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Preface 

All the work described in this thesis was carried out by the author under the supervision of 

A/Prof. Jonathan Sperry in the School of Chemical Sciences at the University of Auckland. 

Some parts of this work have been previously published: 

“Biomimetic synthesis of nudicaulins I and II, yellow pigments from the Iceland poppy 

Papaver nudicaule” Rory Devlin and Jonathan Sperry, Chem. Commun. 2019, 55, 13594-

13597. 

“The curious yellow colouring matter of the Iceland poppy” Rory Devlin and Jonathan 

Sperry, Org. Biomol. Chem. 2020, 18, 5278-5286.



 

 
 



 

iii 
 

Abstract 

Biomimetic synthesis is a powerful sub-discipline of organic chemistry which aims to replicate 

the unparalleled chemistry used by Nature through incorporation of biosynthetic and biogenetic 

considerations. Consequently, biomimetic routes towards natural products are often 

remarkably concise and exemplified by their elegance, whereby complex molecular scaffolds 

can be rapidly constructed through highly orchestrated cascading sequences. 

This thesis, firstly, describes our biomimetic approach towards the bioactive marine alkaloid 

pterocellin A (42) guided by our postulate that the natural product is biosynthetically derived 

from a β-carboline, a heterocycle ubiquitous in nature. Specifically, we surmised that an 

appropriately substituted β-carboline (i.e., 6-OMe 90, 7-OH 141 or 6-OMe-7-OH 114) could 

undergo oxidative dearomatisation followed by a novel skeletal rearrangement to furnish the 

natural product 42. 

 

The dearomatisation of our biosynthetic candidates was extensively explored, yielding 

numerous oxidised β-carboline derivatives. Upon hypervalent iodine(III) oxidation using PIFA 

or PIDA under a variety of conditions, 6-OMe 90 was successfully transformed into a surfeit 

of products (116, 123-125 and 131-132). Similarly, from 7-OH 141, hypervalent iodine(III) 

oxidation in methanol yielded masked o-benzoquinone 160. Surprisingly, upon application of 

Oxone, pyrone 175, bearing the novel pyrano[4',3':4,5]pyrrolo[2,3-c]pyridin-1(9H)-one ring 

system (blue), was afforded via a fascinating oxidative rearrangement sequence. Although 

encouraged by the successful dearomatisation of 6-OMe 90 and 7-OH 141, unfortunately the 

resultant products bore substitution patterns that could not be elaborated towards pterocellin A 

(42). Consequently, dearomatisation of our final biosynthetic candidate, 6-OMe-7-OH 114 was 

explored. Hypervalent iodine(III) mediated dearomatisation of 114 was uncontrollable leading 

to a plethora of products from which pentamethoxy 200 was isolated. Investigations into 
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alternative oxidants revealed lead(IV) tetraacetate (LTA) was capable of successfully 

dearomatising 114 into masked o-benzoquinone 204, bearing substitution traceable onto 

pterocellin A (42).  

 

Unfortunately, elaboration of masked o-benzoquinone 204 towards the 42 through olefin 

oxidation or adventitious addition of water was unsuccessful, with the relative instability of 

204 proving fateful. 
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The successful biomimetic total synthesis of nudicaulins I (224a) and II (224b), the pigments 

responsible for the bright yellow colour conferred by the petals of the Iceland poppy, is also 

described in this thesis. Nudicaulins I (224a) and II (224b) are a pair of diastereomeric, 

triglucosidic flavoalkaloids embedded with a novel heterocyclic core. Due to the wealth of 

information available into the nudicaulin biosynthesis, which implicates a novel cascadic 

fusion of the anthocyanin orientalin (242) with free indole as the ultimate step, we specifically 

pursued a biomimetic synthesis of this fascinating natural product.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Our investigations began by targeting nudicaulin aglycon 260, which, in line with the 

biosynthetic proposal, should derive from the fusion of indole with the anthocyanidin 

pelargonidin (261). Unfortunately, the reaction of indole with pelargonidin 261 under acidic 

conditions was unsuccessful, with unstable species that precluded characterisation generated.  
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Hypothesising that the purported instability of aglycon 260 stems from the free hemiketal 

functionality (green), we revised our approach and targeted the known semi-synthetic partially 

deglycosylated nudicaulins 230a and 230b. The condensation of the anthocyanin callistephin 

(278) with indole was thus attempted, and, delightfully, nudicaulins 230a and 230b were 

afforded as a diastereomeric mixture in 41% yield, after optimisation. Having validated the 

biosynthetic proposal and identifying reaction conditions under which the ultimate biomimetic 

cascade could be replicated, we pursued the total synthesis of triglucosylated nudicaulins I 

(224a) and II (224b). After preparation of the 3,7-diglycosylated anthocyanin orientalin (242), 

the ultimate biomimetic fusion with indole was executed under the optimised conditions, 

yielding a diastereomeric mixture of nudicaulins I (224a) and II (224b) in 92% yield. Our 

successful biomimetic total synthesis not only unequivocally confirms the biosynthetic 

proposal and gross structure of this captivating pigment, but also supports a spontaneous non-

enzymatic final step in the nudicaulin biosynthesis. 
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1.1 Biomimetic synthesis of natural products  

The discipline of organic synthesis has reached a level where one can realistically envision a 

synthetic route to almost any natural or designed molecule.1 Despite this spectacular 

achievement, the ability to access practical quantities of complex targets is often impossible 

via current means. Traditionally, targets are prepared from cheap, petroleum-based feedstocks, 

through lengthy sequences of tedious chemical transformations.2 Such traditional stepwise 

synthetic approaches are not only labour and economically intensive, but are also 

environmentally harmful, generating large waste streams that must be disposed of 

appropriately.  

The chemistry used by Nature is unparalleled and should serve as the greatest inspiration for 

addressing the problem of step-economy in organic synthesis. Indeed, biomimetic synthesis, 

that being a synthesis that incorporates biosynthetic considerations to guide the chosen route, 

is a discipline which has attracted great interest over the past two decades, particularly in the 

field of natural products total synthesis.3 Biomimetic total syntheses of natural products are 

often exemplified by their brevity and elegance, whereby complex architectures can be rapidly 

generated through highly orchestrated cascades, a facet which differentiates them from their 

more traditional stepwise counterparts. Furthermore, considering the biosynthetic origin of a 

natural product can also be a powerful tool when determining its structure.4  Selected examples 

of biomimetic total syntheses are discussed henceforth, with more extensive reading available 

to the reader if desired.3–6  

1.1.1 Selected examples of biomimetic syntheses 

1.1.1.1 Tropinone 

Robinson’s pioneering synthesis of the alkaloid tropinone (1) in 1917 is one of the earliest 

examples of biomimetic synthesis,7 and, when compared to the previously reported synthesis 

by Willstätter,8 stands as a pertinent example of the power of a biomimetic approach (Scheme 

1). Whereas Willstätter’s 1901 synthesis required 21 steps and gave an overall yield of less 

than 1%, Robinson’s elegant one-pot synthesis afforded tropinone in a practical 42% yield from 

readily available starting materials. Robinson’s biomimetic synthesis commenced with 

condensation of methylamine and succindialdehyde to give pyrrolidine 2, which then 

underwent two consecutive Mannich reactions, the first in an inter- and the second in an intra-
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molecular fashion, to form tropane 3. Subsequent decarboxylation upon acidification delivered 

tropinone (1) in a one-pot process.  

 

 

 

 

 

 

 

 

 

 

Scheme 1.  Syntheses of tropinone (1)7,8 

 

1.1.1.2 Grossularine-1 

In 2005, Horne and co-workers reported a total synthesis of the α-carboline natural product 

grossularine-1 (4) via a spontaneous biomimetic cascade (Scheme 2).9 It was proposed that 4 

may be biosynthetically derived from amino-imidazole 5, a hypothesis garnered from the fact 

that imidazolone 6 was co-isolated alongside 4.10 Imidazole 5 was thus readily prepared 

through a cyclocondensation of oxotryptamine (7) and dimethyl cyanamide. Upon exposure of 

5 to a methanolic solution of ammonia in an open flask, after one day, dimer 8a was isolated. 

Resubjecting 8a to the reaction conditions for an extended period (five days) surprisingly lead 

to the formation of α-carboline 9. A mechanistic rationale for the formation of 9 from 8a was 

presented. Upon standing, dimer 8a undergoes an aza-electrocylisation via tautomer 8b. 

Oxidation of the resulting intermediate 10 to 11, followed by facile aminolysis of the 

dimethylguanidinium unit and aromatisation gives 9. Imine 9 was then readily hydrolysed to 

afford grossularine-1 (4) in just three steps from oxotryptamine (7). The brevity and 

spontaneity of the reported cascade supports a plausible biogenetic connection. 
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Scheme 2. Biomimetic synthesis of grossularine-1 (4)9 
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1.1.1.3 Yuremamine 

Guided by a biosynthetic hypothesis, Calvert and Sperry reported a serendipitous total 

synthesis of yuremamine, resulting in its structural revision from the putative pyrroloindole 

12a to the flavonoidal indole 12b (Scheme 3A).11 The proposed biosynthetic pathway towards 

yuremamine commenced with a diastereoselective coupling of N,N-dimethyltryptamine 

(DMT) with the known natural product leucorobinetinidin (13),12 to give flavonoidal indole 

12b. Photochemically induced C-O bond scission13,14 would then give p-quinone methide 14, 

which could be trapped by the indole nitrogen to give yuremamine (12a) (Scheme 3B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3. (A) The putative (12a) and revised (12b) structures of yuremamine; (B) 

Biosynthetic proposal for the putative yuremamine structure (12a)11 
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Calvert and Sperry thus instigated a programme to validate their biosynthetic proposal in the 

laboratory (Scheme 4),11 requiring access to the flavonoidal indole 12b, which they hoped to 

subsequently rearrange to the proposed pyrroloindole structure of yuremamine (12a). The 

necessary protected leucorobinetinidin 15 was readily accessed in three steps from 

acetophenone 16 and benzaldehyde 17. Diol 15 was then diastereoselectively coupled with 

DMT to give, after global deprotection, the postulated key biosynthetic precursor 12b in 56% 

yield over two steps. During characterisation of 12b however, it was noticed that the 

spectroscopic data was strikingly similar to that reported for the natural product. Upon 

conversion of 12b to its TFA-salt, the spectroscopic data for this postulated intermediate was 

found to be a perfect match with that reported for the natural product. Detailed analysis of the 

2D NMR data, specifically the presence of an indole NH signal in the 1H-15N HSQC spectrum, 

ruled out the possibility that the material may have undergone a spontaneous rearrangement. 

Calvert and Sperry were therefore able to unambiguously reassign the yuremamine structure 

to that of their proposed biosynthetic precursor 12b, which was further verified by Iwasawa 

and co-workers who synthesised the putative structure of yuremamine (and all other possible 

diastereomers), and confirmed they all differ from the natural product spectroscopically.15 The 

serendipitous structural reassignment of yuremine provides an excellent example of the 

benefits in pursuing a biomimetic total synthesis.  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 4. Total synthesis and structural revision of yuremamine11 
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1.1.1.4 Nyingchinoids A, B, and D, and rasumatranin D 

Nyingchinoids A-H are a family of polycyclic monoterpenoids first isolated from 

Rhododendron nyingchiense, with each natural product identified as a scalemic mixture.16 

Upon considering their total synthesis, George and co-workers were particularly interested in 

the biosynthetic relationships between nyingchinoids A (18), B (19), and D (20).17 They 

postulated that these three natural products could share a common biosynthetic precursor and 

identified chromene 21 as a potential candidate. From chromene 21, a plausible biosynthesis 

of nyingchinoids A (18), B (19) and D (20) was drawn (Scheme 5). While nyingchinoid D (20) 

is most likely formed via an intramolecular [2+2] photochemical cycloaddition of 21, the 

biosynthesis of nyingchinoids A (18) and B (19) seems less obvious. George and co-workers 

proposed that chromene 21 could alternatively undergo a [2+2+2] cycloaddition with oxygen 

to give endoperoxide 22. Dearomatisation of 22, driven by cleavage of the weak O-O bond, 

would then give nyingchinoid B (19). Subsequent nucleophilic attack by the newly formed 

tertiary alcohol onto the epoxide would result in rearomatisation through an unusual C-C bond 

scission to give nyingchinoid A (18). 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5. Proposed biosynthesis of nyingchinoids A (18), B (19) and D (20)17 
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With their purported biosynthesis outlined, George and co-workers sought to complete the total 

synthesis of nyingchinoids A (18), B (19) and D (20) (Scheme 6).17 Racemic TBS-protected 

chromene 23 was thus subjected to Nicewicz’s conditions for a pyrylium photoredox-catalysed 

aerobic [2+2+2] cycloaddition,18 which, after just 20 minutes, gave cyclobutane 24 as the sole 

product. Cyclobutane 24 was then deprotected using TBAF to give nyingchinoid D (20) in 86% 

yield. Alternatively, if the photoredox-catalysed cycloaddition was run for an extended period, 

it was noticed that endoperoxide 25 gradually formed and could be isolated in 60% yield (as a 

single diastereomer). This experimental observation suggests the photoredox-catalysed [2+2] 

cycloaddition of 24 is reversible. Indeed, subjecting pure cyclobutane 24 to the reaction 

conditions gave endoperoxide 25 in 71% yield with inversion of the relative configuration at 

C-11. Treatment of 25 with TBAF then gave nyingchinoid B (19) in excellent yield, 

presumably through dearomatisation of the intermediate phenoxide anion in line with the 

biosynthetic proposal. Treatment of nyingchinoid B (19) with TFA prompted an acid-catalysed 

rearrangement to nyingchinoid A (18), isolated in 58% yield. The synthesis of 18 and 19 could 

also be telescoped into one-pot procedures starting from chromene 23, providing 18 and 19 in 

53% and 61% yield, respectively. 

 

 

 

 

 

 

 

 

 

Scheme 6. Biomimetic synthesis of nyingchinoids A (18), B (19) and D (20)17 

 

Following the successful biomimetic synthesis of nyingchinoids A (18), B (19) and D (20), 

George and co-workers proposed a structural revision of the related natural product 
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rasumatranin D (26a).19 Based on comparison of the NMR spectra of the natural product to that 

of nyingchinoid A (18), they proposed that the substitution pattern of the phenol and relative 

configuration at C-11 of rasumatranin D (26a) should be reassigned to structure 26b (Scheme 

7A). Furthermore, the co-isolation of the natural product 27 alongside rasumatranin D 

suggested a common chromene biosynthetic precursor bearing the same aromatic substitution 

pattern as the nyingchinoids. The structural revision of rasumatranin D was thus validated 

through its biomimetic synthesis (Scheme 7B),17 which commenced with the photoredox-

catalysed aerobic [2+2+2] cycloaddition of chromene 28 to give endoperoxide 29. Treatment 

of 29 with TBAF then gave nyingchinoid B analogue 30 (likely an undiscovered natural 

product), which was treated with TFA to give revised rasumatranin D (26b). Alternatively, 26b 

could be prepared in a one-pot procedure from 28 in 49% yield. The spectroscopic data for 26b 

was in excellent agreement with that of the natural product, confirming the structural revision. 

Scheme 7. (A) Proposed structural revision of rasumatranin D; (B) Biomimetic synthesis of 

revised rasumatranin D (26b)17 
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1.1.1.5 Brevianamide A 

Recently, Lawrence and co-workers reported the total synthesis of (+)-brevianamide A (31a),20 

which featured a key bioinspired cascading transformation of the linearly fused (+)-

dehydrodeoxybrevianamide E (32) into the topologically complex bridged-spiro-fused 

structure of the natural product. Brevianamide A (31a), and its diastereomeric counterpart 

brevianamide B (31b), were originally isolated in 1969 from the fungus Penicillium 

brevicompactum, and were the first known bicyclo[2.2.2]diazaoctane alkaloids.21 However, 

despite over five decades of research, (+)-brevianamide A (31a) has remained an elusive target 

for chemical synthesis, although several syntheses of the minor diastereomer, brevianamide B 

(31b), have been disclosed.22–28 By considering the biosynthetic origins of (+)-brevianamides 

A (31a) and  B (31b) and proposing a hypothetical biosynthesis that built upon the pioneering 

work of other research groups,29,30 Lawrence and co-workers were able to achieve the first total 

synthesis of the former, 50 years after its discovery. Key to their proposal and subsequent 

success was the identification of (+)-dehydrodeoxybrevianamide E (32), a known natural 

product isolated from various Penicillium and Aspergillus species.31–33 It was postulated that 

(+)-dehydrodeoxybrevianamide E (32) could undergo a diastereoselective oxidation on the 

indole nuclues to give 33, which after subsequent stereospecific [1,2]-alkyl shift and a 

tautomerisation would form azadiene 34 (Scheme 8). Azadiene 34 would then be primed to 

undergo a diastereoselective intramolecular hetero-Diels-Alder cycloaddition, a reaction 

widely implicated in the synthesis of other bicylco[2.2.2]diazaoctane alkaloids.29,30 Based on 

literature evidence,34 it was postulated that the proposed intermediate 33 would likely undergo 

5-exo-trig cyclisation to pentacyclic tautomer 35a. However, as 35a is not a known natural 

product, it was presumed that its formation would not represent a biosynthetic dead-end, and 

instead 35a could undergo retro-cyclisation to reform 33.  
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Scheme 8. Proposed biosynthesis of brevianamides A (31a) and B (31b)20 

 

The synthesis of the postulated biosynthetic precursor (+)-dehydrodeoxybrevianamide E (32) 

commenced with phthaloyl protection of commercially available L-tryptophan methyl ester 

(36) to give ester 37 (Scheme 9).20 Crude ester 37 was subjected directly to Danishefsky’s 

reverse prenylation conditions using B-prenyl-9-borabicyclo[3.3.1]nonane to afford 38, which 

was then converted to lithium carboxylate 39 upon treatment with lithium chloride in DMF, 

and subsequently subjected to a one-pot acyl chloride formation and imine acylation reaction 

with dehydroproline 40 to give N-acyl enamine 41. Deprotection of the phthaloyl group in 41 
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was achieved using ammonia in methanol, prompting spontaneous cyclisation to give (+)-

dehydrodeoxybrevianamide E (32) in 49% yield over three steps. The key biomimetic 

oxidation of 32 was accomplished using m-CPBA to give 35a/b as a diastereomeric mixture 

(d.r. 36:64, respectively), which indeed exist in their pentacyclic tautomeric forms. 

Diastereomer 35a was then exposed to lithium hydroxide in water at ambient temperature, 

remarkably giving (+)-brevianamides A (31a) and B (31b) in good yield, presumably via the 

domino retro-5-exo-trig/[1,2]-alkyl shift/Diels-Alder reaction sequence outlined in the 

biosynthetic proposal. The reaction overwhelmingly favoured the formation of (+)-

brevianamide A (31a) over B (31b) (d.r. 93:7, respectively), which closely matched the ratio 

observed when they were isolated from Penicillium brevicompactum,35 lending credence to the 

biosynthetic proposal and implying that the final Diels-Alder step may occur naturally without 

direct enzyme participation. Indeed, detailed biosynthetic studies on the brevianamide A gene 

cluster, reported recently by Williams, Sherman, Li and co-workers, supports a spontaneous, 

non-enzymatic, biosynthetic Diels-Alder reaction.36 
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Scheme 9. Biomimetic synthesis of brevianamides A (31a) and B (31b)20 
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2.1 Introduction 

2.1.1 Pterocellins A and B 

In 2003, Prinsep and co-workers reported the isolation of two novel alkaloids, pterocellin A 

(42) and B (43), from the marine bryozoan Pterocella vesiculosa, collected off the coast of 

Aotearoa New Zealand (Figure 1).37 Structural elucidation of 42 and 43 was achieved through 

detailed spectroscopic analysis in conjunction with single-crystal X-ray diffraction of the 

former. It was reported that pterocellins A (42) and B (43) possess a novel heterocyclic nucleus, 

namely the pyrido[4,3-b]indolizine-5,7-dione ring system (blue). The bioactivity of 42 and 43 

was also evaluated, and they both exhibited antitumor and antimicrobial activity in vitro. The 

observed antitumor activity was particularly strong, prompting evaluation by the National 

Cancer Institute (NCI) in their 60-cell line panel, which revealed that 42 and 43 both possess 

potent cytotoxicity with overall panel average GI50 values in the low micromolar range. 

However, this potent cytotoxicity was not maintained in vivo, whereby pterocellin A (42) only 

showed modest activity in the mouse hollow fibre assay at the NCI. 

 

 

 

 

 

Figure 1. Pterocellins A (42) and B (43) 

 

2.1.2 Further pterocellins 

Prinsep and co-workers later disclosed the isolation of further pterocellins C-F (44-47), also 

from Pterocella vesiculosa (Figure 2).38 Pterocellins C (44) and D (45) were identified as C-8 

alkylated analogues of pterocellin A (42), whereas E (46) and F (47) are dimers of 42. The 

possibility that pterocellins E (46) and F (47) were artifacts of isolation was discounted based 

on the observation that both were consistently present in different extracts, even when 

alternative extraction methods and eluent systems were used. Furthermore, pterocellin A (42) 

appeared to be very stable in solution, whereby no apparent change in the 1H NMR spectrum 

occurred after heating samples of the natural product in CD2Cl2 or CDCl3 for several days. 
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Interestingly, pterocellins C-F (44-47) only displayed modest cytotoxicity in vitro, which 

contrasts with 42 and 43, suggesting that H-8 may be crucial for the observed bioactivity in the 

latter two. 

 

 

 

 

 

 

 

 

 

Figure 2. Pterocellins C-F (44-47) 

 

2.1.3 Total synthesis of pterocellin A by Kelly and co-workers 

Intrigued by the novel structure and bioactivity of the pterocellins, Kelly and co-workers 

reported a total synthesis of pterocellin A (42) (Scheme 10).39 The convergent synthesis relied 

upon coupling of pyridines 48 and 49, the former derived from commercially available kojic 

acid (50). Methylation of kojic acid (50) gave 51, which was heated with ammonium hydroxide 

to give, after protection and oxidation, pyridine-2-carbaldehyde 48. Pyridine 49 was readily 

prepared in two steps from commercially available 52; MOM protection gave 53, which was 

subjected to a Kumada cross-coupling40 with isobutylmagnesium bromide to give 49. Selective 

MOM-directed lithiation41 of 49 using tert-butyllithium enabled regioselective coupling with 

48, providing 54 in 44% yield over two steps after oxidation of the intermediate benzylic 

alcohol. Deprotection of the MOM group in 54 gave pyridinol 55, which was subsequently 

converted to triflate 56. Facile removal of the PMB group in 56 gave pyridone 57, when treated 

with K2CO3 and 18-crown-6 prompted an intramolecular SNAr cyclisation to give pterocellin 

A (42).  
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Scheme 10. Total synthesis of pterocellin A (42) by Kelly and co-workers39 

 

Kelly and co-workers’ total synthesis of pterocellin A (42) very much conforms to the 

traditional step-wise synthesis model. Their synthesis was achieved in 10 linear steps with an 

overall yield of 1.7%. Of these 10 steps, seven were simple protecting group manipulations or 

functional group interconversions. Furthermore, the linear nature of the synthesis is not 

particularly amenable to the preparation of novel analogues for SAR studies. Provided this, in 

addition to their reported bioactivity, we pursued an alternative synthesis of the pterocellins, 

specifically A (42) and B (43). In view of our ongoing interest in biomimetic synthesis,42–45 we 

incorporated biosynthetic considerations into our synthesis plan. 
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2.2 Results and Discussion 

2.2.1 Biosynthesis of the pterocellins 

While an established biosynthesis of a natural product is desirable in planning a biomimetic 

route, no such biosynthesis was proposed in the isolation report for the pterocellins.37,38 In lieu 

of this information, we sought to develop our own biosynthetic hypothesis. In doing so, we 

first considered what other natural products had also been isolated from Pterocella vesiculosa 

and other bryozoan species found in the waters around Aotearoa New Zealand. 

2.2.1.1 Natural products isolated from Aotearoa New Zealand bryozoa 

Besides the pterocellins, only two other natural products have been isolated from Pterocella 

vesiculosa, namely brominated β-carbolines 58 and 59 (Figure 3).46,47 Several other simple β-

carbolines (60-67) have also been isolated from the related bryzoan Cribricellina cribraria.48,49 

Other natural products isolated from Aotearoa New Zealand bryozoa include homarine (68) 

(also from Cribricellina cribraria),49 amathaspiramides 69-74 (from Amathia wilsoni),50 

euthyroideones 75-77 (from Euthyroides episcopalis),51 and the tripeptide janolusimide B (78) 

(from the invasive Bugula flabellata).52  
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Figure 3. Natural products from Aotearoa New Zealand bryozoa46–52 

 

Of the identified natural products isolated from Aotearoa New Zealand bryozoa, the β-

carbolines are most structurally similar to the pterocellins. One can envision the tricyclic 

nucleus of the pterocellins as a reorganised β-carboline skeleton, with the ‘eastern’ azapyrido 

unit (blue) intact and a rearranged ‘western’ arene (red) (Scheme 11). Provided this structural 

similarity, in addition to the ubiquitous presence of β-carboline natural products, it seems 

plausible that the pterocellins could be biosynthetically derived from a β-carboline.  
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Scheme 11. Plausible biosynthetic relationship between β-carboline and pterocellin skeletons 

 

2.2.1.2 Proposed biosynthesis of the pterocellins 

Having proposed that the pterocellins could be biosynthetically derived from a β-carboline, a 

mechanistic rationale had to be drawn to support this hypothesis (Scheme 12). In line with the 

substitution pattern of pterocellins A/B, we identified 6-OMe-7-OH β-carboline 79 as a 

potential biosynthetic precursor. Oxidation of 79 would give oxonium 80, which could be 

trapped by water to give 81, representing an oxidative dearomatisation. A second addition of 

water in an oxa-Michael fashion would then give vicinal diol 82 (path a). Oxidative C-C bond 

cleavage of vicinal diol 82, a biosynthetically viable transformation,53–56 would give E-

enaminone 83. Isomerisation to Z-enaminone 84, enabled through tautomerisation, would then 

allow an intramolecular dehydrative cyclisation to proceed, yielding the natural product 

pterocellin A/B. Alternatively, 81 could undergo a [1,2]-shift, a rearrangement commonly 

observed with the indole nucleus,57 to give spirocycle 85. From 85, N-oxidation (not shown) 

followed by a formal [1,2]-C,N shift58,59 would generate dihydro-pterocellin 86 (path b). 

Spirocycle 85 could also undergo an intramolecular aza-Michael reaction to give highly 

strained aziridine 87, which may readily collapse via a retro-carba-Michael reaction, also 

yielding dihydro-pterocellin 86 (path c). One can then envisage that 86 could easily be oxidised 

to the natural product, perhaps even via a spontaneous autoxidation. 
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Scheme 12. Biosynthetic proposal for the formation of pterocellin A/B from β-carboline 79 

 

Our biosynthetic proposal identifies 6-OMe-7-OH β-carboline 79 as the precursor of 

pterocellin A/B. However, a survey of the literature revealed that 6,7-dioxy β-carbolines are 

quite rare in Nature, with only 12 reported examples.60 In contrast, the 6- and 7-oxy 

monosubstituted analogues are much more prevalent, with 103 and 52 representative natural 

products, respectively.60 It is therefore possible that the pterocellins may in fact be derived from 

a monooxy β-carboline, with the second oxy-group incorporated during the biosynthesis (this 

will be discussed subsequently where appropriate). Provided this information, in addition to 

the difficulty of preparing 6,7-dioxy β-carbolines (vide infra, section 2.2.6), we decided to 

begin our investigation into a biomimetic of synthesis of the pterocellin A/B from the 

corresponding monooxy counterparts of 79, specifically 6-OMe 88 and 7-OH 89 (Scheme 13). 
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Scheme 13. Possible biosynthetic precursors of the pterocellins 

 

2.2.2 Synthesis of 6-OMe β-carboline 90 

Of the 6-OMe and 7-OH β-carboline derivatives, we chose to begin our investigations with the 

former, simply due to ease of preparation. We also decided to target pterocellin A (42) over B 

(43), as it was predicted that the benzyl substituent in the latter may interfere with the initial β-

carboline dearomatisation. The synthesis of the corresponding β-carboline, 1-i-Bu-6-OMe 90, 

was therefore required. 

The classic synthetic method for the preparation of β-carbolines involves the Pictet-Spengler 

reaction61 of a tryptamine and a carbonyl component, followed by oxidation of the resultant 

tetrahydro-β-carboline (Scheme 14). The mechanism of the Pictet-Spengler reaction begins 

with formation of an iminium ion (91), followed by electrophilic addition at the 3-position, in 

accordance with the reactivity of indoles, to give spiroindolenine 92. After [1,2]-shift of the 

best migratory group, deprotonation gives the TH-β-carboline (93), which can then be oxidised 

to a β-carboline (94). 
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Scheme 14. Pictet-Spengler – oxidation synthesis of β-carbolines 

 

6-OMe β-Carboline 90 was readily prepared following the Pictet-Spengler – oxidation 

sequence (Scheme 15). Commercially available 5-OMe tryptamine•HCl (95) reacted with 

isovaleraldehyde (96) under standard Pictet-Spengler conditions62 to give crude TH-β-

carboline 97, which was dehydrogenated using Pd/C in refluxing toluene providing β-carboline 

90 in 70% yield over two steps. 

 

Scheme 15.  Synthesis of 6-OMe β-carboline 90 

 

2.2.3 Oxidative dearomatisation of 6-OMe β-carboline 90 

The first step of our biosynthetic proposal requires the dearomatisation of the β-carboline 

nucleus. In deciphering how to achieve this, we considered possible biogenetic conditions. A 

literature search revealed a study by Chae and Ham,63 who found that a number of β-carboline 

alkaloids were capable of producing singlet oxygen (1O2) through a sensitisation mechanism 

(Scheme 16). Upon irradiation with purple light (λ ~ 354 nm), the β-carbolines underwent 

photoexcitation and reaction with molecular oxygen to form singlet oxygen. The production of 

singlet oxygen was detected and quantified using the imidazole - p-nitrosodimethylaniline 
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(RNO) method described by Kraljić and Mohsni.64 This method correlates the production of 

singlet oxygen to the photobleaching of RNO as followed spectrophotometrically at 440 nm. 

However, as singlet oxygen does not react directly react with RNO, the addition of histidine 

(98) is required, which acts as a trans-annular peroxide intermediate (99). Peroxide 

intermediate 99 then reacts with RNO, forming p-nitrodimethylaniline (100), resulting in a 

decrease in the RNO absorbance spectrum which is used to quantify singlet oxygen production.  

 

 

 

 

 

 

 

Scheme 16. Production of singlet oxygen by photoexcitation of β-carbolines63 

 

Provided Chae and Ham’s report that β-carbolines are capable of photochemically producing 

singlet oxygen, a reactive oxygen species, it could be possible that subsequent reaction between 

the two could take place. Furthermore, considering singlet oxygen is widely implicated in the 

biosynthesis of many natural products,65 we decided to explore the possibility of a singlet 

oxygen mediated dearomatisation of 6-OMe 90. 

 

2.2.3.1 Singlet oxygen 

Singlet oxygen is the first excited electronic state of molecular oxygen, lying 94 kJ mol-1 above 

the triplet ground state (3O2).
66  As a kinetically unstable form of molecular oxygen, singlet 

oxygen is highly reactive towards a large variety of electron rich substrates (Scheme 17A). For 

example, singlet oxygen reactions encompass the formation of endoperoxides from Diels-

Alder reactions, dioxetanes from [2+2] cycloadditions, and hydroperoxides from alkenes and 

phenols.65,66 Synthetically, singlet oxygen is easily produced via the irradiation of a 
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photosensitiser in the presence of oxygen (Scheme 17B). After irradiation and excitation, the 

photosensitiser can react with the ground state oxygen resulting in formation of excited singlet 

state oxygen and regeneration of the ground state photosensitiser.65,66 

 

 

 

 

 

 

 

 

Scheme 17. (A) Reactions and (B) photochemical production of singlet oxygen 

 

Following the [2+4] Diels-Alder reactivity of singlet oxygen, a plausible mechanism for the 

formation of pterocellin A (42) from 6-OMe β-carboline 90 can be drawn (Scheme 18). The 

initial [2+4] cycloaddition between 90 and singlet oxygen could give strained endoperoxide 

101, which, in the presence of base, could undergo a Kornblum-DeLaMare rearrangement67 to 

give p-quinol 102, a key intermediate in our biosynthetic proposal. 
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Scheme 18. Proposed formation of pterocellin A (42) from 90 and singlet oxygen 

 

2.2.3.1.1 Attempted singlet oxygen dearomatisation of 6-OMe β-carboline 90 

With a plausible mechanism outlined, the reaction between 6-OMe 90 and singlet oxygen was 

explored (Table 1). Given the aforementioned ability of β-carbolines to photochemically 

produce singlet oxygen,63 we first tried the reaction in the absence of an external 

photosensitiser. A solution of 90 in methanol was saturated with oxygen gas and irradiated with 

a desk lamp (entry 1). Unfortunately, no reaction was observed (by TLC and NMR 

spectroscopy) after five hours, and unreacted 90 was returned. To more closely match the light 

source wavelength used in Chae and Ham’s study (λ ~ 354 nm),63 we trialled the reaction with 

blue LED lights (λ ~ 450 nm), however, again, no reaction was seen, even on heating (entries 

2 and 3). We next conducted the reaction with the addition of the common photosensitisers 

rose bengal and methylene blue. However, upon irradiation with a desk lamp, 90 was still 

completely unreactive (entries 4 and 5). When generating singlet oxygen photochemically 

using a photosensitiser, it is common practice to use a light source with a wavelength that 

matches the absorption spectrum of the photosensitiser. This is to maximise singlet oxygen 

quantum yield and minimise photobleaching of the sensitiser.68 For example, rose bengal (λmax 

= 562 nm)69 is commonly paired with green light (λ ~ 550 nm), and methylene blue (λmax = 668 

nm)70 with red light (λ ~ 650 nm). We therefore retried the rose bengal and methylene blue 

catalysed reactions using green LED and red LED lights, respectively (entries 6-8). 

Unfortunately, this was ineffective, and still no reaction was observed.  
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Table 1. Attempted singlet oxygen dearomatisation of 90 

 

 

entry sensitiser (mol%) hν source temp. (℃) outcome 

1 - desk lamp (white light) 0 → r.t. no rxn 

2 - blue LED 0 → r.t. no rxn 

3 - blue LED reflux no rxn 

4 rose bengal (1) desk lamp (white light) 0 → r.t. no rxn 

5 methylene blue (8) desk lamp (white light) 0 → r.t. no rxn 

6 rose bengal (1) green LED r.t. no rxn 

7 methylene blue (8) red LED r.t. no rxn 

8 rose bengal (1) green LED reflux no rxn 

 

In light of these results, we pondered whether 6-OMe 90 was completely unreactive towards 

singlet oxygen, or perhaps singlet oxygen was not even being generated under our reaction 

conditions. Therefore, we took a known singlet oxygen mediated transformation,71 namely the 

conversion of furfural (103) to furanone 104 and attempted to replicate it (Scheme 19). A 

solution of furfural (103) was irradiated with green LED lights in the presence of rose bengal 

under an atmosphere of oxygen for five hours. Quantitative conversion to furanone 104 was 

observed, confirming singlet oxygen is indeed produced in our reaction set-up, indicating 6-

OMe 90 is simply unreactive towards singlet oxygen under the conditions described in Table 

1. Considering this, we investigated alternative oxidative dearomatisation methods. 

 

 

 

 

Scheme 19. Conversion of furfural (103) to furanone 104 
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2.2.3.2 Hypervalent iodine 

With the increasing impetus for developing greener synthetic process, hypervalent iodine 

reagents have gained much attention in recent years, constituting environmentally benign 

alternatives to more traditional heavy metal-based oxidants.72 Iodine(III) and iodine(V) 

derivatives, i.e. λ3-iodanes and λ5-iodanes, respectively, are now routinely used in organic 

synthesis due to their strong electrophilicity and valuable oxidising properties.73 The reactivity 

pattern characteristic of hypervalent iodine reagents stems from the large size of the iodine 

atom.74 The interatomic π-bonding common in compounds of light main group elements is not 

observed in polyvalent iodine compounds. Instead, a linear, three-centre-four-electron (3c, 4e) 

bond (L-I-L) is formed through overlap of the 5p orbital on iodine with the orbitals on the two 

ligands (L). The 3c-4e bond, commonly called the ‘hypervalent bond’, is highly polarised and 

weaker and longer than a regular covalent bond and thus imparts the observed reactivity of 

hypervalent iodine compounds. 

Hypervalent iodine reagents, in particular phenyliodine(III) diacetate (PIDA) and 

phenyliodine(III) bis(trifluoroacetate) (PIFA), are widely used to achieve oxidation and 

subsequent functionalisation of phenols and other electron rich arenes.72,75 The oxidation of the 

former proceeds with formation of an aryl-λ3-iodane intermediate (105) (Scheme 20A). Two 

prevailing pathways have been suggested for subsequent dearomative functionilsation.76 An 

associative pathway, which involves direct ortho and/or para nucleophilic attack on to 

intermediate 105 to give 106 and/or 107, respectively. Alternatively, a dissociative mechanism 

involves formation of phenoxenium ion 108 first, followed by nucleophilic addition to give 

106 and/or 107.  

Whereby the hypervalent iodine mediated oxidation of phenols is typified by two-electron-

transfer processes, these reagents are also known to act as efficient single-electron transfer 

(SET) oxidising agents for other electron-rich aromatic compounds, such as aryl ethers.75,77 

Such SET oxidations proceed through the formation of a charge-transfer (CT) complex (109) 

to give a radical cation intermediate (110), which can be quenched by an appropriate 

nucleophile to give disubstituted arenes (111 and/or 112) (Scheme 20B). 
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Scheme 20. Hypervalent iodine(III) (A) two-electron oxidation of phenols76 and (B) SET-

oxidation of aryl ethers75,77 

 

Upon tracing these mechanisms onto 6-OMe 90, a plausible route to p-quinol 102, a postulated 

intermediate in our biosynthetic proposal, can be drawn (Scheme 21). SET-oxidation of 6-OMe 

90 would give radical cation 113, which could be quenched by water to give 6-OMe-7-OH 114. 

