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Chapter 2 

General Introduction: 
Tetrahydro-ß-Carbolines. 

Biosynthetic and Synthetic Approaches 

Abst rac t 

The Pictet-Spengler condensation has established its value not only in chemical synthesis, 

but also has been postulated to comprise the key step in the biosynthesis of a wide variety of 

alkaloids. In 1991 the non-terpenoid alkaloid nazlinine was isolated from a plant belonging to the 

genus Nitmria and reported to exhibit serotonergic activity. Shortly thereafter our laboratory 

revised its structure based upon the biomimetic synthesis from its putative amino acid derived 

metabolites. With the structure of nazlinine as a starting point, a wide variety of tetrahydro-ß-

carbolines was synthesised which is described throughout this thesis. 
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Chapter 2 

2.1 Isolation and Characterisation of the Tetrahydro-ß-

Carboline Nazlinine 

The botanical as well as marine kingdom have provided numerous alkaloids possessing 
pharmacologically interesting properties. In the past, and without any doubt also in the future, 
nature is the most important source for potential medicine. Tetrahydro-ß-carboline alkaloids are 
widespread naturally occuring compounds and thus isolated from a variety of sources. Plants of 
the genus Nitraria have provided a series of piperidine alkaloids, that are not only interesting from 
a pharmacological point of view. Also the biosynthetic pathways by which they were formed have 
attracted the attention of chemists. 

Studies on Nitraria schoben L., a plant that is widely distributed over Asia, the Middle East 
and Australia, have centered on the isolation and structure elucidation of its alkaloids. Biological 
screening of the crude extracts showed serotonine-like activity in in vitro bioassay tests of the 
methanolic fraction. Based upon this observation, in 1991 the compound responsible for this 
activity was isolated, characterised, and assigned structure 1. ' The serotonergic properties of the 
isolated alkaloid were further investigated by the same authors. Detection of the serotonergic 
activity was performed by measuring their effect on the contraction of coeliac and mesenteric 
arteries and aorta of the rabbit. A clear dose-response relationship was found; ED50 values for the 
alkaloid 1 were obtained in relation to the response after injection of 1 fig of serotonine.2 A vaso-
relaxing effect upon aortic rings with intact endothelium was also reported. At higher doses (40 
nmol) the relaxing effect changed into contraction. Identical observations were made when 
serotonine was used under the same conditions. 

Figure 2.1 

Based upon its biomimetic synthesis, in 1993 a revision of the structure of nazlinine was 
described by our laboratory.1 The proposed tetrahydro-ß-carboline 2 not only possesses more 
chemical stability, but also fits well in the biosynthesis of Nitraria indole alkaloids.4 In a one step 
biomimetic procedure, the isomeric compound 2 was synthesised via a Pictet-Spengler reaction 
from its putative bioprecursors, tryptamine 3 and tetrahydropyridine 4.' The spectroscopic data of 
protonated 2 were identical to those reported for the natural product. Conversion of 2 to its 
diacetate unequivocally established the presence of a CH,NH, opposed to the CH,NH 
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General Introduction: Tetrahydro-ß-Carbolines 

functionality in 1. With structure 2 in hand, the peak m/z 171 (M+ - (CH2)4NH2) observed in the 

mass spectrum of the natural compound' could now easily be explained by benzylic/ß-cleavage, 

common for tetrahydro-ß-carbolines. 

NH2 

Q 
H 20,TFA 

Scheme 2.1 

Final evidence for nazlinine possessing structure 2 came from a literature synthesis of the 
compound with the assigned structure l.6 Spectroscopic data were completely different and indeed 
1 proved to be unstable: it partially degrades upon warming (3 days 30 - 40 °C) and by acid 
treatment (0.1 M hydrogenchloride, 40 °C) it decomposes to polar compounds. The instability of 1 
under acidic conditions is an important observation, since it was shown3 that the natural product 
had been isolated in its protonated form, again indicating the incorrectness of the structural 
assignment. 

