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The present dissertation describes the research carried out during my PhD study. The
work was performed at the University of Copenhagen, Faculty of Pharmacy, Department
of Medicinal Chemistry and in the laboratories of Professor Steven V. Ley, University of
Cambridge, Department of Chemistry, UK. The project was financed by the Danish
Medical Research Council.
The thesis is titled on the basis of the work conducted at the University of Copenhagen,
and chapters 1-6 describe the theory, the results and the conclusions of this research. The
work performed in UK is narrowed down to one single chapter (Chapter 7), and Appendix
2 and 3 nicely summarizes the work performed there. Chapter 7 should be regarded as a
separate project with no relation to the rest of the thesis.
The project has resulted in the following publications:
•

Hansen, H. M., Kristensen, J. L., Balle, T., Sander, T., Nielsen, B., Jensen, A. A.,
Bergmann, M. L., Christiansen, B., Frølund, B. Novel 4-(Piperidin-4-yl)-1hydroxypyrazole GABAA Receptor Ligands: Synthesis, Pharmacology, and Molecular
Modeling. JMC, 2008 (To be submitted).

•

Hansen, H. M., Longbottom, D. A., Ley, S. V. A New Asymmetric Organocatalytic
Nitrocyclopropanation Reaction. Chem. Commun., 2006, 4838.

•

Wascholowski, V., Hansen, H. M., Longbottom, D. A., Ley, S. V. A General
Organocatalytic Enantioselective Nitrocyclopropanation Reaction. Synthesis, 2008,
1269.

It is expected that an additional paper will arise from the project:
•

Hansen, H. M., Kristensen, J. L., Balle, T., Sander, T., Nielsen, B., Jensen, A. A.,
Bergmann, M. L., Christiansen, B., Frølund, B. Novel 1-Hydroxypyrazole-based
Muscimol Analogues for the Ionotropic GABA receptors: Synthesis, Pharmacology,
and Molecular Modeling. JMC, 2009 (Manuscript in prep.).
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Abstract

Abstract
γ-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the central
nervous system. The neurotransmitter exerts its actions by binding to the ionotropic
GABAA and GABAC receptors or the metabotropic GABAB receptors, but most of the
physiological actions of GABA are generated through the GABAA receptors. The
GABAA receptor system is involved in a series of neurological diseases such as epilepsy,
anxiety, stress, sleep disorders, pain, schizophrenia and stroke, but the ubiquity of the
GABA receptors makes it a difficult challenge to develop selective drugs for these
imbalanced conditions.
The three-dimensional structure of the GABAA receptor is not known, since the
crystallization of the receptors has yet not been successful. Instead, structurally related
proteins are used as scaffolds to create GABAA receptor homology models. Additionally,
a pharmacophore model of the GABAA receptor binding site has been developed by
structure-activity relationship (SAR) of known GABAA receptor ligands. There are still
matters to be clarified on the pharmacophore model and the developed receptor models
before they can be used as tools for rational drug design. For the improvement of these
models, new GABAA receptor ligands are needed to convey additional SAR information
on the GABAA receptor.
In the present project, 25 new GABAA receptor ligands were synthesized to further
characterize the orthosteric binding site. These ligands were based on the structures of
muscimol and 4-PIOL (5-(4-piperidyl)-3-isoxazolol), where the 1-hydroxypyrazole
moiety was chosen as an isostere to the isoxazolol moieties of these compounds. This
resulted in two new skeletons – namely 4-(piperidin-4-yl)-1-hydroxypyrazole (4-PHP)
and 4-(aminomethyl)-1-hydroxypyrazole (4-AHP), and substituents were incorporated in
both the 3- and the 5- position of these skeletons. Both series of compounds were tested
for affinity on native GABAA receptors and characterized functionally in the FLIPR
membrane potential assay at the α1β2γ2 receptor subtype. Additionally, the 4-AHP series
was characterized in a functional assay on the ρ1 receptor subtype.
In the 4-AHP series eight new ligands were characterized. Six of these showed affinity for
the GABAA receptor with Ki values ranging from 0.22–32 μM. Only four compounds
displayed functional activity on this receptor, where three of these were characterized as
agonists and one compound as a weak antagonist. Differences in the binding sites of the
GABAA and the GABAC receptors were observed, since 4-AHP was equipotent on the
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GABAA and the GABAC receptors, but a 5-chlorosubstituted 4-AHP analogue was only
active on the GABAA receptor. Furthermore, 4-AHP showed 30 times lower affinity for
the GABAA receptor than muscimol, but on the GABAC receptor only a 4-fold difference
was observed for the two compounds.
In the 4-PHP series 17 new GABAA receptor ligands were characterized. Of these
ligands, 15 were characterized as antagonists with potencies in the range of moderate to
highly potent (IC50 = 66-0.024 μM). The unsubstituted compounds 4-PHP and 4-PIOL
showed similar affinity for the GABAA receptor. When bulkier substituents such as
phenyl, biphenyl and naphthylmethyl were incorporated in the 5-position of 4-PHP, and
compared to the corresponding analogues of 4-PIOL, the SAR disclosed a common
binding mode of these two series of compounds. Equally large substituents were
incorporated into the 3-position of 4-PHP, and these substituents reached into an
unexplored area of the GABAA receptor binding site. It was verified that receptor cavities
existed both in the vicinity of the 3- and the 5-position of 4-PHP, since a 3-phenyl-5naphthylmethyl disubstituted 4-PHP compound also displayed affinity for the receptor.
A homology model of the extra-cellular domain of the α1β2γ2 GABA pentamer was
constructed on the basis of multiple structural templates. The 3,5-disubstituted 4-PHP
compound was manually placed in the receptor binding pocket and the ligand-receptor
complex was subjected to molecular dynamics. The resulting binding mode was adapted
for the rest of the synthesized ligands by manually superimposing them on the template
compound. This preliminary model seemed to account for all the pharmacological
differences observed between the 4-PHP compounds. Furthermore, all the requirements
of the pharmacophore model were met by the receptor model. For the 4-AHP series,
however, the receptor model turned out to be inconclusive, and more work towards this
end is still needed.
In conclusion, the newly synthesized hydroxypyrazole-based ligands led to the
identification of a new cavity in the GABAA receptor orthosteric binding site, and a
preliminary receptor model was developed on the basis of the new ligands. The receptor
model and the previously developed pharmacophore model were combined to form a
solid basis for further studies within this area.

vi

Resumé

Resumé
γ-Aminobutansyre (GABA) er den primære inhibitoriske neurotransmitter i det centrale
nervesystem. Neurotransmitterens funktioner udøves ved at binde til de ionotrope
GABAA og GABAC receptorer eller til de metabotrope GABAB receptorer, men de fleste
fysiologiske funktioner udspringer fra binding til GABAA receptorerne. GABAA
receptorerne er involveret i en række neurologiske sygdomstilstande som for eksempel
epilepsi, angst, stress, søvnforstyrrelser, smerte, skizofreni og slagtilfælde. Det er
vanskeligt at fremstille selektive lægemidler til disse sygdomstilfælde, da GABAA
receptoren er vidt udbredt over hele centralnervesystemet.
Der findes ingen tredimensionel struktur af GABAA receptoren, da det endnu ikke har
været muligt at krystallisere receptoren. I stedet anvendes GABAA receptor
homologimodeller ud fra strukturelt relaterede proteiner. En farmakoformodel af GABAA
receptor bindingslommen er desuden blevet fremstillet ud fra struktur-aktivitets studier af
kendte

GABAA

receptor

ligander.

Farmakoformodellen

og

de

fremstillede

receptormodeller behøver stadig forbedring, for at kunne bruges som et redskab til
rationel lægemiddeldesign. For at forbedrede disse modeller er der behov for flere
GABAA receptor ligander, som kan bidrage med yderligere information om strukturaktivitets forhold.
I det nærværende projekt blev 25 nye GABAA receptor ligander syntetiseret for at
karakterisere den orthosteriske bindingslomme. Liganderne var baseret på strukturerne af
muscimol og 4-PIOL (5-(4-piperidyl)-3-isoxazolol), og i stedet for isoxazoloringen af
disse stoffer blev 1-hydroxypyrazolringen valgt som en isoster gruppe. Dette resulterede i
to nye grundskeletter - nemlig 4-(piperidin-4-yl)-1-hydroxypyrazol (4-PHP) og 4(aminomethyl)-1-hydroxypyrazol (4-AHP), og substituenter blev indført både i 3- og 5positionen af disse stoffer.
Begge stofserier blev testet for affinitet på GABAA receptoren og funktionelt
karakteriseret i et fluorescens assay på α1β2γ2 receptor subtypen. 4-AHP serien blev
yderligere testet i fluorescens assayet på ρ1 receptor subtypen.
I 4-AHP serien blev otte nye ligander karakteriseret. Seks af disse udviste affinitet for
GABAA receptoren, med Ki værdier rangerende i området 0.22–32 μM. Kun fire ligander
udviste funktionel aktivitet på receptoren, og heraf blev tre stoffer karakteriseret som
agonister og et stof som en svag antagonist. Den farmakologiske data demonstrerede en
forskel på bindingslommerne i GABAA og GABAC receptorerne, eftersom 4-AHP udviste
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samme aktivitetsniveau på de to receptorer, mens 5-chlor 4-AHP analogen kun var aktiv
på GABAA receptoren. Desuden var affiniteten for 4-AHP 30 gange lavere end muscimol
på GABAA receptoren, mens der kun var 4 gange forskel i affiniteten af de to stoffer på
GABAC receptoren
I 4-PHP serien blev 17 nye GABAA receptor ligander karakteriseret. Ud af disse blev 15
ligander karakteriseret som moderate til potente antagonister (IC50 = 66-0.024 μM). De
usubstituerede ligander, 4-AHP og 4-PIOL viste samme affinitet for GABAA receptoren.
Da større substituenter, som phenyl, biphenyl eller naphthylmethyl blev inkorporeret i 5positionen af 4-PHP, og sammenlignet med de tilsvarende 4-PIOL analoger, blev det
klarlagt at disse to stofserier bandt på samme måde i receptoren. Tilsvarende store
substituenter blev indført i 3-positionen af 4-PHP, og disse substituenter rakte ind i et
uudforsket område af GABAA receptor bindingslommen. Det blev verificeret at der var
kaviteter i receptorlommen svarerne til både 3- og 5-positionen af 4-PHP, eftersom en 3phenyl-5-naphthylmethyl disubstitueret 4-PHP analog også udviste affinitet for
receptoren.
En homologimodel af det ekstracellulære domæne af α1β2γ2 GABA pentameren blev
fremstillet på baggrund af flere strukturelt relaterede proteiner. Den 3,5-disubstituerede 4PHP analog blev manuelt lagt ind i receptor bindingslommen, og ligand-receptor
komplekset blev tilpasset ved hjælp af molekylær dynamik. De resterende ligander blev
manuelt placeret i receptoren ved at blive lagt oven på denne skabelon. Denne
præliminære model synes at kunne redegøre for alle farmakologiske forskelle iblandt 4PHP stofferne, og alle betingelserne fra farmakoformodellen blev imødekommet af
receptor modellen. Receptormodellen viste sig ikke at være fyldestgørende for 4-AHP
serien, og der er behov for flere undersøgelser i den retning.
Det kan konkluderes, at de nye hydroxypyrazol-baserede ligander førte til identifikation
af en ny kavitet i den orthosteriske bindingslomme i GABAA receptoren. Samtidig blev en
præliminær receptor model fremstillet på baggrund af de nye ligander. Den præliminære
receptor model blev kædet sammen med den tidligere fremstillede farmakoformodel, og
sammen udgør disse en solid platform for fremtidige studier indenfor dette område.
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Abbreviations
4-AHP

4-(aminomethyl)-1-hydroxypyrazole

4-PHP

4-(piperidin-4-yl)-1-hydroxypyrazole

4-PIOL

5-(4-piperidyl)-3-isoxazolol

5-HT

5-hydroxytryptamine

AChBP

acetylcholine binding protein

AMPA

(RS)-2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid

AMAA

(RS)-2-amino-2-(3-hydroxy-5-methyl-4-isoxazolyl)acetic acid

Arg

arginine

BiPh

biphenyl

Bn

benzyl

BZ

benzodiazepine

CACA

cis-4-aminocrotonic acid

CAMP

cis-2-aminomethylcyclopropanecarboxylic acid

CNS

central nervous system

dba

dibenzylidene acetone

DMA

N,N-dimethylacetamide

DMF

dimethylformamide

dppf

1,1’-bis(diphenylphosphino)ferrocene

E

glutamic acid

equiv

equivalents

Et

ethyl

EtOAc

ethylacetate

FARMA

Faculty of Pharmacy, University of Copenhagen

FLIPR

fluorometric imagine plate reader

GABA

γ-aminobutyric acid

GABA-T

GABA transaminase

GAD

glutamic acid decarboxylase

GAT

GABA transporter

Glu

glutamic acid

HEK

human embryonic kidney

HPLC

high pressure liquid chromatography

IAA

imidazole-4-acetic acid
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lithium diisopropylamine

Leu

leucine

LTMP

lithium 2,2,6,6-tetramethylpiperidine
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meta-chloroperbenzoic acid

Me

methyl

Mut

mutant

MW

micro wave

nAChR
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n-BuLi

n-butyllithium

Naphth
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NMP
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Nu
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PG

protection group

Ph

phenyl

R
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SAR

structure-activity relationship

SCAM

substituted-cysteine accessibility method

SSA
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TFA

trifluoroacetic acid

THF

tetrahydrofuran
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TMEDA

tetramethylethylenediamine

Tyr

tyrosine

Val

valine

vdW

van der Waal

VGAT

vesicular GABA transporter

WT

wild type

Y

tyrosine
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1. Introduction: The GABAA receptor complex

1. Introduction: The GABAA receptor complex
In this chapter the neurotransmitter γ-aminobutyric acid (GABA) and the GABA
receptors are introduced. The chapter provides insight into the structure and function of
the GABA receptors, and into the therapeutic importance of the GABA neurotransmitter
system.
1.1 γ-Aminobutyric acid (GABA)
γ-Aminobutyric acid (GABA, Figure 1.1) is the major inhibitory neurotransmitter in the
central nervous system (CNS). It is synthesized in GABAergic nerve terminals, primarily
by decarboxylation of the excitatory neurotransmitter glutamate, mediated by the enzyme
glutamic acid decarboxylase (GAD) and the co-factor pyridoxal phosphate.1,2 GABA is
transported into vesicles by means of the vesicular GABA transporter (VGAT), and the
predominant GABA release from nerve terminals derives from exocytosis of these
vesicles (Figure 1.1).

GABA:

H2N

COOH

Figure 1.1. Illustration of the GABA neuronal system. The synthesis,
release, uptake and metabolism of GABA in presynatic and glia cells.1
GAD, Glutamic acid decarboxylase; GAT, GABA transporter; GABA-T,
GABA transaminase; VGAT, vesicular GABA transporter.

When emptied into the synaptic cleft, GABA interacts with presynaptic, postsynaptic or
extrasynaptic GABA receptors. Excess GABA is taken up by GABA transporters (GAT)
located on presynaptic terminals or on glia cells. In the presynaptic terminal GABA is
either reused directly for synaptic release or it is metabolized by GABA transaminase
(GABA-T) to succinic semialdehyde (SSA). SSA is converted into succinic acid which

1
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enters the citric acid cycle3 and in turn is converted back to glutamate, which can be
converted into GABA, and another round of the cycle has started. In glia cells, the
metabolism follows the same route except there is no GAD, so the formed glutamate is
instead converted into glutamine which can be transported back to the presynaptic cell
and converted into GABA (not shown in Figure 1.1).1,2
The GABAergic neurons are widely distributed in the CNS, and this ubiquity makes
GABA a highly important neurotransmitter.
1.2 Classification of the GABA receptors: agonists and antagonists
When GABA is released into the synaptic cleft it exerts its actions on the GABA
receptors. The GABA receptors can be divided into two groups – the ionotropic GABAA
and GABAC receptors and the metabotropic GABAB receptors. The classification of these
receptors has been made on the basis of ligand activity on the respective receptor classes.4
The ‘classical’ GABA receptors were sensitive to the agonist isoguvacine and
antagonized by bicuculline (Figure 1.2). When a bicuculline-insensitive, baclofenstimulated receptor type was discovered, it became necessary to divide the receptors into
two classes. The newly discovered receptors were designated the term GABAB receptors,
whereas the classical bicucullin sensitive receptors where named GABAA receptors.5

Figure 1.2. Structures of ligands for the GABAA, GABAB and GABACreceptors.

CACA;

cis-4-aminocrotonic

aminomethylcyclopropane-carboxylic

acid,

acid,

CAMP;

TPMPA;

cis-2(1,2,5,6-

tetrahydropyridine-4-yl)methylphosphinic acid.

Since then, a class of receptors which responded neither to bicuculline nor baclofen was
discovered. These receptors were selectively activated by cis-4-aminocrotonic acid
(CACA) and cis-2-aminomethylcyclopropanecarboxylic acid (CAMP) and antagonized
by (1,2,5,6-tetrahydropyridine-4-yl)methylphosphinic acid (TPMPA) (Figure 1.2).6,7

2

1. Introduction: The GABAA receptor complex

Hence, they were classified as yet a new type of GABA receptors; the GABAC
receptors.4,8 Furthermore, it was later established that these receptors were insensitive to
benzodiazepine, a compound known to modulate the GABAA receptors.9
The classification of the GABAC receptors as a separate receptor class has been a topic of
much discussion. Some refer to the GABAC receptors as a separate class whereas others
argue that the GABAC receptors ought to be classified as GABAA receptors, because of
the large resemblance.9
1.3 Structure of the ionotropic GABA receptors
The GABAA and the GABAC receptors are channel proteins with a central chloride
selective pore. Typically, the channel conducts the influx of chloride ions which opposes
neuronal depolarization or even produces hyperpolarization of the neuronal membrane
(Figure 1.3a). In some cases, GABA receptors mediate depolarization, but this is mainly
in the immature brain.10-12
The ionotropic GABA receptors are formed by an assembly of five subunits (Figure 1.3a).
To date 19 different subunits have been identified, 16 of which are characterized as
GABAA subunits (α1-6, β1-3, γ1-3, δ, ε, π, and θ) and three as GABAC subunits (ρ1-3).

a)

b)

Figure 1.3. a) Schematic illustration of the ionotropic GABA receptor
channel protein complex. The M2 segments of five subunits form the
channel pore, which conducts the influx or outflow of chloride ions. b) A
single subunit with a large extracellular N-terminal domain, an intra cellular
loop of varying length between membrane spanning segments M3 and M4,
and a short extracellular C-terminal domain. The N-terminal contains a
cysteine-loop.
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Each subunit consists of a large extracellular N-terminal domain, four membrane
spanning segments (M1-M4), an intracellular loop of varying length between M3 and M4,
and an extracellular C-terminal. In the N-terminal domain there is a characteristic
cysteine-loop comprising a disulfide bridge between two cysteine residues (Figure 1.3b).
The ligand binding domain is found in the interface between the N-terminal parts of the
subunits and the channel pore is formed from the M2 segments of the five subunits
(Figure 1.3a).13-15
The number of receptor subtypes would be infinite if all the subunits could randomly coassemble into a pentameric structure. However, the major receptor subtypes consist of α,
β, and γ subunits, and typically two α, two β, and one γ is the favored combination.16,17
Studies suggest, that the major subtype combinations are α1β2γ2, α3β3γ2 and α2β3γ2,
whereas receptors incorporating the remaining subunits (α4-6, β1, γ1+3, δ, ε, π or θ) are less
numerous, but they may nonetheless have important functions.17,18 To date the existence
of 26 native GABAA/ GABAC receptor subtypes has been suggested, but the number is
expected to increase as new information emerges.19
Mutational studies of the α and the β subunits have concluded that GABA binds at the
interface of these two subunits.20-22 Since the GABAA receptor complexes are often
composed of two α and two β subunits, this means that there are two GABA binding sites
on each receptor complex.
1.3.1 Modulatory sites
Besides the orthosteric GABA binding site, the complex GABAA receptor protein
contains several modulatory binding sites. Among these, are sites for benzodiazepines
(BZ), barbiturates, steroids, ethanol, picrotoxinin, anaesthetics, furosemide, Zn2+ and sites
for other cations.23
The modulatory binding sites do not have a native ligand, and typically they exhibit a
response only when GABA is also bound to the receptor. Some modulators however, can
induce channel opening in the absence of GABA, e.g. barbiturates.24 Ligands binding at
these sites act as positive or negative allosteric modulators or as antagonists. Binding of
positive modulators potentiates the effect of GABA by increasing the inhibitory activity.18
This can be executed either by increasing the opening frequency of the receptors (BZ) or
by prolonging the duration of the channel opening (barbiturates).25
The BZ binding site is the most important and the most studied modulatory site. This
binding site has been shown to lie in the interface between the α and γ subunits.26 The
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amino acids involved in BZ binding are homologues to those involved in binding GABA
at the orthosteric binding site (between the α and the β subunits). This suggest that the BZ
binding site is simply a modulated GABA binding site.27-29
1.4 Therapeutic aspects
The GABAA receptor system is involved in a series of neurological diseases such as
epilepsy, anxiety, stress, sleep disorders, pain, schizophrenia and stroke.30 Therapeutics
targeting this receptor has been in clinical use for many years, and a few positive
allosteric modulators are currently on the marked.31,32 Yet, the ubiquity of the GABA
receptors makes it a difficult challenge to develop drugs for these imbalanced conditions,
since non-selective ligands have generalized effects on the CNS and hence, multiple sideeffects. It should, however, be possible to design ligands with specific actions, since
mutational studies have shown that different receptor subtypes are responsible for diverse
pharmacological responses. It has been suggested that GABAA receptors containing an α1
subunit mediate sedation, α2 subunit containing receptors largely mediate anxiolysis, α3
subunits can be connected to schizophrenia, and α5 subunits to memory and learning.25,33
Bearing this in mind, subtype-selective ligands could be a solution for specific
intervention in some of the above-mentioned diseases. It is possible that a minor subtype
would be critical for certain diseases and therefore more important for drug development
compared to a subtype that is abundant and widespread.34 On the other hand, selective
ligands might not be the answer, when looking for better drugs, since most diseases arises
from multi-receptor imbalances and the system might be able to compensate for the
altered responses.30
1.5 Ligand selectivity at the orthosteric GABAA receptor binding site
Some GABAA receptor subunits have a widespread distribution in various brain regions,
whereas other subunits can only be found on very restricted locations. Much effort has
been put into disclosing the functions of the GABAA receptor subtypes; the amount of
subtypes, which neurons they occupy, and where they are located on the neurons.18,34-37
The amino acids involved in ligand binding are conserved within the α and β subunits,
and consequently, the orthosteric binding site in different receptor subtypes are
conserved.21 The affinity of ligands is thus largely independent of the subunit
composition, but the functionality of the receptor however, is highly dependent of subunit
composition.20,30,38
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At the orthosteric site, the GABAA agonist 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridine-3ol (THIP also known as Gaboxadol)30,39 is so far the only ligand to show subtype
selectivity (Figure 1.4). It functions as a partial agonist at α4β3γ2 GABAA receptors and as
a super agonist at the α4β3δ GABAA receptors. It is approximately ten times more potent
on the δ containing receptors compared to both α4β3γ2 and α1β3γ2.39,40 It is intriguing that
the δ subunit is important in this case, since the binding site is located in between the α
and β subunits. This demonstrates that the full receptor assembly determines the
pharmacological profile. It is also interesting that the δ containing subunits are not
ubiquitous but are mainly positioned at extrasynaptic sites.39,41
Besides the selectivity of THIP, a few ligands have been reported to show weak subtype
preferences such as piperidine-4-sulphonic acid (P4S),42 5-(4-piperidyl)-3-isoxazolol (4PIOL),43 and 5-(piperidin-4-yl)isothiazol-3-ol (thio-4-PIOL)44 (Figure 1.4).

Figure 1.4. Structures of compounds showing subtype selectivity/preference
for specific GABAA receptor subtypes.

1.6 Pharmacophore model and receptor homology models
For the purpose of rational drug design, investigations concerning the structure of the
orthosteric binding site are ongoing, and a lot of effort is put into determining a threedimensional structure of the GABAA binding site. A crystal structure of the receptor
would ease the struggle, but crystallization of an integrated membrane protein is a
challenging task,45 and so far the GABAA receptors have not been crystallized.
A tool for investigating the binding pocket structure, in the absence of a crystal structure,
is receptor homology modeling. A homology model is created by exploiting structural
information from a related protein and applying this in the generation of another protein
structure, using the knowledge of their mutual sequence similarity in conserved as well as
variable regions.46
When creating homology models of the GABAA receptors, members of the Cys-loop
receptor family are the standard of comparison. The GABAA receptors belong to this
superfamily which is a sub-class of the pentameric ligand-gated ion channels. Other
members of this family are the GABAC receptors, the nicotinic acetylcholine receptors
6
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(nAChR), the glycine receptors, and the serotonin 5-HT3 receptors.47,48 Since the
receptors of this family are related, structural knowledge of other members is also
beneficial for the GABAA receptors.
In the Cys-loop receptor family the first structural template was discovered when a crystal
structure of an acetylcholine binding protein (AChBP) emerged. This protein had been
isolated from glial cells of a snail of the type Lymnaea stagnalis.49,50 The AChBP showed
significant structural and functional homology to the amino terminal domain of a
nicotinic acetylcholine receptor (nAChR) α-subunit. The AChBP showed 20-25 %
sequence identity to the extracellular part of the nAChR and 15-20 % identity to the
extracellular domains of other members of the Cys-loop family.51 Consequently, the
AChBP served, and still serve, as a template for homology modeling of the extracellular
part of the Cys-loop receptors,51 including the GABAA receptors.52-54
After the discovery of this first structural template other AChBP structures, crystallized
with different ligands, have been published.51,55,56 Other scaffolds have likewise emerged
such as electron microscopy data for the Torpedo AChR,57,58 the high-resolution crystal
structure of the extracellular domain of the nAChR α1-subunit,59,60 and the x-ray structure
of a full prokaryotic ion channel.61 It should however be emphasized that homology
modeling at low sequence identity is problematic, so this is only a tool with limitations.53
Another way of investigating the dimensions of a binding pocket is through structure
activity relationship (SAR) studies, where the binding pocket is defined through
pharmacological data of various receptor ligands. This technique has been used by our
group to create a pharmacophore model based on a large number of known GABAA
receptor ligands. These ligands have helped to define receptor essential volumes as well
as regions where large substituents are well tolerated62-65 (Figure 1.5).
Affinity measurements have suggested that the isoxazolol rings of muscimol and 4-PIOL
can not be superimposed in the receptor binding pocket. It was hypothesized that a
flexible arginine side chain could adopt different conformations resulting in a bidentate
interaction with both types of compounds (Figure 1.5).62 This arginine is presumably the
α1Arg66, which has been proven to be a part of the binding site.66 Substituents in different
positions of the compounds muscimol, THIP and 4-PIOL have been used to define the
receptor essential volumes (blue tetrahedrons).62 One cavity has been explored using 4substituted 4-PIOL compounds (region A), whereas region B has not been investigated so
far.
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A

OH
H2N
O

N

Muscimol
OH

B

O

HN

N

4-PIOL

Figure 1.5. Illustration of the designed pharmacophore model. The
isoxazolol moieties of muscimol (green) and 4-PIOL (grey) do not overlap.
This is possible due to a flexible arginine residue which coordinates
differently to the two compounds. Blue tetrahedrons define receptor
essential volumes. In region A the introduction of large substituents are
allowed. Region B is an unexplored area.

