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CHAPTER 1

INTRODUCTION
1.1 G-Protein Coupled Receptors

Receptors linked to second messenger generation through guanine-nucleotide-
binding regulatory proteins (G-proteins) have become the most important receptor
system studied. Despite incredible diversity of the ligands which bind to these receptors
and the equally diverse nature of the cellular effects that these ligands elicit there is a
surprisingly high degree of sequence homology in the receptors themselves, especially
in the seven proposed hydrophobic transmembrane spanning regions [1,2].
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Figure 1.1. Schematic representation of a signal transduction pathway. The location of the components
involved in signal transduction mediated by G-protein coupled receptors is indicated relative to the
membrane bilayer [from ref. 2].

The schematic representation of a signal transduction pathway is shown in Fig.
1.1. The first step in the signalling pathway of the interaction of an extracellular
message with a receptor, which spans the membrane, leads to the formation of a high-
affinity complex between the ligand-bound receptor and one of a family of related G-
proteins. The formation of this ternary hormone-receptor-G-protein complex results in
the exchange of GDP from the guanine nucleotide binding site of the G-protein, by
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GTP. The GTP-bound form of the G-protein is the activated form, which dissociates
from the receptor and interacts with specific effector enzymes, modulating the levels of
intracellular second messengers. At least 50 different G-protein-coupled receptor sys-
tems have been identified so far. The signal transduction pathway involving G-protein-
coupled receptors represents one of the major mechanisms of transmembrane signalling
[for reviews, see ref. 1,2].

1.1.1 Structure of G-Protein Coupled Receptors.

The recent cloning of the genes encoding many of these receptors, G-proteins,
and the effector enzymes has revealed structural similarities within each of these classes
of proteins, presumably reflecting common elements in their mechanism of action [3].
All of the G-protein coupled receptors, the primary sequences of which have been
determined are characterised by the appearance of 7 regions of 20-25 hydro-phobic
amino acid residues, which, based on the structure of bacteriorhodopsin, are predicted
to form transmembranal (TM) a-helices, separated by 8, more divergent, hydrophilic
regions, envisaged to form alternating extracellular and intracellular loops.

Figure 1.2. Proposed transmembranal topology of the human D receptor [adopted from ref. 16, 23]

The greatest degree of amino acid similarity among the receptors is in the trans-
membrane helices. The sequence homology varies from 20 to 90% with the greatest
conservation observed between the different subtypes of a particular receptor class
[4,5,6,7]. In contrast, very little homology is found in the loops, connecting the
transmembrane helices. A model of for the transmembrane orientation of the Dj recep-
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tor is shown in Fig. 1.2.

Several other interesting structural features are conserved among the receptor
proteins. All of the proteins contain between one and four sites, capable of N-linked
sugar addition. Only the sites present at the N-terminal are glycosylated in bacteriorho-
dopsin and the B-adrenoceptor (BAR). All of the receptors contain proline residues at
conserved positions within the transmembrane regions. These residues have been
postulated to be involved in distorting the helical structure to allow the binding of
ligands [8,9]. A number of charged residues, which are conserved among the various
proteins and may be involved in the binding of ligands to the receptor, are present
within the hydrophobic regions [10,11].
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Figure 1.3. Schematic diagram of G and G; coupled receptor structures

The major structural differences between the receptors are the different sizes of
the third intracellular loop and the C-terminal domain (Fig 1.3). The sizes of these
regions seem to be similar for those receptors which interact with the same G-protein
and different for those interacting with other G-proteins. The receptors that couple to
Gg (stimulatory G-protein) have a relatively small third intracellular loop and a long C-
terminal domain. Those that couple to Gj (inhibitory G-protein) have large third
intracellular loops and short C-terminal domains. These observations suggest that these
internal regions may determine the specificity of the receptor/G-protein interaction.

1.1.2. Structure-Function Relationships of G-Protein Coupled Receptors.

A combination of biochemical and genetic analysis has suggested the identifica-
tion of the ligand binding site, the sites of G-protein interaction, and the regulatory sites
on several of the G-protein linked receptors. The B-adrenoceptor (BAR) is one of the
best studied receptors of this class. A systematic replacement of charged residues within
the transmembranal helices revealed that aspartic acid 113 in the third helix was
critically important for ligand binding, whereas aspartic acid 79 in the second helix was
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important only for the binding of agonists [11]. Replacement of residues in the seventh
helix also affected agonist and antagonist binding. No single amino acid substitution
outside the transmembrane helices have been found which effect the ligand binding
ability of the BAR. These data, support a model were the transmembranal helices not
only provide a structural framework for the receptor, but are, in fact, the ligand binding
domain of the receptor. As the transmembranal helices are also the portions of the
receptors where the highest degree of sequence homolgy is observed, it is proposed that
this model will hold true for all the receptors in this class. Not surprisingly, the highest
similarity scores were found within receptor subtypes, with the exception of the 5-
HT1 A serotonin receptor. This receptor has greater identity with the dopaminergic and
adrenergic receptors than with the other 5-HT subtypes. Ligand selectivity would then
be determined by the limited sequence divergence among the receptors and by
conformational differences found within the transmembrane regions.
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Figure 1.4. Schematic representation of the interaction of several recognition sites of the Dy receptor
with the neurotransmitter dopamine [adopted from ref. 14].

The substitution of aspartic acid residue (113) of the BAR with a variety of other
residues dramatically alters the affinity for the BAR for both agonists and antagonists.
Therefore it was proposed that the carboxylate group of the aspartic acid side chain
interacts directly with the protonated amine group of the ligand [12]. Several groups
have proposed a three-dimensional model for the ligand binding domain of G-binding-
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protein coupled receptors [12,13,14,15]. The model of Hibert and co-workers is
detailed and very illustrative. A schematic representation of the Dy dopamine receptor
is shown in figure 1.4. The proposed ionic interaction between the carboxylate group of
the aspartic acid side chain of transmembrane region 3 (TM 3) with the protonated
amine group of dopamine is indicated. The ligand is proposed to lie within a bundle of
the seven helices in the plane of the membrane, interacting directly with residues in
several of the helices. All those receptors the genes of which have been cloned, and
which bind cationic amine ligands, contain this aspartic acid residue. In the model, three
highly conserved aromatic residues form a hydrophobic cluster around the aspartate-
ammonium ion pair, and thus strongly stabilize the complex. The two serine residues in
TM 5 are only found within catecholamine receptors and probably play a role in the
binding of the catechol moiety. The residues defining the hydrophobic area interacting
with the nonbasic part are also highly conserved and consist for the Dy receptor of
phenylalanine (TM5 and TMg).

This use of molecular modeling techniques to describe the receptor-ligand
complex could prove useful for the rational design of new receptor ligands.

1.2 Dopamine Receptors

Dopamine is a predominant catecholamine neurotransmitter in the mammalian
brain and it is involved in the regulation of a number of physiological activities, these
being predominantly movement, emotional stability and prolactin secretion. These acti-
vities are associated with three principal dopaminergic pathways: (1) The nigrostriatal
pathway controls movements; partial degeneration of this system contributes to the
pathogenesis of Parkinson's disease. (2) The mesocorticolimbic pathway is involved in
emotional stability; imbalance in this pathway is thought to contribute to the aetiology
of schizophrenia. (3) The tuberocinfundibular pathway regulates prolactin secretion from
the pituitary and influences lactation and fertility [16].

1.2.1 Biosynthesis and Catabolism of Dopamine

Dopamine is formed from L-tyrosine. The rate-limiting step in the biosynthesis
of DA is the conversion of tyrosine to 3,4-dihydroxyphenylalanine (DOPA) by the
enzyme tyrosine hydroxylase (TH). The final step is the decarboxylation by the enzyme
called aromatic L-amino acid decarboxylase. The newly synthesized DA is then taken
up into the vesicles located in the nerve endings, where it is stored in a complex with
chromogranins, divalent ions, i.e. magnesium and calcium, and ATP. The release of DA
from the nerve endings occurs via exocytosis and is calcium dependent.
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The main pathways involved in its metabolism are shown in Scheme 1.1. The
two enzymes monoamine oxidase (MAQ) and cathechol O-methyltransferase (COMT)
convert DA to the compounds 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic
acid (HVA) and 3-methoxytyramine (3-MT), which are the main products of DA
metabolism in the brain [17]. MAO is associated with the outer layer of mitochondria
and occurs in two forms (A and B), which have different substrate specificities. Many
psychotic drugs have been shown to affect the accumulation of DOPAC, HVA and 3-
MT in brain tissue. DA agonists decrease DOPAC and HVA levels, whilst in general,
DA levels are not significantly affected. DA antagonists, the neuroleptics, produce the
opposite effect, i.e. DOPAC and HVA levels rise and DA levels again are hardly
affected.

Dopamine \ HVA
MAO / ADH /c'OMT

DOPAC

Scheme 1.1. The metabolism of dopamine by COMT (catechol O-methyltransferase); MAO (monoamine
oxidase) and ADH (aldehyde dehydrogenase)

1.2.2 The Classification of Dopamine Receptors: State of the Art

Around 1980, only two different dopamine receptor subtypes were definitively
known to exist: the Dj receptor, linked to the stimulation of adenylyl cyclase, and the
Dy receptor, which either inhibited adenylyl cyclase or was unlinked to this enzyme
[18]). Dy receptors have now been suggested to be linked to additional second
messenger systems, including inhibition of phosphatidylinositol (PI) turnover, activation
of K* channels and inhibition of Ca2¥ channel activity [19].

Recent investigations within a variety of disciplines have demonstrated, however, that
the D1/D> classification scheme is no longer adequate to account for all experimental
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findings regarding the actions of dopamine. Five pharmacologically distinct receptors
have now been defined through molecular cloning techniques, and identification of
additional family members is a likely event.

D7 receptor. The rat D) receptor gene cloned by Bunzow and co-workers (Fig.
1.5) [20] was actually the first dopamine receptor subtype to be isolated and sequenced.
The D7 receptor has subsequently been determined to exist as two protein isoforms that
differ in length by 29 amino acids, 415 and 444 respectively, and are derived from the
same gene by alternative RNA splicing. Hydropathy analysis of this protein predicts the
presence of seven transmembranal domains. However, biochemical evidence supporting
this model has been generated for only two members of this family, namely
bacteriorhodopsin and the B2-adrenoceptor. The location of the splice variation occurs
in the third cytoplasmic loop, a region of the receptor believed to be involved in G-
protein coupling. Although this might suggest that the two isoforms differ functionally
in some fashion, no pharmacological differences have been observed between them.
Both isoforms have been shown to inhibit adenylyl cyclase, to activate K* channels, to
potentiate arachidonic acid release, and undergo agonist-induced desensitisation with
equal efficacy [21].
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Figure 1.5. Topology of the dopamine D) receptor [adopted from 16, 20]

D1-receptor. The human and rat D receptor gene (Fig 1.2) has recently been
cloned [22,23]. This receptor is 446 amino acids in length and has seven putative mem-
brane spanning domains typical of the G-protein-linked receptor family. It also exhibits
the expected pharmacological and functional characteristics. In contrast to the Dj-
receptor subfamily the Dj-receptor has a small third cytoplasmic loop and a long C-
terminus. This seems to be a characteristic of receptors that are coupled to Gg and
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activate adenylyl cyclase. The areas of highest expression are the caudate-putamen,
nucleus accumbens and olfactory tubercle.

