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Abstract

~-Carboline derivatives display a wide range of interesting biological activities from

intercalation to enzyme inhibition and anticancer to psychological activity. ~-

Carboline compounds are frequently isolated from natural products in the ~-

carbolinium form and thus contain a bridgehead quaternary nitrogen.

Synthesis of compounds based on this partially saturated system are particularly

attractive synthetic targets, but the development of simple, and high-yielding

syntheses has proved challenging because of the tendency towards complete

aromatisation under oxidative conditions, and to date there are almost no synthetic

examples of these in the literature. The focus of this thesis is to generate simple and

high-yielding routes to indolo[2,3-a]quinolizinium salts. It is also essential to use

cheap products, minimise the use of chromatography and reduce the number of steps

throughout the synthesis.

The original idea proposed by Ostler involved the use of a phase-transfer catalyst

(pte). In basic conditions, the C-allylation reaction could not be readily conducted. A

protective strategy was then adopted to prevent the sequential N-allylation at the N-

indole. This strategy did not show any positive results and was then abandoned. The

synthesis of the key intermediate was successfully carried out in two steps from

commercially available 4-pentenal. The synthesis of dihydroindolizinium derivatives

came from the bromination of the key intermediate. Various tetrahydro- and fully

aromatic-f-carboline derivatives possessing an alkene function at the C-l position

were synthesised to have access to different D-ring sizes.

The synthesis of dihydro-indolizinium salts from tryptophan was successfully carried

out in a novel, short and original manner. Furthermore, chromatographic purification

was minimised throughout the project.

On the other hand, tetrahydro-indoloquinoliziniurn salts were also characterised but

their isolation remains challenging due to dimerisation and extremely slow alkylation

reactions.
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Chapter I: Introduction

Compounds based on the carboline ring system (Fig. 1) form one of the most

frequently described alkaloid classes found in the literature [1]. They are formed of a

pyridine ring fused to an indole, and are most frequently observed as p-carbolines.

These are ubiquitous in living organisms, possibly because they are readily formed

via condensation of endogenous tryptamines with aldehydes, which are generated by a

wide range of metabolic processes. Such condensations result in the formation of u-

substituted tetrahydro-Bvcarbolines, which then oxidise to the fully equivalent

aromatic ~-carboline. In contrast naturally occurring U-, 8- and v-carbolines

compounds are rarely reported [reviewed in 2].

CcP
H

O:CN
N
H

QJJ
N
H

OJ)
N
H

1 2 3 4

Figure 1: The U-, p-, 0- and y-carboline ring systems

~-Carboline derivatives display a wide range of interesting biological activities and

physical properties as reported below, and similar behaviour has been reported for the

few examples of u- 8- and y-carbolines in the literature. Carbolines thus make

attractive synthetic targets, but as yet the development of simple, high-yielding

syntheses has proved challenging [3].

The numbering of the ~-carboline derivatives will always be referred to as shown

in Figure 2 below throughout this project.
5 4

D

Figure 2: Numbering of ~-carbolines
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~-Carboline compounds are frequently isolated from natural products in the ~-

carbolinium form, containing a quaternary nitrogen. The aromatic nitrogen is

normally either simply methylated or, together with the a-carbon, forms a bridgehead

for an additional fused ring. This ring is often six-membered and the compounds are

referred to as indolo[2,3-a]quinolizinium salts. These carbolines are usually in the

zwitterionic form at physiological pH, because the indole nitrogen of these

compounds is remarkably acidic. Typical examples of such N-bridgehead

carbolinium compounds include Javacarboline 5, Flavopereirine 6, Sempervirine 7,

Serpentine 8 and Alstonine 9 (Fig. 3).

Javacarboline 5 Flavopereirine 6 Sempervirine 7

Serpentine 8 Alstonine 9 Fascaplysin 10

Figure 3: Typical N-bridgehead ~-carbolinium compounds

It should be noted that there are two general classes of indolo[2,3-a ]quinolizinium

salts. In the first, the tetracyclic system is fully aromatic and planar (as in

Javacarboline 5 and Sempervirine 7), whereas in the second, the indole is fused to a

partially saturated tetrahydroquinolizinum system (as in Serpentine 8 or Alstonine 9).

The aim of this project is to access partially saturated carbolinium derivatives where

the C-ring is aromatic and the D-ring is partially saturated (as Serpentine 8 and

Alstonine 9), as these have been shown to have particularly interesting properties. It is

also essential to use cheap products, minimise the use of chromatography and reduce

the number of steps throughout the synthesis.
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Synthesis of compounds based on this partially saturated system is particularly

challenging because of the tendency towards complete aromatisation under oxidati ve

conditions, and to date there are almost no synthetic examples of these in the literature

as shown below. The focus of this thesis is to generate simple, cheap and high

yielding routes to indolo[2,3-a ]quinolizinium salts.

I) Properties of ~-carbolines

1.1) Biogenesis

~-Carbolines are formed under physiological conditions as a result of the

condensation of DL-tryptophan 11 derivatives with carbonyl compounds (the Pictet-

Spengler reaction, Scheme 1). The intermediate llb is formed after an electrophilic

attack at the C-2 indolic atom and is involved in the cyclisation process [4].

11 118 11b

eOOH eOOH coon eoot:

O:J'NH'~ ~'H - ~H - ()--{iHN H+ \J(N~( ~N)--( 'VZN)--(
H H Me H Me H Me

12

Scheme 1: The Pictet-Spengler reaction

However in the 1990's Bailey's group studied the mechanism of the Pictet-Spengler

reaction and concluded that spiro-intermediate lid was reversibly involved [5] but

the formation of the six-membered ring determines the rate of the reaction as showed

in Scheme 2 below.

HOOC

11

~C:_
~NAN/~H

I I
H Me

12
11b

Scheme 2: Bailey's mechanism for the Pictet-Spengler reaction
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p-Carbolines have been discovered in a surprisingly wide range of sources, including

pseudomonas [6], marine sponges [7], multiple and diverse plant species [8], and even

mammalian tissue [9]. p-Carbolines appear to be produced both under enzymatic

control [10], and spontaneously [9]. p-Carbolines have been isolated from tobacco

smoke, and are generated during the cooking of food (as are r-carbolines). In

mammals the metabolic product of ethanol, acetaldehyde, (and formaldehyde from

methanol) reacts with endogenous amines to yield tetrahydro-jf-carboline derivatives

12, which are detectable at high levels in serum, urine and blood [11]. Most recently

they have been shown to form under normal physiological conditions, by the reaction

of methyl glyoxal (a by-product of respiration) and tryptophan 11 [12].

Since they can be formed by reactive endogeneous aldehydes from amino acids,

they might also be considered to be part of the group of compounds known as

Advanced Glycation Endproducts, or AGEs, which are thought to contribute to tissue

dysfunction and ageing in humans [13].

1.2) Bioactivity

Carboline and carbolinium derivatives display a wide and interesting range of

biological properties: from intercalation [14] to enzyme inhibition [15] and anticancer

[16] to psychological activity [17]. Whilst the p-carbolines (and to a lesser extent the

r-carbolines) are present in diverse forms in nature, much of what we know about

them is based on work conducted with natural products [18] because most synthetic

routes result in complex mixtures of products [19] or are limited in general

applicability [20].

1.2a) Neuropharmacology

Although p-carbolines were first isolated in 1841 from Peganum hannala (Syrian

Rue), they became well known during the early to mid zo" century when they were

identified as the active components of the Amazonian hallucinogenic beverage known

as Ayahusca. A range of psychoactivities have since been identified [21], most

notably inhibition of monoamine oxidase [15] and of 5-hydroxytryptamine uptake

[22]. These varied and complex properties are exemplified by the more recently
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discovered Alstonine 9, a p-carbolinium alkaloid widely used III Nigeria to treat

insanity [23].

Furthermore, J3-carboline derivatives are methylated by carboline-N-

methyltransferase in the mammalian brain resulting in Nsmethyl-jscarbolinium and

subsequently N,N-dimethyl-~-carbolinium cations [24]. These ~-carbolinium ions

share several structural [25] and toxic properties [26] with I-methyl-4-phenyl-

pyridinium, which selectively destroys the dopaminergic nigrostriatal system resulting

in a parkinsonian condition [27].

The nigrostriatal system affects areas of the brain that are responsible for the control

of voluntary movement. When these neurons are damaged, the result can be a loss of

movement control like that seen in sufferers of Parkinson's disease.

1.2b) Cytostasis and Cytotoxicity

It was not until the late 1970's [28] that c-carbolines and, in the early 1980' s, ~-

carbolines [29] were identified as having potential anticancer applications. It is likely

that this is due to their ability to mimic and interact with DNA bases due to their

planar structure, tricyclic conformation and positive charge arising from protonation

or alkylation of the aromatic nitrogen [30]. These conformational and electronic

properties allow them to interfere directly with DNA replication and repair. They

have been demonstrated to act as intercalators [14] and also to inhibit DNA

replication enzymes [31] (such as topoisomerase). Intercalation activity is probably

largely responsible for the broad spectrum of cytotoxic and cytostatic activities, as

well as antiviral effects [32] observed for many carbolines. Unfortunately, DNA

intercalation by the fully planar compounds such as Fascaplysin 10 is non specific and

can lead to significant toxic side effects [33]. In contrast, it seems likely that

compounds containing partially saturated systems, like Serpentine 8 and Alstonine 9,

may be more selective in their modes of action. Indeed, cytostasis specifically induced

by topoisomerase (Topo) and cyclin dependent kinase (CDK) inhibition activities

have been reported for a number of partially saturated carbolines.
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Some progress has recently been made in examining determinants of topoisomerase

inhibition. There are two types of topoisomerases: type I and type II. The Tapa

enzymes allow the DNA to unwind and wind, in order for DNA to control the

synthesis of proteins and facilitate DNA replication. Tapa type I bind to single-

stranded DNA and Tapa type II bind to double-stranded DNA. Their main mode of

action is to cut the phosphate backbone of the DNA. Early work by Hayashi et al. [34]

reported that Harmane 13 (Fig. 4) and Norharman 2 induced both Tapa I and II

inhibition. Harmine 14 (Fig. 4) and its derivatives were also shown to inhibit the DNA

relaxation activities of Topo I, in the absence of any effect on Tapa II. A short alkyl

group at position-9 of p-carboline nucleus enhanced this inhibition, whilst benzyl

derivatives showed reduced activity. Intercalation activity tended to correlate with

Tapa I inhibition and cytotoxicity, but was independent of Tapa II inhibition [35].

Mea

13 14
Figure 4: Harmane 13 and Harmine 14

Structure-activity relationships (SAR) of 3- and 9-substituted-p-carbolines [36] and

N-alkyl-~-carboliniums (as modifications of Manzamine A 15) [37] have been

intensively investigated through spectroscopic (NMR, MS, UV -Vis absorption),

thermal denaturation and fluorescence measurements [38] but the exact mechanisms

of those derivatives binding properties are still not fully understood [14]. What is

certain is that stabilisation of the DNA double helix by selective intercalation between

the G-C base pair of DNA [39], contributes to the inhibition of DNA replication and

leads to antitumor activity. Selective photochemical DNA cleavage has been

demonstrated during irradiation with a specific wavelength of light under mild

conditions [40].

The conjugated C=N bond in the ~-carboline derivatives may generate the photo-

excited state by photo-irradiation which could be capable of cleaving DNA by H-
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abstraction, electron-transfer, and/or singlet oxygen oxidation pathway. Structure-

activity relationship analysis indicated that electron-releasing ring substituents

increase photo-induced DNA cleavage ability, whereas electron-withdrawing ring

substituents were detrimental [35].

Javacarboline 5 has been isolated in the Island of Java from the stem of Picrasma

javanica [41]. It was found to have a mild antitumor activity with a GIso value of

36J,lg/mL against PC-6 human lung carcinoma cells [42]. Fully aromatic analogues of

Javacarboline 5 have been prepared, however, with increased activity [42]. For

example, indolo[2,3-a]quinolizinium 50 (Scheme 13) has a GIso value of O.2J,lglmL

against P-388 murine leukemia and PC-6 human lung carcinoma cells [42].

The natural alkaloid Flavopereirine 6 was isolated almost simultaneously in the late

1950's by Janot et al., [43] by Rapoport et al., [44] from the South American

Geissospermum leaf Baillon and by Schmid et al., [45] from the South American

Strychnos melinoniana Baillon. This compound has shown moderate activity against a

number of cancer cell lines, without showing significant toxicity to healthy cells [29].

Sempervirine 7 was first isolated in 1916 from the roots of Gelsenium sempervirens

[46]. Its structure was resolved in 1949 by Woodward and Witkop [47] by UV

spectroscopy. It displays an interesting range of pharmaceutical properties, including

anti-HIV [48], immunostimulant [49], and anticancer [50] activities.

Fascaplysin 10 is a red pigment isolated from the marine sponge Fascaplysinopsis

berquist, characterised by spectral X-Ray spectroscopy in 1988 [51] by Ireland et al.

Chaudhuri et al., have reported that Fascaplysin 10 displayed specific in vitro

inhibition against Cdk4/Dl complex and had activity against some cancer cell lines

[33]. The cyclin Cdk41D1 phosphorylates the retinoblastoma protein to release cells

from the G1 arrest and promote the entry into the S phase [52]. Unfortunately,

Fascaplysin 10 could not be used as an anti-cancer agent due to its high cytotoxicity

against normal cells, arising from its intercalation into DNA [23].
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1.2c) Antimicrobial and antimalarial activities

Fascaplysin 10 was reported to inhibit the growth of several microbes (such as

Eschericha coli, Staphylococcus aureus, Candida albicans and Saccharomyces

cerevisiaei and exhibit an ICso value of 0.2 g/ml, against the murine leukaemia L1210

[51].

Fully aromatic quatemised ~-carbolinium salts usually display strong antimalarial

activity against Plasmodium protozoa in vitro [53]. 1,2,4,7-Substituted ~-carbolinium

derivatives are as efficient as quinine against malaria but are also less cytotoxic [54].

The delocalised cationic system exhibits promising activity but the mode of action

remains unknown.

In contrast, Manzamine A 15 (Figure 5) was isolated from a Japanese sponge in

1986 [55], and is known to have antimalarial activity. Manzamine A 15 has been

subjected to quatemisation by methylation on the N-pyridinium [37]. The synthesis of

the ~-carbolinium derivative produced a loss of antimalarial activity but also a loss of

cytotoxicity compared to Manzamine A 15. Further methylation on the N-indole led

to complete loss of antimalarial activity and cytotoxicity. In this case, the cationic

system is clearly not responsible for the antimalarial activity.

15
Figure 5: Manzamine A
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1.3) Physico-chemical properties

1.3a) Tautomerism

Quaternary ~-carbolinium salts are deprotonated under mild conditions to give

zwitterionic species [56]. The charges are stabilised by delocalisation within a

common It-electron system. Resonance of carbolines was first reported by Armit and

Robinson [57] who referred to the compounds as a compromise between a dipolar

aromatic structure 16 and a conjugated quinonoid 17. The term anhydrobase (or

mesomeric betaine) was then introduced to describe compounds such as 17 (Scheme

3).

16 17

Scheme 3: Resonance structures of quinonoid and dipolar aromatic species

1.3b) pKa values

The conjugation system of those molecules is rather unusual and contrasts with that

of the unquatemised ~-carboline. Ab initio molecular orbital calculations have

indicated that simple anhydrobases such as 18 are 28 kcal/mol less stable than the

corresponding ~-carboline 2 (Scheme 4) [58].

QOH
N

QCN
N
H
218

Scheme 4: ~-Carboline against anhydrobase

Such an energy difference does not allow the ~-carboline to isomerise into the

anhydrobases under normal conditions. The anhydrobases have been reported to be

much more basic than the ~-carboline isomers [59] due to the contribution of the

dipolar structure which intensifies the acid-base properties of their pyridinic nitrogen

atoms [58]. As a consequence, alkylation and protonation occur specifically at the

pyridinic nitrogen of the ~-carboline derivatives as reported in the early 1960's by

Abramovitch and Spenser [60].
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1.3c) Bathochromic shift and fluorescence

The zwitterionic state is usually evidenced by its coloured nature, high permanent

dipole moments and by the pH dependent UV-Vis spectra [61]. This results in the

characteristic spectroscopic changes including a bathochromic shift [62] and

induction of fluorescence [63]. For example, N-methyl-harman 19 has UV absorption

maxima in aqueous solution at 248, 303 and 366 nm and a fluorescence emission at

437 nm, and the zwitterionic form of N-methyl-harman known as Melinonine F 20

has UV absorption maxima at 272, 321 and 357 nm and a fluorescence emission

maximum at 511 nm (Scheme 5) [64].

.. ..

21
19 20

Scheme 5: Zwitterionic equilibrium

1.3d) The physiological situation

A key fact is that the ~-carboline anhydrobases are protonated in neutral aqueous

solution [65], which enhances their stability. Therefore, it is likely that biomolecules

such as Sempervirine 7, Alstonine 9 and Vincarpine 22 (as anhydrobases) are

stabilised by protonation in vivo.

Furthermore, anhydrobases like Vincarpine 22 (Scheme 6) have been isolated in

plants, but it is then very unlikely that these compounds would have been present as

such in living organisms [65]. They can easily be isolated from sponge or plant

extracts, but they do not exist as free bases in these organisms. As a conclusion, ~-

carboline anhydrobases are present under physiological conditions [56].
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COOH coo
22 23

Scheme 6: Zwitterionic form of Vincarpine stabilised by protonation

1.3e) Applications

Quaternised carbolinium salts have both medicinal and industrial applications as

dyes [66]. As described above, these compounds are highly fluorescent in solution. In

the presence of aqueous halide ions, their fluorescence is proportionally reduced

according to the Stern-Volmer equation [67]. The concentrations of halides can be

precisely determined for photographic purpose or blood and urine chemical

contamination [reviewed in 68]. Recently, Ehrenkaufer's group synthesised two 18F_

labelled analogues of ~-carbolines as potential medical imaging agents [69].

1.4) Conclusion

~-Carbolines are ubiquitously found in mammals (in tissues and urine) and

elsewhere in nature (mainly in plants, roots and marine sponges). Such compounds

display a wide range of activities, which have great potential medically and

industrially. However the modes of action of ~-carbolines remain poorly understood.

Effective synthetic routes are required to explore SAR comprehensively and identify

commercially useful new compounds.
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II) Synthesis of ~-carbolines

Construction of the tricyclic ~-carboline moiety with features that allow generation

of the desired fused ~-carbolinium derivatives is the key determinant of synthetic

success. Various and diverse synthetic routes have been used since the beginning of

the 20th century to synthesise ~-carbolines as shown below. These routes may be

divided into two general approaches: the general and the specific.

2.1) General approaches

2.1a) Phosphorous based methods

2.1a(i) Graebe-Ullmann type reaction

The Graebe-Ullmann reaction was first described at the end of the 19th century [70].

In the 1950's and 60's, it was the most popular reaction for the synthesis of generic ~-

carbolines 2 (Scheme 7). Triazole 24 is treated with hot polyphosphoric acid (PPA) to

give Norharman 2.

PPA

Scheme 7: Synthesis of Norharman from triazole

2.1a(ii) Action of triethyl phosphate on nitro compounds

4-Nitrophenylpyridine may be cyclised to give the corresponding ~-carboline by

heating, in the presence of triethyl phosphate [71].

2.1a(iii) The Murakami approach

In 1987 [72] Murakami et al., developed a new synthesis to access fully aromatised ~-

carbolines through the use of PPA. The formamide group is hydrolysed in acidic
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conditions, followed by aromatisation with palladium on carbon and then, 0-

alkylation with dimethyl sulfate (Scheme 8).

PPA
i) HCI

ii) Pd/C

25
Scheme 8: Murakami's use of PPA

2.1a(iv) Bischler-Napieralski cyclisation

The extended Bischler-Napieralski method to produce carbolines was first reported in

1930 by Spath and Lederer [73]. Twenty years ago, this was probably the most

frequently used reaction to access ~-carbolines. N-Acyl-tryptophan derivatives 28 are

heated to reflux with phosphorous oxychloride (POCh) to give dlhydro-B-carbolines

29 in good yield (Scheme 9).

COOH COOH

reflux

POCI3

R = alkyl

28 29
Scheme 9: The Bischler-Napieralski cyclodehydratation

It is important to note that further oxidation is required to access the full y aromatic

version of the ~-carboline derivative (see Section 4).

These reactions tend to leave inorganic phosphorylated by-products lowering the

overall yield [74]. They also lead to fairly impure products and low yields [75].

Therefore, their use is not ideal for our purpose.
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2.lb) Condensations

2.lb(i) The Moody and Ward cyclisation

In 1982, Moody and Ward [76] synthesised fully-aromatic p-carbolines 31 via a vinyl

azide 30 (Scheme 10).

reflux

30 31
Scheme 10: The Moody and Ward synthesis of B-carbolincs

This method does not readily admit any C-l substitutions due to the mechanistic

nature of the thermal decomposition of the azide substituent and is therefore not

relevant for the purpose of our work.

2.1b(ii) Pictet-Spengler reaction

From all the reactions described previously, the Pictet-Spengler reaction is the

easiest and simplest. It was first reported in the early 1910's [77]. The exploration of

many different solvents such as toluene, DCM, AcOEt, xylenes and chloroform [78]

eventually led to the discovery that the reaction could be conducted successfully in

water [79].

DL-Tryptophan II is condensed with an aldehyde in acidic conditions and the

corresponding I-substituted-I,2,3,4-tetrahydro-3-carboxy-p-carboline 32 is produced

in good yield (Scheme 11).

COOH
COOH

+
[H ]

R-CHO

11 32
Scheme II: The Pictet-Spengler condensation
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The Pictet-Spengler reaction is surely the most efficient way to cleanly access

tetrahydro-f-carboline derivatives and was therefore the reaction of choice for this

project.

2.2) Specific approaches

2.2a) The Livinghouse cyclisation

Livinghouse et al., described in 1986 [80] a new approach to l-acyl substituted ~-

carbolines. It proceeds via an acylation of an isonitrile 33 leading to the formation of

an c-ketoimidoyl chloride. Further treatment with silver tetrafluoroborate gives the

corresponding l-substituted-La-dihydro-B-carboline 34 (Scheme 12). This reaction

was adapted from isoquinolines to ~-carbolines.

AgBF4

NC
Cl

Ph__)=O

Ph

33 34
Scheme 12: The Livinghouse cyclisation

This atypical cyc1isation uses an expensive silver-based catalyst. This method has

been most successful with dihydroisoquinolines and not specifically ~-carbolines.

2.2b) The Gribble and Johnson procedure

In 1987 [81], Gribble and Johnson developed a unique synthesis of ~-carbolines to

create further rings. This procedure has recently been extended by Lipiriska [82] for

the total synthesis of some Sempervirine derivatives (Scheme 13).
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THF.BuLi

BrC~CHO

HO

Base
_7

Scheme 13: Total synthesis of Sempervirine

Gribble's method is very elegant and simple but the preparation of 35 demands

many extra synthetic steps. The complete synthesis of the desired f3-carbolinium

derivatives should not exceed more than five or six steps. Therefore, it is not

appropriate to apply a similar strategy to our project.

2.2c) The Hibino thermal reaction of azahexatriene

In 1998 [83] Hibino et al., showed that the N-MOM-isopropenylindole 39 subjected

to treatment with hydroxylamine formed the oxime 40. This azahexatriene 40 could

undergo a thermal electrocyc1ic rearrangement to directly yield the fully aromatised f3-

carboline 41 (Scheme 14).

NH20H.HCI

AcONa

reflux

39 40 41

Scheme 14: Hibino's thermal electrocyc1ic reaction of azahexatriene

Hibino's reaction also does not allow the synthesis of l-subsituted ~-carboline

derivatives because this method requires that the indole is substituted with an

aldehyde group only.
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A variety of methods have been utilised but only limited forms are able to generate

the required I-substituted product. Of these, the Pictet-Spengler reaction is clearly the

most appropriate choice for this project.
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III) Construction of the D-Ring

As discussed before, it is possible to distinguish between two general classes of

indoloquinolizinium compounds where the tetracyclic system is fully aromatised (as

in Javacarboline 5 or Sempervirine 7) and where the ~-carboline system is fused with

various aliphatic rings (like in Serpentine 8 or Alstonine 9).

3.1) Fully aromatic system

Seven modem methods to access tetracyc1ic carbolinium derivatives are discussed

in this Section.

3.1a) Teuber's synthesis

One of the first syntheses of indoloquinolizinium derivatives was performed by

Teuber et al., [84] in 1964. Starting with tryptamine hydrochloride 42 and two

equivalents of acetylacetaldehyde dimethyl acetal 43 Teuber obtained the indolo[2,3-

a]quinolizinium chloride derivative 44. Oxidation of 44 with o-chloranil yielded the

fully aromatic compound 45 (see Figure 2). Basic treatment of 45 yielded the

corresponding zwitterionic indoloquinolizinium 46 (Scheme 15).

AcOH

42

YlOMe

o OMe

43

o jCl 0

CI¢CI
Cl

NaOH

Scheme 15: Synthesis by Teuber

Teuber presented a very elegant and interesting way to synthesise

indoloquinolizinium derivatives but o-chloranil is too toxic an oxidant to be currently

in use (see Section 4).
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3.1b) Synthesis of Javacarboline analogues

The lavacarboline analogue 50 [42] has been prepared starting from l-ethyl-p-

carboline 48, which itself was prepared from tryptamine 47 via a Pictet-Spengler

reaction followed by oxidation. N-alkylation of 48 with ethyl bromoacetate gave 49 in

98 % yield, which was then condensed with 2,3-butanedione by heating to reflux in

anhydrous acetone. This procedure afforded the derivative 50 in 67 % yield (Scheme

16).

49

1)Et-CHO o-o~ N

2) [Oxl ~ "~/ )

D

r'<
Br DEt

47 48

50
Scheme 16: Synthesis of a lavacarboline analogue

This synthesis enables access to multiple salts but inevitably leads to fully aromatic

systems.

3.1c) Syntheses of Flavopereirine 6

3.1c(i) Gribble's method

An early approach to this system was reported by Gribble et al. [81]. Treatment of N-

trimethylsilyl-o-toluidine 51 with n-butyllithium gave the corresponding dianion,

which was condensed with ethyl 5-ethylpicolinate to give indole 52 in 67 % yield.

Protection of the indole nitrogen with a phenylsulfonyl group then allowed the

pyridine nitrogen to direct lithiation at the C-3 of the indole ring upon treatment with

n-butyllithium. This lithiated indole reacted with bromoacetaldehyde to give

intermediate 52.a, which after acidic treatment cyclised to give 53 in 35 % yield
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starting from 52. Deprotection of the nitrogen indole with sodium hydroxide resulted

in concomitant dehydration to give Flavopereirine 6 in 94 % yield (Scheme 17).

1) ,t-JaH/ PhS02CI, ,
2) (n-Bul.i

j

51 52

HO

NaOH
6

52.8 53
Scheme 17: Synthesis of Flavopereirine by Gribble

3.1c(ii) Use of low-valent titanium

In 1995, FOrstner and Ernst [85] developed the use of low-valent titanium to mediate

the reductive cyclisation of oxo-amides to indoles as a key step in the synthesis of

Flavopereirine 6 (Scheme 18). Palladium-catalysed coupling of iodoaniline 54 with

methyl propargyl ether produced alkyne 55 in 96 % yield. Hydration of the alkyne 55

with mercury sulfate proceeded in 53 % yield, and was followed by acylation of the

amine with 5-ethylpicolinyl chloride in 85 % yield to give ketoamide 56. Slow

addition of 56 heated to reflux in tetrahydrofuran afforded indole 57 in 52 % yield.

Demethylation of the methyl ether in acidic conditions and cyclisation were achieved

in the same step through the use of boron tribromide. The product was then isolated as

the perchlorate salt 58. Oxidation with 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)

gave Flavopereirine 6, again isolated as the perchlorate salt 59.
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~OMe
~OM(XI ~OMe

1) HgS04 NH
2) 0

,
NH2 PdCI2 G:::::,O

NH2 ~ __pCl I -c

54 .&
55

56

!Ti-graphite
OMe

1) DDQ 1) BBr3
2) NaOH 2) HCI

3) NaCI04 3) NaCI04

Scheme 18: Synthesis of Flavopereirine by FOrstner and Ernst

These two radically different synthetic routes were both elegant ways to access the

indole-core of the natural compound Flavopereirine 6. It is interesting that the

cyclisation of the extra-rings was achieved in the same manner in both routes; the

ether 57 was converted into the corresponding brominated product 57.a, which is

structurally similar to the intermediate 52.a. Then, the terminal bromide on the alkyl

chain was readily displaced by the N-pyridine, directly producing the ~-carbolinium

moiety. This strategy will also be utilised for the N-bridgehead formation in this

project.

3.1d) Syntheses of Sempervirine

The first synthesis as N-methylsempervirine 60 was performed by Woodward and

McLamore in 1949 [86]. During the 1960's a few different approaches to the total

synthesis of Sempervirine 7 [reviewed in 87] were published but all gave poor yields.

As shown below, a resurgence of interest in this alkaloid lately occurred and at least

three novel and elegant synthetic routes were developed to access Sempervirine 7.

3.1d(i) Gribble's work

The first really successful synthesis in terms of yield was performed in 1988 by

Gribble et al., [88] where they successfully produced Sempervirine 7 directly from

35



indole in eleven steps (Scheme 19). N-Protection of indole 61 gave 1-

(phenylsulfonyl)indole 62 in 83 % yield which was later converted to ketone 64 via

oxidation of alcohol 63. Oxidation of ketone 64 with selenium dioxide furnished

ketoaldehyde 65. Condensation of semicarbazide 66 with ketoaldehyde 65 gave

triazine 67 in 83 % yield. Triazine 67 was then oxidised to sulfone triazine 68 with

meta-chloroperoxybenzoic acid (m-CPBA). This electron-deficient triazine 68 reacted

with enamine 69 via Diels-Alder addition and gave pyridine sulfone 70.

Desulfonylation of 70 with sodium amalgam followed by reprotection of the indole

nitrogen gave the desired Sempervirine precursor 71. Treatment of 71 with n-

butyllithium followed by quenching with bromoacetaldehyde and treatment with

acetic acid provided indoloquinolizinium bromide 73 via intermediate 72.a.

Hydrolysis of the protecting group and dehydration afforded Sempervirine 7 in 48 %

yield from precursor 73.

Co
N
H

61

~ClI::N0
$02PhCHO

65

66

67 68

Q
6 Na(Hg)

69

7170

Br
HO

MaOH

NaOH HCI

7
73 72.8

Scheme 19: Synthesis of Sempervirine by Gribble
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Gribble's approach was the first report of the synthesis of precursor 70 via a Diels-

Alder cycloaddition of triazine 67 with enamine 69, although the latter steps utilised a

similar strategy which had previously been used for the synthesis of Flavopereirine 6

[81].

3.1d(ii) Chatterjee's approach

Chatterjee et al., [89] generated an entirely new route to anhydronium indole alkaloids

such as Sempervirine 7 (Scheme 20). Alcohol 74 was oxidised with potassium

dichromate to give the corresponding ketone 75. Ketone 75 was transformed into the

diacid 76 by oxidation in nitric acid. Cyclisation of diacid 76 using barium oxide

yielded ketone 77. Lactone 78 was generated by Baeyer- Villiger oxidation of

[4.3.0]non-8-one 77. Upon condensation with tryptamine 47 and cyclisation with

phosphorus oxychloride, lactone 78 afforded acetamide 79. Dehydrogenation with

DDQ in glacial acetic acid of acetamide 79, followed by basification afforded

anhydronium alkaloid Sempervirine 7 in a high overall yield.

DDQ t AcOH

cce

OOH
eOOH

8a(OH)2 (X>=o
74

75

7
Scheme 20: Chatterjee's synthesis of Sempervirine

This approach has the advantage of using relatively cheap products. But

intermediate 80 is synthesised by a previously described phosphorous-based

cyclisation (see Section 2.1 a), which frequently leads to low yields. The main
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inconvenience for the purpose of this project is the non-selective oxidation of 80 by

DDQ.