Phenol 114 could then undergo a direct two-electron oxidation, ideally in one-pot, to give aryl-

λ3-iodane 115. A second addition of water, via either an associative or dissociative pathway, 

would furnish p-quinol 102. 
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Scheme 21. Proposed hypervalent iodine(III) mediated oxidation of 6-OMe 90 

 

2.2.3.2.1 Hypervalent iodine dearomatisation of 6-OMe 90 

We commenced our investigation into a hypervalent iodine(III) mediated dearomatisation of 

6-OMe 90 using PIFA in an acetonitrile – water solvent mixture (Scheme 22). Upon addition 

of PIFA to a solution of 90 at 0 ℃, the reaction mixture immediately became bright red in 

colour with concomitant precipitation of a dark red solid. After one hour, quantitative 

conversion to a more polar product was observed (TLC), although isolation and 

characterisation of this new product proved difficult due to its instability. Upon attempted 

extraction and/or column chromatography on silica gel, rapid degradation was evident. Enough 

material of adequate purity could be isolated, however, via simple filtration and collection of 

the precipitated solid. Unfortunately, the general instability of this species, particularly in 

solution, precluded full characterisation by NMR spectroscopy, and only a crude 1H NMR 

spectrum could be obtained before degradation became apparent. From this, in addition to the 

mass spectrometry data, o-benzoquinone 116 has been proposed as a tentative structure. The 

instability and colour of 116 supports this assignment, whereby benzoquinones, in particular 
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o-benzoquinones, are widely cited to be unstable, coloured solids.78 Furthermore, the direct 

oxidation of monomethoxyarenes to o-benzoquinones using PIFA has been reported 

previously.79 

 

 

 

Scheme 22. Synthesis of o-benzoquinone 116 

 

Mechanistically, the formation of o-benzoquinone 116 from 90 could proceed as depicted 

(Scheme 23), commencing with SET-oxidation to give radical cation 113. Following the 

addition of water to give radical 117, a second SET-oxidation by the dispelled iodanyl radical 

would give cation 118, which could be readily deprotonated to give 5-OH-6-OMe 119. A direct 

two-electron oxidation of 119 could give quinone oxonium 120 via intermediate 121. A 

dissociative pathway, proceeding through phenoxenium ion 122 is also plausible. Hydrolysis 

of 120 would then generate o-benzoquinone 116.  
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Scheme 23. Mechanism for the formation of o-benzoquinone 116 

 

The formation of o-benzoquinone 116 implies that upon SET-oxidation 113 succumbs to ortho 

addition onto the 5-position, as opposed to the desired 7-position (Scheme 24). Provided the 

tentative assignment of unstable o-benzoquinone 116 however, we deemed it necessary to 

provide further evidence to verify this reactivity. Therefore, we decided to attempt the 

oxidation of 90 in the presence of an alternative nucleophile, namely methanol, in the hope of 

isolating a stable product amenable to full characterisation.  
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Scheme 24. Apparent reactivity of radical cation 113 

 

Consequently, 6-OMe 90 was treated with PIFA in methanol, and, after 30 minutes, complete 

consumption of the starting material was observed (TLC) (Scheme 25). After aqueous work-

up and purification by column chromatography on silica gel, a stable orange solid was isolated, 

the structure of which was confirmed as trimethoxy 123 by X-ray crystallography. 

Interestingly, if the reaction was left to run overnight, complete consumption of 123 was 

observed along with concomitant formation of dimethoxy 124 and masked o-benzoquinone 

(MOB) 125, which were isolated in 18% and 51% yield, respectively. Repeating the reaction 

using PIDA instead of PIFA simply gave the same product distribution with comparable yields.  

 

Scheme 25. Synthesis of 123, 124 and 125 
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A plausible mechanism for the formation of 123, 124 and 125 is outlined (Scheme 26). 

Following SET-oxidation of 90 to give radical cation 113 the addition of methanol would give 

radical 126. Radical 126 could then be further oxidised by the iodanyl radical to cation 127, 

which could succumb to a second addition of methanol to give trimethoxy 123. The direct 

radical coupling of 126 with a methoxy radical, generated by homolysis of λ3-iodane 

intermediate 128,80,81 is also a plausible pathway to trimethoxy 123. From 123, TFA promoted 

expulsion of methanol and aromatisation gives dimethoxy 124 (path a). Alternatively, 123 

could undergo a second reaction with PIFA, this time on the indole nitrogen,59 to give 129 

(path b). Deprotonation, driven by the loss of iodobenzene and TFA, followed by acid catalysed 

tautomerisation yields oxonium 130, that upon aqueous work-up hydrolyses to give MOB 125. 

Scheme 26. Mechanism for the formation of 123, 124 and 125 
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The formation of 123, 124, and 125 confirms that, upon oxidation with PIFA or PIDA, 90 

reacts with nucleophiles to give 5,6-substituted derivatives, as opposed to desirable 6,7-

substituted compounds. In the interest of probing this reactivity, we decided to try oxidising 90 

in a non-nucleophilic solvent to preform radical cation 113, then quenching the reaction with 

water. PIFA was therefore added to a cooled solution of 6-OMe 90 in dichloromethane 

(Scheme 27). A saturated solution of sodium bicarbonate in water was then added after ten 

minutes to quench the reaction. Unfortunately, a complex crude mixture was afforded. It was 

found, however, if the reaction was left to stir for an extended period, gradual formation of a 

highly polar product was observed (TLC). After aqueous work-up and purification on silica 

gel, this new product was isolated as a red solid and characterised. Detailed NMR analysis 

suggested this new product was p-benzoquinone 131, which, interestingly bears the same 

molecular formula as pterocellin A (42). The reaction was also tested with PIDA and 

surprisingly 131 was not formed. Instead triacetyl masked p-benzoquinone (MPB) 132 was 

isolated, the structure of which was confirmed by X-ray crystallography. To verify our 

assignment of p-benzoquinone 131, a sample of MPB 132 was taken and subjected to standard 

deacetylation conditions, which indeed gave 131 after 30 minutes.  

Scheme 27. Synthesis of p-benzoquinone 131 and MPB 132 

 

A tentative mechanism for the formation of 131 and 132 from 90 is presented (Scheme 28). 

After SET-oxidation to give radical cation 113, addition of the liberated acetate ion would give 

radical 133, which, after a second SET oxidation to cation 134, could succumb to addition of 

a second liberated acetate ion to give dearomatised 135. From 135, N-iodination would give 

activated 136, prompting formation of imine 137. A final acetate addition would then give 

acetal 138, which after another PIFA/PIDA mediated oxidation (presumably via N-iodination 
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again) affords oxonium 139. When using PIFA, the more labile trifluoroacetate groups are 

readily hydrolysed to give p-benzoquinone 131 upon work-up. With PIDA however, the 

diacetyl acetal unit survives the work-up, and only the oxonium functionality is hydrolysed. N-

acetylation also occurs when using PIDA, a previously documented reaction,82 providing MPB 

132 as the end-product. 

 

Scheme 28. Mechanism for the formation of p-benzoquinone 131 and MPB 132 
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Unfortunately, our investigations into the hypervalent iodine mediated dearomatisation of 6-

OMe 90 did not provide us with any useful intermediates for our pursuit of pterocellin A (42). 

However, we were able to successfully dearomatise 6-OMe 90 easily, in the process preparing 

several oxidised β-carboline derivatives, including p-benzoquinone 131, a structural isomer of 

pterocellin A (42) (Scheme 29). Encouraged by these results, we continued exploring the 

oxidative dearomatisation of 6-OMe 90 using alternative oxidants. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 29. Products of PIFA/PIDA mediated oxidation of 6-OMe 90 

 

2.2.3.3 Other oxidants 

Our continued exploration into the oxidative dearomatisation of 90 focused upon the use of 

oxidants in water, in line with physiological conditions (Table 2). Potassium 

monoperoxysulfate, or Oxone, is a water-soluble oxidant used to perform a variety of 

transformations,83 including oxidative deraromatisations.84–86 Upon treating a buffered solution 

of 6-OMe 90 in aqueous acetonitrile with Oxone, only N-oxide 140 was formed however (entry 

1), with structural confirmation from XRD analysis. We next trialled ceric ammonium nitrate 

(CAN)87 as an oxidant, which simply resulted in gradual degradation of 90, with no discernible 

product(s) formed (entry 2). In contrast, 90 was completely unreactive towards Frémy’s salt,88 
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even upon heating (entry 3). Moving away from water soluble oxidants, we trialled other 

reagents capable of oxidising electron rich arenes. No reaction was observed using 

salcomine/oxygen89 (entry 4) and m-CPBA90 simply afforded N-oxide 140 in 75% yield (entry 

5). Finally, lead(IV) tetraacetate (LTA)91 caused complete degradation of 90 after 18 hours 

(entry 6). 

 

Table 2. Attempted oxidations of 6-OMe 90 

entry oxidant (eq.) solvent temp. (℃) time 

(h) 

outcome 

1a Oxone (5.0) MeCN:H2O (1:1) 0 → r.t. 25 140 (28%) 

2 CAN (1.5) MeCN:H2O (1:1) 0 → r.t. 23 degradation 

3 Frémy’s salt (3.4) phosphate buffer:THF 

(1:1) 

0 → 60 31 no rxn 

4 salcomine (0.15)/O2 MeCN r.t. → reflux 24 no rxn 

5 m-CPBA (2.0) CH2Cl2 r.t. 2 140 (75%) 

6 LTA (2.0) CH2Cl2 0 → r.t. 18 degradation 

aNaHCO3 (15 eq.) added 

 

Following these results, we decided to move on from the oxidative dearomatisation of 6-OMe 

90 and turned our attention towards our other proposed biosynthetic precursor, 7-OH β-

carboline 141. 
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2.2.4 Synthesis of 7-OH β-carboline 141 

Our preparation of 7-OH β-carboline 141 followed the same Pictet-Spengler – oxidation 

sequence as for 6-OMe 90. However, given the corresponding 6-oxy tryptamine was not 

commercially available, its synthesis was required. Our synthesis commenced from benzyl 

protected 6-oxyindole 142, whereby the benzyl protecting-group would be removed by 

hydrogenolysis at the end of the synthesis (Scheme 30A). From 6-benzyloxyindole (142), 

Vilsmeier-Haack formylation92 supplied indole-3-carbaldehyde 143 in 82% yield. Subsequent 

Henry reaction93 gave nitro-vinyl indole 144, which was reduced with lithium aluminium 

hydride to tryptamine 145. Pictet-Spengler reaction of 145 with isovaleraldehyde (96) gave 

TH-β-carboline 146 in 75% yield. TH-β-carboline 146 was then subjected to the Pd/C 

dehydrogenation conditions in a round-bottom flask (RBF) with a reflux condenser attached, 

giving the expected product 147 in 75% yield. Interestingly, debenzylated 141 was also isolated 

in 10% yield. It was found that if the reaction was run in a sealed tube, 141 was almost 

exclusively formed, with only trace 147 detected, circumventing the need for a final 

deprotection step.  

Considering the mechanism of the Pd dehydrogenation94,95 (Scheme 30B), it is perhaps 

unsurprising that debenzylated 141 was isolated, and its yield increased when the reaction was 

performed in a sealed tube. The dehydrogenation begins with oxidative addition of Pd0 into the 

benzylic C-H’s of TH-β-carboline 146 to give 148. Subsequent β-hydride elimination –

reductive elimination gives aromatised β-carboline 147, regenerated Pd0, and two equivalents 

of hydrogen gas. Oxidative addition of Pd0 into the C-O benzyl ether bond gives 149, which is 

followed by coordination and transfer of the liberated hydrogen gas to facilitate release of 

phenol 141. Reductive elimination then expels toluene and regenerates Pd0. Provided the low 

solubility of hydrogen gas in organic solvents,96 when the reaction was conducted in an RBF 

with a reflux condenser most of the liberated hydrogen would quickly diffuse into the 

headspace of the flask then escape from the reaction set-up altogether. With only a small 

amount of hydrogen gas available to react, 141 was therefore only formed in 10% yield, and 

benzylated 147 was the major product. Conversely, in a sealed tube, the liberated hydrogen gas 

cannot escape the reaction, allowing hydrogenolysis to proceed, therefore affording 

debenzylated 141 as the major product. 
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Scheme 30. (A) Synthesis of 7-OH β-carboline 141; (B) Mechanism of Pd-mediated 

concomitant dehydrogenation – debenzylation 
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2.2.5 Oxidative dearomatisation of 7-OH β-carboline 141 

2.2.5.1 Singlet oxygen 

As per 6-OMe 90, our investigation into an oxidative dearomatisation of 7-OH 141 commenced 

with singlet oxygen. We were particularly intrigued by a report by Coeffard and co-workers,97 

who disclosed the dearomatisation of phenols into epoxyquinols via a photooxygenation 

process (Scheme 31A). Specifically, 2,4-disubstitued phenols (150) were irradiated with green 

LEDs in the presence oxygen, rose bengal and caesium carbonate, affording epoxyquinols 

(151) upon reaction with singlet oxygen. Tracing this reaction onto 7-OH 141 would afford 

epoxyquinol 152 (Scheme 31B). This transformation proceeds with base promoted reaction 

between 141 and photogenerated singlet oxygen to give the peroxide anion 153. An 

intramolecular oxa-Michael type addition then gives dioxetane 154. Subsequent rearrangement 

of dioxetane 154 would then give epoxyquinol 152. From epoxyquinol 152, epoxide opening 

by methanol would generate vicinal diol 155, which could proceed to pterocellin A (42) 

through an oxidative C-C bond cleavage mechanism as outlined previously. 
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Scheme 31. (A) Singlet oxygen mediated dearomatisation of phenols to epoxyquinols;97 (B) 

Proposed formation of pterocellin A (42) from 141 and singlet oxygen 

 

The singlet oxygen mediated dearomatisation of 141 was first attempted using rose bengal with 

green LED irradiation. Unfortunately, as for 6-OMe 90, no reaction was observed (Table 3, 

entry 1). Following Coeffard and co-workers’ work,97 we trialled the addition of 

substoichiometric caesium carbonate (entry 2). However, again, no reaction occurred, leading 

us to try stoichiometric caesium carbonate, which gave a complex crude mixture from which 

the isolation of any discernible product(s) was unsuccessful (entry 3). The possibility that the 

ensuing complex mixture may simply be a result of 141 reacting with the added base, as 

opposed to the photogenerated singlet oxygen, was considered. To test this, we decided to stir 

a solution of 141 with base in the absence of oxygen, rose bengal and external irradiation (entry 

4). Here, no reaction was observed, and the starting material was simply returned, suggesting 

that 141 was indeed reacting with singlet oxygen under the conditions outlined in entry 3. We 

therefore trialled decreasing the reaction temperature, however no reaction was observed up to 

0 ℃ (entry 5). Upon slowly warming the reaction from -78 ℃ to room temperature over 23 
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hours, a complex crude mixture was once again afforded (entry 6). Provided the initial product 

of the singlet oxygen dearomatisation of phenols is an unstable peroxide, we decided to 

introduce a reduction step following the reaction. After completion of the reaction and venting 

of the oxygen gas, one equivalent of triphenylphosphine was added (entry 7). Unfortunately, 

no change in the composition of the crude mixture was noted. Trialling the reaction in a non-

nucleophilic solvent, namely chloroform, also gave a complex mixture (entry 8). Finally, 

methylene blue was used as the photosensitiser (with red LEDs), however, no reaction was 

observed even upon the addition of stoichiometric base (entries 9 and 10). 
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Table 3. Attempted singlet oxygen mediated dearomatisation of 141 

 

entry sensitiser (mol%) base (eq.) hν source temp. (℃) time 

(h) 

outcome 

1 rose bengal  

(1 → 3) 

- green LED r.t. 23 no rxn 

2 rose bengal  

(1 → 2) 

Cs2CO3 (0.15) green LED r.t. 24 no rxn 

3 rose bengal 

(1) 

Cs2CO3 (1.0) green LED reflux 17 complex 

crude mixture 

4a - Cs2CO3 (1.0) - r.t. 18 no rxn 

5 rose bengal 

(1) 

Cs2CO3 (1.0) green LED -78 → 0 7 no rxn 

6 rose bengal 

(1) 

Cs2CO3 (1.0) green LED -78 → r.t. 23 complex 

crude mixture 

7b rose bengal 

(1) 

Cs2CO3 (1.0) green LED -78 → r.t. 24 complex 

crude mixture 

8c rose bengal 

(1) 

Cs2CO3 (1.0) green LED -41 → r.t. 19 complex 

crude mixture 

9 methylene blue 

(10) 

- red LED 24 24 no rxn 

10 methylene blue 

(10) 

Cs2CO3 (1.0) red LED -78 → r.t. 24 no rxn 

aReaction under N2 instead of O2, 
bPPh3 (1 eq.) added at end of reaction and stirring continued under N2 for 

1 h, cCHCl3 as solvent 

 

With the lack of success here, we moved onto exploring hypervalent iodine mediated 

dearomatisations of 7-OH 141. 
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2.2.5.2 Hypervalent iodine 

As always, a plausible mechanism was outlined before proceeding (Scheme 32) (N.B., 

henceforth, for simplification, mechanisms pertaining to hypervalent iodine(III) mediated 

phenol oxidations will be drawn through an associative pathway, although implication of a 

dissociative pathway is also possible). Activation of phenol 141 by PIDA or PIFA would give 

aryl-λ3-iodane intermediate 156. Para-addition of water to 156 would afford p-quinol 157 (path 

a), which could then be oxidised to epoxyquinol 152 and opened with methanol to give vicinal 

diol 155. Alternatively, ortho-addition of methanol to 156 could give, after rearomatisation, 6-

OMe-7-OH 114 (path b). A second PIFA/PIDA mediated oxidation would then give 

intermediate 115, which could succumb to para-addition of water giving p-quinol 102. Vicinal 

diol 155 and p-quinol 115 could then be elaborated to pterocellin A (42) as outlined previously. 

 

Scheme 32. Proposed hypervalent iodine(III) mediated dearomatisation of 7-OH 141 
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We first trialled the hypervalent iodine(III) mediated oxidation of 7-OH 141 under aqueous 

conditions (Scheme 33). Upon addition of PIFA to a solution of 141 in acetonitrile – water, a 

bright red colour quickly developed, and the starting material was consumed within one hour 

(TLC). Unfortunately, no discernible product was formed, and analysis of the crude 1H NMR 

spectrum indicated degradation had occurred. Altering the reaction conditions (i.e., PIDA 

instead of PIFA, varying solvent ratio, addition of sodium bicarbonate) had no effect on the 

outcome, with degradation persistent. The development of a bright red colour during the 

reaction is consistent with that observed during the PIFA mediated oxidation of 6-OMe 90 in 

water, which gave o-benzoquinone 116. Here, it could be possible that a similar reaction is 

occurring, with in situ formation of o-benzoquinones 158 and/or 159 and their instability 

precluding isolation. 

 

Scheme 33. Attempted hypervalent iodine(III) mediated dearomatisation of 141 in water 

 

Continuing, we next attempted the reaction under a variety of anhydrous conditions (Table 4). 

The addition of PIFA to 141 in methanol gave a new product, confirmed as MOB 160 by XRD 

analysis (entry 1). Upon the addition of sodium bicarbonate, the isolated yield of 160 was 

slightly improved (entry 2). Replicating the reaction with PIDA, however, only gave 160 in 

24% yield, with several other unidentified products formed (entry 3). Conducting the reaction 

in dichloromethane afforded a complex crude mixture when using PIFA or PIDA (entries 4 

and 5). Attempts to pre-form the aryl-λ3-iodane intermediate 156 in dichloromethane followed 

by subsequent addition of methanol simply gave MOB 160 in diminished yield, with plenty of 

unreacted starting material recovered (entry 6). We then tested the reaction with PIFA in tert-

butanol, theorising that a bulkier nucleophile may display different reactivity towards oxidised 

141. Unfortunately, the consumption of the starting material in tert-butanol was sluggish with 

no discernible product(s) formed over 25 hours and a complex mixture generated (entry 7). 
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Finally, using PIDA in acetic acid, conditions used to perform acetoxylation of phenols,98 

resulted in rapid degradation of the starting material (entry 8). 

Table 4. Hypervalent iodine(III) mediated dearomatisation of 7-OH 141 

entry PIFA or PIDA (1.5 eq.) solvent temp. (℃) time (h) outcome 

1 PIFA MeOH 0 1 160 (55%) 

2a PIFA MeOH 0 1 160 (60%) 

3 PIDA MeOH 0 1 160 (24%) + 

unidentified 

products 

4 PIFA CH2Cl2 0 → r.t. 24 complex 

crude mixture 

5 PIDA CH2Cl2 0 → r.t. 26 complex 

crude mixture 

6 PIFA CH2Cl2 then MeOH after 20 

mins 

0 1 unreacted SM 

(42%) + 160 

(29%)  

7 PIFA tBuOH 30 25 complex 

crude mixture 

8 PIDA AcOH r.t. 1 degradation 

aNaHCO3 (1.6 eq.) added 

 

The transformation of phenols to MOBs using hypervalent iodine(III) chemistry is a well-

documented reaction,98–100 proceeding as shown (Scheme 34). Oxidation of 141 with 

PIFA/PIDA gives the aryl-λ3-iodane intermediate 156, from which the addition of methanol 

affords 161. Tautomerisation to phenol 162 followed by a second oxidation-methanol addition 

sequence then generates MOB 160. 
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Scheme 34. Mechanism for the formation of MOB 160 

 

With regards to our pursuit of pterocellin A (42), the formation of 7,8-MOB 160 was an 

undesired result, however, the regioisomeric 6,7-MOB 163 could prove useful (Scheme 35A). 

If we were able to alter the reactivity of oxidised 164 to favour 6,7-MOB 163, a plausible route 

to pterocellin A (42) can be envisioned (Scheme 35B). Olefin oxidation of dearomatised 163 

could give vicinal diol 165, which could be further oxidised to dicarbonyl E-166. Isomerisation 

to Z-166, enabled through tautomerisation, followed by an intramolecular reductive amination 

would provide cyclised 167, which after an acid-promoted loss of methanol and aromatisation 

would deliver pterocellin A (42). We pondered whether the formation of 6,7-MOB 163 over 

7,8-MOB 160 could be encouraged sterically, specifically by placing a protecting group on the 

indole nitrogen (Scheme 35C). In theory, a bulky protecting group on the indole nitrogen could 

inhibit addition of methanol onto the 8-position of 168, which would afford 7,8 MOB 169, 

instead favouring addition onto the 6-position leading to 6,7 MOB 170. 
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Scheme 35. (A) Reactivity of oxidised 164; (B) Proposed formation of pterocellin A (42) from 

MOB 163; (C) Possible reactivity of oxidised N-protected 168 
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Consequently, we chose to prepare N-Boc 171 (Scheme 36). Unfortunately, subjecting 141 to 

standard Boc-protection conditions yielded O-Boc 172 selectively. Provided the rate of 

hydrolysis of carbonates is typically greater than that of the corresponding carbamates,101 we 

questioned whether N,O-diBoc 173 could be selectively deprotected to N-Boc 171. N,O-diBoc 

173 was therefore deliberately prepared using two equivalents of di-tert-butyl dicarbonate and 

treated with morpholine in refluxing dichloromethane.102 Indeed, selective aminolysis of the 

O-Boc group ensued to give N-Boc 171 in excellent yield.  

Scheme 36. Synthesis of N-Boc 171 

 

With N-Boc 171 in hand, the hypervalent iodine(III) mediated dearomatisation conditions that 

afforded MOB 160 were applied (Scheme 37). It was noted that N-protected 171 was 

considerably less reactive than 141, and, after five hours, ~40% of the starting material 

remained. However, two new products were identified by TLC, so the reaction was stopped 

and column chromatography on silica gel performed. Unfortunately, upon N-protection, the 

reactivity was unchanged, with N-Boc 7,8-MOB 174 simply isolated, along with a small 

amount of 160, resulting from in situ Boc-deprotection by the liberated TFA. 

 

Scheme 37. PIFA mediated dearomatisation of N-Boc 171 in methanol  
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Although we were able to successfully oxidatively dearomatise 7-OH 141 using hypervalent 

iodine(III) chemistry, the resulting products (160 and 174) were not beneficial towards the 

synthesis of pterocellin A (42). As such, the use of alternative oxidants was explored. 

 

2.2.5.3 Other oxidants 

We first trialled Oxone, which previously resulted in the formation of N-oxide 140 when 

applied to 6-OMe 90. Here, however, under analogous conditions the formation of the 

corresponding N-oxide was not detected (Table 5, entry 1). Instead, a new product was isolated. 

The NMR spectra of this new product indicated the loss of two aromatic carbons and the 

appearance of an up-field carbonyl shift, which was corroborated by the mass spectrometry 

data. Provided the spectroscopic information, pyrone 175 was presented as a tentative structure, 

which was verified by XRD analysis. Interestingly, in the absence of sodium bicarbonate or 

Oxone, 175 was not observed (entries 2 and 3), indicating both are necessary for its formation. 

When the reaction was run in aqueous methanol, in addition to pyrone 175, N-oxide 176 was 

also isolated (entry 4). Alternatively, in anhydrous methanol, only N-oxide 176 was isolated 

alongside unreacted starting material (entry 5). Moving away from Oxone, CAN and Frémy’s 

salt were trialled under aqueous conditions, both of which simply resulted in eventual 

degradation of 141 (entries 6 and 7). Conversely, 141 was unreactive towards 

salcomine/oxygen, m-CPBA and LTA under the conditions outlined (entries 8-10). Similarly, 

benzoyl peroxide, an oxidant shown to dearomatise the related carbazole skeleton,103 showed 

no reactivity towards 141 in refluxing dichloromethane (entry 11). A solvent switch to DMF 

allowed the reaction to be heated further, but unfortunately no reaction was observed before 

benzoyl peroxide’s degradation temperature104 was met (entry 12). Iron(III) chloride, a one-

electron oxidant capable of enacting phenol dearomatisation,105 was also unreactive towards 

141, even on heating and prolonged reaction time (entry 13). Recently, Narayan and Dockrey 

reported a photocatalytic oxidative dearomatisation of phenols, using oxygen as the 

stoichiometric oxidant and photoexcited flavin derivatives as catalytic SET oxidants.106 

Appealed by this report, we applied the disclosed optimised conditions to 141. Unfortunately, 

unreacted starting material was simply recovered upon application of the reaction conditions 

(entry 14). 
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Table 5. Attempted oxidations of 7-OH 141 

entry oxidant (eq.) solvent temp. (℃) time (h) outcome 

1a Oxone (5.0) MeCN:H2O (1:1) 0 → r.t. 24 175 (15%) + 

unreacted SM 

2 Oxone (5.0) MeCN:H2O (1:1) 0 → r.t. 24 no rxn 

3a - MeCN:H2O (1:1) r.t. 19 no rxn 

4a Oxone (5.0) MeOH:H2O (1:1) 0 → r.t. 24 175 (15%) + 176 

(28%) + unreacted SM 

5a Oxone (5.0) MeOH 0 → r.t. 22  176 (28%) 

6 CAN (1.5) MeCN:H2O (1:1) 0 → r.t. 6 degradation 

7 Frémy’s salt 

(1.4) 

phosphate buffer:THF 

(1:1) 

0 → reflux 46 degradation 

8 salcomine 

(0.15)/O2 

MeCN r.t. → reflux 95 no rxn 

9 m-CPBA (4.0) CH2Cl2 0 → r.t. 24 no rxn 

10 LTA (1.1) CH2Cl2 0 → r.t. 19 no rxn 

11 (BzO)2 (1.0)  CHCl3 r.t. → reflux 7 no rxn 

12 (BzO)2 (1.0) DMF r.t. → 90 46 degradation of (BzO)2 

13 FeCl3 (4.0) acetone:H2O (1:1) 0 → 50 22 no rxn 

14b O2 tris buffer:MeOH (1:1) r.t. 24 no rxn 

aNaHCO3 (15 eq.) added, bFMN (0.4 mol%) added, irradiation with blue LEDs 
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The formation of pyrone 175, although an undesired result, warrants discussion. Interestingly, 

175 harbours a novel heterocyclic core, specifically the pyrano[4',3':4,5]pyrrolo[2,3-c]pyridin-

1(9H)-one ring system (Scheme 38, red), with no previously reported natural or synthetic 

products bearing this skeleton. Upon deducing how 175 forms mechanistically, we drew upon 

a report by Viallon and co-workers, who disclosed the conversion of o-benzoquinone 177 to 

pyrone 178, upon treatment with a peracid (magnesium monoperoxyphthalate (MMPP)) and 

potassium bicarbonate in aqueous methanol (Scheme 38A).107 They proposed that the reaction 

proceeded via an initial MMPP promoted Baeyer-Villiger oxidative ring expansion, a well-

known reaction of o-benzoquinones,108,109 to give cyclic anhydride 179. Selective MMPP 

mediated epoxidation of the least hindered C=C bond then affords epoxide 180, which 

undergoes ring opening and rearrangement, prompted by the nucleophilic assistance of the 

methoxy group, to give pyrone 178 after decarboxylation. Applying this mechanism to our 

reaction first necessitates the formation of o-benzoquinone 159  from phenol 141 (Scheme 

38B), a transformation Oxone is known to inact.110 From o-benzoquinone 159, an Oxone 

promoted Baeyer-Villiger reaction gives cyclic anhydride 181. Selective epoxidation, again 

mediated by Oxone,83 provides epoxide 182 which then rearranges to 183, here prompted by 

the electron-rich central pyrrole ring. Finally, decarboxylation yields pyrone 175. 
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Scheme 38. (A) Synthesis of pyrone 178 from o-benzoquinone 177;107 (B) Mechanism for the 

formation of pyrone 175 from 7-OH 141 

 

Our investigations into an oxidative dearomatisation of 7-OH 141 led to some interesting 

results with the formation of MOBs 160 and 174 using hypervalent iodine(III) chemistry and 

pyrone 175 using Oxone. However, as per the products resulting from 6-OMe 90 oxidation, 
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these substrates were unfortunately not useful in our pursuit of pterocellin A (42), bearing 

substitution patterns that could not be traced onto the natural product. As such, we turned 

towards exploring the oxidative dearomatisation of our originally proposed biosynthetic 

candidate, 6-OMe-7-OH 114, the synthesis of which is discussed subsequently. 

 

2.2.6 Synthesis of 6-OMe-7-OH β-carboline 114 

Our planned synthesis of 6-OMe-7-OH 114 mirrored that of 7-OH 141, requiring access to 

tryptamine 184 and, consequently, indole 185 (Scheme 39). A Leimgruber-Batcho type 

cyclisation of dinitrostryene 186, as described by Sinhabahu and Borchardt,111 would provide 

access to indole 185. Dinitrostyrene 186 could in turn be prepared from vanillin (187) using 

known chemistry. 

 

 

 

 

 

 

 

Scheme 39. Retrosynthesis of 6-OMe-7-OH 114 

 

The synthesis of 6-OMe-7-OH 114 commenced with benzyl protection of vanillin (187), 

providing 188 in 95% yield (Scheme 40). For the subsequent transformation of 188 to 

dinitrostyrene 186, two pathways have been reported. Mayer and Murphy performed a Henry 

reaction on 188 first, yielding nitrostyrene 189 which was then selectively nitrated to give 

186.112 Alternatively, nitration of 188 first would give 190, with a subsequent Henry reaction 

providing 186, as reported by Hwang, Chi and co-workers.113 Following the latter pathway, 

selective nitration of 188 gave 190 in 74% yield after recrystallisation, which was subjected to 

standard Henry reaction conditions as outlined by Hwang, Chi and co-workers. 
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Disappointingly, in our hands this reaction was irreproducible, yielding several unidentified 

side-products and only trace of desired 186. As such, we followed the reaction sequence 

outlined by Mayer and Murphy, performing the Henry reaction first to yield nitrostryene 189. 

Pleasingly, nitrostyrene indeed underwent selective nitration, providing the desired 

dinitrostyene 186 in 61% yield over two steps after purification by recrystallisation. 

 

Scheme 40. Synthesis of dinitrostyrene 186 from vanillin (187) 

 

From dinitrostyrene 186, the reductive cyclisation to give indole 185 was replicated with slight 

modification to the reported procedure.111 A slurry of 186, iron powder and silica gel in toluene 

– acetic acid was heated to 90 ℃ and stirred for one hour, providing indole 185 in good yield 

after purification by column chromatography (Scheme 41). This transformation, which 

essentially constitutes a modified Leimgruber-Batcho reaction,114 commences with reduction 

to aniline 191. Acid promoted tautomerisation to iminium 192 follows, with intramolecular 

cyclisation giving 2-aminoindoline 193. Aromatised indole 185 is then afforded upon 

elimination of ammonia. 
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Scheme 41. Leimgruber-Batcho type synthesis of indole 185 

 

With indole 185 in hand, the reaction sequence that yielded 7-OH 141 was followed. Vilsmeier-

Haack formylation of 185 gave carbaldehyde 194 near quantitatively, from which nitro-vinyl 

indole 195 was prepared through a Henry reaction (Scheme 42). Reduction to tryptamine 184 

followed by a Pictet-Spengler reaction with isovaleraldehyde (96) gave TH-β-carboline 196 

which was subjected to the Pd/C catalysed dehydrogenative – debenzylation conditions in a 

sealed tube providing 6-OMe-7-OH 114 in 80% yield. 

 

Scheme 42. Synthesis of 6-OMe-7-OH β-carboline 114 from indole 185 
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2.2.7 Oxidative dearomatisation of 6-OMe-7-OH β-carboline 114 

2.2.7.1 Hypervalent iodine 

With our previous successes in oxidatively dearomatising the β-carboline nucleus using 

hypervalent iodine(III) chemistry, this was deemed a good place to start with 6-OMe-7-OH 

114. Upon PIFA or PIDA mediated oxidation of 114 to the aryl-λ3-iodane intermediate 115, 

three reaction pathways for the subsequent dearomatisation by an incoming nucleophile can be 

drawn (Scheme 43). As was observed for 7-OH 141, ortho-addition at C-7 would give 197 

(path a), constituting an undesirable pathway with respect to accessing pterocellin A (42). 

Alternatively, 198 would be afforded from ortho-addition onto C-7 (path b) and 199 from para-

addition onto C-12 (path c). The products of these two pathways, 198 and 199, would both be 

desirable, with elaboration to pterocellin A (42) possible as outlined previously. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 43. Hypervalent iodine(III) mediated dearomatisation of 6-OMe-7-OH 114 
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The oxidative dearomatisation of 6-OMe-7-OH 114 was first trialled using PIFA under 

aqueous conditions (Table 6). Unfortunately, evident degradation ensued (entry 1), so methanol 

was used as the solvent instead. At 0 ℃, 114 was rapidly consumed leading to a plethora of 

unidentified products (TLC) (entry 2). Cooling the reaction to -78 ℃ had no effect on the 

outcome, and a complex crude mixture was once again afforded (entry 3). The addition of 

sodium bicarbonate resulted in a slightly cleaner reaction, from which trace amounts of a 

discernible product was isolated (entry 4). Upon increasing the equivalents of PIFA, this new 

product could be isolated in modest yield (entry 5), allowing full characterisation. The NMR 

spectra indicated this product bore five methoxy groups, including two dimethyl acetal units 

(δC 95.7 ppm & 101.7 ppm), a ketone (δC 196.4 ppm) and an additional non-aromatic CH (δH 

5.09 ppm). The configuration of the functionalities was deduced on the basis of the NOE and 

HMBC correlations depicted, leading us to assign densely functionalised 200 as the product of 

this reaction. The isolation of 200 suggests 114 possibly undergoes indiscriminate 

methoxylation upon oxidation. In attempt to minimise this, and potentially isolate some of the 

intermediates on course to 200, the reaction was conducted in dichloromethane with 10% 

methanol (entry 6). Unfortunately, 114 gradually degraded under these conditions, with no 

isolable products obtained. Finally, we trialled the use of PIDA in non-nucleophilic solvents, 

whereby acetoxylation of 114 by the liberated acetate anion was desired. Here, degradation 

was simply noted (entries 7 and 8). 
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Table 6. Hypervalent iodine(III) mediated dearomatisation of 6-OMe-7-OH 114 

 

 

entry PIFA or 

PIDA (eq.) 

additive 

(eq.) 

solvent temp. (℃) time outcome 

1 PIFA (1.0) - MeCN:H2O (1:1) 0 10 mins degradation 

2 PIFA (1.5) - MeOH 0 20 mins complex crude 

mixture 

3 PIFA (1.5) - MeOH -78 20 mins complex crude 

mixture 

4 PIFA (1.5) NaHCO3 

(3.0) 

MeOH -10 1 h 200 (trace) 

5 PIFA (2.5) NaHCO3 

(3.0) 

MeOH -10 15 mins 200 (28%) 

6 PIFA (1.2) - CH2Cl2:MeOH (9:1) -10 → r.t. 2.5 h degradation 

7 PIDA (1.5) -  CH2Cl2 -10 → r.t. 1.5 h degradation 

8 PIDA (1.5) NaHCO3 

(5.0) 

THF 0 → r.t. 3 h degradation 

 

A plausible mechanism for the formation of 200 proceeds with oxidation to the aryl-λ3-iodane 

intermediate 201 followed by addition of methanol to give MOB 163 (Scheme 44). MOB 163, 

a desirable yet undetected product, could then undergo two sequential reactions with PIFA 

generated methoxy radicals to give 202. Oxidation of 202 could then give oxonium 203, with 

a final addition of methanol providing pentamethoxy 200.  
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Scheme 44. Mechanism for the formation of pentamethoxy 200 

 

The isolation of pentamethoxy 200 confirmed oxidative dearomatisation of 6-OMe-7OH 114 

was possible, however, altering the reaction conditions in an attempt to isolate less-substituted 

intermediates was unsuccessful. Consequently, alternative oxidative conditions were applied 

to 114. 

 

2.2.7.2 Other oxidants 

We began by first subjecting 114 to photogenerated singlet oxygen (Table 7). Under standard 

singlet oxygen generating conditions, 114 was completely unreactive (entry 1), with the 

addition of caesium carbonate resulting in a complex crude mixture (entry 2). Towards Oxone 

under aqueous conditions, 114 was unreactive even upon heating and extended reaction time 

(entry 3). LTA was trialled next (entry 4). Upon treating 114 with 1.1 equivalents of LTA in 

dichloromethane the reaction mixture immediately turned bright red in colour with concomitant 
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formation of a less polar product (TLC). Purification on silica gel afforded only trace amounts 

of this new product (as a red solid) however, which was found to be unstable, particularly in 

solution, undergoing fast degradation and/or conversion back to 114. Despite its instability, we 

were still able to complete full characterisation, identifying it as MOB 204, a potentially useful 

product in our pursuit of pterocellin A (42). To increase the isolated yield of 204 a solvent 

switch to THF was made, improving both reactant and reagent solubility (entry 5). 

