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Abstract 

 

This thesis describes the synthetic studies towards the alkaloid pegaharmaline A, isolated from 

the seeds of Peganum harmala. Pegaharmaline A possesses a unique spirocyclic structure 

consisting of a β-carboline and a pyrroloquinazoline motif. 

 

 

 

The first-generation approach focused on validating the initially proposed biosynthesis 

involving the Pictet-Spengler reaction between pyrroloquinazoline 149 and tryptamine. 

However, this reaction did not form pegaharmaline A, instead forming the novel triaza-spiro 

compound 167. The second-generation approach attempted to synthesise 166 through an initial 

Mannich-type reaction. In this instance, ring-opening of pyrroloquinazoline 171 by the 

tryptamine led to the formation of tryptamido-quinazoline 176 in a 1:1 diastereomeric ratio. A 

third-generation approach focused on a Pictet-Spengler reaction between tryptamine and 

isovasicinone (188) to synthesise tetrahydro-β-carboline 196 that upon oxidation followed by 

acid-mediated cyclisation was anticipated to form the pegaharmaline A core structure 160. The 

Pictet-Spengler reaction was successful; however, the oxidation of tetrahydro-β-carboline 196 

to its dihydro-β-carboline was not possible. Furthermore, after a few months the Pictet-

Spengler reaction stopped producing tetrahydro-β-carboline 196 and started forming 

tryptamino-pyrroloquinazoline 202. Unfortunately, we have not been able to find a suitable 

explanation for this sudden change in reaction outcome.
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As the biomimetic synthesis of pegaharmaline A was complicated by the facile ring-opening 

of pyrroloquinazolines 149 and 171, the structural assignment of pegaharmaline A was 

evaluated. It was proposed the pyrroloquinazoline portion of the pegaharmaline A scaffold 

originated from the P. harmala alkaloid vasicinone (22), and while the isolation report 

proposed the spirocentre of pegaharmaline A formed at C1 of vasicinone, we felt it was more 

likely to form at C3 on biosynthesis grounds. Furthermore, the isolation report proposed the 

Pictet-Spengler reaction occurred between tryptamine and an amide, whereas this reaction is 

only reported to proceed with an aldehyde or ketone in nature. We therefore proposed that 

pegaharmaline A had been misassigned, and actually comprises the structure 205. 

 

 

 

Efforts toward the proposed revised pegaharmaline A resulted in the successful synthesis of 

both 6-methoxytryptamine (48) and pyrroloquinazoline 207 precursors; however, attempts at 

the Pictet-Spengler reaction were not successful. 
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The source of the chirality of pegaharmaline A was also investigated as the proposed 

biosynthetic precursors of the Pictet-Spengler reaction were both achiral. The chirality in 

pegaharmaline A could be installed upon 1,2-dimethylvasicinone (247) undergoing iterative 

tautomerization events to give the chiral aminoketone 249. Attempts to validate this proposal 

were not successful. Despite not achieving the total synthesis of pegaharmaline A, several new 

observations relevant to heteroaromatic chemistry are described. 
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1.1. Natural products in drug discovery 

Natural products have been a constant source of both inspiration and material in drug discovery, 

with 37.7% of all drugs approved for use between 1981 and 2019 being of natural product 

origin.1 With the constant need for new and improved medicines, many researchers look to 

natural products as inspiration for novel lead compounds to treat a number of diseases.  

 

Artemisinin (1) is an antimalarial and was isolated in 1972 from the plant Artemisia annua, a 

herb well known in Chinese traditional medicine.2 Death of the parasite is brought about by the 

endoperoxide that converts to reactive intermediates inside the parasite.3 Chloroquine (2) – also 

an antimalarial – is a derivative of quinine which was isolated from the bark of the Cinchona 

tree. It accumulates inside the digestive vacuole of the parasite and prevents biocrystallisation 

of heme molecules which are toxic to the parasite – the build-up of heme within the parasite 

therefore causes cell lysis and death.4 Morphine (3), isolated in 1804 from the opium poppy, is 

an analgesic that acts by binding and activating the µ-opioid receptor in the central nervous 

system.5 Its isolation is generally regarded as the first medicinal alkaloid isolated from a 

plant.6,7  

 

 

Figure 1. Current drugs with natural product origins. 



 

3 

 

Paclitaxel (4) is an anticancer drug, first isolated from the bark of the Pacific yew tree in 1971.8 

It acts as a mitotic inhibitor where it binds to microtubules formed in the cell during mitosis 

and prevents cell growth and division. Griseofulvin (5) is an antifungal isolated from the fungi 

Penicillium griseofulvum in 1939; however, it was not until 1952 that its structure was 

elucidated.9 When taken orally, griseofulvin concentrates in keratin and after entering the 

dermatophyte, it disrupts fungal microtubule formation and interferes with mitosis.9,10 

Erythromycin (6), first isolated from the bacteria Saccharopolyspora erythraea in 1952, is an 

antibiotic used to treat various bacterial infections. It binds to the bacterial rRNA complex and 

prevents protein synthesis, and thus processes critical for life are halted.11 

 

Plants in particular have been an immense resource in the field of drug discovery as their use 

in traditional medicine throughout history has prompted many researchers to investigate the 

natural products that give certain plants their medicinal properties. The earliest written records 

of plants being used as medicine date back to approximately the seventh century B.C.E. – a 

clay slab from the Sumerian civilisation was discovered recording recipes for the preparation 

of remedies, referring to over 250 various plants.12  
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1.2. Peganum harmala 

The plant Peganum harmala (also known as Syrian rue, wild rue or harmal) is a plant that 

grows in semi-arid climates and is native to the eastern Mediterranean region, but is also widely 

found in the Middle East, North Africa and parts of China.13,14 It holds a spiritual importance 

in certain cultures, and in places like Morocco and Turkey the powdered seeds or fruit are kept 

in amulets, while in Iran they are burnt. Both practices serve the purpose of warding off “the 

evil eye”.13,14 Furthermore, it is believed to have been used, and perhaps still is currently used, 

as an entheogen – a substance that causes one to experience an awakening or enlightenment 

from a higher power – as ingestion of the plant or its extracts is known to cause 

hallucinations.15–18 This has become the basis of speculations that the sacred drink known as 

haoma that was used in ancient Zoroastrian rituals was in fact a concoction containing 

P. harmala.18–20 Other entheogenic plants have also been found to contain some of the same 

alkaloids as P. harmala with the most popular example being Banisteriopsis caapi,15 an 

Amazonian vine that is one of the main ingredients of the shamanic drink ayahuasca.18,19 

 

 

Figure 2. The flower and seeds of P. harmala. Image of flowers: licensed under the Creative 

Commons Attribution-Share Alike 3.0 Unported (CC BY-SA 3.0) license. Author – 

Lazaregagnidse. Image of seeds: source – United States Department of Agriculture. As a 

work of the U.S. federal government, the image is in the public domain. Authors – Kirkbride, 

J.H., Jr., C.R. Gunn, and M.J. Dallwitz. 2006. 
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1.2.1. Applications in traditional medicine 

For many years P. harmala has been used in folk medicine as a remedy for numerous diseases 

and nearly all parts of the plant including the leaves, fruits and seeds have been reported to 

exhibit medicinal properties.14 However, it is the seeds of the plant that are most commonly 

used in traditional medicine as powders, decoctions, or infusions. The plant has been used to 

treat Parkinson’s, headaches, Alzheimer’s, hypertension, asthma, intestinal pain, bacterial 

infections and arthritis.13,14 Furthermore, it is a known abortifacient13,14,21,22 and cases of 

overdose from ingestion have been reported.15–17,23,24 Symptoms of overdose include: nausea, 

vomiting, tachycardia, hallucinations, tremors and ataxia. The plant’s extracts also have been 

shown to act as monoamine oxidase (MAO),25 acetylcholinesterase (AChE) and 

butyrylcholinesterase (BChE)26 inhibitors, thus explaining its use in traditional medicine to 

treat Parkinson’s and Alzheimer’s disease.13,14  

 

1.2.2. Alkaloids isolated from P. harmala 

The two main classes of alkaloids isolated from P. harmala are pyrroloquinazolines and 

β-carbolines with many examples from each class exhibiting biological properties, thus making 

this plant an excellent source of natural product drug candidates. While there are other classes 

of natural products found in P. harmala such as flavonoids, anthraquinones, carbohydrates and 

fatty acids, this section will focus on the isolation and biological activity of the alkaloid 

components, given they are likely to be responsible for the neuropharmacological properties of 

the plant. 
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1.2.2.1. Tryptamines 

Serotonin (7) and 6-hydroxytryptamine (8) were isolated from P. harmala from calluses grown 

on auxin-deficient medium (Figure 3).27,28 A small group of 2-acetyl tryptamines have also 

been isolated from the seeds of P. harmala; 2-acetyl-3-(2-acetamidoethyl)-7-methoxyindole 

(9),29 peganumaline F (10)29 and pegaharmine E (11).29,30 Acetamide 9 showed no biological 

activity against HL-60, PC-3 and SGC-7901 cancer cell lines, while formamide 10 and 

carbamate 11 showed moderate activity against the HL-60 cancer cell line with IC50 values of 

24.55 and 25.07 µM, respectively.29 

 

 

Figure 3. Tryptamines isolated from P. harmala. 

 

1.2.2.2. Oxindoles 

In 2018, (±)-peganumalines A-E (12-16, Figure 4) were isolated from the seeds of P. harmala, 

along with the three tryptamines mentioned in the previous section (9, 10 and 11, Figure 3).29 

The absolute configurations of 12-16 were all determined by comparison of their experimental 

and calculated electronic circular dichroism (ECD) values. 

 

(±)-Peganumaline A (12) was isolated as a racemate and was found to possess a rare 

3,3′-bis-oxindole skeleton. Separation by HPLC on a chiral stationary phase led to the 

enantiomers (−)-12 and (+)-12; through the comparison of experimental and calculated ECD 

values, the absolute configurations were determined as (−)-12 being (3S, 3′S) and (+)-12 being 

(3R, 3′R). The 1H and 13C NMR spectroscopic data of (±)-peganumaline B (13) were similar to 

those of 12; however, based on mass spectrometry data it was evident 13 was a monomer of 

12 with a hydroxy group attached. HPLC separation on a chiral stationary phase led to the 
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isolation of (−)-13 and (+)-13 which were determined to have the configurations (3R) and (3S), 

respectively. (±)-Peganumaline C (14) and D (15) had similar 1H and 13C NMR spectroscopic 

data as 13, but with different R1 and R2 groups (Figure 4). Following the same separation 

methods as 12 and 13, (−)-14 and (+)-14 were found to be (3R) and (3S), respectively, while 

(−)-15 and (+)-15 were found to be (3R) and (3S), respectively. 

 

 

Figure 4. (±)-Peganumalines A-E. 

 

The antiproliferative activities of these oxindoles were tested against HL-60, PC-3 and 

SGC-7901 cancer cell lines and (±)-peganumaline B (13) showed moderate cytotoxicity 

against the HL-60 cell line with an IC50 value of 21.54 µM – the other alkaloids 12 and 14-16 

showed only weak or no activity.29 
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The biosynthesis of these alkaloids is proposed to begin with alkoxylation of tryptamine 

followed by acylation (Scheme 1).29 Monooxygenase mediated epoxidation31–33 followed by 

ring opening and addition of water forms diol 17 that upon dehydration generates a 2-hydroxy 

tryptamine which tautomerises to form oxindole 18. In the case of (±)-peganumine A (12), an 

oxidative coupling occurs to forge its rare 3,3′-bis-oxindole skeleton. 

 

 

 Proposed biosynthesis of (±)-peganumalines A-E. 

 

1.2.2.3. Pyrroloquinazolines 

Deoxyvasicine (19) possesses the structural skeleton of the pyrroloquinazoline alkaloids found 

in P. harmala and its structure was determined by comparison of properties with the synthetic 

compound prepared prior to its isolation as a natural product.34,35 When isolated by Späth and 

Nikawitz, (−)-vasicine (20) was named peganine; however, a year later it was reported that 

peganine had the same physical and chemical properties as the known alkaloid vasicine, 

isolated from the plant Adhatoda vasica decades earlier.36–38 Deoxyvasicinone (21) and 

(−)-vasicinone (22) are the oxidation products of 19 and (−)-20, respectively, and were already 

known compounds when they were isolated – 19, 21 and (−)-22 were all synthesised during 
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the study and structural elucidation of (−)-vasicine (20).38,39 Initial studies assigned (−)-20 the 

configuration of (3R)40,41 and during these studies, it was observed that upon oxidation with 

30% hydrogen peroxide, (−)-20 completely converted to (−)-22; therefore it was assumed 

(−)-22 also had a (3R) configuration. However, after X-ray diffraction (XRD) analysis of the 

hydrobromide salt of (−)-22 by Joshi and colleagues, its absolute configuration was reassigned 

to (3S).41 Following this revision, the absolute configuration of (−)-20 was re-examined and 

was also found to be (3S). 

 

 

Figure 5. Pyrroloquinazolines 19-22. 

 

Both deoxyvasicine (19) and vasicine (20) were shown to inhibit both acetylcholinesterase 

(AChE) and butyrylcholinesterase (BChE) with IC50 values of 2.37 ± 0.40 and 0.04 ± 0.01 µM 

for 19, and 3.38 ± 0.03 and 0.10 ± 0.00 µM for 20.26 Additionally, in vitro and in vivo studies 

found vasicine (20) and vasicinone (22) to cause mild bronchodilation at low concentrations, 

with 20 also causing bronchoconstriction at high concentrations.42–44 Deoxyvasicine (19), 

vasicine (20) and vasicinone (22) all also have antitussive properties – all three significantly 

reduced the coughing frequency of mice and guinea pigs in induced coughing experiments.44 

Furthermore, the antitussive activities of all three at a high dose (45 mg/kg) were comparable 

to that of codeine phosphate (30 mg/kg).44 
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Deoxypeganidine (23),45 peganidine (24)46 and peganol (25)47 were all isolated from the leaves 

as racemates and all possess variations at the 3- and 9-position of the pyrroloquinazoline 

skeleton. No assignments of the absolute configurations have been made, but the relative 

configuration of peganidine was deduced by Okmanov and colleagues.48 Through 

crystallization of its hydrochloride salt, they were able to establish the substituents at C3 and 

C9 were cis relative to the plane of the tricyclic core. When Telezhenetskaya and colleagues 

isolated peganol (25), it was clear it was an isomer of vasicine (20). The presence of a C9-OH 

was confirmed upon oxidation with potassium permanganate to afford deoxyvasicinone (21). 

Upon isolation of pegamine (26), it was recognised its mass spectrum had many fragments in 

common with vasicinone (22), but characteristic features of the tricyclic skeleton were 

missing.49 It was eventually deduced that the five-membered ring was open with a terminal 

hydroxy group. Similarly, 3,4-dihydroquinazoline-2-carboxylic acid (27) – isolated from the 

seeds of P. harmala through a bioassay-guided fractionation26 – also does not possess the 

tricyclic structure the others in this group possess. 

 

 

Figure 6. Pyrroloquinazolines 23-27. 
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In 2016, the isolation of (±)-peganumines D and E were reported (28 and 29 respectively, 

Figure 7).50 (±)-Peganumine  D (28) was isolated as a racemate and the lack of NOESY 

correlation between H9 and H1′ indicated a trans configuration of the CH’s at these sites. When 

deducing the structure of (±)-peganumine E (29), NMR spectroscopic analysis revealed close 

similarity to 28, except the 13C NMR spectrum indicated C9 was a quaternary carbon; XRD 

data confirmed 29 possessed a pyrroline N-oxide moiety. 

 

 

Figure 7. (±)-peganumines D and E. 

 

Both (±)-peganumine D (28) and (±)-peganumine E (29) were tested for their inhibitory 

activity against AChE and BChE, with 28 showing selective inhibition against AChE with an 

IC50 value of 5.71 ± 1.22 µM.  

 

When (±)-dipegine (30) was isolated from the leaves of P. harmala, mass spectrometry showed 

the presence of a deoxyvasicinone (21) fragment and a deoxyvasicine (19) fragment.51 It was 

therefore reported that the two fragments were connected through C4 and C11′ as the isolation 

team believed this would be the easiest bond to cleave during fragmentation (Figure 8); 

however, 26 years later the structure was re-examined by Faskhutdinov and colleagues.52 Using 

COSY-45 data, they were able to conclude that C11′ was unsubstituted while C9′ was 

substituted; therefore the structure of 30 was reassigned with the bridge connected through C4 

and C9′. The determination of its absolute configuration was also attempted; however, due to 

the small amount isolated, this was not possible. Instead, the relative configuration was 

proposed through molecular-mechanics calculations and results showed that the most probable 

conformation of 30 was a trans configuration of H4 and H9′. In the same paper as the 

reassignment of (±)-dipegine (30), the team reported the isolation of (±)-dipeginol (31).52 Initial 

UV and mass spectrometry analysis indicated this compound was closely related to 30. With 
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1H NMR spectroscopic analysis, they were able to deduce the two fragments were also 

connected through C4 and C9′, and that C9′ was a quaternary carbon with a hydroxy group 

attached. The presence of this hydroxy group was further confirmed by the acetylation of 31 

using acetic anhydride. No attempts at determining the absolute configuration of 31 were made. 

 

 

Figure 8. (±)-Dipegine and (±)-dipeginol. 

 

Feeding experiments have shown that the aromatic ring and imine nitrogen of the 

pyrroloquinazoline scaffold in vasicine (20) originate from anthranilic acid, which is produced 

in plants via the shikimic acid pathway.53–55 The experiments also showed the five-membered 

ring and amide nitrogen of the scaffold originating from L-ornithine, likely to react with 

anthranilic acid via a pyrrolinium ring (32, Scheme 2). Amide bond formation results in the 

synthesis of deoxydihydrovasicinone 33, which can then go on to form deoxyvasicine (19) and 

vasicine (20), or deoxyvasicinone (21) and vasicinone (22). Interestingly, it was found that in 

A. vasica the same pyrroloquinazoline alkaloids are formed through a different pathway. 

Instead, anthranilic acid is first acetylated and the coupling of N-acetyl anthranilic acid and 

L-aspartic acid forms the pyrroloquinazolines.53,54 Vasicinone (22) reacts with 32 to form 

peganumines D (28) and E (29), while a reaction with deoxyvasicinone (21) or peganol (25) 

provides dipegine (30) and dipeginol (31). 
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 Biosynthesis of pyrroloquinazoline alkaloids isolated from P. harmala. 
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1.2.2.4. β-carbolines 

Simple β-carbolines 

The β-carbolines make up the largest class of alkaloids isolated from P. harmala; the simplest 

members are harmine (34),56,57 harmaline (35),57,58 (+)-tetrahydroharmine (36),59 harmol (37)60 

and harmalol (38)60. When 34 and 35 were first isolated, they were simply described as “dyes” 

and it took 80 years after their isolation for their structures to be elucidated.57 Both 

(+)-tetrahydroharmine (36) and harmol (37) were first isolated from other plants (from 

Banisteriopsis caapi and Peganum nigellastrum, respectively)61,62 but are also commonly 

found in P. harmala.  

 

 

Figure 9. The simplest β-carbolines from P. harmala. 

 

Extensive studies into these alkaloids have shown even the simple β-carbolines have a wide 

range of biological activities such as anti-tumor,63 anti-microbial64 and anti-inflammatory65 

activities. The monoamine oxidase (MAO) inhibitory activities of P. harmala extract are due 

to the inhibitory properties of its β-carboline constituents; in fact, harmine (34), harmaline (35), 

harmol (37) and harmalol (38) show selective inhibitory activity against human MAO-A with 

IC50 values of 8.7, 11.8, 352 and 480 nM respectively.25 Harmine (34) and harmaline (35) have 

also shown moderate in vitro antiplasmodial activity against Plasmodium falciparum with IC50 

values of 8.0 µg/mL and 25.1 µg/mL respectively.66 Harmol (37) and harmalol (38) show 

selective inhibitory activity against BChE with IC50 values of 0.35 ± 0.03 and 0.66 ± 0.09 µM 

respectively.26 Tetrahydroharmine (36) was reported to inhibit 3H-serotonin reuptake in vitro 

into a synaptosomal suspension from a mouse brain.67 
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The isolations of harmalicine (39),68 harmalidine (40),69 harmalacidine (41)70 and norharmine 

(42)71 were all reported by Siddiqui and colleagues over the span of three years. Harmalicine 

(39) and harmalidine (40) are unique as they are the only two β-carbolines isolated from 

P. harmala with substitution on the indole nitrogen, while 40 was also the first tetracyclic 

β-carboline to be isolated from the plant. Harmalacidine (41) is analogous to tetrahydroharmine 

(36), with a ketone in place of the C1 methyl group, and like tetrahydroharmine (36), it was 

also first isolated from B. caapi before it was discovered in P. harmala.72 Upon isolation of 

norharmine (42), it was recognised that its 1H NMR spectrum was similar to harmine (34); 

however, it was missing a singlet corresponding to the C1 methyl group and possessed an extra 

aromatic CH. While this was the first time 42 had been isolated as a natural product, it was 

already a known compound as it had been synthesised previously by Robinson and colleagues 

during their endeavours to elucidate the structures of harmine (34) and harmaline (35).73 

 

 

Figure 10. β-carbolines isolated by Siddiqui et al.68-71 
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Ruine (43)74 and dihydroruine (44)28 are harmine (34) and harmaline (35) derivatives, 

respectively, with O-β-D-glucoside groups on C8. They were both present in seedlings of 

P. harmala and feeding experiments showed that when callus devoid of alkaloids was fed with 

34, after three weeks it had completely converted to 43.74 N-formyl tetrahydroharmine (45) was 

isolated through a bioassay guided-fractionation of P. harmala seed extract; XRD data helped 

confirm the presence of an aldehyde at N2 and established the chiral centre as having a (1S) 

configuration.26 It is worth noting that the absolute configuration of tetrahydroharmine (36) has 

not yet been determined; however, with the configuration of 45 established, it is likely 36 

possesses the same (1S) configuration. The isolation of isoharmine (46) was published in 1991 

and it reported the identification of a harmine-like compound with the methoxy group on C6 

instead of C7.75 However, comparison of its 1H NMR spectrum with a synthetic sample shows 

significant discrepancies indicating that perhaps Ayoub and Rashan had isolated a different 

alkaloid.76  

 

  

Figure 11. Structures of ruine, dihydroruine, N-formyl tetrahydroharmine and isoharmine. 

 

Investigations into the biosynthesis of harmine (34) by Stolle and Gröger showed tryptophan 

and pyruvic acid were the key precursors, and feeding harmane – a demethoxylated analogue 

of 34 that naturally occurs in other plants – to P. harmala seedlings did not produce 34.77 This 

indicates that hydroxylation of the tryptamine fragment at C6 occurs before cyclisation in the 

plants; however, it is unclear at which stage the hydroxy group is methylated. It is understood 
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that β-carbolines are biosynthesised through a Pictet-Spengler reaction where a tryptophan or 

tryptamine derivative reacts with an aldehyde or ketone.59,77 In the case of the β-carboline 

alkaloids in P. harmala, L-tryptophan undergoes decarboxylation and hydroxylation to form 

6-hydroxytryptamine (47, Scheme 3) – if methylation of the hydroxy group occurred at this 

stage, this would thus form 6-methoxytryptamine (48) – which then reacts with pyruvic acid to 

form the Schiff base 49. From here two possible pathways could be followed that eventually 

form carbocations 50 or 51 and this will be discussed further in Section 1.3.1. Decarboxylation 

of 50 and subsequent oxidations result in the formation of harmalol (38) and harmol (37), while 

decarboxylation of 51 leads to tetrahydroharmine (36). Formylation of N2 of 36 leads to 

N-formyl tetrahydroharmine (45) while the various stages of oxidation of 36 correspond to 

harmaline (35) and harmine (34). Additionally, attachment of the O-β-D-glucoside group to 

harmine (34) and harmaline (35) results in ruine and dihydroruine (43 and 44, respectively). 

 

 

 Biosynthesis of the β-carbolines. 
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In the case of β-carbolines 39-42, a reaction between 6-methoxytryptamine (48) and 

formaldehyde will produce the precursor to harmalicine (39), harmalicidine (41) and 

norharmine (42). 6-Methoxytryptamine (48) could also potentially react with isoprenol (or its 

derivative) to form harmalidine (40) as depicted in Scheme 4.  

 

 

 Proposed biosynthesis of 39-42. 
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It is interesting to note that a previously proposed pathway for the biosynthesis of β-carbolines 

involved initial acetylation of the free amine of tryptamine followed by a cyclodehydration to 

yield the 3,4-dihydro-β-carboline (Scheme 5). However, as noted by Allen and Holmstedt, 

studies of β-carboline biosynthesis in other species of plant have disproved this and the relative 

scarcity of isolated dihydro-β-carboline natural products suggests this is not a likely pathway.59 

 

 

 Previously proposed pathway for the biosynthesis of β-carbolines. 

 

Complex β-carbolines 

Pegaharmines A-D (52-55, Figure 12) and pegaharmine E (11, previously discussed in section 

1.2.2.1) were isolated from P. harmala seeds through a bioassay-guided isolation by Wang and 

colleagues.30 The absolute configuration of pegaharmine A (52) was determined through the 

comparison of its calculated and experimental ECD values and it was initially determined to 

have the configuration (1R, 14S); however, XRD analysis indicated the opposite configuration 

(1S, 14R). This discovery, coupled with the compound’s weak optical rotation, led the isolation 

team to conclude the natural product was scalemic. HPLC on a chiral stationary phase enabled 

the team to separate the two enantiomers (−)-52 and (+)-52 in a 46:54 ratio and deduce that 

(−)-52 had the configuration (1S, 14R), while (+)-52 had the configuration (1R, 14S). The NMR 

spectroscopic data of pegaharmine B (53) indicated it was similar to 52 but with a ring-opened 

quinazoline; furthermore, they deduced 53 possessed unique, methyl carbamate and formamide 

functional groups. It was also found to be scalemic, and like 52, the two enantiomers were 

separated by HPLC on a chiral stationary phase and their configurations deduced to be (1S, 

14R) for (−)-53 and (1R, 14S) for (+)-53. Pegaharmine C (54) and pegaharmine D (55) were 

also scalemic mixtures and their configurations were determined in the same manner as the 
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previous two. The two enantiomers of pegaharmine C (−)-54 and (+)-54 (isolated in a 52:48 

ratio) were assigned the configurations (1S) and (1R), respectively, while  the two enantiomers 

of pegaharmine D (−)-55 and (+)-55 (isolated in a 54:46 ratio) were assigned (1R) and (1S), 

respectively.  

 

  

Figure 12. Pegaharmines A-D. 

 

All four alkaloids 52-55 were tested for their antiproliferative activities against the HL-60, 

PC-3 and SGC-7901 cancer cell lines – only pegaharmine D (55) showed significant 

cytotoxicity with IC50 values of 3.81 ± 0.32, 11.52 ± 0.62 and 15.16 ± 0.42 µM, respectively.30 

Furthermore, these alkaloids were tested for their G-quadruplex binding abilities and it was 

found that 55 showed the most G-quadruplex interaction. G-quadruplex structures are common 

in the tumor-promoting regions of DNA and are a promising target for cancer treatment.  
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A few months following the reported isolation of 52-55, Wang and colleagues reported the 

further isolation of pegaharmines F-K (56-60, Figure 13)78 – pegaharmine H has not been 

included as it will be discussed later in Section 1.2.2.6. When assigning the structure of 

pegaharmine F (56), they recognised from 1D and 2D NMR spectroscopic data the presence of 

an acrylate moiety at C1 and an acetyl group at N2. However, because the 1H and 13C NMR 

signals for C3-H, C1 and C3 were undetected, they resorted to growing a crystal for XRD to 

unambiguously confirm the structural assignment. Upon isolation of pegaharmine G (57), it 

was recognised that the spectroscopic data shared similarities with trigonostemonine E – a 

known natural product isolated from the plant Trigonostemon lii. Comparison of their 1H and 

13C NMR spectroscopic data indicated 57 also had a quinoline motif; however, HMBC 

correlations of 57 indicated that the dihydro-β-carboline and quinoline were connected through 

C1 and C14. Pegaharmine I (58) was found to be spectroscopically similar to harmaline (35); 

however, the deshielded C1 and C3 resonances implied the presence of an N-oxide 

functionality. This was confirmed by the presence of an [M-16]+ ion by mass spectrometry 

indicating the loss of oxygen. Pegaharmine J (59) was found to be a fully aromatised 

β-carboline and key HMBC correlations placed the hydroxymethyl group at C1. Comparison 

of NMR spectroscopic data of pegaharmine K (60) with harmine (34) indicated 60 to be an 

isomer; however, the most notable difference was an NH peak in the 1H NMR spectrum of 60 

that was significantly further downfield. COSY and NOESY correlations of the NH with C3-H 

and the C1 methyl group placed the NH at N2. Despite this evidence, it is worth noting the 

possibility that 60 is simply a protonated analogue of 34. The isolation method used by Wang 

and colleagues was a C18 reverse phase column, which generally requires the addition of an 

acid such as TFA or formic acid to the mobile phase. Due to no mention of isolated fractions 

undergoing neutralization, it can be assumed that the existence of a protonated analogue of 34 

is very likely. 
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Figure 13. Pegaharmines F-K (excluding pegaharmine H). 

 

The natural products 56-60 were tested for their antiproliferative activity against three cancer 

cell lines: HL-60, PC-3 and SGC-7901.78 Only pegaharmine J (59) displayed moderate 

cytotoxicity against the HL-60 cell line with an IC50 value of 4.36 µM, while the other alkaloids 

(56-58 and 60) showed either weak or no activity against all three cancer cell lines.  