D3-receptor. Sokoloff et al. have isolated a new receptor, named D3 from rat
c¢DNA and genomic libraries [7]. The D3 receptor structure is 52% homologous with
the Dy receptor and this homology increases to about 75% if only the ransmembrane
regions are considered (Table 1.1). It contains a large third cytoplasmic loop of similar
size as the long form of the D7 receptor and a short C-terminal. This is similar to the 5-
HT} A and aj-adrenoceptors which, like the D receptor, are linked to adenylyl cyclase
inhibition. Altogether, the structure of the D3 receptor suggested a close relationship
with the Dy receptor which, has been confirmed by pharmacological analysis. It binds
Dy and not Dy or other cathecholamine-ligands although its affinity to most
neuroleptics was 10-100 fold less than that of the D7 receptor. On the other hand, the
D3 receptor was found to bind two atypical antagonists, (+)-AJ 76 and (+)-UH 232 with
3 to 5 times higher affinity than the D7 receptor. These antagonists are thought to have
a preferential antagonism for the presynaptic dopamine receptors. Regional distribution
of D3 receptor mRNA has indicated that it is less abundant and more narrowly distribu-
ted than that of the Dy receptor [7]. D3 receptor mRNA is predominantly located in the
ventral striatum, nuclens accumbens and other 'limbic' areas. This has led to the
hypothesis of an important association of the D3 receptor with cognitive and emotional
CNS functions and thus may be relevant to anti-psychotic therapy involving dopamine
antagonists. Because the D3 receptor also appears to be expressed in the substantia
nigra, indicating that it may serve an autoreceptor function, presynaptic agonists
likewise can be interesting for such a therapy.

D4 receptors. Van Tol et al. [24] have found another D) related dopamine
receptor, named the D4 receptor. The D4 receptor amino acid sequence appears to
comprise a protein of 387 residues in length with seven putative membrane spanning
domains. In its transmembrane domains, the homology between the D4 receptor with
the D7 and the D3 receptor is about 56% in both cases (Table 1.1) and contains residues
necessary for catecholamine recognition. Most of the agonists and antagonists tested
displayed affinities for the D4 receptor which were similar or lower than those for the
D9 receptor. However, the D4 receptor binds the atypical antipsychotic, clozapine, with
an affinity 10-fold higher than the Dy or D3 receptors. Clozapine is a particularly
interesting antipsychotic agent, the action of which is not associated with the
extrapyrimidal side effects which are present in all other neuroleptics. A preliminary
analysis of the D4 receptor tissue location indicated that this receptor is expressed in the
mesocorticolimbic system rather than in the nigrostriatal system. This distribution
system may partly explain the lack of extrapyrimidal side effects observed with
clozapine treatment.
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Dg receptor. Sunahara et al.[25] have recently cloned a second member of the
Dj receptor subfamily termed the D5 receptor, a protein of 477 residues in length.
Hydrophobicity analysis again suggests the presence of seven transmembrane regions.
The homology within the transmembranal spanning regions between the D1 and Dj
receptors is about 80% (Table 1.1). The D5 receptor is linked to stimulation of adenylyl
cyclase. Dopamine is tenfold more potent at D5 than at D receptors. This has led to
the hypothesis that the D4 receptor may be important in maintaining dopaminergic tone
and arousal. The highest expression of the D5 receptor is seen in the hippocampus and
hypothalamus, with lower amounts in the striatum and frontal cortex. The level of
expression is, however, much lower than that for the Dy receptor.

Table 1.1 Properties of cloned dopamine receptors.

receptors D1 Dy D3 D4 Dj

Alternative nomenclature DiA Dyas Do Dyc DiB

receptors Doal

No. of amino acids 446 415- 446 387 477

444

Sequence identity (%) Dy 100 4 41 41 80

in transmembrane domains D>y 100 75 52 36
D3 100 51 35
Dy 100 33
Ds 100

Sibley and Monsma [26] have proposed a similar hierarchical system of
nomenclature for the dopamine receptors as applied presently for the adrenoceptor
family. The basis for this nomenclature would be the well defined D} and Dy receptor
subtypes. Additional receptor subtypes that have been identified and cloned should be
compared both structurally and pharmacologically with D and D9 receptors. If the
pharmacology is similar and the transmembrane sequence homology is greater than
50% compared to a previously cloned subtype, then it should be designated as a
member of that subfamily using an A ,B,C nomenclature. Using this method the
receptors would be designated as shown in Table 1.1.

The complexity of the dopamine receptor family is not surprising in view of that
observed for other receptor families that are part of the G-protein-receptor supergene
family. There is already evidence for additional 'D1- and Dy-like' receptors. How many
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dopamine receptors will be found is unknown. What is important is to note that, as
presently understood, there are two widespread and qualitatively predominant dopamine
receptors, the classical Dy and D7 receptors. The others are present in significantly
lower amounts in restricted localizations.

Many drugs used in the treatment of psychiatric, neurologic and endocrinic
disorders gave side effects, which may be due to multiple receptor interaction.
Hopefully, the recent cloning of the individual receptor subtypes will assist in the
developing of subtype-selective agonists and antagonists, likely with fewer side-effects.

The dopamine autoreceptor concept. Carlsson introduced a theory [27] that the
responsiveness of pre- and postsynaptic D) receptors to agonists, although they both
belong to the same receptor population, depends on previous agonist (dopamine)
occupation of the receptor. According to this theory, under physiological conditions in
vivo the endogenous dopaminergic tone at postsynaptic Dy receptors is much higher
than at dopamine autoreceptors. This is assumed to be caused by the localization of
post-synaptic receptors inside the synaptic cleft, whereas dopamine autoreceptors are
largely or entirely located outside the synaptic cleft. Pharmacological studies with
selective DA D1 and D7 receptor agonists by Wolf and Roth [28] indicate that the DA
autoreceptor is of the Dy type.

A related theory has been presented by Meller and co-workers [29,30]. This
theory focuses on the receptor effector coupling efficiency, i.e. the difference in
receptor reserve at pre- and postsynaptic receptors, to clarify the enhanced in vivo
potency of Dy agonists at DA autoreceptors. Autoreceptors involved in the control of
dopamine synthesis and release display a large receptor reserve implicating a very
efficient coupling between receptor and effector mechanisms in terms of receptor
occupancy. In contrast, postsynaptic receptors that mediate an increase of nigrostriatal
acetylcholine content show no receptor reserve.

Highly selective agonists of the autoreceptor type are of considerable interest
since they should be able to reduce dopaminergic transmission in the central nervous
system by inhibiting DA release via activation of terminal and/or somatodendritic Dy
receptors. According to the 'dopamine hypothesis' of schizophrenia, which postulates
that abnormally high dopaminergic transmission is involved in major aspects of the
disease, lack of postsynaptic stimulatory effects is therefore critical for the realisation of
this novel therapeutic concept [31].

1.3 Serotonin Receptors

The existence of a pressor substance in the circulation was supposed from the
beginning of the century. This pressor factor, named serotonin, was purified from serum
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in 1948 [32]. The structure was later found to be 5-hydroxytryptamine (5-HT). The
identification of this amine in the central nervous system in 1953 by Twarog and Page
[33] triggered an intensive research on the influence of 5-HT on different regions of the
nervous system and Marrazi and Hart [34] and Brodie [35] suggested its role as a cen-
trally active neurotransmitter. The physiological role of the central 5-HT neurons is still
far from clear. Different testing models often give contradictory results. Nevertheless,
5-HT is thought to play an important role in various functions, such as motor activity,
feeding, stress, nociception, regulation of sleep and body temperature, aggressive
behaviour, depression, anxiety, learning and sexual behaviour [36,37,38].

HO
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| eryptophan |l s-hydroxytryptophan
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i MAO
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§-hydroxy-indole acetaldehyde

I

O o

,., 5-hydroxytryptophol H 5-hydroxy-indole acetic acid

Scheme 1.2. Biosynthesis and catabolism of serotonin; TH (tryptophan-5-hydroxylase), AAC (aromatic-
L-amino acid decarboxylase), MAO (monoamine oxidase), ADH (aldehyde dehydrogenase), AR
(aldehyde reductase).
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1.3.1 Biosynthesis and Catabolism of Serotonin

The biosynthesis and metabolic pathways of 5-HT are outlined in Scheme 1.2.
The essential amino acid L-tryptophan is the starting material for the biosynthesis of 5-
HT. Inside the neuron it is converted to L-5-hydroxytryptophan (5-HTP), which is
enzymatically decarboxylated to 5-HT. The formation of 5-HTP is the rate-limiting step
in this sequence. Inactivation is achieved by removal of 5-HT from the cleft by a
membrane uptake carrier present on the 5-HT nerve terminals. Once back within the
neuron, 5-HT is degraded by different metabolic pathways. Oxidation by MAO-A
constitutes the major route of elimination. The S-hydroxy-1H-indole-3-acetaldehyde
formed is rapidly oxidized to S5-hydroxy-1H-indole-3-acetic acid (5-HIAA) by a
reaction catalyzed by the enzyme aldehyde dehydrogenase.

1.3.2 Classification of 5-HT Receptors

Extensive pharmacological studies have led to the discovery of multiple types of
receptors for this transmitter, thus providing a molecular basis for the diversity of its
actions. The 'D' and 'M' nomenclature, adopted by Gaddum and Picarelli [39], is still
relevant but does not take into account the results of radioligand binding studies, which
have indicated the existence of other 5-HT receptors. Bradley et al. [40] have thus
proposed to use the classification into 5-HT j-like, 5-HT) and 5-HT3 main classes. The
5-HT sites can be further subdivided in at least distinct subsets that differ in their
regional distribution and function. They are at present termed 5-HTpA, 5-HTB, 5-
HT ¢ and 5-HTp sites [41]. Among the 5-HT receptors subtypes cloned today (5-
HT1 A, 5-HT1c, 5-HT1p and 5-HT9), we find very close sequence homology between
the SHT 1, 5-HT1p and 5-HT7 receptors; the 5-HT| is a more distant cousin of
these two subtypes.

Table 1.2 Cloned serotonin receptors

Receptor 5-HT1A 5-HT)C 5-HT1p 5-HT»
Sequence identity 5-HTjA 100 40 55 41
in transmembrane 5-HT1C 100 33 78
domains (%) 5-HT1p 100 31

5-HTp 100

All four cloned receptors are members of the seven transmembrane domain
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family whose responses are mediated via G-proteins. The 5-HT | o receptor is a single
subunit protein containing approximately 450 amino acids probably arranged as seven
interconnected helical transmembranal segments [42]. The 5-HT A receptor appears to
be negatively coupled to adenylyl cyclase in certain brain regions, although some
laboratories have reported positive coupling. Hartig [43] deduced, by comparison of
amino acid sequence data of related proteins, that aspartic acid residues in transmem-
brane segments 2 and 3, and an asparagine residue in segment 7, may be of importance
for ligand binding. The model proposed by Hibert et al. [14] for the D5 receptor (Fig
1.4) is also useful for the 5-HT A receptor (Fig 1.6). However, only one threonine
residue is found in TM region 3, supporting the concept that only two serine or
threonine residues are necessary when the ligand caries a catechol moiety.
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Figure 1.6. Schematic representation of the interaction of the neurotransmitter serotonin and recognition
sites of the proposed 5-HT) A receptor (adopted from Hibert [14]).

The 5-HT receptors in the hippocampus and also other parts of the limbic system are
primarily of the 5-HTjA type. It is therefore tempting to speculate that drugs that
display a high degree of selectivity for these receptor sites may selectively affect
anxiety states [43]. A breakthrough in that direction was the finding that buspirone, a
drug with anxiolytic activity in humans also displays a high affinity for the 5-HT A
binding sites.
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In intact animals, selective 5-HT | A agonists produce hyperphagia and hypother-
mia, and stimulate sexual behaviour. Moreover, they elicit the 5-HT behavioural
syndrome.

1.4 Scope of the present investigation.

This investigation is part of a research project aimed at developing compounds
with selectivity for central dopaminergic and serotonergic receptor subtypes.

