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Abstract 

Novel chemical structures offer interesting and challenging synthetic targets with those that 

are bioactive having the additional advantage of providing an ideal platform for the 

development of new drug leads. Therefore, the development of new therapeutic agents has 

been an area of significant scientific focus in efforts to not only combat emerging resistant 

microorganism caused diseases but also a large variety of cancers for which eliminative 

treatment is not available, thus leaving patients in many cases with only supportive care. The 

research presented herein concentrates on the attempted total synthesis of the cis-enamide 

containing indole alkaloid kottamide E 2.64 as well as the synthesis of a variety of other related 

compounds through either natural product or target-based directed approaches.  

 

Kottamide E 2.64 along with related kottamides A-D 2.60-2.63 represent novel chemical 

structures unseen before their isolation from the extracts of the marine ascidian Pycnoclavella 

kottae, sourced at the Three Kings Islands, New Zealand. Furthermore, these compounds show 

respectable anti-cancer activity particularly against leukaemia cells displaying inhibitory 

concentrations as low as 14 µM. Initially the synthesis of cis-indole enamides was attempted 

starting from simple N-unprotected indole alkynes by the insertion of primary amides using 

a ruthenium-catalysed hydroamidation as the key synthetic step. A range of N-protected 

indole alkynes were also synthesised to overcome problems associated with purification of 

products obtained using the unprotected substrates. Following this, the successful synthesis 

of several N-protected and deprotected analogues using natural amino acids was achieved 

and attempts were made towards the total synthesis of kottamide E 2.64 using the unnatural 

amino acid derived fragment 4-amino-1,2-dithiolane-4-carboxamide 2.80. 

 

In a second project, a library of substituted 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles and 9H-

pyrido[3,4-b]indoles was successfully synthesised based on a target-based directed study. 

Using a Pictet-Spengler reaction enabled access to the desired compounds. 

Furthermore, molecular modelling and biological evaluation studies were carried out to 

determine if the prepared compounds were inhibitors of the enzyme PC-PLC and therefore 

potential inhibitors for the development of some cancers of which this enzyme is involved in 

their cell signalling pathways.  
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1.1 Alkaloids as Natural Products 

Throughout the early 1800’s, numerous alkaloids were isolated and identified including 

compounds well known today. These include morphine 1.1 from the opium poppy Papaver 

somniferum,1 the central nervous system (CNS) stimulant caffeine 1.2 commonly obtained from 

Coffea arabica or Coffea canephora2 and the anti-malarial agent quinine 1.3 from the bark of trees 

from the genus Cinchona3 (Figure 1.1). 

 

Figure 1.1. Well known alkaloids; analgesic drug morphine 1.1, CNS stimulant caffeine 1.2 and 
anti-malarial agent quinine 1.3. 

 

Such compounds comprise only a mere few of an almost incomprehensible range of naturally 

occurring compounds, which are not limited only to alkaloids, with nature having crafted 

such molecules of great diversity both chemically and structurally. Following such early 

endeavours, the natural environment has been a continual source of new drug leads and in 

more recent years a large move has occurred to focusing on other potential sources of 

bioactive natural compounds.4 

 

Alkaloids themselves comprise a large and structurally diverse family of chemical 

compounds, both naturally occurring and synthetically prepared, that contain basic nitrogen 

atoms within their core structure and that differ vastly in their medicinal value.5 This 

definition however, applies to such a vast array of compounds that it is often not clear where 

the boundary of classification lies, particularly with respect to other nitrogen containing 

compounds such as amines, amino acids, proteins and nucleic acids. In this instance 

however, the research contained herein deals primarily with the class of alkaloids known as 

indole alkaloids. 
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1.2 Indole Alkaloids 

Indole itself is a relatively simple molecule consisting of the fusion of a 5-membered pyrrole 

ring with a 6-membered benzene ring. Nonetheless, the number of compounds constructed 

around this heterocyclic structure is vast and ever expanding and this introduction provides 

only a brief overview of a selection of prominent compounds. Exemplifying the size of this 

class of compounds are the number and extent of review articles that have been published 

from as early as the 1970’s until recently which cover the importance of the indole heterocyclic 

scaffold within a range of important drug classes such as anti-cancer, anti-inflammatory, 

anti-microbial, anti-depressant and anti-viral amongst numerous others (Figure 1.2).6 These 

compounds include not only natural products, which are primarily naturally occurring 

secondary metabolites, but many modern synthetic medicines. Indole has therefore been an 

important pharmacophore in drug design and development ever since its earliest known 

identification by Baeyer et al. during the 1860’s and continues to do so.7 

 

Figure 1.2. Naturally occurring indole alkaloids, representing various important classes of therapeutic 
drugs. 
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Therapeutically important compounds of this class which have been isolated from natural 

sources include vincristine 1.4, from Catharanthus roseus, marketed as Oncovin®, which is an 

approved drug for use in chemotherapeutic treatments of a number of cancers including both 

Hodgkin’s and non-Hodgkin’s lymphoma and acute lymphoblastic leukaemia.7 

Cycloexpansamine A 1.5, from marine based Penicillium species, is one of only a few isolated 

indole alkaloids which show anti-inflammatory properties.8 The anti-microbial terpene 

vallesamine 1.6, obtained from the evergreen Alstonia scholaris,9 is a powerful inhibitor against 

the growth of the disease causing bacterium Pseudomonas aeruginosa whilst 

methylaplysinopsin 1.7, a compound with anti-depressant properties, was isolated from the 

marine species Aplysinopsis reticulata.10 Additonally, (-)-trigonoliimine A 1.8 was isolated 

along with two other related compounds from Trigonostemon lii leaves and has good activity 

towards the HIV-1 virus.11 More recent examples include the natural product 

melokhanine I 1.9, a 6,5,7,6,6 pentacyclic alkaloid, which along with related compounds was 

isolated from Melodinus khasianus in 201612 and also showed good antibacterial activity against 

Pseudomonas aeruginosa, whereas β-carboline pegaharmine J 1.10 displayed modest activity 

against the HL-60 (human promyelocytic leukaemia) cancer cell line having been isolated 

from the seeds of Peganum harmala in 2017 (Figure 1.3).13 

 

Figure 1.3. Recently isolated indole alkaloid natural products melokhanine I 1.9 and 
pegaharmine J 1.10. 

 

While such compounds have potential therapeutic effects and could be further developed 

based on these initial studies, others can have adverse effects which are already well known 

exemplifying the difference in biological action. Examples include strychnine 1.11 which is 

highly toxic and tryptamine derivative psilocin 1.12, a psychedelic agent, which is a major 

component of hallucinogenic mushrooms (Figure 1.4).14 
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Figure 1.4. Toxic alkaloid strychnine 1.11 and psychedelic agent psilocin 1.12. 

 

There are currently numerous approved synthetic drugs on the market which contain 

structural motifs which are directly related to indole. The oxytocic drug 

methylergometrine 1.13 is an indole alkaloid derived from the naturally occurring compound 

ergometrine 1.14 which is administered to reduce bleeding after childbirth (Figure 1.5).15 

Tadalafil 1.15, octreotide 1.16 and thalidomide related lenalidomide 1.17 are used to treat 

pulmonary arterial hypertension, in oncology and as an anti-cancer and immunomodulating 

agent respectively (Figure 1.5). All of these three drugs were placed within the top one 

hundred by retail sales in 2016, grossing at $2.472 billion, $1.646 billion and $6.974 billion 

respectively.16 

 

Figure 1.5. Current synthetic pharmaceutical drugs containing the indole or indole related 
moieties; methylergometrine 1.13, Adcirca® (tadalafil) 1.15, Sandostatin® (octreotide) 1.16 and 
Revlimid® (lenalidomide) 1.17. 

 

The biosynthesis of indole alkaloids has long been regarded as originating from the naturally 

occurring amino acid tryptophan 1.18.5 Decarboxylation gives rise to 
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tryptamine 1.19 (3-β-aminoethylindole), a fragment which is very commonly seen within the 

structures of indole alkaloids (Figure 1.6). In this respect, many synthetic strategies toward 

indole alkaloids often begin from such commercially available natural materials as a way to 

incorporate the indole heterocyclic system into their structures.7 

 

Figure 1.6. Generic biosynthesis of indole alkaloids from natural amino acid tryptophan 1.18 showing 
tryptamine 1.19 precursor incorporated into the structure of the alkaloid ergoline 1.20. 
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However, many synthetic methods also exist for the preparation of substituted indoles from 

other substrates such as the classical Fischer synthesis as well as the Bartoli synthesis, 

Sundberg synthesis, Madelung synthesis and Nenitzescu synthesis to name a few, all utilising 

a range of different substrates and reaction conditions (Figure 1.7).17 

 

Figure 1.7. Common synthetic routes to substituted indoles. 

 

As seen previously in the variety of molecular complexity, the potential for manipulation of 

the simple indole structure through both natural biochemical means and an array of synthetic 

transformations including electrophilic substitution, oxidation and cycloadditions is 

huge, leading to structurally complex molecules with varying properties which comprise the 

class of indole alkaloids. Herein, this thesis will discuss both natural product directed 

synthesis and target-based directed synthesis of indole alkaloids with potential biological 

activity, specifically with respect to tryptamine based enamides (Chapter 2) and β-carboline 

derivatives (Chapter 3) respectively.
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Historically the known repository of bioactive therapeutic compounds has traditionally been 

terrestrial flora and fauna (microorganisms). There however remains a vast natural resource 

of such compounds which have been largely unexploited particularly in the earlier years of 

natural product isolation. The Earth’s marine environment and in particular its oceans cover 

an area of greater than 70 % of its entire surface.4 Within such a hostile environment thrive 

organisms; microorganisms, phytoplankton, algae, sponges, cnidarians, bryozoans, molluscs, 

tunicates, echinoderms along with many others which, in recent decades, have become a rich 

source of novel and often complex bioactive compounds. It has only been since the 1970’s that 

this marine resource has been heavily probed in an effort to isolate novel bioactive chemical 

structures. Indeed, since the early 1970’s until today, there have been thousands of new 

compounds, containing never-before seen structural moieties, as well as completely new 

classes of compounds found for the first time. Many are unlike any seen from land based 

sources, which shows in itself the unanticipated diversity within the marine environment.4 

The compounds isolated have evolved in such a way with their respective biological receptors 

that their activity is intimately fine-tuned such that they provide an ideal platform for the 

development of drug leads. It is known that natural products or compounds whose structures 

are heavily based upon those found in nature make up more than 50 % of all drugs currently 

available.4 

 

2.1 Indole Enamides 

One such sub-class of indole alkaloids, a class of compounds introduced in the previous 

chapter, are the indole enamides. This small yet increasingly important class of compounds 

harbours unique structures with promising biological activities. Structurally, indole enamides 

consist of indole 2.1 most commonly substituted at the 3-position with an enamide fragment 

comprising a carbon to carbon double bond directly bound to the nitrogen of an 

amide (Figure 2.1). 

 

Figure 2.1. Chemical structures of 1H-indole 2.1, C-3 substituted (Z)-indole enamide 2.2 and (E)-indole 
enamide 2.3 moieties. 
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In organic synthesis, enamides are often used for the generation of heterocycles and in 

asymmetric synthesis, but have also been identified as a potential pharmacophore.18 Within 

marine natural products, substitution on the benzene ring is common especially with 

bromine, which can be seen in many examples (Figure 2.2). 

 

Figure 2.2. Indole enamides; coscinamide A 2.4, halocyamine A 2.5, aspergillamide A 2.6, igzamide 2.7, 
chondriamide A 2.8, chondriamide B 2.9 and chondriamide C 2.10. 

 

There are a large number of compounds that have been isolated to date, as both cis and 

trans-isomers, primarily from marine organisms19 which contain such a functional group and 

many exhibit interesting biological activities. 

 

Coscinamide A 2.4, and related compounds, isolated from Coscinoderma sp., were shown to 

have anti-HIV properties.20 Halocyamine A 2.5 showed growth inhibitory activity towards 

several species of Gram positive bacteria as well as inhibiting neuroblastoma N-18 cells at a 

concentration of 160 µM over a period of 24 h.21 Aspergillamide A 2.6 showed mild activity 

against HTC-116, a human colon cancer cell line, with an IC50 value of 16 µg/mL22 whilst 

igzamide 2.7, extracted from Plocamissa igzo, a marine sponge found off the British Columbia 
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coast, showed anti-leukaemia activity.23 Chondriamides A 2.8 and B 2.9 were first isolated and 

identified in 1992 in an extract obtained from red algae belonging to the Chondria species 

harvested off the Province of Buenos Aires in Argentina.24 Chondriamide A 2.8 was found to 

be cytotoxic at a concentration of 0.5 µg/mL, against KB carcinoma cells, and at 

5 µg/mL, against human colon adenocarcinoma cells.25 In comparison chondriamide B 2.9 

had values of < 1 µg/mL for KB cells and 10 µg/mL for the latter, showing a twofold decrease 

in cytotoxic activity compared to that of chondriamide A 2.8. This is most likely due to the 

presence of a hydroxy group within the structure of chondriamide B 2.926 as the two structures 

are identical apart from this subtle change. In addition to reported anti-cancer 

activity, chondriamide A 2.8 also displayed anti-viral activity at a concentration of 1 µg/mL 

against HSV II cells,25 as well as its counterpart B 2.9 displaying moderate anti-fungal 

activity25,26 against numerous fungi including both Trichophyton mentagrophytes† and 

Aspergillus oryzae‡, with the former belonging to the dermatophytes, a group of 

microorganisms causing cutaneous infection. Following these studies was reported the 

discovery, in 1998, of a third related natural product, chondriamide C 2.10, obtained from the 

extract of the red algae Chondria atropurpurea Harvey (Rhodomelaceae), found within the same 

geographical area but slightly north, off the coast of Uruguay.27 Chondriamide C 2.10 was 

found to have anthelmintic activity, showing the highest value of the compounds 

screened, displaying an EC80 of 0.09 mM.26,27 

 

 

 

 

 

 

 

 

                                       
† 11 mm growth inhibition zone at a loading concentration of 250 µg per disk. 

‡ 6 mm growth inhibition zone at a loading concentration of 250 µg per disk. 
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In addition to the various examples of indole containing enamides, it should be added that 

this functional group is also well known to occur within a large range of other bioactive 

natural products. Some examples include salicylihalamide A 2.11 and B 2.12, lituarine A 2.13 

and apicularen A 2.14 (Figure 2.3). These compounds show cytotoxicity against various 

human cancer cell lines.28 A more elaborate example of an enamide is the macrocycle 

chartelline A 2.15 obtained from the marine bryozoan Chartella papyracea.29 This 

molecule, along with its two analogues chartellines B 2.16 and C 2.17, offers a novel scaffold 

for synthesis but itself has negligible pharmalogical activity (Figure 2.3).29 

 

Figure 2.3. Enamides of different classes; (+)-salicylihalamide A 2.11, (+)-salicylihalamide B 2.12, 
lituarine A 2.13, apicularen A 2.14, chartelline A 2.15, chartelline B 2.16 and chartelline C 2.17. 
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2.2 Use of Enamides in Synthesis 

Enamides are structurally related to a number of other functional groups such as saturated 

amides, enamines, and ynamides. Unlike their enamine counterparts, which often suffer from 

instability by way of hydrolysis, the presence of an electron withdrawing carbonyl group 

adjacent to the nitrogen atom significantly increases their overall stability and they are 

therefore considered more stable forms of corresponding enamines. Their presence within a 

range of natural products validates such stability however they are also useful synthetic 

intermediates.30 The double bond possesses both electrophilic and nucleophilic character, the 

nitrogen atom is a source of nucleophilicity in addition to standard carbonyl 

electrophilicity (Figure 2.4).30 On the other hand, saturated amides are often less reactive, with 

reactivity generally restricted to the nucleophilicity of the nitrogen and electrophilicity of the 

carbonyl group. Additionally, ynamides possess much of the same reactivity as enamides 

simply by virtue of a triple bond replacing the double bond. Examples of their use in synthesis 

include cycloadditions, N-arylations and reduction of the double bond which allows access to 

corresponding chiral amines, the synthesis of which is often regarded as somewhat 

challenging.30 

 

Figure 2.4. Generic structures of saturated amides, enamines, enamides and ynamides 
respectively. Reactivity of enamides showing nucleophilic and electrophilic sites is also displayed. 

 

2.3 Synthetic Methods for the Installation of Enamides 

There have been a relatively large selection of synthetic methodologies reported for the 

generation of enamides, some of which are rather specific using uncommon catalyst systems. 

From a simple retrosynthetic point of view, one may envisage generation of an enamide from 

the corresponding enamine followed by acylation. Even given its theoretical simplicity, this 

basic approach can be problematic due to the relative instability of the imine resonance 

contributor (Scheme 2.1).28 
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Scheme 2.1. Simplistic example reaction of (E)-prop-1-en-1-amine 2.18 with dimethylcarbamoyl 
chloride 2.19 giving rise to undesirable 3-oxopropanamide 2.20 due to imine instability. 

 

Building upon this simplistic approach, methods have been developed to avoid such 

instabilities of the intermediates, as well as offering possibility for the generation of 

stereospecific products with control over the double bond stereochemistry, however yields 

can vary significantly.31 This section will cover some of the more commonly applied routes 

and examples where they have been used during the total synthesis of natural products. 

 

2.3.1 Oxidative Decarboxylation-Elimination 

The chondriamides A 2.8 and C 2.10 were synthesised by Wang et al.32 in 2001 by employing 

an oxidative decarboxylation-elimination procedure to install the enamide. Enamide 

precursor 2.21 formed from (E)-3-(1H-indol-3-yl)acrylic acid and tryptophan methyl 

ester, was treated with lead(IV) acetate giving rise to a mixture of acetate isomers which upon 

elimination using lithium perchlorate and DIPEA gave rise to bis-N-Ts protected 

chondriamide C 2.22 with high selectivity towards the cis-enamide, in a E:Z ratio 

of 1:14 (Scheme 2.2). 

 

Scheme 2.2. Enamide installation using oxidative decarboxylation-elimination during the synthesis of 
chondriamides A 2.8 and C 2.10. 

Reagents and conditions: a) i. Pb(OAc)4, Cu(OAc)2, pyridine, THF, 0  25 °C, 1 h; ii. LiClO4, DIPEA, 
THF, 0  25 °C, 30 min, 63 %. 
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2.3.2 Dehydration 

Similarly, a thermally induced dehydration (elimination) method was employed by Ma et al. 

during their synthesis of igzamide 2.7, coscinamide A 2.4 and B 2.23.19 Secondary alcohol 

intermediates 2.24, 2.25 and 2.26 were heated in xylene, promoting dehydration and 

subsequent generation of the corresponding enamides 2.27, 2.4 and 2.23 (Schemes 2.3 

and 2.4). 

 

Scheme 2.3. Enamide installation using dehydration during the synthesis of igzamide 2.7. 

Reagents and conditions: a) xylene, 130 °C, 21 % (2:3 E:Z). 

 

 

Scheme 2.4. Enamide installation using dehydration during the synthesis of coscinamides A 2.4 
and B 2.23. 

Reagents and conditions: a) xylene, 130 °C, 2.4 43 % + 17 % (Z)-isomer, 2.23 49 % + 20 % (Z)-isomer. 

 

Direct conversion of the (Z)-isomer of 2.27 via amidation gave the cis-indole enamide 

igzamide 2.7 (Scheme 2.3). The solvent used was shown to have a direct influence on the 

resulting olefin geometry. With xylene, a non-polar solvent, there was a higher preference for 

cis isomerisation, whilst more polar solvents, such as N,N-dimethylformamide, gave a 

preference towards the trans product.19 However, the low yields, potential for isomerisation 

and low E:Z differentiation shows that this method is not representative of a selective 

synthesis. 
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2.3.3 Curtius Rearrangement 

Additionally, coscinamides A 2.4 and B 2.23 have also been synthesised through the use of a 

Curtius rearrangement, which was reported by Kuramochi et al. (Scheme 2.5).33 The 

decomposition of an acyl azide by thermal induction gave an isocyanate which then provides 

a handle for further reaction with various nucleophiles. Acrylic acids 2.28 and 2.29 were 

subjected to such conditions by activation with ethyl chloroformate and triethylamine 

followed by addition of sodium azide, resulting in the corresponding acyl azides, which upon 

thermal decomposition and treatment of the arising isocyanate with 2-(trimethylsilyl)ethanol 

generated enecarbamates 2.30 and 2.31 in good yield. 

 

Scheme 2.5. Enamide installation using the Curtius rearrangement during the synthesis of 
coscinamides A 2.4 and B 2.23. 

Reagents and conditions: a) i. ClCO2Et, Et3N, (CH3)2CO; ii. NaN3, (CH3)2CO-H2O; iii. toluene, 100 °C, 
TMSCH2CH2OH, 2.30 84 %, 2.31 85 %. 
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2.3.4 Horner-Wadsworth-Emmons 

The Horner-Wadsworth-Emmons reaction is a variant of the Wittig reaction where 

phosphonate stabilised carbanions replace the use of traditional phosphonium ylides, which 

are used for classical Wittig reactions. During studies by Villa et al.,31 generic installation of 

the enamide moiety utilising a variety of both cyclic and acyclic substrates has been 

demonstrated. It was found that imides which were generated from corresponding lactams 

as well as acyclic amides readily underwent Horner-Wadsworth-Emmons reactions to give a 

range of cyclic and acyclic enamide esters respectively (Scheme 2.6).31 

 

Scheme 2.6. HWE olefination of cyclic imide 2.32 with phosphonate species 2.33 giving rise to cyclic 
enamide 2.34. 

Reagents and conditions: a) PhH, 80 °C, 18 h, 47 %. 

 

It was reported that the enamides generated from lactam derived imides were obtained in 

only (E)-configuration. Similarly, those products generated from acyclic amide derived imides 

were obtained in a high proportion of (E)-configuration but did contain some amounts 

of (Z)-isomer (Scheme 2.7).31 

 

Scheme 2.7. HWE olefination of acyclic imide 2.35 with phosphonate species 2.33 giving rise to acyclic 
enamide 2.36. 

Reagents and conditions: a) PhH, 95 °C, 19 h, 87 % (1:3 E:Z). 
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With respect to natural product synthesis, the microbial natural products 

androprostamine A 2.37 and androprostamine B 2.38 which are produced by the bacteria 

Streptomyces sp. MK932-CF8 are known to inhibit the growth of prostate cancer cells whilst 

showing no cytotoxicity (Figure 2.5).34 

 

Figure 2.5. Androprostamine A 2.37 and B 2.38. 

 

During the total synthesis of androprostamine A 2.37 and its precursor resormycin 2.39 by 

Abe et al.,34 the Horner-Wadsworth-Emmons reaction was used to successfully install the 

cis-enamide (Scheme 2.8). For the synthesis of resormycin 2.39, tripeptide intermediate 2.40 

which contained a terminal phosphonate group was coupled with 3,5-bis((tert-

butyldimethylsilyl)oxy)-4-chlorobenzaldehyde 2.41 leading to the formation of enamide 2.42. 

Removal of the TBS groups was completed directly after as it was reported that some 

desilylation was observed during the HWE reaction. cis-Enamide 2.42 was obtained 

in 26 % yield with only 7 % (E)-isomer observed.34 
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Scheme 2.8. Enamide installation using the Horner-Wadsworth-Emmons reaction during the synthesis 
of resormycin 2.39. 

Reagents and conditions: a) i. 2.41, DBU, CH2Cl2, r.t., 3 h; ii. TBAF, THF, CH2Cl2, r.t., 40 min, 26 %; 
b) TFA, CH2Cl2, r.t., 30 min, 52 %. 
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2.3.5 Buchwald Coupling 

A Buchwald type coupling was employed during the recent total synthesis of the anti-tumour 

bromoindole enamides Tanjungides A-B 2.43-2.44.35 The union of vinyl iodide 2.45 with 

protected cysteine amide 2.46 gave rise to enamide 2.47 for which preference towards either 

the (Z)-isomer or (E)-isomer was dependent on the conditions employed. The use of Cs2CO3 

as a base gave rise predominantly to the (Z)-isomer whilst K2CO3 resulted predominantly in 

formation of the (E)-isomer (Scheme 2.9).35 

 

Scheme 2.9. Enamide installation using the Buchwald coupling during the synthesis of 
tanjungides A-B 2.43-2.44. 

Reagents and conditions: a) CuI, Cs2CO3, DMEDA, THF, 60 °C, 18 h, 50 % (Z)-isomer + 13 % (E)-isomer; 
CuI, K2CO3, DMEDA, THF, 80 °C, 18 h, 60 % (E)-isomer + 14 % (Z)-isomer. 

 

The authors found that even though some isomerisation occurred during the coupling 

reaction, the undesired isomer was easily separated through simple column 

chromatography.35 Fortunately, in this case, each isomer ultimately gave rise to either 

tanjungide A 2.43 or B 2.44 which are (Z)- and (E)-isomers respectively. 

 

2.3.6 Hydroamidation by Ruthenium Catalysis 

Hydroamidation reactions have the possibility to be a versatile tool for the synthesis of 

enamides through the addition of amides to terminal alkynes. Early work by Kondo et al.36 in 

1995 demonstrated the first selective synthesis of (E)-enamides from N-aryl amides and 
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non-activated terminal alkynes with the use of transition metal complex catalyst systems. 

These early catalyst systems included the use of ruthenium species such as Ru3(CO)12-PCy3, 

Ru3(CO)12-PBu3 and Ru(cod)(cot)-PCy3. However, due to the use of high temperatures and 

pressures, this method did not represent an ideal platform for use in organic synthesis. 

 

A highly chemo-, regio- and stereoselective, anti-Markovnikov (Z)-hydroamidation which 

arises from the use of the in situ generated catalyst system consisting of three 

components; bis(2-methylallyl)cycloocta-1,5-diene ruthenium(II), the catalytic species, 

ytterbium(III) trifluoromethanesulfonate, a Lewis acid, and 

1,4-bis(dicyclohexylphosphino)butane acting as a bidentate, electron rich ligand was later 

reported for the synthesis of enamides by Gooßen et al.37 This unique combination allowed 

direct access to cis-enamides from primary amides, which is often considered a difficult 

transformation,38 and by the changing reaction conditions, also their corresponding 

trans isomers. It was first used for the selective synthesis of secondary enamides after their 

initial work was limited to reaction conditions that were only suitable for secondary amide 

substrates.37 Secondary enamides, deemed to be more versatile, could be obtained by using 

primary amides as substrates instead and they were able to be easily accessed via this method. 
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Optimisation of the reaction conditions took place by employing a range of different solvents 

such as toluene, tetrahydrofuran and acetonitrile, ligands such as n-Bu3P, PPh3 and P(i-Pr)Ph2, 

additives such as DMAP, Na2CO3 and Mg(OTf)2 and ruthenium sources such as Ru3(CO)12 

and [{(p-cm)RuCl2}]. The optimal conditions were found to be 

5 mol% [(cod)Ru(met)2], 6 mol% dcypb and 4 mol% Yb(OTf)3 in DMF at 60 ° C for 6 hours 

along with the desired amide loading at 1 mmol and alkyne at 2 mmol.39 As an 

example, ethyl 2-amino-2-oxoacetate 2.48 was coupled with phenylacetylene 2.49 and the 

enamide product 2.50 was obtained in 78 % yield, as a 35:1 mixture of cis/trans 

isomers (Scheme 2.10). 

 

Scheme 2.10. Selective secondary enamide synthesis by Gooßen et al.39 

Reagents and conditions: a) [(cod)Ru(met)2], dcypb, Yb(OTf)3, DMF, 60 ° C, 6 h, 78 % (1:35 E:Z); b) Et3N, 
3 Å mol. sieves, 110 ° C, 24 h, 68 % (1:14 Z:E). 

 

A varied combination of other primary amides and alkynes were then tested using the same 

conditions as the model system. Primary amides that contained ester, ether, nitro, nitrile and 

halide functional groups were well tolerated as were terminal alkynes that contained 

aromatic, halide and ether groups.37,38 Selectivity in some cases was as high as > 40:1 cis/trans. 

Isomerisation of the obtained cis-enamides to trans-enamides was generally achieved simply 

by heating with triethylamine and simultaneous removal of water with molecular 

sieves (Scheme 2.10).39 

 

Much of the stereocontrol is afforded from the phosphine ligands which maintain steric 

constraints as well as being electron rich, chelating moieties.39 A small amount of water is 

utilised, absent from analogous reactions affording (E)-enamide products, in order to promote 

isomerisation to the (Z)-enamide product. However, the amount of water must be determined 

carefully in addition to the thermal requirements as any excess of one or both can lead to 

unwanted isomerisation and possible hydrolysis of the product.40 There are also additional 
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factors which directly affect the outcome of the reaction. These include the use of different 

ligands and additives which increase the likelihood of obtaining either (E)- or (Z)- products. 

Different from the catalyst system mentioned previously using 

1,4-bis(dicyclohexylphosphino)butane as a ligand, the use of tri-n-butylphosphine as a ligand 

and 4-dimethylaminopyridine (DMAP) results in favouring the generation of the (E)-isomer. 

This can be seen in Figure 2.6 as the use of a less sterically hindered ligand such as 

tri-n-butylphosphine favours the trans-isomer over the unfavourable cis-isomer in this case, as 

can be seen from the unfavourable steric interaction between the amide carbonyl group and 

the substituent (R1) in the intermediate 2.52.38 Conversely, larger ligands such as 

1,4-bis(dicyclohexylphosphino)butane give rise to unfavourable interactions when the 

intermediate is orientated in the trans configuration as in intermediate 2.53 and therefore these 

larger ligands force the generation of the cis-isomer. 

 

Figure 2.6. Selectivity-determining step of the ruthenium-catalysed hydroamidation.38 

 

Mechanistically, it is speculated (Figure 2.7) that the bis(2-methylallyl)cycloocta-1,5-diene 

ruthenium(II) species a initially undergoes a multi-step ligand exchange upon addition of 

bis(dicyclohexylphosphino)butane and a given amide resulting in the loss of 

cycloocta-1,5-diene and isobutylene respectively. The resulting phosphine stabilised 

ruthenium(II) amides, c1 and c2, are most likely the active catalytic species of such a system. 
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In this case, the alkyne is postulated to coordinate to either a neutral c1 or cationic c2 

ruthenium(II) amide complex to afford the -coordination complex d upon which subsequent 

addition of the nucleophilic amide results in the formation of complex e or f, namely 

ruthenium vinyl complexes.39 The mode of selectivity and thus preference to whether complex 

e or f forms, with respect to cis/trans isomerism, arises from whether the amide is from inside 

or outside the coordination sphere. In the case of interest, being the (Z)-selective 

hydroamidation, the free coordination site at the ruthenium atom becomes occupied by the 

amide and protonolytic release of the product, a (Z)-enamide, is accomplished by donation of 

a proton by that same amide. Furthermore, such protons are postulated to be highly 

exchangeable between the free amide and coordinated amide. The Lewis 

acid ytterbium(III), also has the ability to coordinate to the amide thus considerably lowering 

its binding to ruthenium and protons.39 In both cases the ruthenium(II) species c is regenerated 

upon release of the product. 
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Figure 2.7. Proposed catalytic cycle – ruthenium-catalysed hydroamidation.39 

 

The use of indole alkynes as substrates, which was not reported by Gooßen et al., were used 

successfully in hydroamidation reactions involving the Gooßen method by Dickson et al.41 

A series of bromine substituted indole enamide esters were synthesised in this manner with 

yields ranging from 32-43 %. These compounds were then further propagated to the natural 

product igzamide 2.7 (Scheme 2.11) and three analogues which varied by the position of 

bromine on the aromatic ring. 
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Scheme 2.11. Enamide installation using a ruthenium-catalysed hydroamidation during the synthesis 
of igzamide 2.7. 

Reagents and conditions: a) [(cod)Ru(met)2], dcypb, Yb(OTf)3, DMF, 60 ° C, 6 h, 41 %. 

 

Dickson et al.41 also used the same methodology to complete the synthesis of a number of 

isomers of the natural products coscinamides A and B, 2.4 and 2.23, which consisted 

exclusively of the cis-isomers, with varying positions of bromine on the aromatic 

ring (Scheme 2.12). However, attempts at alkene isomerisation to afford the native trans 

natural products were unsuccessful. 

 

Scheme 2.12. Enamide installation using a ruthenium-catalysed hydroamidation during the synthesis 
of cis-coscinamides A and B 2.58 and 2.59. 

Reagents and conditions: a) [(cod)Ru(met)2], dcypb, Yb(OTf)3, DMF, 60 ° C, 6 h, 2.58 32 %, 2.59 35 %. 

 

Furthermore, such addition reactions of alkynes catalysed by ruthenium have also been used 

for the synthesis of numerous other important synthetic intermediates such as those utilising 

carboxylic acids resulting in the formation of vinyl esters which are important substrates used 

for polymerisation reactions.42 Similarly, the synthesis of thioenamides and enimides can be 

achieved from thioamides and imides respectively.43,44 Also evident in the literature are 

examples of intramolecular hydroamidation reactions using transition metal catalysts for the 

synthesis of lactams.45 The examples discussed above show the various synthetic methods that 

can be used to afford installation of the enamide moiety, each with varying degrees of olefin 

geometery selectivity and yields. 
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2.4 Kottamides 

Kottamides A-D 2.60-2.63 were isolated from the endemic ascidian Pycnoclavella kottae by 

Copp et al.46 in 2002, collected offshore from the North Island of New Zealand at the Three 

Kings Islands (Figure 2.8). Kottamides A-D 2.60-2.63 all contain a unique, highly substituted 

2,2,5-trisubstituted imidazol-4-one moiety as well as mono and dibrominated indole 

cis-enamide fragments. 

 

Figure 2.8. Kottamides A-D 2.60-2.63. 

 

Kottamide E 2.64 however is, to a certain extent structurally different as it contains a 

1,2-dithiolane moiety, derived from 4-amino-1,2-dithiolane-4-carboxylic acid 2.65 (Adt) and 

an oxamide fragment in place of the imidazol-4-one ring present in the other 

kottamides 2.60-2.63 (Figure 2.9). Adt is an unnatural amino acid and is an analogue of 

cysteine, but is rare in natural products.47 

 

Figure 2.9. Kottamide E 2.64. 
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The initial isolation by Copp et al. yielded 3.9 mg (0.02 % d.w.) of kottamide A 2.60, 

2.6 mg (0.015 % d.w.) of a 0.8:1.0 mixture of kottamides B 2.61 and C 2.62 which were 

inseparable and 2.1 mg (0.012 % d.w.) of kottamide D 2.63.46 Further purification following 

the initial isolation gave rise to 1.2 mg (0.008 % d.w.) of kottamide E 2.64 which was initially 

unidentified.48 The molecular structures of all five compounds 2.60-2.64 were determined 

using a combination of methods including HREIMS, FABMS and NMR (1H, 13C, 15N, COSY, 

HSQC, HMBC and TOCSY). The stereochemistry at C-12 (2.60-2.63) and at the stereocenter on 

the sec-butyl side chain (2.60-2.63) is not known. Kottamide D 2.63 showed anti-metabolic 

activity (IC50 6-10 µM) as well as good anti-proliferative and anti-inflammatory activity. It was 

also active against P388 cell lines (IC50 14-36 µM) as an effective anti-leukaemia agent as were 

kottamides A-C 2.60-2.62. In addition, kottamide A 2.60 displayed good cytotoxicity† against 

PV1, an RNA virus.46 To date, there have been no reports towards understanding the mode of 

action of the kottamides or their biosynthesis. It has however been postulated that a possible 

biosynthetic route may convene from simple tripeptide precursors such as Trp-Val-Ile and 

Trp-Ile-Ala.46 

 

2.4.1 Related Compounds 

The 2,2,5-trisubstituted imidazole-4-one ring system has only been seen before in natural 

compounds in the rhopaladins A-D 2.66-2.69 (Figure 2.10).49 

 

Figure 2.10. Rhopaladins A-D 2.66-2.69. 

 

Imidazolones and imidazolidinones are becoming increasingly common structural motifs 

found within natural products for use as potential drug candidates.50 Spiro-condensed 

N-substituted imidazolone 2.70 has been shown to be an inhibitor of a glycine 

                                       
† > 4.5 mm growth inhibition zone at a loading concentration of 240 µg per disk. 
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transporter, whilst compound 2.71 shows activity against β-secretase (BACE-1) having an IC50 

value of 4 nM (Figure 2.11). Such compounds represent possible candidates for the treatment 

of Schizophrenia and Alzheimer’s disease respectively.50 

 

Figure 2.11. Imidazolone containing glycine transport inhibitor 2.70 and imidazolidinone containing 
β-secretase inhibitor 2.71. 

 

The kottamides A-D 2.60-2.63 are also very closely related to kororamide A 2.72 which 

contains a tribrominated indole system that was isolated from Amathia tortuosa, a bryozoan 

from coastal New South Wales, Australia (Figure 2.12).51 

 

Figure 2.12. Koraramide A 2.72. 

 

2.4.2 Previous Synthesis 

There are currently no reports of the syntheses of kottamides A-D 2.60-2.63. Kottamide E 2.64 

has been the subject of a successful total synthesis previous to this work. Parsons et al.52 

completed the first total synthesis of kottamide E 2.64 in 2013, some 10 years on from when 

its isolation was first reported. The synthesis was accomplished using the Curtius 

rearrangement method mentioned previously (Section 2.3.3), a relatively non-selective 

method for enamide installation, starting from 5,6-dibromo-1H-indole-3-carbaldehyde which 

was prepared from commercially available indole 2.01. The pre-enamide system was installed 

early on during the synthesis utilising a Horner-Wadsworth-Emmons reaction on tosyl 
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protected 5,6-dibromo-1H-indole-3-carbaldehyde 2.73 using tert-butyl 

2-(diphenoxyphosphoryl)acetate. Good stereocontrol was obtained for the 

cis isomer 2.74 (approx. 16:1) due to tosyl protection of the indole nitrogen. The co-formed 

trans isomer 2.75 was separated via chromatography. The resulting tert-butyl ester 2.74 was 

hydrolysed and treatment of the resulting acid with DPPA afforded azide 2.76, which was 

then heated with 2-(trimethylsilyl)ethanol in refluxing toluene giving rise to 

enecarbamate 2.77 (Scheme 2.13). 

 

Scheme 2.13. Parsons et al.52 synthesis of enecarbamate 2.77 intermediate. 

Reagents and conditions: a) t-BuO2-CCH2P(O)(OPh)2, NaH, THF, - 78 °C, 78 % + 5 % (E)-isomer; 
b) i. TFA, CH2Cl2; ii. NaH, DPPA, THF; c) TMSCH2CH2OH, toluene, reflux (some yields were not 
reported by the authors). 

 

Further acylation and deprotection of 2.77 gave methyl ester 2.78 which was hydrolysed to 

afford acid 2.79 with simultaneous removal of the tosyl protecting group (Scheme 2.14). 

Following the successful completion of the enamide fragment 2.79, addition of amide 2.80 was 

required to complete the synthesis. Amide 2.80 was prepared as the hydrochloride salt and 

was obtained from a previously synthesised protected amino acid 2.65.53,54 Carboxylic 

acid 2.79 and amide salt 2.80 were coupled using HBTU and Et3N in DMF. Following 

this, both semi-preparative and analytical HPLC were required to purify the crude product 

mixture finally giving kottamide E 2.64 in 38 % yield. 
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Scheme 2.14. Parsons et al.52 propagation of enecarbamate 2.77 to kottamide E 2.64. 

Reagents and conditions: a) i. NaHMDS, CH3O2CC(O)Cl, THF; ii. TBAF, THF; b) aq. NaOH, MeOH, 
THF, 97 %; c) 2.80, HBTU, DMF, Et3N, 38 % (some yields were not reported by the authors). 
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2.5 Objectives and Proposed Synthesis of Kottamide E 2.64 

The research contained herein targets to complete a total synthesis of kottamide E 2.64 during 

which it is envisaged to improve on the previous synthetic route reported by Parsons et al.,52 

specifically addressing selectively issues arising during generation of the enamide fragment 

and decreasing the number of steps required for an efficient synthetic route (Scheme 2.15). 

The ruthenium-catalysed hydroamidation methodology explored previously would be used 

as a key step during the synthesis as it represents a successful method to afford exclusive 

installation of a cis-enamide moiety which is required for the natural product 2.64. The 

successful use of this methodology, which was used within our research group on 

N-unprotected indole alkynes by Dickson et al.,41 has provided a foundation for which to 

evaluate such a synthetic approach. 

 

2.5.1 Retrosynthesis of Kottamide E 2.64 

The key retrosynthetic step is the formation of the cis-enamide from terminal 

alkyne 2.81 (Scheme 2.15). Terminal alkyne 2.81 can be accessed via a number of different 

routes. Nucleophilic alkynylation through the use of a Sonogashira cross-coupling between 

aryl iodide 2.82 and ethynyltrimethylsilane 2.83 following fluoride mediated desilylation is 

one method. Iodide 2.82 can be obtained from C-3 iodination of 5,6-dibromo-1H-indole 2.84. 

Alternatively, electrophilic alkynylation using benziodoxole reagent 2.85 could also be used. 

In both cases, 5,6-dibromo-1H-indole 2.84 is used as it can be readily accessed from 

bromination of the commercially available 1H-indole 2.1. The natural product can then be 

accessed by reaction of terminal alkyne 2.81 with amide 2.48 under hydroamidation 

conditions giving rise to enamide 2.86. Amide 2.48 could be chosen as a suitable coupling 

partner as it provides simple access to the oxalamide fragment by allowing either direct 

substitution of the ester with an amine or hydrolysis and peptide coupling of the resulting 

carboxylic acid. In either case, addition of the unnatural amino acid fragment 2.80 would 

afford kottamide E 2.64. It was envisaged that the unnatural amino acid derivative 2.80 could 

be accessed from the commercially available starting materials benzyl mercaptan 2.87 and 

1,3-dichloroacetone 2.88 using a literature method.55 
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Scheme 2.15. Retrosynthetic analysis of kottamide E 2.64 leading to commercially available 
1H-indole 2.1. 

 

Additionally, this approach could be used to generate a range of analogues utilising the same 

methodology, using a range of amino amides as opposed to amide 2.80. 
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2.6 Synthesis of 4-Amino-1,2-dithiolane-4-carboxamide 2.80 

The synthesis of 4-amino-1,2-dithiolane-4-carboxamide 2.80, derived from carboxylic 

acid (Adt) 2.65 (Figure 2.13), has proven to be a difficult undertaking. Its synthesis is 

challenging due to the lower than ideal yields across numerous steps, an extensive hydrolysis 

step lasting 192 hours as well as employing numerous particularly hazardous reagents 

including potassium cyanide, phosgene and anhydrous ammonia.55 

 

Figure 2.13. 4-Amino-1,2-dithiolane-4-carboxylic acid 2.65 and 4-amino-1,2-dithiolane-4-
carboxamide 2.80. 