Unfortunately, only a marginal improvement in yield resulted. Increasing the equivalents of 

LTA along with the addition of sodium bicarbonate provided 204 in an improved 26% yield 

(entry 6). Finally, it was found conducting the reaction at -10 ℃ and staggering the addition of 

LTA were both beneficial, supplying 204 in a practical 56% isolated yield (entry 7). 

 

Table 7. Oxidations of 6-OMe-7-OH 114 

 

entry oxidant (eq.) additive (eq.) solvent temp. (℃) time (h) outcome 

1a 1O2 rose bengal (0.1 

→ 0.2) 

MeOH r.t. 8 no rxn 

2a 1O2
 rose bengal (0.1), 

Cs2CO3 (0.5) 

MeOH -78 → r.t. 26 complex 

crude mixture 

3 Oxone (5.0) NaHCO3 (15) MeCN:H2O (1:1) 0 → 50 47 no rxn 

4 LTA (1.1) - CH2Cl2 0 0.5 204 (8%) 

5 LTA (1.2) - THF 0 1 204 (13%) 

6 LTA (2.5) NaHCO3 (5) THF 0 1 204 (26%) 

7 LTA (2.0)b NaHCO3 (5) THF -10 1 204 (56%) 

airradiation with green LEDs,  bstaggered addition 

 

Mechanistically, the LTA oxidative dearomatisation of phenols is believed to proceed via a 

dissociative radical pathway.115  Applying this here, activation of 114 by LTA would give 205, 

which upon homolysis would give lead(II) diacetate, phenoxyl radical 206 and an acetyl radical 

(Scheme 45). Captodative stabilisation of the phenoxyl radical, that is the synergistic 
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stabilisation of a radical by a neighbouring electron-withdrawing and an electron-donating 

substituent,116 nominates radical 207 as the most stable resonance contributor. Recombination 

of 207 with the liberated acetyl radical then furnishes MOB 204. 

 

 

 

 

 

 

 

 

 

Scheme 45. Mechanism for the formation of MOB 204 

 

With MOB 204 in hand, we investigated the possibility of a selective olefin oxidation, 

theorising that the C5=C12 olefin should be more electron rich, and hence reactive, than the 

C8=C13 olefin, with the latter embedded in a push-pull enaminone system (Scheme 46).  

 

 

 

 

Scheme 46. Planned oxidation of MOB 204 
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2.2.7.2.1 Attempted elaboration of MOB 204 

The oxidation of 204 was first trialled using ozone in dichloromethane at low temperature 

(Table 8, entry 1). The reaction mixture was saturated with ozone, stirred for four minutes, 

quenched with dimethyl sulfide and allowed to slowly warm to room temperature. 

Unfortunately, a complex crude mixture resulted. With limited quantities of 204 available, this 

reaction was only conducted on a small scale (20 mg). Provided ozonolysis reactions are 

notoriously difficult to perform on small scale,117 we moved onto trialling the dihydroxylation 

of 204. Specifically, we trialled the use of AD-mix-β as a safer alternative to handling pure 

osmium tetroxide. Under standard AD-mix dihydroxylation conditions118 degradation of 204 

rapidly ensued (entry 2). Given the instability of MOB 204, some milder oxidants were 

considered. In the presence of photogenerated singlet oxygen, 204 was unreactive and stable 

at low temperatures (entry 3). However, upon slowly warming the reaction mixture, 

degradation became apparent, along with conversion of 204 back to aromatised 114, which was 

recovered in 30% yield. Similarly, attempted low temperature epoxidation of 204 using m-

CPBA was unsuccessful, yielding only degraded starting material (entry 4). 

 

Table 8. Attempted selective olefin oxidation of MOB 204 

 

entry oxidant (eq.) solvent temp. (℃) time outcome 

1a O3 CH2Cl2 -78 4 

mins 

complex crude mixture 

2b AD-mix-β (1.4 

g/mmol) 

t-BuOH:H2O 

(1:1) 

0 → r.t. 1 h degradation 

3c 1O2 MeOH -78 → r.t. 3 h degradation/conversion 

back to 114 (30%) 

4 m-CPBA (1.5) CH2Cl2 -10 2 h degradation 

a Reductive work-up with DMS, bp-TsNH2 (1.0 eq.) added, crose bengal (1 mol%) added, irradiation with 

green LEDs 
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Our attempts to further oxidise MOB 204 was thwarted by its relative instability, with prompt 

degradation of the starting material repeatedly observed. In light of these results, we explored 

a simpler approach and considered how 204 might react under physiological conditions. In an 

aqueous environment the addition of water to 204, prompted by loss of acetic acid, could afford 

p-quinol 102 (Scheme 47). It is plausible that this transformation could proceed either through 

a direct SN2' reaction or, in the presence of acid, via quinone oxonium 211 in a SN1' manner as 

depicted. 

 

 

 

 

 

 

Scheme 47. Possible formation of p-quinol 102 from MOB 204 

 

To begin, a sample of 204 in water was vigorously stirred (Scheme 48). The deep red colour 

of the solution rapidly dissipated and after 15 minutes complete consumption of the starting 

material was observed. Unfortunately, analysis of the crude material (TLC and 1H NMR) 

indicated 204 had degraded, with a small amount of rearomatised 114 also detected. To 

minimise degradation of 204, the reaction was attempted in an acetonitrile – water solvent 

mixture at -40 °C. At this temperature, 204 was quite stable and no reaction was observed after 

three hours. Consequently, the reaction mixture was slowly warmed to room temperature over 

a further four hours, during which time gradual formation of rearomatised 114 was detected 

(TLC). After continuing the reaction overnight, complete consumption of the starting material 

was observed simply leaving a mixture of degraded 204 and rearomatised 114. Finally, in an 

attempt to encourage the addition of water before degradation and/or rearomatisation to 114 

occurred, the reaction was repeated with catalytic TFA. Here, the addition of acid simply 

promoted degradation of 204, with near quantitative consumption of the starting material noted 

within 30 minutes at -40 ℃. 
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Scheme 48. Attempted functionalisation of MOB 204 under aqueous conditions 

 

2.3 Summary 

This chapter described our efforts towards a biomimetic synthesis of pterocellin A (42). Our 

approach centred upon the proposal that 42 is biosynthetically derived from a β-carboline, a 

heterocycle ubiquitous in Nature (Scheme 49). Specifically, we identified three biosynthetic 

candidates: 6-OMe 90, 7-OH 141 and 6-OMe-7-OH 114. The first step in our biosynthetic 

proposal required oxidative dearomatisation of the β-carboline nucleus. Our investigation into 

such a transformation commenced with 6-OMe 90. Indeed, using hypervalent iodine(III) 

chemistry (e.g., PIFA or PIDA) oxidative dearomatisation of 90 was possible. Under aqueous 

conditions, unstable o-benzoquinone 116 was isolated. Alternatively, with methanol as the 

solvent, depending on the reaction time, trimethoxy 123 or dimethoxy 124 and MOB 125 were 

afforded. Interestingly, treating 90 with PIFA in dichloromethane gave p-benzoquinone 131, a 

structural isomer of pterocellin A (42), after aqueous work-up. Using PIDA in place of PIFA 

here, MPB 132 was isolated which could be converted to 131 upon deacetylation. Although we 

were able to successfully dearomatize 6-OMe 90, the resultant array of products bore 

substitution patterns that could not be traced onto pterocellin A (42). Consequently, the 

exploration of alternative reagents for the oxidative dearomatisation of 90 was undertaken, 

unfortunately yielding only N-oxide 140 upon the application of Oxone. Considering these 

results, we moved onto investigating the oxidative deromatisation of 7-OH 141. Upon 

application of PIFA or PIDA to a solution of 141 in methanol, MOB 160 was afforded. In an 

attempt to alter the reactivity of oxidised 141, the corresponding N-Boc derivative 171 was 

prepared. Unfortunately, N-Boc 171 displayed analogous reactivity to 141, delivering the 
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corresponding N-Boc MOB 174 upon PIFA oxidation in methanol. Quite surprisingly, when 

7-OH 141 was treated with Oxone under aqueous conditions, alongside N-oxide 176, pyrone 

175 was isolated. Although we were able to successfully dearomatise 141, once again the 

resultant products were not useful in our pursuit of pterocellin A (42), leading us to our final 

biosynthetic candidate, 6-OMe-7-OH 114. Application of PIFA to a solution of 114 in 

methanol lead to a surfeit of unidentified products, however, pentamethoxy 200 could be 

isolated from the crude mixture provided the reaction was run with added sodium bicarbonate. 

Altering the reaction conditions to mitigate over methoxylation was unsuccessful, leading us 

to trial non-hypervalent iodine-based oxidants. Pleasingly, MOB 204 was afforded using the 

oxidant LTA and subsequent elaboration of 204 towards pterocellin A (42) was thus explored. 

We first trialled some standard olefin oxidation conditions (ozone, AD-mix, singlet oxygen, 

m-CPBA). The relative instability of MOB 204 proved fateful here, with the reactions 

dominated by degradation of the starting material and/or rearomatisation to 114. Finally, we 

examined how 204 would react under aqueous conditions. Unfortunately, prompt degradation 

and/or rearomatisation to 114 was again noted. 
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Scheme 49. Summary of our biomimetic approach towards pterocellin A (42) 
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2.4 Future work 

Although we were successful in achieving the oxidative dearomatisation of the β-carboline 

heterocycle, elaboration towards pterocellin A (42), specifically from MOB 204, was 

unsuccessful. Consequently, future work will focus on an alternative route towards the natural 

product, which has been devised upon considering the metabolic pathways of aromatic 

compounds by both prokaryotic and eukaryotic systems. Specifically, arenes are metabolised 

to cis-dihydrodiols by bacterial dioxygenases,119 whereas arene oxides are afforded from 

mammalian and fungal monooxygenases (Scheme 50A).120 Impressively, Sarlah and co-

workers recently reported the development of arene dioxygenase and monooxygenase chemical 

equivalents (Scheme 50B).121,122 This chemistry built upon seminal work by Hamrock, Kjell 

and Sheridan, who discovered that N-methyltriazolinedione (MTAD) underwent low 

temperature [4+2] para-photocycloadditions with simple arenes, although the resultant 

cycloadducts (212) were unstable and readily underwent cycloreversion at higher 

temperatures.123,124 Sarlah and co-workers demonstrated that in situ low temperature 

functionalisation of these p-cycloadducts was possible, including dihydroxylation to give diols 

(213)121 or epoxidation to give epoxides (214).122 Acetonide protection of the former, followed 

by base-mediated cycloreversion afforded a number of protected cis-dihydrodiol derivatives 

(215), representing a chemical equivalent of dioxygenases. Similarly, the epoxides (214) 

underwent cycloreversion to give arene oxides (216), the products delivered by 

monooxygenases.  
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Scheme 50. (A) Arene metabolism pathways in nature; (B) Chemical equivalent of arene 

metabolism enabled by MTAD mediated dearomatisation121,122 

 

Successful application of this methodology to the β-carboline skeleton could open an attractive 

pathway towards pterocellin A (42). Provided the considerable electrophilicity of MTAD, it is 

envisioned that an N-protected β-carboline analogue would be required to enable the para-

photocycloaddition to proceed. For example, N-acetyl 217 would be an ideal candidate, which 

can be readily prepared in three steps from tryptamine via β-carboline 218 (Scheme 51). Para-

photocycloaddition of 217 with MTAD would give cycloadduct 219. Encouragingly, 

preliminary experiments suggest that this reversible cycloaddition is viable; upon 

photoirradiation of a solution of 217 and MTAD125 in dichloromethane at -78 ℃, complete 

disappearance of the characteristic magenta colour of MTAD was observed after four hours. 

Then, upon warming, the magenta colour was rapidly regenerated, returning a mixture of 217 
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and MTAD. Subsequent low temperature in situ dihydroxylation of 219 using osmium 

tetroxide would then give 220, which following protection and cycloreversion would afford 

protected cis-dihydrodiol 221. Oxidative olefin cleavage would then give dicarbonyl 222. 

Following a deprotection, isomerisation, intramolecular cyclisation and oxidation sequence to 

give 223, O-methylation would deliver pterocellin A (42). 

 

Scheme 51. Proposed MTAD mediated dearomative dihydroxylation of β-carboline 217 and 

subsequent elaboration to pterocellin A (42) 
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3.1 Introduction 

3.1.1 Nudicaulins 

Nudicaulins I (224a) and II (224b) are a pair of diastereomeric, triglucosidic (blue) 

flavoalkaloids harbouring an unprecedented pentacyclic aglycon core (red) (Figure 4).126 As 

the pigments responsible for the yellow colour of the petals of the Iceland poppy (Papaver 

nudicaule), the nudicaulins have fascinated chemists for over a century.127 A chronological 

overview of the fascinating history of this natural product is discussed henceforth.  

 

 

 

 

 

 

Figure 4. Structures of nudicaulin I (224a) and II (224b) 

 

3.1.1.1 First reports and investigations 

In 1884, Weiss reported the first isolation of a yellow pigment from the genus Papaver, 

describing the presence of a sulfur-yellow dye in the extracts of the petals of P. pyrenaicum 

and P. burseri, two subspecies of the alpine poppy (P. alpinum).128 Three decades later, 

Willstätter and Weil also reported the isolation of a yellow pigment from the alpine poppy 

which they concluded was glucosidic.129 Interestingly, this report made comparisons of the 

pigment to the flavonoidal anthocyanin pigments, although it was observed that acidic, neutral, 

and basic solutions of the pigment remained yellow in colour; at the time, anthocyanins were 

well-documented to undergo a series of colour changes across the pH scale. Sir Robert 

Robinson and co-workers, in 1939, reported the isolation of a similar colouring matter from 

the yellow petals of both the Welsh (P. cambricum) and Iceland (P. nudicaule) poppies, with 

the pigment found in the latter christened ‘nudicaulin.’130 Nudicaulin was hypothesised to be a 

diglucosidic anthocyanin and some seminal experimental studies on the pigment were 



Chapter Three: Biomimetic Synthesis of Nudicaulins I and II 

79 

 

conducted (Scheme 52A). Upon subjecting the pigment to methylation using methyl sulfate 

then potassium permanganate oxidation, p-anisic acid (225) was afforded, indicating the 

presence of a p-hydroxyl phenyl unit. Additionally, liberation of nitrogen gas upon application 

of nitrous acid revealed that the pigment was nitrogenous. Provided this information, Robinson 

and co-workers proposed the chemical formula of nudicaulin to be of the order C30H38O15NCl 

and flavylium salt 226 was presented to show one possible configuration (Scheme 52B). With 

regards to the structure of 226, it should be noted that Robinson was clear to state “that there 

is no evidence as to the position of the any of the groups other than the p-hydroxyl in the phenyl 

nucleus.” Although further work by Robinson on nudicaulin was not forthcoming, the pigment 

warranted mention in his 1947 Nobel lecture,131 described as the “curious yellow colouring 

matter of the Iceland poppy.” 

 

 

 

 

 

 

 

Scheme 52. (A) Early experiments on nudicaulin pigment and (B) tentative structural 

assignment by Robinson and co-workers130 

 

In 1965, Harborne debunked Robinson’s proposal that nudicaulin was a flavonoid (nor a 

carotenoid or a betaxanthin) due the ultraviolet spectroscopic properties of the pigment (UVmax 

258 and 467 nm).132 Thereafter, nudicaulin sat dormant in the literature for decades until 

Schliemann and co-workers revisited this natural product in 2006.133 
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3.1.1.2 Putative structural assignment 

Equipped with the power of modern spectroscopic tools, Schliemann and co-workers set out to 

decipher the true structure of the nudicaulin pigment.133 Extracts from lyophilised petals of 

yellow Iceland poppy varieties were taken and subjected to detailed HPLC and mass 

spectrometry analysis. The presence of eight species that all displayed absorption maxima at 

~255 nm and 460 nm (consistent with the UVmax previously reported for nudicaulin132) were 

identified in the HPLC trace. Mass spectrometric analysis indicated that these eight species 

were comprised of four pairs each sharing identical molecular mass, confirming the presence 

of four isomeric pairs. High-resolution mass spectrometry (HRMS) confirmed the molecular 

formula of the major pair to be C47H49NO26, with the fragmentation pattern indicating the 

presence of two malonyl units, three hexose sugars and an aglycon with a molecular formula 

of C23H15NO5. Using this information, the three remaining minor pairs were identified as 

deacylated and/or deglycosylated derivatives of the major pair. The individual fragments, 

deduced from mass spectrometry studies, were then pieced together using extensive NMR 

spectroscopy experiments, leading Schliemann and co-workers to present structures 227a and 

227b for the nudicaulin pigment (Scheme 53A). Specifically, 227a and 227b are a pair of 

diastereomeric indole alkaloids (with the pentacyclic aglycon core (red) epimeric at C-10), 

harbouring both β-glucose and β-sophorose sugar units (blue), each malonylated at C6-OH. 

The report also disclosed a tentative biosynthesis of the aglycon based on a hetero Diels-Alder 

cycloaddition between indole and a chalcone derived diene (228) (Scheme 53B). It was 

proposed that the product of this reaction, 229, could be elaborated to 227a/b by 

dehydrogenation and intramolecular cyclisation to form ring E. 
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Scheme 53. (A) Structure of nudicaulins 227a and 227b and (B) proposed biosynthesis 

reported by Schliemann and co-workers133 

 

3.1.1.3 Structural reassignment 

Following Schliemann and co-workers’ structural assignment of the nudicaulins, doubts 

regarding the constitution of 227a/b soon arose.126 Specifically, these concerns were directed 

towards the highly strained B-C-E ring system (Figure 5). Within this highly strained ring 

system, the C2=C11 olefin lies at a bridgehead, consequently violating Bredt’s rule,134 an 

empirical observation which states that a double bond cannot be place at a bridgehead of a 

bridged ring system. Although anti-Bredt natural products are indeed known to exist,135 

Krenske and Williams calculated the theoretical olefin strain energy (OS) for the aglycon of 

227a/b as 77 kcal mol-1,136 almost five times the ‘isolable’ threshold (OS ≤ 17 kcal mol-1).137 

Furthermore, the interruption of conjugation in the aglycon of 227a/b is inconsistent with the 

experimental UVmax of the nudicaulins (~460 nm).  
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Figure 5. Aglycon of 227a/b with bridgehead olefin highlighted 

 

In light of these observations, Bringmann, Schneider, and co-workers set out to decipher the 

true structure of the nudicaulin pigment.126 It should be noted that in this work, an additional 

hydrolysis step was introduced into the extraction procedure in order to deacylate the diverse 

nudicaulin mixture and consequently simplify the subsequent characterisation. Based on 

comprehensive NMR spectroscopy experiments, the preparation of semisynthetic derivatives, 

and computational aid, the structure of the nudicaulins was revised to 224a and 224b, dubbed 

nudicaulin I and II, respectively (Scheme 54). Embedded in the aglycon of 224a/b is an 

unprecedented dihydrobenzofurocyclopentaindole skeleton (red) with a central 5,5-fused ring 

system. The relative stereochemistry of the central 5,5-fused ring system was assigned as cis 

using the H-3 → H-1'' ROESY correlations, with the absolute assignment of the respective 

diastereomers determined with computational assistance. Specifically, the relative intensities 

of the H-3 → H-1'' ROESY were measured (using the H-2'/6' → H-3'/5' ROESY correlations 

as a reference (100%)) and found to be 32% for 224a and 19% for 224b. Computational 

modelling using DFT-calculations was then used to generate the lowest-energy conformer of 

both cis-diastereomers and the H3 → H1'' interatomic distance calculated. For the (3S, 11R)-

diastereomer, this distance was calculated at 2.4 Å, consistent with the stronger ROESY 

correlation of nudicaulin 224a, while the longer H-3 → H1'' distance of 3.8 Å calculated for 

the (3R, 11S)-diastereomer aligns with the weaker ROESY of nudicaulin 224b. This 

assignment was further supported upon comparison of the experimental CD spectra of partially 

deglycosylated nudicaulins 230a and 230b (prepared from 224a and 224b, respectively, using 

a commercial pectinase) with computationally generated spectra for the corresponding 

aglycons. The experimental CD spectrum of 230a was in excellent agreement with the 

calculated CD curve for the (3S, 11S)-aglycon, confirming the (3S, 11R)-configuration of 230a. 

Analogously, the CD spectrum of 230b matched that of the computationally calculated 

spectrum of the (3R, 11R)-aglycon, thus affirming the (3R, 11S)-assignment of 230b. 

Bringmann, Schneider and co-workers’ structural revision was also supplemented by the 
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preparation of semisynthetic dihydronudicaulins 231a/b and the permethylated nudicaulins 

232a/b, which displayed the extra HMC correlations depicted that supported the assignment. 

 

Scheme 54. Nudicaulins I (224a) and II (224b) and semisynthetic derivative thereof126 

 

3.1.1.4 Further nudicaulins 

Following the structural revision, Schneider and co-workers disclosed the isolation and 

characterisation of further nudicaulins from the alpine (P. alpinum) and Welsh (P. cambricum) 

poppies,138 both of which were previously thought to contain nudicaulins129,130 (see section 

3.1.1.1 prior). In addition to nudicaulins 224a/b, malonylated derivatives 233a/b were also 

isolated from petal extracts of the alpine poppy. Malonylated 233a/b are also found in the 

Iceland poppy, although, as outlined prior, were misassigned as 227a/b at the time of 

isolation.133 From the Welsh poppy, alongside 224a/b, novel nudicaulin variants 234a/b were 
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isolated, acylated with a 3-hydroxy-3-methyl-glutaryl (HMG)-group on the glucose moiety. It 

should be noted that 234a and 234b were isolated in a respective 1.2:1 ratio, the first time the 

diastereomeric ratio of a nudicaulin pair had been reported.  

 

 

 

 

 

 

 

 

Figure 6. Nudicaulins from the Iceland, alpine and Welsh poppies126,138 

 

3.1.1.5 Biosynthesis studies 

Given the unprecedented structure of these pigments, a great deal of research has been devoted 

to understanding the biosynthesis of the nudicaulins.139–142 The first insights into the nudicaulin 

biosynthesis were garnered from the colour polymorphicity of the Iceland poppy; in wild 

populations white and yellow flowered varieties dominate, whereas recessive red and orange 

flowered strains have been exploited to give a plethora of differently coloured cultivated 

varieties.143  Interestingly, during bud development, a series of colour changes occur prior to 

the flower blooming with its final colour (Scheme 55).140 For example, in yellow varieties, the 

petals appear white in the earliest stages of bud development. The colour here has been 

attributed to the flavonol kaempferol, of which several 3- and 3,7-glycosides (235-239) have 

been isolated from the petals of white Iceland poppy flowers.133 A deep red colour subsequently 

develops in line with the formation pelargonidin glycosides; similarly, a number of 3- and 3,7-

glycosides of pelargonidin (240-244) have been identified in red Iceland poppy 

varieties.138,144,145 A gradual colour shift from red to orange and finally to yellow is then 

observed before flower blooming. This colour shift coincides with a decrease in the level of 
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the pelargonidin glycosides and the formation of the nudicaulins, which proceeds until 

nudicaulins alone confer the yellow colour of the blooming flowers.  

 

Scheme 55. Pigments identified in various Iceland poppy colour polymorphs 

 

Considering the colour changes during bud development, it is logical to assume that the 

pelargonidin glycosides are the direct biosynthetic precursors to the nudicaulins. Consequently, 

Schneider and co-workers conducted several experiments to substantiate this hypothesis. One 

such study investigated the possibility of incorporating labelled pelargonidin into the 

nudicaulin skeleton through precursor-directed biosynthetic (PDB) experiments.140 However, 

due to the difficulty of accessing labelled pelargonidin derivatives, an alternative approach was 

devised. Sliced closed-bud petals of the Iceland poppy were instead incubated with cyanidin 

(245), an anthocyanin bearing an additional hydroxy group compared to pelargonidin, and the 

resultant extracts analysed by SIM-MS (Scheme 56). Pleasingly, a signal consistent with 3'-

hydroxynudicaulin 246 (C41H45NO21; m/z 887.25) was detected, indicating successful 
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incorporation of cyanidin (245) into the nudicaulin scaffold, therefore strongly supporting the 

postulate that the nudicaulins are indeed anthocyanin derived.  

 

 

 

 

 

Scheme 56. PBD incorporation of cyanidin (245) into nudicaulin scaffold140 

 

The source of the indolic unit in the nudicaulins was identified using a series of 13C labelling 

studies.139,140 Again, PDB experiments were conducted, with isotopically labelled indole 

precursors incubated with the Iceland poppy petals before analysis of the extracts by MS and 

13C NMR spectroscopy (Scheme 57A). The administration of [phenyl-13C]-anthranilic acid 

yielded enhancement of the C14 – C19 signals in the 13C NMR spectrum of 224a, with 16.9% 

13C enrichment calculated by mass spectrometry, confirming incorporation of the labelled 

anthranilic acid into the nudicaulin scaffold. The incorporation of indole, derived from 

anthranilic acid in vivo, was examined next. Similarly, incubation with [2-13C]-indole led to C-

2 signal enhancement in the 13C spectrum of 224a with the total 13C enrichment calculated at 

56.1%. Critically, nudicaulin samples analysed after incubation with labelled tryptamine and 

L-tryptophan displayed no isotopic enrichment, indicating that they are not implicated in the 

nudicaulin biosynthesis. These results identify free indole, not tryptamine or L-tryptophan, as 

the biosynthetic precursor to the nudicaulins, which stands in stark contrast to many examples 

of ergot and monoterpene indole alkaloids.146,147 Finally, further in vivo experiments were 

conducted to supplement the labelling studies.148 To the surface of orange Iceland poppy petals, 

whereby the colour is conferred by a mixture of pelargonidin glycosides and nudicaulins, was 

applied drops of an aqueous indole solution (Scheme 57B). After just 30 minutes, the spots 

applied with indole turned yellow and the untreated areas remained orange. Upon submersion 

of the entire petal, followed by HPLC analysis of the petal extracts, complete consumption of 

the pelargonidin glycosides was noted along with concomitant increase in the nudicaulin levels. 
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Scheme 57. (A) PDB incorporation of anthranilic acid and indole into nudicaulin 224a;139,140 

(B) In vivo synthesis of nudicaulins upon addition of indole148 

 

3.1.1.6 Ecological studies 

The involvement of free indole in the biosynthesis of the nudicaulins is particularly fascinating. 

Although free indole is rarely found in the biosynthesis of complex alkaloids, it is widely 

distributed as a floral volatile species in plants.149 Upon investigating the possible ecological 

implications of the nudicaulins, Marítnez-Harms, Schneider, and co-workers demonstrated this 

to be the case in the Iceland poppy.142 They detected high levels of indole in the headspace of 

yellow flowers, implying that indole is produced in much greater quantities than is required for 

nudicaulin biosynthesis and the excess is emitted as a volatile species. Floral colour and scent, 

acting either independently or synergistically, are vital cues that mediate the interaction 
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between plants and pollinators. Traditionally, combinations of these cues are considered to 

reflect the tight co-evolution of plants with their pollinators; pollinator selectivity towards 

particular flower varieties induce floral isolation processes, hence driving the evolution of 

colour-scent associations in flowers (i.e., pollinator mediated natural selection). However, this 

hypothesis seems contradictory to the fact many plant species display polymorphisms of floral 

traits, in particular with respect to colour.150 Mounting evidence gathered in recent years 

suggests an alternative hypothesis; that possible floral colour-scent combinations are limited 

by biochemical pathways such that the colour-scent associations in a given species reflects 

these constraints.151 Provided both indole and pelargonidin (glycosides), the ultimate 

biosynthetic precursors to the nudicaulins, originate from the shikimate pathway, Martínez-

Harms, Schneider, and co-workers hypothesised that the formation of the nudicaulins in yellow 

Iceland poppy flowers could be associated with a colour-scent association involved in 

pollinator attraction.142 To test this hypothesis, a set of experiments were devised which 

analysed the ability of honeybees (Apis mellifera) to discriminate artificial stimuli (odour, 

colour, odour + colour) resembling those found in Iceland poppy flowers (Scheme 58). 

Remarkably, honeybees trained with stimuli combining both colour and odour displayed 

improved discrimination performances. These findings indicate that the conserved biochemical 

pathways of indole and the nudicaulins (the shikimate pathway) could account for the evolution 

of colour-scent associations in the Iceland poppy which positively affects the flower constancy 

of pollinators. 

 

 

 

 

 

 

 

 

Scheme 58. Behavioural studies on the honeybee’s ability to discriminate artificial Iceland 

poppy stimuli142 
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3.2 Results and Discussion 

3.2.1 Nudicaulin biosynthesis 

Accepting the biosynthetic proposal that the nudicaulins are derived from the fusion of indole 

and pelargonidin glycosides classifies them as flavoalkaloids, a rare class of natural products 

comprising both flavonoid and alkaloid components.152 More specifically, the nudicaulins are 

indole flavoalkaloids, a small family of natural products with only 11 other members (12b, 

247-256) (Figure 7).11,153–159 Interestingly, nudicaulins are unique in the sense that they are 

proposed to be biosynthetically derived from a flavylium, whereas most flavoalkaloids 

typically originate from flavans, flavonols or flavanones.152 
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Figure 7. Indole flavoalkaloids 
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A viable mechanism for the reaction of indole with pelargonidin glycosides can be drawn in 

support of the proposed nudicaulin biosynthesis (Scheme 59). With respect to nudicaulins I 

(224a) and II (224b) the fusion of indole and pelargonidin-3-O-β-D-sophoroside-7-O-β-D-

glucoside (orientalin, 242) could commence via an electrophilic aromatic substitution reaction 

to give 257. A retro-6π-electrocyclisation would then give reactive Z-o-quinone methide 258, 

which, after tautomerisation/isomerisation to E-o-quinone methide 258, could undergo a 

second electrophilic aromatic substitution, this time intramolecularly onto the C2-postion of 

the indole nucleus in a 5-exo-trig cyclisation, generating carbocation 259. A second 5-exo-trig 

cyclisation would then assemble the cis-fused 5,5-ring system, affording, after facile 

autoxidation, nudicaulins 224a/b. 

 

Scheme 59. Mechanism for the formation of nudicaulins I (224a) and II (224b) 

 



Chapter Three: Biomimetic Synthesis of Nudicaulins I and II 

92 

 

Considering the long list of poppy alkaloids (and derivatives thereof) with applications in 

medicine160 and our continued interest in flavoalkaloids11, we chose to pursue the total 

synthesis of nudicaulins I (224a) and II (224b). With no obvious disconnection points in the 

natural product, and, given the available insights into their biosynthesis, we specifically 

targeted a biomimetic synthesis of the nudicaulins, hoping to validate the cascadic process 

depicted above. 

 

3.2.2 Nudicaulin aglycon 

Our investigations into a biomimetic synthesis of nudicaulins 224a/b commenced by targeting 

the nudicaulin aglycon 260, omitting the carbohydrate moieties at present. In line with the 

biosynthetic proposal, nudicaulin aglycon 260 should hence be derived from pelargonidin 

(261) and indole (Scheme 60).  

 

Scheme 60. Retrosynthesis of nudicaulin aglycon 260 

 

3.2.2.1 Synthesis of pelargonidin chloride 

Our investigations into the synthesis of nudicaulin aglycon 260 required access to the 

anthocyanidin pelargonidin (261). Robinson’s classic method for the synthesis of 

anthocyanidins (and anthocyanins) still stands as the most popular method used today.161 This 

method involves the hydrochloric acid catalysed condensation between a 2-

hydroxybenzaldehyde (262) and an acetophenone component (263), whereby the reaction 

proceeds through an enone intermediate (264) to give the desired flavylium end-product as the 

chloride salt (265) (Scheme 61). 
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Scheme 61. Acid catalysed anthocyanidin/anthocyanin synthesis161 

 

Accordingly, pelargonidin chloride (261) has been prepared through the condensation of 

suitably protected phloroglucinaldehyde 266 and acetophenone 267,162 both of which were 

readily accessed following known procedures (Scheme 62). Acetophenone 267 was prepared 

in three steps from 4'-hydroxyacetophenone (268); oxidative α-bromination using copper(II) 

bromide gave crude α-bromo ketone 269,163 which was treated with silver acetate to supply α-

acetoxy ketone 270.164 A final acetylation reaction then delivered acetophenone 267 in 50% 

yield over three steps from 268. 2-O-Benzoylphloroglucinaldehyde (266) was prepared via a 

Vilsmeier-Haack formylation of phloroglucinol (271) to give phloroglucinaldehyde (272),165 

followed by regioselective benzoylation under Schotten-Bauman conditions,166 delivering the 

desired 266 in a modest 30% yield. With ample quantities of 266 and 267 available, the 

synthesis of pelargonidin chloride (261) was executed following Robinson’s procedure162 with 

slight modification. Hydrogen chloride gas (generated via the careful addition of sulfuric acid 

to sodium chloride) was bubbled through a solution of 266 and 267 in a methanol – ethyl acetate 

solvent mixture at 0 °C for one hour, during which time a dep red colour gradually developed. 

After stirring for a further 23 hours at room temperature, a base mediated global deprotection 

step was performed using potassium hydroxide, before reacidification precipitated crude 

pelargonidin chloride (261) alongside potassium chloride. The crude material was thus filtered, 

washed with ether to remove any unreacted starting material, and then ethanol (sat. with 

hydrogen chloride), resulting in dissolution of 261 only and hence allowing separation from 

the potassium chloride. Concentration of the ethanolic filtrate thus yielded pure pelargonidin 

chloride (261), in 54% yield.  
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Scheme 62. Synthesis of pelargonidin chloride (261) 

 

3.2.2.2 Synthesis of nudicaulin aglycon 

3.2.2.2.1 Anthocyanidins and anthocyanins 

Before proceeding to our attempted synthesis of the nudicaulin aglycon 260, a brief discussion 

on the anthocyanidins and, accordingly, the anthocyanins, is warranted. The anthocyanidins, 

along with their glycosylated counterparts, the anthocyanins, constitute a major flavonoid 

group responsible for the cyanic colours, ranging from salmon pink through to dark blue, 

observed in most flowers, fruits, and vegetables.167 The diverse range of colours displayed by 

these flavonoidal pigments can be attributed to the various structural forms they adopt across 

the pH scale (Scheme 63).168–170 For example, under strongly acidic conditions pelargonidin 

exists in the form of cationic flavylium ion 261, as is most commonly depicted.169,170 In this 

form, the anthocyanidins and anthocyanins confer bright red colours. Upon neutralisation of 

an acidic solution of an anthocyanidin (or anthocyanin) to pH 4-7, an equilibrium is established 

between the flavylium form and a violet coloured anhydrobase form (e.g., 273).169,170 At these 
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pH levels, rapid decolouration is observed as a result of hydration with the formation of a 

pseudobase (e.g., 274), however, it is unclear whether the colourless pseudobase is formed via 

direct hydration of the flavylium or the anhydrobase form.169 The formation of the pseudobasic 

structure is the major factor contributing to the general instability of anthocyanidins and 

anthocyanins, whereby ring opening to reactive chalcone species can occur.171 Under basic 

conditions, deprotonation of the anhydrobase is observed, to give the blue anhydrobase anion 

(e.g., 275) or, at higher pH levels, the green anhydrobase dianion (e.g., 276),170 both of which 

display decreased stability compared to the flavylium cationic form.172 

 

Scheme 63. Structural forms of the pelargonidin chromophore across the pH scale 

 

Considering the above, it is apparent our attempted synthesis of the nudicaulin aglycon 260 

needs to be conducted under acidic conditions to ensure pelargonidin is fixed in its cationic 

flavylium form, in line with the biosynthetic studies and our mechanistic proposal for the 

nudicaulins. 

 



Chapter Three: Biomimetic Synthesis of Nudicaulins I and II 

96 

 

3.2.2.2.2 Attempted fusion of pelargonidin and indole 

Consequently, the fusion of pelargonidin chloride (261) and indole under acidic conditions was 

attempted (Table 9). To begin, a stoichiometric mixture of indole and 261 were stirred in a 1:1 

mixture of methanol (to ensure reactant solubility) and a pH 2 aqueous buffer open to air (entry 

1). Consumption of both indole and 261 was noted within five hours affording a plethora of 

products (TLC). Purification on silica gel was attempted, however, the isolation of any 

discernible product(s) was unsuccessful, with apparent degradation occurring during 

chromatography. As such, the reaction was repeated and purification via reverse-phase 

chromatography on C-18 silica performed instead, which, unfortunately had no effect on the 

outcome. Following this result, we tried altering the pH of the reaction; an analogous outcome 

was noted employing a pH 3.6 buffer (entry 2) whereas at pH 5.7 slow discolouration and 

degradation of 261 occurred, likely due the formation of pseudobase 274 at higher pH (entry 

3). Speculating that the ensuing complex mixtures outlined in entries 1 and 2 could be the result 

of nucleophilic addition of methanol to 261 and/or the reactive intermediates on course to 

aglycon 260, we attempted the reaction without methanol. First, we trialled dichloromethane 

in place of methanol, however, 261 was only sparingly soluble in the biphasic mixture (entry 

4). Consequently, no reaction was noted and 261 simply degraded over time. A 1:1 mixture of 

THF and the pH 3.6 buffer was then used, indeed allowing complete dissolution of the reactants 

(entry 5). Unfortunately, a complex crude mixture was afforded after just four hours, and 

isolation of any stable product(s) was again unsuccessful. Replacing THF with ethanol had no 

effect on the observed outcome (entry 6). Finally, we attempted the reaction under anhydrous 

conditions, and a mixture of 261 and indole were stirred to together in methanol (entry 7). 