It has become clear that those receptors that interact with G-proteins share a
variety of structural and functional similarities. In particular, there appears to be a
common motive for the ligand binding domains of the receptors that involve critical
residues within the transmembranal regions. In a not too distant future it should be
possible to identify all points of interaction between the receptor and its ligands, and to
use this knowledge to design better ligands for that receptor. Because of these similari-
ties it is not surprising that the ligands possess structural similarities. This thesis will
describe the synthesis and pharmacological evaluation of some putative dopamine D)
receptor agonists and also indicate that small modifications within these molecules yield
compounds that show affinities for other G-protein coupled receptors (e.g. the 5-
HT1A).

By use of the potent 2-di-n-propylaminotetralins as lead compounds, the effects
of bioisosteric replacement of the C4 methylene group by an oxygen atom yielding
chromamines has been studied.

To circumvent difficulties involved in the preparation of the active trans isomers
of the octahydrobenzo[f]quinolines, the isosteric ring systems containing an oxygen
atom, i.e hexahydronaphth[1,2b][1,4]Joxazines, have been prepared. The 6-oxy analo-
gues of these compounds have also been synthesized. Due to their low dopaminergic
activity the physico-chemical properties were monitored. With the interestingly low
affinity and activity of these compounds, the influence of the pK, values on the
dopaminergic activity and pre- and postsynaptic selectivity has been studied.

In chapter 3 and 4 the combination of respectively, dopamine- and serotonine
agonistic properties and monoamine oxidase inhibiting properties within one and the
same molecule is treated.
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CHAPTER 2

STRUCTURE-ACTIVITY RELATIONSHIPS
2.1 Introduction.

When the structure of the molecular target is unknown, predictions of the activity
of different molecules have to rely on indirect models. The development of such a
model may be based on the recognition of key features common to sets of active
molecules, the pharmacophore. The identification of a pharmacophore may provide
insight into the mechanism of the drug-receptor interaction.

Drug-receptor interactions can be divided into two different events. The recogni-
tion by the receptor of the ligand, agonist or antagonist, is expressed in its affinity for
the receptor. The binding of an agonist induces a change in the drug-receptor complex
that eventually leads to a measurable response. The inability of antagonist to induce a
response may be related to different receptor interactions as compared to those of the
agonists and thus, the use of both agonists and antagonists when developing a model,
i.e. by using only affinity data, may be misleading.

Several attempts to correlate structural features of dopaminergic and serotonergic
agents with their activity have been made [1,2,3,4]. However, the lack of comparable
pharmacological data and the limited access to enantiomerically pure test compounds
have in some cases resulted in less relevent models [5,6].

2.2 Structure-Activity Relationships of Dopamine Agonists

Drug design is, in spite of the recent developments in molecular biology, up to
now an empirical exercise. The true design of new active structures is still virtually
impossible at the present state of the art. Thus, one finds that all dopamine agonists
which have been developed as a result of design processes originated in one of two
ways. They represent either structural dissection effforts, or they attempt to incorporate
the structure of dopamine into a rigid framework.

Typical of the former approach would be the dissection of the semi-natural
product apomorphine 1 (Scheme 2.1) to yield first, linear benzo[g]quinolines (2), and
with further dissection 2-amino-5,6-dihydroxytetrahydronaphthalenes (3).
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Scheme 2.1. Dissection of the semi-natural product apomorphine (1).

Incorporation of the dopamine moiety into a rigid framework essentially repre-

sents the converse process.
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Scheme 2.2. Incorporation of the dopamine moiety in a variety of ring systems.

One of the great challenges in dopaminergic structure-activity relationship studies
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(SAR's) is that the elements of the dopamine molecule can be incorporated within the
matrix of a variety of ring systems, with retention of a high degree of potency and
activity itself. Scheme 2.2 illustrates some representative ring systems that have been
studied [1,2,3,7].

There have been many studies of the structure-activity relationships (SAR) of
central and peripheral DA receptor agonists [1- 3,7,8].

The purpose of this section is to give a brief summary of the structure-activity
relationships of dopaminergic 2-aminotetralins and related compounds.

2.2.1 2-Aminotetralins

In addition to the apomorphine and ergot analogues, the 2-aminotetralin derivati-
ves have been one of the most important groups of compounds which have increased
our understanding of the neurobiology of dopaminergic systems. Interest in the dopami-
nergic activity of this class of compounds arose as a result of the report of Woodruff et
al. [9] on the pharmacological profile of 6,7-ADTN (5). In the aminotetralins, the
dopamine moiety can be incorporated in two ways, the so-called o- and B-rotameric
form (Fig. 2.1) [2]. In the 2-aminotetralins, both the o-conformer and B-conformer of
the dopamine moiety retain at least a portion of the spectrum of dopaminergic agonism.

a-rotamer f-rotamer

OH
HO, t H
H, u: : ""NH,
4a 4b
OH
Hm H:@:)\N
H, H H,
3 5

Figure 2.1. Chemical structures of the rotamers of dopamine and its aminotetralin analogues.

In the 2-aminotetralins, differences in metabolic pathways and in rates of
metabolism seem at least as important as structural parameters in determining spectrum
and sites of dopaminergic effects. One of the main problems with § is its very limited
ability to pass the blood-brain barrier. Improved permeation and prolonged duration of
action by ester formation of the catechol OH groups in aminotetralins [10] has facilita-
ted and controlled absorption and distribution of these dopaminergic agonists. The
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resorcinolic 5,7-dihydroxy substitution pattern led to compounds that were, in general,

less active than the catechols.
PhC NH,

Figure 2.2. Dibenzoyl ester of 6,7-ADTN (6).

A catechol group is not necessary for activity. The discovery of the high potency
of 5-hydroxy-2-dipropylaminotetralin (7) was particularly interesting. As compared to
the catechols, this compound could be expected to have a higher chemical and
metabolic stability and consequently a longer duration of action. Since the chemotrigger
zone of the emetic centre is considered to be located outside of the blood brain barrier,
there is also a possibility that a more lipophilic compound, i.e. with large N-
substituents, could be relatively less emitic. Based on these considerations we and other
groups have synthesized and tested a large number of N-alkyl-5-hydroxyaminotetralins
[11-14].

Tertiary amines are generally more potent than the secondary amines. Potency and
activity in phenylethylamines, certain 2-aminotetralins, apomorphine, chromanamines
and the octahydrobenzo[f]quinolines are maximal with n-propyl or di-n-propyl substitu-
tion on the nitrogen. Higher alkyl substitution results in complete or almost complete
loss of activity (2]. The n-propyl group seems to have a special effect at the receptor
side, not exclusively due to its lipophilic character. The observations regarding the
structural specificity for the N-substituents of DA-agonists seem to indicate that at least
one of the N-substituents must fit into a cavity, which because of its size, can
maximally accommodate an n-propyl group. Smaller groups like methyl or ethyl can
also fit this pocket although these groups probably give less efficient binding. The se-
cond N-substituent is allowed to vary within wide limits. The only restriction that is
found is that this substituent should not be branched at the carbon next to the nitrogen.
In fig 2.3 some potent agonists of the 2-aminotetralin group are shown.

When the hydroxyl group is moved from C5 to the other positions, interesting effects
are observed. 6-OH-DPAT (8) has lost most of its dopaminergic potency whereas 7-
OH-DPAT (9) is a potent DA receptor ligand. 8-OH-DPAT (10) is not a DA receptor
agonist but rather a potent and selective 5-HT | A receptor agonist (see also section 2.3).

20 Chapter 2



OH . OH-position .
@O\»’\/ H OT@O\«’\/ g :
;0 A

8,9,10

OH

N 3

11 (N-0437) 12 (N-0434)

Figure 2.3 . Chemical structures of some potent dopaminergic 2-aminotetralins. 5-OH-DPAT (7), 6-
OH-DPAT (8), 7-OH-DPAT (9), 8-OH-DPAT (10), N-0437 (11), N-0434 (12).

The potent selective D) receptor agonist 2~(N-n-propyl-N-2-thienylethyl-
amino)-5-hydroxytetralin ((+)-N-0437, 11) is of special interest, because it is the first
example of a 2-ATN derivative, which has reached the stage of clinical evaluation for
the treatment of Parkinson's disease. The enantiomers of this potent and Dy selective
agonist have been extensivily tested for their pharmacological action on D2
autoreceptors, in vivo, by measuring DA release by microdialysis during local
administration of both drugs and in vitro, by measuring their effects on the electrically
stimulated release of [3H]DA from striatal slices [15]. In both experiments (-)-N-0437
acted as agonist on receptors controlling the DA release. The (+)-enantiomer of N-0437
displayed partial agonistic activity at DA D7 receptors. (+)-N-0437 showed agonistic
activity in a DA synthesis model (GBL-model), while in the microdialysis release
model it showed antagonistic activity. The (+)-enantiomer also acted as a weak
antagonist at postsynaptic receptors in the in vitro [3H]—acetylcholine release model and
in some behavioural models [16,17] . This spectrum of activity is similar to that of (-)-
3-(3-hydroxyphenyl-N-n-propylpiperidine ((-)-3-PPP, 13), which indicates that (+)-N-
0437 may have potential antipsychotic activity [18].

In a series of ring-halogenated mono and di-OH-ATN analogues, Weinstock and
associates have found that the 8-chloro and 8-fluoro-6,7-dihydroxy aminotetralins 14
were selective D1 agonists [19]. However, this is in contrast to findings of Murray and
Waddington [20], who found no selectivity for a receptor subtype. Replacement of the
6- or 7-OH group by a halogen reduced the dopaminergic activity.
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13 14

Figure 2.4. Structures of (-)-S-3-PPP (13) and 8-halo-6,7-dihydroxyaminotetralin (14) (X = Cl, F).

Introduction of a methyl group in the 1-position has produced some interesting
compounds [21]. The putative DA autoreceptor antagonist cis-(1S,2R)-5-methoxy-1-
methyl-2-(n-propylamino)tetralin ((+)AJ76, 15a) and its dipropyl analogue (+)-UH 232
(15b) have about 4 times higher affinity for D3 than for D7 receptors [22]. The C1-
methylated phenolic compounds were less active as antagonists at central DA receptors
as compared with the non-methylated analogues. However, cis-(+)-(1S,2R)-5-OH-1-
CH3-DPAT ((+)-UH242, 16) was the DA receptor antagonist with preferential action
on DA autoreceptors that was first discovered [23].

OMe OH
@\r@sl‘h m‘/cs.‘h
1
Me * Me C.H,
15a,b 16

Figure 2.5. Structures of (+)-AJ 76 (15a) (R = H), (+)-UH 232 (15b) (R = n-propyl) and (+)-UH 242
(16).

2.2.2 The McDermed Receptor Concept

A key discovery was that the stereoisomers of 5-hydroxy and 7-hydroxy ATN
derivatives, which have high affinity D) receptor binding, and which show
pharmacological activity in functional assays of dopaminergic activity, have the
opposite absolute configuration. The active enantiomer of 5-hydroxy-2-(di-n-pro-
pylDaminotetralin has the (2S) configuration. This enantiomer is more potent than its
antipode in a number of dopaminergic test systems. In sharp contrast, 7-hydroxy-2-(di-
n-propylamino)tetralin and 7,8-dihydroxy-2-(di-n-propylamino)-tetralin exhibit the
opposite stereochemical requirement; their (2R)-(+) enantiomers ar¢ more potent then
their optical antipodes. These stereochemical differences have been elegantly rationali-
zed in a simple manner by McDermed et al. [24]. They suggested that the two most
important binding sites in the DA receptor interact with the amino nitrogen and the
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hydroxyl group meta to the ethylamine side chain (Fig 2.6). Thus, although the (25)-(-)-
5-OH-DPAT and (6aS)-(-)-apomorphine both bind in a similar way to the receptor,
(2R)~(+)-7-OH-DPAT and (2R)~(+)-6,7-OH-DPAT must be rotated with respect to the
other two compounds in order to fit this model.