1.7 Perspective
After this general introduction it is evident that the knowledge of the GABAA receptor
binding pocket area is not consummate, and there are still subjects to explore. From a
therapeutic point of view it would be rewarding to design some ligands which are devoid
of side-effects. The way to fulfill this ambition could be through the synthesis of selective
ligands. Since structural knowledge is limited, it is difficult to predict whether a ligand is
selective or not, and this would have to be on a trial and error basis. Furthermore, there is
still work to be done on the pharmacophore and receptor models before they can be used
as tools for rational drug design. The improvement of these models requires SAR
information from new ligands on the GABAA receptor.
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2. Objectives
The overall purpose of this PhD thesis is to characterize the orthosteric GABAA receptor
binding site through design and syntheses of new ligands, and subsequent interpretation
of structure-activity relationships (SAR). The project focuses on ligand synthesis on the
basis of two lead compounds – namely 4-PIOL and muscimol. Furthermore, a few
labeling experiments are included in an attempt to determine the position of the
orthosteric GABAA receptor ligands in the binding pocket.
2.1 Analogues of 4-PIOL
The first series of GABAA ligands are based on the partial agonist 4-PIOL, using the
isosteric 1-hydroxypyrazole moiety instead of the isoxazolol moiety of 4-PIOL. The
resultant compound, 4-(piperidin-4-yl)-1-hydroxypyrazole, is in the following referred to
as 4-PHP (Figure 2.1). The 3- and the 5-positions are mentioned often in the following
chapters so these are noted in Figure 2.1 as well.
OH

4
O

HN

5

N

3

HN

4-PIOL

OH
N
N

4-PHP

Figure 2.1. Structures of the partial GABAA receptor agonist 4-PIOL and
the analogue 4-PHP.

The introduction of a new bioisostere can be advantageous since only a small change of a
ligand can easily alter receptor functionality.67,68 Additionally, 4-PHP has two positions
available for introducing substituents. The 5-position corresponds to the 4-position of the
4-PIOL, whereas the 3-position of 4-PHP corresponds to the oxygen atom on 4-PIOL. It
is speculated that substituents in the 3-position of 4-PHP, will reach into the unexplored
area of the GABAA receptor binding pocket, which was illustrated in the pharmacophore
model in Figure 1.5 (section 1.6).
2.2 Analogues of muscimol
The second series of GABAA ligands are based on the full agonist muscimol. In this
series the 1-hydroxypyrazole moiety is again chosen as an isostere to the 4-isoxazolol
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ring present in muscimol. The resultant compound, 4-(aminomethyl)-1-hydroxypyrazole,
is in the following referred to as 4-AHP (Figure 2.2).

Figure 2.2. Structures of the GABAA receptor agonist muscimol and the
analogue 4-AHP.

Substituents in the 3-position of 4-AHP are not expected to reach into the exact same
space as the substituents in the 3-position of 4-PHP, according to the theory of the
different positions of the isoxazolols of 4-PIOL and muscimol (Section 1.6). Yet,
introduction of substituents in the 3-position of 4-AHP could possibly assist in defining
the outer edge of the unexplored receptor area (region B, Figure 1.5).
2.2 Labeling compounds
To obtain more knowledge of the orthosteric GABAA binding site and the orientation of
the ligands herein, receptor labeling experiments are planned as well. The chosen method
is a modified version of the Substituted-Cysteine Accessibility Method (SCAM),69 and it
involves the synthesis of labeling ligands, which contain a sulfhydryl reactive moiety on a
predefined position of the molecule. It is expected that the 4-PHP skeleton is a suitable
scaffold for these labeling ligands. Furthermore, strategically chosen residues on the wild
type GABAA receptor will be mutated into cysteines.
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In this chapter, the chemistry and pharmacology of compounds incorporating the 1hydroxypyrazole moiety as an isostere of the isoxazolol ring of 4-PIOL are described.
The chemical and pharmacological results will be continuously discussed. A preliminary
manuscript for an article on the work performed in this chapter is attached as Appendix 1.
3.1 Introduction to the 4-PIOL series
4-PIOL (compound 3.1, Figure 3.1) was first synthesized as a non-fused bicyclic
analogue of THIP to investigate the conformational and structural requirements for
recognition at the GABAA orthosteric binding site.70,71 It was demonstrated that 4-PIOL
was a low affinity, partial agonist at this site and introduction of methyl, ethyl or propyl
substituents in the 4-position of the isoxazolol ring maintained the pharmacological
profile.62,63 Compounds with larger substituents in the 4-position were shown to be
antagonists, and the GABAA receptor affinity typically increased with the introduction of
large hydrophobic substituents. The GABAA receptor affinity of a few substituted 4-PIOL
compounds are shown in Figure 3.1.63-65

R
HN

OH

O N

3.1
3.1a
3.1b
3.1c
3.1d
3.1e

R

Affinity
Ki (μM)a)

H
Ph
3-PhNH2
3-BiPh
2-NaphthMe
1-Br-2NaphthMe

9.1
0.22
0.084
0.010
0.049
0.010

Figure 3.1. Representative 4-PIOL series illustrating the increase in affinity
when hydrophobic substituents is introduced in the 4-position of 4-PIOL
(3.1).

a)

More details are given in section 3.4. Ph, phenyl; BiPh, biphenyl;

Naphth, naphthyl; Me, Methyl.

The substituents chosen in Figure 3.1 are simply representative, since the GABAA
receptor affinity of numerous substituted 4-PIOL analogues have been established. All of
these compounds have assisted in defining the cavity in the pharmacophore model in
section 1.6 (region A, Figure 1.5). Compounds 3.1a-e have been chosen as model
compounds for the synthesis of the corresponding 4-PHP ligands, which will be described
in this chapter. The introduction of identical substituents into the 5-position of the 4-PHP
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core makes it possible to compare the SAR of the two series of compounds to disclose a
potential common binding mode. Once this is established, the investigations regarding the
unexplored receptor area (region B, Figure 1.5, section 1.6) can commence.
3.2 Introduction to the 1-hydroxypyrazole moiety
Various heterocycles have replaced the isoxazolol moiety in 4-PIOL leading to new
analogues for pharmacological testing. For instance, the introduction of an isothiazole
moiety led to an improvement in GABAA receptor affinity compared to 4-PIOL, whereas
the 5-isoxazolol analogue of 4-PIOL decreased receptor affinity, when compared to 4PIOL.72 Recently, 4-PIOL derivatives containing 3-heteroatoms on the five-membered
ring has been introduced, and this study demonstrated among other, that slightly different
pharmacological profiles could be obtained when using distinct GABAA receptor
subtypes.73
In the present study the 1-hydroxypyrazole moiety (Figure 3.2) was chosen as an isostere
for the isoxazolol moiety in 4-PIOL, since it mimics the carboxylic acid function of
GABA, and has the structural and acidic properties of the isoxazolol moiety of 4-PIOL
(pKa, 4-PHP = 6.0 and pKa, 4-PIOL = 5.3). Additionally, the 1-hydroxypyrazole has an
extra position on the heteroaromatic ring, which is open for introduction of substituents.
The functionalization of the 1-hydroxypyrazole has been heavily explored in the Organic
Synthesis Group at FARMA, since they developed a method for synthesizing this
compound from pyrazole.74
Methods for introducing substituents on all three carbons of the 1-hydroxypyrazole have
been explored. In the C-5 position the introduction of electrophiles, acyls, aryls and
heteroaryls have been demonstrated.75,76 The C-4 position has been halogenated
regioselectively, upon which, cross couplings and Grignard reactions have been
demonstrated.77-79 The introduction of substituents in the 3-position has been described
via the N2-protected pyrazole-1-oxide (Figure 3.2),80-82 and in addition, introduction of
substituents on all three carbons at once has also been explored on this compound.83

Figure 3.2. Structures of 1-hydroxypyrazole and N2-protected pyrazole-Noxide and the numbering of their carbon positions. PG, protection group.

12

3. New analogues of 4-PIOL; The 4-PHP series

The 1-hydroxypyrazole moiety can be regarded a bioisostere to carboxylic acids since the
pKa is 6.3.84 In medicinal chemistry, the 1-hydroxypyrazole moiety has been used as a
carboxylic acid bioisostere of glutamic acid and aspartic acid resulting in analogues of the
glutamate ligands 2-amino-3-(3-hydroxy-5-methyl-4-isoxazolyl)propionic acid (AMPA)
and 2-amino-2-(3-hydroxy-5-methyl-4-isoxazolyl)acetic acid (AMAA) and ibotenic acid
(Figure 3.3).85-88

Figure 3.3. Structures of the glutamate ligands AMPA, AMAA, ibotenic
acid and the respective 1-hydroxypyrazole analogues.

3.3 Chemistry
In this section the methods applied for the syntheses of the 4-PHP ligands will be
described, and the outcome of the reactions will be presented. Substituents will be
introduced both in the 3- and the 5-position of 4-PHP using cross coupling reactions and
Grignard reactions.
3.3.1 Synthesis of the iodobenzyloxypyrazole
Oxidation of pyrazole in the N1 position was performed using m-chloroperbenzoic acid
(m-CPBA) as previously described by Begtrup and Vedsø (Scheme 3.1).74

NH
N

m-CPBA

N
N

46 %

OH

3.2

Scheme 3.1. Synthesis of 1-hydroxypyrazole from m-CPBA and pyrazole.
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The formation of 1-hydroxypyrazole (3.2) was performed in large scale (0.9 mol) but the
resultant yield was only 46 %. In the cited paper however, they only reached 50 % yield
as a maximum, and they ascribed the low yield to the fact that the hydroxypyrazole was
deoxygenated back to the pyrazole by the m-CPBA. Fortunately, the unreacted or
reformed starting material is isolated during the extraction of the product, and in our case
this resulted in 30 % retrieval of the pyrazole, which could be reused for another
oxidation round.
The protection with benzylbromide and the regioselective electrophilic aromatic
substitution with iodide had also previously been performed.78 In the referenced article
they use 3 equivalents of ICl, but in our case compound 3.4 was isolated in 96 % yield
after treating 3.3 with only 1.5 equivalents of ICl (Scheme 3.2).

Scheme 3.2. Synthesis of 3.4 via benzyl protection of 3.2 and subsequent
iodination with ICl.

The regioselectivity observed in the formation of compound 3.4 can be explained by the
resonance structures depicted in Scheme 3.3.80,89

Scheme 3.3. Delocalization of electrons in compound 3.3 illustrates the
stabilization and reactivity of their anions in the three resonance structures.
The relative reactivity of the carbons towards electrophiles is C-4 (A) > C-3
(B) > C-5 (C).

When analyzing the three resonance structures, the formed negative charges are more or
less stabilized. On structure B (Scheme 3.3) the negative charge on C-3 is inductively
stabilized by the adjacent nitrogen atom. The negative charge on C-5 (Scheme 3.3, C) is
even more stabilized since the adjacent nitrogen bears a positive charge. The negative
charge on C-4 however (Scheme 3.3, A), is not directly stabilized and is consequently the
most reactive species of the three. Based on these structures, the C-5 position is the least
14
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reactive, and this relative reactivity (C-4>C-3>C-5) towards electrophiles has been
confirmed through experiments.89
3.3.2 Synthesis of protected 4-PHP
The protected 4-PHP (compound 3.6, Table 3.1) is the starting point of all the compounds
of the series described in this chapter, since substituents are introduced into the 3- and 5positions of this compound before deprotection. The synthesis of 3.6 is outlined in Table
3.1.
Table 3.1. Synthesis of 3.6 through Grignard reaction and subsequent
reduction. Yields of the two-step conversion of four individual experiments
are displayed.

Entry
1
2
3
4

Additive
LiCl
BF3·Et2O

Overall yield (%)
56
63
68
11

Compound 3.4 was converted into the Grignard compound78 and the commercially
available 1-ethoxycarbonyl-4-piperidone was added. Compound 3.5 was formed in 59 %
yield and the subsequent reduction90 into compound 3.6 proceeded in 95 % yield. This
renders an overall yield of 56 % (Entry 1, Table 3.1). In another experiment, compound
3.6 was synthesized without isolating the alcohol 3.5 and the maximum yield of the twostep conversion was raised to 63 % (Entry 2). It was attempted to enhance the
electrophilicity of the carbonyl carbon by adding two different Lewis acids, namely
LiCl91 and in another experiment BF3·Et2O. In the former reaction LiCl improved the
yield of the reaction slightly, with an overall yield of 68 % (Entry 3). The latter
experiment resulted in a mixture of piperidone, reduced starting material and the
dehydrated version of 3.5. After separating this mixture and reducing the double bond, the
isolated yield was as low as 11 % (Entry 4). The formation of the double bond and the
large amount of reduced starting material could be explained by the mechanism described
in scheme 3.4.
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O
N

BF3
O
ClMg

EtO

N
N
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BF3
O

O
N
EtO
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H
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O
N
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N
N

N
N
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Scheme 3.4. Upon Grignard reaction, an (E1) elimination reaction takes
place due to the strong bond between the alcoholate ion and boron
triflouride. A double bond is formed by removal of hydrogen by the
Grignard reagent.

Once the Grignard reaction has occurred, elimination takes place to produce a double
bond. The unreacted Grignard reagent might be quenched when extracting the proton
from this compound instead of reacting with another molecule of the piperidone
compound. This explains the left over piperidone and the reduced iodine compound.
3.3.3 Introduction of halogens
With the protected 4-PHP (3.6) in hand, it was essential to introduce handles, to which
substituents could be attached. Hence, in the following section it was attempted to
introduce iodine in both the 3- and the 5-position of the 1-hydroxypyrazol ring of 3.6.
It has been demonstrated that n-butyllithium (n-BuLi) readily deprotonates the C-5
position of 3.3.75,76 This regioselective deprotonation can be explained by directed orthometalation (DoM),92,93 where n-BuLi coordinates to the lone pair of oxygen in the ortho
position and hence the base is within proximity of the proton on C-5 (Figure 3.4).

Li
H
N
N

O

3.3

Figure 3.4. Deprotonation at the C-5 position of compound 3.3 using nbutyllitium and directed ortho-metalation.

When metalating compound 3.6 it was necessary to use lithium diisopropylamide (LDA)
since n-BuLi would add to the carbamate moiety. But the principle was the same and
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LDA readily deprotonated the 5-position as demonstrated by the reaction with deuterium
(Figure 3.5). The relative positions of the H-3 and the H-5 in the 1H-NMR spectrum has
already been determined for benzyloxypyrazole (3.3), and since the piperidyl in 4position equally affects H-3 and H-5 of compound 3.6, this assessment still applies. H-3
resonates at a higher frequency than H-5, and when deuterium was introduced the signal
at lowest resonance frequency disappeared, corresponding to deuteration of the 5-position
(Figure 3.5).

H-3

H-5
3.6

7.40

7.30

7.20

7.10

7.00

6.90

6.80

3.7
7.40

7.30

7.20

7.10

7.00

6.90

6.80

Figure 3.5. Reaction of LDA and deuterium with compound 3.6 resulting in
compound 3.7, and an illustrating segment of the 1H-NMR spectrums for
both compounds.

The ortho-metalation was then applied to introduce iodide in the C-5 position of 3.6
(Scheme 3.5). Quenching with iodine lowered the yield significantly compared to the
deuterium experiment and the major by-product was the starting material. The reaction
was attempted several times and the highest yield was 54 %.

Scheme 3.5. Preparation of compound 3.8 from 3.6, LDA and iodine.

This is in contrast to experiments described in the literature, where 3.3 has been lithiated
by n-BuLi/TMEDA and quenched with iodine to provide the iodinated compound in 94 %
yield.75 Since the conditions of the experiments are the same, and it was shown that
compound 3.6 can be fully deprotonated, the low yields will have to be ascribed to the
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steric hindrance of the piperidyl in the 4-position of the benzyloxypyrazole. The use of
other electrophilic iodide sources was not attempted during this project.
The introduction of substituents in the 3-position of the 1-hydroxypyrazole ring has
earlier, as mentioned in section 3.2, been performed through the formation of the 2alkylpyrazole-1-oxides (Scheme 3.6).

Scheme 3.6. Synthesis of 2-alkylpyrazole-1-oxides via alkylbromides and
heat followed by halogenation and introduction of alkyl or aryl substituents.

These compounds are activated towards electrophilic attack at the C-3 position, as can be
explained by looking at the resonance structures, as it was done for compound 3.3 in
section 3.3.1. The 2-alkylpyrazole-1-oxides can be formed from 1-hydroxypyrazole, alkyl
bromide and heat (Scheme 3.6). Under these conditions an N-alkylation takes place as
opposed to the O-alkylation that toke place when a base was used (in the formation of 3.3,
section 3.3.1).82,94 When the 2-alkylpyrazole-1-oxide is formed, the halogen incorporation
and subsequent alkyl or aryl introduction in the 3-position can be accomplished.80,81

Scheme 3.7. Synthesis of 3-substituted analogues of 3.6. The red and blue
colors distinguish one path from the other. A) The substituents are
introduced prior to piperidyl incorporation in the 4-position. B) The 4piperidyl moiety is introduced prior to substituents in the 3-position.

In the 4-PHP series it was expected that the synthesis of C-3 substituted compounds had
to follow this route as well, either before or after introduction of the piperidyl moiety
(Scheme 3.7). Route A describes the introduction of substituents before the piperidyl
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moiety is in place, and route B shows the formation of the protected 4-PHP before
introduction of substituents.
A much easier synthetic route presented itself, however. It was attempted to introduce
iodine by using iodine monochloride, acetic acid and water as described for the
incorporation of iodine in the 4-position of 4-PIOL.64 In that case, the 4-position was the
only available position on 4-PIOL however, so the reaction could only lead to one
product. Pleasingly, these conditions led to regioselective introduction of iodide in the 3position when applied to compound 3.6 (Scheme 3.8). The position was verified by
preparing the Grignard compound and quenching with deuterium. In this case the peak
resonating at highest frequency disappeared, corresponding to deuteration of the 3position (Figure 3.5). As described in section 3.3.1, the C-3 position should be more
reactive towards electrophiles than C-5 but even so, this did not guarantee that a
monoiodination would take place.

Scheme 3.8. Regioselective introduction of iodine in 3-position of 3.6
resulting in compound 3.9.

An experiment where chloroform was used as the solvent instead of water only resulted in
a yield of 48 %, indicating that the iodine monochloride is dependent on the solvent.
When dissolved in water the ICl hydrolyses to HCl and IOH rendering the iodine more
electrophilic.95
3.3.4 Cross coupling
Introduction of aryls in the 5-position of 3.6 were attempted using two different cross
coupling methods (Table 3.2). Initially, compound 3.6 was converted into a Negishi cross
coupling reagent by lithiation of the 5-position followed by the transmetalation into the
ZnCl reagent.96,97 This reagent was reacted with phenyliodide along with a palladium
catalyst to provide the phenylated product in 31 % yield (Table 3.2, Entry 1).
The Suzuki cross coupling reaction was also attempted using 3.8 as a starting material.98
The first set of conditions was chosen due to some earlier experiences with Suzuki cross
coupling of pyridines, where the use of CsF and anhydrous solvent gave good results.99
These conditions resulted in only a trace of product however (Table 3.2, Entry 2), so
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another set of conditions was randomly chosen. Aqueous potassium carbonate and
dimethylformamide (DMF) resulted in a satisfyingly 84 % yield (Table 3.2, Entry 3).
Table 3.2. Compound 3.6 and 3.8 under different cross coupling conditions
to introduce phenyl (compound 3.10).

Entry
1
2
3

Conditions
3.6, LDA, ZnCl2, IPh, PdCl2(PPh3)2, DMF
3.8, PhB(OH)2, CsF, PdCl2(PPh3)2 , THF
3.8, PhB(OH)2, K2CO3 (aq), PdCl2(PPh3)2,
DMF

Yield
31 %
Trace
84 %

The same conditions were applied in the ensuing cross couplings in the same position,
and the yields were all above 80 % (Table 3.3).
Table 3.3. Compound 3.11 and 3.12 were synthesized using 3.8,
PdCl2(PPh3)2, aqueous potassium carbonate, DMF and the respective
boronic acids.

Ra)
Compound
Yield
3-BiPh
88 %
3.11
3-PhNH2
94 %
3.12
a)
BiPh, biphenyl; Ph, phenyl.

Introduction of aryl substituents in the 3-position was attempted using the same
conditions as for the cross couplings in the 5-position. This initial reaction afforded no
product and the method had to be changed. The first parameter changed was the solvent,
which was switched from DMF to toluene/EtOH (Table 3.4).
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Table 3.4. The formation of compound 3.13 from compound 3.9 was
investigated in two different solvents.

Solvent
DMF
Toluene/EtOH (10:1)

Yield
0%
79 %

Conveniently, this change resulted in product formation in satisfying yield, so these
conditions were used for the following cross couplings as well (Table 3.5).
Table 3.5. Compound 3.14-3.18 were synthesized using 3.9, PdCl2(PPh3)2,
aqueous potassium carbonate, toluene/ethanol (10:1), and the respective
boronic acids.

Compound
3.14
3.15
3.16
3.17
3.18

R
o-Tolyl
m-Tolyl
p-Tolyl
3-BiPh
4-BiPh

Yield
47 %
70 %
77 %
70 %
74 %

All yields were between 70 and 79 % except when the ortho-tolyl moiety (compound
3.14) was incorporated. This possibly had to do with steric hindrance, when coupling two
ortho-substituted compounds.
3.3.5 Metalation, alkylation and reduction
Alkyl substituents were introduced via metalation and subsequent aldehyde addition
(Table 3.6). For the incorporation of alkyl substituents in the 5-position of 3.6 this
compound was directly lithiated and quenched with the respective aldehydes. For
introduction in 3-position, compound 3.9 was converted into the Grignard compound and
reacted with aldehydes as well. The resulting alcohols were reduced using trifluoroacetic
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acid and triethylsilane,90 through the formation of a benzyllic cation followed by hydride
addition.
Table 3.6. Introduction of alkyl substituents into 3.6 and 3.9 through
metalation, quenching with aldehydes and reduction. Numbers in
parenthesis are yields over two steps

Entry
1
2
3
4

R
2-Naphthyl
1-Bromo-2-naphthyl
Phenyl
2-Naphthyl

Intermediate alcohols
Compound
Yield
70 %
3.19
40 %
3.20
16 %
3.21
26 %
3.22

End products
Compound
Yield
75 % (53)
3.23
69 % (28)
3.24
63 % (10)
3.25
59 % (15)
3.26

Preparation of 3.23 was also tried using 3.6, LDA and 2-naphthylmethylbromide (not
illustrated). The yield of this reaction was merely 40 %, and since the corresponding yield
of the aldehyde reaction was 53 % over two steps (Table 3.6, entry 1), it was chosen to
also prepare 3.24 using an aldehyde100,101 instead of the bromide. The yield of this
reaction however, turned out to be much lower (28 %, Table 3.6, Entry 2), but the
corresponding alkyl bromide reaction was not attempted for this compound.
Compounds 3.21 and 3.22 were prepared in low yields. This had to do with the reactivity
towards the aldehydes since the starting material 3.9 was fully converted into the
Grignard compound before addition of the aldehyde, and the only observed byproducts
were the reduced starting materials. The higher yields of the alcohols prepared from the
lithium intermediates compared to the yields of the alcohols prepared from the Grignard
intermediates, could be due to the small difference in reactivity of these organometallic
compounds. Lithium complexes are slightly more polar than the corresponding Grignard
complexes when looking at the electronegativity differences between the metal and the
carbon atom.102 Hence, the lithium complexes should be more nucleophilic.
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Removal of the hydroxyl group resulted in yields between 59 and 75 % (Table 3.6).
Two other compounds were synthesized by similar methods. Incorporation of a methyl
substituent in the 3-position was performed by creating the Grignard compound, reacting
it with DMF, reducing the aldehyde and removing the hydroxyl group (Scheme 3.9).

Scheme 3.9. Preparation of compound 3.28 through metalation, quenching
with DMF, reducing with sodium borohydride, and finially hydroxyl
reduction.

In this case the reaction of the Grignard compound with an aldehyde produced a much
higher yield than observed for the Grignard reactions in Table 3.6 (compounds 3.21 and
3.22). This indicates that the reactions could have been limited by steric hindrance when a
bulkier aldehyde was used. Conversion of compound 3.27 into compound 3.28 by
reduction proceeded in 63 % yield, analogous to the yields in Table 3.6 (compounds 3.23,
3.24, 3.25 and 3.26).
A disubstituted compound (3.30, Scheme 3.10) was also synthesized by using 3.13 and
introducing a naphthylmethyl moiety in 5-position as described for 3.23.

Scheme 3.10. Preparation of compound 3.30 from compound 3.13 via
metalation, quenching with 2-naphthaldehyde, and reduction.

3.3.6 Deprotection
All the alkylated and arylated protected 4-PHP compounds, described in the previous
sections, were deprotected by heating in concentrated hydrochloric acid. This resulted in
the removal of the benzyl groups and the ethylesters, and the formation of compounds
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3.31–3.47 shown in Figure 3.6. The conformational restricted version of 4-PHP,
compound 3.32, was prepared from deprotection of the alcohol compound 3.5 (section
3.3.2). All the deprotections resulted in quantitative yields of compounds, which were
pure when examined by 1H-NMR. The yields given in Figure 3.6 are the yields after
recrystallization and these vary from 20–90 %. Some of these yields could have been
improved by consecutive recrystallizations, but the intention was only to obtain enough
material for microanalysis and pharmacological testing.

Figure 3.6. Yields of deprotected, recrystalized compounds 3.31–3.47.

As some of the yields reflect, the recrystallization was problematic, and it turned out that
the hydrochloric salts were very hygroscopic. Therefore, some of the compounds were
converted into the hydrobromic salts, and for some compounds, reverse phase
chromatography was applied. For future experiments the deprotection can profitably take
place in hydrobromic acid instead.
3.4 Pharmacology
In this section the pharmacological testing of the compounds synthesized in section 3.3,
will be presented and discussed. In Appendix 1, eight additional compounds containing
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an N-substituted 3-hydroxypyrazole moiety have also been characterized. Since these
compounds were not synthesized during this project, and they did not afford any
additional information, the pharmacological data are not presented here. For information
regarding these compounds, the reader is referred to Appendix 1.
Compounds 3.31-3.47 were characterized in receptor-binding studies using rat brain
membrane preparations, where the binding affinities of the compounds at native GABAA
receptors were measured by displacement of [3H]Muscimol. The functional
characterization of the compounds was performed using the FLIPR Membrane Potential
Red assay as described in the experimental section of Appendix 1. In the functional assay
the measurements are given as IC50 values instead of Ki values, due to the mixed
antagonist profile observed in a previous study.103 It should be emphasized, that if the
antagonists are competitive as expected, the Ki values are 6-9 times lower than the IC50
values, since the agonist concentration (GABA) used were 5-8 times the concentration of
the EC50.
Affinity and functional data for compounds 3.31 and 3.32 is listed in Table 3.7 along with
known agonists of the GABAA receptor.
Table 3.7. Pharmacological data for compounds 3.31 and 3.32. GABAA
receptor binding affinities at rat synaptic membranes and functional
characterization at the human α1β2γ2 GABAA receptor transiently expressed
in tsA201cells in the FLIPR™ Membrane Potential Red assay.

