a]pyridine-3-carboxamido)cyclohexyl)ethyl)-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (15f).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(114 mg, 402 µmol) as the amine and pyrazolo[1,5-a]pyridine-3-carboxylic acid (78.3 mg,
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483 µmol), general procedure C was followed. The resultant precipitate purified via preparative

HPLC to furnish the product salt as an off- white solid (53.5 mg, 25%). 1H NMR (MeOD) δ 8.60 

(d, J = 7.0 Hz, 1H), 8.45 (s, 1H), 8.23 (d, J = 8.9 Hz, 1H), 7.71 – 7.62 (m, 2H), 7.51 – 7.42 (m,

2H), 7.05 (td, J = 6.9, 1.3 Hz, 1H), 4.77 – 4.27 (m, 2H), 3.99 – 3.32 (m, 6H), 3.30 – 3.23 (m, 1H),

2.10 – 1.88 (m, 4H), 1.85 – 1.72 (m, 2H), 1.53 – 1.38 (m, 3H), 1.32 – 1.13 (m, 2H). 13C NMR

(MeOD) δ 165.0 (C), 142.3 (CH), 141.9 (C), 138.1 (C), 132.7 (CH), 131.9 (CH), 131.2 (CH), 

130.9 (C), 130.1 (CH), 128.1 (CH), 120.2 (CH), 119.1 (C), 115.2 (CH), 112.2 (C), 107.9 (C), 56.2

(CH2), 53.4 (CH2), 50.7 (CH2), 49.7 (CH), 36.1 (CH), 33.4 (CH2), 32.8 (CH2), 32.0 (CH2), 26.8

(CH2). HPLC: tR 4.97 min, >95% purity. HRMS (m/z): C26H30N5O requires [M+H]+ 428.2445;

found 428.2448.

7-Cyano-2-(2-((trans)-4-(imidazo[1,2-a]pyridine-3-carboxamido)cyclohexyl)ethyl)-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (15g).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(114 mg, 402 µmol) as the amine and imidazo[1,2-a]pyridine-3-carboxylic acid (78.3 mg,

483 µmol), general procedure C was followed. The resultant precipitate purified via preparative

HPLC to obtain the product salt as an off- white solid (30.0 mg, 14%). 1H NMR (CDCl3) δ 9.52 

(m, 1H), 8.33 (br s, 1H), 7.81 – 7.62 (m, 2H), 7.60 – 7.52 (m, 2H), 7.40 – 7.35 (m, 1H), 7.21 (t, J

= 6.9 Hz, 1H), 4.58 – 4.32 (m, 2H), 3.81 (m, 1H), 3.55 (br s, 2H), 3.32 – 3.22 (m, 3H), 3.20 – 3.15

(m, 1H), 2.01 – 1.92 (m, 2H), 1.88 – 1.79 (m, 2H), 1.75 – 1.65 (m, 2H), 1.49 – 1.29 (m, 3H), 1.24

– 1.03 (m, 2H). 13C NMR (CDCl3) δ 160.9 (C), 145.6 (C), 138.3 (CH), 138.2 (C), 132.7 (CH), 

131.9 (CH), 131.8 (CH), 131.2 (CH), 130.9 (C), 119.1 (C), 118.9 (C), 116.9 (CH), 116.2 (CH),

113.8 (CH), 112.2 (C), 56.1 (CH2), 53.4 (CH2), 50.7 (CH2), 49.6 (CH), 36.0 (CH), 33.2 (CH2),

32.7 (CH2), 32.0 (CH2), 26.8 (CH2). HPLC: tR 4.27 min, >95% purity. HRMS (m/z): C26H30N5O

requires [M+H]+ 428.2445; found 428.2459.
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7-Cyano-2-(2-((trans)-4-(1-methyl-1H-pyrrole-2-carboxamido)cyclohexyl)ethyl)-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (16a).

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile

(173 mg, 611 µmol) as the amine and 1-methyl-1H-pyrrole-2-carboxylic acid (91.7 mg,

733 µmol), general procedure C was followed. The resultant precipitate was recrystallised via hot

filtration from a mixture of MeOH and H2O. The remaining impurities were removed via

preparative HPLC to afford the product salt as a white solid (36.9 mg, 12%) 1H NMR (CDCl3) δ 

7.39 (dd, J = 7.9, 1.5 Hz, 1H), 7.32 (s, 1H), 7.19 (d, J = 7.9 Hz, 1H), 6.71 – 6.68 (m, 1H), 6.49

(dd, J = 3.9, 1.7 Hz, 1H), 6.06 (dd, J = 3.9, 2.6 Hz, 1H), 5.72 (d, J = 8.1 Hz, 1H), 3.93 (s, 3H),

3.88 – 3.78 (m, 1H), 3.63 (s, 2H), 2.95 (app t, J = 5.8 Hz, 2H), 2.75 (app t, J = 5.9 Hz, 2H), 2.61

– 2.51 (m, 2H), 2.11 – 1.96 (m, 2H), 1.88 – 1.78 (m, 2H), 1.52 (m, 2H), 1.37 – 1.00 (m, 5H). 13C

NMR (CDCl3) δ 161.3 (C), 140.3 (C), 136.2 (C), 130.4 (CH), 129.6 (CH), 129.5 (CH), 127.7 (CH), 

126.1 (C), 119.1 (C), 111.0 (CH), 109.4 (C), 107.0 (CH), 56.0 (CH2), 55.5 (CH2), 50.2 (CH2), 48.4

(CH), 36.6 (CH3), 35.3 (CH), 34.0 (CH2), 33.2 (CH2), 32.0 (CH2), 29.3 (CH2).HPLC: tR 5.31

min, >95% purity. HRMS (m/z): C24H31N4O requires [M+H]+ 391.2492; found 391.2494.

7-Cyano-2-(2-((trans)-4-(N-methyl-1H-pyrrole-2-carboxamido)cyclohexyl)ethyl)-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (16b)

Using 2-(2-((trans)-4-(methylamino)cyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-

carbonitrile (138 mg, 464 µmol) as the amine and 1H-pyrrole-2-carboxylic acid (61.85 mg,

557 µmol), general procedure C was followed. The crude solid was purified via preparative HPLC

to afford the product salt (12.8 mg, 5%). 1H NMR (d6-DMSO) δ 11.34 (s, 1H), 10.07 (br s, 1H), 

7.81 – 7.68 (m, 2H), 7.48 (d, J = 7.9 Hz, 1H), 6.90 – 6.82 (m, 1H), 6.46 (s, 1H), 6.15 – 6.08 (m,

1H), 4.70 – 4.52 (m, 1H), 4.41 – 4.21 (m, 2H), 3.74 (br s, 1H), 3.29 – 3.11 (m, 4H), 3.04 – 2.88
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(m, 3H), 1.90 - 1.74 (m, 2H), 1.72 – 1.51 (m, 6H), 1.44 – 1.22 (m, 2H), 1.19 – 1.02 (m, 2H). 13C

NMR (d6-DMSO) δ 162.3 (C), 138.0 (C), 133.0 (C), 131.6 (CH), 131.2 (CH), 130.4 (CH), 125.5 

(C), 121.4 (CH), 119.0 (C), 109.9 (C), 108.9 (CH), 54.0 (CH2), 51.7 (CH2), 49.2 (CH), 48.8 (CH2),

34.4 (CH), 31.8 (CH2), 30.7 (CH2), 29.5 (CH2), 25.9 (CH3), 25.7 (CH2). Note: One methyl and

methylene signal could not be visualised in the carbon spectrum due to signal broadening. HPLC:

tR 5.06 min, >95% purity. HRMS (m/z): C24H31N4O requires [M+H]+ 391.2492; found 391.2504.

7-Cyano-2-(2-((trans)-4-(N-methyl-1H-pyrrolo[2,3-c]pyridine-2-

carboxamido)cyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate

(17).

Using 2-(2-((trans)-4-(methylamino)cyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-

carbonitrile (175 mg, 588 µmol) as the amine and 1H-pyrrolo[2,3-c]pyridine-2-carboxylic acid

(114 mg, 706 µmol), general procedure C was followed. The crude solid was recrystallised in a

MeOH/ H2O system then purified via preparative HPLC to afford the product salt in good yields

(135 mg, 41%). 1H NMR (CDCl3) δ 8.94 (br s, 1H), 8.32 (br s, 1H), 7.59 (s, 1H), 7.42 (d, J = 7.9

Hz, 1H), 7.35 (s, 1H), 7.21 (d, J = 7.9 Hz, 1H), 6.79 (s, 1H), 4.54 (br s, 1H), 3.64 (s, 2H), 3.21 (br

s, 3H), 2.97 (app t, J = 5.7 Hz, 3H), 2.77 (app t, J = 5.9 Hz, 2H), 2.67 – 2.44 (m, 2H), 2.05 – 1.79

(m, 4H), 1.78 – 1.46 (m, 4H), 1.46 – 1.05 (m, 4H). 13C NMR (CDCl3) δ 162.8 (C), 147.9 (C), 

140.4 (C), 138.8 (CH), 136.3 (C), 135.9 (CH), 135.5 (CH), 132.4 (C), 130.6 (CH), 129.8 (CH),

129.7 (CH), 126.8 (C), 119.22 (C), 116.2 (CH), 109.6 (C), 56.1 (CH2), 55.7 (CH2), 54.1 (CH),

50.4 (CH2), 35.3 (CH), 34.0 (CH2), 32.2 (CH2), 29.5 (CH2). Note: One methylene and one methyl

signal could not be visualised in the carbon spectrum due to signal broadening. HPLC: tR 4.29

min, >95% purity. HRMS (m/z): C27H32N5O requires [M+H]+ 442.2601; found 442.2580.
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2-(2-((trans)-4-(1H-Pyrrolo[2,3-b]pyridine-2-carboxamido)cyclohexyl)ethyl)-1,2,3,4-

tetrahydroisoquinolin-2-ium chloride (18).

To an rbf containing 1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (14.3 mg, 88.0 µmol) , N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) (18.6 mg, 96.8 µmol)  and 1H-

benzo[d][1,2,3]triazol-1-ol (HOBt) (13.1 mg , 96.8 µmol) in DCM, DIPEA (133 µL, 185 µmol)

was added and left to stir at rt for 1 h until a clear colourless solution was observed. (trans)-4-(2-

(3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexan-1-amine (25.0 mg, 96.8 µmol) was dissolved

in 1 mL of DCM and added to the reaction mixture and left to stir. After 15 min, white precipitate

was observed in the rbf and the reaction mixture was left to stir overnight at 40 ᵒC. Upon 

confirmation of consumption of material by LCMS, the reaction mixture was washed with H2O (3

× 10 mL) and upon washing the organic layer with brine (10 mL), a white emulsion formed. The

emulsion was concentrated in vacuo and was purified using flash chromatography (1:20

MeOH:DCM). The product was further purified by recrystallization (MeOH/ H2O) and converted

to the corresponding salt using 1 M HCl in ether to form an off-white solid (7.00 mg, 20%). 1H

NMR (d6-DMSO) δ 12.02 (s, 1H), 8.31 (app d, J = 4.6 Hz, 1H), 8.23 (d, J = 7.8 Hz, 1H), 8.04 (d,

J = 7.6 Hz, 1H), 7.20 – 6.94 (m, 6H), 3.75 (m, 1H), 3.53 (s, 2H), 2.80 (t, J = 5.4 Hz, 2H), 2.64 (t,

J = 5.7 Hz, 2H), 2.47 (m, 2H), 2.03 – 1.71 (m, 4H), 1.51 - 1.25 (m, 5H), 1.18 – 0.97 (m, 2H).13C

NMR (D2O) δ 160.6 (C), 140.6 (CH), 138.4 (C), 135.4 (CH), 134.4 (C), 130.7 (C), 128.7 (CH), 

128.3 (CH), 127.2 (C), 127.0 (CH), 126.6 (CH), 125.6 (C), 116.5 (CH), 104.3 (CH), 54.3 (CH2),

52.8 (CH2), 49.8 (CH2), 49.6 (CH), 33.9 (CH), 31.3 (CH2), 30.7 (CH2), 30.3 (CH2), 24.7 (CH2).

HPLC: tR 4.70 min, >95% purity. HRMS (m/z): C25H31N4O requires [M+H]+ 403.2492; found

403.2503.

tert-Butyl (4-hydroxybutyl)carbamate (20).17

A mixture of 4-aminobutanol (500 mg, 5.61 mmol), di-tert-butyl dicarbonate (1.22 g, 5.61 mmol)

and DIPEA (860 µL, 6.17 mmol) were stirred in DCM under reflux overnight. The reaction was
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ceased upon confirmation of consumption of the alkanolamine via thin layer chromatography

(TLC) (7:3 EtOAc: Pet. Spirits) and visualised using ninhydrin stain. The reaction was

concentrated in vacuo and, the resultant oil was purified using flash chromatography (7:3 EtOAc:

Pet. Spirits) to afford colourless oil in quantitative yields. 1H NMR (CDCl3) δ 5.25 (br s, 1H), 

3.99 (br s, 1H), 3.53 (app br s, 2H), 3.04 (app d, J = 4.8 Hz, 2H), 1.48 (app br s, 4H), 1.35 (s, 9H).

