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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. 
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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-5-

naphthylmethyl 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. 
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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 struktur-

aktivitets 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 5-

positionen 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 5-

positionen 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 3-

phenyl-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 4-

PHP 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 4-

PHP 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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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).  
 

  
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 

H2N COOH

GABA:
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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, baclofen-

stimulated 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 GABAC-

receptors. CACA; cis-4-aminocrotonic acid, CAMP; cis-2-

aminomethylcyclopropane-carboxylic acid, TPMPA; (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 
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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 co-

assemble 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 side-

effects. 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-3-

ol (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 (4-

PIOL),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 three-

dimensional 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 
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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 4-

substituted 4-PIOL compounds (region A), whereas region B has not been investigated so 

far.  
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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.  

 

HN
O

N

OH

4-PIOL

HN
N

N
OH

4-PHP

4 5

3

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

In this chapter, the chemistry and pharmacology of compounds incorporating the 1-

hydroxypyrazole 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 Affinity 

Ki (μM)a) 
 

3.1 
 

H 
 

9.1 
3.1a Ph 0.22 
3.1b 3-PhNH2 0.084 
3.1c 3-BiPh 0.010 
3.1d 2-NaphthMe 0.049 

 

O N

OH

HN

R

 

3.1e 1-Br-2-
NaphthMe 

 

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 4-

PIOL.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-N-

oxide and the numbering of their carbon positions. PG, protection group. 
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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 

 

N
NH

N
N

OHm-CPBA

3.2

46 %

 
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 
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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 5- 

positions 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 Additive Overall yield (%) 
1 - 56 
2 - 63 
3 LiCl 68 
4 BF3·Et2O 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 two-

step 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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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 ortho-

metalation (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). 

N
N

O

3.3

H
Li

 
Figure 3.4. Deprotonation at the C-5 position of compound 3.3 using n-

butyllitium 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 4-

position 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). 

 

 
 

6.806.907.007.107.207.307.40

6.806.907.007.107.207.307.40  
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 

3.6

3.7

H-3 H-5
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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 2-

alkylpyrazole-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 4-

piperidyl 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 3-

position 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 3-

position (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 Conditions Yield 

1 3.6, LDA,  ZnCl2, IPh, PdCl2(PPh3)2, DMF 31 % 
2 3.8, PhB(OH)2, CsF, PdCl2(PPh3)2 , THF Trace 
3 3.8, PhB(OH)2,  K2CO3 (aq), PdCl2(PPh3)2,  

DMF                               
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.  

 

 
 

Compound Ra) Yield 
3.11 3-BiPh 88 % 
3.12 3-PhNH2 94 % 
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 Yield 
DMF 0 % 
Toluene/EtOH (10:1) 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 R Yield 
3.14 o-Tolyl 47 % 
3.15 m-Tolyl 70 % 
3.16 p-Tolyl 77 % 
3.17 3-BiPh 70 % 
3.18 4-BiPh 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 

 

 
  Intermediate alcohols End products 

Entry R Compound Yield Compound Yield  
1 2-Naphthyl 3.19 70 % 3.23 75 % (53) 
2 1-Bromo-2-naphthyl 3.20 40 % 3.24 69 % (28)  
3 Phenyl 3.21 16 % 3.25 63 % (10) 
4 2-Naphthyl 3.22 26 % 3.26 59 % (15) 

 

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 

Binding 
α1β2γ2 

tsA201 cell line 
Compound Ki (µM) 

[pKi  ± SEM ] 
EC50 (µM) 

[pEC50  ± SEM ] 
Rmax  

± S.E.Ma) 
IC50 (µM) 

[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] 
3.31 10 [4.99 ± 0.02] >500 [<3.30] n.d >500 [<3.30] 
3.32 26 [4.60 ± 0.06] >500 [<3.30] n.d >500 [<3.30] 

a) The Rmax values are given as % of Rmax GABA. b) 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 4-

PIOL. 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 4-

PIOL 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 patch-

clamp 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 4-

PHP (Table 3.8 and Figure 3.7). A naphthylmethyl substituent (compound 3.36), and a 3-

aminophenyl 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.  
 

 
 

  [3H]Muscimol  
Binding 

 [3H]Muscimol  
Binding 

R Comp. Ki nM) 

[pKi  ± SEM ] 
Comp. Ki (nM) 

[pKi  ± SEM ] 
Phenyl 3.33 22 [7.65 ± 0.02] 3.1a 220 a) 

3-Aminophenyl 3.34 17 [7.79 ± 0.07] 3.1b 84 b) 

3-Biphenyl 3.35 2.8 [8.55 ± 0.03] 3.1c 10 b) 
2-Naphthylmethyl 3.36 33 [7.48 ± 0.03] 3.1d 49 a) 

1-Bromo-2-
naphthylmethyl 

3.37    9.5 [8.07 ± 0.09] c) 3.1e 10 a) 

 
  α1β2γ2 

tsA201 cell line 
 Α1β2γ2 

tsA201 cell line 
R Comp. IC50 (µM) 

[pIC50  ± SEM] 
Comp. IC50 (µM) 

[pIC50  ± SEM] 
Phenyl 3.33 0.15 [6.81 ± 0.04] 3.1a n. d. 