3.1d(iii) Lipinska's extended method

More recently, in 2006, a sophisticated synthetic route to Sempervirine 7 was

developed by Lipinska et al., [90]. The second part of this synthesis follows Gribble's

work but the first part was entirely novel (Scheme 21). 5-Acetyl-3-methylthio-l,2,4-

triazine 84, was prepared in 40 % yield in a two-step synthesis [91] from 3-

methylthio-I,2,4-triazine 83, which can be obtained on a large laboratory-scale from

glyoxal 81 and S-methylthiosemicarbazide hydroiodide 82 [92]. Synthesis of

phenylhydrazone was achieved via inverse electron demand Diels-Alder reaction of

triazine 84 with cyclic enamine 69 [93]. Fisher indolisation allowed phenylhydrazone

under microwave irradiation to afford precursor 86 of Sempervirine 7 in 50 % yield.

Removal of the methylthio group with Raney nickel in cold ethanol yielded synthon

71. Protection of the Sempervirine synthon 71 with phenylsulfonyl chloride at the

nitrogen indole afforded 72. The one pot process of the ring construction was initiated

in presence of excess of bromoacetaldehyde and n-butyllithium.

n i)PhNHNH2X.X, ii) ZnCI2
Ac N SCH3

69
83

aHco3t
o H2N, +/Hr7 N r

~ + H2NAsCH3

81 82

84 85

Ni (Ra)! EtOH

7

PhSO,GI

Na
71iii) basic workup

72
Scheme 21: Lipinska's synthetic pathway of Sempervirine

The step by step rearrangements: reaction of an indole carboanion with the carbonyl

group of the bromoacetaldehyde, protonation with water, closure of the ring by

intramolecular alkylation of the pyridine nitrogen with methylene group from indole,

dehydration-aromatisation of the ring and hydrolysis of the phenylsulfonyl group
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(deprotection of the indole nitrogen) thus resulted in the formation of the final

pentacyclic alkaloid Sempervirine 7.

This methodology has been utilised many times by Gribble in the total synthesis of

carbolinium alkaloids (see above). Lipinska's extended version of Gribble's work

leads to synthon 71 in a smaller number of synthetic steps (six instead of eight).

Unfortunately, this approach does not allow the presence of fused aromatic/aliphatic

systems because of the last oxidative synthetic step and is so not readily applicable to

our aim.

3.2) Fused aromatic/aliphatic system

This is one of the most challenging syntheses and the principal focus of this work.

Very few examples have been reported where the CID system is formed of a [6,6]

nucleus [reviewed in 94].

3.2.a) D-Ring In Situ

3.2a(i) Synthesis of Melinonine E

The alkaloid Melinonine E 87 was isolated in 1957 from Strychnos melinoniama [30]

but not structurally elucidated in 1984 [95]. The first total synthesis of Melinonine E

87 was described by Bonjoch et al., in 1995 [96]. The main challenge for this

synthesis is the formation of the rings D and E from a 2-azabicyclo[3,3, 1]nonane

intermediate [97]. The closure of the C-ring is achieved via a Bischler-Napieralski

cyclisation (Scheme 22).
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xi-
i. tryptamine 47, NaBH(OAc) 3, AcOH, 87 %

ii. Ct 3CCOCt, DCM, 89 %

vi. (SiMe,r>SiH, AIBN then Bu 3SnH, AIBN, 70 %

vii. POC~. benzene then NaSH 4. MeOH, 75 %

viii. LDA, THF then HCt

Scheme 22: Synthesis of Melinonine E by Bonjoch

iv

Reductive amination of the acetal 88 with tryptamine 47 in the presence of sodium

triacetoxyborohydride led to the protected cycJohexanone 89. After

trichloroacetylation and hydrolysis of the acetal group, diketone 90 was obtained. The

ketone 90 was converted to the nitrile 91 by treatment of the silylcyanohydrin

intermediate with POCb. Cyclisation of the 2-azabicyclo[3,3,1]nonane ring occurred

when nitrile 91 was treated with tributyltin hydride in excess and

azobisisobutyronitrile (AIBN) in benzene heated to reflux for 16 hours to give 92. The

cyclised amine 93 was obtained by treating lactam 92 with phosphoryl chloride

directly followed by treatment with sodium borohydride as a reductive agent.

Deprotonation of nitrile 93 by lithium diisopropylamide (LDA), followed by

quenching at -78 QCwith hydrochloric acid gave nitrile 94. Reduction of nitrile 94

using diisobutylaluminium hydride (DIBAL-H) and hydrolysis of the imine

intermediate afforded the corresponding aldehyde. This aldehyde was reduced to the
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alcohol 95 using NaBH4. Aromatisation of the C-ring with palladium black and

maleic acid in boiling water gave Melinonine-E 87 in 63 % yield.

3.2.a(ii) Synthesis of Fascaplysin

The first total synthesis of Fascaplysin 10 was performed by Gribble and Pelcman

[98] in 1990, soon after its characterisation (Scheme 23).

nJi~§ yO
N N
H CO

97

AIH,

THF

61

o 0 THF I K2CO,

Q!i, Co
N H
H NaCNBH3 tAcOH
96

Co
H

CoN
H

98

i) CH3C03H I THF

ii) HCII EtOH

102
10 0

Scheme 23: Synthesis of Fascaplysin by Gribble and Pelcman

The key step of the synthesis is the formation of diindole 99 from indole 61. Indole

61 reacted with oxalyl chloride to yield 96. Acylation of 96 with readily available

indoline (from reduction of indole 61) gave keto amide 97. Reduction of 97 with

aluminum trihydride (prepared in situ from aluminum lithium hydride and sulfuric

acid [99]) gave indolyindoline 98. Further dehydrogenation of 98 with manganese

oxide gave diindole 99 in 82 % overall yield from indole 61. Cyclisation of 99 in

trifluoroacetic acid at room temperature led to a mixture of tetrahydro-Bvcarboline tOO

and 101. Direct aromatisation of this mixture with Pd/C in freshly distilled 2-

ethoxyethyl ether heated to reflux, gave the fully aromatic ~-carboline 102 in 93 %

yield from 99. Treatment of 102 with peracetic acid followed by work-up in ethanolic

hydrochloric acid afforded Fascaplysin 10 in 85 % yield.
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3.2b) Synthetic construction of the D-Ring

3.2b(i) Rocca's extended synthesis of Fascaplysin

An alternative shorter synthesis of Fascaplysin 10 was elaborated in 1993 by Rocca et

al., [100] in which the key step was a palladium-catalysed cross-coupling reaction

(Scheme 24). Using Suzuki's procedure, boronic acid 103 and iodopyridine 104

produced biaryl 105. Regioselective metalation of 105 with 2-fluorobenzaldehyde

using n-butyllithium, afforded the corresponding substituted pyridine 106 in 95 %

yield. Alcohol 106 was then oxidised by manganese dioxide to produce ketone 107.

The double cyclisation of carbonyl derivative 107 was achieved by treatment with

pyridinium chloride followed by basic treatment, and led to the formation of

Fascaplysin 10 in an overall 76 % yield in four steps.

103

m
tBuOC' F

i~ULi
ii) F .. I&CHO

B(OHh

(yNHCOtBu +

105

i) Pyridine, HCI

ii) NH40H

10 107
Scheme 24: A short synthesis of Fascaplysin by Rocca

3.2b(ii) Novikov's short route to Fascaplysin

Another simple and easy total synthesis of Fascaplysin 10 was performed by Novikov

et al., in 1997 [101] in five steps (Scheme 25). The condensation between 0-

bromophenylacetic acid and tryptamine 47led to the formation of amide 108. Under a

Bischler-Napieralski cyclisation, amide 108 was converted into dihydro-Bscarboline

109. Oxidation of 109 with manganese dioxide afforded a-acyl substituted p-carboline

110. Short heating of 110 yielded to the corresponding quaternary ammonium salt 111

which was easily converted into Fascaplysin 10 by treatment in hydrochloric acid.

42



-' )

I'r.-f\ ~8-0 POCI3~. ,) NH2 tetralin:-- _

N o-bromophenylacetic ~ '/ reflux
H acid N Br
U H

108

- 10Mn02-reflux 220°C
HCI

o

Br 0
111

Scheme 25: Total synthesis of Fascaplysin by Novikov

Most of the routes described in this Section describe the syntheses of Fascaplysin 10

in increasingly shorter and easier ways. Two similar ring closures are achieved

through the intermediates 107 and 110. Non-selective oxidation of the intermediates

100 and 101 leads to the fuJly aromatic system.

Only one reviewed route deals with Melinonine E 87 [96]. It is also the first time

that selective oxidation is observed when using Palladium in maleic acid. This is

where the main difficulty of this project relies as reviewed in the next Section.
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IV) Oxidation of the C-Ring

Indolo[2,3-a]quinolizinium derivatives have received less attention from the

synthetic chemistry community than have most of the other classes of alkaloids. In

recent years, this tendency has gradually changed and a growing interest has slowly

arisen. Most total syntheses of indolo[2,3-a]quinolizinium compounds rely upon an

oxidative step as previously showed. Most of the described methods require drastic

conditions. These conditions are frequently destructive and give poor yields.

Many methods involved in the synthesis of ~-carbolines have been described to

optimise this reaction step. Seven methods are most commonly in use and shown in

Table 1 below.

Author Oxidising agent Solvent Reference

Lopez-Rodriguez et al. Se02 dioxane [83]

Peng et al. S xylene [84]

Huang et al. PdlC xylene [85]

Tietze et al. KMn04 --- [86]

Novikov et al. Mn02 chloroform [82]

Lippke et al. Pb(CH3C02)4 acetic acid [87]

Snyder et al. K2Cr207 acetic acid [88]

Table 1: Oxidative conditions

4.1) Non-selective Oxidation

A primary strategy developed in the early 1960's, consisted in the oxidation of the

tetrahydro/dihydro intermediates to the fully aromatic compound usually in the last

synthetic step as previously reported in section III. Furthermore, many different

conditions have been reported for the C- and D-rings' oxidation of such derivatives.

In this Section, four original methodologies are discussed.

Swan's method [102] was adapted by Ban el al., in 1961 [103] in the synthesis of

Flavopereirine 6 where o-chloranil is utilised as an oxidising agent (Scheme 26).
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Scheme 26: Aromatisation of Flavopereirine by o-chloranil

This methodology became increasingly popular amongst synthetic chemists and was

reported in six different syntheses of quinolizinium deri vatives [104].

The use of o-chloranil was slowly superseded by the catalyst palladium on charcoal.

An early alternative appeared in 1963 when Potts and Liljegren [87b] synthesised

Flavopereirine 6, adapting Le Hir's work [ref 105]. During this particular synthesis,

the C- and D-rings were aromatised simultaneously at relatively high temperature

(Scheme 27).

Pd/C

270-280°C

113 6

Scheme 27: Dehydrogenation by Pd/C

This oxidative method became the most successful and popular way of completing a

synthesis. It is still widely in use nowadays and since then, at least twelve papers

reported the use of palladium as an oxidative agent in the synthesis of indolo

quinoliziniurn derivatives [104].

In the history of oxidation, DDQ is also a consistently used reagent. This compound

was reported three times in the synthesis of carbolinium derivatives [104]. In 1984,

Pakrashi et al., [106] synthesised Flavopereirine 6 from dihydroflavopereirine 114 in

81 % yield using DDQ (Scheme 28). This step used very drastic conditions such as

DDQ in acetic acid heated to reflux for many hours.
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DDQ

AcOH
reflux

114 6
Scheme 28: Aromatisation of dihydroflavopereirine by DDQ

Potts and Mattingly in the synthesis of Sempervirine 7 [62] used potassium

dichromate in acetic acid heated to reflux for a small amount of time (3 min). This

step produced Harmane 13 as a precursor of Sempervirine 7 (Scheme 29). This

method was described twice in the literature [104].

COOH
K2Cr207

AcOH
reflux

12 13
Scheme 29: Aromatisation of Harmane

4.2) Selective Oxidation

Complete oxidation of the C-Ring without affecting the saturated D-Ring has

proven to be surprisingly challenging. To date, only four reports are found in the

literature as shown below. Two of the oxidations take place utilising palladium in

maleic acid and mercuric acetate [107].

The indoloquinolizinium derivative Bleekerine 116 was synthesised from the

alkaloid isoreserpiline 115 [108] using lead tetraacetate in the presence of acetic acid

at 60°C (Scheme 30).
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MeO MeO

Pb(OAc)4

HOAc

115 116
Scheme 30: Lead tetraacetate selective oxidation

Unfortunately, this selective oxidation was achieved in an extremely low yield (4 %).

In 1958, Elderfield and Fischer [109] efficiently synthesised Alstonilinol iodide 118

from the tetrahydro intermediate 117 using iodine as a selective oxidative agent

(Scheme 31). However, oxidation reactions on similar compounds lacking the

methoxy group of 117were unsuccessful.

MeO MeO

KOAc/MeOH

117 118

Scheme 31: Selective Iodine oxidation

The exact same methodology was used later in 1970 by Beister [110] for the

synthesis of Ourouparine 119 (Figure 6), but the aromatisation of both rings C and D

occurred simultaneously without selectivity.

MeOOe

119
Figure 6: Ourouparine
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Unfortunately, this leads to doubt about the reproducibility of the method.

Therefore, it was decided to attempt to adapt these methodologies for this work.
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V) Clockwise and Anticlockwise syntheses

To date, no convenient general synthetic method to access indoloquinolizinium salts

has been reported. An easy and efficient way to synthesise 2,3-dihydroindolizinium

120 (Figure 7) was described by Ostler [111] in 1997.

120

Figure 7: 2,3-dihydroindolizinium structure

Two new ways describing the closure of the partially saturated ring from a variety

of pyridines were then repeated. These two synthetic pathways were referred to as

"anti-clockwise" and "clockwise" in Ostler's work (Diagram 1).

-0 AR ll~
N '" + I

123

+

~A

Br' +~\

130 't
Br

125

R = H, CH3 or Ph

R' = H or CH2Br

n=1,2or3

n' = 1or 2

131

R

R'

121

Anticlockwise roduct Clockwise roduct
Diagram 1: Anticlockwise and Clockwise products
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5.1) Clockwise

A short retro-synthetic analysis of this route is able to demonstrate why this name

was given to the original ring-closing reaction (Scheme 32).

Br
- RJJR

R'
n

123
121

122

n = 1. 2 or 3 R' = H when n = 1

R = H. CH3 or Ph R' = CH2Br when n = 2 and
Scheme 32: Retrosynthesis of the Clockwise pathway

The intermediates 122 possess an alkyl chain at the C-2 position, which forms the

skeleton of the extra ring. Therefore, the cyclisation of 122 occurs as if the double

bond at the end of the chain was displaced towards the N-pyridine in an "anti-

clockwise" direction. This might be expected to produce molecules containing

different sizes of the ring system i.e. [6,5], [6,6] or [6,7] nuclei.

5.1a) C-C bond formation

A facile way to access 3-bromomethyl-I-methyl-2,3-dihydroindolizinium bromide

128 from 2-ethylpyridine 124 can be achieved in four steps as shown in Scheme 33

below.
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124 125

dequatemisation

Br 128

Scheme 33: Synthesis of indroindolizinium derivatives

The N-methylation of 124 is readily conducted using iodomethane and produces

pyridinium 125. Optimisation studies showed that the synthesis of the key

intermediate 126 requires strong basic conditions (2.5M sodium hydroxide) and tetra-

n-butylammonium as phase-transfer catalyst (pte), Success of this reaction depends on

several characteristics:

5.1a(i) Acidity of quatemised methyl-pyridinium

Quatemisation of functionalised pyridines enhances further the acidity of the side-

chain protons and acts as a protective strategy at the ring nitrogen, thus allowing

simple side-chain alkylation reactions as demonstrated by Killen [112].

5.1a(ii) Use of phase-transfer catalyst (pte)

A clean and quantitative conversion of the product can only be observed after a

sufficient reaction time (at least 24 h) at room temperature. If no pte is used, then

intermediate 125 can still be detected as part of a product mixture. Increasing the

temperature eventually leads to charring.

5.1a(iii) a-Substitution

A single substitute is necessary at the a-carbon to the pyridine ring to avoid the

formation of any diallylated product.

5.1b) N-C bond formation

Dequatemisation of pyridinium derivative 126 is carried out at high temperature in

the presence of strong nucleophilic agents (such as acetates). This methodology
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efficiently produces 2-substituted pyridine 127. Closure of the AlB system occurs

spontaneously after bromination of the alkene function. The dibrominated

intermediate is subjected to a nucleophilic attack at the most substituted position,

which selectively generates the 5-membered dihydroindolizinium salt 128.

5.2) Anticlockwise

Scheme 34 below shows the synthetic pathway which was developed alongside the

clockwise approach.

er K2C03
Br~Br

CH2CI2n

129 Br

n

n = 1 or 2 130 131

Scheme 34: Anticlockwise synthesis

The N-methylation of 2-picoline 129 efficiently produces the N-pyridinium

intermediate 130 albeit after six weeks (see experimental section). This reaction is

performed in neat a,O}dibromide. The closure of the N-bridgehead ring is only

successful when conducted with the requested product crystallizing out of the reaction

to avoid formation of bispyridinium salt, in dichloromethane using solid potassium

carbonate as a base. This reaction affords the tetrahydroquininolizinium derivative

131 when n =1 (or the tetrahydro-6H-pyrido[I,2-a]azepinium derivative when n = 2).

5.3) Conclusion

The anticlockwise approach is shorter in terms of synthetic steps, but longer in

terms of duration in comparison to the clockwise one. The anticlockwise methodology

might also be adapted to the synthesis of novel ~-carbolinium derivatives using the

starting material described in section S.la above.

The condensation of DL-tryptophan 11 under Pictet-Spengler conditions and

oxidation of the intermediate can readily furnish a ~-carboline which structurally
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resembles the pyridine derivative 124. Following the clockwise methodology, novel

indoloquinolizinium derivatives can possibly be prepared in a similar manner as

demonstrated in the next chapter.
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Chapter II: Experimental Section

1) Materials

All NMR spectra (1H and l3C) were recorded on a Bruker 360 MHz Avance in

CDCh, CD30D or DMSO-~. Chemical shifts were quoted in parts per million (ppm).

Multiplicity conventions include s for singlet, d for doublet, t for triplet, q for quartet

and m for multiplet. The Mass spectra were determined on a Bruker MicrOTOF,

which also gives accurate masses. The IR spectra were recorded on a Jasco FffIR-

4100 equipped with an ATR unit. The melting points were obtained from a Stuart

SMP 10 and are uncorrected. The microwave chemistry was first performed on a

domestic SM 18 oven and the optimisations were then carried out on a Biotage

Initiator. All the solvents and reagents were obtained from commercial sources

(Sigma Aldrich, Fisher Scientific and VWR) as HPLC grade and were used without

further purification.

2) Guide

The diagram below shows the overall outcome of this project. It was depicted to

have a better understanding on the many described synthetic attempts because in the

Experimental Section, the connections between the exposed ideas can become rather

ambiguous.

In Diagram 2 the substituents are mentioned but not depicted for more clarity. The

Sections are highlighted in red and the target molecules are framed. For example, in

section 5.6b the synthesis of an end product can be found.

Thus, the reader is strongly advised to constantly refer to this map in order to follow

the progression of the various possible synthetic routes.
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Diagram 2: Guide to the Experimental Section

3) Experimental Section

This Section only covers the practical details, development and analysis described

in the chapters III, IV and V. Chapter VI will be considered separately from the other

chapters.
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3.1a(i) Synthesis of ~-carbolines from tetrahydro-jl-carbolines: Synthesis of 1-

ethyl-9H -pyrido[3,4-b ]indole 48

eOOH

134
MW =244.29

48
MW = 196.26

134 0.42 g, 5.82 nunol) was dissolved in water (30 mL). Acetic acid (2M, 20 mL)

and a solution of potassium dichromate (10 %, 25 mL) were then added. The mixture

was heated to reflux for three minutes and was then allowed to cool to RT. A solution

of saturated sodium sulfite (l0 mL) to neutralise the excess of oxidising agent and

solid sodium carbonate (1.51 g) to neutralise the solution were then added. The

product was extracted with dichloromethane (3 x 15 mL) and nothing was recovered

in the organic layer. The aqueous layer was then filtered and evaporated under

reduced pressure. The remaining brown solid was washed with acetone (L x 20 mL).

The pale yellow solution was filtered and evaporated under reduced pres ure to leave

an orange solid (520 mg, 69 %).

Mp = 230 - 234 "C from acetone

IR Vrnax = 3120, 1700, 1620,907,815 cm-J

1H NMR (CD30D) OH = 8.18 (lH, d, J = 5.4 Hz, H3), 8.14 (lH, d, J = 7.6 Hz, Hs),

7.92 (lH, d, J = 5.4 Hz, H4), 7.56 (2H, m, H7+Hs), 7.25 (lH, t, J = 7.6 Hz, H6), 3.16

(2H, q, J = 7.6 Hz, HA), 1.42 (3H, t, J = 7.6 Hz, BB) ppm

13C NMR (DMSO-d6) Oc = 26.1 (CH3), 3S.7 (CH2), 109.5 (C-7), I W.9 (C-4), 117.6

(C-6), 121.2, 122.7 (C-5), 127.3 (C-S), 131.5, 135.4 (C-3), 141.2, 142.4 (C- L), 146.4

ppm

MS ESI Positive m/z (%) = 196.3 (100 %)

HRMS calculated for CJ3B13N2= 197.2454 found L97.245 7
.._-
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3.1a(ii) Synthesis of ~-carbolines from tetrahydro-f-carbolines. Attempted

synthesis of I-benzyl-9H -pyrido[3,4-b [indole 136

Pd/e
X ~

Ph

eOOH

xylene I reflux

135
MW = 306.36

136
MW =258.32

To a preheated solution of 135 (300 mg, 0.98 mmol) in xylene (20 ml.), palladium on

carbon (10 %, 30 mg) was added. The mixture was immediately heated to reflux

under nitrogen with vigorous stirring for 90 minutes. Methanol (20 rnl.) was added

and the mixture was filtered through celite. The residue was washed several times

with methanol (6 x 8 mL). The combined filtrates were evaporated in vacuo affording

a complex mixture of products.

The reaction failed as the starting material was recovered unchanged.

3.1a(iii) Synthesis of p-carbolines from tetrahydro-B-carbolinest Attempted

synthesis of I-methyl-9H-pyrido[3,4-blindole 13

eOOH
s

xylene I reflux

12
MW = 214.14

13
MW = 182.23

A suspension of 12 (535 mg, 2.5 mmol) and sulfur (160 mg, 5.0 mmol) in p-xylene

(15 mL) was heated to reflux for 8 h. The mixture was allowed to cool down to RT.

The excess of oxidising agent was filtered off and the filtrate was concentrated under

reduced pressure to afford a very impure mixture of products.
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3.1h) One-pot reaction: Synthesis of 1-benzyl-9H-pyrido[3,4-b]indole 136

ii) [Ox)

Ph

COOH

11
MW = 204.23

136
MW = 258.32

To a solution of DL-tryptophan 11 (1.021 g, 5.0 mmol) in water (25 mL) and sulfuric

acid (lM, 5 mL) was added phenyl acetaldehyde (1.12 mL, 10 mmol). The reaction

mixture was heated at 65 QC for 23 h before adding glacial acetic acid (5.5 mL) and

aqueous potassium dichromate (5 %, 10 mL). The mixture was heated to reflux for 3

min and then allowed to cool down to RT. Saturated sodium sulfite was added to

reduce the excess of oxidant and solid sodium carbonate was added to neutralise the

solution. The product was extracted with dichloromethane (3 x 50 mL), dried over

anhydrous sodium sulfate and then filtered. The solvent was removed in vacuo to

leave a brown oil. By adding a small amount of ethyl acetate (2 mL), the oil

crystallized. The brown crystals were found to be an inorganic compound and the

brown oil contained the desired product (750 mg, 60 %).

Mp: decomposition above 300 QC (from AcOEt)

IR Vrnax = 3230, 1640,890,795 cm'

IH NMR (DMSO-d6) OH = 12.02 (lH, bs, NH), 8.74 (IH, m, H3), 8.68 (I H, m, H4),

8.54 (lH, m, Hg), 7.84 (lH, m, H6), 7.65 (lH, m, Hs), 7.50 OH, m, H7), 7.44 (6H, m,

H aromatic), 4.94 (2H, s, CH2) ppm

l3e NMR (DMSO-d6) Dc= 41.5 (CH2), 109.3 (C-7), 110.7 (C-4), 1.17.3 ( -6),121.0,

122.6 (C-5), 127.7 (C-8), 131.4,135.8 (C-3), 141.8, 144.4,145.8,146.6, 149.3 (C-J), I.J

154.2, ppm

MS ESI Positive m/: (%) = 258.3 (lOO %)

HRMS calculated for C1sH1SN2 = 259.1378 found 259.1376

The identical methodology was applied to the syntheses of 13 and 48. This

methodology was proven successful as shown below.
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13

\
'( c c

Yellow solid, 60 % yield

Mp = 234 - 239°C (lit. 235 - 239 CC)from AcOEt

IR Vrnax = 3132,1721,1634,1226,902,800 crn-I

IH NMR (CD30D) OH = 8.76 OH, bs, NH), 8.39 (IH, d, J = S.4 Hz, H3), 8.12 (lH, d,
Y'"

J = 5.4 Hz, H4), 7.84 (IH, d, J ::18.3 , Hg), 7.53 (2H, m, H6 + Hx), 7.37 (lH, t, J =
S.4- z, H7), 2.84 (3H, s, CH3,) ppm

C NMR (DMSO-d6) Oc = 25.2 (CH3), 110.7 (C-7), 111.8 (C-4), 1] 8.4 (C-6), 120.0,

120.4 (C-S), 127.3 (C-8), 132.8, 135.4 (C-3), 136.7, 140.0, 14S.7 (C-1) ppm

MS ESI Positive m/: (%) = 182.1 (lOO%)

HRMS calculated for CI2HIIN2 = 183.0914 found 183.09167

48
Yellow/orange solid, 66 % yield

Mp = 230 - 234°C from AcOEt

IR Vrnax = 3120, 1700, 1620,907,815 cm-I

IH NMR (CD30D) OH = 8.18 (lH, d, J = S.4 Hz, H3), 8.14 (lH, d, J = 7.6 Hz, H8),

7.92 (lH, d, J = 5.4 Hz, H4), 7.S6 (2H, m, J = 7.6 Hz, H7+Hs), 7.25 (lH, t, J = 7.6 Hz,

H6), 3.16 (2H, q, J = 7.6 Hz, HA), 1.42 (3H, t, J = 7.6 Hz, HB) ppm

13CNMR (DMSO-d6) oc= 26.1 (CH3), 38.7 (CH2), 109.5 (C-7), 110.9 (CA), 117.6

(C-6), 12l.2, 122.7 (C-S), 127.3 (C-8), 131.5, 135.4 (C-3), 137.3, 141.2, 146.4 (C-I)

ppm

MS ESI Positive mlz (%) = 196.2 (lOO %)

HRMS calculated for C13H13N2= 197.2454 found 197.24567---
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3.1c(i) Synthesis in two distinct steps: Synthesis of 1,2,3,4-tetrahydro-I-ethyl-3-

carboxy-9H-pyrido[3,4-b ]indole 134

eOOH

11
MW = 182.22

134
MW =244.29

To a solution of DL-tryptophan 11 (1.021 g, 5.0 mmol) in water (25 ml.) and sulfuric

acid (lM, 5 mL) was added propionaldehyde (0.55 mL, 7.5 mmol). The reaction

mixture was heated at 65°C for 21 h and was allowed to cool down to RT. A solution

of saturated sodium carbonate (20 mL) was then added. The product was washed with

dichloromethane (3 x 20 mL) and the aqueous layer was evaporated in vacuo to afford

a white powder. This powder was triturated with acetone (2 x 20 ml.) and filtered off.

The solvent was removed under reduced pressure affording an orange powder (1.22 g,

100 %).

Mp: decomposition above 21DoC

IR Vrnax = 3404, 1577, 1410, 1119, 739 cm"

'n NMR (CD30D) OH = 11.54 (lH, bs, NH), 7.54 OH, d, J = 7.2 Hz, Hg), 7.43 (lH, t

J = 7.2 Hz, H6,), 7.17 (lH, dt, J = 0.7, 7.2 Hz, H5), 7.10 (tH, dt, J = 0.7, 7.2 Hz, H7),

4.22 (lH, m, H3), 3.74 (lH, m, H4), 3.28 (lH, m, H4), 2.94 OH, m, H,), 2.04 (2H, m,

CH2), 1.24 (3H, m, CH3) ppm

l3C NMR (DMSO-d6) Oc= 20.4 (C-b), 23.4 (C-a), 27.2 (C-4), 55.2 (C-I), 60.6 (C-3),

109.0,112.1 (C-6), 118.9 (C-S), 119.S (C-7), 119.9 (C-5), 122.1, 12S.S, 138.7, lS0.1

(COOH) ppm

MS ESI Positive m/: (%) = 244.3 (lOO%)

HRMS calculated for CI4H17N202= 245.1294 found 245.12924

The same methodology was applied to the syntheses of 12 and 135. All the syntheses

gave positive results.
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12

eOOH

Yellow solid, 95 % yield
Mp = 142 - 147 QCfrom DCM

IR Vrnax = 3399, 2940, 1573, 1412, 738 cm-I

Rf = 0.71 (butanol/AcOH : 1011)
1H NMR (CD30D) OH = 7.44 (lH, m, Hg), 7.40 (lH, m, H7), 7.17 (LH, m, H5), 7.10

(lH, m, H6), 4.74 (lH, t, J = 6.3 Hz, HI), 4.43 (lH, m, H3), 3.74 OH, m, H4A), 3.22

(lH, m, H4B), 2.97 (2H, m, HI), L.66 (3H, m, CH3) ppm

l3C NMR (DMSO-d6) Oc = 1O.S (CH3), 26.1 (C-l), 53.4 (C-3), 5S.9 (C-4), lOS.S,

110.7 (C-7), 117.2 (C-S), 117.9 (C-5), 121.7 (C-6), 127.1, 136.0, 137.3, 136.4, 176.9

(COOH) ppm

MS ESI Positive m/: (%) = 230.3 (100 %)

HRMS calculated for C13HlSN202= 231.1133 found 231.11342

135

eOOH

Yellow solid, 100 % yield

Mp = 155 - 160 QC(from DCM)

IR Vrnax = 3399, 2940, 1573, 1412, 73S cm'
Rf = 0.83 (butanol/AcOH : 10/1)

IH NMR (CD30D) OH = 7.28 0 m, H aromatic), 5.04 (l H, t, J = 6.3 Hz, HI), 4.05
/

(2N, m, H3), .67 (lH, m, H4A), 3.43 (2H, d, J = 14.4 Hz, CH2), 3.31 nn, m, H4B)

ppm

l3C NMR (DMSO-d6) Oc = 22.1(C-a), 37.5 (C-4), 52.4 (C-l), 55.2 (C-3), 105.2,

111.6 (C-6), l1S.3 (C-S), 119.2 (C-7), 122.1 (C-5), 125.7, 127.4, 126.6, 12S.S, 129.3,

129.6, 129.S, 135.6, 136.5, 170.3 (COOH) ppm

MS ESI Positive mlz (%) = 306.3 (lOO %)
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HRMS calculated for C'9H'9N202= 307.1446 found 307.1447 •

3.1c(ii) Synthesis in two distinct steps: Attempted synthesis of 1,2,3,4-

tetrahydro-l-ethyl-3-carboxy-9H-pyrido[3,4-b ]indole 134

eOOH eOOH

MeOH IHel

11
MW = 204.23

134
MW = 244.29

To a stirred suspension of DL-tryptophan 11 (1.021g, 5.0 mmol) in methanol (25 mL)

was added an aqueous solution of hydrochloric acid (2M, 4 mL) and propionaldehyde

(0.28 mL, 3.85 mmol). The resulting solution was stirred at 50 QC for 2 h. The

reaction mixture was poured into water (20 mL) and the precipitate was filtered off.

