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Chapter Chapter 

G-Protei nn Couple d Receptor s 
andd Bivalen t Ligand s 

Abstract t 
Inn many cases, dimeric molecules show an increased biological activity when compared to 
theirr monomelic counterparts. The discovery of the so-called bivalent ligand effect in 
transmembranee receptor pharmacochemistry has resulted in the development of new potent 
andd selective receptor ligands, especially in the field of serotonergic receptors. Dimerized 
tryptaminee derivatives display increased affinity and selectivity for several receptor subtypes 
inn serotonergic neurons. The biological activity of dimeric analogs of conformationally 
restrictedd tryptamines, such as tetrahydro-p-carbolines, did not find many reference in the 
literature.. This thesis describes the design of new synthetic routes to dimeric tetrahydro-P-
carbolines,, both in racemic and enantiopure form. In this chapter a brief introduction on the 
bivalentt ligand effect, its relevance in the field of serotonine receptor pharmacochemistry and 
thee outline of this thesis are presented. 
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§1.11 Introductio n 

Communicationn in and between biological systems such as cells, tissues and complete 

multicellularr organisms depends on interactions on a molecular level. The dimensions of the 

moleculess involved in these interactions can vary substantially. Relatively small and 

structurallyy simple neurotransmitters play a vital role in the central and peripheral nervous 

systemss by organizing numerous vital functions, while the recognition on a cellular level is 

characterizedd by interaction of more complex molecules (e.g. proteins and carbohydrates). 

Overr the last decades, the understanding of vital interactions in and between living 

systemss on a molecular level has resulted in numerous new approaches to the development of 

therapeuticc agents. From these extensive studies a more detailed understanding of the 

differentt types of interactions of biologically relevant molecules has been gained. A better 

comprehensionn of how and to what purpose molecules really interact has given a new impulse 

too existing therapeutic treatments. 

Amongg new insights in medicinal chemistry that have a large impact in many areas 

(e.g.. CNS-active compounds, antibiotics, antiviral compounds and cytostatics), the strong 

biologicall  activity of dimeric molecules and the mechanisms that explain their activity form 

interestingg subjects. This thesis discusses synthetic procedures that allow the efficient 

preparationn of potentially biologically active dimeric tetrahydro-P-carbolines both in racemic 

formm and by the application of a new asymmetric synthetic methodology. 

§§ 1.2 Polyvalenc y in biologica l system s 

Sincee a long period of time it is accepted that many biological systems interact 

throughh multiple simultaneous molecular contacts rather than distinct monovalent 

interactions.. The valency of a particle (i.e. a small molecule, oligosaccharide, protein, nucleic 

acid,, lipid, membrane, organelle, virus, bacterium or complete cell) is defined as the number 

ofof separate connections of the same kind that it can make with other particles, through 

ligand-receptorligand-receptor interactions} The recognition that multiple simultaneous interactions can 

havee unique collective properties that are qualitatively different from properties displayed by 

thee monovalent constituents has led to complete new strategies for the development of 

therapeuticss and has changed molecular biology and medicinal chemistry drastically. 

Inn figure 1.1 an example of an undesirable polyvalent interaction is depicted. The 

adhesionn of an influenza virus particle to the surface of a bronchial epithelial cell (A) occurs 

byy the interaction between trimeric hemagglutinin units (of which 600-1200 are present on 

thee surface of the virus particle) and moieties of JV-acetylmuramic acid, the terminal sugar 

unitt of many glycoproteins on the cell-surface. Multiple interactions of this kind eventually 

resultt in endocytosis and infection of the cell. In situation B, a polyvalent inhibitor, which is 

presentt on the extracellular side of the surface of the bronchial cell, interacts with the virus 

particle.. This polyvalent interaction prevents the aggregation of virus particles and endothelial 

cellss and thus inhibits infection of the cell. 
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Figuree 1.1 
Adhesionn of an Influenza virus particle to a bronchial epithelial cell through polyvalent 

interactionn (A) and inhibition of virus adhesion by a polyvalent inhibitor (B). 