13C NMR (CDCl3) δ 156.2 (C), 79.2 (C), 62.3 (CH2), 40.3 (CH2), 29.7 (CH2), 28.4 (CH3), 26.6

(CH2).

4-(Methylamino)butan-1-ol (21).18

Following a procedure by Asaki et. al.,18 4-amino-1-butanol (1.03 mL, 11.2 mmol) was stirred in

an rbf with EtOH (10 mL). To this ethyl formate (1.35 mL, 16.8 mmol) was added and the mixture

was heated at reflux for 16 h. The volatile reagents were evaporated under vacuum and the

resulting crude was carried through without further purification. To 1 M LiAlH4 in THF (27.7 mL,

27.7 mmol) was added the crude product (1.30 g, 11.1 mmol) in anhydrous THF (20 mL) in a

drop-wise fashion. After the mixture was refluxed for 3 h, the reaction was placed on ice and

quenched by the drop-wise addition of H2O (1 mL) and 15 % (w/v) NaOH solution (1 mL). A

further 3 mL of H2O was added and the mixture was allowed to reach room temperature over 30

min. The insoluble precipitate was filtered off and rinsed with THF, and the collected filtrate was

concentrated in vacuo. The residue was washed washed with DCM to remove any further

impurities to furnish the product as a yellow oil (880 mg, 72%). 1H NMR (CDCl3) δ 3.61 – 3.49 

(m, 2H), 2.71 – 2.54 (m, 2H), 2.43 (s, 3H), 1.79 – 1.50 (m, 4H). 13C NMR (CDCl3) δ 62.7 (CH2),

51.8 (CH2), 35.9 (CH3), 32.6 (CH2), 28.6 (CH2).

tert-Butyl (4-hydroxybutyl)(methyl)carbamate (22).19

A mixture of 4-(methylamino)butan-1-ol (807 mg, 7.82 mmol), di-tert-butyl dicarbonate (1.71 g,

7.82 mmol) and triethylamine (TEA) (1.20 mL, 8.60 mmol) were stirred in DCM at room

temperature for 2 d. Upon confirmation of reaction completion (TLC, visualised using ninhydrin),

the reaction mixture was concentrated in vacuo and purified using flash column chromatography
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(Pet. Spirits) to Furnish the product as a pale yellow oil (934 mg, 59%). 1H NMR (CDCl3) δ 3.75 

– 3.56 (m, 2H), 3.34 – 3.15 (m, 2H), 2.84 (s, 3H), 1.65 – 1.51 (m, 4H), 1.45 (s, 9H). 13C NMR

(CDCl3) δ 155.9 (C), 79.3 (C), 62.6 (CH2), 34.1 (CH3), 29.6 (CH2), 28.5 (CH3), 24.2 (CH2).

4-((tert-Butoxycarbonyl)amino)butyl methanesulfonate (23).17

From a procedure by Szabo, et al.,17 tert-butyl (4-hydroxybutyl)carbamate (1.03 g, 5.40 mmol)

and TEA (2.28 mL, 16.3 mmol) were added to an rbf containing DCM (30 mL) and cooled to 0 ᵒC 

whilst stirring. MsCl (960 µL, 10.9 mmol) was then added slowly and the reaction was stirred at

0 ᵒC for a further 30 min. The reaction was warmed to rt and stirring continued overnight. The 

reaction mixture was subsequently diluted with DCM (50 mL), washed with H2O (3 × 50 mL) and

dried over anhydrous Na2SO4, filtered and dried in vacuo to garner a yellow oil. The product was

used in subsequent reactions without any further purification due to instability.

4-((tert-Butoxycarbonyl)(methyl)amino)butyl methanesulfonate (24).20

To an rbf of DCM (10 mL) cooled to 0 °C was added tert-butyl (4-

hydroxybutyl)(methyl)carbamate (932 mg, 4.58 mmol) and TEA (1.90 mL, 13. 8 mmol) whilst

stirring. MsCl (808 µL, 9.17 mmol) was then added drop-wise and stirring continued at 0 °C for

a further 30 min. After this time, the reaction was warmed to room temperature and left to stir

overnight. The reaction mixture was then diluted with DCM (30 mL), washed with H2O (3 ×

30 mL), dried over anhydrous Na2SO4 and concentrated under vacuum to yield the product as

yellow oil. The product was immediately carried through to subsequent reactions without any

further purification or characterisation due to instability.

O
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tert-Butyl (4-(3,4-dihydroisoquinolin-2(1H)-yl)butyl)carbamate (25).17

Using a procedure described by Szabo, et al.,17 4-((tert-butoxycarbonyl)amino)butyl

methanesulfonate (1.45 g, 5.42 mmol), 1,2,3,4-tetrahydroisoquinoline (1.36 mL, 10.9 mmol) and,

K2CO3 (2.25 g, 16.3 mmol) were refluxed overnight in MeCN. The product was then purified

using flash chromatography (1:19 MeOH: DCM) and evaporated in vacuo to furnish the product

(879 mg, 53%). 1H NMR (CDCl3) δ 7.15 – 6.95 (m, 4H), 5.18 (s, 1H), 3.63 (s, 1H), 3.14 (app dd, 

J = 12.0, 6.1 Hz, 2H), 2.91 (t, J = 5.9 Hz, 2H), 2.74 (t, J = 5.9 Hz, 2H), 2.53 (t, J = 7.1 Hz, 2H),

1.68 – 1.32 (m, 13H). 13C NMR (CDCl3) δ 156.1 (C), 134.5 (C), 134.2 (C), 128.6 (CH), 126.6 

(CH), 126.2 (CH), 125.6 (CH), 78.9 (C), 57.8 (CH2), 55.9 (CH2), 50.9 (CH2), 40.5 (CH2), 28.9

(CH2), 28.4 (CH3), 28.0 (CH2), 24.5 (CH2). LCMS (m/z): [M+H]+ 305.3.

tert-Butyl (4-(3,4-dihydroisoquinolin-2(1H)-yl)butyl)(methyl)carbamate (26).

MeCN (40 mL) was added to an rbf containing 4-((tert-butoxycarbonyl)(methyl)amino)butyl

methanesulfonate(1.29 g, 4.58 mmol), 1,2,3,4-tetrahydroisoquinoline (1.15 mL, 9.17 mmol) and

K2CO3 (1.90 g, 13.8 mmol) and left to stir at reflux overnight. The resultant mixture was

concentrated under vacuum upon LCMS confirmation of the full consumption of the starting

material. The yellow residue was purified using flash column chromatography (3:97 MeOH: DCM)

to furnish the product as a yellow oil (1.06 g, 72%). 1H NMR (CDCl3) δ 7.14 – 7.06 (m, 3H), 7.03 

– 6.98 (m, 1H), 3.61 (s, 2H), 3.24 (s, 2H), 2.90 (t, J = 5.9 Hz, 2H), 2.84 (s, 3H), 2.72 (t, J = 5.9

Hz, 2H), 2.61 - 2.47 (m, 2H), 1.62 – 1.52 (m, 4H), 1.45 (s, 9H). 13C NMR (CDCl3) δ 162.2 (C), 

134.5 (C), 133.3 (C), 128.8 (CH), 126.7 (CH), 126.2 (CH), 125.7 (CH), 79.3 (C), 58.3 (CH2), 56.4

(CH2), 51.1 (CH2), 34.2 (CH3), 29.3 (CH2), 28.6 (CH3), 24.5 (CH2).
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4-(3,4-Dihydroisoquinolin-2(1H)-yl)butan-1-amine (27).21

Using tert-butyl (4-(3,4-dihydroisoquinolin-2(1H)-yl)butyl)carbamate as the protected amine,

general procedure B was followed. The resultant oil was obtained in quantitative yield (228 mg).

1H NMR (CDCl3) δ 7.18 – 6.98 (m, 4H), 3.64 (s, 2H), 2.92 (t, J = 5.8 Hz, 2H), 2.81 – 2.68 (m,

4H), 2.58 – 2.49 (m, 2H), 1.76 – 1.38 (m, 6H). 13C NMR (CDCl3) δ 134.8 (C), 134.3 (C), 128.7 

(CH), 126.6 (CH), 126.1 (CH), 125.6 (CH), 58.3 (CH2), 56.2 (CH2), 51.0 (CH2), 42.1 (CH2), 31.7

(CH2), 29.1 (CH2), 24.8 (CH2). LCMS (m/z): [M+H]+ 205.2.

tert-Butyl (4-(3,4-dihydroisoquinolin-2(1H)-yl)butyl)(methyl)carbamate (28).

Using tert-butyl (4-(3,4-dihydroisoquinolin-2(1H)-yl)butyl)(methyl)carbamate, general

procedure B was followed to garner the product as an oil (220 mg, 84%). 1H NMR (CDCl3) δ 7.12 

– 7.04 (m, 3H), 7.02 – 6.97 (m, 1H), 3.60 (s, 2H), 3.48 (s, 1H), 2.88 (app t, J = 5.9 Hz, 2H), 2.71

(t, J = 6.0 Hz, 2H), 2.62 (app t, J = 6.5 Hz, 2H), 2.56 – 2.46 (m, 2H), 2.38 (s, 3H), 1.71 – 1.50 (m,

4H). 13C NMR (CDCl3) δ 134.5 (C), 134.0 (C), 128.5 (CH), 126.4 (CH), 126.0 (CH), 125.4 (CH), 

58.0 (CH2), 55.9 (CH2), 51.5 (CH2), 50.8 (CH2), 35.7 (CH3), 28.9 (CH2), 27.4 (CH2), 24.9 (CH2).

LCMS (m/z): [M+H]+ 219.2.

N-(4-(3,4-Dihydroisoquinolin-2(1H)-yl)butyl)-1H-pyrrolo[2,3-b]pyridine-2-carboxamide

hydrochloride (29).

Using 4-(3,4-dihydroisoquinolin-2(1H)-yl)butan-1-amine as the amine (64.4 mg, 315 μmol), and 

1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid as the acid (61.3 mg, 378 μmol), general procedure 

C was followed. The resultant precipitate was then recrystallised via hot filtration in a mixture of

MeOH and H2O to garner the product as a solid (22.0 mg, 20%). 1H NMR (d6-DMSO) δ 12.04 (s, 
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1H) 8.50 (t, J = 5.5 Hz, 1H), 8.31 (dd, J = 4.6, 1.5 Hz, 1H), 8.04 (dd, J = 7.9, 1.2 Hz, 1H), 7.27 –

6.95 (m, 6H), 3.54 (s, 2H), 2.80 (t, J = 5.7 Hz, 2H), 2.65 (t, J = 5.7 Hz, 2H), 2.50 (m, 2H), 1.60

(m, 4H), 1.23 (app s, 2H). 13C NMR (d6-DMSO) δ 160.9 (C), 148.7 (C), 145.6 (CH), 135.4 (C), 

134.7 (C), 132.9 (C), 130.3 (CH), 128.8 (CH), 126.8 (CH), 126.4 (CH), 125.8 (CH), 119.8 (C),

116.8 (CH), 101.9 (CH), 57.8 (CH2), 56.0 (CH2), 51.0 (CH2), 29.5 (CH2), 29.2 (CH2), 27.6 (CH2),

24.5 (CH2). HPLC: tR 4.68 min, >95% purity. HRMS (m/z): C21H25N4O requires [M+H]+ 349.2023;

found 349.2028.

