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Abstract
This thesis describes the first total synthesis of the bisindole alkaloids (-)-aspergilazine A and
dendridine A.
The total synthesis of (-)-aspergilazine A (1) began with the construction of (-)-brevianamide
F

(2)

by

the

base-mediated

deprotection-cyclisation

of

the

dipeptide

65.

6-Bromobrevianamide F (54) was prepared in analogous fashion, with the required L-6bromotryptophan obtained from the enzymatic resolution of the corresponding racemate 98.

After a series of model and optimisation studies, it was found that the palladium-catalysed Narylation of (-)-brevianamide F (2) with the N-Boc-protected derivative of 6-

ii

bromobrevianamide (107) gave the dimer 108, which upon deprotection gave (-)aspergilazine A.

The ligand XPhos displayed a unique capability to efficiently carry out this N-arylation while
simultaneously suppressing epimerisation of the sensitive C9 stereocentres. (-)-Aspergilazine
A could be accessed directly by the N-arylation of (-)-2 with (-)-54 by a selective palladiumcatalysed N-arylation in the presence of three other possible arylation sites. The low yield in
this step is due to the thermal instability of 54. This total synthesis confirmed the gross
structure and absolute configuration of (-)-aspergilazine A.

iii

The first total synthesis of dendridine A (115) has been achieved using a biomimetic
approach. The monomeric tryptamine 141 (hemi-dendridine A acetate) was obtained from the
Fischer reaction between phenylhydrazine 183 and enamide 157 followed by deprotection.

Subjecting 141 to several radical based oxidants in the hope of effecting a biomimetic parapara coupling revealed that tert-butyl peroxide was capable of effecting dimerisation, but
unfortunately giving the undesired 6,6ʹ-dimer 187 resulting from an ortho-ortho coupling.
This

regiochemical

outcome

was

favourably

switched

by

employing

the

7-

isopropoxytryptamine 184 in a Scholl type-coupling using MoCl5/TiCl4, giving the 4,4ʹ-dimer
as the major product, alongside a mixture of unidentifiable unsymmetrical dimers in a 2.9:1
ratio. Deisopropylation and acetamide hydrolysis gave a synthetic sample of dendridine A
(115), which was spectroscopically identical to the natural product (compared as their diTFA
salts).
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Chapter One: Introduction to (-)-Aspergilazine A
1.1 (-)-Aspergilazine A (1)
In 2011 a number of bioactive metabolites were isolated from a strain of fungus cultured
from the root soil of the swamp fern Acrostichum aureum.1 The fungus was identified as
Aspergillus taichungensis, which was first identified in a soil sample from Taiwan in 1994.2
Realising the potential of this strain to produce interesting compounds, the isolation chemists
examined the non-bioactive extracts of the fungus, discovering the novel diketopiperazine
bisindole (-)-aspergilazine A (1) (Figure 1).3 This compound is a dimer of brevianamide F
(2),4 a widely distributed natural product that was also present in the same extracts.

Figure 1. Natural products from A. taichungensis

(-)-Aspergilazine A (1) has since been isolated from a strain of marine Streptomyces sp.
cultivated from sediment originating in the Yellow Sea, China.5 The closely related
diketopiperazine dimers naseseazine B (3) and iso-naseseazine B (4) were also isolated from
the same extract, suggesting these natural products share a common biosynthetic origin
(Figure 2).

Figure 2. Naseseazines

The structure of (-)-aspergilazine A (1) was determined by NMR spectroscopy, particularly
noting the similarity of its NMR correlations with those of (-)-brevianamide F (2). The
2
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presence of

L-proline

residues were confirmed by Marfey’s analysis (Figure 3). The

C9-stereocentre of the tryptophan residue was ascertained to be cis to the proline
C15-stereocentre by a clear correlation in NOESY NMR data in both diketopiperazines.3
Thus, the stereocentres are all derived from natural amino acids, showing that the natural
product is indeed a dimer of brevianamide F (2). Biological testing of (-)-aspergilazine A (1)
showed weak activity against the influenza A virus H1N1 (34.1 % inhibition at 50 μg/mL,
using a cytopathic effect (CPE) inhibition assay).3

Figure 3. Biosynthetic origins of (-)-aspergilazine A (1)

1.2 Natural Products Containing an N-Arylindole
N-Arylindoles are not a common motif in natural products. Cividiclavine (5) was the first
natural N-arylindole to be isolated in 1982 from the mould Penicillium citreo-viride
(Figure 4).6 NMR analyses were used to propose the reported structure; however the position
of the N-aryl bond is only tentatively assigned to C6 based on 13C NMR calculations, and no
2D NMR experiments were performed. Cividiclavine (5) is the only natural product aside
from (-)-aspergilazine A (1) reported to contain an N1′-C6 bond.6 Rivularin B (6) was
isolated as a minor component along with five other brominated bisindoles from the marine
blue-green alga Rivularia firma by Norton and Wells in 1982.7 Rivularin B (6) exhibits axial
chirality due to restricted rotation of the N-aryl bond, and these alkaloids were the first
bisindoles isolated from a marine source (with the exception of the dye 6,6′-dibromoindigo).7
From the roots of Arundo donax (a reed used in folk medicines),8 four related N1′-C4
3
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bisindole dimers (7 - 10) were isolated by the same group from 2002 - 2004.9 While the
isolation chemists hypothesised that arundamine (9) exhibited free rotation,9e a recent
synthesis of these alkaloids proved them all to be chiral.10 The isolation of psychotrimine (11)
and psychopentamine (12) from the leaves of Psychotria rostrata was reported by Takayama
and coworkers in 2004, with the absolute configuration of the latter not determined.11 In
addition to anticancer activity,12 psychotrimine (11) has been shown to exhibit moderate
antibiotic activity against five species of Gram positive bacteria (Bacillus subtilis 168,
Streptococcus agalactiae COH1, S. pyogenes, Staphylococcus epidermidis RP62A, and S.
aureus 8325), acting to disrupt the cell membrane.13

Figure 4. Natural products containing N-arylindoles

1.3 Synthetic Routes to N-Arylindole Natural Products
The following section provides a chronological outline of the total syntheses of the
aforementioned N-aryl natural products that have been completed to date, with particular
focus on the synthetic methods used to forge the N-arylindole bond.
4
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1.3.1 Total Syntheses of (±)- and (+)-Psychotrimine (11)
The first total synthesis of (±)-psychotrimine (11) was reported by Takayama and coworkers
in 2008, four years after they reported its isolation.14 The racemic complex iodide 13,
constructed in fourteen steps from o-bromobenzaldehyde (14) and indoline (15), successfully
arylated tryptamine 16 in good yield using copper iodide in conjunction with diamine ligand
N,N′-dimethylethylenediamine (DMEN) (17) (Scheme 1). However, stoichiometric amounts
of catalyst and ligand were required.14

Scheme 1. First total synthesis of (±)-psychotrimine (11)

Baran and Newhouse reported a concise synthesis of (±)-psychotrimine (11) in 2008,
incorporating

a

similar

copper-catalysed

N-arylation

as

a

key

step.15

From

7-bromotryptamine 18 they synthesised the natural product in only four steps, with 45 %
overall yield (Scheme 2). This synthetic route produced multigram quantities of
(±)-psychotrimine (11), facilitating its biological evaluation. Interestingly, the N-arylation
showed complete regioselectivity for the indole NH (over the carbamate or indoline NHs)
under these conditions. The use of palladium catalysis reportedly led to complex mixtures.

