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1.1 HISTORICAL PERSPECTIVE

 In the twentieth century a revolution took place in the understanding of the mechanisms

involved in the human brain. Many new drugs were discovered that influenced the brain and the

development of molecular biology led to the understanding of the processes involved on a

cellular and molecular level. Drugs were developed that affected the brain in a previously

unknown fashion. Changes in the molecular structure of drugs changed the selectivity of their

actions. To this day, decoupling of pharmacological effects through chemical probing remains a

valuable tool to increase our understanding of the brain.

This thesis will specifically deal with the role of the neurotransmitter dopamine (DA) in

the brain. It reports on the design and development of synthetic compounds that by a remarkable

bioactivation mechanism offers a potential treatment for Parkinson’s disease. Parkinson’s

disease is a central nervous system (CNS) disorder that is the result to a progressive

deterioration of dopaminergic cells in specific brain areas. In this chapter, an introduction is

given into (disturbed) dopaminergic neuronal communication in the brain and how drugs affect

this communication. The introduction of this thesis focuses on dopaminergic neurotransmission,

the description of dopaminergic pathways associated with Parkinson’s disease, and the

application of dopaminergic drugs intended to treat Parkinson’s disease. This provides a basis

and a background for the research described in further chapters on attempts to improve the

treatment of Parkinson’s disease.

1.2 THE BRAIN AND ITS MESSENGERS

1.2.1 Brain cells

Most drugs that are active in the brain exert their effects on certain a cell type called

neurons.1,2 Neurons are distributed in the brain in a specific way connection certain brain areas.

Through these connections, communication between neurons and thus between brain areas takes

place. Only 15% of the total brain matter is composed of neurons, the remaining 85% is made up

of an other cell type, called the glial cells. There is evidence that glial cells support the neurons

by providing metabolic assistance and by taking care of neuronal waste material. The function of

glial cells is not fully understood, and still is the subject of much research.
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Neurons, basically are like all other cells in the body but have long cellular extensions,

called axons. At the end of an axon it may divide into up to 10,000 branches, each of which may

connect with different neuron. Usually the ends of the branches, connect with several other

neurons, providing a great diversity in interneuronal connections. These nerve terminals make

contact with another neuron by connection with the cell body, or more frequently, to another

kind of neuron extension called a dendrite. At these contact points, information from one neuron

is transduced to another. Since a typical neuron has over 10,000 dendrites, an enormous amount

of communication between neurons is possible.

Communication is initiated by an impulse that is generated in the neuronal cell body or

dendrite. This impulse is propagated through the axon by an electrochemical process, in which

either sodium or potassium ions are involved. Like a computer microchip, this is an all-or-

nothing process. There is an impulse or there is no impulse. Propagation of the impulse may be

very rapid, resembling the passage of an electrical current down a copper wire. This process is

the same for all neurons, so drugs affecting the electrochemical propagation of the signal are not

selective toward specific neuronal cells.

At the end of the branched axon, the nerve terminal, the electrical impulse triggers the

release of neurotransmitters. Neurotransmitters then diffuse across a small gap separating the

adjacent neurons. There they interact with the receiving neuron resulting in modulation of its

activity. This interaction is very specific and is mediated through receptor proteins that are

embedded in the cell membrane. The response of the receiving neuron differs for the type of

neuron. Interaction of a neurotransmitter with its receptor may open or close ion channels on the

receiving neuron. Another mechanism of receptor response is mediated through a second

messenger system, which applies to the dopaminergic neurons.

Specific enzymes near the dopaminergic nerve terminal synthesize dopamine (DA). The

common amino acid L-tyrosine is hydroxylated on the aromatic nucleus by the enzyme ‘tyrosine

hydroxylase’ to give L-dopa (Scheme 1.1). The ‘L-aromatic amino acid decarboxylase’ enzyme

specifically removes the carboxyl group yielding dopamine. Dopamine belongs to the chemical

class of the catecholamines. Characteristics of catecholamines are the phenylethyl moiety, with

two adjacent hydroxy groups attached to the aromatic nucleus and an amine functionality on the

ethyl side chain. Other examples of catecholamines are noradrenaline and adrenaline.

Noradrenaline is enzymatically synthesized by β-hydroxylation of DA. Adrenaline is formed by
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N-methylation of noradrenaline and is relatively scarcely represented in the brain. Like DA,

noradrenaline is abundant in many places in the brain but has a distinctly different function.3,4

N
H

OH

OH

OHNH2

OH

OH

OH

DA

Noradrenaline Adrenaline

NH2

OH
CO2H

NH2

OH
CO2H

OH NH2

OH

OH

L-tyrosine L-dopa

TH L-AADC

DABH PNMT

Scheme 1.1 Biosynthetic pathway of dopamine, noradrenaline and adrenaline out of tyrosine.
TH, tyrosine hydroxylase; L-dopa, L-3,4-dihydroxyphenylalanine; L-AACD, L-aromatic amino
acid decarboxylase; DA, dopamine; DABH, DA β-hydroxylase; PNMT, Phenylethanolamine-N-
methyltransferase.

1.2.2 The role of DA in the brain

The dopaminergic neurons in the brain are divided into two major systems, the

mesostriatal dopaminergic system, the dopaminergic mesolimbic systems and one minor group,

the mesothalamic dopaminergic system.1 Part of the mesostriatal dopaminergic system is the

nigrostriatal dopaminergic system that, together with a part of the mesothalamic dopaminergic

system, is involved in the normal regulation of various motor abilities of the body. The

mesolimbic dopaminergic system is thought to be involved in the regulation of mood, emotion,

and memory. It is generally accepted that the mesostriatal dopaminergic system has an

activating action on movement, and the mesothalamic dopaminergic system in this, has a

regulating function. Another important function of the mesothalamic dopaminergic system is its

involvement in the secretion of several hormones. In the pituitary gland, DA itself is released to

inhibit the release of prolactin that is responsible for inducing lactation in mammals.

In a CNS disorder like Parkinson’s disease, in which dopaminergic neurons of the

nigrostriatal system have deteriorated, voluntary movement of the body becomes difficult.4-6
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Reduced dopaminergic neurotransmission results in an hypokinetic disorder marked by

characteristic symptoms. These symptoms can also be induced in non-Parkinson patients by

administration of DA antagonists, that block the action of DA. For instance, in the treatment of

psychotic disorders like schizophrenia, DA antagonists like haloperidol cause patients to suffer

from parkinsonism as an adverse effect. These, so-called, extrapyramidal side effects are mainly

the result from the inhibition of mesothalamic dopaminergic neurotransmission. Contrary to

Parkinson’s disease is Huntington’s chorea that is the result of an excessive mesostriatal

dopaminergic activity.7 This results in a hyperkinetic movement disorder characterized by

abnormal involuntary movements. Artificially increasing DA neurotransmission to a normal

person may induce a hyperkinetic condition and inhibit prolactin release.

1.3 SIGNAL TRANSDUCTION IN DOPAMINERGIC NEURONS

1.3.1 DA mediated signal transduction

In dopaminergic signal transduction, DA is released into a synaptic cleft, separating

neurons, by an exocytotic process at the nerve terminal, following an electrical pulse from a

primary neuron (Figure 1.1). When DA diffuses to the postsynaptic neuron and binds to the DA

receptor protein at a specific site inside the DA receptor, the receptor responds by triggering a

postsynaptical cellular response. The ‘active site’ of the DA receptor that is responsible for

binding DA, is a 3D space inside the receptor, accommodated for electrostatic interaction with

the functional groups of DA. Actual binding is the result of the interaction of DA with specific

amino acid residues, mainly through electrostatic and hydrophobic interactions.

Instead of binding to the postsynaptic neuron, DA may also diffuse to the presynaptic

neuron and for instance interact with a different type of DA receptors called DA autoreceptors.

These presynaptic autoreceptors function as a feedback mechanism, by modulating dopamine

synthesis and release. When the neurotransmitters stimulate an autoreceptor, this autoreceptor

signals the presynaptic neuron to slow down the synthesis and release of that neurotransmitter.

Certain drugs have been discovered that act as selective autoreceptor agonists and decrease DA

release without inducing a postsynaptic effect.  Autoreceptors are also found on neuronal cell

bodies where they are involved in the modulation DA release from dendrites and modulates the

electrical activity of the neuron. The exact function of autoreceptors is unclear but they are

thought protect the postsynaptic neuron from overstimulation.1
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Figure 1.1 Schematic representation of neurotransmission by neurotransmitter molecules.
Adapted from ref 1.

Functional binding to the DA receptor is not restricted to DA specifically. Many natural

and synthetic drugs act on DA receptors like DA itself (Figure 1.2). These DA agonists

generally have a structure that mimics the structure of DA and thus are able to bind to the DA

receptor. Optimising electrostatic interactions by structurally restricting the DA functional

groups and by incorporation of additional substituents in synthetic molecules has led to the

discovery of highly potent DA agonists. In the 70’s, this approach was the primary tool to

understand the 3D space of the active site. Functional resemblance of DA for DA agonistic

activity is not reserved for catecholamines only. Replacement of the catechol moiety by

heterocyclic aromatic moieties that resembles the electron distribution of DA, can also give

compounds that act as a DA agonist.

Binding of a neurotransmitter to a receptor is a dynamic process. There is a certain

equilibrium in the association and dissociation of the neurotransmitters and the receptors.8 A

cellular response will only take place when a certain threshold in receptor stimulation is

exceeded. Successful stimulation of receptors depends on the concentration of the appropriate

Direction of action potential
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neurotransmiters

Active re-uptake
transporter
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Neurotransmitter
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Synaptic cleft
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neurotransmitter, the concentration of the receptor, the ability of the receptor to bind the

neurotransmitter, and the intrinsic activity of the neurotransmitter. Strength of the electrostatic

interactions of neurotransmitter and receptor, and the functional state of the receptor are very

important factors in binding dynamics.

NH2

OH

OH
OH

OH

N

1.1

NHOH

OH

N
N
H

N N
N

NH2

1.2 1.3

1.4 1.5

Figure 1.2 DA (1.1) and some examples of molecules incorporating the structural, electronic
and functional characteristics of DA; apomorphine (1.2), dihydrexidine (1.3), quinpirole (1.4),
quinelorane (1.5).

1.3.2 DA receptors are coupled to a G-protein

DA receptor proteins are part of what are called the G-protein coupled receptors. This

type of receptor is a transmembrane protein characterized by the attachment of guanine

nucleotide binding protein (G-protein) at the inside of the cell membrane (Figure 1.3). The G-

protein is made up of α, β, and γ sub-units 2and interconverts between a guanosinediphosphate

(GDP) and a guanosinetriphosphate (GTP) bound form.1 In the absence of neurotransmitters,

nearly all the G-protein is in the inactive GDP bound form.

After the receptor has been stimulated by a neurotransmitter, the neurotransmitter-

receptor complex triggers the exchange of GTP for GDP. When the G-protein has bound GTP,

the α sub-unit bearing GTP, dissociates from the β,γ sub-units. The Gα-GTP complex then

diffuses to the enzyme “adenylyl cyclase” and binds to it to give “adenylate cyclase”.

Association of the Gα-GTP complex with adenylyl cyclase stimulates or inhibits the activity of
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the cyclase enzyme. The stimulation or inhibition of adenylate cyclase is switched off by the Gα-

protein catalyzed hydrolyses of Gα-GTP to Gα-GDP. The Gα-GDP complex dissociates from

adenylate cyclase and returns to the receptor to binds the β,γ sub-units, thereby completing the

neurotransmitter induced cycle.

Figure 1.3 Schematic representation of neurotransmitters acting on a G-protein coupled
receptor with a stimulatory acting G-protein. Adapted from ref 1.

Adenylate cyclase catalyzes the cyclization of adenosinetriphosphate (ATP) to cyclic

adenosinemonophosphate (cAMP). Two distinct Gα-protein families have been described to

regulate cAMP formation: one is specific for stimulation (Gs), and the other is specific for its

inhibition (Gi). Inside the cell, cAMP is part of what is called the second-messenger system, and

is involved in regulation of one or more biochemical processes, ultimately resulting in cellular

response. The whole sequence of first- and second-messenger events can be summarized by

starting from an electrical impulse (first-messenger) leading to stimulation of a receptor, through

a transducer (Gα-GTP) and an amplifier (adenylate cyclase) to a second messenger (cAMP) that

sets off or halts a cascade of second-messenger events followed by a cellular response.

The ability of a receptor to bind its neurotransmitter depends on whether a ‘G-protein’ is

attached to the cytosolic side of the receptor. The associated form is considered the functional

state of the receptor, and is called the ‘high affinity state’, the dissociated form is called the ‘low

Neurotransmitter

GTP-GDP
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affinity state’.1,8 High and low affinity states are in an equilibrium that can be influenced by for

instance ‘inverse agonists’. An inverse agonist directs the equilibrium towards the low affinity

state. This is distinctly different from the action of an antagonist that prevents receptor

stimulation by neurotransmitters, but does not influence the equilibrium. Since the

pharmacological effect of these different actions is the same, ‘inverse agonism’ was only

recently discovered. Many compounds thought to be antagonist in fact are now being recognized

as ‘inverse agonists’.9

1.3.3 Elimination of DA from the synaptic cleft

For a neuron to pass a second action potential, the synaptic cleft needs to be free of

neurotransmitters. About 70 to 80% of DA is cleared from the synaptic cleft by a carrier

mediated, active re-uptake mechanism that transports DA back into the presynaptic neuron.

Drugs like cocaine, benztropine, nomifensine and also amphetamine potently inhibit the re-

uptake mechanism, drastically increasing DA levels and dopaminergic neurotransmission.

Cocaine seems to be most specific as a re-uptake inhibitor, the other drugs mentioned also

enhance the release of DA.1

DA that escapes re-uptake is removed by passive diffusion or is metabolized by

primarily three enzymes. The brain is also equipped with several omnipresent enzymes that

rapidly chemically transform the functional groups of DA, rendering it inactive. Re-uptake and

metabolism limits the passive diffusion (leaking) of neurotransmitters to other neurons, where

they could interfere with signal transduction taking place there. Though a certain amount of

leaking seems to be necessary for communication with parallel circuited neurons.

The three enzymes that are primarily involved in the metabolism of catecholamines in

the CNS are ‘monoamine oxidase’ (MAO), ‘aldehyde dehydrogenase’ (AH) and ‘catechol-O-

methyltransferase’ (COMT).1 About 80% of the metabolic route proceeds by the oxidation of

DA by MAO and AD to 3,4-dihydroxyphenylacetic acid (DOPAC) which can subsequently be

O-methylated by COMT to homovanilic acid (HVA) (Scheme 1.2). Another metabolic route

involves the action of the same enzymes in a different sequence. HVA and DOPAC are excreted

from the brain as such or as a conjugate.

COMT is an enzyme that is found in the cytoplasm of neurons and glial cells. MAO and

AD are membrane-bound enzymes, which are found on the outer layer of the mitochondria in

neurons and glial cells. Two types of MAO enzymes are recognized, yet both MAO-A and
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MAO-B are able to oxidize DA. MAO-B predominantly exists in the human brain and can be

selectively inhibited by Selegiline®, that is found useful as adjunct treatment to L-dopa therapy

in the treatment of Parkinson’s disease.

NH2

OH

OH

NH2

OH

O

OH

CO2H
O

OH

CO2H
OH

DOPAC

COMT

MAO

COMT

MAO

OH

CHO
O

3-MT

HVADA

OH

CHO
OH

AD

AD

Scheme 1.2 Enzymatic metabolism of DA in the brain. Abbreviations: MAO, monoamine
oxidase; AD, aldehyde dehydrogenase; COMT, catechol-O-methyltransferase; DOPAC, 3,4-
dihydroxy-phenylacetic acid; HVA, homovanilic acid.

1.3.4 DA receptor subtypes

In 1978, two distinctly different DA receptors were identified. These were classified as

D1 and D2 receptors based on their respective inhibition and stimulation of adenylate cyclase

after receptor stimulation.10 Later, molecular biologist showed that D1 and D2 receptors had

different structures and originated from the expression of different genes. When molecular

biology techniques improved, at least five different DA receptors were identified (D1, D2, D3,

D4, and D5).
11-19 These five so-called subtypes were designated to the original classification. The

DA D1 and D5 receptors both act stimulatory on adenylate cyclase and are referred to as the D1-

like receptors. DA D2, D3, and D4 receptors act inhibitory on adenylate cyclase and are part of

the D2-like receptors. Homology of the protein sequence in human DA receptor subtypes varies

considerably (40-82%).20-23 The largest differences are found between the D1-like and D2-like
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receptors and within the D2-like receptor family. Differences in the structures of DA receptor

subtypes cause the binding affinity of DA to be different for each receptor subtype.20 Though the

active sites of the receptor subtypes are located in the same vicinity, different amino acid

residues involved in binding DA and each receptor subtype has its own equilibrium between the

‘high’ and ‘low affinity states’. The fact that the active sites are not identical means that DA

needs to meet different spatial requirements to bind to different receptor subtypes.

The discovery of the DA receptor subtypes initiated research to find compounds that

selectively would bind a single receptor subtype. Through pharmacological evaluation, subtype

selective agonists and antagonists, could help unravelling the function of the receptor subtype

and possibly lead to treatment of subtype related neurological disorders. Nowadays the

development of subtype selective agonists is assisted by scientific data on receptor protein

structure and computer assisted receptor modelling.

1.4 DA AGONISM; STRUCTURE, ACTIVITY AND SELECTIVITY

1.4.1 Rotameric conformation

Before advanced molecular biology was available, the spatial requirements of DA for

DA receptor binding were investigated by the chemical synthesis of compounds incorporating

different structural and functional characteristics of DA. Pharmacological evaluation of these

compounds led to the development of several receptor models.

In 1975, Cannon proposed that DA might interact with its receptor in two trans coplanar

conformations which he called the ‘α-’ and ‘β-rotameric’ conformation (Figure 1.4).24 In both

rotamers the catechol, the ethyl chain, and the amine moiety display coplanarity in an extended

conformation. Difference between the two rotameric forms is only the relative orientation of the

meta-hydroxy group; the para-hydroxy group is stationary.

OH
OH

NH2

OH

NH2OH

α-rotamer β-rotamer

m

pmp

Figure 1.4 α- and β-rotameric conformations of DA.
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This is illustrated by the prototypical mixed DA D1/D2 agonists (R)-apomorphine (1.2)

and (R)-N-n-propyl-apomorphine (1.6) that are relatively flat molecules, incorporating the

extended α-rotamer of DA.24 (R)-N-n-propyl-apomorphine acts as a full agonist at both

receptors, however, apomorphine acts as a full agonist at the DA D2 receptor and as a partial

agonist at the DA D1 receptor.25 The monophenolic analogs of both compounds (1.7 and 1.8),

also posses dopaminergic properties, and have a considerable increased selectivity for the DA

D2 receptor over the DA D1 receptor.26,27 11-Hydroxy-aporphine 1.7 acts as antagonists at the

DA D1 receptor.28 The aporphine family incorporates the most potent DA agonists known.

OH

OH

N

1.2

OH

OH

N

1.6

OH

N

1.7

OH

N

1.8

Figure 1.5 Structures of (R)-apomorphine (1.2), (R)-N-n-propyl-apomorphine (1.6), (R)-11-
hydroxy-aporphine (1.7) and (R)-11-hydroxy-N-n-propyl-aporphine (1.8).

The absolute configuration of the (R)-apomorphine is essential for its DA agonism. Its

optical antipode, (S)-apomorphine (1.9) does not act as a DA agonist, instead, it was found a

weak DA receptor antagonist (Figure 1.6).29 Studies on the β-rotameric analog of apomorphine,

called isoapomorphine, have shown both enantiomers of that compound to be inactive at the DA

receptor.30,31

NOH

OH

1.11

OH

NOH

1.10

OH

OH

N

1.9

Figure 1.6 Structures of (S)-apomorphine (1.9), (R)-isoapomorphine (1.10), (S)-iso-
apomorphine (1.11).
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Another class of synthetic compounds that incorporates potent DA agonists, is the 2-

aminotetralin family. They are somewhat less rigid compared to the aporphines, but share their

ability to restrict the extended rotameric conformation.32-36 (S)-5,6-dihydroxy-2-(N,N-di-n-

propylamino)tetralin (1.12) is fixed in the α-rotameric conformation and acts as a very potent

mixed DA D1/D2 full agonist (Figure 1.7). The (R)-enantiomer of this structure is much less

active. In contrast to that, the β-rotameric analog, (R)-6,7-dihydroxy-2-(N,N-di-n-

propylamino)tetralin (1.13) is considerably more active as a DA agonist than its (S)-optical

antipode.

OH

NOH

1.13

OH
OH

N

1.12

Figure 1.7 Structures of (S)-5,6-dihydroxy-2-(N,N-di-n-propylamino)tetralin (1.12) and (R)-
6,7-dihydroxy-2-(N,N-di-n-propylamino)tetralin (1.13).

McDermed and co-workers explained these findings by the suggesting that binding of

the enantiomers compounds discussed primarily was controlled by the position of the meta-

hydroxy group (see Figure 1.4).37 They rationalized that, since binding to the same DA receptor

for α- and β-rotameric conformations evidently required an opposite absolute configuration, one

of the rotameric forms must be in a flipped position in the active site. This view was supported

by the results of pharmacological studies with (S)-5-hydroxy-2-(N,N-di-n-propylamino)tetralin

(1.14) and (R)-7-hydroxy-2-(N,N-di-n-propylamino)tetralin (1.15) (Figure 1.8).36,38,39

These monophenolic derivatives lack the para-hydroxy group (see Figure 1.4) of the

compounds 1.12 and 1.13 yet their enantiomers behaved similar as their catechol analogs. Both

compounds are the most potent monophenolic DA agonists in this series. The loss of the para-

hydroxy group increased DA D2/D1 receptor selectivity, similar to the case of the aporphines.37

Both 1.14 and 1.15 have considerable affinity for the DA D3 receptor and 1.15 seems to have

some selectivity for the DA autoreceptors.40-45 Surprisingly, incorporation of both hydroxy

groups in one molecule considerably reduced the activity at the DA receptors.46
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NOH

1.15

OH

N

1.14

OH

N

OH

1.14 and 115

Figure 1.8 Structures of (S)-5-hydroxy-2-(N,N-di-n-propylamino)tetralin (1.14) and (R)-7-
hydroxy-2-(N,N-di-n-propylamino)tetralin (1.15), and a superimposition of 1.14 and the flipped
1.15.

McDermed and co-workers explained the inactivity of isoapomorphine at the DA

receptor in their model by including a steric boundary in the DA receptor’s active site, not

tolerating the steric bulk of the non-oxygenated aromatic ring.37 Grol and co-workers

independently came forth with a similar model.47,48 Wikström and co-workers extended the DA

receptor model by explaining N-alkyl substituent effects, Seiler and Markstein contributed

understanding of steric barrier and accessory binding sites differentiating D1-like and D2-like

receptors subtypes.42,49-51 It is now generally accepted that DA binds in different conformations

to the various DA receptor subtypes.

1.4.2 DA D1 and DA D2 receptor selective agonists

Especially catecholic DA analogs seem to incorporate mixed DA D1 and DA D2

agonism. The N-alkyl substituent seems to somewhat influence the balance between the affinity

for the receptor subtypes. In N-n-propyl substituted 1.6, DA D2/D1 selectivity emphasized

relative to N-methyl substituted 1.2.26,27 Loss of the para-hydroxy group (see figure 1.4) in the

DA α-rotameric conformation drastically increases DA D2/D1 selectivity.52 Further examples of

compounds with increased DA D2/D1 selectivity are given in Figure 1.9.

The conformationally flexible phenylethylamine RU24213 (1.16) can assume both α-

and β-rotameric conformations and is a DA D2 agonist. Analogous to 1.16, the 2-aminotetralin

derivatives N-0434 (1.17) and N-0437 (1.18) were developed, of which 1.18 made it to phase 3

clinical trials as a potential anti-Parkinson agent.52-58 (+)-PHNO (1.19) also has a high selectivity
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for the DA D2 receptor over the DA D1 receptor. Like 1.4, 1.5, and 1.15, 1.19 displays a higher

affinity for the DA D3 receptor than for the DA D2 receptor.59
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Figure 1.9 Structures of compounds with increased DA D2/D1 receptor selectivity. RU-24213
(1.16), (S)-N-0434 (1.17), (S)-N-0437 (1.18), (+)-PHNO (1.19), quinpirole (1.4), quinelorane
(1.5).

Typical selective DA D1 receptor agonists usually are structurally related to the β-

rotameric conformation of DA (Figure 1.10). The first class of selective DA D1 agonists

identified were the benzazepines.60-68 Investigation of structure-activity-relationships (SARs) led

to the discovery of several other compounds that displayed similar pharmacological

properties.36,69-76

Through extensive work on SARs many other DA agonists with selectivity for other DA

receptor subtypes were discovered. The scope of this thesis, however, mainly concerns DA D1

and DA D2 agonism and its potential clinical applications. Therefore, DA antagonists in general

or DA agonists selective for other DA receptor substypes will not be discussed. The interest we

have in DA D1 and DA D2 agonism is related to the function of these receptors in the brain and

their involvement in Parkinson’s disease.
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Figure 1.10 Structures of compounds with DA D1 receptor selectivity. (R)-SKF-38393 (1.20),
(R)-SKF-82958 (1.21), DPTI (1.22), SKF89626 (1.23), dinapsoline (1.24), dihydrexidine (1.3),
A-86929 (1.25).

1.5 PARKINSON’S DISEASE

1.5.1 Pathology of Parkinson’s disease

Parkinson’s disease is a progressive neurodegenerative disorder associated with the

deterioration of the dopaminergic neurons in the medial forebrain bundle that project from the

substantia nigra to the striatum in the nigrostriatal dopaminergic system.6,77 Loss of these

neurons results in a hypokenitic disorder marked by akinesea (impaired initiation of movement),

bradykinesia (reduction of voluntary movement), muscular rigidity and tremor.78 In a healthy

person loss of these neurons happens gradually in time and does not result in Parkinson’s

disease. There is a large reserve of neurons in the dopaminergic nigrostriatal system and it is not

until the loss of about 70-80% of all neurons that parkinsonian symptoms become apparent. In

case of people, suffering from Parkinson’s disease there is an increasingly rapid deterioration of

nigrostriatal neurons. Yet, the reserve of neurons is that large that the disease generally only

becomes apparent after the age of 55. From that age there is an increasing incidence in people

developing parkinsonian symptoms and Parkinson’s disease. It is usually after the symptoms
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appear that Parkinson’s disease is diagnosed. Early stage diagnostics are being developed that

apply to the loss of smell in early stage parkinsonism. Sensory stimuli like smelling are

associated with the dopaminergic system in the olfactory tubercle that also seems to be affected

in the early stages of Parkinson’s disease.79

Parkinson’s disease results in severe motor dysfunction in patients because it affects the

so-called reinforcing basal ganglia-thalamcortical ‘motor circuit’.78,80-86 A simplified model of a

normally functioning motor circuit is depicted in Figure 1.11, indicating the brain areas and

different neurotransmitters involved. The motor circuit arises from the cerebral cortex that sends

excitatory projections to the striatum. In addition, the striatum receives projections from the

prefrontal and somatosensory cortex and an indirect cortical input through some of the thalamic

nuclei (Thalamus). Direct cortical input is also received through the subthalamic nucleus (STN).

The two major output systems of the striatum, the substantia nigra pars reticulata (SNr) and the

internal segment of the globus pallidus (GPi) are linked to the striatum. The GPi/SNr output

system projects in an inhibitory fashion to the thalamus that subsequently provides the striatum

with feedback and also projects to the cortex that further channels neuronal impulses to the

muscles.

At the start of this circuit in the striatum, DA D1 and DA D2 receptors are involved in

neurotransmission. There is a ‘direct’, DA D1 mediated pathway from the striatum that is

inhibitory on the GPi/SNr. Inhibition of the GPi/SNr results in an excitatory signal to the

thalamus that in turn sends excitatory signals to the cortex stimulating cortically generated

movement. Striatal DA D1 receptors activate striatal γ-butyric acid (GABA), substance P and

dynporphine neurons that project to the GPi/SNR. There is also an ‘indirect’ pathway that

originates in the striatum, mediated by DA D2 receptors, that proceeds through the external

segment of the globus pallidus (GPe) and the subthalamic nucleus (STN) to the SNr. The striatal

DA D2 receptors inhibit GABA and enkephalin neurons projecting to the GPe. The GPe is

linked inhibitory to the STN through GABA neurons than upon inhibition activates GPi/SNR

via glutaminergic neurons. DA D1 and DA D2 receptors are also linked to striatal acetylcholine

release in an excitatory and inhibitory fashion respectively.87,88 Contrary to the direct pathway,

the indirect pathway eventually acts stimulatory on the GPi/SNr, inhibiting cortically generation

of movement. DA D2 receptors in the striatum inhibit the indirect pathway and the DA D1

receptors stimulate the direct pathway. Although DA D1 and DA D2 receptors are involved in

opposing pathways, their ultimate effect on the output of the motor circuit is the same. Where
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DA D1 receptors throttle up the direct pathway, DA D2 receptors function as a break on the

indirect pathway.

Figure 1.11 Schematic representation of the ‘motor circuit’ in the brain under normal
circumstances. Abbreviations: DA, dopamine; D1, DA D1 receptor (■ ); D2, DA D2 receptor
(▲); STN, subthalamic nucleus; SNr, substantia nigra pars reticulata; GPi, internal segment of
the globus pallidus; GPe, external segment of the globus pallidus; SNc, substantia nigra pars
compacta; Th, thalamus; GABA, γ-butyric acid; ENK, enkephalin; DYN, dynorphin, GLU,
glutamate; SP, substance P; ACh, acetylcholine. + = stimulatory action, – = inhibitory action.
Adapted from ref 89.

It is generally believed that a certain balance between the direct and indirect pathway

needs to exist for movement to be expressed properly. Since the body continuously moves,

under normal circumstances, the indirect pathway must be favored. An additional modulating

role is played by the substantia nigra pars compacta (SNc). This nucleus releases DA in the

striatum favoring the direct, inhibitory pathway. In addition it also projects to the SNr, where

released DA interacts with the present DA D1 receptors, further favoring the direct pathway. In

preparing for and during movement, tonically released DA alters the balance between the two

pathways in favor of the direct pathway. Striatal acetylcholine release favours the indirect

pathway and is inhibited by the SNc through DA release in the striatum that stimulates the DA

D2 receptors.

In a movement disorder like Parkinson’s disease, neurons in the substantia nigra have

deteriorated. Absence of DA, disables the direct pathway, favoring the indirect pathway,
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reducing cortically generated movement as illustrated by parkinsonian symptoms. In a

hyperkinetic disorder like Huntington’s chorea, the balance is thought to have flipped the other

way.7 Overemphasizing, the direct pathway results in the increased motor activity as observed in

Huntington’s chorea.

1.5.2 DA D1/D2 receptor interactions

Two types of DA D1/D2 interactions have been described, co-operative/synergistic

interactions and opposing interactions.90-92 Opposing interactions were first demonstrated on a

biochemical level, by the observation that a selective DA D2 agonist, reduced DA D1 agonist

induced stimulation of cAMP in the rat striatum.93 Both receptor subtypes are involved in

balancing the activity of adenylyl cyclase.94-96 Also on the level of interstriatal acetylcholine

neurons the two receptor subtypes have opposing effects 87,97

Synergistic interactions between the two receptor subtypes were reported in the

regulation of the enzyme (Na+/K+)ATPase.98 This transmembrane enzyme couples the

hydrolysis of ATP to the transmembrane exchange of Na+ and K+ ions, maintaining the ionic

gradient involved in the generation of neuronal action potentials. The molecular basis of the

synergistic interaction is that both DA receptor subtypes stimulate the release of arachidonic

acid that potently inhibits (Na+/K+)ATPase.99-101 Therefore, stimulation of one receptor subtype

selectively, will influence also affect the (Na+/K+)ATPase activity connected to the other

receptor subtype.

The functional interaction of DA D1 and DA D2 receptors still is under debate. It should

be noted that the terms DA D1 and DA D2 receptor subtypes commonly are used under the old

classification meaning DA D1-like or DA D2-like receptors. Many of the formerly considered

‘selective’ compounds used in the exploration of the motor circuit, in recent years have proved

to be non-selective within their own subtype family. With the availability of more selective

dopaminergic agents also the potential involvement of DA D3 and DA D4 receptors in were

investigated. It has recently been shown that DA D3 and DA D4 receptors do not synergize with

DA D1 receptors while DA D1 and DA D2 receptors seem to synergize without interaction

through action potentials.102

Under conditions of impaired dopaminergic neurotransmission, DA D1/D2 interactions

changes occur in DA receptor subtype density and sensitivity.7,103,104 Nigrostriatal DA D2

receptor mRNA is increased while nigrostriatal DA D1 receptor mRNA is decreased. Changes
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that can be reversed by the administration of DA D2 and DA D1 agonists, respectively.81,105. On

a theoretical level the motor circuit, under normal and impaired conditions, DA D1 and DA D2

receptor interaction remains much of an enigma. Functional interactions of DA D1 and DA D2

receptors under both conditions actually are best observed by studies in behavioral models.

1.5.3 Behavioral consequences of D1/D2 receptor interactions

In normal rats, subtype selective DA agonists are able to induce specific abnormal

behavior. Yet, behavioral effects induced by selective DA D2 agonists or mixed DA D1/D2

agonists could be partially reversed by selective DA D1 antagonists.106-111 For instance, licking

behavior induced by the DA D2 agonist (S)-5-hydroxy-2-(N,N-di-n-propylamino)tetralin (1.14)

can be fully counteracted by the DA D1 antagonist SKF-23390, demonstrating opposing DA

D1/D2 receptor interaction. Furthermore, selective DA D1 antagonists are able to counteract

akinesia induced by selective DA D2 antagonists or mixed DA D1/D2 antagonists. This shows

that compounds may selectively bind to a DA receptor subtype yet the induced behavioral effect

appears to be non-selective demonstrating a functional interaction between the two subtypes.

It is interesting that administration of a mixed DA D1/D2 agonist or co-administration of

a selective DA D1 and D2 agonist induces an increase in abnormal behavior. This additional

behavior is characterized by compulsive rearing behavior (i.e. standing on the hind limbs) and

by gnawing behavior (not to be confused with chewing). None of this behavior is observed for

the subtype selective agonists and, therefore, must be the consequence of a synergistic DA

D1/D2 receptor interaction. The efficacy at the DA D1 receptor is important for the induction of

gnawing behavior. Apomorphine (1.2), that is a partial agonist at the DA D1 receptor and a full

agonist at the DA D2 receptor, is less able to induce gnawing than (S)-5,6-dihydroxy-2-(N,N-di-

n-propylamino)tetralin (1.12), a full agonist on both receptor subtypes.25.

In animals with impaired dopaminergic neurotransmission and normally sensitive DA

receptors a synergistic interaction is observed between the receptor subtypes. For instance in rats

with a unilateral striatal lesion elicited by the excitotoxin quinolinic acid, only stimulation of the

DA D2 receptors induces rotational locomotor behavior. However, simultaneous stimulation of

the DA D1 and DA D2 receptors dramatically increases rotational behavior up to 300%.112

Rotational behavior is mediated by the intact hemisphere and is directed towards the lesioned

side (ipsilateral). A similar result was observed after systemic administration of the DA depletor

reserpine to mice, rendering them akinetic, followed by DA agonists treatment 3 to 4h later.
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Maximal possible locomotor activity then was only observed after simultaneous stimulation of

both DA D1 and DA D2 receptors.113-116

However, in animals with supersensitive DA receptors the receptor subtype interaction

has changed. When treatment by DA agonists follows >18h after treatment with reserpine, it

suffices to administer a DA D1 or a DA D2 agonist alone, in order to achieve a maximum

locomotor response. Dopaminergic effects induced >18h after treatment with reserpine, can only

be counteracted by the corresponding subtype selective antagonist, thus the effects of

supersensitized DA D1 and DA D2 receptors seem uncoupled.116,117 Likewise, a bilateral lesion

in the rats medial fore brain bundle, using the neurotoxin 6-hydroxy-DA (6-OH-DA), also

uncouples the functionality of DA D1 or DA D2 receptors.105,118 As this lesion is in place, the

SNc no longer can modulate the balance between the direct and indirect pathway, and thus the

indirect pathway is favored.  The extent of the lesion is of great importance as was shown in the

Ungerstedt rat rotation model for Parkinson’s disease. A unilateral lesion of the medial for brain

bundle renders the postsynaptic receptors on the lesioned side supersensitive. Introduction of

both a DA D1 and a DA D2 agonist separately is expected to be able to induce a maximal effect

in contralateral rotational behavior. Surprisingly, rats responded differently to the lesioning and

two separate groups of could be identified. High rotators, that had functionally uncoupled DA

D1 and DA D2 receptors and low rotators, that had less supersensitized receptors, an needed

stimulation of both DA D1 and DA D2 receptors for a maximal effect. Biochemistry of the low

rotator group indicated some form of adaptation to the introduced lesion.119,120

Highly and little responsive animals were also observed in a primate model of

Parkinson’s disease. In this model, MPTP treated monkeys have selectively lost their

mesostriatal dopaminergic neurons by the neurotoxic activity of the MPTP metabolite MPP+.121-

124 In some studies treatment with a combination of DA D1 and DA D2 agonists was found be

superior to treatment with separate DA D1 or DA D2 agonists.125-127 Other studies with different

DA D1 agonists showed that is was possible to treat parkinsonism by selective stimulation of the

D1 receptor.74,128 Possibly in the stages of Parkinson’s disease when DA D1 and DA D2 receptors

are not supersensitized yet, stimulation of both DA receptor subtypes would result in the highest

clinical efficacy. In the stage of supersensitization, treatment with either a DA D1 agonist or a

DA D2 agonist independently also might give a good clinical efficacy. However, the downside

of treatment with either a DA D1 or a DA D2 agonist, is that brain levels of NA and serotonin (5-

HT) are lowered upon chronic treatment possibly leading to adverse events.129 In contrast,
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chronic stimulation of both DA D1 and DA D2 receptors simultaneously have a mild opposite

effect.

It is important to note that DA, that is increasingly depleted Parkinson’s disease, is an

agonist at DA D1-like and DA D2-like receptors. Under normal conditions, DA is able to

maintain a balance between all primary and secondary receptor interactions. Chronic treatment

of Parkinson’s disease therefore is best aimed at reinstating the normal balance and sensitivity of

all DA receptors. Treatment with subtype selective DA agonists will desensitize the

corresponding DA receptor subtype, leaving the other supersensitized. Endogenous DA (while

still present) will have an increasing effect on the remaining supersensitized receptor subtype,

eventually resulting in its desensitization. As long as supersensitization is in state, functional

uncoupling of DA D1 and DA D2 receptors probably remains. After desensitization of the non-

targeted receptor, coupling of the receptor subtypes may be reinstated but neurotransmission of

the targeted receptor subtype will prevail, disabling the normal balance in neurotransmission. If

no more endogenous DA is present, as in advanced stages of the disease, the non-targeted

receptor subtype remains supersensitive possibly maintaining functional uncoupling of DA D1

and DA D2 receptors.

Most likely, the best way to direct the whole system back to a normalized condition

would be through simultaneous stimulation of both DA D1 and DA D2 receptors. Chronic

treatment with a mixed DA D1/D2 agonist or a combination of a DA D1 and a DA D2 agonist

will gradually desensitize both receptor subtypes. The balance between DA D1 and DA D2

agonism and desensitization will be a crucial factor in this. Results of clinical testing clearly

show advantages of simultaneous stimulation of DA D1 and DA D2 receptors in patients

suffering from Parkinson’s disease.130

1.6 TREATMENT OF PARKINSON’S DISEASE

1.6.1 History of anti-parkinsonian agents

There is no known cure for Parkinson’s disease. Treatment is aimed at controlling the

symptoms by controlling the imbalance of the neurotransmitter(s) involved. In 1817, James

Parkinson described in a scientific essay for the first time the clinical picture of the disease.131

He thoroughly described the nowadays well-known characteristic symptoms. Without any clear

picture of the pathology of the disease, Charcot in 1860, prescribed Solanaceae plant to reduce
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rigidity and tremor. It took until 1924 that the active compound in the plant, the anti-cholinergic

atropine (1.26), was used in its pure form (Figure 1.12). Treatment with anti-cholinergics was

only sufficient for patients that suffered from tremor and mild muscular rigidity.

In 1884, the semi-synthetic apomorphine (1.2) was first used to treat Parkinson’s disease

patients (PD-patients).132 After its first synthesis, apomorphine became especially known for its

emetic properties.133 Apomorphine was reported to have sedative and tranquilizing properties

and was used to treat a variety of psychiatric disorders.134-136 It was also found to have a

beneficial effect on Sydenham’s chorea, a movement disorder caused by acute rheumatic

fever.137-139 The potential usefulness of apomorphine on Sydenham’s chorea inspired Weil and

co-workers to use apomorphine PD-patients. In 1923 it was described by Amsler that

apomorphine induced chewing behavior could be related to an influence of apomorphine on the

striatum.140 In 1951, Schwab and co-workers found that subcutaneous injection of apomorphine

could cause marked though short-lived improvement in PD-patients.141 With the indication of

structural similarity of the molecular structures of apomorphine and DA by Ernst, a landmark

was set.142
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Figure 1.12 Structures of atropine (1.26), apomorphine (1.2) and L-dopa (1.27).

However, with the growing availability of alternative drugs, apomorphine was hardly

used in the clinical practice until a revival that started quite recently. Lack of oral availability of

apomorphine and apomorphine induced adverse effects limited its application.143-147 This,

despite the fact that apomorphine is a partial DA D1 and full DA D2 agonist, a combination

which to this day provides the most powerful clinical efficay.148 Some of the adverse effects

could be reduced after in 1979, Agid and co-workers found that co-administration of

domperidone with apomorphine, could prevent apomorphine induced nausea, drowsiness and

arterial hypertension.149 Domperidone is a peripheral DA D2 antagonist, meaning it does not
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cross the blood brain barrier and therefore only counteracts apomorphine peripherally.

Furthermore, in 1988, Stibbe and co-workers reported on the positive effects of apomorphine on

PD-patients that had progressed to a state of the disease with “on-off” symptoms.150 The “on-off

effect” is a condition marked by rapid fluctuation between mobility and immobility that arises

after long-term treatment with the most efficacious anti-parkinsonian drug available, L-dopa

(1.27).

1.6.2 The L-dopa era

The L-dopa era began when Carlsson and co-workers, in 1957, first demonstrated that

reserpine induced akinesia in rabbits could be reversed by administration of L-dopa, the natural

precursor of DA.151 Due to its inability to cross the blood-brain barrier, DA itself does not have

this effect when administered systemically. The blood-brain barrier is a vital system enclosing

most parts of the brain (Figure 1.13). Both L-dopa and DA can not freely cross the blood-brain

barrier because they lack sufficient lipophilicity but L-dopa does cross the blood-brain barrier

because it is actively transported across.

Figure 1.13 The blood brain barrier (Adapted from ref 1).
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In 1960, striatal DA deficiency was diagnosed by post-mortem studies on the brains of

people that had suffered from Parkinson’s disease.4 In 1961, L-dopa was first tried on PD-

patients, but throughout the 1960’s inconsistent results were obtained.152 In 1967, the

effectiveness of L-dopa was demonstrated by the dramatic improvement in the condition of PD-

patients after oral administration of L-dopa in increasing doses over long periods.153,154 It was

noticed that co-administration of aromatic amino acid decarboxlyase (AADC) inhibitors like

Benserazide (1.28), carbidopa (1.29), brocresine (1.30), and α-methyldopa (1.31) could

potentiate the effect of L-dopa (Figure 1.14).155-168 Especially peripheral AADC inhibitors had

that ability and at the same time reduced nausea and anorexia. Further advantages of adding

AADC inhibitors to L-dopa treatment were discovered: rapid induction of treatment, reduced L-

dopa dose requirement, and better diurnal symptomatic control.
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Figure 1.14 Structures of some AADC inhibitors. Benserazide (1.28), carbidopa (1.29),
brocresine (1.30), and α-methyldopamine (1.31).

Co-adminstration of L-dopa with catechol-O-methyl transferase (COMT) or monoamine

oxidase (MAO-B) inhibitors may extend the action of L-dopa, allowing for lower doses thus

reducing the L-dopa peak-dose induced complications. The new reversible peripheral COMT

inhibitors entacapone (1.32), nitecapone (1.33) increase patients’ duration of response to L-dopa

and reduce response fluctuations, however peak-dose dyskinesias are also prolonged though not

increased (Figure 1.15).169-171
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Selegiline® (1.34) is a well-established MAO-B inhibitor used as add-on to L-dopa

treatment (Figure 1.15).172 Early treatment with Selegiline® delays the need for initiation with L-

dopa therapy.173-176 Next to its MAO-B inhibiting properties, Selegiline® also reduces DA re-

uptake thereby further increasing extracellular DA levels.177,178 Other effects that are suggested

to accompany treatment with Selegiline® are its neuroprotective actions but so far these effects

have not been well established.179 It is hypothesized that Selegiline® is involved in both the

reduction of free radical formation and as acts as a neurotrophic factor rescuing dopaminergic

neurons.
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Figure 1.15 Structures of COMT inhibitors entacapone (1.32), nitecapone (1.33), and the
MAO-B inhibitor Selegiline® (1.34)

Most PD-patients initially respond well to L-dopa treatment. To this day L-dopa is the

most widely used and effective drug available for treatment of PD-disease and, regarding

efficacy, its closest competitor is apomorphine. The most important adverse events of L-dopa

treatment are hallucinations, confusion, orthostatic hypotension. Adverse events like nausea and

vomiting can be suppressed by the peripheral DA D2 antagonist domperidone, but also wear off

after some time.