Endocytosis: : 
infectionn of the cell cell l cel l l 

Numerouss undesirable adhesions of host cells with exogenous particles, and the 

participatingg molecules that play a role in them, are nowadays recognized in detail. The 

profoundd knowledge of molecular interactions of for instance Aphtovirus (foot and mouth 

diseasee virus)2, Oncovirus C (human T-cell leukemia virus)3, Streptococcus suis (meningitis)4 

andd Staphylococcus aureus (a major human pathogen responsible for meningitis, endocarditis, 

osteomyelitiss and infectious arthritis)' with cells can have a positive influence on the 

treatmentt of the serious diseases that are their consequence. 

Polyvalentt adhesion processes are also used by biological systems for the desirable 

adhesionn of endogeneous particles. A well-known example of this is the carbohydrate-

mediatedd cell adhesion that occurs upon tissue injury (figure 1.2).5 

Figuree 1.2 
Desirablee adhesion of leukocytes in tissue injury: a polyvalent interaction between 

sialyll  Lewis X and endothelial glycoproteins (E-selectins) 
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Whenn tissue injury occurs (A), cytokines are released to trigger the synthesis of the 

glycoproteinn E-selectin on the surface of the activated endothelial cells (B). The E-selectin 

moleculess interact with tetrasaccharide sialyl Lewis X (SleX, C, D) that is present on the 

surfacee of leukocytes (white blood cells). This interaction triggers further adhesion (E) by the 

interactionn between proteins called integrins on the leucocytes and an Arg-Gly-Asp unit on 

thee so-called intercellular adhesion molecule (ICAM) and enables leucocytes to reach the site 

off  the injury (F). Other examples of beneficial polyvalent cell-cell interactions are adhesion 

off  platelets and endothelial cells, sperm cells and egg cells and interaction between ageing red 

bloodd cells and hepatocytes. 

§§ 1.3 The Bivalen t Ligan d Effec t 

§§ 1.3.1 Opioid Receptor Pharmacochemistry: the Discovery of Bivalent Ligands 

Thee first evidence for the possibility of bivalent interactions of small molecules with 

receptorr proteins was found over 20 years ago with the discovery of clustered and dimeric, G-

proteinn coupled transmembrane opioid receptors.6 This important finding was the starting 

pointt of a completely new approach to the design of potent and selective ligands for opioid 

receptors,, the bivalent ligand approach. A bivalent ligand is defined as a molecule that 

containscontains two identical pharmacophores that are linked by afunctional spacer. 

Inn figure 1.3 a schematic representation of the "bivalent ligand effect", as it was 

originallyy envisaged, is depicted. Two neighboring receptors or a dimeric receptor system (A) 

interactt with a bivalent ligand which results in monovalent binding (B). When the spacer 

betweenn the two pharmacophores is of optimal length and conformation a neighboring 

receptorr can be occupied by the second pharmacophore (C) but if the spacer length limits 

suchh an interaction, the docking of a second pharmacophore in a monovalent fashion is likely 

too occur (D). 

Figuree 1.3 
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Portoghesee and coworkers, who first mentioned this bivalent ligand approach, 

proposedd that a bivalent ligand with a spacer of optimal length and conformation would 

exhibitt a potency that is greater than that derived from the sum of its two monovalent 

pharmacophores.77 It was assumed that when the optimal bivalent ligand was in the 

monovalentt binding mode B, the pathway to bivalent binding is favored over monovalent 

bindingg of a second molecule (D). This preference was rationalized by the small containment 

volumee of the tethered pharmacophore that is closely located to the neighboring receptor. 

Positivee allosteric coupling of the two receptors might even enhance this binding affinity. It is 

obviouss that the length and conformational freedom of the spacer play a crucial role in this 

mechanism.. Bridging of neighboring receptor sites is inhibited when the spacer is too short. 