5
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Scheme 2. Baran's total synthesis of (±)-psychotrimine (11)

Takayama’s group confirmed the absolute configuration of psychotrimine (11) in 2010, by
completing the first asymmetric total synthesis of the natural product (Scheme 3).12 This
synthesis used an enantioselective Ireland-Claisen rearrangement to install the chirality in
precursor 19, which was subjected to the same conditions as reported in their racemic
synthesis (Scheme 1).12

Scheme 3. Takayama's asymmetric total synthesis of (+)-psychotrimine (11)

6

Chapter One: Introduction to (-)-Aspergilazine A
1.3.2 Formal Syntheses of (+)-Psychotrimine (11)
Two formal syntheses of (+)-psychotrimine (11) have since been reported by Wang and
coworkers16 and Shishido and coworkers17 (Scheme 4). Each culminates in the construction
of Takayama’s enantiopure intermediate 19 en route to (+)-psychotrimine (11).

Scheme 4. Formal syntheses of (+)-psychotrimine (11)
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1.3.3 Total Synthesis of Arundamine, Arundanine, Arundacine, and Arundarine
In 2014, a total synthesis of alkaloids (7-10) that did not employ an N-arylation was reported
by Beaudry and coworkers.10 An intramolecular hetero Diels-Alder cycloaddition of Nalkynylindole 21 furnished the bisindole core structure 22, which was readily modified to the
four natural products 7-10 (Scheme 5).

Scheme 5. Synthesis of arundamine (9), arundanine (7), arundacine (8) and arundarine (10)

1.4 Synthetic Routes to N-Arylindoles
As can be seen from the syntheses of the aforementioned N-arylindole natural products, many
have relied on a copper-catalysed N-arylation to forge the key N-arylindole bond. To give a
more comprehensive overview, this section presents an outline of existing methods used to
synthesise N-arylindoles, initially focusing on synthetic procedures that form the N-aryl bond
during an indolisation process, followed by procedures that involve the direct N-arylation of
an indole.
8
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1.4.1 Dieckmann-Type Condensation
The first synthesis of an N-arylindole was that of N-phenyl-3-hydroxyindole (23) in 1922.18
Friedländer and Kunz took aminobenzoic acid 24 and converted it to indole 23 using an
intramolecular Dieckmann-type condensation (Scheme 6). This method has only been used
sporadically since.19

Scheme 6. Dieckmann condensation

1.4.2 Fischer Indole Synthesis
The Fischer indole synthesis can be used to synthesise N-arylindoles in one pot from
N,N-diarylhydrazones, as demonstrated by Wagaw, Yang, and Buchwald (Scheme 7).20
However, undesired regioisomers can be formed if unsymmetrical substrates are used or if an
abnormal Fischer reaction occurs.21

Scheme 7. Fischer indole synthesis

1.4.3 Nenitzescu Indole Synthesis
The Nenitzescu indole synthesis was first applied to the synthesis of an N-arylindole in
1971.22 This method almost always leads to 5-hydroxy-N-arylindoles that are substituted at
C2 and/or C3. Shah and coworkers used this methodology to synthesise a range of
N-arylindoles with various substituents on the N-aryl ring, three of which showed promising
antibacterial and antifungal activity (Scheme 8).23

9
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Scheme 8. Nenitzescu indole synthesis

1.4.4 N-Arylation of Indoles
1.4.4.1 Nucleophilic Aromatic Substitution
Indoles can undergo nucleophilic aromatic substitution (SNAr) reactions with a variety of aryl
electrophiles to provide N-arylindoles. The aryl electrophiles usually need to possess strongly
electron-withdrawing ortho- or para- groups for good yields to be obtained. While aryl
fluorides are most commonly used, Smith and Sawyer were able to extend the utility of this
reaction to other leaving groups including, chloro-, iodo-, bromo- and nitro- (Scheme 9).24

Scheme 9. Nucleophilic aromatic substitution

1.4.4.2 Arylbismuth and Aryllead Reagents
In 1988, Barton and Finet reported the N-arylation of indoles using transition metal catalysis
(Scheme 10). The triphenylbismuth reagent 25 successfully arylated a series of indoles 26
when catalysed by copper(0) or copper(II) salts.25 This reaction has a limited substrate scope,
and only three successful examples were given. One similar example combining an aryllead
triacetate reagent 27 with copper catalysis for the N-arylation of indole was reported in 1995
(Scheme 11).26 However, there have been no further reports of the use of either of these
organometallic reagents for the N-arylation of indoles since, likely due to the non-trivial
preparation of the arylbismuth and aryllead reagents required for this process.

10
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Scheme 10. N-arylation of indole with an arylbismuth reagent (25)

Scheme 11. N-arylation of indole with an aryllead reagent (27)

1.4.4.3 Iron-Catalysed N-Arylations
Ferric chloride (FeCl3) has found infrequent use as a catalyst for indole N-arylations in the
last decade.27 The scope of this reaction was examined by Schnürch and coworkers in 2014,
using N,N′-dimethylethylenediamine (DMEDA, 28) as a ligand (Scheme 12).28 This method
was shown to work well with a variety of aryl and heteroaryl iodides.

Scheme 12. Iron-catalysed indole N-(hetero)arylation
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1.4.4.4 Copper-Catalysed N-Arylations
This section will provide an overview of the copper-catalysed N-arylation of indoles, from its
inception through to its current status as a mainstay of organic synthesis.
1.4.4.4.1 Ligand-Free Conditions
Yamamoto and coworkers presented one of the first examples of the copper-catalysed
N-arylation of indole in 1976 when they refluxed indole 29 in bromobenzene (30) with
potassium carbonate and cuprous bromide (Scheme 13).29 This demonstrated the first use of
an Ullmann coupling for the N-arylation of an indole.

