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Chapter 1

Introduction

1.1 Dopamine, a Neurotransmitter in the Central Nervous System

Dopamine (DA), or β-(3,4-dihydroxyphenyl)ethylamine (1), is an endogenous

catecholamine that was first recognized as a neurotransmitter in 1957.1 A neurotransmitter serves

to transmit signals between neurons, which are separated by a synaptic cleft. Electric impulses

from a primary neuron cause an exocytotic process at the nerve terminal, which causes vesicles

containing the neurotransmitter to be emptied into the synaptic cleft (Fig. 1.1). The

neurotransmitter binds reversibly to receptor proteins embedded in the membrane of a receiving

neuron at the other side of the synaptic cleft, which may trigger a certain effect, for example,

continuation of the electric impuls. This process of signal transduction distinguishes presynaptic

receptors or autoreceptors, which are present on the neurotransmitter

releasing neurons, and postsynaptic or heteroreceptors, which are

present on the neurotransmitter “receiving neuron”. The former are

supposed to have a feed-back function, and slow down the release of

neurotransmitter from these neurons when they are stimulated.

Dopamine receptors belong to the superfamily of G-protein

coupled receptors. This type of receptors is characterized by attachment to a G-protein (guanine

nucleotide-binding protein), which is located on the inside of the receptor membrane. After a

receptor has been triggered, this G-protein may activate or inhibit the second messenger system

of the cell. The second messenger system causes certain biochemical reactions to occur, such as

activation of specific enzymes, and thereby effectuates a biological response. In contrast to the

ionotropic receptors that are directly linked to an ion channel and respond very fast to activation

by a neurotransmitter (millisecond processes), G-protein-coupled receptors mediate slower

responses (seconds to minutes) and in general have a modulatory function on other signal

transduction processes.2

Although dopamine also has important peripheral functions, for example within the

regulation of cardiovascular homeostasis, this thesis will deal with the function of dopamine in the

central nervous system (CNS). Neurones which secrete dopamine are called dopaminergic

neurons, and these are mainly found in three brain systems, or “pathways”: a) the nigrostriatal

system, which serves to regulate the extrapyramidal system in the control of body movements; b)

the mesolimbic system, which is involved in the control of emotion and memory; and c) the

tuberoinfundibular system, which regulates the secretion of prolactin from the pituitary gland,

which in turn induces lactation in mammals.

NH2HO

HO

1
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Figure 1.1 Neuronal biochemical processes involving dopamine (DA) (Adapted from Ref.2). (1)
Conversion of tyrosine to DOPA by tyrosine hydroxylase. (2) Conversion of DOPA to DA by aromatic L-
amino acid decarboxylase. (3) Pooling of DA in a vesicle. (4) Exocytosis of a vesicle and DA-release into
the synaptic cleft. (5) Activation of postsynaptic DA-receptors. (6) Activation of DA-autoreceptors. (7)
Inhibition of tyrosine hydroxylase. (8) Reuptake of DA by the DA-transporter. (9) Metabolism of DA:
conversion to 3-methoxytyramine by COMT. (10) Oxidation of MT to homovanillic acid by MAO. (11)
Mitochondrion. (12) Mitochondrial oxidation of DA to DOPAC by MAO.

1.2 General Aspects of Dopamine Neurotransmission in the CNS

Biosynthesis of Dopamine. In vivo, the catecholamine dopamine is synthesized in two

steps from the amino acid L-tyrosine 2 (Fig. 1.2). This amino acid is a highly polar compound,

and is transported across the blood-brain barrier by active transport mechanisms, after which it is

accumulated in dopamine neurons. In the first biosynthesis step, L-tyrosine is hydroxylated by the

enzyme tyrosine hydroxylase to give L-3,4-dihydroxyphenylalanine 3 (L-DOPA). L-DOPA is

subsequently decarboxylated to dopamine by the enzyme aromatic L-amino acid decarboxylase.
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Figure 1.2 Biosynthesis of dopamine. (1) Dopamine; (2) L-Tyrosine; (3) L-3,4-dihydroxyphenylalanine
(L-DOPA); TH, tyrosine hydroxylase; AAAD, aromatic L-amino acid decarboxylase.

The rate limiting step for the biosynthesis of DA is the conversion of L-tyrosine to L-

DOPA by tyrosine hydroxylase. Therefore, it is not possible to enhance the levels of DA by

providing L-tyrosine. The activity of tyrosine hydroxylase is regulated by several endogenous

mechanisms. For example, the enzyme is activated by increased neuronal impulse flow, but is

inactivated either by DA itself as an end-product inhibitor, or by activation of presynaptic DA

receptors (autoreceptors, Fig. 1.1). On the other hand, the enzyme aromatic L-amino acid

decarboxylase converts L-DOPA to DA instantaneously. Therefore, providing L-DOPA creates a

possibility to enhance the formation of DA. In fact, this is one of the therapeutic approaches for

the treatment of Parkinson’s disease.

Dopamine Reuptake and Metabolism. Once the dopamine that is released into the

synaptic cleft has exerted its action on the various dopamine receptors, these actions have to be

terminated to prevent continuous stimulation of these receptors. This inactivation is brought

about by reuptake mechanisms and by metabolism of DA (Fig. 1.1).

Reuptake of DA is accomplished by a high affinity carrier present in the membrane, the

dopamine transporter. The dopamine transporter recycles extracellular DA by actively pumping it

back into the nerve terminal. About 70 to 80 % of the dopamine which is present in the synaptic

cleft is inactivated by this process. Certain drugs, such as cocaine, are able to block the action of

the dopamine transporter, thereby sustaining the presence of dopamine in the synaptic cleft and

its action on dopamine receptors.

Part of the dopamine is inactivated by conversion to inactive compounds by metabolic

enzymes, which are present both intra- and extraneuronally. Three enzymes are responsible for

the metabolism (Figure 1.3): monoamine oxidase (MAO), aldehyde dehydrogenase (AD) and

catechol-O-methyltransferase (COMT). After reuptake DA may intraneuronally be deaminated by

MAO to give dihydroxyphenyl acetaldehyde 4, which subsequently is converted to DOPAC 5
(3,4-dihydroxyphenylacetic acid) by AD. DOPAC is then methylated by COMT to give

homovanillic acid 6 (HVA). Extraneuronally, DA may also be metabolized by an alternative route

in which it is first O-methylated to 3-methoxytyramine (3-MT) through the action of COMT, and

subsequently oxidized by MAO and AD to HVA (Fig. 1.1).

NH2HO

HO

1

NH2HO

HO
COOH

3

NH2

HO
COOH

2

TH AAAD
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Figure 1.3 Neuronal metabolism of dopamine. (1) Dopamine; (4) dihydroxyphenyl acetaldehyde; (5) 3,4-
dihydroxyphenylacetic acid (DOPAC); (6) homovanillic acid (HVA); MAO, monoamine oxidase; AD,
aldehyde dehydrogenase; COMT, catechol-O-methyltransferase.

1.3 Dopamine Receptor Classification

About 18 years ago, it was believed that two distinct subtypes of dopamine receptors

existed, i.e. the DA D1 and D2 receptor. On the basis of behavioral, biochemical and

pharmacological observations these two receptors had long been suspected, but their existence

was finally proved when it became possible to determine second messenger effects at the

molecular level: The DA D1-receptor was shown to be positively linked to the second messenger

enzyme adenylate cyclase, whereas the DA D2 receptor was not.3 At this time, it was not realized

that these DA D1 and D2 receptors concealed two families of receptors.

The classification of DA receptors has much been changed since the development of

molecular biological techniques, such as gene cloning. Within the dopamine field, the rat DA D2

receptor was the first to be cloned. The DA-receptor family turned out to be more complex when

in 1990 the DA D3 receptor was discovered. Soon there were two more receptors discovered, i.e.

the DA D4 and DA D5 receptors, and the whole family of DA receptors needed to be reclassified.

Today, dopamine receptors are divided into two families of receptors, the DA D1-like family of

receptors including the DA D1 and D5 receptor subtypes, and the DA D2-like family of receptors

including the DA D2, D3 and D4 receptor subtypes (For reviews see ref.4-9). This classification is

based on similarities in structure, pharmacology, function and distribution. This thesis focuses on

the DA D2 family of receptors. Therefore, this introduction is confined to a short description of

the DA D2, D3 and D4 receptors.

NH2HO

HO

CHO
HO

HO

COOH
HO

HO

COOH
MeO

HO

1 4

5 6

MAO AD

COMT
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Figure 1.4 Schematic representation of a DA receptor embedded in a cell membrane.

General Features of the Dopamine D2 Receptor Family. Dopamine receptors belong

to the superfamily of G-protein coupled receptors. In general, they are characterized by the

following (putative) features. A schematic representation is depicted in Figure 1.4.

- They are composed of about 400 amino acid residues.

- A long extracellular amino terminus with several glycosylation sites. The function of these

sugar moieties is unclear.

- A short intracellular carboxyl terminus, with putative phosphorylation sites.

- Seven transmembrane helices. It is generally believed that the membrane enclosed part of the

amino-acid chain of G-protein coupled receptors is folded into seven α-helices. The

transmembrane helices consist primarily of hydrophobic amino-acid residues.  Although these

transmembrane helices have never been proven by means of X-ray crystallography, the

structural homology of dopamine receptor proteins with bacterio-rhodopsin (the structure of

which has been resolved with X-ray) makes their existence likely.

- Intra- and extracellular loops that link the transmembrane regions. The receptors that belong

to the DA D2-like family have a long third cytoplasmic (intracellular) loop in common, which

is thought to be the site where the G-protein couples. Between the different dopamine

receptors, the third loop also displays the greatest variability in amino-acid sequence. This may

have consequences for their respective second messenger systems.

- A G-protein as a mediator to the secondary messenger system. For the DA D2-like family of

receptors this protein is negatively coupled to the enzyme adenylate cyclase, i.e. it inhibits the

formation of cyclic AMP when the receptor is activated, and is therefore called Gi-protein.

- A disulphide bridge formed by two cysteine residues present in the first and second

extracellular loop, to stabilize the tertiary structure.
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- A ligand binding site within the hydrophobic core of the receptor. Two aspartate residues

(which bear carboxylate side chains) present in the second and third transmembrane helices,

are presumed to bind the protonated amine group of dopamine by serving as counterions.

Furthermore, two or three serine residues present in the fifth transmembrane helix may bind

the phenolic hydroxy groups of dopamine. These latter bonds are probably of a hydrogen bond

nature (Fig. 1.5).

The Dopamine D2 Receptor
In 1988 the first DA receptor was cloned, the rat DA D2 receptor.10 Soon the

corresponding human DA D2 receptor was cloned, which was found to be very similar to the rat

DA D2 receptor.11

The DA D2 receptor turned out to exist in two different splice variants, which were

designated the DA D2S (short) and DA D2L (long) receptors. The DA D2L receptor has an

additional 29 amino acids in the third cytoplasmic loop. Until today no functional differences have

been discovered between the two isoforms, but the DA D2L seems to be more abundant than the

DA D2S isoform. Furthermore, the two DA D2 isoforms have almost the same binding

characteristics for several ligands, except for several antagonists of the benzamide type, for which

the DA D2S isoform seems to have a slightly higher affinity than the DA D2L isoform.

The possibility to mutate specific amino acids in the receptor protein (site-directed

mutagenesis) has meant a major breakthrough to

study the ligand binding site and the site of

coupling to the G-protein.12-14 These data were

used to construct models of the DA D2 (-like)

receptors. For the human DA D2L receptor, amino

acids Asp 80 and Asp 114 are thought to be

involved in binding the protonated amine group

of DA. Serine residues Ser 193, 194 and 197 may

be important for binding the catechol hydroxy

groups of DA (Fig. 1.5).

DA D2 receptors are found in high

concentrations in areas that are associated with

control of body movement and posture, but they

are also present in the limbic system. Some

important areas are: striatum, substantia nigra,

nucleus accumbens and olfactory tubercle.15-18

It was already known before the cloning

of the DA D2 receptor, that this receptor can exist

in a high- or low-affinity state for agonists.19-23 The affinity state depends on the degree of G-

protein (guanine nucleotide-binding protein) coupling: a DA D2 receptor which is uncoupled from

OH

HO

HO NH3

OH
O

O

TM 1

TM 2

TM 3

TM4

TM 5

TM 6

TM 7

Asp 114
Ser 193

Ser 194

O

O
Asp 80

Figure 1.5 Schematic representation of the DA
D2L receptor binding site holding a dopamine
molecule. TM = transmembrane helix.
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a G-protein is considered to be in its low-affinity state, whereas coupling of the G-protein gives a

high-affinity state. In contrast with agonists, antagonists are thought to bind approximately

equally well to both receptor states.24 The high-affinity, G-protein coupled state of the DA D2

receptor is considered to be the functional state, i.e. the state which is capable of inducing

activation of a second messenger system.25 The high-affinity state can be disrupted by GTP

(guanosine triphosphate), which returns the receptor to its low-affinity state. This phenomenon is

called GTP-shift, which is a marker of functional coupling to a G-protein.

The property of the DA D2 receptor to reside in different affinity states has consequences

for the determination of DA receptor subtype selectivity of agonists, which will be discussed in

Chapter 2.

Table 1.1 Overview of the properties of human dopamine D2, D3, and D4 receptors.

DA Receptor hD2 (hD2S & hD2L) hD3 hD4

no. of amino acids 414 (D2S), 443 (D2L) 400 387

trans-membrane

sequence identity with

96 % with rat D2S 97 % with rat D2S 56 % with hD2S

amino acids probably

involved in binding of

DA amine moiety

Asp 80

Asp 114

Asp 75

Asp 110

Asp 80

Asp 115

amino acids probably

involved in binding of

DA catechol moiety

Ser 193

Ser 194

Ser 197

Ser 192

Ser 193

Ser 196

Ser 196

Ser 197

Ser 200

brain areas with high

density of receptors

striatum

substantia nigra

nucleus accumbens

olfactory tubercle

nucleus accumbens

islands of Calleja

olfactory tubercle

frontal cortex

medulla oblongata

striatum

amygdala

hippocampus

(potential) clinical

relevance

Parkinson’s disease

schizophrenia

Parkinson’s disease

schizophrenia (?)

addiction

(see also Table 1.2)

schizophrenia (?)

(see also Table 1.2)

The Dopamine D3 Receptor
In 1990 the DA D3 receptor was cloned.26,27 The human DA D3 receptor comprises 400

amino acids, and shows a 97 % sequence identity of the transmembrane regions with the rat DA

D2S receptor. As with the DA D2 receptor, two aspartate residues (Asp 75 and Asp 110) are
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thought to bind the protonated amine of dopamine, and three serine residues (Ser 192, Ser 193

and Ser 196) are thought to be involved in hydrogen-bond formation with the dopamine catechol

functionality (Table 1.1).4

Interestingly, it was found that DA and many DA agonists bind with much higher affinity

to the DA D3 than to DA D2 receptors. Further investigations revealed that the DA D3 receptor

exists mainly in a high-affinity state,26 independent of the degree of G-protein coupling.28 This

contrasts with the DA D2 receptor, which, depending on the degree of G-protein coupling, can

exist in a high- or low-affinity state for agonists.19-23

Although the DA D3 receptor is much less abundant than the DA D2 receptor (about 1-

10% of the total DA D2 receptor protein),29 its brain distribution raised particular interest. The

DA D3 receptor is found with a relative high density in the nucleus accumbens, islands of Calleja,

olfactory tubercle and hypothalamus.29-31 These brain areas make part of the limbic system, a

group of brain-structures which is associated with cognitive, emotional and endocrine functions.

Therefore, this DA receptor subtype was likely to be involved in the aetiology of psychiatric

disorders such as schizophrenia. To a lesser extent the DA D3 receptor is also found in striatum

and substantia nigra.

Much research has been devoted to shed light on the physiological function of the DA D3

receptor. Several of these studies illustrate the preferential limbic distribution of the DA D3

receptor, and its association with cognition and emotion. For example, DA D3 receptors are

thought to modulate behaviour (in mice),32 to enhance the reinforcing properties of cocaine

(presynaptically),33 and to play a role in the subjective effects of cocaine.34,35 Other studies

suggest the role of DA D3 receptors in mediating hypothermia36 and in memory processes.37

However, this receptor subtype is also thought to be involved in locomotor processes, as

reflected by its presence, especially in primates, within substantia nigra and striatum: they are

found to have an inhibitory effect on locomotor function, presumably mediated by a postsynaptic

D3 receptor.38-41 Furthermore, striatal presynaptic DA D3 autoreceptors are proposed to have an

inhibitory effect on DA synthesis.42,43 Although at present the precise role of the DA D3 receptor

remains unknown, this receptor subtype has gained interest in relation to Parkinson’s disease.

Recent clinical studies show that the partially DA D3 selective agonist Pramipexole is effective in

treating Parkinson’s disease, and emphasize the importance of this receptor subtype in locomotor

processes.44 In chapter 4 the synthesis and pharmacology of a series of DA D3 preferring 2-

aminothiazoles will be discussed in relation to Parkinson’s disease.

Like with the DA D2 receptor, several splice variants of the mouse, the rat and the human

DA D3 receptor were found.45-47 Some of these splice variants fail to exhibit any DA ligand

binding, the functional relevance of the others (if any) remains to be established. Furthermore, the

DA D3 receptor was found to exist in several polymorphic variants. Recently, many attempts

have been made to relate these polymorphic forms of the DA D3 receptor in humans to several

disorders or addiction. A survey of the recent literature however, reveals that the existence of

such relationships is more often denied than confirmed, as shown in Table 1.2. This survey
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illustrates that there is still much disagreement about the physiological function of the DA D3

receptor, and that it has still not been possible to relate abnormal functioning or genetic variants

of the DA D3 receptor to disease.

Table 1.2 Overview of genetic linkage (association) studies with the polymorphic forms of the DA D3 and
D4 receptors. References were found by searching Medline with the the search statement: [(genetic linkage)
or (association study)] and [(dopamine D3) or (dopamine D4)].

Disorder, addiction, or

personality trait

Number of references

suggesting association with

receptor variants of

Number of references denying

association with receptor

variants of

DA D3 DA D4 DA D3 DA D4

Schizophrenia 11a 0 16b 14c

(Bipolar) affective disorder 1d 1e 8f 5g

Obsessive compulsive

disorder

0 0 1h 0

Gilles de la Tourette 1i 1j 1k 2l

Attention Deficit /

Hyperactivity Disorder

0 1m 0 0

Parkinson’s disease 0 0 1n 1o

Alcoholism 0 1p 3q 5r

Heroin abuse 0 2s 0 0

Novelty seeking 0 1t 0 3u

aRef.48-58. bRef.54,59-73. cRef.66,70,74-85. dRef.86. eRef.87. fRef.87-94. gRef.75,95-98. hRef.99. iRef.100. jRef.101. kRef.102.
lRef.103,104. mRef.105. nRef.106. oRef.106. pRef.107. qRef.108-110. rRef.110-114. sRef.115,116. tRef.117. uRef.118-120.

The Dopamine D4 Receptor
The Dopamine D4 receptor was cloned in 1991.121 The human DA D4 receptor comprises

387 amino acids, and has a 56 % trans-membrane sequence identity with the hD2S receptor.

Aspartate residues 80 and 115 and serine residues 196, 197 and 200 are thought to be involved in

the binding of DA (Table 1.1). In analogy with the DA D2 receptor, the DA D4 receptor showed

a GTP sensitive affinity shift for agonists, suggesting  that the receptor is functionally coupled to

a G-protein.121,122

When the newly cloned DA D4 receptor was screened for its binding to several known

DA ligands, an interesting feature was discovered: the DA D4 receptor displays a high affinity for

the atypical antipsychotic clozapine.121 This suggested that the atypicality of clozapine, a property

which until then could not be accounted for, could be explained by its selective blockade of the

DA D4 (over the DA D2) receptor subtype. Investigations which had detected an increased
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number of DA D4 receptors in post-mortem brain tissue of schizophrenic patients as compared to

normal individuals,123,124 contributed to the belief that the DA D4 receptor was a target for the

development of new atypical antipsychotics, and initiated extensive projects for the development

of DA D4 selective antagonists. However, both the DA D4 selectivity of clozapine and the DA D4

receptor increase in schizophrenics have been questioned by others (see section 1.7).

The human DA D4 receptor gene was found to exist in a total of 7 allelic variant forms,

which varied in the number of times a specific 48 base pair sequence in the third cytoplasmatic

loop was repeated. The initially cloned DA D4 receptor had twice this sequence,121 and was

named D4.2, the others were named D4.3-D4.8. These DA D4 variants appear to have comparable

binding characteristics, although some are sensitive to changes in Na+-concentration. No relation

could be found between the DA D4 receptor variants and clinical response to clozapine.125-127

Analogous to the DA D3 receptor, many attempts have been made to relate the

polymorphic forms of the DA D4 receptor in humans to several disorders, addiction, or

personality traits (Table 1.2). Likewise, these studies give reason for exciting speculations about

potential clinical applications of DA D4 selective agents, but the definite physiological role of the

DA D4 receptor remains to be discovered.

1.4 Structure-Activity Relationships (SARs) of DA Agonists

Because of the abundance of DA agonists and related SARs which developed through the

years (for reviews see 128,129) this introduction will only describe some important general aspects

of DA agonist SARs, and highlight the aspects that are important in connection with the various

series of compounds described in this thesis. The first part of this paragraph deals with the SAR

which developed before the cloning of the DA D2-like receptor subtypes. The second part will go

into the SAR of DA agonists which are (partially) selective for the DA D2, D3, or D4 receptor

subtype.

General aspects. The development of DA agonists has initially proceeded along two main

routes: rigidification of the DA molecule (1), and dissection of one of the first known potent DA

agonists, apomorphine (7, Fig.1.6).

Figure 1.6 Chemical structures of  dopamine (DA; 1), apomorphine (7) and 11-hydroxy-N-(n-
propyl)norapomorphine (8).

1

NH2HO

HO N

OH

R1

R2

H

7: R1=OH, R2=Me
8: R1=H, R2=n-Pr
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These approaches have produced a multitude of DA agonists in which the DA molecule

with its phenylethylamine moiety is readily recognizable. These DA agonists hold the amine

moiety either as a part of a cyclic system or as an exocyclic amine, as depicted in Figure 1.7.

Examples of DA agonists with the amine moiety as part of the ring system are the tricyclic

benzo[f]quinolines, naphthoxazines and benzopyranoxazines (see also Chapter 3). Compounds

with an exocyclic amine moiety are the 2-aminotetralins and 2-aminoindans (see Chapters 2 and

4). The structure of these compounds in relation to their affinity for DA D2, D3, and D4 receptors

will be discussed in chapters 2, 3, and 4.

Figure 1.7 Some approaches for the rigidification of the DA ethylamine side chain. R-groups are usually -
H or -OH.

The SAR studies with different classes of DA agonists led to the identification of the

meta-hydroxyphenylethylamine structure as the DA pharmacophore for activation of DA

D2 (-like) receptors. For example, the 5- or 7-hydroxylated 2-aminotetralins (11 and 12,

respectively, Fig. 1.9) are potent DA agonists, but their 6- or 8-hydroxylated analogues are much

less potent.130 The same SAR is observed for the aporphine series: 11-hydroxy-N-(n-

propyl)norapomorphine 8 (Fig. 1.6) has in vitro and in vivo DA agonist activity, in contrast with

the 8- and 10-hydroxy analogues, which are inactive.

Conformation. If the conformation of the ethylamine side chain with respect to the

aromatic nucleus is considered, the DA molecule may exist either in a trans (extended)

conformation, or in a cis (gauche) conformation. The extended conformation is the lowest energy

conformation, which is found with single-crystal X-ray diffractometric analysis of DA-
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hydrochloride. Concluding from several studies with DA analogues which simulate the gauche

conformation, DA is assumed to interact with the receptor in the extended conformation. For

example, both the tetrahydrosisoquinoline derivative 9 and 1,2-dihydroxyaporphine 10 (Fig. 1.8)

were found to be inactive.

Figure 1.8 Gauche conformation of DA (1) and two DA analogues simulating a gauche conformation: 4,5-
dihydroxy-tetrahydrosisoquinoline (9) and 1,2-dihydroxyaporphine (10).

The trans-conformation may exist in two rotameric forms, which were designated the α-

and β-rotameric form (1αα and 1ββ, respectively, Fig. 1.9).131 For many DA agonists, the DA

moiety can be incorporated in the molecular structure in two ways, which correspond with these

two trans-rotameric forms of DA. This is illustrated for 2-aminotetralins in Figure 1.9. Structures

which have the hydroxy-group in the 5-position (7-position for tricyclic structures), like in S-(–)-

5-OH-DPAT* (11), are designated α-conformers. Likewise, structures which have a hydroxy

group in the 7-position (9-position for tricyclic structures), like in R-(+)-7-OH-DPAT* (12), are

designated β-conformers. In general, both conformers display affinity for the DA receptors.

                                                       
* DPAT means 2-(N,N-di-n-propylamino)tetralin.
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Figure 1.9 The two rotameric forms of DA (1αα and 1ββ), and the corresponding 2-aminotetralins S-(–)-5-
OH-DPAT (11) and R-(+)-7-OH-DPAT (12).

Furthermore, it is believed that the aromatic nucleus and the ethylamine side chain of DA-

agonists require to be in a near coplanar arrangement for DA agonist activity. This was concluded

from studies with compounds from various structural classes, which either fulfill this coplanar

arrangement, or which have a conformation with the side chain directed out of this plane. For

example, trans-7,8-dihydroxy-octahydrobenzo[f]quinoline (13), which has a coplanar

arrangement, is a potent DA agonist. In contrast, cis-7,8-dihydroxy-octahydrobenzo[f]quinoline

(14) has a conformation with the side chain out of the plane of the aromatic nucleus (as is

obvious from the Newman projection, Fig. 1.10), and is inactive.

Figure 1.10 Newman projections of trans-7,8-dihydroxy-octahydrobenzo[f]quinoline (13) and cis-7,8-
dihydroxy-octahydrobenzo[f]quinoline (14).

Stereochemistry. The interaction of agonists with DA receptors turned out to be highly

stereoselective. The observation that for compounds which are α-conformers the S-enantiomer is

the most active DA agonist (both in vitro and in vivo), whereas for β-conformers the

R-enantiomer is the most active, was explained by McDermed et al.132,133 They assumed that the

protonated amine and the hydroxyl group that is in meta position relative to the ethylamine side

chain, comprise the two most important sites of interaction with the DA receptor. As a

consequence, β-conformers need to be rotated when superimposing them on α-conformers, in

order to position the hydroxyl group on the same location. To keep the amine group pointing in

the same direction as with the α-conformer, for β-conformers the other absolute configuration is

needed. This is illustrated in Figure 1.11 for S-(–)-5-OH-DPAT (11) and R-(+)-7-OH-DPAT

(12). This important concept of DA agonist SARs was further extended by Wikström et al. to the

tricyclic 2-aminotetralin related compounds,134 as illustrated in Figure 1.11 for S-(–)-7-hydroxy-

octahydrobenzo[f]quinoline (S-(–)-7-OH-OHB[f]Q, 15) and R-(+)-9-hydroxy-

octahydrobenzo[f]quinoline (R-(+)-9-OH-OHB[f]Q, 16).

Directionality of the Nitrogen Lone Pair Electrons. The orientation of the lone pair

electrons of the nitrogen p-orbital seems to be especially important for DA agonism at the D1
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receptor subtype, but less so for the DA D2 receptor. For the DA D1 receptor it is suggested that

a pseudoequatorial position and direction away from the meta-hydroxyl group of the lone-pair is

optimal.135-137

Figure 1.11 Above: Superimposition of S-(–)-5-OH-DPAT (11) with R-(+)-7-OH-DPAT (12), and       S-
(–)-7-OH-OHB[f]Q (15) with R-(+)-9-OH-OHB[f]Q (16). Below: Stereopicture of a superimposition of
11 and 12.

Nitrogen-to-Oxygen Distance. The distance from the amine-nitrogen to the hydroxyl-

oxygen (meta or para) has been studied in several classes of DA agonists. The distances which

were found vary considerably between these studies, which made clear that an optimal distance is

hard to define. The nitrogen to meta-hydroxyl-oxygen distance varied from 5.5 to 7.3 Å, the

nitrogen to para-hydroxyl-oxygen varied from 7.0 to 7.8 Å.128 Therefore, it can be concluded

that any distance between the nitrogen and the meta-hydroxyl that is less than that of DA in its

fully extended form may be acceptable.

Protonated Nitrogen ? Although some studies suggest the opposite,138 it is generally

believed that the nitrogen of a DA-agonist interacts with the receptor in the protonated

(ammonium) form. This idea is supported by studies with

permanently charged DA analogues, such as dimethylsulfonium

analogue 17, which is about one-tenth as potent as DA in in vitro

and in vivo tests.139 Furthermore, at physiological pH, DA exists

mainly in the protonated form.140

Lipophilicity. In general, increasing the lipophilicity, for example by substitution of the

amine nitrogen of a compound, brings about increased potency for DA agonists. However, this is
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true only for compounds within the same series. When comparing compounds from different

structural classes, other factors as described above (conformation, stereochemistry) are of

primary importance for DA agonist activity.

The development of DA SARs was accompanied by the development of DA receptor

models. Basically, two kinds of DA receptor models emerged: indirect models and direct models.

Indirect models take a series of (analogous) agents (agonists or antagonists) with certain

receptor-binding characteristics as a starting point, and describe the receptor binding site as a

collection of “areas” with certain properties.141-146 Later, the amino-acid sequence and structure

of the various DA receptor proteins became known with molecular biological techniques, which

enabled the development of direct models.147-149 These models take the receptor protein as a

starting point, and describe the receptor binding site in terms of amino-acids with different

physical and sterical properties. (Figure 1.5 represents an over-simplified (two-dimensional)

representation of a direct model.)

DA D2 Selective Agonists. The development of DA agonists has produced a multitude of

DA D2 (over D1) selective agonists (see above). However, before the cloning of the DA D2-like

receptor subtypes, these agonists were tested for activity and affinity only at DA D1 or D2

receptors. These tests could not take into account the fact that the DA D2 receptors conceal three

subtypes, i.e. the DA D2, D3, and D4 receptor subtypes. Therefore, when reading the literature of

before 1990, one should keep in mind that “selective for the DA D1 receptor” or “selective for

the DA D2 receptor” implies “selective for the DA D1-like receptors” or “selective for the DA D2-

like receptors”, respectively. Even after 1990 the term “DA D2-selective” is used where it should

read “selective for DA D2-like receptors”.
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Figure 1.12 Chemical structures of quinelorane (18), quinpirole (19), bromocriptine (20) and N-0437
(21).

After the cloning of the DA D3 receptor, many research groups focused their activities on

the development of DA D3 selective compounds. The high-affinity state of the DA D3 receptor

(see section 1.3) gave an apparent selectivity for this receptor subtype for many of the known DA

agonists. Several DA agonists, such as quinelorane (18, Fig. 1.12) and quinpirole (19), which

were formerly used as DA D2-selective tools for pharmacology, turned out to have appreciable

affinity for the DA D3 receptor.42 Bromocriptine (20) was found to have similar affinity for DA

D3 as for DA D2 receptors,150 however, a functional test showed partial selectivity for the DA D2

receptor.151 Only few of the series of DA agonists which were found to be DA D2 (over DA D1)

selective before the cloning of the new receptor subtypes, were later re-evaluated for DA D2, D3,

and D4 receptors. Many agonists for DA D2-like receptors either bind with similar affinity to DA

D2 and D3 receptors, or are moderately selective for the DA D3 receptor. The affinity of these

compounds for the DA D4 receptor is usually significantly lower (for example, see Chapter 2).

However, the identification of DA agonists which display selectivity for the DA D2 receptor (over

D3 and D4) has been overlooked.

From the binding data presented in Chapter 2 (Table 2.2), one can conclude that N-0437

(21) (which was already known to be selective for DA D2 over D1
152) is a selective DA D2 (over

D3) agonist. However, this is true only when calculating selectivity with the high-affinity data for

the D2 receptor (Ki(D2) = 0.06, Ki(D3) = 3.99). Therefore, it depends upon the percentage of DA

D2 receptors in the high-affinity state present in vivo, whether N-0437 can be used as selective

DA D2 (over D3) receptor agonist.

DA D3 Selective Agonists. At present, only few studies on the specific SAR requirements

of the DA D3 receptor have been performed: recently, a SAR-study was published based on the

affinity data of a series of DA D3 selective (partial) agonists of the benzamide type.153,154

Furthermore, some attempts have been made to model the receptor site.149

The first DA agonist with preferential action on DA D3 (over D2) receptors which was

identified was (+)-7-OH-DPAT (12),26 although its selectivity was initially estimated too high,

due to the high-affinity state of the DA D3 receptor (see Chapter 2).

The tricyclic DA agonist (+)-PD 128907 ((4aR, 10bR)-(+)-trans-3, 4, 4a, 10b-tetrahydro-

4-n-propyl-2H,5H-[1]benzopyrano[4,3-b]-1,4-oxazin-9-ol, 22, Fig. 1.13) was found to be rather

selective for the DA D3 receptor subtype, and to have virtually no affinity for other, non-

dopamine receptors.155,156 Benzopyranoxazine 22 serves as a lead compound for the synthesis of

benzothiopyranoxazines in Chapter 3.
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Recently the DA agonist piribedil (23), which was already known for the treatment of

Parkinson’s disease,157 was suggested to be selective for DA D3 receptors.158

Figure 1.13 Chemical structures of (+)-PD 128907 (22), piribedil (23), and PD 168077 (24).

Dopamine D4 Selective Agonists. At present, PD 168077 (24) is the only selective DA

D4 agonist known (as demonstrated by the stimulation of mitogenesis in cells transfected with the

DA D4 receptor),159 in contrast with the multitude of DA D4 selective antagonists which has been

developed recently (see section 1.5).

1.5 Structure Activity Relationships (SARs) of DA Antagonists

As with DA agonists, a multitude of DA antagonists has been developed through the

years. This paragraph deals with DA D2 (-like) receptor antagonists: the first part describes the

three main series, but will focus on the SARs of benzamides, as they are an important series

within this thesis. The second part of this paragraph will go into the DA antagonists with

selectivity for the DA D2, D3, and D4 receptor subtypes. For reviews on DA antagonists and

receptor models see refs.160-163

General. The structural variety among DA antagonists is even wider than for DA

agonists. Whereas in the structure of most DA agonists the DA pharmacophore can be readily

recognized, for most DA antagonists this structural unit is not so easily identified.

Initially, three classes of DA antagonists were developed: the phenothiazines, the

butyrophenones and the benzamides. The tricyclic phenothiazines can be regarded as the oldest

class of DA antagonists, with chloropromazine (25, Fig. 1.14), the first antipsychotic, as the best

known example. The butyrophenones, which were developed from pethidine (a synthetic

analgesic), were more selective for DA receptors than the tricyclic DA antagonists. Haloperidol

(26), the best known butyrophenone, has become one of the most frequently used antipsychotics.

The benzamides were developed from the peripherally active anti-dopaminergic metoclopramide,

and proved to be a useful class of compounds for the design of DA D2 selective (over D1)
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antagonists. This series yielded, among many other DA antagonists, the putative atypical

antipsychotic sulpiride (27).

Figure 1.14 Chemical structures of chlorpromazine (25), haloperidol (26), and sulpiride (27).

Conformational Aspects of Benzamides. Ortho-methoxy benzamides have an

intramolecular hydrogen bond between the amide -NH- and the ortho-methoxy group, which

keeps the amide carbonyl in a coplanar arrangement with respect to the aromatic plane.162,164 This

hydrogen bond completes a virtual six-membered ring fused with the benzene ring, as illustrated

for clebopride (28) in Figure 1.15. This virtual ring has been speculated to function as a pseudo-

aromatic ring mimicking the phenyl ring of the DA pharmacophore.165,166 The coplanar

arrangement of ortho-methoxy benzamides is assumed to be the conformation which interacts

with the DA receptor. This is believed to explain the moderate affinity of remoxipride (29),

which, due to its two ortho-methoxy groups, has a twisted conformation of the amide carbonyl

with respect to the aromatic plane.167 The orientation of the ortho-methoxy group in

monomethoxy benzamides is supposed to be also coplanar with the aromatic ring. This was

concluded from the potent antagonism of a dihydrobenzofuran analogue (30), which has a mimic

of the methoxy group locked into a coplanar arrangement.168

Figure 1.15 Structural formulas of clebopride (28), remoxipride (29), and a dihydrobenzofuran analogue
(30).

Salicylamides (ortho-hydroxy-substituted benzamides) like raclopride (31, Fig. 1.16),

have a coplanar arrangement with an extra internal hydrogen bond formed between ortho-
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hydroxy and carbonyl moiety, which provides an additional conformational constraint for these

series.167

Basically, with benzamide DA antagonists four types of amine side chain can be

distinguished: The N,N-disubstituted ethylamine side chain as in metoclopramide (32), the N-

substituted-2-pyrrolidinylmethyl side chain like in raclopride (31), the N-substituted-3-

pyrrolidinylmethyl side chain like in nemonapride (see Chapter 6), and the the N-substituted-4-

piperidinyl side chain like in clebopride (29). The 4-piperidinyl-benzamides have an extended

conformation, because the piperidine ring has no flexibility. This side chain needs a lipophilic N-

substituent, like a benzyl group, which probably reaches a lipophilic pocket in the receptor. For

the other benzamides, which are more flexible, several different conformations of the side chain

for interaction with the receptor have been proposed. Some studies propose an extended

conformation for the ethylamine and pyrrolidinylmethyl side chains.165,166 The conformationally

more restricted and extended DA antagonist DU 122290 (33),169 would support this view.

Computer modelling studies, which superimpose pyrrolidinylmethyl benzamides with piquindone,

a conformationally restricted DA antagonist, have suggested an extended170 but also a half-

folded171 conformation of this side chain. A different model by Petterson and Liljefors suggests

two different receptor sites for N-alkyl substituents.172

Figure 1.16 Chemical structures of raclopride (31), metoclopramide (32), and the phenylpyrrole analogue
DU 122290 (33).