The product was extracted using ethyl acetate (3 x 15 mL). The organic layers were

combined, washed with brine (20 mL), dried over anhydrous magnesium sulfate,

filtered and evaporated under reduced pressure affording a complex mixture of

products.

The same methodology was applied to the syntheses of 12 and 135and gave the same

results.

eOOH eOOH

12 135
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3.1c(iii) Synthesis in two distinct steps: Synthesis of 1,2,3,4-tetrahydro-I-ethyl-

3-carboxy-9H-pyrido[3,4-b ]indole 134

eOOH eOOH

TFA

11
MW =204.23

134
MW = 244.29

To a 10 % solution TFA in large excess, DL-tryptophan (1.021 g, 5.0 mmol) and

propionaldehyde (0.55 mL, 7.5 mmol) were added. The mixture was stirred for seven

days at RT. A 10 % solution NaHC03 (l0 mL) was added to quench the acid in the

reaction mixture. The product was extracted using ethyl acetate (3 x 10 mL) and the

organic layer was washed with water (15 ml.), brine (10 ml.) and dried over

anhydrous sodium sulfate. The evaporation of the organic layer in vacuo did not

work. The aqueous layer was then evaporated under reduced pressure affording a

yellow powder. Large amounts of acetone (lOO ml.) were added to dissolve the

product from the remaining salt. The product was filtrated and the combined filtrates

were condensed leaving a sticky yellow solid (733 mg, 60 %).

Mp: decomposition above 210°C

IR vrnax = 3404, 1577, 1410, 1119, 739 cm-I
1H NMR (CD30D) OH= 11.54 OH, bs, NH), 7.54 (IH, d, J = 7.2 Hz, Hs), 7.43 (tH, t,

J = 7.2 Hz, H6), 7.17 (lH, dt, J = 0.7,7.2 Hz, Hs), 7.10 (lH, dt, J = 0.7,7.2 Hz, H7),

4.22 (lH, m, H3), 3.74 (lH, m, H4A),3.28 (lH, m, H4B), 2.94 (lH, m, HI), 2.04 (2H,

m, CH2), 1.24 (3H, m, CH3) ppm

BC NMR (DMSO.d,) Bc= 20.4 (C-b), 23.4 (C-a), 27.2 (C-4), 55.2 (C-I), 60.6 (C-3),

109.0,112.1 (C-6), 118.9 (C-8), 119.8 (C-7), 119.9 (C-5), 122.1, 128.8, 138.7, 180.1

(COOH) ppm

MS ESI Positive mlz (%) = 244.3 (lOO%)

HRMS calculated for C14HI7N202= 245.1294 found 245.12924
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The synthesis of 12 was carried out in the same conditions and gave a 100 % yield.

COOH

12
Yellow solid, 100 % yield

Mp = 142 - 147 "C (from acetone)

IR Vmax = 3399, 2929, 1575, 1412, 738 ern"

Rf= 0.71 (butanoLlAcOH: 1011)

IH NMR (CD30D) bH = 7.44 (lH, m, Hg), 7.40 OH, m, H7), 7_17 (IB, m, Hs), 7.10

(IH, m, B6), 4.74 OH, q, J = 6.3 Hz, HI), 4.43 OH, m, H3), 3.74 (lH, m, H4), 3.22

OH, m, H4), 2.97 (2H, m, HI), 1.66 (3H, m, CH3) ppm

BC NMR (DMSO-d6) be = 10.8 (CH3), 26.1 (C-1), 53.4 (C-3), 58.9 (C-4), 108.8,

110.7 (C-7), 117.2 (C-8), 117.9 (C-5), 121.7 (C-6), 127.1, 136.0, 137.3, 136.4, 176.9

(COOH) ppm

MS ESI Positive m/: (%) = 230.3 (lOO %)

HRMS calculated for CI3HISN202= 231.1133 found 231.1134

3.1d(i) Microwave optimisation of the one-pot reaction

3.1d(i)-1 Synthesis of 1-methyl-9H-pyrido[3,4-b ]indole 13

NH2

eOOH i) CH3CHO / MW

ii) [Ox]

11
MW = 204.23

13
MW = 182.23

To a solution of DL-tryptophan 11 (1.021 g, 5.0 mmol) in water (25 mL) and sulfuric

acid (1M, 5 mL) was added acetaldehyde (0.43 mL, 7.5 mmoJ). The reaction mixture

was heated under microwave (800 W) for 1 min before adding glacial acetic acid (5.5

mL) and aqueous potassium dichromate (10 %, 12.5 rnL). The whole was heated to

reflux for 3 min and was allowed to cool down to RT. Saturated sodium sulfite was
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added to reduce the excess of oxidant and solid sodium carbonate was then added to

neutralise the solution. The product was washed with dichloromethane (3 x 50 ml.),

dried over anhydrous sodium sulfate, filtered and the solvent was evaporated in vacuo

to afford a brown powder (182 mg, 20 %).

Mp = 234 - 239°C (lit. 235 - 239 CC) (from AcOEt)

IR Vrnax = 3132, 1721, 1634, 1226,902,800 cm-I

lU NMR (CD30D) OH= 8.76 (lH, bs, NH), 8.39 (IH, d, J = 5.4 Hz, H3), 8.12 (IH, d,

J = 5.4 Hz, H4), 7.84 (lH, d, J = 8.3 Hz, Hg), 7.53 (2H, m, H6 + He), 7.37 (lH, t, J =
5.4 Hz, H7), 2.84 (3H, s, CH3) ppm

13CNMR (DMSO·d6) Oc = 25.2 (CH3), 110.7 (C-7), 111.8 (C-4), 118.4 (C-6), 120.0,

120.4 (C-5), 127.3 (C-8), 132.8, 135.4 (C-3), 137.4, 140.0, 145.7 (C-I) ppm

MS ESI Positive m/: (%) = 182.2 (lOO%)

URMS calculated for CI2HIIN2 = 183.0914 found 183.09167

The identical methodology was applied to compound 136 and gave the same result as

shown below.

Ph

136
Yellow solid, 20 % yield

Mp: decomposition above 300 °C (from DCM)

IR Vrnax = 3230, 1640,890, 795 cm'

'n NMR (DMSO·d6) OH = 12.02 (lH, bs, NH), 8.74 (lH, m, H3), 8.68 (lH, m, H4),

8.54 (lH, m, Hs), 7.84 (lH, m, H6), 7.65 OH, m, Hs), 7.50 OH, m, H7), 7.44 (6H, m,

H aromatic), 4.94 (2H, s, CH2) ppm

13CNMR (DMSO·d6) Oc = 41.5 (CH2), 109.3 (C-7), 110.7 (C-4), 117.3 (C-6), 121.0,

122.6 (C-5), 125.5, 127.7 (C-8), 131.4, 133.2, 135.8 (C-3), 141.8, 144.4,145.8,149.3

(C-I) ppm

MS ESI Positive m/: (%) = 258.3 (lOO%)

URMS calculated for C1sH1SN2 = 259.1378 found 259.1376
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3.1d(i)-2 Attempted synthesis of I-benzyl-9 -pyrido[3,4-b]indole 136

COOH
i) PhCH2CHO / MW

ii) [Ox]

Ph

11
MW = 204.23

136
MW = 258.14

DL-Tryptophan 11 (1.021 g, 5.0 mmol) was dissolved in toluene (10 mL) and

aqueous trifluoroacetic acid (10 %, 10 mL). Phenyl acetaldehyde (6.72 mL, 60 mmol)

was added in one portion to the mixture. The microwave assisted Pictet-Spengler

reaction was carried out in an open vessel using a commercial microwave oven (800

W). The reaction mixture was concentrated to dryness under reduced pressure to

obtain a residue which was dissolved in toluene (5 mL) and then extracted with acidic

water (3 x 10 mL). Glacial acetic acid (5.5 mL) and aqueous potassium dichromate (5

%, 10 mL) were then added. The mixture was heated to reflux for 3 min and then

allowed to cool down to RT. Saturated sodium sulfite (10 mL) was added to reduce

the excess of oxidant and solid sodium carbonate (750 mg) was added to neutralise

the solution. The product was extracted with dichlorornethane (3 x 50 mL), dried over

anhydrous sodium sulfate and then filtered. The solvent was removed in vacuo to

leave a complex mixture of products.

3.2(i) N-methylation of 1-substituted-pyrido[3,4-b ]indoles: Synthesis of 1-

methyl-2- methyl)-~ ~-carboJinium iodide 19

13
MW = 183.22

19
MW = 324.02

To a solution of harmane 13 (250 mg, 1.37 mrnol) dissolved in a minimum quantity of

dichloromethane was added iodomethane (0.26 mL, 4.11 mmol). The reaction was

stirred for 20 h and then filtered off to leave a pale yellow solid (444 mg,
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quantitative). In ethyl acetate, the overall yield for this reaction is 60 % and in acetone

is 84 %.

Mp = 278 - 280°C (from DCM)

IR Vmax = 3112, 1629, 1527, 1450, 1381, 1329, 1226, 1120, 767 cm'

IH NMR (DMSO-d6) OH = 12.85 (1H, s, NH), 8.66 (1H, d, J = 6.8 Hz, H1), 8.62 (1H,

d, J = 6.8 Hz, H4), 8.47 (1H, d, J = 8.0 Hz, H8), 8.23 (1H, d, J = 8.0 Hz, H5), 7.84 ( 1H,

t, J = 8.0 Hz, H6), 7.44 (IH, t, J = 8.0 Hz, H7), 4.36 (3H, s, N-CH3+), 3.07 (3H, s, CH3)

ppm

l3C NMR (DMSO-d6) Be = 31.5 (CH3), 54.4 (N+-CH3), 109.3 (C-7), 110.7 (C-4),

117.3 (C-6), 121.0, 122.6 (C-5), 125.5, 127.7 (C-8), 131.4, 133.2, 135.8 (C-3), 149.3

(C-I), 154.2 ppm

MS ESI Positive m/z (%) = 197.0 (100 %)

HRMS calculated for C)3HI3N2 = 197.1063 found 197.1065

3.2(ii) N-methylation of l-substituted-pyrido[3,4-b ]indoles: Synthesis of 1-

benzyl-2-(N-methyl)-9H-~-carbolinium iodide 138

Ph

136
MW=258.32

138
MW =273.36

To a solution of 136 (770 mg, 2.98 mmol) dissolved in dichloromethane (15 ml.) was

added iodomethane (0.56 mL, 8.94 mmol). The reaction mixture was stirred for 48 hand

filtrated to leave a yellow solid (750 mg, 60 %).

Mp = 240 - 242°C (from DCM)

IR Vmax = 3087, 1637, 1513, 1444, 1330, 1232, 1163, 1072, 764 ern"

IH NMR (DMSO-d6) OH = 13.08 (lH, bs, NH), 8.75 (lH, m, H3), 8.67 (lH, m, H4),

8.53 (lH, m, H8), 7.82 (IH, m, H6), 7.50 (lH, rn, H5), 7.48 (lH, m, H7), 7.34 (6H, m,

H aromatic), 4.95 (2H, s, CH2), 4.25 (3H, S, N-CH3+) ppm
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l3C NMR (DMSO-d6) Dc = 33.7 (CH2), 49.6 (CH)), 112.9 (C-6), 116.3 (C-3), 121.7

(C-7), 123.6 (C-8), 127.4, 127.9, 128.2, 128.7, 129.2, 129.8, 131.9 (C-5), 135.3 (C-4),

141.9 (C-I) ppm

MS ESI Positive m/: (%) = 273.4 (100 %)

HRMS calculated for C)9H7N2 = 273.34565 found 273.34567

3.2(iii) N-methylation of I-substituted-pyrido[3,4-b ]indoles: Synthesis of J-

ethyl-2-(N-methyl)-9H-B-carboliniurn iodide 137

137
MW = 328.20

13
MW = 196.26

To a solution of harmane 13 (100 mg, 0.51 mmoJ) dissolved in dichloromethane (15

mL) was added iodomethane (0.19 mL, 3.08 mmol), The reaction mixture was stirred

for 23 h at RT. The product was then filtered off, affording a pale yellow powder (103

mg, 63 %).

Mp: decomposition above 300 QC (from DCM)

IR Vmax = 3679, 3136, 2954, 1631, 1444, 1335, 1.232, 1054,768 crn'

IH NMR (DMSO-d6) OH = 8.51 (lH, d, J = 8.3 Hz, H3), 8.49 (IH, d, J = 8.3 Hz, ~),

8.42 (lH, d,J = 7.9 Hz, H8), 7.87 (lH, dd, J = 7.9, 6.8 Hz, H7), 7.83 (lH, dd, J = 7.9,

6.8 Hz, H6), 7.51 (lH, d, J = 6.8 Hz, Hs), 4.52 (3H, s, N+-CH3), 3.61 (2H, q, J = 7.2

Hz, CH2), 1.55 (3H, t, J = 7.2 Hz, CH3) ppm

l3C NMR (DMSO-d6) Dc = 11.8 (CH2), 22.0 (CH3), 54.2 (N+-CH3), 113.6 (C-6), }

llS.4 (C-4), 120.9 (C-7), 123.3 (C-8), 131.0 (C-5), L33.6 (C-3), 142.5 (C-l) ppm

MS ESI Positive m/: (%) = 211.3 (lOO %)

HRMS calculated for C)4H)sN2 = 211.2864 found 211.2865
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3.3(i) The C-allylation step: Attempted synthesis of 1-(but-3-ene)-2-(N-methyl)-

9H-~-carbolinium bromide 154

Bry~
NaOH

ptc

19
MW = 324.02 154

MW = 317.07

To 19 (150 mg, 0.46 mmol) were added allyl bromide (0.51 mL, 5.9 mmol), aqueous

sodium hydroxide (2M, 0.51 ml.), tetra-n-butylammonium hydroxide (40 % aqueous

solution, 0.03 mL) and dichloromethane (3.5 mL). The reaction mixture was stirred

under nitrogen for 36 h. After this time, the whole was acidified to pH 7 using

hydrochloric acid (8 ml.) and was then evaporated to dryness. The product was

extracted from this residue with dichloromethane (3 x 20 mL) and the combined

extracts were evaporated in vacuo to leave a brown oil. This oil was triturated with

ethyl acetate (5 mL) until a yellow solid was left. The IH NMR spectrum showed a

complex mixture of products.

3.3(ii) The C-allylation step: Attempted synthesis of 1-(but-3-ene)-2-(N-methyl)-

9H-~-carbolinium bromide 154

O$1N~
H

19
MW = 324.02

Bry~
NaOH

!

157
MW = 277.38

154
MW = 317.07
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To 19 (200 mg, 0.62 mmol) were added allyl bromide (0.42 mL, 4.80 mrnol),

dichloromethane (10 ml.) and sodium hydroxide (2M, 0.70 ml.). The mixture was

stirred under nitrogen for 3 days. The product was then acidified to pH 7 using dilute

hydrochloric acid (7 ml.) and was then evaporated to dryness. The product was

extracted from this residue with dichloromethane (3 x 20 ml.) and the combined

extracts were evaporated in vacuo to leave an impure mixture of products.

The IH NMR and MS spectra suggested evidence of the diallylated product 1-(but-3-

ene)-2-(N-methyl)-9-(N-allyl)-~-carbolinium bromide 157.

Mp: decomposition above 300 -c (from OCM)

IR Vrnax = 3120, 2895, 1437, 1312, 1234, 1045,789 cm'

'n NMR (DMSO-d6) bH = 9.08 OH, d, J = 5.4 Hz, H3), 8.37 (lH, dd, J = 5.4, 1.3

Hz, H4), 8.32 OH, m, H5), 7.61 (lH, m, H8), 7.37 OH, m, Ho), 7.23 (IH, m, H7), 6.21

OH, m, HF), 5.60 (1H, m, Hd, 5.31 (2H, d, J = 9.0 Hz, HE), 5.02 OH, dd, J = 10.9,

2.0 Hz, Ho), 5.00 (1H, dd, J = 16.7, 2.0 Hz, Ho), 4.82 (1H, dd, J = 17.0, 2.5 Hz, Ho),

4.78 OH, dd, J = 10.5, 2.5 Hz, Ho), 4.40 (3H, S, N+-CH3), 3.07 (2H, t, J = 5.4 Hz,

HA), 2.14 (2H, dt, J = 7.8,5.4 Hz, HB) ppm

Be NMR (DMSO-d6) be = 24.5 (C-a), 27.4 (N+-CH3), 32.9 (C-b), 58.6 (C-e), 102.4,

111.0 (C-8), 119.6 (C-7), 120.5 (C-5), 121.7 (C-6), 126.5 (C-d), 127.8 (C-g), 127.7,

127.9,129.3 (C-I), 131.4 (C-3), 139.1, 140.2 (C-c), 141.3 (C-f), 159.7 (C-4) ppm

MS ESI Positive m/z (%) = 278.7 (lOO %)

HRMS calculated for CI9H2INz = 278.6889 found 278.68896
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3.3(iii) The C-allylation step: Attempted synthesis of 1-(2-phenyl-but-3-ene)-2-

(N-methyl)-9H-~-carbolinium bromide 156

NaOH

Br~
)( ..

138
MW = 273.36

156
MW = 313.42

To 138 (300 mg, 0.75 mmol) were added allyl bromide (0.20 mL, 2.25 mmol), aqueous

sodium hydroxide (2M, 5 mL) and dichloromethane (10 ml.), The mixture was stirred

under nitrogen for 25 h. After ca. 5 min., the solution became orange-red. After this time,

the whole was acidified to pH 7 using diluted hydrochloric acid (8 rnl.) and was then

evaporated. The product was extracted with dichloromethane (3 x 15 rnl.) and the

combined extracts were evaporated in vacuo to leave dark-brown crystals. These crystals

were triturated in iso-propanol (6 mL).

The IH NMR spectrum showed an impure mixture of compounds.

3.3(iv) The C·allylation step: Synthesis of 1-(2-phenyl-but-3-ene)-2-(N-methyl)-

9H-~-carbolinium bromide 156

NaOH
pte

Br~

138
MW =273.36 156

MW = 313.42

To 138 (lOOmg, 0.25 mmol) were added allyl bromide (0.07 mL, 0.75 mmol), aqueous

sodium hydroxide (2M, 4 mL), tetra-n-butyl ammonium hydroxide (40 %,0.05 mL, 0.02

mmol) and dichloromethane (10 ml.). The mixture was stirred under nitrogen for 24 h.

After ca. 5 min., the solution became orange. After this time, the whole was acidified to
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pH 7 using diluted hydrochloric acid (7 mL) and was then evaporated. The product was

extracted with dichloromethane (3 x 15 mL) and the combined extracts were evaporated

in vacuo to leave a brown oil. This oil was then triturated in ethyl acetate (6 ml.) and led

to the formation of a brown powder (45 mg, 57 %).

Mp = decomposition above 280 DC (from DCM)

IR Vms" = 3150, 3340, 2885,1448,1331,1227,1042,784 cm'

IH NMR (DMSO-d6) BH = 9.45 (I H, d, J = 5.4 Hz, H1), 8.37 (I H, dd, J = 5.4, 1.3 Hz,

H4), 8.31 (1H, m, H5), 7.61 (1H, m, H8), 7.37 (1H, rn, H6), 7.33 (6H, m, HaromatiJ,7.24

(1H, m, H7), 6.21 (1H, m, HF), 5.68 (1H, m, Hd, 5.33 (2H, d, J = 9.7 Hz, HE), 5.02

OH, dd, J = 10.9, 2.0 Hz, HG), 5.01 (lH, dd, J = 16.7, 2.0 Hz, HG), 4.86 (I H, dd, J =
16.3, 2.5 Hz, HD), 4.83 (IH, t, J = 6.0 Hz, HA) 4.81 (IH, dd, J = 10.6, 2.5 Hz, Ho),

4.41 (3H, s, N+-CH3), 2.42 (2H, dd, J = 9.7, 6.0 Hz, HB) ppm

Be NMR (DMSO-d6) Be = 24.5 (C-a), 27.4 (N+-CH3), 32.9 (C-b), 58.6 (C-e), 102.4,

111.0 (C-8), 119.6 (C-7), 120.5 (C-5), 121.7 (C-6), 126.5 (C-d), 127.8 (C-g), 127.7,

127.9, 129.3 (C-4), 131.4 (C-3), 139.1, 140.2 (C-c), 141.3 (C-O, 142.5 (C-3), 159.7

(C-1) ppm

MS ESI Positive mlz (%) = 313.4 (100 %)

HRMS calculated for C22H2IN2= 313.4218 found 313.42196

3.3(v) The C-allylation step: Synthesis of 1-(2-phenyl-but-3-ene)-2-(N-methyl)-

9-(N-prop-2-ene)-~-carbolinium bromide 159

Br~

138

MW =273.36
159

MW = 353.49

To 138 (150 mg, 0.46 mmol) were added allyl bromide (0.12 mL, 1.38 mrnol), aqueous

sodium hydroxide (2M, 3 mL) and dichloromethane (10 ml.), The mixture was stirred

under nitrogen for 24 h. After ca. 5 min., the solution became orange. After this time, the

whole was acidified to pH 7 using diluted hydrochloric acid (7 ml.) and was then
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evaporated. The product was extracted with dichloromethane (3 x 15 ml.) and the

combined extracts were evaporated in vacuo to leave a brown solid (63 mg, 38 %).

Mp = 233-236 QC(from DCM)

IR Vmax = 3150, 3340, 2885, 1448, 1331, 1227, 1042,784 cm"

'n NMR (DMSO-d6) OH = 13.08 (lH, bs, NH), 9.45 (lH, d, J = 5.4 Hz, Hs), 8.37

(1H, dd, J = 5.4, 1.3 Hz, H4), 8.31 (l H, m, H5), 7.61 (lH, m, H8), 7.37 (lH, m, H6),

7.33 (6H, m, Haromatic),7.24 (lH, m, H7), 6.21 (lH, m, HF), 5.68 (lH, m, He), 5.33

(2H, d, J = 9.7 Hz, HE), 5.02 (lH, dd, J = 10.9,2.0 Hz, HG), 5.01 (lH, dd, J = 16.7,2.0

Hz, HG), 4.86 (1H, dd, J = 16.3, 2.5 Hz, HD), 4.83 (lH, t, J = 6.0 Hz, HA) 4.81 (1H,

dd, J = 10.6, 2.5 Hz, HD), 4.41 (3H, s, N+-CH3), 2.42 (2H, dd, J = 9.7, 6.0 Hz, HR)

ppm

13C NMR (DMSO-d6) Oc = 24.5 (C-a), 27.4 (N+-CH3), 32.9 (C-b), 58.6 (C-e), 102.4,

111.0 (C-8), 119.6 (C-7), 120.5 (C-5), 121.7 (C-6), 126.5 (C-d), 127.8 (C-g), 127.7,

127.9, 129.3 (C-4), 131.4 (C-3), 139.1, 140.2 (C-c), 14l.3 (C-f), 142.5 (C-3), 159.7

(C-I) ppm

MS ESI Positive mlz (%) = 353.49 (lOO%)

URMS calculated forC25H25N2= 353.4919 found 353.49196

3.4) The N-demethylation step: Attempted synthesis of 1-but-3-ene-9H-pyrido[3,4-
b]indole 160

eutectic mixtureX ~

157
MW = 344.08

160
MW = 222.29

A fourfold (overall) excess of sodium, potassium and lithium acetates was ground

together in the ratio NaOAc:KOAc:LiOAc.2 H20 ::0.3:0.38:0.32. The mixture was

melted (using a Bunsen burner) until the water of crystallisation had been driven off,

and was then allowed to cool down to RT. Once cool, the opaque glass formed was
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broken up ready for use with 157 (119 mg, 0.38 mmol). The reaction mixture was

heated up at 200 QCfor 20 min under stirring. The product was partitioned between

water and dichloromethane (20 ml.), followed by extraction into dichloromethane ( x

15 mL). The combined organic extracts were dried over anhydrous sodium sulfate,

filtered and then evaporated to dryness in vacuo to leave an impure mixture of

compounds.

Spectroscopic characterisation of the crude products showed that the desired product

160 and starting material are present in a 60:40 ratio as part of a vey complex mixture

of products.

The identical process was performed using an eightfold excess of acetates and led to

the same resul t. -~
/

3.6a(i) Synthesis of I-methyl-2- bromo-3-propane)- ~-carbolinium bromide

171

Br~Br

AcOEt

Br

+

//N~
B

13

MW = 182.22
171

MW = 304.21

Harmane 13 (201 rng, 1.1 mmol) was dissolved in ethyl acetate (10 mL). 1,3-

dibromopropane (1.12 mL, 11mmol) was added to the mixture. The reaction mixture

was left to stand for 6 weeks. Yellow crystals precipitated, leaving a pale yellow

solution. These crystals were filtered off and washed several times with diethyl ether

(6x8mLL
Mp = 234 - 235 "C (from AcOEt)

IR Vmax = 3064, 1634, 1532, 1450, 1328, 1236, 1149, 766 cm'

IH NMR (DMSO-d6) 8H = 8.49 (2H, m, H3 + Ha), 8.35 (IH, d, J = 7.9 Hz, Hg), 7.78

(1H, m, H5), 7.43 (2H, m, H6 + H7), 4.84 (2H, t, J = 6.1 Hz, HA), 3.60 (2H, t, ] = 6.1

Hz, He), 3.14 (3H, s, CH3), 2.55 (2H, g, J = 6.1 Hz, HB) ppm
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BC NMR (DMSO-d6) Bc = 15.3 (CH3), 32.8 (C-b), 54.1 (C-a), 57.2 (C-c), 112.8 (C-

5), 115.7(C-3), 121.5 (C-7), 123.4(C-8), 133.7(C-6), 135.1 (C-4), 159.4(C-I) ppm

MS ESI Positive m/: (%) = 304.21 (100 %)

URMS calculated for C1sH17N2Br = 305.045 found 305.0453

3.6a(ii) Synthesis of 1-methyl-2-(N-bromo-4-butane)-9H-p-carbolinium bromide

174

13
MW = 182.22 174

MW = 318.24

O:f1N
H

~Br
Br Ocf1N~

B

Harrnane 13 (200 mg, 1.1 mmol) was dissolved in dichloromethane (10 ml.), 1,4-

dibromobutane (1.32 mL, 11 mmol) was added to the mixture. The reaction mixture

was left to stand for 4 weeks. Dark brown crystals have precipitated, leaving a pale

brown solution. These crystals were filtered off, washed with diethyl ether (3 x 20

ml.) and triturated with ethyl acetate (185 mg, 42 %).

The IH NMR spectrum showed the presence of the starting material (25 %) as well as

the desired product.

Mp: decomposition above 235 QC(from DCM)

IR Vrnax = 3070, 1640, 1542, 1445, 1332, 1240, 1609, 767 cm'
'n NMR (DMSO-d6) OH = 8.52 (2H, m, H3 + Ht), 8.39 (IH, d, J = 7.9 Hz, Hg), 7.80

(2H, m, Hs), 7.47 OH, m, H6 + H7), 4.76 (2H, t, J = 7.9 Hz, HA), 3.57 (2H, t, J = 6.3

Hz, HD), 3.17 (3H, s, CH3), 2.19 (2H, m, HB), 2.07 (2H, m, He) ppm

l3C NMR (DMSO-d,) Oc = 14.1 (CH3), 28.9 (C-c), 31.9 re-i», 56.0 (C-a), 60.5 (C-d),

112.3 (C-6), 115.1 (C-4), 121.5 (C-7), 122.6 (C-8), 131.4 (C-5), 133.1 (C-3), 161.2

(C-l) ppm

MS ESI Positive mlz (%) = 318.24 (100 %) and a significant quantity of dimer

C2gH1gN4was formed mlz = 419.2224 (70 %)

HRMS calculated for CI6H20N2Br= 319.0617 found 319.0620
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3.6b) Dilute conditions: Synthesis of I-methyl-2-(N-bromo-3-propane)-9H-~-

carbolinium bromide 171

Error! Objects cannot be created from editing field codes.

The solvent was used in a large excess to encourage precipitation and disadvantage

intermolecular reactions that lead to dimerisation.

Harmane 13 (104 mg, 0.57 mmol) was dissolved in a large excess of 1,3-

dibromopropane (2 mL). Dichloromethane (110 ml.) was then added to the whole.

The reaction mixture was stirred for 60 days at RT. After this time, 60 % of the

desired product was formed as an orange powder.

The same methodology was applied to the synthesis of 174 and led to a 70 %

completion.

3.7a) Potassium carbonate as a base: Attempted synthesis of 4,5,6,7-tetrahydro-

IH-indolo[2,3-a]quinolizin-3-ium bromide 173

171
MW = 304.21

173
MW = 223.30

171 (85 mg, 0.27 mmol) was dissolved in dichloromethane (30 ml.) and then stirred

under inert atmosphere with potassium carbonate (1 IO mg, 0.80 rnmol) for one week.

The dark green mixture was then acidified with concentrated HBr (5 ml.) until no

more CO2 was evolved. The reaction was returned to pH 7 using a saturated NaHC03

solution (13 ml.). The solvent was then evaporated to dryness. The product was

extracted from the mixture using IPA (3 x 15 ml.), filtered and evaporated under

reduced pressure to leave an impure mixture of products.

3.7b) Potassium hydroxide as a base: Attempted synthesis of 4,5,6,7-tetrahydro-

IH-indolo[2,3-a]quinolizin-3-ium bromide 173
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KOH
X ..

171
MW = 304.21

173
MW = 223.30

To 171 (150 mg, 0.49 mmol) were added dichloromethane (10 mL) and potassium

hydroxide (83 mg, 1.48 mmol). The reaction mixture was stirred for one week under

N2. The mixture was then acidified until no more CO2 was evolved. The reaction was

returned to pH 7 using saturated NaHC03 (15 mL) and was then evaporated to

dryness. The product was extracted from the solid using IPA (3 x 15 mL). The solvent

was then removed in vacuo to leave an orange powder. The powder was triturated

with DCM (5 mL).

The IH NMR spectrum showed a very impure mixture of compounds.

The same methodology was applied to the synthesis of 175 and led to the same

conclusion.

16

175

3,4,5,6,7 ,8-hexahydro-l H-indolo[2',3',3,4 ]pyrido[ 1,2-a]azepi n-6-ium

4.2a(i) Synthesis of the protected material: Attempted synthesis of I-methyl-2-

(N-methyl)-9-(N-triisopropylsilyl)-~-carbolinium iodide 177

77



NaH

TIPS-Cl
)(

19
MW = 324.16

177
MW = 480.50

19 (300 mg, 0.925 mmol) was added to a 60 % suspension of sodium hydride (74 mg,

1.85 mmol) in THF (15 mL) at 0 QC.After stirring for 3 h, triisopropylsilylchloride (0.39

mL, 1.85 mmol) was added drop wise and the mixture was allowed to warm to RT

overnight. The solution was quenched with water (15 ml.). The aqueous layers were

extracted with ether (3 x 15 mL) and the combined organic phases dried over anhydrous

magnesium sulfate, filtered and concentrated. The solvents were removed in vacuo.

The IH NMR spectrum showed a complex mixture of products.

4.2a(ii) Synthesis of the protected material: Attempted synthesis of l-ethyl-2-

(N-methyl)-9-(N-benzyl)-B-carbolinium bromide 178

acetone

137
MW = 338.20

178
MW = 382.33

SnSrl NaOH
)( ~

To 137 (50 mg, 0.15 mmol) was added benzyl bromide (0.18 mL, 1.49 mmol) and

acetone (10 mL). The mixture was stirred for 10 min at RT until all the starting

material was dissolved. After this time, was added aqueous sodium hydroxide (2M,S

ml.). The mixture was stirred at RT under nitrogen for 8 days. After this time, the

whole was acidified to pH 7 using dilute hydrochloric acid (7 ml.) and was then,

evaporated to dryness.