 

The biosynthesis of pegaharmines A-D (52-55) was proposed to involve pegaharmine C (54) 

serving as a key biosynthetic intermediate for the synthesis of 52 and 53 (Scheme 6).30 It was 

proposed 54 originated from intermediate 61 which in turn was synthesised via a Pictet-

Spengler reaction between tryptamine and 3-hydroxy-4-pentanoic acid (62). Michael addition 

of 2-aminobenzylamine (63) to 54 followed by a subsequent formylation leads to intermediate 

64 which can then go on to form either pegaharmine A (52) or pegaharmine B (53). For 

pegaharmine D (55) it was proposed that pegaharmine E (11) undergoes tautomerism followed 

by attack onto harmaline (35) at C1.  
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 Proposed biosynthesis of pegaharmines A-D.30 

 

While a biosynthesis for pegaharmines F-K (56-60) was not proposed, it can be assumed they 

follow the same biosynthetic pathway as the other β-carbolines – undergoing a Pictet-Spengler 

with their respective aldehyde – with the exception of 58 and 60 as they are likely to have 

originated from harmaline (35) and harmine (34), respectively. 
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(±)-Peharmaline A (65)79 and peganumine A (66)80 were both isolated from the seeds of 

P. harmala and were both found to have unique skeletons. Analysis of the NMR spectroscopic 

data of 65 revealed it was a β-carboline-vasicinone dimer and that the two structures were 

connected via C1 and C14. A separation by HPLC on a chiral stationary phase enabled Wang 

and colleagues to isolate two enantiomers (−)-65 and (+)-65 but were unable to determine their 

absolute configurations. As there were two chiral centers, the actual configuration had to be 

represented by one pair of the four possible configurations about the stereocenters: (1R, 14R), 

(1S, 14S), (1R, 14S) and (1S, 14R). Comparison of the experimental ECD spectra of (−)-65 and 

(+)-65 with the calculated spectra of (1R, 14S) and (1S, 14R) showed significant differences, 

while comparison with the calculated spectra of (1R, 14R) and (1S, 14S), respectively, showed 

a good match thus assigning the configuration of 65. In 2014, the isolation of peganumine A 

(66) was reported and it was found to have a unique octacyclic scaffold. 1D and 2D NMR 

spectroscopic data indicated the presence of a β-carboline dimer and signals showed the two 

β-carboline scaffolds being connected by both a -(CH3)2CCH2- fragment and an amide 

carbonyl. A single crystal was then obtained for XRD analysis which unambiguously 

confirmed the relative stereochemistry. The absolute configuration (1S, 1′S) was determined 

through the circular dichroism (CD) exciton chirality method; a way of determining the 

absolute configuration of a chiral molecule with two separate chromophores. A year and a half 

later, the further isolation of peganumines B (67) and C (68) were reported.50 Peganumine B 

(67) was found to be structurally similar to harmine (34); however, two additional methylene 

signals and one methyl signal were detected. It was finally deduced that a -CH2OCH2CH3 

fragment was connected to the molecule through N2 resulting in quaternization. In order to 

satisfy the molecular formula previously obtained by mass spectrometry, 67 had to be 

zwitterionic. Peganumine C (68) was found to possess a tetrahydro-β-carboline skeleton and it 

was also recognised a 1,2-butanediol fragment was present in the structure. XRD data further 

confirmed the configuration of (1R, 15S, 19R) and showed the presence of an oxygen atom in 

between C1 and C15 as depicted in Figure 14. 
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Figure 14. (±)-Peharmaline A and peganumines A-C. 

 

(±)-Peharmaline A (65) was tested for its cytotoxicity against three human cancer cell lines: 

HL-60, PC-3 and SGC-7901.79 Significant cytotoxicity against all three cancer cell lines were 

observed for 65 with IC50 values of 9.2, 21.6 and 25.4 µM, respectively. Peganumine A (66) 

was tested for its cytotoxic activity against the HL-60, MCF-7, PC-3 and HepG2 cancer cell 

lines.80 It showed significant cytotoxic activity with IC50 values of 5.8, 38.5, 40.2, and 55.4 µM, 

respectively. Peganumines B and C (67 and 68, respectively) were tested for their activity 

against AChE and BChE.50 Peganumine B (67) showed the highest inhibition against both 

AChE and BChE with IC50 values of 0.25 ± 0.04 and 1.45 ± 0.34 µM, respectively, while 68 

showed selective inhibition against AChE with an IC50 value of 14.38 ± 2.49 µM.  
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(±)-Peharmaline A (65) is proposed to proceed through the same synthetic pathway as 

described in Scheme 3 to form harmaline (35), which then undergoes a methoxylation reaction 

to form intermediate 69 (Scheme 7).79 Nucleophilic attack of vasicinone (22) from either face 

provides the two diastereomers of 65. 

 

 

 Proposed biosynthesis of (±)-peharmaline A.79 

 

The biosynthesis of peganumine A (66) is proposed to begin with intermediate 70 which would 

originate from the Pictet-Spengler reaction between tryptamine and aldehyde 71 (Scheme 8).80 

A second Pictet-Spengler reaction between tryptamine and pyruvic acid would eventually form 

intermediate 72 which would be able to undergo a nucleophilic attack of 70, followed by a 

subsequent intramolecular dehydration to form 66.  
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 Proposed biosynthesis of peganumine A.80 

 

The biosynthesis of peganumines B (67) and C (68) has not been proposed; however, it can be 

assumed 67 originates from harmine (34), while 68 is possibly derived from harmaline (35) 

and D-ribonic acid (Scheme 9). 

 

 

 Proposed biosynthetic origin of 68. 
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In 2020 Wu and colleagues isolated pegaharines B-F (73-77, Figure 15) from the seeds of 

P. harmala after anti-HSV-2 testing on its crude extracts showed promising results.81 It was 

recognised from the 1D and 2D NMR spectra that (±)-pegaharine B (73) was a β-carboline 

attached to a tri-substituted pyrrole ring which possessed a methyl group and a -CH2OCH2CH3 

chain. The structure of 73 was confirmed by XRD data which also showed the presence of a 

stereocenter at C5. HPLC separation on a chiral stationary phase enabled the isolation of (−)-73 

and (+)-73 and the absolute configuration was determined through the comparison of its 

experimental and calculated ECD spectra. (−)-73 was thus assigned the configuration (5S), and 

(+)-73 was assigned (5R). The 1H NMR spectrum of (±)-pegaharine C (74) indicated it was a 

β-carboline dimer and its 13C NMR spectrum was similar to 73 with a harmaline (35) fragment 

in place of the -CH2OCH2CH3 chain. HMBC correlations revealed the two β-carboline 

fragments were connected via C15 and C1′. (±)-Pegaharine C (74) was also found to be racemic 

and separation by HPLC on a chiral stationary phase gave the enantiomers (−)-74 and (+)-74. 

Following the same method for determining the absolute configuration of 73, the 

configurations of (5S) and (5R) were assigned to (−)-74 and (+)-74, respectively. The 1H and 

13C NMR spectroscopic data of (±)-pegaharine D (75) was very similar to 74 with the major 

difference being the presence of two aromatic carbons in place of two methylenes – COSY 

correlations were able to confirm the presence of a double bond between C3′ and C4′. The two 

enantiomers (−)-75 and (+)-75 were isolated and determined to be (5S) and (5R), respectively. 

Comparison of pegaharine E (76) with 74 showed it was also a β-carboline dimer; however, 

significant 13C NMR signals were missing such as the imine carbon at C13 and the oxygenated 

quaternary carbon at C5. Furthermore, the presence of an indole NH in the 1H NMR spectrum 

provided key HMBC correlations which led to the assignment depicted in Figure 15. 

Pegaharine F (77) was found to be similar to 76 but with two aromatic carbons instead of two 

methylenes – much like the relationship between 74 and 75. COSY correlations thus placed 

the double bond between C3 and C4.  
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Figure 15. Pegaharines B-F. 

 

All five compounds were tested for their anti-HSV-2 activities and pegaharine D (75) showed 

the best activity with an IC50 value of 2.12 ± 0.14 µM.81 The rest of the compounds (73, 74, 76 

and 77) showed moderate activity with IC50 values ranging from 21.56 ± 0.20 to 

42.90 ± 1.04 µM.  
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A possible biosynthesis for the pegaharines begins with key intermediate 78 (Scheme 10), 

resulting from the reaction between 6-methoxytryptamine (48) and α-ketoglutaric acid. This 

would go through an aldol reaction and eventually form intermediate 79 which could either 

undergo epoxidation to form the precursor to 73-75, or 79 could react with another molecule 

of 48 to form 76 and 77. 

 

 

 Proposed biosynthesis of pegaharines B-C. 
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The most recently isolated β-carbolines from P. harmala are pegaharmols A (80) and B (81) 

which are a pair of β-carboline-vasicine dimers displaying non-biaryl axial chirality – a feature 

rarely seen among natural products.82 When inspecting the 1H and 13C NMR spectra of 

pegaharmol A (80) it was evident two fragments were present: a vasicine (20) and an 

annomontine fragment (Figure 16) – annomontine is a natural product isolated from the bark 

of the tree Annona montana.83 Analysis of 1D and 2D NMR spectroscopic data showed a 

C7-OH on the annomontine fragment and that the connection to C9″ of the vasicine fragment 

was through C8. An energy profile of 80 showed an extremely high energy barrier between the 

two lowest energy conformations of the molecule – much higher than the threshold for a bond 

to be freely rotatable – indicating 80 possessed atropisomerism. NOESY correlations helped 

establish a relative configuration – showing C3″-H and C9″-H were on opposing faces, and 

that C9″-H and the C7-OH were in proximity of each other – while ECD spectra helped 

determine the absolute configuration as [(P)-3″S, 9″S]. Analysis of the NMR data of 

pegaharmol B (81) indicated it had the same planar framework as 80 and determination of its 

absolute configuration was carried out in the same way as 80; thus assigning its absolute 

configuration as [(M)-3″R, 9″S].  

 

 

Figure 16. Annomontine and pegaharmols A and B. 

 

Only pegaharmol A (80) was tested for its cytotoxic activity against four human cancer cell 

lines: HL-60, A549, MDA-MB-231 and DU145.82 It showed moderate cytotoxicity against 

only the HL-60 and A549 cell lines, with IC50 values of 39.02 and 55.69 µM, respectively. 

Pegaharmol B (81) was not tested for its cytotoxic activity, owing to the small amount isolated. 
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The biosynthesis of pegaharmols A and B is proposed to begin with the synthesis of key 

intermediate 7-hydroxyannomontine (82, Scheme 11) – this is likely to form from a Pictet-

Spengler reaction between tryptamine and 2-aminopyrimidine aldehyde.82 Following a 

transformation to radical intermediate 83, this can then react with vasicine radical 84. 

Aromatisation of intermediate 85 would thus form pegaharmols A and B (80 and 81, 

respectively). It remains to be seen if the chiral alcohol in 84 induces stereoselectivity during 

the proposed radical coupling. 

 

 

 Proposed biosynthesis of pegaharmols A and B.82 

 

1.2.2.5. Pyrroloindoles 

(±)-Peganine A (86) was isolated as a racemate and analysis of its 1H and 13C NMR 

spectroscopic data indicated the presence of a pyrroloindole moiety and a methyl carbamate.78 

Key 2D NMR correlations helped place a methoxy at C6, a methyl at C2 and a hydroxy group 

at C3. Furthermore, NOESY correlations established the cis configuration of the C2-Me and 
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C3-OH. Separation by HPLC on a chiral stationary phase afforded the enantiomers (−)-86 and 

(+)-86, whose absolute configurations were determined as (2S, 3S) and (2R, 3R), respectively, 

through ECD spectra comparisons. The NMR spectroscopic data of (±)-peganine B (87) was 

similar to 86 indicating it possessed the same scaffold, but 87 had an extra carbamate which 

was placed on N10.78 Again, 87 was separated by HPLC on a chiral stationary phase to give 

(−)-87 and (+)-87 and their absolute configurations were assigned as (2S, 3S) and (2R, 3R), 

respectively. 

 

 

Figure 17. Structures of (±)-peganines A and B. 

 

The biosynthesis of pyrroloindoles 86 and 87 has yet to be investigated; however, it is proposed 

it originates with 6-methoxytryptamine (48). Much like the cyclization steps in the Pictet-

Spengler reaction, there are two possible paths that could happen: C3 methylation by 

S-adenosyl-L-methionine (SAM) occurs54,84 which then undergoes a 1,2-bond migration85,86 to 

form tryptamine 88 (Route A, Scheme 12) or, methylation at C2 occurs directly forming 88 

(Route B, Scheme 12).54 From there, epoxidation and ring opening occurs, followed by 

nucleophilic attack of the iminium ion by the free amine to install the pyrroloindolic scaffold 

(89). This can then undergo carbamylation to form (±)-peganines A (86) and B (87).  
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 Proposed biosynthesis of (±)-peganines A and B. 

 

1.2.2.6. Indoloquinolizines 

Harmalanine (90),70 harmalacinine (91)71 and pegaharmine H (92)78 are all simple 

indoloquinolizines with a carbonyl at C13. Harmalanine (90) was the first instance of an 

indoloquinolizine being isolated from P. harmala and it was recognised that its 1H NMR 

spectrum was comparable to harmaline (35). However, the signal corresponding to the methyl 

group was missing and instead the presence of an unsaturated lactam was indicated. Siddiqui 

and colleagues eventually deduced the lactam was attached to the pyridine ring of the 

β-carboline scaffold to give the structure depicted in Figure 18.70 Harmalacinine (91) and 

pegaharmine H (92) were both established to be structurally similar to 90 but with substitution 

at C11. 

 

 

Figure 18. The simple indoloquinolizines. 
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In 2016 Yang and colleagues reported the isolation of peganumines F-H (93-95, Figure 19).50 

1D and 2D NMR spectroscopic analysis of peganumine F (93) established the presence of a 

dihydro-β-carboline skeleton, a quinazoline fragment and a trisubstituted benzene ring. HMBC 

correlations eventually showed the benzene ring was attached to the β-carboline at C1 and N2, 

and attached to the C2′ of the quinazoline fragment at C13. This structure was confirmed with 

XRD data which also indicated it was zwitterionic, with a positive charge on N2 and a negative 

charge on N3′. Peganumine G (94) was recognised as an isomer of 93 from analysis of the 

NMR spectroscopic data; however, HMBC correlations revealed the indoloquinolizine core 

and quinazoline fragment were connected through C11 and C2′. Comparison of the 1D and 2D 

NMR spectroscopic data of peganumine H (95) with 93 and 94 indicated they all possessed the 

indoloquinolizine skeleton in common; however, based on the molecular formula calculated 

by mass spectrometry, there was still a carbon and two oxygen atoms unaccounted for. 

Reinspection of the NMR spectroscopic data led to the conclusion that a carboxylate group was 

attached to C11. 

 

 

Figure 19. Peganumines F-H. 

 

Peganumines F-G (93-95) were tested for their activity against ZR-75-1, MCF-7, SUM149 and 

SUM159 breast cancer cell lines.50 Peganumine F (93) showed weak or no activity, while 94 

and 95 showed significant activity against the ZR-75-1 cell lines with IC50 values of 6.20 ± 2.71 

and 2.43 ± 0.79 µM, respectively. 
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While no studies into the biosynthesis of these indoloquinolizine alkaloids have been 

undertaken, Siddiqui and colleagues did suggest that harmalanine could possibly form through 

the same pathway as the indoloquinolizine alkaloids nauclefidine (96), flavopereririne (97) and 

deplancheine (98).70 Nauclefidine (96) was hypothesized by Takayama and colleagues to 

originate from the fragmentation of strictosamide (99) or the vincoside lactam (100).87 This 

was further supported by a biomimetic synthesis (A, Scheme 13); ring opening of 101 – a 

possible biogenetic precursor – followed by the loss of a crotonaldehyde unit afforded 96. 

Flavopereirine (97) and deplancheine (98) were proposed by Kan Fan and Husson to originate 

from the naturally occurring 4,21-dehydrogeissoschizine chloride (102).88 This theory was also 

supported by the biomimetic synthesis of 5,6-dihydroflavopereirine (103) from cathenamine 

(B, Scheme 13). 

 

 

 Biomimetic syntheses of nauclefidine and 5,6-dihydroflavopereirine. 
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All the proposed biogenetic precursors are part of the synthetic pathway for monoterpenoid 

indole alkaloids, and originate from the reaction between tryptamine and secologanin.54 

Therefore if the inodoloquinolizines isolated from P. harmala were to also form through this 

pathway, it would reason that other monoterpenoid indole alkaloid intermediates would be 

found in P. harmala too. However, since this is not the case, 90-95 must follow a different 

biosynthetic route.  

 

1.2.2.7. Miscellaneous 

Peganumals A (104) and B (105) were isolated from the seeds of P. harmala and are the first 

instance of alkaloids with thiazole rings isolated from the plant.78 The main challenge with the 

structural elucidation of peganumal A (104) was determining which site on the thiazole ring 

was the substituted site; this was achieved through carrying out 13C NMR chemical shift 

calculations by quantum mechanical methods. Comparison of experimental and calculated 

values led to the deduction that it was substituted on the 5-position of the thiazole ring as 

depicted in Figure 20. 

 

 

Figure 20. Structure of peganumals A and B. 
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(±)-Peganumine I (106) was isolated as a racemate and was found to possess an interesting 

benzazetidine scaffold.50 After separation by HPLC on a chiral stationary phase, their absolute 

configurations were determined through the comparison of their experimental and calculated 

ECD spectra. (−)-Peganumine I was assigned (8R) and (+)-peganumine I was assigned (8S). 

Pegaharine A (107) was isolated from the seeds of P. harmala and after analysis of its 1D and 

2D NMR spectra, it was evident the molecule had an azepinoindole core.81 This was eventually 

confirmed with XRD analysis and makes 107 the first azepinoindole isolated from P. harmala. 

 

 

Figure 21. (±)-Peganumine I and pegaharine A. 

 

(±)-Peganumine I (106) was tested for its inhibitory activity against AChE and BChE and was 

found to selectively inhibit BChE with an IC50 value of 7.17 ± 1.45 µM.50 Pegaharine A (107) 

was tested for its antiviral activity against HSV-2 and did not show any significant activity.81 
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1.3. The Pictet-Spengler reaction 

The Pictet-Spengler reaction is the condensation of an arylethylamine with an aldehyde or 

ketone to form a range of nitrogen-containing heterocyclic structures such as β-carbolines, 

isoquinolines and azepines.89–91 Established by Amé Pictet and Theodor Spengler, the 

cyclisation of phenethylamine with dimethoxymethane to form tetrahydroisoquinoline was 

published in 1911 (Scheme 14).89 It was nearly 20 years later that the scope of the reaction was 

broadened to include tryptamine as the amine component, which established a simple method 

for the synthesis of tetrahydro-β-carbolines.90 Since then, this reaction has seen prolific use in 

the field of organic synthesis and has been found to be a key step in the biosynthesis of most 

isoquinoline and monoterpenoid indole alkaloids.54 

 

 

 The first Pictet-Spengler reactions forming the tetrahydroisoquinoline and 

tetrahydro-β-carboline skeletons. 

 

1.3.1. Mechanism 

The most accepted reaction mechanism begins with iminium ion formation from condensation 

with an aldehyde or ketone, followed by nucleophilic attack by C3 of tryptamine to form 

spiroindolenine intermediate 108 (Scheme 15).90 A 1,2-bond migration yields carbonium ion 

109 and subsequent deprotonation affords the terahydro-β-carboline. There has been debate 

regarding which carbon of tryptamine attacks the iminium ion, with the other possible 

mechanistic route being direct attack by C2, forming 109 and bypassing intermediate 108. 

While there is evidence supporting the formation of spiroindolenine 108 through isotopic 

labelling,90,92 there have been reported instances of direct alkylation at C2 on 3-substituted 

indoles.93 Furthermore, attack by C3 to form 108 would require the disfavoured 5-endo-trig 
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cyclization, whereas attack by C2 to form 109 would require a favoured 6-endo-trig 

cyclisation; therefore, it is still unclear which is the dominating route.  

 

 

 Mechanism of the Pictet-Spengler reaction. 

 

1.3.2. The Pictet-Spengler reaction in nature 

The Pictet-Spengler reaction is integral to the synthesis of numerous natural products of various 

sources including marine-life, plants, and bacteria. Ecteinascidin 743 (110) was isolated from 

the marine tunicate Ecteinascidia turbinata and is approved for use as a chemotherapeutic 

agent against soft tissue sarcoma.94 Investigation into its biosynthesis revealed three separate 

Pictet-Spengler steps to form the three tetrahydroisoquinolines in its structure. Strychnofoline 

(111) was isolated from the leaves of the plant Strychnos usambarensis and possesses a 

tetrahydro-β-carboline moiety.95 (−)-Lemonomycin (112) is a tetrahydroisoquinoline with a 

rare sugar moiety. It was isolated from a fermentation broth of the bacteria Streptomyces 

candidus and showed activity against antibiotic-resistant strains of bacteria.96 Hyrtioreticulins 

A and B (113 and 114) are tetrahydro-β-carbolines isolated from the marine sponge Hyrtios 

reticulatus and are proposed to form through the classical Pictet-Spengler mechanism where 

C2 or C3 of tryptophan attacks the iminium ion.97 Hyrtioreticulins C and D (115 and 116) were 

also isolated from H. reticulatus; however, possess an azepinoindole core and are proposed to 

form through an unprecedented Pictet-Spengler mechanism whereby C4 of tryptophan attacks 

the iminium ion.97  
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Figure 22. Pictet-Spengler natural products (bonds formed in the Pictet-Spengler reaction are 

coloured blue). 

 

1.3.3. The enzymatic Pictet-Spengler reaction 

1977 saw the detection of the first enzyme to catalyse the Pictet-Spengler reaction in nature, 

named strictosidine synthase (STR).98–100 It was initially believed the glucoalkaloid 

3β(R)-vincoside (117) was the key biosynthetic precursor to monoterpenoid indole alkaloids 

such as ajmalicine (118), vinblastine (119), ibogamine (120) and yohimbine (121). However, 

during experiments to determine the biosynthesis of 118, re-examination of the biosynthetic 

precursor revealed it to actually be the epimer 3α(S)-strictosidine (122), synthesised by the 

enzymatically-catalysed Pictet-Spengler reaction between tryptamine and secologanin 

(123).98,99 These studies showed STR produced 122 stereoselectively, unlike a 

non-enzymatically catalysed Pictet-Spengler reaction which formed a 1:1 ratio of both 122 and 

117.90,98 
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 STR-catalysed synthesis of strictosidine, the biogenetic precursor to 

monoterpenoid indole alkaloids. 
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Attempts to purify STR from the Catharanthus genus of plants only resulted in partial 

purification of the enzyme;101,102 however, isolation of the enzyme from cell cultures of the 

plant Rauvolfia serpentina resulted in the isolation of a pure strictosidine synthase isoform 

(hereby denoted STR1 to distinguish it from the Catharanthus STR enzyme).103 The isolation 

of STR1 enabled detailed studies into the substrate specificity of the enzyme and further 

expression in yeast, Escherichia coli and insect cells enabled cloning.90 This eventually led to 

the elucidation of its 3D structure through X-ray analysis, allowing researchers to map the 

active site and investigate the reaction mechanism within. 

 

The second extensively studied Pictet-Spenglerase is norcoclaurine synthase (NCS) and was 

first detected in 1981.104 It catalyses the reaction between the two tyrosine-derived molecules, 

dopamine and 4-hydroxyphenylacetaldehyde (124), to form (S)-norcoclaurine (125, Scheme 

17) – the biogenetic precursor to benzylisoquinoline alkaloids such as morphine (3), papaverine 

(126), sanguinarine (127) and tubocurarine (128).90,104 It was initially believed 

(S)-norlaudanosoline (129) – formed by the reaction between dopamine and 

3,4-dihydroxyphenylacetaldehyde (130) – was the biogenetic precursor to the 

benzylisoquinoline alkaloids and NCS was therefore originally named norlaudanosoline 

synthase.90,104,105 However, it was found that 130 was simply an alternative substrate for NCS. 

 



 

44 

 

 

 NCS-catalysed synthesis of (S)-norcoclaurine, the biogenetic precursor to 

benzylisoquinoline alkaloids. 

 

Just like STR1, the expression of NCS in E. coli eventually led to the elucidation of its 3D 

structure through X-ray analysis, which allowed mapping of the active site and investigation 

of its reaction mechanism. 

 

Apart from STR and NCS, there is only one other Pictet-Spenglerase with a mapped 3D 

structure and active site. Found in the bacteria Marinactinospora thermotolerans, McbB 

catalyzes the reaction between L-tryptophan (131) and oxaloacetaldehyde (132, Scheme 18).106 

Interestingly, the active site of all three mapped enzymes share a glutamic acid residue – 

situated close to the amine of the tryptamine or tryptophan substrate – where it initiates the 
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reaction through deprotonation of the amine. This glutamic acid residue is therefore integral to 

the catalytic abilities of these Pictet-Spenglerases. 

 

 

 The remaining known Pictet-Spenglerases and their catalytic functions. 
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While there are other identified Pictet-Spenglerases (Scheme 18), their 3D structures have yet 

to be elucidated. Diacetylipecoside synthase (DIS) and diacetylisoipecoside synthase (DIIS) 

were detected in the plant Alangium lamarckii and catalyze the reaction between dopamine 

(133) and secologanin (123).107 DIS synthesises the (R) enantiomer while DIIS synthesises its 

epimer. The enzyme NscbB was identified in the bacteria Nocardiopsis synnemataformans 

through genome mining and was found to catalyze the reaction between L-tryptophan (131) 

and methylglyoxal (134) – essentially the same reaction as McbB.108 Mikimopine synthase 

(MIS) and cucumopine synthase (CUS) both catalyze the reaction between histidine (135) and 

α-ketoglutaric acid (136); both enzymes are found in plant tumors induced by the parasite 

Agrobacterium.109 StnK2 is another bacterial Pictet-Spenglerase and catalyzes the 

stereospecific reaction between (2S, 3S)-β-methyltryptophan (137) and D-erythrose-4-

phosphate (138).110 The nonribosomal peptide synthetase SfmC catalyzes the transformation 

of dipeptidyl substrates with long acyl chains into alkaloids with complex saframycin scaffolds 

such as ecteinascidin 743 (110).111 In addition to plant and bacterial Pictet-Spenglerases, there 

are also fungal and mammalian enzymes too. The fish-derived fungus Chaetomonium 

globosum was found to have Pictet-Spenglerases (FPS) that facilitated the reaction between 

1-methyl-L-tryptophan (139) and flavipin (140), while salsolinol synthase (SAL) – detected in 

rat brain – was found to catalyze the reaction between dopamine (133) and acetaldehyde 

(141).112 
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1.3.4. The non-enzymatic Pictet-Spengler natural products 

In nature the Pictet-Spengler reaction also occurs non-enzymatically. In addition to the 

β-carbolines mentioned in section 1.2.2.4, many various other β-carbolines have been isolated 

from plants, bacteria and marine organisms. Alkaloids such as alangiobussinine, 

(±)-quassidine K, manzamine H, nostocarboline and eudistomin H are examples of 

β-carbolines potentially synthesised through a non-enzymatic route (Figure 23).  

 

 

Figure 23. Non-enzymatically synthesised β-carbolines (bonds formed in the Pictet-Spengler 

reaction are coloured blue). 
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1.3.5. Spirocycle-forming Pictet-Spengler reactions 

A Pictet-Spengler condensation between an arylethylamine and a cyclic ketone results in a 

spirocyclic compound and there are many published examples of this being achieved 

synthetically. One of the earliest examples, which set out to expand the scope of the reaction, 

showed tryptamine and tryptophan undergoing cyclization with a simple cyclopentanone and 

cyclohexanone (A, Scheme 19).113 However, over the years this reaction has grown in 

complexity and now there are examples of more complex substrates undergoing cyclization. 

Additionally, examples exist of one-pot, multistep reactions consisting of a Pictet-Spengler. 

The synthesis of tetrahydro-β-carboline-diketopiperazine fused molecules was reported to have 

been achieved with cyclohexanone as the ketone (B, Scheme 19),114 while the one-pot synthesis 

of a tetrazole-based spiro-tetrahydro-β-carboline was successfully achieved using ninhydrin as 

the cyclic ketone (C, Scheme 19).115 After the discovery and isolation of the Pictet-

Spenglerases STR and NCS, many research groups started utilizing them in the biocatalytic 

synthesis of novel scaffolds. Lichman and colleagues reported the synthesis of 

spiro-tetrahydroisoquinolines using NCS, showing an unprecedented substrate scope for an 

enzyme that as shown in section 1.3.3, usually only catalyses the reaction with aldehydes (D, 

Scheme 19).116 Investigations of the NCS-catalyzed reaction between dopamine and 

substituted cyclohexanones found the sole product obtained had its substituent in the more 

stable equatorial position. 
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 Spirocycle-forming Pictet-Spengler reactions. 

 

To date, several alkaloids possessing a spirocenter formed through a Pictet-Spengler reaction 

are known (Figure 24). Komavine (142) and acetylkomavine (143) are two spiro-tetrahydro-
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β-carbolines isolated from the leaves of the plant Nitraria komarovii and 143 is the 

N-acetylated analogue of 142.117 These two compounds were then synthesised through a Pictet-

Spengler reaction with tryptamine and cyclohexanone to confirm their structural assignment. 

