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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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ChapterChapter  1 

§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. 

2 2 
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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) 

A.A.  Injury  occurs 

'3 '3 
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E-selectinsE-selectins  produced 
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D.D. White  blood  cell  rolling E.E. Further  adhesion  mediated 
byby  integrins 

RODROD ligand ICAU 

Qpo o 
F.F. White  blood  cells  reach  injury  site 
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ChapterChapter 1 

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 

bivalen tt  ligan d ___ ^ ^  ^ ^ 
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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. 

Hormone e 

Stimulatory y 
GG protein 

Activated d 
receptor r Adenylyl l 

cyclase e 

III1IÜI1I I 
iiiuiiii i i 

diffusion n 

GTPP GDP 

CAMP P 

ATP P 

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 

8 8 
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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®). . 

physiology : : 

-- thermoregulation 
-- haemodynamics 
-- feeding 
-- sleeping 

, /" 5^__/" \ \ 
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16,, L-tryptopha 

H< < 
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Schemee 1.1 

H H 
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pathophysiology : : 

-- depression 
-- hypertension 
-- migraine 
-- anxiety disorders 

^ \ , O H H 

H H 

17,, 5-hydroxyindole acetic acid 

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 

<^Q=99 ( y ~ ^ ) <^X^ 9 
bivalen tt  ligan d bindin g bivalen t ligan d bindin g to message-addres s bindin g 

too neighborin g receptor s Identica l recognitio n site s 
onn the same recepto r 

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 

CtXX CtXX 
H H 

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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OO R o 

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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Chapter Chapter 

SynthesisSynthesis  ofRacemic 
Tetrahydro-p-carbolineTetrahydro-p-carboline  Dimers 

Abstrac t t 
Thee design and synthesis of bivalent ligands allows numerous possibilities with respect to 
length,, conformation, chemical constitution and site of attachment of the linker system. 
Synthesiss of dimeric tetrahydro-P-carbolines can occur by the linkage of tetrahydro-P-
carbolinee units via the CI-position. Another approach involves connection of the two benzene 
ringss in the indole system. Tetrahydro-P-carboline dimers and trimers with hydrophobic (i.e. 
aliphaticc and aromatic) spacers were prepared by the implementation of Bischler-Napieralski 
andd Pictet-Spengler cyclizations. The design of more polar spacer systems (i.e. amide and 
esterr linkages) was accomplished by the dimerization of properly protected tetrahydro-p-
carboliness with amino and hydroxyl groups in the Cl-substituent. Sonogashira coupling 
affordedd a new efficient entry to the synthesis of 5,5'-linked bisindoles that can be further 
elaboratedd to give new tetrahydro-P-carboline dimers. 
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§§ 2.1 Introduction 

Inn many pharmacological studies towards all sorts of targets such as enzymes and 

receptorr proteins, dimeric organic molecules show an increase in biological activity when 

comparedd to their monomelic counterparts. Many examples of this bivalent ligand effect and 

thee mechanisms that are held responsible for it, have been discussed in chapter 1. 

Onee of the most important factors in the bivalent ligand approach is the way in which 

twoo pharmacophoric units are linked. Extensive studies towards the nature of the 

pharmacologicall  effects of dimeric species revealed the importance of the length, 

conformationn and polarity of the linker. When dimerizing tetrahydro-P-carboline ring systems 

thee linkersystem can be attached to different sites in the molecule. The use of the oxygen 

atomm at the indole 5-position in serotonine (5-hydroxytryptamine, 5-HT) has for instance been 

reportedd in studies towards serotonin dimers with high biological activity (figure 2.1).1 

Figuree 2.1 
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Anotherr interesting site for attachment of linkers is the CI-position of the tetrahydro-

P-carbolinee ring system. By using this postion the attachment of the linker can be combined 

withh ring-closing reactions of tryptamine derivatives (A) as is depicted in figure 2.2. Another 

syntheticc approach for the attachment of the linker to the CI-position is the synthesis of 

tetrahydro-p-carbolinee monomers with reactive substituents that are suitable for dimerization 

(B).. This methodology often results in the incorporation of heteroatoms in the linker system. 

Thee polarity of the linker system has a strong influence on its unfolding in aqueous solution. 

Thiss plays an important role in the biological activity of the molecule for instance by the 

presencee of charges at neutral pH. 

Figuree 2.2 

.. NH2 ^ ^ N ^ N H ^V^ -NH 
HH R 

RR = reactive 
substituent t 

22 2 



RacemicRacemic Synthesis of Tetrahydro-p-carboline Dimers 

Inn § 2.2 to § 2.7 synthetic methodologies for the synthesis of racemic dimeric 

tetrahydro-P-carbolines,, linked via the 1-position of the C-ring will be presented. In § 2.8 an 

approachh to link indole units via the 5-position by utilizing palladium catalyzed carbon-

carbonn bond formations, wil l be described. In these compounds the CI-position of the 

tetrahydro-P-carbolinee is available for the introduction of potential pharmacophores. 

§§ 2.2 Synthesis of Tetrahydro-p-carbolines and -Isoquinolines 

§§ 2.2.1 The Pictet-Spengler Reaction 

Thee construction of P-carboline and isoquinoline ring systems relies in the vast 

majorityy of the synthetic approaches on two classical cyclization procedures that were 

reportedd for the first time around the beginning of the 20th century. Both the Pictet-Spengler 

reactionn and the Bischler-Napieralski reaction were first employed for the synthesis of 

tetrahydroisoquinolinee ring systems or analogs and were later modified to prepare tetrahydro-

P-carbolines.. These two reaction types wil l be explained in more detail in the next 

paragraphs. . 

Thee best known procedure for the synthesis of terahydroisoquinoline and -P-carboline 

ringg systems is the Pictet-Spengler reaction.2 This reaction was introduced in 1911 by Amé 

Pictett and Theodor Spengler who condensed under acidic conditions P-phenylethyl amine 

withh formaldehyde dimethyl acetal (scheme 2.1). Originally the Pictet-Spengler reaction was 

exclusivelyy used to prepare tetrahydroisoquinoline ring systems and it was at that time 

consideredd to be the standard procedure for their synthesis. The first attempt to translate the 

Pictet-Spenglerr methodology to the synthesis of tetrahydro-P-carbolines was reported by 

Tatsuii  in 1928, who reacted tryptamine with acetaldehyde to obtain ring closed products.3 

Schemee 2.1 
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Inn scheme 2.2 it can be seen that the initial stage of the Pictet-Spengler reaction is in a 

sensee related to the Mannich reaction. A reaction of tryptamine with an aldehyde under acidic 

conditionss results in the in situ formation of an iminium ion. In this case however, the 

iminiumm ion is not attacked in an wtermolecular fashion by an enolizable ketone, as is the 

casee in the Mannich reaction, /n/ramolecular attack by the electrons of the pyrrole part of the 

indolee ring system results in formation of the ring-closed product. 
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Cyclizationss with tryptophan esters have found numerous applications as an 

extensionn of the classical Pictet-Spengler reaction.4 The cyclization of histidines are less 

common.55 Other substrates than aldehydes that have shown cyclization reactions with these 

aminess are ketones, a-ketoacids, acetals6, activated alkynes7 and cyanides under reductive 

conditions.8 8 

Schemee 2.2 

Pr-pp 4 
K^K^NNSS NH2 H* 

H H 

Overr the last decade the quest for an enantioselective approach to the Pictet-Spengler 

reactionn has led to many new insights with respect to the mechanism, conditions and the 

scopee of this interesting reaction. The development of an asymmetric Pictet-Spengler reaction 

andd its use in the synthesis of enantiopure tetrahydro-P-carboline monomers and dimers is the 

majorr subject of Chapters 3, 4, 5 and 6 of this thesis. These chapters will focus on the use of 

chirall  auxiliaries to influence the stereochemical outcome of the Pictet-Spengler reaction. 

Moree detailed information about the mechanism and application of the Pictet-Spengler 

cyclizationn is therefore presented in these chapters. 

§§ 2.2.2 The Bischler-Napieralski Reaction 

AA reaction that is related to the Pictet-Spengler reaction both from an historical and a 

chemicall  point of view is the Bischler-Napieralski reaction. This reaction, first reported in 

1893,99 traditionally involves the treatment of P-phenylethylamides with phosphorous 

oxychloridee or phosphorous pentachloride which results in the formation of 3,4-

dihydroisoquinoliness (scheme 2.3). Reactions of tryptamides likewise lead to dihydro-p-

carbolinee ring systems. These compounds can be transformed into tetrahydro-P-carbolines 

andd -isoquinolines by simple hydride reduction or catalytic hydrogenation of the imine double 

bond. . 

Initiallyy it was assumed that the mechanism of the Bischler Napieralski reaction 

involvedd the protonation of the amide carbonyl by traces of hydrogen chloride in the reaction 

mixturee after which ring closure of the carbocation led to the product. The discovery of 

stabilizedd vinyl cations as intermediates in electrophilic aromatic substitution reactions 

promptedd Stang et al. to question this commonly accepted mechanism for the Bischler-

Napieralskii  reaction.10 Their suggestion was based on the possibility to trap the cation B 

(schemee 2.3) as the SbF6' salt. This finding connects the Bischler-Napieralski reaction with a 

rangee of mechanistically related reactions that proceed via nitrilium salt intermediates such as 

thee Von Braun reaction, Ritter reaction, Beekman reaction and Schmidt reaction." 

\\\\ © 
NN <*=
HH ? 

R R 

NH H co> > 
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Schemee 2.3 

Thee Bischler-Napieralski cyclization traditionally requires harsh conditions, e.g. 

treatmentt of the amide with POCl3 or PC15 at elevated temperatures. The recognition that the 

cyclizationn proceeds by the initial formation of imidoyl chloride A opened the way for the use 

off  better leaving groups than chloride. The POCl4" anion is believed to be a poor counterion 

forr the nitrilium ion. This has resulted in the search for other dehydrating agents than 

phosphorouss oxychloride and phosphorous pentachloride. Over the last decades milder 

reactionn conditions have been reported such as the use of triphenylphosphine in carbon 

tetrachloride122 at room temperature and trifluoromethane sulfonic anhydride/DMAP at 0 °C.13 

Thee improvements of the Bischler-Napieralski reaction rendered it to be one of the major 

syntheticc handles for the synthesis of tetrahydro-p-carboline and -isoquinoline ring systems 

bothh in solution and on solid support.14 

§§ 2.3 A Bischler-Napieralsk i Approac h to Tetrahydro-p-carbolin e Dimer s 

§§ 2.3.1 Aliphatic Linkers 

Pictet-Spenglerr reaction of tryptamines with dialdehydes should in theory furnish a 

one-stepp synthetic route to tetrahydro-p-carboline dimers. However, the simple aliphatic 

bisaldehydess that are required for a Pictet-Spengler approach towards dimers with aliphatic 

linkerr systems have some disadvantages with respect to stability and commercial availability. 

Thesee facts prompted us to attempt the synthesis of tetrahydro-P-carboline dimers with 

aliphaticc linkers via a Bischler-Napieralski approach15, a two-step route that is nevertheless 

highlyy advantageous since the starting dimeric tryptamides can be obtained from the 

correspondingg aliphatic diacids that are both stable and easily available. 
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Schemee 2.4 

-£ -£ 
linker r 

CAJCAJ ° 

NH2 2 

Inn order to prepare the starting dimeric tryptamides we attempted several peptide 

couplingg reagents. The reaction was optimized with malonic acid as the diacid since this was 

believedd to be the most challenging because of interaction between the carboxy groups. In 

tablee 2.1 the conditions of the different coupling reactions are shown. 

NH2 2 HO O A A A OH H 

Tablee 2.1 

HNYvC\P P 

Couplin gg reagen t Base e Solven tt  Reactio n tim e (h) Yield (%)' 

DCC C 

DCC C 

DCC C 

CDI I 

CIP P 

CIP P 

CIP P 

TCFH H 

DMAP P 

HOBt t 

HOBt t 

DiPEA A 

DiPEA A 

DiPEA A 

DiPEA A 

THF F 

NMP P 

THF F 

CH2CI2 2 

THF F 

NMP P 

THF F 

8 8 

16 6 

16 6 

6 6 

6 6 

<1 1 

<1 1 

<1 1 

41 1 

75 5 

64 4 

36 6 

27 7 

93 3 

87 7 

95 5 

"" After recrystallization. 

Thee in situ formation of amino acid chlorides and fluorides has found ample 

precedentt in peptide chemistry over the last decade.16 This has led to the development of 

efficientt coupling reagents that effect peptide bond formation in more problematic cases. The 

usee of 2-chloro-l,3-dimethylimidazolidinium hexafluorophosphate 2, CIP17 in combination 

withh DiPEA in tetrahydrofuran resulted in the efficient formation of the desired tryptamide 

dimer.. Comparable results were obtained when using tetramethylchloroformadinium 

hexafluorophosphatee 3 (TCFH) which was easily prepared in large quantity from 

tetramethylureaa (scheme 2.5).18 

Inn general, the choice of the solvent appeared to be an important factor in the 

couplingg reaction. The low solubility of the starting dicarboxylic acid and the monocoupled 

26 6 



RacemicRacemic Synthesis of Tetrahydro-fi-carboline Dimers 

productt in dichloromethane resulted in poor yields of the desired bistryptamide 2. This 

problemm was overcome by using tetrahydrofuran to keep the monocoupled product in 

solution.. The desired dimer precipitated upon cooling of the reaction mixture to 0 °C. Even 

thoughh the yields of the coupling reactions mediated by DCC and DMAP or HOBt were 

acceptablee the reaction times were very long. 

H 3 C - N ^ N - C H 3 3 

C ll PF6
Q 

Schemee 2.5 

CH33 CH3 

H3CC |T CH3 

O O 

CH33 CH3 

H3C'' ^ CH3 

C ll PF® 

2.. CIP 3, TCFH 

ReagentsReagents and conditions: (a) (COCI)2, toluene, reflux then KPF6, 61%. 

AA range of tryptamide dimers derived from tryptamine and commercially available 

dicarboxylicc acids was obtained by using TCFH and DiPEA. The results of these coupling 

reactionss are summarized in table 2.2. 

Tablee 2.2 

Co o NH2 2 

HO^fÜnkërK^OH H 

II f t ff mr^hrm \ 
4a-i i 

Dimer r Linke r r 

ReagentsReagents and conditions: (a) TCFH, DiPEA, THF. "After recrystallization 

Yieldd  (%)* 

1 1 

4a a 

4b b 

4c c 

4d d 

4e e 

4f f 

4g g 

4h h 

- C H 2 --

-CH2CH2--

—CH2CH2CH2— — 

—CH2CH2CH2CH2-

—CH2CH2CH2CH2CH2— — 

—CH2CH2CH2CH2CH2CH2— — 

—CHCH2CH2CH2CH2CH2CH2— — 

-CH2OCH2--

-CH2OCH2CH2OCH2--

95 5 

92 2 

94 4 

93 3 

89 9 

93 3 

84 4 

82 2 

86 6 

Thee dimeric tryptamides described in table 2.2 were subjected to Bischler-Napieralski 

cyclizationn by heating in phosphorus oxychloride for 1 hour yielding the dihydro-P-carbolines 

55 (table 2.3). Since alkaline work-up of the reactions only in some cases allowed isolation of 

thee dihydro-P-carbolines the products were obtained as the stable hydrochloric acid salts by 

evaporationn of the volatiles and trituration with ethanol. 
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Reductionn of the iminium salts proceeded smoothly with sodium borohydride in 

ethanol,, thus furnishing a range of racemic tetrahydro-p-carboline dimers (6a-i) as a 1:1 

mixturee of diastereomers in good yields. The diastereomeric ratio was visible in the 'H-NMR 

spectraa as a broadening of the signals of the CI-protons and characteristic splitting of the 

indolee NH signal. 

Ass can be seen from table 2.3 the yields of the Bischler-Napieralski cyclizations and 

subsequentt reductions are generally good to excellent. In the reactions where no product 

formationn was observed in the cyclization this was probably caused by the close vicinity of 

thee two nitrilium ion intermediates. For these cases, Bischler-Napieralski cyclization was also 

attemptedd by using POCl3 in toluene both at room temperature and at elevated temperatures 

andd with trifluoromethane sulfonic anhydride in the presence of DMAP at 0 °C. Also in these 

casess no product formation was observed. Reactions with triphenylphosphine in carbon 

tetrachloridee (§ 2.2.2) suffered from low solubility of the starting material. 

Tablee 2.3 

HH I H H 
liî rll a  lünkifl b  |linker| 

1,4a-hh 5a-i 6a-l 

Bisamide e 

1 1 

4a a 

4b b 

4c c 

4d d 

4e e 

4f f 

4g g 

4h h 

Dihydro-p--
carboline e 

dimer r 

5a a 

5b b 

5c c 

5d d 

5e e 

5f f 

5g g 

5h h 

51 1 

Yieldd (%)" 

--
--

84 4 

67 7 

70 0 

81 1 

69 9 

--
87 7 

Tetrahydro-p--
carboline e 

dimer r 

6a a 

6b b 

6c c 

6d d 

6e e 

6f f 

6g g 

6h h 

6i i 

Yieldd (%)" 

--
--

88 8 

86 6 

93 3 

78 8 

83 3 

--
84 4 

ReagentsReagents and conditions: (a) POCI3, reflux; (b) NaBH,, EtOH.  After trituration (EtOH); "After column 
chromatography. . 

§§ 2.3.2 Aromatic Linkers 

Substitutedd aromatic rings find their application in numerous studies to the properties 

off  macromolecules. This can be explained by their commercial availability and the plethora of 

organicc reactions that allow their preparation and derivatization. The application of aromatic 
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ringsrings can bring the desired rigidity in (macro)molecules. The use of aromatic tethers in 

templatee directed reactions has also found numerous applications in the literature." 

Sincee aromatic dialdehydes are commercially available, stable compounds, the 

synthesiss of tetrahydro-P-carboline dimers with aromatic spacers was initially attempted 

usingg a Pictet-Spengler approach. Reacting tryptamine with terephtaldehyde under acidic 

conditionss did not give satisfying results, even though the acidic Pictet-Spengler reaction of 

tryptaminee with benzaldehyde is a well-described process.20 

Thee Pictet-Spengler reaction of iV-benzyltryptamine 7 (obtained by reductive 

aminationn of tryptamine with benzaldehyde) with terephtaldehyde in toluene under neutral 

conditionss resulted in smooth formation of N-benzyl tetrahydro-P-carboline dimer 8 (scheme 

2.6).. Removal of the benzylgroups however appeared to be difficult without cleavage of the 

newlyy formed bond. The presence of a benzylic position at CI led to the excessive formation 

off  ring-opened side products. These disappointing results prompted us to try the Bischler-

Napieralskii  approach for the synthesis of tetrahydro-P-carboline dimers with aromatic 

spacers. . 

Schemee 2.6 

HN. . 
Bn n 

NBn n 

NBn n 

ReagentsReagents and conditions: (a) terephtaldialdehyde, toluene, reflux, 78%; (b) H2, Pd/C, HAc, EtOH, 17%. 

Thee Bischler-Napieralski precursors were prepared starting from the corresponding 

commerciallyy available aromatic diacid chlorides and tryptamine. Bischler-Napieralski 

cyclizationn was accomplished by refluxing the dimeric tryptamides 10a and 10b in POCl3. 

Reducingg the resulting dihydro-P-carboline hydrochloric acid salts with sodiumborohydride 

inn ethanol (scheme 2.7) afforded tetrahydro-P-carboline dimers 9 and 11. 

Schemee 2.7 

10aa 1,3 
10bb  1.4 

ReagentsReagents and conditions: (a) tryptamine, CH2CI2, DiPEA, 68% (10a), 94% (10b); (b) POCI3, reflux, 
thenthen NaBH„, EtOH, 87% (11), 82% (9). 
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Ass could be expected from our results with the aliphatic linkers described above, no 

cyclizationn was observed from the 1,2-disubstituted Bischler-Napieralski precursor which is 

mostt likely due to (steric) interaction between the neighboring reactive intermediates. 

Switchingg to milder reaction conditions as is described in § 2.2.2 in order to achieve the 

desiredd ring-closed product did not give any product formation. 

Thee same Bischler-Napieralski approach was used for the synthesis of the highly 

congestedd trimeric tetrahydro-P-carboline 13. In this case commercially available 1,3,5-

benzenee tricarboxylic acid chloride was reacted with tryptamine to furnish the Bischler-

Napieralskii  precursor 12. Subsequent cyclization in refluxing POCl3 and reduction of the 

resultingg dihydro-P-carboline dimer gave the tetrahydro-P-carboline trimer 13 in moderate 

yield. . 

Schemee 2.8 

a.. b 

ReagentsReagents and conditions: (a) POCI3. reflux, 43%; (b) NaBH4, EtOH, 62%. 

Inn order to obtain a balance between the rigidity of the aromatic linkers and the 

conformationall  freedom of the aliphatic linkers described in paragraph 2.3.1 compounds 19a 
andd 19b with a two-carbon aliphatic chain between the benzene ring and the C-ring of the 

tetrahydro-P-carbolinee were prepared (scheme 2.9). 

Schemee 2. 9 

O O 

••  R = - ^ H 

14aa (1,3)/14 b (1.4 )  R  = 

--  15 a (1,3) /  15 b (1,4 )  R  = 

• —— 16 a (1,3)/16 b (1,4 )  R  = 19a(1,3)/19b(1,4) ) 

ReagentsReagents and conditions: (a) malonic acid, pyridine, piperidine, reflux, 68% (14a), 78% (14b); (b) H2, Pd/C, NaOH 
(aq)) 96% (15a). 98% (15b); (c) SOCI2, DMF, reflux; quant, (d) tryptamine, CH2CI2, DiPEA, 75% (17a), 68% (17b); 
(e)) POCI3, reflux; (f) NaBH„, EtOH; 53% (19a), 59% (19b). 
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Thee Bischler-Napieralski precursors 17 were obtained from the acid chlorides 16 that 

weree prepared by using a Döbner reaction of the appropriate aromatic dialdehyde with 

malonicc acid in pyridine.21 Catalytic hydrogenation under basic conditions of the a,P-

unsaruratedd dicarboxylic acids and subsequent treatment with thionyl chloride yielded the 

diacidd chlorides which were reacted with tryptamine to give 17a and 17b in good yields. 

Bischler-Napieralskii  reaction and subsequent sodium borohydride reduction of the 

unsaturatedd C-ring proceeded smoothly to give the desired tetrahydro-(3-carboline dimers 19a 
andd 19b in good yields. 

§§ 2.4 A Pictet-Spengle r Approac h to Benzyli c Linker s 

Thee reaction of phenylacetaldehydes in a Pictet-Spengler reaction yields 

pharmacologicallyy interesting tetrahydro-P-carbolines with benzylic Cl-substituents.22 

Unfortunately,, the stability of phenylacetaldehydes is in general extremely low, the 

unsubstitutedd phenylacetaldehyde itself being an exception. This fact has prompted synthetic 

organicc chemists to find stable precursors that can be transformed into this important group of 

substratess in situ. This strategy of using phenylacetaldehyde precursors has succesfully been 

appliedd to the Pictet-Spengler reaction by Evrard and coworkers. They envisaged the 

conversionn of benzaldehydes to phenylpyruvic acids via the stable azalactones 19 (scheme 

2.10).. Pictet-Spengler reaction of the in situ formed a-ketoacids with tryptamine followed by 

decarboxylationn under acidic conditions yielded the desired 1-benzyl tetrahydro-P-

carbolines.23 3 

A H H 

tryptamine e 

-C02 2 

N-Acetyl l 
glycine e 

19 9 

Thee approach mentioned above resulted in the formation of an impressive amount of 

benzyll  substituted tetrahydro-p-carbolines containing further substituents on the indole ring 

andd benzyl ring. Some of these ring-opened yohimbine analogs appeared to have potency and 

selectivityy towards serotonine receptors.22 All these compounds were easily obtained starting 

fromm the appropriate tryptamines and azalactones, the latter being accessible via the huge 

numberr of commercially available substituted benzaldehydes. 

Thee azalactone approach described above was used to develop tetrahydro-p-carboline 

dimerss with benzylic spacers. Reaction of aromatic dialdehydes with iV-acetylglycine and 

sodiumm acetate in acetic anhydride furnished the bisazalactones 20a and 20b in good yield. 
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Thesee compounds were reacted with an excess of tryptamine in an aqueous solution of 

hydrochloricc acid, thus furnishing the desired dimeric tetrahydro-P-carbolines 21 in excellent 

yieldd (scheme 2.11). 

Schemee 2.11 

20aa 1,3 
20bb 1,4 

ReagentsReagents and conditions: (a) N-acetylglycine, Ac20, NaOAc, 83% (20a), 76% (20b); (b) tryptamine.HCI, 
HCII (aq). reflux, 71% (21a), 83% (21b). 

Thee corresponding 1,3,5-trisazalactone would lead to the formation of a less sterically 

congestedd trimeric tetrahydro-p-carboline, when compared to 13, after Pictet-Spengler 

reactionn under acidic conditions. Formation of benzene-l,3,5-tricarboxaldehyde has been 

describedd by reduction of trisamide 26 but this procedure failed in our hands.24 Reduction of 

thee corresponding triethyl ester gave the trialcohol 24 and subsequent oxidation by using 

pyridiniumm chlorochromate gave the trialdehyde 27.25 Formation of the desired tris-azalactone 

howeverr could not be accomplished. 

22,, R = COOH 

23,, R = COOEt 

24,, R = CH2OH 

noo p 
fornr r 

9 9 

-oduct t 
ation n 

22,, R' = COOH 

25,, R' = COCI 

26,, R .ArH H 

ReagentsReagents and conditions: (a) EtOH, H2S04, 96%; (b) LiAIH4, THF, reflux, 67%; (c) PCC, DCM, 51%; 
(d)) SOCI2, pyridine, reflux; (e) 3,5-dimethylpyrrazole, pyridine, toluene, 57%; (f) UAIH4, THF, reflux, no 
reaction;; (g) W-acetylglycine, NaOAc, Ac20. 

§§ 2.5 Reductiv e Aminatio n of Nazlinin e Analog s 

Ass was mentioned in § 2.1, the synthesis of dimeric tetrahydro-p-carbolines by 

combiningg the formation of the C-ring with the introduction of the spacer via cyclization 
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reactionss of tryptamine analogs is just one approach to dimeric tetrahydro-P-carbolines. 

Anotherr approach involves the formation of tetrahydro-P-carboline monomers with reactive 

centerss in the Q-side chain and subsequent dimerization of these compounds. In this section 

wee describe our efforts to find simple synthetic routes to tetrahydro-P-carboline dimers with 

alkylaminoo spacers that can be used for dimerization reactions. 

Ann initial attempt to obtain tetrahydro-P-carboline dimers with alkylamino spacers 

involvedd the acidic Pictet-Spengler reaction of acetal protected dialdehydes. Compounds 29a 
andd 29b were obtained by reductive amination of aromatic dialdehydes 28 (scheme 2.13). 

Anotherr dimeric, protected aldehyde (31) was prepared by reaction of 5,5-diethoxypentanal 

30266 and piperazine under reductive conditions. Unfortunately, the deprotection of the 

dialdehydess and subsequent Pictet-Spengler cyclization did not give any traces of the cyclized 

products.. Pictet-Spengler reaction under acidic conditions, which should result in the in situ 

liberationn of the dialdehydes also did not furnish the desired dimeric tetrahydro-P-carbolines. 

Schemee 2.13 

28aa (1,3) 
28bb (1,4) 

OEt t 

EtO O 

EtO O 
OEt t 

29aa (1,3) 
29bb (1,4) 

noo product 
formation n 

OEt t 

OEt t 

OEt t 

EtO O 

30 0 

ReagentsReagents and conditions: (a) 4,4-diethoxybutylamine, toluene, reflux then NaBH4, EtOH, 65% (29a), 78% 
(29b);; (b) tryptamine, TFA, H20; (c) piperazine, NaBH4, MeOH, 61%. 

Somee tetrahydro-P-carbolines with alkylamino side chains have been mentioned in 

thee literature. The isolation and affinity for serotonergic receptors of the racemic alkaloid 

nazlininee 32 from the plant Nitraria schoberi was described in 1991.27 A short biomimetic 

synthesiss and revision of the structure of this interesting alkaloid were reported from our 

laboratoryy in 1993.28 

Figuree 2.3 

32,, nazlinine 33 3 34,, trypargine 
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Thee nazlinine analogue 33, lacking one methylene group in the sidechain, has been 

describedd as an intermediate in the synthesis of the biologically active alkaloid trypargine 34, 

isolatedd from the african frog Kassina senegalensis in optically active form.29 Compound 34 

waswas recently isolated as the racemate from Eudistoma sp. ascidian.30 Nazlinine 32 was 

obtainedd by a Pictet-Spengler reaction of tryptamine with an excess of aqueous glutaric 

dialdehyde,, furnishing the cyclic iminium salt 35 (scheme 2.14). Opening of this 

indoloquinolizidinee using methoxyamine yielded the oxime ether 36 which was subsequently 

reducedd with lithium aluminium hydride. The nazlinine analogue 33 was obtained in excellent 

yieldd by Pictet-Spengler condensation of tryptamine and the commercially available 4,4-

diethoxybutylamine. . 

Schemee 2.14 

NH2 2 35 5 
OCH3 3 

ReagentsReagents and conditions: (a) glutaric dialdehyde (aq); (b) NH2OCH3, H20, 90 ; (c) UAIH4, 
THF,, reflux, 36% (3 steps); (d) 4,4-diethoxybutylamine, TFA, H20, 90%. 

Reductivee amination of 32 and 33 with terephtaldehyde gave the corresponding 

iminess which were reduced by using sodium borohydride in ethanol to yield the desired 

dimericc tetrahydro-p-carbolines 37a and 37b (scheme 2.15). 

Schemee 2.15 

ReagentsReagents and conditions: (a) terephtaldehyde, MeOH, NaBH4, 82% (37a), 73% (37b) 
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§§ 2.6 The Desig n of Linker s Containin g Amid e Functionalit y 

§§ 2.6.1 Attempted Synthesis of 1-(2-Aminoethyl)tetrahydro-p-carboline 

Alkylaminoo substituted tetrahydro-P-carbolines, like nazlinine 32, are interesting 

buildingg blocks for the synthesis of tetrahydro-P-carboline dimers with an amide functionality 

inn the spacer. Appropriate protecting groups should however be introduced at the iVb-nitrogen 

inn order to prevent undesired side reactions. In this section we describe some approaches to 

thee synthesis of appropriately protected tetrahydro-p-carbolines containing an amino group in 

thee side chain. Dimerization of these compounds, with side-chains of different dimensions 

shouldd furnish a range of tetrahydro-P-carboline dimers. 

Pictet-Spenglerr reaction of tryptamine with 3,3-diethoxypropionitrile under acidic 

conditionss furnished in good yield the cyano alkyl substituted tetrahydro-P-carboline 38. 

Compoundd 38 was expected to provide an easy entry into the desired l-(2-

aminoethyl)tetrahydro-P-carbolinee by reduction of the cyano function. Very surprisingly, 

treatmentt of 38 with lithium aluminium hydride gave in excellent yield compound 39, which 

arisess from net expulsion of acetonitrile under the reaction conditions. This interesting 

pathwayy is most likely caused by metal complexation followed by hydride reduction of the 

resultingg imine, a reaction that also could not be suppressed at lower temperatures. Reduction 

off  the cyanofunction by using borane dimethylsulfide in tetrahydrofuran led to the formation 

off  an unidentifyable mixture of products. 

Schemee 2.16 

Ocaa - CgQ 
HH H I 

38 8 

NH H 

CN N 

CoOO - CgQ NH H 

39 9 

ReagentsReagents and conditions: (a) 3,3-diethoxypropionitrile, TFA, H20; (b) LiAIH4, THF, reflux, 93%. 

Sincee it appears that the amino hydrogen plays an important role in this extraordinary 

reactionn under hydride reduction conditions we decided to replace this hydrogen with an 

alkylgroupp and to investigate the effect on the outcome of the reduction. For this purpose 

nitrilee 38 was reacted with formaldehyde and sodium cyanoborohydride to yield the N-

methylaminee 40a in good yield. 

Reductionn of 40a with lithium aluminium hydride in tetrahydrofuran did again not 

givee any satisfying results. The use of borane dimethylsulfide in THF however gave the 
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desiredd amine 41a in moderate yield. These more encouraging results prompted us to attempt 

thiss reaction with the benzyl protected cyanide 40b in order to obtain the amine 41b, which 

shouldd be a more suitable starting material for dimerization reactions than 41a because of the 

benzyll  group that can easily be removed. For this purpose nitrile 38 was benzylated with 

benzylbromidee and potassium carbonate in DMF to give 40b in excellent yield. Subsequent 

reductionn with borane dimethylsulfide in tetrahydrofuran yielded amine 41b in low yield. 

Schemee 2.17 

aa orb 

NH2 2 

ReagentsReagents and conditions: (a), formaldehyde (aq), NaCNBH3, CH3CN, 70%; (b) BnBr, K2C03 (aq), DMF, 95%; 
(c)) BH3.DMS, THF, reflux, 30% (41a), 21% (41b). 

Inn analogy, JV-benzylnazlinine 44 was prepared as a dimerization precursor with a 

butylaminoo Cl-substituent (scheme 2.18). Pictet-Spengler reaction of JV-benzyltryptamine 

withh 5,5-diethoxypentanal 30 afforded tetrahydro-P-carboline 42 in excellent yield. 

Subsequentt formation of the oxime ether 43 by reaction with methoxy amine and reduction of 

thee oxime functionality by treatment with lithium aluminium hydride furnished N-

benzylnazlininee 44 in good yield. 

Schemee 2.18 

OJ OJ NHBn n 

II 43 R = C=N-OCH3 

L—— 44 R = CH2NH2 

ReagentsReagents and conditions: (a) 30, toluene, 85%; (b) NH2OCH3.HCI, NaOAc, THF, H20, 93%; (c) UAIH4, THF, 
83%. . 

Aminess 41b and 44 reacted with terephtaloyl chloride in dichlorometane in the 

presencee of DiPEA yielding the corresponding /v*-benzylprotected dimeric species 45a and 

45bb in good yields. Removal of the N-benzylgroups by catalytic hydrogenation under acidic 

conditionss proved to be a troublesome process, which makes the overall synthesis of amide 

containingg spacers, based on this methodology, less efficient. For this reason we investigated 

aa different approach, involving the use of the acid sensitive Boc-group as protection for the 

iVb-aminogroup,, as will be described in paragraph 2.6.2. 
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Schemee 2.19 

41b,, 44 - 2 ^ -

C RR = B 
RR = H 
RR = Bn, 45a(n=1)/45b(n=3) 

46a(n=1)/46b(n=3) ) 

ReagentsReagents and conditions: (a) terephtaloyl chloride, DiPEA, CH2CI2, 72% (45a), 65% (45b); 
(b)) H2, Pd(OH)2/C, EtOH, HOAc, 23% (46a), 14% (46b). 

§§ 2.6.2 Synthesis of A/2-Boc-1-(2-aminoethyl)tetrahydro-p-carboline 

iV2-Boc-l-(2-aminoethyl)tetrahydro-P-carbolinee 53 should, after dimerization with a 

dicarboxylicc acid chloride, allow easy removal of the protective group under acidic 

conditions.. In order to circumvent the problems with the hydride reduction of the nitrile 

functionalityy that were encountered with 40a and 40b, the Nh-Boc protected nitrile was 

subjectedd to catalytic hydrogenation, which gave the desired amine 53 in an extremely slow 

reaction.. This prompted us to develop a different strategy which involves the formation of the 

desiredd protected Cl-substituent prior to introduction in the tetrahydro-P-carboline system by 

aa Pictet-Spengler reaction (scheme 2.20). The synthetic approach to A^-Boc-protected amine 

533 involves the use of orthogonal protective groups such as the base labile 9-

fluorenylmethyloxycarbonyll  (Fmoc) and benzyloxycarbonyl group (Cbz) which can be 

removedd by catalytic hydrogenation. 

Schemee 2.20 

EtO^^ ^.OEt EtO^ ^OEt EtO^ ^OEt O^^ .H 
bb ore 

X..CN N 

477 48 

NH,, k ^NHR k ^NHR 

49aa R = Fmoc 50a R = Fmoc 
49bb R = Cbz 50b R = Cbz 

|| 51, R = H 53 
'—-- 52, R = Boc 

ReagentsReagents and conditions: (a) Na, MeOH, 60%; (b) FMoc-OSu, Et3N, CH3CN, 56%; (c) CbzCI, CH2CI2, 
K2C033 (aq), 95%; (d) H20, HOAc, 85% (50a), 99% (50b); (e) tryptamine, TFA, CH2CI2, 70%; (f) (Boc)20, 
CH2CI2,, 95%; (g) H2, Pd/C, EtOH. 

Startingg from l-amino-3,3-diethoxypropane 48, which was obtained by dissolving 

metall  reduction of 3,3-diethoxypropionitrile31 (scheme 2.20), the JV-protective groups were 
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introduced.. Treatment of 48 with 9-fluorenylmethyl-A'-succinimidyl carbonate and triethyl 

aminee yielded Ar-Fmoc-l-amino-3,3-diethoxypropane 49a (56%). The N-Cbz analog 49b was 

obtainedd in excellent yield by treatment of 48 with benzyl chloroformate in the presence of 

potassiumm carbonate. 

Hydrolysiss of the acetals 49a and 49b by using aqueous acetic acid yielded the 

correspondingg N-Fmoc protected aldehyde 50a in 85% and the JV-Cbz protected aldehyde 

50bb quantitatively. Tryptamine proved to be very efficient in removing the N-Fmoc group 

fromm aldehyde 50a under Pictet-Spengler conditions. This fact, combined with the moderate 

yieldd in the two preceeding steps prompted us to further study this pathway with the N-Cbz 

protectedd aldehyde 50b that was obtained in excellent yield over three steps. 

Pictet-Spenglerr reaction of 50b with tryptamine under acidic conditions furnished the 

correspondingg tetrahydro-p-carboline 51 in 70% yield. N-Boc protection of 51 yielded the 

doublee protected tetrahydro-P-carboline 52 in excellent yield and removal of the N-Cbz group 

byy using catalytic hydrogenation gave the desired 7V-Boc-ethylaminotetrahydro-P-carboline 

533 in an overall yield of 61% over four steps starting from l-amino-3,3-diethoxy propane. 

§§ 2.6.3 Dimerization of N2-Boc-1-(2-aminoethyl)tetrahydro-P-carboline 

Inn the preceding paragraph the synthesis of the N-Boc protected tetrahydro-P-

carbolinee 53 was described. Reaction of this compound with diacid chlorides provides 

ethylaminoo substituted dimers 54a-54e from which the protective group was easily removed 

underr acidic conditions (table 2.4). 

Tablee 2.4 

533 I— 54a-e R = Boc 

-- 55a-e R = H 

No.. linke r Yield (%)"  No. Yield (%)" 
dimerizatio nn deprotectio n 

54aa N Y ^ V N 65 55a 81 

54b b 

54c c 

54d d 

54e e 

N^l^) ) 

N Y ^ ~ ~ 

"Y^X, "Y^X, 
0 0 

72 2 

68 8 

59 9 

82 2 

55b b 

55c c 

SSd d 

55e e 

84 4 

92 2 

89 9 

86 6 

ReagentsReagents and conditions: (a) dicarboxylic acid chloride or phosgene, CH2CI2, K 2C03 (aq); 
(b)) TFA, CH2CI2. ' Afte r colum n chromatography . 
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Treatmentt of amine 53 with 1,3,5-benzenetricaboxylic acid chloride and subsequent 

removall  of the Boc-group resulted in the formation of the trimeric tetrahydro-p-carboline 57 

inn reasonable yield (scheme 2.21). 

Schemee 2.21 

53 3 

57RR = H 

ReagentsReagents and conditions: (a) trimesoyl chloride, CH2CI2, K2C03 (aq), 65%; (b) TFA, CH2CI2, 76%. 

§§ 2.7 Linker s Containin g Este r Functionalit y 

Thee presence of ester functions in biologically interesting molecules is often 

undesirablee because of their poor pharmacological profile, due to their instability as a result 

off  in vivo activity of esterases. Nevertheless, since we have developed an efficient synthetic 

routee to tetrahydro-P-carboline dimers with amide functionalities and we are interested in the 

fundamentall  aspects of the in vitro activity we extended this methodology to dimers with 

linkerss containing ester functionalities. 

Thee starting point for the synthesis of tetrahydro-P-carboline dimers with short ester 

linkerss was the unnatural amino acid 58. After addition of an aqueous solution of glyoxylic 

acidd to a solution of tryptamine hydrochloride in water, a solution of potassium hydroxide 

wass added to prevent decarboxylation5 which furnished 58 in quantitative yield.32 

Schemee 2.22 

v v 
H H 

NH2 2 

.HCI I 

aa , 

R R 

. ii 58 R = COOH, R'= H 

d d 

—— 59 R = COOCH3, R' = H 
—— 60 R = CH2OH, R' = H 
—— 61 R = CH2OH, R' = Boc 

f r - W B . . 
L—— R' = H 

R'' = Boc, 62a(1,3)/62b(1,4) 
R'' = H, 63a(1,3)/63b(1,4) 

ReagentsReagents and conditions: (a) glyoxylic acid, KOH (aq), 92%; (b) MeOH, H2S04, 92%; (c) LiAIH4, THF, 65%; (d) 
(Boc)20,, Et3N, CH2CI2, 89%; (e) isophtaloyl chloride or terephtaloyl chloride, Et3N, CH2CI2, 81% (62a), 74% (62b); 
(f)) CH2CI2, TFA. 84% (63a), 89% (63b). 
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Attemptss to simply esterify amino acid 58 were not succesful. The main reason for 

thiss is its extemely low solubility in organic solvents which limits the use of coupling 

reagentss for esterification. Methyl ester 59 could however be obtained by overnight stirring of 

588 in methanol and sulphuric acid. Reduction of 59 by using lithium aluminiumhydride in 

THFF resulted in the formation of alcohol 60. 7V2-Boc protection by treatment with di-tert-butyl 

dicarbonatee in dichloromethane furnished the dimerization precursor 61 in good yield. 

Reactionn of 61 with dicarboxylic acid chlorides and subsequent deprotection using 

trifluoroaceticc acid in dichloromethane furnished tetrahydro-P-carboline dimers 63a and 63b 

withh ester functionalities in the linker (scheme 2.22). Reaction of 61 with phosgene resulted 

inn the formation of the carbonate 64. Deprotection under a range of acidic conditions however 

resultedd in the decomposition of this dimer. 

Schemee 2.23 

OH H 

611 64 

ReagentsReagents and conditions: (a) phosgene, DiPEA, CH2CI2, 68%. 

§§ 2.8 Bisindole s Linke d via  th e 5-Positio n 

Inn § 2.1 several strategies for the synthesis of tetrahydro-p-carboline dimers were 

presented.. In § 2.2 to § 2.7 we focussed on the use of dibasic cyclization strategies of 

tryptaminess and on the dimerization of monomeric tetrahydro-P-carbolines. In this paragraph 

wee will focus on the synthesis of some dimeric 5-5'-linked indoles that can be further 

elaboratedd to tryptamines and tetrahydro-P-carbolines. 

Inn the literature, many examples of naturally occurring unsymmetrical bisindole and 

bistryptaminee alkaloids, often isolated from marine sources, are mentioned. Linkages in 

bisindolee alkaloids often occur via the reactive indole 3-position as can be seen from the 

naturall  products depicted in Figure 2.4. Another remarkable feature is the presence of 

bromosubstituentss on the phenylrings of many naturally occuring bisindole systems. 

Inn hyrtiosin B, isolated from the okinawan marine sponge Hyrtios erecta", two 5-

hydroxyindolee units are connected via a simple glyoxyl linker. Nortopsin B34, a cytotoxic and 

antifungall  compound from Spongosorites ruetzleri shows linkage of two 6-bromoindoles by 

wayy of an imidazole ring, while the two substituted indole units in dragmacidin35 are linked 

throughh a piperazine ring. The family of gelluisines36, represented by the bistryptamine 

gelluisinee F, consists of dimeric and trimeric bromo- and hydroxytryptamines with affinity for 

receptorss in the central nervous system. 
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Pharmacologicall  studies of serotonin dimers showed that dimerization of 5-
hydroxytryptaminee by using the 5-hydroxy substituent as an attachment for the linker, led to 
ann increase in the serotonergic activity of the obtained dimers.' This prompted us to develop a 
strategyy to dimeric tetrahydro-P-carbolines, that are linked via the 5-position of the indole 
ringring through carbon-carbon bonds. 

Figuree 2.4 

HO O ^^^^^^^^  ^-jf t  XV 
NN B r ^ ^ ^ N ^ H 

'I'I  V~<r"\  /?  B! 

-N N 

H H H H 

65,, hyrtiosin B 6 6 ] nortopsentin C 

NH2 2 

67,, gelluisine F J H 68, dragmacidin 

Substitutionn reactions on the indole nucleus depend heavily on the use of palladium 

catalyzedd reactions of haloindoles with appropriate substrates. Suzuki coupling reactions of 5-

andd 6-bromoindoles with arylboronic acids furnished substructures of chloropeptins and 

kistamicine,, which are naturally occurring macropolypeptides.37 A Suzuki-approach to 2-aryl 

substitutedd tryptamines was reported by Wyvratt and coworkers38 and Stille cross-coupling of 

6-haloindoless and appropriate tin reagents provided a relyable synthetic route to 6-allyl and 6-

heteroaryll  indoles.39 Another Stille approach was used to prepare bisindoles, linked via the 

indolee 2-position.40 

Schemee 2.24 

11 — 1 Tï 
linker r 

rr  W^  ^Y_-

Sonogashiraa couplings of aryl halides with terminal alkynes in the presence of 

palladiumm catalysts have proven to be ideal tools for the alkylation of aromatic rings.4' The 

Sonogashiraa conditions are an important improvement of the pioneering work by Castro and 

Stevenss who reported the formation of biarylacetylenes from the reaction of aryl iodides with 
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copper(I)) acetylides in refluxing pyridine.42 The catalytic use of a palladium(O) species and 

copper(I)iodidee in the presence of a base, usually an amine, allows the coupling of terminal 

acetyleness and arylhalides under much milder conditions. Therefore, applications of the 

Sonogashiraa reaction are widespread in organic synthesis.43 

Inn our strategy towards dimeric indoles that are linked via the indole 5-position we 

startedd from 5-bromoindole 70, which was obtained in a three-step procedure from indole.44 

Reactionn of indole with aqueous sodium bisulfite and subsequent JV-acetylation produced the 

sodiumm l-acetylindoline-2-sulfonate 69. The indoline, which is actually a substituted aniline 

allowss electrophilic substitution at the 5-position, whereas the aromatic indole itself 

undergoess substitution rather at the 3-position.45 Bromination and basic work-up gave 5-

bromoindolee in excellent yield. 

Itt was anticipated that Sonogashira reactions of 5-bromoindole require appropriate 

nitrogenn protective groups. Efficient tosylation of 70 under phase transfer conditions 

furnishedd N-tosyl-S-bromoindole 71a in good yield. 7V-Boc-5-bromoindole 71b was obtained 

byy treatment of 70 with di-tert-butyl dicarbonate (scheme 2.25). 

Schemee 2.25 

Ooii -*— "XXi j ^ r"Cn 
II H R 

699 70 71a R = Tos 
71bb  R = Boe 

ReagentsReagents and conditions: (a) Br2, H20, 87%; (b) TosCI, NaOH (aq), toluene, Bu3NHS04, 95% (71a); 
(c)) (Boc)20, CH2CI2, 99%, (71b). 

Fukudaa and coworkers have reported on the use of a Sonogashira reaction to prepare 

2-carboxy2-carboxy substituted bisindoles as a new generation of cyclopropapyrroloindole (CPI) 

bisalkylatorss starting from 5-bromo-2-carboxylate.46 In a likewise procedure Sonogashira 

couplingg of jV-tosyl-5-bromoindole 71a with trimethylsilyl acetylene furnished the indole 72 

inn excellent yield. Removal of the trimethylsilyl group using potassium carbonate in methanol 

affordedd the acetylene 73, which was subjected to a second Sonogashira coupling with N-

tosyl-5-bromoindolee to give bisindole 74 in good overall yield. 

Toss Tos 

74 4 

ReagentsReagents and conditions: (a) TMS-acetylene, Pd(PPh3)4, Cul, piperidine, 89%; (b) K2C03, MeOH, 87%; (c) 71a, 
Pd(PPh3)4,, Cul, piperidine, 76%. 

Schemee 2.26 

Br. . 

N N 
I I 
Tos s 

71a a 
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Removall  of the tosylgroups47 and build-up of the tryptamine side-chain by using a 

well-establishedd literature procedure,48 allows the synthesis of 5-5' linked tetrahydro-)}-

carbolinee dimers connected via an acetylene bridge. 

Beletskayaa and coworkers mentioned the synthesis of substituted propargyl alcohols 

byy reaction of arylbromides and terminal acetylenes under Sonogashira conditions.49 We used 

hydroxyll  substituted acetylenes to substitute the indole 5-position. The resulting 5-substituted 

indoless can be further elaborated to give dimeric indoles. The Sonogashira reactions were 

performedd with iV-tosyl and N-Boc-protected 5-bromoindoles 71a and 71b. The results of this 

approachh are reported in table 2.5. 

Reactionss with unprotected 5-bromoindole 70 did not proceed to completion. The 

introductionn of electron withdrawing A'-protective groups, such as the tosylgroup turned out 

too be advantageous. iV-Boc-5-bromoindole 71b suffered from unwanted thermal removal of 

thee Boc group under the reaction conditions, which explains the lower yield of compound 

77b.. Propargyl alcohol was not reactive but 3-butyn-l-ol and 4-pentyn-l-ol reacted smoothly 

too give alcohols 77a and 78 in good yields. 

Tablee 2.5 

Br. . 

J J OH H 

71aa R = Tos 
71bb R = Boc 

noo R n Yield (%)' 

755 H 2 61 

766 Tosyl 1 

77aa Tosyl 2 99 

77bb Boc 2 60 

788 Tosyl 3 89 
ReagentsReagents and conditions: (a) Pd(PPh3)«, Cul, piperidine, 60 . 
"" After column chromatography. 

Sincee reactions with terminal alkynes and ALtosyl-5-bromotryptamine 71a worked 

veryy well, we decided to further investigate this strategy by using dimeric acetylenes. 

Tosylationn of 3-butyn-l-ol provided the O-tosylated alkyne 80 in moderate yield. Reaction of 

ann excess of this tosylate with piperazine gave the bis-acetylene 79. Reaction of 79 with N-

tosyl-5-bromoindolee 71a under Sonogashira conditions gave only traces of the desired 

bisindolee 81. Via a second approach Sonogashira product 77a was tosylated. Subsequent 

treatmentt of 82 with piperazine under basic conditions gave the desired product in acceptable 

yieldd (scheme 2.27). 
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Schemee 2.27 

I—— 77a R = H 
1—-- 82 R = Tos 

ReagentsReagents and conditions: (a) 0-tosyl-3-butyn-1-ol 80, NaHC03, DMF, 58%; (b) Pd(PPh3)4, Cul, 
piperidine,, 65 , no reaction; (c) TosCI, pyridine, 73%; (d) piperazine, K2C03, DMF, 58%. 

Inn this paragraph some possibilities that palladium chemistry provides to prepare 

tetrahydro-P-carbolinee dimers, linked via the 5-position of the indole ring, were displayed. 

Furtherr studies on this synthetic route are necessary to prepare these tetrahydro-P-carboline 

dimerss in which the 1-position of the C-ring is free for the introduction of interesting 

pharmacophores. . 

§§ 2.9 Concludin g Remark s 

Inn this chapter the synthesis of racemic tetrahydro-P-carboline dimers and trimers has 

beenn discussed. Synthetic routes that allow the efficient preparation of appropriate starting 

materialss and introduction of various types of linker systems, have been developed. This has 

ledd to the formation of a range of dimeric and trimeric tetrahydro-P-carbolines that are 

connectedd via simple aliphatic chains and linker systems based on aromatic rings. The 

introductionn of heteroatoms in the linker systems provided dimeric and trimeric species 

containingg ethers, secondary amines, amide and ester linkages. 

Furthermore,, application of Sonogashira reactions proved to be a synthetic handle for 

thee linkage of dimeric tetrahydro-p-carbolines via the indole 5-position thus leaving the 1-

positionn of the C-ring open for the introduction of other substituents. 
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§§ 2.11 Experimental Details 

Generall  information . All reactions involving moisture sensitive compounds were carried out 
underr a dry nitrogen atmosphere and all reactions with oxygen sensitive reagents were 
performedd under an argon atmosphere. All reagents and solvents were used without further 
purificationn unless stated otherwise. Dichloromethane (phosphorouspentoxide and calcium 
hydride),, tetrahydrofuran (sodium/benzophenone) and light petroleum (60-80) were distilled 
freshlyy prior to use. Reactions were monitored by using TLC on silica coated plastic sheets 
(Merckk silica gel 60 F254) with the indicated eluens. The compounds were visualized by UV 
lightt (254 nm), I2 or p -anisaldehyde in methanol (20%). Column chromatography was 
performedd under air pressure50 by using Acros silica gel (0.030-0.075 mm). Melting points 
weree determined on a Leitz melting point microscope and are used uncorrected. Infrared 
spectraa were obtained from CHC13 solutions, unless stated otherwise. Nuclear magnetic 
resonancee spectra were determined in perdeuterated chloroform, methanol, dimethylsulfoxide 
andd water that were obtained from Cambridge Isotope Laboratories Ltd.. 'H-NMR spectra 
weree recorded on a Bruker ARX 400 (400 MHz) spectrometer at 300 K, unless stated 
otherwise.. 13C-NMR spectra were recorded on Bruker ARX 400 (100 MHz) or Bruker AC 
2000 (50 MHz) spectrometer at 300 K. Chemical shifts (8) are reported in ppm downfield from 
tetramethylsilanee as an internal standard. Peakshapes in the 'H-NMR-spectra are indicated 
withh the symbols "q" (quartet), "t" (triplet), "d" (doublet), "s" (singlet), "bs" (broad singlet) 
andd "m" (multiplet). Mass spectra and accurate mass measurement were performed on a 
JEOLL JMS-SX/SX 102 A Tandem Mass Spectrometer using Fast Atom Bombardement 
(FAB+)) or Electron Ionisation (EI+). Numbering of the tryptamine and tetrahydro-p-carboline 
ringring systems is according to the numbering in the parent ring systems shown below. 

S-JAJ*?—3^\pp
 6 i r ^ f — r ^ i 3 

66 L A " J 2 NH2 7 LA^X^NH 
ii  H N„  8 H 1 

Tetramethyll  chloroformamidiniu m hexafluorophosphate 3. A solution of oxalylchloride 
(0.199 mol, 16.50 mL) in toluene (100 mL) was added dropwise to a solution of 
tetramethylureumm (11.60 g, 100 mmol) in toluene (100 mL). Stirring of the reaction mixture 
att 120 °C until gas evolution had ceased gave a white precipitate. After addition of diethyl 
etherr (350 mL) and subsequent stirring at room temperature for 1 hour the precipitate was 
filteredd off and dissolved in dichloromethane (500 mL). Saturated aqueous potassium 
hexafluorophosphatee (30 mL) was added and after stirring the solution for 30 minutes the 
organicc layer was washed with two 50 mL portions of water. Drying of the organic layer 
(Na2S04)) and coevaporation of the volatiles using ethanol in vacuo yielded 3 as a white 
crystallinee material (16.9 g, 60 %). M.p. 90 °C; 'H-NMR (DMSO-rf<J) 8 3.34 (s, 12H). 
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Generall  procedure for  the preparation of bisamides 4a-i. TCFH 3 (1.74 g, 6.20 mmol) 
waswas added to a solution of tryptamine (1.0 g, 6.2 mmol) and the dicarboxylic acid (2.8 mmol) 
inn tetrahydrofuran (30 mL). After addition of DiPEA (12.4 mmol, 2.15 mL) at 0 °C and 
subsequentt stirring of the reaction mixture at room temperature for 15 minutes the white 
precipitatee was filtered off. Washing of the precipitate with diethyl ether furnished the 
correspondingg bisamides. 

ty./V-Bis-[2-(lJy-indol-3-yl)-ethyl]malonamidety./V-Bis-[2-(lJy-indol-3-yl)-ethyl]malonamide 1. White solid (95%, 1.03 g). M.p. 161 °C; 
'H-NMRR (CD3OD) 8 7.55 (d, J= 8.1 Hz, 2H), 7.32 (d, J= 8.3Hz, 2H), 7.09-7.02 (m, 4H), 
7.000 (t, J = 6.9 Hz, 2H), 3.53-3.41 (m, 4H), 3.16 (s, 2H), 2.98 (t, J = 7.1 Hz, 4H); IR (CHC13) 
1685,, 1530. 

Af,iV-Bis-[2-(ltf-indol-3-yl)-ethyl]succinamid ee 4a. White solid (92%, 1.04 g). M.p. 182 °C; 
'H-NMRR (CD3OD) 5 7.55 (d, J = 8.1 Hz, 2H), 7.31 (d, J= 8.3 Hz, 2H), 7.09-7.02 (m, 4H), 
6.999 (t, J = 8.2 Hz, 2H), 3.46 (t, J = 7.2 Hz, 4H), 2.92 (t, J = 7.1Hz, 4H), 2.42 (s, 4H); IR 
(CHCI3)) 1683, 1530. 

iV,iV-Bis-[2-(l#-indol-3-yl)-ethyl]glutaraimd ee 4b. White solid (94%, 1.09 g). M.p. 204 °C; 
'H-NMRR (CD3OD) 8 7.56 (d ,/ = 8.1 Hz, 2H), 7.31 (d, J= 8.3 Hz, 2H), 7.09-7.02 (m, 4H), 
7.000 (t, J= 8.3 Hz, 2H), 3.47 (t, J= 7.2 Hz, 4H), 2.93 ( t , /= 7.2 Hz, 4H), 2.12 (t,y = 7.1 Hz, 
4H),, 2.89-2.77 (m, 2H); IR (CHC13) 1684, 1533. 

JV,iV-Bis-[2-(lJy-indol-3-yl)-ethyl]adipamid ee 4c. White solid (93%, 1.12 g). M.p. 201 °C; 
'H-NMRR (CD3OD) 87.55 (d, J = 8.1 Hz, 2H), 7.33 (d, J= 8.3 Hz, 2H), 7.11-7.03 (m, 4H), 
7.011 (t, / = 8.3 Hz, 2H), 3.47 (t, J = 7.2 Hz, 4H), 2.93 (t, J= 7.2 Hz, 4H), 2.09 (t, J = 7.1 Hz, 
4H),, 2.90-2.76 (m, 4H); IR (CHC13) 1685, 1529. 

tyA^-Bis-[2-(lff-indol-3-yl)-ethyl]pimelamidetyA^-Bis-[2-(lff-indol-3-yl)-ethyl]pimelamide  4d. White solid (89%, 1.11 g). M.p. 178 °C; 
'H-NMRR (CDjOD) 87.54 (d, J = 8.1 Hz, 2H), 7.30 (d, J = 8.1 Hz, 2H), 7.10-7.02 (m, 4H), 
6.977 (t, / = 8.0 Hz, 2H), 3,47 (t, J= 7.1 Hz, 4H), 2.92 (t, J = 7.2 Hz, 4H), 2.09 (t, J = 7.2 Hz, 
4H),, 1.59-1.48 (m,4H), 1.28-1.18 (m,2H); IR(CHC13) 1682,1530. 

iV^-Bis-ll^l/f-indol-S-ylJ-ethyllsuberamid ee 4e. White solid (93%, 1.19 g). M.p. 192 °C; 
'H-NMRR (CD3OD) 87.56 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 7.09-7.02 (m, 4H), 
7.011 (t ,y= 8.3 Hz, 2H), 3.46 (t,./= 7.1 Hz, 4H), 2.92 (t,J = 6.9 Hz, 4H), 2.12 (t, J= 7.1 Hz, 
4H),, 1.59-1.44 (m,4H), 1.30-117 (m,4H); IR(CHC13) 1685, 1531. 

iV,iV'-Bis-[2-(l^-indoI-3-yl)-ethyl]azealamid ee 4f. White solid (84%, 1.16 g). M.p. 164 °C; 
'H-NMRR (CD3OD) 87.55 (d,J = 8.1 Hz, 2H), 7.31 (d,7= 7.9 Hz, 2H), 7.10-7.02 (m, 4.1H), 
6.999 (t, J = 8.0 Hz, 2H), 3.49 (t, J = 7.1 Hz, 4H), 2.94 (t, J= 7.3 Hz, 4H), 2.15 (t, J= 7.1 Hz, 
4H,),, 1.61-1.50 (m, 4H), 1.32-1.22 (m, 6H); IR (CHC13) 1682, 1533. 

/Y-[2-{ltf-indol-3-yI)-ethyl]-2-2-{[2-(l JÉr-indol-3-yl)-ethylcarbamoyl]methoxy}acetamide e 
4g.. White solid (82%, 960 mg). M.p. 181 °C; 'H-NMR (CD3OD) 87.56 (d, J= 8.1 Hz, 2H), 
7.311 (d, J= 8.0 Hz, 2H), 7.10-7.02 (m, 4H), 6.99 (t, J= 8.1 Hz, 2H), 3.52 (t, J = 7.2 Hz, 4H), 
3.311 (s, 4H), 2.94 ( t , /= 7.2 Hz, 4H); IR (CHC13) 1681, 1530. 

Ar-[2-(ltf-indol-3-yl)-ethyl]-2-2-{2-(l^-indol-3-yl)-ethylcarbamoylmethoxy } } 
ethoxyacetamidee 4h. White solid (86%, 1.11 g). M.p. 209 °C; 'H-NMR (CD3OD) 87.54 (d, 
J=J= 4.1Hz, 2H), 7.31 (d, J= 4.2Hz, 2H), 7.10-7.01 (m, 4H), 6.97 (t ,J = 4.1Hz, 2H), 3.83 (m, 
4H),, 3.52 (t, J= 7.2Hz, 4H), 3.45 (s, 4H), 2.94 (t, J= 7.1Hz, 4H); IR (CHC13) 1685, 1531. 