The synthesis of (S)-(-)-nazlinine 2 via the Bischler-Napieralski reaction followed by 
asymmetric reduction with a chiral borane complex has been described.7 Furthermore an alternative 
route to nazlinine 2 through catalytic hydrogénation of glutaronitrile in the presence of tryptamine 
has been described.8 

2.2 Biosynthesis of Nazlinine and Related Alkaloids 

2.2.1 Introduction 

A growing number of alkaloids, formally derived from L-tryptophan, displays a wide 
variety of interesting biological profiles. In some cases, these secondary metabolites have been 
suggested to function as a chemical defense against other organisms, which might afford an 
explanation for their various biological activities. Worldwide interest exists for discovery of new 
natural compounds and syntheses of analogues thereoff. 

Based on biosynthetic considerations indole alkaloids can be divided into two classes: non-
terpene and terpene derived. The latter group can easily be distinguished by the presence of a 
typically branched skeleton derived from isoprene. Key step in the biosynthesis of mono-terpenoid 
indole alkaloids is the Pictet-Spengler condensation of secologanine 5 with tryptamine 3 which 
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Chapter 2 

affords strictosidine 6, an intermediate that is transformed biogenetically in other terpenoid 

alkaloids such as geissoschizine 7 and akagerine 8. 

OHC 

CH 3 0 2 C 

,,OGIu 

5, secologanine C 0 2 C H 3 

NCH, 

Figure 2.2 

The class of non-terpenoid alkaloids to which nazlinine 2 belongs, typically does not 

contain a branched alkyl chain. They can be looked upon as dipeptides because their biosynthesis 

involves the condensation of two amino acids or derivatives thereoff. As was shown before, 

nazlinine is obtained by Pictet-Spengler condensation between tryptamine which is derived from 

tryptophan and a lysine derived aldehyde (Scheme 2.1). Also the marine alkaloid arborescidine C 

(11) can be considered as being derived from condensation between those two amino acids 

followed by oxidative deamination and subsequent cyclisation. 

f NH 

9, eudistotninc I 

10, eudistomine K 
H3C 

12, xestomanzamine A 

, N ^ / 

Figure 2.3 

Tunicates of the genus Eudistoma form a rich source of biologically active alkaloids which 

mostly are indole based compounds, biosynthetically derived from tryptophan. Pictet-Spengler 

reactions with aldehydes derived from the amino acids cysteine, proline or phenylalanine, 
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General Introduction: Tetrahydro-ß-Carbolines 

constitute the key step in the biosynthesis of these eudistomines. For example, eudistomine I (9) is 
derived from proline whereas eudistomine K (10) can thought to be derived from Pictet-Spengler 
reaction with a cysteine metabolite. It can be seen clearly that also alkaloids such xestomanzamine 
A (12) formally are obtained from a reaction between tryptamine and an aldehyde derived from 
histidine. Several oxidation steps complete the biosynthesis of xestomanzamine A. 

A third group of indole alkaloids forms a combination of the terpenoid and dipeptide 
alkaloids. Condensation of two amino acids gives rise to a diketopiperazine, which undergoes a 
Pictet-Spengler condensation with an aldehyde derived from isoprene. For example 
fumitremorgine C (13) as well as spirotryprostatine C (14) both consist of tryptophan, proline and 
an isoprene unit connected in this manner. The latter alkaloid actually is derived from 
fumitremorgine C by oxidation of the indole 2-position followed by rearrangement. This type of 
oxidative rearrangement has been applied in the total synthesis of spirotryprostatine C 14.' 

CH3O 
C H - J O 

13, fumitremorgine C 14, spirotryprostatine C 

Figure 2.4 

2.2.2 Biosynthesis of the di-piperidine alkaloid Lupinine 

Plants of the genus Nitraria have provided a wide variety of biologically active alkaloids. 
At first sight alkaloids obtained from Lupinine species have considerably different structures, but a 
closer look reveals their biosynthesis might have followed a pathway analogous to that of the 
alkaloids obtained from Nitraria species. The repeating C,N structural units these alkaloids contain 
suggests them most likely to be derived of tetrahydropyridine synthons. 