As mentioned in section 1.3.2, the biosynthesis of ecteinascidin 473 (110) involves three 

separate enzyme-catalyzed Pictet-Spengler reactions and one of these steps forms a spiro-

tetrahydroisoquinoline moiety.94 There is also a large group of 17 alkaloids possessing a 

proaporphine-tryptamine dimer scaffold with the general structures 144 and 145 as depicted in 

Figure 24.118–123 They have been isolated from multiple species of two genera of plants – 

Pheobe and Roemeria – and while their biosynthesis is not yet known, it is believed the 

synthesis of these alkaloids is through a Pictet-Spengler reaction between proaporphine (146) 

and tryptamine analogues as proaporphine alkaloids (146) have also been isolated from these 

plants.121,123 The final known alkaloid is pegaharmaline A (147) and will be discussed in the 

following section. 

 

  

Figure 24. Alkaloids possessing a spirocenter formed through a Pictet-Spengler reaction 

including the general scaffold of the proaporphine-tryptamine dimer alkaloids and the 

proaporphine alkaloids. 
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1.4. Pegaharmalines A and B 

1.4.1. Isolation and assignment 

In 2014 Wang and colleagues reported the isolation of pegaharmaline A (147) and 

pegaharmaline B (148) from the seeds of P. harmala.124 Inspection of the 1H and 13C NMR 

spectroscopic data indicated that pegaharmaline A (147) comprised of both a β-carboline and 

vasicinone scaffold – at the time, no natural products had been isolated from P. harmala 

comprising the scaffolds of the two most abundant alkaloids in the plant. Through HMBC 

correlations, they were able to conclude the presence of a 7-methoxy-tetrahydro-β-carboline 

fragment and a 2′,3ʹ-dimethyl-substituted dehydrate-vasicinone fragment.124 Furthermore, it 

was noticed the two fragments shared the same quaternary carbon, thus establishing the 

unprecedented spiro-fused β-carboline-vasicinone scaffold (Figure 25). Pegaharmaline A (147) 

was reported to be chiral with an associated [α]D
20 −6.4 (c 0.11, MeOH) and NOESY 

correlations indicated the β-carboline moiety was roughly perpendicular to the vasicinone 

moiety.124 Attempts at growing a crystal for XRD analysis to determine the absolute 

configuration were unsuccessful; therefore, the team turned to the CD exciton chirality method. 

Coupling the results from this with their comparison of calculated and experimental ECDs, 

they were able to determine 147 had a (1S) configuration about the chiral center.  

 

 

Figure 25. Assigned structure of pegaharmaline A, along with diagnostic HMBC and 

NOESY correlations. 
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Pegaharmaline B (148) was found to also be a 7-methoxy-tetrahydro-β-carboline structure and 

further analysis of the 2D NMR spectroscopic data revealed the presence of a disubstituted 

pyrrole and a quinazoline unit. The connectivity of these three units was determined through 

the observation of key HMBC correlations to give the conjugated structure as depicted in 

Figure 26. 

 

 

Figure 26. Assigned structure of pegaharmaline B. 

 

1.4.2. Biological activity 

Pegaharmalines A (147) and B (148) were tested for their cytotoxic activity against five human 

cancer cell lines: HL-60, PC-3, HepG-2, MCF-7 and A549.124 Pegaharmaline A (147) showed 

significant cytotoxicity against the HL-60 cell line with an IC50 concentration of 9.4 µM and 

only showed weak inhibitory effects against the remaining four lines. Pegaharmaline B (148) 

also showed the same activity with significant cytotoxicity against the HL-60 line (IC50 value 

of 13.6 µM) and weak activity against the other four lines. 
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1.4.3. Proposed biosyntheses 

The biosynthesis of pegaharmaline A (147) is proposed by Wang and colleagues to begin with 

vasicinone (22) undergoing a dehydration, oxidation and enzyme-mediated dimethylation by 

S-adenosyl-L-methionine (SAM) to form pyrroloquinazoline 149 (Scheme 20).124 Key 

pyrroloquinazoline precursor 149 then reacts with tryptamine in a Pictet-Spengler reaction 

followed by a methoxylation to form 147. It is unclear how the chirality in 147 is installed as 

both precursors (tryptamine and pyrroloquinazoline 149) are achiral, but an explanation could 

be that the final Pictet-Spengler step is an enzyme-mediated one; although, there currently is 

no evidence suggesting the existence of a Pictet-Spenglerase in P. harmala. 

 

 

 Proposed biosynthesis of pegaharmaline A (147).124 
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The key biosynthetic intermediate for pegaharmaline B (148) was proposed to be 150 (Scheme 

21) – a compound similar to pegaharmine C (54) – which was proposed to form from the 

reaction between tryptamine and α-ketoglutaric acid. Nucleophilic addition to intermediate 151 

results in the precursor to 148 which can then undergo reduction and methoxylation to form 

148.  

 

 

 Proposed biosynthesis of pegaharmaline B (148).124 
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1.5. Overall research objective 

The total synthesis of pegaharmaline A would prove to be an interesting challenge owing to its 

unique scaffold. It is interesting to note Wang and colleagues have proposed a Pictet-Spengler 

occurring between an amine and an amide as there is no precedent for this type of Pictet-

Spengler reaction in the synthetic literature; in fact, it is only known to take place between 

arylethylamines and aldehydes or ketones. It is for this reason we pursued a biomimetic 

synthesis of pegaharmaline A in an effort to validate the biosynthetic proposal. The second 

goal of this project is to examine how the chiral natural product is assembled from two achiral 

precursors. 

 

 

 The key Pictet-Spengler reaction that will be investigated as the key step in the 

biomimetic synthesis of pegaharmaline A. 



2. Chapter Two: 

Synthetic Studies 

Toward Putative 

Pegaharmaline A
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2.1. First-generation approach to pegaharmaline A 

The initial synthetic route to pegaharmaline A (147) was based on the proposed biosynthesis 

by Wang and colleagues.124 Synthesis of pyrroloquinazoline 149 would begin with 

condensation of anthranilamide (152, Scheme 23) with 2,3-dimethylmaleic anhydride (153) to 

give carboxylic acid 154. A double cyclodehydration then forms the pyrroloquinazoline 

precursor 149 required to attempt the biomimetic Pictet-Spengler with 6-methoxytryptamine 

(48), the successful result of which would afford pegaharmaline A (147). 

 

 

 First generation synthetic approach to pegaharmaline A.  

 

When considering the mechanism of the proposed biomimetic Pictet-Spengler reaction 

between 6-methoxytryptamine (48) and pyrroloquinazoline 149, there are several possible 

pathways this reaction could follow (Scheme 24). After nucleophilic attack by 149 and the 

subsequent loss of water, iminium 155 would result. From here, two different cyclisations 

could occur: an attack by C2 to form carbocation 156 or, attack by C3 to give spiroindolenine 

intermediate 157. This spiroindolenine can then undergo two possible 1,2-bond shifts – a C-C 

bond migration or a C-N bond migration. A C-C bond migration would form carbocation 156 

that upon proton loss affords pegaharmaline A (147), while a C-N bond migration gives 

carbocation 158 that upon proton loss forms pyrroloindole 159. In spiroindolenines, C-C bond 

migrations are favoured over C-N bond migrations,125,126 so preferential formation of 
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pegaharmaline A (147) from spiroindolenine intermediate 157 can be expected. Furthermore, 

a C-C bond migration is presumably favoured as the carbocation 156 is resonance stabilised 

by an electron-rich phenyl group. This provides a greater degree of stabilisation compared to 

carbocation 158 which is adjacent to a π-bond in conjugation with an electron withdrawing 

imine. 

 

 

 Potential pathways during the proposed biomimetic Pictet-Spengler reaction. 
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2.1.1. Synthesis of model study precursors 

To probe the feasibility of the proposed biomimetic Pictet-Spengler reaction, a model study 

using pyrroloquinazoline 161 and tryptamine was instigated (Scheme 25). The synthesis of 

pyrroloquinazoline 161 would be achieved from maleic anhydride and anthranilic acid (152). 

 

 

 Retrosynthetic analysis of the pegaharmaline A model 160. 

 

2.1.1.1. Synthesis of anthranilamide (152) 

The preparation of 161 required the synthesis of anthranilamide (152), which was achieved 

from commercially available anthranilic acid in the presence of N,N′-carbonyldiimidazole 

(CDI) and ammonium hydroxide (Scheme 26).127 

 

 

 Synthesis of anthranilamide. 
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CDI is an amide coupling reagent and activates anthranilic acid by forming a more reactive 

acylimidazole species (162, Scheme 27). Currently there is no clear understanding of how the 

reactive acylimidazole forms; however, the general consensus is that after CDI is attacked by 

the carboxylate, the resulting mixed anhydride 163 undergoes an intramolecular nucleophilic 

substitution to give 162.128,129 Attack of ammonia onto 162 gives anthranilamide (152).  

 

 

 Mechanism of the CDI-mediated synthesis of anthranilamide (152). 
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2.1.1.2. Preparation of pyrroloquinazoline 161 

With 152 at hand, pyrroloquinazoline 161 was prepared following a procedure published by 

Shemchuk and colleagues (Scheme 28).130 Anthranilamide (152) was reacted with maleic 

anhydride in neat acetic acid to give carboxylic acid 164 as a yellow solid. This was then heated 

in the presence of sodium acetate and acetic anhydride to form pyrroloquinazoline 161. 

Unfortunately, isolation of 161 proved difficult as the reaction mixture was a black, tar-like 

substance and no precipitate formed when water was added, as implied would occur in the 

experimental procedure. Initial attempts at purification using column chromatography with 2% 

methanol in dichloromethane as the eluent caused 161 to undergo methanolysis to 165; 

therefore, purification using alcoholic solvents had to be avoided in order to prevent ring-

opening. An eluent of ethyl acetate:petroleum ether (1:1) was used to purify 161, which could 

be obtained in a 56% yield. 

 

 

 Synthesis of precursor 161.  

 

In the presence of acid, protonation of the maleic anhydride carbonyl enables nucleophilic 

attack by the amino group of 152, causing the anhydride to undergo ring opening and form 164 

(Scheme 29). Acetic anhydride is then used as a dehydrating agent to give pyrroloquinazoline 

161. The ease at which methanolysis occurred indicates that the C-N bond is very labile, which 

could have implications for the proposed biomimetic Pictet-Spengler reaction. 
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 Mechanism for the synthesis of pyrroloquinazoline 161. 

 

2.1.1.3. Synthesis of pyrroloquinazoline precursor 149 

Alongside the synthesis of 161, efforts were undertaken to prepare the dimethylated 

pyrroloquinazoline 149 required for the synthesis of pegaharmaline A. Following a modified 

procedure used for the synthesis of 161, anthranilamide (152) was reacted with 

2,3-dimethylmaleic anhydride (153) anticipating the formation of carboxylic acid 154. 

Unexpectedly, the desired pyrroloquinazoline 149 was the sole product of the reaction, 

negating the need to isolate pyrroloquinazoline 161. Presumably the higher temperature of this 

reaction facilitates the immediate cyclisation to pyrroloquinazoline 149. Further model studies 

were henceforth conducted using pyrroloquinazoline precursor 149 instead of 161.   

 

 

 Synthesis of pyrroloquinazoline 149. 
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2.1.2. Biomimetic Pictet-Spengler reaction 

With 149 at hand, the biomimetic Pictet-Spengler cyclisation could be attempted. After looking 

through the literature,91 using TFA as the acid and dichloromethane as the solvent was 

identified as common Pictet-Spengler conditions; therefore, that became the starting point for 

the attempts shown in Table 1. No reaction occurred when performing the reaction in TFA and 

dichloromethane (entry 1); changing the solvent to THF and heating to reflux resulted in 

degradation of the starting material (entry 2). Pyrroloquinazoline 149 was not soluble in toluene 

resulting in the failure of this reaction (entry 3). Employing aqueous TFA as reported by Saha 

and colleagues131 did not result in any product forming (entry 4). It was then decided to attempt 

conditions similar to those that would be present in the plant; switching the solvent to water 

with no acid led to the formation of product 167 (entry 5), which was also formed when the 

reaction was performed under neutral conditions in organic solvents (entries 6 and 7). 

 

Table 1. Biomimetic Pictet-Spengler reaction conditions 

 

Entry Acid (eq.) Solvent Temperature Time Outcome 

1 TFA (2) CH2Cl2 rt 48 h No reaction 

2 TFA (2 to 13) THF rt to 70 °C 72 h Degradation 

3 TFA (2 to 19.5) Toluene rt to 60 °C 24 h No reaction 

4a TFA (14.8) H2O rt 48 h No reaction 

5 - H2O rt 36 h 

 
167 (63%) 

6 - CH2Cl2 rt 48 h 167 (55%) 

7 - Dioxane rt 72 h 167 (17%)b 

a 5% solution of TFA in water. b Reaction did not go to completion – 70% of 149 recovered. 
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The conditions employed in entries 5, 6 and 7 led to the formation of 167, which was not the 

expected Pictet-Spengler product. Mass spectrometry revealed its molecular weight was higher 

than pegaharmaline A (m/z 409.1635 compared to the expected m/z 391.1529, based on their 

[M + Na]+ ions) and its 1H NMR spectrum possessed unexpected signals such as a characteristic 

tryptamine C2-H along with two downfield NH singlets (Figure 27). Unequivocal structural 

confirmation was achieved by XRD analysis, which revealed 167 possessed a unique 

spirocyclic tryptamine-lactam-dihydroquinazoline scaffold with three nitrogen atoms bonded 

to the spirocentre – a scaffold that, to the best of our knowledge, has not been reported in 

academic literature (Figure 28). 

 

 

Figure 27. 1H NMR spectrum of triaza-spiro compound 167 (DMSO-d6). 
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Figure 28. ORTEP representation of 167 (CCDC 1859965). 

 

The formation of triaza-spiro compound 167 can be explained by the mechanism shown in 

Scheme 31. Nucleophilic attack by tryptamine at C1 causes opening of the five-membered ring 

to give 168. The amide nitrogen then attacks the imine at C3′a to install the spirocentre, yielding 

167. The facile ring opening of 149 mirrors the reactivity previously observed with the related 

structure 161, which was prone to facile methanolysis (see Scheme 28). 

 

 

 Mechanism for the formation of 167. 
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The high-yielding formation of 167 under aqueous conditions requires discussion, especially 

as neither of the substrates are water soluble. These types of reaction were coined as “on water” 

reactions by Sharpless in 2005 due to the insolubility of the substrates when the reaction is 

carried out.132 The first report of an “on water” reaction was made by Rideout and Breslow 

when they reported the accelerated reaction rate of Diels-Alder reactions between insoluble, 

nonpolar compounds in aqueous solutions.133 It was initially believed this phenomenon was 

due to “hydrophobic packing” whereby immiscible reactants aggregate together when 

suspended in water to minimise hydrophobic interactions; thus, increasing the effective 

molarity and the reaction rate (A, Figure 29).133,134 In recent years, hydrogen-bonding along 

with acid catalysis has become the more accepted justification for the accelerated rate of 

reactions in heterogeneous aqueous suspensions. Evidence shows that in these “on water” 

reactions, approximately 25% of the water molecules at the water-organic phase boundary have 

a free hydroxy group crossing the interface instead of hydrogen-bonding with its surrounding 

water molecules.135–137 These “dangling” hydroxy groups can serve as hydrogen bond donors 

or acceptors at the interface and help stabilise transition states (B, Figure 29). Furthermore, if 

one of the reactants is basic, penetration of this interface by the hydroxy groups can lead to 

acid catalysis. Thus, the oxygen and nitrogen atoms in the substrates pyrroloquinazoline 149 

and tryptamine are both capable of participating in both hydrogen-bonding and acid catalysis. 

 

 

Figure 29. A) Representation of hydrophobic packing. B) Representation of an “on water” 

reaction where reactants and the transition state are stabilised by hydrogen-bonding at the 

water-organic phase interface.136 
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2.1.3. Proposed biomimetic Pictet-Spengler using 6-methoxytryptamine (48) 

While the result from the attempted Pictet-Spengler was not the desired pegaharmaline A 

scaffold, it was decided to attempt the same reaction with 6-methoxytryptamine (48) to see if 

the methoxy substituent played a defining role in the biomimetic Pictet-Spengler reaction.  

 

2.1.3.1. Synthesis of 6-methoxytryptamine (48) 

Preparation of the required 6-methoxytryptamine (48) began with the condensation of 

6-methoxyindole with oxalyl chloride and ammonium hydroxide to give oxoacetamide 169 

(Scheme 32). Reduction of 169 using lithium aluminium hydride afforded 

6-methoxytryptamine (48).  

 

 

 Synthesis of 6-methoxytryptamine (48). 
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2.1.3.2. Attempted Pictet-Spengler reaction between 6-methoxytryptamine (48) and 

pyrroloquinazoline (149) 

With 6-methoxytryptamine (48) and pyrroloquinazoline (149) in hand, the biomimetic Pictet-

Spengler reaction could be attempted. When 6-methoxytryptamine (48) and pyrroloquinazoline 

149 were stirred in water, the analogous triaza-spiro compound 170 was formed (Scheme 33).  

 

 

 Synthesis of 170.  

 

Given the facile formation of 170 from the proposed biosynthetic precursors, the possibility 

that 170 may comprise the true structure of pegaharmaline A was considered, despite 

possessing a higher molecular weight (m/z 439.1741 compared to the reported m/z 421.1644, 

based on their [M + Na]+ ions). Suspecting 170 and pegaharmaline A were potentially the same 

compound, a comparison of the NMR spectroscopic data of the two compounds was 

undertaken. Unfortunately, major discrepancies in the 1H and 13C NMR spectra were apparent 

and it was clear triaza-spiro compound 170 did not comprise the true structure of 

pegaharmaline A (see Tables 2 and 3). 
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Table 2. Comparison of 1H NMR data (DMSO-d6) between 147 and 170 

 

 147 (600 MHz) 170 (400 MHz) 

1   

3α 3.14 (1 H, dd, J 11.3, 5.4) 3.17 (1 H, td, J 12.9, 5.2) 

3β 3.87 (1 H, tt, J 11.3, 3.4) 3.30 (1 H, m) 

4α 2.70 (1 H, ddd, J 14.9, 11.3, 5.4) 2.69 (1 H, m) 

4β 2.77 (1 H, ddd, J 14.9, 3.4, 1.1) 2.80 (1 H, m) 

4a   

4b   

5 7.36 (1 H, d, J 8.6) 6.71 (1 H, d, J 8.6) 

6 6.64 (1 H, dd, J 8.6, 2.3) 6.44 (1 H, dd, J 8.6, 2.3) 

7   

8 6.62 (1 H, d, J 2.3) 6.77 (2 H, dd, J 4.4, 2.2) 

8a   

9a  6.77 (2 H, dd, J 4.4, 2.2) 

2′   

3′   

3′a   

4′a   

5′ 7.68 (1 H, dd, J 7.5, 1.0) 6.81 (2 H, m) 

6′ 7.76 (1 H, m) 7.36 (1 H, m) 

7′ 7.41 (1 H, m) 6.81 (2 H, m) 

8′ 7.99 (1 H, dd, J 8.0, 1.4) 7.75 (1 H, dd, J 8.0, 1.6) 

8′a   

9′   

11′-CH3 1.64 (3 H, d, J 0.8) 1.78 (3 H, d, J 1.2) 

12′-CH3 2.04 (3 H, d, J 0.8) 1.88 (3 H, d, J 1.2) 

7-OMe 3.69 (3 H, s) 3.71 (3 H, s) 

2-NH 3.61 (1 H, t, J 3.4)  

9-NH 10.47 (1 H, br s) 10.53 (1 H, br s) 

4′-NH  7.52 (1 H, d, J 1.5) 

10′-NH  8.54 (1 H, d, J 1.6) 
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Table 3. Comparison of the 13C NMR data (DMSO-d6) between 147 and 170 

 147 (150 MHz) 170 (100 MHz) 

1 82.6 168.0 

3α 40.1 39.9 

3β   

4α 22.1 25.2 

4β   

4a 112.5 111.1/111.2 

4b 120.8 121.11 

5 118.8 118.4 

6 108.3 108.5 

7 155.7 155.4 

8 94.6 94.3 

8a 137.0 136.8 

9a 126.7 121.10 

2′ 152.0 127.7 

3′ 125.9 148.9 

3′a 157.8 86.7 

4′a 149.1 146.2 

5′ 126.6 113.6/117.3 

6′ 133.9 134.0 

7′ 125.7 113.6/117.3 

8′ 126.0 127.1 

8′a 121.4 111.1/111.2 

9′ 158.5 162.9 

11′-CH3 10.5 8.3 

12′-CH3 9.0 9.9 

7-OMe 55.1 55.1 

2-NH   

9-NH   

4′-NH   

10′-NH   

 

As the proposed biomimetic Pictet-Spengler reaction led to the formation of triaza-spiro 

compound 170 and not pegaharmaline A (147), an alternative bioinspired route to the natural 

product was considered. 
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2.2. Second-generation approach to pegaharmaline A 

With the knowledge that pyrroloquinazoline 149 undergoes facile ring opening, a modified 

biosynthesis proposal was developed (Scheme 34). If the true biosynthetic precursor is 171, 

loss of water would lead to N-acyliminium ion 172. Attack of 6-methoxytryptamine (48) onto 

172 would give the Mannich product that upon oxidation would form the iminium 155 – the 

same intermediate as in the initial proposal. Cyclisation as described in Section 2.1 would then 

form pegaharmaline A (147). 

 

 

 Second-generation route to pegaharmaline A. 
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2.2.1. Regioselective reduction of 149 

The first task in the modified route was to access 171, which would be possible by the selective 

reduction of 149 (Scheme 35). It was believed the carbonyl at C1 to be more electrophilic than 

the C9 carbonyl, as evidenced by the facile methanolysis of pyrroloquinazoline 161 (see 

Scheme 28) and the facile ring opening of 149 during the formation of triaza-spiro compound 

167 (see Scheme 31). Additionally, when examining at the 13C NMR spectrum of 149, it could 

be seen that the chemical shift for C1 was more downfield than C9 (δC 167.0 and 155.9 ppm, 

respectively) indicating a greater degree of deshielding around C1. Because shielding and 

deshielding correspond to the electron density around an atom, a greater degree of deshielding 

signifies less electron density around C1; therefore, making it more electrophilic and more 

likely to undergo nucleophilic attack. 

 

 

 The proposed selective reduction. 

 

When selecting an appropriate reducing agent, the literature revealed that sodium borohydride 

is able to selectively reduce unsymmetrical cyclic anhydrides and imides at the more sterically 

crowded carbonyl (Scheme 36).138–141 When examining pyrroloquinazoline 149, it can be seen 

the C1 carbonyl is adjacent to a methyl group while the C9 carbonyl is adjacent to a phenyl 

group; therefore, it was believed the methyl group would provide more steric crowding due to 

its tetrahedral configuration while the phenyl group is flat. Furthermore, the literature 

demonstrated there was greater selectivity for a carbonyl with a methyl group in the α-position 

as opposed to one with a phenyl group in the α-position.139–141 
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 Regioselective reduction of cyclic anhydrides and imides using sodium 

borohydride.138,139,141 
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Pyrroloquinazoline 149 was subjected to sodium borohydride at −20 °C to yield the desired 

hemiaminal 171 (Scheme 37). During this reaction, there are three different bonds in 149 that 

could potentially undergo reduction – both C1 and C9 carbonyls and the C3a imine 

bond – which would result in the formation of either 171, 173 or 174. Gratifyingly, an 1H-13C 

HMBC correlation between C8-H and a downfield sp2 carbon signal (in green, Scheme 37) 

concluded that the C9 carbonyl remained and hemiaminal 173 had not formed. However, it 

could not be confirmed whether 171 or 174 had formed due to the lack of distinguishing 

features between the methyl groups, making the correlation between a methyl group and a 

downfield sp2 carbon inconclusive (in purple, Scheme 37). A 1H-15N HSQC did not show any 

signals, indicating the absence of an NH and demonstrating 174 had not formed – the desired 

outcome of this reaction was eventually confirmed by XRD analysis (Figure 30). 

 

 

 

 Reduction of 149 and the 1H-13C HMBC spectrum of the product 171.  

C8-H 

CH-OH 

CH-OH 

 



 

75 

 

       

Figure 30. Structure of hemiaminal 171 and its ORTEP representation (CCDC 1859974). 

 

2.2.2. N-acyliminium ions and their formation 

With the successful synthesis of 171, the modified biosynthetic proposal could be attempted. 

N-acyliminium ions are iminium ions with a carbonyl adjacent to the nitrogen atom, and the 

electron withdrawing nature of the adjacent carbonyl bond makes them more reactive than their 

iminium counterparts.142 N-acyliminiums are formed in situ using a number of different 

methods (Scheme 38) – N-acylation of imines, N-alkylation of N-acylimines, electrophilic 

addition to enamides, oxidation of amides, and elimination of an α-substituted amide. 

 

 

 Methods for N-acyliminium ion formation.142 
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It is the elimination method that was utilised to form N-acyliminium ion 172. This would 

require acidic reaction conditions to protonate the hydroxy group that upon dehydration would 

generate N-acyliminium ion 172 for subsequent reaction with tryptamine in a Mannich-type 

reaction (Scheme 39). 

 

 

 Proposed formation of 175 from N-acyliminium ion 172.  

 

2.2.3. Mannich-type reaction 

Efforts towards the Mannich-type reaction are shown in Table 4. The generation of 

N-acyliminium ions from hemiaminals is often achieved using TFA,143,144 but no reaction 

occurred between tryptamine and 171 using TFA (entry 1). Pre-stirring pyrroloquinazoline 171 

with TFA to pre-form the acyliminium ion before addition of tryptamine also resulted in failure 

(entry 2). Attempting the reaction in neat TFA also did not yield the desired product (entry 3). 

Stirring tryptamine and 171 in 1M hydrochloric acid in ethanol145 only yielded 

pyrroloquinazoline 149 presumably as a result of autoxidation (entry 4). Heating 

pyrroloquinazoline 171 and tryptamine at reflux in the presence of p-toluenesulfonic acid 

(p-TSA)146 formed a new compound 176 that was not the desired Mannich product (entry 5).  
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Table 4. Mannich-type reaction between tryptamine and 171.  

 

Entry Acid (eq.) Solvent Temperature Time Product (yield) 

1 TFA (2) CH2Cl2 rt 24 h No reaction 

2a TFA (2) CH2Cl2 rt 24 h No reaction 

3 TFA (neat) - rt to 60 °C 36 h No reaction 

4 HCl (23) Ethanol 0 °C to rt 36 h 

 
149 (15%) 

5 p-TSA (0.4) Dioxane 110 °C 24 h 

 
176 (39%)b 

a TFA stirred with 171 for 30 minutes before tryptamine was added. b 1:1 diastereomeric ratio. 

 

Analysis of the 1H NMR spectrum of 176 suggested it was a mixture of two compounds and 

careful chromatographic separation yielded a 1:1 ratio of two compounds that were assigned 

as 176a and 176b. During the characterisation of these two compounds, it was assumed they 

were isomers as the mass spectrometry of both compounds indicated they possessed the same 

molecular mass. In the 1H NMR spectra of both 176a and 176b, two doublets corresponding to 

the two methyl groups indicated the C2ʹ-C3ʹ double bond was no longer present (A, Figure 31); 

this was supported by a COSY correlation between the methyl groups and two CH’s in the 

alkyl region. The presence of an 1H-13C HMBC correlation between the two methyl groups and 

two different downfield sp2 carbons also indicated the carbonyl at C1 and imine at C3ʹa 

remained (B, Figure 31). Finally, three NH peaks in the 1H NMR spectrum signified the five-

membered ring of the pyrroloquinazoline fragment had opened. This spectroscopic information 

led us to assign the structures of 176a and 176b as the syn and anti tryptamido-quinazoline 
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diastereomers depicted below. Identification of each diastereomer was not possible and 

attempts at growing a crystal for XRD analysis were unfortunately unsuccessful. 

 

 

 

 

 

 

A) 



 

79 

 

 

Figure 31. A) 1H NMR and B) 1H-13C HMBC spectra (DMSO-d6) of tryptamido-quinazoline 

176b. Spectra of 176a show the same correlations. 

 

The formation of 176 can be explained by the mechanism shown in Scheme 40. The high 

temperature at which the reaction was conducted causes an isomerization of 171 to enol 177, 

which tautomerises to the imide 178. As was previously observed with pyrroloquinazolines 

161 and 149, intermediate 178 underwent nucleophilic attack by tryptamine followed by ring-

opening to give 176. Due to the absence of the C2ʹ-C3ʹ double bond, the alkyl chain of 176 was 

freely rotatable and was not locked in a position conducive to spirocentre formation at C3ʹa, as 

was observed in the formation of 167 (see Scheme 31). 

 

B) 
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 Mechanism of formation of 176 and comparison with 167. 

 

2.2.4. Attempted Bischler-Napieralski cyclisation of 176 

Although 176 was not the desired outcome of the proposed reaction, it was recognised this 

compound could still be transformed to a dihydro analogue of the pegaharmaline A core 

structure (179) through a Bischler-Napieralski reaction followed by acid-mediated cyclisation 

(Scheme 41). 
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 Proposed Bischler-Napieralski approach to 179. 