Within 5 years of L-dopa treatment about 50% of the PD-patients experience dose-

response fluctuations and “on-off” effects. Patients require increasing doses of L-dopa to

manage their symptoms as the efficacy of L-dopa “wears off” and experience “end-of-dose

deterioration”. This is mostly blamed on the pharmacokinetics of L-dopa (the short half-life),

and the progressiveness of the disease. The progressiveness of the disease may account for a less

efficient turnover of L-dopa to DA and increasingly impaired neurotransmission. As L-dopa is

decarboxylated to give DA in the deteriorating nigrostriatal dopaminergic neurons, the turnover

is progressively limited. In addition, a reduction in the striatal uptake of L-dopa has been

observed.180 Continuous intravenous infusion of L-dopa with an AADC to stabilize plasma
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levels did not alleviate the “on-off” effects because DA receptors became desensitized. When

the infusion time was reduced to 6h daily, the “on-off” effects were somewhat reduced in PD-

patients.181 Long-acting L-dopa preparations have been developed for over 20 years.182,183 The

first preparations gave inconsistent clinical result though recently a number of slow-release

preparations were marketed.184-186 These preparations seems to have a positive effect on the “on-

off” effects and “end-of-dose” deterioration.

The therapeutic efforts to control the long-term complications of L-dopa treatment are

questionable. There is evidence that L-dopa actually acts as a double-edged sword, alleviating

parkinsonism but hastening disease progression. The neurotoxicity of L-dopa, so far, has only

been confirmed by in vitro studies, but could explain the progressively deteriorating condition of

PD-patients.187-190 Neurotoxicity of L-dopa concerns the formation of peroxides, free radicals

(oxidative stress), and formation of toxic metabolites by MAO-B. The peroxides oxidize

glutathione (GSH), and react with iron-ions to produce the highly toxic free radicals. In post-

mortem tissue of PD-patients, show increased levels of iron in the substantia nigra and reduced

levels of GSH. Evidence of oxidative damage to lipids, proteins, and DNA was also found.191-194

When L-dopa therapy is given in combination with the anti-oxidant ascorbic acid further

improvement in the condition of the PD-patient is reported. Only recently clinical trials were

planned to examine the potential neurotoxicity of L-dopa in vivo.

Interestingly, recently evidence was produced that L-dopa along with DA and other

catecholamines like apomorphine have a neurotrophic action.195 Induction of the brain derived

neurotrophic growth factor (BDNF) envisages a neuroprotective role for catecholamines in

general. Since this potential neuroprotective role probably can not prevent the long-term

complications that are observed in Parkinson’s disease, its contribution to the treatment of

Parkinson’s disease remains doubtful. Investigations on apomorphine or other potent mixed DA

D1/D2 catecholamine based agonists could provide further insight. Since relatively low doses of

these are required for treatment of PD-disease, this could possibly shift the balance from

catecholamine induced neurotoxicity to catecholamine induced neuroprotection.

1.6.3 Dopamine agonists

Although L-dopa treatment is still regarded as the standard of anti-parkinsonian drug

therapy, motor response oscillations and drug-induced, abnormal involuntary movements

develop in PD-patients who undergo long-term L-dopa monotherapy.155,196-199 In addition to
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these motor complications, other complications may develop like postural imbalance, gait

disorder, freezing, speech impairment and neuropsychiatric disorders like depression, confusion

and hallucinations.200 DA agonists have played a classical role as adjuncts to L-dopa therapy to

smooth out motor response oscillations once they have developed. Today DA agonists are also

used as add-on treatment in the early stages of L-dopa treatment and prior to starting L-dopa

treatment.

DA agonists act directly on the pre- and postsynaptic DA receptors and do not rely on

the same metabolic conversion of L-dopa to DA. By stimulating the autoreceptor, they decrease

DA turnover thereby decreasing the formation of potentially neurotoxic peroxides and free

radicals. Catecholamine based DA agonists may also induce the formation of these toxic

compounds. Yet, a sufficiently potent agonist only needs to be administered at a low dose

thereby, limiting potential harm. Furthermore, DA agonists may exert neuroprotective effects,

which has indeed been shown in some animal models of Parkinson’s disease.201-203 DA receptor

subtype selectivity was usually targeted at the DA D2 receptor (Table 1.1). Recently also

selective

Table 1.1 Receptor interactions of DA agonists (Adapted from ref. 206)

Other receptor

interactionsa

Dopamine agonist DA receptor interaction NA 5-HT

DA (through L-dopa)8,129,207 D1 > D2 > D3 –b –b

Apomorphine8,207 D2 > D1 > D3 –c –c

Bromocriptine155,196-199 D2 (D3) + +

Lisuride200-202 D2 (D1) + +

Pergolide8,141,203,208-211 D2 > D1 > D3 + +

Cabergoline169,212 D2 > D1 (+) (+)

Ropinirole170,171,213 D3 > D2 > D4 – –

Pramipexole214,215 D3 > D2 > D4 + –
aNA = noradrenaline; 5-HT = serotonin, bIndirectly decreases neurotransmitter level,
cIndirectly increases neurotransmitter level.
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selective DA D1 receptor agonists proved efficacious in the treatment of Parkinson’s disease,

and DA agonists with DA D3 receptor selectivity and DA D4 affinity receptor were developed.

Whether there is a clinical advantage for DA D3/D2 receptor selectivity remains unclear.

As stated, the first DA agonist used in the treatment of Parkinson’s disease was

apomorphine. It was synthesized by a rearrangement of morphine under acidic conditions and

upon subcutaneous injection it gave a marked but short-lived improvement in PD-patients.141

Given the poor in vivo kinetics of apomorphine and the potential application of DA D2 agonists

in the treatment of Parkinson’s disease in general, ergot based drug were developed in the

1960’s.204,205 The most important DA agonists in the treatment of Parkinson’s disease and their

characteristics can be summarized as follows:

Apomorphine (1.2). A highly efficacious anti-parkinsonian drug that is limited by its

low oral bioavailability because of its extensive first-pass metabolism. However, it is readily

absorbed via the subcutaneous, sublingual, rectal, or intranasal route.208 When administered

subcutaneous or intravenously it has a half-life of about 30 min, corresponding to about an hour

of clinical efficacy.

Bromocriptine (1.35). The first oral available DA D2 receptor agonist to be used as an

add-on to L-dopa therapy. Bromocriptine has similar affinity for the DA D3 receptor and acts as

an antagonist on the DA D1 receptor. Characteristic of ergot derived DA agonists, it directly

interacts with NA and 5-HT receptors and has a half-life of approximately 4.5h.209.

Lisuride (1.36). Lisuride was considered a very promising drug because of its positive

effect on motor oscillations. It has a shorter half-life than bromocriptine and was mainly

administered through parental administration. Like bromocriptine it is also ergot derived and has

predominant DA D2 receptor activity, whereas it acts as a partial antagonist at the DA D1

receptor. Long-term treatment however resulted many times in drug-induced psychosis,

rendering it an unsuitable drug.210

Pergolide (1.37). Pergolide is also a member of the ergot derived DA agonist family

with mainly DA D2 receptor activity but also has DA D3 receptor affinity. Unlike bromocriptine

and lisuride, pergolide acts a weak agonist on the DA D1 receptor. Its half-life is substantially

longer than that of bromocriptine making it a promising drug for controlling motor fluctuations

in Parkinson’s disease.211
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Cabergoline (1.38). The ergot based DA D2 receptor agonist cabergoline is now widely

used as an add-on to L-dopa treatment of Parkinson’s disease. It has an even longer half-life than

pergolide and is used for controlling motor fluctuations.212

Ropinirole (1.39). A non-ergot based mixed DA D3/D2 receptor agonist with some

advantages over bromocriptine when given in early monotherapy. Ropinirole fits the ergot

pharmacophore yet is a more flexible molecule.169-171

Pramipexole (1.40). Pramipexole is another drug that is non-ergot based with selectivity

for the DA D3, and similar affinity for the DA D2 and DA D4 receptors. In addition, it has some

affinity for the α2-adrenoreceptor. Studies have confirmed the efficacy of pramipexole as add-on

treatment to L-dopa in patients with fluctuating Parkinson’s disease.213

In Figure 1.16, the molecular structures of DA and the DA agonists that are used in the

treatment of Parkinson’s disease are depicted. Compounds 1.35-1.38 incorporate the ergot

skeleton, ropinerole (1.39) is structurally related though less rigid. Keto-enol tautomerism of the

amide in ropinerole renders a 2-hydroxy indole structure that possibly could be important for its

functional properties. Although there is a growing interest in the role of DA agonists as primary

monotherapy in Parkinson’s disease, their main indication is still as adjunctive treatment to L-

dopa therapy once L-dopa treatment related long-term complications arise. For the ergot derived

drugs it has been shown that addition to L-dopa therapy has a positive effect on “wearing off”

and “on-off fluctuations”. Doses of L-dopa may be reduced contributing to the decrease of the

severity of dyskinesias.214-216 The relatively high DA D2 receptor potency and weak DA D1

receptor agonism of pergolide combined with its long half-life makes it superior to other DA

ergot based DA agonists.217

Pergolide proved to be beneficial in PD-patients that no longer respond to bromocriptine

treatment. In addition, the non-ergot derived drugs with a long half-life, ropinirole and

pramipexole have proved to be superior to bromocriptine, when added to L-dopa treatment.

Ropinirole and pramipexole have shown to be able to smoothen out response oscillations.212 PD-

patients that undergo L-dopa therapy with DA agonists as add-on treatment still may respond to

additional treatment with apomorphine. Apomorphine proved highly effective and reliable in

reversing “off” periods when administered subcutaneously within 15 min. The potency of pen

injectionssystems, sublingual tablets, apomorphine and the fact that it is well absorbed allow for

low doses of apomorphine. Special and intranasal sprays are available methods of
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administration. Sublingual tablets have the disadvantage of a late onset of action and the

intranasal sprays induce local inflammation upon long-term use.146,218-222 Recently, also portable

minipumps have become available to provide a continuous subcutaneous administration of

apomorphine.

N

OH

OH

NH2

OH

OH

1.1 1.2 1.35

1.36 1.37 1.38

O

N
H

N

Br

NO N

N

H
O

O

OH

H

N
H

N

S

N
H

N

NH N

O

N
H

N

NO

N
HO

N

1.39 1.40

N
H

N

O

N

S N
H

NH2

Figure 1.16 Structures of DA agonists used in the treatment of Parkinson’s disease. DA (1.1),
apomorphine (1.2), bromocriptine (1.35), lisuride (1.36), pergolide (1.37), cabergoline (1.38),
ropinirole (1.39), pramipexole (1.40).



Chapter 1

32

Especially for PD-patients suffering from complex, unpredictable and frequent motor

fluctuations are likely to benefit from these systems. Long-term studies have shown a sustained

benefit with little evidence of tolerance to treatment.223,224 Today, early monotherapy with DA

agonists is recommended and rarely leads to the development of complications L-dopa induces.

However, as the disease progresses, the need for L-dopa treatment increases as other treatment

often loses efficacy. Adjunctive treatment with DA agonists may reduce the severity of the

complications. A DA agonist suitable to completely replace L-dopa as golden standard in the

treatment of Parkinson’s disease has yet to be developed.225-227

 The efficacy of DA agonists in early monotherapy is believed to be related to DA D1

and DA D2 receptor interactions. In an early stage of the disease, as the receptor subtypes are not

supersensitive and there actions are still coupled, DA D2 agonists and mixed DA D1/D2 agonists

are least likely to induce dyskinesias.224,228-230 Despite the development of several new DA

agonists for the treatment of Parkinson’s disease, the ideal DA agonist with long duration of

action and efficacy equal to that of L-dopa is still lacking. Apomorphine has about equal

efficacy to L-dopa but lacks suitable in vivo kinetics. The growing recent interest in

apomorphine and the development of long duration preparations call for the development of

mixed DA D1/D2 agonists with increased oral bioavailablity.

1.6.4 Regenerative approaches

In the central nervous system certain proteins cause neurons to grow and proliferate.

These so-called neurotrophic growth factors (NGFs) are divided into brain-derived growth

neurotrophic factors (BDNFs) and glial cell-derived neurotrophic growth factors (GDNFs); both

promote differentiation and survival of existing neurons. All NGFs promote outgrow of neurites

from neurons and rescue specific populations of neurons from apoptosis.

The ability of the NGFs to promote neuron survival has led to extensive investigation of

their potential application in the treatment of neurodegenerative diseases, like Parkinson’s

disease. GDNF exerts a powerful, trophic effect on dopaminergic neurons in the part of the brain

involved in movement. It has been suggested that Parkinson’s disease develops as a result of

malfunctioning glial cells and, therefore, this strategy is especially promising.231,232 However,

disappointing results in the clinical application of these proteins have called for the development

of small non-protein based molecules that have mimic the action of NGFs. Several promising
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candidates have been discovered and surprisingly some immunosuppressant drugs proved to

induce neurotrophic effects.233-238

Regeneration and rescuing of neurons in the treatment of Parkinson’s disease opens up a

new and promising approach in drug research. It is expected that in the near future clinical trials

will start to investigate the clinical efficacy of a first generation of NGFs. It is to be expected

that the regenerative approach will establish a balance in degeneration and regeneration of

dopaminergic neurons but will not cure Parkinson’s disease. Altogether, in the near future there

is still an increasing demand for drugs that alleviate parkinsonian symptoms in PD-patients.

Based on clinical results the ideal drug for the treatment of Parkinson's disease that is able to

compete with L-dopa, needs the characteristics of apomorphine with better in vivo profile.

Therefore, an orally available catecholamine with balanced mixed DA D1/D2, seems to have the

best chances. The development of such an orally active drug is propelled further by the

hypothesized neurotrophic properties of catecholamines.145

Many dopaminergic catecholamines with potential use in the treatment of Parkinson’s

disease are known. Most of these compounds have been discussed in previous sections. Like

DA, L-dopa and apomorphine they are subjected to extensive metabolism lowering their

bioavailability. In the next section, chemical synthetic approaches are discussed that are targeted

at the circumvention of extensive (first-pass) metabolism.

1.7 IMPROVING THE BIOAVAILABILTY OF CATECHOLAMINES

1.7.1 The fate of catecholamines in vivo

Catecholamines are prone to many different metabolic processes that severely limit their

usefulness as drugs. Aside from the metabolism already discussed like O-methylation by COMT

and oxidation by MAO, there are several other metabolic processes the body and, especially the

liver, uses to rapidly dispose of catecholamines. Upon oral administration, the largest proportion

of a compound first has to pass through the gastrointestinal tract and the liver before reaching

the blood stream for transportation to the brain. When upon first pass through the liver most of a

drug is rendered inactive it is said to have a large first-pass effect. For many catecholamines, this

first-pass effect is considerable. Enzymatic conjugation like glucuronidation and sulfatation are

mostly responsible but also auto-oxidation of the catechol moiety might be a factor provided it

would preferentially occur in the liver (Figure 1.17).239-241 Therefore, apomorphine is preferably
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delivered through subcutaneous injection or by sublingual administration so that it bypasses the

limitations presented by the poor oral absorption.

The rate and extent of these metabolic transformations depend on the molecular structure

of a catecholamine. Whereas DA is a flexible molecule that is readily accessible for some

enzymes, rigid and bulky analogous structures induce steric hindrance influencing conjugation.

COMT methylates apomorphine to isoapocodeine (C-11 methylation) and apocodeine (C-10

methylation) but to a much lesser extent than it methylates DA.242 Methylation of apomorphine

is regioselective for the hydroxy group at the C-10 position, most likely as a result of steric

hindrance of the phenyl moiety towards the C-11 hydroxy group. Glucuronidation and

sulfatation of catechols mainly takes place in the liver and the extent of these conjugations varies

very much on the species of animal. In humans, the excretion of unchanged apomorphine and O-

methylated apomorphine are negligible and about 10% is excreted as glucuronidide or

sulfate.130. Surprisingly only 10% of the clearance of the total amount of apomorphine

administered is accounted for. It is suggested that N-dealkylation or auto-oxidation may be

responsible for clearance of the remaining 90%.243
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Auto-oxidation of a catechol moiety as major route of transformation is especially likely

for a molecule like apomorphine. Unlike other structurally related dopaminergic catecholamines

as 5,6-di-OH-DPAT (1.12) or 6,7-di-OH-N-n-propyl-1,2,3,4,4a,5,10,10a-octahydro-

benzo[g]quinoline (1.41), that lack a second aromatic moiety, auto-oxidation of apomorphine is

facilitated by a energetically favorable aromatization of the C-ring (Scheme 1.18).244 N-

dealkylation is known to be an important metabolic pathway for tertiary amines in rodents.245-247

N-dealkylation tends to be most favorable for an N-methyl substituent and is occurring to a

lesser extent as the size to the N-substituent increases. An N-n-propyl substituent is also

enzymatically removed and this is the major metabolic route for the phenolic DA agonist PHNO

in rat liver microsomes in vitro. N-dealkylation of one N-substituent has proven to be a very

important in rodents.248
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Figure 1.18 Auto-oxidation of apomorphine is facilitated by aromatization of its C-ring.

It seems that an N-n-propyl substituted catecholamine, lacking a second aromatic

nucleus, from the point of preventing auto-oxidation and N-dealkylation may be optimal. Of

course, the lesser bulkiness in compounds like 1.12 and 1.41 may increase susceptibility for O-

methylation, glucuronidation and sulfatation. An advantage of a second aromatic nucleus, as in

apomorphine, is its contribution to a higher lipophilicity that gives rise to an excellent ability to

penetrate the brain. On the other hand, although 1.12 and 1.41 have a somewhat decreased

lipophilicity they also penetrate the brain well.
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It is evident that the extensive metabolic transformations of catecholamines make it

difficult for them to become successful drugs. Slow-release preparations and continuous

infusions make catecholamine treatment more effective but the low oral bioavailability remains

the most limiting factor. Oral bioavailablity can be improved by the bioisosteric replacement of

the catechol moiety. In this approach, the catechol moiety is exchanged for an aromatic nucleus

that is less prone to metabolism. In the case of pramipexole (1.40), the catechol moiety is

exchanged for an aminothiazole nucleus. Many more examples of bioisosteric replacement exist,

but the bottom line is that by changing the molecular structure, the pharmacological profile is

changed, and therefore also the efficacy in the treatment of Parkinson’s disease.

1.7.2 Dopaminergic prodrugs

Increasing oral bioavailability of a catecholamine while retaining the catecholamine

itself as the active component is achieved by protection of the hydroxy and amino groups. The

protecting groups are designed to be less susceptible to metabolism and to gradually dissociate

from the catecholamine molecule in vivo. This approach may be regarded as a molecular, slow-

release preparation and is generally referred to as the prodrug approach.

A prodrug is an, usually pharmacologically inactive, compound that is transformed in

vivo into a pharmacologically active compound. The most important prodrug that is used in the

treatment of Parkinson’s disease is L-dopa. L-dopa is the biological precursor of DA and may be

considered a prodrug. However, from a kinetics point of view, it does not make a good prodrug.

L-dopa is a catecholamine and, therefore, prone to most of the metabolic transformations

discussed. There are also other prodrugs of DA and of analogous catecholamines, designed to

cross the blood brain barrier and centrally slowly hydrolyze to give of the active species (Figure

1.19). The identity of the protecting groups is chosen for an optimal balance between absorption

and hydrolysis. The hydroxy groups on the catechol ring are usually protected by preparation of

di-O-pivaloyl or di-O-benzoyl esters. Ester derivatives like di-O-pivaloyl-N,N-di-n-propyl-DA

(1.42), 6,7-di-O-benzoyloxy-2-aminotetralin (1.43), and di-O-benzoyl-apomorphine (1.44) exert

central pharmacological effects and some are markedly more active than their parent

catechols.249-251 The di-O-acetyl prodrug ABT-431 (1.45), a selective DA D1 receptor agonist,

has proven to be efficacious in the treatment of PD-patients, however, only upon intravenous

administration. Esterase speed is that fast, that the half-life of the prodrug in the blood is about

60 sec, making it unsuitable for oral administration.74
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Bodor and co-workers discovered an interesting prodrug approach.252 They attached a

dihydropyridine derivative to di-O-pivaloyl-DA (1.46) allowing the compound to cross the

blood brain barrier. Upon oxidation of the dihydropyridine ring, a pyridinium ion is formed that

can not leave the brain, because ions can not readily migrate over the blood brain barrier. The

ionic DA prodrug is locked inside the CNS where upon hydrolysis it yields DA. Oxidation of

dihydropyridine unfortunately does not exclusively occur in the brain but throughout the

periphery also.

Despite a vast amount of differently substituted esters an amides derivatives of

dopaminergic catecholamines, to this day, L-dopa is the only prodrug used in the clinic for

central delivery of a drug.



Chapter 1

38

Examples of peripherally acting prodrugs of dopaminergic catecholamines are

numerous.253 Essentially the catecholamines are, again, protected by ester and amide groups,

though the nature of these protecting groups allow peripheral action only. Rapid hydrolysis of

the protecting groups or inability to cross the blood brain barrier are their essential features.

Introduction of amino acids as protecting groups as in gludopa (1.47) and γ-glutamyl-DA (1.48)

was used to preferentially target DA to the kidney (Figure 1.20).254-259
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Figure 1.20 Peripherally acting prodrugs of dopaminergic catecholamines. Gludopa (1.47)
and γ-glutamyl-DA (1.48).

The need for prodrugs that centrally deliver the active dopaminergic catecholamine is

evident. None of the approaches investigated so far has been able to produce substantial

improvement to make it to an effective drug. The increased efficacy of DA and apomorphine

over non-catecholamine based DA agonists in the treatment of Parkinson’s disease and the

neurotrophic properties ascribed to catecholamines warrant the development of fundamentally

new prodrug approaches. An orally active prodrug that by efficacy can compete with L-dopa but

does not induce long-term complications like L-dopa does needs to be developed. Prodrugs of

apomorphine, aminotetralins, or benzo[g]quinolines have the potential of being excellent

candidates for the treatment of Parkinson’s disease. Yet, development of a new prodrug concept

is inevitable to obtain the necessary improvement in drug kinetics.

1.7.3 Scope of this thesis

This thesis describes the research that was initiated by the unexpected observation that an

intermediate (PD148903) in the attempted synthesis of 5-hydroxy-N,N-di-n-propylaminotetralin

(1.14) induced dopaminergic behavior in rats in vivo whereas it had no binding affinity for the

DA D1 or DA D2 receptors (Scheme 1.21).260 Since this type of compounds was not described in
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literature, it was decided to investigate the pharmacology of this compound. Investigations were

aimed at elucidating the course of events leading up to the pharmacological effect and

describing the pharmacology of racemic PD148903 and of its separated enantiomers.

Another principle goal was to investigate whether the induction of a pharmacological

effect was uniquely preserved for PD148903 or that analogous compounds and derivatives also

could induce a similar pharmacological effect. By focussing on the synthesis of compounds that

potentially induced dopaminergic behavior, we set out to develop an orally active compound

with a potential application in the treatment of Parkinson’s disease. In the course of this research

several analogues were prepared of which the pharmacology is not yet fully described. Among

these compounds are analogs of PD148903 that potentially may be of use in treatment of other

pathological conditions.

O

O

N

O

PD148903

N

OH

a,b c,d

1.14

Figure 1.21 Attempted synthesis of 1.14 through the PD148903 intermediate. Reagents; a)
(CH2O)n, Pr2NH, acetone; b) NaBH3CN; c) I2, MeOH; d) BBr3..

1.8 REFERENCES

1. Snyder, S. H. In Drugs and the brain; Scientific American Books, Inc.: New York, 1996.

2. Stryer, L. In Biochemistry; W.H. Freeman and Company: New York, 1988.

3. Carlsson, A. The occurrence, distribution and physiological role of catecholamines in the nervous

system. Pharmacol.Rev. 1959, 11, 490-493.

4. Enringer, H., Hornykiewicz, O. Verteilung von Noradrenalin und Dopamin (3-Hydroxytyramin)

im Gehirn des Menschen und ihr Verhalten bei Erkrankungen des extrapyramidalen Systems.

Wien.Klin.Wochenschr. 1960, 38, 1236-1239.

5. Kish, S. J., Shannak, K., Hornykiewicz, O. Uneven pattern of dopamine loss in the striatum of

patients with idiopathic Parkinson's disease. N.Engl.J.Med. 1988, 318, 876-880.



Chapter 1

40

6. Hornykiewicz, O. Dopamine (3-Hydroxytyramine) and brain function. Pharmacol.Rev. 1966, 18,

925-962.

7. Seeman, P., Bzowej, N. H., Guan, H. C. Human brain D1 and D2 dopamine receptors in

schizophrenia, Alzheimer's, Parkinson's and Huntington's diseases. Neuropsychopharmacology

1987, 1, 5-15.

8. Seeman, P.; Niznik, H. B. Dopamine D1 receptor pharmacology; In ISA Atlas of pharmacology;

1988; pp 161-170.

9. Pardo, L., Campillo, M., Giraldo, J. The effect of the molecular mechanism of G protein-coupled

receptor activation on the process of signal transduction. Eur.J.Pharmacol. 1997, 335, 73-87.

10. Kebabian, J. W., Calne, D. B. Multiple receptors for dopamine. Nature 1979, 277, 93-96.

11. Sunahara, R. K., Guan, H. C., O'Dowd, B. F., Seeman, P., Laurier, L. G., Ng, G., George, S. R.,

Torchia, J., Van, T. H., Niznik, H. B.  Cloning of the gene for a human dopamine D5 receptor

with higher affinity for dopamine than D1. Nature 1991, 350, 614-619.

12. Sunahara, R. K., Niznik, H. B., Weiner, D. M., Stormann, T. M., Bran, M. R., Kennedy, J. L.,

Gelernter, J. E., Rozmahel, R., Yang, Y., Israel, Y., Seeman, P., O'Dowd, B. F.  Human

dopamine D1 receptor encoded by an intronless gene on chromosome 5. Nature 1990, 347, 80-83.

13. Van Tol, H. H. M., Bunzow, J. R., Guan, H. C., Sunahara, R. K., Seeman, P., Niznik, H. B.,

Civelli, O. Cloning of the gene for a human dopamine D4 receptor with high affinity for the

antipsychotic clozapine. Nature  1991, 350, 610-619.

14. Stormann, T. M., Gdula, D. C., Weiner, D. M., Bran, M. R. Molecular cloning and expression of

a dopamine D2 receptor from human retina. Mol.Pharmacol. 1990, 37, 1-6.

15. Zhou, Q.-Y., Grandy, D. K., Thambi, L., Kushner, J. A., Van Tol, H. H. M., Cone, R., Pribnow,

D., Salon, J., Bunzow, J. R., Civelli, O. Cloning and expression of human and rat D1 dopamine

receptors. Nature 1990, 347, 76-80.

16. Dearry, A., Gingrich, J. A., Falardeau, P., Fremeau, R. T. J., Bates, M. D., Caron, M. G.

Molecular cloning and expression of the gene for a human D1 dopamine receptor. Nature 1990,

347, 72-83.

17. Bunzow, J. R., Van Tol, H. H. M., Grandy, D. K., Albert, P., Salon, J., Christie, MD., Machida,

C. A., Neve, K. A., Civelli, O. Cloning and expression of a rat D2 dopamine receptor cDNA.

Nature 1988, 336, 783-787.

18. Sokoloff, P., Giros, B., Martres, M. P., Bouthenet, M. L., Schwartz, J. C. Molecular cloning and

characterization of a novel dopamine receptor (D3) as a target for neuroleptics. Nature 1990, 347,

146-151.



Introduction

41

19. Weinshank, R. L., Adham, N., Macchi, M., Olsen, M. A., Branchek, T. A., Hartig, P. R.

Molecular cloning and characterization of a high affinity dopamine receptor (D1β) and its

pseudogene. J.Biol.Chem. 1991, 266, 22427-22435.

20. Sokoloff, P., Martres, M. P., Giros, B., Bouthenet, M. L., Schwartz, J. C. The third dopamine

receptor (D3) as a novel target for antipsychotics. Biochem.Pharmacol. 1992, 43, 659-666.

21. Jackson, D. M., Westlind-Danielsson, A. Dopamine receptors: molecular biology, biochemistry

and behavioural aspects. Pharmac.Ther. 1994, 64, 291-369.

22. Sokoloff, P., Schwartz, J. C. Novel dopamine receptors half a decade later. TIPS 1995, 16, 270-

275.

23. Jarvie, K. R.; Tiberi, M.; Caron, M. G. Dopamine D1a and D1b receptors; In Dopamine receptors

and transporters-Pharmacology, Structure and Function; Niznik, H. B., ed. Marcel Dekker Inc:

New York, 1994; pp 133-150.

24. Pinder, R. M., Buxton, D. A., Green, D. M. On the dopamine-like action of apomorphine.

J.Pharm.Pharmacol 1971, 23, 995-996.

25. Goldman, M. E., Kebabian, J. W. Aporphine enantiomers. Interactions with D1 and D2 dopamine

receptors. Mol.Pharmacol 1984, 25, 18-23.

26. Gao, Y. G., Ram, V. J., Campbell, A., Kula, N. S., Baldessarini, R. J., Neumeyer, J. L. Synthesis

and structural requirements of N-substituted norapomorphines for affinity and activity at

dopamine D1, D2, and agonist receptor sites in rat brain. J.Med.Chem. 1990, 33, 39-44.

27. Neumeyer, J. L., Gao, Y. G., Kula, N. S., Baldessarini, R. J. R and S enantiomers of 11-hydroxy-

and 10,11-dihydroxy-N-allylnoraporphine: synthesis and affinity for dopamine receptors in rat

brain tissue. J.Med.Chem. 1991, 34, 24-28.

28. Schaus, J. M., Titus, R. D., Foreman, M. M., Mason, N. R., Truex, L. L. Aporphines as

Antagonists of Dopamine D1 Receptors. J.Med.Chem. 1990, 33, 600-607.

29. Saari, W. S., King, S. W. Synthesis and biological activity of (6aS)-10,11-dihydroxyaporphine,

the optical antipode of apomorphine. J.Med.Chem. 1973, 16, 171-172.

30. Neumeyer, J. L., McCarthy, M., Battista, S. P., Rosenberg, F. J., Teiger, D. G. Aporphines. 9.

Synthesis and pharmacological evaluation of (±)-9-10-dihydroxyaporphine [(±)-isoaporphine],

(+)-, (–)-, and (±)-1,2-dihydroxyaporphine, and (+)-1,2,9,10-tetrahydroxyaporphine.

J.Med.Chem. 1973, 16, 1228-1233.

31. Saari, W. S., King, S. W. Synthesis and biological activity of some aporphine derivatives related

to apomorphine. J.Med.Chem. 1974, 17, 1086-1090.

32. Horn, A. S. Dopamine receptors; In Comprehensive Medicinal Chemistry Vol 3: Membranes and

Receptors; Hansch, C., Sammes, P. G., Taylor, J. B., Emmet, J. C., eds. Pergamon Press: Oxford,

1990; pp 229-290.



Chapter 1

42

33. Cannon, J. G. Dopamine agonists: structure-activity relationships. Prog.Drug Res. 1985, 29, 304-

414.

34. Kaiser, C., Jain, T. Dopamine receptors: functions, subtypes and emerging concepts.

Med.Res.Rev. 1985, 5, 145-229.

35. Katerinopoulos, H. E., Schuster, D. I. Structure-Activity Relationships for Dopamine Analogs: a

Review. Drugs of the Future 1987, 12, 223-253.

36. Seiler, M. P.; Bölsterli, J. J.; Floersheim, P.; Hagenbach, A.; Markstein, R.; Pfãffli, P.; Widmer,

A.; Wütrich, H. Recognition at dopamine receptor subtypes; In Perspectives in Medicinal

Chemistry; Testa, B., Kyburz, E., Fuhrer, W., Giger, R., eds. Verlag Helvetica Chimica Acta:

Basel, 1993; pp 221-237.

37. McDermed, J. D.; Freeman, H. S.; Ferris, R. M. In Catecholamines: Basic and Clinical

Frontiers; Usdin, E., Koplin, I. J., Barchas, J., Eds. Pergamon Press: New York, 1979; pp 568-

570.

38. Seiler, M. P., Markstein, R. Further characterization of structural requirements for agonists at the

striatal dopamine D1 receptor. Studies with a series of monohydroxyaminotetralins on dopamine-

sensitive adenylate cyclase and a comparison with dopamine receptor binding. Mol.Pharmacol.

1982,  22, 281-289.

39. Seiler, M. P., Markstein, R. Further characterization of structural requirements for agonists at the

striatal dopamine D2 receptor and a comparison with those at the striatal dopamine D1 receptor.

Studies with a series of monohydroxyaminotetralins on acetylcholine release from rat striatum.

Mol.Pharmacol 1984, 26, 452-457.

40. Goodale, D. P., Rusterholz, D. B., Long, J. P., Flynn, J. R., Walsh, B., Cannon, J. G., Lee, T.

Neurochemical and behavioral evidence for a selective presynaptic dopamine receptor agonist.

Science 1980, 210, 1141-1143.

41. Feenstra, M. G., Sumners, C., Goedemoed, J. H., De Vries, J. B., Rollema, H., Horn, A. S. A

comparison of the potencies of various dopamine receptor agonists in models for pre- and

postsynaptic receptor activity. Naunyn Schmiedebergs Arch.Pharmacol 1983, 324, 108-115.

42. Van Oene, J. C., De Vries, J. B., Dijkstra, D., Renkema, R. J., Tepper, P. G., Horn, A. S. In vivo

dopamine autoreceptor selectivity appears to be critically dependent upon the aromatic hydroxyl

position in a series of N,N-disubstituted 2-aminotetralins. Eur.J.Pharmacol 1984, 102, 101-115.

43. Baldessarini, R. J., Kula, N. S., McGrath, C. R., Bakthavachalam, V., Kebabian, J. W.,

Neumeyer, J. L. Isomeric selectivity at dopamine D3 receptors. Eur.J.Pharmacol 1993, 239, 269-

270.



Introduction

43

44. Damsma, G., Bottema, T., Tepper, P. G., Dijkstra, D., Wikström, H., Pugsley, T. A., Corbin, A.

E., Heffner, T. G. Synthetic, biochemical, and behavioral observations on (+)- and (–)-7-OH-

DPAT, a putative dopamine D3 agonist (Abstr.). Soc.Neurosci.Abstr. 1993, 19, 77.

45. Damsma, G., Bottema, T., Westerink, B. H., Tepper, P. G., Dijkstra, D., Pugsley, T. A.,

MacKenzie, R. G., Heffner, T. G., Wikström, H. Pharmacological aspects of R-(+)-7-OH-DPAT,

a putative dopamine D3  receptor ligand. Eur.J.Pharmacol 1993, 249, R9-10.

46. Cannon, J. G., Brubaker, A. N., Long, J. P., Flynn, J. R., Verimer, T., Harnirattisai, P., Costall,

B., Naylor, R. J., Nohria, V. 5,7-Dihydroxy-2-aminotetralin derivatives: synthesis and

assessment of dopaminergic and adrenergic actions. J.Med.Chem. 1981, 24, 149-153.

47. Grol, C. J., Rollema, H. Conformational analysis of dopamine by the INDO molecular orbital

method. J.Pharm.Pharmacol 1977, 29, 153-156.

48. Grol, C. J., Jansen, L. J., Rollema, H. Resolution of 5,6-dihydroxy-2-(N,N-di-n-

propylamino)tetralin in relation to the structural and stereochemical requirements for centrally

acting dopamine agonists. J.Med.Chem. 1985, 28, 679-683.

49. Wikström, H. Centrally acting dopamine D2 receptor ligands: agonists. Prog.Med.Chem. 1992,

29, 185-216.

50. Wikström, H., Andersson, B., Sanchez, D., Lindberg, P., Arvidsson, L. E., Johansson, A. M.,

Nilsson, J. L., Svensson, K., Hjorth, S., Carlsson, A. Resolved monophenolic 2-aminotetralins

and 1,2,3,4,4a,5,6,10b-octahydrobenzo[f]quinolines: structural and stereochemical considerations

for centrally acting pre- and postsynaptic dopamine-receptor agonists. J.Med.Chem. 1985, 28,

215-225.

51. Seiler, M. P., Markstein, R., Walkinshaw, M. D., Boelsterli, J. J. Characterization of dopamine

receptor subtypes by comparative structure-activity relationships: dopaminomimetic activities

and solid state conformation of monohydroxy-1,2,3,4,4a,5,10,10a-octahydrobenz[g]quinolines

and its implications for a rotamer-based dopamine receptor model. Mol.Pharmacol 1989, 35,

643-651.

52. Beaulieu, M., Itoh, Y., Tepper, P., Horn, A. S., Kebabian, J. W. N,N-disubstituted 2-

aminotetralins are potent D2 dopamine receptor agonists. Eur.J.Pharmacol 1984, 105, 15-21.

53. Hutton, J. T., Metman, L. V., Chase, T. N., Juncos, J. L., Koller, W. C., Pahwa, R., LeWitt, P. A.,

Tsui, J. K., Calne, D. B., Waters, C. H., Calabrese, V. P., Benner, J. P., Barrett, R., Morris, J. L.

Transdermal dopaminergic D(2) receptor agonist therapy in Parkinson's disease with N-0923

TDS: a double-blind, placebo-controlled study. Mov.Disord. 2001, 16, 459-463.

54. Horn, A. S., Tepper, P., Kebabian, J. W., Beart, P. M. N-0434, A very potent and specific new D2

dopamine receptor agonist. Eur.J.Pharmacol 1984, 99, 125-126.



Chapter 1

44

55. Horn, A. S., Tepper, P., Van der, W. J., Watanabe, M., Grigoriadis, D., Seeman, P. Synthesis and

radioreceptor binding activity of N-0437, a new, extremely potent and selective D2 dopamine

receptor agonist. Pharm.Weekbl.Sci. 1985, 7, 208-211.

56. Van der, W. J., De Vries, J. B., Tepper, P. G., Horn, A. S. Pharmacological profiles of three new,

potent and selective dopamine receptor agonists: N-0434, N-0437 and N-0734. Eur.J.Pharmacol

1986, 125, 273-282.

57. Timmerman, W., Westerink, B. H., De Vries, J. B., Tepper, P. G., Horn, A. S. Microdialysis and

striatal dopamine release: stereoselective actions of the enantiomers of N-0437. Eur.J.Pharmacol

1989, 162, 143-150.

58. Timmerman, W., Dubocovich, M. L., Westerink, B. H., De Vries, J. B., Tepper, P. G., Horn, A.

S. The enantiomers of the dopamine agonist N-0437: in vivo and in vitro effects on the release of

striatal dopamine. Eur.J.Pharmacol 1989, 166, 1-11.

59. Sokoloff, P., Giros, B., Martres, M. P., Bouthenet, M. L., Schwartz, J. C. Molecular cloning and

characterization of a novel dopamine receptor (D3) as a target for neuroleptics. Nature 1990, 347,

146-151.

60. Setler, P. E., Sarau, H. M., Zirkle, C. L., Saunders, H. L. The central effects of a novel dopamine

agonist. Eur.J.Pharmacol 1978, 50, 419-430.

61. Kaiser, C., Dandridge, P. A., Garvey, E., Hahn, R. A., Sarau, H. M., Setler, P. E., Bass, L. S.,

Clardy, J. Absolute stereochemistry and dopaminergic activity of enantiomers of 2,3,4,5-

tetrahydro-7,8-dihydroxy-1-phenyl-1H-3-benzazepine. J.Med.Chem. 1982, 25, 697-703.

62. Arnt, J., Bogeso, K. P., Hyttel, J., Meier, E. Relative dopamine D1 and D2 receptor affinity and

efficacy determine whether dopamine agonists induce hyperactivity or oral stereotypy in rats.

Pharmacol Toxicol. 1988, 62, 121-130.

63. O'Boyle, K. M., Gaitanopoulos, D. E., Brenner, M., Waddington, J. L. Agonist and antagonist

properties of benzazepine and thienopyridine derivatives at the D1 dopamine receptor.

Neuropharmacology 1989, 28, 401-405.

64. Andersen, P. H., Jansen, J. A. Dopamine receptor agonists: selectivity and dopamine D1 receptor

efficacy.  Eur.J.Pharmacol 1990, 188, 335-347.

65. Pifl, C., Reither, H., Hornykiewicz, O. Lower efficacy of the dopamine D1 agonist, SKF 38393,

to stimulate adenylyl cyclase activity in primate than in rodent striatum. Eur.J.Pharmacol 1991,

202, 273-276.

66. Izenwasser, S., Katz, J. L. Differential efficacies of dopamine D1 receptor agonists for

stimulating adenylyl cyclase in squirrel monkey and rat. Eur.J.Pharmacol 1993, 246, 39-44.



Introduction

45

67. Arnt, J., Hyttel, J., Sanchez, C. Partial and full dopamine D1 receptor agonists in mice and rats:

relation between behavioural effects and stimulation of adenylate cyclase activity in vitro.

Eur.J.Pharmacol 1992, 213, 259-267.

68. Pfeiffer, F. R., Wilson, J. W., Weinstock, J., Kuo, G. Y., Chambers, P. A., Holden, K. G., Hahn,

R. A., Wardell-JR, J., Tobia, A. J., Setler, P. E., Sarau, H. M. Dopaminergic activity of

substituted 6-chloro-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepines. J.Med.Chem. 1982, 25,

352-358.

69. Riggs, R. M., Nichols, D. E., Foreman, M. M., Truex, L. L., Glock, D., Kohli, J. D. Specific

dopamine D1 and DA1 properties of 4-(mono- and -dihydroxyphenyl)-1,2,3,4-

tetrahydroisoquinoline and its tetrahydrothieno[2,3-c]pyridine analogue. J.Med.Chem. 1987, 30,

1454-1458.

70. Andersen, P. H., Nielsen, E. B., Scheel, K. J., Jansen, J. A., Hohlweg, R. Thienopyridine

derivatives identified as the first selective, full efficacy, dopamine D1 receptor agonists.

Eur.J.Pharmacol 1987, 137, 291-292.

71. Lovenberg, T. W., Brewster, W. K., Mottola, D. M., Lee, R. C., Riggs, R. M., Nichols, D. E.,

Lewis, M. H., Mailman, R. B. Dihydrexidine, a novel selective high potency full dopamine D1

receptor agonist. Eur.J.Pharmacol 1989, 166, 111-113.

72. Brewster, W. K., Nichols, D. E., Riggs, R. M., Mottola, D. M., Lovenberg, T. W., Lewis, M. H.,

Mailman, R. B. trans-10,11-dihydroxy-5,6,6a,7,8,12b-hexahydrobenzo[a]phenanthridine: a

highly potent selective dopamine D1 full agonist. J.Med.Chem. 1990, 33, 1756-1764.

73. Mottola, D. M., Brewster, W. K., Cook, L. L., Nichols, D. E., Mailman, R. B. Dihydrexidine, a

novel full efficacy D1 dopamine receptor agonist. J.Pharmacol Exp.Ther. 1992, 262, 383-393.

74. Rascol, O., Blin, O., Thalamas, C., Descombes, S., Soubrouillard, C., Azulay, P., Fabre, N.,

Viallet, F., Lafnitzegger, K., Wright, S., Carter, J. H., Nutt, J. G. ABT-431, a D1 receptor agonist

prodrug, has efficacy in Parkinson's disease. Ann.Neurol 1999, 45, 736-741.

75. Poewe, W., Luef, G., Kleedorfer, B., Emre, M. Antiparkinsonian activity of a non-ergot

dopamine agonist, CV 205-502, in patients with fluctuating Parkinson's disease. Mov.Disord.

1990, 5, 257-259.

76. Gulwaldi, A. G., Korpinen, C. D., Mailman, R. B., Nichols, D. E., Sit, S. Y., Taber, M. T.

Dinapsoline: characterization of a D1 dopamine receptor agonist in a rat model of Parkinson's

disease. J.Pharmacol.Exp.Ther. 2001, 296, 338-344.

77. Duvoisin, R. History of Parkinsonism. Pharmac.Ther.  1987, 32, 1-17.

78. Albin, R. L., Young, A. B., Penney, J. B. The functional anatomy of basal ganglia disorders.

Trends Neurosci. 1989, 12, 366-375.



Chapter 1

46

79. Daum, R. F., Sekinger, B., Kobal, G., Lang, C. J. Olfactory testing with "sniffin' sticks" for

clinical diagnosis of Parkinson disease. Nervenarzt 2000, 71, 643-650.