Already in 1931 the biosynthesis of lupinine 20 was suggested to proceed via 

condensation of two lysine derived units. It was established from extended feeding experiments 
with a series of 2H, 3H, '3C, l4C and "N labeled lysine and cadaverine that the biosynthesis of 
lupinine follows the route outlined in scheme 2.3.'° Dimerisation of tetrahydropyridine 17 results 
in the formation of intermediate tetrahydroanabasine 18 which via ring-opening/ring-closure is 
transformed in quinolizidine 19." This hypothetical, difunctionalised intermediate in the 
biosynthesis of piperidine type of alkaloids, such as the tri-piperidine sparteine 21, is obtained 
from plants in its stable reduced form, as the di-piperidine lupinine 20. 
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lysine 

rearrangement 

r - ^ " N H 2 -""~"NH2 y - [0. dimerisation 

k^,NH 

15, cadaverine 16 17, tetrahydropyridine 18 letrahydroanabasine 

„r° / O H 

H f 

CO 
+ 

CO / ^ ^ 7 

19 20, lupinine 21, sparteine 

Scheme 2 .2 

2.2.3 Biosynthesis of indole alkaloids isolated from Nitraha species 

Biosynthesis of structurally different alkaloids, isolated from plants of the genus Nitraria, 
can be envisaged to follow comparable pathways. In fact the aforementioned biosynthesis of 
lupinine forms the basis for the hypothesis concerning the biosynthesis of Nitraria alkaloids. The 
racemic nature of most of the Nitraria alkaloids suggests non-enzymatic transformations during 
their biosynthesis, which implies a reactive intermediate spontaneously giving rise to new racemic 
alkaloids. Based upon this assumption, the biosynthesis of the Nitraria alkaloids, as occuring in 
nature, was proposed in our group.4 

Several related indole alkaloids were isolated from Nitraria Schoben, a plant that can be 
found in Asia, the Middle East and Australia. Their structures vary from relatively simple 'mono-
piperidine' ß-carbolines, e.g nazlinine 2 and indoloquinolizidine 22, to more complicated 'di-
piperidine' ß-carbolines, e.g nitrarine 23 and nitramidine 24. 

Figure 2.5 
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General Introduction: Tetrahydro-ß-Carbolines 

Nazlinine 2, derived from the two amino acids tryptophan and lysine, can be seen as the 
biosynthetic condensation product of tetrahydropyridine 17 with tryptamine 3, a process which 
has been performed efficiently in our laboratory (see scheme 2.1).3 One possible biosynthesis of 
the 'di-piperidine' ß-carbolines, which are derived from tryptophan and two lysine units, can be 
envisaged to proceed as shown in scheme 2.3. 

017 

NH2 

Pictet-Spengler 

< ^ ï v -~\ u 
2 
Ü 

, N H 2 

[O] 

N H , 

25 

17 [O] 

26 

Scheme 2.3 

Oxidative deamination of nazlinine 2 to indoloquinolizidine 25 precedes an imine - enamine 
condensation with a second equivalent of tetrahydropyridine 17. Oxidation followed by an 
intramolecular imine - enamine cyclisation directly leads to nitramidine 24 which is the basis 
structure for several alkaloids (e.g. nitrarine 23) that were isolated from Nitmria species.12 L1 The 
feasibility of this scheme was supported by the biomimetic synthesis of 23 and 24 in our 
laboratory.'"' 

2.3 Chemical Synthesis of Tetrahydro-ß-Carbolines 

2.3.1 The Pictet-Spengler condensation 

Numerous ways exist to construct a tetrahydro-ß-carboline moiety, but since the discovery 

of the Pictet-Spengler condensation'4 in the beginning of this century this approach has established 

its value in synthesis." The Pictet-Spengler condensation also has been proposed to constitute the 

key step in most biosyntheses of isoquinoline and ß-carboline alkaloids. 

The Pictet-Spengler condensation comprises the condensation of an aromatic ethylamine 

with an aldehyde to form an an iminium salt under acidic conditions. This reaction is applicable to 
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phenylethylamine, pyrrole-ethylamines,16 imidazole-ethylamines17 and tryptamines 3, where the 
latter gives rise to formation of tetrahydro-ß-carbolines 30. The mechanism of the Pictet-Spengler 
condensation is still the subject of discussion, but it is well established to follow either of two 
likely pathways A or B. 