HOOH

ceallin<on Qi

Figure 2.6. Orientation of (2S)-5-OH-ATN (7) and (2R)-7-OH-ATN (9) towards the two proposed
major binding sites of the Dy receptor.

McDermed has also included a boundary in the receptor preventing the interaction with
compounds having steric bulk in this region (Fig 2.7).

steric boundary

Figure 2.7. Interaction of (25)-50H-ATN with conceptual receptor model of McDermed.

Thus, this model not only rationalizes the activity of many DA receptor agonists, but it
is also of predictive value. Although it is conceivable that the exact receptor preferred
conformation of DA might be different at D and D7 receptors, it is possible to reach
some general conclusions which can be applicable for both receptors. ;

This so-called "McDermed flip" has been the start of several hypothetical
dopamine receptor models, some of which will be discussed in this chapter.

In an extension of this model by Wikstrom et al. [25,26], applied to the
dopaminergic monohydroxylated 3-phenylpiperidines 13 and the octahydro-
benzo[f]quinolines 17 and 18, they have found that there is a relationship between the
absolute configuration, the ring position of the hydroxyl group and the size of the N-
alkyl substiuent. There are now two different directions possible for the N-alkyl
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substituents, namely upwards- and downwards (Fig 2.8). An assumption they made is
that, due to the different directions in which the N-substituents point, the space

Figure 2.8. Wikstrom's modification of McDermed's model. The structures of 7- and 9-OHB[f]Q's
superimposed.

available for the N-substituent of compound 18 might be more restricted than for the
corresponding isomer 17. And indeed, they have found that the N-substituent
downwards is sterically restricted to maximally a propyl group, whereas the upwards
direction has less restricted demands.

lipophilic cavity

Receptor boundary

Figure 2.9 Topographical model for dopamine receptors: Grol's model [27,28].

Grol et al [27,28] have postulated two binding sites, P and M, complementary to
the p-OH and m-OH groups of agonists; X and Y are putative electronegative sites
complementary to different amino binding sites for o- and B-rotameric compounds (Fig
2.9). The two sites have been proposed to rationalize the activity of agonists in which
the m-OH to N distance varies between 5.5 and 7.4A. In their view, these two nitrogen-
binding sites correspond with the distance (~ 2.4 A) between the two oxygen atoms of
the carboxylate anion of likely the aspartic acid (Grol, personal communication). 7l is
an interaction place for an aromatic ring and n2 is an accessory site for the 1-aryl group
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of 3-benzazepines. This model was developed from a different approach, using
molecular orbital calculations as the basis.

The graphic representation of a dopamine receptor proposed by McDermed [24] and
modified by Liljefors and Wikstrém [25,26] (Fig 2.8), as well as similar models propo-
sed by Grol and Rollema [27,28] (Fig 2.9), Seeman [29], Kaiser and Jain [1,30] and by
Seiler and Markstein [31], have provided some insights into structural requirements for
dopaminergic agonism, and have permitted rationalization of the activity of some
molecules and of the inactivity of other molecules; but this work has been largely retro-
spective.

No extant receptor model seems to explain adequately the agonist actions of all
categories of dopaminergic agents and to rationalize the observed inactivity of all the
molecules for which dopaminergic agonism may have predicted. None of the proposed
models take into consideration all the subpopulations of DA receptors currently under
discussion in the literature.

2.2.3 Chromanamines

Isosteric replacement of the C4 in the aminotetralins by an oxygen atom yields
the 3-chromanamines. 6,7-Dihydroxy-3-chromanamine (19) was found to have in vivo
activity similar to that of the parent compound, but its in vitro activity was much less
pronounced [32]. We and other groups have demonstrated that the 6- and 8-
monohydroxylated chromanamines are potent agonists at the DA receptor [33-37]. The
behavioural effects on locomotion in naive and reserpine pretreated rats suggest that
these compounds do have selectivity for autoreceptor sites [35]. 8-Hydroxy-N,N-di-n-
propylchromanamine (21), which contains the DA pharmacophore in an a-
conformation was more potent than the 6-OH analogue 20, which exists in the -
conformation. Comparing the general structure of an aminotetralin and an
aminochroman in their preferred conformations according to MMP2 calculations, the
compounds appear very similar in size and shape [37] and the difference between the
two structures, when tested in biological assays, should therefore be related to
electronic factors. An additional oxygen will have an electronically donating effect and,
therefore an enhanched electron density over the aromatic ring. And indeed, Thorberg
[37] and we (Chapter 6) have shown that the phenolic group is less acidic (~ 1 pKq
unit), as compared to that of the aminotetralins. It also displays a weakened electron
density over the aliphatic nitrogen. Maybe these differences are the reasons for the
better CNS penetration. The 5-hydroxy isomer 22 showed, by analogy to the 2-
aminotetralins, SHT | A activity.
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Fig 2.10. Structures of 6,7-dihydroxy-3-chromanamine (19); 6-OH (20) , 8-OH (21) and 5-OH-3-(di-n-
propylamino)-2H-1-benzopyrans (22).

2.2.4 Octahydrobenzo[f]quinolines

This group of DA-agonists can be looked upon as aminotetralin analogues with
one propyl group fixed on the non-aromatic ring of the tetralin. The rrans-fused
monophenolic 7- and 9-OH-octahydrobenzo[f]quinolines (OHB[£]Qs) have been found
to possess potent dopaminergic activity. The nitrogen must be properly substituted. For
trans-9-OH in the 'downwards' direction the substituent must be < n-propyl and any size
in 'upwards' direction for frans-7-OH-OHBI[f]Q (see also section 2.2.2) [25]. By
analogy to the 2-aminotetralins, the 10-OH showed 5-HTp receptor activity (Fig
2.11).

HO 7 HO HO

HO
H H H H
oy o 4 H\‘“ H\“‘ W

o N

17,18 23 24 25

Figure 2.11. Structures of OHB[f]Q's (17 and 18), naphthoxazines (23), benzopyranopyridines (24) and
the benzopyranoxazines (25).

2.2.5 Hexahydronaphthoxazines

Due to difficulties involved in the preparation of the active trans-isomers of these
compounds, the isosteric ring system containing an oxygen, the trans-hexahydro-4H-
[1,2b][1,4]oxazines (23) have been prepared (see Chapter 5). The 9-hydroxy trans-N-
propyl analogue (23) (N-0500) was found to be a very potent and selective D7 agonist
[38,39]. The (+)-enantiomer (PHNO) has been found to be active in cases of
Parkinson's disease [40]. The absolute configuration of the (+)-enantiomer has been
shown to be R for C4a, thus, the absolute configuration of (+)-PHNO and (+)-7-OH-
DPAT are comparable.
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2.2,6 Tetrahydrobenzopyranoxazines and Hexahydrobenzopyranopyridines

Replacement of a methylene group in the naphthoxazines by oxygen produced
compound 25, which was much less active in both in vitro and in vivo tests of DA
receptor activation (see Chapter 6). This low activity, compared with hexahydro-
naphthoxazines (23), may result from inadequate protonation of the compound at
physiological pH due to its low pK, value. Previous work, employing both dopamine
agonists and antagonists, suggests that it is the charged species of the dopaminergic
ligand which actually binds to the DA D7 receptor [41]. CGS 15855A (24) (R = n-
propyl) a rigid trans-hexahydrobenzopyranopyridin-9-ol was reported as an auto-recep-
tor agonist which produces a dose dependent decrease in 3-methoxytyramine levels in
both mouse and the rat. Weak behavioural stereotypies have been observed with 25 only
at doses 20 times the ED3q for activity in the GBL model. The behavioural effects
appear to be confined to the (+)-enantiomer [42,43,44).

2.2.7 The Significance of the Charge on the Nitrogen Atom of Dopamine
Agonists.

Although catecholamines can exist in a variety of forms at physiological pH, a
basic question arises as to which of these species is/are involved in the binding and
activation of dopamine receptors.

HO. /I\IHS’ ~\o\ NH,
S I

Figure 2.12 Possible charged and uncharged species of dopamine that could interact with dopamine
receptors.

Some reports indicate that an uncharged nitrogen atom is required for the
activation of the DA receptor [45,46], whereas others have reported that the charged
form of the nitrogen atom is a prerequisite for activity [41,47]. Nichols [48] has
suggested that the real importance of this atom lies in the orientation of its unshared
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electron pair, whether free or protonated. However, the introduction of a second oxygen
atom at the 6-position in the hexahydronaphthoxazines led to compounds which are
only protonated to an extent of 2% under physiological conditions (pH ~ 7.4), and
which are very weak DA agonists. This decrease in activity has led to the hypothesis
that DA agonists probably bind to their receptors through the charged rather than the
non-protonated nitrogen atom (chapter 6). Further evidence for this assumption is
afforded by Miller and Uretsky {49,50,51], who have synthesized analogues of
dopamine and ADTN in which the amine group was replaced with either a neutral
methylsulfide, a methylselenide or a sulfoxide group.

H::©/\,5Me HOK)/\,S(Me); H:m,s(m);
H HO H
27 28

26
o]
H:@/\/LMG H:m/\)"('ﬂe)so
H H
29 30
H,CO O H,CO O Et
+
J 1
H H
SO,NH, SO,NH,
31 32

Figure 2.13. Some permantly uncharged (26, 29) and charged (27, 28, 30) sulfide, sulfoxide and
sulfonium analogues of dopamine and 6,7-dihydroxy-2-aminotetralin (28), and uncharged 31 and charged
32 sulfur analogues of DA antagonist sulpiride.

These analogues were tested for D7 activity. None of these permanently
uncharged analogues activated the DA D7 receptor regulating the depolarization-
induced release of [3H]acetylcholine. However, the permanently charged
dimethylsulfonium, dimethylselenonium and trimethylammonium analogues of
dopamine exert D) receptor activity. They have also synthesized and examined the
biological activity of permanently uncharged and permanently charged analogues of the
dopamine antagonist sulpiride. And again, only the permanently charged compounds
have shown to be active as dopamine antagonists [52].

In all cases, the activity of these compounds is less than that of the parent
compounds. The lower activity of the permanently charged compounds may be due to
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their lack of hydrogen at the charged center. Without a hydrogen atom these analogues
are not capable of forming a reinforced ionic bond with the receptor, but are only
capable of forming an ionic bond. Since an ionic bond has approximately one half the
bond strength of a reinforced ionic bond (5 kcal/mol vs. 10 kcal/mol) and since the
interaction of the amine nitrogen with the dopamine receptor is thought to be a major
contributor to the binding of agonists and antagonists to the dopamine receptor, the
lower activity of the permanently charged analogues may be due the inability of these
compounds to form a reinforced ionic bond with an anionic site on the dopamine
receptor [53,54].

2.3 Structure-Activitivity Relationships of Serotonin Agonists
2.3.1 The SAR of 2-Aminotetralins at the 5-HT1 A Binding Sites.

The ergoline skeleton contains, in its rigid structural framework the key elements
of both dopamine and 5-HT. It has been exploited by medicinal chemists, who have
designed and synthesized potent and selective rigid dopamine analogues belonging to
the aminotetralin class. The 8-hydroxy-2-N,N-di-n-propylaminotetralin (8-OH-DPAT,
10) was independently synthesized by Feenstra et al. [55] and Arvidsson et al. {56].
According to both groups, the compound did not have any effect on dopamine
receptors. In 1980, Arvidsson [56], showed that 8-OH-DPAT possessed very potent 5-
HT receptor stimulant properties both in behavioral and biochemical tests. As
mentioned above, 8-OH-DPAT became a very important pharmacological tool to
characterize 5-HT receptor subtypes. The compound possesses a very high affinity for
the 5-HT A sites and a low affinty for the 5-HT 1y, SHT|¢ and 5-HT? sites.

