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CHAPTER 1

Introduction

1.1. Neurotransmitter and neurotransmission

Neurotransmitters are endogenously synthesized chemicals that convey signals across a
synapse from one neuron to another. When a neurotransmitter is released from presynaptic
neuron binds to a receptor in the postsynaptic neuron. As a result of binding, the receptor rapidly
undergoes a conformational change to open an integral ion channel, which allows ions to cross
the postsynaptic membrane and set up an electrical signal conduction along an axon through the
neuron. The conduction of this signal along the axon is known as an action potential. The
neurotransmitters are categorized into two types: the excitatory and inhibitory neurotransmitters.
Acetylcholine and glutamic acid are excitatory type neurotransmitters. On the other hand, y-
aminobutyric acid (GABA) and glycine are inhibitory type neurotransmitters. By binding of an
excitatory or inhibitory neurotransmitter to its receptors, the ligand-gated ion channels (LGICs)
can contribute to either excitatory postsynaptic potentials (EPSPs), resulting in depolarization or
inhibitory postsynaptic potentials (IPSPs), resulting in hyperpolarization. If the integration of the
depolarizing and hyperpolarizing postsynaptic potentials is adequate enough to promote the
membrane potential above a threshold, the postsynaptic neuron produces action potentials in the
axon. In contrast, if the inhibition becomes effective, then the postsynaptic neuron is unable to
produce action potentials. The procedure from neurotransmitter release to the postsynaptic

response takes place in less than a millisecond.
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1.2. LGICs

LGICs are a group of structurally related receptors that consist of an extracellular ligand
binding domain, and a transmembrane domain containing the ion pore. In response to the binding
of neurotransmitter molecules, the LGICs open and mediate fast synaptic neurotransmission. The
LGICs are classified into three major classes: Cys-loop receptors, ionotropic glutamate receptors
(N-methyl-D-aspartate, o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid, and kainite
receptors), and ATP-gated ion channels (P2XRs)." Nicotinic acid adenine dinucleotide phosphate
(NAADP), ryanodine, and inositol 1,4,5-trisphosphate (IP3) receptors are intracellular second
messenger-activated receptors, which are also included in ligand-gated ion channels. These

receptors are involved in the release of intracellular calcium stores.”
1.3. Cys-loop receptor family

The pentameric Cys-loop receptor family includes the nicotinic acetylcholine receptor
(nAChRs), the serotonin type 3 receptor (5-HT3R), the y-aminobutyric acid (GABA) receptor
type A (GABAAR) and C (GABACR), and the glycine receptor (GlyR).”’ Zinc-activated
channels (ZACs) were also reported as a member of Cys-loop receptor family.® They are known
as ‘Cys-loop receptors’ due to the presence of a pair of disulfide-bonded cysteine in all family
subunits. The disulfide-bonded cysteines are separated by 13 residues, which form a closed loop

situated at the interface between extracellular and transmembrane channel domain.”!'°

Cys-loop receptors can be further divided by their sensitivity to agonist and their intrinsic
ionic selectivity. The nAChRs and 5-HT;Rs have cation-selective channels, which generally
results in EPSPs supporting the generation of action potentials in the postsynaptic neuron. The

nACHR is widely distributed throughout the animal kingdom.'' This receptor is expressed in
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C

Extracellular

Intracellular

Figure 1.1 Schematic presentation of a Cys-loop receptor. (A) Side view. (B) Top view. Four
transmembrane domains are labeled M1, M2, M3, and M4. An extended intracellular loop is shown

between M3 and M4.

many regions of the central and peripheral nervous systems and plays important function in the
neuromuscular transmission. The 5-HT;Rs are also distributed in the central and peripheral
nervous system and involved in sensory processing, nociception, emesis, cardiovascular
regulation, and gut function."? In contrast, the GABAA,cR and GlyR contain anion-selective
channels, which usually mediate postsynaptic inhibition of neurotransmission by generating
IPSPs in the postsynaptic neuron. GABAARs and GlyRs are mostly involved in inhibition in the
central nervous system. The GABAARs are distributed throughout the central nervous system
and the GlyRs are mainly found in the brainstem and spinal cord. The selectivity of the channels
for cations or anions regulates the sign to the current. In most cases, the inhibitory responses are
from anionic channels because they hyperpolarize the cell, and the excitatory responses are from

cationic channels because they depolarize the cell. The activation of GABAARs results in a

12



hyperpolarization of the postsynaptic neuron, which inhibits the opening of voltage-gated ion
channels and generation of action potentials. Cys-loop receptors have also been found in insect
species. The Cys-loop receptors have been identified in the fruit fly (Drosophila melanogaster),
the honey bee (Apis mellifera), and the red flour beetle (Tribolium castaneum), etc.” > These
include nAChRs,'® GABA-, glutamate-, and histamine-gated anion channels.'”"® A wide range
of Cys-loop receptors are present in the nematode Caenorhabditis elegans, in which a total of 90

LGIC genes were identified.?*!

1.4. GABA

GABA is the primary inhibitory neurotransmitter in the nervous system of animals. It was
known to function as microbial and plant metabolism.”> GABA was identified as a free amino

acid in the brain in 1950s.2>**

GABA is synthesized by decarboxylation of glutamate, a reaction
that is catalyzed by the enzyme L-glutamic acid decarboxylase (GAD) (Fig. 1.2). The inhibitory
action of GABA is mediated by GABA-gated chloride channels, i.e., GABAsRs.” The

activation of GABAARSs in vertebrates generally allows the chloride ion flux into the cell, causes

the membrane hyperpolarization, and supresses the excitability of the cell.

O O 0
Glutamate decarboxylase HoN \/\/lL
HOWOH > o *+ €O
NH,
Glutamate GABA

Figure 1.2 Biosynthesis pathway of GABA.

13



1.5. GABARs

GABARs are transmembrane proteins on postsynaptic membranes that respond to GABA
molecules. In vertebrates, GABA mediates inhibitory neurotransmission through two types of

receptors: the ionotropic and metabotropic receptors.”*>

Ionotropic GABARSs are classified into
two types: heteropentameric GABAARs that can be assembled with various stoichiometries, and
homopentameric GABA¢Rs. In mammals, 19 distinct GABAR subunits (al-6, $1-3, y1-3, 9, ¢, 6,
n, and pl-3) have been identified by cDNA cloning and complete genome sequence.’’
Receptors containing p subunits are referred to as GABAcRs,’' although this type of receptors
are considered as a sub-class of GABA, receptors.”” GABAcRs containing p subunits are
localized in the retinal bipolar cells, with a very low density in the brain.”> A subtype of
GABARs containing two a subunits, two 3 subunits, and one y subunit are the most abundant in
the adult brain.’*** GABAARs are antagonized by the competitive antagonist bicuculline and the
noncompetitive antagonist picrotoxinin. However, GABA¢ receptors are antagonized by
picrotoxinin, but not by bicuculline.” Each subunit consists of a large extracellular GABA-
binding domain, a transmembrane domain containing four membrane spanning a-helices (M1-
M4), and a large intracellular loop. The second transmembrane domain (M2) of five subunits are
thought to line the channel pore.”® When GABA binds to the orthosteric GABA-binding site in
the extracellular interface between o and P subunits of GABAxRSs, the integral channel rapidly
opens to enhance the chloride permeability through the neuronal membrane, thereby suppressing
the generation of action potentials. The orthosteric binding site is composed of six discontinuous
loops, A—F and is located at the extracellular interface of adjacent subunits; loops A—C from the

rincipal face and loops D—F from the complementary face.’® Competitive antagonists share a
p p p p ry p g

common orthosteric binding site with the agonist GABA.
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1.6. Insect GABARSs

Insect GABARSs are major targets of insecticides and paraciticides.’” Both ionotropic and

17,38

metabotropic GABARs have been found in insects. The ionotropic GABARs are the major

targets of insecticides. Insect GABARSs are localized not only in the central nervous system but

3940 Insect ionotropic GABARs are distinct from mammalian

also in the peripheral tissues.
GABARs in three ways: (1) Structurally, mammalian ionotropic GABARSs are composed of a, f3,
Y, 9, €, 0, m, and p subunits, whereas three different types of ionotropic GABAR subunits have
been cloned from several insect species: Rdl (a subunit encoded by the gene Rd/ (resistant to
dieldrin)), GRD (the GABA, and glycine receptor-like subunit of Drosophila), and LCCH3

17,35,38 (2) Functionally, mammalian ionotropic GABARs can

(ligand-gated chloride channel 3).
mediate fast synaptic transmission in the central nervous system, but in insects, they exist in both
central and peripheral nervous system.* (3) Pharmacologically, insect and mammalian
ionotropic GABARs showed different pharmacological sensitivities to a variety of chemicals.
For example, bicuculline is a competitive antagonist for mammalian GABAARs, whereas it

38,42

shows no effects on most insect GABARs. Benzodiazepines, such as diazepam and

flunitrazepam, showed higher affinity for mammalian GABAsRs but not for insect GABARs.*®

A GABAR subunit was identified from the fruit fly Drosophila melanogaster showing
resistance to the cyclodiene insecticide dieldrin targeting insect GABA-gated chloride channels
and named ‘Rdl’.**** GABARs containing Rdl subunits are the best studied GABA-activated
receptors in insects. Dieldrin blocks the channel of Rdl GABARs and a mutation at residue 301
(Ala301—Ser) in the pore-lining M2 region is responsible for resistance to dieldrin. cDNAs

(Ala301—Ser) in the pore-lining M2 region is responsible for resistance to dieldrin.
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Extracellular domain

Orthosteric agonist and competitive
antagonist binding site

vl
“0_;'0.‘0_‘0.5&

Channel domain

2h ARy Noncompetitive antagonist binding
!' o=t “““"‘.‘"“ site (negative allosteric site)
@A
4

Intracellular

B

M2 channel helices

Channel pore

Figure 1.3 Structure of housefly Rdl GABAR. The model was built based on X-ray crystal structure
of C. elegans GluCl (PDB ID: 3RIF). (A) Side view. The large extracellular domains are [3-
sandwiches and the transmembrane domains are a-helical. (B) Top view. The five subunits form a
water-filled channel pore and are labeled in cyan, grey, green, magenta, and yellow for distinction.

The orthosteric agonist and competitive antagonist binding site is shown in blue. An intracellular

loop between M3 and M4 is omitted.
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The cloning of full-length cDNAs encoding Rdl subunits have been identified in several other

4547

insect species. Rdl subunits exist all through the adult and embryonic Drosophila

48
melangaster central nervous system.

1.7. GABAR ligands

A variety of compounds act on GABARs and disturb or enhance the receptor function. The
agonists act to activate GABARs. The antagonists are ligands that can block agonist-induced
responses in receptor. There are two types of antagonists for the Cys-loop receptors: competitive
and noncompetitive antagonists. Competitive antagonists block the GABA-activated responses
and stabilize the closed conformation of the channel by sharing a common binding site with the
agonist GABA. Noncompetitive antagonists bind to allosteric binding sites distant from the

agonist binding site and block GABA-induced responses.*”’

1.7.1. Noncompetitive GABAR antagonists

Ionotropic insect GABARs are the important target sites for a variety of insecticidally active
compounds and antagonized by a wide range of structurally diverse noncompetitive

51-53

antagonists. Noncompetive antagonists are also termed as negative allosteric modulators

because their actions are directed to the GABA-mediated chloride channel rather than the GABA

recognition site of GABARs.”

The structures of representative noncompetitive GABA,
receptors antagonists are shown in Fig. 1.4. Picrotoxin is a natural product isolated from the fruit
of the climbing plant Anamirta cocculus. It contains an equimolar mixture of the relatively
potent GABAAR antagonist pictotoxinin (PTX) and less potent picrotin. PTX inhibits GABA-

gated chloride channels by acting as a noncompetitive antagonist. The PTX binding site was

identified with [*H]dihydropicrotoxin and used as an early molecular probe of insect GABAR

17



research, which was replaced later by [*°S]tert-butylbicyclophosphorothionate ([*>S]TBPS). The
inhibitory blocking potency of PTX in American cockroaches (ACs, Periplaneta americana) and
the convulsion behavior of picrotoxin analogs in houseflies (HFs, Musca domestica) were
reported.”® The chlorinated hydrocarbon dieldrin is a highly active insecticide and used

extensively during last few decades. It is now banned in most of the world because of its threats

Cl
ci—§! cr. Gl
Cl cl
0 Cl
cl o o6
Cl O—lci T
Picrotoxinin (PTX) Dieldrin a-Endosulfan

Cl
Cl
o o5 c—S!
(o)
o cl
TBPS EBOB Lindane
Cl NH, fc O’N\
SOCF
S : cl : CHs
F3C N\ - O H\)J\
N CN N/\CF3
cl o H
Cl
Fipronil Fluralaner (A1443)

Figure 1.4 Chemical structures of representative noncompetitive GABAR antagonists.
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to human health and its extreme persistent properties in the environment. a-Endosulfan was
widely used as insecticides. Recently, it has been banned in many countries, with a limited uses
for a few years. However, it is still used extensively in several countries.
Bicyclophosphorothonates such as TBPS showed low affinity to HF GABARs compared to rat
brain GABARs.”” Synthetic efforts continue to increase the selectivity for insect and reduce the
mammalian toxicity. An analog with an isopropyl group at the 3-position and a five-carbon alkyl
group at the 4-position of bicyclophosphorothionates showed greater potency and selectivity in
HF GABARs compared with rat GABARs.”® [’H]4’-Ethynyl-4-n-propylbicycloorthobenzoate
([3H]EBOB) is an extensively used radioligand for labeling the noncompetitive antagonist
blocker sites of insect and mammalian GABARs.””™  5-Amino-1-(2,6-dichloro-4-
trifluoromethylpheny)-4-trifluorometanaesulfinyl-1H-pyrazole-3-carbonitrile (fipronil) is the
first successful commercially used phenylpyrazole insecticide that acts as a GABA-gated
chloride channel inhibitor with high potency and selectivity for insect pests.”” It has low
mammalian toxicity and less persistence property in the environment. The GABA -activated
responses in the Drosophila Rdl GABARs expressed in S2 cell line and in the GABARs of
native AC neurons were inhibited by fipronil with ICsy values of 240 nM and 28 nM,

: 1,62
respectively.®'°

Recently, fluralaner (A1443), a novel class of isoxazoline ectoparasiticide was
reported to have low mammalian toxicity.*"****%® The [’H]EBOB site of HF head membranes
was highly sensitive to fluralaner with an ICsy value of 0.455 nM, whereas the ICsy value was
>10 uM in [’H]EBOB binding to rat brain membranes.”” In HF GABARS, fluralaner might bind
to a site that is different from the EBOB binding site.” A recent report showed that fluralaner
displayed high miticidal activity against two-spotted spider mite (Tetranychus urticae) compared

with fipronil.**
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1.7.2. GABAR agonists and competitive antagonists

The inhibitory nature of the neurotransmitter GABA accelerated the development of
structurally diverse types of GABAR agonists. Conformational restriction of the different parts
of GABA led to specific GABA, agonists. Some of these agonists played important roles in the
development of GABAsR pharmacology. Structures of some representative GABAR agonists
are shown in Fig. 1.5. Muscimol (5-aminomethyl-3-isoxazolol), a cyclic analog of GABA is a
potent GABAAR agonist isolated from the mushroom Amanita muscaria.”’” It was used as a lead
compound for the design of different classes of GABA analogs without significant loss of
GABAR agonism. THIP (4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol) is a conformationally
restricted bicyclic analog of muscimol. Its agonist behavior at GABA R depends on subunit
composition. THIP displayed a low agonist efficacy at 04p3y2 GABARs, whereas it was a super
agonist at a4p35 GABARs.® 4-PIOL (5-(4-piperidyl)-3-isoxazolol), a nonfused analog of THIP,

is a GABAAR partial agonist.®’

OH
o)
H2N\/\)J\ 4 \N
OH (o)
H,N
GABA Muscimol
OH OH
\
HN l \'N /o’N
0 HN
THIP (Gaboxadol) 4-PIOL
Figure 1.5 Chemical structures of common ionotropic GABAR agonists.
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GABARs are antagonized by competitive antagonists. Bicuculline and gabazine (SR 95531)
are two representative GABAAR antagonists for mammals (Fig. 1.6). TPMPA [(1,2,5,6-

tetrahydropyridin-4-yl)methylphosphinic acid] is the most selective antagonist at GABAcR.

o NH.HBr
< O N’\/\r(OH NH.HBr (or HCI)
N~
o] CHj | 1 6
H H N (0] 5 | '}11/\/\R1
(o) \ R2
\ o 0o
OCH;
Bicuculline Gabazine (SR 95531) 1,6-dihydro-6-iminopyridazines (IPs)

Figure 1.6 Chemical structures of competitive GABAR antagonists bicuculline, gabazine (SR
95531), and 1,6-dihydro-6-iminopyridazines (IPs). Bold lines indicate the GABA structural scaffold.