Excessivelyy long spacers tend to reduce bridging by increasing the degrees of freedom of the 

moleculee and thus decreasing the time of the second pharmacophore in the vicinity of the 

neighboringg receptor.8 

Overr the last decades, a large number of bivalent ligands with increased affinity and 

selectivityy for opioid receptors have been prepared (figure 1.4). The spacer systems used in 

thesee compounds vary substantially in length and chemical constitution. The use of 

oligoethylenee glycol spacers and glycine molecules as repeating units in the spacers (1) 

avoidss the increase of hydrophobicity of the compound that occurs when alkyl chains are 

used.. The interpharmacophoric distance in the very potent, K-selective antagonist 

norbinaltorphiminee 2, containg a fused pyrrole ring as a spacer, is relatively short compared 

too other bivalent ligands.9 

Figuree 1.4 

oo o 

Thee development of bivalent opioid receptor ligands has provided useful 

pharmacologicall  data on opioid receptor proteins and substantial early evidence for their 

occurrencee as membrane bound heterodimers, an observation that only recently found 

biochemicall  evidence.'° 
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§§ 1.3.2 Biologically Active Dimers: Enzyme Inhibitors and DNA Intercalators 

Thee pioneering work on bivalent interactions of dimeric molecules with opioid 

receptorr proteins has resulted in a vivid interest in the mechanism and applications of these 

interactions.. Over the last decades numerous examples of interaction of dimers with non-

membranee linked proteins, DNA and RNA have been described. Dimeric molecules have 

foundd their application in the development of new cytostatic agents and compounds with 

antimalariall  and antibacterial properties. Furthermore, new dimeric enzyme inhibitors have 

beenn reported in recent years. 

Thee pyrrolobenzodiazepine dimer 3 consists of two C2-ato-methylene substituted 

unitss of the natural product DC-81 that are linked through the hydroxyl groups at C8 via an 

inertt propanedioxy linker (figure 1.5). This symmetric molecule is an efficient sequence 

selective,, minor-groove DNA cross-linking agent that drastically decreases the Tm of DNA. 

Dimerizationn of the reactive fragment of chloroquine (as in compound 4), that has been the 

majorr drug for the treatment of malaria for more than 50 years, may be the solution to the 

resistancee problem in malaria treatment that has been recognized over the last decades.12 

Figuree 1.5 

CII  CI 

Dimerss of penicillin derived thiazolidines 5 form a new class of potent competitive 

inhibitorss of HIV protease.13 Dimerization of a fragment of huperzine A, a natural product 

whichh displays selective and potent inhibition of acetylcholinesterase and shows promise in 

thee palliative treatment of Alzheimer's disease, gave compound 6 that has only twice the 
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potencyy of the parent compound.14 Potent inhibition of amyloglucosidase and a-mannosidase, 

twoo glycosidase enzymes, has been found for the simple scaffolded bis-azasugar 7.15 Other 

approachess involve the application of covalently linked vancomycine dimers and the 

enhancedd RNA binding of dimerized aminoglycosides that interfere with bacterial protein 

biosynthesis.166 The dimeric molecules described above show an (in some cases small) 

increasee in biological activity, when compared to their monomeric counterparts. However, 

theyy are not considered to be bivalent ligands in the sense that they do not work according to 

thee mechanism as it has been described by Portoghese et al. (figure 1.3). The mechanism 

depictedd in figure 1.3 involves the interaction of proteins or recognition sites on membrane-

boundd proteins that are assumed to have an average mutual distance and therefore require an 

optimall  spacer length. The interactions described in this paragraph are characterized by 

randomm distances between interacting particles (e.g. proteins in the cytosol) or completely 

differentt types of interactions (e.g. DNA intercalation). In the next paragraphs the bivalent 

ligandd effect on transmembrane proteins wil l be discussed in more detail. 