The IH NMR spectrum showed the presence of a lot of impurities.

4.2a(iii) Synthesis of the protected material: Attempted synthesis of l-ethyl-2-

(N-methyl)-9-(N-benzyl)-B-carbolinium bromide 178
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THF

BnBr / NaH
X ~

137 178
MW = 338.20 MW = 382.33

137 (50 mg, 0.15 mmol) dissolved in tetrahydrofuran (10 ml.) was stirred for 10 min

at RT. A 60 % dispersion in oil of sodium hydride (8.9 mg, 0.22 mmol) and benzyl

bromide (0.07 mL, 0.59 mmol) were then added. The reaction mixture was heated to

reflux for 2 h and allowed to cool to RT overnight. The resulting mixture was poured

into water (10 mL) and the product was extracted with ethyl acetate (3 x 15 ml.). The

organic layers were combined, washed with brine (15 ml.), dried over anhydrous

magnesium sulfate, filtered off and evaporated in vacuo. The aqueous layer was

evaporated showing that the product is still more soluble in water than in

dichloromethane or ethyl acetate.

The IHNMR spectrum showed a very impure mixture of products.

4.2a(iv) Synthesis of the protected material: Attempted synthesis of I-methyl-2-

(N-methyl)-9-(N-tert-butylcarbonate )-B-carbolinium iodide 179

DMAP

19
MW = 324.16

179
MW =424.29

4.2a(iv)-1 A solution of BOC20 (222 mg, 1.0 mmol), DMAP (II mg, 0.09 mmol) and

acetonitrile (15 mL) was added to 19 (300 mg, 0.93 mmol). The mixture was stirred at

RT for 90 min. A solution of saturated sodium hydrogen carbonate (20 ml.) was

added and the mixture was stirred for a further I h. The product was extracted with

diethyl ether (3 x 20 ml.). The organic layers were combined, dried over anhydrous

magnesium sulfate and evaporated in vacuo to afford the starting material back.
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4.2a(iv)-2 Same as above but in dichloromethane (10 mL for 1.0 mmol). The reaction

failed because of the non-solubility of the starting material in oeM.

4.2a(iv)-3 Same as above but in DMF (15 mL for 1.0 mmol). The reaction failed.

4.2a(iv)-4 Same as above but in DMF (15 mL for 1.0 mmol) and 1.5 equivalents of

triethylamine. The reaction failed.

4.2a(v) Synthesis of the protected material:

4.2a(v)-1 Synthesis of l-ethyl-2-(N-methyl)-9-(N-methyl)-~-carbolinium iodide 187

acetone
KOH

137 185 187
MW = 328.20 MW = 343.23

137 (50 mg, 0.15 mmol) was basified with an aqueous solution of potassium

hydroxide (5 %, 10 mL). A precipitate was formed and filtered off. The solid was then

washed with water (10 mL). The yellow solid was dissolved in acetone (l0 rnl.) and

iodomethane (2.40 mL, large excess) was added. The mixture was heated to reflux for

23 h and was then allowed to cool down to RT. The solvent was removed under

reduced pressure affording a yellow powder (45 mg, 96 %).

Mp = 214 - 215 "C (from acetone)

IR vrnax = 3437, 2977, 1815, 1639, 1509, 1458, 1243, 1158 cm'

IH NMR (DMSO-d6) s, = 8.55 (lH, d, J = 5.8 Hz, HJ), 8.52 OH, d, J = 5.8 Hz, H4),

8.42 (IH, d, J = 7.9 Hz, Hg), 7.89 (2H, m, H5 + H7), 7.52 (tH, t, J = 5.9 Hz, H6), 4.53

(3H, s, N-CH3), 4.35 (3H, s, N+-CH3), 3.76 (2H, q, J = 6.8 Hz, CH:!), 1.59 (3H, t, J =
6.8 Hz, CH3) ppm

l3C NMR (DMSO-d6) Oc = 14.1 (CH2), 31.5 (CH3), 45.6 (N-CH), 54.4 (N+-CH),

109.3 (C-7), 110.7 (C-4), 117.3 (C-6), 121.0, 122.6 (C-5), 125.5, 127.7 (C-8), 131.4,

133.2, 135.8 (C-3), 141.8, 158.7 (C-l) ppm

MS ESI Positive m/: (%) = 225.3 (lOO%)
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URMS calculated for CI5H17N2 = 225.3134 found 225.31338

4.2a(v)-2 Synthesis of I-methyl-2-(N-methyl)-9-(N-methyl)-~-carbolinium iodide

186

acetone

KOH

19
MW = 324.16

184 186
MW = 338.19

19 (375 mg, 1.16 mmol) was basified for 3 days with an aqueous solution of

potassium hydroxide (l0 %, 30 mL). A precipitate was formed and filtered off. The

solid was then washed with water (20 mL). The yellow solid was dissolved in acetone

(15 ml.) and iodomethane (4 mL, large excess) was added. The mixture was heated to

reflux for 22 h and was then allowed to cool down to RT. The solvent was removed

under reduced pressure affording an orange powder (340 mg, 87 %).

Mp = 203 - 204 QC(from acetone)

IR Vrnax = 3050, 2920, 1614, 1560, 1446, 1288, 1231, 1134 ern"

'nNMR (DMSO-d6) OH = 8.69 (IH, d, J = 6.8 Hz, H), 8.67 (lH, d, J = 6.8 Hz, H4),

8.48 (lH, d, J = 8.0 Hz, Hs), 7.96 (lH, d, J = 8.0 Hz, H;), 7.84 (lH, t, J = 8.0 Hz, H7),

7.48 (lH, t, J = 8.0 Hz, H6), 4.40 (3H, s, N-CH3), 4.29 (3H, s N+-CH3), 3.26 (3H, s,

CH)ppm

13C NMR (DMSO-d6) Bc = 31.5 (CH), 49.6 (N-CH), 54.4 (N+-CH3), 109.3 (C-7),

110.7 (C-4), 117.3 (C-6), 121.0, 122.6 (C-5), 125.5, 127.7 (C-8), 131.4, 133.2, 135.8

(C-3), 141.8, 159.7 (C-l) ppm

MS ESI Positive m/z (%) = 211.3 (lOO%)

HRMS calculated for CI4HI;N2 = 211.2865 found 211.28654

4.2a(vi) Synthesis of the protected material: Attempted synthesis of l-ethyl-2-

(N-methyl)-9-(N-ethyl)-B-carbolinium bromide 182
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THF

EtBr I NaH
)( ~

137 182
MW = 338.20 MW = 320.27

137 (50 mg, 0.15 mmol) dissolved in tetrahydrofuran (10 ml.) was stirred for 10 min

at RT. A 60 % dispersion in oil of sodium hydride (9 mg, 0.22 rnrnol) and

bromoethane (0.05 mL, 0.59 mmol) were then added. The reaction mixture was

heated to reflux for 2 h and allowed to cool down to RT. The resulting mixture was

poured into water (10 mL) and extracted with ethyl acetate (3 x 10 ml.). The organic

layer was washed with brine (10 ml.), dried over anhydrous sodium sulfate, filtered

off and evaporated in vacuo affording a green oil.

The IH NMR spectrum showed a 1: 1 mix of starting material and desired compound.

4.2a(vii) Synthesis of the protected material: Synthesis of l-ethyl-2-(N-methyl)-

9-(N-allyl)-~-carbolinium bromide 183

NaOH

Br~

137
MW =338.20 183

MW = 331.27

4.2a(vii)-1 Synthesis of l-ethyl-2-(N-methyl)-9-(N-allyl)-~-carbolinium 197

To 137 (50 mg, 0.15 mmol) was added allyl bromide (1 mL, 11.49 mmol) until most

of the product was dissolved. To the mixture was then added acetone (10 ml.) to fully

dissolve the remaining powder. The whole was stirred for 10 min. at RT. To the

mixture, was finally added aqueous sodium hydroxide (2M, 5 ml.), The whole was

stirred at RT under nitrogen for 48 h. Dilute hydrochloric acid (8 rnl.) was added to

neutralise the solution and the whole was evaporated to dryness. The product was

extracted with dichloromethane (3 x 10 mL). The organic layers were combined,
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washed with brine (12 ml.), dried over anhydrous magnesium sulfate and evaporated

under reduced pressure to afford a brown powder (3 mg, 5 %).

Mp = 154 - 157°C (from DCM)

IR Vrnax = 3324, 2861, 1643, 1293, 1227, 1107 cm-I

IH NMR (DMSO-d6) Oti = 8.57 (lH, d, J = 6.5 Hz, H), 8.55 (lH, d, J = 6.5 Hz, H4),

8.43 OH, d, J = 7.2 Hz, Hs), 7.85 (IH, dd, J = 7.2 Hz, H7), 7.76 OH, d, J = 7.2 Hz,

H6), 7.51 (lH, t, J = 7.2 Hz, Hs), 6.25(lH, m, CH allylic), 5.35 (2H, m, CH:! allylic),

5.25 (lH, m, CH:! allylic), 4.68 (lH, m, CH2 allylic), 4.50 (3H, s, N+-CH3), 3.58 (2H,

q, J = 7.6 Hz, CH2), 1.56 (3H, t, J = 7.6 Hz, CH3) ppm

BC NMR (DMSO-d6) Bc = 16.5 (CH2), 34.7 (CH3), 44.8 (N-CH2), 51.9 (N+-CH3),

108.1 (C-7), 110.4 (C-4), 117.3 (C-6), 121.0, 122.6 (C-5), 125.5, 126.3 (CH=CH:!),

127.7 (C-8), 129.6 (CH=CH2), 131.4, 133.2, 135.5 (C-3), 141.4, 144.6, 159.5 (C-J)

ppm

MS ESI Positive m/: (%) = 251.3 (100 %)

HRMS calculated for C17HI9N2= 251.35116 found 251.35118

4.2a(vii)-2 Synthesis of l-ethyl-2-(N-methyl)-9-(N-allyl)-B-carbolinium bromide 183

To 137 (90 mg, 0.27 mmol) was added allyl bromide (0.23 mL, 2.67 mrnol), aqueous

sodium hydroxide (2M, 5 mL) and DMF (15 mL). The mixture was stirred under

nitrogen for 4 days. After this time, the whole was acidified to pH 7 using dilute

hydrochloric acid (6 mL) and was then, evaporated to dryness. To the residue was

then added dichloromethane (15 mL), the product was filtered off and evaporated

under reduced pressure.

The IH NMR spectrum showed the presence of the compound in the filtrate but very

impure.

4.2a(vii)-3 Attempted synthesis of l-ethyl-2-(N-methyl)-9-(N-allyl)-~-carbolinium

bromide 183

To 137 (50 mg, 0.15 mmol) was added allyl bromide (0.04 mL, 0.45 mmol), an

aqueous solution of sodium hydroxide (2M, 5 ml.), tetra-n-butylammonium

hydroxide (3 drops) and dichloromethane (10 mL). The mixture was stirred under

nitrogen for 10 days at RT. The product was acidified to pH 7 using dilute
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hydrochloric acid (6 ml.) and was then evaporated to dryness under reduced pressure.

The product was extracted in dichloromethane (2 x 15 mL). The organic layers were

combined, dried over anhydrous magnesium sulfate and evaporated in vacuo

affording brown crystals.

The lH NMR spectrum showed that the monoallylated compound has been readily

synthesised but the pte is still present.

4.2b) 1H NMR study

The general procedure for the isolation was based on the idea that all the attempted C-

alkylations (with allyl bromide) have failed, giving either a diallylated compound or

mixtures of very impure products (in most cases). The idea here was to find a way to

protect the N-indole when the N-pyridinium was methylated.

The concept was to isolate the zwitterion salts 184 and 185 as shown below:

184 R = H

185 R = CH3

The isolation of these compounds was demonstrated by lHNMR using approximately

5 mg of the starting materials 19 and 137, a large excess of the base (Et3N, NaH or

K2C03) and 1 mL of an electrophilic agent such as methyl iodide. The results are

given in Chapter IV, Section 4.2b.

4.3b) Benzyl group: Attempted synthesis of I-methyl-9-(N-benzyl)-pyrido[3,4-

b]indole 202

84



BnCI
)( ~

NaH IDMF

13
MW = 182.22

202
MW = 272.35

A mixture of harmane 13 (200 mg, 1.1 mmol) in DMF (7 ml.) was stirred at RT until

complete dissolution of the starting material. Benzyl chloride (0.51 mL, 4.4 mmol)

and a 60 % oil suspension NaH (66 mg, 1.65 mmol) were added to the mixture. The

whole was heated at reflux for 2 h and then allowed to cool down. The resulting

mixture was poured into H20 (11 mL) and extracted with ethyl acetate (3 x 15 rnl.).

The organic layer was washed with brine (15 ml.) and water (2 x 15 rnl.), dried over

anhydrous magnesium sulfate, filtered and evaporated in vacuo.

The IH NMR spectrum showed an impure mixture of compounds.

The same methodology was applied to the synthesis of 203 and led to a complex

mixture of products.

203
MW = 286.38

4.3c) Doc group: Synthesis of l-alkyI-9-(N-ter-butyIcarbonate)-pyrido[3,4-

b]indoles 204, 205 and 206
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BOC20/0MAP

OCM

R

13 R = H
137R=CH3
138 R = Ph

204R=H
205 R = CH3
206 R = Ph

A solution of Boc20 (1 eq), DMAP (0.1 eq) and dichloromethane (15 rnl.) was added

to l-alkyl-9H-pyrido[3,4-b]indole (1 eq). The mixture was stirred at RT overnight. A

solution of saturated sodium hydrogen carbonate (20 ml.) was added and the mixture

was stirred for a further 3 h. The product was extracted with diethyl ether (3 x 20

mL). The organic layers were combined, dried over anhydrous magnesium sulfate and

evaporated in vacuo.

204
Pale yellow solid, 100% yield

Mp = 218 - 220 QC(from ether)

IR vrnax = 3428, 2959, 2927, 1621, 1563, 1497, 1448, 1356, 1243, 1197,812 cm-I

IH NMR (DMSO.d6) 0.. = 8.39 (1H, d, J = 5.4 Hz, H3), 8.12 (1H, d, J = 8.3 Hz, Hs),

7.84 (lH, d, J = 5.4 Hz, H4), 7.53 (2H, m, H7+ Hs), 7.80 (tH, t, J = 8.3 Hz, Ho), 2.84

(3H, s, CH3), 1.27 (9H, s, C(CH3h) ppm

l3C NMR (DMSO·d6) Se= 25.2 (CH3), 28.2 (CH3, Boc), 81.4 (C, Boc), 110.7 (C-7),

111.8 (C-4), 118.4 (C-6), 120.0, 120.4 (C-5), 127.3 (C-8), 132.8, 135.4 (C-3), 140.0,

145.7, 156.7 (C=O, Boc), 158.9 (C-l) ppm

MS ESI Positive m/: (%) = 285.3 (lOO %)

HRMS calculated for C17H19N202= 285.3446 found 285.34465

86



205
Pale yellow solid, 52% yield

Mp = 218 - 220 QC(from ether)

IR vmax= 3428, 2959, 2927, 1621, 1563, 1497, 1448, 1356, 1243, 1197,812 cm'

IH NMR (DMSO.d6) OH= 8.49 (lH, d, J = 8.3 Hz, H4), 8.42 OH, d, J = 7.9 Hz, Hx),

7.87 (IH, dd, J = 7.9,6.8 Hz, H7), 8.39 OH, d, J = 8.3 Hz, H3), 7.83 OH, dd, J = 7.9,

6.8 Hz, H6), 7.51 (lH, d, J = 6.8 Hz, H5), 3.48 (2H, q, J = 7.2 Hz, CH2), 1.59 (3H, t, J

= 7.2 Hz, CH3), 1.59 (9H, s, (CH3h) ppm

13e NMR (DMSO.d6) Be = 11.8 (CH2), 22.0 (CH3), 28.4 (CH3, Boc), 81.1 (C, Boc),

54.2 (N+-CH3), 113.6 (C-6), 115.4 (C-4), 120.9 (C-7), 123.3 (C-8), 131.0 (C-5), 133.6

(C-3), 151.1 (C-l), 156.3 (C=O, Boc) ppm

MS ESI Positive m/: (%) = 297.36 (lOO%)

HRMS calculated for C1sH21N202= 298.3877 found 298.38769

Ph

206
Pale yellow solid, 78% yield

Mp = 248 - 251 QC(from ether)

IR vmax= 3433, 2956, 2932, 1615, 1559, 1445, 1354, 1241, 1190,808 cm-'

IH NMR (DMSO.d6) OH=8.71 (lH, m, H3), 8.69 (lH, m, H4), 8.56 OH, m, Hg), 7.86

(lH, m, H6), 7.54 (lH, m, H5), 7.45 (lH, m, H7), 7.34 (6H, m, H aromatic), 4.91 (2H,

s, CH2), 1.57 (9H, s, C(CH3h) ppm

"c NMR (DMSO·d6) Be = 29.2 (CH3, Boc), 33.7 (CH2), 49.6 (CH3), 82.3 (C, Boc),

112.9 (C-6), 116.3 (C-3), 121.7 (C-7), 123.6 (C-8), 127.4, 127.9, 128.2, 128.7, 129.2,

129.8,131.9 (C-5), 135.3 (C-4), 151.1 (C-l) ,157.4 (C=O, Boc),ppm

MS ESI Positive m/: (%) = 359.61 (lOO%)

HRMS calculated for C23H23N202= 360.44942 found 360.44945

87



4.3d) Alkyl groups: Synthesis of I-methyl-9-(N-methyl)-pyrido[3,4-b ]indole 207

13
MW = 182.22

207
MW = 197.25

To a solution of harmane 13 (lOO mg, 0.55 mmol) dissolved in THF (15 ml.) were

added iodomethane (0.14 mL, 2.24 mmol) and sodium hydride (33 mg, 0.82 mrnol).

The reaction mixture was heated to reflux for 2 h and was then allowed to cool down

to RT. The resulting mixture was poured into water (10 mL) and extracted with ethyl

acetate (3 x 10 mL). The organic layers were combined, washed with brine (20 rnl.),

dried over anhydrous magnesium sulfate, filtered and evaporated in vacuo, affording a

brown oil (108 mg, quantitative).

Mp = 103 - 104 °C (from AcOEt)

IR Vrnax = 3050, 2920, 1614, 1560, 1446, 1288, 1231, 1134 cm"

IH NMR (DMSO-d6) OH = 8.76 OH, bs, NH), 8.55 (2H, m, H], + Hs), 8.42 (lH, d, J

= 7.9 Hz, H4), 7.88 (2H, m, H7 + H8), 7.42 (lH, t, J = 5.8 Hz, H6), 4.53 (3H, s, N-

CH3), 2.84 (3H, s, CH3) ppm

13C NMR (DMSO-d6) Se = 18.4 (CH3), 34.5 (N-CH3), 111.5, 112.2 (C-5), 119.0,

121.1 (C-6), 121.2 (C-8), 127.2 (C-7), 127.5, 137.5, 140.5 (C-3), 142.0 (C-4), 157.6

(C-l) ppm

MS ESI Positive m/z (%) = 196.24 (100 %)

HRMS calculated for C13H13N2= 197.25478 found 197.254785
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4.3d) Alkyl groups: Synthesis of I-methyl-9-(N-ethyl)-pyrido[3,4-b]indole 208

13

MW = 182.22

208
MW =210.27

To a solution of harmane 13 (102 mg, 0.56 mmol) dissolved in THF (15 ml.) were

added iodoethane (0.18 mL, 2.19 mmol) and sodium hydride (33 mg, 0.82 mrnol),

The reaction mixture was heated to reflux for 2 h and was then allowed to cool down

to RT. The resulting mixture was poured into water (10 ml.) and extracted with ethyl

acetate (3 x 10 mL). The organic layers were combined, washed with brine (20 rnl.),

dried over anhydrous magnesium sulfate, filtered and evaporated in vacuo, affording a

brown oil (120 mg, quantitative).

Mp = 103 - 104 DC (from AcOEt)

IR vrnax = 3046, 2980, 2512,1623,1537,1462,1334,1231, ] 139 ern"
1H NMR (CD30D) OH= 8.76 (1H, bs, NH), 8.55 (2H, m, H3, + H;), 8.42 (lH, d, J =
7.9 Hz, H4), 7.88 (2H, m, H7+ H8), 7.80 (1H, t, J = 8.3 Hz, H6), 4.53 (3H, t, J = 6.8

Hz, N-CH3), 3.76 (2H, q, J = 6.8 Hz, N-CH2), 2.84 (3H, s, CH3) ppm

l3C NMR (DMSO-d(i) Bc = 19.1 (CH3), 24.4 (CH2-CH3), 41.7 (N-CH2), ]] 1.8, 112.4

(C-5), 119.2,121.7 (C-6), 121.5 (C-8), 127.8 (C-7), ]27.1, 137.8, 140.] (C-3), 142.2

(C-4), 154.7 (C-l) ppm

MS ESI Positive m/: (%) = 210.27 (100 %)

HRMS calculated for CI4HI5N2= 211.28763 found 211.28765
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4.5(i) Additional possibilities: Attempted synthesis of N-benzyl-tryptophan 209

eOOH
BnBr
XNaOH

11
MW =204.23

209
MW = 294.35

eOOH

DL-Tryptophan 11 (200 mg, 0.98 mmol) was partially dissolved in benzyl bromide

(1.16 mL, 9.79 mmol). Acetone (20 mL) was then added and the reaction mixture was

stirred for 10 min at RT. An aqueous solution of sodium hydroxide (2M, 10 ml.) was

finally added dissolving all the remaining starting material. The reaction mixture was

stirred under nitrogen for 8 days. After this time, the whole was acidified to pH 7

using dilute hydrochloric acid (7 mL) and was then evaporated to dryness under

reduced pressure. To this residue was then added dichloromethane (10 ml.), The

product was then filtered and evaporated in vacuo affording a dark red oil.

The IH NMR spectrum showed that the SM is not present but the product is very

impure.

4.5(ii) Additional possibilities: Attempted synthesis of tryptophan methyl

ester 210

eOOH eooeH

MeOH

11
MW =204.23

210
MW =218.26

At 0 °C, to a solution of methanol (10 ml.), SOCh (0.5 ml.) was added dropwise. The

mixture was stirred at RT for 15 min and then DL-tryptophan 11 (1.02 g, 5.0 rnrnol)

was added in portion. The reaction mixture was stirred at RT for 24 h and neutralised

with a 10 % aqueous solution of sodium bicarbonate to pH 7. The mixture was

washed with dichloromethane (3 x 10 ml.), The aqueous layer was then evaporated
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under reduced pressure. The organic layer was dried over anhydrous magnesium

sulfate, filtered and evaporated in vacuo.

The IH NMR spectrum showed a complex mixture of products.

4.6) The Boc protection: Synthesis of l-alkyl-2-(N-methyl)-9-(N-ter-

butylcarbonate)-I3-carbolinium iodides 179,213 and 214

Mel

OCM
R

204R=H

205 R = Ph

206 R = CH3

179 R = H
213 R = Ph

214R =C~

To a solution of l-alkyl-9-(N-ter-butylcarbonate)-pyrido[3,4-b]indole (I eq) dissolved

in DCM (8 mL per mmol) was added iodomethane (3 eq). The reaction mixture was

stirred for 24 h at RT. After this time, the product was filtered off to leave a yellow

powder. The powder was washed with Et20 (3 x 10mL) to afford a clean product.

179
Yellow powder (100 % yield)

Mp = 241 - 244 QC(from ether)

IR vrnax = 3424, 2956, 2932,1620,1561,1485,1444,1356,1243,817 ern"

IH NMR (DMSO-d6) ~ = 8.39 (1H, d, J = 5.4 Hz, H3), 8.12 (1H, d, J = 8.3 Hz, Hs),

7.84 (lH, d, J = 5.4 Hz, H4), 7.76 (lH, m, H6), 7.53 (2H, m, H7+ Hg), 4.47 (3H, s, N-

CH3+), 2.84 (3H, s, CH3), 1.27 (9H, s, C(CH3h) ppm

13C NMR (DMSO-d6) Oc = 26.1 (CH3), 28.9 (CH3, Boc), 51.8 (N+-CH3), 81.4 (C,

Boc), 110.1 (C-7), 112.7 (C-4), 117.6 (C-6), 120.4, 121.7 (C-5), 123.5 (C-8), 131.4,

134.8 (C-3), 141.2, 144.5, 149.2 (C-1), 156.2 (C=O, Boc) ppm
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MS ESI Positive m/: (%) = 297.37 (100 %)

URMS calculated for C1sH2IN202 = 297.37765 found 297.37765

213
Orange powder (5 % yield)

Mp = 257 - 260 QC(from ether)

IR vrnax = 3420, 2960, 2922, 1622, 1567, 1488, 1454, 1362, 1231, 1188, 80 Icm'
IU NMR (CD30D) OH= 8.71 (lH, m, H3), 8.69 (lH, m, H4), 8.56 (tH, m, HR), 7.86

OH, m, H6), 7.54 OH, m, Hs), 7.45 OH, m, H7), 7.34 (6H, m, H aromatic), 4.91 (2H,

s, CH2), 4.36 (3H, S, N-CH3+),1.57 (9H, s, C(CH3h) ppm

13CNMR (DMSO-d6) Oc = 15.8 (CH2), 22.9 (CH3), 28.7 (CH3, Boc), 52.4 (N+-CH3),

81.4 (C, Boc), 55.0 (N+-CH3), 113.6 (C-6), 115.3 (C-4), 120.4 (C-7), 123.9 (C-8),

131.4 (C-5), 134.7 (C-3), 148.7 (C-l), 156.3 (C=O, Boc) ppm

MS ESI Positive m/: (%) = 375.13 (100 %)

URMS calculated for C24H2sN202= 375.13477 found 375.13478

214
Yellow powder (95 % yield)

Mp = 204 - 207 "C (from ether)

IR Vrnax = 3410, 2944, 2920, 1624, 1564, 1457, 1239, 798 ern"

IU NMR (CD30D) OH= 8.49 OH, d, J = 8.3 Hz, H4), 8.42 OH, d, J = 7.9 Hz, HR),

7.87 (tH, dd, J = 7.9, 6.8 Hz, H7), 7.83 (IH, dd, J = 7.9, 6.8 Hz, H6), 7.51 (1H, d, J =

6.8 Hz, Hs), 4.52 (3H, s, N-CH/), 3.61 (2H, q, J = 7.2 Hz, CH:!), 1.55 (3H, t, J = 7.2

Hz, CH3), 1.57 (9H, s, C(CH3h) ppm
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l3C NMR (DMSO-d6) Oc = 29.2 (CH3, Boc), 33.7 (CH2), 49.6 (CH]), 52.8 (N+-CH1),

82.3 (C, Boc), 112.9 (C-6), 116.3 (C-3), 121.7 (C-7), 123.6 (C-8), 127.4, 127.9, 128.2,

128.7, 129.2, 129.8, 131.9 (C-5), 135.3 (C-4), 145.6 (C-I), 157.4 (C=O, Boc), ppm

MS ESI Positive mlz (%) = 359.61 (lOO%)

HRMS calculated for CI9H23N202= 360.44942 found 311.40114

4.6) The Boc protection: Attempted synthesis of I-but-3-en-2-(N-methyl)-9-(N-tert-

butylcarbonate )-~-carbolinium bromide 217

NaOH

Br~
X ~

179
MW = 424.29

217
MW =417.36

179 (40 mg, 0.09 mmol) was partially dissolved in allyl bromide (1 mL. 11.61 mmol).

Acetone (10 mL) was then added and the reaction mixture was stirred for 10 min. An

aqueous solution of potassium carbonate (1M, 5 mL) was finally added (it turned

from orange to dark green). The whole was stirred under nitrogen for 21 days at RT

until an oily yellow precipitate appeared. The reaction mixture was acidified to pH 7

using dilute hydrochloric acid (8 mL) and was then evaporated to dryness under

reduced pressure.

The IH NMR spectrum showed a very impure mixture of products.
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4.7a) Potassium hydroxide as a base: Attempted synthesis of 1-(l-methyl-but-3-

ene)-2-(N-methyl)-9-(N-methyl)-J3-carbolinium bromide 219

ii) Br~

i) KOH

X ..

180
MW = 352.21 219

MW = 346.29

180 (45 mg, 0.13 mmol) was basified for 3 days using an aqueous solution of

potassium hydroxide (50 %, 10 ml.), The grey precipitate was filtered off and was

then dissolved in acetone (~O mL). Allyl bromide (2.31 mL, large excess) was also

added to the reaction mixture. The whole was heated to reflux for 23 h and was then

allowed to cool down to RT. The solvent was removed in vacuo, affording a green oil

(containing a lot of allyl bromide). The oil was washed with diethyl ether (to ml.) and

the remaining black solid was filtered.

After 1 h stirred in KOH (50 %, 5 mL), the intermediate did not show any sign of

deprotonation as suggested by 'H NMR.

4.7b) Potassium hydroxide as a base: Attempted synthesis of I-but-3-ene-2-(N-

methyl )-9-(N -methylj-B-carbolinium bromide 218

ii) Br~

i) KOH
X •

181
MW = 338.19 218

MW =332.27
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181 (50 mg, 0.15 mmol) was basified for I h using an aqueous solution of potassium

hydroxide (50 %, 10 mL). After this time, the green precipitate was filtered off. Allyl

bromide (2 mL, large excess) was then added to the solid. The whole was stirred for

60 days at RT under nitrogen.

The IH NMR spectrum showed a very impure compound.

5.1a) Synthesis of 4-penten-1-al: Investigation on the oxidation of 4-penten-l-ol

224 into 4-penten-I-al 222

5.1a(i) Lou's oxidation with potassium dichromate

~
OH

~ o

224 222
224 (0.60 rnL, 5.9 mmol) was added to potassium dichromate (1.7g, 5.9 rnmol) and

the mixture was stirred at RT for 24 h. After this time, the whole was diluted with

dichloromethane (10 mL) and the product was filtered through Celite.

The IH NMR spectrum showed that the starting material has not reacted.

5.1a(ii) Lou's synthesis of aldehydes using chromium trioxide

~
OH

224 222
224 (0.60 mL, 5.9 mmol) was added to chromium trioxide (885 mg, 8.85 mmol) and

the mixture was stirred at RT for 48 h. After this time, the whole was diluted with

dichloromethane (10 mL) and the product was filtered through Celite.

The IH NMR spectrum showed that no reaction occurred.

95



5.1a(iii) Eadon's oxidation with cupric oxide

~
OH

CuOX ..
DeM ~ o

224 222
The previous methods were adapted with cupric oxide in a 1: 1 molar ratio but showed

no reaction.

5.1a(iv) Corey's oxidation using pyridinium chlorochromate

~
OH

pec
X ..

~ oDeM

224 222
First step: preparation of pyridinium chlorochromate (PCC).

To chlorhydric acid (6M, 1.84 mL) was added chromium trioxide (lOO mg, 1.0 mmol)

rapidly with stirring. After 10 min, the solution was cooled to 0 QCand pyridine (0.81

mL, 1.0 mmol) was added over 5 min. Cooling again to 0 QCgave an orange solid

which was dried for 3 h under reduced pressure.

Second step: oxidation of the primary alcohol

Pyridinium chlorochromate (662 mg, 3.1 mmol) was suspended in dichloromethane

(10 mL) and 224 (0.21 mL, 2.0 mmol) in dichloromethane (ca. 2 ml.) was rapidly

added at RT. The solution became briefly homogeneous before depositing the black

insoluble reduced agent. After 2 h, the black mixture was diluted with diethyl ether

(60 mL) and the solvent was then decanted. The black remaining solid was washed

with diethyl ether (2 x 20 mL). The product was isolated by filtration of the organic

layer and the solvent was evaporated under reduced pressure.

The IH NMR spectrum showed that no reaction occurred and the starting material was

recovered.