 

Previous work within our research group has aimed to find a route to lessen several of these 

issues, in particular the extensive hydrolysis of hydantoin 2.89 and therefore also eliminating 

the use of inorganic cyanide. It was envisaged that amide 2.80 could be obtained through a 

number of steps starting from the L-serine derivative 2-amino-3-hydroxy-

2-(hydroxymethyl)propanoic acid 2.90 (Scheme 2.16). Generation of the methyl ester, N-Boc 

protection and O-Ms protection proceeded with good yields, however subsequent formation 

of the 1,2-dithiolane ring was unsuccessful.56 

 

Scheme 2.16. Attempted synthesis of 4-amino-1,2-dithiolane-4-carboxamide 2.80 starting from 
2-amino-3-hydroxy-2-(hydroxymethyl)propanoic acid 2.90.56 

Reagents and conditions: a) MeOH, SOCl2, reflux, 24 h, 82 %; b) Boc2O, Et3N, dioxane:H2O, 72 h, 58 %; 
c) MsCl, Et3N, CH2Cl2, 18 h, 92 %; d) NaS.9H2O, S8, DMF, 100 °C, 48 h. 
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Displacement of O-Ms protected 2.91 with benzyl mercaptan 2.87 as a means to provide 

cyanide-free access to dibenzyl protected intermediate 2.93 was also 

unsuccessful (Scheme 2.17).56 

 

Scheme 2.17. Attempted thiobenzylation of O-Ms protected intermediate 2.91.56 

Reagents and conditions: a) NaOEt, BnSH, MeOH, reflux, 18 h. 

 

Due to this unsuccessful approach, it was decided to complete the synthesis of 

4-amino-1,2-dithiolane-4-carboxamide 2.80 by combining several literature methods rather 

than explore new methodology for routes to eliminate undesirable synthetic steps. The 

method used was based on that originally disclosed within US Patent 354794855 and begins 

from the commercially available starting materials benzyl mercaptan 2.87 and 

1,3-dichloropropan-2-one 2.88 (Scheme 2.18). 
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2.6.1 Synthesis of 2-Amino-3-(benzylthio)-2-((benzylthio)methyl)propanoic 

acid 2.94 

The first step of the synthesis is preparation of ketone 2.95. The thiolate of benzyl 

mercaptan 2.87 was generated, in situ, employing freshly made sodium methoxide after which 

1,3-dichloropropan-2-one 2.88 was added giving dibenzylated ketone 2.95 in quantitative 

yield (Scheme 2.18). Next investigated were several methods for the installation of the tertiary 

amino acid functionality. 

 

Scheme 2.18. Synthesis of 2-amino-3-(benzylthio)-2-((benzylthio)methyl)propanoic acid 2.94. 

Reagents and conditions: a) PhCH2SH, THF, NaH, 0 °C  r.t., 2 h, quant.; b) EtOH, H2O, NH4OH, 
NH4Cl, KCN, r.t.  50 °C, 24 h, 14 %; c) EtOH, KCN, H2O, (NH4)2CO3, 70 °C, 24 h, 61 %; d) H2O, 
Ba(OH)2.8H2O, reflux, 192 h, quant. 
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2.6.1.1 Strecker Approach 

As it had not been reported in the literature, attention was drawn to the use of the well-known 

Strecker reaction as a highly efficient method for the preparation of amino acids from 

aldehydes and ketones.57 In an attempt to use this method to prepare amino acid 2.94, the 

synthesis of 2-amino-3-(benzylthio)-2-((benzylthio)methyl)propanenitrile 2.96 was 

attempted (Scheme 2.18). Therefore, to ketone 2.95 in ethanol, water and ammonia 

solution (25 % aq.) was added ammonium chloride and potassium cyanide. An initial attempt 

of the reaction at room temperature gave only returned ketone 2.95. It was concluded that the 

steric demands of ketone 2.95 were such that formation of the intermediate imine was slow 

and therefore an elevated temperature was required. Therefore a reaction at 50 °C for 24 hours 

was attempted. TLC analysis showed remaining starting material 2.95 in addition to the 

desired amino nitrile 2.96 which was separated and purified by silica gel chromatography. 

Unfortunately, nitrile 2.96 was obtained in only 14 % yield. Amino nitrile 2.96 was confirmed 

by both 1H and 13C NMR spectroscopy with the nitrile carbon resonance observed 

at 123.3 ppm in the 13C NMR and the quaternary carbon signal observed at 55.0 ppm. 

Additionally, the high resolution mass spectrum gave a molecular ion at m/z 329.1145 

corresponding to the hydrogen adduct C18H21N2S2. Due to recovery of around 50 % of starting 

material 2.95, the adjusted yield of 2.96 was calculated to be in the range of 25-30 %. With 

nitrile 2.96 in hand, the two-step Strecker reaction was envisaged to be completed by nitrile 

hydrolysis which would afford 2-amino-3-(benzylthio)-2-((benzylthio)methyl)propanoic 

acid 2.94. An initial attempt was made by stirring nitrile 2.96 in methanol with 

conc. hydrochloric acid for 12 hours however 13C NMR analysis of the crude reaction mixture 

showed a clear absence of an expected C=O resonance. In addition, no carboxylic acid 

absorption was seen in the IR spectrum. As no product was obtained by employing simple 

nitrile hydrolysis conditions, it was decided to abandon this route and attempt a literature 

approach.55 

 

2.6.1.2 Bucherer-Bergs Approach 

An alternative approach to amino acid synthesis is the Bucherer-Bergs approach58 which 

would form an intermediate hydantoin 2.89 (Scheme 2.18). Therefore, a solution of potassium 

cyanide in water was added slowly to a stirring solution of ketone 2.95 in ethanol after which 

was added ammonium carbonate followed by heating at reflux. Precipitation of 

hydantoin 2.89 was observed during the reaction as well as after cooling with filtration 
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affording the product 2.89 in 61 % yield. Confirmation of 2.89 was achieved through 1H NMR 

spectroscopy with NH broad singlets being observed at 8.07 and 10.77 ppm indicating the 

successful generation of the hydantoin. Additionally, the mass spectrum gave a molecular 

ion (MNa+) with a molecular weight of 395.0844 corressponding to the required molecular 

formula C19H20N2O2S2Na. Subsequent base catalysed hydrolysis of hydantoin 2.89 in aqueous 

barium hydroxide solution for 8 days then afforded amino acid 2.94 in quantitative yield. The 

loss of one carbonyl resonance was evident in the 13C NMR spectrum (c.f. 2.89) indicating the 

presence of the product 2.94 as well as the molecular ion (MH+) having a measured molecular 

weight of 348.1087 in the mass spectrum relating to the formula C18H22NO2S2. The extensive 

reaction time was required as shorter periods were reported to lead to incomplete 

hydrolysis.55 

 

2.6.2 Conversion of Acid 2.94 to 4-Amino-1,2-dithiolane-4-carboxamide 2.80 

Having successfully obtained dibenzyl protected amino acid 2.94, debenzylation and 

oxidation would then afford the desired amino acid 2.65, which following amidation would 

give carboxamide 2.80. There are numerous methods reported for the debenzylation of 

thiols, in particular for cysteine derivatives. As compound 2.94 was similar in structure to 

S-benzylhomocysteine, a method derived from Patterson et al.59 for their synthesis of 

homocystine was attempted. This route was also of interest as it did not require any protection 

of either the amino or carboxyl groups as well as being somewhat milder than commonly used 

alkali metal-liquid ammonia type reductions. Therefore, diprotected acid 2.94 was dissolved 

in n-butanol followed by the addition of sodium metal. The mixture was heated at reflux for 

1 hour. Following extraction with water and neutralisation with acid, the aqueous phase was 

added to a solution of ethanolic iodine. After workup a yellow solid was 

obtained (Table 2.1, Entry 1). Unfortunately, inspection of the 1H NMR spectrum of the solid 

showed no reaction had occurred with starting material returned. Following this, a 

sodium-liquid ammonia reduction was attempted using a reported method.55 Diprotected 

acid 2.94 was dissolved in liquid ammonia at - 78 °C followed by the slow addition of sodium 

metal. The mixture was stirred until the deep blue colour remained for 5 minutes. The 

ammonia was then evaporated, water was added and the mixture acidified and subsequently 

was added dropwise to a solution of iodine in water (Table 2.1, Entry 2). Workup of this 

mixture gave a crude product with a mass much greater than 100 % yield. 
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Table 2.1. Attempted debenzylation and oxidation of 2.94. 

 

 

 

Entry Conditions Temperatue Time (min) Result 

1 
i. CH3(CH2)3OH, Na 

ii. EtOH, I2 
Reflux 60 No reaction 

2 
i. liq. NH3, Na, NH4Cl 

ii. EtOH, I2 
- 78 °C  r.t. 15 

Excessive inorganic 
salt formation 

 

The problem associated with obtaining 4-amino-1,2-dithiolane-4-carboxylic acid 2.65 via this 

route was clearly the generation of considerable amounts of inorganic salts and this prompted 

the use of an alternative method employed by Morera et al.54 which would afford orthogonally 

protected derivative 2.97 (Scheme 2.20) of amino acid 2.65 which, it was hoped, would be 

much easier to handle. 

 

2.6.2.1 N-Carboxyanhydride Approach 

N-Carboxyanhydrides (NCA) are particularly useful synthetic intermediates given their ease 

of ring opening via the action of nucleophiles and such anhydrides of α-amino acids have 

found use as coupling reagents for the formation of peptide bonds.60 Adapting the protocol 

utilised by Morera et al.54, acid 2.94 suspended in tetrahydrofuran was treated with phosgene 

which is generated in situ by the decomposition of bis(trichloromethyl) 

carbonate 2.98 (triphosgene) (Scheme 2.19). This reagent is a safer and more convenient to 

handle solid substitute than gaseous phosgene. 
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Scheme 2.19. Proposed mechanism of NCA formation using bis(trichloromethyl) carbonate 2.98. 

 

After 2 hours, workup and purification by silica gel chromatography yielded NCA 2.99 in 

66 % yield (Table 2.2, Entry 1). An additional carbonyl resonance was observed in the 

13C NMR spectrum of 2.99 as well as the measured molecular weight of the molecular 

ion (MNa+) being 396.0695. This corresponds to the molecular formula C19H19NO3S2Na. 

Numerous attempts at improving the yield from the parent amino acid 2.94 proved 

unsuccessful. Even with additional equivalents of in situ phosgene (Table 2.2, 

Entry 2), unreacted acid 2.94 remained as well as the inclusion of air being detrimental to the 

yield (Table 2.2, Entry 3). The reaction was seen to be heavily influenced by moisture as when 

left open to air, a significant reduction in yield was observed. 
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Table 2.2. Effect of increasing equivalents of in situ phosgene on the formation of NCA 2.99. 

 

 

 

Entry Eq. C3Cl6O3 (COCl2) Temperature (°C) 
Inert 

Atmosphere 
Time (h) Yield (%) 

1 0.33 (1) 60 N2 2.5 66 

2 0.69 (2.10) 60 N2 3 63 

3 0.33 (1) 60 None 2 21 

 

Protection of the lactam nitrogen in NCA 2.99 as the tert-butyl carbonate was achieved using 

Boc2O and pyridine. After reaction for 20 hours, the intermediate underwent direct cleavage 

of the ring and generation of the methyl ester 2.97 by stirring for an additional 24 hours with 

methanol and N-methylmorpholine. This gave rise to methyl ester 2.97 in 

71 % yield (Scheme 2.20). Ring opening was confirmed by 1H NMR spectroscopy. The 

appearance of a singlet at 3.67 ppm corresponds to an isolated methyl group being derived 

from the ester as well as a characteristic signal at 1.45 ppm from the Boc group. In addition to 

this, inspection of the mass spectrum confirmed the mass of the molecular ion (MNa+) as 

484.1575, matching C24H31NO4S2Na. Having obtained methyl ester 2.97, the same conditions 

previously attempted for the debenzylation and oxidation of compound 2.94 using 

sodium-liquid ammonia were employed. Upon workup and purification of the product 2.100 

by silica gel chromatography, orthogonally protected Adt 2.100 was obtained in 

48 % yield (Scheme 2.20). Complete loss of the aromatic hydrogen signals in the 1H NMR 

spectrum by comparison to the precursor 2.97 confirmed the successful formation of the 

disulfide bridge. Furthermore, 302.0492 was the measured weight of the molecular 

ion (MNa+) in the mass spectrum confirming the molecular formula as C10H17NO4S2Na. In 

order to reach amine coupling partner 2.80, methyl ester 2.100 was then hydrolysed under 
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basic conditions employing aqueous sodium hydroxide in THF and methanol resulting in 

quantitative conversion to acid 2.101. Methyl ester hydrolysis was confirmed by 1H NMR 

spectroscopy, with loss of the singlet at 3.78 ppm. Thereafter, amide 2.102 was obtained via a 

mixed anhydride intermediate pathway by stirring 2.101 with isobutyl chloroformate at 0 °C 

followed by cooling to - 20 °C and addition of a solution of ammonia in methanol yielding 

amide 2.102 in 61 % yield. Due to the structural similarity of acid 2.101 and 

amide 2.102, primary confirmation of a successful reaction was by mass spectrometry. 

Observation of the molecular ion (MNa+), having a measured weight of 287.0491, was 

consistent with the molecular formula C9H16N2O3S2Na. Subsequent removal of the Boc group 

by the action of methanolic HCl, generated using thionyl chloride in methanol, then afforded 

amino amide 2.80 as the hydrochloride salt (Scheme 2.20). The product was confirmed by loss 

of the Boc signal in the 1H NMR spectrum with only signals at 3.52 and 3.73 ppm remaining 

corresponding to –CH2- signals of the 1,2-dithiolane ring. Amino amide hydrochloride 2.80 

was later used in subsequent coupling reactions without further purification in order to avoid 

possible decomposition of the salt during chromatography. 
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Scheme 2.20. NCA route to amide 2.80. 

Reagents and conditions: a) C3Cl6O3, THF, 50 °C, 2 h, 66 %; b) i. Boc2O, pyridine, THF, - 15 °C  r.t., 
20 h; ii. MeOH, NMM, r.t., 24 h, 71 %; c) liq. NH3, Na, NH4Cl, - 78 °C  r.t.; d) MeOH:H2O (1:1), I2, 
48 %; e) aq. NaOH, THF, MeOH, r.t., 1.5 h, quant.; f) i. Et3N, THF, 0 °C, 10 min; ii. (CH3)2CHCH2OCOCl, 
45 min; iii. 0 °C  - 20 °C, NH4OH/MeOH, 20 min, 61 %; g) SOCl2, MeOH, 0  50 °C, 1 h, quant. 
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2.7 Synthesis of Indole Acetylene Library 

With the synthesis of amide 2.80 complete, the indole cis-enamide fragment was required to 

be prepared. As described in Scheme 2.15, this fragment would be prepared from an indole 

alkyne. To provide access to kottamide E 2.64, the synthesis of 5,6-dibromo-3-ethynyl-1H-

indole 2.81 would be completed and additionally, a small library of other indole acetylene 

derivatives would be prepared to allow for the synthesis of analogues. Electrophilic 

alkynylation via transfer of the ethynyl moiety from a TIPS-EBX reagent 2.85 or alternatively 

Sonogashira cross-coupling could afford these compounds. The latter method could allow 

access to a number of N-protected analogues. 

 

As 1H-indole 2.1, 5-bromo-1H-indole 2.103 and 6-bromo-1H-indole 2.104 are commercially 

available, they could be used directly, however the synthesis of 5,6-dibromo-1H-indole 2.84 

was required. The synthesis of indole fragment, 5,6-dibromo-3-ethynyl-1H-indole 2.81 stems 

from commercially available methyl indole-3-carboxylate 2.105 (Scheme 2.21). To the 

ester 2.105 in glacial acetic acid was added 2 equivalents of bromine and the mixture was 

stirred at room temperature for 72 hours which, after workup, gave dibrominated 

product 2.106 in 81 % yield. Three aromatic singlets (7.03, 7.33 and 7.43 ppm) were observed 

in the 1H NMR spectrum indicating successful dibromination. 2.106 was also confirmed by 

mass spectrometry, showing a measured molecular weight of the molecular ion (MNa+) of 

353.8739. This is consistent with the molecular formula C10H7Br2NO2Na. Dibromo ester 2.106 

was then hydrolysed and decarboxylated via a carboxylic acid intermediate by stirring in a 

mixture of methanol and sodium hydroxide and heating at reflux followed by heating in 

refluxing pyridine. The resulting dibrominated indole 2.84 was obtained in 70 % yield. Loss 

of the methyl ester singlet and observation of a new aromatic signal at 6.48 ppm in the 

1H NMR spectrum confirmed 2.84. 

 

Scheme 2.21. Synthesis of 5,6-dibromo-1H-indole 2.84. 

Reagents and conditions: a) Br2, AcOH, 72 h, 81 %; b) i. MeOH, NaOH, reflux, 2.5 h, quant.; ii. pyridine, 
reflux, 12 h, 70 %. 
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2.7.1 Alkynylation Reactions 

Alkynes have long been of importance in organic synthesis particularly as a starting point for 

the installation of a host of synthetically useful functional groups and structural moieties. 

Addition reactions of various nucleophilic reagents such as halogens and hydro-halogens are 

common. Alkynes however are also used in more complex reactions such as cycloadditions61 

and insertion62 reactions as well as a large range of cross-coupling reactions that are important 

for the construction of complex molecules (Figure 2.14).63 

 

Figure 2.14. Examples of the use of alkynes for the introduction of molecular complexity. Clockwise 
from top: azide-alkyne Huisgen cycloaddition, Sonogashira cross-coupling, hydroamidation and 
hydrocyanation. 

 

Given such versatility of alkynyl containing compounds, robust methods for the installation 

of the functionality have long been of synthetic importance. Research in this area has focused 

not only on the classical methods for the introduction of alkynyl groups through the use of 

nucleophilic alkynylations, but also greatly on the use of their electrophilic counterparts thus 

providing access to reagents to allow for ethynyl transfer to positions on molecules which 

may have been otherwise largely inaccessible. Electrophilic alkynylation reagents such as 

alkynyliodonium salts and halogenoacetylene compounds are becoming increasingly popular 

over the classical acetylides. 
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2.7.2 Electrophilic Alkynylation - TIPS-EBX 

1-[(Triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85 (TIPS-EBX) is a versatile 

reagent for the direct alkynylation of heterocycles, in particular electron rich indoles and 

pyrroles (Figure 2.15). Its use for such reactions was first reported in 2009 by Brand et al.64 

having been used successfully in gold(I)-catalysed alkynylations. TIPS-EBX 2.85 belongs to a 

class of compounds known as benziodoxoles 2.107 (Figure 2.15) of which perhaps the most 

well-known is Des-Martin periodinane which is used as a popular oxidising agent, one that is 

inherently milder and much less toxic than classical oxidants such as chromium(VI) reagents. 

However, in recent years such reagents have become more synthetically useful by allowing 

access to clean atom-transfer reactions with high efficiency.65 

 

Figure 2.15. General structure of benziodoxoles 2.107, related benziodoxolones 2.108 and 
TIPS-EBX 2.85. 

 

With the possibility for large variability of the substituent on the iodine atom, these reagents 

have been used to introduce azide, cyano, trifluoromethyl and ethynyl functional groups 

amongst numerous others onto a variety of both alkyl and aryl substrates.65 These functional 

groups represent a number of those that are important in organic synthesis as they can be 

subjected to further manipulation as required thus facilitating the synthesis of complex 

molecules. 
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2.7.2.1 Synthesis of 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-

one (TIPS-EBX) 2.85 

The first step in the synthesis of 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85 

was to synthesise triisopropyl((trimethylsilyl)ethynyl)silane 2.109. This was achieved by 

adding n-butyllithium to a stirred solution of ethynyltrimethylsilane 2.83 in tetrahydrofuran 

followed by the addition of chlorotriisopropylsilane 2.110. Following a reaction time of 

12 hours at room temperature the obtained product was then further purified by distillation 

under reduced pressure and gave pure acetylene 2.109 in 88 % yield (Scheme 2.22). The 

product was confirmed by 1H NMR spectroscopy with the data matching literature reported 

values.64 

 

Scheme 2.22. Synthesis of triisopropyl((trimethylsilyl)ethynyl)silane 2.109. 

Reagents and conditions: a) i. THF, n-BuLi, - 78 °C, 10 min; ii. 2.110; iii. r.t., 12 h, 88 %. 

 

With triisopropyl((trimethylsilyl)ethynyl)silane 2.109 in hand, it was then required to prepare 

its coupling partner 1-hydroxy-1,2-benziodoxol-3(1H)-one 2.111, a hypervalent iodine 

compound which arises from tautomerisation of the less stable acyclic tautomer 

2-iodosylbenzoic acid 2.11266 (Scheme 2.23). To achieve this, a literature method was followed 

which itself is based upon original work reported by Kraszkiewicz et al.66 A suspension 

of 2-iodobenzoic acid 2.113 and sodium (meta)periodate was vigorously stirred in refluxing 

30 % v/v aqueous acetic acid solution for 4 hours (Scheme 2.23). Care is required during this 

time as the product contains structural similarities to a well-known touch sensitive 

explosive, 2-iodoxybenzoic acid.66 Following the addition of water the solid product was 

filtered and washed numerous times obtaining 2.111 in 97 % yield. This was again confirmed 

by 1H NMR spectroscopy using literature reported values.64 Compound 2.111 was stored 

under nitrogen to exclude moisture whilst also being protected from light prior to its use in 

the synthesis of 2.85. 
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With the two starting materials 2.109 and 2.111 now prepared, they could be coupled to give 

1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85. This was achieved by reaction 

of 1-hydroxy-1,2-benziodoxol-3(1H)-one 2.111, trimethylsilyl trifluoromethanesulfonate and 

triisopropyl((trimethylsilyl)ethynyl)silane 2.109 with pyridine for 15 minutes. Following 

workup, the crude product was purified by recrystallisation which gave the coupled 

product 2.85 in 72 % yield (Scheme 2.23). The presence of the product 2.85 was also confirmed 

by 1H NMR spectroscopy with data matching literature reported values.64 

 

Scheme 2.23. Synthesis of 1-hydroxy-1,2-benziodoxol-3(1H)-one 2.111 and 
1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85. 

Reagents and conditions: a) NaIO4, 30 % v/v aq. AcOH, reflux, 4 h, 97 %; b) i. TMSOTf, CH3CN, r.t.; 
ii. 2.109, r.t., 15 min; iii. pyridine, r.t., 10 min, 72 %. 

 

Mechanistically 2.85 forms in a multi-step process as shown in Scheme 2.24. Upon addition 

of TMSOTf, the nucleophilic hydroxide of 2.111 attacks the partially positive silicon atom 

resulting in the expulsion of triflate, a good leaving group, leading to the formation of 

compound 2.114. Neutralisation of the resulting positive charge on oxygen then drives a 

proton transfer and subsequent fragmentation of the ring system. Triflate then attacks at the 

positively charged iodine, followed by re-formation of the benziodoxolone ring and 

elimination of TMS oxide giving 2.115. Intermediate 2.115 is in equilibrium with open-ring 

form 2.116, which with its positively charged iodine is susceptible to nucleophilic attack. 

Therefore, the least hindered nucleophilic carbon on 2.109 (i.e. the TMS end of the 

molecule) proceeds to attack the electrophilic iodine, resulting in the expulsion of the triflate 

leaving group and re-formation of the triple bond via loss of TMS. The resulting acyclic 

compound 2.117, an alkynyliodonium salt upon which with treatment of a base, in this case 

pyridine, re-cyclises leading to the desired 1,2-benziodoxol-3(1H)-one 2.85. 
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Scheme 2.24. Mechanism detailing the formation of 
1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85. 

 

2.7.2.2 Gold(I) Catalysed Alkynylation 

Having completed the synthesis of acetylene reagent 1-[(triisopropylsilyl)ethynyl]-1,2-

benziodoxol-3(1H)-one 2.85 (TIPS-EBX), the synthesis of a library of mono and dibrominated 

indole acetylenes 2.54, 2.56, 2.81 and 2.118 by functionalising respective indole precursors at 

the C-3 position was carried out. Reagent 2.85 was added to a stirring solution of desired 

indole in diethyl ether in the presence of a catalytic amount of gold(I) chloride. Studies on 

numerous different catalyst and solvent systems have identified that the use of 

gold(I) chloride over that of copper or palladium catalysts is preferential as the use of the latter 

results in poorer yields. The highest yielding reactions were those employing 1 mol% 

gold(I) chloride primarily in diethyl ether or alternatively in tetrahydrofuran.64 After reaction 

for 18 hours and subsequent purification of the crude material by silica gel 

chromatography, protected indoles 2.119, 2.120, 2.121 and 2.122 were obtained (Table 2.3). 

Following this, removal of the triisoproylsilyl protecting group was achieved by stirring with 
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tetra-n-butylammonium fluoride in tetrahydrofuran giving rise to terminal 

acetylenes, compounds 2.56, 2.118, 2.54 and 2.81 (Table 2.3). These compounds were all 

confirmed by the appearance of a new singlet in the 1H NMR spectrum in the range of 

3.21-3.24 ppm which corresponds to the terminal C-H. Resonances from the carbon 

atoms (13C NMR spectroscopy) of the alkyne fragment (C-8 and C-9 (Table 2.3)) were also 

evident. For terminal alkyne 2.118, these were found at 76.7 and 79.5 ppm respectively. 

Analysis by mass spectrometry also aided in the confirmation of the terminal alkyne products. 

The measured weight of the molecular ion (MH+) of 2.81 was 297.8872 which confirmed its 

molecular formula C10H6Br2N. 

 

Table 2.3. Synthesis of indole acetylenes 2.56, 2.118, 2.54 and 2.81. 

 

 
 

Entry Indole Protected Yield Deprotected Yield 

1 R1 = R2 = H, 2.1 100% 2.119 81 % 2.56 

2 R1 = Br, R2 = H, 2.103 99 % 2.120 88 % 2.118 

3 R1 = H, R2 = Br, 2.104 100 % 2.121 100 % 2.54 

4 R1 = R2 = Br, 2.84 81 % 2.122 76 % 2.81 

Reagents and conditions: a) 2.85, 1 mol% AuCl, Et2O, r.t., 18 h; b) TBAF, THF, r.t., 20 h. 

 

Mechanistically, the process by which acetylene transfer occurs has been postulated by several 

possible pathways.67 It is not entirely agreed upon as to which has favour over the other, if 

any. One such mechanism envisaged is via π-bond activation by the catalyst 

AuCl (Scheme 2.25). Gold(I) chloride coordinates to the triple bond on 

1,2-benziodoxol-3(1H)-one 2.85, a process which moves to increase the electrophilic nature of 

the substrate, which subsequently becomes susceptible to nucleophilic attack from indole. 

This is seen to occur through a Friedel-Crafts type electrophilic aromatic substitution.67 
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Carbene 2.123 then results as the product of α-elimination of the vinylic intermediate 2.124 

along with regeneration of the catalyst, AuCl and 2-iodobenzoic acid 2.113. Rearrangement of 

carbene 2.123 then gives the corresponding acetylene. 

 

Scheme 2.25. π-Activation as a proposed mechanism for the formation of 
3-((triisopropylsilyl)ethynyl)-1H-indoles (R1 = R2 = H or Br). 
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An alternative mechanism is proposed to occur via an oxidation-reduction 

pathway (Scheme 2.26). Gold(I) chloride undergoes oxidative addition into the carbon-iodine 

bond and upon rearrangement results in the formation of 2.125. At this point, gold(I) has been 

oxidised to gold(III) which is highly electrophilic facilitating attack from nucleophilic 

indole, subsequently resulting in the expulsion of 2-iodobenzoate 2.126, further propagated 

to 2-iodobenzoic acid 2.113 under acidic conditions, and gold-indole species 2.127 which 

affords the product upon reductive elimination of gold(I) chloride.67 

 

Scheme 2.26. Oxidative addition as a proposed mechanism for the formation of 
3-((triisopropylsilyl)ethynyl)-1H-indoles (R1 = R2 = H or Br). 

 

Alternatively, the possibility of a third relevant mechanism was proposed in the literature 

which involves the creation of a more electron deficient environment within the 

benziodoxolone ring system, in particular, on the iodine atom (Scheme 2.27).67 In such a case 

gold(I) chloride activates the system by acting as a Lewis acid, binding through the carbonyl 

oxygen and therefore withdrawing electron density further than what is achieved by that of 

the carbonyl group alone. This then enables the activated hypervalent iodine species 2.128 to 

initiate the formation of a charge-transfer complex 2.129 with nucleophilic indole upon which 

a single electron transfer then leads to the formation of the desired 

product, 3-((triisopropylsilyl)ethynyl)-1H-indole, via either rearrangement or ligand 
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coupling. However, with respect to single electron transfer, it can be shown that substitution 

on indole at C-2 is more likely as well as the formation of dimers. Given that neither of these 

two outcomes were observed during mechanistic studies in addition to the fact that no azide 

products were obtained following reaction with TMSN3, a reagent well known to form such 

adducts in the presence of indole radical cations, the idea that the formation 

of 3-((triisopropylsilyl)ethynyl)-1H-indoles proceeded via Lewis acid catalysis was quickly 

rejected.67 Also, the use of other Bronsted acids such as trifluoroacetic acid and Lewis acids 

such as iron(III) chloride and aluminium(III) chloride gave no alkynylated product.67 

 

Scheme 2.27. Proposed Lewis acid catalysed mechanism for the formation of 
3-((triisopropylsilyl)ethynyl)-1H-indoles (R1 = R2 = H or Br). 

 

Having successfully completed the synthesis of a range of indole alkynes 2.54, 2.56, 2.81 and 

2.118, it was decided to progress the synthesis to attempt the installation of the cis-enamide 

system. 
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2.8 Attempted Synthesis of Indole Enamides 

Using the N-unprotected indole alkynes prepared, it was attempted to generate a range of 

esters using a ruthenium-catalysed hydroamidation (Section 2.3.6) which was successfully 

used by Dickson et al.41 The primary amide ethyl 2-amino-2-oxoacetate 2.48 was chosen as it 

was commercially available and provided the required functionality for further synthetic 

steps. 

 

The general procedure involved the desired alkyne 2.54, 2.56, 2.81 or 2.118, ethyl 2-amino-2-

oxoacetate 2.48, bis(2-methylallyl)cycloocta-1,5-diene ruthenium(II), ytterbium 

trifluoromethanesulfonate and 1,4-bis(dicyclohexylphosphino)butane being added to a 

Schlenk flask which was sealed, evacuated and backfilled with 

nitrogen. N,N-Dimethylformamide was then added, the flask refilled with nitrogen gas and 

the reaction mixture was subsequently heated to 60 ° C in an oil bath for 6 hours. Following 

this, the reaction was quenched by the addition of saturated aqueous NaHCO3 solution and 

was then partitioned between ethyl acetate and water. Isolation of the crude mixture was 

achieved by evaporation of the volatile solvent and the presence of the product of interest was 

confirmed by 1H NMR spectroscopy prior to the crude mixture being purified via silica gel 

chromatography. 
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Details of the attempted reactions are shown in Table 2.4 followed by the results of 

subsequent purification attempts which are shown in the following table, Table 2.5. 

 

Table 2.4. Attemped ruthenium-catalysed hydroamidations using N-unprotected indole alkynes. 

 

 
 

Entry Alkyne Yb(OTf)3 (eq.) dcypb (eq.) [(cod)Ru(met)2] (eq.) 

1 

2.56 

0.04 0.06 

0.04 
2 

3 

4 

5 

0.05 

6 

7 

8 

9 

10 
2.118 

11 

12 2.54 

13 
2.81 0.06 

14 0.05 0.07 
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Table 2.5. Purification attempts following ruthenium-catalysed hydroamidations corresponding to 
entries in Table 2.4. 

 

 
 

Entry Alkyne Purfication (Silica Gel Chromatography) Resulta 

1 

2.56 

7:2 n-Hexane:EtOAc 2.130 27 % 

2 7:3 n-Hexane:EtOAc 2.130 31 % 

3 7:3 n-Hexane:EtOAc 2.130 34 % 

4 7:3 n-Hexane:EtOAc 2.130 7 % 

5 3:1 n-Hexane:EtOAc 2.130 28 % 

6 2:1 n-Hexane:EtOAc 2.130 20 % 

7 7:3 n-Hexane:EtOAc 2.130 33 % 

8 
3:1 n-Hexane:EtOAc 
2:1 n-Hexane:EtOAc 

100 % EtOAc 
2.130 27 % 

9 

7:3 n-Hexane:EtOAc 
Re-Column 

5:1 Et2O:n-Hexane 
3:1 Et2O:n-Hexane 

2.130 25 % 

10 

2.118 

3:1 n-Hexane:EtOAc Returned SM (Impure) 

11 7:2 n-Hexane:EtOAc 
Complex Mixture 

No Product 

12 2.54 7:2 n-Hexane:EtOAc 
Complex Mixture 

No Product 

13 

2.81 

7:2 n-Hexane:EtOAc 2.86 12 % 

14 

8:2 n-Hexane:EtOAc 
9:1 CH2Cl2:MeOH 

Re-Column 
5:1 n-Hexane:EtOAc 
1:1 n-Hexane:EtOAc 

100 % MeOH 

2.86 22 % 

a The product was obtained as an impure mixture unless specified otherwise.  
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Hydroamidation reactions were first attempted using the simplest alkyne 2.56. A slight 

increase in the number of equivalents of bis(2-methylallyl)cycloocta-1,5-diene 

ruthenium(II) used did not seem to make any distinguishable difference in the yield obtained 

and repeats of the same reaction resulted in differing yields each time which were not at all 

reproducible. Increasing the polarity of the mobile phase used during column 

chromatography seemed to be somewhat beneficial at separating the desired product as can 

be seen with Entries 1, 2 and 3 (Table 2.5) which were perfomed under the same conditions. 

Reactions involving 5-bromo-3-ethynyl-1H-indole 2.118 and 6-bromo-3-ethynyl-1H-

indole 2.54 unfortunately resulted in a complex mixture being obtained with no evidence of 

the presence of the product due to the lack of the defining cis-enamide moiety. 

Conversely, reactions involving the use of 5,6-dibromo-3-ethynyl-1H-indole 2.81 did result in 

some desired product 2.86 being obtained however in lower yields overall as compared to 

when employing the analogous non-brominated substrate. 

 

Attempts at purification by silica gel chromatography in all cases (Table 2.5, 

Entries 1-14) however were largely unsuccessful at separating the desired cis-enamide 

esters 2.130 and 2.86 from the other formed products. The yields reported are those of the 

impure fraction obtained after the corresponding purification attempt had been undertaken. 

Further analysis of these fractions by 1H NMR spectroscopy confirmed the presence of the 

desired cis-enamides within a mixture of undesired enyne side-product 2.132 postulated to 

arise from dimerisation of two molecules of the relevant alkyne 2.54, 2.56, 2.81 

or 2.118 (Figure 2.16). Investigation of the 1H NMR spectrum of the cis-enamide 2.130 

containing mixture highlighted the important resonances arising from 2.130 (Figure 2.16). 

Confirmation of the aromatic indole system was evident by observation of signals at 8.39, 7.31, 

7.64, 7.19, 7.27 and 7.42 ppm corresponding to NH-1, H-2, H-4, H-5, H-6 and H-7 respectively. 

Also, the cis-enamide fragment was confirmed by 1H resonances at 6.20 (H-8), 6.94 (H-9) and 

9.15 (NH-10) ppm and 13C resonances at 106.8 (C-8), 119.1 (C-9) and 160.6 (C-11). The signals 

at 6.20 and 6.94 ppm were split into a doublet and doublet of doublets respectively, each with 

a coupling constant of 9.0 Hz which is indicative of cis-alkene geometry. Furthermore, the 

ethyl ester fragment was confirmed by 1H signals at 4.36 (H-14) and 1.38 (H-15) and 13C signals 

at 63.7 (C-14) and 14.1 (C-15). Analysis by mass spectrometry identified the molecular 

ion (MNa+) having a mass of 281.0905. This is consistent with the molecular formula 

C14H14N2O3Na. 
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Figure 2.16. 1H NMR spectrum (5.8-7.0 ppm) of a sample of material containing cis-enamide 2.130 post 
silica gel chromatography (Table 2.5, Entry 9) and showing trans-enyne impurity 2.132. 

 

Due to the difficulty in obtaining pure enamides when using N-unprotected indole alkynes as 

substrates, it was thought that the presence of a protecting group on the indole nitrogen would 

add enough polarity difference to the molecule thus allowing much easier separation from 

more non-polar side-products post hydroamidation. 

  

cis-enamide H; J = 9.0 Hz 

cis-enamide H; J = 9.0 Hz 

trans-enyne H; J = 17.0 Hz 

trans-enyne H; J = 11.0 Hz 
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It was decided to attempt the synthesis of various protected indole alkynes to validate their 

usefulness in such reactions. Initally, attempts at the direct alkynylation of N-Boc protected 

indole 2.133, prepared from indole 2.1, with TIPS-EBX 2.85 gave only returned starting 

material in addition to unreacted TIPS-EBX 2.85 (Scheme 2.28). This is despite the successful 

use of EBX type reagents on substrates such as N-methyl indole being reported.64 The reaction 

may not have been successful due to the decreased nucleophilicity of protected indole 2.133 

due to the electron-withdrawing capacity of the Boc group. 

 

Scheme 2.28. Attempted electrophilic alkynylation of N-Boc indole 2.133 to form protected alkyne 
2.134. 

Reagents and conditions: a) Boc2O, pyridine, DMAP, CH2Cl2, 1 h, 99 %; b) 2.85, 1 mol% AuCl, Et2O, r.t., 
20 h. 

 

Therefore, an alternative approach utilising a Sonogashira cross-coupling was considered 

which would allow installation of different protecting groups. In addition, using this method 

would provide access to a shorter overall synthesis as there was no need to prepare the 

alkynylation reagent 2.85. 
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2.9 Nucleophilic Alkynylation – Sonogashira Cross-Coupling 

The Sonogashira cross-coupling is one of many, and often considered one of the most 

important transition metal catalysed reactions employed in organic synthesis for the 

generation of carbon(sp2)-carbon(sp) bonds.68 At a similar time to its discovery the 

well-known Mizoroki-Heck reaction was comparably used for the synthesis of related 

carbon(sp2)-carbon(sp2) bonds but required harsher conditions. The Sonogashira reaction 

utilises a copper co-catalysed pathway which was already known from the Stephens-Castro 

reaction for accelerating the rate of reaction, which it has also been shown to do for the 

Sonogashira (Figure 2.17).69 The generation of a range of indole N-protected terminal alkynes 

was envisaged through the use of this approach superseding the efficiency of the previous 

electrophilic method (Section 2.7.2). 

 

Figure 2.17. Catalytic cycle of the Sonogashira cross-coupling reaction. 

 

2.9.1 Protection Strategy One - 2-(Trimethylsilyl)ethoxymethyl (SEM) 

Parsons et al.52 reported, in their total synthesis of kottamide E 2.64, that late-stage removal of 

the N-SEM indole protecting group was considerably problematic, and thus were unable to 

access the natural product via the use of such a protecting group. It was also reported that 
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analysis of the reaction mixtures by way of, but not limited to, mass spectrometric analysis 

indicated fragmentation products containing bromine atoms.52 Therefore, to determine the 

feasibility of the use of N-SEM protection for related non-brominated compounds, a SEM 

protecting group strategy was only applied to the non-brominated substrate. 

 

The synthesis of N-SEM protected indole alkyne 2.135 was achieved over three 

steps (Scheme 2.29). A solution of indole 2.1 in tetrahydrofuran was added dropwise to a 

suspension of sodium hydride in tetrahydrofuran followed by 2-(trimethylsilyl)ethoxymethyl 

chloride and the mixture stirred for 18 hours. After workup, N-SEM indole 2.136 was obtained 

in 62 % yield. The product was confirmed by 1H NMR spectroscopy, displaying loss of the 

NH signal and appearance of four 1H signals (-0.06, 0.08, 3.47 and 5.49 ppm) arising from the 

SEM group. N-SEM protected indole 2.136 was then stirred with N-iodosuccinimide in 

tetrahydrofuran for 1 hour giving iodide 2.137 in 88 % yield. Loss of the aromatic 1H NMR 

signal at C-3 as well as observing the molecular ion (MNa+) measured at 396.0246 confirmed 

iodide 2.137. Subsequent Sonogashira alkynylation of 2.137 with trimethylsilyl acetylene and 

desilylation using TBAF in THF gave terminal alkyne 2.135 in 77 % yield. The signal 

characteristic of the terminal alkyne, at 3.23 ppm in the 1H NMR spectrum, in addition to the 

new carbon signals at 77.3 (C-12) and 79.2 (C-13) in the 13C NMR spectrum confirmed that 

alkyne 2.135 had been successfully obtained. 

 

Scheme 2.29. Synthesis of terminal alkyne 2.135. 

Reagents and conditions: a) NaH, THF, 0 °C  r.t., SEMCl, 18 h, 62 %; b) NIS, THF, 0 °C  r.t., 1 h, 
88 %; c) i. Et3N, Pd(PPh3)2Cl2, CuI, TMSA, 60 ° C, 2 h; ii. TBAF, THF, 20 min, 77 %. 

 

Having obtained terminal alkyne 2.135, subsequent hydroamidation using the same method 

described in Section 2.8 using primary amide 2.48 afforded cis-enamide 

ester 2.138, unfortunately in a poor 16 % yield (Scheme 2.30). The cis-alkene geometry of 

enamide 2.138 was confirmed by 1H NMR spectroscopy with resonances at 6.17 (H-8) and 

6.94 (H-9) ppm, both having coupling constants of 9.0 Hz. It was pleasing to see that the enyne 
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side-product was able to be easily separated from cis-enamide 2.138 by silica gel 

chromatography. It was then decided to propagate the compound further to form 

tri-amide 2.139, through an ester displacement, to use as a model compound for the 

deprotection of the N-SEM group. Ester 2.138 was therefore stirred at room temperature 

with (S)-2-aminopropanamide hydrochloride 2.140 and triethylamine in anhydrous methanol 

for 120 hours. Tri-amide 2.139 was obtained after silica gel chromatography in a 

44 % yield (Scheme 2.30). Full confirmation of the successful formation of 2.139 was achieved 

using both 1H and 13C NMR spectroscopy in addition to mass spectrometry and optical 

rotation analysis. The appending of amide 2.140 was seen by the appearance of NH 

signals (5.57, 6.02 and 7.95 ppm) in the 1H NMR spectrum as well as a signal at 4.47 ppm for 

the new sterogenic centre. The new chiral carbon resonance was seen at 49.2 ppm in the 

13C NMR spectrum. Analysis of the mass spectrum identified the molecular ion (MNa+) with 

a measured molecular weight of 453.1925 which confirmed the molecular formula 

C21H30N4O4SiNa. Furthermore, the optical activity was recorded as -26.667 at 25 ° C on the 

sodium D line at 589 nm. 