The numbers of the carbon atoms of IPs are indicated at their sides.

1.8. Objective of the study

Insect GABARSs represent important target sites for insecticides and paraciticides.'”***

Phenylpyrazoles such as fipronil are used as insecticide and exert insecticidal effects by acting as
a noncompetitive GABAR antagonist at a site within the channel.”” However, the development
of fipronil resistance in several insect species such whitebacked planthoppers (Sogatella
furcifera) and small brown planthoppers (SBPs, Laodelphax striatellus) were reported.%"”’71
Although two novel classes of insecticidal GABAR targeting compounds — isoxazolines and 3-

40,63,72,73
d, ,03,72,

benzamido-N-phenylbenzamides — have recently been reporte efforts continues to

develop novel GABAR insecticides. Bicuculline and gabazine (SR 95531) are typical
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competitive antagonists for mammalian GABAAR.”*"

In contrast, no potent competitive
antagonist has been developed as an insecticide. Whereas bicuculline is inactive against most
insect GABARs, gabazine displays weak or moderate antagonistic activity against insect
GABARs.”7*"" In the present study, I synthesized 1,6-dihydro-6-iminopyridazine (IP) analogs

by modifying the substituents on the pyridazine ring of gabazine to examine whether this

modification can increase the antagonistic activity of gabazine against insect GABARsS.
1.8.1. Synthesis

The arylpyridazine moiety of the IP analogs plays important role in exerting their GABAR
antagonistic activity. The additional change of the GABA scaffold may provide an extra benefit
(Fig. 1.6). However, the existence of a positive charge on the GABA scaffold is required for
GABAR site recognition.”* Wermuth and coworkers first described a seven-step synthetic
method, including the synthesis of an pyridazinone intermediate to synthesize IP analogs.’* The
major drawbacks of this procedure are the use of toxic chemicals, the limited availability of
appropriate substrates, and inconvenient operations. The important initial step for the synthesis
of gabazine and its analogs involved the synthesis of 3-amino-(substituted
aryl/heteroaryl)pyridazines. A protocol using a Michael-type addition reaction was reported for
the synthesis of pyridazines starting with 4-chloro-1,2-diaza-1,3-butadienes and an active
methylene cyano compounds.”® Initially, to synthesize gabazine analogs with structurally diverse
functional groups in pyridazine ring, I designed an eight-step synthesis strategy starting with
acetophenone and semicarbazide with a Dean-stark attachment. Unfortunately, the product
formed in this reaction was not stable enough to perform further reaction. A palladium-catalyzed
Suzuki-Miyaura or Stille cross coupling reactions starting with 3-amino-6-chloropyridazine and

aryl/heteroarylboronic  acids was reported for the synthesis of 3-amino-6-
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(aryl/heteroaryl)pyridazines.” Recently, Gavande and coworkers reported a four-step synthesis
procedure for gabazine under microwave irradiation conditions starting with 3,6-
dichoropyridazine.® Igbal and coworkers reported several gabazine-based IPs as GABAAR
antagonists.®’ In this study, I synthesized the first series of twelve IP analogs by changing the 3-
substituent on the pyridazine ring of gabazine. I demonstrated an efficient three-step synthesis of
eleven IPs, in which the substituent at the 3-position of the pyridazine ring was modified starting
with 3-amino-6-chloropyridazine and a two-step synthesis of a 3-unsubstituted IP from 3-

aminopyridazine. The detail synthesis of these twelve IP analogs is described in Chapter 2.

Some of the synthesized 3-substituted IPs displayed enhanced antagonistic activity than that
of gabazine against insect GABARs. Therefore, further attempts were made to increase the
activity of IP analogs. The antagonism of Ascaris suum GABARs by gabazine was enhanced by
introducing different arylalkyl groups into the 5-position of the pyridazine ring of gabazine.**’
The alkyl group located between the aryl and the pyridazine ring might increase the probability
of interacting with binding site residues because of their flexible structure. In the next strategy, I
synthesized a total of thirteen 1,3-di- and 1,3,4-trisubstituted IPs in three categories. In this
synthesis, I examined the effects of the 4-substituent and the carboxylate bioisosteres at the 1-

position on the antagonist potency of IP derivatives in insect GABARSs. The detailed synthesis of

these IPs is described in Chapter 3.
1.8.2. Biological activity and homology modeling

The antagonism of insect GABARs by the first series of twelve synthesized IPs were
examined using GABARs cloned from two insect species, small brown planthoppers (SBPs,

Laodelphax striatella) and common cutworms (CCs, Spodoptera litura) by flurometric imaging

23



plate reader (FLIPR) membrane potential (FMP) assays. The antagonism of native AC GABARs
was examined using whole-cell patch clamp technique. Homology modeling and ligand docking

studies were performed using a homology model of HF GABARs. The details are described in

Chapter 2.

The antagonism of insect GABARs by the second series of thirteen synthesized IPs was
examined using GABARs cloned from SBPs and CCs using FMP assays. The antagonism of HF
GABARs expressed in Xenopus oocytes was also examined using a two-electrode voltage clamp
technique. Homology modeling and ligand docking studies were performed using a homology

model of HF GABARs. The details are described in Chapter 3.
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CHAPTER 2
Competitive antagonism of insect GABARSs by IP derivatives of

GABA

2.1. Introduction

GABA is the major inhibitory neurotransmitter in the nervous system of animals. GABA
released into the synapse functions by binding to two types of membrane proteins: ionotropic and
metabotropic receptors.”” The ionotropic GABAR belongs to the Cys-loop receptor family and
mediates fast synaptic inhibition.'” The receptors of this family are ligand-gated ion channels
that are formed by five subunits. There are two types of ionotropic receptors in mammals:
hetero-pentameric GABAARs, which are composed of al-6, B1-3, y1-3, 9, ¢, 0, and & subunits,
and homo-pentameric GABAcRs, which comprise p1-3 subunits.* GABAsRs with an al-p2-y2
combination are the most abundant subtype in the brain.* When GABA or an agonist binds to the
orthosteric site in the o-f subunit interface of the extracellular domain of GABAsRs, the integral
channel rapidly opens to increase the membrane conductance of chloride ions, thereby
suppressing the generation of action potentials. GABAARs are also targets for drugs such as
benzodiazepines, barbiturates, and anesthetics.” In addition to agonists and drugs, two known
types of antagonists exist for the Cys-loop receptor: competitive antagonists, which bind to the
same site as agonists do, and noncompetitive antagonists, which bind to an allosteric binding site
in the channel domain.™® Both types of antagonists stabilize the closed conformation of the

channels and block membrane conductance.
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GABARs are widely distributed in both insect and mammalian nerve tissues. Insect
GABARSs exist not only in the central nervous system but also in the peripheral nervous system.’
Inhibitory GABAR genes have been cloned from several insect species to date. In Drosophila,
molecular cloning and functional expression of excitatory and metabotropic types of receptors
have also been reported.®'° Insect inhibitory GABARs can be expressed as homo-pentamers, the
subunits of which are encoded by the single gene Rdl, but four subunit variants are generated by
alternative splicing of the exons 3 and 6 of Rdl.' Homo-oligomeric Rdl receptors share
distinctive characteristics with native GABARs. Although insect GABARs are structurally
similar to mammalian GABARs, these two receptors have different pharmacological
characteristics, allowing GABARs to serve as important targets for insecticides and

e 112
parasiticides.

For example, the noncompetitive antagonist fipronil is used as an insecticide."
In contrast, no competitive antagonist has been exploited in this respect. Although bicuculline
and gabazine (SR 95531) (Fig. 1.6) are well known as competitive antagonists for mammalian
GABAARs,'*"® no potent competitive antagonist for insect GABARs is known. While
bicuculline is inactive for insect GABARs, gabazine was found to have moderate antagonist

activity against insect GABARs.'®"®

In this chapter, I examined whether the antagonist activity of gabazine against insect
GABARs is increased by changing the 3-substituent on the pyridazine ring. Here, I used
GABARs cloned from two agricultural pest insect species, SBPs and CCs, which cause serious
damage to crops, and native GABARSs expressed in the abdominal ganglion neurons of ACs, a
noxious insect species. With GABARs from three insect species, I seek to find species

differences in the receptors to utilize the information for future discovery and the development of

chemicals for insect pest control.
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2.2. Materials and Methods

2.2.1. Chemicals

Reagents were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and

Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), unless otherwise noted.
2.2.2. Instruments

The melting points of synthesized compounds were determined using a Yanagimoto MP-
500D apparatus and are uncorrected. 'H NMR spectra were recorded on a JEOL JNM-A 400
spectrometer. The chemical shifts (6 values) are given in ppm relative to tetramethylsilane, and
the J values are given in Hertz. The spin multiplicities are expressed as follows: s (singlet), d
(doublet), t (triplet), q (quartet), qn (quintet), and m (multiplet). High resolution mass spectra
were obtained with a Waters Synapt G2 spectrometer using the positive electrospray ionization

mode.
2.2.3. General procedure for the synthesis of 3-amino-6-aryl/heteroarylpyridazines (1b-11)

In the case of 1b-1i and 11, a mixture of 3-amino-6-chloropyridazine (388 mg, 3.0 mmol),
aryl/heteroarylboronic acid (4.5 mmol), tetrakis(triphenylphosphine)palladium(0) (105 mg), and
a 2 M Na,CO;j solution (3.3 mL) in toluene (20 mL) was stirred under an argon atmosphere for
30 min at room temperature. In the case of 1j and 1k, a mixture of 3-amino-6-chloropyridazine
(388 mg, 3.0 mmol), tributyl(heteroaryl)tin 4.1 mmol), and
bis(triphenylphosphine)palladium(Il) dichloride (198 mg) in THF (10 mL) was stirred under an
argon atmosphere for 30 min at room temperature. In both cases, the reaction mixture was then
heated under reflux with stirring under an argon atmosphere until completion of the reaction.

After cooling, the reaction mixture was evaporated under reduced pressure to dryness. EtOAc

37



(80 mL) was added to the residue, and the flask containing the suspension was placed in an
ultrasonic bath for 5 min. The mixture was filtered, and the filter paper was washed thoroughly
with EtOAc (200 mL). The filtrate was evaporated under reduced pressure to dryness. The
residue was purified by silica gel column chromatography to yield 3-amino-6-

aryl/heteroarylpyridazine (1b-11).
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2.2.3.1. 3-Amino-6-phenylpyridazine (1b)

Yield 38%, mp 134-136 °C. 'H NMR (DMSO-ds) 5 6.47 (s, 2H), 6.86 (d, 1H, J = 9.3 Hz),
7.36 (t, 1H, J = 7.3 Hz), 7.44 (1, 2H, J = 7.3 Hz), 7.78 (d, 1H, J = 9.3 Hz), 7.93 (d, 2H, J = 7.3

Hz).
2.2.3.2. 3-Amino-6-(4-methoxyphenyl)pyridazine (1¢)

Yield 42%, mp 162-164 °C. "H NMR (CDCls) & 3.86 (s, 3H), 4.81 (s, 2H), 6.81 (d, 1H, J =

9.2 Hz), 6.99 (d, 2H, J= 8.5 Hz), 7.57 (d, 1H, J=9.2 Hz), 7.89 (d, 2H, J = 8.5 Hz).
2.2.3.3. 3-Amino-6-(3,4-methylenedioxyphenyl)pyridazine (1d)

Yield 51%, mp 176-178 °C. '"H NMR (CD;0D) & 5.99 (s, 2H), 6.89 (d, 1H, J = 8.2 Hz), 6.97
(d, 1H, J=9.3 Hz), 7.34 (dd, 1H, J= 8.2, 1.8 Hz), 7.41 (d, 1H, J = 1.8 Hz), 7.70 (d, 1H, J = 9.3

Hz).
2.2.3.4. 3-Amino-6-(4-trifluoromethylphenyl)pyridazine (1e)

Yield 41%, mp 116-118 °C. "H NMR (DMSO-de) & 6.65 (s, 2H), 6.88 (d, 1H, J = 9.3 Hz),

7.78 (d, 2H, J = 8.2 Hz), 7.88 (d, 1H, J= 9.3 Hz), 8.16 (d, 2H, J = 8.2 Hz).
2.2.3.5. 3-Amino-6-(4-biphenylyl)pyridazine (1f)

Yield 36%, mp 221-223 °C. 'H NMR (DMSO-ds) 5 6.56 (s, 2H), 6.89 (d, 1H, J = 9.3 Hz),
7.38 (t, 1H, J = 7.3 Hz), 7.49 (t, 2H, J = 7.3 Hz), 7.72-7.78 (m, 4H), 7.88 (d, 1H, J = 9.3 Hz),

8.07 (d, 2H, J=7.3 Hz).

2.2.3.6. 3-Amino-6-(4-phenoxyphenyl)pyridazine (1g)
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Yield 77%, mp 152-154 °C. "H NMR (DMSO-dg) & 6.46 (s, 2H), 6.86 (d, 1H, J = 9.3 Hz),
7.08 (d, 4H, J = 7.8 Hz), 7.17 (t, 1H, J = 7.5 Hz), 7.42 (t, 2H, J = 7.5 Hz), 7.79 (d, 1H, J= 9.3

Hz), 7.98 (d, 2H, J = 7.8 Hz).
2.2.3.7. 3-Amino-6-(1-naphthyl)pyridazine (1h)

Yield 78%, mp 153-155 °C. "H NMR (DMSO-ds) 8 6.56 (s, 2H), 6.95 (dd, 1H, J=9.3, 1.5

Hz), 7.52-7.63 (m, 5H), 8.00 (t, 3H, /= 6.3 Hz).
2.2.3.8. 3-Amino-6-(2-naphthyl)pyridazine (1i)

Yield 19%, mp 212-214 °C. 'H NMR (DMSO-ds) 8 6.54 (s, 2H), 6.91 (d, 1H, J = 9.6 Hz),

7.51-7.56 (m, 2H), 7.93-8.01 (m, 4H), 8.21 (d, 1H, J = 9.6 Hz), 8.47 (s, 1H).
2.2.3.9. 3-Amino-6-(2-furyl)pyridazine (1j)

Yield 75%, mp 118-120 °C. '"H NMR (DMSO-dq) & 6.52 (s, 2H), 6.59 (dd, 1HJ = 3.4, 1.7
Hz), 6.83 (d, 1H, J=9.3 Hz), 6.94 (d, 1H, J = 3.4 Hz), 7.60 (d, IH, J= 9.3 Hz), 7.75 (d, 1H, J =

1.7 Hz).
2.2.3.10. 3-Amino-6-(2-thienyl)pyridazine (1k)

Yield 73%, mp 123-125 °C. 'H NMR (DMSO-ds) 8 6.51 (s, 2H), 6.82 (d, 1H, J = 9.3 Hz),
7.09 (dd, 1H, J = 5.1, 3.7 Hz), 7.48 (dd, 1H, J = 5.1, 1.0 Hz), 7.54 (dd, 1H, J= 3.7, 1.2 Hz), 7.78

(d, 1H, J=9.3 Hz).
2.2.3.11. 3-Amino-6-(3-thienyl)pyridazine (11)

Yield 49%, mp 155-157 °C. 'H NMR (DMSO-dq) 8 6.39 (s, 2H), 6.82 (d, 1H, J = 9.3 Hz),

7.61-7.63 (m, 1H), 7.70-7.71 (m, 1H), 7.74 (d, 1H, J= 9.3 Hz), 7.97-7.98 (m, 1H).
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2.2.4. General procedure for the synthesis of ethyl 4-(1,6-dihydro-6-iminopyridazin-1-

yl)butanoate hydrobromides (2a-21)

A mixture of 3-amino-6-aryl/heteroarylpyridazine (1b-11) (1 mmol), ethyl 4-bromobutanoate
(292 mg, 1.5 mmol), and N,N-dimethylformamide (0.5 mL) was heated at 80 °C for 5 h. After
cooling, the precipitate was collected and recrystallized from methanol and diethyl ether to give
ethyl 4-(1,6-dihydro-6-imino-3-aryl/heteroarylpyridazin-1-yl)butanoate hydrobromides (2b-2l).
Ethyl 4-(1,6-dihydro-6-iminopyridazin-1-yl)butanoate (2a) was similarly prepared from 3-

aminopyridazine (1a).
2.2.4.1. Ethyl 4-(1,6-dihydro-6-iminopyridazin-1-yl)butanoate hydrobromide (2a)

Yield 11%, mp 212-214 °C. '"H NMR (CD;OD) & 1.24 (t, 3H, J = 7.2 Hz), 2.17 (qn, 2H, J =
7.1 Hz), 2.51 (t, 2H, J = 7.1 Hz), 4.11 (q, 2H, J = 7.2 Hz), 4.36 (t, 2H, J = 7.1 Hz), 7.55 (dt, 1H,

J=9.3,1.8 Hz), 7.74 (ddd, 1H, J=4.4, 3.4, 0.8 Hz), 8.39 (dd, 1H, J=4.4, 1.8 Hz).
2.2.4.2. Ethyl 4-(1,6-dihydro-6-imino-3-phenylpyridazin-1-yl)butanoate hydrobromide (2b)

Yield 17% (for two steps), mp 215-217 °C. 'H NMR (DMSO-d) 6 1.10 (t, 3H, J = 7.0 Hz),
2.13 (gn, 2H, J = 7.0 Hz), 2.48-2.52 (m, 2H), 3.98 (q, 2H, J = 7.0 Hz), 4.38 (t, 2H, J = 7.0 Hz),
7.55-7.58 (m, 3H), 7.66 (d, 1H, J = 9.5 Hz), 7.95-7.98 (m, 2H), 8.39 (d, 1H, J = 9.5 Hz), 9.05

(broad s, 2H).