Generall  procedure for  the preparation of bisamides 10a and 10b and trisamide 12. To a 
solutionn of tryptamine (1.0 g, 6.24 mmol) and triethylamine (2.0 mL) in dichloromethane (30 
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mL)) at 0 °C was added a solution of di- or tricarboxylic acid chloride (3.1 mmol, 629 mg) in 
dichloromethanee (10 mL). Stirring of the reaction mixture for 20 minutes afforded a thick 
whitee precipitate. Filtration and washing of the residue with diethyl ether gave the 
correspondingg tryptamide dimer/trimer as a white solid material. 

Ar,Ar '-Bis-|2-(l//-indol-3-yl)-cthvl]isophtalamidee 10a. White solid (68%). M.p. 148 °C; 'H-
NMRR (DMSO-rftf) 810.82 (bs, 2H), 8.76 (bs, 2H), 8.38 (s, 1H), 8.00 (d, J = 8.2 Hz, 2H), 
7.65-7.544 (m, 3H), 7.36 (d, J = 8.1 Hz, 2H), 7.20 (s, 2H), 7.08 (t, J= 8.1 Hz, 2H), 7.00 (t, J = 
8.00 Hz, 2H), 3.64-3.52 (m, 4H), 3.08-2.95 (m, 4H); IR (CHC13) 1691,1529. 

A,AA '-Bis-|2-(l//-indol-3-yl)-ethyl]terephtalamide 10b. White solid (87%). M.p. 265 °C; 
'H-NMRR (DMSO-dS) 810.81 (bs, 2H), 8.76 (bs, 2H), 7.92 (s, 4H), 7.61 (d, J= 8.1 Hz, 2H), 
7.377 (d, J= 8.1 Hz, 2H), 7.20 (s, 2H), 7.09 (t, J= 8.2 Hz, 2H), 6.99 (t, J = 8.3 Hz, 2H), 3.62-
3.522 (m, 4H), 3.56-2.94 (m, 4H); IR (CHC13) 1692,1530. 

Benzene-l,3,5-tricarboxyIicc acid tris-{[2-(l/Mndol-3-yI)ethyl]amide } 12. White solid 
(67%).. M.p. >350 °C (decomp.); 'H-NMR (DMSO-dd) 8 11.00 (bs, 3H), 8.01 (bs, 3H), 7.59 
(d,, J = 4.1Hz, 3H), 7.40 (d, 7= 4.2Hz, 3H), 7.28 (s, 3H), 7.10 (t, J = 4.1Hz, 3H), 7.01 (t, J = 
4.1Hz,, 3H), 3.14-2.99 (m, 12H); IR (CHC13) 1691, 1530. 

Generall  procedure for  the Bischler-Napieralski reactions and subsequent reductions. A 
solutionn of bisamide or trisamide (500 mg) in phosphorous oxychloride (3 mL) was stirred at 
1100 °C for 1 hour. Evaporation of the volatiles in vacuo and subsequent addition of ethanol 
yieldedd the corresponding bis(dihydro-P-carboline) as the hydrochloride salt as a white 
precipitatee which was collected by filtration and washed with diethyl ether. A suspension of 
thee hydrochloric acid salt (1.0 mmol) in ethanol was cooled to 0 °C. Sodium borohydride (10 
mmol)) was added in small portions and the reaction mixture was stirred for 2 hours at room 
temperature.. Evaporation in vacuo, addition of water (5 mL), extractive work-up (ethyl 
acetate)) and subsequent drying (Na2S04) and removal of the solvent furnished the dimeric 
tetrahydro-fj-carbolines. . 

Dihydro-P-carbolinee dimer  5c. White solid (84%); 'H-NMR (CDC13) 8 10.43 (bs, 2H), 7.63 
(d,, J= 8.1 Hz, 2H), 7.48 (d, / = 8.2 Hz, 2H), 7.30 (t, J= 8.1 Hz, 2H), 7.15 (t, J= 8.2 Hz, 2H), 
4.044 (t, J = 7.9 Hz, 4H), 2.97 (t, J = 7.1 Hz, 4H), 2.82 (t, J= 7.0 Hz, 4H), 2.25 (m, 2H). 

Tetrahydro-P-carbolinee dimer  6c. Yellow oil (88%). 'H-NMR (D20) 8 7.61 (d, J = 4.0Hz, 
2H),, 7.45 (d, y - 4.1Hz, 2H), 7.27 (t, / = 4.1Hz, 2H), 7.18 (t, J= 4.0Hz, 2H), 4.78-4.69 (m, 
2H),, 3.78-3.65 (m, 2H), 3.53-3.41 (m, 2H), 3.12-3.60 (m, 4H), 2.37-2.22 (m, 2H), 2.18-2.04 
(m,, 2H), 1.81-1.70 (m, 2H); 13C-NMR (D20) 8 139.1, 131.6, 128.4, 125.7, 122.7, 121.2, 
109.2,, 55.6, 44.1, 34.1, 22.9, 20.6; HRMS (EI): Calcd. for C25H2gN4 384.2314, Found: 
384.2322. . 

Dihydro-p-carbolin ee dimer  5d. White solid (67%); 'H-NMR (CD3OD) 8 7.55 (d, J = 8.0 Hz, 
2H),, 7.30 (d, J = 8.1 Hz, 2H), 7.09-7.02 (m, 4H), 6.98 (t, J= 8.2 Hz, 2H), 3.48 (t, J = 6.9 Hz, 
4H),, 2.94 (ttJ= 7.0 Hz, 4H), 2.16-2.09 (m, 4H), 1.58-1.49 (m, 4H). 

Tetrahydro-P-carbolinee dimer  6d. Yellow oil (86%). 'H-NMR (CDC13) 8 878 (bs, 2H), 
8.599 (bs, 1H), 7.49 (d, J= 8.1 Hz, 2H), 7.30 (d, 7= 8.1 Hz, 2H), 7.20-7.06 (m, 4H), 4.11-3.98 
(m,, 2H), 3.40-3.29 (m, 2H), 3.09-2.95 (m, 2H), 2.79-2.65 (m, 4H), 1.95-1.48 (m, 8H); HRMS 
(EI):: Calcd. for C26H30N4 398.2470, Found: 398.2467. 

Dihydro-p-carbolin ee dimer  5e. White solid (70%). 'H-NMR (D20) 8 7.55 (d, J = 8.2 Hz, 
2H),, 7.42-7.32 (m, 4H), 7.15 (t, J = 8.2 Hz, 2H), 3.70 (t, J= 8.0 Hz, 4H), 2.96-2.88 (m, 8H), 
1.88-1.755 (m, 4H), 1.27-1.22 (m, 2H). 
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Tetrahydro-p-carbolin ee dimer  6e. Yellow oil (93%). 'H-NMR (CHC13) 8 878 (bs, 2H), 
8.599 (bs, 1H), 7.49 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 7.21-7.05 (m, 4H), 4.11-3.99 
(m,, 2H), 3.38-3.30 (m, 2H), 3.09-2.94 (m, 2H), 2.74-2.63 (m, 4H), 1.98-1.44 (m, 10H); 
HRMSS (EI): Calcd. for C27H32N4 412.2627, Found: 412.2636. 

Dihydro-P-carbolinee dimer  5f. White solid (81%). 'H-NMR (D20) 8 7.54 (d, J = 8.2 Hz, 
2H),, 7.43-7.31 (m, 4H), 7.14 (t, J = 8.2Hz, 2H), 3.72 (t, J= 8.0 Hz, 4H), 2.98-2.87 (m, 8H), 
1.91-1.700 (m, 6H), 1.29-1.21 (m, 2H); 13C-NMR (DMSO-rfó) 8 169.7, 140.6, 128.2, 125.5, 
123.9,, 123.5, 121.8, 121.2, 113.3,41.7,40.0,31.8,27.2,26.9. 

Tetrahydro-p-carbolin ee dimer  6f. Yellow oil (78%). 'H-NMR (CDC13) 8 880 (bs, 2H), 
8.655 (bs, 1H), 7.48 (d, J = 8.1 Hz, 2H), 7.28 (d, J = 8.1 Hz, 2H), 7.21-7.06 (m, 4H), 4.11-4.01 
(m,, 2H), 3.36-3.33 (m, 2H), 3.10-2.93 (m, 2H), 2.73-2.61 (m, 6H), 2.00-1.43 (m, 10H); ,3C-
NMRR (CDC13) 8 136.8, 136.2, 127.4, 122.3, 118.1, 117.3, 111.3, 108.7,58.1,52.8,42.8,29.7, 
25.4,, 22.6; HRMS (EI): Calcd. for C2gH34N4 426.2783, Found: 426.2789. 

Dihydro-P-carbolinee dimer  5g. White solid (69%); 'H-NMR (DMSO-t/tf) 812.55 (bs, 2H), 
12.344 (bs, 2H), 7.78 (d, J = 8.0 Hz, 2H), 7.55 (d, J = 8.1 Hz, 2H), 7.43 (t, J= 8.1 Hz, 2H), 
7.199 ( t ,J= 8.3 H z, 2H), 3.92-3.80 (m, 4H), 3.20 (t,y = 7.1 Hz, 4H), 3.11-2.98 (m, 4H), 1.77-
1.677 (m, 4H), 1.58-1.31 (m, 6H). 

Tetrahydro-P-carbolinee dimer  6g. Yellow oil (83%). 'H-NMR (DMSO-d6) 87.80 (bs, 2H), 
7.499 (d, J= 4.1 Hz, 2H), 7.32 (d, J = 4.0Hz, 2H), 7.19-7.04 (m, 4H), 4.08-4.02 (m, 2H), 3.42-
3.311 (m, 2H), 3.42-3.31 (m, 2H), 3.08-2.98 (m, 2H), 2.81-2.65 (m, 4H), 1.90-1.39 (m, 14H); 
'3C-NMRR (CDCI3) 8 138.2, 135.7, 127.4, 121.3, 119.1, 117.9, 110.7, 108.6, 57.9, 52.6,42.5, 
34.8,, 29.5, 25.6,22.6; HRMS (EI): Calcd. for C29H36N4 440.2940, Found: 440.2933. 

Dihydro-P-carbolinee dimer  5i. White solid (87%); 'H-NMR (D20) 87.45 (d, J= 4.1Hz, 
2H),, 7.38-7.30 (m, 4H), 7.04 (t, J = 4.2Hz, 2H), 4.82 (s, 4H), 4.01 (s, 4H), 3.84 (t, J = 7.1Hz, 
4H),, 2.98 (t, 7= 4.2Hz, 4H). 

Tetrahydro-p-carbolin ee dimer  6i. Yellow oil (84%). 'H-NMR (CD3OD) 87.37 (d, J = 
4.0Hz,, 2H), 7.28 (d, J= 4.1Hz, 2H), 7.04 (t, J = 4.1Hz, 2H), 6.69 (J= 4.2Hz, 2H), 4.24-4.18 
(m,, 2H), 3.86-3.70 (m, 8H), 3.28-3219 (m, 2H), 2.97-2.89 (m, 2H), 2.74-2.65 (m, 4H); '3C-
NMRR (CD3OD): 8137.7, 133.7, 128.4, 122.3, 119.8, 118.7, 112.0, 109.6, 73.7, 53.7, 42.9, 
22.7;; HRMS (EI): Calcd. for C26H30N4O2 430.2369, Found: 430.2361. 

Benzyl-l-[2-(L&-indol-3-yl)-ethyl]-amin ee 7. A solution of tryptamine (3.65 g, 22.8 mmol) 
andd benzaldehyde (2.54 mL, 25.0 mmol) in methanol (30 mL) was stirred at room 
temperaturee for 2 hours. After cooling to 0 °C sodium borohydride (1.0 g, 26.4 mmol) was 
addedd and the reaction mixture was stirred for another 2 hours at room temperature. Addition 
off  water (30 mL), extractive work-up (ethyl acetate), drying of the combined organic layers 
(Na2S04)) and evaporation in vacuo yielded 7 (85%, 4.79 g) as a light yellow oil. 'H-NMR 
(CDCI3)) 8 8.16 (bs, 1H), 7.63 (d,y= 8.1 Hz, 1H), 7.37-7.17 (m, 7H), 7.11 ( t ,J = 8.0 Hz, 1H), 
6.999 (s, 1H), 3.83 (s, 2H), 3.03 (s, 4H). 

tyiV'-Bis-benzyltyiV'-Bis-benzyl  dimer  8. A solution of 7 (2.0 g, 8.0 mmol) and terephtaldehyde (510 mg, 
3.800 mmol) in toluene (50 mL) was heated to reflux for 3 hours during which time a yellow 
precipitatee formed. Cooling to 0 °C and filtration yielded the N2-benzyl tetrahydro-p1-
carbolinee dimer 8 (78%, 3.74 g) as a light yellow solid. M.p. 223 °C; 'H-NMR (CDC13) 
88 7.51 (bs, 2H), 7.40-7.06 (m, 22H), 4.69 (s, 2H), 3.88 (d, J - 8.0 Hz, 2H), 3.43 (d, J = 8.1 
Hz,, 2H), 3.29-3.19 (m, 2H), 2.95-2.78 (m, 4H), 2.76-2.65 (m, 2H); 13C-NMR (CDC13) 
8141.6,, 139.3, 136.0, 134.1, 128.9, 128.5, 128.0, 126.8, 121.3, 119.2, 118.1, 110.6, 108.8, 
63.4,, 58.1,47.8, 20.6; HRMS (EI): Calcd. for C42H3gN4 598.3069, Found: 598.3075. 
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Tetrahydro-P-carbolinee dimer  9. Brown oil (82%). 'H-NMR (CDC13) 8 7.62 (bs, 2H), 7.53 
(d,, J= 8.1 Hz, 2H), 7.32-7.06 (m, 10H), 5.18-5.06 (m, 2H), 3.42-3.30 (m, 2H), 3.19-3.08 (m, 
2H),, 2.98-2.76 (m, 4H); HRMS (EI): Calcd. for C28H26N4 418.2157, Found: 418.2152. 

Tctrahydro-p-carbolin ee dimer  11. Yellow oil (87%). 'H-NMR (CDC13) 67.71 (bs, 2H), 
7.533 (d, J = 8.1 Hz, 2H), 7.40 (s, 1H), 7.35-7.22 (m, 2H), 7.20-7.06 (m, 5H), 5.06 (bs, 2H), 
3.39-3.300 (m, 2H), 3.16-3.07 (m, 2H), 2.98-2.75 (m, 4H); HRMS (EI): Calcd. for C28H26N4 

418.2157,, Found: 418.2163. 

3-[4-(2-carboxyviny1)-phenyl|acrylicc acid 14a. A solution of 1,4 terephtalaldehyde (5.0 g, 
377 mmol) and malonic acid (9.0 g, 85 ramol) in a mixture of pyridine (14 mL) and piperidine 
(0.55 mL) was heated to 50 °C. After 1 hour a white precipitate formed and the temperature 
waswas raised to 130 °C. Stirring was continued for another 2 hours. Subsequent filtration and 
washingg of the residue with diethylether yielded dicarboxylic acid 14a (68%, 5.53 g) as a 
whitee solid. M.p. 352 °C; 'H-NMR (DMSO-rfó) 612.45 (bs, 2H), 8.09 (s, 1H) 7.73 (d,J = 8.0 
Hz,, 2H), 7.62 (d, J= 8.1 Hz, 2H), 7.48 (t, J= 8.1 Hz, 1H), 6.69 (d, J= 8.0 Hz, 2H). 

3-[4-(2-carboxyethy])-phenyl]-propionicc acid 15a. Dicarboxylic acid 14a (9.1 mmol, 2.0 g) 
waswas dissolved in an aqueous solution of sodium hydroxide (20 mL, 1.0 M) stirred with Pd/C 
(10%,, 100 mg) under a hydrogen atmosphere (40 psi). After completion of the reaction, as 
waswas monitored by using TLC, the catalyst was Filtered off. Addition of a 2.0 M solution of 
hydrochloricc acid (20 mL), extractive work-up (ethyl acetate), drying of the combined organic 
layerss (NajSC )̂ and removal of the solvent in vacuo, yielded the dicarboxylic acid 15a as a 
whitee solid (96 %, 1.96 g). M.p. 228 °C; 'H-NMR (DMSO-rftf) 6 12.22 (bs, 2H), 7.1 (t, J = 
8.11 Hz, 1H), 7.15-7.02 (m, 3H), 2.79 (t, J = 6.0 Hz, 4H), 2.52 (t, J = 6.1 Hz, 4H); l3C-NMR 
(DMSO-</<5)) 8 173.7, 140.8, 128.2,128.1, 125.8, 35.2, 30.3. 

A^-[2-(lH-indol-3-yl)-ethyI]-4-(4-{2-[2-(lH-indoI-3-yl)ethylcarbamoylJ-ethyl}-phenyl) --
butyramid ee I7a. Dicarboxylic acid 15a (200 mg, 0.91 mmol) was dissolved in thionyl 
chloridee (1.0 mL). Dimethylformamide (2 drops) was added and the reaction was 
subsequentlyy stirred at room temperature for 30 minutes. Evaporation in vacuo yielded 
dicarboxylicc acid chloride 16a as a yellow solid which was dissolved in dichloromethane (5 
mL).. This solution was added at 0 °C to a solution of tryptamine (323 mg, 2.0 mmol) and 
DiPEAA (1.76 mL, 10.0 mmol) in dichloromethane (10 mL). Stirring at room temperature for 2 
hourss resulted in the formation of a white precipitate. Filtration and washing with diethyl 
etherr gave the tryptamide dimer 17a as a white solid (75%, 346 mg). M.p. 263 °C; 'H-NMR 
(DMSO)) 810.81 (bs, 2H), 7.97-7.92 (m, 4H), 7.55 (d, J = 8.1 Hz, 2H), 7.36 (m, / = 8.0 Hz, 
2H),, 7.10 (s, 4H), 7.08 (t, J = 7.9 Hz, 2H), 7.00 (t, J = 8.1 Hz, 2H), 3.38-3.29 (m, 4H), 2.85-
2.766 (m, 8H), 2.48 (t, J= 7.1 Hz, 4H); IR (CHC13) 1678. 

A^-[2-(lH-indoI-3-yk)-ethyl]-4-(3-{2-I2-(lH-indol-3-yI)ethyIcarbamoylI-ethyl}-phenyl) --
burjramid ee 17b. In a likewise manner as described above isophtaldicarboxaldehyde (2.0 g, 
14.99 mmol) was reacted with malonic acid (3.60 g, 34.6 mmol) resulting in the dicarboxylic 
acidd 14b (78%, 2.13 g) as a white solid. M.p. 281 °C; 'H-NMR (DMSO~d6) 8 12.39 (bs, 2H), 
7.744 (s, 4H), 7.62 (d, J = 8.0 Hz, 2H), 6.61 (d, J = 8.1 Hz, 2H); IR (CHC13) 2955, 1704. 
Reductionn of 14b as described above afforded 15b (98%) as a white solid. M.p. 145 °C; 'H-
NMRR (DMSO-rfd) 8 12.40 (bs, 2H), 7.12 (s, 4H), 2.79 (t, J = 7.0 Hz, 4H), 2.51 (t, / = 6.9 Hz, 
4H);; IR (CHC13) 2951, 1722. Formation of the dicarboxylic acid chloride 16b and subsequent 
couplingg to tryptamine resulted in the formation of tryptamide dimer 17b (68%) as an off-
whitee solid. M.p. 183 °C; 'H-NMR (DMSCW6) 810.82 (bs, 2H), 8.25 (t, J = 8.1 Hz, 2H), 
7.611 (s, 4H), 7.57 (d, J = 8.0 Hz, 2H), 7.45 (d, J= 8.0 Hz, 2H); 7.37 (d, J= 8.2 Hz, 2H), 7.09 
(t,, J= 8.1 Hz, 2H), 7.02 (t, J = 8.1 Hz, 2H), 6.69 (d, J = 7.9 Hz, 2H), 3.57-3.48 (m, 4H), 2.97-
2.888 (m, 4H); IR (CHC13) 1674. 
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Tetrahydro-P-carbolinee dimer 19a. A solution of bisamide 17a (500 mg, 0.98 mmol) in 
phosphorouss oxychloride (3 mL) was stirred at 110 °C for 1 hour. Evaporation of the volatiles 
inin vacuo and subsequent addition of ethanol yielded the dihydro-P-carboline dimer 18a 
hydrochloridee as a white precipitate which was collected by filtration and washed with diethyl 
etherr and immediately used. A suspension of the hydrochloride 18a in ethanol was cooled to 
00 °C. Sodium borohydride (380 mg, 10 mmol) was added in small portions and the reaction 
mixturee was stirred for 2 hours at room temperature. Evaporation in vacuo, addition of water 
(55 mL), extractive work-up (ethyl acetate), drying of the combined organic layers (Na2S04) 
andd removal of the solvent furnished tetrahydro-p-carboline dimer 19a (59%, 275 mg). 'H-
NMRR (CDC13) 8 7.72 (bs, 2H), 7.50 (d, J= 8.1 Hz, 2H), 7.43 (s, 1H), 7.36-7.22 (m, 2H), 
7.21-7.099 (m, 5H), 5.06 (bs, 2H), 3.39-3.30 (m, 2H), 3.16-3.07 (m, 2H), 2.98-2.63 (m, 8H); 
2.122 (m, 4H); HRMS (EI): Calcd. for C32H34N4 474.2783, Found: 474.2785. 

Tetrahydro-P-carbolinee dimer 19b. In a similar procedure as was described above dimer 
19bb was obtained in 53%. 'H-NMR (CDC13) 8 7.63 (bs, 2H), 7.57 (d, J = 8.1 Hz, 2H), 7.38-
7.122 (m, 10H), 4.51-4.46 (m, 2H), 3.41-3.28 (m, 2H), 3.20-3.09 (m, 2H), 2.95-2.70 (m, 8H), 
2.12-1.911 (m, 4H); HRMS (EI): Calcd. for C32HJ4N4 474.2783, Found: 474.2776. 

Bis-azalactonn 21a. Isophtaldehyde (3.0 g, 22.4 mmol) was dissolved in acetic anhydride (20 
mL).. After addition of W-acetylglycine (5.24 g, 45.0 mmol) and sodium acetate (3.67 g, 44.8 
mmol)) the reaction mixture was heated for 7 hours at 100 °C. Filtration and washing of the 
yelloww precipitate with diethyl ether yielded bisazalactone 21a (83%, 5.50 g) as a dark yellow 
solid.. M.p. >300 °C (decomp.); 'H-NMR (CDC13) 8 8.70 (s, 1H), 8.21 (d, J = 10.1 Hz, 2H), 
7.544 (t, J= 10.2 Hz, 1H), 7.21 (s, 2H), 2.46 (s, 6H); 13C-NMR (CDC13) 8 167.3, 166.5, 135.5, 
133.8,, 133.2, 130.0, 129.2, 15.5. 

Bis-azalactonn 21b. In a comparable method as described above bis-azalactone 21b was 
obtainedd in 76 % as an orange solid material starting from terephtaldehyde. M.p. >300 °C 
(decomp.);; 'H-NMR (CDC13) 8 8.17 (s, 4H), 7.14 (s, 2H), 2.41 (s, 6H). 

Tetrahydro-P-carbolinee dimer 22a. Tryptamine hydrochloride (590 mg, 3.0 mmol) and 1,3-
bisazalactonn 21a (444 mg, 1.50 mmol) were dissolved in 1.0 M aqueous hydrogen chloride 
solutionn (12 mL). The reaction mixture was heated under reflux for 28 hours and then 
quenchedd with aqueous sodium hydroxide (15 mL, 2.0 M). Extraction of the aqueous layer 
withh three 20 mL portions of ethyl acetate, drying of the combined organic layers (Na2S04) 
andd removal of the solvent under reduced pressure gave a slightly yellow solid which was 
purifiedd using column chromatography (Rf = 0.68, ethyl actetate/ ethanol/ NH4OH (aq) 
80:15:5),, yielding tetrahydro-P-carboline dimer 22a (71%, 462 mg). 'H-NMR (CD3OD) 
88 7.36 (d, J = 8.1 Hz, 2H), 7.31-7.23 (m, 3H), 7.19 (d, J= 8.0 Hz, 2H), 7.11 (s, 1H), 7.65 (t, J 
== 8.2 Hz, 2H), 6.96 (t, J = 8.2 Hz, 2H), 4.31-4.21 (m, 2H), 3.36-3.30 (m, 2H), 3.21-3.11 (m, 
2H),, 2.98-2.87 (m, 2H), 2.86-2.75 (m, 2H), 2.72-2.61 (m, 4H); 13C-NMR (CD3OD) 8139.4, 
137.5,, 135.9, 131.4, 129.7, 128.7, 128.4, 121.9, 119.5, 118.4, 111.7, 109.0, 55.1, 42.8, 41.0, 
22.6;; HRMS (EI): Calcd. for C30H30N4 446.2470, Found: 446.2478. 

Tetrahydro-P-carbolinee dimer dimer 22b. In a similar experimental procedure as described 
abovee tetrahydro-P-carboline dimer 22b (83%) was obtained as a white solid which was 
purifiedd by column chomatography (Rf = 0.45 ethyl acetate/ ethanol/ NH4OH (aq) 80:15:5), 
m.p.. 180-181 °C, 'H-NMR (CD3OD) 87.39 (d, J= 8.1 Hz, 2H), 7.31 (d ,J= 8.0 Hz, 2H), 7.24 
(s,, 4H), 7.06 (t, J = 8.1 Hz, 2H), 6.99 (t, 7= 8.2 Hz, 2H), 4.35-4.28 (m, 2H), 3.41-3.35 (m, 
2H),, 3.30-3.21 (m, 2H), 2.96-2.85 (m, 4H), 2.81-2.64 (m, 4H); 13C-NMR (CD3OD) 8137.8, 
137.7,, 136.3, 130.8, 128.6, 122.1, 119.7, 118.6, 111.9, 109.2, 55.5, 43.3, 41.0, 22.9; HRMS 
(EI):: Calcd. for C30H30N4 446.2470, Found: 446.2464. 
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Benzene-l,3,5-tricarboxylicc acid triethy l ester  23. Trimesic acid (1.0 g, 4.66 mmol) was 
stirredd for 3 hours in a mixture of absolute ethanol (10 mL) and sulfuric acid (1.0 mL) at 
roomm temperature. Extractive work-up (ethyl acetate), drying of the combined organic layers 
(Na2S04)) and evaporation of the solvent in vacuo yielded triethyl ester 23 (96%, 1.34 g) as a 
yelloww oil. 'H-NMR (CDC13) S 8.84 (s, 3H), 4.93 (q, / = 8.0 Hz, 6H), 1.44 (t, 7=8.1 Hz, 9H); 
IR(CHC13)) 2982,1736. 

(3,5-Bis-hydroxymethyl-phenyl)-methanoll  24. Lithium aluminium hydride (1.41 g, 37.0 
mmol)) was added portionwise to a solution of triethyl ester 23 (1.0 g, 3.7 mmol) in 
tetrahydrofurann (80 mL) at 0 °C. After stirring of the reaction mixture for 3 hours at room 
temperaturee and cooling to 0 °C ethanol was added dropwise until the vigorous evolution of 
gass had ceased. Subsequent addition of aqueous sodiumhydroxide (SO mL), concentration of 
thee reaction mixture under reduced pressure, extractive work-up (ethyl acetate), drying of the 
combinedd organic layers and evaporation of the solvent in vacuo yielded 24 (67%, 407 mg) as 
aa yellow oil. 'H-NMR (CDC13) 8 7.16 (s, 3H), 4.53 (s, 6H). 

Trisamidee 27. Trimesic acid (5.0 g, 23.3 mmol) was dissolved in thionyl chloride (10 mL) by 
heatingg to reflux for 1.5 hours. Removal of the volatiles under reduced pressure yielded an 
off-whitee solid which was dissolved in toluene (30 mL). The solution of the trimesoyl 
chloridee in toluene was added dropwise to a solution of 3,5-dimethylpyrrazole (6.75 g, 70.4 
mmol)) in toluene (60 mL) and pyridine (8 mL). Overnight stirring of the reaction mixture at 
roomm temperature and subsequent removal of the volatiles in vacuo and recrystallization from 
ethanoll  yielded 27 (57%, 5.90 g) as a light yellow crystalline material. M.p. 243 °C; 'H-NMR 
(CDClj)) 8876 (s, 3H), 6.05 (s, 3H), 2.62 (s, 9H), 2.22 (s, 9H); 13C-NMR (CDC13) 8 166.6, 
152.5,145.0,137.2,132.9,111.4,14.2,13.7;IR(KBr)) 1710,1638. 

Benzene-l,3,5-rricarboxaldehydee 28. Pyridinium chlorochromate (1.54 g, 7.14 mmol) was 
addedd in portions to a solution of trialcohol 25 (300 mg, 1.79 mmol) in dichloromethane (30 
mL)) in the presence of 3A molecular sieves at 0 °C. After stirring for 2 hours at room 
temperaturee the reaction mixture was filtered over a short column packed with silica gel, 
activatedd carbon and hyflo. Elution of the column with diethyl ether and subsequent 
evaporationn of the solvent in vacuo yielded the trialdehyde 28 (51%, 148 mg) as a brown oil. 
'H-NMRR (CDC13) 8 10.20 (s, 3H), 8.65 (s, 3H); IR (CHC13) 1700. 

(4,4-diethoxybutyl)-{4-[4,4-diethoxybutylamino)-methyl]-benzyl}-aminee 29a. Terephtal-
dehydee (1.0 g, 7.46 mmol) and 4,4,-diethoxybutylamine (3.83 mL, 22.2 mmol) were 
dissolvedd in toluene and heated to reflux in a Dean-Stark trap overnight. Evaporation of the 
solventt yielded the diimine as an oil which was dissolved in ethanol (30 mL) after which the 
solutionn was cooled to 0 °C. After the portionwise addition of sodium borohydride (2.85 g, 
75.00 mmol) at 0 °C the reaction mixture was stirred at room temperature for 3 hours. Addition 
off  water (30 mL), extractive work-up (ethyl acetate), drying of the combined organic layers 
(Na2S04)) and evaporation of the solvent under reduced pressure yielded a brown oil. 
Purificationn by using column chromatography (Rf = 0.24, ethyl acetate/ methanol 7:3 -> ethyl 
acetate// methanol/ NH4OH (aq) 80:15:5) yielded 29a as a slightly yellow oil (65%, 1.41 g). 
'H-NMRR (CDC13) 8 7.31-7.15 (m, 4H), 4.48 (t, J = 6.2 Hz, 2H), 3.78 (s, 4H), 3.68-3.58 (m, 
4H),, 3.52-3.42 (m, 4H), 2.66 (t, J= 7.0 Hz, 4H), 1.69-1.50 (m, 8H), 1.19 (t, / = 7.1 Hz, 12H). 

(4,4-diethoxybutyl)-{3-|4,4-diethoxyburylamino)-methyl]-benzyl}-aniine(4,4-diethoxybutyl)-{3-|4,4-diethoxyburylamino)-methyl]-benzyl}-aniine 29b. In a similar 
proceduree as was described above isophtaldehyde (686 mg, 5.1 mmol) was condensed with 
4,4-diethoxybutylaminee (1.86 mL, 10.8 mmol). Purification by using column chromatography 
(Rff  =0.31, ethyl acetate/ methanol/ NH4OH (aq) 80:15:5) yielded bisacetal 29b as a yellow 
oill  (78%, 2.46 g). 'H-NMR (CDC13) 8 7.27 (s, 4H), 4.48 (t, J = 6.1 Hz, 2H), 3.77 (s, 4H), 
3.71-3.388 (m, 8H), 2.63 (t, J= 6.0 Hz, 4H), 1.72-1.50 (m, 8H), 1.19 (t, J= 7.1 Hz, 12H). 
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5,5-diethoxypentanall  30. A solution of aqueous glutaric dialdehyde (150 mL, 50%, 0.83 
mol)) in ethanol (1.6 L) was stirred with Dowex 50WX8 ion exchange resin (2.0 g, H+-form) 
forr two days at room temperature. Solid NaHC03 was added and after stirring for 1 hour the 
catalystt was filtered off The resulting solution was concentrated in vacuo and the residue was 
subjectedd to column chromatography (Hght petroleum/ ethyl acteate 3:1) to remove an apolar 
fractionn containing glutaric aldehyde and cyclic acetal. Distillation in vacuo of the fraction 
containingg the mono-protected acetal using a 30 cm vigreux yielded 30 as a colourless oil 
(8.9%,, 13.0 g). 'H-NMR (CDC13) Ö 9.76 (t, J = 1.4 Hz, 1H), 4.48 (t, / = 5.0 Hz, 1H), 3.76-
3.411 (m, 4H), 2.47 (dt, J= 7.0 Hz, J= 1 Hz, 2H), 1.71-1.61 (m, 4H), 1.19 (t, J = 7.1 Hz, 6H). 

l,4-Bis-(5,5-diethoxypenryl)-piperazinee 31. A solution of piperazine (500 mg, 5.95 mmol) 
andd 5,5-diethoxypentanal 30 (2.34 mL, 12.75 mmol) in methanol (25 mL) was stirred at room 
temperaturee for 1 hour. After cooling to 0 °C sodium borohydride (723 mg, 19.2 mmol) was 
addedd in portions and the reaction mixture was stirred for 3 hours at room temperature. 
Additionn of water (25 mL), extractive work-up (ethyl acetate), drying of the combined 
organicc layers (Na2S04) and evaporation of the solvent in vacuo yielded 31 as a colourless oil 
(61%,, 1.37 g) 'H-NMR (CDC13) 8 4.47 (t, / = 6.1 Hz, 2H), 3.69-3.57 (m, 4H), 3.52-3.43 (m, 
4H),, 2.97-2.91 (m, 4H), 2.35 (t, J = 6.0 Hz, 4H), 2.06 (dt, J = 12.1 Hz, J = 2.0 Hz, 4H), 1.66-
1.588 (m, 4H), 1.52-1.44 (m, 4H), 1.41-1.32 (m, 4H), 1.19 (t, J = 8.0 Hz, 12H); 'JC-NMR 8 
102.6,60.8,57.8,52.2,, 32.3, 26.2,22.2,15.1. 

3-(2,3,4,9-Tefrahydro-l#-p^carboUne-l-yl)propylaminee 33. Trifluoroacetic acid (5 mL) 
waswas added to a solution of tryptamine (1.0 g, 6.3 mmol) in water (50 mL). After addition of 
l,l-diethoxy-4-aminobutanee (2.60 mL, 15.0 mmol) the reaction mixture was stirred at 95 °C 
forr 12 hours. Cooling to room temperature, addition of saturated aqueous K2C03 (20 mL), 
extractivee work-up (ethyl acetate), drying of the combined organic layers (Na2S04) and 
removall  of the solvent under reduced pressure gave a brown oil. Propylaminotetrahydro-P-
carbolinee 33 was purified using column chromatography (Rf = 0.21 dichloromethane/ 
methanol// NH4OH (aq) 65:30:5) yielding a yellow oil (68%, 981 mg). 'H-NMR (CDC13) 8 
8.588 (bs, 1H), 7.48 (d, J = 4.1Hz, 1H), 7.29 (d, J = 4.0Hz, 1H), 7.18-7.05 (m, 2H), 4.11-4.04 
(m,, 1H), 3.39-3.31 (m, 1H), 3.08-2.98 (m, 1H), 2.35-2.20 (m, 4H), 2.20-1.93 (m, 1H), 1.77-
1.600 (m, 3H); HRMS (EI): Calcd. for C14H2oN3 (M+H+) 230.1657, Found: 230.1655. 

Tetrahydro-pVcarbolin ee dimer  37a. A solution of terephtaldehyde (134 mg, 1.0 mmol) and 
333 (481 mg, 2.1 mmol) in methanol (15 mL) was stirred at room temperature for 2 hours. 
Afterr cooling to 0 °C, sodium borohydride (190 mg, 5.0 mmol) was added in portions. The 
reactionn mixture was stirred for 2 hours at room temperature. Addition of water (15 mL), 
extractivee work-up (ethyl acetate), drying of the combined organic layers (Na2S04) and 
evaporationn of the solvent in vacuo yielded a yellow oil. Dimer 73 a was purified using 
columnn chromatography (Rf = 0.10 dichloromethane/ methanol/ NH4OH (aq) 65:30:5) and 
obtainedd as a slightly yellow oil (73%, 428 mg) 'H-NMR (CD3OD) 87.42 (s, 4H), 7.38-7.28 
(m,, 4H), 7.07 (t, J= 8.0 Hz, 2H), 6.98 (t, J= 8.0 Hz, 2H), 4.22 (bs, 2H), 3.39 (s, 4H), 3.28-
3.199 (m, 2H) 3.02-2.92 (m, 2H), 2.87-2.69 (m, 4H), 2.672.46 (m, 2H), 2.17-2.02 (m, 4H), 
1.88-1.755 (m, 2H), 1.72-1.58 (m, 2H); I3C-NMR (CD3OD) 8 138.0, 137.5, 133.9, 130.8, 
128.2,, 122.6, 120.1, 118.8, 112.1, 108.8, 53.6, 52.7, 49.3, 43.0, 32.9, 25.2, 21.6; HRMS (EI): 
Calcd.. for C36H42N6 558.3470, Found: 558.3474. 

Tetrahydro-p-carbolin ee dimer  37b. A solution of terephtaldehyde (134 mg, 1.0 mmol) and 
nazlininee 32 (510 mg, 2.1 mmol) in methanol (15 mL) was stirred at room temperature for 2 
hours.. After cooling to 0 °C sodium borohydride (190 mg, 5.0 mmol) was added in portions. 
Thee reaction mixture was stirred for 2 hours at room temperature. Addition of water (15 mL), 
extractivee work-up (ethyl acetate), drying of the combined organic layers (NajSO*) and 
evaporationn of the solvent in vacuo yielded a brown oil. Dimer 37b was purified using 
columnn chromatography (Rf = 0.14 dichloromethane/ methanol/ NH4OH (aq) 65:30:5) and 
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obtainedd as a yellow oil (82%, 458 mg). 'H-NMR (CDC13) 6 9.33 (bs, 2H), 7.46 (d, J = 8.1 
Hz,, 2H), 7.25 (s, 4H), 7.21 (d, J = 8.2 Hz, 2H), 7.14-7.04 (m, 4H), 4.01-3.95 (m, 2H), 3.76 (s, 
4H),, 3.20-3.23 (m, 2H), 3.04-2.93 (m, 2H), 2.78-2.61 (m, 12H), 2.02-1.88 (m, 2H), 1.75-1.60 
(m,, 6H); HRMS (EI): Calcd. for CjgH^Nj 586.3784, Found: 586.3781. 

2,3>4,9-Terrahydro-lZ/-|}-carboline-l-acetonitrilee 38. A solution of tryptamine (3.0 g, 18.6 
mmol)) and 3,3-diethoxypropionitrile (4.18 mL, 27.9 mmol) in water (50 mL) and 
trifluoroaceticc acid (5 mL) was heated at 80 °C overnight. After cooling to room temperature, 
saturatedd aqueous K2C03 was added and the reaction mixture was stirred for 1 hour. 
Extractivee work-up (ethyl acetate), drying of the combined organic layers (Na2S04) and 
subsequentt removal of the solvent under reduced pressure yielded a brown oil which was 
purifiedd by using column chromatography (R, = 0.58 ethyl acetate/ ethanol/ NIL,OH 85:10:5). 
388 was obtained as a yellow oil (68%, 3.15 g). 'H-NMR (CDC13) 8.50 (bs, 1H), 7.51 (d, J = 
8.11 Hz, 1H), 7.35 (d, / = 8.2 Hz, 1H), 7.20 (t, J = 8.1 Hz, 1H), 7.13 (t, J= 8.0 Hz, 1H), 4.46 
(t,, J= 7.1 Hz, 1H), 3.22-3.12 (m, 2H), 2.84-2.70 (m, 4H); IR (CHC13) 2253. 

2,3,4,9-Tetrahydro-LH-P-carbolmee 39. Lithium aluminium hydride (924 mg, 23.7 mmol) 
wass added to a solution of 38 (1.0 g, 4.74 mmol) in THF (100 mL) at 0 °C. The reaction 
mixturee was stirred at 65 °C for 1 hour after which ethanol was added dropwise until vigorous 
gass evolution had ceased. Upon addition of aqueous NaOH (50 mL, 1.0 M) a white 
precipitatee was formed which was removed by filtration. Concentration of the filtrate in 
vacuo,vacuo, extraction of the aqueous layer with ethyl acetate, drying of the combined organic 
layerss (Na2S04) and removal of the solvent in vacuo yielded 39 (93%, 758 mg) as a yellow 
oil.. 'H-NMR (CD3OD) 8 7.38 (d, / = 8.1 Hz, 1H), 7.27 (d, J= 8.0 Hz, 1H), 7.08-6.92 (m, 
2H),, 3.96 (s, 2H), 3.11 (t, J= 5.3 Hz, 2H), 2.79-2.70 (m, 2H); ,3C-NMR (CD3OD) 5 140.0, 
135.9,, 131.2, 124.4, 122.0, 120.7, 114.2, 110.7, 46.9, 45.9, 25.2; HRMS (EI): Calcd. for 
CnHuN**  172.1000, Found: 172.0994. 

2-MethyK2^,44Metrahydro-l/f-pVcarboline-l-acetonitrile )) 40a. Formaline (2.37 mL, 
40%% aq, 28.0 mmol) was added at 0 °C to a solution of 38 (1.0 g, 4.74 mmol) in acetonitrile 
(300 mL) and acetic acid (5 mL) under a nitrogen atmosphere. To this solution sodium 
cyanoborohydridee (1.50 g, 23.7 mmol) was added and the reaction mixture was stirred for 16 
hourss at room temperature. After addition of water (30 mL) the mixture was made basic by 
thee addition of a saturated aqueous solution of KZC03. Extractive work-up (ethyl acetate), 
dryingg of the combined organic layers (Na2S04), removal of the solvent in vacuo and 
purificationn of the resulting oil by column chromatography (Rf = 0.28, ethyl acetate) yielded 
40aa as a foam (70%, 747 mmol). 'H-NMR (CDC13) 6 8.08 (bs, 1H), 7.52 (d, J = 8.2 Hz, 1H), 
7.388 (d, J = 8.1 Hz, 1H), 7.20 (t, / = 8.3 Hz, 1H), 7.12 (t, J = 8.1 Hz, 1H), 4.00-3.93 (m, 1H), 
3.11-3.033 (m, 1H), 2.93-2.84 (m, 3H), 2.76-2.65 (m, 2H), 2.58 (s, 3H); UC-NMR (CD3OD) 5 
140.6,, 134.9, 130.3, 125.0, 122.3, 121.6, 121.3, 114.5, 112.3, 60.3, 53.1, 45.1, 24.6, 22.7; IR 
(CHC13)) 2257. 

2-Benzyl-(2^,4,9-tetrahydro-lA-pVcarboline-l-acetonitrile)) 40b. A saturated aqueous 
solutionn of K2COj (1 mL) was added to a solution of 38 (25 mg, 0.12 mmol) and benzyl 
bromidee (22.3 mg, 0.13 mmol) in DMF (3 mL). The reaction mixture was stirred at rt for 16 
hours.. After addition of water (10 mL) and extractive work-up (ethyl acetate), drying of the 
combinedd organic layers (Na2S04), removal of the solvent in vacuo and column 
chromatographyy (Rf = 0.58 light petroleum/ ethyl acetate 3:1) 40b was obtained as a solid 
(95%,, 34.1 mg). M.p. 115 °C; 'H-NMR (CDC13) 5 8.02 (bs, 1H), 7.56 (d, J= 8.1 Hz, 1H), 
7.43-7.277 (m, 6H), 7.22 (t, J= 8.2 Hz, 1H), 7.15 (t, J = 8.1 Hz, 1H), 4.08 (t, J - 7.3 Hz, 1H), 
3.87-3.799 (m, 2H), 3.32-3.06 (m, 2H), 3.04-2.93 (m, 1H), 2.78 (dq, y = 12.1 Hz, J= 4.2 Hz, 
2H),, 2.68-2.60 (m, 1H); ,3C-NMR (CDC13) 5 138.2, 135.9, 131.1, 128.5, 128.3, 127.4, 126.5, 
122.2,119.5,, 118.5,118.2,111.0,109.1,57.3, 53.0,44.1,23.2,17.6; IR (CHCI3) 2259. 
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2-(2-Methyl-2^,4,9-tetrahydro-lH-P-carboIine-l-yl)-ethylamin ee 41a. To a solution of 40a 
(1000 mg, 0.44 mmol) in tetrahydrofuran (5 mL) borane dimethyl sulfide (0.53 mmol, 53 uL 
10.11 M solution in THF) was added at 0 °C. The reaction mixture was heated at 65 °C for 3 
hourss and after cooling to 0 °C aqueous hydrochloric acid (1 mL, 2.0 M) was added dropwise. 
Subsequentlyy the reaction mixture was heated to reflux for an additional two hours and then 
madee basic with an aqueous solution of NaOH. Extractive work-up (diethyl ether), drying of 
thee combined organic layers (Na2S04) and removal of the solvent in vacuo yielded a yellow 
oill  which was purified by using column chromatography (Rf = 0.30, ethyl acetate/ methanol/ 
NH4OHH (aq) 80:15:5) yielding 41a as a white foam (30%, 30.2 mg). 'H-NMR (DMSO-d6) 8 
9.822 (s, 1H), 7.44 (d, J = 8.0 Hz, 1H), 7.33 (d, J= 8.1 Hz, 1H), 7.14-7.09 (m, 2H), 3.54-3.59 
(m,, 2H), 3.10-3.06 (m, 1H), 2.79-2.71 (m, 4H), 2.42 (s, 3H), 2.16*2.12 (m, 2H); '3C-NMR 
(DMSO-</<5)88 136.1, 133.3, 126.6, 121.0, 118.7, 117.6, 110.8, 107.2, 60.23, 59.1, 57.4, 37.8, 
32.1,19.0. . 

2-(2-Benzyl-23,4,9-tetrahydro-lH-P-carboline-l-yl)-ethylaminee 41b. In a similar 
proceduree as described above compound 40b (2.29 g, 7.60 mmol) was reduced to the amino 
compoundd 41b (21%, 487 mg). M.p. 114 °C; 'H-NMR (CDClj) 8 8.95 (bs, 1H), 7.52 (d, J -
8.00 Hz, 1H), 7.41-7.22 (m, 6H), 7.18-7.05 (m, 2H), 3.83-3.72 (m, 3H), 3.30-3.20 (m, 1H), 
3.03-2.766 (m, 4H), 2.65-2.56 (m, 1H), 2.03-1.77 (m, 2H); 13C-NMR (CDC13) 139.7, 135.8, 
135.0,, 128.9, 128.1, 127.0, 126.9, 120.9, 119.1, 117.7, 106.8, 57.1, 53.4, 45.1, 38.3, 36.9, 
17.6. . 

2-Benzyl-l-(4,4-diethoxybutyl)-23,4,9-tetrahydro-l^-p-carbolinee 42. A solution of 7 
(1.00 g, 4.0 mmol) and 5,5-diethoxypentanal 30 (1.04 g, 6.0 g) in toluene (30 mL) was heated 
too reflux for 6 hours. Evaporation and purification by using column chromatography (Rf = 
0.566 light petroleum/ ethyl acetate/ triethylamine 4:2:1) yielded tetrahydro-P-carboline 42 as a 
yelloww oil (85%, 1.38 g). 'H-NMR (CDC13) 5 7.94 (bs, 1H), 7.53 (d, J= 8.1 Hz, 1H), 7.41-
7.233 (m, 6H), 7.18-7.07 (m, 2H), 4.51-4.43 (m, 2H), 3.81-3.72 (m, 2H), 3.70-3.58 (m, 2H), 
3.54-3.433 (m, 2H), 3.30-3.20 (m, 1H), 3.01-2.85 (m, 2H), 2.64-2.55 (m, 1H), 1.87-1.44 (m, 
6H). . 

4-(2-Benzyl-2,3,4,9-tetrahydro-l/^-p"-carboHne-l-yl)batyraldehydee O-methyloxime 43. 
Acetall  42 (1.0 g, 2.46 mmol) was dissolved in a mixture of THF (10 mL) and water (30 mL). 
Afterr addition of methoxyamine hydrochloride (816 mg, 9.8 mmol) and sodium acetate (803 
mg,, 9.8 mmol) the reaction mixture was stirred at 80 °C for 16 hours. Cooling to room 
temperature,, addition of K2C03 (1.0 g), extractive work-up (ethyl acetate), drying of the 
solventt (Na2S04) and removal of the solvent under reduced pressure gave a yellow oil. 
Purificationn by using column chromatography (Rf = 0.34 ethyl acetate/ light petroleum/ 
triethyll  amine 6:3:1) yielded oxime ether 43 (93%, 826 mg, anti:syn = 6:4). 'H-NMR (CDC13) 
7.844 (bs, 1H anti), 7.77 (bs, 1H, syn), 7.53 (d, J = 8.0 Hz, 1H), 7.40-7.25 (m, 6H + 1H, anti), 
7.19-7.099 (m, 2H), 6.59 (t, J= 5.1 Hz, 1H, syn), 3.88 (s, 3H, syn), 3.83 (s, 3H, anti), 3.80-3.72 
(m,, 3H), 3.68-3.52 (m, 2H), 3.28-3.18 (m, 2H), 2.98-2.85 (m, 2H), 2.64-2.55 (m, 2H), 2.38-
2.088 (m, 2H). 

4-(2-Benzyl-23,4,9-tetrahydro-l#-p-carboline-l-yI)-butylaminee 44. Lithium aluminium 
hydridee (270 mg, 0.74 mmol) was added in portions to a solution of oxime ether 43 (500 mg, 
1.399 mmol) in THF (30 mL) at 0 °C. The reaction mixture was heated to reflux for 3 hours. 
Afterr cooling to room temperature ethanol was added. When gas evolution had ceased, 
aqueouss NaOH (10 mL, 1.0 M) was added and a white precipitate formed. Filtration, 
concentrationn of the filtrate in vacuo, extractive work-up (ethyl acetate), drying of the 
combinedd organic layers (Na2S04) and removal of the sovent under reduced pressure yielded 
aa brown oil. Purification by using column chromatography (Rf - 0.18 ethyl acetate/ methanol/ 
NH4OHH (aq) 75:20:5) yielded amine 44 (83%, 207 mg) as a colourless glass. 'H-NMR 
(CDCI3)) 8 8.22 (bs, 1H), 7.51 (d,7= 8.1 Hz, 1H), 7.38-7.28 (m, 6H), 7.17-7.08 (m, 2H), 3.79 
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(q,, J= 11.9 Hz, 2H), 3.66 (t, J = 2.1 Hz, 1H), 3.29-3.19 (m, 1H), 2.98-2.85 (m, 2H), 2.69-
2.566 (m, 3H), 1.85-1.75 (m, 2H), 1.57-1.32 (m, 4H); HRMS (EI): Calcd. for C2lH2jN3 

319.2048,, Found: 319.2040. 

Tetrahydro-pVcarbolin ee dimer  45a. A solution of amine 41b (250 mg, 0.82 mmol) and 
DiPEAA (286 uX, 1,64 mmol) in THF (5 mL) was cooled to 0 °C. After addition of 
terephtaloyll  chloride the reaction mixture was stirred at room temperature for 1 hour. 
Additionn of water (10 mL), extractive work-up (ethyl acetate), drying of the combined 
organicc layers (Na2S04) and removal of the solvent under reduced pressure gave a brown oil. 
Purificationn by using column chromatography (Rf = 0.43 light petroleum/ ethyl acetate 1:4) 
yieldedd 45a as a yellow oil (72%, 208 mg). 'H-NMR (CDC13) 8.65 (bs, 2H), 7.58-7.43 (m, 
6H),, 7.39-7.09 (m, 16H), 3.82 (s, 4H), 3.78-3.63 (m, 2H), 3.60-3.48 (m, 2H), 3.42-3.32 (m, 
2H),, 3.18-3.07 (m, 2H), 3.05-2.97 (m, 2H), 2.70-2.62 (m, 2H), 2.19-2.06 (m, 2H); "C-NMR 
(CDC13)SS 167.1, 138.4, 136.7, 135.9, 133.7, 129.0, 128.1, 127.1, 126.8, 126.7, 121.0, 118.6, 
117.6,110.8,106.5,, 57.1, 54.9,44.6, 37.8, 32.6,17.4. 

Tetrahydro-pVcarbolin ee dimer  45b. A precooled solution of terephtaloyl chloride (27.6 mg, 
0.1366 mmol) in 2 mL of dichloromethane was added to a solution of 61 (100 mg, 0.30 mmol) 
andd DiPEA (523 uX, 3.0 mmol) in dichloromethane (5 mL) at 0 °C. The reaction mixture was 
stirredd at room temperature for 2 hours. Evaporation of the volatiles under reduced pressure 
gavee a brown oil which was subjected to column chromatography (Rf = 0.35 ethyl acetate/ 
lightt petroleum 3:1), yielding dimer 45b as a yellow oil (65 %, 156 mg). 'H-NMR (CDC13) 8 
8.188 (bs, 2H), 7.69 (s, 4H), 7.49 (d, J = 4.1Hz, 2H), 7.35 (d, J= 4.0Hz, 2H), 7.30-7.18 (m, 
12H),, 7.13-7.05 (m, 2H), 6.21 (bs, 2H), 3.85-3.62 (m, 6H), 3.47-3.36 (m, 4H), 3.28-3.18 (m, 
2H),, 2.94-2.82 (m, 4H), 2.65-2.55 (m, 2H), 195-1.76 (m, 4H), 1.57-1.45 (m, 8H); IR (CHC13) 
1710;; HRMS (EI): Calcd. for CjgH^NA 616.3525, Found: 616.3531. 

Tetrahydro-P-carbolinee dimer  46a. Dimer 45a (200 mg, 0.27 mmol) was dissolved in a 
solutionn of hydrochloric acid in ethanol (10 mL, 0.1 M) and stirred vigorously under a 
hydrogenn atmosphere (40 psi) in the presence of Pd/C (10%, 25 mg). Stirring of the reaction 
mixturee for 16 hours and subsequent filtration over hyflo and evaporation of the solvent 
yieldedd a yellow oil. 46a was obtained by purification using column chromatography (Rf = 
0.233 ethyl acetate/ methanol/ NH4OH (aq) 80:15:5) as a colourless oil (23%, 34.5 mg). 'H-
NMRR (DMSO-dS) 8 10.75 (bs, 2H), 8.92 (bs, 2H), 7.93 (s, 4H), 7.38 (d, 7= 8.1 Hz, 2H), 7.29 
(d,, J= 8.1 Hz, 2H), 7.02 (t, / = 8.0 Hz, 2H), 6.95 (t, J = 8.2 Hz, 2H), 4.10-4.02 (m, 2H), 3.53-
3.433 (m, 4H), 3.22-3.13 (m, 2H), 2.96-2.87 (m, 2H), 2.66-2.58 (m, 4H), 2.27-2.15 (m, 2H), 
1.92-1.788 (m, 2H); IR (CHC13) 1710; HRMS (EI): Calcd. for C34H36N602 560.2899, Found: 
560.2893. . 

Tetrahydro-pVcarbolin ee dimer  46b. In a comparable procedure as was described above 46b 
waswas obtained as a yellow oil (14%). 'H-NMR (DMSO-d6) 8 10.80 (bs, 2H), 8.91 (bs, 2H), 
7.977 (s, 4H), 7.36 (d, J= 8.0 Hz, 2H), 7.28 (d, J= 8.0 Hz, 2H), 7.06 (t, J = 8.1 Hz, 2H), 6.94 
(t,, J = 8.1 Hz, 2H), 4.08-3.97 (m, 2H),4.07-4.02 (m, 2H), 3.28-3.11 (m, 8H), 2.81-2.65 (m, 
4H),, 1.66-1.35 (m, 12H); IR (CHC13) 1710; HRMS (EI): Calcd. for C34H36N602 560.2899, 
Found:: 560.2893. 

3,3-diethoxypropylaminee 48. Sodium (10.0 g, 0.43 mol) was added in small portions to a 
solutionn of 3,3-diethoxypropionitrile (5.0 g, 35 mmol) in methanol (50 mL) at 0 °C. After 
heatingg of the reaction mixture under reflux for 20 minutes and cooling to room temperature 
thee reaction was quenched by the careful addition of methanol (10 mL) and water (50 mL). 
Extractivee work-up (MTBE), drying of the combined organic layers (Na2S04) and removal of 
thee solvent in vacuo gave the crude amine 48 as a colourless liquid which was purified by 
kugelrohrr distillation (60%, 3.37 g). 'H-NMR (CDC13) 5 4.58 (t, J = 6.1 Hz, 1H), 3.62 (m, 
4H),, 2.79 (t,7= 7.0 Hz, 2H), 1.76 (m, 1H), 1,17 ( t ,J= 6.9 Hz, 6H). 
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(3,3-diethoxypropyI)-carbamicc acid-9/T-fluoren-9-yl methyl ester 49a. Triethyl amine 
(1400 îL, 1.4 mmol) was added to a solution of amine 48 (205 mg, 1.39 mmol) in acetonitrile. 
Afterr addition of Fmoc-OSu (471 mg, 1.40 mmol) the reaction mixture was stirred for 5 hours 
att room temperature. Evaporation of the volatiles in vacuo and column chromatography (Rf = 
0.533 light petroleum/ ethyl acetate 1:1) yielded 49a as a foam (56%, 276 mg). 'H-NMR 
(CDC13)) 8 7.76 (d, J = 7.0 Hz, 2H), 7.59 (d, J= 7.1 Hz, 2H), 7.33 (m, 4H), 5.29 (bs, 1H), 4.57 
(t,, 7 - 5.1 Hz, 1H), 4.37 (d, J = 7.0 Hz, 2H), 4.23 (m, 1H), 3.52 (m, 4H), 1.23 (t, J = 7.1 Hz, 
6H). . 

(3,3-diethoxypropyl)-carbamicc acid benzyl ester 49b. A saturated aqueous solution of 
K2C033 (10 mL) was added to a solution of amine 48 (1.0 g, 6.8 mmol) in dichlorometane (10 
mL)) and the resulting two-phase mixture was cooled to 0 °C. After dropwise addition of 
benzylchloroformatee (10.8 mmol, 1.83 g) the reaction mixture was stirred vigorously at room 
temperaturee for 16 hours. Separation of the organic layer and subsequent extractive work-up 
(dichloromethane),, drying of the combined organic layers (Na2S04) and removal of the 
solventt under reduced pressure yielded a yellow oil. Cbz-protected amine 49b was obtained 
afterr column chromatography (Rf = 0.28 light petroleum/ MTBE 2:1) as a colourless oil 
(95%,, 1.79 g). 'H-NMR (CDC13) 8 7.34 (m, 5H), 5.12 (m, 3H), 4.55 (t,J= 5.1 Hz, 1H), 3.65 
(m,, 2H), 3.48 (m, 2H), 3.30 (q, J = 5.9 Hz, 2H), 1.83 (m, 2H), 4.82 (t, J = 7.2 Hz, 6H). 

(3-oxo-propyl)-carbamicc acid-9//-fluoren-9-yI methyl ester 50a. A solution of Fmoc-
protectedd amine 49a (100 mg, 0.27 mmol) in water (1.0 mL) and glacial acetic acid (1.0 mL) 
waswas stirred at room temperature for 4 hours. Addition of saturated aqueous K2C03, extractive 
work-upp (ethyl acetate), drying of the combined organic layers and evaporation of the solvent 
underr reduced pressure gave a yellow oil. Purification by using column chromatography (Rf = 
0.322 light petroleum/ ethyl acetate 1:1) yielded aldehyde 50a as a white foam (85%, 68.0 mg). 
'H-NMRR (CDCI3) 8 9.82 (s, 1H), 7.76 (d, J= 7.3 Hz, 2H), 7.57 (d, J= 7.1 Hz, 2H), 7.36 (m, 
4H),, 5.23 (bs, 1H), 4.41 (d, J = 7.1 Hz, 2H), 4.22 (m, 1H), 3.53 (m, 2H), 2.75 (m, 2H). 

(3-oxo-propyl)-carbamicc acid benzyl ester 50b. A similar procedure as was described 
abovee was applied to the hydrolysis of acetal 49b. Aldehyde 50b was obtained after column 
chromatographyy (Rf = 0.34 light petroleum/ ethyl acetate) as a white solid (99%, 696 mg). 
M.p.. 56 °C; 'H-NMR (CDC13) 8 9.79 (bs, 1H), 7.33 (m, 5H), 5.18 (bs, 1H), 5.07 (s, 2H), 3.48 
(q,, J = 6.1 Hz, 2H), 2.73 (t, J = 6.0 Hz, 2H). 