Extensive structure-activity relationship studies of the aminotetralins have been
performed [56,57]. The main conclusions are the following:

- (R)-(+)-8-OH-DPAT is the most potent compound in the series, the (S)-(-)

enantiomer being two times less active. The 8-methoxy analogue is six times less

active compared to its parent compound.

- The 5-, 6- and 7-hydroxy analogues of 8-OH-DPAT are practically inactive at

5-HT A receptor sites [58,59].

- The N-substituents are important for 5-HT1A activity. The N,N-diethyl and

N,N-di-n-propyl-substituted aminotetralins are equipotent, whereas longer

branched chains reduced the potency. However, one of the N-propyl groups may

be exchanged for a considerable larger substituent.

- By introducing methyl groups in the non-aromatic ring of the tetralin skeleton,

steric and bulk conformational requirements of the receptors can be examined.
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Hjorth et al. [60] have found that the activity of the cis 1-methylated 8-OH-
DPAT analogue (+)-ALK-3 was comparable to the parent compound in reducing
the 5-HT output from rat ventral hippocampus. In comparison, both the (-)-ALK-
3 and the rrans diasteromers were inactive, whereas the two enantiomers of 8-
OH-DPAT strongly reduced 5-HT release. ALK-3 is highly stereoselective and
may therefore represent a useful probe in further characterization of the 5-HT o
receptor mediated mechanisms and functions. This study defines some of the
sterochemical requirements for 5-HT1A receptor interaction, emphasizing the
importance of the receptor region complementary to C1 and Cy carbons of the 8-

OH-DPAT molecule.
CON(C,H,),
n-c aHy
N%Ha %IN @N\-c H1
n-C,H, n-c,H, R= CONH2

36

Fig 2.14. Chemical structures of serotonin (5-HT), LSD (33), 8-OH-DPAT (10), UH301 (34)
and the amide and thiomethyl derivatives of 8-OH DPAT (36).

Introduction of fluorine in the aromatic ring in the selective 5-HT ) A-receptor
agonist 8-OH-DPAT (10) has been shown to alter dramatically the pharmacological
profile. 5-F-8-OH-DPAT (UH 301, 34) is stereoselective whereas 8-OH-DPAT is not.
The enantiomers of 5-fluoro-8-hydroxy-2-(dipropylamino)tetralin have opposite
activities, and the R-enantiomer is a 5-HTjA agonist, although of slightly lower
potency than 8-OH-DPAT, whereas the S-enantiomer behaves as a S-HT A antagonist
[61,62]. Fluorine differs only little in size from hydrogen, and its effect on the acidity
should be minimal. The NMR experiments and molecular mechanics calculations
indicate that the fluorine does not induce any conformational change. Thus, the major
difference between 10 and 34 may be related to their electronic distribution.
Consequently, these results indicate that the efficacy may be further modified by
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changing the the electronic properties of the aromatic ring,

Compounds 36 showed high 5-HT A receptor binding affinity, indicating that 8-
methoxy or 8-hydroxy substituents are not necessary for efficient binding [63,64].

Glennon et al. [65] have demonstrated that the introduction of the large N-
(phthalimidobutyl) group is not only tolerated but can result in significantly enhanced
affinities at the 5-HT A sites. This group is also tolerated by members of every major
class of agents known to display significant affinity for 5-HT A sites .

8-OH-DPAT has been used as a template to construct a photoaffinity label for 5-
HT1A receptors. The label 37 binds with high affinity to 5-HTjA sites in rat
hippocampus. In addition to its importance as a biological tool, this agent demonstrates
that, just like by the dopaminergic 2-aminotetralins, one of the propyl groups may be
modified substantially while maintaining high affinity and selectivity for the 5-HT1A
receptor [66].

OH n-C.H, H OH n-CH,
CoTA, e
oz 3
37 38

Figure 2.15
2.3.2. Chromanamines

The chromane analogue of 8-OH-DPAT, where an oxygen atom replaces the
carbon C-4 of the aminotetralin skeleton, has been described [67,68]. This agent, 5-
hydroxy-3-N,N-di-n-propylaminochromane (5-OH-DPAC, 38), possesses an affinity
comparable to 8-OH-DPAT for the 5-HT site, but is claimed to be 10 to 20 times less
active at the presynaptic sites in the striatum. The 5-MeO-DPAC also acts in the nM
range on S5-HT1A sites, but in contrast to 8-OH-DPAT did it scarcely binds to
presynaptic striatal slices. These presynaptic sites are possibly associated with 5-HT
reuptake in serotonergic terminals [69]. The electronic enrichment which results from
isosteric O-substitution mimics that created by a double bond in two other preferential
5-HT) A ligands such as LSD and BAY R 1531. Boyer et al. [70] described a selective
tricyclic 5-HT1A ligand in which electronic enrichment in the same position of the
molecule is provided by an oxygen as in 5-MeO-DPAC. So, comparison of the chemical
structures of 5-MeO-DPAC and other 5-HTjp ligands suggests that electronic
enrichment due to isosteric displacement of carbon by an oxygen may play an important
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role in the selective recognition of the 5-HT{ A receptor by these drugs.

2.3.3Tricyclic 2-Aminotetralin Congeners

-CgH,

39 40 41

Figure 2.16 Structures of tricyclic 5-HT( A agonists. 10-OH OHBI[f]Q (39), CGS 18102A (40) and the
tetrahydro-benzopyranopyridine (41)

Analogously to the 2-aminotetralins, the 10-hydroxy octahydrobenzo[f]-
quinoline showed 5-HT-like activity. The relatively low potency has been explained on
conformational grounds [71]. Potent and selective ligands for 5-HT | A receptors may be
obtained by appropriate modification, from compounds related to the 3-amino-
chromanes, namely the hexahydro-benzopyranopyridines 40 and the tetrahydro-
benzopyranopyridines 41 [78]. Compound 40 (GCS18102A) is relative selective for 5-
HT A and 5-HT2 receptors. Compunds 40 and 41 may be viewed as tricyclic analogues
of lysergic acid (33) in which the pyrrole ring has been eliminated and an oxygen has
been introduced at the former 3-position of the indole moiety.

2.3.4 Receptor Model

X-ray analysis and conformational studies of 5-HT do not provide conclusive
information regarding the receptor-bound conformer of 5-HT, since numerous side
chain conformations are separated only by low energy barriers. Consequently, scientists
have turned to rigid active molecules to investigate receptors. In this respect, (+)-LSD
proved to be an important compound. Models based on the structure of (+)-LSD have
been proposed and it has been claimed that the A-ring and the aliphatic nitrogen atom
are essential for the binding to the receptor. In addition, it has been suggested that the
pyrrole function and the C9-C10 double bond in (+)-LSD are of importance for an
electrostatic interaction, and that the phenol group on 5-HT and 8-OH-DPAT should
correspond to the double bond in terms of electronic properties. The importance of the
phenolic group for serotonergic activity was supported by the fact that 2-aminotetralins
with hydroxy substituents in other positions of the aromatic ring apparently lack 5-HT
activity and instead show dopaminergic properties. According to Hibert [58], the
minimal structural parameters necessary for 5-HTja-receptor stimulation is one
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aromatic ring and one amino group and its lone pair of electrons in the relative position
shown in Fig 2.17a. The mean distance between the center of the common aromatic ring
and the nitrogen atom is 5.3-5.6 A, and the nitrogen lies at 0.2 A above the plane
defined by the reference ring and the electron lone pair is almost perpendicular to the
plane of the aromatic ring. Nevertheless, these two primary points of binding are
probably not always sufficient and additional binding groups are presumably required to
stabilize the receptor-ligand complex. It seems reasonable to assume that the 8-hydroxy
or 8-methoxy and the N-di-n-propyl substituents of the aminotetralin moiety secems to
be required to offset the lack of the indole nucleus and to obtain compounds with high
affinity and selectivity for the 5-HT | A recognition site [58]. According to this model,
the stereochemical requirements of the 5-HT | o and a-adrenoceptor are identical. Inte-
restingly, the height of the nitrogen atom above the plane defined by the aromatic ring,
as well as the directions in which the nitrogen lone pair of electrons point are different
in the model for antagonistic and agonistic activity, respectively [58]. This may allow
comparison of the active and inactive conformation of the 5S-HT A receptor induced
during the fitting process by agonists and antagonists.

@,537//& 0.20 (Z{pt @D

a. b.
Figure 2.17. Pharmacophore of the 5-HT | o agonist recognition site as proposed by a) Hibert et al. [58],
and b) Mellin et al. [76]. All the distances in the models are in A: y=2.1-2.6;,x=52-5.7, a =(-) 28°
-(+)-28°; B=()4° - (+) 0.4°

Because it was not possible to obtain a reasonable fit with conformationally
restrained, but active derivatives of 8-OH DPAT, a second model has been proposed by
the group of Hacksell [76]. This model describes the minimal structural parameters
necessary for agonists at the 5-HT|p receptor. Since the non-phenolic 2-
(propylamino)tetralin possesses fairly high affinity for the 5-HT | receptor [77], the
phenol group is omitted in this model. The pharmacophore model consists of two
elements 1) an aromatic site; 2) a dummy atom-nitrogen site. This dummy atom, located
2.6 A from the nitrogen and aligned with the N*-H bond vector, was supposed to mimic
a cation binding site (most likely, a carboxylate) at the receptor. The model defines
limits within which the relative position of an aromatic nucleus and a nitrogen-dummy
atom vector may vary (Fig 2.17b). It also defines a partial 5-HT p-receptor-excluded
volume. Just as the model of Hibert et al., this model also does not take into account the
electronic properties of the aromatic moiety.
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Because a large N-(phthalimidobutyl) group is tolerated and also seems to enhance
affinity, Glennon [65] postulated that these agents probably utilize a common aryl,
terminal amine and a phthalimido site.

An extensive study of the molecular electrostatic potential of ligands with other substi-
tuents which may contribute to the ligand-receptor complex stability by interacting
directly with electropositive or hydrogen bond donor residues of the recognition site
remains to be performed (see chapter 9).
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CHAPTER 3

SYNTHESIS OF A SERIES OF 2-(N-METHYL-N-PROPAR-
GYLAMINO)TETRALINS: DOPAMINE AGONISTS WITH
MONOAMINE OXIDASE INHIBITING PROPERTIES.

Summary: A series of non-, mono and dihydroxylated 2-(N-methyl-N-propargylamino)tetralins
were synthesized and studied with respect to their dopamine agonist and monoamine oxidase inhibitory
activities. It was concluded that the mono and dihydroxylated compounds have MAO inhibiting and
dopamine receptor stimulating activities. The MAOQ inhibitory activity predominated in the monohydroxy
structures, whereas the dopamine agonistic effect was predominant for the catecholic compounds.

3.1 Introduction

The important study by Blaschko et al. [1] on the inactivation of epinephrine (E)
led to the concept of amine oxidase, an enzyme system which catalyzes the oxidation of
a large number of amines. Zeller [2] proposed the name 'monoamine oxidase' (MAQ)
for the class of enzymes responsible for the oxidative deamination of the monoamine
neurotransmitters.

Mitochondrial MAO, a spherical protein with a density of 1.4 and a molecular
weight of about 100 000 D, is widely distributed in different types of neurones, glia
cells, liver, kidney, heart, intestine, lung, salivary gland, gonads and various kinds of
smooth muscle. It is bound to the outer mitochondrial membrane and plays an important
role in the inactivation of both exogenously and endogenously formed amines.
Monoamine oxidase is a flavine-containing enzyme [12].

