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ABSTRACT

SYNTHESIS OF SUBTYPE SELECTIVE Bz/GABAA RECEPTOR LIGANDS FOR THE
TREATMENT OF ANXIETY, EPILEPSY AND NEUROPATHIC PAIN, AS WELL AS
SCHIZOPHRENIA AND ASTHMA

by
Michael M. Poe

The University of Wisconsin-Milwaukee, 2016
Under the Supervision of Professor James M. Cook

The 02/a3 subtype selective Bz/GABAA receptor positive allosteric modulator HZ-166 (3)

has been shown to be a nonsedating anxiolytic with anticonvulsant and antihyperalgesic activity.

However, instability in vitro and in vivo has hindered its advancement into clinical trials. A series

of ligands based on HZ-166 (3) were synthesized. Many of these ligands were designed to increase

metabolic stability, while others were synthesized to study the effects that electronics and sterics

have on the efficacy exerted when bound to the GABAA receptor. The a3 subtype selective methyl

ester MP-111-024 (19) was shown to have increased resistance to metabolism in in vitro liver

microsomal studies and exhibited significant anxiolytic and antihyperalgesic effects in mice



without showing signs of sedation. However, pharmacokinetic studies indicated that esters as a

functional group may not be suitable for extensive preclinical studies.

A series of heterocyclic bioisosteres were synthesized to specifically overcome short half-

lives in vivo. The oxadiazole MP-I11-080 (34) and oxazole KRM-II-81 (36) underwent

pharmacokinetic studies and were both found to exist in plasma and brain samples at high levels.

These results indicated these and related heterocycles would be stable in vivo to undergo extensive

preclinical trials. A dozen ligands were assessed in vivo in an anxiolytic marble burying assay as

well as a rotarod assay designed to measure ataxic effects. The results from these studies and other

in vitro protocols led to additional studies using KRM-11-81 (36). This oxazole 36 was found to

exhibit significant anxiolytic and anticonvulsant properties, including reducing network firing rate

frequency in human brain tissue from a patient suffering from resistance epilepsy. In addition,

KRM-11-81 (36) was found to be more efficacious than gabapentin in reversing the effects of

hyperalgesia in a neuropathic pain model at a lower dose than gabapentin in rats, as well as

exhibiting antidepressant-like effects.

The a5 GABAA receptor subtype has been linked to cognitive disorders in such diseases

as schizophrenia, bipolar I disorder and major depressive disorder. The enantiomers SH-053-2'F-



S-CHs (51) and SH-053-2'F-R-CHz (52) have been shown to be a2/a3/05- and a5- subtype

selective agonists, respectively. Both ligands (S)-51 and (R)-52 have been shown to reduce some

positive symptoms of schizophrenia; the S-enantiomer 51 was active in the poly(l:C) model of

schizophrenia, while the R-enantiomer 52 was active in the MAM-model of schizophrenia. Due to

the high rate of comorbidity of schizophrenia with anxiety, epilepsy and depression, the S-

enantiomer (51) was shown herein to be useful in these instances because it exhibited both

anxiolytic and anticonvulsant properties. In addition, work on analogs of 52 produced MP-111-004

(63), an a5 subtype selective ligand with reduced efficacy at the al, 02 and a3 subtypes as

compared to 52, as well as the very potent a5 positive allosteric modulator MP-111-022 (65). This

methyl amide 65 was shown to activate a5 subtypes in vivo in rats at low concentrations, providing

a valuable tool to study the a5 GABAA receptor subtype. Recent work has shown that R-(52) and

MP-111-022 (65) exert antidepressant-like effects in mice, indicating a new use for a5 subtype

selective ligands. Moreover, work by Emala et al. has discovered a use for a5 subtype selective

ligands outside of the central nervous system. Numerous ligands, especially the a5 subtype

selective acid 73, presented herein have been shown to relax precontracted human and guinea pig

airway smooth muscle and could provide a novel treatment for those who suffer from asthma.
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1 INTRODUCTION
1.1 The GABAA Receptor

Gamma (y)-amino butyric acid (GABA,; Figure 1) is the major inhibitory neurotransmitter
of the central nervous system (CNS) in the mammalian body. When GABA binds to the GABA
type A receptor (GABAAR), a transmembrane heteropentameric ion channel,™ 2 the result is an
induction of chloride ions through the pore, which can affect a wide variety of pharmacological
actions including anxiety, epilepsy,* insomnia,®> depression,® bipolar disorder,” 8 schizophrenia®
and Alzheimer’s disease.'® The response is dependent on the specific composition of the GABAA
subunits which make up the GABAAR.! To date, there are 19 individual GABAAR subunits which
have been positively identified; a1-6, f1-3, y1-3, §, &, 0, w, and p1-3'? with additional unidentified
subunits plausible. These subunits can arrange in either a hetero- or homo- pentameric ring.
Currently, only a small handful of subunit formations have been positively identified to form a
functional receptor, with many others highly likely or plausible.** ** The most common and
intensively studied arrangement of the GABAAR consists of a1-6B1-3y2 in a 2:2:1 stoichiometric

ratio.2

O

HZN\/B\)J\OH

Y a

Figure 1. y-Aminobutyric acid, the major inhibitory neurotransmitter in the central nervous system.