96



5.1a(v) Jones oxidation

acetone ~ o~
OH

Jones reagentX ~

224 222
First step: preparation of Jones reagent

Chromium trioxide (1.2 g, 12.0 mmol) was added to a suspension of pyridine (1.9 g.

24.0 mmol) in acetone (30 mL). The reaction mixture was stirred until the solution

became homogeneous. After this time, the whole was cool down to 10 QCovernight.

Second step: oxidation of the primary alcohol

A solution of Jones reagent in acetone (10 mL) was added dropwise. The reaction

mixture was stirred over 10 min. to a solution of 224 (2 mL, 19.6 mmol) in acetone (5

mL) at 0 QC. The reaction mixture was maintained at 5 QC overnight. Saturated

sodium hydrogen carbonate solution was added to bring pH to 7. The product was

extracted with chloroform (3 x 20 mL) and dried over anhydrous sodium sulfate. The

solvent was then evaporated under reduced pressure affording a yellow oil.

The 1H NMR spectrum showed that no reaction occurred and the starting material was

recovered.

5.1a(vi) Ruthenium-catalysed oxidation using N-methyl morpholine N-oxide

oeM ~ o~
OH

NMO TPAPX •

224 222
4A powdered molecular sieves (9.8 g) was added to a solution of 224 (2 rnl., 19.6

mmol) and N-methyl morpholine N-oxide (3.45 g, 29.5 mmol) in dichloromethane

(35 ml.). The mixture was stirred for 10 min. at RT under nitrogen, and then

tetrapropylammonium perruthenate (345 mg, 0.98 mmol) was added in one portion.

The initially brown mixture darkened immediately. After 2 h at RT, dichloromethane

(35 ml.) was added and the mixture was filtered through Celite. The filtrate was

evaporated under reduced pressure affording a black oil.
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Note: the oxidation reaction in this case produces water which is removed by the

molecular sieves. TPAP is used as a catalyst and the catalytic cycle is maintained by

adding 1.5 eq of re-oxidant such as NMO.

The IH NMR spectrum showed that the starting material is intact.

5.ta(vii) Swern oxidation according to Brewer's method

~ o
224 222

To a solution of oxalyl chloride (0.92 mL, 10.82 mmol) in anhydrous OCM (5 ml.) at

-78 QCunder N2 was added OMSO (1.85 mL, 21.64 mmol). The whole was stirred at

-78 QC for 15 min. A solution of 224 (0.85 mL, 8.33 mmol) in anhydrous OCM (5

mL) was added dropwise. The whole was stirred at -78 QC for 15 min. Et3N (I ml.)

was then added and the reaction mixture was left warming up to RT. A saturated

solution of NaHC03 (3 mL) was added to hydrolyse the reaction mixture. The product

was extracted in OCM (3 x 15 mL). The organic layer was dried over Na2S04, filtered

and then evaporated under reduced pressure.

The IHNMR spectrum showed that no reaction took place.

5.tb) Synthesis of aldehydes containing an olefin function: Attempted synthesis of

5-hexen-l-al 225

5.1b(i)-1 Swern oxidation of 5-hexenol228 according to Brewer's method

228 225

~ o

To a solution of oxalyl chloride (0.92 mL, 10.82 mmol) in anhydrous OCM (5 ml.) at

-78 QCunder N2 was added OMSO (1.85 mL, 21.64 mmol). The whole was stirred at

-78 QC for 15 min. A solution of 228 (0.85 mL, 8.33 mmol) in anhydrous OCM (5
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mL) was added dropwise. The whole was stirred at -78 CC for 15 min. Et~N (I rnl.)

was then added and the reaction mixture was left warming up to RT. A saturated

solution of NaHC03 (2 mL) was added to hydrolyse the reaction mixture. The product

was extracted in DCM (3 x 15 mL). The organic layer was dried over Na2S04, filtered

and then evaporated under reduced pressure.

The IH NMR spectrum showed that no reaction took place.

5.1b(i)-2 Lou's oxidation of alcohols with potassium dichromate

228 225

oeM ~ o~
OH

228 (0.60 mL, 5.9 mmol) was added to potassium dichromate (1.7 g, 5.9 mmol) and

the mixture was stirred at RT for 24 h. After this time, the whole was diluted with

dichloromethane (10 mL) and the product was filtered through Celite.

The NMR spectrum showed that no reaction took place.

5.1b(i)-3 Bolm's synthesis of aldehydes using TEMPO/Oxone

228 225

~
OH

oxone
X •

~ oTEMPO

To a solution of TEMPO (10 umol) in 3 mL of dichloromethane was added Oxone

(1.1 equiv., 0.13 mmol) and 228 (0.12 mmol). The mixture was then stirred for 30

min at RT. The reacted mixture was extracted with ethyl acetate (3 x 3 ml.), dried

over anhydrous manganese sulfate, filtered and the combined organic layers were

condensed under reduced pressure.

The IH NMR spectrum showed that no reaction took place.
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S.lb(i)-4 Coleman's catalytic oxidation of alcohols to aldehyde using sulfoxide

228 225

~ o~
OH

pTsOH
X ..

228 (1 mL, 8.33 mmol), p-toluenesulfonic acid (83 umol) and diphenylsulfoxide ( 1.85

g, 9.16 mmol) were dissolved in dry xylene (6 ml.), 4A powdered molecular sieves

(0.5 g) were then added to the whole. The resulting mixture was heated at 100 QCfor

10 min under inert atmosphere. A xylene solution of the catalyst osmium oxide (83

umol) was added and the reaction mixture was stirred for one day. It was then

allowed to cool down to RT. The product was filtered and the solvent was removed

under reduced pressure to afford a brown oil.

The IH NMR spectrum showed that no reaction took place.

S.lc(i) Synthetic attempts and commercial availability of aldehydes: Attempted

synthesis of 3-buten-l-al 229

OH
Sn, allyl bromideX •

OH

glyoxal 230
To a solution ofTHF (10 mL) and HzO (10 mL) were added glyoxal (40 %,1.34 mL,

11.70 mmol), tin metal (3.47 g, 29.25 mmol) and allyl bromide (2.54 mL, 29.25

mmol). The whole was stirred and irradiated with ultrasound for 2 h. The resulting

emulsion was concentrated to half volume in vacuo. A solution of HCI (2M, 6 ml.)

was added until the emulsion separated into two phases. The resulting solution was

separated and the aqueous layer was washed with DeM (3 x 15 ml.). The organic

layer was washed with brine (15 mL) and concentrated in vacuo to afford an impure

mixture of compounds.

No further reaction was attempted to produce 3-buten-l-al.
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5.1c(ii) Synthetic attempts and commercial availability of aldehydes:

Attempted synthesis of 4-penten-l-al 222

~ ADH231 ~I-----*"")( _____... II
OH TEMPO 0

228 225
To a buffered (pH 8.8) solution of 228 (1.2 J...lL,10 umol) in EtOAc (5 ml.) and H~O

(5 mL) were added TEMPO (0.05 mg, 3 umol) and lipase ADH 231 (10 umol). The

whole was stirred at RT for 4 h. The enzyme was removed by filtration. The solvent

was removed under reduced pressure to leave the SM back.

5.2a(i) Synthesis of the key intermediate: Synthesis of 1,2,3,4-tetrahydro-I-(but-

3-ene )-3-carboxy-9H-pyrido[3,4-b [indole 223

eOOH

eOOH

~O

222

11
MW=204.23 223

MW =270.33

5.4a(i)-1 To a solution of DL-tryptophan 11 (1.021 g, 5.0 mmol) in H20 (20 rnl.) and

H2S04 OM, 10 mL) was added 4-pentenal 222 (0.74 mL, 7.5 mmol). The reaction

mixture was stirred at 65°C for 21 h. Saturated Na2CO~ (25 ml.) was added to

neutralise the acid. The formed precipitate was then filtered off. The aqueous layer

was evaporated under reduced pressure affording an orange/yellow solid and a white

salt. The product was dissolved in acetone (20 mL) and the remaining salt was filtered

off. The solvent was evaporated to leave an orange/yellow solid (960 mg, 71 %).

5.4a(i)-2 To a 10 % solution of TFA (20 mL), DL-tryptophan 11 (1.53 g, 7.5 mmol)

and 4-pentenal 222 (0.74 mL, 7.5 mmol) were added. The reaction mixture was
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stirred at RT for 24 h. Then, 5 % aqueous NaHC03 (30 rnL) was added to quench the

acid in the reaction. The product was extracted using AcOEt (2 x 20 mL) and the

organic layer was washed with H20 (2 x 30 rnl.), brine (1 x 30 mL) and dried over

anhydrous Na2S04. Itwas then evaporated under reduced pressure to afford an orange

solid (1.38 g, 68 %).

The numbering system is one more time indicated below to add clarity for the IH

NMR characterisation.

COOH

~c
o

Mp = 221 - 224 "C (from AcOEt)

IR Vmax = 3250, 1620, 1087, 733 crn-I

IH NMR (CD30D) bH = 7.38 OH, d, J = 7.2 Hz, Hg), 7.27 (1H, d, J = 7.2 Hz, H6),

7.01 (lH, d, J = 7.2 Hz, H7), 6.95 (lH, t, J = 7.2 Hz, Hs), 5.90 (1H, m, H ), 5.06 (2H,

m, Ho), 4.31 OH, rn, HI), 3.67 (lH, m, H3), 2.97 (2H, m, HA), 2.29 (2H, m, H4), 1.95

(2H, rn, HB) ppm

13C NMR (DMSO-d6) be = 25.4 (C-a), 30.5 (C-4), 33.7 (C-b), 53.6 (C- L), 58.1 (C-3),

106.3,108.4,110.0 (C-8), 114.7 (C-c), 117.2 (C-6), 118.6 (C-5), 124.4 (C-7), 127.9,

136.0,138.4 (C-d), 177.1 (COOH) ppm

MS ESI Positive mlz (%) = 270.33 (100 %)

HRMS calculated for CI6HIgN202Na = 293.12605 found 293.126049
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5.2a(ii) Synthesis of key intermediate: Synthesis of 1-(but-3-ene)-9H-pyridoI3.4-

b]indole 160

eOOH

AcOH

223
MW = 270.33

160
MW = 222.29

223 (490 mg, 1.81 mmol) was dissolved in H20 (15 ml.). Acetic acid (2M, 7 ml.) and

a 10 % solution of K2Cr207 (8 mL) were then added. The mixture was heated to

reflux for 5 min and was then allowed to cool down to RT. Saturated Na2S0~ (13

ml.), to quench the excess of oxidising agent and solid Na2CO~(750 mg), to fix pH to

7 were then added. The product was washed with CH2Ch (3 x 20 ml.). The newly

formed brown salt was filtered off. The product was extracted from this precipitate

using acetone (3 x 20 mL). The solvent was removed under reduced pressure to afford

a brown powder (402 mg, 100 %).

Mp = 246 - 248°C (from AcOEt)

IR vrnax = 3200, 1576, 1416, 1329, 1242, 1130, 1018,917,752 cm'
IH NMR (DMSO.d,) ~ = 11.57 (1H, bs, NH), 8.25 (1H, d, J = 5.2 Hz, H4), 8.19

OH, d, J = 8.1 Hz, H5), 7.92 OH, d, J = 5.2 Hz, H3), 7.59 (tH, d, J = 8.1 Hz, HK), 7.51

(1H, dt, J = 1.1,7.2 Hz, H7), 7.22 (IH, dt, J = 1.1,7.2 Hz, H6), 5.96 (lH, ddt, J = 4.0,

10.4,15.5 Hz, Hd, 5.12 (1H, dd, J = 1.8,15.5 Hz, HD), 4.99 (tH, dd, J = 1.1, 10.4 Hz,

HD), 3.20 (2H, t, J = 7.7 Hz, HA), 2.61 (2H, m, HB) ppm

BC NMR (DMSO.d,) Qc = 25.1 (C-a), 33.2 (C-b), 106.7, IOS.6, 110.0 (C-S), 114.8

(C-c), 117.9 (C-6), 118.4 (C-5), 120.6 (C-7), 123.2 (C-3), 127.5, 130.0 (C-4>, 136.4,

138.6 (C-d), 153.0 (C-l) ppm

MS ESI Positive m/z (%) = 222.29 (100 %)

HRMS calculated for C15H14N2 = 223.12297 found 223.122975

103



5.2b(i) Synthesis of the target compound: Synthesis of 6-(bromoethyl)-4.5.6-

dihydro-l H-indolo[3,2-g ]indolizin-3-ium bromide 237

B

237
MW = 302.19

160
MW = 222.29

A solution of bromine (205 mg, 1.28 mmol) in chloroform (5 rnl.) was added

dropwise to a solution of 160 (190 mg, 0.85 mmol) in chloroform (10 ml.). The

reaction mixture was stirred for 6 h at RT. The solvent was concentrated ill VlICUO and

the residue was diluted with ethyl acetate (15 mL). The product was washed with

water (1 x 10 ml.), brine (1 x 10 ml.), dried over anhydrous sodium sulfate and

filtered. The organic layer was evaporated under reduced pressure affording a dark

orange powder (179 mg, 70 %).

A poor resolution was observed in the IH NMR spectrum of 237.

Mp: decomposition above 230 QC(from AcOEt)

IR Vmax = 3404, 3069, 1620, 1445, 1367, 1226 ern"

In NMR (CD30D) 8tJ = 8.66 (2H, m, H4+H5), 8.45 (tH, m, H~), 7.87 (IH. m. H,+
H7), 7.51 (lH, d, J = 7.2 Hz, H6), 5.69 (lH, m, Hc), 4.40 (2H, m. H[). 3.88 (2H. t, J =
7.8 Hz, HA), 2.80 (2H, m, Ha) ppm

I3C NMR (DMSO·d6) Oc = 26.0 (C-b), 35.8 (C-d), 53.4 (C-a). 69.3 (C-c), 106.5,

108.2,113.0 (C-6), 116.6 (C-4), 119.7 (C-1), 121.7 (C-7), 123.5 (C-8), 127.4, 131.6

(C-5), 136.1, 142.5 (C-l), 143.8 (C-3) ppm

MS ESI Positive mlz (%) = 301.03 and 303.03 (100 %)

nRMS calculated for CI5HI4N2Br = 301.0335 and 303.0308 found 301.033487 and

303.030844
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5.2b(ii) Synthesis of the target compound: Attempted synthesis of 6-

(hydroxyethyl)-4,5,6-dihydro-l H-indolo[3,2-R ]indolizin-3-ium hromide 238

Br
NaOH

)( ~
Et20/H20

OH

237
MW = 302.19

238
MW =239.30

237 (lOO mg, 0.33 mmol) was dissolved in a I: I ratio mixture of ethanol/water ( 14

ml.). Then a solution of sodium hydroxide (2M, 5 ml.) was added. The whole was

heated to reflux for 2 days and was then allowed to cool down to RT. A saturated

solution of sodium hydrogen carbonate (24 ml.) was added to fix pH to 7. The

product was extracted with dichloromethane (3 x 10 ml.), dried over anhydrous

sodium sulfate and filtered off. The solvent was removed under reduced pressure.

The IH NMR spectrum showed a very impure compound possibly due to the

elimination of bromine.
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5.3) Parallel investigation on the reactivity of the selected aldehydes in different

conditions of the Pictet-Spengler reaction

5.3a) Cis-6-nonenal: Synthesis of 1,2,3,4-tetrahydro-l-(oct-5-enc}-3-carhoxy-9H-

pyrido[3,4-h [indole 239

5.3a(i) Attempted synthesis in sulfuric acid

eOOH

11
MW = 204.23

239
MW = 326.44

To a solution of DL-tryptophan 11 (1.021 g, 5.0 mrnol) in water (25 ml.) and sulfuric

acid OM, 5 mL) was added cis-6-nonenal 234 (1.25 mL, 7.5 mmol). The reaction

mixture was heated at 65 "C for 24 h. A solution of saturated sodium hydrogen

carbonate (25 mL) was added. The product has formed a precipitate which was then

filtered off and further dissolved in acetone (30 ml.). The solvent was removed under

reduced pressure affording an orange (sticky) oil.

The IHNMR spectrum showed that no reaction occurred.
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5.3a(ii) Synthesis in p-toluenesulfonic acid

eOOH

pTsOHIDeM

11
MW=204.23

239
MW = 326.44

To a stirred solution of DL-tryptophan 11 (1.60 g, 7.85 rnmol) in p-toluenesulfonic

acid monohydrate (1.15 g, 6.04 mmol), cis-6-nonenal 234 (1 mL. 6.04 mrnol) in

dichloromethane (20 ml.) was added. The resulting solution was stirred at 50 "C for 2

days. The reaction mixture was filtered, and the precipitate was washed with

dichloromethane (3 x 15 mL) and acetone (3 x 15 ml.). The organic layers were

concentrated and the solvents were removed in vacuo affording a red/orange powder

( 1.71 g, 87 %).

Mp = 207 - 210 QC(from OCM)

IR Vrnax = 2953, 1620, 1401, 742 cm"

IU NMR (CD30D) OH= 10.95 (1H, bs, NH), 7.42 (lH, m, H5), 7.33 (1H. m. Hid. 7.06

(1H, m, H7), 6.97 (1H, m, H6), 5.35 (2H, m, H4), 4.65 (lH, m, Hd, 3.05 (2H, m, HA).

2.55 (lH, m, H3), 2.13 (1H, m, HE), 2.02 (4H, m, HG+ HIi), 1.83 (1H, m, HF), 1.38

(4H, m, He + HD), 1.10 (3H, t, J = 7.6 Hz, HH) ppm

I3C NMR (DMSO-d,) Oc= 14.2 (C-h), 20.0 (C-g), 27.4 (C-d), 28.9 (C-4). 29.2 re-i»,
31.2 (C-c), 40.2 (C-a), 52.7 (C-l), 63.7 (C-3), 111.1 (C-8), 118.5 (C-6). 120.9 (C-5).

125.4 (C-7), 129.4 (C-f), 132.4 (C-e), 171.5 (COOH) ppm

MS ESI Positive m/z (%) = 326.44 (lOO%)

URMS calculated for C2oHz6Nz02Na= 349.18339 found 349.183386

The MS suggested presence of a dimer at 675.4 [2 M++ Na]
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5.3a(iii) Synthesis in TFA

eOOH
~O

10% TFA

11
MW =204.23

239
MW = 326.44

To a 10 % solution of trifluoroacetic acid (20 ml.), DL-tryptophan II (1.23 g, 6.04

mmol) and cis-6-nonenal 237 (1 mL, 6.04 mmol) were added. The mixture was

further stirred at RT for 2 days. Then, a 5 % solution of sodium hydrogen carbonate

(30 ml.) was added to quench the acid in the reaction mixture. The product was

extracted using ethyl acetate (2 x 20 mL) and the organic layer was washed with

water (2 x 30 ml.), brine (1 x 40 ml.), dried over anhydrous sodium sulfate and

filtered off. The organic layer was then evaporated in vacuo to afford a yellow powder

(700 mg, 35 %).

Mp = 207 - 210 QC(from DCM)

IR vmax = 2953, 1620, 1401, 742 cm-I

IH NMR (DMSO.d6) OH= 10.95 (IH, bs, NH), 7.42 OH, m, H5), 7.33 (JH, m, Hx),

7.06 (1H, m, H7), 6.97 OH, m, H6), 5.35 (2H, m, H4), 4.65 (lH, m, Hd, 3.05 (2H, m,

HA), 2.55 (1H, m, H3), 2.13 (1H, m, HE), 2.02 (4H, m, Ha + HH), 1.83 (IH, m, HF),

1.38 (4H, m, Hc+ HD), 1.10 (3H, t, J = 7.6 Hz, HH) ppm

I3C NMR (DMSO·d6) Oc= 14.2 (C-h), 20.0 (C-g), 27.4 (C-d), 28.9 (C-4), 29.2 (C-b),

31.2 (C-c), 34.5 (C-g), 40.2 (C-a), 52.7 (C-l), 63.7 (C-3), 111.1 (C-8), 118.5 (C-6),

120.9 (C-5), 125.4 (C-7), 129.4 (C-f), 132.4 (C-e), 171.5 (COOH) ppm

MS ESI Positive m/z (%) = 326.44 (100 %)

HRMS calculated for C2oH26N202Na= 349.18339 found 349.183386

The MS did not suggest presence of a dimer
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5.3a(iv) Synthesis with tryptamine in TFA

TFA
Q)'NH'

N
H

47
MW = 160.22

240
MW = 282.42

To a 10 % solution of trifluoroacetic acid (20 rnl.), tryptamine 47 (0.97 g, 6.04 mrnol)

and cis-6-nonenal 234 (1 mL, 6.04 mmol) were added. The mixture was further stirred

at RT for 2 days. Then, a 5 % solution of sodium hydrogen carbonate (30 rnl.) was

added to quench the acid in the reaction mixture. The product was extracted using

ethyl acetate (2 x 20 mL) and the organic layer was washed with water (2 x 30 rnl.),

brine (1 x 40 mL), dried over anhydrous sodium sulfate and filtered off. The organic

layer was then evaporated in vacuo to afford an orange powder (900 mg, 53 %).

Mp = 204 - 206 QC(from DCM)

IR Vrnax = 2957, 1408, 752 cm-1

IH NMR (DMSQ.d6) OH = 10.95 (1H, bs, NH), 7.42 (I H, d, J = 6.8 Hz, H~d.7.33 (I H.

dd, J = 3.6, 8.3 Hz, H8), 7.08 (1H, t, J = 7.2 Hz, H7). 6.99 ( IH, r, J = 7.2 Hz. Hil). 5.35

(2H, m, H4), 4.42 (lH, m, Hd, 3.13 (2H, m, HA), 2.75 (2H, m, H~), 2.12 (I H, m, HE),

1.95 (4H, m, Ha + HB), 1.78 (1H, m, HF), 1.43 (4H, m, He + HI», 0.91 (3H. t, J = 7.6

Hz, HH) ppm

13C NMR (DMSO·d6) Oc = 14.2 (C-h), 20.0 (C-g), 27.4 (C-d), 28.9 (C-4), 29.2 (C-b),

31.2 (C-c), 40.2 (C-a), 52.7 (C-I), 63.7 (C-3), 111.1 (C-8), 118.5 (C-6). 120.9 (C-5),

125.4 (C-7), 129.4 (C-f), 132.4 (C-e), 171.5 (COOH) ppm

MS ESI Positive m/: (%) = 282.42 (lOO%)

HRMS calculated for Cl9H25N2= 283.2104 found 283.2104
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5.3a(v) Synthesis with tryptamine hydrochloride in TFA

TFA

Q)NH,oHCI
N
H

42
MW = 196.68

240
MW =282.42

To a 10 % solution of trifluoroacetic acid (20 ml.), tryptamine hydrochloride 42 (0.97

g, 6.04 mmol) and cis-6-nonenal 234 (l mL, 6.04 mrnol) were added. The mixture

was further stirred at RT for 2 days. Then, a 5 % solution of sodium hydrogen

carbonate (30 mL) was added to quench the acid in the reaction mixture. The product

was extracted using ethyl acetate (2 x 20 ml.) and the organic layer was washed with

water (2 x 30 ml.), brine (1 x 40 ml.), dried over anhydrous sodium sulfate and

filtered off. The organic layer was then evaporated in vacuo to afford a brown/orange

powder (1.28 g, 75 %).

Mp = 214 - 216 QC(from DCM)

IR Vmax = 2959, 1404, 755 cm-I

'n NMR (DMSO·d6) OH= 10.91 (tH, bs, NH), 7.48 (lH, m, H.d, 7.40 (lH, m, HK),

7.17 (tH, rn, H7), 6.99 (tH, rn, H6), 5.40 (2H, m, H4), 4.66 (I H, m, Hd, 3.08 (2H, m,

HA), 2.83 (2H, rn, H3), 2.17 (t H, rn, HE), 2.07 (4H, m, Ho + HH), 1.85 ( IH, m, HF),

1.39 (4H, rn, Hc+ HD), 1.01 (3H, t, J = 7.6 Hz, HH)ppm

13C NMR (DMSO·d6) Oc = 14.2 (C-h), 20.0 (C-g), 27.4 (C-d), 28.9 (C-4), 29.2 re-i»,
31.2 (C-c), 40.2 (C-a), 52.7 (C-I), 63.7 (C-3), lll.l (C-8), 118.5 (C-6), 120.9 (C-5),

125.4 (C-7), 129.4 (C-f), 132.4 (C-e), 171.5 (COOH) ppm

MS ESI Positive m/: (%) = 282.42 (100 %)

URMS calculated for CI9H25N2= 283.2104 found 283.2101
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5.3b) 2,6-dimethyl-5-heptenal: Synthesis of I ,2,3,4-tetrahydro-I-( 1,5-dirncthyl-

hex-4-ene)-3-carboxy-9H-pyrido[3,4-h]indole 241

5.3b(i) Attempted synthesis of in acidic water

~O

COOH

11
MW = 204.23

241
MW = 326.44

To a solution of DL-tryptophan 11 (1.021 g, 5.0 mmol) in water (20 rnl.) and sulfuric

acid (lM, 5 ml.) was added 2,6-dimethyl-5-heptenal 233 (1.20 ml., 7.5 mmol). The

reaction mixture was heated at 65 QC for 18 h. A solution of saturated sodium

hydrogen carbonate (25 ml.) was added. The white salt was then filtered off. The

remaining aqueous layer was evaporated under reduced pressure, affording an orange

powder. The product was extracted from the powder using acetone (3 x 20 ml.) and

the remaining salt was filtered off. The filtrate was then evaporated ill vacuo affording

a yellow powder. The compound was washed with dichloromethane (2 x 10 ml.) and

ethanol (2 x 10 mL). The organic layers were then combined and concentrated under

reduced pressure to afford the starting material back.

The same reaction was performed in methanol because the starting material was not

soluble in aqueous solutions, and no reaction occurred.
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S.3b(ii) Synthesis in TFA

~o
COOH

TFA

11
MW = 204.23

241
MW = 326.44

To a 10 % solution of trifluoroacetic acid (20 ml.), DL-tryptophan 11 (1.021 g, 5.0

mmol) and 2,6-dimethyl-5-heptenal 233 (1.2 mL, 7.5 rnmol) were added. The mixture

was further stirred at RT for 5 days. Then, a 5 % solution of sodium hydrogen

carbonate (30 mL) was added to quench the acid in the reaction mixture. The product

was extracted using ethyl acetate (2 x 30 ml.) and the organic layer was washed with

water (2 x 30 ml.), brine (1 x 30 ml.), dried over anhydrous sodium sulfate and

filtered off. The organic layer was then evaporated in vacuo to afford an orange

powder (650 mg, 40 %).

Mp = 222 - 225 QC(from AcOEt)

IR Vrnax = 2989, 1633, 1425, 787 cm-I

IH NMR (DMSO-d,) Oti = 7.62 (lH, m, Hs), 7.40 (IH, m, H!!),7.16 (IH, m, H7), 7.09

OH, m, H6), 3.54 (2H, m, H4), 3.50 OH, m, HJ), 3.37 (2H, m, HA), 2.80 (I H, m, H)),

2.80 OH, m, HE), 1.60 (6H, m, HB+ He + HD), 1.19 (9H, m, HH+ HI' + Hu) ppm

13C NMR (DMSO-d,) Oc= 14.9 (C-h), 16.5 (C-g), 21.3 (C-c), 27.4 (C-4), 28.9 re-i»,
33.7 (C-f), 44.1 (C-e), 41.8 (C-a), 53.4 (C-I), 58.4 (C-d), 67.4 (C-3), 112.1 (C-8),

116.7 (C-5), 118.6 (C-6), 121.7 (C-7), 125.8 (C-d), 133.2 (C-e) ppm

MS ESI Positive m/z (%) = 326.4 (100 %)

HRMS calculated for C2oH26N202Na= 349. 88654 found 349. 88651
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5.3b(iii) Attempted synthesis with tryptamine

~o

47
MW = 160.22

pTsOH/MeOH

242
MW = 282.42

To a stirred suspension of tryptamine 47 (844 mg, 5.27 mrnol) in p-toluenesulfonic

acid monohydrate (772 mg, 4.05 mmol), 2,6-dimethyl-5-heptenal 233 (0.5 mL, 4.05

mmol) in methanol (20 mL) was added. The resulting solution was stirred at 50°C for

24 h and stirred at RT for 7 days. The reaction mixture was then filtered and the

precipitate was washed with methanol (3 x 15 ml.) and acetone (3 x 15 ml.). The

organic layers were combined and concentrated under reduced pressure affording an

orange powder.

The IH NMR spectrum showed a very impure compound.

The MS spectroscopy confirmed that the compound is very impure.

5.3b(iv) Attempted synthesis with tryptamine hydrochloride

pTsOH I MeOH

~O

42
MW = 196.28

242
MW = 282.42
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To a stirred suspension of tryptamine hydrochloride 42 (rng, 111111(1)in tr:
toluenesulfonic acid monohydrate (772 mg, 4.05 mmol), 2,6-dimcthyl-5-heptenal 236

(0.5 mL, 4.05 mmol) in methanol (20 ml.) was added. The resulting solution was

stirred at 50 T for 24 h and stirred at RT for 7 days. The reaction mixture was then

filtered and the precipitate was washed with methanol (3 x 15 ml.) and acetone (3 x

15 ml.). The organic layers were combined and concentrated under reduced pressure

affording an orange powder.

The 1H NMR spectrum showed an impure mixture of compounds.

5.3c) acrolein: Synthesis

pyrido[3,4-b]indole 243

of 1,2,3,4-tetrahydro-l-(eth-l-ene)-3-carboxy-9H-

COOH coo

232

~O

11
MW =204.23

243
MW = 242.28

5.3c(i)Synthesis in sulfuric acid

The previously applied methodology led to the formation of a black oil (1200 mg. 66

%).

Mp = 143 - 146°C (from DCM)

IR vrnax = 3354, 2925, 1619, 1549, 1480, 1240, 1167.797 ern"
1H NMR (CD30D) OH = 7.88 OH, d, J = 7.9 Hz, Hs). 7.44 (IH. d. J = 8.3 Hz. Ho).

7.18 (1H, m, H7), 7.10 (1H, m, Hs), 5.00 (2H, m, HB), 4.31 (1H. m. Hd. 3.72 ( IH, rn,

H3), 3.50 OH, m, H3), 3.16 OH, m, HA), 2.29 (2H, m, H4) ppm

13C NMR (DMSO-d6) Oc = 34.6 (C-4), 57.8 (C-l), 62.8 (C-3). 117.4 (C-8). 118.6 (C-

7), 119.4 (C-b), 120.9 (C-6), 122.8 (C-5), 134.3 (C-a), 177.4 (COOH) ppm

MS ESI Positive m/: (%) = 242.3 (lOO%)

HRMS calculated for C14H14N202Na= 265.27665 found 265.27665
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5.3c(ii) Attempted synthesis in TFA

This methodology did not show any positive result and led to the formation of an

impure mixture of compounds.

5.3d) cis-3-hexenal: Synthesis of I,2,3,4-tetrahydro-l-( pent -2-ene)- 3-carhox y-9H-

pyrido[3,4-h ]indole 244

COOH
~o

11
MW =204.23 244

MW;:::;284.36

The usual methodology was applied to carry out the Pictet-Spengler reaction and led

to the formation of an orange powder (864 mg, 61 %).

Mp = 159 - 161 QC(from OCM)

IR Vmax = 3354, 2925, 1619, 1549, 1480, 1240, 1167,797 cm'

InNMR (CD30D) ~= 11.57 (1H, bs, NH), 8.19 (lH, d, J = 8.1 Hz. H~d.7.59 (IH.

d, J = 8.1 Hz, H8), 7.51 OH, d, J = 7.2 Hz, H7), 7.22 (lH, d. J = 7.2 Hz. Ho), 5.96 (IH,

m, Hc), 5.06 (2H, m, Ho), 4.92 (lH, t, J = 5.2 Hz, H:\), 4.25 (2H, d, J = 5.2 Hz. H4),

3.20 (2H, m, HA), 2.61 (lH, m, HB), 1.23 (3H, t, J = 7.2 Hz, HE) ppm

13C NMR (DMSO-d6) ac = 15.4 (C-e), 21.2 (C-d), 26.9 (C-4), 35.3 (C-a). 52.1 (C-a).