§1.44 G-Protei n Couple d Receptor s and Bivalen t Ligand s 

§1.4.11 Signal Transduction by G-Protein Coupled Receptors 

Thee term receptor is used in medicinal chemistry to denote any cellular 

macromoleculee to which a messenger molecule binds to initiate its effects. The most 

importantt drug receptors are transmembrane proteins whose normal function is to act as 

receptorss for endogenous mediators (i.e. neurotransmitters, hormones and growth factors). 

Thee function of such receptors consists of binding the appropriate ligand and in response 

arrangingg the propagation of its regulatory signal in the cell. 

Figuree 1.6 
Schematicc drawing of the synaptic cleft. 
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Inn the nervous system, the second messenger system plays a vital role in the rapid 

transductionn of electrochemical signals. This signal transduction is the basis for the 

communicationn between cells and tissues and is one of the most important processes in 

multicellularr organisms. The mechanism of transmitting electrochemical stimuli in the 

nervouss system is based on the release of neurotransmitters and other chemical messengers at 

sitess of functional contact between neurons, called synapses (figure 1.6). In the synapse the 

membranee of the presynaptic neuron and the postsynaptic neuron are in close contact. The 

presynapticc neuron is specialized in the rapid secretion of messenger molecules (N) upon 

electricc stimuli that originate from the active transport of electrolytes over the cell membrane. 

Thee postsynaptic cell membrane contains a high density of functional receptor 

proteinss for the neurotransmitter molecules that are secreted in the synaptic cleft. Efficient 

removall  of messenger molecules occurs by reuptake proteins on the presynaptic neuron. G-

proteinn coupled receptors (GPCR's) form a large family of membrane bound receptor proteins 

thatt play an important role in many transductional processes in the central and peripheral 

nervouss system. These receptors generally consist of seven transmembrane helices with extra-

andd intracellular loops. Ligand binding to GPCR's is translated to intracellular responses by 

thee action of heterotrimeric G-proteins (Guanosyl proteins). These G-proteins play a vital role 

inn physiological responses of tissues and organisms to the release of messenger molecules by 

determinationn of specificity and temporal characteristics of the cellular responses to signals. 

Figuree 1.7 
G-proteinn mediated activation of adenylyl cyclase uponn extracellular receptor stimulation. 
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Ann example of signal transduction mediated by GPCR's is the intracellular activation 

off  the membrane bound enzyme adenylyl cyclase (figure 1.7). The trimeric G-protein is 

inactivee in the GDP-bound state. Activation of the receptor by an extracellular messenger 

initiatess guanine nucleotide change, resulting in the binding of GTP to the a-subunit. This 

activationn results in dissociation of the Ga-GTP-complex from the GpYunits. In this case the 
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Ga-subunitt activates membrane bound adenylyl cyclase which catalyzes cyclization of ATP 

too form cAMP, one of the important intracellular messenger molecules.17 At this moment, 

moree than thousand different types of G-protein coupled receptors are known and studies to 

understandd their mode of action are of major interest in medicinal chemistry. The 

developmentt of potent and selective ligands for G-protein coupled receptors has furnished 

numerouss new therapeutics such as fluoxetine (Prozac®, antidepressant), albuterol 

(bronchodilator),, terfenadine (antiallergic agent) and propranolol (antihypertensive agent). 

§§ 1.4.2 Bivalent GPCR Ligands 

Thee pioneering work of Portoghese et al. on dimeric ligands for opioid receptors was 

onee of the first rationalized approaches to the development of bivalent GPCR ligands.'8 

However,, already in 1977 the selective p2-adrenergic receptor agonist hexoprenaline 8, active 

ass a bronchodilator that is prescribed in airway obstruction diseases, was first reported (figure 

1.8).199 Other dimeric adrenergic receptor ligands with enhanced binding affinity are diamide 

analoguess 9 of practolol (a therapeutic for the treatment of cardiac arrythmias) and dimeric 

aryloxyy propranoloamines 10.20 Nebivolol 11 (a pi-adrenergic ligand with potent 

antihyperstensivee activity), is a so-called "overlapping" bivalent ligand. This compound does 

notnot fit  with the original definition of a bivalent ligand since the two recognition sites are 

linkedd together by sharing a part of their structure (i.e. the central nitrogen atom).21 