2-(4-(N-Methyl-1H-pyrrolo[2,3-b]pyridine-2-carboxamido)butyl)-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (30)

Using 4-(3,4-dihydroisoquinolin-2(1H)-yl)-N-methylbutan-1-amine (220 mg, 1.01 mmol) as the

amine and 1H-pyrrolo[2,3-b]pyridine-2-carboxylic acid (196 mg, 1.21 mmol), general procedure

C was followed. The resultant brown gum was purified via preparative HPLC to obtain the product

salt as a tan solid (42.1 mg, 9%). 1H NMR (MeOD) δ 8.68 – 8.42 (m, 2H), 7.49 (dd, J = 7.6, 5.6

Hz, 1H), 7.31 – 7.04 (m, 5H), 4.79 – 4.23 (m, 2H), 3.87 – 3.61 (m, 3H), 3.48 – 3.08 (m, 8H), 1.99

– 1.71 (m, 4H). 13C NMR (MeOD) δ 162.7 (C), 147.6 (C), 145.1 (CH), 133.4 (CH), 132.5 (C), 

132.1 (C), 129.8 (CH), 129.5 (CH), 128.8 (C), 128.3 (CH), 127.8 (CH), 122.4 (C), 117.8 (CH),

105.6 (CH), 57.0 (CH2), 54.2 (CH2), 51.2 (CH2), 49.2 (CH2), 48.8 (CH2), 37.7 (CH3), 26.3 (CH2),

22.4 (CH2). HPLC: tR 4.15 min, >95% purity. HRMS (m/z): C22H27N4O requires [M+H]+ 363.2179;

found 363.2185.

tert-Butyl (6-hydroxyhexyl)carbamate (32).17

A mixture of 6-aminohexan-1-ol (2.36 mL, 18.3 mmol), di-tert-butyl dicarbonate (4.00 g,

18.3 mmol) and DIPEA (6.38 mL, 36.7 mmol) were stirred in DCM under reflux overnight. The

reaction was ceased upon confirmation of consumption of the alkanolamine via thin layer
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chromatography (TLC) (1:3 EtOAc: Pet. Spirits) and visualised using ninhydrin stain. The

reaction was concentrated in vacuo and, the resultant oil was purified using flash chromatography

(1:3 EtOAc: Pet. Spirits) to afford colourless oil in quantitative yields. 1H NMR (CDCl3) δ 4.53 

(s, 1H), 3.64 (t, J = 6.5 Hz, 2H), 3.12 (m, 2H), 1.64 – 1.20 (m, 18H). 13C NMR (CDCl3) δ 156.2 

(C), 81.2 (C), 62.2 (CH2), 39.7 (CH2), 32.6 (CH2), 30.3 (CH2), 28.6 (CH3), 26.3 (CH2), 25.4 (CH2).

tert-Butyl (6-((tert-butyldimethylsilyl)oxy)hexyl)carbamate (33).10

Following a procedure by Thuring et al.,10 tert-Butyl (6-hydroxyhexyl)carbamate (3.98 g,

18.3 mmol) was taken up in DCM (30 mL) and cooled to 0 ᵒC. Imidazole (1.62 g, 23.8 mmol) was 

then added to the cooled mixture and left to stir at 0 ᵒC until it had completely dissolved. The 

reaction mixture was left to stir and warm to rt for 25 min before the reaction mixture was again

cooled to 0 ᵒC. At this point, TBS-Cl (3.04 g, 20.2 mmol) was taken up in DCM (30 mL) and 

added dropwise to the reaction over 20 min. The reaction was then left on ice to slowly warm to

rt overnight. Once the TLC (1:2 EtOAc: Pet. Spirits) confirmed the consumption of the starting

material, the reaction was filtered under vacuum and the filtrate was then washed with 1 M HCl

(2 × 25 mL) and brine (30 mL), dried over anhydrous Na2SO4 and concentrated in vacuo. This

resulted in a yellow oil in good yield (5.42 g, 89%). 1H NMR (CDCl3) δ 4.49 (br s, 1H), 3.59 (t, J

= 6.5 Hz, 2H), 3.10 (dd, J = 13.0, 6.5 Hz, 2H), 1.62 – 1.41 (m, 13H), 1.38 – 1.22 (m, 4H), 0.89 (s,

9H), 0.04 (s, 6H). 13C NMR (CDCl3) δ 156.2 (C), 79.0 (C), 62.6 (CH2), 39.8 (CH2), 33.0 (CH2),

29.8 (CH2), 28.4 (CH3), 26.4 (CH2), 26.0 (CH3), 25.5 (CH2), 18.4 (C), 5.26 (CH3).

tert-Butyl (6-((tert-butyldimethylsilyl)oxy)hexyl)(methyl)carbamate (34).10

Following the method described by Thuring et al.,10 NaH (60% dispersion in mineral oil) (3.27 g,

81.7 mmol) was added portion-wise to a solution of tert-butyl (6-((tert-

butyldimethylsilyl)oxy)hexyl)carbamate (5.42 g, 16.4 mmol) in anhydrous THF (100 mL) which

was cooled to 0 ᵒC and maintained at this temperature as it stirred for 30 min. MeI (3.05 mL, 49.0 

mmol) was then added drop-wise at 0 ᵒC and allowed to warm to rt as it stirred for 22 h. Upon 
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completion of the reaction, sat. NH4Cl was added drop-wise to the reaction mixture at 0 ᵒC and 

stirred for 30 min. The resultant mixture was filtered under vacuum and the filtrate was extracted

using tert-butyl methyl ether (3 × 50 mL). The combined organic phases were washed with brine,

dried over anhydrous Na2SO4, and concentrated under vacuum. The resultant residue was then

purified via flash chromatography (1:9 EtOAc: Pet. Spirits) which yielded the product in

respectable yields (4.06 g, 72%). 1H NMR (CDCl3) δ 3.59 (t, J = 6.6 Hz, 2H), 3.18 (s, 2H), 2.82

(s, 3H), 1.55 – 1.41 (m, 13H), 1.38 – 1.17 (m, 4H), 0.89 (s, 9H), 0.04 (s, 6H). 13C NMR (CDCl3)

δ 78.9 (C), 62.5 (CH2), 48.7 (CH2), 34.1 (CH3), 32.6 (CH2), 28.5 (CH3), 26.5 (CH2), 26.0 (CH3),

25.6 (CH2), 18.4 (C), 5.30 (CH3). NOTE: One quaternary carbon signal could not be visualised

due to signal broadening.

tert-Butyl (6-hydroxyhexyl)(methyl)carbamate (35).10

Using a method described by Thuring et al.,10 a solution of 1 M TBAF in THF (36.2 mL, 36.2

mmol) was added in a drop-wise fashion to a solution of tert-butyl (6-((tert-

butyldimethylsilyl)oxy)hexyl)(methyl)carbamate (4.06 g, 11.6 mmol) in THF (80 mL) at 0 ᵒC and 

the reaction was left to slowly warm to rt whilst stirring overnight. Upon completion of the reaction,

the mixture was concentrated in vacuo to remove the organic solvent. Ice- water was then added

to the residue and the mixture was stirred for 1 h. Cold Pet. Spirits (50 mL, -20 ᵒC) was then added 

to the reaction mixture and the resultant precipitate was filtered off and discarded. The aqueous

layer was separated from the organic layer, and the product was extracted from the aqueous layer

with Pet. Spirits (3 × 50 mL). The organic phases were combined, dried over anhydrous Na2SO4

and concentrated in vacuo. The resultant product was then purified using flash chromatography

(1:1 EtOAc: Pet. Spirits) to garner the product as an oil (2.06 g, 77%). 1H NMR (CDCl3) δ 3.64 

(s, 2H), 3.20 (s, 2H), 2.83 (s, 3H), 1.63 – 1.14 (m, 18H). 13C NMR (CDCl3) δ 156.1 (C), 79.3 (C), 

62.79* (CH2), 48.5* (CH2), 34.2 (CH3), 32.8 (CH2), 28.6 (CH3), 27.8* (CH2), 26.4* (CH2), 25.4*

(CH2). Note: (*) denotes rotameric signals present in the 13C NMR spectrum of this compound.
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6-((tert-Butoxycarbonyl)(methyl)amino)hexyl methanesulfonate (36).

tert-Butyl (6-hydroxyhexyl)(methyl)carbamate (469 mg, 2.03 mmol) and trimethylamine (TEA)

(849 µL, 6.08 mmol) was added to an rbf containing DCM (30 mL) and cooled to 0 ᵒC whilst 

stirring. MsCl (179 µL, 2.03 mmol) was then added slowly and the reaction was stirred at 0 ᵒC for 

30 min. The reaction was then warmed to rt and left to stir overnight. The reaction mixture was

subsequently diluted with DCM (50 mL), washed with H2O (3 × 50 mL) and dried over anhydrous

Na2SO4, filtered and dried in vacuo to yield yellow oil. The product was used in subsequent

reactions without any further purification or characterisation due to instability.

tert-Butyl (6-(7-cyano-3,4-dihydroisoquinolin-2(1H)-yl)hexyl)(methyl)carbamate (37).

To an rbf containing 6-((tert-butoxycarbonyl)(methyl)amino)hexyl methanesulfonate (627 mg,

2.03 mmol), 1,2,3,4-tetrahydroisoquinoline-7-carbonitrile (481 mg, 3.04 mmol), K2CO3 (841 mg,

6.0 mml) and MeCN (30 mL) were added. The reaction mixture was stirred at rt overnight. The

mixture was concentrated in vacuo and purified using flash chromatography (3:97 MeOH: DCM)

to obtain the title compound in low yields (103 mg, 14%). 1H NMR (298 K, d6-DMSO) δ 7.60 – 

7.45 (m, 2H), 7.34 – 7.19 (m, 1H), 3.54 (s, 2H), 3.12 (t, J = 7.1 Hz, 2H), 2.85 (t, J = 5.7 Hz, 2H),

2.73 (s, J = 9.4 Hz, 3H), 2.62 (t, J = 5.9 Hz, 2H), 2.49 (m, 2H), 2.45 – 2.39 (m, 2H), 1.46 – 1.21

(m, 15H). 13C NMR (CDCl3) δ 155.8 (C), 140.4 (C), 136.4 (C), 130.4 (CH), 129.6 (CH), 129.5 

(CH), 119.1 (C), 109.3 (C), 79.1 (C), 58.2 (CH2), 55.6 (CH2), 50.3 (CH2), 34.1 (CH3), 29.4 (CH2),

28.5 (CH3), 27.2 (CH2), 26.6 (CH2).
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7-Cyano-2-(6-(N-methyl-1H-indole-2-carboxamido)hexyl)-1,2,3,4-tetrahydroisoquinolin-2-

ium 2,2,2-trifluoroacetate (39).

Using tert-butyl (6-(7-cyano-3,4-dihydroisoquinolin-2(1H)-yl)hexyl)(methyl)carbamate as the

protected amine, general procedure B was followed to yield the title compound in quantitative

yields (99.2 mg). The corresponding mass was observed via LCMS and was carried through to the

subsequent reaction without further purification or characterisation. LCMS (m/z): [M+H]+ found

272.2. Next, using the synthesised amine and 1H-indole-2-carboxylic acid (58.9 mg, 365 µmol),

general procedure C was followed. The resultant solid was then purified via preparative HPLC.

This afforded the product as the TFA salt in respectable yields (31.9 mg, 21%). 1H NMR (CDCl3)

δ 9.45 (s, 1H), 7.64 (dd, J = 8.0, 0.7 Hz, 1H), 7.39 (ddd, J = 19.9, 8.1, 1.1 Hz, 2H), 7.30 – 7.26 (m,

2H), 7.17 – 7.08 (m, 2H), 6.81 (s, 1H), 3.67 (s, 2H), 3.58 (s, 2H), 3.31 (s, 3H), 2.91 (t, J = 5.8 Hz,

2H), 2.70 (t, J = 5.9 Hz, 2H), 2.54 – 2.44 (m, 2H), 1.80 – 1.52 (m, 4H), 1.51 – 1.38 (m, 4H). 13C

NMR (CDCl3) δ 160.4 (C), 140.4 (C), 136.4 (C), 135.5 (C), 135.4 (C), 130.4 (CH), 129.6 (CH), 

129.5 (CH), 127.9 (C), 124.4 (CH), 122.0 (CH), 120.4 (CH), 119.2 (C), 111.8 (CH), 109.3 (C),

58.1 (CH2), 55.6 (CH2), 50.2 (CH2), 31.9 (CH2), 29.7 (CH2), 29.5 (CH2), 27.3 (CH2), 27.1 (CH2),

26.8 (CH2). Note: One methylene and one methine signal could not be observed in the carbon

spectrum due to signal broadening. HPLC: tR 5.00 min, >95% purity. HRMS (m/z): C26H31N4O

requires [M+H]+ 415.2492; found 415.2495.
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Pharmacology.

Cell Lines and Transfection. FlpIn CHO cells stably expressing the wild-type D2LR were

transfected and maintained in the conditions stated by Shonberg et al.5

ERK1/2 Phosphorylation Assay. This assay was performed following the protocol as described

by Shonberg et al.5

Data Analysis. A logistic equation of competitive agonist-antagonist interaction was fitted

globally to data from functional experiments measuring the interaction between dopamine and all

analogues of 1:

� � � � � � � � = � � � � � � +
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where s represents the Schild slope for the antagonist and pA2 represents the negative logarithm of

the molar concentration of the antagonist at which double the concentration of the agonist is

needed to elicit the original submaximal response obtained in the absence of the antagonist.

Functional data describing the interaction between all analogues of 1 (with the exception

of 15e and 39) and dopamine are analysed according to a derivation of the allosteric ternary

complex model (2):
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where Em is the maximal cellular response possible, [A] and [B] are the concentrations of

orthosteric and allosteric ligands, respectively, KB is the equilibrium dissociation constant of the

orthosteric and allosteric ligands, αβ is the composite cooperativity parameter between orthosteric

and allosteric ligands that includes effects upon the affinity and efficacy of the orthosteric ligand,
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and nH is the Hill slope of the orthosteric agonist concentration-response curves. Values of α and/

or β greater than 1 denote allosteric potentiation, whereas values less than 1 (but greater than 0)

denote allosteric inhibition.

Functional data describing the interaction between 15e and 39 and dopamine at the D2R in

a pERK1/2 assay were analyzed using a complete operational model of allosterism and agonism

according to equation 3:11

(3)

where Em is the maximum possible cellular response, [A] and [B] are the concentrations of

orthosteric and allosteric ligands, respectively, KA and KB are the equilibrium dissociation constant

of the orthosteric and allosteric ligands, respectively, and τB (constrained to -100) are operational

measures of orthosteric and allosteric ligand efficacy (which incorporate both signal efficiency

and receptor density), respectively, α is the binding cooperativity parameter between the

orthosteric and allosteric ligand, and β denotes the magnitude of the allosteric effect of the

modulator on the efficacy of the orthosteric agonist. KA was constrained to 11 nM and represents

a value of functional affinity determined by an operational model of partial agonism to dose-

response data of dopamine (a partial agonist) and apomorphine (a full agonist) in an pERK1/2

assay). LogτA was determined as 0.74 ± 0.07.