Scheme 13. Ligand-free synthesis of an N-arylindole

This ligand-free Ullmann coupling strategy was further advanced by Unangst and coworkers
in 1987 where it was demonstrated that the addition of potassium hydroxide significantly
accelerated the reaction between 31 and 30 (Scheme 14).30

Scheme 14. Unangst's approach to substituted N-arylindoles

This reaction has found widespread use in medicinal chemistry owing to the readily available
starting materials, cheap catalysts and operational simplicity. For example, Perregaard and
coworkers used an Ullmann coupling to synthesise a range of analogues of the antipsychotic
drug sertindole (32). Using copper catalysis, they achieved N-arylation of complex substrates
with various aryl iodides (Scheme 15).31 No reason was stated for the addition of zinc oxide
to the reaction.
12
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Scheme 15. Synthesis of sertindole analogues using Ullmann-type conditions

Bellini, Rossi and coworkers further extended the utility of this Ullmann-type coupling by
developing ligandless conditions that operate in the absence of base (Scheme 16).32 This
procedure may find utility in the N-arylation of base-sensitive substrates; however, the
reaction temperatures are harsh.

Scheme 16. Ligand- and base-free N-arylation of indoles

A series of N1-C4′ arylindoles were prepared by using copper catalysis in the absence of a
ligand. Three of the eighteen examples given demonstrated the use of indoles as the
heteroaryl halide, with one N-arylindole product (33) displaying potent anti-mitotic activity
(Scheme 17).33
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Scheme 17. Copper-catalysed N-arylation of 4,5,6-trimethoxyindole

1.4.4.4.2 Diamine Ligands
The work of Buchwald and coworkers in 2001 brought about more accessible Ullmann-type
couplings, by introducing diamine ligands 34 and 35 that allowed N-arylations to proceed at
lower temperatures, thus increasing the scope of this reaction (Figure 5).34

Figure 5. Diamine ligands developed by Buchwald

For example, substituted indoles were demonstrated to undergo N-arylation in mostly
excellent yields in the presence of an aryl iodide, catalytic quantities of copper(I) iodide, and
the diamine ligand 34 (Scheme 18). This was significant because it showed the ability of
these reactions to occur at lower temperature with only 1 % catalyst and an inexpensive
ligand, in a less polar solvent than those examples described previously.34

Scheme 18. Buchwald's copper-catalysed conditions

Further optimisation studies by Buchwald and coworkers showed that the yields could be
increased by using toluene as solvent and the dimethylated diamine ligand 35, which did not
undergo self-arylation as was sometimes observed with the ligand 34. With this improved
14
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methodology, they showed that a range of 2-, 3-, and 5- substituted indoles underwent Narylation with aryl iodides and aryl bromides (Scheme 19).35

Scheme 19. Buchwald's optimised copper-catalysed conditions

1.4.4.4.3 Phenanthroline Ligands
In 2004 van den Hoogenband and van Strijdonck demonstrated the use of phenanthroline
ligands 36-37 for copper-catalysed N-arylations of indole with excellent yields, albeit at a
high temperature (Scheme 20).36

Scheme 20. Phenanthroline ligands 36-37 for copper-catalysed N-arylations

1.4.4.4.4 Mechanism
The generally accepted mechanism for the copper-catalysed N-arylation of indoles is shown
in Scheme 21.37 The copper(I) species (38) is the active catalyst, and oxidatively inserts into
the aryl-halide bond. The resulting copper(III) species (39) undergoes nucleophilic attack by
a deprotonated indole, extruding a halide anion and complex 40. Reductive elimination forms
the new N-arylindole, and the copper(I) species (38) is returned to the start of the catalytic
cycle.
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Scheme 21. Mechanism of the copper-catalysed N-arylation of indoles37

1.4.4.5 Palladium-Catalysed N-Arylations
1.4.4.5.1 Methods Developed by Hartwig and Coworkers
In 1998, Hartwig and coworkers were the first to report a palladium-catalysed N-arylation of
indole (41).38 The combination of Pd(OAc)2 and 1,1'-bis(diphenylphosphino)ferrocene
(DPPF, 42), was an effective catalytic system for the N-arylation of indole (41) with various
electron-poor or -neutral para-substituted bromobenzenes. These reactions featured low
catalyst loading and relatively low temperatures (Scheme 22). Further investigation showed
that electron-rich bromobenzenes or even aryl chlorides could also be used, by using
bis(dibenzylideneacetone)palladium(0) [Pd(dba)2] in combination with the ligand P(t-Bu)3.39
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Scheme 22. Palladium catalysed N-arylation of indole

1.4.4.5.2 Methods Developed by Buchwald and Coworkers
The development of bulky biaryl phosphine ligands for palladium-catalysed N-arylations by
Buchwald and coworkers has made a huge contribution to the scope of N-arylations
(Scheme 23). When used in combination with tris(dibenzylideneacetone)dipalladium(0)
[Pd2(dba)3], these ligands provide a potent catalytic system for the N-arylation of indoles with
aryl bromides, chlorides, iodides and triflates. The N-arylation of indole was optimised for a
variety of substituted aryl halides, using one of ligands 43-45 with Pd2(dba)3. Sodium tertbutoxide was the most effective base, with potassium phosphate an alternative for more
sensitive substrates (Scheme 23).40 The scope of this coupling was then trialled with 2-, 3-, 5or 7-substituted indoles against an array of substituted aryl bromide or chlorides. Another
seventeen successful examples were given demonstrating that ligands 43-45 work well in the
N-arylation of 3- and 5-substituted indoles while ligand 46 was most effective for 2- or 7substituted indoles. Ligands 47 and 48 were shown to have limited utility in specific Narylations (Scheme 23). Buchwald has since developed many more biarylphosphine ligands
that have found use in various Pd-catalysed aminations.41
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Scheme 23. Biarylphosphines as ligands in the Pd-catalysed N-arylation of indoles

1.4.4.5.3 Mechanism
A general mechanism for palladium-catalysed N-arylations is shown in Scheme 24.41 A
palladium(0)-ligand complex (49) enters the catalytic cycle and undergoes oxidative insertion
into an aryl halide bond [(Scheme 24, (a)]. The amine then attacks the palladium centre of 50
followed by deprotonation of the amine in 51 by a base [Scheme 24, (b) and (c)]. Finally,
reductive elimination of 52 occurs, extruding the N-arylamine product 53 and the active
palladium(0) species (49) re-enters the catalytic cycle [Scheme 24, (c) and (d)].
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Scheme 24. General mechanism for palladium-catalysed N-arylation41

1.4.4.6 N-Heterocyclic Carbene Ligands
N-Heterocyclic carbenes (NHCs) have also found use as ligands with Pd(OAc)2 for the
N-arylation of indoles. These limit the formation of C-arylation side products, giving
excellent yields in less than a day at only 100 °C (Scheme 25).42

Scheme 25. NHCs as ligands for Pd-catalysed N-arylation of indoles
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2.1 Retrosynthetic Analysis
Our basic retrosynthesis of (-)-aspergilazine A (1) is shown in Scheme 26. The overall plan
hinges on a selective indole N-arylation of brevianamide F (2) with 6-bromobrevianamide F
(54), a challenging disconnection due to the presence of four possible N-arylation sites (2 x
indole NHs and 2 x diketopiperazine NHs). It was anticipated that conditions that promoted
selective N-arylation at the indole NH over diketopiperazine (DKP) NHs could be uncovered,
and that N-arylation at the indole NH of 54 would be sterically hindered by the presence of
the adjacent bromide. Thus we were confident of achieving a selective heterocoupling
between 2 and 54 without having to resort to protecting groups.