The GABAAR protein is a polypeptide which possesses an approximate mass of ~50 kD,
and each subunit is structurally related. The homology between separate classes (i.e. a versus ) is
about 20% sequence identity or 50% sequence similarity, while the homology within a single class

is about 70%.> A large portion of the N-terminal end of each subunit exists in the extracellular



region and contains sites for potential glycosylation and a “Cys-loop” formed by a covalent bond
between two conserved cysteines. The protein then proceeds to cross the lipid bilayer four times,
with a large intracellular loop located between the M3 and M4 transmembrane regions (Figure 2).

Five individual subunits then combine to form the chloride ion pore (Figure 3).

Extracellular
NH, Cys
2l CO,H

00000000000000000 v ']’ ‘( ”" ‘..........
M“M
2 3

9,
00000000000000000. b B I 0000000000

Intracellular

Figure 2. Proposed topology of a GABAA receptor subunit. The extracellular domain begins with the N-
terminus and M1-M4 represent the four transmembrane domains (modified from the figures in Burt, et al.®
and Clayton, et al.).t’
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Figure 3. Longitudinal (A) and cross-sectional (B) schematic representations of the ligand-gated ion channel.
The number 1-4 refer to the M1-M4 segments. The M2 segment contributes to the majority of the pore lining
within the membrane lipid bilayer (modified from the figures in Keramidas, et al'®. and Clayton et al.).'’

The GABAAR has numerous binding sites located at the synaptic cleft and also within the
pore. Activation of the GABAAR complex can occur due to the binding of a variety of compound
classes at these various sites including -carbolines, barbiturates, ethanol and benzodiazepines, as
well as endogenous steroids, among others.? 1 Located at the synaptic cleft of the abundant o1-6P1-
3y2, which are arranged ofofy clockwise when viewed from the extracellular region (Figure 4),
are the GABA binding sites at the two o'B* interfaces, the benzodiazepine binding site (BzR) at
the ya* interface,® 2° and the more recently discovered CGS 9895 binding site at the Ba*
interface.? 22 A number of pyrazoloquinolines have been shown to bind to and activate this
GABAGR site by Ernst, Sieghart, Cook, et al. This is based on the seminal work of Sieghart? and

Sigel.?® In addition, neurosteroids,?* ethanol?® 26 and other compounds may also bind in the interior



of the pore. Research on the interactions of ethanol at the Bz/GABAaergic subtypes has been

reported by Olsen,?” Platt?® and others.

Figure 4. Absolute subunit arrangement of the alf2y2 GABAA receptor when viewed from the synaptic cleft.
The GABA binding sites are located at the B+a- subunit interfaces and the Bz modulatory binding site is located
at the a+y- subunit interface. The part of the schematically drawn subunits marked by the + indicates loop C
of the respective subunits (modified from the figures in Clayton, et al.” and Ernst, et al.).?°

1.2 Benzodiazepines

Traditional benzodiazepines (BZDs), such as diazepam (Valium) which contain the
pendent phenyl C ring (Figure 5), tend to bind non-selectively to the a1-35B1-3y2 GABAA receptors®
17,20 at the BzR site. This class of compounds has been frequently prescribed as a medication for
various CNS disorders such as anxiety and convulsions®® 3! for over half a century. They offer
many advantages in drug therapy®? as they are rapidly absorbed though the gastrointestinal tract
when taken orally and generally reach maximum blood concentrations within a couple hours of

ingestion. In addition, BZDs are privileged structures, which are able to readily cross the blood-



brain-barrier (BBB) and are rapidly distributed throughout the brain. When used as an emergency
anticonvulsant, certain BZDs can reach levels of detection within five minutes when given
intravenously (1V),%33° but these do develop tolerance in humans after 3 — 5 days which limits
their use to status epilepticus in emergency rooms. Other advantages include minimal liver
microsomal enzyme inhibition which can cause drug-drug interactions,®® and a lack of serious
toxicity concerns even at high concentrations.” Unfortunately, there are also a number of adverse
effects that can be produced by BZDs such as drowsiness, sedation, ataxia, muscle-relaxation,
amnesia, dependence, withdrawal issues and tolerance to the anticonvulsant and antinociceptive
effects limiting their use for the chronic treatment of convulsions and chronic pain syndromes.*
%8.3% These adverse effects are a result of the non-selective efficacy of BZDs at multiple GABAAR

subtypes simultaneously.

alprazolam (Xanax) midazolam (Versed)