2.2.4.3. Ethyl 4-[1,6-dihydro-6-imino-3-(4-methoxyphenyl)pyridazin-1-yl|butanoate

hydrobromide (2¢)

Yield 30% (for two steps), mp 226-228 °C. 'H NMR (CD;0D) & 1.12 (t, 3H, J = 7.1 Hz),

2.24 (qn, 2H, J = 6.9 Hz), 2.58 (t, 2H, J = 6.9 Hz), 3.87 (s, 3H), 4.01 (q, 2H, J = 7.1 Hz), 4.43 (t,
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2H, J = 6.9 Hz), 7.07 (d, 2H, J = 9.0 Hz), 7.60 (d, 1H, J = 9.5 Hz), 7.95 (d, 2H, J = 9.0 Hz), 8.29

(d, 1H, J=9.5 Hz).

2.2.44. Ethyl 4-[1,6-dihydro-6-imino-3-(3,4-methylenedioxyphenyl)pyridazin-1-

yl]butanoate hydrobromide (2d)

Yield 30% (for two steps), mp 238-240 °C. 'H NMR (CD;0D) & 1.16 (t, 3H, J = 7.2 Hz),
2.23 (qn, 2H, J = 6.8 Hz), 2.57 (t, 2H, J = 6.8 Hz), 4.02 (q, 2H, J = 7.2 Hz), 4.42 (t, 2H, J = 6.8
Hz), 6.06 (s, 2H), 6.98 (d, 1H, J = 8.3 Hz), 7.49-7.53 (m, 2H), 7.58 (d, 1H, J = 9.5 Hz), 8.26 (d,

1H, J= 9.5 Hz).

2.2.4.5. Ethyl 4-[1,6-dihydro-6-imino-3-(4-trifluoromethyphenyl)pyridazin-1-yljbutanoate

hydrobromide (2e)

Yield 26% (for two steps), mp 217-219 °C. 'H NMR (CD;0D) & 1.14 (t, 3H, J = 7.2 Hz),
2.26 (qn, 2H, J = 6.9 Hz), 2.58 (t, 2H, J = 6.9 Hz), 4.02 (q, 2H, J = 7.2 Hz), 4.48 (t, 2H, J = 6.9

Hz), 7.67 (d, 1H, J=9.5 Hz), 7.87 (d, 2H, J = 8.6 Hz), 8.19 (d, 2H, J = 8.6 Hz), 8.38 (d, 1H, J =

9.5 Hz).
2.2.4.6. Ethyl 4-|3-(4-biphenylyl)-1,6-dihydro-6-iminopyridazin-1-yl]|butanoate
hydrobromide (2f)

Yield 27% (for two steps), mp 205-207 °C. '"H NMR (CD;OD) & 1.14 (t, 3H, J = 8.2 Hz),
2.26 (qn, 2H, J = 6.8 Hz), 2.59 (t, 2H, J = 6.8 Hz), 4.02 (q, 2H, J = 8.2 Hz), 4.47 (t,2H, J = 6.8
Hz), 7.37-7.41 (m, 1H), 7.47 (dd, 2H, J = 6.8, 1.5 Hz), 7.65 (d, 1H, J = 9.8 Hz), 7.68-7.71 (m,

2H), 7.82 (dd, 2H, J = 6.8, 2.0 Hz), 8.08 (dd, 2H, J = 6.8, 2.0 Hz), 8.38 (d, 1H, J = 9.8 Hz).
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2.2.4.7. Ethyl 4-[1,6-dihydro-6-imino-3-(4-phenoxyphenyl)pyridazin-1-yl|butanoate

hydrobromide (2g)

Yield 55% (for two steps), mp 195-197 °C. 'H NMR (CD;OD) & 1.14 (t, 3H, J = 7.2 Hz),
2.24 (qn, 2H, J = 6.6 Hz), 2.57 (t, 2H, J = 6.6 Hz), 4.01 (q, 2H, J=7.2 Hz), 4.44 (t, 2H, J= 6.6
Hz), 7.06-7.12 (m, 4H), 7.20 (t, 1H, J = 7.3 Hz), 7.40-7.44 (m, 2H), 7.61 (d, 1H, J = 9.6 Hz),

7.98-8.00 (m, 2H), 8.30 (d, 1H, J= 9.6 Hz).

2.2.4.8. Ethyl 4-[1,6-dihydro-6-imino-3-(1-naphthyl)pyridazin-1-yl]butanoate

hydrobromide (2h)

Yield 36% (for two steps), mp 178-180 °C. "H NMR (CD;OD) & 1.11 (t, 3H, J = 7.2 Hz),
2.27 (qn, 2H, J = 6.9 Hz), 2.57 (t, 2H, J = 6.9 Hz), 4.02 (q, 2H, J = 7.2 Hz), 4.48 (t, 2H, J = 6.9

Hz), 7.57-7.65 (m, 3H), 7.68 (dd, 2H, J = 8.3, 1.0 Hz), 8.00-8.09 (m, 4H).

2.2.4.9. Ethyl 4-[1,6-dihydro-6-imino-3-(2-naphthyl)pyridazin-1-yl|butanoate

hydrobromide (2i)

Yield 7% (for two steps), mp 232-234 °C. '"H NMR (CD;OD) & 1.11 (t, 3H, J = 7.1 Hz),
2.28 (qn, 2H, J = 6.8 Hz), 2.62 (t, 2H, J = 6.8 Hz), 4.02 (q, 2H, J = 7.1 Hz), 4.50 (t, 2H, J = 6.8
Hz), 7.57-7.63 (m, 2H), 7.66 (d, 1H, J = 9.3 Hz), 7.95 (d, 1H, J = 9.3 Hz), 8.03 (d, 2H, J = 8.8

Hz), 8.12 (dd, 1H, J= 8.8, 1.5 Hz), 8.51-8.53 (m, 2H).
2.2.4.10. Ethyl 4-[1,6-dihydro-3-(2-furyl)-6-iminopyridazin-1-yl]butanoate hydrobromide
(2))

Yield 47% (for two steps), mp 224-226 °C. 'H NMR (CDs0OD) 6 1.17 (t, 3H, J = 7.1 Hz),

2.22 (qn, 2H, J = 6.9 Hz), 2.56 (t, 2H, J = 6.9 Hz), 4.03 (q, 2H, J = 7.1 Hz), 4.39 (t, 2H, J= 6.9
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Hz), 6.69 (dd, 1H, J = 3.5, 1.7 Hz), 7.24 (dd, 1H, J = 3.5, 0.7 Hz), 7.60 (d, 1H, J = 9.5 Hz), 7.80

(dd, 1H, J = 1.7, 0.7 Hz), 8.16 (d, 1H, J = 9.5 Hz).

2.2.4.11. Ethyl 4-[1,6-dihydro-6-imino-3-(2-thienyl)pyridazin-1-yl|butanoate hydrobromide

(k)

Yield 45% (for two steps), mp 237-239 °C. 'H NMR (CD;0D) & 1.15 (t, 3H, J = 7.1 Hz),
2.22 (qn, 2H, J = 6.9 Hz), 2.57 (t, 2H, J = 6.9 Hz), 4.02 (q, 2H, J = 7.1 Hz), 4.38 (t, 2H, J= 6.9
Hz), 7.20 (dd, 1H, J=5.1, 3.9 Hz), 7.58 (d, 1H, J= 9.5 Hz), 7.69 (dd, 1H, J= 5.1, 1.2 Hz), 7.82

(dd, 1H, J=3.9, 1.2 Hz), 8.28 (d, 1H, J= 9.5 Hz).

2.2.4.12. Ethyl 4-[1,6-dihydro-6-imino-3-(3-thienyl)pyridazin-1-yl]|butanoate hydrobromide

@1

Yield 33% (for two steps), mp 235-237 °C. '"H NMR (CD;OD) & 1.14 (t, 3H, J = 7.2 Hz),
2.25 (gn, 2H, J = 6.8 Hz), 2.57 (t, 2H, J = 6.8 Hz), 4.01 (q, 2H, J = 7.2 Hz), 4.42 (t,2H, /= 6.8
Hz), 7.58 (d, 1H, J=9.5 Hz), 7.61 (dd, 1H, J= 5.1, 2.9 Hz), 7.69 (dd, 1H, J= 5.1, 1.2 Hz), 8.20

(dd, 1H, J=2.9, 1.2 Hz), 8.27 (d, 1H, J = 9.5 Hz).

2.2.5. General procedure for the synthesis of 4-(1,6-dihydro-6-iminopyridazin-1-yl)butanoic

acid hydrochlorides (4a-41)

Compounds 2b-21 (200 mg) was dissolved in a minimal amount of water. A K,CO3 solution
was used to make the solution alkaline, and then the solution was extracted with a 1:1 mixture of
EtOAc and Et,0. The organic layer was dried with anhydrous Na,SO4 and was concentrated
under reduced pressure to give free base esters ethyl 4-(1,6-dihydro-6-imino-3-

aryl/heteroarylpyridazin-1-yl)butanoates (3b-3l). Ethyl 4-(1,6-dihydro-6-iminopyridazin-1-
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yl)butanoate (3a) was similarly prepared from 2a. Concentrated hydrochloric acid (3 mL) in
glacial acetic acid (10 mL) was added to the free base ester and heated at 100 °C for
approximately 12 h. After cooling, the reaction mixture was evaporated to dryness under reduced
pressure. The residue was recrystallized with AcOH and EtOAc to afford 4-(1,6-dihydro-6-
imino-3-aryl/heteroarylpyridazin-1-yl)butanoic acid hydrochlorides (4b-41). 4-(1,6-Dihydro-6-
iminopyridazin-1-yl)butanoic acid hydrochloride (4a) was similarly obtained from ethyl 4-(1,6-

dihydro-6-iminopyridazin-1-yl)butanoate (3a).
2.2.5.1. 4-(1,6-Dihydro-6-iminopyridazin-1-yl|butanoic acid hydrochloride (4a)

Yield 8% (from 1a), mp 144-145 °C. "H NMR (CD;0D) § 2.15 (qn, 2H, J= 7.1 Hz), 2.50 (t,
2H,J=7.1 Hz), 4.37 (t, 2H, J= 7.1 Hz), 7.55 (dd, 1H, J=9.3, 1.5 Hz), 7.73 (dd, 1H, J=9.3, 4.1
Hz), 8.39 (dd, 1H, J = 4.1, 1.5 Hz). HRMS (ESI) m/z calcd for CsH;2N30, [M - CI]* 182.0930,

found 182.0919.
2.2.5.2. 4-(1,6-Dihydro-6-imino-3-phenylpyridazin-1-yl)butanoic acid hydrochloride (4b)

Yield 11% (for three steps), mp 265-267 °C (dec). '"H NMR (CD;0OD) & 2.23 (qn, 2H, J =
6.9 Hz), 2.56 (t, 2H, J = 6.9 Hz), 4.46 (t, 2H, J = 6.9 Hz), 7.53-7.56 (m, 3H), 7.64 (d, 1H, J=9.5
Hz), 7.98-8.00 (m, 2H), 8.32 (d, 1H, J = 9.5 Hz). HRMS (ESI) m/z calcd for Ci4H;cN3O; [M -

Cl]" 258.1243, found 258.1235.

2.2.5.3. 4-[1,6-Dihydro-6-imino-3-(4-methoxyphenyl)pyridazin-1-yl)butanoic acid

hydrochloride (4c) (Gabazine)

Yield 18% (for three steps), mp 199-201 °C. "H NMR (CD;0D) & 2.22 (qn, 2H, J = 7.0 Hz),

2.55 (t, 2H, J = 7.0 Hz), 3.87 (s, 3H), 4.43 (t, 2H, J = 7.0 Hz), 7.07 (dd, 2H, J = 6.9, 2.0 Hz),

45



7.59 (d, 1H, J = 9.6 Hz), 7.95 (dd, 2H, J = 6.9, 2.0 Hz), 8.28 (d, 1H, J = 9.6 Hz). HRMS (ESI)

m/z caled for C1sHgN305 [M - C1]" 288.1348, found 288.1329.

2.2.5.4. 4-[1,6-Dihydro-6-imino-3-(3,4-methylenedioxyphenyl)pyridazin-1-yl)butanoic acid

hydrochloride (4d)

Yield 19% (for three steps), mp 214-215 °C. '"H NMR (CD;0D) & 2.21 (qn, 2H, J = 6.9 Hz),
2.55 (t, 2H, J = 6.9 Hz), 4.42 (t, 2H, J = 6.9 Hz), 6.06 (s, 2H), 6.97 (dd, 1H, J = 7.6, 1.3 Hz),
7.52 (dd, 2H, J = 7.6, 1.3 Hz), 7.57 (d, 1H, J = 9.8 Hz), 8.25 (d, 1H, J = 9.8 Hz). HRMS (ESI)

m/z caled for C1sH sN304 [M - C1]" 302.1141, found 302.1142.

2.2.5.5. 4-[1,6-Dihydro-6-imino-3-(4-trifluoromethylphenyl)pyridazin-1-yl)butanoic acid

hydrochloride (4e)

Yield 17% (for three steps), mp 257-260 °C (dec). '"H NMR (CD;OD) & 2.25 (qn, 2H, J =
6.9 Hz), 2.57 (t, 2H, J = 6.9 Hz), 4.49 (t, 2H, J = 6.9 Hz), 7.68 (d, 1H, J=9.7 Hz), 7.86 (d, 2H, J
= 8.8 Hz), 8.19 (d, 2H, J = 8.8 Hz), 8.38 (d, 1H, J = 9.7 Hz). HRMS (ESI) m/z calcd for

C15sH;sF3N3;0, [M - Cl]" 326.1116, found 326.1102.

2.2.5.6. 4-[1,6-Dihydro-3-(4-biphenylyl)-6-iminopyridazin-1-yl)butanoic acid hydrochloride

(4f)

Yield 21% (for three steps), mp 234-236 °C. '"H NMR (CD;O0D) & 2.24 (qn, 2H, J = 6.9 Hz),
2.57 (t, 2H, J = 6.9 Hz), 447 (t, 2H, J = 6.9 Hz), 7.39 (t, 1H, J = 6.8 Hz), 7.47-7.50 (m, 2H),
7.64 (d, 1H, J=9.6 Hz), 7.68-7.71 (m, 2H), 7.81 (dd, 2H, J = 6.8, 2.0 Hz), 8.08 (dd, 2H, J = 6.8,
2.0 Hz), 8.37 (d, 1H, J = 9.6 Hz). HRMS (ESI) m/z calcd for C20H;0N30; [M - CI]" 334.1556,

found 334.1537.
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2.2.5.7. 4-[1,6-Dihydro-6-imino-3-(4-phenoxyphenyl)pyridazin-1-yl)butanoic acid

hydrochloride (4g)

Yield 50% (for three steps), mp 208-210 °C. 'H NMR (CD;0D) § 2.22 (qn, 2H, J = 6.9 Hz),
2.55 (t, 2H, J = 6.9 Hz), 4.44 (t, 2H, J = 6.9 Hz), 7.06-7.10 (m, 4H), 7.18-7.22 (m, 1H), 7.39-
7.44 (m, 2H), 7.61 (d, 1H, J = 9.6 Hz), 7.98-8.00 (m, 2H), 8.30 (d, 1H, J = 9.6 Hz). HRMS (ESI)

m/z calced for C20H20N303 [M - Cl]Jr 3501505, found 350.1479.