69.8 (C-3), 111.4 (C-8), 112.8,119.6 (C-7), 120.2 (C-5), 121.5 (C-6). 129.8 (C-c).

131.4 (C-b), 131.5, 135.3, 136.2, 177.7 (COOH) ppm

MS ESI Positive m/z (%) = 284.3 (100 %)

nRMS calculated for CI7H2oN202Na = 307.3638 found 307.3633
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5.3e) 3-butenal diethyl acetal: Synthesis of I ,2,3,4-tetrahydro-I-(prop-2-cnc )-3-

carbox y-9H -pyrido[3,4-h] indole 245

eCCH
eCCH

11
MW =204.23 245

MW = 256.30

5.3e(i) Synthesis in sulfuric acid

The usual Pictet-Spengler methodology led to the formation of an orange powder

(1200 mg, 94 %).

Mp = 147 - 151°C (from DCM)

IR Vrnax = 3326, 2947, 1624, 1565, 1485, 1357, 1244, 1173,803 cm'

IU NMR (DMSO-d6) ~ = 10.76 (lH, bs, NH), 7.33 (lH, d, J = 7.2 Hz, H5), 7.28

(1H, d, J = 8.3 Hz, H8), 7.00 (IH, d, J = 7.6 Hz, H7), 6.92 (JH, d, J = 8.1 Hz, Ho), 5.80

(lH, m, H3), 5.22 (2H, d, J = 7.2 Hz, H4), 5.05 (2H, m, Hd, 3.79 (1H. m, HIi), 3.20

(2H, t, J = 7.7 Hz, HA)ppm

13C NMR (DMSO-d6) Oc = 25.3 (C-a), 54.5 (C-I), 59.8 (C-3), 110.4 (C-8), 111.6 (C-

c), 117.2 (C-4), 118.5 (C-7), 120.8 (C-6), 123.7 (C-5), 157.4 (C-b), 170.7 (COOH)

ppm

MS ESI Positive m/: (%) = 256.3 (lOO%)

URMS calculated for CI5HI6N202Na = 279.1104 found 279.1102

5.3e(ii) Attempted synthesis in TFA

The methodology did not show any positive result and led to the formation of an

impure mixture of compounds.
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5.4a) Oxidations: Synthesis of l-oct-5-ene-9H-pyrido[3,4-h]indole 246

eOOH

AcOH

240 246
MW = 326.44 MW = 278.40

240 (1.0 g, 3.1 mmol) was dissolved in a I: I mix of H20/acetone (30 rnl.). Acetic

acid (1M, 10 ml.) and K2Cr207 (10 %, 10 mL) were then added. The mixture was

heated at 65 QC for 20 min and was then allowed to cool down to RT. Saturated

Na2S03 (20 mL) and solid Na2C03 (800 mg) were added to fix pH to 7. The newly

formed brown precipitate was filtered off. The product was then extracted from this

precipitate using acetone (2 x 20 mL). The solvent was removed under reduced

pressure affording a black powder (526 mg, 61 %).

Mp = 254 - 257 QC(from OCM)

IR Vmax = 3340, 2947, 1572, 1488, 1362, 1231, 1179,795 ern"

'n NMR (DMSO-d6) BH= 8.22 (IH, d, J = S.2 Hz, H3), 8.18 (lH, d,J = 7.6 Hz, H~d,

7.91 OH, m, H8), 7.59 (1H, m, H7), 7.49 (lH, m, H6), 7.22 (lH, d, J = 5.2 Hz, H.d,

3.09 (2H, t, J = 7.2 Hz, HA), 2.32 OH, m, HE). 2.18 (tH, m, HF), 2.02 (4H, m, Hc;+

H6), 1.38 (4H, m, Hc+ Ho), 0.89 (3H, m, HH) ppm

l3C NMR (DMSO·d,) Be = 14.6 (C-h), 20.1 (C-g), 27.3 (C-d), 29.9 (C-c), 31.1 rc-»,
32.5 (C-b), 107.4 (C-8), 119.5 (C-S), 121.7 (C-7), 122.4 (C-6), 12S.8 (C-4), 128.3 (C-

f), 132.4 (C-e), 143.6 (C-3), 162.1 (C-I) ppm

MS ESI Positive mlz (%) = 278.4 (100 %)

HRMS calculated for C J9H23N2= 279.1817 found 279.1815

The formation of compounds 247, 248. 249 and 250 follows the same idea. The

results are given in Table 29, Chapter V Section 5.4a.
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248247 249
250

5.4b(i) Bromination of the tetrahydro-Bccarbotlne derivatives: Attempted

synthesis of 1,2,3,4-tetrahydro-l-(3,4-dibromo )-butyl-3-carboxy-9H -pyrido[ 3,4-

b]indole 251

eOOH eOOH

cao,

223 251
MW = 270.33 MW = 430.14

223 (303 mg, 1.12 mmol) was dissolved in MeO" (15 ml.) and then Br:! in CHCI.1 (1

%, 1.5 mL) was added. The whole was stirred at RT for 12 days. The solvent was then

removed under reduced pressure affording a brown powder.

The 1H NMR spectrum showed that no reaction occurred.

The same methodology was applied for the synthesis of compounds 253, 254, 255 and

256. It showed no result as reported in Table 30, Chapter V Section 5.4b.
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eOOH eOOH
eOOH eOOH

Br

254
255

Br

256

5.4b(i) Bromination of the tetrahydro-jl-carboline derivatives: Synthesis of

1,2,3,4-tetrahydro-l-(3,4-dibromo )-butyl-3-carboxy-9H-pyrido[3,4-h [indole 251

eOOH

eH3eOOH I CHCI3

223
MW =270.33

251
MW =438.14

eOOH

223 (300 mg, 1.11 mmol) was dissolved in MeOH (15 ml.) and a drop of AcOH was

added. Then Br2 in CHCh (1 %, 1.5 mL) was added. The whole was stirred at RT for

10 days. The solvent was then removed under reduced pressure affording a brown

powder (366 mg, 85 %).

Mp: decomposition above 250 QC(from DCM)

IR vmax = 3333, 2941, 1672, 1441, 1349, 1225, 1174,786 ern"

IHNMR (DMSO-d6) ~= 7.34 (1H, m, H6), 7.29 (1H. m, H7). 7.01 (lH. m. H!d. 6.79

OH, m, Hs), 4.18 (lH, t, J = 6.7 Hz, HI), 3.87 (1H. u, J = 6.8. 6.1 Hz. Hd, 3.84 (IH.

dd, J = 10.1,3.9 Hz. H3), 3.66 (2H, d, J = 6.1 Hz. HD). 3.63 (lH, dd, J = 13.1, 10.1

Hz, H4), 2.77 (IH, dd, J = 13.1,3.9 Hz, H4), 1.71 (2H, dt. J = 7.1. 6.6 Hz. HA). 1.67

(2H, dt, J = 7.1, 6.8 Hz, HB) ppm
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13C NMR (DMSO-d6) Bc= 26.9 (CA), 36.2 (C-a), 38.4 (C-4), 39.3 re-i», 41.4 (C-d),

45.2 (C-c), 52.3 (C-I), 67.1 (C-3), 111.0 (C-8), 112.8, 119.6 (C-7), 120.5 (C-5), 121.7

(C-6), 131.4, 135.5, 136.7, 172.3 (COOH) ppm

MS ESI Positive m/z (%) = 438.1 (100 %)

HRMS calculated for Cl6HlSN202Br2 = 453.9808 found 453.9807

5.4b(ii) Bromination of the fully aromatic p-carboline derivatives: Synthesis of

1-(3,4-dibromobutyl)-9H-pyrido[3,4-b ]indole 257

Br2 / CHCI3

160
MW =222.28

257
MW =382.09

1-(3,4-dibromobutyl)-9H-~-carboline

246 (151 mg, 0.54 mmol) was dissolved in

5.4b(ii)-1 AcOEt (20 mL) and then Br2 in CHCh (1 %, 8.5 ml.) was added to the

reaction mixture.

5.4b(ii)-2 CHCh (20 mL) and then Br2 in CHCh (1 %, 8.5 mL) was added to the

reaction mixture.

The whole was stirred for 48 h at 35°C. The solvent was removed under reduced

pressure affording a brown solid (172 mg, 89 %).

Mp = 271 - 275 QC(from DCM)

IR Vrnax = 3331,1565, 1478, 1349, 1224, 1189, 791 cm"

'n NMR (DMSO-d6) B.t = 10.1 OH, s, NH), 8.42 (lH, d, J = 5.6 Hz, H~), 7.72 (lH,

m, Hs), 7.57 (IH, m, Hs), 7.48 (tH, m, H4), 7.37 (tH, m, H7), 7.19 (lH, m, Hfl), 3.86

(1H, m, Hc), 3.63 (2H, d, J = 5.5 Hz, Ho), 2.95 (2H, t, J = 6.3 Hz, HA), 2.08 (2H, td, J

= 6.3, 6.2 Hz, HB) ppm
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l3C NMR (DMSQ.d6) &: = 26.9 (C-a), 39.3 CC-b), 41.4 CC-d), 45.2 (C-c), 102.1,

111.0 (C-8), 112.8, 119.6 (C-7), 120.5 (C-5), 121.7 (C-6), 124.1, 127.5, 135.7, 149.1

(C-3), 162.3 (C-l) ppm

MS ESI Positive m/: (%) = 382.1 (lOO%)

HRMS calculated for CIsHI4N2Br2 = 379.95181 found 379.95187

Table 31 found in Chapter V, Section 5.4b(ii) gives the results associated with the

brominated intermediates 260, 261, 262 and 258.

260 261
Br

262

Br

257

5.5a(i) N·Allylations: Attempted synthesis of 1-(oct-5-ene)-2-(N-prop-2-ene)-9H-

~-carbolinium bromide 264

Br~
X

acetone

246
MW =278.40

264
MW = 319.47

246 (151 mg, 0.54 mmol) was dissolved in acetone (20 mL) and then allyl bromide (2

mL, large excess) was added. The reaction mixture was stirred at RT for 3 days and

then partitioned between H20 and Et20 (20 mL). The aqueous layer was washed with

Et20 (2 x 20 mL) and evaporated to dryness to leave an impure mixture of products.
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5.5a(ii)-1 N-Allylations: Attempted synthesis of 1-(prop-2-ene)-2-(N-prop-2-ene)-

9H-~-carbolinium bromide 265

Error! Objects cannot be created from editing field codes.
248 (151 mg, 0.72 mmol) was dissolved in MeOH (50 mL) and allyl bromide (2 ml.,

large excess) was then added. The reaction mixture was stirred at 40 QCfor 21 days.

The solvent was removed under reduced pressure. The remaining brown solid was

washed with MeOH (3 x 20 mL) and DCM (3 x 20 mL) affording a brown powder.

The IH NMR spectrum and MS spectroscopy showed a very impure mixture of

compounds.

5.5a(iii)-2 N-Allylations: Attempted synthesis of 1-(but-3-ene)-2-(N-prop-2-ene)-9H-

~-carbolinium bromide 265

248
MW =208.26

265
MW = 248.32

MeOH

Br~
X ~

248 (175 mg, 0.84 mmol) was dissolved in MeOH (10 mL). Then, allyl bromide (2

mL, 23 mmol) was added dropwise. The mixture was stirred at RT for 3 days and was

then partitioned between H20 (15 mL) and Et20 (15 mL). The aqueous layer was

washed with Et20 (2 x 20 ml.) and evaporated to dryness to leave a complex mixture

of products.

5.5a(iii) N-Allylations: Synthesis of 1-(but-3-ene)-2-(N-prop-2-ene)-9H-~-

carbolinium bromide 263
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Br~

160
MW = 222.29

263
MW =263.36

160 (210 mg, 0.95 mmol) was mixed with allyl bromide (l mL, large excess). The

reaction mixture was stirred at RT for 11 days and was then partitioned between H20

and Et20 (25 mL). The aqueous layer was washed with Et20 (2 x 20 ml.) and

evaporated to dryness to leave a brown solid (72 mg, 31 %).

Mp = 254 - 258 QC(from ether)

IR vrnax = 3340, 2947,1572,1488,1362,1231,1179,795 ern"

'a NMR (CD30D) ~ = 11.57 (lH, bs, NH), 8.25 (lH, d, J = 5.2 Hz, H4), 8.19 (IH,

d, J = 8.1 Hz, H5), 7.92 (lH, d, J = 5.2 Hz, H3), 7.S9 (lH, d, J = 8.1 Hz, H8). 7.51 (lH.

d, J = 7.2 Hz, H7), 7.22 (lH, d, J = 7.2 Hz, ~), 6.20 (lH, m, HB), 6.0S (lH, m, HF),

5.40 (2H, d, J = 4.7 Hz, HA), S.30 (2H, m, Ho), 5.23 (2H, m, Hd, 4.92 (2H, m, HE),

2.95 (2H, t, J = 7.4 Hz, HD) ppm

13C NMR (DMSO-d6) Oc= 26.2 (C-d), 3S.2 (C-e), S1.2 (C-a), 111.5 (C-8), 112.3 (C-

g), 115.9 (C-c), 116.7 (C-6), 119.0 (C-S), 121.2 (C-7), 131.3 (C-4), 137.9 (C-O, 132.7

(C-b), 140.5 (C-3), 142.7 (C-l) ppm

MS ESI Positive m/: (%) = 263.4 (100 %)

URMS calculated for C1sHI9N2= 263.15138 found 263.151387

S.Sa(iv) N-Allylations: Synthesis of 1-methyl-2-(N-allyl)-9H-B-carbolinium

bromide 266
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13
MW = 182.22

266
MW = 303.20

To a solution of harmane 13 (104 mg, 0.57 mmol) dissolved in dichlorornethane (10

mL) was added allyl bromide (2 mL, 23 mmol). The reaction mixture was stirred for 3

days at RT. Then the product was then filtered off and washed with dichlorornethane

(3 x 15 mL), affording a yellow powder (159 mg, 92 %).

Mp = 247 - 251 QC(from DCM)

IR vrnax = 3340, 2947, 1572, 1488, 1362, 1231, 1179, 795 cm'

IH NMR (DMSO.d6) OH = 12.94 (lH, s, NH), 8.71 (lH, d, J = 6.3 Hz, H:d, 8.64 (lH,

d, J = 6.3 Hz, H4), 8.48 (lH, d, J = 7.9 Hz, Hs), 7.80 (2H, m, Hs + H7), 7.46 (IH, rn,

H6), 7.25 (lH, m, C6), 6.20 (lH, m, HB), 5.40 (2H, d, J = 4.7 Hz, HA), 5.23 (2H, rn,

Hc), 3.10 (3H, s, CH3) ppm

Be NMR (DMSO.d6) Oc = 15.6 (CH3), 45.3 (C-a), 107.4 (C-c), 112.7 (C-6), 115.8

(C-4), 121.4 (C-7), 123.3 (C-8), 132.4 (C-5), 127.3, 132.8, 135.4 (C-3), 139.0, 141.4,

143.6 (C-b), 152.5 (C-l) ppm

MS ESI Positive m/z (%) = 225.78 (lOO%)

HRMS calculated for C)sHI6N2 = 225.78045 found 225.780457

5.5a(v) N·AlIylations: Attempted synthesis of l-ethyl-2-(N-prop-2-ene)-9H-~-

carboliniurn bromide 267
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Br~
X •

48
MW = 196.26

267
MW = 317.24

To a solution of 48 (110 mg, 0.56 mmol) dissolved in dichloromethane (20 rnl.) was

added allyl bromide (0.29 mL, 3.36 mmol). The reaction mixture was stirred for 8

days at RT until a precipitate was formed. The brown solid was filtered off and

washed with dichloromethane (20 ml.). This residue (containing around 40 % of the

desired product and 60 % of starting material) was dissolved in allyl bromide (2 rnl.)

and stirred for 21 days at RT. The product was extracted in dichloromethane (3 x 15

mL), dried over anhydrous magnesium sulfate and filtered off. The solvent was then

removed under reduced pressure affording an complex mixture of compounds.

5.5b) Metathesis: Attempted synthesis of 4,5-dihydro-l H-indolo[2,3-a ]quinolizin-

3-ium bromide 268

acetone

Grubbs II
)( .

263
MW =263.36

268
MW =235.30

To a solution of 263 (75 mg, 0.28 mmol) in acetone (15 ml.), Grubbs II catalyst (12

mg, 0.014 mmol) was added. The resulting mixture was stirred at RT for 8 days. The

reaction mixture was filtered off through a celite pad and washed with acetone (3 x 10

ml.). The solvent was removed under reduced pressure to afford an impure brown

solid.

Chapter III: Initial Idea
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An easy and efficient way to synthesise 2,3-dihydroindolizinium 120 (Figure 4) was

described by Ostler [98] in 1997. Two new ways describing the closure of the

partially saturated ring from all sorts of pyridines were then found. These two

synthetic pathways respectively involve the formation of intermediates in which C-C

and N-C bonds are created. Following this initial idea, novel ~-carbolinium

derivatives can be prepared in a similar manner.

3.1) En route for the formation of the C-C bond

A short retro-synthetic analysis of this route is able to demonstrate the importance

of intermediate 132, also called key intermediate (Scheme 35).

11

QPN
H

13133 n = 1 to 3 132

~ COO

QJ\H'
N
H

Scheme 35: Retrosynthetic pathway

This analysis clearly shows the formation of a new C-C bond at the C-I position of

the key intermediate 132. This new bond adds an alkyl chain, which forms the

skeleton of the new ring. This has the capacity to result in [6,5], [6,6] or [6,7] nuclei

via a ring closure.

In a small number of synthetic steps, ~-carbolinium derivatives 133 containing a

partially saturated D-ring linked through a nitrogen bridgehead could thus be

synthesised from commercially available DL-tryptophan 11 or harmane 13.
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3.1a) Synthesis of Ji-carbolines from tetrahydro-Ji-carbolines

Different oxidising agents have been reviewed in the introduction and the literature

suggests that a solution containing potassium dichromate and glacial acetic acid

heated to reflux gives the best results in the shortest amount of time. A short study on

the aromatisation step concerted with the decarboxylation step has been carried out

and confirms this. Different conditions were tested. Thus, three modes of oxidation

were investigated on tetrahydro intermediates 12, 134 and 135. Their synthesis will be

described in section 3.1c.

3.1a(i) Potts' method

Potts and Mattingly, [62] described this method as part of his total synthesis of

Sempervirine 7. The general method is outlined below (Scheme 36).

COOH

134 48

Scheme 36: Oxidation with potassium chromate

It is important to note that a large quantity of insoluble inorganic material IS

produced during this reaction.

3.1a(ii) Torisawa's extended method

Wenkert and Kilzer [113] successfully developed the oxidation of the C-ring for

obtaining Flavopereirine 6 in 1962. Torisawa et al., [114] used palladium on carbon

when synthesising Manzamine C (Scheme 37).

Pd/C

Ph

COOH

xylene I reflux

135 138
Scheme 37: Oxidation with palladium on carbon
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3.1a(iii) Srivastava's synthesis

A more recent approach was proposed by Srivastava et al. [115] where sulfur is used

instead of PdlC (Scheme 38).

eOOH
s

xylene / reflux

12
13

Scheme 38: Oxidation with sulfur

Table 2 gives the summary of the above reactions, which clearly showed the best

oxidative conditions.

Compound Oxidising agent Solvent T (OC) Yield

48 K2Cr207 glacial AcOH 100 69%

136 PdlC p-xylene 120-130 ---

13 S p-xylene 130 ---
Table 2: Oxidative conditions

It is worth noting that the best conditions in which the oxidative step takes place

are very drastic: presence of a strong acid (glacial acetic acid), strong oxidising agent

(K2Cr207) and relatively high temperature (reflux). These conditions can also be very

destructive if little control is applied (especially on the time left under reflux).

Therefore, lower yields can be expected.

More oxidative methods such as DDQ and o-chloranil were reported in the

introduction. DDQ and o-chloranil were not tested because it was thought they would

induce even more destructive conditions than potassium dichromate.

3.lh) The one-pot reaction
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COOH

i) R-CH2CHO

ii) [Ox]

11 48 R = CH3
136 R = Ph

Scheme 39: One-pot reaction

The reaction was carried out in acidic water (as an improved method reported by

Saba [79]). The condensation of the aldehyde gave a tetrahydro intermediate. This

intermediate was not isolated and immediately reacted with a large excess of

oxidising agent. Then the fully aromatic ~-carboline derivative was obtained (Scheme

39).

Table 3 summarises the outcome of the one-pot reaction.

Compound R Yield

13 H 30%

48 CH3 66%

136 Ph 60%

Table 3: The one-pot reaction

The treatment demands accuracy and precision as shown below:

If too much reducing agent (Na2S03) is introduced, the solution remains green

and the product which should precipitate is not formed.

If too much base (NazC03 solid) is added, the precipitate becomes soluble in

the aqueous layer and the product is lost (even after adding more acid to

neutralise the excess of base).

If the mixture is heated for more than 3 min, the product tends to decompose

very quickly (a black inorganic solid is then formed).

If the mixture is not heated enough, then no reaction occurs.
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3.1c) Synthesis in two distinct steps

The one-pot reaction described in section 3.1a(i) above. gave low yields.

Furthermore, the treatment demanded difficult and poorly reproducihle conditions.

After many attempts of optimisation (see section 3.1b(i». it was then decided to

abandon this method of synthesising fully aromatic ~-carboline derivatives.

It is also reported in the introduction the possibility of isolating 1.2.3,4-tetrahydro-

3-carboxy-9H-pyrido[3,4-b ]indole derivatives. The formation of these tetrahydro

intermediates was investigated using three different conditions of the Pictet-Spengler

reaction for optimisation.

3.1c(i) First attempt

The first method under investigation was the one used and reported in section 3.1 b

where DL-tryptophan 11 was dissolved in water and dilute sulfuric acid. Typically.

1.5 equivalents of aldehyde were added (Scheme 40).

eOOH eOOH

11 12 A = H
134A = eH3
135 A = Ph

Scheme 40: Pictet-Spengler reaction in acidic water

The extraction of the product with dichloromethane did not work. It was then

necessary to evaporate the aqueous layer under reduced pressure until the formation

of a powder. Large amounts of acetone were required to dissolve the product from the

remaining salt to afford the desired product.

3.1c(ii) Yang's strategy

Yang et al. [78a] reported this method when pyruvic aldehyde was used. Similar

conditions were attempted using propionaldehyde or acetaldehyde (Scheme 41).
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eOOH

MeOH/Hel

11 12 R = H
134R=eH3

Scheme 41: Pictet-Spengler reaction in acidic methanol

eOOH

3.1c(iii) Saha's optimisation

The third investigated method was reported by Saha et al. [79] where TFA was used

as both solvent and acid (Scheme 42).

eOOH

11 12 R = H
134 R = CH3

Scheme 42: Condensation in TFA

COOH

The investigation on the formation of the l-substituted-I.2.3.4-tetrahydro-3-carboxy-

9H-pyrido[3,4-b]indole intermediates is summarised in Table 4 below.

Compound R Solvent Acid Time T (OC) Yield

12 H H2O H2SO4 20h 65 95%

134 CH3 H2O H2SO4 25h 65 100%,

135 Ph H2O H2SO4 20h 65 100%

12 H TFA TFA 9 days 20 100%

134 CH3 TFA TFA 7 days 20 60%

12 H MeOH Het 2h 50 --
134 eH3 MeOH Het 2h 50 --

135 Ph MeOH Het 2h 50 --
Table 4: Formation of the tetrahydro intermediate
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The synthesis of 12 could not be performed in methanol. The IH NMR of the crude

showed a clean conversion of the product but the chemical shift was down shielded.

After adjusting the pH to an exact value of 7, the IH NMR showed that the reaction

failed and the brown powder was an impure mixture of compounds.

Compounds 12 and 135 were cleanly synthesised in very good yields (60% and

100%) using TFA but involving long reaction times (9 days and 7 days instead of 20h

and 25h when using sulfuric acid).

As a conclusion, the method involving water and dilute sulfuric acid gave the best

conditions for the isolation of the tetrahydro intermediates 12, 134 and 135 in terms of

yields and reaction times.

3.1c(iv) The successful method

As shown on Scheme 43 below, a clear idea on how to access fully aromatic ~-

carbolines can now be depicted.

12R= H 13 R = H
48 R = CH311 134 R = CH3

135 R = Ph 138 R = Ph

Scheme 43: Synthesis of fully aromatic ~-carbolines

The first step to access fully aromatic carbolines went via the isolation of the

tetrahydro intermediates 12, 134 and 135. As described in Section 3.1a( i), the hest

method to oxidise these compounds, in terms of reaction times and yields, resided in

the use of potassium dichromate in a solution of glacial acetic acid heated to reflux.
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The ease and control over the two-stepped synthesis is summarised in Tahle S.

Tetrahydro intermediate R Yield Fully aromatic derivative Yield

12 H 95% 13 3M/{,

134 CH] 100% 48 69%

135 Ph 100% 136 98%

Table 5: Yields for the synthesis of fully aromatic ~-carbolines

A strong tendency appears in this table. It shows that the bulkier the R-group (in

order Ph, CH) and H), the better yield for the oxidative step. Furthermore, the

presence of an aromatic ring leads to the best yield.

3.1d) The microwave optimisation

Microwave irradiation is becoming an increasingly popular way of undertaking

synthetic reactions. It provides a clean, cheap. and convenient method of heating.

which often results in higher yields and shorter reaction times. Plus, microwave

technique offers cleanliness and ease of use.

Before separating the one-pot reaction in two single steps, microwave optimisation

was perceived as a good way to increase the yields and reaction times. All the

microwave-assisted Pictet-Spengler reactions were carried out in an open vessel using

a domestic microwave oven. Here again. different methods were applied in order to

find out the optimum conditions. Only two methods to access fully aromatic ~-

carboline compounds were investigated because a direction towards an alternative

route may be then envisaged.

3.1d(i)Microwave optimisation of the one-pot reaction

3.1d(i)-1 Synthesis in acidic water

The first method involved the use of DL-tryptophan II diluted in acidic water and

condensed with an aldehyde (Scheme 44). The reaction mixture was heated under

microwave radiation for n minutes (n is given in Table 6 below) depending on the R-

group. Then, the oxidation directly took place under normal heating for three minutes.
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11 12 R =H
135 R =Ph

13 R = H
136 R =Ph

ii) K2Cr207

AcOH

Scheme 44: Microwave optimisation

3.1d(i)-2 Kuo's approach

Kuo et al., [116] reported the use of microwave radiations applied to the synthesis of

~-carbolines. DL-Tryptophan 11 was dissolved in acidic toluene. Then. the aldehyde

was added. The reaction mixture was heated under microwave for n minutes. The

solvents were removed under reduced pressure to afford a residue. This residue was

dissolved in toluene and then extracted with acidic water. The remaining powder was

oxidised under normal heating for three minutes (Scheme 45).

11 12 R = H
135 R =Ph

13 R = H
136 R =Ph

Scheme 45: One-pot reaction under microwave irradiation

The optimisation of the one-pot reaction using microwave radiation is outlined in

Table 6 below.

Compound R Solvent Acid T (min) Yield

13 H H2O H2SO4 I 20%,

136 Ph H2O H2SO4 6 20%

13 H toluene TFA I --
136 Ph toluene TFA 6 --

Table 6: Microwave optimisation
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When TFA was used as the acid, compounds 13 and 136 were not produced in a

clean manner but as impure mixes of compounds with large amounts of inorganic

material. On the contrary, when H2S04 was used. compounds 13 and 136 were cleanly

synthesised in an overall 20 % yield for both compounds hut in I and 6 min

respectively. As a conclusion, apart from the reaction times. no real effective

enhancement is brought to this method.

3.1d(ii) Microwave optimisation of the two distinct steps

The optimisation of the one-pot reaction described in the previous Section 3.1 bt ii) did

not lead to positive results. But, in Section 3.1a(ii) good results were reported when

differentiating the two reactions individually. Therefore, optimisation of both

reactions by microwave irradiation can be achieved as shown on Scheme 46 below.

COOH

AcOH
MW

11
Scheme 46: Microwave optimisation of both reactions

Table 7 below gives a summary of the times and yields for the syntheses of 134 and

48.

Compound Time Yield

134 8.5 min 96%

48 50 s 59%

Table 7: MIcrowave optimisation

The overall yield for the synthesis of 48 from DL-tryptophan II is around 57 %

which is much higher compared to 20 % previously obtained in the previous Section

3.1b(ii). Compared to the synthesis in normal conditions, no gain in terms of yield can

be observed but only in terms of reaction time (8.5 min instead of 18 h). The

microwave apparatus only allowed the reaction to be performed in small quantities

(around 100 mg as a maximum limit) due to the nature of the reaction vessel.
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3.2) N-methylation of 1-substituted-pyrido[3,4-b ]indoles

It is also possible to directly buy l-subsituted-pyrido[3,4-h lindale deri vutives from

several suppliers. The most common is l-methyl-pyrido[3,4-hJindole or harmane 13.

It can also be directly produced from DL-tryptophan 11 condensed with acetaldehyde

giving a tetrahydro intermediate, which is ultimately oxidised to harmane 13.

Compound 13 is then subjected to N-methylation in dichloromethane, affording the

corresponding I-methyl-2-(N-methyl)-9H-~-carbolinium iodide 19 in a quantitative

yield (Scheme 47). Different solvents such as acetone and ethyl acetate were tested

but the methylation appeared to be optimal in dichloromethane.

13 19

Scheme 47: N-methylation of Harmane

The dark yellow solid precipitated from the mixture. It was filtered and then washed

several times with a minimum amount of dichloromethane.

In a similar manner, it is possible to synthesise I-ethyl- 137 and l-henzyl-2-(N-

methyl)-9H-~-carbolinium iodide 138 in good yields. The results are reported in the

Table 8 below.

Compound R Time (h) Yield

19 H 67 quantitative

137 CH.1 23 63%

138 Ph 48 60%

Table 8: Methylation of carbolines
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Thus, a collection of three different 2-(N-methyl)-9H-~-carb linium salts was then

available to undergo the next C-allylation step. This next step occurred in strong basic

conditions leading to deprotonation at the side chain of the quaternary carboliniurn

derivatives (Scheme 48).

B

19 R = H
137R=CH3
138 R = Ph

139 to 141

Scheme 48: Deprotonation of carboliniums

The newly formed zwitterion is stable due to me orneric resonance as sh wn in

Diagram 3. There are a total of five me omeric forms amongst which four ar

zwitterionic structures and one is neutral.

139 to 141 neutral structure
142 to 144

145 to 147

.. •
R = H, CH3 and Ph

148 to 150
151 to 153

Diagram 3: Me

3.3) The C-allylation step \.

The C-allylation of the 2-(N-methyl)-9H-~- arboliniurn alts was typi ally carried

out where aqueous sodium hydroxide wa used as the ha e and allyl hI' mid as the

alkylating agent.
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The zwitterionic salt was soluble in aqueous media, whereas allyl bromide was

soluble in organic solvents. To conduct this reaction in proper conditions, the use of a

phase-transfer catalyst (pte) was needed. Following previous work by Ostler 19H)on

phase-transfer reactions, the best available catalyst for these kinds of molecules is

tetra-n-butylammonium hydroxide. According to the IUPAC, "the phenomenon of

rate enhancement of a reaction between chemical species located in different phases

(immiscible liquids or solid and liquid) by addition of a small quantity of pte that

extracts one of the reactants, most commonly an anion, across the interface into the

other phase so that reaction can proceed. The catalyst cation is not consumed in the

reaction although an anion exchange does occur" [117].

It was necessary to use the previously synthesised 2-(N-methyl)-9H-J3-carbolinium

salts (which are not soluble in organic solvents) because the pyridine nitrogen would

undergo allylation in the presence of allyl bromide. Therefore, the N-methylation

reaction acts as a protective strategy as well as activating the a-carbon.