DA D2 Selective Antagonists. As with DA D2 agonists, antagonists which were

developed as DA D2 (over DA D1) selective antagonists before the cloning of the various DA D2-

like receptor subtypes, may have affinity for all three DA D2-like receptors, but may also be

selective for DA D2 over D3 and D4 and not identified as such.
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The benzamide antagonist remoxipride (29) was reported to preferentially block the DA

D2 receptor, with a 10-fold selectivity over the DA D3 receptor.173 Recently, as a spin-off of a

project to develop DA D4 selective antagonists, the indole L-741,626 (34, Fig. 1.17) was

identified as a selective DA D2 antagonist (about 40-fold over DA D3 receptors).174

Figure 1.17 Chemical structures of L-741,626 (34), (+)-AJ 76 (35), (+)-UH 232 (36), U-99194A (37),
nafadotride (38), (+)-S 14297 (39), and PD 152255 (40).

DA D3 Selective Antagonists. With regard to the DA D3 receptor subtype, several

antagonists with a varying degree of selectivity were developed. The first DA D3 preferring

antagonists include compounds like (+)-AJ 76175 (35, Fig. 1.17), and (+)-UH 232176 (36).

However, these compounds display a low selectivity ratio for DA D3 over DA D2 receptors

(about 3- to 5-fold).173 Higher DA D3 selectivities are reported for U-99194A38 (37),

nafadotride177 (38), (+)-S 14297178 (39), and the dimer PD 152255179 (40, Fig. 1.17). The last

compound has a 28-fold selectivity for DA D3 over DA D2 receptors, the highest selectivity ratio

reported for antagonists until now. Besides, 40 has virtually no affinity for other, non-DA

receptors.

DA D4 Selective Antagonists. The finding that the atypical antipsychotic clozapine (41)

binds preferentially to the DA D4 receptor subtype,121 combined with the putative elevation of

DA D4 receptors in schizophrenic patients,123,124 urged many research groups to develop DA D4

selective antagonists with potential atypical antipsychotic activity.174,180-191 High troughput
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screening of compound libraries in order to find DA D4 lead compounds resulted in a wide

variety of structures. Some highly selective DA D4 antagonists (42-46) are depicted in Figure

1.18. The pyrrolopyridine L-745,870 (44) is the only DA D4 selective antagonist which was

clinically tested, and was found to be ineffective as an antipsychotic in humans.192,193

Figure 1.18 Chemical structures of some DA D4 selective antagonists: clozapine (41), U-101387 (42), an
isoxazole (43), L-745,870 (44), a chromenopyridinone (45), and an imidazole (46).

1.6 Pathogenesis and Treatment of Parkinson’s Disease.

Parkinson’s disease (PD) is a neurodegenerative disease a disorder that is characterized by

progressive damage to neurons, which are thereby increasingly disabled in their function. PD is a

neurodegenerative disease of the substantia nigra (“black substance”), a brain area that projects

to the striatum, which together form the nigrostriatal dopaminergic pathways. These brain areas

are believed to be responsible for motor functions, such as initiating and controlling body

movements. Damage to neurons in the substantia nigra causes a dopamine deficiency in the

striatum, resulting in disturbed motor functioning. Anatomically this degenerative process is

characterized by a progressive loss of the melanin pigmented (black) neurons of the substantia

nigra. Although the nigrostriatal systems have a large redundancy (only after approx. 70 % of

these cells has died, PD symptoms arise), progressive loss of these systems ultimately leads to the

crippling Parkinson’s disease, with its well-known movement disorders (“shaking palsy”). In

contrast with some other neurodegenerative diseases (like Huntington’s disease), for PD no
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genetic component has been discovered, and the disease cannot be diagnosed before the first

symptoms appear.

Although the exact cause of the progressive degeneration of nigrostriatal dopamine

neurons in Parkinson’s disease is still unknown, several mechanisms were proposed to explain the

cell damaging processes that ultimately cause PD at the molecular level.194 These mechanisms,

which are probably related by interacting mechanisms, include: excitotoxic mechanisms (a),

mitochondrial toxins (b), and oxidative stress (c). Excitotoxic mechanisms (a) are the harmful

processes which arise from excessive stimulation of excitatory amino acid receptors.195 The

resulting disturbance of intracellular cation homeostasis may cause a variety of neurotoxic effects.

For example, an influx of calcium ions leads to cell damage caused by excessive activation of

calcium dependent enzymes. The theory of mitochondrial toxins (b) arises from the discovery of

MPTP, a toxic substance which caused acute and severe PD in a group of heroin addicts.196 In

vivo, MPTP is oxidized to MPP+, which is believed to inhibit mitochondrial electron transport,

thus causing a disturbed energy metabolism.197

Table 1.3 Examples of oxygen derived free radicals and their formation.

Name Particle Reactivity Mechanism of formation

1 Superoxide radical O2
•− low 1ea

  O2 → O2
•−

2 Hydroxyl radical •OH high                  Fe2+

H2O2 or O2
•−  → •OH

3 Peroxyl radical LO2
• low             •OH          O2

LH → L• → LO2
•

4 Alkoxyl radical LO•b high           LH                   Fe2+

LO2
• → LOOH → LO•

a Electron which has “leaked” from electron transport in mitochondria or endoplasmatic reticulum.
b L means lipid

Oxidative stress (c) is the cell-damage caused by oxygen-derived free radicals, and the

harmful processes that are initiated by these free radicals. A free radical is a particle with one (or

more) unpaired electron(s). These particles are usually highly reactive. Table 1.3 gives an

overview of such oxygen derived free radicals. It is believed that the superoxide radical is

relatively harmless towards a cell’s compartments, because its reactivity is low, and several

protection mechanisms (such as SOD, see below) are present in a cell. However, the highly

reactive hydroxyl radical is regarded to be very damaging, and no protective mechanisms are

present in the cell. Hydroxyl radicals are believed to react instantaneously with any molecule that

they encounter, thereby damaging all kinds of cell compartments, which ultimately may lead to

cell death. For example, in cell membranes a single free radical may initiate a radical chain

reaction (by combination of example 3 and 4, Table 3.1) leading to the conversion of many lipids

into lipid hydroperoxides, which severely disrupt the functioning of the cell-membranes.198,199
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In the case of Parkinson’s disease, these free radicals are presumably formed in the

metabolic processes which degrade dopamine. The enzyme monoamine oxidase (MAO) which

serves to inactivate the dopamine present in the synaptic cleft by oxidizing it (see section 1.2),

deaminates dopamine to give DOPAC (3,4-dihydroxyphenylacetic acid) and hereby forms

hydrogen peroxide (reaction (I), Fig. 1.19).200 Besides, dopamine is thought to auto-oxidize,

which gives another source of free-radicals and hydrogen peroxide.

Figure 1.19 Oxidation of DA (1) and formation of hydrogen peroxide.

A cell has several protective mechanisms to inactivate these reactive oxygen species. For

example, superoxide-radical is converted by the enzyme superoxide dismutase (SOD) to oxygen

and hydrogen peroxide (reaction (II), Fig. 1.20). The hydrogen peroxide (also an oxidant, but not

a radical) is subsequently converted to water and oxygen by enzymes called catalases (reaction

(III)). However in the presence of free iron (or copper) ions (Fe2+) hydrogen peroxide can react

to give a hydroxyl radical in the Fenton reaction (reaction (IV)). It is therefore suggested that PD

is caused by an increased presence of free iron ions.

Figure 1.20 Enzymatic reactions converting potentially dangerous radicals into unreactive species ((II) and
(III)), and the Fenton reaction (IV) which produces highly reactive hydroxyl radicals.

There is considerable body of (indirect) evidence which makes oxidative stress one of the

best accepted hypothesis for explaining the cause of PD. For example, the Fe(II)/Fe(III) ratio in

the substantia nigra is shifted from 2:1 in normal brain, to 1:2 in Parkinsonian brain.201,202 In the

Parkinsonian brain several enzymes which make part of the antioxidative defense mechanisms

(glutathione peroxidase, catalase) have a decreased activity, while the activity of superoxide

dismutase (SOD) is increased, relative to the normal brain.203 Furthermore, specific products of

radical damage, such as lipid hydroperoxides, were detected at a 10-fold increased level in the

Parkinsonian brain.204
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Current Therapies for Parkinson’s Disease. Current drug-based therapies for PD are

palliative therapies, i.e. they relieve the symptoms, but do not cure the disease. This is achieved

by restoring nigrostriatal neurotransmission by administration of L-dihydroxyphenylalanine (L-

DOPA (3), Fig. 1.2),205 the amino-acid precursor of the endogenous neurotransmitter DA.

Usually DA agonists, such as bromocriptine (20),206 pergolide,207,208 and lisuride207,209 are co-

administered to improve and modulate the effects of L-DOPA. However, the positive effects of

treatment with L-DOPA decrease after 3-5 years, a process which is still not understood.

Paradoxically, it is suggested that L-DOPA itself generates free radicals and thereby may

aggravate the disease.210 Therefore, alternative therapeutic approaches are needed.

New drug therapies include treatment with (prodrugs of) dopamine agonists that are

either selective for the DA D1 receptor, such as ABT-431211 (47, Fig. 1.21) and

dihydrexidine212,213 (48), or are selective for the DA D2/D3 receptor subtypes, such as

ropinirole214 (49) and pramipexole215,216 (50). These second generation dopamine receptor

agonists are currently in various stages of clinical development.44,217-219 Other novel approaches,

also in clinical development, include neuronal nicotinic receptor agonists, neurotrophic

immunophilins, dopamine transport inhibitors, and adenosine A2A receptor antagonists.220,221

Figure 1.21 Chemical structures of ABT-431 (47), dihydrexidine (48), ropinirole (49), and pramipexole
(50).

Studies with Antioxidants. In view of radical damage as a probable cause of PD, several

studies have been carried out to investigate the effect of antioxidative neuroprotective therapy on

the progression of PD. In the DATATOP study (Deprenyl and Tocopherol Anti-oxidant Therapy

of Parkinsonism) α-tocopherol and selegeline (L-Deprenyl) were coadministered with L-

DOPA.222 α-Tocopherol is the biologically active component of vitamin E, capable of attenuating

the effects of lipid peroxidation by trapping free radicals. Selegiline is a MAO-B inhibitor that is

used as an adjunct to L-DOPA treatment. Both compounds were shown to prevent the damage

caused by free radicals in vitro and in vivo. However, in the DATATOP study, α-tocopherol did

not show any effect on the progression of PD, while reports on the effects of selegeline are

contradictory.194,223 On the other hand, several DA agonists such as bromocriptine (20),
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pergolide, and pramipexole224 (50) were reported to have antioxidant activity, which may prevent

further degeneration of DA neurons in PD. Pergolide was also shown to prevent the age-related

decline of substantia nigra cells in rats. These studies suggest that antioxidant activity may be

relevant to the treatment of PD.150

1.7 Pathogenesis and Treatment of Schizophrenia.

Schizophrenia is a severe mental illness, characterized by psychotic episodes, during

which schizophrenic patients are confused and lose contact with reality. Schizophrenia is a

heterogeneous disease, and the various symptoms are divided into positive symptoms and

negative symptoms. Positive symptoms add to a persons normal state of mind and include

hallucinations and delusions. Negative symptoms are deformations of normal behaviour, such as

anhedonia, affective flattening, and social withdrawal. Schizophrenia has a world-wide lifetime

prevalence of about 1.0 % percent, making it one of the most common neuropsychiatric

disorders. For the Netherlands this means about 100,000 patients, of which about 6,000 need

permanent care in psychiatric hospitals.225 About 30 % of schizophrenic patients recover from a

first psychotic episode, but in most patients psychoses return, necessitating permanent medication

and various forms of psychiatric care.

Despite several decades of extensive research, still no definite explanation for the

development of schizophrenia in man can be given. Many of the very diverse theories to explain

the development of the disease are still controversial. Genetic influences seem to explain about

2/3 of the occurrence of schizophrenia, underlining the importance of biological factors.225

However, although many studies have been carried out which identify genetic regions that

demonstrate potential linkage with schizophrenia (see also section 1.3), a definitive genetic cause

has not yet been proved.226 Besides theories involving neurochemical alterations (see below), viral

infections227,228 and obstetric complications229 may be related to its pathogenesis. At present,

much research is also focused on the neurobiological development of the human brain in relation

to schizophrenia (for a review see Ref.230). Disturbances during foetal brain development may

result in morphological deviations, such as enlarged or reduced brain structures, a disrupted

communication between different brain structures (“miswiring”), alterations in neuron density or

decreased neuron size, and abnormal neuronal migration or differentiation, which in the long term

may lead to schizophrenia. Neurodegeneration, like in Parkinson’s disease, does not seem to be a

factor.230

From a neurochemical point of view, the DA hypothesis has been the leading model for a

long time. This hypothesis presumes a hyperactivity of dopaminergic pathways as the cause of

schizophrenia.231 The first basis for this hypothesis was the observation by Carlsson and Lindqvist

that neuroleptic drugs increase DA and noradrenaline turnover in rats, and they postulated that

this effect is caused by the catecholamine receptor blockade of these drugs.232 Later the DA

hypothesis was refined: the symptoms of schizophrenia were thought to originate from
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hyperactivity in the mesolimbic dopaminergic systems (also referred to as A10 area). The DA

hypothesis was supported by the observation that amphetamine, a compound which is known to

cause DA release, may produce psychotic episodes in man, which resemble those observed in

schizophrenia.233 Further support came from the observation that the clinical efficacy of

antipsychotic drugs (neuroleptics) correlated well with their affinity for DA D2 receptors.234

Direct evidence for the DA hypothesis however, such as an elevated number of DA D2 receptors

in schizophrenic patients, is controversial.235

The DA hypothesis is still an important concept within neurochemical theories about the

neuropathology of schizophrenia, and has gained renewed attention with the discovery of several

DA receptor subtypes (see also section 1.3).236 During the last decade attention has shifted to the

involvement of other neurotransmitters, especially serotonin, in the neuropathology of

schizophrenia (for reviews see refs.237-241). This interest has been fuelled by the affinity for several

receptors of clozapine and other atypical antipsychotics (see below).

Drug Treatment of Schizophrenia. Since the discovery of the antipsychotic action of

chlorpromazine (25) in 1952,242 many effective antipsychotic drugs have been developed. Today

antipsychotics are divided into two groups. The typical (first generation) antipsychotics include a

variety of phenothiazine and butyrophenone type of compounds (with chlorpromazine (25) and

haloperidol (26), respectively, as well-known examples), and have in common their (potent)

antagonism at the DA D2 receptor. Typical antipsychotics are only active against the positive

symptoms of schizophrenia and usually show serious extrapyramidal side-effects (EPS) on motor

functions, tardive dyskinesia (involuntary facial movements) and elevation of serum prolactin

levels. On the other hand, an atypical antipsychotic is defined as a drug that has antipsychotic

efficacy, with minimal EPS and elevation of serum prolactin levels, and that does not cause

tardive dyskinesia.243 An additional criterium is efficacy in treating the negative symptoms of

schizophrenia. Most atypical antipsychotics have affinity for several receptors, while their affinity

for the DA D2 receptor is relatively low, as compared to the typical antipsychotic drugs.243-245

Today clozapine is regarded as the prototypical atypical antipsychotic drug. The drug has

affinity for a variety of receptor types: it binds to dopamine, serotonin, histamine, muscarine and

noradrenaline receptors.246 This mixed receptor binding profile contributes on the one hand to its

lack of EPS, but is probably also responsible for many other side effects.247-254 Several hypotheses

have been proposed regarding the optimal receptor binding profile for atypical antipsychotic

character. Ongoing research efforts have identified the serotonin 5HT2A subreceptor type (besides

the DA D2 receptor) as an important receptor site.255-257 It is suggested that blockade of the

5HT2A receptor increases dopaminergic neurotransmission in nigrostriatal pathways and

consequently reduces EPS.258 The importance of blockade of the muscarinic receptors, is at

present unclear: both clozapine (41) and the newer atypical antipsychotic olanzapine (51) were

reported to block the muscarinic M1 receptor potently, but other atypical antipsychotics have no

affinity at this site.246
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Antagonism at the DA D4 receptor was initially believed to be important for atypical

antipsychotic action, due to the high affinity of this receptor subtype for the atypical antipsychotic

clozapine (41),121 and the presumed increased number of DA D4 receptors in post-mortem brain

tissue of schizophrenic patients.123,124 However, the selectivity of clozapine for the DA D4

receptor is probably not as high as initially estimated (clozapine has been reported to have

anywhere from a 2259 to 10-fold121,260 selectivity for DA D4 versus D2), and its atypicality may

equally well be explained by its affinity for several other (non-dopamine) receptors. Furthermore,

the putative elevation of DA D4 receptors in schizophrenia has been challenged by others.261,262

Recent negative clinical results with a highly selective DA D4 receptor antagonist192,193 suggest

that this DA receptor subtype may not be as important for the treatment of schizophrenia as

initially expected. These aspects will be discussed in more detail in Chapter 5, in connection with

the synthesis and pharmacology of a series of benzamides with (partial) selectivity for the DA D4

receptor.

In conclusion, it is likely that atypicality of a neuroleptic drug is explained by its affinity

for more than one receptor subtype, and that no single hypothesis effectively explains atypical

character. Nevertheless, extensive drug development programs have supplied new atypical

antipsychotics with fewer side effects: Drugs like olanzapine (51), risperidone (52), ziprasidone

(53), sertindole (54), and seroquel (55), (Fig. 1.22) are in late stages of clinical development, or

were recently marketed.263
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Figure 1.22 Chemical structures of atypical antipsychotics: olanzapine (51), risperidone (52), ziprasidone
(53), sertindole (54), and seroquel (55).
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Abstract

A series of 2-aminotetralins, substituted with a methoxy or a hydroxy group on the 5- or

7-position, and with varying N-alkyl or N-arylalkyl substituents, were prepared and evaluated in

binding assays for human dopamine (DA) D2, D3 and D4 receptors. Some members of this series

were prepared in former studies, but were never tested in vitro with single receptor subtypes, and

these were examined again. None of the tested 2-aminotetralins showed high affinity for the

dopamine D4 receptor. However, a number of the 2-aminotetralins showed high affinity for both

the DA D2 and the D3 receptors, as exemplified by compounds 11-15 and 21-26, while some had

a reasonable selectivity for the DA D3 receptors. The affinities of the 2-aminotetralins for the D2L

receptor depended on the type of radioligand (agonist or antagonist) used. The affinity data

obtained with an agonist radioligand ([3H]N-0437) are thought to be more relevant for

calculating DA receptor subtype selectivity.

                                               
* This chapter is based on: Van Vliet, L.A.; Tepper, P.G.; Dijkstra, D.; Damsma, G.; Wikström, H.;

Pugsley, T.A.; Akunne, H.C.; Heffner, T.G.; Glase, S.A.; Wise, L.D. Affinity for Dopamine D2, D3,
and D4 Receptors of 2-Aminotetralins. Relevance of D2 Agonist Binding for Determination of Receptor
Subtype Selectivity. J. Med. Chem. 1996, 39, 4233-4237.
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2.1 Introduction

The pharmacological importance of the 2-aminotetralin (2-amino-1,2,3,4-

tetrahydronaphthalene) structure has been known for a long time. Initially, aminotetralins were

characterized by their sympathomimetic action (causing mydriasis, contraction of the uterus,

changes in blood pressure and respiration, and increased intestinal motility in test animals).1-3

During the late sixties the dopaminergic activity of 2-aminotetralins was identified which led to an

active synthesis program.4 The development of dopamine (DA) receptor agonists has proceeded

along two main routes, i.e. rigidification of the neurotransmitter DA and dissection of the semi-

synthetic agonist apomorphine (see Chapter 1). The 2-aminotetralins can be regarded as a

combination of both approaches.

The 2-aminotetralin system has proved to be a valuable structural base not only for

dopaminergic, but also for the development of serotonergic and adrenergic ligands, as well as

compounds that interact with melatonin receptors. For example, the prototypic 2-aminotetralin

with serotonergic activity has the hydroxyl group in the 8-position,5 while affinity for the

melatonin receptor needs a 8-methoxy group and an amide instead of an amine moiety.6

Figure 2.1 Chemical structures of S-(–)-5-OH-DPAT ((–)-12), R-(+)-7-OH-DPAT ((+)-25), N-0437 (13)
and (+)-PD 128907 ((+)-28).

Several research groups have studied these compounds to elucidate their structure activity

relationship for DA receptors.7-14 It was concluded that one aromatic hydroxyl group in the 5- or

7- position of the 2-aminotetralin, is sufficient for potent dopaminergic activity
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(Fig. 2.1).7,9 In addition, one of the N-alkyl substituents should preferably be a n-propyl group

(but not larger), while the size of the second N-alkyl group is a less stringent factor.10,11 Initially,

these studies selected S-(–)-5-hydroxy-2-(N,N-di-n-propylamino)tetralin (S-(–)-5-OH-DPAT)

(–)-12 (Fig. 2.1) as the most potent 2-aminotetralin.7,9,14 Later 5-hydroxy-2-(N-n-propyl-N-2-

thienylethylamino)tetralin (N-0437) 13 was found to be an even more potent DA agonist.13

Moreover, R-(+)-7-hydroxy-2-(N,N-di-n-propyl-amino)tetralin (R-(+)-7-OH-DPAT) (+)-25 was

prepared and later shown to have preference for the DA D3 receptor subtype.15,16

With the new developments of molecular  biology, several novel DA receptors have been

identified. It is generally accepted that the DA D2, D3 and D4 receptor all belong to the D2 like

family of receptors, while the D5  is more related to the D1 receptor. This classification is mainly

based on the molecular structural features and the pharmacology of the different receptors.17,18

Although the precise functions of these newly cloned DA receptors still remain to be discovered,

their selective brain distribution, particularly for DA D3 and D4 receptor subtypes, makes them

potential targets for development of novel antipsychotic drugs. This is illustrated by the fact that

the D3 and D4 receptors are predominantly located in the limbic system,19,20 a brain area which is

known to be associated with cognitive and emotional functions and thought to be altered in

psychiatric disorders such as schizophrenia. Recently, Seeman et al. found an elevated number of

D4 binding sites in post-mortem brain tissues of schizophrenic patients.21,22 However, this finding

has been challenged by others.23,24 The DA D3 receptor is probably also involved in locomotor

function,25,26 DA synthesis,27 addiction and the subjective effects of cocaine,28,29 hypothermia,30

and memory processes.31 The pharmacological investigation of the DA D3 and D4 receptors has

generated a need for pharmacological tools that exhibit a high degree of selectivity for these

receptor subtypes. 

The 2-aminotetralins prepared in earlier studies, were generally tested in behavioral

studies, or in biochemical and radioligand binding assays using striatal brain tissue. With the

successful cloning of the different DA receptor subtypes, it is now possible to determine the

affinity and the selectivity of a ligand for a single receptor subtype. The availability of these DA

receptor subtypes encouraged us to study the structure-affinity relationships of a homologous

series of 2-aminotetralins, including known compounds like R-(+)-7-OH-DPAT, S-(–)-5-OH-

DPAT and N-0437 (Fig. 2.1). In this study, we describe the synthesis of a series of

2-aminotetralins substituted with a methoxy or a hydroxy group in the 5- or 7-position, and with

varying N-alkyl or N-arylalkyl substituents. The affinity of the 2-aminotetralins for cloned human

D2L, D3 and D4.2 receptors, expressed in CHO K-1 cells, was determined. PD 128907 (4aR,10bR-

(+)-trans-3,4,4a,10b-tetrahydro-4-n-propyl-2H,5H[1]benzopyrano-[4,3-b]-1,4-oxazin -9-ol, Fig.

2.1) (+)-28, the most DA D3 selective agonist to date,32,33 was included in the assays as a

reference compound. For the DA D2L receptor we used [3H]-spiperone to measure binding to the

low-affinity state, and [3H]N-0437 to measure binding to the high-affinity state (agonist binding).

2.2 Chemistry
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All compounds were prepared from 5- or 7-methoxy-2-tetralones, which in turn were

prepared from 1,6- or 2,7-dihydroxynaphthalene, respectively, according to known procedures.34

The 2-tetralones were subsequently converted to amines by various synthetic methods (Scheme

2.1), as previously described.

The primary amines were formed by condensation with benzylamine, followed by

reduction and catalytic debenzylation (Route a).7 Secondary amines and symmetrical tertiary

amines were prepared by reductive amination with the appropriate (di)alkylamine (Route b or c

and d or e, respectively).11,35 Other tertiary amines were prepared by N-alkylation, or by N-

acylation followed by LiAlH4 reduction, of a secondary amine (Route f or g).10,11 Phenylethyl or

thiophenethyl groups were introduced by reductive alkylation of the appropriate secondary amine

with phenylacetic acid or 2-thienylacetic acid, respectively, in the presence of

trimethylaminoborane (Route h).13 Finally, demethylation with 48 % HBr or BBr3 afforded the

phenols.10,11 Physical properties of the 2-aminotetralins are collected in Table 2.1.

Scheme 2.1 Reagents: (a) 1. PhCH2NH2, p-TsOH-H2O, toluene; 2. PtO2, H2, MeOH; 3. Pd-C (10%), H2,
MeOH; (b) RNH2, NaBH3CN, AcOH, MeOH; (c) RNH2, NaB(OAc)3H, HOAc, 1,2-dichloroethane;
(d) R2NH, NaBH3CN, AcOH, MeOH; (e) R2NH, NaB(OAc)3H, HOAc, 1,2-dichloroethane; (f) RX,
K2CO3, CH3CN; (g) 1. RC(O)X, Et3N, CH2Cl2; 2. LiAlH4, Et2O; (h) ArCH2COOH, (CH3)3NBH3, xylene.
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Table 2.1. Physical Properties of the 2-aminotetralins.

compound R1 R2 R3 R4 mp, °C (salt)

1 OCH3 H H H 224-228 (HCl)a

2 OCH3 H CH3 H 208-209 (HCl)b

3 OCH3 H CH2CH3 H 251 (HCl)c

4 OCH3 H (CH2)2CH3 H 277-279 (HCl)d

5 OCH3 H (CH2)3CH3 H 211-212 (HCl)e

6 OCH3 H CH3 CH3 214-215 (HCl)f

7 OCH3 H CH2CH3 CH2CH3 226-227 (HCl)g

8 OCH3 H (CH2)2CH3 (CH2)2CH3 205-207 (HCl)h

9 O-cC5H9
i H (CH2)2CH3 (CH2)2-2-Thj 144-147 (HCl)k

10 OH H H H 257 (HBr)l

11 OH H (CH2)2CH3 H 248-251 (HBr)m

(+)-12 OH H (CH2)2CH3 (CH2)2CH3 208-210 (HBr)n,o

(–)-12 OH H (CH2)2CH3 (CH2)2CH3 208-210 (HBr)n,p

13 OH H (CH2)2CH3 (CH2)2-2-Thj 185-188 (HCl)q

14 OH H (CH2)2CH3 (CH2)2-3-Thr 184-187 (HCl)s

15 OH H (CH2)2CH3 (CH2)2-Ph 190-193 (HCl)t

16 H OCH3 H H 208-210 (HCl)u

(+)-17 H OCH3 (CH2)2CH3 H 262-265.5 (HCl)v

(–)-17 H OCH3 (CH2)2CH3 H 257-260.5 (HCl)w

(+)-18 H OCH3 (CH2)2CH3 (CH2)2CH3 261-262 (HCl)x

(–)-18 H OCH3 (CH2)2CH3 (CH2)2CH3 262-263 (HCl)y

(+)-19 H OCH3 (CH2)2CH3 (CH2)2-2-Thj 159-160.5 (HCl)n,z

(–)-19 H OCH3 (CH2)2CH3 (CH2)2-2-Thj 159-160.5 (HCl)n,aa

20 H OH H H 182-183 (HBr)bb

21 H OH (CH2)2CH3 H 196-198 (HBr)cc

22 H OH CH3 CH3 172-175 (HBr)dd

23 H OH CH3 CH2CH3 210-212 (½C2H2O4)
ee

24 H OH CH3 (CH2)2CH3 206-207 (½C2H2O4.½H2O)ff

R2

R1

N
R4

R3
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Table 2.1, continued

compound R1 R2 R3 R4 mp, °C (salt)

(+)-25 H OH (CH2)2CH3 (CH2)2CH3 167-169 (HCl)gg

(–)-25 H OH (CH2)2CH3 (CH2)2CH3 166-168 (HCl)hh

26 H OH (CH2)2CH3 (CH2)2-2-Thj 162-165 (HCl)ii

27 H OH (CH2)2CH3 (CH2)2-Ph NDjj

a Lit.10 mp 266-267 °C. b Lit.10 mp 210 °C. c Lit.10 mp 247-248 °C. d Lit.10 mp 260-261 °C. e Lit.10 mp
210.5-211.5 °C. f Lit.10 mp 214-216 °C. g Lit.10 mp 217-219 °C. h Lit.10 mp 171 °C. i Cyclopentyloxy.
j 2-thienylethyl. k Lit.36 no mp reported, anal. (C24H33NOS.HCl) C, H, N. l Lit.10 mp 252-253 °C. m Lit.10

mp 250-252 °C. n Melting point of racemate. o Lit.10 mp 188-190 °C. p Lit.10 mp 188-190 °C. q Lit.13 mp
185-188 °C. r 3-thienylethyl. s Lit.37 mp 184-187 °C. t Lit.10 mp 205-206 °C, lit.11 mp 178-181 °C. u Lit.38

mp 213-214 °C. v Lit.12 mp 260-262 °C. w Lit.12 mp 260-261 °C. x New compound, anal. (C17H27NO.HCl)
C, H, N. y New compound, anal. (C17H27NO.HCl) C, H, N. z Lit.37 mp 159-160 °C. aa Lit.37 mp 159-160
°C. bb Lit.9,14 no mp reported, Lit.39 mp 166.5 °C (HCl-salt), anal. (C10H13NO.HBr.½H2O) C, H, N.
cc New compound, anal. (C13H19NO.HBr) C, H, N. dd New compound, anal. (C12H17NO.HBr.H2O) C, H,
N. ee New compound, anal. (C13H19NO.½C2H2O4) C, H, N; C: calcd, 67.18; found, 66.32. ff New
compound, anal. (C14H21NO.½C2H2O4.½H2O) C, H, N. gg Lit.12 mp 165-168 °C. hh Lit.12 mp 169-171 °C. ii

Lit.37,40 no mp reported, anal. (C19H25NOS.HCl) C, H, N. jj Not determined, compound failed to crystallize,
anal. (C21H27NO.HCl.¾H2O) C, H, N.

2.3 Pharmacology

The 2-aminotetralins were tested for their in vitro binding affinity (Ki) for human DA D2L,

D3 or D4.2 receptors, expressed in Chinese hamster ovary (CHO) K-1 cells. The affinity of the

compounds was determined by their ability to displace [3H]-spiperone from DA D2L, D3 or D4.2

receptors. Furthermore, the Ki for the low-affinity state of the DA D2L receptor was determined

by employing the antagonist radioligand [3H]-spiperone, whereas the Ki for the high-affinity state

of the DA D2L receptor was determined by using the agonist radioligand [3H]N-0437. Receptor

affinities are presented in Table 2.2.

Table 2.2 Receptor Affinities of the 2-Aminotetralins.

compound

competition for

[3H]-Spiperone binding

Ki, nMa

competition for

[3H]-N-0437 binding

Ki, nMa

D2L D3 D4.2 D2L

1 334 683 >3333 NDb

2 131 409 603 ND
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3 180 501 1519 ND
Table 2.2, continued

compound

competition for

[3H]-Spiperone binding

Ki, nMa

competition for

[3H]-N0437 binding

Ki, nMa

D2L D3 D4.2 D2L

4 380 136 485 ND

5 694 603 >3333 ND

6 181 361 734 ND

7 120 857 964 ND

8 416 529 634 ND

9 1046 211 324 ND

10 1492 343 >3333 ND

11 285 0.75 76 0.50

R-(+)-12 90 76 182 55.1

S-(–)-12c 6 0.54 47 14.0

13d 20 3.99 55 0.06

14 24 1.82 72 0.14

15 19 3.37 54 0.50

16 5825 2220 >3333 ND

R-(+)-17 5882 1372 >3333 ND

S-(–)-17 3206 3055 >3333 ND

R-(+)-18 5882 648 1504 ND

S-(–)-18 3351 266 335 ND

R-(+)-19 550 113 23 15.9

R-(–)-19 1241 154 134 250

20 78 5.12 >3333 3.3

21 836 0.66 269 3.8

22 55 1.41 729 5.4

23 173 0.71 1033 2.5

24 190 0.74 32 6.7

R-(+)-25e 56 0.57 110 34

S-(–)-25 4777 58 >3333 275

26 59 0.75 22 0.76

27 524 1.98 54 ND

(+)-28, PD 128907 1183 1.1 7000 42
a Ki values are means of three observations. b ND Not determined. c S-(–)-5-OH-DPAT. d N-0437.
e R-(+)-7-OH-DPAT.
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2.4 Results and Discussion

The DA D2 receptor can exist in a high or low affinity state for agonists, depending on the

degree of G-protein coupling.41-45 Antagonists are thought to bind approximately equally well to

both receptor states.46 A DA D2 receptor which is uncoupled from a G-protein is considered to

be in its low affinity state, whereas coupling of the G-protein, a process which is promoted by an

agonist, gives a high affinity state. This contrasts with the DA D3 receptor, which is reported to

exist mainly in a high-affinity state,19 independent of the degree of G-protein coupling.47 This

difference may lead to false conclusions about selectivity, when comparing binding data of an

agonist for the DA D2L and D3 receptor subtypes. For example, initial evaluation of compounds

for D2L receptors in CHO K1 cells revealed that PD 128907 (+)-28 has low affinity (Ki = 1183

nM), as compared to D3 receptors expressed in same cells, where PD 128907 had a Ki value of

1.1 nM, indicating good selectivity for D3 versus D2L. However, due to the measurement of both

high and low affinity D2L sites in CHO K1 cells when an antagonist radioligand is used, binding

affinity was further evaluated at D2L using the agonist ligand [3H]N-0437, which measures only

the high affinity state of the receptor. Using the latter ligand to measure the high affinity state, the

affinity of PD 128907 was 42 nM. The difference between the binding selectivity of high affinity

states of the D2L and D3 receptor was considerably decreased in agreement with previous

studies.47,48 Accordingly, to achieve a proper comparison of DA D2L and D3 affinity data for the

compounds in this study, we have also measured the affinities for the high-affinity state of the D2L

DA receptor, as labelled by [3H]N-0437. We believe that these high-affinity state binding data are

more relevant in assessing DA D2L/D3 receptor selectivity, than the binding data obtained with

[3H]-spiperone.33

The 2-aminotetralins in this study show no selectivity, and only weak to moderate affinity

for the DA D4 receptor. Although D2, D3 and D4 receptors are all classified as DA D2-like

receptors, the binding data in this study illustrate the closer relationship between D3 and D2

receptors; the affinity in [3H]-spiperone binding (Table 2.2) of the compounds tested for D2L and

D3 receptors is in general a factor 10 to 100 higher than the affinity for D4, with the exception of

compound (+)-19.

Hydroxy compounds have an increased affinity for DA D3 and D2L receptors, as compared

to their corresponding methoxy compounds.10 This trend seems to extend for D4 receptors,

although less pronounced for the 7-substituted compounds, which is illustrated by comparing the

affinities of compounds 4 and 11 versus 17 and 21. Possibly, hydrogen bond formation plays a

less important role in the binding of  7-hydroxy-2-aminotetralins to the D4.2 receptor.

The lipophilic character of the nitrogen substituents seems to have a marked effect on

affinity towards the DA D4 receptor. The 2-aminotetralins that have a primary or secondary

amine group on the 2-position show weak affinities. However, compounds with a lipophilic

moiety, such as a phenethyl- or thiophenethyl-substituent attached to the nitrogen, display higher

affinities towards the D4 receptor. This is illustrated by comparing the affinities of  (+)-17 and  (–
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)-17 (N-monopropyl) with (+)-18 and (–)-18 (N,N-dipropyl), and with (+)-19 and (–)-19 (N-

propyl-N-thiophenethyl), respectively. However, steric effects may be important as well to

explain the increasing affinity for the D4.2 receptor within this subset of compounds.

The DA moiety can be incorporated in these structures in two ways, the so-called α- and

β-rotameric form (see Chapter 1).8 Structures are designated α- or β-conformers if they have

their OH-group in the 5- or 7-position, respectively. According to the McDermed receptor

model,7 in the case of α-conformers the S-enantiomer is the most active, whereas for β-

conformers the R-enantiomer is the most active enantiomer, findings that were also observed in

this study. Table 2.2 shows that both conformers have affinity for the D2L and D3 receptor.

However, α-conformers display less preference for the D3 receptor (taking the D2L agonist

binding into account) compared to β-conformers. For example, (–)-5-OH-DPAT ((–)-12) binds

merely with a 26-fold selectivity, whereas (+)-7-OH-DPAT ((+)-25) binds with a 60-fold

selectivity for D3 over D2 receptors (taking D2 agonist binding into account). The D4.2 receptor

shows no α- or β-conformer preference.