2.2.5.8. 4-[1,6-Dihydro-6-imino-3-(1-naphthyl)pyridazin-1-yl)butanoic acid hydrochloride

(4h)

Yield 23% (for three steps), mp 219-221 °C. "H NMR (CD;0D) & 2.25 (qn, 2H, J = 6.9 Hz),
2.57 (t, 2H, J = 6.9 Hz), 4.47 (t, 2H, J = 6.9 Hz), 7.56-7.64 (m, 3H), 7.67-7.70 (m, 2H), 8.00-

8.08 (m, 4H). HRMS (ESI) m/z caled for CisH;sN30, [M - C1]* 308.1399, found 308.1405.

2.2.5.9. 4-[1,6-Dihydro-6-imino-3-(2-naphthyl)pyridazin-1-yl)butanoic acid hydrochloride

(41)

Yield 5% (for three steps), mp 199-201 °C. "H NMR (CD;OD) & 2.26 (qn, 2H, J = 6.9 Hz),
2.59 (t, 2H, J = 6.9 Hz), 4.49 (t, 2H, J = 6.9 Hz), 7.57-7.62 (m, 2H), 7.66 (d, 1H, J = 9.8 Hz),
7.93-7.95 (m, 1H), 8.02 (d, 2H, J = 8.8 Hz), 8.12 (dd, 1H, J = 8.8, 2.0 Hz), 8.50 (d, 2H, /= 9.8

Hz). HRMS (ESI) m/z caled for CsH;sN30; [M - C1]" 308.1399, found 308.1405.
2.2.5.10. 4-[1,6-Dihydro-3-(2-furyl)-6-iminopyridazin-1-yl)butanoic acid hydrochloride (4j)

Yield 34% (for three steps), mp 230-232 °C (dec). 'H NMR (CDs0OD) 6 2.19 (gn, 2H, J =

6.9 Hz), 2.54 (t, 2H, J = 6.9 Hz), 4.39 (t, 2H, J = 6.9 Hz), 6.68 (dd, 1H, J = 3.6, 1.8 Hz), 7.24
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(dd, 1H, J=3.6, 0.7 Hz), 7.59 (d, 1H, J = 9.5 Hz), 7.79 (dd, 1H, J = 1.8, 0.7 Hz), 8.15 (d, 1H, J =

9.5 Hz). HRMS (ESI) m/z caled for C1,H4N305 [M - CI]* 248.1035, found 248.1041.

2.2.5.11. 4-[1,6-Dihydro-6-imino-3-(2-thienyl)pyridazin-1-yl)butanoic acid hydrochloride

(4k)

Yield 23% (for three steps), mp 225-227 °C. '"H NMR (CD;0D) & 2.20 (qn, 2H, J = 6.9 Hz),
2.55 (t, 2H, J=6.9 Hz), 4.37 (t, 2H, J = 6.9 Hz), 7.20 (dd, 1H, J = 5.1, 3.7 Hz), 7.57 (d, 1H, J =
9.5 Hz), 7.68 (dd, 1H, J= 5.1, 1.2 Hz), 7.81 (dd, 1H, J = 3.7, 1.2 Hz), 8.27 (d, 1H, J = 9.5 Hz).

HRMS (ESI) m/z caled for C1,H4N30,S [M - Cl]' 264.0807, found 264.0802.

2.2.5.12. 4-[1,6-Dihydro-6-imino-3-(3-thienyl)pyridazin-1-yl)butanoic acid hydrochloride

(41)

Yield 21% (for three steps), mp 215-217 °C. "H NMR (CDsOD) & 2.21 (qn, 2H, J = 6.9 Hz), 2.54
(t, 2H, J = 6.9 Hz), 4.41 (t, 2H, J = 6.9 Hz), 7.57-7.61 (m, 2H), 7.70 (dd, 1H, J = 5.1, 1.5 Hz),
8.19-8.20 (m, 1H), 8.27 (d, 1H, J = 9.3 Hz). HRMS (ESI) m/z caled for C1,H4N30,S [M - C1]"

264.0807, found 264.0802.
2.2.6. FMP assays

A Drosophila S2 cell line expressing GABARs from SBPs (GenBank accession
AB253526.1) or CCs (GenBank DD171257.1) was used in this assay. These stable cell lines
were generated as previously reported.'® The cells were washed and dispersed in a saline buffer
(120 mM of NaCl, 5 mM of KCI, 2 mM of CaCl,, 8 mM of MgCl,, 10 mM of HEPES, and 32
mM of sucrose, adjusted to pH 7.2 with an NaOH solution), and aliquots (100 puL each) of this

cell suspension (5 x 10° cells) were added to 96-well microplates for the fluorescent assay. After
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10 min, the cells were spun down at 1400 rpm for 5 min and loaded with the FMP blue dye
(Molecular Devices; 100 pL) at room temperature for 20 min. Gabazine and gabazine analogs
were first dissolved in DMSO and diluted with a saline buffer. Gabazine or a gabazine analog in
a saline buffer (25 pL) containing 1% DMSO was added to the cells in each well and incubated
with for 74 s. Subsequently, GABA in a saline buffer (25 puL) was added to each well. GABA
concentrations corresponding to the ECsos for SBP and CC receptors (1.0 uM and 2.5 pM,
respectively) were used for receptor activation. The fluorescent intensity at 560 nm, upon
excitation at 530 nm, was monitored using a FlexStation II plate reader (Molecular Devices). The
inhibition percentage was determined based on changes in fluorescence before (the average value
for 20 s) and after (the maximal value after 10-60 s) the addition of GABA. Each assay was

repeated twice, unless otherwise noted.
2.2.7. Electrophysiology
2.2.7.1. Isolation of neurons from ACs

The sixth abdominal ganglia were dissected from adult male ACs and were placed in Ca®*'-
free saline containing 200 mM of NaCl, 3.1 mM of KCl, 4 mM of MgCl,, 20 mM of D-glucose,
and 10 mM of HEPES, adjusted to pH 7.4 with an NaOH solution. The ganglia were incubated
for 20 min at 25 °C in Ca*'-free saline containing collagenase (0.5 mg mL™) and trypsin (0.2 mg
mL™") and were rinsed with Ca*"-free saline twice. The ganglia were then placed in Ca®'-
containing saline (200 mM of NaCl, 3.1 mM of KCI, 4 mM of MgCl,, 5 mM of CaCl,, 20 mM of
D-glucose, and 10 mM of HEPES-acid, adjusted to pH 7.4 with NaOH) supplemented with 10%
fetal bovine serum (Invitrogen). The neurons were dissociated using a pipette tip. The

dissociated neurons were kept on coverslips coated with poly-D-lysine solution (I mg mL™,
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Sigma-Aldrich) for 45 min. The neurons were incubated at 25 °C for 16 h before whole-cell

current recordings.
2.2.7.2. Whole-cell patch clamp analysis

Membrane currents were recorded with the whole-cell recording arrangement using a patch
clamp amplifier (EPC-8; HEKA) at 20 °C. The AC neurons were perfused continuously with an
external solution containing 200 mM of NaCl, 3.1 mM of KCI, 4 mM of MgCl,, 5 mM of CaCl,,
25 mM of D-glucose, and 10 mM of HEPES-acid, adjusted to pH 7.4 by an NaOH solution (405
mOsm L. The recording electrodes had a resistance of 3-5 MQ when filled with the pipette
solution containing 15 mM of NaCl, 170 mM of KCl, 1 mM of MgCl,, 0.5 mM of CaCl,, 10 mM
of EGTA, 10 mM of HEPES, and 5 mM of ATP, adjusted to pH 7.4 by an NaOH solution (405
mOsm L). GABA, gabazine, and its analogs were dissolved in the external solution. The
external solution surrounding the cells was completely changed with a solution containing
GABA or antagonists within 2 s. Sixth abdominal ganglion neurons were incubated 2 min in a
cockroach saline solution followed by the 2-3-s application of 30 pM GABA (a concentration
corresponding to the ECsy for AC receptors). GABA-induced currents were measured at a
holding potential of -60 mV. This process was repeated 2 or 3 times to confirm the constant
amplitude of GABA-induced currents. After this process, the neurons were perfused with a bath
solution containing gabazine or a gabazine analog, and during the perfusion, GABA was
repeatedly applied 5 times to obtain the highest and constant inhibition. Finally, GABA was

applied to confirm the integrity of the cell. Each assay was repeated three or four times.

50



2.2.8. Molecular modeling and ligand docking studies

The homology model of the HF GABAR was generated using the X-ray crystal structure of
the C. elegans glutamate-gated chloride channel (GluCl, PDB: 3RIF) as a template.”” MOE
2010.10 software (Chemical Computing Group) was used to create the model. The sequence of
the HF GABAR Rdlyq subunit (accession No. AB177547) was retrieved from GenBank. The
alignment of the two protein sequences was carried out using ClustalW software. Geometry
optimization was performed using the AMBER99 force field. The structures of the zwitter ion
forms of GABA and 4f used in the docking studies were created using the Molecule Builder of
MOE. Compound 4f was docked as a protonated imino form, although it exists as resonance
forms.”® The created ligands were docked into the potential binding site of the generated model
using ASEDock 2011.01.27 software (Chemical Computing Group). The energy of the receptor
and ligands was minimized using the MMFF94x force field. The potential docking site was
searched using the Site Finder of MOE. The stable conformations of ligands were obtained by
the conformational search. Tether weight was added to all receptor backbone atoms within 4.5 A
from a ligand, while others were free. The binding mode with the highest score was chosen for

the final representation.
2.3. Results and discussion
2.3.1. Chemistry

In this study, I synthesized a series of IP derivatives of GABA, which consisted of 4-(1,6-
dihydro-6-iminopyridazin-1-yl)butanoic acids, by modifying the 3-position of the pyridazine ring
of gabazine (Fig. 2.1). Wermuth and coworkers first described a seven-step synthetic approach

including pyridazinone intermediates for 4b, 4¢ (gabazine, SR95531), 4k, and 41.>' The synthesis
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of 4d was reported by Melikian and coworkers,”” which also required seven synthetic steps.
Recently, Gavande and coworkers described a four-step synthesis procedure for 4¢ under
microwave irradiation conditions starting with 3,6-dichloropyridazine.”> Here, I have
demonstrated an efficient three-step synthesis of eleven 3-aryl/heteroaryl analogs starting with 3-
amino-6-chloropyridazine, and a two-step synthesis of a 3-unsubstituted analog from 3-
aminopyridazine (Fig. 2.1). The first intermediates of nine analogs (1b-1i, 11) were synthesized
in 19-78% yields using the Suzuki-Miyaura cross-coupling reaction where aryl/heteroarylboronic
acid was coupled with 3-amino-6-chloropyridazine in presence of a palladium catalyst and a base
such as sodium carbonate. The first intermediates of two analogs (1j, 1k) were synthesized in a
73% and a 75% yield, respectively, using the Stille cross-coupling reaction between
tributyl(heteroaryl)tin and 3-amino-6-chloropyridazine in the presence of a palladium catalyst.
The N(2)-alkylated compounds 2a-21 in the second step were synthesized in 11-74% yields by
the reactions between 1la-11 and ethyl 4-bromobutanoate. Free base esters of the alkylated
compounds 3a-31 were prepared in 77-93% yields from 2a-2l using K,COj;. Hydrolysis of the
free base esters was carried out in acetic acid and hydrochloric acid at 100 °C in 63-97% yields

to give the target compounds 4a-41.
2.3.2. Antagonism of SBP and CC GABARs

The application of GABA to membrane potential probe-loaded cells expressing GABARs
increases fluorescence, which is detected by FMP assays.***> Antagonist activity can be assessed
from a fluorescence reduction induced by a co-applied compound. When tested at 100 pM, an
analog with no substituent at the 3-position of the pyridazine ring (4a) showed no or little

antagonism against SBP and CC GABARs (Figs. 2.2 and 2.3). The introduction of a phenyl
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Figure 2.2 Inhibition of GABA-induced membrane potential changes in SBP GABARs. GABA at a
concentration corresponding to the ECsy (1.0 uM) was used. Data represent the means of two

experiments with bars of the inhibition range, except for the data for 4f at 10 uM and 100 uM that

group into the 3-position of 4a led to 4b with weak activity. The inclusion of a methoxy group at
the 4-position of the phenyl group of 4b to give gabazine (4¢) resulted in a 2.7- and 3.3-fold
increase in the inhibition of GABA-induced fluorescence increases in SBP and CC receptors,
respectively. The replacement of the 4-methoxy group of 4¢ with a 3,4-methylenedioxy group,
yielding 4d, led to complete inhibition and 85.8% inhibition in SBP and CC GABARs,
respectively. The antagonist activity of the 4-trifluoromethylphenyl analog (4e) was comparable

to that of the 4-methoxyphenyl analog (4¢) in SBP receptors but 4e showed lower activity than

53



140

CJ1uMm
120 - B 10 UM

B 100 pv
100 -

Inhibition (%)

N B » (o]
o o o o o
! 1 1 ] 1

-20-'4a 4b 4c 4d 4e 4f 4g 4h 4i 4j 4k 4l

Figure 2.3 Inhibition of GABA-induced membrane potential changes in CC GABARs. GABA at a
concentration corresponding to the ECsy (2.5 uM) was used. Data represent the means of two

experiments with bars of the inhibition range, except for the data for 4f at 10 uM and 100 pM that

4c in CC receptors. The 4-biphenylyl analog (4f) did not exceed 4c¢ in terms of antagonist
activity at 100 uM in SBP receptors and showed inhibition comparable to that of 4¢ in CC
receptors, but it is notable that 4f showed a moderate activity even at 10 uM in both receptors.
The 4-phenoxyphenyl analog (4g) was inferior to the 4-biphenylyl analog (4f) in SBP receptors
whereas they are comparable in CC receptors. While the 1-naphthyl analog (4h) was only
moderately active or inactive at 100 uM in SBP and CC receptors, the 2-naphthyl analog (4i)

completely inhibited GABA-induced responses at 100 uM in both receptors and showed
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approximately 41% and 29% inhibition at 10 pM in SBP and CC receptors, respectively. Thus,
the 2-naphthyl substitution is preferable to the 1-naphthyl substitution; the naphthyl ring of 4h
may provide a significant amount of steric hindrance for binding to the site. The 2-naphthyl
analog (4i) per se showed agonist-like activity (i.e., caused an increase in fluorescence) at 100
uM, and co-application of GABA failed to induce an increase in fluorescence (data not shown).
The substitution of the 3-substituent with 2-furyl and 2-thienyl groups to yield 4j and 4k nearly
eliminated the antagonist activity. Substitution with a 3-thienyl group produced an analog (41)

with moderate activity in both receptors.

Finally, I examined whether competitive GABAR antagonism leads to insecticidal activity
against SBP and CC larvae. While showing significant antagonism against the GABARSs of these
insects, the 4-biphenylyl analog (4f) did not exert insecticidal effects (data not shown), indicating

that higher in vitro potency is necessary for insecticidal activity.

2.3.3. Antagonism of AC GABARs

The antagonism of native AC GABARSs by the synthesized analogs was measured using the
whole-cell patch-clamp technique. Figure 2.4A shows that GABA-induced currents are inhibited
by the 4-biphenylyl analog (4f). After the confirmation of the constant amplitude of GABA-
induced currents in neurons, the neurons were perfused with an external solution containing 500
uM 4f. During the perfusion, GABA was repeatedly applied five times. This analog attenuated
the currents progressively, and a maximum inhibition of 92.0% was attained after the third

application. The other analogs were also tested in this fashion.

The phenyl (4b) and 4-methoxyphenyl (4¢; gabazine) analogs were not effective against the

AC GABAR when tested at 500 uM (Fig. 2.4B). This finding is in agreement with a previous
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Figure 2.4 Inhibition of GABA-induced currents in AC GABARs. (A) Application protocol
represented by current traces of inhibition by 500 uM of 4f. (B) Inhibition by 500 uM of gabazine
and its analogs. GABA at a concentration corresponding to the ECso (30 uM) was used. Data are the

means =+ standard deviations of three or four experiments.
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finding with 4c¢ tested at 10 pM by a patch clamp technique using AC brain neurons.”® The
analog lacking a 3-substituent (4a) demonstrated greater inhibition rather than 4¢. The low
activity of 4c¢ is unexpected when compared with the 3,4-methylenedioxyphenyl (4d) and 4-
trifluoromethylphenyl (4e) analogs, which showed moderate activity. The replacement of the 3-
substituent with a 3,4-methylenedioxyphenyl group to give 4d resulted in a 4-fold increase in
inhibition when compared with 4¢. An analog with a 4-trifluoromethylphenyl group (4e) showed
3-fold greater inhibition than 4c. Among the synthesized compounds, the 4-biphenylyl analog
(4f) showed the greatest activity, with a 92.0% inhibition, an approximately 10-fold increase
compared to 4¢. The 4-phenoxyphenyl analog (4g) showed approximately 6-fold enhanced
inhibition when compared with 4¢, but decreased inhibition compared with 4f. The introduction
of a 1-naphthyl group to yield 4h resulted in a drop in inhibition. In contrast, the 2-naphthyl
analog (4i) displayed 9-fold greater inhibition than 4c. The high activity of 4f and 4i suggests
that long aromatic substituents at the 3-position of the pyridazine ring are tolerated. The
replacement of the 4-methoxyphenyl group of 4¢ with 5-membered heteroaromatic substituents
to give 4j, 4k, and 4l increased the inhibition percentage by 3- to 6-fold. The 3-thienyl analog
(41) showed a relatively high activity among analogs with a heteroaromatic 3-substituent,
indicating that the lone-pair electrons on the heteroatom of the analog at this position may
provide some favorable electronegative effects toward receptor interaction. Overall, the
inhibition pattern of AC GABARSs by the analogs differs from that of SBP and CC receptors,

suggesting the existence of structural differences in the binding sites between insect species.
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Figure 2.5 Action of 41 on AC GABA receptors. The receptors were activated by 30 uM GABA. (A)
Concentration-dependent inhibition of GABA-induced currents by 4l. (B) GABA concentration-
response curves in the presence (filled circles) and absence (open circles) of 326 uM of 41. Data

represent the mean + standard deviation of three experiments.