 

Scheme 2.30. Hydroamidation to form and ester displacement of N-SEM enamide 2.138. 

Reagents and conditions: a) 2.48, [(cod)Ru(met)2], dcypb, Yb(OTf)3, DMF, 60 ° C, 6 h, 16 %; b) 2.140, 
Et3N, MeOH, r.t., 120 h, 44 %. 
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With 2.139 prepared, the removal of the N-SEM protecting group was then 

attempted (Table 2.6). However, similar results to those reported by Parsons et al.52 for a 

dibrominated substrate were seen, with successful removal of the N-SEM group unable to be 

achieved despite the use of known cleavage conditions (Table 2.6).70,71 

 

Table 2.6. Attempted N-SEM deprotection of enamide 2.139. 

 

 

 

Entry Conditions Temp. Time (h) Result 

1 TBAF (4.50 eq.), THF r.t. 2 Returned SM 

2 TBAF (4.50 eq.), THF 60 °C 12 Returned SM 

3 HCl (3 mol L-1), THF Reflux 24 Decomposition 

 

It was apparent that the use of N-SEM protection was problematic for these types of substrates 

and it was therefore decided to attempt an alternative protecting group strategy. 

 

2.9.2 Protection Strategy Two - tert-Butoxycarbonyl (Boc) 

An N-Boc strategy was attempted as it was hoped that Boc removal would be more feasible 

than N-SEM. In addition to this, it was hoped to allow for easier manipulation of the enamide 

esters which would result from subsequent hydroamidation of the indole alkynes. The 

synthesis of N-Boc protected alkyne 2.142 first required iodination at the C-3 position of the 

parent indole 2.1. Good conversion was achieved by employing potassium hydroxide and 

iodine72 at room temperature for 1 hour to give 3-iodoindole 2.143 followed directly by N-Boc 

protection using di-tert-butyl dicarbonate and N,N-dimethylaminopyridine72 giving 

iodide 2.144 in 88 % yield (Scheme 2.31). Final Sonogashira alkynylation with trimethylsilyl 

acetylene followed immediately by fluoride mediated desilylation afforded alkyne 2.142 

quantitatively which was confimed by 1H NMR spectroscopy. The data obtained was 

consisted with that reported in the literature.72 
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Scheme 2.31. Synthesis of terminal alkyne 2.142. 

Reagents and conditions: a) KOH, I2, DMF, 1 h, 92 %; b) Boc2O, DMAP, CH2Cl2, 30 min, 88 %; c) i. Et3N, 
Pd(PPh3)2Cl2, CuI, TMSA, 60 ° C, 2 h; ii. TBAF, THF, 20 min, quant. 

 

Having obtained terminal alkyne 2.142, subsequent hydroamidation using the same method 

used previously with primary amide 2.48 was attempted and afforded enamide ester 2.145 in 

14 % yield (Scheme 2.32). Resonances at 6.06 and 7.04 ppm in the 1H NMR spectrum, with 

coupling constants of 9.0 Hz, confirmed the presence of the cis-enamide in addition to the loss 

of the signal at 3.25 ppm, arising from the alkyne hydrogen in the starting material 2.142. 

Similar to the previous case (Section 2.9.1), any enyne side-product was able to be easily 

separated from cis-enamide 2.145 by silica gel chromatography. To prepare a model 

tri-amide, ester 2.145 was reacted with (S)-2-aminopropanamide hydrochloride 2.140 and 

triethylamine in anhydrous methanol for 120 hours giving tri-amide 2.146 in an un-optimised 

37 % yield (Scheme 2.32). Confirmation of the successful formation of the product 2.146 was 

again achieved by observation of the cis-enamide signals in the 1H NMR spectrum at 6.07 and 

6.97 ppm. The molecular formula C20H24N4O5Na was confirmed by the molecular 

ion (MNa+) having a measured molecular weight of 423.1624 in the mass spectrum. 

Numerous attempts were then made to remove the N-Boc protecting group both at the ester 

stage 2.145 and the coupled tri-amide stage 2.146. 

 

Scheme 2.32. Hydroamidation to form and ester displacement of N-Boc enamide 2.145. 

Reagents and conditions: a) 2.48, [(cod)Ru(met)2], dcypb, Yb(OTf)3, DMF, 60 ° C, 6 h, 14 %; b) 2.140, 
Et3N, MeOH, r.t., 120 h, 37 %. 

 

Commonly used methods to remove N-Boc protecting groups include the use of acids such a 

trifluoroacetic acid and hydrochloric acid.73 Initial attempts to remove such a protecting group 
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on the ester 2.145 employed trifluoroacetic acid in dichloromethane (Table 2.7, Entry 1) which 

did not result in any reation, or a mixture of trifluoroacetic acid, triisopropyl silane and water 

for up to 1 hour (Table 2.7, Entry 2) which resulted in decomposition. Additional attempts 

were made on tri-amide 2.146. The use of trimethylsilyl iodide (Table 2.7, Entry 3),74 sodium 

methoxide in methanol (Table 2.7, Entry 4)73 or hydrogen chloride in 

dioxane (Table 2.7, Entry 5)75 all resulted in decomposition. In particular, the enamide 

fragment was no longer observable in the 1H NMR spectrum of any of the crude products. 

 

Table 2.7. Attempted N-Boc deprotection of enamides 4.145 and 4.146. 

 

 

 

Entry Conditions Temp. Time Result 

Ester (2.145  2.130) 

1 TFA, CH2Cl2 0 °C 1 h No Reaction 

2 TFA, TIS, H2O (95:2.5:2.5) r.t. 20 min Decomposition 

Amide (2.146  2.147) 

3 TMSI (1.30 eq.), CH3CN 0 °C 2 h Decomposition 

4 NaOMe/MeOH (0.20 eq.), MeOH r.t. 50 h Decomposition 

5 HCl:dioxane (4 mol L-1, 0.13 eq.) 0 °C  r.t. 2 h Decomposition 

 

With all attempts at N-Boc deprotection unsuccessful, it was again decided to use an 

alternative protecting group. 
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2.9.3 Protection Strategy Three - 4-Toluenesulfonyl (Ts) 

With the first two protection strategies undesirable, the use of the N-Ts protecting 

group, which was used successfully during the Parsons et al.52 synthesis of 

kottamide E 2.64, was lastly employed. Because N-Ts protection was used in the 

Parsons et al.52 total synthesis of kottamide E 2.64, it was postulated that such protection and 

deprotection would easily be achieved. As such, in addition to a non-brominated substrate 

being synthesised as a test analogous to the previous two protecting groups, a 5,6-dibromo 

substrate was also synthesised as this pattern of bromine substitution is present in the natural 

product. In a similar fashion to the N-Boc strategy, N-Ts protected alkynes 2.148 and 2.149 

were generated via several steps (Scheme 2.33). Iodides 2.150 and 2.151 were synthesised 

using the same procedure as in Section 2.9.2 but were not isolated with subsequent N-Ts 

protection using 4-toluenesulfonyl chloride, tetra-n-butylammonium hydrogensulfate and 

potassium hydroxide in dichloromethane76 at room temperature for 1 hour. N-Ts protected 

iodide 2.151 was confirmed by both 1H and 13C NMR spectroscopy. Singlets at 7.63, 7.65 and 

8.28 ppm confirmed disubstitution of the aromatic ring and doublets at 7.29 and 7.76 ppm 

arised from the tosyl group aromatic ring. The measured weight of the molecular 

ion (MNa+) was 575.7749 which was consistent with the molecular formula 

C15H10Br2INO2SNa. Further Sonogashira alkynylation using trimethylsilyl acetylene 

following again by fluoride mediated desilylation77 afforded alkynes 2.148 and 2.149 in 52 and 

98 % yield respectively. The terminal alkyne hydrogen signals were present at 3.26 and 

3.27 ppm respectively in the 1H NMR spectrum. 

 

Scheme 2.33. Synthesis of terminal alkynes 2.148 and 2.149. 

Reagents and conditions: a) KOH, I2, DMF, 1 h; b) p-TsCl, KOH, n-Bu4NHSO4, r.t., 30 min; 2.150 60 %, 
2.151 73 % c) i. Et3N, Pd(PPh3)2Cl2, CuI, TMSA, r.t., 12 h; ii. TBAF, THF, 1 h, 2.148 52 %, 2.149 98 %. 

 

The hydroamidation reaction was again repeated using the same conditions used 

previously (Section 2.8) however using N-Ts protected indole alkynes 2.148 and 2.149 as 

substrates. Pleasingly, N-Ts protected enamides 2.152 and 2.153 were obtained after 
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purification by silica gel chromatography without any side-product contamination however 

in low 11 % and 12 % yields respectively (Scheme 2.34). The presence of cis-enamides 2.152 

and 2.153 was established by NMR spectroscopy and mass spectrometry. The characteristic 

cis-alkene signals were observed in the 1H NMR spectrum at 5.99 and 7.05 ppm for 2.152 and 

5.86 and 7.05 ppm for 2.153. Each of these signals had coupling constants of 9.0 Hz which 

indicates cis geometry about the double bond. Additionally, signals of 103.9 and 122.3 ppm 

arise from the carbon atoms of the cis-alkene in 2.152 as well as 102.6 and 123.0 ppm arising 

from the same in 2.153. Appearance of a triplet at 1.42 and 1.43 ppm respectively and a quartet 

at 4.42 and 4.43 ppm respectively confirmed the existence of the ethyl ester in both 

compounds. Further analysis by mass spectrometry confirmed both 2.152 and 2.153 having 

measured molecular weights of the molecular ions (MNa+) of 435.0996 and (MH+) of 568.9358 

respectively. These confirmed the respective molecular formulae C21H20N2O5SNa and 

C21H19Br2N2O5S. 

 

Scheme 2.34. Hydroamidation to form N-Ts cis-enamides 1.152 and 2.153. 

Reagents and conditions: a) 2.48, [(cod)Ru(met)2], dcypb, Yb(OTf)3, DMF, 60 ° C, 6 h, 2.152 11 %, 
2.153 12 %. 

 

During the Parsons et al.52 total synthesis of kottamide E 2.64, the authors reported a one-pot 

N-Ts deprotection and ester hydrolysis of the methyl ester equivalent of ethyl ester 2.153. As 

it was required at a later stage to hydroylse ester 2.153 to the corresponding carboxylic 

acid 2.79 it was thought that such a one-pot transformation would allow N-Ts deprotection 

and ester hydrolysis at this point during the synthesis. The attempt was first made on the 

previously synthesised non-brominated N-Ts ester 2.152 using the literature procedure.52 

Ester 2.152 was dissolved in a mixture of tetrahydrofuran and methanol (1:1) and aqueous 

sodium hydroxide (1 mol L-1) was added and the resulting mixture was stirred at room 

temperature whilst being monitored by TLC (Table 2.8). The reaction was quenched after 

4 hours (Table 2.8, Entry 1) after there was no change seen on the TLC however upon 

inspection of the 1H NMR spectrum of the crude mixture it was found that decomposition had 
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occurred with no cis-enamide being visible. A shorter reaction time of 

2 hours (Table 2.8, Entry 2) still gave the same result as did reducing the eqivalents of sodium 

hydroxide used (Table 2.8, Entry 3). A reaction time of 1 hour however did successfully result 

in ester hydrolysis however the N-Ts group remained in place. (Table 2.8, Entry 4). The ester 

hydrolysis was confirmed by loss of the ethyl ester fragment (1.42 and 4.42 ppm) which was 

present in the 1H NMR spectrum of ester 2.152. Unfortunately, when these conditions were 

repeated on dibromo ester 2.153 (Table 2.8, Entry 5) it resulted in decomposition with 

no cis-enamide observed in the 1H NMR spectrum of the crude product. 

 

Table 2.8. Attempted one-pot N-Ts deprotection and ester hydrolysis of cis-enamides 2.152 and 2.153. 

 

 
 

Entry Substrate Conditions Temp. Time (h) Result 

1 2.152 
NaOH (15 eq.), THF 

MeOH 
r.t. 4 Decomposition 

2 2.152 
NaOH (15 eq.), THF 

MeOH 
r.t. 2 Decomposition 

3 2.152 
NaOH (10 eq.), THF 

MeOH 
r.t. 2 Decomposition 

4 2.152 
NaOH (10 eq.), THF 

MeOH 
r.t. 1 

Hydrolysis 
Successful 

Deprotection 
Unsuccessful 

5 2.153 
NaOH (10 eq.), THF 

MeOH 
r.t. 1.5 Decomposition 

 

The results obtained were disappointing as it was thought that there should be very little to 

no difference in reactivity towards the hydrolysis between the literature methyl ester and the 

ethyl ester 2.153 used. Even though the ester was able to be removed 

successfully (Table 2.8, Entry 4), the N-Ts deprotection was unable to be achieved using this 

one-pot method. Therefore, similar to the N-SEM and N-Boc strategies, it was decided to 
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generate a model adduct 2.155 (Scheme 2.35) again using a displacement reaction between 

N-Ts protected enamide ester 2.152 and (S)-2-aminopropanamide hydrochloride 2.140 to use 

as a means to again test deprotection. 

 

Analogous to the aforementioned protecting groups, the reaction proceeded smoothly by 

stirring ester 2.152 with (S)-2-aminopropanamide hydrochloride 2.140 in methanol with 

triethylamine for 120 hours with desired adduct 2.155 being obtained in 63 % yield after silica 

gel chromatography (Scheme 2.35). Confirmation of the formation of 2.155 was achieved 

using both 1H and 13C NMR spectroscopy as well as mass spectrometric and optical rotation 

analysis. The appending of amide 2.140 was seen by the appearance of NH signals (5.59, 6.09 

and 7.82 ppm) in the 1H NMR spectrum as well as a signal at 4.53 ppm for the new sterogenic 

centre. The new chiral carbon resonance was seen at 49.2 ppm in the 13C NMR spectrum. 2.155 

had a measured optical rotation of -45.833 at 25 ° C on the sodium D line at 589 nm. 

 

Scheme 2.35. Ester displacement of N-Ts enamide 2.152 to form 2.155. 

Reagents and conditions: a) 2.140, Et3N, MeOH, r.t., 120 h, 63 %. 

 

Subsequent attempts at the deprotection of the N-Ts group were received with mixed 

results (Table 2.9). Common methods for such indole N-Ts deprotections include reduction 

using alkali metals in liquid ammonia,78 sodium naphthalenide,79 strong acids and 

bases (trifluoromethanesulfonic acid, sodium hydroxide and potassium hydroxide)80,81 

attempted previously and tetra-n-butylammonium fluoride in refluxing solvents.82 Many of 

these were considered harsh for enamide substrates and thus milder conditions were sought. 

 

Initial efforts followed literature reported methods using mild deprotection conditions in 

order to attempt to protect the fragile enamide fragment. Mild base induced deprotection was 

first attempted using caesium carbonate in a mixture of methanol and tetrahydrofuran as it 

was reported that such conditions worked well to remove the N-Ts group from a range of 
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indole substrates including those which contained an olefin-containing substituent at the 

C-3 position.82 Reaction of N-Ts protected compound 2.155 with caesium carbonate in 

methanol and tetrahydrofuran with varying equivalents of base ranging from 3 to 6 and at 

temperatures ranging from room temperature to reflux (Table 2.9, Entries 1-4) either resulted 

in returned starting materials for those in methanol and tetrahydrofuran or decomposition 

when in methanol alone, based upon inspection of the crude 1H NMR spectrum. 

Alternatively, the use of the dilithium salt of thioglycolic acid in N,N-dimethylformamide83 

was then employed at room temperature for 4 hours as well as potassium hydroxide81 in 

tetrahydrofuran for 120 hours (Table 2.9, Entries 5-6) however only starting material was 

recovered in both cases, again confirmed by 1H NMR. Following these unsuccessful 

attempts, it was pleasing to see the reaction of 2.155 with sodium methoxide32 in methanol 

and tetrahydrofuran (Table 2.9, Entry 8) give rise to deprotected indole 2.156 in 35 % yield 

after a short reaction time of 2 hours. Successful N-Ts deprotection was confirmed by 1H NMR 

spectroscopy. Complete disappearance of the signals arising from the tosyl group was 

observed complimentary to an additional NH resonance. The molecular formula 

C15H16N4O3Na corresponds to the measured molecular weight of the molecular ion (MNa+) of 

323.1110. It was interesting to observe however that, even when employing the same 

conditions, a longer reaction time of 15 hours failed to bring about any reaction giving only 

returned starting material (Table 2.9, Entry 7). 
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Table 2.9. Attempted N-Ts deprotection of cis-enamide 2.155. 

 

 

 

Entry Conditions Temp. Time Result 

1 Cs2CO3 (6 eq.), MeOH:THF (1:1.5) r.t. 4 h Returned SM 

2 Cs2CO3 (3 eq.), MeOH:THF (1:1.5) r.t. 12 h Returned SM 

3 Cs2CO3 (3 eq.), MeOH:THF (1:1.5) Reflux 30 min Returned SM 

4 Cs2CO3 (3 eq.), MeOH 50 °C 17 h Decomposition 

5 
LiOH (4 eq.), HSCH2CO2H (1.20 eq.) 

DMF 
r.t. 4 h Returned SM 

6 KOH (5 eq.), THF r.t. 120 h Returned SM 

7 NaOMe/MeOH (9 eq.), THF 0 °C  r.t. 15 h Returned SM 

8 NaOMe/MeOH (9 eq.) , THF 0 °C  r.t. 2 h 35 % 

 

Following the successful removal of the N-Ts group from compound 2.155, the synthesis of 

several additional analogues was achieved in order to determine the reproducibility of the 

deprotection conditions found. 

 

2.9.3.1 Synthesis of Further Analogues for Assessment of N-Ts 

Deprotection Conditions 

The use of the simple amino amide 2-aminoacetamide hydrochloride 2.157 in an ester 

displacement reaction between N-Ts protected ester 2.152 was next attempted. Therefore, to a 

solution of ester 2.152 in methanol was added 2-aminoacetamide hydrochloride 2.157 and 

triethylamine and the mixture was stired for 120 hours. Following purification by silica gel 

chromatography, tri-amide 2.158 was obtained in 60 % yield (Scheme 2.36). Similar to 

cis-enamides obtained previously, 1H NMR signals at 6.00 and 6.99 ppm arise from the alkene 
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hydrogens. Successful formation of the new amide bond was confirmed by loss of the ethyl 

ester fragment and appearance of additional NH signals in the 1H NMR spectrum. Also, the 

methylene fragment in 2.158 gave rise to a signal at 4.08 ppm in the 1H NMR spectrum and at 

43.0 ppm in the 13C NMR spectrum. 

 

Scheme 2.36. Ester displacement of N-Ts enamide 2.152 with 2-aminoacetamide hydrochloride 2.157. 

Reagents and conditions: a) 2.157, Et3N, MeOH, r.t., 120 h, 60 %. 

 

Additionally, ester 2.152 was also reacted with (S)-2-amino-4-(methylthio)butanamide 

hydrochloride 2.159 using the same conditions and following silica gel chromatography gave 

tri-amide 2.160 in a slightly lower 58 % yield (Scheme 2.37). Confirmation of the 

product 2.160 was accomplished by the appearance of additional NH signals in the 1H NMR 

spectrum in addition to signals at 2.09 and 2.59 ppm, collectively integrating for 7 hydrogen 

atoms, corresponding to the ethyl methylsulfide fragment. Optical rotation analysis gave a 

value of -1.087 at 25 ° C on the sodium D line at 589 nm. 

 

Scheme 2.37. Ester displacement of N-Ts enamide 2.152 with (S)-2-amino-4-(methylthio)butanamide 
hydrochloride 2.159. 

Reagents and conditions: a) 2.159, Et3N, MeOH, r.t., 120 h, 58 %. 

 

Unfortunately, when both N-Ts protected compounds 2.158 and 2.160 were subjected to 

NaOMe/MeOH in tetrahydrofuran, the same deprotection conditions found to successfully 

remove the N-Ts group from compound 2.155, no deprotection was observed with only 

starting material being returned. 
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After attempting the use of various protecting groups for the indole nitrogen 

including N-SEM, N-Boc and N-Ts, it was found that, despite their relative common use as 

protecting groups for indoles, the removal of such groups during the later stages of synthesis 

was problematic, especially for the N-SEM and N-Boc groups. The non-reproducible 

deprotection of the N-Ts group from indole enamide compounds prompted a review of the 

possible route to the desired N-unprotected compounds. Based on initial studies using 

unprotected indoles during hydroamidation reactions, even though there were considerable 

amounts of by-products obtained with the enamides after purification, it was decided to 

re-visit this route as it was convincible that such by-products could be removed in synthetic 

steps following the hydroamidation reaction. The decision to abandon the use of protecting 

groups would also be seen as beneficial as it would remove at least two additional steps from 

the synthetic route, both protection and deprotection. If successful, this would also improve 

on the previously reported route to kottamide E 2.64 during which N-protection was used. 

 

2.10 Revisiting N-H Indoles: The Synthesis of Ethyl (Z)-2-((2-(5,6-dibromo-1H-

indol-3-yl)vinyl)amino)-2-oxoacetate 2.86 

Following the unsuccessful use of indole protecting groups, it was decided to complete the 

synthesis of the enamide ester ethyl (Z)-2-((2-(5,6-dibromo-1H-indol-3-yl)vinyl)amino)-2-

oxoacetate 2.86, required for kottamide E 2.64, following the intital protocol using no 

protecting groups on the indole nitrogen (Section 2.7.2). Even though this route resulted in 

difficult to purify products, it was envisaged that later stage purification would remove such 

impurities and it would remove the necessity of using protecting groups which added to the 

inefficiency of synthetic steps. 

 

Following the extensively used ruthenium-catalysed hydroamidation procedure, 5,6-

dibromo-3-ethynyl-1H-indole 2.81, ethyl 2-amino-2-oxoacetate 2.48, bis(2-

methylallyl)cycloocta-1,5-diene ruthenium(II), ytterbium trifluoromethanesulfonate and 1,4-

bis(dicyclohexylphosphino)butane were reacted under previously used 

conditions (Scheme 2.38). Following basic workup and purification by silica gel 

chromatography the desired enamide 2.86 was obtained in 22 % yield, again as an inseparable 

mixture with the enyne side-product 2.161 (Figure 2.18).  
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Scheme 2.38. Ruthenium-catalysed hydroamidation using 5,6-dibromo-3-ethynyl-1H-indole 2.81. 

Reagents and conditions: a) [(cod)Ru(met)2], dcypb, Yb(OTf)3, DMF, 60 ° C, 6 h, 22 % (impure). 

 

 

 

 

 

Figure 2.18. 1H NMR spectrum (1.0-9.0 ppm) of a sample of material containing cis-enamide 2.86 post 
silica gel chromatography and showing possible trans-enyne impurity 2.161 and other unknown 
impurities. Resonances indicated by a number are from the product 2.86 and show the integration and 
those indicated by † arise from trans-enyne 2.161. 

 

Again, despite numerous attempts at this reaction and the same at purification, the enyne was 

unable to be completely removed from fractions containing the desired cis-enamide 2.86. The 

crude reaction mixture was therefore used directly in the subsequent step. 
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2.10.1 Coupling of Enamide and Amino Amide Fragments – Attempted Synthesis 

of Kottamide E 2.64 

Having obtained N-unprotected 5,6-dibromo enamide ester 2.86 and Adt derivative, amino 

amide 2.80, coupling of the two via carboxylic acid intermediate 2.79 was postulated to give 

rise to kottamide E 2.64 (Scheme 2.39). 

 

Scheme 2.39. Reaction scheme envisaged to give rise to kottamide E 2.64 following hydrolysis of ester 
2.86 and subsequent peptide coupling of acid 2.79. 

 

Ester 2.86 was subjected to basic hydrolysis conditions by dissolution in tetrahydrofuran and 

methanol and addition of aqueous sodium hydroxide dropwise (Scheme 2.40). Monitoring of 

the reaction by TLC was critical as the ester cleavage was seen to occur rapidly. It was known 

that a prolonged reaction time may lead to unwanted cleavage of the enamide system as seen 

in numerous attempts at one-pot deprotection and hydrolysis reported 

previously (Section 2.9.3). 

 

Scheme 2.40. Hydrolysis of cis-enamide ester 2.86. 

Reagents and conditions: a) NaOH, THF, MeOH, r.t., 1 h, quant. (impure). 
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Upon completion, the reaction mixture was diluted with diethyl ether and a small amount of 

water. For ease of separation of any undesirable by-products and the desired carboxylic acid 

product it was decided to separate the organic and aqueous layers before acidification as all 

of the unwanted by-products were thought to be able to be removed in the organic layer and 

only the polar carboxylate ion of acid 2.79 would be retained in the aqueous layer. At this 

point, it was foreseen to have the trans-enyne 2.161 removed. Subsequent acidification of the 

aqueous phase using hydrochloric acid would result in the precipitation of carboxylic 

acid 2.79 which would be recovered by filtration. 

 

Inspection of the 1H NMR spectrum of carboxylic acid 2.79 following this procedure however 

still showed some by-product contamination including that of the trans-enyne 2.161. The 

perceived difficulty of further purification of the acid 2.79 by silica gel chromatography 

provoked the direct use of this impure material in the subsequent reaction. 
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2.10.2 Amide Bond Formation 

The final step in the total synthesis of kottamide E 2.64 would consist of an amide bond 

formation step (Scheme 2.41) between N-unprotected 5,6-dibromo enamide acid 2.79 and Adt 

derivative, amino amide 2.80. 

 

Scheme 2.41. Plausible mechanism of amide bond formation postulated to occur during the synthesis 
of kottamide E 2.64. 

 

Such coupling reactions are fundamentally important in synthetic organic chemistry and 

provide a relatively straightforward route to the synthesis of amides. Although these 

transformations can be perfomed simply with the two substrates, a carboxylic acid and 
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amine, with no additional additives, doing such is often confounded by low reactivity due to 

deactivation of the carboxylic acid by the amine and a high temperature is often required to 

drive the elimination of water and thus shift the equilibrium towards the product.60 

Alternatively, activation of the carboxylic acid substrate is a much more common practice 

particularly within the realm of peptide synthesis. Simply put, the initial phase of a reaction 

involving the installation of a new amide bond is to activate the carboxylic acid thus allowing 

it to become a better electrophile. Common methods include the use of acid 

chlorides, anhydrides and coupling agents such as N,N,N′,N′-tetramethyl-O-(1H-

benzotriazol-1-yl)uronium hexafluorophosphate (HBTU) and carbonyldiimidazole (CDI).60 

 

With acid 2.79 prepared, it was then coupled to amide 2.80 (Scheme 2.42). Therefore, to a 

stirring solution of crude carboxylic acid 2.79 in N,N-dimethylformamide was added HBTU 

and the mixture stirred at room temperature for 30 mins. During this time a separate flask 

was prepared to which triethylamine was added to Adt derivative 2.80 in 

N,N-dimethylformamide under nitrogen. After 30 mins the N,N-dimethylformamide solution 

of Adt derivative 2.80 was added dropwise to the activated carboxylic acid 2.79 and the 

reaction mixture was stirred for 20 hours at room temperature under nitrogen. The reaction 

was continually monitored by TLC. After 20 hours, the formation of a new product was 

evident by the emergence of a faint yellow spot as viewed on TLC. Upon completion of the 

reaction, the mixture was diluted with a mixture of CH3CN:H2O (1:1) and filtered throught a 

0.45µm filter to remove insoluble material. Examination of the crude material obtained from 

the reaction by 1H NMR was undertaken before any further purification was deemed 

necessary. Two different fractions were collected directly from the reaction mixture. These 

included the DMF:CH3CN:H2O filtrate and the residue that remained after the filtration 

process. The filter was washed repeatedly with MeOH in order to obtain the residue. 1H NMR 

samples were run in DMSO-d6. 

 

Upon observation of the 1H NMR spectrum of the filtrate, unreacted Adt 2.80 and a mixture 

of HBTU and the by-product HOBt were visible however there was no evidence of the 

presence of the desired product 2.64. This was confirmed by the absence of the distinctive 

cis-enamide signals which should arise within the range of 5.5-7.5 ppm. Similarly, upon 

observation of the 1H NMR spectrum of the residue, there was no evidence of the cis-enamide 
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signals, again showing trace amounts of the coupling agent and its by-product. 

Additionally, trace amounts of the trans-enyne carried forward from previous steps were 

observed in the spectrum of the crude material. 

 

Scheme 2.42. Attempted coupling between carboxylic acid 2.79 and amino amide 2.80. 

Reagents and conditions: a) DMF, HBTU, Et3N, r.t., 20 h. 

 

It was considered that activated carboxylic acids, 2.162 or 2.163, may have been susceptible to 

nucleophilic attack from the β-carbon of the enamide moiety within the same 

molecule; reactivity which was discussed previously (Section 2.2).30 Two possible pathways 

during which this may have occurred are shown in Scheme 2.43 and involve exclusivity of 

attack by either the enamide β-carbon, shown in green, or the HOBt salt, shown in blue. 

Pathway one further allows the enamide β-carbon to attack after the initial leaving group has 

been displaced from 2.162. 
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Scheme 2.43. Possible product 2.165 formed during the attempted coupling reaction to 

form kottamide E 2.64. 

 

Further electron movement through an enol tautomer of 2.164 gives rise to 2.165. A product 

of this type would be expected to be coloured which could be a plausible explanation for the 

faint yellow spot viewed on TLC. The 1H NMR spectrum of 2.165 or related structures would 

also be void of any cis-enamide type signals. An additional confounding factor to the 

successful formation of the natural product 2.64 was believed to be the steric nature of the 1,2-

dithiolane ring contained in amide 2.80. Because of these conditions, the reaction may have 

been driven to occur in such a way as described.  

 

In order to test the reactivity of amino amide 2.80, it was subjected to a coupling reaction with 

2-(1H-indol-3-yl)acetic acids 2.166-2.167 (Scheme 2.44). 2-(5-Bromo-1H-indol-3-yl)acetic 

acid 2.167 was chosen as it represented a closer analogue, containing a bromine substituent 

on the indole system. Separately, to a stirring solution of each acid in N,N-dimethylformamide 

under an atmosphere of nitrogen was added coupling agent CDI and the mixture stirred at 

room temperature for 3 hours. Following this, amide 2.80 and triethylamine were added and 



Chapter Two – Natural Product Directed Synthesis 

82 

the resulting solution stirred for 5 days. Excess N,N-dimethylformamide was then removed 

in vacuo and the residue was reconstituted in dichloromethane and water and the phases 

separated. 

 

Scheme 2.44. Model coupling between 2-(1H-indol-3-yl)acetic acids 2.166-2.167 and amino amide 2.80. 

Reagents and conditions: a) DMF, CDI, Et3N, r.t., 120 h. 

 

Unfortunately, 1H NMR analysis of the crude mixtures from both reactions was not conclusive 

showing no evidence that a successful coupling had occurred. It is suggested, due to the 

highly sterically hindered nature of the amine nitrogen in 2.80, that the reaction is unfavoured 

as the rigid 1,2-dithiolane ring may cause difficulty towards nucleophilic attack on an 

activated carboxylic acid. 
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3.1 Target Directed Synthesis 

The mechanisms and biochemical pathways involved in the initation and progression of 

human diseases are continually becoming more well known as methods and technology 

improve. This therefore presents researchers with numerous new protein targets that could 

potentially be used for the treatment of such diseases. The process of High-Throughput 

Screening (HTS) has been widely used as part of the drug discovery process and has become 

particularly commonplace over the past two decades.84 It has become a core part of the way 

that the pharmaceutical industry finds potential lead compounds for further development 

into useful pharmaceutical drugs. High-Throughput Screening involves the screening of large 

libraries of compounds against specific targets in order to find ‘hit compounds’ which show 

desired biological activities.84 This process is important in modern drug discovery as it is often 

required that many thousands or hundreds of thousands of compounds be screened in a short 

period of time. High-Throughput Screening easily allows up to 10,000 compounds per 

day (100,000 per day with Ultra High-Throughput Screening) to be run through the required 

assays.85 Such large numbers of compounds often arise from combinatorial synthesis 

approaches.  

 

3.2 Cancer 

The term cancer is a generic name for what can most easily and broadly be 

described, according to the World Health Organisation (WHO), as a group of diseases 

primarily categorised by the abnormal, often rapid growth of cells which, in many 

cases, outgrow their normal boundaries within the body.86 Cancer is prevalent throughout 

modern society and continues to become so, especially with continual advances in medicine 

around diagnostic methods and tissue analysis that now find cancerous tissues in areas of the 

body that were previously overlooked. According to the International Agency for Research 

on Cancer (IARC), amongst the major causes of cancer within the human population are 

consumption of tobacco and alcohol, exposure to other cancer-causing agents known as 

carcinogens, obesity and infections whilst the most common types of cancer diagnosed 

include cancer of the lung, breast, prostate and colorectal system.86 Approximately 14 million 

cases of cancer were reported in 2012 with over half of those patients dying as a result.86 The 

initiation and development of cancer otherwise known as carcinogenesis is a complex 

biochemical process. Under normal growth conditions within the human body, eukaryotic 

cells, in this case the parent cells, produce daughter cells through proliferation during the four 
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main stages of the cell cycle (G1, S, G2 and M) (Figure 3.1). The first three phases (G1, S and G2) 

are preparation phases after which during the final phase (M) actual cell division 

occurs. mRNA and protein synthesis occurs during the G1 and G2 phases which are separated 

during the S phase in which DNA replication occurs. During the M phase, the process of 

mitosis occurs which divides the pre-mitotic cell into two daughter cells. Cells which are not 

actively cycling through the cell cycle are able to sit in a resting phase (G0) although they are 

able to re-enter the cell cycle at any time when biochemical conditions require such. 

 

Figure 3.1. Eukaryotic cell cycle showing the four main phases (G1, S, G2 and M) and the resting 
phase (G0) (Figure reproduced from Lodish et al.).87 

 

During normal cellular growth, errors in replication are normally detected and cells are 

destroyed in a controlled manner through a regulated process known as apoptosis. Simply 

put, it is this highly regulated cell cycle that upon changes to its regulation, which most often 

occur through the form of mutations whether they arise from genetic 

inheritance, environmental factors such as those mentioned previously or through errors in 

DNA replication, results in the generation and growth of cancerous cells.88 

 

3.3 Chemotherapy 

The treatment of a large number of different types of cancers often involves the use of 

chemotherapy, a technique which began during the 1940’s and has since become the subject 

of major research initiatives in order to find more patient-friendly, more efficient and more 

cost effective anti-cancer drug solutions.89 During the early period of its conception, drugs 

that were commonly used were those such as nitrogen mustards and antifolate compounds. 
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Compounds of these classes include chlormethine 3.1 (Figure 3.2), a nitrogen mustard, which 

works by forming interstrand cross-links between DNA strands via alkylation. This is a major 

defect and effectively marks the affected cell for controlled cell death through apoptosis. 

Additionally, the folic acid antagonist methotrexate 3.2 (Figure 3.2) of the 

antifolate (antimetabolic) class works by inhibiting the enzyme dihydrofolate 

reductase (DHFR) which is responsible for tetrahydrofolate (folic acid) synthesis within the 

cell. Due to the requirement of folate within cells for the synthesis of DNA, thymidylate, 

purines and other proteins, the inhibition of DHFR becomes highly detrimental to the cells 

survival.89 

 

Figure 3.2. Early developed chemotherapeutic drugs; nitrogen mustard chlormethine 3.1 and antifolate 
agent methotrexate 3.2. 

 

A range of new compounds were discovered during the 1950’s including other 

antimetabolites such as 5-fluorouracil 3.3 and 6-mercaptopurine 3.4 which displayed 

significant anti-tumour activity (Figure 3.3).90,91 These also represent compounds still in use 

to this day. Following this, since the late 1960’s, a move occurred towards using combination 

chemotherapy which involves the use of more than one type of drug at a time in order to 

better treat patients, especially for those who do not respond to unidrug treatment. It is known 

that a combination of chemotherapeutic drugs is generally more effective towards metastatic 

cancers that have moved or started to develop in a different part of the body than where they 

were first initiated, as well as in patients, who even after surgical treatment, are seen to have 

a risk of relapse.89 Since the 1970’s, the development of other types of chemotherapeutic drugs 

has progressed at a slow but steady pace with less than 10 % of newly discovered compounds 

that were taken through the various phases of clinical trials within the 20 years between 1970 

and 1990 attaining FDA approval. Cisplatin 3.5 (Figure 3.3) was one such compound 

approved during this period and has had success in the treatment of many cancers, including 

testicular cancer.89 
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Figure 3.3. Chemotherapeutic agents; 5-fluorouracil 3.3, 6-mercaptopurine 3.4 and cisplatin 3.5. 

 

During recent years there have been many compounds of different structural types than those 

mentioned earlier isolated or synthesised, evaluated for anti-cancer activity and therefore 

having the potential to be used as chemotherapeutic drugs. These include an abundance of 

compounds containing the β-carboline scaffold which have shown either anti-cancer activity 

on their own or increased activity when combined with other compounds. The naturally 

occurring β-carboline harmine 3.6 was shown to have suppressive effects on the cardiotoxicity 

of the well-known chemotherapeutic agent doxorubicin 3.7 as it promoted cell death when 

non-toxic concentrations of doxorubicin 3.7 were used (Figure 3.4).92 This represents a 

promising example of combination chemotherapy. 
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Furthermore, the analogue 3.8 (Figure 3.4) derived from harmine 3.6 has been shown to inhibit 

protein synthesis processes within cancer cells.93 These include oligodendroglioma 

HS-683, melanoma SKMEL-28, breast adenocarcinoma MDA-MB-231, skin fibroblasts NHDF 

and lung fibroblasts NHLF.93 This mechanism of action is through translation inhibition and 

is a relatively new area of research which shows promising results for the future development 

of other chemotherapeutic drugs. Structure-activity relationships have been determined 

through extensive research on the β-carboline scaffold such that substituents occupying 

certain positions on the molecule have been found to provide increased activity of respective 

analogues.94 

 

Figure 3.4. β-Carboline compound harmine 3.6, protein synthesis inhibitor 3.8 and well-known 
chemotherapeutic drug doxorubicin 3.7. 

 

It has been found that variations at the positions R1, R2 and R3 (Figure 3.5) are particularly 

important in affecting the activity of these compounds. An alkoxy substituent at the R1 

position was found to increase cytotoxic activity which is shown by the methoxy group 

present in harmine 3.6 and its respective activity. It was also found that substituents, including 

alkyl groups, present at both the R2 and R3 positions also resulted in analogues with much 

higher anti-tumour activity in vivo.94 

 

Figure 3.5. Important sites on the β-carboline scaffold as determined by structure-activity 
relationships.94 
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3.4 Phospholipids and Phospholipases 

In addition to their role in providing cellular structure and integrity functions, phospholipids 

provide a source for a range of small molecules which are important for cellular regulation 

and play a role in biochemical pathways (Figure 3.6). Importantly, such small molecules act 

as intracellular secondary messengers within signal transduction pathways which are 

responsible for the downstream regulation of other enzymes which have further biochemical 

effects including influencing the progression and regulation of cancer.95 

 

Figure 3.6. Broad schematic of cell signalling pathways involving phospholipids (Figure reproduced 
from Park et al.).95 

 

Phospholipids themselves form the main structural element of the cell membrane and have a 

general structure consisting of two hydrophobic fatty acid ‘tails’ bound to the sn-1 and sn-2 

positions of a glycerol linker and a phosphate ‘head’ group which is hydrophilic at the sn-3 

position (Figure 3.7).96 This type in particular is known as a phosphoglyceride. The phosphate 

groups can be further substituted with numerous molecules such as choline, inositol and 

serine amongst others leading to phosphotidylcholine (PC), phosphatidylinositol (PI) and 

phosphotidylserine (PS) type phospholipids respectively, all of which are important in signal 
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transduction pathways.97 Phospholipases are cellular enzymes which are responsible for the 

cleavage of phospholipids into the corresponding fatty acids and additional small molecules. 

 

3.4.1 Phospholipases 

Phospholipases can be organised into a number of classes depending on their mechanism of 

action (Figure 3.7). Phospholipases A (PLA1 and PLA2) are responsible for the cleavage of 

phospholipids at the acyl ester bond (RCO-OR) at both the sn-1 and sn-2 positions respectively 

of the glycerol linker. Similiarly, phospholipase B (PLB) is responsible for the cleavage of 

phospholipids at both positions effected by PLA enzymes. Phospholipase C (PLC) acts upon 

the phosphodiester bond and is responsible for the cleavage of phospholipids at the 

glycerol-phosphate bond (RO-PO3) at the sn-3 position of the glycerol linker. 

Phospholipase D (PLD) also acts upon the phosphodiesster bond but is responsible for 

cleavage of phospholipids at the phosphate-head group bond (O3P-OR). 

 

Figure 3.7. Sites of action of phospholipases showing the general structure of a phospholipid with the 
glycerol linker shown in blue (R1 = R2 = long-chain fatty residue, R3 = head group, sn-1-3 = glycerol 
carbon atom positions). 

 

3.4.2 Phosphatidylcholine-Specific Phospholipase C 

One particular subclass of phospholipase C is phosphatidylcholine-specific 

phospholipase C (PC-PLC) which hydrolyses the phospholipid phosphatidylcholine 

3.9 (Scheme 3.1) into the small molecule phosphocholine (PCho) 3.10 and a 1,2-diacylglycerol 

(DAG) 3.11 component through cleavage at the glycerol-phosphate bond (RO-PO3).98 

 

Scheme 3.1. Action of PC-PLC on a generic phosphatidylcholine 3.9 giving rise to phosphocholine 3.10 
and the corresponding 1,2-diacylglycerol 3.11. 
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PC-PLC has been reported to be involved in numerous cellular regulatory pathways including 

regulation of the cell cycle, cellular response to mitogens, apoptosis, oncogene-driven cell 

signalling, progression of tumours and in differentiation of tumours from non-turmoural 

cells.98 Higher levels of phosphocholine are often detected in cancerous cells which can 

originate either from its biosynthesis via increased activity of choline kinase or the action of 

PC-PLC, of which it has been reported that up to 50 % of free phosphocholine in ovarian and 

breast cancer cells is derived from the latter origin.98 In this respect, the development of 

inhibitors of the PC-PLC enzyme has become an emerging area of research for the discovery 

of anti-cancer drugs. 