 

The Bischler-Napieralski reaction is a method of synthesising dihydro-β-carbolines from 

tryptophanamides. Although mechanistic studies into the Bischler-Napieralski reaction have 

only focused on the synthesis of dihydroisoquinolines,147–149 the synthesis of dihydro-β-

carbolines would follow the same mechanism. The reaction begins with dehydration of the 

tryptophanamide using reagents such as phosphorous oxychloride or phosphorous pentoxide, 

forming nitrilium ion 180 (Scheme 42).148,149 Presumably the ring closure of 180 follows the 

same mechanism as the Pictet-Spengler reaction, whereby there are two potential cyclisation 

pathways – attack by C2 to afford carbocation 181 or, attack by C3 to give spiroindolenine 

intermediate 182 followed by a [1,2]-bond migration. Carbocation 181 then undergoes proton 

loss to form dihydro-β-carboline 183.  
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 Mechanism of the Bischler-Napieralski reaction using phosphorous oxychloride. 

 

In an effort to promote the Bischler-Napieralski reaction of tryptamido-quinazoline 176, it was 

heated with phosphorous oxychloride at reflux; unfortunately, a product formed that could not 

be identified (Scheme 43). This cyclisation was also attempted with phosphorous pentoxide 

but only degradation occurred. 

 

 

 Attempted Bischler-Napieralski cyclisation of 176.  
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Analysis of the 1D and 2D NMR spectra of the crude, unidentified product suggested it was a 

C3-substituted indole. A triplet and a broad singlet – both integrating to two – were present in 

the alkyl region of the 1H NMR spectrum (Figure 32) and an edited HSQC revealed the triplet 

corresponded to a CH2 while the broad singlet did not produce a correlation. This signified the 

broad singlet was potentially an NH2, making this compound a tryptamine derivative; however, 

a 1H-15N HSQC revealed the heteroatom peak was not an NH2. Furthermore, this broad singlet 

did not produce any 2D correlations, putting into question whether it was actually part of the 

molecule or not. Because it was clear the unknown product was not the desired dihydro-β-

carboline – in addition to the fact that only a small amount was obtained – it was decided to 

not pursue this any further. 

 

 

Figure 32. 1H NMR spectrum of the unidentified product (CDCl3). 

 

 

 

CH2 

Heteroatom 

peak Residual 

EtOAc 

Residual 

EtOAc 
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2.3. Third-generation approach to pegaharmaline A 

The first-generation approach using pyrroloquinazoline 149 resulted in nucleophilic attack at 

the C1 carbonyl, causing the undesired ring-opening and forming triaza-spiro compound 167 

(Scheme 44). The second-generation approach using hemiaminal 171 resulted in 

tautomerisation to pyrroloquinazoline 178, again leading to nucleophilic attack at the C1 

carbonyl to give tryptamido-quinazoline 176. These results demonstrate the propensity for the 

pyrroloquinazoline precursor to undergo ring-opening, making it difficult to perform the 

desired heterocyclisations. 

 

Based on the outcomes of the first and second-generation approaches, a third-generation 

approach was developed which would utilise an analogue of the P. harmala derived alkaloid 

vasicinone (22). Due to the structural similarity between vasicinone (22) and its analogue (184, 

Scheme 44), 184 is potentially the true biosynthetic precursor to pegaharmaline A (147). If this 

were the case, this biosynthesis would be similar to that depicted in Scheme 44. 

Pyrroloquinazoline 184 would tautomerise to its ring-opened form 185 which then undergoes 

a Pictet-Spengler reaction with 6-methoxytryptamine (48) to form tetrahydro-β-carboline 186. 

A subsequent oxidation to the dihydro-β-carboline followed by cyclisation would yield 187, 

comprising the complete heteroaromatic scaffold of pegaharmaline A (147). From here, a final 

autoxidation event would insert the desired alkene at C2′-C3′ to form pegaharmaline A (147). 
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 Outcomes of the first and second-generation approaches, and the proposed third-

generation approach. 
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2.3.1. Model study 

To probe the plausibility of the third-generation route, it was decided to begin with a model 

study which required the synthesis of isovasicinone (188, Scheme 45). This was anticipated to 

be achieved by oxidation of the P. harmala derived alkaloid pegamine (26).  

 

 

 Proposed route to isovasicinone (188) synthesis. 

 

2.3.2. Synthesis of pegamine (26) 

Following literature procedures,130,150 the synthesis of 26 began with the reaction between 

anthranilamide (152) and succinic anhydride to form carboxylic acid 190 (Scheme 46). 

Esterification of 190 gave methyl ester 191 that upon reduction with lithium aluminium hydride 

afforded pegamine (26). It is interesting to note that the lithium aluminium hydride reduction 

step was affected by scale; it was found that 200 mg of ester 191 was the optimal scale and 

attempts at scaling up the reaction resulted in significantly reduced yields. 

 

 

 Synthesis of pegamine (26).  
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The reaction of anthranilamide (152) with succinic anhydride follows the same mechanism as 

the synthesis of pyrroloquinazolines 161 (see Scheme 29) and 149 (see Scheme 30). Carboxylic 

acid 190 undergoes esterification through the protonation of the carboxylic acid which enables 

nucleophilic attack by methanol to form hemiketal 192. Dehydration of hemiketal 192 then 

affords ester 191. Ester 191 is reduced to alcohol 193 using two equivalents of lithium 

aluminium hydride, and the lithium hydroxide produced in the aqueous workup catalyses an 

eliminative cyclisation to afford pegamine (26).150,151  

 

 

 Mechanism of pegamine (26) synthesis from anthranilamide (152). 
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2.3.3. Synthesis of isovasicinone (188) 

With 26 at hand, the oxidation was achieved using o-iodoxybenzoic acid (IBX)152 to form 

aldehyde 189 that could not be isolated as immediate cyclisation occurred to give isovasicinone 

(188). The 1H NMR spectrum of the crude product suggested it existed as the cyclic hemiaminal 

tautomer due to the presence of the diagnostic doublet-of-doublet peak at δH 6.33 ppm 

(corresponding to C1-H).153,154 

 

 

 Oxidation of pegamine (26) to isovasicinone (188).  

 

The mechanism for the oxidation of pegamine (26) with IBX begins with an exchange of 26 

with the hydroxy group on IBX, eliminating water, to give the iodine(V) complex 194 (Scheme 

49).155 The oxo group of complex 194 sits out of the plane of the molecule; however, in order 

for the oxidation to occur, this double bond needs to sit in the plane of the molecule for the 

favourable elimination of o-iodosobenzoic acid (IBA) to occur.155 Complex 194 therefore 

undergoes a hypervalent twist to form complex 195, moving the oxo group into the plane of 

the molecule and the alcohol group out of the plane. Once this happens, a concerted oxidation-

elimination occurs to afford aldehyde 189 and IBA. 
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 Mechanism of the IBX oxidation. 

 

Interestingly, a study by Su and Goddard found with more sterically demanding alcohols, the 

twisting energy barrier was lower than that for less sterically demanding alcohols.155 In this 

case, steric repulsion between the bulkier alkoxy group and the ortho hydrogen drives the 

hypervalent twist, in addition to the formation of a more product-like intermediate (A, Scheme 

50). This explains the tendency for IBX to oxidise large alcohols faster than small ones. Their 

finding was further supported by an investigation into oxidations using an ortho-methyl 

analogue of IBX, where they found the rate of oxidation increased by a factor of approximately 

100 (B, Scheme 50). 
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 A) Hypervalent twist due to steric repulsion between the sterically demanding 

alkoxy group and ortho hydrogen. B) Using an ortho-methyl IBX analogue resulted in a large 

rate increase. 

 

2.3.4. Pictet-Spengler reaction of isovasicinone (188) and tryptamine 

The Pictet-Spengler reaction between tryptamine and isovasicinone (188) could now be 

attempted. Using a 5% solution of TFA in dichloromethane, tryptamine and 188 underwent a 

successful Pictet-Spengler reaction to form tetrahydro-β-carboline 196 in an acceptable 50% 

yield (Scheme 51), marking the first time both fragments with their entire heterocyclic units 

intact had been successfully combined. 

 

 

 Synthesis of tetrahydro-β-carboline 196 by the Pictet-Spengler reaction. 
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Upon analysis of the 1H NMR spectrum it was evident 196 consisted of both the tryptamine 

and the quinazoline fragments due to the presence of a correct number of aromatic CH peaks 

(eight). Furthermore, a distinctive doublet at δH 4.07 ppm corresponding to the CH at the 

stereogenic centre indicated 196 was a tetrahydro-β-carboline and that the Pictet-Spengler 

reaction had succeeded (Figure 33). However, the absence of signals corresponding to both the 

piperidine NH and amide NH meant XRD analysis was required to unequivocally confirm its 

structure. This was obtained and the structure of 196 was confirmed to be the desired 

tetrahydro-β-carboline (Figure 34).  

 

 

Figure 33. 1H NMR spectrum of tetrahydro-β-carboline 196 (DMSO-d6).  

 

 

Figure 34. ORTEP representation of 196 (CCDC 2087701).  
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The mechanism of this Pictet-Spengler begins with the tautomerisation of 188 to aldehyde 189 

(Scheme 52). This then undergoes nucleophilic attack by tryptamine followed by a subsequent 

dehydration to yield iminium 197. As described previously, there are two possible routes that 

could occur during the Pictet-Spengler reaction – attack by C2 to form carbocation 198, or 

attack by C3 to form spiroindolenine intermediate 199, followed by a 1,2-bond shift to give 

carbocation 198. Carbocation 198 then loses a proton to afford tetrahydro-β-carboline 196.  

 

 

 Mechanism of Pictet-Spengler reaction between isovasicinone (188) and 

tryptamine. 
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2.3.5. The oxidation of tetrahydro-β-carboline 196 

With the success of the Pictet-Spengler reaction between isovasicinone (188) and tryptamine, 

attempts at the oxidation of 196 to form dihydro-β-carboline 200 began. Various conditions 

were attempted, and all efforts are summarized in Table 5. Oxidation using diisopropyl 

azodicarboxylate (DIAD) in acetonitrile156 did not yield the desired product (entry 1), and an 

N-bromo-succinimide (NBS) mediated procedure157 resulted in degradation (entry 2). No 

reaction occurred with both a copper-catalysed158 and iodine-catalysed159 oxidation (entries 3 

and 4), while an IBX-mediated oxidation160 resulted in degradation (entry 5). No reaction 

occurred with manganese dioxide (entry 6);161 however, it was noticed there was trace amounts 

of a very UV-active compound as observed by thin-layer chromatography. Attempting an 

aerobic oxidation with 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)162 resulted in complete 

aromatisation of 196 to give β-carboline 201 (entry 7), which was later identified as the UV-

active compound observed during the manganese dioxide oxidation (entry 6). 

 

Table 5. Attempts at oxidising tetrahydro-β-carboline 196.  

 

Entry Oxidant Solvent Temperature Time Product 

1 DIAD Acetonitrile rt to 60 °C 4 h No reaction 

2 NBS Toluene 0 °C to rt 2 h Degradation 

3 CuCl, air  Toluene 100 °C 4 h No reaction 

4 I2, H2O2  DMSO 60 to 100 °C 3.5 h No reaction 

5 IBX, CeCl3  Acetonitrile 50 °C 24 h Degradation 

6 MnO2  CH2Cl2 rt to 40 °C 40 h No reactiona 

7 DBN, O2 - 90 °C 5.5 h 
 

201 

a Trace amounts of β-carboline 201 detected by thin-layer chromatography. 
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During this oxidation study, the Pictet-Spengler reaction used to access the tetrahydro-β-

carboline 196 began forming a different product (202, Scheme 53). Unfortunately, this meant 

the attempted oxidation of 196 could not be continued as the supply was eventually exhausted.  

 

 

 Formation of 202 from the Pictet-Spengler reaction. 

 

2.3.5.1. Formation of tryptamino-pyrroloquinazoline 202 

When deducing the structure of 202, mass spectrometry indicated it possessed the same 

molecular mass as tetrahydro-β-carboline 196, suggesting it may be an isomer. Analysis of the 

1H NMR spectrum of 202 revealed a disappearance of the indole NH and the diagnostic doublet 

corresponding to the stereogenic CH of tetrahydro-β-carboline 196. A crystal of 202 was 

submitted for single crystal X-ray analysis; unfortunately, as the crystal was of low quality it 

could not be adequately refined (Figure 35). It could be confirmed that connection of the 

tryptamine to isovasicinone (188) had occurred through the indole nitrogen. However, the 

nature of the tryptamine side-chain could not be fully determined and remains unclear.  
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Figure 35. Structure of 202 and its ORTEP representation. The undetermined tryptamine side 

chain is circled in red. 

 

2.3.6. Investigation into the formation of tryptamino-pyrroloquinazoline 202 

As the tryptamine used during the Pictet-Spengler reaction was a commercially available 

material, it was believed isovasicinone (188) was responsible for the sudden change in outcome 

for the Pictet-Spengler reaction and efforts to explain this are discussed henceforth. 

 

Around the same time the Pictet-Spengler reaction began forming 202, it was apparent 

isovasicinone (188) used was the one prepared by the manganese dioxide oxidation of 

pegamine (26, Scheme 54). Its preparation was changed from the IBX oxidation protocol as 

the crude yield had decreased, despite the same batch of oxidant successfully being used by 

other members of the laboratory. When examining the 1H NMR spectrum of isovasicinone 

(188) prepared by both manganese dioxide and IBX-mediated oxidations, there were no 

obvious discrepancies (Figure 36). 
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 Oxidation of pegamine (26) using manganese dioxide. 

 

 

Figure 36. Comparison of 1H NMR spectra of crude isovasicinone samples prepared by the 

IBX oxidation and manganese dioxide oxidation. 

 

 

 

 

 

IBX oxidation 

Manganese dioxide oxidation 
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As the isovasicinone samples were carried forward into the Pictet-Spengler reaction crude, it 

was assumed at the time the only explanation was that residual oxidant (or impurities) present 

in the isovasicinone (188) was influencing the reaction pathway. It is reported that manganese 

dioxide contains variable amounts of alkaline and alkaline earth metal derivatives163 and it is 

possible it could contain alkaline metal bases strong enough to deprotonate and promote 

nucleophilic attack by the indole nitrogen (203, Scheme 55).164,165 Furthermore, it is evident 

that whatever had occurred to the free amine prevented it from participating in the reaction. 

 

 

 Apparent change in reaction outcome based on the oxidant used to prepare 

aldehyde 189. 

 

2.3.6.1. Investigation into other variables affecting the Pictet-Spengler reaction 

Assuming the metal-based impurities present in the isovasicinone (188) prepared from a 

manganese dioxide oxidation was promoting the synthesis of tryptamino-pyrroloquinazoline 

202, a study using isovasicinone (188) prepared through the IBX oxidation procedure was 

carried out (Table 6). Disappointingly, this did not give 196 and the tryptamino-

pyrroloquinazoline 202 still formed suggesting the impurities in the oxidant were not 

responsible for this change in reaction outcome (entry 1). Focus thus turned to other subtle 

changes that may have affected the Pictet-Spengler reaction. The synthesis of the desired 

tetrahydro-β-carboline 196 was only successful during the summer months when laboratory 
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temperatures were warmer, so to try replicate these conditions the Pictet-Spengler reaction was 

heated to 30 °C; unfortunately, only the undesired product (202) still formed (entry 2). Finally, 

the TFA used was examined as around the time the undesired product 202 first appeared, a new 

bottle of TFA was being used. The reaction was then attempted using a different, older bottle 

of TFA, but sadly this also did not succeed in forming 196 (entry 3). 

 

Table 6. Investigations into the cause of the formation of tryptamino-pyrroloquinazoline 202 

 

Entry Preparation of 188 TFA used Temperature Outcome 

1 IBX oxidation New bottle rt 202 

2 MnO2 oxidation New bottle 30 °C 202 

3 MnO2 oxidation Old bottle rt 202 

 

To this day, we are still unable to explain the sudden change in the outcome of the Pictet-

Spengler reaction. This route was abandoned, and attention turned to a new approach. 
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2.4. Concluding the approaches to putative pegaharmaline A 

This chapter details the synthetic efforts towards the structure of pegaharmaline A assigned by 

Wang and colleagues.124 In the first-generation approach, the reaction between 

pyrroloquinazoline 149 and tryptamines 204 and 48 led to the triaza-spiro compounds 167 and 

170, not pegaharmaline A (147). The second-generation approach required the selective 

reduction of 149 to form hemiaminal 171, which could then undergo a Mannich-type reaction 

with tryptamine. However, instead of the desired Mannich product 175, the tryptamido-

quinazoline compound 176 formed as a result of ring-opening. Attempts to convert tryptamido-

quinazoline 176 into the pegaharmaline A analogue (166) through a Bischler-Napieralski 

cyclisation, followed by an acid mediated cyclisation, did not provide the desired dihydro-β-

carboline. A third-generation approach was then designed based on the results from earlier 

approaches. Isovasicinone (188) underwent a Pictet-Spengler reaction with tryptamine to give 

tetrahydro-β-carboline 196. Unfortunately, attempts at oxidizing 196 to dihydro-β-carboline 

200 were unsuccessful. For reasons unknown, after five months the Pictet-Spengler reaction 

began forming the tryptamino-pyrroloquinazoline compound 202 instead of the desired 

tetrahydro-β-carboline 196. Sadly, efforts to correct this were met with failure. 
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 Summary of first, second and third-generation approaches to pegaharmaline A. 



3. Chapter Three: 

Proposed Structural 

Revision of 

Pegaharmaline A
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3.1. Proposed revision of the pegaharmaline A structure 

After the unsuccessful first, second and third-generation synthetic approaches to 

pegaharmaline A (147), a reassessment of the structure assigned by Wang and colleagues was 

carried out. Reinspection of the spectroscopic data in the isolation report revealed the reported 

NOESY correlation between the methyl group and indole NH was not visible in the NMR 

spectrum supplied in the supporting information (Figure 37). 

 

  

 

Figure 37. The NOESY spectrum for pegaharmaline A supplied in the isolation report.124 

CH3 NH 
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This discrepancy casts some doubt on the structural assignment made by the isolation team and 

suggested the natural product may have been misassigned. The original biosynthetic proposal 

involves vasicinone (22) undergoing a dehydrogenation and subsequent oxidation to install the 

carbonyl at C1 (Scheme 57).124 The C1 of pyrroloquinazoline 149 was therefore proposed to 

be the site of spirocyclisation in the Pictet-Spengler reaction, forming the precursor to 

pegaharmaline A (147). Because efforts to validate this proposal were unsuccessful, it 

prompted a reassignment of the pegaharmaline A structure. It was proposed the vasicinone 

C3-OH could be utilised as a synthetic handle and that the spirocenter of pegaharmaline A 

actually formed at C3 of vasicinone (22). The modified biosynthesis thus begins with the 

oxidation of vasicinone (22) to give enone 206, and a subsequent methylation by S-adenosyl 

methionine (SAM) forms pyrroloquinazoline precursor 207. This then undergoes a Pictet-

Spengler reaction with 6-methoxytryptamine (48) to form structure 205, a regioisomer of the 

proposed structure pegaharmaline A (Scheme 57). It was felt the Pictet-Spengler reaction was 

likely to occur with 6-methoxytryptamine (48) rather than the originally proposed tryptamine 

due to literature showing that in the biosynthesis of the β-carboline alkaloid harmine (34), 

alkoxylation of tryptamine occurs before the Pictet-Spengler reaction (see Section 1.2.2.4).77 
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 The original proposed biosynthetic pathway of pegaharmaline A (147)124 and the 

revised proposal. 
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The proposal is supported by the relative scarcity of vasicinone or deoxyvasicinone-related 

alkaloids possessing a substituent at C1. Currently, there are only two known alkaloids with 

this substitution, nigellastrine I and II (208 and 209, Figure 38), which were isolated from the 

seeds of the plant Peganum nigellastrum.62 This is in comparison to the 15 known vasicinone 

or deoxyvasicinone-related alkaloids funnctionalised at C3 (select examples are shown in 

Figure 38).50,52,79,166–170 

 

 

Figure 38. Examples of C1 and C3-substituted vasicinone and deoxyvasicinone-related 

alkaloids. 
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3.2. Model Studies 

To investigate the revised biosynthesis proposal, it was decided to first perform model studies 

which would begin with the P. harmala derived alkaloid vasicinone (22). Oxidation of 

vasicinone (22) forms enone 206 which could then undergo the Pictet-Spengler reaction with 

tryptamine, giving the revised pegaharmaline A core structure 210.  

 

 

 Proposed route to the revised pegaharmaline A core structure 210.  

 

3.2.1. Synthesis of deoxyvasicinone (21) 

The preparation of vasicinone began with the synthesis of deoxyvasicinone (21) by the reaction 

between γ-aminobutyric acid (GABA) with anthranilic acid (Scheme 59).171,172 

 

 

 Synthesis of deoxyvasicinone (21). 
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The presence of a strong dehydrating agent like phosphorous pentoxide, along with the high 

temperature, drives the reaction forward by promoting the loss of water. In a fashion similar to 

the Niementowski quinazoline synthesis,173 two consecutive amide couplings between GABA 

and anthranilic acid forms benzodiazonine 211, which then undergoes cyclodehydration to 

afford 21 (Scheme 60).  

 

 

 Mechanism for the synthesis of deoxyvasicinone (21). 
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3.2.2. Synthesis of vasicinone (22) 

With deoxyvasicinone (21) at hand, the synthesis of vasicinone (22) could commence. 

Following literature procedure,174 21 underwent a radical bromination to give bromo-

deoxyvasicinone (212), alongside minor amounts of the dibrominated deoxyvasicinone 213 

(Scheme 61). Subjecting 3-bromodeoxyvasicinone (212) to potassium acetate gave 

3-acetoxydeoxyvasicinone (214), and subsequent base-mediated hydrolysis afforded 

(±)-vasicinone (22).  

 

 

 Synthesis of vasicinone (22).  
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3.2.2.1. Regioselectivity of the radical bromination 

The conditions used to brominate deoxyvasicinone (21) are standard Wohl-Ziegler reaction 

conditions and the reaction involves four phases: initiation, propagation, regeneration and 

termination (Scheme 62).175–177 

 

 

 Mechanism of bromination. 



 

 

110 

 

Presumably, deoxyvasicinone undergoes regioselective bromination at C3 due to the formation 

of the resonance stabilized radical 215. Resonance stabilisaition of intermediate radical 215 

comes from the neighbouring imine bond, forming an aminyl radical 216 that is further 

stabilised by the adjacent phenyl group (Scheme 63). 

 

 

 Resonance stabilisation of deoxyvasicinone radical intermediate 215. 

 

3.2.2.2. Crown ethers and the mechanism of the bromide displacement 

Crown ethers are cyclic polyethers that are capable of chelating to specific cations, enabling 

the solubilization of metal salts into organic solvents. The oxygen atoms of the ring face 

inwards creating a cavity for cation coordination, and various sized crown ethers possess 

different sized cavities; thus, enabling specific crown ethers to chelate with specific cations. 

18-crown-6 has a cavity size of 2.6-3.2 Å – the same size as a potassium ion (2.66 Å) – resulting 

in 18-crown-6 having a particular affinity for potassium cations.178,179 In this reaction, chelation 

of the potassium ion by 18-crown-6 leaves a “naked” acetate anion available to participate in 

nucleophilic substitution with 3-bromodeoxyvasicinone (212) to form 

3-acetoxydeoxyvasicinone (214, Scheme 64).180,181 Due to the reaction occurring in a polar 

aprotic solvent like acetonitrile, there are very weak solvation forces acting on the acetate 

anion, making it a particularly effective nucleophile.179  
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 18-crown-6 coordinating with a potassium ion to enable substitution of the 

bromide in 212 to afford acetate 214.  

 

3.2.3. Oxidation of vasicinone (22) 

With the successful synthesis of vasicinone (22) attempts at the oxidation began. It was decided 

to undertake the transformation stepwise by oxidizing 22 to ketone 217 prior to installation of 

the double bond to form enone 206. Various conditions were attempted, a summary of which 

is shown in Table 7.  

 

Table 7. Attempted oxidation of vasicinone (22) 

 

Entry Oxidant Solvent Temperature Time Outcome 

1 Jones reagent Acetone 0 °C to rt 2.5 h Degradation 

2 PCC DMF 70 to 90 °C 48 h No reaction 

3 PDC DMF 70 to 100 °C 72 h Degradation 

4 PCC CH2Cl2 rt 3 h No reaction 

5 PDC CH2Cl2 rt 3.5 h No reaction 

6 MnO2 CHCl3 rt to 60 °C 16 h No reaction 

7 KMnO4/MnO2 (1:3) - rt 24 h No reaction 

8a IBX, air EtOAc 80 °C 3.5 h 217b 

9c IBX, air EtOAc 80 °C 2 h Degradation 

a 1.2 equivalents of IBX. b Detected by 1H NMR as part of a complex, inseparable mixture. 

Degradation also observed by thin-layer chromatography. c 3 equivalents of IBX. 
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Following a literature procedure using Jones reagent (a mixture of chromic trioxide or sodium 

dichromate in dilute sulfuric acid)182 resulted in degradation (entry 1), and another modified 

literature procedure using pyridinium chlorochromate (PCC) as the oxidant183 resulted in no 

reaction occurring (entry 2). During this reaction, an unknown compound was observed by 

thin-layer chromatography (TLC); however, complete conversion of the reaction was not 

achieved and attempts to isolate this compound were unsuccessful. Changing to pyridinium 

dichromate (PDC) resulted in the same compound forming by TLC but increasing the reaction 

temperature and stirring time, in an attempt to push the reaction to completion, resulted in 

degradation (entry 3). To rule out that this compound was residual DMF, the same oxidations 

were attempted in dichloromethane (entries 4 and 5). Again, the same observation was made 

by TLC for both reactions; however, much like in entry 2, the reactions appeared to stall despite 

addition of extra oxidant. With the lack of success following literature procedures, other 

procedures for the oxidation of secondary alcohols were then attempted. A manganese dioxide 

mediated oxidation184 and a solvent-free potassium permanganate/manganese dioxide 

mediated oxidation185 both did not result in any reaction (entries 6 and 7). An IBX mediated 

oxidation resulted in both formation of the desired ketone 217 and degradation (entry 8); 

however, 217 was part of a mixture that could not be separated by flash column 

chromatography. Analysis of the 1H NMR spectrum of the mixture showed the correct peaks 

correlating to 217182 along with eight additional aromatic CH peaks, possibly a dimer resulting 

from oxidative coupling. The same reaction was carried out with a larger equivalent of IBX, 

but this only resulted in degradation (entry 9). The difficulties in the oxidation of vasicinone 

(22) prompted a change in the approach to the synthesis of 217, and a new route was pursued. 
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3.2.4. Modified approach to ketone 217 

A publication by Molina and colleagues186 reported the synthesis of ketone 217 from 

deoxyvasicinone (21) during their efforts towards the synthesis of the alkaloids isaindigotone 

and luotonin A (218 and 219, Scheme 65).  

 

 

 Molina and colleagues’ syntheses of isaindigotone and luotonin A.  

 

It was therefore decided to attempt this procedure to synthesise ketone 217 as the oxidation of 

vasicinone (22) was unsuccessful. Deoxyvasicinone (21) was subjected to an allylic oxidation 

using selenium dioxide but unfortunately, only starting material was recovered (Scheme 66). 

However, in the same report,186 Molina and colleagues also synthesised ketone 217 from 

deoxyvasicinone (21) using an aldol-type condensation with benzaldehyde followed by 

ozonolysis. This route was therefore attempted (using alternative procedures187,188) and 

gratifyingly, ketone 217 was successfully synthesised in good yield over two steps. 
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 The synthesis of ketone 217.  

 

However, the purification of ketone 217 proved challenging as it degraded during column 

chromatography, and attempts at a recrystallisation as reported in literature182,186 only resulted 

in degradation. Eventually, a suitable purification method was developed involving a simple 

wash of the crude material with cold diethyl ether, resulting in pure 217 in a reasonable yield. 

While the literature procedures made no mention of any stability or purification issues when 

synthesising 217, a publication by Gavara and colleagues189 reported to have encountered these 

issues when synthesising ketone 217 and its analogues – HOMO/LUMO studies performed by 

the research team did not lead to an explanation for the observed degradation of their 

compounds as no significant difference in energy gap was detected. 

 

3.2.4.1. Mechanism of the ozonolysis 

Ozonolysis is a method for the oxidative cleavage of alkenes using ozone, and depending on 

the type of workup employed certain carbonyls can be obtained – one can obtain aldehydes and 

ketones from a reductive workup or, carboxylic acids and ketones from an oxidative workup. 

The first step of the ozonolysis is the 1,3-dipolar cycloaddition of ozone across the double bond 

to form the primary ozonide 221 which exists as a 1,2,3-trioxolane (Scheme 67).190 Ozonide 

221 then decomposes via a retrocycloaddition to a carbonyl and a carbonyl oxide (222, also 

known as the Criegee intermediate) before a second 1,3-cycloaddition forms the more stable 

ozonide, the 1,2,4-trioxolane 223. The carbonyl oxide-forming step proposed by Rudolf 

Criegee191 was initially debated using 18O-labelling experiments;192 however, it was later found 

the results of those experiments were erroneous193,194 and further work by Criegee195 proved 

his proposed mechanism was the correct one. After the formation of the more trioxolane 223, 
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a reductive workup using dimethyl sulfide (DMS) results in the generation of desired ketone 

217, benzaldehyde and DMSO.  

 

 

 Mechanism of ozonolysis of benzylidene 220. 