2.3.4. Mode of antagonism

To determine whether the synthesized compounds act as competitive antagonists, |
examined the GABA concentration-response relationships in the presence and absence of a
selected analog, 41, in AC neurons. The ICs, value of 41 was determined to be 346 £ 18 (SD) uM
(n =3) from its concentration-response relationships (Fig. 2.5A). The GABA concentration-
response curve in the presence of 41 showed a parallel rightward shift relative to that in the

absence of 41 (Fig. 2.5B), indicating that 4l is a competitive antagonist.
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2.3.5. Homology modeling and ligand docking

The orthosteric binding site in Cys-loop receptors is located at the extracellular interface
between the principal and complementary faces of adjacent subunits.”” Loops A—C from the
principal face and loops D—F from the complementary face jointly form the GABA binding site.
To examine the mechanisms of the interaction of gabazine analogs with insect GABARs, I
performed ligand docking studies using a homology model. The zwitter ion forms of GABA and
the 4-biphenylyl analog (4f) were docked into a homology model of the HF GABAR constructed
using the X-ray crystal structure of the C. elegans GluCl as a template."” I used the HF GABAR
for homology modeling in the present study, because the full-length gene encoding the AC
GABAR subunit has not been cloned and the amino acid sequence of the HF GABAR Rdlyq
subunit (GenBank accession AB177547) has a high shared identity (71.1%) with a partial

sequence of the AC GABAR Rdl (GenBank accession FJ612451).

In the docking of GABA into the orthosteric site, which is formed by six loops designated
A-F,”® the side chain of Glu202 and the backbone carbonyl oxygen atom of Ser203 in loop B
were predicted to function as hydrogen acceptors for the protonated amino group of GABA (Fig.
2.6A). Argl09 in loop D and Ser174 in loop E serve as hydrogen donors for the carboxylate
anion of GABA. Phe204 in loop B and Tyr252 in loop C likely exist near the protonated amino
group of GABA (Fig. 2.6A). These aromatic amino acids may have cation/n interactions with it,
as was recently suggested for the Drosophila GABAR.” Amino acids at the equivalent positions

are implicated in GABA binding in the GABAAR.>

In the docking of the 4-biphenylyl analog (4f) into the orthosteric site, amino acid residues

similar to those presumed to be involved in GABA binding were predicted to interact with the

59



Figure 2.6 Homology modeling and docking simulation. (A) Docking of GABA into the orthosteric

site of a HF GABAR homology model. (B) Docking of 4f.

carboxyl group and the imino group (Fig. 2.6B). Hydrogen bonding of the dissociated carboxyl
and protonated imino groups of gabazine analogs with neighboring amino acid residues (Argl09,
Ser174, Ser203, and Phe204) appeared to play a major role in the binding of gabazine analogs
(Fig. 2.6B). The backbone carbonyl group of Phe204 in loop B was predicted to function as an
acceptor for the imino hydrogen atom in place of Glu202, which interacts with GABA. The
amino acid of the rat GABAAR al subunit that is equivalent to Argl09 has been implicated in
interacting with gabazine.’' However, the location of bound gabazine seems to differ from that in

our predicted binding pocket.

The docking studies of 4f predict that its large 3-substituent is tolerable in the potential
orthosteric binding site. The model shows that hydrophobic interactions predominate in the area

that accommodates the 3-substituents of the analogs. The phenyl group at one end of the 4f
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molecule is likely exposed outside the receptor. Tyr88, Leu90, Tyr107, Vall46, Val224, Arg254,
[le245, and Leu247 are predicted to contribute to encompassing the 3-substituent of gabazine
analogs. The aromatic 3-substituents may form CH/zn interactions with Vall46 in loop A and
Leu247 in loop C. In the rat GABAsRs and GABAcRs, amino acid residues equivalent to
Tyr107 and Phelll in loop D and Phel44 in loop A were reported to contribute to gabazine

3233
binding.””

Tyr107 and Phel44 are found near the 4f molecule in the docking model, but
Phelll is away from the binding pocket. It is of interest to note that in the rat GABARs,
gabazine sensitivity depended on whether amino acids at the 107- and 144-positions are
phenylalanine or tyrosine and that the three insect GABARSs used in the present study contain the
same amino acids at the 107- and 144-positions as the GABAcR, which has low affinity for
gabazine. In addition to Phel44, Vall46, a nearby amino acid in loop A, faces the 4f molecule,
which is consistent with the finding that a homologous amino acid lines the GABA binding
pocket of the rat receptor.’ * In the model, Val180 in loop F exists at the position where the apex

phenyl group of 4f interacts. This finding is consistent with the finding that this region of loop F

in the rat GABAAR was identified as a region lining the GABA binding site.
2.4. Conclusion

In this study, I synthesized gabazine analogs that are more potent than gabazine against
insect GABARs, but their potency levels are still low compared with the levels reported with
GABAARs.”! Analogs with nanomolar affinity for GABAsRs and an analog with low
micromolar affinity for GABAcRs have recently been reported.’®*’ Information from ligand
docking studies with a homology model using the C. elegans GluCl X-ray structure as a template
proved to be useful for studying the receptor-ligand interaction. Analogs with higher potencies

for insect GABARSs may be obtained by further modification of gabazine.
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CHAPTER 3
Synthesis of 1,3-di- and 1,3,4-trisubstituted IPs as competitive

antagonists of insect GABARSs

3.1. Introduction

GABA, the primary inhibitory neurotransmitter in the central nervous system of mammals,
mediates inhibitory neurotransmission through two types of receptors: ionotropic and
metabotropic.l'4 The ionotropic GABAR belongs to the Cys-loop receptor family of ligand-gated
ion channels, including nicotinic acetylcholine, glycine, and serotonin type 3 receptors.s’6
Ionotropic GABARS are categorized into two types: hetero-pentameric GABAARs, which consist
of al-6, B1-3, y1-3, §, €, 0, and m subunits, and homo-pentameric GABAcRs, which include p1-3
subunits.”® Each subunit consists of a large extracellular GABA-binding domain, a
transmembrane domain containing four o-helical segments, and a large intracellular loop. The
second transmembrane segments of five subunits form a central chloride channel pore.” The
GABARs that contain two a subunits, two B subunits, and one y subunit are the most abundant
subtype in the adult brain.”' GABA or an agonist binds to the orthosteric binding site in the
extracellular interface between the a and B subunits of GABARSs, which triggers the opening of
the channel, thus enhancing chloride permeability through the neuronal membrane and inhibiting
the generation of action potentials. The orthosteric agonist binding site is composed of six
discontinuous loops, A—F, located in adjacent subunits; loops A—C are in the principal subunit
and loops D-F are in the complementary subunit.’ Competitive antagonists, which share a

common binding site with the agonist GABA, stabilize the closed conformation of the channel.
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GABARs represent targets for clinically important drugs such as benzodiazepines, barbiturates,

neurosteroids, and anesthetics.

In insects, GABARs play important physiological roles not only in the nervous system but

12,13 12-14

also in the peripheral tissues. ~ ~ The insect ionotropic GABAR consists of five Rdl subunits.
The Rdl transcript is alternatively spliced at exons 3 and 6 to produce four variant subunits (Rdl,,
Rdlg, Rdly, and Rdlyg). Insect GABARs represent important targets for insecticides and

121315 phenylpyrazole insecticides, such as fipronil, exert insecticidal effects by

parasiticides.
acting as noncompetitive antagonists.' However, the development of resistance to fipronil due to
its extensive use has been reported in several insect species.'”'? Although two novel classes of
insecticidal GABAR antagonists, isoxazolines and 3-benzamido-N-phenylbenzamides, have
recently been reported,”* there are continuing efforts to develop novel insecticides that inhibit
GABAR functions. High-affinity competitive antagonists for insect GABARs could also be
potential insecticides. Bicuculline and gabazine (SR 95531) (Fig. 1.6) represent competitive

24,25

antagonists of mammalian GABARs. However, a potent competitive antagonist for insect

GABARs is not available. Whereas bicuculline is inactive against most insect GABARs,

2628 1t has been

gabazine shows weak or moderate antagonistic activity against insect GABARSs.
previously reported that the introduction of substituents at the 5-position of pyridazine ring of
gabazine produces competitive antagonists with micromolar-affinity against the parasitic
nematode Ascaris suum, whereas the 5-substitutent is detrimental to rat GABARs.?”’?° This
selectivity is informative in terms of the design of insecticides. In the previous study described in
Chapter 2, I synthesized 1,6-dihydro-6-iminopyridazines (IPs) in which the 3-position of the

pyridazine ring of gabazine was modified (Fig. 1.6), and enhanced antagonism of insect

GABARs were observed.”’ These findings prompted the synthesis of other analogs. Here, I
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describe the synthesis of 1,3-di- and 1,3,4-trisubstituted IPs and their antagonism of GABARs
cloned from two agricultural insect pest species and a sanitary insect species. In this new
synthesis, I examined the effects of the carboxylate bioisosteres at the 1-position on the

antagonist potency of IP derivatives in insect GABARS.
3.2. Materials and Methods
3.2.1. Chemicals

Reagents were obtained from Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), unless otherwise noted. Intermediates 6a, 6d,
6f, and 6g were available from the Chapter 2. Namgel NAM-200H (Nagara Science) was used

for the purification of 8 and 9.
3.2.2. Instruments

The melting points of synthesized compounds were determined on a cover glass with a
Yanagimoto MP-500D apparatus and are uncorrected. '"H NMR spectra were recorded on a
JEOL JNM-A 400 spectrometer. Chemical shifts (& values) are given in ppm relative to
tetramethylsilane (TMS) and the J values are given in Hertz. Spin multiplicities are expressed as
follows: s (singlet), d (doublet), t (triplet), q (quartet), qn (quintet), and m (multiplet). High-
resolution mass spectrometry (HRMS) analyses were performed on a Waters SYNAPT G2

spectrometer using the positive electrospray ionization mode.
3.2.3. Synthesis of 3-amino-6-chloro-5-cyclobutylpyridazine (1)

Water (20 mL) and H,SO4 (0.40 mL, 1.5 mol eqv., sp. gr. = 1.84) were added to 3-amino-6-

chloropyridazine (648 mg, 5.0 mmol). The mixture was heated to 70 °C for 10 min.
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Figure 3.1 Synthesis of 4-(3-aryl-4-cyclobutyl-1,6-dihydro-6-iminopyridazin-1-yl)butanoic acid
hydrobromide salts (4a-4c¢) and 4-[4-cyclobutyl-1,6-dihydro-6-imino-3-(2-naphthyl)pyridazin-1-

yl]butyronitrile hydrobromide (5).

Cyclobutanecarboxylic acid (1.15 g, 2.3 mol eqv.) and AgNOs (85 mg, 0.1 mol eqv.) were then
added to the mixture. The reaction mixture was stirred under an argon atmosphere for 15 min,
and a solution of ammonium persulfate (1.71 g, 1.5 mol eqv.) in H,O (10 mL) was added via a
syringe over 5 min. The reaction mixture was heated at 70 °C for 15 h. The reaction mixture was
then transferred into a flask containing ice and was basified to pH 8-9 with aqueous ammonia.
The product was extracted with CH,Cl, (3 x 100 mL). The combined organic layer was dried
over anhydrous Na,SO4 and filtered. The solvent was evaporated under reduced pressure to

dryness. The residue was purified by column chromatography on silica gel to give 3-amino-6-
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chloro-5-cychlobutylpyridazine (1). Yield 18%, mp 155-157 °C. "H NMR (DMSO-d) & 1.77-
1.79 (m, 1H), 1.92-2.07 (m, 3H), 2.32-2.38 (m, 2H), 3.43-3.45 (m, 1H), 6.27 (s, 2H), 7.22 (s,

1H).
3.2.4. General procedure for the synthesis of 3-amino-6-aryl-5-cyclobutylpyridazine (2a-2c)

A mixture of 1 (183.5 mg, 1.0 mmol), arylboronic acid (1.5 mmol),
tetrakis(triphenylphosphine)palladium(0) (35 mg), and a 2 M Na,CO; solution (1.1 mL) in
toluene (10 mL) was stirred under an argon atmosphere for 30 min at room temperature. The
reaction mixture was then heated under reflux with stirring in an argon atmosphere until the
starting material disappeared (~48 h). After cooling, the reaction mixture was concentrated to
dryness under reduced pressure. EtOAc (30 mL) was added to the flask containing the residue,
and the flask was placed in an ultrasonic bath for 5 min. The mixture was filtered and the filter
paper was washed thoroughly with EtOAc (100 mL). The combined filtrate was concentrated to
dryness under reduced pressure. The residue was purified by silica gel column chromatography

to yield 3-amino-6-aryl-5-cyclobutylpyridazine (2a-2c).
3.2.4.1. 3-Amino-5-cyclobutyl-6-phenylpyridazine (2a)

Yield 13% (for two steps), mp 166-168 °C. 'H NMR (CD;0D) & 1.88-1.98 (m, 1H), 2.09-
2.26 (m, 3H), 2.45-2.52 (m, 2H), 3.48-3.56 (m, 1H), 7.39-7.49 (m, 3H), 7.60 (d, 1H, J = 1.5 Hz),

7.87-7.90 (m, 2H).

3.2.4.2. 3-Amino-6-(4-biphenylyl)-5-cyclobutylpyridazine (2b)
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Yield 13% (for two steps), mp 175-177 °C. "H NMR (CD;0D) § 1.92-1.96 (m, 1H), 2.13-
2.27 (m, 3H), 2.46-2.53 (m, 2H), 3.49-3.55 (m, 1H), 7.32-7.37 (m, 1H), 7.43-7.47 (m, 2H), 7.65-

7.68 (m, 3H), 7.73-7.75 (m, 2H), 7.98-8.00 (m, 2H).
3.2.4.3. 3-Amino-5-cyclobutyl-6-(2-naphthyl)pyridazine (2c)

Yield 16% (for two steps), mp 172-174 °C. "H NMR (DMSO-d) & 1.84-1.88 (m, 1H), 1.98-
2.18 (m, 1H), 2.21-2.23 (m, 2H), 2.41-2.46 (m, 2H), 3.48-3.54 (m, 1H), 6.19 (s, 2H), 7.50-7.56
(m, 2H), 7.79 (s, 1H), 7.93 (d, 1H, J=7.6 Hz), 7.99 (d, 1H, J = 8.8 Hz), 8.03 (d, 1H, J = 7.6 Hz),

8.27 (d, 1H, J = 8.8 Hz), 8.55 (s, 1H).

3.2.5. General procedure for the synthesis of ethyl 4-(3-aryl-4-cyclobutyl-1,6-dihydro-6-

iminopyridazin-1-yl)butanoate hydrobromide (3a-3¢)

A mixture of 2a, 2b, or 2¢ (1 mmol), ethyl 4-bromobutanoate (292 mg, 1.5 mmol), and DMF
(0.5 mL) was heated at 80 °C until the starting material disappeared (~40 h). After cooling, the
precipitate was collected and washed with EtOAc (5 mL). The residue was recrystallized from
MeOH and EtOAc to give ethyl 4-(3-aryl-4-cyclobutyl-1,6-dihydro-6-iminopyridazin-1-

yl)butanoate hydrobromide (3a-3c).