Scheme 26. Retrosynthesis of (-)-aspergilazine A (1)

There are a number of literature examples reporting the selective N-arylation of an indole NH
in the presence of secondary amides,35,43 with one example shown in Scheme 27. The
palladium-catalysed N-arylation of 55 with aryl bromide 56 in the presence of the ligand
Xantphos (57) afforded the desired product with no evidence of N-arylation on the amide or
carbamate NHs.43b
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Scheme 27. Regioselective N-arylation of indole

Based on the literature precedent shown in Scheme 27, we were confident of uncovering a
catalytic system that would successfully execute the desired N-arylation in our retrosynthesis.
However, there is one isolated set of examples showing that compound 58, possessing both
an indole and a DKP, undergoes selective copper-catalysed N-arylation at the DKP site
(Scheme 28).44

Scheme 28. Selective N-arylation of diketopiperazine amide
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2.2 Synthesis of (-)-Brevianamide F (2)
In order to gauge the viability of our proposed total synthesis of (-)-aspergilazine A (1), a
scalable synthesis of the monomeric natural product (-)-brevianamide F (2) was required. A
literature synthesis of (-)-brevianamide F (2) involves a thermal deprotection and
concomitant cyclisation of the Boc-protected

L-Trp-L-Pro

dipeptide 59 (Scheme 29).45

Menéndez and coworkers found that the heat required for Boc cleavage partially epimerised
the C9-stereocentre, producing undesired diastereomer (9-epi-2) as a separable minor
product.45 Nevertheless, the simplicity of the route encouraged us to try this method.

Scheme 29. Literature synthesis of brevianamide F (2)

The synthesis of dipeptide 59 was achieved in good yield by the amide coupling of
commercially available N-Boc-L-proline 60 with L-tryptophan methyl ester hydrochloride 61
using 1-[bis(dimethylamino)methylene]-1H-benzotriazolium hexafluorophosphate 3-oxide
(HBTU) as the coupling agent (Scheme 30).
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Scheme 30. Synthesis of dipeptide 59

2.2.1 Amide Bond Formation Using Guanidinium Salts
For the formation of an amide bond between a carboxylic acid and an amine, a coupling
reagent is required. These reagents convert the carboxylic acid group to an activated ester,
which, when attacked by an amine, generates an amide. Two popular coupling reagents are
the guanidinium salts HBTU and 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo-[4,5b]pyridinium hexafluorophosphate 3-oxide (HATU), developed by Knorr46 and Carpino47
respectively. The mechanism for amide coupling promoted by HBTU or HATU is shown in
Scheme 31. The carboxylic acid of the first amino acid is converted to the activated ester 62
upon reaction with HBTU or HATU. The oxy-benzotriazole portion is cleaved, and then the
oxytriazene anion attacks the newly formed ester, eliminating tetramethylurea. The amine of
the second amino acid then attacks the activated ester, extruding triazolium 63 and generating
the amide bond.
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Scheme 31. Mechanism for HBTU- or HATU-mediated amide coupling

While HATU is the more active coupling reagent, HBTU is often preferred as it is roughly
ten times cheaper. There are two possible reasons for the increased efficiency of HATU; the
first is that the nitrogen at the 7-position has an electron-withdrawing effect, which simply
makes it a better leaving group. However, it has been shown that regioisomers with the
nitrogen at the 5- or 6- position do not show as much reactivity as HATU, so this is clearly
not the only factor.48 The other suggestion is that the 7-nitrogen stabilises the incoming amine
during the initial stages of amide bond formation, forming a temporary 7-membered
transition state as depicted in Figure 6.48

Figure 6. Effect of the aza- substituent in HATU
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The reaction conditions typically involve an equimolar mixture of the coupling reagent,
carboxylic acid, and amine along with two equivalents of N,N′-diisopropylethylamine
(DIPEA) in dimethylformamide (DMF). The order of addition is very important, otherwise
the coupling reagent can form guanidine side-products (64) upon reaction with the amine
(Scheme 32).49 Therefore, pre-treatment of the carboxylic acid with the coupling reagent
before addition of the amine is advisable.

Scheme 32. Undesired guanidine side-products

2.2.2 Concomitant Deprotection-Cyclisation of Dipeptide 59
With

dipeptide

59

in

hand,

its

concomitant

deprotection-cyclisation

to

give

(-)-brevianamide F (2) was attempted. In our hands we were unable to obtain the desired
diastereomer in yields above 50 % due to the formation of significant quantities of
diastereomer (9-epi-2) as a result of epimerisation of the C9 stereocentre (Scheme 33).
Altering the reaction temperature did not improve this outcome. Even though the
diastereomers were separable, this was not trivial and an alternative method was sought.

Scheme 33. Initial synthesis of (-)-brevianamide F (2)

It was envisaged that the removal of Fmoc from protected L-Trp-L-Pro dipeptide 65 could be
performed at a lower temperature, hopefully reducing epimerisation. Dipeptide 65 was thus
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synthesised from Fmoc-L-proline 66 and L-tryptophan methyl ester 61 in 86 % yield with
HATU, which gave a higher yield than HBTU (71 %) (Scheme 34). Pleasingly, the
diketopiperazine 2 was obtained as a single diastereomer by exposing dipeptide 65 to
piperidine-DMF for two days at room temperature.

Scheme 34. Improved synthesis of (-)-brevianamide F (2)

2.3 Model N-Arylations
With significant quantities of (-)-brevianamide F (2) in hand, its selective N-arylation was
next considered. For this ambitious transformation we first devised a model study that would
allow us to uncover conditions that selectively effect the N-arylation of the indole versus the
DKP site in (-)-brevianamide F (2). We chose the protected 6-bromoindole 67 as the aryl
halide coupling partner, easily prepared by the benzylation of 6-bromoindole (68)
(Scheme 35).