Figure 5. Structures of common BZDs diazepam, chlordiazepoxide, triazolobenzodiazepine alprazolam and
imidazobenzodiazepine (IBZD) midazolam. The atoms are labeled for both BZDs and IBZDs.
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1.3 Pharmacology of the GABAAR and Agonistic Effects at VVarious Subtypes

The pharmacological response to the activation of the a1-6B1-3y2-GABAAR’s is dependent
on the composition of the subunits that form the receptor (Table 1), with the presence of different
a substituents as the key factor. Over the past couple decades, studies using GABAAR mutated
single-point knock-in mice have been used to identify the actions of different o subunits located
within the brain by rendering the BzR insensitive to modulation with BZDs* pioneered by
Seeburg, Mohler and Rudolph. These studies have been done by replacing a single histidine amino
acid of the a subunit with an arginine. In both a1 and a2 subunits, the replacement is an H101R,

while the replacements are H126R for o3 and H105R in a5 subunits.*

GABAA receptors containing the ol subunit have been shown to mediate anterograde
amnesia, motor impairment, addiction and sedative effects, as well as part of the anticonvulsant
action.**2 Anxiolytic action and some anticonvulsant activity stems from the activation of the a2
subunits,** 4 while contribution to the anxiolytic-like effects and possible muscle relaxation at
higher receptor occupancy are reported to be mediated by the a3 subunit.*>*6 Memory and spatial
learning, as well as other cognitive effects, are influenced by the a5 subtype.*” Antihyperalgesic
effects also stem from the a2 subunit;*® however, the site of this action appears to occur from
activation of the GABAAR that are located primarily in the spinal cord*® as opposed to the brain.
A recent triple-point knock-in mutation study was done and shown to confirm which specific a
subunit was the source of these pharmacological responses.®® However, earlier work from this
laboratory with the a3 subtype selective ligand YT-111-31 (Poe, Cook, et al., unpublished results;
see Appendix A) provided evidence that the agonist efficacy at a3 receptors can contribute to the

anxiolytic and antinociceptive effects of these ligands. This work, however, may be confounded



by some sedative actions, consequently, unambiguous determination of the processes mediated by

the a3B3y2 subtypes remains to be carried out.

Table 1. Action of benzodiazepines at CNS GABAA a1-6B1-3y2 receptor subtypes. Presented at the Mona
Symposium (2014), University of the West Indies.51

Subtype

Associated Effect

al

Sedation, anterograde amnesia, some anticonvulsant action,

ataxia, some addiction at higher doses and muscle relaxation

a2

Anxiolytic, perhaps hypnotic (EEG) at higher doses, perhaps

some muscle relaxation at higher doses, and antihyperalgesic effects

o3

Some anxiolytic action, anticonvulsant action at higher doses,

maybe some muscle relaxation at higher doses

o4

Diazepam-insensitive (DI) site, a sedative in the CNS;

important in lung disorders in the periphery

oS

Cognition, temporal and spatial memory

(Maybe memory component of anxiety)

ab

Diazepam-insensitive (DI) site

The abundance of specific a subtypes in oieP23y2 GABAA receptors is not equal

throughout the brain. Various studies have been completed by using [*H]-muscimol binding in

conjunction with immunoprecipitation using subunit specific antibodies®> * in rat brains,

immunohistochemistry,®> °3 or by monitoring the total decrease in GABAa receptors after

knockout studies in mice.® The seminal work by Wisden, et al.>* was key in this regard. The al

subtype is the most abundant throughout the brain and accounts for 40-50% of the a GABAA

subtypes.>® *0 The a2 and a3 subtype assemblies account for up to, but not more than, 35% and
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14%, respectively® and are located mainly in the limbic region. Receptors containing the a5
subtype are the least abundant of the diazepam-sensitive (DS) GABAAaR accounting for about 5%
of all o subtypes within the brain, the majority of which are located in the hippocampus.®* " There

are some that have been found in the spinal cord.>®

In addition to the DS GABAA receptor subtypes (a1-35p2/3y2), there are also two diazepam-
insensitive (DI) sites in which the binding pocket cannot tolerate the C ring of various
benzodiazepines. BZDs, such as flumazenil (Figure 6), which lack the pendent C ring can bind to
both the DS and DI GABAAR binding sites. These two (DI) subtypes are the a4 and a6 subtypes
and they account for a smaller percentage of functional GABAA receptors than the DS subtypes.
The a4 makes up 6% of all subtypes®® and the a6 subtype is found principally in the cerebellum
and olfactory bulb.®® Although these have been studied, the pharmacological effects associated
with these two subtypes are still not fully understood. GABAA receptors are also found in the
peripheral nervous system.®% 52 A major effect of GABA here involves tonic inhibition,% but
potential uses of BZDs targeting GABAAR in the peripheral nervous system have been noted

within the lungs®-% and spleen.®”- %

N L
F/QI/N\
o

diazepam (Valium) flumazenil

Figure 6. Structures of diazepam, which binds only to the DS sites, and flumazenil, which can bind to both the
DS and DI sites.