Unsurprisingly, rapid degradation of 261 occurred, presumably due to methanolysis occurring 

at neutral pH. 
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Table 9. Attempted fusion of pelargonidin chloride (261) and indole 

 

 

 

entrya indole eq. solvent temp. (℃) time (h) outcome 

1 1.0 MeOH:pH 2 buffer (1:1) r.t. 5 complex crude mixture 

2 0.8 MeOH:pH 3.6 buffer (1:1) r.t. 7 complex crude mixture 

3 1.2 MeOH:pH 5.7 buffer (1:1) r.t. 26 degradation of 261 

4 0.8 CH2Cl2:pH 2 buffer (1:1) r.t. → 40 24 degradation of 261 

5 0.8 THF:pH 3.6 buffer (1:1) r.t. 4 complex crude mixture 

6 0.8 EtOH:pH 3.6 buffer (1:1) r.t. 6 complex crude mixture 

7 1.2 MeOH r.t. 6 degradation of 261 

arxn flask open to air 

 

 Unfortunately, the fusion of pelargonidin chloride (261) and indole was unsuccessful, and we 

were unable to detect the formation of nudicaulin aglycon 260, with complex crude mixtures a 

recurring theme. Interestingly, in some of the isolation reports for the nudicaulins126,130 it was 

also noted complex mixtures indicative of decomposition were afforded on attempts to evoke 

complete hydrolysis to aglycon 260. It is possible that 260 is indeed forming under some of the 

reaction conditions outlined in Table 9, however, rapid degradation ensues thus precluding 

detection and isolation. Considering partially deglycosylated nudicaulins 230a/b are isolable 

though (see Scheme 54), it seems the instability of 260 stems from the free hemiketal group 

(Scheme 64, red), a functionality widely cited to be unstable.173 It is plausible to assume 

aglycon 260 exists in equilibrium with its hydroxy-ketone tautomer 277, which could undergo 

intra- or inter-molecular condensation to give a complex mixture of products. Consequently, 

we abandoned our attempts to synthesise nudicaulin aglycon 260, and instead decided to target 

the isolable partially deglycosylated nudicaulins 230a/b. 
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Scheme 64. Purported instability of nudicaulin aglycon 260 

 

3.2.3 Partially deglycosylated nudicaulins 

Partially deglycosylated 230a and 230b are semisynthetic nudicaulin derivatives, prepared by 

the enzymatic hydrolysis of the parent natural products 224a and 224b, respectively.126 

Retrosynthetically, 230a/b could be accessed from the fusion between indole and pelargonidin-

3-O-β-D-glucoside (callistephin, 278) (Scheme 65). Accordingly, callistephin (278) can be 

prepared through the acid catalysed condensation of phloroglucinaldehyde 266 and 

acetophenone-β-D-glucoside 279, the latter reportedly accessible from the glycosylation of α-

hydroxy acetophenone 280 with bromide 281.174,175  
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Scheme 65. Retrosynthesis of partially deglycosylated nudicaulins 230a/b 

 

3.2.3.1 Chemical glycosylation 

Before discussing our synthetic route towards partially deglycosylated nudicaulins 230a/b, a 

brief introduction to glycosylation chemistry may be helpful to the reader. A chemical 

glycosylation reaction involves the coupling of a glycosyl donor (e.g., 282) and a glycosyl 

acceptor (e.g., 283) to form a glycoside (e.g., 284) (Scheme 66A).176 By convention, the 

glycosyl donor (282) is the member of the pair that harbours the resulting anomeric carbon of 

the new glycosidic bond. Consequently, the glycosyl acceptor (283) can be any suitable 

nucleophilic molecule (most commonly an alcohol) that will react with the glycosyl donor to 

form a new glycosidic bond. The formation of a glycosidic bond yields a new stereogenic centre 

and therefore a mixture of products may result. The resultant glycosidic linkage may be axial 

or equatorial (e.g., α and β with respect to glycoside 284), which can be better understood upon 

consideration of the reaction mechanism (Scheme 66B). In a traditional (Lewis) acid catalysed 

reaction,177 expulsion of the anomeric leaving group in the donor occurs upon activation. 

Consequently, the formed oxonium intermediate (285) can be engaged by the nucleophilic 

acceptor in an SN1-type mechanism. The bond forming nucleophilic addition can occur from 

either the ‘top-face’ to give a β-glycoside (β-284) or from the ‘bottom-face’ to give an α-
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glycoside (α-284). The α-product is more thermodynamically stable and often predominates 

due to the anomeric effect.178 Although much less common due to the modest nucleophilicity 

of alcohols, glycosylation reactions can also follow a more direct SN2-type pathway,179 with 

inversion of the anomeric configuration of the glycosyl donor observed. For example, an α-

donor (α-282) would react to give a β-glycoside (β-284) and a β-donor (β-282) would give an 

α-glycoside (α-284). The stereochemical outcome of a glycosylation reaction can, in certain 

cases, also be influenced by the judicial choice of protecting groups employed on the glycosyl 

donor.180 For example, after activation, a neighbouring acyl group on the 2-position of the 

donor could engage the oxonium ion (286) intramolecularly, forming an α-acetoxonium 

intermediate (287), which blocks attack from the ‘bottom-face’ therefore allowing the 

formation of the β-glycoside (β-288) to predominant (Scheme 66C).181,182 This method, known 

as anchimeric assistance, is a highly effective and widely used method for ensuring 

stereoselectivity during glycosylation reactions, especially with respect to the preparation of 

1,2-trans glycosides (e.g., β-glucosides). It should be noted that the schemes presented here 

serve only to represent simplified versions of the mechanisms underpinning glycosylation 

reactions; for more detailed discussions on the topic several excellent publications are available 

to the reader.176,183–186 
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 Scheme 66. (A) Generic chemical glycosylation reaction; (B) SN1- and SN2-type mechanisms 

of chemical glycosylation; (C) An example of anchimeric assistance during chemical 

glycosylation. 

 

3.2.3.2 Synthesis of glycosyl acceptor 280 

The synthesis of the requisite glycosyl acceptor, α-hydroxy acetophenone 280, was achieved 

following the procedure reported by Dangles and Elhajji (Scheme 67).175 Acetylation of 4'-

hydroxyacetophenone (268) gave 289, which was converted to the desired α-hydroxy 280 via 

a Rubottom oxidation.187 Trimethylsilylation of 289 gave silyl enol ether 290 which was treated 
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with m-CPBA followed by dilute citric acid to give 280 in 62% over three steps. The 

transformation from silyl enol ether 290 to α-hydroxy 280 proceeds via siloxy epoxide 291, 

which undergoes a 1,4-silyl migration (Brook rearrangement)188 to give α-siloxy 292. Acid-

catalysed desilylation then yields α-hydroxy 280. 

 

 

 

 

 

 

 

Scheme 67. Synthesis of glycosyl acceptor 280 

 

3.2.3.3 Synthesis of glycosyl donors and subsequent glycosylation 

The corresponding glycosyl donor, bromide 281, was easily prepared on scale from D-glucose 

(293) (Scheme 68).189 Acetylation of D-glucose (293) afforded D-glucose pentaacetate (294) 

quantitatively, which was treated with hydrobromic acid in acetic acid at 0 °C to give 

acetobromo-α-D-glucose (281) in 95% yield. Following the procedure disclosed by Dangles 

and Elhajji,175 we then attempted the glycosylation of acceptor 280 with donor 281 using silver 

triflate as the Lewis acid activator. Unfortunately, we were unable to repeat the reported 40% 

yield of glucoside 279. In our hands, glucoside 279 was isolated in a dismal yield (<10%) and 

of insufficient purity. We also trialled the reaction using boron trifluoride diethyl etherate, a 

more commonly employed activator, however, 279 was again afforded in poor yield and purity. 

Although traditionally the most commonly employed donors,190 a literature survey revealed 

that glycosyl bromides are losing favour due to their general instability, susceptibility towards 

hydrolysis, and the need for stoichiometric amounts of an activator.191 Conversely, the 

trichloroacetimidates have emerged as very popular glycosyl donors, overcoming many of the 

problems associated encountered with glycosyl bromides.192–194 O-Glycosyl 

trichloroacetimidates are generally stable under ambient conditions, yet, upon activation, 
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display excellent donor properties. Moreover, the liberated trichloroacetamide is non-basic, 

therefore typically only catalytic amounts of (Lewis) acid are required for activation. The 

liberated trichloroacetamide is also not acidic, hence the negative effects associated with 

increasing the acidity of the reaction mixture are avoided. Considering these advantages, we 

decided to reattempt the glycosylation of acceptor 280 using the corresponding 

trichloroacetimidate donor 295. 

 

Scheme 68. Synthesis of glycosyl donor 281 and attempted glycosylation 

 

Trichloroacetimidate 295 was readily prepared in two steps from bromide 281 (Scheme 69);195 

silver(I) carbonate promoted hydrolysis of 281 in moist acetone gave tetraacetyl-D-glucose 

296, which was directly treated with potassium carbonate and trichloroacetonitrile to give 

trichloroacetimidate 295 in 72% yield over two steps, as an inconsequential mixture of 

anomers. With trichloroacetimidate 295 in hand, the glycosylation reaction with acceptor 280 

was reattempted, using boron trifluoride diethyl etherate as the activator. Pleasingly, after 30 

minutes at -20 °C, glucoside 279 was isolated from the reaction in 52% yield as a single 

anomer. The anomeric configuration of 279 was assigned from the magnitude of the vicinal 

H1'' – H2'' coupling constant in the 1H NMR spectrum. The measured value of 7.9 Hz is 

indicative of diaxial coupling (3JH1 – H2   7 – 9 Hz)196 thus confirming a β-configuration, 

consistent with the reaction proceeding via anchimeric assistance through α-acetoxonium 297. 

It should be noted that the magnitude of the 3JH1 – H2 values were also used to assign the 
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anomeric configurations of glucosides 281 and 293-296 on course to 279, whereby values of 2 

– 4 Hz are indicative of equatorial – axial couplings observed in α-glucosides.196 

 

Scheme 69. Synthesis of acetophenone-β-D-glucoside 279 

 

3.2.3.4 Synthesis of callistephin chloride 

As for pelargonidin chloride (261), the synthesis of callistephin chloride (278) was 

accomplished using a modified version of a procedure reported by Robinson.174 After the acid 

catalysed condensation of phloroglucinaldehyde 266 and β-glucoside 279, the deep red solution 

was concentrated in vacuo and a base mediated global deprotection executed (Scheme 70). 

Following reacidification, the aqueous solution, containing a mixture of crude callistephin 

chloride (278) and potassium chloride, was concentrated and the resulting solid suspended in 

ethanol (sat. with hydrogen chloride) and filtered. The ethanolic filtrate was then concentrated 

to yield 278 separated from potassium chloride, however, analysis of the 1H NMR spectrum 

revealed trace amounts of an identified impurity. To ensure a high purity of 278 for the 

subsequent attempted nudicaulin synthesis, the residue was dissolved in 0.1 M hydrochloric 
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acid and washed multiple times with ethyl acetate. Gratifyingly, after concentration of the 

aqueous phase, 278 was afforded in 95% yield and of excellent purity.   

Scheme 70. Synthesis of callistephin chloride (278) 

 

3.2.3.5 Synthesis of partially deglycosylated nudicaulins 

With access to callistephin chloride (278) secured the subsequent reaction with indole under 

acidic conditions to give partially deglycosylated nudicaulins 230a/b was attempted (Table 

10). To begin, a stoichiometric mixture of 278 and indole were stirred together in a pH 2 

aqueous buffer in an open flask (entry 1). The bright red colour conferred by 278 rapidly 

dissipated to give a pale-yellow solution after just one hour. Analysis of the reaction mixture 

(TLC) revealed complete consumption of 278 and indole to give a plethora of products. 

Purification by reverse-phase chromatography on C-18 silica gel was thus performed and the 

elution of a bright yellow product was encouraging. Preliminary analysis by 1H NMR 

spectroscopy suggested this product was a mixture of nudicaulins 230a and 230b, however 

insufficient material was obtained at this point to provide conclusive evidence. To improve the 

isolated yield, we trialled less acidic buffers. At pH 3.2, only a marginal increase in the isolated 

yield was noted (entry 2), however, at pH 3.6, a significant increase resulted (entry 3). Full 

characterisation of this new product was now possible, indeed confirmed to be an inseparable 

mixture of 230a and 230b, in a respective 1:2.5 ratio. Delighted by this result, attempts were 

made to improve the yield of the cascade reaction. Using a slight excess of indole was 

detrimental to the yield with an increased number of unidentified side-products noted (entry 

4), presumably due to intermolecular reaction of the excess indole with the electrophilic 

intermediates on course to 230a/b. Using methanol as a co-solvent was similarly detrimental 

(entry 5). Finally, it was found the best isolated yield of 41% could be achieved using 0.9 
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equivalents of indole with a reaction time of three hours (entry 6), whereby a longer reaction 

time resulted in a diminished yield (entry 7). 

 

Table 10. Fusion of callistephin chloride (278) and indole 

entrya indole eq. solvent time (h) 230a:230bb yield (%) 

1 1.0 pH 2 buffer 1 trace 

2 0.8 pH 3.2 buffer 1 4 

3 0.8 pH 3.6 buffer 1 29 

4 1.2 pH 3.6 buffer 1 18 

5 0.8 pH 3.6 buffer:MeOH (3:1) 1 18 

6 0.9 pH 3.6 buffer 3 41 

7 0.9 pH 3.6 buffer 4 35 

a rxn flask open to air, b230a:230b, 1:2.5 determined by 1H NMR 

 

3.2.4 Biomimetic synthesis of unnatural nudicaulins 298-303 by Schneider 

and co-workers 

Shortly after we successfully completed the synthesis of partially deglycosylated nudicaulins 

230a/b in our laboratory, Schneider and co-workers reported the preparation of several 

unnatural nudicaulin derivatives (298-303), also supporting the biosynthesis proposal.148 Here, 

the quercetin (304) derived permethylated anthocyanidin 305 underwent an acid-mediated 

biomimetic fusion with several indoles to give racemic nudicaulins 298-303 as single but 

unassigned diastereomers (Scheme 71). The yields for this process were poor however, a large 

excess of the indole partner was required, and the products do not contain the substitution 
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pattern, nor the glycosides present in natural nudicaulins. Schneider and co-workers 

subsequently subjected the small unnatural nudicaulin library to biological testing and found 

that these derivatives displayed antiproliferative activity against HUVEC and K-562 cells (GI50 

= 1.0-5.3 μM) and cytotoxic activity against HeLa cells (CC50 = 3.4-16.5 μM).  

 

Scheme 71. Biomimetic synthesis of unnatural nudicaulins 298-303148 

 

3.2.5 Nudicaulins I and II 

Following our successful synthesis of partially deglycosylated nudicaulins 230a/b and 

confirming conditions under which the ultimate biosynthetic step could be replicated in vitro, 

we began our pursuit of triglucosylated nudicaulins I (224a) and II (224b) to unequivocally 

confirm the gross structure of the diastereomeric natural product (Scheme 72). This required 

access to orientalin (242), which would represent the first synthesis of this 3,7-diglycosylated 

anthocyanin. Orientalin (242) could be constructed from suitably protected 

phloroglucinaldehyde-β-glucoside 306 and acetophenone-β-sophoroside 307. Regioselective 

β-glucosylation of phloroglucinaldehyde 266 with an appropriate donor (308) would deliver 

306, whereas 307 could be accessed from the β-sophorosylation of 280 with a suitable 

sophorose donor (309).  
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Scheme 72. Retrosynthesis of nudicaulins I (224a) and II (224b) 

 

3.2.5.1 Synthesis of phloroglucinaldehyde-β-glucoside 306 

The simpler glycoside 306 was targeted first (Table 11). Due to the strong intramolecular 

hydrogen bond between the aldehyde group and C6-OH (as depicted), regioselectivity issues 

were not expected in the glycosylation of 266. To begin, our conditions that were successful 

for the preparation of glucoside 279 using the trichloroacetimidate donor 295 were applied to 

phloroglucinaldehyde 266 (entry 1). Unfortunately, as an acceptor 266 was completely 

unreactive under these reaction conditions with eventual degradation of donor 295 noted. A 

survey of the literature revealed that phenol glycosylations are usually accomplished under 

basic conditions, presumably whereby the reaction proceeds through the more nucleophilic 

phenoxide anion. Consequently, some base-mediated glycosylation conditions taken from the 
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literature were applied to acceptor 266. Following a procedure outlined by Dangles and co-

workers,197 266 and bromide donor 281 were stirred together in a biphasic mixture of saturated 

aqueous potassium carbonate and dichloromethane in the presence of a phase transfer catalyst 

(entry 2). Unfortunately, these conditions simply resulted in debenzoylation of 266 and 

hydrolysis of bromide 281, with the same outcome noted upon switching the donor to 

trichloroacetimidate 295 (entry 3). An alternative base mediated glycosylation condition198 

using potassium hydroxide and bromide donor 281 also resulted in debenzoylation of 266 and 

hydrolysis of bromide 281 (entry 4). It was apparent anhydrous conditions were required to 

avoid both debenzoylation of 266 and donor hydrolysis. A further literature search revealed 

conditions reported by Stepanova and co-workers,199 who used silver(I) oxide and morpholine 

to promote the β-glucosylation of a phenolic acceptor with bromide 281. These conditions were 

therefore trialled; silver(I) oxide and morpholine were added to a mixture of 266 and 281 in 

dichloromethane and the prompt consumption of both starting materials was noted (TLC) 

(entry 5). Pleasingly, from the crude reaction mixture phloroglucinaldehyde-glucoside was 

isolated, indeed as the desired regioisomer 306, and as a single anomer, albeit in poor yield. 

Phloroglucinaldehyde-glucoside 306 was isolated as the desired β-anomer, assigned via the 

3JH1' – H2' value of 7.6 Hz, consistent with diaxial coupling.196 It was found that increasing the 

amount of quinoline was beneficial (entry 6) and running the reaction in neat quinoline 

provided 306 in a practical 37% yield (entry 7). 
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Table 11. β-Glucosylation of phloroglucinaldehyde 266 

 

entry donor (eq.) activator 

(eq.) 

additive 

(eq.) 

solvent time 

(h) 

outcome 

1 295 (1.5) BF3•Et2O 

(0.5) 

4 Å mol. 

sieves 

CH2Cl2 0.75 266 unreactive 

2 281 (1.5) - TMEA 

(1.5) 

sat. K2CO3(aq):CH2Cl2 

(1:1) 

22 debenzoylation of 

266, hydrolysis of 

281 

3 295 (1.5) - TMEA 

(1.5) 

sat. K2CO3(aq):CH2Cl2 

(1:1) 

18 debenzoylation of 

266, hydrolysis of 

295 

4 281 (1.5) - - 1 M KOH(aq):acetone 

(1:1) 

17 debenzoylation of 

266, hydrolysis of 

281 

5 281 (1.0) Ag2O 

(1.0) 

quinoline 

(1.0) 

CH2Cl2 1 β-306 (13%) 

6 281 (1.0) Ag2O 

(1.0) 

quinoline 

(3.6) 

CH2Cl2 0.5 β-306 (28%) 

7 281 (1.0) Ag2O 

(1.0) 

quinoline 

(neat) 

- 0.75 β-306 (37%) 

 

3.2.5.2 Acetophenone-β-sophoroside 307 

Before proceeding to our investigations into the synthesis of acetophenone-β-sophoroside 307, 

a brief discussion on the disaccharide sophorose follows.  

 



Chapter Three: Biomimetic Synthesis of Nudicaulins I and II 

111 

 

3.2.5.2.1 Sophorose and sophorosylations 

Sophorose (310) is a dimer of glucose, harbouring an unusual β-1,2' glycosidic linkage (Figure 

8, blue). In Nature this disaccharide is most commonly encountered in sophorolipids (e.g., 311). 

Sophorolipids are produced by non-pathogenic yeast strains and consist of a hydrophobic fatty 

acid tail of 16 to 18 carbon atoms and a hydrophilic β-linked sophorose head.200 Due to the 

amphiphilic structures of sophorose lipids, their biosurfactant properties have been extensively 

studied and some industrial applications have even been found.200–202 

 

 

 

 

 

 

 

Figure 8. Sophorose (310) and sophorose lipids (e.g., 311) 

 

An activated sophorose is an interesting donor in that it carries a non-participating 

neighbouring group next to the anomeric centre, meaning sophorosylation reactions cannot 

proceed with anchimeric assistance, making β-selectivity, as is desired in our instance, difficult 

to achieve. Consequently, the stereochemical outcome of sophorosylation reactions reported in 

the literature is not uniform. Brundish and Braddiley found that coupling of sophorose bromide 

312 with glycerol using mercuric oxide, mercuric bromide, and iodine as catalysts gave the 

corresponding sophoroside 313 as a mixture of anomers favouring the β-sophoroside (Scheme 

73).203 
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Scheme 73. Synthesis of glycerol-sophoroside 313203 

 

From the sophorosylation of the phenolic hydroxyl groups of the flavanones naringenin (314) 

and hesperetin (315) under basic conditions, β-sophorosides 316 and 317 were afforded, 

respectively, although in poor yields (Scheme 74).204 Likewise, the quercetin derivative 318 

was successfully β-glycosylated with sophorose bromide 312 under phase transfer catalysis 

conditions to give β-sophoroside 319.205  

 

Scheme 74. Synthesis of flavanone-β-sophorosides 316, 317 and 319204,205 
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The glycosylation of glycyrrhetates 320206 and 321207 with sophorose bromide 312 using 

silver(I) oxide or silver(I) carbonate with catalytic iodine was also reported to be β-selective, 

although the resultant β-sophoroside 322 was only isolated in poor yields (after global 

deprotection) (Scheme 75). Conversely, Haslinger and co-workers found that oleanolate 323 

underwent reaction with bromide 312 under analogous conditions to yield 324 exclusively as 

the α-anomer.208 

 

Scheme 75. Syntheses of glycyrrhetic acid-β-sophoroside 322206,207 and oleanolate-α-

sophoroside 324208 

 

Ogawa and co-workers noted that α-sophorosides were predominantly formed when employing 

tertiary alcohols in the glycosylation with bromide 312 (Scheme 76).209 Specifically, 

glycosylation of 1-methyl cyclohexanol with 312 under a variety of conditions furnished the 

α-sophoroside 325 exclusively, whereas the more complex steviol methyl ester (326) also 

yielded mainly the α-anomer 327, although a small amount of the β-product was detected.  
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Scheme 76. Sophorosylation of tertiary alcohols with bromide 312209 

 

The preparation of oligosaccharides using sophorose bromide 312 has also been reported. 

Sophorosylation of the primary hydroxyl group in glucose 328 was accomplished β-selectively 

using silver(I) oxide, affording trisaccharide 329 in 49% yield (Scheme 77).210 In contrast, the 

sophorosylation of the secondary hydroxyl group in disaccharide 330 with bromide 312, also 

promoted by silver(I) oxide, yielded the tetrasaccharide 331 as an anomeric mixture favouring 

the α-anomer (α:β, 1.7:1).211 
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Scheme 77. Synthesis of oligosaccharides 329210 and 331211 from sophorose bromide 312 

 

In 2012, Pietruszka and co-workers reported the total synthesis of the β-sophoroside natural 

products ebracteatoside C (332), zizybeoside I (333) and the unnamed phenethyl glycoside 

334.212 The latter two, 333 and 334, were prepared in two steps from sophorose bromide 312 

upon coupling with the respective acceptors, benzyl alcohol and phenylethyl alcohol, using 

silver(I) carbonate as the activator (Scheme 78A). Here, the glycosylation was β-selective, 

affording the natural products 333 and 334 in 51% and 59% yield, respectively, after global 

deprotection. Unfortunately, application of these reaction conditions using secondary alcohol 

335 towards the total synthesis of ebracteatoside C (332) was unsuccessful, whereby formation 

of the undesired α-anomer predominated. A screen of glycosylation conditions with 335 using 

various sophorose donors was therefore undertaken and the best β-selectivity (α:β, 1:3) was 

obtained using benzoyl protected trichloroacetimidate 336 and the activator Pd(MeCN)4(BF4)2, 

affording sophoroside 337 in 49% yield as an inseparable mixture of anomers (Scheme 77B). 

Base promoted global deprotection then followed, enabling separation of the anomers and 

delivering the β-sophoroside natural product 332. 
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Scheme 78. Total synthesis of (A) β-sophorosides 333 and 334 from bromide 312 and (B) 

ebracteatoside C (332) from trichloroacetimidate 336212 

 

3.2.5.2.2 Synthesis of sophorose donors 312 and 338 

The literature reports highlighted prior illuminate the difficulty in controlling the 

stereochemical outcome of sophorosylation reactions. As such, we anticipated the 

stereoselective synthesis of β-sophoroside 307 would be difficult and that more than one donor 

would be required for reaction screening.  The preparation of the two donors, bromide 312 and 

trichloroacetimidate 338, was therefore undertaken (Scheme 79). Following the route outlined 

by Coxon and Fletcher,213 our synthesis commenced with the regio- and stereo-selective 

glycosylation of commercially available methyl 4,6-O-benzylidene-α-D-glucoside (339) with 
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trichloroacetimidate 295 promoted by boron trifluoride diethyl etherate, yielding β-glucoside 

340. Direct treatment of crude 1,2-glucoside 340 with acetic anhydride in the presence of 

catalytic quantities of sulfuric acid then gave octaacetylsophorose 341 in 65% yield over two 

steps. Octaacetylsophorose 341 was readily converted to α-bromide 312 in excellent yield upon 

treatment with hydrobromic acid in acetic acid. Alternatively, selective anomeric deacetylation 

of 341 using hydrazine acetate214 to give heptaacetylsophorose 342 followed by reaction with 

trichloroacetonitrile delivered α-trichloroacetimidate 338 in 54% yield over two steps. 

Scheme 79. Synthesis of sophorose donors 312 and 338 

 

3.2.5.2.3 Synthesis of acetophenone-β-sophoroside 307 

With sophorose donors 312 and 338 in hand, the β-selective glycosylation of α-hydroxy 

acetophenone acceptor 280 was investigated (Table 12). We began by trialling some base-
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mediated conditions using α-bromide 312 which should proceed through an SN2-type 

mechanism to furnish the desired β-anomer. A mixture of acceptor 280 and donor 312 were 

therefore stirred together in a biphasic mixture of saturated aqueous potassium carbonate and 

dichloromethane in the presence of a phase transfer catalyst (entry 1). Unfortunately, 

deacetylation of 280 and hydrolysis of 312 ensued and the desired sophoroside 307 was not 

detected. Deacetylation of 280 was prevented upon switching to a weaker base (sodium 

bicarbonate), however the desired glycosylation did not proceed, and hydrolysis of 312 simply 

occurred over time (entry 2). We thus moved on to trialling some more standard glycosylation 

conditions. The silver(I) carbonate promoted glycosylation of acceptor 280 with bromide 312 

was attempted, however no reaction was noted after 43 hours (entry 3). Similarly, no reaction 

was observed when employing boron trifluoride diethyl etherate with bromide 312 (entry 4). 

Using the trichloroacetimidate donor 338 under these conditions, however, provided the 

desired sophoroside 307, albeit in poor yield and as an inseparable anomeric mixture favouring 

the undesired α-anomer (α:β, 2:1) (entry 5). The configuration about the newly formed 

anomeric centre was once again assigned by the magnitude of the 3JH1'' – H2'' value (α = 3.7 Hz; 

β = 7.4 Hz).196 Trichloroacetimidate 338 was deemed the more suitable donor and was thus 

employed in the subsequent optimisation. Switching the activator to TMSOTf led to a drastic 

improvement in yield, but, unfortunately, the α-anomer was formed exclusively (entry 6). A 

solvent switch to acetonitrile, whereby the reaction could proceed via the α-nitrilium-nitrile 

conjugate 343,215 delivered 307 as an anomeric mixture (α:β, 1:2) favouring the desired β-

sophoroside in good yield (entry 7). Trialling propionitrile as the solvent was detrimental to 

the β-selectivity (entry 8) and attempts to pre-form the α-nitrilium-nitrile conjugate 343 via 

reverse mode addition216–218 failed (entry 9). We then trialled the cationic palladium catalyst 

Pd(MeCN)4(BF4)2, which was successfully employed in Pietruszka and co-workers in the total 

synthesis of ebracteatoside C (332).212 Glycosylation using 20 mol% of this catalyst gave 307 

favouring the desired β-anomer (α:β, 1:2), but in poor yield (entry 10). An attempt to improve 

the yield and selectivity by employing a stoichiometric amount of the palladium(II) salt was 

unsuccessful, with only a marginal improvement in yield noted (entry 11). Executing reverse 

mode addition was also unsuccessful (entry 12). The β-selectivity exhibited by AuCl3 in 

glycosylations216 only partially translated onto our system, and sophoroside 307 was delivered 

in good yield slightly favouring the β-anomer (α:β, 1:1.3) (entry 13). From here, we concluded 

our optimisation study and returned to the conditions outlined in entry 7, deciding to employ 

the β-enriched anomeric mixture of 307 in the subsequent step, hoping that anomeric separation 

would be possible downstream.  
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Table 12. Sophorosylation of α-hydroxy acetophenone 280 

entry donor (eq.) activator (eq.) solvent temp. (°C) time 

(h) 

outcome 

1a ,b 312 (1.0) - sat.K2CO3(aq):

CH2Cl2 (1:1) 

r.t. 22 deacetylation of 

280, hydrolysis 

of 312 

2a b 312 (1.0) - 1 M NaHCO3: 

CH2Cl2 (1:1) 

r.t. → 50 23 280 unreactive, 

hydrolysis of 

312 

3 312 (1.0) Ag2CO3 (2.0) CH2Cl2 r.t. 43 no rxn 

4 312 (1.5) BF3•Et2O (1.0) CH2Cl2 -41 → r.t. 24 no rxn 

5 338 (1.5) BF3•Et2O (0.5) CH2Cl2 -41 → r.t. 2 307 (24%)  

α:β, 2:1 

6 338 (1.5) TMSOTf (0.5) CH2Cl2 -41 → -20  0.8 307 (>98%) 

α only 

7 338 (1.5) TMSOTf (0.5) MeCN -41 0.25 307 (74%) 

α:β, 1:2 

8 338 (1.5) TMSOTf (0.5) EtCN -41 0.5 307 (28%) 

α:β, 1:1 

9c 338 (1.5) TMSOTf (0.5) MeCN -41 0.25 307 (trace) 

10 338 (1.5) Pd(MeCN)4(BF4)2 

(0.2) 

CH2Cl2 -41 → r.t. 24 307 (16%)  

α:β, 1:2 

11 338 (1.5) Pd(MeCN)4(BF4)2 

(1.0) 

CH2Cl2 r.t. → 40 17 307 (24%) 

α:β, 1:2  

12c 338 (1.5) Pd(MeCN)4(BF4)2 

(1.0) 

CH2Cl2 r.t. 24 307 (trace) 

13 338 (1.5) AuCl3 (0.1) CH2Cl2 -78 → r.t. 1 307 (60%) 

α:β, 1:1.3 

aaddition of mol. sieves omitted, bTMEA (1.5 eq.) added, creverse mode addition 
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3.2.5.3 Synthesis of orientalin chloride 

With access to phloroglucinaldehyde-β-glucoside 306 and the β-enriched anomeric mixture of 

acetophenone-sophoroside 307 secured, we attempted the synthesis of orientalin chloride (242) 

(Scheme 80). Under analogous conditions used to prepare callistephin chloride (278), β-306 

and α/β-307 were condensed in the presence of hydrogen chloride gas followed by base-

mediated global deprotection and reacidification to give the crude material containing an 

anomeric mixture of orientalin chloride (242) (from β-307) and 1''-epi-orientalin chloride (344) 

(from α-307). Fortuitously, anomeric separation was possible via reverse phase 

chromatography on C18-silica gel, yielding the former natural orientalin (242) in 24% yield 

and the latter unnatural orientalin derivative 344 in 12% yield. Although orientalin (242) was 

first reported in the literature over 60 years ago,144 this represents the first synthesis and full 

spectroscopic characterisation of this 3,7-diglycosylated anthocyanin. 

 

Scheme 80. Synthesis of orientalin chloride (242) and 1''-epi-orientalin chloride (344) 
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3.2.5.4 Total synthesis of nudicaulins I and II 

With pure orientalin chloride (242) in hand, the biomimetic fusion with indole to yield 

nudicaulins I (224a) and II (224b) was attempted. The reaction conditions optimised for the 

synthesis of partially deglycosylated nudicaulins 230a/b were applied, and a mixture of 242 

and indole were stirred together in a pH 3.6 buffered solution open to air (Scheme 81). 

Complete consumption of the starting materials was noted after seven hours (TLC), during 

which time the deep red colour characteristic of orientalin dissipated to yield a golden yellow 

solution. Purification of the crude mixture via reverse phase chromatography on C18-silica gel 

delightfully yielded a 2:3 mixture of nudicaulins 224a and 224b, respectively, with the 

spectroscopic data in excellent agreement with that of natural 224a and 224b (see section 

3.2.5.4.1). The excellent yield with which 224a/b were afforded (92%) lends credence to the 

postulate that nudicaulins may form spontaneously in the petals of the Iceland poppy, as 

opposed to being under enzymatic control, which was further validated recently by Schneider 

and co-workers through transcriptome, proteome and metabolome analysis of the nudicaulin 

biosynthesis.219 Additional support could also be made by comparing the diastereomeric ratio 

of 224a and 224b obtained synthetically with that isolated from the Iceland poppy, however, 

unfortunately this was not disclosed in the isolation report.126  
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Scheme 81. Biomimetic total synthesis of nudicaulins I (224a) and II (224b) 

 

3.2.5.4.1 Spectroscopic comparison of synthetic and natural nudicaulins I and II 

As we were unable to separate synthetic nudicaulins 224a/b via semi-preparative HPLC 

following the procedure outlined by Bringmann, Schneider and co-workers126 with our 

available instrumentation, full characterisation of the diastereomeric mixture was performed. 

Pleasingly, the 1H NMR data for synthetic 224a and 224b was in excellent agreement with that 

reported for natural 224a and 224b,126 respectively (Table 13, Figure 9). 
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Table 13. 1H NMR (methanol-d4) comparison of natural 224a and 224b with synthetic 224a 

and 224b, respectively. 

 

 

No. δH Natural  

Nud I (224a) 

δH Synthetic 

Nud I (224a) 

Δδ δH Natural  

Nud II (224b) 

δH Synthetic 

Nud II 

(224b) 

Δδ 

Aglycon       

3 5.63, s 5.63, s 0 5.80, s 5.80, s 0 

6 6.33, d, J 2.0 6.34, d, J 1.9 +0.01 6.35, d, J 2.0 6.36, d, J 1.9 +0.01 

8 6.29, d, J 2.0 6.30, d, J 1.9 +0.01 6.27, d, J 2.0 6.28, d, J 1.9 +0.01 

15 8.33, d, J 7.8 8.31, d, J 7.2 -0.02 8.31, d, J 7.8 8.30, d, J 7.2 -0.01 

16 7.59, dd, J 7.8, 7.8 7.60-7.55, m 0 7.58, dd, J 7.8, 7.8 7.60-7.55, m 0 

17 7.66, dd, J 7.8, 7.8 7.67-7.63, m 0 7.65, dd, J 7.8, 7.8 7.67-7.63, m 0 

18 7.72, d, J 7.8 7.74-7.72, m 0 7.73, d, J 7.8 7.74-7.72 0 

2'/6' 8.63, d, J 9.1 8.63, d, J 9.0 0 8.58, d, J 9.0 8.57, d, J 9.0 -0.01 

3'/5' 7.16, d, J 9.0 7.16, d, J 9.0 0 7.15, d, J 9.0 7.14, d, J 9.0 -0.01 

Glc A       

1'' 4.78, d, J 7.4 4.80, d, J 7.6 +0.02 5.08, d, J 7.9 5.09, d, J 7.9 +0.01 

2'' 3.56 3.57 +0.01 3.86 3.85 -0.1 

3'' 3.55 3.55 0 3.63 3.67 +0.04 

4'' 3.39 3.40 +0.01 3.37 3.39 +0.02 

5'' 3.33 3.34 +0.01 3.09 3.09 0 

6''A 3.87, dd, J 12.0, 2.0 3.87, overlap 0 3.88, overlap 3.88, overlap 0 

6''B 3.67, dd, J 12.0, 5.9 3.65, overlap -0.02 3.62, overlap 3.63, overlap +0.01 

Glc B       

1''' 4.51, d, J 7.7 4.52, d, J 7.6 +0.01 4.96, d, J 7.5 4.96, d, J 7.5 0 

2''' 3.24 3.25 -0.01 3.39 3.40 +0.01 

3''' 3.06 3.06 0 3.20 3.20 0 

4''' 3.05 3.06 +0.01 3.34 3.34 0 

5''' 3.39 3.40 +0.01 3.36 3.34 -0.02 

6'''A 3.31, dd, J 11.8, 1.9 3.30, overlap 0 3.71, dd, J 11.8, 1.9 3.69, overlap -0.02 

6'''B 3.00, dd, J 11.8, 5.7 3.02, overlap +0.02 3.24, dd, J 11.8, 6.0 3.25, overlap +0.01 
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Glc C       

1'''' 4.78, d, J 7.4 4.80, d, J 7.6 +0.02 4.81, d, J 7.3 4.82, d, J 8.0 +0.01 

2'''' 3.38 3.39 +0.01 3.39 3.40 +0.01 

3'''' 3.18 3.19 +0.01 3.32 3.33 +0.01 

4'''' 3.33 3.33 0 3.38 3.40 +0.02 

5'''' 3.31 3.33 +0.02 3.20 3.21 +0.01 

6''''A 3.79, dd, J 12.1, 2.1 3.80, overlap +0.01 3.85, overlap 3.83, overlap -0.02 

6''''B 3.70, dd, J 12.1, 5.3 3.72, overlap +0.02 3.64, overlap 3.65, overlap +0.01 
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Figure 9. 1H NMR spectrum (methanol-d4) of (A) natural nudicaulin I (224a),126 (B) natural 

nudicaulin II (224b),126 and (C) synthetic mixture of nudicaulins I (224a) and II (224b) 
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Furthermore, the diagnostic correlations between H-3 and H-1'', used to assign the relative cis-

geometry of the 5,5-fused ring system in the natural products, were observable in the ROESY 

spectrum of the synthetic mixture of 224a/b (Figure 10). 

 

Figure 10. Selected region of the ROESY spectrum (methanol-d4) of synthetic 224a and 224b 

 

Finally, comparison of the 13C spectra was made. Disappointingly, on initial comparison, 

numerous discrepancies were noted between the data obtained for the synthetic mixture of 

224a/b and the values reported for the natural products reported in the literature.126 However, 

closer inspection of the 13C spectrum of natural 224a and 224b revealed some additional peaks 

not belonging to the natural product nor the reported NMR solvent (methanol-d4). For example, 

in the spectrum for natural 224b a cluster of peaks at ~53 ppm was observed (Figure 11, red). 

Furthermore, many discrepancies between the tabulated values listed in the isolation report 

versus the values from the physical spectra supplied in the supporting information were noted. 