E =
Em (τA [A](KB +αβ[B]) +τB [B]KA )nH

([A]KB +KAKB +KA[B]+α[A][B])nH + (τA [A](KB +αβ[B])+τB [B]KA )nH
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4.1 Introduction

G protein-coupled receptors (GPCRs) are the largest family of cell-surface signalling molecules

found within the human genome and are involved in a plethora of physiological processes.1

Despite recent advancements in our knowledge and understanding of GPCRs, the development

of novel, high affinity GPCR-targeting molecules is often hampered by the lack of structural and

functional information. Consequently, there is still a need for pharmacological tools to probe

poorly understood, existing and novel, receptor targets.2 Ligand-bound X-ray structures often

provide invaluable insight into the binding site of a ligand, and thus, provide a strong platform

from which bioactive molecules may be rationally designed. However, the X-ray structures of

ligand-bound GPCRs are limited due to their low receptor expression levels in native tissue,

their inherent flexibility and instability upon their extraction from the membrane, and the low

affinity of their endogenous ligands.2-4

Irreversible (also known as covalent or affinity) probes are useful tools for the study of

receptor-ligand interactions and pharmacology. They are generally molecules which bind a

specific target and have the ability to form a covalent bond at, or near, the binding site. The

inability of these ligands to dissociate from the targeted binding site provides insight into the

structure and function of GPCRs using a variety of techniques. From a drug discovery

perspective, this makes the development of irreversible probes a particularly attractive prospect

which may aid rational drug design.2 Whilst from a pharmacological perspective, irreversible

probes also provide an opportunity to gain insights into key receptor-ligand interactions which

may elicit specific pharmacological functions. There are two common classes of irreversible

probes; chemoreactive or photoactivatable.

Chemoreactive probes possess a reactive electrophilic moiety which is able to react

covalently with a nucleophilic amino acid residue, but are stable enough to avoid reactivity with

water or other nucleophilic moieties within solution.4 Common chemoreactive moieties include

Michael acceptors,5,6 alkylating and sulfonylating agents,7,8 mustards,9 isothiocyanates,10

disulfides and thiocyanates (Figure 1).11,12 Chemoreactive probes are often seen to be

advantageous as tools for both in vitro and in vivo applications, since their reactive groups are

able to form a covalent bond with a nucleophilic amino acid residue without the need for

irradiation. The synthesis of these probes, however, can be complex since synthetic procedures

must be devised in a manner such that the reactive functional group is installed in the final

synthetic steps to avoid cross-reactivity. It is also worth noting that some chemoreactive groups

may form reversible covalent bonds under specific conditions that may not be predicted until

after the chemoreactive probes are evaluated in a biological setting.13 Nonetheless,
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chemoreactive probes have been utilised in the structural and functional investigations of a

variety of GPCRs including the dopamine D2 receptor (D2R), a validated target for the treatment

of CNS disorders such as schizophrenia and Parkinson’s disease. For example, the development

of fluphenazine-N-mustard enabled the study of the functional and behavioural effects of D2R

blockade and its effects on calmodulin activity.14,15 Similarly, N-(p-

isothiocyanatophenethyl)spiperone (NIPS), phenoxybenzamine and N-ethoxycarbonyl-2-ethoxy-

1,2-dihydroquinoline (EEDQ) have been widely used for the investigation of D2R function in

both in vitro and in vivo settings.16-19 More recently, chemoreactive probes have also been

developed to study GPCR receptor activation containing a disulfide moiety which may cross-

link with a mutated cysteine residue in close proximity and have facilitated the crystallisation of

the first agonist-bound crystal structure of a GPCR.20 This strategy has enabled the development

of slow dissociating covalent neurotransmitter analogues that may act as tools to facilitate

crystallisation of other GPCRs such as the D2R.4,20

Figure 1. Common chemoreactive functional groups.

In contrast, photoactivatable (or, photoaffinity) probes contain a photoreactive functional

group that is capable of forming a reactive species (e.g. carbene, nitrene or diradical) upon

electronic excitation at a specific wavelength of ultraviolet (UV) light. The reactive species is
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then able to rapidly react with a neighbouring residue in close proximity.21 Unlike their

chemoreactive counterparts, photoactivatable probes offer temporal control over reactivity. For

example, the receptor may be pre-treated with the “ground-state” ligand and, upon equilibration,

irradiated in order to enhance the probability of capturing the receptor-ligand complex of interest.

However, like their chemoreactive counterparts, in order to ensure that the binding site of

interest is selectively “captured”, photoactivatable probes require a similar affinity and

pharmacological profile to that of their parent scaffolds.22 Since their ability to form an

irreversible covalent bond is dependent upon UV irradiation, photoactivatable probes have

greater synthetic tractability compared to chemoreactive probes. Common photoreactive

moieties which are often employed in the development of photoactivatable probes include;

benzophenones, diazirines, and aryl azides (Table 1).23,24 Of these functionalities, the

benzophenones are the most chemically stable and undergo photoactivation at a wavelength of

350‒360 nm. Although benzophenones have a high cross-linking efficiency, their bulk may 

result in less accurate indication of the parent ligand-receptor interaction. Alternatively, if steric

clashes are likely to result within the binding pocket, diazirines or aryl azides might be

considered an attractive prospect due to their size. Diazirines, which photoactivate at 350‒380 

nm, are particularly beneficial in instances where a high probability of non-specific reactivity is

anticipated due to its low cross-linking efficiency. The difficulty and time-consuming nature of

their synthesis, however, poses a major drawback for their use. In contrast, aryl azides are more

accessible synthetically, but require irradiation at wavelengths of 250-350 nm which may cause

non-specific damage to the biological system being tested.21,25 However, for the purposes of

preliminary evaluations (e.g. in an in vitro setting where low wavelength irradiation would be

considered less of a concern), the aryl azides provide an ideal starting point for the development

of irreversible ligands.
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Table 1. Common photoactivatable functional groups, required photoactivation wavelengths and
advantages or disadvantages of their use.

Functional Group
Photoactivation

(λ, nm) 
Advantages/

Disadvantages

350‒360 

 Chemically stable
 High cross-linking

efficiency
 Bulky

350‒380 

 Small functional
group

 Low cross-linking
efficiency

 Synthetically
complicated

250‒350 

 Small functional
group

 Synthetically
accessible

 Non-specific tissue
damage

To date, photoactivatable probes have assisted in the identification and characterisation

of ligand binding sites,26,27 provided preliminary evidence of receptor dimerisation,28 and even

facilitated receptor purification, which, in turn, aided GPCR crystallisation.29 Given that the D2R

is strongly implicated in CNS disorders such as schizophrenia and Parkinson’s disease, the

development of D2R photoactivatable probes has enabled us to further our knowledge of this

receptor in a variety of tissue.30-32 Dopamine was found to be a native photoactivatable ligand

by Nishikori and colleagues in the 1980s.33 They observed that UV illumination of mammalian

nervous tissue in the presence of dopamine led to the covalent attachment of dopamine to

specific cellular proteins. Although dopamine does not contain a traditional photoactivatable

moiety, Nishikori et al. proposed that covalent bond formation occurred via radical formation of

an oxygen in the catechol moiety of dopamine which could then cross-link with an amino acid

residue within close proximity.33 Using this discovery, Nishikori and colleagues applied

[3H]dopamine to mammalian nervous tissue and discovered that not only were they able to

observe that D1 and D2-type receptors were co-expressed, but they were also able to quantitate

the amount of each receptor subtype present. Photoactivatable ligands for the investigation of

D2Rs have generally incorporated an azide moiety within the structure of the parent molecule

(Figure 2). The first selective photoactivatable ligand for the D2R, an azido derivative of the



Chapter 4: Probing Receptor-Ligand Interactions at the Dopamine D2 Receptor

170

orthosteric antagonist clebropride, was developed by Niznik et al. and was shown to inhibit

[3H]spiperone binding in human striatal membranes.30, 31 Subsequent, replacement of the 5-

chloro substituent of 1 with radioactive 125I (2) also led to a D2R-selective photoactivatable

ligand with high specific radioactivity.34, 35 Other orthosterically-binding azide photoactivatable

ligands developed used for the investigation of the D2R include azidohaloperidol (3),36

azidosulpride (4)37 and azidomethylspiperone (5) (Figure 2).38 Besides the highly conserved

orthosteric binding site which has been thoroughly investigated, there is evidence to suggest that

the D2R also possesses a topographically distinct allosteric binding site.39-45 Although a number

of extended D2R structures have been hypothesised to interact with this secondary binding site,

our knowledge about the precise location and structure of this site, and the interactions made

within it upon binding, is still in its infancy. Thus, the development of photoactivatable ligands

with the ability to probe this putative allosteric site at the D2R may be able to significantly

enhance our current understanding.
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Figure 2. Photoactivatable probes developed for the investigation of the D2R.

To further our understanding of secondary binding interactions at the D2R, we chose to

develop a small series of photoactivatable ligands based on the first drug-like allosteric

modulator to be described in the literature, namely, SB269652 (6) (Figure 3). Aside from being

an allosteric modulator, Lane et al. discovered that 6 bound the D2R in a bitopic fashion (i.e.

concomitantly engaging both an orthosteric and allosteric binding site) and was able to modulate

the potency of dopamine across a D2R homodimer.45 In addition to this, mutagenesis and

molecular modelling studies revealed that the indole-2-carboxamide tail of 6 projected out

towards a secondary binding pocket within the extracellular regions of transmembrane helices

(TMs) 2 and 7 of the D2R. It was also discovered that a key hydrogen bond interaction was being

made between E952.65 (where superscript numbers refer to Ballesteros-Weinstein nomenclature46)

and the indolic NH of 6 which was crucial for its modulatory properties.45 In developing

photoactivatable ligands of 6, we hypothesised that we may be able to synthesise a set of tool

compounds that can potentially enhance our understanding of the structure and function of the

allosteric binding site of the D2R. Additionally, given that 6 is able to engage both the orthosteric
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and allosteric binding sites of the D2R, it may be envisaged that these tools could have the

potential to stabilise a receptor conformation which could, in turn, facilitate its crystallisation.

4.2 Synthesis

The extensive structure-activity relationship (SAR) analysis of 6 conducted within our group and

described in Chapter 3 of this thesis, guided our choice of the azide functionality as our

photoactivatable moiety. Two photoactivatable probes consisting of the photoactivatable azide

moiety at either the orthosteric head (7) or at the allosteric tail (8) were designed in order to gain

insight into binding interactions at both the orthosteric and allosteric binding sites of the D2R

(Figure 3). Since small substituents were tolerated at the 7-position of the tetrahydroisoquinoline

(THIQ) orthosteric head, the carbonitrile moiety was substituted with that of the azide

functionality.47 Similarly, Chapter 3 demonstrated that electron-withdrawing substituents at the

5-position of the indole ring were well tolerated in terms of maintaining both functional affinity

and cooperativity. Hence, the azide was substituted at the 5-position of the indole carboxamide

given that it is considered a pseudohalide which has an overall ring deactivating effect despite

containing both positive mesomeric and negative inductive effects.48

Figure 3. The structures of SB269652 (6), and the synthesised photoactivatable ligands (7 and 8).

The synthesis of 7 and 8 (Scheme 1) followed the synthetic procedures previously

outlined in the literature and Chapter 3 to furnish the necessary brominated compounds 16 and

17.45, 47 Following the procedure outlined in Lane et al., compound 9 was quantitatively

esterified to the ethyl ester (10) in the presence of ethyl iodide (EtI) and potassium carbonate
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(K2CO3), and reduced to the corresponding aldehyde (11) in the presence of 1 M

diisobutylaluminium hydride (DIBAL-H) in anhydrous toluene at -78°C. Reductive amination in

the presence of sodium triacetoxyborohydride (NaBH(OAc)3) in 1,2-dichloroethane (1,2-DCE)

facilitated the attachment of the required 7-substituted tetrahydroisoquinoline to furnish

compounds 12 and 14 in 80% yield. Removal of the boc protecting group was carried out using

an excess of trifluoroacetic acid (TFA) in DCM and garnered compounds 13 and 15 as the free

base following an aqueous base extraction.45 1-[Bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) in the presence of excess base

and dry DMF facilitated the amide coupling of the necessary indole-2-carboxamides to 13 and

15 which yielded compounds 16 and 17, respectively. To install the photoactivatable azide

moiety, an azidonation procedure described by Andersen et al. was employed which converted

the aryl bromide compounds (16 and 17) into their respective aryl azide derivatives (7 and 8)

under mild conditions.49 Although formation of both 7 and 8 progressed in a quantitative fashion,

upon reaching approximately 75% conversion, rapid degradation of the product and starting

materials was observed. This caused difficulties in the purification of the final aryl azides, and

consequently, resulted in the low yields obtained.
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Scheme 1. Synthesis of phototactivatable ligands 7 and 8a

aReagents and conditions: (a) EtI, K2CO3, MeCN, overnight 50 ᵒC, quantitative; (b) 1 M 
DIBALH in toluene, toluene, -78 ᵒC, 1 h, quantitative; (c) 7-bromo-1,2,3,4-
tetrahydroisoquinoline or 1,2,3,4-tetrahydroisoquinoline-7-carbonitrile, NaBH(OAc)3, 1,2-DCE,
rt, 16−24 h, 80%; (d) TFA, DCM, base extraction, quantitative; (e) HATU, dry DMF, DIPEA or 
2,6-lutidine, rt, 3−24 h, 31−41%; (f) NaN3, CuI, N1,N2-dimethylethane-1,2-diamine, EtOH: H2O
(7:3), reflux, 7−9%. 