The pharmacological response due to the modulation of BZDs is dependent not only on
which o receptor subtype the BZD binds to, but ultimately the in vivo effect it has on the influx of
chloride ions through the receptor pore. Under normal physiological conditions, a neuron may
become hyperpolarized leading to an action potential and a signal is fired (Figure 7). As GABA
binds to the GABAA receptor and causes a conformational change in the receptor, chloride ions
are allowed to travel through the pore. These chloride ions flow into the postsynaptic area and
lower the membrane potential, which decreases the likelihood of an action potential being reached
and further inhibits neuronal signaling. Benzodiazepines can influence the chloride ion flux in
three separate ways; however, GABA must also be present as BZDs alone cannot induce a channel
opening.®" A positive allosteric modulator (PAM) alters the conformation of the GABAAR
which results in an increase flux of chloride ions, further inhibiting neuronal firing. PAMs are
different from agonists such as muscimol, as agonists bind to the GABA binding site (orthosteric)
while all allosteric modulators bind at a separate site by definition. Negative allosteric modulators
(NAM) have the opposite effect, termed “inverse agonists”, in that the influx of chloride ions is
reduced, increasing the chance of an action potential and neuronal firing. The third class of
benzodiazepines are null modulators, more commonly referred to as antagonists, which have no
discernable effect on the influx of chloride ions. Instead, these antagonists generally have a strong
binding affinity for one or more specific BzR sites and limit the ability for other BZDs (such as
diazepam, alprazolam, midazolam) to bind and influence the membrane potential.”? In essence,

antagonists occupy the binding site but do not elicit a pharmacological response.’
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Figure 7. Membrane potential over time during the transmission of a nerve signal. A hyperpolarized state
represents a potential further away from the threshold potential (modified from the figure in Clayton Ph.D
thesis).”™

10



2 MOLECULAR MODELING

2.1 Background

The ability to use BZDs clinically to effectively target various pharmacological diseases is
severely hampered by the fact that BZDs generally target multiple o subtypes. This leads to
numerous adverse effects including drowsiness, sedation, ataxia, muscle-relaxation, amnesia,
dependence, withdrawal issues and tolerance to the anticonvulsant and antinociceptive effects
limiting their use for chronic treatment of convulsions.’® 3 3% Research in other fields have
benefitted from the crystallization of a target receptor protein which allows ligands to be designed
based on the binding pocket. Unfortunately for the GABAAR, transmembrane proteins are difficult
to crystallize because the removal of the protein from the lipid bilayer destabilizes the protein.
Attempts to crystallize a functional a1-6B23y2 GABAAR protein have been unsuccessful. Recently,
a homopentameric p3 receptor has been crystallized at a 3 A resolution.*® Since the BzR is located
at the y'o* interface, this does not give any insight into the binding pocket for benzodiazepines;
however, it does provide hope that a fully functional a1-6B2/3y2 may be crystallized in the near
future. Certainly, the topology of the B3 receptor can be used to improve homology models

reported in the past by Cromer, et al.,* Sieghart, et al.?® and Clayton, et al.1” 74

Currently, molecular modeling and structure-activity relationship (SAR) studies are two of
the best tools for the study of the activity of benzodiazepines and the design of subtype-selective
ligands. Over the past couple decades, extensive work on the BzR pharmacophore has been carried
out in Milwaukee” 747® based on rigid ligands pioneered by Trudell, Diaz, He, Huang and Cook,
et al.”>"" This unified Milwaukee-based pharmacophore/receptor model has been built based on
the in vitro binding affinities of over 150 various ligands which bind to the BzR as PAMs, NAMs
or antagonists. These ligands come from over a dozen different classes of compounds including
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benzodiazepines,” ™ B-carbolines,®# triazolopyrimidines,® pyridodiindoles,3* & imidazo-
pyridines® and pyrazoloquinolines.8” The predicted binding pocket is created by superimposing
ligands from the different compound classes at each individual a1-35B2:3y2 GABAAR and aligning
them in a way wherein specific elements of the ligands interact with the key descriptors of the
pharmacophore model which are used as anchor points. After compounds are docked at these
positions, subtle changes in orientation are used around additional lipophilic and steric descriptors.
Analysis of these data show that the binding pocket of the DS benzodiazepine binding sites (o1-
35P23y2) have very similar topology, and a two-dimensional representation has been produced
(Figure 8) with compounds from three separate classes (a quinolinone, a diazadiindole and a
benzodiazepine) depicted within. The key descriptors consist of two hydrogen bond donors (H:
and Ha, corresponding to Y210 and H102, respectively), one hydrogen bond acceptor (A,
corresponding to T142) and a single, large lipophilic region (L1) near the center of the binding
pocket. Additional descriptors include lipophilic regions (L2, L3, and Lpi), and regions of negative
steric repulsion (S1, Sz and Sz). Other lipophilic interactions between the ligand and receptor
include van der Waals interactions and © — 7 stacking between aromatic regions of the ligand and
groups within the receptor protein. Each one of these interactions play an important role in binding