3.2.5.1. Ethyl 4-(4-cyclobutyl-1,6-dihydro-6-imino-3-phenylpyridazin-1-yl)butanoate

hydrobromide (3a)

Yield 8% (for three steps), mp 208-210 °C. '"H NMR (CDsOD) & 1.12 (t, 3H, J = 7.1 Hz),
1.95-2.01 (m, 1H), 2.19-2.38 (m, 5H), 2.52-2.60 (m, 4H), 3.66-3.71 (m, 1H), 3.99 (q, 2H, J="7.1

Hz), 4.51 (t, 2H, J= 7.1 Hz), 7.55-7.56 (m, 3H), 8.01-8.04 (m, 2H), 8.08 (d, 1H, J = 1.5 Hz).
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3.2.5.2. Ethyl 4-[3-(4-biphenylyl)-4-cyclobutyl-1,6-dihydro-6-iminopyridazin-1-yl]butanoate

hydrobromide (3b)

Yield 9% (for three steps), mp 204-206 °C. 'H NMR (CD;OD) & 1.13 (t, 3H, J = 7.1 Hz),
1.97-2.02 (m, 1H), 2.17-2.37 (m, 5H), 2.54-2.62 (m, 4H), 3.68-3.72 (m, 1H), 4.01 (q, 2H, J="7.1
Hz), 4.52 (t, 2H, J = 6.8 Hz), 7.37-7.41 (m, 1H), 7.46-7.50 (m, 2H), 7.69-7.71 (m, 2H), 7.81-7.83

(m, 2H), 8.11-8.13 (m, 3H).

3.2.5.3. Ethyl 4-[4-cyclobutyl-1,6-dihydro-6-imino-3-(2-naphthyl)pyridazin-1-yl]butanoate

hydrobromide (3¢)

Yield 5% (for three steps), mp 212-214 °C. '"H NMR (CD;OD) & 1.09 (t, 3H, J = 7.1 Hz),
1.98-2.03 (m, 1H), 2.18-2.36 (m, 3H), 2.38-2.43 (m, 2H), 2.55-2.63 (m, 4H), 3.71 (t, I1H, J=8.3
Hz), 3.99 (q, 2H, J = 7.1 Hz), 4.54 (t, 2H, J = 6.8 Hz), 7.57-7.60 (m, 2H), 7.93-7.95 (m, 1H),

8.01-8.05 (m, 2H), 8.13 (dd, 1H, J = 6.8, 2.0 Hz), 8.26 (d, 1H, J = 1.0 Hz), 8.58 (s, 1H).

3.2.6. General procedure for the synthesis of 4-(3-aryl-4-cyclobutyl-1,6-dihydro-6-

iminopyridazin-1-yl)butanoic acid hydrobromide (4a-4c)

Compound 3a, 3b, or 3¢ (200 mg) was dissolved in a minimal amount of aqueous K,CO;
solution to yield an alkaline solution. The solution was then extracted with a 1:1 mixture of
EtOAc and Et,O. The organic layer was dried over anhydrous Na,SO4 and filtered. The filtrate
was concentrated under reduced pressure to give free base ester. Hydrobromic acid in AcOH (10
mL, 30%) was added to the free base ester and heated at 100 °C for ~12 h. After cooling, the
reaction mixture was concentrated to dryness under reduced pressure. The residue was
recrystallized with MeOH and EtOAc to afford 4-(3-aryl-4-cyclobutyl-1,6-dihydro-6-
iminopyridazin-1-yl)butanoic acid hydrobromide (4a-4c).
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3.2.6.1. 4-(4-Cyclobutyl-1,6-dihydro-6-imino-3-phenylpyridazin-1-yl)butanoic acid

hydrobromide (4a)

Yield 7% (for four steps), mp 181-183 °C. 'H NMR (CD;OD) § 1.95-2.10 (m, 1H), 2.09-
2.23 (m, 3H), 2.27-2.37 (m, 4H), 2.53-2.60 (m, 2H), 3.63-3.71 (m, 1H), 4.48 (t, 2H, J = 7.8 Hz),
7.53-7.55 (m, 3H), 8.00-8.03 (m, 3H). HRMS (ESI) m/z caled for C;sH»N30, ([M - Br])’,

312.1712; found, 312.1727.

3.2.6.2. 4-[3-(4-Biphenylyl)-4-cyclobutyl-1,6-dihydro-6-iminopyridazin-1-yl]butanoic acid

hydrobromide (4b)

Yield 6% (for four steps), mp 217-219 °C. "H NMR (CD;0D) & 1.98-2.02 (m, 1H), 2.15-
2.40 (m, SH), 2.54-2.60 (m, 4H), 3.66-3.75 (m, 1H), 4.52 (t, 2H, J = 7.3 Hz), 7.37-7.41 (m, 1H),
7.46-7.49 (m, 2H), 7.69 (d, 2H, J = 8.8 Hz), 7.80-7.83 (m, 2H), 8.11-8.13 (m, 3H). HRMS (ESI)

m/z calcd for C4Hy6N3O0, (M - Br)+, 388.2025; found, 388.2024.

3.2.6.3. 4-[4-Cyclobutyl-1,6-dihydro-6-imino-3-(2-naphthyl)pyridazin-1-yl]butanoic acid

hydrobromide (4c)

Yield 4% (for four steps), mp 218-220 °C. 'H NMR (CD3;0D) 6 1.95-2.02 (m, 1H), 2.18-
2.33 (m, 3H), 2.35-2.42 (m, 2H), 2.57-2.61 (m, 4H), 3.66-3.75 (m, 1H), 4.53 (t, 2H, J = 7.1 Hz),
7.56-7.61 (m, 2H), 7.92-7.94 (m, 1H), 8.00-8.05 (m, 2H), 8.12-8.15 (m, 1H), 8.24 (d, I1H, J=1.0
Hz), 8.58 (s, 1H). HRMS (ESI) m/z caled for C2Hy4N30, ([M - Br])’, 362.1869; found,

362.1893.
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3.27. Synthesis of 4-[4-cyclobutyl-1,6-dihydro-6-imino-3-(2-naphthyl)pyridazin-1-

yl]butyronitrile hydrobromide (5)

A mixture of 2¢ (275 mg, 1.0 mmol), 4-bromobutyronitrile (178 mg, 1.2 mmol), and DMF
(0.5 mL) was heated at 80 °C until the starting material disappeared (~20 h). After cooling, the
precipitate was collected and washed with EtOAc (5 mL). The residue was recrystallized from
MeOH and EtOAc to give 4-[4-cyclobutyl-1,6-dihydro-6-imino-3-(2-naphthyl)pyridazin-1-
yl]butyronitrile hydrobromide (5). Yield 10% (for three steps), mp 228-230 °C. 'H NMR
(DMSO-dg) 6 1.87-1.90 (m, 1H), 2.03-2.10 (m, 1H), 2.17-2.23 (gn, 2H, J = 6.3 Hz), 2.28-2.35
(m, 2H), 2.49-2.50 (m, 2H), 2.67-2.70 (m, 2H), 3.63-3.67 (m, 1H), 4.43 (t, 2H, J = 6.3 Hz), 7.59-
7.62 (m, 2H), 7.98-8.00 (m, 1H), 8.05-8.07 (m, 3H), 8.11-8.17 (m, 1H), 8.69 (s, 1H). HRMS

(ESI) m/z calcd for CypHa3Ny4 (M - Br)', 343.1923; found, 343.1944.
3.2.8. General procedure for the synthesis of 3-amino-6-(aryl/heteroaryl)pyridazine (6a-6g)

A mixture of 3-amino-6-chloropyridazine (388 mg, 3.0 mmol), aryl/heteroarylboronic acid
(4.5 mmol), tetrakis(triphenylphosphine)palladium(0) (105 mg), and a 2 M Na,COj solution (3.3
mL) in toluene (30 mL) was stirred in an argon atmosphere at room temperature for 30 min. The
reaction mixture was then heated under reflux with stirring in an argon atmosphere until the
starting material disappeared (~70 h). After cooling, the reaction mixture was concentrated to
dryness under reduced pressure. EtOAc (80 mL) was added to the residue, and the flask
containing the suspension was placed in an ultrasonic bath for 5 min. The mixture was filtered,
and the filter paper was washed thoroughly with EtOAc (200 mL). The combined filtrate was

concentrated to dryness under reduced pressure. The residue was purified by silica gel column
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chromatography to yield 3-amino-6-aryl/heteroarylpyridazine (6a-6g). It is noted that the

intermediates that appeared in Chapter 2 are renumbered in this Chapter.

NH, NH, NH.HBr
OH
| SN R2B(OH)s, Pd(PPh3)4> | Sy Br(CHo)3PO(OC,Hs), - ,}‘/\/\ﬁl_ocsz
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Figure 3.2 Synthesis of 4-(3-aryl/heteroaryl-1,6-dihydro-6-iminopyridazin-1-yl)butyronitrile
hydrobromide  salts  (7a-7g), ethyl  3-[3-(4-biphenylyl)-1,6-dihydro-6-iminopyridazin-1-
yl]propylphosphonate hydrobromide (8), and 3-[3-(4-biphenylyl)-1,6-dihydro-6-iminopyridazin-1-

yl]propylphosphonic acid hydrobromide (9).

3.2.8.1. 3-Amino-6-(4-methoxyphenyl)pyridazine (6a)

This intermediate appeared in Chapter 2, section 2.2.3.2.
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3.2.8.2. 3-Amino-6-(4-ethoxyphenyl)pyridazine (6b)

Yield 59%, mp 151-153 °C. "H NMR (DMSO-dq) & 1.34 (t, 3H, J=7.1 Hz), 4.07 (q, 2H, J =
7.1 Hz), 6.33 (s, 2H), 6.82 (d, 1H, J= 9.3 Hz), 6.99 (dd, 2H, J = 6.8, 2.0 Hz), 7.73 (d, 1H, J=9.3

Hz), 7.87 (dd, 2H, J= 6.8, 2.0 Hz).
3.2.8.3. 3-Amino-6-(4-trifluoromethoxyphenyl)pyridazine (6¢)

Yield 42%, mp 107-109 °C. '"H NMR (DMSO-ds) 8 6.55 (s, 2H), 6.87 (d, 1H, J = 9.3 Hz),

7.45 (d, 2H, J = 8.8 Hz), 7.84 (d, 1H, J= 9.3 Hz), 8.08 (d, 2H, J = 8.8 Hz).
3.2.8.4. 3-Amino-6-(4-biphenylyl)pyridazine (6d)

This intermediate appeared in Chapter 2, section 2.2.3.5.
3.2.8.5. 3-Amino-6-(2-fluoro-4-biphenylyl)pyridazine (6e)

Yield 64%, mp 154-156 °C. "H NMR (DMSO-ds) § 6.57 (s, 2H), 6.88 (d, 1H, J = 9.3 Hz),

7.42 (t, 1H, J= 6.8 Hz), 7.48-7.56 (m, 2H), 7.60-7.64 (m, 4H), 7.88-7.92 (m, 2H).
3.2.8.6. 3-Amino-6-(2-naphthyl)pyridazine (6f)

This intermediate appeared in Chapter 2, section 2.2.3.8.
3.2.8.7. 3-Amino-6-(3-thienyl)pyridazine (6g)

This intermediate appeared in Chapter 2, section 2.2.3.11.
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3.2.9. General procedure for the synthesis of 4-[3-(aryl/heteroaryl)-1,6-dihydro-6-

iminopyridazin-1-yl]butyronitrile hydrobromide (7a-7g)

A mixture of 6a, 6b, 6¢, 6d, 6e, 6f, or 6g (1 mmol), 4-bromobutyronitrile (178 mg, 1.2
mmol), and DMF (0.5 mL) was heated at 80 °C until the starting material disappeared (~15 h).
After cooling, the precipitate was collected and washed with EtOAc (5 mL). The residue was
recrystallized from MeOH and EtOAc to give 4-[3-(aryl/heteroaryl)-1,6-dihydro-6-

iminopyridazin-1-yl]butyronitrile hydrobromide (7a-7g).

3.2.9.1. 4-[1,6-Dihydro-6-imino-3-(4-methoxyphenyl)pyridazin-1-yl|butyronitrile

hydrobromide (7a)

Yield 33% (for two steps), mp 247-249 °C. 'H NMR (DMSO-ds) & 2.19 (qn, 2H, J = 7.0
Hz), 2.67 (t, 2H, J= 7.0 Hz), 3.84 (s, 3H), 4.38 (t, 2H, J=7.0 Hz), 7.11 (d, 2H, J = 8.8 Hz), 7.62
(d, 1H,J=9.5 Hz), 7.95 (d, 2H, J = 8.8 Hz), 8.38 (d, 1H, J= 9.5 Hz), 9.02 (broad s, 2H). HRMS

(ESI) m/z caled for C sH7N,O (M - Br)', 269.1402; found, 269.1431.

3.2.9.2. 4-[1,6-Dihydro-3-(4-ethoxyphenyl)-6-iminopyridazin-1-yl|butyronitrile

hydrobromide (7b)

Yield 48% (for two steps), mp 257-259 °C. 'H NMR (DMSO-de) & 1.36 (t, 3H, J = 7.0
Hz), 2.18 (qn, 2H, J = 7.0 Hz), 2.69 (t, 2H, J= 7.0 Hz), 4.12 (q, 2H, J= 7.0 Hz), 4.39 (t, 2H, J =
7.0 Hz), 7.10 (d, 2H, J = 8.8 Hz), 7.65 (d, 1H, J = 9.8 Hz), 7.95 (d, 2H, J = 8.8 Hz), 8.40 (d, 1H,
J = 9.8 Hz), 9.09 (broad s, 2H). HRMS (ESI) m/z calcd for C;¢H;oN4O (M - Br)", 283.1559;

found, 283.1577.
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3.2.9.3. 4-[1,6-Dihydro-6-imino-3-(4-trifluoromethoxyphenyl)pyridazin-1-yl|butyronitrile

hydrobromide (7c)

Yield 29% (for two steps), mp 223-225 °C. "H NMR (DMSO-dg) & 2.20 (qn, 2H, J = 6.9
Hz), 2.69 (t, 2H, J = 6.9 Hz), 4.42 (t, 2H, J= 6.9 Hz), 7.58 (d, 2H, J = 7.8 Hz), 7.71 (d, 1H, J =
9.5 Hz), 8.13 (d, 2H, J = 7.8 Hz), 8.44 (d, 1H, J = 9.5 Hz), 9.22 (broad s, 2H). HRMS (ESI) m/z

caled for CysH4F3N4O (M - Br)+, 323.1120; found, 323.1116.

3.2.9.4. 4-[3-(4-Biphenylyl)-1,6-dihydro-6-iminopyridazin-1-yl|butyronitrile hydrobromide

(7d)

Yield 28% (for two steps), mp 267-269 °C. 'H NMR (DMSO-ds) & 2.21 (qn, 2H, J = 6.9
Hz), 2.72 (t, 2H, J = 6.9 Hz), 4.44 (t, 2H, J = 6.9 Hz), 7.43 (t, 1H, J= 7.4 Hz), 7.51 (t, 2H, J =
7.4 Hz), 7.72-7.78 (m, 3H), 7.89 (d, 2H, J = 8.3 Hz), 8.10 (d, 2H, J = 8.3 Hz), 8.50 (d, 1H, J =

9.3 Hz), 9.18 (broad s, 2H). HRMS (ESI) m/z calcd for CooH;oN4 (M - Br)", 315.1610; found,

315.1617.
3.2.9.5. 4-[1,6-Dihydro-3-(2-fluoro-4-biphenylyl)-6-iminopyridazin-1-yl]|butyronitrile
hydrobromide (7e)

Yield 37% (for two steps), mp 223-225 °C. "H NMR (DMSO-dg) & 2.21 (qn, 2H, J = 6.9
Hz), 2.71 (t, 2H, J = 6.9 Hz), 4.44 (t, 2H, J = 6.9 Hz), 7.46 (t, 1H, J = 7.2 Hz), 7.53 (t, 2H, J =
7.2 Hz), 7.63 (d, 2H, J=7.2 Hz), 7.71-7.78 (m, 2H), 7.95-8.01 (m, 2H), 8.52 (d, 1H, J=9.8 Hz),

9.27 (broad s, 2H). HRMS (ESI) m/z calcd for Cy0H;gFN4 (M - Br)+, 333.1515; found, 333.1552.
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3.2.9.6. 4-[1,6-Dihydro-6-imino-3-(2-naphthyl)pyridazin-1-yl]butyronitrile hydrobromide

(79)

Yield 12% (for two steps), mp 261-263 °C. 'H NMR (DMSO-dg) & 2.24 (qn, 2H, J = 7.0
Hz), 2.72 (t, 2H, J = 7.0 Hz), 4.45 (t, 2H, J = 7.0 Hz), 7.63-7.66 (m, 2H), 7.71 (d, 1H, J = 9.3
Hz), 8.00-8.15 (m, 4H), 8.60 (d, 1H, J = 9.3 Hz), 8.63 (s, 1H), 9.17 (broad s, 2H). HRMS (ESI)

m/z calcd for CigH7N4 (M - Br)', 289.1453; found, 289.1489.
3.2.9.7. 4-[1,6-Dihydro-6-imino-3-(3-thienyl)pyridazin-1-yl]butyronitrile hydrobromide (7g)

Yield 35% (for two steps), mp 246-248 °C. 'H NMR (DMSO-ds) & 2.17 (qn, 2H, J = 6.9
Hz), 2.68 (t, 2H, J = 6.9 Hz), 4.37 (t, 2H, J = 6.9 Hz), 7.66-7.69 (m, 2H), 7.76-7.78 (m, 1H),
8.37-8.40 (m, 2H), 9.14 (broad s, 2H). HRMS (ESI) m/z calcd for C;;H;3NsS (M - Br)+,

245.0861; found, 245.0886.