[2-(2,3,4,9-Tetrahydro-li/-b-carboline-l-yl)-etb.yl]carbamicc acid benzyl ester 51. A 
solutionn of tryptamine (360 mg, 2.21 mmol) and aldehyde 50b (439 mg, 2.21 mmol) in 
dichloromethanee (18 mL) was stirred for 20 minutes at room temperature. After cooling of 
thee reaction mixture to 0 °C trifluoroacetic acid (2.0 mL) was added. The reaction mixture 
wass subsequently stirred for an additional 2.5 hours at room temperature. Addition of 
saturatedd aqueous K2C03, extractive work-up (ethyl acetate), drying of the combined organic 
layerss (Na2S04), removal of the solvent in vacuo and crystallization from ethyl acetate/ light 
petroleumm yielded tetrahydro-p-carboline 51 as a white crystalline solid (70%, 537 mg). M.p. 
1277 °C; 'H-NMR (CDC13) 8.68 (bs, 1H), 7.48 (d, J = 8.1 Hz, 1H), 7.35 (m, 6H), 7.15 (t, J = 
8.00 Hz, IH), 7.09 (t, J = 8.0 Hz, 1H), 5.63 (s, 1H), 5.12 (bs, 2H), 4.11 (t, J = 7.1 Hz, 1H), 3.57 
(m,, IH), 3.39 (m, IH), 3.26 (m, IH), 3.11 (m ,1H), 2.75 (m, 2H), 2.06 (m, 1H),1.91 (m, IH); 
'3C-NMRR (CDCI3) 8 157.0, 136.3, 136.1, 135.6, 128.3, 127.9, 127.8, 127.1, 121.2, 
119.0,117.8,110.9,108.3,, 66.6, 57.9,50.2,41.1,38.4,34.5,22.3,18.2. 

l-(2-benzyIoxycarbonylaminoethyl)-l^,4,9-tetrahydro-lfl-p%carboline-2-carboxylicc acid 
f-butyll  ester 52. Di-tert-butyl-dicarbonate (5.50 g, 25.2 mmol) was added to a solution of 
tetrahydro-p-carbolinee 51 (4.41 g, 12.6 mmol) in dichloromethane (100 mL). The reaction 
mixturee was stirred at room temperature for 2.5 hours. Removal of the solvent in vacuo and 
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columnn chromatography (Rf = 0.48 light petroleum/ ethyl acetate 1:2) yielded 52 as white 
solidd (95%, 5.37 g). M.p. 145 °C; 'H-NMR (DMSO-d6, T = 350 K) 8 10.63 (bs, 1H), 7.41-
7.311 (m, 7H), 7.08 (t, J = 3.9Hz, 1H), 7.00 (t, J = 4.2Hz, 1H), 5.21 (d, J = 4.1Hz, 1H), 5.07 
(bs,, 2H), 4.28 (d, J= 12.9Hz, 1H), 3.24-3.15 (m, 3H), 2.68-2.64 (m, 2H), 2.11-1.91 (m, 2H); 
13C-NMRR (CDClj) 5156.9, 155.4, 135.0, 134.1, 133.8, 126.6, 121.4, 119.1, 118.0, 117.8, 
111.2,107.7,, 80.2, 80.0,79.9,79.5,48.6,48.0,38.9,37.6,37.1,35.5,34.5,28.4,21.6,21.2; 

l-(2-aniiiioethyl)-l^,4,9-tetrahydro-ltf-^-carboline-2-carboxyIi cc acid /-butyl ester  53. A 
solutionn of tetrahydro-pVcarboline 52 (380 mg, 0.85 mmol) in ethanol (15 mL) was stirred for 
166 hours under a hydrogen atmosphere (40 psi) in the presence of Pd/C (10%, 50 mg). 
Filtrationn over hyflo, thorough washing of the residue with ethanol and removal of the solvent 
underr reduced pressure gave a yellow oil. Purification by using column chromatography (Rf = 
0.255 ethyl acetate/ methanol/ NH4OH (aq) 80:15:5) yielded 53 as a white solid (95%, 262 
mg).. M.p. 114 °C; 'H-NMR (DMSO-rftf, T = 350 K) 6 9.68 (bs, 1H), 7.40-7.38 (m, 1H), 7.33-
7.311 (m, 1H), 7.07-7.03 (m, 1H), 6.99-6.95 (m, 1H), 5.24 (bs, 1H), 4.27 (b, 7= 6.1 Hz, 1H), 
3.19-3.111 (m, 2H), 2.75-2.64 (m, 4H), 1.97-1.85 (m, 2H), 1.48 (s, 9H); IR (CHC13) 1723; 
HRMSS (El): Calcd. for ClgH2sN302 315.1947, Found: 315.1951. 

Generall  procedure for  dimerization of amine 53. A solution of amine 53 (94.5 mg, 0.30 
mmol)) and triethylamine (0.40 mmol, 57 uL) in dichloromethane (3 mL) was cooled to 0 °C. 
Afterr addition of a precooled solution of 0.10 mmol of the dicarboxylic acid chloride in 
dichloromethanee (3 mL) the reaction mixture was stirred for 2 hours at room temperature. 
Evaporationn of the volatiles under reduced pressure and flash chromatography (ethyl acetate) 
yieldedd the dimeric tetrahydro-p-carbolines. 

iVj-Bocc protected tetrahydro-P-carboline dimer 54a. Yellow oil (65%, Rf = 0.40 ethyl 
acetate).. 'H-NMR (DMSO-</6, T= 350 K) 8 10.78 (bs, 2H), 8.41 (bs, 2H), 8.38 (s, 1H), 7.99 
(d,, J = 2.4 Hz, 2H), 7.56 (t, J - 2.3 Hz, 1H), 7.93 (s, 4H), 7.42 (d, J = 8.1 Hz, 2H), 7.37 (d, J 
== 8.0 Hz, 2H), 7.10 (t, J = 8.2 Hz, 2H), 6.98 (t, J = 8.1 Hz, 2H), 5.13 (bs, 1H), 4.35-4.29 (m, 
2H),, 3.58-3.45 (m, 4H), 3.27-3.15 (m, 2H), 2.74-2.67 (m, 4H), 2.29-2.19 (2H), 2.12-2.00 (m, 
2H),, 1.45 (s, 18H); HRMS (EI): Calcd. for C ^ ^ N A 764.4261, Found: 764.4265. 

NNtt-Boc-Boc protected tetrahydro-|3-carboline dimer  54b. Yellow oil (72%, Rf = 0.32 ethyl 
acetate)) in 64%. 'H-NMR (DMSO-d6, T= 350 K) 8 10.74 (bs, 2H), 8.39 (bs, 2H), 7.93 (s, 
4H),, 7.42 (d, J = 4.0Hz, 2H), 7.35 (d, J = 4.1 Hz, 2H), 7.08 (t, / = 4.0Hz, 2H), 6.99 (t, J = 
4.2Hz,, 2H), 5.25 (bs, 1H), 4.36-4.28 (m, 2H), 3.58-3.43 (m, 4H), 3.26-3.15 (m, 2H), 2.73-
2.688 (m, 4H), 2.28-2.18 (2H), 2.09-2.00 (m, 2H), 1.48 (s, 18H); HRMS (EI): Calcd. for 
C+.HaiNAA 762.4261, Found: 762.4254. 

NNrrBocBoc protected tetrahydro-p-carboline dimer  54c. Yellow oil (68%, Rf = 0.35 ethyl 
acetate).. 'H-NMR (DMSO-rfd, T= 350 K) 5 10.72 (bs, 2H), 8.23 (bs, 2H), 7.41 (d, J = 8.1 Hz, 
2H),, 7.34 (d, J = 8.0 Hz, 2H), 7.09 (t, J= 8.1 Hz, 2H), 7.00 (t, J = 8.1 Hz, 2H), 5.23 (bs, 1H), 
4.37-4.288 (m, 2H), 3.40-3.30 (m, 4H), 3.24-3.13 (m, 2H), 2.74-2.65 (m, 4H), 2.24-2.03 (6H), 
2.01-1.911 (m, 2H), 1.48 (s, 18H); HRMS (EI): Calcd. for C ^ H ^ NA 716.4226, Found: 
716.4230. . 

7V2-Bocc protected dimer  tetrahydro-p-carboline 54d. Yellow oil (59%, Rf = 0.35 ethyl 
acetate).. 'H-NMR (DMSO-J6, T= 350 K) 8 10.70 (bs, 2H), 8.25 (bs, 2H), 7.40 (d, J = 4.1Hz, 
2H),, 7.34 (d, J = 4.0Hz, 2H), 7.06 (t, J = 4.1Hz, 2H), 6.99 (t, J = 4.1Hz, 2H), 6.88 (s, 2H), 
5.211 (bs, 1H), 4.34-4.23 (m, 2H), 3.40-3.29 (m, 4H), 3.20-3.09 (m, 2H), 2.73-2.64 (m, 4H), 
2.19-2.088 (2H), 2.00-1.88 (m, 2H), 1.48 (s, 18H); HRMS (EI): Calcd. for C44HJ4N606 

762.4105,, Found: 762.4112. 
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JV2-Bocc protected tetrahydro-fi-carbolin e dimer  54c. Yellow oil (82%, Rf - 0.48 ethyl 
acetate).. 'H-NMR (DMSO-tfo", T= 350 K) 8 10.84 (bs, 2H), 7.41 (d, J = 8.1 Hz, 2H), 7.33 (d, 
JJ = 8.0 Hz, 2H), 7.08 (t, 7= 8.1 Hz, 2H), 6.98 (t, J= 8.2 Hz, 2H), 5.98 (bs, 1H), 5.24-5.15 (m, 
2H),, 4.31-4.25 (m, 2H), 3.39-3.25 (m, 2H), 3.21-3.10 (m, 2H), 2.70-2.63 (m, 4 H), 2.13-1.99 
(2H),, 1.95-1.82 (m, 2H), 1.49 (s, 18H); HRMS (EI): Calcd. for C37H32N«05 660.3999, Found: 
660.3993. . 

A -̂Bocc protected tetrahydro-(3-carboline trimer  56: Light yellow oil (65%, R f = 0.28). 'H-
NMRR (DMSO-rfd, T= 350 K) 8 10.76 (bs, 3H), 8.52 (bs, 3H), 8.44 (s, 3H), 7.41 (d, J = 8.1 
Hz,, 3H), 7.33 (d, J= 8.0 Hz, 3H), 7.08 (t, J = 8.1 Hz, 3H), 6.99 (t, J = 8.2 Hz, 3H), 5.25 (bs, 
3H),, 4.38-4.28 (m, 3H), 3.57-3.48 (m, 6H), 3.26-3.14 (m, 3H), 2.73-2.65 (m, 6H), 2.29-2.19 
(3H),, 2.11-2.02 (m, 2H), 1.47 (s, 18H); HRMS (EI): Calcd. for C63H69N909 1095.5218, 
Found:: 1095.5215. 

Generall  procedure for  the deprotection of 54a-e and 56. A solution of the JV-Boc protected 
dimeric/trimericc tetrahydro-P-carboline (0.25 mmol) in a mixture of dichloromethane (7 mL) 
andd trifluoroacetic acid (3 mL) was stirred at room temperature for one hour. After addition 
off  saturated aqueous K2C03 (5 mL) the mixture was stirred for an additional 2 hours. 
Extractivee work-up (ethyl acetate), drying of the combined organic layers (Na2S04), removal 
off  the solvent under reduced pressure and subsequent purification by using column 
chromatographyy (ethyl acetate/ methanol/ NH4OH (aq)) yielded the dimeric/trimeric 
tetrahydro-p-carbolines. . 

Tetrahydro-p-carbolin ee dimer  55a. Colourless oil (81%, Rf = 0.21 ethyl acetate/ methanol/ 
NH4OHH (aq)). 'H-NMR (DMSO-rftf) 8 10.78 (bs, 2H), 8.95 (bs, 2H), 8.35 (s, 1H), 7.98 (d,J = 
8.11 Hz, 2H), 7.59 (t, J = 8.0 Hz, 1H), 7.38 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.2 Hz, 2H), 7.04 
(t,, J = 8.2 Hz, 2H), 6.95 (t, J = 8.1 Hz, 2H), 4.18-4.07 (m, 2H), 3.57-3.40 (m, 4H), 3.26-3.16 
(m,, 2H), 3.00-2.90 (m, 2H), 2.71-2.58 (m, 4H), 2.28-2.17 (m, 2H), 1.95-1.82 (m, 2H); HRMS 
(EI):: Calcd. for C34HJgN602 560.2899, Found: 560.2893. 

Tetrahydro-p-carbolin ee dimer  55b. Colourless oil (84%, Rf = 0.18 ethyl acetate/ methanol/ 
NH4OHH (aq)). 'H-NMR (DMSO-Jtf) 8 10.75 (bs, 2H), 8.92 (bs, 2H), 7.93 (s, 4H), 7.38 (d,J = 
4.1Hz,, 2H), 7.29 (d, J = 4.0Hz, 2H), 7.02 (t, J= 4.1Hz, 2H), 6.95 (t, J = 4.1Hz, 2H), 4.10-
4.022 (m, 2H), 3.53-3.43 (m, 4H), 3.22-3.13 (m, 2H), 2.96-2.87 (m, 2H), 2.66-2.58 (m, 4H), 
2.27-2.155 (m, 2H), 1.92-1.78 (m, 2H); HRMS (EI): Calcd. for C34H3gN602 560.2899, Found: 
560.2908. . 

Tetrahydro-p-carbolin ee dimer  55c. Colourless oil (92%, Rf = 0.12 ethyl acetate/ methanol/ 
NH4OHH (aq)). 1H-NMR (DMSCw/6) S 10.70 (bs, 2H), 8.59 (bs, 2H), 7.38 (d, J = 8.1 Hz, 2H), 
7.311 (d, J = 8.0 Hz, 2H), 7.03 (t, J= 8.2 Hz, 2H), 6.94 (t, J= 8.1 Hz, 2H), 4.03-3.94 (m, 2H), 
3.51-3.433 (m, 4H), 3.18-3.10 (m, 2H), 2.91-2.82 (m, 2H), 2.68-2.55 (m, 4H), 2.28-2.04 (m, 
6H),, 1.79-1.68 (m, 2H); HRMS (EI): Calcd. for C30H36N6O2 512.2899, Found: 512.2905. . 

Tetrahydro-P-carbolinee dimer  55d. Light yellow oil (89%, Rf = 0.15 ethyl acetate/ 
methanol// NH4OH (aq)). 'H-NMR (DMSO-rfó) 8 10.71 (bs, 2H), 8.55 (bs, 2H), 7.39 (d, J = 
4.1Hz,, 2H), 7.30 (d, J= 4.0Hz, 2H), 7.00 (t, J = 4.2Hz, 2H), 6.94 (t, J = 3.9Hz, 2H), 6.89 (s, 
2H),, 4.01-3.95 (m, 2H), 3.50-3.40 (m, 4H), 3.18-3.09 (m, 2H), 2.91-2.82 (m, 2H), 2.64-2.55 
(m,, 4H), 2.16-2.05 (m, 2H), 1.79-1.68 (m, 2H); HRMS (EI): Calcd. for C30H3gN6O2 514.3056, 
Found:: 514.3048. 

Tetrahydro-p-carbolin ee dimer  55e. Yellow oil (86%, Rf = 0.12 ethyl acetate/ methanol/ 
NH4OHH (aq)). 'H-NMR (DMSO-d6) 8 10.71 (bs, 2H), 7.48-7.41 (m, 2H), 7.38 (d,J = 4.2Hz, 
2H),, 7.17 (t, J= 4.1Hz, 2H), 7.04 (t, J = 4.1Hz, 2H), 7.22-7.15 (m, 2H), 3.79-3.70 (m, 2H), 
3.46-3.366 (m, 6H), 3.14-2.96 (m, 4H), 2.44-2.31 (m, 2H), 2.18-2.04 (m, 2H); HRMS (EI): 
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Calcd.. for C27H30N6O 454.2481, Found: 454.2475. 

Tetrahydro-fi-carbolin ee trimer  57. Colourless oil (76%, Rf = 0.12 ethyl acetate/ methanol/ 
NH4OHH (aq)). LH-NMR (DMSO-dS) 5 10.74 (bs, 3H), 9.09 (bs, 3H), 8.95 (s, 1H), 7.34 (d,J = 
4.IHz,, 3H), 7.28 (d, J = 4.0Hz, 3H), 7.01 (t, / = 4.1Hz, 3H), 6.94 (t, J = 4.2Hz, 3H), 4.12-
4.044 (m, 3H), 3.54-3.47 (m, 6H), 3.21-3.12 (m, 3H), 2.98-2.87 (m, 3H), 2.65-2.57 (m, 6H), 
2.27-2.155 (m, 2H), 1.95-1.82 (m, 2H); HRMS (EI): Calcd. for C48H51N903 809.4115, Found: 
809.4110. . 

2,3,4,9-Tetrahydro-lZ/-P-carboline-l-carboxylicc acid methyl ester  59. An aqueous 
solutionn of glyoxylic acid (100 mL, 7.6% m/m) was added dropwise to a solution of 
tryptaminee hydrochloride (20.5 g, 105 ramol) in water (200 mL). After immediate addition of 
ann aqueous solution of potassium hydroxide (100 mL, 1.7 M) the reaction mixture was stirred 
att room temperature for 2 hours during which period a white precipitate was formed. 
Filtrationn and thorough washing of the residue with ethanol and diethyl ether yielded 58 as 
whitee needles (92%, 20.9 g). M.p. 224-226 °C. 
AA solution of amino acid 58 (20.9 g, 96.8 mmol) in methanol (300 mL) and sulfuric acid (30 
mL)) was stirred at room temperature overnight. The reaction mixture was concentrated to 
25%% of its original volume. Upon cooling of the reaction mixture to 0 °C and addition of 
toluenee (50 mL) a white precipitate was formed which was obtained by filtration and washing 
withh diethyl ether. The hydrochloride salt was dissolved in water (200 mL) and the water 
layerr was made basic by addition of saturated aqueous K2C03 Extractive work-up (ethyl 
acetate),, drying of combined organic layers (Na2S04) and removal of the solvent in vacuo 
yieldedd 59 (92%, 20.5 g). M.p. 211 °C. 'H-NMR (CDC13) 5 8..8 (bs, 1H), 7.51 (d, J= 4.0Hz, 
1H),, 7.36 (d, J= 4.1Hz, 1H), 7.24-7.06 (m, 2H), 4.88 (bs, 1H), 3.39-3.26 (m, 1H), 3.23-3.07 
(m,, 1H), 2.83-2.71 (m, 2H); IR (CHC13) 1736. 

l^^^-Tetrahydro-ljtf-P-carboline-l-ylJmethano ll  60. Lithium aluminium hydride (1.32 g, 
34.88 mmol) was added portionwise at 0 °C to a solution of ester 59 (1.60g, 6.95 mmol) in 
THFF (70 mL) under a nitrogen atmosphere. The reaction mixture was heated under reflux for 
33 hours. Ethanol was carefully added at 0 °C. When gas evolution had ceased aqueous NaOH 
wass added (30 mL) which gave a white precipitate. Filtration, concentration of the filtrate in 
vacuo,vacuo, extractive work-up (ethyl acetate), drying of the combined organic layers (Na2S04) 
andd evaporation of the solvent under reduced pressure gave a brown oil. Column 
chromatographyy (Rf = 0.25 ethyl acetate/ methanol/ NH4OH (aq) 85:10:5) and crystallization 
gavee 60 as a slightly yellow crystalline material (65%, 913 mg). M.p. 139 °C; 'H-NMR 
(CDC13)) 8 8.15 (bs, 7.50 (d, J= 4.1Hz, 1H), 7.29 (d, J = 4.0Hz, 1H), 7.21-7.06 (m, 2H), 4.16-
4.044 (m, 1H), 3.90-3.68 (m, 2H), 3.32-3.02 (m, 2H), 2.80-2.69 (m}  2H). 

l-Hydroxymethyl-1^3,4,9-tetrahydro-l/f-P-carboline-2-carboxylicc acid /-butyl ester  61. 
Di-terf-butyll  dicarbonate (1.56 g, 7.13 mmol) was added to a solution of amino alcohol 60 
(1.200 g, 5.94 mmol) in dichloromethane (50 mL). After addition of triethylamine (1.67 mL, 
11.99 mmol) the reaction mixture was stirred at room temperature for 1 hour. Evaporation of 
thee solvent and column chromatography (Rf = 0.43 light petroleum —> light petroleum/ ethyl 
acetatee 8:2) yielded 61 as a foam (89%, 1.53 g). M.p. 96 °C; 'H-NMR (DMSO-d6, T=350 K) 
88 10.55 (bs, 1H), 7.39 (d, J= 4.1Hz, 1H), 7.33 (d,J= 4.0Hz, 1H), 7.06 (t,J= 4.1Hz, 1H), 
6.999 (t, J= 4.1Hz, 1H), 5.15 (bs, 1H), 4.77 (bs, 1H), 4.38-4.25 (m, 1H), 3.85-3.74 (m, 2H), 
3.35-3.211 (m, 1H), 2.71-2.65 (m, 2H), 1.48 (s, 9H); 

Generall  procedure for  dimerization of alcohol 61. A solution of alcohol 61 (86.7 mg, 0.30 
mmol)) and triethylamine (0.40 mmol, 57 |iL) in dichloromethane (3 mL) was cooled to 0 °C. 
Afterr addition of a precooled solution of 0.10 mmol of the dicarboxylic acid chloride in 
dichloromethanee (3 mL) the reaction mixture was stirred for 2 hours at room temperature. 
Evaporationn of the volatiles under reduced pressure and flash chromatography (ethyl acetate) 
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yieldedd the dimeric tetrahydro-p-carbolines. 

iVï-Bocc protected tetrahydro-fJ-carboline dimer 62a. Brown oil (81%). 'H-NMR (DMSO-
d6,d6, T=350 K) 8 10.88 (bs, 2H), 8.55 (s, 1H), 8.22 (d, J = 8.1 Hz, 2H), 7.69 (t, J= 8.2 Hz, 1H), 
7.488 (d ,/ = 8.0 Hz, 2H), 7.36 (d,J= 8.1 Hz, 2H), 7.10 (t,J= 8.0 Hz, 2H), 7.01 (t,J= 8.1 Hz, 
2H),, 5.62 (bs, 2H), 4.81-4.68 (m, 4H), 4.40-4.29 (m, 2H), 3.40-3.29 (m, 2H), 2.77-2.68 (m, 
4H),, 1.34 (s, 9H); IR(CHC13) 1743. 

iVj-Bocc protected tetrahydro-^-carboline dimer 62b. Brown oil (74%). 'H-NMR (DMSO-
d6d6tt T=350 K) 8 10.89 (bs, 2H), 8.09 (s, 4H), 7.46 (d, J = 8.1 Hz, 2H), 7.38 (d, J = 8.0 Hz, 
2H),, 7.11 (t, J= 8.1 Hz, 2H), 7.02 (t, J= 7.9 Hz, 2H), 5.61 (bs, 2H), 4.81-4.65 (m, 4H), 4.39-
4.299 (m, 2H), 3.39-3.28 (m, 2H), 2.75-2.70 (in, 4H), 1.32 (s, 9H); IR (CHC1,) 1732. 

JVj-Bocc protected tetrahydro-p-carboline dimer 64: Brown oil (68%). 'H-NMR (DMSO-
d6,d6, T 350 K) 8 10.58 (bs, 2H), 7.41 (d,J= 8.1 Hz, 2H), 7.37 (d,J= 8.1 Hz, 2H), 7.05 (t, J = 
8.00 Hz, 2H), 6.96 (t, J = 8.1 Hz, 2H), 5.15 (bs, 2H), 4.35-4.26 (m, 2H), 3.85-3.78 (m, 4H), 
3.35-3.211 (m, 2H), 2.71-2.62 (m, 4H), 1.49 (s, 9H);IR (CHC13) 1743, 1734. 

Generall  procedure for removal of the Boc-group: A similar procedure as was described 
forr the deprotection of the N-Boc protected dimers 54 was applied to the deprotection of 
dimerss 62a and 62b. 

Tetrahydro-P-carbolinee dimer 63a. Yellow oil (84%, Rf = 0.18 ethyl acetate/ methanol/ 
NH4OHH (aq)). 'H-NMR (DMSO-</<5) 8 10.86 (bs, 2H), 8.53 (s, 1H), 8.22 (d, 7= 8.1 Hz, 2H), 
7.722 (t, J = 8.0 Hz, 1H), 7.44 (d, J = 8.2 Hz, 2H), 7.32 (d, J = 8.1 Hz, 2H), 7.07 (t, J = 8.0 
Hz,, 2H), 6.98 (t, J = 4.1 Hz, 2H), 4.79-4.69 (m, 2H), 4.53-4.37 (m, 4H), 3.22-3.16 (m, 4H), 
3.03-2.900 (m, 2H), 2.75-2.54 (m, 4H); IR (CHC13) 1732; HRMS (EI): Calcd. for C32H34N404 

538.2580,, Found: 538.2574. 

Tetrahydro-p-carbolinee dimer 63b. Yellow oil (89%, Rf = 0.14 ethyl acetate/ methanol/ 
NH4OHH (aq)). 'H-NMR (DMSO-^6) 8 10.88 (bs, 2H), 8.15 (s, 4H), 7.42 (d, J = 8.1 Hz, 2H), 
7.322 (d, J = 8.0 Hz, 2H), 7.08 (t, J= 8.2 Hz, 2H), 6.99 (t, J= 8.1 Hz, 2H), 4.78-4.70 (m, 2H), 
4.52-4.388 (m, 4H), 3.24-3.17 (m, 4H), 3.01-2.92 (m, 2H), 2.71-2.50 (m, 4H); IR (CHC13) 
1732;; HRMS (EI): Calcd. for C32H34N404 538.2580, Found: 538.2587. 

l-Acetyl-2-indolinesulfonatee 69. A solution of indole (11.7 g, 100 mmol) in ethanol (25 mL) 
wass added slowly to an aqueous solution of NaHS03 (80 mL, 2.8 M). After stirring for 20 
hourss at room temperature the white-green precipitate was filtered off and thoroughly washed 
withh methanol and diethyl ether to yield a white solid. A slurry of this solid (10.0 g, 42.8 
mmol)) in acetic anhydride (100 mL) was stirred at 70 °C for 2 hours. The temperature was 
raisedd to 90 °C and the reaction mixture was subsequently stirred for 30 minutes to dissolve 
thee solid. After cooling to 0 °C the precipitate was collected by filtration, thorough washing 
off  the solid with diethyl ether afforded 69 (75%, 8.51 g) as a white solid. lH-NMR (D20) 
88 7.97-7.90 (m, 1H), 7.40-7.26 (m, 3H), 7.22-7.15 (m, 1H), 5.53 (d, J= 1.3 Hz, 1H), 3.73-
3.622 (m, 1H), 3.47-3.38 (m, 1H), 2.48 (s, 3H); BC-NMR (D20) 8 143.3, 133.3, 129.2, 127.1, 
126.7,, 119.6,76.4,33.7,24.9. 

5-Bromoindolee 70. An aqueous solution of 69 (7.0 g, 25.7 mmol in 50 mL) was cooled to 
0-55 °C. Bromine (1.46 g, 28.3 mmol) was added slowly in order to keep the temperature 
beloww 5 °C. After completion of the addition the orange solution was stirred for 1 hour at 0 
°CC and subsequently warmed to room temperature. Dilution of the solution with water (50 
mL)) and addition of sodium bisulfite to scavenge the excess bromine gave a light yellow 
solution.. NaOH (4.3 g) was added and the reaction mixture was heated to reflux for 16 hours. 
Coolingg of the reaction mixture to 0 °C yielded an off-white precipitate that was collected by 
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filtration,filtration, yielding 5-bromoindole 70 (87%, 4.07 g) as a white solid. M.p. 91 °C; 'H-NMR 
(CDClj)) 5 8.23 (bs, 1H), 7.77 (s, 1H), 7.28-7.23 (m, 2H), 7.22 (s, 1H), 6.50 (bs, 1H). 

5-Bromo-l-(toluene-4-sulfonyl)-l/?-indolee 71a. An aqueous solution of NaOH (115 mL, 
2.66 M) was added to a solution of 5-bromoindole 70 (1.0 g, 5.1 mmol), tosyl chloride (1.23 g, 
5.66 mmol) and tetrabutylammonium hydrogen sulphate (17 mg, 0.05 mmol) in toluene (30 
mL).. The biphasic mixture was stirred vigorously at room temperature for 2 hours. Separation 
andd washing of the organic layer with water (three 50 mL portions), drying of the organic 
layerr (Na2S04) and evaporation of the solvent under reduced pressure gave 71a (95%, 1.71 g) 
ass colourless needles. M.p. 149 °C; 'H-NMR (CDC13) 6 7.85 (d, J = 8.5 Hz, 1H), 7.73 (d, J = 
8.00 Hz, 2H), 7.65 (s, 1H), 7.55 (<L7= 2.1 Hz, 1H), 7.39 (d, J = 7.0 Hz, 1H), 7.22 (d, / = 8.0 
Hz,, 2H), 6.58 (d, J = 6.5 Hz, 1H), 2.35 (s, 3H); 

5-Bromo-indole-l-carboxylicc acid /-butyl ester  71b. Di-ferf-butyl dicarbonate (1.31 g, 6.0 
mmol)) was added in small portions to a solution of 70 (977 mg, 5.0 mmol) and DMAP (61.6 
mg,, 0.5 mmol) in dichloromethane (22 mL). The reaction mixture was stirred at room 
temperaturee for one hour. After cooling of the reaction mixture to 0 °C the reaction was 
quenchedd by the dropwise addition of saturated aqueous NH4C1 (10 mL). Extractive work-up 
(dichloromethane),, drying of the combined organic layers (Na2S04) and evaporation of the 
solventt under reduced pressure yielded 71b (99%, 5.39 g) as a white solid. M.p. 115 °C; 'H-
NMRR (CDC13) 6 8.03 (d, J= 8.6 Hz, 1H), 7.68 (d, J = 1.9 Hz, 1H), 7.59 (d, J = 7.4 Hz, 1H), 
7.400 (dd, / = 8.8 Hz, J = 1.9 Hz, 1H), 6.50 (d, J= 3.7 Hz, 1H), 1.67 (s, 9H); IR (CHC13) 1722. 

l-(Toluene-4-suIfonyl)-5-(trimethylsilanylethynyl)indolee 72. A solution of 71a (351 mg, 
1.00 mmol), trimethylsilylacetylene (282 u.L, 2.0 mmol), tetrakis(triphenylphosphine) 
palladiumm (57.6 mg, 0.05 mmol) and copper(l)iodide (9.5 mg, 0.05 mmol) in piperidine (5 
mL)) was heated at 60 °C for 16 hours, under an argon atmosphere. After cooling to room 
temperaturee saturated aqueous NH4C1 (10 mL) was added. Extractive work-up (ethyl acetate), 
dryingg of the combined organic layers (Na2S04), evaporation of the solvent in vacuo and 
columnn chromatography (Rf = 0.35 ethyl acetate/ light petroleum 7:3) yielded 72 (89%, 328 
mg)) as a yellow oil. 'H-NMR (CDC13) 5 7.91 (d, J « 8.5 Hz, 1H), 7.72 (d, J = 5.0 Hz, 2H), 
7.655 (s, 1H), 7.55 (d, J = 4.7 Hz, 1H), 7.40 (d, J = 3.5 Hz, 1H), 7.20 (d, J = 5.0 Hz, 2H), 6.60 
(d,, J = 1.3 Hz, 1H), 2.33 (s, 3H), 0.25 (s, 9H); '3C-NMR (CDC13) 5 145.0, 135.0, 134.4, 
130.5,, 129.8, 128.3, 127.3, 125.2, 118.1, 114.8, 113.4, 108.8, 105.1, 93.1, 21.4, -0.1; HRMS 
(EI):: Calcd. forC20H21NSO2Si 367.1062, Found: 367.1069. 

5-Ethynyl-l-(toluenesulfonyl)indolee 73. A solution of 72 (283 mg, 0.77 mmol) and 
potassiumm carbonate (116 mg, 1.54 mmol) in methanol (5 mL) was stirred at room 
temperaturee for 16 hours. Addition of water (15 mL), extractive work-up (ethyl acetate), 
dryingg of the combined organic layers (Na2S04) and removal of the solvent under reduced 
pressuree yielded 73 (87%, 197 mg) as a yellow oil. 'H-NMR (CDC13) 5 7.94 (d, J = 8.3 Hz, 
1H),, 7.75 (d, J = 8.2 Hz, 2H), 7.68 (d, J = 0.8 Hz, 1H), 7.58 (d, J= 1.8 Hz, 1H), 7.43 (dd, J = 
8.33 Hz, J = 0.8 Hz, 1H), 7.22 (d, J = 8.1 Hz, 2H), 6.62 (d, J = 1.8 Hz, 1H), 3.03 (s, 1H), 2.34 
(s,3H). . 

Bisindolee 74. Tetrakis(triphenylphosphine)palladium (50 mg, 0.04 mmol) was added to a 
solutionn of 73 (259 mg, 0.88 mmol), 71a (338 mg, 0.97 mmol) and copper(I) iodide (8.4 mg, 
0.044 mmol) in piperidine (5 mL) and THF (3 mL) under an argon atmosphere. The reaction 
mixturee was stirred at 50 °C for 16 hours. After cooling to room temperature saturated 
aqueouss NH4C1 (5 mL) was added. Extractive work-up (ethyl acetate), drying of the 
combinedd organic layers (Na2S04) and evaporation of the solvent afforded a brown oil. 
Bisindolee 74 (76%, 379 mg) was obtained by column chromatography (Rf = 0.39 ethyl 
acetate// light petroleum 1:1) as a colourless oil. 'H-NMR (CDC13) 8 7.86 (d, J = 8.8 Hz, 1H), 
7.755 (d, / = 8.1Hz, 2H), 7.65 (d, J = 1.9 Hz, 1H), 7.59 (d, J= 3.8Hz, 1H), 7.39 (dd, J = 8.2 
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Hz,, J = 0.7Hz, 1H), 7.24 (d, J = 8.0 Hz, 2H), 6.61 (d, J= 3.8 Hz, 1H), 2.36 (s, 3H); 13C-NMR 
(CDClj)) 8 145.1, 134.8, 134.5, 130.5, 129.8 (2x), 128.4, 126.6, 125.7, 116.5, 113.5, 108.5, 
81.3,, 21.3; HRMS (EI): Calcd. for C32H24N2S204 564.1177, Found: 564.1177. 

Generall  procedure for  coupling of hydroxyacetylenes: A solution of 71a or 71b (1.0 
mmol),, the hydroxyacetylene (2.0 mmol) and copper(I) iodide (10 mg, 0.05 mmol) in 
piperidinee (4 mL) was heated to 60 °C under an argon atmosphere. After addition of 
tetrakis(triphenylphosphine)palladiumm (58 mg, 0.05 mmol) the mixture was stirred for 16 
hourss at 60 °C. After quenching of the reaction with saturated aqueous NH4C1 (5 mL), 
extractivee work-up (ethyl acetate), drying of the combined organic layers (Na2S04) and 
evaporationn of the solvent under reduced pressure the product was purified by column 
chromatographyy (ethyl acetate/ light petroleum 1:1). 

4-l#-Indol-5-yl)-but-3-yn-l-oll  75. Brown oil (61%, R, = 0.36 ethyl acetate/ light petroleum 
1-1).. 'H-NMR (CDClj) 8 8.30 (bs, 1H), 7.75 (s, 1H), 7.30 (d,7 = 8.1 Hz, 1H), 7.26 (d,J = 8.1 
Hz,, 1H), 7.19 (bs, 1H), 6.53 (bs, 1H), 3.83 (t, J = 2.2 Hz, 6.1 Hz, 1H), 2.72 (t, J = 5.9 Hz, 
1H). . 

4-ll-(toluene-4-sulfonyl)-lJff-indol-5-yl]-but-3-yn-l-o ll  77a. Yellow oil (99%, Rf = 0.42 
ethyll  acetate/ light petroleum 1:1). lH-NMR (CDC13) 8 7.90 (d, J= 8.1 Hz, 1H), 7.73 (d, J = 
8.33 Hz, 2H), 7.56 (d, 7= 8.9 Hz, 1H), 7.35 (d, J- 8.1 Hz, 1H), 7.22 (d,J = 8.0 Hz, 1H), 6.59 
(d , /== 1.5 Hz, 1H), 3.80 (bs, 2H), 2.68 (t,7= 6.1 Hz, 2H), 2.33 (s, 3H). 

4-[l-(/-Buty ll  carbamoyl)-m-indol-5-yl]-but-3-yn-l-ol 77b. Brown oil (60%, Rf = 0.34 
ethyll  acetate/ light petroleum 1:1). 'H-NMR (CDC13) 8 8.08 (bs, 1H), 7.62-7.56 (m, 2H), 7.36 
(dd,, J= 12 Hz, J= 0.9 Hz, 1H), 6.53 (d, J = 3.9 Hz, 1H), 3.90-3.75 (m, 2H), 2.72 (t, J= 6.2 
Hz,2H),, 1.67 (s,9H). 

4-[l-(toluene-4-sulfonyl)-lH-indol-5-yl]-pent-3-yn-l-ol78.. Yellow oil (89%, Rf = 0.31 
ethyll  acetate/ light petroleum 1:1). 'H-NMR (CDC13) 8 7.87 (d, J= 8.1 Hz, 1H), 7.69 (d, J = 
88 2 Hz, 2H), 7.52 (d, J= 8.9 Hz, 1H), 7.31 (d, J- 8.9 Hz, 1H), 7.15 (d, J= 8.0 Hz, 2H), 6.54 
(d,, J- 1.4 Hz, 1H), 3.78 (t, J = 5.9 Hz, 2H), 2.49 (t, J = 6.1 Hz, 2H), 2.28 (s, 3H), 1.88-1.78 
(m,, 2H). 

Toluene-4-sulfonicc acid but-3-ynyl ester  80. Tosylchloride (3.60 g, 17.2 mmol) was added 
too a solution of butyn-1-ol (1.0 g, 14.3 mmol) in dry pyridine (20 mL). The reaction mixture 
waswas stirred for 5 hours under a nitrogen atmosphere at room temperature. After pouring the 
reactionn mixture in water, the mixture was stirred for an additional 30 minutes. Extractive 
work-upp (diethyl ether), drying of the combined organic layers (Na2S04) and evaporation of 
thee solvent under reduced pressure gave a light pink oil. Purification by using column 
chromatographyy (Rf = 0.45 ethyl acetate/ light petroleum) afforded acetylene 80 (58%, 1.81 
g)) as a colourless oil. 'H-NMR (CDC13) 8 7.55 (d, J = 7.6 Hz, 2H), 7.35 (d, J= 7.6 Hz, 2H), 
4.155 (t, J = 6.9 Hz, 2H), 2.54 (dt, J = 7.6 Hz, J = 2.2Hz, 2H), 2.46 (s, 3H), 1.92 (t, J = 2.6 Hz, 
1H). . 

l,4-di-but-3-ynyI-piperazin ee 79. A solution of acetylene 80 (533 mg, 2.42 mmol), 
piperazinee (86 mg, 1.0 mmol) and NaHC03 (166 mg, 2.0 mmol) in DMF (4 mL) was stirred 
overnightt under a nitrogen atmosphere at room temperature. Addition of water (15 mL), 
extractivee work-up (ethyl acetate), drying of the combined organic layers (Na2S04) and 
removall  of the solvent in vacuo gave a brown oil. Purification by using column 
chromatographyy (Rf =0.18, ethyl acetate) gave 79 (58%, 110 mg) as a colourless oil. 'H-
NMRR (CDC13) 8 2.52 (t, J = 7.8 Hz, 4H), 2.45 (bs, 8H), 2.30 (dt, J = 8.0 Hz, 2.6Hz, 4H), 1.92 
(t,y=2.6Hz,2H). . 
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Toluenee 4-sulfonic acid-4(l-(toluene-4-sulfonyl)-l//-indoI-5-yllbut-3-ynyl ester  82. A 
solutionn of alcohol 77a (1.01 g, 3.0 mmol) and tosylchloride (1.71 g, 9.0 mmol) in dry 
pyridin ee (10 mL) was stirred under  a nitrogen atmosphere at room tempearture for  17 hours. 
Thee reaction mixtur e was poured in ice-water  (200 mL) yielding a crystalline precipitate 
whichh was obtained by filtratio n and taken up in ethyl acetate. Subsequent dryin g of the 
solutionn (Na2S04) and removal of the solvent under  reduced pressure yielded 82 (73%, 1.07g) 
ass a white solid. M.p. 141 °C; 'H-NM R (CDC13) 6 7.89 (d, J= 8.6 Hz, 1H), 7.81 (d, J = 8.3 
Hz,, 2H), d, J = 8.3 Hz, 2H), 7.74 (d, J= 8.3 Hz, 2H), 7.56 (d, J = 3.6 Hz, 1H), 7.50 (s, 1H), 
7.21-7.277 (m,5H), 6.59 (d, J= 3.6Hz, 1H), 4.18 (t, J= 7.0 Hz, 2H), 2.77 (t, J = 7.0 Hz, 2H), 
2.388 (s, 3H), 2.34 (s, 3H); HRM S (EI) : Calcd. for  C ^ N S j C ^ 477.1068, Found: 477.1060. 

Bisindolee 81. A solution of 82 (493 mmol, 1.0 mmol), piperazine (43 mg, 0.5 mmol) and 
K 2C033 (177 mg, 1.2 mmol) in dry DMF (10 mL) was heated to 70 °C and stirred overnight 
underr  a nitrogen atmosphere. Additio n of water  (20 mL) and extractive work-up (ethyl 
acetate// diethylether  1:1), dryin g of the combined organic layers (Na2S04) and removal of the 
solventt  under  reduced pressure gave a yel low oil . Purificatio n by using column 
chromatographyy (Rr = 0.19 ethyl acetate/ NH4OH (aq) 98:2) yielded 81 (35%, 255 mg) as an 
off-whit ee solid. M.p. 241 °C; 'H-NM R (CDC13) 8 7.89 (d, J= 8.5 Hz, 2H), 7.72, (d, J = 8.0 
Hz,, 4H), 7.54 (d, ƒ = 7.1 Hz, 2H), 7.32 (d, J = 8,2 Hz, 2H), 7.21 (d, J = 8.1 Hz, 4H), 6.59 (d, J 
== 1.5 Hz, 2H), 273-264 (m, 4H), 263-254 (m, 12H), 2.35 (s, 6H);  l3C-NM R (CDC13) 5 144.8, 
134.9,, 133.8, 130.5, 129.6, 127.8, 126.9, 126.5, 124.4, 118.5, 113.2, 108.6, 87.0, 81.1, 57.0, 
52.5,21.3,17.4;;  HRM S (EI): Calcd. for  €42^^48304 728.2491, Found: 728.2483. 
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ApproachesApproaches  to  Asymmetric 
Pictet-SpenglerPictet-Spengler  Cyclizations 

Abstrac t t 

Thee Pictet-Spengler reaction is one of the well-described synthetic tools for the preparation of 

tetrahydro-|J-carbolinee ring systems. The presence of enantiopure tetrahydro-P-carboIines in 

manyy alkaloids and compounds with biological activity has resulted in a vivid interest in 

asymmetricc Pictet-Spengler reactions over the last decade. Many of these approaches involve 

thee use of chiral auxiliaries, attached to the tryptamine NH2-group. In this chapter attempts to 

introducee chiral auxiliary groups at other sites in the tryptamine molecule, an approach that is 

limitedd by long synthetic routes and instability of the resulting Pictet-Spengler precursors, 

wil ll  be presented. The introduction of nitrogen, phosphor and sulfur containing chiral groups 

att the tryptamine NH2 appeared to be more promising. N-sulfinyl groups were found to 

combinee stability, good synthetic availability and increased reactivity and influence on the 

stereochemicall  outcome of the Pictet-Spengler reaction. 
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§§ 3.1 Introductio n 

Tetrahydro-p-carbolinee ring systems can be found in numerous natural compounds 

thatt often have interesting biological activities. For this reason these ring systems and analogs 

havee drawn a lot of attention from a pharmacochemical and biosynthetic point of view. In 

Figuree 3.1 two complex natural products with tetrahydro-p-carboline ring systems derived 

fromm tryptamine are depicted. 

Figuree 3.1 

H3C02C C 

H3CO2O' ' 

Hv''|| II ÖH 
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0CH33 K^Kr 
33 2, (+)-vincamine 

OCH3 3 

1,, reserpine 

Obviouslyy the synthesis of tetrahydro-p'-carbolines has found ample precedent in the 

literature.. In chapter 2 the Bischler-Napieralski reaction and the Pictet-Spengler reaction, two 

classicall  cyclization reactions that were discovered around 1900, have been discussed in some 

detail.. Since the Pictet-Spengler reaction plays an important role in the chemistry that is 

describedd in this thesis, some more detailed information about the mechanism and scope of 

thiss reaction will be provided. 

Pictet-Spenglerr cyclizations of tryptamines and phenylethylamines, the classical 

substrates,, yield tetrahydro-P-carbolines and -isoquinolines in which a new asymmetric 

carbonn atom is formed. Not surprisingly, many approaches to asymmetric Pictet-Spengler 

reactionss have been reported in the literature, since the synthesis of enantiopure tetrahydro-p-

carboliness and analogs is of interest for both synthetic organic chemistry and medicinal 

chemistry.. In § 3.3 asymmetric approaches to the Pictet-Spengler reaction that have been 

mentionedd in the literature are described. Furthermore, a number of our approaches towards a 

chirall  auxiliary mediated Pictet-Spengler reaction will be discussed in § 3.4 to § 3.6. 

§§ 3.2 The Pictet-Spengle r Reactio n 

§§ 3.2.1 Mechanism of the Pictet-Spengler Reaction 

Ann accepted mechanism of the acid-catalyzed Pictet-Spengler reaction is depicted in 

schemee 3.1. The protonated Schiff-base A, that is formed upon reaction of tryptamine with an 

aldehyde,, can be attacked by electrons from the pyrrole ring, forming a new carbon-carbon 

bondd either on the 2- or the 3-position. It is commonly accepted that attack from the 3-

positionn is more likely for electronic reasons. 
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AA theoretical study by Kowalski et al. based on MNDO calculations indeed supports 

somee earlier concepts' that the Pictet-Spengler reaction involves both spi'roindolenine B and 

thee intermediate C that eventually leads to product formation.2 The heat of formation of 

spz'roindoleninee B is only 1 kcal/mol lower than that of the intermediate C while both are 

calculatedd to be thermodynamically favoured over the protonated Schiff base A. 

Schemee 3.1 

NH, , 

O O 

RR H 

© © 
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HH I 
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AA HI

NH H NH H 

Initiall yy it was believed that the spi'roindolenine B was transformed into the 

intermediatee C via a 1,2- alkylshift (pathway III) , which would make B an important 

intermediatee in the reaction. However, the energy barrier of this reaction is calculated to be 

43.88 kcal/mol. It is therefore anticipated that the conversion of B to C via this pathway 

proceedss extremely slow. It is most likely that spiroindolenine B is in equilibrium with the 

protonatedd Schiff base A which is also in equilibrium with the intermediate C. Deprotonation 

off  C leads to progress of the reaction in the direction of the tetrahydro-P-carboline products. 

Schemee 3.2 
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Experimentss by Nakagawa and coworkers towards the total synthesis of the naturally 

occurringoccurring alkaloid eudistomin L showed that the formation of the sp/>oindolenine F (scheme 
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3.2)) is, at least in their Pictet-Spengler cyclization, an important side-process.3 Reaction of JVb-

hydroxytryptaminee 3 with TV-Boc-cysteinal yielded the imine D which was cyclized with 

trifluoroaceticc acid. The formation of the tetracyclic side-product 4, which arises from 

intramolecularr attack of the Boc-protected amino group onto the jpiVo-indolenine F, could 

onlyy be suppressed at -78 °C. In this case efficient trapping of the spiroindolenine makes its 

formationn irreversible and thus prevents the formation of the tetrahydro-|3-carboline product. 

§§ 3.2.2 Biosynthetic Relevance of Pictet-Spengler Reaction 

Thee Pictet-Spengler cyclization of tryptamine with secologanin4 5, catalyzed by 

strictosidinee synthase, is considered to be an important starting point for the biosynthesis of a 

varietyy of naturally occurring monoterpene indole alkaloids such as strychnine5 and 

vindoline.6 6 

Schemee 3.3 

YJ C C 
J>J> NH2 ^ ü . ^ 0 

NN H3COOC — 
R R 

H3C00C C 

6,, strictosidine 

Moreoverr it is believed that the presence of tryptamine and its derivatives serotonine 

andd 5-methoxytryptamine leads to the in vivo formation of tetrahydro-p-carbolines in the 

mammaliann central nervous system.7 These compounds are known to inhibit the biosynthesis 

off  mono amine oxidases8 and interact with the 5HT-reuptake receptor.9 The biogenetic Pictet-

Spenglerr reaction is thus believed to have a significant influence on the metabolism of 

serotoninn and its neuronal reuptake and is therefore a crucial reaction in mammalian species. 

§§ 3.3 Enantioselectiv e Pictet-Spengle r Reaction s in the Literatur e 

§§ 3.3.1 Introduction 

Thee formation of a new stereocenter in the Pictet-Spengler products has prompted 

manyy research groups to study asymmetric approaches to the Pictet-Spengler reaction. 

Althoughh there have been many reports on the use of catalytic C-C bond forming reactions 

usingg imines,10 a catalytic asymmetric approach to the Pictet-Spengler reaction has not been 

reported. . 

68 8 



ApproachesApproaches to Asymmetric Pictet-Spengler Cyclizations 

Figuree 3.2 
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Asymmetricc approaches to the Pictet-Spengler reaction involve the use of chiral 

auxiliaryy groups in the starting material, that can either be removed after the cyclization or 

cann further be elaborated to synthesize structurally more complex tetrahydro-|3-carbolines. 

Substituentss that have an influence on the stereoselectivity of the reaction can be introduced 

att different positions in the starting tryptamine skeleton, as can be seen in figure 3.2. 

Substitutionn of the aromatic ring has severe effects on the feasibility of the Pictet-

Spenglerr cyclization since the electronic character of the pyrrole ring is dramatically changed 

whenn electrondonating or electronwithdrawing groups are introduced. Obviously, substitution 

off  the ./Vb-nitrogen atom has an effect on the geometry of the ring closure and the organization 

off  the iminium ion. In § 3.3.2 some literature approaches that involve chiral A^-substituted 

tryptaminess are discussed while some of our own studies regarding this approach are 

mentionedd in § 3.6. 

Whenn enantiopure tryptophan derivatives are used as starting materials for the Pictet-

Spenglerr reaction there is a strong effect, both on the reactivity and on the stereoselectivity of 

thee cyclization. Some aspects with regard to the reactivity and stereochemical outome of 

Pictet-Spenglerr cyclizations of tryptophan derivatives will be reviewed shortly in § 3.3.3. In § 

3.44 we will describe our attempts to introduce heteroatom substituents at the benzylic ex-

positionn of the tryptamine sidechain. Approaches that involve the introduction of chiral 

auxiliariess at the indole nitrogen will be described in § 3.5. 

§§ 3.3.2 Chiral /vb-substituted Tryptamines 

Inn 1996 Nakagawa et al. reported asymmetric Pictet-Spengler reactions of tryptamine 

usingg an a-methylbenzylgroup as a chiral auxiliary." Tryptamines 7 were obtained, according 

too the literature, by treatment of indole with oxalylchloride, amination with (S)-a-

methylbenzylaminee or (5)-a-methylnaphtylamine and subsequent reduction of the 

carbonylgroupss (scheme 3.4).'2 Pictet-Spengler reaction with benzaldehyde in the presence of 

trifluoroaceticc acid yielded the tetrahydro-|}-carboline 8 as a 86:14 mixture of diasteroisomers 

inn 71% yield. Substitution of the phenyl group for a naphtyl group resulted in a 93:7 mixture 

off  diastereoisomers. '3 
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Unfortunately,, this reaction only gave satisfying results when benzaldehydes were 

used.. Pictet-Spengler condensation with aliphatic aldehydes gave low diastereoselectivity. 

Anotherr drawback of this procedure is the problematic removal of the chiral auxiliary after 

thee reaction. The new benzylic C-N bond in the product leads to the excessive formation of 

ring-openedd products upon hydrogenolysis. 

Schemee 3.4 

,, HN^CH 3 

Ar r H H 

HN^,CH 3 3 

Phh Ar 

77 Ar = phenyl, naphtyl 8 Ar = phenyl, naphtyl 

ReagentsReagents and conditions: (a) benzaldehyde. TFA, benzene reflux; (b) H2, Pd(OH)2, EtOAc 

Thee use of 7V,iV-phthaloyl amino acids as chiral auxiliaries'4 was first mentioned by 

Waldmannn and coworkers in asymmetric Mannich reactions. This methodology has also been 

appliedd to the chemically related Pictet-Spengler reaction.15 Formation of the imines 9 and 

subsequentt reaction with protected amino acid chlorides gives an intermediate JV-acyliminium 

ionn 10. Intramolecular attack by electrons of the pyrrole ring of the indole system results in 

thee formation of JVVacyl-tetrahydro-p-carbolines 11 with high diastereoselectivity (scheme 

3.5).. This reaction proceeds only in high diastereoselectivity with specific aldehydes and is 

thereforee not generally applicable. Furthermore, removal of the N-acylsubstituent by using 

lithiumm aluminium hydride reduction furnished the corresponding tetrahydro-P-carbolines in 

onlyy moderate yield. 

Schemee 3.5 
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Inn another approach Waldmann et al. reported the N-acyliminium ion Pictet-Spengler 

cyclizationn of Afb-(3-indolyl)ethyl amino acid esters 12 and substituted aromatic aldehydes in 

thee presence of acetic acid. Despite the excellent diastereoselectivity that was reached with 

somee aromatic aldehydes, the removal of the JV2-substituent involves multiple steps under 

harshh conditions (i.e. retro Strecker reaction). 
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§§ 3.3.3 Pictet-Spengler Cyclizations of Tryptophan Derivatives 

Pictet-Spenglerr reactions of tryptophan derivatives have found ample precedent in the 

literature.166 The investigation towards the ratios of cis to trans diastereoisomers in the Pictet-

Spenglerr reaction of tryptophan derivatives has been an important issue over the last decades. 

Itt seems obvious that the P-carboxysubstituent plays an important role in the stereochemical 

outcomee of the reaction. Numerous studies have however shown that substitution of the 

indolee NH and tryptamine NH2-groups also plays an important role in the stereochemistry of 

thee Pictet-Spengler cyclization. 

Schemee 3.7 
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Inn a typical example, Ungemach and coworkers have reported that Nb-

benzyltryptophann methyl ester 14 reacts with salicylaldehyde and propionaldehyde to provide 

thee ?ra/u-l,3-disubstituted (3-carboline 16 in favor of the cis diastereoisomer (scheme 3.7).16 

Nagasakaa and coworkers have shown that /Va-methyl substitution drastically increases the 

diastereoselectivityy of the cyclization in favor of the trans diastereoisomer. 
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Itt was shown that the stereoselectivity of the cyclization is influenced for an 

importantt part by the AVbenzyl substituent and not solely by the A(1,2) strain on the system. 

Ann explanantion of this phenomenon can be found in the transition state of the benzyliminium 

ionss 15A and 15B (R = ethyl). The N-benzylsubstituent has a drastic effect on the 

conformationn of the iminium ion which is forced so that unfavorable interactions of the R-

groupp and the carboxygroup in 15A are absent. Secondly, attack of the electrons from the 

pyrrolee ring is believed to occur antiperiplanar to the methyl ester. This remarkable 

stereoselectivityy is however also dependent on the electronic character of the iminium ion 

sincee Pictet-Spengler reactions with AVbenzyloxytryptophan methyl ester under similar 

conditionss show a decrease in stereoselectivity. 

AA detailed understanding of the steric and electronic requirements of the Pictet-

Spenglerr reaction of tryptophan esters can result in the diastereoselective formation of P-

carboxytetrahydro-P-carbolines.. These compounds have found ample application in the 

synthesiss of many natural products such as (-)-suaveoline (Rauwolfia suaveolens) and (-)-

alstonerinee (Alstonia muelleriana)." Understanding of the mechanism of epimerization of cis-

3-carboxy-tetrahydro-P-carboliness towards the more stable trans diastereoisomers has found 

applicationn in the enantioselective synthesis of tetrahydro-P-carboline alkaloids.18 

Onee of the advantages of the use of enantiopure tryptophan esters in Pictet-Spengler 

cyclizationss is that they are easily available. Although stereoselective formation of P-carboxy 

substitutedd tetrahydro-P-carbolines can be accomplished starting from commercially available 

tryptophann esters, this methodology is not a suitable entry for the synthesis of tryptamine 

derivedd tetrahydro-P-carbolines. Methods for removal of the P-carboxy substituent have been 

describedd in the literature but require multiple steps under harsh conditions (scheme 3.8)." 

Schemee 3.8 

O O 

l ^ N A ^ N HH l ^ N J ^ N B n l ! s ^ N ^ N H 

RR R R 

ReagentsReagents and conditions: (a) NH3/MeOH; (b) BnBr, NaHC03, EtOH; (c) PCI3, DMF; (d) NaBH4, 
EtOH,, pyridine; (e) H2, Pd(OH)2/C, EtOH. 

§§ 3.4 Tryptamin e Derivative s wit h a-Substituent s 

Numerouss synthetic applications of tryptamine derivatives with substituents at the P-

positionn in the ethylamino sidechain are mentioned in the literature. Substituents on the De-

positionn are much less common in tryptamine derivatives. In view of our interest in 

asymmetricc approaches to the synthesis of tetrahydro-P-carbolines we evaluated the influence 

off  substituents at the cc-position on the Pictet-Spengler reaction and related cyclizations. 
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Thee a-position of the ethylamino side-chain has substantial benzylic character. In 

theory,, the presence of heteroatoms attached to the a-position would allow the easy removal 

off  these substituents and therefore the a-position seems to be an interesting position for the 

introductionn of chiral groups that can influence the diastereoselectivity of the Pictet-Spengler 

cyclization. . 

Onlyy few studies of cyclization reactions with carbon substituents at the tryptamine 

a-positionn have been reported in the literature.20 Good diastereoselectivity was observed by 

Maryanofff  and coworkers who studied the influence of a- substituents on iV-acyl iminium ion 

cyclizations.211 Imide reduction of _-phenylsubstituted tryptamine derivative 17 under acidic 

conditionss at room temperature yielded the product 18 in nearly quantitative yield and in a 92 

:: 8 mixture of diastereoisomers. 

Schemee 3.9 

177 92% 18 8% 

ReagentsReagents and conditions: (a) NaBH4, CH3SO3H, THF, EtOH, 98%. 

Inn recent years, Pictet-Spengler reactions of conformationally restricted tryptamine 

derivatives,, in which the secondary aminogroup and the a-carbon atom are bridged via either 

aa propylamino or ethylamino bridge, have been studied in our laboratory.22 These cyclizations 

proceedd in good yield and moderate to good diastereoselectivity which can be explained by 

thee conformational restriction of the transition state (scheme 3.10). 

Schemee 3.10 
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ReagentsReagents and conditions: RCHO, toluene, reflux. 

Thee presence of a-substituents and reduction of the conformational freedom in the 

transitionn state obviously has an influence on the stereochemical outcome of cyclization 

reactionss towards tetrahydro-(3-carbolines. As was already noticed by other research groups, 
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thee benzylic character of the a-position accounts for low stability of heteroatoms at this 

position.233 We envisaged that esters of type 21 could be appropriate starting materials for an 

asymmetricc approach to the Pictet-Spengler reaction when stability of the starting material 

andd influence of the substituent on the cyclization could be optimized (scheme 3.11). 

Schemee 3.11 
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Selectivee oxidation of 3-alkylindoles by DDQ was first described by Yonemitsu et al. 

inn the oxidation of tetrahydrocarbazoles.24 Application of the same reaction conditions to 

tryptaminee did not give the desired product, probably due to the effect of the primary 

aminogroupp in the side-chain. DDQ oxidation of N-Boc protected tryptamine 23 in a 

water/tetrahydrofurann mixture gave smooth conversion to the desired (J-amino ketone 24 from 

whichh the N-Boc group was efficiently cleaved in methanolic hydrogen chloride to give the 

stablee ketone 25 as the hydrochloride salt. Reduction of the ketones 24 and 25 to the 

correspondingg secondary alcohols 26 and 27 with sodium borohydride proceeded smoothly 

(schemee 3.12). 

NHR R 

c c 
RR = H 
233 R = Boc 

Schemee 3.12 
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27RR = H 

ReagentsReagents and conditions: (a) (Boc)20. CH2CI2, 86%; (b) DDQ, THF/H20, 64%; (c) HCI/MeOH, 98%; 
(d)NaBH„,, MeOH, 91%. 

Esterificationn of alcohol 26 turned out to be extremely difficult, which was mainly 

causedd by its instability under neutral, acidic and basic conditions. Tryptamine derivatives 

withh ester functionalities at the a-position had scarcely been mentioned before in the 

literature,, but also in these cases the compounds suffered from low stability.25 

Inn order to rule out the influence of the amino group on the instability another 

approachh was studied. Vilsmeijer-Haack type carbonylation of indole with 2-chloro-AyV-

diethyll  acetamide and phosphorous oxychloride yielded the a-chloro ketone 28 in moderate 
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yieldd (scheme 3.13). Attempts to optimize the yield of this reaction by applying other solvent 

systemss however failed. With Af-methylpyrrolidone as the cosolvent, complete conversion of 

thee starting material was observed, leading to the efficient formation of amino ketone 30. 

Reductionn of the ketone function in 28 by using sodium borohydride furnished the alcohol 29 

inn good yield. Although this cc-chloro alcohol appeared to be more stable under neutral 

conditionss than its p-amino analog 27, esterification under a range of basic conditions failed, 

duee to decomposition of the starting material. 

Schemee 3.13 
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288 29 

a a NHMe e 

30 0 

ReagentsReagents and conditions: (a) 2-chloro-N,/V-diethyl acetamide, POCI3, THF, H20, reflux, 53%; 
(b)) NaBH„, MeOH, 34%; (c) 2-chloro-W,W-diethyl acetamide, NMP, POCI3, 67% 

§§ 3.5 Substituent s at the Indol e Nitroge n 

Thee influence of chiral groups attached to the indole nitrogen atom on the 

stereochemistryy of the Pictet-Spengler condensation did not attract much attention in the 

literature.. This can be explained by the influence of electronwithdrawing A^-substituents on 

thee electronic character of the enamine system. Electronwithdrawing substituents reduce the 

electronn density of the pyrrole ring and make cyclization less feasible.26 Electrondonating N,-

substituentss have a positive effect but a disadvantage of their use is that they are often 

difficultt to install and, more importantly, to remove.27 

Schemee 3.14 
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Wee envisaged that a more challenging approach towards asymmetric Pictet-Spengler 

reactionss involves the hemiaminals 31 (Scheme 3.14). These A^-substituted tryptamine 
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derivativess are potentially interesting since the hydroxyalkyl substituent does not have a 

negativee effect on the electronic character of the indole nucleus and can be cleaved under 

basicc conditions after the reaction.28 Furthermore, the chirality of the Pictet-Spengler 

cyclizationn can be induced either by the asymmetric hemiaminal carbon atom or by an 

appropriatee chiral R-substituent. 