Introducing two n-propyl groups on the nitrogen of the two most simple aminotetralins of

the series, has a much more pronounced effect on the affinities of the 5-hydroxy substituted

analogue 10 than on the 7-hydroxy substituted analogue 20. Compound (–)-12 ((–)-5-OH-

DPAT) has about a 250-fold increased affinity for the D2-receptor, and about a 600 fold

increased affinity for the D3-receptor, compared to 10. This increase in affinity is almost absent

for the 7-OH series, illustrated by the comparison of (+)-25 ((+)-7-OH-DPAT) with compound

20; DA D2 binding hardly changes, and DA D3 binding increases only about 9 fold. This

difference in increase was also found by Seiler et al., although they measured receptor binding in

homogenate from calf caudate nucleus.14

In conclusion it is essential to use the agonist binding data for DA D2-binding when

determining D2/D3 receptor selectivity. If not, one would erroneously conclude that compounds

21, 23 and 24 are highly selective for the D3 receptor. Compound (+)-25 ((+)-7-OH-DPAT) is
the only aminotetralin that has a reasonable selectivity for the DA D3 receptor (ca. 60-fold),

which is in accordance with other studies.15,16 However, (+)-7-OH-DPAT also binds to some

non-dopamine receptors, such as σ-32 and 5HT1A-sites.49 Therefore, for those pharmacological

investigations where clean DA D3 agonism is essential, PD 128907 is the recommended tool.

Because of its lower DA D3 (over DA D2) agonism, however, PD 128907 should be regarded

selective only at low doses.33 Agonists that display higher selectivity for the DA D3 receptor

subtype are still needed.

2.5 Experimental Section
Chemistry. All NMR and IR spectra recorded were consistent with previously published

spectral data. Melting points were determined in open glass capillaries on an Electrothermal

digital melting-point apparatus and are uncorrected. Elemental analyses by Robertson Microlit

Laboratories Inc., Madison, New Jersey, or by the Department of Chemistry, University of
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Groningen, were performed for new compounds, and for compounds that were previously

published without a melting point. Where elemental analyses are indicated, results obtained were

within 0.4% of the theoretical values, except where noted.

Pharmacology. All receptor binding studies were performed at Parke Davis

Pharmaceutical Research Division, by T.A. Pugsley.   
Cell lines expressing dopamine (DA) receptor isoforms. A cell line expressing the

human DA D2L was purchased from Dr. O. Civelli, Oregon Health Sciences University. The D2L

receptor cDNA was subcloned into the expression vector, pRc/CMV. The plasmids were

transfected by electroporation into CHO K1 cells. A single stable transfectant, resistant to the

antibiotic G418, was isolated and selected for use in the binding studies. The human DA D3

receptor cDNA cloned in the pcDNAIneo plasmid was obtained from Dr. K. O’Malley and stably

transfected into CHO K1 cells by a modified calcium phosphate precipitation technique50 and

transfectants were selected in G418, isolated and screened for expression of human D3 receptors

by radioligand binding as previously described.51 For D4 binding, CHO-K1 cells stably transfected

to express the human recombinant DA D4.2 receptor subtype were used.52,53

Cell culture and preparation of cell membranes. CHO K1 cells expressing either

human DA D2L, D3 and D4.2 receptors were grown in 162 cm2 culture flasks in F12 medium

(Gibco Laboratories, Grand Island, N.Y., USA) supplemented with 10 % fetal bovine serum

(FBS, Hyclone, Logan, UT) in an atmosphere of 5 % CO2/ 95 % air at 37°C. Cells were grown

until confluent after which growth medium was removed and replaced with 0.02 % EDTA in a

phosphate-buffered saline solution (Sigma Chemical Co. St. Louis, MO, USA) and scraped from

the flasks. The cells were centrifuged at about 1000 × g for 10 min at 4°C and then resuspended

in TEM buffer (25 mM Tris-HCl, pH 7.4 at 37°C, 1 mM EDTA, and 6 mM CaCl2) for D2L and

D3 or the D4.2 buffer (50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 1.5 mM CaCl2, 5mM KCl and 120

mM NaCl) and homogenized with a Brinkman Polytron homogenizer at setting 5 for 10 sec. The

membranes were pelleted by centrifugation at 20000 × g at 4°C for 20 min, then the pellets were

resuspended in appropriate buffer at 1ml/flask and stored at -70°C until used in the receptor

binding assay.

Receptor binding assays: D2, D3 and D4.2 dopamine receptors. A cell membrane

preparation (400 µL) was incubated in triplicate with 50 µL [3H]N-0437 (2 nM for D2L) or

[3H]spiperone (0.2 nM for D2L, 0.5 nM for D3, 0.2 nM for D4.2), 50 µl buffer, or competing drugs

where appropriate to give a final volume of 0.5 mL. After 60 min incubation at 25°C, the

incubations were terminated by rapid filtration through Whatmann GF/B glass fibre filters

(soaked for 1 hr in 0.5 % polyethylenimine) on a Brandel MB-48R cell harvester, with 3 washes

of 1 mL ice-cold buffer. Individual filter discs containing the bound ligand were placed in

counting vials with 4 ml of scintillation fluid (Ready Gel, Beckman Instrument Inc, Fullerton, CA,

USA) and then counted in a Beckman LS-6800 liquid scintillation counter at an efficiency of 45

%. Non-specific binding was defined in presence of 1 µM of haloperidol.
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Data calculation. Saturation and competition binding data were analyzed using the

iterative non-linear least square curve-fitting Ligand program. In competition experiments,

apparent Ki values were calculated from IC50 values by method of Cheng and Prusoff.54

Experimental compounds were made up as stock solutions in dimethyl sulfoxide (DMSO). The

final concentration of 0.1 % DMSO used in the incubation mixture had no effect on the specific

binding. Each observation was carried out in triplicate. To allow these calculations, Kd values

were measured for the interaction of various ligands with the receptor. These were:

[3H]spiperone binding, human D3, 0.15 ± 0.02, human D2L, 0.12 ± 0.01 and human D4.2, 0.093 ±

0.005 nM (n=3) ; [3H]N-0437 binding, human D2L, 2.24, human D3, 1.77 ± 0.05 nM (n=3).
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Abstract

PD 128907 (7, a benzopyranoxazine) is the most dopamine (DA) D3 receptor selective

agonist presently known. The only structural feature which distinghuishes PD 128907 from the

analogous nonselective naphthoxazines, is an oxygen atom in the 6-position. We hypothesized

that a sulfur atom or a sulfoxide moiety in this position might have a large influence on the DA D3

selectivity, based on the different electronic properties of sulfur (or a sulfoxide moiety) as

compared to oxygen. Therefore, we synthesized trans-4-n-propyl-3,4,4a,10b-tetrahydro-2H,5H-

[1]benzothio-pyrano[4,3-b]-1,4-oxazin-9-ol (9, trans-9-OH-PTBTO), which is a thiopyran

analogue of PD 128907, and its enantiomers ((+)-9 and (–)-9), the cis-analogue (10), and the

trans-sulfoxide (11). The affinity of the 9-OH-PTBTOs for DA D2, D3, and D4 and serotonin

5HT1A and 5HT2 receptors was evaluated. As with other rigid DA agonists, the highest affinity
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resided in one of the enantiomers, in this case the (–)-enantiomer of 9. On the basis of a single-

crystal X-ray analysis of a key intermediate, the absolute configuration of (–)-9 was found to be

4aS,10bR, which is homochiral with (+)-(4aR,10bR)-PD 128907. In contrast to (+)-PD 128907

however,   (–)-trans-9-OH-PTBTO ((–)-9) displayed no selectivity for any of the DA-receptors.

In addition, it has affinity for 5HT1A receptors. (±)-cis-9-OH-PTBTO (10), which was expected

to be inactive, displayed affinity and selectivity for the DA D3 receptor, whereas the sulfoxide 11
displayed some DA D3 selectivity, but with a lower affinity.

Further pharmacological evaluation with a functional assay revealed that (–)-9 is a very

potent full agonist at DA D2 receptors and a partial agonist at DA D3 receptors. The cis-analogue

(±)-10 displayed the same profile, but with lower potency. In vivo testing confirmed the affinity

and functional data: in reserpinized rats (–)-9 displayed a short-acting activation of locomotor

activity (reflecting postsynaptic DA D2 agonism), and also lower lip retraction and flat body

posture, reflecting 5HT1A agonism. Compound (±)-10 had no effect on locomotor activity, but

appeared to increase yawning, a putative DA D3 effect. In unilaterally 6-OH-DA lesioned rats,  (–

)-9 gave a short-acting locomotor activation. Furthermore, in microdialysis studies in rat striatum,

(–)-9 potently decreased DA release, confirming its activation of presynaptic DA D2 receptors.

3.1 Introduction

New molecular biological techniques like cloning have, until now, accomplished the

identification of five dopamine (DA) receptor subtypes. According to a generally accepted

receptor-classification, which is mainly based on molecular structural features, these dopamine

receptor subtypes are divided into two groups: the DA D1-like family of receptors, which

includes the DA D1 and D5 receptor subtypes, and the DA D2-like family of receptors, which

includes the DA D2, D3 and D4 receptor subtypes (see Chapter 1).1,2 The selective brain

distribution of these receptors, particularly the DA D3
3-5 and D4

6
 subreceptor types, makes these

receptors potential targets for the development of novel psychoactive drugs. New antipsychotics

may be developed, because the DA D3 and D4 receptors are predominantly located in brain areas

where antipsychotics are supposed to exert their action, such as the limbic system. These brain

areas are known to be associated with cognition and emotion, and are thought to be altered in

psychiatric disorders such as psychosis and schizophrenia.

The function of the DA D3 receptor has been the subject of much research. Several

studies, many of which used the DA D3 preferring ligands described below, have given some

insight into this question. Using the partially DA D3 selective ligands R-(+)-7-OH-DPAT

(1, agonist) or U-99194A (2, antagonist) the DA D3 receptor was found to have a inhibitory7 or

stimulatory8 effect, respectively, on locomotor function, presumably mediated by a postsynaptic

D3 receptor. Another study, which employed the partially DA D3 selective agonists quinpirole (3)

and quinelorane (4), suggested the existence of striatal presynaptic DA D3 autoreceptors, which

have an inhibitory effect on DA synthesis.9
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Figure 3.1 Chemical structures of R-(+)-7-OH-DPAT (1), U990194A (2), quinpirole (3), and quinelorane
(4).

Furthermore, DA D3 receptors are suggested to enhance the reinforcing properties of

cocaine (presynaptically),10 to play a role in the subjective effects of cocaine,11 to mediate

hypothermia,12 and to play a role in memory processes.13 However, due to the low DA D3

selectivity (especially for agonists) of the agents used in these studies, a DA D2 component in

their action cannot be excluded and the results have to be interpreted cautiously.

The pharmacological investigation of the DA D3 and D4 receptors has generated a need

for pharmacological tools that exhibit a high degree of selectivity and affinity for these receptor

subtypes. With regard to the DA D3 receptor subtype, several ligands with a varying degree of

selectivity were developed. DA D3 antagonists include compounds like U-99194A8 (1), (+)-

AJ76,14 (+)-UH232,15 (+)-S 14297,16 nafadotride,17 and PD 15225518 (see Section 1.5).

Relatively few DA D3 preferring agonists were developed. The 2-aminotetralin (+)-7-OH-

DPAT (1) was already known as a DA agonist, and was later found to be DA D3 preferring.4,19-21

As an extension of the 2-aminotetralin series, rigid tricyclic dopamine agonists were developed.

Tricyclic agonists such as the octahydrobenzo[f]quinolines22-28 (e.g. 5, Fig. 3.2) and the

hexahydronaphthoxazines29,30 (e.g. 6) display nanomolar affinities for dopamine receptors but are

nonselective (Table 3.1). Within the benzopyranoxazine series31,32 (+)-PD 128907 ((+)-7, (4aR,

10bR)-(+)-trans-3, 4, 4a, 10b-tetrahydro-4-n-propyl-2H,5H-[1]benzopyrano[4,3-b]-1,4-oxazin-

9-ol) was found to be rather selective for the DA D3 receptor subtype, and to have virtually no

affinity for other, non-dopamine receptors.33,34 However, (+)-7 is presumed to interact selectively

with DA D3 receptors only at low doses.33 Therefore, agonists exhibiting higher DA D3 selectivity

are still needed to study this receptor subtype in more detail.

By comparing the structures of 5, 6 and (+)-7 (Fig. 3.2) and their affinities (Table 3.1) it

appears that selectivity for the DA D3 receptor is effectuated by introducing an oxygen atom in

the 6-position of the tricyclic structure, as in (+)-7. This selectivity is hard to explain on the basis

of geometry, because 5, 6 and (+)-7 are structurally very similar. However, the DA D3 selectivity

of (+)-7 may be explained by the higher electronegativity of oxygen, as compared to carbon. The

resulting higher electron density on the 6-position, as compared to naphthoxazine 6, may be

allowed by the DA D3 and not by the DA D2 receptor, thus rendering DA D3 selectivity to (+)-7.
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Figure 3.2 Chemical structures of tricyclic DA agonists: a benzo[f]quinoline (5), a naphthoxazine (6),
benzopyranoxazines (7 and 8), and benzothiopyranoxazines (S-oxide) (9, 10, and 11).

In an attempt to prepare an agonist with a high selectivity for DA D3 receptors, we

decided to extend the series of tricyclic DA agonists with benzothiopyranoxazines 9 and 10.

These benzothiopyranoxazines may display several interesting features: First, the electron

distribution around the sulfur atom may enhance the selectivity for the DA D3 receptor as

compared to PD 128907 (7). Second, sulfides are more lipophilic than their corresponding

oxygen compounds, which may enhance passage of the blood-brain barrier. This is illustrated by a

log D calculation (log D is the log P value at physiological pH 7.40) with the computer program

Pallas 1.2.35 Compound 7 has a calculated log D of 1.13, whereas for 9 log D = 1.62. A log D-

value of 2.5 is regarded optimal for blood-brain penetration of a drug.36 Third,

benzothiopyranoxazine 9 can be oxidized to its corresponding sulfoxide 11, thus increasing the

electron density around the 6-position. However, this reduces the lipophilicity quite dramatically

(log D = –0.15 as predicted with Pallas 1.235). Such an oxidation may also occur in vivo.

This study describes the synthesis and pharmacological evaluation of (±)-trans-,  (+)-

trans-, (–)-trans-, and (±)-cis-4-n-propyl-3,4,4a,10b-tetrahydro-2H,5H-[1]benzothiopyrano[4,3-

b]-1,4-oxazin-9-ol ((±)-9, (+)-9, (–)-9, and (±)-10 respectively), and the sulfoxide (±)-trans-4-n-

propyl-3,4,4a,10b-tetrahydro-2H,5H-[1]benzothiopyrano[4,3-b]-1,4-oxazin-9-ol-6-oxide ((±)-

11). We expected the highest affinity to reside in the isomer which has a trans configuration with

respect to the fusion of oxazine- to the thiopyran-ring, as with the other tricyclic DA agonists.

Therefore, we optimized the formation of the trans-product, and only the trans-isomer was

resolved.

O

N

O

HO

N

O

HONHO

X

N

O

HO

5 6

7     trans (PD128907)
8     cis

 9      trans, X = S
10     cis, X = S
11     trans, X = SO

1
2

3

4

5
67

8

9

10

1'

2'

3'



Synthesis and Pharmacological Evaluation of Thiopyran Analogues of PD 128907

65

Figure 3.3 Reagents: (a) 1. HSO3Cl; 2. HCl (conc.); (b) Zn, H2SO4, H2O, −5°C→reflux; (c) 3-
bromopropionic acid, NaOH, H2O; (d) PPA; (e) NH2OH·HCl, pyridine, EtOH, reflux; (f) 1. p-
toluenesulfonyl chloride, pyridine; 2. KOtBu, EtOH, toluene; 3. HCl (conc.); (g) 1. NaBH4, CH2Cl2/i-
PrOH 1/1, 35 °C; 2. HCl (aq, 10%); (h) chloroacetyl chloride, EtOAc, H2O, NaHCO3; (i) NaOH, H2O, i-
PrOH; (j) LiAlH4, Et2O, reflux; (k) (S)-(+)-α-methoxyphenylacetic acid chloride, CH2Cl2, NaOH (aq,
5%); (l) KOtBu, THF, H2O; (m) 1-iodopropane, CH3CN, Cs2CO3, reflux; (n) AlCl3, EtSH, 0 °C.
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3.2 Chemistry

The syntheses of 9 (and its enantiomers), 10 and 11 are outlined in Figure 3.3 starting

from anisole 12. Chlorosulfonylation of 1237 and subsequent reduction of 13 with zinc and

sulfuric acid38 gave 4-methoxybenzenethiol 14. Alkylation with 3-bromopropionic acid gave 15,39

which was ring-closed with polyphosphoric acid40 to benzothiopyranone 16. Condensation of 16
with hydroxylamine gave oxime 17, which was reacted with p-toluenesulfonyl chloride to the

corresponding tosyl-oxime and subsequently converted to aminoketone 18 in a Neber

rearrangement reaction. The aminoketone 18 was reduced to trans- and cis-aminoalcohols 19 and

20, respectively, with sodium borohydride. The trans to cis ratio of this reduction was optimized

by trying several solvents, solvent-mixtures and reaction temperatures. This ratio was determined

with GC analysis of the chloroacetamide-mixture formed in the next step (21 and 22). A 1/1

solvent mixture of methylene chloride and 2-propanol at 35 °C gave the best trans- to cis-ratio

(93 : 7). Aminoalcohols 19 and 20 were difficult to purify, and were first acylated with

chloroacetyl chloride to afford trans-chloroacetamide 21 and cis-chloroacetamide 22. The trans-

chloroacetamide 21 was obtained pure by recrystallization, whereas the cis-chloroacetamide 22
could be purified by column chromatography. Trans-chloroacetamide 21 can be distinguished

from its cis-isomer 22 by comparing the coupling constants of their respective benzylic protons,31

which are in diaxial position for the trans-chloroacetamide 21. For the chloroacetamides this

difference is quite small (J = 3.7 Hz (δ 4.62 ppm) and J = 2.7 Hz (δ 4.69 ppm) for trans- and cis-

chloroacetamide, respectively). However, for the conformationally more restricted tricyclic

structures this difference is more pronounced (see experimental section, compounds 29 and 30).

Trans- and cis-chloroacetamide were separately reacted to final products.

Cyclization of chloroacetamides 21 (trans) and 22 (cis) was achieved with sodium

hydroxide in 2-propanol,31 affording oxazinones 23 (trans) and 24 (cis), respectively, which were

reduced with LiAlH4 to give oxazines 25 (trans) and 26 (cis), respectively. The trans-oxazine 25
was at this stage resolved by coupling with (S)-(+)-α-methoxyphenylacetic acid chloride and

column chromatographic separation of the thus formed diastereomeric amides 27 (eluting first)

and 28 (eluting second).28 Cleavage of the amides 27 and 28 by potassium tert-butoxide and

water in THF afforded (+)-trans-oxazine (+)-25 and (–)-trans-oxazine (–)-25, respectively. The

hydrochlorides of these secondary amines were recrystallized from 100 % ethanol or 2-propanol,

which yielded colourless needles suitable for single-crystal X-ray crystallography (Fig. 3.4). On

the basis of the X-ray analysis of (+)-25 and (–)-25, these amines could be assigned the absolute

configurations 4aS,10bR and 4aR,10bS, respectively.
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Figure 3.4 Stereoview of the molecular structure of (+)-25·HCl, determined with single-crystal X-ray
crystallography.

Trans-oxazines 25, (+)-25 and (–)-25, and the racemic cis-oxazine 26 were alkylated with

1-iodopropane in acetonitrile using cesium carbonate as the base, giving the tertiary amines 29, (–

)-29, (+)-29 and 30, respectively. Upon propylation, the optical rotation of the enantiomers of 25
changed both sign and amplitude.

To be able to assign all hydrogen-atoms in the 1H-NMR spectrum of the trans-

benzothiopyranoxazine 29, a COSY-experiment was performed. Interestingly, the two methylene

hydrogen atoms (of the propyl-group) attached to the oxazine-nitrogen (hydrogens H1’) show a

high degree of non-equivalency resulting in two separate signals (2 multiplets, at δ = 2.35 ppm

and δ = 2.78 ppm). These hydrogens are non-equivalent because they are diastereotopic.

However, for the cis-benzothiopyranoxazine 30 this non-equivalency is much less pronounced,

and no separate signals are observed. This phenomenon has been described previously for trans-

N-propyl hexahydronaphthoxazine 6,41 and also for trans-N-benzyl octahydrobenzo[f]quinolines,

for which the benzylic protons are non-equivalent.23,24

Finally, demethylation of 29, (–)-29, (+)-29 and 30 was achieved cleanly by applying

aluminum chloride in EtSH, giving the final products (±)-9, (–)-9, (+)-9 and (±)-10, respectively.

The sulfoxide 11 was prepared by oxidizing the (±)-trans-sulfide (±)-9 with NaIO4 in

MeOH/H2O (Fig. 3.5).

Figure 3.5 Reagents: (a) NaIO4, MeOH, H2O.

3.3 Pharmacology

Receptor Binding. Sulfides (±)-9, (–)-9, (+)-9 and (±)-10 and the sulfoxide 11, were

tested for their in vitro binding affinity for human dopamine (DA) D2L, D3 or D4.2 receptors,

expressed in Chinese hamster ovary (CHO) K-1 cells. In the antagonist binding studies, the

affinity of the compounds was determined by their ability to displace [3H]-spiperone from D2L, D3
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or D4.2 DA receptors.33 In the agonist binding studies, the affinity for the D2L DA receptor was

determined using [3H]-NPA (N-propylnorapomorphine), as the radioligand. The affinity data

obtained with [3H]-NPA are comparable to those obtained with [3N3H]-N-0437, the agonist

radioligand which was used for the reference compound PD 128907 (7). In vitro affinity for rat

hippocampal serotonin 5HT1A and cortical 5HT2 receptors was determined with [3H]-8-hydroxy-

2-(N,N-di-n-propylamino)tetralin ([3H]-8-OH-DPAT) and [3H]-ketanserin as radioligands,

respectively.33 Receptor affinities are presented in Table 3.1.

Table 3.1 DA (human D2L, D3, and D4) and serotonin (rat 5HT1A and 5HT2) receptor affinities of the 9-
OH-PTBTO’s (upper half) and several known tricyclic DA agonists (lower half).

Ki
a  (nM) Ratio Ki

a (nM)

Com-

pound

D2LA

[3H]-NPA

D2L

[3H]-Spip.

D3

[3H]-Spip.

D4

[3H]-Spip.

D2A /

D3

5HT1A

[3H]-8-OH-

DPAT

5HT2

[3H]-

ketanserin

9-OH-PTBTOs

(±)-9 NDb 533 1.56 44.4 - ND ND

(–)-9 1.14 N.D. 2.87 17.6 0.4 30 >5000

(+)-9 854 N.D. 3003 >3300 - >1000 >5000

(±)-10 74 N.D. 3.58 193 21 NAc NA

(±)-11 197 N.D. 29 IC50 >

10000

6.8 NA NA

Other tricyclic DA agonists

6 ND 6.24d 0.21d ND - - -

(±)-7e ND >10000 78 ND - - -

(+)-7 42f,g 1180h 1.4g 169g 30 1670g NA

(–)-7 ND >10000 >10000 ND - - -

(±)-8 ND >10000 >10000 ND - - -

a Ki values are means of three observations. b ND means not determined. c NA means not active
d Unpublished results. e Compd. 7 is PD 128907. f Determined with the agonist radioligand [3H]-N-0437. g

Ref.33. h Ref.34.

Intrinsic Activity. The intrinsic activity (IA) of compounds (–)-9 and (±)-10 was

determined with a functional test, the mitogenesis assay.42,43 In CHO-L6 cells transfected with the

human DA D2 or D3 receptor, [3H]-thymidine uptake was determined as a measure of agonism at

these receptors (Table 3.2). The IA was compared with quinpirole, which is a full agonist at both

receptors (IA = 100%). In the same cells the ability of (–)-9 and (±)-10 to inhibit quinpirole-

stimulated [3H]-thymidine uptake was determined, which is a measure of antagonism (Table 3.2).
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Table 3.2 Agonist and antagonist effects of selected compounds as measured in the mitogenesis assay. All
values are means of three determinations ± SEM.

compd. [3H]-thymidine uptake EC50, nM (IAa)

Inhibition of Quinp.b (30 nM)

stimulated [3H]-thym. uptake

DA D2 DA D3 DA D2 DA D3

(–)-9 0.013 ± 0.004 (80% ± 7) 0.007 ± 0.001 (45% ± 7) NAc Ad ≥ 0.1 nM

(±)-10 122 ± 39 (87% ± 12) 36 ± 16 (57 % ± 8) NA NA

(+)-7e 5.7 ± 1.2 (81 ± 1.2%) 0.36 ± 0.12 (54 ± 2) NA NA

Quinp.b 2.2 (100 %) 1.7 (100 %) NA NA

a IA means intrinsic activity. b Quinp., quinpirole. c NA means not active. d A means active. e (+)-PD
128907.

Locomotor activity and behaviour in reserpinized rats. In vivo, postsynaptic agonistic

effects of compounds (–)-9 and (±)-10 were determined in rats, which had been treated with

reserpine 18 h beforehand. The reversal of the reserpine-induced akinesia is a measure of DA D2

agonism. In addition, (stereotypic) behaviour was observed, such as sniffing (a marker of DA D2

agonism), flat body posture and lower lip retraction (markers of agonism at serotonin 5HT1A

receptors) and yawning (a putative marker of activation of DA D3 receptors19,44). The time course

of locomotor activity is depicted in Figure 3.6, as well as a summary of behaviour.

compd Behaviour

FB LL Sni Ya

saline 0/8 0/8 0/8 0

(–)-9 4/4 3/4 4/4 0

(±)-10 0/4 0/4 0/4 11±3

Figure 3.6 Locomotor activity (LMA): Each point is the mean ± SEM of four determinations (saline n=8).
Behaviour: flat body posture (FB), lower lip retraction (LL) and sniffing (Sni): shown is the number of
rats displaying the indicated behaviour during the first 30 min after injection. Yawning (Ya): Shown is the
mean ± SEM of total yawns per rat during the first 30 min after injection.
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Contralateral turning in 6-OH-DA lesioned rats. Compound (–)-9 was further

evaluated in rats unilaterally lesioned with 6-OH-DA (Fig. 3.7). In this model, the DA neurons of

one side (left or right) of the nigrostriatal DA system are selectively and completely degenerated

by intracebral injection of the neurotoxin 6-OH-DA. This causes a postsynaptic supersensitivity

to develop on the lesioned side.45 Upon systemic administration of a DA agonist, the rat will start

to turn contralaterally, i.e. towards the non-lesioned side.46 The evoked turning behaviour is a

measure of the DA (D1 and/or D2) agonist properties of a compound.

Figure 3.7 Effect on turning behaviour of (–)-9 in unilaterally 6-OH-DA lesioned rats. Each point is the
mean ± SEM of five (3.8 µmol/kg) or three (11.3 µmol/kg) rats. The total number of full contraversive
rotations ± SEM is indicated on top.

Microdialysis in rat striatum. The effects of (–)-9 on in vivo DA release in rat striatum

were assessed with microdialysis methods (Fig. 3.8).

Figure 3.8 Effect of (–)-9 on DA release in rat striatum. Each point is the mean ± SEM of three
determinations. The arrow indicates the time of injection. DA decreases were significant (p<0.05) for 0.1,
0.3, and 10 µmol/kg.
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3.4 Results and Discussion

Receptor binding. As has been discussed in Chapter 2, for DA agonists DA D2 affinity,

and consequently DA D3 selectivity, is most reliably measured using an agonist radioligand.20,33

Accordingly, the calculated DA D3 selectivity for (+)-7 (PD 128907) was substantially reduced

when DA D2 affinity was measured with [3H]-N-0437 (agonist radioligand) instead of [3H]-

Spiperone (antagonist radioligand).33 To obtain a proper selectivity ratio for the newly

synthesized 9-OH-PTBTOs 9, 10 and the sulfoxide 11, also for these compounds DA D2 affinity

was measured with an agonist radioligand, in this case [3H]-NPA. (See Table 3.1, the affinity of

racemic trans-9 was in a preliminary binding assay only determined with [3H]-spiperone.)

In this series of 9-OH-PTBTOs, the trans-compound 9 (as compared to its cis-analogue

10) has the highest affinity for dopamine receptors, like in the series of the before mentioned

benzo[f]quinolines,23,26,28 naphthoxazines29 and benzopyranoxazines (Table 3.1). Concluding from

the X-ray analysis (Fig. 3.4) of its intermediary secondary amine (+)-25, the configuration of the

chiral centers in the (–)-trans-9-OH-PTBTO ((–)-9) is 4aS,10bR. Although (–)-9 has a negative

optical rotation, it is homochiral (i.e. has an identical spatial orientation of its chiral centers) with

(4aR,10bR)-(+)-PD 128907 ((+)-7), the active enantiomer of the trans-benzopyranoxazines. The

designation 4aS for (–)-9 is the result of a change in substituent-priority, as compared to (+)-7,

upon introduction of a sulfur. Of both trans-enantiomers, (–)-9 has the highest affinity for

dopamine receptors (Table 3.1). Thus, with regard to the stereochemistry of the trans-9-OH-

PTBTOs, the structure-affinity relationship is analogous to that of the before mentioned

benzo[f]quinolines, naphthoxazines and benzopyranoxazines. In each of these tricyclic dopamine

agonists the (+)-trans-compound (which for all three compound classes is homochiral with (–)-9)

is the enantiomer with the highest affinity for DA receptors.28,29,32

 (–)-Trans-benzothiopyranoxazine (–)-9 does not give a higher DA D3 selectivity. On the

contrary, (–)-9 binds to the DA D3 receptor with similar affinity as to the DA D2 receptor (Table

3.1), and shows no selectivity for one of these receptor-subtypes. With this combined DA D2 and

DA D3 affinity, (–)-9 shows more resemblance with the corresponding trans-benzo[f]quinoline 5
and trans-naphthoxazine 6, which are also non-selective, than with (+)-PD 128907 ((+)-7). In

addition, (–)-9 shows good affinity (Ki = 17.6 nM) for the DA D4 receptor.

Sulfur atoms have a larger atomic radius than oxygen atoms, and are also less

electronegative. This results in a less pronounced charge density for sulfur as compared to

oxygen. One could argue that the resulting charge distribution in the 9-OH-PTBTO (–)-9 gives

comparable affinities for the DA D2 and D3 receptor subtypes, and thus in reduced DA D3

selectivity. In this respect a sulfur atom in a ring system is more like a mimic of a carbon atom

than of an oxygen atom. This is illustrated by the electronegativity values for carbon, oxygen and

sulfur, according to the Sanderson-scale,47 which are 2.75, 3.65 and 2.96, respectively.

To our surprise, during the locomotor activity and microdialysis experiments with (–)-9,

we observed the 5HT1A behavioural syndrome (flat body posture, lower lip retraction, see Fig.
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3.6) Therefore, we decided to determine binding to serotonin (5HT1A and 5HT2) receptors as

well. Unlike (+)-PD 128907, compound (–)-9 displayed moderate affinity for rat hippocampal

5HT1A receptors (Ki = 30 nM). 5HT1A receptor binding has been reported for 10-hydroxy

substituted octahydrobenzo[f]quinolines.26 However, for 9-hydroxy substituted tricyclic DA

agonists, affinity for 5HT1A receptors has not been reported previously.

In contrast with the corresponding cis-benzopyranoxazine 8, which has no affinity for DA

D2 or D3 receptors, the difference in affinity between trans-9 and its cis-analogue 10 is much less

pronounced (Table 3.1). On the contrary, 10 shows a remarkable affinity and selectivity for the

DA D3 receptor, which is unexpected for a cis-tricyclic dopamine agonist structurally related to

the benzo[f]quinolines, naphthoxazines and benzopyranoxazines. One of the enantiomers of 10
may display an even higher selectivity for the DA D3 receptor. However, by optimizing the trans

to cis ratio, we did not obtain enough of the cis-secondary amine 26 to resolve this compound.

The unexpected affinity of the cis-9-OH-PTBTO 10 for the DA D3 receptor subtype can

hardly be explained on the basis of geometry. The only small difference between these two

structures is a somewhat larger ring size for the thiopyran-ring as compared to the pyran-ring

system, due to the larger carbon-sulfur bond (1.8 Å) compared to the carbon-oxygen bond (1.4

Å). It is hard to imagine that this small difference in structure accounts for the large difference in

affinity. Therefore, electronic factors may play a more important role.

The affinity for dopamine receptors of the sulfoxide compound 11 was substantially

reduced (Table 3.1), as compared to compound 9. However, the affinity for the DA D3 receptor

was much less reduced than the affinity for the DA D2 receptor, suggesting that an

electronegative site in the 6-position of the molecule is allowed by the DA D3, but not by the DA

D2 receptor. The resulting lower affinity of 11 may be explained by the lower lipophilicity of the

molecule (log D = –0.15, as predicted with Pallas 1.235), or by the electron-withdrawing effect of

the sulfoxide group on the aromatic nucleus, thus reducing the possibility for π-π interaction with

a presumed aromatic amino acid residue in the receptor binding-site.

Intrinsic activity. DA D2 and D3 receptor activation stimulates cell division in CHO-L6

cells, which can be measured by the uptake of [3H]-thymidine.42 The potency of a compound is

reflected by its EC50 value (drug concentration causing 50 % stimulation of [3H]-thymidine

uptake), whereas the intrinsic activity is compared with the full agonist quinpirole, which gives a

100 % effect. The ability of a compound to inhibit quinpirole-stimulated [3H]-thymidine uptake is

a measure of antagonism (Table 3.2).

This functional assay revealed that (–)-9 is very potent (EC50 = 0.013 nM, Table 3.2) and

a full agonist (IA=80 %) at DA D2 receptors. This was confirmed by its inability to inhibit

quinpirole stimulated [3H]-thymidine uptake. At DA D3 receptors (–)-9 displayed partial agonism,

unlike (+)-PD 128907, which is reported to be a full agonist at DA D2 and D3 receptors.33

The cis-analogue (±)-10 displayed full agonism at DA D2 and partial agonism at D3

receptors, but with lower potency, reflecting its affinity for these receptors. No inhibition of
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quinpirole stimulated [3H]-thymidine uptake was detected for this compound, supporting its

agonism.

Locomotor activity and behaviour in reserpinized rats. The in vivo effects in

reserpinized rats confirmed the receptor binding profile of (–)-9 (Fig. 3.6). This compound shows

actions at both DA and 5HT1A receptors: an activation of locomotor activity and sniffing

behaviour (reflecting postsynaptic DA D2 (and/or D1) agonism), besides lower lip retraction and

flat body posture (reflecting 5HT1A agonism), were observed. The onset of these effects can be

observed almost immediately after injection, which reflects a good absorption, but the maximum

effect only lasts for about 30 min.

Compound (±)-10 had no effect on locomotor activity in reserpinized rats, probably due

to its relatively low DA D2 affinity (Ki = 74 nM). Behaviourally, (±)-10 appeared to increase

yawning, which may reflect its preference for DA D3 receptors.19,44 However, this is

controversial, and yawning may be mediated by a number of other neurotransmitters and

neuropeptides (for a review see Ref.48). Yawning elicited by (+)-PD 128970 ((+)-7) has been

observed at lower doses (for example, 0.35 µmol/kg of (+)-7 causes 12 ± 2 yawns per rat,

monitored during 20 minutes).49

Contralateral turning in 6-OH-DA lesioned rats. Also in rats with a unilateral lesion of

the nigrostriatal system, (–)-9 turned out to be a potent agonist at DA receptors, as is obvious

from the evoked rotation behaviour (Fig. 3.7). The time-course of the rotation was similar to the

time-course of the effects of (–)-9 observed in reserpinized rats: an immediate onset of action

after injection, but a short duration of the maximum effect.

Microdialysis in rat striatum. A decrease of DA release was observed after

administration of (–)-9, which was to be expected for a DA D2 agonist. At 0.3 µmol/kg (–)-9
showed a DA reduction of 75% (which is almost the maximum effect which can be observed with

microdialysis, a reduction of 80%), which is more potent than (+)-PD 128907, which displays a

55% DA reduction at the same dose.33 Furthermore, the reduction of DA release lasted longer for

(–)-9, which may reflect its higher lipophilicity, as compared to (+)-PD 128907 (see Section 3.1).

As was also observed with the experiments with reserpinized rats, the rats were activated, and

showed lower lip retraction and flat body posture.

Concluding from the results described above, it is clear that the pharmacological profile of

the thiopyran analogue (–)-9 is quite different from (+)-PD 128907 ((+)-7). The intention was to

develop a compound with a higher DA D3 (over D2) selectivity. However, (–)-9 displays a mixed

receptor binding profile, having affinity for DA D2 and D3, and 5HT1A receptors. Nevertheless,

this is very interesting from a medicinal chemical point of view: once again, a small change in the

structure of a DA ligand turns out to have a large effect on its receptor binding profile. Although

sulfur is often used as a bioisosteric replacement of oxygen, within this series of tricyclic DA

agonists, sulfur substitution on the 6-position has a more dramatic effect than was expected.
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In contrast with (–)-9, the cis-analogue (±)-10 displays DA D3 (over D2) selectivity.

Unfortunately, not enough was obtained to resolve this compound. Study of the enantiomers of

10 could certainly be worthwhile, as one of the enantiomers may display twice the affinity for DA

D3 receptors, as compared to the racemate. The selectivity for DA D3 receptors of one of the

enantiomers of 10 may even be higher, because DA D2 affinity may reside fully in the other

enantiomer.

Finally, the DA D3 selectivity of the sulfoxide (±)-11 suggests that an electronegative

point on the 6-position of the tricyclic system is allowed by the DA D3, but not by the DA D2

receptor. However, other factors, such as a the influence of the sulfoxide on the nitrogen pKa-

value or the aromatic ring, may play a role. The low receptor affinity of (±)-11 makes this

compound rather uninteresting for further pharmacological study.