80. Strange, P. G. Brain Biochemistry and Brain Disorders; Oxford University Press: Oxford, 1992.

81. Gerfen, C. R. The neostriatal mosaics: multiple levels of compartmental organization in the basal

ganglia. Annu.Rev.Neurosci. 1992, 15, 285-320.

82. Penney Jr., J. B., Young, A. B. Striatal inhomogeneities and basal ganglia function. Mov Disord.

1986, 1, 3-15.

83. Alexander, G. E., Crutcher, M. D. Functional architecture of basal ganglia circuits: neural

substrates of parallel processing. Trends Neurosci. 1990, 13, 266-271.

84. DeLong, M. R. Primate models of movement disorders of basal ganglia origin. Trends Neurosci.

1990, 13, 281-285.

85. Robertson, H. A. Dopamine receptor interactions: some implications for the treatment of

Parkinson's disease. Trends Neurosci. 1992, 15, 201-206.

86. Strange, P. G. Dopamine receptors in the basal ganglia: relevance to Parkinson's disease. Mov

Disord. 1993, 8, 263-270.

87. Abercrombie, E. D., DeBoer, P. Substantia nigra D1 receptors and stimulation of striatal

cholinergic interneurons by dopamine: a proposed circuit mechanism. J.Neurosci. 1997, 17,

8498-8505.

88. de Boer, P. Dopamine-Acetylcholine Interactions in the Rat Striatum: In Vivo Microdialysis

Studies. 1992.  Rijksuniversiteit Groningen, The Netherlands.

89. Carlsson, A., Waters, N., Holm-Waters, S., Tedroff, J., Nilsson, M., Carlsson, M. L. Interactions

between monoamines, glutamate, and GABA in schizophrenia: new evidence.

Annu.Rev.Pharmacol.Toxicol. 2001, 41, 237-260.

90. Murray, A. M., Waddington, J. L. The induction of grooming and vacuous chewing by a series of

selective D-1 dopamine receptor agonists: two directions of D-1:D-2 interaction.

Eur.J.Pharmacol 1989, 160, 377-384.

91. Murray, A. M., Waddington, J. L. Further evidence for two directions of D-1:D-2 dopamine

receptor interaction revealed concurrently in distinct elements of typical and atypical behaviour:

studies with the new enantioselective D-2 agonist LY 163502. Psychopharmacology Berl. 1989,

98, 245-250.

92. Daly, S. A., Waddington, J. L. Two directions of dopamine D1/D2 receptor interaction in studies

of behavioural regulation: a finding generic to four new, selective dopamine D1 receptor

antagonists. Eur.J.Pharmacol. 1992, 213, 251-258.

93. Stoof, J. C., Kebabian, J. W. Opposing roles for D1 and D2 dopamine receptors in efflux of cyclic

AMP from rat neostriatum. Nature 1981, 294, 366-368.



Introduction

47

94. Onali, P., Olianas, M. C., Gessa, G. L. Characterization of dopamine receptors mediating

inhibition of adenylate cyclase activity in rat striatum. Mol.Pharmacol 1985, 28, 138-145.

95. Stoof, J. C., Verheijden, P. F. D2 receptor stimulation inhibits cyclic AMP formation brought

about by D1 receptor stimulation in rat neostriatum but not nucleus accumbens. Eur.J.Pharmacol

1986, 129, 205-206.

96. Kelly, E., Nahorski, S. R. Dopamine D2 receptors inhibit D1 stimulated cyclic AMP

accumulation in striatum but not limbic forebrain. Naunyn Schmiedebergs Arch.Pharmacol 1987,

335, 508-512.

97. Costall, B., Lim, S. K., Naylor, R. J., Cannon, J. G. On the preferred rotameric conformation for

dopamine agonist action: an illusory quest? J.Pharm.Pharmacol 1982, 34, 246-254.

98. Bertorello, A. M., Hopfield, J. F., Aperia, A., Greengard, P. Inhibition by dopamine of

(Na(+)+K+)ATPase activity in neostriatal neurons through D1 and D2 dopamine receptor

synergism. Nature 1990, 347, 386-388.

99. Piomelli, D., Pilon, C., Giros, B., Sokoloff, P., Martres, M. P., Schwartz, J. C. Dopamine

activation of the arachidonic acid cascade as a basis for D1/D2 receptor synergism. Nature 1991,

353, 164-167.

100. Shimizu, T., Wolfe, L. S. Arachidonic acid cascade and signal transduction. J.Neurochem. 1990 ,

55, 1-15.

101. Piomelli, D., Greengard, P. Lipoxygenase metabolites of arachidonic acid in neuronal

transmembrane signalling. Trends Pharmacol Sci. 1990, 11, 367-373.

102. LaHoste, G. J., Henry, B. L., Marshall, J. F. Dopamine D1 receptors synergize with D2, but not

D3 or D4, receptors in the striatum without the involvement of action potentials. J.Neurosci.

2000, 20, 6666-6671.

103. Buonamici, M., Caccia, C., Pegrassi, L., Rossi, A. C., Di Chiara, G. D1 receptor supersensitivity

in the rat striatum after unilateral 6-hydroxydopamine lesions. Eur.J.Pharmacol. 1986, 126, 347-

348.

104. Porceddu, M. L., Giorgi, O., De Montis, G. 6-Hydroxydopamine-induced degeneration of nigral

dopamine neurons: differential effect on nigral and striatal D1 receptors. Life Sci. 1987, 41, 697-

706.

105. Gerfen, C. R., Engber, T. M., Mahan, L. C., Susel, Z., Chase, T. N., Monsma-FJ, J., Sibley, D. R.

D1 and D2 dopamine receptor-regulated gene expression of striatonigral and striatopallidal

neurons. Science 1990, 250, 1429-1432.

106. Clark, D., White, F. J. D1 dopamine receptor: The search for a function: a critical evaluation of

the D1/D2 dopamine receptor classification and its functional implications. Synapse 1987, 1, 347-

388.



Chapter 1

48

107. Waddington, J. L. Behavioural correlates of the action of selective D1 dopamine receptor

antagonists. Impact of SCH 23390 and SKF 83566, and functionally interactive D1:D2 receptor

systems. Biochem.Pharmacol 1986, 35, 3661-3667.

108. Arnt, J. Behavioral studies of dopamine receptors: evidence for regional selectivity and receptor

multiplicity; In Receptor Biochemistry and Methodology Vol 8: Dopamine Receptors; Creese, I.,

Fraser, C. M., Eds. Alan R. Riss: New York, 1987; pp 199-231.

109. Waddington, J. L., O'Boyle, K. M. The dopamine D1 receptor and the search for its functional

role: from neurochemistry to behavior. Rev.Neurosci. 1987, 1, 157-184.

110. Waddington, J. L., O'Boyle, K. M. Drugs acting on brain dopamine receptors: a conceptual re-

evaluation five years after the first selective D1 antagonist. Pharmacol Ther. 1989, 43, 1-52.

111. Waddington, J. L. Functional interaction between D1 and D2 dopamine receptor systems: their

role in the regulation of psychomotor behaviour, putative mechanisms, and clinical relevance.

J.Psychpharmacol. 1989, 3, 554-63.

112. Barone, P., Davis, T. A., Braun, A. R., Chase, T. N. Dopaminergic mechanisms and motor

function: characterization of D1 and D2 dopamine receptor interactions. Eur.J.Pharmacol. 1986,

123, 109-114.

113. Gershanik, O., Heikkila, R. E., Duvoisin, R. C. Behavioral correlations of dopamine receptor

activation. Neurology 1983, 33, 1489-1492.

114. Jackson, D. M., Hashizume, M. Bromocriptine induces marked locomotor stimulation in

dopamine-depleted mice when D1 dopamine receptors are stimulated with SKF38393.

Psychopharmacology Berl 1986, 90, 147-149.

115. Jackson, D. M., Ross, S. B., Hashizume, M. Further studies on the interaction between

bromocriptine and SKF38393 in reserpine and alpha methyl-para-tyrosine-treated mice.

Psychopharmacology Berl 1988, 94, 321-327.

116. Ross, S. B., Jackson, D. M., Wallis, E. M., Edwards, S. R. Enhancement by a single dose of

reserpine (plus alpha methyl-p-tyrosine) of the central stimulatory effects evoked by dopamine

D1 and D2 agonists in the mouse. Naunyn Schmiedebergs Arch.Pharmacol 1988, 337, 512-518.

117. Arnt, J. Behavioural stimulation is induced by separate dopamine D1 and D2 receptor sites in

reserpine-pretreated but not in normal rats. Eur.J.Pharmacol 1985, 113, 79-88.

118. Ungerstedt, U., Arbuthnott, G. W. Quantitative recording of rotational behaviour in rats after 6-

hydroxy-dopamine lesions of the nigrostriatal dopamine system. Brain Research 1970, 24, 485-

493.

119. Fenton, H. M., Leszczak, E., Gerhardt, S., Liebman, J. M. Evidence for heterogeneous rotational

responsiveness to apomorphine, 3-PPP and SKF 38393 in 6-hydroxydopamine-denervated rats.

Eur.J.Pharmacol 1984, 106, 363-372.



Introduction

49

120. Liebman, J. M., Gerber, R., Hall, N. R., Altar, C. A. Heterogeneous rotational responsiveness in

6-hydroxydopamine-denervated rats: pharmacological and neurochemical characterization.

Psychopharmacology Berl 1988, 96, 477-483.

121. Schultz, W. MPTP-induced parkinsonism in monkeys: mechanism of action, selectivity and

pathophysiology. Gen.Pharmacol 1988, 19, 153-161.

122. McCrodden, J. M., Tipton, K. F., Sullivan, J. P. The neurotoxicity of MPTP and the relevance to

Parkinson's disease. Pharmacol Toxicol. 1990, 67, 8-13.

123. Wolters, E. C., Vermeulen, R. J., Goosen, C., Stoof, J. C. Unilateral MPTP-lesioned monkey as

an animal model for Parkinson's disease. Meth.Neurosci. 1991, 7, 153-168.

124. Bankiewicz, K. S. MPTP-induced parkinsonism in nonhuman primates. Meth.Neurosci. 1991, 7,

168-182.

125. Luquin, M. R., Guilen, J., Martinez-Vila, E., Laguna, J., Martinez-Lage, J. M. Functional

interaction between dopamine D1 and D2 receptors in 'MPTP' monkeys. Eur.J.Pharmacol. 1994

, 253, 215-224.

126. Nomoto, M., Jenner, P., Marsden, C. D. The D1 agonist SKF 38393 inhibits the antiparkinsonian

activity of the D2 agonist LY 171555 in the MPTP-treated marmoset. Neurosci.Lett. 1988, 93,

275-280.

127. Elliott, P. J., Walsh, D. M., Close, S. P. Dopamine D1 and D2 receptor interactions in the MPTP-

treated marmoset. Neurosci.Lett. 1992,  142, 1-4.

128. Temlett, J. A., Chong, P. N., Oertel, W. H., Jenner, P., Marsden, C. D. The D1 dopamine receptor

partial agonist, CY 208-243, exhibits antiparkinsonian activity in the MPTP-treated marmoset.

Eur.J.Pharmacol. 1988, 156, 197-206.

129. Martin-Iverson, M. T. Chronic treatment with D1 and D2 dopamine receptor agonists: combined

treatments interact to differentially affect brain levels of monoamines. Naunyn Schmiedebergs

Arch.Pharmacol 1991,  344, 281-285.

130. van Laar, T. Pharmacokinetic and clinical efficacy of apomorphine in patients with Parkinson's

disease. 1996.  Rijksuniversiteit Groningen, The Netherlands.

131. Parkinson, J. An essay on the shaking palsy; Whittingham and Rowland, for Sherwood, Neely

and Jones: London, 1817.

132. Weil, E. De L'apomorphine dans certain troubles nerveux. Lyon Med. 1884, 48, 411-419.

133. Matthiesen, A., Wright, C. R. A. Researches into the chemical constitution of the opium bases.

Part 1: On the action of hydrochloric acid on morphia. Proc.R.Soc.Lond. 1869 , 17, 455-460.

134. Feldman, F., Susselman, F., Barrera, S. E. A note on apomorphine as a sedative. Am.J.Psychiatry

1945, 102, 403-405.

135. Douglas, C. J. Alcoholism. N.Y.Med.J. 1899, 70, 626-628.



Chapter 1

50

136. Vallender, E. Berl.Klin.Woch. 1877, 14, 185-186.

137. Gee, S. On the action of a new organic base, apomorphia. Trans Clin.Soc.Lond. 1869, 2, 166-

169.

138. Challand, R. Bull.Soc.Med.Suisse Rom. 1876, 10, 385-399.

139. Pierce, F. M. Br.Med.J. 1870, 1, 204.

140. Amsler, C. Beitrage zur Pharmacologie des Gehirns. Naunyn Schmiedebergs Arch.Pharmacol.

1923, 97, 1-14.

141. Schwab, R. S., Amador, L. V., Lettvin, J. Y. Apomorphine in Parkinson's Disease. Trans

Am.Neurol.Assoc. 1951, 76, 251-253.

142. Ernst, A. M. Relation between action of dopamine and apomorphine and the O-methylated

derivatives upon the CNS. Psychopharmacologia (Berlin) 1965, 7, 391-399.

143. Braham, J., Sarova, P., I, Goldhammer, Y. Apomorphine in Parkinsonian tremor. Br.Med.J.

1970, 3, 768.

144. Castaigne, P., Laplane, D., Dordain, G. Clinical experimentation with apomorphine in

Parkinson's disease. Res.Commun.Chem.Pathol.Pharmacol 1971, 2, 154-158.

145. Cotzias, G. C., Papavasiliou, P. S., Tolosa, E. S., Mendez, J. S., Bell, M. M. Treatment of

Parkinson's disease with aporphines. Possible role of growth hormone. N.Engl.J.Med. 1976, 294,

567-572.

146. Frankel, J. P., Lees, A. J., Kempster, P. A., Stern, G. M. Subcutaneous apomorphine in the

treatment of Parkinson's disease. J.Neurol.Neurosurg.Psychiatry 1990, 53, 96-101.

147. van Laar, T., Jansen, E. N., Essink, A. W., Neef, C., Oosterloo, S., Roos, R. A. A double-blind

study of the efficacy of apomorphine and its assessment in 'off'-periods in Parkinson's disease.

Clin.Neurol.Neurosurg. 1993, 95, 231-235.

148. Wachtel, H. Antiparkinsonian dopamine agonists: a review of the pharmacokinetics and

neuropharmacology in animals and humans. J.Neural Transm.Park Dis.Dement.Sect. 1991, 3,

151-201.

149. Agid, Y., Pollak, P., Bonnet, A. M., Signoret, J. L., Lhermitte, F. Bromocriptine associated with

a peripheral dopamine blocking agent in treatment of Parkinson's disease. Lancet 1979 , 1, 570-

572.

150. Stibe, C. M., Lees, A. J., Kempster, P. A., Stern, G. M. Subcutaneous apomorphine in

parkinsonian on-off oscillations. Lancet 1988, 1, 403-406.

151. Carlsson, A., Lindquist, M., Magnusson, T.Nature 1957, 180, 1200.

152. Tolosa, E., Marti, M. J., Valldeoriola, F., Molinuevo, J. L. History of levodopa and dopamine

agonists in Parkinson's disease treatment. Neurology 1998, 50, S2-10.



Introduction

51

153. Cotzias, G. C., Papavasiliou, P. S. Therapeutic studies of parkinsonian patients: long-term effects

of D,L- and L-dopa. Presented at the Second International Congress of Neurophtalmology. 9-19-

1967. Montreal, Canada.

154. Cotzias, G. C., Van Woert, M. H., Schiffer, L. M. Aromatic amino acids and modification of

parkinsonism. N.Engl.J.Med. 1967, 276, 374-379.

155. Cotzias, G. C., Papavasiliou, P. S., Gellene, R. Modification of parkinsonism: chronic treatment

with L-dopa. N.Engl.J.Med. 1969, 280, 337-345.

156. Bartholini, G., Burkard, W. F., Pletscher, A., Bates, H. M. Increase in cerebral catecholamines

caused by 3,4-dihydroxyphenylalanine after inhibition of peripheral decarboxylase. Nature 1967,

215, 852-853.

157. Birkmayer, W., Mentasti, M. Weitere experimentalle Untersuchungen über den

Catecholaminstoffwechsel bei extrapyramidalen Erkrankungen (Parkinson und Chorea

Syndrome). Arch.Psychiatr.Zschr.Ges.Neurol. 1967, 210, 29-35.

158. Birkmayer, W. Die Bedeutung des Monoamin-metabolismus für die Pathalogie des

extrapyramidalen Systems. Ars.Med.(Liestal) 1967, 57, 814-831.

159. Siegfried, J. Traitement du parkinsonisme avec la L-dopa associée à un inhibiteur de la

décarboxylase. Med.Hyg. 1969, 27, 543-545.

160. Tissot, R., Bartholini, G., Pleischer, A. Drug-induced changes of extracerebral dopa metabolism

in man. Arch.Neurol. 1969, 20 , 187-190.

161. Birkmayer, W.; Linauer, W.; Mentasti, M. Traitement à la L-dopa combinée avec un inhibiteur

de la décarboxylase (RO4-4602); In Monoamines noyaux gris centraux et syndrome de

Parkinson; Ajuriaguerra, J., ed. Georg: Geneva, 1971; pp 435-441.

162. Yahr, M. D., Duvoisin, R. C., Mendoza, M. R., Schear, M. J., Barrett, R. E. Modification of L-

dopa therapy of Parkinsonism by alpha-methyldopa hydrazine (MK-486). Trans

Am.Neurol.Assoc. 1971, 96.

163. Calne, D. B., Reid, J. L., Vakil, S. D., Rao, S., Petrie, A., Pallis, C. A. , Gawler, J., Thomas, P.

K., Hilson, A. Idiopathic Parkinsonism treated with an extracerebral decarboxylase inhibitor in

combination with levodopa. Br.Med.J. 1971, 3, 729-732.

164. Papavasiliou, P. S., Cotzias, G. C., Duby, S. E., Steck, A. J., Fehling, C., Bell, M. A. Levodopa

in Parkinsonism: potentiation of central effects with a peripheral inhibitor. N.Engl.J.Med. 1972,

286, 8-14.

165. Marsden, C. D., Barry, P. E., Parkes, J. D., Zilkha, K. J. Treatment of Parkinson's disease with

levodopa combined with L-alpha-methyldopahydrazine, an inhibitor of extracerebral DOPA

decarboxylase. J.Neurol.Neurosurg.Psychiatry 1973, 36, 10-14.

166. Markham, C. H. The "on-off" side effect of L-DOPA. Adv.Neurol. 1974, 5, 387-396.



Chapter 1

52

167. Markham, C., Diamond, S. G., Treciokas, L. J. Carbidopa in Parkinson disease and in nausea and

vomiting of levodopa. Arch.Neurol. 1974, 31, 128-133.

168. Martin, W. E., Tolosa, E. S., Loewenson, R. B., Lee, M. C., Resch, J. A., Baker, A. B. The

effects of combining carbidopa with levodopa for Parkinson's disease. Geriatrics 1975, 30, 39-

44.

169. Eden, R. J., Costall, B., Domeney, A. M., Gerrard, P. A., Harvey, C. A., Kelly, M. E., Naylor, R.

J., Owen, D. A., Wright, A. Preclinical pharmacology of ropinirole (SK&F 101468-A) a novel

dopamine D2  agonist. Pharmacol Biochem.Behav. 1991, 38, 147-154.

170. Schrag, A. E., Brooks, D. J., Brunt, E., Fuell, D., Korczyn, A., Poewe, W., Quinn, N. P., Rascol,

O., Stocchi, F. The safety of ropinirole, a selective nonergoline dopamine agonist, in patients

with Parkinson's disease. Clin.Neuropharmacol. 1998, 21, 169-175.

171. Korczyn, A. D., Brooks, D. J., Brunt, E. R., Poewe, W. H., Rascol, O., Stocchi, F. Ropinirole

versus bromocriptine in the treatment of early Parkinson's disease: a 6-month interim report of a

3-year study. 053 Study Group. Mov Disord. 1998, 13, 46-51.

172.  Therapy of Parkinson's disease; Koller, W. C., Paulson, G., eds. Marcel Dekker: New York,

1995.

173. The Parkinson Study Group Effects of tocopherol and deprenyl on the progression of disability in

early Parkinson's disease. N.Engl.J.Med. 1993, 328, 176-183.

174. The Parkinson Study Group Effect of deprenyl on the progression of disability in early

Parkinson's disease. N.Engl.J.Med. 1989, 321, 1364-1371.

175. Olanow, C. W., Calne, D. Does selegiline monotherapy in Parkinson's disease act by

symptomatic or protective mechanisms? Neurology 1992, 42, 13-26.

176. Myllyla, V. V., Sotaniemi, K. A., Vuorinen, J. A., Heinonen, E. H. Selegiline as initial treatment

in de novo parkinsonian patients. Neurology 1992, 42, 339-343.

177. Yang, H. Y., Neff, N. H. The monoamine oxidases of brain: selective inhibition with drugs and

the consequences for the metabolism of the biogenic amines. J.Pharmacol Exp.Ther. 1974, 189,

733-740.

178. Engberg, G., Elebring, T., Nissbrandt, H. Deprenyl (selegiline), a selective MAO-B inhibitor

with active metabolites; effects on locomotor activity, dopaminergic neurotransmission and firing

rate of nigral dopamine neurons. J.Pharmacol Exp.Ther. 1991, 259, 841-847.

179. Tatton, W. G., Greenwood, C. E. Rescue of dying neurons: a new action for deprenyl in MPTP

parkinsonism. J.Neurosci.Res. 1991, 30, 666-672.

180. Leenders, K. L., Palmer, A. J., Quinn, N. Brain dopamine metabolism in patients with

parkinson's disease measured with positron emission tomography.

J.Neurol.Neurosurg.Psychiatry 1986, 49, 853-860.



Introduction

53

181. Cedarbaum, J. M., Silvestri, M., Kutt, H. Sustained enteral administration of levodopa increases

and interrupted infusion decreases levodopa dose requirements. Neurology 1990, 40, 995-997.

182. Woods, A. C., Glaubiger, G. A., Chase, T. N. Sustained-release levodopa. Lancet 1973, 1, 1391.

183. Eckstein, B., Shaw, K., Stern, G. Sustained-release levodopa in parkinsonism. Lancet 1973, 1,

431-432.

184. Erni, W., Held, K. The hydrodynamically balanced system: a novel principle of controlled drug

release. Eur.Neurol. 1987, 27 Suppl 1, 21-27.

185. Yeh, K. C., August, T. F., Bush, D. F., Lasseter, K. C., Musson, D. G., Schwartz, S., Smith, M.

E., Titus, D. C. Pharmacokinetics and bioavailability of Sinemet CR: a summary of human

studies. Neurology  1989, 39, 25-38.

186. Wilding, I. R., Hardy, J. G., Davis, S. S., Melia, C. D., Evans, D. F., Short, A. H., Sparrow, R.

A., Yeh, K. C. Characterisation of the in vivo behaviour of a controlled-release formulation of

levodopa (Sinemet CR). Clin.Neuropharmacol. 1991, 14, 305-321.

187. Mena, M. A., Davila, V., Sulzer, D. Neurotrophic effects of L-DOPA in postnatal midbrain

dopamine neuron/cortical astrocyte cocultures. J.Neurochem. 1997, 69, 1398-1408.

188. Alam, Z. I., Daniel, S. E., Lees, A. J., Marsden, D. C., Jenner, P., Halliwell, B. A generalised

increase in protein carbonyls in the brain in Parkinson's but not incidental Lewy body disease.

J.Neurochem. 1997, 69, 1326-1329.

189. Alam, Z. I., Jenner, A., Daniel, S. E., Lees, A. J., Cairns, N., Marsden, C. D., Jenner, P.,

Halliwell, B.  Oxidative DNA damage in the parkinsonian brain: an apparent selective increase in

8-hydroxyguanine levels in substantia nigra. J.Neurochem. 1997, 69, 1196-1203.

190. Jenner, P., Olanow, C. W. Oxidative stress and the pathogenesis of Parkinson's disease.

Neurology 1996, 47, S161-S170.

191. Dexter, D. T., Holley, A. E., Flitter, W. D., Slater, T. F., Wells, F. R., Daniel, S. E., Lees, A. J.,

Jenner, P., Marsden, C. D. Increased levels of lipid hydroperoxides in the parkinsonian substantia

nigra: an HPLC and ESR study [published erratum appears in Mov Disord 1994 May;9(3):380].

Mov Disord. 1994, 9, 92-97.

192. Dexter, D. T., Carter, C. J., Wells, F. R., Javoy, A. F., Agid, Y., Lees, A., Jenner, P., Marsden, C.

D. Basal lipid peroxidation in substantia nigra is increased in Parkinson's disease. J.Neurochem.

1989, 52, 381-389.

193. Spina, M. B., Cohen, G. Exposure of striatal [corrected] synaptosomes to L-dopa increases levels

of oxidized glutathione [published erratum appears in J Pharmacol Exp Ther 1989

Jan;248(1):478]. J.Pharmacol Exp.Ther. 1988, 247, 502-507.

194. Cohen, G. Monoamine oxidase, hydrogen peroxide, and Parkinson's disease. Adv.Neurol. 1987,

45 , 119-125.



Chapter 1

54

195. Graham, D. G. Oxidative pathways for catecholamines in the genesis of neuromelanin and

cytotoxic quinones. Mol.Pharmacol 1978, 14, 633-643.

196. Birkmayer, W., Hornykiewicz, O. Der L-3,4-dioxyphenylalanin (=DOPA) Effekt bei der

Parkinson-Akinese. Wien.Klin.Wochenschr. 1961, 73, 787-788.

197. Lees, A. J. Levodopa: the gold standard in the management of Parkinson's disease; In Twenty

years of Madopar: new avenues; Poewe, W., Lees, A. J., eds. Editiones Roche: Basel, 1994; pp

55-64.

198. Marsden, C. D., Parkes, J. D. Success and problems of long-term levodopa therapy in Parkinson's

disease. Lancet 1977, 1, 345-349.

199. Poewe, W. H., Lees, A. J., Stern, G. M. Low-dose L-dopa therapy in Parkinson's disease: a 6-

year follow-up study. Neurology 1986, 36, 1528-1530.

200. Marsden, C. D. Late levodopa failure: pathophysiology and management; In Twenty years of

Madopar, new avenues; Poewe, W., Lees, A. J., eds. Editiones Roche: Basel, 1994; pp 65-76.

201. Felten, D. L., Felten, S. Y., Fuller, R. W., Romano, T. D., Smalstig, E. B., Wong, D. T.,

Clemens, J. A. Chronic dietary pergolide preserves nigrostriatal neuronal integrity in aged-

Fischer-344 rats. Neurobiol.Aging 1992, 13, 339-351.

202. Yoshikawa, T., Minamiyama, Y., Naito, Y., Kondo, M. Antioxidant properties of bromocriptine,

a dopamine agonist. J.Neurochem. 1994, 62, 1034-1038.

203. Ogawa, N., Tanaka, K., Asanuma, M., Kawai, M., Masumizu, T., Kohno, M., Mori, A.

Bromocriptine protects mice against 6-hydroxydopamine and scavenges hydroxyl free radicals in

vitro. Brain Res. 1994, 657, 207-213.

204. Fluckiger, E.; Briener, U.; Enz, A.; Markstein, R.; Vigouret, J. M. Dopamine ergot compounds:

an overview; In Lisuride and other dopamine agonists: basic mechanisms and endocrine and

neurological effects; Calne, D. B., Horowski, R., McDonald, R. J., Wuttke, W., eds. Raven Press:

New York, 1983; pp 1-9.

205. Fuxe, K.; Hökfelt, T. Central monoaminergic system and hypothalamic function; In The

hypothalamus; Martini, T. L., Motta, M., Fraschini, F., eds. Academic Press: New York, 1970;

pp 123-138.

206. Poewe, W. Adjuncts to levodopa therapy: dopamine agonists. Neurology 1998, 50, S23-6.

207. Ladenburg, A., Theodor Synthetische Alkine der Pyridin- und Piperidinreihe. Justus Liebigs

Ann.Chem. 1899, 74-76.

208. Gancher, S. T., Woodward, W. R., Boucher, B., Nutt, J. G. Peripheral pharmacokinetics of

apomorphine in humans. Ann.Neurol. 1989, 26, 232-238.



Introduction

55

209. Schachter, M., Bedard, P., Debono, A. G., Jenner, P., Marsden, C. D., Price, P., Parkes, J. D.,

Keenan, J., Smith, B., Rosenthaler, J., Horowski, R., Dorow, R. The role of D1 and D2 receptors.

Nature 1980, 286, 157-159.

210. Vaamonde, J., Luquin, M. R., Obeso, J. A. Subcutaneous lisuride infusion in Parkinson's disease.

Response to chronic administration in 34 patients. Brain 1991, 114, 601-617.

211. Lees, A. J., Stern, G. M. Pergolide and lisuride for levodopa-induced oscillations [letter]. Lancet

1981, 2, 577.

212. Geminiani, G., Fetoni, V., Genitrini, S., Giovannini, P., Tamma, F., Caraceni, T. Cabergoline in

Parkinson's disease complicated by motor fluctuations. Mov Disord. 1996, 11, 495-500.

213. Lieberman, A., Ranhosky, A., Korts, D. Clinical evaluation of pramipexole in advanced

Parkinson's disease: results of a double-blind, placebo-controlled, parallel-group study.

Neurology 1997, 49, 162-168.

214. Calne, D. B., Teychenne, P. F., Claveria, L. E., Eastman, R., Greenacre, J. K., Petrie, A.

Bromocriptine in Parkinsonism. Br.Med.J. 1974, 4, 442-444.

215. Lieberman, A. N., Neophytides, A., Leibowitz, M., Gopinathan, G., Pact, V., Walker, R.,

Goodgold, A., Goldstein, M. Comparative efficacy of pergolide and bromocriptine in patients

with advanced Parkinson's disease. Adv.Neurol. 1983, 37, 95-108.

216. Lees, A. J., Haddad, S., Shaw, K. M., Kohout, L. J., Stern, G. M. Bromocriptine in parkinsonism.

A long-term study. Arch.Neurol.  1978, 35, 503-505.

217. Pezzoli, G., Martignoni, E., Pacchetti, C., Angeleri, V. A., Lamberti, P., Muratorio, A.,

Bonuccelli, U., De Mari, M., Foschi, N., Cossutta, E., et, a. Pergolide compared with

bromocriptine in Parkinson's disease: a multicenter, crossover, controlled study. Mov Disord.

1994, 9, 431-436.

218. Stibe, C. M., Lees, A. J., Kempster, P. A., Stern, G. M. Subcutaneous apomorphine in

parkinsonian on-off oscillations. Lancet 1988, 1, 403-406.

219. Poewe, W., Kleedorfer, B., Wagner, M., Benke, T., Gasser, T., Oertel, W. Side-effects of

subcutaneous apomorphine in Parkinson's disease. Lancet 1989, 1, 1084-1085.

220. Pollak, P., Champay, A. S., Gaio, J. M., Hommel, M., Benabid, A. L., Perret, J. Subcutaneous

administration of apomorphine in motor fluctuations in Parkinson's disease. Rev.Neurol.Paris

1990, 146, 116-122.

221. Montastruc, J. L., Rascol, O., Senard, J. M., Gualano, V., Bagheri, H., Houin, G., Lees, A.,

Rascol, A. Sublingual apomorphine in Parkinson's disease: a clinical and pharmacokinetic study.

Clin.Neuropharmacol. 1991, 14, 432-437.

222. Kleedorfer, B., Turjanski, N., Ryan, R., Lees, A. J., Milroy, C., Stern, G. M. Intranasal

apomorphine in Parkinson's disease. Neurology 1991, 41, 761-762.



Chapter 1

56

223. Hughes, A. J., Bishop, S., Kleedorfer, B., Turjanski, N., Fernandez, W., Lees, A. J., Stern, G. M.

Subcutaneous apomorphine in Parkinson's disease: response to chronic administration for up to

five years. Mov. Disord. 1993, 8, 165-170.

224. Poewe, W., Kleedorfer, B., Wagner, M., Bosch, S., Schelosky, L. Continuous subcutaneous

apomorphine infusions for fluctuating Parkinson's disease. Long-term follow-up in 18 patients.

Adv.Neurol.  1993, 60, 656-659.

225. Lees, A. J., Stern, G. M. Sustained bromocriptine therapy in previously untreated patients with

Parkinson's disease. J.Neurol.Neurosurg.Psychiatry 1981, 44, 1020-1023.

226. Rascol, A., Montastruc, J. L., Guiraud, C. B., Clanet, M. Bromocriptine as the 1st treatment of

Parkinson's disease. Long term results. Rev.Neurol.Paris 1982, 138, 401-408.

227. Schwarz, J., Scheidtmann, K., Trenkwalder, C. Improvement of motor fluctuations in patients

with Parkinson's disease following treatment with high doses of pergolide and cessation of

levodopa. Eur.Neurol. 1997, 37, 236-238.

228. Bédard, P. J.; Gomez-Mancilla, B.; Blanchet, P. Dopamine agonists as first line therapy of

parkinsonism in MPTP monkeys; In Beyond the decade of the brain; Olanow, C. W., Obeso, J.

A., eds. Wells Medical: Kent, 1997; pp 101-113.

229. Baronti, F., Mouradian, M. M., Davis, T. L., Giuffra, M., Brughitta, G., Conant, K. E., Chase, T.

N. Continuous lisuride effects on central dopaminergic mechanisms in Parkinson's disease.

Ann.Neurol. 1992, 32, 776-781.

230. Colzi, A., Turner, K., Lees, A. J. Continuous subcutaneous waking day apomorphine in the long

term treatment of levodopa induced interdose dyskinesias in Parkinson's disease.

J.Neurol.Neurosurg.Psychiatry 1998, 64, 573-576.

231. Gash, D. M., Zhang, Z., Ovadia, A., Cass, W. A., Yi, A., Simmerman, L., Russell, D., Martin, D.,

Lapchak, P. A., Collins, F., Hoffer, B. J., Gerhardt, G. A. Functional recovery in parkinsonian

monkeys treated with GDNF. Nature 1996, 380, 252-255.

232. Tomac, A., Lindqvist, E., Lin, L. F., Ogren, S. O., Young, D., Hoffer, B. J., Olson, L. Protection

and repair of the nigrostriatal dopaminergic system by GDNF in vivo [see comments]. Nature

1995, 373, 335-339.

233. Kaneko, M., Saito, Y., Saito, H., Matsumoto, T., Matsuda, Y., Vaught, J. L., Dionne, C. A.,

Angeles, T. S., Glicksman, M. A., Neff, N. T., Rotella, D. P., Kauer, J. C., Mallamo, J. P.,

Hudkins, R. L., Murakata, C. Neurotrophic 3,9-bis[(alkylthio)methyl]-and-bis(alkoxymethyl)-K-

252a derivatives. J.Med.Chem. 1997, 40, 1863-1869.

234. Steiner, J. P., Connolly, M. A., Valentine, H. L., Hamilton, G. S., Dawson, T. M., Hester, L.,

Snyder, S. H. Neurotrophic actions of nonimmunosuppressive analogues of immunosuppressive

drugs FK506, rapamycin and cyclosporin A. Nat.Med. 1997, 3, 421-428.



Introduction

57

235. Steiner, J. P., Hamilton, G. S., Ross, D. T., Valentine, H. L., Guo, H., Connolly, M. A., Liang, S.,

Ramsey, C., Li, J. H., Huang, W., Howorth, P., Soni, R.,  Fuller, M., Sauer, H., Nowotnik, A. C.,

Suzdak, P. D. Neurotrophic immunophilin ligands stimulate structural and functional recovery in

neurodegenerative animal models. Proc.Natl.Acad.Sci.U.S.A 1997, 94, 2019-2024.

236. Saporito, M. S., Carswell, S. High levels of synthesis and local effects of nerve growth factor in

the septal region of the adult rat brain. J.Neurosci. 1995, 15, 2280-2286.

237. Knusel, B., Hefti, F. K-252 compounds: modulators of neurotrophin signal transduction.

J.Neurochem. 1992, 59, 1987-1996.

238. Kase, H., Iwahashi, K., Matsuda, Y. K-252a, a potent inhibitor of protein kinase C from

microbial origin. J.Antibiot.Tokyo 1986, 39, 1059-1065.

239. Burkman, A. M., Notari, R. E., Van Tyle, K. Structural effects in drug disposition: Comparative

pharmacokinetics of apomorphine analogues. J.Pharm.Pharmacol. 1974, 26, 493-507.

240. Kaul, P. N., Brochmann-Hansen, E., Way, E. L. Biological disposition of apomorphine. Urinary

excretion and organ distribution of apomorphine. J.Pharm.Sci. 1961, 50, 244-247.

241. Tedford, C. E., Ruperto, V. B., Barnett, A. Characterization of a rat liver glucuronosyltransferase

that glucuronidates the selective D1 antagonist, SCH 23390, and other benzazepines. Drug

Metab Dispos. 1991, 19, 1152-1159.

242. Cannon, J. G., Smith, R. V., Modiri, A., Sood, S. P., Borgman, R. J., Aleem, M. A., Long, J. P.

Centrally acting emetics. 5. Preparation and pharmacology of 10-hydroxy-11 methoxyaporphine

(isoapocodeine). In vitro enzymatic methylation of apomorphine. J.Med.Chem. 1972, 15, 273-

276.

243. Sam, E., Augustijns, P., Verbeke, N. Stability of apomorphine in plasma and its determination by

high-performance liquid chromatography with electrochemical detection. J.Chromatogr.B

Biomed.Appl. 1994, 658 , 311-317.

244. Shamma, M., Guinaudeau, H. Biogenetic Pathway for the Apophinoid Alkaloids. Tetrahedron

1999, 40, 4795-4822.

245. Vyas, K. P., Kari, P. H., Ramjit, H. G., Pitzenberger, S. M., Hichens, M. Metabolism of

antiparkinson agent dopazinol by rat liver microsomes. Drug Metab Dispos. 1990, 18, 1025-

1030.

246. Koble, D. L., Koons, J. C., Fischer, L. J. Metabolism and disposition of the dopaminergic agonist

5-hydroxy-6-methyl-2-di-n-propylaminotetralin in the rat. Drug Metab Dispos. 1985, 13, 305-

311.

247. Hollenberg, P. F., Miwa, G. T., Walsh, J. S., Dwyer, L. A., Rickert, D. E., Kedderis, G. L.

Mechanisms of N-demethylation reactions catalyzed by cytochrome P-450 and peroxidases.

Drug Metab Dispos. 1985, 13, 272-275.



Chapter 1

58

248. Smith, R. V., Cook, M. R. Conversion of apocodeine to apomorphine and norapomorphine in

rats. J.Pharm.Sci.  1974, 63, 161-162.

249. Borgman, R. J., McPhillips, J. J., Stitzel, R. E., Goodman, I. J. Synthesis and pharmacology of

centrally acting dopamine derivatives and analogs in relation to parkinson's disease. J.Med.Chem.

1973, 16, 630-633.

250. Horn, A. S., Dijkstra, D., Feenstra, M. G. P., Grol, C. J., Rollema, H., Westerink, B. H. C.

Prodrugs of some dopaminergic 2-aminotetralins: a review of their syntheses and neurochemical

profiles.  Eur.J.Med.Chem.Chimica Therapeutica 1980, 15, 387-392.

251. Wikström, H., Lindberg, P., Martinson, P., Hjorth, S., Carlsson, A. Pivaloyl esters of N,N-

dialkylated dopamine congeners. Central dopamine-receptor stimulating activity. J.Med.Chem

1978, 21, 864-867.

252. Bodor, N., Farag, H. H. Improved delivery through biological membranes. XIII. Brain- specific

delivery of dopamine with a dihydropyridine in equilibrium with pyridinium salt type redox

delivery system. J.Med.Chem 1983, 26, 528-534.

253. Casagrande, C., Merlo, L., Ferrini, R., Miragoli, G., Semeraro, C. Cardiovascular and renal

action of dopaminergic prodrugs. J.Cardiovasc.Pharmacol 1989, 14 Suppl 8, S40-59.

254. Magnan, S. D. J., Shirota, F. N., Nagasawa, H. T. Drug latentiation by γ-glutamyl transpeptidase.

J.Med.Chem. 1982, 25, 1018-1021.

255. Minard, F. N., Grant, D. S., Cain, J. C., Jones, P. H., Kyncl, J. Metabolism of γ-glutamyl

dopamine and its carboxylic acid esters. Biochem.Pharmacol. 1980, 29, 69-75.

256. Wilk, S., Mizoguchi, H., Orlowski, W. γ-Glutamyl dopa: a kidney specific dopamine precursor.

J.Pharmacol Exp.Ther. 1978, 206, 227-232.

257. Wilk, S.; Mizoguchi, H.; Kupfer, S.; Orlowski, W. γ-Glutamyldopa and γ-glutamyldopamine as

kidney specific pro-drugs; In Catecholamines: basic and clinical frontiers; Usdin, E., Koplin, I.

J., Barchas, J., eds. Pergamon Press: New York, 1979; pp 1482-1484.

258. Lee, M. R. Salt, renal dopa, and essential hypertension. Triangle  1987, 26, 11-21.

259. Lee, M. R. Dopamine, the kidney and essential hypertension: studies with gludopa.

Clin.Exp.Hypertens.[A] 1987, 9, 977-986.

260. Johnson, S. J., Heffner, T. G., Meltzer, L. T., Pugsley, T. A., Wise, L. D. Dihydroanalogues of 5-

and 7-Hydroxy-2-aminotetralins: Synthesis and Dopaminergic Activity. Proceedings of the 208th

American Chemical Society National Meeting, MEDI-P175. 1994. Washington DC.



This chapter is based on work by Johnson, S. J., Heffner, T. G., Meltzer, L. T., Pugsley, T. A. and Wise,
L. D., Parke-Davis Pharmaceutical Research (Ann Arbor, MI, USA) Venhuis, B.J., Wikström, H.V.,
Dijkstra, D. Rijksuniversiteit Groningen (NL). Parts of this chapter have been published S.J. Johnson et al
prior this collaboration.16

��������


A New Type of Prodrug for the Treatment of

Parkinson’s Disease

ABSTRACT

We have discovered a novel type of orally active prodrug of a dopaminergic

catecholamine. The prodrug has an enone structure that by an enantioselective bioactivation is

converted to the known potent mixed dopamine D1/D2 receptor agonist 5,6-di-OH-DPAT

(Figure 2.1). The bioactivation mechanism was found to be selective for 2.3a ((S)-PD148903)

which produces the catecholamine (S)-5,6-dihydroxy-2-dipropylaminotetralin, (S)-5,6-di-OH-

DPAT. This metabolite was detected in the blood and in the brain of rats treated with 2.3a. In

rats treated with PD217016 ((R)-PD148903) the corresponding catecholamine could be detected

in the blood but not in the brain. This indicates an enantioselective delivery (S)-5,6-di-OH-

DPAT to the CNS. Orally administered 2.3a proved to be efficacious in the Ungerstedt rat

model for Parkinson’s disease.
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2.1 INTRODUCTION

Treatment of central nervous system (CNS) disorders like Parkinson’s disease by orally

administering catecholamines is generally not successful. Many pharmacologically promising

catecholamines failed in the clinic because of their poor in vivo characteristics.1-4 Despite the

drawbacks of serious side effects and difficulties in administration, still the most effective

therapy in the treatment of Parkinson’s disease consists of the administration of the natural

dopamine (DA) precursor L-dopa (Figure 2.1).5,6 However, after prolonged treatment, L-dopa

loses efficacy as an anti-parkinsonian agent. At that stage, the semi-synthetic catecholamine,

apomorphine can be added to the L-dopa therapy. (R)-Apomorphine (2.1) is also a direct acting

DA D1/D2 agonist, has poor in vivo kinetics, and the dose regime to alleviate parkinsonian

symptoms is accompanied by adverse effects.7

NH2

OH
OH

CO2H

N

O

L-dopa

2.2

AcO

NHAcO

S

2.3

OH
OH

N

2.1

NH2

OH
OH

DA

Figure 2.1 Structures of L-dopa, dopamine (DA), (R)-apomorphine (2.1), the di-O-acetyl ester
prodrug ABT-431 (2.2), and the prodrug PD148903 (2.3).

Because catecholamine agonists with mixed DA D1 and DA D2 receptor affinity, like DA

and (R)-apomorphine (2.1), seem to have a better efficacy over other DA-receptor agonists,

there is a large academic, clinical and commercial interest in developing new strategies to

deliver these catecholamines into the CNS.8,9 Several types of catecholamine based prodrugs of

DA, aporphines and 6,7-dihydroxy-2-aminotetralin (ADTN) have been reported.10-13 Commonly
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these ester or carbamate derivatives of the active principle do not give sufficient improvement

over the parent drug.14 Recently, a di-O-acetyl ester prodrug of a catecholamine (ABT-431, 2.2)

proved to have efficacy in treatment of Parkinson’s disease, however, only after intravenous

administration.15 Now, we report the discovery of a new type of orally active prodrug (2.3) that

is a precursor of the parent drug rather than a derivative.