4.3 Pharmacological Characterisation

Pharmacological characterisation of compounds 7 and 8 was carried out in order to determine

whether a pharmacological profile similar to that of compound 6 was maintained upon

incorporation of the azide functionality. Compounds 7 and 8 were initially tested for their ability

to bind the long isoform of the D2R (D2LR) expressed in FlpIn CHO cells (Figure 5).

Competition binding assays were carried out using [3H]spiperone as the radioligand to derive a

value of affinity (Ki) for haloperidol. In instances where the ligands were unable to completely

displace the radioligand even at saturating concentrations (which is consistent with an allosteric

mode of interaction), the data were fit using an allosteric ternary complex to derive values of



Chapter 4: Probing Receptor-Ligand Interactions at the Dopamine D2 Receptor

175

affinity (KB) and cooperativity with [3H]spiperone (α). Since competitive binding assays do not

provide information regarding the effect of these compounds on the endogenous

neurotransmitter dopamine, compounds 7 and 8 were then assessed in an assay which measures

the ability of ligands to stimulate the inhibition of forskolin-induced cAMP production through

activation of the D2LR. More specifically, we assessed the ability of 7 and 8 to antagonise the

actions of increasing concentrations of dopamine (Table 2). The data were fitted with a

derivation of the operational model of allosterism to derive values of functional affinity (KB) and

allosteric cooperativity with dopamine (αβ, where α is negative cooperativity with dopamine

binding (signified by a limited concentration-dependent rightward shift in curves), and β is the

modulation of dopamine efficacy (signified by a concentration-dependent depression in Emax)).47,

50 The data were also fit to a Gaddum-Schild model of competitive antagonism to derive values

of KB and a Schild slope. In instances where a Schild slope was not significantly different from

unity (i.e. Schild slope = 1), compounds were considered to demonstrate competitive antagonism.

The data for each compound were analysed using both models and the best fit was determined

by an F-test. These data are reported in Table 2 and are presented as logarithms to allow for

statistical comparison.51 Values of Log αβ < 0 signify negative cooperativity. Finally, we

performed a competitive radioligand binding assay using cell lysates to ascertain whether

compounds 7 and 8 were capable of binding irreversibly to the D2R. The samples were pre-

incubated for 1 h and then exposed to 254 nm UV light for 30 min at 4 ˚C to ensure photolysis, 

nitrene formation and covalent cross-linking by the azide moiety (Figure 4 and 6). Given that

compounds 7 and 8 presumably occupy both the orthosteric and allosteric sites of the D2R, a

series of wash steps were carried out to ensure that any unbound ligand would be removed. The

cells were then lysed using ultrasonication, and specific binding was measured using

[3H]spiperone in the presence or absence of haloperidol for each test condition.

To ensure that we were able to selectively “capture” the binding site of interest, we

characterised both compounds 7 and 8 in both competitive radioligand binding and cAMP

inhibition assays to determine whether they maintained an allosteric profile similar to that of

compound 6 (Figure 5 and Table 2). From the competitive binding assay (Figure 5) we observed

that, like 6, compound 7 (KB = 309 nM) demonstrated incomplete displacement of [3H]spiperone

and had an affinity that was similar to that of 6 (KB = 534 nM). Compound 8 (KB = 112 nM),

however, demonstrated almost complete displacement of [3H]spiperone and an affinity that was

5-fold greater than 6. Although complete displacement of the radioligand would suggest that 8

was an orthosterically binding competitive antagonist with no allosteric properties, we have

previously noted in Chapter 3 that it may also suggest that the ligand is demonstrating a high
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level of negative cooperativity. As such, we could not determine whether 8 was truly allosteric

until we examined its function in the presence of dopamine in the cAMP inhibition assays.

Consequently, functional assays (Table 2) revealed that in the presence of dopamine, both 7

(KB = 124 nM; αβ = 0.32) and 8 (KB = 184 nM; αβ = 0.03) acted as negative allosteric

modulators and demonstrated a 6- and 4-fold increase in functional affinity compared to 6

(KB = 747 nM; αβ = 0.07), respectively. Furthermore, compound 8 was also determined to have

modulatory properties which were two-fold greater than that of 6, suggesting that its observed

competitive radioligand binding results were commensurate with an allosteric modulator which

shows a high degree of negative cooperativity. Interestingly, despite showing 2-fold greater

binding affinity and 6-fold greater functional affinity for the D2R compared to compound 6,

compound 7 was observed to have a lower degree of negative cooperativity (5-fold) than

compound 6. Nonetheless, from this characterisation of compounds 7 and 8 in their “ground

state”, we were confident that we would be able to “capture” the binding site of interest upon

irradiation of the photoactivatable probes.

Figure 4. The photochemistry of an azide functionality.
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(Ki, nM)
pKB ± SEM

(KB, nM)
Logα ± SEM

(α)

Haloperidol
9.05 ± 0.16

(0.884)
- -

6 -
6.27 ± 0.33

(534)
-0.55 ± 0.14

(0.282)

7 -
6.51 ± 0.27

(309)
-0.65 ± 0.17

(0.224)

8 -
6.95 ± 0.19

(112)
ND

Figure 5. Binding curves of 6 and its photoactivatable derivatives, 7 and 8. Determined by
competition binding experiments using radiolabelled antagonist [3H]spiperone at D2LR expressed
in FlpIn CHO cell membranes. Data represents the mean ± SEM of three separate experiments
performed in duplicate. For compounds 6 and 7 data was fit to a ternary complex model of
allostery to determine a value of affinity (KB) and cooperativity with [3H]spiperone (Logα). ND,
the complete displacement of [3H]spiperone caused by 8 meant that we could not determine a
value of cooperativity with the radioligand.
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Table 2. Determination of functional affinities (KB) and negative cooperativities (αβ) of 6 and its
photoactivatable probe derivatives.a

Compounds Structure
pKB ± SEM

(KB, nM)
Logαβ ± SEM

(αβ)

Fold-shift loss
in dopamine

affinity

6
6.13 ± 0.14

(747)
-1.16 ± 0.10

(0.07)
14.5

7
6.91 ± 0.24

(124)
-0.50 ± 0.07

(0.32)
3.2

8
6.73 ± 0.12

(186)
-1.48 ± 0.09

(0.03)
30.2

aDetermined via the modulation of dopamine’s inhibitory effect on forskolin-stimulated cAMP
production in FlpIn CHO cells stably expressing both wild type D2LR and the CAMYEL
biosensor. Data represents the mean ± SEM of three separate experiments performed in duplicate
and was fit to an operational model of allosterism.

We then assessed whether compounds 7 and 8 were able to bind the D2R irreversibly

(Figure 6). A significant reduction in specific binding was observed for compound 7 following

pre-incubation, irradiation and washings compared to vehicle (Specific binding (% Vehicle) =

58.8%). Additionally, no change in specific binding was observed compared to vehicle following

pre-incubation with 7 when UV exposure was omitted (Specific binding (% Vehicle) = 107.6%).

These results are indicative of a reduction of [3H]spiperone binding and, as a result, indicated the

irreversible occupation of the D2R by 7. In contrast, both compounds 6 and 8 demonstrated

reductions in specific binding compared to vehicle both in the presence (Specific binding (%

Vehicle) = 64.8%; 19.4%, respectively) and absence (Specific binding (% Vehicle) = 75.0%;

17.1%, respectively) of UV exposure. Given that compound 6 has no photoactivatable moiety

which may be photo-activated to result in covalent tethering, it is possible that these results are

the consequence of slow dissociation of the ligand from the D2R. Furthermore, we cannot

ascertain whether compound 8 is able to bind irreversibly to the D2R since specific binding was

significantly reduced with or without UV irradiation. However, it can be postulated that

compound 8 in its “ground state”, like compound 6, may have a slow rate of dissociation. This is

because both structures retain the 1,2,3,4-tetrahydroisoquinolone-7-carbonitrile (7CN-THIQ)

moiety, which is a crucial element of compound 6’s ability to bind the orthosteric binding site of

the D2R.47 Additionally, we may rationalise that our observation of compound 7’s irreversibility
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may be the result of replacing the carbonitrile substituent with the azide moiety. Since the azide

functionality is slightly larger in size than the carbonitrile functionality, it may not sit favourably

within the orthosteric binding site and as a consequence, hasten the rate of dissociation. Upon

UV irradiation, however, the resulting nitrene which is smaller than the carbonitrile functionality

may have the necessary space to enable covalent bond formation within the orthosteric binding

site of the D2R.

Figure 6. Specific binding (% Vehicle) bar graphs where values significantly different from
vehicle as determined by one-way ANOVA (Tukey’s post-hoc test) are indicated by asterisk(s)
(*) (where *** = p < 0.001, **** = p < 0.0001, and NS = not significant). Values represent the
mean ± SEM from three experiments conducted in triplicate.

4.4 Conclusions

Herein we report the design, synthesis and preliminary evaluation of a small series of bitopic

photoactivatable ligands for the D2R. Compounds 7 and 8 were both synthesised in appreciable

quantities for preliminary pharmacological characterisation using previously established

methods (Scheme 1). In vitro pharmacological evaluation of both compounds using

[3H]spiperone competition binding and cAMP inhibition functional assays confirmed that like

their parent molecule, SB269652 (6), both 7 and 8 act as bitopic D2R negative allosteric

modulators (Figure 5, Table 2). Furthermore, we were able to demonstrate that compound 7 is

capable of binding to the D2R in an irreversible manner upon photo-activation with 254 nm UV
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light (Figure 6). However, the nature of compound 8’s binding could not be ascertained due to

slow dissociation from the D2R (Figure 6). Despite this, we have developed an irreversible

bitopic probe (7) for the D2R which may be a useful pharmacological tool for probing structural

and functional interactions at the putative allosteric site or bitopic interactions at the D2R.
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4.5 Experimental

Chemistry. All solvents and chemicals were purchased from standard suppliers and were used

without any further purification.1H NMR and 13C NMR spectra were acquired at 400.13 (1H

spectra) and 100.62 (13C spectra) MHz, respectively, on a Bruker Avance III Nanobay 400 MHz

NMR spectrometer coupled to the BACS 60 automatic sample changer and equipped with a

5 mm PABBO BB-1H/ D Z-GRD probe. All spectra obtained was processed using MestReNova

software (v.6.0). Chemical shifts (δ) for all 1H spectra are reported in parts per million (ppm)

using tetramethylsilane (TMS, 0 ppm) as the reference. The data for all spectra are reported in

the following format: chemical shift (δ), (multiplicity, coupling constants J (Hz), integral),

where the multiplicity is defined as s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, 

and m = multiplet. 13C NMR were routinely carried out as J-modulated spin-echo experiments

(JMOD), all 13C δ are reported in ppm and assignment of carbon signals were abbreviated as: 

C = quaternary carbon, CH = methine carbon, CH2 = methylene carbon, and CH3 = methyl

carbon. Thin layer chromatography (TLC) was carried out routinely on silica gel 60F254

precoated plates (0.25 mm, Merck). Flash column chromatography was carried out using Davisil

LC60A silica gel, 40-63 µm.

Liquid chromatography mass spectrometry (LCMS) was detected on one of two

instruments; either an Agilent 6100 Series Single Quad LC/MS or an Agilent 1200 Series HPLC

(equipped with a 1200 Series G13111A Quaternary Pump, G1329A Thermostatted Autosampler,

and a G1314B Variable Wavelength Detector) and the data was processed using LC/MSD

Chemstation Rev.B.04.01 SP1 coupled with Easy Access Software. Both systems were equipped

with a Reverse Phase Luna C8(2) (5 µm, 50 × 4.6 mm, 100 Å) column maintained at 30 ᵒC. An 

MeCN gradient (5-100%) was used to obtain optimal separation, where 4 min were required for

the gradient to reach 100% MeCN and maintained for a further 3 min before requiring 3 min to

return to the initial gradient of 5% MeCN (total run time = 10 min). Solvent A = 0.1% aqueous

formic acid; Solvent B = MeCN/ 0.1% formic acid.