3.5 Experimental Section

Chemistry, general. Melting points were determined in open glass capillaries on an

Electrothermal digital melting-point apparatus and are uncorrected. Optical rotations were

determined at 589 nm, at 20 °C on a Perkin-Elmer 241 polarimeter. 1H NMR spectra were

recorded at 60 MHz on a Hitachi Perkin-Elmer R-24 B spectrometer, at 200 MHz on a Varian

Gemini 200 spectrometer, or at 500 MHz on a Varian Unity 500 spectrometer. Chemical shifts

are given in δ units (ppm) and are relative to TMS for 60 MHz spectra, or relative to the solvent

for 200 and 500 MHz spectra. Coupling constants are given in hertz (Hz). The spectra recorded

were consistent with the proposed structures. IR spectra were obtained on an ATI-Mattson

spectrophotometer, and only the important absorptions are given. Electronic ionization (EI) mass

spectra were obtained on a Unicam 610-Automass 150 GC-MS system. Elemental analyses were

performed by the Analytical Chemistry Section at Parke Davis, Ann Arbor, MI, and were within

0.4% of the theoretical values, except where noted. Compounds that were obtained as an oil, or

as a solid in a very small amount, were analysed by high resolution mass spectrometry (HRMS),

performed on a JEOL MSroute JMS-600H by the Department of Chemistry, University of

Groningen.

If necessary, compounds were purified with medium-pressure chromatography (MPLC)

on silica, starting with an apolar eluent (usually 100% hexane) and gradually increasing its

polarity (usually by adding ethyl acetate), finishing with an eluent mixture that gave a Rf value of

approx. 0.3 on TLC.

Single-crystal X-ray analysis was performed by S. Sundell at the Department of Medical

Biochemistry, University of Göteborg.

4-Methoxybenzenesulfonyl chloride (13).37 Chlorosulfonic acid (322 g,  2.78 mol) was

added dropwise to cooled (0 °C) and vigorously stirred anisole 12 (150 g, 1.39 mol). After the

addition was completed, the reaction mixture was stirred for 1 h at 0 °C. Concentrated

hydrochloric acid (300 mL) was added, and the product was extracted with chloroform (upper
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layer) (3 × 200 mL). The combined chloroform layers were concentrated under reduced pressure,

and the crystalline mass which formed was collected on a glass filter, washed with hexane, and

dried in an exsiccator, which yielded 13 as pink crystals (173 g, 61 %): mp 40 °C (lit. 40.0 °C)37;

IR (KBr, cm-1) 2840, 1460, 1314, 1154; 1H-NMR (CDCl3, 60 MHz) δ 4.0 (s, 3H), 7.1 (d, 2H),

8.05 (d, 2H).

4-Methoxybenzenethiol (14).38 Concentrated sulfuric acid (205 g) was added cautiously

to ice (614 g), and the mixture was cooled to -5 °C on an ice-salt bath. Pulverized 4-

methoxybenzenesulfonyl chloride 13 (60.5 g, 0.29 mol) was added over a 30 min period, while

stirring the mixture mechanically. Subsequently, zinc (102 g, 1.57 mol) was added in small

portions, while keeping the temperature below 0 °C, and the reaction mixture was stirred for 1.5

h. Then the cooling bath was removed, which caused the reduction reaction to start

spontaneously after a short while. After the spontaneous reaction had ceased, the reaction was

heated to reflux for 7 h to complete the reduction. The mixture was cooled to room temperature

and extracted with ether (2 × 200 mL). The combined organic layers were washed with brine,

dried over MgSO4, and concentrated under reduced pressure. The resulting brown oil (33.0 g, 81

%)  was used without further purification: EIMS m/e 140 (M+); IR (KBr, neat) 2840, 1589,

1490; 1H-NMR (CDCl3, 60 MHz) δ 3.7 (s, 3H), 6.8 (d, 2H), 7.3 (d, 2H).

ß-(4-Methoxyphenylmercapto)propionic acid (15). A solution of sodium carbonate

(19.1 g, 0.18 mol) and 3-bromopropionic acid (27.5 g, 0.18 mol) in 90 mL of ice-cold water was

added to a solution of sodium hydroxide (7.2 g, 0.18 mol) and 4-methoxybenzenethiol 14 (24.8

g, 0.18 mol) in 90 mL of water. This mixture was refluxed for 1.5 h, and after cooling to room

temperature it was washed once with ethyl acetate (100 mL). The water layer was then acidified

with 10% hydrochloric acid, and the product was extracted with ethyl acetate (2 × 100 mL).

These combined organic layers were then washed once with brine, dried over MgSO4, and

concentrated under reduced pressure, which yielded an off-white crystalline mass (25.9 g, 68 %):

mp 71 °C; EIMS m/e 212 (M+); IR (KBr, cm-1) 2839, 1701, 1595, 1496; 1H-NMR (CDCl3, 60

MHz) δ 2.4 (t, 2H), 2.8 (t, 2H), 3.7 (s, 3H), 6.6 (d, 2H), 7.15 (d, 2H), 9.8 (s, 1H). Anal. Calcd

(Obsd) for C10H12O3S·¼H2O: C: 55.43 (55.75), H: 5.77 (5.59).

6-Methoxy-3,4-dihydro-2H-[1]benzothiopyran-4-one (16). Polyphosphoric acid (70 g)

was heated to 90 °C and mechanically stirred. Melted (ca. 80 °C) ß-(4-methoxyphenyl-

mercapto)propionic acid 15 (25.0 g, 0.12 mol) was added in one portion, and the mixture was

stirred for 3 min. Then another amount of polyphosphoric acid (120 g), which was heated to 90

°C  in advance, was added in one portion, and the mixture was stirred for 4 min. After cooling to

60 °C, ice (180 g) was added and the reaction mixture was stirred until the polyphosphoric acid

had hydrolysed (ca. 10 min). Subsequently, the product was extracted with ethyl acetate (4 × 100

mL). The combined ethyl acetate layers were washed once with water, once with NaOH (5 %,

aq.), then again with water until neutral pH. After washing the combined organic layers once with

brine they were dried over MgSO4 and concentrated under reduced pressure. The resulting brown

oil was purified by distillation under reduced pressure which yielded 16 as a yellow oil (15.5 g, 68
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%): bp 109 °C (0.03 mm Hg); IR (neat, cm-1) 2833, 1674, 1598, 1471; 1H-NMR (CDCl3, 200

MHz) δ 2.94-3.00 (m, 2H), 3.19-3.25 (m, 2H), 3.83 (s, 3H), 7.01 (dd, J1 = 8.7, J2 = 2.9, 1H),

7.19 (d, J = 8.7, 1H), 7.61 (d, J = 2.9, 1H); 13C NMR δ 26.8, 39.7, 55.5, 111.3, 122.3, 128.9,

131.6, 133.6, 157.4, 194.1. HRMS calcd. (obsd.) for C10H10O2S 194.0401 (194.0400).

6-Methoxy-3,4-dihydro-2H-[1]benzothiopyran-4-oxime (17). A solution of 6-

methoxy-3,4-dihydro-2H-[1]benzothiopyran-4-one 16 (12.9 g, 66.5 mmol), hydroxylamine

hydrochloride (9.9 g, 142 mmol) and pyridine (9.8 mL) in 100 mL of ethanol was heated to reflux

under a nitrogen atmosphere for 35 min. After cooling to room temperature, about 2/3 of the

ethanol was evaporated under reduced pressure. The resulting liquid was dissolved in 150 mL of

3 % HCl, and the product was extracted with ethyl acetate (2 × 150 mL). The combined organic

layers were washed with brine, dried over MgSO4, and concentrated under reduced pressure

which yielded 17 as a white crystalline solid (13.7 g, 98 %): mp 121 °C; EIMS m/e 209 (M+); IR

(KBr, cm-1) 2830, 1593, 1481; 1H-NMR (CDCl3, 200 MHz) δ 2.91-2.98 (m, 2H), 3.13-3.19 (m,

2H), 3.82 (s, 3H), 6.86 (dd, J1 = 8.6, J2 = 2.9, 1H), 7.18 (d, J = 8.6, 1H), 7.46 (d, J = 2.9, 1H);
13C NMR δ 26.1, 26.4, 55.4, 109.7, 117.2, 129.4, 153.8, 157.5, 172.0, 192.5. Anal. Calcd (Obsd)

for C10H11NO2S: C: 57.40 (57.39), H: 5.26 (5.28), N: 6.69 (6.64).

3-Amino-6-methoxy-3,4-dihydro-2H-[1]benzothiopyran-4-one Hydrochloride (18).
A solution of 17 (13.7 g, 65.2 mmol) in 50 mL of pyridine was cooled to 0 °C, and treated with

p-toluenesulfonyl chloride (54.0 g, 283 mmol) which was added slowly in 5 g portions. After

complete addition, the reaction mixture was stirred 1 h at 0 °C, and 2 h at room temperature. Ice

(320 mL) was added, and after the ice had melted the mixture was extracted with ethyl acetate (3

× 100 mL). The combined organic layers were washed once with 1N HCl, once with brine, and

dried over MgSO4. Concentration under reduced pressure yielded the tosyloxime as a brown

powder (26.4 g, ca. 100 %), which was used without further purification.

A suspension of the tosyloxime (23.8 g, ca. 65 mmol) in 260 mL of toluene was added slowly to

a cooled (0 °C) solution of potassium tert-butoxide (12.6 g, 113 mmol) in 90 mL of ethanol. The

reaction mixture was stirred at 0 °C for 1 h, then stirred at room temperature for 1.5 h, and

finally stirred at 35 °C for 30 min to complete te reaction. The precipitate (potassium tosylate)

was removed by filtration, and concentrated hydrochloric acid (26.5 mL) was slowly poured to

the filtrate, which turned dark purple-red. Ether was added to promote crystallization of the

product, which was filtered off as a yellow powder and dried in an exsiccator (12.8 g, 80 %): mp

174 °C (dec.); IR (KBr, cm-1) 2830, 1685, 1560, 1476; 1H-NMR (D2O, 200 MHz) δ 3.39 (dd, J1

= 12.8, J2 = 4.7, 1H), 3.59-3.74 (m, 1H), 3.85 (s, 3H), 4.68-4.77 (m, 1H), 7.16 (m, 1H), 7.29 (d,

J = 10.3, 1H), 7.51-7.53 (m, 1H); 13C NMR δ 31.1, 45.0, 71.8, 72.1, 128.8, 139.6, 145.3, 145.5,

149.5, 173.3. HRMS calcd. (obsd.) for C10H11NO2S 209.0510 (209.0512).

trans- and cis-3-Amino-6-methoxy-3,4-dihydro-2H-[1]benzothiopyran-4-ol
Hydrochloride (19) and (20). Aminoketone 18 (8.5 g, 34.7 mmol) was dissolved in a mixture of

135 mL of dichloromethane and 135 mL of 2-propanol. The solution was heated to 35 °C, and

sodium borohydride (4 g, 105 mmol) was added at a rate of 0.5 g per 10 min. After complete
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addition, the reaction mixture was stirred 1 h at 35 °C and allowed to cool to room temperature.

The reaction mixture was quenched by slowly adding 10 % HCl until acidic pH, and the solvents

were evaporated to dryness under reduced pressure. The remaining solids were dissolved in 250

mL of hot ethanol, the insoluble inorganic salts were removed by filtration, and the filtrate was

concentrated under reduced pressure, which yielded a mixture of 19 and 20 as a red-brown foam

(6.28 g, 73 %): mp 160-180 °C (dec.); IR (KBr, cm-1) 2928, 1560; 1H-NMR (D2O, 200 MHz,

chemical shifts of major diastereomer (trans, 19) are given) δ 3.25 (dd, J1 = 13.7, J2 = 6.8, 1H),

3.50 (dd, J1 = 13.7, J2 = 3.4, 1H), 3.87 (s, 3H), 3.89-3.98 (m, 1H), 4.87 (d, J = 6.4, 1H), 6.97

(dd, J1 = 8.6, J2 = 3.0, 1H) 7.14 (d, J = 3.0, 1H), 7.19 (d, J = 8.6, 1H); 13C NMR δ 41.8, 66.6,

72.0, 83.8, 131.6, 132.3, 138.5, 144.2, 149.3, 173.4. HRMS calcd. (obsd.) for C10H13NO2S

211.0667 (211.0687).

trans- and cis-3-Chloroacetamido-6-methoxy-3,4-dihydro-2H-[1]benzothiopyran-4-
ol (21) and (22). A mixture of aminoalcohols 19⋅⋅HCl and 20⋅⋅HCl (6.0 g, 24.3 mmol) was

dissolved in a well-stirred two-layer system of NaHCO3 (5.7 g, 67 mmol) in 70 mL of water, and

170 mL of ethyl acetate. The mixture was cooled to 0 °C and a solution of chloroacetyl chloride

(2 mL, 25.4 mmol) in 50 mL of ethyl acetate was added dropwise. After the addition was

completed the mixture was stirred for 30 min on ice, and was allowed to warm to room

temperature. The layers were separated and the aqueous layer was extracted once with ethyl

acetate (100 mL). The combined organic layers were washed once with brine, dried over MgSO4

and concentrated until crystallization started. The solution was put aside overnight, and the light-

green crystalline solid was obtained by suction filtration, which yielded most of the trans-

chloroacetamide 21 (4.78 g). The mother-liquor contained a mixture of both diastereomers 21
and 22, which were separated by MPLC on silica (initial eluent 100 % hexane, final eluent hexane

: ethyl acetate 1:1) yielding cis-chloroacetamide 22 as a light brown oil (0.39 g, 6 % yield, Rf =

0.26 in hexane : ethyl acetate 1:1), and the rest of the trans-chloroacetamide 21 (0.30 g, 78 %

total yield, Rf = 0.21 in hexane : ethyl acetate 1:1).

trans-3-Chloroacetamido-6-methoxy-3,4-dihydro-2H-[1]benzothiopyran-4-ol 21: mp

178-180 °C; EIMS m/e 287 (M+); 1H-NMR (CDCl3, 200 MHz) δ 2.83 (dd, J1 = 12.9, J2 = 5.1,

1H), 3.65 (dd, J1 = 13.3, J2 = 2.3, 1H), 3.79 (s, 3H), 4.01 (s, 2H), 4.48-4.60 (m, 1H), 4.62 (d, J

= 3.7, 1H), 6.84 (dd, J1 = 8.7, J2 = 2.8, 1H), 6.90 (d, J = 2.9, 1H), 7.10 (d, J = 8.6, 1H), 7.24

(bd, 1H); 13C NMR (CD3OD, 125.7 MHz) δ 27.0, 42.5, 49.4, 55.2, 69.0, 115.7, 116.8, 123.4,

127.7, 135.2, 158.2, 168.3. Anal. Calcd (Obsd) for C12H14NO3SCl: C: 50.09 (50.15), H: 4.90

(4.95), N: 4.87 (4.74).

cis-3-Chloroacetamido-6-methoxy-3,4-dihydro-2H-[1]benzothiopyran-4-ol 22: 1H-NMR

(CDCl3, 200 MHz) δ 3.00 (dd, J1 = 10.9, J2 = 3.4, 1H), 3.13 (t, J = 10.9, 1H), 3.76 (s, 3H), 4.04

(s, 2H), 4.41-4.56 (m, 1H), 4.69 (d, J = 2.7, 1H), 6.79 (dd, J1 = 8.8, J2 = 2.9, 1H), 6.94 (d, J =

2.9, 1H), 7.04 (d, J = 8.8, 1H), 7.33 (bd, 1H); 13C NMR δ 25.9, 42.3, 48.7, 55.2, 68.7, 115.4,

115.6, 122.1, 127.2, 134.5, 157.2, 166.5. HRMS calcd. (obsd.) for C12H14NO3SCl 287.0383

(287.0409).
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 (±)-trans-3,4,4a,10b-Tetrahydro-9-methoxy-2H,5H-[1]benzothiopyrano[4,3-b]-1,4-
oxazin-3-one (23). trans-Chloroacetamide 21 (4.9 g, 17.1 mmol) was dissolved in 320 mL of hot

2-propanol. After the solution had cooled to room temperature, a solution of sodium hydroxide

(1.4 g, 35.8 mmol) in 2.7 mL of water was added. The reaction was followed on TLC, and was

complete after stirring for 2.5 h. The reaction mixture was neutralized with 4N HCl and

concentrated under reduced pressure. The remaining white solid, which contained both product

and sodium chloride, was transferred to a soxhleth thimble, and extracted overnight in a soxhleth

apparatus with 500 mL of ethyl acetate. The ethyl acetate was concentrated to 100 mL, and

lactam 23 was filtered off as very fine white crystals (2.9 g, 68 % yield): mp 240 °C; EIMS m/e

251 (M+); 1H-NMR ((CD3)2SO, 200 MHz) δ 2.99 (dd, J1 = 12.2, J2 = 3.9, 1H), 3.15 (t, J = 12.0,

1H), 3.26-3.48 (m, 1H), 3.69 (s, 3H), 4.27 (d, J = 3.2, 2H), 4.56 (d, J = 9.8, 1H), 6.79 (dd, J1 =

8.6, J2 = 2.7, 1H), 6.98-7.02 (m, 2H), 8.46 (s, 1H); 13C NMR δ 28.1, 51.7, 55.4, 67.8, 74.4,

111.1, 115.0, 122.0, 126.7, 133.5, 157.0, 167.7. Anal. Calcd (Obsd) for C12H13NO3S: C: 57.35

(57.00), H: 5.21 (5.16), N: 5.57 (5.53).

(±)-cis-3,4,4a,10b-Tetrahydro-9-methoxy-2H,5H-[1]benzothiopyrano[4,3-b]-1,4-
oxazin-3-one (24). cis-Chloroacetamide 22 (0.32 g, 1.11 mmol) was dissolved in 21 mL of 2-

propanol. A solution of sodium hydroxide (0.09 g, 2.3 mmol) in 0.18 mL of water was added,

and the reaction was stirred for 19 h. The reaction mixture was neutralized with 4N HCl and

concentrated under reduced pressure. The remaining solids were dissolved in water (30 mL), and

the product was extracted with ethyl acetate (2 × 30 mL). The combined organic layers were

extracted with brine, dried over Na2SO4, and evaporated to dryness which yielded the cis-lactam

24 as a light yellow solid (0.24 g, 86 %). An analytical sample was obtained by recrystallization

from ethyl acetate: mp 215-217 °C; EIMS m/e 251 (M+); 1H-NMR (CDCl3, 500 MHz) δ 2.80

(dd, J1 = 12.7, J2 = 1.4, 1H), 3.37 (t, J = 12.7, 1H), 3.80 (s, 3H), 3.90-3.93 (m, 1H), 4.37 (dd, J1

= 30.7, J2 = 16.7, 2H), 4.68 (d, J = 3.0, 1H), 6.85 (dd, J1 = 8.6, J2 = 2.7, 1H), 6.92 (d, J = 2.7,

1H), 7.07-7.08 (m, 2H); 13C NMR δ 28.0, 51.2, 55.3, 67.6, 71.0, 116.6, 116.8, 123.3, 127.5,

131.0, 157.3, 168.5. Anal. Calcd (Obsd) for C12H13NO3S: C: 57.35 (57.10), H: 5.21 (5.00), N:

5.57 (5.43).

(±)-trans-3,4,4a,10b-Tetrahydro-9-methoxy-2H,5H-[1]benzothiopyrano[4,3-b]-1,4-
oxazine (25). LiAlH4 (1.1g, 28.9 mmol) was suspended in 22 mL of dry ether. A suspension of

the trans-lactam 23 (2.8 g, 11.3 mmol) in 220 mL of dry ether was added in 30 mL portions to

the LiAlH4-suspension. When the addition was completed, the reaction mixture was heated to

reflux for 2h. After cooling to room temperature and further cooling on ice, the reaction was

quenched by the cautious addition of 1.1 mL of water, 1.1 mL of 4N NaOH and 3.3 mL of water

(in that order). The mixture was heated to reflux until all precipitates had turned white (15 min),

cooled to room temperature, and filtered over celite. The yellow filtrate was dried over Na2SO4

and concentrated under reduced pressure, which yielded 25 as a yellow oil which solidified upon

cooling (2.6 g, 97 %): mp 74-76 °C; EIMS m/e 237 (M+); 1H-NMR (CDCl3, 200 MHz) δ 1.95

(br s, 1H), 2.68 (d, J = 2.7, 1H), 2.88-3.12 (m, 4H), 3.70-3.84 (m, 1H), 3.75 (s, 3H), 4.08 (dd, J1
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= 11.0, J2 = 3.7, 1H), 4.20 (d, J = 8.5, 1H), 6.72 (dd, J1 = 8.5, J2 = 2.9, 1H), 6.97 (d, J = 8.5,

1H), 7.13 (d, J = 2.7, 1H); 13C NMR δ 29.6, 45.8, 55.18, 55.21, 67.8, 78.1, 110.9, 114.6, 122.0,

126.6, 134.7, 157.3. Anal. Calcd (Obsd) for C12H15NO2S·¼H2O: C: 59.63 (59.72), H: 6.42

(6.32), N: 5.80 (5.75).

(±)-cis-3,4,4a,10b-Tetrahydro-9-methoxy-2H,5H-[1]benzothiopyrano[4,3-b]-1,4-
oxazine (26). The procedure described above for the preparation of 25 was used for the

reduction of the cis-lactam 24 (0.2 g, 0.80 mmol) to 26, which was obtained as a light-yellow oil

(0.18 g, 95 %): 1H-NMR (CDCl3, 200 MHz) δ 2.98-3.08 (m, 3H), 3.25 (dd, J1 = 12.9, J2 = 7.3,

1H), 3.45-3.48 (m, 1H), 3.59-3.64 (m, 2H), 3.78 (s, 3H), 4.63 (d, J = 3.7, 1H), 6.76 (m, 1H),

7.00-7.07 (m, 2H); 13C NMR δ 29.2, 43.0, 49.8, 55.2, 63.4, 72.0, 114.6, 115.3, 124.0, 127.1,

133.5, 157.6. HRMS calcd. (obsd.) for C12H15NO2S 237.0823 (237.0829).

(±)-trans-3,4,4a,10b-Tetrahydro-4-[(S)-methoxyphenylacetyl]-9-methoxy-2H,5H-
[1]benzothiopyrano[4,3-b]-1,4-oxazine, diastereomeric amides 27 and 28.28 (S)-(+)-α-

methoxyphenylacetic acid (0.91 g, 5.5 mmol) and thionyl chloride (7.6 mL, 104 mmol) were

dissolved in 26 mL of methylene chloride. The mixture was stirred and heated to reflux for 1 h,

then the excess thionyl chloride and the solvent were evaporated. The resulting acid chloride (a

clear oil) was redissolved in 25 mL of methylene chloride and added dropwise to a vigorously

stirred solution of amine 25 (1.2 g, 5.0 mmol) in 25 mL of methylene chloride, layered with 50

mL of 5 % NaOH (aq.). After 20 min all starting amine was consumed, and the layers were

separated. The organic layer was washed once with water, dried over Na2SO4 and concentrated

under reduced pressure which yielded a yellow oil (1.9 g, 99 %). The two diastereomeric amides

were separated by careful and repeated MPLC on silica with diisopropyl ether. The combined

fractions of the diastereomeric amide that eluted first (27) (Rf = 0.30, 100 % diisopropyl ether),

yielded a light-yellow oil (0.70 g, 36 %) of  96 % purity according to GLC, and crystallized

overnight: mp 128 °C. Anal. Calcd (Obsd) for C21H23NO4S: C: 65.45 (65.28), H: 5.97 (6.06), N:

3.64 (3.58).

The diastereomeric amide that eluted second (28) (Rf = 0.21, 100 % diisopropyl ether),

was obtained as a light yellow oil (0.62 g, 32 %) of 96 % purity according to GLC. HRMS calcd.

(obsd.) for C21H23NO4S 385.1348 (385.1349).

(+)-(4aS,10bR)-3,4,4a,10b-Tetrahydro-9-methoxy-2H,5H-[1]benzothiopyrano-[4,3-
b]-1,4-oxazine ((+)-(25). The diastereomeric amide that eluted first (27) (0.60 g, 1.56 mmol)

was dissolved in dry THF (53 mL). Potassium tert-butoxide (1.12g, 9.75 mmol) and water (0.083

mL, 4.5 mmol) was added, and the mixture was stirred at room temperature for 1.5 h. The

reaction mixture was partitioned between ether and water, and the water layer was extracted

once more with ether. The combined organic layers were extracted with 5 % HCl (3 × 50 mL),

the water phase was alkalinized (10 % Na2CO3) and extracted with ether (3 × 50 mL). The

combined organic layers were washed once with brine, dried over Na2SO4 and concentrated

under reduced pressure, which yielded (+)-(25) as a light-yellow solid (0.34 g, 92 %). A sample

was converted to the hydrochloride and recrystallized from 100 % ethanol, yielding off-white
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crystals: mp 238-242 °C; [α] = +51.6° (c = 1.36, MeOH). All spectral data for (+)-(25) were

identical with those described for 25. Anal. Calcd (Obsd) for C12H15NO2S·HCl: C: 52.65 (52.51),

H: 5.89 (6.08), N: 5.12 (5.08).

(–)-(4aR,10bS)-3,4,4a,10b-Tetrahydro-9-methoxy-2H,5H-[1]benzothiopyrano-[4,3-
b]-1,4-oxazine ((–)-(25). The diastereomeric amide that eluted second (28) (0.60 g, 1.56 mmol)

was converted to (–)-(25) (0.29 g, 78 %) as described above for (+)-(25). A sample was

converted to hydrochloride, yielding off-white crystals: mp 234-236 °C; [α] = –48.3° (c = 4.62,

MeOH). All spectral data for (–)-(25) were identical with those described for 25. Anal. Calcd

(Obsd) for C12H15NO2S·HCl: C: 52.65 (52.63), H: 5.89 (5.86), N: 5.12 (5.12).

(±)-trans-3,4,4a,10b-Tetrahydro-9-methoxy-4-propyl-2H,5H-[1]benzothiopyrano-
[4,3-b]-1,4-oxazine (29). Amine 25 (0.72 g, 3.04 mmol) and cesium carbonate (2.95 g, 9.1

mmol) were suspended in dry acetonitrile (19 mL). 1-Iodopropane (0.83 mL, 8.3 mmol) was

added and the mixture was heated to reflux overnight. The reaction mixture was concentrated

under reduced pressure, water was added to the residue and the product was extracted with ether

(2 × 100 mL). The combined organic layers were washed with brine, dried over Na2SO4 and

concentrated under reduced pressure, which yielded a yellow oil. The product was purified with

MPLC on silica (initial eluent 100 % hexane, final eluent hexane : ethyl acetate = 4:1) yielding 29
as a light-yellow oil (0.65 g, 77 %): 1H-NMR (CDCl3, 500 MHz) δ 0.92 (t, J = 7.3, 3H), 1.49-

1.57 (m, 2H), 2.32-2.37 (m, 1H), 2.48-2.54 (m, 1H), 2.55-2.59 (m, 1H), 2.75-2.81 (m, 1H),

2.88-2.95 (m, 2H), 3.15 (dd, J1 = 12.4, J2 = 4.0, 1H), 3.79 (s, 3H), 3.86-3.91 (m, 1H), 4.08-4.11

(m, 1H), 4.33 (d, J = 9.2, 1H), 6.72-6.75 (m, 1H), 6.99 (d, J = 8.6, 1H), 7.16 (dd, J1 = 2.8, J2 =

0.9, 1H); 13C NMR (CDCl3, 50.3 MHz) δ 11.7, 18.6, 27.3, 51.4, 55.2, 55.4, 60.5, 66.8, 77.3,

110.8, 114.5, 121.7, 126.5, 135.6, 157.3. HRMS calcd. (obsd.) for C15H21NO2S 279.1293

(279.1286).

(–)-(4aS,10bR)-3,4,4a,10b-Tetrahydro-9-methoxy-4-propyl-2H,5H-[1]benzothio-
pyrano-[4,3-b]-1,4-oxazine ((–)-29). Compound (+)-25·HCl (0.20 g, 0.73 mmol) was converted

to (–)-29 (0.20 g, 98 %), as described above for 29. A sample was converted to hydrochloride

and recrystallized from 100 % ethanol, yielding white crystals: mp 205-210 °C; [α] = –3.1° (c =

2.61, MeOH). All spectral data for (–)-29 were identical with those described for 29. Anal. Calcd

(Obsd) for C15H21NO2S·HCl: C: 57.04 (56.84), H: 7.02 (6.88), N: 4.43 (4.36).

(+)-(4aR,10bS)-3,4,4a,10b-Tetrahydro-9-methoxy-4-propyl-2H,5H-[1]benzothio-
pyrano-[4,3-b]-1,4-oxazine ((+)-29). Compound (–)-25·HCl (0.24 g, 0.87 mmol) was converted

to (+)-29 (0.23 g, 95 %), as described for 29. A sample was converted to hydrochloride and

recrystallized from 2-propanol, yielding pink crystals: mp 207-212 °C; [α] = +3.3° (c = 2.73,

MeOH). All spectral data for (+)-29 were identical with those described for 29. Anal. Calcd

(Obsd) for C15H21NO2S·HCl: C: 57.04 (56.91), H: 7.02 (7.10), N: 4.43 (4.36).

(±)-cis-3,4,4a,10b-Tetrahydro-9-methoxy-4-propyl-2H,5H-[1]benzothiopyrano-[4,3-
b]-1,4-oxazine (30). Amine 26·HCl (0.16 g, 0.59 mmol) was converted to 30 as described above

for 29, and was obtained as a light-yellow oil (0.08 g, 49 %): 1H-NMR (CDCl3, 200 MHz) δ 0.94
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(t, J = 7.3, 3H), 1.44-1.62 (m, 2H), 2.47-2.72 (m, 5H), 3.28 (dd, J1 = 11.5, J2 = 2.0, 1H), 3.49 (t,

J = 11.7, 1H), 3.77 (s, 3H), 3.91-3.97 (m, 2H), 4.45 (s, 1H), 6.76 (dd, J1 = 8.5, J2 = 2.7, 1H),

6.85 (d, J = 2.4, 1H), 7.01 (d, J = 8.5, 1H); 13C NMR δ 11.5, 18.6, 19.9, 46.4, 55.2, 55.9, 57.3,

67.5, 75.0, 115.9, 116.8, 123.9, 126.9, 133.8, 156.9. HRMS calcd. (obsd.) for C12H15NO2S

279.1293 (279.1282).

(±)-trans-4-n-propyl-3,4,4a,10b-tetrahydro-2H,5H-[1]benzothiopyrano[4,3-b]-1,4-
oxazin-9-ol (9). Amine 29 (0.35 g, 1.25 mmol) was dissolved in 3.5 mL of ethanethiol, and the

solution was cooled on ice. Aluminum chloride (0.50 g, 3.8 mmol) was added as 3 portions of

0.17 g, with an interval of 30 min. After all the aluminum chloride was added, the reaction

mixture was stirred on ice for 1 h. The reaction was quenched with water, alkalinized (10 %

NaHCO3) and extracted with ethyl acetate, adding sodium chloride to enhance layer separation.

The combined organic layers were washed once with brine, dried over Na2SO4 and concentrated

to give 9 as a light-yellow solid (0.26 g, 78 %). A sample was converted to hydrochloride and

recrystallized from ethanol 100 %, yielding off-white crystals: mp 263-267 °C (dec); EIMS m/e

265 (M+); IR (KBr, cm-1) 3099, 2553, 1474, 1324, 1105; 1H-NMR (CDCl3, 500 MHz) δ 0.91 (t,

J = 7.3, 3H), 1.49-1.57 (m, 2H), 2.33-2.39 (m, 1H), 2.48-2.53 (m, 1H), 2.56-2.60 (m, 1H), 2.76-

2.82 (m, 1H), 2.88-2.96 (m, 2H), 3.12 (dd, J1 = 12.5, J2 = 4.2, 1H), 3.86-3.91 (m, 1H), 4.05 (dd,

J1 = 11.2, J2 = 2.4, 1H), 4.33 (d, J = 9.3, 1H), 6.64 (dd, J1 = 8.3, J2 = 2.4, 1H), 6.93 (d, J = 8.3,

1H), 7.06 (d, J = 2.4, 1H); 13C NMR (CDCl3, 125.7 MHz) δ 11.8, 18.6, 27.3, 51.5, 55.5, 60.8,

66.8, 77.2, 113.4, 115.3, 121.5, 126.8, 135.6, 153.4. Anal. Calcd (Obsd) for C14H19NO2S·HCl:

C: 55.71 (55.52), H: 6.68 (6.64), N: 4.64 (4.38).

(–)-trans-(4aS,10bR)-3,4,4a,10b-Tetrahydro-4-propyl-2H,5H-[1]benzothiopyrano -
[4,3-b]-1,4-oxazin-9-ol ((–)-9). Amine (–)-29 (0.20 g, 0.72 mmol) was converted to (–)-9 (0.18

g, 94 %) as described above for 9. The product was converted to hydrochloride and recrystallized

from 100 % ethanol yielding pink crystals: mp 250-260 °C (dec.); [α] = –8.8° (c = 2.49, MeOH).

All spectral data for (–)-9 were identical with those described for 9. Anal. Calcd (Obsd) for

C14H19NO2S·HCl: C: 55.71 (55.61), H: 6.68 (6.66), N: 4.64 (4.59).

(+)-trans-(4aR,10bS)-3,4,4a,10b-Tetrahydro-4-propyl-2H,5H-[1]benzothio-pyrano-
[4,3-b]-1,4-oxazin-9-ol ((+)-9). Amine (+)-29 (0.21 g, 0.72 mmol) was converted to (+)-9 (0.19

g, 96 %) as described above for 9. The product was converted to hydrochloride and recrystallized

from 100 % ethanol yielding pink crystals: mp 251-255 °C (dec.); [α] = +10.1° (c = 2.76,

MeOH). All spectral data for (+)-9 were identical with those described for 9. Anal. Calcd (Obsd)

for C14H19NO2S·HCl: C: 55.71 (55.58), H: 6.68 (6.65), N: 4.64 (4.64).

(±)-cis-3,4,4a,10b-Tetrahydro-4-propyl-2H,5H-[1]benzothiopyrano-[4,3-b]-1,4-
oxazin-9-ol (10). Amine 30 (0.09 g, 0.32 mmol) was converted to 10 (0.080 g, 94 %) as

described above for 9. The product was converted to hydrochloride and recrystallized from 100

% ethanol yielding a pink solid: mp 189-192 °C (dec.); EIMS m/e 265 (M+); IR (KBr, cm-1)

2579, 2498, 2411, 1480, 1276; 1H-NMR (CDCl3, 500 MHz) δ 0.95 (t, J = 7.2, 3H), 1.52-1.60

(m, 2H), 2.52-2.64 (m, 3H), 2.67-2.76 (m, 2H), 3.29-3.33 (m, 1H), 3.48 (t, J = 11.9, 1H), 3.91-
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3.98 (m, 2H), 4.44 (s, 1H), 6.68 (dd, J1 = 8.6, J2 = 2.6, 1H), 6.76 (d, J = 2.6, 1H), 6.96 (d, J =

8.6, 1H); 13C NMR (CDCl3, 125.7 MHz) δ 12.4, 19.5, 20.7, 47.3, 56.8, 58.1, 68.1, 75.5, 117.6,

119.8, 124.4, 127.8, 134.5, 153.7. Anal. Calcd (Obsd) for C14H19NO2S·HCl·¾H2O: C: 53.28

(53.55), H: 6.82 (7.05), N: 4.44 (4.24).

(±)-trans-4-n-propyl-3,4,4a,10b-tetrahydro-2H,5H-[1]benzothiopyrano[4,3-b]-1,4-
oxazin-9-ol-S-oxide (11). NaIO4 (0.083 g, 0.39 mmol) was dissolved in 2 mL of a 1/1 mixture of

water and methanol, and the solution was cooled to 0 °C on ice. A suspension of sulfide 9 (0.073

g, 0.28 mmol) in 1 mL of methanol, was added dropwise, and the reaction mixture was stirred on

ice for 2 h. The reaction was monitored on TLC. To complete the oxidation extra NaIO4 (0.038

g, 0.18 mmol) was added and the mixture was stirred for another 0.5 h. The reaction mixture was

extracted with chloroform (3 × 5 mL), and the combined organic layers were dried over Na2SO4,

filtered and concentrated under reduced pressure. The remaining brown oil was purified with

MPLC on silica (initial eluent hexane / ethyl acetate = 1:1, final eluent 100 % ethyl acetate)

yielding 11 as an off-white oil (0.023 g, 29 %). The product was converted to hydrochloride and

recrystallized from 2-propanol/ isopropyl ether to yield white crystals: mp 236-240 °C (dec.); IR

(KBr, cm-1) 2972, 1596, 1475, 1115, 1023; 1H-NMR (CDCl3, 500 MHz, hydrochloride) δ 1.08

(t, J = 7.4, 3H), 1.80-1.90 (m, 2H), 3.19-3.25 (m, 1H), 3.33-3.38 (m, 1H), 3.45-3.55 (m, 2H),

3.73 (d, J = 12.7, 1H), 3.97-4.06 (m, 1H), 4.08-4.17 (m, 1H), 4.24 (t, J = 12.5, 1H),4.37 (d, J =

10.6, 1H), 4.90 (d, J = 9.5, 1H), 6.98 (dd, J1 = 8.7, J2 = 2.4, 1H), 7.21 (dd, J1 = 2.7, J2 = 1.1,

1H), 7.62 (d, J = 8.5, 1H); HRMS calcd. (obsd.) for C14H19NO3S 281.1086 (281.1100).

Pharmacology, general. All experimental drugs tested were in the hydrochloride form.

Receptor Binding. The receptor binding studies were performed at Parke Davis

Pharmaceutical Research Division, by T.A. Pugsley. Binding to cloned human DA D2, D3, and D4

receptors was carried out as described in Chapter 2. Binding to rat hippocampal 5HT1A and

cortical 5HT2 receptor binding was carried out as described in Ref.33.

Intrinsic Activity. The intrinsic activity determinations were performed at Pharmacia &

Upjohn, CNS Diseases Research, by M.E. Lajiness, as described in ref.42,43.