Scheme 35. Synthesis of N-benzyl-6-bromoindole (67)

The selective N-arylation of (-)-brevianamide F (2) with N-benzyl-6-bromoindole 67 was
investigated (Table 1). Copper catalysis was tried first as it is the most common procedure for
the N-arylation of indoles. To reduce thermally-induced epimerisation of diketopiperazine 2,
Buchwald’s conditions were attempted as they can be performed at lower temperatures.
Pleasingly, these copper-catalysed conditions successfully promoted the desired N-arylation,
showing complete regioselectivity for the indole NH over the diketopiperazine NH, albeit in
poor yield due to rapid degradation of 2 and formation of epimer 9-epi-2 (Table 1, Entry 1).
This reaction was repeated in a microwave reactor, which served to only epimerise the
substrate and gave no desired product (Entry 2). Replacing the ligand with
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tetraethylenepentamine (TEPA, 69)50 similarly only epimerised 2 (Entry 3). Given the
unsatisfactory outcome of the copper-catalysed conditions, focus shifted to palladiumcatalysed methods, starting with two catalytic systems developed by Hartwig (Entries 451 and
539). While Pd(OAc)2 and 1,1′-bis(di-tert-butylphosphino)ferrocene (DtBPF, 70) gave no
arylated product, the combination of Pd2(dba)3 and HP(t-Bu)3.BF4 (71) caused degradation of
the starting materials (Entries 4 and 5). The commercially-available biarylphosphine ligand
DavePhos (43) known to be effective in indole N-arylations was tried next (Entries 6-9).40
When Pd2(dba)3 was used as the catalyst a low yield was obtained of the desired product, with
no starting material recovered (Entry 6). Increasing the catalytic load with Pd(OAc)2 or
bis(dibenzylideneacetone)palladium(0) [Pd(dba)2] gave slightly improved yields (Entries 78). As Pd(dba)2 seemed a more effective source of palladium [the reaction time was halved to
provide a similar yield to Pd(OAc)2], this reaction was repeated with higher catalytic loading.
Using 30 mol % of Pd(dba)2 in conjunction with 30 mol % DavePhos (43), we were able to
reliably obtain a 44 % yield of the desired arylation product (Entry 9). Although
epimerisation of (-)-brevianamide F (2) as evidenced by TLC analysis occurred in almost all
of these reactions, we were primarily concerned with obtaining the desired regiochemical
outcome from the N-arylation, which was ultimately achieved.
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Table 1. Model N-arylation studiesa

Catalyst
Entry (mol %)

Ligand (mol %)
(Figure 7)

Base
(eq)

Temp Time Yield 9-epi(°C) (h)
(72) 2?b

1

CuI (90)

35 (90)

K3PO4 (2.5)

95

96

8%

No

2c

CuI (90)

35 (90)

K3PO4 (2.5)

100

3

-

Yes

3d

CuI (24)

TEPA (200)

-

95

2.5

-

Yes

4

Pd(OAc)2 (20)

DtBPF (20)

NaOt-Bu (2.5) 95

30

-

Yes

5

Pd2(dba)3 (12)

HP(t-Bu)3.BF4 (24) K3PO4 (2.5)

95

42

-

Yes

6

Pd2(dba)3 (3.5) DavePhos (1.3)

K3PO4 (2.5)

100

29

4%

Yes

7

Pd(OAc)2 (15)

DavePhos (15)

K3PO4 (6)

100

48

6%

Yes

8

Pd(dba)2 (15)

DavePhos (15)

K3PO4 (6)

95

24

7%

Yes

9

Pd(dba)2 (30)

DavePhos (30)

K3PO4 (6)

95

24

44%

Yes

(a) 0.053 mmol of both coupling partners used for all reactions. (b) As determined by TLC (epimer
only isolated once for characterisation purposes). (c) Reaction performed in a microwave reactor. (d)
TBAB (30 mol %) was included as an additive and no base was used.

Figure 7. Ligands employed in model N-arylations
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2.4 Attempted Synthesis of (-)-Aspergilazine A (1) by a Friedel-Crafts Alkylation
Given that the model N-arylation had worked well, we investigated whether the N-arylated
product 72 could be converted to (-)-aspergilazine A (1) (Scheme 36). A Friedel-Crafts
alkylation of 73 with 74 seemed a viable strategy to install the diketopiperazine at the indole
C3.

Scheme 36. Proposed Friedel-Crafts alkylation

Our inspiration for this route comes from the work of Piersanti and coworkers, who showed
that tryptophan derivatives can be prepared by the Friedel-Crafts alkylation of indole (41)
with aminoacrylate 75.52 The regiochemical outcome of the alkylation was highly dependent
on the Lewis acid (Scheme 37).

Scheme 37. Tuneable regioselectivity in the alkylation of indole with 75
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The regiochemical outcome can be explained by the fact that harder Lewis acids will
coordinate to the carbonyl oxygen, serving to activate the electron-deficient alkene
(Path A, Scheme 38).52 Softer Lewis acids tend to be more azaphilic and coordinate
preferentially to the amide nitrogen and thus adding stability to the imine tautomer
(Path B, Scheme 38).52

Scheme 38. Lewis-acid-dependant regiochemical outcome

When considering employing this methodology to the total synthesis of (-)-aspergilazine A
(1), the diketopiperazine 74 would be required (Scheme 36). Due to the chiral L-proline
residue present in 74, we anticipated that some of the trans diastereomer (9-epi-2) would be
observed, but should be readily epimerised to the desired cis product (2) using a kinetic
protonation (e.g. potassium bis(trimethylsilyl)amide [KHMDS], then a hindered proton
source such as 2,6-di-tert-butylphenol) (Scheme 39).53

Scheme 39. Proposed alkylation of indole and kinetic protonation
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2.4.1 Synthesis of Diketopiperazine 74
The synthesis of diketopiperazine 74 began with the coupling of L-serine with N-Boc-Lproline 60 to give the dipeptide 76, which did not undergo concomitant deprotectioncyclisation as efficiently as hoped (35%). However, coupling L-serine with Fmoc-L-proline
66 led to the dipeptide 77, which underwent smooth deprotection-cyclisation to the
diketopiperazine 78 (Scheme 40).