2.2 CHEMISTRY

2.2.1 Synthesis and isolation of PD217015

The two-step synthesis, isolation and resolution to give (S)-6-(N,N-di-n-propylamino)-

3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one (2.3a) and its mirror image (R)-6-(N,N,-di-n-

propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one (PD217016, 2.3b) are remarkably

simple (Scheme 2.1).16,17

O

O

N

O

PD148903 (2.3)

N

O

a b

PD217015 (2.3a)

N

O

PD217016 (2.3b)

N

O

c d

2.4 2.5

Scheme 2.1 Reagents and condition: (a) (CH2O)n, Pr2NH, powdered 4Å molecular sieves,
acetone, toluene, 85ºC, 3h; (b) NaBH3CN, THF, 0ºC-RT, overnight; (c) (–)-ditoluyltartaric acid;
(d) (+)-ditoluyltartaric acid.

Consecutive Aldol and Mannich type reactions on 1,3-cyclohexadione (2.4) were used to

generate a dienaminone (2.5) that, without purification, was reduced to the racemic prodrug
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(PD148903, 2.3). The desired active enantiomer was precipitated from the reaction mixture

using optically pure ditoluyltartaric acid. Resolution of the enantiomers was accomplished by

repeated crystallization of the ditoluyltartrate salt. Synthesis simplicity and speed outweigh the

low chemical yield of the reactions. Compound 2.3a was obtained in an overall yield of 3.5%

and compound 2.3b in 2%. Dienaminone 2.5 can be isolated after tedious purification by

column chromatography as a luminescent oil that crystallizes from hexane. It was preferred,

though, to proceed with the selective reduction to PD148903 (2.3), using NaBH3CN, when it

became apparent that this was easily separated from the reaction mixture by precipitation with

ditoluyltartaric acid. Selectivity for reduction of the desired double bond was achieved by using

tetrahydrofuran as solvent, addition of as little acetic acid as required, and by keeping the initial

reaction temperature at 0ºC. Excess acetic acid, temperatures higher than RT (also during work-

up) or protic solvents facilitate the reduction of any of the three double bonds present in

dienaminone 2.5. With the initial precipitation of the ditoluyltartrate of 2.3 from the reaction

mixture, the enantiomers were not separated. To isolate the racemate, compound 2.3 was

liberated from the ditoluyltartrate salt and was subsequently converted to the hydrochloride salt.

To isolate the optically pure enantiomers, the initial precipitate was carefully recrystallized from

90% ethanol. Both enantiomers could be isolated separately depending on the optical form of the

ditoluyltartaric acid used.

O

O

O

O

O

O

O

O

2.4

2.4CH2O

2.6

Scheme 2.2 Formation of the major by-product in the synthesis of PD148903.

2.2.2 Reaction mechanism

The mechanistic aspects of the first reaction step are not fully charted. In this synthesis,

1,3-cyclohexadione is heated with formaldehyde and di-n-propylamine. Both secondary amines

and formaldehyde are known to condense with 1,3-cyclohexadiones.18-20 It is expected that

initial condensation of 2.4 with formaldehyde, primarily results in the formation of 2.6 (Scheme
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2.2).21,22 The dimeric product 2.6 was the major by-product (up to 30% of the total chemical

yield) in the synthesis, and no enamine derivatives of 2.6 were detected by GC-MS analysis of

the reaction mixture.

We found that condensation of formaldehyde with 2.4 does not require base, yet the

presence of di-n-propylamine limits the formation of the by-product. Therefore, it is proposed

that the reaction mechanism leading to 2.5 proceeds by the initial condensation of di-n-

propylamine with 2.4 (Scheme 2.3). From there, the reaction could proceed in a way described

in literature.23 Formaldehyde condenses with the enamine to give a ‘super’ Michael reaction

acceptor that readily reacts with acetone. In the next step, the terminal α-keto carbon atom itself

cannot attack the electrophilic enamine. Instead, keto-enol tautomerization is followed by

cyclization of the oxygen nucleophile on the enamine. An amine transfer and a ring opening to

give another enamine follow this. Cyclization of this enamine followed by proton transfer and

dehydration yield the desired dienaminone 2.5.
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Scheme 2.3 Proposed reaction mechanism in the synthesis of dienaminone 2.5.
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When the synthesis of 2.5 was carried out starting with the pure enamine 2.7, compound

2.6 was still observed as the major by-product. Treatment of 2.724, also resulted in the formation

of 2.6. This can only be explained by the degradation of 2.8 or an enamine derivative thereof,

through two different retro-Michael reactions (Scheme 2.4). Evidently, one of the intermediates

in the suggested mechanism in Scheme 2.3 undergoes similar retro-Michael reactions in order to

give the observed dimeric 2.6.

O

O O O

NR2

O

O

O

O

O

O O

O

O O

2.8 2.5

2.6

R2NH

R2NH

Scheme 2.4 Degradation of the 2-oxo-butyl adduct.

When compound 2.4 was treated with methyl-vinyl-ketone (MVK) and

trimethylsilylchloride (TMSCl), subsequent acidic hydrolysis and reductive amination with n-

propylamine, gave 2.9 in moderate chemical yield (50%) (Scheme 2.5). This is especially

interesting since literature reports the formation of 2.10, when treating 2.4 with MVK and N-

benzylamine.25 It is also reported that 2.8 reacts with N-benzylamine to give 2.10.26 Therefore,

2.8 can not be an intermediate in our reaction described in the presence of TMSCl. Instead, it

seems most that, as described in Scheme 2.3, after keto-enol tautomerization of the oxo-butyl

moiety, the enolic oxygen has cyclized on the 1,3-diketone ring. Interestingly, when after the

acidic hydrolyses, instead of n-propylamine, di-n-propylamine was used, compound 2.5 was

found to be the main product. This illustrates the differences in imine versus enamine reactivity.

The chemical yield of 2.5 in this strategy was reasonable but the yield of 2.3 was similar to that

of the strategy described in Scheme 2.1. This was mostly due to the difficult, selective reduction

of dienaminone 2.5 used in both strategies.
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Scheme 2.5 Use of primary and secondary amines. MVK = methyl-vinyl-ketone, TMSCl =
trimethyl-silylchloride.

2.3 PHARMACOLOGY

2.3.1 Receptor binding and functional assay

Binding affinities of 2.3 and of some reference compounds for the DA D1 and DA D2

receptor were evaluated.16 All reference compounds were tested for their in vitro binding affinity

at cloned human DA D1 and DA D2 receptors, using the DA D1 antagonist [3H]SCH-23390, and

the DA D2 agonist [3H]N-0437. The DA D2 binding affinity of 2.3, was determined using the

DA D2 antagonist [3H]Spiperone rat striatum. A DA D1 functional assay on stimulation of

cAMP production in SK-N-MC cells was performed to investigate whether 2.3 has any agonist

activity at the D1 receptor.  To determine the activity at the DA D2 receptor, a DA D2 functional

assay was performed on stimulation of thymidine incorporation into CHO cells transfected with

the hD2 receptor.
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2.3.2 In vivo pharmacology

Johnson et al. had found that oral administration of 1 mg kg-1 of 2.3 stimulated

locomotor activity in the rat. Inhibition of locomotor activity was observed, by presynaptic

activation only, after oral administration of 0.1 mg kg-1 of 2.3. These results were consistent

with behavioral observations after the administration of DA D2 agonists.27-29

GBL-test. To verify the presence of a DA agonist after administration of the prodrug in

vivo biochemical and behavioral experiments were conducted. By administering γ-butyrolactone

(GBL) to rats, dopamine neuronal firing is silenced. Since exocytosis of dopamine containing

vesicles in the neuron ceases, there is no dopamine to bind to the autoreceptor and the feedback

loop is interrupted. Hence an increased dopamine synthesis is resulting that can be measured

indirectly by measuring the L-dopa accumulation after inhibition of decarboxylation. Only

administration, or in vivo formation, of a DA agonist, able to stimulate the central dopamine

autoreceptors, can reverse this increase.30,31 NSD 1015, a centrally acting aromatic amino acid

decarboxylase (AADC) inhibitor was administered to prevent decarboxylation of L-dopa to

dopamine. L-dopa concentrations were then determined after extraction of the appropriate brain

tissue.

Electrophysiology. The presence of active metabolite(s) able to stimulate the dopamine

autoreceptor was also examined by measuring dopamine neuronal firing in an in vivo

electrophysiology experiment.16 When a compound binds at a dopamine autoreceptor, it signals

the neuron to cease firing.

Behavioral models. Since administration of 2.3 induces DA agonist-like effects, the

receptor subtypes involved in the in vivo effect were investigated. Two rat models were used to

determine the in vivo profile of 2.3.

1) Stereotypical of behavior. In this model, the ability of selective and mixed DA D1

and DA D2 agonists to induce abnormal behavior in normal rats was evaluated. A number of

reference compounds, some at increasing dose, were also tested to illustrate specific DA

receptor subtype related behavior.

2) Ungerstedt model. The Ungerstedt rat model for Parkinson’s disease, is used to

evaluate the effects of DA agonists on rotational behavior in rats with unilateral forebrain DA

depletion induced by injection of the neurotoxin, 6-hydroxy-dopamine (6-OH-DA).32,33 The DA

receptors on the lesioned side are supersensitive, thus compared to normal rats, lower doses of

DA agonists produce effects in lesioned animals. In this model, induction of contralateral
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rotation behavior is a sign that the compound tested is able to alleviate parkinsonian symptoms.

Here, the pharmacological effect of the separated enantiomers of 2.3 was studied, but also the

effects of selective DA D1 and DA D2 antagonists were evaluated on induced rotational

behavior. In this test, selective and mixed DA D1 and DA D2 agonists induced contralateral

rotational behavior. The pharmacological specificity could be observed by the fact that the

behavioral effects of a selective agonist can be antagonized by administration of a selective

antagonist with affinity for the same receptor. Behavioral effects of compounds having affinity

for both the DA D1 and the DA D2 receptor cannot completely be antagonized by administration

of a selective DA D1 or DA D2 antagonist alone.

2.4 RESULTS AND DISCUSSION

2.4.1 Receptor binding; 2.3 is inactive in vitro

Johnson et al. evaluated the binding affinity of the prodrug racemate (2.3) at the DA D2

receptor and its activity at the DA D1 receptor (Table 2.1).16 It is evident that, compared to some

reference compounds, 2.3 has no affinity for the D2 receptor. The result of the functional assay

showed that no activity at the DA D1 receptor was observed for 2.3.

Regarding the reference compounds in Table 2.1; Dopamine is a full agonist on both

receptor subtypes, 5-OH-DPAT is a typical DA D2 agonist whereas 5,6-di-OH-DPAT and

apomorphine are mixed DA D1/D2 agonists. From these data 5-OH-DPAT appears to be a partial

DA D1 agonist with a low affinity for that receptor subtype. The overall profile of 5,6-di-OH-

DPAT is similar to that of apomorphine. The differences in the assays used for determining the

binding affinity at the DA D2 receptor may influence the comparability of the results. However,

since the Ki value of 5-OH-DPAT at the D2 receptor using rat striatum with [3H]Spiperone

proves to be 6 nM, the difference is small enough to consider 2.3 inactive relative to all

reference compounds. The inactivity of 2.3 at the D1 receptor was reason not to determine the Ki

value at the DA D1 receptor. Theoretically, this inactivity could mean that 2.3 is an antagonist

and has affinity for the D1 receptor. Since in vivo tests revealed 2.3 to induce both DA D1 and

DA D2 agonist related behavior this was further ignored.
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Table 2.1 In vitro receptor binding affinities (Ki values, nM) and functional assays (% intrinsic
activity (EC50, nM)) of the tested compounds.

Compound Receptor bindinga Functional essayb

D1 D2 D1 D2

Dopamine 526 31 100% (176) 100% (9.5)

5-OH-DPAT 4271 0.6 (6.0d) 51% (3750) 92% (1.6)

5,6-di-OH-DPAT 157 0.4 74% (19) –c

Apomorphine 193 3 70% (–) 79%(2.8)

2.3 – >10.000d 0% –

aDA D1 receptor binding determined on hD1, L cells, [3H]SCH-23390 (antagonist); DA D2 receptor
binding determined on hD2L, CHO K1 cells, [3H]N-0437 (agonist). bDA D1 functional assay on
stimulation of cAMP production in SK-N-MC cells; DA D2 functional assay on stimulation of
thymidine incorporation into CHO cells transfected with the hD2 receptor c–; not determined. dDA D2

binding to rat striatum, [3H]Spiperone (antagonist).

2.4.2 2.3 is converted to a DA agonist in vivo

In the GBL-test, 2.3, at 3 mg kg-1 intraperitoneally (ip), like the reference test agent

quinpirole, a mixed DA D2/D3 agonist, reversed increased brain dopamine synthesis as reflected

by the decreased accumulation of L-dopa in rat striatum and mesolimbic regions (Table 2.2).

Compound 2.3 was found to inhibit accumulation L-dopa by 86% in the striatum and 82% in the

limbic region.16,34

In electrophysiology experiments on rats a 100% inhibition of DA neuronal firing was

observed after administration of 1 mg kg-1 of 2.3 subcutaneously (sc). It was found that this

effect could be partially reversed by administration of the DA D2 antagonist haloperidol (0.3 mg

kg-1 ip), indicating involvement of this receptor subtype.16,34

The results of both studies indicate the presence of a DA agonist stimulating the

autoreceptors in the striatum and the mesolimbic regions after administration of PD148903. It is

therefore likely that PD148903, having no affinity for the DA receptors itself, is converted to a

DA agonist in the rat.  At the test dose of 3 mg kg-1 of PD148903 the active metabolite is able to

induce a similar reversal in L-dopa accumulation as is induced by lower doses of quinpirole.

Since only one dose of PD148903 was tested, the relative potencies of the tested compounds

remain unclear.
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Table 2.2 Effects of 2.3 and quinpirole (Q) on the GBL-induced accumulation of L-dopa in striatum
(Str) and mesolimbic (Msl) regions of rat braina.

Treatment
Dose
(mg kg-1 )

Str L-dopa
(ng g-1± SEM)

% Reversal
Msl L-dopa     (ng

g-1± SEM)
% Reversal

No GBL – 1296 ± 11 – 1024 ± 67 –

GBL 750 3065 ± 84* – 2438 ± 52* –

Q + GBL 0.03 +750 1478 ± 11** 90 ± 1.0 1008 ± 44** 101 ± 3

Q + GBL 0.3 + 750 1562 ± 52** 85 ± 9.0 889 ± 37** 110 ± 3

2.3 + GBL 3.0 + 750 1560 ± 105** 86 ± 6.0 1285 ± 74** 82 ± 5

aTest compounds were dosed ip 60 min after GBL, except were indicated, and NSD 1015 (100 mg kg-1,
ip) 30 min before animals were sacrificed.  All groups received NSD 1015.  The results are means ±
SEM of 5-8 animals per group.  *p < 0.001 versus no GBL group; ** p <0.001 versus control group.

2.4.3 DA D1 and DA D2 receptors mediate the effect of 2.3

In studies on specific DA D1 and D2 related behavior, it was found that relatively high

doses of quinpirole, a typical DA D2 agonist, induced intense licking behavior (Table 2.3).8,35,36.

This effect was not observed with SKF38393 or dihydrexidine, which are selective DA D1

agonists. Combined administration of quinpirole and SKF38393 induced licking as well as an

increase in rearing, i.e. standing-up on the hind limbs, activity. Thus rearing reflects a

combination of DA D1 and DA D2 agonist activity, while licking reflects D2 agonist activity.

Combined licking and rearing behavior were also induced, in a dose-related manner, by

the mixed DA D1/D2 agonists apomorphine and 5,6-di-OH-DPAT. Pergolide, which has high

DA D2 agonist activity but weak DA D1 activity, only induces licking. (S)-5-OH-DPAT, a

typical DA D2 agonist, also produced licking behavior at all doses tested and dose-related

increases in rearing behavior, indicating potent DA D2 agonist behavior and less activity at DA

D1 receptors. Quinpirole, pergolide, and (S)-5-OH-DPAT all also have a high affinity for the DA

D3 receptors. Since quinpirole and pergolide both at a high dose and (S)-5-OH-DPAT at a low

dose (partial agonist on DA D1) did not increase rearing behavior, DA D3 agonism is regarded

not to play a role in DA agonist induced rearing behavior.37-41 Compound 2.3, administered sc or

po, at all doses tested, clearly produces both DA D2 and mixed DA D1/D2 related behavior
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indicating a substantial DA D1 component contributing to the total effect. The active

metabolite(s) of 2.3, therefore, must involve a mixed DA D1/D2 agonist or a combination of two

molecules, one being a DA D1 agonist and the other a D2 agonist.

Table 2.3 Effects of reference agents and 2.3 on DA D1/D2 related behavior in normal rats.

Treatment            (mg kg –1 sc) Licking (D2) Rearing (D1/D2)

Quinpirole (3) 8 / 9a 0 / 9

SKF 38393 (10) 0 / 5 0 / 5

Dihydrexidine (3) 0 / 5 0 / 5

Quinpirole + SKF 38393 (3) +(10) 5 / 5 5 / 5

Apomorphine (0.3) 3 / 8 0 / 8

(1.0) 8 / 8 6 / 8

(3.0) 17 / 17 16 / 17

5,6-di-OH-DPAT (0.1) 3 / 4 4 / 4

(0.3) 3 / 3 4 / 4

(S)-5,6-di-OH-DPAT (3.0) 4 / 4 4 / 4

Pergolide (3.0) 6 / 8 0 / 8

(S)-5-OH-DPAT (0.1) 8 / 8 0 / 8

(0.3) 8 / 8 7 / 8

(1.0) 4 / 4 4 / 4

2.3 (3.0) 4 / 4 4 / 4

(3.0 po) 4 / 4 2 / 4

(10) 9 / 9 8 / 9
aNumber of rats with behavior / number of rats tested, po = per oral

The involvement of both DA D1 and DA D2 receptors was further confirmed by the

results of the selective blocking studies in the Ungerstedt model (Table 2.4). Results from

testing of the reference compounds show that the behavioral effects of the DA D2 agonist

quinpirole were antagonized by the DA D2 antagonist, haloperidol but not by the DA D1

antagonist SCH 23390. Similarly, the behavioral effects of the DA D1 agonist SKF 38393 were

antagonized by SCH 23390, but not by haloperidol.
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Table 2.4 Blocking study of 2.3, 2.3a, and reference compounds on induced contralateral rotation
behavior in unilaterally 6-OH-DA lesioned rats. As antagonists were used; the DA D2 antagonist
haloperidol (Hal), and the DA D1 antagonist SCH23390 (SCH)a.

Treatment (mg kg-1 sc) Vehicle Hal SCH Hal + SCH

Quinpirole (0.1) 364 (± 75)b 56 (± 28) 364 (± 45)

SKF 38393 (1.0) 501 (± 75) 482 (± 20) 56 (± 21)

L-dopa (10) 436 (± 9) 362 (± 54) 206 (± 36) 38 (± 10)

Apomorphine (0.05) 548 (± 68) 439 (± 49) 315 (± 40) 123 (± 29)

5-OH-DPAT (0.003) 500 (± 70) 71 (± 21) 448 (± 43)

5,6-di-OH-DPAT (0.003) 434 (± 107) 185 (± 105)

2.3 (0.3) 2001 (± 190) 381 (± 101)

2.3a (0.3 po) 2500 (± 421) 1111 (± 245)* 1960 (± 404) 441 (± 143)*

a Rats were administered 0.3 mg kg-1 of haloperidol ip and 0.3 mg kg-1 of SCH23390 sc one minute
before administration of the DA agonist or prodrug. The results are means ± SEM of 4 animals per
group.  *p < 0.05 versus 2.3a group (One way ANOVA on ranks, Student-Newman-Keuls test). The
same group of rats was used per treatment. bCumulative rotations in 3h (± SEM).

Administration of L-dopa, the precursor of DA, produced effects that were mediated by

both DA D1 and DA D2 receptors. The failure of either antagonist alone to block the behavioral

effects indicates that there is sufficient activity at the non-blocked receptor to stimulate

behavior. It is necessary to antagonize both DA D1 and DA D2 receptors to almost completely

block the behavioral effects of L-dopa. Similar to the data in normal rats, apomorphine and 5,6

di-OH-DPAT all display a profile that indicates agonist activity at both DA D1 and DA D2

receptors, since the effects cannot be completely blocked by haloperidol alone. The same profile

is observed for 2.3 and orally administered 2.3a (= (S)-2.3), again indicating involvement of

both DA D1 and DA D2 receptors in the effect.

Co-administration of haloperidol significantly reduces the contralateral rotation behavior

induced by 2.3 and 2.3a. The D1 selective antagonist alone (SCH 23390), however, is not able to

significantly block the effect of 2.3a mainly due to the fact that the rotational behavior of one rat

in the group increased rotational behavior relative to control by 30%. The rest of the rats of the

group showed significantly reduced rotational behaviour showing involvement of also the DA
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D1 receptor in the effect (p < 0.05). Co-administration of both antagonists also significantly

blocks the effect of 2.3a, though this effect does not significantly differ from the effect of 2.3a

co-administered with haloperidol alone. Group size will have to be increased in order to show

any statistical differences.

2.4.4 Evaluation of 2.3a and 2.3b in the Ungerstedt model

To study the effects of the separate enantiomers of 2.3, both 2.3a and 2.3b were

pharmacologically evaluated in the Ungerstedt rat model for Parkinson’s disease. Unilaterally 6-

OH-DA lesioned rats were administered 0.1 mg kg-1 po of 2.3a or 2.3b (i.e. 350 nmol kg-1) and

monitored on contralateral behavior for 6h. (Figure 2.2).
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Figure 2.2 Pharmacological effect of 2.3a and 2.3b po in the Ungerstedt model for Parkinson’s
disease expressed as cumulative full contralateral rotations per 15 min over 6h. Each point is
the mean ± SEM. for n determinations. n = number of animals tested; 5 (2.3b), 24 (2.3a).

Compound 2.3a produced a pronounced and long-lasting effect while 2.3b showed

significantly less effect (p < 0.001, two-way ANOVA, Newman-Keuls test). This clearly shows

that 2.3a is the prodrug of most active enantiomer whereas 2.3b is the prodrug of the less active
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enantiomer. The curve representing a ‘vehicle-only’ experiment, coincides with the x-axis of the

graph and is not represented in the figure. Enantiomer 2.3b does have a significant effect in this

model (p < 0.01, two-way ANOVA, Newman-Keuls test). Microdialysis studies on 2.3a and

2.3b confirm these results on the identity of the active and less active enantiomer.42 In this

study, the formation of a DA agonist in vivo was also confirmed. Endogenous DA output is

decreased in the striatum after administration of 2.3a, coinciding with a typical dopaminergic

behavioral syndrome.

Time (min)

Fu
ll 

co
nt

ra
la

te
ra

l t
ur

ns
 p

er
 1

5 
m

in

0 120 240 360 480 600 720
0

50

100

150

200

250

300

2.3a 100 µg kg-1 po

2.3a 30 µg kg-1 po

2.3a 3 µg kg-1 po

Figure 2.3 Pharmacological effect of three different oral doses of 2.3a in the Ungerstedt model
for Parkinson’s disease expressed as cumulative full contralateral rotations per 15 min over
12h. Each point is the mean ± s.e.m. for n determinations. n = number of animals tested: 8-24.

Compound 2.3a was tested in the Ungerstedt rotation model at three oral doses,

monitoring the rats for 12h. The pharmacological effect was dose-dependent and was persistent

up to 12h in case of the 30 and 100 µg kg-1 doses po (Figure 2.3). A statistical analysis

consisting of a two-way ANOVA analysis followed by a Newman-Keuls test showed the three

curves to be significantly different (p < 0.01). A Wilcoxson signed rank test showed curves of

30 µg kg-1 and 100 µg kg-1 to be significantly different from vehicle from 15 to 720 min post-
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administration (p < 0.05). For 3 µg kg-1 this was found to be from 30 to 420 min. post

administration (p <0.05).

The effect of 1.0 mg kg-1 (1000 µg kg-1) of 3b is not significantly different from the

effect of 3 µg kg-1 of 3a. Since the enantiomeric excess (ee) of 3b is >99%, the effect observed

at 1.0 mg kg-1 of 3b could attributed to a slight contamination with 3a. However, that 3b caused

the effect can not be excluded.

2.4.5 Absolute configuration of 2.3a

A single crystal X-ray diffraction experiment on the hydrochloride salt of the pure (–)-

enantiomer was performed to establish the absolute configuration of the active enantiomer

(Figure 2.4). The most active enantiomer, 2.3a, proved to be of the same absolute configuration

as the active enantiomers of several potent dopaminergic catecholamines within the α-rotameric

hydroxylated-2-aminotetralin family.43-45 Based on the involvement of both the DA D1 and DA

D2 receptors in the pharmacological effect, and structural similarity, it was hypothesized that the

prodrug was bioactivated to (one or more) dopaminergic, hydroxylated aminotetralins like 5,6-

di-OH-DPAT (Scheme 2.6).

Figure 2.4 Molecular structure of PD217015 hydrochloride (2.3a) as determined by single
crystal x-ray diffraction (Courtesy of Dr. S. Sundell).
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Scheme 2.6 Hypothesized bioactivation of PD217015 to a hydroxylated aminotetralins.

2.4.6 The active metabolite is a catecholamine ((S)-5,6-di-OH-DPAT)

The hypothesis of bioconversion to a hydroxylated aminotetralin was tested by

administering a high dose of 10 mg kg-1 of 2.3a sc to male Wistar and Sprague-Dawley rats in a

striatal microdialysis experiment.46 Both by electrochemical and by mass spectrometric

detection, the formation of (S)-5,6-dihydroxy-2-(N,N-di-n-propyl-amino)tetralin ((S)-5,6-di-

OH-DPAT, (S)-2.10) was observed in the rat striatum, coinciding with a typical dopaminergic

behavioral syndrome (Scheme 2.7).47 (S)-5,6-di-OH-DPAT is a known potent mixed DA D1/D2

receptor agonist structurally and is pharmacologically related to apomorphine.

O

N N

OH

OH

2.3a (S)-2.10

In vivo

Scheme 2.7 Bioactivation of PD217015 (2.3a) to (S)-5,6-di-OH-DPAT ((S)-2.10).

The striatal presence of (S)-2.10 was detected after the administration 2.3a, however (R)-

2.10 was not detected in the brain after administration of 2.3b (Table 2.5). Both (S)-2.10 and

(R)-2.10 were found in blood plasma after the administration of their corresponding prodrug

enantiomers. Serum kinetics for 2.3a and 2.3b are different. Though they have a similar Tmax and
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t½, the Cmax and AUC is lower for 2.3a. Since t½ is estimated after Tmax, this means that before

Tmax is reached, more of 2.3a is metabolized than of 2.3b or its disposition is different. Either

way this is the result of an enantioselective process. This has to be a rapid process because the

AUC found for 2.3a is a factor 40 lower than that found for 2.3b. If this were a slower process,

the AUC of 2.3a and 3.2b would have been similar. A rapid bioconversion of 2.3a is also

confirmed by the rapid onset of action of the pharmacological effect (Figure 2.2). Since the

kinetics of 2.10 depends on the kinetics of (a very highly dosed) prodrug, these data are hard to

discuss in relative terms. In absolute terms, the Cmax in plasma of (S)-2.10 is found to be about

half that of (R)-2.10.

Table 2.5 Mean serum and brain concentrations of 2.3a, 2.3b, (S)-2.10, and (R)-2.10, following
administration of 10 mg kg-1 of 2.3a and 2.3b po, respectivelya.

Analyte Tmax (h)
Cmax

(ng mL-1)
AUC

(ng·h mL-1)
t½ (h)

2.3a Serum 0.8 10.6 11.7 1.1

(S)-2.10 Serum 1.6 4.9 28.2 42.5

2.3a Brain ECF 2.0 16.2 50.2 3.0

(S)-2.10 Brain ECF 2.5 4.76 7.73 nd

2.3b Serum 0.8 480.8 418 1.2

(R)-2.10 Serum 2.0 10.93 55 70.1

2.3b Brain ECF 1.5 345 448 8.0

(R)-2.10 Brain ECF ndt ndt ndt ndt

aBrain ECF (extracellular fluid) concentrations (n = 3) were determined using a microdialysis probe
placed in the striatum. Tmax = time of the maximum concentration level, Cmax = maximum
concentration level, AUC = area under the dose-response curve, t½ = compound half-life, nd = not
determined, ndt = not detected.

In brain ECF the t½ and the Tmax of the prodrug enantiomers differ. In addition, a higher

Cmax and AUC were observed for the less active enantiomer along with a considerably longer

half-life. Maximum concentrations of 2.3a in the brain ECF and blood plasma were significantly

lower than concentrations of the inactive enantiomer after administering the same dose. This

indicates an enantioselective metabolism and since only (S)-2.10 was detected in the brain, this
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indicates an enantioselective delivery of the active metabolite into the CNS and a possible

enantioselective conversion of 2.3a in the CNS.

(S)-2.10 was the only synthetic biologically active principle detected in the rat. For

instance, structurally closely related DA D2 agonist, 5-OH-DPAT, was not detected. Since 5-

OH-DPAT is only hydroxylated to the corresponding catechol for an estimated 0.3% and the

phenol itself was not detected, this metabolic process is less important if occurring at all.48 The

major metabolic route of 2.3a to (S)-2.10 therefore must be different from aromatization and

subsequent ortho-hydroxylation. In Chapter 3 the bioactivation mechanism of 2.3a and other

enones is further discussed.

On the pharmacology of (R)-2.10 has not been reported extensively in literature. Its

binding affinity for the DA D2 receptor has been reported to be 20 nM in the high affinity state

of the receptor and 838 nM in the low-affinity state of the receptor.49 For (S)-2.10 in the same

assay, this was respectively, 2 nM and 278 nM. Though the function of (R)-2.10 is unclear it can

be expected that it is pharmacologically active. But since it cannot be detected in the brain after

administration of 2.3b, it will therefore not contribute to a centrally mediated pharmacological

effect observed in the Ungerstedt model. The effect that was observed for 2.3b either originates

from a possible contamination with 2.3a, or is caused indirectly by peripheral activity of (R)-

2.10, or is mediated through yet undetected metabolites.

2.4.7 2.3 versus 5,6-di-OH-DPAT (2.10) in the Ungerstedt model

The Ungerstedt model for Parkinson’s disease was used to compare the pharmacological

effects of 2.3 and 5,6-di-OH-DPAT (2.10) (both racemates) after oral administration.32 One

group of thirteen 6-OH-DA unilaterally lesioned male Sprague-Dawley rats received a 0.1 mg

kg-1 dose of 5,6-di-OH-DPAT po. One week after treatment the same group (after reassessing

the lesion) was treated with 0.1 mg kg-1 po of 2.3. The pharmacological effects of both

treatments were monitored in the model for 3h after dosing (Figure 2.5). Though hydroxylated

aminotetralins like 5,6-di-OH-DPAT are generally considered poorly orally active, these results

show that in the rat both drug and prodrug are able to induce a potent effect lasting at least for

3h.

The curves are statistically significantly different (p <0.01, paired t-test) demonstrating a

more potent effect of 5,6-di-OH-DPAT. Remarkable is the rapid onset of action of 2.3, as

compared to that of 5,6-di-OH-DPAT. Up until 90 min post-administration both curves are
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highly similar. If 5,6-di-OH-DPAT is indeed the only biologically active principle after

administration of 2.3, then the bioconversion to that active metabolite must be instantaneous.

This would make the kinetics of 2.3 behave like that of 5,6-di-OH-DPAT, what would result in a

lesser total effect relative to 5,6-di-OH-DPAT since 100% bioactivation is not to be expected.

As mentioned in Paragraph 2.4.6, (R)-5,6-di-OH-DPAT ((R)-2.10) may contribute to the

pharmacological effect. If this were a partial DA D2 agonist this might have accounted for the

additional effect observed for 5,6-di-OH-DPAT (2.10). (R)-2.10 was not detected in the brain

after administration of 2.3b therefore the prodrug will lack this possible additional effect.
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Figure 2.5 Pharmacological effect of 0.1 mg kg-1 po of 5,6-di-OH-DPAT and 3.2 in the
Ungerstedt model for Parkinson’s disease expressed as full contralateral rotations per 15 min
or cumulative over 3h. Each point is the mean ± s.e.m. for n determinations. n = 13.

2.4.8 2.3 po versus sc

The pharmacological effects of 0.1 mg kg-1 of 2.3 when administered po or sc were

studied in the Ungerstedt model for Parkinson’s disease (Figure 2.6). Both curves show a similar

and rapid onset of action up to about 45 min post-administration. After that time point the effect

of 2.3 sc increases to a maximum while the effect of 2.3 po decreases. Administration of 2.3 sc



A New Type of Prodrug for the Treatment of Parkinson’s Disease

79

gives a moderate but significant increase in pharmacological effect (p < 0.05, One-way

ANOVA, Newman-Keuls test).
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Figure 2.6 Pharmacological effect of 0.1 mg kg-1 po and sc of 2.3 in the Ungerstedt model for
Parkinson’s disease expressed as full contralateral rotations per 15 min or cumulative over 12h.
Each point is the mean ± SEM. for n determinations. n = 10-24.

2.5 CONCLUSIONS

We have discovered a new type of prodrug of a potent dopaminergic catecholamine that

is delivered enantioselectively into the brain. Pharmacological evaluation of 2.3a, in vivo, shows

the potential of this prodrug as an orally active anti-parkinsonian agent. 2.3a utilizes oxidative

metabolism for its bioactivation to the known potent mixed DA D1/D2 agonist (S)-5,6-di-OH-

DPAT ((S)-2.10). However, the presence of other pharmacologically active metabolites or other

effects can not be excluded. This remarkable discovery may dramatically change the use of

catecholamines in the treatment of Parkinson’s disease.

The prodrug has a rapid onset of action, similar to that of the active compound when it is

administered itself. Also the route of administration of the prodrug, sc or po, does not influence

the onset of action. Though a potent but lesser effect was observed for 2.3 in the Ungerstedt
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model than for 5,6-di-OH-DPAT in the rat, this does not disqualify the prodrug from further

development. The fact that it is bioactivated enantioselectively and the active metabolite is

delivered enantioselectively to the brain may have positive effects in long-term treatment and

limit (peripheral) adverse effects. Another important aspect is that these pharmacological tests

were conducted in rats. In other species, bioactivation of the prodrug and degradation of 5,6-di-

OH-DPAT may occur at a different rate, leading to a different pharmacological profile.

2.6 EXPERIMENTAL SECTION

2.6.1 Chemistry

General remarks. Melting points were determined in open glass capillaries on an

Electrothermal digital melting-point apparatus and are uncorrected. 1H- and 13C-NMR spectra

were recorded at 200 MHz and 50.3 MHz, respectively, on a Varian Gemini 200 spectrometer.

The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m

(multiplet). 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. IR spectra were obtained on an ATI-Mattson spectrometer. 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 Pharmaceutical

Research (Ann Arbor, MI, USA) or by the Microanalytical Department of the University of

Groningen and were within ± 0.4 % of the theoretical values, except where noted. All chemicals

used were commercially available (Aldrich or Acros) and were used without further purification

unless indicated. 

(R,S)-, (S), and (R)-6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphtha-

len-1-one (2.3, 2.3a, 2.3b). A mixture of 1,3-cyclohexadione (23.1 g, 0.2 mol),

paraformaldehyde (6.0 g, 0.2 mol based on CH2O), and di-n-propylamine (21.2 ml, 0.2 mol) was

stirred in 310 ml of toluene for 1 h with 60 g powdered 4Å molecular sieves at 85°C. After 1 h,

acetone (15 ml, 0.2 mol) was added, and the mixture was stirred at 85°C for a further 2 hours.

After cooling, the reaction mixture was filtered through Celite®, concentrated and dissolved in a

mixture of 250 ml of tetrahydrofuran and 12 ml of acetic acid. At 0°C, 5 g of sodium

cyanoborohydride was added in small portions. After stirring overnight at RT, standard work-up
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afforded 40 g of red oil. The oil was dissolved in boiling isopropyl acetate (150 mL) and a

solution of (S)-ditoluyltartaric acid (15.4 g, 0.04 mol) in isopropyl acetate (100 mL) was added

dropwise.

Racemate (2.3): The formed precipitate was collected and basified with a 5% NaHCO3

solution (150 mL), extracted with ethyl acetate (4 x 50 mL), and the free base was converted

into the hydrochloride salt. Yield 4.67 g, 0.016 mol (8%), mp 145-147°C. IR (KBr) 2955, 2822,

1666, 1382,1069 cm-1; 1H-NMR (CDCl3) δ 2.72-2.77 (m, 1H), 2.21-2.56 (m, 11H), 1.82-2.00

(m, 4H), 1.34-1.54 (m, 5H), 0.83 (t, 6H) ppm; 13C-NMR (CDCl3) δ 197.5, 155.0, 129.7, 55.0,

51.1, 36.1, 31.0, 29.3, 24.1, 22.1, 20.8, 20.2, 10.3 ppm; MS (EI) m/z 249 (M+); Anal.

(C16H27NO) C, H and N.

S-enantiomer (2.3a): The formed precipitate was collected, dried and recrystallized 3

times from 300 mL of ethanol (90%). The salt was basified with a 5% NaHCO3 solution (150

mL), extracted with ethyl acetate (4 x 50 mL), and the free base was converted into the

hydrochloride salt. Yield 2.0 g (3.5%) of 2.3a·HCl, with [α]20
D –152º (c 0.1, methanol), ee

>99%, mp. 148-150ºC.

R-enantiomer (2.3b): The combined mother liquids were basified with a 5% NaHCO3

solution (150 mL), extracted with ethyl acetate (4 x 50 mL). After evaporation of the solution,

the free base was dissolved in isopropyl acetate (150 mL) and, as described previously, treated

with a solution of (R)-ditoluyltartaric acid (15.4 g, 0.04 mol) in isopropyl acetate (100 mL). The

formed precipitate was collected, dried and recrystallized 3 times from 90% ethanol (300 mL).

The salt was basified with a 5% NaHCO3 solution (150 mL), extracted with ethyl acetate (4 x 50

mL), and the free base was converted into the hydrochloride salt. Yield 2.5 g (4.4%) of

2.3b·HCl, with [α]20
D +152º (c = 0.1, methanol), ee >99%, mp. 149-151ºC.

Isolated by-product Di-(2-(1,3-cyclohexadione)methane (2.4). Yield 14 g, 0.06 mol

(30%), IR (KBr) 2933 (enol), 1597, 1579, 1384, 915 cm-1; 1H-NMR (CDCl3) (enolic state) δ

3.11 (s, 2H), 2.32-243 (m, 8H), 1.89-194 (m, 4H) ppm; 13C-NMR (CDCl3) δ 189.5, 113.2, 30.8,

18.8, 15.0; MS (EI) m/z 236 (M+);

6-(N,N-di-n-Propylamino)-3,4,7,8-tetrahydro-2H-naphthalen-1-one (2.5). A mixture

of 1,3-cyclohexadione (23.1 g, 0.2 mol), paraformaldehyde (6.0 g, 0.2 mol based on CH2O), and

di-n-propylamine (21.2 ml, 0.2 mol) was stirred in 310 ml of toluene for 1 h with 60 g powdered

4Å molecular sieves at 85°C. After 1 h, acetone (15 ml, 0.2 mol) was added, and the mixture
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was stirred at 85°C for a further 2 hours. After cooling, the reaction mixture was filtered through

Celite® and concentrated in vacuo to give a dark oil (~44 g). This was washed though a column

of silica gel (300 g, 230-400 mesh) with ethyl acetate. The yellow product containing fractions

were combined and concentrated to afford a red-yellow oil (~30 g) containing the dienaminone.

This material was further purified by column chromatography (Al2O3, tetrahydrofuran/hexane,

1:1) to give a yellow solid. Yield: 23.7 g, 97.0 mmol (48%), mp 56-57°C. IR (KBr) 1614,1509,

1470 cm-1; 1H-NMR (CDCl3) δ 4.65 (s, 1H), 3.12 (t, 1), 2.30-2.48 (m, 8H), 1.87 (m, 2H), 1.54

(m, 2H), 0.85 (t, 6H) ppm; 13C-NMR (CDCl3) δ 194.6, 157.8, 156.3, 115.2, 93.8, 37.3, 31.0,

25.9, 23.0, 21.0, 19.8, 11.2 ppm; MS (EI) m/z 247 M+); Anal. (C16H25NO) C, H and N.

N-n-Propyl-5-keto-2-methyl-1,2,3,4,7,8-hexahydro-[6H]-quinoline (2.8). To a

solution of 1,3-cyclohexadione (3.5 g, 31 mmol) and triethylamine (8.6 mL, 62 mmol) in

dichloromethane (50 mL) was added trimethylsilylchloride (7.8 mL, 62 mmol). After stirring at

RT for 15 min, TLC analysis showed the reaction was complete. Methyl-vinyl-ketone (2.6 mL,

31 mmol) was added dropwise and the mixture was stirred for 1h. Solvent was evaporated and

the residue was redissolved 2N HCl (60 mL). After stirring for 1h, the acidic phase was

extracted with dichloromethane (6 x 50 mL). The combined organic layers were dried (MgSO4)

and evaporated (4.16 g). The residue was redissolved in tetrahydrofuran (50 mL) and n-

propylamine (8.8 mL, 64 mmol) was added carefully. After the initial reaction had ceased

stirring was continued for 1h. After filtration, acetic acid (3 mL) was added to the filtrate,

followed by addition in small portions of NaBH3CN (3.0 g, 48 mmol). The reaction mixture was

stirred at RT, overnight. Water (50 mL) and 3N NaOH (30 mL) were added followed by

extraction with diethyl ether (3 x 50 mL). The combined organic layers were dried (MgSO4) and

evaporated. Yield 4.0 g, 16 mmol (50%), IR (KBr) 2960, 2835, 1650, 1400, 1085 cm-1; 1H-

NMR (CDCl3) δ 3.63-3.75 (m, 2H), 2.99-3.32 (m, 2H), 2.52-2.83 (m, 4H), 2.09-2.26 (m, 1H),

1.65-1.92 (m, 6H), 1.20 (d, 3H), 0.92 (t, 3H) ppm; 13C-NMR (CDCl3) δ 183.2, 171.8, 104.4,

55.0, 53.8, 28.8, 27.0, 25.1, 21.9, 20.0, 17.4, 14.2, 12.3 ppm; MS (EI) m/z 249 (M+).
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2.6.2 Pharmacology

Pharmacology. All compounds were tested as hydrochloride salts unless noted

otherwise. All in vitro and in vivo experiments were performed at Parke Davis Pharmaceutical

Research (Ann Arbor, MI, USA) or at the Rijksuniversiteit Groningen (The Netherlands).

Receptor binding studies. The affinity of compounds for brain DA D1 and D2 receptors

using [3H]SCH-23390 or [3H]Spiperone respectively, was determined by standard receptor

binding assays,50 according to methods previously described.51 The affinity of compounds for

brain DA D1 and D2 receptors using [3H]N-0437 were as described below.

Cell lines expressing the DA D2 receptor. 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.

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

human DA D2L receptors were grown in 162 cm 2 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 37ºC. 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 x g for 10 min at 4ºC and than re-suspended

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

homogenised with a Brinkman Polytron homogenizer at setting 5 for 10 sec. The membranes

were pelleted by centrifugation at 20000 g at 4ºC for 20 min, then the pellets were re-suspended

in appropriate buffer at 1 ml/flask and stored at -70ºC until used in the receptor binding assay.

Receptor binding assays: DA D2L receptors. A cell membrane preparation (400 µL)

was incubated in triplicate with 50 µL [3H]N-0437 (2nM), 50 µL buffer, or competing drugs

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

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.52

Experimental compounds were made up as stock solutions in dimethylsulfoxide

(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

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

Functional assays. The intrinsic activity of the compounds at the DA D1 and D2 receptor

were determined according to methods previously described.53,54

Electrophysiology experiments and GBL-test. The effect on the firing rate of

dopaminergic neurons and the inhibition of GBL-stimulated DA synthesis were determined by

methods previously described.34

Contralateral turning in 6-OH-DA lesioned rats (Ungerstedt’s model for PD).

Contralateral turning experiments were essentially according to the original reference by

Ungerstedt and Arbuthnott.32  Briefly, male Sprague-Dawley rats were lesioned in right medial

forebrain bundle (P4.8mm, L1.1mm, V-8.2mm from bregma) with 2 mg mL-1 of 6-

 hydroxydopamine HBr in saline with ascorbic acid 1 mg mL-1 added. After 3 weeks

recovery, completeness of lesion was assessed with apomorphine 50 mg kg-1 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 a 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. The data is presented

as full rotations in contralateral directions. Rats are used once weekly.