The purity and retention time of final products were determined using analytical HPLC 

and high resolution mass spectrometry (HRMS). Analytical HPLC was carried out using an

Agilent 1260 Infinity Analytical HPLC fitted with a Zorbax Eclipse Plus C18 Rapid Resolution

column (100 mm × 4.60 mm, 3.5 μm) using a binary solvent system: solvent A of 0.1% aqueous 

TFA; solvent B of 0.1% TFA in MeCN. Gradient elution was achieved over 10 min using 95%

A + 5% B to 100% B over 9 min, and 100% B maintained for 1 min at a flow rate of 1 mL/min 

monitored at both 214 and 254 nm. HRMS were conducted on an Agilent 6224 TOP LC/MS

Mass Spectrometer coupled to an Agilent 1290 Infinity. All data was acquired and reference mas
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corrected via dual-spray electrospray ionisation (ESI) source. Each scan or data point on the total

ion chromatogram (TIC) is average of 13700 transients, producing one spectrum per second.

Mass spectra were created by averaging the scans across each peak and background subtracted

against the first 10 seconds of the TIC. Data acquisition was carried out using the Agilent Mass

Hunter Data Acquisition software version B.05.00 Build 5.0.5042 and analysis was performed

using Mass Hunter Qualitative Analysis version B.05.00 Build 5.0.519.13.

General Procedure A (Reductive Alkylation)

The amine (1 eq.) and aldehyde (1 eq.) were dissolved in dry 1,2-DCE (15 mL). NaBH(OAc)3

(1.5 eq.) was added and stirred under an atmosphere of N2 for 24 h. LCMS was used to confirm

completion of the reaction. The mixture was then diluted in DCM (20 mL), and washed with 1

M K2CO3 (3 × 20 mL) and brine, then dried over anhydrous Na2SO4 and evaporated to dryness.

The crude material was then purified using flash chromatography (MeOH: DCM 3:97) unless

otherwise stated.

General Procedure B (HATU Amide Coupling)

The amine (1 eq.), carboxylic acid (1.2 eq.) and the coupling reagent, HATU (1.2-2 eq.). were

stirred in a minimal volume of anhydrous DMF (3-4 mL). To this, an excess of DIPEA was

added and the reaction was left to stir overnight. The reaction was ceased upon confirmation of

complete consumption of the amine via LCMS. The mixture was then diluted with a sat.

NaHCO3 and H2O solution (1:1) which was ten times the volume of DMF added to the reaction

and left to stir for 30 min. The resulting precipitate was filtered and washed, or if precipitation

had not occurred, the product was extracted from the aqueous using EtOAc. Any further

purification was as specified.

General Procedure C (De-protection of tert-Butyl carbamate and HATU Amide Coupling)

To a stirring solution of protected amine (1 eq.) and DCM (5 mL), an excess of TFA was added

at rt. The solution was stirred for 2 h or overnight and then diluted with DCM (20 mL). 1 M

K2CO3 or 1 M NaOH was added to bring the mixture to pH 12. The product was then extracted

using DCM (2 × 20 mL). The combined organic extracts were then washed with brine and dried

over anhydrous Na2SO4 before being concentrated in vacuo to yield the free amine. Following
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confirmation of product formation via TLC or LCMS, the resulting amine (1 eq.), carboxylic

acid (1.2 eq.) and the coupling reagent, 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU) (1.2-2 eq.) were stirred in a minimal volume

of anhydrous DMF (3 mL). To this, an excess of 2,6-lutidine (2 eq.) was added and the reaction

was left to stir overnight. The reaction was ceased upon confirmation of complete consumption

of the amine via LCMS. The mixture was then diluted with a sat. NaHCO3 and H2O solution

(1:1, 30 mL) and left to stir for 30 min. The resulting precipitate was filtered and washed or the

product was extracted from the aqueous using EtOAc (3 × 30 mL) if precipitation had not

occurred, purification was as specified.

General Procedure D (Azidonation of an Aryl Bromide)

Following a method described by Andersen et al.,49 the aryl bromide (1 eq.), NaN3 (2 eq.),

sodium ascorbate (0.05 eq.), CuI (0.1 eq.), N1,N2-dimethylethane-1,2-diamine (0.15 eq.) and 4

mL EtOH: H2O (7:3) were introduced into a two-necked rbf equipped with a condenser and a

magnetic stirrer. After the mixture was degassed and under an atmosphere of N2, the reaction

was stirred at reflux and progress was monitored via HPLC. Additional equivalents of NaN3 and

N1,N2-dimethylethane-1,2-diamine were added until cessation of product formation was

observed by HPLC, the mixture was cooled to rt and partitioned between EtOAc (10 mL) and

brine (10 mL). The product was extracted from the brine using EtOAc (4 × 10 mL). The

combined organic washes were the dried over anhydrous Na2SO4, concentrated in vacuo and

purified by preparative HPLC to yield the respective product as the TFA salt.

2-(2-((trans)-4-(1H-Indole-2-carboxamido)cyclohexyl)ethyl)-7-azido-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (7)

Using N-((trans)-4-(2-(7-Bromo-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-1H-indole-

2-carboxamide as the aryl bromide, general procedure D was followed to yield the product salt

as a yellow solid (3.70 mg, 9%). 1H NMR (d6-DMSO) δ 11.51 (s, 1H), 10.15 (br s, 1H), 8.23 
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(d, J = 6.7 Hz, 1H), 7.89 – 6.76 (m, 8H), 4.73 – 4.49 (m, 1H), 4.38 – 4.13 (m, 1H), 3.86 – 3.65

(m, 2H), 3.42 – 2.89 (m, 5H), 2.00 – 1.59 (m, 6H), 1.46 – 1.24 (m, 3H), 1.19 – 1.01 (m, 2H).

13CNMR (d6-DMSO) δ 160.2 (C), 137.9 (C), 136.3 (C), 133.5 (C), 132.0 (C), 128.3 (C), 127.2 

(CH), 127.0 (C), 123.2 (CH), 121.4 (CH), 119.6 (CH), 118.8 (CH), 117.0 (CH), 112.3 (CH),

102.5 (CH), 53.5 (CH2), 51.5 (CH2), 49.0 (CH2), 48.0 (CH), 34.2 (CH), 32.0 (CH2), 31.3 (CH2),

30.3 (CH2), 24.4 (CH2). HPLC: tR 5.99 min, >95% purity. HRMS (m/z): C26H31N6O requires

[M+H]+ 443.2554; found 443.2564.

2-(2-((trans)-4-(5-Azido-1H-indole-2-carboxamido)cyclohexyl)ethyl)-7-cyano-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (8)

Using 5-bromo-N-((trans)-4-(2-(7-cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-

1H-indole-2-carboxamide as the aryl bromide, general procedure D was followed to yield the

product salt as a brown solid (2.96 mg, 7%). 1H NMR (d6-DMSO) δ 11.68 (s, 1H), 11.19 – 10.08 

(m, 2H), 8.38 – 8.21 (m, 1H), 7.74 (s, 2H), 7.49 – 7.42 (m, 2H), 7.35 (s, 1H), 7.11 (s, 1H), 6.93

(dd, J = 8.7, 1.8 Hz, 1H), 4.66 – 4.21 (m, 2H), 3.85 – 3.56 (m, 3H), 3.27 – 3.03 (m, 3H), 1.97 –

1.53 (m, 6H), 1.44 – 1.03 (m, 5H). 13C NMR (d6-DMSO) δ 159.9 (C), 136.8 (C), 134.2 (C), 

133.5 (C), 131.2 (C), 131.0 (CH), 130.7 (CH), 129.9 (CH), 127.8 (C), 123.6 (CH), 118.5 (C),

115.5 (CH), 113.8 (CH), 110.7 (CH), 109.4 (C), 53.7 (CH2), 51.0 (CH2), 48.3 (CH2), 48.0 (CH),

34.3 (CH), 32.0 (CH2), 31.3 (CH2), 24.9 (CH2). NOTE: One quaternary and one methylene

resonance could not be observed due to signal broadening. HPLC: tR 4.29 min, >95% purity.

HRMS (m/z): C27H30N7O requires [M+H]+ 468.2506; found 468.2502.

Ethyl 2-((trans)-4-((tert-butoxycarbonyl)amino)cyclohexyl)acetate (10)47

Refer to compound 42 in Chapter 2.
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tert-Butyl ((trans)-4-(2-oxoethyl)cyclohexyl)carbamate (11)47

Refer to compound 43 in Chapter 2.

tert-Butyl ((trans)-4-(2-(7-bromo-3,4-dihydroisoquinolin-2(1H)-

yl)ethyl)cyclohexyl)carbamate (12)47

Using 7-bromo-1,2,3,4-tetrahydroisoquinoline as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, general procedure A was followed. The

resultant product was purified via flash chromatography (3:97 MeOH: DCM) to yield an oil

(158 mg, 29%). 1H NMR (CDCl3) δ 7.22 (dd, J = 8.1, 2.0 Hz, 1H), 7.16 – 7.14 (m, 1H), 6.95 (d,

J = 8.2 Hz, 1H), 4.55 (s, 1H), 3.56 (s, 2H), 3.35 (s, 2H), 2.82 (t, J = 5.8 Hz, 2H), 2.69 (t, J = 5.9

Hz, 2H), 2.53 – 2.46 (m, 2H), 2.01 – 1.92 (m, 2H), 1.82 – 1.71 (m, 2H), 1.48 – 1.36 (m, 11),

1.14 – 0.95 (m, 4H). 13C NMR (CDCl3) δ 155.3 (C), 137.0 (C), 133.3 (C), 130.3 (CH), 129.3 

(CH), 129.1 (CH), 119.1 (C), 78.9 (C), 60.3 (CH2), 56.0 (CH2), 55.6 (CH2), 50.6 (CH2), 49.8

(CH), 39.6 (CH2), 35.3 (CH), 33.9 (CH2), 33.4 (CH2), 31.9 (CH2), 31.8 (CH2), 28.4 (CH3).

LCMS (m/z): [M+H]+ 438.9.

tert-Butyl ((trans)-4-(2-(7-cyano-3,4-dihydroisoquinolin-2(1H)-

yl)ethyl)cyclohexyl)carbamate (14).47

Refer to compound 8b in Chapter 3.
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2-(2-((trans)-4-Aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile (15)47

Refer to compound 9b in Chapter 3.

2-(2-((trans)-4-(1H-Indole-2-carboxamido)cyclohexyl)ethyl)-7-bromo-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (16)47

Using tert-butyl ((trans)-4-(2-(7-bromo-3,4-dihydroisoquinolin-2(1H)-

yl)ethyl)cyclohexyl)carbamate as the protected amine, general procedure C was followed. Upon

confirmation of tert-butyl carbamate deprotection via TLC, the amide coupling procedure was

carried out. The resultant precipitate was purified using preparative HPLC which yielded the

TFA salt as a pale yellow solid (37.4 mg, 31%). 1H NMR (d6-DMSO) δ 11.49 (s, 1H), 8.17 (d, J

= 8.0 Hz, 1H), 7.58 (d, J = 8.0 Hz, 1H), 7.41 (dd, J = 8.2, 0.7 Hz, 1H), 7.35 – 7.23 (m, 2H), 7.18

– 7.11 (m, 2H), 7.08 – 6.98 (m, 2H), 3.81 – 3.69 (m, 1H), 3.53 (s, 2H), 2.75 (t, J = 5.6 Hz, 2H),

2.63 (t, J = 5.8 Hz, 2H), 2.47 (t, J = 7.5 Hz, 2H), 1.92 – 1.77 (m, 4H), 1.44 (dd, J = 14.4, 6.8 Hz,

2H), 1.40 – 1.29 (m, 3H), 1.15 – 0.99 (m, 2H). 13C NMR (101 MHz, d6-DMSO) δ 160.2 (C), 

137.8 (C), 136.3 (C), 133.8 (C), 132.0 (C), 130.6 (CH), 129.0 (CH), 128.7 (CH), 127.1 (C),

123.1 (CH), 121.4 (CH), 119.6 (CH), 118.2 (C), 112.2 (CH), 102.4 (CH), 55.3 (CH2), 55.0

(CH2), 50.2 (CH2), 48.2 (CH), 34.7 (CH), 33.6 (CH2), 32.3 (CH2), 31.7 (CH2), 28.1 (CH2).

LCMS (m/z): [M+H]+ 481.1.
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2-(2-((trans)-4-(5-Bromo-1H-indole-2-carboxamido)cyclohexyl)ethyl)-7-cyano-1,2,3,4-

tetrahydroisoquinolin-2-ium 2,2,2-trifluoroacetate (17)

Using 2-(2-((trans)-4-aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-7-carbonitrile as

the amine and 5-bromo-1H-indole-2-carboxylic acid, general procedure B was followed. The

resultant yellow precipitate was then purified using preparative HPLC to yield the TFA salt as a

yellow solid (47.5 mg, 41%). 1H NMR (d6-DMSO) δ 11.75 (d, J = 1.5 Hz, 1H), 10.27 (s, 1H), 

8.33 (d, J = 8.0 Hz, 1H), 7.83 (d, J = 1.8 Hz, 1H), 7.76 (d, J = 6.0 Hz, 2H), 7.48 (d, J = 8.5 Hz,

1H), 7.38 (d, J = 8.7 Hz, 1H), 7.28 (dd, J = 8.7, 1.9 Hz, 1H), 7.14 (d, J = 1.4 Hz, 1H), 4.70 – 4.54

(m, 1H), 4.39 – 4.23 (m, 1H), 3.89 – 3.69 (m, 2H), 3.60 (br s, 3H), 3.31 – 3.24 (m, 1H), 3.22 –

3.16 (m, 1H), 1.95 – 1.77 (m, 4H), 1.71 – 1.63 (m, 2H), 1.42 – 1.27 (m, 3H), 1.17 – 1.02 (m, 2H).