 

3.2.5. Attempted oxidation of ketone 217 

After successfully synthesising ketone 217, attempts at its oxidation to enone 206 began and 

the results summarized in Table 8. An oxone-mediated procedure189 resulted in degradation 

(entry 1) while a palladium(II) mediated dehydrogenation196 only returned starting material 

(entry 2). An IBX-mediated procedure197 and a general dehydrogenation procedure using 

palladium on carbon both resulted in degradation (entries 3 and 4). 
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Table 8. Attempted oxidation of ketone 217 

 

Entry Oxidant Solvent Temperature Time Outcome 

1 Oxone Acetone rt 2 h Degradation 

2 Pd(OAc)2, TFA DMSO rt to 80 °C 48 h No reaction 

3 IBX, p-TSA Toluene/DMSO 50 °C 0.5 h Degradation 

4 Pd/C Xylenes 130 °C 24 h Degradation 

 

Dehydrogenation via α-functionalisation methods were also attempted but unfortunately, they 

too were unsuccessful (Table 9). A dehydrogenation procedure using bromotrichloromethane 

and 1,8-diazabicyclo(5.4.0)undec-7-ene (DBU)198 yielded a fluorescent pink compound that 

could not be identified (entry 1). When attempting the α-selenation-deselenation procedures, 

formation of the α-selenoketone was successful; however, the subsequent oxidations to 

promote selenoxide elimination were unsuccessful (entries 2, 3 and 4).199–201 

 

Table 9. Attempts at the dehydrogenation of ketone 217 via α-functionalisation methods 

 

Entry Reagent Solvent Temperature Outcome 

1a BrCCl3, DBU CH2Cl2 rt Unidentified product 

2 
1) LHMDS, PhSeCl 

2) H2O2, pyridine 

1) THF 

2) CH2Cl2 −78 to 0 °C Degradation 

3 
1) LHMDS, PhSeCl 

2) MCPBA 

1) THF 

2) CH2Cl2 
−78 °C Degradation 

4 
1) LHMDS, PhSeCl 

2) O3 

1) THF 

2) CH2Cl2 
−78 °C Degradation 

a Complete conversion after 18 h. 
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Analysis of 1D and 2D NMR spectroscopic data of the unidentifiable compound isolated in 

entry 1 did not yield any conclusive results. In the 1H NMR spectrum, the methylene protons 

of ketone 217 were no longer present; instead, various broad peaks totalling to 15 protons were 

present in the alkyl region (Figure 39). Additionally, a fine doublet integrating to two was 

present at δH 5.15 ppm. Initially it was hypothesised this product was perhaps a result of 217 

reacting with DBU, as there is literature reporting the reaction of DBU with a dihydro-oxazole 

during a bromotrichloromethane/DBU-mediated oxidation.202 However, the molecular ion in 

the mass spectrum was much larger than an adduct consisting of even two molecules of DBU 

with 217. Attempts to grow a crystal for XRD analysis to determine its structure proved 

unsuccessful and it was decided to not pursue this any further. 

 

 

 

 

 

 

 

Figure 39. 1H NMR spectrum of the unidentifiable product (CDCl3). 
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3.2.6. Pictet-Spengler reaction between tryptamine and ketone 217 

Due to the lack of success with synthesising enone 206, it was decided to proceed with the 

Pictet-Spengler reaction using ketone 217 instead. Using the same conditions as with the 

synthesis of tetrahydro-β-carboline 196 (see Section 2.3.4) resulted in a 10% yield of the 

desired product alongside trace amounts of another side product as detected by TLC (entry 1). 

Removing the acid from the reaction resulted in formation of solely the side product which was 

discovered to be enamine 225, indicating that acid is vital for the cyclisation (entry 2). 

Performing the reaction in neat TFA resulted in degradation (entry 3). Changing to an acetic 

acid/toluene system gave 224 in 11% yield (entry 4), which could be increased to 29% upon 

performing the reaction in neat acetic acid (entry 5). 

 

Table 10. Conditions for the Pictet-Spengler reaction between tryptamine and 217 

 

Entry Acid Equivalents Solvent Time Outcome (yield) 

1 TFA 6.5a CH2Cl2 24 h 224 (10%)b 

2 - - CH2Cl2 48 h 225 (13%) 

3 TFA Neat - 24 h Degradation 

4 AcOH 8.8c Toluene 24 h 224 (11%)bd 

5 AcOH Neat - 20 h 224 (29%)b 

a 5% solution of TFA in DCM. b Trace amount of 225 detected by TLC. c 5% solution of acetic 

acid in toluene. d Reaction did not go to completion. 
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3.2.6.1. Analysis of tetrahydro-β-carboline 224 and enamine 225 

Analysis of the 1H NMR spectrum of tetrahydro-β-carboline 224 showed signals for the correct 

number of methylene and aromatic protons; furthermore, all four methylene peaks had split, 

with each proton producing its own signal – a common occurrence for methylene protons in a 

ring. However, the most diagnostic signals were the 1H-13C HMBC correlations between a 

quaternary carbon at δC 64.6 ppm and two methylene protons from two separate ring systems 

(Figure 40). The absence of the piperidine NH in the 1H NMR spectrum did cause some 

concern and unfortunately attempts at growing a crystal for XRD analysis to confirm the 

structure were unsuccessful. 

 

 

 

 

Figure 40. 1H-13C HMBC spectrum of tetrahydro-β-carboline 224 (CDCl3). 
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When deducing the structure of 225 resulting from neutral conditions depicted in entry 2, the 

1H NMR spectrum showed a characteristic tryptamine C2-H peak, indicating the Pictet-

Spengler cyclisation had not occurred (Figure 41). Furthermore, a triplet at δH 5.62 ppm 

(integrating to one) and a doublet at 4.53 ppm (integrating to two) indicated the presence of a 

C2ʹ-C3ʹ alkene. This information therefore led us to assign the compound as the enamine 225.  

 

 

Figure 41. The 1H NMR spectrum of enamine 225 (DMSO-d6).  
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3.2.6.2. Mechanism for the formation of 224 and 225 

The mechanism begins like a standard Pictet-Spengler reaction whereby the free amine of 

tryptamine attacks ketone 217 followed by a dehydration to form iminium 226 (Scheme 68). 

From there, different paths can prevail depending on the presence or absence of acid in the 

reaction. With acid present in the reaction, the normal Pictet-Spengler pathway dominates 

leading to the formation of tetrahydro-β-carboline 224, but without acid present iminium 226 

would presumably be unprotonated; therefore, tautomerisation results in the formation of 

enamine 225. Furthermore, the pyrroloquinazoline ring remained intact during the initial attack 

by tryptamine, unlike during the approaches towards the assigned structure where ring-opening 

regularly occurred (see Schemes 31 and 40). This therefore provides some support to the 

proposal and revised structure. 

 

 

 Mechanism for the formation of 224 and 225. 
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3.2.7. Pictet-Spengler reaction between 6-methoxytryptamine (48) and ketone 217 

The Pictet-Spengler reaction was also performed with ketone 217 and 6-methoxytryptamine 

(149), resulting in the successful synthesis of tetrahydro-β-carboline 227 in 18% yield (Scheme 

69). Trace amounts of enamine side product 228 was also formed; however, due to the small 

amount isolated, only 1H NMR spectroscopic data could be obtained, which was very similar 

to the 1H NMR spectroscopic data for the previously prepared enamine 225. 

 

 

 Pictet-Spengler reaction between 6-methoxytryptamine (48) and ketone 217. 

 

It is interesting to note the time taken for this reaction to go to completion – the reaction with 

tryptamine took 20 hours (A, Scheme 70) whereas this reaction with 6-methoxytryptamine (48) 

was complete within four hours (B, Scheme 70). This is likely due to the electron-donating 

methoxy substituent accelerating the cyclisation step. 
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 A) Pictet-Spengler reaction between tryptamine and ketone 217. B) Accelerated 

reaction with 6-methoxytryptamine (48). 

 

With the synthesis of the core structure of the proposed pegaharmaline A 227 complete, a 

comparison of the NMR spectroscopic data was made with the natural product (Tables 11 and 

12). While the data are in reasonable agreement, one major discrepancy is apparent in the 1H 

NMR spectra. The peak corresponding to C8′-H in the natural product appears at δH 7.99 ppm, 

while the analogous peak in structure 227 appears much further downfield at 8.91 ppm. It is 

difficult to draw definite conclusion from this difference as the pyrroloquinazoline ring in 227 

does not contain the C2ʹ-C3ʹ double bond present in the natural product. 
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Table 11. Comparison of 1H NMR data (DMSO-d6) between 147 and 227 

    

 147 (600 MHz) 227 (400 MHz) 

1   

3α 3.14 (1 H, dd, J 11.3, 5.4) 2.98 (1 H, dt, J 12.8, 4.7) 

3β 3.87 (1 H, tt, J 11.3, 3.4) 3.30 (1 H, m) 

4α 2.70 (1 H, ddd, J 14.9, 11.3, 5.4) 2.71 (3 H, m) 

4β 2.77 (1 H, ddd, J 14.9, 3.4, 1.1) 2.71 (3 H, m) 

4a   

4b   

5 7.36 (1 H, d, J 8.6) 7.34 (1 H, d, J 8.6) 

6 6.64 (1 H, dd, J 8.6, 2.3) 6.66 (1 H, dd, J 8.6, 2.3) 

7   

8 6.62 (1 H, d, J 2.3) 6.77 (1 H, d, J 2.2) 

8a   

9a   

2′α  4.10 (1 H, ddd, J 11.8, 9.3, 7.2) 

2′β  4.29 (1 H, m) 

3′α  2.39 (1 H, ddd, J 12.9, 7.0, 1.9) 

3′β  2.71 (3 H, m) 

3′a   

4′a   

5′ 7.68 (1 H, dd, J 7.5, 1.0) 7.59 (1 H, dd, J 8.2, 0.5) 

6′ 7.76 (1 H, m) 7.75 (1 H, ddd, J 8.6, 7.1, 1.6) 

7′ 7.41 (1 H, m) 7.51 (1 H, ddd, J 8.1, 7.3, 1.1) 

8′ 7.99 (1 H, dd, J 8.0, 1.4) 8.91 (1 H, dd, J 8.0, 1.5) 

8′a   

9′   

11′-CH3 1.64 (3 H, d, J 0.8)  

12′-CH3 2.04 (3 H, d, J 0.8)  

7-OMe 3.69 (3 H, s) 3.74 (3 H, s) 

2-NH 3.61 (1 H, t, J 3.4)  

9-NH 10.47 (1 H, br s) 10.56 (1 H, br s) 

Irrelevant comparisons have been faded out. 
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Table 12. Comparison of 13C NMR data (DMSO-d6) between 147 and 227 

 147 (150 MHz) 227 (100 MHz) 

1 82.6 63.0 

3α 40.1 39.3 

3β   

4α 22.1 22.1 

4β   

4a 112.5 110.1 

4b 120.8 121.1 

5 118.8 118.4 

6 108.3 108.3 

7 155.7 155.6 

8 94.6 94.7 

8a 137.0 136.6 

9a 126.7 132.2 

2′α 152.0 43.1 

2′β   

3′α 125.9 34.5 

3′β   

3′a 157.8 161.3 

4′a 149.1 149.0 

5′ 126.6 127.3 

6′ 133.9 134.1 

7′ 125.7 126.4 

8′ 126.0 125.7 

8′a 121.4 120.6 

9′ 158.5 160.1 

11′-CH3 10.5  

12′-CH3 9.0  

7-OMe 55.1 55.2 

2-NH   

9-NH   

Irrelevant comparisons have been faded out. 
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3.3. Synthetic studies toward the proposed pegaharmaline A structure (205) 

With the model study completed (albeit using ketone 217 instead of enone 206), synthetic 

efforts towards the revised natural product structure began (Scheme 71). 4-Amino-3-

methylpentanoic acid (229) would undergo a condensation with anthranilic acid to form 

1,2-dimethyldeoxyvasicinone (230) followed by an aldol-type condensation with 

benzaldehyde to form benzylidene 231. Ozonolysis of benzylidene 231 affords ketone 232, and 

subsequent dehydrogenation would yield the desired pyrroloquinazoline precursor 207. A 

Pictet-Spengler reaction between enone 207 and 6-methoxytryptamine (48) would yield the 

proposed pegaharmaline A structure (205).  

 

 

 Route to the proposed pegaharmaline A structure (205). 
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3.3.1. Attempted synthesis of 4-amino-3-methylpentanoic acid (229) 

The new synthetic route, requiring the synthesis of GABA analogue 229, began with the 

Michael addition of nitroethane to methyl crotonate203 to afford nitroester 233 with a 

diastereomeric ratio of 1:1 as determined through 1H NMR spectroscopic analysis (Scheme 

72). Nitroester 233 was then subjected to hydrogenolysis over palladium on carbon,204 which 

directly led to the formation of lactam 234. It was decided to proceed with the synthesis using 

lactam 234 instead of GABA analogue 229 as literature precedent existed for the synthesis of 

deoxyvasicinone (21) from a γ-lactam and anthranilic acid.205–207 

 

 

 Synthesis of lactam 234.  

 

The difference in diastereoselectivity between nitroester 233 and lactam 234 is likely because 

one diastereomer undergoes a more favourable cyclisation. Based on the NOESY spectroscopic 

data, identifying the major and minor diastereomer was not possible as both syn and anti 

stereogenic C-H’s displayed a NOESY correlation – something that can occur with adjacent 

C-H’s.208 Additionally, identification through the use of coupling constants was not possible 

due to the overlap of signals in the 1H NMR spectrum. Ultimately, the nature of these centres 

were inconsequential as they would be removed when forming enone 207; therefore, it was felt 

it was not necessary to conclusively identify the major and minor diastereomers of lactam 234. 

 

3.3.2. Synthesis of 1,2-dimethyldeoxyvasicinone (230) 

The synthesis of 1,2-dimethyldeoxyvasicinone (230) from lactam 234 and anthranilic acid was 

achieved using phosphorous oxychloride in good yield (Scheme 73).205 Following an 
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analogous mechanism as the formation of a Vilsmeier reagent, the reaction between lactam 234 

and phosphorous oxychloride forms imidoyl chloride 235209 that upon reaction with anthranilic 

acid forms 230.  

 

 

 Mechanism for the formation of 1,2-dimethyldeoxyvasicinone (230).  

 

3.3.3. Synthesis of benzylidene 231 

Following the successful synthesis of 1,2-dimethyldeoxyvasicinone (230), it was subjected to 

an aldol-type reaction with benzaldehyde to form benzylidene 231 (Scheme 74).  

 

 

 Synthesis of benzylidene 231. 
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A difference in diastereoselectivity was again observed with this aldol-type reaction; however, 

due to not being able to identify which diastereomer was the major and minor, it could not be 

determined whether the syn or anti diastereomer was favoured in this reaction. Another 

observation made was that even after 48 hours under reflux, the reaction did not go to 

completion and 30% of the starting material (with a diastereomeric ratio of 1:1) was recovered. 

The slow reactivity of the reaction is likely due to the steric effect imposed by the C2 methyl 

group – for all diastereomers of the enamine intermediate, benzaldehyde is required to be in a 

favoured position for the reaction to occur to avoid steric interactions between the methyl and 

phenyl groups (Figure 42).  

 

 

Figure 42. Disfavoured and favoured transition states during the aldol-type reaction of 230 

with benzaldehyde. 
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3.3.4. Synthesis of ketone 232 and isolation of enol 236 

Benzylidene 231 was then subjected to ozonolysis forming the desired ketone 232 (Scheme 

75). The initial attempts at this reaction followed the original conditions from the model study 

where DMS was used in the reductive workup; however, this unexpectedly resulted in the 

isolation of the 1,2,4-trioxolane intermediate 237 and minor amounts of enol 236, indicating 

the slow breakdown of the trioxolane intermediate by DMS in this instance. Changing to 

triphenylphosphine resulted in a faster conversion of the trioxolane intermediate 237 to the 

desired product; after 30 minutes, more product had formed compared to when DMS was used. 

Therefore, it was decided to switch to using triphenylphosphine as part of the reductive workup 

and ozonolysis of benzylidene 231 using the new conditions afforded enol 236 in good yield. 

 

 

 Synthesis of enol 236. 

 

 

 

 

 

 



 

 

131 

 

Spectroscopic analysis of the ozonolysis product in DMSO-d6 indicates it exists as its enol 

tautomer 236. The 1H NMR spectrum showed two doublets corresponding to the two methyl 

groups; however, one doublet had a small coupling constant of 1.2 – a result of long-range 

coupling – indicating it did not possess a vicinal proton, while the second doublet had a 

coupling constant of 6.6 due to coupling with a vicinal proton. Furthermore, the presence of a 

heteroatom peak at δH 9.72 ppm signalled this was the OH of the enol. Presumably enol 236 is 

preferred over ketone 232 due to the stability of the enol double bond as a result of 

hyperconjugation.  

 

 

Figure 43. 1H NMR spectrum of enol 236 (DMSO-d6). 

 

3.3.5. Dehydrogenation of enol 236 

With enol 236 in hand, its dehydration to the desired enone 207 could begin. As mentioned in 

section 3.2.5, a common method of forming enones is through the initial synthesis of an 

α-selenoketone followed by oxidation and selenoxide elimination. Therefore, this was the 

starting point for efforts. Synthesis of the α-selenoketone 238 using lithium 

bis(trimethylsilyl)amide (LHMDS) and phenylselenyl chloride was successful; however, 

attempting to oxidise 238 to the selenoxide through ozonolysis200 was unsuccessful, resulting 

in the isolation of quinazoline 239 (entry 1). Oxidation using hydrogen peroxide and pyridine199 

formed trace amounts of the desired enone 207 (entry 2); however, changing the oxidant to m-

OH 



 

 

132 

 

chloroperoxybenzoic acid (m-CPBA) resulted in the successful synthesis of enone 207 (entry 

3). Initial purification of the crude material by column chromatography resulted in isolation of 

both the desired product 207 and m-CPBA as a mixture – the low yield of 5% is a result of 

attempts to separate 207 from the m-CPBA. Eventually a suitable purification method was 

found; washing the mixture with a sodium bicarbonate:sodium thiosulfate solution (1:1) which 

improved the yield (entry 4). It was then decided to then investigate the base used in the 

formation of α-selenoketone 238 and changing to potassium bis(trimethylsilyl)amide 

(KHMDS) resulted in a poor yield (entry 5) while removing the base entirely resulted in the 

formation of an insoluble precipitate with only trace amounts of α-selenoketone 238 (entry 6). 

Changing to lithium hydroxide resulted in a slight improvement in yield (entry 7) and even 

though the yield was still poor, it was decided to continue using this method.  

 

Table 13. Synthesis of desired enone 207 via the α-selenoketone 238 

 

Entry Base Oxidant Temperature Time Yield 

(% over two steps) 

1 LHMDS O3 −78 °C 10 min 
 

239 (16%) 

2 LHMDS H2O2, pyridine −20 °C 45 min Trace amount 

3a LHMDS m-CPBA 0 °C 30 min 5% 

4b LHMDS m-CPBA 0 °C 30 min 9% 

5 KHMDS m-CPBA 0 °C 30 min 5% 

6c No base - - - - 

7 LiOH m-CPBA 0 °C 30 min 12% 

a Purification without NaHCO3:Na2S2O3 wash. b Purification with additional NaHCO3:Na2S2O3 

wash. c Trace amount of selenoketone 238 detected. 
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The mechanism of this reaction begins with the formation of lithium enolate 240 (Scheme 76), 

and it would seem formation of this enolate is essential as without a base this reaction was 

unsuccessful. Phenylselenyl chloride undergoes attack by enolate 240 to form the 

α-selenoketone 238 before oxidation by m-CPBA yields selenoxide 241. An intramolecular syn 

elimination then occurs with a β-hydrogen in the same plane to afford enone 207.210 

 

 

 Mechanism of α-selenation and selenoxide elimination.  

 

3.3.5.1. The formation of quinazoline 239 and the deduction of its structure 

The product 239 was found to also form slowly from enol 236 in solution; in fact, a minor 

amount of 239 is visible in the 1H and 13C NMR spectra of 236, likely formed during the 

purification of 236 before the column chromatography fractions were collected and 

concentrated in vacuo. Furthermore, heating a stirred solution of enol 236 accelerated the 

conversion to 239, and exposure to air (for example if a sample of 236 was not sealed under 

nitrogen) resulted in the slow conversion to 239. 

 

 

 Conversion of enol 236 to quinazoline 239.  
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Quinazoline 239 was structurally assigned based on its 1H and 13C NMR spectroscopic data. 

The 1H NMR spectrum of 239 possessed the same peaks as enol 236 with the exact same 

splitting patterns, but a noticeable difference was that the singlet corresponding to the OH had 

shifted significantly upfield to the aromatic region. The 13C NMR spectrum showed 239 

possessed one less carbon than 236 and an extra C-H (as confirmed by a DEPT-90), indicative 

of decarboxylation or deformylation; additionally, an HSQC revealed the singlet assumed to 

be the OH peak was in fact the newly-formed C-H. The presence of a downfield quaternary 

carbon at δC 203.9 ppm indicated this compound possessed a ketone and the significantly 

downfield chemical shift for C12 at δC 26.5 ppm (originally 9.1 ppm for enol 236) indicated 

the presence of an acetyl-like methyl group. Unfortunately, due to the compound being an oil, 

growing a crystal for single crystal X-ray analysis was not possible; however, it is hypothesised 

that this compound comprises the structure 239 (Scheme 78). A mechanism for the formation 

of quiazoline 239 is thus proposed. A [2 + 2] cycloaddition between enol 236 and an oxygen 

species (perhaps singlet oxygen), followed by ring opening gives hydroperoxide 242, which 

then undergoes reduction to give α-hydroxyketone 243. Addition of water and subsequent 

dehydration yields ketene 244 that upon protonation gives aldehyde 245. Attack of water forms 

geminal diol 246 which undergoes a 1,2-hydride shift to then eliminate formic acid,211,212 

affording quinazoline 239. 
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 Proposed mechanism for the formation of quinazoline 239. 

 

3.3.6. Attempt at the proposed biomimetic Pictet-Spengler 

With the synthesis of enone precursor 207, it was time to try the proposed Pictet-Spengler 

reaction with 6-methoxytryptamine (48); a summary of attempts is shown in Table 14. Trying 

the same conditions as with the model study did not result in any reaction occurring, likely due 

to poor solubility of 207 (entry 1). Attempting the reaction in a 1:1 acetic acid:toluene mixture 

greatly improved solubility and when monitoring the reaction by TLC, there was the 

appearance of a new compound with an RF similar to the other Pictet-Spengler products: 

tetrahydro-β-carbolines 196 (see Scheme 51), 224 (see Table 10) and 227 (see Scheme 69). 

Heating this reaction resulted in the disappearance of this compound and unfortunately, 

attempts at isolating this new compound were unsuccessful (entry 2). Attempting the reaction 

in water resulted in degradation of the starting material – likely due to heating the reaction 

(entry 3), and when trying the reaction in pyridine,213 what looked like the same product by 
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TLC as seen in entry 2 was also observed. However, every attempt at isolating this compound 

resulted in its degradation (entry 4).  

 

Table 14. Pictet-Spengler reaction between 6-methoxytryptamine (48) and enone 207 

 

Entry Conditions Temperature Time Outcome 

1 Neat AcOH rt 4 h No reaction 

2 AcOH:Toluene (1:1) rt to 40 °C 24 h No reaction 

3 H2O rt to 50 °C 24 h Degradation 

4 Neat pyridine rt to 60 °C 2.5 to 16 h Degradation 

 

While these preliminary results are not promising, further investigations were not possible due 

to time constraints. Further investigation would involve attempting different Brønsted or Lewis 

acids, buffer solutions or solvent screenings. 
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3.4. Investigations into the synthesis of pegaharmaline A from vasicinone 

Wang and colleagues reported pegaharmaline A (147) as being chiral with an optical rotation 

value of −6.4.124 If their biosynthetic proposal is correct, an enzyme would need to be involved 

as both precursors are achiral (A, Scheme 79). However, as described in Section 1.3.3 the 

Pictet-Spenglerase enzyme is known to predominantly facilitate the reaction between an 

arylethylamine and an aldehyde – as of yet, there is no literature evidence of a Pictet-

Spenglerase facilitating the reaction with an amide, as depicted in Scheme 79. 

 

Since the alkaloid vasicinone (22) is very likely involved in the biosynthesis of pegaharmaline 

A, it is proposed that the chirality in the natural product originates from the dimethylated 

analogue of vasicinone (22), 1,2-dimethylvasicinone (247, B, Scheme 79). Tautomerisation of 

247 to enol 248 proceeds with memory of chirality as the central chirality in 247 is perhaps 

converted to conformational chirality – similar to what is observed with 1,4-benzodiazepin-2-

ones.214,215 This is then converted back to central chirality through another tautomerisation from 

enol 248 to ketone 249; thus, conserving the original chirality from 247 in the stereocenter at 

C3a. A Pictet-Spengler reaction with 6-methoxytryptamine (48) gives tetrahydro-β-carboline 

250, followed by a final autoxidation to yield pegaharmaline A (205).  
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 A) Proposed biosynthetic precursors to putative pegaharmaline A.124 B) Proposed 

mechanism for the transfer of chirality from 1,2-dimethylvasicinone (247) to intermediate 

ketone 249 during the synthesis of pegaharmaline A (205). 
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Another possible mechanism for the conservation of chirality from 1,2-dimethylvasicinone 

(247) to ketone 249 is through an ene-type reaction. This concerted mechanism results in a 

1,2-hydride shift with stereoretention to transfer the stereogenic centre to C3a (Scheme 80). 

 

 

 Proposed ene-type formation of ketone 249. 

 

3.4.1. Memory of chirality 

Memory of chirality is a phenomenon where a sole chiral centre in a substrate dictates the 

stereochemical outcome of the reaction without the influence of other chiral substrates, even 

though chirality about the sole centre is removed during the course of the reaction.216 This 

occurs due to central chirality in the substrate inducing a conformational chirality in the 

intermediate. As described by Zhao and colleagues,216 there are specific requirements for a 

memory of chirality reaction (Scheme 81). When an enantiopure substrate (S)-A-H undergoes 

deprotonation, formation of the conformationally chiral intermediate (M)-A− must occur 

enantioselectively (using the helical descriptors M and P as arbitrary depictors of the chirality 

in the intermediate); furthermore, racemization of this chiral intermediate must not occur 

readily. Finally, the conformationally chiral intermediate must react with high stereospecificity 

to produce the chiral product (S)-A-R (the configuration in the product is again arbitrary). 

 

 

 Requirements for a memory of chirality reaction.216 
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The first successful experiment utilising this phenomenon was described by Fuji and colleagues 

(Scheme 82). The stereoselective α-substitution of a chiral ketone 251 proceeded through the 

axially chiral enolate217 and enolate trapping experiments confirmed the chirality in ketone 251 

was transferred to the C1-C2 bond in intermediate enolates 252a and/or 252b.  

 

 

 Fuji’s enantioselective alkylation of chiral ketone 251 through the memory of 

chirality strategy.217 

 

3.4.2. Synthesis of 1,2-dimethylvasicinone (247) 

To investigate the revised proposal, the synthesis of 1,2-dimethylvasicinone (247) was first 

required. It was expected 247 would be synthesised via the same route as vasicinone (22) – the 

allylic bromination of 1,2-dimethyldeoxyvasicinone (230) followed by substitution of the 

bromide with an acetate and subsequent hydrolysis (A, Scheme 83). However, attempts at the 

allylic bromination of 1,2-dimethyldeoxyvasicinone (230) were unsuccessful and complex 

mixtures were observed. This is perhaps due to the ability for 230 to undergo multiple hydrogen 

abstraction events – abstraction from C1 or C2 would result in a stable tertiary radical in 

addition to the radical at the allylic position – meaning various products can potentially form 

(B, Scheme 83).  
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 A) Initially proposed synthesis of 1,2-dimethylvasicinone (247). B) Potential 

structures formed during the allylic bromination, contributing to the complex mixture. 
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Unable to continue along the proposed route, an alternative method for the synthesis of 

1,2-dimethylvasicinone (247) was sought. 1,2-Dimethyldeoxyvasicinone (230) was 

deprotonated using potassium bis(trimethylsilyl)amide (KHMDS), followed by addition of the 

Davis reagent (1R)-(–)-(10-camphorsulfonyl)oxaziridine (254) to afford 

1,2-dimethylvasicinone (247) as a 10:3:3 mixture of three diastereomers (A, Scheme 84). 

Assuming use of the (1R)-Davis reagent had resulted in an alcohol with (3S) stereochemistry,218 

four diastereomers could have resulted (B, Scheme 84). While it is unclear exactly which three 

of the four diastereomers formed, the lack of a NOESY correlation between C1-H and C3-H 

in the major diastereomer suggests it comprises 247a or 247b. No NOESY correlations for the 

minor diastereomers were observed. 

 

 

 A) Synthesis of 1,2-dimethylvasicinone (247). B) Possible diastereomers formed. 
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The mechanism of the reaction begins with the deprotonation of 1,2-dimethyldeoxyvasicinone 

(230) by KHMDS to form the enamine anion 255 which then attacks the oxaziridine of the 

Davis reagent 254 (Scheme 85). Subsequent fragmentation affords 

(3S)-1,2-dimethylvasicinone (247) and  camphorsulfonylimine 256. 

 

 

 Mechanism for C-H hydroxylation of 1,2-dimethyldeoxyvasicinone (230). 

 

The mechanism for this reaction warrants discussion as there are two proposed transition states 

by which this reaction goes through. The “open” or “non-chelated” transition state TS-1 

assumes the enamine nitrogen-metal complex is sterically the most demanding region in the 

vicinity of the participating C-C double bond; therefore, it will be positioned away from the 

oxaziridine-sulfone moieties (Figure 44).219–221 However, later experimental and theoretical 

studies suggest the existence of a “closed” or “chelation” transition state TS-2 may be possible, 

whereby the metal cation is also coordinated with the oxaziridine oxygen and nitrogen 

atoms.220,221 Based on these transition states, it is proposed the major product formed in this 

asymmetric hydroxylation is the (1S, 2R, 3S) diastereomer as this would result in both methyl 

groups facing away from the Davis reagent, avoiding unfavourable steric interactions. This is 

supported by the lack of a NOESY correlation between C1-H and C3-H as described earlier. It 

is proposed that the minor diastereomers comprise of 247b and 247d as they present the next  
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Figure 44. The two proposed transition states of the asymmetric hydroxylation and the 

proposed major product. 