Determination of the active metabolite. Dosing and sampling. Three male Wistar rats,

subjected to a standard striatal microdialysis experiment, were subcutaneously administered

either; 10 mg kg-1 of 2.3a, 50 mg kg-1 of 2.3b or 1.0 mg kg-1 of 5,6-di-OH-DPAT.46 Mobile

phase for perfusion was a pH 4 phosphate buffer (57 mM citric acid monohydrate, 27 mM

Na2HPO4 dihydrate, 1.3 mM EDTA, 2.2 mM TMA and 0.12 mM OSA) in a mixture of 30%
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methanol/water. Dialysate was collected through a striatal microdialysis probe with a continuous

flow (2 µL min-1) at 15 min intervals starting at injection and continued for 3 hours.

Four male Sprague-Dawley rats, following a pre-dose blood sample, were administered

2.3a at 10 mg kg-1 via oral gavage, and three fasted rats were administered 2 mg kg-1 via

intravenous bolus injection. The same number of prepared rats were administered the same

amounts of PD217016. Dosing vehicle for both studies were: 5% dextrose for intravenous bolus

and HPLC grade H2O for oral dose. From the orally dosed rats, blood samples were collected

through a jugular cannula at 45, 75, 105, 135, 165, 225, 285, 345, 405 and 480 min, and

artificial cerebrospinal fluid (ACSF) was collected through a striatal microdialysis probe with a

continuous flow at 30 min intervals using a CMA/142 Microfraction collector (1 µL min-1).

From the intravenously dosed rats, blood samples were collected through a jugular cannula at 0,

5, 15, 30, 60, 120, 240, 360 and 480 min. Each blood sample was placed directly into a serum

separator collection tube for centrifugation and decanting of serum. Upon final sample, brain

probes were removed from oral administered rats euthanized by intravenous overdose of sodium

pentobarbital. Brain samples were collected and parenchyma separated from capillaries by a

depletion technique using 6 mL of Hepes buffer and 8 mL of 26% dextran/Hepes buffer to

homogenize the brain sample immediately, then centrifuge the homogenate to separate

supernatant (parenchyma) and pellet (capillaries).

Analysis. Qualitative analysis of 5,6-di-OH-DPAT was performed using a standard

striatal microdialysis set-up fitted with a 50 µL loop.46 Standard solutions of 5,6-di-OH-DPAT

were injected on the HPLC system in the range of 10-10 M - 10-8 M to determine retention time

and detection limit (5 x 10-10 M). Quantitative analysis was performed by mass spectrometric

detection of 2.3a, 2.3b and 5,6-di-OH-DPAT on striatal dialysate and blood plasma. Samples of

2.3a and 2.3b in serum were prepared by liquid/liquid extraction with methyl t-butyl ether,

AcOH and analysed by LC/MS/MS. Chromatographic conditions were isocratic (acetonitrile:

0.1% formic acid 60:40), reverse phase, 2.1 x 100 mm x 3µ YMC basis column, 0.2 mL min-1

flow rate. Samples were analysed by multiple-reaction monitoring using a Micromass Quattro II

triple quadrupole mass spectrometer with Z-spray ionisation source operating with positive

electron spray. Brain microdialysis samples were analysed by direct injection using similar

LC/MS/MS conditions as described above.
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Analogs of PD148903 – 

Orally Active Anti-Parkinsonian Prodrugs

ABSTRACT

A series of analogs of the enone prodrug PD148903 (2.3), having different N-

substituents, were synthesized and pharmacologically evaluated. The compounds were tested at

different oral doses in the Ungerstedt rotation model for Parkinson’s disease in the rat. The

newly synthesized analogs of 2.3 proved to be orally active and produced a pronounced and long

lasting pharmacological effect. At 0.1 mg kg-1 po, the N-methyl-N-propyl substituted analog

(3.13) had a pharmacological profile similar to that of 2.3. The N-ethyl-N-propyl substituted

analog (3.14) at that dose showed a significantly higher efficacy than 2.3 (p < 0.05). Analyses of

rat brains after the administration of 2.3 and 3.14 indicated the presence of hydroxylated

metabolites of both parent enones. It is hypothesized that these metabolites are involved as an

intermediate in the bioactivation mechanism of these new prodrugs.
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3.1 INTRODUCTION

The potential utility of the directly acting DA D2 agonist 5-hydroxy-2-di-propylamino-

1,2,3,4-tetrahydronaphthalene (5-OH-DPAT, 3.1) and the mixed DA D1/D2 agonist 5,6-

dihydroxy-2-dipropylamino-1,2,3,4-tetrahydronaphthalene (5,6-di-OH-DPAT, 3.2) in treatment

of Parkinson’s disease is generally recognized (Figure 3.1).1-6 However upon oral

administration, the phenol and the catechol moieties are rapidly metabolized to an extent that

limits the therapeutic usefulness of these compounds.7 For instance, the potential anti-Parkinson

compound N-0437 (3.3) undergoes extensive first-pass metabolism (glucuronidation).8 In the

past it was attempted to circumvent this problem by developing prodrugs. Common prodrugs of

phenols and catechols are esters, amides and carbamates.9-14 These types of prodrugs generally

do not improve the in vivo characteristics sufficiently to make oral administration feasible. For

instance, the di-acetyl ester prodrug of the DA D1 agonist ABT-431 (3.4) has a plasma half-life

for both esters of 60 seconds and is only efficacious after intravenous (iv) administration.15
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N
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3.1, R = H 
3.2, R = OH 
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Figure 3.1 Structures of some known hydroxylated 2-aminotetralin DA receptor agonists and
prodrugs of dopaminergic catecholamines; 5-OH-DPAT (3.1), 5,6-di-OH-DPAT (3.2), N-0437
(3.3), ABT-431 (3.4), PD148903 (2.3), and its most active enantiomer, PD217015 (2.3a).



Analogs of PD148903 – Orally Active Anti-Parkinsonian Prodrugs

93

Chapter 2 described the synthesis and pharmacological evaluation of 2.3a (= (S)-2.3), as

an orally active prodrug of (S)-5,6-di-OH-DPAT (3.2).16 This prodrug was found to be

efficacious in vivo in models for Parkinson’s disease in rats. As an extension of this work, we

synthesized a series of analogs of 2.3 in an attempt to investigate how general the bioactivation

mechanism is and the structure activity relationship (SAR). Since 2.3 was subjected to

enantioselective bioactivation, also the nature of the N-substituents could be of importance for

the process of conversion to the active principle. In an attempt to investigate this, a series of

analogs with different N-substituents was prepared.

 Hydroxylated 2-aminotetralins are known to be pharmacologically active when having

certain N-alkyl substituents. N,N-di-n-propyl substitution is considered optimal, with respect to

DA D2 binding affinity and CNS penetration.1,17-21 Substituents smaller than n-propyl make an

aminotetralin less lipophilic and lowers the binding affinity for the DA D2 receptor while

retaining or increasing their potency at the DA D1 receptor.4,5,22 Incorporation of one large

substituent, like N-2-(phenyl)ethyl or N-2-(2-thienyl)ethyl (as in 3.3), increases the lipophilicity

and improves the potency of the compounds.6 For 5,6-di-hydroxy-2-aminotetralins, only a few

N-substitution patterns have been reported in literature.23 Instead, most of the work on N-

substituents has been done using 5-hydroxy-2-aminotetralin as a scaffold.21 Once the in vivo

disadvantages of catecholic 2-aminotetralins were discovered, researchers focussed their

attention on their 5-hydroxylated, phenolic derivatives. Many N-alkylated 5,6-dihydroxy-

aminotetralins and N-alkylated 5-hydroxy-2-aminotetralins have dopaminergic properties. For

the phenolic 2-aminotetralins, DA D2 agonism was retained but DA D1 agonism was impaired,

though they appear to be low affinity partial DA D1 agonists.1,24 Double bonds and also

heteroatoms like sulfur, oxygen and halogens have been incorporated into the N-substituents.5

To further investigate the bioactivation mechanism, prodrug equivalents of known

pharmacologically active 5-hydroxy-2-(N,N-dialkylamino)tetralins were synthesized (Figure

3.2). Since 2.3 was inactive in vitro, the analogs of 2.3 were pharmacologically evaluated in vivo

in the Ungerstedt model for Parkinson’s disease using unilaterally 6-OH-DA lesioned rats.25

To investigate the presence of metabolites, brain extracts of rats treated with enone

prodrugs were analyzed.  Doing this for 2.3 and one of the newly designed enones, could

provide an analogy in metabolism leading to a deeper understanding of the bioactivation

mechanism. (S)-5,6-di-OH-DPAT was the only pharmacologically active principle detected after

administration of 2.3a, thus, 2.3a needs to undergo some form of aromatization in the
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bioactivation process. We synthesized a ‘3,3-dimethyl’ analog of 2.3 to study the influence of

geminal dimethyl substitution on the enone ring on the pharmacological effect in vivo.

N
R

R'

O

N
R

R'

OH

Figure 3.2 Enone equivalents of pharmacologically active 5-hydroxy-2-dialkylaminotetralins.

The α- or β-rotameric conformation of 4-aryl-di-OH-DPATs may determine the activity

or inactivity at the DA receptors. 4-aryl-di-OH-DPATs may also have other properties than

dopaminergic since N,N-dimethyl substituted compounds of that type exhibit activity at the

histamine H1 and σ-like receptors.28,29 In this chapter, only the synthesis of these compounds

and their effect in the Ungerstedt model for Parkinson’s disease were investigated.25
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Figure 3.3 Structures of an 8-Aryl substituted enone (3.5),the corresponding catecholamine, 4-
Ph-5,6-di-OH-DPAT (3.6), its inactive congener 4-Ph-6,7-di-OH-DPAT (3.7),(R)-
isoapomorphine (3.8) and (R)-apomorphine (3.9).
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In Chapter 2, the synthesis of 2.3 was described using formaldehyde in the initial

condensation reaction. Though the synthesis was very efficient, many by-products were formed

during the first reaction step. By using other aldehydes in this reaction, we thought to investigate

the extent of the role formaldehyde plays in the formation of the by-products. Benzaldehyde and

2-thienylcarboxaldehyde were selected because incorporation of an aromatic ring at the 8

position of 2.3 might affect the dopaminergic activity of the enone after bioactivation to its

corresponding catecholamine (Figure 3.3).

It cannot be predicted whether bioactivation to the corresponding catecholamine takes

place and whether these unknown 4-aryl-5,6-di-OH-DPATs (3.6) are active at the DA receptors.

Literature reports both cis and trans 4-aryl-6,7-di-OH-DPAT (3.7) to be inactive at the DA

receptors.26 Yet it is also known that (R)-isoapomorphine (3.8) has poor dopaminergic properties

as compared to the potent mixed DA D1/D2 receptor agonist (R)-apomorphine (3.9).27

3.2 CHEMISTRY

3.2.1 Synthesis of N,N-dialkyl analogs of 2.3

The synthesis of the analogs of 2.3 is outlined in Schemes 3.1. The precursor 1,6-

diketone (3.10) was prepared in three steps according to literature procedures.30-33 Reductive

amination of 3.10 with primary amines in tetrahydrofuran, in the presence of 1 equivalent of

acetic acid, gave excellent yields. The secondary amines formed were found to decompose upon

standing and were used for further synthesis without purification.

Enone 3.11 was synthesized by alkylation of the mono-n-propyl intermediate with 3-

fluoropropyl-1-bromide. The reaction was carried out in acetonitrile with Cs2CO3 and KI at

reflux temperatures and took prolonged heating for completion. The moderate yield of 3.11 is

most likely due to the chemical instability of the intermediate, and the reaction time and

temperatures required for the alkylation reaction. Reductive alkylation of the thienylethylamine

intermediate with propionaldehyde gave 3.12 in good yield, and could be performed in the same

pot. However, in order to have better control over the double bond selectivity in the second

reduction step, it was preferred to work-up the reaction mixture after the first step.

Condensation of N-methyl-N-n-propylamine, N-ethyl-N-n-propylamine, or N-methyl-N-

propargylamine with precursor 3.10 required heating in a sealed flask in the presence of

powdered 4Å molecular sieves. In the preparation of these enamines, several side products were
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formed that could not easily be separated from the desired product. Therefore, similar to the

synthesis reported for 2.3, these enamine intermediates were reduced without purification, to

their corresponding amines (3.13, 3.14 and 3.15). Yields were moderate since the selectivity for

the desired double bond proved hard to control in the reduction step. Use of methanol or 1,2-

dichloroethane increased reaction speed but decreased selectivity.31,33 In tetrahydrofuran the

reaction and selectivity was controlled by the amount of acetic acid and maintaining a low

temperature. Though both primary and secondary amines react with 3.10 to give an enamine,

reduction of the primary enamine is far more selective34-36
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R = Pr, Thienylethyl 3.11: R = Thienylethyl, R' = Pr
3.12: R = Pr, R' = (CH2)3F
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a b

c d

3.13: R = Pr, R' = Me
3.14: R = Pr, R' = Et
3.15: R = Me, R' = CH2C CH

Scheme 3.1 Synthesis of analogs of 2.3. Reagents and conditions: a) RNH2, NaBH3CN, THF/
AcOH, 0oC; b) propionaldehyde, NaBH3CN, THF/AcOH, 0oC or F(CH2)3Br, Cs2CO3,
acetonitrile, 80oC; c) RR'NH, toluene, 60oC; d) NaBH3CN, THF/AcOH, 0oC.

3.2.2 Synthesis of an 3,3-dimethyl analog of 2.3

The 3,3-dimethyl analog (3.17) of 2.3 was synthesized analogously to the synthesis of

2.3 described in Chapter 2 (Scheme 3.2). Dimedone (3.16) was reacted with paraformaldehyde

and dipropylamine in hot toluene in the presence of powdered 4Å molecular sieves followed by

treatment with acetone. The presence of two methyl groups made the reaction proceed markedly

slower than for 1,3-cyclohexadione. After 50h of heating, the reaction was incomplete but no

further progress of the reaction was monitored and the heating was stopped. Analysis of the

reaction mixture showed a similar amount of by-products had formed as in the preparation of
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2.3. After work-up, the enamine intermediate was reduced to the corresponding amine. Like in

the synthesis of 2.3 the overall yield of 3.17 was low.

3.173.16

O

N

O

O
a

Scheme 3.2 Synthesis of the 3,3-dimethyl analog of 2.3. Reagents and conditions: a) i) CH2O,
PrNH2, toluene, 85oC; ii) acetone, toluene, 85oC; iii) NaBH3CN, THF/AcOH, RT.

3.2.3 Synthesis of 8-aryl analogs of 2.3

Benzaldehyde and 2-thienylcarboxaldehyde were used analogously to the synthesis of

2.3 (Scheme 3.3). The corresponding aryl substituted enones, 3.19 and 3.20, were obtained with

hardly any by-products. Obviously, arylic aldehydes are able to stabilize the intermediates

probably by conjugation of the ring electrons like in 3.21. The stabilizing effect of the arylic

aldehydes was also noticeable in the reaction time required for complete conversion to the

initially formed enamine. The 8-Aryl substituted enones 3.19 and 3.20 were pharmacologically

evaluated as diasteromeric mixtures.

O

O

O

NPr+

O R

N

3.19, R = Phenyl
3.20, R = 2-Thienyl 

3.18 3.21

a

Scheme 3.3 Synthesis of 3.19 and 3.20. The reaction may profit from the stabilizing effect of
the aryl group in an intermediate like 3.24. Reagents and conditions: a) i) CH2O, PrNH2,
toluene, 85oC; ii) acetone, toluene, 85oC; iii) NaBH3CN, THF/AcOH, RT.
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3.3 PHARMACOLOGY

3.3.1 In vivo pharmacology

All new compounds were tested on in vivo activity in the Ungerstedt model for

Parkinson’s disease, using unilaterally 6-hydroxy-DA lesioned rats.25 In this model the DA

receptors in the striatum on the lesioned side become hypersensitive. Administration of centrally

acting DA agonists causes disproportionate stimulation of locomotor activity, making the rats

move in circles. The more rotations, the more efficient a compound is considered to be against

Parkinson’s disease. Rotations were recorded for 12 h after oral administration at several doses

of the test compounds. A detailed description of this model is given in Chapter 2.

3.3.2 Brain extraction experiments

In order to gain further insight into the bioactivation mechanism of enone prodrugs,

whole rat brain tissues were homogenized, extracted and analyzed by GC-MS to identify

possible metabolites.

3.4 RESULTS AND DISCUSSION

3.4.1 The Ungerstedt model for Parkinson’s disease

In Table 3.1 the total cumulative full contralateral rotations for the tested analogs of 2.3

are presented. At a dose of 0.1 mg kg-1 po compounds 3.13 and 3.14 produced potent effects.

Compound 3.13 produced a similar effect to 2.3, however, 3.14 showed a significantly more

potent effect (p < 0.01, t-test, power: 0.77). A significant difference between the effects of

compounds 3.13 and 3.14 was not found. N-0437 analogous enone prodrug 3.11, and N-methyl-

N-propargyl substituted 3.15, only induced a weak effect. 3,3-Dimethyl substituted analog 3.17

and the 8-aryl analogs, 3.19 and 3.20, induced such a weak effect at 1.0 mg kg-1 po that they are

considered inactive.

 At 0.3 mg kg-1 po, compound 3.13 produces similar results relative to 2.3. Analog 3.14

reaches maximum rotations possible37 and the effect is significantly larger than that of 2.3 (p <

0.05, Mann-Whitney rank sum test). A higher dose of 3.15 did not change the pharmacological

effect significantly. The effect of 3.15 may be partially attributed to its possible MAO-inhibiting
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properties. N-methyl-N-propargyl substituted amines, like deprenyl, pargyline and also

aminotetralin based structures, are known to irreversibly bind the MAO enzyme.38 Compound

3.15 was not tested in a MAO-inhibitory essay.

Table 3.1 The pharmacological effect of 2.3 and some of its analogs at three doses po in the
Ungerstedt model for Parkinson’s disease.a

Compound Total full contralateral turns (X ± SEM)

0.1 mg kg-1 nb 0.3 mg kg-1 n 1.0 mg kg-1 n

2.3 2312±440 (10) 5354±748 (8) 8787±1450 (5)

3.11 262±75 (7) -c - 503±85d (7)

3.12 - - 5194±1543 (8) 7540±1358 (8)

3.13 2928±961 (4) 5740±491 (4) - -

3.14 4840±757 (8) 8901±1824 (8) - -

3.15 713±237 (8) 513±357 (8) - -

3.17 - - 23±12d (4) 204±179d (4)

3.19 - - - - 19±0d (2)

3.20 - - - - 6±6 d (2)
aNumbers noted are the cumulative full contralateral turns in 12h. bn, number of rats tested; c–, not
tested; d3 hour totals.

A 3-fluoro substituent in one of the n-propyl side chains gives 3.12, in which the

pharmacological effect of 2.3 is retained. The fluoro atom evidently can be considered as

metabolically rather stable and not interfering with the bioactivation mechanism. The same is

observed when administered at 1.0 mg kg-1 po; 2.3 and 3.12 do not differ significantly.

However, it must be noted that the effect at 1.0 mg kg-1 po does not significantly differ from its

effect at 0.3 mg kg-1 po. Surprisingly the N-0437 analogous enone prodrug 3.11 had only a weak

effect at 1.0 mg kg-1. Little increased lipophilicity relative to 2.3 (LogD, calculated (Pallas®):

2.3 = 1.21, 3.11 = 2.11) should warrant a good oral absorption. Thus, either 3.11 fails in the

bioactivation process or it is relatively more prone to other metabolism.

Figure 3.1 shows the effect of 3.13, 3.14 and 2.3 at 0.1 mg kg-1 po in time. Statistical

analysis of the graphs using a two-way ANOVA followed by a Student-Newman-Keuls test,

shows the effect of 3.14 to be significantly different from 2.3 (p < 0.05). Graphs of 3.13 and 2.3
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have a similar profile and are not significantly different at any time. All compounds have a

similar rapid onset of action.
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Figure 3.1 Pharmacological effect of 0.1 mg kg-1 of 2.3 and two of its analogs po in the
Ungerstedt model for Parkinson’s disease expressed as cumulative full contralateral rotations
per 15 min over 12h. Each point is the mean ± SEM. for n determinations. n = number of
animals tested; 3.13 (n = 4); 3.14 (n = 8); 2.3 (n = 10).

The pharmacological effects are long lasting. Significant activity for 3.13 was measured

from 30 to 600 min, for 3.14 from 30 to 720 min, and for 2.3 from 15 to 525 min (all p < 0.05,

Wilcoxson signed rank test). A saline curve was not included as it coincides with the x-axis.

The results for 3.13 (Me/Pr) and 3.14 (Et/Pr) relative to 2.3 (Pr/Pr) at both 0.1 mg kg-1 po

and 0.3 mg kg-1 po are surprising. Numerous factors like differences in absorption, distribution,

bioactivation, potency of the active metabolite or even indirect effects may contribute to these

findings. Yet for aminotetralins it has been described that 5,6-di-OH-DPAT had a 133 fold

increased potency for in inducing D1/D2 related stereotyped behavior in the rat relative to 5,6-di-

OH-MethylPAT (respectively the active metabolite of 2.3 and the anticipated active metabolite

of 3.13).23 Furthermore an 11 fold increased potency for 5,6-di-OH-DPAT was found over 5,6-

di-OH-MethylPAT, in its anti-tremor activity in the reserpinized rat.23 Therefore it is unlikely

that the potency of the active metabolites (the aminotetralins) determines the pharmacological
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effect induced by the prodrugs. Furthermore, considering absorption and disposition, MAO

susceptibility and DA D2 receptor binding affinity of aminotetralins, N,N-di-n-propyl

substitution has been considered optimal for inducing a pharmacological effect.21

Therefore, considering the fact that in the Ungerstedt rat model 3.13 and 2.3 are

equipotent and 3.14 is more potent than 2.3, it could be that, to some extent, differences in

pharmacology are related to differences in bioactivation of 3.13, 3.14 and 2.3. It is thus possible

that like the orientation at the chiral center (Chapter 2), also the nature of the N-substituents

influences the bioactivation mechanism.

3.4.2 Brain extraction experiments

Whole rat brain tissues were homogenized, extracted and analyzed by GC-MS for

metabolites after administration of 30 mg kg-1 sc 3.14 or 10 mg kg-1 sc 2.3a. Vehicle only was

administered to provide a blank experiment. Standard solutions of 3.14 and 2.3a were used to

determine retention time and fragmentation pattern.

Figure 3.2 shows the mass spectra after analyses: (A) and (B) show the M+-ion and

fragments of 3.14 and 2.3a respectively, (C) and (D) show the mass spectra of two newly

observed analytes. Both M+-ions of (C) and (D) correspond with an increase in molecular mass

of 16 with respect to their administered precursor. Since fragmentation is similar and none of the

compounds above has been detected after saline experiments, it is evident that (C) and (D) are

metabolites of the tested compounds. The increase in molecular mass by 16 is most easily

explained with the introduction of an oxygen atom into the molecule.

To understand where the oxygen atom is inserted into the molecule it is necessary to

look at the fragmentation patterns of the molecules. It is known for alkylated amines that the

fragments M–29 or M–15 (235→206, 235→220, 249→220, 251→222, 265→236) originate

from the loss of an ethyl or methyl moiety from the nitrogen substituent.41 Six-membered

cyclohexenone rings are known to give ‘retro Diels-Alder’ reactions in their fragmentation. A

retro Diels-Alder reaction on (A) and (B) of the amine substituted ring gives N,N-dialkyl-N-

vinylamines of 113 amu and 127 amu respectively that are also observed in (C) and (D)

respectively. Because the fragmentation pattern of the metabolites is not altered for (C) and (D)

it is unlikely that an oxygen atom is incorporated in the N,N-di-n-propylamine and the N-ethyl-

N-n-propylamine moieties of the molecules or that an N-oxide was formed.
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Incorporation of an oxygen atom into the fused ring system seems most plausible. Loss

of the N,N-dialkylamine moiety in (A) and (B) leaves a fused ring system with a molecular mass

of 149 amu. Instead, in the case of metabolites (C) and (D), this has changed to 147 amu. This

could be explained oxidation of the prodrugs to hydroxylated metabolites that dehydrate upon

fragmentation (149 + 16 – 18 = 147). In fact literature suggests a metabolic pathway for

testosterone, involving a hydroxylation on its α’ position.42

Figure 3.2 EI mass spectra (M+) of (A) 3.14, (B) 2.3a, (C) the observed metabolite of 3.14 and
(D) the observed metabolite of 2.3a.
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3.4.3 Hypothesized bioactivation mechanism

For 2.3a, the active metabolite in the brain was found to be 5,6-di-OH-DPAT and

metabolism of the active prodrug 3.14 is expected to be similar. It is, therefore, conceivable that

this α,β-unsaturated-α’-hydroxylated ketone ring system, by in vivo oxidation of the hydroxyl

group, is converted to the corresponding α,β-unsaturated-1,2-diketones. Two consecutive keto-

enol tautomerizations of this di-ketone will produce the corresponding 5,6-dihydroxy-2-

aminotetralin (Scheme 3.4). We have not detected catecholic aminotetralins under this protocol.
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Scheme 3.4 Hypothesized in vivo bioactivation of enone prodrug to their corresponding
catechols. Conditions: (a) hydroxylation; (b) oxidation; (c) keto-enol tautomerization.

3.5 CONCLUSIONS

The bioactivation mechanism as observed for 2.3 probably also be applied to analogs

with different N-substituents. Compounds 3.12, 3.13, and 3.14 were able to induce a potent and

long-lasting dopaminergic pharmacological effect upon oral administration. Even at low doses,

these newly synthesized compounds displayed similar or even higher potency relative to 2.3 in

alleviating Parkinsonian symptoms. The nature of the N-substituents in 3.12, 3.13, and 3.14 did

not affect the onset of action relative to that of 2.3 or 2.3a. Remarkably, N-ethyl-N-n-propyl
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substituted 3.14 gave a more potent pharmacological effect than N,N-di-n-propyl substituted 2.3.

This could indicate a correlation between N-substituent and bioactivation efficiency.

The very weak activity of 3.11 was surprising considering the potency of N-0437. The

presence of the thiophene ring evidently interferes with metabolism yielding little or no active

catecholamine. The inactivity of 3,3-dimethyl substituted analog 3.17 in vivo, demonstrates that

bioactivation to a potent dopaminergic compound is inhibited and that the enone structure itself

does not induce a dopaminergic effect. Synthesis and testing of an analog of 2.3 with a five-

membered enone ring system may provide further information. Such an enone structure would

be most similar to compound 2.3 yet the five-membered ring cannot be transformed to an

aromatic ring that is considered essential for binding to the DA receptor. The inactivity of 3.19

and 3.20 could be due to failure in bioactivation or the lack of dopaminergic properties of the

corresponding catecholamines.

Metabolism of 3.14 is expected to be similar to that of 2.3a, in which case the active

metabolite in the brain was found to be 5,6-di-OH-DPAT. Therefore, it could be possible that

hydroxylated metabolite is converted to the catechol. In fact, in vivo α’-oxidation of the

hydroxyl group, could give and α,β-unsaturated-1,2-diketones that after two consecutive keto-

enol tautomerizations would produce the corresponding 5,6-dihydroxy-2-aminotetralin.

3.6 EXPERIMENTAL SECTION

3.6.1 Chemistry

General remarks. Melting points were determined in open glass capillaries on an

Electrothermal digital melting-point apparatus and are uncorrected. 1H- and 13C-NMR spectra

were recorded at 200 MHz and 50.3 MHz, respectively, on a Varian Gemini 200 spectrometer.

The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m

(multiplet). 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. IR spectra were obtained on an ATI-Mattson spectrometer. Electronic ionization (EI)

mass spectra were obtained on a Unicam 610-Automass 150 GC-MS system. Chemical

ionization (CI) mass spectra were recorded by the Mass Spectrometry Unit of the University of

Groningen. Elemental analyses were performed by the Analytical Chemistry Section at Parke

Davis (Ann Arbor, MI) or by the Microanalytical Department of the University of Groningen
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and were within ± 0.4 % of the theoretical values, except where noted. All chemicals used were

commercially available (Aldrich or Acros) and were used without further purification.  

6-[N-n-Propyl-N-(2-thiophen-2-yl-ethyl)]-amino-3,4,5,6,7,8-hexahydro-2H-

naphthalen-1-one (3.11). To a stirred solution of 3,4,7,8-tetrahydro-2H,5H-naphthalene-1,6-

dione (0.50 g,  3.0 mmol)30 in dry THF (15 mL) was added 2-thiophen-2-yl-ethylamine (0.35

mL,  3,0 mmol). After stirring for 30 min, NaBH3CN (0.29 g, 4.5 mmol) was added followed 30

min later by dropwise addition Acetic acid (0.18 mL, 3.0 mmol). After stirring at RT for 3 h the

solvent was evaporated. The residue was partitioned between diethyl ether (50 mL) and 50%

aqueous Na2CO3 (25 mL). The layers were separated and the aqueous layer was extracted with

diethyl ether (2 x 50 mL). The combined ethereal layers were dried (Na2SO4), filtered and

evaporated to give 0.83 g of a colorless oil which was used without further purification. 1H-

NMR (CDCl3) δ 7.14 (d, 1H), 6.93 (t, 1H), 6.82-6.92 (m, 1H) 2.91-3.10 (m, 4H), 2.75-2.87 (m,

1H), 2.34-2.55 (m, 4H), 1.87-2.28 (m, 8H) ppm; 13C-NMR (CDCl3) δ 198.7, 165.9, 154.5,

142.0, 131.7, 126.7, 125.0, 123.6, 52.2, 47.9, 38.3, 37.5, 31.0, 27.9, 22.1, 20.9 ppm. The oil was

dissolved in methanol (60 mL) and propionaldehyde (3.0 mL, 45 mmol) was added. After

stirring at RT for 30 min, NaBH3CN (0.30 g, 4.8 mmol) was added slowly and the mixture was

stirred overnight. After stirring at RT for 3 h the solvent was evaporated. The residue was

partitioned between diethyl ether (100 mL) and 10% aqueous NaHCO3 (25 mL). The layers were

separated and the aqueous layer was extracted with diethyl ether (4 x 40 mL). The combined

ethereal layers were dried (MgSO4), filtered and evaporated. The resulting colorless oil was

purified by column chromatography (silica, dichloromethane/ethanol, 20:1) was subsequently

converted to the hydrochloric salt. Yield 0.61 g, 1.7 mmol (58%), mp 189-192°C. IR (KBr)

2943, 2612, 1655, 1389, 850, 706 cm-1; 1H-NMR (CDCl3) δ 7.10 (d, 1H), 7.07 (t, 1H), 6.77-6.91

(m, 1H), 3.55-3.71 (m, 3H), 2.73-2.92 (m, 4H), 2.31-2.71 (m, 4H), 2.20 (br d, 2H), 1.87-2.22

(m, 3H), 1.28-1.56 (m, 5H), 0.86 (t, 3H) ppm; 13C-NMR (CDCl3) δ 198.7, 156.3, 141.9, 131.7,

126.4, 124.4, 123.1, 56.0, 52.4, 37.5, 34.4, 31.3, 31.2, 29.8, 24.4, 22.7, 22.1, 22.0, 11.6 ppm; MS

(EI) m/z 317 (M+); Anal. (C19H27NOS·HCl) C, H and N.

6-(N-(3-Fluoro-n-propyl)-N-n-propyl)-amino-3,4,5,6,7,8-hexahydro-2H-naphthalen-

1-one (3.12). To a stirred solution of 3,4,7,8-tetrahydro-2H,5H-naphthalene-1,6-dione (0.5g,  3.0

mmol)30 in dry tetrahydrofuran (15 mL) was added n-propylamine (0.28 mL, 3.0 mmol) and
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NaBH3CN (0.29 g,  4.5 mmol). After stirring for 30 min., Acetic acid (0.18 mL, 3.0 mmol) was

added dropwise. After stirring at RT for 3 h the solvent was evaporated. The residue was

partitioned between diethyl ether (50 mL) and 50% aqueous Na2CO3 (25 mL). The layers were

separated and the aqueous layer was extracted with diethyl ether (2 x 50 mL). The combined

ethereal layers were dried (Na2SO4), filtered and evaporated. The compound proved to

decompose readily and was therefore  used without further purification. Crude yield:  0.7 g,

purity: ~90% (GC), MS (EI) m/z 207 (M+).

A mixture of the crude product (0.7 g, ~3.0 mmol), Cs2CO3 (2.7 g), 1-bromo-3-fluoro-

propane (1.22 g, 10.8 mmol) in acetonitrile (25 mL) was heated to 80°C for 36h. After cooling

another portion of 1-bromo-3-fluoro-propane (1.22 g, 10.8 mmol) was added and heating was

continued for 8h. The reaction mixture was then cooled to RT and diluted with ether (25mL).

Filtration and evaporation of the solvents gave 0.5 g of a dark oil, which was purified by column

chromatography (silica, dichloromethane/ethanol, 100:1). The purified product was converted to

the hydrochloric salt. Yield: 0.14 g, 0.5 mmol (15%), mp 135-139°C. IR (KBr) 2946, 2452,

1660, 1387 cm-1; 1H-NMR (CDCl3) δ 4.59 (dt, 1H, J = 5.7 Hz), 4.35 (dt, 1H, J = 5.7 Hz), 2.71-

2.77 (m, 1H), 2.12-2.58 (m, 10H), 1.61-2.05 (m, 8H), 1.18-1.48 (m, 3H), 0.82 (t, 3H) ppm; 13C-

NMR (CDCl3) δ 198.7, 156.5, 131.7, 82.1 (d, 83.7, 80.4, CH2F, J = 163.7 Hz), 55.4, 45.5, 45.4,

37.5, 34.3, 31.1, 29.7 (d, 29.8, 29.5, CH2CH2F, J = 19.4 Hz), 24.0, 22.7, 22.2, 21.7, 11.5 ppm;

MS (EI) m/z 267 (M+); Anal. (C16H26FNO·HCl), C, H and N.

6-(N-Methyl-N-n-propyl)-amino-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one (3.13).

To a stirred solution of 3,4,7,8-tetrahydro-2H,5H-naphthalene-1,6-dione (0.25g, 1.52 mmol)30

and powdered 4Å molecular sieves (1 g) in toluene (10 mL) was added N-methyl-n-propylamine

(0.12 g, 1.54 mmol). The mixture was heated in a sealed flask to 60°C for 18h and after cooling

another portion of N-methyl-n-propylamine (0.12 g, 1.54 mmol) was added. Heating is then

continued for 8h. Work-up by cooling, filtration, rinsing the residue with ether (5 x 10 mL) and

evaporation of the solvents. The resulting yellow/brown solid was dissolved in methanol (15

mL), cooled to 0°C and the pH was adjusted to 4 by adding acetic acid. Then NaBH3CN (0.11g,

1.65mmol) was added slowly. After stirring at 0°C for 30 min the cooling bath was removed and

the reaction mixture was stirred at RT for 2h. The solvent was evaporated and the residue

partitioned between 50% aqueous NaHCO3 (20 mL) and ether (50 mL). After separation of the

layers the aqueous layer was extracted with ether (3 x 25 mL). The combined ether layers were
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washed with brine, dried (Na2SO4) and evaporated. The resulting oil was purified by column

chromatography (silica, dichloromethane/methanol, 20:1) and subsequently converted to the

hydrochloric salt. Yield: 0.12 g, 0.45 mmol (30%), mp 140-143°C. IR (KBr) 2937, 2451, 1652,

1390 cm-1; 1H-NMR (CDCl3) δ 2.52-2.60 (m, 2H), 2.30-2.42 (m, 4H), 2.20-2.24 (m, 6H), 1.90-

1.97 (m, 4H), 1.24-1.50 (m, 4H), 0.85 (t, 3H) ppm; 13C-NMR (CDCl3) δ 198.9, 156.1, 131.7,

58.1, 55.4, 37.5, 37.4, 33.7, 31.1, 24.2, 22.5, 22.1, 20.4, 11.6 ppm; MS (EI) m/z 221 (M+); Anal.

C14H23NO·HCl) C, H and N.

6-(N-Ethyl-N-n-propyl)-amino-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one (3.14).

To a stirred solution of 3,4,7,8-tetrahydro-2H,5H-naphthalene-1,6-dione (0.75g, 4.30 mmol)30

and powdered 4Å molecular sieves (2 g) in toluene (15 mL) was added N-ethyl-n-propylamine

(0.41 g, 4.70 mmol). The mixture was heated in a sealed flask to 80°C for 18h and after cooling

another portion of N-methyl-n-propylamine (0.12 g, 1.54 mmol) was added. Heating is then

continued for 8h. Work-up by cooling, filtration, rinsing the residue with ether (5 x 10 mL) and

evaporation of the solvents. The resulting yellow/brown solid was dissolved in methanol (25

mL), cooled to 0°C and the pH was adjusted to 4 by adding acetic acid. Then NaBH3CN (0.37g,

5.85 mmol) was added slowly. After stirring at 0°C for 30 min the cooling bath was removed

and the reaction mixture was stirred at RT for 2h. The solvent was evaporated and the residue

partitioned between 50% aqueous NaHCO3 (20 mL) and ether (50 mL). After separation of the

layers the aqueous layer was extracted with chloroform (3 x 25 mL). The combined ether layers

were washed with brine, dried (Na2SO4) and evaporated. The resulting oil was purified by

column chromatography (silica, dichloromethane/methanol, 20:1) and subsequently converted to

the hydrochloric salt. Yield: 0.51 g, 1.87 mmol (48%), mp 157-158°C. IR (KBr) 2944, 2446,

1652, 1385 cm-1; 1H-NMR (CDCl3) δ 2.71-2.78 (m, 1H), 2.51 (q, 2H), 2.27-2.41 (m, 9H), 1.83-

1.94 (m, 4H), 1.17-1.44 (m, 3H), 0.97 (t, 3H), 0.85 (t, 3H) ppm; 13C-NMR (CDCl3) δ 198.6,

156.1, 131.7, 55.5, 51.5, 43.9, 37.5, 34.4, 31.2, 24.4, 22.6, 22.1, 21.6, 13.4, 11.5 ppm; MS (EI)

m/z 235 (M+); Anal. (C15H25NO·HCl) C, H and N.

6-(N-Methyl-N-propargyl)-amino-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one

(3.15). To a stirred solution of 3,4,7,8-tetrahydro-2H,5H-naphthalene-1,6-dione (0.25g, 1.40

mmol)30 and powdered 4Å molecular sieves (1 g) in toluene (10 mL) was added N-methyl-

propargylamine (0.13 mL, 1.54 mmol). The mixture was heated in a sealed flask to 80°C for 18h
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and after cooling another portion of N-methyl-n-propylamine (0.12 g, 1.54 mmol) was added.

Heating is then continued for 8h. Work-up by cooling, filtration, rinsing the residue with ether (5

x 10 mL) and evaporation of the solvents. The resulting yellow/brown solid was dissolved in

methanol (25 mL), cooled to 0°C and the pH was adjusted to 4 by adding acetic acid. Then

NaBH3CN (0.14 g, 2.10 mmol) was added slowly. After stirring at 0°C for 30 min the cooling

bath was removed and the reaction mixture was stirred at RT for 2h. The solvent was evaporated

and the residue partitioned between 50% aqueous NaHCO3 (20 mL) and ether (50 mL). After

separation of the layers the aqueous layer was extracted with chloroform (3 x 25 mL). The

combined ether layers were washed with brine, dried (Na2SO4) and evaporated. The resulting oil

was purified by column chromatography (silica, dichloromethane/methanol, 30:1) and

subsequently converted to the hydrochloric salt. Yield: 0.18 g, 0.71 mmol (51%), mp 120-

123°C. IR (KBr) 3188, 2931, 2467, 1666, 1389 cm-1; 1H-NMR (CDCl3) δ 3.40 (d, 2H), 2.53-

2.63 (m, 1H), 2.17-2.45 (m, 10H), 1.86-2.11 (m, 4H), 1.11-1.27 (m, 2H) ppm; 13C-NMR

(CDCl3) δ 198.6, 154.8, 131.6, 73.1, 56.3, 42.9, 38.4, 37.4, 35.4, 31.0, 25.2, 22.1, 21.7 ppm; MS

(EI) m/z 217 (M+); Anal. (C14H19NO·HCl) C, H and N.

6-(N,N-di-n-Propylamino)-3,3-dimethyl-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one

(3.17). Dimedone (3.16) (5.0 g, 35.7 mmol), paraformaldehyde (1.1 g, 35.7 mmol),

dipropylamine (3.8 g, 37.5 mmol) and powdered 4Å molecular sieves (18 g) were mixed in

toluene (55 mL). Under vigorous stirring the mixture was heated to 85°C for 1h. Acetone (2.71

mL, 37.1 mmol) was introduced and heating continued for 50h. After cooling the mixture was

filtered and the residue was rinsed thoroughly (ethyl acetate). The organic layer was

concentrated to about 50 mL and , washed with 4N HCl (5 x 50 mL). The combined acidic

layers were basified to pH = 9 using 4N NaOH and then were extracted with ethyl acetate (5 x

50 mL). The combined organic layers were washed with brine, dried (MgSO4) and evaporated to

give a red solid (3.85 g, crude). The solid was dissolved in methanol (50 mL) and acetic acid

(2.0 mL) was added. After cooling the mixture to 0°C, NaBH3CN (0.90 g, 14.3 mmol) was

added slowly. The reaction mixture was allowed to warm up to RT overnight. Work-up by

evaporation of the solvent and partitioning of the residue between 50% aqueous NaHCO3 (20

mL) and ether (50 mL). After separation of the layers the aqueous layer was extracted with

chloroform (3 x 25 mL). The combined ether layers were washed with brine, dried (Na2SO4) and

evaporated. The resulting oil was purified by column chromatography (silica,
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dichloromethane/methanol, 20:1) and subsequently converted to the hydrochloric salt. Yield:

2.26 g, 7.2 mmol (21%), mp 98-102°C. IR (KBr) 2965, 2425, 1655, 1393 cm-1; 1H-NMR

(CDCl3) δ 2.57-2.82 (m, 2H), 2.43 (t, 3H), 1.91-2.21 (m, 8H), 1.38-1.50 (m, 6H), 1.01 (s, 3H),

0.96 (s, 3H), 0.85 (t, 6H) ppm; 13C-NMR (CDCl3) δ 198.9, 153.7, 130.5, 55.9, 52.3, 51.1, 45.3,

34.5, 32.9, 29.1, 27.0, 24.2, 22.4, 21.6, 11.6 ppm; MS (EI) m/z 277 (M+); Anal.

(C18H28NO·HCl·½H2O) C, H and N.

6-(N,N-di-n-Propyl)amino-8-phenyl-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one

(3.19) 1,3-cyclohexadion (1.0 g, 8.9 mmol), benzaldehyde (0.94 g, 8.9 mmol), di-n-propylamine

(0.94 g, 9.3 mmol) and powdered 4Å molecular sieves (5 g) were mixed in toluene (15 mL).

Under vigorous stirring the mixture was heated to 85°C for 1h. Acetone (0.65 mL, 8.9 mmol)

was introduced and heating continued for 54h. After cooling the mixture was filtered and the

residue was rinsed thoroughly (ethyl acetate). The organic layer was evaporated to give a red oil

(2.19 g, crude) which was dissolved in methanol (30 mL) and acetic acid (2.0 mL) was added.

After cooling the mixture to 0°C, NaBH3CN (0.56 g, 8.9 mmol) was added slowly. The reaction

mixture was allowed to warm up to RT overnight. Work-up by evaporation of the solvent and

partitioning of the residue between 50% aqueous NaHCO3 (30 mL) and diethyl ether (20 mL).

After separation of the layers the aqueous layer was extracted with ethyl acetate (3 x 40 mL).

The combined organic layers were washed with brine, dried (Na2SO4) and evaporated. The

resulting oil was purified by column chromatography (silica, dichloromethane/ methanol, 20:1)

and subsequently converted to the hydrochloric salt that was recrystallized from ethanol/diethyl

ether. Yield: 0.88 g, 2.4 mmol (27%), mp 165-167 °C. IR (KBr) 2936, 2877, 2451, 1662, 1454

cm-1; 1H-NMR (CDCl3) δ 7.03-7.29 (m, 5H), 3.78 (br s, 1H), 2.85 (dt, 1H), 2.13-2.39 (m, 10H),

1.89-2.04 (m, 3H), 1.21-1.47 (m, 5H), 0.85 (t, 6H) ppm; 13C-NMR (CDCl3) 197.3, 158.4, 147.1,

135.0, 128.2, 127.9, 127.4, 126.4, 125.4, 55.2, 52.2, 42.2, 37.7, 36.9, 35.0, 31.9, 22.0, 21.5, 11.6

ppm; MS (EI) m/z 326 (M+1); Anal. (C22H31NO·HCl) C, H and N.