Scheme 40. Synthetic routes to diketopiperazine 78

Dehydration of the alcohol in 78 to the desired diketopiperazine 74 was next considered.
Attempted elimination of the tosyl (79) and acetyl (80) derivatives gave varying levels of
success (Scheme 41). The best conditions involved selective acetylation of the alcohol
followed by elimination with potassium tert-butoxide.
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Scheme 41. Synthesis of diketopiperazine 74

2.4.2 Friedel-Crafts Alkylations of Indole With Diketopiperazine 74
With the diketopiperazine 74 in hand, some Lewis acid-catalysed conditions were screened in
an attempt to elicit its alkylation with indole (Table 2). Unfortunately, several hard Lewis
acids (Table 2, Entries 1-5) gave either no product or the undesired regioisomer 81 as a single
diastereomer (stereochemistry is inferred by the lack of an NOESY correlation between the
DKP CH and exocyclic Me; see Chapter 5 page 117). A soft Lewis acid was also tried, which
only caused degradation of the substrate (Entry 6).
Table 2. Alkylations of indolea

Entry

Lewis Acid

Hard/soft

Time (h)

Temp

Yield

1

ZrCl4

Hard

4.5

0 °C

15 % (81)

2

TiCl4

Hard

24

0 °C - rt

-

3

CeCl3

Hard

72

rt

-

4

AlCl3

Hard

8

0 °C

-

5

Me2AlCl

Hard

24

0 °C - rt

Trace (81)

6

Bi(NO3)3.5H2O

Soft

48

rt

Degradation

(a) All reactions performed in dichloromethane
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A possible reason for the results presented in Table 2 is that diylidene-diketopiperazines are
generally poor Michael acceptors, and as such nucleophilic addition at the exocyclic end of
the double bond is not favoured.54 In Piersanti’s examples that display a reliable change in
regiochemistry, the aminoacrylate 75 acts as a much better Michael accepter than the
diketopiperazine 74 because it is more electrophilic (Scheme 42). Some experimental
evidence for this can be obtained from comparing the 1H NMR shifts for the exocyclic CH2 in
both compounds; δ (ppm) = 5.60 and 4.88 for diketopiperazine 74 c.f. = 6.23 and 5.77 for
aminoacrylate 75. The values are much further downfield for aminoacrylate 75, meaning that
its exocyclic CH2 is more deshielded, and therefore less electron-dense and a better
electrophile.

Scheme 42. Contrasting reaction pathways between 75 and 74

Further indication of the unwillingness of diylidene-diketopiperazines to act as Michael
acceptors is shown in the literature example below. The Brønsted acid-mediated reaction of
indole (41) and a similar DKP (82) gives the same regiochemical outcome (83) as reported
herein (Scheme 43).55
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Scheme 43. Similar literature example

2.4.3 Failed Debenzylation of Model Arylation Product 72
Despite the regioselectivity issues encountered on our model system, it seemed sensible to
attempt the alkylation on the debenzylated material to see if the same regiochemical outcome
was observed. However, our attempts to remove the benzyl group from 72 were fruitless
(Scheme 44). A method described by Deaton-Rewolinski and coworkers for indole Ndebenzylation involving oxygen gas, potassium tert-butoxide and dimethylsulfoxide56 was
tried, however it only served to epimerise the substrate at C9. Hydrogenolysis of the N-Bn
bond did not occur even under the high pressures recommended by Pedras for the
debenzylation of indoles, rather the starting material was left untouched.57 The frequentlyused debenzylation by aluminium(III) chloride was not attempted as Friedel-Crafts byproducts are common, especially on 2,3-unsubstituted indoles.58 Given our difficulty in
synthesising the correct regioisomer and in deprotecting the required alkylating partner 72,
this route was abandoned and we turned our attention back towards the initial synthetic plan.

Scheme 44. Failed debenzylation
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2.5 Synthesis of (-)-6-Bromobrevianamide F (54)
Given that we had successfully uncovered conditions that facilitated the selective N-arylation
of (-)-brevianamide F (2) with a model bromide (section 2.3), attention turned to the synthesis
of (-)-6-bromobrevianamide F (54) and its use in the proposed N-arylation en route to
(-)-aspergilazine A (1), as shown in Scheme 45.

Scheme 45. Retrosynthesis of (-)-aspergilazine A (1)

2.5.1 Movassaghi’s Route to a 6-Bromobrevianamide F Derivative
Movassaghi and Kim synthesised (-)-N-CBz-6-bromobrevianamide F (84) during their total
synthesis of the naseseazines 3 and 4.59 While this method provided a highly enantiopure
product, it required the use of the expensive asymmetric ligand (S,S)-Et-DUPHOS-Rh 85
during the asymmetric hydrogenation step (Scheme 46).
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Scheme 46. Literature route to (-)-N-CBz-6-bromobrevianamide F (84)

We envisaged a more robust chiral-pool-based preparation of 54 depicted in Scheme 47. This
route commences with the synthesis of dipeptide 86 by the amide coupling of N-Boc-Lproline and L-glutamic acid dimethyl ester. Thermal concomitant deprotection-cyclisation of
the dipeptide 86 would provide diketopiperazine 87 that would be reduced to aldehyde 88,
the substrate for a palladium-catalysed heteroannulation with ortho-iodoaniline 89 to give (-)6-bromobrevianamide F (54). This route was especially attractive because it utilises the
stereochemistry inherent in natural amino acids.

Scheme 47. Proposed synthesis (-)-6-bromobrevianamide F (54)
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2.5.2 Palladium-Catalysed Heteroannulation of Aldehydes and ortho-Iodoanilines
The palladium-catalysed heteroannulation of aldehydes and ortho-iodoanilines to synthesise
3-substituted indoles was first reported by Cho and Shim in 2004.60 Scheme 48 shows the
mechanism for this reaction in the context of the synthesis of 54. Upon condensation of
ortho-iodoaniline 89 with aldehyde 88, the resulting imine 90 tautomerises to enamine 91 that
undergoes an intramolecular Heck reaction to forge the indole heterocycle, delivering (-)-6bromobrevianamide F (54).

Scheme 48. Palladium-catalysed heteroannulation of aldehydes with o-iodoanilines
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2.5.2.1 Synthesis of Heteroannulation Coupling Partners
Aniline 89 was readily synthesised from commercially available 4-bromo-2-nitroaniline (92)
using a straightforward diazotisation-iodination to give iodide 93, followed by reduction of
the nitro group with iron (Scheme 49).

Scheme 49. Synthesis of 5-bromo-2-iodoaniline

Attention next turned toward the synthesis of aldehyde 88. The amide coupling of
commercially available

L-glutamic

acid dimethyl ester hydrochloride (94) and N-Boc-L-

proline (60) gave the dipeptide 86 in excellent yield (Scheme 50).

Scheme 50. Synthesis of the Pro-Glu dipeptide 86

With 86 in hand, its conversion to the desired diketopiperazine was considered. It was hoped
that the cyclisation would be regioselective despite the possibility of numerous Baldwinallowed cyclisation products. Fortunately, upon heating dipeptide 86 to 185 °C the desired
diketopiperazine 87 was formed as the major product, along with tricycle 96 (Scheme 51).61
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Scheme 51. Thermal deprotection-cyclisation of dipeptide 86

With diketopiperazine 87 in hand, its reduction to the aldehyde 88 was investigated (Scheme
52). Partial reduction of the ester in 87 to aldehyde 88 was attempted with
diisobutylaluminium hydride (DIBAL-H) but the substrate degraded and no desired product
was observed. Next, reducing agents that would reduce the ester to the alcohol 97 were
attempted, that if successful, would be followed by oxidation to the desired aldehyde 88.
Treatment of 87 with lithium aluminium hydride caused epimerisation of the starting
material, and lithium borohydride only caused degradation with some starting material
recovered. Considering these results and the difficulty in obtaining substantial quantities of
the ester 87, further investigation of this route was discontinued.