 

3.4.3. Attempted reaction between 1,2-dimethylvasicinone (247) and 

6-methoxytryptamine (48) 

With 1,2-diemthylvasicinone (247) at hand, it was time to attempt the proposed reaction. 

Heating 1,2-dimethylvasicinone (247) and 6-methoxytryptamine (48) under reflux in the 

presence of catalytic p-TSA and molecular sieves222 unfortunately did not result in any reaction 

occurring, even after 24 hours (Scheme 86). Furthermore, stirring 48 and 247 in a 5% solution 

of TFA in 1,1,2,2-tetrachloroethane resulted in the eventual degradation of 247. Unfortunately, 

due to time constraints, further attempts at this reaction were not possible.  

 

 

 Attempts at the reaction between 6-methoxytryptamine (48) and 

1,2-dimethylvasicinone (247).  
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3.5. Summary 

This thesis describes synthetic efforts towards the P. harmala alkaloid pegaharmaline A (147). 

Initial efforts focused on validating the proposed biosynthesis by an unusual Pictet-Spengler 

reaction (Scheme 87). Upon subjecting pyrroloquinazoline 149 and tryptamines 48 and 204 to 

the Pictet-Spengler reaction, the structurally unprecedented triaza-spiro compounds 167 and 

170 formed, not the desired pegaharmaline A structure. 

 

 

 Attempt at the biomimetic Pictet-Spengler and formation of triazo-spiro 

compounds 167 and 170. 
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A second-generation approach attempted to couple the pyrroloquinazoline fragment 171 with 

tryptamine through a Mannich-type reaction, via the generation of an N-acyliminium ion (172, 

Scheme 88). However, the reaction of tryptamine with pyrroloquinazoline 171 resulted in 

nucleophilic attack and subsequent ring-opening of 171 to afford tryptamido-

pyrroloquinazoline 176. 

 

 

 Attempted Mannich-type reaction and formation of tryptamido-quinazoline 176. 
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A third-generation approach began with the successful Pictet-Spengler reaction between 

isovasicinone (188) and tryptamine to form tetrahydro-β-carboline 196 (A, Scheme 89). 

Oxidation of 196 to the dihydro-β-carboline 200 followed by an acid-mediated cyclisation 

would form the core structure of pegaharmaline A (160). Unfortunately, the oxidation was 

unsuccessful and 200 was not obtained. Furthermore, the Pictet-Spengler reaction inexplicably 

stopped forming 196, instead producing tryptamino-pyrroloquinazoline 202 (B, Scheme 89). 

To this day, this change in reaction outcome cannot be explained. 

 

 

 Route towards putative pegaharmaline A core structure (160) and the unexplained 

change in the Pictet-Spengler reaction outcome. 
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The first- and second-generation approaches demonstrated that the pyrroline ring in the 

proposed biosynthetic pyrroloquinazoline precursor was prone to cleavage. As a result, it was 

considered that the natural product may have been misassigned. The P. harmala derived 

alkaloid vasicinone (22) is clearly involved in the biosynthesis of pegaharmaline A; the 

isolation report proposed the spirocentre of the natural product formed at C1 of vasicinone (22), 

but it was felt that the C3 position of vasicinone (22) was the more likely origin of the 

spirocentre. Furthermore, the Pictet-Spengler reaction proposed in the isolation report involved 

the reaction between tryptamine and an amide, an unlikely transformation as Pictet-Spengler 

reactions in nature are limited to aldehydes and ketones. It was therefore proposed that 

pegaharmaline A had been misassigned and that the structure was likely to comprise of 205. 

 

 

Figure 45. Structural revision of pegaharmaline A. 
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Efforts towards the revised structure began with a model study and the synthesis of ketone 217. 

However, various dehydrogenation attempts to form pyrroloquinazoline 206 were unsuccessful 

(Scheme 90). The Pictet-Spengler reaction was therefore performed between ketone 217 and 

tryptamines 204 and 48, resulting in the successful synthesis of 224 and 227, comprising the 

core of the proposed pegaharmaline A structure. The NMR spectroscopic data for 227 was in 

good agreement with the natural product, except for a large discrepancy at C8′-H (δH 7.99 ppm 

versus 8.91 ppm).  

 

 

 Model studies. 
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Following the model study, the Pictet-Spengler reaction between the dimethyl 

pyrroloquinazoline 207 and 6-methoxytryptamine (48) was attempted; unfortunately, 

preliminary attempts have been unsuccessful and further investigation was stymied by time 

constraints. 

 

 

 Attempted Pictet-Spengler reaction between 6-methoxytryptamine (48) and 

pyrroloquinazoline 207.  
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Another approach towards the revised pegaharmaline A structure proposed the chirality in 

pegaharmaline A originated from the stereocenter in 1,2-dimethylvasicinone (247) (A, Scheme 

92). The stereochemical integrity of 247 could be preserved during tautomerisation to 249 

through memory of chirality and the Pictet-Spengler of 249 with 6-methoxytryptamine (48) 

would then afford pegaharmaline A. Unfortunately, preliminary attempts to synthesise 205 

from 247 and 48 were unsuccessful (B, Scheme 92). 

 

 

 A) Proposed iterative tautomerization from 1,2-dimethylvasicinone (247) to 

ketone 249. B) Attempted synthesis of the proposed pegaharmaline A structure (205) from 

6-methoxytryptamine (48) and 1,2-dimethylvasicinone (247). 
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3.6. Future work 

Based on the work described in this thesis, it is felt that the Pictet-Spengler reaction is very 

likely to be the final step in the biosynthesis of the natural product. Future work will target the 

revised structure by performing a detailed, systematic study of the Pictet-Spengler reaction 

between 6-methoxytryptamine (48) and pyrroloquinazoline 207 (A, Scheme 93). Another 

option to explore would be to subject tryptamine and vasicinone to the conditions used during 

the extraction of the natural product – extraction of the crude alkaloids from the plant material 

was done under both acidic conditions (acidifying with hydrochloric acid) and basic conditions 

(basifying with sodium hydroxide). Further investigation would also be done on the proposal 

that 1,2-dimethylvasicinone (247) undergoes an iterative tautomerisation to form ketone 249 

with a retention of stereochemistry through memory of chirality. Subjecting 

1,2-dimethylvasicinone (247) to acid and/or heat will promote tautomerisation to ketone 249 

(B, Scheme 93). If this transformation is successful (and not an equilibrium), calculating the 

diastereomeric excess of 249 is vital to show the chirality is preserved. 

 

 

 A) Further conditions to explore with the Pictet-Spengler reaction between 48 and 

207. B) Investigation into the tautomerisation of 1,2-dimethylvasicinone (247) with memory 

of chirality. 

 

In the event of an unsuccessful Pictet-Spengler reaction between 48 and 207, another approach 

could be to build the pyrroloquinazoline fragment of pegaharmaline A after the spirocentre had 

been installed (Scheme 94). The natural product sotolon (257) could be converted to its lactam 
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counterpart before undergoing oxidation to form pyrrolinedione 258. This can then be 

subjected to a Pictet-Spengler reaction with 6-methoxytryptamine (48) to install the 

spirocentre. Following successful spirocentre formation, a procedure used by Reddy and 

colleagues during their total synthesis of the P. harmala derived alkaloid (±)-peharmaline A 

(65) could be followed.223 Reacting tetrahydro-β-carboline 259 with activated ester 260 in the 

presence of potassium carbonate would form the N-acetylated compound 261 which upon 

reduction of the nitro group could undergo an intramolecular cyclisation to afford 

pegaharmaline A (205). 

 

 

 Proposed synthesis of the revised pegaharmaline A structure. 



4. Chapter Four: 

Experimental 

Procedures
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General 

Commercially available reagents were used throughout without purification unless otherwise 

stated. Anhydrous solvents were used as supplied. Tetrahydrofuran was distilled from sodium 

benzophenone ketyl under nitrogen atmosphere. Dichloromethane was distilled from calcium 

hydride under a nitrogen atmosphere. Ether refers to diethyl ether. All reactions were routinely 

carried out in oven-dried glassware under a nitrogen or argon atmosphere unless otherwise 

stated. Analytical thin layer chromatography was performed using silica plates and compounds 

were visualized under at 254 and/or 360 nm ultraviolet irradiation followed by staining with 

either alkaline permanganate, ethanolic vanillin or ethanolic ninhydrin solution. Infrared 

spectra were obtained using a Perkin Elmer spectrum One Fourier Transform Infrared 

spectrometer as thin films between sodium chloride plates. Absorption maxima are expressed 

in wavenumbers (cm-1). Optical rotations were measured at  = 598 nm and are given in 10-1 

deg cm2 g-1. Melting points were recorded on an Electrothermal melting point apparatus and 

are uncorrected. NMR spectra were recorded as indicated on either a spectrometer operating at 

400 MHz for 1H nuclei and 100 MHz for 13C nuclei or on a spectrometer operating at 300 MHz 

and 75 MHz for 1H and 13C nuclei, respectively. Chemical shifts are reported in parts per 

million (ppm) relative to the tetramethylsilane peak recorded as  0.00 ppm in CDCl3/ TMS 

solvent, or the residual chloroform ( 7.26 ppm), DMSO ( 2.50 ppm) or methanol ( 3.31 

ppm) peaks. The 13C NMR values were referenced to the residual chloroform ( 77.1 ppm), 

DMSO ( 39.5 ppm) or methanol ( 49.0 ppm) peaks. 13C NMR values are reported as chemical 

shift , multiplicity and assignment. 1H NMR shift values are reported as chemical shift , 

relative integral, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet), coupling 

constant (J in Hz) and assignment. Assignments are made with the aid of DEPT 135, COSY, 

NOESY, HSQC and HMBC experiments. High resolution mass spectra were obtained on a 

Bruker microOTOF mass spectrometer, with electrospray ionisation using a capillary voltage 

of 4500 V for positive mode and 3200V for negative mode. Samples were dissolved in an 

appropriate solvent (DMSO, DCM, MeOH or MeCN) and diluted to a nominal concentration 

of 3 µg mL-1 using either MeOH or MeCN, prior to direct infusion into the instrument. X-ray 

diffraction measurements of single crystals were performed on a Rigaku Oxford Diffraction 

XtaLAB-Synergy-S single-crystal diffractometer with a PILATUS 200K hybrid pixel array 

detector using Cu Kα radiation (λ = 1.54184 Å). The data were processed with the 

SHELX2018-3 and Olex2 software packages.229-231 All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms were inserted at calculated positions or located directly and 
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refined with a riding model or without restrictions. Mercury 2020.3.1232 was used to visualize 

the molecular structure. Crystal growth for XRD purposes was achieved using slow 

evaporation or slow vapour diffusion. Reaction temperatures were measured using a surface 

sensor. 
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Anthranilamide (152) 

 

To a solution of anthranilic acid (1 g, 8.19 mmol) dissolved in DMF (30 mL) was added 

carbonyldiimidazole (1.33g, 8.19 mmol) and the reaction mixture was left to stir at 70 °C for 

1 h. Ammonium hydroxide (28%, 24 mL, 614.2 mmol) was then added and the solution stirred 

for 16 h. Upon completion the reaction mixture was cooled to room temperature and diluted 

with water (30 mL) before it was extracted with ethyl acetate (5 x 200 mL). The organic layer 

was then washed with a 50% brine solution (6 x 200 mL) before it was concentrated in vacuo 

to give the title compound (671.8 mg, 4.93 mmol, 68%) as a beige solid that required no further 

purification; mp 88.2-91.6 °C (lit.224 mp 110°C); δH (400 MHz, DMSO-d6) 7.69 (1 H, br s, 

NH2), 7.51 (1 H, dd, J 8.0, 1.5, ArH), 7.12 (1 H, ddd, J 8.4, 7.1, 1.5, ArH), 7.03 (1 H, br s, 

NH2), 6.66 (1 H, dd, J 8.3, 1.1, ArH), 6.54 (2 H, br s, NH2), 6.47 (1 H, ddd, J 8.1, 7.1, 1.2, 

ArH). Spectroscopic data is in agreement with literature values.224 

 

(E)-4-((2-Carbamoylphenyl)amino)-4-oxobut-2-enoic acid (164) 

 

Maleic anhydride (216.1 mg, 2.203 mmol) dissolved in glacial acetic acid (3 mL) was added 

dropwise to a stirring solution of anthranilamide (300 mg, 2.203 mmol) dissolved in glacial 

acetic acid (3 mL). Reaction mixture was then diluted with water and the precipitate was 

collected by filtration. The precipitate was then washed well with water before drying under 

vacuum to give the title compound (389.3 mg, 1.66 mmol, 75%) as a bright yellow solid that 

required no further purification; mp decomposed at 192.9 °C; νmax (neat)/cm-1 3445.32, 

3404.79, 3349.85, 3227.09, 1714.67, 1669.71, 971.36, 745.92; δH (400 MHz, DMSO-d6) 12.95 

(1 H, br s, OH), 11.92 (1 H, br s, NH), 8.44 (1 H, d, J 8.2, ArH), 8.27 (1 H, br s, NH), 7.81 

(1 H, dd, J 7.9, 1.4, ArH), 7.73 (1 H, br s, NH), 7.51 (1 H, td, J 7.8, 1.4, ArH), 7.16 (1 H, td, 

J 7.8, 1.2, ArH), 6.55 (1 H, d, J 12.0, HC=CH), 6.26 (1 H, d, J 12.0, HC=CH); δC (100 MHz, 

DMSO-d6) 170.5 (C), 166.4 (C), 163.4 (C), 139.0 (C), 133.5 (HC=CH), 132.2 (CH), 129.1 



 

158 

 

(HC=CH), 128.6 (CH), 123.0 (CH), 120.4 (CH), not observed: 1 quaternary C; HRMS (ESI) 

[M + Na]+ found: 257.0528 [C11H10N2O4 + Na]+ requires: 257.0533.  

 

Pyrrolo[2,1-b]quinazoline-1,9-dione (161) 

 

To a solution of 164 (100 mg, 0.43 mmol) in acetic anhydride (1 mL) was added sodium acetate 

(35.02 mg, 0.43 mmol) before the reaction mixture was stirred at 60 °C for 18 h. It was then 

cooled to room temperature and diluted with water (1 mL) before extraction with 

dichloromethane (3 × 5 mL). The combined organic layer was dried (Na2SO4), concentrated in 

vacuo and purified by flash column chromatography eluting with ethyl acetate:petroleum ether 

(1:1) to afford the title compound (47.1 mg, 0.24 mmol, 56%) as a pale yellow solid; mp 128.6 

– 130.4 °C; νmax (neat)/cm-1 1974.42, 1772.23, 1694.71, 1634.46, 775.76, 688.01; δH (400 

MHz, DMSO-d6) 8.23 – 8.20 (1 H, m, ArH), 7.88 (1 H, ddd, J 8.0, 7.3, 1.6, ArH), 7.79 – 7.76 

(1 H, m, ArH), 7.75 (1 H, d, J 6.1, HC=CH), 7.62 (1 H, ddd, J 7.9, 7.3,1.2, ArH), 6.96 (1 H, d, 

J 6.1, HC=CH); δC (100 MHz, DMSO-d6) 166.7 (C), 156.3 (C), 153.3 (C), 146.4 (C), 139.6 

(HC=CH), 135.4 (CH), 130.6 (HC=CH), 128.9 (CH), 128.8 (CH), 127.4 (CH), 122.9 (C); 

HRMS (ESI) [M + Na]+ found: 221.0323 [C11H6N2O2 + Na]+ requires: 221.0321. 

 

Methyl (Z)-3-(4-oxo-3,4-dihydroquinazolin-2-yl)acrylate (165) 

 

Same procedure as above. Purification by flash column chromatography eluting with 

methanol:dichloromethane (1:49) afforded the title compound (78 mg, 0.34 mmol, 79%) as a 

pale yellow solid; mp 137.8-138.0 °C; νmax (neat)/cm-1 3077.24, 2929.59, 1665.19, 1632.59, 

1218.33, 834.66, 782.48; δH (400 MHz, CDCl3) 13.21 (1 H, s, NH), 8.33 (1 H, ddd, J 8.0, 1.4, 

0.7, ArH), 7.80 – 7.73 (2 H, m, 2 × ArH), 7.55 – 7.51 (1 H, m, ArH), 6.84 (1 H, d, J 13.5, CH), 

6.36 (1 H, d, J 13.5, CH), 3.90 (3 H, s, OMe); δC (100 MHz, CDCl3) 167.9 (C), 161.6 (C), 

149.3 (C), 149.0 (C), 140.5 (CH), 134.6 (CH), 128.4 (CH), 128.3 (CH), 126.8 (CH), 125.2 
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(CH), 122.2 (C), 53.3 (OMe); HRMS (ESI) [M + Na]+ found: 253.0587 [C12H10N2O3 + Na]+ 

requires: 253.0584.  

 

2,3-Dimethylpyrrolo[2,1-b]quinazoline-1,9-dione (149) 

 

2,3-Dimethylmaleic anhydride (694.7 mg, 5.509 mmol) dissolved in glacial acetic acid (5 mL) 

was added dropwise to a stirring solution of anthranilamide (500 mg, 5.509 mmol) dissolved 

in glacial acetic acid (5 mL). The solution was then stirred at 90 °C for 24 h. Upon completion 

the reaction mixture was cooled to room temperature, diluted with water (5 mL) and the 

precipitate was collected by filtration. It was then washed well with water before drying under 

vacuum to give the title compound (618.1 mg, 2.73 mmol, 74%) as a pale yellow solid with no 

further purification required; mp 183.1 – 184.3 °C; νmax (neat)/cm-1 1697.28, 1651.35, 1627.63, 

1310.87, 1299.45; δH (400 MHz, DMSO-d6) 8.15 (1 H, dd, J 7.9, 1.3, ArH), 7.83 (1 H, ddd, 

J 7.3, 1.5, ArH), 7.72 (1 H, d, J 8.0, ArH), 7.56 (1 H, td, J 7.8, 1.2, ArH), 2.14 (3 H, d, J 1.2, 

Me), 1.95 (3 H, d, J 1.2, Me); δC (100 MHz, DMSO-d6) 167.0 (C), 155.9 (C), 153.5 (C), 146.3 

(C), 142.5 (C=C), 135.3 (CH), 133.8 (C=C), 128.5 (CH), 128.4 (CH), 127.3 (CH), 122.4 (C), 

9.1 (Me), 8.5 (Me); HRMS (ESI) [M + Na]+ found: 249.0639 [C13H10N2O2 + Na]+ requires: 

249.0634.  

 

1-(2-(1H-Indol-3-yl)ethyl)-3,4-dimethyl-1'H-spiro[pyrrole-2,2'-quinazoline]-

4',5(1H,3'H)-dione (167) 

 

To a solution of 149 (50 mg, 0.22 mmol) in water (2.5 mL) was added tryptamine (42.49 mg, 

0.27 mmol). The reaction mixture was stirred at room temperature for 36 h and upon 

completion it was extracted with ethyl acetate (4 x 20 mL). The combined organic layer was 
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dried before concentration under reduced pressure. The crude was then washed with cold 

dichloromethane and the remaining solid collected to give the title compound (54 mg, 0.14 

mmol, 63%) as an off-white solid with no further purification required; mp decomposed at 

202.5 °C; νmax (neat)/cm-1 3233.05, 1695.00, 1636.22, 1610.92, 739.02; δH (400 MHz, DMSO-

d6) 10.74 (1 H, br s, NH), 8.55 (1 H, br s, NH), 7.77 (1 H, dd, J 8.0, 1.5, ArH), 7.54 (1 H, br s, 

NH), 7.37 (1 H, t, J 7.7, ArH), 7.26 (1 H, d, J 8.2, ArH), 6.99 (1 H, t, J 7.5, ArH), 6.92 (1 H, 

d, J 2.2, ArH), 6.87 (1 H, d, J 7.8, ArH), 6.83 – 6.77 (3 H, m, ArH), 3.37 – 3.29 (1 H, m, CH2), 

3.24 – 3.16 (1 H, m, CH2), 2.90 – 2.82 (1 H, m, CH2), 2.79 – 2.71 (1 H, m, CH2), 1.89 (3 H, d, 

J 1.1, Me), 1.78 (3 H, d, J 1.1, Me); δC (100 MHz, DMSO-d6) 168.0 (C), 162.9 (C), 148.9 (C), 

146.2 (C), 136.1 (C), 134.0 (CH), 127.7 (C), 127.1 (CH), 126.7 (C), 122.6 (CH), 120.8 (CH), 

118.2 (CH), 117.9 (CH), 117.3 (CH), 113.7 (CH), 111.3 (CH), 111.15 (C), 111.11  (C), 86.7 

(C), 39.9 (CH2 obscured by solvent peak), 25.2 (CH2), 10.0 (Me), 8.4 (Me); HRMS (ESI) [M 

+ Na]+ found: 409.1631 [C23H22N4O2 + Na]+ requires: 409.1635. 

 

2-(6-Methoxy-1H-indol-3-yl)-2-oxoacetamide (169) 

 

6-Methoxyindole (500 mg, 3.4 mmol) was dissolved in THF (8.5 mL) and cooled to −5 °C 

before oxalyl chloride (0.32 mL, 3.7 mmol) was added dropwise. The reaction was then stirred 

at −5 °C for 2 h before it was carefully added to stirred aqueous ammonia (2.5 mL). After the 

vigorous reaction ceased, water (50 mL) was added and the mixture extracted with ethyl acetate 

(3 × 50 mL). The organic extracts were combined and washed with sodium bicarbonate and 

brine. The organic extract was then dried (Na2SO4) and concentrated under reduced pressure. 

Purification of the crude solid by flash chromatography eluting with petroleum ether:ethyl 

acetate (1:4) gave the title compound (599 mg, 2.75 mmol, 81%) as a yellow solid; mp 

decomposition at 242.8 °C; δH (400 MHz, DMSO-d6) 11.97 (1 H, br s, NH), 8.56 (1 H, d, J 2.7, 

ArH), 8.07 (1 H, d, J 8.7, ArH), 8.02 (1 H, br s, NH2), 7.66 (1 H, br s, NH2), 7.02 (1 H, d, J 2.2, 

ArH), 6.88 (1 H, dd, J 8.7, 2.3, ArH), 3.79 (3 H, s, OMe). Spectroscopic data is in agreement 

with literature values.225 
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6-Methoxytryptamine (48) 

 

Oxoacetamide 169 (340 mg, 1.6 mmol) was dissolved in THF (11.3 mL) before lithium 

aluminium hydride (2 M in THF, 4.9 mL, 9.8 mmol) was added dropwise and the mixture 

heated under reflux for 2 h. The reaction was cooled and quenched with wetted THF (2% water 

solution, 11.5 mL), basified with sodium hydroxide (1 M) and extracted with dichloromethane 

(5 × 10 mL). The organic extracts were combined, dried (Na2SO4) and concentrated under 

reduced pressure. Purification by flash column chromatography eluting with ammonium 

hydroxide:methanol:dichloromethane (0.1:1:8.9) to give the title compound (150 mg, 0.79 

mmol, 51%) as a brown solid; mp 127.7 – 127.9 °C (lit.226 mp 140 – 142 °C); δH (400 MHz, 

CDCl3) 7.97 (1 H, s, NH), 7.47 (1 H, d, J 8.7, ArH), 6.92 (1 H, d, J 2.1, ArH), 6.86 (1 H, d, J 

2.2, ArH), 6.79 (1 H, dd, J 8.6, 2.3, ArH), 3.85 (3 H, s, OMe), 3.02 (2 H, t, J 6.6, CH2), 2.87 (2 

H, t, J 6.6, CH2), 1 × NH2 not observed. Spectroscopic data is in agreement with literature 

values.226 

 

1-(2-(6-Methoxy-1H-indol-3-yl)ethyl)-3,4-dimethyl-1'H-spiro[pyrrole-2,2'-quinazoline]-

4',5(1H,3'H)-dione (170) 

 

To a solution of pyrroloquinazoline 149 (50 mg, 0.221 mmol) in water (2.5 mL) was added 

6-methoxytryptamine (50.46 mg, 0.2652 mmol). The reaction mixture was stirred at room 

temperature for 48 h and upon completion, it was then diluted with water and extracted with 

ethyl acetate (4 x 20 mL). The organic layer was dried with Na2SO4 before concentration under 

reduced pressure. The crude was then washed with cold dichloromethane and the remaining 

solid collected to give the title compound (54.80 mg, 0.13 mmol, 59.55%) as an orange solid; 

mp 147.8 – 149 °C; νmax (neat)/cm-1 1651.48, 1623.10, 1607.81, 816.38, 756.24; δH (400 MHz, 
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DMSO-d6) 10.52 (1 H, br s, NH), 8.54 (1 H, d, J 1.6, NH), 7.75 (1 H, dd, J 8.0, 1.6, ArH), 7.52 

(1 H, d, J 1.5, NH), 7.38 – 7.34 (1 H, m, ArH), 6.83 – 6.79 (2 H, m, 2 × ArH), 6.77 (2 H, dd, J 

4.4, 2.2, 2 × ArH), 6.71 (1 H, d, J 8.6, ArH), 6.44 (1 H, dd, J 8.6, 2.3, ArH), 3.71 (3 H, s, OMe), 

3.34 – 3.26 (1 H, m, ½ × CH2 obscured by residual water peak), 3.17 (1 H, td, J 12.9, 5.2, ½ × 

CH2), 2.84 – 2.76 (1 H, m, ½ × CH2), 2.73 – 2.65 (1 H, m, ½ × CH2), 1.88 (3 H, d, J 1.2, Me), 

1.78 (3 H, d, J 1.2, Me); δC (100 MHz, DMSO-d6) 168.0 (C), 162.9 (C), 155.4 (C), 148.9 (C), 

146.2 (C), 136.8 (C), 134.0 (CH), 127.7 (C), 127.1 (CH), 121.11 (C), 121.10 (CH), 118.4 (CH), 

117.3 (CH), 113.6 (CH), 111.2 (C), 111.1 (C), 108.5 (CH), 94.3 (CH), 86.7 (C), 55.1 (Me), 

39.9 (CH2 obscured by solvent peak, confirmed by DEPT135), 25.2 (CH2), 9.9 (Me), 8.3 (Me); 

HRMS (ESI) [M + Na]+ found: 439.1742 [C24H24N4O3 + Na]+ requires: 439.1741. 

 

1-Hydroxy-2,3-dimethylpyrrolo[2,1-b]quinazolin-9(1H)-one (171) 

 

Pyrroloquinazoline 149 (500 mg, 2.21 mmol) was dissolved in methanol (50 mL) and cooled 

to -20 °C before sodium borohydride (125.40 mg, 3.32 mmol) was added. The reaction mixture 

was then stirred at -20 °C for 30 min. Upon completion, the reaction was diluted with water 

(50 mL) and extracted with dichloromethane (3 × 75 mL). The organic extracts were then 

collected and dried (Na2SO4) before concentration under reduced pressure to give the title 

compound (502.2 mg, 2.20 mmol, 100%) as a colourless solid without further purification 

required; mp decomposed at 204.7 °C; νmax (neat)/cm-1 3077.30, 1676.39, 1599.93, 1080.06, 

769.90; δH (400 MHz, DMSO-d6) 8.14 (1 H, dd, J 7.9, 1.4, ArH), 7.80-7.76 (1 H, m, ArH), 

7.66 (1 H, d, J 8.0, ArH), 7.48 (1 H, t, J 7.5, ArH), 7.10 (1 H, d, J 8.1, CHOH), 6.02 (1 H, d, 

J 8.1, CHOH), 2.00 (3 H, s, Me), 1.97 (3 H, s, Me); δC (100 MHz, DMSO-d6) 158.5 (C), 157.5 

(C), 149.1 (C), 148.9 (C), 134.2 (CH), 127.1 (CH), 127.0 (C), 126.2 (CH), 126.0 (CH), 120.9 

(C), 84.1 (CHOH), 11.3 (Me), 8.3 (Me); HRMS (ESI) [M + Na]+ found: 251.0790 [C13H12N2O2 

+ Na]+ requires: 251.0791.  

 

 



 

163 

 

N-(2-(1H-Indol-3-yl)ethyl)-2-methyl-3-(4-oxo-3,4-dihydroquinazolin-2-yl)butanamide 

(176a and b) 

 

To a mixture of pyrroloquinazolinone 171 (50 mg, 0.22 mmol) and tryptamine (42.12 mg, 0.26 

mmol) in dioxane (2.5 mL) was added PTSA‧H2O (16.67 mg, 0.088 mmol). The reaction 

mixture was then heated under reflux for 24 h. Upon completion, the mixture was cooled to 

room temp and diluted with water (5 mL) before it was extracted with dichloromethane (3 × 

10 mL). The organic layers were collected, dried (Na2SO4) and concentrated under reduced 

pressure. Purification by flash column chromatography eluting with ethyl acetate:petroleum 

ether (1:1) then increasing to 100% ethyl acetate gave title compounds a and b (16.2 mg, 0.042 

mmol, 19%, and 17.4 mg, 0.045 mmol, 20% respectively) as yellow-brown solids.  