Figuree 1.8 
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Besidess the improvement of potency and selectivity of bivalent ligands towards 

GPCR's,, dimerisation can also enhance the in vivo activity while the in vitro activity is not 

remarkablyy enhanced. This effect was clearly demonstrated by dimerization of the 

nonapeptidee bradykinin to the succinyl-6«-bradykinin 12, which proved to be 65-fold more 

efficientt by intravenus administration while in vitro assays show that the dimer 12 has only 

9%% of the affinity of the endogeneous ligand (figure 1.8). Resistance of the peptide dimer to 

enzymaticc degradation by aminopeptidases is believed to be the main reason for this 

remarkablee difference in affinity.22 Recent studies of dimerized oligopeptides as ligands for 

bradykinin,, neurokinin and cholecystokinin receptors have resulted in new potential 

therapeuticss with increased in vivo activity.23 

Withh respect to bivalent ligands for dopaminergic receptors, the development of 

dimericc agonists for peripheral Dl and D2 receptors is one of the most important 

achievements.. Dimers of type 14 may be used in the treatment of hypertension, acute and 

chronicc renal failure and congestive heart disease. Compound 14 shows relatively high in 

vitrovitro affinity for the peripheral Dl and D2 receptors. The better oral availability of 14 when 

comparedd to the monomer 13 and its higher selectivity over dopaminergic receptors in the 

CNSS make this compound even more promising.24 

§§ 1.4.3 Serotonergic Bivalent Ligands 

Att the end of the 19th century, the vasoconstricting properties of blood were first 

recognized.. Studies towards the nature of this phenomenon resulted in the isolation and 

characterizationn of serotonine (5-hydroxytryptamine, 5-HT, 15) by Rapport and coworkers in 

1948.2SS Serotonine (that was initially named after its serum tonic characteristics) is nowadays 

recognizedd as an important neurotransmitter in the central nervous system and as a local 

hormonee in the peripheral nervous system. The compound plays a vital role in numerous 

physiologicall  processes in mammalian species via a large number of serotonergic receptor 

proteinss in blood vessels, small intestine and CNS.26 Pathophysiological processes in the 

cardiovascularr system and CNS are often related to disorders in serotonergic neurons (scheme 

1.1). . 

Stimulatedd by the advances of molecular biology until now 7 main classes of 

serotonergicc receptors, comprising a total of 15 proteins that interact with 5-HT have been 

identified.. Of these, the majority is G-protein coupled to adenylyl cyclase and phospholipase 

C.. Exceptions are the 5-HT3 receptor (a ligand operated ion channel) and the 5-HT reuptake 

receptorr which arranges active transport of neurotransmitters from the synaptic cleft (figure 

1.6)) and is as such an important target for antidepressants such as fluoxetine (Prozac*, 18, 

figurefigure 1.9) and paroxetine (Seroxat*). 

Thee 5-HT, receptor is among others connected to the cardiovascular system. It 

regulatess vasoconstriction and vasodilation by regulating the contraction of smooth muscles 

inn blood vessels which influence the blood pressure. Prolonged vasoconstriction in brain 

arteriess is one of the symptoms of migraine and can be treated with the selective 5-HT,D 

agonistt sumatriptan (Imigram*) 19. Other 5-HT, receptors are playing a role in the control of 
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releasee of other neurotransmitters. Receptors of the 5-HT2 subtype are G-protein coupled to 

thee enzyme phospholipase C. The main therapeutic application of ligands for this subtype is 

thee treatment of schizophrenia by administration of the 5-HT2A/2c antagonist risperidone 20 

(Risperidal®). . 
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Activationn of the 5-HT3 receptor influences the regulation of the cardiovascular 

system,, and the control of intestinal tone and secretion. The antagonist ondansetron 21 

(Zofran®)) is administered in the treatment of chemotherapy-induced nausea but these types of 

antagonistss also have an influence on the CNS. The 5-HT4 receptor is a target for the 

treatmentt of gastrointestinal disorders. The functions of the 5-HT5, 5-HT6 and 5-HT7 receptors 

aree currently under investigation. 