The reaction that takes place is described in the Scheme 49 below.

19,137 and 138 =:ri>" R = H, CH3 and Ph

plc

154 10156

Br~

13910141
Scheme 49: C-allylation of carbolinium derivatives

The quaternary carbolinium salts 19, 137 and 138 were dissolved in aqueous sodium

hydroxide. Then, allyl bromide in dichloromethane was slowly added, followed by a

relatively small amount (0.1 mL) of tetra-n-butylammonium hydroxide.

The spectrometric characterisations (NMR and Mass Spectrometry) showed that for

every crude product 154 to 156, the powder contained traces of the desired product

but also large quantities of pte, starting material and other by-products. One of the

main by-products was easily detected by Mass Spectrometry as shown hereafter. In
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this case, dilute sodium hydroxide was basic enough to undergo the dcprotonation of

the less acidic indolic proton. Thereby, two sequential allylations occurred as follows

(Scheme 50).

i) NaOH

R Br~

ii)NaOH

R Br~

19,137 and 138

154 to 156
R = H. CH 3 and Ph

Scheme SO:Sequential allylations of carbolinium salts

To prevent these by-reactions, several attempts in different conditions were

conducted.

• Only one equivalent of aqueous sodium hydroxide was used with allyl

bromide in dichloromethane and pte: the diallylated products 157 and 158

were still formed. They appeared as brown powders and mainly contained pte

and starting material. Compound 159 (where R = Ph) was only a very impure

mix of products and pte.

• One equivalent of aqueous sodium hydroxide was used with allyl bromide in

dichloromethane but no pte was utilised: the diallylated products 157 to 159

were still formed. They appeared as brown powders and mainly contained

impurities and starting material.

3.4) The N-demethylation step

Even though the diallylated derivatives 157 to 159 were still very impure. mainly

because of the pte, the next step of the synthesis was attempted. These compounds

were put into reaction because the N-demethylation that follows is a very destructive

step. Therefore, it is possible that the N-deallylation would occur at the same time

(Scheme 51).
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200 -c

eutectic mixture

157 to 159 160 to 162

R = H, CH3 and Ph

Scheme 51: Concomitant dealkylations

The eutectic mixture was constituted of acetates and was highly nucleophilic.

Spectroscopic characterisation (NMR and Mass Spectrometry) of the crude products

showed that the desired products 160 to 162 and starting materials 157 to 159 are

present in a 60:40 ratio. An eightfold molar excess of acetates was also prepared but

its use led to the same result.

The N-deprotections were partially successful in these conditions. After several

triturations and washings in different solvents (ethyl acetate, dichloromethane, iso-

propanol), no further purification was possible. It is important to note that large

amounts of pte were still present in the mixture even after the washings.

As a conclusion, compounds 160 to 162 have been identified by spectroscopy (as

part of a mixture of products) but could not been separated as the compounds were

lost on column chromatography. The C-allylation step showed that it is possible to

introduce an extra group at the N-indole. The possibility of using a protective strategy

at the indole nitrogen in order to control the following N-demethylation step (Scheme

52) was then considered.
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protection eutectic mixture

200 QC

R = H. CH3 and Ph

PG = Protective Group
154 to 156 163 to 165

deprotection

166 to 168 160 to 162

Scheme 52: Synthesis via protection at the N-indoIe

3.5) Conclusions

To access ~-carbolinium derivatives, it was essential to understand the chemical

behaviour of ~-carbolines. Sections 3.1 to 3.4 only dealt with issues that ccurred in

the first three steps of the global synthesis.

In the previous chapters, the synthesis of the fully aromatic l-substiruted-f-

carbolines was described as a one-pot reaction. It was thus decided to separate each

step into two new reactions and isolate the tetrahydro intermediate. Then, b th

reactions were optimised by the use of micro-wave radiation. Each ingle rea ti n is

carried out in faster;:;s nd control is significantly improved vel' the xidative

step. The following(9allylation sfep of the fully aromatic ~-carboline derivativ s

demonstrated two important facts:

- The use of pte is problematic because the starting material are highly soluble in it.

As a consequence, it becomes impossible to remove the pte from the product mixture.

- The N-indole (which pKa is around 10.7 in the case of harmane 13) can easily

undergo alkylation in basic conditions. Therefore, the introduction of protective

groups at this position will be discussed in Chapter IV.

From five original steps thought to be needed for this synthetic route, it became at

least eight.
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3.6) En route for the formation of the N-C bond

3.6a) Retrosynthetic analysis

It is possible to assume that there is an existing shorter route compared to the one

reviewed in Section 3.1. The targeted indoloquinolizinium derivatives were

synthesised in four steps from DL-tryptophan 11 (Scheme 53).

170 n = 1 or 2 169 13

QPN
H

COOH

QJ\~
N
H

11
Scheme 53: Retrosynthesis via the formation of the N-C bond

The retrosynthetic analysis shows strong evidence of the creation of a new N-C

bond when intermediate 169 is formed. This bond formation was reported by Ostler

[98]. The mechanism for the formation of 170 is given in the Scheme 54 below.

171 172 173

Scheme 54: Mechanism of ring closure

Therefore, it is possible to apply a similar strategy to ~-carboline derivatives as

shown on the following Scheme 55.
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Br~Br
Br

+

~N~

B
13 171

Scheme 55: N-alkylation of Harmane

The new N-C bond is readily formed form the alkylation of an n.ro-dihalide

derivative at the N-pyridine of the pyrido[3,4-b]indole 13. Previous investigation by

Ostler [98] showed that the best a1kylating agent was the dibrominated version in

order to successfully conduct the closure at the N-bridgehead.

The size of the D-ring can readily be modified if the dibromo derivative possesses

extra or less carbons. The commercially available l,4-dibromobutane was utilised to

form intermediate 174 in the synthesis of the seven-membered ring 175 (Scheme 56).

~Br
Br

13 174 175

Scheme 56: Synthesis of the 7-membered ring

After a reaction time of ten weeks, the reaction has not gone to completion. Only

60% of the desired product was formed, whereas the remaining 40% were a mixture

of dimer and starting material. The N-pyridine was nucleophilic enough to undergo a

subsequent side reaction. Dimerisation occurred as soon as 171 was formed and

reacted with harmane 13 to afford 176. A possible mechanism is suggested in Scheme

57.

13 171 176

Scheme 57: Possible dimerisation mechanism
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The N-alkylation reactions leading to intermediates 171 and 174 were usually

performed neat or using 1 rnL of dichloromethane for 25 mg of starting material.

Furthermore, the reaction times were ten weeks.

Table 9 below provides a summary of all the different attempted conditions.

Compound Solvent Dimerisation Aspect Time Yield of dimer

171 DCM MS = 406.53 Yellow 10 weeks 42 %

171 neat MS = 406.53 Yellow 10 weeks 40%

174 DCM MS = 420.56 Brown 10 weeks 25 %

174 neat MS =420.56 Brown 10 weeks 27 %
o-:

Table 9:~~n leading to dimerisation

3.6b) Dilute conditions

To compensate the small amount of synthesised product and to minimise the

dimerisation as a side reaction, it was possible to work in very dilute conditions.

Typically 1 mg of starting material reacted with 1 mL of olvent. After a reaction time

of ten weeks, the reaction in dilute conditions ha not yet reached completi n. Only

60 % of the intermediate 174 was cleanly synthesised, whereas the remaining 40 %

were the unreacted starting material as summarised in Table 10 below. The

completion percentages were determined using 'H NMR spectroscopy

Com ound Time Com letion Pol merisation
174 10 weeks 60 % No

Table 10: N lkyJation in dilute conditions
AcU'tS

3.6c) Purifications

The dimeric by-product has been successfully suppres ed by working in dilute

conditions (l mg for 10 rnL of solvent). The remaining products needed to be purified

as they were part of a mixture containing starting material and the 2-(N-alkyl)-~-

carboliniurn bromide. Diverse purification techniques were attempted such as

washings/triturations in polar solvents (MeOH, IPA, H20 and DMF) and in low-

polarity solvents (DeM, hexane, AcOEt and Et20), but none managed to give positive
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results. Although this project aimed at minimal use of chromatography. nash column

chromatography was performed and remained unsuccessful as the compounds were

lost on the column.

Another kind of technique involved the use of small cationic columns. A long and

complex process was required [118]. As a matter of fact. from 50 mg of product only

traces of the pure compound were retrieved (enough to perform mass spectrometry).

The main issue is the reaction time of the N-alkylations. In addition. yields for the

syntheses of intermediates 171 and 174 were usually quite low (around 20 %) and

scaling-up the process led to extremely poor yields (around 2 %).

As a conclusion. the intermediates 171 and 174 were cleanly identified by

spectroscopy (NMR and MS). But neither washing. flash or cationic columns gave

successful results.

3.7) Synthesis of the carbolinium derivatives

From the mixtures of harmane 13 and N-alkylated-~-carbolinium bromide

derivatives 171 and 174. two different basic conditions for the synthesis of the target

compounds were attempted.

3.7a) Potassium carbonate as a base

It was noticed for pyridinium derivatives. that potassium carbonate was basic

enough to allow the deprotonation at the C-2 position. It was then decided to follow

Ostler's method [98] for the synthesis of the carbolinium derivative 173 (Scheme 58).

Br"

~N~

Br

171 173
Scheme 58: Attempted synthesis of target 173 using K2COJ
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The cyclisation step did not occur and the starting material was recovered.

Therefore, potassium carbonate is too weak a base to carry out the deprotonation at

the C-l position. The same result was recorded for the cyc1ised product 175.

3.7b) Potassium hydroxide as a base

The use of a stronger inorganic base would thus allow the deprotonation of the N-

alkylated-jf-carbolinium derivatives. Potassium hydroxide seemed suitable to perform

the reaction shown in Scheme 59.

Br-

~N~

Br
171 173

KOHX ~

Scheme 59: Attempted synthesis of 173 using KOH

The 'H NMR showed a very impure mixture of compounds. It was then decided to

abandon this methodology and to focus on another synthetic pathway still based on

the formation of a new N-C bond. This will be described in Chapter V.
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Chapter IV: Protective Strategy

In order to prevent the undesired allylation reaction at the N-indole, it was sensible

to make usage of a protective strategy and allow more control over the removal of the

protective group PG. Hence, the two N-dealkylation reactions of the diallylated

compounds 157 to 159 occurred concordantly in very destructive conditions, which

generally led to an impure mixture of products.

4.1) Options for the PG

A large number of protective groups are commercially available. The aim here is to

render a secondary amine unreactive. Also, PG must not be thermo-sensitive and even

be resistant to high temperatures of around 200 cc. In addition, PG must be stable

under the presence of strong basic and nucleophilic agents such as acetates. Keeping

in mind that this project must be executed under moderate-cost conditions, only few

candidates can be considered [119] such as Ts, Tr, Bn, Boc, TIPS and triazine. In

addition, short alkyl groups such as Me, Et and allyl can also undergo N-protection.

Another possibility would be to introduce a bulky group possessing a chiral centre.

But in order to keep a lower cost as possible, only TIPS, Bn, Boc, Me, Et and allyl

were the only groups selected to carry out the protection at the indolic nitrogen.

4.2) Protection of the l-alkyl-2-(N-methyl)-p-carbolinium salts

4.2a) Synthesis of the protected material

The formation of the C-C bond happened to be problematic as described in section

3.2. At this stage of the project, l-alkyl-2-(N-methyl)-~-carbolinium salts were readily

synthesised. The different conditions for the protection of the amino group at the

indole were attempted as shown on Scheme 60 below. Table 11 gives an overall

summary of the attempts.
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19 R = H

137R=CH3
177 to 183

PG = TIPS, Bn, Boc, Me, Et or all I
Scheme 60: Protective groups at the N-indole

Compound R PG Solvent Time Base Description

177 [107] H TIPS THF 12 h NaH SM back

177 H TIPS MeOHffHF 12 h NaH SM back

178 CH) Bn acetone 192 h NaOH Impure mixture

178 CH) Bn THF 2h NaH Impure mixture

179 H Boc CH)CN 2.5 h NaHCOJ SM back

179 H Boc DCM 2.5 h NaHCOJ SM back

179 [108] H Boc DMF 2.5 h NaHCOJ SM back

180 [109] CH3 Me 5%KOH 23 h KOH 96 % yield

180 CH3 Me 50%KOH 23 h KOH 86 % yield

181 H Me IO%KOH 22 h KOH 87 % yield

182 CH3 Et THF 2h NaH SM back

183 CH3 allyl allyl bromide 48 h NaOH 5 %yield

183 CH3 allyl allyl bromide 148 h Na2C03 Impure mixture

Table 11: Protection at the N-mdole

Itwas soon realised after endeavouring to use different solvents that the solubility of

the carbolinium salts was scarce, even in highly polar systems of solvents (such as

MeOHffHF). The protection at the N-indole only occurred when the carbolinium

derivative was fully dissolved in potassium hydroxide. In these conditions, only short

alkyl groups (ethyl and methyl) were readily introduced as PG.

Their removal was expected to be concomitant to the methyl group at the N-pyridine

and hence possibly decreasing the number of synthetic steps.
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4.2b) 'n NMR study

It was of great importance to find a way to protect the N-indole when the N-

pyridinium was methylated. For that matter, the zwitterionic salts 184 and 185 can

possibly be synthesised from different organic bases and isolated (Figure 8).

184 R =H

185 R = CH3
Figure 8: Zwitterionic salt to be isolated

The formation of 184 and 18S can be tracked by following the reaction with IH

NMR. Completion of the reaction arose when an electrophilic agent such as

iodomethane was added (Scheme 61).

base Mel

19R= H
137 R = CH3

184 R =H
185 R = CH3

186 R = H
187 R = CH3

Scheme 61: Reaction followed by H NMR

Three types of bases were used to study the formation of intermediates 184 and 18S.

Besides, the reactions were directly conducted in NMR tubes. The results are

described in the different sub-sections below.

4.2b(i) Triethylamine

A few minutes after the addition of the base, the IH NMR spectrum showed a

chemical shift in the aromatic region of -0.8 ppm. It is worth noting that the peaks

belonging to Et3N are much bigger than the peaks corresponding to the starting

materials 19 and 137. As a direct piece of information, it is possible to say that too

much base was added in the tube. Is the chemical shift significant enough to tell
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anything about the isolation of the zwitterions 184 and l8S'? This question can only he

answered after assessing the following N-methylation. Thus a small excess of

iodomethane was added:

- after 22 h, no sign of the extra peak and

- after 4 days, no reaction took place and the mixture became very impure.

As a conclusion, triethylamine was not a suitable base for this reaction.

4.2b(iii) Sodium hydride

Soon after the addition of the base, the IH NMR spectrum showed a chemical shift in

the aromatic region of -0.4 ppm in comparison with the starting materials 19 and 137.

The zwitterion intermediates 184 and l8S were possibly formed and isolated.

Therefore, sodium hydride was strong enough to deproton ate the N-indole. Then a

large excess of iodomethane was added:

- after 15 min, no sign of the extra peak;

- after 22 h, the aromatic region was no longer showing a chemical shift and a

secondary product was formed in the ratio 1:7 (all the signals were split into a set of

two new signals) and

- after 4 days, the secondary product was formed in the ratio 1:4.

Intermediates 184 and 185 were clearly formed and isolated but the methylation did

not go to completion after 4 days.

4.2b(iii) Potassium carbonate

Less than minutes after the addition of the 1M solution of potassium carbonate. the

aromatic region showed a chemical shift of -0.9 ppm. The base was possibly strong

enough to undergo the deprotonation at the N-indole. A large excess of iodomethane

was then added:

- after 15 min, no extra singlet appeared;

- after 22 h, the shape of the peaks in the aromatic region changed. Three extra

singlets appeared at 3.34, 3.70 and 3.77 ppm showing that in the presence of a large

quantity of the electrophilic agent and the desired methylated product.

- after 3 days, a secondary product is formed in the ratio 1:3.

The reaction did not go to completion after 3 days but demonstrated the best ratio so

far for the formation of derivatives 186 and 187.
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4.3) Protection of the p-carboline derivatives

In order to avoid drastic and destructive conditions for the simultaneous removal

at the N-indole and N-pyridine, it was also possible to apply the Protective Strategy

one step earlier in the synthesis i.e. towards unmethylated ~-carboline derivatives.

The solubility of the ~-carboline derivatives was not an issue, as they were soluble

in most organic solvents. The approach can become problematic. based on the

differentiation of the two distinct N-indole and N-pyridine.

4.3a) Mesomeric forms

As reviewed in section 4.2, it was chosen to utilise 2-(N-methyl)-~-carbolinium salts

as starting materials to avoid possible competition between the two amino groups in

the molecule. Based on harmane's 13 physico-chemical properties (mainly pKa and

solubility), the formation of intermediate 188 in basic conditions can readily make the

N-indole more reactive towards alkylation than the N-pyridine (Scheme 62).

13 188

Scheme 62: Deprotonation of harmane at the N-indole

The deprotonation at the N-indole in basic conditions was in competition with the

deprotonation of the C-l methyl group and led to the formation of intermediate 189

(Scheme 63).

13 189
Scheme 63: Deprotonation of harmane at the C-l
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In mild basic conditions, the formation of intermediate 188 was predicted to he

more favourable.

4.3b) Benzyl group

According to Cao et al., [120] the benzyl group can be introduced by benzyl

chloride at the N-indole in mild basic conditions using excess of sodium hydride

(Scheme 64). The different attempts are reviewed in Table 12.

BnCI I NaH

X •
OMF I reflux

R

13 R =H
48 R = CH3

202R=H
203 R = CH3

Scheme 64: Benzylation at the N-indole

Compound R Base T Solvent Yield

202 H NaH reflux DMF --
203 CH3 NaH reflux DMF --
Table 12: Attempts of benzylic protection

4.3c) Boc group

The most common way to insert a Soc group is to use the anhydride BOC20 coupled

with DMAP (Scheme 65). Table 13 summarises the outcome of this methodology.

BOC20/0MAP

OCM

R

19 R =H
137 R = CH3
138 R = Ph

204 R = H
205 R = CH3
206 R = Ph

Scheme 65: Soc protection at the N-indole
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Compound R Base Solvent T Yield

204 H DMAP DCM RT 100%

205 CH3 DMAP OCM RT 52%

206 Ph DMAP DCM RT 78%

Table 13: Attempts of Boc protecnon

4.3d) Alkyl groups

As reviewed in section 4.2, short alkyl groups such as ethyl and methyl. readily

underwent the protection at the N-indole of carbolinium salts. A similar methodology

was applied for the protection of ~-carboline derivatives (Scheme 66). The results are

shown in Table 14 below.

THF

RI / NaH

13 207 R = Me

208 R = Et
Scheme 66: Alkyl protection at the N-indole

Compound PG Base Solvent T Yield

207 methyl NaH THF reflux 100%

208 ethyl NaH THF reflux 100%

Table 14: Attempts of alkyl protection

4.4) Conclusion

The Boc and alkyl groups for ~-carboline derivatives and the alkyl groups for ~-

carbolinium salts were suitable PG to be used as part of the Protective Strategy. The

Bn and TIPS groups showed no sign of positive results mainly due to their bulkiness.

4.5) Additional possibilities

Another idea was to prepare the N-benzyl tryptophan derivative 209 (Scheme 67).
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eOOH eOOH
SnSrlNaOH

NH2 X ..
acetone

11 209
Scheme 67: Benzylic protection of tryptophan

This method led to very impure mixture of products due to the presence of the

primary amine and carboxylic acid groups.

Finally, the esterification of the carboxylic acid group in DL-tryptophan II acted as

a protective strategy as shown in Scheme 68. Time did not allow the full investigation

of this synthetic pathway.

eOOH eOOMe
SOCI2
X ..

MaOH

11 210
Scheme 68: Possible esterification of tryptophan

4.6) The Doc and benzyl protections

There was currently a clearer idea on how to produce compound 211 as depicted in

Figure 9 below.

211
Figure 9: Protected carbolinium derivative
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The protective group PG was either Me, Et or Boc and the R group was either H.

CH) or Ph. The general procedure to access such derivatives was very straight

forward. The methylation at the N-pyridine was achieved using iodomethane (Scheme

69).

Mel

DCM
R

204 PG = Boc, R = H

205 PG = Boc, R = Ph

179PG=Boc,R=H
213 PG = Boc, R = Ph

214 PG = Boc, R = C~
212 PG = Bn, R = H

206 PG = Boc, R = CH 3

202 PG = Bn, R = H
Scheme 69: N-Methylation at the pyridine

The starting materials 204, 205,206 or 202 were dissolved in dichloromethane and

then a small excess of iodomethane was slowly added. Typically, a yellow precipitate

was formed after 48 h, filtered and then washed several times with dichloromethane.

If no precipitate was formed the solvent was removed under reduced pressure to

afford a residue, which was washed several times with dichloromethane. No further

purification was required for the crude carbolinium salt after washing. as NMR

spectroscopy showed a fairly clean product. The overall outcome of the Boc and Bn

protection is listed in Table 15.

Compound R PG Yield

179 H Soc quantitative

213 Ph Soc 5%

214 CH3 Soc 95%

212 H Bn impure

Table 15: Methylation at the N-pyridine

These derivatives have been synthesised in order to carry out the further C-

allylation step in successful conditions as depicted in Scheme 70.
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Br~

base

215 R = H or CH3

PG = Et, Me, Boc

216

Scheme 70: C-alkylation of carbolinium salts

The general methodology for the allylation at the C-I position using Boc as the

protective group is described hereafter. Typically, a large excess of allyl bromide, an

organic base (sodium hydroxide or potassium carbonate) and pte (when used) were

slowly added to the starting material (Scheme 71).

Br~

base (pte)

179 217
Scheme 71:C-alkylation of Boc-protected carbolinium bromide

The treatment involved quenching of the base with dilute hydrochloric acid,

followed by extraction in dichloromethane. The different attempts are listed in Table

16 below.

Compound Solvent Base pte Yield

217 OCM NaOH yes --
217 OCM NaOH no --
217 OCM K2C03 no impure mixture

217 OCM K2C03 yes impure mixture

217 acetone NaOH no impure mixture

Table 16: Attempted C-alkylation

When dichloromethane and sodium hydroxide were used, the crude brown solid

showed traces of the expected compounds. In the other cases, whether pte was used or

not, the reaction led to a very impure mixture of products.
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4.7) The alkyl protection

The compounds possessing Boc as a protective group at the N-indole were proven

not to be suitable for the allylation at the C-l position. As reviewed in section 4.3,

short alkyl groups such as methyl and ethyl were used as part of the protective

strategy. The C-allylation which took place is drawn in Scheme 72 below.

base (ptc)

Br~

180 R = CH3
181 R = H

219 R = CH3
218 R = H

Scheme 72: C-alkylation of alkyl-protected carbolinium bromide

4.7a) Sodium hydroxide as base

The use of NaOH as a base was reported in section 5.1. It was decided to carry out

the synthesis of intermediates 218 and 219 utilising the same methodology. So as to

minimise the steric effects, only a methyl group is introduced at the N-indole. The

different attempts are summarised in Table 17 below.

Compound R Solvent pte Time (h) T (OC) Yield

218 H DCM yes 192 RT mixture

218 H OCM no 696 30°C impure mixture

218 H OCM yes 696 30°C mixture

219 CH3 OCM yes 696 30°C mixture

219 CH3 OCM yes 336 RT impure mixture

219 CH3 OCM no 48 30°C SM back

219 CH3 OMF no 120 RT SM back

Table 17: C-alkylation using NaOH

When the R-group was CH3 and no pte was used, no reaction occurred and the

starting material was cleanly recovered without any sign of deprotonation, regardless
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of the time left for reaction (48 or 120 h). When pte was used, the reaction at room

temperature led to a very impure mixture of compounds. But once heated to 30 QC,

traces of the expected compound 219 were detected, also with the starting material

and pte.

When the R-group was H and no pte was used, the reaction only led to very impure

products. It was impossible to confirm the presence of 218 in that case. On the other

hand, when pte was used, compound 218 was clearly identified in the ratio 15:85

amongst large amounts of pte. Heating the mixture at 30 QC did not increase the

aforementioned ratio.

It appeared that the reaction cannot be performed without pte, but cannot either be

performed in the presence of pte. This paradox is attributable to the particular

solubility of the ~-carboliniums salts in pte.

4.7b) Potassium hydroxide as a base

In section 4.2, short alkyl groups were introduced using potassium hydroxide as

base and solvent. An identical methodology for the C-allylation is reported in this

section as shown on the Scheme 73 below.

KOH

Br~

180R=CH3 219R=CH3
181R=H 218R=H

Scheme 73: C-alkylation using KOH as a base

The starting material 180 or 181 was basified using a 50% aqueous solution of

potassium hydroxide in large excess. Typically, after one hour a precipitate was

formed. After removal of the aqueous layer, allyl bromide in large excess was added

to the remaining solid. The excess of allyl bromide was filtered off and the remaining

brown solid was washed several times with dichloromethane. The different attempts

to carry out the C-allylation are described in Table 18.
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Compound R Time (h) Solvent Yield

218 H 148 neat KOH impure mixture

219 CH3 23 acetone impure mixture

219 CH3 24 neat KOH impure mixture

Table 18: Attempted C-alkylation with KOH

No positive sign of reaction occurred. The scope drifted to study the formation of

the zwitterionic intermediates 220 and 221 (Figure 10) in two different basic

conditions. IH NMR spectroscopy is the most useful tool to determine if zwitterions

220 and 221 were formed.

220R=H
221 R = CH3

Figure 10: Zwitterionic derivative to isolate

The proven existence of a similar zwitterionic derivative was characterised by IH

NMR when studying the introduction of a methyl group as a protective group. The IH

NMR spectrum showed a slight chemical shift of -0.3 ppm and the disappearance of

the broad singlet representing the indolic amine at about 10.5 ppm in DMSO-do.

The methodology outlined in this Section was performed in NMR tubes. The

starting materials 180 or 181 are partially dissolved in basic conditions (NaH or

KOH). The remaining precipitate was filtrated and dissolved in deuterated methanol.

The mixture was then introduced in an NMR tube and a small amount of allyl

bromide was directly added in the tube. Table 19 below gives a summary on the

different attempts.
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Base Time Conclusion

NaH (60% in oil) 10min no reaction

NaH (60% in oil) I h no reaction

NaH (60% in oil) 3 days impure mixture

KOH (50%) 10 min hydrolysis of allyl bromide

KOH (50%) 1 h impure mixture

KOH (50%) 3 days impure mixture

Table 19: NMR study on C-allylations

Both usages of base led to an impure mixture after 3 days. In the case of sodium

hydride, the deprotonation of the starting materials 180 or 181 was never observed. In

the case of potassium hydroxide, the IH NMR spectrum showed the hydrolysis of

allyl bromide into the corresponding alcohol after 10 minutes. After I h, an impure

mixture of compounds was observed. As a conclusion, the deprotonation of 194 or

195 was significantly slower that the hydrolysis of allyl bromide.
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Chapter V:ANew Approach

5.1) The new approach

The synthesis of N-protected carbolinium derivatives was achieved when following

the right sequence of reactions. Unfortunately, it was not possible to carry out a clean

C-allylation. In basic conditions, the C-allylation reaction inevitably led to an impure

mixture of compounds with or without the use of a phase-transfer catalyst.

Thus, a new approach to the target molecules was needed. The C-allylation reaction

must absolutely be suppressed from the synthesis but the C-allylated derivative also

plays a crucial role. Therefore, the C-allylated derivative cannot be suppressed. So, is

there a simple way to synthesise this key intermediate 160?

The first stage of the synthesis was the Pictet-Spengler reaction. This step allowed

several substitutions at the C-I position when choosing the appropriate aldehyde. The

theoretical condensation of 4-pentenal 222 with tryptophan 11, followed by the

oxidation of the tetrahydro intermediate 223 as shown in Scheme 74 leads to the

formation of key intermediate 160.

222

eOOH

Oc0~
N
H

4-pentenal

11 223 180

Scheme 74: Synthesis of key intermediate 160

5.1a) Synthesis of 4-penten-l-al

Many oxidations of alcohols to aldehydes are well-known such as the Swern, Dess-

Martin and PCC oxidations. Seven different oxidative methods to access 4-pentenal

222 from the corresponding 4-penten-I-ol 224 are reported in the experimental

section S.la. A summary ofthe attempted syntheses is given in Table 20 below.
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Oxidising agent Solvent Yield Ref

Potassium dichromate -- SM back [Ill]

Chromium trioxide OCM SM back [112]

Copper oxide OCM SM back [113]

PCC OCM SM back [ 114]

Jones reagent Acetone SM back [115]

NMO OCM SM back [115]

Swem OMSO SM back [ 116]

Table 20: Oxidation of 4-penten-I-ol

The seven attempts for the oxidation of alcohol 224 proved unsuccessful as the

starting material was recovered unchanged in every case. No traces of aldehyde 222

were identified in the IH NMR spectra. This is probably due to the poor reactivity of

alcohol 224. It was latter thought that the product needed to be collected under

fractional distillation. No further syntheses of 222 were attempted after this point.

5.th) Synthesis of aldehydes containing an olefin function

Aldehydes possessing an olefin group in the eo-position are of much interest.

Aldehyde derivatives such as 4-pentenal 222 and 5-hexen-I-al 225 allow the

formation of the O-ring with different sizes as shown in Scheme 75 hereafter.

aldehyde--_ B

222 or 225

n=1.2or3

11 226 227
Scheme 75: Synthesis of the target carbolinium salts

Concomitantly to the attempted syntheses of 222, oxidising conditions were applied

to the synthesis of 225. Table 21 lists the different attempts on the oxidation of 5-

hexen-I-ol 228.
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Oxidising agent Solvent Yield Ref

Swem OMSO Impure mixture [126]

Potassium dichromate -- SM back [121 ]

Oxone OCM 5Mback [ 127]

Diphenyl sulfoxide Xylene SM back [ 128]

Table 21: OXIdatIOnof 5-hexen-l-ol

The several oxidising conditions led to the same conclusion as before. Long-chained

alcohols have scarce reactivity and their oxidation to the corresponding aldehydes

never occurred under normal conditions. No further syntheses of 5-hexen-l-al 225

were attempted after this point.

5.lc) Synthetic attempts and commercial availability of aldehydes

Another aldehyde, 3-buten-I-al 229 can be prepared via oxidative cleavage of

vicinal 1,7-octadiene-4,3-diol 230 [129]. According to literature, [130] 5-hexen-I-al

225 can be prepared via the use of alcohol dehydrogenase from equine liver 231.

Unfortunately, little time was allocated for these syntheses and they were left aside.

It was further realised that structurally similar aldehydes were commercially

available from chemical providers. But most of these compounds do not possess a

double bond in the m-position. The structural requirements were reduced because of

the small number of candidates found. The key idea was to choose an aldehyde

derivative containing an olefin group. The selected compounds and their suppliers are

listed in Table 22.

Compound Aldehyde, purity Supplier

232 Acrolein, 95% Sigma Aldrich

233 2,6-dimethyl-5-heptenal, 80% Sigma Aldrich

234 Cis-6-nonenal, 92% Sigma Aldrich

235 3-butenal diethyl acetal, 97% Sigma Aldrich

236 Cis-3-hexenal,50% Sigma Aldrich

222 4-pentenal. 97% VWR

Table 22: Selected aldehydes and suppliers
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Diverse levels of purity were encountered among the selected materials.

Compounds 233 and especially 236 have the lowest grades but it was expected to use

the products without further purification.

5.2) Synthesis of the final compounds

S.2a) Synthesis of the key intermediate

S.2a(i) Condensation step

The Pictet-Spengler reaction as described by Saha et al. [79] in the Experimental

Section was the starting point to the formation of the key intermediate from the

selected 4-pentenal 222. The first step of the synthesis was the generation of the

retrahydro-Bvcarboline derivative 223 as outlined in Scheme 76.

eOOH

222

11 223
Scheme 76: Synthesis of 223 using sulfuric acid

Another possibility was to perform the synthesis of 223 using TFA as shown in

Scheme 77.

eOOH

222
TFA

11 223
Scheme 77: Synthesis of 223 using TFA

164



The yields of the two synthetic methods were very similar (see Table 23). No

further purification was needed as the crude 223 was sufficiently clean as determined

by NMR spectroscopy and melting point results. The only difference was that the

method outlined in Scheme 85 was slightly shorter in time than the other synthesis.