3.2.10. Synthesis of ethyl 3-[3-(4-biphenylyl)-1,6-dihydro-6-iminopyridazin-1-

yl]propylphosphonate hydrobromide (8)

A mixture of 6d (247 mg, 1 mmol), diethyl (3-bromopropyl)phosphonate (328 mg (95%),
1.2 mmol), and DMF (0.5 mL) was heated at 80 °C until the starting material disappeared (72 h).
After cooling, the precipitate was collected and washed with EtOAc (5 mL). The residue was
purified by silica gel column chromatography (MeOH:EtOAc = 1:1) to yield ethyl 3-[3-(4-
biphenylyl)-1,6-dihydro-6-iminopyridazin-1-yl]propylphosphonate hydrobromide (8). Yield 19%
(for two steps), mp 161-163 °C. 'H NMR (CD;OD) & 1.26 (t, 3H, J = 7.1 Hz), 1.66-1.74 (m, 2H),
2.16-2.28 (m, 2H), 3.94 (q, 2H, J = 7.1 Hz), 4.50 (t, 2H, J = 7.3 Hz), 7.38 (t, 1H, J = 7.4 Hz),

7.46 (t, 2H, J = 7.4 Hz), 7.59 (d, 1H, J = 9.6 Hz), 7.66 (d, 2H, J = 8.3 Hz), 7.77 (d, 2H, J = 8.3
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Hz), 8.03 (d, 2H, J = 8.3 Hz), 8.28 (d, 1H, J = 9.6 Hz). HRMS (ESI) m/z caled for CoHasN3O5P

(M - Br)", 398.1634; found, 398.1637.

3.2.11. Synthesis of 3-[3-(4-biphenylyl)-1,6-dihydro-6-iminopyridazin-1-

yllpropylphosphonic acid hydrobromide (9)

A mixture of 8 (239 mg, 0.5 mmol) and 2 M hydrobromic acid (10 mL) was refluxed for 40
h. After cooling, the reaction mixture was concentrated to dryness under reduced pressure and
washed with EtOAc (5 mL). The residue was purified by silica gel column chromatography
(MeOH:EtOAc = 1:1) to yield 3-[3-(4-biphenylyl)-1,6-dihydro-6-iminopyridazin-1-
yl]propylphosphonic acid hydrobromide (9). Yield 18% (for three steps), mp 290-293 °C. 'H
NMR (DMSO-dq) & 1.64-1.73 (m, 2H), 2.06-2.11 (m, 2H), 4.41 (t, 2H, J= 7.1 Hz), 7.43 (d, 1H,
J=174Hz),7.51 (t,2H, J="7.4 Hz), 7.67 (d, 1H, J=9.3 Hz), 7.76 (d, 2H, J = 7.4 Hz), 7.89 (d,
2H, J = 8.3 Hz), 8.09 (d, 2H, J = 8.3 Hz), 8.47 (d, 1H, J = 9.3 Hz), 9.24 (broad s, 2H). HRMS

(ESI) m/z calcd for C19Hy N303P (M - Br)", 370.1321; found, 370.1352.
3.2.12. FMP assays

Drosophila S2 cell lines stably expressing small brown planthopper (SBP, Laodelphax
striatellus) and common cutworm (CC, Spodoptera litura) GABARs were created by
transfecting respective Rdl,q subunit cDNAs (DDBJ accession Nos. AB253526 and DD171257)
as previously described.”*** FMP assays were performed using these cell lines as described in

the previous Chapter.
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3.2.13. Expression of HF GABARSs in Xenopus oocytes and TEVC recordings

TEVC experiments were performed as previously reported.” After a mature female African
clawed frog (Xenopus laevis) was anesthetized with 0.1% (w/v) ethyl m-aminobenzoate
methanesulfonate, the ovarian lobes were surgically removed. The ovarian lobes were treated
with collagenase (2 mg/mL; Sigma-Aldrich) in Ca**-free standard oocyte solution (SOS) (100
mM of NaCl, 2 mM of KCI, 1 mM of MgCl,, 5 mM of HEPES, pH 7.6) for 90-120 min at room
temperature. The oocytes were then gently washed with a sterile SOS (100 mM of NaCl, 2 mM
of KCl, 1.8 mM of CaCl,, 1 mM of MgCl,, 5 mM of HEPES, pH 7.6) supplemented with 2.5
mM of sodium pyruvate, 50 pg of gentamycin/mL (Gibco), 100 U of penicillin/mL (Invitrogen)
and 100 pg of streptomycin/mL (Invitrogen) and were incubated at 16 °C overnight in the buffer.
The oocytes were injected with 5 ng of cRNA encoding the HF Rdl,. subunit and were incubated
under the same conditions for 2 days. The capped cRNA was synthesized using T7 polymerase
(Ambion mMESSAGE mMACHINE T7 Ultra Kit), the primer pcDNA3-cRNAF (5'-CTC-TCT-
GGC-TAA-CTA-GAG-AAC-C-3"), and cDNA encoding the ac variant of the HF GABAR
subunit [DDBJ accession Nos. AB177547 (RDLyg, complete cds), AB824728 (exon 3 a version,

partial cds), and AB824729 (exon 6 ¢ version, partial cds)].

GABA-induced currents were recorded using an OC-725C Oocyte Clamp amplifier (Warner
Instruments) at a holding potential of -80 mV. The recorded currents were analyzed by Data-

Trax2™

software (World Precision Instruments). The glass capillary electrodes were filled with
2 M of KCI and had a resistance of 0.5-1.5 MQ at 18-22 °C. GABA was dissolved in SOS, and
the IPs were dissolved in DMSO and then diluted by SOS to the final concentration (0.1%
DMSO, v/v). After 10 uM (ECsy) of GABA was added to the oocytes a few times for 3 s to

detect a control response, the IP solution was applied over 1 min before the following
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applications of GABA and during the remainder of the experiments. The ECsy of GABA was
applied repeatedly in the presence of an IP solution for 3 s at 1-min intervals until a maximum
inhibition of GABA response was reached. The inhibition percentage was calculated from the
ratio of the average of two minimum responses during the application of IP to the average of a
few responses induced by 10 uM of GABA. ECsgs, Hill coefficients (nys), and half maximal
inhibitory concentrations (ICsos) were obtained from concentration-response relationships by

nonlinear regression analysis using OriginPro 8] software (Origin-Lab).
3.2.14. Homology modeling and docking simulation

A homology model of a homomeric HF GABAR containing Rdl,. subunits was built using
the X-ray crystal structure of the C. elegans GluCl (PDB: 3RIF) as a template.>* The model was
created using MOE 2011.10 software (Chemical Computing Group) according to the method
described in Chapter 2. The structures of GABA and 7e were created in the zwitterionic and

protonated imino forms, respectively, using the MOE Builder.
3.3. Results and Discussion
3.3.1. Chemistry

In the present study, I synthesized thirteen IPs with various R', R? and R’ substituents on
the pyridazine ring, starting from 3-amino-6-chloropyridazine (Figs. 1.6, 3.1, and 3.2). The
synthesized IPs are categorized into three types. The first type consists of the 3-substituted 1-(3-
carboxypropyl)-4-cyclobutyl-IPs (4a-4c). The second type consists of a 3-substituted 1-
cyanopropyl-4-cyclobutyl-IP (5) and the 3-substituted 1-cyanopropyl-1Ps (7a-7g). The third type
consists of a 3-substituted 1-(ethyl phosphonopropyl)-IP (8) and a 3-substituted 1-
phosphonopropyl-IP (9).
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Introduction of a cyclobutyl group onto the 5-position of 3-amino-6-chloropyridazine to
afford 1 was achieved by the Minisci reaction with cyclobutanecarboxylic acid, albeit in a low
(18%) yield (Fig. 3.1). The Suzuki-Miyaura cross-coupling reaction between 1 and arylboronic
acid in the presence of a palladium catalyst afforded 2a-2¢ in 70-88% yields. N(2)-Alkylation of
2a-2¢ with ethyl 4-bromobutanoate provided 3a-3c in 33-66% yields. Compounds 3a-3¢ were
then converted to free base esters by treatment with K,COs, followed by hydrolysis in acetic acid
and hydrobromic acid at 100 °C to give IPs 4a-4¢ in 71-85% yields. The Suzuki-Miyaura cross-
coupling reaction between 3-amino-6-chloropyridazine and aryl/heteroarylboronic acid gave 6a-
6g in 19-64% yields (Fig. 3.2). N(2)-Alkylation of 6a-6g with 4-bromobutyronitrile afforded IPs
7a-7g in 58-82% yields. N(2)-Alkylation of 2¢ with 4-bromobutyronitrile produced IP § in a
65% yield (Fig. 3.1). N(2)-Alkylation of 6d with diethyl (3-bromopropyl)phosphonate generated
IP 8 in a 52% yield. The hydrolysis of 8 in a 2 M hydrobromic acid under reflux gave IP 9 in a

95% yield (Fig. 3.2).
3.3.2. Antagonism of SBP and CC GABARs

I first examined the IP antagonism of GABARSs constituted from Rdlyg subunits cloned from
two agricultural insect pests, the SBP and the CC, that cause serious damage to crops. In these
tests, I used FMP technology.””® Application of GABA to Drosophila cell lines stably
expressing SBP and CC GABARs induces chloride ion efflux and membrane depolarization,
which is then recorded with a fluorescent dye loaded in the cells. The maximum increase in
fluorescence was measured after the application of the ECsy of GABA to cells expressing
GABARs. The levels of antagonism by IPs were evaluated as a decrease in fluorescence when
IPs were applied simultaneously with GABA. When tested at 100 uM, IPs 4a, 4b, and 4c, in
which R® = phenyl, 4-biphenylyl, and 2-naphthyl, respectively, R' = COOH, and R’ =
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cyclobutyl, showed less than 50% inhibition of the GABA response in SBP and CC GABARs
(Figs. 3.3 and 3.4). Previous study described in Chapter 2 showed that gabazine (R' = COOH, R?
= 4-methoxyphenyl, and R® = H) exhibited 76.4% and 60.2% inhibition of the GABA response
in SBP and CC GABARSs, respectively, at 100 puM.>' Therefore, the cyclobutyl group is

detrimental in this case.
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Figure 3.3 Inhibition of GABA-induced responses by IPs in SBP GABARs. Receptors were
activated by 1.0 uM (ECsy) of GABA. Data represent the means of two experiments with bars
indicating the range of duplicates. Inhibition percentages at 10 uM are shown for IPs with >50%

inhibition at 100 uM. Inhibition data of gabazine (Gz) are taken from a previous report.”’
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Replacement of the carboxyl group of gabazine with a cyano group, affording 7a, resulted in
a 45.6% and a 73.1% inhibition of the GABA response in SBP and CC GABARs, respectively,
at the same concentration, indicating that the carboxyl and cyano groups are bioisosteric in this
case. While a dramatic change in activity was not observed with the carboxyl/cyano group
substitution in insect GABARSs, the conversion of gabazine to 7a led to an ~8-fold increase in
potency in human pl GABARs.”” IPs 7b and 7c, in which R* = 4-ethoxyphenyl and 4-

trifluoromethoxyphenyl, respectively, R' = CN, and R® = H, displayed less than a 60% inhibition
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Figure 3.4 Inhibition of GABA-induced responses by IPs in CC GABARs. Receptors were activated
by 2.5 uM (ECsy) of GABA. Greater than 100% inhibition was observed for 5, 7d, 7e, and 7f due to
their hyperpolarizing effects on cells. The negative value for 4b and 4c is due to their agonistic or
potentiating effects on cells. Data represent the means of two experiments with bars indicating the
range of duplicates. Inhibition percentages at 10 uM are shown for IPs with >50% inhibition at 100

uM. Inhibition data of gabazine (Gz) are taken from a previous report.”'
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of the GABA response in SBP and CC GABARs. IPs 7d, 7e, and 7f, in which R’= 4-biphenylyl,
2-fluoro-4-biphenylyl, and 2-naphthyl, respectively, R' = CN, and R’ = H, showed 83.4%,
86.7%, and 93.0% inhibitions, respectively, of the GABA response in SBP GABARs. The
GABA-induced responses in CC GABARs were completely inhibited by 7d, 7e, and 7f when
tested at 100 pM. IP 7g, in which R' = CN, R? = 3-thienyl, and R’ = H, showed a 66.2% and a
73.6% inhibition of the GABA response in SBP and CC GABARSs, respectively. Replacement of
the carboxyl group of 4¢, a trisubstituted IP, with a cyano group to give 5 led to a 79.7% and a
complete inhibition of the GABA response in SBP and CC GABARs, respectively. 4-Cyclobutyl
substitution on 5, a 1-(3-cyanopropyl) analog, was not detrimental as compared with 7f This
result is in contrast to that of 4¢, a 1-(3-carboxypropyl) analog, in which a reduction in the

percentage of inhibition was observed by the introduction of a cyclobutyl group at the 4-position.

An IP with R' = P(=0)(OH)(OC,Hs), R* = 4-biphenylyl, and R* = H (8) displayed a 57.6%
and a 50.7% inhibition of the GABA response in SBP and CC GABARs, respectively, at 100
uM. Replacement of P(=0O)(OH)(OC,Hs) with P(=O)(OH), on 8, yielding 9, showed ~3-fold

lower inhibition of the GABA response in SBP and CC GABARs than did 8.
3.3.3. Antagonism of HF GABARs

The IP antagonism of HF GABARs was subsequently examined using the Xenopus oocyte
expression system and the TEVC technique. HF GABARs were transiently expressed in oocytes
by injecting cRNA encoding the HF Rdl,. subunit as previously described.” The inhibition
percentages at 100 uM of each compound are shown in Fig. 3.5A. Compounds 4a-4¢, which
have a cyclobutyl group at the 4-position, showed weak or no activity. However, removal of the

cyclobutyl group of 4b and 4c increased inhibition percentages to 67.6 + 5.1% and 47.8 + 2.9%,
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respectively. In this case, the cyclobutyl group is detrimental to IP activity. The disadvantage of

the introduction of the 4-cyclobutyl group can also be seen in 5 as compared with 7f.

In HF GABARs, gabazine had little activity in inhibiting GABA-induced currents (Fig.
3.5A). Substitution of a cyano group for the carboxyl group of gabazine to give 7a did not result
in an increase in activity. Replacement of the methoxyphenyl group of 7a with an ethoxyphenyl
or trifluoromethoxyphenyl group to give 7b or 7c, respectively, resulted in slight increases in
activity. Replacement of the 4-methoxyphenyl group of 7a with 4-biphenylyl, 2-fluoro-4-

biphenylyl, and 2-naphthyl groups to give 7d, 7e, and 7f, respectively, led to ~20-, ~21-, and
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Figure 3.5 Inhibition of GABA-induced currents by IPs in HF GABARs expressed in Xenopus
oocytes. (A) Inhibition of GABA-induced currents by 100 uM of synthesized analogs. Data represent
the means = SEM of three to six independent assays from at least two frogs. (B) Application protocol
of GABA and 7d. (C) Examples of current traces showing antagonistic effects of the IPs 7d, 7e, 7f,

and 8 on HF GABARs. The receptors were activated by 10 uM (ECsy) of GABA.
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~15-fold greater inhibition percentages, respectively, as compared to 7a, indicating that the
bulky aromatic rings at this position are favorable. The IP inhibition of GABA-activated currents
in the HF GABARSs gradually proceeded with repeated application of GABA, and the maximum
inhibition of currents at each concentration of the IPs was recorded, as shown by 7d (Fig. 3.5B).
The inhibition of currents by 7d, 7e, 7f, and 8 is presented in Fig. 3.5C. The ICss of 7d, 7e, and
7f were calculated to be 37.9 = 3.0 uM, 42.3 + 1.8 uM, and 75.5 + 7.9 uM, respectively, from

concentration-current inhibition relationships (Fig. 3.6A).