 

A: mp decomposition at 181.3 °C; νmax (neat)/cm-1 3291.2, 3234.4, 1685.83, 1636.17, 1608.02; 

[𝛼]𝐷
18 +6 (c 0.1, DMSO); δH (400 MHz, DMSO-d6) 12.23 (1 H, br s, NH), 10.79 (1 H, br s, 

NH), 8.19 (1 H, br t, J 5.6, NH), 8.09 (1 H, dd, J 7.9, 1.3, ArH), 7.76 – 7.80 (1 H, m, ArH), 

7.58 (1 H, d, J 8.1, ArH), 7.55 (1 H, d, J 7.9, ArH), 7.46 (1 H, t, J 7.5, ArH), 7.33 (1 H, d, J 8.0, 

ArH), 7.15 (1 H, d, J 2.1, ArH), 7.06 (1 H, t, J 7.2, ArH), 6.98 (1 H, t, J 7.3, ArH), 3.34 – 3.47 

(2 H, m, CH2), 2.82 – 2.92 (3 H, m, 1 × CH2 and 1 × CH), 2.71 – 2.75 (1 H, m, CH), 1.14 (3 H, 

d, J 6.7, Me), 0.91 (3 H, d, J 6.7, Me); δC (100 MHz, DMSO-d6) 173.9 (C), 161.7 (C), 160.3 

(C), 149.0 (C), 136.2 (C), 134.3 (CH), 127.2 (C), 126.8 (CH), 126.0 (CH), 125.8 (CH), 122.6 

(CH), 120.9 (C), 120.9 (CH), 118.2 (CH), 118.2 (CH), 111.7 (C), 111.3 (CH), 44.1 (CH), 42.0 

(CH), 39.3 (CH2 obscured by solvent peak, confirmed by DEPT135), 25.2 (CH2), 18.0 (Me), 

16.6 (Me); HRMS (ESI) [M + Na]+ found: 411.1793 [C23H24N4O2 + Na]+ requires: 411.1791. 

 

B: mp 79.7 – 81.0 °C; νmax (neat)/cm-1 3296.95, 2922.27, 1655.99, 1605.77; [𝛼]𝐷
23 +1.3 (c 0.1, 

MeOH); δH (400 MHz, DMSO-d6) 12.20 (1 H, s, NH), 10.74 (1 H, s, NH), 8.07 (1 H, dd, J 7.9, 

1.2, ArH), 7.95 (1 H, t, J 5.8, NH), 7.72 – 7.77 (1 H, m, ArH), 7.58 (1 H, d, J 7.7, ArH), 7.44 

(1 H, ddd, J 8.1, 7.2, 1.1, ArH), 7.36 (1 H, d, J 7.9, ArH), 7.30 (1 H, d, J 8.1, ArH), 7.01 – 7.06 
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(2 H, m, ArH), 6.93 (1 H, ddd, J 7.9, 7.1, 1.0, ArH), 3.40 – 3.25 (1 H, m, CH2), 3.12 – 3.21 

(1 H, m, CH2), 2.94 – 3.01 (1 H, m, CH), 2.80 – 2.85 (1 H, m, CH), 2.57 – 2.61 (2 H, m, CH2), 

1.21 (3 H, d, J 7.0, Me), 1.07 (3 H, d, J 7.0, Me); δC (100 MHz, DMSO-d6) 174.6 (C), 161.7 

(C), 160.4 (C), 148.9 (C), 136.2 (C), 134.2 (CH), 127.1 (C), 126.9 (CH), 125.9 (CH), 125.6 

(CH), 122.4 (CH), 120.9 (CH), 118.1 (2 x CH), 111.7 (C), 111.3 (CH), 43.0 (CH), 41.4 (CH), 

39.2 (CH2 obscured by solvent peak, confirmed by DEPT135), 25.2 (CH2), 15.9 (Me), 14.9 

(Me), 1 × quaternary C not observed; HRMS (ESI) [M + Na]+ found: 411.1786 [C23H24N4O2 

+ Na]+ requires: 411.1791.  

 

4-((2-Carbamoylphenyl)amino)-4-oxobutanoic acid (190) 

 

To a solution of anthranilamide (2 g, 14.7 mmol) dissolved in acetic acid (12 mL) was added 

succinic anhydride (1.47 g, 14.7 mmol) in three portions. The reaction mixture was then stirred 

at room temperature for 30 min before it was diluted with water (10 mL) and the precipitated 

product collected by vacuum filtration. It was then dried under vacuum to give the title 

compound (3.14 g, 13.3 mmol, 91%) as a colourless solid; mp 213.9 – 214.0 °C (lit.227 mp 210 

– 212 °C); δH (400 MHz, DMSO-d6) 12.13 (1 H, br s, COOH), 11.72 (1 H, br s, CONH), 8.44 

(1 H, dd, J 8.3, 0.8, ArH), 8.25 (1 H, br s, NH2), 7.79 (1 H, dd, J 7.9, 1.4, ArH), 7.71 (1 H, br 

s, NH2), 7.49 – 7.45 (1 H, m, ArH), 7.12 – 7.08 (1 H, m, ArH), 2.59 – 2.52 (4 H, m, 2 × CH2). 

Spectroscopic data is consistent with literature values.227 

 

Methyl 4-((2-carbamoylphenyl)amino)-4-oxobutanoate (191) 

 

To a solution of carboxylic acid 190 (1 g, 4.23 mmol) in methanol (100 mL) was added 

concentrated sulfuric acid (0.06 mL, 1.06 mmol) before the reaction mixture was stirred at 

60 °C for 1 h. Upon completion it was cooled, concentrated in vacuo and the resulting residue 

diluted with water (50 mL) before it was extracted with ethyl acetate (3 × 50 mL). The 
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combined organic layer was then dried (Na2SO4) and concentrated in vacuo to give the title 

compound (1.01 g, 4.04 mmol, 95%) as a pale orange solid; mp 118.5 – 119.6 °C (lit.130 mp 

128 – 131 °C); δH (400 MHz, DMSO-d6) 11.72 (1 H, br s, NH), 8.42 (1 H, dd, J 8.4, 0.9, ArH), 

8.25 (1 H, br s, NH2), 7.79 (1 H, dd, J 7.9, 1.5, ArH), 7.72 (1 H, br s, NH2), 7.49 – 7.45 (1 H, 

m, ArH), 7.10 (1 H, td, J 7.7, 1.2, ArH), 3.59 (3 H, s, OMe), 2.62 (4 H, s, 2 × CH2). 

Spectroscopic data is consistent with literature values.130 

 

Pegamine (26) 

 

A solution of lithium aluminium hydride (1 M in THF, 1.6 mL, 1.6 mmol) was cooled to 0 °C 

before a solution of ester 191 (200 mg, 0.8 mmol) dissolved in THF (2.4 mL) was added 

dropwise to the stirring lithium aluminium hydride. The reaction mixture was allowed to warm 

to room temperature and stirred for 1 h. Upon completion it was quenched with water (2 mL) 

and stirred for a further 30 min. Saturated ammonium chloride (0.8 mL) was then added and 

the solution was concentrated in vacuo. To the white residue was added THF (6 mL) and the 

reaction mixture stirred at room temperature for 1 h before it was filtered through Celite. The 

filtrate was collected, dried (Na2SO4) and concentrated in vacuo. The crude was then purified 

by flash column chromatography eluting with acetone:ethyl acetate (3:7) to give the title 

compound (91.9 mg, 0.45 mmol, 56%) as a colourless solid; mp 157.8 – 158.0 °C (lit.150 mp 

160 – 161 °C); δH (300 MHz, MeOD) 8.18 (1 H, dd, J 8.1, 1.4, ArH), 7.83 – 7.77 (1 H, m, 

ArH), 7.64 (1 H, d, J 8.1, ArH), 7.52 – 7.46 (1 H, m, ArH), 3.67 (2 H, t, J 6.3, CH2), 2.78 (2 

H, dd, J 8.2, 7.0, CH2), 2.02 (2 H, dq, J 8.8, 6.3, CH2). Spectroscopic data is in agreement with 

literature values.150 
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Isovasicinone (188) 

 

Oxidation using IBX: To a solution of pegamine 26 (100 mg, 0.49 mmol) in ethyl acetate (3.5 

mL) was added 2-iodoxybenzoic acid (411.3 mg, 1.5 mmol). The reaction mixture was then 

heated under reflux for 24 h under an atmosphere of air. Upon completion it was filtered, and 

the filtrate was collected and concentrated in vacuo to give a brown-orange solid (103.7 mg). 

The crude was then carried forward without further purification.  

 

Oxidation using manganese dioxide: To a solution of pegamine 26 (50 mg, 0.24 mmol) in ethyl 

acetate (2 mL) was added activated manganese dioxide (532.10 mg, 6.12 mmol) and the 

reaction mixture was stirred at 60 °C for 24 h. Upon completion it was filtered over a bed of 

Celite® and washed with ethyl acetate. The collected filtrate was then concentrated in vacuo 

to give a brown-orange solid (35.2 mg). The crude was carried forward without further 

purification. 

 

2-(2-(2,3,4,9-Tetrahydro-1H-pyrido[3,4-b]indol-1-yl)ethyl)quinazolin-4(3H)-one (196) 

 

A mixture of crude isovasicinone 188 (103.7 mg, 0.51 mmol) and tryptamine (54.8 mg, 

0.34 mmol) was dissolved in a solution of TFA in dichloromethane (5% v/v, 0.83 mL) and the 

reaction mixture stirred at room temperature for 48 h. Upon completion it was concentrated in 

vacuo and the residual crude was basified with aqueous sodium hydroxide (1 M, 0.5 mL) before 

extraction with dichloromethane (5 × 5 mL). The combined organic layer was dried (Na2SO4) 

and concentrated in vacuo before purification by flash column chromatography eluting with 

ammonium hydroxide:methanol:dichloromethane (0.5:5:94.5) to give the title compound 

(83.5 mg, 0.24 mmol, 71%) as a brown solid; mp decomposition at 210.2 °C; νmax (neat)/cm-1 

3312.52, 1606.90, 1470.13, 1449.93, 741.83; δH (300 MHz, DMSO-d6) 10.72 (1 H, br s, NH), 

8.08 (1 H, dd, J 7.9, 1.3, ArH), 7.77 (1 H, ddd, J 8.5, 7.2, 1.5, ArH), 7.60 (1 H, d, J 8.0, ArH), 
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7.45 (1 H, t, J 7.5, ArH), 7.36 (1 H, d, J 7.6, ArH), 7.28 (1 H, d, J 7.9, ArH), 7.01 (1 H, t, J 7.0, 

ArH), 6.93 (1 H, t, J 7.4, ArH), 4.07 (1 H, d, J 6.6, CH), 3.16 (1 H, dt, J 12.3, 5.1, CH2), 2.94 

– 2.85 (1 H, m, CH2), 2.81 (2 H, t, J 7.6, CH2), 2.63 – 2.58 (2 H, m, CH2), 2.37 (1 H, dtd, J 

11.5, 7.6, 3.7, CH2), 2.08 (1 H, td, J 16.5, 7.9, CH2), 2 × NH not observed; δC (75 MHz, DMSO-

d6) 161.8 (C), 157.8 (C), 148.9 (C), 136.6 (C), 135.7 (C), 134.2 (CH), 127.0 (C), 126.6 (CH), 

125.8 (CH), 125.7 (CH), 120.8 (C), 120.4 (CH), 118.1 (CH), 117.4 (CH), 110.9 (CH), 107.5 

(C), 51.5 (CH), 41.3 (CH2), 31.3 (CH2), 30.9 (CH2), 22.2 (CH2); HRMS (ESI) [M + Na]+ found: 

367.1517 [C21H20N4O + Na]+ requires: 367.1529.  

 

1-(3-(2-Aminoethyl)-1H-indol-1-yl)-2,3-dihydropyrrolo[2,1-b]quinazolin-9(1H)-one 

(202) 

 

Same as above procedure to give title compound as a beige solid; mp 108.6 – 110.1 °C; νmax 

(neat)/cm-1 2923.46, 1677.22, 1607.50; δH (400 MHz, DMSO-d6) 7.98 (1 H, dd, J 8.0, 1.1, 

ArH), 7.81 (1 H, ddd, J 8.3, 7.0, 1.6, ArH), 7.67 (1 H, dd, J 8.2, 0.5, ArH), 7.60 (1 H, d, J 8.4, 

ArH), 7.52 (1 H, d, J 7.7, ArH), 7.45 (1 H, ddd, J 8.1, 7.3, 1.1, ArH), 7.21 (1 H, s, ArH), 7.20 

– 7.14 (2 H, m, 1 × ArH, 1 × CH stereocenter), 7.07 – 7.03 (1 H, m, ArH), 3.74 – 3.64 (1 H, 

m, CH2), 3.20 (1 H, ddd, J 18.0, 10.3, 3.2, CH2), 2.89 (1 H, ddd, J 19.0, 13.8, 8.9, CH2), 2.76 

(2 H, dd, J 13.9, 7.1, CH2), 2.71 – 2.66 (2 H, m, CH2), 2.32 – 2.24 (1 H, m, CH2), 1 × NH2 not 

observed; δC (100 MHz, DMSO-d6) 159.5 (C), 159.4 (C), 149.0 (C), 135.9 (C), 134.7 (CH), 

127.7 (C), 126.8 (CH), 126.2 (CH), 125.9 (CH), 122.2 (CH), 121.6 (CH), 120.3 (C), 119.1 

(CH), 118.8 (CH), 114.9 (C), 110.4 (CH), 68.5 (CH), 42.2 (CH2), 30.0 (CH2), 29.3 (CH2), 26.8 

(CH2); HRMS (ESI) [M + H]+ found: 345.1704 [C21H20N4O + H]+ requires: 345.1710.  
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Deoxyvasicinone (21) 

 

A solution of anthranilic acid (1.02 g, 7.46 mmol), GABA (1 g, 9.70 mmol) and phosphorous 

pentoxide (2.97 g, 10.44 mmol) in xylenes (50 mL) was heated under reflux for 16 h. Upon 

completion the reaction mixture was allowed to cool to room temperature, washed with 

aqueous HCl (10%, 30 mL) and the deposited solid in the reaction vessel dissolved in water 

(250 mL). The combined aqueous layer was then basified with aqueous ammonia before it was 

extracted with dichloromethane (3 × 250 mL). The combined organic layers were then dried 

(Na2SO4) and concentrated under reduced pressure. Purification of the crude by flash column 

chromatography eluting with 100% ethyl acetate gave the title compound (660.3 mg, 

3.55 mmol, 48%) as a bright yellow solid; mp 109.0 – 111.4 °C (lit.228 mp 105 – 107 °C); δH 

(400 MHz, CDCl3) 8.28 (1 H, ddd, J 8.0, 1.5, 0.4, ArH), 7.74 – 7.70 (1 H, m, ArH), 7.64 (1 H, 

dd, J 8.0, 0.7, ArH), 7.44 (1 H, ddd, J 8.0, 7.1, 1.2, ArH), 4.21 (2 H, t, J 7.3, CH2), 3.18 (2 H, 

t, J 8.0, CH2), 2.32 – 2.25  (2 H, m, CH2). Spectroscopic data is consistent with literature 

values.228 

 

3-Bromo-2,3-dihydropyrrolo[2,1-b]quinazolin-9(1H)-one (212) 

 

A mixture of deoxyvasicinone (300 mg, 1.61 mmol), N-bromo succinimide (344.1 mg, 1.93 

mmol) and 1,1′-Azobis(cyclohexanecarbonitrile) (39.4 mg, 0.16 mmol) in tetrachloromethane 

(9 mL) was heated under reflux for 16 h while irradiated with a 42 W lamp. Upon completion, 

the reaction mixture was cooled to room temperature and the resulting precipitate was filtered 

off. The filtrate was then concentrated under reduced pressure and purified by flash column 

chromatography eluting with ethyl acetate:petroleum ether (1:1) to give the title compound 

(184 mg, 0.69 mmol, 43%) as a pink solid; mp decomposition at 127.4 °C; δH (400 MHz, 

CDCl3) 8.31 (1 H, ddd, J 8.0, 1.4, 0.6, ArH), 7.79 – 7.72 (2 H, m, ArH), 7.51 (1 H, ddd, J 8.2, 

6.5, 1.9, ArH), 5.26 (1 H, dd, J 6.4, 1.5, CH), 4.41 (1 H, ddd, J 12.3, 8.2, 1.6, CH2), 4.22 (1 H, 
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ddd, J 12.3, 9.6, 6.4, CH2), 2.77 (1 H, dddd, J 14.6, 9.6, 8.2, 6.4, CH2), 2.61 (1 H, ddt, J 14.6, 

6.4, 1.6, CH2). Spectroscopic data consistent with literature values.174 

 

3,3-Dibromo-2,3-dihydropyrrolo[2,1-b]quinazolin-9(1H)-one (213) 

 

Same procedure also gives title compound (46.6 mg, 0.14 mmol, 8%) as a dark pink solid; mp 

decomposition at 158.6 °C; νmax (neat)/cm-1 1677.37, 1466.10, 1335.01, 772.41, 692.44; δH 

(400 MHz, CDCl3) 8.32 (1 H, d, J 7.9, ArH), 7.89 (1 H, dd, J 8.3, 1.1, ArH), 7.83 – 7.79 (1 H, 

m, ArH), 7.54 (1 H, ddd, J 8.0, 2.0, 1.0, ArH), 4.22 (2 H, t, J 6.3, CH2), 3.30 (2 H, t, J 6.3, 

CH2); δC (100 MHz, CDCl3) 160.2 (C), 156.4 (C), 148.8 (C), 134.8 (CH), 128.5 (CH), 128.0 

(CH) 126.7 (CH), 120.9 (C), 53.2 (C), 46.1 (CH2), 43.8 (CH2); HRMS (ESI) [M + Na]+ found: 

364.8901 [C11H8Br2N2O + Na]+ requires: 364.8896. 

 

9-Oxo-1,2,3,9-tetrahydropyrrolo[2,1-b]quinazolin-3-yl acetate (214) 

 

To a solution of 3-bromodeoxyvasicinone 212 (240 mg, 0.91 mmol) in acetonitrile (1.8 mL) 

was added anhydrous potassium acetate (355.4 mg, 3.62 mmol) and 18-crown-6 (47.9 mg, 0.18 

mmol). The reaction mixture was then stirred at 40 °C for 24 h before it was diluted with 

dichloromethane (5 mL) and filtered through Celite. The filtrate was concentrated in vacuo and 

the residual crude was carried forward without further purification. 
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Vasicinone (22) 

 

To a stirring solution of crude 3-acetoxydeoxyvasicinone 214 (230 mg) in ethyl acetate (0.85 

mL) was added a solution of aqueous NaOH (1 M) and methanol (1:1, 0.85 mL). The reaction 

mixture was stirred vigorously for 20 min before it was diluted with ethyl acetate (3 mL) and 

washed with water (3 × 2 mL). The organic layer was then dried (Na2SO4), concentrated in 

vacuo and purified by flash column chromatography eluting with ethyl acetate to give 

vasicinone (117.3 mg, 0.58 mmol, 64% over two steps) as a light purple solid; mp 196.0 – 

196.2 °C (lit.174 mp 203 – 204 °C); δH (400 MHz, CDCl3) 8.31 (1 H, dd, J 7.6, 0.9, ArH), 7.79 

– 7.73 (2 H, m, ArH), 7.50 (1 H, ddd, J 8.2, 6.2, 2.2, ArH), 5.24 (1 H, t, J 7.1, CHOH), 5.20 

(1 H, br s, OH), 4.37 (1 H, ddd, J 12.4, 8.7, 4.4, CH2), 4.04 (1 H, dt, J 12.3, 7.5, CH2), 2.67 

(1 H, dtd, J 13.2, 7.6, 4.4, CH2), 2.35 – 2.26 (1 H, m, CH2). Spectroscopic data is in accordance 

with literature values.174 

 

(E)-3-Benzylidene-2,3-dihydropyrrolo[2,1-b]quinazolin-9(1H)-one (220) 

 

To a solution of deoxyvasicinone 21 (500 mg, 2.6 mmol) in acetic acid (3 mL) was added 

benzaldehyde (0.33 mL, 3.2 mmol) and anhydrous sodium acetate (110.1 mg, 1.3 mmol). The 

reaction mixture was then heated under reflux for 24 h. Upon completion it was cooled to room 

temperature and diluted with water (10 mL) before the aqueous layer was extracted with ethyl 

acetate (3 × 20 mL). The combined organic layer was then washed with saturated sodium 

hydrogen carbonate solution, dried (Na2SO4) and concentrated in vacuo. The resulting crude 

was purified by flash column chromatography eluting with ethyl acetate:petroleum ether (4:6) 

to give the title compound (554.4 mg, 2.0 mmol, 75%) as a pale yellow solid; mp 174.0 – 

174.5 °C (lit.186 mp 175 – 176 °C); δH (400 MHz, CDCl3) 8.32 – 8.29 (1 H, m, ArH), 7.87 (1 

H, t, J 2.8, CHPh), 7.77 – 7.72 (2 H, m, 1 × ArH and 1 × PhH), 7.58 (2 H, d, J 7.3, PhH), 7.48 
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– 7.42 (3 H, m, 1 × ArH and 2 × PhH), 7.40 – 7.35 (1 H, m, ArH), 4.32 – 4.28 (2 H, m, CH2), 

3.34 – 3.29 (2 H, m, CH2). Spectroscopic data is consistent with literature values.186 

 

1,2-Dihydropyrrolo[2,1-b]quinazoline-3,9-dione (217) 

 

A solution of benzylidene 220 (100 mg, 0.36 mmol) in dichloromethane (7.2 mL) was cooled 

to -78 °C before ozone was bubble through. Once the solution had turned light blue (approx. 

10 min) the ozone was stopped, and oxygen was flushed through. Dimethyl sulfide (0.27 mL, 

3.6 mmol) was then added and the reaction mixture was allowed to warm to room temperature 

before it was stirred for 30 min. It was then concentrated in vacuo and the resulting orange 

crude was washed with cold ether to give the title compound (50.8 mg, 0.25 mmol, 70%) as a 

dark orange solid without further purification required; mp degradation at 135.5 °C; δH 

(400 MHz, CDCl3) 8.41 (1 H, ddd, J 8.0, 1.6, 0.5, ArH), 8.02 (1 H, ddd, J 8.2, 1.1, 0.5, ArH), 

7.89 – 7.85 (1 H, m, ArH), 7.66 (1 H, ddd, J 8.2, 7.2, 1.1, ArH), 4.42 (2 H, t, J 6.8, CH2), 3.06 

(2 H, dd, J 7.2, 6.3, CH2). Spectroscopic data is in accordance with literature values.182 

 

1',2,2',3,4,9-Hexahydro-9'H-spiro[pyrido[3,4-b]indole-1,3'-pyrrolo[2,1-b]quinazolin]-9'-

one (224) 

 

Ketone 217 (10 mg, 0.05 mmol) and tryptamine (9.6 mg, 0.06 mmol) were dissolved in acetic 

acid (0.5 mL) and stirred at room temperature for 20 h. Upon completion the reaction mixture 

was diluted with water (0.5 mL) and basified with ammonium hydroxide. The aqueous layer 

was extracted with dichloromethane (3 × 5 mL) and the combined organic layer was dried 

(Na2SO4) and concentrated in vacuo. The crude was purified by flash column chromatography 

eluting with methanol:dichloromethane (1:19) to give the title compound (5 mg, 0.014mmol, 

29%) as a brown solid; mp decomposition at 234.1 °C; νmax (neat)/cm-1 3243.25, 2919.32, 
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1658.59, 1610.45; δH (400 MHz, CDCl3) 9.26 (1 H, s, NH), 7.95 (1 H, d, J 7.8, ArH), 7.59 (1 

H, d, J 7.7, ArH), 7.48 – 7.44 (1 H, m, ArH), 7.41 – 7.37 (2 H, m, 2 × ArH), 7.22 – 7.17 (2 H, 

m, 2 × ArH), 7.16 – 7.12 (1 H, m, ArH), 4.44 (1 H, ddd, J 12.5, 8.5, 4.2, CH2), 4.28 (1 H, dt, J 

12.2, 7.7, CH2), 3.55 (1 H, ddd, J 13.7, 5.3, 3.6, CH2), 3.18 (1 H, ddd, J 13.8, 9.0, 5.0, CH2), 

2.98 (1 H, ddd, J 14.4, 9.0, 5.3, CH2), 2.87 (1 H, ddd, J 15.7, 4.8, 3.7, CH2), 2.77 (1 H, dt, J 

13.2, 8.1, CH2), 2.60 (1 H, ddd, J 13.2, 7.8, 4.2, CH2), 1 × NH not observed; δC (100 MHz, 

CDCl3) 161.5 (C), 160.1 (C), 149.2 (C), 136.7 (C), 134.3 (CH), 133.6 (C), 127.7 (CH), 127.2 

(C), 127.1 (CH), 125.9 (CH), 122.6 (CH), 120.5 (C), 119.7 (CH), 118.7 (CH), 111.5 (CH), 

111.2 (C), 64.4 (C), 43.9 (CH2), 40.8 (CH2), 35.6 (CH2), 22.8 (CH2); HRMS (ESI) [M + H]+ 

found: 343.1558 [C21H18N4O + H]+ requires: 343.1553. 

 

3-((2-(1H-Indol-3-yl)ethyl)amino)pyrrolo[2,1-b]quinazolin-9(1H)-one (225) 

 

Mp 107.6-107.9 °C; νmax (neat)/cm-1 2917.32, 2849.62, 1670.95, 1608.52; δH (300 MHz, 

DMSO-d6) 10.83 (1 H, br s, indole NH), 8.20 (1 H, dd, J 7.9, 1.2, quin ArH), 7.83 (1 H, ddd, 

J 8.5, 7.2, 1.5, quin ArH), 7.70 (1 H, d, J 7.7, quin ArH), 7.58 (1 H, d, J 7.9, tryp ArH), 7.51 

(1 H, t, J 7.5, quin ArH), 7.35 (1 H, d, J 8.0, tryp ArH), 7.24 (1 H, d, J 2.1, tryp ArH), 7.07 

(1 H, t, J 7.5, tryp ArH), 6.99 (1 H, t, J 7.4, tryp ArH), 5.62 (1 H, t, J 2.4, quin CH), 5.56 (1 H, 

t, J 5.8, alkyl NH), 4.53 (2 H, d, J 2.4, quin CH2), 3.39 (2 H, dd, J 13.7, 6.7, tryp CH2), 3.05 

(2 H, t, J 7.3, tryp CH2); δC (75 MHz, DMSO-d6) 158.93 (C), 154.37 (C), 149.01 (C), 139.73 

(C), 136.26 (C), 134.09 (CH), 127.22 (C), 126.73 (CH), 125.94 (CH), 125.89 (CH), 122.83 

(CH), 120.90 (CH), 119.92 (C), 118.27 (CH), 118.22 (CH), 111.84 (C), 111.36 (CH), 98.54 

(CH), 48.66 (CH2), 44.65 (CH2), 24.14 (CH2); HRMS (ESI) [M + H]+ found: 343.1553 

[C21H18N4O + H]+ requires: 343.1553. 
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7-Methoxy-1',2,2',3,4,9-hexahydro-9'H-spiro[pyrido[3,4-b]indole-1,3'-pyrrolo[2,1-

b]quinazolin]-9'-one (227) 

 

Pyrroloquinazoline 217 (10 mg, 0.05 mmol) and 6-methoxytryptamine (11.4 mg, 0.06 mmol) 

were dissolved in acetic acid (0.5 mL) and stirred at room temperature for 4 h. Upon completion 

the reaction mixture was diluted with water (0.5 mL), cooled in an ice bath and basified with 

ammonium hydroxide. The aqueous layer was then extracted with ethyl acetate (3 × 5 mL) and 

the combined organic layer was dried (Na2SO4) and concentrated in vacuo. The crude was 

purified by flash column chromatography eluting with acetone:petroleum ether (2:3) to give 

the title compound (3.4 mg, 0.009 mmol, 18%) as a light brown solid; mp decomposition at 

223.2 °C; νmax (neat)/cm-1 3300.33, 2919.22, 1664.51, 1623.12, 1156.38; δH (400 MHz, 

DMSO-d6) 10.56 (1 H, s, NH), 8.19 (1 H, dd, J 8.0, 1.5, ArH), 7.75 (1 H, ddd, J 8.6, 7.1, 1.6, 

ArH), 7.59 (1 H, dd, J 8.2, 0.5, ArH), 7.51 (1 H, ddd, J 8.1, 7.3, 1.1, ArH), 7.34 (1 H, d, J 8.6, 

ArH), 6.77 (1 H, d, J 2.2, ArH), 6.66 (1 H, dd, J 8.6, 2.3, ArH), 4.32 – 4.27 (1 H, m, CH2), 4.10 

(1 H, ddd, J 11.8, 9.3, 7.2, CH2), 3.74 (3 H, s, OMe), 3.34 – 3.27 (1 H, m, CH2 obscured by 

residual water peak, confirmed by edited HSQC), 2.98 (1 H, dt, J 12.8, 4.7, CH2), 2.76 – 2.66 

(3 H, m, 1½ × CH2), 2.39 (1 H, ddd, J 12.9, 7.0, 1.9, CH2), 1 × NH not observed; δC (100 MHz, 

DMSO-d6) 161.3 (C), 160.1 (C), 155.6 (C), 149.0 (C), 136.6 (C), 134.1 (CH), 132.2 (C), 127.3 

(CH), 126.4 (CH), 125.7 (CH), 121.1 (C), 120.6 (C), 118.4 (CH), 110.1 (C), 108.3 (CH), 94.7 

(CH), 63.0 (C spirocenter), 55.2 (OMe), 43.1 (CH2), 39.3 (CH2 obscured by residual solvent 

peak, confirmed by edited HSQC), 34.5 (CH2), 22.1 (CH2); HRMS (ESI) [M + H]+ found: 

373.1647 [C22H20N4O2 + H]+ requires: 373.1659. 
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3-((2-(6-Methoxy-1H-indol-3-yl)ethyl)amino)pyrrolo[2,1-b]quinazolin-9(1H)-one (228) 

 

δH (400 MHz, CDCl3) 8.36 (d, 1 H, J = 8.0, ArH), 7.89 (s, 1 H, indole NH), 7.76 – 7.68 (2 H, 

m, ArH), 7.50 (1 H, d, J 8.6, ArH), 7.48 – 7.44 (1 H, m, ArH), 7.00 (1 H, dd, J 2.0, 0.8, ArH), 

6.88 (1 H, d, J 2.2, ArH), 6.82 (1 H, ddd, J 8.6, 2.2, 0.9, ArH), 5.44 (1 H, t, J 2.5, CH), 4.59 

(3 H, d, J 2.5, 1 × CH2 and 1 × alkyl NH), 3.85 (3 H, s, OMe), 3.50 (2 H, dd, J 13.1, 6.7, tryp 

CH2), 3.12 (2 H, t, J 7.0, tryp CH2) 

 

Methyl-3-methyl-4-nitropentanoate (233) 

 

To a stirring mixture of nitroethane (1.07 mL, 14.98 mmol) was added 

1,8-diazabicyclo[5.4.0]undec-7-ene (0.37 mL, 2.50 mmol) and methyl crotonate (1.06 mL, 

9.99 mmol). The reaction mixture was then stirred at room temperature for 1 h. Upon 

completion it was diluted with ethyl acetate (15 mL) and washed with 10% HCl solution (3 × 

10 mL) before it was dried and concentrated in vacuo to give the title compound (1:1 dr, 1.73 

g, 9.86 mmol, 98.67%) as a colourless liquid; νmax (neat)/cm-1 2955.31, 1733.76, 1546.30; 

δH (400 MHz, CDCl3) 4.65 – 4.54 (1 H, m, CHMe(NO2)* and  CHMe(NO2)), 3.69 – 3.68 (3 H, 

m, OMe* and OMe), 2.66 – 2.59 (1 H, m, CHMe*), 2.53 – 2.48 (1 H, m, CHMe and ½ × 

CH2*), 2.41 (1 H, ddd, J 15.9, 5.0, 1.8, ½ × CH2), 2.31 – 2.19 (1 H, m, ½ × CH2* and ½ × 

CH2), 1.51 (3 H, td, J 7.4, 2.2, CHMe(NO2)* and CHMe(NO2)), 1.01 (3 H, dt, J 6.7, 2.6, 

CHMe* and CHMe); δC (100 MHz, CDCl3) 172.2 (C), 172.0 (C), 86.54 (CH), 86.49 (CH), 

52.0 (2x OMe), 37.4 (CH2), 37.2 (CH2), 34.6 (CH), 34.4 (CH), 16.4 (Me), 15.7 (2x Me), 15.5 

(Me); HRMS (ESI) [M+Na]+ found: 198.0741 [C7H13NO4 + Na]+ requires: 198.0737. 