 

3.4.3 PC-PLC Structure 

Unfortunately, to date, there is no absolute data on the structure of the mammalian PC-PLC 

enzyme as it has not been well characterised.99 It is however, structurally similar to a bacterial 

form of the enzyme obtained from the bacterium Bacillus cereus, normally given the notation 

PC-PLCBC, making the PC-PLCBC enzyme ideal to use as a model system. The 

three-dimentional structure of PC-PLCBC was solved in 1989 by Hough et al.100 at a resolution 

of 1.5 Å. Through the technique of X-ray crystallography, it was found to contain 245 amino 

acid residues and is a 28.5 kDa protein consisting of 10 α-helcies packed into a single domain. 

The active site of the enzyme is found within a cleft which is 5 Å wide and 8 Å deep and 

contains three binding sites for zinc (Zn2+) ions.99 The importance of the presence of the zinc 

ions is established in the fact that they play a role in coordination between separate parts of 

the primary structure.99 The molecular surface has been described as smooth and contains 

residues of acidic, basic and neutral character which are evenly dispersed throughout with an 

exception being the areas immediately around the active site. Some amino acid residues 

within the active site of the PC-PLCBC enzyme can be defined as being acidic in nature, as 

defined by a region containing the amino acids Glu-4, Asp-55, Tyr-56 and Glu-146 which lies 

towards one end of the active site.100 Furthermore, the amino acids Ser-64, Thr-65, Phe-66, 

Ile-80, Thr-133, Asn-134, Leu-135 and Ser-143 populate the remainder of the active site.100 

Studies into the active site have suggested that the zinc ions also play an essential role in 

binding of the substrate and may also play a part in the catalytic process.99,100 There have been 

studies performed on an enzyme-substrate complex by Hansen et al.99 in 1993 which show the 

interactions present within the active site when a non-hydrolysable PC analogue is introduced 

into the PC-PLCBC enzyme (Figure 3.8). 
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Figure 3.8. A non-hydrolysable PC analogue shown in purple showing the proximity of important 
amino acid residues and hydrogen bonding interactions within the enzyme active site of PC-PLCBC.101 

 

Amino acid residues of importance include Tyr-56, Phe-66, Glu-4 and Asn-134 with the first 

three showing very close proximity to the choline head group of the molecule and the latter 

showing hydrogen bonding interactions with the carbonyl group of the fatty acid fragment at 

the sn-2 position. The aromatic side chain of Tyr-56 is proposed to help stabilise the charge on 

the choline head group due to it being a distance of 4.9 Å away from the centre of the aromatic 

system of Tyr-56. Also, a cation (R-NCH3+) to π interaction is responsible for the association 

of Phe-66 with the head group, with the centre of this residues’ aromatic system being only 

4.2 Å away from the head group. Additionally, the Glu-4 residue is involved in an ionic 

interaction that serves to stabilise the positive charge on the choline head group being 4.8 Å 

away from the carboxylate fragment of Glu-4.101 
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3.4.4 PC-PLC Inhibitors 

Inhibitors of PC-PLC are not very well established and at this point comprise very few 

compounds. One such compound, known as D609 3.12 (Figure 3.9), is an inhibitor of PC-PLC 

and also acts on several other enzymes indirectly related to the activity of PC-PLC including 

sphingomyelin synthase which regulates 1,2-diacylglycerol.102 

 

Figure 3.9. D609 3.12; a known inhibitor of PC-PLC. 

 

Due to its inhibition of PC-PLC activity, D609 3.12 has numerous downstream effects 

including suppression of HIF-1α after stroke, which is a transcription factor that is activated 

in hypoxic environments typically occurring within cancerous tissue.102 

Additonally, D609 3.12 is responsible for induction of changes in cellular morphology of 

breast cancer cells and inhibition of growth of the same, as well as reduction of tumour growth 

of ovarian cancer.103,98 After initial virtual screening in order to find other molecules which 

could act as inhibitors of PC-PLCBC, virtual High-Throughput Screening work using 

PC-PLCBC as a model system undertaken by Eurtivong et al. (unpublished) gave pleasing 

results. During this study it was found that compounds containing the 2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylic acid structural motif, such as carboxylic 

acid 3.13 (Figure 3.10), were found to be successful virtual hits along with structurally 

different 3-[(4-cyclohexylphenyl)sulfonamido]benzoic acid 3.14. 

 

Figure 3.10. PC-PLCBC inhibitor hit compounds, carboxylic acids 3.13 and 3.15 and sulfonamide 3.14. 
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Further biological evaluation of carboxylic acid 3.13, focusing on inhibition activity using the 

Amplex Red assay (outlined in Chapter 4), gave moderately good results showing a decrease 

in PC-PLCBC activity by 30 %. 

 

As previously determined by molecular modelling and X-ray crystallographic studies100, the 

presence of a zinc atom within the active site of the enzyme necessitates the need for a binding 

group from the desired substrate. In this case, the presence of a xanthate group in D609 3.12 

and chemically similar carboxylic acid groups in compounds 3.13 and 3.15 serve such a 

purpose. The activity of these inhibitors was shown to be promising with an 

analogue, 3.15 (Figure 3.10), of compound 3.13 showing potent IC50 activity of 8.02 µM, a 

value comparible with D609 3.12. 
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3.5 Synthetic Objectives 

Due to these previous findings, it was decided to synthesise a library of analogues based upon 

the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid structure (Figure 3.11). The 

library of analogues would include a range of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole 

carboxylic acids 3.16 and methyl carboxylates 3.17 derived from enantiopure tryptophan, or 

tryptophan methyl ester, and aldehydes. The corresponding methyl 9H-pyrido[3,4-b]indole-

3-carboxylates 3.18, which would be obtained from oxidation of the tetrahydropyridine 

ring, would also be explored. Futhermore, the oxidised esters would be hydrolysed, giving 

rise to additional analogues of the oxidised carboxylic acid variety, 3.19. Following the 

successful synthesis of such derivatives, a combination of molecular modelling and biological 

evaluation would aim to determine analogues with potential biological activity. 

 

Figure 3.11. Proposed analogues - 2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 3.16, 
methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 3.17, methyl 9H-pyrido[3,4-b]indole-
3-carboxylates 3.18 and 9H-pyrido[3,4-b]indole-3-carboxylic acids 3.19. 
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3.6 Synthesis of 2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indole Derivatives 

The Pictet-Spengler reaction allows simple and efficient access to tetrahydroisoquinolines and 

2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles, 3.16-3.17, the latter of which is of interest in this 

case, by utilising the reaction of β-arylethylamines or tryptamines respectively with aldehydes 

or ketones as substrates (Scheme 3.2).104 

 

Scheme 3.2. Generic Pictet-Spengler reaction of tryptamine derivatives with aldehydes to give 
substituted 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles, 3.16-3.17. 

 

As such, this method was employed to synthesise a library of analogues composed initially of 

substituted 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole derivatives 3.16-3.17. As the presence of 

a carboxylic acid or ester substituent was required at the C-3 position on the heterocyclic 

scaffold (Scheme 3.2), as discussed previously (Sections 3.43 and 3.44), enantiopure 

tryptophans or tryptophan methyl esters would be used as the chiral pool starting 

materials, which would additionally allow for the control of the chirality at the C-3 position. 

 

Mechanistically, the Pictet-Spengler reaction follows a number of steps which firstly involves 

the generation of an imine, via standard conditions, through nucleophilic attack of the 

tryptamine nitrogen onto the carbonyl group of the added aldehyde followed by proton 

transfer and loss of water (Figure 3.3). Subsequent protonation of the imine nitrogen results 

in an unstable species which decomposes via two known pathways. Pathway one, shown in 

blue, involves nucleophilic attack from the C-3 position to the electrophilic imine carbon 

giving rise to a spiroindolenine. Neutralisation of the residual charge occurs via breakage of 

the spiro system and saturation of the pyrrole ring giving a rearranged carbocation and 

subsequently the desired 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole product.105,106 

Alternatively, a second pathway which simply involves nucleophilic attack from the C-2 

position to the electrophilic imine carbon, shown in green, leads to the same carbocation and 

2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole product.107 
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Scheme 3.3. Multi-pathway mechanism for the Pictet-Spengler reaction showing spiroindolenine 
intermediate in blue. 

 

3.6.1 Asymmetric Pictet-Spengler Reaction 

For the synthesis of analogues, it was not necessary to obtain chirally pure products with 

respect to stereochemistry at the C-1 position but only at the C-3 position as this is where a 

known interaction is believed to take place between carboxylic acid type fragments present in 

such molecules and a zinc atom within the enzymes active site. Initial biological testing would 

then direct the necessity of further separation of diastereomers to further elucidate the 

chirality which is responsible for activity. Numerous methods have been reported in the 

literature for the enantioselective synthesis of both tetrahydroisoquinolines and 2,3,4,9-

tetrahydro-1H-pyrido[3,4-b]indoles 3.16-3.17 via modified asymmetric Pictet-Spengler 

reactions (PSR). Such methods allow for the control of chirality at the newly formed 

stereogenic centre at C-1 (Figure 3.12). 

 

Figure 3.12. Generic structure of a 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole molecule showing the 
newly formed stereogenic centre at C-1. 

 

The development of these methods has led to more efficient synthetic pathways towards 

natural products and other compounds containing this heterocyclic framework. It can be seen 

that modest diastereoselectivity via thermodynamic control can be achieved when using 

chirally pure tryptophans as starting materials, with tryptophan and related compounds 
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being amongst the first to be used in order to achieve such stereochemical outcomes.108 Steric 

interactions from the carbonyl group, such as when using esters, and when present, on the 

amino acid nitrogen were found to influence the stereochemical outcome of the reaction in 

such a way that preferentially led to the generation of the 1,3-trans product (Scheme 3.4). 

Epimerisation of any formed 1,3-cis isomer would also lead to the 1,3-trans isomer. 

 

Scheme 3.4. Favoured thermodynamically controlled stereochemical outcome of the PSR using chiral 
tryptophan derivatives.  

 

This method is by no means exclusive in its stereochemical control and also presents a 

problem if stereocontrol is desired when starting from tryptamines where no C-3 carbonyl 

group is present. It should be known that there are other generally more complex methods 

that have been developed which can afford much greater control, however these will not be 

further discussed here on in. 
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3.6.2 Synthetic Methods 

The synthesis of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole derivatives, 3.16-3.17, began by 

employing the use of the Pictet-Spengler reaction to synthesise a range of 2,3,4,9-tetrahydro-

1H-pyrido[3,4-b]indole-3-carboxylic acids 3.16 and methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole-3-carboxylates 3.17. A range of aldehydes were chosen to give a variety of different 

substituted aromatic groups that would become appendages at the newly formed stereocentre 

at C-1. Aromatic groups that were chosen included phenyl, 3,4,5-trimethoxyphenyl, 

4-hydroxy-3-methoxyphenyl, 3-hydroxy-4-methoxyphenyl, 4-hydroxyphenyl and 

4-methoxyphenyl. 

  

For the synthesis of the carboxylic acids, the desired enantiomer of tryptophan was reacted 

with the appropriate aldehyde in glacial acetic acid giving rise to the corresponding 

derivatives 3.20a/b-3.29a/b as outlined in Table 3.1. Carboxylic acids 3.20a/b and 3.22a/b were 

both obtained in 95 % yield however as a 1:1 mixture of diastereomers. Upon inspection of 

the 1H NMR spectrum, resonances at 5.37 ppm for acid 3.20a/b and 5.47 ppm for acid 3.22a/b 

confirmed the presence of the respective products. These signals correspond to H-1 on the 

newly formed piperidine ring. Also observed were resonances at 5.24 ppm for 3.20a/b and 

5.38 ppm for 3.22a/b which correspond to H-1 on the minor (1,3-cis) diastereomer. Further 

analysis by mass spectrometry was confirmatory for carboxylic acids 3.20a/b and 3.22a/b 

showing the molecular ions (MNa+) having measured molecular weights of 315.1092 and 

405.1414 respectively which are consistent with the desired molecular 

formulae C18H16N2O2Na and C21H22N2O5Na respectively. The successful synthesis of 

carboxylic acids 3.21a/b, 3.23a/b-3.29a/b was confirmed using the same methods as previously 

mentioned with all showing the definitive H-1 resonance in the 1H NMR spectrum. In most 

cases, analogues which contained large aromatic substituents at the C-1 position were 

obtained containing a higher proportion of 1,3-trans isomer. This is most likely due to the large 

aromatic group having a greater steric interaction with the carboxylic acid functionality when 

in the 1,3-cis form, thus presenting a more unfavourable state.  
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Table 3.1. Synthesis of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 3.20a/b-3.29a/b. 

 

 

 

Entry Aldehyde Product Yield (%) + cis/trans ratio 

1 

 

 

95; 1:1 

2 

 

66; 1:1.4 

3 

 

 

95; 1:1 

4 

 

51; 1:1.25 

5 

 
 

19; 1:2.5 
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6 

 

9; 1:5 

7 

 

 

14; 1:1.1 

8 

 

6; 1:1 

9 

 

 

21; 1:10 

10 

 

21; 1:3.3 

 

Methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 3.35a/b-3.46a/b were then 

generated by reaction of the desired single enantiomer of tryptophan methyl ester with the 

required aldehyde as outlined in Table 3.2. Methyl ester 3.38a/b was obtained in quantitative 

yield and was confirmed by 1H NMR spectroscopy having a resonance at 5.63 ppm 

corresponding to H-1 and an analogous signal at 6.00 ppm arising from the 

minor (1,3-cis) diastereomer. Mass spectrometry also confirmed the presence of the 

product 3.38a/b showing a measured molecular weight of the molecular ion (MNa+) of 

Table Continued from Previous Page 
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329.1256 which corresponds to the molecular formula C19H18N2O2Na. The remaining 

carboxylates, 3.35a/b-3.37a/b, 3.39a/b-3.46a/b, were again confirmed using the same methods. 

 

Table 3.2. Synthesis of methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 
3.35a/b-3.46a/b. 

 

 

 

Entry Aldehyde Product Time (h) 
Yield (%) + cis/trans 

ratio 

1 

 

 

48 54; Indistinguishable 

2 

 

48 32; Indistinguishable 

3 

 

 

4 75; 1:5 

4 

 

6 quant.; 1:3.5 
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5 

 

 

12 quant.; 1:5 

6 

 

12 quant.; 1:5 

7 

 

 

12 84; 1:1 

8 

 

12 81; 1:1.4 

9 

 

 

12 46; 1:1 

10 

 

12 55; 1:1.25 

Table Continued from Previous Page 
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11 

 

 

12 65; 1:3.3 

12 

 

12 68; 1:1.25 

 

Following the successful synthesis of carboxylic acids 3.20a/b-3.29a/b and 

carboxylates 3.35a/b-3.46a/b, focus then turned to further derivatisation of such analogues to 

allow for the synthesis of additional analogues. It was envisaged that oxidation of the 2,3,4,9-

tetrahydro-1H-pyrido[3,4-b]indole ring system would readily allow access to the 

corresponding 9H-pyrido[3,4-b]indoles 3.18-3.19. For such a reaction there are numerous 

oxidising agents that are known to afford the conversion including SeO2,109 NaIO4,110, MnO2 

and S8.111 However, reactions involving these reagents often require an excess of reagent and 

long reaction times. Conversely, the use of N-halosuccinimides such 

as N-chlorosuccinimide (NCS) 3.48 (Scheme 3.5), the less toxic of its relatives NBS and 

NIS, was more appealing as stoichiometric amounts were able to be used. The succinimide 

by-product is also very water soluble and therefore represents an effective way for its removal 

during purification.111 

  

Table Continued from Previous Page 
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Aromatisation using N-chlorosuccinimide (Scheme 3.5) is postulated to occur firstly by 

chlorination of the piperidine nitrogen immediately followed by the expulsion of hydrogen 

chloride. Further addition of NCS gives rise to charged intermediate 3.49 which is neutralised 

by loss of H-4 and subsequent electron movements. Further loss of hydrogen chloride is again 

facilitated by loss of H-3, which leads to the final oxidised β-carboline. 

 

Scheme 3.5. Proposed mechanism for N-chlorosuccinimide induced aromatisation of methyl 2,3,4,9-
tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 3.17.111 

 

As the 9H-pyrido[3,4-b]indole products would no longer be chiral after oxidation, it was not 

of concern which diastereomer of the starting material was used. Furthermore, methyl 2,3,4,9-

tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 3.17 were used as it was envisaged that 

subsequent ester hydrolysis of the resulting carboxylates would easily lead to the 

corresponding carboxylic acids. 

 

A series of four oxidised deriviates, 3.50-3.53, were synthesised, however application of the 

oxidation method using N-chlorosuccinimide to the synthesis of 4-hydroxy-3-methoxyphenyl 

substituted derivative 3.52 and 3-hydroxy-4-methoxyphenyl substituted derivative 3.53 was 

not believed to proceed cleanly as the presence of hydroxy groups on the aromatic ring would 

also attract oxidation leading to the generation of a benzoquinone type 

fragment (Scheme 3.6). 
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Scheme 3.6. Multiple possible oxidation sites shown on (3S)-methyl 1-(4-hydroxyphenyl)-2,3,4,9-
tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate 3.45a/b leading to the potential formation 
of p-benzoquinone type products 3.54. 

 

The required saturated carboxylate (used as a mixture of diastereomers) was subjected to 

reaction with NCS in N,N-dimethylformamide to give rise to the corresponding oxidised 

product (Table 3.3). Derivatives 3.50 and 3.51 were obtained in 43 % and 49 % yield 

respectively. The loss of the H-1 resonance was cleary visible upon investigation of 

the 1H NMR spectrum of each product as was the one additional aromatic hydrogen, H-4. The 

spectroscopic data of the compounds was also consistent with values reported in the 

literature.112,113 The molecular ions (MNa+) which had measured molecular weights of 

325.0947 and 415.1264 respectively and correspond to the molecular formulae C19H14N2O2Na 

and C22H20N2O5Na respectively also confirmed the presence of the products via mass 

spectrometry. 
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Table 3.3. Synthesis of methyl 9H-pyrido[3,4-b]indole-3-carboxylates 3.50-3.51. 

 

 

 

Entry Product Yield (%) 

1 

 

43 

2 

 

49 

3 

 

Decomposition 

4 

 

Decomposition 

 

In order to avoid unwanted oxidation of aromatic substituents and to show that the 

transformation could be carried out using multiple methods, the synthesis of the remaining 

oxidised carboxylates 3.52 and 3.53 was achieved by reaction of the required saturated 

derivative (again used as a mixture of diastereomers) with sulfur in refluxing xylene.111 Whilst 
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oxidation was still problematic, oxidised derivatives 3.52 and 3.53 were obtained in 9 % and 

20 % yield respectively (Table 3.4). Confirmation of the products was again verified through 

both 1H NMR spectroscopy, showing disappearance of the H-1 resonance, and mass 

spectrometric analysis, showing the molecular ions (MNa+) having measured molecular 

weights of 371.1016 and 371.1012 respectively, both corresponding to the molecular 

formula C20H16N2O4Na. 

 

Table 3.4. Synthesis of methyl 9H-pyrido[3,4-b]indole-3-carboxylates 3.52-3.53. 

 

 

 

Entry Product Yield (%) 

1 

 

9 

2 

 

20 

 

Having obtained a range of aromatised analogues 3.50-3.53, focus then turned to ester 

hydrolysis in order to afford a series of oxidised carboxylic acids. This was achieved by 

employing basic hydrolysis conditions and resulted in carboxylic acids 3.55 and 3.56 in 67 % 

and 86 % yields respectively (Table 3.5). The 1H NMR resonance at 4.05 ppm corresponding 

to CO2CH3 in both cases was absent indicating the successful removal of the methyl ester. 

Additionally, during analysis by mass spectrometry, the molecular ions (MNa+) which had 
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molecular weights measured at 311.0782 and 401.1099 respectively correspond to the required 

molecular formulae C18H12N2O2Na and C21H18N2O5Na respectively. Unfortunately, carboxylic 

acids 3.57 and 3.58, which both contained phenolic groups, were not obtained and these 

reactions resulted in decomposition and a complex mixture of products being formed. 

 

Table 3.5. Synthesis of 9H-pyrido[3,4-b]indole-3-carboxylic acids 3.55-3.56. 

 

 

 

Entry Product Yield (%) 

1 

 

67 

2 

 

86 

3 

 

Decomposition 

4 

 

Decomposition 
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A library of analogues was prepared consisting of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-

3-carboxylic acids 3.16 (10 analogues as mixtures of diastereomers), methyl 2,3,4,9-tetrahydro-

1H-pyrido[3,4-b]indole-3-carboxylates 3.17 (12 analogues as mixtures of diastereomers), 

methyl 9H-pyrido[3,4-b]indole-3-carboxylates 3.18 (4 analogues) and 9H-pyrido[3,4-b]indole-

3-carboxylic acids 3.19 (2 analogues). These analogues were then each evaluated for biological 

activity (Chapter 4) and were the subject of molecular modelling studies (Section 3.7). 
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3.7 Molecular Modelling 

Molecular docking has been used for many years as a means to predict the efficiency and 

binding conformation of ligands into the binding site(s) of receptors such as proteins.114 It is a 

form of virtual or computational modelling in which a computer program is used to calculate 

docking scores based on one or many different algorithms. 

 

Analogues that were the subject of molecular modelling were docked into the structure of 

PC-PLCBC which was obtained from the Protein Data Bank (ID: 1AH7). The active site of the 

enzyme was manually determined with the coordinates X = 42.4820, Y = 22.9960 and 

Z = 8.5560 which is the site of catalytic Zn-247. The process for the calculation of docking 

scores for each analogue was standardised and firstly involved drawing of the chemical 

structure in ChemDraw Professional 16.0 followed by energy minimisation in ChemDraw 

3D 16.0 using the MM2 function. This resulted in a structure of the respective analogue that 

had been optimised and ready for use in the GOLD 5.5 program for docking and scoring. The 

Gold program, being one of the most commonly used, offers the use of four different 

algorithms for scoring.115 These are GoldScore, ChemScore, ChemPLP (Piecewise Linear 

Potential) and ASP (Astex Statistical Potential). The GOLD 5.5 program initially only offered 

the use of the GoldScore algorithm which uses a crystal structure derived treatment of 

hydrogen bonding and metal interactions whilst also making use of Van der Waals forces 

within its scoring method. Alternatively, ChemScore, which uses parameters derived 

from 82 complexes of known binding affinity, makes use of lipophilic-lipophilic interactions 

and hydrogen bonding interactions which are geometrically constrained. ChemPLP is the 

newest of the four algorithms used by the GOLD 5.5 software and uses a Piecewise Linear 

Potential (PLP) to treat neutral and positive contacts. Finally, ASP (Astex Statistical 

Potential) from the protein data bank (PDB), is a knowledge-based scoring function.115 

 

Additionally, there are numerous limitations which need to be taken into account when 

performing molecular docking studies within the scope of this method. These include the 

exclusion of water from within the binding site, as inclusion of such could potentially effect 

binding efficiency. Also, when performing docking calculations, the location of the binding 

site is defined manually and therefore this may limit the number of potential docking 



Chapter Three – Target-Based Directed Synthesis 

112 

interactions and thus may not provide a highly accurate representation of possible 

ligand-protein interactions. 

 

Before commencement of the docking process, the required parameters were set within the 

GOLD 5.5 program. These parameters included that each analogue was docked with 100 % 

search efficiency being re-run 50 times to find the best possible three solutions for each 

particular analogue. Also, all atoms within 10 Å of the binding site were selected. This was 

done for each different algorithm and the results obtained from the GOLD 5.5 program were 

taken and manually averaged and tabulated as follows. Each of the scores, which are 

dimensionless and do not have units, are only comparable amongst values within data of the 

same algorithm with a higher value indicating a better fit. The visualisation of selected 

algorithm solutions was carried out in the ViewerLite program in order to show various types 

of interactions between the substrate within the active site of the enzyme. 

 

3.7.1 Molecular Docking Analysis 

In general, the ChemPLP algorithm was chosen to be used to analyse the results of molecular 

docking in the first instance as it represented the most improved algorithm compared to the 

remaining three. Additionally, the GoldScore algorithm was used when discussing hydrogen 

bonding interactions or Van der Waals interactions. This was chosen as it reflected the 

algorithm which gave the best data for such parameters. It should also be noted that results 

obtained for each different algorithm cannot be compared between such as they are all 

independent of each other having been calculated by different equations. 
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3.7.1.1 Analogues derived from L-Tryptophan 

Synthetic analogues derived from L-tryptophan (Section 3.6.2) were docked into the 

PC-PLCBC enzyme (1AH7). The first series of analogues to be docked were the carboxylic acids 

bearing a stereochemical configuration of (1S,3S). 

 

Table 3.6. Docking scores for (1S,3S)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 
3.20a, 3.22a, 3.24a, 3.26a and 3.28a. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.20a 63.89 0.00 55.22 16.75 29.42 25.86 0.00 36.92 

3.22a 64.17 0.00 52.66 13.01 31.08 22.89 0.00 39.50 

3.24a 62.85 0.00 55.73 21.28 28.05 22.85 0.00 38.85 

3.26a 64.71 0.00 49.84 6.72 32.61 22.72 0.00 38.41 

3.28a 62.98 0.00 56.31 16.46 30.71 23.81 0.00 37.85 

 

The ChemPLP algorithm results for the carboxylic acids 3.20a, 3.22a, 3.24a, 3.26a 

and 3.28a (Table 3.6) differ little between each analogue with differing substitution with 

scores ranging from 62.85-64.71. GoldScore predicts similar scores again, within the range of 

49.84-56.31, but also shows some variation in hydrogen bonding interactions with 

analogues 3.20a, 3.22a and 3.28a all displaying similar scores (13.01-16.75) however 3.24a 

displays a somewhat higher score (21.28) whilst 3.26a displays a much lower score (6.72). The 

substituents present on analogues 3.24a and 3.26a are 4-hydroxy-3-methoxyphenyl 

and 3-hydroxy-4-methoxyphenyl respectively and therefore contain several hydrogen 

bonding donors and acceptors with the hydroxy group in the C-4’ position giving rise to an 

increased hydrogen bonding score, the highest at 21.28. This may indicate a better interaction 

of the hydroxy group with amino acid residues within the active site where this substituent 
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sits compared to it being at the C-3’ position. Analogue 3.26a, even though showing the lowest 

hydrogen bonding score of 6.72, does however show the highest Van der Waals score and 

ChemPLP score. Through visualisation, it can be seen that the tricyclic ring system sits away 

from the acidic region of the active site mentioned previously due to the basic nature of this 

ring system (Figure 3.13). This orientation for the ligand within the active site also holds true 

for the other analogues docked. It also shows hydrogen bonding interactions with the amino 

acid residues Asp-55 and His-143 (Figure 3.14). 

 

Figure 3.13. Visualisation (GoldScore) of 3.26a in the active site of PC-PLCBC. 

 

 

Figure 3.14. Visualisation (GoldScore) of 3.26a in the active site of PC-PLCBC showing hydrogen 
bonding interactions with Asp-55 and His-142.  
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Next investigated was the same series of carboxylic acids however bearing 

an (1R,3S) stereochemical configuration. 

 

Table 3.7. Docking scores for (1R,3S)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 
3.20b, 3.22b, 3.24b, 3.26b and 3.28b. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.20b 81.96 0.00 65.96 26.99 31.10 35.55 0.00 46.56 

3.22b 68.74 0.00 63.19 20.00 31.71 28.62 0.00 48.37 

3.24b 82.82 0.00 68.71 27.87 32.76 31.19 0.00 45.56 

3.26b 80.39 0.00 68.50 26.73 33.62 31.49 0.00 46.53 

3.28b 81.43 0.00 67.14 27.06 31.87 34.00 0.00 47.20 

 

Analogue 3.22b contains a 3,4,5-trimethoxyphenyl substituent and has a somewhat lower 

score of 68.74 compared to the other analogues 3.20b, 3.24b, 3.26b and 3.28b (Table 3.7). Due 

to the trisubstitued nature of 3.22b, it is expected that it may not fit as well into the active site 

of the enzyme as compared to the remaining analogues which are either non, mono, or 

disubstituted. By visualising the docking of analogue 3.22b (Figure 3.15) into the enzyme 

active site it can be seen that the 3,4,5-trimethoxyphenyl substituent extends somewhat out of 

the active site boundaries, therefore not representing an ideal fit. Consequently, because of 

this more difficult fit, it is postulated that this analogue may not show good enzyme inhibition 

activity. The close proximity of the piperidine ring amino group hydrogen atom to the Glu-146 

residue (Figure 3.16) reveals one hydrogen bonding interaction, however this does not 

provide good stabilisation for the molecule due to the relatively weak strength of only a single 

hydrogen bonding interaction. When 3.22b is compared to analogue 3.22a which had a similar 

score of 64.17 for ChemPLP, this may indicate that the stereochemistry of (R)- at the C-1 
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position may not be favourable in this case. In general, all other analogues 3.20b, 3.24b, 3.26b 

and 3.28b show higher hydrogen bonding scores than the analogous (1S,3S) 

derivatives (Table 3.7) and this may explain the overall higher scores seen for those with a 

sterochemical configuration of (1R,3S) compared to (1S,3S). Conversely, analogue 3.24b 

shows the highest score of 82.82 which indicates the best fit into the enzyme active site. 

GoldScore also predicts the highest amount of hydrogen bonding for this molecule even 

though the hydrogen bonding scores predicted are similar amongst the remaining analogues. 

Again, it can be seen (Figure 3.15) that the tricyclic ring system sits away from the acidic region 

of the active site due to its basic nature. Through visualisation of the docking of 

analogue 3.24b, it can be seen that there are two hydrogen bonding interactions (Figure 3.17). 

These include the carboxylic acid group hydrogen atom interacting with the Trp-1 residue as 

well as the bridging amino group hydrogen atom between residues Thr-133 and Asn-134 

interacting with the hydroxy group oxygen of the 4-hydroxy-3-methoxyphenyl substituent. It 

is also seen that both analogues 3.22b and 3.24b give very similar Van der Waals scores with 

these scores for all analogues falling within the range of 31.10-33.62. 

 

Figure 3.15. Visualisation (ChemPLP) of 3.22b in the active site of PC-PLCBC. 
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Figure 3.16. Visualisation (GoldScore) of 3.22b in the active site of PC-PLCBC showing the hydrogen 
bonding interaction with Glu-146. 

 

 

Figure 3.17. Visualisation (GoldScore) of 3.24b in the active site of PC-PLCBC showing hydrogen 
bonding interactions with Trp-1, Thr-133 and Asn-134. 
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Following the first two carboxylic acid series to be docked which both contained 

the (3S)-configuration, the first methyl ester series to be subjected to docking were analogues 

containing a stereochemical configuration of (1S,3S). 

 

Table 3.8. Docking scores for methyl (1S,3S)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 
3.37a, 3.39a, 3.41a, 3.43a, 3.45a and 3.35a. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.37a 67.34 0.00 48.29 1.78 34.01 27.88 0.00 38.71 

3.39a 67.10 0.00 52.53 13.34 31.40 26.48 0.00 42.03 

3.41a 68.15 0.00 61.10 18.25 33.60 25.99 0.00 41.52 

3.43a 69.32 0.00 56.97 19.34 28.64 26.14 0.00 40.90 

3.45a 67.75 0.00 58.06 29.43 22.64 26.62 0.00 39.17 

3.35a 67.58 0.00 52.34 6.06 35.81 27.69 0.00 39.89 

 

Analogue 3.41a shows a high score for ChemPLP at 68.15 which is only slightly higher than 

those predicted for the remaining analogues however slightly lower than that predicted for 

analogue 3.43a (Table 3.8). GoldScore however, does predict some differences in overall score 

as well as some significant differences in hydrogen bonding and Van der Waals scores. 

Analogue 3.41a again ranks the highest as predicted by GoldScore displaying a mid-range 

score for hydrogen bonding at 18.25 compared to the other derivatives, 3.37a, 3.39a, 3.43a, 

3.45a and 3.35a. It can be seen that when analogue 3.41a is docked into the active site of 

PC-PLCBC the 4-hydroxy-3-methoxyphenyl substituent sits near the acidic pocket of the active 

site which contains amino acid residues such as Glu-146 (Figure 3.18). The hydrogen bonding 

interactions predicted by GoldScore are shown in Figure 3.19 with interactions between 

numerous amino acid residues including His-69, Asp-122 and the aforementioned Glu-146 
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with the 4-hydroxy-3-methoxyphenyl substituent in the first two instances and with the 

pyrrole ring amine hydrogen atom in the last instance. It is also evident that there may be 

some parallel-displaced π-π interactions between the tricyclic ring system and the Tyr-56 and 

Phe-66 residues (Figure 3.19) resulting in further stabilisation of the substrate within the active 

site. 

 

Figure 3.18. Visualisation (ChemPLP) of 3.41a in the active site of PC-PLCBC. 

 

 

Figure 3.19. Visualisation (GoldScore) of 3.41a in the active site of PC-PLCBC showing hydrogen 
bonding interactions with His-69, Asp-122 and Glu-146 and possible π-π interactions involving Tyr-56 
and Phe-66.  
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Lastly, the (1R,3S) configuration containing methyl esters were docked into the PC-PLCBC 
enzyme. 

 

Table 3.9. Docking scores for methyl (1R,3S)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 
3.37b, 3.39b, 3.41b, 3.43b, 3.45b and 3.35b. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.37b 56.84 0.00 54.47 19.85 26.68 24.21 0.00 36.46 

3.39b 62.52 0.00 58.60 19.82 29.27 29.79 0.00 40.92 

3.41b 68.30 0.00 69.22 19.29 37.39 30.65 0.00 40.29 

3.43b 52.47 0.00 58.47 19.41 30.76 23.25 0.00 36.46 

3.45b 74.24 0.00 66.56 18.92 35.41 32.71 0.00 41.87 

3.35b 56.41 0.00 56.29 19.98 26.90 26.96 0.00 35.50 

 

Between ChemPLP scores for methyl carboxylates 3.37b, 3.39b, 3.41b, 3.43b, 3.45b and 3.35b, a 

noticeable difference is analogue 3.45b which has a score of 74.24 (Table 3.9). It can be 

seen (Figure 3.20) that the basic nitrogen-containing rings of the tricyclic system are again 

positioned away from the acidic end of the active site, therefore providing a more stable 

environment containing basic amino acid residues such as His. The hydrogen bonding 

interactions predicted by GoldScore are very similar amongst all analogues having a range of 

18.92-19.98. Visualisation of analogue 3.45b in the enzyme active site (Figure 3.21) displays 

the possible interactions of the hydroxy group of the substituent with the C-terminus of 

Asp-55. Also, the bridging amino group between residues Thr-133 and Asn-134 interacts with 

the carbonyl of the methyl ester functional group. Lastly, an interaction between the His-142 

pyrrole amine and the piperidine amino group can be seen. These hydrogen bonding 

interactions collectively help to stabilise the molecule within the active site as they anchor 

different parts of the molecule. Also of interest is the high concentration of amino acid 
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residues bearing aromatic side chains within close proximity (6 Å) to the position of 

analogue 3.45b (Figure 3.21). This may suggest that this molecule is further stabilised in the 

active site by a significant number of π-π interactions as can be seen from the high Van der 

Waals score predicted of 35.41. Some of these interactions are most likely t-shaped such as 

those involving His-14, His-69 and His-118. The remaining aromatic residues (Phe-66, Phe-70, 

Tyr-79 and His-128) are most likely involved, although through parallel-displaced 

π-π interactions. 

 

Figure 3.20. Visualisation (ChemPLP) of 3.45b in the active site of PC-PLCBC. 

 

 

Figure 3.21. Visualisation (GoldScore) of 3.45b in the active site of PC-PLCBC showing hydrogen 

bonding interactions with Asp-55, Thr-133, Asn-134 and His-142 and possible π-π interactions 

involving His-14, Phe-66, His-69, Phe-70, Tyr-79, His-118 and His-128.  
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3.7.1.2 Analogues derived from D-Tryptophan 

Synthetic analogues derived from D-tryptophan (Section 3.6.2) were then docked into the 

PC-PLCBC enzyme (1AH7). For these analogues, carboxylic acids containing the 

stereochemical configuration of (1R,3R) were first investigated. 

 

Table 3.10. Docking scores for (1R,3R)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 
3.21b, 3.23b, 3.25b, 3.27b and 3.29b. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.21b 89.41 0.00 69.83 29.82 29.32 40.95 0.00 50.21 

3.23b 85.54 0.00 77.15 29.38 35.16 35.54 0.00 49.93 

3.25b 89.36 0.00 71.51 29.58 31.10 37.37 0.00 52.76 

3.27b 88.10 0.00 71.97 29.83 31.83 35.86 0.00 50.46 

3.29b 90.22 0.00 71.43 29.86 30.67 37.10 0.00 52.15 

 

Mostly, within each algorithm, each analogue gave similar scores. For example, the scores for 

ChemPLP range from 85.54-90.22 and those for GoldScore range from 69.83-77.15 (Table 3.10). 

In this case, it was decided to discuss the results for the lowest scoring analogue, 3.23b, which 

shows a score of 85.54. Even though 3.23b scored the lowest, visualisation of its docking into 

the enzyme active site still shows a good fit particularly with respecet to 

the 3,4,5-trimethoxyphenyl substituent which is shown to fit comfortably into the open pocket 

of the active site (Figure 3.22). GoldScore however, does predict analogue 3.23b having the 

highest score of all analogues docked of 77.15. Also consistent with this high score predicted 

is the high hydrogen bonding score of 29.38 which is nearly consistent with all other 

analogues. The tricyclic ring system is further set into the enzyme structure with the 

carboxylic acid proton interacting with the N-terminus of Trp-1 through hydrogen 
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bonding (Figure 3.23). The Van der Waals scores predicted by GoldScore only vary 

slightly, ranging from 29.32 for analogue 3.21b being phenyl substituted to 35.16 for 

analogue 3.23b being 3,4,5 trimethoxyphenyl substituted. 

 

Figure 3.22. Visualisation (ChemPLP) of 3.23b in the active site of PC-PLCBC. 

 

 

Figure 3.23. Visualisation (GoldScore) of 3.23b in the active site of PC-PLCBC showing the hydrogen 
bonding interaction with Trp-1. 
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It can also be seen that inversion of the stereochemistry at both the C-1 and C-3 positions 

from (1S,3S) to (1R,3R) results in an analogue, for example 3.27b, which has a higher 

ChemPLP score, GoldScore score as well as a higher hydrogen bonding score. This indicates 

that this analogue in (1R,3R) configuration should have a better fit in the active site. This can 

be seen through the greater number of hydrogen bonding interactions involving the amino 

acid residues Trp-1, His-142 and Ser-143 (Figure 3.24). 

 

Figure 3.24. Comparative visualisation (GoldScore) of 3.26a and 3.27b in the active site of PC-PLCBC 

showing hydrogen bonding interactions.  

(1S,3S)- (1R,3R)- 
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The series of carboxylic acid analogues which contained the (1S,3R) stereochemical 

configuration were next investigated. 

 

Table 3.11. Docking scores for (1S,3R)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 
3.21a, 3.23a, 3.25a, 3.27a and 3.29a. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.21a 95.00 0.00 70.30 29.27 31.95 43.73 0.00 53.16 

3.23a 105.25 0.00 73.03 29.82 34.97 43.39 0.00 61.10 

3.25a 98.71 0.00 74.34 29.92 35.42 41.24 0.00 57.15 

3.27a 97.16 0.00 70.12 29.70 31.18 41.42 0.00 56.44 

3.29a 95.01 0.00 69.08 29.94 31.85 41.71 0.00 56.21 

 

Carboxylic acids 3.21a, 3.23a, 3.25a, 3.27a and 3.29a (Table 3.11) all show good binding 

efficiency, for ChemPLP, when compared amongst themselves and also to other analogues 

discussed previously. Analogue 3.23a is the highest scoring derivative having a ChemPLP 

score of 105.25 with the remaining analogues showing scores in the range of 95.00-98.71. 

Analogue 3.23a also shows a high score for GoldScore of 73.03 in addition to a high score for 

hydrogen bonding within the same algorithm. Figure 3.25 shows the docking of 

analogue 3.23a into the enzyme active site where it shows a relatively good fit. Similar to 

previous cases, the tricyclic ring system is held in place by at least two hydrogen bonding 

interactions involving the amino acid residues Trp-1 and Glu-146 (Figure 3.26). Also evident 

again are the large number of aromatic bearing side chains from amino acid residues around 

the active site. These include Tyr-56, Phe-66, His-69, Phe-70, Tyr-79, His-118, His-128 and 

His-142. GoldScore predicts that these side chains may be involved in π-π interactions with 

both the tricyclic ring system and the 3,4,5-trimethoxyphenyl substituent. 
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Figure 3.25. Visualisation (GoldScore) of 3.23a in the active site of PC-PLCBC. 

 

 

Figure 3.26. Visualisation (GoldScore) of 3.23a in the active site of PC-PLCBC showing hydrogen 
bonding interactions with Trp-1 and Glu-146. Also shown are the various possible π-π interactions 
between the remaining aromatic amino acid residues.  
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Following this, the series of methyl esters containing the (1R,3R) configuration were docked 

into the enzyme active site. 

 

Table 3.12. Docking scores for methyl (1R,3R)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 
3.38b, 3.40b, 3.42b, 3.44b, 3.46b and 3.36b. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.38b 61.86 0.00 55.03 15.54 31.03 27.03 0.00 41.92 

3.40b 64.52 0.00 49.50 15.49 25.22 31.67 0.00 37.93 

3.42b 67.42 0.00 56.10 19.59 28.13 29.73 0.00 40.08 

3.44b 63.08 0.00 50.71 11.76 29.77 24.86 0.00 39.73 

3.46b 74.40 0.00 56.38 15.44 32.18 34.17 0.00 42.88 

3.36b 62.36 0.00 51.20 21.01 25.44 27.15 0.00 36.39 

 

ChemPLP results for the methyl carboxylates 3.38b, 3.40b, 3.42b, 3.44b, 3.46b 

and 3.36b (Table 3.12) highlight two analogues which show higher scores than the remaining. 