Hydroxyalkylationn of the indole nitrogen and subsequent introduction of the 

ethylaminoo sidechain was envisaged to be an approach to the hemiaminals 31. It is however 

unlikelyy that the hydroxyalkyl substituent will survive the harsh conditions that are required 

forr the construction of the tryptamine skeleton.29 We attempted the synthesis of 31 via N,-

acylationn of 7Vb-protected tryptamines and subsequent deprotection and reduction to the 

hemiaminall  (scheme 3.15). 

Schemee 3.15 

HH I H 

|| R = H

ReagentsReagents and conditions: (a) benzyl chloroformate, CH2CI2, K2C03,, 85%; (b) valeroyl chloride, CH2CI2, 
K2C03,, 67%; (c) H2, Pd/C, EtOH, 98%. 

Afb-Cbz-protectionn of tryptamine and Af,-acylation with valeroyl chloride yielded 

compoundd 34 (scheme 3.15). Unfortunately, treatment of 34 with DiBAL at-78 °C gave a 

mixturee of unidentifyable products, a result that was also obtained by using other reduction 

conditions.. Deprotection of the Nb-nitrogen by catalytic hydrogenation gave the transamidated 

productt 35 in nearly quantitative yield. Due to these dissapointing results, the approach to 

asymmetricc Pictet-Spengler reactions via induction by substituents at the indole nitrogen was 

abandoned. . 

§§ 3.6 Cyclization s of Tryptamine s wit h A/b-hetero Atom s 

Somee literature examples of Pictet-Spengler reactions of tryptamines with chiral Nb-

substituentss have been mentioned in § 3.3. It was shown that chiral JVb-substituents can have a 

strongg influence on the diastereoselectivity of the cyclization. The removal of the carbon (e.g. 

benzyl,, carbonyl) substituents that was discussed in § 3.4 is a major drawback of this 

methodology.. TV-heteroatom substituted imines are characterized by increased reactivity 

towardss the addition of carbon nucleophiles.30 Furthermore, diastereoselective additions to N-

heteroatomm substituted imines with chiral substituents are an attractive approach to 

enantiopuree amine derivatives. 

Inn this paragraph the reactivity of ./Vb-heteroatom substituted tryptamines in the Pictet-

Spenglerr cyclization is discussed (scheme 3.16). Furthermore the influence of chiral Nb-

heteroatomm substituents on the diastereoselectivity of the Pictet-Spengler reaction wil l be 

\ \ 
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studied.. In § 3.6.1 the influence of chiral nitrogen substituents will be discussed while § 3.6.2 

involvess the use of chiral phosphorous substituents on the Pictet-Spengler cyclization. The 

applicationn of oxygen and sulfur substituted A^-tryptamines as substrates for the Pictet-

Spenglerr reaction will be dealt with in § 3.6.3. 

Schemee 3.16 
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§§ 3.6.1 /V-Nitrogen Substituted Tryptamines 

Enderss and coworkers have reported numerous examples of addition of nucleophiles 

too the carbon nitrogen double bond of hydrazones.3' A wide range of enantiomerically pure 

hydrazones,, obtained from the condensation of aldehydes and (S)-l-amino-2-

(methoxymethyl)pyrrolidinee (SAMP) or (/?)-l-amino-2-(methoxymethyl)pyrrolidine 36 

(RAMP)) reacts with organometallic reagents in a highly stereoselective manner. Reductive 

cleavagee of the hydrazine furnishes the corresponding primary amines in good yield and 

enantioselectivityy (scheme 3.17). 

H3CS S "V^ ^ 
H2N N 

566 RAMP 

O O 

Schemee 3.17 
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Thee impressive results that were reported from the application of the Enders 

RAMP/SAMPP hydrazone method prompted us to investigate the influence of the chiral 2-

(methoxyrnethyl)pyrrolidinee (RMP/SMP) group on the stereochemical outcome of the Pictet-

Spenglerr cyclization. 

Schemee 3.18 
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ReagentsReagents and conditions: (a) DiBAL, CH2CI2, DME, 64%; (b) (R)-AMP, EtOH, H2S04, 87%; (c) 
NaCNBH3,, MeOH, 75%. 

AA synthetic route to 7Vb-RMP substituted tryptamine via indole-3-acetaldehyde 40 has 

beenn developed. Oxidation of 2-(indole-3-yl)ethanol, that was obtained by lithium aluminium 

hydridee reduction of 2-indolylacetic acid, did not result in formation of the desired aldehyde 

underr a variety of conditions (e.g. TPAP/NMO, pyridinium chlorochromate and Swern 

oxidation).. However, reduction of the ester 39 with DiBAL at -78 °C afforded the desired 

aldehydee 40, which was condensed with RAMP to give the hydrazone 41 in good yield. 

Subsequentt hydride reduction of the hydrazone led to the hydrazine 42. Pictet-Spengler 

reactionss with 42, using both protic (e.g. trifluoroacetic acid) and Lewis acids (e.g. BF3-OEt2), 

inn different solvents and at a variety of temperatures did not give any cyclization products. 

§§ 3.6.2 W-Phosphorus Substituted Tryptamines 

Inn our quest for chiral A^-heteroatom substituents on tryptamines and their effect on 

reactivityy and stereoselectivity in Pictet-Spengler reactions, we also focussed on phosphorus-

substituents.. The ease of functionalization of the phosphor atom and effective chelating 

propertiess of phosphines with transition metals have resulted in numerous applications for 

phosphor-basedd ligands, such as BINAP, a fully arylated chiral diphosphine,32 in catalytic 

asymmetricc synthesis. 
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Schemee 3.19 
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Sincee their discovery nearly 20 years ago TADDOL and its derivatives have revealed 

themselvess as true chiral auxiliary systems. Their accessibility via commercially available 

tartratess has led to numerous structural variations and applications. The succesful 

implementationn of TADDOLates as ligands for transition state metals resulted in the 

formationn of TADDOL-based cyclic phosphorous esters. These compounds have found 

numerouss applications in asymmetric synthesis.33 

Schemee 3.20 
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ReagentsReagents and conditions: (a) PCI3, THF then diisopropyl amine, 63% (47a), 55% (47b); 
(b)) tryptamine.tetrazole, CH3CN, 47% (43), 52% (44). 

Wee have attempted the coupling of cyclic tartrate- and TADDOLate esters to the 

tryptaminee 7Vb-nitrogen in order to study their reactivity in and possible effect on the 

stereoselectivityy of the Pictet-Spengler cyclization (scheme 3.19). The commercially available 

(2R,(2R, i.R)-diethyl and (2R, l/?)-diisopropyl tartrate esters were first converted with 

phosphorouss trichloride to give the intermediate phosphoryl chloride esters (scheme 3.20). In 

thee second step, these were reacted with diisopropyl amine to give the corresponding 

phosphoramiditee esters 47. Transamidation with the tetrazole salt of tryptamine yielded the 

desiredd tartrate esters 43 and 44 in moderate yield. 

Thee synthesis of TADDOL derivative 45 was attempted by using the same protocol, 

butbut the yield of this approach was remarkably lower than that of the tartrates 43 and 44. 

Treatmentt of TADDOL with hexamethylphosphorous triamide in the presence of a catalytic 

amountt of tetrazole however, furnished the dimethyl phosphoramidite 48a in much better 

yield.. Compound 45 was obtained by subsequent transamidation with tryptamine (scheme 

3.21). . 

79 9 



ChapterChapter 3 

Schemee 3.21 
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ReagentsReagents and conditions: (a) PCI3, THF f/ien diisopropyl amine, 13% (48b); (b) HMPT, tetrazole CH3CN 56% 
(48a);; (c) tryptaminetetrazole, CH3CN, 23%. 

Pictet-Spenglerr reactions of tartrate substituted tryptamine derivatives 43 and 44 

underr acidic conditions resulted in efficient hydrolysis of the starting material. Reaction with 

hexanall  in the presence of diisopropylethylamine at room temperature resulted in the 

formationn of the imine 50 (scheme 3.22). Heating of 43 with hexanal under neutral conditions 

inn toluene at reflux for 3 hours gave a mixture of tryptamine and tetrahydro-P-carboline 49, 

whilee no N-phosphorus substituted products or starting material were found. Obviously, the 

nitrogen-phosphorr bond is too unstable under Pictet-Spengler reaction conditions. Also the 

tryptaminee TADDOLate 45 proved to be highly unstable under both neutral and acidic 

conditions. . 

Schemee 3.22 
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ReagentsReagents and conditions: (a) hexanal, toluene, reflux, 68% (49); (b) hexanal, DiPEA, CH2CI2, 34% (50). 

§§ 3.6.3 A/-Oxygen and W-Sulfur Substituted Tryptamines 

Inn the approaches towards new chiral auxiliaries for the Pictet-Spengler reaction that 

weree presented so far, the reactivity and stability of the JVb-substituted tryptamine appeared to 

playy an important role. The hydrazines described in § 3.6.1 are shown to be inactive under 

cyclizationn conditions while phosphor substituted tryptamine analogs (§ 3.6.2) are too 

unstable.. In this paragraph we will focus on Pictet-Spengler reactions with the group VI 

elementss oxygen and sulfur as substituents, since these elements should combine stability, 

enhancedd reactivity and synthetic availability. 

Pictet-Spenglerr cyclizations of ^-hydroxytryptamines have found numerous 

applicationss in the synthesis of natural products. The eudistomins that were isolated from the 
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coloniall  tunicate Eudistoma olivaceum were synthesized by applying the Pictet-Spengler 

reactionn of AVhydroxy tryptamines.34 These compounds display potent antitumour activity, 

besidess antiviral activity against Herpes simplex and Polio vaccine type I viruses. 

Schemee 3.23 

Twoo common approaches towards the intruiging tetracyclic ring system of 

eudistominss are the mtomolecular Pictet-Spengler condensation of Afb-hydroxytryptamines 

withh the appropiate cysteinal35 and an i/iframolecular condensation of A^-alkoxytryptamines.36 

Thee latter approach is an excellent application of the pioneering work of Plate et al. on the 

Pictet-Spenglerr cyclization of Afb-hydroxy- and JValkoxytryptamines and shows the enhanced 

reactivityy of these substrates when compared to unsubstituted tryptamines.37 

Nakagawaa et al. have used the excellent reactivity of Nb-hydroxytryptamines in an 

asymmetricc Pictet-Spengler reaction that was catalyzed by chiral Lewis acids (scheme 3.24).38 

Thee imine of JVb-hydroxytryptamine and benzaldehyde (51) was reacted with (+)-

diisopinocampheylchloroboranee at -78 °C to give ^-hydroxy-1-phenyltetrahydro-P-

carbolinee 53 in moderate enantiomeric excess (83%). To the best of our knowledge, Pictet-

Spenglerr reactions between 7Vb-alkoxytryptamines with chiral alkoxygroups and aldehydes in 

ann mteraiolecular fashion have never been reported. 

Schemee 3.24 

511 52 53, ee =83% 
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Thee increased reactivity and high stability of the Nb-hydroxy- and Nh-

alkoxytryptaminess that were mentioned above opened the way for the investigation of the 

reactivityy of analogous iVb-sulfur substituted tryptamines. One of the advantages of this 

approachh is that ^-sulfenyl tryptamines can be prepared in one step from the corresponding 

sulfenyll  chlorides and tryptamine while the synthesis of 7Vb-alkoxytryptamines involves 

multiplee steps.39 

Thee o-nitrophenylsulfenyl group (Nps) is a protective group for amino acids and 

nucleosidess that can be cleaved under acidic conditions and by desulfurization with Raney 

nickel.400 iVb-Nps tryptamine 54, which was obtained by sulfenylation of tryptamine with the 

commerciallycommercially available o-nitrophenylsu/enyl chloride, proved to be a highly reactive amine 

forr Pictet-Spengler cyclizations. 

NH2 2 

Scheme e 

H H 

54 4 

3.25 5 

11 b. c , 

Nps s 

11 2 

O O ^N N 
H H 

55 5 

ReagentsReagents and conditions: (a) o-nitrophenylsulfenyl chloride, CH2CI2, NaOH (aq) 66%; (b) hexanal, CSA, 
CH2CI22 (c) EtOH, cone. HCI, 83% (2 steps). 

Pictet-Spenglerr reaction of aqueous glutaric dialdehyde with a stoecheometric 

amountt of Nb-Nps-tryptamine 54 furnished, after deprotection, the dimeric tetrahydro-(i-

carbolinee 60 (see also § 2.3.1). When an excess of the dialdehyde was used, the monocoupled 

Pictet-Spenglerr product 56 was obtained which could efficiently be cyclized and deprotected 

underr neutral conditions to give the azepine 58, a racemic arborescidine alkaloid.41 

Schemee 3.26 
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ReagentsReagents and conditions: (a) glutaric dialdehyde (aq), 1 eqv., PTFA, CaCI2, CH2CI2; (b) Et3N, CH2CI2, 
100%;; (c) RaNi, THF, 40%; (d) glutaric dialdehyde (aq) (10 eq), PTFA, CaCI2, CH2CI2; 56% (57); (e) 
RaNi,, THF, 50%. 
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iVb-sulfurr and AVoxygen substituted tryptamines show excellent reactivity and high 

stabilityy in Pictet-Spengler reactions. The introduction of chiral alkoxy and sulfenylgroups to 

thee tryptamine A^-nitrogen atom would in principle be an attractive approach to asymmetric 

Pictet-Spenglerr reactions. 

Chirall  TV-sulfmyl groups have some interesting characteristics for use as chiral 

auxiliariess in the Pictet-Spengler reaction. N-sulfmyl groups can easily be introduced at the 

tryptaminee A^-nitrogen atom, either by oxidation of the corresponding sulfenyl tryptamine or 

byy reaction of tryptamine with an appropiate sulfinyl chloride. The electronwithdrawing 

effectt of the sulfinyl group is believed to increase the electrophilic character of the 

intermediatee iV-sulfmyliminium ion (scheme 3.27). But more importantly, it may be expected 

thatt the chiral sulfur has a strong influence on the stereochemical outcome of the reaction 

sincee it is located in close vicinity of the reactive center. Removal of the A'-sulfmyl group can 

bee accomplished under both reductive and mild acidic conditions.42 

Schemee 3.27 

HH II 
O O 

Racemicc Afb-p-tolylsulfinyl tryptamine 61 was obtained by reaction of tryptamine 

withh /«-tolylsulfinyl chloride. Subsequent reaction of 61 with hexanal in the presence of 

trifluoroaceticc acid in dichloromethane at 0 °C furnished JV2-p-tolylsulfinyl tetrahydro-P-

carbolinee 62 in moderate yield as a 52:48 mixture of diastereoisomers (scheme 3.28). This 

encouragingg result prompted us to select the sulfinyl group for further studies as a chiral 

auxiliaryy in the Pictet-Spengler cyclization. 

Schemee 3.28 
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ReagentsReagents and conditions: (a) p-tolylsulfinyl chloride, CH2CI2, K2C03 (aq), 75%; (b) hexanal, TFA, 
CH2CI2,, 0 , 43%. 

Detailedd information concerning the use of optically pure A^-sulfinyltryptamines and 

A'b-sulfinylphenylethylaminess in Pictet-Spengler reactions and the application of this 

approachh to the synthesis of enantiopure tetrahydro-|3-carbolines and -isoquinolines will be 

presentedd in chapter 4, 5 and 6 of this thesis. 
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§§ 3.7 Concludin g Remarks 

Chirall  auxiliary mediated Pictet-Spengler reactions have found ample precedent in 

thee literature. Although the diastereoselectivity of these asymmetric approaches is often good, 

thee removal of the chiral auxiliary without racemization is in most cases a limiting factor. In 

thiss chapter we studied the effect of the introduction of chiral auxiliaries at different sites in 

thee molecule. 

Thee introduction of chiral Wb-substituents appeared to be advantageous since the 

chirall  centre is located in close vicinity of the reactive C-N double bond. The Pictet-Spengler 

cyclizationn of JVb-nitrogen-, JVb-phosphor-, Jv"b-oxygen and Nb-sulfur substituted tryptamines 

waswas studied in detail. It was found that the p-tolylsulfinyl group has encouraging properties 

withh respect to reactivity and diastereoselectivity. 
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§§ 3.9 Experimenta l Detail s 

Generall  methods. For general experimental details see § 2.11. 

[2-(lff-indol-3-yl)-ethyl]carbami cc acid r-buty l ester 23. A solution of di-terf-butyl 
dicarbonatee (29.7 g, 136 mmol) in dichloromethane (50 mL) was added dropwise to a 
solutionn of tryptamine (8.0 g, 68.4 mmol) in dichloromethane (250 mL). After stirring for 3 
hourss at room temperature, the solvent was removed in vacuo. Column chromatography (Rf = 
0.211 ethyl acetate/ light petroleum 1:3) yielded 23 as a yellow solid (86%, 15,2 g). 'H-NMR 
(CDC13)) 8 8.21 (bs, 1H), 7.62 (d, J = 8.1 Hz, 1H), 7.39 (d, / = 8.2 Hz, 1H), 7.26-7.07 (m, 2H), 
7.06-7.011 (bs, 1H), 4.64 (bs, 1H), 3.55-3.39 (m, 2H), 3.03-2.90 (m, 2H), 1.45 (s, 9H); IR 
(CHCI3)) 1723. 

[2-(ljy-indoI-3-yl)-2-oxo-etIiyI]carbami cc acid f-butyl ester  24. DDQ (6.90 g, 30.4 mmol) 
wass added in small portions to a solution of 23 (3.72 g, 15.2 mmol) in a mixture of 
tetrahydrofurann and water (150 mL, 9:1 v/v) at 0 °C. After stirring for two hours at room 
temperaturee the reaction mixture was concentrated to 25% of its original volume. Addition of 
ethyll  acetate (100 mL) resulted in the formation of a thick white precipitate which was 
collectedd by filtration and purified by recrystallization (ethyl acetate) to give 24 (64%, 2.51 g) 
ass a white crystalline material. Extractive work-up (ethyl acetate), drying of the combined 
organicc layers (Na2S04), evaporation of the solvent in vacuo and recrystallization from ethyl 
acetatee yielded another 15 % (588 mg) of 20. M.p. 213 °C; 'H-NMR (CDC13) 8 8.82 (bs, 1H), 
8.34-8.299 (m, 1H), 7.44 (d, J = 0.8 Hz, 1H), 7.48-7.41 (m, 1H), 7.35-7.30 (m, 2H), 5.67 (bs, 
1H),, 4.56 (d,y= 2.1 Hz, 2H), 1,49 (s, 9 H); l3C-NMR (CD3OD) 8 190.8, 156.0, 136.4, 133.3, 
125.4,, 122.8, 121.7, 121.2, 113.9, 112.2, 77.9, 46.8, 28.2; IR (CHC13) 1728, 1673; HRMS 
(EI):: Calcd. forC10H,0N2O 174.0793, Found: 174.0798. 
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2-Amino-l-(l/f-indol-3-yl)-ethanonee 25. Ketone 24 (1.0 g, 3.88 mmol) was stirred for 1 
hourr at room temperature in saturated methanolic hydrogen chloride (20 mL). After 
evaporationn of the volatiles and coevaporation with ethanol, ethyl acetate (20 mL) was added 
andd the resulting solution was stirred at 0 °C for two hours. Filtration and washing of the 
residuee with diethyl ether yielded 25 (98%, 747 mg) as a white solid. M.p. 283 °C; 'H-NMR 
(D20)) 5 8.31-8.15 (m, 2H), 7.71-7.77 (m, 1H), 7.48-7.35 (m, 2H), 4.48 (bs, 2H); IR (KBr) 
1674. . 

2-Amino-l-(li/-indol-3-yl )) ethanol 26. Sodium borohydride (590 mg, 15.6 mmol) was 
addedd in small portions to a solution of 24 (1.0 g, 3.88 mmol) in methanol (50 mL) at 0 °C. 
Afterr stirring of the reaction mixture for 2 hours at room temperature the volatiles were 
removedd by evaporation in vacuo. Addition of water (50 mL) and extractive work-up (ethyl 
acetate),, drying of the combined organic layers (Na2S04) and purification by column 
chromatographyy (Rf = 0.44 ethyl acetate/ ethanol/ NH+OH (aq) 85:10:5, note Rf(24) = 0.46) 
yieldedd 26 (91%, 918 mg) as a yellow oil that was stored under a nitrogen atmosphere at -20 
°C.. 'H-NMR (CDClj) 6 8.20 (bs, 1H), 7.72 (d, J= 8.3 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 7.25-
7.188 (m, 2H), 7.15-7.10 (t, J = 8.1 Hz, 1H), 5.18-5.12 (m, 1H), 4.99 (bs, 1H), 3.72-3.61 (m, 
1H),, 3.57-3.47 (m, 1H), 1.46 (s, 9H). 

2-Chloro-l-(l//-indol-3-yl)-ethanonee 28. 2-Chloro-JV,/V-diethyl acetamide (1.40 mL, 10.2 
mmol)) was added to a solution of indole (1.0 g, 8.54 mmol) in phosphorous oxychloride (30 
mL)) at 40 °C. The reaction mixture was heated to reflux for 30 minutes after which the 
volatiless were removed under reduced pressure. Upon addition of water (10 mL) and 
saturatedd aqueous K2C03 (3 mL) the reaction mixture was stirred for another 30 minutes. 
Extractivee work-up (ethyl acetate), drying of the combined organic layers (Na2S04), 
evaporationn of the solvent in vacuo and purification by using column chromatography (Rf = 
0.355 ethyl acetate/ light petroleum 1:1) yielded 28 (53%, 876 mg) as a yellow solid. M.p. 
1822 °C; 'H-NMR (CDClj/ CD3OD) 8 8.17-8.12 (m, 1H), 7.89 (s, 1H), 7.34-7.29 (m, 1H), 
7.17-7.122 (m, 2H), 4.47 (s, 2H); IR (CHC13) 1679. 

2-Chloro-l-(l//-indol-3-yl)-ethanoll  29. Sodium borohydride was added in portions to a 
solutionn of 28 (193 mg, 1.0 mmol) in ethanol (10 mL) under a nitrogen atmosphere at 0 °C. 
Thee reaction mixture was stirred for 30 minutes at room temperature, after which water (10 
mL)) was added and stirring was continued for an additional 10 minutes. Extractive work-up 
(ethyll  acetate), drying of the combined organic layers (Na2S04), evaporation of the solvent in 
vacuovacuo and purification by using column chromatography (Rf = 0.42 ethyl acetate/ light 
petroleumm 1:1, note Rf(28) = 0.45) yielded 29 (34%, 66 mg) as a brown oil that was stored 
underr a nitrogen atmosphere at -20 °C. 'H-NMR (CDC13) 5 8.52 (bs, 1H), 7.68 (d, J = 8.3 Hz, 
1H),, 7.32 (d, J = 8.1 Hz, 1H), 7.21 (t, J= 8.1 Hz, 1H), 7.15 (t, J = 8.2 Hz, 1H), 7.05 (bs, 1H), 
5.211 (t, J= 6.1 Hz, 1H), 3.85 (d, J= 6.0 Hz, 12H); '3C-NMR (CD3OD) 8 138.2,127.1, 123.7, 
122.7,120.3,120.0,116.5,112.7,, 69.9,50.4. 

l-(l/f-indol-3-yl)-4-methylamin oo butan-1-one 30. 2-Chloro-^^-diethyl acetamide (170 
mg,, 1.2 mmol) was added to a solution of indole (117 mg, 1.0 mmol) and phosphorous 
oxychloridee (190 \iL, 2.0 mmol) in JV-methylpyrrolidone (5 mL). After stirring at room 
temperaturee for 2 hours the reaction mixture was cooled to 0 °C. A white precipitate was 
filteredd off and recrystallized from diethyl ether yielding 30 (67%, 144 mg) as a white solid. 
M.p.. 205 °C; 'H-NMR (DMSCW6) 5 8.67 (d, J - 1.8 Hz, 1H), 7.90 (d, J = 8.2 Hz, 1H), 7.68 
(d,, J = 8.2 Hz, 1H), 7.43-7.32 (m, 2H), 4.19 (t, J= 3.2 Hz, 2H), 3.76 (t, J = 3.4 Hz, 2H), 3.66 
(s,, 3H), 2.33-2.22 (m, 2H); IR (CHC13) 1671. 

[2-(l/f-indol-3-yl)-ethyl ]]  carbamic acid benzyl ester  33. Benzyl chloroformate (0.98 mL, 
6.788 mmol) was added slowly to a solution of tryptamine (1.0 g, 6.24 mmol) in a mixture of 
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dichloromethanee (20 mL) and saturated aqueous NaHC03 at 0 °C. The reaction mixture was 
stirredd for 3 hours at room temperature, after which the organic layer was separated. 
Extractivee work-up of the aqueous layer (ethyl acetate), drying of the combined organic 
layerss and removal of the solvent under reduced pressure yielded 33 as a yellow oil which 
waswas used without further purification. 'H-NMR (CDC13) 5 8.02 (bs, 1H), 7.60 (d, J = 8.1 Hz, 
1H),, 7.41-7.36 (m, 6H), 7.21 (t, J= 8.3 Hz, 1H), 7.01 (t, J = 8.1 Hz, 1H), 7.01 (s, 1H), 5.09 
(s,, 2H), 4.82 (bs, 1H), 3.58-3.49 (m, 2H), 2.97 (t, / = 7.1 Hz, 2H); IR (CHC13) 1723. 

[2-(l-pentanoyl-l//-indol-3-yl)-ethyl]-carbamicc acid benzyl ester  34. Valeryl chloride (45 
uL,, 0.37 mmol) was added to a solution of 33 (100 mg, 0.34 mmol) in a mixture of 
dichloromethanee (5 mL) and saturated aqueous K2C03 at 0 °C. After stirring of the reaction 
mixturee at room temperature for 3 hours the organic layer was separated. Extractive work-up 
off  the aqueous layer (ethyl acetate), drying of the combined organic layers and removal of the 
solventt under reduced pressure gave a brown oil. Compound 34 was obtained after column 
chromatographyy (Rf = 0.45 ethyl acetate/ light petroleum 1:3) as a yellow oil (67%, 86.2 mg). 
'H-NMRR (CDC13) 8 8.45 (d, J = 8.1 Hz, 1H), 7.52 (d, J= 8.2 Hz, 1H), 7.38-7.23 (m, 8H), 
5.122 (s, 2H), 4.88 (bs, 1H), 3.61-3.51 (m, 2H), 3.93 (t, J= 6.1 Hz, 1H), 2.84 (t, J = 7.3 Hz, 
2H),, 1.85-1.76 (m,2H), 1.51-1.42 (m,2H), 0.98 (t,.7=7.3 Hz, 3H); IR(CHC13) 1736, 1684. 

(l/T-indol-3-yl) -- acetic acid methyl ester 38. A solution of indole-3-acetic acid (1.75 g, 10.0 
mmol)) in saturated methanolic hydrochloric acid was stirred at room temperature for two 
hours.. Evaporation of the solvent yielded 38 (99%, 1.89 g) as a brown oil. 'H-NMR (CDC13) 
88 8.12 (bs, 1H), 7.63 (d,J= 8.1 Hz, 1H), 7.35 (d,7 = 8.1 Hz, 7.21 (d, J= 8.2 Hz, 1H), 7.18-
7.122 (m, 2H), 3.81 (s, 2H), 3.72 (s, 3H); l3C-NMR (CDC13) 8 145.7, 136.5, 133.6, 127.3, 
125.8,, 124.4, 122.3, 119.5, 118.8,114.2, 112.8, 111.3, 51.2, 26.5; IR (CHC13) 1742. 

(l//-indol-3-yl)-acetaldehydee 40. A solution of diisobutyl aluminium hydride (4.6 mL, 25% 
m/mm in toluene) was added dropwise to a solution of ester 39 (1.02 g, 5.39 mmol) in a 
mixturee of dichloromethane (20 mL) and dimethoxyethane (20 mL) at -78 °C. After stirring 
off  the reaction mixture for 12 hours at room temperature it was poured into an aqueous 
solutionn of hydrochloric acid (40 mL, 10%). Extractive work-up (ethyl acetate), drying of the 
combinedd organic layers (Na2S04) and evaporation of the solvents in vacuo gave a brown oil. 
Columnn chromatography (Rf = 0.28 ethyl acetate/ light petroleum 1:1) yielded 40 (64%, 548 
mg)) as a yellow oil. 'H-NMR (CDC13) 8 9.78 (s, 1H), 8.29 (bs, 1H), 7.57 (d, J = 8.1 Hz, 1H), 
7.388 (d,7= 8.1 Hz, 1H) 7.25 ( t , /= 8.3 Hz, 1H), 7.18 (t,J= 8.1 Hz, 1H), 7.09 (bs, 1H), 3.82 
(dd J= 1.0 Hz, 1H); IR (CHC13) 1728. 

[2-(ltf-indol-3-yl)-ethylidenel-(2-methoxymethylpyrrolidine-l-yl)-amin ee 41. Sulfuric 
acid,, (98%, 1 drop) was added to a solution of aldehyde 40 (50 mg, 0.31 mmol) and RAMP 
(444 JJ.L, 0.33 mmol) in ethanol (3 mL). The dark brown reaction mixture was stirred for 10 
minutess at room temperature. Addition of triethylamine (100 \xL), evaporation of the volatiles 
underr reduced pressure and column chromatography (Rf = 0.24 ethyl acetate/ light petroleum 
1:1)) yielded hydrazone 41 (87%, 73 mg) as a brown oil. 'H-NMR (CDC13) 8 8.17 (bs, 1H), 
7.666 (d, J= 8.1 Hz, 1H), 7.34 (&,J=  8.2 Hz, 1H), 7.19 (t,J= 8.1 Hz, 1H), 7.12 (t,J= 8.0 Hz, 
1H),, 7.02 (bs, 1H), 6.79 (t, J= 2.9 Hz, 1H), 3.70 (d, J = 3.0 Hz, 1H), 3.67-3.59 (m, 1H), 3.52-
3.444 (m, 2H), 3.39 (s, 3H), 3.36-3.29 (m, 1H), 2.74 (q, J = 4.1 Hz, 1H), 2.00-1.74 (m, 4H); 
HRMSS (EI): Calcd. for C,«H2iN30 271.1685, Found: 271.1676. 

|2-(ltf-indol-3-yl)-ethyl]-(2-methoxymethylpyrrolidine-l-yl)-ainin ee 42. Sodium 
cyanoborohydridee (46 mg, 0.74 mmol) was added to a solution of hydrazone 41 (20 mg, 74 
Hmol)) in methanol (3 mL) at 0 °C. Stirring of the reaction mixture for 5 hours at room 
temperature,, addition of water (3 mL), extractive work-up (ethyl acetate), drying of the 
combinedd organic layers (Na2S04) and evaporation of the solvent in vacuo yielded hydrazine 
422 (75%, 15.1 mg) as a yellow oil. 'H-NMR (CDC13) 8 8.01 (bs, 1H), 7.65 (d, J = 8.1 Hz, 
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1H),, 7.38 (d, J = 8.3 Hz, 1H), 7.20 (t, J= 8.1 Hz, 1H), 7.12 (t,J = 8.1 Hz, 1H), 7.08 (s, 1H), 
3.55-3.499 (m, 1H), 3.48-3.36 (m, 2H), 3.27 (s, 3H), 3.25-3.13 (m, 2H), 3.05-2.89 (m, 2H), 
2.71-2.622 (bs, 1H), 2.25 (q, J = 7.0 Hz, 1H), 1.95-1.86 (m, 1H), 1.80-1.71 (m, 2H), 1.65-1.50 
(m,, 2H); HRMS (EI): Calcd. for  Cl6H13NjO 273.1841, Found: 273.1847. 

2-[2-(l/f-indole-3-yl)-ethylamino]-[l,3,2]-dioxaphosphoIane-4,5-dicarboxylicc acid 
diethyll  ester  43. A solution of (2R, 3tf)-diethyltartrat e (2.06 g, 10.0 mmol) in tetrahydrofuran 
(300 mL) was added slowly to a solution of phosphorous trichlorid e (0.88 mL, 10.0 mmol) in 
tetrahydrofura nn (25 mL) at 0 °C. The reaction mixtur e was heated to reflux for  30 minutes 
afterr  which diisopropyl amine (5.61 mL, 40.0 mmol) was added dropwise at 0 °C. Stirrin g of 
thee reaction mixtur e for  an additional 3 hours at room temperature, subsequent heating to 
refluxx for  20 minutes, cooling and addition of light petroleum gave a white precipitate. 
Purificationn by using column chromatography (Rf = 0.32 ethyl acetate/ light petroleum 1:3 -» 
1:4)) yielded 47a (63%, 2.11 g). A solution of tryptamin e tetrazole salt (690 mg, 2.98 mmol) 
andd 47a (1.0 g, 2.98 mmol) in acetonitrile (50 mL) was heated under  reflux for  2 hours. After 
coolingg of the reaction mixtur e to 0 °C, removal of a crystalline byproduct (diisopropylamine 
tetrazolee salt) by filtratio n and concentration of the filtrat e in vacuo, 43 (47%) was obtained 
byy column chromatography (Rf = 0.25 ethyl acetate/ light petroleum/ triethylamin e 70:25:5). 
'H-NM RR (CDClj ) 5 8.02 (bs, 1H), 7.58 (d, J= 8.0 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.19 (t, J 
== 8.1 Hz, 1H), 7.10 (t,J= 8.2 Hz, 1H), 7.07 (s, 1H), 4.82 (q,J = 1.2 Hz, 1H),4.61 (q, J=2.5 
Hz,, 1H), 4.29-4.18 (m, 4H), 3.83 (m, 1H), 3.34-3.25 (m, 2H), 2.90 (t, J = 7.1 Hz, 2H), 1.33-
1.222 (m,6H). 

2-[2-(l//-indole-3-yl)-ethylamino]-[l,3,2]-dioxaphospholane-4,5-dicarboxylicc acid 
diisopropyll  ester  44. In a similar  procedure as was described above 44 (55%) was obtained 
ass a white solid. 'H-NM R (CDC13) 8 7.99 (bs, 1H), 7.59 (d, J = 8.1 Hz, 1H), 7.36 (d, J= 8.1 
Hz,, 1H), 7.21 (t, J = 7.9 Hz, 1H), 7.11 (t, J = 8.0 Hz, 1H), 7.06 (s, 1H), 5.15-5.04 (m, 2H), 
4.733 (q, / = 1.2 Hz, 1H), 4.54 (q, J = 2.4 Hz, 1H), 3.85 (bs, 1H), 3.35-3.26 (m, 2H), 2.91 (t, J 
== 7.0 Hz, 1H), 1.31-1.22 (m, 12H). 

(2,2-dimethyl-4,4,8,8-tetraphenyl-tetrahydro[lr3]-dioxolo-[4^e][l r3T2]-dioxaphosphepin--
6-yl)-[2-(l//-indoI-3-yl)-ethyl ]]  amine 45. A solution of 48a (108 mg, 0.20 mmol) and 
tryptamin ee tetrazole salt (46 mg, 0.20 mmol) in acetonitrile (1.0 mL) was heated under  reflux 
forr  16 hours. Cooling of the reaction mixture, filtratio n and column chromatography of the 
concentratedd filtrat e (Rf = 0.22 ethyl acetate/ light petroleum 2:1) yielded 45 (23%, 30.1 mg) 
ass a yellow oil. 'H-NM R (CDC1,) 5 8.14 (bs, 1H), 7.80 (d, J = 8.1 Hz, 2H), 7.67-7.60 (m, 
6H),, 7.55-7.28 (m, 16H), 7.13 ( t ,J= 8.3 Hz, 1H), 7.02 (s, 1H), 5.22 (dd, / = 2.5 Hz. J= 0.6 
Hz,, 1H), 4.86 ( d , /= 2.1 Hz, 1H), 3.65-3.57 (m, 1H), 3.55- 3.48 (m, 1H), 3.04 (t,J= 7.1 Hz, 
2H),, 1.32 (s,3H), 0.34 (s,3H). 

|(2,2-dimethyL-4,4,8,8-tetraphenyl-tetrahydro|| l,3)-dioxolo-|4,5̂  [ 1,3,2]-
dioxaphosphepin-6-yl)]]  dimethylamine 48a. A solution of hexamethylphosphorous triamid e 
(0.3622 mL, 2.0 mmol), TADDOL (934 mg, 1.0 mmol) and tetrazole (5 mg) in acetonitrile (5 
mL)) was stirred at reflux for  16 hours. Cooling of the reaction mixtur e and filtratio n yielded 
48aa (56%) as a white solid. 'H-NM R (CDClj ) 5 7.73 (d, J = 8.3 Hz, 2H), 7.60 (d, J = 8.2 Hz, 
2H),, 7.47 (d, J= 8.3 Hz, 1H), 7.40 (d,J= 8.2 Hz, 1H), 7.32-7.18 (m, 12H), 5.18 ( /= 2.1 Hz, 
JJ = 0.6 Hz, 1H), 4.82 (d, J= 2.3 Hz, 1H), 2.71 (d, J = 5.6 Hz, 6H), 1.28 (s, 3H), 0.30 (s, 3H). 

l(2,2-dimethyl-4,4,8,8-tetraphenyl-tetrahydro|l,3)-dioAolo-[4,5€](l^^|--
dioxaphosphepin-6-yl)]-diisopropylaminee 48b. A solution of TADDOL (467 mg, 1.0 
mmol),, PC13 (0.88 mL, 1.0 mmol) and triethylamin e (0.48 mL, 3.5 mmol) in tetrahydrofuran 
(100 mL) was stirred at room temperature. Upon addition of diisopropylamine (0.28 mL, 3.8 
mmol)) the reaction mixtur e was heated to reflux for  2 hours. Cooling, addition of light 
petroleumm (20 mL), filtratio n and column chromatography (Rf - 0.43 ethyl acetate/ light 

87 7 



ChapterChapter 3 

petroleumm 5:1) yielded 48b (13%, 80 mg). 'H-NMR (CDCI3) 87.90 (d, J= 8.3 Hz, 2H), 7.69 
(d,, J = 8.5 Hz, 2H), 7.55-7.45 (m, 4H), 7.36-7.19 (m, 12H), 5.27 (dd, J = 2.5 Hz, J= 0.6 Hz, 
1H),, 4.69 (d, J = 2.5 Hz, 1H), 4.12-4.01 (m, 2H), 1.51 (s, 3H), 1.33 (d, J= 3.4 Hz, 3H), 1.25 
(d,y== 3.3 Hz, 1H), 0.29 (s, 3H). 

/V-|2-{l//-indole-3-yl)-ethyl]-S-(2-nitrophenyl)thioo hydroxylamine 54. An aqueous 
solutionn of sodium hydroxide (40 mL, 5.0 M) was added to a solution of tryptamine (3.2 g, 
20.00 mmol) in dichloromethane (75 mL). After cooling to 0 °C o-nitrophenylsulfenyl chloride 
(4.00 g, 20.5 mmol, recrystallized from light petroleum/ dichloromethane) was added in small 
portions.. After vigorous stirring of the reaction mixture for 2 hours at 0 °C, separation of the 
organicc layer and extraction of the aqueous layer (ethyl acetate), drying of the combined 
organicc layers and evaporation of the solvent in vacuo, the residue was triturated with diethyl 
etherr to afford 54 (66%, 4.13 g). 'H-NMR (CDC13) S 8.25 (d, / = 8.3 Hz, 1H), 8.06 (bs, 1H), 
7.699 (d,7= 8.9 Hz, 1H), 7.63 (d,J= 7.8 Hz, 1H), 7.42-7.37 (m, 2H), 7.26-7.13 (m, 3H), 7.11 
(s,, 1H), 3.32 (t, J= 6.6 Hz, 1H), 3.10 (t, J = 6.6 Hz, 2H). 

l-Pentyl-2,3,4,9-tetrahydro-pVcarbolinee 55. Camphorsulphonic acid (5.0 mg, 0.02 mmol) 
wass added to a solution of 54 (63 mg, 0.20 mmol) and hexanal (60 jiL , 0.50 mmol) at -78 °C 
inn dichloromethane (2.0 mL). The reaction mixture was stirred at -78 °C for 2 hours after 
whichh it was quenched with triethylamine (2 drops). Concentration in vacuo and column 
chromatographyy (Rf = 0.26, ethyl acetate/ light petroleum 4:1) yielded a brown oil which was 
dissolvedd in ethanol (1.0 mL). After addition of concentrated hydrochloric acid (2 drops) and 
stirringg for 10 minutes the reaction was quenched by the addition of saturated aqueous sodium 
carbonatee (1 mL). Extractive work-up (diethyl ether), drying of the combined ethereal 
extractss (Na2S04) and concentration in vacuo yielded 55 (83%, 40.1 mg) as a yellow oil. 'H-
NMRR (CDC13) 8 7.78 (bs, 1H), 7.49 (d, J = 8.2 Hz, 1H), 7.31 (d, J = 8.1 Hz, 1H), 7.17-7.07 
(m,, 2H), 4.10-4.04 (m, 1H), 3.41-3.34 (m, 1H), 3.08-2.99 (m, 1H), 2.80-2.71 (m, 2H), 1.92-
1.833 (m, 1H), 1.72-1.62 (m, 1H), 1.60-1.28 (m, 6H), 0.93 (t,7= 6.8 Hz, 3H). 

4-[2(2-nitrophenylsulfonyl)-2rJ,4,9-tetrahydro-p-carboline-l-yl)-butanall  56. Calcium 
chloridee (25 g), and aqueous glutaric dialdehyde (9 mL, 5.0 M) were added to a solution of 53 
(1.577 g, 5.0 mmol) and pyridinium trifluoroacetate (293 mg, 1.52 mmol) in dichloromethane 
(1000 mL). The reaction mixture was stirred vigorously at 0 °C for 1 hour and at room 
temeraturee for 4 hours. Water (100 mL) and light petroleum (100 mL) were added and the 
layerss were separated. The organic layer was washed with water, dried (Na2COa) and the 
solventt was removed in vacuo yielding a yellow oil. Purification by column chromatography 
(lightt petroleum/ ethyl acetate 75:25 -> 25:75) yielded 56 (56%, 1.10 g). 'H-NMR (CDC13) 
59.733 (bs, 1H), 8.29 (d, J = 8.1 Hz, 1H), 8.30-8.27 (bs, 1H), 8.11-8.07 (bs, 1H), 7.81-7.56 
(bs,, 1H), 7.52 (d, J= 7.8 Hz, 1H), 7.37 (d, / = 7.9 Hz, 1H), 7.22-7.10 (m, 2H), 4.23 (bs, 1H), 
2.80-2.400 (bs, 4H), 2.57-2.36 (bs, 2H), 2.10-1.67 (bs, 2H). 

l^^a,4^,6,7-octahydro-3,7a-diazacycIoheptal^*]fluoren-7-oll  58. A solution of 
aldehydee 57 (0.41 g, 1.03 mmol) in a mixture of dichloromethane (10 mL) and triethylamine 
(11 mL) was stirred at room temperature for 18 hours. After evaporation of the solvents the 
remainingg glass was dissolved in tetrahydrofuran (10 mL). After portionwise addition of 
excesss Raney nickel the reaction mixture was stirred for 45 minutes at room temperature. 
Additionn of light petroleum (5 mL) and diethyl ether (5 mL), drying of the reaction mixture 
(Na2S04),, evaporation of the solvent under reduced pressure and trituration with ethyl acetate 
yieldedd 58 (50%, 121 mg) as colourless needles. M.p. 160-161 °C; 'H-NMR (CDCV CD3OD 
95:5)) 8 7.36 d, J = 7.6 Hz, 1H), 7.26 (d, J = 7.6 Hz, 1H), 7.07 (t, J= 1.1 Hz, 1H), 6.98 (t, / = 
7.66 Hz, 1H), 6.14 (d, J = 7.4 Hz, 1H), 4.12 (<U=  5.7 Hz, 1H), 3.21-3.17 (m, 1H), 2.88-2.81 
(m,, 1H), 2.71-2.59 (m, 2H), 2.30-2.21 (m, 1H), 2.18-2.14 (m, 1H), 1.99-1.95 (m, 1H), 1.79-
1.722 (m, 1H), 1.68-1.61 (m, 1H), 1.51-1.41 (m, 1H). 
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Tetrahydro-pVcarbolin ee dimer  60. Crushed calcium chloride (20 g), and aqueous glutari c 
dialdehydee (363 \xL, 5.0 M ) were added to a solution of 54 (1.25 g, 4.0 mmol) and 
pyridiniu mm trifluoroacetat e (100 mg, 0.5 mmol) in dichloromethane (75 mL) . After  stirrin g 
forr  16 hours at room temperature the reaction mixtur e was filtered. Concentration of the 
filtrat ee in vacuo and addition of tetrahydrofura n (50 mL) yielded a yellow solution to which 
ann excess of Raney nickel was added in portions. After  stirrin g of the reaction mixtur e for  an 
additionall  45 minutes at room temperature, light petroleum (5 mL) and diethyl ether  (5 mL) 
weree added. The resulting mixtur e was dried (Na2S04) and die solvent removed in vacuo to 
givee an oil. Purificatio n by using column chromatography (dichloromethane/ methanol/ 
NHtO HH (aq) 90:8:2 -» ethyl acetate) yielded 60 (305 mg, 40%). 

4-Methylbenzenesulfinicc acid)2-(l//-indol-3-yl)-ethyl]-amide 61. Sodium />-tolylsulfinate 
(10.00 g, 0.56 mol) was added portionwise to thionyl chloride (25 mL) under  cooling and 
vigorouss stirring . The mixtur e was stirred for  2 hours at room temperature durin g which the 
evolvedd gases were trapped in an aqueous solution of sodium hydroxide (0.5 M) . The 
volatiless were evaporated in vacuo and the resulting oil was coevaporated twice with diethyl 
ether.. The residual p-tolylsulfiny l chloride was dissolved in dichloromethane (100 mL) . This 
solutionn was added dropwise to a solution of tryptamin e (8.2 g, 51.0 mmol) in a mixtur e of 
aqueouss saturated potassium carbonate (75 mL) and dichloromethane (75 mL) . Removal of 
thee organic layer, extractive work-up (ethyl acetate), dryin g of the combined organic layers 
(Na2S04)) and evaporation of the solvents under  reduced pressure yielded a yellow oil. 
Recrystallizationn from ethyl acetate yielded 61 as white crystals (75%, 11.4 g). M.p. 109 °C; 
'H-NM RR (CDClj ) 8 8.07 (s, 1H), 7.55 (d, J = 8.0 Hz, 2H), 7.50 (d, J= 8.1 Hz, 1H), 7.36 (d, J 
== 8.0 Hz, 1H), 7.27 (d, / = 8.0 Hz, 2H), 7.20 (t, / = 2.1 Hz, 1H), 7.08 (t, J= 2.0 Hz, 1H), 7.04 
(d,, J = 2.1 Hz, 1H), 4.15 (t, J = 8.0 Hz, 1H), 3.42 ((m, 1H), 3.16 (m, 1H), 2.98 (t, J= 7.1 Hz, 
2H),, 2.40 (s, 3H); IR (CHC13): 3479, 1059; HRM S (EI) : Calcd. for  C17H lgN2SO 298.1136, 
Found::  298.1143. 
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Chapter Chapter 

EnantiopureEnantiopure  Tetrahydro-p-carbolines  via 
N-SulfinylN-Sulfinyl  Pictet-Spengler  Reactions 1 

Abstrac t t 

Thee influence of chiral N-sulfinyl groups on the stereochemistry of the Pictet-Spengler 

reactionss has been investigated. (7?)-W-/?-Tolylsulfinyl tryptamine was obtained in one step 

fromm tryptamine and the commercially available Andersen reagent. JV-Sulfinyl Pictet-Spengler 

reactionn of this compound with aliphatic aldehydes in the presence of camphorsulfonic acid 

orr BF3 QEtj resulted in the efficient formation of JV-sulfinyl tetrahydro-pVcarbolines with 

moderatee to good diastereoselectivity. The optimisation of the reaction conditions for the N-

sulfinyll  Pictet-Spengler cyclization will be described in this chapter. Efficient separation of 

thee diastereomers and removal of the iV-sulfinyl group under mild acidic conditions furnished 

aa new route to enantiopure tetrahydro-p-carbolines with aliphatic and benzylic substituents. 
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§4.11 Introduction 

Manyy naturally occurring alkaloids and their synthetic analogs contain tetrahydro-p-

carbolinee ring systems. This has resulted in a large amount of efforts to influence the 

stereochemistryy of the Pictet-Spengler cyclization, one of the main synthetic procedures for 

thee preparation of tetrahydro-P-carboline ring systems. In chapter 3 of this thesis, we have 

reviewedd some chiral auxiliary approaches to the Pictet-Spengler reaction that have been 

describedd in the literature. Furthermore, we described some of our efforts to influence the 

stereochemistryy by the introduction of chiral auxiliaries at different sites in the molecule. 

Itt was shown that substituents on the A?b-nitrogen of tryptamine can have a strong 

effectt on the reactivity and stereoselectivity of the Pictet-Spengler reaction. In § 3.6.3. the N-

sulfiii  /l group was introduced as a chiral auxiliary for the Pictet-Spengler reaction. The 

enhancedd reactivity of the intermediate JV-sulfinyl iminium ion 1 combined with the good 

syntheticc availability of JVb-sulfinyl tryptamines make this group potentially interesting. 

However,, the main advantage of the N-sulfinyl group as a chiral auxiliary is that the chiral 

sulfurr atom is connected directly to the iminium nitrogen atom. It may therefore be expected 

thatt it has a strong effect on the stereoselectivity of the Pictet-Spengler cyclization (scheme 

4.1).. In this chapter the development of N-sulfinyl groups as effective chiral auxiliaries in the 

Pictet-Spenglerr reaction will be presented. 

Schemee 4.1 
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§§ 4.2 Chiral Sulfinyl Group s in Organi c Synthesi s 

Thee use of chiral sulfoxides in organic synthesis has found ample precedent in the 

literature.22 Apart from many other applications, they have especially found their application 

ass chiral auxiliaries in the synthesis of enantiopure amines. The pioneering work of Davis and 

coworkerss has revealed that enantiopure amines are very well accessible, starting from JV-

sulfinyll  imines. 

Thee addition of organometallic reagents to the imine double bond is an important 

pathwayy to the synthesis of amine derivatives. However, this approach usually suffers from 

thee low electrophilicity of the unsubstituted imine. Therefore, the use of chiral Af-sulfinyl 

iminess as electrophiles is advantageous since the enhanced electrophilicity of N-sulfinyl 

iminess over the nonsubstituted analogs drastically increases the reactivity of the C-N double 

bond.. More importantly, the stereochemical outcome of the reaction is directed by the chiral 

sulfurr atom that is located closely to the reactive center. 
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Treatmentt of the enantiopure A^-sulfinyl imine 2 with organometallic reagents 

furnishess JV-sulfinyl amines 3 in often excellent diastereoselectivity. The lability of the N-S 

bondd in the resulting N-sulfinyl amine under acidic conditions allows for the hydrolytic 

cleavagee after separation of the diastereoisomers to afford a primary amine with a new 

stereocenterr (scheme 4.2). By making use of this methodology, the use of N-sulfinyl imines 

hass found numerous applications in the synthesis of enantiopure building blocks for 

asymmetricc synthesis of complex molecules. 

Schemee 4.2 

ll O 

RR H 

R11 N^ ,Ar 

R2n -- f 
RR o 

R2-~^ ^ 
NH2 2 

Schemee 4.3 gives a short overview of the different enantiopure building blocks that 

havee been prepared starting from N-sulfinyl imines. Enantiopure a-amino acids can be 

obtainedd by an asymmetric Strecker reaction of enantiopure N-sulfinyl imines 5.3 These 

buildingg blocks have for instance been used for the synthesis of the Astatins A, B and C, a 

classs of cytotoxic pentapeptides isolated from A. tataricus? 
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Thee unnatural amino acid (,R)-(4-methoxy-3,5-dihydroxyphenyl)glycine, a central 

buildingg block for the glycopeptide antibiotic vancomycin, was also prepared by using the N-

sulfinyll  imine Strecker protocol5 in stead of previously reported inefficient synthetic routes.6 

Cyclizationn of enantiopure oxo-amino acids that were obtained from JV-sulfinyl imines 

resultedd in enantiopure proline and pipecolic acid derivatives.7 Asymmetric addition of ester 

enolatess to JV-sulfinyl imines resulted in the formation of enantiopure p-amino acids.8 

Enantiopuree substituted aziridines that are obtained by a Darzens type reaction of the 

lithiumm enolate of methyl bromoacetate9 or dimethyloxosulfonium methylide10 with 

enantiopuree Af-sulfinyl imines 5 have found many applications in asymmetric synthesis. Ring-

openingg of the aziridine ring has provided a valuable building block for the synthesis of the 

antibioticc (+)-thiamphenicol." Other applications of these enantiopure aziridines are the 

synthesess of oc-alkyl-P-amino acids and the C13-side chain of taxol.12 Oxidation of the 

aziridinee ring provided a synthetic entry to the antibiotic (-)-dysdazirine.13 In a different 

approachh chiral non-racemic 2-arylpyrrolidines were prepared via a [3+2] cycloaddition 

reactionn of TV-sulfinyl imines.14 

Schemee 4.4 
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Fromm scheme 4.3 it can be concluded that enantiopure N-sulfinyl imines of type 5 are 

excellentt starting materials for the synthesis of enantiopure building blocks. The synthesis of 

55 was initially attempted by asymmetric oxidation of JV-sulfenimines with oxaziridines 

(schemee 4.4).9 However, the asymmetric induction for aliphatic and aromatic sulfenimines 6 

reachess a maximum of 90 % enantiomeric excess, which makes this method insufficient. 

Anotherr synthetic route to N-sulfinimines with enhanced optical purity involves the partial 

reductionn of nitriles to the metalaldimines which are activated as the ate complex 8 by 

additionn of methyl lithium. Subsequent reaction with the commercially available Andersen 

reagentt (-)-915, an enantiomerically pure menthyl ester of/«-toluenesulfinic acid, affords 

enantiopuree aromatic and a- and p-unsaturated JV-sulfinyl imines in moderate yields but is not 

applicablee to the synthesis of aliphatic iV-sulfmyl imines.'6 

CN N 
DiBAL-H H 

CH3Li i 
NAI(CH3)i-Bu2Li i 
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VTol l 

(-)-9 9 

Schemee 4.5 
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! ! , ,SS Si(CH3)3 p-Toll N 

Si(CH3)3 3 

p-Toll  N R 

ReagentsReagents and conditions: (a) LiHMDS, -78 ; (b) RCHO, , ee > 96%. 

Thee most efficient and generally applicable synthetic route towards enantiopure N-

sulfinyll  imines also starts from the Andersen reagent. Treatment of (-)-9 with LiHMDS at low 

temperaturee and subsequent addition of an appropriate aldehyde or ketone affords the desired 

N-sulfinyll  imine in excellent yield and enantiopurity (scheme 4.5). 

§§ 4.3 Racemi c W-Sulfiny l Pictet-Spengle r Cyclization s 

§4.3.11 Optimizatio n of the Reactio n Condition s 

Thee development of the Af-sulfinylimine chemistry described above has furnished a 

reliablee route to enantiopure amines. Even though the reactivity of the imine double bond is 

good,, in most cases strong nucleophiles were used in the addition reactions. The in situ 

formationn of an JV-sulfinyliminium ion drastically increases the electrophilicity of the imine 

doublee bond and thus facilitates the addition of weaker nucleophiles (scheme 4.6). 

Schemee 4.6 
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ReagentsReagents and conditions: (a) p-tolylsulfinyl chloride, CH2CI2, K2CO3 (aq), 75%; (b) hexanal, 
TFA,, CH2CI2, 0 , 43%. 52:48 mixture of diastereomers. 
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Inn § 3.6.3 it was shown that racemic A^b-p-tolylsulfinyltryptamine 10 reacts with 

hexanall  in the presence of trifluoroacetic acid to afford the tetrahydro-^-carboline 11. The 

yieldd of the reaction is however only moderate, which can be explained by the hydrolyis of 

thee starting material under the protic acidic reaction conditions. Furthermore, the 

diastereoselectivityy of the reaction was low. In the following paragraphs the optimization of 

thee reaction conditions of the JV-sulfinyliminium ion cyclization of 10, that was obtained by 

reactionn of tryptamine withp-tolylsulfinyl chloride, will be discussed 

Onee of the first approaches was to study the JV-sulfinyl Pictet-Spengler reaction of 10 

underr neutral conditions, in order to avoid the problems with its stability under acidic 

conditions.. However, condensation of iVb-sulfinyl tryptamines with aldehydes did not proceed 

underr neutral conditions, even at elevated temperatures. The tf-sulfinyl tryptamine 10 was 

stablee under these conditions. The failure of the cyclization under neutral conditions can be 

explainedd by the low nucleophilicity of the JVb-amino group due to the presence of the 

electronwithdrawingg sulfinyl substituent. Formation of the iminium ion can be accomplished 

byy activation of the aldehyde under acidic conditions, as was already shown (scheme 4.6). 

Sincee it was shown that catalysis by trifluoroacetic acid furnished the cyclization 

productt as a 52:48 mixture of diastereoisomers and in moderate yield, we attempted the 

reactionn under milder acidic conditions, and at lower temperatures. Anticipating on the 

labilityy of the iV-sulfinyl group under acidic conditions we first attempted the N-sulfinyl 

Pictet-Spenglerr reaction in the presence of the weakly acidic PPTS. Under these conditions 

onlyy the starting material was recovered, even at elevated temperatures (e.g. toluene reflux). 

Reactionss in the presence of acetic acid at room temperature resulted in hydrolysis of the 

startingg material. Also reaction with /?-toluenesulfonic acid did not give satisfying results (i.e. 

loww yield and diastereoselectivity). 

Thee best results for the JV-sulfinyl Pictet-Spengler reaction of 10 with hexanal were 

obtainedd with 10-camphorsulfonic acid (CSA) as the acid catalyst in a 1:1 mixture of dry 

chloroformchloroform and dichloromethane at -78 °C, which gave an optimal balance between the 

reactionn time and the diastereoselectivity. This solvent system was used since pure 

chloroformm solidifies at -78 °C and the solubility of the sulfinyltryptamine in pure 

dichloromethanee is low at this temperature. As can be seen from table 4.1, the reaction of 

aliphaticc aldehydes proceeds smoothly under these reaction conditions. With branched 

aldehydess the reactions were slower and substoicheometric concentrations of CSA were 

required.. Further increase of the amount of the acid catalyst to shorten the reaction time 

resultedd in hydrolysis of the starting material. The steric effect of the bulky alkylsubstituent 

stronglyy decreased the rate of the reaction, but showed only a marginal effect on the 

diastereoselectivity. . 

Thee reaction was quenched by the addition of an excess of triethylamine at -78 °C 

andd subsequent warming of the reaction mixture to room temperature. After evaporation of 

thee solvents, the major diastereomer was obtained in pure form by a single crystallization 

fromm ethyl acetate. 
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Co o 
O O 

Tablee 4.1 

C H ** R A H , , , . ; ' > . / ( ' o 

H MM H 
10 0 

12-19 9 

Noo R Time (h) CSA (eq) Yield (%)  Ratio "  Yield majo r 
isome rr  (%)c 

12 2 

13 3 

14 4 

15 5 

11 1 

16 6 

17 7 

18 8 

Methyl l 

Ethyl l 

Propyl l 

Butyl l 

Pentyl Pentyl 

II so butyl 

Isopropyl l 

cyclohexyl l 

4 4 

4 4 

4 4 

4.5 5 

4.5 5 

8 8 

20 0 

20 0 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

0.6 6 

0.6 6 

0.6 6 

75 5 

82 2 

80 0 

84 4 

69 9 

71 1 

78 8 

73 3 

76:2 4 4 

73:2 7 7 

78:2 2 2 

811 : 19 

83 :1 7 7 

811 :19 

86:1 4 4 

88::  12 

56 6 

58 8 

60 0 

65 5 

55 5 

54 4 

65 5 

62 2 

ReagentsReagents and conditions: (a) CSA, CH2CI2, CHCI3, -78 "C. 
** After column chromatography" Diastereomeric ratio as determined by 'H-NMRc After crystallization. 

Whenn aromatic aldehydes were used as substrates no cyclization was observed under 

proticc acidic conditions. This is most likely caused by the resonance stabilization of N-

sulfinyll  iminium ions of type 20 (scheme 4.7). Reactions with benzaldehyde and furfural did 

notnot proceed, even at higher temperatures and higher concentrations of the acid catalyst. 

DecompositionDecomposition of the starting material was a competitive side-reaction at -20 °C and 0.2 

equivalentss of CSA. As can be seen from table 4.1, the amount of the acid catalyst could be 

raisedd to 0.6 equivalents at -78 °C before decomposition occurred. 

Schemee 4.7 

20aa R' = H 21 
20bb R' = o-N02 
20cc R' = p-N02 

Reactionss with nitrosubstituted benzaldehydes with increased electrophilicity of the 

resultingg iminium salt also did not lead to product formation. It seems unlikely that the 

unreactivityy of the aromatic aldehydes can be attributed solely to the steric bulk of the 
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aromaticaromatic ring, since the sterically demanding cyclohexyl substituted iminium ion 21 does 

undergoo cyclization. 

Isoprenyll  substituents at the CI-position of tetrahydro-(3-carbolines can be found in 

numerouss natural products.17 The influence of resonance stability of the iminium ion is also 

reflectedd in the reactions that were attempted with a,p-unsaturated aldehydes. Acrolein, 

crotonaldehydee and 3-methylcrotonaldehyde were condensed with JVb:p-tolylsulfmyl 

tryptaminee 10 in the presence of varying concentrations of CSA and at temperatures ranging 

fromm -78 °C to 0 °C. Unfortunately, in all these reactions no cyclization products could be 

isolated. . 