[3H]Muscimol
α1β2γ2
Binding
tsA201 cell line
Compound
Ki (µM)
IC50 (µM)
EC50 (µM)
Rmax
± S.E.Ma)
[pKi ± SEM ]
[pEC50 ± SEM ]
[pIC50 ± SEM]
GABA
0.049b)
2.0 [5.70 ± 0.04]
100
Muscimol
0.0079
0.54 [6.27 ± 0.04]
97 ± 5
THIP
0.16c)
14 [4.85 ± 0.03]
79 ± 4
4-PIOL
9.1d)
>500 [<3.30]
n.d
>500 [<3.30]
>500 [<3.30]
n.d
>500 [<3.30]
3.31
10 [4.99 ± 0.02]
>500 [<3.30]
n.d
>500 [<3.30]
3.32
26 [4.60 ± 0.06]
a)
b)
The Rmax values are given as % of Rmax GABA. Previous measurement.104
c)
Previous measurement.105 d) Previous measurement.65 n. d. not
determinable.

Data for compounds 3.33-3.37 is listed in Table 3.8 as are the compounds 3.1a-e for the
purpose of comparing these two series. Data for compounds 3.38-3.47 are listed in Table
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3.9. All of the tested compounds showed affinity for the GABAA receptor, and all of the
active compounds where characterized as antagonists.
Compound 3.31 (4-PHP) displayed GABAA receptor affinity comparable to that of 4PIOL. The conformationally restricted analogue of 3.31 (3.32) displayed a slight decrease
in affinity. This was expected, since a 3-fold decrease has also been observed for the 4PIOL analogue of this compound.72 The almost identical binding affinities of the 4-PHP
and 4-PIOL and the two alkene compounds indicate that the binding modes are
comparable.
Compounds 3.32, 4-PHP and 4-PIOL showed no response in the functional assay applied
in this study. However, 4-PIOL has previously been characterized as a partial agonists in
patch-clamp experiments,70,71 and it would be reasonable to think that 4-PHP with the
same binding affinity could also be a partial agonist, even though no response is observed
in the given assay. This is currently being investigated by electrophysiological patchclamp experiments.
The 5-substituted 1-hydroxypyrazole analogues (3.33-3.37, Table 3.8) all showed high
affinity for the GABAA receptor sites and exhibited similar structure-activity relationships
as described for the corresponding 3-isoxazolol analogues 3.1a-e (Table 3.8). Introduction
of a phenyl ring in the 5-position of the 1-hydroxypyrazole ring of 4-PHP (providing
compound 3.33) led to a 450-fold enhancement in receptor affinity compared to that of 4PHP (Table 3.8 and Figure 3.7). A naphthylmethyl substituent (compound 3.36), and a 3aminophenyl substituent (compound 3.34) showed the same high affinity as compound
3.33. Introduction of a 3-biphenyl substituent and a 1-bromo-2-naphthylmethyl
substituent increased the affinity even more when compared to 4-PHP The affinities
shown for the naphthylmethyl and the 2-bromonaphthylmethyl analogues (3.36 and 3.37),
are comparable with the affinities reported for the corresponding 3-isoxazolol analogues
3.1d and 3.1e. The phenyl, 3-aminophenyl and 3-biphenyl analogues (3.33, 3.34 and
3.35) showed 10-, 5- and 3-fold higher affinities, respectively, than their 3-isoxazolol
counterparts 3.1a, 3.1b and 3.1c. It is noticeable, that it is the more restricted aryl
compounds which show different affinities between the two series. When the more
flexible alkyl substituents are present the two types of compounds show similar affinities.
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Table 3.8. Pharmacological data for compounds 3.1a-e and 3.33-3.37.
GABAA receptor binding affinities at rat synaptic membranes and functional
characterization at the human α1β2γ2 GABAA receptor transiently expressed
in tsA201cells in the FLIPR™ Membrane Potential Red assay.

R

Comp.

Phenyl
3-Aminophenyl
3-Biphenyl
2-Naphthylmethyl
1-Bromo-2naphthylmethyl

3.33
3.34
3.35
3.36
3.37

R

Comp.

Phenyl
3-Aminophenyl
3-Biphenyl
2-Naphthylmethyl
1-Bromo-2naphthylmethyl

3.33
3.34
3.35
3.36
3.37

a)

[3H]Muscimol
Binding
Ki nM)
[pKi ± SEM ]

Comp.

22 [7.65 ± 0.02]
17 [7.79 ± 0.07]
2.8 [8.55 ± 0.03]
33 [7.48 ± 0.03]
9.5 [8.07 ± 0.09] c)

3.1a
3.1b
3.1c
3.1d
3.1e

α1β2γ2
tsA201 cell line
IC50 (µM)
[pIC50 ± SEM]
0.15 [6.81 ± 0.04]
0.065 [7.19 ± 0.05]
0.024 [7.62 ± 0.03]
0.79 [6.10 ± 0.05]
0.48 [6.32 ± 0.05]

Previous measurement.65
DMSO.

b)

Comp.
3.1a
3.1b
3.1c
3.1d
3.1e

Previous measurement.106

c)

100

Specific binding
(% of control)

[3H]Muscimol
Binding
Ki (nM)
[pKi ± SEM ]
220 a)
84 b)
10 b)
49 a)
10 a)

Α1β2γ2
tsA201 cell line
IC50 (µM)
[pIC50 ± SEM]
n. d.
n. d.
0.078 [7.11 ± 0.04]
1.8 [5.74 ± 0.05]
n. d.
Tested in 10 %

3.33
3.34
3.35
3.36
3.37

80
60
40
20
0
0.0001 0.001

0.01

0.1

1

10

Ligand (μM)

Figure 3.7. Specific binding of [3H]Muscimol as a function of
concentration. Curves are shown for compounds 3.33-3.37.
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Despite small differences between some of the compounds of the two series, the overall
pattern was not changed by the introduction of a 1-hydroxypyrazole moiety, which
consequently can be characterized as a bioisostere. It is anticipated that these compounds
bind in a similar manner in the binding pocket, and consequently they also fit into the
same pharmacophore model.
Table 3.9. Pharmacological data for compounds 3.37-3.47. GABAA receptor
binding affinities at rat synaptic membranes and functional characterization
at the human α1β2γ2 GABAA receptor transiently expressed in tsA201cells in
the FLIPR™Membrane Potential Red assay.

Structure

N
N

HN

OH

R

R

Compound

Methyl
Phenyl
o-Tolyl
m-Tolyl
p-Tolyl
3-Biphenyl
4-Biphenyl
Benzyl
2-Naphthylmethyl

3.38
3.39
3.40
3.41
3.42
3.43
3.44
3.45
3.46

R1 = 2-Naphthylmethyl
R2 = Phenyl

3.47

[3H]Muscimol
Binding
Ki (µM)
[pKi ± SEM ]
5.0 [5.31 ± 0.05]
0.27 [6.57 ± 0.01]
0.67 [6.17 ± 0.03]
0.24 [6.62 ± 0.03]
0.32 [6.50 ± 0.06]
0.030 [7.55 ± 0.09]
0.42 [6.39 ± 0.05]
0.36 [6.45 ± 0.03]
0.0030 [8.55 ± 0.10]

α1β2γ2
tsA201 cell line
IC50 (µM)
[pIC50 ± SEM]
66 [4.18 ± 0.04]
1.9 [5.73 ± 0.06]
2.6 [5.58 ± 0.02]
1.9 [5.72 ± 0.06]
1.4 [5.85 ± 0.03]
0.21 [6.67 ± 0.04]
1.4 [5.85 ± 0.04]
8.3 [5.08 ± 0.04]
0.17 [6.78 ± 0.04]

R1
N
N

HN

OH

R2
a)

1.5 [5.84 ± 0.05]

a)

3.2 [5.50 ± 0.06]

Tested in 10 % DMSO.

To disclose the receptor area in the vicinity of the 3-position of the 1-hydroxypyrazole,
different substituents were introduced. Incorporation of a methyl group (3.38), improved
the affinity slightly compared to that of 4-PHP (Table 3.8 and Figure 3.8). This effect was
more pronounced when incorporating aromatic groups as in 3.39, where a phenyl group
led to a decrease of the Ki value by approximately 35 fold compared to 4-PHP. Similar
effect was observed for the tolyl analogues (3.40-3.42) and the benzyl analogue (3.45), all
showing affinities in the same range as 3.39. Enlarging the substituent to a 4-biphenyl
group, to give compound 3.44, did not affect the affinity. However, a 3-biphenyl
substituent, in compound 3.43, had ten times the affinity of phenyl substituted 3.39.
Introduction of a naphthylmethyl group (3.46) led to the highest affinity of all the 3substituted 1-hydroxypyrazole analogues (Ki = 3 nM).
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Specific binding
(% of control)

100

3.38
3.39
3.43
3.46
3.47

80
60
40
20
0
0.00010.001 0.01

0.1

1

10

100 1000

Ligand (μM)
Figure 3.8. Specific binding of [3H]Muscimol as a function of the
concentration of the tested ligand. Curves are shown for compounds 3.38,
3.39, 3.43, 3.46 and 3.47.

These data suggest that the binding site can accommodate large substituents in the
vicinity of both the 3- and the 5-positions of 4-PHP. To further investigate this theory, the
3,5-disubstituted 4-PHP compound, 3.47, was also characterized. This compound also
showed affinity for the receptor, indicating considerable space in the receptor binding
site, and substantiating the theory of a new cavity. The affinity was not as high as for the
two mono-substituted series of compounds, but since compound 3.47 had two groups
fitting into different cavities, the movements of the 4-PHP core are restricted, so the
decrease is not surprising.
Naturally, it could be speculated that 5-substituted 4-PHP compounds would make a
horizontal flip to place their substituents in the same cavity which accommodated the 5substituted compounds. However, compound 3.47 makes the existence of two cavities
convincing.
All of the 3- and 5-substituted 1-hydroxypyrazol analogues, 3.33–3.47, and the 3isoxazolol analogues, 3.1c and 3.1d, were characterized as antagonists with potencies in
the range of moderate to highly potent (IC50 = 66–0.024 µM, Figure 3.9). It should again
be emphasized that if the antagonists are competitive as expected, the Ki values should be
6-9 times lower than the IC50 values. In general, the functional data were in good
agreement with the binding affinity data.
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Figure 3.9. Physiological response measured in fluorescence units and
given in percent as a function of antagonist concentration. Curves are shown
for the 5-substituted compounds 3.33-3.37 (left curve) and the 3-substituted
compounds 3.38, 3.39, 3.43, and 3.46 (right curve). The 3,5-disubstituted
compound (3.47) is also shown in the curve to the right.

The inherent antagonistic properties, observed for the 3- and 5-substituted 4-PHP
compounds, can be explained by the restraint of receptor movements caused by the large
substituents of the compounds. It has been demonstrated for the nAChR and AChBPs that
upon agonist binding, the C-loop, positioned near the binding site, closes like a lid (Figure
3.10), and a rotation in the protein subunits causes channel opening.107-109 The large
substituents of the 4-PHP compounds could both prevent C-loop closing and rotation.

C-loop

C-loop

Figure 3.10. Flexibility of the C-loop is illustrated by superimposition of
Aplysia Californica AChBP in the apo form (red), the antagonist bound
form (blue, antagonist: methyllycaconitine) and the agonist bound form
(green, agonist: epibatidine). Illustrated as a bottomview of two subunits.
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From Figure 3.10 it is observed that the unliganded form (apo structure) of the AChBP
and the antagonist bound form are very similar. In the agonist bound form the C-loop is
moved, and the size of the ligand binding site is reduced.
3.5 Correlation of pharmacological data to GABAA binding site models
This section describes literature hypotheses regarding the binding mode of GABAA
ligands, in homology models of the GABAA receptor binding domain. Furthermore, a
preliminary receptor model from this study is presented, and the pharmacological data of
the 4-PHP ligands will be correlated to this model. The development of the model is
described in more detail in Appendix 1.
3.5.1 Existing hypotheses on ligand binding mode
It has been demonstrated in several independent studies, that a number of amino acids in
the GABAA receptor binding site are important for ligand recognition both on the αsubunit,22,66,110,111 and the β-subunit.21,112 On the basis of this information, a few studies,
mainly focusing on GABA, describe the orientation of ligands in homology models of the
GABAA receptor.

β2

α1
Y157
T129
Y205

R66

E155

F64

Figure 3.11. Illustration of some of the amino acids suggested to be
involved in ligand binding in the GABAA receptor binding site. The β2subunit is colored in green and the α1-subunit in cyan.

Thus, Kloda et al. suggest that GABA should be placed in between α1Arg66 and
β2Tyr205 with the carboxylic acid pointing towards α1Arg66 in the receptor binding
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site.113 Cromer et al. place GABA in almost the same way suggesting that the amine
group of GABA interacts with β2Glu15552 (see Figure 3.11 for amino acid numbering).
Mokrab et al. have positioned both GABA and muscimol in the binding site and locate
the two compounds in between β2Tyr205, β2Tyr157 and α1Arg66.114 They place the
carboxylic acid in the opposite direction, suggesting an interaction with β2Tyr157 and
β2Tyr205 whereas the amino group of GABA and muscimol should interact with
α1Phe64. This suggestion is in contrast to observations from a number of structurally
related receptors. In 5-HT3AR, nAChR,115 and GABAC receptors116 a cation-π interaction
has been established between the charged amine of the endogenous ligands, and the
aromatic residue equivalent to β2Tyr157 of the GABAA receptor.
Padgett et al. have identified a cation-π interaction at β2Tyr97, where they suggest that
GABA is the cation donor. Consequently, they place the amino group of GABA over this
tyrosine with the carboxylic acid pointing upwards in between β2Tyr157 and β2Tyr205
towards α1Arg66.117 Yet, a few details of this study could be questioned. The sequence
alignment was changed by two residues to place β2Tyr97 closer to the binding site, and as
the authors emphasize; the cation-π interaction could just as well be between β2Tyr97 and
α1Arg132 or β2Arg207 instead of GABA.
Finally, Jansen et al. describe the orientation of a 4-PIOL analogue 3.48 (Figure 3.12) in
the GABAA receptor binding pocket. They observed that when α1Arg66 was mutated into
a cysteine residue this amino acid reacted covalently with 3.48, indicating that the thiol of
3.48 was in direct contact with α1Arg6673 (see also section 4.1). They used a homology
model based on a nicotine bound AChBP crystal structure and placed the aliphatic
nitrogen of 3.48 in a position corresponding to the nicotinic pyridine nitrogen. This
corresponds to a placement of the piperidinyl nitrogen of 3.48 near the residue β2Tyr157
of the GABAA receptor binding site, but with the nitrogen pointing towards the channel
lumen. Accordingly, the binding site is placed lengthwise instead of crosswise in the
subunit interface.

O
HN
3.48

SH

N N

Figure 3.12. Compound 3.48 reacted covalently with α1R66C in a study by
Jansen et al.73 This indicated the close proximity of this residue to the 4PIOL resembling ligand, 3.48.
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3.5.2 Fitting the 4-PHP ligands and the pharmacophore model into a receptor model
In the present study it was desired to fit the newly synthesized ligands into a site in the
receptor model, which could explain the observed pharmacological data in accordance
with the previously reported pharmacophore model. The receptor model was based on
sequence alignments of multiple structural templates (Appendix 1, experimental section).
Since the 3,5-disubstituted 4-PHP compound, 3.47, showed affinity for the GABAA
receptor, it was unambiguously verified that the GABAA receptor could accommodate
substituents in areas corresponding to both the 3- and the 5-position of 4-PHP. Hence
compound 3.47 was chosen as a template compound. It was manually placed in the
binding site in a conformation resembling the deduced bioactive conformation of
compound 3.1d (naphtylmethyl substituted 4-PIOL) in a previous study.65 Compound
3.47 was placed with two hydrogen bonds between the deprotonated hydroxypyrazole
moiety and an arginine residue as suggested by Liljefors et al.63 α1Arg66 was chosen for
this bidentate interaction on the basis of the study by Jansen et al.73 The protonated
piperidine nitrogen was placed within hydrogen bonding distance of the backbone
carbonyl oxygen of β2Tyr157. The placement of the hydrophobic side chains was guided
by a GRID molecular interaction field118,119 calculation (C3 probe, -2.0 kcal/mol
isocontour level) to avoid serious steric clashes with the receptor. The receptor and the
ligand were subsequently adapted to each other by a short 2ns molecular dynamics run,
using explicit solvation. The last frame was extracted and refined using the protein
preparation tool in Maestro. Compounds 3.31-3.46 were manually docked into the
receptor cavity by superimposing low energy conformations onto the template molecule,
3.47. The model preparation and the figure illustrations were all performed by PhD
student Tommy Sander and associate professor Thomas Balle.
In Figure 3.13 compound 3.47 is illustrated in the dimeric β/α interface and some of the
receptor loops are indicated.27,53 The β2-subunit is colored in green whereas the α1-subunit
is colored in cyan. This coloration will be used in the following receptor illustrations
without further mentioning. The resulting position of compound 3.47 in the binding site
is illustrated in Figure 3.14. The performed molecular dynamics moved the ligand to a
position where the amino group is within hydrogen bond distance to β2Glu155 and the
backbone carbonyl of β2Tyr157. At the α-subunit the hydroxypyrazole core coordinates to
α1Arg66 with a bidentate interaction, and α1Thr129 is also within hydrogen bond
distance, but the bond angle is not as favorable as the ones obtained with α1Arg66.
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β2

α1

C-loop

F-loop

Figure 3.13. Compound 3.47 in the dimeric β/α interface of a preliminary
GABAA receptor model

β2

α1
Y205

R66

E155

T129

Y157

F64

Figure 3.14. Compound 3.47 in the GABAA receptor model. The grid
surface illustrates areas where hydrophobic interactions are favored. The
ligand is suggested to coordinate to β2Glu155, the backbone carbonyl of
β2Tyr205 and to α1Arg66.
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This position of the 4-PHP core in the receptor is similar to the orientation described by
Cromer et al. who also suggested the coordination to β2Glu155.52
Placing a van der Waal (vdW) grid surface on the receptor, illustrates the areas where
hydrophobic substituents of the ligands are in favorable distance to the receptor, in order
to obtain vdW interactions. In the two regions where the substituents of compound 3.47
are placed, there is a good foundation for hydrophobic interactions (Figure 3.14).
This model is used in the discussion section for the analysis of some of the observed
pharmacological profiles.
3.6 Discussion
Figure 3.15 and 3.16 illustrate some of the 5-substituted 4-PHP ligands manually docked
in to the receptor binding site. As described in the pharmacology section above, the
introduction of a phenyl group into the 5-position of 4-PHP (3.33) increases the affinity
for the receptor by a factor 450 (Ki = 22 nM), when compared to the unsubstituted
compound (3.31). This can be explained by looking at Figure 3.15A, where the phenyl
substituent of compound 3.33 reaches into a receptor cavity where hydrophobic
interactions are favored, as illustrated by the vdW grid. The favorable interactions in the
binding site along with the hydrophobic effect both contribute to the dramatic increase in
affinity. The hydrophobic effect refers to the favorable transfer of a non-polar compound
from water to the lipophilic surroundings within the receptor cavity.120
B

A
C-loop

C-loop

Y205

Y205

R66

R66

Figure 3.15. Compounds 3.33 (A) and 3.35 (B) are shown in the GABAA
receptor binding site model. Since the view of the binding pocket is slightly
tilted compared with previous figures the β2Tyr205, α1Arg66 and the C-loop
are marked for orientation.
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When a biphenyl substituent (3.35) reaches into the hydrophobic cavity (Figure 3.15B),
the favorable effects are even more pronounced, resulting in an improved affinity by yet a
factor eight (Ki = 2.8 nM), when compared to the phenyl substituted compound (3.33). It
seems that the biphenyl in Figure 3.15B exceeds the grid surface, but it must be kept in
mind, that the receptor is flexible, and if the C-loop is moved just slightly, so is the grid
surface. The 3-aminophenyl compound (3.34) is not illustrated in the receptor model, but
the affinity increase when compared to 3.33 can probably be explained by the formation
of hydrogen bonds to the amino group.
The naphthylmethyl substituted 4-PHP (3.36, Ki = 33 nM) similarly induced a high
increase in affinity (300-fold) when compared to the unsubstituted compound (3.31). A
bromo-substituent on the naphthalene core (3.37, Figure 3.16) is also accommodated in an
area with favorable vdW interactions and hence increases the affinity by a factor 5 when
compared to 3.36. The bromo atom could possibly also contribute with electrostatical
interactions.121

Y205

Y157

Figure 3.16. Compound 3.37 in the GABAA receptor binding site model.

When studying pharmacological data of the 3-substituted 4-PHP ligands, much can be
explained similarly to the 5-substituted ligands. The cavity accommodating these
substituents also has a large region where vdW interactions are favorable, so positive
interactions with the receptor along with the hydrophobic effect also plead for the 336
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substituted compounds (Figure 3.17). The 3-phenyl substituted 4-PHP compound (3.39,
Ki = 0.27 μM) has 35 times higher affinity for the receptor when compared to the
unsubstituted compound. As illustrated in Figur 3.17 the phenyl group is placed in a
region where favorable interactions with the receptor are possible. The tolyl groups (3.403.42) do not add further affinity when compared to the phenyl group, possibly since the
methyl groups of these compounds reach into an area with less favorable vdW
interactions. The 4-biphenyl substituted 4-PHP analogue (3.44) also has the same affinity
as 3.39 since the extra phenyl group reaches into an area were the interactions are no
longer favorable (not illustrated). There is still room for this substituent however –
presumably since it points in the direction of the F-loop which is rather flexible and
adjustable (F-loop not shown in Figure 3.17). The 3-biphenyl substituted 4-PHP (3.43)
aligns the cavity perfectly and gains 10-fold additional affinity when compared to 3.39
(Figure 3.17).

Figure 3.17. Compounds 3.39 (grey) and 3.43 (orange) reaches into the
vdW grid resulting in favorable interactions.

Mutational studies using these two compounds would be highly interesting in order to
verify the position of the ligands in the receptor binding pocket. The phenyl ring on
compound 3.39 is expected to interact with residues at the α-subunit, whereas the distal
ring of the 3-biphenyl substituent of 3.43 is expected to interact with residues on the βsubunit.
Figure 3.18 illustrates the remaining ligands in the 3-substituted series. The analysis could
be performed as for the rest of the substituents, and make it plausible why a 2-
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naphthylmethyl-substituted 4-PHP ligand (3.46, Ki = 3 nM) had a 120-fold increased
affinity when compared to the benzyl-substituted 4-PHP ligand (3.45). Additionally, a tshaped π-π interaction of the naphthalene core with β2Phe200 is possibly the reason for
the significant enhancement of the affinity.

F200
Figure 3.18. Compounds 3.45 (grey) and 3.46 (orange) in the GABAA
receptor binding site model. The naphthalene core of 3.46 possibly interacts
with β2Phe200 through a π-π interaction

3.7 Summary and conclusions
In this chapter the synthesis and characterization of 17 new GABAA receptor ligands were
performed. Of these ligands, 15 were characterized as antagonists whereas the two
remaining showed no activity in the functional assay. The comparison of the SAR of the
4-PIOL compounds 3.1a-e and the 4-PHP compounds 3.33-3.37 disclosed a common
binding mode for the two series of compounds. It was concluded that the 1hydroxypyrazole moiety acted as a bioisostere of the isoxazolol ring in these compounds,
and that the compounds were placed similarly in the GABAA receptor binding site.
Since the 3,5-disubstituted compound (3.47) showed affinity for the GABAA receptor, it
was established that the receptor binding pocket could accommodate substituents in the
region corresponding to both the 3- and the 5- position of the 4-PHP compound. This
compound was manually placed in a preliminary homology model and molecular
dynamics determined the ultimate position of this compound. Superimposing the rest of
the 4-PHP compounds on the template seemed to account for all the pharmacological
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differences observed between the 4-PHP compounds. Furthermore, all the requirements
of the pharmacophore model were met by this preliminary receptor model.
In conclusion, the 3-substituted 4-PHP ligands revealed a new cavity in the GABAA
receptor orthosteric binding site, and the pharmacophore model has been validated by the
insertion into a preliminary receptor model. Work is still needed on this model, but it can
probably already be used as a tool for designing new GABAA receptor ligands which
resemble the 4-PHP- and the 4-PIOL series.
3.8 Experimental section
Most of the experimental data of this chapter is outlined in Appendix 1. The
pharmacological methods, the molecular modeling and the general chemical procedures
can also be found in Appendix 1.
The experimental data for compounds listed in Table 3.10 are described in Appendix 1.
The numbers in parenthesis indicates the numbering used in Appendix 1. The compounds
not listed in Table 3.10 are described in the section below.
Table 3.10. Experimental data of the listed compounds can be found in
Appendix 1. Numbers in parenthesis are the numbering used in Appendix 1.
Chapter 3
3.5
3.6
3.8
3.9
3.10
3.11
3.13
3.14
3.15
3.16
3.17
3.18
3.19

Appendix 1
(14)
(14)
(16)
(17)
(15d)
(15e)
(15g)
(15h)
(15i)
(15j)
(15k)
(15l)
(15b)

Chapter 3

Appendix 1
(15c)
(15m)
(15n)
(15b)
(15c)
(15m)
(15n)
(15f)
(15f)
(15o)
(15o)
(4a)
(4d)

3.20
3.21
3.22
3.23
3.24
3.25
3.26
3.27
3.28
3.29
3.30
3.31
3.33

Chapter 3
3.35
3.36
3.37
3.38
3.39
3.40
3.41
3.42
3.43
3.44
3.45
3.46
3.47

Appendix 1
(4e)
(4b)
(4c)
(4f)
(4g)
(4h)
(4i)
(4j)
(4k)
(4l)
(4m)
(4n)
(4o)

1-Hydroxypyrazole (3.2). Pyrazole (60 g, 0.88 mol) and m-chloroperbenzoic acid (70 %,
240 g, 0.97 mol) were dissolved in distilled EtOAc (2 L) and stirred at room temperature
for 7 days. The solvent was evaporated in vacuo and the remaining solid (white crystals)
was dried overnight under vacuum. The crystals were washed with water (500 mL and
then 2 x 250 mL) and filtered off. Concentrated NaOH was added to the water phase and
the alkaline solution (pH >10) was extracted continuously with diethylether for
approximately 24 hrs. Evaporation of the slightly yellow ether phase gave the starting
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material (30 %). The water phase was then acidified with concentrated HCl (pH ~ 2).
Continuous extraction with diethylether for 3 – 4 hrs and evaporation of the ether phase
afforded the product. To further extract product the acidified water phase was extracted
over night with a new portion of diethylether and evaporation and combining of the two
fractions yielded the title compound (34.4 g, 46 %) as an orange semisolid. Analytical
data were in agreement with values described in the literature.74
1-(Benzyloxy)-pyrazole (3.3). Hydroxypyrazole (27.09 g, 0.32 mol) and triethylamine
(45.0 mL, 0.32 mol) were dissolved in distilled CH2Cl2 (350 mL). The solution was
cooled to 0 ºC where benzyl bromide (38.5 mL, 0.32 mol) was added and the reaction
continued at room temperature for 16 hrs. NaOH (1 M, 300 mL) was added and the
reaction mixture was extracted with CH2Cl2 (3 x 200 mL). The combined organic phase
was washed with NaOH (1M) and water, dried over MgSO4 and concentrated in vacuo.
This yielded the title compound as brown oil (43.7 g, 78 %). The analytical data were in
agreement with published values.75
1-(Benzyloxy)-4-iodopyrazole (3.4). 1-(benzyloxy)-pyrazole (43.5 g, 0.250 mol) was
dissolved in CHCl3 (500 mL) and K2CO3 (51.7 g, 0.374 mol) was added. ICl (60.8 g,
0.374 mol) dissolved in CHCl3 (250 mL) was added and the mixture stirred at rt for 12
hrs before quenching with Na2S2O3. The water phase and the CHCl3 layer were separated
and the water phase was extracted with CH2Cl2 (3 x 100 mL). The combined organic
phase was dried over MgSO4 and concentrated in vacuo. FC yielded the title compound as
slightly brown crystals (130.6 g, 96 %). The analytical data were in agreement with
published values.78
Ethyl 4-(5-(3-aminophenyl)-1-(benzyloxy)-1H-pyrazol-4-yl)piperidine-1-carboxylate
(3.12). A Schlenk-flask was charged with ethyl 4-(1-(benzyloxy)-5-iodo-1H-pyrazol-4yl)piperidine-1-carboxylate (3.8) (4.62 g, 10.1 mmol), 3-aminophenylboronic acid, 98 %
(2.74 g, 15.5 mmol), and Pd(PPh3)2Cl2 (0.75 g, 1.1 mmol). DMF (50 mL) and K2CO3 (6.8
mL, 3 M) were added and the reaction was stirred vigorously under N2 at 100 ºC for 18 h.
Et2O (300 mL) was added and the resulting solution was extracted with H2O (200 mL),
NaOH (2 x 200 mL) and H2O (200 mL). The combined organic phase was dried over Mg
SO4 and concentrated in vacuo. DCVC was applied and this yielded the title compound as
clear viscous oil (4.0 g, 94 %). 1H-NMR (300 MHz, CDCl3): δ 7.33-7.12 (5H, m), 7.07–
7.01 (2H, m), 6.70 (1H, dd, J = 8.2, 2.3 Hz)), 6.57 (1H, d, J = 7.6 Hz), 6.44 (1H, t, J = 1.8
Hz), 5.06 (2H,s), 4.13 (4H, q, J = 7.0 Hz), 3.71 (2H, s), 2.72 (2H, t, J = 12.3 Hz), 2.59
(1H, tt, J = 12.3, 3.5 Hz), 1.72 (2H, d, J = 12.3 Hz), 1.55 (2H, qd, J = 12.3, 4.1 Hz), 1.27
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(3H, t, J = 7.0 Hz).