Figuree 1.9 
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Onee of the main problems in the design of 5-HT,B/1D ligands with agonistic activity is 

theirr lack of selectivity relative to 5-HT,A receptors. This problem was solved by the design of 
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potentt bivalent serotonergic receptor ligands with excellent selectivity and oral availability. 

Thee 5-carboxamido indole dimer 22 shows a 40-fold increase in 5-HT1A/5HT,D selectivity 

overr the monomeric ligand 23, the increased selectivity being dependent on the spacer length 

(figuree 1.10)." This is in contrast with the affinity studies of serotonine dimers 24, that are 

linkedd via the 5-hydroxyl group. These dimers are very potent and selective 5-HT1B/1D ligands, 

butt their selectivity relative to the 5-HT,A receptor does not depend on the nature, length and 

flexibilit yy of the spacer.28 

Figuree 1.10 
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Dimerizationn of the anti-migraine drug sumatriptan 19 by means of a semi-rigid xylyl 

spacerr afforded the dimer 25 (figure 1.11). This compound shows a 30-fold increase in 

affinityy as a 5-HT1B agonist when compared to the monomer. The increased penetration of the 

blood-brainn barrier and improved oral activity of dimer 25 are other examples of the 

improvementt of the pharmacokinetic results of dimeric molecules. 

Figuree 1.11 
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Dimerizationn of the non-selective 5-HT, receptor ligand 1-naphtylpiperazine by 

meanss of an ether linkage afforded dimers of type 26 with 5-HT,B/iD selectivity. A comparable 

increasee in selectivity towards 5-HT,B/1D receptors was found for dimers of the 5-HTIA 

selectivee agonist 8-OH-DPAT. Dimer 27 shows a 100 fold increase in affinity for the 5-

HT1B/1DD receptors while the 5-HT,A affinity decreases when compared to 8-OHDPAT.30 

§§ 1.4.4 The Bivalent Ligand Effect: A New Mechanism? 

Soo far it has been shown that the dimerisation of known pharmacophores is an 

attractivee approach for the development of new potent and selective receptor ligands for G-

proteinn coupled receptors. The increase in affinity of dimeric ligands for GPCR's was initially 

explainedd by the mechanism that is schematically depicted in figure 1.3. When the results of 

bivalentt ligand approaches are studied in more detail and not only with respect to the 

increasedd biological activity of the dimeric compounds, this simple model proves to be 

insufficient. . 

Evenn though, at first sight, the model in figure 1.3 can explain the increased affinity 

off  dimeric species, it can not explain the increased selectivity that is displayed in most cases. 

Furthermore,, bivalent ligands with high affinity for transmembrane receptors are often 

characterizedd by relatively short lengths of the spacer. The simultaneous action of one 

moleculee on neighboring or heterodimeric receptors would require spacers of much larger 

dimensions. . 

AA more recent working hypothesis is based on the existence of secondary binding 

sitess in the vicinity of the primary binding site that can interact with the second 

pharmacophoree upon pharmacophore docking in the primary binding site (figure 1.12). This 

hypothesiss would explain that the selectivity is dependent on the length of the spacer. It has 

neverr been shown however, that on one receptor protein both a primary and secondary 

recognitionn site with the same binding characteristics exist. 