Pictet-Spenglerr reactions with other substrates than aldehydes have found ample 

precedentt in the literature, as is described in chapter 2. From condensation of methylethyl 

ketonee with 10 no cyclization products could be isolated (scheme 4.8). In another approach 

propionaldehydee dimethylacetal was reacted with JVb-p-tolylsulfinyl tryptamine in the 

presencee of CSA but no products could be isolated. 

Schemee 4.8 
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HH M 
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ReagentsReagents and conditions: (a) CSA or BF3.OEt2, CH2CI2, CHCI3, -78 to -60 ; (b) CSA, CH2CI2, 
CHCI3,, -78 to -60 'C. 

Theree can be several reasons for the failure of the reactions that were mentioned 

above.. Cyclization might be prevented for electronic or steric reasons. The first requirement 

forr the cyclization is the succesful formation of the intermediate AZ-sulfinyl iminium ion. In 

orderr to investigate their formation, we attempted to trap the intermediate imines by reduction 

too the corresponding amines (scheme 4.9). Since the solvent system 

(dichloromethane/chloroform)) is not suitable for the use of sodium borohydride we attempted 

thee reduction of the in situ formed JV-sulfinyl iminium ion with other reducing agents. 

Additionn of phenylsilane or diisobutyl aluminiumhydride to the reaction mixtures of the 

Pictet-Spenglerr cyclizations with benzaldehydes, a,f3-unsaturated aldehydes, methylethyl 

ketonee and propionaldehyde dimethylacetal however did not furnish amines of type 23. 

Schemee 4.9 
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§§ 4.3.2 Cyclization s Under Lewi s Acidi c Condition s 

Inn principle, Pictet-Spengler reactions of A^-sulfinyl tryptamines in the presence of 

proticc acids conflict with the well-described lability of the N-sulfinyl group under protic 

acidicc conditions. As was shown above, this lability is an important limitation in the 

optimizationn of the reaction conditions of the JV-sulfinyl Pictet-Spengler reaction. For this 

reasonn we studied the effect of Lewis acids on the cyclization reaction. 

Inn general, the use of Lewis acids led to the formation of enamine products in stead of 

thee desired N-sulfinyl iminium ions. In most cases, even at -78 °C, complex mixtures of 

productss were obtained from reactions with Et2AlCl , Sc(OTf)3 and Yb(OTf)3
18, probably due 

too iwtennolecular reactions of the reactive enamines. This can possibly be explained by the 

absencee of a proton donor which would shift the imine-enamine equilibrium to the side of the 

imine.. The use of TiCl4, SnCl4 and ClTi(/'-Opr)4 resulted in the decompostion of the starting 

material.. Reactions in the presence of ZnCl2 and Ti(i'-Opr)4 did not give any product 

formation.. The use of the chiral Lewis acid diisopinocampheylchloro borane also resulted in 

thee formation of an unidentifyable mixture of products. 

Veryy surprisingly, reaction of JVb-p-tolylsulfinyltryptamine 10 with hexanal in the 

presencee of 2 equivalents of BF3-OEt2 at -78 °C resulted in the formation of the cyclization 

productt 11 (scheme 4.10). Tetrahydro-(3-carboline 11 was obtained as a 1:1 mixture of 

diastereoisomerss in excellent yield. 

Schemee 4.10 

HH H H 

10 0 

111 11:1 mixture | 

ReagentsReagents and conditions: (a) hexanal, CH2CI2, CHCI3, -78 , 86 %. 

Thee low stereoselectivity of this reaction was attributed to the relatively high rate of 

thee reaction, even at -78 °C. The Lewis acidic conditions were also applied to the reaction of 

100 with benzaldehyde and methyl ethyl ketone. Also, the activation of propionaldehyde 

dimethyll  acetal by BF3OEt2, in reaction with 10 at -78 °C was attempted. Unfortunately, all 

thesee reactions did not result in the formation of cyclization products. Decomposition of 10 

becamee a competitive side reaction at -20 °C and higher temperatures. 
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Schemee 4.11 
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ReagentsReagents and conditions: (a) BF 3OEt 2 (2 eq), CH2CI2, CHCI3, -78 to - 20 . 

§§ 4.4 Variatio n of the Sulfiny l Grou p 

Onee of the limitations of 7Vb:p-tolylsulfinyl tryptamine 10 is its lability under protic 

acidicc conditions, which prevents the increase of temperature and amount of catalyst. It was 

anticipatedd that the electronic character of the sulfinyl group plays an important role in the 

stabilityy of the N-sulfinyl tryptamine and its reactivity in the Pictet-Spengler reaction. Via the 

introductionn of electronwithdrawing and electrondonating substituents (e.g. N02 and OMe) 

onn the aromatic ring, the influence of the electronic character was investigated. Furthermore, 

thee effect of alkylsulfinyl groups, such as the methylsulfinylgroup and the tert-

butylsulfinylgroupp on the reactivity and stereoselectivity of the reaction was studied. 

Onee of the most obvious ways for the introduction of JV-sulfinyl substituents is the 

reactionn of tryptamine with the corresponding sulfinyl chlorides (scheme 4.12). p-

Tolylsulfinyll  chloride was obtained by treatment of the commercially available sulfinic acid 

withh thionyl chloride. The synthesis of other sulfinyl chlorides is less straightforward since 

thee corresponding sulfinic acids are not easily available. 

Schemee 4.12 

R'S~CI I 
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'' ^ - ^ O C 2 H 5 

100 24 25 26 

ReagentsReagents and conditions: (a) CH2CI2, K 2 C0 3 (aq), 75% (10), 70% (24), 65%, (25), 79% (26). 

2-Ethoxynaphtyll  sulfinyl chloride 27 was obtained as a stable solid in good yield by 

treatmentt of |3-ethoxynaphtalene with thionyl chloride." Oxidation of tert-butyl disulfide with 

m-CPBA200 furnished the thiosulfinate 28 in excellent yield. Subsequently, gaseous chlorine 

waswas passed through a solution of 28 in dichloromethane to afford the sulfinyl chloride 302' 
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whichh was immediately reacted with tryptamine to give 25 in good overall yield. JVb-

methylsulfinyll  tryptamine 26 was prepared according to a similar route starting from dimethyl 

disulfide. . 

Schemee 4.13 
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ReagentsReagents and conditions: (a) SOCI2, 86%; (b) m-CPBA, CHCI3; (c) Cl2, CH2CI2. 

A'b-o-Nitrophenylsulfinyll  tryptamine and its p-nitro isomer were obtained by the 

oxidationn of the corresponding A^-sulfenyl tryptamines 32 and 33 since the corresponding 

sulfi'nyll  chlorides could not be prepared by methods similar to those described above. The 

nitrosulfenylchloridess are commercially available and were reacted with tryptamine under 

basicc conditions to furnish 32 and 33 in good yield. Subsequent oxidation with m-CPBA 

yieldedd the iVb-nitrophenyl sulfi'nyl tryptamines 34 and 35 in moderate yield. 

Schemee 4.14 

CXA A x x N02 2 
OA A N02 2 

322 o-nitro 
333 p-nitro 

344 o-nitro 
355 p-nitro 

ReagentsReagents and conditions: (a) tryptamine, K2C03 (aq), CH2CI2. 66% (32), 72% (33); (b) m-CPBA, CH2CI2, 54% 
(34),, 48% (35). 

Thee synthesis of analogs with electron donating aromatic substituents (e.g. p-C\ and 

p-OMe)) via the methods that are described above, proved to be troublesome. Formation of p-

chloro-- and p-methoxyphenylsulft'nylchlorides could not be accomplished by oxidation and 

chlorinationn of the appropriate disulfides (scheme 4.13). Treatment with sulfuryl chloride22 

waswas also not successful. Furthermore, synthesis of the corresponding sulfenylchlorides by 

alternativee chlorination of the disulfides failed in our hands.23 Therefore, the sulfenylation-
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oxidationn pathway as it has been described for the nitrosubstituted sulfmylamines 34 and 35 

(schemee 4.14) was not applicable. 

AA different approach involves the reaction of the appropriate disulfides with 

tryptaminee to afford the sulfenylamine in one step. Activation of p-chlorophenyldisulfide with 

silverr nitrate24 in the presence of tryptamine resulted in the formation of sulfenyl tryptamine 

33 6 in good yield (scheme 4.15). This method also provided the p -

nitrophenylsulfenyltryptaminee 33 in better yield than described above. This procedure was 

notnot successful for the synthesis of the p-methoxy analog. Oxidation by using /n-CPBA 

resultedd in the formation of Wb-p-chlorophenylsulfmyl tryptamine 37 in good yield. 

Schemee 4.15 

\ \ 

RR = Cl,OMe, N02 

HN, , 

366 R = CI 
333 R = N02 

HNT T 

377 R = CI 
355 R = N02 

ReagentsReagents and conditions: (a) tryptamine, AgN03, MeOH, 73% (36), 85% (33); (b) m-CPBA, CH2CI2, 67% 
(37),, 48% (35). 

Inn table 4.2 the results of N-sulfinyl Pictet-Spengler reactions with the JVb-sulfinyl 

tryptaminess 24-26, 34, 35 and 37 under protic acidic conditions are summarized. 

Tablee 4.2 

Amin e e 

HNVV ^R 
S S 
n n 
O O 

Timee (h) CSA (equiv. ) 

38-44 4 

Noo Yield (%)* Ratio " 

10 0 

24 4 

37 7 

34 4 

35 5 

25 5 

26 6 

p-tolyl l 

2-EtO-naphtyl l 

p-CI-phenyl l 

o-N02-phenyl l 

p-N02-phenyl l 

f-butyl l 

methyl l 

4.5 5 

8 8 

6 6 

6 6 

6 6 

18 8 

18 8 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

0.2 2 

0.6 6 

0.6 6 

38 8 

39 9 

40 0 

41 1 

42 2 

43 3 

44 4 

69 9 

50' ' 

71 1 

38 8 

24 4 

83:: 17 

811 : 19 

80:20 0 

85:: 15 

611 :39 

ReagentsReagents and conditions: (a) CSA, CH2CI2, CHCI3, -78 . 
"Afterr column chromatography." Diastereomeric ratio as determined by 'H-NMR. 'Starting material recovered 
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Fromm table 4.2 it can be seen that the presence of the 2-ethoxynaphtylsulfinyl group 

inn 24 gives diastereoselectivities comparable to that of thep-tolyl analog 10 in the cyclization 

reaction.. The presence of this sterically demanding substituent only has negative influence on 

thee rate of the reaction. The stability of 24 was found to be comparable to that of N-p-

tolylsulfinyll  tryptamine 10 under protic acidic reaction conditions. A more electrondonating 

substituentt than the /vmethyl group in the aromatic ring was believed to increase the stability 

off  the N-S bond. However, />-chlorophenyl JV-sulfinyl tryptamine 37 gives results that are 

comparablee to those obtained with 10 with respect to stability and stereoselectivity. 

Thee introduction of electronwithdrawing nitro substituents (34 and 35) has a negative 

effectt on the stability under acidic conditions which is reflected in the poor yields of the 

cyclizationn reactions. O-nitrophenylsulfinyltryptamine 34 shows the highest 

diastereoselectivityy which is most likely caused by steric effects of the o-nitrosubstituent. 

Unfortunatelyy the JV-alkylsulfinyl substituted analogs 25 and 26 did not afford any cyclized 

products,, even at temperatures up to -10 °C and higher concentrations of the acid catalyst. 

Thee stability of these compounds in acidic media however proved to be much better. 

§§ 4.5 Enantiopur e Tetrahydro-p'-carboline s 

§§ 4.5.1 Synthesi s of Enantiopur e A/„-p-Tolylsulfiny l Tryptamin e 

Too obtain enantiopure tetrahydro-P-carbolines by using JV-sulfinyl iminium ion 

cyclizations,, an efficient synthetic route to the appropriate enantiopure Afb-sulfiny] 

tryptaminess is required. From § 4.3 describing the optimization of the 7V-sulfinyl Pictet-

Spenglerr cyclization, it was obvious that the best candidates were the p-chlorophenyl- and p-

tolylsulfinyll  tryptamines 10 and 37. Compound 37 was only accessible via oxidation of N-p-

chlorosulfenyll  tryptamine 36 and since asymmetric sulfoxidation might be a difficult 

proceduree with these substrates, the better available Afb-p-tolylsulfinyl tryptamine 10 was 

selected. . 

Schemee 4.16 

NH2 2 

H 3 C - , C H 3 3 ixr ixr 
CH3 3 

(-)-9,, Andersen reagent 

N N 

TMS S 

45 5 

Q Q 
N N 

TMS S 
K-^KK-^K  "  HNV .As. J> 

1 1 
o o 

(+)-10 0 

ReagentsReagents and conditions: (a) n-BuLi, THF then TMSCI then n-BuLi, 
THFF -78 ; (-)-9, THF, 73%. 
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Enantiopuree 10 was prepared from the Andersen reagent (l/?,25,5/?)-(S)-menthyl p-
toluenee sulfmate (-)-9 and its optical antipode, both of which are commercially available. 
Thesee menthyl esters of p-toluenesulfinic acid can be prepared by reaction of (-)- or (+)-
mentholl  with p-toluenesulfinyl chloride and subsequent efficient separation of the 
diastereoisomers.255 The optically pure Andersen reagents are the major starting materials for 
thee synthesis of enantiopure 7V-sulfinyl imines as was described in § 4.2. 

Reactionn of tryptamine and (-)-9 in refluxing toluene, #,W-dimethyl formamide or 
dimethylsulfoxide,, did not afford the desired products. A melt reaction of (-)-9 and 
tryptaminee resulted in the efficient formation of the desired compound 10. However, the 
productt did not show any optical rotation, probably as a result of thermal racemization of the 
sulfoxide.26 6 

Onee of the main problems in the synthesis of ̂ -substituted tryptamines via the anion 
iss the presence of the indole proton. Addition of two equivalents of n-butyl lithium and 
subsequentt reaction of the dianion with (-)-9 did not afford the desired JVb-/?-tolylsulfinyl 
tryptaminee 10.27 A recent publication of Meanwell et al. on the selective benzoylation of 
primaryy amines in the presence of secondary amines generated the idea to protect the indole 
nitrogenn in situ.2*  Treatment of tryptamine with two equivalents of n-butyl lithium, 
subsequentt addition of two equivalents of chlorotrimethylsilane and addition of an extra 
equivalentt of /t-butyl lithium afforded the anion 45 (scheme 4.16). Reaction of this anion with 
(-)-99 furnished (+)-10 in good yield (73%) and excellent enantiopurity as was determined by 
chirall  HPLC. Likewise, the enantiomer (-)-10 was obtained starting from the (+)-Andersen 
reagentt (68%). 

§§ 4.5.2 /V-Sulfinyl Pictet-Spengler Reactions 

Thee Pictet-Spengler condensations of (+)-10 were performed under the same 
conditionss as mentioned in table 4.1. The results of these reactions were comparable to the 
resultss that were obtained from reactions with racemic 10, as expected. The major isomers 
weree all obtained diastereomerically pure after a single crystallization (table 4.3). 

Inn principle, the stereochemical outcome of the Pictet-Spengler reaction can be 
influencedd by the chiral 10-camphorsulfonate counterion of the iminium salt. Since no change 
inn the diastereomeric ratio was observed using (+)-CSA instead of the racemic catalyst, this 
possibilityy was excluded. When compared to the use of trifluoroacetic acid, the 
diastereoselectivityy of the cyclization is enhanced. Most likely, mis is the consequence of the 
decreasedd rate of the reaction and the steric bulk of the counterion. The configuration of the 
10-camphorsulfonatee counterion however has no influence on the stereochemical outcome of 
thee cyclization. The use of (+)-10-camphorsulfonic acid has been reported in the Dutch 
resolutionn of 4-hydroxy- and 4-fluorophenylglycine. The use of this relatively cheap resolving 
agent,, that is used on a multi-ton scale for the resolution of phenylglycine, allowed the use of 
D-enantiomerss of these amino acids for the production of semi-synthetic antibiotics.2' 
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Co o HNL L 

(+)-10 0 
No o 

(+)-12 2 

(+)-13 3 

(+)-14 4 

(+)-15 5 

(+)-16 6 

(+)-17 7 

(+)-18 8 

(+)-19 9 

methyl l 

ethyl l 

propyl l 

butyl l 

pentyl l 

isobutyl l 

isopropyl l 

cyclohexyl l 

CH3 3 

Tablee 4.3 

o o 

Cop,, , 
HH  l I HH R » 

RR o 

(+)-12-(+)-19 9 
Yieldd (%) Moo "O MpCC) ) 

57 7 

61 1 

58 8 

60 0 

57 7 

59 9 

63 3 

57 7 

+212 2 

+196 6 

+190 0 

+167 7 

+158 8 

+190 0 

+215 5 

+196 6 

205-207 7 

229-233 3 

204-206 6 

208-211 1 

179-182 2 

190-193 3 

222-224 4 

240-241 1 

CH3 3 

ReagentsReagents and conditions: (a) CSA, CH2CI2, CHCI3, -78 . 
"" After crystallization.* Acetone, c = 0.5-1.0, values . 

Removall  of the /7-tolylsulfinyl chiral auxiliary was accomplished in high yield and 

withoutt racemization by using a 2% solution of hydrochloric acid in ethanol at 0 °C, which 

affordedd the enantiopure tetrahydro-p-carbolines (-)-46 to (-)-53 in excellent yield and 

enantiopurityy (table 4.4). 

No o 

(-M6 6 

(-)-47 7 

(-)-48 8 

(-MS S 

(-)-50 0 

(-)-51 1 

(-)-52 2 

(-)-53 3 

w w 
(+)-11 1 

R R 

methyl l 

ethyl l 

propyl l 

butyl l 

pentyl l 

isobutyl l 

isopropyl l 

cyclohexyl l 

R R 

-(+) ) 

Tablee 4.4 

ii  r r C H 3 

0 0 

8 8 

Yiel dd (%)" 

89 9 

93 3 

91 1 

93 3 

82 2 

90 0 

93 3 

86 6 

rrnO O 
HH 1 

R R 

(-)-46-(-)-53 3 

eeb b 

>98% % 

>98% % 

>98% % 

>98% % 

>98% % 

>98% % 

>98% % 

>98% % 

M D ' C ) ) 

-44.0" " 

-62.6 6 

-30.0 0 

-65.8 8 

-40.0 0 

-47.1 1 

-58.3 3 

-68.5 5 

ReagentsReagents and conditions: HCI (aq), EtOH, 0 . 
 After chromatography." As determined with 'H-NMR by using (R)-1-(9-anthryl)-2,2,2-trifluoro ethanol. 

'Acetone,, c = 0.5-1.0, values . "Lit. [a]D = -51.0 "(CHCI3 , c = 1.0). 
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Thee alkyl substituted tetrahydro-P-carbolines that are depicted in table 4.3 have found 

amplee reference in the literature. The racemic isobutyl substituted analog rac-51 has been 

foundd in the root bark of the Canadian silverberry (Elaeagnus commutatd)?" Its cyclohexyl 

substitutedd analog rac-53 was prepared by Cook et al. in a carboxyl mediated Pictet-Spengler 

cyclization.""  Other racemic, alkyl substituted tetrahydro-P-carbolines were obtained by 

racemicc Pictet-Spengler condensations of tryptamine with aliphatic aldehydes.32 The racemic 

synthesiss of most of these compounds is well-described but none of them have been prepared 

inn enantiopure form. Noyori et al. have reported the synthesis of tetrahydro-P-carbolines with 

highh optical purity via asymmetric transfer hydrogenation of dihydro-P-carbolines, catalyzed 

byy chiral ruthenium complexes. They were able to prepare tetrahydroharman (-)-46 in good 

yieldd and 93 % enantiomeric excess.33 Other reductive approaches furnished 46 in lower 

enantiopurity.344 The absolute stereochemistry of the enantiopure tetrahydro-p-carbolines 

describedd in table 4.4 was related to the S-stereochemistry of the major product in these 

asymmetricc reductions. 

Sincee acidic deprotection in the presence of ethanol yields the tetrahydro-P-carboline 

andd the ethyl ester of p-toluenesulfinic acid, it is in principle possible to regenerate the 

Andersenn reagent. Reaction of ./V-sulfinyltetrahydro-P-carboline (-)-49 with hydrochloric acid 

inn tetrahydrofuran in the presence of (-)-menthol yielded the Andersen reagent after 8 hours at 

roomm temperature. The optical purity of the chiral compound however was lower, as indicated 

byy a reduction of the specific rotation from -198° to -112°. 

§4.5.33 Enantiopur e 1-Benzyltetrahydro-P-carboline s 

Audiaa and coworkers found that CI-benzyl substituted tetrahydro-P-carbolines, 

whichh they envisaged to be ring-opened analogs of yohimbine (57), have a strongly increased 

affinityy for the 5HT2B serotonin receptor when compared to yohimbine itself (scheme 4.17). 

Schemee 4.17 

54 4 

COOH H 

OCH3 3 

OCH3 3 ÖHH 57, yohimbine 
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Theirr interest in finding structure-activity relationships for these compounds was 

furtherr raised when 1-benzylsubstituted tetrahydro-P-carbolines showed strongly increased 

selectivityy when compared to yohimbine.35 The synthesis of a large library of these racemic 

compoundss by making use of azalactones 54 as phenylacetaldehyde equivalents in the Pictet-

Spenglerr cyclizations36 has led to new potent and selective antagonists of the 5HT2B 

contractilee receptor in the rat stomach fundus. The synthesis of enantiopure 1-

benzyltetrahydro-(3-carboliness was investigated by using JV-sulfinyl Pictet-Spengler reactions. 

Unfortunately,, the use of the azalactone approach, as reported by Evrard and coworkers32, 

wass not applicable in combination with our system. The liberation of the a-ketoacids from the 

azalactoness 54 takes place under strongly acidic conditions at increased temperatures under 

whichh JVb-/;-tolylsulfinyl tryptamine 10 is not stable. The reaction of commercially available 

phenylacetaldehydee with 10 in the presence of CSA was alternatively attempted. Under these 

proticc acidic conditions no cyclization products could be isolated. 

Schemee 4.18 

> > 

(+)-58,, [a]D = +103° (-)-59, [a]D = -52.1 

ReagentsReagents and conditions: (a) phenylacetaldehyde, BF3OEt2 (2 eq), CH2CI2. CHCI3, -78 , 
61%;; (b) HCI. EtOH, 0 , 92%, ee > 98%. 

Inn § 4.3.2 we discussed the use of Lewis acids as catalysts for the JV-sulfinyl Pictet-

Spenglerr reaction. In general, Lewis acids gave a lot of side-products in these reactions. One 

positivee exception was BF3OEt2, which resulted in the rapid formation of cyclization product 

inn high yield but low diastereoselectivity. Surprisingly, N-sulfinyl Pictet-Spengler reaction of 

100 with phenylacetaldehyde in the presence of BF3OEt2 resulted in the rapid formation of 1-

benzyl-Af-sulfinyltetrahydro-P-carbolinee in a 82:18 mixture of diastereoisomers. Separation of 

thee major diastereoisomer (+)-58 and subsequent removal of the chiral auxiliary resulted in 

thee formation of enantiopure 1-benzyltetrahydro-P-carboline (-)-59 (scheme 4.18). 

Inn principle, it is possible to realise the enantioselective synthesis of other 1-benzyl 

substitutedd tetrahydro-P-carbolines via this BF3OEt2 mediated N-sulfinyl iminium ion 

cyclization.. The instability of phenylacetaldehyde derivatives however, is one of the main 

obstacless in this approach. Methoxy substituted phenylacetaldehydes37 63, 64 and 65 were 

obtainedd in poor yield by reduction of the corresponding phenylacetic acids to the alcohols, 

followedd by Swern oxidation. No cyclization products could be isolated from immediate 

reactionn of these compounds with (+)-10 in the presence of BF3OEt2. It was anticipated that 
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enolizationn of the aldehyde was the main problem in this reaction. Reactions with a mixture 

off  CSA and BF3OEt2 also did not result in the formation of the desired products. 

Y Y 
OH H 

Schemee 4.19 

aa fT^^T^^l b 

yj?yj?  OH 
Y Y 

600 Y = 3-OCH3 
611 Y = 4-OCH3 
622 Y = 3,4-(OCH3)2 

Y Y 

633 Y = 3-OCH3 
64YY = 4-OCH3 
655 Y = 3,4-(OCH3)2 

10 0 

cord d 

noo product 
formation n 

eagentseagents and conditions: (a) UAIH4, THF, 67% (60), 73% (61), 67% (62); (b) (COCIfe, DMSO, - 65 , 
43%% (63), 56% (64), 48% (65); (c) BF3.OEt2, CH2CI2, CHCI3, -78 ; (d) BF3.OEt2, CSA, CH2CI2, CHCI3, 
-788

Inn order to circumvent the use of instable phenylacetaldehydes, cyclization with enol 

etherr 66 was attempted. The enol ether was obtained as a mixture of E/Z isomers by Wittig 

reactionn of 3,4-dimethoxy benzaldehyde with (methoxymethyl)triphenylphosphonium 

chloride.. However, N-sulfinyl Pictet-Spengler reaction of this compound under the conditions 

mentionedd above, did not give any cyclization products (scheme 4.20). 

Schemee 4.20 

H H 

OO r r ^ r / ^ N - O C H 3 

H 3 C O ^ ^ ^ 

noo product 
. .. , . -. formation 

H3COO ' 
ÓCH33 OCH3 

66 6 

ReagentsReagents and conditions: a) KHMDS, THF, (methoxymethyl)triphenylphosphonium chloride, 90%; 
b)) 10, CSA orBF3.OEt2, CH2CI2, CHCI3, -78 . 

Thee synthesis of biologically interesting enantiopure 1-benzyltetrahydro-P-carbolines 

viavia N-sulfinyl Pictet-Spengler reactions is at this moment limited to the formation of the 

unsubstitutedd 1-benzyl compound (-)-59. This limitation can be attributed to the lability of 

substitutedd phenylacetaldehydes, a problem that has been mentioned several times in the 

literature.38 8 

§§ 4.6 Concludin g Remark s 

Thee application of TV-sulfinyliminium ion chemistry to the Pictet-Spengler reaction of 

tryptaminee provided a practical synthesis of enantiopure tetrahydro-P-carbolines. The 

influencee of different N-sulfinyl groups on the diastereoselectivity of the Pictet-Spengler 
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reactionn has been studied. It was shown that the /7-tolylsulfinyl group was superior with 

respectt to yields and diastereoselectivity. Furthermore, both (/?)- and (S^Wb-p-tolylsulfinyl 

tryptaminee are accessible in one step from the commercially available (R)- and (S)-Andersen 

reagent. . 

iV-sulfinyll  Pictet-Spengler reactions of unbranched, a- and ^-branched aliphatic 

aldehydess and phenyl acetaldehyde have been optimized for both protic (CSA) and Lewis 

acidicc (BFjOEtj) conditions. Efficient separation of the major diastereoisomers from the 

crudee reaction mixtures by crystallization and mild cleavage of the chiral auxiliary furnished 

aa range of tetrahydro-p-carbolines in excellent enantiopurity. The ^-stereochemistry of the 

productss was related to literature data by comparison of the optical rotations. 

§§ 4.7 Acknowledgement s 

Biancaa Willemse is kindly acknowledged for her efforts in studying Lewis acid 

catalyzedd JV-sulfinyl Pictet-Spengler reactions, as described in § 4.4.2. 

§§ 4.8 Experimenta l Detail s 

Generall  methods. For general experimental details see §2.11. Chlorine gas was prepared by 
dropwisee addition of concentrated hydrochloric acid to potassium permanganate (1.0 g of 
potassiumm permanganate requires 6.2 mL of hydrochloric acid to give 16 mmol of chlorine 
gas)) and subsequently passing through water and concentrated sulfuric acid before it was 
bubbledd through the reaction mixture. Chloroform was distilled from phosphorous pentoxide 
andd stored over 4A molecular sieves in the dark. Acetaldehyde, propionaldehyde, 
butyraldehydee and isobutyraldehyde were distilled prior to use. Optical rotations were 
measuredd on a Perkin-Elmer 241 polarimeter in acetone (c = 0.6-1.0), unless stated otherwise. 
Chirall  HPLC was performed on a LKB HPLC-apparatus by using a chiral OD Daicel column 
withh elution of hexanes and isopropyl alcohol. 

2-Ethoxynaphtalene-l-sulfinyll  chloride 27. fï-Ethoxynaphtalene (3.44 g, 20.0 mmol) was 
stirredd with thionyl chloride (40 mL) for 1 hour at room temperature. Evaporation of the 
volauless under reduced pressure, addition of diethyl ether and filtration yielded 27 (86%, 4.38 
g)) as a white solid that was used without further purification. 'H-NMR (CDC13) 8 9.03 (d, J = 
8.55 Hz, 1H), 7.98 (&,J=  8.5 Hz, 1H), 7.81 (d ,J= 8.3 Hz, 1H), 7.66 ( t , /= 8.2 Hz, 1H), 7.45 
(t,, J= 8.3 Hz, 1H), 7.17 (d, / = 8.5 Hz, 1H), 4.35-4.22 (m, 2H), 1.49 (t, J= 7.0 Hz, 3H). 

fert-Butylfert-Butyl  sulfinyl chloride 30. A solution of m-CPBA (3.50 g, 18.1 mmol) in chloroform 
(600 mL) was added dropwise to a solution of ferf-butyl disulfide (3.25 g, 18.1 mmol) in 
chloroformm (60 mL) at 0 °C. After stirring of the reaction mixture for 3 hours at room 
temperaturee a saturated aqueous solution of NaHC03 (40 mL) was added. Separation of the 
organicc layer, extractive work-up (chloroform) drying of the combined organic layers 
(Na2S04)) and evaporation of the solvent yielded 28 (91%, 3.22 g) as a colourless oil that was 
usedd without further purification. 'H-NMR (CDC13) 5 1.65 (s, 9H), 1.39 (s, 9H). Chlorine gas 
(preparedd from 10 mmol of concentrated hydrochloric acid) was bubbled through a solution 
off  28 (960 mg, 4.94 mmol) in dichloromethane (30 mL) at room temperature. After bubbling 
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nitrogenn through the yellow solution it was used immediately for coupling to tryptamine 
withoutt further purification. 

Methylsulfiny ll  chloride 31. In a similar procedure as was described above for 30 we 
obtainedd methyl thiosulfinate 29 (68%) as a colourless oil and sulfinyl chloride 31 as a 
yelloww solution in dichloromethane that was used immediately for reaction with tryptamine 
withoutt further purification. 

Generall  procedure for  the preparation of racemic sulfinamines 10 and 24-26. A solution 
off  the sulfinyl chloride (22 mmol) in dichloromethane (50 mL) was added dropwise to a 
vigorouss stirred mixture of saturated aqueous K2C03 (25 mL), dichloromethane (35 mL) and 
tryptaminee (3.2 g, 20 mmol) at 5 °C. After stirring for 2 hours at ambient temperature the 
productt partially precipitated as a white crystalline material, which was obtained by filtration 
andd washed thoroughly with water (30 mL), acetone (30 mL) and ethyl acetate (three times 30 
mL).. The layers of the filtrate were separated and after drying (Na2S04), removal of the 
solventss in vacuo and recrystallization, additional product was obtained. 

4-Methyl-benzenesulfinicc acid-[2-(/£Mndol-3-yl)-ethyl]-amide 10. Compound 10 (75%) 
wass obtained as a white solid. M.p. 109 °C; 'H-NMR (CDC13) 8 8.07 (s, 1H), 7.55 (d, J= 8.0 
Hz,, 2H), 7.50 (d, J =8.0 Hz, 1H), 7.36 (d,J= 8.1 Hz, 1H), 7.27 (d, 7=8.1 Hz, 2H), 7.20 (t, J 
== 2.1 Hz, 1H), 7.08 (t, J= 2.2 Hz, 1H), 7.04 (d, J= 2.1 Hz, 1H), 4.15 (t, J = 4.1 Hz, 1H), 3.42 
(m,, 1H), 3.16 (m, 1H), 2.98 (t, J= 7.0 Hz, 2H), 2.40 (s, 3H); IR (CHC13) 3479, 1059; HRMS 
(EI):: Calcd. for C17H18N2SO 298.1136, Found: 298.1143. 

2-Ethoxynaphtalene-l-sulfinicc acid-[2-(7//-indol-3-yl)-ethyl|-amide 24. Compound 24 
(70%)) was obtained as a white solid. M.p. 93-95 °C; 'H-NMR (CDC13) 8 8.67 (d, J = 8.0 Hz, 
1H),, 8.10 (bs, 1H), 7.87 (d,J= 8.5 Hz, 1H), 7.78 (d, J= 8.2 Hz, 1H), 7.56-7.49 (m, 2H), 7.39 
(t,, J = 6.2 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.23-7.15 (m, 2H), 7.21-7.03 (m, 2H), 5.78 (bs, 
1H),, 4.23-4.04 (m, 2H), 3.74-3.65 (m, 1H), 3.65-3.54 (m, 1H), 3.19-3.03 (m, 2H), 1.22 ( t ,/ = 
6.11 Hz, 3H); IR (CHC13) 3479, 1057; HRMS (EI): Calcd. for C22H23N2SO 363.1562, Found: 
363.1568. . 

/-Butyll  sulfuric acid-|2-<i//-indol-3-Yl)-ethyl]-amide 25. Compound 25 (65%) was obtained 
ass a white solid. M.p. 114-117 °C; 'H-NMR (CDC13) 8 8.33 (s, 1H), 7.62 (d, J= 8.1 Hz, 1H), 
7.388 (d,7= 8.0 Hz, 1H), 7.20 ( t , /= 6.3 Hz, 1H), 7.12 (t ,7=6.2 Hz, 1H), 7.07 (d,y=2.1 Hz, 
1H),, 3.58-3.48 (m, 1H), 3.46-3.28 (m, 2H), 3.15-2.98 (m, 2H), 1.18 (s, 9H); IR (CHC13) 
3479,1051;; HRMS (EI): Calcd. for C14H20N2SO 264.1292, Found: 264.1288. 

Methyll  sulfinic acid-[2-(/#-indol-3-yl)-ethyl]-amide 26. Compound 26 (72%) was 
obtainedd as a white solid. M.p. 163 °C; 'H-NMR (CDC13) 8 8.11 (bs, 1H), 7.62 (d, J= 8.2 Hz, 
1H),, 7.39 (d, J = 8.1 Hz, 1H), 7.25-7.11 (m, 2H), 7.08 (s, 1H), 3.88 (bs, 1H), 3.52-3.42 (m, 
2H),, 3.11-3.05 (m, 2H), 2.58 (s, 3H); l3C-NMR (CDC13) 8 127.3, 122.4, 122.2, 19.5, 118.7, 
112.4,111.3,42.8,42.0,26.6. . 

Ar-[2-(li/-indol-3-yl)-ethyl)-S-(2-nitrophenyl )) thio hydroxylamine 32. An aqueous solution 
off  sodium hydroxide (40 mL, 5.0 M) was added to a solution of tryptamine (3.2 g, 20.0 
mmol)) in dichloromethane (75 mL). After cooling to 0 °C o-nitrophenylsulfenyl chloride (4.0 
g,, 20.5 mmol, recrystallized from light petroleum/ dichloromethane) was added in small 
portions.. After vigorous stirring of the reaction mixture for 2 hours at 0 °C, separation of the 
organicc layer and extraction of the aqueous layer (ethyl acetate), drying of the combined 
organicc layers and evaporation of the solvent in vacuo, the residue was triturated with diethyl 
etherr to afford 32 (66%, 4.13 g). 'H-NMR (CDC13) 8 8.25 (d, J = 8.3 Hz, 1H), 8.06 (bs, 1H), 
7.699 (d,y= 8.9 Hz, 1H), 7.63 (d,./= 7.8 Hz, 1H), 7.42-7.37 (m, 2H), 7.26-7.13 (m, 3H), 7.11 
(s,, 1H), 3.32 (t, J = 6.6 Hz, 1H), 3.10 (t, J = 6.6 Hz, 2H). 
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jV-l2-(l/f-indol-3-yl)-ethyl]-S-(4-nitrophenyl )) thio hydroxylamine 33: A solution of p-
nitrophenylsulfenyll  chloride (6.22 g, 31.2 mmol) in dichloromethane (SO mL) was added in 
smalll  portions to a vigorously stirred mixture of tryptamine (5.0 g, 31.2 mmol) in 
dichloromethanee (50 mL) and saturated aqueous K2C03 at 0 °C. The reaction mixture was 
stirredd at room temperature for 4 hours after which the organic layer was separated. 
Extractivee work-up of the aqueous layer (ethyl acetate), drying of the combined organic 
layerss (Na2S04) and evaporation of the solvent under reduced pressure gave a brown oil 
whichh was crystallized from ethyl acetate to yield 33 (72%, 7.03 g) as a yellow solid. 'H-
NMRR (CDC13) 8 8.02 (bs, 1H), 7.82 (d, J= 8.2 Hz, 2H), 7.65 (d, J = 8.2 Hz, 2H), 7.35-7.12 
(m,, 6H), 6.99 (s, 1H), 3.39-3.32 (m, 2H), 3.07 (t, J = 7.1 Hz, 2H), 3.86 (bs, 1H). 

2-Nitrobenzenesulfinicc acid [2-(lJ7-indoI-3-yl)-ethyl] amide 34: m-CPBA (107 mg, 0.56 
mmol)) was added to a solution of 33 (159 mg, 0.51 mmol) in dichloromethane (10 mL). The 
reactionn mixture was stirred at room temperature for 2 hours after which saturated aqueous 
NaHC033 (10 mL) was added. Removal of the organic layer and extractive work-up of the 
waterr layer (ethyl acetate), drying of the combined organic layers (Na2S04) and evaporation 
off  the solvents under reduced pressure gave a yellow oil. Column chromatography (Rf = 0.37, 
ethyll  acetate/ light petroleum 1:1) and rescrystallization (diethyl ether) yielded 35 (54%) as a 
yelloww solid. M.p. 154 °C; 'H-NMR (CDC13) 8 8.27 (bs, 1H), 8.21 ( d , /= 8.1 Hz, 1H), 8.03 
( d , /== 8.2 Hz, 1H), 7.78 ( t ,J = 8.1 Hz, 1H), 7.55 (t,7= 8.1 Hz, 1H), 7.38 (d, J= 8.2 Hz, 1H), 
7.311 (d, J«- 8.1 Hz, 1H), 7.15 (t, J= 8.1 Hz, 1H), 7.03 (t, J= 8.1 Hz, 1H), 6.92 (s, 1H), 4.21 
(bs,, 1H), 3.40-3.30 (m, 1H), 3.04-2.94 (m, 1H), 2.89-2.79 (m, 2H); HRMS (EI): Calcd. for 
CHH.JNJSOJJ 329.0834, Found: 329.0829. 

4-NitrobenzenesulIinicc acid [2-(l//-indol-3-yl)-ethyl]amid e 35. In a similar procedure as 
describedd above 35 was obtained by oxidation of Wb-o-nitrosulfenyl tryptamine 32 (48%). 
M.p.. 122 °C; 'H-NMR (CDC13) 8 8.32 (bs, 1H), 8.19 (d, J= 8.2 Hz, 2H), 7.74 (d, J = 8.2 Hz, 
2H),, 7.43 (d, J = 8.0 Hz, 1H), 7.35 (d, J = 8.1 Hz, 1H), 7.28 (t, J = 8.0 Hz, 1H), 7.07 (t, J = 
8.11 Hz, 1H), 7.01 (s, 1H), 4.48 (bs, 1H), 3.48-3.39 (m, 1H), 3.11-2.92 (m, 3H); HRMS (EI): 
Calcd.. for C,6H,sN3S03 329.0834, Found: 329.0839. 

A r-[2-(l^-indol-3-yl)-ethyl]-S-(4-chlorophenyl)) thio hydroxylamine 36. A solution of 
tryptaminee (1.12 g, 6.96 mmol) in methanol (10 mL) was added to a solution of p-
chlorophenyldisulfidee (1.0 g, 3.48 mmol) and silver nitrate (595 mg, 3.50 mmol) in methanol 
(100 mL). The reaction mixture was stirred for 48 hours after which the solvent was removed. 
Columnn chromatography (Rf = 0.21, ethyl acetate/ light petroleum 1:1) yielded 36 (73%, 769 
mg)) as a light yellow oil. 'H-NMR (CDC13) 8 7.99 (bs, 1H), 7.59 (d, J = 8.2 Hz, 1H), 7.38 (d, 
J=J= 8.2 Hz, 1H), 7.26-7.05 (m, 6H), 7.03 (s, 1H), 3.29-3.22 (m, 2H), 3.06 (t, 7= 7.1 Hz, 2H), 
3.900 (bs, 1H); HRMS (EI): Calcd. for Cl6H15N2SCl 302.0644, Found: 302.0638. 

4-Chlorobenzenesuliïnicc acid [2-(l//-indoI-3-yl)-ethyI]amid e 37. In a similar oxidation 
proceduree as described above 37 was obtained by oxidation of 36 (54%) as a white solid. 
M.p.. 96 °C; 'H-NMR (CDC13) 8 8.18 (bs, 1H), 7.58 (d, J - 8.2 Hz, 2H), 7.49 (d, J - 8.1 Hz, 
1H),, 7.42 (d,y= 8.1 Hz, 2H), 7.37 (d, J= 8.2 Hz, 1H), 7.21 (t, J= 8.0 Hz, 1H), 7.11 (t, J = 
8.00 Hz, 1H), 7.03 (s, 1H), 4.24 (m, 1H), 3.48-3.39 (m, 1H), 3.17-3.08 (m, 1H), 2.98 (t, J= 6.8 
Hz,, 2H); HRMS (EI): Calcd. for Cl6HlsN2SOCl 318.0594, Found: 318.0601. 

(+)-4-Methyl-benzenesuIfinicc acid-[2-(///-indol-3-yl)-ethyl)-ainide (+)-10. A solution of n-
butyllithiumbutyllithium (25.6 mL, 41 mmol 1,6 mL') in hexanes was added to a solution of tryptamine 
(200 mmol, 3.2 g) in THF (200 mL) at -78 °C. The reaction mixture was allowed to warm to 
ambientt temperature before chlorotrimethylsilane (21 mmol, 2.66 mL) was added. After 
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stirringg for 30 min n-butyllithium (21 mmol, 13.1 mL) in nexanes was added and the reaction 
mixturee was stirred for an additional 45 min. The reaction mixture was added to a solution of 
(lS,2R,5S)~(S)-menthy\-p-tohxeaesu\fm&te(lS,2R,5S)~(S)-menthy\-p-tohxeaesu\fm&te (10 mmol) in THF. The reaction was quenched 
afterr 1 hour by the addition of an aqueous solution of Na2HP04 (200 mL, 0.1 M). The organic 
layerr was separated and the aqueous layer was extracted with three 100 mL portions of ethyl 
acetate.. The combined organic layers were dried (Na2S04) and the solvents removed in vacuo. 
Columnn chromatography (ethyl acetate/light petroleum 1:1) and recrystallisation (ethyl 
acetate)) yielded (R)-(+)-lQ (4.2 g, 73%). M.p. 109 °C; [a]D= 102 °. Following the same 
proceduree starting from (7S,2/?,JS>(X>mentoyl-/Moluenesulfinate (S)-(-)~10 was obtained in 
688 %. M.p. 109 °C, [oc]D= -108 °. 

Generall  procedure for W-sulfinyl Pictet-Spengler reactions. A solution of (+)-10 (60 mg, 
0.200 mmol) and the aldehyde (1.0 mmol) in a mixture of dichloromethane/chloroform (2 mL, 
1:1)) was cooled to -78 °C. The indicated quantity of 10-camphorsulfonic acid was added and 
thee reaction mixture was stirred at -78 °C for the indicated time (table 4.3). The reaction was 
quenchedd with triethylamine (0.7 mL, 5 mmol) at -78 °C and allowed to warm to room 
temperature.. The solvents were removed in vacuo and flash chromatography (ethyl 
acetate/lightt petroleum 1:1) yielded the mixture of products from which the major 
diastereomerr was obtained by crystallization (diethyl ether or ethyl acetate). 

l-Methyl-2(toluene^-sulfinyl)-2,3,4,9-tetrahydro-p-carbolinee (+)-12. Compound (+)-12 
(577 %) was obtained as a white solid. M.p. 205-207 °C; [cc]D = 212 °; 'H-NMR (CDC13) 8 
7.822 (bs, 1H), 7.60 (d,J = 8.1 Hz, 2H), 7.44 (d,J= 8.0 Hz, 1H), 7.32-7.28 (m, 3H), 7.15 (t,y 
== 6.3 Hz, 1H), 7.08 (t, J= 3 Hz, 1H), 4.78 (q, J= 3.2 Hz, 1H), 3.52-3.39 (m, 2H), 2.94-2.86 
(m,, 1H), 2.68 (d, J= 7.0 Hz, 1H), 2.43 (s, 3H), 1.69 (d, J = 3.1 Hz, 3H); IR (CHC13) 3470, 
1466,1060;; HRMS (EI): Calcd. for C H ^ SO 324.1292, Found: 324.1297. 

l-Ethyl-2(toluene-4-suIfinyl)-2^,4,9-tetrahydro-p-carbolinee (+)-13. Compound (+)-13 (61 
%)) was obtained as a white solid. M.p. 229-233 °C; [a]D = 196 °; 'H-NMR (CDC13) 5 7.77 
(bs,, 1H), 7.61 (d,y= 8.0 Hz, 2H), 7.42 (d,7= 8.1 Hz, 1H), 7.33-7.27 (m, 3H), 7.13 (t, J = 6.2 
Hz,, 1H), 7.08 (t, J = 6.4 Hz, 1H), 4.71 (t, J = 3.2 Hz, 1H), 3.51-3.45 (m, 1H), 3.29-3.22 (m, 
1H),, 3.00-2.94 (m, 1H), 2.67-2.62 (m, 1H), 2.42 (s, 3H), 2.17-2.14 (m, 1H), 2.11-1.91 (m, 
1H),, 1.09 (t, J = 5.8 Hz, 3H); "C-NMR (CDC13) 8 158.9, 141.3, 140.8, 136.1, 133.5, 129.7, 
127.0,, 126.4, 121.8, 119.4, 118.2, 110.8, 109.3, 58.2, 40.5, 28.3, 22.9, 21.4, 10.5; IR (CHC13) 
3470,1466,1060;; HRMS (EI): Calcd. for C20H22N2SO 338.1448, Found: 338.1454. 

14Vopyl-2(toluene^sulflnyl)-2,3,4,9-tetrahydro-P-carbolinee (+)-14. Compound (+)-14 
(588 %) was obtained as a white solid. M.p. 204-206 °C; [oc]D = 190 °; 'H-NMR (CDC13) 8 
7.800 (s, 1H), 7.60 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 1H), 7.33-7.28 (m, 3H), 7.14 (t, J = 
8.11 Hz, 1H), 7.09 (t, J= 8.1 Hz, 1H), 4.77 (t, J = 3.3 Hz, 1H), 3.52-3.46 (m, 1H), 3.29-3.21 
(m,, 1H), 3.03-2.96 (m, 1H), 2.63 (d, J = 7.1 Hz, 1H), 2.43 (s, 3H), 2.05-1.87 (m, 2H), 1.63-
1.522 (m, 2H), 1.00 (t, J= 3.9 Hz, 3H); IR (CHC13) 3470, 1466, 1060; HRMS (EI): Calcd. for 
C2,H24N2SOO 352.1604, Found: 352.1602. 

l-Buryl-2(tolueiie-4-suIfinyl)-2,3,4,9-tetrahydro-pVcarbolinee (+)-15. Compound (+)-l 5 
(600 %) was obtained as a white solid. M.p. 208-211 °C; [oc]D = 167 °; 'H-NMR (CDC13) 8 
7.888 (bs, 1H), 7.61 (d, J = 8.0 Hz, 2H), 7.42 (d, J = 8.1 Hz, 1H), 7.33-7.28 (m, 3H), 7.13 (t, J 
==  8.0 Hz, 1H), 7.07 (t, J= 8.1 Hz, 1H), 4.76 (t, J = 3.8 Hz, 1H), 3.50-3.45 (m, 1H), 3.28-3.21 
(m,, 1H), 3.02-2.95 (m, 1H), 2.63 (d ,7= 7.1 Hz, 1H), 2.42 (s, 3H), 2.06-2.02 (m, 1H), 2.00-
1.866 (m, 1H), 1.58-1.34 (m, 4H), 0.94 (t, J = 7.1 Hz, 3H); l3C-NMR (CDC13) 8 158.9, 141.3, 
140.8,, 136.0, 133.9, 129.7, 127.0, 126.4, 121.7, 119.3, 118.1, 110.9, 108.9, 57.2,40.3, 35.2, 
28.1,, 23.0, 22.6, 21.3, 14.1; IR (CHC13) 3471, 1468, 1060; HRMS (EI): Calcd. for 
CaH26N2SOO 366.1760, Found: 366.1764. 
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l-Penryl-2(toIuene-4^iUfinyl)-2^,4,9-tetrahydro-p*-carbolin ee (+)-16. Compound (+)-16 
(577 %) was obtained as an off-white solid M.p. 179-182 °C; [a]D = 158 °; 'H-NM R (CDC13) 
55 7.87 (bs, 1H), 7.61 (d, J = 8.0 Hz, 2H), 7.42 (d, J= 7.9 Hz, 1H), 7.33-7.27 (m, 3H), 7.12 (t, 
JJ = 6.3 Hz, 1H), 7.05 (t, J= 6.3 Hz, 1H), 4.75 (t, / = 3.5 Hz, 1H), 3.51-3.45 (m, 1H), 3.28-
3.200 (m, 1H), 3.02-2,95 (m, 1H), 2.63 (d, J = 7.2 Hz, 1H), 2.43 (s, 3H), 2.05-1.87 (m, 2H), 
1.57-1.499 (m, 2H), 1.40-1.34 (m, 4H), 0.90 (t, J= 7.1 Hz, 3H);13C-NMR (CDC13) 8 158.9, 
141.2,, 140.9, 136.0, 133.8, 129.7, 126.3, 121.8, 119.4, 118.1, 110.8, 109.1, 57.1,40.4, 35.4, 
31.7,, 25.6, 23.0, 22.6, 21.3, 14.0; IR (CHC13) 3470, 1468, 1059; HRMS (EI): Calcd. for 
C a H ^ S OO 380.1916, Found: 380.1913. 

l-Isobut>l-2(toluene-4-sulfinyl)-2^,4,9-tetrahydro-(3-carbolinee (+)-17. Compound (+)-17 
(599 %) was obtained as a white solid. M.p. 190-193 °C; [a]0 = 190 °; 'H-NM R (CDC13) 5 7.80 
(bs,, 1H), 7.66 (d, J= 8.0 Hz, 2H), 7.44 (d, J = 8.1 Hz, 1H), 7.40-7.31 (m, 3H), 7.15 (t, J = 6.3 
Hz,, 1H), 7.05 (t, J = 6.2 Hz, 1H), 4.63 (bs, 1H), 3.40-3.31 (m, 1H), 3.24-3.01 (m, 3H), 2.40 
(s,, 1H), 1.98-1.94 (m, 1H), 1.65-1.47 (m, 2H), 1.06 (d, / = 4.2 Hz, 3H), 1.97 (d, / = 4.1 Hz, 
3H);;  IR (CHC13) 3467, 1466, 1061; HRMS (EI): Calcd. for  C^H^S O 366.1760, Found: 
366.1754. . 

l-Isopropyl-2(toluene-4-sulfinyl)-2,3,4,9-tetrahydro-f}-carbolinee (+)-18. Compound (+)-18 
(633 %) was obtained as a white solid. M.p. 222-224 °C; [a]D= 215 °; 'H-NM R (CDC13) S 7.76 
(bs,, 1H), 7.65 (d, J= 8.0 Hz, 2H), 7.45 (d, / = 8.1 Hz, 1H), 7.35-7.28 (m, 3H), 7.17 (t, J = 6.0 
Hz,, 1H), 7.08 (t, J = 6.0 Hz, 1H), 4.59 (d, 7= 4.1 Hz, 1H), 3.61-3.54 (m, 1H), 3.26-3.16 (m, 
1H),, 3.08-2.98 (m, 1H), 2.65 (d , /= 7.1 Hz, 1H), 2.42 (s, 3H), 2.31-2.21 (m, 1H), 1.20 (d,J = 
5.11 Hz, 3H), 1.10 (d, J = 5.2 Hz, 3H); IR (CHC13) 3471, 1465, 1058; HRMS (EI): Calcd. for 
C21H24N2SOO 352.1604, Found: 352.1609. 

l-Cyclohexyl-2(toluene-4~sulfïnyl)-tetrahydro-p-carboIinee (+)-19. Compound (+)-19 (57 
%)) was obtained as a white solid. M.p. 240-241 °C; [a]0 - 196 °; 'H-NM R (CDC13) 8 7.75 
(bs,, 1H), 7.62 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.1 Hz, 1H), 7.35-7.27 (m, 3H), 7.18 (t, J= 6.1 
Hz,, 1H), 7.08 ( t , / = 6.1 Hz, 1H), 4.55 (d, J= 4.1 Hz, 1H), 3.63-3.52 (m, 1H), 3.26-3.16 (m, 
1H),, 3.09-2.98 (m, 1H), 2.65 (d, J = 7.0 Hz, 1H), 2.42 (s, 3H), 1.96-1.78 (m, 4H), 1.77-1.68 
(m,, 1H), 1.43-1.14 (m, 6H); IR (CHC13) 3468, 1466, 1060; HRMS (EI): Calcd. for 
C24H2gN2SOO 392.1916, Found: 392.1917. 

Generall  procedure for  removal of the /Molylsulfiny l chiral auxiliary . Concentrated 
aqueouss hydrochloric acid (50 jxL) was added to a solution of the Pictet-Spengler  product (50 
mg)) in ethanol (1 mL) at 0 °C. The reaction mixtur e was stirred for  5 min and made alkaline 
withh saturated K2C03 (3 mL). After  addition of ethyl acetate (5 mL) and stirrin g for  an 
additionall  15 min the organic layer  was removed. The aqueous layer  was extracted with two 5 
mLL  portions of ethyl acetate. The combined organic layers were dried (MgS04) and the 
solventt  was evaporated in vacuo. Flash chromatography (ethyl acetate/ethanol/NH4OH(aq) 
85:10:5)) yielded the corresponding tefrahydro-fJ-carboline. 

l-Methyl-2,3,4,9-tetrahydro-ltf-p >-carbolinee (-)-46. Compound (-)-46 (89 %) was obtained 
ass a yellow oil. [a]D= -44.0 °; 'H-NM R (CDC13) 5 8.05 (bs, 1H), 7.50 (d, J = 8.1 Hz, 1H), 
7.300 (d, J= 8.1 Hz, 1H), 7.18-7.09 (m, 2H), 4.17 (q, J = 3.4 Hz, 1H), 3.41-3.35 (m, 1H), 3.10-
3.033 (m, 1H), 2.83-2.70 (m, 2H), 1.45 (d, J = 4.2 Hz, 3H); IR (CHC13) 3473, 1467; HRMS 
(EI)::  Calcd. forC,2H14N2186.1154, Found: 186.1157. 

l-Ethyl-2^,4,9-terrahydro-lH-^-carbolin ee (-)-47- Compound (-)-47 (93 %) was obtained as 
aa yellow oil. [a]„  = -62.6 °; 'H-NM R (CDC13) 8 7.72 (bs, 1H), 7.48 (d, J= 8.1 Hz, 1H), 7.31 
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(d,, J= 8.0 Hz, 1H), 7.18-7.05 (m, 2H), 4.06-3.99 (m, 1H), 3.42-3.31 (m, 1H), 3.09-2.99 (m, 
1H),, 2.81-2.68 (m, 2H), 2.00-1.89 (m, 1H), 1.78-1.67 (m, 1H), 1.08 (t, J = 5.1 Hz, 3H); IR 
(CHC13)) 3473,1469; HRMS (EI): Calcd. forC13H16N2 200.1310, Found: 200.1303. 

l-Propyl-2,3,4,9-tetrahydro-l//-p-carbolinee (-)-48. Compound (-)-48 (91 %) was obtained 
ass a yellow oil. [<x]D= -30.0 °; 'H-NMR (CDC13) 5 7.80 (bs, 1H), 7.48 (d, J = 8.1 Hz, 1H), 
7.300 (d, J = 8.1 Hz, 1H), 7.16-7.07 (m, 2H), 4.09-4.06 (m, 1H), 3.39-3.33 (m, 1H), 3.06-2.99 
(m,, 1H), 2.80-2.70 (m, 2H), 1.89-1.80 (m ,1H), 1.72-1.45 (m, 3H), 1.00 (t, J = 7.0 Hz, 3H); 
IRR (CHCI3) 3471,1466; HRMS (EI): Calcd. for C14H1SN2 214.1466, Found: 214.1458. 

l-Butyl-2^,4,9-tetrahydro-l//-p-carbolin ee (-)-49. Compound (-)-49 (93 %) was obtained as 
aa yellow oil. [a]D = -65.8 °; 'H-NMR (CDC13) 8 7.79 (bs, 1H), 7.48 (d, J = 8.1 Hz, 1H), 7.31 
(d,, J = 8.0 Hz, 1H), 7.18-7.06 (m, 2H), 4.11-4.03 (m, 1H), 3.41-3.34 (m, 1H), 3.08-2.98 (m, 
1H),, 2.80-2.70 (m, 2H), 1.96-1.84 (m, 2H), 1.75-1.63 (m, 1H), 1.58-1.36 (m, 3H), 0.94 ( t ,J = 
5.11 Hz, 3H); IR (CHC13) 3473, 1466; HRMS (EI): Calcd. for C15H20N2 228.1622, Found: 
228.1614. . 

l-Pentyl-2,3,4,9-tetrahydro-l/f-p-carbolinee (-)-50. Compound (-)-50 (82 %) was obtained 
ass a yellow oil. [a]D = -40.0 °; 'H-NMR (CDC13) 8 7.79 (bs, 1H), 7.48 (d, J = 8.1 Hz, 1H), 
7.322 (d, J = 8.1 Hz, 1H), 7.17-7.06 (m, 2H), 4.13-4.06 (m, 1H), 3.42-3.33 (m, 1H), 3.10-2.99 
(m,, 1H), 2.83-2.69 (m, 2H), 1.95-1.82 (m, 1H), 1.78-1.65 (m, 1H), 1.62-1.42 (m, 2H), 1.42-
1.388 (, 4H), 0.91 (t, J = 5.2 Hz, 3H); IR (CHC13) 3473, 1465; HRMS (EI): Calcd. for C^H^Na 
242.1778,, Found: 242.1770. 

l-Isobutyl-2 t3,4,9-tctrahydro-l//-p-carbolinee (-)-51. Compound (-)-51 (90 %) was 
obtainedd as a yellow oil. [a]D= -47.1 °; 'H-NMR (CDC13) 8 7.76 (bs, 1H), 7.48 (d, J= 8.1 Hz, 
1H),, 7.80 (d, J = 8.1 Hz, 1H), 7.18-7.07 (m, 2H), 4.18-4.09 (m, 1H), 3.40-3.31 (m, 1H), 3.09-
3.000 (m, 1H), 2.81-2.69 (m, 2H), 2.05-1.94 (m, 1H), 1.68-1.59 (m, 2H), 1.04 (d, J = 3.1 Hz, 
3H),, 0.98 (d, J =3.0 Hz, 3H); IR (CHC13) 3471, 1466; HRMS (EI): Calcd. for C^H^Nj 
228.1622,, Found: 228.1620. 

l-Isopropyl^^-tetrahydro-lJy-P-carboIin ee (-)-52. Compound (-)-52 (93 %) was 
obtainedd as a yellow oil. [a]D = -58.3 °; 'H-NMR (CDC13) 8 7.76 (bs, 1H),), 7.48 (d, / = 4 
Hz,, 1H), 7.30 (d, J = 4 Hz, 1H), 7.19-7.07 (m, 2H), 4.07 (bs, 1H), 3.36-3.29 (m, 1H), 3.15-
3.077 (m, 1H), 2.78-2.96 (m, 2H), 1.81-1.87 (m, 1H), 1.04 (t, J= 4 Hz, 3H), 0.95 (t, J = 4 Hz, 
3H);; IR (CHC13) 3473,1467; HRMS (EI): Calcd. for C14H18N2 214.1466, Found: 214.1470. 

l-CycLohexyl-23,4,9-tetrahydro-ltf-p-carbolinee (-)-53. Compound (-)-53 (86 %) was 
obtainedd as a yellow oil. [oc]D = -68.5 °; 'H-NMR (CDC13) 8 7.78 (bs, 1H), 7.47 (d, J= 8.1 Hz, 
1H),, 7.31 (d, J = 8.1 Hz, 1H), 7.18-7.07 (m, 2H), 4.00 (bs, 1H), 3.42-3.34 (m, 1H), 3.05-2.95 
(m,, 1H), 2.79-2.68 (m, 2H), 1.88-1.67 (m, 4H), 1.59-1.11 (m, 7H); IR (CHC13) 3473, 1464; 
HRMSS (EI): Calcd. for C ^ N a 254.1778, Found: 254.1769. 

l-BenzyI-2(toluene-4-sulfinyl)-2^,4,9-terrahydro-p^carbolinee (+)-58. BFjOE^ (50 p.L, 0.4 
mmol)) was added to a solution of (+)-9 (60 mg, 0.2 mmol) and phenylacetaldehyde (40.6 ^iL, 
0.44 mmol) in a mixture of dichloromethane (1.0 mL) and chloroform (1.0 mL) at -78 °C. 
Afterr stirring for 1 hour the reaction was quenched by the addition of triethylamine (100 ^LL) 
andd stirred for 15 minutes at room temperature. Removal of the volatiles in vacuo, column 
chromatographyy (ethyl acetate/ light petroleum) and crystallization (ethyl acetate) yielded (+)-
588 as a white crystalline material. M.p. = 206 °C; [a]  D = 103 °; 'H-NMR (CDC13) 8 7.48-
7.044 (m, 14H), 5.01 (t, J = 7.1 Hz, 1H), 3.61-3.53 (m, 1H), 3.38-3.22 (m, 3H), 3.09-2.98 (m, 
1H),, 2.73-2.65 (m, 1H), 2.41 (s, 3H); '3C-NMR (CDC13) 8 148.9, 141.2, 140.6, 137.8, 135.8, 
133.3,, 129.6, 128.7, 126.8, 126.4, 121.9, 119.4, 118.2, 110.8, 109.2, 58.1, 42.4, 40.6, 23.2, 
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21.3;; HRMS (EI): Calcd. for C ^ H ^ SO 401.1687, Found: 401.1683. 

l-Benzyl-23,4,9-tetrahydro-l//-p-carbolinee (-)-59: Tetrahydro-p-carboline (-)-59 (92%) 
wass obtained as a yellow oil after deprotection under acidic conditions as was described 
above,, [a]  D = -52.1 °; 'H-NMR (CDC13) 8 7.55 (bs, 1H), 7.48 (d, J= 8.1 Hz, 1H), 7.39-7.23 
(m,, 5H), 7.19 (d, J= 7.9 Hz, 1H), 7.13-7.04 (m, 2H), 4.40 (bs, 1H), 3.39 -3.31 (m, 1H), 3.15-
2.977 (m, 3H), 2.79-2.68 (m, 2H); HRMS (EI): Calcd. for ClgH lgN2 262.1470, Found: 
262.1474. . 