The concept that mitochondrial MAO plays a physiological role in the biological
inactivation of transmitters like norepinephrine (NE), dopamine (DA) and serotonin (5-
HT) is well established by much experimental evidence [3,4,5]. Inhibition of MAO
leads to an increase in concentration of NE, DA and 5-HT in the brain to new steady-
state levels and increases the stores of these transmitters in reserpinized animals.

Clinically useful inhibitors of MAO have a long history. It began with clinical
observations of central mood-elavating effects of iproniazid [6]. One early report on this
drug in the treatment of sanatorium patients with tuberculosis described patients as
"dancing in the halls and it wasn't because they had seen their X-ray pictures”. The
subsequent association of these effects with the inhibition of MAOQ initiated the
development of numerous inhibitors that were enthusiastically proclaimed for the
treatment of depression. However, this popularity was short-lived through the
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appearance of serious side effects, especially the well documented 'cheese reaction’, a
blood pressure response to tyramine found in certain foodstuffs after the inhibition of
MAO. This has led to severe hypertensive crises and even death in some cases [7,8].

It is now accepted that monoamine oxidase exists in two forms, MAO-A and
MAO-B, with different distribution amongst organs and across species and with diffe-
rent sensitivity to inhibitors. The enzyme form that preferentially oxidizes S-hydroxy-
tryptamine and noradrenaline and is inhibited by low concentrations of clorgyline is
designated type A and the form that preferentially deaminates phenethyl-amine and
benzylamine and which is sensitive to low concentrations of L-deprenyl is called type B
[9,10]. The neurotransmitter dopamine (DA) is a substrate for both forms of the enzyme
[11]. The proteins, however, are closely related having 70% sequence homology [12].
Both forms of MAO are present in human brain, but the relative concentration of MAO-
B is higher than that of MAO-A, which is the reverse as compared to rat brain.

The deamination of monoamines by MAO can be described as follows [13,14]:

RCHyNHj + 02 + HQO — RCHO + HpO7 + NH3

The aldehyde formed is then further metabolized to the corresponding alcohol and acid
by aldehyde reductases and dehydrogenases, respectively.

3.2 Pharmacology and Therapeutic Potential of MAQO-B Inhibitors in
Parkinson's Disease

When L-deprenyl was reported by Knoll and Magyar [10] to inhibit selectively
the B form of MAO, the therapeutic potential of such a compound appeared somewhat
limited because the two monoamines most likely to be implicated in depression, nor-
adrenaline and serotonin, were believed to be preferentially degraded by MAO-A [15].
Subsequently, it was shown that dopamine is predominantly metabolized by MAO-B in
humans [16,17], a finding that rationalized the use of a selective MAO-B inhibitor in
the dopamine deficiency syndrome, Parkinson's disease. However, the consequences of
the 80-90% reduction in the dopamine content of the basal ganglia of Parkinsonian
patients are not amenable to improvement by L-deprenyl therapy alone. When
combined with L-DOPA and carbidopa, there is a beneficial effect on the
pharmacokinetics of the dopamine formed from L-dopa [18].

The aetiological events that ultimately result in Parkinson's disease have not yet
been unraveled. In this context, the finding that 1-methyl-1,2,3,6-tetrahydropyridine
(MPTP, 3), a contaminant of a pethidine-related 'designer drug', is transformed by
MAO-B in a neurotoxin that selectively destroys nigrostriatal dopamine neurons, has
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attracted considerable attention [19]. This selective damage results in clinical signs that
are indistinguishable from Parkinson's disease. The MAO-B selective inhibitors L-
deprenyl and pargyline have been used to block the metabolic activation of MPTP in
animals. The interest generated by the biochemical and pathological effects of MPTP
has resurrected the dormant hypothesis that neuronal degeneration seen in Parkinson's
disease is due to environmental factors [20].

CO,C,H; ,CC,Hg heat . MO y
H* - |
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Scheme 3.1. Structures of pethidine (1); its ‘designer drug' analogue 1-methyl-4-propionoxypiperidine
(MPPP, 2); MPTP (3), and the oxidation of MPTP to 1-methyl-4-phenylipiperidinium (MPP*,4)

The discovery that the selective MAO-B inhibitor Selegiline® (L-deprenyl, 5) is
free of the tyramine effect and is able to prevent the toxicity of MPTP (3) in animals led
to the reassessment of Selegiline® in the treatment of "de novo" Parkinson's disease.
Selegiline® is now widely used in the early management of Parkinson's disease.

3.3 Irreversible and Selective Inhibitors of MAO.

Many of the selective inhibitors of MAO are not reversible, they inhibit the
enzyme in a time dependent manner. Some representative irreversible inhibitors of
MAQO are shown in Fig 3.1. These inhibitors can be divided into four classes, namely
the acetylenic inhibitors, the cyclopropylamines, the fluorallylamines, and the hydrazi-
nes. The group that has been studied most is the acetylenic type of inhibitor. From
structure-activity relationship studies, it has been shown that irreversible inhibition is
found only when the acetylenic group is 8§ to the amino group in the inhibitor molecule.
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Figure 3.1. Structures of various irreversible MAQ-inhibitors

The acetylenic, cyclopropyl, and hydrazinic inhibitors have been shown to
inhibit MAO by acting as 'suicide’ inhibitors [21,22]. In such a reaction, a reversible
enzyme-inhibitor complex is formed and subsequent reaction within this complex
involves the generation (as a result of enzyme action) of a reactive inhibitor molecule
which then forms a stable enzyme-inhibitor adduct, thus inhibiting irreversibly the
enzyme. The reaction can be described as follows:

E+l /—= El —_— Er

where E = enzyme, I = inhibitor, EI = reversible enzyme-inhibitor complex and EI* =
irreversible enzyme-inhibitor adduct.

Thorough investigations, including the characterization of the flavine adduct,

have allowed Abeles et al. [21] to propose the following reaction for inhibition of MAO
by a tertiary propargylamine (Scheme 3.2).
Reasonable radical mechanisms have been proposed for the inhibition reactions of the
monoamine oxidases. Krantz et al, for example, have formulated a single electron
transfer (SET) mechanism for the inhibition reactions of propargylic (e.g. pargyline)
and related allenylmethylamines with MAO based upon the close similarity between the
adducts formed in the enzyme inhibition reactions and model flavin-amine
photochemical processes [40].
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Scheme 3.2. Formation of the flavin adduct by reaction of a N-methyl-N-propargylamine with the
enzym-bound flavin [21]

One of the prototypes of the MAO-B selective inhibitors, L-deprenyl 5, has been taken
as a starting point for an extensive structure-activity relationship study by Knoll and his
group [21] ; their results are summerized in Fig 3.2.

(H, CH,; ?)
2-carbon chain j
\ (?Hs essential
SEEN
/ f .
(H, CH,) unsubstituted

unsubstituted
aromatic ring

Figure 3.2. Some structure activity relationships of the propargylamines.
3.4 Topic of this Study

The combination of dopamine agonistic activity and MAO inhibiting activity in
one and the same molecule was the topic of this study. 2-(N-methyl-N-
propargylamino)tetralin [24] has shown to be a potent MAQ inhibitor. It was therefore
of interest to synthesize a series of non-, mono- and dihydroxylated 2-(N-methyl-N-
propargylamino)tetralins and investigate the biochemical, behavioural and neuroche-
mical effects of these compounds. The MAO inhibitory effect of the compounds was
studied in in vitro and ex vivo experiments using rat brain homogenates as the enzyme
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source. We studied the affinity of the various compounds through their ability to
displace the dopamine agonist [3H]-N-n-propyl-norapomorphine from rat striatal
homogenates. Effects on DA receptors in the central nervous system were evaluated in
test models which are generally used for studying pre- and postsynaptic actions of DA
agonists. Thus, the gamma-butyrolactone (GBL) model [25], which involves the rever-
sal of the GBL-induced increase in L-DOPA accumulation in rat striatum, was chosen
as the presynaptic test model. The induction of stereotyped behaviour in rats [26] and
the reversal of reserpine induced hypomotility in mice [27] were both used for
investigating postsynaptic DA receptor stimulation. In addition, the potency of the com-
pounds to decrease DA turnover in rat striatum, another indication of presynaptic DA
receptor activation, was determined by measuring the levels of the DA metabolites
DOPAC and HVA. It is known that striatal levels of the DA metabolite 3-met-
hoxytyramine (3-MT) are decreased by DA agonists but increased by MAO inhibitors.
This DA metabolite was therefore investigated as a measure for the balance of both
activities in our compounds.

3.5 Chemistry

CH, CH,

2 : éo a 2 :: /N\/\ b 2 : /N\/\
(R), (R), (R)y
11 12

13
CH,

] c
NN

14

Scheme 3.3. Synthetic route to the 2-(N-methyl-N-propargylamino)tetralins. R = H, OCH3; n = 1,2;
Reagents (a) N-methyl-N-propargylamine; (b) NaBH3CN, H*; (¢) BBr3

The 2-(N-methyl-N-propargylamino)tetralins were prepared as shown in Scheme 3.3.
The tertiary amines were synthesized from the corresponding 2-tetralones by use of
literature procedures. Thus, compound 11 was allowed to react with N-methyl-N-
propargylamine, and the resulting enamine 12 was rapidly reduced by sodium
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cyanoborohydride at an initial pH of 5 in a 15:1 tetrahydrofuran/methanol mixture [28]
to afford 13. The enamine group itself is resistant to reduction, but rapid and reversible
protonation on carbon generates a readily reducible iminium salt. Treatment of 13 with
boron tribromide at a low temperature yielded the phenols and the catechols 14 in good
yields.

CH,

3 13a.R'=R?=R>= H
R ~ % 14b.R'= OH, R =R%*=H
14c. R'=R*=H, R® = OH
R 14d.R'=R?’=0OH,R*=H

R 14e. R' =H, R?=R® = OH

Figure 3.3 Structures of the 2-(N-methyl-N-propargylamino)tetralins used in this study.
3.6 Results and Discussion

All the compounds proved to be in vitro MAOQ inhibitors. Comparison of the
IC5( values for this series (Table 3.1) showed that the nonhydroxylated analogue 13a

Table 3.1. Effects of 2-(N-methyl-N-propargylamino)tetralins and some standard drugs on in vitro
MAO-A and MAO-B inhibition in rat brain homogenates. Substrate concentrations in the MAO assay
were 100 pM 5-HT (type A) and 10 uM PEA (type B). IC4 values represent mean values of determina-
tions in triplicate at inhibitor concentrations over the range 10-10 to 104 M.

Compound 1Cs0
MAO-A MAO-B Ratio A/B

13a (N-0425) 52x10-8 4.1x10-8 1.2

14b (5-OH) 23x 1077 24x106 0.1

14¢ (7-OH) 1.9x 10-7 18x10-7 1.0

14d (5,6-OH) 6.4x 107 28x 106 0.2

14e (6,7-OH) 2.4x 106 25x 105 0.1
Deprenyl 45x10"7 44x109 102.3
Pargyline 1.7 x 10-7 1.6x 10-8 10.6
Clorgyline 6.0x10-9 3.4x106 0.002
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(N-0425) was the most potent within the series. Substitution of the aromatic ring led to
a decrease in enzyme inhibitory activity. The monohydroxylated compounds were
slightly more potent than the dihydroxylated analogues. The 7-OH derivative was found
to be the most potent inhibitor of MAO-B within the monohydroxylated structures.
Replacement of the N-methyl function by a N-n-propyl group resulted in a marked
decrease in potency (results not shown).