IP 8, in which the cyano group of 7d is replaced with an ethyl phosphonate, exhibited the
greatest inhibition among the IPs tested in the present study, with an 87.3% inhibition at 100 uM
and an ICsy of 18.8 + 3.8 uM (Fig. 3.6A). Removal of the ethyl group of 8 to give 9 resulted in a

lower inhibition (39.5%).
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Figure 3.6 Potencies and modes of antagonism of IPs in HF GABARs expressed in Xenopus
oocytes. (A) Concentration-current inhibition curves of 7d (black squares), 7e (red circles), 7f (blue
triangles), and 8 (dark cyan inverted triangles). (B) GABA concentration-response curves in the
absence (black squares and presence of 40 uM of 7d (red circles) and 20 uM of 8 (blue triangles).

Data are the means £ SEM of three to four independent assays from at least two frogs.
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3.3.4. Mode of antagonism

Gabazine-type IPs with a carboxypropyl side chain were previously reported to act as
competitive antagonists of AC GABARs.”' To determine the mode of antagonism of synthesized
IPs, in particular, IPs with cyano and phosphonate functionalities at the end of the side chain,
GABA concentration-response relationships were examined in HF GABARs expressed in
Xenopus oocytes in the presence and absence of 7d and 8. A rightward shift was observed in the
concentration-response curves in the presence of the cyanide 7d (40 puM) and the ethyl
phosphonate 8 (20 uM), indicating the competitive antagonism of these compounds (Fig. 3.6B).
The ECsy and the ny of GABA were 7.42 + 0.56 uM and 1.80 + 0.16 (means + SEM, n = 3-4),
respectively, in the absence of IPs. The ECsos were 16.1 = 2.1 uM and 16.6 £ 1.2 uM in the
presence of 7d and 8, respectively, and nys were 1.49 £ 0.29 and 1.72 + 0.26 in the presence of
7d and 8, respectively. The maximum current amplitudes did not change in the presence of both
compounds. These findings indicate that IPs with the cyano and ethyl phosphonate

functionalities at the end of the side chain bind to the orthosteric site.
3.3.5. Homology modeling and ligand docking

To understand the interaction between synthesized IPs and the amino acid residues in the
orthosteric site of insect GABARs, ligand-docking studies were performed using an HF GABAR
homology model. The model was built using the X-ray crystal structure of the Caenorhabditis
elegans GluCl as a template.>* The zwitterion form of GABA and the protonated form of IP 7e
were docked into the constructed model. The binding poses of GABA and 7e with the highest

docking score were selected for presentation (Fig. 3.7).
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The docking studies of GABA showed that the side chain of Glu202 and the backbone
carbonyl oxygen atom of Ser203 in loop B function as hydrogen acceptors for the protonated
amino group of GABA and that Argl09 in loop D and Ser174 in loop E serve as hydrogen
donors for the carboxylate anion of GABA (Fig. 3.7A). Both experimental evidence and

molecular dynamics simulation indicated that the amino acid residue corresponding to Argl109

Thr249

-

Phe204
Ser174
Ser20 L

V.

Arg109

Tyr252

Figure 3.7 Homology modeling and docking simulation. (A) Docking of GABA into the orthosteric
site of an HF GABAR homology model. (B) Docking of 7e. The principal and complementary
subunits are shown in orange and magenta, respectively. The orthosteric site is located in the

interface of both subunits. Hydrogen bonds are indicated by cyan dotted lines.

plays a critical role in the interaction with GABA in Drosophila Rdl GABAR.*® The two
aromatic amino acids, Phe204 in loop B and Tyr252 in loop C, surround the protonated amino

group of GABA and may produce cation-n interactions, as proposed for Drosophila Rdl
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GABARs.>** The bound GABA is in an extended conformation that is similar to that of the

Drosophila Rdl GABAR and GABACR but not to that of the GABAAR 3%

Several amino acids located in loops D, E, and F of the al and p1 subunits and those in loop
A and C of the B2 and pl subunits in GABAsRs and GABACRs have been identified as
gabazine-interacting residues by site-directed mutagenesis and functional analysis of the
mutants.*"*’ The docking studies of 7e using an HF GABAR homology model showed that the
side chain carboxylate of Glu202 in loop B functions as an acceptor of the protonated imino
hydrogen and that the guanidino group of Argl09 in loop D serves as a hydrogen donor for the
lone pair of electrons of the nitrile nitrogen (Fig. 3.7B). The amino acid equivalent to Argl09 in
the al subunit of GABAARs was reported to be involved in the interaction with gabazine.*
Tyr252 in loop C could form an aromatic - interaction with the pyridazine ring of 7e. Because
7e does not possess a carboxyl group, interaction with Ser174 was not observed in the binding of
this ligand. The present docking studies of 7e predict that its bulky aromatic substituent at the 3-
position is tolerable in the orthosteric binding site. However, when an IP analog with R' =
COOH, R? = 4-biphenylyl, and R? = H was docked into an HF Rdl,y GABAR model in a
previous study, the biphenylyl group was oriented in a direction opposite to that observed in the
present study.’' It is necessary to determine the orientation of the 3-substituent, as this is

prerequisite for the development of IP derivatives with high potency against insect GABARsS.
3.4. Conclusion

I synthesized IP competitive antagonists with low-micromolar ICs, through the bioisosteric
replacement of the carboxyl group of gabazine. Ligand docking studies using an HF GABAR

homology model predicted that an aromatic substituent at the 3-position of the pyridazine ring is
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tolerable in the orthosteric site of insect GABARs. The IP analogs could be a lead for the

development of insecticides.
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CHAPTER 4

Conclusion

GABA is the widely distributed inhibitory neurotransmitter in the central nervous system of
animals. GABA mediates inhibitory neuronal activity by binding to two classes of membrane
proteins: ionotropic and metabotropic. The ionotropic GABARs belong to the Cys-loop receptor
family of ligand-gated ion channel comprising of five subunits. The ionotropic GABARs are
subdivided into two categories: hetero-pentameric GABARs and homo-pentameric GABA(Rs.
The binding of GABA to the orthosteric agonist binding site converts the chemical signal to an
electrical signal by rapidly opening a channel to allow the flux of negatively-charged chloride
ions into the cell to suppress the nerve excitation. The insect GABARs are targets for
commercially available insecticides; fipronil is the extensively used phenylpyrazole insecticide
that exerts its insecticidal effects by acting as noncompetitive antagonists. However, fipronil
resistance in several insect species has been reported. Efforts continue to develop novel GABAR
insecticides. Competitive antagonists with high-affinity could also be developed as potential
GABAR-targeting insecticides because they cause the same effect on GABARs as do
nocompetitive antagonists, i.e., blockade of channel. However, no potent competitive antagonist
is available for insect GABARs. Bucuculline and gabazine are competitive antagonists of
mammalian GABARs. Whereas bicuculline is inactive against most insect GABARs, gabazine
shows weak or moderate antagonism of insect GABARs. Therefore, in the present study, I
synthesized gabazine-related IP analogs in which substituents on the pyridazine ring of gabazine

are modified and examined their antagonism of insect GABARs.
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In the first part of my studies described in Chapter 2, I synthesized a series of 4-(1,6-
dihydro-6-imino-3-aryl/heteroarylpyridazin-1-yl)butanoic acids and examined their antagonism
of GABARSs cloned from SBPs and CCs using FMP assays. Antagonism of native GABARs
isolated from the abdominal ganglion neurons of ACs was also examined using a whole-cell
patch clamp technique. When tested at 100 uM, 4-[1,6-dihydro-6-imino-3-(4-
methoxyphenyl)pyridazin-1-yl]butanoic acid (gabazine) showed moderate activity with 71.5%
and 60.2% inhibition of the GABA responses in SBP and CC GABARs, respectively. However,
it was not an effective antagonist in AC GABARs when tested at 500 uM. When the
methoxyphenyl group of gabazine is replaced with a 3,4-methylenedioxyphenyl and a 2-naphthyl
groups, the resulting analogs exhibited complete inhibition of GABA-induced responses in SBP
GABARs at 100 uM. These two analogs inhibited GABA responses by 85.8% and completely in
CC GABARs, respectively, at the same concentration. In AC GABARs, these two analogs
displayed 42.0% and 85.4% inhibition of GABA-induced currents, respectively at 500 uM.
Whereas the 2-naphthyl analog showed relatively high activity, the 1-naphthyl analog showed
weak activity in all three receptors. The 1-naphthyl ring may provide significant amount of steric
hindrance for the binding site. At 100 uM, the 4-biphenylyl congener did not exceed the activity
of gabazine in SBP GABARs and showed inhibition comparable to that of gabazine in CC
GABARs, but it showed moderate activity even at 10 uM in both receptors. This analog showed
the greatest activity, with 92.0% inhibition in AC GABARs at 500 uM. The high activity of the
4-biphenylyl and 2-naphthyl analogs suggests that long aromatic substituents at the 3-position of
the pyridazine ring are tolerated. The 3-thienyl analog showed a relatively high activity than the
2-furyl and 2-thienyl analogs in all three receptors, indicating that the lone-pair electrons on the

heteroatom of the analog at the 3-position of five membered ring may provide some favorable
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electronegative effects on receptor interaction. The inhibition pattern of AC GABARs differs
from that of SBP and CC GABARs, suggesting the existence of structural differences in the
orthosteric binding sites between insect species. The 3-thienyl analog demonstrated a
competitive mode of inhibition in AC GABARSs. The docking simulation of the 4-biphenylyl
analog into the orthosteric site of a HF Rdl,s GABAR homology model indicated that the amino
acid predicted to interact with the carboxyl and imino groups were similar to those to be involved
in GABA binding and that hydrophobic interactions predominate in the area that accommodates

the 3-substituents.

In the second part of my studies described in Chapter 3, I synthesized thirteen 1,3-di- and
1,3,4-trisubstituted IPs with various substituents on the pyridazine ring and examined their
antagonism of SBP and CC GABARs using FMP assays. Antagonism of HF Rdl,. GABARs
expressed in Xenopus oocytes was also examined using two-electrode voltage clamp technique.
Of the synthesized analogs, 4-[4-cyclobutyl-1,6-dihydro-6-imino-3-(2-naphthyl)pyridazin-1-
yl]butyronitrile exhibited 79.7% and complete inhibition of GABA-activated responses in SBP
and CC GABARs, respectively, when tested at 100 puM. This analog showed approximately
25.4% inhibition of GABA-induced currents in HF GABARs at the same concentration.
Removal of the cyclobuty group showed 93.0% and complete inhibition of GABA responses in
SBP and CC GABARs, respectively, and the level of inhibition was increased to 58.6% in HF
GABARs with an ICsy value of 75.5 uM. The 3-(4-biphenylyl) and 3-(2-fluoro-4-biphenylyl)
congeners showed 83.4% and 86.7% inhibition of GABA responses in SBP GABARs and
complete inhibition in CC GABARs, respectively. These two analogs showed 79.6% and 83.6%
inhibition in HF GABARs, with 1Csos of 37.9 uM and 42.3 uM, respectively. Ethyl 3-[3-(4-

biphenylyl)-1,6-dihydro-6-iminopyridazin-1-yl]propylphosphonate showed 57.6% and 50.7%
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inhibition of GABA responses in SBP and CC GABARs, respectively. This analog exhibited the
greatest inhibition of GABA-induced currents (87.3%), with an ICs, of 18.8 uM in HF GABARs.
Removal of the ethyl group from this analog resulted in lower inhibition in all three receptors.
GABA concentration-response analyses in the presence of IP analogs with butyronitrile and
phosphonate side chains indicated that these analogs antagonize GABA responses in a manner
that is competitive with GABA. Docking simulation of an IP analog with a butyronitrile side
chain into a HF Rdl,, GABAR homology model predicted that the orthosteric GABA-binding
site accommodates an [P with a nitrile functionality and an aromatic substituent at the 3-position

of the pyridazine ring.

I synthesized IPs that show competitive antagonism of insect GABARs, with low-
micromolar ICs, through the biosteric replacement of the carboxylic group of gabazine. This
synthetic information with homology modeling and docking studies should prove helpful for

designing new competitive antagonist type of insecticides.
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Summary

v-Aminobutyric acid (GABA) is a major inhibitory neurotransmitter widely distributed in
the central nervous system of animals. Insect ionotropic GABARs are important targets for
insecticides and parasiticides. Commercially available insecticides such as fipronil act as
noncompetitive antagonist. However, a potent competitive antagonist for insect GABARSs is not
available. The present study aimed to synthesize IP antagonists for insect GABARs by

modifying substituents on the pyridazine ring of gabazine.

Twelve 4-(1,6-dihydro-6-imino-3-aryl/heteroarylpyridazin-1-yl)butanoic acids were first
synthesized and examined for their antagonism of small brown planthopper (SBP) and common
cutworm (CC) GABARSs using fluorometric imaging plate reader (FLIPR) membrane potential
(FMP) assays. Antagonism of GABARs was also examined in native American cockroach (AC)
using a whole-cell patch clamp technique. Gabazine (aryl/heteroaryl = 4-methoxyphenyl) was
moderately active in SBP and CC GABARs at 100 uM. However, it was not active in AC
GABARs at 500 pM. IPs with ary/heteroaryl = 3,4-methylenedioxyphenyl and 2-naphthyl
exhibited complete inhibition of GABA responses in SBP GABARs and inhibited GABA
responses by 85.8% and completely in CC GABARs, respectively. The 2-naphthyl analog
displayed 85.4% inhibition of GABA-induced currents in AC GABARs at 500 uM. The 4-
biphenylyl analog showed 47.6% and 57.3% inhibition of GABA responses in SBP and CC
GABARs, respectively, at 10 uM. This analog showed the greatest activity with 92.0% inhibition
of GABA-induced currents in AC GABARs at 500 uM. The high activity of 4-biphenylyl and 2-
naphthyl analogs suggests that long aromatic substituents at the 3-position of the pyridazine ring
are tolerated. The 3-thienyl analog demonstrated a competitive mode of inhibition in AC

GABARs. Hydrophobic interactions were predicted to predominate in the area of the orthosteric
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site that accommodates the 3-substituents when docked into the homology model of HF GABAR

containing Rdlyg subunits.

Thirteen 1,3-di- and 1,3,4-trisubstituted IPs with various substituents on the pyridazine ring
of gabazine were next synthesized and examined for their antagonism of SBP and CC GABARs
using FMP assays. Antagonism of HF GABARs expressed in Xenopus oocytes was also
examined using a two-electrode voltage clamp technique. 4-[4-Cyclobutyl-1,6-dihydro-6-imino-
3-(2-naphthyl)pyridazin-1-yl]butyronitrile showed 79.7% and complete inhibition of GABA-
activated responses in SBP and CC GABARs, respectively at 100 uM. However, this analog
showed <30% inhibition in HF GABARSs at the same concentration. Removal of the cyclobutyl
group from this analog reduces in 93.0% and complete inhibition of GABA responses in SBP
and CC GABARs, respectively, and it increased the inhibition percentage to 58.6% in HF
GABARs, with an ICs value of 75.5 uM. 4-[3-(4-Biphenylyl)-1,6-dihydro-6-iminopyridazin-1-
yl]butyronitrile and the 2-fluoro-4-biphenylyl congener exhibited 83.4% and 86.7% inhibition of
GABA responses in SBP GABARs, respectively, and complete inhibition in CC GABARs.
These two analogs showed 79.6% and 83.6% inhibition in HF GABARs, with ICsys of 37.9 uM
and 423 upM, respectively. Ethyl 3-[3-(4-biphenylyl)-1,6-dihydro-6-iminopyridazin-1-
yl]propylphosphonate analog showed the highest activity with 87.3% inhibition, with an ICsg
value of 18.8 puM in HF GABARs. 4-[3-(4-Biphenylyl)-1,6-dihydro-6-iminopyridazin-1-
yl]butyronitrile and ethyl 3-[3-(4-biphenylyl)-1,6-dihydro-6-iminopyridazin-1-
yl]propylphosphonate exhibited a competitive mode of antagonism of GABA responses in HF
GABARs. Docking simulation of an IP into a HF Rdl,, GABAR homology model predicted that
the orthosteric GABA-binding site accommodates an IP with a cyano functionality and an
aromatic substituent at the 3-position of the pyridazine ring. The results obtained from this study

might provide useful information for the designing of new type of insecticide.
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HEIZx LTI 500 uM CTH IE M 2 /8 S 72 Dy o 72, Aryl/heteroaryl % 3,4-
methylenedioxyphenyl 7213 2-naphthyl [ZE#LL 72 IP TiE, 100 uM (ZF0 T SBP & GABA
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SR T 873% b EmWHEEMZ R L, ICs fHIX 188 uM Th > 7=, 4-[3-(4-
Biphenylyl)-1,6-dihydro-6-iminopyridazin-1-yl]butyronitrile 3 JX O ethyl 3-[3-(4-biphenylyl)-
1,6-dihydro-6-iminopyridazin-1-yl]propylphosphonate {% HF GABA &2 &K T, BiAM 7T o ¥
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