As one such example, the chemical shift for C19 in natural 224b was tabulated as 149.5 ppm, 

but in the physical spectrum this shift came at ~147.1 ppm. Similarly, the tabulated value of 

98.4 ppm for C1'' was observed at ~96.1 ppm in the provided spectrum. Personal 
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communication with the corresponding author, Professor Bernd Schneider, revealed, firstly, 

that the 13C spectra for the natural products were obtained in methanol-d4 containing 0.5 – 1% 

d-TFA, which accounts for the additional observed peaks. Secondly, Professor Schneider 

indicated that the tabulated values in the isolation report were extracted from the 2D NMR 

data, in particular the HSQC and HMBC spectra, explaining the deviations on comparison to 

the 1D spectra. Gratefully, Professor Schneider supplied us with the corrected 13C NMR spectra 

for natural nudicaulins 224a and 224b, allowing accurate tabulation of chemical shift values 

and comparison to our values obtained for the synthetic mixture, which was re-run in methanol-

d4 containing 1% d-TFA. 
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Figure 11. 13C NMR spectrum (methanol-d4 + d-TFA) of natural nudicaulin II (224b) adapted 

from Org. Lett. 2013, 15, 156-159.126 

 

As seen on the following pages (Table 14, Figure 12), after these considerations the 13C NMR 

data for natural 224a and 224b were in excellent agreement with that of the synthetic mixture, 

thus confirming the gross structure of the nudicaulin pigment.  
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Table 14. 13C NMR (methanol-d4 + d-TFA) comparison of natural 224a and 224b with 

synthetic 224a and 224b, respectively. 

 

 

No. δC Natural  

Nud I (224a)a 

δC Synthetic 

Nud I (224a) 

Δδ δC Natural  

Nud II 

(224b)a 

δC Synthetic 

Nud II 

(224b) 

Δδ 

Aglycon       

2 177.5 177.4 -0.1 177.8 177.7 -0.1 

3 49.7 49.8 +0.1 - 49.3b - 

4 101.7 101.8 +0.1 101.8 101.9 +0.1 

5 156.3 156.4 +0.1 156.3 156.4 +0.1 

6 99.1 99.3 +0.2 99.4 99.5 +0.1 

7 162.5 162.6 +0.1 162.3 162.4 +0.1 

8 92.3 92.3 0 91.9 92.1 +0.2 

9 161.0 161.2 +0.2 161.2 161.1 -0.1 

11 126.7 126.8 +0.1 125.5 125.5 0 

12 168.3 168.3 0 169.7 169.6 -0.1 

13 131.1 131.1 0 130.9 131.0 +0.1 

14 122.6 122.6 0 122.7 122.8 +0.1 

15 125.5 125.4 -0.1 125.3 125.2 -0.1 

16 128.4 128.4 0 128.4 128.4 0 

17 131.4 131.4 0 131.4 131.4 0 

18 117.1 117.2 +0.1 117.1 117.2 +0.1 

19 148.3 148.3 0 148.3 148.3 0 

1' 122.8 122.8 0 122.6 122.6 0 

2'/6' 139.2 139.2 0 139.4 139.4 0 

3'/5' 118.2 118.2 0 118.1 118.2 +0.1 

4' 168.1 167.9 -0.2 167.9 168.1 +0.2 

Glc A       

1'' 99.4 99.5 +0.1 97.3 97.3 0 

2'' 83.7 83.7 0 77.9 77.9 0 

3'' 77.6 77.6 0 78.8 78.8 0 

4'' 70.3 70.4 +0.1 70.6 70.6 0 
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5'' 77.7 77.7 0 78.3 78.3 0 

6'' 61.9 62.0 +0.1 61.7 61.8 +0.1 

Glc B       

1''' 106.0 106.0 0 103.0 103.1 +0.1 

2''' 76.0 76.0 0 77.7 77.7 0 

3''' 78.0 78.0 0 72.1 72.2 +0.1 

4''' 71.7 71.7 0 74.5 74.5 0 

5''' 77.8 77.7 -0.1 78.0 78.0 0 

6''' 62.6 62.7 +0.1 63.1 63.1 0 

Glc C       

1'''' 102.0 102.0 0 102.0 102.0 0 

2'''' 74.5 74.5 0 77.7 77.7 0 

3'''' 78.6 78.6 0 71.0 71.1 +0.1 

4'''' 71.1 71.1 0 75.6 75.6 0 

5'''' 77.5 77.5 0 78.0 78.0 0 

6'''' 62.3 62.3 0 62.2 62.3 +0.1 

a 13C NMR spectra supplied by Professor Bernd Schneider, Max Planck Institute for Chemical Ecology, b obscured 

by residual methanol – chemical shift determined via 1H-13C HSQC 
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Figure 12. 13C NMR spectrum (methanol-d4 + d-TFA) of (A) natural nudicaulin I (224a), (B) 

natural nudicaulin II (224b), and (C) synthetic mixture of nudicaulin I (224a) and II (224b) 

 



Chapter Three: Biomimetic Synthesis of Nudicaulins I and II 

132 

 

Our work describing the total synthesis of nudicaulin I and II was published in Chemical 

Communications.220 

 

3.3 Summary 

Captivated by the unique structure of the nudicaulins, the pigments responsible for the yellow 

colour in the petals of the Iceland poppy, we instigated a program towards the total synthesis 

this fascinating natural product. With a wealth of information available on the biosynthesis of 

these flavoalkaloids, we specifically targeted a biomimetic synthesis which hinged upon 

implementation of a complex cascadic fusion of indole with pelargonidin glycosides. Our quest 

began by first targeting the nudicaulin aglycon 260, which should hence derive from the fusion 

of indole with the anthocyanidin pelargonidin (261) (Scheme 82). To ensure pelargonidin 

chloride (261) remained in its cationic flavylium form, the reaction was attempted under acidic 

conditions. Unfortunately, despite numerous attempts, we were unable to detect the formation 

of aglycon 260, with unstable species that precluded characterisation repeatedly afforded. We 

hypothesised that the free hemiketal group (green) in 260 renders the aglycon too unstable for 

isolation, which is corroborated by the isolation reports, whereby attempted hydrolysis to the 

aglycon 260 was met with evident degradation.126,130 

 

 

 

 

 

Scheme 82. Attempted synthesis of the purportedly unstable nudicaulin aglycon 260 

 

It light of the purported instability of aglycon 260, we revised our target to the known, semi-

synthetic partially deglycosylated nudicaulins 230a and 230b.126 Consequently, nudicaulins 

230a/b should hence be derived from the anthocyanin callistephin chloride (278), which was 

readily synthesised and its fusion with indole explored (Scheme 83). Delightfully, the reaction 
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was successful, and nudicaulins 230a and 230b were indeed afforded as a respective 1:2.5 

mixture in 41% yield after optimisation. 

 

Scheme 83. Biomimetic synthesis of partially deglycosylated nudicaulins 230a and 230b 

 

With conditions under which the ultimate biomimetic cascade could be replicated, we finally 

pursued the total synthesis of natural nudicaulins I (224a) and II (224b). For the preparation of 

the biosynthetic precursor, orientalin (242), access to acetophenone-β-sophoroside 307 was 

required (Scheme 84). In the absence of neighbouring group participation, the β-selective 

sophorosylation of acceptor 280 was envisioned to be challenging. Indeed, we were unable to 

accomplish complete anomeric selectivity, however, using the trichloroacetimidate donor 338 

with acetonitrile as the solvent, preferential formation of the desired β-anomer of 307 in good 

yield was possible. The β-enriched mixture of 307 was then subjected to an acid catalysed 

heteroannulation reaction with phloroglucinaldehyde-β-glucoside 306, followed by global 

deprotection and reacidification, to deliver pure β-sophorosylated orientalin chloride (242) 

after purification. With orientalin chloride (242) in hand, the ultimate biomimetic fusion with 

indole was executed using the optimised reaction conditions, furnishing a diastereomeric 

mixture of nudicaulins I (224a) and II (224b) in remarkable yield. The spectroscopic data for 

the synthetic mixture was in excellent agreement with that of the natural products, thus 

unequivocally confirming the biosynthetic proposal and gross structure of these unique 

flavoalkaloidal pigments. The successful synthesis of 224a/b also further reiterates the benefits 

of integrating a biomimetic approach into a natural product synthesis, whereby the ultimate 
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cascadic fusion of indole and orientalin (242) may not have been identified from a purely 

retrosynthetic standpoint. 

 

Scheme 84. Biomimetic total synthesis of nudicaulins I (224a) and II (224b)
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4.1 General Experimental Details 

Commercially available reagents were used throughout without purification unless otherwise 

stated. Anhydrous solvents were used as supplied. Acetonitrile, dichloromethane, DMF, 

methanol, THF and toluene were dried using an LC Technology Solutions Inc. SP-1 solvent 

purification system under an atmosphere of dry nitrogen. All reactions were routinely carried 

out in oven-dried glassware under a nitrogen atmosphere unless otherwise stated. Powdered 4 

Å molecular sieves we activated prior to use by heating at 250 °C under vacuum for ~16 h. 

Analytical thin layer chromatography was performed using silica plates and compounds were 

visualized at 254 and/or 360 nm ultraviolet irradiation followed by staining ethanolic vanillin 

solution. Optical rotations were measured using a Perkin-Elmer 341 polarimeter at λ = 598 nm 

and are given in deg dm-1 cm3 g-1. Melting points were recorded on an Electrothermal melting 

point apparatus and are uncorrected. 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). NMR spectra were recorded 

on a Bruker DRX400 spectrometer operating at 400 or 300 MHz for 1H nuclei and 100 or 75 

MHz for 13C nuclei. Chemical shifts are reported in parts per million (ppm) relative to the 

tetramethylsilane peak recorded as δ 0.00 ppm in CDCl3/TMS solvent, or the residual 

chloroform (δ 7.26 ppm), DMSO (δ 2.50 ppm), methanol (δ 3.31 ppm) or acetone (δ 2.05 ppm) 

peaks. The 13C NMR values were referenced to the chloroform (δ 77.1 ppm), DMSO (δ 39.5 

ppm), methanol (δ 49.0 ppm) or acetone (δ 206.26 ppm, 29.84 ppm) peaks. 13C NMR values 

are reported as chemical shift δ and assignment. 1H NMR shift values are reported as chemical 

shift δ, 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 COSY, 

NOESY, ROESY, HMBC and (edited) HSQC experiments. All experiments were conducted 

at 298 K. Conventional NMR tubes (5 mm diameter, Norell) using a sample volume of 500 μL 

were used. High resolution mass spectra were obtained by electrospray ionization in positive 

ion mode at a nominal accelerating voltage of 70 eV on a microTOF mass spectrometer. 
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4.2 Experimental procedures pertaining to Chapter Two 

1-Isobutyl-6-methoxy-9H-pyrido[3,4-b]indole (90) 

 

To 5-methoxytryptamine hydrochloride (95) (500 mg, 2.21 mmol) in dichloromethane (7.5 

mL) at 0 ℃ was added triethylamine (0.31 mL, 2.22 mmol) and the resulting mixture stirred 

for 15 mins. Isovaleraldehyde (96) (0.36 mL, 3.28 mmol) and TFA (0.25 mL, 3.27 mmol) were 

subsequently added, and the reaction mixture warmed to room temperature. After 20 h, the 

mixture was concentrated in vacuo, and aqueous K2CO3 solution (5%, 10 mL) added to the 

resulting residue which was vigorously stirred for 30 mins. Dichloromethane (25 mL) and 

water (15 mL) were then added and the phases separated. The aqueous layer was extracted 

further with dichloromethane (3 x 25 mL), the combined organic extracts dried over Na2SO4 

and concentrated in vacuo to give crude TH-β-carboline 97, which was used in the next step 

without further purification. 

To crude TH-β-carboline 97 in toluene (30 mL) was added 10% Pd/C (228 mg, 40% w/w) and 

the resulting suspension heated under reflux for 20 h. After cooling to room temperature, the 

suspension was filtered over a bed of Celite, the cake washed with methanol (3 x 20 mL), and 

the filtrate concentrated in vacuo. Purification by flash column chromatography on silica gel 

eluting with light petroleum – ethyl acetate (3:2) provided the title compound as an off-white 

solid (395 mg, 1.55 mmol, 70% over two steps). M.p. 120-123 ℃; HRMS [ESI, M + H]+ 

Found: 255.1486 [C16H18N2O5 + H]+ requires 255.1492; vmax (neat)/cm-1 2955, 1564, 1493, 

1472, 1288, 1207, 1176, 1028, 815; δH (400 MHz, CDCl3) 8.44 (1 H, br s, NH), 8.38 (1 H, d, J 

5.4, ArH), 7.77 (1 H, d, J 5.4, ArH), 7.55 (1 H, d, J 2.5, ArH), 7.41 (1 H, d, J 8.9, ArH), 7.19 

(1 H, dd, J 8.9, 2.5, ArH), 3.93 (3 H, s, OMe), 2.97 (2 H, d, J 7.4, CH2), 2.42-2.29 (1 H, m, 

CH), 0.99 (6 H, d, J 6.7, 2 x Me); δC (100 MHz, CDCl3) 154.3 (C), 145.6 (C), 138.4 (CH), 

135.6 (C), 135.2 (C), 128.6 (C), 122.5 (C), 118.4 (CH), 112.8 (CH), 112.5 (CH), 103.7 (CH), 

56.2 (OMe), 43.6 (CH2), 28.9 (CH), 22.9 (2 x Me). 
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1-Isobutyl-5H-pyrido[3,4-b]indole-5,6(9H)-dione (116) 

 

 

To 6-OMe 90 (50 mg, 0.197 mmol) in acetonitrile:water (2:3, 2.5 mL) at 0 ℃ was added a 

solution of PIFA (211 mg, 0.491 mmol) in acetonitrile (0.5 mL) and the resulting solution 

stirred at this temperature for 1 h, during which time precipitation of a deep red solid was 

observed. Excess water (5 mL) and sat. aqueous sodium bicarbonate (3 mL) were then added 

and the suspension filtered. The solid material was subsequently washed with water (2 mL) 

and cold ethyl acetate (2 mL), and dried to give the title compound as an unstable red solid (20 

mg, 0.079 mmol, 40%) that precluded full characterisation. HRMS [ESI, M + H]+ Found: 

255.1133 [C15H14N2O2 + H]+ requires 255.1128; δH (400 MHz, DMSO-d6) 8.11 (1 H, br s, 

ArH), 7.74-7.73 (1 H, m, ArH), 7.58 (1 H, d, J 9.9, CH), 6.35 (1 H, d, J 9.9, CH), 3.00-2.99 (2 

H, m, CH2), 2.30-2.20 (1 H, m, CH), 0.92 (6 H, d, J 6.7, 2 x Me). 

 

1-Isobutyl-5,6,6-trimethoxy-6,9-dihydro-5H-pyrido[3,4-b]indole (123) 

 

 

To 6-OMe 90 (19 mg, 0.075 mmol) in methanol (2.5 mL) was added dropwise a solution of 

PIFA (85 mg, 0.198 mmol) in methanol (0.5 mL) and the resulting bright yellow solution 

stirred for 30 mins. Sat. aqueous sodium bicarbonate (5 mL) was then added, followed by ethyl 

acetate (5 mL) and the layers separated. The organic layer was further washed with water (5 

mL) and brine (5 mL), dried over Na2SO4 and concentrated in vacuo to give the crude residue. 

Purification by flash column chromatography on silica gel eluting with ethyl acetate – methanol 

(10% methanol) provided the title compound as a yellow solid (16 mg, 0.051 mmol, 68%). 

M.p. 94-99 ℃; HRMS [ESI, M + H]+ Found: 317.1852 [C18H24N2O3 + H]+ requires 317.1860; 

vmax (neat)/cm-1 2955, 1603, 1465, 1304, 1088, 1044, 910, 812, 727; δH (400 MHz, CDCl3) 

11.05 (1 H, br s, NH), 8.17 (1 H, d, J 5.7, ArH), 7.43 (1 H, d, J 5.7, ArH), 6.64 (1 H, d, J 10.1, 

CH), 6.01 (1 H, dd, J, 10.1, 1.0, CH), 4.60 (1 H, d, J 1.0, CH), 3.52 (3 H, s, OMe), 3.31 (3 H, 

s, OMe), 3.25 (3 H, s, OMe), 2.83 (2 H, d, J 7.4, CH2), 2.24-2.14 (1 H, m, CH), 0.76 (3 H, d, J 

6.7, Me), 0.75 (3 H, d, J 6.7, Me); δC (100 MHz, CDCl3) 146.3 (C), 137.7 (CH), 137.4 (C), 
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133.8 (CH), 133.1 (C), 132.6 (C), 120.8 (CH), 111.6 (CH), 108.7 (C), 100.1 (C), 72.0 (CH), 

55.9 (OMe), 49.9 (OMe), 49.5 (OMe), 42.8 (CH2), 28.8 (CH), 22.7 (Me), 22.6 (Me). 

 

1-Isobutyl-5,6-dimethoxy-9H-pyrido[3,4-b]indole (124) & 1-isobutyl-6,6-dimethoxy-6,9-

dihydro-5H-pyrido[3,4-b]indol-5-one (125) 

 

 

 

To 6-OMe 90 (20 mg, 0.079 mmol) in methanol (2.5 mL) was added dropwise a solution of 

PIFA (85 mg, 0.198 mmol) in methanol (0.5 mL) and the resulting bright yellow solution 

stirred for 20 h, during which time the intense colour dissipated. Sat. aqueous sodium 

bicarbonate (5 mL) was then added, followed by ethyl acetate (5 mL) and the layers separated. 

The organic layer was further washed with water (5 mL) and brine (5 mL), dried over Na2SO4 

and concentrated in vacuo to give the crude residue. Purification by flash column 

chromatography on silica gel eluting with light petroleum – ethyl acetate (5:2 → 4:5) provided 

the title compounds: 

124; yellow solid (4 mg, 0.014 mmol, 18%). M.p. 43-47 ℃; HRMS [ESI, M + H]+ Found: 

285.1599 [C17H20N2O2 + H]+ requires 285.1598; vmax (neat)/cm-1 2955, 2929, 1721, 1509, 1460, 

1305, 1276, 1264, 1236, 1067, 981; δH (400 MHz, CDCl3) 8.38 (1 H, d, J 5.3, ArH), 8.34 (1 H, 

br s, NH), 8.01 (1 H, d, J 5.3, ArH), 7.23 (1 H, d, J 8.8, ArH), 7.16 (1 H, d, J 8.8, ArH), 4.14 

(3 H, s, OMe), 3.95 (3 H, s, OMe), 2.96 (2 H, d, J 7.4, CH2), 2.39-2.29 (1 H, m, CH), 0.99 (6 

H, d, J 6.71, 2 x Me); δC (100 MHz, CDCl3) 145.8 (C), 145.7 (C), 144.8 (C), 138.8 (CH), 136.5 

(C), 135.3 (C), 127.7 (C), 117.5 (CH), 116.9 (C), 115.3 (CH), 106.3 (CH), 60.9 (OMe), 58.4 

(OMe), 43.5 (CH2), 28.9 (CH), 22.9 (2 x Me). 

 

 125; yellow solid (12 mg, 0.040 mmol, 51%). M.p. 76-78 ℃; HRMS [ESI, M + H]+ Found: 

301.1539 [C17H20N2O3 + H]+ requires 301.1547; vmax (neat)/cm-1 2955, 1637, 1601, 1545, 1460, 

1186, 1134, 1098, 1067, 1043, 958, 804, 728; δH (400 MHz, CDCl3) 8.23 (1 H, d, J 5.7, ArH), 

7.99 (1 H, d, J 5.7, ArH), 7.02 (1 H, d, J 10.1, CH), 6.49 (1 H, d, J 10.1, CH), 3.44 (6 H, s, 2 x 

OMe) , 2.95 (2 H, d, J 7.4, CH2) , 2.28 (1 H, m, CH), 0.78 (6 H, d, J 6.6, 2 x Me); δC (100 MHz, 
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CDCl3) 188.6 (C=O), 151.7 (C), 146.6 (C), 138.2 (CH), 137.8 (CH), 136.7 (C), 132.9 (C), 

122.4 (CH), 114.2 (CH), 110.8 (C), 94.5 (C), 50.9 (2 x OMe), 41.8 (CH2), 29.2 (CH), 22.5 (2 

x Me). 

 

1-Isobutyl-6-methoxy-5H-pyrido[3,4-b]indole-5,8(9H)-dione (131) 

 

 

To 6-OMe 90 (20 mg, 0.079 mmol) in dichloromethane (2.5 mL) at 0 ℃ was added dropwise 

a solution of PIFA (85 mg, 0.198 mmol) in dichloromethane (0.5 mL) and the resulting mixture 

warmed to room temperature and stirred for 23 h, during which time the solution turned dark 

brown in colour. Sat. aqueous sodium bicarbonate (10 mL) was then added, followed by excess 

dichloromethane (10 mL) and the layers separated. The aqueous layer was further extracted 

with dichloromethane (10 mL), the combined organic extracts dried over Na2SO4 and 

concentrated in vacuo to give the crude residue. Purification by flash column chromatography 

on silica gel eluting with light petroleum – ethyl acetate (7:3 → 3:2) provided the title 

compound as a red solid (8 mg, 0.028 mmol, 36%). M.p. 197-201 ℃ (decomp.); HRMS [ESI, 

M + H]+ Found: 285.1224 [C16H16N2O3 + H]+ requires 285.1234; vmax (neat)/cm-1 2922, 2852, 

1648, 1579, 1466, 1332, 1194, 1018, 834; δH (400 MHz, CDCl3) 8.43 (1 H, d, J 5.5, ArH), 7.96 

(1 H, d, J 5.5, ArH), 5.91 (1 H, s, ArH), 3.93 (3 H, s, OMe), 2.99 (2 H, d, J 7.4, CH2), 2.35-

2.25 (1 H, m, CH), 0.98 (6 H, d, J 6.6, 2 x Me); δC (100 MHz, CDCl3) 180.5 (C=O), 176.2 

(C=O), 163.0 (C), 148.9 (C), 142.5 (CH), 138.3 (C), 133.0 (C), 129.2 (C), 114.6 (CH), 114.5 

(C), 106.0 (CH), 57.2 (OMe), 43.1 (CH2), 29.0 (CH), 22.8 (2 x Me). 

 

9-Acetyl-1-isobutyl-6-methoxy-8-oxo-8,9-dihydro-5H-pyrido[3,4-b]indole-5,5-diyl 

diacetate (132) 

 

 

To 6-OMe 90 (22 mg, 0.087 mmol) in dichloromethane (2.5 mL) at 0 ℃ was added dropwise 

a solution of PIDA (69 mg, 0.214 mmol) in dichloromethane (0.5 mL) and the resulting mixture 

warmed to room temperature and stirred for 20 h, during which time the solution turned dark 
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brown in colour. Sat. aqueous sodium bicarbonate (10 mL) was then added, followed by excess 

dichloromethane (10 mL) and the layers separated. The aqueous layer was further extracted 

with dichloromethane (10 mL), the combined organic extracts dried over Na2SO4 and 

concentrated in vacuo to give the crude residue. Purification by flash column chromatography 

on silica gel eluting with light petroleum – ethyl acetate (7:3 → 1:1) provided the title 

compound as an orange solid (9 mg, 0.021 mmol, 24%). M.p. 138-141 ℃; HRMS [ESI, M + 

H]+ Found: 429.1658 [C22H24N2O7 + H]+ requires 429.1656; vmax (neat)/cm-1 1760, 1648, 1622, 

1569, 1366, 1339, 1206, 1191, 1160, 996, 814; δH (400 MHz, CDCl3) 8.38 (1 H, d, J 5.5, ArH), 

7.59 (1 H, d, J 5.5, ArH), 5.79 (1 H, s, CH), 3.88 (3 H, s, OMe), 2.82 (2 H, d, J 7.0, CH2), 2.78 

(3 H, s, Me), 2.22-2.14 (1 H, m, CH), 2.07 (6 H, s, 2 x Me), 0.96 (6 H, d, J 6.6, 2 x Me); δC 

(100 MHz, CDCl3) 178.5 (C=O), 174.4 (C=O), 167.9 (C), 166.8 (2 x C=O), 149.2 (C), 140.6 

(CH), 134.0 (C), 132.2 (C), 128.5 (C), 117.6 (C), 112.6 (CH), 104.6 (CH), 95.1 (C), 57.4 

(OMe), 44.3 (CH2), 29.8 (Me), 28.2 (CH), 22.6 (2 x Me), 21.3 (2 x Me). 

 

1-Isobutyl-6-methoxy-9H-pyrido[3,4-b]indole 2-oxide (140) 

 

 

To 6-OMe 90 (20 mg, 0.079 mmol) in dichloromethane (2 mL) was added portion wise m-

CPBA (≤77%, 27 mg) and the resulting mixture stirred for 2 h. Sat. aqueous sodium 

bicarbonate (5 mL) was then added, followed by excess dichloromethane (5 mL) and the layers 

separated. The organic layer was further washed with sat. aqueous sodium sulfite (5 mL), dried 

over Na2SO4 and concentrated in vacuo to give the crude residue. Purification by flash column 

chromatography on silica gel eluting with light petroleum – ethyl acetate (7:3) gave the title 

compound as an off-white solid (16 mg, 0.059 mmol, 75%). M.p. 97-102 ℃; HRMS [ESI, M 

+ H]+ Found: 271.1441 [C16H18N2O2 + H]+ requires 271.1441; vmax (neat)/cm-1 2957, 1585, 

1486, 1435, 1291, 1193, 1157, 1123, 1005, 806, 772; δH (400 MHz, CDCl3) 10.43 (1 H, br s, 

NH), 8.18 (1 H, d, J 6.8, ArH), 7.69 (1 H, d, J 6.8, ArH), 7.41-7.39 (2 H, m, 2 x ArH), 7.11 (1 

H, dd, J 8.8, 2.5, ArH), 3.91 (3 H, s, OMe), 3.16 (2 H, d, J 7.3, CH2), 2.59-2.49 (1 H, m, CH), 

0.92 (6 H, d, J 6.7, 2 x Me); δC (100 MHz, CDCl3) 154.8 (C), 137.5 (C), 137.4 (C), 137.0 (C), 

131.4 (CH), 122.1 (C), 121.1 (C), 117.9 (CH), 114.0 (CH), 113.0 (CH), 102.8 (CH), 56.1 

(OMe), 35.9 (CH2), 26.4 (CH), 22.9 (2 x Me). 
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6-(benzyloxy)-1H-Indole-3-carbaldehyde (143) 

 

 

To 6-benzyloxyindole (142) (1.006 g, 4.51 mmol) in DMF (9 mL) at 0 ℃ was added dropwise 

phosphorous oxychloride (0.48 mL, 5.13 mmol) and the resulting mixture stirred at room 

temperature for 20 mins. The reaction mixture was then diluted with water (5 mL), basified to 

pH 14 with aqueous potassium hydroxide (20% w/w) and stirred for a further 2 h at 50 ℃, 

during which time precipitation of a brown solid occurred. Ethyl acetate (60 mL) and water (60 

mL) were then added and the layers separated. The organic phase was washed further with 

brine (2 x 60 mL), dried over Na2SO4 and concentrated in vacuo to provide the title compound 

as a pale brown solid (932 mg, 3.71 mmol, 82%). M.p. 211-215 ℃; HRMS [ESI, M + Na]+ 

Found: 274.0838 [C16H13NO2 + Na]+ requires 274.0839; vmax (neat)/cm-1 3183, 1629, 1525, 

1424, 1233, 1153, 1083, 818, 720; δH (400 MHz, DMSO-d6) 11.93 (1 H, br s, NH), 9.87 (1 H, 

s, CHO), 8.15 (1 H, d, J 3.0, ArH), 7.95 (1 H, d, J 8.6, ArH), 7.48-7.46 (2 H, m, 2 x ArH), 

7.41-7.38 (2 H, m, 2 x ArH), 7.34-7.31 (1 H, m, ArH), 7.07 (1 H, d, J 2.2, ArH), 6.95 (1 H, dd, 

J 8.6, 2.2, ArH), 5.15 (2 H, s, CH2); δC (100 MHz, DMSO-d6) 184.7 (C=O), 155.7 (C), 137.9 

(C), 137.8 (C), 137.2 (CH), 128.4 (2 x CH), 127.7 (CH), 127.6 (2 x CH), 121.4 (CH), 118.26 

(C), 118.23 (C), 112.4 (CH), 96.9 (CH), 69.5 (CH2). 

 

(E)-6-(benzyloxy)-3-(2-nitrovinyl)-1H-Indole (144) 

 

 

To carbaldehyde 143 (665 mg, 2.65 mmol) in nitromethane (3.9 mL) was added ammonium 

acetate (326 mg, 4.23 mmol) and the resulting mixture heated under reflux for 20 mins, during 

which time a deep red colour developed. The reaction mixture was then cooled to room 

temperature and excess nitromethane removed in vacuo. Purification by flash column 

chromatography on silica gel eluting with light petroleum – ethyl acetate (2:1 → 1:2) gave the 

title compound as a red solid (689 mg, 2.34 mmol, 88%). M.p. 169-173 ℃; HRMS [ESI, M + 

Na]+ Found: 317.0895 [C17H14N2O3 + Na]+ requires 317.0897; vmax (neat)/cm-1 3409, 1612, 

1598, 1578, 1523, 1302, 1203, 1083, 968, 707; δH (400 MHz, DMSO-d6) 12.04 (1 H, br s, NH), 
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8.34 (1 H, d, J 13.3, CH), 8.12 (1 H, d, J 1.5, ArH), 7.96 (1 H, d, J 13.3, CH), 7.85 (1 H, d, J 

8.7, ArH), 7.49-7.47 (2 H, m, 2 x ArH), 7.40 (2 H, t, J 7.5, 2 x ArH), 7.34-7.31 (1 H, m, ArH), 

7.08 (1 H, d, J 1.5, ArH), 6.95 (1 H, dd, J 8.7, 1.5, ArH), 5.16 (2 H, s, CH2); δC (100 MHz, 

DMSO-d6) 155.7 (C), 138.7 (C), 137.2 (C), 136.1 (CH), 134.7 (CH), 130.8 (CH), 128.4 (2 x 

CH), 127.7 (CH), 127.6 (2 x CH), 121.3 (CH), 118.6 (C), 112.0 (CH), 108.5 (C), 97.4 (CH), 

69.5 (CH2). 

 

6-Benzyloxytryptamine (145) 

 

 

 

A solution of 144 (683 mg, 2.32 mmol) in THF (18 mL) was added dropwise to a solution of 

LiAlH4 in THF (1.0 M, 11.6 mL) and the resulting mixture heated to 50 ℃ for 2 h. After 

cooling to 0 ℃, excess LiAlH4 was carefully quenched with water and the resultant suspension 

filtered. The filtrate was collected, dried over Na2SO4 and concentrated in vacuo providing the 

title compound as a sticky brown oil (619 mg, 2.32 mmol, >98%). HRMS [ESI, M + H]+ Found: 

267.1496 [C17H18N2O + H]+ requires 267.1492; vmax (neat)/cm-1 3359, 2924, 2865, 1626, 1454, 

1300, 1259, 1163, 1012, 798, 735; δH (400 MHz, CDCl3) 8.00 (1 H, br s, NH), 7.49-7.45 (3 H, 

m, 3 x ArH), 7.41-7.36 (2 H, m, 2 x ArH), 7.34-7.30 (1 H, m, ArH), 6.91-6.90 (2 H, m, 2 x 

ArH), 6.88 (1 H, dd, J 8.5, 2.4, ArH), 5.10 (2 H, s, CH2), 3.02 (2 H, t, J 6.7, CH2), 2.87 (2 H, 

t, J 6.7, CH2); δC (100 MHz, CDCl3) 155.8 (C), 137.6 (C), 137.2 (C), 128.7 (2 x CH), 127.9 

(CH), 127.6 (2 x CH), 122.3 (C), 121.1 (CH), 119.6 (CH), 113.9 (C), 110.1 (CH), 96.3 (CH), 

70.8 (CH2), 42.4 (CH2), 29.6 (CH2). 
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7-(benzyloxy)-1-Isobutyl-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (146) 

 

 

To tryptamine 145 (619 mg, 2.32 mmol) in dichloromethane (20 mL) at 0 ℃ was added 

triethylamine (0.34 mL, 2.44 mmol) and the resulting mixture stirred for 5 mins. 

Isovaleraldehyde (96) (0.40 mL, 3.65 mmol) and TFA (0.28 mL, 3.66 mmol) were 

subsequently added, and the reaction mixture warmed to room temperature. After 15 h, the 

mixture was concentrated in vacuo, and aqueous K2CO3 solution (5%, 10 mL) added to the 

resulting residue which was vigorously stirred for 30 mins. Dichloromethane (50 mL) and 

water (40 mL) were then added and the phases separated. The aqueous layer was extracted 

further with dichloromethane (2 x 50 mL), the combined organic extracts dried over Na2SO4 

and concentrated in vacuo to give the crude material. Purification by flash column 

chromatography on silica gel eluting with dichloromethane – methanol (5% → 8% methanol) 

provided the title compound as a light brown solid (586 mg, 1.75 mmol, 75%). M.p. 148-150 

℃; HRMS [ESI, M + H]+ Found: 335.2116 [C22H26N2O + H]+ requires 335.2118; vmax 

(neat)/cm-1 2945, 2866, 1628, 1482, 1455, 1265, 1171, 1156, 1006, 828, 803, 750; δH (400 

MHz, DMSO-d6) 10.47 (1 H, s, NH), 7.46-7.45 (2 H, m, 2 x ArH), 7.40-7.36 (2 H, m, 2 x ArH), 

7.33-7.29 (1 H, m, ArH), 7.22 (1 H, d, J 8.5, ArH), 6.85 (1 H, d, J 2.2, ArH), 6.68 (1 H, dd, J 

8.5, 2.2, ArH), 5.09 (2 H, s, CH2), 3.98 (1 H, br d, J 8.8, CH), 3.17-3.11 (1 H, m, ½CH2), 2.88-

2.82 (1 H, m, ½CH2), 2.61-2.54 (2 H, m, CH2), 1.99-1.89 (1 H, m, CH), 1.70-1.64 (1 H, m, 

½CH2), 1.51-1.44 (1 H, m, ½CH2), 0.97 (3 H, d, J 6.6, Me), 0.93 (3 H, d, J 6.6, Me); δC (100 

MHz, DMSO-d6) 153.9 (C), 137.8 (C), 136.2 (C), 136.0 (C), 128.3 (2 x CH), 127.55 (CH), 

127.46 (2 x CH), 121.7 (C), 117.8 (CH), 108.4 (CH), 106.6 (C), 96.2 (CH), 69.6 (CH2), 50.0 

(CH), 43.2 (CH2), 41.5 (CH2), 24.0 (Me), 23.8 (CH), 22.1 (CH2), 21.5 (Me). 

 

1-Isobutyl-9H-pyrido[3,4-b]indol-7-ol (141) 

 

 

In a sealed tube, a suspension of TH-β-carboline 146 (200 mg, 0.598 mmol) and Pd/C (80 mg 

40% w/w) in toluene (10 mL) was heated under reflux for 27 h. After cooling to room 
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temperature, the suspension was filtered over a bed of Celite, the cake washed with methanol 

(3 x 15 mL), and the filtrate concentrated in vacuo. Purification by flash column 

chromatography on silica gel eluting with dichloromethane – methanol (7.5% methanol) 

provided the title compound as a sandy-brown solid (133 mg, 0.553 mmol, 93%). M.p. 142-

147 ℃; HRMS [ESI, M + H]+ Found: 241.1333 [C15H16N2O + H]+ requires 241.1335; vmax 

(neat)/cm-1 2958, 1708, 1625, 1432, 1325, 1302, 1163, 1045, 830, 800; δH (400 MHz, acetone-

d6) 10.72 (1 H, br s, NH), 8.27 (1 H, d, J 5.5, ArH), 8.03 (1 H, d, J 8.6, ArH), 7.88 (1 H, d, J 

5.5, ArH), 7.04 (1 H, d, J 2.0, ArH), 6.86 (1 H, dd, J 8.6, 2.0, ArH), 3.05 (2 H, d, J 7.4, CH2), 

2.42-2.31 (1 H, m, CH), 0.97 (6 H, d, J 6.5, 2 x Me); δC (100 MHz, acetone-d6) 160.2 (C), 144.5 

(C), 144.3 (C), 137.3 (CH), 135.7 (C), 130.5 (C), 123.6 (CH), 115.5 (C), 112.8 (CH), 111.3 

(CH), 97.8 (CH), 42.6 (CH2), 29.3 (CH), 22.8 (2 x Me). 

 

1-Isobutyl-8,8-dimethoxy-8,9-dihydro-7H-pyrido[3,4-b]indol-7-one (160) 

 

 

To 7-OH 141 (20 mg, 0.083 mmol) and sodium bicarbonate (11 mg, 0.131 mmol) in methanol 

(1 mL) at 0 ℃ was added dropwise a solution of PIFA (54 mg, 0.126 mmol) in methanol (0.5 

mL) and the resulting bright yellow solution stirred for 1 h. Sat. aqueous sodium bicarbonate 

(5 mL) was then added, followed by ethyl acetate (5 mL) and the layers separated. The organic 

layer was further washed with water (5 mL), dried over Na2SO4 and concentrated in vacuo to 

give the crude residue. Purification by flash column chromatography on silica gel eluting with 

dichloromethane – methanol (5% methanol) provided the title compound as a yellow solid (15 

mg, 0.050 mmol, 60%). M.p. 63-66 ℃; HRMS [ESI, M + H]+ Found: 301.1546 [C17H20N2O3 

+ H]+ requires 301.1547; vmax (neat)/cm-1 2954, 1664, 1597, 1547, 1493, 1203, 1075, 809, 729; 

δH (400 MHz, CDCl3) 8.32 (1 H, d, J 5.5, ArH), 7.67 (1 H, d, J 9.9, CH), 7.42 (1 H, d, J 5.5, 

ArH), 5.96 (1 H, d, J 9.9, CH), 3.38 (6 H, s, 2 x OMe), 2.91 (2 H, d, J 7.3, CH2), 2.33-2.23 (1 

H, m, CH), 0.98 (6 H, d, J 6.7, 2 x Me); δC (100 MHz, CDCl3) 195.5 (C=O), 147.1 (C), 140.5 

(CH), 140.2 (C), 138.1 (CH), 132.9 (C), 129.1 (C), 120.3 (CH), 111.7 (C), 111.3 (CH), 93.1 

(C), 52.0 (2 x OMe), 43.1 (CH2), 28.9 (CH), 22.8 (2 x Me). 
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Tert-butyl (1-isobutyl-9H-pyrido[3,4-b]indol-7-yl) carbonate (172) 

 

 

To 7-OH 141 (56 mg, 0.233 mmol) in dichloromethane (5 mL) was added di-tert-butyl 

dicarbonate (100 mg, 0.458 mmol), triethylamine (0.03 mL, 0.215 mmol) and 4-

(dimethylamino)pyridine (28 mg, 0.229 mmol) and the reaction stirred at room temperature for 

4 h. The reaction mixture was then diluted with dichloromethane (15 mL), water (20 mL) 

added, and the layers separated. The organic phase was further washed with water (20 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 

on silica gel eluting with light petroleum – ethyl acetate (7:3) gave the title compound as a 

white solid (66 mg, 0.194 mmol, 83%). M.p. 149-151 ℃; HRMS [ESI, M + H]+ Found: 

341.1851 [C20H24N2O3 + H]+ requires 341.1860; vmax (neat)/cm-1 3325, 1765, 1720, 1632, 1569, 

1303, 1292, 1246, 1132, 880; δH (400 MHz, CDCl3) 8.95 (1 H, br s, OH), 8.32 (1 H, d, J 5.3, 

ArH), 7.75 (1 H, d, J 8.5, ArH), 7.52 (1 H, d, J 5.3, ArH), 7.18 (1 H, d, J 2.0, ArH), 6.98 (1 H, 

dd, J 8.5, 2.0, ArH), 2.91 (2 H, d, J 7.3, CH2), 2.32-2.22 (1 H, m, CH), 1.63 (9 H, s, 3 x Me), 

0.94 (6 H, d, J 6.6, 2 x Me); δC (100 MHz, CDCl3) 153.0 (C=O), 151.1 (C), 145.3 (C), 140.7 

(C), 138.6 (CH), 135.5 (C), 127.9 (C), 122.4 (CH), 119.8 (C), 113.9 (CH), 112.6 (CH), 104.6 

(CH), 84.3 (C), 43.3 (CH2), 28.9 (CH), 27.9 (3 x Me), 22.9 (2 x Me). 