13C NMR (d6-DMSO) δ 160.3 (C), 138.0 (C), 135.4 (C), 133.8 (C), 131.5 (CH), 131.2 (CH), 

130.3 (CH), 129.3 (C), 126.2 (CH), 124.0 (CH), 119.0 (C), 114.8 (CH), 112.6 (C), 109.9 (C),

102.4 (CH), 54.0 (CH2), 51.6 (CH2), 48.8 (CH2), 48.5 (CH), 34.7 (CH), 32.4 (CH2), 31.7 (CH2),

30.7 (CH2), 25.6 (CH2). LCMS (m/z): [M+] 504.9, [M+2] 506.9.

Pharmacology

Cell Lines and Transfection. FlpIn CHO cells stably expressing the wild-type D2LR were

transfected and maintained in the conditions stated by Szabo et al.44

For FlpIn CHO cells stably expressing both the wild-type D2LR and the YFP-Epac-RLuc

biosensor (CAMYEL), FlpIn CHO cells were both transfected with pGO44 (Invitrogen Life

Technology) and the D2LR gene cloned in pEF5/FRT/v-dest plasmid (Invitrogen Life

Technology) and selected with 700 µg/ mL Hygromycin B Gold (Invivogen). The cells stably

expressing the D2LR were then transfected with the CAMYEL construct52 and selected as a

monoclonal cell line using both Hygromycin B Gold and G418 (Gibco Life Technology) at a

concentration of 700 µg/ mL.
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Membrane Preparation. FlpIn CHO cells stably expressing the wild-type D2LR were grown to

confluency using 500 cm2 cell culture plates. The cells were harvested in PBS containing 2 mM

EDTA and centrifuged at 300g for 3 min at 4 ᵒC. The resulting pellet was resuspended in ice 

cold assay buffer (20 mM HEPES, 100 mM NaCl, 6 mM MgCl2, 1 mM EGTA and 1 mM

EDTA, pH 7.4) and the centrifugation was repeated. The intact cell pellet was then resuspended

in assay buffer and homogenised using a Polytron homogeniser. After centrifugation (300g,

5 min, 4 ᵒC), the supernatant was centrifuged at 30,000g for 1 h at 4 ᵒC using a Sorval Evolution 

RC ultracentrifuge (Thermo Scientific). The resulting pellet was resuspended in the assay buffer

and stored in 250 µL aliquots at -80 ᵒC. Membrane protein concentration was determined using 

the Bradford method.

[3H]Spiperone Competitive Binding Assays. All radioligand binding experiments were

conducted in a 1 mL reaction volume in assay buffer (20 mM HEPES, 100 mM NaCl, 6 mM

MgCl2, 1 mM EGTA and 1 mM EDTA, pH 7.4). In all cases non-specific binding was

determined in the presence of 1 µM haloperidol. To obtain affinity estimates of unlabelled

ligands, competition binding experiments were performed at equilibrium to measure the ability

of increasing concentrations of the test ligands to compete 0.1 nM [3H]spiperone for binding at

the D2LR (wild-type). The membranes (5 µg, unless otherwise stated) were incubated with the

drugs for 3 h at 37 ᵒC ([3H]spiperone). Following incubation, bound and free radioligand were

separated by fast-flow filtration through GF/B filters using a Brandel harvester followed by three

washes with ice cold NaCl (0.9% (m/v)). Filter-bound radioactivity was measured by

scintillation spectrometry after the addition of 3.5 mL of Ultima Gold (PerkinElmer) using a Tri-

Carb 2900TR liquid scintillation counter (PerkinElmer).

Bioluminescence Resonance Energy Transfer (BRET) cAMP assay. Flp-In-CHO cells stably

expressing wild-type D2LR and the CAMYEL biosensor were plated at a density of 50,000 cells

per well into 96-well CulturPlates (PerkinElmer) and grown overnight. The cells were

equilibrated in Hank’s balanced salt solution (HBSS) at 37 ᵒC before commencing the 

experiment. The cells were co-stimulated with the ligands, dopamine and 10 µM (final

concentration) forskolin for 30 min prior to BRET measurement. Coelenterazine (Promega) was

added at a final concentration of 5 µM at least 5 min prior to measurement. The signals were

detected at 445‒505 and 505‒565 nm using a LUMIstar Omega instrument (BMG LabTech, 

Offenburg, Germany).
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Evaluation of Irreversible Ligands. Pre-incubation of Control and Test Ligands. FlpIn CHO

cells stably expressing the wild-type D2LR were grown to confluency in 175 cm2 cell culture

flasks. The cells were harvested in PBS containing 2 mM EDTA and centrifuged at 300g for

3 min at 4 ᵒC. The resulting pellet was resuspended in 10 mL ice cold assay buffer (20 mM 

HEPES, 100 mM NaCl, 6 mM MgCl2, 1 mM EGTA and 1 mM EDTA, pH 7.4) supplemented

with saponin (50 µg/mL). The cells were then dispensed into Eppendorf tubes at a density of

2,000,000 cells per tube and each tube was made up to a final volume of 1 mL using ice cold

saponin-supplemented assay buffer and maintained at 4 ᵒC. 200 µL of the test or control ligands 

were added to the necessary Eppendorf tubes (10 µM final concentration) and the tubes were

then left to equilibrate at 37 ᵒC for 1 h in a waterbath. The tubes were immediately placed on ice 

for 5 min, after which, tubes requiring UV-exposure were exposed to 254 nm UV light for

30 min at 4 ᵒC. The tubes were then centrifuged for 10 min (4 ᵒC, 21,000 rpm). The supernatant 

was discarded and the cells were resuspended in cold saponin-supplemented assay buffer (1 mL)

and centrifuged again for 5 min (4 ᵒC, 21,000 rpm). This process was carried out a further two 

times. The supernatant was finally discarded and cold un-supplemented assay buffer was added

to each tube (500 µL). The cells were then lysed and homogenised via ultrasonication and the

protein concentration was determined using the Bradford method. The required amount of cold

un-supplemented assay buffer was then added to each treatment tube to bring the concentration

of each to 50 µg/mL.

Assay Protocol. All radioligand binding experiments were conducted in a 1 mL reaction volume

in assay buffer (20 mM HEPES, 100 mM NaCl, 6 mM MgCl2, 1 mM EGTA and 1 mM EDTA,

pH 7.4). In all cases non-specific binding was determined in the presence of 1 µM haloperidol.

To obtain estimates of maximal binding, binding experiments were performed at equilibrium to

measure the ability of 0.1 nM [3H]spiperone to compete for binding at the D2LR (wild-type)

against the test ligands which had, or had not, been exposed to UV irradiation. The cell lysates

(5 µg) were incubated with the [3H]spiperone for 3 h at 37 ᵒC. Following incubation, bound and 

free radioligand were separated by fast-flow filtration through GF/B filters using a Brandel

harvester followed by three washes with ice cold NaCl (0.9% (m/v)). Filter-bound radioactivity

was measured by scintillation spectrometry after the addition of 3.5 mL of Ultima Gold

(PerkinElmer) using a Tri-Carb 2900TR liquid scintillation counter (PerkinElmer).

Data Analysis. The results obtained were analysed using Prism 6.01 (GraphPad Software Inc.,

San Diego, CA). For the displacement of [3H]spiperone data were fit to a one-site model with a

variable Hill slope:
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where Y denotes the percent specific binding; top and bottom denote the maximal and minimal

asymptotes, respectively; � denotes the inhibitor potency (mid-point location) parameter; � �

denotes the Hill slope factor. With the assumption of simple competition, IC50 values were

converted to Ki values via the Cheng-Prusoff equation.53 Competition-binding curves between

[3H]spiperone and 6 (and its analogues) could be fit to the allosteric ternary complex model

using the following equation:54
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where Y is percentage (vehicle control) binding; [A] and [B] are the concentrations of

[3H]spiperone and 6, respectively; KA and KB are the equilibrium dissociation constants of

[3H]spiperone and 6, respectively; α is the cooperativity between 6 and [3H]spiperone. Values α 

> 1 denote positive cooperativity; values of <1 (but >0) denote negative cooperativity, and

values of 1 denote neutral cooperativity.

A logistic equation of competitive agonist-antagonist interaction was fitted globally to

data from functional experiments measuring the interaction between dopamine and all analogues

of 6:
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where s represents the Schild slope for the antagonist and pA2 represents the negative logarithm

of the molar concentration of the antagonist at which double the concentration of the agonist is

needed to elicit the original submaximal response obtained in the absence of the antagonist.
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Functional data describing the interaction between all analogues of 6 and dopamine are analysed

according to the allosteric ternary complex model:

� =
� � [ � ] � �
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where Em is the maximal cellular response possible, [A] and [B] are the concentrations of

orthosteric and allosteric ligands, respectively, KB is the equilibrium dissociation constant of the

orthosteric and allosteric ligands, αβ is the composite cooperativity parameter between

orthosteric and allosteric ligands that includes effects upon the affinity and efficacy of the

orthosteric ligand, and nH is the Hill slope of the orthosteric agonist concentration-response

curves. Values of α and/ or β greater than 1 denote allosteric potentiation, whereas values less

than 1 (but greater than 0) denote allosteric inhibition.
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The overarching aim of this thesis has been to demonstrate the utility of multivalent ligands as

chemical probes for the investigation of dopamine D2 receptor (D2R) pharmacology using the

extended scaffolds of aripiprazole and SB269652. As such, through the use of common

medicinal chemistry strategies such as traditional and retrospective fragment-based structure-

activity relationship (SAR) studies, we have been able to investigate the molecular determinants

of efficacy and allostery at the D2R. Affinity labelling strategies were also employed in the

development of photoactivatable tools for the investigation of both bitopic and allosteric

receptor-ligand interactions at the D2R.

Chapter 2: Probing Efficacy at the Dopamine D2 Receptor

Chapter 2 demonstrated the use of multivalent ligands as a tool for investigating the molecular

determinants of efficacy at the D2R. Sub-chapter 2.1 in particular, focussed on the synthesis and

pharmacological evaluation of progressively fragmented synthons of aripiprazole in a bid to

determine key structural attributes that are important for its efficacy at the D2R. From this study

it was determined that the 1,2,3,4-tetrahydroquinolin-2-one (THQ) tail of aripiprazole was a key

determinant of functional affinity (KA = 12.8 nM, 777-fold) and efficacy (τ = 0.940, 3-fold),

causing enhancements in both parameters upon attachment to the orthosterically-binding 1-(2,3-

dichlorophenyl)piperazine (DCPP) head group (KA = 9941 nM; τ = 0.365). Intriguingly,

attachment of the THQ moiety (14) to a series of pharmacologically-diverse, orthosterically-

engaging D2R molecules also caused enhancements in affinity and a trend towards increased

efficacy, particularly for agonist structures. Furthermore, using these hybrid structures,

mutagenesis studies revealed that the nature of secondary binding interactions within the

extracellular regions of transmembrane helices (TMs) 1 and 2 of the D2R were able to modulate

the efficacy of extended ligands in differing directions. Accordingly, Sub-chapter 2.2 evaluated

the notion of modulating efficacy at the D2R using differing tail structures. In a preliminary

investigation, a series of hybrid molecules incorporating the 7-azaindole-2-carboxamide tail of

the highest affinity SB269652 analogue from our previous SAR study, were synthesised and

displayed potency-enhancing properties at the D2R. Changes in efficacy, however, were not

observed. From these results it is clear that the potency and efficacy of these extended structures

is dependent on the nature and composition of the tail moiety.

As a direct follow-up to the preliminary work presented in Sub-chapter 2.2, further

evaluation of the functional affinity (KA) and efficacy (τ) of these hybrid ligands is required in

order to determine their impact on D2R pharmacology. Furthermore, given the indole-2-
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carboxamide tail of SB269652 is considered a key structural determinant of its negative

cooperativity, it would be judicious to also evaluate whether these 7-azaindole-2-

carboxamidoalkyl-containing hybrid molecules are able to exert cooperativity in the presence of

dopamine. Overall, while a crystal structure of the D2R remains elusive, future prospects for

probing the molecular determinants of efficacy at the D2R lie in the evaluation of other extended

D2R structures with structurally diverse tail moieties (e.g. ziprasidone, risperidone and

bifeprunox, Figure 1). Retrospective fragment-based SAR analysis in conjunction with

mutagenesis and computational efforts, could potentially aid the development of a suite of tail

moieties which could be used to tune efficacy at the D2R. This in turn could aid the rational

design of high affinity D2R-acting ligands with desired efficacies or, the redevelopment of

existing therapeutics in a bid to lower their propensity for causing unwanted side-effects.

Figure 1. The chemical structures of D2R ligands with extended structures; ziprasidone,
risperidone and bifeprunox (tail moieties which extend away from the orthosteric binding site are
highlighted in red).