Generall  procedure for  the reduction of phenylacetic acids. Lithium aluminium hydride 
(76.00 mg, 2.0 mmol) was added in small portions to a solution of the phenylacetic acid (1.0 
mmol)) in tetrahydrofuran (30 mL) at 0 °C. The reaction mixture was allowed to warm to 
roomm temperature and stirred for 2 hours. Upon dropwise addition of ethanol until gas 
evolutionn had ceased and addition of aqueous sodium hydroxide (25 mL, 1.0 M) a white 
precipitatee formed. Filtration and concentration of the filtrate, extractive work-up (ethyl 
acetate),, drying of the combined organic layers (N^SÔ  and evaporation of the solvent under 
reducedd pressure afforded the alcohol as a yellow syrup. 

2-<3-Mcthoxy-phenyl)ethanoll  60. (67%); 'H-NMR (CDC13) 5 7.26-7.19 (m, 1H), 6.84-6.75 
(m,, 3H), 3.83-3.72 (m, 5H), 2.82 (t, J = 7.3 Hz, 2H). 

2-(4-Methoxy-phenyl)ethanoll  61.<73%); 'H-NMR (CDC13) 8 7.16 (d, J = 8.1 Hz, 2H), 6.88 
(d,7== 8.1 Hz, 2H), 3.88-3.76 (m, 5H), 2.84 (t, J= 7.2 Hz, 2H); 

2-<3,4-Dimethoxy-phenyl)ethanoll  62. (67%); 'H-NMR (CDC13) 8 6.83-6.72 (m, 3H), 3.89-
3.811 (m, 8H), 2.80 (t, J= 7.2 Hz, 2H); 

Generall  procedure for  the Swern oxidation of alcohols 60-62. Oxalylchloride (0.55 mmol, 
488 U.L) was added dropwise to a solution of DMSO (0.82 mmol, 85.5 uL) in dichloromethane 
(2.00 mL) at -60 °C. After stirring for 30 minutes at -60 *C the mixture was cooled to -78 °C 
andd a precooled solution of the alcohol (0.275 mmol) in dichloromethane was added. Stirring 
off  the reaction mixture for an additional 1.5 hours and subsequent addition of triethylamine 
(1500 \xL), warming to room temperature, addition of light petroleum and flash 
chromatographyy (ethyl acetate/ light petroleum 3:7) afforded the phenylacetaldehyde as a 
yelloww oil that was immediately used. 

2-(3-Dimethoxy-phenyl)acetaldehydee 63. (43%); 'H-NMR (CDClj) 6 9.73 (t, J = 2.3 Hz, 
1H),, 6.71 (s, 1H), 6.69-6.43 (m, 3H), 3.87 (s, 3H), 3.62 (d,J= 2.3 Hz, 2H). 

2-(4-Dimethoxy-phenyl)acetaIdehydee 64. (56%); 'H-NMR (CDC13) 8 9.72 (t, J = 2.3 Hz, 
1H),, 7.13 (d, J= 6.9 Hz, 2H), 6.94 (d, J= 6.8 Hz, 2H), 3.80 (s, 3H), 3.69 (d, J = 2.4 Hz, 2H); 
IR(CHC13)) 1725,1610. 

2-(3,4-Dimethoxy-phenyl)acetaldehydee 65. (48%); 'H-NMR (CDC13) 8 9.71 (t, J = 2.3Hz, 
1H),, 6.71-6.88 (m, 3H), 3.83 (s, 6H), 3.65 (diJ= 2.3Hz, 2H). 

l,2-Dimethoxy-4-(2-methoxY-vinyl)bezenee 66. A solution of KHMDS (12.0 mL, 0.5M) in 
toluenee was added to a solution of (methoxymethyl)triphenylphosphonium chloride (2.1 g, 
6.00 mmol) in tetrahydrofuran (30 mL). After stirring for 30 minutes at room temperature a 
solutionn of 3,4-dimethoxybenzaldehyde (831 mg, 5.0 mmol) in tetrahydrofuran (15 mL) was 
added.. After stirring of the reaction mixture for 16 hours water (10 mL) was added. 
Concentrationn of the reaction mixture in vacuo, extractive work-up (ethyl acetate), drying of 
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thee combined organic layers (NajSC )̂ and evaporation of the solvent under reduced pressure 
yieldedd a yellow oil. Purification by using flash chromatography (light petroleum/ ethyl 
acetatee 9:1) afforded 66 (90 %, 900 mg) as a colorless oil in a 6:4 mixture of geometric 
isomers.. 'H-NMR (CDC13) 8 7.24 (d, / = 0.9 Hz, 1H, minor), 7.07 (dd, J = 3.2 Hz, J = 0.9 
Hz,, 1H, minor), 6.94 (d, J = 6.6 Hz, 1H, major), 6.81-6.75 (m, 4H, major + minor), 6.06 (d, J 
==  3.5 Hz, 1H, minor), 5.78 ( d , /= 6.6 Hz, 1H, major), 5.16 (d,J = 3.5 Hz, 1H, minor), 3.90-
3.855 (m, 12H, major + minor), 3.76 (s, 3H, minor), 3.66 (s, 3H, major). 

Reference ss and Notes 

1.. Gremmen, C.; Willemse, B.; Wanner, M. J.; Koomen, G-J. Org. Lett. 2000,2,1955. 
2.. Rapoport, Z. In: The Chemistry ofSulfones and Sulfoxides, Patai, S. Ed.; Wiley and Sons, 

Neww York, 1988. 
3.. (a) Davis, F. A.; Reddy, R. E.; Portonovo, P. S., Tetrahedron Lett. 1994, 35,9351; (b) Davis, 

F.. A.; Portonovo, P. S.; Reddy, R. E.; Chiu, Y., J. Org. Chem. 1996, 61,440. 
4.. Jiang, J.; Schumacher, K. K.; Joullié M. M.; Davis, F. A.; Reddy, R. E., Tetrahedron Lett. 

1994,35,2121. . 
5.. Williams, R. M. In: Synthesis of Optically Active a-Amino Acids; Pergamon Press: Oxford, 

1989. . 
6.. (a) Boger, D. L.; Borzirelli, R. M; Nukui, S. J. Org. Chem. 1996, 61,3561; (b) Davis, F. A.; 

Fanelli,, D. L. J. Org. Chem. 1998, 63,1981. 
7.. Davis, F. A.; Zhang, H.; Lee, S. H„  Org. Lett. 2001,3,759. 
8.. Davis, F. A.; Reddy, R. E.; Szewczyk, J. M. J. Org. Chem. 1995, 60,7037. 
9.. Davis, F. A; Zhou, P.; Reddy, G. V. J. Org. Chem. 1994,59, 3243. 
10.. Davis, F. A.; Zhou, P.; Liang, C-H; Reddy, R. E.; Reddy G. V. Tetrahedron Asymm. 1995, 6, 

1511. . 
11.. Davis, F. A.; Zhou, P. Tetrahedron Lett. 1994,35, 7525. 
12.. (a) Davis, F. A.; Zhou, P.; Reddy, V. G. J. Org. Chem. 1994,59,3243; (b) Davis, F. A.; 

Reddy,, V. G.; Liang, C-H. Tetrahedron Lett. 1997,38, 5139. 
13.. Davis, F. A.; Reddy, V. G.; Liu, H. J. Am. Chem. Soc. 1995, // 7,3651. 
14.. Balasubramanian, T.; Hassner, A. Tetrahedron Lett. 1996,37,5755. 
15.. The compound is named after K. K. Andersen for his pioneering work on the synthesis of 

chiralp-tolyll  sulfoxides: Andersen K. K. Tetrahedron Lett. 1962,3,93. 
16.. Davis, F. A; Reddy, R. E.; Szewczyk, J. M.; Reddy, V. G.; Portonovo, P. S.; Zhang, H.; 

Fanelli,, D.; Reddy, T. R.; Zhou, P.; Carroll, P. J. J. Org. Chem. 1997, 62, 2555. 
17.. Cui, C-B., Kakeya, H.; Okada, G.; Onose, R.; Osada, H. J. Antibiot 1996,49,527. 
18.. Tsuji, R.; Yamanaka, M.; Nishida, A.; Nakagawa, M. Chem. Lett. 2002,428. 
19.. Pyne, S. G.; Hajipour, A. R.; Prabakaran, K. Tetrahedron Lett. 1994,35,645. 
20.. (a) Bass, W. S.; Evans, S. A. J. Org. Chem. 1980,45,710; (b) Liu G.; Cogan, D. A.; Ellman, 

J.. A. /. Am. Chem. Soc. 1997,119,9913; (c) Bridgewater A. I ; Sexton, M. D. J. Chem. Soc. 
PerkinPerkin Trans. 2 1978, 530. 

21.. Netscher, T,; Prinzbach, H. Synthesis 1987,683. 
22.. Hermann, R.; Youn, J-H. Tetrahedron Lett 1986,27,1493. 
23.. (a) Suzuki, H.; Satake, H.; Uno, H.; Shimizu, H. Bull. Chem. Soc. Jpn. 1987,60,4471, (b) 

Baldwin,, J. E.; Norris, R. K. J. Org. Chem. 1981,46,697. 
24.. Bowman, W. R.; Clark, D. N.; Marmon, R. J. Tetrahedron, 1994,50,1275. 
25.. Solladié, G.; Hutt, J.; Girardin, A. Synthesis 1987, 8,173. 
26.. Booms, R. E.; Cram. D. J. J. Am. Chem. Soc. 1972,94, 5438. 
27.. Garcia-Ruano, J. L.; Alonso, R.; Zarzuelo, M. M.; Noheda, P. Tetrahedron Asymm. 1995,6, 

1133 3 
28.. Wang, T.; Zhang, Z.; Meanwell, N. A. Tetrahedron Lett. 1999,40, 6745. 
29.. (a) Kaptein, B.; Eisenberg, H.; Grimbergen, R. P. F.; Broxterman, Q. B.; Hulshof, L. A.; 

Pouwer,, K. L.; Vries, T. R. Tetrahedron Asym. 2000,11,1343; (b) Bruggink, A.; Roos, E. C. 
Dee Vroom, E. Organic Proces Research & Development 1998,2,128. 

30.. Slywka, G. W. A; Locock, R. A. Tetrahedron Lett. 1969,53,4635. 
31.. Narayanan, K.; Cook, M. J. Tetrahedron Lett. 1990,31, 3397. 
32.. Cox, E. D.; Cook, J. M. Chem. Rev. 1995,95, 1797. 
33.. (a) Uematsu, N.; Fujii, A.; Hashiguchi, S.; Dcariya, T.; Noyori, R. J. Am. Chem. Soc. 1996, 

116 6 



EnanttopureEnanttopure Tetrahydro-p^carbolmes via N-Sutfinyt Pictet-Spengler Reactions 

118,118,4916;4916; (b) Noyori, R.; Hishiguchi, S. Ace. Chem. Res. 1997,30,97. 
34.. (a) Hajipour, A. R.; Hantehzadeh, M. J. Org. Chem. 1999, 64, 8475; (b) Yamada, K.; Takeda, 

M.;; Iwakuma, T. Tetrahedron Lett. 1981,22,3869; (c) Yamada, K.; Takeda, M; Iwakuma, T. 
J.J. Chem. Soc. Perkin Trans. 1,1983,265; (d) Nakagawa, M.; Kawate, T.; Kakikawa, T.; 
Yamada,, H.; Matsui, T.; Hino, T. Tetrahedron, 1993,49,1739. 

35.. Audia, J. E.; Evrard, D. A.; Murdoch, G. R.; Droste, J. J.; Nissen, J. S.; Schenck, K. W.; 
Fludzinski,, P.; Lucaites, V. L.; Nelson, D. L.; Cohen, M. L. J. Med. Chem. 1996, 39,2773. 

36.. Audia, J. E.; Droste, J. J.; Nissen, J. S.; Murdoch, G. L.; Evrard, D. A. J. Org. Chem. 1996, 
61,61, 7937. 

37.. Ranu, B. C; Jana, U. J. Org. Chem. 1998, 63,8212. 
38.. (a) Geiritz, S. W.; Smith, J. S.; Nanthakumar, S. S.; Ohling, D. E.; Cobb, J. E. Org. Lett. 

2000,2,4099;; (b) Boyd, R. E.; Caison, J. R.; Codd, E. E.; Gauthier, A. D.; Neilson, L. A.; 
Zhang,, S-P. Bioorg. Med. Chem. Lett. 2000,10,1109. 

117 7 



ChapterChapter  4 

118 8 



Chapter Chapter 

Enantiopur ee Tetrahydroisoquinoline s via 
JV-Sulfiny ll  Pictet-Spengle r Reactions 1 

Abstrac t t 

Thee synthesis of enantiopure tetrahydroisoquinolines can be addressed by JV-sulfinyl iminium 
ionn cyclization of JV-sulfinylphenylethyl amines. Enantiopure (i?)-#-/?-tolylsulfinyl-3,4-
dimethoxyphenylethyll  amine has easily been prepared starting from the Andersen reagent. N~ 
sulfinyll  Pictet-Spengler reaction of this compound with a variety of aliphatic aldehydes in the 
presencee of BF3OEt2 resulted in the formation of JV-suIfinyltetrahydroisoquinolines in 
excellentt diastereoselectivity. Separation of the diastereoisomers and removal of the N-
sulfinyll  group under acidic conditions furnished a range of enantiopure (+)-
tetrahydroisoquinoliness in good yield over three steps, starting from 3,4-
dimethoxyphenylethyll  amine. W-sulfinyl Pictet-Spengler reactions of the optical antipode (5)-
Mp-tolylsulfinyl-3,4-dimethoxyphenylethyll  amine are an efficient entry to (-)-
tetrahydroisoquinolines. . 
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§§ 5.1 Introductio n 

Inn chapter 4 of this thesis, the use of the N-p-tolylsulfinyl group as a chiral auxiliary 

inn the Pictet-Spengler reaction has been discussed. The A -̂sulfinyl group appeared to have a 

strongg influence on the diastereoselectivity of the cyclization of /V-sulfinyltryptamines. 

Furthermore,, efficient separation of the major diastereoisomer and subsequent cleavage of the 

chirall  auxiliary under mild conditions was achieved. This N-sulfinyl Pictet-Spengler reaction 

madee it possible to synthesize a range of enantiopure alkyl and benzyl substituted tetrahydro-

(3-carboliness in good yield. 

Thee Pictet-Spengler reaction was originally designed for the synthesis of 

tetrahydroisoquinolinee ring systems and only later applied to the synthesis of tetrahydro-P-

carboliness (chapter 2). In general, asymmetric approaches to tetrahydroisoquinolines do not 

relyy on the use of the Pictet-Spengler cyclization. The low nucleophilicity of the phenyl ring 

whenn compared to the indole ring demands for harsh reaction conditions that do not allow 

asymmetricc approaches. The advantage of the JV-sulfinylgroup on both the reactivity and the 

diastereoselectivityy in the asymmetric Pictet-Spengler cyclization of phenylethylamines will 

bee discussed in this chapter (scheme 5.1). 

Schemee 5.1 

o o 

^ ^^  S 
II I 
O O 

1 1 

§§ 5.2 Biologica l Activit y of Tetrahydroisoquinoline s 

Thee structure of a large number of alkaloids is based on the 1-substituted 

tetrahydroisoquinolinee skeleton, among which tetrahydroisoquinoline ring systems with 

alkoxyy substituents in the aromatic ring are widespread.2 It has been reported that 1,2,3,4-

tetrahydroisoquinolinee derivatives exist not only in plants but also in several tissues in 

mammaliann species.3 The biological activities of tetrahydroisoquinolines and analogs are 

interestingg and in most cases related to processes in the central nervous system. This can be 

rationalizedd since the tetrahydroisoquinoline ring system is a conformationally restricted 

analogg of phenylethylamine, a common structural element of neurotransmitters like dopamine 

22 (figure 5.1). 

Untill  now, five different types of dopamine receptors have been identified and are 

dividedd in two main classes, D,-like and D2-like. The D2-like class of receptors shows high 

affinityy for drugs used in the treatment of schizophrenia (antagonists) and Parkinson's disease 

(agonists).(agonists). 1-Benzylsubstituted tetrahydroisoquinolines of type 3 bind to dopamine receptors 

inn the striatal membranes and in some cases inhibit the dopamine reuptake by striatal 
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synaptosomes.44 The simple tetrahydroisoquinoline 4 prevents the effects of Parkinson's 

diseasee that are induced by l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine (MPTP) and also 

inhibitss the action of monoamine oxidases.5 

Evenn though the dopaminergic activity of racemic tetrahydroisoquinoline alkaloids 

hass found ample precedent in the literature, the biological affinity of the respective 

enantiomerss was scarcely reported. Comparison of the dopaminergic activity of the (R)- and 

(S)-./v"-methyl-l-phenyltetrahydroisoquinolinee 5 showed that the (5)-enantiomer has superior 

affinityy and selectivity for D, receptors over the (R)-enantiomer.6 The lack of an efficient 

enantioselectivee route to tetrahydroisoquinoline ring systems is one of the main reasons that 

biologicall  studies are usually carried out with mixtures of enantiomers. In the next paragraph, 

somee asymmetric approaches to the synthesis of tetrahydroisoquinolines that have been 

reportedd in the literature will be discussed. 

HO O 

HO O 
A^ JJ NH2 

2,, dopamine 

HO O 

HO O £0 0 NH H 

CH3 3 

§§ 5.3 Asymmetri c Approache s to Tetrahydroisoquinoline s 

Thee synthesis of tetrahydroisoquinolines has received much attention in the literature 

overr the last century. In scheme 5.2, four main synthetic approaches to the synthesis of 

tetrahydroisoquinolinee ring systems are depicted.7 The Pictet-Spengler reaction of 

phenylethylaminess is a classical cyclization strategy towards these ring systems, although 

limitedd to the use of reactive aldehydes.8 Reduction of the imine double bond in 3,4-

dihydroisoquinolines,, obtained by the Bischler-Napieralski cyclization, has proven to be a 

moree efficient route towards tetrahydroisoquinoline ring systems. Cl-alkylation reactions 

constitutee another major synthetic route towards these ring systems. The Pomeranz-Fritsch 

cyclizationn is less well-established. 

Duringg the last decades, enantioselective modifications of these traditional methods 

havee been reported. Although the Pictet-Spengler reaction is one of the tools for the racemic 

synthesiss of tetrahydroisoquinolines, it is only scarcely referred to in asymmetric synthesis of 

thesee compounds. This in contrast to the asymmetric synthesis of tetrahydro-P-carbolines, 

whichh relies heavily on asymmetric Pictet-Spengler reactions.9 
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Schemee 5.2 

NH7 7 

NN ^^*V->N 

ff \Reduc t ion Alkylatiory 

Pictet--
Spengler r 

Pomeranz--
Fritsch h 

NH H 

OCH3 3 

^ O C H 3 3 

Asymmetricc synthesis of 1-benzyl substituted tetrahydroisoquinolines 7 via a chiral 

auxiliaryy mediated Pictet-Spengler reaction has been reported by Comins and coworkers.10 

Reactionn of A?-(+)-(a-cumyl)cyclohexyl carbamate 6 with an enol ether under protic acidic 

conditionss afforded tetrahydroisoquinoline 7, an important intermediate in the synthesis of 

(+)-glaucinee 8 (Glaucicium flauvum, scheme 5.3). Another example of a chiral auxiliary 

mediatedd synthesis of tetrahydroisoquinolines based on a Pictet-Spengler-type reaction is the 

cyclizationn of TV-sulfonyl-P-phenylethylamines 9 with a-chloro-a-phenylselenoesters 10." 

Schemee 5.3 
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H3CC C02Menthyl 

9,, Cam = (S)-IO-camphorsulfonyl 11 ,de96% % 

Thee so-called Bischler-Napieralski/reduction pathway, which involves the Bischler-

Napieralskii  cyclization and subsequent asymmetric hydrogenation of the resulting 3,4-

dihydroisoquinoline,, is an important asymmetric approach to the synthesis of 

tetrahydroisoquinolines.. Noyori and coworkers have reported the transfer hydrogenation of 

dihydroisoquinoliness 12 and 13 in the presence of a chiral ruthenium catalyst (scheme 5.4), 
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whichh resulted in the formation of 1-methyl and 1-phenyl substituted tetrahydroisoquinolines 

(+)-144 and (+)-15 in 95% and 84% enantiomeric excess, respectively (scheme 5.4).'2 

Schemee 5.4 

H 3 C 0 T T ^ ^ 
H3CO-A^ Xf^ NN H C 2 H 

R R 

H3CO O 
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12,, R = C6H5, 
13.. R = CH3 

(+)-14,RR = C6H5 , 
(+)-15,RR = CH 3 

Kaufmann et al. reported the reduction of iminium salts of type 16 with a chiral oc-benzylgroup 

onn the iminium nitrogen atom (scheme 5.5), affording products 17 in up to 98% 

diastereomericc excess.13 

Schemee 5.5 
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Thee so-called C-C-connective approach involves the asymmetric alkylation of the 

CI-position.. Addition of organometallic reagents to the chiral hydrazonium ion 18 resulted in 

thee formation of hydrazine 19 in 92% enantiomeric excess (scheme 5.6).'4 

Schemee 5.6 
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Meyerss et al. reported the synthesis of (+)-glaucine 8 (ee = 93%), the lithiation and alkylation 

off  tetrahydroisoquinoline 20 being the key asymmetric step in this sequence (scheme 5.7).15 
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Schemee 5.7 

H3CO O 

H3CO O 

§§ 5.4 *n A/-sulfiny l Pictet-Spengle r Approac h to Tetrahydroisoquinoline s 

Inn general, the phenyl ring in phenylethyl amines is much less nucleophilic in the ring 

closingg step of the Pictet-Spengler reaction than the indole ring in tryptamine derivatives. 

Applicationn of the /V-sulfinyl Pictet-Spengler protocol described in chapter 4 to the synthesis 

off  tetrahydroisoquinolines involves the formation of the JV-sulfinyliminium ion 1 (scheme 

5.8).. The enhanced reactivity of the C-N double bond in 1 might allow cyclization to form N-

sulfmyltetrahydroisoquinoliness 22. 

Schemee 5.8 
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Thee racemic N-p-tolylsulfmylphenylethylamines 25 and 26 were obtained by reaction 

off  p -tolylsulfinyl chloride with respectively phenylethylamine and 3,4-

dimethoxyphenylethylaminee under basic conditions (scheme 5.9). N-Sulfinyl Pictet-Spengler 

reactionn of 25 and 26 did not proceed in the presence of CSA at -78 °C. Decomposition of the 

startingg material was the only reaction that was observed when elevated temperatures and 

increasedd concentrations of protic acids were applied. 

BF3OEt22 also did not give cyclization of JV-sulfinylphenylethyl amine 25 with 

aliphaticc aldehydes. The introduction of the electrondonating methoxy substituents enhances 

thee nucleophilicity of the aromatic ring. N-sulfinyl Pictet-Spengler reaction of 3,4-

dimethoxyphenylethylaminee 26 with hexanal in a mixture of dichloromethane and chloroform 

att -78 °C resulted in the formation of the /V-sulfinyl tetrahydroisoquinoline 27 in a 91:9 

mixturee of diastereoisomers. 
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Schemee 5.9 

23,, R = H 25, R = H 
24,, R = OCH3 26, R = OCH3 

ReagentsReagents and conditions: (a) p-tolylsulfinyl chloride, CH2CI2, K2C03 (aq), 78 % (25), 73% (26); (b) 
BF3.OEt2,, CH2CI2, CHCI3, -78 , 85% (91:9 mixture of diastereomers). 

Thesee promising results prompted us to develop a synthesis of enantiopure 26 as a 

startingg material for the synthesis of a range of enantiopure tetrahydroisoquinolines. 

§§ 5.5 Synthesi s of Enantiopur e Tetrahydroisoquinoline s 

Thee enantiopure JV-p-tolylsulfinyl-3,4-dimethoxyphenylethylamine (+)-26 was 

obtainedd by treatment of 3,4-dimethoxyphenylethylamine with one equivalent of n-

butyllithium.. Subsequent reaction of the anion with the Andersen reagent (-)-28. furnished 

(+)-266 in good yield and excellent enantiopurity (scheme 5.10) as was determined by chiral 

HPLC. . 

Schemee 5.10 
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ReagentsReagents and conditions: (a) r)-BuLi, THF, , 86%. 

Af-/?-tolylsulfmyl-3,4-dimethoxyphenylethyll  amine (+)-26 was reacted with a range of 

aliphaticc aldehydes which resulted in the formation of the desired cyclization products in 

excellentt yields and diastereoselectivities. In table 5.1, the Pictet-Spengler reactions of (+)-26 

withh unbranched and a- and P-branched aliphatic aldehydes and phenylacetaldehyde are 

summarized.. All reactions were performed at -78 °C with 5.0 equivalents of the aldehyde and 

2.00 equivalents of BF3OEt2 in a 1:1 mixture of anhydrous dichloromethane and chloroform. 

Thee reaction times are short and the yields are generally high when the steric bulk of the 

aldehydee is low. Reactions with isobutyraldehyde and phenylacetaldehyde did not go to 

completion,, even with higher concentrations of BF3OEt2 and additional equivalents of the 
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aldehyde.. In these cases the starting material could be recovered. The diastereomeric mixtures 

shownn in table 5.1 were separated by flash chromatography since crystallization was only 

succesfull  in the case of 1-methylsubstituted compound 29. Flash chromatography yielded the 

diastereomericallyy pure A'-sulfmylphenylethyl amines (+)-29 to (+)-34. 

Tablee 5.1 

H3co o 

H3CO O 
1 1 

0 0 

(R)-(+)-26 6 

a a 0 0 

a a 

H3CO O 

H3CCT T ̂
O O 

RR 0 

(+)-29-(+)-34 4 

Produc tt  Diastereomeri c ratio 9 

(yield ,, %)" 
Yieldd  (%)' Mo"" ) 

(+)-29 9 

(+)-30 0 

(+)-31 1 

(+)-32 2 

(+)-33 3 

(+)-34 4 

93:77 (89) 

96:44 (84) 

91:9(85) ) 

92:88 (85) 

96:44 (43) 

77:233 (51) 

Methyl l 

Propyl l 

Pentyl l 

Isobutyl l 

Isopropyl l 

Benzyl l 

81 1 

78 8 

73 3 

75 5 

38 8 

36 6 

+193 3 

+65.3 3 

+53.9 9 

+69.5 5 

+46.7 7 

+85.9 9 

ReagentsReagents and conditions: (a) BF3OEt2, CH2CI2, CHCI3, -78 . 
'' Diastereomeric ratio as determined by. 'H-NMR. "Crude yield. cMajor isomer after separation. 
"Acetonee (c = 0.5-1.0), values . 

Removall  of the chiral auxiliary proceeded without racemization upon treatment with 

aa 2% solution of aqueous hydrochloric acid in ethanol at 0 °C. The alkyl- and benzyl-

substitutedd tetrahydroisoquinolines (+)-15 and (+)-35 to (+)-39 were obtained in excellent 

yieldd and enantiopurity (table 5.2). 

H3CO^ ^ 

HaCO^ ^ 

No o 

(+)-15 5 

(+)-35 5 

(+)-36 6 

(+)-37 7 

(+)-38 8 

(+)-39 9 

CO O 
R R 

(+)-29-(+)-34 4 

R R 

Methyl l 

Propyl l 

Pentyl l 

Isobutyl l 

Isopropyl l 

Benzyl l 

1 1 
0 0 

Tablee 5.2 

fY fY 
KJ KJ 

Yieldd  (%)' 

92 2 

89 9 

86 6 

94 4 

92 2 

90 0 

H3CO, , 

H3CO' ' 

eee (%)" 

>98 8 

>98 8 

>98 8 

>98 8 

>98 8 

>98 8 

iTY^ iTY^ 
X^K^UH X^K^UH 

R R 

+)-35-(+)-40 0 

MD
C(0) ) 

+56.0" " 

+22.4 4 

+10.2 2 

+16.9 9 

+81.1 1 

+15.0 0 

ReagentsReagents and conditions: (a) HCI, EtOH, 0 , 5 min. 
•• After column chromatography. "Determined by 1H-NMR using (R)-1-(9-anthryl)-2,2,2-trifluoro 
ethanol.. 'Acetone (c = 0.5-1.0), values ' Lit. +59.5  (CHCI3, c = 1).16 
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Thee absolute configuration of the tetrahydroisoquinolines was related to the 

stereochemistryy of the methyl, propyl and benzyl-substituted tetrahydroisoquinolines 15, 35 

andd 39 by comparison of the optical rotations that were reported in the literature.17 

§§ 5.6 Synthesis of (+)- and (-)-Salsolidine 

§§ 5.6.1 Literature Approaches to Enantiopure Salsolidine 

Tetrahydroisoquinolinee alkaloids with often remarkably simple structures can be 

foundd in many plants. The racemic alkaloid salsolidine 15 and its ^/-methylated analog 

carneginee 4 0 have been isolated together with a range of other tetrahydroisoquinoline 

alkaloidss and phenylethyl amine derivatives from Carnegiea gigantea." This cactus is one of 

aa family that is well-known for its hallucinogenic and narcotic properties and has been used in 

traditionall  northern american medicine. In this paragraph some literature approaches to the 

asymmetricc synthesis of salsolidine will be reviewed 

Figuree 5.2 

H 3 C 0 A A r N HH H 3 C 0 ^ 1 Y ^ C H 3 
CH33 CH3 

155 40 

Enantioselectivee approaches to the synthesis of both (R)-(+)- and (5)-(-)-salsolidine 

155 have found ample precedent in the recent literature. This can in part be attributed to the 

generall  interest in enantiopure tetrahydroisoquinoline systems. 

H 3 C 0 I Y ? 0 HH a 
H 3 C O - ^ V

41 1 

•• """VY 
„,c„XI I 

44 4 

Schemee 5.11 

H3COO 0CH3 

W W 
0 0 

42 2 

^11 ' 
Y N Y^OH H 
CH33 Ph 

Reagents:Reagents: (a) (S)-phenylglycinol; (b) Red-AI; (c) LiAIH4; (d) H2 

bb T ¥ T 
H 3 CO-^^V N H H 

CH33 Ph 

43 3 

H 3 C O ^ \ ^ ^ ^ 

H 3CO^VN H H 

CH3 3 

(R)-15 5 

,, Pd/C. 

Anotherr factor that explains the large number of reported asymmetric approaches to 

thiss structurally simple compound, is its use in biological studies that are mostly related to the 
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pathogenesiss of Parkinson's disease. Other biological applications of 35 were reported in the 

fieldfield of enzyme inhibition of catechol-O-methyl transferase" and inhibitory effects on 

testicularr endocrine function.20 

Meyerss and coworkers have reported on the asymmetric synthesis of (+)-salsolidine 

derivedd from a chiral lactam 42 which allows the asymmetric introduction of 1-alkyl 

substituentss (scheme 5.II).21 Reaction of the carboxylic acid 41 with (S)-phenylglycinol 

affordss the tricyclic lactam 42. Subsequent ring opening with Red-Al and hydride reduction 

off  the amide functionality yields the protected tetrahydroisoquinoline 44. (tf)-(+)-salsolidine 

155 was obtained in good enantiopurity and moderate yield after hydrogenolysis. 

H3CO^ ^ 

H3CO^ ^ 

H3CCL L 

H3CCT T 

a a 
45 5 

r^ ^ 

47 7 

a a 

Y
H H 

OCH3 3 

f~OCHf~OCH3 3 

NH H 

CH3 3 

c c 

Schemee 5.12 

H 3 C O ^ ^ ^ 

H3CO O 

H3CO O 

15. . 

OCH3 3 

[ ^ O C H 3 3 

(6 6 

^ ^ ^ 

CH3 3 

eee = 46% 

b b 

P^N^J™ 3 3 

488 SCH3 

ReagentsReagents and conditions: (a) 2,2-dimethoxyethylamine, benzene; (b) 48, CH3Li, toluene, 
-655 "C, 92%; (c) 6N HCI, H2, Pd-C, 57%. 

Anotherr asymmetric approach to (-)-salsolidine involves an enantioselective 

modificationn of the Pomeranz-Fritsch-Bobbit cyclization (scheme 5.12).22 Condensation of 

3,4-dimethoxybenzaldehydee 45 with 2,2-dimethoxyethylamine funished the Pomeranz-Fritsch 

iminee 46. Subsequent asymmetric addition of methyllithium to 46 induced by the chiral 

ligandd 48 furnished the amine 47 in good yield and moderate enantiopurity. Cyclization by 

catalyticc hydrogenolysis afforded (-)-salsolidine in moderate yield and enantiopurity. 

Recently,, Tomioka and coworkers reported a related procedure to the synthesis of 

(i?)-(+)-salsolidine.233 This synthetic procedure relies on the asymmetric alkylation of imine 51 

(schemee 5.13). Subsequent hydroboration, oxidation, cyclization and reductive cleavage of 

thee ,/V-aryl group in the presence of acetic anhydride furnished N-acyl salsolidine 54 in 86% 

enantiomericc excess. Noyori and coworkers reported the synthesis of (5)-(-)-salsolidine in 

goodd enantiopurity by asymmetric reduction of 3,4-dihydroisoquinoline 13 (scheme 5.4), as 

hass been described in § 5.3. 
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H„ „ 

H3CO O 

49,, Ar 

H3CO O 

J J 
H3CO O 

== 4-OMe-naphtyl 

OH H 

^ Y % r r 
CH3 3 

S I I 

a a 

c,, d 

Schemee 5.13 

H3CO O 

H s C O ^ ^ 

H 3 C O ^ ^ 

H3CO O 

52 2 

ia a ^V% r r 
CH3 3 

50 0 

' ^ S f ^ N N 

A-Y Y 
CH33 O 

eee = 86% 

Bn n 

( H 3 C ) 2 N ^ | | 

H , C O ^ ^ ^ 

ReagentsReagents and conditions: (a) 53, CH3Li, toluene, -95 , 99%, ee = 93%; (b) (Sia)2BH, THF, rt 
thenthen H 20 2 (aq), NaOH (aq), 0 , 100%; (c) DMSO, DCC, TFA-pyr., toluene, 0 "C, 75%; (d) 
CAN,, NaBH4, Ac 2 0, CH3CN (aq), 94% 

§§ 5.6.2 Synthesi s of (+)- and (-)-Salsolidin e by A/-Sulfiny l Pictet-Spengle r 

Cyclizatio n n 

Ass is shown in § 5.6.1, enantioselective approaches to the synthesis of salsolidine are 

inn general characterized by multistep pathways with low to moderate enantioselectivity. The 

JV-sulfinyll  Pictet-Spengler reaction of (+)-26 with acetaldehyde and subsequent separation 

andd deprotection yielded enantiopure salsolidine (+)-15 in 75% yield over two steps, as was 

alreadyy shown in § 5.4. Asymmetric synthesis of the optical antipode can be accomplished in 

aa similar fashion starting from (-)-26 (scheme 5.14). 

Schemee 5.14 

H3CO O 

H3CO O 

24 4 

NH2 2 

H3CO O 

H3CO O 
HIM, , 

(S)-(-)-26 6 

H3CO O 

H3CO O 
rv^i i ^ s s 

CH33 0 

(-)-29 9 

H3CO O 

H3CO O 
,NH H 

CH3 3 

(S)-(-)-15 5 

ReagentsReagents and conditions: (a) n-BuLi, . (+)-28, 82%; (b) acetaldehyde, BF3.OEt2, 
CH2CI2,, CHCI3, . 8 1 % ; (c) HCI, EtOH, 0 , 5 min., 9 1 % , ee > 98%. 

129 9 



ChapterChapter  5 

Startingg by deprotonation of 3,4-dimethoxyphenylethyl amine 24 with n-butyllithium 

andd subsequent reaction of the anion with Andersen reagent (+)-28 furnished the N-p-

tolylsulfinyI-3s4-dimethoxyphenylethylaminee (-)-26 in 82% yield. Pictet-Spengler cyclization 

off  (-)-26 and acetaldehyde afforded a mixture of diastereomers 29 in good selectivity. 

Crystallizationn from ethyl acetate yielded diastereomerically pure (-)-29. Removal of the N-

sulfinyll  group with a 2% solution of aqueous hydrochloric acid in ethanol gave salsolidine 

(-)-155 in 57% yield over three steps. 

§§ 5.7 Concludin g remark s 

Inn summary, the Af-/>-tolylsulfinyl Pictet-Spengler reaction provided a practical 

enantioselectivee route to alkyl- and benzylsubstituted tetrahydroisoquinolines. Separation of 

thee diastereomers and removal of the JV-sulfinyl group under mild conditions proceeded 

withoutt racemization and yielded a range of enantiopure tetrahydroisoquinolines. This 

protocoll  offers the first enantioselective synthetic route to this class of biologically interesting 

moleculess that is both simple to perform and generally applicable. The JV-sulfinyl Pictet-

Spenglerr reaction allows the efficient synthesis of biologically relevant enantiopure alkaloids, 

suchh as (/?)-(+)- and (S)-(-)-salsolidine. 

§§ 5.8 Experimenta l Detail s 

Generall  methods. For general experimental details see §2.11. Chloroform was distilled from 
phosphorouss pentoxide and stored over 4A molecular sieves in the dark. Dichloromethane 
wass distilled from phosphorous pentoxide, stored on calcium hydride and distilled freshly 
priorr to use. Optical rotations were measured on a Perkin-Elmer 241 polarimeter in acetone (c 
== 0.6-1.0), unless stated otherwise. Chiral HPLC was performed on a LKB HPLC-apparatus 
byy using a chiral OD Daicel column with elution of hexanes and isopropyl alcohol. 

4-Methyl-benzenee sulflnic acid phenethyl amine 25. p-Tolylsulfinyl chloride24 (5.8 g, 36 
mmol)) was added to a solution of phenylethylamine (4.0 g, 33.0 mmol) in a mixture of 
dichloromethanee (150 mL) and aqueous saturated potassium carbonate (100 mL) at 5 °C and 
subsequentlyy the reaction mixture was allowed to warm to ambient temperature. After 
removall  of the organic layer and extraction of the aqueous layer with two 100 mL portions of 
ethylacetate,, the combined organic layers were dried using Na2S04. Removal of the solvent in 
vacuo,vacuo, flash chromatography (ethyl acetate/light petroleum 1:1) and recrystallization from 
diethyll  ether yielded 25 as an off-white solid (78%, 6.7g). M.p. 193 °C; 'H-NMR (CDC1,) 6 
7.533 (d,y= 8.0 Hz, 2H), 7.31-7.18 (m, 4H), 7.14 (d, J= 8.1 Hz, 2H), 4.50 ( t ,J= 3.2 Hz, 1H), 
3.42-3.311 (m, 1H), 3.14-3.03 (m, 1H), 2.80 (t, J= 7.1 Hz, 2H), 2.41 (s, 3H); IR (CHC13) 3050, 
1513,14522 ; HRMS (EI) calculated for C15H17NOS 259.1031, found 259.1027. 

4-Methyl-benzenee sulflnic acid [2-(3,4-dimethoxyphenyl)-ethyl]-amide 26. />-Tolylsulfinyl 
chloridee (5.8 g, 36 mmol) was added to a solution of 3,4-dimethoxyphenylethylamine (6.0 g, 
33.00 mmol) in a mixture of dichloromethane (150 mL) and aqueous saturated potassium 
carbonatee (100 mL) at 5 °C and subsequently the reaction mixture was allowed to warm to 
ambientt temperature. After removal of the organic layer and extraction of the aqueous layer 
withh two 100 mL portions of ethyl acetate the combined organic layers were dried using 
NazSCvv Removal of the solvent in vacuo, flash chromatography (ethyl acetate/light 
petroleumm 1:1) and recrystallization from diethyl ether yielded 26 as an off-white solid (73%, 
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7.7g).. M.p. 203 °C; 'H-NMR (CDC13) 8 7.51 M = 8.0 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 
6.76(d,J=3.5Hz,, 1H), 6.68 (d, .7=3.3 Hz, 1H), 6.63 (s, 1H), 3.39 ( t , /= 8.1 Hz, 1H), 3.84 
(s,, 3H), 3.82 (s, 3H), 3.48-3.38 (m, 1H), 3.10-2.99 (m, 1H), 2.75 (t,y = 7.2 Hz, 2H), 2.39 (s, 
3H);; IR (CHC13) 3047, 1518, 1453; HRMS (EI) calculated for C17H21N03S 319.1242, found 
319.1249. . 

CR)-4-MethyI-benzenee sulfinic acid [2-(3,4-dimethoxyphenyl)-ethyl]-amide (+)-26: A 
solutionn of n-BuLi (21,2 mL 1,6 M in hexanes, 34.0 mmol) was added to a solution of 3,4-
dimethoxyy phenylethylamine (4,6 g, 25,3 mmol) in THF (150 mL) at -78 °C and subsequently 
thee reaction mixture was allowed to warm to ambient temperature. After stirring for 1 hour, 
thee reaction mixture was poured out into a solution of (\R,2S,5R-menihyl-(S)-p-
toluenesulfinatee (5,0 g, 17.0 mmol) in THF (50 mL) and the resulting solution was stirred for 
ann additional 30 minutes. After addition of aqueous Na2HP04 (100 mL, 0,1 M), removal of 
thee organic layer and extraction of the aqueous layer with two 50 mL portions of ethylacetate, 
thee combined organic layers were dried using Na2S04. Removal of the solvent in vacuo, flash 
chromatographyy (ethyl acetate/light petroleum 1:1) and recrystallization from diethyl ether 
yieldedd (R)-6 as off-white needles in 86%. [a]D = 60.9°; 'H-NMR (CDC13) 8 7.51 & J = 8.1 
Hz,, 2H), 7.26 (d, J = 8.1 Hz, 2H), 6.76 (d, J = 7.9 Hz, 1H), 6.68 (d, J= 7.9 Hz, 1H), 6.63 (s, 
1H),, 3.39 (t, J= 4.5 Hz, 1H), 3.84 (s, 3H), 3.82 (s, 3H), 3.48-3.38 (m, 1H), 3.10-2.99 (m, 1H), 
2.755 ( t ,y= 4.2 Hz, 2H), 2.39 (s, 3H); IR (CHC13) 3047, 1518, 1453; HRMS (EI) calculated 
forCl7H21N03SS 319.1242, found 319.1245. 

(£)-4-Methyl-benzenee sulfinic acid [2-(3,4-dimethoxyphenyI)-ethyI]-amide (-)-26: 
Followingg the same procedure as was described for the synthesis of (R)-26, starting from 
(l/f^.S^-menthyl-^J-^-toluenesulfmate,, (5)-26 was obtained (82%) as white needles. M.p. 
2044 °C; [oc]D = -62.1°; HRMS (EI) calculated for C17H2lN03S 319.1242, found 319,1237. 

Generall  procedure for  Pictet-Spengler  reactions of (+)-26. BF3.OEt2 (50.0 |jL, 0.40 mmol) 
waswas added to a solution of (+)-26 (63 mg, 0.20 mmol) in dichloromethane (1 mL) and 
chloroformm (1 mL) and the aldehyde (1.0 mmol) at -78 °C. The solution was stirred at -78 °C 
forr one hour and then quenched with triethylamine and allowed to warm to room temperature 
afterr which the solvents were removed in vacuo. The mixture of diastereoisomers was 
separatedd using flash chromatography (light petroleum -» ethylacetate /light petroleum 1:1) 
andd the major diastereomer was obtained as a yellow oil. 

6,7-Dimethoxy-l-methyl-2-(toluene-4-sulfinyl)-l,2,3,4-tetrahydroisoquinolinee (+)-29. 
Compoundd (+)-29 (81%) was obtained as a yellow oil. [a]D= 193.0 °; 'H-NMR (CDC13) 8 
7.555 (d, J = 8.0 Hz, 2H), 7.28 (d, J= 7.9 Hz, 2H), 6.52 (s, 1H), 6.48 (s, 1H), 4.59 (q, J = 7.9 
Hz,, 1H), 3.80 (s, 6H), 3.46-3.42 (m, 2H), 2.86-2.77 (m, 1H), 2.60-2.55 (m, 1H), 2.39 (s, 3H), 
1.455 (d, J = 6.0 Hz, 3H); IR (CHC13), 3015, 1501, 1461; HRMS (EI) calculated for 
C19HaN03SS 345.1399, found 345.1394. 

6,7-Dimethoxy-l-propyl-2-(toluene-4-suIfinyl)-l,2,3,4-tetrahydroisoquinolinee (+)-30. 
Compoundd (+)-30 (78%) was obtained as a yellow oil.[a]D = 65.3 °; 'H-NMR (CDC13) 8 7.53 
(d,, / = 8.0 Hz, 2H), 7.27 (d, 7= 8.1 Hz, 2H), 6.52 (s, 1H), 6.50 (s, 1H), 4.38-4.35 (m, 1H), 
3.855 (s, 3H), 3.82 (s, 3H), 3.51-3.44 (m, 2H), 2.80-2.77 (m, 1H), 2.58-2.53 (m, 1H), 2.41 (s, 
3H),, 1.80-1.77 (m, 1H) 1.62-1.51 (m, 1H), 1.48-1.38 (m, 1H), 1.22-1.08 (m, 1H). 0.80 ( t ,J = 
7.11 Hz, 3H); IR (CHCI3), 3012, 1506, 1460; HRMS (EI) calculated for C2,H27N03S 373.1712, 
foundd 373.1715. 

6,7-Dimethoxy-l-pentyl-2-(toluene-4-sulfmyl)-l,2,3,4-tetrahydroisoquinolincc (+)-31. 
Compoundd (+)-31 (73%) was obtained as a yellow oil. [cc]D = 53.9 °; 'H-NMR (CDC13) 8 7.54 
(dd J = 8.1 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 6.52 (s, 1H), 6.49 (s, 1H), 4.35-4.31 (m, 1H), 
3.844 (s, 3H), 3.82 (s, 3H), 3.55-3.46 (m, 2H), 2.902.82 (m, 1H), 2.60-2.55 (m, 1H), 2.41 (s, 
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3H),, 1.78-1.75 (m, 1H), 1.60-1.54 (m, 1H), 1.37-1.05 (m, 6H), 0.83 (t, J = 6.9 Hz, 3H); IR 
(CHClj);; 3011, 1513, 1451; HRMS (EI) calculated for C23H31N03S 401.2025, found 
401.2027. . 

6,7-Dimethoxy-l-isobutyI-2-(toluene-4-sulfinyl)-l,2^,4-tetrahydroisoquinolinee (+)-32. 
Compoundd (+)-32 (75%) was obtained as a yellow oil. [ot]D = 69.5 °; 'H-NMR (CDC1,) 8 7.53 
(d,, J = 8.0 Hz, 2H), 7.27 (d, J = 8.1 Hz, 2H), 6.51 (s, 1H), 6.46 (s, 1H), 4.45-4.41 (m, 1H), 
3.855 (s, 3H), 3,82 (s, 3H), 3.56-3.38 (m, 2H), 2.78-2.75 (m, 1H), 2.57-2.52 (m, 1H), 2.41 (s, 
3H),, 1.82-1.75 (m, 1H), 1.22-1.35 (m, 2H), 0.86 (d,J = 6.1 Hz, 3H), 0.67 (d, J= 6.1 Hz, 3H); 
IRR (CHClj) 3014, 11512, 1456; HRMS (EI) calculated for C22H29N03S 387.1868, found 
387.1873. . 

6,7-Dimethoxy-l-isopropyl-2-(toluene-4-sulfinyl)-l,2^,4-tetrahydroisoquinolinee (+)-33. 
Compoundd (+)-33 (38%) was obtained as a yellow oil. [<x]D = 46.7 °; 'H-NMR (CDC13) 8 7.47 
(d,, J= 8.0 Hz, 2H), 7.23 (d, J= 8.1 Hz, 2H), 6.56 (s, 1H), 6.51 (s, 1H), 4.12 (d, J = 8.0 Hz, 
1H),, 3.86 (s, 3H), 3.83 (s, 3H), 3.49-3.46 (m, 2H), 2.60-2.58 (m, 2H), 2.39 (s, 3H), 2.05-1.95 
(m,, 1H), 0.91 (d, J= 7.0 Hz, 3H), 0.89 (d, J= 6.9 Hz, 3H); IR (CHC13) 3014, 1515, 1451; 
HRMSS (EI) calculated for C21H27N03S 373.1712, found 373.1708. 

6,7-Dimethoxy-l-benzyl-2-(toluene-4-sulfinyl)-l,2,3,4-tetrahydroisoquinolinee (+)-34. 
Compoundd (+)-34 (36%) was obtained as a yellow oil. [a]„  = 85.9 °; 'H-NMR (CDC13) 8 7.47 
(d,, J= 8.0 Hz, 2H), 7.25-7.17 (m, 7H), 6.85-6.82 (m, 2H), 6.54 (s, 1H), 5.90 (s, 1H), 4.61-
4.588 (m, 1H), 3.82 (s, 3H), 3.52-3.63 (m, 2H), 3.49 (s, 3H), 3.20-3.11 (m, 1H), 2.98-2.83 (m, 
2H),, 2.67-2.58 (m, 1H), 2.42 (s, 3H); IR (CHC13) 3014, 1509, 1454; HRMS (EI) calculated 
forr C2SH27N03S 421.1712, found 421.1722. 

Generall  procedure for  the removal of the /V-p-tolylsulfiny l group. Concentrated aqueous 
hydrochloricc acid (50 uL) was added to a solution of the Pictet-Spengler product (50 mg) in 
ethanoll  (1 mL) at 0 °C. After stirring for 5 minutes at 0 °C, aqueous K2COjwas added. 
Extractivee work-up (ethyl acetate), drying of the combined organic layers and removal of the 
solventss in vacuo yielded the crude tetrahydroisoquinoline which was purified using flash 
chromatographyy (silica gel, ethyl acetate/ methanol/ NH4OH (aq) 85:10:5). 

(J?)-salsolidinee (+)-15. Compound (+)-15 was obtained as a colourless oil. [a]D= 56.0 °; 'H-
NMRR (CDClj) 8 6.62 (s, 1H), 6.57 (s, 1H), 4.09-4.07 (m, 1H), 3.85 (s, 3H), 3.83 (s, 3H), 
3.15-2.955 (m, 2H), 2.89-2.67 (m, 2H), 1.45 (d , /= 7.1 Hz, 3H); IR (CHC13) 2951; HRMS (EI) 
calculatedd for CI2H,7N02 207.1259, found 207.1256. 

(5)-salsolidinee (-)-15. Compound (-)-15 was obtained as a colourless oil. [oc]D= -58.8 °; 
HRMSS (EI) calculated for C,2Hl7N02 207.1259, found 207,1266. 

6,7-dimethoxy-l-propyl-l,2,3,4-tetrahydroisoquinolinee (+)-35. Compound (+)-35 was 
obtainedd as a colourless oil. [o]D = 22.4 °; 'H-NMR (CDC13) 8 6.61 (s, 1H), 6.57 (s, 1H), 3.96 
(bs,, 1H), 3.85 (s, 3H), 3.83 (s, 3H), 3.12-2.92 (m, 2H), 2.88-2.61 (m, 2H), 1.88-1.63 (m, 2H), 
1.60-1.366 (m, 2H), 0.99 (t, J = 3Hz, 3H); IR (CHC13) 2949; HRMS (EI) calculated for 
C14H21N022 235.1572, found 235.1577. 

6,7-dimethoxy-l-pentyl-l,2,3,4-tetrahydroisoquinolinee (+)-36. Compound (+)-36 was 
obtainedd as a colourless oil. [oc]0= 10.2 °; 'H-NMR (CDC13) 86.60 (s, 1H), 6.56 (s, 1H), 3.95-' 
3.922 (m, 1H), 3.85 (s, 6H), 3.31-3.21 (m, 1H), 3.06-2.96 (m, 1H), 2.83-2.62 (m, 2H), 1.88-
1.688 (m, 2H), 1.54-1.22 (m, 6H), 0.90 (t, J = 3.1 Hz, 3H); IR (CHClj) 2955; HRMS (EI) 
calculatedd for C16H2JN02 263.1885, found 263.1879. 
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6,7-dimethoxy-l-isobutyl-l,2,3,4-tetrahydroisoquinolinee (+)-37. Compound (+)-37 was 
obtainedd as a colourless oil. [<x]D = 16.9 °; 'H-NMR (CDC13) 6 6.63 (s, 1H); 6.52 (s, 1H), 3.98-
3.966 (ra, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 3.10-2.90 (m, 2H), 2.85-2..60 (m, 2H), 1.78-1.75 (m, 
1H),, 1.63-1.51 (m, 2H), 1.09 (d, J= 7.1 Hz, 3H), 0.79 (d, J = 7.0 Hz, 3H); IR (CHC13) 2950; 
HRMSS (EI) calculated for C^HaNOj 249.1729, found 249.1722. 

6,7-dimethoxy-l-isopropyl-l,2,3,4-terrahydroisoquinolinee (+)-38. Compound (+)-38 was 
obtainedd as a colourless oil. [oc]D= 81.1 °; lH-NMR (CDC13) 56.62 (s, 1H), 6.58 (s, 1H), 3.91 
(d,, J = 4.1 Hz, 1H), 3.87 (s, 3H), 3.85 (s, 3H), 3.32-326 (m, 1H), 2.93-2.77 (m, 2H), 2.60-2.54 
(m,, 1H), 2.33-2.29 (m, 1H), 1.13 (d, J= 7.1 Hz, 3H), 0.75 (d, J = 3Hz, 3H); IR (CHC13) 
2950;; HRMS (EI) calculated for Cl4H2,N02 235,1572, found 235,1577. 

6,7-dimethoxy-l-benzyl-l,2,3,4-tetrahydroisoquinolinee (+)-39. Compound (+)-39 was 
obtainedd as a colourless oil. [<x]D= 15.0 °; 'H-NMR (CDC13) 57.38-7.25 (m, 5H), 6.62 (s, 
1H),, 6.578 (s, 1H), 4.22-4.18 (m, 1H), 3.87 (s, 3H), 3.84 (s, 3H), 3.13-2.90 (m, 2H), 2.87-2.68 
(m,, 4H); IR (CHC13) 2956; HRMS (EI) calculated for C18H21N02 283,1572, found 283.1568. 
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Chapter Chapter 

Thee N-Sulfiny l Pictet-Spengle r Reaction : 
Application ss and Mechanis m 

Abstrac t t 
Thee W-sulfinyl Pictet-Spengler reaction appears to be an excellent handle for the introduction 
off  hydroxyalkyl- and aminoalkyl Cl-substituents. Reactions of A^sulfinyltryptamine with 
acetal-,, ester- and halide substituted aldehydes allows the formation of enantiopure building 
blockss for the efficient asymmetric synthesis of naturally occurring ring systems. 
Dimerizationn strategies of tetrahydro-p-carbolines based on the JV-sulfinyl Pictet-Spengler 
reactionn involve reactions of dialdehydes and indole substituted aldehydes. These reactions 
andd some mechanistic considerations concerning the iV-sulfinyl Pictet-Spengler reaction are 
describedd in this chapter. 

135 5 



ChapterChapter 6 

§§ 6.1 introductio n 

Inn chapter 4 and 5 of this thesis an efficient synthetic route to enantiopure tetrahydro-

p-carboliness and -isoquinolines was described. The asymmetric formation of these 

pharmacologicallyy interesting ring systems was accomplished by the iV-sulfinyl Pictet-

Spenglerr reaction, which allows the introduction of aliphatic and benzylic Cl-substituents. 

Thee nature of the substituents at the CI-position plays an important role in the biological 

activityy of these tetrahydroisoquinolines and tetrahydro-p-carbolines. In this chapter the 

introductionn of more complex substituents by reactions with functionalized aldehydes will be 

described.. Furthermore, some mechanistic considerations with respect to the stereochemical 

outcomee of the reaction will be discussed. 

§§ 6.2. W-sulfiny l Pictet-Spengle r Cyclization s wit h Functionalize d Aldehyde s 

§§ 6.2.1 Tetrahydro-P-carbolines with Aminogroups in the C1-Substituent 

Tetrahydro-p'-carboliness with Cl-substituents containing an amino group are 

interestingg from a pharmacological point of view. In chapter 2 of this thesis we discussed the 

formationn of tetrahydro-P-carboline dimers with linkers containing aminogroups by the 

dimerizationn of racemic amines of type 3 (scheme 6.1). The formation of the enantiopure 

monomerss of type 2 by means of N-sulfinyl Pictet-Spengler cyclizations, which would lead to 

enantiopuree tetrahydro-P-carboline dimers, was investigated. 

Schemee 6.1 

NN S 
H H 

(+)-1 1 

O O 

H2N^nn V„NWN>Kr 
OO O 

Forr the synthesis of the enantiopure monomers 2 some appropriate aminoaldehydes 

weree first synthesized. In scheme 6.2 the synthesis of a number of N-protected a- and P-

aminoaldehydess with protective groups that can be removed under different conditions is 

depicted.. Commercially available A^-Fmoc-glycine 5 was reacted with JV,0-dimethylhydroxyl 

aminee hydrochloride to obtain the Weinreb amide 6. Subsequent reduction with lithium 
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aluminiumm hydride afforded /V-Fmoc-glycinal 7 in excellent yield over two steps.' The N-Boc 

andd N-ethyl carbamate protected aldehydes 11 and 12 were obtained by protection and 

reductionn of glycine methylester 8 and subsequent oxidation to the aldehydes. The synthesis 

off  N-Boc and N-Cbz protected 1,3-aminoaldehydes 13 and 14 was described in § 2.6.2. 

Schemee 6.2 

^ - ^^ Fmnn N — Fmnr H ^ ^ HOO Fmoc NN ^-"^ Fmoc 

OCH3 3 

6 6 

HH ^ - ^ Fmoc 

H3CO O 

!!! cord 11 H 

X ^ N H 22 u . ™ ^ ^ 
HH e,f  H 

H3CO-- - - % A - % 

99 R = COOC2H5 

100 R = Boc 
111 R = COOC2H5 

12RR = Boc 

HHK^ K^ ,Boc c 
13 3 

Cbz z 
14 4 

ReagentsReagents and conditions: (a) N.O-dimethylhydroxylamine.HCI, DIPCDl, HOBt, DiPEA, CH2CI2, 
96%;; (b) UAIH4, THF, 85%; (c) (Boc)20, CH2CI2, K 2 C0 3 (aq), 95% ; (d) ethylchloroformate, 
CH2CI2,, K 2 C0 3 (aq), 79%; (e) NaBH4, MeOH; (f) PCC, CH2CI2, 63% (11), 72% (12); 

N-Sulfinyll  Pictet-Spengler cyclization with aminoaldehydes 7 and 11-14 did not 

affordd the desired Cl-aminoalkyl substituted tetrahydro-P-carbolines under both protic acidic 

(CSA)) and Lewis acidic (BF3-OEt2) conditions (scheme 6.3). The reactions were performed 

withh amounts of CSA ranging from 0.2 equivalents to 0.6 equivalents at temperatures from 

-788 °C to 0 °C. BF3OEt2was used in a 5 equivalent excess at the same temperature range. 

Decompositionn of the starting material was the only reaction that took place at higher 

temperaturess and with increased concentrations of the acid catalyst. 

Schemee 6.3 

OA A 
M-1 1 

CSAA or BF3-OEt2, 
CH2CI2,, CHCI3, -78 C 

H H 

77 R = Fmoc 13 R = Boc 
111 R = C0OC2H5 14 R = Cbz 
12RR = Boc 

noo product 
formation n 
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Itt was believed that the presence of the NH-group in the aldehyde could interfere with 

thee use of the acid catalysts in the reactions depicted in scheme 6.3. Furthermore the 

relativelyy close vicinity of the amino functionality, with a bulky protective group, to the 

reactivee centre was expected to inhibit cyclization. To overcome these problems 7V-phtalimido 

protectedd y-aminoaldehyde 17 and glutaraldehyde monooxime 192 were prepared (Scheme 

6.4). . 

Treatmentt of potassium phtalimide with methylchloroformate in the presence of 18-

crown-6crown-6 afforded 16 in 68%.3 Subsequent reaction with 4,4-diethoxybutylamine and 

hydrolysiss under acidic conditions gave aldehyde 17 in good yield over two steps. 