 

Tert-butyl 7-((tert-butoxycarbonyl)oxy)-1-isobutyl-9H-pyrido[3,4-b]indole-9-carboxylate 

(173) 

 

 

 

 

To 7-OH 141 (50 mg, 0.208 mmol) in dichloromethane (5 mL) was added di-tert-butyl 

dicarbonate (92 mg, 0.422 mmol), triethylamine (0.03 mL, 0.215 mmol) and 4-

(dimethylamino)pyridine (26 mg, 0.212 mmol) and the reaction stirred at room temperature for 

23 h. The reaction mixture was then diluted with dichloromethane (15 mL), water (20 mL) 

added, and the layers separated. The organic phase was further washed with water (20 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 

on silica gel eluting with light petroleum – ethyl acetate (7:3) gave the title compound as a 
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white solid (70 mg, 0.159 mmol, 76%). M.p. 87-91 ℃; HRMS [ESI, M + H]+ Found: 441.2379 

[C25H32N2O5 + H]+ requires 441.2384; vmax (neat)/cm-1 1755, 1739, 1625, 1250, 1236, 1137, 

1090, 1021, 816; δH (400 MHz, CDCl3) 8.53 (1 H, d, J 5.1, ArH), 7.99-7.97 (2 H, m, 2 x ArH), 

7.68 (1 H, d, J 5.1, ArH), 7.20 (1 H, dd, J 8.4, 2.1, ArH), 3.17 (2 H, d, J 7.4, CH2), 2.21-2.10 

(1 H, m, CH), 1.72 (9 H, s, 3 x Me), 1.59 (9 H, s, 3 x Me), 0.79 (6 H, d, J 6.5, 2 x Me); δC (100 

MHz, CDCl3) 152.0 (C), 151.9 (C=O), 150.4 (C), 150.1 (C=O), 143.1 (CH), 140.9 (C), 134.7 

(C), 133.0 (C), 122.0 (C), 121.6 (CH), 117.1 (CH), 111.7 (CH), 109.2 (CH), 85.2 (C), 84.0 (C), 

46.8 (CH2), 28.3 (3 x Me), 27.83 (3 x Me), 27.76 (CH), 22.7 (2 x Me). 

 

Tert-butyl 7-hydroxy-1-isobutyl-9H-pyrido[3,4-b]indole-9-carboxylate (171) 

 

 

To 7-OH 141 (70 mg, 0.159 mmol) in dichloromethane (5 mL) was added morpholine (0.57 

mL, 6.61 mmol) and the resulting mixture heated under reflux for 24 h. The resulting cloudy 

suspension was then cooled to room temperature and concentrated in vacuo. Ethyl acetate (15 

mL) and water (15 mL) was then added to the residue and the layers separated. The organic 

layer was further washed with water (15 mL) and brine (15 mL), dried over Na2SO4 and 

concentrated in vacuo to give the crude material. Purification by flash column chromatography 

on silica gel eluting with light petroleum – ethyl acetate (7:3) provided the title compound as 

an off-white solid (47 mg, 0.138 mmol, 87%).  M.p. 188-192 ℃; HRMS [ESI, M + Na]+ Found: 

363.1681 [C20H24N2O3 + Na]+ requires 363.1679; vmax (neat)/cm-1 2967, 1749, 1623, 1567, 

1448, 1394, 1322, 1306, 1247, 1141, 1092, 805; δH (400 MHz, CDCl3) 8.47 (1 H, d, J 5.3, 

ArH), 7.85 (1 H, d, J 8.4, ArH), 7.68 (1 H, d, J 5.3, ArH), 7.62 (1 H, d, J 2.1, ArH), 7.00 (1 H, 

dd, J 8.4, 2.1, ArH), 3.22 (2 H, d, J 7.4, CH2), 2.16-2.06 (1 H, m, CH), 1.63 (9 H, s, 3 x Me), 

0.79 (6 H, d, J 6.5, 2 x Me); δC (100 MHz, CDCl3) 159.4 (C), 150.3 (C=O), 149.6 (C), 142.5 

(C), 142.1 (CH), 134.6 (C), 134.2 (C), 122.2 (CH), 116.9 (C), 113.0 (CH), 111.6 (CH), 102.3 

(CH), 84.9 (C), 46.1 (CH2), 28.3 (3 x Me), 27.9 (CH), 22.7 (2 x Me). 
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Tert-butyl 1-isobutyl-8,8-dimethoxy-7-oxo-7,8-dihydro-9H-pyrido[3,4-b]indole-9-

carboxylate (174) 

 

 

To 7-OH 141 (19 mg, 0.056 mmol) in methanol (1.5 mL) at 0 ℃ was added dropwise a solution 

of PIFA (36 mg, 0.084 mmol) in methanol (0.5 mL). The reaction mixture was then warmed 

to room temperature and stirred for 5 h, during which time a bright orange colour developed. 

Sat. aqueous sodium bicarbonate (10 mL) was then added, followed by ethyl acetate (10 mL) 

and the layers separated. The organic layer was further washed with brine (10 mL), dried over 

Na2SO4 and concentrated in vacuo to give the crude residue. Purification by flash column 

chromatography on silica gel eluting with light petroleum – ethyl acetate (4:1→3:2) provided 

the title compound as a yellow oil (6 mg, 0.012 mmol, 22%). HRMS [ESI, M + Na]+ Found: 

423.1875 [C22H28N2O5 + Na]+ requires 423.1890; vmax (neat)/cm-1 1755, 1674, 1590, 1559, 

1464, 1370, 1238, 1142, 1077, 814, 730; δH (400 MHz, CDCl3) 8.41 (1 H, d, J 5.4, ArH), 7.64 

(1 H, d, J 9.8, CH), 7.41 (1 H, d, J 5.4, ArH), 6.06 (1 H, d, J 9.8, CH), 3.27 (6 H, s, 2 x OMe), 

2.92 (2 H, d, J 7.4, CH2), 2.40-2.29 (1 H, m, CH), 1.71 (9 H, s, 3 x Me), 0.92 (6 H, d, J 6.6, 2 

x Me); δC (100 MHz, CDCl3) 195.2 (C=O), 149.9 (C=O), 148.1 (C), 141.4 (CH), 138.6 (C), 

137.1 (CH), 132.8 (C), 130.0 (C), 121.6 (CH), 113.5 (C), 110.8 (CH), 94.4 (C), 87.1 (C), 51.7 

(2 x OMe), 43.7 (CH2), 27.8 (CH), 27.4 (3 x Me), 22.7 (2 x Me). 

 

8-Isobutylpyrano[4',3':4,5]pyrrolo[2,3-c]pyridin-1(9H)-one (175) 

 

 

Oxone (128 mg, 0.416 mmol) and sodium bicarbonate (105 mg, 1.25 mmol) were combined 

and ground to a fine powder, which was added portion wise to a solution of 7-OH 141 (20 mg, 

0.083 mmol) in acetonitrile:water (1:1, 3 mL) at 0 ℃. The resulting mixture was then warmed 

to room temperature and stirred for 24 h. Water (5 mL) and ethyl acetate (7.5 mL) were then 

added and the layers separated. The aqueous layer was extracted further with ethyl acetate (2 

x 7.5 mL), the combined organic extracts dried over Na2SO4 and concentrated in vacuo. 

Purification by flash column chromatography on silica gel eluting with light petroleum – ethyl 
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acetate (3:2) gave the title compound as an off-white solid (3 mg, 0.012 mmol, 15%). M.p. 183-

187 ℃; HRMS [ESI, M + H]+ Found: 243.1127 [C14H14N2O2 + H]+ requires 243.1127; vmax 

(neat)/cm-1 3267, 1693, 1605, 1348, 1016, 784, 770; δH (400 MHz, DMSO-d6) 12.84 (1 H, br 

s, NH), 8.27 (1 H, d, J 5.5, ArH), 7.85 (1 H, d, J 5.5, ArH), 7.65 (1 H, d, J 5.3, ArH), 7.30 (1 

H, d, J 5.3, ArH), 3.04 (2 H, d, J 7.3, CH2), 2.25-2.15 (1 H m, CH), 0.91 (6 H, d, J 6.6, 2 x 

Me); δC (100 MHz, DMSO-d6) 156.7 (C=O), 148.9 (C), 143.9 (CH), 138.4 (CH), 134.7 (C), 

125.6 (C), 123.7 (C), 122.6 (C), 113.4 (CH), 102.2 (CH), 41.9 (CH2), 28.1 (CH), 22.3 (2 x Me). 

 

7-Hydroxy-1-isobutyl-9H-pyrido[3,4-b]indole 2-oxide (176) 

 

 

Oxone (128 mg, 0.416 mmol) and sodium bicarbonate (105 mg, 1.25 mmol) were combined 

and ground to a fine powder, which was added portion wise to a solution of 7-OH 141 (20 mg, 

0.083 mmol) in methanol (3 mL) at 0 ℃. The resulting mixture was then warmed to room 

temperature and stirred for 24 h. Water (5 mL) and ethyl acetate (7.5 mL) were then added and 

the layers separated. The aqueous layer was extracted further with ethyl acetate (2 x 7.5 mL), 

the combined organic extracts dried over Na2SO4 and concentrated in vacuo. Purification by 

flash column chromatography on silica gel eluting with dichloromethane – methanol (10% 

methanol) gave the title compound as a pale-yellow solid (6 mg, 0.023 mmol, 28%). M.p. 103-

107 ℃; HRMS [ESI, M + H]+ Found: 257.1277 [C15H16N2O2 + H]+ requires 257.1285; vmax 

(neat)/cm-1 3122, 2925, 2333, 1631, 1430, 1190, 1163, 1113, 979, 808; δH (400 MHz, methanol-

d4) 8.09 (1 H, d, J 6.8, ArH), 7.91 (1 H, d, J 8.6, ArH), 7.85 (1 H, d, J 6.8, ArH), 6.93 (1 H, d, 

J 2.1, ArH), 6.81 (1 H, dd, J 8.6, 2.1, ArH), 3.14 (2 H, d, J 7.4, CH2), 2.53-2.42 (1 H, m, CH), 

1.01 (6 H, d, J 6.8, 2 x Me); δC (100 MHz, methanol-d4) 160.3 (C), 145.9 (C), 138.1 (C), 137.5 

(C), 131.9 (CH), 125.1 (C), 123.4 (CH), 115.5 (C), 114.3 (CH), 112.2 (CH), 97.8 (CH), 36.2 

(CH2), 27.8 (CH), 22.2 (2 x Me). 
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4-(benzyloxy)-3-Methoxybenzaldehyde (188) 

 

 

To a solution of vanillin (187) (5.586 g, 36.7 mmol) and potassium carbonate (2.511 g, 18.2 

mmol) in acetone (80 mL) was added dropwise benzyl bromide (4.7 mL, 39.6 mmol) and the 

mixture heated under reflux for 18 h. After cooling to room temperature, water (80 mL) was 

added and the resulting precipitate collected via filtration to give the title compound as an off-

white solid (8.410 g, 34.7 mmol, 95%). M.p. 59-61 ℃; δH (400 MHz, CDCl3) 9.83 (1 H, s, 

CHO), 7.44-7.30 (7 H, m, 7 x ArH), 6.98 (1 H, d, J 8.2, ArH), 5.23 (2 H, s, CH2), 3.93 (3 H, s, 

OMe). 

Spectroscopic data consistent with literature.221 

 

4-(benzyloxy)-5-Methoxy-2-nitrobenzaldehyde (190) 

 

 

 

To benzaldehyde 188 (4.882g, 20.2 mmol) was added conc. nitric acid (19 mL) at 0 ℃ and the 

resulting suspension stirred for 1 h. Water (~50 mL) was then added, the reaction mixture 

filtered, and the solid product collected. The crude material was then recrystallised from hot 

ethyl acetate to give the title compound as a yellow crystalline solid (4.283 g, 14.9 mmol, 74%). 

M.p. 129-131 ℃; δH (400 MHz, CDCl3) 10.44 (1 H, d, J 1.1, CHO), 7.67 (1 H, s, ArH), 7.47-

7.36 (6 H, m, 6 x ArH), 5.27 (2 H, s, CH2), 4.02 (3 H, s, OMe). 

Spectroscopic data consistent with literature.222 
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(E)-1-(benzyloxy)-2-Methoxy-5-nitro-4-(2-nitrovinyl)benzene (186) 

 

 

 

To benzaldehyde 188 (5.352 g, 22.1 mmol) in nitromethane (20 mL) was added ammonium 

acetate (4.862 g, 63.1 mmol) and the resulting mixture heated under reflux for 1 h, during which 

time a deep red colour developed. The reaction mixture was then cooled to room temperature 

and excess nitromethane removed in vacuo. Ethyl acetate (100 mL) and water (100 mL) were 

then added and the phases separated. The organic phase was further washed with brine, dried 

over Na2SO4 and concentrated in vacuo to afford crude nitrostyrene 189 as a red solid (6.314 

g), which was used in the next step without further purification. 

To crude 189 (6.314 g) at 0 ℃ was added dropwise conc. nitric acid (24 mL) and the resulting 

mixture stirred for 1.5 h at this temperature. The suspension was then filtered, the solid washed 

with cold water (3 x 10 mL) and collected to give the crude material, which was recrystallised 

from ethyl acetate providing the title compound as a yellow solid (4.477 g, 13.55 mmol, 61% 

over two steps). M.p. 166-169 ℃; HRMS [ESI, M + Na]+ Found: 353.0743 [C16H14N2O6 + 

Na]+ requires 353.0744; vmax (neat)/cm-1 3104, 1524, 1501, 1349, 1286, 1218, 1068, 949, 735; 

δH (400 MHz, CDCl3) 8.60 (1 H, d, J 13.5, CH), 7.80 (1 H, s, ArH), 7.47-7.35 (6 H, m, 5 x 

ArH, CH), 6.90 (1 H, s, ArH), 5.25 (2 H, s, CH2), 4.02 (3 H, s, OMe); δC (100 MHz, CDCl3) 

154.0 (C), 150.3 (C), 141.5 (C), 139.2 (CH), 136.3 (CH), 135.1 (C), 129.0 (2 x CH), 128.8 

(CH), 127.8 (2 x CH), 120.6 (C), 110.5 (CH), 110.4 (CH), 71.6 (CH2), 56.9 (OMe). 

  

6-(benzyloxy)-5-Methoxy-1H-indole (185) 

 

 

A suspension of 186 (2.312 g, 7.00 mmol), iron powder (16.80 g) and silica gel (15.68 g) in 

toluene (62 mL) and acetic acid (43 mL) was heated at 90 ℃ for 1 h. The mixture was then 

cooled to room temperature, filtered over Celite and the cake washed with copious amounts of 

dichloromethane. A sat. solution of sodium bicarbonate (400 mL) was added to the organic 

filtrate and the phases separated. The organic phase was dried over Na2SO4 and concentrated 
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in vacuo to give the crude material, which was purified by flash column chromatography on 

silica gel eluting with light petroleum – ethyl acetate (20:3) providing the title compound as an 

off-white solid (1.294 g, 5.11 mmol, 73%). M.p. 144-146 ℃; HRMS [ESI, M + Na]+ Found: 

276.0990 [C16H15NO2 + Na]+ requires 276.0995; vmax (neat)/cm-1 3386, 1500, 1479, 1458, 

1312, 1220, 1137, 996, 867, 839, 750, 703; δH (400 MHz, acetone-d6) 9.90 (1 H, br s, NH), 

7.52-7.49 (2 H, m, 2 x ArH), 7.40-7.36 (2 H, m, 2 x ArH), 7.33-7.29 (1 H, m, ArH), 7.14 (1 H, 

t, J 2.7, ArH), 7.12 (1 H, s, ArH), 7.07 (1 H, d, J 0.4, ArH), 6.35-6.34 (1 H, m, ArH), 5.10 (2 

H, s, CH2), 3.84 (3 H, s, OMe); δC (100 MHz, acetone-d6) 147.1 (C), 146.8 (C), 139.1 (C), 

131.7 (C), 129.2 (2 x CH), 128.5 (3 x CH), 124.3 (CH), 122.8 (C), 104.4 (CH), 102.2 (CH), 

99.0 (CH), 72.2 (CH2), 56.9 (OMe). 

 

6-(benzyloxy)-5-Methoxy-1H-indole-3-carbaldehyde (194) 

 

 

To indole 185 (259 mg, 1.02 mmol) in DMF (2.4 mL) at 0 ℃ was added dropwise phosphorous 

oxychloride (0.11 mL, 1.18 mmol) and the resulting mixture stirred at room temperature for 10 

mins. The reaction mixture was then diluted with water (2 mL), basified to pH 14 with aqueous 

potassium hydroxide (20% w/w) and stirred for a further 30 mins, during which time 

precipitation of a brown solid occurred. Ethyl acetate (50 mL) and water (50 mL) were then 

added and the layers separated. The organic phase was washed further with brine (2 x 50 mL), 

dried over Na2SO4 and concentrated in vacuo to provide the title compound as a pale brown 

solid (283 mg, 1.01 mmol, 98%). M.p. 201-205 ℃; HRMS [ESI, M + Na]+ Found: 304.0942 

[C17H15NO3 + Na]+ requires 304.0944; vmax (neat)/cm-1 3112, 1631, 1581, 1520, 1440, 1210, 

1158, 1120, 1071, 850, 817, 737; δH (400 MHz, DMSO-d6) 11.85 (1 H, br s, NH), 9.86 (1 H, 

s, CHO), 8.08 (1 H, d, J 3.2, ArH), 7.59 (1 H, s, ArH), 7.49-7.47 (2 H, m, 2 x ArH), 7.42-7.38 

(2 H, m, 2 x ArH), 7.35-7.31 (1 H, m, ArH), 7.10 (1 H, s, ArH), 5.13 (2 H, s, CH2), 3.82 (3 H, 

s, OMe); δC (100 MHz, DMSO-d6) 184.7 (CHO), 146.9 (C), 146.3 (C), 137.2 (C), 136.7 (CH), 

131.1 (C), 128.4 (2 x CH), 127.8 (CH), 127.7 (2 x CH), 118.3 (C), 117.3 (C), 102.8 (CH), 97.7 

(CH), 70.2 (CH2), 55.8 (OMe). 
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(E)-6-(benzyloxy)-5-Methoxy-3-(2-nitrovinyl)-1H-indole (195) 

 

 

To carbaldehyde 194 (119 mg, 0.42 mmol) in nitromethane (1.1 mL) was added ammonium 

acetate (103 mg, 1.34 mmol) and the resulting mixture heated under reflux for 20 mins, during 

which time a deep red colour developed. The reaction mixture was then cooled to room 

temperature and excess nitromethane removed in vacuo. Purification by flash column 

chromatography on silica gel eluting with light petroleum – ethyl acetate (7:3) gave the title 

compound as a red solid (114 mg, 0.35 mmol, 83%). M.p. 160-163 ℃; HRMS [ESI, M + Na]+ 

Found: 347.0998 [C18H16N2O4 + Na]+ requires 347.1002; vmax (neat)/cm-1 3418, 3261, 1609, 

1522, 1488, 1453, 1374, 1311, 1289, 1269, 1237, 1196, 1164, 1123, 1076, 982, 832, 756; δH 

(400 MHz, DMSO-d6) 11.96 (1 H, br s, NH), 13.37 (1 H, d, J 13.4, CH), 8.07-8.02 (2 H, m, 

CH, ArH), 7.48-7.46 (2 H, m, 2 x ArH), 7.42-7.38 (3 H, m, 3 x ArH), 7.35-7.33 (1 H, m, ArH), 

7.10 (1 H, s, ArH), 5.14 (2 H, s, CH2), 3.90 (3 H, s, OMe); δC (100 MHz, DMSO-d6) 146.8 (C), 

146.3 (C), 137.2 (C), 134.9 (CH), 134.7 (CH), 131.8 (C), 130.6 (CH), 128.4 (2 x CH), 127.8 

(CH), 127.7 (2 x CH), 117.9 (C), 108.6 (C), 103.2 (CH), 98.0 (CH), 70.2 (CH2), 56.3 (OMe). 

 

2-(6-(benzyloxy)-5-Methoxy-1H-indol-3-yl)ethan-1-amine (184) 

 

 

 

A solution of 195 (113 mg, 0.348 mmol) in THF (3 mL) was added dropwise to a solution of 

LiAlH4 in THF (1.0 M, 1.73 mL) and the resulting mixture heated to 50 ℃ for 2 h. After 

cooling to 0 ℃, excess LiAlH4 was carefully quenched with water and the resultant suspension 

filtered. The filtrate was collected, dried over Na2SO4 and concentrated in vacuo providing the 

title compound as a sticky brown oil (103 mg, 0.348 mmol, >98%). HRMS [ESI, M + H]+ 

Found: 297.1589 [C18H20N2O2 + H]+ requires 297.1598; vmax (neat)/cm-1 3365, 2932, 1482, 

1310, 1209, 1156, 908, 866, 836, 728; δH (400 MHz, CDCl3) 7.92 (1 H, br s, NH), 7.46-7.44 

(2 H, m, 2 x ArH), 7.38-7.33 (2 H, m, 2 x ArH), 7.31-7.27 (1 H, m, ArH), 7.06 (1 H, s, ArH), 

6.88 (1 H, d, J 2.3, ArH), 6.86 (1 H, s, ArH), 5.16 (2 H, s, CH2), 3.94 (3 H, s, OMe), 3.01 (2 
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H, d, J 6.7, CH2), 2.85 (2 H, t, J 6.7, CH2); δC (100 MHz, CDCl3) 146.3 (C), 145.7 (C), 137.7 

(C), 130.8 (C), 128.6 (2 x CH), 127.8 (CH), 127.3 (2 x CH), 121.2 (C), 121.0 (CH), 113.7 (C), 

101.6 (CH), 98.0 (CH), 71.9 (CH2), 56.9 (OMe), 42.5 (CH2), 29.6 (CH2). 

 

7-(benzyloxy)-1-Isobutyl-6-methoxy-2,3,4,9-tetrahydro-1H-pyrido[3,4-b]indole (196) 

 

 

To tryptamine 184 (103 mg, 0.348 mmol) in dichloromethane (3 mL) at 0 ℃ was added 

triethylamine (0.05 mL, 0.359 mmol) and the resulting mixture stirred for 5 mins. 

Isovaleraldehyde (96) (0.06 mL, 0.547 mmol) and TFA (0.04 mL, 0.523 mmol) were 

subsequently added, and the reaction mixture warmed to room temperature. After 16 h, the 

mixture was concentrated in vacuo, and an aqueous K2CO3 solution (5%, 5 mL) added to the 

resulting residue which was vigorously stirred for 30 mins. Dichloromethane (20 mL) and 

water (15 mL) were then added and the phases separated. The aqueous layer was extracted 

further with dichloromethane (2 x 20 mL), the combined organic extracts dried over Na2SO4 

and concentrated in vacuo to give the crude material. Purification by flash column 

chromatography on silica gel eluting with ethyl acetate – methanol (0% → 8% methanol) 

provided the title compound as a light brown solid (102 mg, 0.280 mmol, 81%). M.p. 116-121 

℃; HRMS [ESI, M + H]+ Found: 365.2218 [C23H28N2O2 + H]+ requires 365.2224; vmax 

(neat)/cm-1 3034, 2929, 1485, 1458, 1302, 1210, 1165, 1151, 834, 740; δH (400 MHz, DMSO-

d6) 10.37 (1 H, s, NH), 7.48-7.46 (2 H, m, 2 x ArH), 7.41-7.38 (2 H, m, 2 x ArH), 7.34-7.30 (1 

H, m, ArH), 6.91 (1 H, s, ArH), 6.88 (1 H, s, ArH), 5.07 (2 H, s, CH2), 3.99 (1 H, br d, J 7.7, 

CH), 3.78 (3 H, s, OMe), 3.18-3.14 (1 H, m, ½ CH2), 2.90-2.84 (1 H, m, ½ CH2), 2.63-2.57 (2 

H, m, CH2), 2.00-1.92 (1 H, m, CH), 1.71-1.64 (1 H, m, ½ CH2), 1.52-1.45 (1 H, m, ½ CH2), 

0.97 (3 H, d, J 6.6, Me), 0.93 (3 H, d, J 6.6, Me); δC (100 MHz, DMSO-d6) 144.45 (C), 144.41 

(C), 137.8 (C), 135.7 (C), 129.8 (C), 128.3 (2 x CH), 127.6 (3 x CH), 120.4 (C), 106.6 (C), 

101.0 (CH), 97.8 (CH), 70.6 (CH2), 56.3 (OMe), 50.1 (CH), 43.2 (CH2), 41.6 (CH2), 23.9 (Me), 

23.8 (CH), 22.0 (CH2), 21.5 (Me). 
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1-Isobutyl-6-methoxy-9H-pyrido[3,4-b]indol-7-ol (114) 

 

 

In a sealed tube, a suspension of TH-β-carboline 196 (99 mg, 0.272 mmol) and Pd/C (102 mg 

100% w/w) in toluene (5.9 mL) was heated under reflux for 66 h. After cooling to room 

temperature, the suspension was filtered over a bed of Celite, the cake washed with methanol 

(3 x 10 mL), and the filtrate concentrated in vacuo. Purification by flash column 

chromatography on silica gel eluting with dichloromethane – methanol (5 → 10% methanol) 

provided the title compound as a pale-yellow solid (59 mg, 0.218 mmol, 80%). M.p. 110-115 

℃; HRMS [ESI, M + H]+ Found: 271.1441 [C16H18N2O2 + H]+ requires 271.1441; vmax 

(neat)/cm-1 3330, 2957, 2924, 1729, 1634, 1584, 1487, 1436, 1301, 1281, 1201, 1163, 1067, 

812; δH (400 MHz, DMSO-d6) 11.21 (1 H, br s, NH), 9.52 (1 H, br s, OH), 8.15 (1 H, d, J 5.4, 

ArH), 7.82 (1 H, d, J 5.4, ArH), 7.67 (1 H, s, ArH), 6.98 (1 H, s, ArH), 3.87 (3 H, s, OMe), 

2.92 (2 H, d, J 7.3, CH2), 2.30-2.20 (1 H, m, CH), 0.93 (6 H, d, J 6.6, 2 x Me); δC (100 MHz, 

DMSO-d6) 149.0 (C), 144.1 (C), 143.6 (C), 136.9 (CH), 136.2 (C), 134.4 (C), 127.9 (C), 112.5 

(C), 111.6 (CH), 103.9 (CH), 97.5 (CH), 56.2 (OMe), 42.3 (CH2), 27.9 (CH), 22.5 (2 x Me). 

 

1-Isobutyl-5,6,6,8,8-pentamethoxy-5,6,8,9-tetrahydro-7H-pyrido[3,4-b]indol-7-one (200) 

 

 

To 6-OMe-7-OH 114 (10 mg, 0.037 mmol) in methanol (2.5 mL) at -10 ℃ was added a solution 

of PIFA (40 mg, 0.093 mmol) in methanol (0.5 mL) dropwise. After stirring for 15 mins at this 

temperature, sat. aqueous sodium bicarbonate (5 mL) was added, followed by ethyl acetate (5 

mL) and the layers separated. The aqueous layer was further extracted with ethyl acetate (5 

mL), the combined organic extracts dried over Na2SO4 and concentrated in vacuo to give the 

crude residue. Purification by flash column chromatography on silica gel eluting with 

dichloromethane – methanol (5% methanol) provided the title compound as an orange solid (4 

mg, 0.010 mmol, 28%). M.p. 194-198 ℃; HRMS [ESI, M + H]+ Found: 393.2026 [C20H28N2O6 

+ H]+ requires 393.2020; vmax (neat)/cm-1 2923, 1760, 1745, 1457, 1310, 1098, 1011, 1008, 

875; δH (400 MHz, acetone-d6) 11.09 (1 H, br s, NH), 8.20 (1 H, d, J 5.5, ArH), 7.61 (1 H, d, J 
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5.5, ArH), 5.09 (1 H, s, CH), 3.43 (3 H, s, OMe), 3.42 (3 H, s, OMe), 3.28 (3 H, s, OMe), 3.06 

(3 H, s, OMe), 3.05 (3 H, s, OMe), 3.02 (2 H, dd, J 7.1, 6.4, CH2), 2.40-2.29 (1 H, m, CH), 

0.97 (3 H, d, J 6.6, Me), 0.95 (3 H, d, J 6.6, Me); δC (100 MHz, acetone-d6) 196.4 (C=O), 147.9 

(C), 139.5 (CH), 136.9 (C), 133.4 (C), 132.3 (C), 114.0 (C) , 111.9 (CH), 101.7 (C), 95.7 (C), 

72.7 (CH), 56.5 (OMe) , 52.5 (OMe), 51.7 (OMe), 50.8 (OMe), 49.0 (OMe), 43.1 (CH2), 29.1 

(CH), 23.0 (Me), 22.8 (Me). 

 

1-Isobutyl-6-methoxy-7-oxo-7,9-dihydro-6H-pyrido[3,4-b]indol-6-yl acetate (204) 

 

 

To a mixture of 6-OMe-7-OH 114 (19.8 mg, 0.073 mmol) and sodium bicarbonate (31.1 mg, 

0.370 mmol) in THF (3 mL) at 0 ℃ was added LTA (35.4 mg, 0.080 mmol). The resulting 

mixture was stirred at this temperature for 30 mins, during which time a deep red colour 

gradually developed. An additional portion of LTA (31.1 mg, 0.070 mmol) was subsequently 

added, and stirring continued for a further 30 mins. Ethyl acetate (5 mL) and sat. aqueous 

sodium bicarbonate (5 mL) were then added and the layers separated. The organic layer was 

dried over Na2SO4 and concentrated in vacuo (water bath temp. 30 ℃) to give the crude 

material. Purification by flash column chromatography on silica gel eluting with 

dichloromethane – methanol (5% methanol) provided the title compound as an unstable red 

solid (13.5 mg, 0.041 mmol, 56%). M.p. 161-165 ℃; HRMS [ESI, M + H]+ Found: 329.1496 

[C18H20N2O4 + H]+ requires 329.1496; vmax (neat)/cm-1 2923, 1740, 1681, 1584, 1411, 1365, 

1187, 1107, 1014, 818; δH (400 MHz, acetone-d6) 9.67 (1 H, br s, NH), 8.20 (1 H, d, J 4.9, 

ArH), 7.46 (1 H, d, J 4.9, ArH), 7.15 (1 H, s, CH), 5.41 (1 H, s, CH), 3.46 (3 H, s, OMe), 2.68 

(2 H, d, J 7.3, CH2), 2.24-2.14 (1 H, m, CH), 2.05 (3 H, s, Me), 0.94 (6 H, d, J 6.7, 2 x Me); δC 

(100 MHz, acetone-d6) 189.5 (C=O), 169.7 (C=O), 155.3 (C), 145.2 (C), 143.4 (CH), 141.3 

(C), 134.9 (C), 132.9 (CH), 130.2 (C), 114.8 (CH), 96.4 (CH), 94.1 (C), 51.5 (OMe), 42.8 

(CH2), 28.8 (CH), 22.7 (Me), 22.6 (Me), 20.7 (Me). 
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1-Isobutyl-9H-pyrido[3,4-b]indole (218) 

 

 

 

To tryptamine (1.00 g, 6.24 mmol) in dichloromethane (15 mL) at 0 ℃ was added 

isovaleraldehyde (96) (1.00 mL, 9.11 mmol) and the resulting mixture stirred for 5 mins. TFA 

(0.72 mL, 9.41 mmol) was then added dropwise, causing development of a deep green colour. 

The reaction mixture was stirred at room temperature for 27 h, during which time the green 

colour faded, and solution took on a muddy brown appearance. Aqueous K2CO3 solution (5%, 

15 mL) was added and stirring continued for a further 30 mins. Dichloromethane (100 mL) and 

water (100 mL) were subsequently added and the phases separated. The aqueous layer was 

extracted further with dichloromethane (2 x 100 mL), the combined organic extracts dried over 

Na2SO4 and concentrated in vacuo to give the crude TH-β-carboline (~1.48 g), which was used 

in the next step without further purification. 

To the crude TH-β-carboline in toluene (30 mL) was added 10% Pd/C (593 mg, 40% w/w) and 

the resulting suspension heated under reflux for 23 h. After cooling to room temperature, the 

suspension was filtered over a bed of Celite, the cake washed with methanol (3 x 50 mL), and 

the filtrate concentrated in vacuo. Purification by flash column chromatography on silica gel 

eluting with dichloromethane – methanol (5% methanol) provided the title compound as an 

off-white solid (774 mg, 2.91 mmol, 47% over two steps). M.p. 185-190 ℃; HRMS [ESI, M 

+ H]+ Found: 225.1386 [C15H16N2 + H]+ requires 225.1386; vmax (neat)/cm-1 3061, 2951, 2867, 

2774, 1624, 1566, 1506, 1455, 1322, 1245, 1044, 813, 743; δH (400 MHz, CDCl3) 11.50 (1 H, 

br s, NH), 8.25 (1 H, d, J 5.3, ArH), 8.18 (1 H, d, J 7.9, ArH), 7.91 (1 H, d, J 5.3, ArH), 7.59 

(1 H, d, J 8.1, ArH), 7.54-7.50 (1 H, m, ArH), 7.23-7.19 (1 H, m, ArH), 2.98 (2 H, d, J 7.3, 

CH2), 2.36-2.22 (1 H, m, CH), 0.95 (6 H, d, J 6.8, 2 x Me) ;δC (100 MHz, CDCl3) 145.3 (C), 

140.3 (C), 137.6 (CH), 134.5 (C), 127.7 (CH), 127.1 (C), 121.6 (CH), 121.0 (C), 119.1 (CH), 

112.5 (CH), 111.9 (CH), 42.4 (CH2), 27.9 (CH), 22.5 (2 x Me). 
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1-(1-isobutyl-9H-pyrido[3,4-b]indol-9-yl)Ethan-1-one (217) 

 

 

To β-carboline 218 (148 mg, 0.660 mmol) in acetic anhydride (1.1 mL, 11.6 mmol) was added 

pyridine (0.05 mL, 0.621 mmol) and resulting mixture heated under reflux for 20 h. 

Dichloromethane (7.5 mL) and sat. aqueous sodium bicarbonate (7.5 mL) were then added, 

and the layers separated. The organic layer was further washed with brine (5 mL), dried over 

Na2SO4, and concentrated in vacuo. Purification by flash column chromatography on silica gel 

eluting with light petroleum – ethyl acetate (7:3) gave the title compound as a colourless oil 

(103 mg, 0.387 mmol, 59%). HRMS [ESI, M + Na]+ Found: 289.1311 [C17H18N2O + Na]+ 

requires 289.1302; vmax (neat)/cm-1 2742, 1710, 1501, 1489, 1442, 1240, 1013, 722; δH (400 

MHz, CDCl3) 8.60 (1 H, d, J 5.0, ArH), 8.05-8.01 (2 H, m, ArH), 7.73 (1 H, d, J 5.0, ArH), 

7.62-7.58 (1 H, m, ArH), 7.44-7.40 (1 H, m, ArH), 2.99 (2 H, d, J 7.2, CH2), 2.72 (3 H, s, Me), 

2.29-2.18 (1 H, m, CH), 0.77 (6 H, d, J 6.5, 2 x Me); δC (100 MHz, CDCl3) 170.7 (C=O), 150.1 

(C), 143.7 (CH), 140.4 (C), 135.0 (C), 134.0 (C), 129.8 (CH), 124.8 (C), 123.9 (CH), 121.5 

(CH), 1115.1 (CH), 111.8 (CH), 46.3 (CH2), 28.3 (CH), 27.2 (Me), 22.5 (2 x Me). 

 

4.3 Experimental procedures pertaining to Chapter Three 

2,4'-Diacetoxyacetophenone (267) 

 

To 4'-hydroxyacetophenone (268) (2.33 g, 17.1 mmol) in ethyl acetate (50 mL) was added 

copper(II) bromide (8.69 g, 38.9 mmol) and the deep green suspension heated under reflux 

open to air for 23 h. Upon completion, the reaction mixture was filtered over a bed of Celite, 

the cake washed with ethyl acetate, and the filtrate concentrated under reduced pressure to 

afford 2-bromo-4'-hydroxyacetophenone (269) as a brown solid (3.68 g), which was used in 

the next step without further purification. 
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To crude 269 (3.68 g) in acetonitrile (50 mL) was added silver acetate (3.87 g, 23.2 mmol) and 

the resulting mixture stirred at 50 °C for 4 h. The reaction was quenched upon addition of sat. 

aqueous ammonium chloride (50 mL), ethyl acetate added (50 mL) and the layers separated. 

The aqueous phase was further extracted with ethyl acetate (2 x 50 mL), the combined organic 

extracts dried over Na2SO4 and concentrated in vacuo to afford 2-acetoxy-4'-

hydroxyacetophenone (270) (3.27 g), which was used in the next step without further 

purification. 