Scheme 52. Unsuccessful reduction attempts

2.5.3 Biocatalytic Synthesis of (-)-6-Bromobrevianamide F (54)
An alternative approach to (-)-6-bromobrevianamide F (54) was envisaged, commencing with
the enzymatic resolution of racemic 98 to provide 6-bromotryptophan 99 in an
enantioenriched fashion (Scheme 53). Coupling 99 with Fmoc-L-proline (66) and subsequent
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deprotection-cyclisation of 100 would proceed as described previously in this thesis, giving
(-)-6-bromobrevianamide F (54).

Scheme 53. Revised approach to (-)-6-bromobrevianamide F (54)

2.5.3.1 Synthesis of (±)-6-Bromotryptophan (98)
The racemic tryptophan 98 was readily prepared by the alkylation of 6-bromoindole (68) with
L-serine.

The mechanism of this alkylation is shown in Scheme 54, which involves

cyclisation of L-serine to the azlactone 101, which undergoes electrophilic substitution at the
indole C3 position.62
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Scheme 54. Reaction of indole 68 and serine to give tryptophan 98

2.5.3.2 Enzymatic Resolution of (±)-6-Bromotryptophan (98)
The enzymatic resolution was achieved using ‘Amano’ acylase in a borate buffer at pH 8
with cobalt(II) chloride acting as a cofactor for the enzyme (Scheme 55). The L-enantiomer
undergoes acetate cleavage faster than the D-enantiomer, providing L-6-bromotryptophan (99)
that is separable from the residual N-acetyl-D-6-bromotryptophan (102) by straightforward
acid-base extraction. Repeated experiments showed that 40 hours at 37 °C gave the best
overall balance between yield and enantiomeric excess; leaving the reaction for any longer
only served to reduce the enantiomeric excess, while shorter reaction times decreased the
yield.

42

Chapter Two: Total Synthesis of (-)-Aspergilazine A

Scheme 55. Enzymatic resolution of racemic 6-bromotryptophan

2.5.3.3 Mechanism of Enzymatic Resolution
‘Amano’ acylase is derived from Aspergillus sp., and is capable of selectively deacetylating a
range of natural and unnatural N-acyl-L-α-amino acids in preference to the D-forms.63 It acts
with Co2+ as a metalloprotease, with a proposed mechanism shown in Scheme 56.64 The
transition state configuration for L-amino acids has lower energy than for D-amino acids due
to the shape of the enzyme-binding site and therefore, L-amino acids undergo preferential
cleavage.

Scheme 56. Selective deacetylation by a metalloprotease (Amano acylase)

The enantiomeric excess of 99 was determined through its conversion to the chiral amide
derivative (103), the 1H NMR of which was compared to that of the amide (104) prepared in
an analogous fashion from a racemic sample of 6-bromotryptophan acetate (98) (Scheme 57).
Comparison of the 1H NMR spectra of amides 103 and 104 showed that 103 had an
enantiomeric excess of 92 % (Figure 8).
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Scheme 57. Synthesis of enantioenriched (top) and racemic (bottom) 6-bromotryptophan derivatives
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Figure 8. 1H NMR of enantiopure (top) and racemic (bottom) 6-bromotryptophan derivatives 103 and
104
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2.5.3.4 Synthesis of (-)-6-Bromobrevianamide F (54)
L-6-Bromotryptophan

(99) was converted to its methyl ester (106), and coupled to N-Fmoc-L-

proline (66) to provide dipeptide 100 (Scheme 58). Concomitant Fmoc cleavage-cyclisation
was effected using piperidine in DMF as described previously in this thesis, giving the
diketopiperazine 54 with no evidence of its C9 epimer that could be present due to residual D6-bromotryptophan remaining after the resolution, or epimerisation during the deprotectioncyclisation process. The C9-H was confirmed to be cis to the C15-H based on NOESY
experiments.

Scheme 58. Synthesis of (-)-6-bromobrevianamide F (54)

2.6 N-Arylation of (-)-Brevianamide F with (-)-6-Bromobrevianamide F (54)
With (-)-6-bromobrevianamide F (54) in hand, attention turned to its key N-arylation
(Scheme 59). Upon subjecting 54 and 2 to the copper-catalysed conditions that were
successful in the model studies (see section 2.3), 54 underwent degradation, with no Narylation products observed.
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Scheme 59. Attempted N-arylation of (-)-brevianamide F (2) with (-)-6-bromobrevianamide F (54)

Further investigation showed (-)-6-bromobrevianamide F (54) to be thermally unstable at
reaction temperatures of 95 °C or above, those that are typically required for N-arylation
reactions. We therefore anticipated that a protected derivative would be more robust, and
accordingly the N-Boc derivative 107 was synthesised using standard conditions
(Scheme 60).

Scheme 60. Synthesis of N-Boc-6-bromobrevianamide F (107)