Contralateral turning in 6-OH-DA lesioned rats. Contralateral turning experiments

were performed at Parke Davis Pharmaceutical Research Division, by L. Meltzer, essentially

according to the original reference by Ungerstedt and Arbuthnott.46 Briefly, rats were lesioned in

right medial forebrain bundle  (P4.8mm, L1.1mm, V-8.2mm from bregma) with 8 µg / 4 µL of 6-

hydroxydopamine HBr in saline with ascorbic acid 1 mg/ml added. After 3 weeks recovery,

completeness of lesion was assessed with apomorphine 50 µg/kg sc. Only animals rotating more

than 100 turns in an hour were used in subsequent experiments.

Rats were removed from home cages in morning, weighed, dosed and placed into

harnesses in rotorat apparatus. Rats sit in stainless steel, flat bottomed, hemispheric bowls and are

connected via the harness and a flexible spring tether to an automated data collection system.

Data is presented as full rotations in contraversive directions. Rats are used once weekly.
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Locomotor activity and behaviour in reserpinized rats. Locomotor activity

experiments were performed at the Department of Medicinal Chemistry, University of Groningen,

by L.A. van Vliet and N. Rodenhuis. Male Wistar rats (from Harlan, Zeist, The Netherlands)

weighing 180-200 g were used. The rats were housed in PMMA cages, eight animals in each

cage, with free access to water and food. The cages were placed in a room with controlled

environmental conditions (21 °C; humidity 60-65%; 8 a.m. to 8 p.m., 8 p.m. to 8 a.m. light-dark

periods). The animals were housed at least one week after arrival prior to use in the experiments.

Experimental drugs were first dissolved in a few drops of ethanol 96 % and slightly

warmed, then saline was added. The administered volume was 1 mL/kg.

Rats were reserpinized 18-24 hours prior to the experiments with 10 mg/kg sc reserpine

(RBI). Reserpine was dissolved in 10 % glacial acetic acid, 80 % ultra pure water and 10 %

sucrose (MERCK) was added. On the day of the experiments the animals were placed alone in

PMMA boxes to acclimate. After the rats were acclimated the compounds were administered

subcutaneously in the neck region, after which the locomotor activity counting started.

Locomotor activity was measured using AUTOMEX II (Columbus Instruments, Columbus, OH,

USA) activity monitors. Observations of behaviour were made during the first 30 min of the

locomotor activity measurements.

Microdialysis in rat striatum. Microdialysis experiments were performed at the

Department of Medicinal Chemistry, University of Groningen, by N. Rodenhuis. Male Wistar rats

(from Harlan, Zeist, The Netherlands) weighing 280-320 g were used, and housed as described

for the locomotor activity experiments.

On line brain microdialysis in freely moving animals was essentially performed as

described previously by Westerink.50 Briefly, rats were anesthetized with choral hydrate (400

mg/kg ip) and 10% lidocaine locally applied. The rats were then mounted into a stereotaxic frame

(Kopf). The incisor bar was placed in position so that the scull was held in a horizontal position.

The skull was exposed and burr holes were drilled. An Y-shaped cannula was used for the

experiments, with an exposed tip length of 3 mm. The dialysis tube (ID: 0.22 mm; OD: 0.31 mm)

was prepared from polyacrylonitrile methalys sulfonate copolymer (AN 69, Hospal, Bologna,

Italy). The dialysis membrane was implanted in the Striatum with coordinates which were

calculated relative to bregma: A + 1, L ± 3, D − 6 according to Paxinos and Watson (1982). The

dura was removed with a sharp needle. Two anchor screws were positioned in different bone

plates nearby. Before insertion into the brain the dialysis probes were perfused with successively

ultra pure water, methanol, ultra pure water and Ringer solution (1.2 mM Ca). The dialysis probe

was positioned in the burr hole under stereotaxic guidance. The probe was cemented in this

position with phosphatine dental cement (Associated dental products LTD, Kemdent Works,

Purdon, Swinden, Wiltshire SN 5 9 HT).

The experiments were performed in conscious rats 17-56 h after implantation of the

cannula. The striatum was perfused with a Ringer solution (147 mmol/l NaCl, 4 mmol/l KCl, 1.2

mmol/l CaCl2, 1.1 mmol/l MgCl2) at 2 µl/min (CMA/102 microdialysis pump). After the
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experiments the rats were sacrificed and the brains were removed. After removal the brains were

kept in 4% paraformaldehyde solution until they were sectioned to control the location of the

dialysis probes.

Dopamine, DOPAC and 5-HIAA were quantitated by HPLC with electrochemical

detection. An HPLC pump (LKB, Pharmacia) was used in conjugation with an EC-detector

(Antec, Leiden) working at 625 mV versus Ag/AgCl reference electrode. The analytical column

was a Supelco Supelcosil LC-18 Column (15 cm, 4.6 mm, 3 µm). The mobile phase consisted of

a mixture of 4.1 g/l sodium acetate (Merck), 85 mg/l octane sulphonic acid (Aldrich), 50 mg/l

EDTA (Merck), 8.5 % methanol (Labscan) and ultra pure water (pH=4.1 with glacial acetic

acid).

Statistics: The microdialysis data were analyzed using Friedman Repeated Measures Analysis of

Variance on Ranks with as post-hoc test Dunnett’s Method.

Acknowledgement. Y.-H. Shih, K. Zoski, L. Georgic and H. Akunne are gratefully

acknowledged for the in vitro pharmacology testing.
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Abstract

The 2-aminothiazole moiety has proven its value in medicinal chemistry as a stable and

lipophilic bioisosteric replacement of a phenol group. This approach has provided dopamine (DA)

agonists with good oral availability. To further explore its use in the development of DA agonists,

we have combined the 2-aminothiazole moiety with 2-aminoindan and 3-aminobenzopyrans,

which are known templates for DA agonists. In this study we have synthesized 6-NH2-DPTB (18,

6-amino-3-(N,N-di-n-propylamino)-3,4-dihydro-2H-thiazolo[5,4-f]-[1]benzopyran) and 6-NH2-

DPTI (29, 6-amino-2-(N,N-di-n-propylamino)-thiazolo[4,5-f]indan), and several analogues (19,

24, and 30). The affinity of the DPTBs and DPTIs for DA receptors was evaluated, which

revealed 6-NH2-DPTI (29) to have high affinity for DA D3 receptors. In addition, the compounds
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were screened for their potential to inhibit lipid peroxidation, to determine their radical

scavenging properties. Some compounds were subjected to further pharmacological evaluation in

a functional assay (to determine intrinsic activity), in a microdialysis study (to determine effects

on DA turnover in striatum), and in unilateral 6-OH-DA lesioned rats (to determine their

potential as DA agonists).

These studies selected 6-NH2-DPTI (29) as particularly interesting. Compound 29 caused

a rotation activation in unilaterally 6-OH-DA lesioned rats, and an increase in DA turnover in rat

striatum. This dual agonist/antagonist action is best accounted for by its partial agonism at striatal

DA D2 receptors. Interestingly, 29 displayed long lasting activity and excellent oral availability in

6-OH-DA lesioned rats, making this compound potentially useful for the treatment of Parkinsons

disease.

4.1 Introduction

As has been explained in Chapter 1, Parkinson’s disease (PD) is a neurodegenerative

disease of the substantia nigra, causing a dopamine (DA) deficiency in the striatum (see section

1.6), which in turn causes movement disorders (rigidity, hypokinesia). Probably, this degeneration

of neurons is inflicted by reactive oxygen(-derived) free radicals. Restoring nigrostriatal DA

neurotransmission by administration of L-DOPA, possibly with the co-administration of DA

agonists, is still the dominant therapy for PD. This therapy relieves the symptoms, but does not

cure PD. In fact, L-DOPA itself may generate free radicals, thereby aggravating the disease in the

long run. Therefore, new approaches for the treatment of PD are needed. Combining DA agonist

properties with radical scavenging properties in one molecule may comprise an approach which

reduces the symptoms of PD, and at the same time stops further degeneration of neurons.

The 2-aminothiazole functionality has been successfully applied as a heterocyclic

bioisostere of the phenol moiety in DA agonists like B-HT 920 (1, Fig. 4.1), a DA agonist with

some selectivity for the DA autoreceptor,1 PD 118440 (2), a DA autoreceptor agonist,2 and

pramipexole (3), a DA agonist with preference for the DA D3 (over DA D2) receptor.3,4 In these

compounds, the amino group on the 2-aminothiazole moiety effectively replaces the hydroxy

group of a phenol (or catechol) moiety, to form a presumed hydrogen bond with the receptor

binding site. Compared to a phenol group, a 2-aminothiazole moiety is more lipophilic and

displays improved oral availability.2

In addition, some compounds with a 2-aminothiazole moiety display antioxidant

properties. For example, the 2-aminothiazole CBS-113 A (4, Fig. 4.2), a cyclooxygenase

inhibitor, was reported to have free radical scavenging properties.5 Pramipexole (3) was recently

reported to have neuroprotective properties which are probably related to its antioxidant

properties.6 Riluzole (5), a drug with multiple actions on neurons, is a 2-aminothiazole that was

reported to have neuroprotective effects in a model of PD in the rat, although this compound has
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not been shown to scavenge free radicals in vitro, or to have antioxidant activity in vivo, and its

neuroprotective mechanisms remain unclear.7

Figure 4.1 Chemical structures of DA agonists with a 2-aminothiazole functionality: B-HT 920 (1), PD
118440 (2), and pramipexole (3).

These observations, together with the fact that 2-aminothiazoles are chemically easily

accessible from anilines,8 encouraged us to prepare a series of 3-amino[1]benzopyran or 2-

aminoindan derived 2-aminothiazoles, and to investigate the concept of combining DA agonism

with free radical scavenging properties in a single molecule. Such compounds would ideally not

only relieve the symptoms of PD by restoring dopaminergic neurotransmission in nigrostriatal

pathways, but also prevent further progress of the disease by taking away reactive free radicals.

This study describes the synthesis of five 3-amino-1-benzopyran or 2-aminoindan derived 2-

aminothiazoles (compounds 18, 19, 24, 29, and 30), and the pharmacological evaluation of their

action on DA receptors. In addition, to investigate their potential as radical scavengers, these

compounds were tested for their ability to inhibit non enzymatic lipid peroxidation.

Figure 4.2 Chemical structures of CBS-113 A (4) and riluzole (5).

4.2 Chemistry

The synthesis of 18 and 19 is outlined in Figure 4.3, starting from benzopyranone 6.

Reaction of 6 with hydroxylamine gave the corresponding oxime, which was subsequently treated

with p-toluenesulfonyl chloride to yield the p-toluenesulfonyl oxime, and then converted to the

aminoketone 7 in a Neber rearrangement reaction. Aminoketone 7 was treated with propionyl

chloride to yield propionamide 8. First the benzylic ketone was reduced catalytically to yield 9,

then the amide was reduced with LiAlH4 to give 10. The second propyl group was introduced by

propionylation of 10 affording amide 11. Nitration of 11 was performed with a mild nitrating
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mixture to avoid double nitration,9 and the 6- and 8-nitrated products (12 and 13, respectively)

were separated with column chromatography on SiO2. 12 and 13 were reduced catalytically to

yield aniline-amides 14 and 15, respectively. Reduction of 14 and 15 with LiAlH4 afforded the

aniline-amines 16 and 17, respectively. Finally, 16 and 17 were treated with potassium

thiocyanate and bromine,8 to give DPTBs 18 and 19, respectively.

Figure 4.3 Reagents: (a) NH2OH·HCl, pyridine, EtOH, ∆; (b) p-TolSO2Cl, pyridine, 0°C; (c) 1. KO-t-
Bu/EtOH, toluene, 0°C; 2. HCl (conc.); (d) propionyl chloride, Et3N, CH2Cl2, 0°C; (e) 10 % Pd/C, H2,
EtOH; (f) LiAlH4, Et2O, 0°C→reflux; (g) propionyl chloride, Et3N, CH2Cl2; (h) HNO3/H2SO4/H2O,
MeNO2, 0°C; (i) separation of 6- and 8-nitrated product with column chromatography on SiO2; (j) 10 %
Pd/C, H2, EtOH; (k) LiAlH4, Et2O, 0°C→reflux; (l) KSCN, Br2, AcOH.
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Compounds 24, 29 and 30 were synthesized analogously to the above described synthesis

of 18 and 19, although some different reagents were used (Figures 4.4 and 4.5).

Compound 24 was synthesized starting from 2-aminoindan 20 (Fig. 4.4) which was

propionylated to give 21, then nitrated9 to give mainly the 5-nitrated product, and reduced to the

aniline-amide 22 with Pd/C and ammonium formate as hydrogen donor. Compound 22 was

purified from the minor by-product (probably 4-substituted product) with MPLC on SiO2.

Reduction of the amide was performed with BH3 in THF,4 to afford aniline-amine 23. Reaction of

23 with potassium thiocyanate and bromine,8 afforded the aminothiazolo-indan 24, which was the

only product of thiazole ring-closure that was isolated.

Figure 4.4 Reagents: (a) propionyl chloride, NaHCO3, H2O, EtOAc; (b) HNO3/H2SO4/H2O, MeNO2, 0°C;
(c) NH4CO2, 10 % Pd/C, MeOH, 50°C; (d) BH3 in THF, Et2O, rt→reflux; (e) KSCN, Br2, AcOH.

Compounds 29 and 30 were synthesized analogously to 24, but with the insertion of an

extra reduction and propionylation step to obtain di-n-propyl products (Fig. 4.5). Briefly,

2-aminoindan 20 was propionylated to give 21, which was reduced to give amine 25.

Propionylation of 25 afforded 26, which subsequently was nitrated and reduced to afford the

aniline-amide 27. Amide reduction gave aniline-amine 28, which was reacted with potassium

thiocyanate and bromine,8 to afford the products 29 and 30, which could be separated with

MPLC on SiO2. NMR-spectroscopy showed that these compounds were products of thiazole

ring-closure in two different directions.
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Figure 4.5 Reagents: (a) propionyl chloride, NaHCO3, H2O, EtOAc; (b) BH3 in THF, Et2O, rt→reflux; (c)
propionyl chloride, Et3N, CH2Cl2; (d) HNO3/H2SO4/H2O, MeNO2, 0°C; (e) NH4CO2, 10 % Pd/C, MeOH,
50°C; (f) BH3 in THF, Et2O, rt→reflux; (g) KSCN, Br2, AcOH; (h) separation of isomers with column
chromatography on SiO2.

4.3 Pharmacology

DA Receptor Binding. Aminothiazoles 18, 19, 24, 29, and 30 were tested for their in

vitro binding affinity for human dopamine (DA) D2L, D3 or D4.2 receptors, expressed in Chinese

hamster ovary (CHO) K-1 cells. In the antagonist binding studies, the affinity of the compounds

was determined by their ability to displace [3H]-spiperone from D2L, D3 or D4.2 DA receptors. In

the agonist binding studies, the affinity for the D2L DA receptor was determined using [3N3H]-N-

0437 (5-hydroxy-2-(N-n-propyl-N-(2-thienylethyl)amino)tetralin) or [3H]-NPA (N-

propylnorapomorphine), as the radioligand. The affinity data obtained with [3H]-NPA are

comparable to those obtained with [3N3H]-N-0437. Receptor affinities are presented in Table 4.1.
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Table 4.1 Affinity for human DA D2L, D3, and D4 receptors (left) and inhibitory properties on lipid
peroxidation (LPO, right) of DPTBs and DPTIs. Pramipexole (3, PPX) is taken up as a reference
compound.

Compd

Affinity for DA receptors

Ki
a (nM)

Inh. of LPO

IC50
a (µM)

D2L (agonist

radioligand)

D2L [3H]-Spip. D3 [
3H]-Spip. D4.2 [

3H]-Spip.

18 47

([3H]-N-0437)

5920 510 NDb 50

19 536

([3H]-N-0437)

3506 1397 ND 5

24 1353

([3H]-NPA)

ND >10000 >3330 >100

29 27

([3H]-NPA)

ND 1.4 272 60

30 500

([3H]-NPA)

ND 11 IC50>10000 30

3c

(PPX)

ND 139d

2.07e

2.78d

0.49e

138d

2.76e

neuro-

protectivef

a Ki  and IC50 values are means of three observations. b ND means not determined. c Binding data from
Ref.3 d KiL, low affinity binding. e KiH, high affinity binding. f Pramipexole displays neuroprotective effects
against postischemic or methamphetamine-induced degeneration of nigrostriatal neurons.6

Radical Scavenging Properties. The radical scavenging/anti-oxidant properties of the

DPTBs and DPTIs were determined with the (non-enzymatic) lipid peroxidation assay.10 In this

assay, radical formation through the Fenton reaction (see section 1.6) is induced by adding Fe2+

to a preparation of rat liver microsomes. These radicals initiate a process called lipid

peroxidation, which may be inhibited by a radical scavenger. IC50-values are presented in Table

4.1.

Intrinsic Activity. The intrinsic activity (IA) of compounds 18, 29, and 30 was

determined with a functional test, the mitogenesis assay.11,12 [3H]-Thymidine uptake was

determined in CHO-L6 cells transfected with the human DA D2 or D3 receptor, as a measure of

agonism at these receptors (Table 4.2). The IA was compared with quinpirole, which is a full

agonist at both receptors (IA = 100%). In the same cells the ability of 18, 29, and 30 to inhibit

quinpirole-stimulated [3H]-thymidine uptake was determined, which is a measure of antagonism

(Table 4.2).
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Table 4.2 Agonist and antagonist effects of selected compounds as measured in the mitogenesis assay. All
values are means of three determinations ± SEM. Pramipexole (3, PPX) and quinpirole are included as
reference compounds.

compd. [3H]-thymidine uptake EC50, nM (IAa)

Inhibition of quinpirole (30

nM) stimulated [3H]-

thymidine uptake

DA D2 DA D3 DA D2 DA D3

18 148 ± 23 (7 % ± 1) > 1000 (0 %) Ab A

29 5.7 ± 2.2 (28 % ± 7) > 1000 (0 %) A A

30 18.7 ± 2.9 (71 % ± 6) > 1000 (0 %) NAc A

3 (PPX)d 1.7 ± 0.4 (90 ± 10 %) 0.21 ± 0.04 (98 ± 2.2%) NTe NT

quinpirole 2.2 (100 %) 1.7 (100 %) NA NA

a IA means intrinsic activity. b A means active (test-concentrations ranging from 0.1 nM to 1 µM).
c NA means not active. d IA-data from Ref.3 e NT means not tested.

Contralateral turning in 6-OH-DA lesioned rats. Compound 29 was further evaluated

in rats unilaterally lesioned with 6-OH-DA (Fig. 4.6). In this model, the DA neurons of one side

(left or right) of the nigrostriatal DA system are selectively and completely degenerated by

intracebral injection of the neurotoxin 6-OH-DA. This causes a postsynaptic supersensitivity to

develop on the lesioned side.13 Upon systemic administration of a DA agonist, the rat will start to

turn contralaterally, i.e. towards the non-lesioned side.14 The evoked turning behaviour is a

measure of the DA (D1 and/or D2) agonist properties of a compound.

Figure 4.6 Effect on turning behaviour of 29 in unilateral 6-OH-DA lesioned rats. Each point is the mean
± SEM of five (3.5 µmol/kg) or three (10.4 µmol/kg) rats. The total number of full contraversive rotations
± SEM is indicated on top.
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In addition, the effect of 29 was studied in combination with haloperidol (Fig. 4.7), which
selectively blocks DA D2-like receptors. Rotation behaviour was compared with an equal dose of
29, combined with an ip injection of vehicle.

Figure 4.7 Effect on turning behaviour of 29 alone or in combination with haloperidol, in unilaterally 6-
OH-DA lesioned rats. Each point is the mean ± SEM of four rats. The total number of full contraversive
rotations ± SEM is indicated on top.

Furthermore, the rotation model was employed to study the oral availability of compound

29. Figure 4.8 depicts the rotation behaviour of orally (po) administered 29 in comparison with

an equal dose administered subcutaneously (sc).

Figure 4.8 Effect on turning behaviour of 29 administered orally (po) or subcutaneously (sc). Each point
is the mean ± SEM of four (po) or five (sc) rats. The total number of full contraversive rotations ± SEM is
indicated on top.
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 Microdialysis in rat striatum. The effects of 29 on in vivo DA turnover in rat striatum
were assessed with microdialysis methods (Fig. 4.9).

Figure 4.9 Effect of 29 on DA turnover in rat striatum. Each point is the mean ± SEM of three to four
determinations. The arrow indicates the time of injection. * p<0.05 vs time = 0 min.

4.4 Results and Discussion

DA Receptor Binding. Both 3-amino-1-benzopyrans15 and 2-aminoindans,16 substituted

with a hydroxy group on the aromatic ring, are known templates for DA agonists. In these

molecules, both the phenolic oxygen and the basic amine are supposed to interact with the

receptor binding sites. Strictly speaking, the 2-aminothiazole moiety as used in the here described

aminothiazoles, is not a bioisosteric replacement of the phenol group, but rather an extension of

the aromatic part of the molecule. Nevertheless, the aminothiazole exocyclic amino group may

replace the hydroxy group of a phenol or catechol, and form a hydrogen bond with the receptor.
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The position of this amino group relative to the aromatic nucleus and basic nitrogen probably

plays a critical role for DA receptor affinity. This may explain the low affinity of the DPTBs 18
and 19 for DA receptors (Table 4.1).

The DPTIs show a more interesting DA receptor binding profile. Compared to the

DPTBs, di-n-propyl thiazolo-indans 29 and 30 show a higher affinity for DA D2L and D3

receptors.

The affinity of the thiazolo-indans is remarkably increased when a second n-propyl group

is introduced in the 2-aminoindan structure. Especially the affinity for the DA D3 receptor of di-n-

propyl compound 29 is enormously increased, as compared to the mono-propyl analogue 24.

Such an effect is not observed in the 2-aminotetralin series (see Chapter 2), where introduction of

a second n-propyl group only marginally increases affinity for the DA D3 receptor, and even

decreases affinity for the DA D2L receptor subtype (when measured with an agonist radioligand,

for example, compare compounds 21 and 25, Table 2.2, Chapter 2).

Unexpectedly, compounds 29 and 30 display an interesting DA D3 preferring binding

profile. Compound 29 binds with moderate affinity to DA D2, and with high affinity to DA D3

receptors (see Table 4.1). Although 29 is “quasi-symmetrical” (its asymmetry is created by the

inequivalency of the thiazole nitrogen and sulfur atoms), resolving this compound may reveal

even higher DA D3 selectivity for one of its enantiomers.

The DA receptor binding profile of 18, 19, and 29, encouraged us to study the action of

these compounds on DA D2 and D3 receptors in a functional assay (see below).

Radical Scavenging Properties. As shown in Table 4.1, the DPTBs and DPTIs inhibit

lipid peroxidation, although with marked potency differences. This inhibition may be caused by

radical scavenging properties of the compounds tested. However, within this assay other

processes (like iron-chelation) may play a role in the observed inhibition. Insofar as these

processes actually take place within lipid membranes, the observed lower potency of the mono-

propyl analogue 24 may be explained by its lower lipophilicity (logD = 0.19 for 24, compared to

logD = 1.66 for 29, as predicted with the computer program Pallas 1.217).

In contrast to DA agonism (or antagonism), the process of radical scavenging is an

aspecific process (there are no specific sites within the cell where radicals are to be scavenged).

As a consequence, a radical scavenging drug probably needs to be dosed in high amounts to exert

an effect in vivo. For the above described compounds it remains to be established whether radical

scavenging properties in vitro will provide neuroprotective properties in vivo.

Intrinsic Activity. The action of compounds 18, 29, and 30, at DA D2 and D3 receptors

was assessed in the mitogenesis assay: agonism stimulates cell division, which can be measured

with uptake of [3H]-thymidine.

From the results listed in Table 4.2 it can be concluded that compounds 29 and 30, display

(partial) agonism at DA D2 sites, and antagonism at DA D3 sites, whereas 18 appears to be an

antagonist at both receptors (but with low potency). This contrasts with the related 2-

aminothiazole pramipexole (3), which is a full agonist at both DA D2 and D3 receptors.3 The
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observed potencies (EC50-values) to stimulate [3H]-thymidine uptake reflect in part the DA D2

affinity: compound 29 (KiD2 = 27 nM) displays the highest potency at DA D2 receptors, whereas

the potency of compound 30 is higher than expected, regarding its receptor binding profile.

Taking the intrinsic activity data and receptor binding profile together, it can be concluded

that compound 29 is a potent and partially selective antagonist at DA D3 receptors. In addition, it

displays partial agonism at DA D2 receptors, but with a moderate affinity and potency.

Contralateral turning in 6-OH-DA lesioned rats and microdialysis in rat striatum.
The DA agonist properties of 29 were evaluated in rats with a unilaterally lesioned nigrostriatal

DA system. Also, the effects of (several doses of) 29 on DA turnover in rat striatum were

studied.

As is obvious from Fig. 4.6, compound 29 produced a strong and long-lasting activation

of rotation behaviour. Furthermore, 29 caused a dose dependent increase of DA turnover in rat

striatum (Fig. 4.9). On first sight, these observations seem contradictory: An activation of

rotation behaviour in unilaterally 6-OH-DA lesioned rats implies agonism at postsynaptic

receptors, whereas an increase of DA-turnover (due to the blockade of presynaptic DA

receptors) as measured with microdialysis, would imply antagonism.

Carlsson proposed that the extent of previous (endogenous) agonist occupancy

determines DA receptor responsiveness, and thereby in part the intrinsic efficacy of agents

interacting with the receptors.18 This proposition was based the on the pharmacology of the

partial agonist (−)-3-PPP, which was found to act as an agonist in pharmacological models with

supersensitive DA receptors, and as an antagonist on normosensitive DA receptors.19 The dual

character of compound 29 also appears to be accounted for by its partial agonism at DA D2

receptors. In unilaterally 6-OH-DA lesioned rats, a postsynaptic supersensitivity of DA receptors

in striatum develops,13 which “amplifies” the DA agonist action of a compound. In this situation,

the DA agonist properties of compound 29 predominate, which explains the observed rotation

activation. On the other hand, in non-pretreated rats used in the microdialysis experiments, DA

receptors are normosensitive. In this situation, the antagonist properties of compound 29
predominate, and a blockade of presynaptic DA receptors would then explain the observed

increase in DA turnover.

Compound 29 was also tested in rats which were reserpinized 18 hours beforehand (data

not shown), where it turned out to be inactive. In reserpinized rats postsynaptic DA receptors are

relatively insensitive, and the partial DA D2 agonism of 29 does not give an effect in this model.

The potent DA D3 antagonism of 29 may contribute to the observed profile. As has been

suggested previously, the DA D3 receptor may either be a postsynaptic receptor with an

inhibitory influence on rat locomotor activity,20,21 or a striatal autoreceptor with a DA synthesis

inhibiting influence,22 or both. As a consequence, blockade of postsynaptic DA D3 receptors by

29 may produce increased locomotor activity. In microdialysis, blockade of DA D3 autoreceptors

may increase DA synthesis. However, in rats the striatal density of DA D3 receptors is believed to
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be relatively low. Further pharmacological evaluation of compound 29 may reveal the actual role

of DA D3 receptors in the observed profile.

Within this model, activation of rotation may reflect activation of DA D1 or D2 receptors,

or a combined activation of both DA D1 and D2 receptors. Administration of haloperidol blocks

the activation of DA D2(-like) receptors. Figure 4.7 displays the effects of 29 in combination with

haloperidol. It was observed that haloperidol greatly reduces the rotation activation of 29,

thereby excluding activation of DA D1 receptors by this compound.

The oral availability of 29 was also studied with unilaterally 6-OH-DA lesioned rats. As

can be seen in Figure 4.8, compound 29 has an excellent oral availability, which is comparable to

its availability upon subcutaneous administration. To our surprise, orally administered 29 gives a

faster onset of action as compared to subcutaneous administration. This may be explained by a

slow subcutaneous diffusion process after administration of 29 in the neck-region. Alternatively,

the quicker onset of action after oral administration of 29 might be explained by the formation of

active metabolites.

In the microdialysis experiments we observed that, after an initial increase in DA turnover,

compound 29 causes a (dose dependent) decrease of DA turnover (Fig. 4.9, 3 and 10 µmol/kg).

This may be explained with different receptor binding and agonist/antagonist properties of the

two enantiomers of 29. One of the enantiomers may have more intrinsic (agonist) activity than

the other, and this effect may predominate in the course of the experiments, which causes the

observed decrease of DA turnover. If this is true, the situation compares to the observed

differences for the enantiomers of 3-PPP: (+)-3-PPP was found to behave as an agonist, whereas

(−)-3-PPP displayed agonist and antagonist actions, which depended on the DA receptor which

was studied (pre- or postsynaptic),19 and the state it was in (super- or normosensitive).23

In view of this, (one of the enantiomers of) compound 29 may deserve closer examination

as a potential (atypical) antipsychotic. Selective stimulation of dopaminergic autoreceptors

decreases DA synthesis via negative feedback, thereby decreasing dopaminergic

neurotransmission. As has been suggested for (−)-3-PPP19 and other DA autoreceptor selective

agents, this approach may lead to antipsychotic action without the concomitant side effects

observed for the classical neuroleptics.

In conclusion, compound 29 is a partial DA D2 agonist, with excellent oral availability.

The long lasting activity and excellent oral availability in unilaterally 6-OH-DA lesioned rats,

suggest that compound 29 is potentially useful for the treatment of Parkinsons disease. In

addition, 29 displays selective DA D3 antagonism. Whether this contributes to the observed in

vivo actions of 29 remains to be studied. Furthermore, the potential neuroprotective properties of

compound 29 and its analogues, may prove valuable in the treatment of Parkinson’s disease.

Resolution of 29 is needed for further pharmacological investigations. This may reveal

different DA agonist or antagonist actions for the enantiomers of 29, and possibly a difference in
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the preference for DA autoreceptors. The potential antipsychotic action of (one of the

enantiomers of) 29 needs further study.

4.5 Experimental Section

Chemistry, general. For general remarks see Section 3.5.

Materials. The starting compounds 3,4-dihydro-2H-[1]benzopyran-4-one (4-

chromanone) and 2-aminoindan hydrochloride were purchased from Acros and Aldrich,

respectively. All other reagents and solvents were also commercially available and were used

without further purification, with the exception of diethyl ether, which was distilled from

sodium/benzophenone.

3-Amino-3,4-dihydro-2H-[1]benzopyran-4-one Hydrochloride (7). A solution of 3,4-

dihydro-2H-[1]benzopyran-4-one (6, 46.9 g, 317 mmol), hydroxylamine hydrochloride (46.9 g,

675 mmol) and pyridine (47 mL) in 470 mL of ethanol was heated to reflux under a nitrogen

atmosphere for 90 min. After cooling to room temperature, about 2/3 of the ethanol was

evaporated under reduced pressure. Water (200 mL) was added, and the mixture was stirred until

the oxime crystallized. The product was filtered off, washed with water and dried in an

exsiccator, which yielded 49.6 g of the oxime as light-yellow crystals.

The oxime (49.6 g, 304 mmol) was dissolved in 250 mL of pyridine, cooled to 0 °C, and

treated with p-toluenesulfonyl chloride (205 g, 1.11 mol) which was added slowly in 25 g

portions. After complete addition, the reaction mixture was stirred 2 h at 0 °C, and 2.5 h at room

temperature. Ice (1500 mL) was added, and after the ice had melted the product was filtered off

and washed with water. The p-toluenesulfonyl oxime was dried in an exsiccator yielding 148 g of

yellow powder which was used without further purification.

A suspension of the p-toluenesulfonyl-oxime (148 g, containing ca. 300 mmol of p-

toluenesulfonyl-oxime) in 1200 mL of toluene was added slowly to a cooled (0 °C) solution of

potassium tert-butoxide (57 g, 510 mmol) in 400 mL of ethanol. The reaction mixture was stirred

overnight, and allowed to warm to room temperature gradually. The precipitate (potassium p-

toluenesulfonate) was removed by filtration, and washed with toluene. Then concentrated

hydrochloric acid (120 mL) was slowly poured to the combined filtrates, which turned dark

purple, and the mixture was stirred for 2 h. The product was filtered off as a light-brown powder

and dried in an exsiccator (47 g, overall yield 74 %): mp 135-140 °C (dec.); 1H-NMR (D2O, 200

MHz) δ 4.33-4.62 (m, 3H), 6.94-7.08 (m, 2H), 7.49-7.58 (m, 1H), 7.71-7.75 (m, 1H); 13C NMR

δ 51.0, 66.7, 117.8, 118.3, 122.5, 126.9, 138.0, 161.3, 188.6. HRMS calcd. (obsd.) for C9H9NO2

163.0633 (163.0640).

3-Propionamido-3,4-dihydro-2H-[1]benzopyran-4-one (8). Aminoketon 7 (3.9 g, 19.6

mmol) was suspended in 60 mL of methylene chloride, and triethyl amine (5.4 mL, 39 mmol) was

added. The mixture was cooled on ice and a solution of propionyl chloride (2.5 mL, 29 mmol) in

methylene chloride (20 mL) was added dropwise over a 45 min period. After the addition was
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completed, the reaction was stirred for 1 h, washed with water, washed with brine, dried over

MgSO4 and concentrated under reduced pressure, which yielded 8 as a light yellow solid (3.4 g,

79 %): mp 125-126 °C; 1H-NMR (CDCl3, 200 MHz) δ 1.19 (t, J = 7.6, 3H), 2.36 (q, J = 7.6,

2H), 3.94-4.06 (m, 1H), 4.84-5.01 (m, 2H), 6.36 (s, 1H), 6.97-7.09 (m, 2H), 7.48-7.56 (m, 1H),

7.85-7.90 (m, 1H); 13C NMR δ 9.3, 29.1, 52.8, 68.9, 117.8, 119.4, 121.5, 127.2, 136.6, 161.7,

174.4, 190.7; MS (EIPI) m/e 219 (M+); Anal Calcd (Obsd) for C12H13NO3: C: 65.75 (65.65), H:

5.94 (5.99), N: 6.39 (6.47).

3-Propionamido-3,4-dihydro-2H-[1]benzopyran (9). A solution of amide 8 (2.7 g,

12.3 mmol) in 100 mL of ethanol was treated (under N2) with 10 % Pd/C (3.5 g), placed in a Parr

apparatus, and shaken overnight with a hydrogen gas pressure of 4.5 atm. The Pd/C was

removed by filtration over celite, and the solvent was removed under reduced pressure, which

yielded 9 as a light brown solid (2.4 g, 95 %): mp 96-100 °C; 1H-NMR (CDCl3, 200 MHz) δ
1.11 (t, J = 7.1, 3H), 2.14 (q, J = 7.1, 2H), 2.73 (d, J = 17.1, 1H), 3.08-3.15 (m, 1H), 4.02-4.26

(m, 2H), 4.35-4.58 (m, 1H), 5.86 (s, 1H), 6.83-7.33 (m, 4H); 13C NMR δ 9.5, 29.4, 30.5, 41.9,

68.0, 116.7, 119.2, 121.1, 127.6, 130.4, 153.7, 173.6; MS (EIPI) m/e 205 (M+); Anal Calcd

(Obsd) for C12H15NO2·H2O: C: 64.57 (64.37), H: 7.62 (6.95), N: 6.28 (6.49).

3-N-n-Propylamino-3,4-dihydro-2H-[1]benzopyran (10). LiAlH4 (1.0 g, 26.3 mmol)

was suspended in 50 mL of dry ether, and cooled on ice. A suspension of amide 9 (3.4 g, 16.3

mmol) in 200 mL of dry ether was added in 30 mL portions to the LiAlH4-suspension. When the

addition was completed, the reaction mixture was stirred for 1 h on ice, 1 h at room temperature,

and then heated to reflux for 45 min. After cooling to room temperature, the reaction was

quenched by the cautious addition of 1.0 mL of water, 1.0 mL of 4N NaOH and 3.0 mL of water

(in that order). The mixture was heated to reflux until all precipitates had turned white (10 min),

cooled to room temperature, and filtered over celite. The filtrate was dried over Na2SO4 and

concentrated under reduced pressure, which yielded 10 as a light-brown oil (2.95 g, 95 %): 1H-

NMR (CDCl3, 200 MHz) δ 0.93 (t, J = 7.3, 3H), 1.46-1.57 (m, 2H), 1.88 (br s, 1H), 2.66 (q, J =

7.3, 2H), 2.96-3.15 (m, 2H), 3.85-4.24 (m, 3H), 6.79-7.26 (m, 4H); 13C NMR δ 11.5, 23.3, 31.9,

48.9, 49.9, 68.7, 116.3, 120.3, 120.5, 127.3, 130.1, 154.2; MS (EIPI) m/e 191 (M+). Part of the

product was converted to the hydrochloride and recrystallized from ethanol/isopropylether,

yielding white crystals: mp 189-191 °C. Anal Calcd (Obsd) for C12H17NO·HCl·¼H2O: C: 62.20

(62.47), H: 7.56 (7.90), N: 6.05 (6.08).

3-(N-n-Propyl-N-propionylamino)-3,4-dihydro-2H-[1]benzopyran (11). Amine 10
(2.95 g, 15.5 mmol) was dissolved in 50 mL of methylene chloride, and triethyl amine (4.3 mL,

30 mmol) was added. A solution of propionyl chloride (1.6 mL, 18.5 mmol) in 15 mL of

methylene chloride was added dropwise over a 30 min period. After the addition was completed,

the reaction mixture was stirred for 30 min. The mixture was washed with water, then with brine

and dried over MgSO4. Evaporation of the solvent gave a brown oil, which was purified with

column chromatography (eluent diethyl ether : hexane = 2 : 1), yielding 11 as a yellow oil (2.72

g, 71 %): 1H-NMR (CDCl3, 200 MHz) δ 0.87 (t, J = 7.2, 3H), 1.10-1.19 (m, 5H), 1.49-1.65 (m,
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2H), 2.36 (q, J = 7.3, 2H), 2.89 (dd, J1 = 15.7, J2 = 5.7, 1H), 3.12-3.31 (m, 2H), 4.14-4.44 (m,

2H), 6.80-7.14 (m, 4H); 13C NMR δ 9.3, 11.0, 23.8, 26.7, 28.5, 48.0, 49.9, 67.3, 116.5, 120.6,

127.3, 129.7, 138.5, 155.6, 174.2. HRMS calcd. (obsd.) for C15H21NO2 247.1572 (247.1580).