Crude 270 (3.27 g) in neat acetic anhydride (20 mL) was stirred at 100 °C for 1.5 h. After 

cooling to room temperature, water (30 mL) and ethyl acetate (30 mL) were added and the 

layers separated. The organic phase was washed with water (2 x 30 mL) and brine (30 mL), 

dried over Na2SO4 and concentrated in vacuo. Purification by flash column chromatography 

on silica gel eluting with light petroleum – ethyl acetate (5:1 → 1:2) gave the title compound 

as a white solid (2.02 g, 8.56 mmol, 50% over three steps). M.p. 93-94 °C; δH (400 MHz, 

CDCl3) 7.94 (2 H, dt, J 9.3, 2.3, ArH), 7.22 (2 H, dt, J 9.3, 2.3, ArH), 5.30 (2 H, s, CH2), 2.32 

(3 H, s, Me), 2.21 (3 H, s, Me).  

Spectroscopic data consistent with literature.223 

 

2,4,6-Trihydroxybenzaldehyde (272) 

 

 

 

To a solution of phloroglucinol (271) (5.09 g, 40.4 mmol) in ethyl acetate (60 mL) was added 

successively DMF (3.1 mL, 40.0 mmol) and phosphorus oxychloride (3.7 mL, 39.6 mmol) at 

0 °C and the resulting mixture warmed to room temperature and stirred for 4 h. The reaction 

mixture was cooled back to 0 °C, and additional portions of DMF (3.1 mL, 40.0 mmol) and 

phosphorus oxychloride (3.7 mL, 39.6 mmol) were added and stirring continued at room 

temperature for a further 4 h. Water (60 mL) was then added and the solution heated under 

reflux for 30 mins, during which time a deep red colour developed. After cooling to room 

temperature, the solution was partitioned and the aqueous layer extracted with ethyl acetate (5 

x 60 mL). The combined organic extracts were then dried over Na2SO4 and concentrated in 

vacuo to afford the crude material, which was purified by flash column chromatography on 

silica gel eluting with light petroleum – ethyl acetate (3:1 → 1:1) to give the title compound as 
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an off-white solid (5.29 g, 34.3 mmol, 85%). Mp 291-294 °C (decomp.); δH (400 MHz, DMSO-

d6) 11.45 (2 H, s, OH), 10.64 (1 H, s, OH), 9.93 (1 H, s, CHO), 5.79 (2 H, s, ArH).  

Spectroscopic data consistent with literature.224 

 

2-Benzoyloxy-4,6-dihydroxybenzaldehyde (266) 

 

 

To 272 (1.00 g, 6.49 mmol) in aqueous potassium hydroxide (0.2 M, 40 mL) at 0 °C was added 

dropwise benzoyl chloride (0.38 mL, 3.24 mmol). The resulting mixture was stirred for 40 

mins at this temperature, an excess of sat. aqueous sodium bicarbonate added and the solution 

stirred for a further 30 mins. The solution was then warmed to room temperature, ethyl acetate 

(100 mL) added and the layers separated. The aqueous phase was extracted with ethyl acetate 

(3 x 100 mL), and the combined organic extracts dried over Na2SO4. Concentration in vacuo 

afforded the crude, which was purified by flash column chromatography on silica gel eluting 

with light petroleum – ethyl acetate (5:1 → 3:1) to give the title compound as an off-white solid 

(504 mg, 1.95 mmol, 30% (42% BRSM)). Mp 198-200 °C (decomp.); HRMS [ESI, M + Na]+ 

Found: 281.0417 [C14H10O5 + Na]+ requires 281.0420; vmax (neat)/cm-1 3177, 1749, 1637, 1596, 

1452, 1226, 1159, 1087, 849, 697; δH (400 MHz, DMSO-d6) 11.37 (1 H, s, OH), 11.00 (1 H, br 

s, OH), 10.00 (1 H, s, CHO), 8.11 (2 H, dd, J 8.3, 1.2, ArH), 7.76-7.72 (1 H, m, ArH), 7.62-

7.58 (2 H, m, ArH), 6.32 (1 H, d, J 2.1, ArH), 6.27 (1 H, d, J 2.1, ArH); δC (100 MHz, DMSO-

d6) 188.3 (C=O), 165.2 (C), 164.2 (C), 164.1 (C=O), 153.3 (C), 134.0 (CH), 129.9 (2 x CH), 

128.9 (2 x CH), 108.1 (C), 102.9 (CH), 100.3 (CH); not observed: 1 x C. 

 

Pelargonidin chloride (261) 

 

 

 

To aldehyde 266 (212 mg, 0.82 mmol) and ketone 267 (212 mg, 0.90 mmol) in methanol:ethyl 

acetate (2:1, 15 mL) at 0 °C was bubbled dry hydrogen chloride gas for 1 h. The deep red 
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solution was then stirred at room temperature for a further 23 h. Removal of the solvent in 

vacuo gave a dark red residue, to which was added aqueous potassium hydroxide (0.9 M, 

methanol:water (1:1), 7 mL) at 0 °C and the resulting intense blue solution stirred at this 

temperature for 1 h. The solution was then reacidified upon addition of concentrated 

hydrochloric acid (3.5 mL), causing a red solid to precipitate which was collected via filtration 

and washed with dry ether. To remove contaminating potassium chloride the solid material was 

washed with ethanol (freshly sat. with hydrogen chloride) and the filtrate concentrated in vacuo 

to afford the title compound as a dark red powder (137 mg, 0.45 mmol, 54%). Mp >350 °C; 

HRMS [ESI, M]+ Found: 271.0602 [C15H11O5]
+ requires 271.0601; vmax (neat)/cm-1 3086, 1639, 

1603, 1575, 1508, 1530, 1339, 1234, 1171, 840; δH (400 MHz, methanol-d4) 8.60 (1 H, s, ArH), 

8.57 (2 H, dt, J 9.9, 2.5, 2 x ArH), 7.03 (2 H, dt, J 10.4, 2.5, 2 x ArH), 6.89-6.88 (1 H, m, ArH), 

6.62 (1 H, d, J 1.9, ArH); δc (100 MHz, methanol-d4) 169.1 (C), 166.1 (C), 162.2 (C), 158.1 

(C), 157.1 (C), 146.4 (C), 134.9 (2 x CH), 134.6 (CH), 121.5 (C), 117.7 (2 x CH), 113.8 (C), 

103.2 (CH), 94.9 (CH). 

 

4'-Acetoxyacetophenone (289) 

 

 

4'-Hydroxyacetophenone (268) (1.98 g, 14.5 mmol) in neat acetic anhydride (7 mL) was heated 

to 110 °C and stirred for 2 h. After cooling to room temperature, water (20 mL) and ethyl 

acetate (20 mL) were added and the phases partitioned. The aqueous layer was extracted with 

ethyl acetate (3 x 20 mL), the combined organic extracts dried over Na2SO4 and concentrated 

in vacuo. Purification by flash column chromatography on silica gel eluting with light 

petroleum – ethyl acetate (4:1 → 1:1) gave the title compound as a white solid (2.31 g, 12.9 

mmol, 89%). Mp 51-52 °C; δH (400 MHz, CDCl3) 8.00 (2 H, dt, J 9.1, 2.3, ArH), 7.20 (2 H, dt, 

J 9.1, 2.3 ArH), 2.60 (3 H, s, Me), 2.33 (3 H, s, Me). 

Spectroscopic data consistent with literature.225 
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2-Hydroxy-4'-acetoxyacetophenone (280) 

 

 

 

To 4'-acetoxyacetophenone (289) (1.01 g, 5.68 mmol) in DMF (1.5 mL) was added 

triethylamine (3.1 mL, 22.4 mmol) and trimethylsilyl chloride (1.8 mL, 10.4 mmol) and the 

resulting mixture stirred at 70 °C in a sealed tube for 23 h. After cooling to room temperature, 

an ice-cold ethyl acetate:light petroleum mixture (1:2, 30 mL) was added followed by ice cold 

sat. aqueous sodium bicarbonate (30 mL) and the phases separated. The organic phase was 

collected, dried over Na2SO4 and concentrated in vacuo to give silyl enol ether 290 as an orange 

oil (1.39 g), which was used in the next step without further purification.  

To crude silyl enol ether 290 (1.39 g) in dichloromethane (60 mL) was added MgSO4 (2.70 g) 

and the suspension cooled to -20 °C. m-CPBA (≤77%, 1.80 g) was then added portion wise 

over 15 mins. The mixture was stirred at this temperature for 4 h, an excess of sat. aqueous 

sodium sulphite added and stirring continued for a further 20 mins. The resulting mixture was 

filtered and the residue washed successively with dichloromethane before the filtrate was 

partitioned into two layers.  The aqueous layer was extracted with dichloromethane (3 x 50 

mL), the combined organic extracts washed with sat. aqueous sodium bicarbonate (100 mL) 

and brine (100 mL), dried over Na2SO4 and concentrated in vacuo. The resulting residue was 

subsequently solved in methanol (5 mL) and aqueous citric acid (0.1 N, 0.2 mL) added and the 

mixture stirred at room temperature for 10 mins. Concentration in vacuo afforded the crude 

material, which was purified by flash column chromatography on silica gel eluting with light 

petroleum – ethyl acetate (4:1 → 1:1) to give the title compound as a white crystalline solid 

(680 mg, 3.50 mmol, 62% over three steps). Mp 93-94 °C; δH (400 MHz, CDCl3) 7.96 (2 H, dt, 

J 8.9, 2.2, ArH), 7.25 (2 H, dt, J 8.9, 2.2 ArH), 4.86 (2 H, s, CH2), 3.46 (1 H, br s, OH), 2.34 

(3 H, s, Me).  

Spectroscopic data consistent with literature.226 
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D-Glucose pentaacetate (294) 

 

 

To D-glucose (293) (10.304 g, 57.2 mmol) in pyridine (90 mL) at 0 °C was added acetic 

anhydride (78 mL) dropwise over 1 h. The resulting mixture was then warmed to room 

temperature and stirred for a further 21 h. Ethyl acetate (300 mL) was added and the organic 

phase washed with hydrochloric acid (1 M, 3 x 300 mL), sat. aqueous sodium bicarbonate (3 x 

300 mL) and brine (300 mL). The organic extract was then dried over Na2SO4 and concentrated 

in vacuo to afford the title compound as a white solid (21.780 g, 55.8 mmol, >98%, α:β, 12.3:1). 

[α]20
𝐷

 +92.5 (c 0.817, CHCl3); Mp 118-119 °C; δH (400 MHz, CDCl3) α anomer: 6.33 (1 H, d, J 

3.7, CH), 5.47 (1 H, t, J 9.8, CH), 5.14 (1 H, t, J 9.8, CH), 5.09 (1 H, dd, J 10.0, 3.7, CH), 4.26 

(1 H, dd, J 12.6, 4.2, ½CH2), 4.14-4.07 (2 H, m, CH, ½CH2), 2.17 (3 H, s, Me), 2.09 (3 H, s, 

Me), 2.04 (3 H, s, Me), 2.02 (3 H, s, Me), 2.01 (3 H, s, Me). 

Spectroscopic data consistent with literature.227 

Acetobromo-α-D-glucose (281) 

 

 

To a solution of D-glucose pentaacetate (294) (12.817 g, 32.8 mmol) in dichloromethane (100 

mL) at 0 °C was slowly added hydrobromic acid in acetic acid (33% w/w, 45 mL) and the 

mixture stirred at room temperature for 2 h with protection from ambient light. The resulting 

translucent orange solution was then cooled to 0 °C and carefully quenched with sat. aqueous 

sodium bicarbonate, diluted with dichloromethane (100 mL) and the phases partitioned. The 

organic layer was washed with ice-cold sat. aqueous sodium bicarbonate (3 x 200 mL) and ice-

cold brine (200 mL), dried over Na2SO4 and concentrated in vacuo to give the title compound 

as an off-white solid (12.836 g, 31.2 mmol, 95%). [α]19
𝐷

 +199 (c 1.051, CHCl3); Mp 77-80 °C; 

δH (300 MHz, CDCl3) 6.61 (1 H, d, J 4.1, CH), 5.56 (1 H, t, J 9.7, CH), 5.16 (1 H, t, J 9.7, CH), 

4.84 (1 H, dd, J 10.1, 4.1, CH), 4.36-4.28 (2 H, m, CH, ½CH2), 4.16-4.11 (1 H, m, ½CH2), 

2.100 (3 H, s Me), 2.095 (3 H, s, Me), 2.05 (3 H, s, Me), 2.03 (3 H, s, Me). 

Spectroscopic data consistent with literature.228 
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Tetra-O-acetyl-α/β-D-glucose trichloroacetimidate (295) 

 

 

 

To Acetobromo-α-D-glucose (281) (11.68 g, 28.4 mmol) in moist acetone (30 mL) at 0 °C was 

added silver carbonate (13.20 g, 47.9 mmol) portion wise over 30 mins. The resulting cloudy 

suspension was then heated to 50 °C, filtered and the filtrate concentrated in vacuo to give 

2,3,4,6-tetra-O-acetyl-D-glucose (296) as a white foam, which was solved in dichloromethane 

(140 mL). Trichloroacetonitrile (8.50 mL, 84.8 mmol) and potassium carbonate (5.89 g, 42.6 

mmol) were then added and the resulting mixture stirred at room temperature for 18 h. An 

additional portion of trichloroacetonitrile (2.80 mL, 27.9 mmol) was added and stirring 

continued for a further 23 h. The reaction mixture was then filtered and the filtrate concentrated 

in vacuo to give the crude material. Purification by flash column chromatography on silica gel 

eluting with light petroleum – ethyl acetate (2:1) gave the title compound as a separable mixture 

of anomers: 

α anomer; white foam (6.74 g, 13.7 mmol, 48%). [α]18
𝐷

 +91.9 (c 1.068, CHCl3); δH (400 MHz, 

CDCl3) 8.69 (1 H, s, NH), 6.55 (1 H, d, J 3.7, CH), 5.56 (1 H, t, J 9.8, CH), 5.17 (1 H, t, J 9.8, 

CH), 5.13 (1 H, dd, J 10.2, 3.7, CH), 4.27 (1 H, dd, J 12.2, 4.2, ½CH2), 4.23-4.19 (1 H, m, 

CH), 4.12 (1 H, dd, J 12.2, 2.1, ½CH2), 2.07 (3 H, s, Me), 2.04 (3 H, s, Me), 2.02 (3 H, s, Me), 

2.01 (3 H, s, Me).  

Spectroscopic data consistent with literature.229 

 β anomer; white solid (3.39 g, 6.88 mmol, 24%). [α]17
𝐷

 +9.97 (c 1.314, CHCl3); Mp 42-45 °C; 

HRMS [ESI, M + Na]+ Found: 514.0045 [C16H20Cl3NO10 + Na]+ requires 514.0045; vmax 

(neat)/cm-1 1735, 1678, 1369, 1212, 1089, 1061, 1034, 910, 831, 802; δH (400 MHz, CDCl3) 

8.71 (1 H, s, NH), 5.88-5.87 (1 H, m, CH), 5.30-5.26 (2 H, m, 2 x CH), 5.24 (1 H, m, CH), 

4.31 (1 H, dd, J 12.5, 4.4, ½CH2), 4.16 (1 H, dd, J 12.5, 2.4, ½CH2), 3.90 (1 H, ddd, J 9.8, 4.4, 

2.4, CH), 2.08 (3 H, s, Me), 2.04 (3 H, s, Me), 2.03 (3 H, s, Me), 2.02 (3 H, s, Me); δC (100 

MHz, CDCl3) 170.6 (C=O), 170.2 (C=O), 169.4 (C=O), 169.0 (C=O), 160.9 (C=N), 95.5 (CH), 

72.7 (CH), 72.6 (CH), 70.2 (CH), 67.9 (CH), 61.6 (CH2), 20.7 (Me), 20.6 (2 x Me), 20.5 (Me); 

not observed: 1 x C. 
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2-O-Tetraacetyl-ß-D-glucosyl-4'-acetoxyacetophenone (279) 

 

 

Powdered 4 Å molecular sieves (130 mg) were added to a solution of alcohol 280 (130 mg, 

0.67 mmol) and trichloroacetimidate 295 (662 mg, 1.34 mmol) in dichloromethane (11 mL) 

and the mixture cooled to -20 °C. Boron trifluoride diethyl etherate (0.041 mL, 0.33 mmol) 

was added dropwise and the resulting mixture stirred at this temperature for 30 mins. The 

reaction was quenched upon addition of triethylamine, warmed to room temperature and the 

mixture filtered through a bed of Celite. The filtrate was collected and concentrated in vacuo 

to provide the crude residue. Purification by flash column chromatography on silica gel eluting 

with light petroleum – ethyl acetate (2:1) afforded the title compound as a white crystalline 

solid (183 mg, 0.35 mmol, 52%). [α]22
𝐷

 -23.9 (c 0.858, CH2Cl2); Mp 49-51 °C; HRMS [ESI, M 

+ Na]+ Found: 547.1424 [C24H28O13 + Na]+ requires 547.1428; vmax (neat)/cm-1 1742, 1369, 

1220, 1162, 1037, 908, 832; δH (400 MHz, CDCl3) 7.95 (2 H, dt, J 9.4, 2.3, 2 x ArH), 7.20 (2 

H, d, J 9.4, 2.3, 2 x ArH), 5.23 (1 H, t, J 9.5, CH), 5.11-5.06 (2 H, m, 2 x CH), 4.92, 4.83 (2 H, 

ABq, J 16.0, CH2), 4.67 (1 H, d, J 7.9, CH), 4.24-4.11 (2 H, m, CH2), 3.68 (1 H, ddd, J 10.0, 

4.6, 2.4, CH), 2.32 (3 H, s, Me), 2.07 (3 H, s, Me), 2.02 (3 H, s, Me), 2.01 (3 H, s, Me), 2.00 

(3 H, s, Me); δC (100 MHz, CDCl3) 193.7 (C=O), 170.7 (C=O), 170.2 (C=O), 169.7 (C=O), 

169.4 (C=O), 168.7 (C=O), 154.8 (C), 132.2 (C), 129.9 (2 x CH), 122.0 (2 x CH), 100.3 (CH), 

72.6 (CH), 72.0 (CH), 71.0 (CH), 70.7 (CH2), 68.3 (CH), 61.7 (CH2), 21.1 (Me), 20.72 (Me), 

20.65 (Me), 20.6 (2 x Me). 

 

Callistephin chloride (278) 

 

 

 

 

To phloroglucinaldehyde 266 (88 mg, 0.34 mmol) and β-glucoside 279 (178 mg, 0.34 mmol) 

in dry ethyl acetate (7.5 mL) at -10 °C was bubbled dry hydrogen chloride gas for 30 mins. The 

reaction mixture was allowed to warm to room temperature and stirring continued for a further 
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23 h, during which time a deep red colour gradually developed and a red precipitate formed. 

The solvent was removed in vacuo and to the residue was added aqueous potassium hydroxide 

(0.9 M, methanol:water, 1:1, 7.2 mL). The resulting dark green solution was stirred at room 

temperature for 3 h, cooled to 0 °C and then carefully acidified with concentrated hydrochloric 

acid (4.8 mL). The deep red mixture was concentrated in vacuo to afford a dark red residue, 

which was taken up in ethanol (freshly sat. with hydrogen chloride). The suspension was 

filtered through a bed of Celite to remove contaminating potassium chloride and the filtrate 

concentrated in vacuo. The residue was finally dissolved in hydrochloric acid (0.1 M, 50 mL), 

ethyl acetate (50 mL) added and the layers separated. The aqueous layer was further washed 

with ethyl acetate (2 x 50 mL) then concentrated in vacuo providing the title compound as a 

dark red solid (151 mg, 0.32 mmol, 95%). [α]17
𝐷

 unattainable due to intensely coloured solution 

(c 0.100, 0.1% HCl); Mp 182-185 °C (decomp.); HRMS [ESI, M]+ Found: 433.1129 

[C21H21O10]
+ requires 433.1136; vmax (neat)/cm-1 3164, 1743, 1638, 1603, 1565, 1491, 1335, 

1212, 1171, 1013, 843; δH (400 MHz, methanol-d4) 9.06 (1 H, s, H-4), 8.59 (2 H, d, J 9.0, H-

2'/6'), 7.04 (2 H, d, J 9.0, H-3'/5'), 6.92 (1 H, d, J 1.8, H-8), 6.67 (1 H, d, J 1.8, H-6), 5.28 (1 

H, d, J 7.7, H-1''), 3.92 (1 H, dd, J 12.0, 2.0, H-6''a), 3.70 (1 H, dd, J 12.0, 6.0, H-6''b), 3.64 (1 

H, t, J 8.4, H-2''), 3.58-3.51 (2 H, m, H-3'', H-5''), 3.45-3.40 (1 H, m, H-4''); δC (100 MHz, 

methanol-d4) 170.6 (C7), 166.5 (C4'), 164.5 (C2), 159.3 (C5), 157.8 (C9), 145.4 (C3), 137.6 

(C4), 135.7 (C2'/6'), 120.8 (C1'), 117.8 (C3'/5'), 113.5 (C10), 103.8 (C1''), 103.4 (C6), 95.2 

(C8), 78.8 (C5''), 78.1 (C3''), 74.8 (C2''), 71.1 (C4''), 62.4 (C6''). 

 

Partially deglycosylated nudicaulins 230a & 230b 

 

 

 

 

 

To callistephin chloride (278) (22.4 mg, 0.048 mmol) in a sodium acetate – acetic acid buffer 

(pH 3.6, 3.5 mL) was added indole (5.0 mg, 0.043 mmol) and the resulting mixture stirred 

vigorously at room temperature in an open flask for 3 h. The solution was then diluted with 
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methanol (5 mL) and concentrated in vacuo to afford the crude material. Purification by reverse 

phase column chromatography (Alltech C18 SPE cartridge) eluting with water (0.1% TFA) – 

methanol (20% → 50% methanol) provided an orange solid comprising a 1:2.5 inseparable 

mixture of 230a:230b, respectively (9.6 mg, 0.018 mmol, 41%). [α]26
𝐷

 +93.3 (c 0.030, 

methanol); Mp > 350 °C; HRMS [ESI, M + H]+ Found: 548.1543 [C29H25NO10 + H]+ requires 

548.1551; vmax (neat)/cm-1 3058, 1671, 1605, 1545, 1509, 1444, 1350, 1178, 1141, 1120, 1069, 

1037, 989, 840; δH (400 MHz, methanol-d4) Major (230b): 8.56 (2 H, d, J 8.9, H-2'/H-6'), 8.26 

(1 H, br d, J 7.8, H-15), 7.68 (1 H, d, J 7.8, H-18), 7.60 (1 H, t, J 7.6, H-17), 7.54-7.50 (1 H, 

m, H-16), 7.11 (2 H, d, J 8.9, H-3'/H-5'), 6.04 (1 H, d, J 1.9, H-6), 5.93 (1 H, d, J 1.9, H-8), 

5.63 (1 H, s, H-3), 4.93 (1 H, d, J 7.8, H-1''), 3.69-3.58 (2 H, m, H-6a'', H-6b''), 3.40-3.26 (3 H, 

m, H-2'', H-3'', H-4''), 3.12-3.06 (1 H, m, H-5'') Minor (230a): 8.55 (2 H, d, J 8.9, H-2'/H-6'), 

8.26 (1 H, br d, J 7.8, H-15), 7.68 (1 H, d, J 7.8, H-18), 7.60 (1 H, t, J 7.6, H-17), 7.54-7.50 (1 

H, t, H-16), 7.10 (2 H, d, J 8.9, H-3'/H-5'), 6.02 (1 H, d, J 1.9, H-6), 5.90 (1 H, d, J 1.9,  H-8), 

5.37 (1 H, s, H-3), 4.60 (1 H, d, J 7.4, H-1''), 3.74 (1 H, dd, J 12.0, 2.3, H-6a''), 3.69-3.58 (1 H, 

m, H-6b''), 3.40-3.26 (3 H, m, H-2'', H-3'', H-4''), 3.12-3.06 (1 H, m, H-5''); δC (100 MHz, 

methanol-d4) Major (230b): 178.4 (C2), 170.2 (C12), 168.6 (C4'), 163.2 (C7), 162.1 (C9), 

157.2 (C5), 148.9 (C19), 139.8 (C2'/C6'), 131.9 (C17), 131.3 (C13), 128.9 (C16), 125.9 (C11, 

C15), 123.3 (C14, C1'), 118.8 (C3'/C5'), 117.8 (C18), 99.6 (C1''), 99.2 (C4), 98.5 (C6), 91.4 

(C8), 79.1 (C5''), 78.9 (C3''), 75.2 (C2''), 71.4 (C4''), 62.5 (C6''), 49.9 (C3)a Minor (230a): 

178.6 (C2), 168.6 (C12, C4'), 163.3 (C7), 162.2 (C9), 157.2 (C5), 148.9 (C19), 139.6 (C2'/C6'), 

132.2 (C13), 131.9 (C17), 128.9 (C16), 127.6 (C11), 125.9 (C15), 123.3 (C14, C1'), 118.8 

(C3'/C5'), 117.8 (C18), 102.1 (C1''), 99.2 (C4), 98.5 (C6), 91.6 (C8), 79.4 (C5''), 78.2 (C3''), 

75.3 (C2''), 71.4 (C4''), 62.7 (C6''), 50.6 (C3). 

a Obscured by residual solvent – chemical shift determined via HSQC. 

 

2-Benzoyloxy-4-O-tetraacetyl-β-D-glucosyl-6-hydroxybenzaldehyde (306) 

 

 

To a suspension of phloroglucinaldehyde 266 (199 mg, 0.77 mmol) and acetobromo-α-D-

glucose (281) (319 mg, 0.78 mmol) in neat quinoline (2.8 mL) was added silver(I) oxide (183 

mg, 0.79 mmol). The mixture was stirred vigorously for 40 mins then diluted with 
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dichloromethane (20 mL) and filtered through a bed of Celite. To the filtrate was added 

hydrochloric acid (0.1 M, 20 mL) and the phases separated. The aqueous phase was further 

extracted with dichloromethane (2 x 20 mL), the combined organic extracts dried over Na2SO4 

and concentrated in vacuo. Purification by flash column chromatography on silica gel eluting 

with light petroleum – ethyl acetate (2:1) gave the title compound as a pale yellow solid (167 

mg, 0.28 mmol, 37%). [α]27
𝐷

 +32.7 (c 0.321, CH2Cl2); Mp 67-70 °C; HRMS [ESI, M + Na]+ 

Found: 611.1362 [C28H28O14 + Na]+ requires 611.1371; vmax (neat)/cm-1 2923, 1742, 1635, 

1368, 1209, 1172, 1065, 1033, 906, 703; δH (400 MHz, CDCl3) 11.94 (1 H, s, OH), 10.00 (1 

H, s, CHO), 8.19-1.17 (2 H, m, ArH), 7.71-7.67 (1 H, m, ArH), 7.55 (2 H, t, J 7.8, ArH), 6.48 

(1 H, d, J 2.3, ArH), 6.46 (1 H, d, J 2.3, ArH), 5.33-5.25 (2 H, m, 2 x CH), 5.19 (1 H, d, J 7.6, 

CH), 5.15-5.11 (1 H, m, CH), 4.24 (1 H, dd, J 12.3, 6.1, ½CH2), 4.18 (1 H, dd, J 12.3, 2.4, 

½CH2), 3.92 (1 H, ddd, J 10.0, 6.1, 2.4, CH), 2.07 (3 H, s, Me), 2.06 (3 H, s, Me), 2.05 (3 H, 

s, Me), 2.03 (3 H, s, Me); δC (100 MHz, CDCl3) 191.3 (C=O), 170.6 (C=O), 170.1 (C=O), 169.4 

(C=O), 169.2 (C=O), 165.1 (C), 164.4 (C=O), 163.4 (C), 154.7 (C), 134.5 (CH), 130.4 (2 x 

CH), 129.0 (2 x CH), 128.0 (C), 109.8 (C), 103.7 (CH), 101.7 (CH), 97.7 (CH), 72.56 (CH), 

72.52 (CH), 70.8 (CH), 68.1 (CH), 61.9 (CH2), 20.63 (Me), 20.58 (3 x Me).  

 

Methyl 4,6-O-benzylidene-2-O-(tetra-O-acetyl-β-D-glucosyl)-α-D-glucoside (340) 

 

 

 

 

To a mixture of methyl 4,6-O-benzylidene-α-D-glucoside (339) (3.92 g, 13.9 mmol), 

trichloroacetimidate 295 (10.13 g, 20.6 mmol, α:β, 2:1) and powdered 4 Å molecular sieves 

(2.00 g) in dichloromethane (120 mL) at -41 °C was added boron trifluoride diethyl etherate 

(0.85 mL, 6.86 mmol) and the resulting solution stirred at this temperature for 1 h. The reaction 

was quenched upon addition of triethylamine, warmed to room temperature and the mixture 

filtered through a bed of Celite. The filtrate was collected and concentrated in vacuo to provide 

the title compound (14.64 g), which was used in the next step without further purification. 
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α-D-Sophorose octaacetate (341) 

 

 

 

To crude 1,2-glucoside 340 (14.64 g) in acetic anhydride (13.3 mL) at 0 °C was added dropwise 

sulfuric acid (4% in acetic anhydride, 11.4 mL) and the resulting mixture stirred at room 

temperature for 17 h. The solution was then cooled to 0 °C and carefully quenched with sat. 

aqueous sodium bicarbonate, diluted with dichloromethane (200 mL) and the phases 

partitioned. The aqueous layer was further extracted with dichloromethane (3 x 200 mL), the 

combined organic extracts dried over Na2SO4 and concentrated in vacuo. Purification by flash 

column chromatography on silica gel eluting with light petroleum – ethyl acetate (1:1) gave 

the title compound as a white solid (6.14 g, 9.05 mmol, 65% over two steps). [α]20
𝐷

 +46.2 (c 

1.051, CHCl3); Mp 110-113 °C; HRMS [ESI, M + Na]+ Found: 701.1896 [C28H38O19 + Na]+ 

requires 701.1899; vmax (neat)/cm-1 2956, 2918, 1741, 1367, 1209, 1029, 938, 906; δH (400 

MHz, CDCl3) 6.29 (1 H, d, J 3.8, CH), 5.41 (1 H, t, J 9.9, CH), 5.13 (1 H, t, J 9.4, CH), 5.07-

5.02 (2 H, m, 2 x CH), 4.92-4.88 (1 H, m, CH), 4.60 (1 H, d, J 7.9, CH), 4.30-4.26 (1 H, m, 

½CH2), 4.16 (2 H, d, J 3.6, CH2), 4.04-4.00 (2 H, m, CH, ½CH2), 3.89 (1 H, dd, J 9.9, 3.8, 

CH), 3.65 (1 H, dt, J 9.9, 3.6, CH), 2.15 (3 H, s, Me), 2.10 (3 H, s, Me), 2.06 (6 H, s, 2 x Me), 

2.02 (3 H, s, Me), 2.01 (3 H, s, Me), 1.99 (3 H, s, Me), 1.98 (3 H, s, Me); δC (100 MHz, CDCl3) 

170.7 (C=O), 170.6 (C=O), 170.3 (C=O), 169.8 (C=O), 169.7 (C=O), 169.3 (C=O), 169.0 

(C=O), 168.7 (C=O), 101.1 (CH), 90.2 (CH), 75.5 (CH), 72.6 (CH), 72.0 (CH), 71.5 (CH), 

71.1 (CH), 69.2 (CH), 68.2 (CH), 67.9 (CH), 61.6 (CH2), 61.5 (CH2), 20.84 (Me), 20.77 (Me), 

20.71 (Me), 20.68 (Me), 20.6 (3 x Me), 20.4 (Me). 

 

Acetobromo-α-D-sophorose (312) 

 

 

 

To a solution of α-sophorose octaacetate 341 (20 mg, 0.029 mmol) in dichloromethane (1.3 

mL) at 0 °C was slowly added hydrobromic acid in acetic acid (33% w/w, 0.3 mL) and the 
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mixture stirred at room temperature for 1.5 h with protection from ambient light. The resulting 

translucent orange solution was cooled to 0 °C and carefully quenched with sat. aqueous 

sodium bicarbonate, diluted with dichloromethane (10 mL) and the phases partitioned. The 

organic layer was washed with ice-cold sat. aqueous sodium bicarbonate (2 x 10 mL) and ice-

cold brine (10 mL), dried over Na2SO4 and concentrated in vacuo to give the title compound 

as a white solid (18 mg, 0.026 mmol, 87%). [α]19
𝐷

 +97.4 (c 0.815, CHCl3); Mp 181-191 °C; 

HRMS [ESI, M + Na]+ Found: 721.0952 [C26H35BrO17 + Na]+ requires 721.0950; vmax 

(neat)/cm-1 1742, 1370, 1225, 1211, 1175, 1136, 1038, 918, 908; δH (400 MHz, CDCl3) 6.43 

(1 H, d, J 4.0, CH), 5.46 (1 H, t, J 9.7, CH), 5.17-5.05 (3 H, m, 3 x CH), 4.97 (1 H, t, J 8.5, 

CH), 4.68 (1 H, d, J 7.9, CH), 4.36-4.22 (3 H, m, CH, 2 x ½CH2), 4.16 (1 H, dd, J 12.4, 4.5, 

½CH2), 4.07 (1 H, dd, J 12.3, 1.7, ½CH2), 3.78 (1 H, dd, J 9.7, 4.0, CH), 3.67 (1 H, ddd, J 9.5, 

4.5, 2.6, CH), 2.11 (3 H, s, Me), 2.07 (3 H, s, Me), 2.06 (3 H, s, Me), 2.03 (3 H, s, Me), 2.01 

(3 H, s, Me), 1.99 (3 H, s, Me), 1.98 (3 H, s, Me); δC (100 MHz, CDCl3) 170.6 (C=O), 170.4 

(C=O), 170.3 (C=O), 169.7 (C=O), 169.5 (C=O), 169.3 (C=O), 169.0 (C=O), 101.0 (CH), 88.7 

(CH), 76.4 (CH), 72.5 (CH), 72.12 (CH), 72.08 (CH), 71.9 (CH), 71.0 (CH), 68.2 (CH), 67.1 

(CH), 61.5 (CH2), 61.1 (CH2), 20.73 (2 x Me), 20.66 (Me), 20.56 (3 x Me), 20.3 (Me). 

 

 

Hepta-O-acetyl-α-D-sophorose trichloroacetimidate (338) 

 

 

To a solution of α-sophorose octaacetate 341 (1.30 g, 1.91 mmol) in DMF (15 mL) was added 

hydrazine acetate (281 mg, 3.05 mmol) and the resulting mixture stirred at room temperature 

for 1 h. Dichloromethane (65 mL) and sat. aqueous sodium bicarbonate (50 mL) were then 

added and the phases separated. The aqueous phase was further extracted with dichloromethane 

(2 x 65 mL), the combined organic extracts washed with brine (150 mL), dried over Na2SO4 

and concentrated in vacuo to give crude heptaacetylsophorose 342 (1.08 g), which was used in 

the next step without further purification. 
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To crude 342 (1.08 g) in dichloromethane (15 mL) at 0 °C was added trichloroacetonitrile (0.50 

mL, 4.99 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (0.33 mL, 2.21 mmol) and the 

resulting mixture warmed to room temperature and stirred for 4.5 h. Concentration in vacuo 

afforded the crude material, which was purified by flash column chromatography on silica gel 

eluting with light petroleum – ethyl acetate (1:1) to give the title compound as a white solid 

(810 mg, 1.04 mmol, 54% over two steps). [α]24
𝐷

 +46.9 (c 0.495, CH2Cl2); Mp 72-74 °C; HRMS 

[ESI, M + Na]+ Found: 802.0863 [C28H36Cl3NO18 + Na]+ requires 802.0890; vmax (neat)/cm-1 

3290, 2974, 1742, 1675, 1449, 1368, 1206, 1174, 1074, 1024, 798; δH (400 MHz, CDCl3) 8.66 

(1 H, s, NH), 6.46 (1 H, d, J 3.7, CH), 5.48 (1 H, t, J 9.8, CH), 5.15-5.01 (3 H, m, 3 x CH), 

4.89 (1 H, dd, J 9.5, 7.9, CH), 4.65 (1 H, d, J 7.9, CH), 4.28 (1 H, dd, J 12.4, 4.0, ½CH2), 4.20-

4.05 (4 H, m, CH, ½CH2, CH2), 3.99 (1 H, dd, J 9.8, 3.7, CH), 3.67 (1 H, ddd, J 9.9, 4.7, 2.6, 

CH), 2.09 (3 H, s, Me), 2.06 (3 H, s, Me), 2.05 (3 H, s, Me), 2.02 (3 H, s, Me), 2.00 (3 H, s, 

Me), 1.96 (6 H, s, 2 x Me); δC (100 MHz, CDCl3) 170.6 (C=O), 170.5 (C=O), 170.3 (C=O), 

169.7 (C=O), 169.5 (C=O), 169.3 (C=O), 168.8 (C=O), 160.7 (C=N), 100.9 (CH), 94.4 (CH), 

90.8 (C), 75.6 (CH), 72.6 (CH), 72.0 (CH), 71.6 (CH), 71.0 (CH), 69.7 (CH), 68.3 (CH), 67.8 

(CH), 61.9 (CH2), 61.5 (CH2), 20.8 (2 x Me), 20.65 (Me), 20.59 (Me), 20.55 (2 x Me), 20.3 

(Me). 

 

2-O-Tetraacetyl-α-D-sophorosyl-4'-acetoxyacetophenone (α-307) 

 

 

 

Powdered 4 Å molecular sieves (240 mg) were added to a solution of alcohol 280 (37 mg, 0.19 

mmol) and trichloroacetimidate 338 (212 mg, 0.27 mmol) in dichloromethane (5 mL) and the 

mixture cooled to -41 °C. TMSOTf (0.02 mL, 0.09 mmol) was added dropwise and the 

resulting mixture slowly warmed to -20 °C over 50 mins. The reaction was quenched upon 

addition of triethylamine, warmed to room temperature and the mixture filtered through a bed 

of Celite. The filtrate was collected and concentrated in vacuo to provide the crude residue. 