Analogue 3.42b shows a score of 67.42 whilst 3.46b shows an even higher score at 74.40 and 

also ranks the highest amongst all other algorithms. The docking of analogue 3.46b in the 

enzyme active site using GoldScore can be seen (Figure 3.29) and shows a more ideal fit of the 

tricyclic ring system into the large binding pocket than for the methyl ester fragment of 

analogue 3.42b. Within GoldScore, it can also be seen that analogue 3.42b ranks higher of the 

two, for hydrogen bonding interactions, and therefore it can be assumed that the reason for 

the binding efficiency seen for analogue 3.46b may be attributed to improved Van der Waals 

interactions which is reflected in its high score of 32.18. Figures 3.28 and 3.30 show the 

hydrogen bonding and Van der Waals interactions for analogues 3.42b and 3.46b in the 

enzyme active site respectively. Due to the docking orientation of 
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analogue 3.46b (Figure 3.29) compared to that of analogue 3.42b (Figure 3.27), there is an 

increased opportunity for dipole-dipole interactions involving amino acid residues containing 

aromatic side chains particularly around the tricyclic ring system. 

 

Figure 3.27. Visualisation (GoldScore) of 3.42b in the active site of PC-PLCBC. 

 

 

Figure 3.28. Visualisation (GoldScore) of 3.42b in the active site of PC-PLCBC showing the hydrogen 
bonding interaction with Asp-122. Also shown are the various possible π-π interactions between 
specific aromatic amino acid residues. 
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Figure 3.29. Visualisation (GoldScore) of 3.46b in the active site of PC-PLCBC. 

 

 

Figure 3.30. Visualisation (GoldScore) of 3.46b in the active site of PC-PLCBC showing various possible 
π-π interactions between aromatic amino acid residues. 
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Finally, the (1S,3R) configuration containing methyl esters were subjected to docking. 

 

Table 3.13. Docking scores for methyl (1S,3R)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 
3.38a, 3.40a, 3.42a, 3.44a, 3.46a and 3.36a. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.38a 65.34 0.00 48.47 9.79 28.93 25.72 0.00 38.84 

3.40a 73.26 0.00 53.07 9.92 32.25 29.52 0.00 44.31 

3.42a 68.72 0.00 52.68 10.57 31.29 27.05 0.00 40.84 

3.44a 67.53 0.00 49.98 10.67 29.01 27.22 0.00 40.74 

3.46a 69.07 0.00 52.99 16.32 29.13 30.37 0.00 40.48 

3.36a 66.72 0.00 49.41 10.14 29.16 27.95 0.00 37.56 

 

The ChemPLP algorithm results for the methyl carboxylates 3.38a, 3.40a, 3.42a, 3.44a, 3.46a 

and 3.36a. (Table 3.13) all indicate scores that are relatively similar ranging from 65.34-73.26 

therefore indicating a similar binding efficiency of each analogue in the active site of the 

PC-PLCBC enzyme. Analogue 3.40a was found to have the highest score amongst all 

algorithms except for ChemScore where it scored only second highest at 29.52. Visualisation 

of analogue 3.40a in the enzyme active site shows a good fit, particularly of the 

3,4,5-trimethoxyphenyl substituent (Figure 3.31). GoldScore however predicts one of the 

lowest hydrogen bonding scores for analogue 3.40a giving a value of 9.92. It can be seen that 

only one hydrogen bonding interaction occurs between the methyl ester carbonyl and the 

imidazole ring of the amino acid residue His-69 (Figure 3.32). Analogue 3.40a also possessed 

the highest Van der Waals score of 32.25 indicating that there may be a significant number of 

aromatic side chain bearing amino acids around the binding area of the molecule. These are 

most likely involved in π-π interactions with the tricyclic and substituent aromatic ring 

systems. 
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Figure 3.31. Visualisation (ChemPLP) of 3.40a in the active site of PC-PLCBC. 

 

 

Figure 3.32. Visualisation (GoldScore) of 3.40a in the active site of PC-PLCBC showing the hydrogen 
bonding interaction with His-69. 
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3.7.1.3 9H-Pyrido[3,4-b]indole-3-carboxylic acids 

Following the docking of the saturated carboxylic acid and methyl ester analogues, a selection 

of aromatised carboxylic acids were subsequently docked in the enzyme active site. 

 

Table 3.14. Docking scores for 9H-pyrido[3,4-b]indole-3-carboxylic acids 3.55-3.56. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.55 89.51 0.00 64.20 30.21 27.65 39.70 0.00 48.07 

3.56 87.52 0.00 67.46 29.86 31.36 37.22 0.00 54.79 

 

Two 9H-pyrido[3,4-b]indole-3-carboxylic acids, 3.55 and 3.56, were docked into the PC-PLCBC 

enzyme with analogue 3.55 displaying slighty better ChemPLP binding efficiency compared 

to analogue 3.56 (Table 3.14). However, these values are reversed for GoldScore. GoldScore 

predicted similar hydrogen bonding and Van Der Waals interactions for both analogues, with 

the latter interaction scoring slighty higher for analogue 3.56. This is expected as the 

substituent in 3.56 is the bulkier 3,4,5-trimethoxyphenyl group which presents more surface 

area of the molecule. With the addition of three methoxy groups to the phenyl ring, these are 

available to be involved in such weak dipole-dipole interactions. It can be 

seen (Figure 3.34) that the amino acid residues Tyr-56 and Phe-66 may be involved in π-π 

interactions of parallel-displaced and t-shaped nature respectively. It is expected that both of 

these analogues will have a similar fit in the enzyme active site with analogue 3.55 possibily 

having a slighty less hindered fit due to the smaller size of the substituent (Figure 3.33). 
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Figure 3.33. Visualisation (ChemPLP) of 3.55 in the active site of PC-PLCBC. 

 

 

Figure 3.34. Visualisation (GoldScore) of 3.55 in the active site of PC-PLCBC showing the hydrogen 
bonding interaction with Trp-1 and possible π-π interactions involving specific aromatic amino acids.  
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3.7.1.4 Methyl 9H-pyrido[3,4-b]indole-3-carboxylates 

Lastly, a small series of methyl esters, 3.50-3.53, were subjected to docking into the active site 

of PC-PLCBC. 

 

Table 3.15. Docking scores for methyl 9H-pyrido[3,4-b]indole-3-carboxylates 3.50-3.53. 

 
 

 
 
 

Substituent 
ChemPLP GoldScore ChemScore ASP 

Score H-Bond Score H-Bond VDW Score H-Bond Score 

3.50 68.11 0.00 47.43 9.77 30.96 27.47 0.00 39.51 

3.51 65.53 0.00 55.21 10.52 33.14 30.32 0.00 40.75 

3.52 79.37 0.00 58.42 15.68 31.87 32.45 0.00 40.22 

3.53 64.90 0.00 55.09 11.55 32.76 27.64 0.00 40.93 

 

Of the methyl carboxylates 3.50-3.53 that were docked into the PC-PLCBC 

enzyme, analogue 3.52 showed a significantly better ChemPLP binding efficiency compared 

to the other analogues (Table 3.15). This trend was further observed for all of the algorithms 

used. The tricyclic ring system sits towards the back of the active site where it interacts with 

a number of basic groups on the amino acid residues Phe-66, His-69 and His-128 (Figure 3.35). 

Analogue 3.52 scored the highest for hydrogen bonding interactions determined by 

GoldScore, however the same algorithm gave only a moderate Van der Waals score. One 

hydrogen bonding interaction exists between the 4-hydroxy-3-methoxyphenyl substituent 

hydroxy group and the amino acid residue Asp-122 (Figure 3.36) which has been seen in other 

analogue series discussed previously. This may be responsible for anchoring the molecule in 

such a way that the methyl ester group sits in the open binding pocket as seen in Figure 3.35. 

Based on the results, it is predicted that derivative 3.52 would show the best enzyme inhibition 

activity for this group of analogues. 



Chapter Three – Target-Based Directed Synthesis 

135 

 

Figure 3.35. Visualisation (ChemPLP) of 3.52 in the active site of PC-PLCBC. 

 

 

Figure 3.36. Visualisation (GoldScore) of 3.52 in the active site of PC-PLCBC showing hydrogen bonding 
interactions with Asp-122. 
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3.7.2 Comparisons and Summary 

Derivatives of the class of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic 

acids 3.16 generally have higher binding scores overall compared to their methyl 

ester 3.17 analogues. It is therefore suggested that such analogues would be expected to give 

better results for subsequent enzyme inhibition and anti-proliferative studies. However, it can 

be seen through visualisation that the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole heterocyclic 

system does not have an ideal fit in the active site of PC-PLCBC. This might therefore result in 

a low activity of such analogues towards enzyme inhibition. In contrast, 9H-pyrido[3,4-

b]indole-3-carboxylic acids 3.19 and methyl 9H-pyrido[3,4-b]indole-3-carboxylates 3.18, upon 

visualisation in the enzyme active site, are shown to have a better fit due to their planar 

molecular surface. Is it also expected that these derivatives would show good enzyme 

inhibition activity, possibly exceeding that of the aforementioned unoxidised analogues. 

Analogues that were predicted to have the best binding efficiency contained one of the 

following substituents: 4-hydroxyphenyl, 3-hydroxy-4-methoxyphenyl, 4-hydroxy-3-

methoxyphenyl or 3,4,5-trimethoxyphenyl. 
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The following table (Table 3.16) indicates the stereochemical configurations which result in 

the highest scores that were predicted between the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-

3-carboxylic acids 3.16 and the methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylates 3.17. 

 

Table 3.16. Identification of the most favourable stereochemical configurations for docking into the 

PC-PLCBC enzyme active site (the most active in each class is highlighted). 

Comparison Higher Lower Exceptions 

2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 

1S,3S cf. 1R,3R 1R,3R 1S,3S - 

1S,3S cf. 1S,3R 1S,3R 1S,3S - 

1R,3R cf. 1R,3S 1R,3R 1R,3S - 

1S,3R cf. 1R,3S 1S,3R 1R,3S - 

1S,3S cf. 1R,3S 1R,3S 1S,3S - 

1R,3R cf. 1S,3R 1S,3R 1R,3R - 

Methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 

1S,3S cf. 1R,3R 1S,3S 1R,3R 3.46b 

1S,3S cf. 1S,3R Equal Scoring - 

1R,3R cf. 1R,3S 1R,3R 1R,3S 3.41b 

1S,3R cf. 1R,3S 1S,3R 1R,3S 3.45b 

1S,3S cf. 1R,3S 1S,3S 1R,3S 3.41b, 3.45b 

1R,3R cf. 1S,3R 1S,3R 1R,3R 3.46b 

 

It can be concluded that, in most cases, analogues which contain the stereochemical 

configuration of (R)- at the C-3 position normally have a higher binding score than those that 

contain (S)- at the same position. Additionally, there is no clear correlation that changing the 

stereochemistry at the C-1 position has any significant effect on the outcome of the binding 

situation. This indicates that analogues which orginated from D-tryptophan or D-tryptophan 

methyl ester gave rise to derivatives that had somewhat better binding capabilities into the 

active site of PC-PLCBC than those originating from their enantiomers (L-tryptophan and 
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L-tryptophan methyl ester). There were also numerous exceptions that were found which 

included analogues 3.45b (Table 3.9), 3.46b (Table 3.12) and 3.41b (Table 3.9). All of these 

were methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 3.17 and 

contained 4-hydroxyphenyl, 4-hydroxyphenyl and 4-hydroxy-3-methoxyphenyl substituents 

respectively. Of out these exceptions, analogues 3.45b (Table 3.9) and 3.46b (Table 3.12) were 

also the highest scoring within their respective stereochemical groups. The four different 

classes of analogues subjected to molecular modelling were ranked in best performance order 

shown in Figure 3.37 also showing the best performing diastereomers of analogue classes 3.16 

and 3.17. 

 

Figure 3.37. Relative comparison of binding effectiveness of the four different classes of analogues, 3.16, 

3.17, 3.18 and 3.19, subjected to molecular modelling. 

 

The analogue which gave the best overall score for ChemPLP was 3.23a (Figure 3.38) which 

resulted in a score of 105.25.  This score indicated a greater binding efficiency than all other 

compounds evaluated. 

 

Figure 3.38. Analogue 3.23a. 
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4.1 Enzyme Inhibition Studies 

Upon successful completion of the synthesis of a library of 2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole-3-carboxylic acids 3.16, methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylates 3.17, 9H-pyrido[3,4-b]indole-3-carboxylic acids 3.19 and methyl 9H-pyrido[3,4-

b]indole-3-carboxylates 3.18, these analogues underwent biological evaluation in order to 

assess their ability to inhibit the PC-PLCBC enzyme. Samples of each analogue were submitted 

to the Auckland Cancer Society Research Centre (ACSRC) where they were analysed using 

the PC-PLCBC Amplex Red inhibition assay. 

  

The Amplex Red assay (Figure 4.1) is a fluorescence assay in which phosphocholine is formed 

upon the hydrolysis of phosphatidylcholine by PC-PLCBC which is used as a substrate for the 

test.102 Further dephosphorylation and oxidation of phosphocholine gives rise to choline and 

hydrogen peroxide respectively. This assay is based on the decomposition of the generated 

hydrogen peroxide to water and thus the oxidation of Amplex Red, catalysed by horseradish 

peroxidase (HRP), to resorufin which shows red fluorescence.116 Therefore, the amount of 

hydrogen peroxide produced during this reaction is a good indicator of the activity of the 

enzyme as the greater amount produced, the more active the enzyme and therefore the less 

effective the inhibitor in question. When analysing analogues that are proposed to inhibit 

PC-PLCBC enzyme activity, it is expected that the measured fluorescence will be less intense 

which corresponds to an inhibitory effect. 

 

 

Scheme 4.1. Reaction pathway occurring during the Amplex Red assay and effect of inhibitor activity. 
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For comparison, also shown are the results obtained for D609 3.12 and a control which is 

defined as 100 % enzyme activity and therefore represents normal enzyme activity under the 

evaulation conditions. Values reported as less than 100 % indicate some degree of enzyme 

inhibition whilst those reported as greater than 100 % indicate a promotion of enzyme activity 

and therefore ineffectiveness as inhibitor molecules. It should also be noted that all of the 

analogues tested in Sections 4.1.1 and 4.1.2 were mixtures of diastereomers where the 

molecules were a mixture at the C-1 position. Stereochemistry at the C-3 position was absolute 

as either (S)- or (R)-. 

 

4.1.1 2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 

As a general trend, there was no correlation between the amount of inhibition between 

molecules that contain either an (S)- (3.20a/b, 3.22a/b, 3.24a/b, 3.26a/b and 3.28a/b) 

or (R)- (3.21a/b, 3.23a/b, 3.25a/b, 3.27a/b and 3.29a/b) tryptophan fragment, meaning no one 

particular enantiomer of the amino acid gave better results (Table 4.1). Additionally, the 

greatest variation in activity between (S)- or (R)-tryptophan derivatives only occurs between 

the 4-hydroxyphenyl substituted analogues 3.28a/b and 3.29a/b showing enzyme promoting 

activity of 1 % and 28 % respectively (101 % and 128 % activity respectively). All other 

analogues showed varying degrees of inhibition activity. Those that displayed the highest 

level of inhibition activity were 3.24a/b, derived from (S)-tryptophan and containing a 

4-hydroxy-3-methoxyphenyl substituent, showing inhibition activity of 37 % (63 % enzyme 

activity) followed by 3.27a/b, derived from (R)-tryptophan and containing the isomerically 

related 3-hydroxy-4-methyoxyphenyl substituent, showing inhibition activity of 5 % less at 

32 % (68 % enzyme activity). The inhibition level of analogue 3.24a/b was the closest to that of 

D609 3.12 evaluated which inhibited the enzyme by 40 % (60 % enzyme activity). 

Analogues 3.20a/b, 3.23a/b, 3.25a/b and 3.26a/b all showed similar results in the range of 

28-30 % inhibition (70-72 % enzyme activity). The analogue which displayed the least amount 

of inhibition activity was 3.21a/b only inhibiting the PC-PLCBC enzyme by 24 % (76 % enzyme 

activity). Also evident was that analogues that contained the 4-hydroxyphenyl substituent 

only showed enzyme promoting activity.  
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Table 4.1.  Relative PC-PLCBC enzyme activity upon exposure to analogues (10 µM) 3.20a/b-3.29a/b. 

Analogue PC-PLCBC Enzyme Activity (%) ± Standard Error (%) 

Positive Control 100 - 

D609 3.12 60 3.18 

 

72 1.12 

 

76 0.33 

 

75 0.16 

 

70 0.95 

 

63 0.05 

 

71 0.62 

 

71 0.97 
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68 0.47 

 

101 1.35 

 

128 4.61 

 

 

Figure 4.1. PC-PLCBC enzyme activity (%) against evaluated analogues. 
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4.1.2 Methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 

Similar to the results obtained for the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic 

acids 3.16, there was no correlation between effectiveness of inhibition between molecules that 

contain either an (S)- (3.35a/b, 3.37a/b, 3.39a/b, 3.42a/b and 3.45a/b) or (R)- (3.36a/b, 3.38a/b, 

3.40a/b, 3.42a/b, 3.44a/b and 3.46a/b) tryptophan methyl ester fragment, meaning no one 

particular enantiomer of the amino acid gave better results (Table 4.2). The greatest variation 

in activity for the methyl esters, although still slightly less than for the corresponding 

acids 3.17 (Section 4.1.1), occurs between the phenyl substituted analogues 3.37a/b 

and 3.38a/b with the analogue derived from (S)-tryptophan methyl ester 3.37a/b exhibiting 

enzyme promoting activity of 13 % (113 % enzyme activity) whilst the (R)-tryptophan methyl 

ester derivative 3.38a/b shows a small amount of inhibition activity of 11 % (89 % enzyme 

activity). Those that displayed the highest level of inhibition activity were 3.42a/b, derived 

from (R)-tryptophan methyl ester containing a 4-hydroxy-3-methoxyphenyl 

substituent, showing inhibition activity of 19 % (81 % enzyme activity) followed by 3.40a/b 

and 3.43a/b derived from (R)-tryptophan and (S)-tryptophan and containing 

a 3,4,5-trimethoxyphenyl and a 3-hydroxy-4-methyoxyphenyl substituent respectively, both 

showing inhibition activity of 15 % (85 % enzyme activity). As such, none of the analogues 

tested were comparable to D609 3.12 as inhibition rates were somewhat lower overall 

at 80 % enzyme activity or greater compared to the analogous carboxylic acids which all 

showed inhibition rates of mostly 20 % (80 % enzyme activity) or greater. The analogue which 

displayed the least amount of inhibition activity was 3.35a/b only inhibiting the PC-PLCBC 

enzyme by 7 % (93 % enzyme activity) which is a rate much higher than that reported for the 

analogous carboxylic acids. In a similar fashion to the equivalent carboxylic acids, ester 

analogues that contained the 4-hydroxyphenyl substituent only showed enzyme promoting 

activity.  
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Table 4.2.  Relative PC-PLCBC enzyme activity upon exposure to analogues (10 µM) 3.35a/b-3.46a/b. 

Analogue PC-PLCBC Enzyme Activity (%) ± Standard Error (%) 

Positive Control 100 - 

D609 3.12 60 3.18 

 

93 0.15 

 

106 1.79 

 

113 0.74 

 

89 1.53 

 

87 0.77 

 

85 1.27 

 

81 3.66 
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85 2.98 

 

90 3.73 

 

118 6.81 

 

103 4.68 

 

 

Figure 4.2. PC-PLCBC enzyme activity (%) against evaluated analogues.  
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4.1.3 9H-Pyrido[3,4-b]indole-3-carboxylic acids 

A series of two 9H-pyrido[3,4-b]indole-3-carboxylic acids, 3.55 and 3.56, were also evaluated 

for PC-PLCBC enzyme activity. Analogue 3.56 exhibited some degree of enzyme inhibition at 

a rate of 23 % (77 % enzyme activity) whilst analogue 3.55 was seen to be a more inferior 

inhibitor, giving a result of only 10 % inhibition (90 % enzyme activity) (Table 4.3). 

 

Table 4.3.  Relative PC-PLCBC enzyme activity upon exposure to analogues (10 µM) 3.55-3.56. 

Analogue PC-PLCBC Enzyme Activity (%) ± Standard Error (%) 

Positive Control 100 - 

D609 3.12 30 1.86 

 

90 3.83 

 

77 0.83 

 

 

Figure 4.3. PC-PLCBC enzyme activity (%) against evaluated analogues. 
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4.1.4 Methyl 9H-pyrido[3,4-b]indole-3-carboxylates 

Of the four analogues that contained the methyl 9H-pyrido[3,4-b]indole-3-carboxylate 3.18 

structural framework, only one exhibited inhibition of the PC-PLCBC enzyme (Table 4.4). 

Methyl 1-(4-hydroxy-3-methoxyphenyl)-9H-pyrido[3,4-b]indole-3-carboxylate 3.52 exhibited 

a moderately good inhibition rate of 31 % (69 % enzyme activity), being similar in activity to 

the corresponding (S)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid 

derivative 3.25a/b (Section 4.1.1) at 29 % (71 % enzyme activity). The (R)-2,3,4,9-tetrahydro-

1H-pyrido[3,4-b]indole-3-carboxylic acid 3.17 derivative 3.24a/b (Section 4.1.1) however 

showed greater inhibition at a rate of 37 % (63 % enzyme activity) whilst the ester (R)-methyl 

2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate 3.42a/b (Section 4.1.2) showed only 

19 % inhibition (81 % enzyme activity). The other analogues 3.50, 3.51 and 3.53 all displayed 

enzyme promoting activity of up to 8 % (108 % enzyme activity).  
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Table 4.4.  Relative PC-PLCBC enzyme activity upon exposure to analogues (10 µM) 3.50-3.53. 

Analogue PC-PLCBC Enzyme Activity (%) ± Standard Error (%) 

Positive Control 100 - 

D609 3.12 60 3.18 

 

105 5.29 

 

108 0.11 

 

69 0.15 

 

101 0.32 

 

 

Figure 4.4. PC-PLCBC enzyme activity (%) against evaluated analogues. 
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4.2 Anti-Profilerative Studies 

All of the analogues previously mentioned in Section 4.1 were also subjected to 

anti-proliferative studies conduced at the Auckland Cancer Society Research Centre (ACSRC). 

Initial testing of anti-proliferative activity was done against two cancer cell lines, HCT-116 

cells which are a line of human colon cancer cells as well as MDA-MB-231, a line of human 

breast cancer cells. Both cell lines express PC-PLC with MDA-MB-231 showing a much higher 

expression rate of the enzyme than HCT-116.103 The method used to measure the activity of 

each analogue was based on relative thymidine uptake117 and the percentage inhibition for 

each analogue was measured at a sample concentration of 10 µM. For comparison, also shown 

with the data are results obtained for D609 3.12 as well as a control which is defined as 100 % 

relative thymidine uptake and therefore represents complete normal cell growth under the 

evaulation conditions. It should also be noted that all of the analogues tested in Sections 4.2.1 

and 4.2.2 were mixtures of diastereomers where the molecules were racemic at the C-1 

position. Stereochemistry at the C-3 position was absolute as either (S)- or (R)-.  

 

4.2.1 2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 

The 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 3.20a/b-3.29a/b were 

analysed for anti-proliferative activity and showed very weak activity towards both cell lines. 

As a general trend, a higher level of activity was displayed against MDA-MB-231 cells 

compared to HCT-116 cells (Table 4.5). For example, the most active analogue 3.23a/b 

inhibited proliferation of both MDA-MB-231 and HCT-116 cells by 38 % and 21 % 

respectively (62 % and 79 % growth respectively). This analogue is derived 

from (R)-tryptophan and contains a 3,4,5-trimethyoxyphenyl substituent. Inhibition rates of 

analogues 3.25a/b and 3.28a/b were near the same for both cell lines at rates of 7 % and 6 % 

for MDA-MB-231 and HCT-116 respectively (93 % and 94 % growth respectively) for 

analogue 3.25a/b and 12 % and 8 % for MDA-MB-231 and HCT-116 respectively (88 % and 

92 % growth respectively) for analogue 3.28a/b. There was no correlation between the 

effectiveness of anti-proliferative activity between molecules that contain either 

an (S)- (3.20a/b, 3.22a/b, 3.24a/b, 3.26a/b and 3.28a/b) or (R)- (3.21a/b, 3.23a/b, 3.25a/b, 3.27a/b 

and 3.29a/b) tryptophan fragment. All but one of the analogues evaluated, 3.25a/b, showed 

better anti-proliferative activity compared to the known PC-PLC inhibitor D609 3.12 against 

MDA-MB-231 cells and similar activity against HCT-116 cells. 
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Table 4.5.  Relative growth of evaluated cells (MDA-MB-231 and HCT-116) upon exposure to analogues 
(10 µM) 3.20a/b-3.29a/b. 

Analogue 
MDA-MB-231 HCT-116 

Growth (%) ± SE (%) Growth (%) ± SE (%) 

Positive Control 100 - 100 - 

D609 3.12 89 16.0 97 7.95 

 

87 2.72 99 4.43 

 

69 1.29 94 0.08 

 

88 1.26 95 2.34 

 

62 2.17 79 4.53 

 

81 3.90 93 3.83 

 

93 6.71 94 3.23 
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82 0.46 95 5.86 

 

75 5.73 92 4.14 

 

88 1.31 92 0.43 

 

86 3.29 95 3.27 

 

 

Figure 4.5. Relative growth (%) of cells against evaluated analogues. 
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4.2.2 Methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 

The methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylates 3.35a/b-3.46a/b were 

analysed for their anti-proliferative activity and showed slightly better results overall than 

their carboxylic acid variants (Table 4.6). There is however, less variation in effectiveness 

towards each of the cell lines between different analogues and better anti-proliferative activity 

is shown towards HCT-116 cells compared to the carboxylic acids. The most active analogue 

against MDA-MB-231 cells, 3.45a/b, showed an anti-proliferation rate of 39 % (61 % growth) 

and is a derivative of (S)-tryptophan methyl ester containing a 4-hydroxyphenyl substituent. 

Analogue 3.40a/b showed the most effective rate against HCT-116 cells at 30 % (70 % growth) 

and is drived from (R)-tryptophan methyl ester containing a more sterically demanding 

3,4,5-trimethoxyphenyl substituent. As seen with the carboxylic acids in Section 4.2.1, there 

is no correlation between the effectiveness of anti-proliferative activity between molecules 

that contain either an (S)- (3.35a/b, 3.37a/b, 3.39a/b, 3.43a/b and 3.45a/b) or (R)- (3.36a/b, 

3.38a/b, 3.40a/b, 3.42a/b, 3.44a/b and 3.46a/b) tryptophan methyl ester fragment. Again, all but 

two of the analogues evaluated, 3.44a/b and 3.46a/b, showed better anti-proliferative activity 

as compared to the known PC-PLC inhibitor D609 3.12 against MDA-MB-231 cells and similar 

activity against HCT-116 cells. Derivative 3.46a/b gave results similar to those obtained for 

D609 3.12.  
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Table 4.6.  Relative growth of evaluated cells (MDA-MB-231 and HCT-116) upon exposure to analogues 
(10 µM) 3.35a/b-3.46a/b. 

Analogue 
MDA-MB-231 HCT-116 

Growth (%) ± SE (%) Growth (%) ± SE (%) 

 Positive Control 100 - 100 - 

D609 3.12 89 15.9 97 7.95 

 

69 0.83 89 4.30 

 

76 6.96 82 4.60 

 

84 7.17 81 4.62 

 

86 1.91 89 4.11 

 

76 7.25 87 5.00 

 

66 1.68 70 7.97 
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85 3.89 92 3.49 

 

68 4.12 75 5.72 

 

92 4.57 92 3.98 

 

61 4.46 93 6.53 

 

91 0.22 97 6.95 

 

 

Figure 4.6. Relative growth (%) of cells against evaluated analogues. 
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4.2.3 9H-Pyrido[3,4-b]indole-3-carboxylic acids 

Carboxylic acids 3.55 and 3.56 that were evaluated for anti-proliferative 

activity (Table 4.7) only displayed growth inhibition against MDA-MB-231 cells with 

inhibition rates of 21 % (79 % growth) and 24 % (76 % growth) respectively. 

Conversely, growth promoting activity was observed against HCT-116 cells. Analogue 3.55 

promoted growth of these cells by 2 % (102 % growth) and analogue 3.56 potentially promoted 

cellular growth up to 1.74 % (100 % growth; ± 1.74 SE). 

 

Table 4.7.  Relative growth of evaluated cells (MDA-MB-231 and HCT-116) upon exposure to analogues 
(10 µM) 3.55-3.56. 

Analogue 
MDA-MB-231 HCT-116 

Growth (%) ± SE (%) Growth (%) ± SE (%) 

Positive Control 100 - 100 - 

D609 3.12 89 15.9 97 7.95 

 

79 1.38 102 0.60 

 

76 4.89 100 1.74 

 

 

Figure 4.7. Relative growth (%) of cells against evaluated analogues. 
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4.2.4 Methyl 9H-pyrido[3,4-b]indole-3-carboxylates 

The methyl 9H-pyrido[3,4-b]indole-3-carboxylates 3.50-3.53 were analysed for 

anti-proliferative activity and showed very good activity towards both cell lines (Table 4.8). 

These analogues showed moderately better activity towards the HCT-116 cell line compared 

to the MDA-MB-231 cell line, with the exception of 3.50 which did not show any considerable 

difference in activity between the two. All inhibition rates were recorded as at or over 

78 % (22 % growth or lower). The most active analogues against MDA-MB-231 cells were 3.51 

and 3.52 which both inhibited cell proliferation by 81 % (19 % growth) and for HCT-116 

cells 3.51 was most active with an inhibition rate of 88 % (12 % growth). These derivatives 

consisted of a 3,4,5-trimethoxyphenyl and 4-hydroxy-3-methoxyphenyl substituent 

respectively. The change of substituent between 4-hydroxy-3-methoxyphenyl in 3.52 to 

isomerically related 3-hydroxy-4-methoxyphenyl in 3.53 did not have a significant effect on 

cell proliferation activity. 
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Table 4.8.  Relative growth of evaluated cells (MDA-MB-231 and HCT-116) upon exposure to analogues 
(10 µM) 3.50-3.53. 

Analogue 
MDA-MB-231 HCT-116 

Growth (%) ± SE (%) Growth (%) ± SE (%) 

Positive Control 100 - 100 - 

D609 3.12 89 15.9 97 7.95 

 

22 3.05 19 4.64 

 

19 1.67 12 1.35 

 

19 2.41 14 0.44 

 

20 2.07 14 0.90 

 

 

Figure 4.8. Relative growth (%) of cells against evaluated analogues. 
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4.3 IC50 Data 

Analogues that were selected for IC50 determination were those that exhibited the most 

promising anti-proliferative activity. As such, analogues 3.50, 3.51, 3.52 and 3.53, of the class 

of methyl 9H-pyrido[3,4-b]indole-3-carboxylates 3.18 were assessed (Table 4.9). All analogues 

except 3.50 had lower IC50 values against MDA-MB-231 cells compared to HCT-116 with 

derivative 3.53 displaying the lowest IC50 value of 2.32 µM. Analogue 3.50 was the best 

performing derivative against HCT-116 cells with an IC50 value of 2.96 µM. 

 

Table 4.9.  Determined IC50 values of derivatives 3.50-3.53 against evaluated cell lines (MDA-MB-231 
and HCT-116). 

Analogue 
MDA-MB-231 HCT-116 

IC50 (µM) ± SE (µM) IC50 (µM) ± SE (µM) 

 

3.99 0.11 2.96 0.57 

 

2.73 0.10 4.18 0.09 

 

2.90 0.08 3.66 0.20 

 

2.32 0.06 5.18 0.15 
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Figure 4.9. IC50 (µM) against cells for evaluated analogues. 

 

4.4 Summary and Correlations between Molecular Modelling (Chapter 3) and 

Biological Evaluation 

Because none of the analogues that were evaluated as mixtures of diastereomers showed 

significant biological activity, it was determined that separation of the constituent isomers 

was not required. Correlation between data obtained from both molecular modelling and 

biological evaluation was crucial in order to validate the accuracy of the molecular modelling 

results which were used to predict possible analogues possessing good activity. 

Concluding, it can be seen that analogues of the class of 2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole-3-carboxylic acids 3.16 (Section 4.1.1) generally show slightly better PC-PLCBC 

inhibition activity than the corresponding methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-

3-carboxylates 3.17 (Section 4.1.2). This result was confirming what had been predicted by 

molecular modelling as the 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acids 3.16 

generally had higher binding scores compared to their methyl ester analogues 3.17. This 

indicated that they would have a better fit into the enzyme active site thus resulting in a 

greater degree of inhibition, which was seen. Some analogues which were stereochemically 

configured as (R)- at the C-3 position did show better enzyme inhibition and anti-proliferative 

activity. Molecular modelling predicted that in most cases an (R)- configuration at the C-3 

position would increase enzyme inhibition however biological results are not entirely 

consistent with this as some analogues configured as (S)- at the C-3 position display better 
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activity. The oxidised carboxylic acids 3.19 (Section 4.1.3) all showed some degree of enzyme 

inhibition however the related oxidised esters 3.18 (Section 4.1.4) all unexpectedly showed 

enzyme promoting activity, except for derivative 3.52 which showed inhibitory activity. 

Again, the results from molecular modelling suggested that analogue 3.52 (Figure 4.13) would 

have the best binding ability in the enzyme active site compared to the remaining oxidised 

esters evaluated. This is consistent with the higher inhibition activity seen. It was 

disappointing that the remaining oxidised esters did not display inhibition activity as it was 

predicted by molecular modelling that they should display some inhibition activity. The most 

active analogues from each class evaluated for PC-PLCBC inhibition all contained a 4-hydroxy-

3-methoxyphenyl substituent at the C-1 position. Derivatives which contained this 

substituent, along with isomerically related 3-hydroxy-4-methoxyphenyl as well as 

4-hydroxyphenyl and 3,4,5-trimethoxyphenyl, were also identified during molecular 

modelling studies to have good activity. The four different classes of analogues that were 

evaluated for PC-PLCBC enzyme inhibition were ranked in best performance order shown 

in Figure 4.10 also showing the best performing isomers of analogue classes 3.16 and 3.17. 

 

Figure 4.10. Relative comparison of PC-PLCBC enzyme inhibition effectiveness of the four different 

classes of analogues, 3.16, 3.17, 3.18 and 3.19. 

 

With regards to anti-proliferative activity, analogues of both 2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylic acids 3.16 (Section 4.2.1) and their ester 

analogues 3.17 (Section 4.2.2) were generally more active towards the MDA-MB-231 human 

breast cancer cell line compared to a human colon cancer cell line (HCT-116) of which their 

activity was also evaluated against. 2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic 

acids 3.16 were also predicted to show good activity in anti-proliferative studies through 

molecular modelling as they have good enzyme inhibition activity. Oxidised carboxylic 

acids 3.19 (Section 4.2.3) only displayed growth inhibition towards MDA-MB-231 cells whilst 

the oxidised esters 3.18 (Section 4.2.4) showed far greater activity towards both of the cancer 

cell lines used with inhibition rates mostly over 80 % (20 % growth) and were further selected 
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for IC50 determination. The most active analogues contained either a 3,4,5-

trimethoxyphenyl, 4-hydroxyphenyl or 4-hydroxy-3-methoxyphenyl substituent at the C-1 

position. Again, the four different classes of analogues that were evaluated for anti-

proliferative activity against MDA-MB-231 cells were ranked in best performance order 

shown in Figure 4.11 also showing the best performing isomers of analogue classes 3.16 and 

3.17. 

 

Figure 4.11. Relative comparison of anti-proliferative activity effectiveness (MDA-MB-231) of the four 

different classes of analogues, 3.16, 3.17, 3.18 and 3.19. 

 

Similarly, the same classes of analogues were ranked in best performance order against 

HCT-116 cells shown in Figure 4.12 also showing the best performing isomers of analogue 

classes 3.16 and 3.17. 

 

Figure 4.12. Relative comparison of anti-proliferative activity effectiveness (HCT-116) of the four 

different classes of analogues, 3.16, 3.17, 3.18 and 3.19. 

 

Therefore, it was seen that enzyme inhibition did not correlate with anti-proliferative activity 

and because of this, it can be deduced that PC-PLC inhibition does not lead to cell death in 

the cell lines evaluated (MDA-MB-231 and HCT-116). It is therefore suggested that there 

might be additional biochemical pathways which are being up-regulated as a result of the cell 

being exposed to these analogues and consequently its inability to use pathways involving 

PC-PLC. 
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From the two assays, derivatives containing the 4-hydroxy-3-methoxyphenyl substituent 

showed the best activity, with the oxidised derivative 3.52 performing best 

overall (Figure 4.13). 

 

Figure 4.13. Oxidised derivative 3.52. 
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5.1 Summary 

The search and development of new pharmaceutical drug candidates is ongoing and utilises 

a range of different methods. This thesis focused on the synthesis of compounds based on two 

of these methods including natural product directed synthesis and target-based directed 

synthesis. 

 

5.1.1 Natural Product Directed Synthesis 

The total synthesis of the cis-enamide containing indole alkaloid kottamide E 2.64 was 

attempted and in addition, numerous related compounds were successfully 

synthesised (Scheme 5.1). Kottamide E 2.64 along with kottamides A-D 2.60-2.63 show 

respectable anti-cancer activity particularly against leukaemia cells displaying inhibitory 

concentrations as low as 14 µM.46 The use of a ruthenium-catalysed hydroamidation was 

successfully employed to afford the installation of the cis-enamide fragment contained within 

these molecules, however due to the production of enyne side-products, issues arose with the 

purification of the resulting enamides. The use of N-protected indoles was investigated as a 

means to assist in purification although later stage deprotection of such groups was 

problematic and non-reproducible. The synthesis of amide 2.80 was successfully achieved 

however its use during coupling reactions involving carboxylic acids 2.162 and 2.163 and the 

desired carboxylic acid 2.79 was not successful, most likely attributed to the high steric 

demand of amide 2.80. 

 

Scheme 5.1. Overview of synthetic pathways investigated for the attempted synthesis of 
kottamide E 2.64 and related cis-enamide containing indole alkaloid analogues (P = protecting group). 
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5.1.2 Target-Based Directed Synthesis 

A library of tricyclic indole alkaloids based upon the 2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole 3.16-3.17 and 9H-pyrido[3,4-b]indole 3.18-3.19 heterocyclic scaffold was successfully 

generated. These analogues consisted of a range of different aromatic substituents at the C-1 

position and of either carboxylic acid or methyl ester substituents at the C-3 position. These 

analogues were easily accessible through a one-pot Pictet-Spengler reaction using 

enantiopure tryptophans or tryptophan methyl esters and a range of aromatic 

aldehydes (Scheme 5.2). 

 

Scheme 5.2. Synthetic pathway employed to gain access to a library of 2,3,4,9-tetrahydro-1H-
pyrido[3,4-b]indoles 3.16-3.17 and 9H-pyrido[3,4-b]indoles 3.18-3.19. 

 

Furthermore, molecular modelling and biological evaluation were performed on the prepared 

analogues which established promising biological activity of some derivatives. 

 

5.2 Future Directions 

5.2.1 Natural Product Directed Synthesis 

Completion of the total synthesis of kottamide E 2.64 would enable extensive biological 

evalulation studies to be performed and thus further investigation of the structure-activity 

relationship of this compound. It is anticipiated that the total synthesis of kottamide E 2.64 

could be completed through modifications made to the amide bond installation procedure. 

The analogous procedure reported by Parsons et al.52 during a previous total synthesis of the 

same compound was non-reproducible in this case. Due to the suspected difficult steric 

hindrance of amide 2.80 the use of a more effective coupling agent may be a feasible path 

forward. The use of coupling agents N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate (HBTU) and carbonyldiimidazole (CDI) was investigated however in 

this case it may be beneficial to further investigate the use of other coupling agents. Reagents 

such as HBTU and CDI contain heterocyclic fragments and therefore their appending to the 
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carboxyl group of the desired acid to be coupled, and thus activation, may somewhat hinder 

nucleophilic attack from the already sterically demanding amine 2.80. Therefore other 

reagents such as HBTU analogues HCTU and HATU may also present the same problem as 

well as other bulky heterocyclic containing reagents such as BOP and PyBOP. It may therefore 

be of more practicality to employ non-bulky coupling agents such as the use of acyl chlorides, 

acyl azides and potentially alkyl esters however the latter are not often used as coupling 

reagents due to the strong conditions required.60 The generation of some of these less hindered 

activating groups may also pose some difficulties due to the relatively delicate nature of the 

cis-enamide moiety and the nature of reaction conditions employed. 

 

Additionally, the synthesis and subsequent biological evaluation of further analogues 

especially those bearing differing bromine substitution on the indole fragment would also 

contribute to the determination of such structure-activity relationships. It would also be of 

interest to consider in future endeavours the investigation of trans-isomers of kottamide E 2.64 

and related analogues. Such compounds could arise either from a modified ruthenium-

catalysed hydroamidation (Section 2.3.6) or by employing other methods for the installation 

of enamides, a range of which were discussed in Section 2.3. 

 

Furthermore, the total synthesis of kottamides A-D 2.60-2.63 would also be a direction for 

future research. These molecules contain similar structural fragments to those found in 

kottamide E 2.64 however also contain highly substituted imidazolone ring systems, the 

construction of which could be evisaged to occur through condensation of the appropriately 

substituted amino amides with a carbonyl fragment (Scheme 5.3). 

 

Scheme 5.3. Proposed synthesis of imidazolone ring system present in kottamides A-D 2.60-2.63. 
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5.2.2 Target-Based Directed Synthesis 

Molecular modelling and biological evaluation determined that the stereochemical 

configuration of (1R)- for 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indoles 3.16-3.17 was most ideal 

for PC-PLCBC enzyme inhibition. Additionally, methyl 9H-pyrido[3,4-b]indole-3-

carboxylates 3.18 were found to be more active in anti-proliferative evaluations against both 

MDA-MB-231 and HCT-116 cell lines. Therefore, it would be of interest to synthesise further 

derivatives complimentary to molecular modelling in order to explore analogues with 

potentially improved activity than those found. Additionally, the evaluation of PC-PLCBC 

inhibitors in the form of combination drugs would also be an area of interest as it was found 

that PC-PLC enzyme inhibition does not correlate with anti-proliferative activity. 
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6.1 General Details 

All reactions conducted in non-aqueous media were performed under an inert atmosphere of 

dry nitrogen unless specified otherwise. All solvents used in reactions were either dry, in 

which case were obtained from a solvent purifying system (LC Technology Solutions Inc. SP-1 

Standalone Solvent Purifier System), or of at least analytical reagent (AR) grade. Those used 

for silica gel chromatography and thin layer chromatography (TLC) were of at least laboratory 

reagent (LR) or technical (TECH) grades. All commercial reagents were purchased and used 

without purification unless specified otherwise. 

 

Reactions performed at - 78 °C were cooled by the use of a dry-ice and acetone bath and those 

performed at 0 °C were cooled by an ice and water bath. The addition of sodium chloride was 

made use of to obtain some temperatures below 0 °C. 