6-(N,N-di-n-Propyl)amino-8-(thiophen-2-yl)-3,4,5,6,7,8-hexahydro-2H-naphthalen-

1-one (3.20) 1,3-cyclohexadion (1.0 g, 8.9 mmol), 2-thiophenecarboxaldehyde (1.0 g, 8.9

mmol), dipropylamine (0.94 g, 9.3 mmol) and powdered 4Å molecular sieves (5 g) were mixed

in toluene (15 mL). Under vigorous stirring the mixture was heated to 85°C for 1h. Acetone

(0.65 mL, 8.9 mmol) was introduced and heating continued for 20h. After cooling the mixture
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was filtered and the residue was rinsed thoroughly (ethyl acetate). The organic layer was

evaporated to give a red oil (2.6 g, crude). The oil was dissolved in methanol (30 mL) and acetic

acid (2 mL) was added. After cooling the mixture to 0°C, NaBH3CN (0.56 g, 8.9 mmol) was

added slowly. The reaction mixture was allowed to warm up to RT overnight. Work-up by

evaporation of the solvent and partitioning of the residue between 50% aqueous NaHCO3 (30

mL) and diethyl ether (20 mL). After separation of the layers the aqueous layer was extracted

with chloroform (3 x 50 mL). The combined ether layers were washed with brine, dried

(Na2SO4) and evaporated. The resulting oil was purified by column chromatography (silica,

dichloromethane/methanol, 20:1) and subsequently converted to the hydrochloric salt that was

recrystallized from ethanol/diethyl ether. Yield: 1.0 g, 3.3 mmol (37%), mp 156-157°C. IR

(KBr) 2940, 2870, 2448, 1670, 1435 cm-1; 1H-NMR (CDCl3) δ 6.99-7.05 (m, 1H), 6.79-6.89 (m,

2H), 2.88 (br t, 1H), 2.23-2.49 (m, 12H), 1.89-2.00 (m, 2H), 1.39-1.65 (m, 5H), 0.87 (t, 6H)

ppm; 13C-NMR (CDCl3) δ 195.7, 162.3, 140.1, 133.5, 125.1, 121.6, 120.6, 54.0, 51.0, 36.4,

35.6, 35.5, 33.3, 30.5, 28.0, 20.1, 10.3 ppm; MS (EI) m/z 331 (M+); Anal. C20H29NOS·HCl) C,

H, N and Cl.

3.6.2 Pharmacology

General remarks. All compounds were tested as hydrochloride salts unless noted

otherwise. All in vivo experiments were performed at Parke-Davis Pharmaceutical Research

(Ann Arbor, MI, USA). Brain extraction experiments were performed at the laboratory animal

unit of the Rijksuniversiteit Groningen, The Netherlands.

The Ungerstedt model for Parkinson’s disease.25 Contralateral turning

experiments were essentially according to the original reference by Ungerstedt and

Arbuthnott. Briefly, rats were lesioned in right medial forebrain bundle (P4.8mm, L1.1mm, V-

8.2mm from bregma) with 8 mg / 4 mL 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 mg kg-1 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 contralateral directions. Rats are used once weekly.
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Brain extraction. The experiments were largely adapted from Feenstra et al.43 Male

Wistar rats were administered 30 mg kg-1 sc of 3.14 or 10 mg kg-1 sc of 2.3a, or a saline

solution. After 30 min all prodrug treated animals showed stereotypical dopaminergic behavior.

The rats were then stunned, decapitated and the whole brain was removed quickly and kept in

liquid N2. Tissue homogenates were prepared with a Teflon pestle in 5 mL glass tubes filled

with 0.5 mL 0.1M HClO4 solution.  The homogenates were poured into polypropylene tubes.

The pestle and glass tubes were rinsed with 0.5 mL 0.1M HClO4 solution that was added to the

homogenate (total of about 3 mL). The homogenates were centrifuged at 3000 g at 4°C for 15

min. The supernatants were completely decanted into glass tubes. The pH was adjusted to 11 by

addition of saturated Na2CO3 (300 µL) solution. To the alkaline solution was added diethyl ether

(3 mL) and this was shaken vigorously for 30 min. Tubes were then centrifuged at 3000 g at 4°C

for 5 min and 80% of the organic layer was removed with a pipette. The extraction procedure

was repeated three times and the organic layers were combined and evaporated under a stream

of N2 gas at RT. The residue was dissolved in toluene (150 µL). Analyses was performed by

splitless injection of 4 µL of the solution into a Unicam 610-Automass 150 GC/MS system,

fitted with an Alltech CpSil, 10 meter column. Injection at 275 °C, column at 100-320oC, ramp

rate 10 °C /min, EI mass detection.
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Oxime derivatives of PD217015 and PD148903. Orally

active anti-Parkinson cascade prodrugs

ABSTRACT

A series of oxime ether and oxime ester derivatives of the potential anti-Parkinson

prodrug PD148903  (2.3) were synthesized and evaluated in pharmacological models. Oximes

4.3 (hydroxyl-oxime) and 4.4 (methoxyl-oxime) were inactive in vitro but in the Ungerstedt rat

model for Parkinson’s disease 4.3 and 4.4 produced a pronounced and long lasting effect at 1.0

mg kg-1 po. Enantiomerically pure (–)-4.3 and (–)-4.10 (acetyl-oxime) were prepared from 2.3a

(= (–)-2.3) and produced a potent effect at 0.3 mg kg-1 po. Large individual differences were

observed in responsiveness between rats. The tosylated oxime (4.14) was found inactive up to

10 mg kg-1 po. Though less potent than 2.3 itself, oxime derivatives of 2.3 can be orally active,

most likely acting as cascade prodrugs.
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4.1 INTRODUCTION

In chapters 2 and 3, the synthesis and pharmacological evaluation of the orally active

prodrug 2.3, its most active enantiomer, 2.3a and some analogs were discussed.1 These prodrugs

were found to be highly efficacious and to have a long lasting effect in the Ungerstedt rat model

for Parkinson’s disease. Pharmacologically active enone prodrugs that were investigated so far

are considered to be rapidly bioactivated in two steps to their biologically active catecholamine

counterparts. Bioactivation of 2.3 proved to be selective for the (S)-(–)-enantiomer and the

biologically active metabolite, the mixed DA D1/D2 agonist (S)-5,6-dihydroxy-2-(N,N-di-n-

propylamino)tetralin ((S)-5,6-di-OH-DPAT, (S)-2.10), was delivered enantioselectively into the

CNS (Scheme 4.1).2

O

N

OH

N

OH

in vivo

2.3a 2.10

Scheme 4.1 Bioactivation of PD217015 (2.3a) to (S)-5,6-di-OH-DPAT ((S)-2.10).

In the Ungerstedt rat model for Parkinson’s disease, the pharmacological profiles of 2.3a

and (S)-2.10 were similar at a dose of 0.1 mg kg-1 po (Chapter 2, Figure 2.5). An equally rapid

onset of action was observed followed by a maximal effect of both compounds varying from 1

to 3 h, followed by a gradual decrease in activity. Rapid bioconversion of 2.3a to (S)-2.10 might

be forcing the pharmacological profile of the prodrug to follow that of the catecholamine drug.

To obtain a more constant pharmacological effect and a longer duration of action it was

thought interesting to prepare a chemical derivative of 2.3a that gradually hydrolyzes to 2.3a. In

this case, a prodrug of a prodrug is to be prepared a strategy that is referred to as ‘cascade

prodrugs’ because it requires a multistep process for bioactivation. Most cascade prodrugs

reported in literature are esters, carbamates or phosphate derivatives of amines and are not

suitable for derivatization of 2.3a.4-7 The ketone moiety in 2.3a seems most suitable for

synthetic derivatization that can be reversed in vivo. A ketone moiety can be masked in a



Oxime Derivatives of PD148903 and PD217015. Orally Active Dopaminergic Cascade Prodrugs

119

number of ways, for instance, by preparing enamines, ketals, thioketals or oxime derivatives.

Interestingly, literature reports that oxime hydrolyses is known to be a substantial metabolic

pathway and it is greatly influenced by the nature of O-substitution on the oxime.8,10-14

Both substituted and unsubstituted oximes are common in many drugs. The steroid

oximes norethisterone-3-oxime (4.1a) and norgestimate (4.1b) and a number of cephalosporin

antibiotics like cefdinir and ceftizoxime are examples of such oxime drugs.8 The new orally

active double prodrug Ro 44-3657 (sibrafiban) is an example of an oxime derivative designed to

be bioactivated by enzymatic reduction.9 In the case of the aforementioned antibiotics, numerous

examples exist of differently substituted oxime derivatives. In general, the oxime moieties are an

essential part of the drug and are not designed to hydrolyze to the corresponding ketone but to

improve their in vivo characteristics. Since the molecular structure of 2.3a contains an α,β-

unsaturated ketone, the reported in vivo hydrolysis of the oxime norgestimate to O-acetyl

norgestrel is especially interesting. 10-13,15,16

O

N
OH

R

H H

R'

4.1a, R=R'=H
4.1b, R=Me, R'=OAc 

O

O

R

H H

R'

in vivo

4.2a, R=R'=H
4.2b, R=Me, R'=OAc 

Scheme 4.2 The in vivo hydrolyses is of the oxime moiety in norethisterone-3-oxime (4.1a) and
norgestimate (4.1b) to give norethisterone (4.2a) and O-acetyl norgestrel (4.2b).

We prepared a number of oxime derivatives of 2.3a and its racemate 2.3, in order to

study the influence of such derivatization on the pharmacodynamics.17 Aiming at in vivo

hydrolysis of the oximes, we investigated a possible structure activity relationship (SAR) for

substituted oximes. Therefore, next to the unsubstituted oxime, several alkylated and acylated

oxime derivatives were prepared that could serve as double or even triple prodrugs. For the

oxime ether series, four unbranched side chains with increasing length were prepared and two

bulky ethers. For the oxime ester series, several acids were selected based on increasing

bulkiness and different electronic structure. In order to investigate the effect of an ester, unlikely
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to hydrolyze, a tosylate ester was prepared. The actual bioactivation process of the oxime

derivatives was not investigated but is assumed to proceed through in vivo hydrolysis.

The enone 2.3 displays no binding affinity for the DA D1 and DA D2 receptors, which

both are involved in the pharmacological effect. Therefore, two of the oxime derivatives were

evaluated in vitro for binding affinity and function at the DA D1 and D2 receptor. All oxime

derivatives were evaluated in vivo in the Ungerstedt model for Parkinson’s disease.18

4.2 CHEMISTRY

Synthesis of oxime derivatives of racemic 2.3 using commercially available

hydroxylamine or alkoxylamines is outlined in Scheme 4.3. Regardless of the bulkiness of the

alkoxy group, reactions took about the same time for completion. Swift non-aqueous work-up

and flash column chromatography using silica pre-treated with gaseous ammonia was necessary

to prevent extensive hydrolysis of the oxime. Though the starting material was completely

converted during the reaction, hydrolysis during work-up and purification resulted in the

isolation of the pure products in moderate yields. The compounds described were isolated as

hydrochloride salts that were difficult to recrystallize. Upon recrystallization the products tended

to decompose, presumably losing the N,N-di-n-propylamine group leaving a double bond

conjugated with the α,β-unsaturated system (Mw = 148, detected by GC-MS only).1 Hydroxyl-

oxime prodrugs (4.3) and (–)-4.3 proved hygroscopic as hydrochloride salts and were isolated as

maleates. Enantiomerically pure (–)-4.3 was prepared from 2.3a and racemic 4.3 was prepared

from 2.3. The oximes are represented in the ‘E’ conformation for convenience only. Literature

suggests that the E and Z form are in equilibrium in vivo, so no detailed investigation to the

spatial orientation of the oximes was performed.9,14

The second part of Scheme 4.3 describes the syntheses of two alkoxylimines to complete

the oxime ether series. Several methods are described in literature for alkylating oximes. Use of

organic bases (NaOEt, KOtBu) was found to be inadequate since reactions were incomplete and

gave rise to the formation of side products. An inorganic irreversible base, like NaH or K2CO3,

followed by a non-aqueous work up proved to be most suitable. Alkyl iodides were used for

alkylation since good yields were obtained at room temperature. Alkyl bromides were also used

but reacted only upon heating causing formation of several side products.
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N

N

R'O
4.3: R = H
4.4: R = Me
4.5: R = Et
4.6: R = Bn
4.7: R = t-Bu

N

N

RO
PD148903

O

N

(2.3)
4.8: R' = n-Pr
4.9: R' = n-Bu

4.10: R' = Acetyl
4.11: R' = i-Butyryl
4.12: R' = Pivaloyl
4.13: R' = Benzoyl
4.14: R' = Tosyl

R = H
ba

Scheme 4.3 Synthesis of oxime ether and ester derivatives of 2.3. Reagents and conditions; (a)
RONH2·HCl, MeOH, RT; (b) Compounds 4.8 and 4.9: i) NaH, CH2Cl2, RT ii) RI, RT;
Compounds 4.10 - 4.13: R'Cl, Et2O, RT; Compound 4.14: TsCl, Pyridine, RT.

Ester derivatives of 2.3 were synthesized by acylation of oxime (4.3) with various acyl

chlorides as depicted in Scheme 4.3. This was accomplished by adding a solution of (4.3) in dry

ether, to a dilute solution of freshly distilled acid chloride in dry ether. The desired products

precipitated as their hydrochloride salts and were isolated by filtration. Since the oxime esters

were also prone to hydrolysis, aqueous work-up was avoided and products were purified by

careful recrystallization. For the preparation of (–)-4.10 the reaction was carried out in

dichloromethane with K2CO3 as heterogenic base in the presence of acetic anhydride. This

procedure gave similar chemical yield and allowed isolation of the product as a non-hygroscopic

maleate that was more easily crystallized.

The conditions used for the preparation of carboxylic esters were not successful in the

preparation of tosyloxime (4.14). Therefore, the compound was prepared by reaction of tosyl

chloride with 4.3 in pyridine. The different chemical and electronic nature of this sulphonic ester

allowed aqueous work up without hydrolysis of the product.

4.3 PHARMACOLOGY

4.3.1 Receptor binding and functional assay

The newly synthesized compounds 4.3 and 4.4 and the reference compounds 5-OH-

DPAT and 5,6-di-OH-DPAT were tested for in vitro binding affinity and activity and at the DA
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D1 and D2 receptors. Binding affinity of 4.3 and 4.4 for the DA D1 and DA D2 receptors was

determined using rat striatum with [3H]SCH23390 or [3H]Spiperone as radioligands,

respectively. In vitro activity at the DA D1 receptor was determined by stimulation of cAMP

production in SK-N-MC cells that normally expresses a DA D1 receptor. In vitro activity at DA

D2 receptors was determined by stimulation of thymidine incorporation into CHO cells

transfected with the human DA D2 receptor.

4.3.2 In vivo pharmacology

All new compounds were tested on in vivo activity in Ungerstedt’s model for

Parkinson’s disease upon oral administration.18 In this model compounds acting as DA agonists

induce rotational behavior in rats. The amount of full contralateral rotations is a measure for a

compound to alleviate Parkinson’s disease symptoms in the rat. Upon increasing amount of

rotations, a compound is considered more efficacious. Rotations were recorded for 12h after oral

administration at several doses of the test compounds. This model is described in detail in

Chapter 2.

4.4 RESULTS AND DISCUSSION

4.4.1 In vitro pharmacology

From the functional assays of the tested compounds, it can be seen that compound 4.3

and 4.4 have no intrinsic activity for the DA D1 receptor (Table 4.1). Binding affinity and

intrinsic activity for the DA D2 receptor are significantly reduced relative to 5-hydroxy-2-(N,N-

di-n-propylamino)tetralin (5-OH-DPAT) and 5,6-di-OH-DPAT.

4.4.2 Oxime derivatives in the Ungerstedt model

Table 4.2 shows the total cumulative full contralateral rotations for the tested oximes, 2.3

and the typical DA D2 agonist 5-OH-DPAT. At 0.3 mg kg-1 po, the racemic 4.4, 4.6,

enantiomerically pure (–)-4.3, and (–)-4.10 appear to have reasonable activity as compared to

2.3 and 5-OH-DPAT. Due to the large individual differences in responsiveness between rats, the

test results of 4.4, 4.6, (–)-4.3, and (–)-4.10 do not significantly differ from most those of most

other oximes tested at 0.3 mg kg-1 po. The results for compound 4.6, for instance, were largely
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 Table 4.1 In vitro receptor binding affinities (Ki values, nM) and functional assays (% intrinsic
activity (EC50, nM)) of the tested compounds a.
Compound Receptor Binding Functional assay

D1 D2 D1 D2

5,6-di-OH-DPAT 157b 0.4c 74% (19)b ndd

5-OH-DPAT 2090 6 80% 100% (0.7)

2.3 nd >10.000 0% nd

4.3e nd 2234 0% 77% (170)

4.4 nd 2295 0% 22% (>1000)

aReceptor binding: D1 binding to rat striatum, radioligand used [3H]SCH 23390 (antagonist); D2

binding to rat striatum, radioligand used [3H]Spiperone (antagonist). bBinding on hD1, L cells, Ki
(nM), radioligand used [3H]SCH 23390 (antagonist). cBinding on hD2L, CHO K1 cells, radioligand
used [3H]N-0437 (agonist). d-, not tested. etested as a maleate salt.

influenced by one rat from the group that rotated over 11 times more than the other three rats

from that group. The inverse was observed for compounds 4.3 and (–)-4.3 that, respectively, had

one and two rats that hardly responded to treatment at all.

The pharmacological effects of (–)-4.3 and (–)-4.10 at 0.3 mg kg-1 po were significantly

different from baseline, 30 min post-administration (p < 0.05, two-way ANOVA, Newman-

Keuls) and showed a similar pharmacological profile (Figure 4.1). Both oximes showed a more

gradual onset of action relative to 2.3a, and some rats in the groups tested were still behaviorally

activated after 12h when the experiment was stopped. Similarity in pharmacological profile may

be explained by a rapid hydrolysis of the acetyl ester of (–)-4.10 to (–)-4.3 from whereon it

shares that pharmacological profile.19 Compared to 2.3a dosed at 0.3 mg kg-1 po, both (–)-4.3

and (–) –4.10 are to be considered weak. In fact, the pharmacological effects these oximes

display at 0.3 mg kg-1 po are comparable to that of 2.3a, dosed at 0.03 mg kg-1 po (Table 4.2). In

the test group of 8 rats, response to treatment with 0.3 mg kg-1 po of (–)-4.3 varied between 8

and 9020 full contralateral rotations. For (–)-4.10 this was between 299 and 3802 full

contralateral rotations.
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Table 4.2 The effect of the of oxime derivatives of 2.3 and 2.3a at two doses po in
Ungerstedt’s model of 6-OH-DA lesioned ratsa

Compound         Group
Total full contralateral turns

(X ± SEM)
R = 0.3 mg kg-1 nb 1.0 mg kg-1 n

5-OH-DPAT 3072±385 (6) 5174±864 (6)

2.3 5354±748 (8) 8787±1450 (5)

2.3a 9531±1715 (8) - -

2.3a (0.03 mg kg-1 po) 2301±1009 (7) - -

4.3d H 483±340 (4) 6048±1152 (5)

(–)-4.3d H 2014±1051 (8) - -

4.4 Me 1007±363 (6) 5295±1379 (6)

4.5 Et 176±162 (3) 4217±903 (6)

4.6 Bn 1652±1351 (4) 4702±1814 (4)

4.7 t-Bu - - 2118±501 (6)

4.8 n-Pr 943±226 (3) 5406±1016 (6)

4.9 n-Bu - - 1364±508 (4)

4.10 Acetyl 365±113 (6) - -

(–)-4.10d Acetyl 2007±460 (8) - -

4.11 i-Butyryl 152±138 (3) - -

4.12 Pivaloyl 187±48 (3) - -

4.13 Benzoyl - - 2280±734 (3)

4.14 Tosyl NAe - NA -

aNumbers noted are the cumulative turns in 12h. bn, number of rats tested; c-, not tested; dtested
as a maleate salt. eNA, not active at 10 mg kg-1 po.

At 1.0 mg kg-1 po all of the tested oximes produced a pronounced pharmacological

effect; again, tosyloxime 4.14 was inactive. Totals for 4.3, 4.4, 4.5, 4.6 and 4.8 were not

significantly different from that of 5-OH-DPAT and comparable to the results of 2.3. It should

be noted, however, that a total cumulative contralateral turns in 12h of around 9000 to 10000 is

considered the maximum physically possible in this model.20
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Figure 4.1 Pharmacological effect of 0.3 mg kg-1 of (–)-4.3 and (–)-4.10 po in the Ungerstedt
model for Parkinson’s disease expressed as cumulative full contralateral rotations per 15 min
over 12h. Each point is the mean ± s.e.m. for 8 animals tested.

The pharmacological profiles of these oxime ethers at 1.0 mg kg-1 po were similar to

those described for (–)-4.3 to (–)-4.10 at 0.3 mg kg-1 po. For the oximes 4.3, 4.4, 4.5 and 4.8,

rats were still behaviorally activated after 12h when the experiment was stopped. Oximes 4.5

and 4.13 produced a significant behavioral effect up to 9h after administration. Oximes with the

most bulky substituents (4.7, 4.9 and 4.13) show a decreased cumulative pharmacological effect

relative to the other oximes. The inactivity of 4.14 in vivo is probably due to the distinctly

different chemical nature of a tosyl oxime relative to the carboxylic ester and ether derivatives.

As mentioned before, most oximes proved to be sensitive to hydrolysis during work-up after

synthesis except for 4.14. Reduced absorption of the compound may also contribute to the

observed inactivity.

Though only rats entered testing after a good responsiveness to apomorphine had been

established (>100 turns h-1 after 50 µg kg-1 sc) some rats failed to respond where others were

highly responsive. Differences in responsiveness between rats cause the large variations (SEM)
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in the data. Rats with a low response to one oxime prodrug were also found to respond weakly

to another. For rats with a high responsiveness to one oxime prodrug, a high response was also

observed after administration of other oxime prodrugs.

4.5 CONCLUSIONS

It was shown that all tested oxime derivatives of 2.3 and 2.3a except for 4.14 are able to

induce a dopaminergic effect in vivo upon oral administration. The test results of (–)-4.3 and (–)-

4.10 from the Ungerstedt rat model indicate that oxime derivatives of 2.3a induce a somewhat

slower onset of action and a similar duration of action. At the same dose oxime derivatives of

2.3a appear to be an order of magnitude less potent than 2.3a.

The effects of the oximes (–)-4.3 to (–)-4.10, mentioned in Figure 4.1, dosed at 0.3 mg

kg-1 po, are similar to the effect of 2.3a dosed at 0.03 mg kg-1 po. If hydrolysis of the oximes to

2.3a and subsequent bioactivation accounts for the pharmacological effect, then about 10% of

these oximes is being bioactivated. At the doses tested we found no clear-cut correlation

between the pharmacological effect and the oxime O-substituent.

4.6 EXPERIMENTAL SECTION

4.6.1 Chemistry

General remarks. Melting points were determined in open glass capillaries on an

Electrothermal digital melting-point apparatus and are uncorrected. 1H- and 13C-NMR spectra

were recorded at 200 MHz and 50.3 MHz, respectively, on a Varian Gemini 200 spectrometer.

The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m

(multiplet). 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. IR spectra were obtained on a ATI-Mattson spectrometer. Electronic ionization (EI)

mass spectra were obtained on a Unicam 610-Automass 150 GC-MS system. Chemical

ionization (CI) mass spectra were recorded by the Mass Spectrometry Unit of the University of

Groningen. Elemental analyses were performed by the Analytical Chemistry Section at Parke

Davis (Ann Arbor, MI) or by the Microanalytical Department of the University of Groningen

and were within ± 0.4 % of the theoretical values. All chemicals used were commercially
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available (Aldrich or Acros) and were used without further purification. Silica (grade 1, 60-120

µm) used for column chromatography was pretreated with gaseous ammonia until saturation.  

(±)-6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one oxime

((±)-4.3). Free base of 2.3 (0.48 g, 1.8 mmol) and hydroxylamine hydrochloride (0.19 g, 2.7

mmol) were mixed in methanol (3 mL) and stirred at RT for 18 h. The solvent was removed

under reduced pressure and excess aqueous Na2CO3 was added that was extracted with ether (3

x 20 mL). The combined ethereal layers were dried (MgSO4), filtered and evaporated to give

0.51 g of a pale brown oil which could be crystallized from hexane (3 mL). Yield: 0.37 g, 1.4

mmol (78%), mp 103-104°C. The oxime was converted to the maleate salt, mp 163-166°C, IR

(free base, KBr) 3287, 2930, 1454; 1H-NMR (CDCl3) δ 2.72-2.78 (m, 1H), 2.59 (dd, 1H), 2.47

(br s, 4H), 2.19-2.28 (m, 1H), 2.02-2.15 (m, 5H), 2.03 (d, 1H), 1.91 (m, 1H), 1.72-1.79 (m, 1H),

1.56-1.67 (m, 1H), 1.35-1.49 (m, 5H), 0.89 (t, 6H) ppm. 13C-NMR (CDCl3) δ 155.7, 141.0,

125.5, 61.4, 52.5, 34.1, 24.9, 24.3, 22.8, 20.9, 11.8 ppm; MS (EI) m/z 264 (M+); Anal.

(C16H28N2O·C4H4O4) C, H and N.

(–)-6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one oxime,

((–)-4.3). Free base of 2.3a (0.48 g, 1.8 mmol) and hydroxylamine hydrochloride (0.19 g, 2.7

mmol) were mixed in methanol (3 mL) and stirred at RT for 18 h. The solvent was removed

under vacuum and excess aqueous Na2CO3 was added which was extracted with ether (3 x 20

mL). The combined ethereal layers were dried (MgSO4), filtered and evaporated to give 0.55 g

of a pale brown oil which could be crystallized from hexane (3 mL). Yield: 0.35 g, 1.3 mmol

(74%), mp 100-102°C. The oxime then was converted to the maleate salt, mp 165-167°C, [α]20
D

= –93.6º (c = 0.28, methanol), IR (free base, KBr) 3287, 2930, 1454; 1H-NMR (CDCl3) δ 2.72-

2.78 (m, 1H), 2.59 (dd, 1H), 2.47 (br s, 4H), 2.19-2.28 (m, 1H), 2.02-2.15 (m, 5H), 2.03 (d, 1H),

1.91 (m, 1H), 1.72-1.79 (m, 1H), 1.56-1.67 (m, 1H), 1.35-1.49 (m, 5H), 0.89 (t, 6H) ppm. 13C-

NMR (CDCl3) δ 155.7, 141.0, 125.5, 61.4, 52.5, 34.1, 24.9, 24.3, 22.8, 20.9, 11.8 ppm; MS (EI)

m/z 264 (M+); Anal. (C16H28N2O·C4H4O4) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-methyl-

oxime (4.4). The procedure for 4.3 was followed but using O-methyl-hydroxylamine

hydrochloride. After work up the resulting colorless oil was converted to hydrochloride salt.
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Yield: 0.41 g, 1.5 mmol (80%), mp 197-198°C; IR (KBr) 2963, 2600, 2448, 1437, 1053 cm-1 ;
1H-NMR 500MHz (CDCl3) δ 3.86 (s, 3H), 2.71-2.77 (m, 1H), 2.60 (dd, 1H), 2.48 (br s, 4H),

2.23-2.30 (m, 1H), 2.03-2.16 (m, 5H), 2.03 (d, 1H), 1.93 (m, 1H), 1.71-1.78 (m, 1H), 1.57-1.66

(m, 1H), 1.37-1.51 (m, 5H), 0.88 (t, 6H) ppm. 13C-NMR (CDCl3) δ 155.7, 141.0, 125.5, 61.4,

56.5, 52.5, 34.1, 24.9, 24.3, 22.8, 20.9, 11.8 ppm; MS (EI) m/z 264 (M+); Anal.

(C17H30N2O·HCl) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-ethyl-

oxime (4.5). The procedure for 4.3 was followed but using O-ethyl-hydroxylamine

hydrochloride. After work up the resulting colorless oil was purified by flash chromatography

(silica, dichloromethane /ethanol, 20:1) and was converted to hydrochloride salt. Yield: 0.42 g,

1.3 mmol (71%), mp 120-123°C. IR (KBr) 2965, 2601, 2513, 1475, 1053 cm-1; 1H-NMR (HCl-

salt, CD3OD) δ 4.06 (q, 2H), 3.67 (s, 1H), 3.11-3.32 (m, 4H), 2.80 (s, 1H), 2.72 (s, 1H), 2.48 (s,

1H), 2.14-2.23 (m, 6H), 1.78 (br s, 7H), 1.22 (t, 3H), 1.03 (t, 6H) ppm; 13C-NMR (CDCl3) δ

154.1, 136.6, 125.6, 68.6, 59.6, 52.1, 30.7, 30.3, 22.7, 22.6, 22.2, 20.3, 18.2, 17.9, 13.3, 9.7

ppm; MS (EI) m/z 292 (M+); Anal. (C18H33N2O·1.75HCl) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-benzyl-

oxime (4.6). The procedure for 4.3 was followed but using O-benzyl-hydroxylamine

hydrochloride. After work up the resulting colorless oil was purified by flash chromatography

(silica, dichloromethane /ethanol, 20:1) and was converted to hydrochloride salt. Yield: 0.45 g,

1.2 mmol (65%), mp 120-122 °C. IR (KBr) 2960, 2660, 2446, 1009 cm-1; 1H-NMR (CDCl3) δ

7.26-7.40 (m, 5H), 2.74-2.88 (m, 2H), 2.23-2.57 (m, 7H), 1.88-2.17 (m, 6H), 1.34-1.74 (m, 8H),

0.87 (t, 6H) ppm; 13C-NMR (CDCl3) δ 156.1, 141.0, 138.5, 128.1, 128.0, 127.4, 125.6, 75.4,

56.2, 52.4, 34.1, 30.5, 24.8, 24.2, 23.0, 21.7, 20.7, 11.7 ppm; MS (EI) m/z 354 (M+); Anal.

(C23H34N2O·HCl) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-t-butyl-

oxime (4.7). The procedure for 4.3 was followed but using O-t-butyl-hydroxylamine

hydrochloride. After work up the resulting colorless oil was purified by flash chromatography

(silica, dichloromethane /ethanol, 20:1) and was converted to hydrochloride salt. Yield: 0.43 g,

1.2 mmol (67%), mp 152-157°C. IR (KBr) 2971, 2398, 1190, 951 cm-1; 1H-NMR (CDCl3) δ
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1.99-2.80 (m, 13H), 1.32-1.73 (m, 8H), 1.27 (s, 9H), 0.87 (t, 6H) ppm; 13C-NMR (CDCl3) δ

152.7, 139.0, 126.7, 56.2, 52.4, 34.0, 30.5, 27.3, 24.9, 24.3, 22.7, 21.8, 20.9, 11.7 ppm; MS (EI)

m/z 320 (M+); Anal. (C20H34N2O·HCl) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-(n-

propyl)-oxime (4.8). Oxime 4.3  (0.50 g, 1.9 mmol) was dissolved in dichloromethane (10 mL).

NaH (60% dispersion in mineral oil; 0.080 g, 2.0 mmol was added in small portions. After

stirring at RT for 15 min, n-propyl iodide (0.25 mL, 2.6 mmol) was introduced and stirring was

continued overnight. Work up by addition of ether (50 mL) and filtration. The solvent was

evaporated and the resulting oil purified by flash chromatography (silica,

dichloromethane/ethanol, 20:1) and subsequently converted to hydrochloride salt. Yield: 0.37 g,

1.1 mmol (58%), mp 134-135°C. IR (KBr) 2963, 2435, 1458, 982 cm-1; 1H-NMR (CDCl3) δ

4.00 (t, 3H), 2.70-2.84 (m, 2H), 2.56-2.66 (m, 2H), 2.40-2.48 (m, 4H), 2.00-2.36 (m, 7H), 1.58-

1.95 (m, 5H), 1.33-1.55 (m, 5H), 0.92 (t, 3H), 0.87 (t, 3H) ppm; 13C-NMR (CDCl3) δ 155.5,

140.5, 125.7, 75.1, 56.2, 34.0, 24.8, 24.2, 22.8, 21.7, 20.8, 11.7 ppm; MS (EI) m/z 306 (M+);

Anal. (C19H34N2O·HCl) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-(n-butyl)-

oxime (4.9). Oxime 4.3 (0.50 g, 1.9 mmol) was dissolved in dichloromethane (10 mL). NaH

(60% dispersion in mineral oil; 0.080 g, 2.0 mmol was added in small portions. After stirring at

RT for 15 min, n-butyl iodide (0.32 mL, 2.6 mmol) was introduced and stirring was continued

overnight. Work up by addition of ether (50 mL) and filtration. The solvent was evaporated and

the resulting oil purified by flash chromatography (silica, dichloromethane/ethanol, 20:1) and

subsequently converted to hydrochloric salt. A small portion of the free base was precipitated

with (–)-ditoluyltartaric acid. Recrystallization from iso-propyl acetate gave a white powder that

was used for microanalysis. Yield: 0.43 g, 1.2 mmol (63%), mp 102-105°C. IR (KBr) 2956,

2543, 1470, 1028 cm-1 ; 1H-NMR (CDCl3) δ 4.00 (t, 3H), 2.70-2.84 (m, 2H), 2.56-2.66 (m, 2H),

2.40-2.48 (m, 4H), 2.00-2.36 (m, 7H), 1.58-1.95 (m, 5H), 1.33-1.55 (m, 5H), 0.92 (t, 3H), 0.87

(t, 3H) ppm; 13C-NMR (CDCl3) δ 155.5, 140.5, 125.7, 75.1, 56.2, 34.0, 24.8, 24.2, 22.8, 21.7,

20.8, 11.7 ppm; MS (EI) m/z 320 (M+); Anal. (C20H36N2O·HCl) C, H and N.
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6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-acetyl-

oxime (4.10). Oxime 4.3 (0.20 g, 0.76 mmol) was dissolved in dry ether (10 mL). A solution of

freshly distilled acetylchloride (0.059 g, 0.75 mmol) in dry ether (10 mL) was added dropwise at

RT. After stirring for 3 h the hydrochloride precipitate was filtered and thoroughly washed with

hot ether. Yield: 0.22 g, 0.49 mmol (64%), mp 138-140°C. IR (KBr) 2967, 2448, 1764, 1221,

1005 cm-1; 1H-NMR (CDCl3) δ 2.62-2.92 (m, 3H), 2.39-2.47 (m, 4H), 2.04-2.20 (m, 8H), 1.60-

1.98 (m, 4H), 1.34-1.51 (m, 5H), 0.87 (t, 3H) ppm; 13C-NMR (CDCl3) δ 178.9, 162.6, 146.7,

125.2, 55.9, 34.6, 30.5, 24.4, 24.2, 24.0, 21.7, 20.5, 19.6, 11.6 ppm; MS (EI) m/z 306 (M+);

Anal. (C18H30N2O2·1.3HCl) C, H and N.

 (–)-6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-

acetyl-oxime ((–)-4.10). Optical pure (–)-PD166804 (0.30 g free base, 1.14 mmol) and K2CO3

(2.0 g, 14 mmol) were mixed in dichloromethane (30 mL). At 0ºC and vigorous stirring a

solution of acetic anhydride (0.15 mL, 1.35 mmol) in dichloromethane (20 mL) was added

dropwise. After 30 min, stirring at 0ºC the temperature was allowed to rise to RT and stirring

was continued overnight. Methanol (20 mL) was added to consume excess anhydride and after

10 min stirring the mixture was filtered through Celite (1 g). The residue was washed with ethyl

acetate and the filtrate was evaporated. The crude product was subsequently stripped with ethyl

acetate (3 x 20 mL) and isopropyl acetate (20 mL) and converted to the maleate.

Recrystallization from isopropyl acetate gave pure (–)-4.10. Yield: 0.32 g, 0.76 mmol (67%);

mp 180-182°C; [α] = -113º (c = 0.23, methanol); Anal. (C18H30N2O2·C4H4O4) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-i-butyryl-

oxime (4.11). The procedure for 4.10 was followed but using iso-butyryl chloride. Yield: 0.11 g,

0.28 mmol (38%), mp 98-101°C. IR (KBr) 2965, 2410, 1760, 1099 cm-1; 1H-NMR (CDCl3) δ

2.66-2.87 (m, 4H), 2.40-2.48 (m, 4H), 2.10-2.39 (m, 5H), 1.90 (d, 2H), 1.60-180 (m, 2H), 1.40-

1.51 (m, 5H), 1.22 (d, 6H), 0.86 (t, 6H) ppm; 13C-NMR (CDCl3) δ 173.0, 161.6, 144.9, 124.0,

54.8, 51.0, 33.3, 31.7, 29.2, 23.0, 22.9, 22.7, 20.2, 19.2, 17.6, 10.3 ppm; MS (EI) m/z 334 (M+);

Anal. (C20H34N2O2·HCl) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-pivaloyl-

oxime (4.12). The procedure for 4.10 was followed but using pivaloyl chloride. Yield: 0.26 g,

0.66 mmol (87%), mp 109-111°C. IR (KBr) 2968, 2421, 1753, 1111 cm-1; 1H-NMR (CDCl3) δ
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2.81 (dt, 2H), 2.75 (s, 1H), 2.39-2.49 (m, 5H), 2.13-2.33 (m, 4H), 2.10 (d, 2H), 1.73-1.79 (m,

2H), 1.371.52 (m, 5H), 1.27 (s, 9H), 0.87 (t, 6H) ppm; 13C-NMR (CDCl3) δ 173.8, 161.8, 144.9,

124.0, 54.8, 51.0, 33.3, 31.7, 29.2, 25.8, 23.0, 22.9, 22.7, 20.2, 19.2, 10.3 ppm; MS (EI) m/z 348

(M+); Anal. (C21H36N2O2·1.2HCl) C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-benzoyl-

oxime (4.13). The procedure for 4.10 was followed but using benzoyl chloride. Yield: 0.30 g,

0.74 mmol (98%), mp 156-159°C. IR (KBr) 2966, 2045, 1744, 1257, 1086 cm-1; 1H-NMR

(CDCl3) δ 8.05 (d, 2H), 7.35-7.50 (m, 3H), 2.92-3.03 (m, 2H), 2.80 (s, 1H), 2.61-2.68 (m, 5H),

2.36-2.59 (m, 3H), 2.01-2.14 (m, 3H), 1.78-1.83 (m, 2H), 1.53-1.67 (m, 5H), 0.91 (t, 6H) ppm;
13C-NMR (CDCl3) δ 162.5, 161.9, 144.4, 131.6, 129.0, 128.0, 127.0, 126.2, 124.0, 55.3, 50.6,

32.8, 29.2, 23.0, 22.7, 22.5, 19.2, 18.9, 10.3; MS (EI) m/z 368 (M+); Anal. (C23H32N2O2·1.1HCl)

C, H and N.

6-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one O-tosyl-

oxime (4.14). Oxime 4.3 (5.0 g, 19 mmol) was dissolved in pyridine (25 mL). At 0°C, tosyl

chloride (10.9 g, 57 mmol) was added slowly. After stirring for 1 h the temperature was allowed

to rise to RT and the mixture was stirred overnight. The reaction mixture is then poured on ice

water and subsequently extracted with dichloromethane (10 x 50 mL). The combined extracts

were dried (Na2SO4) and evaporated to give 8.4 g of a dark oil. This was stripped with toluene

(3 x 50 mL) to give a brown solid, which was dissolved in dry ether (150 mL). Addition of 1N

ethereal HCl and filtration gave the product as a hydrochloride salt. Recrystallization from iso-

propanol/ether gave 5.6 g, 13 mmol (68%), mp 158 °C (dec.). IR (KBr) 2961, 2410, 1370, 1190,

813 cm-1; 1H-NMR (HCl-salt, CD3OD) δ 7.80 (d, 2H), 7.41 (d, 2H), 3.56 (m, 1H), 3.05-3.25 (m,

4H), 2.81 (dt, 1H), 2.30-2.53 (m, 7H), 2.17 (br s, 4H), 1.67-1.86 (m, 7H), 1.01 (t, 3H) ppm; 13C-

NMR (CDCl3) δ 162.3, 145.0, 144.2, 132.5, 129.2, 128.4, 122.8, 58.9, 52.1, 30.8, 29.4, 23.0,

22.2, 20.0, 19.7, 18.1, 17.8, 9.6 ppm; MS (CI) m/z 419 (M+1); Anal (C23H34N2SO3·HCl) C, H, N

and Cl.
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4.6.2 Pharmacology.

All compounds were tested as hydrochloride salts unless noted otherwise. All in vitro

and in vivo experiments were performed at Parke Davis Pharmaceutical Research Division (Ann

Arbor, MI. USA).

Receptor binding studies and functional assays. The methods for determining the

affinity of the compounds for brain DA D1 and D2 receptors using [3H]SCH-23390 or

[3H]Spiperone respectively are described in chapter 2, as are the methods for determining the

intrinsic activity of the compounds at the DA D1 and D2 receptor.

The Ungerstedt model for Parkinson’s disease rats.18 Contralateral turning

experiments were essentially according to the original reference by Ungerstedt and

Arbuthnott. Briefly, rats were lesioned in right medial forebrain bundle (P4.8 mm, L1.1 mm, V-

8.2 mm from bregma) with 8 mg 4 mL-1 of 6-hydroxy-dopamine HBr in saline with ascorbic

acid 1 mg ml-1 added. After 3 weeks recovery, completeness of lesion was assessed with

apomorphine 50 mg kg-1 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 contralateral directions. Rats are used

once weekly.
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(–)-GMC6650, a highly potent orally active

dopaminergic prodrug

ABSTRACT

A trans-benzo[g]quinoline derived enone prodrug (5.16) was synthesized in six steps.

(–)-GMC6650 (5.16a) was inactive in vitro at DA D1, D2, D3, and D4 receptors, but was

pharmacologically active in striatal microdialysis experiments, where 5.16a showed to be highly

potent after administration po and sc.1 Instead, (+)-GMC6650 (5.16b) was inactive in both in

vitro and in vivo experiments. Dose response studies showed 5.16a to be pharmacologically

active at 3.0 nmol kg-1 po and 1.0 nmol kg-1 sc. Maximum effect was observed for 10 nmol kg-1

po and sc. Compound 5.16a when administered sc, has a more potent profile in microdialysis

than one of the most potent members of the aporphine family, N-propylaporphine.1 In a

preliminary study in the Ungerstedt model for Parkinson’s disease, 5.16a was able to alleviate

Parkinsonian symptoms at 20 nmol kg-1 sc showing increased potency over PD217015 (2.3a)

and also a slower onset of action.2
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5.1 INTRODUCTION

In Chapters 2 and 3, syntheses of prodrugs of dopaminergic agents were described in

relation to their possible application in the treatment of Parkinson’s disease.3 These prodrugs

have enone structures and induced potent dopaminergic behavior at low doses (0.1 mg kg-1 po)

in the Ungerstedt rat model of Parkinson’s disease. The bioactivation of the N,N-di-n-propyl

substituted 2.3 was found to be enantioselective for the (S)-enantiomer 2.3a that was converted

to (S)-5,6-di-hydroxy-2-(N,N-di-n-propylamino)tetralin ((S)-5,6-di-OH-DPAT, (S)-5.1).

Analogs with other N,N-dialkyl substituents are thought to be also bioactivated to their

corresponding catecholamines. The nature of the N,N-dialkyl substituents possibly also have an

effect on the bioactivation process.

N

O

R'

R

OH

N

OH

OH

R

R'

5.1 5.2 5.3

N

O

R'

R

αα'

β

Scheme 5.1 Hypothesized bioactivation of enone prodrugs. Enone prodrug (5.1), hydroxylated
metabolite (5.2), catecholamine (5.3).

Bioactivation of an enone prodrug to its corresponding catecholamine was hypothesized

to proceed through an intermediate metabolite that was discovered in brain tissue of rats treated

with 2.3 and 3.5 (Scheme 5.1). The first step in the bioactivation process was suggested to be a

hydroxylation of the α’-keto position, also a known process in steroid metabolism.4 Subsequent

oxidation and rearrangement (double keto-enol tautomerization) in a second step would result in

the formation of the catecholamine. α’-Hydroxylation and subsequent oxidation, possibly

describe the general pathway of bioactivation of enone prodrugs.

In general, the (S)-6-dialkylamino-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one structure

(5.1), could be considered to be a ‘template’ for bioactivation of enones to their corresponding

catecholamines (Figure 5.1). There is an interesting resemblance between this template and the

pharmacophore of α-rotameric DA agonists (5.2).5,6 The catecholamines, that are the anticipated

pharmacologically active metabolites of the prodrugs in Chapters 2 and 3 all fit pharmacophore
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5.2. Therefore, it was interesting to synthesize other potential enone prodrugs of catecholamines

that also fitted pharmcophore 5.2, yet were not of a 2-aminotetralin structure. Pharmacological

evaluation of these new enones could provide further insight in the structural requirements for

the bioactivation of enones.

N

O

R'

R

5.1

N

OH
OH

5.2

Figure 5.1 Suggested template for bioactivation (5.1), and the α-rotameric form of the DA
agonist pharmacophore (5.2).

Literature describes a number of potent α-rotameric DA agonists whose enone

counterparts structurally strongly resemble 5.1.5-8 (R)-Aporphines (5.3 and  5.4), and especially

(R)-apomorphine (see Chapter 1), are used in the clinic to treat Parkinson’s disease and usually

is only administered in later stages of the condition when other therapies fail (Figure 5.2).