affinity, efficacy, potency, and subtype selectivity.!” 74
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Figure 8. Relative locations of the descriptors and regions of the unified pharmacophore/ receptor model. The
pyrazolo[3,4-c]quinolin-3-one CGS-9896 (dotted line), a diazadiindole (thin line), and diazepam (thick line)
aligned within the unified pharmacophore/receptor model for the Bz BS. H: and Hz represent hydrogen bond
donor sites within the Bz BS while Az represents a hydrogen bond acceptor site necessary for potent inverse
agonist activity in vivo. Li, L2, L3 and Lpi are four lipophilic regions and Si, Sz, and Sz are regions of negative
steric repulsion. LP = lone pair of electrons on the ligands (modified from the figure in Clayton, et al.). ¥’

2.2 Halogen-Acetylene Switch

Two lipophilic regions that have been found to be key in the development of ligands for
the benzodiazepine binding site of the GABAAR are the L» and Lp; regions. A comparison of
diazepam and QH-11-066 (Figure 9) shows that switching the chlorine in diazepam to an acetylene
in QH-11-066 in the L> pocket significantly increased the a5 to al selectivity from 1.27 to 11.22,
respectively for diazepam and QH-11-066.” In terms of selectivity, the switch from a chloride to

an acetylene produced an 8.83 selectivity factor for the a5 subtype over the al subtype. This was
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important for the reduction of the adverse effects commonly exhibited by BZDs.*! %2 In addition,
tolerance has been shown to develop from the coupling of the al and a5 subtypes by Mohler, et
al.® Reduction of agonist efficacy at both the a1 and a5 subtypes, disproportionately as compared
to other subtypes, has resulted in ligands with little or no development of tolerance.®%® This
selectivity has been seen in many other cases as well, a few of which are depicted in Figure 10.
Two compounds, the data from which in vitro and in vivo studies, have greatly shaped the
development of future ligands, XHe-11-053 (1) and JY-XHe-053 (2). These two ligands will be
discussed in further detail in the next section. The Lpi pocket has also been seen as critical in
developing new ligands. Based on the molecular modeling,'” " this region appears to be located

near the extracellular region of the receptor binding cleft and may be the key to fine tuning ligands.

\ \ o
O NKO O N\/g
Cl —N 4 —N
diazepam QH-11-066
Bz/GABA, receptor binding data (K; = nM)
al a2 o3 o5 al/a5 | Change in
diazepam 14 20 15 11 1.27 Selectivity
8.83
QH-11-066 76.3 42.1 474 6.8 11.22

Figure 9. In vitro BZ/GABAA receptor binding data of diazepam and QH-11-066.7 %

14



GABA, receptor binding data (K; = nM) GABA, receptor binding data (K; = nM)
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GABA, receptor binding data (K; = nM)
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49 14 . Selectivity B 3.07 2.92 1.05 Selectivity

Br 33 5.94 ' 31.17

CCH 287 13.8 20.8 CCH 2199  0.671 32.77

XHe-11-053 (1) JY-XHe-053 (2)

Figure 10. Comparison of BZD receptor binding data at al and a5 GABAA receptors which illustrates
increased selectivity at a5 subtypes, as compared to o1 subtypes; where change in selectivity = (Acetyleneal/a5)
/ (Halogenal/aS).

In addition to the synthesis of a library of ligands, which bind to the BzR site of the
GABAAR, to be used for the study of the basic neuroscience behind the receptor subtype, the goal
of this research was to design ligands which can potentially be used in the treatment of epilepsy,
anxiety, neuropathic pain and cognition disorders. Because the adverse side effects of BZD ligands
are mediated by al subtypes and tolerance is effected by the coupling of the al subtypes to the a5
subtypes, the goal here is reduced agonist efficacy at al subtypes for all ligands, and reduced
agonist efficacy at the al and a5 subtypes for ligands targeting epilepsy, anxiety, neuropathic and

inflammatory pain.
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3 DESIGN OF a2/a3 SUBTYPE SELECTIVE LIGANDS AND
THEIR USE IN EPILEPSY, ANXIETY AND NEUROPATHIC AND
INFLAMMATORY PAIN

3.1 Introduction

Anxiety disorders as a group are among the most common mental disorders afflicting over
18% of the US population.®® These disorders include generalized anxiety disorder (GAD),
obsessive-compulsive disorder (OCD) and panic disorder among others. These disorders can
significantly lower a patient’s quality of life. Classical BZDs, such as diazepam, and selective
serotonin reuptake inhibitors (SSRIs) are two common treatments; however, BZDs are often the
drugs of choice since many SSRIs can increase anxiety before becoming effective, and can cause
sexual dysfunction and generally take three to four weeks to reach an effect.® " Diazepam is one
classical BZD that has been prescribed for over 50 years for anxiety, but the adverse effects limit
its long-term effectiveness and improved treatments are needed that are devoid of sedation, ataxia,

amnesia and addiction.