* A single diastereomer. 

 

 



 

175 

 

4,5-Dimethylpyrrolidin-2-one (234) 

 

A solution of nitroester 233 (1.7 g, 9.7 mmol) and palladium on carbon (10% w/w, 518 mg, 

0.49 mmol) in acetic acid (32.5 mL) was stirred at 60 °C for 48 h under an atmosphere of 

hydrogen. Upon completion the palladium on carbon was separated by filtration and washed 

well with water. The filtrate was then concentrated in vacuo and the residual crude purified by 

flash column chromatography eluting with methanol:dichloromethane (1:19) to give the title 

compound (5:2 dr, 809.9 mg, 7.2 mmol, 74%) as a colourless oil; νmax (neat)/cm-1 3226.19, 

2964.26, 1682.91; δH (400 MHz, CDCl3) 6.43 (1 H, br s, NH*), 3.74 (1 H, p, J 6.7, CHMeNH), 

3.28 (1 H, p, J 6.3, CHMeNH*), 2.57 – 2.37 (1 H, m, ½ × CH2*, and 2 H, ½ × CH2 and CHMe), 

2.03 – 1.94 (2 H, m, ½ × CH2* and CHMe*, and 1 H, ½ × CH2), 1.20 (3 H, d, J 6.2, Me*), 1.09 

(3 H, t, J 6.3, Me* and Me), 1.00 (3 H, d, J 7.0, Me), 1 × NH not observed; δC (100 MHz, 

CDCl3) 177.9 (C), 177.5 (C*), 57.5 (CH*), 52.9 (CH), 39.2 (CH2*), 38.2 (CH*), 38.1 (CH2), 

32.9 (CH), 20.5 (Me*), 18.1 (Me*), 16.4 (Me), 14.8 (Me); HRMS (ESI) [M + Na]+ found: 

136.0728 [C6H11NO + Na]+ requires: 136.0733. 

*Major diastereomer. 

 

1,2-Dimethyl-2,3-dihydropyrrolo[2,1-b]quinazolin-9(1H)-one (230) 

 

To a mixture of lactam 234 (100 mg, 0.88 mmol) and anthranilic acid (80.8 mg, 0.59 mmol), 

phosphorous oxychloride (0.2 mL, 2.18 mmol) was added dropwise and the reaction mixture 

was stirred at 100 °C for 30 min. Upon completion it was cooled to room temperature, ice was 

added to the reaction mixture, and once the ice had melted it was basified with ammonium 

hydroxide. The aqueous layer was then extracted with dichloromethane (3 × 20 mL) and the 

combined organic layer was dried (Na2SO4) and concentrated in vacuo. The crude was purified 

by flash column chromatography eluting with acetone:petroleum ether (1:4) to give the title 

compound (5:2 dr, 115.1 mg, 0.54 mmol, 91%) as a dark brown, viscous oil; νmax (neat)/cm-1 

2965.39, 1668.79, 1622.50, 773.08; δH (400 MHz, CDCl3) 8.29 – 8.26 (1 H, m, ArH* and 



 

176 

 

ArH), 7.74 – 7.69 (1 H, m, ArH* and ArH), 7.63 (1 H, dd, J 8.2, 1.2, ArH* and ArH), 7.43 (1 

H, ddt, J 8.5, 7.0, 1.4, ArH* and ArH), 4.79 (1 H, dq, J 13.6, 6.7, CHMe), 4.40 (1 H, qd, J 6.5, 

2.2, CHMe*), 3.41 (1 H, dd, J 17.4, 7.9, CH2*), 3.08 (1 H, dd, J 16.7, 7.6, CH2), 2.87 (1 H, dd, 

J 16.7, 12.4, CH2), 2.78 – 2.66 (1 H, m, CH2* and CHMe), 2.33 – 2.24 (1 H, m, CHMe*), 1.50 

(3 H, d, J 6.5, Me*), 1.33 (3 H, d, J 6.7, Me), 1.21 (3 H, d, J 6.8, Me), 1.16 (3 H, d, J 7.1, Me*); 

δC (100 MHz, CDCl3) 161.2 (C*), 160.6 (C), 158.8 (C* and C), 149.3 (C*), 149.1 (C), 134.2 

(CH* and CH), 126.9 (CH), 126.8 (CH*), 126.6 (CH), 126.5 (CH*), 126.3 (CH* and CH), 

121.3 (C*), 121.2 (C), 62.6 (CH*), 57.7 (CH), 38.8 (CH2*), 38.4 (CH2), 35.3 (CH*), 32.7 (CH), 

20.1 (Me*), 18.7 (Me*), 14.1 (Me), 12.9 (Me); HRMS (ESI) [M + Na]+ found: 237.1000 

[C13H14N2O + Na]+ requires: 237.0998. 

*Major diastereomer. 

 

(E)-3-Benzylidene-1,2-dimethyl-2,3-dihydropyrrolo[2,1-b]quinazolin-9(1H)-one (231) 

 

To a solution of 1,2-dimethyldeoxyvasicinone 230 (100 mg, 0.47 mmol) in acetic acid 

(0.52 mL) was added benzaldehyde (0.06 mL, 0.56 mmol) and anhydrous sodium acetate 

(57.4 mg, 0.7 mmol). The reaction mixture was then heated under reflux for 48 h. Upon 

completion it was cooled to room temperature and diluted with water (5 mL) before the aqueous 

layer was extracted with ethyl acetate (3 × 10 mL). The combined organic layer was then 

washed with saturated sodium hydrogen carbonate solution, dried (Na2SO4) and concentrated 

in vacuo. The resulting crude was purified by flash column chromatography eluting with ethyl 

acetate:petroleum ether (1:4) to give the title compound (10:1 dr, 95.9 mg, 0.32 mmol, 68%) 

as a yellow solid; mp 51.5 – 53.0 °C; νmax (neat)/cm-1 2969.65, 1666.72, 1586.42; δH (400 MHz, 

CDCl3) 8.33 – 8.28 (1 H, m, ArH* and ArH), 7.88 (1 H, d, J 2.5, CHPh), 7.84 (1 H, d, J 1.3, 

CHPh*), 7.78 – 7.73 (2 H, m, ArH*, ArH, PhH* and PhH), 7.62 (2 H, d, J 7.3, PhH*), 7.53 

(2 H, d, J 7.4, PhH), 7.48 – 7.42 (3 H, m, ArH*, ArH, PhH* and PhH), 7.41 – 7.36 (1 H, m, 

ArH* and ArH), 4.81 (1 H, dq, J 13.2, 6.6, CHMe), 4.55 (1 H, q, J 6.4, CHMe*), 3.79 – 3.71 

(1 H, m, CHMe), 3.35 (1 H, q, J 7.1, CHMe*), 1.61 (3 H, d, J 6.7, Me), 1.45 (3 H, d, J 6.4, 

Me*), 1.35 (3 H, d, J 7.1, Me*), 1.20 (3 H, d, J 7.1, Me); δC (100 MHz, CDCl3) 161.2 (C), 
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154.9 (C), 149.9 (C), 137.0 (C), 135.1 (C), 134.3 (CH), 131.7 (CH), 129.9 (2 × CH), 129.2 

(CH), 129.1 (2 × CH), 127.4 (CH), 126.6 (CH), 126.3 (CH), 121.6 (C), 60.7 (CH), 40.5 (CH), 

19.9 (Me), 19.2 (Me), minor diastereomer not observed; HRMS (ESI) [M + H]+ found: 

303.1488 [C20H18N2O + H]+ requires: 303.1492. 

*Major diastereomer. 

 

3-Hydroxy-1,2-dimethylpyrrolo[2,1-b]quinazolin-9(1H)-one (236) 

 

A solution of benzylidene 231 (459 mg, 1.5 mmol) in dichloromethane (30 mL) was cooled to 

-78 °C before ozone was bubble through. Once the solution had turned blue (approx. 10 min) 

the ozone was stopped, and oxygen was flushed through. Triphenylphosphine (597.2 mg, 

2.3 mmol) was then added and the reaction mixture was allowed to warm to room temperature 

before it was stirred for 2 h. It was then concentrated in vacuo and the resulting crude purified 

by flash column chromatography eluting with acetone:petroleum ether (3:7) to give the title 

compound (308.5 mg, 1.4 mmol, 89%) as a bright yellow solid; mp 64.5 – 65.6 °C; νmax 

(neat)/cm-1 3396.30, 2917.25, 1649.46, 1604.87; δH (400 MHz, DMSO-d6) 9.72 (1 H, s, OH), 

8.15 (1 H, ddd, J 8.0, 1.6, 0.4, ArH), 7.82 – 7.77 (1 H, m, ArH), 7.68 (1 H, dd, J 8.2, 0.6, ArH), 

7.48 (1 H, ddd, J 8.1, 7.1, 1.2, ArH), 4.73 (1 H, qd, J 6.6, 1.2, CHMe), 1.94 (3 H, d, J 1.2, Me), 

1.50 (3 H, d, J 6.6, Me); δC (100 MHz, DMSO-d6) 158.7 (C), 153.7 (C), 149.1 (C), 140.9 (C), 

134.1 (CH), 126.7 (CH), 125.9 (CH), 125.8 (C), 125.7 (CH), 120.1 (C), 57.6 (CH), 15.5 (Me), 

9.1 (Me); HRMS (ESI) [M + Na]+ found: 251.0786 [C13H12N2O2 + Na]+ requires: 251.0791.  

 

3-(3-Oxobutan-2-yl)quinazolin-4(3H)-one (239) 

 

A yellow oil at room temperature; νmax (neat)/cm-1 2925.15, 1725.90, 1671.82, 1609.33; δH 

(400 MHz, DMSO-d6) 8.35 (1 H, s, N=CH), 8.14 (1 H, ddd, J 8.0, 1.4, 0.4, ArH), 7.89 – 7.84 
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(1 H, m, ArH), 7.72 (1 H, dd, J 8.2, 0.4, ArH), 7.57 (1 H, ddd, J 8.2, 7.2, 1.1, ArH), 5.25 (1 H, 

q, J 7.3, CHMe), 2.20 (3 H, s, Me), 1.65 (3 H, d, J 7.3, Me); δC (100 MHz, DMSO-d6) 203.9 

(C), 160.0 (C), 147.7 (C), 146.9 (CH), 134.6 (CH), 127.20 (CH), 127.18 (CH), 126.1 (CH), 

121.3 (C), 60.5 (CH), 26.5 (Me), 14.7 (Me); HRMS (ESI) [M + Na]+ found: 239.0790 

[C12H12N2O2 + Na]+ requires: 239.0791. 

 

1,2-Dimethylpyrrolo[2,1-b]quinazoline-3,9-dione (207) 

 

A solution of enol 236 (100 mg, 0.438 mmol) in THF (1.8 mL) was cooled to −78 °C before 

lithium hydroxide monohydrate (22.1 mg, 0.526 mmol) was added and the reaction mixture 

stirred for 5 minutes. To the stirring reaction mixture, a solution of phenylselenyl chloride 

(100.7 mg, 0.526 mmol) in THF (0.9 mL) was then added dropwise and the resulting mixture 

stirred at −78 °C for 1 h. Upon completion, the crude reaction mixture was passed through a 

short flash column eluting with ethyl acetate:petroleum ether (3:7) to afford 1,2-dimethyl-2-

(phenylselanyl)-1,2-dihydropyrrolo[2,1-b]quinazoline-3,9-dione 238 (94.5 mg) as a crude 

yellow solid. 

 

To a solution of crude α-selenoketone 238 (94.5 mg) in CH2Cl2 (2.4 mL) cooled to 0 °C was 

added m-chloroperoxybenzoic acid (110.5 mg, 0.493 mmol). The reaction mixture was stirred 

at 0 °C for 30 min before the crude reaction mixture was purified by flash column 

chromatography eluting with acetone:petroleum ether (1:4). The collected fractions were 

concentrated in vacuo and the resulting solid was dissolved in ethyl acetate. The organic layer 

was then washed with sodium thiosulfate:sodium hydrogen carbonate (1:1), dried (Na2SO4) 

and concentrated in vacuo to afford the title compound (11.8 mg, 0.0522 mmol, 12% over two 

steps) as a bright yellow solid; mp degradation observed at 197.8 °C; νmax (neat)/cm-1 2919.67, 

2850.82, 1684.49, 1326.93; δH (300 MHz, CDCl3) 8.34 (1 H, ddd, J 7.9, 1.6, 0.4, ArH), 7.97 

(1 H, ddd, J 8.1, 1.2, 0.4, ArH), 7.80 (1 H, ddd, J 8.1, 7.3, 1.5, ArH), 7.62 (1 H, ddd, J 7.9, 7.3, 

1.2, ArH), 2.82 (3 H, q, J 1.0, Me), 1.90 (3 H, q, J 1.0, Me); δC (100 MHz, CDCl3) 185.6 (C), 

161.2 (C), 157.3 (C), 146.5 (C), 143.1 (C), 135.1 (CH), 130.8 (CH), 130.2 (CH), 127.9 (CH), 
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124.1 (C), 118.4 (C), 15.5 (Me), 6.2 (Me); HRMS (ESI) [M + Na]+ found: 249.0629 

[C13H10N2O2 + Na]+ requires: 249.0634. 

 

(3S)-3-Hydroxy-1,2-dimethyl-2,3-dihydropyrrolo[2,1-b]quinazolin-9(1H)-one (247) 

 

A solution of KHMDS (0.5 M, 3.73 mL, 1.87 mmol) was cooled to −78 °C before a solution 

of 1,2-dimethyldeoxyvasicinone 230 (200 mg, 0.933 mmol) in THF (5.6 mL) was added 

dropwise. The reaction mixture was stirred at −78 °C for 1 h before a solution of (1R)-(−)-

(10-camphorsulfonyl)oxaziridine (428.1 mg, 1.87 mmol) in THF (7.6 mL) was added 

dropwise. The reaction mixture was stirred for a further 1 h before it was quenched with 

saturated NH4Cl (4 mL) and warmed to room temperature. It was diluted with ethyl acetate 

(30 mL) and the organic layer washed with water (3 × 20 mL). The collected organic layer was 

then dried (Na2SO4), concentrated in vacuo and purified by flash column chromatography 

eluting with acetone:petroleum ether (1:3) to give the title compound (10:3:3 dr, 67 mg, 0.291 

mmol, 31%) as a colourless solid; mp 135.1-135.4 °C; [𝛼]𝐷
20 +27.7 (c 0.1, CHCl3); 

νmax (neat)/cm-1 3128.11, 2963.01, 1678.84, 1634.86, 1324.26, 780.16; δH (400 MHz, CDCl3) 

8.30 (1H, dd, J 7.9, 0.8, ArH*, ArH and ArH), 7.78 – 7.71 (2 H, m, ArH*, ArH and ArH), 7.49 

(1 H, ddd, J 8.1, 6.4, 1.9, ArH*, ArH and ArH), 5.89 (1 H, br s, OH), 5.72 (1 H, br s, OH*), 

5.28 (1 H, d, J 7.0, CHOH), 4.82 (1 H, d, J 10.7, CHOH), 4.80 – 4.73 (1 H, m, CHMe), 4.66 

(1 H, d, J 5.9, CHOH*), 4.43 (1 H, qd, J 6.6, 2.2, CHMe), 4.20 – 4.14 (1 H, m, CHMe*), 2.63 

– 2.50 (2 H, m, 2 × CHMe), 2.21 (1 H, ddd, J 12.7, 6.0, 0.9, CHMe*), 1.73 (3 H, d, J 6.4, Me*), 

1.54 (3 H, d, J 6.6, Me), 1.37 (6 H, dd, J 7.7, 7.0, 2 × Me), 1.30 (3 H, dd, J 7.0, 1.2, Me*), 1.16 

(3 H, d, J 7.1, Me), 1 × OH not observed; δC (100 MHz, CDCl3) 161.1 (C), 160.6 (C), 148.5 

(C), 134.5 (CH), 127.0 (CH), 126.8 (CH), 126.5 (CH), 122.0 (C), 77.3 (CHOH), 61.3 (CH), 

44.7 (CH), 19.3 (Me), 16.3 (Me), minor diastereomer not observed; HRMS (ESI) [M + H]+ 

found: 231.1132 [C13H14N2O2 + H]+ requires: 231.1128. 

* Major diastereomer.
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Appendix A: Crystallographic Data for 167 

 

 

Figure 46. ORTEP representation of 167 with labels (hydrogen atoms omitted for clarity). 
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Identification code                  shelx 

Empirical formula                    C23 H23 N4 O2 

Formula weight                       387.45 

Temperature                          373(2) K 

Wavelength                           1.54184 A 

Crystal system, space group         Monoclinic,  P 21/n 

Unit cell dimensions                 a = 12.0831(2) A   alpha = 90 deg. 

                                           b = 9.0813(2) A    beta = 102.333(2) deg. 

                                           c = 18.4230(3) A   gamma = 90 deg. 

Volume                               1974.91(6) A^3 

Z, Calculated density                4,  1.303 Mg/m^3 

Absorption coefficient              0.685 mm^-1 

F(000)                               820 

Crystal size                         0.320 x 0.140 x 0.100 mm 

Theta range for data collection     6.149 to 67.737 deg. 

Limiting indices                     -14<=h<=14, -10<=k<=9, -22<=l<=21 

Reflections collected / unique      13542 / 3570 [R(int) = 0.0341] 

Completeness to theta = 67.684      99.9 % 

Refinement method                   Full-matrix least-squares on F^2 

Data / restraints / parameters      3570 / 0 / 265 

Goodness-of-fit on F^2              1.087 

Final R indices [I>2sigma(I)]       R1 = 0.0439, wR2 = 0.1174 

R indices (all data)                 R1 = 0.0496, wR2 = 0.1257 

Extinction coefficient               n/a 

Largest diff. peak and hole         0.529 and -0.694 e.A^-3 
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Table 15. Atomic coordinates ( × 10^4) and equivalent isotropic displacement parameters 

(A^2 × 10^3) for 167 U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 

Atom Number x y z U(eq) 

C(1) 5733(1) 8445(2) 3436(1) 24(1) 

C(2) 6201(1) 9206(2) 2928(1) 26(1) 

C(3) 7242(1) 8752(2) 2789(1) 26(1) 

C(4) 7792(1) 7533(2) 3140(1) 23(1) 

C(5) 7309(1) 6740(2) 3649(1) 20(1) 

C(6) 6279(1) 7208(2) 3804(1) 20(1) 

C(7) 5779(1) 6326(2) 4320(1) 20(1) 

C(8) 7575(1) 4888(2) 4645(1) 19(1) 

C(9) 7883(1) 3252(2) 4704(1) 21(1) 

C(10) 7242(2) 2184(2) 4163(1) 30(1) 

C(11) 8783(1) 3042(2) 5256(1) 21(1) 

C(12) 9446(1) 1675(2) 5495(1) 27(1) 

C(13) 9090(1) 4473(2) 5647(1) 20(1) 

C(14) 8343(1) 7028(2) 5539(1) 21(1) 

C(15) 7598(1) 7313(2) 6100(1) 24(1) 

C(16) 7481(1) 8924(2) 6233(1) 23(1) 

C(17) 6677(1) 9836(2) 5838(1) 28(1) 

C(18) 7769(1) 11290(2) 6671(1) 25(1) 

C(19) 8206(1) 9840(2) 6766(1) 22(1) 

C(20) 9201(2) 9587(2) 7304(1) 28(1) 

C(21) 9703(2) 10756(2) 7727(1) 35(1) 

C(22) 9241(2) 12172(2) 7638(1) 36(1) 

C(23) 8269(2) 12467(2) 7109(1) 33(1) 

N(1) 7817(1) 5472(1) 3968(1) 20(1) 

N(2) 8333(1) 5490(1) 5310(1) 20(1) 

N(3) 6843(1) 11258(2) 6092(1) 30(1) 

N(4) 6391(1) 5165(1) 4646(1) 19(1) 

O(1) 4828(1) 6581(1) 4454(1) 25(1) 

O(2) 9884(1) 4715(1) 6172(1) 24(1) 
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Appendix B: Crystallographic Data for 171 

 

 

Figure 47. ORTEP representation of 171 with labels. 
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Identification code                  shelx 

Empirical formula                    C13 H12 N2 O2 

Formula weight                       228.25 

Temperature                          373(2) K 

Wavelength                           1.54184 A 

Crystal system, space group         Monoclinic,  P 21/c 

Unit cell dimensions                 a = 15.6644(8) A   alpha = 90 deg. 

                                           b = 5.0517(3) A    beta = 90.243(5) deg. 

                                           c = 13.3427(6) A   gamma = 90 deg. 

Volume                               1055.82(10) A^3 

Z, Calculated density                4,  1.436 Mg/m^3 

Absorption coefficient              0.807 mm^-1 

F(000)                               480 

Crystal size                         0.240 x 0.200 x 0.100 mm 

Theta range for data collection     5.649 to 75.081 deg. 

Limiting indices                     -19<=h<=19, -6<=k<=6, -16<=l<=12 

Reflections collected / unique      9122 / 2112 [R(int) = 0.0431] 

Completeness to theta = 67.684      99.9 % 

Refinement method                   Full-matrix least-squares on F^2 

Data / restraints / parameters      2112 / 0 / 158 

Goodness-of-fit on F^2              1.151 

Final R indices [I>2sigma(I)]       R1 = 0.1255, wR2 = 0.3300 

R indices (all data)                 R1 = 0.1279, wR2 = 0.3311 

Extinction coefficient               0.0064(16) 

Largest diff. peak and hole         0.781 and -0.401 e.A^-3 
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Table 16. Atomic coordinates ( × 10^4) and equivalent isotropic displacement parameters 

(A^2 × 10^3) for 171 U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 

Atom Number x y z U(eq) 

C(1) 3153(4) -4646(11) 11947(4) 24(1) 

C(2) 3445(4) -2743(12) 12633(4) 27(1) 

C(3) 4097(4) -1040(12) 12386(4) 28(1) 

C(4) 4484(4) -1154(13) 11446(4) 30(1) 

C(5) 4202(4) -2998(12) 10757(4) 27(1) 

C(6) 3540(4) -4747(11) 10994(4) 24(1) 

C(7) 3237(4) -6664(12) 10249(4) 25(1) 

C(8) 2222(4) -7915(12) 11540(4) 27(1) 

C(9) 1529(4) -9875(12) 11601(4) 26(1) 

C(10) 1046(4) -10349(15) 12546(4) 37(2) 

C(11) 1434(4) -11070(12) 10714(4) 27(1) 

C(12) 799(4) -13092(13) 10385(4) 31(1) 

C(13) 2082(4) -10051(12) 9970(4) 26(1) 

N(1) 2542(3) -8066(10) 10576(3) 25(1) 

N(2) 2488(3) -6328(10) 12234(3) 26(1) 

O(1) 3529(3) -6994(9) 9405(3) 31(1) 

O(2) 1674(3) -8941(9) 9136(3) 29(1) 
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Appendix C: Crystallographic Data for 196 

 

 

 

 

 

Figure 48. ORTEP representation of 196 with labels. 
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Identification code                  shelx 

Empirical formula                    C22 H20 N3 O 

Formula weight                       342.41 

Temperature                          373(2) K 

Wavelength                           1.54184 A 

Crystal system, space group         Monoclinic,  P 21/n 

Unit cell dimensions                 a = 13.5402(3) A   alpha = 90 deg. 

                                           b = 7.8769(2) A    beta = 105.285(2) deg. 

                                         c = 16.4206(4) A   gamma = 90 deg. 

Volume                               1689.38(7) A^3 

Z, Calculated density                4,  1.346 Mg/m^3 

Absorption coefficient              0.666 mm^-1 

F(000)                               724 

Crystal size                         0.260 x 0.200 x 0.200 mm 

Theta range for data collection     5.586 to 68.251 deg. 

Limiting indices                     -16<=h<=15, -9<=k<=9, -19<=l<=19 

Reflections collected / unique      19202 / 3089 [R(int) = 0.0603] 

Completeness to theta = 67.684      99.9 % 

Refinement method                   Full-matrix least-squares on F^2 

Data / restraints / parameters      3089 / 0 / 239 

Goodness-of-fit on F^2              1.056 

Final R indices [I>2sigma(I)]       R1 = 0.0452, wR2 = 0.1232 

R indices (all data)                 R1 = 0.0479, wR2 = 0.1262 

Extinction coefficient               n/a 

Largest diff. peak and hole         0.236 and -0.377 e.A^-3 
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Table 17. Atomic coordinates ( × 10^4) and equivalent isotropic displacement parameters 

(A^2 × 10^3) for 196 U(eq) is defined as one third of the trace of the orthogonalized Uij tensor 

Atom Number x y z U(eq) 

C(1) 7513(1) 1610(2) 9008(1) 20(1) 

C(2) 8010(1) 1831(2) 9857(1) 22(1) 

C(3) 7408(1) 2110(2) 10407(1) 24(1) 

C(4) 6333(1) 2141(2) 10115(1) 25(1) 

C(5) 5842(1) 1902(2) 9275(1) 23(1) 

C(6) 6431(1) 1644(2) 8696(1) 20(1) 

C(7) 6212(1) 1379(2) 7800(1) 19(1) 

C(8) 5219(1) 1282(2) 7134(1) 22(1) 

C(9) 5426(1) 1588(2) 6274(1) 22(1) 

C(10) 7128(1) 1198(2) 7607(1) 18(1) 

C(11) 7278(1) 805(2) 6752(1) 18(1) 

C(12) 7934(1) 2146(2) 6459(1) 19(1) 

C(13) 8301(1) 1612(2) 5681(1) 22(1) 

C(14) 7670(1) 2295(2) 4853(1) 20(1) 

C(15) 5933(1) 2810(2) 4025(1) 20(1) 

C(16) 6393(1) 3544(2) 3395(1) 20(1) 

C(17) 5791(1) 4181(2) 2629(1)   24(1) 

C(18) 6243(1) 4786(2) 2026(1) 26(1) 

C(19) 7316(1) 4783(2) 2198(1) 26(1) 

C(20) 7915(1) 4211(2) 2951(1) 24(1) 

C(21) 7468(1) 3559(2) 3572(1) 20(1) 

N(1) 7922(1) 1331(1) 8329(1) 19(1) 

N(2) 6278(1) 571(2) 6125(1) 20(1) 

N(3) 6625(1) 2165(1) 4715(1) 20(1) 

N(4) 8111(1) 2954(2) 4316(1) 21(1) 

O 4998(1) 2726(1) 3955(1) 24(1) 

 

 