Oximaldehydee 19 was obtained in 35% by reaction of excess aqueous glutaric aldehyde with 

O-methylhydroxylamine.. The low yield of this reaction can be explained by the formation of 

thee di-oxim 20, which was efficiently removed by flash chromatography. Unfortunately also 

thesee aldehydes did not react with N-sulfinyl tryptamine (+)-l under both protic and Lewis 

acidicc conditions. In the case of the oximaldehyde 19 this can be explained by the lability of 

thiss compound under acidic reaction conditions.4 

o o 

N-K** _S_ 

O O 

15 5 

HA^-^A HH -4— H ^ - - ^ ^ H 

,OCH33
 H3CO M ' 0 C H 3 

O NN N N II I 

188 19 20 

ReagentsReagents and conditions: (a) methylchloroformate, 18-croivn-6, toluene; (b) 4,4-diethoxybutylamine, 
Et3N.. THF, 68% (2 steps); (c) H20, HOAc, 99%; (d) O-methylhydroxylamine.HCI, 35% (19). 

Sincee the presence of nitrogen containing functional groups seems to interfere with 

thee Af-sulfinyl Pictet-Spengler reaction, the introduction of Cl-substituents with functional 

groupss serving as amine precursors was attempted. The in situ hydrolysis of acetal 21 and 

subsequentt formation of oximether 22 was succesfully applied to the synthesis of 

conformationallyy restricted nazlinine analogs 23 in our laboratory (scheme 6.5).2 Treatment of 

acetall  21 with O-methylhydroxylamine hydrochloride in the presence of sodium acetate 

affordedd 22 in excellent yield after which reduction with lithium aluminium hydride furnished 

thee bridged nazlinine analog 23. 
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Schemee 6.5 

211 > 

ReagentsReagents and conditions: (a) O-methylhydroxylamine.HCI, NaOAc, THF, H20, 95%; (b) LiAIH4, 
THF,, reflux, 56%. 

Inn analogy, the JV-sulfinyl Pictet-spengler cyclization of (+)-l with 5,5-

diethoxypentanall  in the presence of substoechiometric CSA at -78 °C afforded the 

tetrahydro-P-carbolinee 24 as a 82:18 mixture of diastereomers.5 The major diastereoisomer 

(R,(R, R)-24 was obtained diastereomerically pure after a single crystallization from ethyl acetate 

inn 67% yield (scheme 6.6). Treatment of acetal 2 4 with O-methylhydroxylamine 

hydrochloridee and sodium acetate in a mixture of water and tetrahydrofuran however led to 

thee formation of a complex mixture of products. Most likely this is caused by the 

concomittantt removal of the A'-sulfinyl group which leads to inter- and intramolecular 

condensationn reactions between the aldehyde and iV2-aminogroup. 

Schemee 6.6 

NN S 
HH J 

O O 

(+)-11 (R. R)-24 

ReagentsReagents and conditions: (a) 5,5-diethoxypentanal, CH2CI2, CHCI3, -78 , 67%. 

Thee problem of the two acid-labile protective groups in compound 24 could be solved 

byy the oxidation of the sulfinylgroup to the much more stable sulfonamide. This methodology 

wass described by Davis et al. in the synthesis of enantiopure diaminopimelic acids from 

enantiopuree bis-sulfenylimines.6 Subsequent in situ hydrolysis of the acetal, formation of the 

oximee ether and hydride reduction would then furnish enantiopure nazlinine 26, after removal 

off  the JV-tosylgroup (scheme 6.7). Oxidation of 24 was attempted with m-CPBA and with 

dimethyldioxiranee in dichloromethane. Both procedures however led to the formation of 

multiplee products, probably due to the oxidation and subsequent rearrangement of the indole 

ring. . 
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Schemee 6.7 

(ftt R)-24 

ReagentsReagents and conditions: (a) m-CPBA, CH2CI2 or DMDO, CH2CI2. 

§§ 6.2.2 Enantiopure Tetrahydrc-p-carbolines with C1-Alkenyl Substituents 

Inn the preceding chapter it was shown that the introduction of functionalized Cl-

substituentss via the JV-sulfinyl Pictet-Spengler reaction was troublesome. In this paragraph the 

introductionn of alkenyl CI-substituents and further functionalization of the double bond is 

discussed.. The synthesis and reactivity of Af-sulfmyltetrahydro-P-carbolines with an alkynyl 

substituentt is described in § 6.4.2. 

5-Hexen-l-all  28 was prepared by PCC-oxidation of the corresponding alcohol 27 

(schemee 6.8). N-sulfinyl Pictet-Spengler cyclization of 5-hexen-l-al with N-p-

tolylsulfinyltryptaminee (+)-l in the presence of CSA at -78 °C afforded a 86:14 mixture of 

diastereomerss of which the major isomer (+)-29 was obtained after recrystallization from 

ethyll  acetate. Acid catalyzed deprotection of (+)-29 afforded the enantiopure tetrahydro-p-

carbolinee (-)-30. 

OH H 

27 7 

-- OU 
(+)-299 [cc]D = +96.0° 

(-)-300 [o]D = -23.0

ReagentsReagents and conditions: (a) PCC, CH2CI2, 85%; (b) (+)-1, CSA, CH2CI2, CHCI3, -78 , 70%; (c) 
HCI,, MeOH, 0 , 92%. 

Dimerizationn of biologically active molecules by ruthenium catalyzed cross 

metathesismetathesis has found ample precedent in the literature.7 Attempts to subject the enantiopure 

JV-p-tolylsulfinyll  protected tetrahydro-P-carboline (+)-29 to cross metathesis in the presence 
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off  ruthenium catalysts 31 and 32 failed.8 This can be rationalized by interaction of the 

catalystt with the sulfinylgroup. Protection of the secondary aminogroup by making the 

hydrochloridee salt of the tetrahydro-P-carboline (-)-30 and subsequent cross metathesis failed, 

duee to to the unexpected low solubility of (-)-30 and its hydrochloride salt. 

Schemee 6.9 

Cll L  Ph 

PCy3 3 

31 1 

aa or D D 

Mes-NN N-Mes 

ckY Y 
aa L Ph 

PCy3 3 

32 2 

noo produc 
formation n 

ReagentsReagents and conditions: (a) 31, CH2CI2, 20 "C; (b) 32, CH2CI2, reflux. 

Cl-Ally ll  substituted tetrahydro-P-carboline (+)-34 is a key intermediate in the 

asymmetricc synthesis of enantiopure pseudoyohimbanes of type 36, as reported by Meyers et 

al..99 Alkylation of the lithium salt of tetrahydro-P-carboline 33 with allyliodide at -100 °C, 

separationn of the diastereoisomers and subsequent removal of the chiral auxiliary affords (+)-

34.. N-acylation of MOM-protected derivative (+)-34 with 2,4-pentadienoic acid furnishes 35 

whichh was subjected to Diels-Alder cyclization and reduction and deprotection steps to give 

(+)-366 in 40% overall yield, starting from 33 (scheme 6.10). 

Schemee 6.10 

H3CO O 

a .b ,, j | 
NH H 

H3CCTT Si 

(+)-34 4 

44 steps 

ReagentsReagents and conditions: (a) (-BuLi, CH2=CHCH2I, THF, -100 ; (b) N2H4, HOAc. MeOH, 77% 
(twoo steps); (c) 2,4-pentadienoyl chloride, NaH, THF, . 
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Untill  now, one of the more succesful asymmetric approaches to unprotected 1-allyl-

tetrahydro-p-carbolinee (+)-42 was reported by Itoh and coworkers, who studied the addition 

off  allyltributyltin to P-carboline 38, substituted with a proline derived chiral auxiliary at the 

indolee nitrogen atom (scheme 6. II).10 Subsequent removal of the chiral auxiliary, hydride 

reductionn of the 3,4-dihydro-(3-carboline 40 and removal of the Troc group afforded 1-

propenyl-tetrahydro-P-carbolinee (+)-42 (scheme 6.11). 

Schemee 6.11 

JJ U — L O a a 

NN — N ^ - ^ ^ ^ N X Troc 
H H 

37 7 

'4°° 0Ao° 1 

Xf-Amm f-Am 
388 39 

NN > ^ Troc ^ - ^ N > ^ Troc v - ^ N ^ -
HH i H ; H 

1 1 1 1 
400 41 (+J-42 

ReagentsReagents and conditions: (a) allyltributyltin, Troc-CI, Snl4l; (b) NaOH (aq). THF, 91% 
(22 steps); (c) Et3SiH, TFA, CH2CI2, 76%; (d) Zn, HOAc, THF, H20, 85%. 

Thiss route requires 8 steps to prepare (+)-42 in 86% enantiopurity and 55% overall 

yieldd starting from 38. Nakamura et al. reported on the synthesis of (+)-42 in comparable 

overalll  yield and optical purity by using enantioselective allylzinc addition in the presence of 

bis-oxazolinee ligands." Other asymmetric approaches furnished compound (+)-42 in lower 

enantiopurity.12 2 

Thee desired (+)-enantiomer of compound 42 can easily be prepared starting from the 

appropriatee (-)-A^p-tolylsulfinyltryptamine (-)-l. Treatment of (-)-l with 3-buten-l-al 45 at -

788 °C in the presence of CSA did not give formation of the cyclization product. Since it was 

shownn in § 4.5.3 that a,y-unsaturated aldehydes such as phenylacetaldehyde react smoothly in 

thee presence of BF3OEt2, the reaction was attempted under Lewis acidic conditions. Reaction 

att -78 °C with BF3OEt2 afforded 1-allyl-Af-sulfmyltetrahydro-P-carboline (-)-43 in good yield 

ass a single diastereomer by crystallization. After removal of the sulfinylgroup with aqueous 

hydrochloricc acid in ethanol (+)-42 was obtained in 89% yield (ee > 98%). Starting from 

tryptaminee enantiopure 1-allyltetrahydro-P-carboline (+)-42 was obtained in 36% yield over 3 

steps.. Aldehyde 45 was obtained by acidic hydrolysis of the commercially available 3-buten-

l-all  diethyl acetal 44.13 
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Schemee 6.12 

(-)-1 1 II J I 

r r 
(-)-433 [o]0 = -78.5 

yy - NH H 

f' ' 
(+)-42[a]DD = 132

L L 

44 4 45 5 

ReagentsReagents and conditions: (a) 45, BF3OEt2, CH2CI2, CHCI3, -78 , 56%; (b) HCI (aq), 
EtOH,, 89%; (c) 2% HCI (aq). 99%. 

§§ 6.3 Synthesi s of Enantiopur e Alkaloid s and Derivative s 

VincaVinca alkaloids comprise a large group of biologically active compounds isolated 

fromm several plants of the Vinca family. Among these compounds vincamine (+)-48, the 

majorr alkaloid enountered in Vinca minor L. Apocynaceae, appears to be a particularly 

attractivee synthetic target (scheme 6.13). The best established pharmacological property of 48 

andd less complex derivatives like apovincaminate 49 is the cerebroprotective activity by 

dilationn of brain arteries. Biological applications of these compounds are proposed for the 

treatmentt of vascular dementia and of the sensorineural impairment of hearing.14 

Schemee 6.13 

H3CO2C C 

46 6 

H3CO^*^0 0 

(+J-48 8 
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49 9 
50 0 51 1 

143 3 



ChapterChapter 6 

Syntheticc approaches to Kinca-alkaloids involve for instance elaboration of 

indoloquinolizidiness of type 47 that are obtained starting from Bischler-Napieralski 

cyclizationss of lactam 46.'5 The parent tetracycle indoloquinolizidine 50 was isolated as the 

(-)-enantiomerr in 1966.16 The racemate was isolated more recently from Nitraria schoberi." 

Itss brominated analog arborescidine A (51) was found in the marine tunicate Pseudodistoma 

arborescens,arborescens, also in racemic form.18 Arylquinolizidines like 50 show affinity for a-adrenergic 

receptorss in the central nervous system." Meyers and coworkers described succesful racemic 

andd asymmetric methodologies for the synthesis of (-)-50.20 

AA short and efficient route towards compound (-)-50 involves the N-sulfinyl Pictet-

Spenglerr reaction of N-p-tolylsulfinyltryptamine (+)-l and 5-chloropentanal 54. The latter 

compoundd was obtained by lithium aluminium hydride reduction of 5-chloropentanoic acid to 

5-chloropentanoll  and subsequent PCC oxidation of the alcohol.21 Treatment of aldehyde 54 

withh N-sulfinyltryptamine (+)-l in the presence of CSA afforded A^-tolylsulfinyltetrahydro-

P-carbolinee 52 as a 76:24 mixture of diastereoisomers (yield 83%). Crystallization afforded 

thee major isomer (+)-52 in diastereomerically pure form (63% yield). Deprotection under 

acidicc conditions and basic work-up furnished the enantiopure indoloquinolizidine (-)-50 in 

94%% yield (ee > 98%) by efficient nucleophilic displacement of the chlorine (scheme 6.14). 

Thee optical rotation of (-)-50 obtained via this route ([a]D = -104 °) is substantially higher 

thann that reported in the literature ([a]D = -80.9 °, ee = 96%)." 

Schemee 6.14 

(+H H 

(+)-52[a]DD = 180
(-)-500 [ct]D = -104' 

533 54 

ReagentsReagents and conditions: (a) 54, CSA, CH2CI2. CHCI3, -78 , 63%; (b) HCI (aq) EtOH 
thenthen K2C03 (aq), 94%; (c) LiAIH,,, THF, then PCC, CH2CI2, 67%. 

Thee enantiopure tetrahydroisoquinoline analog (+)-57 of indoloquinolizidine (-)-50 

wass obtained in a similar fashion by A'-sulfinyl Pictet-Spengler cyclization of 5-

chloropentanall  54 under Lewis acidic conditions (diastereomeric ratio 91:9) and subsequent 

deprotectionn and cyclization (scheme 6.15). The tricyclic ring system in 57 is found in 

protoberberines,, a large family of naturally occurring compounds characterized by a 

tetracyclicc ring skeleton and a tetrahydroisoquinoline core.22 
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H3co o 

H3C0 0 
HNVV ,p-Tol 

i i 
O O 

<+)-55 5 

Schemee 6.15 
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H 3COA ^V N^ ^ 
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ReagentsReagents and conditions: (a) 54, BF3-OEt2, CH2CI2, CHCI3, -78 , 68%; (b) HCI (aq), EtOH then K5CO-< 
(aq),, 89%. 

Recently,, Davis and coworkers have reported the asymmetric synthesis of (-)-

xylopininee 63b, a prototypical member of the family of protoberberine alkaloids, by 

applicationn of iV-sulfinylimine chemistry.23 This laborious synthesis prompted us to apply the 

iV-sulfinyll  Pictet-Spengler reaction to develop an alternative synthetic route to (-)-xylopinine. 

Reactionn of (+)-55 with phenylacetaldehyde 60 in the presence of BF3OEt2 afforded 

tetrahydroisoquinolinee 61 as a 85:15 mixture of diastereoisomers. Further elaboration of 61 

byy deprotection and cyclization and subsequent reduction of the lactam should furnish the 

enantiopuree core structure of xylopinine (63a). A synthetic route to (-)-xylopinine 63b, based 

onn this chemistry demands N-sulfinyl Pictet-Spengler reaction of the 3,4-dimethoxy analog of 

aldehydee 60 and is currently under research. Even though the stability of these compounds is 

inn general low, the presence of the carboxygroup might be advantageous.24 Aldehyde 60 was 

preparedd by a modified literature procedure, starting from indene.25 

Schemee 6.16 
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63aa R = H 
63bb  R = OCH3, (-)-xylopinine 

ReagentsReagents and conditions: (a) NBS, MeOH, 68%; (b) KO-(-Bu, (-BuOH, reflux, 74%; (c) 0 3 , CH2CI2 47%-
(d)) (+)-55, BF3OEt2 , CH2CI2, CHCI3, -78 , 45%; (e) HCI (aq), EtOH then K 2 C0 3 (aq) 96%. 

Inn another approach a fused 5-membered ring was attached to the tetrahydro-P-

carbolinee ring system by N-sulfinyl Pictet-Spengler reaction of (+)-l with 4-oxobutyric 
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methyll  ester 66 in the presence of BF3OEt2 affording compound (+)-67 as a single 

diastereoisomerr after crystallization (59%, scheme 6.17). This enantiopure N-

sulfinyltetrahydro-P-carbolinee is an ideal precursor for the synthesis of the tetracyclic alkaloid 

harmicinee (+)-64, a compound that was recently isolated in optically active form from leaf 

extractss of Kopsia griffithii. 26 

Schemee 6.17 
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(-)-688 [a]D = -46.2

(+)-67[a]DD = 60.r 

ReagentsReagents and conditions: (a) (+)-1, BF3OEt2, CH2CI2, CHCI3, -78 , 59% (b) 2% HCI (aq), 83%. 

Harmicinee derivative 65, containing the same ring system, was recently reported as a 

cytotoxicc compound.27 Deprotection of (+)-67 under acidic conditions and subsequent basic 

work-upp results in efficient lactamization to furnish compound (-)-68 in 49% overall yield (ee 

>> 98%). Harmicine (+)-64 can be obtained from this compound by the well-described 

reductionn of the lactam.'8 

§§ 6.4 Approache s to Enantiopur e Tetrahydro-p'-carbolin e Dinner s 

§§ 6.4.1 W-Sulfinyl Pictet-Spengler Reactions with Dialdehydes 

Thee N-sulfinyl Pictet-Spengler reaction has proven to be an effective tool for the 

asymmetricc introduction of aliphatic Cl-substituents in tetrahydro-(3-carbolines and 

tetrahydroisoquinolines.288 In chapter 2 of this thesis, the synthesis of racemic tetrahydro-P-

carbolinee dimers as potential bivalent receptor ligands has been discussed. In this paragraph 

ann asymmetric approach to the synthesis of these dimeric species based on the N-sulfinyl 

Pictet-Spenglerr reaction will be presented. 

Thee first step is the synthesis of some appropriate aliphatic dialdehydes. Octanedial 

700 was obtained in good yield by straightforward PCC oxidation of 1,8-octanediol. 
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Dialdehydee 73, based on a 1,3-disubstituted benzene ring was obtained via Döbner reaction of 

isophtaldialdehydee with malonic acid.29 Subsequent catalytic hydrogenation of the double 

bond,, lithium aluminium hydride reduction to the diol and PCC-oxidation afforded 73 in good 

overalll  yield (scheme 6.18). 

Schemee 6.18 
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ReagentsReagents and conditions: (a) PCC, CH2CI2, 64%; (b) malonic acid, pyridine, piperidine, reflux, 
76%;; (c) H2, Pd-C, NaOH (aq), 98%; (d) UAIH4, THF, 92%; (e) PCC, CH2CI2, 62%. 

Racemicc JV-p-tolylsulfinyltryptamine 1 was reacted in a 3 equivalent excess both with 

octanediall  70, in the presence of CSA, and with dialdehyde 73, in the presence of BF3OEt2. 

Subsequentt removal of the N-sulfinyl groups afforded tetrahydro-P-carboline dimers 74 and 

755 in 67% and 59% respectively (scheme 6.19). The synthesis of these compounds has 

alreadyy been described in chapter 2 of this thesis by making use of the Bischler-Napieralski 

reactionn and reduction of the resulting 3,4-dihydro-p-carboline dimers. 

Schemee 6.19 

ReagentsReagents and conditions: (a) 70 (0.3 eq), CSA, CH2CI2, CHCI3, -78 C then HCI (aq), EtOH, 
67%(2steps);; (b)73 (0.3 eq), BF3OEt2, CH2CI2, CHCi3, -78 C then HCI (aq), EtOH, 59% 
(22 steps). 
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Sincee racemic 1 was used the dimeric species 74 and 75 were found as racemic 

mixturess of diastereoisomers. To prepare dimeric compounds of this type with a determined 

stereochemistry,, a stepwise reaction of enantiopure (+)-l or (-)-l with an excess of the 

dialdehydee had to be performed. Reaction of (+)-l with an excess of dialdehydes 70 and 73 

shouldd allow stepwise formation of tetrahydro-|3-carboline dimers of type 74 and 75. 

N-Sulfinyll  Pictet-Spengler cyclization with CSA as the acid catalyst afforded the 

aldehydee 76 as a 78:22 mixture of diastereoisomers (scheme 6.20). Flash chromatography 

furnishedd the major diastereomer (+)-76 in 43% yield. In a comparable reaction under Lewis 

acidicc conditions (+)-l was reacted with dialdehyde 73 to give N-sulfinyl tetrahydro-P-

carbolinee (+)-77 as the major diastereomer after chromatographic separation of the 73:27 

mixturee of diastereomers in 40% yield. 

Schemee 6.20 

ReagentsReagents and conditions: (a) 70 (5 eq), CSA, CH2CI2, CHCI3, -78 , 43%; (b) 73 (5 eq), 
BF3OEt2,, CH2CI2, CHCI3, -78 , 40%. 

Thiss efficient formation of the enantiopure aldehydes (+)-76 and (+)-77 allows the 

applicationn of the Af-sulfinyl Pictet-Spengler reaction to the synthesis of enantiopure 

tetrahydro-p-carbolinee dimers. Further experiments in this direction were not performed 

however,, due to lack of time. 

§§ 6.4.2 Towards C1-C5-linked Tetrahydro-p-carboline Dimers 

Inn chapter 2 of this thesis some synthetic approaches to tetrahydro-P-carbolines of 

whichh the monomers are linked via the 5-position of the indole ring have been reported. In 

thiss way the CI-position, that is particularly interesting with respect to the biological activity 

off  tetrahydro-P-carbolines, is free for the introduction of pharmacophores. Carbon-carbon 
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bondd formation at the indole 5-position was achieved by Sonogashira coupling of 5-

bromoindoless with several alkynes. In this section a strategy to combine the Sonogashira 

couplingg with the Af-sulfinyl Pictet-Spengler reaction wil l be presented. 

Reactionn of TV-pi-tolylsulfinyltryptarnine (+)-l with 1-hexyn-l-al 79 (scheme 6.21), 

thatt was obtained by oxidation of the corresponding alcohol, afforded alkyne (+)-80 (53%) as 

aa single diastereomer after crystallization. Deprotection of (+)-80 under acidic conditions 

gavee the enantiopure tetrahydro-P-carboline (-)-81 in good yields. Sonogashira reaction of N-

sulfinyll  protected alkyn (+)-80 with 5-bromo-Ar-tosylindole 83 in the presence of catalytic 

palladiumm tetrakistriphenylphosphine in piperidine at 50 °C did not afford the desired 

bisindolee 82 under a variety of other reaction conditions (variations in solvent, base and 

temperature). . 

Schemee 6.21 

ReagentsReagents and conditions: (a) CSA, CH2CI2, CHCI3, -78 , 53%; (b) HCI. EtOH, 0 . 95%; (c) 
5-bromo-N-tosylindole,, Pd(PPh3)4, piperidine, reflux, no product formation; (d) PCC, CH2CI2, 67%. 

Inn another approach towards products that are comparable to bisindole 82, the alkyne 

84,, that was obtained by Sonogashira coupling of N-tosyl-S-bromoindole 83 with 3-buten-l-

oll  (§ 2.8), was subjected to catalytic hydrogenation in the presence of palladium on carbon 

(schemee 6.22). When the reaction was performed with ethanol as the solvent quantitative 

formationn of the over-reduced product 88 was observed, while reaction in ethyl acetate 

furnishedd the desired alcohol 85 in quantitative yield. 

Swernn oxidation of alcohol 85 gave aldehyde 86 which was subjected to JV-sulfinyl 

Pictet-Spenglerr cyclization with (+)-l in the presence of BF3OEt2, furnishing compound 87 

ass a 82:18 mixture of diastereoisomers. In principle this compound can be further elaborated 

byy removal of the sulfinyl and tosyl group and construction of the tryptamine sidechain. 
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Schemee 6.22 

ReagentsReagents and conditions: (a) H2, Pd-C, EtOAc, 100%; (b) (COCI)2, DMSO, , 67%; (c) 
(+)-1,, BF3OEt2, CH2CI2, CHCI3, -78 , 57%. 

§§ 6.5 The Mechanis m of the /V-Sulfiny l Pictet-Spengle r Reactio n 

Thee Pictet-Spengler reactions of JV-sulfinyltryptamine (+)-l and N-sulfinyl- 3,4-

dimethoxyphenylethylaminee (+)-55 show some remarkable differences with respect to 

reactionn conditions and stereochemical outcome (scheme 6.23). JV-p-Tolylsulfinyltryptamine 

reactss with aliphatic aldehydes in the presence of substoecheometric amounts of CSA with 

reactionn times of several hours to afford JV-sulfinyltetrahydro-p-carbolines in moderate to 

goodd diastereoselectivity. Reactions in the presence of BF3OEt2 lead to extremely rapid 

productt formation but low diastereoselectivity. 

BF3OEt22 has proven to be ideal for the JV-sulfinyl Pictet-Spengler cyclization of N-p-

tolylsulfinyl-3,4-dimethoxyphenylethylaminess (i?)-55. The products were obtained in very 

goodd diastereoselectivity after short reaction times while reactions of this substrate catalyzed 

byy CSA did not proceed. One of the most remarkable differences between the two reactions is 

thee stereochemistry of the respective products 89 and 90. Starting from (R)-N-

sulfmyltryptaminee (+)-l, the carbon atom at the 1 position in the tetrahydro-P-carbolines has 

thee (S)-configuration while the tetrahydroisoquinolines are characterized by (R)-

stereochemistryy at CI in the major diastereoisomer (scheme 6.23). These unexpected 

differencess in stereochemical outcome of the reaction demand a more detailed understanding 

off  the mechanismm of the N-sulfinyl Pictet-Spengler reaction. 
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Schemee 6.23 
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AA structural comparison of the two respective starting materials led to an experiment 

too investigate the influence of the indole NH on the stereochemistry. The indole NH was 

protectedd with a methyl group which does not decrease the electron density of the pyrrole ring 

andd was believed to have a low steric influence on the cyclization. For reasons of simplicity 

thiss experiment was carried out with a racemic model compound. 

Schemee 6.24 
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ReagentsReagents and conditions: (a) (COCI)2, Et20, 87%; (b) NH4OH (aq); (c) BH3.DMS, THF, reflux, 
57%;; (d) p-tolylsulfinyl chloride, CH2CI2, K2C03 (aq), 65%; (e) hexanal, CSA, CH2CI2, CHCI3, 
-788 , 65%. 

A^-methyll  tryptamine 93 was obtained by starting with treatment of commercially 

availablee N-methylindole 91 with oxalyl chloride and subsequent reaction with aqueous 

ammoniaa (scheme 6.24). Reduction of the glyoxylamide 92 with BH3DMS afforded 93 

whichh was reacted with p-tolylsulfinyl chloride under basic conditions to give racemic Na-
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methyl-AV/j-tolylsulfinyltryptaminee 94 in good yield. N-Sulfinyl Pictet-Spengler reaction of 

944 with hexanal smoothly furnished the N-sulfinyl tetrahydro-P-carboline 95 in good yield 

andd as a 76:24 mixture of diastereoisomers. The major diastereoisomer had the (R) 

configurationn at CI, and also the diasteromeric ratio is comparable to that of the unprotected 

product.. Thus, any influence of the indole NH on the diastereoselectivity of the reaction, for 

instancee by formation of a hydrogen bridge, was excluded by methylation of the indole NH. 

Inn the JV-sulfinyl Pictet-Spengler reaction, the cyclization products are obtained by an 

intramolecularr nucleophilic attack of an activated aromatic ring on an Af-sulfinyliminium ion. 

AA more detailed consideration of the steric factors that play a role in the transition state of the 

reactionn can explain the differences in stereochemical outcome with the different starting 

materialss (R)-l and (R)-S5 (scheme 6.25). Attack of the 3,4-dimethoxyphenyl ring on the 

energeticallyy favourable i;-iminium ion with the sterically least congested orientation of the 

sulfinyll  group (transition state A) results in formation of (R,R)-90 (.«'-face attack). In contrast, 

thee cyclization of p -tolyl-TV-sulfinyltryptamine (R)-l gives compound 89 with (R)-

stereochemistryy on CI as the major product. This can be explained by attack on the Z-

iminiumm ion, as depicted in transition state B2. Sterical hindrance between the bulky p-tolyl 

groupp and the substituent R in transition state Bl results in rotation of the p-to\y\ group out of 

thee plane of the iminium ion. 

Schemee 6.25 
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Attackk of the incoming aromatic nucleophile occurs antiperiplanar from the p-tolyl 

groupp (B2). The influence of the steric bulk of the p-tolyl group on the inrermolecular 

nucleophilicc attack on A -̂sulfinyl imines has been described by Shimizu et al..30 They studied 

thee diastereofacial selectivity of attack of lithium enolates on N-sulfinyl imine 91 and found 

thatt under non-chelating conditions (3S)-92 was formed as the major product (re-face attack, 

m m H3CO O 
,p-Tol l 
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schemee 6.26). Also in this reaction the nucleophilic attack occurs in an antiperiplanar fashion 
withh respect to the p-io\y\group. 

Schemee 6.26 
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Fromm scheme 6.25 it can be gathered that the most important factor that influences 

thee stereochemical outcome of the reaction is the formation of either the E or the Z-

sulfinyliminiumm ion. To the best of our knowledge, studies on the formation of N-sulfinyl 

iminiumm ions have not been mentioned in the literature. With respect to the reactivity of the 

intermediate,, the A-sulfinyliminium ion reaction has close resemblance to the well-described 

7V-acyliminiumm ion chemistry.31 N-Acyliminium ions are generated by elimination reactions of 

a-hydroxyy or -alkoxyamides or carbamates of type 100 and can react with a variety of 

nucleophiless to form new C-C bonds. An understanding of the underlying mechanism of the 

formationn of A^-acyliminium ions possibly allows a more detailed understanding of the factors 

thatt influence the stereochemistry of the N-sulfinyliminium ion cyclization. 

Schemee 6.27 
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Thee instability and high reactivity of A'-acyliminium ions makes detailed studies on 

thee mechanism of their formation troublesome. It is generally accepted that the A'-

acyliminiumm ion 101 and its precursor 100 are in equilibrium. Experimental evidence that the 

treatmentt of 100 with a Lewis acid leads to 101 and that there is an equilibrium between these 
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twoo species was first presented by Yamamoto et al..32 'H- and 13C-NMR experiments detected 

Af-acyliminiumm ion intermediates of type 104 and NOE experiments revealed both the 

existencee of the equilibrium and the ^-geometry of the iminium ion (scheme 6.27). The 

geometryy of the intermediate JV-acyliminium ion only plays a role in reactions of acyclic 

iminiumm salts. The lack of detailed studies on E- and Z-iminium ions can largely be attributed 

too the fact that many Af-acyliminium ion reactions are endocyclic. 

Inn order to gain a more detailed understanding of the geometry of the intermediates in 

thee N-sulfinyl Pictet-Spengler reaction, 'H-NMR analysis of the reaction mixture of the 

condensationn of Af-p-tolylsulfinylphenylethylamine 105 with acetaldehyde in the presence of 

BF3OEt22 was conducted. In chapter 5 it was shown that the aromatic ring in Af-sulfmylamine 

1055 is not nucleophilic enough for Pictet-Spengler cyclization, which should result in the 

accumulationn of the reactive A^-sulfinyliminium ion. 

Thee 'H-NMR spectrum of a solution of 105 and acetaldehyde in the presence of 

BF3OEt22 in CDC13 at -55 °C shows the Hl-proton in the A'-sulfinyliminium ion 106 as a 

broadenedd quartet at 8.83 ppm (scheme 6.28). This observation is in agreement with the work 

off  Yamamoto et al. who found the TV-acyliminium proton in 104 around 9 ppm, depending on 

thee nature of the substituent R4. Unfortunately, NOE experiments on the Hl-proton in 106 did 

nott give a clear indication of the geometry of the iminium ion. This can possibly be attributed 

too the complicated set-up of this experiment (i.e. a water-free, degassed and low temperature 

reactionn mixture on a |i.mol scale). 

Schemee 6.28 
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Inn scheme 6.25 a rationale for the formation of the major diastereomers of the 

cyclizationn products of the TV-sulfinyliminium Pictet-Spengler condensation based on E- and 

Z-iminiumm ions was depicted. The formation of either the E- or the Z-iminium ion is the most 

importantt factor that influences the stereochemical outcome of the reaction. Just as the 

formationn of olefines, the formation of iminium ions involves an E2-type elimination that 

mostt likely takes place in an anri-fashion.33 

Thee steric demands of the sulfinyl group, the nucleophile (e.g. the 3,4-

dimethoxyphenylethyll  group or the 3-ethylindole group), the presence of either an a-
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hydroxyll  group or its BF3-adduct and the type of aldehyde used, influence the orientation of 

thee elimination precursors. Furthermore the geometry of the iminium ion may depend on EIZ 

isomerizationn in the presence of a suitable nucleophile that has been described in the literature 

(schemee 6.29).34 This reaction involves the nucleophilic addition of a water molecule and 

subsequentt rotation and elimination. The use of either BF3OEt2 or CSA can have a 

completelyy different influence on this isomerization. In order to gain a more detailed 

understandingg of the factors that govern the stereochemical outcome of N-sulfinyl Pictet-

Spenglerr reactions extensive mechanistic studies of the intermediates are required. 

Schemee 6.29 
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§§ 6.6 Concludin g Remark s 

Inn this chapter some applications of the iV-sulfinyl Pictet-Spengler reaction of N-p-

tolylsulfinyltryptaminee and JV-p-tolylsulfinyl-3,4-dimethoxyphenylethylamine were 

discussed.. Reactions with acetal-, ester and halide substituted aldehydes resulted in the 

formationn of enantiopure building blocks for the efficient asymmetric synthesis of naturally 

occurringg ring systems. Dimerization strategies of tetrahydro-p-carbolines based on the N-

sulfinyll  Pictet-Spengler reaction involve reactions of dialdehydes and indole substituted 

aldehydes.. The efficient formation of these enantiopure compounds allows further elaboration 

too enantiopure dimeric tetrahydro-p-carbolines with different types of linker systems. 

Thee differences in the stereochemical outcome of the Pictet-Spengler reaction with 

thee two different JV-sulfinyl starting materials can be rationalized by accepting nucleophilic 

attackk on either the E- or Z-iminium salt with a preference for attack antiperiplanar to the p-

tolyll  group. The geometry of the iminium ion is probably dependent both on the type of 

nucleophilicc aromatic ring and on the catalyst used. Preliminary experimental studies and 

theoreticall  considerations on the formation of yV-sulfinyliminium ions did not provide 

unambiguouss evidence to understand their formation. 
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§§ 6.8 Experimenta l Detail s 

Generall  information . For general experimental details see §2.10. Chloroform was distilled 
fromm phosphorous pentoxide and stored over 4A molecular sieves in the dark. 
Dichloromethanee was distilled from phosphorous pentoxide, stored over calcium hydride and 
distilledd freshly prior to use. Dimethyldioxirane was prepared by the portionwise addition of 
potassiumm monoperoxysulfate to a vigorously stirred solution of NaHCOj in a mixture of 
reagentt grade acetone and distilled water at 5 °C and subsequent distillation of the 
dimethyldioxirane-acetonee solution under reduced pressure. After preliminary drying over 
Na2S044 the solution of dimethyldioxirane was stored over 4A molecular sieves at -20 °C.3S 

Thee synthesis of the enantiopure JV-sulfinyltryptamines (+)-l and (-)-l and Af-sulfinyl-3,4-
dimethoxyphenylethyll  amine (+)-55 was described in § 4.8 and § 5.7, respectively. Optical 
rotationss were measured on a Perkin-Elmer 241 polarimeter in acetone (c = 0.6-1.0), unless 
statedd otherwise. 

(2-oxo-ethyl)-carbamicc acid 9JÏ-fluoren-9-yI methyl ester 7. A solution of W-Fmoc-
glycinall  (5.95 g, 20.0 mmol), JV,0-dimethylhydroxylamine hydrochloride (2.15 g, 22.0 
mmol),, DIPCDI (3.44 mL, 22.0 mmol), HOBt (0.30 g, 2.2 mmol) and diisopropylethylamine 
(3.83(3.83 mL, 22.0 mmol) in dichloromethane (150 mL, peptide grade) was stirred for 2 hours at 
roomm temperature. The organic layer was subsequently washed with two portions of aqueous 
hydrochloricc acid (3.0 M), two portions of saturated aqueous NaHC03, and one portion of 
saturatedd aqueous NaCl. Drying of the organic layer (Na2S04) and evaporation of the solvent 
inin vacuo afforded a yellow oil. Addition of hot ethyl acetate and cooling to room temperature 
gavee a white precipitate that was removed by filtration. Evaporation of the solvent in vacuo 
andd subsequent crystallization from ethyl acetate afforded the Weinreb amide 6 (96%, 6.57 g) 
ass white needles. Lithium aluminium hydride (712 mg, 18.8 mmol) was added in portions to a 
solutionn of 6 (5.11 g, 15.0 mmol) in tetrahydrofuran (150 mL) at 0 °C. After stirring of the 
reactionn mixture for 30 minutes at 0 °C the reaction was quenched by the careful addition of 
aqueouss KHS04 (100 mL, 0.26 M) and stirred for 15 minutes. Extractive work-up (diethyl 
ether),, washing of the organic layer with subsequently aqueous hydrochloric acid (two 75 mL 
portions,, 10%), saturated aqueous NaHCOj and saturated aqueous NaCl. Drying of the 
organicc layer (Na2S04) and evaporation of the solvent in vacuo gave a yellow oil. Trituration 
inn a mixture of tetrahydrofuran and light petroleum afforded 7 (85%, 3.57 g) as a white solid. 
'tf-NMRR (CDC13) 8 9.69 (s, 1H), 7.79 (d, J= 7.8 Hz, 2H), 7.61 (d, J= 7.8 hz, 2H), 7.40 (t, J = 
7.99 Hz, 2H), 7.32 (t, J= 7.8 Hz, 2H), 5.45 (bs, 1H), 4.48-4.40 (m, 2H), 4.25 (t, J = 4,2 Hz, 
1H),, 4.20 (d, J= 4.2 Hz, 2H); IR (CHC13) 1743, 1712. 

Ethoxycarbonylaminoo acetic acid ethyl ester  9. Ethyl chloroformate (4.0 mL, 43.8 mmol) 
wass added to a solution of glycine methyl ester (5.0 g, 39.8 mmol) in a mixture of saturated 
aqueouss potassium carbonate (20 mL) and dichloromethane (30 mL). After stirring of the 
reactionn mixture for 2 hours at room temperature the organic layer was removed. Extractive 
work-upp (ethyl acetate), drying of the combined organic layers (Na2S04) and evaporation of 
thee solvent in vacuo gave an oil that was purified by flash chromatography (light petroleum/ 
ethyll  acetate 2:1) affording 9 (79%, 5.1 g) as a colourless oil.'H-NMR (CDC13) 5 5.20 (bs, 
1H),, 4.14 (q,J= 6.1 Hz, 2H), 3.96 (d, / = 5.4 Hz, 2H), 3.79 (s, 3H), 1.26 (t, J = 6.1 Hz, 3H); 
IR(CHClj)) 1740,1712. 

(2-Oxo-ethyl)-carbamicc acid ethyl ester 11. Sodium borohydride (1.17 g, 31.1 mmol) was 
addedd at 0 °C to a solution of 9 (1.0 g, 6.2 mmol) in methanol (20.0 mL) under an argon 
atmosphere.. After stirring of the reaction mixture for 50 minutes at room temperature water 
(300 mL) was added. Extractive work-up (ethyl acetate), drying of the combined organic layers 
(Na2S04)) and evaporation of the solvent in vacuo yielded the alcohol (71%, 585 mg) as a 
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colourlesss oil. 'H-NMR (CDC13) 5 5.68 (bs, 1H), 4.11 (q, J= 6.1 Hz, 2H), 3.69 (t, J = 5.5 Hz, 
2H),, 3.38-3.29 (m, 2H), 1.23 (t, J= 6.1 Hz, 3H); IR (CHC13) 1714. 
Pyridiniumm chlorochromate (1.42 g, 5.64 mmol) was added at 0 °C to a solution of the alcohol 
(5000 mg, 3.76 mmol) in dichloromethane (15 mL) in the presence of 4A molecular sieves. 
Thee reaction mixture was stirred for two hours at room temperature after which it was filtered 
throughh a short column packed with hyflo, activated carbon and silica. The resulting solution 
waswas concentrated under reduced pressure (T <45 °C) to give 11 (63%, 310 mg) as a colourless 
oil.. 'H-NMR (CDC13) 8 9.98 (s, 1H), 5.51 (bs, 1H), 4.13 (q, J = 6.1 Hz, 2H), 3.49 (d, J =2.1 
Hz,, 2H), 1.20 (t, J = 6.1 Hz, 3H); IR (CHC13) 1738. 

Jtrf-Butoxycarbonylamin oo acetic acid ethyl ester  10. Di-/er/-butyldicarbonate (10.4 g, 
47.77 mmol) was added to a solution of glycine methyl ester (5.0 g, 39.8 mmol) in a mixture of 
saturatedd aqueous potassium carbonate (20 mL) and dichloromethane (30 mL). After stirring 
off  the reaction mixture for 3 hours at room temperature the organic layer was removed. 
Extractivee work-up (ethyl acetate), drying of the combined organic layers (Na2S04) and 
evaporationn of the solvent in vacuo gave an oil that was purified by flash chromatography 
(lightt petroleum/ ethyl acetate 4:1) affording 10 (95%, 7.15 g) as a colourless oil. 'H-NMR 
(CDCI3)) 8 5.01 (bs, 1H), 3,91 (bs, 2H), 3.73 (s, 3H), 1.45 (s, 9H); IR (CHC13) 1742, 1712. 

(2-Oxo-ethyl)-carbonyll  amino acid tert-butyl ester 12. Sodium borohydride (100.2 mg, 
2.655 mmol) was added at 0 °C to a solution"of^-Boc-glycine methyl ester (100.0 mg, 0.53 
mmol)) in methanol (2.0 mL) under an argon atmosphere. After stirring of the reaction mixture 
att room temperature for 20 minutes water (5 mL) was added. Extractive work-up (ethyl 
acetate),, drying of the combined organic layers (Na2S04) and evaporation of the solvent in 
vacuovacuo yielded the alcohol (76%, 58.4 mg) as a colourless oil. 'H-NMR (CDC13) 8 5.14 (bs, 
1H),, 3.69-3.64 (m, 2H), 3.30-3.21 (m, 2H), 1.41 (s, 9H); IR (CHC13) 1714. 
Pyridiniumm chlorochromate (117 mg, 0.47 mmol) was added at 0 °C to a solution of the 
alcoholl  (50.0 mg, 0.31 mmol) in dichloromethane (3.0 mL) in the presence of 4A molecular 
sieves.. The reaction mixture was stirred for two hours at room temperature after which it was 
filteredd through a short column packed with hyflo, activated carbon and silica. The resulting 
solutionn was concentrated under reduced pressure (T <45 °C) to give 12 (72%, 35.5 mg) as a 
colourlesss oil.'H-NMR (CDC13) 8 9.88 (s, 1H), 5.45 (bs, 1H), 4.53 (d, J= 2.3 Hz, 2H), 1,42 
(s,, 9H); IR (CHClj) 1737. 

4-(l,3-dioxo-l,3-diliydro-isoindol-2-yl)-butyraldehydee 17. Methyl chloroformate (1.19 mL, 
15.44 mmol) was added drop wise at 0 °C to a solution of potassium phtalimide (3.0 g, 12.8 
mmol)) and \%-crown-€ (340 mg, 1.3 mmol) in toluene (25.0 mL). The reaction mixture was 
stirredd for 3 hours at 50 °C. After cooling to room temperature the solvents were removed in 
vacuovacuo yielding 16 as a brown oil that was taken up in tetrahydrofuran (20 mL). After addition 
off  4,4-diethoxybutylamine (1.12 mL, 4.63 mmol) and triethylamine (1.17 mL, 8.42 mmol) the 
reactionn mixture was heated to reflux for 3 hours. Evaporation of the volatiles in vacuo and 
flashh chromatography (light petroleum/ ethyl acetate 4:1) yielded the acetal (68%, 2.54 g) as a 
yelloww oil. 'H-NMR (CDC13) 8 7.84-7.79 (m, 2H), 7.71-7.64 (m, 2H), 4.49 (t, J = 6.1 Hz, 
1H),, 3.69 (t, J = 6.8 Hz, 2H), 3.65-3.58 (m, 2H), 3.51-3.41 (m, 2H), 1.79-1.70 (m, 2H), 1.69-
1.600 (m, 2H), 1.18 (t, J = 7.1 Hz, 6H); IR (CHC13) 1764. 
AA mixture of the acetal (779 mg, 2.68 mL) in acetic acid (3.0 mL) and water (3.0 mL) was 
stirredd for 2 hours at room temperature. Addition of saturated aqueous potassium carbonate (5 
mL),, extractive work-up (ethyl acetate), drying of the combined organic layers (Na2S04) and 
evaporationn of the solvent in vacuo yielded 17 (99%, 578 mg) as a colourless oil. 'H-NMR 
(CDCI3)) 8 9.73 (s, 1H), 7.81-7.76 (m, 2H), 7.72-7.67 (m, 2H), 3.69 (t, J = 6.2 Hz, 2H), 2.51 
(t,, J = 6.3 Hz, 2H), 2.02-1.94 (m, 2H); IR (CHC13) 1765,1730. 

Pentanedialmono-(0-methyloxime)) 19. Methoxyamine hydrochloride (50 mg) was added to 
ann aqueous solution of glutaric dialdehyde (1.3 M, 40 mL). After cooling to 5 °C an aqueous 
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solutionn of methoxyamine (3.2 M, 20 mL) was added dropwise over a period of 30 minutes. 
Stirringg for an additional 2 hours yielded a yellow reaction mixture to which NaHCOj 
(10.00 g), NaCl (10.0 g) and diethyl ether (30 mL) were added after which the mixture was 
stirredd for 1 hour. Extractive work-up (diethyl ether), drying of the combined organic layers 
(Na2S04),, and evaporation of the solvents under reduced pressure yielded a yellow oil. Flash 
chromatographyy (Rf = 0.36 ethyl acetate/light petroleum 3:7 -> 4:6) yielded a mixture of syn-
andd anti-19 (35%, 2.35 g) as a yellow oil. lH-NMR (CDC13) 8 9.79 (s, 1H), 7.38 (t, J = 6.1 
Hz,, 1H, anti), 6.62 (t, J = 6.1 Hz, 1H, syn), 3.92 (s, 1H, syn), 3.81 (s, 1H, anti), 2.50 (t, J = 
6.11 Hz, 2H), 2.26-2.19 (m, 2H), 1.86-1.78 (m, 2H); IR (CHC13) 1729. 

l^^DiethoxybutylHKtoluenM-sulfinylVZ^^-tetrahydro-l/T-p-carbolinee (RJt)-24. 
AA mixture of 5,5-diethoxypentanal (183 uL, 1.0 mmol) and JV-p-tolylsulfmyltryptamine (+)-l 
(60.00 mg, 0.2 mmol) in dichloromethane (1.0 mL) and chloroform (1.0 mL) was cooled to -78 
°C.. After addition of CSA (9.2 mg, 0.04 mmol) the reaction mixture was stirred at -78 °C for 
66 hours. The reaction was quenched with triethylamine and allowed to warm to room 
temperature.. Evaporation of the volatiles and flash chromatography afforded an oil. 
Crystallizationn (ethyl acetate/light petroleum) afforded (R,R)-24 (45%, 41.0 mg) as a white 
crystallinee material. 'H-NMR (CDC13) 6 8.22 (bs, 1H), 7.62 (d, J= 8.0 Hz, 2H), 7.42 (d, J = 
8.11 Hz, 1H), 7.35-7.24 (m, 4H), 7.14 (t,J = 8.1 Hz, 1H), 7.08 (t, J = 8.0 Hz, 1H), 4.80-4.75 
(m,, 1H), 4.52-4.49 (m, 1H), 3.71-3.60 (m, 2H), 3.53-3.42 (m, 2H), 3.31-3.20 (m, 1H), 3.01-
2.922 (m, 1H), 2.69-2.60 (m, 1H), 2.44 (s, 3H), 2.11-1.91 (m, 2H), 1.80-1.59 (m, 5H), 1.22 (t, 
JJ = 7.1 Hz, 6H); HRMS (EI) calculated for C26H34N203S 454.2290, found 454.2297. 

5-hexen-l-all  28. Pyridinium chlorochromate (2.42 g, 11.2 mmol) was added to a solution of 
5-hexen-l-oll  (7.5 mmol, 740 mg) in dichloromethane (65 mL) in the presence of 4A 
molecularr sieves at 0 °C. The reaction mixture was stirred for two hours at room temperature 
afterr which it was passed through a column packed with Hyflo, activated carbon and silica. 
Thee slightly green solution was concentrated under reduced pressure (T <45 °C) to give 28 
(85%,, 574 mg) as a green oil. 'H-NMR (CDC13) 8 9.79 (s, 1H), 5.82-5.70 (m, 1H), 5.09-4.96 
(m,, 2H), 2.45 (t, J= 7.1 Hz, 2H), 2.15-2.06 (m, 2H), 1.80-1.71 (m, 2H); IR (CHC13) 1725. 

l-Pent-4-enyl-2-(toluene-4-sulfinyl)-2^,4,9-tetrahydro-lJff-|3-carbolinee (+)-29. A mixture 
off  5-hexenal 28 (98 mg, 1.0 mmol) and Af-/7-tolylsulfinyltryptamine (+)-l (60.0 mg, 0.2 
mmol)) in dichloromethane (1.0 mL) and chloroform (1.0 mL) was cooled to -78 °C. After 
additionn of A (28.0 mg, 0.12 mmol) the reaction mixture was stirred at -78 °C for 6 
hours.. The reaction was quenched with triethylamine and allowed to warm to room 
temperature.. Evaporation of the volatiles and flash chromatography afforded an oil. 
Crystallizationn (ethyl acetate/light petroleum) afforded (+)-29 (56%, 42.3 mg) as a white 
crystallinee material. [a]D = 96.0°; M.p. 221 °C; 'H-NMR (CDC13) 8 7.79 (bs, 1H), 7.61 (d,7 = 
8.11 Hz, 2H), 7.43 ( d , /= 7.8 Hz, 1H), 7.35-7.29 (m, 3H), 7.16 ( t ,y= 8.0 Hz, 1H), 7.11 ( t ,/ = 
8.00 Hz, 1H), 5.89-5.75 (m, 1H), 5.09-4.99 (m, 2H), 4.79-4.73 (m, 1H), 3.55-3.46 (m, 1H), 
3.31-3.200 (m, 1H), 3.05-2.93 (m, 1H), 2.70-2.60 (m, 1H), 2.44 (s, 3H), 2.20-2.11 (m, 2H), 
2.10-2.01-- (m, 1H), 1.99-1.89 (m, 1H), 1.72-1.60 (m, 2H); HRMS (EI) calculated for 
C23H26N2OSS 378.1766, found 378.1773. 

l-Pent-4-enyl-2,3,4,9-tetrahydro-l#-p-carbolinee (-)-30. Compound (+)-29 (40.0 mg, 0.11 
mmol)) was dissolved in a solution of aqueous hydrochloric acid in ethanol (1.0 mL, 2%) at 0 
°C.. The reaction mixture was stirred for 5 minutes at 0 °C after which saturated aqueous 
potassiumm carbonate (1.0 mL) was added. Additional stirring for 20 minutes, extractive work-
upp (ethyl acetate), drying of the combined organic layers (Na2S04), evaporation of the solvent 
underr reduced pressure and flash chromatography (ethyl acetate/ methanol/ aqueous ammonia 
85:10:5)) yielded (-)-30 (92%, 24.3 mg) as a yellow oil. [<x]D = -23.0°; 'H-NMR (DMSO-J6) 
88 11.18 (s, 1H), 7.50 (d, J= 8.1 Hz, 1H), 7.41 {A, J =1.9 Hz, 1H), 7.15 (t, J = 8.0 Hz, 1H), 
7.088 (t, J = 7.9 Hz, 1H), 5.96-5.82 (m, 1H), 5.15-5.00 (m, 2H), 4.68 (bs, 1H), 3.62-3.51 (m, 
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1H),, 3.38-3.29 (m, 1H), 3.07-2.90 (m, 2H), 2.29-2.08 (m, 3H), 2.02-1.89 (m, 1H), 1.72-1.61 
(m,, 2H); HRMS (EI) calculated for Cl6H20N2 240.1626, found 240.1626. 

3-buten-l-all  45. A solution of 4,4,-diethoxy-l-butene 44 (1.18 mL, 6.94 mmol) in aqueous 
hydrochloricc acid (10.0 mL, 2%) was stirred for 6 hours at 0 °C. Addition of saturated 
aqueouss potassium carbonate (2.0 mL), extractive work-up, drying of the combined organic 
layerss (Na2S04) and evaporation of the solvent in vacuo afforded 45 (99%, 488 mg) as a 
colourlesss oil. ('H-NMR (CDC13) 8 9.71 (s, 1H), 5.99-5.86 (m, 1H), 5.31-5.18 (m, 2H), 3.20 
(d,, 7= 2.1 Hz, 2H); IR (CHC13) 1728. 

l-Allyl-2-(toluene-4-sulrjnyl)-2^,4,9-tetrahydro-lA-p^carboUn ee (-)-43. A mixture of 3-
buten-1-all  45 (24.2 mg, 0.35 mmol) and iV-^-tolylsulfinyltryptamine (-)-l (20.0 mg, 0.07 
mmol)) in dichloromethane (0.5 mL) and chloroform (0.5 mL) was cooled to -78 °C. After 
additionn of BF3OEt2(16.7 uX, 0.14 mmol) the reaction mixture was stirred at -78 °C for 30 
minutes.. The reaction was quenched with triethylamine and allowed to warm to room 
temperature.. Evaporation of the volatiles and flash chromatography afforded an oil. 
Crystallizationn (ethyl acetate/light petroleum) gave (-)-43 (56%, 13.7 mg) as a white 
crystallinee material. [oc]D = -78.5 °; Mp. 214 °C;'H-NMR (CDC13) S 7.83 (bs, 1H), 7.62 (d, J 
==  7.9 Hz, 2H), 7.46 (d, J = 8.0 Hz, 1H), 7.37-7.28 (m, 3H), 7.18 (t, J = 7.9 Hz, 1H), 7.10 (t, J 
== 7.9 Hz, 1H), 6.01-5.90 (m, 1H), 5.26-5.9 (m, 2H), 4.80 (t, J= 7.1 Hz, 1H), 3.58-3.49 (m, 
1H),, 3.39-3.29 (m, 1H), 3.02-2.93 (m, 1H), 2.90-2.80 (m, 2H), 2.71-2.61 (m, 1H), 2.43 (s, 
3H);; 13C-NMR (CDClj) 5 141.0, 140.5, 135.7, 134.3, 133.0, 129.4, 126.6, 126.3, 121.7, 
119.2,, 118.4, 117.9, 110.6, 109.1, 55.9, 40.7, 39.9, 22.7, 21.1; HRMS (EI) calculated for 
C2lH22N2OSS 350.1453, found 350.1460. 

l-AUyl-2^,4,9-tetrahydro-ltf-P-carbolin ee (+)-42. Compound (-)-43 (10.0 mg, 0.03 mmol) 
wass dissolved in a solution of aqueous hydrochloric acid in ethanol (1.0 mL, 2%) at 0 °C. The 
reactionn mixture was stirred for 5 minutes after which saturated aqueous potassium carbonate 
(1.00 mL) was added. Additional stirring for 20 minutes, extractive work-up (ethyl acetate), 
dryingg of the combined organic layers (Na2S04), evaporation of the solvent under reduced 
pressuree and flash chromatography (ethyl acetate/ methanol/ aqueous ammonia 85:10:5) 
yieldedd (+)-33 (89%, 5.7 mg) as a yellow oil. [a]D = 132 °; 'H-NMR (CDC13) 6 8.19 (bs, 1H), 
7.488 (d,y= 8.0 Hz, 1H), 7.31 (d,J = 7.9 Hz, 1H), 7.18 (t, J= 8.1 Hz, 1H), 7.11 (t,J= 8.0 Hz, 
1H),, 5.96-5.83 (m, 1H), 5.32-5.20 (m, 2H), 4.31 (bs, 1H), 3.45-3.39 (m, 1H), 3.15-3.06 (m, 
1H),, 3.40-3.34 (m, 2H), 3.21-3.11 (m, 2H); HRMS (EI) calculated for CMH16N2 212.1313, 
foundd 212.1309. 

5-Chloropentanall  54. Lithium aluminium hydride (1.67 g, 44.1 mmol) was added 
portionwisee at 0 °C to a solution of 5-chloropentanoic acid 53 (2.0 g, 14.7 mmol) in 
tetrahydrofurann (50 mL). The reaction mixture was stirred at room temperature for 3 hours 
afterr which it was quenched by the careful addition of ethanol at 0 °C until the vigorous 
evolutionn of hydrogen had ceased. Addition of aqueous sodium hydroxide (50 mL.1.0 M) 
affordedd a white precipitate which was removed by filtration. Extractive work-up 
(ethylacetate),, drying of the combined organic layers (Na2S04) and evaporation of the 
solventss in vacuo yielded a yellow oil that was taken up in dichloromethane (50 mL). 
Pyridiniumchlorochromatee (4.75 g, 22.1 mmol) was added portionwise at 0 °C in the 
presencee of 4A molecular sieves. After stirring of the reaction mixture for 3 hours at room 
temperaturee the dark brown suspension was filtered over a short column with hyflo, activated 
carbonn and silica. Evaporation of the solvent in vacuo afforded a green oil which was purified 
byy flash chromatography (light petroleum/ ethyl acetate 9:1) to yield 54 (67%, 1.19 g) as a 
colourlesss oil. 'H-NMR (CDC13) 8 9.79 (s, 1H), 3.55 (t, J = 4.1 Hz, 2H), 2.52-2.45 (m, 2H), 
1.86-1.755 (m, 4H); IR (CHC13) 1728. 
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l-<4-Chlorobut>l)-2-(toluene-4-suirinyl)-23,4,9-tetrahydro-l//-p-carbolinee (+)-52. A 
mixturee of 5-chloropentanal 54 (24.2 mg, 0.35 mmol) and A^-p-tolylsulfinyltryptamine (+)-l 
(150.00 mg, 0.50 mmol) in dichloromethane (2.0 mL) and chloroform (2.0 mL) was cooled to 
-788 °C. After addition of CSA(70 mg, 0.30 mmol) the reaction mixture was stirred at -78 °C 
forr 4 hours. The reaction was quenched with triethylamine and allowed to warm to room 
temperature.. Evaporation of the volatiles and flash chromatography afforded an oil. 
Crystallizationn (ethyl acetate) afforded (+)-52 (50%, 100 mg) as a white crystalline material. 
[a]DD - 179.6 °; m.p. 238 °C; 'H-NMR (CDC13) 8 7.84, (bs, 1H), 7.61 (d, J= 8.0 Hz, 2H), 7.48 
(d,, J = 8.0 Hz, 1H), 7.35-7.28 (m, 3H), 7.15 (t, J= 8.1 Hz, 1H), 7.08 (t, J= 8.0 Hz, 1H), 4.78 
(t,, J = 7.1 Hz, 1H), 3.59 (t, J - 6.1 Hz, 2H), 3.55-3.48 (m, 1H), 3.31-3.22 (m, 1H), 3.04-2.94 
(m,, 1H), 2.69-2.61 (m, 1H), 2.42 (s, 3H), 2.11-2.02 (m, 1H), 2.00-1.65 (m, 5H); HRMS (EI) 
calculatedd for QjHuNiOClS 400.1376, found 400.1376. 

1,2,3,4,6,7,12,12b-Octahydro-indolo[2-3a]quinolizidinee (-)-50. Compound (+)-52 (23.0 
mg,, 0.06 mmol) was dissolved in a solution of aqueous hydrochloric acid in ethanol (1.0 mL, 
2%)) at 0 °C. The reaction mixture was stirred for 5 minutes at 0°C after which saturated 
aqueouss potassium carbonate (1.0 mL) was added. Additional stirring for 2 hours at room 
temperature,, extractive work-up (ethyl acetate), drying of the combined organic layers 
(Na2S04),, evaporation of the solvent under reduced pressure and flash chromatography (ethyl 
acetate// methanol/ aqueous ammonia 85:10:5) yielded (-)-50 (94%, 12.8 mg) as a yellow oil. 
[a]DD (acetone, c = 0.8) = -104.3°; 'H-NMR (CDC13) 8 8.29, (bs, 1H), 7.45 (d, J = 8.1Hz, 1H), 
7.322 (d, J = 8.0 Hz, 1H), 7.17-7.05 (m, 2H), 3.37 (bs, 1H), 3.30-3.12 (m, 1H), 3.10-3.00 (m, 
2H),, 2.76-2.64 (m, 2H), 2.48-2.40 (m, 1H), 2.11-2.05 (m, 1H), 1.79-1.65 (m, 3H), 1.62-1.39 
(m,, 2H); HRMS (EI) calculated for CuHlgN2 226.1470, found 226.1478. 

l-(4-chlorobutyl)-6,7-dimethoxy-2-(toluene-4-sulfinyl)-l,2^,4-tetrahydroisoquinoline e 
(+)-56.. A mixture of 5-chloropentanal 54 (141.6 mg, 1.20 mmol) and #-/>-tolylsulfinyl-3,4-
dimethoxyphenylethylaminee (+)-55 (150.0 mg, 0.47 mmol) in dichloromethane (2.0 mL) and 
chloroformm (2.0 mL) was cooled to -78 °C. After addition of BFjOEtj(113 \iL, 0.94 mmol) 
thee reaction mixture was stirred at -78 °C for 4 hours. The reaction was quenched with 
triethylaminee and allowed to warm to room temperature. Evaporation of the volatiles and 
flashflash chromatography (light petroleum -» ethyl acetate/light petroleum 1:1) afforded (+)-56 
(68%,, 138 mg) as an oil. [a]D = +86.4 °; 'H-NMR (CDC13) 8 7.54 (d, J = 8.0 Hz, 2H), 7.29 (d, 
J=J= 7.9 Hz, 2H), 6.53 (s, 1H), 6.49 (s, 1H), 4.36-4.31 (m, 1H), 8.85 (s, 3H), 3.82 (s, 3H), 3.62-
3.544 (m, 1H), 3.51-3.40 (m, 3H), 2.93-2.82 (m, 1H), 2.63-2.55 (m, 1H), 2.41 (s, 3H), 1.84-
1.733 (m, 1H), 1.65-1.40 (m, 4H), 1.21-1.09 (m, 1H); HRMS (EI) calculated for CaHjgNOjCIS 
433.1478,, found 433.1474. 