Difficulty in administration and numerous adverse effects, connected with the poor kinetics of

the compounds, limit the application of these drugs.7,9,10
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Figure 5.2 Structures of some potent α-rotameric DA agonists. (R)-apomorphine (5.3); (R)-N-
n-propylaporphine (5.4); 6,7-di-OH-PBGQ (5.5); CV 205-502, (quinagolide, 5.6).

(4aR,10aS)-N-n-propyl-6,7-di-OH-1,2,3,4,4a,5,10,10a-octahydro-benzo[g]quinoline

(6,7-di-OH-PBGQ, 5.5) is a known highly potent centrally acting mixed DA D1/D2 agonist.5,8 Its
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phenolic analog, the benzo[g]quinoline derivative CV 205-502 is a directly acting DA D2

agonist, and is on the market as an anti-prolactine agent (Quinagolide), with a long elimination

half-life.11-13 CV 205-502 was also found to be efficacious in the treatment of Parkinson’s

disease.14,15

In the enone prodrugs of general structure 5.1, the N,N-dialkylamine substituent may

rotate freely around the CH–N bond. In the bioactivation process, it may assume any

conformation rotationally possible. Rigidification of the general structure 5.1 to a three-ring

system, gives an enone that is more restricted to a flat conformation what might affect the

bioactivation process. Therefore, we set out to synthesize and pharmacologically evaluate the

potential enone prodrug of 5.5.

5.2 CHEMISTRY

5.2.1 Benzo[g]quinoline derived enone prodrug

3-(4-Methoxyphenyl)-acrylic acid (5.7) was hydrogenated in the presence of a palladium

catalyst, to the corresponding propionic acid derivative (5.8, Scheme 5.2). Subsequent treatment

with, respectively, thionyl chloride and n-propylamine gave amide 5.9. Reduction of 5.9 with

LiAlH4 in refluxing tetrahydrofuran gave the secondary amine 5.10.  All of these reaction were

straightforward and carried out under standard conditions and gave high yields (>98%).
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5.7 5.8
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Scheme 5.2 Reagents and conditions: a) H2, 10% Pd/C, EtOH, 45ºC, 3h; b) i) SOCl2, CH2Cl2,
RT, 1h; ii) n-PrNH2, 5%-NaOH/H2O, CH2Cl2, RT, 1h; c) LiAlH4, THF, reflux, 12h.
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Crucial in the total synthesis the construction of a fused heterocyclic ring system. This

was achieved by performing a Birch reduction of the aromatic ring in 5.10 using Li/NH3 (l).

Upon acidic hydrolysis the enol ether was converted to the ketone and the double bond shifted to

give an α,β-unsaturated ketone intermediate 5.13 (Scheme 5.3). The amine then, acting as a

nucleophile added to the double bond linking the nitrogen to the β position.

NO

O N
H

5.10 5.11

a
O N

H

b

5.13 5.14

5.12

O N
H

O N
H

Scheme 5.3 a) Li/NH3 (l), THF, t-BuOH, –60ºC b) H+/H2O.

Cyclization of N-n-propylated amine 5.13 gave a diastereomeric mixture of the trans and

cis isomer in an 85:15 ratio as determined by GC analysis in 85% yield. 1H-NMR confirmed the

major product to have a trans configuration (J4a-8a = 11 Hz). However, no efforts were made to

separate the diastereomers at this stage because addition and elimination of the amine over the

double bond proved reversible in the last two reaction steps. This discovery was supported by

reports on the epimerization of 5.14a and 5.14b under acidic conditions (Scheme 5.4).16

NO

R

5.14, R = n-Pr
5.14a, R = H
5.14b, R = Me

H+
O N

H

R

 

NO

R

5.14, R = n-Pr
5.14a, R = H
5.14b, R = Me

Scheme 5.4 Reversible elimination and addition almost solely gives the trans-isomer.
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Compounds 5.14a and 5.14b were synthesized by a strategy different from ours, and a

cis/trans mixture was isolated. Heating the cis/trans mixture of 5.14a in strong acid resulted in

the selective formation of the trans isomer. After heating 5.14b in strong acid, also a small

percentage of the cis-isomer was also isolated. It is interesting to note that this intramolecular

cyclization does not seem to occur in the case of reduced 4-methoxy-phenylethylamines.17

Construction of the third ring starts by introducing a C4 moiety by a Wittig reaction

(Scheme 5.5).18 Four Wittig adducts were identified by GC/MS, consistent with the presence of

two chiral centres and the formation of an either E or Z substituted double bond. This mixture of

diastereomers containing ~10% triphenylphosphine oxide, was used without purification for the

final ring closure in polyphophoric acid (PPA) at 100ºC.18

NO N

O

EtO

N

O

5.14 5.15

a b

5.16, trans, >95%
5.17, cis

Scheme 5.5 Synthesis of GMC6650 (5.16), GMC6651 (5.17). Reagents and conditions: a) Br–

(Ph)3P
+(CH2)3CO2Et, t-BuONa, DMF, 0ºC, 24h; b) PPA, 100ºC, 3h.

The trans isomer of the desired compound was formed with a selectivity of over 95%

when allowing PPA to hydrolyze during work-up at 80°C for 1 h. Lower hydrolysis

temperatures gave a less favorable cis/trans ratio. Upon purification on a silica column it was

found that the cis-isomer was partially converted to the energetically favored trans-isomer. The

same transformation was observed after heating a cis/trans mixture in a 4N HCl solution. The

reversible de-amination and re-amination as described for the fused two-ring systems evidently

also works for this three-ring system and is likely to proceed in a similar fashion as for

compounds 5.14a and 5.14b (Scheme 5.6).16 These characteristics of the ring system allowed for

the high yield isolation of the desired trans-isomer.
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H
N
H

O
 

N

O

5.16, trans
5.17, cis

+

Scheme 5.6 Reversible de-amination and re-amination favoring the trans-isomer.

Reaction conditions dictate product formation in this final reaction step and small

changes in reaction conditions and work-up procedure change cyclization direction and

stereoisomer ratio. For instance, an increase in reaction temperature in the PPA cyclization to

115°C led to extensive formation (30%) of an unstable by-product. GC/MS analysis showed it to

have the same molecular mass but different fragmentation characteristics to those of GMC6650

and GMC6651. It was concluded that the most likely structure would be that of 5.18 (identified

by GC/MS only, Scheme 5.7). Increase in reaction temperature of only 15°C makes the

molecule overcome the steric hindrance induced by the heterocyclic ring and its n-propyl

substituent.

N

O

EtO

N

O

5.15

N

O

5.18

+PPA
115oC

5.16, trans
5.17, cis

Scheme 5.7 Increased reaction temperature gives by-product 5.18.

5.2.2 Diels-Alder route to 5.16

Another synthesis route was investigated to obtain the benzo[g]quinoline prodrug 5.16 in

a short total synthesis. According to literature, 5.20 was prepared in one step from 5.19 and

amine 5.22 was prepared in one step from 5.21 (Scheme 5.8).19-21
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OEt

OH

 
OEt

O

5.19

A
a

O

5.20

NHBr

5.21 5.22

B
b

Scheme 5.8 Syntheses of (A) 3-ethynyl-cyclohexen-1-one (5.19) and (B) 1-(N-n-propylamine)-
4-pentene (5.22). Reagents and conditions: a) CH≡CMgBr, THF, RT, 20h; b) H+/H2O, RT, 15
min; c) n-propylamine, diethyl ether, reflux, 12h.

 By mixing the two compounds, an instantaneous reaction occurred to give intermediate

5.23 (Scheme 5.9).22 An intramolecular Diels-Alder reaction of this compound would give a cis

or trans product depending on an exo or endo reaction fashion (5.24). Since the cis isomer of

5.16 was readily isomerized to the trans isomer, an exo or endo reaction fashion is not relevant.

The double bond was thought to isomerize readily to the energetically most favoured position on

the ring junction to give the desired α,β-unsaturated enone 5.16. One example of a highly

similar intramolecular Diels-Alder reaction, also followed by a rearrangement of the remaining

double bond has been reported.23 After heating 5.22 under pressure for 72h, some (~2%) of the

intermediate had reacted to give 5.16. Higher temperature or a suitable catalyst may be required

to make this route of interest for preparation of 5.16 on a large scale.

5.2.3 Resolution of the enantiomers of 5.16

The enantiomers of racemic GMC6650 (5.16) were separated by semi-preparative

HPLC, using a chiral column. (–)-GMC6650 is referred to as 5.16a and (+)-GMC6650 as 5.16b.

Both enantiomers were isolated in a high optical purity as determined by chiral (ee > 99.8%).
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NH

O

5.20 5.22

+

5.16

N

O

N

O
 

a

N

O

5.23 5.24

Scheme 5.9 Diels-Alder route to GMC6650 (5.16). Reagents and conditions: a) CH≡CMgBr,
THF, RT, 2h; b) n-propylamine, diethyl ether, reflux, 12h; c) 1,2-DCB, pressure, 190ºC, 72h.

5.3 PHARMACOLOGY

5.3.1 Receptor binding

Compounds (–)-GMC6650 (5.16a) and (+)-GMC6650 (5.16b) were tested for in vitro

binding at the DA D1, D2, D3 and D4 receptor. The displacement of the radioligand was

measured at a fixed concentration of the test compound (50 or 100 nM). Estimated was whether

this concentration of the test compound was above or below the IC50 of the radioligand. When at

the tested concentration the displacement of the radioligand is below the IC50, the test compound

is considered not active at the receptor.

5.3.2 In vivo pharmacology

The in vivo activity of GMC6650 (5.16), (–)-GMC6650 (5.16a) and (+)-GMC6650

(5.16b) was measured by striatal microdialysis experiments.1 If the enones were converted to

DA agonists that enter the striatum and bind to the presynaptic DA receptors, the normal DA

release of the striatal dopaminergic neurons would decrease.24 Measuring the change in DA
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release in the striatum as a function of time reflects onset of action, potency and duration of

action of the test compound. The normal DA release before administration of the test compound

is set to 100% and the change in output is expressed in relation to this percentage. The striatum

is rich in DA D1 and DA D2 receptors and is a brain area of interest for the treatment of

Parkinson’s disease. Compounds effective in this presynaptic model are likely to be good

candidates for treatment of Parkinson’s disease. The compounds were tested both po and sc.

To treat Parkinson’s disease a DA agonist needs to stimulate the post-synaptical

receptors. Therefore a preliminary study in the Ungerstedt model for Parkinson’s disease was

performed.2 The pharmacological effect of one dose, administered sc, was studied. See chapter 2

for a detailed description of the Ungerstedt model.

5.4 RESULTS AND DISCUSSION

5.4.1 In vitro pharmacology

Newly synthesized compounds (–)-GMC6650 (5.16a) and (+)-GMC6650 (5.16b), at the

tested concentrations were not able to displace 50% of the radioligand used for the receptors

tested (Table 5.1). Therefore, under these test conditions, the IC50 of both the enantiomers for the

DA D1 and DA D2 receptors is >100 nM and for the DA D3 and DA D4 receptors it is >50 nM.

These results indicate that compounds 5.16a and 5.16b can be considered inactive in vitro.

Table 5.1 In vitro affinity of 5.16a and 5.16b for several DA receptor subtypes. Values:
(concentration test compound (nM)/ % displacement of the radioligand)

DA D1

(SCH23390)a
DA D2

(Spiperone) a
DA D3

(Spiperone) a
DA D4

(Nemonapride) a

5.16a 100/ -1% 100/ 15% 50/ 23% 50/ -4%

5.16b 100/  7% 100/  3% 50/ 28% 50/ -19%

aTritiated radioligand used.
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5.4.2 Striatal microdialysis studies on GMC6650 (5.16)

Racemic GMC6650 (5.16) was administered to male Wistar rats sc or po at three

different doses (10, 30 and 100 nmol kg-1). Results show a significant decrease in striatal DA

release at all doses tested after both sc and po administration (Figure 5.3).

Figure 5.3 Effects on striatal DA release in freely moving rats after sc or po administration of
5.16. The results are the mean ± SEM of data obtained from 4 rats. Injection at t = 0 min.
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The 10, 30 and 100 nmol kg-1 doses sc and po induced significantly decreased DA levels

45 min post-administration (p < 0.05). DA levels remained significantly different from basal

levels for the rest of the duration of the experiment (p < 0.05). The exception to this was the 30

nmol kg-1, dose po that was significantly different from basal DA level until 300 min post-

administration (p < 0.05). However, the effect of 30 nmol kg-1 po does not significantly differ

from that of 10 nmol kg-1 up until 330 min. 5.16, administered sc or po at 100 nmol kg-1 induced

a maximum effect possible (about 20% of basal levels). The racemic enone 5.16, evidently

induces a pronounced and long-lasting pharmacological effect in vivo.

For the highest dose tested, no differences in effect of 5.16 after its administration sc or

po were observed. In both cases, the maximum effect possible was reached meaning that they

can not actually be compared. There is no statistically significant difference in the effect

between administration sc and po of 5.16 at 10 nmol kg-1. However, this is the case for 5.16

dosed at a dose of 30 nmol kg-1. During the experiments, 5.16 also induced post-synaptic

activity like sniffing, rearing, and licking (see also Chapter 2), which is consistent with the

effects of a centrally acting DA agonist.
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Figure 5.4 Effects on striatal DA release in freely moving rats after sc administration of 5.16.
The results are the mean ± SEM of data obtained from 4 rats. Injection at t = 0 min.
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5.4.3 Striatal microdialysis studies on (+)-GMC6650 (5.16b)

Optically pure (+)-GMC6650 (5.16b, ee >99.8%) was administered to male Wistar rats

sc at 1000 nmol kg-1. Results from a striatal microdialysis study show no significant effect on

the striatal DA levels (Figure 5.4). No DA agonist related behavioral effects were observed.

Enantiomer 5.16b therefore is not pharmacologically active at the DA receptors in the CNS at

this high dose.

5.4.4 Striatal microdialysis studies on (–)-GMC6650 (5.16a)

Optically pure (–)-GMC6650 (5.16a, ee >99.8%) was administered to male Wistar rats

sc or po at several doses (1, 3 and 10 nmol kg-1). Results from a striatal microdialysis study

show a significant effect for all doses tested (Figure 5.5). A dose response study on 5.16a

administered sc shows an increasing pharmacological effect upon higher dosing. At 10 nmol kg-

1 sc, a significant effect was observed from 45 min post-administration until the end of the

experiment (p < 0.05).

For 3 nmol kg-1 sc this was from 60 min post-administration until 315 min post-

administration (p < 0.05). After that time point DA levels quickly return to basal levels. At the

lowest dose tested, 1 nmol kg-1 sc, a significant decrease was observed 75 min post-

administration, which lasted until 205 min post-administration (p < 0.05).

Administration of 3 nmol kg-1 or 10 nmol kg-1 of 5.16a po also induced a significant

decrease in DA basal levels (Figure 5.6). A significant effect was observed for 3 nmol kg-1 po,

45 min post-administration, what lasted until 270 min post-administration (p < 0.05). For 10

nmol kg-1 po already 30 min post-administration a significant decrease was observed. This effect

lasted for the length of the experiment (p < 0.05).

Comparing the pharmacological effects of the oral and subcutaneous administration

routes leads to the observation that these effects are highly similar. For doses of 3 nmol kg-1 and

10 nmol kg-1 of 5.16a the effects are not statistically different. Behavioral (post-synaptic) effects

were observed for 3 nmol kg-1 sc and for 10 nmol kg-1 sc and po. Lower doses tested were only

able to stimulate the more sensitive pre-synaptic receptors.
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Figure 5.5 Effects on striatal DA release in freely moving rats after sc administration of 5.16a.
The results are the mean ± SEM of data obtained from 4 rats. Injection at t = 0 min.
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Figure 5.6 Effects on striatal DA release in freely moving rats after po administration of 5.16a.
The results are the mean ± SEM of data obtained from 4 rats. Injection at t = 0 min.

Literature describes striatal microdialysis studies on some aporphines carried out under

the same conditions as our experiments.1 The aporphine family is considered to incorporate the

most potent DA agonists known. Yet, compound 5.16a displays a more potent pharmacological

effect after administration po. Comparison of the pharmacological effects after administration sc
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shows high similarity for the doses of 3 nmol kg-1 sc and for 10 nmol kg-1 sc. However, at 1

nmol kg-1 sc, compound 5.16a is able to induce a significant pharmacological effect whereas the

most potent aporphine, ((R)-(–)-N-n-propyl-apomorphine, 5.4) is unable to do so. In addition,

compound 5.16a is more potent in striatal microdialysis experiments than compound 2.3a.{333}

5.4.5 5.16a in the Ungerstedt model for Parkinson’s disease

A preliminary study of the pharmacological effect of 5.16a was conducted in the

Ungerstedt rat model for Parkinson’s disease, a post-synaptic model. A dose of 20 nmol kg-1

was administered sc and the effect was monitored for 4h (Figure 5.7).

The pharmacological effect of 5.16a was noticeable 60 min post-injection when 2 out of

4 rats responded to treatment. At the second time point of measurement all rats were

behaviorally active and the effect was significant. After 4h, the pharmacological effect was still

significant (p < 0.05). Though this study had a preliminary character, it is evident that 5.16a is

active in the Ungerstedt model for Parkinson’s disease. Compound 5.16a displays a potent and

lengthy pharmacological effect at this low dose sc. Interestingly, the onset of action is slower

than that for 2.3a and its analogs (Chapter 2 and 3). Compound 2.3a induces a maximal

pharmacological effect 60 min post-administration, while for  5.16a this is at least after 120 min

(no data was collected between 120 min and 240 min).

Assuming that compound 5.16a is bioactivated to (4aR,10aS)-N-n-propyl-6,7-di-OH-

1,2,3,4,4a, 5,10,10a-octahydro-benzo[g]quinoline (5.5, Figure 5.2), the bioactivation of this flat

and rigid molecule could proceed at a different rate than the bioactivation of compound 2.3a and

its analogs.

5.5 CONCLUSIONS

Compound 5.16a is a prodrug of a highly potent DA agonist with a long lasting effect,

both after administration sc and po. Analogously to compound 2.3a and its analogs (Chapter 2

and 3), compound 5.16a is inactive in vitro but is bioactivated in vivo. It is assumed that

compound 5.16a follows the same path of bioactivation as compound 2.3a and is converted to (–

)-trans-N-n-propyl-6,7-di-OH-2,3,4,4a,5,10,10a-octahydro-benzo[g]quinoline (5.5).



Chapter 5

150

Time (min)

Fu
ll 

co
nt

ra
la

te
ra

l t
ur

ns
 p

er
 1

5 
m

in

0 60 120 180 240 300 360 420 480
0

50

100

150

200 5.16a 20 nmol kg-1 sc

Figure 5.7 Pharmacological effect of 20 nmol kg-1 of 5.16a in the Ungerstedt model for
Parkinson’s disease expressed as full contralateral rotations per 15 min at 7 points in time over
8h. Each point is the mean ± s.e.m., for 4 determinations.

5.6 EXPERIMENTAL SECTION

5.6.1 Chemistry

General remarks. Melting points were determined in open glass capillaries on an

Electrothermal digital melting-point apparatus and are uncorrected. 1H and 13C NMR spectra

were recorded at 200 MHz and 50.3 MHz, respectively, on a Varian Gemini 200 spectrometer.

The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet), q (quartet), m

(multiplet). 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. IR spectra were obtained on a ATI-Mattson spectrometer. Electronic ionization (EI)

mass spectra were obtained on a Unicam 610-Automass 150 GC-MS system. Elemental

analyses were performed by the Microanalytical Department of the University of Groningen and

were within ± 0.4 % of the theoretical values, except where noted. All chemicals used were

commercially available (Aldrich or Acros) and were used without further purification.
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3-(4-Methoxyphenyl)-propionic acid n-propyl amide (5.9) 3-(4-Methoxyphenyl)-

acrylic acid (8.8 g, 49 mmol) was dissolved in ethanol (200 mL) and a catalytic amount of 10%

Pd/C (100 mg) was added. After shaking for 3h under a H2 atmosphere (3 atm) for 3h at RT, the

mixture was filtered over Celite® and evaporated. The residue was refluxed in dichloromethane

(200 mL) with thionylchloride (6,6 mL, 90 mmol) for 1h. The volatiles were evaporated and the

resulting oil was dissolved in dichloromethane (100 mL). This was added to a vigorously stirred

mixture of 5% aqueous NaOH (200 mL), dichloromethane (100 mL) and n-propylamine (3.0

mL, 71 mmol). After stirring for 1h the layers were separated and the aqueous layer was

extracted with dichloromethane (3 x 50 mL). The combined organic layers were washed with

water (50 mL) and brine (50 mL) and was dried over MgSO4. Evaporation of the solvent gave

the amide in quantitative yield (10.7 g, 49 mmol, 100%). IR (neat) cm-1 3300, 2961; 1734, 1642;

MS (EI) m/z 221 (M+).

N-(3-(4-Methoxyphenyl)-propyl)-N-propyl amine (5.10) To a stirred mixture of

LiAlH4 (8.0 g, 200 mmol) in tetrahydrofuran (100 mL) was added dropwise a solution of 3-(4-

methoxyphenyl)-propionic acid n-propyl amid (10.7 g, 49 mmol) in tetrahydrofuran (100 mL).

After refluxing for 12h the mixture was cooled to 50°C and excess hydride was destroyed by

careful addition of water (10 mL), 5% aqueous NaOH (40 mL) and water (20 mL) allowing

reflux conditions. The hot slurry was filtered and the white precipitate was washed thoroughly

with ethanol. Volatiles were evaporated and the resulting oil dissolved in ethyl acetate (50 mL)

what was extracted with 0.5 N aqueous HCl (4 x 50 mL). The acidic phase was made alkaline

(pH = 9) by addition of 30% aqueous NaOH and extracted with ethyl acetate (4 x 50 mL). The

organic layers were combined, washed with brine, dried (MgSO4) and evaporated to dryness to

give an oil that partially crystallized in diethyl ether as the hydrochloride salt. Recrystallization

from acetone/diethyl ether gave white flacky crystalline material. Total yield (as free base): 9.9

g, 48 mmol, 98%, mp 176-177°C. IR (neat) cm-1 2960, 2772, 1611, 1514; 1H-NMR (CDCl3) δ

9.46 (br s, 1H), 7.16 (d, 2H), 6.90 (d, 2H),3.72 (s, 3H), 2.82 (br s, 4H), 2.59 (t, 2H), 2.15 (p,

2H), 1.83 (h, 2H), 0.89 (t, 3H) ppm; 13C-NMR (CDCl3) δ 156.6, 130.3, 127.7, 112.4, 53.7, 47.9,

45.66, 30.3, 25.9, 17.8, 9.7 ppm; MS (EI) m/z 207 (M+); Anal. (C13H21NO·HCl) C, H and N.

N-n-Propyl-trans-7-keto-1,2,3,4,4a,5,8,8a-octahydro-[6H]-quinoline (5.14) N-(3-(4-

methoxyphenyl)-propyl)-N-propyl amine (6.15 g, 31.45 mmol) was dissolved in THF (60 mL),
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t-BuOH (4.65 g, 5.93 mL, 62.89 mmol). The mixture was cooled to -60oC and liquid NH3 (60

mL) was introduced. Then Li metal (1.70 g, 0.24 mol) was gradually added in small portions

and the blue mixture was stirred at -60oC for 4h. The color was discharged by addition of a

MeOH/aqueous NH4Cl (sat) solution (1:1, 20 mL) and the cooling bath removed. After NH3 had

evaporated the pH of the slurry was adjusted to 1 by addition of concentrated hydrochloric acid

and stirred for 24h. Then the mixture was basified to pH 10 (30% NaOH, T < 15oC) and solid

NaCl was introduced until the organic layer separated. The aqueous solution was extracted with

dichloromethane (8 x 50 mL) and the combined organic layers ware washed with brine and dried

over MgSO4. Evaporation yielded a red oil that was purified by column chromatography (silica,

dichloromethane/ethanol, 20:1) to yield a colorless oil (4.69 g, 24.05 mmol, 76%). A sample

was converted to the hydrochloride for analysis, mp 148-150°C. IR (KBr) 2950, 2384, 1711,

1464 cm-1; 1H-NMR (CDCl3) δ 3.10 (dt, 1H, J = 3.91 Hz, 9.52 Hz), 1.23-1.80 (m, 7H), 1.93-

2.72 (m, 10H), 0.84 (t, 3H) ppm; 13C-NMR (CDCl3) δ 210.4, 59.5, 54.3, 46.3, 36.6, 36.0, 33.7,

26.8, 23.6, 22.7, 18.0, 10.3 ppm; MS (EI) m/z 195 (M+); Anal. (C12H21NO·HCl) C, H and N.

N-n-Propyl-trans-2,3,4,4a,5,7,8,9,10,10a-decahydrobenzo[g]quinolin-6-one (5.16)

and N-n-Propyl-cis-2,3,4,4a,5,7,8,9,10,10a-decahydrobenzo[g]quinolin-6-one (5.17) To a

cooled (0°C) suspension of KOtBu (2.5 g, 25.6 mmol) in dry dimethylformamide (4 mL) flushed

with N2 was added dropwise a solution of (3-ethoxycarbonylpropyl)-triphenylphosphonium

bromide (12.9 g, 28.2 mmol) in dry, N2 flushed dimethylformamide (25 mL). When the addition

is complete the mixture was stirred at 0°C for 30 min. Then a solution of trans-N-propyl-7-keto-

1,2,3,4,4a,5,8,8a-octahydro-[6H]-quinoline (2.5 g , 12.8 mmol) in dry, N2 flushed

dimethylformamide (4 mL) was added dropwise at 0°C. After stirring at 0°C for 4 h the

temperature was allowed to rise to RT and stirring was continued overnight. Water (50 mL) was

added and the mixture was filtered through Celite (2 g). The filtrate was extracted with hexane

(5 x 25 mL). The combined organic layers were dried (MgSO4), filtered and evaporated to give a

beige solid (9.1 g).

The solid was dissolved in dichloromethane (10 mL) and was added to PPA (40 g) at

100°C while stirring. After 4 h stirring at that temperature the reaction mixture was allowed to

cool to about 80°C when crushed ice (50 g) was introduced. Stirring was continued at that

temperature for 1h and then the solution was allowed to cool to RT. Concentrated ammonia was

added until pH = 8 and then the solution was extracted with dichloromethane (6 x 100 mL). The



(–)-GMC6650, a highly potent orally active dopaminergic prodrug

153

combined organic layers were dried (MgSO4), filtered and evaporated. The residue was purified

by column chromatography (silica, dichloromethane/methanol, gradient) and the products were

subsequently converted to the hydrochloric salt and recrystallized from diethyl ether/ethanol.

5.16 (trans isomer) Yield 0.61 g, 2.2 mmol (67%), mp 235°C. IR (KBr) 2928, 2592,

1668, 1457, 1394 cm-1; 1H-NMR 500MHz (CDCl3) δ 3.06 (d, 1H, J = 11.2Hz), 2.72-2.78 (dt,

1H), 2.15-2.55 (m, 10H), 1.51-1.99 (m, 9H), 1.01-1.10 (dq, 1H), 0.89 (t, 3H) ppm; 13C-NMR

200MHz (CDCl3) δ 197.0, 152.6, 129.8, 59.6, 53.6, 51.2, 36.1, 35.2, 34.9, 29.3, 29.4, 28.1, 23.2,

20.8, 15.8, 10.4 ppm; MS (EI) m/z 249 (M+); Anal. (C16H25NO·HCl) C, H and N.

5.17 (Cis isomer) Yield 0.07 g, 0.3 mmol (6%). IR (KBr) 2928, 2592, 1668, 1457, 1394

cm-1; 1H-NMR 500MHz (CDCl3) δ 3.20 (t, 1H, J= 11Hz), 2.75 (d, 1H), 2.00-2.58 (m, 12H)

1.82-2.00 (m, 2H), 1.52-1.79 (m, 4H), 1.38 (d, 1H), 1.22-1.29 (dq, 1H), 0.90 (t, 3H) ppm; 13C-

NMR (CDCl3) δ 197.3, 151.1, 128.7, 54.8, 53.5, 45.1, 36.3, 31.0, 29.7, 26.3, 24.0, 23.3, 22.6,

20.9, 18.0, 10.3 ppm; MS (EI) m/z 249 (M+). Anal. (C16H25NO·HCl) C, H and N.

Resolution 5.16 A 5 mg mL-1 solution of racemic GMC6650 in hexane / isopropanol

(4/1 (v/v)) was injected into a HPLC system using a Water 510 HPLC pump fitted with a 500

µL loop and a Chiralpack AD semi-preparative column (250 x 10 mm). Mobile phase was a

mixture produced by an ISCO Model 2360 Gradient Programmer and consisted of 98 % hexane

(containing 0.1% (w/w) triethylamine) and 2% isopropanol / hexane (1/1 (w/w)). Flow of the

mobile phase was 4.0 mL min-1. The separate enantiomers were detected by a Water 486

Millipore Tunable Absorbance Detector (λ = 254 nm, AUFS = 2.0) and were recorded on paper

using a Kipp & Zonen flatbed recorder (chart speed 5 mm min-1, α = 1.33; k1’ = 2.16; k2’ =

2.88). Fractions were collected by hand. After evaporation of the mobile phase the optical

rotation of the two fractions was determined using a Perkin Elmer 241 Polarimeter. First eluting

fraction: [α]d
20 = +185º (c = 0.08, methanol). Second eluting fraction: [α]d

20 = –214º (c = 0.07,

methanol). Both enantiomers were analyzed for their purity using the same HPLC system but

now fitted with a Chiralpack AD analytical column (250 x 4.6 mm) and a 20 µL loop (e.e. =

>99.9% for both enantiomers). Both enantiomers were converted to their corresponding maleate

salts and were recrystallized from ethanol / diethylether. Melting points: (–)-5.16a·Maleate mp:

192°C, (+)-5.16b·Maleate mp: 186°C.

3-Ethynyl-2-cyclohexen-1-one (5.20)19 To a solution of 0.5 N ethynyl-magnesium

bromide in tetrahydrofuran (100 mL) was added under N2 and stirring 3-ethoxy-2-cyclohexen-1-
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one (3.75 g, 26.8 mmol) in tetrahydrofuran (12.5 mL). The mixture was stirred at RT for 20h

when it was acidified with 1N HCl (200 mL). After stirring for 15 min, the acidic phase was

extracted with dichloromethane (5 x 50 mL). The combined organic extracts were washed with

water (2 x 50 mL) and dried (MgSO4). Evaporation of the solvent gave an oil that was purified

by column chromatography (silica, ethylacetate/hexane 1:9) to yield 3-ethynyl-2-cyclohexen-1-

one (5.19) as a yellow oil, 2.71 g, 22.6 mmol, (84%). Analysis were according to literature data.

1-(N-n-Propylamine)-4-pentene (5.22)21 5-bromo-1-pentene (25 g, 0.17 mol) was

added to n-propylamine (150 mL, >10 eq) and this was refluxed for 90h. Excess n-propylamine

was evaporated and the residue was triturated with diethylether (200 mL). The white solid was

filtered, washed thoroughly with diethylether and dried under vacuum to give 20 g of the

hydrobromide salt. The salt was suspended in dichloromethane (50 mL) and excess 5% NaOH

solution was added until pH = 9. The organic layer was separated and the water layer was

extracted with dichloromethane (4 x 25 mL). The combined organic layers were dried (Na2SO4)

and evaporated. The resulting oil was distilled and 12.8 g (59%) of the product was collected at

152-155ºC (lit. 155ºC). 1H-NMR (CDCl3) δ 4.87-5.67 (m, 1H), 4.87-5.03 (m, 2H), 2.48-2.60 (m,

4H), 2.02 (dq, 2H), 1.37-1.62 (4H), 1.24 (H), 0.87 (t, 3H) ppm; 13C-NMR (CDCl3) δ 210.4,

59.5, 54.3, 46.3, 36.6, 36.0, 33.7, 26.8, 23.6, 22.7, 18.0, 10.3 ppm.

Diels-Alder route to 5.16 A solution of 3-ethynyl-2-cyclohexen-1-one (5.20) (1.80 g,

15.0 mmol) in 1,2-dichloro-benzene (50 mL) was added to a solution of 1-propylamine-4-

pentene (5.21) in 1,2-dichloro-benzene (50 mL). The solution was stirred for 30 min at RT and

then heated under pressure for 72 h at 190°C. After cooling, the mixture was poured in 4N HCl

(400 mL) and this was stirred at rt for 2 h. The acidic layer was separated and extracted with

diethylether (2x 50 mL). Then the aqueous layer was made alkaline (pH = 8) with concentrated

ammonia and was extracted with dichloromethane (5 x 50 mL). The combined organic layers

were washed with brine (50 mL) and dried (MgSO4). Analysis by GC-MS showed the presence

of about 2% of 5.16.
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5.6.2 Pharmacology.

General remarks. Racemic 5.16 was tested as a hydrochloride salt, optically pure

compounds were tested as maleate salts. The in vitro binding affinity experiments were

performed at Lundbeck AC/S, Copenhagen, Denmark. Microdialysis studies were performed at

the laboratory animal unit of the Rijksuniversiteit Groningen, The Netherlands. The effects of

the compounds in the Ungerstedt model for Parkinson’s disease was studied at the University of

Uppsala, Sweden.

Receptor binding studies. D1 binding. By this method the inhibition of drugs of the

binding of [3H]-SCH 23390 (0.20 nM, Kd 0.45 nM) to dopamine D1 receptors in membranes

from rat corpus striatum is determined in vitro. Method and results are described by Hyttel and

Larsen.25,26

D2 binding. By this method the inhibition of drugs of the binding of [3H]-Spiperone

(0.50 nM, Kd 0.20 nM) to dopamine D2 receptors in membranes from rat corpus striatum is

determined in vitro. Method and results are described by Hyttel and Larsen.27,28

D3 binding. By this method the inhibition by drugs of the binding of [3H]-Spiperone (0.3

nM, Kd 0.45 nM) to membranes of human cloned dopamine D3 receptors expressed in CHO-

cells is determined in vitro. Method modified from R.G. MacKenzie et al.29 CHO-cells

expressing the human cloned D3 dopamine receptor are harvested and the cell suspension

centrifuged at 1000 rpm for 7 min at 4°C. The supernatant is frozen. At the day of experiment

the cell pellet is thawed at room temperature and diluted in assay buffer (25 Mm TRIS-HCl pH

7.4 + 6.0 mM MgCl2 + 1.0 mM EDTA) to the desired concentration. 50 µL Displacer (10 µM

Haloperidol, test compound or assay buffer) and 230 µL buffer is added to a 96 well deep plate.

Then 50 µL 0.3 nM [3H]-spiperone is added. The reaction is initiated by addition of 670 µL

membrane suspension (test concentration 26 µg protein/670 µL). Packard GF/C unifilter (96

well) is pretreated with 0.1% PEI-solution 10-15 min before filtration. After 60 min. of

incubation at 25°C the reaction is terminated by filtration at Tomtec unifilter. The filters are

washed twice with ice cold assay buffer. The filters are dried for 1.5 hours at 50°C, 35 µL

scintillation liquid is added and bound radioactivity is counted in Wallac Tri-Lux scintillation

counters.

D4 binding. By this method the inhibition of drugs of the binding of [3H]-Nemonapride

(0.50 nM, Kd 0.20 nM) to cloned human dopamine D4 receptors is determined in vitro. Method

and results are described by Meier et al.30
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Microdialysis. Male Wistar rats (from CDL, Groningen, The Netherlands) weighing

280-320 g were used for microdialysis experiments. The rats were housed in plexiglas 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%; lights on at 8 a.m. and off at

8 p.m.). The animals were housed at least one week after arrival prior to surgery. Animal

procedures were conducted in accordance with guidelines published in the NIH Guide for the

Care and Use of Laboratory Animals and all protocols were approved by the Groningen

University Institutional Animal Care and Use Committee.

On-line brain microdialysis in freely moving animals was performed as described

previously 1. Data were converted into percentage of basal levels. The basal levels were

determined from four consecutive samples (less than 20% variation), and set at 100%. During

360 min after administration of the compound the dopamine release was measured. The

measurements were processed using Microsoft Exell and GraphPad Prism for Windows

(GraphPad Inc.). Microdialysis data were compared using one-way analysis of variance

(ANOVA) for repeated measurements, followed by Dunnett’s Method post-hoc test. A

significance level of 0.05 was applied.

The Ungerstedt model for Parkinson’s disease. Contralateral turning

experiments were 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 mg / 4 mL 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 mg kg-1 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. The number of full contralateral rotations per 15 min, was scored by a trained observer.

Data is presented as full rotations in contralateral directions.
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Further investigations into the structural

requirements for bioactivation of enones

ABSTRACT

This chapter mainly deals with the synthesis of a variety of enones, designed to further

study the structure-bioactivation-relationship. Known dopamine (DA) agonists, like N-alkylated

DA (6.1) and N-n-propyl-3-(3,4-dihydroxyphenyl)-piperidine (6.3) served as targets for

synthesis of their enone equivalents. These enones possess an increased structural flexibility

relative to the pharmacologically active enones 2.3a and 5.16a reported so far. In order to

elucidate the relation between the position of the ketone, the double bond and bioactivation, the

synthesis of a regioisomer of 2.3 is discussed. All enones were prepared in short, concise multi-

step syntheses and obtained in good overall yield.
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6.1 INTRODUCTION

Some enone prodrugs were found to induce a potent and long lasting pharmacological

effect after oral administration in i.a. the Ungerstedt rat model of Parkinson’s disease (Figure

6.1). The bioactivation of enone prodrugs is thought to proceed by α’-hydroxylation and

subsequent oxidation to give the corresponding catecholamine (Chapter 2 & 3).

N

O

N

O

2.3a 5.16a

Figure 6.1 Structures of the enone prodrugs 2.3a and 5.16a (assumed absolute configuration).

Synthesis and pharmacological evaluation of new potential enone prodrugs of known

DA agonists, like N-alkylated DA (6.1) and N-n-propyl-3-(3,4-dihydroxyphenyl)-piperidine

(6.3) therefore seems appropriate (Figure 6.2).1-3 Enones like 6.2 and 6.4 both are structurally

related to 2.3a and 5.16a yet are less rigid. Pharmacological evaluation of these compounds

would provide further insight into the universality of the bioactivation of enones to their

corresponding catecholamines.

6.1 6.2 6.3 6.4

N

O

N

OH

OH
O

N
R

R'

OH

OH

N
R

R'

Figure 6.2 Structures of some dopaminergic catecholamines (6.1 and 6.3) and their enone
analogs (6.2 and 6.4).

Pharmacological activity in vivo is not exclusively reserved for enones like 2.3 (Figure

6.3). The synthesis and pharmacological evaluation of two differently substituted enones (6.5
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and 6.6) has been reported.4 The β,γ-unsaturated enone (6.5) was found to display moderate

dopaminergic activity in vivo whilst the α,β-unsaturated enone (6.6) was found inactive in vivo

NO NO

6.5 6.6

N

O
2.3

Figure 6.3 Structures of enones with different ketone positions. The α,β-unsaturated enones
(2.3) and (6.6) and the β,γ-unsaturated enone (6.5).

To investigate this further, we designed the synthesis of two enones (6.7 and 6.8) with

the ketone moiety at the two positions on the ring not yet investigated (Figure 6.4).

Bioactivation of 6.7 or 6.8 to a corresponding catecholamine could give two products. The

products of such bioactivation could have a ‘5,6-dihydroxy’ or a ‘6,7-dihydroxy’ substitution

patterns on the aromatic ring. This would correspond with the α- and β-rotameric form of DA

agonists respectively. Interesting to note is that the absolute configuration of the

pharmacologically active enantiomers of α- and β-rotameric forms is opposite. (S)-5,6-di-OH-

DPAT and (R)-6,7-di-OH-DPAT are the active enantiomers of both possible products.5-7

Pharmacological evaluation of the separate enantiomers of 6.7 and 6.8 may help to prove the

identity of the product or products.

N

O

N

O

N

O

6.7 6.8 6.9

Figure 6.4 Structures of more enones with different ketone positions. The β,γ-unsaturated
enone (6.5) and the α,β-unsaturated enones (6.8) and (6.9).
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Compound 6.9 is structurally derived from 8-OH-DPAT, a known potent 5-HT1a

agonist.8 Bioactivation of 6.9, to its corresponding catecholamine would yield the known, mixed

DA D2/5HT1a agonist, 7,8-di-OH-DPAT.9 The potential serotonergic component to the in vivo

action of 6.9 could be extremely useful. Observation of both dopaminergic and serotonergic

stereotypy in behavioral models would provide further indications of a more general

bioactivation of enones to catecholamines.

The compounds described in this chapter so far have only been preliminary

pharmacologically evaluated. Therefore, this chapter deals only with the design and synthesis of

miscellaneous enones. The total syntheses are presented and discussed.

6.2 CHEMISTRY

6.2.1 Synthesis of DA derived enones

A number of synthetic methods for enone derivatives of N-alkylated DA have

been reported in literature. Commonly they are prepared by a Birch reduction of the

corresponding phenol or anisol.10-15 We have used a different and more convenient strategy,

similar to the strategy used in Chapter 5 for the synthesis of ynenone 5.20.16-18 By reacting vinyl

magnesium bromide with enol ether 5.19, a dienone (6.10) was obtained in quantitative yield

(Scheme 6.1).19 Secondary amines readily reacted with 6.10 regiospecifically to give the desired

compounds. A (2-phenyl)ethylamine substituent was introduced to improve lipophilicity.

OO

OEt

5.19 6.10

O

N
R

R'

6.11, R = R' = Et
6.12, R = R' = n-Pr
6.13, R = R' = n-Bu
6.14, R = n-Pr, R' = 2-Phet

ba

Scheme 6.1 Synthesis of N-alkylated DA derived enones. Reagents and conditions: a)
CH2=CHMgBr, THF, RT, 2h; b) N,N-diethylamine or N,N-di-n-propylamine or N,N-di-n-
butylamine or N-(2-phenyl)ethyl-N-n-propylamine, acetonitrile, Cs2CO3, RT, 3h.
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The final products were obtained in good overall yield (≈ 90%). Compounds 6.11 and

6.12 could be purified by distillation under vacuum. The other two products were purified by

column chromatography and, at first, proved unstable on the column. To prevent decomposition,

the silica used had been saturated with NH3 gas. Upon investigation it became evident that under

strong acidic conditions, 6.12 decomposed readily. When an acidic solution containing

decomposed 6.12 was treated with an excess of diethylamine, 6.11 was detected as the only

product. This proves the reversibility of the amination (step b, Scheme 6.1) under acidic

conditions.

In Chapter 5, reversible amination was described for 5.14, 5.14a, 5.14b, and 5.16.20 For

5.16, this was an advantage since intramolecular re-amination occurred that favored the desired

and more stable trans isomer. Here, spontaneous re-amination is unlikely to occur because it

would have to occur intermolecularly with equimolar quantities of the reagents. Furthermore,

the presence of other nucleophiles in vivo could give different products rendering bioactivation

to N-alkylated DA analogs impossible. If de-amination of enones of type 6.2 is occurring in

vivo, that would bring forward a potential hazard with regard to the formation of toxic

metabolites and covalent binding of 6.10 to proteins.

6.2.2 Synthesis of a 3-piperidinyl enone

Synthesis of an n-propyl-piperidine enone analog was accomplished in 3 steps (Scheme

6.2). The first step to give 5.20 and subsequent addition of a secondary amine were discussed in

Chapter 5 and conducted under identical conditions. N-n-(3-chloro)propyl-N-n-propylamine was

synthesized from 1-bromo-3-chloropropane using N-n-propylamine.21 The secondary amine

readily reacts with ynenone 5.20.16 After heating the initially formed intermediate to reflux for

10h, all starting material was converted to dienaminone 6.16 that was isolated in good yield. The

presence of both Cs2CO3 and KI is required to make the reaction proceed. Selective reduction of

the double bond with NaBH3CN in the presence of a minimal amount of acetic acid gave 6.4.

The reaction proceeds for about 60% without the presence of acetic acid. The enamine in 6.16

proved more reactive towards reduction than the enamine intermediate (2.2) reported in the

synthesis of 2.3 in Chapter 2. Selectivity for reduction of the desired double bond in 6.16 was

controlled by the reaction temperature and no by-products were detected.
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6.16 6.4
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Scheme 6.2 Synthesis of a 3-piperidinyl enone (6.4). Reagents and conditions: a) CH≡CMgBr,
THF, RT, 2h; b) N-n-(3-chloro)propyl-N-n-propylamine, Cs2CO3, KI, acetonitrile, reflux, 10h;
c) NaBH3CN, THF, AcOH, 0ºC, overnight.