 

Sodium hydride was purchased as a dispersion in oil (60 %) and the following procedure was 

used to remove excess oil from the solid. The reaction vessel was charged with the required 

amount of NaH including an approximate excess of 40 % under an atmosphere of nitrogen. 

Dry n-pentane was added and the suspension was mixed well and the solid left to settle. 

Excess n-pentane was removed carefully by using a syringe and needle inserted through the 

septum. The washing procedure was repeated 2-3 times or until desired and any remaining 

n-pentane was evaporated under a stream of dry nitrogen. The reaction solvent and reagents 

were then directly added following this. 

 

Silica gel chromatography was carried out using silica gel 60 (40-63 µm, 230-430 mesh 

ASTM) with the solvents specified throughout individual experimental procedures. 

Thin-layer chromatography was accomplished using Merck TLC Plates, 60 F254 silica gel 

pre-coated on aluminium plates. Compounds run on TLC were identified by either ultraviolet 

fluorescence and/or staining with iodine on silica followed by vanillin in ethanolic sulfuric 

acid and heating, unless specified otherwise. 

 

High resolution mass spectra were recorded on a Bruker micrO-TOF-Q mass spectrometer 

using the ionisation method specified throughout individual experimental procedures. 
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Infra-red (IR) spectra were recorded on a Perkin Elmer Spectrum 100 FT-IR spectrometer. 

Melting point determination was performed using a Reicher-Kofler block and values are 

uncorrected. Optical rotation data was recorded on a Rudolph Autopol IV Automatic 

Polarimeter with values being determined at 25 °C on the sodium D line (589 nm). 

 

NMR spectra were recorded on either a Bruker Avance AVIII-400 spectrometer (400 MHz for 

1H nuclei and 100 MHz for 13C nuclei) or a Bruker DRX-300 spectrometer (300 MHz for 1H 

nuclei and 75 MHz for 13C nuclei). All chemical shifts (δ) are reported in parts per 

million (ppm) relative to the internal reference peak (CDCl3, 7.26 ppm (1H) and 

77.16 ppm (13C); DMSO-d6, 2.50 ppm (1H) and 39.52 ppm (13C); CD3OD, 3.31 ppm (1H) and 

49.00 ppm (13C); (CD3)2CO), 2.05 ppm (1H) and 29.84 (13C)). No calibration is referenced to 

tetramethylsilane (TMS). 1H NMR data is reported in the following order: chemical shift (δ), 

relative integral, multiplicity (s, singlet; bs, broad singlet; d, doublet; bd, broad doublet; dd, 

doublet of doublets; dt, doublet of triplets; t, triplet; td, triplet of doublets; q, quartet; p, 

quintet; m, multiplet), coupling constant(s) (J in Hz), atom number. 13C NMR data is reported 

in the following order: chemical shift (δ), atom number. The assignment of hydrogen and 

carbon atoms, where possible, was determined with the support of 2D NMR experiments 

(COSY, HSQC, and HMBC) as required. 
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6.2 Naming of Compounds 

All compounds are systematically named according to the International Union of Pure and 

Applied Chemistry (IUPAC) conventions. 

 

6.3 Synthesis of Reagents 

6.3.1 1-[(Triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one (TIPS-

EBX) 2.85 

6.3.1.1 Triisopropyl((trimethylsilyl)ethynyl)silane 2.109 

 

 

 

To a stirring solution of ethynyltrimethylsilane 2.83 (4.42 g, 6.36 mL, 45.0 mmol) in 

tetrahydrofuran (72 mL) at - 78 °C was added dropwise n-butyllithium (1.6 mol L-1 in hexanes, 

28.08 mL, 45.0 mmol) over a period of 15 min. The solution was then warmed to 0 °C and 

stirred for a further 15 min. After recooling to - 78 °C, chlorotriisopropylsilane 2.110 (8.68 g, 

9.63 mL, 45.0 mmol) was added dropwise. The mixture was then warmed to room 

temperature and stirred overnight under an atmosphere of nitrogen. Sat. aqueous ammonium 

chloride (80 mL) was then added and the mixture extracted with diethyl ether (2 x 120 mL). 

The combined organic extracts were then washed with water (120 mL), brine (120 mL), 

dried (anhydrous sodium sulfate) and the volatile solvent removed in vacuo to yield the crude 

product as a brown oil which was further purified by distillation under reduced 

pressure (56 °C, 0.25 mm Hg) to yield the title compound 2.109 (10.08 g, 88 %) as a light yellow 

oil. 

δH (400 MHz; CDCl3; (CH3)4Si) 0.18 (9H, s, Si(CH3)3), 1.06-1.09 (21H, m, Si(CH(CH3)2)3); 

HRMS (ESI+) Found (MNa+) 277.1783, C14H30NaSi2 requires 277.1778. 

The spectroscopic data agrees with literature values.64 
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6.3.1.2 1-Hydroxy-1,2-benziodoxol-3(1H)-one 2.111 

 

 

 

Caution: The following procedure was performed behind a safety shield! 

To a vigorously stirring suspension of 2-iodobenzoic acid 2.113 (7.70 g, 31 mmol) in acetic 

acid (45 mL, 30 % v/v) was added sodium (meta)periodate (6.63 g, 31 mmol) and the mixture 

heated at reflux for 4 h. This was then cooled to room temperature, water (120 mL) added and 

left to stand overnight protected from light. The product was then collected by filtration and 

washed with ice-cold water (3 x 30 mL) and acetone (3 x 30 mL) to yield the title compound 

2.111 (7.93 g, 97 %) as a white crystalline solid. 

δH (400 MHz; DMSO-d6) 7.69 (1H, td, J = 0.8 Hz, 7.6 Hz, Ar-H), 7.84 (1H, dd, J = 0.4 Hz, 8.0 Hz, 

Ar-H), 7.94-7.98 (1H, m, Ar-H), 8.00-8.02 (1H, m, Ar-H); δC (100 MHz; DMSO-d6) 120.4, 126.3, 

130.4, 131.1, 131.5, 134.5, 167.7 (C=O); HRMS (ESI+) Found (MK+) 302.8915, C7H5IO3K requires 

302.9808. 

The spectroscopic data agrees with literature values.64 
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6.3.1.3 1-[(Triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 

(TIPS-EBX) 2.85 

 

 

 

Caution: The following procedure was performed behind a safety shield! 

To a stirring solution of 1-hydroxy-1,2-benziodoxol-3(1H)-one 2.111 (2.83 g, 10.7 mmol) in 

acetonitrile (84 mL) was added trimethylsilyl trifluoromethanesulfonate (2.63 g, 2.14 mL, 

11.8 mmol) dropwise. Triisopropyl((trimethylsilyl)ethynyl)silane 2.109 (3.00 g, 11.8 mmol) 

was then added dropwise and the solution stirred for 15 min after which time 

pyridine (0.95 mL, 11.8 mmol) was added and the solution again stirred for a further 10 min 

until a light red colour persisted. The volatile solvents were removed in vacuo and the yellow 

residue taken up in dichloromethane (50 mL) and washed with hydrochloric acid (50 mL, 

1 mol L-1). The aqueous phase was then extracted with dichloromethane (50 mL) and the 

combined organic extracts washed with sat. aqueous sodium bicarbonate (50 mL), 

dried (anhydrous sodium sulfate) and the volatile solvent removed in vacuo to yield the crude 

product which was further purified by recrystallisation from acetonitrile (~ 40 mL) to yield 

the title compound 2.85 (3.24 g, 72 %) as a white crystalline solid. 

m.p. 169-171 °C (lit. m.p. 170-176 °C); δH (400 MHz; CDCl3; (CH3)4Si) 1.10-1.22 (21H, m, 

Si(CH(CH3)2)3), 7.74-7.78 (2H, m, Ar-H), 8.28-8.30 (1H, m, Ar-H), 8.41-8.43 (1H, m, Ar-H). 

The physical and spectroscopic data agrees with literature values.64 
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6.4 General Procedures 

6.4.1 General Procedure A: Gold(I) Catalysed Alkynylation 

To a stirring solution of desired indole and gold(I) chloride (approx. 0.04 eq.) in diethyl ether 

was added 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85 (1.20 eq.) and the 

mixture stirred for 18 h under an atmosphere of nitrogen. Diethyl ether was then added and 

the mixture washed with aqueous sodium hydroxide. The combined aqueous phases were 

extracted with diethyl ether following which the combined ethereal extracts were washed 

with saturated aqueous sodium bicarbonate, brine, dried (anhydrous magnesium sulfate) and 

the volatile solvent removed in vacuo to yield the crude product which was purified by silica 

gel chromatography to yield the corresponding triisopropylsilyl protected acetylene. 

 

6.4.2 General Procedure B: Triisopropylsilyl Deprotection 

To a stirring solution of desired triisopropylsilyl protected acetylene in tetrahydrofuran was 

added tetra-n-butylammonium fluoride (2.00 eq.) and the mixture stirred for 20 h under an 

atmosphere of nitrogen. Sat. aqueous ammonium chloride was then added and the mixture 

extracted with diethyl ether. The combined ethereal extracts were washed with saturated 

aqueous sodium bicarbonate, brine, dried (anhydrous magnesium sulfate) and the volatile 

solvent removed in vacuo to yield the crude product which was purified by silica gel 

chromatography to yield the corresponding terminal acetylene. 

 

6.4.3 General Procedure C: Sonogashira Cross-Coupling 

To a stirring solution of desired indole iodide in N,N-dimethylformamide was added 

triethylamine and the solution degassed in a sonic bath for 30 min. 

Bis(triphenylphosphine)palladium(II) dichloride, copper(I) iodide  and 

ethynyltrimethylsilane 2.83 (1.50 eq.) were then added under an atmosphere of nitrogen and 

the resulting mixture stirred at 60 °C for 2 h. Water was then added and the mixture extracted 

with ethyl acetate, dried (anhydrous magnesium sulfate) and the volatile solvent 

removed in vacuo to yield the crude residue which was taken up in tetrahydrofuran. To this 

was added a solution of tetra-n-butylammonium fluoride (1.20 eq.) in tetrahydrofuran and 

the mixture stirred for 15 min under an atmosphere of nitrogen. Sat. aqueous ammonium 

chloride was then added and the mixture extracted with diethyl ether. The combined ethereal 

extracts were dried (anhydrous magnesium sulfate) and the volatile solvent removed in vacuo 
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to yield the crude product which was purified by silica gel chromatography to yield the 

corresponding terminal acetylene. 

 

6.4.4 General Procedure D: Ruthenium-Catalysed Hydroamidation 

To an oven dried flask was added desired alkyne, ethyl 2-amino-2-oxoacetate 2.48, bis(2-

methylallyl)cycloocta-1,5-diene ruthenium(II), ytterbium trifluoromethanesulfonate and 1,4-

bis(dicyclohexylphosphino)butane under an atmosphere of nitrogen. 

N,N-Dimethylformamide was then added and the mixture stirred at 60 °C for 6 h. Sat. aqueous 

sodium bicarbonate was then added and the mixture extracted with ethyl acetate. The 

combined organic extracts were washed with brine, dried (anhydrous magnesium 

sulfate) and the volatile solvent removed in vacuo to yield the crude product which was 

purified by silica gel chromatography to yield the corresponding cis-enamide. 

 

6.4.5 General Procedure E: Pictet-Spengler reaction using Tryptophan 

To a stirring solution of the desired tryptophan enantiomer ((S)-tryptophan or (R)-

tryptophan) in glacial acetic acid was added the desired aldehyde and the mixture either 

warmed to 80 °C or stirred at room temperature for the specified time. After cooling to room 

temperature (if required), if no solid was visible, conc. ammonia (aq) was added until 

precipitation of the product which was collected by filtration, washed with water (2 x 20 mL) 

and dried to yield the respective 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole carboxylic acid as 

a mixture of diastereomers. 

 

6.4.6 General Procedure F: Pictet-Spengler reaction using Tryptophan Methyl 

Ester 

To a stirring solution of the desired tryptophan methyl ester enantiomer ((S)-tryptophan 

methyl ester hydrochloride or (R)-tryptophan methyl ester hydrochloride) in water at room 

temperature was added trifluoroacetic acid and the desired aldehyde and the mixture was 

stirred for the specified time. Excess acid was then neutralised with sat. aq. sodium 

bicarbonate and the mixture extracted with ethyl acetate. The organic extract was washed 

with water, dried (anhydrous magnesium sulfate) and the volatile solvent removed in vacuo 
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to yield the respective methyl 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole carboxylate as a 

mixture of diastereomers. 
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6.5 Synthesis of Compounds 

Methyl 5,6-dibromo-1H-indole-3-carboxylate 2.106 

 

 

 

To a stirring solution of methyl 1H-indole-3-carboxylate 2.105 (2.00 g, 11.0 mmol) in acetic 

acid (15 mL) was added bromine (3.68 g, 1.18 mL, 23.0 mmol) and the mixture stirred for 72 h 

under an atmosphere of nitrogen. The crude product was then filtered and the solid washed 

with hot ethanol (2 x 30 mL) to yield the title compound 2.106 (2.92 g, 81 %) as a grey solid. 

δH (400 MHz; DMSO-d6) 2.97 (3H, s, OCH3), 7.03 (1H, s, Ar-H), 7.33 (1H, d, J = 3.04 Hz, H-2), 

7.43 (1H, s, Ar-H), 11.33 (1H, bs, NH); δC (100 MHz; DMSO-d6) 51.0 (CH3), 106.0 (C-3), 116.0, 

116.6 (C-5,6), 117.3 (C-7), 124.5 (C-4), 126.5 (C-3a), 134.8 (C-2), 136.2 (C-7a), 164.1 (C=O); 

IR vmax/cm-1 1672 (C=O), 2946, 2992, 3293; HRMS (ESI+) Found (MNa+) 353.8739, 

C10H7Br2NO2Na requires 353.8736. 

The spectroscopic data is consistent with literature values.118 
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5,6-Dibromo-1H-indole-3-carboxylic acid 6.1 

 

 

 

To a stirring solution of methyl 5,6-dibromo-1H-indole-3-carboxylate 2.106 (1.40 g, 4.20 mmol) 

in methanol (14 mL) was added aqueous sodium hydroxide (20 mL, 2 mol L-1) and the mixture 

heated at reflux for 2.5 h. Upon cooling, the volatile solvent was removed in vacuo and the 

aqueous portion was acidified with hydrochloric acid (1 mol L-1) until pH 2. The resulting 

solid was then taken up in ethyl acetate (2 x 40 mL) and the combined organic extracts washed 

with brine (40 mL), dried (anhydrous sodium sulfate) and the volatile solvent removed 

in vacuo to yield the title compound 6.1 (1.58 g, quant.) as a light brown solid which was used 

without further purification. 

δH (400 MHz; MeOD) 7.79 (1H, s, Ar-H), 7.98 (1H, s, Ar-H), 8.36 (1H, s, Ar-H); δC (100 MHz; 

MeOD) 108.7, 117.7, 117.8, 118.5, 126.4, 128.4, 135.2, 137.8, 168.1 (C=O); 

IR vmax/cm-1 1642 (C=O), 2583, 2897, 3262; HRMS (ESI+) Found (MNa+) 339.8573, 

C9H5Br2NO2Na requires 339.8579. 

The spectroscopic data agrees with literature values.35 
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5,6-Dibromo-1H-indole 2.84 

 

 

 

5,6-Dibromo-1H-indole-3-carboxylic acid 6.1 (4.73 g, 14.83 mmol) was heated in refluxing 

pyridine (8 mL) for 12 h. The solvent was removed in vacuo and the residue was taken up in 

dichloromethane (10 mL). The product was precipitated with n-hexane or the volatile solvent 

removed in vacuo to yield the title compound 2.84 (2.84 g, 70 %) as a brown solid which was 

used without further purification. 

RF = 0.69 (7:3 n-hexane:EtOAc); m.p. 153-156 °C (lit. m.p. 154-155 °C); δH (400 MHz; 

CDCl3; (CH3)4Si) 6.48-6.49 (1H, m, H-3), 7.22 (1H, dd, J = 0.72 Hz, 2.5 Hz, H-2), 7.70 (1H, s, 

Ar-H), 7.91 (1H, s, Ar-H), 8.20 (1H, bs, NH); δC (100 MHz; CDCl3) 102.5 (C-3), 115.2 (C-5), 

115.8 (C-7), 117.2 (C-6), 125.1 (C-4), 126.2 (C-2), 128.9 (C-3a), 135.6 (C-7a); IR vmax/cm-1 3230, 

3403; HRMS (APCI+) Found (MH+) 273.8858, C8H6NBr2 requires 273.8862. 

The physical and spectroscopic data agrees with literature values.35 
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3-((Triisopropylsilyl)ethynyl)-1H-indole 2.119 

 

 

 

Protected alkyne 2.119 was prepared according to General Procedure A using 

indole 2.1 (0.23 g, 1.96 mmol) and gold(I) chloride (17 mg, 0.07 mmol) in anhydrous diethyl 

ether (40 mL) and 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85 (1.00 g, 

2.33 mmol). The crude product was purified by silica gel 

chromatography (9:1 n-hexane:EtOAc) to yield the title compound 2.119 (0.66 g, quant.) as a 

brown crystalline solid. 

RF = 0.33 (9:1 n-hexane:EtOAc); m.p. 59-61 °C (lit. m.p. 55-58 °C); δH (300 MHz; 

CDCl3; (CH3)4Si) 1.17 (21H, s, Si(CH(CH3)2)3), 7.18-7.24 (2H, m, H-5), 7.36-7.38 (1H, m, H-7), 

7.42-7.43 (1H, d, J = 2.7 Hz, H-2), 7.73-7.76 (1H, m, H-4), 8.13 (1H, bs, NH). 

The physical and spectroscopic data agrees with literature values.64 
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5,6-Dibromo-3-((triisopropylsilyl)ethynyl)-1H-indole41 2.122 

 

 

 

Protected alkyne 2.122 was prepared according to General Procedure A using 5,6-dibromo-

1H-indole 2.84 (0.30 g, 1.09 mmol) and gold(I) chloride (25 mg, 0.11 mmol) in anhydrous 

diethyl ether (30 mL) and 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-

3(1H)-one 2.85 (0.56 g, 1.31 mmol). The crude product was purified by silica gel 

chromatography (5:1 n-hexane:EtOAc) to yield the title compound 2.122 (0.40 g, 81 %) as a 

brown crystalline solid. 

RF = 0.48 (5:1 n-hexane:EtOAc); m.p. 120-124 °C; δH (400 MHz; CDCl3; (CH3)4Si) 1.10-1.15 (21H, 

m, Si(CH(CH3)2)3), 7.40 (1H, d, J = 2.6 Hz, H-2), 7.66 (1H, s, H-7), 7.94 (1H, s, H-4), 8.21 (1H, bs, 

NH); δC (100 MHz; CDCl3) 11.5, 18.9, 93.2, 98.7, 99.5, 116.2, 116.5, 118.6, 124.6, 129.8, 129.9, 

134.8; HRMS (ESI+) Found (MNa+) 476.0000, C19H25Br2NSiNa requires 476.0015. 
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5-Bromo-3-((triisopropylsilyl)ethynyl)-1H-indole 2.120 

 

 

 

Protected alkyne 2.120 was prepared according to General Procedure A using 5-bromo-1H-

indole 2.103 (0.80 g, 4.08 mmol) and gold(I) chloride (50 mg, 0.20 mmol) in anhydrous diethyl 

ether (80 mL) and 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85 (2.10 g, 

4.90 mmol). The crude product was purified by silica gel 

chromatography (5:1 n-hexane:EtOAc) to yield the title compound 2.120 (1.52 g, 99 %) as a dark 

red crystalline solid. 

RF = 0.33 (5:1 n-hexane:EtOAc); m.p. 89-94 °C; δH (400 MHz; CDCl3; (CH3)4Si) 1.14-1.18 (21H, 

m, Si(CH(CH3)2)3), 7.23 (1H, d, J = 8.4 Hz, H-7), 7.33 (1H, dd, J = 2.0, 8.5 Hz, H-6), 7.42 (1H, d, 

J = 2.5 Hz, H-2) 7.83 (1H, d, J = 2.0 Hz, H-4), 8.19 (1H, bs, NH); δC (100 MHz; CDCl3) 11.5, 18.9, 

92.6, 98.9, 99.5, 112.9, 114.4, 123.0, 126.3, 129.3, 130.7, 133.8; HRMS (ESI+) Found (MH+) 

376.1079, C19H27BrNSi requires 376.1091. 

The spectroscopic data agrees with literature values.64 



Chapter Six – Experimental Procedures 

186 

6-Bromo-3-((triisopropylsilyl)ethynyl)-1H-indole 2.121 

 

 

 

Protected alkyne 2.121 was prepared according to General Procedure A using 6-bromo-1H-

indole 2.104 (0.64 g, 3.26 mmol) and gold(I) chloride (40 mg, 0.17 mmol) in anhydrous diethyl 

ether (65 mL) and 1-[(triisopropylsilyl)ethynyl]-1,2-benziodoxol-3(1H)-one 2.85 (1.68 g, 

3.92 mmol). The crude product was purified by silica gel 

chromatography (5:1 n-hexane:EtOAc) to yield the title compound 2.121 (1.25 g, quant.) as a 

dark red oil. 

RF = 0.51 (5:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) 1.11-1.17 (21H, m, 

Si(CH(CH3)2)3), 7.30 (1H, dd, J = 1.5, 8.5 Hz, Ar-H), 7.38 (1H, d, J = 2.5 Hz, Ar-H), 7.50 (1H, d, 

J = 1.5 Hz, Ar-H), 7.58 (1H, d, J = 8.5 Hz, Ar-H), 8.21 (1H, bs, NH); δC (100 MHz; CDCl3) 11.5, 

18.9, 92.6, 99.6, 99.9, 114.4, 116.7, 121.5, 124.2, 128.0, 128.8, 135.9; HRMS (ESI+) Found (MH+) 

376.1084, C19H27BrNSi requires 376.1091. 

The spectroscopic data agrees with literature values.64 
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3-Ethynyl-1H-indole 2.56 

 

 

 

Terminal alkyne 2.56 was prepared according to General Procedure B using 

3-((triisopropylsilyl)ethynyl)-1H-indole 2.119 (0.66 g, 2.22 mmol) in anhydrous 

tetrahydrofuran (9.25 mL) and tetra-n-butylammonium fluoride (1.40 g, 4.44 mmol). The 

crude product was purified by silica gel chromatography (9:1 n-hexane:EtOAc) to yield the 

title compound 2.56 (0.25 g, 81 %) as a violet crystalline solid. 

RF = 0.15 (9:1 n-hexane:EtOAc); m.p. 109-115 °C (lit. m.p. 109-111 °C); δH (400 MHz; 

CDCl3; (CH3)4Si) 3.21 (1H, s, H-9), 7.17-7.23 (2H, m, Ar-H), 7.27-7.29 (1H, m, Ar-H), 7.33 (1H, 

d, J = 2.6 Hz, Ar-H), 7.74 (1H, d, J = 7.0 Hz, Ar-H), 8.05 (1H, bs, NH); δC (100 MHz; CDCl3) 77.6, 

79.0, 97.6, 111.5, 120.0, 121.0, 123.3, 128.6, 128.9, 135.1; HRMS (ESI+) Found (MH+) 142.0650, 

C10H8N requires 142.0651. 

The physical and spectroscopic data agrees with literature values.64 
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5,6-Dibromo-3-ethynyl-1H-indole 2.81 

 

 

 

Terminal alkyne 2.81 was prepared according to General Procedure B using 5,6-dibromo-

3-((triisopropylsilyl)ethynyl)-1H-indole 2.122 (0.30 g, 0.66 mmol) in anhydrous 

tetrahydrofuran (25 mL) and tetra-n-butylammonium fluoride (0.42 g, 1.32 mmol). The crude 

product was purified by silica gel chromatography (5:1 n-hexane:EtOAc) to yield the title 

compound 2.81 (0.15 g, 76 %) as a light brown crystalline solid. 

RF = 0.28 (5:1 n-hexane:EtOAc); m.p. 126-130 °C (lit. m.p. 129-131 °C); δH (400 MHz; 

CDCl3; (CH3)4Si) 3.21 (1H, s, H-9), 7.44 (1H, d, J = 2.7 Hz, H-2), 7.69 (1H, s, H-7), 8.01 (1H, s, 

H-4), 8.19 (1H, bs, NH); δC (100 MHz; CDCl3) 76.1 (C-8), 79.9 (C-9), 97.9 (C-3), 116.3 (C-7), 

116.7 (C-5), 118.8 (C-6), 124.5 (C-4), 129.5 (C-3a), 130.3 (C-2), 134.8 (C-7a); HRMS (APCI+) 

Found (MH+) 297.8872, C10H6Br2N requires 297.8861. 

The physical and spectroscopic data agrees with literature values.41 
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5-Bromo-3-ethynyl-1H-indole 2.118 

 

 

 

Terminal alkyne 2.118 was prepared according to General Procedure B using 5-bromo-

3-((triisopropylsilyl)ethynyl)-1H-indole 2.120 (1.52 g, 4.04 mmol) in anhydrous 

tetrahydrofuran (75 mL) and tetra-n-butylammonium fluoride (2.55 g, 8.08 mmol). The crude 

product was purified by silica gel chromatography (5:1 n-hexane:EtOAc) to yield the title 

compound 2.118 (0.78 g, 88 %) as a light brown crystalline solid. 

RF = 0.25 (5:1 n-hexane:EtOAc); m.p. 122-126 °C (lit. m.p. 122-124 °C); δH (400 MHz; 

CDCl3; (CH3)4Si) 3.24 (1H, s, H-9), 7.28 (1H, d, J = 1.5 Hz, Ar-H), 7.36 (1H, dd, J = 2.0, 8.5 Hz, 

Ar-H), 7.46 (1H, d, J = 2.5 Hz, Ar-H), 7.92 (1H, d, J = 1.9 Hz, Ar-H), 8.25 (1H, bs, NH); 

δC (100 MHz; CDCl3) 76.7 (C-8), 79.5 (C-9), 97.7 (C-3), 112.9 (C-7), 114.5 (C-5), 122.8 (C-4), 

126.4 (C-6), 129.8 (C-2), 130.5 (C-3a), 133.8 (C-7a); HRMS (ESI+) Found (MH+) 219.9758, 

C10H7BrN requires 219.9756. 

The physical and spectroscopic data agrees with literature values.41 
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6-Bromo-3-ethynyl-1H-indole 2.54 

 

 

 

Terminal alkyne 2.54 was prepared according to General Procedure B using 6-bromo-

3-((triisopropylsilyl)ethynyl)-1H-indole 2.121 (1.25 g, 3.32 mmol) in anhydrous 

tetrahydrofuran (60 mL) and tetra-n-butylammonium fluoride (2.09 g, 6.64 mmol). The crude 

product was purified by silica gel chromatography (5:1 n-hexane:EtOAc) to yield the title 

compound 2.54  (0.76 g, quant.) as an orange solid. 

RF = 0.37 (5:1 n-hexane:EtOAc); m.p. 100-110 °C (lit. m.p. 111-113 °C); δH (400 MHz; 

CDCl3; (CH3)4Si) 3.21 (1H, s, H-9), 7.31 (1H, dd, J = 1.5, 8.5 Hz, H-5), 7.42 (1H, d, J = 2.5 Hz, 

H-2), 7.54 (1H, d, J = 1.0 Hz, H-7), 7.61 (1H, d, J = 8.4 Hz, H-4), 8.22 (1H, bs, NH); δC (100 MHz; 

CDCl3) 77.4 (C-8), 79.4 (C-9), 98.3 (C-3), 114.5 (C-7), 116.9 (C-6), 121.4 (C-4), 124.4 (C-5), 

127.7 (C-3a), 129.3 (C-2), 135.9 (C-7a); HRMS (ESI+) Found (MH+) 219.9755, C10H7NBr 

requires 219.9756. 

The physical and spectroscopic data agrees with literature values.41 



Chapter Six – Experimental Procedures 

191 

1,3-Bis(benzylthio)propan-2-one 2.95 

 

 

 

To a stirring suspension of sodium hydride (0.79 g, 33.1 mmol) in tetrahydrofuran (60 mL) 

was added benzyl mercaptan 2.87 (3.91 g, 31.5 mmol) dropwise at 0 °C under an atmosphere 

of nitrogen. After warming to room temperature, 1,3-dichloroacetone 2.88 (which was 

purified by distillation before use) (2.00 g, 15.8 mmol) in tetrahydrofuran (20 mL) was added 

dropwise and the mixture stirred for 2 h. Water (50 mL) was then added and the remaining 

tetrahydrofuran removed in vacuo. The aqueous phase was extracted with ethyl 

acetate (2 x 20 mL) and the organic extracts washed with brine (20 mL), dried (anhydrous 

magnesium sulfate) and the volatile solvent removed in vacuo to yield the title 

compound 2.95 (5.41 g, quant.) as a yellow oil which was used without further purification. 

RF = 0.79 (3:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) 3.24 (4H, s, (CH2Ph)2), 3.68 (4H, 

s, CO(CH2S)2), 7.31-7.32 (10H, m, Ar-H); δC (100 MHz; CDCl3) 35.9 (CH2Ph), 37.4 (COCH2S), 

127.2, 128.5, 129.1, 137.1, 199.8 (C=O); HRMS (ESI+) Found (MH+) 303.0879, C17H19S2O 

requires 303.0872. 

The spectroscopic data agrees with literature values.119 
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2-Amino-3-(benzylthio)-2-((benzylthio)methyl)propanenitrile 2.96 

 

 

 

To a stirring solution of 1,3-bis(benzylthio)propan-2-one 2.95 (1.00 g, 3.31 mmol) in 

ethanol (1 mL) was added aqueous ammonia (14 mol L-1, 0.24 mL, 5.95 mmol), ammonium 

chloride (0.20 g, 3.80 mmol) and water (0.85 mL) and the resulting mixture stirred at room 

temperature for 30 min. A solution of potassium cyanide (0.25 g, 3.80 mmol) in water (0.25 mL) 

was then added and the mixture heated to 50 °C for 24 h. Dichloromethane (10 mL) and 

water (10 mL) were added and the mixture extracted further with 

dichloromethane (2 x 10 mL). The combined organic extracts were washed with 

water (20 mL), brine (20 mL), dried (anhydrous magnesium sulfate) and the volatile solvent 

removed in vacuo to yield the crude product which was purified by silica gel 

chromatography (3:1 n-hexane:EtOAc) to yield the title compound 2.96 (0.15 g, 14 %) as a light 

yellow oil. 

RF = 0.42 (3:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) 2.32 (2H, bs, NH2), 

2.52-2.80 (4H, m, C(CH2S)2), 3.87-3.99 (4H, m, (CH2Ph)2), 7.24-7.37 (10H, m, Ar-H); 

δC (100 MHz; CDCl3) 37.1 (CH2Ph), 40.1 (CCH2S), 55.0 (H2NCCN), 123.3 (CN), 127.4 (Ar-C), 

128.6 (Ar-C), 129.2 (Ar-C), 137.2 (Ar-C); HRMS (ESI+) Found (MH+) 329.1145, C18H21N2S2 

requires 329.1141. 
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5,5-Bis((benzylthio)methyl)imidaolidine-2,4-dione 2.89 

 

 

 

To a stirring solution of 1,3-bis(benzylthio)propan-2-one 2.95 (2.50 g, 8.27 mmol) in 

ethanol (25 mL) was added a solution of potassium cyanide (0.81 g, 12.4 mmol) in 

water (8 mL). Ammonium carbonate (4.92 g, 51.3 mmol) was then added and the mixture 

warmed to 70 °C for 24 h. The solid that formed was collected by filtration and washed with 

ethanol (50 mL) and water (50 mL) to yield the title compound 2.89 (1.19 g, 61 %) as a light 

brown solid which was used without further purification. 

m.p. 179-184 °C (lit. m.p. 182-187 °C); δH (400 MHz; DMSO-d6) 2.71 (4H, m, C(CH2S)2), 

3.77 (4H, s, (CH2Ph)2), 7.23-7.34 (10H, m, Ar-H), 8.07 (1H, bs, NH), 10.77 (1H, bs, NH); 

δC (100 MHz; DMSO-d6) 36.5, 36.6, 67.4, 127.0, 128.4, 128.9, 138.2, 157.2, 176.1; 

HRMS (ESI+) Found (MNa+) 395.0844, C19H20N2O2S2Na requires 395.0858. 

The physical and spectroscopic data agrees with literature values.55 
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2-Amino-3-(benzylthio)-2-((benzylthio)methyl)propanoic acid 2.94 

 

 

 

To a stirring solution of hydantoin 2.89 (3.49 g, 9.37 mmol) in water (100 mL) was added 

barium hydroxide octahydrate (17.33 g, 56.2 mmol) and the resulting mixture heated at reflux 

for 192 h. Upon cooling and acidification with conc. hydrochloric acid (20 mL), the product 

was filtered from solution and washed with water (50 mL) to yield the title 

compound 2.94 (3.63 g, quant.) as a tan solid which was thoroughly dried and used without 

further purification. 

m.p. 201-205 °C (lit. m.p. 205-206 °C); δH (400 MHz; DMSO-d6) 2.83 (4H, m, H-3, H-3’), 

3.77 (4H, m, (CH2Ph)2), 7.22-7.31 (10H, m, Ar-H); δC (100 MHz; CDCl3) 36.2, 37.3, 73.5, 126.8, 

128.3, 129.0, 138.6, 185.1; HRMS (ESI+) Found (MH+) 348.1087, C18H22NO2S2 requires 348.1086. 

The physical and spectroscopic data is consistent with literature values.120 
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4,4-Bis((benzylthio)methyl)oxazolidine-2,5-dione 2.99 

 

 

 

To a stirring suspension of amino acid 2.94 (0.22 g, 0.63 mmol) in tetrahydrofuran (6 mL) was 

added a solution of bis(trichloromethyl) carbonate (0.06 g, 0.21 mmol) in 

tetrahydrofuran (2 mL) and the resulting mixture stirred at 50 °C for 2 h under an atmosphere 

of nitrogen. The remaining tetrahydrofuran was then allowed to evaporate under a stream of 

nitrogen and the residue taken up in diethyl ether (5 mL) and was filtered through a short pad 

of silica. Excess diethyl ether was removed under a stream of nitrogen to yield the crude 

product which was purified by silica gel chromatography (4:1 n-hexane:EtOAc) to yield the 

title compound 2.99 (0.14 g, 66 %) as a light brown solid. 

RF = 0.45 (4:1 n-hexane:EtOAc); m.p. 92-95 °C (lit. m.p. 94-95 °C); δH (400 MHz; 

CDCl3; (CH3)4Si) 2.74 (4H, s, C(CH2S)2), 3.69 (4H, s, (CH2Ph)2), 3.67 (1H, bs, NH), 

7.24-7.33 (10H, m, Ar-H); δC (100 MHz; CDCl3) 36.7, 37.7, 69.4, 127.7, 128.9, 129.2, 137.1, 152.0, 

170.6; HRMS (ESI+) Found (MNa+) 396.0695, C19H19NO3S2Na requires 396.0699. 

The physical and spectroscopic data agrees with literature values.53 
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Methyl 3-(benzylthio)-2-((benzylthio)methyl)-2-((tert-butoxycarbonyl)amino)propanoate 

2.97 

 

 

 

To a stirring suspension of NCA 2.99 (0.27 g, 0.72 mmol) in tetrahydrofuran (3 mL) was added 

di-tert-butyl dicarbonate (0.19 g, 0.87 mmol) and pyridine (0.11 mL, 1.45 mmol) at - 15 °C 

under an atmosphere of nitrogen. After 10 min, stirring was continued at room temperature 

for 20 h. Methanol (0.83 mL) and N-methylmorpholine (0.16 mL, 1.45 mmol) were then added 

and the mixture stirred for a further 24 h. The volatile solvents were removed in vacuo and the 

crude oil purified by silica gel chromatography (6:4 CH2Cl2:n-hexane) to yield the title 

compound 2.97 (0.23 g, 71 %) as a light yellow oil. 

RF = 0.13 (6:4 CH2Cl2:n-hexane); δH (300 MHz; CDCl3; (CH3)4Si) 1.45 (9H, s, (CH3)3), 2.83 (2H, 

d, J = 13.5 Hz, H-3’), 3.49 (2H, bd, J = 13.5 Hz, H-3), 3.66 (4H, q, J = 13.4 Hz, (CH2Ph)2), 3.67 (3H, 

s, OCH3), 5.90 (1H, bs, NH), 7.18-7.31 (10H, m, Ar-H); δC (75 MHz; CDCl3) 28.4, 36.5, 37.2, 52.9, 

65.5, 79.9, 127.1, 128.5, 128.8, 138.2, 154.1, 171.6; HRMS (ESI+) Found (MNa+) 484.1575, 

C24H31NO4S2Na requires 484.1587. 

The spectroscopic data agrees with literature values.53 



Chapter Six – Experimental Procedures 

197 

Methyl 4-((tert-butoxycarbonyl)amino)-1,2-dithiolane-4-carboxylate 2.100 

 

 

 

To a stirring solution of ester 2.97 (0.22 g, 0.48 mmol) in liquid ammonia (20 mL) at - 78 °C 

was added sodium metal (0.05 g, 2.24 mmol) and the mixture stirred well until a deep blue 

colouration persisted for 10 min. Ammonium chloride (0.12 g, 2.24 mmol), equivalent to the 

amount of sodium used, was then added and excess ammonia was allowed to evaporate at 

room temperature under a stream of nitrogen. The residue was then taken up in 

methanol (13 mL), neutralised with hydrochloric acid (2 mol L-1) and was added to a solution 

of iodine (0.1 mol L-1) in MeOH/H2O (1:1) until a yellow colour persisted. Excess iodine was 

removed with sodium thiosulfate (1 mol L-1) and the volatile solvent removed in vacuo to leave 

a slurry which was taken up in diethyl ether (20 mL) and extracted again with diethyl 

ether (3 x 20 mL). The combined organic extracts were washed with 

water (10 mL), dried (anhydrous magnesium sulfate) and the volatile solvent removed in 

vacuo to yield the crude product which was purified by silica gel 

chromatography (3:1 n-hexane:EtOAc) to yield the title compound 2.100 (62 mg, 48 %) as a 

yellow crystalline solid. 

RF = 0.48 (3:1 n-hexane:EtOAc); m.p. 98-104 °C (lit. m.p. 104-105 °C); δH (300 MHz; 

CDCl3; (CH3)4Si) 1.42 (9H, s, (CH3)3), 3.36 (2H, d, J = 12.2 Hz, CH2), 3.61 (2H, d, J = 12.2 Hz, 

CH2), 3.78 (3H, s, OCH3), 5.28 (1H, bs, NH); δC (75 MHz; CDCl3) 28.4, 47.8, 53.3, 71.4, 80.9, 

154.7, 171.0; HRMS (ESI+) Found (MNa+) 302.0492, C10H17NO4S2Na requires 302.0491. 

The physical and spectroscopic data agrees with literature values.53,54 
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4-((tert-Butoxycarbonyl)amino)-1,2-dithiolane-4-carboxylic acid 2.101 

 

 

 

To a stirring solution of ester 2.100 (0.07 g, 0.24 mmol) in tetrahydrofuran (0.90 mL) and 

methanol (0.90 mL) was added aqueous sodium hydroxide (1.22 mL, 1 mol L-1) and the 

mixture stirred at room temperature for 1.5 h. This was then cooled to 0 °C, diluted with 

diethyl ether (5 mL) and acidified to pH 2 (hydrochloric acid, 2 mol L-1). Water (2 mL) was 

then added and the mixture separated. The combined organic extracts were washed with 

water (3 x 1 mL) and the aqueous phase re-extracted with diethyl ether (3 x 2 mL). The 

combined organic extracts were dried (anhydrous MgSO4) and the volatile solvent removed 

in vacuo to yield the title compound 2.101 (66 mg, quant.) as a light yellow oil which was used 

without further purification. 

δH (400 MHz; (CD3)2CO) 1.40 (9H, s, (CH3)3), 3.56 (2H, d, J = 12.7 Hz, CH2), 3.66 (2H, d, 

J = 12.7 Hz, CH2), 5.52 (1H, bs, OH), 6.70 (1H, bs, NH); HRMS (ESI+) Found (MNa+) 288.0327, 

C9H15NO4S2Na requires 288.0335. 

The spectroscopic data agrees with literature values.52 
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tert-Butyl (4-carbamoyl-1,2-dithiolane-4-yl)carbamate 2.102 

 

 

 

To a stirring solution of acid 2.101 (0.21 g, 0.80 mmol) in tetrahydrofuran (4 mL) under an 

atmosphere of nitrogen at 0 °C was added triethylamine (0.33 mL, 2.40 mmol) and the mixture 

stirred for 10 min. Isobutyl chloroformate (0.31 mL, 2.40 mmol) was then added and the 

mixture stirred for a further 45 min after which was cooled to - 20 °C and was added ammonia 

in methanol (1.13 mL, 7 mol L-1) and stirred for 20 min. The mixture was then diluted with 

diethyl ether (5 mL), quenched by the addition of water (5 mL) and separated. The organic 

phase was washed with water (5 mL) and the aqueous phase extracted with diethyl 

ether (3 x 5 mL). The combined organic extracts were dried (anhydrous magnesium 

sulfate) and the volatile solvent removed in vacuo to yield the crude product which was 

purified by silica gel chromatography (1:1 n-hexane:EtOAc then 2:3 n-hexane:EtOAc) to yield 

the title compound 2.102 (0.13 g, 61 %) as a white solid. 

RF = 0.25 (2:3 n-hexane:EtOAc); m.p. 165-171 °C (lit. m.p. 153-156 °C); δH (400 MHz; (CD3)2CO) 

1.42 (9H, s, (CH3)3), 3.56 (2H, d, J = 12.0 Hz, CH2), 3.64 (2H, d, J = 12.0 Hz, CH2), 6.48 (1H, bs, 

NH), 6.62 (1H, bs, NH), 7.16 (1H, bs, NH); IR vmax/cm-1 1656 (C=O), 1686 (C=O), 2974, 3218, 

3301, 3405; HRMS (ESI+) Found (MNa+) 287.0491, C9H16N2O3S2Na requires 287.0495. 

The spectroscopic data agrees with literature values.52 
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4-Amino-1,2-dithiolane-4-carboxamide hydrochloride52 2.80 

 

 

 

To a stirring solution of protected amine 2.102 (0.07 g, 0.25 mmol) in anhydrous 

methanol (2.5 mL) was added thionyl chloride (0.02 mL, 0.25 mmol) at 0 °C under an 

atmosphere of nitrogen. The mixture was warmed to 50 °C for 1 h. The volatile solvents were 

then removed in vacuo to yield the title compound 2.80 (0.05 g, quant.) which was used without 

further purification. 