3-Aminophenyl 3.34 0.065 [7.19 ± 0.05] 3.1b n. d. 
3-Biphenyl 3.35 0.024 [7.62 ± 0.03] 3.1c 0.078 [7.11 ± 0.04] 

2-Naphthylmethyl 3.36 0.79 [6.10 ± 0.05] 3.1d 1.8 [5.74 ± 0.05] 
1-Bromo-2-

naphthylmethyl 
3.37 0.48 [6.32 ± 0.05] 3.1e n. d. 

a) Previous measurement.65 b)  Previous measurement.106 c)  Tested in 10 % 
DMSO. 
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Figure 3.7. Specific binding of [3H]Muscimol as a function of  ligand 

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.  

 
   [3H]Muscimol  

Binding 
α1β2γ2 

tsA201 cell line 
Structure R Compound Ki (µM) 

[pKi  ± SEM ] 
IC50 (µM) 

[pIC50  ± SEM] 
Methyl 3.38 5.0 [5.31 ± 0.05] 66 [4.18 ± 0.04] 
Phenyl 3.39 0.27 [6.57 ± 0.01] 1.9 [5.73 ± 0.06] 
o-Tolyl 3.40 0.67 [6.17 ± 0.03] 2.6 [5.58 ± 0.02] 
m-Tolyl 3.41 0.24 [6.62 ± 0.03] 1.9 [5.72 ± 0.06] 
p-Tolyl 3.42 0.32 [6.50 ± 0.06] 1.4 [5.85 ± 0.03] 

3-Biphenyl 3.43 0.030 [7.55 ± 0.09] 0.21 [6.67 ± 0.04] 
4-Biphenyl 3.44 0.42 [6.39 ± 0.05] 1.4 [5.85 ± 0.04] 

Benzyl 3.45 0.36 [6.45 ± 0.03] 8.3 [5.08 ± 0.04] 

 
 
 

HN
N
N

OH

R  

2-Naphthylmethyl 3.46 0.0030 [8.55 ± 0.10] 0.17 [6.78 ± 0.04] 

HN
N
N

OH

R2

R1

 

 
R1 = 2-Naphthyl-

methyl 
  R2 = Phenyl 

 
  3.47 

 
1.5 [5.84 ± 0.05]  a) 

 
3.2 [5.50 ± 0.06] 

a)  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 3-

substituted 1-hydroxypyrazole analogues (Ki = 3 nM). 
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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 5-

substituted 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 3-

isoxazolol 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. 
 

 
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. 

 

C-loop 

C-loop 
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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 α-

subunit,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. 

 

 
Figure 3.11. Illustration of some of the amino acids suggested to be 

involved in ligand binding in the GABAA receptor binding site. The β2-

subunit 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 

Y205

E155

Y157

F64

R66

T129

β2 α1 
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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.  

 

HN
N N

O SH

3.48  
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 4-

PIOL 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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Figure 3.13. Compound 3.47 in the dimeric β/α interface of a preliminary 

GABAA receptor model 

 

 
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 

              
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  
 

 
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 3-

Y205 

Y157 
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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 (3.40-

3.42) 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 β-

subunit.  

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 t-

shaped π-π interaction of the naphthalene core with β2Phe200 is possibly the reason for 

the significant enhancement of the affinity.     

 

 
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 1-

hydroxypyrazole 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 

F200 
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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 Appendix 1 Chapter 3 Appendix 1 Chapter 3 Appendix 1 
3.5 (14) 3.20 (15c) 3.35 (4e) 
3.6 (14) 3.21 (15m) 3.36 (4b) 
3.8 (16) 3.22 (15n) 3.37 (4c) 
3.9 (17) 3.23 (15b) 3.38 (4f) 

3.10 (15d) 3.24 (15c) 3.39 (4g) 
3.11 (15e) 3.25 (15m) 3.40 (4h) 
3.13 (15g) 3.26 (15n) 3.41 (4i) 
3.14 (15h) 3.27 (15f) 3.42 (4j) 
3.15 (15i) 3.28 (15f) 3.43 (4k) 
3.16 (15j) 3.29 (15o) 3.44 (4l) 
3.17 (15k) 3.30 (15o) 3.45 (4m) 
3.18 (15l) 3.31 (4a) 3.46 (4n) 
3.19 (15b) 3.33 (4d) 3.47 (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-4-

yl)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). 13C-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. 1H-

NMR (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). 13C-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.  
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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 site-

directed affinity labeling.  

 

   

                                 
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 

A.