6.2.3 Isomers of compound 2.3 (1)

The β,γ-unsaturated enone (6.5) was reported to be the only product of a Birch reduction

of 7-methoxy-2-(N,N-di-n-propylamino)tetralin  (7-MeO-DPAT, 6.17), followed by an acidic

hydrolysis (Scheme 6.3).4 Only after prolonged heating in acid the β,γ-unsaturated enone was

converted into the α,β-unsaturated enone 6.6.4

NO

6.17

NO

6.6

NO

6.5

a,b c

Scheme 6.3 Synthesis of 6.5 and 6.6. Reagents and conditions: a) Na/NH3 (l), THF, EtOH, –
60ºC, 3h; b) H+/H2O, RT, 1h; c) H+/H2O, 80ºC, 3h.
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This rearrangement was accompanied by a substantial de-amination of the N,N-di-n-

propylamine moiety (30%). Which of the compounds lost its amine group was not reported. In

the cases we reported on, de-amination occurred under strong acidic conditions, in α,β-

unsaturated enones to give α,β,γ,δ-unsaturated enones. For 7-keto enones this de-amination is

not reversible under acidic conditions. Again because intermolecular re-amination is unlikely to

occur because of the aforementioned reasons.

A Birch reduction of 6-methoxy-2-(N,N-di-n-propylamino)tetralin (6-MeO-DPAT, 6.18)

was the reaction of choice to obtain an enone product in only two steps (Scheme 6.4). The

reaction was carried out with sodium metal in liquid NH3. After acidic hydrolysis of the reaction

mixture 6.8 was isolated as the only product. Surprisingly, even after mild acidic hydrolysis no

trace of 6.7 were detected. It is well described in literature on Birch reductions, that 6.19 is the

intermediate after reducing this type of substituted aromatic ring.10 This indicates that the

position of the amine facilitates the rearrangement of the double bond. TLC analysis, GC

analysis and 1H-NMR analysis showed the enantiospecific formation of one diastereomer of 6.8.

N

O

6.18

N

O

6.8

O

N

6.19

ba

Scheme 6.4 Synthesis of 6.8. Reagents and conditions: a) Na/NH3 (l), THF, EtOH, –60ºC, 3h;
b) H+/H2O, RT, 3h.

6.2.4 Isomers of compound 2.3 (2)

Synthesis of 6.9 was achieved in four steps (Scheme 6.5). Enamine formation

followed by catalytic hydrogenation and hydrolytic work-up gave the known compound 6.21 in

excellent yield (94%).22,23 A Wittig reaction as described in Chapter 5 was used to introduce a

C4 moiety to give 6.22. Subsequent treatment of 6.22 with PPA, gave the desired product 6.9 in

good yield.24 It was observed by GC-MS that the initially formed cyclization product was the

ethyl enolether (6.23) of 6.9. This intermediate was not isolated since hydrolysis of excess PPA

also rapidly liberated the ketone.
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Scheme 6.5 Synthesis of 6.9. Reagents and conditions: a) i) Pr2NH, toluene, TsOH, reflux,
24h; ii) H2, 10% Pd/C, RT, 16h; b) Br–(Ph)3P

+(CH2)3CO2Et, t-BuOK, DMF, 0ºC, 24h; c) PPA,
100ºC, 3h; d) H+/H2O, RT, 3h.

In Chapter 4, the orally active oxime derivatives of 2.3 are described. Since this same

approach might also work for 6.9, the oxime derivative (6.24) was synthesized (Scheme 6.6).

Hydroxylamine hydrochloride was reacted with 6.9 in methanol to give 6.24 quantitative yield.

As a hydrochloric salt, compound 6.24 proved hygroscopic, therefore, the maleate salt was

prepared.

N
O

6.9

N
N

OH

6.24

a

Scheme 6.6 Synthesis of 6.24. Reagent and conditions: a) NH3OH·HCl, MeOH, RT, 3h.
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6.3 CONCLUSIONS

We have succeeded in the preparation of a number of new potential enone

prodrugs. Pharmacological evaluation could provide a more complete picture of the structural

requirements for bioactivation of enones to their corresponding catecholamines. All enones were

prepared in short, concise multistep syntheses and obtained in good overall yield.

6.4 EXPERIMENTAL SECTION

General remarks. Melting points were determined in open glass capillaries on

an Electrothermal digital melting-point apparatus and are uncorrected. 1H-NMR and 13C-NMR

spectra were recorded at 200 MHz and 50.3 MHz, respectively, on a Varian Gemini 200

spectrometer. The splitting patterns are designated as follows: s (singlet), d (doublet), t (triplet),

q (quartet), m (multiplet). 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. IR spectra were obtained on a ATI-Mattson spectrometer. Electronic

ionization (EI) mass spectra were obtained on a Unicam 610-Automass 150 GC-MS system.

Chemical ionization (CI) mass spectra were recorded by the Mass Spectrometry Unit of the

University of Groningen. Elemental analyses were performed by the Analytical Chemistry

Section at Parke Davis (Ann Arbor, MI) or by the Microanalytical Department of the University

of Groningen and were within ± 0.4 % of the theoretical values, except where noted. All

chemicals used were commercially available (Aldrich or Acros) and were used without further

purification.

3-(N-n-Propyl-piperidin-3-yl)-cyclohexen-2-one (6.4) 3-(N-n-Propyl-1,4,5,6-

tetrahydro-pyridin-3-yl)-cyclohexen-2-one (6.16) (5.0 g, 22.8 mmol) was dissolved in THF (100

mL). At 0°C, acetic acid (1.38 mL, 22.8 mmol) was added followed by introduction of

NaBH3CN (1.9 g, 30.0 mmol) in small portions maintaining the temperature. After the addition

was complete the mixture was stirred for 1h at this temperature and then at RT overnight. Work-

up by addition of water (50 mL) and saturated aqueous NaHCO3 (50 mL) followed by extraction

with dichloromethane (5 x 50 mL). The combined organic layers were dried (MgSO4) and

evaporated. The residue was purified by column chromatography (silica,

dichloromethane/ethanol 20:1) to give a colorless oil, which was converted to the hydrochloride.
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Recrystallization from di-isopropyl ether gave 4.2 g, 17.5 mmol (77%), mp 184-185°C. IR

(KBr) 3396, 2941, 2469, 1667, 1455 cm-1; 1H-NMR (CDCl3) δ 5.83 (s, 1H), 3.85 (d, 2H), 2.29-

2.56 (m, 7H), 1.23-2.17 (m, 10H), 0.88 (t, 3H) ppm; 13C-NMR (CDCl3) δ 198.4, 165.1, 123.4,

59.0, 55.6, 51.9, 41.6, 36.0, 27.3, 26.9, 22.8, 21.2, 17.6, 10.2 ppm; MS (EI) m/z 221 (M+); Anal.

(C14H23NO·HCl) C, H and N.

6-(N,N-di-n-Propylamino)-4,4a,5,6,7,8-hexahydro-3H-naphthalen-2-one (6.8)

To a stirred solution of 6-MeO-DPAT (6.18) (1.03 g, 3.95 mmol) in tetrahydrofuran (12 mL),

iso-propanol (12 mL), and liquid ammonia (30 mL), at –60ºC, was added sodium metal (1.7 g,

75 mmol) in small pieces. The solution was stirred for 2h at –60ºC and then iso-propanol (24

mL) was added carefully. The temperature was allowed to rise to RT overnight, leaving the

ammonia to evaporate. The residue was diluted with water (60 mL) and was extracted with

dichloromethane (3 x 50 mL). The combined organic layers were dried (MgSO4) and evaporated

to give a yellow oil.

The yellow oil was dissolved in diethyl ether (25 mL) and was extracted with 4N HCl (2

x 15 mL). The combined acidic layers were basified to pH = 11 using concentrated ammonia.

Extraction with diethyl ether (5 x 50 mL), drying of the organic phase (MgSO4) gave a yellow

oil. TLC analysis showed the presence of two compounds. GC analysis indicated that there was

one major product (80%) and some starting material (10%). Purification by column

chromatography (silica, ethyl acetate/ethanol (9/1)) gave a colorless oil. Yield 0.53 g, 2.13 mmol

(54%). IR (neat) 3201, 2978, 1710, 1536, 1358 cm-1; 1H-NMR (CDCl3) 5.79 (s, 1H), 2.68-2.76

(m, 1H), 2.22-2.44 (m, 9H), 1.67-2.16 (m, 3H), 1.66 (dd, 1H), 1.39 (br q, 6H), 0.83 (t, 6H) ppm;
13C-NMR (CDCl3) δ 198.1, 164.6, 122.9, 57.1, 51.2, 35.7, 34.9, 34.8, 33.1, 27.8, 26.9, 20.8, 10.3

ppm; MS (EI) m/z 249 (M+);

7-(N,N-di-n-Propylamino-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one (6.9) To a

cooled (0°C) suspension of KOtBu (1.13 g, 10.1 mmol) in dry dimethylformamide (4 mL)

flushed with N2 was added dropwise a solution of (3-ethoxycarbonyl)triphenyl-phosphonium

bromide (5.10 g, 11.2 mmol) in dry, N2 flushed dimethylformamide (11 mL). When the addition

is complete, the mixture was stirred at 0°C for 30 min. Then a solution of 4-di-n-propylamino-

cyclohexanone (6.21, 2.00 g, 10.2 mmol) in dry, N2 flushed dimethylformamide (4 mL) was

added dropwise at 0°C. After stirring at 0°C for 4 h the temperature was allowed to rise to RT
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and stirring was continued overnight. Water (25 mL) was added and the mixture was filtered

through Celite (2 g). The filtrate was extracted with hexane (5 x 25 mL). The combined organic

layers were dried (MgSO4), filtered and evaporated to give 2.86 g of a light yellow oil.

Distillation of the oil in vacuo (108°C, 0.2 mm Hg) afforded 6.22 slightly contaminated with

triphenylphosphine oxide.

A solution of the Wittig adduct (1.0 g, 3.4 mmol) in hexane (3 mL) was added to PPA

(20 g) at 115°C while stirring. After 4h stirring at that temperature the reaction mixture was

allowed to cool to about 80°C when crushed ice (50 g) was introduced. Stirring was continued

and the solution was allowed to cool to RT. 5N aqueous NaOH was added until pH = 8 and then

the solution was extracted with ethyl acetate (5 x 40 mL). The combined organic layers were

dried (MgSO4), filtered and evaporated. The residue was purified by column chromatography

(silica, dichloromethane/ethanol, 20:1) and subsequently converted to the hydrochloric salt.

Yield 0.57 g, 2.3 mmol (67%), mp 185-186°C. IR (neat) 2955, 2822, 1666, 1382,1069 cm-1; 1H-

NMR (CDCl3) δ 2.72-2.77 (m, 1H), 2.21-2.56 (m, 11H), 1.82-2.00 (m, 4H), 1.34-1.54 (m, 5H),

0.83 (t, 3H) ppm; 13C-NMR (CDCl3) δ 197.5, 155.0, 129.7, 55.0, 51.1, 36.1, 31.0, 29.3, 24.1,

22.1, 20.8, 20.2, 10.3 ppm; MS (EI) m/z 249 (M+); Anal. (C16H27NO·HCl) C, H and N.

3-Vinyl-2-cyclohexen-1-one (6.10)19 To a solution of 1.0N vinylmagnesium bromide in

tetrahydrofuran (50 mL) was added under N2 and stirring 3-ethoxy-2-cyclohexen-1-one (3.75 g,

26.8 mmol) in tetrahydrofuran (12.5 mL). The mixture was stirred at RT for 20h when it was

acidified with 1N HCl (200 mL). After stirring for 15 min the acidic phase was extracted with

dichloromethane (5 x 50 mL). The combined organic extracts were washed with water (2 x 50

mL) and dried (MgSO4). Evaporation of the solvent gave an oil that was purified by column

chromatography (silica, ethyl acetate/hexane 1:9) to yield a yellow oil, 2.71 g, 22.6 mmol, 84%).

Analyses were in agreement with literature data.

3-(2-N,N-Diethylamino)ethyl-cyclohexen-2-one (6.11) 3-Vinyl-cyclohex-2-enone

(6.10) (0.75 g, 6.1 mmol) was dissolved in acetonitrile (1 mL) and N,N-diethylamine (1.3 g, 16

mmol) was added followed by Cs2CO3 (50 mg). After stirring the mixture at rt for 3 h it was

diluted with diethyl ether (100 mL), filtered and evaporated to dryness. The residue was distilled

in vacuo (120°C, 0.01 mm Hg) to give a slightly yellow oil, which was converted to the

hydrochloride salt. Recrystallization from isopropyl ether/isopropyl alcohol yielded: 1.3 g, 5.6
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mmol (91%), mp 148-149 °C. IR (KBr) 2948, 2851, 1661; 1H-NMR (CDCl3) δ 5.86 (d, 1H),

2.48-2.67 (m, 6H), 2.27-2.39 (m, 6H), 1.96 (m, 2H), 1.02 (t, 6H) ppm; 13C-NMR (CDCl3) δ

198.3, 163.5, 124.8, 48.9, 45.2, 35.7, 33.7, 28.4, 21.2, 10.1 ppm; MS (EI) m/z 195 (M+); Anal.

(C12H21NO·HCl) C, H and N.

3-(2-N,N-di-n-Propylamino)ethyl-cyclohexen-2-one (6.12) The same procedure was

used as for 6.11 but using N,N-di-n-propylamine. Distillation at 175°C (0.01 mm Hg) afforded a

colorless oil that was converted to the hydrochloride salt. Recrystallization from isopropyl

ether/isopropyl alcohol yielded: 1.2 g, 4.6 mmol (75%), mp 95-97°C. IR (KBr)  2962, 2613,

1667; 1H-NMR (CDCl3) δ 5.84 (d, 1H), 2.65 (m, 2H), 2.27-2.60 (m, 9H), 1.99 (m, 2H), 1.39-

1.51 (m, 5H), 0.86 (t, 6H) ppm; 13C-NMR (CDCl3) δ 198.2, 163.5, 124.9, 54.2, 50.1, 35.7, 33.7,

28.4, 21.2, 18.5, 10.4 ppm; MS (EI) m/z 223 (M+); Anal. (C14H25NO·HCl) C, H and N.

3-(2-N,N-di-n-Butylamino)ethyl-cyclohexen-2-one (6.13) The same procedure was

used as for 6.11 but using N,N-di-n-butylamine. Purification by column chromatography (silica,

ethyl acetate) yielded a colorless oil that was converted to the hydrochloride salt.

Recrystallization from isopropyl ether/isopropyl alcohol gave 1.3 g, 5.6 mmol (91%), mp 115-

117°C. IR (KBr) 2959, 2494, 1661; 1H-NMR (CDCl3) δ 5.84 (d, 1H), 2.60 (q, 2H), 2.26-2.44

(m, 8H), 1.96 (m, 3H), 1.21-1.46 (m, 8H), 0.87 (t, 6H) ppm; 13C-NMR (CDCl3) δ 198.2, 163.6,

124.9, 52.0, 50.2, 35.7, 33.8, 28.4, 27.5, 21.2, 19.1, 12.5 ppm; MS (CI) m/z 252 (M+1); Anal.

(C16H28NO·HCl) C, H and N.

3-(N-(2-Phenyl)ethyl-N-n-propylamino)ethyl-cyclohexen-2-one (6.14) The same

procedure was used as for 6.11 but using N-(2-phenyl)ethyl-N-n-propylamine. Purification by

column chromatography (silica, ethyl acetate) yielded a colorless oil that was converted to the

hydrochloride salt. Recrystallization from ether/ethanol gave 1.8 g, 5.6 mmol (91%), mp 110-

112°C. IR (KBr) 2937, 2538, 2442, 1667; 1H-NMR (CDCl3) δ 7.15-7.83 (m, 5H), 5.95 (s, 1H),

3.07 (t, 2H), 2.83, (q, 2H), 2.27-2.50 (m, 6H), 2.04 (p, 4H), 1.47-1.64 (m, 4H), 0.86 (t, 3H) ppm;

MS (CI) m/z 286 (M+1); Anal. (C19H27NO·HCl) C, H and N.

3-(N-n-Propyl-1,4,5,6-tetrahydro-pyridin-3-yl)-cyclohexen-2-one (6.16) 3-Ethynyl-

cyclohex-2-enone (5.20)16 (3.20 g, 26.8 mmol) and N-n-(3-chloro)propyl-N-n-propylamine
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(4.50 g, 33.2 mmol)21 were mixed in acetonitrile (50 mL). Cs2CO3 (100 mg) and KI (200 mg)

were added and the mixture was refluxed under N2 for 10h. After cooling the mixture was

diluted with water (50 mL) and extracted with dichloromethane (3 x 50 mL). The combined

organic layers were washed with brine, dried (MgSO4) and evaporated. The resulting dark oil

was purified by column chromatography (silica, ethyl acetate) to give a yellow red oil. Yield 5.1

g, 23.3 mmol (87%). IR (neat) 2932, 2871, 1589, 1538, 1157 cm-1; 1H-NMR (CDCl3) δ 6.84 (s,

1H), 5.69 (s, 1H), 3.04-3.12 (m, 4H), 2.44 (t, 2H), 2.33 (t, 2H), 2.18 (t, 2H), 1.83-2.03 (m, 4H),

1.49-1.64 (m, 2H), 0.87 (t, 3H) ppm; 13C-NMR (CDCl3) δ 197.0, 158.5, 140.1, 112.1, 102.4,

56.6, 44.3, 35.6, 23.6, 21.4, 20.2, 20.1, 19.7, 9.6  ppm; MS (CI) m/z 220 (M+1); Anal.

(C14H21NO) C, H and N.

4-(N,N-di-n-Propylamino)-cyclohexan-1-one (6.21) A mixture of N,N-di-n-

propylamine (20 mL, 277 mmol), 1,4-cyclohexadione monoethyleneacetal (6.20, 10,0 g, 64

mmol) in 1,2-dichloroethane (25 mL), and p-toluenesulphonic acid (50 mg) in toluene was

refluxed under Dean-Stark conditions for 24h. After cooling to room temperature the solvent

was evaporated and the residue was dissolved in ethanol (250 mL). After addition of 10% Pd/C

(100 mg) the enamine was reduced at 3 atm, at RT, overnight. Work-up by filtration over

Celite®, and evaporation of the solvent. The residue was redissolved in tetrahydrofuran and

stirred with 4N HCl (400 mL) for 3h to hydrolyze the protecting group. After adjusting the pH

to about 10 (Na2CO3), the aqueous layer was saturated with solid NaCl. The alkaline solution

was then extracted with ethyl acetate (5 x 100 mL). The combined extracts were dried (Na2SO4),

and evaporated. Distillation of the residue at 81-85ºC (0.05 mm Hg) afforded 6.21 as a colorless

oil (lit. 90-95ºC, 0.1 mm Hg).22 Yield 11.8 g (60 mmol, 94%). MS (EI) m/z 197 (M+).

7-(N,N-di-n-Propylamino)-3,4,5,6,7,8-hexahydro-2H-naphthalen-1-one oxime (6.24)

Free base of 6.9 (0.20 g, 0.80 mmol) and hydroxylamine hydrochloride (0.15 g, 2.2 mmol) were

mixed in methanol (10 mL) and stirred at RT for 18 hours. The solvent was removed under

vacuum, excess aqueous Na2CO3 was added which was extracted with ether (3 x 20 mL). The

combined ethereal layers were dried (MgSO4), filtered and evaporated to give a colorless oil

which was converted to the maleate salt. The salt was recrystallized from iso-propanol to give a

white powder. Yield: 0.30 g, 0.78 mmol (98%), mp 121-123°C. IR (KBr) 3201, 2978, 1710,

1536, 1358 cm-1; 1H-NMR (CDCl3) δ 2.72-2.89 (m, 2H), 2.00-2.63 (m, 12H), 1.25-1.90 (m,
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7H), 0.86 (t, 6H) ppm; 13C-NMR (CDCl3) δ 154.5, 138.7, 123.9, 55.4, 51.2, 30.6, 28.7, 24.7,

23.1, 20.7, 19.7, 19.4, 10.4 ppm; MS (EI) m/z 264 (M+); Anal. (C16H28N2O·Maleate) C, H and

N.
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Parkinson’s disease is a serious neurological disorder of the central nervous system that

usually becomes apparent after the age of 55. It concerns the increased deterioration of neurons

responsible for the normal functioning of the human motor system. This increased deterioration

of neurons starts long before the symptoms become apparent which is after about ¾ of the

dopaminergic neurons that project to the striatum are lost. Today is it possible to assess an

increased loss of dopaminergic neurons in an early stage by conducting smell tests. However, an

early diagnosis does not mean that thereafter the development of Parkinson’s disease can be

prevented or slowed down. At present, there is no known cure for Parkinson’s disease, yet the

apparent symptoms can be controlled.

Because Parkinson’s disease is associated with the loss of dopaminergic nigrostriatal

neurons, a shortage of the neurotransmitter dopamine arises in the striatum. This

neurotransmitter is responsible for a normal functioning of the human motor system. Dopamine

is involved in the fine-tuning of the conscious movement of muscles. Theoretically, a shortage

of dopamine could be compensated by administration of extra dopamine, yet dopamine is unable

to penetrate the brain after peripheral administration, and intracranial administration is

considered a too invasive method. Treatment of the symptoms of Parkinson’s disease therefore

is limited to the administration of drugs that after transport to the brain are converted to

dopamine and centrally acting drugs that directly or indirectly mimic the actions of dopamine.

Early stage parkinsonism can be treated by the administration of anti-cholinergics.

Slowing the cholinergic activity in the striatum reinstates the balance between activation and

inhibition of deliberate movement. As the disease progresses and more dopaminergic neurons

have deteriorated, the symptoms can be treated with dopamine agonists. Though dopamine

agonist treatment in general seems an effective treatment, these drugs give very different results

in Parkinson’s disease patients. Once the disease has progressed to an advanced state, treatment

with L-dopa is considered. L-dopa has the highest efficacy of all anti-parkinsonian drugs

available, yet it is most vulnerable to metabolism that it can only be effective when co-

administered with metabolism inhibitors. L-dopa is administered in relatively high dosages after

which it is actively transported to the brain where it is converted to dopamine. L-dopa therapy is

accompanied by serious adverse events that can be suppressed by co-medication. Further

suppression of L-dopa metabolism, allows for lower dosages but because of non-specific
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metabolism inhibition, this approach causes other adverse effects. The dosage of L-dopa can be

brought down further by co-medication of dopamine agonists.

It is important that L-dopa therapy is started only when all other available drugs have

lost their efficacy. L-dopa is responsible for an increasingly rapid deterioration of dopaminergic

neurons and, a large proportion of the patients is confronted with serious complications. After a

few years the efficacy of L-dopa therapy wears off and at that point no other drugs are available

that can successfully alleviate parkinsonian symptoms. Only the mixed D1/D2 agonist,

apomorphine, is able to improve the condition of Parkinson’s disease patients for a short time.

Together with L-dopa, apomorphine has the highest clinical efficacy reported in the treatment of

Parkinson’s disease. Its application is limited because, like L-dopa, it is prone to rapid

metabolism and cannot be orally administered. The recent positive clinical results and recent

developments in the area of drug delivery seem to bring a change. The discovery that

apomorphine is able to induce regeneration of dopaminergic neurons further propels the interest

for this drug. Research dedicated to develop drugs that are able to induce proliferation of

existing neurons and protect them has enjoyed increasing interest over the last years.

The two most efficacious drugs for the treatment of Parkinson’s disease belong to the

family of catecholamines with affinity for both the dopamine D1 and D2 receptor. In the 70’s and

80’s, already many chemical structures emerged out of the medicinal chemistry laboratories.

Based on the structural resemblance of dopamine and apomorphine many analogs were

synthesized that provided great insight in the 3D-constitution of the active site of the dopamine

receptor. Despite the discovery of many potent dopaminergic catecholamines, none of these

compounds were ever developed to a drug for the treatment of Parkinson’s disease. The large

susceptibility for metabolism, suspected toxicity, and the availability of promising other types of

dopamine agonists caused science to divert its attention away from catecholamines.

Prodrugs are, like L-dopa, biologically inactive chemical structures that are being

bioactivated by the body to a biologically active metabolite. A prodrug, in general, is designed

in such a way that it is less or not susceptible for metabolism than the active metabolite, the

actual drug. Pharmacological relevant concentrations of the active metabolite should build up

soon after administration of the prodrug. Ideally this would have to be followed by a continuous

bioactivation of the prodrug to keep steady and effective blood levels of the active metabolite for

as long as possible. In general, a lot of ester, amide, and carbamate derivatives of

catecholamines were synthesized and some were successfully evaluated in animal model of



179

Parkinson’s disease. The prodrug strategy so far has not yielded a drug on the marked because

they showed little or no improvement over the available alternatives. To date the only prodrug

that is applied to treat a central nervous system disorder is L-dopa.

This thesis describes the research that was conducted after the unsuspected observation

that a biologically inactive chemical compound, an enone (PD148903), by unknown process

proved to induce dopaminergic stereotypy in an animal model. Further investigation had

indicated that the inactive compound was being bioactivated to a dopamine agonist in the body

of rat.

Chapter 2 is an in depth investigation. It became evident that PD148903 is orally active

and is bioactivated to one or more compounds with affinity for the dopamine D1 and D2

receptors. After separation and pharmacological evaluation of the enantiomers of PD148903, the

absolute configuration was established, proving the (S)-enantiomer (PD217015) to be

responsible for the pharmacological effect. Both PD148903 and PD217015 were able to dose-

dependently alleviate parkinsonian symptoms in an animal model of Parkinson’s disease.

PD217015 is effective in this model even at low doses and is being converted to a known

dopaminergic catecholamine, (S)-5,6-di-OH-DPAT. This active metabolite is found in blood

serum and in the brain. The (R)-enantiomer of this prodrug, PD217016, is converted to (R)-5,6-

di-OH-DPAT that could only be detected in blood serum. With these findings, a fundamentally

new prodrug strategy has been discovered with the potential of revolutionizing the treatment of

Parkinson’s disease with orally active prodrugs of dopaminergic catecholamines.

Chapter 3 describes the research that followed to investigate the generality of the in vivo

enone bioactivation to catecholamines. Through the synthesis and pharmacological evaluation of

a number of compounds analogous to PD148903 of which the expected active metabolites

would have potential application in the treatment of Parkinson’s disease it was learned that

bioactivation was not restricted to PD148903 alone. In fact, most of the tested compound

showed to be efficacious in the Ungerstedt rat model for Parkinson’s disease. From data

obtained in this model, it was clear that one of the analogous (racemic) compounds induced a

significantly stronger pharmacological effect than PD148903 did. After administration of these

two compounds at high dosages in separate rats, analysis of brain tissue showed the presence of

a new metabolite. Interpretation of mass-spectra of these compounds has lead to a hypothesis on

how enones were bioactivated to their corresponding catecholamines. In the hypothesis it is
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supposed that an enone first is hydroxylated next to the ketone after which oxidation and keto-

enol tautomerization lead to the corresponding catecholamine.

Chapter 4 deals with an essential part of prodrug design. Because PD217015 and the in

vivo active analogs are being bioactivated at great speed, there is a possibility that slowing down

this bioactivation will prolong the duration of action and stabilize the pharmacological effect.

This has great advantages for treatment because it then can take place less frequently and there

is a constant therapeutic effect. The approach chosen to achieve this goal was by the synthesis of

cascade prodrugs. Two series of oxime derivatives of 148903 and PD217015 were synthesized

and tested. These cascade prodrugs are to be converted in vivo to PD148903 or PD217015 to

subsequently be bioactivated to the pharmacologically active principle. Most of the oximes

tested proved to alleviate parkinsonian symptoms in the Ungerstedt rat model of Parkinson’s

disease. No clear-cut relation was observed between the structure of the oxime and the

pharmacological effect. Large individual differences between the animals tested were

detrimental to deriving a structure-activity-relationship. Though at the same dose, oxime

derivatives are less efficacious than PD148903 en PD217015, we have shown that oxime

derivatives can serve as cascade prodrugs.

Chapter 5 describes the most efficacious enone prodrug synthesized and tested.

Compound (–)-GMC6650 is structurally close to PD217015 yet consists of a three-ring system

derived from the known mixed dopamine D1/D2 agonist, 6,7-dihydroxy-N-n-

propylbenzo[g]quinoline, structurally close to the aporphines. In microdialysis experiments (–)-

GMC6650 induced long-lasting dopaminergic effects at very low doses (1 nmol kg-1 (sc) 3 nmol

kg-1 (po), respectively 0.25 en 0.74 µg kg-1). In the Ungerstedt rat model of Parkinson’s disease

(–)-GMC6650 was able to alleviate parkinsonian symptoms with a slower onset of action

relative to PD217015 was observed. At similar dosage of (–)-GMC6650 and PD217015, (–)-

GMC6650 is more efficacious and its duration of action is longer. (–)-GMC6650 seems to be a

promising drug candidate for further development.

Chapter 6 an overview is given of the synthesis of many other enones that have not been

extensively tested yet. While Chapter 5 deals with structural, in this chapter a number of

structurally more flexible enones is described. Less rigid enone structures could possibly have

an influence on the bioactivation mechanism. A number of analogs of PD148903 with the

ketone moiety in a different position were synthesized in order to obtain a series of compounds

in which the ketone was situated at all different positions around the original enone ring. The
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corresponding catecholamines would next to their dopaminergic activity also include

serotonergic activity, while other may be partial agonists or antagonists at the dopamine

receptor. Bioactivation of these compounds would allow the enone prodrug concept to be

applicable for a number of neurological/psychiatric disorders.

This thesis as a whole describes a successful research project that led to the discovery of

a fundamentally new prodrug concept. Through sometimes uncommon chemical reactions a

number of interesting compounds were prepared with potential applications for the treatment of

Parkinson’s disease. More research is necessary to elucidate the bioactivation mechanism of

these enone prodrugs in detail.
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De ziekte van Parkinson is een ernstige aandoening aan het centraal zenuwstelsel die

zich gewoonlijk openbaart na het 55-ste levensjaar. Er vindt een boven normaal snelle afbraak

plaats van zenuwen die betrokken zijn bij de motoriek van het lichaam. Deze versnelde afbraak

van zenuwen zet zich lang voor het zichtbaar worden van de uiterlijke verschijnselen in, pas als

ongeveer ¾ van de dopaminerge zenuwen die naar het striatum projecten verdwenen zijn,

openbaart zich de ziekte van Parkinson. Tegenwoordig kan worden vastgesteld of er een

vergroot verlies is aan dopaminerge zenuwen, voor de uiterlijke verschijnselen opduiken, door

bijvoorbeeld reukproeven uit te voeren. Een vroege diagnotiek van de ziekte van Parkinson

betekent helaas niet dat verdere ontwikkeling van de ziekte voorkomen kan worden. Vooralsnog

is de ziekte van Parkinson niet te genezen, echter de symptomen kunnen worden bestreden.

Doordat de ziekte van Parkinson gepaard gaat met de afbraak van dopaminerge

nigrostriatale zenuwen treedt er een tekort op van de neurotransmitter dopamine optreedt in het

striatum. Deze neurotransmitter is daar verantwoordelijk voor een goede werking van het

motorische systeem van de mens. Dopamine is betrokken bij de fijn-afstemming van de bewuste

beweging van spiergroepen. In principe zou het tekort aan dopamine kunnen worden aangevuld

middels directe toediening van extra dopamine, ware het niet dat dopamine niet door de

hersenen wordt opgenomen na systemische toediening en intracraniale toediening vaak als zeer

patiënt onvriendelijk wordt beschouwd. Behandeling van de van de symptomen van de ziekte

van Parkinson vindt dus plaats via toediening van een geneesmiddel dat in de hersenen worden

omgezet naar dopamine danwel geneesmiddelen die in de hersenen de directe of indirecte

werking van dopamine immiteren.

Zolang de ziekte van Parkinson zich nog in een vroeg stadium bevindt kan deze worden

behandeld met anti-cholinergica. Het remmen van cholinerge activiteit in het striatum herstelt de

balans tussen stimulatie en inhibitie van beweging die verstoord wordt door de verlaagde afgifte

van dopamine. Naar mate de ziekte zich meer ontwikkeld en meer dopaminerge zenuwen

verdwijnen worden de symptomen bestreden met dopamine agonisten. Deze stoffen geven erg

verschillende resultaten maar slagen er over het algemeen goed in om de symptomen van de

ziekte van Parkinson te onderdrukken. Pas als de ziekte van Parkinson zich in een vergevorderd

stadium bevindt, vindt behandeling plaats met het beste en tegelijk het slechtse geneesmiddel

beschikbaar; L-dopa. L-dopa heeft de hoogste effectiviteit van alle geneesmiddelen voor
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behandeling van de ziekte van Parkinson maar is zo gevoelig voor metabolisme dat het alleen

effectief kan zijn bij co-medicatie van metabolisme remmers. L-dopa wordt in hoge dosis

worden toegediend waarna het actief wordt getransporteerd naar de hersenen, waar het wordt

omgezet naar dopamine. L-dopa therapie gaat, mede door de hoge dosis, gepaard met ernstige

bijwerkingen die met co-medicatie kunnen worden onderdrukt. Door het onderdrukken van

metabolisme kan de dosis L-dopa omlaag maar omdat het onderdrukken van metabolisme niet

specifiek gebeurt gaat ook dit gepaard met bijwerkingen. De dosis L-dopa kan omlaag worden

gebracht door co-medicatie van dopamine agonisten.

Het is belangrijk om L-dopa therapie in een zo laat mogelijk stadium van de ziekte van

Parkinson aan te laten vangen. L-dopa wordt namelijk verantwoordelijk gehouden voor een

versnelde afbraak van dopaminerge zenuwen en er ontwikkelen zich bij een groot deel van de

patiënten op termijn ernstige complicaties in het ziektebeeld. Na verloop van tijd verdwijnt de

effectiviteit van deze therapie en zodra L-dopa geen effect meer heeft is er überhaupt er geen

effectieve behandeling meer middels medicatie. Slechts de dopamine D1/D2 agonist,

apomorphine, is in dit stadium nog in staat om de symtomen te bestrijden. Apomorphine heeft

samen met L-dopa de hoogste effectiviteit bij de behandeling van de ziekte van Parkinson. Het

wordt echter beperkt toegepast omdat het zeer snel wordt gemetaboliseerd in het lichaam en niet

oraal kan worden toegepast. Recente ontwikkelingen in de formulering van apomorphine lijken

hierin verandering in aan te brengen. Ook de ontdekking dat apomorphine in staat is om

regeneratie dopaminerge zenuwen te induceren is daarbij erg belangrijk. De ontwikkeling van

geneesmiddelen die in staat zijn de degeneratie van zenuwen kunnen compenseren door

proliferatie te induceren van de nog bestaande zenuwen en het bescherming daarvan heeft de

laatste jaren een grote vlucht genomen.

Aangezien de twee meest effectieve geneesmiddelen voor de behandeling van de ziekte

van Parkinson behoren tot de catecholamines met affiniteit voor de dopamine D1 en D2 receptor

lijkt het in het belang van de wetenschap en de maatschappij om dit verder te onderzoeken. In de

jaren 70 en 80 werden reeds veel chemische structuren gesynthetiseerd op basis van structuur

verwantschap met L-dopa, dopamine en apomorphine. Hoewel veel dopaminerge

catecholamines met een gunstig farmacologisch profiel ontdekt zijn heeft dit niet kunnen leiden

tot het ontwikkelen van een anti-Parkinson middel. De metabolische ontvankelijkheid van

catecholamines voor deaktivatie, de veronderstelde toxiciteit van catecholen en de
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beschikbaarheid van andere dopamine agonisten deed de aandacht van de wetenschap voor

catecholamines verslappen.

Een aantal onderzoeksgroepen hebben zich de afgelopen decennia daarom gestort op de

ontwikkeling van prodrugs van catecholamines. Prodrugs zijn, net als L-dopa, biologisch

inactieve chemische structuren die door het lichaam worden omgezet in een biologisch actieve

metaboliet. Een prodrug wordt over het algemeen zo ontworpen dat deze minder ontvankelijk is

voor metabolisme dan de actieve metaboliet. Farmacologisch relevante concentraties van de

actieve metaboliet zouden snel na toediening van de prodrug moeten worden opgebouwd. In het

ideale geval wordt dit gevolgd door een continue bioactivatie die zorgt voor een stabiele

bloedspiegel van de actieve metaboliet over een langdurige periode. Over het algemeen werden

ester, amide en carbamaat derivaten van dopaminerge catecholamines gesynthetiseerd die met

wisselend succes worden toegepast in diermodellen van de ziekte van Parkinson. De prodrug

strategie heeft tot dusverre geen geneesmiddel opgeleverd omdat ze geen of te weinig

verbetering gaven ten opzichte van de beschikbare alternatieven. Tot op de dag van vandaag is

de enige prodrug in de wereld die wordt toegepast voor een ziekte van het centraal zenuwstelsel,

L-dopa.

Dit proefschrift beschrijft het onderzoek dat is verricht naar aanleiding van de

constatering dat een als zodanig biologisch inactieve stof (het enone, PD148903) op onbekende

wijze in staat bleek om dopaminerge gedragseffecten te induceren in een diermodel. Naar

aanleiding van deze observatie werd ontdekt dat de inactieve stof in het lichaam van een rat

werd omgezet naar een dopamine agonist.

In hoodstuk 2 staat beschreven hoe een uitgebreid onderzoek in samenwerking met

Parke-Davis Pharmaceutical Research plaatsvond, waarin naar een verklaring werd gezocht voor

de bovengenoemde effecten. Tijdens dit onderzoek werd duidelijk dat PD148903 oraal actief

was en in het lichaam van een rat werd omgezet naar een dopamine D1/D2 agonist. Na scheiding

en het farmacologisch testen van de enantiomeren en het bepalen van de absolute configuratie

bleek de (S)-enantiomeer (PD217015) verantwoordelijk te zijn voor het farmacologisch effect.

Zowel PD148903 als PD217015 zijn dosis afhankelijk in staat, langdurig symptomen van de

ziekte van Parkinson in diermodellen te kunnen verlichten. PD217015 is in dit model effectief

bij zeer lage doseringen en wordt snel omgezet naar een bekend dopaminerg catecholamine, (S)-

5,6-di-OH-DPAT. Deze actieve metaboliet wordt zowel in serum als in de hersenen kan worden



186

aangetroffen. De (R)-enantiomeer van de prodrug, PD217016, wordt omgezet in in (R)-5,6-di-

OH-DPAT dat echter alleen in serum wordt aangetroffen. Met deze bevindingen is een

fundamenteel nieuwe prodrug stategie ontdekt met mogelijkheden voor de behandeling van

patiënten met de ziekte van Parkinson met dopaminerge catecholamines.

Hoofstuk 3 beschrijft het vervolgonderzoek naar de algemeenheid van het principe van

bioactivatie van enonen naar catecholamines. Aan de hand van de synthese en farmacologische

evaluatie van diverse nauw verwante analoga waarvan de veronderstelde actieve metabolieten

ook toepasbaar zijn bij de behandeling van de ziekte van Parkinson, kon worden vastgesteld dat

bioactivatie ook voor een aantal van deze verbindingen opging. Uit vergelijkend onderzoek kon

worden vastgesteld dat een van de analoga (racemisch) een significant sterker effect vertoonde

dan PD148903 in een diermodel van de ziekte van Parkinson. Nadat deze twee stoffen in hoge

dosering waren toegediend aan verschillende ratten werd bij analyse van de hersenen een nieuw

metaboliet aangetoond. Interpretatie van massa spectra van deze nieuwe metabolieten leidde

ertoe dat een hypothese werd opgesteld ten aanzien van de bioactivatie van enonen. In de

hypothese wordt verondersteld dat enonen worden gehydroxyleerd naast het keton,  waarna

oxidatie en keto-enol tautomerisaties tot het corresponderende catecholamine leiden.

Hoofdstuk 4 gaat in op een essentieel onderdeel van prodrug ontwerp. Een goede

prodrug word namelijk in een dusdanig tempo geactiveerd dat bioactivatie en metabolisme in

balans zijn. Aangezien PD217015 en haar in vivo actieve analoga zeer snel worden geactiveerd

bestaat wellicht de mogelijkheid om door middel van chemische verandering aan de prodrug dit

proces dusdanig af te remmen dat er een constante omzetting plaatsvind naar de actieve

metaboliet over een langere tijd. Dit heeft grote voordelen voor een behandelmethode omdat een

geneesmiddel dan minder frequent ingenomen hoeft te worden en er een constant effect is. De

benadering die in dit hoofdstuk gebruikt werd is de synthese van een aantal pro-prodrugs. Van

de prodrugs PD148903 en PD217015 werden twee series van oxime derivaten gesynthetiseerd

en getest. Deze pro-prodrugs of cascade prodrugs dienen in vivo te worden omgezet naar

PD148903 danwel PD217015 om vervolgens te worden omgezet naar de actieve metaboliet. De

meeste geteste oximes bleken inderdaad actief in een diermodel van de ziekte van Parkinson. Er

ontstond echter geen duidelijk beeld over de structuur van het oxime ten opzichte van het

farmacologisch effect. Grote individuele verschillen tussen de geteste dieren per oxime staan de

definitie van een goede structuur-activiteits-relatie in de weg. Hoewel bij gelijke dosis de oxime

derivaten minder effectief zijn in farmacologische modellen dan PD148903 en PD217015 is
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bewezen dat de oxime derivaten kunnen dienen als cascade prodrugs. Voor een aantal van de

oxime derivaten werd een constante effectiviteit gevonden dat aangeeft dat aanmaak en afbraak

van de actieve metaboliet in balans zijn in de rat. Het verhogen van de dosis van de inactieve

oximes zou de effectiviteit van PD217015 daarom kunnen overtreffen.

Hoofdstuk 5 beschrijft de meest effectieve prodrug die in dit onderzoek gemaakt en

getest werd. Deze stof werd gesynthetiseerd met de bedoeling om verder inzicht te verkrijgen in

de voorwaarden waaraan een enone moet voldoen voor bioactivatie. (–)-GMC6650 heeft een

sterke structurele verwantschap met PD217015 maar bestaat uit een drie ring systeem afgeleid

uit de bekende dopamine D1/D2 agonist, 6,7-dihydroxy-N-n-propylbenzo[g]quinoline. De meer

starre chemische structuur lijkt meer op de aporphines en (–)-GMC6650 blijkt in microdialyse

experimenten in staat om langdurig dopaminerge effecten te induceren bij zeer lage doses (1

nmol kg-1 (subcutaan) en 3 nmol kg-1 (oraal), respectivelijk 0.25 en 0.74 µg kg-1). Uit testen in

een diermodel van de ziekte van Parkinson bleek het effect van deze prodrug langzamer tot

stand te komt dan dat van PD217015. Bij vergelijkbare doses van (–)-GMC6650 en PD217015,

is (–)-GMC6650 effectiever en langer werkzaam. (–)-GMC6650 lijkt een veelbelovende prodrug

voor verdere ontwikkeling tot een geneesmiddel.

In hoofdstuk 6 wordt een opsomming gegeven van de vele andere enonen die in dit

onderzoek gesynthetiseerd werden maar nog niet uitvoerig getest zijn. In hoofdstuk 5 werd

beschreven dat het verstarren van de chemische structuur een grote invloed had op de

effectiviteit. Omdat ook het verminderen van de starheid van de enonen effect zou kunnen

hebben op de bioactivatie, werden een aantal flexibelere prodrugs gesyntetiseerd. Ook werd naar

aanleiding van resultaten van Parke-Davis Pharmaceutical Research analoga van PD148903

gesynthetiseerd waarin de positie van het keton op verschillende plaatsen van de enone ring

werd geintroduceerd. Een aantal van deze stoffen zou bij bioactivatie waarschijnlijk geen

toepasing hebben voor behandeling van de ziekte van Parkinson. De corresponderende

catecholamines hebben naast dopamine agonisme ook een serotonerge werking terwijl andere

partieel agonisten danwel antagonisten zijn op de dopamine receptor. Met de mogelijke

bioactivatie van deze stoffen zou het enone prodrug concept inzetbaar kunnen blijken tegen een

scala van neurologische aandoeningen.

Het proefschrift als geheel beschijft een zeer succesvol onderzoek waarin een

fundamenteel nieuw prodrug concept werd ontdekt. Vanuit een farmacologisch standpunt heeft

dit onderzoek een aantal interessante verbindingen opgeleverd met mogelijkheden voor de
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behandeling van de ziekte van Parkinson. Vervolg onderzoek is noodzakelijk om een volledig

beeld te krijgen van het fenomeen bioactivatie van enonen naar catecholamines. Na vaststelling

van de enzymen verantwoordelijk voor bioactivatie kunnen wellicht via computer modeling

meer enonen worden ontworpen die in vivo naar de corresponderende catecholamines worden

omgezet. Vanuit een chemisch standpunt heeft dit onderzoek een aantal vernieuwende

syntheseroutes opgeleverd. Ongebruikelijke chemische reakties of sequenties van reakties

werden gebruikt om de prodrugs te synthetiseren. Het is de bedoeling van dit proefschrift om de

wetenschap kennis te laten nemen van een nieuw farmacologisch fenomeen en een lans te

breken voor de inzetbaarheid daarvan bij de behandeling van de ziekte van Parkinson met

dopamine agonisten op basis van prodrugs van catecholamines.
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In 1989 begon ik met mijn studie scheikunde aan de RuG. Na vier jaar van studie was

het verplichte afstudeerprogramma voor de richting organische chemie afgerond en beloot ik mij
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