Purification by flash column chromatography on silica gel eluting with light petroleum – ethyl 

acetate (1:1) afforded the title compound as a white solid (154 mg, 0.19 mmol, quant.). [α]21
𝐷

 

+33.3 (c 0.705, CH2Cl2); Mp 71-74 °C; HRMS [ESI, M + Na]+ Found: 835.2288 [C36H44O21 + 
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Na]+ requires 835.2267; vmax (neat)/cm-1 2963, 1740, 1600, 1434, 1368, 1212, 1165, 1031, 980, 

907, 853; δH (400 MHz, CDCl3) 8.05 (2 H, dt, J 9.4, 2.2, 2 x ArH), 7.28-7.26 (2 H, m, 2 x ArH), 

5.47 (1 H, t, J 9.9, CH), 5.14 (1 H, t, J 9.5, CH), 5.07 (1 H, d, J 3.7, CH), 5.04-4.99 (2 H, m, 2 

x CH), 4.95-4.92 (1 H, m, CH), 4.92, 4.73 (2 H, ABq, J 15.6, CH2), 4.63 (1 H, d, J 8.0, CH), 

4.29-4.24 (2 H, m, CH, ½CH2), 4.21-4.13 (2 H, m, CH2), 4.00-3.96 (1 H, m, ½CH2), 3.79 (1 

H, dd, J 9.9, 3.7, CH), 3.70-3.64 (1 H, m, CH), 2.34 (3 H, s, Me), 2.08 (3 H, s, Me), 2.059 (3 

H, s, Me), 2.055 (3 H, s, Me), 2.03 (3 H, s, Me), 2.02 (3 H, s, Me), 2.01 (3 H, s, Me), 2.00 (3 

H, s, Me); δC (100 MHz, CDCl3) 194.1 (C=O), 170.68 (C=O), 170.63 (C=O), 170.4 (C=O), 

170.0 (C=O), 169.7 (C=O), 169.4 (C=O), 169.2 (C=O), 168.8 (C=O), 154.9 (C), 132.4 (C), 

130.3 (2 x CH), 122.1 (2 x CH), 101.5 (CH), 99.2 (CH), 77.2 (CH), 72.8 (CH2), 72.6 (CH), 

72.2 (CH), 71.6 (CH), 71.2 (CH), 68.4 (2 x CH), 67.9 (CH), 62.0 (CH2), 61.9 (CH2), 21.3 (Me), 

20.93 (Me), 20.85 (Me), 20.80 (Me), 20.71 (Me), 20.68 (2 x Me), 20.5 (Me). 

 

2-O-Tetraacetyl-D-sophorosyl-4'-acetoxyacetophenone (α/β-307) 

 

 

 

Powdered 4 Å molecular sieves (200 mg) were added to a solution of alcohol 280 (12 mg, 

0.062 mmol) and trichloroacetimidate 338 (73 mg, 0.093 mmol) in acetonitrile (1 mL) and the 

mixture cooled to -41 °C. TMSOTf (5.7 μL, 0.031mmol) was added dropwise and the resulting 

mixture stirred at this temperature for 15 mins. The reaction was quenched upon addition of 

triethylamine, warmed to room temperature and the mixture filtered through a bed of Celite. 

The filtrate was collected and concentrated in vacuo to provide the crude residue. Purification 

by flash column chromatography on silica gel eluting with light petroleum – ethyl acetate (1:1) 

afforded the title compound as a white foam (37 mg, 0.046 mmol, 74%, α:β, 1:2). [α]20
𝐷

 +12.1 

(c 0.710, CH2Cl2); HRMS [ESI, M + Na]+ Found: 835.2288 [C36H44O21 + Na]+ requires 

835.2267; vmax (neat)/cm-1 2944, 1741, 1600, 1432, 1367, 1213, 1164, 1033, 979, 907, 854, 

734; δH (400 MHz, CDCl3) β anomer: 7.98 (2 H, dt, J 9.3, 2.4, 2 x ArH), 7.23 (2 H, dt, J 9.3, 

2.4, 2 x ArH), 5.22-5.14 (2 H, m, 2 x CH) 5.07, 4.84 (2 H, ABq, J 15.7, CH2), 5.10-4.96 (2 H, 

m, 2 x CH), 4.93 (1 H, d, J 7.8, CH), 4.93-4.89 (1 H, m, CH), 4.67 (1 H, d, J 7.4, CH), 4.28-

4.23 (1 H, m, CH), 4.21 (1 H, d, J 4.6, ½CH2), 4.17-4.10 (2 H, m, 2 x ½ CH2), 4.05 (1 H, dd, J 

12.3, 2.3, ½CH2), 3.82 (1 H, dd, J 9.2, 7.4, CH), 3.76-3.69 (1 H, m, CH), 2.33 (3 H, s, Me), 
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2.060 (3 H, s, Me), 2.058 (3 H, s, Me), 2.04 (3 H, s, Me), 2.013 (3 H, s, Me), 2.009 (3 H, s, 

Me), 1.99 (3 H, s, Me), 1.97 (3 H, s, Me) α anomer: see spectral data for α-307; δC (100 MHz, 

CDCl3) β anomer: 193.3 (C=O), 170.8 (C=O), 170.7 (C=O), 170.4 (C=O), 170.0 (C=O), 169.8 

(C=O), 169.5 (C=O), 169.4 (C=O), 168.8 (C=O), 154.9 (C), 132.3 (C), 130.0 (2 x CH), 122.1 

(2 x CH), 101.4 (CH), 100.5 (CH), 78.2 (CH), 73.7 (CH), 73.2 (CH), 71.93 (CH, CH2), 71.86 

(CH), 68.5 (2 x CH), 68.1 (CH), 61.9 (CH2), 61.8 (CH2), 21.3 (Me), 20.9 (Me), 20.83 (Me), 

20.79 (Me), 20.76 (Me), 20.72 (2 x Me), 20.5 (Me) α anomer: see spectral data for α-307. 

 

Orientalin chloride (242) & 1''-epi-orientalin chloride (344) 

 

To β-glucoside 306 (67 mg, 0.114 mmol) and β-enriched sophoroside 307 (93 mg, 0.114 mmol) 

in dry ethyl acetate (2.5 mL) at -20 °C was bubbled dry hydrogen chloride gas for 45 mins. The 

reaction mixture was allowed to warm to room temperature and stirring continued for a further 

72 h, during which time a red colour gradually developed. The solvent was removed in vacuo 

and to the residue was added aqueous potassium hydroxide (0.9 M, methanol: water, 1:1, 4.0 

mL). The resulting muddy brown solution was stirred at room temperature for 3 h, cooled to 0 

°C and then carefully acidified with concentrated hydrochloric acid (2.7 mL). The deep red 

mixture was concentrated in vacuo to afford a dark red residue, which was taken up in an 

ethanol: methanol mixture (1:1, freshly sat. with hydrogen chloride). The suspension was 

filtered through a bed of Celite to remove the majority of contaminating potassium chloride 

and the filtrate concentrated in vacuo. The residue was then dissolved in hydrochloric acid (0.1 

M, 20 mL), ethyl acetate (20 mL) added and the layers separated. The aqueous layer was further 

washed with ethyl acetate (2 x 20 mL) then concentrated to approximately 1 mL in volume. 
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Purification by flash column chromatography on C18 silica gel eluting with water (0.1% HCl) 

– methanol (0% → 35% methanol) provided the title compounds; 

Orientalin chloride (242); dark red solid (22.0 mg, 0.028 mmol, 24%). [α]20
𝐷

 unattainable due 

to intensely coloured solution (c 0.100, 01.% HCl); Mp 179-182 °C (decomp.); HRMS [ESI, 

M]+ Found: 757.2188 [C33H41O20]
+ requires 757.2186; vmax (neat)/cm-1 3269, 2922, 2490, 1635, 

1605, 1575, 1472, 1371, 1332, 1269, 1175, 1061, 1009, 848; δH (400 MHz, methanol-d4) 

Aglycon 9.03 (1 H, s, H-4), 8.67 (2 H, d, J 8.9, H-2'/6'), 7.34 (1 H, br s, H-8), 7.10 (2 H, d, J 

8.9, H-3'/5'), 6.84 (1 H, d, J 1.4, H-6); Anomeric centres 5.52 (1 H, d, J 7.5, H-1''), 5.22 (1 H, 

d, J 6.9, H-1''''), 4.79 (1 H, d, J 7.7, H-1'''); Aliphatic region 4.07 (1 H, t, J 8.2, H-2''), 3.98-3.91 

(2 H, m, CH2), 3.78 (1 H, t, J 8.9, CH), 3.75-3.70 (2 H, m, CH2), 3.67-3.48 (6 H, m, 5 x CH, ½ 

CH2), 3.45-3.39 (2 H, m, CH, ½ x CH2), 3.27 (1 H, d, J 8.9, CH), 3.21 (2 H, m, 2 x CH), 2.97-

2.94 (1 H, m, CH); δC (100 MHz, methanol-d4) Aglycon 167.6 (C7, C4'), 166.5 (C2), 158.4 

(C5), 156.8 (C9), 146.6 (C3), 136.8 (C2'/6'), 136.1 (C4), 120.8 (C1'), 118.2 (C3'/5'), 114.0 

(C10), 104.1 (C6), 96.0 (C8); Anomeric centres 104.6 (C1'''), 102.1 (C1''), 101.8 (C1''''); 

Aliphatic region 81.5 (C2''), 78.8 (CH), 78.7 (CH), 78.1 (CH), 78.0 (CH), 77.9 (CH), 77.8 

(CH), 75.8 (CH), 74.6 (CH), 71.5 (CH), 71.2 (CH), 70.9 (CH), 62.6 (2 x CH2), 62.3 (CH2). 

1''-epi-Orientalin chloride (344); dark red solid (11.2 mg, 0.014 mmol, 12%) [α]23
𝐷

 unattainable 

due to intensely coloured solution (c 0.100, 0.1% HCl); Mp 190-194 °C (decomp.); HRMS 

[ESI, M]+ Found: 757.2188 [C33H41O20]
+ requires 757.2186; vmax (neat)/cm-1 3262, 2919, 1636, 

1605, 1577, 1369, 1331, 1266, 1175, 1068, 987, 846; δH (400 MHz, methanol-d4) Aglycon 9.19 

(1 H, s, H-4), 8.77 (2 H, d, J 9.0, H-2'/6'), 7.34 (1 H, br s, H-8), 7.08 (2 H, d, J 9.0, H-3'/5'), 6.85 

(1 H, d, J 1.9, H-6); Anomeric centres 6.23 (1 H, d, J 3.9, H-1''), 5.22 (1 H, d, J 7.3, H-1''''), 4.54 

(1 H, d, 7.8, H-1'''); Aliphatic region 4.03 (1 H, t, J 9.3, CH), 3.97 (1 H, dd, J 12.0, 1.9, ½ CH2), 

3.87-3.81 (2 H, m, CH, ½ CH2), 3.78-3.62 (5 H, m, CH x 2, ½ CH2 x 3), 3.62-3.58 (1 H, m, 

CH), 3.56-3.53 (2 H, m, CH x 2), 3.43-3.38 (1 H, m, CH), 3.35 (1 H, d, J 9.1, CH), 3.23-3.15 

(3 H, m, CH, ½ CH2), 2.97 (1 H, t, J 9.1, CH); δC (100 MHz, methanol-d4) Aglycon 167.4 (C7 

or C4'), 167.2 (C7 or C4'), 166.7 (C2), 158.2 (C5), 156.7 (C9), 147.6 (C3), 136.9 (C2'/6'), 135.4 

(C4), 120.9 (C1'), 117.9 (C3'/5'), 114.2 (C10), 103.9 (C6), 95.9 (C8); Anomeric centres 105.8 

(C1'''), 102.6 (C1''), 101.7 (C1''''); Aliphatic region 81.9 (C2''), 78.6 (CH), 78.0 (CH), 77.8 

(CH), 77.7 (CH), 75.5 (CH), 75.4 (CH), 74.6 (CH), 73.8 (CH), 71.4 (CH), 71.2 (CH), 70.4 

(CH), 62.5 (CH2), 62.4 (CH2), 62.0 (CH2). 

Complete assignment of aliphatic regions not possible due to peak overlap. 
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Nudicaulins I (224a) and II (224b) 

 

 

 

 

 

To orientalin chloride (242) (8.0 mg, 0.010 mmol) in a sodium acetate – acetic acid buffer (pH 

3.6, 0.7 mL) was added indole (1.1 mg, 0.009 mmol) and the resulting mixture stirred 

vigorously at room temperature in an open flask for 7 h. The solution was then diluted with 

methanol (1.5 mL) and concentrated in vacuo to afford the crude material. Purification by 

reverse phase column chromatography (Alltech C18 SPE cartridge) eluting with water (0.1% 

TFA) – methanol (0% → 40% methanol) provided an orange solid comprising a 2:3 inseparable 

mixture of 224a:224b, respectively (7.5 mg, 0.009 mmol, 92%). [α]19
𝐷

 -65.0 (c 0.080, 

methanol); Mp 205-209 °C (decomp.); HRMS [ESI, M + H]+ Found: 872.2602 [C41H45NO20 + 

H]+ requires 872.2608; vmax (neat)/cm-1 3336, 2905, 1785, 1671, 1545, 1512, 1448, 1348, 1297, 

1179, 1068, 1018, 832, 773; δH (400 MHz, methanol-d4) see Table 13, δC (100 MHz, methanol-

d4 + 1% d-TFA) see Table 14. 
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Appendix A: Crystallographic data for 123 

 

Figure 13. ORTEP projection of 123 (CCDC 2110693) with labels (N.B., 123 crystallised as 

a tetramer; single molecule shown for clarity) 

 

Table 15. Crystal data and structural refinement for 123 

Identification code 17_15_RGO 

Empirical formula C18H24N2O3 

Formula weight 316.39 

Temperature/K 120.00(10) 

Crystal system triclinic 

Space group P-1 

a/Å 16.0532(4) 

b/Å 16.2016(3) 

c/Å 19.1119(3) 

α/° 74.929(2) 

β/° 65.494(2) 
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γ/° 61.224(2) 

Volume/Å3 3953.08(17) 

Z 8 

ρcalcg/cm3 1.063 

μ/mm-1 0.585 

F(000) 1360.0 

Crystal size/mm3 0.16 × 0.12 × 0.05 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 6.242 to 148.806 

Index ranges -17 ≤ h ≤ 19, -19 ≤ k ≤ 20, 0 ≤ l ≤ 23 

Reflections collected 15704 

Independent reflections 15704 [Rint = ?, Rsigma = 0.0456] 

Data/restraints/parameters 15704/0/850 

Goodness-of-fit on F2 1.029 

Final R indexes [I>=2σ (I)] R1 = 0.1122, wR2 = 0.3160 

Final R indexes [all data] R1 = 0.1214, wR2 = 0.3250 

Largest diff. peak/hole / e Å-3 1.29/-0.56 

 

Table 16. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 123 (Ueq is defined as 1/3 of the trace of the orthogonalised 

UIJ tensor) 

Atom x y z U(eq) 

C1 2519(3) 6126(2) 1291(2) 29.7(7) 

C2 2252(3) 6205(3) 633(2) 34.7(8) 

C3 1567(3) 7036(3) 455(2) 38.1(9) 

C4 1155(3) 7898(3) 880(3) 37.0(9) 

C5 1097(3) 7684(3) 1730(2) 37.4(9) 

C6 2005(3) 6811(2) 1807(2) 30.6(8) 

C7 2461(3) 6456(2) 2388(2) 32.6(8) 

C8 3253(3) 5552(2) 2179(2) 29.1(7) 

C10 2903(4) 6170(3) 3495(2) 43.2(10) 

C11 2303(3) 6771(3) 3065(2) 40.7(10) 

C12 3849(3) 4988(3) 2637(2) 32.5(8) 

C14 4697(3) 4027(3) 2440(2) 38.9(9) 
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Atom x y z U(eq) 

C15 5749(4) 4001(4) 2169(3) 54.6(13) 

C16 5991(5) 4522(6) 1384(3) 81(2) 

C17 6531(5) 2969(5) 2164(4) 81(2) 

C20 -287(4) 9395(3) 1086(3) 55.0(13) 

C21 2139(4) 8508(3) -272(3) 42.8(10) 

C23 16(5) 6902(5) 2204(5) 83(2) 

C24 6025(3) 995(2) -19.7(19) 24.6(7) 

C25 5554(3) 1965(2) 116.4(19) 24.5(7) 

C26 5762(3) 2755(2) -232(2) 29.8(7) 

C27 5112(3) 3593(2) 107(2) 31.4(8) 

C29 4033(3) 2980(3) 1087(2) 30.0(7) 

C30 4667(2) 2104(2) 771.9(19) 23.8(7) 

C32 5416(3) 592(2) 548.3(19) 23.9(7) 

C33 6964(3) 412(2) -617(2) 28.5(7) 

C34 7368(3) -637(3) -296(2) 32.6(8) 

C35 6549(3) -971(3) 157(2) 31.6(8) 

C36 5633(3) -394(2) 589(2) 28.2(7) 

C38 6512(4) 1339(3) -1693(2) 44.0(10) 

C40 8180(4) -1514(3) 642(4) 55.5(13) 

C42 8961(4) -1165(3) -1334(3) 58.5(14) 

C43 3104(3) 3155(3) 1793(3) 48.4(12) 

C44 2112(5) 3730(5) 1720(5) 81.5(19) 

C45 2042(7) 3173(8) 1335(9) 162(6) 

C46 1261(8) 3986(8) 2479(7) 152(5) 

C47 2416(2) 960(2) 5128.6(19) 23.7(7) 

C48 2195(3) 1088(3) 5919(2) 28.4(7) 

C49 1430(3) 916(3) 6472(2) 33.5(8) 

C50 875(3) 504(3) 6301(2) 30.9(8) 

C51 836(3) 759(3) 5470(2) 32.6(8) 

C52 1801(3) 789(2) 4904(2) 26.0(7) 

C53 2228(3) 763(2) 4094(2) 26.4(7) 

C54 3113(3) 905(2) 3863.0(19) 23.6(7) 

C56 1978(3) 652(3) 3515(2) 29.8(7) 

C57 2613(3) 683(3) 2759(2) 32.3(8) 

C59 3737(3) 908(3) 3087(2) 27.6(7) 

C60 4693(3) 1027(3) 2827(2) 39.1(9) 

C61 5647(3) 113(4) 2573(3) 50.9(12) 

C62 6579(4) 311(6) 2221(4) 86(2) 

C63 5732(5) -650(5) 3240(4) 78(2) 

C66 -748(3) 469(4) 6842(3) 43.2(10) 

C67 1597(4) -932(3) 7037(3) 48.8(11) 

C69 1(4) 2480(4) 5454(4) 68.0(16) 

C70 6295(3) 2993(3) 4370(2) 34.1(8) 
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Atom x y z U(eq) 

C71 5789(3) 2415(3) 4492(2) 29.3(7) 

C72 6022(3) 1457(3) 4642(2) 29.3(7) 

C73 5310(3) 1182(2) 4695(2) 27.8(7) 

C75 4152(3) 2708(3) 4479(2) 31.2(8) 

C76 4839(3) 3038(3) 4404(2) 29.3(7) 

C78 5654(3) 3898(3) 4221(2) 34.1(8) 

C79 5919(4) 4692(3) 4063(3) 46.2(11) 

C80 6875(5) 4494(4) 3913(3) 53.4(13) 

C81 7697(4) 3497(4) 3823(3) 55.2(13) 

C82 7328(4) 2757(3) 4375(3) 44.2(10) 

C84 7317(7) 1933(5) 5585(4) 87(2) 

C86 8312(5) 3799(5) 2447(4) 76.2(18) 

C88 9393(5) 2615(5) 3830(5) 90(2) 

C89 3117(3) 3354(3) 4429(3) 47.7(11) 

C90 2418(4) 4064(4) 5111(4) 70.7(17) 

C91 1425(6) 4728(6) 4939(7) 123(4) 

C92 2252(6) 3594(6) 5871(4) 90(2) 

N1 3279(2) 5368(2) 1502.0(18) 29.5(6) 

N2 3657(3) 5305(2) 3298(2) 39.1(8) 

N3 4592(2) 1252(2) 1019.0(16) 24.8(6) 

N4 4272(2) 3714(2) 742.4(18) 30.5(7) 

N5 3213(2) 1024(2) 4508.2(16) 23.9(6) 

N6 3469(2) 806(2) 2545.6(18) 31.6(7) 

N7 4764(3) 3949(2) 4250.7(19) 33.4(7) 

N8 4392(2) 1780(2) 4623.0(17) 28.3(6) 

O1 169(2) 7649(2) 2243(2) 59.2(10) 

O2 205(2) 8486(2) 795(2) 47.2(8) 

O3 1806(2) 8359.2(18) 552.5(16) 34.0(6) 

O4 6801(2) 427.0(19) -1303.8(15) 35.3(6) 

O5 8055(2) -1269(2) -872.5(19) 43.9(7) 

O6 7850(2) -642.1(19) 185.3(19) 39.0(7) 

O7 -40(2) 1631(3) 5417(2) 53.7(9) 

O8 -101(2) 826(2) 6868.6(16) 37.4(6) 

O9 1371(2) -493.1(19) 6344.1(16) 35.5(6) 

O10 7999(3) 3196(3) 3089(2) 55.7(9) 

O11 8499(4) 3516(3) 3936(3) 80.0(14) 

O12 7301(3) 2779(3) 5126(2) 60.4(10) 
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Appendix B: Crystallographic data for 132 

 

Figure 14. ORTEP projection of 132 (CCDC 2110697) with labels  

 

Table 17. Crystal data and structural refinement for 132 

Identification code RGO_74 

Empirical formula C22H24N2O7 

Formula weight 428.43 

Temperature/K 111.6(2) 

Crystal system monoclinic 

Space group P21/c 

a/Å 8.35850(10) 

b/Å 13.0158(2) 

c/Å 19.0656(2) 

α/° 90 
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β/° 91.3670(10) 

γ/° 90 

Volume/Å3 2073.61(5) 

Z 4 

ρcalcg/cm3 1.372 

μ/mm-1 0.862 

F(000) 904.0 

Crystal size/mm3 0.2 × 0.14 × 0.12 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 11.508 to 136.498 

Index ranges -10 ≤ h ≤ 10, -15 ≤ k ≤ 15, -20 ≤ l ≤ 22 

Reflections collected 39974 

Independent reflections 3792 [Rint = 0.0538, Rsigma = 0.0251] 

Data/restraints/parameters 3792/0/287 

Goodness-of-fit on F2 1.069 

Final R indexes [I>=2σ (I)] R1 = 0.0323, wR2 = 0.0788 

Final R indexes [all data] R1 = 0.0374, wR2 = 0.0814 

Largest diff. peak/hole / e Å-3 0.26/-0.19 

 

Table 18. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 132 (Ueq is defined as 1/3 of the trace of the orthogonalised 

UIJ tensor) 

Atom x y z U(eq) 

C1 3228.7(14) 7094.3(10) 3927.9(6) 15.2(3) 

C2 3026.9(14) 6331.4(10) 4451.2(6) 15.7(3) 

C3 3537.5(15) 6240.2(10) 5154.0(6) 18.9(3) 

C4 3078.0(16) 5368.0(11) 5499.2(7) 21.7(3) 

C6 1760.7(15) 4641.0(10) 4526.4(7) 18.5(3) 

C7 2083.9(14) 5541.0(10) 4144.6(6) 16.4(3) 

C9 2418.5(14) 6777.6(10) 3336.7(6) 16.4(3) 

C10 4117.8(14) 8084.5(10) 3965.7(6) 14.9(3) 

C11 3805.6(14) 8747.3(10) 3315.4(6) 16.5(3) 

C12 2914.7(15) 8443.7(10) 2759.2(7) 19.2(3) 

C13 2133.4(16) 7446.5(11) 2724.5(7) 21.3(3) 
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Atom x y z U(eq) 

C15 6695.4(15) 7492.7(10) 3579.8(6) 17.0(3) 

C17 8418.2(15) 7482.0(11) 3789.2(7) 21.1(3) 

C19 2359.3(15) 9060.5(10) 4703.4(7) 18.6(3) 

C21 2325.1(17) 9550.3(12) 5411.2(7) 28.3(3) 

C23 4383.5(17) 10373.1(10) 2823.5(7) 22.9(3) 

C25 570.1(15) 5327.5(10) 2969.1(6) 18.0(3) 

C27 1207.3(18) 4920.8(13) 2301.6(7) 28.4(3) 

C28 1024.7(16) 3658.9(10) 4251.1(7) 21.0(3) 

C29 2308.2(16) 2817.8(10) 4196.2(7) 21.7(3) 

C30 1554(2) 1757.2(12) 4117.4(8) 31.6(3) 

C31 3426.5(19) 3037.0(12) 3592.6(7) 28.8(3) 

N5 2243.7(14) 4592.1(9) 5198.0(6) 21.9(3) 

N8 1731.9(12) 5823.1(8) 3445.6(5) 16.9(2) 

O14 5813.3(10) 7948.5(7) 4087.0(4) 15.55(19) 

O16 6109.0(11) 7157.9(8) 3046.9(5) 26.6(2) 

O18 3819.1(10) 8634.1(7) 4604.1(4) 17.1(2) 

O20 1288.3(11) 9029.3(8) 4273.3(5) 24.9(2) 

O22 4571.7(11) 9646.2(7) 3390.8(5) 20.2(2) 

O24 1240.1(15) 7191.0(9) 2236.6(6) 39.9(3) 

O26 -766.3(11) 5211.3(8) 3159.0(5) 24.3(2) 
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Appendix C: Crystallographic data for 140 

 

Figure 15. ORTEP projection of 140 (dimer) (CCDC 2110698) with labels  

 

Table 19. Crystal data and structural refinement for 140 

Identification code RGO_84 

Empirical formula C16H18N2O2 

Formula weight 270.32 

Temperature/K 111.68(19) 

Crystal system triclinic 

Space group P-1 

a/Å 10.9628(2) 

b/Å 11.2958(2) 

c/Å 12.5249(2) 

α/° 73.506(2) 

β/° 75.468(2) 

γ/° 70.408(2) 

Volume/Å3 1380.10(5) 

Z 4 
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ρcalcg/cm3 1.301 

μ/mm-1 0.697 

F(000) 576.0 

Crystal size/mm3 0.18 × 0.1 × 0.08 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 12.414 to 136.5 

Index ranges -12 ≤ h ≤ 13, -13 ≤ k ≤ 13, -15 ≤ l ≤ 15 

Reflections collected 51717 

Independent reflections 5043 [Rint = 0.0561, Rsigma = 0.0254] 

Data/restraints/parameters 5043/0/376 

Goodness-of-fit on F2 1.041 

Final R indexes [I>=2σ (I)] R1 = 0.0342, wR2 = 0.0864 

Final R indexes [all data] R1 = 0.0412, wR2 = 0.0903 

Largest diff. peak/hole / e Å-3 0.23/-0.20 

 

Table 20. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 140 (Ueq is defined as 1/3 of the trace of the orthogonalised 

UIJ tensor) 

Atom x y z U(eq) 

C1 8505.8(12) 4063.0(12) 7629.5(11) 20.0(3) 

C3 9454.1(12) 5655.3(12) 6916.2(11) 18.7(3) 

C4 9927.7(12) 6661.4(12) 6192.3(11) 19.3(3) 

C6 11009.0(12) 6565.9(12) 7671.5(11) 21.3(3) 

C7 10614.0(12) 5534.2(12) 8360.8(11) 20.4(3) 

C8 9810.4(12) 5051.7(12) 7992.7(10) 18.8(3) 

C9 9221.3(12) 4009.7(12) 8445.3(11) 19.4(3) 

C10 9254.8(13) 3040.1(12) 9428.9(11) 22.6(3) 

C11 8560.3(13) 2166.7(12) 9590.1(11) 23.7(3) 

C12 7827.7(13) 2247.2(13) 8782.3(11) 24.2(3) 

C13 7801.2(13) 3189.3(12) 7795.4(11) 22.4(3) 

C15 8156.1(18) 180.8(15) 10662.9(13) 36.6(4) 

C17 9737.5(13) 7205.9(12) 4994.1(11) 22.0(3) 

C18 8730.3(13) 8534.9(12) 4744.1(11) 21.9(3) 

C19 7357.8(13) 8510.2(13) 5393.3(12) 26.3(3) 

C20 8736.9(14) 8961.1(13) 3475.9(12) 27.6(3) 

C21 2964.1(12) 9067.5(12) 3317.9(10) 18.4(3) 
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Atom x y z U(eq) 

C23 4508.1(12) 7506.3(11) 4185.0(10) 18.0(3) 

C24 5189.6(12) 6519.6(12) 4974.9(11) 19.1(3) 

C26 7119.6(12) 6418.5(12) 3544.5(11) 22.3(3) 

C27 6483.3(12) 7413.2(12) 2781.3(11) 21.6(3) 

C28 5143.9(12) 7989.6(12) 3097.1(10) 19.1(3) 

C29 4155.4(12) 9016.6(12) 2548.8(10) 18.7(3) 

C30 4192.4(13) 9895.7(12) 1505.5(11) 21.8(3) 

C31 3026.8(13) 10792.2(12) 1254.7(11) 22.3(3) 

C32 1837.5(13) 10802.3(12) 2004.5(11) 23.1(3) 

C33 1781.1(13) 9948.6(12) 3039.1(11) 21.0(3) 

C35 3466(2) 12725.5(16) 191.0(15) 45.5(4) 

C37 4617.5(12) 6009.5(12) 6166.2(11) 20.7(3) 

C38 4958.7(12) 6503.8(12) 7053.8(11) 21.7(3) 

C39 4590.9(14) 5726.2(14) 8238.0(12) 29.4(3) 

C40 4288.8(14) 7939.2(13) 6971.0(12) 28.2(3) 

N1 10678.1(10) 7102.3(10) 6614.2(9) 19.6(2) 

N2 8667.3(11) 5057.1(10) 6708.1(9) 20.5(2) 

N3 6488.7(10) 6000.0(10) 4608.4(9) 20.0(2) 

N4 3193.9(10) 8157.3(10) 4306.4(9) 18.9(2) 

O1 11116.8(9) 8090.7(8) 6004.1(8) 23.8(2) 

O2 8638.2(11) 1236.7(9) 10575.6(8) 32.2(2) 

O3 7197.8(9) 5028.2(8) 5290.9(8) 25.0(2) 

O4 3002.1(10) 11685.6(9) 225.9(8) 28.1(2) 
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Appendix D: Crystallographic data for 160 

 

Figure 16. ORTEP projection of 160 (dimer) (CCDC 2110695) with labels  

 

Table 21. Crystal data and structural refinement for 160 

Identification code rgd_52 

Empirical formula C17H20N2O3 

Formula weight 300.35 

Temperature/K 104.0(7) 

Crystal system monoclinic 

Space group P2/c 

a/Å 13.73660(10) 

b/Å 9.37470(10) 

c/Å 29.8403(3) 

α/° 90 

β/° 91.2410(10) 
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γ/° 90 

Volume/Å3 3841.83(6) 

Z 8 

ρcalcg/cm3 1.039 

μ/mm-1 0.583 

F(000) 1280.0 

Crystal size/mm3 0.2 × 0.18 × 0.16 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 11.148 to 135.476 

Index ranges -16 ≤ h ≤ 15, -11 ≤ k ≤ 11, -34 ≤ l ≤ 35 

Reflections collected 49332 

Independent reflections 6953 [Rint = 0.0371, Rsigma = 0.0229] 

Data/restraints/parameters 6953/0/413 

Goodness-of-fit on F2 1.033 

Final R indexes [I>=2σ (I)] R1 = 0.0490, wR2 = 0.1252 

Final R indexes [all data] R1 = 0.0532, wR2 = 0.1282 

Largest diff. peak/hole / e Å-3 0.62/-0.30 

 

Table 22. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 160 (Ueq is defined as 1/3 of the trace of the orthogonalised 

UIJ tensor) 

Atom x y z U(eq) 

C1 8561.9(14) 7235(2) 2295.2(7) 44.0(5) 

C2 8460.4(13) 8119(2) 1869.1(6) 35.9(4) 

C3 8698.4(19) 7223(2) 1465.9(8) 57.2(6) 

C4 9114.6(11) 9438.9(18) 1904.6(5) 27.9(3) 

C5 9018.1(11) 10447.0(18) 1516.0(5) 26.5(3) 

C6 8298.5(11) 11499.3(17) 1484.7(5) 25.1(3) 

C7 9551.7(12) 11156(2) 812.7(5) 33.6(4) 

C8 8858.4(12) 12193(2) 753.4(5) 31.9(4) 

C9 8207.0(11) 12390.8(18) 1103.7(5) 27.2(3) 

C10 7426.6(12) 13352.3(18) 1190.3(5) 29.3(4) 

C11 7109.2(12) 13025.9(18) 1613.7(5) 29.7(4) 

C12 6380.1(13) 13891(2) 1868.3(6) 35.8(4) 
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Atom x y z U(eq) 

C13 5938.1(13) 15103(2) 1564.4(6) 37.9(4) 

C14 6303.0(13) 15335(2) 1112.8(6) 40.0(4) 

C15 7000.0(12) 14509(2) 936.5(6) 35.4(4) 

C16 6361.2(15) 15264(3) 2556.3(7) 49.0(5) 

C17 5005.2(19) 12459(3) 1698.5(9) 62.4(6) 

C18 9200(2) 14240(2) 3146.9(8) 63.7(7) 

C19 8388.6(15) 13136(2) 3188.3(6) 41.6(4) 

C20 8109(2) 12960(3) 3676.4(8) 59.3(6) 

C21 8715.2(12) 11722.5(17) 2978.5(5) 28.7(3) 

C22 7931.9(11) 10609.4(17) 2973.0(5) 26.5(3) 

C23 6477.5(12) 9795(2) 2647.7(6) 33.4(4) 

C24 6307.9(12) 8806(2) 2974.8(6) 33.3(4) 

C25 7021.2(12) 8658.3(19) 3316.5(5) 29.1(4) 

C26 7843.4(11) 9561.8(18) 3302.8(5) 25.7(3) 

C27 7157.1(12) 7766.4(19) 3699.9(5) 29.9(4) 

C28 8042.6(12) 8139.3(17) 3889.8(5) 27.1(3) 

C29 8490.1(12) 7440.0(18) 4296.4(5) 29.5(4) 

C30 7743.7(14) 6406.4(19) 4522.8(5) 36.0(4) 

C31 6856.1(14) 6018(2) 4279.5(6) 40.8(4) 

C32 6572.3(13) 6663(2) 3896.9(6) 38.3(4) 

C33 8166.4(15) 9403(2) 4771.7(6) 40.6(4) 

C34 9859.4(17) 5879(2) 4456.6(7) 50.9(5) 

N1 7607.3(10) 11908.6(15) 1790.2(5) 27.7(3) 

N2 9647.0(10) 10308.6(16) 1180.1(4) 30.6(3) 

N3 8462.2(10) 9215.9(15) 3659.6(4) 25.2(3) 

N4 7254.3(10) 10679.7(15) 2642.8(4) 29.2(3) 

O1 5300.1(9) 15843.3(15) 1720.3(4) 45.0(3) 

O2 6901.5(9) 14469.9(14) 2237.4(4) 39.0(3) 

O3 5650.3(9) 13060.4(14) 2049.1(4) 41.7(3) 

O4 7956.9(11) 5931.1(15) 4893.5(4) 46.2(3) 

O5 9263.2(9) 6630.5(13) 4133.6(4) 35.5(3) 

O6 8871.2(9) 8432.6(13) 4606.3(4) 32.6(3) 
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Appendix E: Crystallographic data for 175 

Figure 17. ORTEP projection of 175 (CCDC 2110696) with labels  

Table 23. Crystal data and structural refinement for 175 

Identification code RGO_63 

Empirical formula C14H14N2O2 

Formula weight 242.27 

Temperature/K 112.3(8) 

Crystal system monoclinic 

Space group P21/c 

a/Å 8.32700(10) 

b/Å 14.6388(2) 

c/Å 10.01400(10) 

α/° 90 

β/° 102.6180(10) 

γ/° 90 

Volume/Å3 1191.20(3) 

Z 4 

ρcalcg/cm3 1.351 

μ/mm-1 0.746 
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F(000) 512.0 

Crystal size/mm3 0.16 × 0.16 × 0.14 

Radiation Cu Kα (λ = 1.54184) 

2Θ range for data collection/° 12.092 to 136.442 

Index ranges -10 ≤ h ≤ 10, -17 ≤ k ≤ 17, -12 ≤ l ≤ 9 

Reflections collected 22670 

Independent reflections 2169 [Rint = 0.0548, Rsigma = 0.0247] 

Data/restraints/parameters 2169/0/166 

Goodness-of-fit on F2 1.052 

Final R indexes [I>=2σ (I)] R1 = 0.0344, wR2 = 0.0864 

Final R indexes [all data] R1 = 0.0387, wR2 = 0.0896 

Largest diff. peak/hole / e Å-3 0.26/-0.20 

 

Table 24. Fractional Atomic Coordinates (×104) and Equivalent Isotropic Displacement 

Parameters (Å2×103) for 175 (Ueq is defined as 1/3 of the trace of the orthogonalised 

UIJ tensor) 

Atom x y z U(eq) 

C1 9702.5(17) 3527.2(10) 9818.9(14) 25.0(3) 

C2 11239.3(16) 3274.8(9) 10891.0(13) 19.9(3) 

C3 10785.7(18) 2670.6(10) 11992.6(14) 27.0(3) 

C4 12126.5(15) 4151.3(9) 11505.9(12) 17.6(3) 

C5 13614.7(16) 3956.5(9) 12612.4(13) 17.0(3) 

C6 16318.7(16) 3454.8(9) 13240.8(13) 21.0(3) 

C7 16383.3(16) 3477.7(9) 14621.6(13) 20.1(3) 

C8 14969.9(16) 3777.1(9) 15035.5(12) 17.4(3) 

C9 13591.7(15) 4027.2(8) 14010.9(12) 16.2(3) 

C10 12933.9(15) 4274.2(9) 16006.0(12) 17.1(3) 

C11 12060.8(16) 4548.4(9) 17023.4(12) 18.6(3) 

C12 14476.4(16) 4048.2(9) 18672.0(13) 20.8(3) 

C13 15312.9(16) 3814.1(9) 17727.4(13) 19.8(3) 

C14 14519.6(16) 3932.6(9) 16319.3(13) 17.5(3) 

N1 14983.2(13) 3679.8(8) 12249.3(11) 19.4(3) 

N2 12349.6(13) 4325.2(7) 14616.8(10) 17.1(3) 

O1 10686.6(11) 4872.5(7) 16841.3(9) 24.3(2) 

O2 12910.3(11) 4411.7(7) 18342.5(9) 21.0(2) 



 

 
 

 

 