Table 3.2 shows that in ex vivo experiments the order of potency of the various
compounds for inhibiting MAO corresponds reasonably well with the results of the in
vitro experiments. Feenstra et al. [29] have reported on the MAO-A inhibitory activities
of 5,6- and 6,7-di-propyl-ADTN. They estimated the IC5( values of these compounds
to be > 1004 M. Thus, we conclude from our experiments that MAO inhibition is
increased about 100 times by the introduction of a methyl and a propargyl function on
the nitrogen atom.

Table 3.2. Effects of mono- and dihydroxylated 2-(N-methyl-N-propargylamino)tetralins on ex vivo
MAQ-A and MAO-B inhibition in rat striatal homogenates. Compounds were administered i.p. at a dose
of 10 mg/kg, excepting 13a which was tested at 5 mg/kg, and the animals (n = 4 per dose) were
terminated 4 h later. MAOQ activity was assayed after a 20 min incubation period with substrates. Data

are expressed as percentages of enzyme activity of striatal homogenates of controls (vehicle treatment)
determined in triplicate.

Compound % Inhibition versus controls
MAO-A MAO-B
13a (N-0425) 85 96
14b (5-OH) 61 16
14¢ (7-OH) 72 83
14d (5,6-OH) 31 8
15e (6,7-OH) 28 15

To study the affinity for dopamine receptors in vitro, the compounds were
compared with apomorphine for their ability to displace [SHJNPA from its binding sites
(Table 3.3). The catechols had a potency similar to that of apomorphine whereas, the 7-
and the 5-OH analogues were found to be 3 to 7 times less potent. The nonhydroxylated
analogue was the weakest compound in the series.
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Table 3.3. Potency of various compounds to displace [3H]-NPA from binding sites in rat striatal
homogenates. Binding assays were run at 25 °C in 1.0 mL Tris/EDTA buffer, including 0.01% ascorbic
acid, 0.25 nM [3H]-NPA and 2.5 mg tissue (wet weight). Nonspecific binding was determined in the
presence of 1 uM d-butaclamol. IC5q values were estimated graphically from displacements curves made
with data obtained from 3 independent experiments, each analyzed in triplicate over the concentration
range 10-11 t0 10-5 M.

Compound IC50 (nM)
13a (N-0425) 3000

14b (5-OH) 120

14¢ (7-OH) 35

14d (5,6-OH) 16

14e (6,7-OH) 13
apomorphine 18

Table 3.4. Effects of various compounds on y-butyrolactone-induced increase in DOPA
accumulation in rat striatum following decarboxylase inhibition (NSD 1015). Compounds were
administered i.p. 40 min before termination whereas GBL (750 mg/kg, i.p.) and NSD 1015 were
administered 35 and 40 min before termination, respectively. ED5q values represent the dose in mg/kg
i.p. producing 50% reversal of DOPA accumulation and were determined graphically from log dose

effect curves each point representing the mean DOPA content of 8 striata. @ Data from Van Oene et al.
[30].

Compound EDs5( (umol/kg i.p.)
13 (N-0425) >425

14b (5-OH) 6.8

14¢ (7-OH) 28

14d (5,6-OH) 1.1

14e (6,7-OH) 1.1
Apomorphine? 1.1

3-PPPa 39
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Stimulation of presynaptic DA receptors (autoreceptors) was investigated using
the gammabutyrolactone (GBL) model of Walters and Roth [25]. In this model an
increase in DOPA levels can be antagonized by selective stimulation of presynaptic DA
receptors. All the hydroxylated compounds were effective in reversing the GBL-
induced rise in DOPA content in rat striatum following decarboxylase inhibition with
the aromatic amino acid decarboxylase inhibitor NSD 1015. The ED5() values shown in
Table 3.4 express the dose at which 50% reversal of the induced DOPA accumulation
was achieved.

Comparing the effectiveness of the various compounds showed that, of the
monohydroxylated derivatives, the 7-OH analogue was twice as active as the 5-OH
compound. The dihydroxylated analogues were shown to have a potency similar to that
of apomorphine. N-0425, the most potent MAO inhibitor, produced only a 40%
reversal at a dose of 42.5 pmol’kg i.p.. One would expect, however, and as a
consequence of MAQ inhibition, that the DA levels in the striatum should increase
resulting in the inhibition of tyrosine hydroxylase activity, as was reported by Roth
[31]. In addition to apomorphine, the selective DA autoreceptor agonist (+)-3-PPP was
also used as a reference compound.

All of the hydroxylated compounds produced a dose-dependent decrease in HVA
levels in rat striatum (Fig 3.4). The 7-OH analogue was the most potent

120+
—B—5-0H
—0—7-0H
100 —o—5,6-OH
—0—6,7-OH
w_ *

-]
~
3
o
o

mg/kg i.p.
Figure 3.4. Dose-dependent effects of mono- and dihydroxylated 2-(N-methyl-N-
propargylamino)tetralins on HVA concentrations in rat striatum. Effects were measured 60 min after an
i.p. injection of the test compound. Animals were terminated by focussed microwave irmridation. Values
are given as % of controls (0.54 + 0.05 (15) yg/g ; mean x SEM, number of animals). Each point is the
mean of 4-5 determinations. * P < 0.05; ** P < 0.01 vs. controls (Dunnett's test).
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compound of the series, reducing striatal HVA concentrations by about 60% following
a dose of 5 mg/kg i.p. This effect is an indication of presynaptic DA receptor stimu-
lation and/or MAO inhibition; both types of activity lead to a decrease in the levels of
this metabolite. In addition, striatal 3-MT levels were measured as a marker for
agonistic activity (decrease in 3-MT concentrations) and/or MAO inhibiting activity
(increase in 3-MT concentrations). The effect of the 3-MT levels are shown in Fig 3.5.
The 5-OH analogue increased the 3-MT levels significantly to 195 + 25 % (mean *
SEM) at 20 mg/kg i.p. (P < 0.05 vs. controls, Dunnett's test) suggesting a possible
domination of MAO inhibitory activity at relative high doses of this compound. In
contrast, the dihydroxylated derivatives tended to reduce 3-MT levels, suggesting a
more pronounced agonistic activity of these structural analogues. The latter effect was
to be expected for the dihydroxy compounds in view of the results found in the GBL
experiments and of their MAO inhibiting potencies, i.e. they displayed a predominantly
agonistic acitivity.

150
1004
o
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z
=3
(3]
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& 501 —s—50H
—o0—7-OH
—e—580H
—o—6.7-0H
c T 1
0 5 10

mg/kg i.p.

Figure 3.5 Dose-response relation of mono-and dihydroxyated 2-(N-methyl-N-propargylamino)tetralins
on 3-MT concentrations in rat striatum. Effects were measured 60 min after an i.p. injection of test
compound. Animals were terminated by focussed microwave irridation. Values are given as % of controls
(34.9 £ 5.1 ng/g (15); mean + SEM, number of animals). Each point is the mean of 4-5 determinations.

The dihydroxylated analogues produced a more pronounced stereotyped
behaviour than did the monohydroxy compounds although they were less active than
the reference drug apomorphine (Table 3.5).
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Table 3.5. Induction of stereotyped behaviours in rats by various compounds. The animals were placed
in individual cages and observed for a 60 min period. Stereotyped behaviours were scored according to
Costall {32], i.e. 0 = no stereotypy; 1 = periodic sniffing and/or repetitive head and limb movements; 2 =
continuous sniffing and/or repetitive head and limb movements; 3 = periodic gnawing, biting or licking; 4
= continuous gnawing, biting or licking. Each dose was investigated in 4 rats in separate experiments.

Compound Dose Stereotypy Duration Other behavioural
(umol/kg)  score (min) effects
13a (N-0425) 425 - - sedation
(0-20 min)
14b (5-OH) 40 1-2 0-20
14c (7-OH) 40 1 0-45
14d (5,6-OH) 37 3-2 20-45 sedation
(0-15 min)
14e (6,7-OH) 37 2-3 20-45 sedation
(0-20 min)
Deprenyl 45 - - locomotor stim.
Apomorphine 6.6 4 0-30
3 30-35
2 35-40
Methamphetamine 20 4 10-60 locomotor stim.

(0-10 min)

Following treatment with the 5,6- and 6,7-OH compounds there was a phase of
hypomotility that preceded the stereotyped behaviour. This phenomenon might be
explained by a more dominant stimulation of presynaptic DA receptors, or alternatively
by stimulation of op-adrenergic receptors, or both. It is known that various 2-
aminotetralins are able to stimulate also orp-adrenergic receptors in the CNS [33]. Both
the nonhydroxylated compound N-0425 and deprenyl failed to induce any form of
stereotyped behaviour. N-0425 caused a state of hypomotility that lasted for about 20
min, whereas deprenyl produced locomotor stimulation.

In addition to the stereotypy model, reversal of reserpine induced hypomotility in
mice was used as a measure of postsynaptic DA receptor stimulation. It was found that
(Table 3.6) that the dihydroxylated compounds were able to reverse reserpine induced
hypomotility, as did the DA agonist apomorphine. The fact that the dihydroxylated
compounds were found to be active, in contrast to the monohydroxylated ones, suggests
that this effect was mainly due to postsynaptic receptor stimulation rather than to MAO
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inhibition. This idea is supported by the finding that the in vivo MAO inhibitory effects
of the monohydroxy derivatives, especially with the 7-OH substituent, were more
pronounced than the effects of the dihydroxylated compounds. Pargyline, a MAO-B
inhibitor, did not reverse the reserpine effect either, whereas deprenyl, another MAO-B
inhibitor, had a stimulant effect.

Table 3.6. Effects of various compounds indicated on the reserpine-induced immobility of mice. Mice (n
= 3 per dose) were pretreated with reserpine (5 mg/kg i.p.) about 17 h prior to injection of the test
compound. Motility counts were made during a 2 h period starting 5 min after test compound injection.
Data were expressed as the mean score, with the range in parentheses, as determined in 3-6 independent
experiments. The significance of the increase in motility compared to vehicle treated controls is indicated.
NS = not significant increase (P < 0.05; Man Whitney U-test, one tailed).

Compound Dose Motilty Level of signifi-
(umol/kg ip) I counts/2h (range)  cance (P)

controls - 19 (10-29)

13a (N-0425) 4.5 35 (12-65) NS
14b (5-OH) 40 36 (9-79) NS
14c¢ (7-OH) 40 26 (4-46) NS
14d (5,6-OH) 37 848 (482-1306) <0.05
14e (6,7-OH) 37 739 (476-1698) <0.01
Deprenyl 45 358 (241-964) <0.05
Pargyline 380 8 (2-20) NS
Apomorphine 0.8 418 (211-964) <0.05
Methamphetamine 5 2492 (2392-2612) <0.05

3.7 Conclusions

We have demonstrated that both the monohydroxylated and dihydroxylated N-
methyl-N-propargyl-2-aminotetralins possess a combination of MAO-inhibiting and
dopamine receptor stimulating properties. The DA agonistic effect dominates in the
catechols, whereas MAO inhibitory effects are stronger in the monohydroxylated and
especially the non-substituted analogues. None of the compounds was very selective for
either of the MAO-subtypes. Thus it would appear difficult to obtain a high order of
both activities in one molecule, at least for the 2-aminotetralin structures.
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The rediscovery of apomorphine in Parkinson's disease is one of the best
examples of the value of 'old drugs’ in modern therapy. Apomorphine is one of the
most potent dopamine agonists now available and, used together with domperidone,
peripheral side effects are prevented. Subcutaneous or sublingual administration also
lead to a potent and rapid antiparkinsonian effect.