13

C-NMR (90 MHz, CDCl3): δ 155.6, 146.4, 133.6, 133.2, 130.2,

130.0, 129.4, 129.2, 129.0, 128.4, 121.5, 119.8, 116.1, 115.3, 80.4, 61.4, 44.3, 33.4, 32.2,
14.9.
4-(1-Hydroxy-1H-pyrazol-4-yl)-1,2,3,6-tetrahydropyridinium chloride (3.32). Ethyl
4-(1-(benzyloxy)-1H-pyrazol-4-yl)-4-hydroxypiperidine-1-carboxylate (0.42 g, 1.2 mmol)
was placed in a 250 mL round bottom flask and dissolved in 25 mL concentrated HCl.
The solution was stirred vigorously while heated at 130 ºC for 1 hour. The solution was
evaporated in vacuo and the title compound was isolated in quantitative yield.
Recrystallization in MeOH/Et2O gave white crystals (0.16 g, 66 %): mp > 200 °C. 1HNMR (300 MHz, D2O): δ 7.65 (1H, d, J = 1.1 Hz), 7.42 (1H, d, J = 1,1 Hz), 5.97 (1H, m),
3.78 (2H, m), 3.43 (2H, t, J = 6.2 Hz), 2.64 (2H, m). 13C-NMR (90 MHz, D2O): δ 129.1,
127.0, 121.0, 119.9, 112.7, 42.0, 40.9, 23.2.
4-(5-(3-Ammoniophenyl)-1-hydroxy-1H-pyrazol-4-yl)piperidinium bromide (3.34).
Compound 3.12 (0.79 g, 1.9 mmol) was placed in a 250 mL round bottom flask and
dissolved in 100 mL concentrated HCl. The solution was stirred vigorously while heated
at 130 ºC for 1 hour. The solution was evaporated in vacuo to give slightly brown crystals
in quantitative yield. RPC was applied and HBr (aq) 47 % was added to the resultant
crystals. Evaporation in vacuo and recrystallisation with MeOH/Et2O resulted in clean
product as off-white crystals (0.19 g, 23 %): mp > 200 °C. 1H-NMR (300 MHz, CD3OD):
δ 7.81–7.70 (3H, m), 7.70–7.60 (2H, m), 3.43 (2H, d, J = 12.3 Hz), 3.25–3.00 (3H, m),
2.14–1.90 (4H, m).

13

C-NMR (90 MHz, CD3OD): δ 134.3, 132.5, 131.8, 131.4, 129.8,

129.4, 125.6, 125.3, 122.9, 45.1, 30.8, 30.7. Anal. (C14H18N4O·2HBr·1H2O) C, 38.38; H,
5.06; N, 12.79. Found C, 38.50; H, 4.97; N, 12.30.

41

4. Introduction of cysteine-reactive probes on 4-PHP derived ligands

4. Introduction of cysteine-reactive probes on 4-PHP derived ligands
This chapter describes the syntheses of labeling compounds for the GABAA receptor and
the reactivity and stability studies of these ligands.
4.1 Introduction
With the results of previous chapter in mind, it is evident that it would be rewarding to
study receptor-ligand interactions, to determine the orientation of the ligands in the
GABAA receptor binding site and to verify our receptor model.
Investigational tools often employed for studying receptor-ligand interactions are
photoaffinity labeling122 and SCAM.69 In this study, however, the chosen method joins
some of the aspects of these approaches by combining cysteine mutagenesis with sitedirected affinity labeling.

A.

B.

Figure 4.1. Schematic illustration originating from literature.123 A. The wild
type receptor (WT) are converted into mutant receptors 1 and 2 (Mut), by
mutating a specific amino acid into cysteine. The ligands containing
sulfhydryl-reactive moieties in chosen positions are presented as blue and
purple structures with reactive moieties in red. B. The two ligands bind to all
three receptor types (as illustrated by their shapes), but an irreversible
binding will only occur when the reactive moiety of the ligand is in direct
contact with the mutated residue on the receptor, as shown for the blue
ligand and mutant receptor 1 and for the purple ligand and mutant receptor
2.

The method involves the incorporation of a cysteine-reactive (sulfhydryl-reactive) moiety
into a predefined position on a known high-affinity GABAA receptor ligand. The wild
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type GABAA receptor is mutated in strategic places, which is expected to be within
proximity of the cysteine-reactive moiety, when the labeling ligand is bound in the
receptor binding site (Figure 4.1A).123,124 When the ligand binds in the receptor binding
site, an irreversible binding will occur, only when the reactive moiety of the ligand is in
direct contact with the mutated residue on the receptor (Figure 4.1B). Consequently,
conclusions on both the orientation of the ligand and on the reliability of the homology
model can be drawn.
The irreversible binding occurs when the nucleophilic sulfur of the cysteine residue reacts
with the electrophilic cysteine-reactive moieties on the receptor ligands. The thiol will be
ionized at physiological pH making the cysteine much more reactive than its protonated
counterpart.69 Examples of cysteine-reactive moieties and the reaction with cysteine are
given in Scheme 4.1
R

O

NH

H
N

HS

1

R
R

N
H

X

R1

O
Cysteine

R

O

Cysteine-reactive moiety

NH

H
N

S

N
H

R

O

Covalent bond f ormation
Other cysteine-reactive moieties

R = Backbone protein
R1 = Known receptor ligand
X = halogen

R1

X

R1

N

C

S

R1

N

Scheme 4.1. Illustration of the reaction between a receptor cysteine and a
receptor ligand carrying a cysteine-reactive moiety, resulting in covalent
bond formation. Four types of electrophilic cysteine reactive moieties are
shown.

Before conclusions can be drawn from these experiments, several preparations have to
take place. Once the receptor mutants are accessible they need to be compared to the wild
type receptor by affinity measurements of known receptor ligands, to make sure they
retain their overall functional properties. Similarly, the synthesized labeling ligands have
to be tested for affinity on the wild type receptor. The affinity of the ligands influences
the residential time within the binding site, and hence the time available for covalent bond
formation.123
On the GABAA receptor, the feasibility of the method has been shown in several
examples. Interactions between non-competitive channel blockers and residues in the
receptor channel have been analyzed,125 and residues involved in ligand binding at the
benzodiazepine binding site have also been identified.126 At the GABAA receptor
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orthosteric binding site, the mutation of α1Arg66 into cysteine (α1R66C) has shown
interesting results, when a ligand containing a 1,3,5-oxadiazole-2-thione moiety instead of
the isoxazolol ring in 4-PIOL was tested (compound 3.48, section 3.5).73 The reaction of
this compound with cysteine was not intentional but nevertheless, covalent binding was
observed. The formation of a disulfide bond between the ligand and α1R66C of the
GABAA receptor substantiates the close proximity of α1Arg66 to the binding site as
suggested by the pharmacophore model described earlier (Section 1.6, Figure 1.5).
Before the results of the previous chapter were obtained, a hypothesis was made on the
basis of the pharmacophore model and a GABAA receptor homology model developed by
Ernst et al.53

Val83
β-subunit

Leu128

α-subunit

*
OH
HN

O N

OH
HN

O N

Compounds shown in receptor model

OH
HN

O N

Compound chosen f or introduction
of cysteine-reactive moieties

Figure 4.2. Amino acids α1Val83 and α1Leu128 chosen for mutation studies
because of their apparent proximity to the ligands which binds in the
GABAA receptor binding site. The compounds in the receptor model are
also shown below the model. The position chosen for introduction of
sulfhydryl-reactive moieties are marked by an asterisk.

High-affinity 4-PIOL derivatives were placed in the binding pocket, and two amino acids
were chosen for mutagenesis. Furthermore, strategic positions on the 4-PIOL derivatives
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were chosen for the introduction of a sulfhydryl-reactive moiety. It was suggested that a
4-PIOL compound, containing a 3-substituted phenyl in the 4-position, would have the
substituent pointing in the direction of the amino acids α1Val83 and α1Leu28 (Figure 4.2).
After the results of the 4-PHP series in chapter 3, the choice of amino acids on the
receptor might have to be readjusted. The chosen labeling ligands, however, are still
expected to be appropriate for studying the receptor-ligand interactions in the orthosteric
GABAA receptor binding site.
4.2 Chemistry
It was decided to use 4-PHP as the scaffold of these labeling ligands, since the syntheses
of the 4-PHP ligands in chapter 3 were performed in parallel. Three sulfhydryl reactive
moieties were chosen for incorporation onto the 4-PHP ligands –namely a chloromethyl
moiety, an α-bromoacetamide moiety and an isothiocyanate moiety.
The chloromethyl labeling ligand (4.2, Scheme 4.2) was synthesized using the cross
coupling conditions as described for the same type of reactions in section 3.3.4.

Scheme 4.2. Suzuki cross coupling of 3.8 with 3-(hydroxymethyl)phenylboronic acid to obtain compound 4.1. Deprotection in concentrated
hydrochloric acid resulted in compound 4.2.

The hydroxymethyl group of compound 4.1 was converted into the chloromethyl
substituent by nucleophilic substitution and concomitantly the compound was deprotected
(compound 4.2).
For the introduction of the bromoacetamid moiety, compound 4.3 (Scheme 4.3) was
synthesized. The only difference between this compound and compound 3.12 described in
previous chapter (section 3.3.4) was the benzyl carbamate protection group instead of the
ethyl carbamate protection group. The new protection group was incorporated because it
could be removed under milder deprotection conditions. Compound 4.3 was synthesized
in the exact same way as described for the corresponding ethyl carbamate compound.
45

4. Introduction of cysteine-reactive probes on 4-PHP derived ligands

Experimental details are given in section 4.5. Compound 4.4 was formed by reaction of
4.3 and 2-chloroacetyl chloride. Careful treatment with hydrogen bromide in acetic acid
at room temperature, and subsequent evaporation at room temperature and low pressure
led to global deprotection and the substitution of chloride by bromide. This resulted in
compound 4.5 in quantitative yield (Scheme 4.3).

Scheme 4.3. Preparation of sulfhydryl-reactive compound 4.5 via 4.4.

The incorporation of an isothiocyanate moiety into compound 4.3 went smoothly, but the
following deprotection could not be performed since the compound was to labile. Mette
Navy Erichsen worked on this project and prepared compounds 4.3-4.5 during her Master
Project at FARMA.
4.3 Reactivity and stability
Before the sulfhydryl reactive ligands 4.2 and 4.5 could be tested on the mutated
receptors, they were tested for reactivity and stability on an artificial system using HPLC.
The stability was assessed by dissolving the compound in Ringer buffer and monitoring
the degradation over 48 hours. Reactivity was investigated by reacting compounds 4.2
and 4.5 with a protected cysteine compound - namely N-acetyl-L-cysteine methyl ester
(4.6, Figure 4.3)

Figure 4.3. N-acetyl-L-cysteine methyl ester (4.6) used for test reactions
with sufhydryl reactive ligands.

The sulfhydryl reactive ligand and 4.6 was mixed in Ringer buffer and their reaction was
followed by HPLC. The disappearance of two peaks and the formation of a new one were
observed. The half life of the ligands was measured by the disappearance of starting
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materials instead of on formation of product, since the stability of the new formed product
was unknown.
Table 4.1. Stability and reactivity data of compounds 4.2 and 4.5 displayed
by the half life T½.
Compound
4.2 (MeCl)
4.5 (Amide)

Stability, T½
19 h
31 h

Reactivity, T½
69 min
1-2 min

Compound 4.2 was investigated for affinity on the native GABAA receptor, and proved to
be a high-affinity antagonist (Ki = 27 nM), whereas compound 4.5 has yet not been tested.
Despite the lack of this information it is inferred from Table 4.1 that compounds 4.2 and
4.5 should both be utilizable probes for reactions with receptor inserted cysteines, since
they both react with cysteine several times faster than they are degraded in the buffer
solution. If compound 4.5 demonstrates affinity for the GABAA receptor in the same
range as 4.2, this ought to be the best choice because of the instant reaction with the
cysteine and the highest stability in buffer. At this time, the compounds have not been
tested on the mutants since these are not yet available.
Mette Navy Erichsen performed the stability and reactivity experiments of this section in
collaboration with Jesper Østergaard (FARMA, Department of Pharmaceutics and
Analytical Chemistry).
4.4 Summary and conclusion
Two cysteine-reactive ligands were synthesized, and their stability and reactivity towards
cysteine was measured by HPLC. Both ligands are expected to be suitable as probes for
the SCAM studies, but this has yet to be elucidated.
The cysteine-reactive ligands have not yet been tested on the mutated receptors since
these have not been fully characterized. Yet, with the new insight given by the novel 4PHP ligands, the assumptions regarding the position of the ligand in the binding pocket
might need to be revised. Future work on the preliminary receptor model might determine
which amino acids should be mutated into cysteines instead.
4.5 Experimental
General Procedures. All reagents and solvents were purchased from Aldrich or Fluka and
used without further purification. All air- and moisture sensitive reactions were performed
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under a nitrogen atmosphere using syringe-septum cap techniques and flame-dried
glassware. Thin layer chromatography was carried out on Merck silica gel 60 F254 plates
and detection took place using UV (254 and 366 nm). Dry column vacuum
chromatography (DCVC)127 was performed using Merck silica gel (0.015–0.040 mm).
Unless otherwise stated, DCVC was performed using the solvents EtOAC and heptane
with concentrations of EtOAc varying from 0–100 % with 5 % increments. Melting
points were recorded on a Büchner instrument or on a SRS optimelt apparatus and were
uncorrected. NMR spectra were recorded on a 300/75 MHz Varian spectrometer at room
temperature. The spectra were recorded in different solvents. In some cases an internal
standard was added and in other cases the solvent signals were used as standard.
Elemental analyses were performed at Analytical Research Department, H. Lundbeck A/S
Denmark or by Mr. J. Theiner, Department of Physical Chemistry, University of Vienna,
Austria.
Ethyl

4-(1-(benzyloxy)-5-(3-(hydroxymethyl)phenyl)-1H-pyrazol-4-yl)piperidine-1-

carboxylate (4.1). A flask was charged with 3.8 (0.55 g, 1.2 mmol), 3hydroxymethylboronic acid (0.37 g, 2.4 mmol), and PdCl2(PPh3)2 (85 mg, 0.12 mmol).
DMF (10 mL) and K2CO3 (0.81 mL, 3 M) were added and the reaction was stirred
vigorously under N2 at 100 ºC for 18 h. Et2O (30 mL) was added and the resulting
solution was extracted with H2O (20 mL), NaOH (2 x 20 mL) and H2O (20 mL). The
combined organic phase was dried over MgSO4 and concentrated in vacuo. DCVC was
applied and this yielded the title compound as slightly brown viscous oil (0.41 g, 79 %).
1

H-NMR (300 MHz, CDCl3): δ 7.40–7.28 (2H, m), 7.25–7.02 (6H, m), 6.96–6.90 (2H,

m), 5.01 (2H, s), 4.68 (2H, s), 4.08 (4H, q, J = 7.0 Hz), 3.89 (1H, br.s), 2.64 (2H, t, J =
12.3 Hz), 2.54 (1H, tt, J = 12.3, 3.5 Hz), 1.67 (2H, d, J = 12.3 Hz), 1.50 (2H, qd, J = 12.3,
3.5 Hz), 1.22 (3H, t, J = 7.0 Hz).

13

C-NMR (90 MHz, CDCl3): δ 155.4, 141.7, 133.0,

133.0, 130.0, 129.7, 128.8, 128.3, 128.1, 128.0, 127.9, 127.6, 126.7, 121.3, 80.2, 64.2,
61.2, 44.0, 33.1, 31.9, 14.6.
4-(5-(3-(Chloromethyl)phenyl)-1-hydroxy-1H-pyrazol-4-yl)piperidinium

chloride

(4.2).
Compound 4.1 (0.12 g, 0.27 mmol) was placed in a 50 mL round bottom flask and
dissolved in 10 mL concentrated HCl. The solution was stirred vigorously while heated at
130 ºC for 1 hour. The solution was evaporated in vacuo to give a white solid in
quantitative yield. RPC resulted in white crystals (65 mg, 70 %): mp > 200 °C. 1H-NMR
(300 MHz, CD3OD): δ 7.70 (1H, s), 7.63 (1H, s), 7.60–7.50 (3H, m), 4.76 (2H, s), 3.42
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(2H, d, J = 11.1 Hz), 3.15–2.92 (3H, m), 2.11–1.85 (4H, m).

13

C-NMR (90 MHz,

CD3OD): δ 140.3, 136.3, 131.1, 130.9, 130.6, 130.5, 128.9, 128.0, 122.6, 46.4, 45.1, 31.0,
30.6. Anal. (C15H18ClN3O·1½HCl) C, 52.00; H, 5.67; N, 12.13. Found: C, 52.27; H, 5.39;
N, 12.18.
Benzyl

4-(5-(3-aminophenyl)-1-(benzyloxy)-1H-pyrazol-4-yl)piperidine-1-

carboxylate (4.3).
Three syntheses led up to the preparation of this compound.
Benzyl 4-(1-(benzyloxy)-1H-pyrazol-4-yl)-4-hydroxypiperidine-1-carboxylate (4.3a).128
Under a nitrogen atmosphere 1-(benzyloxy)-4-iodopyrazole (3.4) (9.0 g; 29.99 mmol)
was dissolved in dry THF (60 mL). The solution was cooled to 0 °C and iPrMgCl (18.0
mL, 36.0 mmol) was added slowly. The reaction mixture was stirred at 0 °C and
monitored by GC-MS. After 1 hour there was no starting material left. In a separate flask
1-benzyloxycarbonyl-4-piperidone (10.5 g; 45.0 mmol) was dissolved in dry THF (20
mL) under a nitrogen atmosphere. The solution was added to the Grignard solution and
the reaction mixture was allowed to reach room temperature. The reaction was stirred
under a nitrogen atmosphere over the night. The reaction was quenched by adding
saturated NH4Cl and H2O (1:1, 100 mL). The reaction mixture was poured into a
separating funnel and the phases were separated. The aqueous phase was extracted with
Et2O (3 x 100 mL). The combined organic phases were dried over MgSO4, filtered and
evaporated to give yellow/orange oil. Purification by Combiflash using EtOAc/heptane
(gradient 0-100% EtOAc) gave the title compound as yellow oil (8.7 g, 71%). 1H-NMR
(300 MHz, CDCl3) δ: 7.44-7.07 (11H, m), 6.86 (1H, s), 5.22 (2H, s), 5.10 (2H, s), 3.76
(2H, br.s), 3.32 (2H, t, J = 7.2 Hz), 2.01-1.56 (4H, m).
Benzyl 4-(1-(benzyloxy)-1H-pyrazol-4-yl)piperidine-1-carboxylate (4.3b).128 Under a
nitrogen atmosphere 4.3a (8.6g; 21.1 mmol) was dissolved in dry CH2Cl2 (60 mL) and
Et3SiH (6.8 mL; 42.3 mmol) was added. Finally TFA (48.6 mL; 0.63 mol) was added to
the solution and the reaction was heated for 3 hours at 50 °C under a nitrogen atmosphere.
The reaction was monitored by TLC. The reaction mixture was allowed to cool to room
temperature. The CH2Cl2 phase was washed with Na2CO3 (10 %, 3 x 100 mL) and H2O
(100 mL) to remove excess TFA. The aqueous phase was extracted with Et2O (2 x 50
mL). The combined organic phase was dried over MgSO4, filtered and evaporated to yield
the crude product as yellow oil. Purification by Combiflash using EtOAc/heptane
(gradient 0-100% EtOAc) gave the title compound as colourless oil (3.7 g, 45 %). 1HNMR (300 MHz, CDCl3) δ: 7.41-7.15 (10H, m), 7.08 (1H, s), 6.73 (1H, s), 5.22 (2H, s),

49

4. Introduction of cysteine-reactive probes on 4-PHP derived ligands

5.11 (2H, s), 4.15 (2H, br.s), 2.84 (2H, t, J = 11.6 Hz), 2.53 (1H, tt, J = 11.6, 3.9 Hz), 1.78
(2H, d, J = 12.1 Hz), 1.39 (2H, q, J = 11.6 Hz).

13

C-NMR (90 MHz, CDCl3) δ: 155.2,

136.8, 133.8, 130.8, 129.7, 129.2, 128.6, 128.5, 128.0, 127.9, 123.3, 120.0, 80.5, 67.2,
44.1, 33.1, 32.3.
Benzyl

4-(1-(benzyloxy)-5-iodo-1H-pyrazol-4-yl)piperidine-1-carboxylate

(4.3c).128

Under nitrogen atmosphere DIPA (1.5 mL; 10.9 mmol) was dissolved in dry THF (10
mL), and the solution was cooled to -78 °C. n-BuLi (6.8 mL, 10.9 mmol) was added
slowly and after 10 minutes (4.3b) (3.6 g; 9.1 mmol) in dry THF (15 mL) was added
slowly. After another 10 minutes I2 (7.0 g; 27.4 mmol) in dry THF (20 mL) was added
and the reaction mixture was allowed to reach room temperature over night. The reaction
was quenched with Na2SO3 (100 mL) and extracted with EtOAc (3 x 100 mL). The
combined organic phase was dried over MgSO4, filtered and evaporated. Purification by
Combiflash using EtOAc/heptane (gradient 0-100% EtOAc) gave the title compound as
yellow oil, which solidified on standing (1.2 g, 26 %). 1H-NMR (300 MHz, CDCl3) δ:
7.48-7.27 (10H, m), 7.19 (1H, s), 5.27 (2H, s), 5.16 (2H, s), 4.29 (2H, br.s), 2.87 (2H,
br.s), 2.48 (1H, tt, J = 11.9, 3.6 Hz), 1.82 (2H, d, J = 12.1 Hz), 1.57 (2H, br.q, J = 11.6
Hz).

13

C-NMR (90 MHz, CDCl3) δ: 155.3, 136.9, 133.1, 131.9, 130.2, 129.6, 128.7,

128.6, 128.1, 128.0, 127.7, 81.1, 75.6, 67.2, 44.4, 34.2, 32.1.
Benzyl
(4.3)

4-(5-(3-aminophenyl)-1-(benzyloxy)-1H-pyrazol-4-yl)piperidine-1-carboxylate

128

A flask was charged with 4.3c (1.2 g; 2.3 mmol), 3-aminophenylboronic acid
hydrochloride (0.82 g; 4.7 mmol), and Pd(PPh3)2Cl2 (83 mg; 0.12 mmol). DMF (15 mL)
and K2CO3 (1.0 g; 7.0 mmol) in H2O (7 mL) were added and the reaction mixture was
stirred vigorously under nitrogen atmosphere at 70°C for 20h. The reaction mixture was
allowed to cool to room temperature. Et2O (50 mL) was added and the resulting solution
was washed with H2O (50 mL), NaOH (1 M; 2 x 50 mL) and H2O (50 mL). The
combined organic phase was dried over MgSO4, filtered and evaporated. Purification by
Combiflash using EtOAc/heptanes (gradient 0-100% EtOAc) gave the title compound as
white crystalline solid (0.83 g, 73 %). 1H-NMR (300 MHz, CDCl3) δ: 7.51-7.07 (10H, m),
7.07-6.95 (2H, m), 6.66 (1H, d, J = 7.7 Hz), 6.55 (1H, dd, J = 7.7, 1.1 Hz), 6.43 (1H,
br.s), 5.11 (2H, s), 5.03 (2H, s), 4.18 (2H, br.s), 2.72 (2H, t, J = 11.6 Hz), 2.58 (1H, tt, J =
11.9, 3.3 Hz), 1.71 (2H, br.s), 1.53 (2H, q, J = 11.0 Hz). 13C-NMR (90 MHz, CDCl3) δ:
155.1 , 146.3, 136.7, 133.3, 133.1, 130.0, 129.8, 129.2, 128.9, 128.8, 128.4, 128.2, 127.9,
127.7, 121.2, 119.4, 115.8, 115.1, 80.3, 67.0, 44.4, 33.3, 32.1.
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Benzyl

4-(1-(benzyloxy)-5-(3-(2-chloroacetamido)phenyl)-1H-pyrazol-4-

yl)piperidine-1-carboxylate (4.4).128 Under a nitrogen atmosphere chloroacetyl chloride
(0.06 mL; 0.65 mmol) was added drop wise to a mixture of 4.3 (0.26 g; 0.54 mmol) and
K2CO3 (90 mg; 0.65 mmol) in dry CH2Cl2 (1 mL). The reaction mixture was refluxed for
3 h and monitored by TLC. The mixture was allowed to cool to room temperature and
was slowly poured into cold (0°C) H2O (2 mL). The aqueous phase was extracted with
CH2Cl2 (2 x 3 mL). The combined organic phase was dried over MgSO4, filtered and
evaporated. DCVC was applied and resulted in the title compound as yellow oil (0.16 g,
52 %). 1H-NMR (300 MHz, CDCl3) δ: 8.17 (1H, s), 7.54 (1H, dd, J = 8.0, 1.9 Hz), 7.377.10 (11H, m), 6.95 (2H, t, J = 6.4 Hz), 5.11 (2H, s), 5.08 (2H, s), 4.20 (2H, br.s), 4.20
(2H, s), 2.75 (2H, br.s), 2.56 (1H, tt, J = 11.9, 3.6 Hz), 1.80-1.38 (4H, m). 13C-NMR (90
MHz, CDCl3) δ: 163.8, 155.2, 136.8, 136.7, 133.3, 132.5, 130.4, 130.0, 129.14, 129.09,
129.0, 128.5, 128.4, 128.0, 127.9, 126.2, 121.7, 120.8, 119.9, 80.4, 67.2, 44.5, 43.0, 33.3,
32.2.
5-(3-bromoacetamidophenyl)-4-(4-piperidyl)-1-hydroxypyrazole

hydrobromide

(4.5).128
Compound 4.4 (85 mg; 0.15 mmol) was dissolved in HBr in acetic acid (33 %) (2.5 mL).
The yellow clear solution was allowed to stir at room temperature and the reaction was
monitored by TLC. After 3 hours additional HBr in acetic acid (33 %) (2.5 mL) was
added. After 7 hours the reaction mixture was evaporated on a kugelrohr distiller at room
temperature at 0.75 mmHg. The residue was dissolved once again in HBr in acetic acid
(33 %) (2.5 mL) and the mixture was allowed to stir at room temperature. After 7 hours
the reaction mixture was again evaporated on a kugelrohr distiller. The crude product was
a light orange crystalline solid (112 mg). 1H-NMR (300 MHz, CD3OD) δ: 7.97 (1H, s),
7.81-7.35 (4H, m), 4.07 (2H, s), 3.44 (2H, br.s), 3.13 (3H, br.s), 2.20-1.86 (4H, m).
Stability and reactivity experiments
The HPLC system consisted of a Merck-Hitachi L-6200 Intelligent pump, Merck-Hitachi
L-4000 UV Detector and a Merck-Hitachi D-6000 Interface equipped with a Rheodyne
7125 injection valve with a 20 μL loop. Reversed phase chromatography was performed
using a Phenomenex Gemini C18 column (150 x 4.60 mm, 5μm particles). The mobile
phase consisted of methanol and 0.1% phosphoric acid in suitable proportions (20:80 to
25:75 (v/v)). The flow rate was set to 1.0 ml/min and the column effluent was monitored
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at 210 nm. Merck-Hitachi Model D-7000 (Chromatography Data Station Software, HPLC
System Manager, version 4.0) was used for data collection.
Stability experiments
The stability of the compounds was studied in Ringer buffer at 25°C. Degradation was
followed by HPLC. The experiments were initiated by addition of a stock solution in
water to Ringer buffer solutions. The initial concentrations of the compounds were 10-4
M. The solutions were kept at constant temperature (25±0.3°C) in a water bath, and at
appropriate time intervals samples were withdrawn and an injected in the HPLC
immediately. Pseudo-first-order rate constants were determined by linear plots of the
logarithm of residual compound versus time. Rate constants were obtained from triplicate
measurements. The relative standard deviation was below 5 % in all cases.
Reactivity experiments
The reactivity of the compounds toward the cystein derivative was studied in Ringer
buffer at 25°C. The reactivity was followed by HPLC. The experiments were initiated by
addition of a stock solution in water to Ringer buffer solutions containing the cystein
derivative (N-acetyl-L-cysteine methyl ester) at a concentration of 10-2 M. The initial
concentrations of the compounds were 10-4 M. The solutions were kept at constant
temperature (25±0.3°C) in a water bath, and at appropriate time intervals samples were
withdrawn and injected in the HPLC immediately. Pseudo-first-order rate constants were
determined by linear plots of the logarithm of residual compound versus time when
possible. Rate constants were obtained from triplicate measurements. The relative
standard deviation was below 9 % in all cases.
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5. New muscimol analogues; the 4-AHP series
In this chapter, the chemistry and pharmacology of compounds incorporating the 1hydroxypyrazole moiety as an isostere of the isoxazolol ring of muscimol are described.
The chemical and pharmacological results will be continuously discussed.
5.1 Introduction to the muscimol series
Muscimol is a natural compound isolated from the mushroom Amanita Muscaria and it
functions as a full agonist at GABAA receptors. Its structure resembles GABA and can be
considered a conformationally restricted analogue of GABA (Figure 5.1).129
OH

OH
N

O
H2N

H2N
GABA

O
Muscimol

Figure 5.1. The resemblance of the GABAA receptor endogenous ligand,
GABA, and the conformationally restricted agonist muscimol.