Neuropathic pain is a disease that affects the somatosensory nervous system and is
characterized by increased sensitivity to pain (hyperalgesia), or the sensation of pain from stimuli
that is, in the absence of neuropathic pain, non-painful (allodynia). Anticonvulsants pregabalin and
gabapentin (Figure 11) are two of the first-line treatments for neuropathic pain, but have, in many
patients, serious adverse effects including drowsiness, ataxia and an increased risk of suicide in
some cases. In addition, they are synergistic with alcohol, which presents a dangerous driving
situation. Opioids, such as morphine, fentanyl, dihydrocodiene and methadone, are some of the

most effective forms of treatment against neuropathic pain, including in chronic conditions, and
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act upon the p-opioid receptor. These are generally only used in severe cases and never as first-
line treatment as the adverse effects include constipation, tolerance, physical dependence and
addiction among others.® In some cases, they can result in dysphoria. Pain syndromes are also
treated with COX-2 inhibitors, such as celecoxib (Celebrex); however, some of these have

increased the risk of non-fatal heart attacks and strokes.%® 1%

HO
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. \ /
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pregabalin morphine N7\
(Lyrica) | |\\|\

(o) N F
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HG NH; celecoxib
O O (Celebrex)
gabapentin methadone

Figure 11. Anticonvulsants pregabalin and gabapentin, opioids morphine and methadone, and the COX-2
inhibitor celecoxib, which are used for treatment of neuropathic pain.

Recently in the pain area, the analogs of salvinorin A by Prisinizano, et al.’®* and the
enantiomer of (+)-Naloxone by Rice, Hutchinson, Watkins, et al.2%2 have been found to reduce
nociception without tolerance or withdrawal. The enantiomer of Naloxone (marketed, opioid
antagonist for overdose) work on toll-like receptor 4 (TLR4) and not opioid receptors. Intense
research in these agents are underway and one idea is to mix them with a2/a3 Bz/GABA A agonists

to determine if the effects are synergistic, addictive or neither in the treatment of pain.

Over the years, there have been a number of promising leads for the treatment of anxiety

and neuropathic pain that have fallen out of favor for various reasons. A series of
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triazolopyridazines, which are partial agonists at the benzodiazepine binding site, were withdrawn
from the clinic for various reasons. The L-838417, a partial 02-, a3-, and a5-PAM with
antagonistic effects at the al subtype promoted anxiolytic properties in rodents* and was effective
against inflammatory and neuropathic pain;* however, the pharmacokinetic profile halted the
development.t% The agent TPA-023, a non-sedating, anticonvulsant, anxiolytic in humans,1%
made it into Phase Il clinical trials where long term dosing studies found the formation of
cataracts.'% The ligand MRK-409 (MRK-0343) produced anxiolytic effects in both rodents and
primates void of sedation but when given to humans, pronounced sedation was observed at 2
mg/kg.1%” TP023B showed a similar profile to MRK-409 in both rodents and primates, but also
displayed sedation and significant ataxia at 2 mg/kg in humans.!® A benzimidazole, NS11394,
exhibited antinociceptive effects in rodents; % 1% however, learning and memory impairment has

been observed, likely resulting from the high efficacy at the o5 subtype.l!!

Over the past decade there has been growing evidence that an 02 GABAAR subtype
selective ligand can be used in the treatment of neuropathic pain. Molecular modeling” * has
shown that the 02 and o3 binding pockets are nearly identical, which results in ligands that can
target both anxiety and neuropathic pain with reduced adverse effects, that exhibit agonist efficacy
at a2/a3 Bz/GABAA subtypes. One of the problems of the Merck compounds was the extremely
potent affinity at the DS subtypes (al, a2, a3 and a5), even though they were reported as
antagonists at the al and a5 subtypes. This high potency at all four DS subtypes may have led to

potent off target effects at other receptor populations and may have resulted in the adverse effects.
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3.2 Background

The ligand XHe-11-053 (1) was one of the first new generation of ligands which contained
the C(8) acetylene in place of a halogen atom in ring A. This halogen-acetylene switch provided a
series of BzZR/GABAA ligands with either reduced potency or efficacy at the undesired a1 subtype.
In addition, an imidazo-fragment was added to these ligands to further separate them from
diazepam and other classical benzodiazepines. Ligands of this type were found to be selective for
the a2 and 03 GABAARs in both binding affinity and the oocyte efficacy (Figure 12).11% 113
Anxiolytic XHe-11-053 was in Phase | clinical trials (Bristol-Myers Squibb) and was active as an
anticonvulsant and anxiolytic, but the metabolism of the ethyl ester function in the liver kept 1

from progressing to Phase II.