6- and 8-Nitro-3-(N-n-propyl-N-propionylamino)-3,4-dihydro-2H-[1]benzopyran,
(12) and (13). Amide 11 (1.7 g, 6.9 mmol) was dissolved in nitromethane (22 mL), and cooled on

ice. A nitrating mixture consisting of 0.51 mL conc. nitric acid, 1.17 mL of water and 6.92 mL of

conc. sulfuric acid was added dropwise over a 20 min period. After the addition was completed

the reaction mixture was stirred on ice for 45 min. The reaction was quenched with ice, and the

reaction mixture was extracted with ethyl acetate. The combined organic layers were washed

once with brine, dried over MgSO4, and concentrated under reduced pressure, which gave a

brown oil. The two products were separated with column chromatography (eluent 100 % Et2O),

which yielded 1.12 g of the 6-nitrated product as a brown oil (55 %, Rf = 0.35 in 100 % Et2O),

which solidified upon standing. The 8-nitrated product gave 0.63 g of brown oil which also

solidified upon standing (31 %, Rf = 0.26 in 100 % Et2O).

6-Nitro-3-(N-n-Propyl-N-propionylamino)-3,4-dihydro-2H-[1]benzopyran (12): mp 109-

111 °C; 1H-NMR (CDCl3, 200 MHz) δ 0.89 (t, J = 7.4, 3H), 1.12 (t, J = 7.4, 3H), 1.49-1.64 (m,

2H), 2.35 (q, J = 7.4, 2H), 2.85-2.94 (m, 1H), 3.13-3.21 (m, 2H), 3.36-3.46 (m, 1H), 4.22-4.35

(m, 2H), 4.40-4.50 (m, 1H), 6.85 (d, J = 9.6, 1H), 7.93-7.96 (m, 2H); 13C NMR δ 9.4, 11.1,

23.9, 27.0, 28.5, 48.8, 50.1, 67.8, 117.1, 121.7, 123.6, 126.0, 141.2, 159.5, 174.3; MS (EIPI)

m/e 292 (M+). Anal Calcd (Obsd) for C15H20N2O4·¼H2O: C: 60.71 (60.91), H: 6.91 (6.84), N:

9.44 (9.45)

8-Nitro-3-(N-n-Propyl-N-propionylamino)-3,4-dihydro-2H-[1]benzopyran (13): mp 93-

95 °C; 1H-NMR (CDCl3, 200 MHz) δ 0.89 (t, J = 7.4, 3H), 1.12 (t, J = 7.4, 3H), 1.49-1.64 (m,

2H), 2.35 (q, J = 7.4, 2H), 2.88-2.99 (m, 1H), 3.16-3.24 (m, 2H), 3.42-3.57 (m, 1H), 4.11-4.36

(m, 2H), 4.49-4.59 (m, 1H), 6.88-6.97 (m, 1H), 7.26 (d, J = 6.3, 1H), 7.67 (d, J = 7.7, 1H); 13C

NMR δ 9.4, 11.2, 23.7, 27.1, 28.7, 49.4, 50.6, 68.0, 120.0, 123.7, 124.6, 134.5, 139.4, 158.8,

174.2; MS (EIPI) m/e 292 (M+). Anal Calcd (Obsd) for C15H20N2O4: C: 61.64 (61.24), H: 6.84

(6.83), N: 9.59 (9.57)

6-Amino-3-(N-n-propyl-N-propionylamino)-3,4-dihydro-2H-[1]benzopyran (14). A

solution of 12 (0.80 g, 2.7 mmol) in 100 mL of ethanol was treated (under N2) with 10% Pd/C

(0.8 g), placed in a Parr apparatus, and shaken for 2 h with a hydrogen gas pressure of 4.5 atm.

The Pd/C was removed by filtration over Celite, and the solvent was removed under reduced

pressure, which yielded 14 as a light-red oil (0.61 g, 85 %): 1H-NMR (CDCl3, 200 MHz) δ 0.84

(t, J = 7.4, 3H), 1.13 (t, J = 7.3, 3H), 1.49-1.61 (m, 2H), 2.28-2.40 (m, 2H), 2.73-2.84 (m, 1H),

3.04-3.16 (m, 3H), 3.59 (br s, 2H), 4.04-4.24 (m, 2H), 4.41-4.46 (m, 1H), 6.38 (s, 1H), 6.45 (d,

J = 8.4, 1H), 6.62 (d, J = 8.4, 1H); 13C NMR δ 9.3, 11.0, 23.8, 26.6, 28.5, 47.9, 49.9, 67.3,

115.1, 115.9, 117.0, 121.4, 139.7, 147.0, 174.2. HRMS calcd. (obsd.) for C15H22N2O2 262.1681

(262.1696).
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8-Amino-3-(N-n-propyl-N-propionylamino)-3,4-dihydro-2H-[1]benzopyran (15).
Compound 13 (0.63 g, 2.2 mmol) was converted to 15 (0.47 g, 83 %), as described for 12. 1H-

NMR (CDCl3, 200 MHz) δ 0.87 (t, J = 7.3, 3H), 1.15 (t, J = 7.3, 3H), 1.52-1.64 (m, 2H), 2.30-

2.43 (m, 2H), 2.78-2.90 (m, 1H), 3.11-3.19 (m, 3H), 3.70 (br s, 2H), 4.16-4.34 (m, 2H), 4.40-

4.55 (m, 1H), 6.44-6.73 (m, 3H); 13C NMR δ 9.3, 11.0, 23.9, 26.7, 28.3, 47.9, 50.0, 67.4, 112.8,

118.9, 120.5, 120.7, 135.3, 141.8, 174.2. HRMS calcd. (obsd.) for C15H22N2O2 262.1681

(262.1709).

6-Amino-3-(N,N-di-n-propylamino)-3,4-dihydro-2H-[1]benzopyran (16). LiAlH4

(0.23 g, 5.7 mmol) was suspended in 4.5 mL of dry ether, and the suspension was cooled on ice.

A solution of amide 14 (0.60 g, 2.3 mmol) in 75 mL of dry ether was added dropwise. After the

addition was completed, the mixture was stirred on ice for 1 h, then at room temperature for 1h,

and then heated to reflux for 2h. After cooling to room temperature, the reaction was quenched

by the cautious addition of 0.23 mL of water, 0.23 mL of 4N NaOH and 0.69 mL of water (in

that order). The mixture was heated to reflux until all precipitates had turned white (10 min),

cooled to room temperature, and filtered over celite. The filtrate was dried over Na2SO4 and

concentrated under reduced pressure, which yielded 16 as a brown oil (0.51 g, 89 %): 1H-NMR

(CDCl3, 200 MHz) δ 0.87 (t, J = 7.3, 6H), 1.36-1.50 (m, 4H), 2.46-2.53 (m, 4H), 2.75 (d, J =

8.6, 2H), 3.08-3.22 (m, 1H), 3.74 (t, J = 10.3, 1H), 4.22 (dd, J1 = 10.3, J2 = 7.3, 1H), 6.42-6.49

(m, 2H), 6.63 (d, J = 8.8, 1H); 13C NMR δ 11.5 (2C), 21.6 (2C), 28.2, 52.5 (2C), 53.3, 67.8,

114.8, 116.3, 116.7, 122.4, 139.5. HRMS calcd. (obsd.) for C15H24N2O 248.1889 (248.1891).

8-Amino-3-(N,N-di-n-propylamino)-3,4-dihydro-2H-[1]benzopyran (17). Compound

15 (0.46 g, 1.8 mmol) was converted to 17 (0.41 g, 92 %), as described for 14. 1H-NMR (CDCl3,

200 MHz) δ 0.88 (t, J = 7.3, 6H), 1.37-1.55 (m, 4H), 2.47-2.55 (m, 4H), 2.81 (d, J = 8.3, 2H),

3.08-3.28 (m, 1H), 3.65 (br s, 2H), 3.81 (t, J = 10.3, 1H), 4.36 (dd, J1 = 10.3, J2 = 3.1, 1H),

6.45-6.72 (m, 3H); 13C NMR δ 11.5 (2C), 21.5 (2C), 27.8, 52.5 (2C), 53.3, 68.0, 112.7, 119.4,

120.4, 121.5, 135.2, 142.2. HRMS calcd. (obsd.) for C15H24N2O 248.1889 (248.1895).

6-Amino-3-(N,N-di-n-propylamino)-3,4-dihydro-2H-thiazolo[5,4-f]-[1]benzopyran
(18). Aniline 16 (0.20 g, 0.80 mmol) and potassium thiocyanate (0.16 g, 1.66 mmol) were

dissolved in 1.9 mL of glacial acetic acid. A solution of bromine (40 µL, 0.80 mmol) in 0.9 mL of

glacial acetic acid was added dropwise over a period of 15 min. After the addition was

completed, the reaction mixture was stirred for 1.5 h, then basified with 10 % NaOH and

extracted with ethyl acetate. The combined organic layers were washed once with brine, dried

over MgSO4, and concentrated under reduced pressure. The product was purified with column

chromatography over silica (eluent 100 % Et2O) which yielded 18 as a white solid (0.11 g, 45

%): 1H-NMR (CDCl3, 200 MHz) δ 0.90 (t, J = 7.4, 6H), 1.39-1.57 (m, 4H), 2.50-2.57 (m, 4H),

2.72-2.89 (m, 2H), 3.23-3.33 (m, 1H), 3.84 (t, J = 10.3, 1H), 4.29-4.35 (m, 1H), 5.62 (s, 2H),

6.81 (d, J = 8.6, 1H), 7.27 (d, J = 8.6, 1H); 13C NMR δ 11.7 (2C), 22.0 (2C), 28.1, 52.7 (2C),

53.2, 68.0, 114.8, 115.0, 117.6, 132.4, 145.5, 150.0, 164.0; IR (KBr, cm-1) 2968, 2632, 1645,

1580, 1484; MS (EIPI) m/e 305 (M+). The product was converted to the dihydrochloride and
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recrystallized from ethanol, yielding an off-white solid: mp 209-212 °C. Anal Calcd (Obsd) for

C16H23N3SO·2HCl·H2O: C: 48.61 (48.23), H: 6.84 (6.73), N: 10.63 (10.67).

8-Amino-3-(N,N-di-n-propylamino)-3,4-dihydro-2H-thiazolo[5,4-h]-[1]benzopyran
(19). Aniline 17 (0.14 g, 0.57 mmol) was converted to 19 (0.095 g, 55 %), as described for 16.

The product failed to crystallize as the dihydrochloride. 1H-NMR (CDCl3, 200 MHz) δ 0.91 (t, J

= 7.3, 6H), 1.40-1.58 (m, 4H), 2.44-2.80 (m, 4H), 2.85-2.95 (m, 1H), 3.03-3.07 (m, 1H), 3.14-

3.26 (m, 1H), 3.84 (t, J = 10.2, 1H), 4.05 (s, 2H), 4.34-4.42 (m, 1H), 6.55 (d, J = 8.3, 1H), 7.08

(d, J = 8.3, 1H); 13C NMR (CDCl3, 500 MHz) δ 11.5 (2C), 21.8 (2C), 26.7, 52.6 (2C), 53.1,

67.8, 108.8, 110.6, 111.6, 112.5, 128.1, 138.6, 166.5; IR (KBr, cm-1) 2966, 2353, 1632, 1485.

HRMS calcd. (obsd.) for C16H23N3OS 305.1562 (305.1547).

2-Propionamidoindan (21). 2-Aminoindan hydrochloride 20 (2.0 g, 11.8 mmol) and

sodium bicarbonate (2.8 g, 32.8 mmol) were dissolved in a well-stirred two-layer system of 36

mL of water and 80 mL of ethyl acetate. The mixture was cooled to 0 °C and a solution of

propionyl chloride (1.1 mL, 12 mmol) in 25 mL of ethyl acetate was added dropwise over a 30

min period. After the addition was completed, the mixture was stirred for an additional 30 min.

The two layers were separated and the water layer was extracted twice with ethyl acetate. The

combined organic layers were washed with brine, dried over MgSO4, and concentrated under

reduced pressure, which yielded 21 as a white crystalline solid (1.52 g, 67 %): mp 116-118 °C;
1H-NMR (CDCl3, 200 MHz) δ 1.13 (t, J = 7.6, 3H), 2.15 (q, J = 7.6, 2H), 2.78 (dd, J1 = 16.2, J2

= 4.3, 2H), 3.31 (dd, J1 = 16.2, J2 = 7.0, 2H), 4.71-4.80 (m, 1H), 5.87 (br s, 1H), 7.15-7.32 (m,

4H); 13C NMR δ 9.5, 29.5, 40.0 (2C), 50.2, 124.7 (2C), 126.6 (2C), 140.8 (2C), 173.6; MS

(EIPI) m/e 189 (M+). C12H15NO·¼H2O: C: 74.42 (74.70), H: 8.01 (7.85), N: 7.24 (7.28).

5-Amino-2-propionamidoindan (22). Amide 21 (1.0 g, 5.5 mmol) was dissolved in

nitromethane (18 mL), and cooled on ice. A nitrating mixture consisting of 0.74 mL conc. nitric

acid, 1.6 mL of water and 10 mL of conc. sulfuric acid was added dropwise over a 30 min period.

After the addition was completed, the reaction mixture was stirred for 1 h, while gradually

warming to room temperature. The reaction was quenched with ice, and the reaction mixture was

extracted with ethyl acetate. The combined organic layers were washed once with brine, dried

over MgSO4, and concentrated under reduced pressure, yielding a yellow solid (1.2 g, 95 %),

which consisted mainly (82 % according to GC) of 5-nitro-2-propionamidoindan.

The nitro-compound (1.2 g, containing 4.3 mmol of 5-nitro-2-propionamidoindan) and

ammonium formate (1.4 g, 22.2 mmol) were dissolved in 55 mL of methanol. This mixture was

treated (under N2) with 10% Pd/C (0.56 g), and subsequently stirred at 50 °C for 45 min. After

cooling to room temperature, the Pd/C was removed by filtration over Celite, and the methanol

was evaporated under reduced pressure. The remaining pink solid was purified with MPLC on

silica (initial eluent 100 % hexane, final eluent 100 % ethyl acetate), giving 22 as a white solid

(0.67 g, 76 %): mp 127-128 °C; 1H-NMR (CDCl3, 200 MHz) δ 1.08 (t, J = 7.7, 3H), 2.10 (q, J =

7.6, 2H), 2.62 (dt, J1 = 16.1, J2 = 4.2, 2H), 3.14 (dd, J1 = 16.2, J2 = 7.1, 2H), 3.61 (s, 2H), 4.59-

4.67 (m, 1H), 6.12 (d, J = 7.3, 1H), 6.45-6.51 (m, 2H), 6.94 (d, J = 7.8, 1H); 13C NMR δ 9.6,
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29.4, 38.9, 40.0, 50.5, 111.5, 113.7, 125.1, 130.5, 142.2, 145.4, 173.6; MS (EIPI) m/e 204 (M+).

Anal Calcd (Obsd) for C12H16N2O: C: 70.59 (70.37), H: 7.84 (7.82), N: 13.73 (13.67).

5-Amino-2-N-n-propylaminoindan (23). Amide 22 (0.62 g, 3.0 mmol) was dissolved in

8 mL of dry ether, and BH3 (16 mL of a 1 M solution in THF) was added dropwise, over a 1 h

period. After the addition was completed, the reaction mixture was heated to reflux for 1 h. The

mixture was cooled to room temperature, and 1.6 mL of water was added cautiously.

Subsequently, 3.2 mL of 10 % HCl was added, and all volatile solvents were evaporated under

reduced pressure. The remaining aqueous solution was basified with 10 % NaOH and extracted

with ethyl acetate (2 × 20 mL). The combined organic layers were dried over Na2SO4, and

concentrated under reduced pressure, which yielded 23 as a clear oil (0.52 g, 90 %): 1H-NMR

(CDCl3, 200 MHz) δ 0.92 (t, J = 7.3, 3H), 1.43-1.61 (m, 2H), 2.58-2.71 (m, 4H), 3.00-3.11 (m,

2H), 3.52-3.65 (m, 3H), 6.49 (d, J = 7.8, 1H), 6.55 (s, 1H), 6.96 (d, J = 7.8, 1H); 13C NMR δ
11.6, 23.2, 38.9, 39.9, 50.0, 59.8, 111.5, 113.4, 125.0, 131.6, 142.9, 145.0; MS (EIPI) m/e 190

(M+). Part of the product was converted to the dihydrochloride and recrystallized from ethanol,

yielding white crystals: mp 238-242 °C. Anal Calcd (Obsd) for C12H18N2·2HCl: C: 54.96 (54.59),

H: 7.63 (7.66), N: 10.69 (10.46).

6-Amino-2-N-n-propylamino-thiazolo[4,5-f]indan (24). Compound 23 (0.48 g, 2.5

mmol) was converted to 24 (0.29 g, 46 %), as described for 16. The product was converted to

the dihydrochloride and recrystallized from methanol/ethanol, which yielded a white solid: mp

285-290 °C; 1H-NMR (D2O, 200 MHz) δ 0.81 (t, J = 7.3, 3H), 1.48-1.60 (m, 2H), 2.92 (t, J =

7.7, 2H), 2.96-3.08 (m, 2H), 3.26-3.38 (m, 2H), 3.95-4.08 (m, 1H), 7.15 (s, 1H), 7.40 (s, 1H);
13C NMR δ 9.9, 19.1, 34.9, 35.2, 47.5, 57.9, 109.7, 118.3, 121.9, 136.1, 136.2, 139.5, 169.2;

IR (KBr, cm-1) 2967, 2805, 2658, 1651, 1459; MS (EIPI) m/e 247 (M+). Anal Calcd (Obsd) for

C13H17N3S1·2HCl·½H2O: C: 47.37 (47.78), H: 6.07 (6.07), N: 12.75 (12.88).

2-N-n-Propylaminoindan (25). Compound 21 (0.83 g, 4.4 mmol) was converted to 25
(0.75 g, 98 %), as described for the reduction of 22. A small amount was converted to the

hydrochloride and recrystallized from 2-propanol, which yielded white crystals: mp 191-192 °C;
1H-NMR (CDCl3, 200 MHz) δ 1.04 (t, J = 7.3, 3H), 1.70-1.82 (m, 2H), 3.01-3.20 (m, 4H), 3.29-

3.48 (m, 2H), 4.00-4.11 (m, 1H), 7.18-7.30 (m, 4H); 13C NMR δ 9.7, 19.3, 35.5 (2C), 47.6,

58.0, 124.2 (2C), 127.0 (2C), 138.6 (2C). HRMS calcd. (obsd.) for C12H17N 175.1361

(175.1364).

2-(N-n-Propyl-N-propionyl)aminoindan (26). Compound 25 (0.75 g, 4.3 mmol) was

converted to 26 as described for 10. The product was purified with MPLC on silica (initial eluent

100 % hexane, final eluent hexane : ethyl acetate = 1:1), yielding 26 as a clear oil (0.73 g, 74 %).
1H-NMR (CDCl3, 200 MHz) δ 0.83 (t, J = 7.3, 3H), 1.16 (t, J = 7.3, 3H), 1.49-1.63 (m, 2H),

2.35-2.46 (m, 2H), 3.03-3.22 (m, 6H), 4.65-4.83 (m, ½H), 5.08-5.25 (m, ½H), 7.16-7.19 (m,

4H). HRMS calcd. (obsd.) for C15H21NO 231.1623 (231.1614).

5-Amino-2-(N-n-propyl-N-propionyl)aminoindan (27). Compound 26 (0.70 g, 3.0

mmol) was converted to 5-nitro-2-(N-n-propyl-N-propionyl)aminoindan, which subsequently was
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reduced to 27 as described for 21. The product was purified with MPLC on silica (initial eluent

100 % hexane, final eluent hexane : ethyl acetate = 1:1), yielding 27 as a light-yellow oil (0.49 g,

66 %). 1H-NMR (CDCl3, 200 MHz) δ 0.83 (t, J = 7.3, 3H), 1.15 (t, J = 7.3, 3H), 1.48-1.65 (m,

2H), 2.32-2.43 (m, 2H), 2.93-3.01 (m, 4H), 3.05-3.21 (m, 2H), 3.61 (br s, 2H), 4.60-4.77 (m,

½H), 5.10-5.28 (m, ½H), 6.50 (d, J = 7.6, 1H), 6.54 (s, 1H), 6.96 (d, J = 7.6, 1H); 13C NMR

(CD3OD, 200 MHz) δ 8.6, 10.0, 22.4, 26.3, 35.9, 36.0, 43.9, 57.1, 111.4, 114.3, 124.2, 130.4,

141.5, 145.4, 175.0. HRMS calcd. (obsd.) for C15H22N2O 246.1732 (246.1720).

5-Amino-2-(N,N-di-n-propylamino)indan (28). Compound 27 (0.43 g, 1.8 mmol) was

converted to 28 (0.39 g, 96 %) as described for 22. 1H-NMR (CDCl3, 200 MHz) δ 0.88 (t, J =

7.3, 6H), 1.42-1.57 (m, 4H), 2.47-2.55 (m, 4H), 2.77-3.00 (m, 4H), 3.55-3.67 (m, 1H), 6.49 (d,

J = 7.8, 1H), 6.54 (s, 1H), 6.95 (d, J = 7.8, 1H); 13C NMR δ 11.7 (2C), 19.7 (2C), 35.4, 36.5,

53.2 (2C), 63.3, 111.3, 113.4, 124.8, 131.8, 142.9, 144.9. HRMS calcd. (obsd.) for C15H24N2

232.1939 (232.1936).

6-Amino-2-(N,N-di-n-propylamino)-thiazolo[4,5-f]indan (29) and 5-Amino-2-(N,N-
di-n-propylamino)-thiazolo[5,4-e]indan (30). Compound 28 (0.35 g, 1.5 mmol) was converted

to a mixture of 29 and 30, as described for 16. The products were separated with MPLC on silica

(initial eluent hexane : ethyl acetate = 1:1, final eluent ethyl acetate : ethanol = 1:1), which

yielded 29 as a light yellow solid (0.18 g, 41 %), and 30 as a light yellow solid (0.11 g, 25 %).

29: 1H-NMR (CD3OD, 200 MHz) δ 0.94 (t, J = 7.3, 6H), 1.57-1.66 (m, 4H), 2.70-2.78

(m, 4H), 2.92-3.25 (m, 4H), 3.65-3.88 (m, 1H), 7.20 (s, 1H), 7.37 (s, 1H); 13C NMR δ 10.3

(2C), 17.8 (2C), 35.1, 35.4, 52.5 (2C), 63.3, 113.1, 116.0, 129.1, 134.0, 138.4, 150.8, 168.2; IR

(KBr, cm-1) 2967, 2632, 1638; MS (EIPI) m/e 289 (M+). The compound was converted to the

dihydrochloride and recrystallized from 100 % ethanol, which yielded an off-white solid, mp:

273-275 °C (dec). Anal Calcd (Obsd) for C16H23N3S·2HCl·½H2O: C: 51.89 (52.02), H: 6.49

(6.82), N: 11.35 (11.28).

30: 1H-NMR (CD3OD, 200 MHz) δ 0.89 (t, J = 7.3, 6H), 1.46-1.57 (m, 4H), 2.49-2.57

(m, 4H), 2.72-3.18 (m, 4H), 3.52-3.78 (m, 1H), 7.06 (d, J = 8.1, 1H), 7.18 (d, J = 8.1, 1H); 13C

NMR δ 10.6 (2C), 18.7 (2C), 35.6, 35.8, 52.6 (2C), 62.9, 115.7, 121.4, 126.0, 133.4, 134.7,

150.8, 167.5; IR (KBr, cm-1) 2966, 2717, 2633, 1637, 1458; MS (EIPI) m/e 289 (M+). The

compound was converted to the dihydrochloride and recrystallized from 100 % ethanol, which

yielded an off-white solid, mp: 233-237 °C (dec.). HRMS calcd. (obsd.) for C16H23N3S 289.1613

(289.1619).

Pharmacology, general. All experimental drugs tested were in the dihydrochloride form,

and could easily be dissolved in saline.

Receptor Binding. All receptor binding studies were performed at Parke Davis

Pharmaceutical Research Division, by T.A. Pugsley. Binding to cloned human DA D2, D3, and D4

receptors was carried out as described in Chapter 2.
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Radical Scavenging Properties. The radical scavenging properties were determined at

the Department of Pharmacochemistry, Vrije Universiteit Amsterdam, by G. Haenen. Lipid

peroxidation was measured in rat liver microsomes as previously decribed.10 Lipid peroxidation

was induced by Fe2+ and ascorbate (final concentrations 10 µM and 0.2 mM, respectively). Lipid

peroxidation was assayed by measuring the amount of thiobarbituric acid reactive material. The

difference in absorbance at 535 and 600 nm (∆A535-600) was determined.

Intrinsic Activity. The intrinsic activity determinations were performed at Pharmacia &

Upjohn, CNS Diseases Research, by M.E. Lajiness, as described in ref.11,12

Contralateral turning in 6-OH-DA lesioned rats. Contralateral turning experiments

were performed at Parke Davis Pharmaceutical Research Division, by L. Meltzer, as described in

Chapter 3. Rats were food deprived overnight for the p.o. experiments with compound 29.

Microdialysis in rat striatum. Microdialysis experiments were performed at the

Department of Medicinal Chemistry, University of Groningen, by N. Rodenhuis, as described in

Chapter 3. Statistics were also performed as described in Chapter 3.
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Abstract

The hypothesis that compounds which selectively antagonize the dopamine (DA) D4

receptor will provide new atypical antipsychotics has mainly been fueled by two observations:

The preferential blockade of DA D4 (over DA D2) receptors by the atypical antipsychotic

clozapine, and the supposed elevation of DA D4 receptors in striatal brain areas of schizophrenic

patients. However, the verity and relevance of these observations is currently a topic of much

debate. In this study we have synthesized a series of substituted N-(1-benzyl-piperidin-4-

yl)benzamides with varying degrees of DA D4 selectivity. The structure-affinity relationship of

these compounds is discussed. In a preliminary behavioral assay, we tested four of these

benzamides, with an increasing DA D4 over DA D2 selectivity, for their ability to inhibit D-

amphetamine-induced hyperactivity in the rat. The two most DA D4 selective compounds N-(1-

(3,4-dichlorobenzyl)-piperidin-4-yl)-4-methoxybenzamide (22) and N-(1-(3-methoxybenzyl)-

                                               
* This chapter is partially based on: Van Vliet, L.A.; De Boer, P.; Wikström, H.; Pugsley, T.A.; Heffner,

T.G.; Wise, L.D. Substituted N-(1-Benzyl-piperidin-4-yl)benzamides as Dopamine D4 Preferring
Antagonists. Does Dopamine D4 Antagonism Contribute to Atypical Character of Antipsychotics ? J.
Med. Chem. 1998, accepted for publication.
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piperidin-4-yl)-4-methoxybenzamide (26) had no effect in this model. The two less DA D4

selective compounds N-(1-benzyl-piperidin-4-yl)-2-hydroxy-6-methoxybenzamide (2) and N-(1-

benzyl-piperidin-4-yl)-2,4-dimethoxy-benzamide (5) induced inhibition of hypermotility.

However, this is probably brought about by the DA D2 antagonistic component of these

compounds.

5.1 Introduction

Schizophrenia, a severe mental illness, has a world-wide lifetime prevalence of about 1

percent. Since the discovery of the antipsychotic action of chlorpromazine in 1952,1 many

effective antipsychotic drugs (neuroleptics) have been developed. Today antipsychotics are

divided into two groups. The typical (first generation) antipsychotics are only active against the

positive symptoms of schizophrenia (hallucinations, delusions) and usually show serious

extrapyramidal side-effects (EPS) on motor functions. The atypical antipsychotics have no, or

minor, EPS and some are also active against the negative symptoms of schizophrenia (anhedonia,

affective flattening, social withdrawal). Today clozapine has become the prototypical atypical

antipsychotic drug. Although clozapine does not show EPS, it causes many other side effects2-9

that are probably related to its affinity for a variety of receptor types. In some patients the drug

may cause agranulocytosis as a possibly lethal side-effect,10-12 which necessitates regular

monitoring of a patient’s blood and prevents the large scale use of clozapine. Ongoing research

efforts to develop atypical antipsychotics with fewer side effects have resulted in new drugs like

olanzapine, risperidone, ziprasidone, sertindole and seroquel, which were recently marketed or

are in late stages of clinical development.13

Dopamine (DA) receptors are divided into two families, the DA D1-like family of

receptors, that includes the DA D1 and D5 receptor subtypes, and the D2-like family of receptors,

that includes the DA D2, D3 and D4 receptor subtypes. This classification is mainly based on the

molecular structural features and the pharmacology of the different receptors.14,15

It is now widely accepted that most of the atypical antipsychotic drugs have a relatively

low affinity for the DA D2 receptor, as compared to the typical antipsychotic drugs.16-18 However,

atypical antipsychotics have a mixed binding profile. Whether affinity for other dopamine and

non-dopamine receptors contributes to their atypical profile is currently a topic of much

debate.16,19 One theory assumes that a combined blockade of both the DA D2 receptor and the

serotonin 5HT2 subreceptor type contributes to the atypical character of these antipsychotics.20-22

Another theory is derived from the receptor binding profiles of existing atypical antipsychotic

drugs. Accordingly, an atypical antipsychotic drug preferentially blocks the DA D4 receptor

besides the DA D2 receptor. This theory is derived from the receptor binding profile of clozapine,

which, according to some studies, binds with a ten-fold preference to DA D4 receptors over DA

D2 receptors.23,24 (As a matter of fact, clozapine has been reported to have anywhere from a 2-

fold25 to 10-fold23,24 selectivity for DA D4 versus D2.) The theory is supported by studies of post-
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mortem brain slices of schizophrenic patients, which turned out to contain an elevated level of

dopamine D4 receptors compared to normal individuals.26,27 However, this finding has been

challenged by others.28,29

Recently a number of DA D4 selective antagonists 30-42 and an agonist43 have been

published, but most of these studies are limited to receptor binding and in vitro functional assays.

Only some studies describe a thorough in vivo pharmacological characterization of a DA D4

selective antagonist. Until now, for these compounds, no effects have been observed in neither

preclinical nor clinical tests. The selective DA D4 antagonist U-101387 was ineffective in

common animal models for antipsychotic activity.30 Another selective DA D4 antagonist,

L-745870, was found to be ineffective when tested in a phase II clinical trial on schizophrenic

patients.44

The simple synthesis and the interesting receptor binding profile of N-(1-benzyl-piperidin-

4-yl)-2,4-dimethoxy-benzamide (5, Tables 5.1 and 5.2), which showed a 22-fold preference for

the DA D4 receptor over the D2 receptor, together with a preliminary microdialysis experiment,*

which showed that 5 is a DA antagonist in vivo at

doses that do not cause catalepsy, encouraged us

to study DA D4 antagonism in relation to

neuroleptic activity. Taking compound 5 as a lead

structure, we first explored the structure-affinity

relationships of substituted N-(piperidin-4-

yl)benzamides, in an attempt to increase selectivity

for the DA D4 receptor. The benzamides (1-32, Table 5.1) that were synthesised were evaluated

in binding assays using cloned human DA D2, D3
45 and D4

46 receptors.

We then selected compounds 2, 5, 22 and 26, which have an increasing selectivity for the

DA D4 receptor (Ki D2/Ki D4 ratios ranging from 2.5 to 140, Table 5.2). These four compounds

were first evaluated for intrinsic efficacy and antagonist potency at the DA D4 receptor.47

Subsequently, the selected compounds were tested for their ability to inhibit D-amphetamine-

induced hyperactivity in the rat, which is a common property of both typical and atypical

antipsychotic drugs.48,49 The compounds were tested on two doses of D-amphetamine (low, 0.5

mg/kg or high, 2.0 mg/kg), because some studies indicate that atypical antipsychotics

preferentially block the low dose of D-amphetamine-induced hypermotility, whereas typical

antipsychotics block the hypermotility induced by both doses of D-amphetamine.49 The

compounds selected were compared with the reference drugs clozapine and haloperidol,

representing an atypical and a typical antipsychotic, respectively. It may thus be possible to

discuss the contribution of DA D4 antagonism to the neuroleptic potency of a dopamine

antagonist.

                                               
* 10 µmol/kg of 5 injected s.c. in a rat caused a 100 % increase of dopamine release, measured by

microdialysis in the nucleus accumbens.
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5.2 Chemistry

The initial benzamides 1, 3, 5 and 10 (Table 5.1) were synthesised by coupling the acid

chloride of the appropriately substituted (di)methoxybenzoic acid, which was prepared in situ

with thionyl chloride, with 4-amino-1-benzylpiperidine (Scheme 5.1, method 1).50 Compounds

14, 27 and 29 were prepared similarly, by coupling the commercially available 4-methoxybenzoyl

chloride, 4-(trifluoromethoxy)benzoyl chloride and benzoyl chloride, respectively, with 4-amino-

1-benzylpiperidine. Physical properties of the benzamides are presented in Table 5.1.
Scheme 5.1 Reagents: (Method 1) (a) SOCl2, toluene, DMF, 65 °C; (b) 4-amino-1-benzylpiperidine,

CH2Cl2; (Method 2) HCl-Et2O, BBr3, CH2Cl2; (Method 3) CH2Cl2, Et3N, PhN(SO2CF3)2; (Method 4)
Et3N, HCO2H, PPh3, Pd(OAc)2, DMF, 60 °C. Methods are described in section 5.5.

Benzamides 1, 3 and 5 were then selectively mono-demethylated with one equivalent of

boron tribromide to give the corresponding hydroxy-methoxy derivatives 2, 4 and 6, respectively

(method 2).50 Upon demethylation, compound 1 can only give one product because its methoxy-

substitution is symmetrical. However, for the asymmetrical compounds 3 and 5 NMR-

spectroscopy could not reveal which of the two methoxy-groups was demethylated. Therefore,

the hydroxy group of products 4 and 6 was triflated with N-phenyltrifluoromethanesulfonimide

(method 3), to give triflates 7 and 8, respectively. Subsequent catalytic removal of the triflate

group (method 4)51 gave N-(1-benzyl-piperidin-4-yl)-3-methoxybenzamide from 7, and N-(1-

benzyl-piperidin-4-yl)-4-methoxybenzamide from 8, according to NMR spectroscopy. This

proved that boron tribromide first attacks the methoxy-group that is in ortho position of the

amide moiety. Compound 9 was prepared analogously to 7 and 8 using methanesulfonyl chloride.
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Subsequently, compounds 5 and 14 were debenzylated by catalytic hydrogenation, which

gave the intermediates 11 and 15, respectively (Scheme 5.2, method 5). Many final products were

then prepared by alkylation of these intermediates with various commercially available substituted

benzyl chlorides or bromides (method 7). 4-Iodobenzyl bromide for the synthesis of 21 was

prepared from 4-iodotoluene.52 For the synthesis of compound 28, 3-[(methylsulfonyl)oxy]benzyl

chloride was prepared from 3-hydroxybenzyl alcohol, using two equivalents of methanesulfonyl

chloride. Compounds 23 and 24 were synthesised by using (2-chloroethyl)benzene and (1-

chloroethyl)benzene, respectively, as the alkylating agents.

Scheme 5.2 Reagents: (Method 5) 10 % Pd/C, H2, MeOH; (Method 6) ArCHO, NaB(OAc)3H, cat.
HOAc, 1,2-dichloroethane; (Method 7) XCH2C6H4R

3R4, Cs2CO3, CH3CN, reflux. Methods are described
in section 5.5.

Compounds 12, 16 and 17 were prepared by reductive amination of the appropriate aryl

aldehyde with intermediate 11, using sodium triacetoxyborohydride (Scheme 5.2, method 6).53

Triflation of 4-hydroxybenzaldehyde with N-phenyltrifluoromethane-sulfonimide gave 4-

[[(trifluoromethyl)-sulfonyl]oxy]-benzaldehyde, the intermediate for the synthesis of 12.

The sulfonamide 30 was prepared by sulfonylation of 2,4-dimethoxybenzene with

concentrated sulfuric acid,54 followed by sulfonyl chloride formation with POCl3 (Scheme 5.3,

method 8) and coupling with 4-amino-1-benzylpiperidine as in method 1. Compound 30 was also

brominated (method 9) to yield compound 31. The mono-methoxy sulfonamide 32 was prepared

from the commercially available 4-methoxybenzenesulfonyl chloride and 4-amino-1-

benzylpiperidine, as described in method 1.
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Scheme 5.3 Reagents: (Method 8) (a) H2SO4 (conc.); (b) POCl3; (c) 4-amino-1-benzylpiperidine, CH2Cl2;
(Method 9) HCl-Et2O, EtOH, Br2 in CH2Cl2. Methods are described in section 5.5.