It has been shown that incorporation of substituents on the two unsubstituted carbons on
muscimol dramatically decreases GABAA receptor affinity, and this information has
assisted in defining some of the receptor essential volumes of the GABAA receptor
pharmacophore model (Figure 5.2, purple arrows).62 The same model was shown in
section 1.6 (Figure 1.5), but in this illustration THIP has also been incorporated.
The blue triangle marked by a white arrow in Figure 5.2 has been defined by compound
5.1a (Figure 5.3) where a methyl group placed on the 4-position of the piperidyl ring of 4PIOL decreases GABAA receptor affinity.62 The 4-position of the piperidylring of 4-PIOL
and the oxygen on muscimol seem to be located in the same position, according to the
pharmacophore model (Figure 5.2). This could mean that there is no room for substituents
in this position of muscimol and hence the 3-position of 4-AHP. Furthermore, compounds
5.1b and 5.1c have been tested on the GABAA receptor, where 5.1b proved to be inactive
in contrast to its un-substituted analogue, and 5.1c along with its unsubstituted
counterpart were both inactive.130
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A

B

OH

OH
H2N
O

N

Muscimol

O

HN

4-PIOL

N

OH
HN
O

N

THIP

Figure 5.2. Pharmacophore model from section 1.6 is illustrated once more
with the incorporation of THIP. Purple arrows indicate the receptor essential
volumes defined by the use of muscimol (blue tetrahedrons). The white
arrow points out the receptor essential volume near the oxygen of muscimol
(blue tetrahedron). This area has been defined on the basis of compound
5.1a. In region A the introduction of large substituents are allowed. Region
B is an unexplored area.

Figure 5.3. Structure of compound 5.1a which has defined one of the
receptor essential volumes on the GABAA receptor pharmacophore model.
Structures 5.1b and 5.1c have no affinity for the GABAA receptor.

In order to investigate the GABAA receptor binding pocket in this area, and to challenge
the pharmacophore model, this chapter focuses on, the effect of substituents in the 3- and
5-positions of 4-AHP. Again this skeleton makes it possible to introduce substituents in
two positions, addressing two different areas of the binding pocket. Prior to this study 4AHP was synthesized at FARMA and was shown to be an agonist.
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In another study imidazole-4-acetic acid (IAA) was employed as a tool for identifying the
structural determinants for selectivity between GABAA and GABAC receptors. In the area
of interest for that study, the major difference between the orthosteric binding sites of the
two types of receptors, was suggested to reside in the Thr129 of the GABAA α1 subunit
and the corresponding Ser168 residue of the GABAC ρ1 subunit.131 There is an extra
methyl group in the threonine residue making the binding site of the GABAA receptor less
spacious (Figure 5.4).

HO
O

N
HN
CH 3

5-methylimidizole4-acetic acid
HO
O
H 2N
GABA

Figure 5.4. Illustration of a) the GABAA receptor binding site and b) the
GABAC receptor binding site. The Thr129 in the GABAA receptor binding
pocket takes up more space than the corresponding Ser168 in the GABAC
binding pocket. Shown in the binding sites are 5-methylimidazole-4-acetic
acid (green) along with GABA (orange). The models originate from Madsen
et al.131

In this study it was demonstrated that IAA compounds containing a methyl, phenyl, ptolyl, or a p-F-Ph substituent showed activity at GABAC receptors but not on GABAA
receptors. On the basis of this study, it was decided to test the 4-AHP compounds both on
GABAC and GABAA receptors, to investigate if the 3-substituted 4-AHP compounds
would show similar pharmacology.
5.2 Chemistry
In this section the methods applied for the syntheses of the 4-AHP ligands will be
described, and the outcome of the reactions will be presented. Substituents will be
introduced both in the 3- and the 5-position of 4-AHP using cross coupling reactions and
Grignard reactions.
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5.2.1 Synthesis of protected 4-AHP
When synthesizing the muscimol analogues, the iodobenzyloxypyrazole (3.4, section
3.3.1) was once again applied as the 1-hydroxypyrazole moiety precursor. The
introduction of an amino methyl moiety on this compound seamed straight forward, since
the incorporation of a cyano group provided for both a carbon and a nitrogen atom.
A cyano group had previously been introduced on compound 3.4 to afford 1-(benzyloxy)1H-pyrazole-4-carbonitrile (5.1, Scheme 5.1).78 In this reaction tosyl cyanide was used as
an electrophilic cyanation reagent and this reagent is highly efficient, but at the same time
very expensive.

Scheme 5.1. Synthesis of 5.1 from compound 3.4 by use of TsCN. This
reaction has been carried out previously.78

Since the aim was to perform relatively large scale experiments, other methods were
explored. Initially, it was decided to investigate the palladium catalyzed cyanation of
compound 3.4 using Zn(CN)2, which has been described in literature to be an excellent
cross coupling partner.132-134 In the referenced articles most syntheses employ polar
solvents like DMF, DMA, NMP and acetonitrile. Additionally, the application of wet
DMF has been described as favorable.133 The catalysts Pd(PPh3)4 and Pd2(dba)3/dppf have
been employed and the temperature has been varied from 80 to 150 ºC.
The initial attempt to synthesize the desired compound 5.1 was carried out using DMF
and tetrakis triphenylphosphine palladium (Pd(PPh3)4) and heating at 80 ºC (Entry 1,
Table 5.1). These conditions did not produce the desired nitrile and only starting material
was isolated. The same was observed when the catalyst PdCl2(PPh3)2 in DMF was used
and when water was added to the DMF using both catalysts (Entry 2,3 and 4, Table 5.1).
Neither the use of catalyst PdCl2(dppf)2 (Entry 5) nor the elevation of the temperature to
160 ºC (Entry 6) resulted in cross coupling product. The use of catalyst Pd2(dba)3/dppf (2
mol %/4 mol %) resulted in 80 % product when the reaction was performed in small scale
(Entry 7), but a larger scale reaction (Entry 8) only provided 30 % of the product. A small
scale micro wave experiment (Entry 9) under same conditions as Entry 7 only yielded a
trace of product. Ultimately, the experiments were not reproducible, which gives insight
into the complicated nature of cyanide cross couplings.135
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Table 5.1. Cross coupling reaction of compound 3.4 with Zn(CN)2 and
varying reaction conditions.

Temperature (ºC) Yield (%)
Entry
Solvent
Catalyst
1
DMF
Pd(PPh3)4
80
0
2
DMF/H2O
Pd(PPh3)4
80
0
3
DMF
PdCl2(PPh3)2
80
0
4
DMF/H2O
PdCl2(PPh3)2
80
0
5
DMF
PdCl2(dppf)2
100
0
6
DMF
Pd(PPh3)4
160
0
7
DMF
Pd2(dba)3/dppf (1:2)
100
80
8 b)
DMF
Pd2(dba)3/dppf (1:2)
100
30
9
DMF
Pd2(dba)3/dppf (1:2)
120/130 c)
Trace
a)
3.4 (0.2 mmol), Zn(CN)2 (0.6 equiv), catalyst (5 mol %), DMF (2 mL),
H2O (0.1 mL), 18 h. b) Larger scale experiment; 3.4 (3.3 mmol). c) 1 hour at
120 ºC and and then again 1h at 130 ºC since nothing had happened. MW,
micro
wave;
dppf,
1,1’-bis(diphenylphosphino)ferrocene;
dba,
dibenzylidene acetone

The difficulties observed in this cross coupling could probably be overcome but given the
time perspective, another cyanation method was applied.
Besides tosyl cyanide there are only a few other reagents acting as a cyano cation (CN+)
(e. g. cyanogen chloride, 1-cyanobenzotriazole, and phenyl cyanate). Cyanogen chloride
is highly volatile and toxic whereas 1-cyanobenzotriazole (Figure 5.5) is a stable
crystalline compound which can be prepared without the use of cyanogen chloride or
cyanogen bromide.136,137 Phenyl cyanate (Figure 5.5) is synthesized from phenol and
cyanogen bromide and should be stored at low temperatures to avoid inactivation.138
Despite obvious disadvantages, the latter method was chosen, since the synthesis was
simple and time saving, and the stability was not an issue since the reagent should be used
immediately after synthesis.

Figure 5.5. Examples of electrophilic reagents acting as cyano cation source
(CN+).

57

5. New muscimol analogues; the 4-AHP series

Phenyl cyanate was prepared according to literature138 in 95 % yield, and the cyanation
reaction was performed by converting 3.4 into the Grignard reagent and subsequently
adding of phenyl cyanate (Scheme 5.2).

N
N

I

OBn

1. iPrMgCl
NC

2.

3.4

N
N

O

CN

OBn

5.1

78 %

Scheme 5.2. Synthesis of compound 5.1 through formation of a Grignard
reagent and subsequent reaction with phenyl cyanate.

The reduction of nitriles has been described using sodium borohydride and nickel
chloride, where the formed amine was simultaneously protected by in situ reaction with a
trapping agent. This method prevented side reactions of the formed amine and it
simplified the work-up process.139,140 Sodium borohydride alone is typically not capable
of reducing nitriles, but the formation of a nickel borohydride complex improves the
reactivity of the hydride donor.
The trapping agents used in the referenced articles where acetic anhydride and di-tertbutyl dicarbonate and yields of the resultant amides/carbamates were between 25 and 99
%. In the synthesis of compound 5.2, the application of benzylchloroformate as a trapping
agent was attempted, since it was desired to produce the corresponding carbamate (see the
following section, 5.2.3) (Scheme 5.3).

Scheme 5.3. Reduction of 5.1 with nickel borohydride and in situ trapping
of benzylchloroformate to produce 5.2.

The carbamate 5.2 was isolated in 45 % yield, which is not spectacular, but it shows that
the use of a chloroformate group can also be applied. It is difficult to determine whether
the yield has to do with the trapping agent or with the nature of the nitrile. The only
compounds seen in the raw product was 5.2, a few impurities and benzyl alcohol, which
originates from the excess of benzylchlorformate added to the reaction. Since there is no
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nitrile left, the reduction must have run to completion, and the product not accounted for
must have been degraded during work-up.
5.2.2 Incorporation of substituents in the 5-position
In order to compare the 4-AHP to muscimol, it was decided to introduce a few small
substituents into the 5-position of 4-AHP.
When substituents were incorporated in the 5-position of the protected 4-PHP (section
3.3) the directed ortho metalation was favorably applied. Compound 5.2 however,
contains a secondary amine which is sufficiently acidic to react with LDA. Hence, a dianion would have to be created in order to introduce an electrophile into the 5-position of
5.2. Instead compound 5.1 was lithiated and reacted with two different electrophiles methyliodide and hexachloroethane – bringing about compounds 5.3 and 5.4, respectively
(Table 5.2). Lithium 2,2,6,6-tetramethylpiperidine (LTMP) was used for the lithiation
since LDA would most likely add to the cyano group.
Table 5.2. Synthesis of compound 5.3 and 5.4 through reaction of 5.1 with
LTMP and either methyliodide or hexachloroethane to produce 5.3 and 5.4,
respectively. Subsequent reduction and concurrent protection produced
compounds 5.5 and 5.6.

R
Me
Cl

Nitriles
Compound
Yield
47 %
5.3
47 %
5.4

Carbamates
Compound
Yield
43 %
5.5
16 %
5.6

Compounds 5.3 and 5.4 were reduced and protected as described in previous section to
yield compound 5.5 and 5.6, respectively. The yield of 5.6 was very low and the reason
might be that the nickel used for the reducing agent also reduced the chloro compound by
oxidative addition and hydride incorporation.141
Compounds 5.3 and 5.5 could not be separated from their non-methylated analogues, so
the yields are calculated based on the ratios of the two compounds as determined by 1HNMR after chromatography.
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5.2.3 Incorporation of substituents in 3-position
The introduction of iodine in the 3-position of the protected 4-AHP was performed using
the same conditions, which selectively incorporated iodide in 3-position of the protected
4-PHP (section 3.3.3). The iodination conditions involved the usage of acetic acid and
water,64 and the acidic conditions made it necessary to consider the type of protection
group used for the amine. In the article describing the reduction/in situ trapping
procedure, the favorable protection group was Boc,139,140 which is probably labile under
the iodination conditions. Hence, the benzylcarbamate was chosen since it was stabile
under the iodination conditions (Scheme 5.4). Initially, the iodination was also attempted
directly on the nitrile 5.1, but this was not successful.

Scheme 5.4. Introduction of iodine on compounds 5.1 and 5.2. The reaction
on 5.2 was successful but the reaction on 5.1 was not.

The difference in reactivity of the two compounds is due to the electron withdrawing
properties of the cyano group and the electron donating properties of the aminomethyl.
The electron withdrawing effects of the cyano group impairs the nucleophilicity of the C3 carbon towards ICl.
With compound 5.8 in hand, the introduction of substituents in the 3-position could
commence. A single Grignard experiment was attempted, to see how the compound
behaved, when having an acidic proton on the carbamate nitrogen. Converting 5.8 into the
Grignard compound and quenching with DMF was not successful (not shown), and as
anticipated the introduction of substituents would have to take place using cross coupling
reactions.
The employment of sp2- and sp3-hybridized alkyltrifluoroborates as Suzuki cross coupling
reagents is an excellent method for introducing small alkyl groups onto aryls.142,143
Therefore, the incorporation of methyl on compound 5.8 was attempted using potassium
methyltrifluoroborate and varying conditions as described in literature (Table 5.3).
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Table 5.3. Introduction of methyl on compound 5.8 using potassium
methyltrifluoroborate and varying conditions.

Entry

Catalyst

Base

Solvent

Ratio
Yield
5.9/5.2/5.8a)
(%)b)
1
PdCl2(dppf)
Cs2CO3
Toluene/H2O
2/5/9
13
2
PdCl2(dppf)
Cs2CO3
THF/H2O
2/3/4
22
3
PdCl2(PPh3)2 K2CO3 (aq)
Toluene/EtOH
1/1/2
25
a)
The ratio between 5.9 (product)/5.2 (reduced starting material)/5.8 (starting material)
as determined by 1H-NMR. b) Yield is calculated from the ratios of the compounds.

Three attempts to incorporate the methyl were carried out. The catalyst, base and solvents
used in entry 1 and 2 (Table 5.3) were chosen in light of the conditions used in the
literature. The conditions in Entry 3 were the same as employed for the introduction of
aryls into the 3-position of the protected 4-PHP (section 3.3.4). None of these attempts
resulted in the isolation of the desired product, since three compounds were always
observed. The isolation would have been simplified, had only starting material and
product been observed, but the difficulties arose because some of the starting material
was reduced to compound 5.2, which could not be separated from the product. The ratios
of the three compounds were used to estimate the approximate yields of the reactions.
From these calculations Entry 3 seems more favorable since less starting material is
reduced.
The attachment of a vinyl entity was also attempted since potassium vinyltriflouroborate
was available to us. The same conditions as applied in table 5.3 (Entry 3) was attempted
and this resulted in the formation of 5.10 in 48 % yield (Scheme 5.5)

Scheme

5.5.

Suzuki

cross

coupling

of

5.8

with

potassium

vinyltrifluoroborate to yield compound 5.10. Reduction with Wilkinson’s
catalyst resulted in compound 5.11.
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In this synthesis no reduced starting material was observed and compound 5.10 could
easily be isolated. The vinyl group was reduced to an ethyl group (5.11, Scheme 5.5),
since the vinyl would not be able to withstand the conditions of the deprotection process.
The reduction was carried out selectively at the double bond by using the Wilkinson’s
catalyst RhCl(PPh3)3.144
The same cross coupling conditions were applied when the respective arylboronic acids
were reacted with compound 5.8 (Table 5.4).
Table 5.4. Introduction of aryls into compound 5.8 resulting in compounds
5.12-5.14
O
NH

N
N

BnO
5.8

OBn

R-B(OH)2
PdCl2(PPh3)2

I

Compound
5.12
5.13
5.14

O
NH
BnO

PhMe/EtOH (10:1)
K2CO3(aq)

R
Ph
3-BiPh
4-BiPh

N
N

OBn

5.12-5.14 R

Yield (%)
84
82
81

The three aryl substituents were incorporated without difficulties and in good yields, and
it is worth noticing that the applied conditions were the same as for the introduction of
aryls on the protected 4-PHP skeleton (section. 3.3.4).
5.2.3 Deprotection
All the substituted, protected 4-AHP compounds described in the previous sections were
deprotected in aqueous HBr (47 %) at room temperature for five hours, and evaporation
in vacuo at 50 ºC. The resultant compounds are shown in Figure 5.6.

Figure 5.6. Yields of deprotected, recrystalized compounds 5.15–5.22.
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All the deprotections resulted in quantitative yields of the compounds, which were pure
when examined by 1H-NMR. The only exception was compound 5.16 which was
obtained as a mixture of the methylated compound and the non-methylated analogue.
Consecutive recrystallizations were applied in order to separate the two and 5.16 were
isolated in 36 % yield. The yields of the rest of the compounds in Figure 5.6 could
probably have been improved by another round of recrystallization.
5.3 Pharmacology
In this section the pharmacological testing of the compounds synthesized in section 5.2,
will be presented and discussed. One other compound than the above described has been
included in the discussion, namely the 1-hydroxypyrazole analogue of THIP (5.23) which
has been synthesized by Charlotte Grube Jørgensen (Figure 5.7).

OH
N
N

HN
5.23

Figure 5.7. The 1-hydroxypyrazole analogue of THIP (5.23) is included in
the pharmacological discussion
.

Compounds 5.15-5.23 were characterized in receptor-binding studies using rat brain
membrane preparations, where the binding affinities of the compounds at native GABAA
receptors

were

measured

by

displacement

of

[3H]muscimol.

The

functional

characterization of compounds 5.15-5.22 was performed using the FLIPR Membrane
Potential Red assay on α1β2γ2- and ρ1-GABA receptor subtypes. The pharmacological
data are presented in Table 5.5. For comparison, GABA, Muscimol and THIP are also
incorporated in this table.
The unsubstituted compound (5.15, 4-AHP) has the highest affinity of all the ligands
containing a hydroxypyrazole moiety (Table 5.5 and Figure 5.8). When a methyl is
situated in the 5-position of 4-AHP (compound 5.16), the affinity drops by a factor 25. A
methyl on the corresponding position of muscimol has also been shown to cause a 4000fold decrease in affinity, rendering the compound relatively inactive.6 A chloro
substituent in the 5-position of 4-AHP (compound 5.17) only reduces the affinity slightly
when compared to 4-AHP.
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Table 5.5. Pharmacological data for compounds 5.15-5.23. GABAA receptor
binding affinities at rat synaptic membranes and functional characterization
at the human α1β2γ2 GABAA receptor and the human ρ1 GABAC receptor
transiently expressed in tsA201cells in the FLIPR™ Membrane Potential
Red assay. IC50 values are given in bold.

GABA
Muscimol
THIP
5.15
5.16
5.17
5.18
5.19
5.20
5.21
5.22
5.23

100

Specific binding
(% of control)

Compound

[3H]Muscimol
α1β2γ2
Ρ1
Binding
tsA201 cell line
tsA201 cell line
Substituent
Ki (µM)
EC50 (µM)
Rmax ±
EC50 (µM)
Rmax ±
SEMa)
SEMa)
[pKi ± SEM ]
[pEC50 ± SEM ]
[pEC50 ± SEM ]
on 4-AHP
0.049b)
2.0 [5.70 ± 0.04]
100
0.81 [6.09 ± 0.04]
100
0.0079
0.54 [6.27 ± 0.04]
97 ± 5
2.2 [5.7 ± 0.05]d)
101 ± 5
0.16 c)
14 [4.85 ± 0.03]
79 ± 4
100 [4.0 ± 0.06] d,e)
5-H
0.22 [6.68 ± 0.05]
13 [4.88 ± 0.05]
93 ± 5
8.2 [5.09 ± 0.05]
91 ± 5
5-Me
5.6 [5.27 ± 0.08]
~100 [~4.00] e)
>500 [<3.30]f)
n.d.
5-Cl
0.63 [6.20 ± 0.03]
29 [4.53 ± 0.05]
97 ± 7
>500 [<3.30] f)
n.d.
3-I
32 [4.50 ± 0.04]
>500 [<3.30] f)
n.d
>500 [<3.30] f)
n.d.
3-Et
≥ 100
>500 [<3.30] f)
n.d
>500 [<3.30] f)
n.d.
3-Ph
> 100
>500 [<3.30] f)
n.d
>500 [<3.30] f)
n.d.
3-(3-BiPh)
17 [4.81 ± 0.10]
>500 [<3.30] f)
n.d
>500 [<3.30] f)
n.d.
3-(4-BiPh)
13[4.89 ± 0.04]
>300 [<3.52] g)
n.d
>500 [<3.30] f)
n.d.
>100
n.d
n.d
a)
The Rmax values are given as % of Rmax GABA.b) Previous measurement.104
c)
Previous measurement.105 d) Previous measurement on HEK293 cells.131. e)
This measurement is from the antagonist assay and the value given is: IC50
(µM) [pIC50 ± SEM] f) The compound was also tested in an antagonist assay,
but no activity was observed (>500 [<3.30]). g) Significant agonist response
at concentrations of 300 μM and above. n. d. not determinable.

5.15
5.16
5.17
5.21
5.18

80
60
40
20
0
0.01

0.1

1

10

100

1000

Ligand (μM)
Figure 5.8. Specific binding of [3H]Muscimol as a function of the
concentration of the tested ligand. Curves are shown for compounds 5.155.18 and 5.21.
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Substituents in the 5-position of 4-AHP thus impair receptor affinity, and this is also
observed when 4-AHP is substituted in the 3-position. It seems that there is just enough
room for an iodine substituent (5.18), but the affinity is impaired by a factor 150. When
increasing the size of the substituent to an ethyl (5.19) or phenyl group (5.20) the affinity
is completely lost. When even bulkier groups is placed in this position, like 3-biphenyl
(5.21) and 4-biphenyl (5.22) these ligands regain affinity for the receptor.
One of the most noticeable characteristics of these new ligands is that the replacement of
the isoxazolol moiety with a 1-hydroxypyrazole moiety has great impact on the binding
affinities. The lead compound, 4-AHP (5.15), has a Ki value that is 30 times higher than
that of muscimol. The difference between THIP and the corresponding 1hydroxypyrazole analogue (5.23) is even more significant since the Ki value changes from
0.16 µM to an affinity above 100 µM (>factor 600). When the isoxazolol moiety of 4PIOL was exchanged by a 1-hydroxypyrazole moiety, the affinities for the receptor were
the same for the two compounds (3.1 and 3.31, Table 3.7). This is interesting since it
confirms that the three isoxazolol compounds can not bind in the same manner in the
receptor binding pocket, as it was hypothesized in the creation of the pharmacophore
model (section 1.6). The loss of affinity when replacing the heteroaromatic oxygen of
muscimol and THIP with the CH of their corresponding hydroxypyrazole analogues can
most likely be ascribed to the loss of one or two hydrogen bonds.
When looking at the functional assay on the GABAA receptor (α1β2γ2) only four
compounds show activity (Table 5.5).