There are two reasons indicating that 5,6-dihydroxy-2-(N-methyl-N-propar-
gylamino)-tetralin deserves further evaluation. Firstly, it has about the same potency as
apomorphine and the availability to the brain is further improved through the
development of new routes of administration. Secondly, several significant changes in
non-dopaminergic systems have also been described in Parkinson's disease. Reduced
concentrations in the striatum, substantia nigra, globus pallidus, nucleus accumbens,
limbic and cortical regions, hippocampus, cerebellar cortex and spinal cord have been
described for norepinephrine, serotonin, substance P, neurotensin, etc. [34]. The
compound has a moderate, but 5-fold selectivity for the MAO-A enzyme, leaving in the
periphery enough MAO-B intact to metabolize indigested indigested tyramine. The
levels of norepinephrine and serotonin and to a certain amount dopamine, can be
increased by the MAO-A inhibiting properties of this compound. However, in spite of
the novelty of such a concept, these compounds may become new and valuable
therapeutics in Parkinsonism,

3.8 Experimental Section

Melting points were determined with an Electrothermal digital melting apparatus and
are uncorrected. IR, NMR, and MS data were determined for all compounds and were
evaluated as consistent with the indicated structures. These data are presented only
where required for structural assignment. Infrared Spectra were recorded on a Jasco A-
100 spectrofotometer. The 60 MHz 1H NMR spectra were recorded on a Hitachi
Perkin-Elmer R-24 B spectrmeter. The chemical ionization (CI) mass spectra were
obtained on a Finnegan 3300 system. For purity tests, TLC was performed on
fluorescent silicagel plates developed in at least two different systems. For all the
compounds, only one spot (visualized by UV light and I vapor) was obtained.
Elemental analysis were performed in the Department of Chemistry, University of
Groningen. Where elemental analysis are indicated results obtained were within 0.4%
of theoretical values.

2-(N-Methyl-N-propargylamino)-1,2,3,4-tetrahydronaphthalene (13a)
A solution of 2-tetralone (1, 2.8 g, 19 mmol), N-methylpropargylamine (1.6 g, 24
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mmol) and and a catalytic amount of p-toluenesulfonic acid (1 mmol) in 60 mL of dry
benzene was refluxed under nitrogen in a Dean-Stark apparatus. After 2 h the volatiles
were evaporated in vacuo to give the enamine 12a. The enamine was quickly dissolved
in 75 mL of dry THF and 5 mL of methanol, acidified (pH 5) with ether saturated with
gaseous HC] and rapidly reduced by sodium cyanoborohydride (1,3 g, 21 mmol). The
resulting mixture was stirred 2 h at room temperature, then freed of solvent in vacuo
and taken up in a sodium carbonate solution. The aqueous solution was extracted four
times with 40 mL portions of ether. The combined extracts were washed with brine (20
mL) and dried over magnesium sulfate and evaporated in vacuo. The resulting oil was
dissolved in dry ether, and ether saturated with gaseous HCl was added slowly to
produce the amine hydrochloride as a white solid. Recrystallization from ethanol-ether
yielded 2.6 g (57%) of white crystals; mp 180-182 °C.

5-Methoxy-2-(N-methyl-N-propargylamino)-1,2,3,4-tetrahydronaphthalene (13b)
By use of the procedure used for 13a, the 5-methoxy derivative gave the methyl ether
hydrochloride 13b in a 69% yield after recrystallization from ethanol-ether: mp 199-201
°C; IR (KBr) 3230 cm-1 (propargyl-H), 2460 (NH*); NMR (CDCl3) free base, & 3.7
(OCHj3); MS (CI + NH3), m/e 230 (M + 1). Anal (C15H2oNOCD C, H, N, Cl.

7-methoxy-2-(N-methyl-N-propargylamino)-1,2,3,4-tetrahydronaphthalene (13¢c)
The reaction was carried out as described above for 13a. Conversion to the HCI salt and
recrystallization from ethanol ether gave pure 13¢ (60%): mp 206-208 °C; IR (KBr)
3200 cm-1 and 2120 (propargyl-H), 2500 (NH'); NMR (CDCl3) free base, 3 2.4 (s,
3H, N-CH3), 3.7 (s, 3H, OCH3); MS (CI + NH3), m/e 230 (M + 1). Anal
(C15H29NOCI) C, H, N, CL

5,6-dimethoxy-2-(N-methyl-N-propargylamino)-1,2,3,4-tetrahydronaphthalene
(13d).

The reaction was carried out as described above for 13a. Conversion to the HCL salt
and recrystallization from ethanol yielded 53% of pure product: mp 198-199 °C; IR
(KBr) 3190 and 2100 cm-1 (propargyl-H), 2500 (NH™), 1600 ArH; NMR (CDC13) 8
2.4 (s, 3H, NCH3), 3.7 (s, 6H, OCH3); MS (CI + NH3), m/e 260 (M + 1). Anal.
(C16H22NO2CI) C, H, N, CL.

6,7-dimethoxy-2-(N-methyl-N-propargylamino)-1,2,3,4-tetrahydronaphthalene
(13d).
The reaction was carried out as described above for 13a. Conversion to the HCI salt and
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recrystallization from ethanol yielded 59% of product: mp 216-219 °C; IR (KBr) 3190
(propargyl-H), 2120 cm-1 (propargyl), 2520 (NH™), 1610 (ArH); NMR § 2.3 (s, 3H,
NCH3), 3.8 (2 x s, 6H, OCH3), 6.7 (s, 2H, ArH); MS (CI + NH3), m/e 260 (M + 1).
Anal. (C1gH22NO2Cl) C, H, N, Cl.

Demethylation of Methoxy Compounds.

The appropriate methoxy compound (2 mmol) was dissolved in 30 mL of
dichloromethane, and the temperature of the solution was lowered to -60 °C. An excess
(6 mmol) of a 1 M solution of boron tribromide in dichloromethane was then added.
The reaction mixture was initially stirred for 2 h at a temperature between -30 and -40
°C and was then allowed to rise to room temperature and the reaction was stirred for
another 20 h. The reaction mixture was then poured into water (100 mL) and made
alkaline by the addition of ammonia. The separated aqueous layer was extracted with
ether (4 x 30 mL). The combined organic extracts were washed with brine (3 x 10 mL)
and dried over magnesium sulfate. Removal of the solvents under reduced pressure
yielded an oil followed by conversion to the HCI salt.

5-Hydroxy-2-(N-methyl-N-propargylamino)-1,2,3 4-tetrahydronaphthalene (14b)
The crude 14b.HCI resulting from demethylation of 13b.HCI was recrystallized from
ethanol-ether: yield 68%; mp 195-198 °C; IR (KBr) 3220 cm~! (OH), 2120 (propargyl-
H); NMR (CDCI3) free base, 8 2.4 (s, 3H, NCH3), 6.2 (br s, 1H, ArOH); MS (CI +
NHj3), m/e 216 (M + 1). Anal. (C14H1gNOCI) C, H, N, Cl.

7-Hydroxy-2-(N-methyl-N-propargylamino)-1,2,3 4-tetrahydronaphthalene (14¢)
The crude 14¢.HCI resulting from demethylation of 13¢.HCl was recrystallized from
ethanol-ether: yield 79%; mp 198-202 *C (dec); IR (KBr) 3200 cm-! (ArOH), 2620
(NH™Y), 3110 (propargyl-H); NMR (CDCl3) free base, 8 2.4 (s, 3H, NCH3), 6.5-6.9 (m,
3H, ArH), 8.3 (s, 1H, ArOH); MS (CI + NH3), m/e 216 (M + 1). Anal. (C14HgNOCI)
C,HN,CL

5,6-Dihydroxy-2-(N-methyl-N-propargylaminoe)-1,2,3 4-tetrahydronaphthalene
(14d)

The demethylation was carried out with 8 mmol boron tribromide. The crude 14d.HC1
resulting from demethylation of 13d.HCI was recrystallized from ethanol: yield 77%;
mp 107-110 *C; IR (KBr) 3200 cm-! (OH), 2600 (NH*), 3120 (propargyl-H); NMR
(CDCl3) free base, 6 2.5 (s, 3H, NCH3), 3.4 (d, 2H, N-CH»), 4.5 (br s, 4H, ArOH +
H70), 6.3 (m, 2H, ArH); MS (CI + NH3), m/e 268. Anal. (C14H1gNO2CL.H20) C, H,
N, CL
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3-(Dipropylamino)-3,4-dihydro-2H-1-benzopyran-6-ol (3b).

The 6-methoxy-chromanamine 16b was O-demethylated by use of boron tribromide in
dichloromethane as described for Sb. Conversion to the HCl-salt and recrystallization
from ethanol-ether gave pure 3b (yield 70.8%): mp. 190-192 °C; IR (KBr) 3125 cm-1
(OH), 2250 (NH'); NMR (CDCl3), free base, § 0.9 (t, 6H, 3'-CH3), 1.5 (m, 4H,
2-CHp), 2.5 (t, 4H, 1'-CHp), 2.8-3.5 (m, 3H), 3.5-4.4 (m, 2H), 6.3 (br, 1H, OH),
6.4-6.8 (m, 3H, ArH); MS (CI + NH3) m/e 260 (M+1). Anal. (C15H24NO7Cl)
C.HN,CL

2-(N,N-di-n-propylamino)-5-methoxy-naphthalene (21a).

A solution of 5-methoxy-2-tetralone (19, 4 g, 22.7 mmol), dipropylamine (4.5 g, 45
mmol) and a catalytic amount of p-toluenesulfonic acid (1 mmol) in 100 mL of dry
toluene was refluxed under nitrogen in a Dean-Stark apparatus. After 20 h the volatiles
were evaporated in vacuo to give the enamine 20a; IR 1560 cm-l (N-C=C); NMR
(CDCI3) & 5.1 (C=C-H). The enamine was quickly dissolved in 100 mL of toluene and
20 mmol (4,5 g) DDQ was added and the resulting mixture was refluxed for 15 h. The
mixture was allowed to cool to RT and the precipitated DDQH, was filtered off and
washed with ether. The organic layer were extracted with 4N HCl (3 x 15 mL). The
combined aqueous layer was washed with ether and the water was then removed under
reduced pressure. Recrystallization of the brown solid from ethanol-ether gave 21a.HCl
as almost white crystalls, 3.2 g (47.4%); mp 205-207°C; IR (KBr) 2450 cm-! (NH*)
1600, 1580 (ArH); NMR(CDCI3), free base, 3 0.9 (t, 6H, CH3); MS (CI with NH3) 258
(M + 1); Anal (C17H23NO.HCI) C, H, N, Cl.

2-(N-n-propyl-N-Phenylethylamino)-S-methoxy-naphthalene (21b).

By using the method described for 21a, S-methoxy-2-tetralone gave the dialkylamino
compound 21b in a 43.8% yield after recrystallization from ethanol-ether: mp 162-
163°C; NMR (CDCl3), base, 8 0.9 (t, 3H, CH3), 3.9 (s, 3H, OCH3), 6.5-8.2 (m, 11H,
ArH) Anal (C2oH25NO.HC1) C, H, N, Cl1

2-(N,N-di-n-propylamino)-naphthalene-5-ol (6a).

280 mg (0.95 mmol) of the amine salt 21a was dissolved in 35 mL of dichloromethane
and the temprerature of the solution was lowered to -60°C. Then a solution of 4,5 mL 1
M BBr3 was added. The reaction was initially stirred for 1 h at this temperature, which
was then allowed to rise to room temperature after which the reaction was stirred a
further 20 h. The excess BBr3 was destroyed by addition of methanol and the mixture
was concentrated to dryness. Recrystallized of the solid from propanol-ether yielded
240 mg (77.6%) of pure product: mp 208-210°C (dec); IR (KBr) 3170 ¢cm-1 (OH),

trans-Tetrahydrobenzopyrano[4,3bJoxazinols 103



































































































