Table 5.1 Physical Properties of the Substituted N-(1-Benzyl-piperidin-4-yl)benzamides.

cmpd R1, R2 A B Ar(R3, R4) meth.a mp, °C formula

1 2,6-di-OMe CO CH2 C6H5 1 120-2 C21H26N2O3

2 2-OH-6-OMe CO CH2 C6H5 1, 2 233-6 C20H24N2O3.HCl .¼ H2O

3 2,5-di-OMe CO CH2 C6H5 1 101-3 C21H26N2O3

4 2-OH-5-OMe CO CH2 C6H5 1, 2 128-30 C20H24N2O3

5 2,4-di-OMe CO CH2 C6H5 1 217 C21H26N2O3.HCl

6 2-OH-4-OMe CO CH2 C6H5 1, 2 107-9 C20H24N2O3

7 5-OMe-2-OTfb CO CH2 C6H5 1, 2, 3 114-6 C21H23N2SO5F3

8 4-OMe-2-OTfb CO CH2 C6H5 1, 2, 3 80-5 C21H23N2SO5F3
c

9 5-OMe-2-

OMsd

CO CH2 C6H5 1, 2, 3 112-4 C21H26N2SO5.H2O

10 2-OMe CO CH2 C6H5 1 201-4 C20H24N2O2 . HCl
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Table 5.1, continued

cmpd R1, R2 A B Ar(R3, R4) meth.a mp, °C formula

11 2,4-di-OMe CO H - 1, 5 211-2 C14H20N2O3
e

12 2,4-di-OMe CO CH2 4-OTfb-

C6H4

1, 5, 6 207-9 C22H25N2SO6F3.HCl . 1½

H2O

13 2,4-di-OMe CO CH2 4-Cl-C6H4 1, 5, 7 212-4 C21H25N2O3Cl.HCl . ¾ H2O

14 4-OMe CO CH2 C6H5 1 216-8 C20H24N2O2 . HCl

15 4-OMe CO H - 1, 5 133-6 C13H18N2O2
f

16 2,4-di-OMe CO CH2 2-C4H3S
g 1, 5, 6 204-6 C19H24N2SO3 . HCl . ½ H2O

h

17 2,4-di-OMe CO CH2 3-C4H3S
i 1, 5, 6 210-3 C19H24N2SO3 . HCl

18 2,4-di-OMe CO CH2 4-F-C6H4 1, 5, 7 234-6 C21H25N2O3F. HCl

19 2,4-di-OMe CO CH2 4-Br-C6H4 1, 5, 7 212-4 C21H25N2O3Br. HCl . ½ H2O

20 4-OMe CO CH2 4-Br-C6H4 1, 5, 7 268-71 C20H23N2O2Br . HCl

21 4-OMe CO CH2 4-I-C6H4 1, 5, 7 285-8 C20H23N2O2I . HCl

22 4-OMe CO CH2 3,4-di-Cl-

C6H3

1, 5, 7 262-5 C20H22N2O2Cl2 . HCl

23 4-OMe CO CH2CH2 C6H5 1, 5, 7 285-7 C21H26N2O2 . HCl

24 4-OMe CO CH(CH3) C6H5 1, 5, 7 216-9 C21H26N2O2 . HCl

25 4-OMe CO CH2 3-Cl-C6H4 1, 5, 7 215-6 C20H23N2O2Cl. HCl . 1½

H2O

26 4-OMe CO CH2 3-OMe-

C6H4

1, 5, 7 204-7 C21H25N2O3. HCl . 0.3 H2O
j

27 4-OCF3 CO CH2 C6H5 1 198-200 C20H21N2O2F3. HCl

28 4-OMe CO CH2 3-OMsd-

C6H4

1, 5, 7 219-21 C21H26N2SO5 . HCl

29 H,H CO CH2 C6H5 1 230-1 C19H22N2O.HCl .¼H2O

30 2,4-di-OMe SO2 CH2 C6H5 8 200-2 C20H26N2SO4. HCl

31 2,4-di-OMe-5-

Br

SO2 CH2 C6H5 9 239-41 C20H25BrN2SO4·HCl

32 4-OMe SO2 CH2 C6H5 1 201-2 C19H24N2SO3. HCl
a Methods are described in the experimental section. Compounds with more than one method indicated
were prepared by sequentially applying these methods. b Tf, trifluoromethanesulfonyl. c Analysed with
High Resolution Mass Spectrometry (HRMS), calcd (obsd) for C21H23N2SO5F3 472.1279 (472.1307).
d Ms, methanesulfonyl. e Analysed with HRMS, calcd (obsd) for C14H20N2O3 264.1474 (264.1473).
f Analysed with HRMS, calcd (obsd) for C13H18N2O2 234.1368 (234.1371). g 2-thiophene. h N: calcd. 6.98;
found, 6.49. i 3-thiophene. j H: calcd. 6.81; found, 7.21.
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5.3 Pharmacology

The N-(1-benzyl-piperidin-4-yl)benzamides were tested for their in vitro binding affinity

for cloned human dopamine (DA) D2L, D3 or D4.2 receptors,47 expressed in Chinese hamster

ovary (CHO) K-1 cells. The affinities of the compounds were determined by their abilities to

displace [3H]-spiperone from D2L, D3 or D4.2 DA receptors. Receptor affinities are presented in

Table 5.2.

Table 5.2 Dopamine Receptor Affinities of the N-(1-Benzyl-piperidin-4-yl)benzamides.

compd.

competition for [3H]-Spiperone binding

Ki, nMa

Ratio

Ki(D2L)/Ki(D4.2)

hD2L hD3 hD4.2

1 >10000 >10000 >10000 -

2 39.4 26 15.5 2.5

3 1350 4212 >10000 -

4 63 225 8.14 7.7

5 572 1767 26.6 22

6 2389 2297 >10000 -

7 541 418 1322 -

8 914 N.D. 938 -

9 5882 >3030 1671 -

10 187 N.D. 33 -

11 IC50 > 10000 N.D. >3333 -

12 >5882 >3030 285 -

13 91 140 11 8.3

14 2756 2672 55.8 49

15 IC50 > 10000 N.D. >3333 -

16 1051 2560 91.6 12

17 298 949 24.6 12

18 64 263 17 3.8

19 184 195 7 26

20 561 342 15.7 36

21 461 415 16.6 29

22 1655 645 23.5 70

23 >5882 >3030 86 >68

24 >5882 >3030 154 >38

25 2051 1232 28 73

26 >5882 >3030 41 >140
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Table 5.2, continued

compd.

competition for [3H]-Spiperone binding

Ki, nMa

Ratio

Ki(D2L)/Ki(D4.2)

hD2L hD3 hD4.2

27 3447 2175 72 48

28 >5882 >3030 452 -

29 2101 N.D. 80 -

30 >5882 >3030 >3330 -

31 >5882 >3030 3330 -

32 >5882 >3030 3300 -

Clozapine 91 ± 8c 210 ± 30c 15 ± 2c 6

Haloperidol 0.44 ± 0.07c 0.69 ± 0.14c 3.7 ± 0.5c -
a Ki values were obtained from six concentrations of each drug, run in triplicate, by a non-linear regression
analysis, which varied less than 30 %. b ND means not determined. c SEM-value.

Compounds 2, 5, 22 and 26 (Ki D2/ Ki D4 = 2.5, 22, 70 and 140, respectively) were

chosen as a series with increasing D4 over D2 selectivity. These four compounds were first

screened for their potential intrinsic efficacy by measuring [3H]-thymidine uptake, in CHO p5

cells transfected with the human DA D4 receptor (Table 5.3). In the same cells their abilities to

inhibit quinpirole-stimulated [3H]-thymidine uptake was measured (Table 5.3). This functional

model determines possible agonist or antagonist activity at the DA D4 receptor.

Table 5.3 Intrinsic activity at DA D4 receptors of selected compounds.

compound Intrinsic activity, [3H]-

thymidine uptake

Inhibition of quinpirole-stimulated [3H]-

thymidine uptake, IC50 (nM)

2 0 57

5 0 39

22 0 38

26 0 434

Subsequently, these compounds were tested at 3 different dose levels for both 0.5 mg/kg

(low dose) and 2.0 mg/kg (high dose) of D-amphetamine.49 Haloperidol (typical antipsychotic)

and clozapine (atypical antipsychotic) were used as reference compounds. ED50 values for

inhibition of low and high D-amphetamine-induced hypermotility were calculated with simple

regression analysis (Table 5.4).
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Table 5.4 Effect of selected compounds and reference compounds on hypermotility induced by low (0.5
mg/kg) and high (2.0 mg/kg) D-amphetamine (amph.) in rats.

Compound ED50 ± SEM (µmol/kg s.c.)

0.5 amph.                                       2.0 amph.

Haloperidol 0.06 ± 0.05 0.10 ± 0.05

Clozapine 7.6 ± 1.3 38 ± 24

2 0.3 ± 1.3 1.9 ± 1.9

5 5.8 ± 1.2 9.7 ± 2.3

22 97 ± 13 no effect

26 93 ± 20 no effect

5.4 Discussion

Structure-Affinity Relationships. From the initial series of compounds (1-6, Table 5.2)

synthesized, we concluded that a 2,4-dimethoxy substitution on the benzoic acid part of the

molecule improves DA D4 selectivity. Taking compound 5 as a lead compound, we then explored

the influence of several structural changes and substitutions on affinity and selectivity for the DA

D4 receptor. Some major trends can be deduced from the binding data in Table 5.2. An overview

of the structure-affinity relationships is depicted in Fig. 5.1.

Figure 5.1 Overview of structure-affinity relationships.

As can be seen from Table 5.2, there is a remarkable difference in affinity between the

dimethoxy compounds (1, 3, and 5) and their corresponding hydroxy-methoxy analogues (2, 4,

and 6, respectively). The intramolecular hydrogen bond between amide -NH- and an ortho-

methoxy group (as in 1, 3, and 5) leads to a coplanar arrangement of the amide carbonyl with

respect to the aromatic ring plane.55,56 This intramolecular hydrogen bond, which is a common
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feature for ortho-methoxy benzamides, forms a virtual six-membered ring fused with the benzene

ring, which has been speculated to function as a pseudo-aromatic ring forming the phenyl ring of

the DA pharmacophore.57,58 In contrast with an ortho-methoxy group, an ortho-hydroxy group

(as in 2, 4, and 6) may form an intramolecular hydrogen bond with the amide carbonyl oxygen,59

thereby rotating the entire amide phenyl moiety by 180° (as illustrated for compounds 3 and 4,

Fig. 5.2). Obviously, such a conformational change may have a dramatic effect on the DA

receptor binding profile.

Figure 5.2 Hydrogen bonds in ortho-methoxy- (3) and ortho-hydroxy- (4) benzamides.

The most obvious structural change that is favourable for DA D4 selectivity, is removing

the ortho-methoxy group from the amide phenyl moiety in compound 5, giving the para-mono-

methoxy substituted  analogue 14. This change reduces the DA D4 affinity only 2 fold, but

reduces the DA D2 affinity 5 times. Apparently, the coplanar arrangement of the amide carbonyl

moiety with respect to the aromatic ring plane (as illustrated above), is a conformation required

for DA D2 affinity, but does not appear to be essential for DA D4 affinity.

Introduction of electron withdrawing sulfonester groups (triflate, mesylate) in the ortho-

position of the benzoic acid part of the molecule (compounds 7, 8 and 9) reduces the affinity for

DA D4 (and also for D2) receptors dramatically. However, the electron withdrawing

trifluoromethoxy group in the para-position of compound 27 changes affinity for these receptor

subtypes only marginally, as compared to 14. On the benzyl side of the molecule electron

withdrawing sulfonester groups, like in compounds 12 and 28, tend to reduce the affinity for both

DA D2 and D4 receptors.

Chain elongation (B in Table 5.1) like in 23 improved selectivity slightly, as compared to

14, however, at the cost of affinity. Methyl substitution on the benzylic carbon (24) did not

improve selectivity or affinity. Replacement of the phenyl ring of the benzyl moiety by a

heteroaromatic system like the 2-thienyl or 3-thienyl groups in 16 and 17, respectively, resulted in

loss of affinity or selectivity for the DA D4 receptor.
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Finally, we tried to optimize the benzyl part of the molecule with respect to DA D4 affinity

and selectivity. For this purpose, we have utilized (in part) the Topliss* schemes.60,61 Halogen

substitution (13, 18, 19, 20-22, 25), improved affinity, and in some cases selectivity, towards DA

D4 receptors. Within the dimethoxy series, a 4-bromo substituent on the benzyl-group (19) is

optimal (Ki D2/ Ki D4 = 26), whereas in the monomethoxy series both benzyl 3,4-di-chloro (22)

and 3-chloro substitution (25) give fairly high D4 affinities and selectivities (Ki D2/ Ki D4 = 70 and

Ki D2/ Ki D4 = 73, respectively). Only compound 26, with a 3-methoxy substituted benzyl moiety,

has a better D4 selectivity (Ki D2/ Ki D4 = 143), but at the cost of DA D4 affinity.

We have also studied the effect of replacement of the carboxamide by a sulfonamide (30-
32, Table 5.1). Initial evaluation of sulfonamide 30 for DA receptors showed that this compound

has a preference for the DA D3 receptor (Ki D2L > 5882 nM, Ki D3 = 63 nM, Ki D4.2 > 3333 nM).

Because of our ongoing interest in the development of DA subtype receptor selective

compounds, we had hoped to develop a DA D3 receptor selective compound, starting with 30 as

a new lead. Therefore, we tried to optimize this selectivity, as a small side-project. In analogy

with the development of Remoxipride,59 we introduced a bromine on the 5-position with respect

to the sulfonamide in order to increase affinity and/or selectivity for the DA D3 receptor

(compound 31). Also mono-methoxy sulfonamide 32, and a pyrrolidinyl-analogue of 30 (N-[(1-

ethyl-pyrrolidin-2-yl)methyl]-2,4-dimethoxybenzenesulfonamide,** not taken up in Tables) were

prepared. These sulfonamides however, turned out to be inactive at DA receptors (Table 5.2).

Re-evaluation of 30 for the DA D3 receptor showed that it is also inactive (Ki D3 > 3030 nM),

and that the first affinity measurement was false. Therefore, we concluded that replacement of the

carboxamide-bond with a sulfonamide-bond results in loss of affinity for DA D2, D3, and D4

receptors. Furthermore, none of the substituted N-(1-benzyl-piperidin-4-yl)benzamides showed

affinity for the DA D3 receptor, with the exception of compound 2.

Pharmacology. Intrinsic activity of compounds 2, 5, 22 and 26. Compounds 2, 5, 22
and 26 did not have any effect on [3H]-thymidine uptake, indicating no intrinsic (agonist) activity

(Table 5.3). These four compounds did, however, inhibit quinpirole-stimulated [3H]-thymidine

uptake, although 26 did so with a lower potency than 2, 5 and 22 (Table 5.3). This assay

demonstrated that the four compounds selected are indeed antagonists at the DA D4 receptor.

                                               
* The Topliss schemes are operational schemes, based on the Hansch method for structure-activity

correlations, to optimize substituents on a molecular moiety with respect to affinity for a receptor.
** Ki D2L > 5882 nM, Ki D3 > 3030 nM, Ki D4.2 = 3300 nM.
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D-amphetamine-induced hypermotility. The reference compounds haloperidol (Ki D2/

Ki D4 = 0.4) and clozapine (Ki D2/ Ki D4 = 11)23 gave hypermotility inhibition as expected (Table

5.4). Haloperidol (1-300 nmol/kg) blocked low (0.5 mg/kg) and high (2.0 mg/kg) D-

amphetamine-induced hypermotility almost equipotently. Clozapine (10-300 µmol/kg)

preferentially blocked the low dose of D-amphetamine (Table 5.4). These results are similar to

those found by Arnt,49 although for clozapine we observed a smaller difference between the ED50

values of low and high D-amphetamine-induced hypermotility.

Test compound 2, which has the lowest D4 selectivity (Ki D2/ Ki D4 = 2.5), blocked both

low and high D-amphetamine-induced hypermotility. It is uncertain if 2 preferentially inhibits the

low dose of D-amphetamine, considering the large SEM-values. Compound 5 (Ki D2/ Ki D4 =

22), which is twice as selective for the DA D4 receptor as compared to clozapine, blocked both

doses of D-amphetamine almost equipotently, unlike clozapine. Test compounds 22 and 26
displaying higher DA D4 selectivities (Ki D2/ Ki D4 = 70 and 140 for 22 and 26, respectively), did

not block either dose of D-amphetamine although these compounds seemed to give some

inhibition of 0.5 mg/kg D-amphetamine-induced hypermotility at a very high dose (100 µmol/kg).

Apparently, these DA D4 selective antagonists fail to block either low or high D-amphetamine-

induced hypermotility.

At a closer examination, the inhibitory effects that are observed for test compounds 2 and

5 seem to reflect their affinities for the DA D2 receptor (Ki-values 39 nM and 572 nM,

respectively). This could explain why 5 gives an inhibitory effect only at a higher dose level, and

why even 22 and 26 are able to give some locomotor inhibition at a very high dose. However,

DA D4-affinity is not reflected at all in this model. Besides, there seems to be no relationship

between DA D4 selectivity and a preference for blocking the low dose D-amphetamine-induced

hypermotility, as was found for a number of atypical antipsychotics.49

In conclusion, these experiments question the potential neuroleptic potency of DA D4

selective antagonists, at least for this series of N-(1-benzyl-piperidin-4-yl)benzamides.

Furthermore, the importance of selective DA D4-antagonism for the neuroleptic atypicality of DA

antagonists may be questioned. Although a contribution of DA D4 antagonism to the atypical

profile of clozapine cannot be excluded, it appears that DA D4 antagonism alone is not sufficient

to lend (atypical) neuroleptic potency to a dopamine antagonist, based upon antagonism of D-

amphetamine-induced hypermotility.

These results are in accordance with a publication on the selective DA D4 antagonist U-

101387.30 This compound also failed to block the stimulatory effects of D-amphetamine in test

animals, and did not show any behavioral effects at all. Recently, the selective DA D4 antagonist

L-745870 was tested in a phase II clinical trial on schizophrenic patients, and was reported to be

ineffective.44 Furthermore, in a study involving a series of typical and atypical antipsychotic

drugs, it was found that affinity to the DA D4 receptor subtype, used as a single measure, does

not distinghuish between typical and atypical antipsychotic drugs.19 These studies support the
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growing doubt about the ability of selective DA D4 antagonists to display atypical neuroleptic

properties.62

Very recently, the DA D4 receptor has been suggested to be involved in personality traits:

a DA D4 receptor gene variant was found to be associated with novelty seeking.63 Furthermore, a

disorder called Attention Deficit/Hyperactivity Disorder (AD/HD), which affects 3-6% of school-

age children, may be related to the DA D4 receptor.64 Possibly, DA D4 receptor selective ligands

may find a therapeutic application in the control of such disorders.

5.5 Experimental Section

Chemistry, general. Melting points were determined in open glass capillaries on an

Electrothermal digital melting-point apparatus and are uncorrected. 1H NMR spectra were

recorded at 200 MHz, on a Varian Gemini 200 spectrometer. Chemical shifts are given in δ units

(ppm) and are relative to the solvent. Coupling constants are given in hertz (Hz). The spectra

recorded were consistent with the proposed structures. Electronic ionization (EI) mass spectra

were obtained on a Unicam 610-Automass 150 GC-MS system, chemical ionization (CI) mass

spectra were obtained on a Finnegan 3300 system. High Resolution Mass Spectra (HRMS) were

performed on a JEOL MSroute JMS-600H by the Department of Chemistry, University of

Groningen. Elemental analyses were performed by the Analytical Chemistry Section at Parke

Davis, Ann Arbor, MI, and were within 0.4% of the theoretical values, except where noted.

If necessary, compounds were purified with medium-pressure chromatography (MPLC)

on silica, starting with an apolar eluent (usually 100% hexane) and gradually increasing its

polarity (usually by adding ethyl acetate), finishing with an eluent mixture that gave an Rf value of

approx. 0.3 on TLC.

Final products which were obtained as an oil were converted to hydrochlorides: the free

base was dissolved in 100% ethanol and treated with 1.1 eq. of HCl (1 N solution in

diethylether). The ethanol was removed under reduced pressure, and the hydrochloride obtained

was recrystallized from the indicated solvent.

Method 1. N-(1-Benzyl-piperidin-4-yl)-2,6-dimethoxybenzamide (1). A solution of

2,6-dimethoxybenzoic acid (1.0 g, 5.6 mmol), thionyl chloride (1.1 mL, 15 mmol), and a catalytic

amount of dimethylformamide (0.03 mL) in 19 mL of toluene was heated to 65 °C. After 1 h the

solvent and excess thionyl chloride were removed under reduced pressure, and the residual oil

was dissolved in methylene chloride (9 mL). A solution of 4-amino-1-benzylpiperidine (1.25 g,

6.6 mmol) in 9 mL of methylene chloride was added dropwise at room temperature. After 30 min

the solvent was removed under reduced pressure, and the residual solid was dissolved in 1 N HCl

(15 mL). This aqueous layer was washed once with ether (20 mL); the aqueous layer was then

basified with 4 N NaOH and extracted with ether (3 × 40 mL). The combined ethereal extracts

were washed once with brine, dried over magnesium sulfate, and the solvent was removed under

reduced pressure to give an off-white solid. Recrystallization from ethyl acetate/hexane gave
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white crystals (1.35 g, 68%): mp 120-2 °C; 1H NMR (CDCl3) δ 1.44-1.63 (m, 2H), 2.03-2.24

(m, 4H), 2.79-2.85 (m, 2H), 3.52 (s, 2H), 3.80 (s, 6H), 4.04-4.11 (m, 1H), 5.61 (br d, 1H), 6.55

(d, J = 8.3, 2H), 7.22-7.34 (m, 6H); 13C NMR δ 31.9 (2C), 46.5, 52.1 (2C), 55.8 (2C), 63.0,

103.9 (2C), 126.9, 128.1 (2C), 129.1 (2C), 130.5, 138.4, 151.8, 157.4, 165.0, 180.2; MS (EIPI)

m/e 354 (M+); Anal. calcd. (obsd.) for C21H26N2O3: C: 71.16 (70.89), H: 7.39 (7.48), N: 7.90

(7.76).

Method 2. N-(1-Benzyl-piperidin-4-yl)-2-hydroxy-6-methoxybenzamide (2). A

solution of N-(1-benzyl-piperidin-4-yl)-2,6-dimethoxybenzamide (1) (1.06 g, 3 mmol) in

methylene chloride (22 mL) was treated with 1 N HCl-ether (3 mL, 3 mmol). The mixture was

cooled on ice, and BBr3 (3 mL of a 1 N solution in methylene chloride, diluted with 4.5 mL of

methylene chloride, 3 mmol) was added dropwise, over a 1 h period. After the addition was

completed, the reaction was stirred at 0 °C for 1 h. 5 % ammonia (15 mL) was added, and the

layers were  separated. The aqueous layer was extracted with methylene chloride (2 × 10 mL),

and the combined organic layers were washed with brine, dried over Na2SO4 and concentrated

under reduced pressure. The residual oil was purified with column chromatography on silica,

using ethyl acetate as eluent, which yielded a clear oil (0.59 g, 58%): 1H NMR (CDCl3) δ 1.53-

1.70 (m, 2H), 1.98-2.06 (m, 2H), 2.19-2.29 (m, 2H), 2.77-2.83 (m, 2H), 3.54 (s, 2H), 3.89 (s,

3H), 3.99-4.08 (m, 1H), 6.38 (d, J = 8.27, 1H), 6.62 (d, J = 7.31, 1H), 7.20-7.43 (m, 6H), 8.35

(br d, 1H); 13C NMR δ 31.9 (2C), 45.9, 51.9 (2C), 56.2, 63.2, 100.9, 104.0, 111.8, 127.1, 128.2

(2C), 129.1 (2C), 133.1, 138.2, 158.5, 164.5, 169.4; MS (EIPI) m/e 340 (M+); mp (HCl-salt,

light yellow crystals from acetone) 233-6 °C; Anal. calcd. (obsd.) for C20H24N2O3·HCl·0.25H2O:

C: 62.93 (63.11), H: 6.62 (6.88), N: 7.34 (7.20).

Method 3. N-(1-Benzyl-piperidin-4-yl)-5-methoxy-2-[[(trifluoromethyl)-
sulfonyl]oxy]-benzamide (7). Compound 4 (0.30 g, 0.88 mmol) was dissolved in methylene

chloride (30 mL), after which two equivalents of triethylamine (0.25 mL, 1.76 mmol) and two

equivalents of N-phenyltrifluoromethanesulfonimide (0.63 g, 1.76 mmol) were added. The

reaction mixture was stirred at room temperature for 48 h. When all starting compound was

consumed (TLC), the reaction mixture was washed with water (30 mL). The aqueous layer was

extracted once with methylene chloride (30 mL), after which the combined organic layers were

washed with brine, dried over MgSO4, and concentrated under reduced pressure. The residual oil

contained a substantial amount of N-phenyltrifluoromethanesulfonamide, and the product was

purified by MPLC (initial eluent 100% hexane, final eluent 100% ethyl acetate) which yielded a

white solid (0.41 g, 99%): mp 114-6 °C; 1H NMR (CDCl3) δ 1.56-1.62 (m, 2H), 2.00-2.10 (m,

2H), 2.16-2.22 (m, 2H), 2.83-2.89 (m, 2H), 3.52 (s, 2H), 3.83 (s, 3H), 3.92-4.10 (m, 1H), 6.08

(br d, 1H), 6.97 (dd, J1 = 9.04, J2 = 3.18, 1H), 7.18-7.33 (m, 7H); 13C NMR δ 31.5 (2C), 47.4,

51.9 (2C), 55.7, 62.7, 114.9, 117.5, 118.4 (q, J = 317, CF3), 123.1, 127.0, 128.1 (2C), 129.0

(2C), 130.5, 138.0, 139.0, 158.9, 163.1; MS (EIPI) m/e 472 (M+); Anal. calcd. (obsd.) for

C21H23N2SO5F3: C: 53.38 (53.32), H: 4.91 (4.81), N: 5.93 (5.87).
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Method 4. N-(1-Benzyl-piperidin-4-yl)-4-methoxybenzamide Hydrochloride (14
from 8). Compound 8 (0.27 g, 0.57 mmol) was dissolved in dimethylformamide (7 mL).

Triethylamine (0.30 mL, 2.24 mmol), formic acid (0.084 mL, 2.24 mmol), triphenylphosphine

(0.03 g, 0.11 mmol) and palladium acetate (0.019 g, 0.08 mmol)  were sequentially added and the

reaction mixture was heated to 60 °C under a nitrogen atmosphere for 5 h. After cooling to room

temperature, 5 % HCl (aq., 6 mL) was added and the reaction mixture was stirred for 1 h. The

mixture was basified with 10 % NaOH (aq) and extracted with ethyl acetate (3 × 10 mL). The

combined organic layers were washed once with brine, dried over Na2SO4 and concentrated

under reduced pressure. The residual dark oil was purified with MPLC on silica (initial eluent

100% hexane, final eluent 100% ethyl acetate), affording a light-brown oil (0.10 g, 54 %): 1H

NMR (CDCl3) δ 1.48-1.65 (m, 2H), 1.98-2.04 (m, 2H), 2.14-2.27 (m, 2H), 2.85-2.95 (m, 2H),

3.55 (s, 2H), 3.83 (s, 3H), 3.92-4.08 (m, 1H), 5.95 (br d, 1H), 6.90 (d, J = 8.54, 2H), 7.26-7.34

(m, 5H), 7.71 (d, J = 8.54, 2H); 13C NMR δ 31.9 (2C), 46.5, 52.1 (2C), 55.2, 62.8, 113.5 (2C),

126.8, 127.1, 128.2 (2C), 128.5 (2C), 129.1 (2C), 137.6, 162.0, 166.2; HRMS calcd. (obsd.) for

C20H24N2O2 324.1838 (324.1834).

Method 5. N-(Piperidin-4-yl)-2,4-dimethoxybenzamide (11). A solution of N-(1-

benzyl-piperidin-4-yl)-2,4-dimethoxybenzamide (5) (5.05 g, 14.3 mmol) in 70 mL of methanol

was treated (under N2) with 10% Pd/C (4 g), placed in a Parr apparatus, and shaken for 3 h with

a hydrogen gas pressure of 4.5 atm. The Pd/C was removed by filtration over Celite, and the

solvent was removed under reduced pressure which yielded the free base of 11 as a light yellow

oil (3.34 g, 88%): 1H NMR (CD3OD) δ 1.84-1.98 (m, 2H), 2.17-2.26 (m, 2H), 3.10-3.23 (m,

2H), 3.41-3.50 (m, 2H), 3.86 (s, 3H), 3.97 (s, 3H), 4.08-4.23 (m, 1H), 6.60-6.65 (m, 2H), 7.84-

7.89 (m, 1H); 13C NMR δ 29.2 (2C), 43.8 (2C), 45.5, 55.8, 56.4, 99.1, 106.5, 115.0, 133.4,

160.3, 165.1, 172.5; mp (HCl-salt, white solid from ethanol/diethylether) 211-2 °C; HRMS calcd.

(obsd.) for C14H20N2O3 264.1474 (264.1473).

Method 6. N-((1-(2-Thiophene)-methylene)-piperidin-4-yl)-2,4-dimethoxy-
benzamide (16). Thiophene-2-carboxaldehyde (0.093 mL, 1 mmol) and N-(piperidin-4-yl)-2,4-

dimethoxy benzamide hydrochloride (11) (0.3 g, 1 mmol) were dissolved in 1,2-dichloroethane (4

mL). Sodium triacetoxyborohydride (0.52 g, 2.44 mmol) and a catalytic amount of glacial acetic

acid were added to the reaction mixture. After stirring the reaction for 48 h, the solvents were

evaporated under reduced pressure, and water (15 mL) was added to the residuals. The aqueous

layer was basified with 10 % NaHCO3 and extracted with ethyl acetate (2 × 15 mL). The

combined organic layers were washed once with brine, dried over MgSO4, and concentrated

under reduced pressure to give a light yellow oil. The product was purified by MPLC on silica

(initial eluent 100% hexane, final eluent 100% ethyl acetate), affording 16 as a colourless oil

(0.33 g, 92%): 1H NMR (CDCl3) δ 1.54-1.67 (m, 2H), 1.98-2.06 (m, 2H), 2.18-2.31 (m, 2H),

2.79-2.87 (m, 2H), 3.73 (s, 2H), 3.83 (s, 3H), 3.89 (s, 3H), 3.95-4.13 (m, 1H), 6.46 (d, J = 2.33,

1H), 6.58 (dd, J1 = 8.78, J2 = 2.33, 1H), 6.90-6.96 (m, 2H), 7.22 (dd, J1 = 4.91, J2 = 1.45, 1H),

7.74 (br d, 1H), 8.16 (d, J1 = 8.78, 1H); 13C NMR δ 32.2 (2C), 45.9, 51.8 (2C), 55.5, 55.9, 57.2,
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98.6, 105.2, 114.7, 124.8, 126.0, 126.4, 133.8, 141.8, 158.7, 163.2, 164.2; MS (EIPI) m/e 360

(M+); mp (HCl-salt, white solid from ethanol/diisopropylether) 204-6 °C; Anal. calcd. (obsd.) for

C19H24N2O3S·HCl·½H2O: C: 56.17 (56.56), H: 6.40 (6.42), N: 6.90 (6.49).

Method 7. N-(1-(4-Chlorobenzyl)-piperidin-4-yl)-2,4-dimethoxybenzamide (13). N-

(Piperidin-4-yl)-2,4-dimethoxy benzamide hydrochloride (11) (0.3 g, 1 mmol) and cesium

carbonate (0.80 g, 2.4 mmol) were suspended in dry acetonitril (6.5 mL). 4-Chloro-

benzylchloride (0.20 g, 1.25 mmol) was added, and the mixture was heated to reflux under a

nitrogen atmosphere for 15 h. The acetonitril was removed under reduced pressure, water (20

mL) was added to the residue and the aqueous layer was extracted with ethyl acetate (2 × 20

mL). The combined organic layers were washed once with brine, dried over MgSO4, and

concentrated under reduced pressure. The residual yellow oil was purified with MPLC on silica

(initial eluent 100% hexane, final eluent 100% ethyl acetate), affording a colourless oil (0.25 g,

64%): 1H NMR (CDCl3) δ 1.44-1.66 (m, 2H), 1.97-2.06 (m, 2H), 2.14-2.27 (m, 2H), 2.70-2.82

(m, 2H), 3.47 (s, 2H), 3.84 (s, 3H), 3.90 (s, 3H), 3.95-4.12 (m, 1H), 6.47 (d, J = 2.32, 1H), 6.59

(dd, J1 = 8.79, J2 = 2.32, 1H), 7.27 (s, 4H), 7.73 (br d, 1H), 8.16 (d, J = 8.79, 1H); 13C NMR δ
32.2 (2C), 46.0, 52.1 (2C), 55.5, 55.9, 62.4, 98.6, 105.2, 114.7, 128.3 (2C), 130.3 (2C), 132.6,

133.8, 137.0, 158.7, 163.2, 164.2; MS (EIPI) m/e 388 (M+); mp (HCl-salt, white solid from

ethanol/diisopropylether) 212-4 °C; Anal. calcd. (obsd.) for C21H25N2O3Cl·HCl·¾H2O: C: 57.42

(57.39), H: 6.27 (6.25), N: 6.38 (6.23).

Method 8. N-(1-Benzyl-piperidin-4-yl)-2,4-dimethoxybenzenesulfonamide (30). 2,4-

dimethoxybenzenesulfonyl chloride was prepared as previously described.54 Briefly, concentrated

sulfuric acid (29 g, approx. 0.30 mol) was added dropwise to 2,4-dimethoxybenzene (27 g, 0.20

mol) over a 30 min period, while stirring vigorously. After 2 h, the reaction mixture was poured

slowly into 250 mL of saturated K2CO3-solution. The potassium salt was filtered off, washed

with 2-propanol, and dried in an exsiccator.

An excess of POCl3 (40 mL) was added dropwise to 48 g (approx. 0.18 mol) of the

potassium salt, and the mixture was stirred for 3 h. The reaction mixture was poured into 400 mL

of crushed ice, and after the ice had melted the product was extracted several times with ether.

The combined ethereal layers were filtered to remove insoluble parts, and concentrated under

reduced pressure, which afforded 2,4-dimethoxybenzenesulfonyl chloride as a light grey solid.

Subsequently, the sulfonyl chloride (1.32 g, 5.60 mmol) was coupled to 4-amino-1-

benzylpiperidine (1.25 g, 6.57 mmol) as described in method 1, to afford 30 as a clear oil (1.2 g,

55 %); 1H NMR (CDCl3) δ 1.37-1.52 (m, 2H), 1.62-1.75 (m, 2H), 1.92-2.06 (m, 2H), 2.63-2.73

(m, 2H), 3.03-3.19 (m, 1H), 3.43 (s, 2H), 3.86 (s, 3H), 3.94 (s, 3H), 4.87 (br d, J = 12.0, 1H),

6.48 (d, J = 2.3, 1H), 6.54 (dd, J1 = 12.0, J2 = 2.3, 1H),  7.21-7.30 (m, 5H), 7.83 (d, J = 12.0,

1H); 13C NMR δ 32.7 (2C), 50.9, 51.8 (2C), 55.7, 56.1, 63.0, 99.4, 104.3, 121.3, 127.0, 128.2

(2C), 129.0 (2C), 131.5, 138.1, 157.5, 164.6; MS (EIPI) m/e 390 (M+); mp (HCl-salt, off-white

solid from ethanol/diisopropylether) 200-2 °C; Anal. calcd. (obsd.) for C20H26N2O4S·HCl: C:

56.26 (55.86), H: 6.37 (6.26), N: 6.56 (6.46).
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Method 9. N-(1-Benzyl-piperidin-4-yl)-5-bromo-2,4-dimethoxybenzenesulfonamide
(31). Sulfonamide 30 (0.27 g, 0.69 mmol) was dissolved in ethanol (10 mL), and the solution was

treated with 1 N HCl-ether (0.7 mL, 0.7 mmol). A solution of bromine (35 µL, 0.69 mmol) in 10

mL of methylene chloride was added dropwise over a 30 min period. The reaction mixture was

stirred overnight under a nitrogen atmosphere. Solid NaHCO3 was added, and the solution was

stirred until a light-yellow color remained. The mixture was concentrated under reduced pressure,

the residuals were redissolved in 10 % NaHCO3 (aq) and extracted with ethyl actetate (2 × 20

mL). The combined organic layers were dried over MgSO4, and concentrated under reduced

pressure. The product was purified with MPLC on silica (initial eluent 100% hexane, final eluent

ethyl acetate : ethanol = 3:1), affording 31 as an off-white solid (0.21 g, 65 %): 1H NMR (CDCl3)

δ 1.34-1.52 (m, 2H), 1.62-1.74 (m, 2H), 1.92-2.08 (m, 2H), 2.62-2.74 (m, 2H), 3.02-3.20 (m,

1H), 3.42 (s, 2H), 3.94 (s, 3H), 3.96 (s, 3H), 4.94 (br d, J = 7.8, 1H), 6.48 (s, 1H), 7.18-7.28 (m,

5H), 8.03 (s, 1H); 13C NMR δ 32.4 (2C), 50.7, 51.5 (2C), 56.3, 56.4, 62.7, 96.4, 101.7, 121.8,

127.0, 128.1 (2C), 129.0 (2C), 133.6, 137.7, 156.9, 160.2; MS (CI with NH3) m/e 469 (M+1); mp

(HCl-salt, white crystals from 100 % ethanol) 239-41 °C; Anal. calcd. (obsd.) for

C20H25BrN2O4S·HCl: C: 47.49 (47.44), H: 5.18 (5.11), N: 5.54 (5.41).

Pharmacology. The receptor binding studies and mitogenesis assays were performed at

Parke Davis Pharmaceutical Research Division, by T.A. Pugsley.

Receptor Binding Assays. CHO K1 cells stably transfected with the genes of wild type

D2L, D3 and D4.2 receptors were grown and harvested as previously described.45,46,65 CHO K1

cells expressing the human D2L, D3 and D4.2 receptors were removed by replacement of the

growth medium with PBS-EDTA (0.02 % EDTA in phosphate buffered saline). After swelling

for 5-10 min the cells were scraped from the flasks, and centrifuged at about 1000 × g for 5 min.

The cells were then resuspended in 50 mM Tris-HCl binding buffer pH 7.4 at room temperature

(50 mM Tris-HCl, 1 mM EDTA, 1.5 mM CaCl2, 5 mM KCl, 120 mM NaCl and 5 mM MgCl2).