Figure 5.9. Physiological response measured in fluorescence units as a
function of agonist concentration. Curves are shown for GABA, muscimol
and compounds 5.15 and 5.17.
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The unsubstituted compound 5.15 and the chloro compound (5.17) show activity in the
same range and their efficacies are close to that of muscimol, classifying them as lowpotent full agonists (Figure 5.9).
The methyl substituent in compound 5.16 rendered the compound antagonistic with an
IC50 value of approximately 100 μM. The 4-biphenyl substituted 4-AHP (5.22) showed
significant agonist response at concentrations of 300 μM and above, and this is interesting
since the large substituent could be expected to contribute to antagonistic properties of the
compound as observed in the 4-PHP series.
Interestingly, the functional characterization on the GABAC receptor (ρ1) showed that
only the unsubstituted compound 5.15 was active (Table 5.5). Since the GABAA receptor
still showed activity when a chloro substituent was present in the 5-position of 4-AHP,
this indicates that the architecture in the binding pockets of the GABAA and the GABAC
receptors are different in this position. Additionally, muscimol and 4-AHP display similar
activities on the GABAC receptor with only a 4-fold difference compared to the 30-fold
difference on the GABAA receptor subtype. This indicates that the two types of receptors
are also different in the area corresponding to the oxygen of muscimol, since receptor
coordination to the muscimol oxygen does not play a significant role in the GABAC
receptor. At the same time, THIP demonstrated antagonistic properties on GABAC
receptors, indicating the limited space.
5.4 Discussion
To accommodate the 4-AHP ligands the receptor model presented in section 3.5 was
slightly modified. The black residues in Figure 5.10 denote the position of the residues in
the 4-PHP series. α1Arg66 has been flipped 180º in order to interact with the
hydroxypyrazole core, and the rotameric state of α1Thr129 has been adjusted. The
hydroxypyrazole core interacts with α1Arg66 as described for the 4-PHP compounds, but
the hydroxypyrazole cores are not superimposed, in agreement with the pharmacophore
model.64
In the suggested binding mode compound 5.15 (4-AHP) is believed to coordinate to the
same residues as the 4-PHP core; that is the β2Glu155 and the backbone carbonyl of
β2Tyr157 along with the bidentate interaction to α1Arg66.
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Y205

R66

E155

T129
Y157

Figure 5.10. 4-AHP was placed in the receptor binding site which also
accommodated 4-PHP and the derived antagonists. Two adjustments have
been performed. α1Arg66 was flipped from the position shown in black to
the position shown in cyan (180º). α1Thr129 was rotated from the position
shown in black to the position shown in cyan.

In Figure 5.10 the hydroxypyrazole core of 5.15 has been placed with the same angle in
the binding site as the hydroxypyrazole moiety was placed for 4-PHP. However, the 3ethyl and the 3-phenyl substituted 4-AHP analogues (5.19 and 5.20 respectively) show no
affinity for the receptor, and this loss can not be accounted for, when the hydroxypyrazole
ring is placed in the position shown in Figure 5.10, since it seems the area should be
sufficiently spacious. A possible solution could be that the hydroxypyrazole core of
compound 5.15 should be slightly tilted instead (Figure 5.11, orange color).
In this position it seems that the heteroaromatic ring are not as favorably placed for a
bidentate interaction with α1Arg66, but since the α1Thr129113 residue is within close
proximity, an interaction with the hydroxyl group of this residue is also a possibility as
illustrated in Figure 5.11. A coordination line has also been placed from the C-3 of
compound 5.15 to β2Tyr157 to illustrate the close proximity of these atoms. Assuming
muscimol was placed in this tilted manner in the receptor binding site, a hydrogen bond to
β2Tyr157 could be established. The hydroxypyrazole moiety of 5.15 lacks this interaction
and this could account for the 30-fold difference in affinity between 5.15 and muscimol.
A similar reasoning would explain the loss of affinity for the THIP analogue 5.23. This is
in contrast to the 4-PIOL compound, where no hydrogen donor in the nearby region has
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been suggested, and consequently the exchange for hydroxypyrazole does not have
significant effect on receptor affinity. The suggested interactions of this ligand-receptor
complex shall be investigated in more detailed modeling studies before final conclusions
can be drawn.

Y205

R66

E155

T129
Y157

Figure 5.11. Compound 5.15 is shown in two different positions. One
structure is placed in the same angle as the 4-PHP core (grey) whereas the
other is slightly tilted (orange). Dotted lines indicate coordination to
α1Thr129 and the coordination of oxygen to β2Tyr157 if muscimol had been
depicted.

Analogues of muscimol, THIP and 4-PIOL, containing an isothiazolol ring, instead of the
isoxazolol ring, have previously demonstrated significantly altered binding affinities
when compared to the parent compounds. Thio-4-PIOL showed seven times higher
affinity,72 the thio-muscimol three times lower affinity,63 and thio-THIP more than 300
times lower affinity145 than their respective isoxazolol counterparts. The lowering of the
affinity in thio-muscimol and thio-THIP can be ascribed to the size of the sulphur atom
compared to the oxygen. According to the pharmacophore model (Figure 5.2, section 5.1)
the heteroaromatic ring of THIP is closer to the receptor essential volume than muscimol
and hence the incorporation of the large sulphur will probably cause a steric clash with
the receptor. The higher affinity of the thio-4-PIOL than 4-PIOL could possibly be due to
lower desolvation energy of the sulphur compound, although the difference is not
significant.103
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Assuming that the hydoxypyrazole core of 4-AHP is positioned in the tilted manner
suggested in Figure 5.11 the observed data of the 3-substituted 4-AHP compounds can be
accounted for. When iodine is introduced in the 3-position of the 4-AHP core (compound
5.18, Ki = 32 μM), the affinity is 150-fold decreased when compared to the unsubstituted
compound, indicating the limited space in this position. However, the affinity is not
completely lost, so it is expected that the iodine can only just be accommodated in this
position. When increasing the bulk to an ethyl (5.19) or phenyl group (5.20) in the 3position of 4-AHP, these substituents causes a steric clash with the receptor and affinity is
lost, as mentioned earlier. Alternatively, the hydroxypyrazole core can be tilted back
towards the initially suggested position, for the receptor to accommodate these
substituents. When this is done however, the phenyl and the ethyl group reaches into a
spacious area where the distance to the α- and the β-subunits is too large to result in
favorable vdW interactions, and this could explain the loss of affinity. When the biphenyl
substituted 4-AHP compounds (5.21 and 5.22) are placed in an equal manner, these
moieties reach into a hydrophobic pocket with favorable vdW interactions and the
compounds regain affinity for the receptor (Figure 5.12).

R66
Y157

F-Loop

Figure 5.12. Compound 5.22 in the GABAA receptor binding site model.
The F-loop is shown and β2Tyr205 has been cut out of the picture to better
show the substituents of the compounds.
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The proximal ring of 5.22 can be compared to the position of the phenyl ring of
compound 5.20. No favorable interactions are obtained in that area, whereas the distal
ring of the biphenyl reaches into an area where favorable interactions with the F-loop can
be achieved.
One of the most surprising and probably the most interesting result obtained within the 4AHP series is the pharmacological difference between 5-chloro (5.17) and 5-methyl
(5.16) susbstituted 4-AHP. The 5-chloro substituted 4-AHP compound (5.17, Ki = 0.63
μM) is a full agonist with binding affinity, functional potency and efficacy comparable to
4-AHP. In contrast, the methyl derivative 5.16 has reduced affinity by a factor of 25
compared to 4-AHP and does not show a functional response in the agonist assay at 500
μM. Instead the compound shows antagonistic activity with an IC50 of approximately 100
μM. This difference suggests that the methylated compound interacts with a part of the
receptor that is fundamental to activation, and this could speak in favor of the tilted
binding mode suggested above (Figure 5.11). In this binding mode, the 5-chloro and the
5-methyl substituents of 5.17 and 5.16 point directly towards β2Tyr205 in the C-loop.
Thus, the slightly larger sterical requirements (larger van der Waals radius) of the methyl
group compared to a chloro substituent146 could be speculated to be responsible for an
incomplete C-loop closure and thus lack of receptor activation.
With the assumptions made on the binding mode in this section, it should be emphasized
that most of the ligands of this chapter are small agonists placed in a model sculpted on a
much larger antagonist. An exact model for these ligands should probably be more closed,
as it was illustrated in Figure 3.10 (section 3.4), where it was demonstrated for the
AChBP that the C-loop closes like a lid when an agonist is bound.
Finally, the present study also discloses differences in GABAA/ GABAC selectivity for
the 4-AHP analogues. As described for muscimol, 4-AHP shows activity at both the
GABAA and the GABAC receptor. Introducing a chloro atom in the 5-position of the
hydroxypyrazole ring eliminated GABAC activity, whereas activity on the GABAA
receptor remained. The study on IAA analogues, described in the introduction of this
chapter (section 5.1),131 and the present study, clearly indicates, that the binding sites of
the GABAA and the GABAC receptors are not identical
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5.5 Summary and conclusions
In this chapter the syntheses of eight new ligands were performed. Six of these showed
affinity for the GABAA receptor but only four compounds displayed functional activity on
this receptor. On the GABAC receptor only one compound was active.
The 4-AHP ligands were placed in the same model as used for the 4-PHP series only
adding a few adjustments. A chloro substituent in the 5-position of the 4-AHP (5.17)
slightly diminished the affinity for the receptor, whereas a methyl substituent (5.16)
impaired the affinity even further.
The substituents in the 3-position of 4-AHP were suggested to cause a steric clash with
β2Tyr157. When bulky substituents were introduced on 4-AHP, however, the
hydroxypyrazole core was suggested to tilt in a way, that placed the hydrophobic
substituents in area with favorable vdW interactions. Overall, the receptor model is not
sufficiently detailed to fully describe the agonist interactions, possibly because it was
based on large antagonists that rendered the model quite open.
The 5-chloro-substituted 4-AHP (5.17) showed selectivity between GABAA and GABAC.
Hence, the binding mode of the GABAA and GABAC receptors are different in the area
corresponding to the 5-position of 4-AHP. But it could also be inferred from the
pharmacological data that there is a difference between these two receptors in the area
corresponding to the 3-position of the 4-AHP compound. To conclude more about the
different binding mode of these receptors further investigation are needed.
5.6 Experimental
General Procedures. All reagents and solvents were purchased from Aldrich or Fluka and
used without further purification. All air- and moisture sensitive reactions were performed
under a nitrogen atmosphere using syringe-septum cap techniques and flame-dried
glassware. Thin layer chromatography was carried out on Merck silica gel 60 F254 plates
and detection took place using UV (254 and 366 nm) or KMnO4 spray reagent. Flash
column chromatography (FC) was performed on Merck silica gel (0.040–0.063 mm) and
for dry column vacuum chromatography (DCVC)127 Merck silica gel (0.015–0.040 mm)
was applied. Unless otherwise stated, DCVC was performed using the solvents EtOAC
and heptane with concentrations of EtOAc varying from 0–100 % with 5 % increments.
Reverse phase chromatography (RPC) was performed using Merck LiChroprop RP-18
(40–63 µM). TFA (0.1%) and acetonitrile was used with the concentration of TFA
varying from 0–100 % in 5 % increments. Melting points were recorded on a Büchner
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instrument or on a SRS optimelt apparatus and were uncorrected. NMR spectra were
recorded on a 300/75 MHz Varian spectrometer at room temperature. The spectra were
recorded in either CDCl3 or CD3OD. In some cases an internal standard was added and in
other cases the solvent signals were used as standard. GC-MS were recorded using GC-17
Shimadzu and GC-MS-QP5050A Shimadzu. Elemental analyses were performed at
Analytical Research Department, H. Lundbeck A/S Denmark or by Mr. J. Theiner,
Department of Physical Chemistry, University of Vienna, Austria.
1-(Benzyloxy)-1H-pyrazole-4-carbonitrile (5.1). Under a nitrogen atmosphere a predried 500 mL flask was loaded with 1-(benzyloxy)-4-iodopyrazole (21.76 g, 72.5 mmol)
and THF (150 mL). The solution was cooled to 0 °C where iPrMgCl (44.2 mL, 87.1
mmol) was added. The reaction was followed by TLC and after 1 hour phenyl cyanate
(9.99 g, 79.7 mmol) was carefully added. The reaction was allowed to reach room
temperature and was followed by TLC. The reaction mixture was poured into sodium
hydroxide (5 M, 100 mL), and the water phase was washed with diethylether (100 mL).
The combined extracts were washed with NaOH (5M, 3 x 100 mL) and then with brine (4
x 100 mL). The combined organic phase was dried over MgSO4 and concentrated in
vacuo. DCVC was applied and this yielded the title compound as off-white crystals (11.3
g, 78 %): mp = 46.5 – 46.9 ºC. 1H-NMR (300 MHz, CDCl3): δ 7.60 (1H, s), 7.42–7.33
(3H, m), 7.27–7.21 (3H, m), 5.31 (2H, s).

13

C-NMR (90 MHz, CDCl3): δ 137.5, 132.6,

130.1, 129.9, 129.1, 127.9, 112.8, 90.0, 81.2. MS (EI): 199 (2, M+), 91 (100). Anal.
(C11H9N3O) C, 66.32; H, 4.55; N, 21.09. Found: C, 66.26; H, 4.27; N, 20.85.
Benzyl (1-(benzyloxy)-1H-pyrazol-4-yl)methylcarbamate (5.2). Under a nitrogen
atmosphere 5.1 (6.0 g, 30.1 mmol) was dissolved in MeOH (20 mL) and cooled to 0 ºC.
Benzylchloroformate (8.2 mL, 60.2 mmol) and nickelchloride hexahydrate (0.72 mg, 3.0
mmol) was added. Sodium borohydride (8.0 g, 210 mmol) was added in small portions
over approximately 30 minutes and the mixture reached room temperature where it was
left for 1 hour. Diethylenetriamine (3.3 mL, 30.1 mmol) was added and the reaction was
stirred for another 30 minutes at room temperature. The solvent was evaporated and the
remaining residue was dissolved in EtOAc (200 mL) and extracted with NaHCO3 (2 x
200 mL). The organic phase was dried over MgSO4 and concentrated in vacuo. DCVC
was applied and this yielded the title compound as white crystals (4.6 g, 45 %): mp = 95.3
– 95.4 ºC. 1H-NMR (300 MHz, CDCl3): δ 7.37–7.24 (10H, m), 7.19 (1H, s), 6.97 (1H, s),
5.23 (2H, s), 5.08 (2H, s), 4.85 (1H, br.s), 4.12 (2H, d, J = 5.9 Hz). 13C-NMR (90 MHz,
CDCl3): δ 156.2, 136.4, 133.6, 132.4, 129.6, 129.3, 128.6, 128.5, 128.2, 128.1, 121.8,
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116.2, 80.6, 66.7, 35.6. Anal (C19H19N3O3) C, 67.64; H, 5.68; N, 12.46. Found: C, 67.37;
H, 5.40; N, 12.48.
1-(Benzyloxy)-5-methyl-1H-pyrazole-4-carbonitrile (5.3). TMP (1.0 mL, 6.1 mmol)
was dissolved in THF (10 mL) and cooled to – 30 ºC where n-BuLi (2.6 mL, 6.1 mmol)
was added. The temperature was lowered to -78 ºC where a solution of 5.1 (1.0 g, 5.1
mmol) in THF (10 mL) was added. After 10 minutes methyl iodide (0.63 mL, 10.2 mmol)
was added and the reaction mixture slowly reached room temperature over night. The
mixture was quenched with NH4Cl/H2O (1:1, 30 mL) and extracted with Et2O (3 x 30
mL). The combined organic phase was dried over MgSO4 and concentrated in vacuo.
DCVC was applied and this yielded a 4:1 mixture of the title compound and the starting
material. Calculated yield was 47 % and the mixture appeared as colourless oil. 1H-NMR
(300 MHz, CDCl3): 7.54 (1H, s), 7.43 – 7.16 (5H, m), 5.30 (2H, s), 1.89 (3H, s).

13

C-

NMR (90 MHz, CDCl3): 139.2, 136.2, 132.7, 130.1, 129.9, 128.8, 113.4, 89.2, 80.4, 8.7.
MS (EI): 213 (1, M+), 91 (100).
1-(Benzyloxy)-5-chloro-1H-pyrazole-4-carbonitrile (5.4). Compound 5.4 was prepared
as described for 5.3 using TMP (1.0 mL, 6.1 mmol) in THF (10 mL), n-BuLi (4.1 mL, 6.1
mmol), 5.1 (1.01 g, 5.1 mmol) in THF (10 mL) and hexachloroethane (2.4 g, 10.2 mmol).
DCVC afforded the product as light brown oil (0.56 g, 47 %). 1H-NMR (300 MHz,
CDCl3): δ 7.61 (1H, s), 7.47–7.27 (5H, m), 5.32 (2H, s).13C-NMR (90 MHz, CDCl3): δ
136.5, 131.8, 130.1, 130.1, 130.0, 128.8, 111.0, 90.4, 81.5. MS (EI): 233 (1, M+), 91
(100).
Benzyl (1-(benzyloxy)-5-methyl-1H-pyrazol-4-yl)methylcarbamate (5.5). Compound
5.5 was prepared as described for 5.2 using 5.3 (0.39 g, 1.8 mmol) (the 1.5 mmol is
methylated

species,

and

0.37

mmol

is

nonmethylated

compound

(1:4)),

benzylchloroformate (0.50 mL, 3.6 mmol), nickelchloride hexahydrate (44 mg, 0.2
mmol), sodium borohydride (0.49 g, 12.6 mmol) and diethylenetriamine (0.20 mL, 1.8
mmol). DCVC resulted in a 2.5:1 mixture of the title compound and benzyl (1(benzyloxy)-1H-pyrazol-4-yl)methylcarbamate. Calculated yield was 43 % and the
mixture appeared as white crystals. 1H-NMR (300 MHz, CDCl3): δ 7.38–7.20 (10H, m),
7.17 (1H, m), 5.21 (2H, s), 5.10 (2H, s), 4.09 (2H, d, J = 5.9 Hz), 1.84 (3H, s). 13C-NMR
(90 MHz, CDCl3): δ The spectral data of the methylated and the non-methylated
compound could not be separated.
Benzyl (1-(benzyloxy)-5-chloro-1H-pyrazol-4-yl)methylcarbamate (5.6). Compound
5.6 was prepared as described for 5.2 using 5.4 (0.39 g, 1.7 mmol) benzylchloroformate
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(0.45 mL, 3.3 mmol), nickelchloride hexahydrate (39 mg, 0.2 mmol), sodium borohydride
(0.44 g, 11.9 mmol) and diethylenetriamine (0.18 mL, 1.7 mmol). DCVC yielded the title
compound as off-white crystals (99 mg, 16 %). 1H-NMR and 13C-NMR were not obtained
for this compound.
Benzyl (1-(benzyloxy)-3-iodo-1H-pyrazol-4-yl)methylcarbamate (5.8). To a solution
of 5.2 (2.06 g, 6.1 mmol) in AcOH (20 mL) a solution of ICl (1.49 g, 9.2 mmol) in AcOH
(20 mL) was added followed by water (60 mL). The reaction mixture was stirred for 18
hrs at 85 ºC and upon cooling excess sodium thiosulfate was added. Water (100 mL) was
added and the mixture was extracted with diethylether (3 x 100 mL). The combined
organic phase was dried over MgSO4 and concentrated in vacuo. DCVC was applied and
yielded product as a clear oil (2.03 g, 72 %). 1H-NMR (300 MHz, CDCl3): δ 7.42–7.27
(10H, m), 6.96 (1H, s), 5.27 (2H, s), 5.09 (2H, s), 4.99 (1H, br.s), 4.03 (2H, d, J = 5.9
Hz).

13

C-NMR (90 MHz, CDCl3): δ 156.1, 136.3, 133.3, 129.8, 129.6, 128.8, 128.6,

128.3, 128.2, 124.0, 121.1, 90.6, 81.3, 67.0, 37.1.
Benzyl (1-(benzyloxy)-3-vinyl-1H-pyrazol-4-yl)methylcarbamate (5.10). Under a
nitrogen atmosphere 5.8 (0.20 g, 0.42 mmol) and potassium vinyl trifluoroborate (0.11 g,
0.84 mmol) were dissolved in toluene (20 mL) and EtOH (2 mL). Aqueous K2CO3 (3 M,
0.28 mL) and PdCl2(PPh)2 (15 mg, 0.02 mmol) were added. The reaction mixture was
stirred at 100°C for 20 hrs and then cooled to room temperature. Et2O (30 mL) was added
and extraction was performed using H2O (30 mL), NaOH (1 M, 2 x 30 mL) and H2O (30
mL). Drying of the organic phase (MgSO4) and evaporation in vacuo provided the crude
product, which was purified by DCVC to yield the title compound as clear oil (74 mg, 48
%). 1H-NMR (300 MHz, CDCl3): δ 7.40–7.27 (10H, m), 6.94 (1H, s), 6.63 (1H, dd, J =
17.6, 11.1 Hz), 5.79 (1H, d, J = 17.6 Hz), 5.31 (1H, d, J = 11.1 Hz), 5.25 (2H, s), 5.10
(2H, s), 4.94 (1H, br.s), 4.20 (2H, d, J = 5.3 Hz). 13C-NMR (90 MHz, CDCl3): δ 156.0,
141.6, 136.4, 133.4, 129.7, 129.3, 128.7, 128.6, 128.2, 128.1, 126.7, 123.3, 116.1, 113.7,
80.7, 66.9, 35.0.
Benzyl (1-(benzyloxy)-3-ethyl-1H-pyrazol-4-yl)methylcarbamate (5.11). In a nitrogen
filled atmosphere compound 5.10 (65 mg, 0.18 mmol) was dissolved in dry MeOH (5
mL) and Rh(I)Cl(PPh3)3 (Wilkinson’s catalyst) (8 mg, 9 μmol) was added. Hydrogen was
flushed though the solution. TLC showed no conversion so another round of catalyst was
added and hydrogen was applied once more and left for 15 h. Evaporation and DCVC
yielded the title compound as clear oil (57 mg, 87 %). 1H-NMR (300 MHz, CDCl3): δ
7.40–7.26 (10H, m), 6.91 (1H, s), 5.22 (2H, s), 5.10 (2H, s), 4.80 (1H, br.s), 4.11 (2H, d, J
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= 5.3 Hz), 2.60 (2H, q, J = 7.6 Hz), 1.24 (3H, t, J = 7.6 Hz). 13C-NMR (90 MHz, CDCl3):
δ 156.0, 146.5, 136.5, 134.0, 129.7, 129.2, 128.7, 128.6, 128.2, 128.1, 122.7, 112.5, 80.5,
66.9, 34.8, 19.8, 14.1.
Benzyl (1-(benzyloxy)-3-phenyl-1H-pyrazol-4-yl)methylcarbamate (5.12). Compound
5.12 was prepared as described for compound 5.10 using 5.8 (0.51 g, 1.1 mmol),
phenylboronic acid 97 % (0.27 g, 2.2 mmol), toluene (20 mL), EtOH (2 mL), aqueous
K2CO3 (3 M, 0.72 mL), and PdCl2(PPh)2 (40 mg, 0.06 mmol) DCVC afforded the product
as clear oil. (0.38 g, 84 %). 1H-NMR (300 MHz, CDCl3): δ 7.62–7.56 (2H, m), 7.46–7.30
(13H, m), 7.09 (1H, s), 5.33 (2H, s), 5.10 (2H, s), 4.81 (1H, br.s), 4.32 (2H, d, J = 5.3
Hz).

13

C-NMR (90 MHz, CDCl3): δ 156.1, 143.7, 136.4, 133.8, 132.7, 129.7, 129.4,

128.7, 128.6, 128.2, 128.1, 127.9, 127.7, 123.8, 113.3, 80.8, 66.9, 35.7.
Benzyl

(1-(benzyloxy)-3-(biphenyl-3-yl)-1H-pyrazol-4-yl)methylcarbamate

(5.13).

Compound 5.13 was prepared as described for compound 5.10 using 5.8 (0.25 g, 0.54
mmol), 3-biphenylboronic acid 98 % (0.25 g, 1.2 mmol), toluene (10 mL), EtOH (1 mL),
aqueous K2CO3 (3 M, 0.42 mL), and PdCl2(PPh)2 (22 mg, 0.03 mmol). DCVC afforded
the product as clear oil (0.22 g, 82 %). 1H-NMR (300 MHz, CDCl3): δ 7.88 (1H, s), 7.71–
7.56 (4H, m), 7.53–7.43 (3H, m), 7.43–7.28 (11H, m), 7.12 (1H, s), 5.35 (2H, s), 5.11
(2H, s), 5.04 (1H, br.s), 4.37 (2H, d, J = 5.3 Hz). 13C-NMR (90 MHz, CDCl3): δ 156.1,
143.6, 141.7, 140.9, 136.4, 133.7, 133.2, 129.7, 129.4, 129.2, 128.8, 128.7, 128.6, 128.2,
128.1, 127.5, 127.3, 126.7, 126.6, 123.8, 113.4, 80.8, 66.9, 35.8.
Benzyl

(1-(benzyloxy)-3-(biphenyl-4-yl)-1H-pyrazol-4-yl)methylcarbamate

(5.14).

Compound 5.14 was prepared as described for compound 5.10 using 5.8 (0.27 g, 0.58
mmol), 4-biphenylboronic acid (0.24 g, 1.2 mmol), toluene (10 mL), EtOH (1 mL),
aqueous K2CO3 (3 M, 0.38 mL), and PdCl2(PPh)2 (20 mg, 0.03 mmol). DCVC afforded
the product as clear oil (0.23 g, 81 %). 1H-NMR (300 MHz, CDCl3): δ 7.74–7.61 (6H, m),
7.52–7.43 (2H, m), 7.43–7.28 (11H, m), 7.10 (1H, s), 5.35 (2H, s), 5.12 (2H, s), 4.93 (1H,
br.s), 4.37 (2H, d, J = 5.3 Hz). 13C-NMR (90 MHz, CDCl3): δ 156.1, 143.3, 140.6, 136.4,
133.7, 131.7, 129.7, 129.4, 128.9, 128.8, 128.6, 128.3, 128.2, 128.0, 127.5, 127.4, 127.1,
123.9, 113.3, 80.8, 66.9, 35.9.
4-(Aminomethyl)-1H-pyrazol-1-ol hydrobromide (5.15). Compound 5.2 (0.26 g, 0.77
mmol) was dissolved in HBr 47 % (20 mL) and stirred at room temperature for 5h.
Evaporation in vacuo at 50 °C provided the product in quantitative yield. RPC, addition
of HBr 47 % (1 mL) and recrystallisation in MeOH/Et2O resulted in white crystals (0.11
g, 73 %): mp > 200 °C. 1H-NMR (300 MHz, CD3OD): δ 7.88 (1H, s), 7.56 (1H, s), 4.11
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(2H, s).

13

C-NMR (90 MHz, CD3OD): δ 133.3, 126.0, 112.6, 34.6. Anal.

(C4H7N3O·HBr·1/5H2O) C, 24.31; H, 4.28; N, 21.26. Found: C, 24.62; H, 3.95; N, 21.16.
4-(Aminomethyl)-5-methyl-1H-pyrazol-1-ol hydrobromide (5.16). Compound 5.5
(0.315 g, 0.65 mmol methylated/0.26 mmol nonmethylated) was dissolved in HBr 47 %
(10 mL) and stirred at room temperature for 5h. Evaporation in vacuo at 50 °C provided a
mixture of non-methylated and methylated product. Three successive recrystallisations in
MeOH/Et2O resulted in isolation of the title compound as white crystals (48 mg, 36 %):
mp > 200 °C
13

1

H-NMR (300 MHz, CD3OD): δ 7.25 (1H, s), 3.97 (2H, s), 2.30 (3H, s).