B.
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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  
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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  

 
 

 

 

HN
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Compound chosen for 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 

α-subunit 

β-subunit Leu128 

Val83
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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. 
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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 Stability,  T½ Reactivity, T½ 
4.2 (MeCl) 19 h 69 min 
4.5 (Amide) 31 h 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 4-

PHP 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), 3-

hydroxymethylboronic 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 %). 
1H-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). 13C-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 



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

49 

(2H, d, J = 11.1 Hz), 3.15–2.92 (3H, m), 2.11–1.85 (4H, m). 13C-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 %). 1H-

NMR (300 MHz, CDCl3) δ: 7.41-7.15 (10H, m), 7.08 (1H, s), 6.73 (1H, s), 5.22 (2H, s), 
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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). 13C-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). 13C-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-(5-(3-aminophenyl)-1-(benzyloxy)-1H-pyrazol-4-yl)piperidine-1-carboxylate 

(4.3)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), 7.37-

7.10 (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 1-

hydroxypyrazole 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 

 

O
N

H2N

OH

O
H2N

OH

GABA 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 4-

PIOL 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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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 4-

AHP was synthesized at FARMA and was shown to be an agonist. 

 

A 

B 
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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). 

 
 

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, p-

tolyl, 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.  

 
Entry Solvent  Catalyst Temperature (ºC) Yield (%) 

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+).  
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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
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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-tert-

butyl 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 



5. New muscimol analogues; the 4-AHP series  

59 

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 di-

anion 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. 
 

 
 Nitriles Carbamates 

R Compound Yield Compound Yield 
Me 5.3 47 % 5.5 43 % 
Cl 5.4 47 % 5.6 16 % 

 

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 1H-

NMR 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 C-

3 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 

5.9/5.2/5.8a) 
Yield 
(%)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  
R-B(OH)2
PdCl2(PPh3)2

N
N

OBnNH
O

BnO

I

N
N

OBnNH
O

BnO

R5.12-5.145.8

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

 
Compound R Yield (%) 

5.12 Ph 84 
5.13 3-BiPh 82 
5.14 4-BiPh 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). 

 

HN
N

N
OH

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 4000-

fold 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. 

 
  [3H]Muscimol 

Binding 
α1β2γ2 

tsA201 cell line 
 Ρ1 

tsA201 cell line 
Compound Substituent 

on 4-AHP 
Ki (µM) 

[pKi  ± SEM ] 
EC50 (µM) 

[pEC50  ± SEM ] 
Rmax ± 
 SEMa) 

EC50 (µM) 

[pEC50  ± SEM ] 
Rmax ± 
SEMa) 

GABA - 0.049b) 2.0 [5.70 ± 0.04] 100 0.81 [6.09 ± 0.04] 100 
Muscimol - 0.0079 0.54 [6.27 ± 0.04] 97 ± 5 2.2 [5.7 ± 0.05]d) 101 ± 5 

THIP - 0.16 c) 14 [4.85 ± 0.03] 79 ± 4 100 [4.0 ± 0.06] d,e) - 
5.15 5-H 0.22 [6.68 ± 0.05] 13 [4.88 ± 0.05] 93 ± 5 8.2 [5.09 ± 0.05] 91 ± 5 
5.16 5-Me 5.6 [5.27 ± 0.08] ~100 [~4.00] e) - >500 [<3.30]f) n.d. 
5.17 5-Cl 0.63 [6.20 ± 0.03] 29 [4.53 ± 0.05] 97 ± 7 >500 [<3.30] f) n.d. 
5.18 3-I 32 [4.50 ± 0.04] >500 [<3.30] f) n.d >500 [<3.30] f) n.d. 
5.19 3-Et ≥ 100 >500 [<3.30] f) n.d >500 [<3.30] f) n.d. 
5.20 3-Ph > 100 >500 [<3.30] f) n.d >500 [<3.30] f) n.d. 
5.21 3-(3-BiPh) 17 [4.81 ± 0.10] >500 [<3.30] f) n.d >500 [<3.30] f) n.d. 
5.22 3-(4-BiPh) 13[4.89 ± 0.04] >300 [<3.52] g) n.d >500 [<3.30] f) n.d. 
5.23 - >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.  
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Figure 5.8. Specific binding of [3H]Muscimol as a function of the 

concentration of the tested ligand. Curves are shown for compounds 5.15-

5.18 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 1-

hydroxypyrazole 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 4-

PIOL 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 low-

potent 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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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 3-

ethyl 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 

Y205 

Y157

R66

T129E155 
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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. 

 

 
 

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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Y157

R66

T129E155
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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 3-

position 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).  

 

 
 

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. 

Y157

R66

F-Loop
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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 4-

AHP 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 pre-

dried 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). 13C-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). 13C-

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). 13C-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 



5. New muscimol analogues; the 4-AHP series  

75 

= 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). 13C-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). 13C-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  1H-NMR (300 MHz, CD3OD): δ 7.25 (1H, s), 3.97 (2H, s), 2.30 (3H, s). 
13C-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. 1H-

NMR (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). 13C-NMR (90 MHz, CD3OD): δ 
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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). 13C-NMR (90 MHz, CD3OD): δ 144.9, 142.8, 141.4, 132.8, 130.5, 

129.9, 128.6, 128.2, 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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6. Conclusion 

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 so-

called 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. 

 

 
 

 
 

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.  

 

Attack on 
Si-face 
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