9,10-Dimethoxy-l,3,4,6,7,llb-hexahydro-.?H-pyrido-[2,l-a]isoquinolinee (+)-57. 
Compoundd (+)-56 (21.0 mg, 0.05 mmol) was dissolved in a solution of aqueous hydrochloric 
acidd in ethanol (1.0 mL, 2%) at 0 °C. The reaction mixture was stirred for 5 minutes at 0 °C, 
afterr which saturated aqueous potassium carbonate (1.0 mL) was added. Additional stirring 
forr 1 hour at room temperature, extractive work-up (ethyl acetate), drying of the combined 
organicc layers (Na2S04), evaporation of the solvent under reduced pressure and flash 
chromatographyy (ethyl acetate/ methanol/ aqueous ammonia 85:10:5) yielded (+)-56 (89%, 
10.66 mg) as a yellow oil. [a]D (acetone, c = 0.8) = 113 °; 'H-NMR (CDC13) 8 6.68 (s, 1H), 
6.577 (s, 1H), 3.84 (s, 6H), 3.31-3.23 (m, 1H), 3.21-3.04 (m, 4H), 2.71-2.59 (m, 2H), 2.50-2.39 
(m,, 1H), 2.31-2.25 (m, 1H), 1.94-1.888 (m, 1H), 1.82-1.69 (m, 2H), 1.61-1.49 (m, 1H); 
HRMSS (EI) calculated for Cl5H21N02 247.1572, found 247.1577. 

2-[6,7-Dimethoxy-2-(toluene-4-sulfinyl)-l^,4-tetrahydroisoquinolin-l-ylmethyl]--
benzoicc acid methyl ester  (-)-61. A solution of (+)-55 (100 mg, 0.31 mmol) and aldehyde 60 
(1677 mg, 0.94 mmol) in dichloromethane (2.0 mL) and chloroform (2.0 mL) was cooled to 
-788 °C. BF3OEt2 (75 \iL, 0.63 mmol) was added and the reaction mixture was stirred for 1 
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hourr at -78 °C. The reaction was quenched by the addition of triethylamine and allowed to 
warmm to room temperature. Evaporation of the solvent and flash chromatography yielded (-> 
611 as a colourless oil (45 %, 66.8 mg). 'H-NMR (CDClj) 5 7.79 (d,J = 8.1 Hz, 1H), 7.35 (t, J 
== 7.8 Hz, 1H), 7.27 (t, J= 7.9 Hz, 1H), 7.11 ( d/ = 8.1 Hz, 2H), 7.04-6.96 (m, 3H), 6.68 (s, 
1H),, 6.55 (s, 1H), 4.78-4.75 (m, 1H), 3.83 (s, 3H), 3.78 (s, 3H), 3.73 (s, 3H), 3.67-3.53 (m, 
1H),, 3.23-2.99 (m, 2H), 2.74-2.68 (m, 1H), 2.33 (s, 3H). 

2,3-Dimethoxy-5,6,13,13a-tetrahydroisoquino[3,2a]isoquinolin-8-onee (-)-62a. Aqueous 
concentratedd hydrochloric acid (20 ^L) was added to a solution of (-)-61 (19 mg, 0.04 mmol) 
inn ethanol (0.5 mL) at 0 °C. After stirring of the reaction mixture for 30 minutes at 0 °C 
aqueouss saturated potassium carbonate was added (0.5 mL) and the mixture was stirred for an 
additionall  2 hours at room temperature. Extractive work-up (ethyl acetate), drying of the 
combinedd organic layers (Na2S04) and evaporation of the solvent in vacuo yielded (-)-62a as 
aa white solid material (96%, 11.9 mg). M. p. 162-165 °C; [a]D = -395 °; lH-NMR (CDC13) 8 
8.144 (d, J= 8.1 Hz, 1H), 7.48-7.46 (m, 2H), 7.27-7.24 (m, 1H), 6.70 (d, J= 9.4 Hz, 2H), 5.02-
4.977 (m, 1H), 4.86 (dd, J= 10.1 Hz, J= 3.5 Hz, 1H), 3.91 (s, 3H), 3.89 (s, 3H), 3.24-3.19 (m, 
1H),, 3.01-2.91 (m, 3H), 2.80-2.75 (m, 1H). 

3-[2<Toluene^$ulfinyl)-2,3,4,9-tetrahydro-ltf-p>-carbolin-l-yl ]]  -propionic acid methyl 
esterr  (+)-67. A mixture of 4-oxobutyric acid methyl ester 66 (370 ^L, 3.46 mmol) and N-p-
tolylsulfinyltryptaminee (+)-l (200 mg, 0.69 mmol) in dichloromethane (2.0 mL) and 
chloroformm (2.0 mL) was cooled to -78 °C. After addition of BF3-OEt2(167 uL) the reaction 
mixturee was stirred at -78 °C for 30 minutes. The reaction was quenched with triethylamine 
andd allowed to warm to room temperature. Evaporation of the volatiles and flash 
chromatographyy (light petroleum - • ethyl acetate/light petroleum 1:1) afforded (+)-67 (59%, 
1611 mg) as an oil. [a]D = 60.1 °; 'H-NMR (CDC13) 8 8.20 (bs, 1H), 7.54 (d, J - 8.1 Hz, 2H), 
7.455 (d, J = 7.9 Hz, 1H), 7.33-7.22 (m, 3H), 7.16 (t, J = 7.9 Hz, 1H), 7.68 (t, J= 8.0 Hz, 1H), 
4.68-4.611 (m, 1H), 3.69 (s, 3H), 3.62-3.54 (m, 1H), 3.40-3.31 (m, 1H), 3.05-2.93 (m, 1H), 
2.82-2.655 (m, 3H), 2.56-2.46 (m, 3H), 2.39 (s, 3H), 2.37-2.29 (m, 1H), 2.23-2.14 (m, 1H); IR 
(CHClj)) 1742; HRMS (EI) calculated for C ^ N A S 396.1508, found 396.1513. 

1,2,5,6,11,11 lb-hexahydro-indolozino[8,7-b]indole-3-one (-)-68. Compound (+)-66 (40.0 
mg,, 0.10 mmol) was dissolved in a solution of aqueous hydrochloric acid in ethanol (2.0 mL, 
2%)) at 0 °C. The reaction mixture was stirred for 5 minutes after which saturated aqueous 
potassiumm carbonate (2.0 mL) was added. Additional stirring for 1 hour, extractive work-up 
(ethyll acetate), drying of the combined organic layers (Na2S04), evaporation of the solvent 
underr reduced pressure and flash chromatography (ethyl acetate/ methanol/ aqueous ammonia 
85:10:5)) yielded (-)-68 (83%, 18.8 mg) as a yellow oil. [a]D (acetone, c = 0.8) = -46.2°;'H-
NMRR (CDC13) 8 7.96, 7.51 (d, / = 8.0 Hz, 1H), 7.37 (d, J = 8.0 Hz, 1H), 7.19 (t, J = 8.1 Hz, 
1H),, 7.13 (t, J = 8.0 Hz, 1H), 4.98-4.91 (m, 1H), 4.60-4.51 (m, 1H), 3.10-2.99 (m, 1H), 2.90-
2.833 (m, 2H), 2.70-2.51 (m, 3H), 2.04-1.91 (m, 1H); lJC-NMR (CDC13) 8 194.3, 173.2, 136.0, 
132.9,, 126.2, 122.1, 119.7, 118.2, 110.7, 54.0, 37.4, 31.4, 25.5, 20.8; IR (CHC13) 1653; 
HRMSS (EI) calculated for CHHuN20 226.1106, found 226.1101. 

1,8-Octanediall  70. Pyridinium chlorochromate (7.42 g, 34.4 mmol) was added at 0 °C to a 
solutionn of 1,8-octanediol (1.0 g, 8.6 mmol) in dichloromethane (50 mL) in the presence of 
4AA molecular sieves. The reaction mixture was stirred for two hours at room temperature 
afterr which it was filtered through a short column packed with hyflo, activated carbon and 
silica.. The resulting solution was concentrated under reduced pressure (T <45 °C) to give 70 
(64%,, 793 mg) as a colourless oil.'H-NMR (CDC13) 8 9.27 (s, 2H), 2.41 (dt, J = 7.3 Hz, J = 
1.22 Hz, 4H), 1.74-1.54 (m, 4H), 1.44-1.29 (m, 4H); IR (CHC13) 1728. 

3-[3-(3-Oxo-propyl)phenyl]propionaldehydee 73. Lithium aluminium hydride (464 mg, 11.6 
mmol)) was added in small protions to a solution of 3-[3-(2-carboxy-ethyl]propionic acid (see 
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§§ 2.3.2, 516 mg, 2.32 mmol) in tetrahydrofuran (50 mL) at 0 °C. The reaction mixture was 
stirredd for 2 hours at room temperature. Addition of ethanol until vigorous evolution of 
hydrogenn had ceased and aqueous sodium hydroxide (100 mL, 1.0 M) gave a white 
precipitate.. Filtration, concentration of the resulting yellow solution in vacuo, extractive 
work-upp (ethyl acetate), drying of the combined organic layers (Na2S04) and evaporation 
underr reduced pressure yielded the diol (92%, 414 mg) as a yellow oil. 'H-NMR (CDC13) 8 
7.211 (t, J = 7.8 Hz, IH) 7.07-7.01 (m, 3H), 3.67 (t, J = 6.4 Hz, 4H), 2.69 (t, / = 7.5 Hz, 4H), 
1.92-1.844 (m,4H). 
Pyridiniumm chlorochromate (507 mg, 2.35 mmol) was added at 0 °C to a solution of the 
dialcoholl  (152 mg, 0.78 mmol) in dichloromethane (5 mL) in the presence of 4A molecular 
sieves.. The reaction mixture was stirred for two hours at room temperature after which it was 
filteredd through a short column packed with Hyflo, activated carbon and silica. The resulting 
solutionn was concentrated under reduced pressure (T <45 °C) to give 73 (62%, 92.0 mg) as a 
colourlesss oil. lH-NMR (CDC13) 8 9.83 (s, 2H), 7.23 (t, J = 7.5 Hz, IH), 7.08-6.99 (m, 3H), 
2.944 (t, J = 7.3 Hz, 4H), 2.89 (t, J = 7.3 Hz, 4H); IR (CHC13) 1729. 

7-[2-(Toluene-4-sulfinyl)-2r3,4,9-tetrahydro-lff-^-carbolin-l-yl]-heptanall  (+)-76. A 
mixturee of 1,8-octanedial 70 (47 mg, 0.33 mmol) and A^p-tolylsulfinyltryptamine (+)-l (20 
mg,, 0.07 mmol) in dichloromethane (0.5 mL) and chloroform (0.5 mL) was cooled to -78 °C. 
Afterr addition of A (9.6 mg. 0.04 mmol) the reaction mixture was stirred at -78 °C for 
44 hours. The reaction was quenched with triethylamine and allowed to warm to room 
temperature.. Evaporation of the volatiles and flash chromatography (light petroleum -» ethyl 
acetate/lightt petroleum 1:1) afforded (+)-76 (43%, 12.7 mg) as an oil. [a]D =112°; 'H-NMR 
(CDC13)) 8 9.78 (s, IH), 8.01 (bs, IH), 7.58 (d,J= 8.1 Hz, 2H), 7.42 (d,7 = 8.0 Hz, IH), 7.35-
7.233 (m, 3H), 7.17-7.02 (m, 2H), 4.79-4.72 (m, IH), 3.52-3.44 (m, IH), 3.30-3.21 (m, IH), 
3.02-2.922 (m, IH), 1.71-1.62 (m, IH), 2.41 (s, 3H), 2.10-1.85 (m, 2H), 1.71-1.18 (m, 7H); IR 
(CHCI3)) 1731; HRMS (EI) calculated for C2JH30N2O2S 422.2028, found 422.2036. 

3-{2-{2-Htoluene-4-sulfinyl)-23,4,9-tetrahydro-l//-P-carboUn-l->i]-ethyl)-phenyl)--
propionaldehydee (+)-77. A mixture of dialdehyde 73 (63 mg, 0.33 mmol) and N~p-
tolylsulfinyltryptaminee (+)-l (20 mg, 0.07 mmol) in dichloromethane (0.5 mL) and 
chloroformm (0.5 mL) was cooled to -78 °C. After addition of BF3OEt2 (18 pL, 0.14 mmol) 
thee reaction mixture was stirred at -78 °C for 2 hours. The reaction was quenched with 
triethylaminee and allowed to warm to room temperature. Evaporation of the volatiles and 
flashh chromatography (light petroleum -> ethyl acetate/light petroleum 1:1) afforded (+)-77 
(40%,, 13.2 mg) as an oil. [a]D = 88.6 °; 'H-NMR (CDC13) 8 9.80 (s, IH), 7.92 (bs, IH), 7.63 
(d,, J = 7.9 Hz, 2H), 7.41 (d, J = 8.0 Hz, IH), 7.36-7.15 (m, 7H), 7.12-6.99 (m, 2H), 4.76-4.71 
(m,, IH), 3.64-3.49 (m, IH), 3.39-3.28 (m, IH), 3.04-2.61 (m, 7H), 2.42 (s, 3H), 2.38-2.24 (m, 
IH),, 1.38-1.24 (m, 2H); IR (CHC13) 1741; HRMS (EI) calculated for C29H30N2O2S 470.2028, 
foundd 470.2036. 

5-hexyn-l-all  79. Pyridinium chlorochromate (13.2 g, 61.2 mmol) was added to a solution of 
5-hexyn-l-oll  78 (4.0 g, 40.8 mmol) in dichloromethane (180 mL) in the presence of 4A 
molecularr sieves at 0 °C. The reaction mixture was stirred for two hours at room temperature 
afterr which it was filtered through a column packed with Hyflo, activated carbon and silica. 
Thee slightly green solution was concentrated under reduced pressure (T < 45 °C) to give 79 
(67%,, 2.62 g) as a green oil. 'H-NMR (CDC13) 8 9.81 (s, IH), 2.59 (t, J - 4.5 Hz, 2H), 2.31-
2.199 (m, 3H), 1.98 (s, IH), 1.90-1.81 (m, 2H). 

l-Pent-4-ynyl-2-(toluene-4-sulfinyl)-2v3,4,9-tetrahydro-li/-p-carbolinee (+)-80. A mixture 
off  5-hexynal 79 (96.0 mg, 1.0 mmol) and Af-p-tolylsulfinyltryptamine (+)-l (60.0 mg, 0.2 
mmol)) in dichloromethane (1.0 mL) and chloroform (1.0 mL) was cooled to -78 °C. After 
additionn of A (28.0 mg, 0.12 mmol) the reaction mixture was stirred at -78 ®C for 6 
hours.. The reaction was quenched with triethylamine and allowed to warm to room 
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temperature.. Evaporation of the volatiles and flash chromatography afforded an oil. 
Crystallizationn (ethyl acetate/light petroleum) afforded (+)-80 (53%, 39.9 mg) as a white 
crystallinee material. [a]D = 190.9 °; M.p. 221 °C; 'H-NMR (CDC13) 5 7.91 (s, 1H), 7.61 (d, J 
==  8.0 Hz, 2H), 7.43 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 8.1 Hz, 2H), 7.29 (d, J = 8.0 Hz, 1H), 
7.122 (t, J = 7.9 Hz, 1H), 7.08 (t, J = 8.0 Hz, 1H), 4.81-4.75 (m, 1H), 3.54-3.47 (m, 1H), 3.31-
3.211 (m, 1H), 3.04-2.93 (m, 1H), 2.70-2.62 (m, 1H), 2.43 (s, 3H), 2.33-2.12 (m, 3H), 2.09-
1.944 (m, 2H), 1.89-1.68 (m, 2H); HRMS (EI) calculated for C23H24N2OS 376.1609, found 
376.1618. . 

l-Pent-4-ynyl-23,4^-tetrahydro-lö-fl-carboline(-)-81.. Compound (+)-80 (30.0 mg, 0.08 
mmol)) was dissolved in a solution of aqueous hydrochloric acid in ethanol (1.0 mL, 2%) at 0 
°C.. The reaction mixture was stirred for 5 minutes at 0 °C after which saturated aqueous 
potassiumm carbonate (1.0 mL) was added. Additional stirring for 20 minutes at room 
temperature,, extractive work-up (ethyl acetate), drying of the combined organic layers 
(Na2S04),, evaporation of the solvent under reduced pressure and flash chromatography (ethyl 
acetate// methanol/ aqueous ammonia 85:10:5) yielded (-)-81 (95%, 18.1 mg) as a yellow oil. 
[a]DD = -46 °; 'H-NMR (CDC13) 8 7.80 (bs, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.33 (d, J = 7.8 Hz, 
1H),, 7.20-7.08 (m, 2H), 4.19-4.10 (m, 1H), 3.41-3.32 (m, 1H), 3.10-3.02 (m, 1H), 2.81-2.71 
(m,, 2H), 2.43-2.38 (m, 2H), 2.20 (s, 1H), 2.09-1.99 (m, 2H), 1.89-1.71 (m, 2H); HRMS (EI) 
calculatedd for C16HlgN2 238.1470, found 238.1465. 

4-[l-(toluene-4-sulfonyl)-l//-indol-5-yl]-butan-l-oll  85. A solution of alkyn 77 (370 mg, 1.1 
mmol)) in ethyl acetate (10.0 mL) was hydrogenated (1 atm) under vigorous stirring in the 
presencee of palladium on carbon (30 mg, 10%). After 16 hours the catalyst was removed by 
filtrationn over hyflo and the solvent was removed in vacuo yielding 85 (100%, 377 mg) as a 
colourlesss glass. 'H-NMR (CDC13) 8 7.88 (d, J= 8.8 Hz, 1H), 7.74 (d, J = 8.2 Hz, 2H), 7.52 
(d,, / = 3.1 Hz, 1H), 7.31 (s, 1H), 7.20 (d, J= 8.2 Hz, 2H), 7.11 (d, J = 6.8 Hz, 1H), 6.59 (3.1 
Hz,, 1H), 3.65 (t,y = 6.6 Hz, 2H), 2.70 (t, J= 7.3 Hz, 2H), 2.46 (s, 3H), 1.76-1.55 (m, 4H). 

4-[l-(toluene-4-sulfonyl)-li/-indol-5-yl]-butyraldehyd ee 86. A solut ion of 
dimetnylsulfoxidee (124.2 \LL, 1.75 mmol) in dichloromethane (5.0 mL) under an argon 
atmospheree was cooled to -78 °C. After addition of oxalyl chloride (100 uJL, 1.2 mmol) the 
mixturee was stirred for 15 minutes. A precooled solution of alcohol 85 (200 mg, 0.58 mmol) 
inn dichloromethane (3 mL) was added dropwise and the reaction mixture was stirred at -60 °C 
forr 30 minutes. The reaction was quenched by addition of triethylamine (1.0 mL) and the 
reactionn mixture was allowed to warm to room temperature. Evaporation of the solvents 
underr reduced pressure (T <45 °C) and flash chromatography (ethyl acetate/ light petroleum 
1:1)) yielded 86 as a yellow oil (67%, mg, 133 mg). 'H-NMR (CDC13) 8 9.75 (s, 1H), 7.89 (d, 
JJ = 9.5 Hz, 1H), 7.76 (d, J = 8.1 Hz, 2H), 7.53 (d, / = 3.1 Hz, 1H), 7.34-7.09 (m, 3H), 6.59 (d, 
JJ = 3.2 Hz, 1H), 3.09 (bs, 2H), 2.69 (t, J= 7.2 Hz, 2H), 2.60 (s, 3H), 2.42 (t, J = 7.1 Hz, 2H), 
2.04-1.933 (m, 2H); IR (CHC13) 1727; HRMS (EI) calculated for C19H19N03S 341.1086, found 
341.1080. . 

Tetrahydro-p-carbolin ee 87. A solution of aldehyde 79 (113.7 mg, 0.33 mmol) and N-
sulfinyltryptaminee (+)-l (100 mg, 0.33 mmol) in dichloromethane (2.0 mL) and chloroform 
(2.00 mL) was cooled to-78 °C. After addition of BF3OEt2 (83 uL, 0.66 mmol) the reaction 
mixturee was stirred for 1 hour at -78 °C. Quenching of the reaction (triethyl amine), warming 
too room temperature, evaporation of the solvent in vacuo and column chromatography 
affordedd 87 (114 mg, 57%) as a yellow oil. 'H-NMR (CDC13) 87.91 (d, J = 7.9 Hz, 1H), 
7.79-7.733 (m, 3H), 7.68 (bs, 1H), 7.57-7.52 (m, 4H), 7.39 (d, J 1H), 7.32-7.02 (m, 7H), 6.59 
(m,, 1H), 4.74-5.65 (m, 1H), 3.50-3.41 (m, 1H), 3.26-3.16 (m, 1H), 3.00-2.89 (m, 1H), 2.81-
2.677 (m, 2H), 2.63-2.16 (m, 1H), 2.42 (s, 3H), 3.31 (s, 3H), 1.98-1.79 (m, 4H); HRMS (EI) 
calculatedd for C ^ j N z C "^ 607.2090, found 607.2087. 
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4-[l-(Toluene-4-sulfonyl)-2v3-dihydro-li/-indoI-5-yl]-butan-l-oll  88. A solution of alkyn 
777 (30 mg, 0.9 mmol) in ethanol (1.0 mL) was hydrogenated (1 atm.) under vigorous stirring 
inn the presence of palladium on carbon (5 mg, 10%). After 16 hours the catalyst was removed 
byy filtration over hyflo and the solvent was removed in vacuo yielding 88 (100%, 30.5 mg) as 
aa colourless glass.'H-NMR (CDC13) 5 7.66 (d, J = 8.2 Hz, 2H), 7.52 (d, / = 8.2 Hz, 1H), 7.20 
(d,, J = 8.2 Hz, 2H), 6.99 (bs, 1H), 6.89 (s, 1H), 3.88 (t, J = 8.3 Hz, 2H), 3.62 (t, J = 6.4 Hz, 
2H),, 2.83 (t, J = 8.3 Hz, 2H), 2.56 (t, J = 7.6 Hz, 2H), 2.38 (s, 3H), 1.69-1.56 (m, 4H); HRMS 
(El)) calculated for C19H21N03S 343.1242, found 343.1237. 

2-(l-Methyl-l//-indol-3-yl)-2-oxo-acetamidee 92. Oxalylchloride (4.0 mL, 45.7 mmol) was 
addedd dropwise at 0 °C to a solution of jV-methylindole (5.0 g, 38.1 mmol) in diethyl ether 
(50.00 mL). Upon stirring of the reaction mixture for 30 minutes at room temperature a yellow 
precipitatee formed which was collected by filtration affording the glyoxyl chloride as yellow 
needles.. Portionwise addition of the glyoxyl chloride to an aqueous solution of ammonia (50 
mL,, 25%) at 0 °C afforded a white precipitate. Filtration and washing of the white crystalline 
materiall  with water (100 mL), ethanol (50 mL) and diethyl ether (50 mL) yielded 92 (87%, 
33.33 mmol) as a white crystalline material. 'H-NMR (DMSO-rftf) 8 8.75 (bs, 1H), 8.25 (d, J = 
1.55 Hz, 1H), 8.09 (bs, 1H), 7.74 (bs, 1H), 7.61 (d, J= 1.4 Hz, 1H), 7.39-7.30 (m, 2H), 3.94 (s, 
3H). . 

2-{l-methyl-li/-indol-3-yi)ethylaminee hydrochloride 93. Borane dimethylsulfide solution 
inn tetrahydrofuran (65.0 mL, 10.1 M) was added dropwise at 0 °C to a solution of 
glyoxylamidee 92 (6.7 g, 33.2 mmol) in tetrahydrofuran (80 mL). The reaction mixture was 
stirredd under reflux for 3 hours. After cooling to room temperature aqueous hydrochloric acid 
(500 mL) was added carefully and the reaction mixture was stirred for an additional 2 hours at 
500 °C. After cooling to room temperature, addition of saturated aqueous potassium carbonate 
(255 mL), extractive work-up (ethyl acetate), drying of the combined organic layers and 
evaporationn of the solvent in vacuo yielded a yellow oil. Addition of saturated methanolic 
hydrochloricc acid (10 mL), evaporation of the volatiles and addition of ethyl acetate afforded 
933 (57%, 4.0 g) as a white solid. 'H-NMR (D20) 8 7.41 (d, J = 8.1 Hz, 1H), 7.22 (d, J = 8.0 
Hz,, 1H), 7.19 (t, J= 8.1 Hz, 1H), 7.08 ( t , /= 8.1 Hz, 1H), 3.79 (s, 3h), 3.05 (s, 4H). 

4-methylbenzenesulfinicc acid [2-(l-iiiethyM/J-iiidol-3-yl)-ethyI]-ainide 94. A solution of 
p-tolylsulfinyll  chloride (3.49 g, 20.0 mmol) in dichloromethane (30 mL) was added dropwise 
att 0 °C to a vigorously stirred solution of JV,-methyltryptamine hydrochloride 93 (3.97 g, 18.9 
mmol)) in a mixture of dichloromethane (20 mL) and saturated aqueous potassium carbonate 
(200 mL). After stirring of the reaction mixture for 2 hours at 0 °C the organic layer was 
separated.. Extractive work-up of the aqueous layer (ethyl acetate), drying of the combined 
organicc layers (Na2S04) and evaporation of the solvents gave a yellow oil. Crystallization 
(ethyll  acetate) afforded 94 (65%, 3.83 g) as a white crystalline material. M.p. 174 °C; 'H-
NMRR (CDClj) 8 7.57 (d, J = 7.9 Hz, 2H), 7.51 (d, J~ 8.1 Hz, 1H), 7.30-7.19 (m, 3H), 7.09 (t, 
JJ = 8.0 Hz, 1H), 7.09 (t, J = 8.0 Hz, 1H), 6.89 (s, 1H), 4.18 (bs, 1H), 3.75 (s, 3H), 3.47 -3.38 
(m,, 2H), 3.20-3.10 (m, 1H), 2.96 (t, J= 6.7 Hz, 2H), 2.42 (s, 3H); HRMS (EI) calculated for 
ClgH20N2OSS 312.1296, found 312.1302. 

l-Methyl-l-pentyl-2-(toluene-4-sulfinyl)-2^,4,9-tetrahydro-lff-pVcarbolinee 95. A mixture 
off  94 (62.4 mg, 0,20 mmol) and hexanal (120 uX, 1.0 mmol) in dichloromethane (1.0 mL) 
andd chloroform (1.0 mL) was cooled -78 °C. After addition of CSA (9.6 mg, 0.04 mmol) the 
reactionn mixture was stirred for 5 hours. The reaction was quenched with triethylamine and 
allowedd to warm to room temperature. Evaporation of the solvents in vacuo, flash 
chromatographyy (light petroleum/ ethyl acetate 1:1) and crystallization (ethylacetate) afforded 
955 (56%, 44.1 mg) as a white crystalline material. M.p. 229 °C; 'H-NMR (CDC13) 8 7.61 (d, J 
== 8.0 Hz, 2H), 7.44 (d, J = 8.1 Hz, 1H), 7.35-7.22 (m, 3H), 7.19 (t, / = 8.0 Hz, 1H), 7.09 (t, J 
== 8.0 Hz, 1H), 4.80-4.72 (m, 1H), 3.62 (s, 3H), 3.63-3.50 (m, 1H), 3.30-3.20 (m, 1H), 3.14-
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3.044 (m, 1H), 2.70-2.61 (m, 1H), 2.43 (s, 3H), 1.90-1.78 (m, 2H), 1.73-1.20 (m, 6H), 0.99 (t, 
.7=6.11 Hz, 3H); 13C-NMR (CDC1,) 5 153.3, 141.2, 141.1, 137.3, 135.5, 129.6, 126.8, 126.2, 
121.4,, 119.0, 118.2, 108.7, 107.8, 56.8, 38.9, 35.1, 31.4, 29.8, 26.4, 23.1, 22.7, 21.3, 14.0; 
HRMSS (EI) calculated for ^U^jOS 394.2079, found 394.2086. 

Loww temperature NMR-experiment. Argon was passed through a solution of p-to\y\-N-
sulfinylphenylethyll  amine 105 (10.0 mg, 0.04 mmol) and freshly distilled acetaldehyde (11 
uL,, 0.20 mmol) in deuterated chloroform (0.7 mL, filtrated over basic aluminium oxide) in a 
dryy NMR-tube. The resulting solution was cooled to -55 °C and BF3OEt2 (10.0 \iL, 0.08 
mmol)) was added under an argon atmosphere. 'H-NMR spectra were subsequently recorded 
att -55 °C on a Varian Inova (500 MHz) spectrometer. 
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Summary Summary 

Synthesi ss  of Dimeri c Tetrahydro-p -
carboline ss as Bivalen t Recepto r Ligand s 

Ann Asymmetri c JV-Sulfiny l Pictet-Spengle r Approac h 

Thee discovery of the so-called bivalent ligand effect in transmembrane receptor 

pharmacochemistryy has resulted in the development of new potent and selective ligands, 

especiallyy in the field of serotonergic receptors. Dimerized serotonine or tryptamine 

derivativess display increased affinity and selectivity for several receptor subtypes in 

serotonergicc neurons. 

JJ NH2 NH2 KK,A^  KJ^v"  NH* 
NN N ^ ^ N 
HH H H 

serotoninee serotonine dimer 

Thee biological activity of dimeric analogs of conformationally restricted tryptamines, 

suchh as tetrahydro-P-carbolines, did not find many reference in the literature. This thesis 

describess the design of new synthetic routes to dimeric tetrahydro-p-carbolines, both in 

racemicc and enantiopure form. In chapter 1 a brief introduction on the bivalent ligand effect, 

itss relevance in the field of serotonine receptor pharmacochemistry and the outline of this 

thesiss are presented. 

Thee design and synthesis of bivalent tryptamine analogs allows numerous 

possibilitiess with respect to length, conformation, chemical constitution and site of attachment 

off  the spacer moiety. Synthesis of dimeric tetrahydro-P-carbolines can occur by linkage of 

tetrahydro-p-carbolinee units via the CI-position. Another approach involves connection of the 

twoo benzene rings in the indole system. Efficient synthetic routes to racemic tetrahydro-P-

carbolinee dimers are described in chapter 2. 
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HN N 

linker r 

NH H 

Tetrahydro-P-carbolinee dimers and trimers with hydrophobic (both aliphatic and 

aromatic)) spacers were prepared by implementation of the so-called Bischler-

Napieralski/reductionn pathway. Efficient formation of tryptamide dimers by coupling of 

tryptaminee with commercially available dicarboxylic acids, subsequent Bischler-Napieralski 

cyclizationn and hydride reduction afforded a series of tetrahydro-P-carboline dimers. Benzylic 

spacerr systems were constructed by Pictet-Spengler cyclization of tryptamine with 

bisazalactoness under acidic conditions, involving the in situ formation of bifunctional a-

ketoacidss that react in a Pictet-Spengler fashion. 

in n 
N N 
H H 

H N V- \^ f N H H vo vo 1.POCI3 3 

2.. NaBH4 

tryptamin e e 

N = \\ HCI (aq) 
O O 

COOH H 

rff ^ *1 COOH 

Moree polar spacer systems (i.e. amine, amide and ester linkages) were synthesized by 

dimerizationn of tetrahydro-P-carbolines with amino and hydroxyl groups on the Cl-

substituent.. Reductive amination of nazlinine and analogs with commercially available 

aromaticc dialdehydes afforded spacers containing aminogroups. The formation of amide and 

esterr linkages required an appropriate protective group strategy to allow reaction between Cl-

aminoalkyll  and C1-hydroxyalkyl tetrahydro-P-carbolines and commercially available 

dicarboxylicc acid chlorides. 
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Boe e 

Twoo indole units can be connected via the benzene rings by Sonogashira reaction of 

properlyy protected 5-bromoindole. Further elaboration of the bisindoles provides an entry to 

5,5'-linkedd tetrahydro-P-carboline dimers with aliphatic and more complex, hydrophilic 

spacers. . 

Br. . 
TosO O 

JJ =~~ 
N N 
Tos s 

Tos^ ^ Tos s 

Thee Pictet-Spengler reaction is one of the well-described synthetic tools for the 

preparationn of tetrahydro-P-carboline ring systems. The presence of enantiopure tetrahydro-P-

carboliness in many alkaloids and compounds with biological activity has resulted in a vivid 

interestt in asymmetric Pictet-Spengler reactions over the last decade. In chapter  3 a survey of 

thee literature concerning the asymmetric Pictet-Spengler reaction is given. Many of these 

approachess involve the use of chiral auxiliaries, attached to the tryptamine NH2-group. 

Introductionn of chiral auxiliary groups at other sites in the tryptamine molecule, an approach 

thatt is limited by the instability of the Pictet-Spengler precursors, wil l be presented in 

chapterr  3. The attachment of nitrogen, phosphor and sulfur containing chiral groups at the 

tryptaminee NH2 appeared to be a more promising entry to asymmetric Pictet-Spengler 

reactions.. Reactions of JV-heteroatom substituted tryptamines with aldehydes leads to the 

formationn of very reactive iminium ion intermediates that are prone to intramolecular 

nucleophilicc attack in a Pictet-Spengler fashion. The chiral substituent on the aminogroup is 

expectedd to have influence on the stereochemical outcome of the reaction, since it is closely 

locatedd to the reactive center. 
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a a HN_ _ 

O O 

NN <? 
HH ? 

JV-Sulfinyll  groups appeared to be highly advantageous chiral auxiliaries for Pictet-

Spenglerr reactions. The optimisation of the conditions of the 7V-sulfinyl Pictet-Spengler 

cyclizationn is described in chapter 4. (^-A^-tolylsulfinyl tryptamine, that was obtained in 

onee step from tryptamine and the commercially available (-)-Andersen reagent, was reacted 

withh a large variety of aliphatic and aromatic aldehydes. JV-sulfinyl Pictet-Spengler in the 

presencee of camphorsulfonic acid or BF3OEt2 resulted in the efficient formation of JV-sulfinyl 

tetrahydro-P-carboliness with moderate to good diastereoselectivity. Separation of the major 

diastereomerr by crystallization and removal of the JV-sulfinyl group under mild acidic 

conditionss concluded a new, efficient route to enantiopure tetrahydro-P-carbolines with 

aliphaticc and benzylic substituents. The optical antipodes can likewise be prepared starting 

fromm the (+)-Andersen reagent. 

H3C-- /CH3 

„CXX „p-Tol 

n-BuLi.. TMSCI, THF 
HNVV ^p-Tol 

1 1 
O O 

o o 

CSAA or BF3OEt2 
-788 'C 

II (-)-Andersen reagent] 

N^^ ,p-Tol HCI,, EtOH 
C C 

yieldd 49-56% 
NHH ee > 98% 

Thee JV-sulfinyl Pictet-Spengler reaction provides a challenging asymmetric entry to 

thee synthesis of tetrahydroisoquinolines as is descibed in chapter 5. BF3OEt2 mediated 

cyclizationn of (#)-N-/?-tolylsulfinyl-3,4-dimethoxyphenylethyl amine, that was efficiently 

obtainedd starting from the commercially available amine and the Andersen reagent, furnished 

aa range of JV-sulfinyl tetrahydroisoquinolines in excellent diastereoselectivity. Separation of 

thee diastereoisomers and removal of the chiral auxiliary group established an efficient route to 

enantiopuree tetrahydroisoquinolines. A good example is the synthesis of the biologically 

170 0 



Summary Summary 

interestingg alkaloid salsolidine of which both enantiomers were efficiently prepared by using 

thee JV-sulfinyl Pictet-Spengler reaction. 

H3C.. ,CH3 

„>0^^ ,p-Tol 

H3C O O 
H3CO O 

X^>X^> NH2 H3CO. 

n-BuLi,, THF 
YY~1 1 
J<^^J<^^ HN^ ,p-Tol 

H3COO ^ ^ S 

O O 

I I 
H3CC H 
BF3OEt2 2 

-788 C 

(+)-Andersenn reagent 

H3CO O rm . . H3C0 0 YY\ \ 
CH3 3 CH H 33 O 

NH H 
yieldd 32-75% 

eee > 98% 

Developmentt of the A'-sulfinyl Pictet-Spengler reaction allows the application of this 

new,, efficient route to enantiopure tetrahydro-P-carbolines and tetrahydroisoquinolines to the 

synthesiss of more complex alkaloids based on these ring systems (chapter 6). Synthetic 

approachess to enantiopure indoloquinolizidine, harmicine and pseudoyohimban display the 

versatilityy of the A'-sulfinyl Pictet-Spengler reaction in alkaloid synthesis. 

ljj J HN^ ^p-Tol 
NN S 
HH 1 

O O 

O O 

yieldd 50%, ee > 98% 

0 ^ ^ 
(-)-irtdoloquinolizidine e 
yieldd 60%, ee > 98% 

(-)-pseudoyohimban n 

yieldd 49%, ee > 98% *-)-harmicine e 

N-Sulfinyll  Pictet-Spengler reactions with dialdehydes afforded a stepwise synthetic 

routee to enantiopure tetrahydro-p-carboline dimers linked via the 1-position of the C-ring. 

Thiss synthetic route involves stable, enantiopure intermediates as are depicted below. 
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AA model that can explain the stereochemical outcome of the reaction is proposed in 

chapterr 6. The formation of the major diastereoisomer depends on the in situ generation of 

eitheii  the E- or the Z-N-sulfinyliminium ion. In order to gain a better understanding of the 

underlyingg mechanism, further studies on the geometry of the intermediates, that play a role 

inn the TV-sulfinyl Pictet-Spengler reaction, are required. 
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Synthes ee van Dimere Tetrahydro-p -
carboline ss als Bivalent e Recepto r Ligande n 

Dee Asymmetrisch e /V-Sulfiny l Pictet-Spengle r Reacti e 

Dee ontdekking van het zogenaamde bivalent ligand effect in de farmacochemie van 

transmembrane,, en in het bijzonder serotonerge, receptoren heeft geleid tot de ontwikkeling 

vann nieuwe actieve en selectieve liganden. Sommige gedimeriseerde derivaten van serotonine 

enn tryptamine worden gekarakteriseerd door toegenomen affiniteit en selectiviteit voor 

verscheidenee receptor (sub)types in serotonerge neuronen. 

11 linker f 

N-- NH2 NH2 ^ N ^ ^  ^ V NH2 

HH H H 

serotoninee serotonine dimeer 

Dee biologische activiteit van dimere analoga van tryptamines met beperkte 

conformationelee vrijheid, zoals tetrahydro-P-carbolines, heeft weinig aandacht gekregen in de 

literatuur.. Dit proefschrift beschrijft de ontwikkeling van nieuwe methodologie voor de 

synthesee van dimere tetrahydro-p-carbolines, zowel in racemische als in enantiomeerzuivere 

vorm.. In hoofdstuk 1 wordt een korte introductie over het bivalent ligand effect en de 

relevantiee van dit effect binnen de farmacochemie van serotonerge receptoren gegeven. 

Hett ontwerp en de synthese van dimere tryptamine analoga geeft vele mogelijkheden 

mett betrekking tot de lengte, conformatie, chemische samenstelling en bindingsplaats van het 

linkersysteem.. De synthese van dimere tetrahydro-p-carbolines kan plaatsvinden door het 

dimeriserenn van de tetrahydro-P-carboline monomeren via de Cl-positie. De synthese van 

linkersystemenn die de benzeenringen van de indoolring verbinden is een andere mogelijkheid. 

Efficiëntee routes voor de synthese van racemische tetrahydro-p-carboline dimeren zijn 

beschrevenn in hoofdstuk 2. 
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Tetrahydro-P-carbolinee dimeren en trimeren met hydrofobe (zowel alifatische als 

aromatische)) linkers werden bereid door gebruik te maken van de zogenaamde Bischler-

Napieralski/reductiee benadering. Tryptamide dimeren werden verkregen door de efficiënte 

koppelingenn van tryptamine met commercieel verkrijgbare dicarbonzuren. Bischler-

Napieralskii  reactie gevolgd door hydride reductie leidde vervolgens tot de vorming van een 

seriee tetrahydro-P-carboline dimeren. Linkersystemen gebaseerd op benzylgroepen werden 

verkregenn door de Pictet-Spengler reactie van tryptamine met bisazalactonen onder zure 

condities.. Deze reactie verloopt via bifunctionele ct-ketozuren die in situ worden gevormd en 

reagerenn in een Pictet-Spengler-type reactie. 

Meerr polaire linkersystemen, met amine-, amide- en estergroepen, werden 

gesynthetiseerdd door het dimeriseren van tetrahydro-P-carboline monomeren met amino- and 

hydroxylgroepenn in de Cl-substituent. Reductieve aminering van nazlinine en analoga met 

commercieell  verkrijgbare aromatische dialdehydes leidde tot de vorming van linkersystemen 

mett aminogroepen. De vorming van linkers met amide- en estergroepen vereiste de 

toepassingg van een geschikte beschermgroepstrategie voor de reactie van C1 -aminoalkyl en 

Cl-hydroxyalkyll  tetrahydro-p-carbolines met dicarbonzuur chlorides. 
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Dee vorming van indooldimeren, verbonden via de benzeenringen, kan worden bereikt 

uitgaandee van Sonogashira reactie van beschermd 5-broomindool. Verdere reacties van de 

verkregenn bisindolen kunnen leiden tot de vorming van tetrahydro-fJ-carboline dimeren met 

alifatischee en meer complexe, hydrofiele linkers. 

TosO O 
Br. . 

N N 
Tos s 

Tosv v Tos s 

Dee Pictet-Spengler reactie is een van de goed beschreven reacties die ter beschikking 

staann voor de synthese van tetrahydro-|3-carbolines. De aanwezigheid van enantiomeerzuivere 

tetrahydro-p-carboliness in veel alkaloïden en verbindingen met biologische activiteit heeft 

geleidd tot veel aandacht voor asymmetrische Pictet-Spengler reacties in de laatste 10 jaar. In 

hoofdstukk 3 wordt een overzicht van de literatuur over de asymmetrische Pictet-Spengler 

reactiee gegeven. Veel asymmetrische benaderingen beschrijven het gebruik van chirale 

hulpgroepenn als substituent op de tryptamine NH2-groep. 

Studiess aangaande de aanwezigheid van chirale hulpgroepen op andere plaatsen in 

hett tryptamine skelet en hun invloed op de stereochemie van de Pictet-Spengler reactie 

wordenn beschreven in hoofdstuk 3. Deze benadering wordt echter bemoeilijkt door de 

instabiliteitt van de gesubstitueerde tryptamines en intermediairen in hun synthese. De 

substitutiee van de tryptamine NH2 met stikstof-, fosfor- en zwavelbevattende chirale 

hulpgroepenn leek een veelbelovende strategie voor de ontwikkeling van een asymmetrische 

Pictet-Spenglerr reactie. De reactie van dergelijke heteroatoomgesubstitueerde tryptamines 

mett aldehydes leidt tot de vorming van zeer reactieve iminium ion intermediairen die 
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gevoeligg zijn voor intramoleculaire nucleofïele aanval. De chirale substituent op de 

aminogroepp heeft daarbij invloed op de stereochemie van de Pictet-Spengler reactie omdat hij 

zichh dicht bij het reactieve centrum bevindt. 

NN Y 
H H 

o o 

© © 

HH ? 
R R 

A'-Sulfinylgroepenn bleken zeer geschikt te zijn als chirale hulpgroepen voor Pictet-

Spenglerr reacties. Het optimaliseren van de condities voor de JV-sulfinyl Pictet-Spengler 

reactiee worden beschreven in hoofdstuk 4. (/?)-JV-p-tolylsulfïnyl tryptamine, dat in één stap 

werdd verkregen door reactie van tryptamine en het commercieel verkrijgbare (-)-Andersen 

reagens,, onderging reactie met een grote hoeveelheid alifatische en aromatische aldehydes. N-

Sulfinyll  Pictet-Spengler reactie, gekatalyseerd door CSA of BF3OEt2, resulteerde in de 

efficiëntee vorming van N-sulfinyltetrahydro-P-carbolines met redelijke tot goede 

diastereoselectiviteit.. Scheiding van de hoofdisomeer door kristallisatie en verwijdering van 

dee N-sulfinylgroep onder mild zure condities leidde tot de vorming van enantiomeerzuivere 

tetrahydro-P-carboliness met alifatische en benzylische substituenten. De enantiomeren van 

dezee verbindingen kunnen in een vergelijkbare procedure, uitgaande van het (+)-Andersen 

reagens,, worden gesynthetiseerd. 

H3C.. X H 3 

.,.>0^s„p-Tol l 

n-BuLi,, TMSCI, THF 
H N ^^ p-Tol 

1 1 
O O 

O O 

CSAofBF3OEt2 2 
-788 C 

(-)-Andersenn reagent 

N.. .P-Tol HCI.BOH 
ii C 

opbrengstt 49-56% 
eee > 98% 

Dee N-sulfinyl Pictet-Spengler reactie vormt een uitdagende asymmetrische route voor 

dee synthese van enantiomeerzuivere tetrahydroisochinolines, zoals is beschreven in 
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hoofdstukk 5. De Pictet-Spengler reactie van (/?)-Af-p-tolylsulfinyl-3,4-dimethoxyphenylethyl 

aminee (verkregen door reactie van het commercieel verkrijgbare amine en het (+)-Andersen 

reagens)) in aanwezigheid van BF3OEt2 gaf een een reeks TV-sulfinyltetrahydroisochinolines in 

uitstekendee diastereoselectiviteit. Scheiding van de diastereomeren en afsplitsing van de 

chiralee hulpgroep gaf een reeks enantiomeerzuivere tetrahydroisochinolines. Een goed 

voorbeeldd is de synthese van het biologisch interessante alkaloid salsolidine. Beide 

enantiomerenn van deze verbinding werden op efficiënte wijze bereid door gebruik te maken 

vann de JV-sulfinyl Pictet-Spengler reactie. 

H3c c 

.p-Tol l 

H3C0Y^O. . . 
H3CO O 

A ^ JJ NH2 

n-BuLi,, THF 

H3CO O 

H3CO O 
HNLL „ p-Tol 

S S 

H3C C 

O O 

X, X, 
BF 3OEt 2 2 

-788 C 

|| (+)-Andersen reagenj 

H3CO O 

H3CO O NUs.p-Tol l 

CH3 3 

HCI,, EtOH 
C C 

H3CO O 

H3CO O 

opbrengstt 32-75% 
'!HH e e > 9 8 % 

CH3 3 

Dee ontwikkeling van de 7V-sulfinyl Pictet-Spengler reactie vindt een toepassing in de 

efficiëntee synthese van meer complexe alkaloïden die zijn opgebouwd uit tetrahydro-p-

carbolinee of tetrahydro-isochinoline ring systemen (hoofdstuk 6). Eenvoudige syntheseroutes 

naarr enantiomeerzuiver indolochinolizidine, harmicine en pseudoyohimbaan laten de 

veelzijdigheidd van de N-sulfinyl Pictet-Spengler reactie in alkaloïdsynthese zien. 

H N ^^ _ p-Tol 
NN " S 
HH i 

O O 

O O 

opbrengstt 50%, ee > 98% 

^OCH3 3 

- O g C ^ t t 

(-)-indolochinolizidine e 
opbrengstt 60%, ee > 98% 

(-)-pseudoyohimbaan n 

opbrengstt 49%, ee > 98% (+)-harmicine e 
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N-Sulfinyll  Pictet-Spengler reacties met dialdehydes vormen een stapsgewijze 

syntheseroutee naar enantiomeerzuivere tetrahydro-P-carboline dimeren die verbonden zijn via 

dee Cl-positie. Deze syntheseroutes verlopen via de stabiele, enantiomeerzuivere 

intermediairenn die hieronder staan afgebeeld. 

Eenn theoretisch model dat de stereochemie van de TV-sulfinyl Pictet-Spengler reactie 

kann verklaren wordt voorgesteld in hoofdstuk 6. De vorming van het hoofdisomeer hangt af 

vann de in situ vorming van het E- dan wel het Z-iminium ion. Om het onderliggende 

mechanismee beter te kunnen begrijpen zijn verdere studies nodig aangaande de 

intermediairenn die een rol spelen in de JV-sulfinyl Pictet-Spengler reactie. 
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ge-wel-di-gee tijd van hebben gemaakt. Allereerst mijn collega's van de werkgroep bio-
organischee chemie. Mijn promotor prof. Koomen ben ik zeer dankbaar voor alle vrijheid die 
ikk genoten heb bij de uitvoering mijn onderzoekingen. Beste Gerrit-Jan, ook al liep ik de deur 
vann je kamer niet plat, bedankt voor al het vertrouwen dat het toch nog een beetje goed zou 
komen.. De gemiddelde lengte gaat er in ieder geval op achteruit nu ik vertrek! Zonder 
Martin'ss tips, trucs en dagelijkse plannen was te veel van dit onderzoek nooit van de grond 
gekomen.. Een idee is maar een idee maar als er niemand is die weet hoe je het moet uitvoeren 
dann ben je nog nergens! Bedankt ook voor alle squash-overwinningen en alle keren dat je 
gelijkk had en ik het stiekum niet geloofde en het toch zelf ging proberen. Brigitte, bij veel van 
watt hier beschreven staat heb ik me laten inspireren door jouw onderzoek. En dat kwam 
alleenn maar omdat ik er op zo'n prettige manier aan heb mogen meewerken, bedankt 
daarvoor!!  Ook allebei bedankt voor de mooie avonden met vuurkorven en zo. Arnold was 
mijnn langstlevende AiO-broeder die ik nog net op de finish voor wist te blijven. Allemaal 
onzinn natuurlijk want die zogenaamde wedstrijd van ons vond ik nooit belangrijk (maar ik 
benn wel eerder, ha!). Veel duidelijker staan je enorme preciezigheid en hulpvaardigheid me 
voorr de geest. En natuurlijk je openlijke irritaties over allerlei bureaucratische zaken en alle 
mooiee gesprekken die daarover gevoerd konden worden. Wanneer is je oratie? Veel succes bij 
Solvay!!  I am grateful to Paymaneh for the good times and conversations (with serious and 
absolutelyy non-serious subjects) we had in the laboratory. Sorry voor de verschrikkelijke grap 
diee we ooit met je hebben uitgehaald ("Oh no, it gained weight!"), ik moet er nog om lachen. 
Veell  succes in Groningen of waar dan ook op de wereld. Hans was mijn buurman op het lab 
maarr helaas niet al die tijd. Vroeger was alles beter: muziek (en vooral het volume daarvan), 
politiek,, sport, chemie, waarover waren we het eigenlijk wél eens...? Toch werden je cynisme 
enn opbouwende kritiek gemist op zaal 228 het laatste jaar. En ook dat we heel erg vaak 
moestenn lachen! Melle stond ineens onaangekondigd voor mijn neus als student, zoals in 
goeiee bio-traditie. Als collega-AiO liet je altijd graag alles uit je handen vallen als ik een 
probleempjee had met computers, literatuur of dat soort dingen. En daarbij kon je vaak heel 
ergg raak uit de hoek komen, heerlijk! Boris, volgens mij is het allemaal een beetje begonnen 
opp je afstudeerborrel (die een dag of drie duurde) met Linda als onmisbare katalysator. 
Bedanktt voor alle dingetjes die op het lab voorbij kwamen en je vaak onthutsend simpele 
oplossingenn voor problemen (en mensen). De nog veel belangrijker rest kun je hier ergens 
benedenn lezen bij het hoofdstuk vrienden voor het leven. Veel mensen heb ik maar voor 
korteree tijd meegemaakt in onze werkgroep. Floris, helaas vertrok je net toen dit onderzoek 
eenn beetje van de grond begon te komen. Toch hoop ik datje de uitwerking van enkele van je 
oorspronkelijkee plannen terug kunt vinden in dit boekje! Tilman en Vic, Hansje van der 
Linden,, Daniela Berta, Le Tanh Phuoc, Judith Barends, Winfred Beijersbergen van 
Henegouwenn ("Heeii, goooi dzie barrr nogguszzz volll...!" ) en Herman ("het geheim van het 
universumm in de palm van je hand"), alle studenten van anderen en gasten voor kortere tijd: 
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bedankt!!  De biochemie-invasie heb ik overleefd. Ron, Louis, Rokus, Naoko, Zulfi, Robert-

Jan,, Filitsa en Ranya bedankt voor julli e geduld als ik weer eens niks snapte van julli e 

plaatjess en ook voor de soms wat verwarde gesprekken in japans-grieks-nederlands-

pakistaanss dialect. Petra, Lies, Marjan en Loes: julli e enthousiaste hulp bij werkbriefjes, 

urenlijsten,, vliegreizen, Uitkranten, contracten, faxen en kerstpakketten was onmisbaar! 

Gelukkigg mocht ik ook af en toe wat studenten begeleiden. Eén ding is zeker: van julli e 

vragenn heb ik meer geleerd dan julli e van mijn antwoorden! Melle, met de esters is het nog 

goedd gekomen maar ook ik moest door het stof. Merijn, als stille werker had je best veel 

langerr mogen blijven maar helaas (voor mij) lonkte de computer. Willemijn, je inspanningen 

voorr de palladiumchemie vind ik nog steeds "harstikke tof'. Hopelijk is het dat ook in 

Canada.. Bianca, bedankt voor al je geduld met die Lewiszuren. Ondanks alle rare resultaten 

hebb ik er toch veel aan gehad. Mark, hangjas, niet te geloven hoeveel we gelachen hebben. 

Bedanktt voor alle resultaten met een wieltje, altijd dat eeuwige weerwoord ("Zeg lange, ik 

will  niet rot doen maarre ") en de momenten dat de deur even dicht moest. Markie Nicegel, 

niett echt één van mijn studenten maar iedereen wil toch wel zeggen dat ie ooit met de "master 

off  neutralization" heeft samengewerkt?! Datje daarna de salesman met een glimlach werd en 

ookk nog de middenvelder die vooral op de training knalt maakt het alleen maar mooier. Erg 

veell  plezier heb ik ook beleefd aan de tweeweekse projecten: Bart, Karla, Floor, Gerda, 

Jasper,, Daniel, Vanessa en Marieke bedankt voor julli e enthousiaste inzet! Het voormalig 

laboratoriumm voor organische scheikunde was verder bevolkt met veel mensen die een 

bijdragee aan dit onderzoek hebben geleverd. Jan en Lidy wil ik bedanken voor al het gemak 

waarmeee de NMR- en IR-spectrometers bediend konden worden en al mijn vragen 

beantwoordd werden. Als ik toch treurig de trap weer op moest was dat meestal mijn eigen 

schuldd en als ik echt een probleem had wachtte ik daar altijd mee tot julli e trein bijna wegging 

(maarr dat was nooit expres!). Jan, ook bedankt voor het roeterseilandvoetbaltoernooi dat ieder 

jaarr weer goud (of zilver of brons...) was! De massaatjes werden gedraaid door Han, koeken 

enn thee-met-een-bekertje kwamen van Jaap en Iwan wist alles altijd snel te vinden in ons 

magazijn.. Hans, Rob ("ouwe dwergwerper"), Ren en Joep bedankt voor al die kleine 

dingetjess die achteraf onaanwijsbaar zijn maar toen onmisbaar waren. All e leden van de 

werkgroepp Organische Synthese zal ik me herinneren om hun gastvrijheid bij 

probleemavondenn (het probleem kwam meestal pas de volgende dag!), het 'lenen" van 

chemicaliën,, de buitenlandse congresreisjes, de Lunterensessies, de "goh-ik-heb-zin-in-een-

terras"-middagenn en alle dagelijkse (vaak zeer onzinnige) verhalen en gesprekken. Henk, 

Wim,, Gertjan, Hue, Sabine, Samantha, Willem-Jan, Mandy, Richard, Jorg, Angeline, 

Lourdes,, Kim, Larissa, Jan vM., Jan D., Paul, Johan, Sape, Hans, Floris, Robin, Peter en al 

julli ee studenten en tijdelijke gasten: ik zal julli e missen! Mijn ex-collega's van het voormalige 

IMSS hebben me laten zien hoe het leven van een AiO nou eigenlijk in elkaar steekt en 

ondankss mijn goeie tijd met julli e riep ik dan ook: "Dat nooit!". Monique, Sam, Tineke, 

Steen,, Leo, Nico, Eric, Erez, Henri, Holger en de rest: ik ben dus toch gezwicht... Zonder alle 

mooiee dingen die in mijn vrije tijd gebeurden was het lableven natuurlijk niet vol te houden. 

Daaromm wil ik ook iedereen die daarvoor gezorgd heeft heel erg bedanken. Lieve paps en 

mams,, zonder julli e steun in alles was ik dus he-le-maal nergens, en dan bedoel ik dus 

nergens!!  Het hockeyen met de mannen van Purmerend heren 1 was de afgelopen vier jaar de 
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bestt denkbare uitlaatklep vanwege alle onmogelijke overwinningen en (vaker) nederlagen 
maarr vooral door alle gezelligheid. Jari, Sjef, Cheers-Proost, Sjoerd, Bud, Thijs, Out, Bassie, 
Sepp,, Koen, Tinus, Arne, Maarten, Woonsie, Coen, Ed, Mark, Nils, Niels, Neus, Jonas, alle 
anderen,, trainers en scheidsrechters ben ik dankbaar dat ik zondagmiddag van half drie tot 
vierr op ze mocht schelden. En natuurlijk Inge, Jolanda, Ruth, Danielle, Indira, Kirsten, Linda, 
Bianca,, Liesbeth, Mieke, Renate, Danielle en al die anderen die dan langs het veld stonden en 
mee dat na afloop vergaven. Boris en Linda, ik ben julli e zeer dankbaar voor alle 

onvergetelijkee tijden die we beleefd hebben ("...viissingcn Vlissingen, ademt zwaar en 
moedelooss vannacht...") en nog gaan beleven, jullie nieuwsgierigheid in wat er in mijn hoofd 
zitt en alle levensvragen die daarbij beantwoord, of tenminste bediscusieerd werden en gaan 
wordenn van tijd tot tijd. "Wie-heeft-er-zeepsop-in-de-pruimenpap-gedaan?" was dan wel de 
minstt belangrijke maar toch ook een erg vermakelijke! Ook al die mensen die ik weer met en 
viaa julli e ken: Roos en Fran, Jos en Hannie, Remco en vriendjes, Tijssie, Inez, Arthur, 
Hermann en Monika had ik nooit willen missen door alle mooie momenten waarop het lijkt 
alsoff  ik jullie al 20 jaar ken! Iets te vaak was ik in de RttR en altijd langer dan gepland, maar 
hett eindigde nooit teleurstellend. Alle bargoden, collega's en studenten die die avonden tot 
geweldigg maakten zijn hierbij voor eeuwig geniaal verklaard: barbesturen der laatste jaren, 
Borr en Fiona, de duitser, Annie Schilder, de elzas-lotharinger, het haar, De iT-portier, de 
hertjes,, de cola-vieux-junks, Jasper en Robin (gouden en zilveren kruk, ik weet alleen nog 
steedss niet wie-had-wat!), Jitte ("kroeggevoel!") en zo kan ik nog wel een tijdje doorgaan 
denkendd aan die bijna vergane glorie. Voor jullie allemaal geldt: als ik een gouden RttR wist 
kregenn julli e 'm!! Door droef sluitingstijdenbeleid beleefden we na afloop vaak nog gouden 
urenn "aan de voet van die mooie wester" waarvoor ik Arie en zijn patiënten bedanken wil! 
Goedd wintersporten was het met Mandy, Richard, Maud, Tuur, Tommie, Hester en 
Remco..."zesviiiierenvijftig"!!  Bij Jeroen en Désirée zat ik ineens weer vaak op de bank na 
mijnn terugkeer in Purmerend, bedankt dat dat kon! Tamara, of het nou heel ver weg was of 
dichtt bij, je lijkt me altijd maar weer tee begrijpen of probeert het in ieder geval en dat vind ik 
heell  bijzonder! Liselotte, de enige niet-chemicus die ook echt aan dit proefschrift heeft 
meegewerkt.. Eigenlijk had ik je nog even moeten bedanken bij hoofdstuk 4 want zonder jouw 

hulpp En ook van Danielle, Daniel en Sam weet ik dat julli e deur altijd open staat als het 
nodigg is, bedankt daarvoor! Klaver: oom Wim weet ik steeds net te missen maar die 
telefoongesprekkenn en dergelijke bij nacht en ontijj  nooit. Gelukkig maar! Karin, bedankt voor 
allee "dat-was-de-week-deze-week-gesprekken" die soms wel veel meerdere keren per week 
plaatsvinden!!  En nog steeds vergeet ik zoveel mensen natuurlijk zoals, Dani, Roxane, alle 
(toen)) meisjes C en dames 1, alle mensen die zo enthousiast meehielpen met de 
hockeykampenn of gewoon simpel gezegd: alle mensen die hier niet staan maar het wel 
verdienenn en me hierna dus nooit meer aankijken... Mijn tijden met de napolitaanse maffia 
zoalss Raffaella, Marco, Umberto, Teresa en al die anderen hebben het bewezen: "Italianen, je 
kenn niet van ze verliezen, maar ze kennen wel van je winnen". En dat allemaal dankzij donna 
Amore.. Ale bedankt voor al je geduld de laatste maanden, alle mooie dingen samen en de 
enormee chaos die zo'n klein meisje kan veroorzaken ("Noooo, reeaaallly....!??!?!"). 
Checazzofai(?)ü ü 

TodoTodo pasa y todo queda... 
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