C-NMR (90 MHz, CD3OD): δ 133.1, 132.8, 109.5, 34.5, 8.2. Anal. (C5H10BrN3O·HBr)

C, 28.86; H, 4.84; N, 20.20. Found: C, 29.14; H, 4.76; N, 19.94.
4-(Aminomethyl)-5-chloro-1H-pyrazol-1-ol hydrobromide (5.17). Compound 5.6 (99
mg, 0.27 mmol) was dissolved in HBr 47 % (10 mL) and stirred at room temperature for
5h. Evaporation in vacuo at 50 °C provided the product in quantitative yield.
Recrystallisation in MeOH/Et2O resulted in white crystals (73 mg): mp > 200 °C. 1HNMR (300 MHz, CD3OD): δ 7.46 (1H, s), 4.01 (2H, s). 13C-NMR (90 MHz, CD3OD): δ
133.6, 122.6, 109.5, 33.8. Anal. (C4H6ClN3O·HBr) C, 21.03; H, 3.09; N, 18.39; Br, 34.97;
Cl, 15.52. Found: C, 21.77; H, 2.96; N, 17.80; Br, 32.64; Cl, 14.60.
4-(Aminomethyl)-3-iodo-1H-pyrazol-1-ol hydrobromide (5.18). Compound 5.18 was
prepared as described for compound 5.15 using 5.8 (0.11 g, 0.24 mmol). The product was
obtained in quantitative yield and recrystallisation in MeOH/Et2O resulted in white
crystals (44 mg, 57 %): mp > 200 °C. 1H-NMR (300 MHz, CD3OD): δ 7.67 (1H, s), 3.94
(2H, s). 13C-NMR (90 MHz, CD3OD): δ 126.2, 117.6, 92.0, 36.6. Anal. (C4H6IN3O·HBr)
C, 15.02; H, 2.21; N, 13.13. Found: C, 15.11; H, 2.08; N, 13.04.
4-(Aminomethyl)-3-ethyl-1H-pyrazol-1-ol hydrobromide (5.19). Compound 5.19 was
prepared as described for compound 5.17 using 5.11 (57 mg, 0.16 mmol). The product
was obtained in quantitative yield and recrystallisation in MeOH/Et2O resulted in slightly
brown crystals (13 mg, 38 %): mp > 200 °C. Anal. (C6H11N3O·HBr) C, 32.45; H, 5.45; N,
18.92. Found: C, 28.24; H, 4.59; N, 15.74.
4-(Aminomethyl)-3-phenyl-1H-pyrazol-1-ol hydrobromide (5.20). Compound 5.20
was prepared as described for compound 5.15 using 5.12 (0.33 g, 0.79 mmol). The
product was obtained in quantitative yield and recrystallisation in MeOH/Et2O resulted in
white crystals (73 mg, 34 %): mp > 200 °C. 1H-NMR (300 MHz, CD3OD): δ 7.93 (1H, s),
7.60–7.53 (2H, m), 7.52–7.37 (3H, m), 4.19 (2H, s).
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145.0, 132.2, 129.9, 129.5, 129.2, 126.5, 109.7, 34.6. Anal. (C10H11N3O·HBr) C, 44.46;
H, 4.48; N, 15.56. Found: C, 44.40; H, 4.38; N, 15.33.
4-(Aminomethyl)-3-(biphenyl-3-yl)-1H-pyrazol-1-ol hydrobromide (5.21). Compound
5.21 was prepared as described for compound 5.15 using 5.13 (0.22 g, 0.45 mmol). The
product was obtained in quantitative yield and recrystallisation in MeOH/Et2O resulted in
white crystals (22 mg, 13 %): mp > 200 °C. 1H-NMR (300 MHz, CD3OD): δ 7.98 (1H, s),
7.78 (1H, s), 7.69–7.60 (3H, m), 7.56–7.51 (2H, m), 7.47–7.39 (2H, m), 7.37–7.30 (1H,
m), 4.22 (2H, s).

13

129.9,

128.2,

128.6,

C-NMR (90 MHz, CD3OD): δ 144.9, 142.8, 141.4, 132.8, 130.5,
128.0,

127.9,

127.7,

126.5,

109.9,

34.6.

Anal

(C16H15N3O·HBr·1½H2O) C, 51.49; H, 5.13; N, 11.26. Found: C, 51.53; H, 5.09; N, 10.44
4-(Aminomethyl)-3-(biphenyl-4-yl)-1H-pyrazol-1-ol hydrobromide (5.22). Compound
5.22 was prepared as described for compound 5.15 using 5.14 (0.19 g, 0.38 mmol). The
product was obtained in quantitative yield and recrystallisation in MeOH/Et2O resulted in
white crystals (41 mg, 26 %): mp > 200 °C. 1H-NMR (300 MHz, CD3OD): δ 7.82 (1H, s),
7.76–7.70 (2H, m), 7.68–7.62 (4H, m), 7.48–7.41 (2H, m), 7.38–7.31 (1H, m), 4.22 (2H,
s). 13C-NMR (90 MHz, CD3OD): δ 144.9, 142.3, 141.5, 132.0, 129.9, 129.6, 128.6, 128.3,
127.8, 125.9, 109.9, 24.8. Anal. (C16H15N3O·1.8HBr) C, 46.76; H, 4.12; N, 10.23. Found:
C, 46.39; H, 4.16; N, 9.98.
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Throughout the present project several ligands for the GABAA receptor have been
synthesized and pharmacologically characterized. The ligands were divided into three
groups – the 4-PHP ligands (4-PIOL analogues), labeling ligands based on the 4-PHP
series and the 4-AHP ligands (muscimol analogues).
The comparison of the SAR of a 4-PIOL series and the corresponding 4-PHP series
disclosed a common binding mode. It was concluded that the compounds were placed
similarly in the GABAA receptor binding site, and hence the pharmacophore model also
applied for the hydroxypyrazole compounds. Substituents in the 3-position of 4-PHP
reached into an unexplored area of the GABAA receptor binding site, and the existence of
a new receptor cavity was verified
A preliminary receptor model was developed, and an excellent correlation to the
pharmacological properties observed for the 4-PHP series was established. Additionally,
the previously developed pharmacophore model was verified, since it could be positioned
in the receptor model. The model turned out to be inconclusive for the 4-AHP series, and
more work towards this end is still needed. Yet, the preliminary receptor model has
provided new insight into the GABAA receptor orthosteric binding site and can
advantageously be used for instance to identify amino acid for mutagenesis studies. The
synthesis of two labeling ligands, expected to be suitable as cysteine-reactive probes,
have already been performed.
In conclusion, the newly synthesized hydroxypyrazole-based ligands led to the
identification of a new cavity in the GABAA receptor orthosteric binding site, and a
preliminary receptor model was developed on the basis of the new ligands. The receptor
model and the previously developed pharmacophore model were combined to form a
solid basis for further studies within this area.
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7. An asymmetric organocatalytic nitrocyclopropanation reaction
This chapter describes a side project which was performed in Cambridge, England at the
laboratory of Professor Steven V. Ley, and this chapter has no relation to the rest of the
chapters in this thesis. Much chemistry has been performed and this is nicely summarized
in Appendix 2 and Appendix 3. This chapter provides a brief introduction to the field of
organocatalysis.
7.1 The concept of organocatalysis
Within medicinal chemistry it is often observed that enantiomers have different
pharmacological properties, and the physiological response resides in only one of
these.147,148 It is therefore of great interest to isolate enantiopure compounds, which can be
done either by separation of enantiomers or by asymmetric synthesis. Within asymmetric
synthesis, organocatalysis is an emerging area, and several reactions can be carried out
enantioselectively using the appropriate organocatalyst. This type of catalysis has several
advantages when compared to the traditional use of transition metals complexes as
catalysts. Organocatalysts are typically more stable, less expensive, less toxic and readily
available.149 In this section, examples of reaction types and organocatalysts are given.
The most commonly applied catalysts are pyrrolidine based, and the first catalyst of this
type was (S)-Proline, which among other, is able to catalyze asymmetric aldol
reactions.150,151 Since then more catalysts has been designed on the basis of (S)-Proline
(Figure 7.1). The tetrazole moiety on compound 7.1 is a bulky isostere to the carboxylic
acid of (S)-Proline,152-154 and the introduction of even bulkier groups has also proven
favorable as observed with compound 7.2 and related compounds.155

Figure 7.1. Three different pyrrolidine based organocatalysts. (S)- Proline
was the first identified organocatalyst whereas 7.1 and 7.2, among others,
were synthesized on the basis of (S)-Proline.

This type of catalyst typically exerts its functions by reacting with a carbonyl function,
and then either shielding or coordination determines the reaction of the two reaction
partners involved. The catalysts exert their actions either through enamine catalysis or
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through iminium catalysis.156 Enamine catalysis is common in electrophilic α-substitution
reactions of ketones and aldehydes, whereas iminium catalysis is seen for conjugate
addition to α,β-unsaturated ketones and aldehydes.157
The proposed mechanism of the enamine catalysis is exemplified in Figure 7.2. A chiral
pyrrolidine catalyst (–NH–) reacts with the carbonyl group of a ketone or aldehyde, and
the formed iminium compound rearranges into the enamine, which functions as a
carbanion equivalent. The enamine reacts with an electrophile (X-Y), which is introduced
stereoselectively due to the chirality of the catalyst. The resultant imine is hydrolysed to
give the α-substituted ketone and the free catalyst, which is used for another catalytic
cycle.

Figure 7.2. Proposed mechanism of the pyrrolidine-based enamine
catalysis. The chiral amine reacts with the carbonyl function and an
electrophile is introduced through reaction with the enamine compound.
Hydrolyses releases the chiral product.157

The formed enamine can participate in nucleophilic addition reactions with carbonyl
compounds (C=O, aldol addition),156 imines (C=N, Mannich reaction),158 Michael
acceptors (C=C)159 and other electrophilic reactants.160,161 Nucleophilic substitution
reactions are also possible, where alkyl groups,162 halogens,163-165 and sulfur-based
substituents155 are incorporated at the α carbon.
The mechanism of the imininium catalysis is similar but with the possibility of obtaining
two chiral centers at a time as illustrated in Figure 7.3A and B.
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Figure 7.3. A. Reaction of a nucleophile on the iminium compound.
Hydrolyses releases the chiral compound. B. Upon nucleophilic attack on
the iminium compound the formed enamine attacks an electrophile. The
catalyst is removed by hydrolyses and a product with two chiral centers have
been formed.157 Nu, nucleophile; X=Y, electrophile; B, base.

Figure 7.3A illustrates the reaction of a nucleophile with the iminium compound and in
Figure 7.3B the formed enamine further reacts with an electrophile. In this way both
carbons of the double bond can be functionalized. The reaction has for instance been
demonstrated in Diels-Alder reactions166 as well as in epoxide167 and cyclopropane168
formation.
The use of other catalysts has been applied to organocatalytic syntheses as well. The socalled MacMillan catalysts169 function in the same way as the pyrrolidine-based catalysts
but are based on a imidazolidinone core (Figure 7.4). The thiourea catalysts (example
given in Figure 7.4) functions as a hydrogen bonding catalysts. It coordinates the lone
pair of the carbonyl and creates a chiral environment around the reacting
compounds.148,170

Figure 7.4. Proposed mechanism of the proline-catalyzed aldol reaction. Via
the iminium catalysis.
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When using chinchona alkaloids, the aliphatic tertiary amine deprotonates the starting
material, if it has a rather acidic proton. The protonated amine and the anionic substrate
interact and the large chinchona alkaloid creates a chirale environment for the substrate.
These catalysts can however, also react via the same mechanisms as the pyrrolidine-based
catalysts.148,171
7.2 Enantioselective nitrocyclopropanation
Enantioselective synthesis of cyclopropane moieties are of great interest, since this
moiety is widely distributed in natural compounds and biological active agents. The
nitrocyclopropane moiety is equally interesting, and additionally this moiety may be
converted into a wide range of functionalities.172 The organocatalytic synthesis of
compounds containing this motif is summarized below and the presumed mechanism is
depicted.
The enantioselective nitrocyclopropanation of selected α,β-unsaturated ketones were
performed using the tetrazole catalyst 7.3. The reaction details can be found in appendix 2
and 3, but the overall optimized reaction is illustrated in Scheme 7.1

Scheme 7.1. The enantioselective nitrocyclopropanation of cyclohexanone
using catalyst 7.3 (15 mol %), bromonitromethane 7.4 (2 equiv), morpholine
7.5 (3 equiv), and NaI (1.5 mol %) in chloroform.

The stoichiometry of the reaction, the temperature, the base, the solvent, the catalyst, the
time and the temperature have all been optimized to obtain the given yield and
enantiomeric excess. The catalytic process is illustrated in Figure 7.5, and the iminium
intermediate presumably adapts the depicted conformation.
The tetrazole moiety is flipped away from the π-orbital and the coordination of the
hydrogen to the nitro group of the electrophile determines where the nucleophilic attack
takes place. When the tetrazole hydrogen coordinates to nitrobromomethane (not in
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illustration) the attack occurs on the Si-face of the cyclohexanone (Figure 7.5). The
resultant enamine reacts with the bromonitroalkane and the bromide is released.

Attack on
Si-face

Figure 7.5.

The catalytic reaction showing the intermediates and the

presumed conformation of the iminium species. Coordination of an
electrophile to the hydrogen of the tetrazole moiety determines the attack on
the Si-face.

The nitrocyclopropanation reaction was applied to cyclic as well as linear α,β-unsaturated
ketones, and the latter reactions were not completely diasteroselective. Experiments
towards that end are ongoing.

83

8. References

8. References
1.
2.
3.
4.
5.
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

Owens, D. F.; Kriegstein, A. R. Is there more to GABA than synaptic inhibition? Nature Reviews
Neuroscience 2002, 3, 715-727.
Brambilla, P.; Perez, J.; Barale, F.; Schettini, G.; Soares, J. C. GABAergic dysfunction in mood
disorders. Molecular Psychiatry 2003, 8, 721-737.
Mathews, C. K.; Van Holde, K. E. Oxidative processes:Citric Acid Cycle and Pentose Phosphate
Pathway. In Biochemistry, 2 ed.; The Benjamin/Cummings Publishing Company, Inc.: Menlo Park,
1996; pp. 480-519.
Krogsgaard-Larsen, P.; Frølund, B.; Kristiansen, U.; Frydenvang, K.; Ebert, B. GABA(A) and
GABA(B) receptor agonists, partial agonists, antagonists and modulators: design and therapeutic
prospects. European Journal of Pharmaceutical Sciences 1997, 5, 355-384.
Hill, D. R.; Bowery, N. G. Baclofen-H-3 and H-3-Gaba Bind to Bicuculline-Insensitive Gaba-B
Sites in Rat-Brain. Nature 1981, 290, 149-152.
Krogsgaard-Larsen, P.; Frølund, B.; Liljefors, T. Specific GABA(A) agonists and partial agonists.
Chem. Rec. 2002, 2, 419-430.
Murata, Y.; Woodward, R. M.; Miledi, R.; Overman, L. E. The first selective antagonist for a
GABA(C) receptor. Bioorganic & Medicinal Chemistry Letters 1996, 6, 2073-2076.
Frølund, B.; Ebert, B.; Kristiansen, U.; Liljefors, T.; Krogsgaard-Larsen, P. GABA(A) receptor
ligands and their therapeutic potentials. Curr. Top. Med. Chem. 2002, 2, 817-832.
Barnard, E. A.; Skolnick, P.; Olsen, R. W.; Mohler, H.; Sieghart, W.; Biggio, G.; Braestrup, C.;
Bateson, A. N.; Langer, S. Z. International Union of Pharmacology. XV. Subtypes of gammaaminobutyric acid(A) receptors: Classification on the basis of subunit structure and receptor function.
Pharmacological Reviews 1998, 50, 291-313.
Cherubini, E.; Gaiarsa, J. L.; Benari, Y. Gaba - An Excitatory Transmitter in Early Postnatal Life.
Trends in Neurosciences 1991, 14, 515-519.
Payne, J. A.; Rivera, C.; Voipio, J.; Kaila, K. Cation-chloride co-transporters in neuronal
communication, development and trauma. Trends in Neurosciences 2003, 26, 199-206.
Krnjevic, K. How does a little acronym become a big transmitter? Biochemical Pharmacology 2004,
68, 1549-1555.
Johnston, G. A. R. GABA(A) receptor channel pharmacology. Current Pharmaceutical Design
2005, 11, 1867-1885.
Sieghart, W. Structure, pharmacology, and function of GABA(A) receptor subtypes. Adv.
Pharmacol. 2006, 54, 231-263.
Sarto-Jackson, I.; Sieghart, W. Assembly of GABA(A) receptors (Review). Mol. Membr. Biol. 2008,
25, 302-310.
Sieghart, W.; Fuchs, K.; Tretter, V.; Ebert, V.; Jechlinger, M.; Hoger, H.; Adamiker, D. Structure
and subunit composition of GABA(A) receptors. Neurochemistry International 1999, 34, 379-385.
McKernan, R. M.; Whiting, P. J. Which GABA(A)-receptor subtypes really occur in the brain?
Trends Neurosci. 1996, 19, 139-143.
Whiting, P. J. GABA-A receptor subtypes in the brain: a paradigm for CNS drug discovery? Drug
Discov. Today 2003, 8, 445-450.
Olsen, R. W.; Sieghart, W. International union of pharmacology. LXX. Subtypes of gammaaminobutyric Acid(A) receptors: Classification on the basis of subunit composition, pharmacology,
and function. Update. Pharmacological Reviews 2008, 60, 243-260.
Ebert, B.; Thompson, S. A.; Saounatsou, K.; McKernan, R.; Krogsgaard-Larsen, P.; Wafford, K. A.
Differences in agonist/antagonist binding affinity and receptor transduction using recombinant
human gamma-aminobutyric acid type A receptors. Mol. Pharmacol. 1997, 52, 1150-1156.
Amin, J.; Weiss, D. S. GABA(A) receptor needs two homologous domains of the beta-subunit for
activation by GABA but not by pentobarbital. Nature 1993, 366, 565-569.
Sigel, E.; Baur, R.; Kellenberger, S.; Malherbe, P. Point mutations affecting antagonist affinity and
agonist dependent gating of GABA(A) receptor channels. EMBO J. 1992, 11, 2017-2023.
Chebib, M.; Johnston, G. A. GABA-Activated ligand gated ion channels: medicinal chemistry and
molecular biology. J. Med. Chem. 2000, 43, 1427-1447.
Sigel, E.; Dodd, R. H. Novel positive allosteric modulators of GABAA receptors. Drugs of the Future
2001, 26, 1191-1197.
Möhler, H. Functional Relevance of GABA(A-)Receptor Subtypes. In The GABA Receptors, 3 ed.;
Enna, S. J., Möhler, H., Eds.; Humana Press Inc.: New Jersy, 2007; pp. 23-39.

84

8. References
26.
27.
28.
29.
30.

31.
32.
33.
34.
35.
36.
37.
38.

39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

Sigel, E. Mapping of the benzodiazepine recognition site on GABA(A) receptors. Curr. Top. Med.
Chem. 2002, 2, 833-839.
Galzi, J. L.; Changeux, J. P. Neurotransmitter-gated ion channels as unconventional allosteric
proteins. Current opinion in structural biology 1994, 4, 554-565.
Olsen, R. W.; Chang, C. S. S.; Li, G. D.; Hanchar, H. J.; Wallner, M. Fishing for allosteric sites on
GABA(A) receptors. Biochemical Pharmacology 2004, 68, 1675-1684.
Sigel, E.; Buhr, A. The benzodiazepine binding site of GABA(A) receptors. Trends Pharmacol. Sci.
1997, 18, 425-429.
Thomsen, C.; Ebert, B. Modulators of the GABA(A) receptor. Novel therapeutic aspects. In
Glutamate and GABA Receptors and Transporters. Structure, Function and Pharmacology, 2 ed.;
Egebjerg, J., Schousboe, A., Krogsgaard-Larsen, P., Eds.; Taylor & Francis: London, 2002; pp. 407427.
Foster, A. C.; Kemp, J. A. Glutamate- and GABA-based CNS therapeutics. Curr. Opin. Pharmacol.
2006, 6, 7-17.
Rudolph, U.; Mohler, H. GABA-based therapeutic approaches: GABA(A) receptor subtype
functions. Current Opinion in Pharmacology 2006, 6, 18-23.
Rosahl, T. W. Validation of GABA(A) receptor subtypes as potential drug targets by using
genetically modified mice. Curr. Drug Targets. CNS. Neurol. Disord. 2003, 2, 207-212.
Korpi, E. R.; Sinkkonen, S. T. GABA(A) receptor subtypes as targets for neuropsychiatric drug
development. Pharmacol. Ther. 2006, 109, 12-32.
Rudolph, U.; Crestani, F.; Mohler, H. GABA(A) receptor subtypes: dissecting their pharmacological
functions. Trends Pharmacol. Sci. 2001, 22, 188-194.
Sieghart, W. Unraveling the function of GABA(A) receptor subtypes. Trends Pharmacol. Sci. 2000,
21, 411-413.
Wafford, K. A.; Macaulay, A. J.; Fradley, R.; O'Meara, G. F.; Reynolds, D. S.; Rosahl, T. W.
Differentiating the role of gamma-aminobutyric acid type A (GABA-A) receptor subtypes. Biochem.
Soc. Trans. 2004, 32, 553-556.
Ebert, B.; Wafford, K. A.; Whiting, P. J.; Krogsgaard-Larsen, P.; Kemp, J. A. Molecular
pharmacology of gamma-aminobutyric acid type A receptor agonists and partial agonists in oocytes
injected with different alpha, beta, and gamma receptor subunit combinations. Mol. Pharmacol.
1994, 46, 957-963.
Wafford, K. A.; Ebert, B. Gaboxadol - a new awakening in sleep. Current Opinion in Pharmacology
2006, 6, 30-36.
Brown, N.; Kerby, J.; Bonnert, T. P.; Whiting, P. J.; Wafford, K. A. Pharmacological
characterization of a novel cell line expressing human alpha(4)beta(3)delta GABA(A) receptors.
British Journal of Pharmacology 2002, 136, 965-974.
Nusser, Z.; Sieghart, W.; Somogyi, P. Segregation of different GABA(A) receptors to synaptic and
extrasynaptic membranes of cerebellar granule cells. Journal of Neuroscience 1998, 18, 1693-1703.
Hansen, S. L.; Ebert, B.; Fjalland, B.; Kristiansen, U. Effects of GABA(A) receptor partial agonists
in primary cultures of cerebellar granule neurons and cerebral cortical neurons reflect different
receptor subunit compositions. Br. J. Pharmacol. 2001, 133, 539-549.
Rabe, H.; Picard, R.; Uusi-Oukari, M.; Hevers, W.; Luddens, H.; Korpi, E. R. Coupling between
agonist and chloride ionophore sites of the GABA(A) receptor: agonist/antagonist efficacy of 4PIOL. Eur. J. Pharmacol. 2000, 409, 233-242.
Unpublished results
Wiener, M. C. A pedestrian guide to membrane protein crystallization. Methods 2004, 34, 364-372.
Chang, C.; Swaan, P. W. Computational approaches to modeling drug transporters. European
Journal of Pharmaceutical Sciences 2006, 27, 411-424.
Dougherty, D. A. Cys-loop neuroreceptors: structure to the rescue? Chem. Rev. 2008, 108, 16421653.
Sine, S. M.; Engel, A. G. Recent advances in Cys-loop receptor structure and function. Nature 2006,
440, 448-455.
Brejc, K.; van Dijk, W. J.; Klaassen, R. V.; Schuurmans, M.; van Der, O. J.; Smit, A. B.; Sixma, T.
K. Crystal structure of an ACh-binding protein reveals the ligand-binding domain of nicotinic
receptors. Nature 2001, 411, 269-276.
Smit, A. B.; Syed, N. I.; Schaap, D.; van Minnen, J.; Klumperman, J.; Kits, K. S.; Lodder, H.; van
der Schors, R. C.; van Elk, R.; Sorgedrager, B.; Brejc, K.; Sixma, T. K.; Geraerts, W. P. M. A gliaderived acetylcholine-binding protein that modulates synaptic transmission. Nature 2001, 411, 261268.

85

8. References
51.
52.
53.
54.
55.
56.

57.
58.
59.
60.
61.
62.
63.
64.

65.

66.
67.
68.
69.
70.
71.
72.
73.
74.

Sixma, T. K.; Smit, A. B. Acetylcholine binding protein (AChBP): A secreted glial protein that
provides a high-resolution model for the extracellular domain of pentameric ligand-gated ion
channels. Annual Review of Biophysics and Biomolecular Structure 2003, 32, 311-334.
Cromer, B. A.; Morton, C. J.; Parker, M. W. Anxiety over GABA(A) receptor structure relieved by
AChBP. Trends in Biochemical Sciences 2002, 27, 280-287.
Ernst, M.; Brauchart, D.; Boresch, S.; Sieghart, W. Comparative modeling of GABA(A) receptors:
limits, insights, future developments. Neuroscience 2003, 119, 933-943.
O'Mara, M.; Cromer, B.; Parker, M.; Chung, S. H. Homology model of the GABA(A) receptor
examined using Brownian dynamics. Biophys. J. 2005, 88, 3286-3299.
Hansen, S. B.; Sulzenbacher, G.; Huxford, T.; Marchot, P.; Taylor, P.; Bourne, Y. Structures of
Aplysia AChBP complexes with nicotinic agonists and antagonists reveal distinctive binding
interfaces and conformations. EMBO J. 2005, 24, 3635-3646.
Celie, P. H. N.; Kasheverov, I. E.; Mordvintsev, D. Y.; Hogg, R. C.; van Nierop, P.; van Elk, R.;
Rossum-Fikkert, S. E.; Zhmak, M. N.; Bertrand, D.; Tsetlin, V.; Sixma, T. K.; Smit, A. B. Crystal
structure of nicotinic acetylcholine receptor homolog AChBP in complex with an alpha-conotoxin
PnIA variant. Nature Structural & Molecular Biology 2005, 12, 582-588.
Miyazawa, A.; Fujiyoshi, Y.; Unwin, N. Structure and gating mechanism of the acetylcholine
receptor pore. Nature 2003, 423, 949-955.
Unwin, N. Refined structure of the nicotinic acetylcholine receptor at 4 angstrom resolution. Journal
of Molecular Biology 2005, 346, 967-989.
Sixma, T. K. Nicotinic receptor structure emerging slowly. Nat. Neurosci. 2007, 10, 937-938.
Dellisanti, C. D.; Yao, Y.; Stroud, J. C.; Wang, Z. Z.; Chen, L. Crystal structure of the extracellular
domain of nAChR alpha1 bound to alpha-bungarotoxin at 1.94 A resolution. Nat. Neurosci. 2007, 10,
953-962.
Hilf, R. J.; Dutzler, R. X-ray structure of a prokaryotic pentameric ligand-gated ion channel. Nature
2008, 452, 375-379.
Tagmose, L. A pharmacophore model for GABA(A) receptor agonists. PhD Thesis. 2000.
Copenhagen, Royal Danish School of Pharmacy.
Frølund, B.; Tagmose, L.; Liljefors, T.; Stensbøl, T. B.; Engblom, C.; Kristiansen, U.; KrogsgaardLarsen, P. A novel class of potent 3-isoxazolol GABA(A) antagonists: design, synthesis, and
pharmacology. J. Med. Chem. 2000, 43, 4930-4933.
Frølund, B.; Jørgensen, A. T.; Tagmose, L.; Stensbøl, T. B.; Vestergaard, H. T.; Engblom, C.;
Kristiansen, U.; Sanchez, C.; Krogsgaard-Larsen, P.; Liljefors, T. Novel class of potent 4-arylalkyl
substituted 3-isoxazolol GABA(A) antagonists: synthesis, pharmacology, and molecular modeling. J.
Med. Chem. 2002, 45, 2454-2468.
Frølund, B.; Jensen, L. S.; Guandalini, L.; Canillo, C.; Vestergaard, H. T.; Kristiansen, U.; Nielsen,
B.; Stensbøl, T. B.; Madsen, C.; Krogsgaard-Larsen, P.; Liljefors, T. Potent 4-aryl- or 4-arylalkylsubstituted 3-isoxazolol GABA(A) antagonists: synthesis, pharmacology, and molecular modeling. J.
Med. Chem. 2005, 48, 427-439.
Boileau, A. J.; Evers, A. R.; Davis, A. F.; Czajkowski, C. Mapping the agonist binding site of the
GABA(A) receptor: evidence for a beta-strand. J. Neurosci. 1999, 19, 4847-4854.
Lima, L. M. A.; Barreiro, E. J. Bioisosterism: A useful strategy for molecular modification and drug
design. Current Medicinal Chemistry 2005, 12, 23-49.
Patani, G. A.; LaVoie, E. J. Bioisosterism: A Rational Approach in Drug Design. Chem. Rev. 1996,
96, 3147-3176.
Karlin, A.; Akabas, M. H. Substituted-cysteine accessibility method. Methods Enzymol. 1998, 293,
123-145.
Byberg, J. R.; Labouta, I. M.; Falch, E.; Hjeds, H.; Krogsgaard-Larsen, P. Synthesis and biological
activity of a GABA(A) agonist which has no effect on benzodiazepine binding and of structurally
related glycine antagonists. Drug design and delivery 1987, 1, 261-274.
Byberg, J. R.; Hjeds, H.; Krogsgaard-Larsen, P.; Jørgensen, F. S. Conformational analysis and
molecular modelling of a partial GABA(A) agonist and a glycine antagonist related to the GABA(A)
agonist THIP. Drug Design and Discovery 1993, 10, 213-229.
Frølund, B.; Kristiansen, U.; Brehm, L.; Hansen, A. B.; Krogsgaard-Larsen, P.; Falch, E. Partial
GABA(A) receptor agonists. Synthesis and in vitro pharmacology of a series of nonannulated
analogs of 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol. J. Med. Chem. 1995, 38, 3287-3296.
Jansen, M.; Rabe, H.; Strehle, A.; Dieler, S.; Debus, F.; Dannhardt, G.; Akabas, M. H.; Luddens, H.
Synthesis of GABA(A) receptor agonists and evaluation of their alpha-subunit selectivity and
orientation in the GABA binding site. J. Med. Chem. 2008, 51, 4430-4448.
Begtrup, M.; Vedsø, P. Preparation of N-Hydroxyazoles by Oxidation of Azoles. Journal of the
Chemical Society-Perkin Transactions 1 1995, 243-247.