Figuree 1.12 
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AA model that explains interaction of one molecule with two distinct binding sites on 

thee same protein was presented by Portoghese et al.3' This mechanism, that is referred to as 

thee "message-address concept", involves interaction of a secondary binding site with a 

secondaryy pharmacophore that is in most cases different from the primary pharmacophore 
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(figuree 1.12). Although, in symmetrical bivalent ligands, interaction of the secondary binding 

sitee with parts of the spacer could explain the increased affinity, this suggests pharmacophoric 

activityy of the spacer systems. These are however in most cases constructed from molecular 

fragmentss with low biological activity (e.g. aliphatic chains). 

Evidencee for the existence of GPCR's as functional dimers has found ample reference 

inn the literature.32 It is nowadays believed that activation of GPCR's is induced by receptor 

dimerization,, even though there is littl e supporting experimental evidence for this hypothesis. 

Itt has been shown that the agonist-induced dimerization of the 02 adrenoreceptor is vital for 

intracellularr activation of adenylyl cyclase.33 This so-called intermolecular complementation 

iss believed to involve reorganisation of transmembrane helices between two individual 

receptorss and has been reported from the field of muscarinic and a2-adrenergic receptor 

pharmacochemistry.344 The involvement of bivalent ligands in such a reorganisation is an 

intruigingg hypothesis that is, however, not yet supported by experimental evidence. 

Thee lack of a detailed understanding of the underlying mechanism of the bivalent 

ligandd effect makes the application of this effect for medicinal purposes troublesome. Even 

thoughh numerous bivalent ligands with enhanced binding affinity and selectivity have been 

reportedd over the last decades, the rational design of bivalent ligands is extremely difficult 

andd requires step by step SAR studies. These studies demand for a varying approach that is 

largelyy dependent on the desired properties of the new ligand (e.g. increased affinity, 

increasedd selectivity, oral activity, duration of action). The dimerization of a known 

pharmacophoree to form a new bivalent ligand is therefore not a guarantee for its increase of 

thee biological activity or selectivity. 

§§ 1.5 Biologically Active Tetrahydro-p-carbolines 

Thee tetrahydro-P-carboline ring system and its oxidized analogs (i.e. dihydro-p-

carboliness and P-carbolines) are present in many alkaloids. This can be rationalized by the 

factt that they are (bio)synthetically related to the amino acid tryptophan. Ring systems of this 

typee are reported to have a range of biological activities, for instance as ligands for receptors 

inn the nervous system and as cytotoxic agents. 

Figuree 1.13 
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Manzaminee alkaloids are a family of cytotoxic natural products isolated from several 

Okinawann marine sponges.35 Manzamine A (28) has the highest cytotoxic activity but also 

moree simple analogs, such as keramamine C (29), show considerable antiproliferative activity 

(figuree 1.13).36 Azatoxin 30 and analogs have been reported to induce the topoisomerase II 

catalyzedd cleavage of DNA by formation of a so-called "cleavable complex" of enzyme, 

DNAA and cytotoxic agent.37 The cytotoxicity of the compounds in figure 1.13 is related to the 

interactionn of the pVcarboline ring with DNA through intercalation. 

Thee biological activity of conformationally restricted compounds has found ample 

precedentt in pharmacochemistry since these compounds can reveal important information 

aboutt the threedimensional structure of receptor molecules. Constrained tryptamine 

derivativess are for instance reported to interact with receptors in brain areas enriched with 

serotonergicc and dopaminergic neurons. Azepinoindole 31 shows strong binding to 

dopaminergicdopaminergic receptors and excellent antipsychotic activity in vivo (figure 1.14).38 Other 

exampless of this approach are the structures of the tryptamine derivatives 32 and 33 that show 

affinityy and selectivity for serotonergic receptors.39 

Figuree 1.14 
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Tetrahydro-p-carboliness form a class of conformationally restricted tryptamine 

analogs.. For this reason they are considered to be interesting pharmacological scaffolds and 

havee been the subject of several studies to their affinity for serotonergic receptor proteins. 