Two related ligands were made replacing the 2'-H atom with a fluorine and nitrogen to
obtain JY-XHe-053 (2) and HZ-166 (3), as depicted in Figure 13. Increased electron density is
known to increase the potency in classical 1,4-BZDs,'!* and the reason for this may be due to the
ability of the fluorine or nitrogen at the 2'-position to form a three-centered hydrogen bond with
the hydrogen bond donor Hz and the N(5) imine lone pair of electrons (see Clayton, Clayton and
He for details)*” ™ ™ While 2'-F ligand 2 was found to be more potent in binding affinity and a
more potent anticonvulsant,8 %115 this trend was seen at all subtypes including an increase at the
al subtype. This led to minimal sedation at 10 mg/kg in primatest!? which was likely due to the
efficacy of the 2'-F compound 2 at the al subtype. However, 2'-N ligand HZ-166 (3) was found to
have a weaker binding affinity at all subtypes, including the greatest decrease at the al subtype.
However, examining the efficacy profiles of 2 and 3 show that HZ-166 retains the 0.2/03 selectivity

with reduced efficacy at both the a1 and a5 subtypes, as compared to lead ligand 1.112 113
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Figure 12. Structure, binding affinity, and oocyte efficacy of XHe-11-053 (1).
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JY-XHe-053 (2)
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Figure 13. Structures, binding affinities, and oocyte efficacies of JY-XHe-053 (2) and HZ-166 (SH-053-2'N, 3).

The ligand HZ-166, as well as JY-XHe-053 and others, were sent to the Anticonvulsant
Screening Program (ASP) at the National Institutes for Neurological Disorders and Stroke
(NINDS) and were evaluated to determine their anticonvulsant activity. In both rat and mouse in
vivo experiments, 3 was able to protect the test subjects from subcutaneous pentylenetetrazole
(SCMET)-induced seizures with EDsq’s of 16.3 in rats and 98.5 mg/kg in mice when given an i.p.

administration.**® Chronic dosing of 3 for five days at NINDS did not lead to the development of
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tolerance in the SCMET assay.!'® In addition, HZ-166 was shown to be a non-sedating anxiolytic
in the Vogel conflict procedure in rhesus monkeys at 1 mg/kg. Ligand JY-XHe-053 (2), on the
other hand, was able to protect rodents from seizures and had significant anxiolytic activity at 0.3
mg/kg in monkeys, but the increased efficacy at the al subtype likely led to partial sedation in the
monkeys at 3 mg/kg; whereas HZ-166 did not exhibit sedation at 10 mg/kg, the highest dose

tested.1%?

The 2'-N analog HZ-166 has also been shown to be active in mouse®® and rat®® %* models
of inflammatory and neuropathic pain, which exhibited an antihyperalgesic effect without
producing general analgesia.”® A dose-dependent comparison revealed a lower EDso for ligand 3
(5.3 mg/kg) than for gabapentin (6.2 mg/kg), without signs of sedation (EDso = 97 mg/kg) or ataxia
(no significant rotarod performance reduction at 160 mg/kg) at the therapeutically relevant dose.®®
A 17-day study of tolerance (chronic versus acute) employing the von Frey filament test in the
chronic constriction injury (CCI) paradigm indicated HZ-166 (3) performed equally well in the
chronic study as it did when naive mice were treated after 17 days.? This lack of tolerance to the
antihyperalgesic effects is in agreement with the findings that targeting the a2 subunit will not
result in the development of tolerance,® as well as the lack of tolerance to the anticonvulsant

effects of HZ-166.

In addition to behavioral studies, lead ligands were tested by SRI International in vitro for
stability on human liver microsomes (HLMs).!" As expected, based on Phase | clinical trials of
the initial lead ligand 1, XHe-11-053 (1) was rapidly metabolized with only 1.5% of the parent
compound remaining after a one hour incubation with HLMs while JY-XHe-053 (3) exhibited a

similar metabolic profile with 0.3% of the parent compound remaining after incubation for one
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hour. The more polar 2'-N analog, HZ-166, on the other hand, proved to have an increased

resistance to metabolism in HLMs with 80.2% of the parent compound remaining after one hour.*t

Despite these positive results for HZ-166 (3), it was found that rodent metabolism still
degraded the compound too rapidly due to the high level of esterases in rodents based on the time-
of-effect of HZ-166 in anticonvulsant!®® and antihyperalgesia® studies. This was a major problem
as many preclinical trials are performed in rodents and evaluation of ligands might be halted due
to the metabolic instability. The chemistry and biology that follows focuses on new ligands that
are structurally based to HZ-166 and its privileged scaffold. The goal of the development of these
ligands was to retain the a2/a3 subtype selectivity, while increasing the metabolic stability in

rodents while stability in HLMs remained high.