NH 2 

O 

27 

Q 

f 
NH 

Q 
^ 

NH 

28 

29 

NH 

X 

NH 

Scheme 2.4 

Once the iminium salt 27 is formed from condensation of tryptamine with an aldehyde, attack of 
either the indole 2- or 3-position has been postulated. In pathway A initial attack of the more 
electrophilic 3-position gives the intermediate spj'ro-indolenine 28, which rearranges to 29 and 
subsequent protonation affords the tetrahydro-ß-carboline 30. Intermediate 29 can also be 
obtained by direct attack of the indole 2-position to the imine carbon atom via pathway B. 
According to Baldwin's rules for cyclisations,18 attack of the indole 3-position would involve the 
disfavoured 5-endo-tcig pathway, whereas attack of the 2-position proceeds through the favoured 
6-emfo-trig pathway.19 

Clear evidence of the involvement of the spi'ro-indolenine intermediate 28 was obtained by 
isotopic labeling experiments in the formation of a 3-aza-tetrahydro-ß-carboline by a Pictet-
Spengler condensation of the indolic hydrazine 31 with [2H2]formaldehyde.20 The isolated product 
mixture consisted of roughly equal proportions of the four possible products. This statistical 
mixing of the deuterium label is consistent with the series of equilibria as shown in scheme 2.4 via 

pathway A. It was concluded that formation of the symmetrical jpiro-intermediate 32 is a rapid 
reversible process in which the deuterium label finally becomes equally distributed over C-l and 
C-3. Cyclisation to the tetrahydro-3-aza-ß-carboline 33, either via a carbon migration (pathway A) 
or directly via pathway B, must be slow with respect to this process to allow for this statistical 
distribution. 
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X X 

In several cases, spiro-'mdolenine intermediates 28 were isolated by way of nucleophilic 

intramolecular trapping.2122 During studies towards the synthesis of the eudistomines derived from 

cysteine, the tetracyclic s/wo-intermediates could be trapped by an intramolecular nucleophilic 

attack of the protected nitrogen to the electrophilic indole 2-position.22 Conversion of both of the 

pure j-pi'ra-indolenine diasteomers 34 and 35 to the tetrahydro-ß-carbolines 37 resulted in an 

identical diastereomeric ratio, thus indicating the iminium salt precursor 36 as a common 

intermediate. 

CH2CI2/TFA 

N 
CH 3 

BocHN 

N-O 

't I 
S 

BocHN X — s 

34, trans 
35, cis 

36 37 
trans/cis 65/35 

Scheme 2.6 

Recent results of MNDO calculations of the heat of formation of the intermediates in the 

Pictet-Spengler condensation indicated that the jp/ro-indolenine intermediate is fhermodynamically 

preferable above the one arising from direct attack of the 2-position (Scheme 2 . 6 ) " However, the 

spiro-indolenine is not an intermediate that is involved in the final formation of the tetrahydro-ß-

carboline since the rearrangement was calculated to be energetically unfavourable. Direct attack of 

the indole 2-position was stated to be the key step in Pictet-Spengler condensation. 

29 



Chapter 2 
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a 
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NH 
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NH NH 

Scheme 2.7 

Generally, the Pictet-Spengler condensation is earned out m a protic solvent with acid 
catalysts present (e.g. hydrochloric acid), but also aprot.c solvents work well (e g trifluoroacetic 
acid in dichloromethane). When the tryptamine nitrogen atom has a substituent such as benzyl 
hydroxyl, alkyl or a tryptophan ester is used, aprotic non-acidic conditions (e.g. refluxing toluene) 
can successfully be employed." This allows for the preparation of tetrahydro-ß-carbolmes derived 
from aldehydes containing acid-labile functionalities, such as employed in the synthesis of the 
arborescidines described in chapter 5. 

The electrophilic nature of the imine double bond is the driving force of the cyclisation 
regardless of which pathway is followed (Scheme 2.4). When non-acidic conditions are used the 
Schiffs base initially formed is not electrophilic enough to cyclise, but in acidic medium 
protonation .mproves the electrophilicity of the imine bond (38). A more electrophilic intermediate 
also results by either introduction of a suitable substituent at the a-position of the imine as in 39 or 
by substition at the tryptamine nitrogen atom (40). Besides the protonated 38, both imine 39 and 
iminium salt 40 can readily undergo cyclisation upon heating. 