Audiaa and coworkers found potent and selective antagonistic activity of compounds of type 

344 for the 5-HT2B receptor (figure 1.15).40 

Figuree 1.15 
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Thee affinity of a large number of analogs of the alkaloid nazlinine 35 (Nitraria 

schoberischoberi4141)) for CNS receptors has been studied in our laboratory.42 Ligand binding assays 

indicatedd that the dimeric species 36 had an increase in affinity for the 5-HT,A ind 5-HT 

reuptakee receptor, when compared to monomeric 1-alkyl-tetrahydro-P-carbolines. This 

increasedd affinity might be the consequence of a bivalent ligand effect and has resulted in the 

designn and synthesis of new dimeric tetrahydro-P-carbolines that is described in this thesis. 

§§ 1.6 Outlin e of thi s thesi s 

Tetrahydro-P-carboliness are considered to be conformationally restricted analogs of 

tryptaminee and are as such potential selective pharmacophores for these receptors. In addition 

too that, the presence of an asymmetric carbon atom in the C-ring makes the tetrahydro-P-

carbolinee ring system synthetically challenging. Therefore a new synthetic route to 

enantiopuree tetrahydro-P-carbolines and analogs is one of the major subjects of this thesis. 

Figuree 1.16 
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Thee design of bivalent ligands allows numerous possibilities for the variation of the 

linkerr system with respect to its chemical constitution and site of attachment. Dimerization of 

tetrahydro-P-carboliness by connection of the two potential pharmacophores via the 1-position 

off  the C-ring is one of the options. Another possibility is the linkage via the 6-position in the 

aromaticc ring. Linkage via the aromatic ring would leave the CI-position open for the 

introductionn of active substituents (figure 1.16). 

Thee connection of two tetrahydro-p-carbolines via the CI-positions can be 

accomplishedd by following two different approaches (scheme 1.2). Option A involves the 

dimerizationn of two tetrahydro-P-carbolines with reactive substituents (e.g. amino and 

hydroxyll  groups) by reaction with an appropriate fragment of the spacer (e.g. a dicarboxylic 

acid).. The formation of tetrahydro-P-carboline dimers with CI-CI'-linkages can also occur 

viavia cyclization of tryptamine analogs (option B). This approach includes the application of 

well-knownn cyclization reactions, such as the Pictet-Spengler and Bischler-Napieralski 

reaction.. In chapter 2 of this thesis the synthesis of new racemic tetrahydro-P-carbolines 

followingg these two approaches will be described. 
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Schemee 1.2 
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Onee of the main synthetic handles for the formation of tetrahydro-p-carboline ring 

systemss is the Pictet-Spengler reaction.43 Since this iminium ion cyclization allows the 

smoothh incorporation of a wide range of substituents at the CI-position, it is obvious that over 

thee last decades numerous asymmetric approaches to the Pictet-Spengler reaction have been 

described.. Most of these approaches involve the use of chiral auxiliaries that direct the 

stereochemicall  outcome of the cyclization. In chapter 3 of this thesis some new chiral 

auxiliaryy approaches to the asymmetric Pictet-Spengler reaction will be described. This 

chapterr mainly focusses on substitution of the tryptamine NH2-group with heteroatoms, which 

shouldd allow efficient cleavage of the chiral auxiliary after the cyclization. In chapter 4 the 

applicationn of 7Vb-sulfinyl groups as chiral auxiliaries in the Pictet-Spengler reaction, in a new 

routee to enantiopure tetrahydro-P-carbolines, will be demonstrated (scheme 1.3). 

Schemee 1.3 
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Thee application of the N-sulfinyl Pictet-Spengler reaction on the synthesis of 

tetrahydroisoquinoliness is the main subject of chapter 5. Applications of the N-sulfinyl Pictet-

Spenglerr cyclization to the synthesis of diastereomericallly pure tetrahydro-P-carboline 

dimerss and important building blocks for alkaloid synthesis will be presented in chapter 6. 

Furthermore,, in chaper 6 a more detailed insight in the mechanism and the stereochemical 

outcomee of the JV-sulfinyl Pictet-Spengler reaction will be given . 
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