3.3 Chemistry and Results

3.3.1 The Synthesis of HZ-166 (3)

The synthesis of HZ-166 (3) was undertaken on a large scale, as illustrated in Scheme 1.
The commercially available 2-amino-5-bromobenzoic acid 5 was condensed with the anion of 2-
bromopyridine 4 to give the 2'-N ketone 6 in 74% yield on a 100 gram scale. The amine 6 was
acetylated with bromoacetyl bromide in the presence of sodium bicarbonate, followed by the
cyclization by treatment of a saturated solution of ammonia (gas) in methanol at reflux to form the
1,4-benzodiazepine 7 in 78% overall yield for the two steps. The imidazole ring was prepared
using an improved method!!® by treating amide 7 with potassium tert-butoxide and
diethylchlorophosphate at -35 °C before the addition of ethyl isocyanate at -78 °C with potassium
tert-butoxide to provide imidazobenzodiazepine 8 in 81% yield. The previous method employed

sodium hydride as a base at higher temperatures, and yields were consistently below 40%. A Heck-
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type coupling reaction with the bromide 8 and trimethylsilylacetylene provided 9, which was

deprotected using tetrabutylammonium fluoride to provide the HZ-166 3 in 81% overall yield over

two steps on a 20 gram scale.

Scheme 1. Synthesis of HZ-166 (3). Amounts listed are the greatest scale for each reaction. They
do not correspond to the product which resulted from the previous reaction.

Br ; 0 NH,
n-BuLi, THF, -40 °C, 0.5 h BrCOCH,Br, NaHCO,,
| N TMSCI, 2 h, 74% Br @) CH,Cl,, rt, overnight;
= NH, sat NH3/CH3OH, overnight,
4 /@ = IN reflux, 78% (over 2 steps)
Br COOH, THF, 0 °C; A
5 (100 g) 6 (409g)
0
i oo ~
t-BuOK, THF, 0 °C, 20 min N
N cool to -35 °C, then add O"\ Pd(OAC)Z(PPh3)2'
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CNCH,CO,Et, t-BuOK, _ TEA/CHLCN, .
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The synthesis of HZ-166 (3) on large scale was developed to prepare related analogs for
SAR/efficacy at BzZ/GABAA receptors, as well as to send to collaborators for their in vivo studies
of efficacy, anxiolytic activity, antinociceptive activity and metabolism. Some of these ligands

have been found in vivo to have clinical potential. % 112 115

3.3.2 The Synthesis of Esters to Characterize the Lpi Pocket

A series of esters were synthesized which were designed to explore the effects of size
within the Lpi pocket, as well as effects on metabolism. The majority of these reactions were
carried out by stirring small freshly cut pieces of lithium rod in an alcohol at 40 °C, before adding
HZ-166 (3) which had been dissolved in THF (Scheme 2). The reaction was monitored by TLC
(silica gel), and must be closely monitored. This is because the small changes in polarity and size
between the parent ethyl ester 3 with the new esters, especially the isopropyl 11 and n-propyl 13
esters, resulted in such similar structures, it was important to make sure all the starting material
was consumed so the use of a small wash column could be employed for purification. Additionally,
when the reaction was allowed to proceed for longer periods of time after the starting material was
consumed, additional byproducts that began to develop would complicate purification. It was also
discovered that this reaction was best performed in a dryer atmosphere as moisture and CO2/O- in
the air quickly oxidized the freshly cut lithium. To balance this in times of high humidity, the
lithium rod was cut while submerged in oil and then transferred to the reaction flask; this, however,
resulted in a longer reaction time and also led to longer chromatography (column, silica gel,

pressure) during purification to remove all the oil.
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Scheme 2. Synthesis of esters from HZ-166 (3) using lithium and the corresponding alcohols.

N O N O
r/
N—/ 0—  ROH LI, THF

40 °C, 10-30 min.

3 R = tbutyl, 61%; MP--067 (10)
i-propyl, 85%; MP-I11-068 (11)
methylcyclopropyl, 79%; MP-11-069 (12)
n-propyl, 62%; MP-I1-070 (13)
s-butyl, 67%; MP-11-071 (14) R =
i-butyl, 80%; MP-II-072 (15)
2-methyloxyethyl, 43%; MP-II-073 (16)
benzyl, 59%; MP-I11-075 (17)
1-methylbenzyl, 72%; MP-II-076 (18) 18 (racemic)

The methyl ester was also desired for this series of esters because of the possibility of beta-
oxidation in the liver during the metabolism of ester 3 (HZ-166) to the carboxylic acid SR-11-54
(20). This was completed by dissolving 3 in methanol, adding sodium methoxide and refluxing for
30 minutes, as depicted in Scheme 3. It was known (Rowlett, et al., unpublished results) that while
the ester 3 was an anxiolytic in the VVogel conflict procedure in monkeys, the acid was not active.
This was presumably because the acid does not readily cross the BBB. This was proven earlier for

the acid metabolite of 1 which did not cross the BBB (Lelas, et al., BMS, unpublished results).
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Scheme 3. Synthesis of the methyl ester MP-111-02