Acid Time Yield

H2SO4 21 h 71 %

TFA 24 h 68%

Table 23: Synthesis of 223

5.2a(ii) Oxidation step

The oxidation of 223 was carried out in the usual conditions and led to the

quantitative formation of key intermediate 160 as depicted in Scheme 78.

eOOH

AcOH

223 160

Scheme 78: Synthesis of key intermediate 160

5.2a(iii) Microwave optimisation

The results of the optimised Pictet-Spengler reaction and oxidation are given in Table

24 below. These reactions were performed in a synthetic microwave oven where more

control on the temperature and pressure is given compared to a commercial one. Both

reactions were conducted in sealed vessels equipped with a magnetic stirrer, which

led to homogeneous distribution.
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223 160

t1 (min) Yield t2 (s) Yield

8.5 82% 40 39%

9.5 89% 50 62 %

10.5 92% 60 72 %

11.5 96% 70 68%

Table 24: Microwave optimisation

The synthesis of the tetrahydro intermediate 223 involved the removal of a basic

inorganic salt with acetic acid. Reaction times above twelve minutes did not increase

the maximum yield of 96 %. The oxidation of 223 was carried out at 120 QC.React ion

times above 60 s did not improve the maximum yield of 72 %.

The optimisation effectively occurred for the synthesis of 223 both in terms of

reaction times and yield. As for the synthesis of 160, the oxidation under normal

conditions was more efficient.

S.2b) Synthesis of the target compound

The key intermediate 160 was successfully synthesised from 4-pentenal 222. The

initial strategy first developed by Ostler [Ill] can now be applied. According to

Agarde, [131] the bromination step directly followed by cyclisation was executed in

bromine (Scheme 79).

CHCI3
B

237

160
Scheme 79: Synthesis of final compound 237

As a conclusion, the target compound 237 was synthesised in three steps from

tryptophan 11 and in a 71 % yield from 160.
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The spectroscopic characterisation of 237 is rather complex. The IH NMR spectrum

shows very broad peaks, probably due to the presence of the quadrupolar bromine

atom. The successful synthesis was hence confirmed by accurate mass as a function of

mass spectroscopy, which shows the two isotopic peaks at the masses of around 301

and 303 as described in the Experimental Section. "c NMR also confirms the

successful cyclisation of the target compound 237.

Further pharmaco-rnodulation of the bromine group of 237 into an alcohol

according to Conti [132] is depicted in Scheme 80.

NaOH
Br X.

Et20/H20
o

237 238

Scheme 80: Pharmaco-modulation of 237

This methodology did not show any positive results and there was little time left to

explore different conditions. Further synthetic work is needed to obtain selective

drugs, which can be rendered assimilable by living organisms.

5.3) Parallel investigation on the reactivity of the selected aldehydes

Five aldehydes other than 4-pentenal 222 were selected. A parallel study on the

reactivity was fully described for cis-6-nonenal 234 and for 2.6-dimethyl-5-heptenal

233. The similar process was to be repeated for acrolein 232. ci.\"-3-hexenal 236 and 3-

butenal diethyl acetal 235. Thus. only the outcome for these three derivatives is being

reported hereafter.

5.5a) Cis-6-nonenal: synthesis of 1.2.3,4-tetrahydro-I-(oct-5-ene)-3-carboxy-9H-

pyrido[3,4-b]indole 239

Different conditions using three acids (such as sulfuric. trifluoroacetic and P:

toluenesulfonic) were carried out when utilising cis-6-nonenal 234 as the selected
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aldehyde. The Pictet-Spengler reactions led to the formation of 1,2,3,4-tetrahydro-l-

(oct-5-ene)-3-carboxy-9H-pyrido[3,4-b]indole 239 as depicted in Scheme 81 below.

eOOH

11

239
Scheme 81: Synthesis of 239

Table 25 below gives a summary on the synthesis of 239.

Exp. Section Acid Solvent Time Aspect Yield

5.3a(i) H2SO4 H2O 24h oil --
5.3a(i) H2SO4 MeOH 24h oil --
5.3a(ii) p-TsOH DCM 48 h powder 87 % and impure

5.3a(iii) 10 % TFA lO%TFA 48h powder 35 % and clean

Table 25: cis-6-nonenal as startmg matenal

The main issue was that the starting material was not soluble in aqueous solutions.

The reaction was then performed in methanol but no reaction occurred.

As a conclusion, the Pictet-Spengler reaction was cleaner when performed in TFA,

but the overall yield was quite low. The investigation was expanded to two tryptophan

derivatives. Tryptamine 47 and tryptamine hydrochloride 42 are commercially

available and cheap.

It is worth noting that the syntheses from 47 and 42 led to the formation of 1,2.3,4-

tetrahydro-l-( oct-5-ene )-9H-pyrido[3,4-b ]indole 240 (Scheme 82). The intermediate
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240 does not possess the carboxy group at the C-3 but highly resembles 239 and can

therefore be considered as structurally equivalent.

Q)'NH(X)
N
H

240

TFA

47X= H
42 X = H2CI

Scheme 82: Synthesis of 240

Synthesis from tryptamine 47 led to the desired compound with a higher yield than

tryptophan 11. Condensation from tryptamine hydrochloride 42 led to the desired

compound with the best yield but displayed the worst purity as determined by NMR

spectroscopy. The overall study is summarised in Table 26 below.

Solvent Time SM Compound Yield Comment

TFA 48h 11 239 35% clean

TFA 48h 42 240 75 % Impure

TFA 48h 47 240 53 % clean

Table 26: Formation of 239 and 240 in TFA

Tryptophan 11 and tryptamine 47 can both be used to perform the Pictet-Spengler

reaction in TFA when using this particular long-chained aldehyde.

S.3b) 2,6-Dimethyl-S-heptenal: synthesis of 1,2,3,4-tetrahydro-l-( 1,5-dimethyl-

hex-s-ene )-3-carboxy-9H -pyrido[3,4-b [indole 241

Different conditions using the same acids were carried out when utilising 2.6-

dimethyl-5-heptenal 233. The Pictet-Spengler reactions led to the formation of

1,2,3,4-tetrahydro-l-( 1,5-dimethyl-hex-4-ene )-3-carboxy-9H-pyrido[3,4-b]indole 241

as depicted in Scheme 84 below.
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~a
eaaH

233

11

241
Scheme 83: Synthesis of 241

Table 27 below summarises the synthesis of 241.

Exp. Section Acid Solvent Time Aspect Yield

5.3b(i) H2SO4 H2O 24 h oil --

5.3b(i) H2SO4 MeOH 24 h oil --
5.3b(ii) IO%TFA IO%TFA 48 h powder 40%

Table 27: 2,6-dimethyl-5-heptenal as starting material

The experimentally reported Pictet-Spengler reactions utilising tryptamine 47 and

tryptamine hydrochloride 42 as starting materials only provided impure mixtures of

compounds. The aldehyde 233 was not soluble in dilute acidic conditions OUI was

soluble in a 10 % solution of TFA and was proven to be successful.

For the remaining reactions, only tryptophan 11 will be considered as the starting

material because 47 and 42 showed unclear behaviour towards the condensation

reactions.
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5.3c) Acrolein: synthesis of 1,2,3,4-tetrahydro-l-(l-ethene )-3-carboxy-9H-

pyrido[3,4-b]indole 243 (Scheme 84)

COOH coo

~O

232

11
243

Scheme 84: Synthesis of 243

The Pictet-Spengler reaction depicted in Scheme 85 was performed in both sulfuric

and trifluoroacetic acid.

5.3d) Cis-3-hexenal: synthesis of 1,2,3,4-tetrahydro-I-(2-pentene)- 3-carbox y-9H-

pyrido[3,4-blindole 244 (Scheme 85)

COOH
COOH

~o

11
244

Scheme 85: Synthesis of 244

The reaction shown on Scheme 86 was performed in sulfuric acid only.

5.3e) 3-Butene diethyl acetal: synthesis of I ,2,3,4-tetrahydro-I-(2-propcne )-3-

carboxy-9H-pyrido[3,4-b [indole 24S (Scheme 86)

eOOH
coo

235

11
245

Scheme 86: Synthesis of 24S
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The reaction described above (Scheme 86) was performed either in both sulfuric

and trifluoroacetic acid.

5.30 Conclusions

The overall comparison study is reported in Table 28 below.

Compound Solvent Aspect Yield
240 TFA Yellow powder 35 %
241 TFA Orange powder 40%
243 H2SO4 Black oil 66%
243 TFA Black powder --
244 H2SO4 Orange powder 61 %
245 H2SO4 Orange powder 94%
245 TFA Brown powder --

Table 28: Comparison study

Derivatives synthesised from long-chained aldehydes (such as cis-6-nonenal 234

and 2,6-dimethyl-6-heptenal 233) were only formed utilising trifluoroacetic acid in

low yields (35 % and 40 %).

On the contrary, the syntheses from small-chained aldehydes (such as acrolein 232.

cis-3-hexenal 236 and butenal diethyl acetal 235) only took place in sulfuric acid in

higher yields (from 61 % to 94 %). The yield corresponding to the acrolein derivative

was lower than expected because of the high reactivity and poor stability of acrolein

itself.

No microwave optimisation was attempted at this point because there was little time

left to conduct the study.

5.4) Oxidations and brominations

5.4a) Oxidations

The oxidation of 223 has been reported in Section S.2a(ii) above. The aromatisation

of the newly formed tetrahydro intermediates followed the same methodology. The

overall outcome is given in Table 29 below.
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8M Compound Aspect Yield

240 246 Black powder 61 %

241 247 Black powder 49%

245 248 Dark orange powder 100%

223 160 Dark orange powder 100%

244 249 Dark orange powder 95 %

243 250 Brown powder --
Table 29: Aromatisation of the tetrahydro derivatives

Long-chained derivatives behaved in a different way compare to short-chained

compounds. The aromatisation was quantitative for derivatives substituted at the C-J

position with an aliphatic backbone possessing four and five carbons (compounds 248

and 160), almost quantitative for 249 and much lower for 250. On the contrary. the

oxidation to produce 247 was unsuccessful. It is suggested that the large number of

carbon atoms present at the C-I enhanced the lipophilicity of the molecule and

decreased its reactivity in aqueous solutions.

5.4b) Brominations

In order to have a better mechanistic understanding over the cyclisation step. the

bromination of tetrahydro-f3-carbolines can be a good tool. In that case, the cyclisation

step should occur just after the oxidation of the dibromo-tetrahydro-ji-carbolines. This

should give evidence on the nature of the intermediate which was formed when the

synthesis of the target compounds was carried out in the usual way (oxidation then

bromination followed by cyclisation).

5.4b(i) Bromination of the tetrahydro-f3-carboline derivatives

The formation of dibromo-tetrahydro-B-carbolines is shown below (Scheme 87).
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eOOH

223 251
Scheme 87: Bromination of tetrahydro intermediates

eOOH

Table 30 below shows that this methodology did not show any positive result for

any compound.

SM Compound Yield
223 251 85%

240 252 --
241 253 --

243 254 --
244 255 --
245 256 --

Table 30: Bromination of tetrahydro intermediates

By adding a drop of glacial acetic acid in the medium, the dissolution of the starting

material 223 was complete and the bromination took place. The formation of 251
occurred in an overall yield of 85 %.

S.4b(ii) Bromination of the fully aromatic ~-carboline derivatives

Unfortunately, no brominated intermediate such as 251 was clearly synthesised. To

successfully undertake this mechanistic study, it was possible to carry out the

bromination of the fully aromatic ~-carboline derivatives.

The bromination of key intermediate 223 led to the formation of

indoloquinolizinium salt 237 as described above. But the bromination of the

remaining fully aromatic ~-carboline derivatives could possibly lead to the formation

of dibrominated products if the cyclisation did not occur as depicted below (Scheme

88).
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259

244

brominated cyclised

258
Scheme 88: Possible synthetic routes during bromination of 248

Table 31 below gives the outcome of this mechanistic study.

SM Compound Yield AccurateMS
160 cyclised 237 70% 301.03348
246 brominated 258 89% 439.04539
248 brominated 260 91 % 367.91532
249 brominated 261 90% 395.94672
250 brominated 262 35% 367.91532

Table 31: Bromination of aromatic intermediates

The cyclisation step was only performed when the compound is substituted at the C-

l with a group that allowed the formation of a five-membered O-ring i.e. using key

intermediate 160. Other substituents inevitably led to the formation of a dibromo-~-

carboline derivative without further cyclisation. This was probably due to the sterie

hindrance of the long-chained alkyl groups and the fact that the cyclisations leading 10

different O-ring sizes (4-, 6- and 7-membered Dering in that case) were

thermodynamically unfavourable.

5.5) Formation of the N-C bond

5.5a) N-allylations

Another synthetic route to access the target compounds can be described from the

formation of a new N-C bond. The first step of this route was the actual formation of

the new N-C bond through N-allylation as depicted in Scheme 89 below.
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Br~

160
263

Scheme 89: N-allylation of key intermediate 160

Table 32 below shows the outcome of the N-allylation reactions applied to other

compounds.

SM Compound Solvent Yield
248 265 acetone --
246 264 methanol --
lOO 263 methanol --
160 263 allYl bromide 31 %
13 266 dichloromethane 92%
48 267 dichloromethane --

Table 32: N-allylation of aromatic intermediates

The allylation was successfully carried out when 160 reacted in neat allyl bromide.

Any other combination of solvent did not show any positive results apart from

harmane 13. After dissolution in dichloromethane, harmane 13 allowed the allylated

compound 265 to be produced in high yield, unlike 48.

S.Sb)Metathesis

The next step of the synthetic route from the allylated materials directly leads to the

formation of indolo quinolizini urn salts. Castells' group [133] reported the ring-closing

metathesis of carboline derivatives in aqueous solutions. This methodology was

adapted to this project as shown below (Scheme 90).

~N~ __
~ Grubbs II

--~)(~--I~"

263
288

Scheme 90: Ring-closing metathesis
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This methodology did not produce the desired compound 268.

Dihydroquinolizinium bromide 268 was identified by IH NMR spectroscopy as part

of a complex mixture of products.

More work is needed to optimise the ring-closing metathesis reaction as too little

time was left at this point of the project.

5.6) Conclusion and further work

The protective strategy was abandoned after many different attempts to produce key

intermediate 160. After a bibliographical study, key intermediate 160 was finally

synthesised in two steps from tryptophan 11 by condensation with commercially

available 4-pentenal 222 in aqueous medium [79]. The synthesis of

dihydroindolizinium derivative 237 came from the bromination of 160 in neat

bromine. Various tetrahydro- and fully aromatic-ji-carboline derivatives possessing an

alkene function at the C-I position were synthesised to have access to different D-ring

sizes. These derivatives were subjected to bromination. On the other hand, N-allylated

aromatic-J3-carbolinium derivatives did not lead to the cyclised products using

ruthenium-catalysed ring-closing metathesis.

The overall outcomes of this project are described hereafter.

Firstly, tetrahydro-B-carbolines never underwent bromination due to poor

reactivities. The bromination of fully aromatic carbolines gives brominated products

and not the expected cyclised targets. Different conditions need to be developed to

successfully access the target compounds.

Secondly, extended work can also be applied to optimise the ring-closing metathesis

of N-allylated carbolinium salts in order to cleanly produce dihydro-quinolizinium

derivatives.

As a general conclusion, the synthesis of dihydro-indolizinium salts from

tryptophan 11 was successfully carried out in a novel, short and original manner.
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Firstly, chromatographic purification was minimised throughout the project, which

makes this synthesis significantly cheaper and easier compare to traditional

approaches. Secondly, tetrahydro-indoloquinolizinium salts (such as 173) were

characterised but their isolation remains challenging due to dimerisation and

extremely slow alkylation reactions. This would lead to possible optimisation for

future projects by developing specific separation processes.
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Chapter VI: Synthesis of novel p-carbolinium salts, a
study characterised by Mass Spectrometry

In order to expand a now existing small chemical library of available products, a

short analytical study of new compounds has been performed. Some new p-

carbolinium derivatives were synthesised on a very small scale (around 30 mg of

starting material was used). In spite of the low quantities involved, no

chromatographic methods were used to purify the crude products. This anal ytical

study is only meant to be qualitative through the use of mass spectrometry. It is

important to note that no intellectual property is claimed on the N-allylated-p-

carbolinium derivatives as their formation was only suggested by mass spectrometry.

6.1) Which approach to the study?

It was previously concluded that fully-aromatic p-carbolines displaying an alkyl

chain in the C-I position cannot be dissolved in organic solvents with high-boiling

points (such as toluene or xylenes). In practice only a very small amount of these

compounds (as little as 10 % of the total quantity) is possibly dissolved in lower-

boiling point solvents such as ethyl acetate and acetonitrile. Highly-polar solvents

such as acetone, methanol or water allow complete dissolution of the Cl-long-chained

p-carbolines. The main inconvenience of using high-polarity solvents when

synthesising p-carboliniums, is that the products are also soluble in such solvents.

Furthermore, purification by recrystallisation led to a large loss of product. These

attempts were performed in mixtures of solvents such as acetone/toluene,

methanol/ethyl acetate, methanol/dichloromethane and many other combinations. The

final yields after recrystalisation were usually around 5 %, which was not sufficient

due to the very small scale used during the synthesis. Scaling-up the synthesis also led

to low yields.

In order to identify the formation of the p-carbolinium derivatives, a qualitative

study acknowledging their presence only, was then conceptualised.
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6.2) Optimisation of the study

6.2a) Base or acid

~-Carboline derivatives display photochemical properties at different pH. In order to

find the best conditions for the N-alkylation, the medium was first rendered basic with

concentrated NaOH [111]. A solution of sodium hydroxide created a non-miscible

layer when added to an organic solvent. The reaction only took place in the basic

aqueous layer and led to impure mixes of compounds. The use of a phase-transfer

catalyst (pte) was also prohibited as reported in chapter V. Eventually, similar

behaviour was observed when the medium was rendered acidic using common

inorganic acids (such as H2S04, HCI and HN03) and bases (such as K2C03, Na2COJ

or NaHC03). As a conclusion, it was then decided to use either organic bases or

organic acids.

Organic bases such as pyridine or triethylamine usually possess a nitrogen atom

which can easily be protonated. Such behaviour resembles p-carboline derivatives'.

Furthermore, all organic bases are considered weak. For example, triethylamine has a

pKa about 10.8 and the pyridinium ion has a pKa around 5.2.

6.2h) Some physico-chemical properties of ~-carboline derivatives

Wolfbeis and coworkers [134] determined that harmane's pKa's are 7.37 f I' rh

ground state and 14.6 for the excited one. Reyman's group notified the exi tence fa

tautomeric equilibrium in aqueous solutions [135] between pH values of 1 and 1.3.

Bal6n and coworkers [136] determined that ~-carbolines have hydrog n b nd

donor and acceptor properties. They also possess a very weak acidic pyrrolic pr t n

(pKa around 16) and a basic pyridinic nitrogen atom (pKa around 7).

The dipolar zwitterion is in

in Scheme 91.

ith a quinoid form as shown

\
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Zwitterionic form~ Quinoid form
Scheme 91: E4~ilibrium etween zwitterionic and quinoid forms

The zwitterionic, catio . neutral structures are typicaJl y observed under

fluorescence in non-polar solvents; whereas, only the neutral and cationic forms

fluorescence in polar solvents [137]. It is worth noting here that this only happens in

the presence of a small quantity of glacial acetic acid (around 0.4 %).

The formation of the zwitterion is therefore predominant in non-polar solvents. Th

most interesting property remains that polar solvents with 0.4 % glacial acetic acid are

needed to observe the formation of the cationic form without the presence of the

zwitterion. In an acid-base study reported by Erra-Balsells and coworkers. [13 ] a

polar aprotic solvent was used to determine the pKa.

As a conclusion, the optimum conditions for the alkylation of the pyridinic nitrog n

are found. It consists of using a polar aprotic solvent, such a acetonitril , c mbin d

with 0.4 % of glacial acetic acid.

6.3) The MS study

A total of six different ~-carboline derivatives (compounds A to F) were LIS d as

starting materials. Each compound was subjected to ten different N-alkylating ag nts

in the same conditions and therefore, a possible library of sixty pr ducts wa:

designed.

The conditions for the N-alkylation reaction are described in the ection h reafter.

They were maintained constant during the study. Hence, only the reaction .ch me'

and tables of the formation of the derivatives B] to FlO are reported. The tudy an b

separated into two different sections according to the C-l substitution on th starring

material, where C-I is linked to an alkyl chain and C-l is linked to an aromatic group.
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6.3a) Aliphatic substitutions

6.3a(i) N-Alkylations of 1-(2-pentene)-9H-pyrido[3,4-b]indole (A)

A (32 mg, 0.13 mmol) was dissolved in a mix of acetonitrile / 0.4 % glacial acetic

acid (0.9 mL). Then a large excess (10 eq) of an alkylating agent (RX) was added to

the reaction mixture. The whole was left in a closed vial for four weeks at RT

(Scheme 92).

RX

A
Scheme 92: Synthesis of ~-carbolinium derivatives At to Ato

After complete evaporation of the solvent, a brown or orange powder was formed.

This powder was fully dissolved in HPLC-grade methanol (1 mL). A further

dissolution in HPLC-grade methanol of the mother liquor gave a final solution

containing about 0.1 % of the powder. This mobile phase was injected ad hoc in the

mass spectrometer (MS). The results are shown in Table 33.

The peak intensities of the starting material and product are directly shown as given

by the MS apparatus.

The ratio between the peak intensity of the SM over the peak intensity of the

product is also calculated. This ratio is given in order to appreciate the detection and

the formation of the ~-carbolinium derivatives. In most cases, the base peak is the SM

one, unless stated in the table.

182



SM Base Peak Peak Peak Peak Peak
A (SM) intensity RX used (product) Intensity Ratio

(product)

1 237.15270 1604053 Iodoethane None None None

2 237.15230 16443217 Iodomethane 251.15713 61263 0.004

3 237.14829 663861 Ethyl iodoacetate 323.18327 399787 0.60

Methyl-5-
4 237.15234 1630282 bromovalerate 351.21260 222812 0.14

Methyl-4-
5 237.15274 2454854 bromocrotonate 335.18187 77972 0.03

I-bromo-2-(2-
6 237.14370 278846 methoxyethoxy)- 339.20216 8798 0.03

ethane

Methyl-3-
7 237.15264 1597148 bromopropionate None None None

8 237.15257 1745015 Benzyl bromide 327.18934 71170 0.04

9 237.15059 602162 5-bromo-l- None None None
pentene

5-bromovaleryl
10 237.15336 2154264 chloride None None None

Table 33: Detection of N-alkylatIOn reactions of A

6.3a(ii) N-Alkylations of 1-(3-butene)-9H-pyrido[3,4-b]indoJe (B)

RX

Scheme 93: Synthesis of BI to Blo derivatives
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8M Base Peak Peak Peak Peak Peak
B (8M) intensity RXused (product) Intensity Ratio

(product)

1 223.12102 2863054 Iodoethane 251.14109 21672 O.OOK

2 223.13263 2535930 Iodomethane 237.14184 656248 0.26

3 223.12332 312132 Ethyl iodoacetate 309.16383 590534 I.K9
(base
peak)

Methyl-5-
4 223.13180 2993071 bromovalerate 337.19376 545976 0.18

Methyl-4-
5 223.14078 1020480 bromocrotonate 321.17217 105435 0.10

I-bromo-2-(2-
6 223.14406 3387638 methoxy ethoxy)- 325.20723 509290 0.15

ethane
4-methylbenzyl

7 223.16599 3527487 bromide 327.24661 2211662 0.63

8 223.16600 3247859 Benzyl bromide 313.22848 2148358 0.66

9 223.16221 82245 5-bromo-l- None None None
pentene

10 223.16621 1438994 r-butyl 337.25571 2752195 1.91
bromoacetate (base

peak)
Table 34: Detection of N-alkylation reactions of 8

6.3a(iii) N-Alkylations of 1-(5-octene)-9H-pyrido[3,4-b]indole (C)

c
Scheme 94: Synthesis of Cl to CIO derivatives
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SM Base Peak Peak Peak Peak Peak
C (SM) intensity RXused (product) Intensity Ratio

(product)

1 279.18802 1657667 Iodoethane 307.13743 35862 0.02

2 279.18039 109628 Iodomethane 293.15977 35349 0.32

3 279.19009 1663677 Ethyl iodoacetate 365.22020 378216 0.23

Methyl-5-
4 279.19032 1884403 bromovalerate 393.24901 78770 0.04

Methyl-4-
5 279.18989 1028410 bromocrotonate 377.21455 18045 0.02

I-bromo-2-(2-
6 279.19260 2896829 methoxyethoxy)- 381.25506 430386 0.15

ethane
4-methylbenzyl

7 279.19095 1025817 bromide 383.24760 165333 0.16

8 279.19169 1190146 Benzyl bromide 369.23038 46368 0.04

9 279.19218 2745672 5-bromo-l- None None None
pentene

4-nitrobenzoyl
10 279.18873 12122415 chloride None None None

Table 35: Detection of N-alkylation reactions of C

6.3a(iv) N-Alkylations of l-ethyl-9H-pyrido[3,4-b]indole (D)

AX

CH3CN (+AcOH)

° 01 to 010

Scheme 95: Synthesis of Dl to DI0 derivatives
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SM Base Peak Peak Peak Peak Peak
D (SM) intensity RX used (product) Intensity Ratio

rn_roduct)

1 197.12657 517062 Bromoethane None None None

2 197.13271 1403920 Iodomethane 211.14162 144132 0.10

3 197.12540 320408 Ethyl iodoacetate 283.17725 1838963 5.74

Methyl-5-
4 197.12663 605632 bromovalerate 311.21027 2499899 4.13

Methyl-4-
5 197.13315 1810135 bromocrotonate 295.16741 76446 0.04

I-bromo-2-(2-
6 197.12681 496089 methoxyethoxy)- 299.20832 1148147 2.31

ethane
4-methylbenzyl

7 197.13129 861246 bromide 301.19980 549242 0.64

8 197.12577 460784 Benzyl bromide 287.18307 701255 1.52

9 197.12751 631074 5-bromo-l- None None None
pentene

10 197.12383 29085 Propionyl None None None
chloride

Table 36: Detection of N-alkylation reactions of D

6.3b) Aromatic substitutions

6.3b(i) N-Alkylations of I-phenyl-9H-pyrido[3,4-b]indole (E)

RX

CH3CN (+AcOH)
Ph

Scheme 96: Synthesis of p-carbolinium derivatives El to Elo
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SM Base Peak Peak Peak Peak Peak
E (SM) intensity RXused (product) Intensity Ratio

(product)

1 259.13305 157012 Iodoethane 287.15987 4995 0.03

2 259.13583 1038216 Iodomethane 273.14658 508967 0.49

3 259.12991 376652 Ethyl iodoacetate 345.17049 456957 1.21
(base
peak)

Methyl-5-
4 259.19032 104552 bromovalerate 373.19105 174074 1.66

(base
peak)

Methyl-4-
5 259.13060 165175 bromocrotonate 357.16784 37711 0.23

I-bromo-2-(2-
6 259.13314 194713 methoxyethoxy)- 361.20998 658076 3.38

ethane (base
peak)

4-methylbenzyl
7 259.13670 685467 bromide 363.19972 491348 0.72

8 259.13136 132835 Benzyl bromide 349.16993 146572 1.10
(base
peak)

9 259.13936 582983 5-bromo-l-pentene None None None

Methyl-3-
10 259.14134 1379454 bromopropionate 345.16823 25142 0.02

Table 37: Detection of N-alkylation reactions of E

6.3b(ii) N-Alkylations of 1-(2-pyridyl)-9H-pyrido[3,4-b [indole (F)

N:::---

Scheme 97: Synthesis of p-carbolinium derivatives FI to Flo
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SM Base Peak Peak Peak Peak Peak
F (SM) intensity RX used (product) Intensity Ratio

(product)

1 246.11140 362098 Iodoethane None None None

2 246.10258 236422 Iodomethane 260.11718 36491 0.15

3 246.10232 209610 Ethyl iodoacetate 332.13960 112343 0.54

Methyl-5-
4 246.10558 233473 bromo valerate None None None

Methyl-4-
5 246.10531 364832 bromocrotonate 344.14141 30198 0.08

I-bromo-2-(2-
6 246.10546 203882 methoxyethoxy)- 348.17405 13896 0.07

ethane

4-methylbenzyl 365196
7 246.10551 212221 bromide 350.17147 (base 1.72

peak)

8 246.10526 240187 Benzyl bromide 336.15240 86808 0.36

9 246.10440 310910 5-bromo-l-pentene None None None

Bromoacetaldehyde
10 246.10374 305862 diethylacetal None None None

Table 38: Detection of N-alkylation reactions of F
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6.4) Discussion

In order to summarise this study, a unique table can be drawn. Table 39 shows the

peak ratio values for each alkylating agent which reacted with every starting material.

~
A B C D E F

used

Iodoethane None 0.008 0.02 None 0.03 None

Iodomethane 0.004 0.26 0.32 0.10 0.49 0.15

Ethyl iodoacetate 0.60 1.89 0.23 5.74 1.21 0.54

MethYI-5-
bromovalerate 0.14 0.18 0.04 4.13 1.66 None

Methyl-4-
bromocrotonate 0.03 0.10 0.02 0.04 0.23 0.08

I-brome-z-tz,
methoxy ethexy)- 0.03 0.15 0.15 2.31 3.38 0.07

ethane
4-methylbenzyl

bromide None 0.63 0.16 0.64 0.72 1.72

Benzyl bromide 0.04 0.66 0.04 1.52 1.10 0.36

5.bromo-l-pentene None None None None None None

Table 39: Peak ratio values

These results provide four quick and easy interpretations:

i) No ~-carbolinium salt was formed where 5-bromo-l-pentene was used.

Due to a lack of reactivity, 5-bromo-l-pentene cannot undergo the

quatemisation of ~-carboline derivatives.
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ii) Then, if 5-bromo-l-pentene is not considered in the study, the f rmati n

almost 90 % of the cases (43 out of 48 reactions). This resu

choice of using the peak ratio value as a determinant

response of the MS apparatus may not be linear, but the use of an int mal

standard reduces drastically the error of the machine.

iii)
~ /

It can be concluded that iodoethane i a very scarce a kylating agent f r

the ~-carbolinium derivatives.

iv) The peak ratio value for E is always above the value for F, exc pt in th

case of 4-methylbenzyl bromide. E is a planar compound whereas F j n l.

Also, the benzene ring is responsible for less steric hindrance (han th

pyridyl moiety. Therefore, the pyridic nitrogen atom of E is m r

accessible than in F and the quaternisation is more favourable.

It is worth noting that the differentiation between aromatic and aliphatic substituri n

will be kept throughout the discussion.

After a more detailed analysis of the results given in Table 39, a uniqu I nd n

for three alkylating agents can be carried out. In the cases of ethyli d a tate, m th 1-

5-bromovalerate and benzyl bromide, the quaternisation is mol' fav urabl wh n th

steric hindrance of the C-I alkyl chain of the starting materiaJ i

this order: C<A<B<D and F<E.

ing

Moreover, iodoethane and iodomethane behave in the same way. But, i d m than

allows better N-alkylations than iodoethane due to its higher rea tivity and less sI .ri

hindrance. The quaternisation follows this order: A<D<B<C and F<E. In th aliphatic

case, the bulkiest starting material C allows the more favourable alkylati ns,

A new method to access potentially active N-alkylated carbolinium d ri ati s was

successfully discovered. Further work is needed to scale-up the wh I pr ss in
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order to have full characterisation of the compounds and establish a larger pilot

library of compounds.
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