The membranes were pelleted by centrifugation at 20,000 × g at 4 °C for 20 min. The supernatant

fluid was removed and the pellets were resuspended and homogenized with a Brinkman Polytron

(setting 5 for 15 sec) in the binding buffer, and 1 mL aliquots were stored at -80 °C until used in

the binding assay.

Binding assays were carried out in duplicate in 1.4 mL microtubes (Marsh Biomedical

Products, Inc.). Each tube received 50 µL of competing drug or binding buffer, 50 µL of [ 3H]-

spiperone (final concentration was 0.2 nM for D2L and D4.2 and 0.5 nM for D3) and 0.4 mL of

membrane suspension (15-30 µg protein) to give a final volume of 0.5 mL. After 60 min

incubation at 25 °C, the incubations were terminated by rapid filtration over GF/B filters pre-

soaked in 0.5 % polyethylenimine and washed rapidly with 3 × 1 mL ice-cold buffer. Filters were

put in scintillation vials, 4 mL of Beckman Ready Gel Scintillation fluid was added and the

radioactive content determined by liquid scintillation spectrophotometry. Non-specific binding

was defined in presence of 1 µM haloperidol. Data for IC50 values were analyzed using the
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iterative non-linear least square curve-fitting program LIGAND. The dissociation constant, Ki,

was derived from the concentration, C, for 50 % inhibition of binding, using Ki = C/(1 + C*/Kd)

where C* was the concentration of [3H]-spiperone and the Kd was 0.116 nM, 0.152 nM and

0.093 nM for DA D2L, D3 and D4.2 receptors, respectively.66 Experimental compounds were made

up as stock solutions in dimethyl sulfoxide (DMSO). The final concentration of 0.1 % DMSO in

the incubation mixture had no effect on specific binding.

Mitogenesis Assay. The effect of test compounds on [3H]thymidine uptake were carried

out essentially as previously described65,67 with minor modifications. Briefly, CHOpro-5 cells

transfected with human DA D4 cDNA were plated on 96-well plates and grown at 37°C in

minimum essential medium (MEM-Alpha, Gibco) with 10 % calf serum containing penicillin

(100U/mL) and streptomycin (100µg/mL) for two days. The cells were washed and maintained

thereafter in serum-free medium. After 24 h, vehicle or test compound were added; when a

compound was tested for antagonist action it was added 5 min before the DA agonist, quinpirole.

Following culture for 18 h, [3H]thymidine (0.25 µCi/well) was added for 2h. The cells were

trypsinized (100 µL of 0.25 % trypsin) for 1 h and the assay was terminated by filtration using a

96-well Brandel cell harvester. The filters were counted for radioactivity using a LKB BetaPlate

scintillation counter.

D-Amphetamine-Induced Hypermotility. The hypermotility tests were carried out at

the Department of Medicinal Chemistry, University of Groningen, by P. de Boer, essentially as

described.49 Male Wistar rats (Harlan, Zeist, the Netherlands) weighing 200-250 g were used.

Until the experiment, rats were group-housed with food and water available ad libitum, lights on

at 7.00 am and lights off at 19.00 pm. Locomotor activity was measured using AUTOMEX II

activity monitors (Columbus Instruments, Columbus, Ohio, USA). Fifteen minutes before

administration of either 0.5 mg/kg or 2 mg/kg D-amphetamine (Sigma, St. Louis, MO, USA),

experimental drugs were administered s.c. in a volume of 1 mL/kg. Drugs were dissolved in

saline, except for compounds 22 and 26 which were first dissolved in solutol68 and then further

diluted with distilled water to obtain a final concentration of 25% solutol in water. Both

haloperidol and clozapine were first dissolved in a small volume of acetic acid and then further

diluted with saline. After administering 0.5 mg/kg or 2 mg/kg D-amphetamine, rats were placed

in plexiglass cages mounted on the activity monitors and, after a 5 min waiting period,

measurements were started. Activity was recorded for 60 min in 15 min intervals. A control

group was used in all experimental sessions and activity data were calculated as percentage of

control values using the data from the control value. These data were used to calculate ED50

values using simple regression analysis.
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Abstract

Nemonapride (3, YM-09151-2) is a well-known dopamine (DA) receptor antagonist, with

high affinity for DA D2, D3 and D4 receptors. By synthesizing derivatives (substituted cis-N-(1-

benzyl-2-methylpyrrolidin-3-yl)benzamides) that are different from nemonapride in the

substitution pattern on the benzamide phenyl moiety, we have tried to eliminate affinity for the

DA D2 and D3 receptors, in order to obtain a selective DA D4 antagonist. The new compounds

were evaluated in binding assays for human DA D2L, D3 and D4.2 receptors. The structure affinity

relationships that were found for the series of benzamides in Chapter 5, turned out to be

applicable to this series of nemonapride derivatives only to a limited extent. Although some of the

derivatives have high affinity for DA receptors, most of them are non-selective.

6.1 Introduction

In 1981 the Yamanouchi Pharmaceutical Company undertook a large SAR study with the

aim to develop a highly potent dopamine antagonist of the benzamide type.1 Starting from

metoclopramide (1, Fig. 6.1) and sulpiride (2), benzamides that were known for their neuroleptic

activity, nemonapride (3, YM-09151-2, formerly also known as emonapride) was developed.

Nemonapride was the most potent dopamine antagonist from the series that was studied,

displaying higher affinity for dopamine receptors in canine caudate nucleus than chlorpromazine

and haloperidol (30 times and 3 times, respectively).2 The compound is studied in its racemic

form. Nemonapride has proven its value in numerous studies, both as a dopamine antagonist in
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pharmacological studies, and as a dopamine receptor radioligand.3-5 Initially, nemonapride was

characterized as a potent neuroleptic, showing higher potency than haloperidol in inhibiting

apomorphine induced stereotypy in rats,1 but with a weaker cataleptogenic effect in the rat than

the classic neuroleptics haloperidol and chlorpromazine.6 Later, when cloned DA receptor

subtypes became available, nemonapride was found to be a non-selective dopamine antagonist

with sub-nanomolar affinity for DA D2, D3 and D4 receptor subtypes.7,8

Nemonapride has a particular chloro-methoxy-methylamino substitution pattern on the

benzamide aromatic ring, which is also found in drugs like metoclopramide (1). Furthermore, it

has a pyrrolidine ring with a methyl group attached in a cis-orientation with respect to the

benzamide attachment. The structure of the compound was studied with single crystal X-ray

spectroscopy, which revealed an intramolecular hydrogen bond between the amide hydrogen and

the methoxyl oxygen atom,2 which is a common feature for ortho-methoxy benzamides. This

hydrogen bond forms a virtual six-membered ring fused with the benzene ring, which has been

speculated to function as a pseudo-aromatic ring forming the phenyl ring of the DA

pharmacophore.9,10

Figure 6.1 Chemical structures of metoclopramide (1), sulpiride (2), and nemonapride (3).

In the previously studied series of N-(1-benzyl-piperidin-4-yl)benzamides (Chapter 5) we

found that the affinity for the DA D2 receptor subtype of compounds without ortho-methoxy

group, was decreased as compared to analogous benzamides with an ortho-methoxy group. The

intramolecular hydrogen bond between amide -NH- and the ortho-methoxy group leads to a

coplanar arrangement of the amide carbonyl with respect to the aromatic ring plane.11 We

concluded that this conformation is probably required for DA D2 affinity, but does not appear to

be essential for DA D4 affinity. In order to develop an antagonist with high affinity and selectivity

for the DA D4 receptor subtype, we decided to apply this finding to nemonapride. By removing

the ortho-methoxy group of this compound, we may be able to eliminate its affinity for the DA

D2 receptor subtype (and possibly also for the DA D3 receptor subtype), thereby increasing its

selectivity for the DA D4 receptor. Therefore, we decided to synthesize the “des-methoxy”

analogue of nemonapride, as well as several other analogues which are different from
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nemonapride in their substitution pattern on the benzamide phenyl moiety. The new compounds

were evaluated in binding assays for human DA D2, D3 and D4 receptors.

6.2 Chemistry

“Des-chloro” nemonapride (5) was prepared by reducing nemonapride (3) catalytically

with palladium on carbon, employing ammonium formate as a hydrogen donor, which gave 4 as

the product (Scheme 6.1). However, this reduction not only removed the aromatic chlorine but

also the benzyl group. Therefore, 4 was re-benzylated in a simple alkylation reaction with benzyl

chloride, using cesium carbonate as a base.

Scheme 6.1 (a) HCO2NH4, 10% Pd/C, MeOH; (b) PhCH2Cl, Cs2CO3, MeCN.

The “des-methoxy” derivative of nemonapride (8) was prepared as follows (Scheme 6.2).

Nemonapride (3) was demethylated with boron tribromide to yield the corresponding hydroxy

derivative (6).12 Compound 6 was subsequently triflated with N-

phenyltrifluoromethanesulfonimide to give 7, which was subjected to a selective catalytic

reduction to remove the triflate group without affecting the aromatic chlorine or the benzyl

group, to yield derivative 8.13

Triflate 7 was also subjected to a non-selective catalytic reduction with palladium on

carbon and ammonium formate (Scheme 6.2), which eliminated both the aromatic chlorine and

the triflate group. Intermerdiate 9 was then re-benzylated to yield derivative 10.
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Scheme 6.2 (a) BBr3, HCl/Et2O, CH2Cl2, 0 °C; (b) PhN(SO2CF3)2, Et3N, CH2Cl2; (c) Et3N, HCO2H,
PPh3, Pd(OAc)2, 60 °C; (d) HCO2NH4, 10% Pd/C, MeOH; (e) PhCH2Cl, Cs2CO3, MeCN.

6.3 Receptor Binding Studies

The cis-N-(1-benzyl-2-methylpyrrolidin-3-yl)benzamides were tested for their in vitro

binding affinity for cloned human dopamine (DA) D2L, D3 or D4.2 receptors,14 expressed in

Chinese hamster ovary (CHO) K-1 cells. The affinities of the compounds were determined by

their abilities to displace [3H]-spiperone from human D2L, D3 or D4.2 DA receptors. Receptor

affinities are presented in Table 6.1. Nemonapride is included as a reference.
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Table 6.1. DA receptor affinities of the cis-N-(1-benzyl-2-methylpyrrolidin-3-yl)benzamides.

compound R1 R2

competition for [3H]-spiperone binding

Ki, nMa

hD2L hD3 hD4.2

5 OMe H 0.22 0.40 0.56

6 OH Cl 33 20 45

7 OSO2CF3 Cl 1370 570 350

8 H Cl 22 8.4 31

10 H H 200 60 59

3 (nemonapride) OMe Cl 0.09 0.30 0.15
a Ki values were obtained from six concentrations of each drug, run in triplicate, by a non-linear regression
analysis, which varied less than 30 %.

6.4 Discussion

In this study we have tried to apply the structure affinity relationships that were found for

the series of benzamides in Chapter 5, to nemonapride, to increase its selectivity for the DA D4

receptor subtype. However, as can be seen from the receptor binding data in Table 6.1, none of

the derivatives that were synthesized has a reasonable selectivity for the DA D4 receptor.

Nevertheless, some interesting structure-affinity relationships can be observed from Table 6.1.

Elimination of the aromatic chlorine on the 5-position reduces the affinity for DA

receptors slightly, resulting in the non-selective derivative 5 with high affinity for all three

receptor subtypes. Manipulation of the other substituents has a more dramatic effect on the

receptor binding profile. For example, when also the ortho-methoxy group is taken away

(compound 10) the affinity for the DA D2 receptor is reduced by about a factor 1000, whereas

affinity for the DA D4 receptor subtype is reduced by a factor 100, as compared to 5. This effect

is comparable to the structure-affinity relationships found for the benzamides in Chapter 5, for

which elimination of the ortho-methoxy group resulted in a larger reduction in affinity for the DA

D2 than for the DA D4 receptor subtype. Thus, also for this series of cis-N-(1-benzyl-2-

methylpyrrolidin-3-yl)benzamides the ortho-methoxy group appears to be more important for DA

D2 binding than for DA D4 binding.

The affinity of hydroxy derivative 6 is reduced by about a factor 100 for all three DA

receptor subtypes, as compared to nemonapride. This ortho-hydroxy group may form an

intramolecular hydrogen bond with the amide carbonyl oxygen,15 thereby rotating the entire
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amide phenyl moiety by 180 ° (see section 5.4). It is easy to imagine that such a conformational

change has a dramatic effect on the DA receptor binding profile.

The triflated compound 7 has a much reduced affinity for these DA receptors. Although

the trifluoromethanesulfonyloxy group serves as a valuable bio-isoster of a methoxy and/or

hydroxy group within other drug classes,16,17 the binding data show that this approach is not

suitable for this series of nemonapride derivatives. The low affinity of 7 may be explained

electronically, because of the strong electron withdrawing properties of the triflate substituent,

but also sterically, because the size of this substituent may distort the coplanar arrangement of

amide carbonyl and phenyl ring.

Compound 8, which has no methoxy group as compared to nemonapride, does not have

the desired DA D4 selectivity which we had expected on the basis of the structure affinity

relationships found in Chapter 5. When compared to compound 10 the aromatic chlorine atom of

8 seems to eliminate the DA D4 preferring properties of the des-methoxy derivatives.

In conclusion, eliminating the ortho-methoxy group to enhance DA D4 selectivity within

this series is only effective when no aromatic chlorine substituent is present on the 5 position.

Compound 10 has some selectivity for the DA D4 receptor (over the DA D2 receptor), but its

affinity as compared to nemonapride has been reduced dramatically.

Recently, the Yamanouchi Pharmaceutical Company developed a selective DA D4

antagonist from a series of N-(1-benzylpyrrolidin-3-yl)benzamides, related to nemonapride.18,19

(S)-(+)-N-(1-benzyl-3-pyrrolidinyl)-5-chloro-4-[(cyclopropylcarbonyl)amino]-2-methoxybenz-

amide (YM-43611, 11), showed high affinity for DA D3 and D4 receptors

(Ki values of 21 and 2.1 nM, respectively) with 110-fold DA D4 selectivity over DA D2 receptors.

Apparently, for this series of compounds selectivity for the DA D4 receptor is more effectively

obtained by manipulating other structural features.

6.5 Experimental Section

General. Physical and spectral data were obtained as described in section 5.5. In addition,

500 MHz spectra were obtained on a Varian Unity 500 spectrometer. MPLC and recrystallization

procedures were also performed as described in Section 5.5.
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Materials. Nemonapride was kindly provided by Parke Davis Pharmaceutical Research.

Acetonitril was dried on molecular sieves 4Å. All other chemicals and solvents are commercially

available, and were used without further purification.

Nemonapride (3). 1H NMR (200 MHz, CDCl3) δ 1.12 (d, J = 6.4, 3H), 1.56-1.68 (m,

1H), 2.05-2.30 (m, 2H), 2.56-2.68 (m, 1H), 2.95 (d, J = 5.1, 3H), 2.92-3.02 (m, 1H), 3.17 (d, J

= 13.2, 1H), 3.98 (s, 3H), 4.04 (d, J = 13.2, 1H), 4.59-4.75 (m, 2H), 6.12 (s, 1H), 7.22-7.38 (m,

5H), 8.01 (d, J = 12.0, 1H), 8.10 (s, 1H); 13C NMR δ 13.8, 29.9, 30.9, 51.5, 52.1, 55.9, 57.4,

61.5, 93.0, 110.5, 111.2, 126.7, 128.0 (2C), 128.5 (2C), 132.2, 147.9, 158.0, 164.0, 169.0.

cis-N-(2-Methylpyrrolidin-3-yl)-2-methoxy-4-(methylamino)-benzamide (4).
Nemonapride 3 (0.17 g, 0.43 mmol) and ammonium formate (0.12 g, 1.9 mmol) were dissolved

in 10 mL of methanol, and the solution was treated (under N2) with 10% Pd/C (0.15 g). The

reaction mixture was stirred at room temperature, while monitoring the reaction with TLC. After

40 min all starting material was consumed, and the Pd/C was removed by filtration over Celite,

after which the solvent was evaporated under reduced pressure. Because the residue contained

some ammonium formate, it was resuspended in acetonitril. The solids were filtered off, and the

acetonitril was evaporated under reduced pressure which yielded 4 as a  clear oil (0.11 g, 97 %).
1H NMR (200 MHz, CDCl3) δ 1.41 (d, J = 6.6, 3H), 2.12-2.18 (m, 1H), 2.44-2.51 (m, 1H), 2.82

(s, 3H), 3.19-3.26 (m, 1H), 3.50-3.58 (m, 1H), 3.68 (s, 1H), 3.72-3.78 (m, 1H), 3.89-4.01 (m,

4H), 4.62-4.70 (m, 1H), 6.05 (s, 1H), 6.21 (d, J = 8.7, 1H), 7.85 (d, J = 8.7, 1H), 8.20 (d, J =

8.1, 1H); 13C NMR δ 12.4, 30.0, 30.9, 43.4, 51.0, 55.8, 58.2, 63.7, 94.0, 104.7, 133.3, 153.9,

159.6, 166.5. HRMS calcd. (obsd.) for C14H21N3O2 263.1634 (263.1651).

cis-N-(1-Benzyl-2-methylpyrrolidin-3-yl)-2-methoxy-4-(methylamino)-benzamide
(5). Compound 4 (0.11 g, 0.43 mmol) and benzyl chloride (60 µL, 0.50 mmol) were dissolved in

5 mL of acetonitril. Cesium carbonate (0.27 g, 0.81 mmol) was added, and the reaction mixture

was heated to reflux overnight. After cooling to room temperature, the reaction mixture was

concentrated under reduced pressure. The residuals were fractionated between ethyl acetate and

water, and the water layer was extracted once with ethyl acetate. The combined organic layers

were washed with brine, dried over Na2SO4, and the solvents were evaporated under reduced

pressure. The residual oil was purified with MPLC on silica (initial eluent 100 % hexane, final

eluent 100 % ethyl acetate), which yielded 5 as a clear oil (0.10 g, 66 %): MS (CI with NH3) m/e

354 (M+1). Part of the product was converted to the oxalate and recrystallized from 2-propanol,

which yielded white crystals: mp 172-175 °C. 1H NMR (200 MHz, CDCl3) δ 1.12 (d, J = 6.4,

3H), 1.58-1.72 (m, 1H), 2.10-2.30 (m, 2H), 2.57-2.68 (m, 1H), 2.87 (d, J = 3.4, 3H), 2.92-3.01

(m, 1H), 3.17 (d, J = 13.0, 1H), 3.94 (s, 3H), 4.04 (d, J = 13.0, 1H), 4.10-4.24 (m, 1H), 4.60-

4.74 (m, 1H), 6.09 (d, J = 2.0, 1H), 6.27 (dd, J1 = 8.6, J2 = 2.2, 1H), 7.24-7.38 (m, 5H), 8.04 (d,

J = 8.8, 2H); 13C NMR δ 13.9, 30.1, 31.0, 51.5, 51.9, 55.4, 57.4, 61.5, 94.2, 104.8, 110.5, 126.7,

128.0 (2C), 128.5 (2C), 133.6, 139.5, 153.0, 159.2, 165.1. Anal. calcd. (obsd.) for

C21H27N3O2·C2H2O4·
1/3H2O: C: 61.40 (61.65), H: 6.60 (6.70), N: 9.34 (8.88).
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cis-N-(1-Benzyl-2-methylpyrrolidin-3-yl)-5-chloro-2-hydroxy-4-(methylamino)-
benzamide (6). A solution of nemonapride 3 (0.26 g, 0.68 mmol) in 5 mL of methylene chloride

was treated with 1 N HCl-ether (1.35 mL, 1.35 mmol). The mixture was cooled on ice, and BBr3

(0.68 mL of a 1 N solution in methylene chloride, diluted with 1 mL of methylene chloride, 0.68

mmol) was added dropwise, over a 1 h period. After the addition was completed, the reaction

was stirred at 0 °C for 1 h. The mixture was basified with 5 % ammonia, and the layers were

separated. The aqueous layer was extracted with methylene chloride, and the combined organic

layers were washed with brine, dried over Na2SO4 and concentrated under reduced pressure,

which yielded 6 as a white solid (0.26 g, 100 %). Part of the product was converted to the

hydrochloride and recrystallized from ethanol/isopropylether, which yielded white crystals: mp

221-223 °C. 1H NMR (200 MHz, CDCl3) δ 1.17 (d, J = 6.4, 3H), 1.57-1.63 (m, 1H), 2.05-2.28

(m, 2H), 2.53-2.59 (m, 1H), 2.91 (d, J = 4.9, 3H), 2.94-3.01 (m, 1H), 3.13 (d, J = 12.8, 1H),

4.05 (d, J = 12.8, 1H), 4.62-4.72 (m, 2H), 6.16 (s, 1H), 6.41 (br d, J = 9.3, 1H), 7.26-7.35 (m,

7H); 13C NMR δ 13.3, 29.8, 30.3, 51.3, 51.6, 57.3, 62.1, 98.0, 103.2, 109.2, 125.4, 127.0, 128.2

(2C), 128.9 (2C), 138.2, 149.2, 162.6, 168.7; MS (CI with NH3) m/e 374 (M+1). Anal. calcd.

(obsd.) for C20H24ClN3O2·HCl: C: 58.54 (58.23), H: 6.14 (6.04), N: 10.24 (10.18).

cis-N-(1-Benzyl-2-methylpyrrolidin-3-yl)-5-chloro-4-(methylamino)-2-[[(trifluoro-
methyl)-sulfonyl]oxy]benzamide (7). Compound 6 (0.26 g, 0.68 mmol) was dissolved in

methylene chloride (10 mL), and triethylamine (0.6 mL, 4.3 mmol) and N-

phenyltrifluoromethanesulfonimide (0.78 g, 2.2 mmol) were added. The reaction mixture was

stirred at room temperature for 24 h, after which extra triethylamine (0.6 mL, 4.3 mmol) and N-

phenyltrifluoromethanesulfonimide (0.3 g, 0.85 mmol) were added. When all starting compound

was consumed (TLC), the reaction mixture was washed with water (20 mL). The aqueous layer

was extracted once with methylene chloride (20 mL), after which the combined organic layers

were washed with brine, dried over MgSO4, and concentrated under reduced pressure. The

residual oil contained a substantial amount of N-phenyltrifluoromethanesulfonamide, and the

product was purified by MPLC on silica (initial eluent 100% hexane, final eluent 100% ethyl

acetate) which yielded 7 as a clear oil (0.31 g, 90 %). Part of the product was converted to the

oxalate and recrystallized from ethyl acetate/hexane yielding light-yellow crystals: mp 165.5-

166.5 °C. 1H NMR (500 MHz, CD3OD, oxalate) δ 1.35 (d, J = 6.6, 3H), 2.09-2.17 (m, 1H),

2.49-2.56 (m, 1H), 2.88 (s, 3H), 3.19-3.25 (m, 1H), 3.31-3.32 (m, 1H), 3.51-3.57 (m, 1H), 3.80-

3.84 (m, 1H), 4.25 (d, J = 12.9, 1H), 4.59 (d, J = 12.9, 1H), 4.68-4.73 (m, 1H), 6.48 (s, 1H),

7.46-7.48 (m, 3H), 7.55-7.57 (m, 2H), 7.69 (s, 1H); 13C NMR (125.7 MHz, CD3OD, oxalate) δ
11.6, 28.8, 30.0, 49.3, 52.9, 57.6, 66.5, 104.0, 115.6, 118.4, 120.1 (q, J = 321 Hz, CF3), 130.4

(2C), 131.0, 131.1, 131.5, 131.7 (2C), 148.9, 150.3, 166.6 (2C), 167.2; MS (CI with NH3) m/e

506 (M+1). Anal. calcd. (obsd.) for C21H23ClF3N3O4S·C2H2O4: C: 46.35 (46.09), H: 4.23 (4.02),

N: 7.05 (7.06).
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cis-N-(1-Benzyl-2-methylpyrrolidin-3-yl)-3-chloro-4-(methylamino)-benzamide (8).
Triflate 7 (0.11 g, 0.22 mmol) was dissolved in 3 mL of DMF, and triethylamine (120 µL, 0.87

mmol), formic acid (33 µL, 0.87 mmol), triphenylphosphine (12 mg, 0.043 mmol) and palladium

acetate (7.3 mg, 0.033 mmol) were added. The reaction mixture was heated to 60 °C under a

nitrogen atmosphere for 5 h. After cooling to room temperature, 5 % hydrochloric acid (3 mL)

was added, and the mixture was stirred overnight. The mixture was basified with 10 % sodium

hydroxide until pH = 10, and extracted with methylene chloride (3 × 10 mL). The combined

organic layers were washed once with brine, dried over Na2SO4, and concentrated under reduced

pressure. The residual oil was purified with MPLC on silica (initial eluent 99 % hexane + 1 %

triethyl amine, final eluent 99 % ethyl acetate + 1 % triethyl amine) which yielded 8 as a clear oil

(0.073 g, 93 %): 1H NMR (200 MHz, CDCl3) δ 1.15 (d, J = 6.3, 3H), 1.55-1.68 (m, 1H), 2.02-

2.31 (m, 2H), 2.53-2.62 (m, 1H), 2.86-3.00 (m, 4H), 3.12 (d, J = 12.8, 1H), 4.03 (d, J = 12.8,

1H), 4.62-4.73 (m, 2H), 6.46 (d, J = 9.5, 1H), 6.60 (d, J = 8.6, 1H), 7.22-7.51 (m, 7H), 7.63

(dd, J1 = 8.6, J2 = 2.2, 1H), 7.77 (d, J = 2.2, 1H); 13C NMR δ 13.4, 29.9, 30.5, 51.5, 51.9, 57.5,

62.3, 109.3, 118.4, 122.7, 126.8, 127.0, 128.2 (2C), 128.9 (2C), 131.9, 138.3, 147.2, 165.7; MS

(CI with NH3) m/e 358 (M+1). The product was converted to the oxalate but failed to crystallize,

and was obtained as an off-white foam. Anal. calcd. (obsd.) for C20H24ClN3O·C2H2O4·¾H2O: C:

57.21 (57.49), H: 5.96 (5.73), N: 9.10 (8.71).

cis-N-(2-Methylpyrrolidin-3-yl)-4-(methylamino)-benzamide (9). Triflate 7 (0.14 g,

0.28 mmol) was converted to 9, as described for the preparation of 4, and was isolated as a clear

oil (0.05 g, 80 %). The intermediate was used without further purification.

cis-N-(1-Benzyl-2-methylpyrrolidin-3-yl)-4-(methylamino)-benzamide (10).
Compound 9 (0.05 g, 0.23 mmol) was benzylated as described for the preparation of 5, which

afforded 10 as a light-brown oil (0.027 g, 36 %): 1H NMR (200 MHz, CDCl3) δ 1.18 (d, J = 6.1,

3H), 1.60-1.67 (m, 1H), 2.02-2.29 (m, 2H), 2.59-2.65 (m, 1H), 2.92-3.07 (m, 1H), 3.09 (s, 3H),

3.18 (d, J = 11.5, 1H), 4.07 (d, J = 11.5, 1H), 4.60 (s, 1H), 4.69-4.76 (m, 1H), 6.71 (d, J = 8.8,

2H), 7.15-7.38 (m, 6H), 7.71 (d, J = 9.0, 2H); MS (CI with NH3) m/e 324 (M+1).

Pharmacology. Receptor Binding Assays. The receptor binding studies were performed

at Parke Davis Pharmaceutical Research Division, by T.A. Pugsley, as described in section 5.5.
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Summary

Dopamine (DA) is an endogenous catecholamine, which in 1957 was found to be an

important neurotransmitter in the central nervous system. Dopamine activates dopamine

receptors, which are mainly distributed in two brain areas: the nigrostriatal system, which

regulates body posture and movement, and the mesolimbic system, which is involved in the

regulation of emotion, cognition and memory. Therefore, abnormalities in dopaminergic signal

transduction give rise to various diseases, such as Parkinson’s disease, and (probably)

schizophrenia. Chapter 1 discusses the general aspects of DA as a neurotransmitter, and the DA

receptors the compound activates.

DA receptors belong to the superfamily of G-protein coupled receptors. The G-protein is

a component of the second-messenger system, which, after activation of the receptor,

communicates the signal intracellularly. With DA receptors, the G-protein is coupled to the

enzyme adenylyl cyclase (the second messenger). Initially, DA D1 en D2 receptors were

distinguished, which stimulate and inhibit adenylyl cyclase, respectively. However, due to the

development of new molecular biological techniques in the early nineties, a few more DA

receptors were discovered, and the classification of DA receptors needed to be refined. On the

basis of molecular structure and pharmacological properties, DA receptors are now classified in

two groups: The “D1-like” family of DA receptors, comprising the D1 and D5 receptors, which

are positively coupled to adenylyl cyclase, and the “D2-like” family of receptors, comprising the

D2, D3 en D4 receptors, which are negatively coupled to adenylyl cyclase (although this was

difficult to prove for DA D3 and D4 receptors). This thesis deals with compounds which bind to

the receptors of the latter group.

Upon its discovery, the DA D3 receptor raised particular interest, because of its

preferential distribution in limbic brain areas. These brain areas are associated with cognition and

emotion, and it was speculated that DA D3 receptors may be related to abnormalities of cognition

and emotion, as in schizophrenia. Until today, research activities have not been able to precisely

define the function(s) of the DA D3 receptor, but this receptor probably has an inhibitory function

on DA synthesis in specific brain areas, and possibly also on locomotor activity. Furthermore, the

DA D3 receptor seems to be involved in the effects of cocaine and, more generally, in addiction.

The DA D3 (over DA D2) selective compounds that have been synthesized until today, and which

were used to investigate the function of this receptor subtype, are only partially selective.

Therefore, a DA D2 component in their action cannot be excluded, and compounds with a higher

selectivity for DA D3 receptors are still needed.

The DA D4 receptor raised special interest for a different reason. When this receptor

subtype was discovered, it turned out to have high affinity for the atypical antipsychotic

clozapine. In addition, an increased number of DA D4 receptors was found in post-mortem brain

tissue of schizophrenic patients (which was later questioned by other research groups). It was
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believed that these findings provided a novel approach for the treatment of schizophrenia, i.e. by

a selective blockade of DA D4 receptors. Meanwhile, a clinical study with a DA D4 selective

antagonist has been performed, and the role of DA D4 receptors for schizophrenia appears not be

as important as was believed initially.

Furthermore, Chapter 1 deals with structure-activity relationships (SARs) of DA agonists

and antagonists. Those compounds are emphasized, which have functioned as a starting point for

the several new DA ligands that are synthesized and pharmacologically evaluated in Chapters 2 to

6. Also, an overview of compounds with selectivity for DA D2, D3, or D4 receptors is presented.

Chapter 1 closes with a short description of the (probable) causes of Parkinson’s disease and

schizophrenia, and the drug-treatment of these diseases.

In Chapter 2 the affinity of a series of 2-aminotetralins for DA D2, D3 en D4 receptors is

examined. 2-Aminotetralins have been known to be DA agonists for several decades, but with the

discovery of several “D2-like” DA receptors it is interesting to examine the potential selectivity of

these compounds for these receptor subtypes. None of the 2-aminotetralins that were examined

displayed high affinity for DA D4 receptors. Several compounds of the series have affinity for

both the DA D2 and D3 receptors, and some display a reasonable selectivity for the DA D3

receptor, such as (+)-7-OH-DPAT. The binding to DA D2 receptors can be determined with an

antagonist radioligand (determining binding to the low affinity state), or with an agonist

radioligand (determining binding to the high affinity state). The latter method appears to provide

the most relevant figures when calculating the selectivity ratio for DA D3 receptors of a DA

agonist, because the DA D3 receptor is believed to exist mainly in a high affinity state,

independent of the radioligand used.

Chapter 3 describes the synthesis and pharmacological evaluation of a thiopyran

analogue of PD 128907 (a benzopyranoxazine). PD 128907 is one of the most DA D3 selective

agonists known today. In contrast to the non-selective naphthoxazines, PD 128907 has an

oxygen atom in the 6-position of the molecule. Because a sulphur atom in this position might

enhance the DA D3 selectivity, we synthesized the benzothiopyranoxazine trans-9-OH-PTBTO

(compound 9, page 65), as well as both enantiomers, the analogous cis-compound, and the trans-

sulfoxide. The affinity of the compounds for DA (D2, D3, and D4) and serotonin (5HT1A and

5HT2) receptors was determined. In analogy with the naphthoxazine and benzopyranoxazine

series, the trans-isomer shows the highest affinity for these receptors. Of both trans-enantiomers,

the (–)-enantiomer displays the highest affinity, and with X-ray crystallography this enantiomer

was determined to be homochiral with (+)-PD 128907. In contrast to (+)-PD 128907, (–)-trans-

9-OH-PTBTO binds with high affinity to both DA D2 and D3 receptors. In addition, this

compound displays affinity for 5HT1A receptors, which is unexpected for a 9-OH-substituted

tricyclic DA agonist. (±)-Cis-9-OH-PTBTO, which was expected to have no affinity, displays

affinity and selectivity for DA D3 receptors, whereas the (±)-trans-9-OH-PTBTO S-oxide

displays some DA D3 selectivity, but with lower affinity.
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In a functional model (stimulation of [3H]-thymidine uptake in cells with cloned DA D2 or

D3 receptors), (–)-trans-9-OH-PTBTO appears to be a full agonist for DA D2 receptors and a

partial agonist for DA D3 receptors. The in vitro affinity and activity profile of (–)-trans-9-OH-

PTBTO was confirmed by several in vivo experiments: the compound produces a locomotor

activation in reserpinized rats, and also in rats with a unilateral 6-OH-DA lesion. Both

observations indicate a postsynaptic activation of DA D2 receptors. In microdialysis in rat

striatum (–)-trans-9-OH-PTBTO produces a dose-dependent decrease of DA release, indicating a

presynaptic activation of DA D2 receptors. Also, in reserpinized rats lower lip retraction and flat

body posture was observed, indicating activation of 5HT1A receptors.

In Chapter 4 the use of the 2-aminothiazole group for DA agonists was investigated. The

2-aminothiazole group has been applied as a stable and lipophilic bioisoster of a phenol group,

and in this chapter it is combined with 2-aminoindane and 3-aminobenzopyran, which are known

templates for DA agonists. The compounds 6-NH2-DPTB (compound 18, page 92) and 6-NH2-

DPTI (compound 29, page 94) and some analogous compounds were synthesized, and the

affinity of these compounds for DA D2, D3, and D4 receptors was determined. Furthermore, the

(potential) radical scavenging properties of the compounds were studied, by  determining their

ability to inhibit lipid peroxidation. Radical scavenging properties of a DA agonist may retard the

degenerative processes which cause Parkinson’s disease.

The intrinsic activity of some of the compounds was studied in a functional model. The

thiazolo-aminoindane 6-NH2-DPTI turned out to be a partial agonist for DA D2 receptors, and an

antagonist for DA D3 receptors. On the basis of its affinity/activity profile 6-NH2-DPTI was

selected for further pharmacological evaluation. In rats with a unilateral 6-OH-DA lesion 6-NH2-

DPTI gives an activation, indicating DA D2 agonism. In rat striatum this compound causes an

increase of DA release, indicating antagonism of presynaptic DA receptors. These at first sight

contradictory effects of 6-NH2-DPTI can be accounted for by its partial agonist character on

striatal DA D2 receptors. In addition, in rats with a unilateral 6-OH-DA lesion a long lasting

activation and an excellent oral availability was observed, which makes 6-NH2-DPTI potentially

useful for the treatment of Parkinson’s disease.

As described in Chapter 1, it was speculated that selective DA D4 antagonists may

provide atypical antipsychotics. In Chapter 5 it was found that N-(1-benzylpiperidin-4-yl)-2,4-

dimethoxybenzamide (compound 5, page 115) displays a 20-fold selectivity for DA D4 receptors

over DA D2 receptors. Therefore, a series of thirty N-(1-benzyl-piperidin-4-yl)benzamides was

synthesized, with the aim to increase selectivity for DA D4 receptors (over DA D2 receptors). The

affinity of the compounds for DA D2, D3 en D4 receptors was determined: the benzamides

without ortho-methoxy group displayed a lower DA D2 affinity, and thus obtained a higher DA

D4 selectivity.

Four compounds with an increasing selectivity for DA D4 receptors (over DA D2

receptors) were selected for further study. The potency of these four compounds as DA D4

antagonists was determined with an in vitro functional test (inhibition of quinpirole stimulated
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[3H]-thymidine uptake in cells with cloned DA D4 receptors). Subsequently, these benzamides

were tested for their ability to inhibit D-amphetamine induced hyperlocomotion in rats. Inhibition

of D-amphetamine induced locomotion is a property of both typical and atypical antipsychotics. It

turns out that the two compounds with the highest DA D4 selectivity do not inhibit the

hyperlocomotion induced by D-amphetamine. The two less DA D4 selective benzamides (which

display also affinity for DA D2 receptors) do inhibit the D-amphetamine induced

hyperlocomotion. However, this effect is probably brought about by the DA D2 antagonistic

component of these compounds. The results of this chapter contribute to the growing doubt

about the role of the DA D4 receptor in the pathogenesis of schizophrenia.

Finally, in Chapter 6 attempts are made to prepare a selective and potent DA D4

antagonist starting from Nemonapride. Nemonapride (YM-09151-2) is a very potent DA

antagonist with similar affinity for DA D2, D3 en D4 receptors. In this chapter, new compounds

with small structural changes as compared to Nemonapride are presented, taking into account the

SARs that were found in Chapter 5. In this way we tried to eliminate the affinity for DA D2 and

D3 receptors, and to increase the selectivity for DA D4 receptors. The SARs that were found in

Chapter 5 turn out to be only partly applicable to this series of Nemonapride derivatives.

Although some of the compounds display high affinity for DA D2, D3 and D4 receptors, most of

them are not selective for DA D4 receptors.
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