δH (400 MHz; MeOD) 3.52 (2H, d, J = 13.0 Hz, CH2), 3.73 (2H, d, J = 13.0 Hz, CH2). 
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1-((2-(Trimethylsilyl)ethoxy)methyl)-1H-indole 2.136 

 

 

 

To a stirring suspension of sodium hydride (0.15 g, 5.92 mmol) in tetrahydrofuran (12.5 mL) 

under an atmosphere of nitrogen as 0 °C was added a solution of indole 2.1 (0.63 g, 5.38 mmol) 

in tetrahydrofuran (12.5 mL) and the resulting suspension stirred at 0 °C for 30 min. The 

mixture was then warmed to room temperature and stirred for a further 30 min. After this 

time 2-(trimethylsilyl)ethoxymethyl chloride (0.99 g, 1.05 mL, 5.92 mmol) was added 

dropwise and the mixture stirred for 18 h. Water (25 mL) was then added and the volatile 

solvent removed in vacuo. The aqueous residue was extracted with ethyl acetate (3 x 40 mL) 

and the combined organic extracts dried (anhydrous magnesium sulfate) and the volatile 

solvent removed in vacuo to yield the crude product which was purified by silica gel 

chromatography (19:1 n-pentane:EtOAc) to yield the title compound 2.136 (0.82 g, 62 %) as a 

cloudy oil. 

RF = 0.71 (19:1 n-pentane:EtOAc); δH (300 MHz; CDCl3; (CH3)4Si) -0.06 (9H, s, (CH3)3), 0.88 (2H, 

t, J = 7.5 Hz, SiCH2), 3.47 (2H, t, J = 7.5 Hz, SiCH2CH2), 5.49 (2H, s, OCH2N), 6.53 (1H, d, 

J = 2.9 Hz, Ar-H), 7.11-7.25 (3H, m, Ar-H), 7.50 (1H, d, J = 8.1 Hz, Ar-H), 7.63 (1H, dd, J = 0.7, 

7.7 Hz, Ar-H); HRMS (ESI+) Found (MNa+) 270.1279, C14H21NOSiNa requires 270.1285. 

The spectroscopic data agrees with literature values.121 
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3-Iodo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indole 2.137 

 

 

 

To a stirring solution of 1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indole 2.136 (0.50 g, 

2.02 mmol) in tetrahydrofuran (10 mL) under an atmosphere of nitrogen at 0 °C was added 

N-iodosuccinimide (0.55 g, 2.43 mmol) in one portion and the mixture stirred for 30 min. The 

mixture was then warmed to room temperature and stirred for a further 30 min. The volatile 

solvent was removed in vacuo to yield the crude product which was purified by silica gel 

chromatography (9:1 n-hexane:CH2Cl2) to yield the title compound 2.137 (0.66 g, 88 %) as a red 

oil. 

RF = 0.05 (9:1 n-hexane:CH2Cl2); δH (300 MHz; CDCl3; (CH3)4Si) -0.06 (9H, s, (CH3)3), 0.87 (2H, 

t, J = 8.2 Hz, SiCH2), 3.47 (2H, t, J = 8.2 Hz, SiCH2CH2), 5.45 (2H, s, OCH2N), 7.21-7.30 (3H, m, 

Ar-H), 7.43-7.46 (2H, m, Ar-H); δC (100 MHz; CDCl3) -1.29 (Si(CH3)3), 17.9 (C-11), 57.6 (C-3), 

66.2 (C-10), 75.8 (C-8), 110.3 (Ar-C), 121.2 (Ar-C), 121.4 (Ar-C), 123.4 (Ar-C), 131.0 (C-q), 

132.1 (Ar-C), 136.5 (C-q); IR vmax/cm-1 2893, 2952; HRMS (ESI+) Found (MNa+) 396.0246, 

C14H20NOSiINa requires 396.0251. 



Chapter Six – Experimental Procedures 

203 

3-Ethynyl-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indole 2.135 

 

 

 

Terminal alkyne 2.135 was prepared according to General Procedure C using 3-iodo-

1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indole 2.137 (0.10 g, 0.27 mmol) in anhydrous 

N,N-dimethylformamide (1 mL) and triethylamine (1 mL) followed by 

bis(triphenylphosphine)palladium(II) dichloride (0.006 g, 0.008 mmol), copper(I) 

iodide (0.004 g, 0.02 mmol) and ethynyltrimethylsilane 2.83 (0.04 g, 0.41 mmol). The crude 

product was purified by silica gel chromatography (20:1 n-hexane:EtOAc) to yield the title 

compound 2.135 (0.05 g, 77 %) as a brown oil. 

RF = 0.31 (20:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) -0.05 (9H, s, Si(CH3)3), 

0.89 (2H, t, J = 8.2 Hz, H-11), 3.23 (1H, s, H-13), 3.47 (2H, t, J = 8.1 Hz, H-10), 5.46 (2H, s, H-8), 

7.24 (1H, td, J = 0.9, 7.0 Hz, H-5), 7.30 (1H, td, J = 1.3, 7.0 Hz, H-6), 7.42 (1H, s, H-2), 7.50 (1H, 

d, J = 8.3 Hz, H-7), 7.75 (1H, m, H-4); δC (100 MHz; CDCl3) -1.30 (Si(CH3)3), 17.9 (C-11), 

66.3 (C-10), 76.0 (C-8), 77.3 (C-12), 79.2 (C-13), 97.5 (C-3), 110.5 (C-7), 120.3 (C-4), 121.3 (C-5), 

123.4 (C-6), 129.9 (C-3a), 132.3 (C-2), 135.8 (C-7a); HRMS (ESI+) Found (MNa+) 294.1276, 

C16H21NOSiNa requires 294.1285. 
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(Z)-Ethyl 2-oxo-2-((2-(1-((2-(trimethylsilyl)ethoxy)methyl)-1H-indol-3-

yl)vinyl)amino)acetate 2.138 

 

 

 

The reaction was carried out according to General Procedure D using alkyne 2.135 (0.20 g, 

0.74 mmol), ethyl 2-amino-2-oxoacetate 2.48 (0.04 g, 0.37 mmol), bis(2-methylallyl)cycloocta-

1,5-diene ruthenium(II) (6 mg, 0.018 mmol), ytterbium trifluoromethanesulfonate (9.1 mg, 

0.015 mmol) and 1,4-bis(dicyclohexylphosphino)butane (10 mg, 0.022 mmol) in 

N,N-dimethylformamide (2 mL). The crude product was purified by silica gel 

chromatography (7:3 n-hexane:EtOAc) to yield the title compound 2.138 (23 mg, 16 %) as a 

brown oil. 

RF = 0.52 (7:3 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) -0.05 (9H, s, Si(CH3)3), 0.92 (2H, 

t, J = 8.2 Hz, H-19), 1.38 (3H, t, J = 7.1 Hz, H-15), 3.53 (2H, t, J = 8.2 Hz, H-18), 4.37 (2H, q, 

J = 7.1 Hz, H-14), 5.52 (2H, s, OCH2N), 6.17 (1H, d, J = 9.0 Hz, H-8), 6.94 (1H, dd, J = 2.2, 9.1 Hz, 

H-9), 7.22 (1H, td, J = 0.8, 7.7 Hz, H-5), 7.28 (1H, s, H-2), 7.32 (1H, td, J = 1.1, 7.0 Hz, H-6), 

7.52 (1H, d, J = 8.2 Hz, H-7), 7.62 (1H, dt, J = 0.9, 7.9 Hz, H-4), 9.15 (1H, bd, J = 11.0 Hz, NH); 

δC (100 MHz; CDCl3) -1.32 (Si(CH3)3), 14.1 (C-15), 17.9 (C-19), 63.7 (C-14), 66.3 (C-18), 

76.0 (C-16), 106.3 (C-8), 110.5 (C-7), 110.9 (C-3), 119.2 (C-4), 119.4 (C-9), 121.0 (C-5), 123.4 (C-6), 

125.9 (C-2), 127.7 (C-3a), 136.7 (C-7a), 153.4 (C-11), 160.6 (C-12); IR vmax/cm-1 1704, 2953, 3350; 

HRMS (ESI+) Found (MNa+) 411.1710, C20H28N2O4SiNa requires 411.1711. 
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(S,Z)-N1-(1-Amino-1-oxopropan-2-yl)-N2-((2-(1-((2-trimethylsilyl)ethoxy)methyl)-1H-

indol-3-yl)vinyl)oxalamide 2.139 

 

 

 

To a stirring solution of ester 2.138 (0.014 g, 0.036 mmol) in methanol (1.40 mL) under an 

atmosphere of nitrogen was added (S)-2-aminopropanamide hydrochloride 2.140 (0.018 g, 

0.144 mmol) and triethylamine (0.04 mL, 0.288 mmol) and the mixture stirred at room 

temperature for 120 h. The volatile solvent was removed in vacuo to yield the crude product 

which was purified by silica gel chromatography (4:1 n-hexane:EtOAc) to yield the title 

compound 2.139 (7 mg, 44 %) as a thick brown oil. 

RF = 0.36 (4:1 n-hexane:EtOAc); [α]D
25 -26.667 (c 0.09 in CHCl3); δH (400 MHz; CDCl3; (CH3)4Si) 

-0.05 (9H, s, Si(CH3)3), 0.91 (2H, t, J = 8.3 Hz, H-19), 1.49 (3H, d, J = 7.0 Hz, CHCH3), 3.52 (2H, 

t, J = 8.1 Hz, H-18), 4.47 (1H, p, J = 7.5 Hz, H-14), 5.52 (2H, s, OCH2N), 5.57 (1H, bs, NH2-a), 

6.02 (1H, bs, NH2-b), 6.18 (1H, d, J = 9.1 Hz, H-8), 6.87 (1H, dd, J = 2.3, 9.1 Hz, H-9), 7.22 (1H, 

m, H-5), 7.31 (1H, m, H-6), 7.31 (1H, s, H-2), 7.51 (1H, d, J = 8.4 Hz, H-7), 7.62 (1H, d, J = 7.7 Hz, 

H-4), 7.95 (1H, bd, J = 7.7 Hz, NH-13), 9.41 (1H, bd, J = 12.0 Hz, NH-10); δC (100 MHz; 

CDCl3) -1.29 (Si(CH3)3), 17.8 (C-19), 17.9 (CHCH3), 49.2 (C-14), 66.3 (C-18), 76.0 (C-16), 

106.6 (C-8), 110.5 (C-7), 110.9 (C-3), 118.6 (C-9), 119.4 (C-4), 121.0 (C-5), 123.4 (C-6), 126.0 (C-2), 

127.9 (C-3a), 136.6 (C-7a), 156.2 (C-11), 159.6 (C-12), 172.9 (C-15); IR vmax/cm-1 1668 (C=O), 

2925, 2953, 3308 (NH); HRMS (ESI+) Found (MNa+) 453.1925, C21H30N4O4SiNa requires 

453.1929. 
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tert-Butyl 1H-indole-1-carboxylate 2.133 

 

 

 

To a stirring solution of indole 2.1 (0.50 g, 4.27 mmol) in dichloromethane (10 mL) was added 

pyridine (0.45 mL, 5.55 mmol), di-tert-butyl dicarbonate (1.21 g, 5.55 mmol) and 

4-dimethylaminopyridine (0.05 g, 0.43 mmol) and the mixture stirred for 1 h under an 

atmosphere of nitrogen. Sat. aqueous ammonium chloride (5 mL) was added and the organic 

layer separated. The aqueous phase was extracted with ethyl acetate (3 x 15 mL), the combined 

organic extracts dried (anhydrous magnesium sulfate) and the volatile solvent removed in 

vacuo to yield the crude product which was purified by silica gel 

chromatography (19:1 n-hexane:EtOAc) to yield the title compound 2.133 (0.92 g, 99 %) as a 

yellow oil. 

RF = 0.63 (19:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) 1.68 (9H, s, (CH3)3), 6.57 (1H, 

d, J = 3.3 Hz, Ar-H), 7.21-7.33 (2H, m, Ar-H), 7.56 (1H, d, J = 7.8 Hz, Ar-H), 7.60 (1H, d, 

J = 3.7 Hz, Ar-H), 8.15 (1H, d, J = 8.2 Hz, Ar-H); δC (100 MHz; CDCl3) 28.4, 83.8, 107.4, 115.3, 

121.1, 122.8, 124.3, 126.0, 130.7, 135.3, 150.0; HRMS Found (MNa+) 240.0995, C13H15NO2Na 

requires 240.1001. 

The spectroscopic data agrees with literature values.122 
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tert-Butyl 3-iodo-1H-indole-1-carboxylate 2.144 

 

 

 

To a stirring solution of 1H-indole 2.1 (1.00 g, 8.51 mmol) in N,N-dimethylformamide (22 mL) 

was added potassium hydroxide (1.19 g, 21.3 mmol) and iodine (2.16 g, 8.51 mmol) and the 

mixture stirred at room temperature under an atmosphere of nitrogen for 2 h. The solution 

was then poured onto ice water (150 mL) to which was added aqueous ammonia (14 mol L-1, 

0.75 mL) and sodium metabisulfite (0.15 g). The resulting suspension was extracted repeatedly 

into diethyl ether. The combined organic extracts were dried (anhydrous magnesium sulfate) 

and the volatile solvent removed in vacuo to yield the crude iodide which was used directly. 

To a stirring solution of crude iodide in dichloromethane (22 mL) was added 4-

dimethylaminopyridine (0.08 g, 0.66 mmol) and di-tert-butyl dicarbonate (2.56 g, 11.7 mmol) 

and the resulting mixture stirred at room temperature under and atmosphere of nitrogen for 

30 min. The solution was then washed with hydrochloric acid (0.1 mol L-1, 11 mL) and the 

aqueous phase extracted with dichloromethane (3 x 6 mL). The combined organic extracts 

were then dried (anhydrous magnesium sulfate) and the volatile solvent removed in vacuo to 

yield the crude product which was purified by silica gel chromatography 

chromatography (20:1 n-hexane:EtOAc) to yield the title compound 2.144 (2.36 g, 88 %) as a 

light yellow oil. 

RF = 0.55 (20:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) 1.69 (9H, s, (CH3)3), 

7.31-7.43 (3H, m, Ar-H), 7.75 (1H, s, Ar-H), 8.15 (1H, bd, J = 7.9 Hz, Ar-H); δC (100 MHz; 

CDCl3) 28.3, 65.6, 84.4, 115.2, 121.6, 123.4, 125.5, 130.2, 132.2, 135.0, 148.8; HRMS (ESI+) 

Found (MNa+) 365.9948, C13H14INO2Na requires 365.9961. 

The spectroscopic data agrees with literature values.72 
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tert-Butyl 3-ethynyl-1H-indole-1-carboxylate 2.142 

 

 

 

Terminal alkyne 2.142 was prepared according to General Procedure C using tert-butyl 3-

iodo-1H-indole-1-carboxylate 2.144 (0.55 g, 1.60 mmol) in N,N-dimethylformamide (1.60 mL) 

and triethylamine (1.60 mL) followed by bis(triphenylphosphine)palladium(II) 

dichloride (21 mg, 0.03 mmol), copper(I) iodide (11 mg, 0.06 mmol) and 

ethynyltrimethylsilane 2.83 (0.24 g, 2.40 mmol). The crude product was purified by silica gel 

chromatography (20:1 n-hexane:EtOAc) to yield the title compound 2.142 (0.47 g, quant.) as a 

dark brown oil. 

RF = 0.28 (20:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) 1.68 (9H, s, (CH3)3), 3.25 (1H, 

s, CCH), 7.29-7.33 (1H, m, Ar-H), 7.35-7.39 (1H, m, Ar-H), 7.62 (1H, dd, J = 1.5, 8.5 Hz, Ar-H), 

7.82 (1H, s, Ar-H), 8.15 (1H, d, J = 7.9 Hz, Ar-H); δC (100 MHz; CDCl3) 28.3, 75.9, 80.8, 84.6, 

102.5, 115.4, 120.2, 123.4, 125.4, 130.0, 130.6, 134.7, 149.1; HRMS (ESI+) Found (MNa+) 

264.0996, C15H15NO2Na requires 264.0995. 

The spectroscopic data agrees with literature values.72 



Chapter Six – Experimental Procedures 

209 

(Z)-tert-Butyl 3-(2-(2-ethoxy-2-oxoacetamido)vinyl)-1H-indole-1-carboxylate 2.145 

 

 

 

The reaction was carried out according to General Procedure D using alkyne 2.142 (0.20 g, 

0.83 mmol), ethyl 2-amino-2-oxoacetate 2.48 (0.04 g, 0.34 mmol), bis(2-methylallyl)cycloocta-

1,5-diene ruthenium(II) (12.8 mg, 0.04 mmol), ytterbium trifluoromethanesulfonate (19.8 mg, 

0.03 mmol) and 1,4-bis(dicyclohexylphosphino)butane (21.6 mg, 0.05 mmol) in 

N,N-dimethylformamide (2 mL). The crude product was purified by silica gel 

chromatography (7:3 n-hexane:EtOAc) to yield the title compound 2.145 (0.04 g, 14 %) as a 

brown oil. 

RF = 0.59 (7:3 n-hexane:EtOAc); δH (300 MHz; CDCl3; (CH3)4Si) 1.38 (3H, t, J = 7.0 Hz, H-15), 

1.70 (9H, s, (CH3)3), 4.37 (2H, q, J = 7.2 Hz, H-14), 6.06 (1H, d, J = 9.2 Hz, H-8), 7.04 (1H, dd, 

J = 2.5, 9.0 Hz, H-9), 7.30 (1H, td, J = 1.1, 7.6 Hz, H-6), 7.39 (1H, td, J = 1.2, 7.2 Hz, H-5), 7.55 (1H, 

d, J = 7.7 Hz, H-7), 7.70 (1H, s, H-2), 8.12 (1H, d, J = 8.3 Hz, H-4), 9.11 (1H, bd, J = 10.5 Hz, NH); 

δC (100 MHz; CDCl3) 14.1 (C-15), 28.3 (OC(CH3)3), 63.8 (C-14), 84.4 (OC(CH3)3), 104.6 (C-8), 

115.0 (C-3), 115.5 (C-4), 119.3 (C-7), 121.5 (C-9), 123.2 (C-2), 123.3 (C-6), 125.0 (C-3a), 125.4 (C-5), 

129.4 (C-7a), 149.5 ((C=O)OC(CH3)3), 153.6 (C-11), 160.2 (C-12); IR vmax/cm-1 1500 (C=C), 

1556 (C=C), 1607 (C=C), 1731 (C=O), 3398 (NH); HRMS (ESI+) Found (MNa+) 381.1432, 

C19H22N2O5Na requires 381.1421. 
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(S,Z)-tert-Butyl 3-(2-(2-((1-amino-1-oxopropan-2-yl)amino)-2-oxoacetamido)vinyl)-1H-

indole-1-carboxylate 2.146 

 

 

 

To a stirring solution of ester 2.145 (0.08 g, 0.22 mmol) in anhydrous methanol (8 mL) under 

an atmosphere of nitrogen was added (S)-2-aminopropanamide hydrochloride 2.140 (0.14 g, 

1.12 mmol) and triethylamine (0.17 mL, 1.23 mmol) and the mixture stirred at room 

temperature for 120 h or until complete consumption of starting material by TLC. The volatile 

solvent was removed in vacuo to yield the crude product which was purified by silica gel 

chromatography (9:1 CH2Cl2:MeOH) to yield the title compound 2.146 (0.03 g, 37 %) as a light 

brown oil. 

RF = 0.26 (9:1 CH2Cl2:MeOH ); [α]D
25 -27.714 (c 0.35 in CHCl3); δH (400 MHz; CDCl3; (CH3)4Si) 

1.49 (3H, d, J = 6.8 Hz, CHCH3), 1.70 (9H, s, (CH3)3), 4.47 (1H, p, J = 7.4 Hz, H-14), 5.41 (1H, bs, 

NH2-a), 5.96 (1H, bs, NH2-b), 6.07 (1H, d, J = 9.5 Hz, H-8), 6.97 (1H, dd, J = 2.5, 9.5 Hz, H-9), 

7.29 (1H, t, J = 8.0 Hz, H-6), 7.38 (1H, t, J = 7.1 Hz, H-5), 7.55 (1H, d, J = 7.9 Hz, H-7), 7.72 (1H, 

s, H-2), 7.83-7.86 (1H, m, H-4), 8.16 (1H, bd, J = 7.7 Hz, NH-13), 9.38 (1H, bd, J = 11.9 Hz, 

NH-10); δC (100 MHz; CDCl3) 17.6 (CHCH3), 28.2 (OC(CH3)3), 49.0 (CHCH3), 84.3 (OC(CH3)3), 

104.8 (C-8), 114.7 (C-3), 115.3 (C-3), 119.1 (C-7), 121.0 (C-9), 123.0 (C-2), 123.3 (C-6), 125.2 (C-5), 

129.5 (C-7a), 135.3 (C-3a), 149.6 (C=O), 156.3 (C=O), 159.3 (C=O), 172.5 (C=O); 

IR vmax/cm-1 1674 (C=O), 1733 (C=O), 2854, 2925, 3350; HRMS (ESI+) Found (MNa+) 423.1624, 

C20H24N4O5Na requires 423.1639. 
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3-Iodo-1-tosyl-1H-indole 2.150 

 

 

 

To a stirring solution of 3-iodo-1H-indole (4.00 g, 16.5 mmol) in dichloromethane (60 mL) 

under an atmosphere of nitrogen was added powdered potassium hydroxide (2.77 g, 

49.4 mmol) and tetra-n-butylammonium hydrogensulfate (0.59 g, 2.30 mmol). 

4-Toluenesulfonyl chloride (3.30 g, 17.3 mmol) was then added in one portion and the mixture 

stirred at room temperature for 30 min. An aqueous solution of ammonia (1 mol L-1), equal to 

the volume of solvent used, was added and the resulting biphasic mixture stirred vigorously 

for a further 30 min. The layers were separated and the organic layer was washed with 

aqueous sodium hydroxide (2 x 50 mL, 1 mol L-1) and water (2 x 50 mL). The combined organic 

extracts were dried (anhydrous magnesium sulfate) and the volatile solvent removed in vacuo 

to yield the crude product which was purified by silica gel 

chromatography (4:1 n-hexane:EtOAc) to yield the title compound 2.150 (3.93 g, 60 %) as a light 

orange solid. 

RF = 0.69 (4:1 n-hexane:EtOAc); m.p. 115-120 °C (lit. m.p. 131-133 °C); δH (400 MHz; 

CDCl3; (CH3)4Si) 2.34 (3H, s, CH3), 7.23 (2H, d, J = 8.7 Hz, Ar-H), 7.28-7.41 (3H, m, Ar-H), 

7.69 (1H, s, N-CH), 7.77 (2H, d, J = 8.7 Hz, Ar-H), 7.95 (1H, d, J = 8.9 Hz, Ar-H); δC (100 MHz; 

CDCl3) 21.7, 67.0, 113.5, 122.1, 124.1, 125.8, 127.1, 129.9, 130.2, 132.6, 134.5, 135.1, 145.5; 

HRMS (ESI+) Found (MNa+) 419.9526, C15H12INO2SNa requires 419.9526. 

The physical and spectroscopic data agrees with literature values.76 
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5,6-Dibromo-3-iodo-1-tosyl-1H-indole 2.151 

 

 

 

To a stirring solution of 5,6-dibromo-1H-indole 2.84 (0.80 g, 2.91 mmol) in 

N,N-dimethylformamide (15 mL) under an atmosphere of nitrogen was added potassium 

hydroxide (0.41 g, 7.27 mmol) and iodine (0.74 g, 2.91 mmol) and the mixture stirred for 1 h 

at room temperature. The solution was then poured onto a mixture of ice-cold water (120 mL) 

to which was added aqueous ammonia (14 mol L-1, 0.6 mL) and sodium metabisulfite (0.12 g) 

and the resulting suspension extracted repeatedly with diethyl ether until the aqueous phase 

became clear. The combined organic extracts were washed with brine (20 mL), 

dried (anhydrous magnesium sulfate) and the volatile solvent removed in vacuo to yield the 

crude iodide (0.60 g) which was immediately taken up in dichloromethane (10 mL). Powdered 

potassium hydroxide (0.25 g, 4.52 mmol), tetra-n-butylammonium hydrogensulfate (0.07 g, 

0.21 mmol) and 4-toluenesulfonyl chloride (0.30 g, 1.58 mmol) were then added and the 

mixture stirred at room temperature for 30 min. An aqueous solution of ammonia (1 mol L-1), 

equal to the volume of solvent used, was added and the resulting biphasic mixture stirred 

vigorously for a further 30 min. The layers were separated and the organic layer was washed 

with aqueous sodium hydroxide (2 x 50 mL, 1 mol L-1) and water (2 x 50 mL). The combined 

organic extracts were dried (anhydrous magnesium sulfate) and the volatile solvent removed 

in vacuo to yield the crude product which was purified by silica gel chromatography (4:1 

n-hexane:EtOAc) to yield the title compound 2.151 (0.61 g, 73 %) as a light orange solid. 

RF = 0.61 (4:1 n-hexane:EtOAc); m.p. 210 °C (decomposition); δH (400 MHz; CDCl3; (CH3)4Si) 

2.38 (3H, s, H-7’), 7.29 (2H, d, J = 8.3 Hz, H-3’, H-5’), 7.63 (1H, s, H-4), 7.65 (1H, s, H-2), 7.76 (2H, 

d, J = 8.3 Hz, H-2’, H-6’), 8.28 (1H, s, H-7); δC (100 MHz; CDCl3) 21.8 (C-7’), 64.9 (C-3), 

118.3 (C-7), 120.3 (C-5), 121.9 (C-6), 126.6 (C-4), 127.1 (C-2’, C-6’), 130.5 (C-3’, C-5’), 131.5 (C-2), 

133.3 (C-3a), 133.8 (C-7a), 134.6 (C-1’), 146.1 (C-4’); IR vmax/cm-1 1369, 2187, 2922, 3122; 

HRMS (ESI+) Found (MNa+) 575.7749, C15H10Br2INO2SNa requires 575.7736. 
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5,6-Dibromo-1-tosyl-3-((trimethylsilyl)ethynyl)-1H-indole 6.2 

 

 

 

To a stirring suspension of 5,6-dibromo-3-iodo-1-tosyl-1H-indole 2.151 (0.30 g, 0.54 mmol) in 

anhydrous triethylamine (3 mL) under an atmosphere of nitrogen was added 

bis(triphenylphosphine)palladium(II) dichloride (0.008 g, 0.01 mmol), copper(I) 

iodide (0.003 g, 0.02 mmol) and ethynyltrimethylsilane 2.83 (0.05 g, 0.54 mmol) and the 

resulting suspension stirred at room temperature for 12 h. Water (10 mL) was then added and 

the mixture extracted with ethyl acetate (3 x 20 mL). The combined organic extracts were 

washed with brine (20 mL), dried (anhydrous magnesium sulfate) and the volatile solvent 

removed in vacuo to yield the crude which was purified by silica gel 

chromatography (4:1 n-hexane:EtOAc) to yield the title compound 6.2 (0.32 g, quant.) as an 

orange solid. 

RF = 0.72 (4:1 n-hexane:EtOAc); m.p. 168-175 °C; δH (300 MHz; CDCl3; (CH3)4Si) 0.08 (9H, s, 

SiMe3), 2.18 (3H, s, H-7’), 7.08 (2H, d, J = 8.4 Hz, H- 3’, H-5’), 7.51 (1H, s, H-2), 7.56 (2H, d, 

J = 8.4 Hz, H-2’, H-6’), 7.64 (1H, s, H-4), 8.07 (1H, s, H-7); δC (100 MHz; CDCl3) 0.06 (SiMe3), 

21.8 (C-7’), 94.5 (C-8), 100.5 (C-9), 104.6 (C-3), 118.5 (C-7), 120.1 (C-5), 121.5 (C-6), 125.1 (C-4), 

127.1 (C-2’, C-6’), 130.4 (C-3’, C-5’), 130.9 (C-2), 131.4 (C-3a), 133.6 (C-7a), 134.6 (C-1’), 

146.1 (C-4’); IR vmax/cm-1 1379, 1596, 2066, 2164, 2960, 3101; HRMS (ESI+) Found (MNa+) 

545.9151, C20H19Br2NO2SSiNa requires 545.9165. 
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3-Ethynyl-1-tosyl-1H-indole 2.148 

 

 

 

To a stirring suspension of 3-iodo-1-tosyl-1H-indole 2.150 (1.00 g, 2.52 mmol) in anhydrous 

triethylamine (7 mL) under an atmosphere of nitrogen was added 

bis(triphenylphosphine)palladium(II) dichloride (0.04 g, 0.05 mmol), copper(I) iodide (0.01 g, 

0.08 mmol) and ethynyltrimethylsilane 2.83 (0.27 g, 2.77 mmol) and the resulting suspension 

stirred at room temperature for 12 h. Water (10 mL) was then added and the mixture extracted 

with ethyl acetate (3 x 20 mL). The combined organic extracts were washed with brine (20 mL), 

dried (anhydrous magnesium sulfate) and the volatile solvent removed in vacuo to yield the 

crude. The residue was taken up in tetrahydrofuran (10 mL) to which was added a solution 

of tetra-n-butylammonium fluoride (0.71 g, 2.25 mmol) in tetrahydrofuran and the mixture 

stirred for 5 min under an atmosphere of nitrogen. Sat. aqueous ammonium chloride (20 mL) 

was added and the mixture extracted with ethyl acetate (3 x 20 mL). The combined organic 

extracts were dried (anhydrous magnesium sulfate) and the volatile solvent removed in vacuo 

to yield the crude product which was purified by silica gel 

chromatography (4:1 n-hexane:EtOAc) to yield the title compound 2.148 (0.39 g, 52 %) as a 

brown crystalline solid. 

RF = 0.50 (4:1 n-hexane:EtOAc); m.p. 160-165 °C (lit. m.p. 161-162 °C); δH (400 MHz; 

CDCl3; (CH3)4Si) 2.35 (3H, s, CH3), 3.26 (1H, s, CCH), 7.24 (2H, d, J = 8.2 Hz, Ar-H), 7.29 (1H, 

tt, J = 0.9, 7.5 Hz, Ar-H), 7.36 (1H, tt, J = 1.4, 7.8 Hz, Ar-H), 7.64 (1H, dd, J = 1.2, 7.0 Hz, Ar-H), 

7.77-7.80 (3H, m, Ar-H), 7.97 (1H, dt, J = 0.7, 8.4 Hz, Ar-H); δC (100 MHz; CDCl3) 21.7, 75.1, 

81.7, 104.2, 113.7, 120.6, 124.0, 125.7, 127.1, 130.1, 130.2, 130.9, 134.2, 135.0, 145.6; 

HRMS (ESI+) Found (MNa+) 318.0547, C17H13NO2SNa requires 318.0559. 

The physical and spectroscopic data agrees with literature values.77 
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5,6-Dibromo-3-ethynyl-1-tosyl-1H-indole 2.149 

 

 

 

To a stirring solution of protected alkyne 6.1 (0.15 g, 0.29 mmol) in tetrahydrofuran (2 mL) 

under an atmosphere of nitrogen was added acetic acid (0.02 mL, 0.29 mmol) followed by a 

solution of tetra-n-butylammonium fluoride (1 mol L-1, 0.31 mL, 0.31 mmol) in 

tetrahydrofuran and the mixture stirred for 1 h. Sat. aqueous ammonium chloride (20 mL) 

was added and the mixture extracted with ethyl acetate (3 x 20 mL). The combined organic 

extracts were washed with brine (20 mL), dried (anhydrous magnesium sulfate) and the 

volatile solvent removed in vacuo to yield the crude product which was purified by silica gel 

chromatography (4:1 n-hexane:EtOAc) to yield the title compound 2.149 (0.13 g, 98 %) as a 

brown crystalline solid. 

RF = 0.59 (4:1 n-hexane:EtOAc); m.p. 171-178 °C; δH (400 MHz; CDCl3; (CH3)4Si) 2.38 (3H, s, 

H-7’), 3.27 (1H, s, H-9), 7.29 (2H, d, J = 8.3 Hz, H-3’, H-5’), 7.73 (1H, s, H-2), 7.76 (2H, d, 

J = 8.3 Hz, H-2’, H-6’), 7.89 (1H, s, H-4), 8.27 (1H, s, H-7); δC (100 MHz; CDCl3) 21.8 (C-7’), 

73.9 (C-8), 82.5 (C-9), 103.4 (C-3), 118.5 (C-7), 120.2 C-5), 121.6 (C-6), 125.0 (C-4), 127.1 (C-2’, 

C-6’), 130.5 (C-3’, C-5’), 131.3 (C-2), 131.4 (C-3a), 133.6 (C-7a), 134.5 (C-1’), 146.2 (C-4’); 

IR vmax/cm-1 1374, 1434, 1595, 2114, 2981, 3098, 3129, 3273, 3315; HRMS (ESI+) Found (MNa+) 

473.8783, C17H11Br2NO2SNa requires 473.8769. 
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(Z)-Ethyl 2-oxo-2-((2-(1-tosyl-1H-indol-3-yl)vinyl)amino)acetate 2.152 

 

 

 

The reaction was carried out according to General Procedure D using alkyne 2.148 (0.25 g, 

0.846 mmol), ethyl 2-amino-2-oxoacetate 2.48 (0.05 g, 0.423 mmol), bis(2-

methylallyl)cycloocta-1,5-diene ruthenium(II) (7 mg, 0.02 mmol), ytterbium 

trifluoromethanesulfonate (10 mg, 0.02 mmol) and 1,4-

bis(dicyclohexylphosphino)butane (11 mg, 0.03 mmol) in N,N-dimethylformamide (2.50 mL). 

The crude product was purified by silica gel chromatography (3:1 n-hexane:EtOAc) to yield 

the title compound 2.152 (0.02 g, 11 %) as a brown oil. 

RF = 0.27 (3:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) 1.42 (3H, t, J = 7.2 Hz, H-15), 

2.35 (3H, s, H-7’), 4.42 (2H, q, J = 7.0 Hz, H-14), 5.99 (1H, d, J = 8.9 Hz, H-8), 7.05 (1H, dd, 

J = 9.0, 11.5 Hz, H-9), 7.26 (2H, d, J = 8.2 Hz, H-3’, H-5’), 7.28 (1H, td, J = 1.0, 7.9 Hz, H-6), 

7.39 (1H, td, J = 1.5, 8.2 Hz, H-5), 7.50 (1H, dt, J = 0.9, 7.9 Hz, H-7), 7.65 (1H, s, H-2), 7.85 (2H, 

d, J = 8.4 Hz, H-2’, H-6’), 8.04 (1H, dt, J = 0.9, 8.4 Hz, H-4), 9.08 (1H, bd, J = 11.2 Hz, NH); 

δC (100 MHz; CDCl3) 14.1 (C-15), 21.7 (C-7’), 63.9 (C-14), 103.9 (C-8), 113.9 (C-4), 116.9 (C-3), 

119.8 (C-7), 122.3 (C-9), 123.3 (C-2), 123.8 (C-6), 125.8 (C-5), 127.1 (C-2’, C-6’), 129.8 (C-3a), 

130.2 (C-3’, C-5’), 135.0 (C-1’), 135.1 (C-7a), 145.4 (C-4’), 153.6 (C-11), 160.2 (C-12); 

IR vmax/cm-1 1597, 1653, 1711, 2925, 3379; HRMS (ESI+) Found (MNa+) 435.0996, 

C21H20N2O5SNa requires 435.0985. 
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(Z)-Ethyl 2-((2-(5,6-dibromo-1-tosyl-1H-indol-3-yl)vinyl)amino)-2-oxoacetate 2.153 

 

 

 

The reaction was carried out according to General Procedure D using alkyne 2.149 (0.27 g, 

0.60 mmol), ethyl 2-amino-2-oxoacetate 2.48 (0.04 g, 0.30 mmol), bis(2-methylallyl)cycloocta-

1,5-diene ruthenium(II) (6 mg, 0.018 mmol), ytterbium trifluoromethanesulfonate (10 mg, 

0.015 mmol) and 1,4-bis(dicyclohexylphosphino)butane (10 mg, 0.021 mmol) in 

N,N-dimethylformamide (2.70 mL). The crude product was purified by silica gel 

chromatography (3:1 n-hexane:EtOAc) to yield the title compound 2.153 (0.021 g, 12 %) as a 

brown oil. 

RF = 0.31 (3:1 n-hexane:EtOAc); δH (400 MHz; CDCl3; (CH3)4Si) 1.43 (3H, t, J = 7.1 Hz, H-15), 

2.38 (3H, s, H-7’), 4.43 (2H, q, J = 7.2 Hz, H-14), 5.86 (1H, d, J = 9.2 Hz, H-8), 7.05 (1H, dd, 

J = 9.0, 11.5 Hz, H-9), 7.31 (2H, d, J = 8.3 Hz, H-3’, H-5’), 7.62 (1H, s, H-2), 7.75 (1H, s, H-7), 

7.84 (2H, d, J = 8.3 Hz, H-2’, H-6’), 8.33 (1H, s, H-4), 9.00 (1H, bd, J = 11.6 Hz, NH); 

δC (100 MHz; CDCl3) 14.1 (C-15), 21.8 (C-7’), 64.1 (C-14), 102.6 (C-8), 116.0 (C-3), 118.7 (C-4), 

119.9 (C-q), 121.6 (C-q), 123.0 (C-9), 124.3 (C-7), 124.7 (C-2), 127.1 (C-2’, C-6’), 127.4 (C-q), 

130.4 (C-q), 130.5 (C-3’, C-5’), 134.5 (C-1’), 146.0 (C-4’), 153.6 (C-11), 160.2 (C-12); 

IR vmax/cm-1 1595, 1713, 2924; HRMS (ESI+) Found (MH+) 568.9358, C21H19Br2N2O5S requires 

568.9376. 
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(Z)-N1-(2-Amino-2-oxoethyl)-N2-(2-(1-tosyl-1H-indol-3-yl)vinyl)oxalamide 2.158 

 

 

 

To a stirring solution of ester 2.152 (0.04 g, 0.10 mmol) in anhydrous methanol (4 mL) under 

an atmosphere of nitrogen was added 2-aminoacetamide hydrochloride 2.157 (0.07 g, 

0.61 mmol) and triethylamine (0.10 mL, 0.71 mmol) and the mixture stirred at room 

temperature for 100 h or until complete consumption of starting material by TLC. The volatile 

solvent was removed in vacuo to yield the crude product which was purified by silica gel 

chromatography (9:1 CH2Cl2:MeOH) to yield the title compound 2.158 (0.03 g, 60 %) as a light 

yellow solid. 

RF = 0.26 (9:1 CH2Cl2:MeOH); m.p. 189-193 °C; δH (400 MHz; CDCl3; (CH3)4Si) 2.34 (3H, s, 

H-7’), 4.08 (2H, d, J = 6.1 Hz, H-14), 5.54 (1H, bs, NH), 5.87 (1H, bs, NH), 6.00 (1H, d, J = 9.4 Hz, 

H-8), 6.99 (1H, dd, J = 8.9, 11.5 Hz, H-9), 7.25 (2H, d, J = 8.0 Hz, H-3’, H-5’), 7.27 (1H, t, 

J = 6.8 Hz, H-6), 7.37 (1H, t, J = 8.5 Hz, H-5), 7.49 (1H, d, J = 7.7 Hz, H-7), 7.68 (1H, s, H-2), 

7.87 (2H, d, J = 8.0 Hz, H-2’, H-6’), 8.00 (1H, bs, NH), 8.02 (1H, d, J = 8.5 Hz, H-4), 9.35 (1H, bd, 

J = 11.0 Hz, NH); δC (100 MHz; CDCl3) 21.7 (C-7’), 43.0 (C-14), 104.3 (C-8), 107.5 (C-3), 

113.9 (C-4), 116.8 (C-3a), 119.8 (C-7), 121.9 (C-9), 123.5 (C-2), 123.8 (C-6), 125.7 (C-5), 127.2 (C-2’, 

C-6’), 130.3 (C-3’, C-5’), 134.9 (C-1’), 135.1 (C-7a), 145.3 (C-4’), 156.3 (C-11), 159.8 (C-12), 

169.3 (C-15); IR vmax/cm-1 1651, 1667, 1683, 1707, 3303, 3424; HRMS (ESI+) Found (MNa+) 

463.1042, C21H20N4O5SNa requires 463.1047. 
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 (S,Z)-N1-(1-Amino-1-oxopropan-2-yl)-N2-(2-(1-tosyl-1H-indol-3-yl)vinyl)oxalamide 2.155 

 

 

 

To a stirring solution of ester 2.152 (0.07 g, 0.16 mmol) in anhydrous methanol (6 mL) under 

an atmosphere of nitrogen was added (S)-2-aminopropanamide hydrochloride 2.140 (0.10 g, 

0.79 mmol) and triethylamine (0.12 mL, 0.87 mmol) and the mixture stirred at room 

temperature for 120 h or until complete consumption of starting material by TLC. The volatile 

solvent was removed in vacuo to yield the crude product which was purified by silica gel 

chromatography (9:1 CH2Cl2:MeOH) to yield the title compound 2.155 (0.05 g, 63 %) as a light 

brown solid. 