N^VH 

H 

38 39 

C 0 2 C H 3 

V N^YÜ-Bn 
H 

40 

R 

Figure 2.6 
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Several variants of the original Pictet-Spengler condensation as outlined above have been 
described.15 The carboxyl-mediated Pictet-Spengler condensation employs tryptamine-2-carboxylic 
acid 41: during reaction with an aldehyde carbondioxide is liberated.25 Instead of aldehydes oc-keto 
acids or azalactones 42 also afford tetrahydro-ß-carbolines under liberation of carbondioxide. The 
azalactones 42, that are actually ot-keto acid synthons, can be synthesised straightforwardly by 
condensation of N-acetylglycine and an aldehyde.26 

NH R ^ > 

N^C02H
 N ^ ° 

H CH 

O 

OH 

41 42 

Figure 2.7 

2.3.2 The Bischler-Napieralski reaction 

For the synthesis of dihydroisoquinolines the Bischler-Napieralski reaction has been used 
frequently, but it can also be applied for the synthesis of dihydro-ß-carbolines. Instead of the 
aldehydes used for the Pictet-Spengler condensation this reaction requires amides derived from 
tryptamine and carboxylic acids. The amide 43 can be transformed by a dehydrating agent, such as 
phosphorus chloride, phosporus oxychloride or thionylchloride, to an intermediate which is 
suitable for cyclisation to 3,4-dihydro-ß-carboline 4 4 . " A useful extension of this method is the 
one-pot synthesis of dihydro-ß-carbolines from the corresponding tryptamine and carboxylic acid 
by using triphenylphosphine and carbon tetrachloride in acetonitrile in the presence of potassium 
carbonate.28 Application of this non-acidic Bischler-Napieralski reaction will be described in the 
synthesis of didehydronazlinine.29 

o 
1 

HO R ,-"^-. --"V. POCIq 

H H Q H 

3 43 44 

Scheme 2.8 
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2.4 Outl ine of the Thesis 

This thesis describes the synthesis of a wide variety of tetrahydro-ß-carbolines based upon 
the general structure of nazlinine 2. Especially in chapter 3 compounds are described that would 
allow a quantitative structure-activity relationship (QSAR) study. The synthesis of several ring-
closed analogues, indoloquinolizidines and azepines, will be described in chapters 4 and 5. 
Biosynthetically, these natural products can be thought of as originating from tryptophan and a 
lysine derived metabolite. Emphasis will lie on the biosynthetic preference for indoloquinolizidines 
versus azepines. The first synthesis of arborescidines, four related marine alkaloids, will be 
described. 

The scope and limitations of the Pictet-Spengler condensation of cyclic tryptamines with 
various aldehydes is presented in chapter 6. The bridged tetrahydro-ß-carbolines formed in this 
reaction constitute a new class of conformationally restricted serotonine analogues. With the same 
cyclic tryptamines of a totally different class of compounds was synthesised. Oxidation of those 
tryptamines to the corresponding oxindoles. thereby making the 2-position unavailable for 
reaction, gave .cp/ro-oxindoles after condensation with selected aldehydes. Structural similarity 
with muscarine M, agonists and 5-HT, antagonists of these new compounds can be recognised. 

The first syntheses of xestomanzamine A and B are described in chapter 8. Since these 
compounds resemble the structure of the known 5-HT, antagonist ondansetron, they were 
proposed as 5-HT, receptor ligands. The biosynthesis of the xestomanzamines has been postulated 
to involve a Pictet-Spengler condensation between two metabolites derived from the amino acids 
tryptophan and histidine. 

Finally, receptor binding studies performed with a selection of the tetrahydro-ß-carbolines 
described throughout this thesis will be presented in chapter 9. A total of 42 compounds was tested 
for their ability to (selectively) bind to ten 5-HT receptors. In chapter 1 a short introduction 
concerning these 5-HT receptors is given. 
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