86

8. References
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.

86.

87.
88.

89.
90.
91.
92.
93.
94.
95.
96.
97.

Vedsø, P.; Begtrup, M. Synthesis of 5-Substituted 1-Hydroxypyrazoles Through Directed Lithiation
of 1-(Benzyloxy)Pyrazole. Journal of Organic Chemistry 1995, 60, 4995-4998.
Kristensen, J.; Begtrup, M.; Vedsø, P. Preparation of 5-Acyl- and 5-Aryl-substituted 1(benzyloxy)pyrazoles via directed Ortho-lithiation/transmetalation and palladium catalyzed crosscoupling. Synthesis-Stuttgart 1998, 1604-1608.
Balle, T.; Vedsø, P.; Begtrup, M. Regioselective introduction of electrophiles in the 4-position of 1hydroxypyrazole via bromine-lithium exchange. Journal of Organic Chemistry 1999, 64, 5366-5370.
Felding, J.; Kristensen, J.; Bjerregaard, T.; Sander, L.; Vedsø, P.; Begtrup, M. Synthesis of 4substituted 1-(benzyloxy)pyrazoles via iodine-magnesium exchange of 1-(benzyloxy)-4iodopyrazole. Journal of Organic Chemistry 1999, 64, 4196-4198.
Østergaard, N.; Skjærbæk, N.; Begtrup, M.; Vedsø, P. Regioselective acylation of 1hydroxypyrazoles via metalated intermediates. Journal of the Chemical Society-Perkin Transactions
1 2002, 428-433.
Begtrup, M.; Larsen, P.; Vedsø, P. 2-Substituted Pyrazole 1-Oxides - Preparation and Reaction with
Electrophilic Reagents. Acta Chemica Scandinavica 1992, 46, 972-980.
Eskildsen, J.; Kristensen, J.; Vedsø, P.; Begtrup, M. Convergent synthesis of 3-arylated 1hydroxypyrazoles via 3-metalated pyrazole-1-oxides. Journal of Organic Chemistry 2001, 66, 86548656.
Eskildsen, J.; Vedsø, P.; Begtrup, M. Synthesis of 2-alkylpyrazole-1-oxides: A facile access to 1alkyl-5-halopyrazoles. Synthesis 2001, 1053-1056.
Paulson, A. S.; Eskildsen, J.; Vedso, P.; Begtrup, M. Sequential functionalization of pyrazole 1oxides via regioselective metalation: Synthesis of 3,4,5-trisubstituted 1-hydroxypyrazoles. Journal of
Organic Chemistry 2002, 67, 3904-3907.
Reuther, W.; Baus, U. A Facile Synthesis of 1-Hydroxypyrazole by Oxidation of Pyrazole. Liebigs
Annalen 1995, 1563-1566.
Clausen, R. P.; Hansen, K. B.; Cali, P.; Nielsen, B.; Greenwood, J. R.; Begtrup, M.; Egebjerg, J.;
Brauner-Osborne, H. The respective N-hydroxypyrazole analogues of the classical glutamate
receptor ligands ibotenic acid and (RS)-2-amino-2-(3-hydroxy-5-methyl-4-isoxazolyl)acetic acid.
European Journal of Pharmacology 2004, 499, 35-44.
Stensbøl, T. B.; Uhlmann, P.; Morel, S.; Eriksen, B. L.; Felding, J.; Kromann, H.; Hermit, M. B.;
Greenwood, J. R.; Brauner-Osborne, H.; Madsen, U.; Junager, F.; Krogsgaard-larsen, P.; Begtrup,
M.; Vedsø, P. Novel 1-hydroxyazole bioisosteres of glutamic acid. Synthesis, protolytic properties,
and pharmacology. Journal of Medicinal Chemistry 2002, 45, 19-31.
Jørgensen, C. G.; Brauner-Osborne, H.; Nielsen, B.; Kehler, J.; Clausen, R. P.; Krogsgaard-larsen,
P.; Madsen, U. Novel 5-substituted 1-pyrazolol analogues of ibotenic acid: synthesis and
pharmacology at glutamate receptors. Bioorg. Med. Chem. 2007, 15, 3524-3538.
Clausen, R. P.; Christensen, C.; Hansen, K. B.; Greenwood, J. R.; Jørgensen, L.; Micale, N.; Madsen,
J. C.; Nielsen, B.; Egebjerg, J.; Brauner-Osborne, H.; Traynelis, S. F.; Kristensen, J. L. NHydroxypyrazolyl glycine derivatives as selective N-methyl-D-aspartic acid receptor ligands. J. Med.
Chem. 2008, 51, 4179-4187.
Begtrup, M. A General Description of the Reactivity of Heteroaromatic-Compounds Based on the
Donor-Acceptor Concept. Heterocycles 1992, 33, 1129-1153.
Kursanov, D. N.; Parnes, Z. N.; Loim, N. M. Applications of Ionic Hydrogenation to Organic
Synthesis. Synthesis-Stuttgart 1974, 633-651.
Krasovskiy, A.; Knochel, P. A LiCl-mediated Br/Mg exchange reaction for the preparation of
functionalized aryl- and heteroarylmagnesium compounds from organic bromides. Angewandte
Chemie-International Edition 2004, 43, 3333-3336.
Gilman, H.; Morton, J. W. The Metalation Reaction with Organolithium Compounds. Organic
Reactions 1954, 8, 258-304.
Snieckus, V. Directed Ortho Metalation - Tertiary Amide and O-Carbamate Directors in Synthetic
Strategies for Polysubstituted Aromatics. Chemical Reviews 1990, 90, 879-933.
Begtrup, M.; Vedsø, P. Preparation of 1-hydroxypyrazoles and 1-hydroxy-1,2,3-triazoles by
dealkylation of pyrazole and triazole N-oxides. Acta Chemica Scandinavica 1996, 50, 549-555.
Encyclopedia of Reagents for Organic Synthesis
Evans, P. A.; Nelson, J. D.; Stanley, A. L. Directed Lithiation Transmetalation Approach to
Palladium-Catalyzed Cross-Coupling Acylation Reactions. Journal of Organic Chemistry 1995, 60,
2298-2301.
Negishi, E.; King, A. O.; Okukado, N. Selective Carbon-Carbon Bond Formation Via TransitionMetal Catalysis .3. Highly Selective Synthesis of Unsymmetrical Biaryls and Diarylmethanes by
Nickel-Catalyzed Or Palladium-Catalyzed Reaction of Aryl Derivatives and Benzylzinc Derivatives
with Aryl Halides. Journal of Organic Chemistry 1977, 42, 1821-1823.

87

8. References
98.
99.
100.
101.
102.
103.
104.

105.
106.
107.
108.
109.
110.
111.

112.
113.
114.
115.
116.
117.
118.
119.
120.

Miyaura, N.; Suzuki, A. Palladium-Catalyzed Cross-Coupling Reactions of Organoboron
Compounds. Chemical Reviews 1995, 95, 2457-2483.
Hansen, H. M.; Lysen, M.; Begtrup, M.; Kristensen, J. L. Synthesis of azaphenanthridines via
anionic ring closure. Tetrahedron 2005, 61, 9955-9960.
Demir, A. S.; Reis, O. A convenient and selective synthesis of unsymmetrical benzoins via the
cyanide ion catalyzed cleavage of benzils. Tetrahedron 2004, 60, 3803-3811.
Trost, B. M.; Liu, G. J. Dehydrogenation of Amines - An Approach to Imines and Aldehydes.
Journal of Organic Chemistry 1981, 46, 4617-4620.
Boudier, A.; Bromm, L. O.; Lotz, M.; Knochel, P. New Applications of Polyfunctional
Organometallic Compounds in Organic Synthesis. Angew. Chem. Int. Ed Engl. 2000, 39, 4414-4435.
Krehan, D.; Storustovu, S. I.; Lijefors, T.; Ebert, B.; Nielsen, B.; Krogsgaard-Larsen, P.; Frølund, B.
Potent 4-arylalkyl-substituted 3-isothiazolol GABA(A) competitive/noncompetitive antagonists:
Synthesis and pharmacology. Journal of Medicinal Chemistry 2006, 49, 1388-1396.
Lolli, M. L.; Hansen, S. L.; Rolando, B.; Nielsen, B.; Wellendorph, P.; Madsen, K.; Larsen, O. M.;
Kristiansen, U.; Fruttero, R.; Gasco, A.; Johansen, T. N. Hydroxy-1,2,5-oxadiazolyl moiety as
bioisoster of the carboxy function. Synthesis, ionization constants, and pharmacological
characterization of gamma-aminobutyric acid (GABA) related compounds. J. Med. Chem. 2006, 49,
4442-4446.
Krehan, D.; Frolund, B.; Ebert, B.; Nielsen, B.; Krogsgaard-Larsen, P.; Johnston, G. A. R.; Chebib,
M. Aza-THIP and related analogues of THIP as GABA(C) antagonists. Bioorganic & Medicinal
Chemistry 2003, 11, 4891-4896.
Frølund, B.; Jensen, L. S.; Storustovu, S. I.; Stensbøl, T. B.; Ebert, B.; Kehler, J.; KrogsgaardLarsen, P.; Liljefors, T. 4-aryl-5-(4-piperidyl)-3-isoxazolol GABA(A) antagonists: synthesis,
pharmacology, and structure-activity relationships. J. Med. Chem. 2007, 50, 1988-1992.
Gao, F.; Bren, N.; Burghardt, T. P.; Hansen, S.; Henchman, R. H.; Taylor, P.; McCammon, J. A.;
Sine, S. M. Agonist-mediated conformational changes in acetylcholine-binding protein revealed by
simulation and intrinsic tryptophan fluorescence. J. Biol. Chem. 2005, 280, 8443-8451.
Unwin, N.; Miyazawa, A.; Li, J.; Fujiyoshi, Y. Activation of the nicotinic acetylcholine receptor
involves a switch in conformation of the alpha subunits. J. Mol. Biol. 2002, 319, 1165-1176.
Law, R. J.; Henchman, R. H.; McCammon, J. A. A gating mechanism proposed from a simulation of
a human alpha7 nicotinic acetylcholine receptor. Proc. Natl. Acad. Sci. U. S. A 2005, 102, 68136818.
Westh-Hansen, S. E.; Witt, M. R.; Dekermendjian, K.; Liljefors, T.; Rasmussen, P. B.; Nielsen, M.
Arginine residue 120 of the human GABA(A) receptor alpha 1, subunit is essential for GABA
binding and chloride ion current gating. Neuroreport 1999, 10, 2417-2421.
WesthHansen, S. E.; Rasmussen, P. B.; Hastrup, S.; Nabekura, J.; Noguchi, K.; Akaike, N.; Witt, M.
R.; Nielsen, M. Decreased agonist sensitivity of human GABA(A) receptors by an amino acid
variant, isoleucine to valine, in the alpha(1) subunit. European Journal of Pharmacology 1997, 329,
253-257.
Wagner, D. A.; Czajkowski, C. Structure and dynamics of the GABA binding pocket: A narrowing
cleft that constricts during activation. Journal of Neuroscience 2001, 21, 67-74.
Kloda, J. H.; Czajkowski, C. Agonist-, antagonist-, and benzodiazepine-induced structural changes
in the alpha(1)Met(113)-Leu(132) region of the GABA(A) receptor. Molecular Pharmacology 2007,
71, 483-493.
Mokrab, Y.; Bavro, V. N.; Mizuguchi, K.; Todorov, N. P.; Martin, I. L.; Dunn, S. M.; Chan, S. L.;
Chau, P. L. Exploring ligand recognition and ion flow in comparative models of the human GABA
type A receptor. J. Mol. Graph. Model. 2007, 26, 760-774.
Beene, D. L.; Brandt, G. S.; Zhong, W. G.; Zacharias, N. M.; Lester, H. A.; Dougherty, D. A.
Cation-pi interactions in ligand recognition by serotonergic (5-HT3A) and nicotinic acetylcholine
receptors: The anomalous binding properties of nicotine. Biochemistry 2002, 41, 10262-10269.
Lummis, S. C.; Beene, L.; Harrison, N. J.; Lester, H. A.; Dougherty, D. A. A cation-pi binding
interaction with a tyrosine in the binding site of the GABAC receptor. Chem. Biol. 2005, 12, 993997.
Padgett, C. L.; Hanek, A. P.; Lester, H. A.; Dougherty, D. A.; Lummis, S. C. R. Unnatural amino
acid mutagenesis of the GABA(A) receptor binding site residues reveals a novel cation-pi interaction
between GABA and beta(2)Tyr97. Journal of Neuroscience 2007, 27, 886-892.
Goodford, P. J. A computational procedure for determining energetically favorable binding sites on
biologically important macromolecules. J. Med. Chem. 1985, 28, 849-857.
GRID, version 22a, 2005, Molecular Discovery Ltd, Pinner, Middlesex
Liljefors, T. Molecular regocnition in ligand-protein binding.; in Press, 2009.

88

8. References
121. Paulini, R.; Muller, K.; Diederich, F. Orthogonal multipolar interactions in structural chemistry and
biology. Angew. Chem. Int. Ed Engl. 2005, 44, 1788-1805.
122. Kotzybahibert, F.; Kapfer, I.; Goeldner, M. Recent Trends in Photoaffinity-Labeling. Angewandte
Chemie-International Edition in English 1995, 34, 1296-1312.
123. Foucaud, B.; Ferret, P.; Grutter, T.; Goeldner, M. Cysteine mutants as chemical sensors for ligandreceptor interactions. Trends in Pharmacological Sciences 2001, 22, 170-173.
124. Foucaud, B.; Laube, B.; Schemm, R.; Kreimeyer, A.; Goeldner, M.; Betz, H. Structural model of the
N-methyl-D-aspartate receptor glycine site probed by site-directed chemical coupling. J. Biol. Chem.
2003, 278, 24011-24017.
125. Perret, P.; Sarda, X.; Wolff, M.; Wu, T. T.; Bushey, D.; Goeldner, M. Interaction of non-competitive
blockers within the gamma-aminobutyric acid type A chloride channel using chemically reactive
probes as chemical sensors for cysteine mutants. J. Biol. Chem. 1999, 274, 25350-25354.
126. Berezhnoy, D.; Nyfeler, Y.; Gonthier, A.; Schwob, H.; Goeldner, M.; Sigel, E. On the
benzodiazepine binding pocket in GABA(A) receptors. Journal of Biological Chemistry 2004, 279,
3160-3168.
127. Pedersen, D. S.; Rosenbohm, C. Dry column vacuum chromatography. Synthesis-Stuttgart 2001,
2431-2434.
128. Erichsen, M. N. Development of cystein reactive GABA(A) ligands for SCAM studies of the GABA
binding site of the GABA(A) receptor. Master Thesis. 2008. Faculty of Pharmaceutical Sciences,
University of Copenhagen.
129. Krogsgaard-Larsen, P.; Frølund, B.; Kristiansen, U.; Ebert, B. Ligands for the GABA(A) receptor
complex. In Glutamate and GABA Receptors and Transporters, Structure, Function and
Pharmacology, 1 ed.; Egebjerg, J., Schousboe, A., Krogsgaard-Larsen, P., Eds.; Taylor & Francis:
New york, 2002; pp. 236-274.
130. Krogsgaard-Larsen, P. Specific GABA receptor agonists and uptake inhibitors: Design, Development
and Structure-Activity Studies. 1980. FADL'S Forlag, København.
131. Madsen, C.; Jensen, A. A.; Liljefors, T.; Kristiansen, U.; Nielsen, B.; Hansen, C. P.; Larsen, M.;
Ebert, B.; Bang-Andersen, B.; Krogsgaard-Larsen, P.; Frølund, B. 5-Substituted imidazole-4-acetic
acid analogues: synthesis, modeling, and pharmacological characterization of a series of novel
gamma-aminobutyric acid(C) receptor agonists. J. Med. Chem. 2007, 50, 4147-4161.
132. Tschaen, D. M.; Desmond, R.; King, A. O.; Fortin, M. C.; Pipik, B.; King, S.; Verhoeven, T. R. An
Improved Procedure for Aromatic Cyanation. Synthetic Communications 1994, 24, 887-890.
133. Maligres, P. E.; Waters, M. S.; Fleitz, F.; Askin, D. A highly catalytic robust palladium catalyzed
cyanation of aryl bromides. Tetrahedron Letters 1999, 40, 8193-8195.
134. Jin, F. Q.; Confalone, P. N. Palladium-catalyzed cyanation reactions of aryl chlorides. Tetrahedron
Letters 2000, 41, 3271-3273.
135. Anderson, B. A.; Bell, E. C.; Ginah, F. O.; Harn, N. K.; Pagh, L. M.; Wepsiec, J. P. Cooperative
catalyst effects in palladium-mediated cyanation reactions of aryl halides and triflates. Journal of
Organic Chemistry 1998, 63, 8224-8228.
136. Hughes, T. V.; Cava, M. P. Electrophilic Cyanations Using 1-Cyanobenzotriazole: sp(2) and sp
Carbanions. J. Org. Chem. 1999, 64, 313-315.
137. Hughes, T. V.; Hammond, S. D.; Cava, M. P. A convenient new synthesis of 1-cyanobenzotriazole
and its use as a C-cyanating reagent. Journal of Organic Chemistry 1998, 63, 401-402.
138. Murray, R. E.; Zweifel, G. Preparation of Phenyl Cyanate and Its Utilization for the Synthesis of
alfa-beta-unsturated Nitriles. Synthesis 1980, 150-153.
139. Caddick, S.; Judd, D. B.; Lewis, A. K. D.; Reich, M. T.; Williams, M. R. V. A generic approach for
the catalytic reduction of nitriles. Tetrahedron 2003, 59, 5417-5423.
140. Caddick, S.; Haynes, A. K. D.; Judd, D. B.; Williams, M. R. V. Convenient synthesis of protected
primary amines from nitriles. Tetrahedron Letters 2000, 41, 3513-3516.
141. Lipshutz, B. H.; Tomioka, T.; Sato, K. Nickel-on-charcoal-catalyzed reductions of aryl chlorides.
Synlett 2001, 970-973.
142. Doucet, H. Suzuki-Miayaura Cross-Coupling Reactions of Alkylboronic Acid Derivatives or
Alkyltrifluoroborates with Aryl, Alkenyl or Alkyl Halides and Triflates. Eur. J. Org. Chem. 2008,
2013-2030.
143. Molander, G. A.; Yun, C. S.; Ribagorda, M.; Biolatto, B. B-alkyl Suzuki-Miyaura cross-coupling
reactions with air-stable potassium alkyltrifluoroborates. Journal of Organic Chemistry 2003, 68,
5534-5539.
144. Young, J. F.; Osborn, J. A.; Jardine, F. H.; WILKINSO.G Hydride Intermediates in Homogeneous
Hydrogenation Reactions of Olefins and Acetylenes Using Rhodium Catalysts. Chemical
Communications 1965, 131-&.

89

8. References
145. Krogsgaard-Larsen, P.; Mikkelsen, H.; Jacobsen, P.; Falch, E.; Curtis, D. R.; Peet, M. J.; Leah, J. D.
4,5,6,7-Tetrahydroisothiazolo[5,4-c]pyridin-3-ol and related analogues of THIP. Synthesis and
biological activity. J. Med. Chem. 1983, 26, 895-900.
146. Haque, M. R.; Rasmussen, M. Ambident Heterocyclic Reactivity - Alkylation of 4-Substituted and
2,4-Disubstituted Benzimidazoles. Australian Journal of Chemistry 1994, 47, 1523-1535.
147. Jensen, A. A.; Mikkelsen, I.; Frolund, B.; Frydenvang, K.; Brehm, L.; Jaroszewski, J. W.; BraunerOsborne, H.; Falch, E.; Krogsgaard-Larsen, P. Carbamoylcholine homologs: synthesis and
pharmacology at nicotinic acetylcholine receptors. European Journal of Pharmacology 2004, 497,
125-137.
148. Gaunt, M. J.; Johansson, C. C.; McNally, A.; Vo, N. T. Enantioselective organocatalysis. Drug
Discov. Today 2007, 12, 8-27.
149. Guillena, G.; Ramon, D. J. Enantioselective alpha-heterofunctionalisation of carbonyl compounds:
organocatalysis is the simplest approach. Tetrahedron-Asymmetry 2006, 17, 1465-1492.
150. List, B.; Lerner, R. A.; Barbas, C. F. Proline-catalyzed direct asymmetric aldol reactions. Journal of
the American Chemical Society 2000, 122, 2395-2396.
151. Eder, U.; Sauer, G.; Wiechert, R. New Type of Asymmetric Cyclization to Optically Active Steroid
CD Partial Structures. Angew. Chem. Int. Ed Engl. 1971, 10, 496-497.
152. Hartikka, A.; Arvidsson, P. I. Rational design of asymmetric organocatalysts - increased reactivity
and solvent scope with a tetrazolic acid. Tetrahedron-Asymmetry 2004, 15, 1831-1834.
153. Torii, H.; Nakadai, M.; Ishihara, K.; Saito, S.; Yamamoto, H. Asymmetric direct aldol reaction
assisted by water and a proline-derived tetrazole catalyst. Angewandte Chemie-International Edition
2004, 43, 1983-1986.
154. Cobb, A. J. A.; Shaw, D. M.; Ley, S. V. 5-pyrrolidin-2-yltetrazole: A new, catalytic, more soluble
alternative to proline in an organocatalytic asymmetric Mannich-type reaction. Synlett 2004, 558560.
155. Marigo, M.; Wabnitz, T. C.; Fielenbach, D.; Jorgensen, K. A. Enantioselective organocatalyzed a
sulfenylation of aldehydes. Angewandte Chemie-International Edition 2005, 44, 794-797.
156. List, B. Asymmetric aminocatalysis. Synlett 2001, 1675-1686.
157. List, B. The ying and yang of asymmetric aminocatalysis. Chemical Communications 2006, 819824.
158. List, B. The direct catalytic asymmetric three-component Mannich reaction. Journal of the American
Chemical Society 2000, 122, 9336-9337.
159. List, B.; Pojarliev, P.; Castello, C. Proline-catalyzed asymmetric aldol reactions between ketones
and alpha-unsubstituted aldehydes. Organic Letters 2001, 3, 573-575.
160. Bøgevig, A.; Juhl, K.; Kumaragurubaran, N.; Zhuang, W.; Jørgensen, K. A. Direct organo-catalytic
asymmetric alpha-amination of aldehydes - A simple approach to optically active alpha-amino
aldehydes, alpha-amino alcohols, and alpha-amino acids. Angewandte Chemie-International Edition
2002, 41, 1790-1793.
161. Zhong, G. F. A facile and rapid route to highly enantiopure 1,2-diols by novel catalytic asymmetric
alpha-aminoxylation of aldehydes. Angewandte Chemie-International Edition 2003, 42, 4247-4250.
162. Vignola, N.; List, B. Catalytic asymmetric intramolecular alpha-alkylation of aldehydes. Journal of
the American Chemical Society 2004, 126, 450-451.
163. Brochu, M. P.; Brown, S. P.; MacMillan, D. W. C. Direct and enantioselective organocatalytic
alpha-chlorination of aldehydes. Journal of the American Chemical Society 2004, 126, 4108-4109.
164. Marigo, M.; Fielenbach, D. I.; Braunton, A.; Kjærsgaard, A.; Jørgensen, K. A. Enantioselective
formation of stereogenic carbon-fluorine centers by a simple catalytic method. Angewandte ChemieInternational Edition 2005, 44, 3703-3706.
165. Bertelsen, S.; Halland, N.; Bachmann, S.; Marigo, M.; Braunton, A.; Jørgensen, K. A.
Organocatalytic asymmetric alpha-bromination of aldehydes and ketones. Chemical Communications
2005, 4821-4823.
166. Jen, W. S.; Wiener, J. J. M.; MacMillan, D. W. C. New strategies for organic catalysis: The first
enantioselective organocatalytic 1,3-dipolar cycloaddition. Journal of the American Chemical
Society 2000, 122, 9874-9875.
167. Marigo, M.; Franzen, J.; Poulsen, T. B.; Zhuang, W.; Jørgensen, K. A. Asymmetric organocatalytic
epoxidation of alpha,beta-unsaturated aldehydes with hydrogen peroxide. Journal of the American
Chemical Society 2005, 127, 6964-6965.
168. Kunz, R. K.; MacMillan, D. W. C. Enantioselective organocatalytic cyclopropanations. The
identification of a new class of iminium catalyst based upon directed electrostatic activation. Journal
of the American Chemical Society 2005, 127, 3240-3241.

90

8. References
169. Austin, J. F.; MacMillan, D. W. Enantioselective organocatalytic indole alkylations. Design of a
new and highly effective chiral amine for iminium catalysis. J. Am. Chem. Soc. 2002, 124, 11721173.
170. Okino, T.; Hoashi, Y.; Furukawa, T.; Xu, X.; Takemoto, Y. Enantio- and diastereoselective Michael
reaction of 1,3-dicarbonyl compounds to nitroolefins catalyzed by a bifunctional thiourea. J. Am.
Chem. Soc. 2005, 127, 119-125.
171. Johansson, C. C.; Bremeyer, N.; Ley, S. V.; Owen, D. R.; Smith, S. C.; Gaunt, M. J.
Enantioselective catalytic intramolecular cyclopropanation using modified cinchona alkaloid
organocatalysts. Angew. Chem. Int. Ed Engl. 2006, 45, 6024-6028.
172. See appendix 2 and 3

91

94