RF = 0.53 (9:1 CH2Cl2:MeOH); m.p. 197-202 °C; [α]D25 -45.833 (c 0.24 in CH2Cl2);  δH (400 MHz; 

CDCl3; (CH3)4Si) 1.51 (3H, d, J = 6.7 Hz, H-17), 2.33 (3H, s, H-7’), 4.53 (1H, p, J = 7.4 Hz, H-14), 

5.59 (1H, bs, NH), 6.00 (1H, d, J = 9.0 Hz, H-8), 6.09 (1H, bs, NH), 6.97 (1H, dd, J = 9.0, 11.6 Hz, 

H-9), 7.25 (2H, d, J = 8.5 Hz, H-3’, H-5’), 7.28 (1H, t, J = 7.3 Hz, H-6), 7.38 (1H, t, J = 7.1 Hz, 

H-5), 7.49 (1H, d, J = 7.9 Hz, H-7), 7.68 (1H, s, H-2), 7.86 (2H, d, J = 8.5 Hz, H-2’, H-6’), 7.82 (1H, 

bs, NH), 8.02 (1H, d, J = 8.3 Hz, H-4), 9.38 (1H, bs, NH); δC (100 MHz; CDCl3) 18.0 (C-17), 

21.7 (C-7’), 49.2 (C-14), 104.2 (C-8), 113.9 (C-4), 116.9 (C-3), 119.8 (C-7), 121.9 (C-9), 123.5 (C-2), 

123.8 (C-6), 125.7 (C-5), 127.2 (C-2’ C-6’), 129.9 (C-7a), 130.2 (C-3’, C-5’), 134.9 (C-1’), 

135.1 (C-3a), 145.3 (C-4’), 156.5 (C-11), 159.2 (C-12), 172.9 (C-15); IR vmax/cm-1 1493, 1618, 1645, 

1989, 2236, 2285, 2322, 3301, 3445; HRMS (ESI+) Found (MNa+) 477.1190, C22H22N4O5SNa 

requires 477.1203. 
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(S,Z)-N1-(2-(1H-Indol-3-yl)vinyl)-N2-(1-amino-1-oxopropan-2-yl)oxalamide 2.156 

 

 

 

To a stirring solution of protected cis-enamide 2.155 (0.025 g, 0.06 mmol) in anhydrous 

tetrahydrofuran (5 mL) under an atmosphere of nitrogen was added a solution of sodium 

methoxide in methanol (0.10 mL of 5.4 mol L-1, 0.50 mmol) and the mixture stirred at room 

temperature for 2 h or until complete consumption of starting material by TLC. The volatile 

solvent was removed in vacuo to yield the crude product which was purified by silica gel 

chromatography (9:1 CH2Cl2:MeOH) to yield the title compound 2.156 (0.006 g, 35 %) as a 

yellow oil. 

RF = 0.32 (9:1 CH2Cl2:MeOH); [α]D
25 -8.333 (c 0.12 in MeOH);  δH (400 MHz; CDCl3; (CH3)4Si) 

1.49 (3H, d, J = 6.9 Hz, H-17), 4.45 (1H, p, J = 7.3 Hz, H-14), 5.54 (1H, bs, NH), 6.00 (1H, bs, 

NH), 6.22 (1H, d, J = 9.0 Hz, H-8), 6.86 (1H, dd, J = 9.3, 11.3 Hz, H-9), 7.19 (1H, t, J = 7.5 Hz, 

H-5), 7.27 (1H, t, J = 7.5 Hz, H-6), 7.35 (1H, bd, J = 2.5 Hz, H-2), 7.41 (1H, d, J = 8.0 Hz, H-7), 

7.64 (1H, d, J = 8.1 Hz, H-4), 7.93 (1H, bd, J = 7.4 Hz, NH), 8.43 (1H, bs, NH), 9.41 (1H, bd, 

J = 11.2 Hz, NH); δC (100 MHz; CDCl3) 17.8 (C-17), 49.3 (C-14), 107.1 (C-8), 111.2 (C-3), 

111.5 (C-7), 118.5 (C-9), 119.1 (C-4), 120.6 (C-5), 122.3 (C-2), 123.3 (C-6), 126.7 (C-3a), 

136.0 (C-7a), 156.2 (C=O), 159.7 (C=O), 172.9 (C=O); IR vmax/cm-1 1489, 1530, 1666, 3341; 

HRMS (ESI+) Found (MNa+) 323.1110, C15H16N4O3Na requires 323.1115. 
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(S,Z)-N1-(1-Amino-4-(methylthio)-1-oxobutan-2-yl)-N2-(2-(1-tosyl-1H-indol-3-

yl)vinyl)oxalamide 2.160 

 

 

 

To a stirring solution of ester 2.152 (0.06 g, 0.13 mmol) in anhydrous methanol (5 mL) under 

an atmosphere of nitrogen was added (S)-2-amino-4-(methylthio)butanamide 

hydrochloride 2.159 (0.20 g, 1.07 mmol) and triethylamine (0.16 mL, 0.13 mmol) and the 

mixture stirred at room temperature for 120 h or until complete consumption of starting 

material by TLC. The volatile solvent was removed in vacuo to yield the crude product which 

was purified by silica gel chromatography (9:1 CH2Cl2:MeOH) to yield the title 

compound 2.160 (0.04 g, 58 %) as a brown oil. 

RF = 0.28 (9:1 CH2Cl2:MeOH); [α]D
25 -1.087 (c 0.23 in CH2Cl2);  δH (400 MHz; CDCl3; (CH3)4Si) 

2.09 (5H, m, H-17, H-20), 2.31 (3H, s, H-7’), 2.59 (2H, t, J = 7.2 Hz, H-18), 4.70 (1H, m, H-14), 

5.96 (1H, d, J = 9.1 Hz, H-8), 6.10 (1H, bs, NH2), 6.55 (1H, bs, NH2), 6.94 (1H, dd, J = 2.5, 9.0 Hz, 

H-9), 7.22-7.28 (3H, m, H-3’, H-5’, Ar-H), 7.35 (1H, t, J = 7.4 Hz, Ar-H), 7.48 (1H, d, J = 8.0 Hz, 

Ar-H), 7.70 (1H, s, H-2), 7.84 (2H, d, J = 8.5 Hz, H-2’, H-6’), 8.00 (1H, d, J = 8.5 Hz, Ar-H), 

8.28 (1H, bd, J = 8.5 Hz, NH-13), 9.42 (1H, bd, J = 11.3 Hz, NH-10); δC (100 MHz; CDCl3) 15.4, 

21.7, 27.6, 30.2, 31.2, 52.5, 104.2, 113.8, 116.9, 119.8, 121.8, 123.4, 123.8, 125.7, 129.9, 130.1, 130.2, 

134.8, 135.0, 145.4, 156.5, 159.5, 172.6. 
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(1S,3S)-1-Phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid 3.20a and 

(1R,3S)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid 3.20b 

 

 

 

The reaction was carried out according to General Procedure E using L-tryptophan (0.40 g, 

1.96 mmol) and benzaldehyde (0.22 mL, 2.15 mmol) in acetic acid (2.5 mL) for 3 h to yield the 

title compound 3.20a/b (0.54 g, 95 %) as a yellow solid and as a 1:1 mixture of diastereomers 

which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.73-3.06 (2H, m, H-4), 3.46-3.57 (1H, m, H-3), 5.24 (1H, s, H-1†), 

5.37 (1H, s, H-1), 6.94-7.03 (2H, m, Ar-H), 7.19-7.49 (7H, m, Ar-H), 10.28 (1H, s, NH), 10.65 (1H, 

s, NH); IR vmax/cm-1 1694 (C=O), 3039; HRMS (ESI+) Found (MNa+) 315.1092, C18H16N2O2Na 

requires 315.1104. 

The spectroscopic data is consistent with literature values.123 
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(1S,3R)-1-Phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid 3.21a and 

(1R,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic acid 3.21b 

 

 

 

The reaction was carried out according to General Procedure E using D-tryptophan (0.40 g, 

1.96 mmol) and benzaldehyde (0.22 mL, 2.15 mmol) in acetic acid (2.5 mL) for 3 h to yield the 

title compound 3.21a/b (0.38 g, 66 %) as a yellow solid and as a 1:1.4 mixture of diastereomers 

which was used without further purification 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.81-3.14 (2H, m, H-4), 3.62 (1H, m, H-3†), 3.72 (1H, dd, J = 4.0, 7.4 Hz, 

H-3), 5.36 (1H, s, H-1), 5.47 (1H, s, H-1†), 6.96-7.48 (9H, m, Ar-H), 10.39 (1H, s, NH), 10.72 (1H, 

s, COOH); IR vmax/cm-1 1697 (C=O), 2984; HRMS (ESI+) Found (MNa+) 315.1102, 

C18H16N2O2Na requires 315.1104. 

The spectroscopic data is consistent with literature values.123 
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(1S,3S)-1-(3,4,5-Trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylic acid 3.22a and (1R,3S)-1-(3,4,5-trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylic acid94 3.22b 

 

 

 

The reaction was carried out according to General Procedure E using L-tryptophan (2.00 g, 

9.79 mmol) and 3,4,5-trimethoxybenzaldehyde (1.92 g, 9.79 mmol) in acetic acid (8 mL) for 3 h 

to yield the title compound 3.22a/b (3.60 g, 95 %) as a yellow solid and as a 1:1 mixture of 

diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.89-3.14 (2H, m, H-4), 3.68 (3H, s, OCH3), 3.70 (3H, s, OCH3), 

3.74 (3H, s, OCH3), 5.38 (1H, s, H-1†), 5.47 (1H, s, H-1), 6.63 (1H, s, Ar-H), 6.76 (1H, s, Ar-H), 

6.98-7.04 (2H, m, Ar-H), 7.23-7.27 (1H, m, Ar-H), 7.46 (1H, d, J = 7.9 Hz, Ar-H), 10.43 (1H, bs, 

NH), 10.63 (1H, bs, NH); IR vmax/cm-1 1593 (C=O), 2840, 2940, 3322; HRMS (ESI+) 

Found (MNa+) 405.1414, C21H22N2O5Na requires 405.1421. 
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(1S,3R)-1-(3,4,5-Trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylic acid 3.23a and (1R,3R)-1-(3,4,5-trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylic acid94 3.23b 

 

 

 

The reaction was carried out according to General Procedure E using D-tryptophan (0.35 g, 

1.71 mmol) and 3,4,5-trimethoxybenzaldehyde (0.34 g, 1.71 mmol) in acetic acid (2 mL) for 3 h 

to yield the title compound 3.23a/b (0.34 g, 51 %) as a yellow solid and as a 1:1.25 mixture of 

diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.88-3.14 (2H, m, H-4), 3.69 (3H, s, OCH3), 3.71 (3H, s, OCH3), 

3.74 (3H, s, OCH3), 5.35 (1H, s, H-1), 5.45 (1H, s, H-1†), 6.63 (1H, s, Ar-H), 6.75 (1H, s, Ar-H), 

6.96-7.05 (2H, m, Ar-H), 7.24-7.27 (1H, m, Ar-H), 7.46 (1H, d, J = 7.9 Hz, Ar-H), 10.40 (1H, s, 

NH), 10.60 (1H, s, NH); IR vmax/cm-1 1630 (C=O), 2838, 2941, 3321; HRMS (ESI+) 

Found (MNa+) 405.1417, C21H22N2O5Na requires 405.1421. 
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(1S,3S)-1-(4-Hydroxy-3-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylic acid 3.24a and (1R,3S)-1-(4-hydroxy-3-methoxyphenyl)-2,3,4,9-tetrahydro-

1H-pyrido[3,4-b]indole-3-carboxylic acid 3.24b 

 

 

 

The reaction was carried out according to General Procedure E using L-tryptophan (2.00 g, 

9.79 mmol) and 4-hydroxy-3-methoxybenzaldehyde (1.49 g, 9.79 mmol) in acetic acid (10 mL) 

for 3 h to yield the title compound 3.24a/b (0.62 g, 19 %) as a yellow solid and as a 1:2.5 mixture 

of diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.94-3.13 (2H, m, H-4), 3.65 (1H, m, H-3), 3.73 (3H, s, OCH3), 5.35 (1H, 

s, H-1†), 5.49 (1H, s, H-1), 6.50 (1H, dd, J = 2.0, 8.0 Hz, Ar-H), 6.73 (1H, d, J = 7.9 Hz, Ar-H), 

6.96-7.08 (3H, m, Ar-H), 7.24 (1H, d, J = 8.1 Hz, Ar-H), 7.46 (1H, d, J = 7.5 Hz, Ar-H), 10.40 (1H, 

s, NH), 10.71 (1H, s, NH); IR vmax/cm-1 1712 (C=O), 2944, 3322, 3563; HRMS (ESI+) 

Found (MNa+) 361.1164, C19H18N2O4Na requires 361.1159. 

The spectroscopic data is consistent with literature values.123 
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(1S,3R)-1-(4-Hydroxy-3-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylic acid 3.25a and (1R,3R)-1-(4-hydroxy-3-methoxyphenyl)-2,3,4,9-tetrahydro-

1H-pyrido[3,4-b]indole-3-carboxylic acid 3.25b 

 

 

 

The reaction was carried out according to General Procedure E using D-tryptophan (0.40 g, 

1.96 mmol) and 4-hydroxy-3-methoxybenzaldehyde (0.29 g, 1.96 mmol) in acetic acid (2.5 mL) 

for 3 h to yield the title compound 3.25a/b (0.06 g, 9 %) as a yellow solid and as a 1:5 mixture of 

diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.86-3.07 (2H, m, H-4), 3.55 (1H, m, H-3), 3.73 (3H, s, OCH3), 5.23 (1H, 

s, H-1†), 5.40 (1H, s, H-1), 6.48 (1H, dd, J = 1.9, 8.5 Hz, Ar-H), 6.71 (1H, d, J = 8.5 Hz, Ar-H), 

6.94-7.06 (3H, m, Ar-H), 7.24 (1H, d, J = 7.9 Hz, Ar-H), 7.45 (1H, d, J = 7.6 Hz, Ar-H), 10.66 (1H, 

s, NH); IR vmax/cm-1 1593 (C=O), 2958, 3335; HRMS (ESI+) Found (MNa+) 361.1153, 

C19H18H2O4Na requires 361.1159. 

The spectroscopic data is consistent with literature values.123 
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(1S,3S)-1-(3-Hydroxy-4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylic acid 3.26a and (1R,3S)-1-(3-hydroxy-4-methoxyphenyl)-2,3,4,9-tetrahydro-

1H-pyrido[3,4-b]indole-3-carboxylic acid 3.26b 

 

 

 

The reaction was carried out according to General Procedure E using L-tryptophan (0.50 g, 

2.45 mmol) and 3-hydroxy-4-methoxybenzaldehyde (0.37 g, 2.45 mmol) in acetic acid (4 mL) 

for 3 h to yield the title compound 3.26a/b (0.12 g, 14 %) as a yellow solid and as a 1:1.1 mixture 

of diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.77-3.09 (2H, m, H-4), 3.54-3.62 (1H, m, H-3), 3.73 (3H, s, OCH3), 

3.77 (3H, s, OCH3†), 5.18 (1H, s, H-1†), 5.34 (1H, s, H-1), 6.66-6.67 (1H, m, Ar-H), 6.78-7.06 (4H, 

m, Ar-H), 7.20-7.25 (1H, m, Ar-H), 7.44 (1H, t, J = 9.9 Hz, Ar-H), 10.30 (1H, s, NH), 10.66 (1H, 

s, NH); IR vmax/cm-1 1612 (C=O), 3057; HRMS (ESI+) Found (MNa+) 361.1155, C19H18N2O4Na 

requires 361.1159. 
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(1S,3R)-1-(3-Hydroxy-4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylic acid 3.27a and (1R,3R)-1-(3-hydroxy-4-methoxyphenyl)-2,3,4,9-tetrahydro-

1H-pyrido[3,4-b]indole-3-carboxylic acid 3.27b 

 

 

 

The reaction was carried out according to General Procedure E using D-tryptophan (0.50 g, 

2.45 mmol) and 3-hydroxy-4-methoxybenzaldehyde (0.37 g, 2.45 mmol) in acetic acid (4 mL) 

for 3 h to yield the title compound 3.27a/b (0.05 g, 6 %) as a yellow solid and as a 1:1 mixture of 

diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.86-3.13 (2H, m, H-4), 3.63-3.66 (1H, m, H-3), 3.74 (3H, s, OCH3), 

3.78 (3H, s, OCH3†), 5.28 (1H, s, H-1†), 5.42 (1H, s, H-1), 6.70 (1H, m, Ar-H), 6.82-7.08 (4H, m, 

Ar-H), 7.25 (1H, t, J = 9.3 Hz, Ar-H), 7.46 (1H, t, J = 7.5 Hz, Ar-H), 10.40 (1H, s, NH), 10.72 (1H, 

s, NH); IR vmax/cm-1 1614 (C=O), 3328; HRMS (ESI+) Found (MNa+) 361.1151, C19H18N2O4Na 

requires 361.1159. 
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(1S,3S)-1-(4-Hydroxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic 

acid 3.28a and (1R,3S)-1-(4-hydroxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylic acid124 3.28b 

 

 

 

The reaction was carried out according to General Procedure E using L-tryptophan (0.75 g, 

3.67 mmol) and 4-hydroxybenzaldehyde (0.45 g, 3.67 mmol) in acetic acid (6 mL) for 3 h to 

yield the title compound 3.28a/b (0.23 g, 21 %) as a yellow solid and as a 1:10 mixture of 

diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.84-3.15 (2H, m, H-4), 3.71-3.75 (1H, m, H-3), 5.34 (1H, s, H-1), 

5.47 (1H, m, H-1†), 6.78 (2H, d, J = 8.5 Hz, Ar-H), 6.96-7.07 (2H, m, Ar-H), 7.19-7.24 (3H, m, 

Ar-H), 7.45 (1H, d, J = 7.4 Hz, Ar-H), 10.41 (1H, bs, NH), 10.72 (1H, bs, NH†); 

IR vmax/cm-1 1610 (C=O), 2603, 2912, 3409; HRMS (ESI+) Found (MNa+) 331.1050, 

C18H16N2O3Na requires 331.1053. 
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(1S,3R)-1-(4-Hydroxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylic 

acid 3.29a and (1R,3R)-1-(4-hydroxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylic acid124 3.29b 

 

 

 

The reaction was carried out according to General Procedure E using D-tryptophan (0.75 g, 

3.67 mmol) and 4-hydroxybenzaldehyde (0.45 g, 3.67 mmol) in acetic acid (6 mL) for 3 h to 

yield the title compound 3.29a/b (0.24 g, 21 %) as a yellow solid and as a 1:3.3 mixture of 

diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 2.83-3.15 (2H, m, H-4), 3.69-3.73 (1H, m, H-3), 5.34 (1H, s, H-1), 

5.48 (1H, s, H-1†), 6.79 (2H, d, J = 8.4 Hz, Ar-H), 6.95-7.07 (2H, m, Ar-H), 7.19-7.24 (3H, m, 

Ar-H), 7.45 (1H, d, J = 7.7 Hz, Ar-H), 10.40 (1H, bs, NH), 10.73 (1H, bs, NH†); 

IR vmax/cm-1 1611 (C=O), 3026, 3402; HRMS (ESI+) Found (MNa+) 331.1046, C18H16N2O3Na 

requires 331.1053. 
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Methyl (1S,3S)-1-(4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.35a and methyl (1R,3S)-1-(4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylate 3.35b 

 

 

 

The reaction was carried out according to General Procedure F using L-tryptophan methyl 

ester hydrochloride (0.75 g, 2.94 mmol), 4-methoxybenzaldehyde (0.44 g, 3.24 mmol) and 

trifluoroacetic acid (0.50 mL) in dichloromethane (8 mL) for 48 h to yield the title 

compound 3.35a/b (0.53 g, 54 %) as a yellow solid and as a mixture of 

diastereomers (indistinguishable) which was used without further purification. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.03-3.07 (1H, m, H-4), 3.29-3.33 (1H, m, H-4), 3.72 (3H, s, 

OCH3), 3.73 (3H, s, OCH3), 3.79-3.82 (1H, m, H-3), 6.10 (1H, s, H-1), 6.76-7.58 (7H, m, Ar-H), 

10.18 (1H, bs, NH), 11.41 (1H, bs, NH); IR vmax/cm-1 1728 (C=O), 2839, 2950, 3055, 3164, 3360; 

HRMS (ESI+) Found (MH+) 337.1541, C20H21N2O3 requires 337.1547. 

The spectroscopic data is consistent with literature values.125 
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Methyl (1S,3R)-1-(4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.36a and methyl (1R,3R)-1-(4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylate 3.36b 

 

 

 

The reaction was carried out according to General Procedure F using D-tryptophan methyl 

ester hydrochloride (0.75 g, 2.94 mmol), 4-methoxybenzaldehyde (0.44 g, 3.24 mmol) and 

trifluoroacetic acid (0.50 mL) in dichloromethane (8 mL) for 48 h to yield the title 

compound 3.36a/b (0.32 g, 32 %) as a yellow solid and as a mixture of 

diastereomers (indistinguishable) which was used without further purification. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.03-3.07 (1H, m, H-4), 3.28-3.33 (1H, m, H-4), 3.67 (3H, s, 

OCH3), 3.71 (3H, s, OCH3), 3.73-3.76 (1H, m, H-3), 6.10 (1H, s, H-1), 6.75-7.57 (7H, m, Ar-H), 

10.19 (1H, bs, NH), 11.34 (1H, bs, NH); IR vmax/cm-1 1728 (C=O), 2835, 2946, 3055, 3356; 

HRMS (ESI+) Found (MH+) 337.1542, C20H21N2O3 requires 337.1547. 

The spectroscopic data is consistent with literature values.125 
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Methyl (1S,3S)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate 3.37a 

and methyl (1R,3S)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate 

3.37b 

 

 

 

The reaction was carried out according to General Procedure F using L-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), benzaldehyde (0.21 mL, 1.96 mmol) and 

TFA:H2O (10 %) (7.5 mL) for 4 h to yield the title compound 3.37a/b (0.45 g, 75 %) as a yellow 

solid and as a 1:5 mixture of diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.17-3.29 (2H, m, H-4), 3.60 (3H, s, OCH3), 3.96-4.07 (1H, m, 

H-3), 5.62 (1H, s, H-1), 5.96 (1H, s, H-1†), 7.06 (1H, t, J = 7.4 Hz, Ar-H), 7.10-7.24 (5H, m, Ar-H), 

7.28 (2H, d, J = 7.4 Hz, Ar-H), 7.46 (1H, d, J = 6.7 Hz, Ar-H), 8.33 (1H, bs, NH), 8.39 (1H, bs, 

NH); IR vmax/cm-1 1737 (C=O), 2785, 2949, 3334, 3390; HRMS (ESI+) Found (MNa+) 329.1257, 

C19H18N2O2Na requires 329.1260. 

The spectroscopic data is consistent with literature values.125 
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Methyl (1S,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate 3.38a 

and methyl (1R,3R)-1-phenyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate 

3.38b 

 

 

 

The reaction was carried out according to General Procedure F using D-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), benzaldehyde (0.21 mL, 1.96 mmol) and 

TFA:H2O (10 %) (7.5 mL) for 6 h to yield the title compound 3.38a/b (0.68 g, quant.) as a yellow 

waxy solid and as a 1:3.5 mixture of diastereomers which was used without further 

purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.15-3.41 (2H, m, H-4), 3.56 (3H, s, OCH3), 3.98-4.03 (1H, m, 

H-3), 5.63 (1H, s, H-1), 6.00 (1H, s, H-1†), 7.00-7.85 (9H, m, Ar-H), 8.68 (1H, bs, NH), 9.79 (1H, 

bs, NH); IR vmax/cm-1 1748 (C=O), 2496, 2604, 2744, 2956, 3381; HRMS (ESI+) Found (MNa+) 

329.1256, C19H18N2O2Na requires 329.1260. 

The spectroscopic data is consistent with literature values.125 
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Methyl (1S,3S)-1-(3,4,5-trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.39a and methyl (1R,3S)-1-(3,4,5-trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylate 3.39b 

 

 

 

The reaction was carried out according to General Procedure F using L-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), 3,4,5-trimethoxybenzaldehyde (0.39 g, 1.96 mmol) 

and TFA:H2O (10 %) (7.5 mL) for 12 h to yield the title compound 3.39a/b (0.98 g, quant.) as a 

yellow solid and as a 1:5 mixture of diastereomers which was used without further 

purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 3.21-3.41 (2H, m, H-4), 3.67 (1H, m, H-3), 3.72 (3H, s, OCH3), 3.76 (6H, 

s, OCH3), 3.85 (3H, s, OCH3), 4.70 (1H, bd, J = 6.8 Hz, NH), 5.83 (1H, s, H-1), 5.88 (1H, s, H-1†), 

6.81 (2H, s, Ar-H), 7.05 (1H, td, J = 1.0, 6.9 Hz, Ar-H), 7.12 (1H, td, J = 1.5, 8.0 Hz, Ar-H), 

7.31 (1H, d, J = 8.1 Hz, Ar-H), 7.54 (1H, d, J = 7.8 Hz, Ar-H), 10.83 (1H, bs, NH); 

IR vmax/cm-1 1749 (C=O), 2953, 3315; HRMS (ESI+) Found (MNa+) 419.1568, C22H24N2O5Na 

requires 419.1577. 

The spectroscopic data is consistent with literature values.126 
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Methyl (1S,3R)-1-(3,4,5-trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.40a and methyl (1R,3R)-1-(3,4,5-trimethoxyphenyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylate 3.40b 

 

 

 

The reaction was carried out according to General Procedure F using D-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), 3,4,5-trimethoxybenzaldehyde (0.39 g, 1.96 mmol) 

and TFA:H2O (10 %) (7.5 mL) for 12 h to yield the title compound 3.40a/b (0.97 g, quant.) as a 

yellow solid and as a 1:5 mixture of diastereomers which was used without further 

purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 3.21-3.41 (2H, m, H-4), 3.67 (1H, m, H-3), 3.72 (3H, s, OCH3), 3.76 (6H, 

s, OCH3), 3.86 (3H, s, OCH3), 4.70 (1H, bs, NH), 5.82 (1H, s, H-1), 5.85 (1H, s, H-1†), 6.81 (2H, 

s, Ar-H), 7.04 (1H, td, J = 1.0, 7.1 Hz, Ar-H), 7.11 (1H, td, J = 1.0, 6.9 Hz, Ar-H), 7.30 (1H, d, 

J = 8.0 Hz, Ar-H), 7.54 (1H, d, J = 7.9 Hz, Ar-H), 10.81 (1H, bs, NH); IR vmax/cm-1 1749 (C=O), 

2842, 2948, 3331; HRMS (ESI+) Found (MNa+) 419.1573, C22H24N2O5Na requires 419.1577. 

The spectroscopic data is consistent with literature values.126 
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Methyl (1S,3S)-1-(4-hydroxy-3-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole-3-carboxylate 3.41a and methyl (1R,3S)-1-(4-hydroxy-3-methoxyphenyl)-

2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate 3.41b 

 

 

 

The reaction was carried out according to General Procedure F using L-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), 4-hydroxy-3-methoxybenzaldehyde (0.30 g, 

1.96 mmol) and TFA:H2O (10 %) (7.5 mL) for 12 h to yield the title 

compound 3.41a/b (0.58 g, 84 %) as a yellow solid and as a 1:1 mixture of diastereomers which 

was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.32-3.36 (2H, m, H-4), 3.55 (1H, bs, OH), 3.61 (1H, bs, OH†), 

3.70 (3H, s, OCH3), 3.72 (3H, s, OCH3), 4.21 (1H, s, H-3), 4.32 (1H, s, H-3†), 5.65 (1H, s, H-1), 

5.83 (1H, s, H-1†), 6.60-6.80 (3H, m, Ar-H), 7.12-7.23 (3H, m, Ar-H), 7.52 (1H, d, J = 7.8 Hz, 

Ar-H), 8.22 (1H, bs, NH), 8.34 (1H, bs, NH); IR vmax/cm-1 1746 (C=O), 2489, 2622, 2958, 3328; 

HRMS (ESI+) Found (MNa+) 375.1312, C20H20N2O4Na requires 375.1315. 

The spectroscopic data is consistent with literature values.123 
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Methyl (1S,3R)-1-(4-hydroxy-3-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole-3-carboxylate 3.42a and methyl (1R,3R)-1-(4-hydroxy-3-methoxyphenyl)-

2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate 3.42b 

 

 

 

The reaction was carried out according to General Procedure F using D-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), 4-hydroxy-3-methoxybenzaldehyde (0.30 g, 

1.96 mmol) and TFA:H2O (10 %) (7.5 mL) for 12 h to yield the title 

compound 3.42a/b (0.56 g, 81 %) as a yellow solid and as a 1:1.4 mixture of diastereomers which 

was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.31-3.54 (4H, m, H-4, H-4†), 3.68 (2H, bs, OH, OH†); 3.74 (3H, 

s, OCH3), 3.75 (3H, s, OCH3), 4.25-4.31 (2H, m, H-3, H-3†), 5.65 (1H, s, H-1), 5.86 (1H, s, H-1†), 

6.73-6.87 (2H, m, Ar-H), 6.91 (1H, s, Ar-H), 7.15-7.24 (3H, m, Ar-H), 7.55 (1H, d, J = 7.7 Hz, 

Ar-H), 7.77 (1H, bs, NH), 7.97 (1H, bs, NH); IR vmax/cm-1 1745 (C=O), 2964, 3307; 

HRMS (ESI+) Found (MNa+) 375.1312, C20H20N2O4Na requires 375.1315. 

The spectroscopic data is consistent with literature values.123 
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Methyl (1S,3S)-1-(3-hydroxy-4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole-3-carboxylate 3.43a and methyl (1R,3S)-1-(3-hydroxy-4-methoxyphenyl)-

2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate127 3.43b 

 

 

 

The reaction was carried out according to General Procedure F using L-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), 3-hydroxy-4-methoxybenzaldehyde (0.30 g, 

1.96 mmol) and TFA:H2O (10 %) (7.5 mL) for 12 h to yield the title 

compound 3.43a/b (0.32 g, 46 %) as a yellow solid and as a 1:1 mixture of diastereomers which 

was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.33-3.48 (2H, m, H-4), 3.73-3.77 (6H, m, (OCH3)2), 

4.11-4.29 (1H, m, H-3), 5.61 (1H, s, H-1), 5.83 (1H, s, H-1†), 6.54-7.54 (7H, m, Ar-H), 7.92 (1H, 

bs, NH), 8.64 (1H, bs, NH); IR vmax/cm-1 1747 (C=O), 2604, 2958, 3324; HRMS (ESI+) 

Found (MNa+) 375.1309, C20H20N2O4Na requires 375.1315. 
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Methyl (1S,3R)-1-(3-hydroxy-4-methoxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-

b]indole-3-carboxylate 3.44a and methyl (1R,3R)-1-(3-hydroxy-4-methoxyphenyl)-

2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-carboxylate127 3.44b 

 

 

 

The reaction was carried out according to General Procedure F using D-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), 3-hydroxy-4-methoxybenzaldehyde (0.30 g, 

1.96 mmol) and TFA:H2O (10 %) (7.5 mL) for 12 h to yield the title 

compound 3.44a/b (0.38 g, 55 %) as a yellow solid and as a 1:1.25 mixture of diastereomers 

which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.32-3.48 (2H, m, H-4), 3.71-3.75 (6H, m, (OCH3)2), 

4.16-4.26 (1H, m, H-3), 5.58 (1H, s, H-1), 5.82 (1H, s, H-1†), 6.50-7.32 (6H, m, Ar-H), 7.52 (1H, 

t, J = 8.0 Hz, Ar-H), 8.03 (1H, bs, NH), 8.75 (1H, bs, NH); IR vmax/cm-1 1747 (C=O), 2842, 2961, 

3330; HRMS (ESI+) Found (MNa+) 375.1304, C20H20N2O4Na requires 375.1315. 
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Methyl (1S,3S)-1-(4-hydroxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.45a and methyl (1R,3S)-1-(4-hydroxyphenyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylate128 3.45b 

 

 

 

The reaction was carried out according to General Procedure F using L-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), 4-hydroxybenzaldehyde (0.24 g, 1.96 mmol) and 

TFA:H2O (10 %) (7.5 mL) for 12 h to yield the title compound 3.45a/b (0.41 g, 65 %) as a yellow 

solid as a 1:3.3 mixture of diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; CDCl3; (CH3)4Si) 3.36-3.43 (2H, m, H-4), 3.78 (3H, s, OCH3), 3.81 (3H, s, OCH3†), 

4.36-4.40 (1H, m, H-3), 5.67 (1H, s, H-1), 5.96 (1H, s, H-1†), 6.34 (1H, d, J = 7.5 Hz, Ar-H), 

6.58 (2H, d, J = 8.0 Hz, Ar-H), 6.80 (1H, d, J = 8.0 Hz, Ar-H), 7.11-7.32 (2H, m, A-H), 

7.51-7.53 (2H, m, Ar-H), 8.00 (1H, bs, NH), 8.70 (1H, bs, NH). 

The spectroscopic data is consistent with literature values.129 
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Methyl (1S,3R)-1-(4-hydroxyphenyl)-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.46a and methyl (1R,3R)-1-(4-hydroxyphenyl)-2,3,4,9-tetrahydro-1H-

pyrido[3,4-b]indole-3-carboxylate128 3.46b 

 

 

 

The reaction was carried out according to General Procedure F using D-tryptophan methyl 

ester hydrochloride (0.50 g, 1.96 mmol), 4-hydroxybenzaldehyde (0.24 g, 1.96 mmol) and 

TFA:H2O (10 %) (7.5 mL) for 12 h to yield the title compound 3.46a/b (0.43 g, 68 %) as a yellow 

solid and as a 1:1.25 mixture of diastereomers which was used without further purification. 

Signals arising from the minor diastereomer are shown with †. 

δH (400 MHz; DMSO-d6) 3.11-3.15 (2H, m, H-4), 3.76 (3H, s, OCH3†), 3.84 (3H, s, OCH3), 

4.36 (1H, m, H-3), 4.73 (1H, m, H-3†), 5.77 (1H, s, H-1), 5.83 (1H, s, H-1†), 6.80-7.31 (7H, m, 

Ar-H), 7.54 (1H, t, J = 7.1 Hz, Ar-H), 9.81 (1H, bs, NH†), 9.88 (1H, bs, NH), 10.78 (1H, bs, NH), 

10.98 (1H, bs, NH†); IR vmax/cm-1 1745 (C=O), 2500, 2622, 2959, 3227, 3395; 

HRMS (ESI+) Found (MNa+) 345.1200, C19H18N2O3Na requires 345.1210. 

The spectroscopic data is consistent with literature values.129 
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Methyl 1-phenyl-9H-pyrido[3,4-b]indole-3-carboxylate 3.50 

 

 

 

To a stirring solution of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.37a/b (0.20 g, 0.65 mmol) in N,N-dimethylformamide (1.50 mL) at room 

temperature under an atmosphere of nitrogen was added triethylamine (0.23 mL, 1.63 mmol) 

followed by a solution of N-chlorosuccinimide (0.18 g, 1.37 mmol) in 

N,N-dimethylformamide (0.50 mL). After disappearance of the starting material by 

TLC (30 min) the reaction was quenched by the addition of ice-cold water resulting in 

precipitation of the product which was collected by filtration and the solid washed with 

ice-cold water and n-hexane to yield the title compound 3.50 (0.09 g, 43 %) as an off-white solid. 

m.p. 256-258 °C (lit. m.p. 250-252 °C); δH (400 MHz; CDCl3; (CH3)4Si) 4.05 (3H, s, OCH3), 

7.35-7.62 (6H, m, Ar-H), 7.91-7.93 (2H, m, Ar-H), 8.22 (1H, d, J = 8.0 Hz, Ar-H), 8.87 (1H, s, 

Ar-H), 8.90 (1H, bs, NH); IR vmax/cm-1 1715 (C=O), 2951, 3003, 3033, 3055, 3313; 

HRMS (ESI+) Found (MNa+) 325.0947, C19H14N2O2Na requires 325.0941. 

The physical and spectroscopic data agrees with literature values.112 
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Methyl 1-(3,4,5-trimethoxyphenyl)-9H-pyrido[3,4-b]indole-3-carboxylate 3.51 

 

 

 

To a stirring solution of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.39a/b (0.20 g, 0.50 mmol) in N,N-dimethylformamide (1.50 mL) at room 

temperature under an atmosphere of nitrogen was added triethylamine (0.17 mL, 1.26 mmol) 

followed by a solution of N-chlorosuccinimide (0.14 g, 1.06 mmol) in 

N,N-dimethylformamide (0.50 mL). After disappearance of the starting material by 

TLC (30 min) the reaction was quenched by the addition of ice-cold water resulting in 

precipitation of the product which was collected by filtration and the solid washed with 

ice-cold water and n-hexane to yield the title compound 3.51 (0.10 g, 49 %) as a yellow solid. 

m.p. 224-227 °C (lit. m.p. 229-230 °C); δH (400 MHz; CDCl3; (CH3)4Si) 3.86 (6H, s, (OCH3)2), 

3.88 (3H, s, OCH3), 4.05 (3H, s, CO2CH3), 7.05 (2H, s, Ar-H), 7.36-7.40 (1H, m, Ar-H), 

7.60-7.61 (2H, m, Ar-H), 8.22 (1H, d, J = 7.7 Hz, Ar-H), 8.85 (1H, s, Ar-H), 9.11 (1H, bs, NH); 

IR vmax/cm-1 1698, 1708, 2829, 2941, 2964, 3004, 3259, 3603; HRMS (ESI+) Found (MNa+) 

415.1264, C22H20N2O5Na requires 415.1250. 

The physical and spectroscopic data is consistent with literature values.113 
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Methyl 1-(4-hydroxy-3-methoxyphenyl)-9H-pyrido[3,4-b]indole-3-carboxylate 3.52 

 

 

 

To a stirring solution of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.41a/b (0.20 g, 0.57  mmol) in xylene (5 mL) was added sulfur (0.05 g, 1.42 mmol) 

and the resulting mixture was heated at reflux for 24 h. The mixture was then cooled to room 

temperature and subsequent cooling to 0 °C resulted in crystallisation of the crude product 

which was purified by silica gel chromatography (1:1 n-hexane:EtOAc) to yield the title 

compound 3.52 (0.02 g, 9 %) as a pale yellow solid. 

m.p. > 220 °C; δH (400 MHz; CDCl3; (CH3)4Si) 3.92 (3H, s, OCH3), 4.05 (3H, s, OCH3), 7.04 (1H, 

d, J = 8.0 Hz, Ar-H), 7.19 (1H, m, Ar-H), 7.28 (1H, m, Ar-H), 7.35-7.41 (2H, m, Ar-H), 7.45 (1H, 

s, Ar-H), 7.55-7.60 (1H, m, Ar-H), 8.21 (1H, d, J = 8.0 Hz, Ar-H), 8.82 (1H, s, NH), 8.92 (1H, bs, 

OH); IR vmax/cm-1 1707 (C=O), 3267, 3525; HRMS (ESI+) Found (MNa+) 371.1016, 

C20H16N2O4Na requires 371.1002. 

The spectroscopic data is consistent with literature values.130 
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Methyl 1-(3-hydroxy-4-methoxyphenyl)-9H-pyrido[3,4-b]indole-3-carboxylate 3.53 

 

 

 

To a stirring solution of 2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole-3-

carboxylate 3.43a/b (0.20 g, 0.57  ml) in xylene (5 mL) was added sulfur (0.05 g, 1.42 mmol) 

and the resulting mixture was heated at reflux for 24 h. The mixture was then cooled to room 

temperature and subsequent cooling to 0 °C resulted in crystallisation of the crude product 

which was purified by silica gel chromatography (1:1 n-hexane:EtOAc) to yield the title 

compound 3.53 (0.04 g, 20 %) as a pale yellow solid. 

m.p. 120-130 °C; δH (400 MHz; CDCl3; (CH3)4Si) 3.88 (3H, s, OCH3), 4.08 (3H, s, OCH3), 

6.96 (1H, d, J = 8.5 Hz, Ar-H), 7.20 (1H, m, Ar-H), 7.40 (2H, m, Ar-H), 7.54 (1H, s, Ar-H), 

7.63 (2H, m, Ar-H), 8.21 (1H, d, J = 8.0 Hz, Ar-H), 8.83 (1H, s, NH), 9.59 (1H, bs, OH); 

IR vmax/cm-1 1709 (C=O), 2951, 3320; HRMS (ESI+) Found (MNa+) 371.1012, C20H16N2O4Na 

requires 371.1002. 
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1-Phenyl-9H-pyrido[3,4-b]indole-3-carboxylic acid 3.55 

 

 

 

To a stirring solution of methyl 1-phenyl-9H-pyrido[3,4-b]indole-3-carboxylate 3.50 (0.03 g, 

0.08  mmol) in ethanol and water (1:3, 2 mL) was added dropwise aqueous sodium 

hydroxide (1 mol L-1, 0.40 mL) and the mixture heated at reflux for 2 h. The mixture was then 

cooled to room temperature and upon acidification with hydrochloric acid (1 mol L-1) the solid 

was recovered by filtration after being washed with water to yield the title 

compound 3.55 (0.02 g, 67 %) as a yellow solid. 

m.p. > 220 °C; δH (400 MHz; CDCl3; (CH3)4Si) 7.42 (1H, t, J = 7.0 Hz, Ar-H), 7.57-7.68 (6H, m, 

Ar-H), 7.97 (2H, d, J = 7.2 Hz, Ar-H), 8.25 (1H, d, J = 7.9 Hz, Ar-H), 8.84 (1H, bs, NH), 8.94 (1H, 

s, OH); IR vmax/cm-1 1741 (C=O), 3040, 3295; HRMS (ESI+) Found (MNa+) 311.0782, 

C18H12N2O2Na requires 311.0791. 

The physical and spectroscopic data is consistent with literature values.112 
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1-(3,4,5-Trimethoxyphenyl)-9H-pyrido[3,4-b]indole-3-carboxylic acid 3.56 

 

 

 

To a stirring solution of methyl 1-(3,4,5-trimethoxyphenyl)-9H-pyrido[3,4-b]indole-3-

carboxylate 3.51 (0.03 g, 0.08  mmol) in ethanol and water (1:3, 2 mL) was added dropwise 

aqueous sodium hydroxide (1 mol L-1, 0.35 mL) and the mixture heated at reflux for 2 h. The 

mixture was then cooled to room temperature and upon acidification with hydrochloric 

acid (1 mol L-1) the solid was recovered by filtration after being washed with water to yield 

the title compound 3.56 (0.03 g, 86 %) as a yellow solid. 

m.p. 220-225 °C; δH (400 MHz; CDCl3; (CH3)4Si) 3.96 (9H, s, (OCH3)3), 7.12 (2H, s, H-2’, H-6’), 

7.44 (1H, t, J = 6.5 Hz, H-6), 7.61-7.68 (2H, m, H-7, H-8), 8.24 (1H, d, J = 8.2 Hz, H-5), 8.92 (1H, 

s, H-4), 9.05 (1H, bs, NH); δC (100 MHz; CDCl3) 56.6 (OCH3-3’, OCH3-5’), 61.1 (OCH3-4’), 

105.7 (C-2’, C-6’), 112.1 (C-8), 115.2 (C-4), 121.7 (C-6), 122.0 (C-q), 122.3 (C-5), 129.7 (C-7), 

131.1 (C-q), 132.2 (C-q), 135.7 (C-q), 136.2 (C-q), 139.5 (C-4’), 141.0 (C-q), 141.6 (C-q), 

154.1 (C-3’, C-5’), 165.4 (C=O); IR vmax/cm-1 1627 (C=O), 3263; HRMS (ESI+) Found (MNa+) 

401.1099, C21H18N2O5Na requires 401.1108. 
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