Chapter 3: Probing Allostery at the Dopamine D2 Receptor

Chapter 3 centred on utilising multivalent ligands as a chemical probe for the investigation of

allostery at the D2R. Herein, a traditional SAR investigation of SB269652 was conducted and

structural modifications of the allosterically-binding indole-2-carboxamide tail yielded a number

of analogues displaying a spectrum of negative cooperativities. Key SAR findings include that

fluorine-substitution around the benzo portion of the indole-2-carboxamide ring yielded

relatively high affinity analogues which were able to modulate cooperativity at the D2R. The

methoxy-substituted derivatives in general, however, proved to be detrimental to negative
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cooperativity. Furthermore, incorporation of a second nitrogen atom within the indole-ring, and

the subsequent repositioning of the carboxamide attachment point (2- versus 3-substitution) was

very well tolerated and yielded two analogues which displayed both high affinity and negative

cooperativity. As such, we discovered a first-in-class analogue of SB269652 that demonstrated

sub-nanomolar functional affinity for the D2R and could modulate both the affinity and efficacy

of dopamine (15e, Chapter 3, Figure 2). Finally, the N-methylated derivatives and the “best of”

SB269652 analogues derived from our initial SAR study highlighted the difficulty in developing

SAR for bitopic allosteric modulators and provided a timely reminder that SAR is not

necessarily an additive phenomenon.

Figure 2. Compound 15e is a first-in-class analogue of SB269652 which can modulate both the
affinity (20-fold) and efficacy (6-fold) of dopamine at the D2R.

Future prospects for this work include further investigation of ring activating (e.g. OH or

alkyl) or deactivating (e.g. Cl, Br or I) substituted tail moieties and their effect on negative

cooperativity at the D2R. This would enable us to determine whether electron-withdrawing

moieties are beneficial for negative cooperativity or if it may be related to the relative sizes of

the substituents. Re-positioning of the indole-carboxamide tail may also be a worthwhile pursuit

given that the indole-3-carboxamide analogues led to the discovery of a high affinity analogue

with a novel pharmacological profile. Furthermore, based on the analogues generated in Chapter

3 and those investigated in our initial SAR investigation, we have now generated a wide variety

of analogues with a spectrum of negative cooperativities. As such, preliminary in vivo

investigations in behavioural animal models would provide insight into whether D2R negative

allosteric modulators (NAMs) with low or high negative cooperativities may have therapeutic

utility in treating CNS disorders such as schizophrenia.
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Chapter 4: Probing Receptor-ligand Interactions at the Dopamine D2 Receptor

Finally, Chapter 4 illustrated the successful design, synthesis and preliminary evaluation of

photoactivatable azide derivatives of SB269652. Due to the lack of literature surrounding

receptor-ligand interactions of bitopic and allosterically-engaging D2R ligands, the encouraging

results observed in Chapter 4 demonstrate that irreversible analogues of extended D2R structures

are capable of selectively capturing the binding site of interest. However, the development of

such ligands requires sound SAR knowledge of the ligand of interest in order to determine ideal

attachment points for photoactivatable or chemoreactive moieties. Due to time constraints, the

optimisation of crosslinking experiments to deduce whether the 5-azidoindole-2-carboxamide

derivative was an irreversible ligand was not carried out. Nonetheless, the results obtained in

Chapter 4 demonstrate that irreversible probes may be an ideal strategy to employ in order to

further our knowledge of a receptor-target which plays such a pivotal role in the symptoms of

diseases such as schizophrenia.

Since the results presented in Chapter 4 are an initial effort toward developing

multivalent irreversible probes for the D2R, further refinement in experimental procedures is

required. Kinetic binding studies of SB269652 and the photoactivatable probes synthesised,

would enable the optimisation of crosslinking experiments and confirm whether kinetics played

a role in the results observed in Chapter 4. Other future prospects for this work may also include

the development of alternative irreversible SB269652 analogues comprising other

photoactivatable or chemoreactive moieties. Given its relative similarity in size and structure to

the azide moiety, it could be envisaged that derivatives of SB269652 containing an

isothiocyanate functional group could successfully yield a series of chemoreactive D2R probes

(Figure 3). Furthermore, it would be worthwhile to determine whether these ligands are able to

trigger ligand-induced thermostability upon irreversibly binding the D2R. The 7-azido-1,2,3,4-

tetrahydroisoquinoline derivative, in particular, may have the ability to constrain the D2R in a

conformation that is favourable for crystallisation since it is able to engage both the orthosteric

and allosteric binding site of the D2R in a similar manner to SB269652.
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Figure 3. The proposed chemical structures of chemoreactive derivatives of SB269652
containing the isothiocyanate functional group.

This body of work clearly demonstrates that multivalent ligands have a great deal of value as

chemical probes for the investigation of the D2R. Through the strategic use of medicinal

chemistry techniques and pharmacological evaluation, we have been able to gain insight into the

molecular determinants of efficacy and negative cooperativity at the D2R, and develop a tool that

could provide insight into bitopic and allosteric receptor-ligand interactions without the aid of a

crystal structure. Although this work may be considered time-intensive, it has provided

information into previously unexplored aspects of D2R pharmacology and provides a new

strategy for the investigation of other receptors that cannot be crystallised using current

methodologies.
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Appendix 1. Chapter 2 Supplementary Material

A B

C D

A1.1 Apparent changes in efficacy were observed for the phenylpiperazine–containing hybrids
and their privileged scaffolds.
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A1.2 Synthesis procedure for a key intermediate required for the synthesis of 55.

7-(Piperazin-1-yl)benzo[d]oxazol-2(3H)-one

Bis(2-chloroethyl)amine (4.31 g, 30.3 mmol) was taken up in 1,4-dioxane (80 mL), and to this a solution

of 7-aminobenzo[d]oxazol-2(3H)-one (3.80 g, 25.3 mmol) in a minimum amount of 1,4-dioxane was

added. The mixture was stirred at reflux for 72 h. The reaction solvent was decanted from the reaction

vessel, leaving behind a dark residue. The residue was washed with 1,4-dioxane (3 x 50 mL) and purified

using preparative HPLC. This yielded the product as a pale brown solid (301 mg, 5%). 1H NMR (D2O) δ 

7.16 (t, J = 8.1 Hz, 1H), 6.88 (d, J = 7.9 Hz, 1H), 6.81 (d, J = 8.4 Hz, 1H), 3.47 (dd, J = 7.0, 3.4 Hz, 4H),

3.41 (dd, J = 7.0, 3.4 Hz, 4H). 13C NMR (D2O) δ 156.3 (C), 134.4 (C), 133.5 (C), 130.6 (C), 125.1 (CH), 

111.3 (CH), 105.2 (CH), 46.4 (CH2), 43.1 (CH2).
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Appendix 2. Chapter 3 Supplementary Material

A2.1 The structure and 1H NMR spectrum (A), and LCMS spectrum (B) of the self-
dimerised by-product yielded in an amide coupling of 1H-pyrrolo[2,3-c]pyridine-2-
carboxylic acid

A)
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B)

LCMS (m/z): [M+H]+ 289.1
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A2.2 Synthesis and pharmacological evaluation of an SB269652 analogue (40) containing

the head moiety of SB277011-A.

We synthesised an analogue containing the head group of SB277011-A, a D3R-selective

antagonist discovered by SmithKlein Beecham in the same study as 1 to evaluate the effect of 6-

substituted head groups on negative cooperativity at the D2R.1 Compound 40 demonstrated 9-

fold weaker negative cooperativity and similar functional affinity compared to 1 at the D2R. As

such, it was determined that small substituents at the 7-position of the head moiety was optimal

for NAM activity at the D2R.

tert-Butyl ((trans)-4-(2-(6-cyano-3,4-dihydroisoquinolin-2(1H)-

yl)ethyl)cyclohexyl)carbamate2

Using 1,2,3,4-tetrahydroisoquinoline-6-carbonitrile as the amine and tert-butyl ((trans)-4-(2-

oxoethyl)cyclohexyl)carbamate as the aldehyde, General Procedure A was followed. The

resultant product obtained was a pale yellow oil (38.2 mg, 48%). 1H NMR (CDCl3) δ 7.41 (m, 

2H), 7.13 (d, J = 8.0 Hz 1H), 4.29 (br s, 1H), 3.76 (s, 2H), 3.30 (br, s, 1H), 3.11- 2.26 (m, 6H),

2.03-1.84 (m, 2H), 1.78-1.65 (m, 2H), 1.63- 1.42 (m, 5H), 1.37 (s, 9H), 1.04- 0.99 (m, 2H); 13C

NMR (CDCl3) δ 155.3 (C), 140.3 (C), 135.8 (C), 132.5 (CH), 129.2 (CH), 127.4 (CH), 119.1 (C), 

110.0 (C), 79.1 (C), 56.1 (CH2), 56.0 (CH2), 50.2 (CH2), 49.8 (CH), 35.2 (CH), 33.9 (CH2), 33.4

(CH2), 31.9 (CH2), 28.7 (CH2), 28.4 (CH3). LCMS (m/z): C23H33N3O2 requires [M+H]+ 384.3;

found 384.3.
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2-(2-((trans)-4-Aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-6-carbonitrile2

Using tert-butyl ((trans)-4-(2-(6-cyano-3,4-dihydroisoquinolin-2(1H)-

yl)ethyl)cyclohexyl)carbamate as the protected amine, General Procedure B was followed to

yield a yellow oil in quantitative yields (59.9 mg). 1H NMR (CDCl3) δ 7.38 – 7.30 (m, 2H), 7.08 

(d, J = 8.1 Hz, 1H), 3.61 (s, 2H), 2.88 (app t, J = 6.0 Hz, 2H), 2.73 – 2.39 (m, 6H), 1.85 (m, 4H),

1.51 – 1.39 (m, 3H), 1.34 – 1.17 (m, 1H), 1.16 – 0.88 (m, 4H). 13C NMR (CDCl3) δ 140.6 (C), 

135.9 (C), 132.4 (CH), 129.1 (CH), 127.4 (CH), 123.8 (CH), 119.1 (C), 109.9 (C), 56.2 (CH2),

56.1 (CH2), 50.3 (CH2), 35.2 (CH), 34.1 (CH2), 31.97 (CH2), 29.0 (CH2), 28.8 (CH2). LCMS

(m/z): [M+H]+ found 284.2.

N-((trans)-4-(2-(6-Cyano-3,4-dihydroisoquinolin-2(1H)-yl)ethyl)cyclohexyl)-1H-indole-2-

carboxamide1

2-(2-((trans)-4-Aminocyclohexyl)ethyl)-1,2,3,4-tetrahydroisoquinoline-6-carbonitrile (58.6 mg,

206 µmol) was added to an rbf containing DCM. To this, 1H-indole- 2-carboxylic acid (37.0 mg,

230 µmol) and (Benzotriazol-1 yloxy)tris(dimethylamino)phosphonium hexafluorophosphate

(BOP) (152 mg, 344 µmol) were added along with an excess of DIPEA. The reaction mixture

was stirred at rt for 3 h, after which, precipitate had formed. The precipitate was collected via

vacuum filtration and washed with cold water and DCM and left to dry. The resultant product

was off-white solid which was obtained in good yield (31.5 mg, 31.2%). 1H NMR (d6-DMSO) δ 

11.51 (s, 1H), 8.19 (d, J = 8.0 Hz, 1H), 7.62 – 7.55 (m, 3H), 7.42 (d, J = 8.2 Hz, 1H), 7.29 (d, J

= 8.0 Hz, 1H), 7.19 – 7.11 (m, 2H), 7.02 (m, 1H), 3.75 (m, 3H), 2.86 (m, 2H), 2.70 (br s, 1H),

2.55 (m, 2H), 1.98 – 1.72 (m, 4H), 1.55 – 1.07 (m, 8H). 13C NMR (d6-DMSO) δ 160.6 (C), 136.8 

(2 C), 136.5 (C), 132.7 (CH), 132.5 (C), 129.5 (CH), 128.2 (CH), 127.5 (C), 123.6 (CH),
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121.9 (CH), 120.1 (CH), 119.5 (C), 112.7 (CH), 109.2 (C), 102.9 (CH), 55.8 (CH2), 50.2 (CH2),

48.6 (CH), 35.2 (CH), 32.8 (CH2), 32.2 (CH2), 28.6 (CH2). HPLC: tR 6.22 min, >95% purity.

HRMS (m/z): C27H31N5O requires [M+H]+ 427.2426; found 427.2499.

Determined by ERK1/2 phosphorylation studies in the presence of dopamine. Data represents
the mean ± SEM of three individual experiments conducted in duplicate; a Compound
demonstrated a Schild slope significantly different from unity, therefore, the compound
demonstrated negative cooperativity. (*) Statistically different from the corresponding
parameters for 1 (p < 0.05, one-way ANOVA, Dunnett’s post-hoc test).
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Compound Structure
pKB ± SEM

(KB, nM)
Logαβ ± SEM

(αβ)a

1 6.11 ± 0.02 (776)
-1.23 ± 0.14

(0.06)

40 6.28 ± 0.24 (524)
-0.29 ± 0.05*

(0.51)
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