2.7 N-Arylation of (-)-Brevianamide F with N-Boc-6-Bromobrevianamide F (107)
With a reliable route to N-Boc-6-bromobrevianamide F (107) established, its N-arylation with
brevianamide F to give N-arylindole 108 was investigated (Table 3). Two of Buchwald’s
copper-catalysed N-arylation conditions were tried first35,65 but both only caused
epimerisation of the substrates (Entries 1 and 2). Next were two of Hartwig’s palladiumcatalysed conditions that had been shown to effect N-arylations of indoles38-39 (Entries 3 and
4); however, neither reaction gave the desired product and only epimerised the substrates 2
and 54. Therefore, we tried the conditions that had given the best results in the model studies,
using the biarylphosphine ligand DavePhos (43).40 We used Pd2(dba)3 as we found it to be a
more active catalyst than the previously used Pd(dba)2. Although a complex mixture was
formed, some desired product was detected by crude 1H NMR (Entry 5). Buchwald and
coworkers had reported success using t-BuXPhos (109) with Pd2(dba)3 for the challenging
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arylation of indazole with heteroaryl halides,66 and so we decided to try this catalytic system.
By using t-BuXPhos (109) with Pd2(dba)3 we successfully obtained N-Boc-aspergilazine A
(108) in low yield (Entry 6). Doubling the catalytic loading improved the yield (Entry 7), but
while increasing it to 15 mol % Pd2(dba)3 and 60 mol % t-BuXPhos (109) gave the best yield
of 33 % it also caused epimerisation of the substrate and the formation of unidentified
epimeric dimers from which only the 9-epi-N-Boc-aspergilazine A (9-epi-108, Figure 9)
could be characterised (Entry 8). Further ligand screening showed that Me4t-BuXPhos (110)66
gave a poor yield of the desired product 108, accompanied by significant quantities of
epimeric dimers (Entry 9). RuPhos (111) is known as a key ligand for the N-arylation of
secondary amines41,67 and performed moderately well in our system, delivering a 14 % yield
without epimerisation (Entry 10). Interestingly, the bidentate ligand Xantphos (57)43b proved
a very powerful promoter of the N-arylation reaction, granting a 44 % yield of N-arylated
products (Entry 11). However, almost half of that yield consisted of epimeric dimer
9-epi-108, so it was not suited for our purpose (Figure 9). In order to achieve a high-yielding
N-arylation, it was clear that we had to find a way to reduce the epimerisation that was
occurring. It has been shown that the ligand SPhos (112) can suppress racemisation in Suzuki
couplings, however no explanation for this activity has been given.68 Trialling SPhos in our
system gave a pleasing 49 % yield with no epimerisation, even when increasing the
temperature to 100 °C (Entry 11). The structurally similar ligand XPhos (113)69 was next
trialled, and showed unprecedented activity on our system by providing a 79 % yield with no
epimerisation apparent (Entry 13). Reducing the catalytic loading by a third still provided a
respectable 62 % yield (Entry 14).
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Table 3. N-arylations of (-)-brevianamide F (2) with N-Boc-6-bromo-brevianamide F (107)a

Entry Catalyst
(mol %)

Ligand (mol %)
(Figure 10)

Base (eq.)

Temp
(°C)

Time Yield
Epimerisedb
(h)
108 (%) products

1

CuI (10)

35-diamine (20)

K3PO4 (2.1)

95

24

0

epi-2/epi-107

Cu2O (10)

Phenanthroline 114 (15) Cs2CO3 (2)

90

17

0

epi-2/epi-107

3

Pd(OAc)2 (30)

DPPF (40)

Cs2CO3 (1.5)

100

64

0

epi-2/epi-107

4

Pd(dba)2 (10)

HP(t-Bu)3.BF4 (8)

Cs2CO3 (1.5)

90

40

0

epi-2/epi-107

5

Pd2(dba)3 (15)

DavePhos (60)

K3PO4 (4)

90

64

trace

epi-2/epi-107

6

Pd2(dba)3 (5)

t-BuXPhos (20)

K3PO4 (4)

90

46

6

no

7

Pd2(dba)3 (10)

t-BuXPhos (40)

K3PO4 (4)

90

17

25

8

Pd2(dba)3 (15)

t-BuXPhos (60)

K3PO4 (4)

95

39

33

9

Pd2(dba)3 (10)

Me4t-BuXPhos (40)

K3PO4 (4)

90

72

8

no
epi-2/epi-107
epimeric dimersb
epi-2/epi-107
epimeric dimersb

10

Pd2(dba)3 (15)

RuPhos (60)

K3PO4 (4)

90

25

14

11

Pd2(dba)3 (3.33) XantPhos (5)

K3PO4 (1.4)

95

39

24

no
epi-2/epi-107
20 % 9-epi-108

12

Pd2(dba)3 (15)

SPhos (60)

K3PO4 (4)

100

45

28

No

13

Pd2(dba)3 (15)

XPhos (60)

K3PO4 (4)

100

39

79

No

2

c

14
Pd2(dba)3 (10) XPhos (40)
K3PO4 (4)
100
29
62
No
(a) Equimolar amounts of 2 and 107 used. (b) Epimerisation occurs at C9.Refers to epimerised starting materials
as observed by TLC or presumed formation of epimeric dimers 9-epi-108, 9′-epi-108, and/or 9,9′-epi-108 by
crude 1H NMR analysis, of which only 9-epi-108 was characterisable. (c) PEG and NMP used as solvents.

Figure 9. 9-epi-N-Boc-aspergilazine A (9-epi-108)

49

Chapter Two: Total Synthesis of (-)-Aspergilazine A

Figure 10. Ligands employed in the N-arylation of 2 with 107

2.8 Total Synthesis of (-)-Aspergilazine A (1)
Encouraged by the successful N-arylation of 2 with 107, we decided to return to the initial
proposal of a protecting-group-free N-arylation (Scheme 45). Upon N-arylation of
(-)-6-bromobrevianamide F (54) with (-)-brevianamide F (2) under the optimised conditions
from Table 3, (-)-aspergilazine A (1) was obtained in 9 % yield along with an 80 % recovery
of (-)-brevianamide F (2) (Scheme 61). The low yield was unsurprising considering the
instability of bromide 54 exhibited in earlier N-arylation attempts. Nevertheless, it
demonstrates a regioselective indole N-arylation in the presence of four potential arylation
sites, with no epimerisation apparent. The synthetic (-)-aspergilazine A (1) from this
N-arylation was identical to that obtained from the deprotection of N-Boc-aspergilazine A
(108) (51 %), and the NMR data obtained for synthetic (-)-1 were in excellent agreement with
the literature (Table 4).3
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Scheme 61. Deprotection of N-Boc-aspergilazine A (108) and protecting-group-free
synthesis of (-)-aspergilazine A (1)
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Table 4. NMR data for natural and synthetic (-)-aspergilazine A (1)

Pos

Natural 13
δH (600 MHz, DMSO-d6)

Synthetic 1
δH (500 MHz, DMSO-d6)

1
2
3
4
5
6
7

11.09 (1 H,s)
7.29 (1 H, d, J = 1.7)

11.05 (1 H, d, J = 1.9)
7.28 (1 H, d, J = 2.2)

7.48 (1 H, d, J = 8.2)
7.14 (1 H, dd, J = 8.3, 1.9)

7.47 (1H, d, J = 8.4)
7.18 - 7.13 (1 H, m)

7.45 (1 H, d, J = 1.9)
3.26 (1 H, m)
3.16 (1 H, dd, J = 14.9, 5.5)
4.41 (1H, dd, J = 5.0, 4.9)

7.44 (1 H, d, J = 1.9)
3.44 - 3.23 (1 H, m)
3.15 (1 H, dd, J = 14.9, 5.7)
4.40 (1 H, apparent t, J = 5.1)

3.38 (1 H, m)
3.26 (1 H, m)
1.65 (2 H, m)
1.98 (1 H, m);
1.37 (1 H, m)
4.07 (1H, dd, J = 8.3, 8.3)

3.44 - 3.23 (2 H, m)
1.74 - 1.55 (2 H, m)
2.03 - 1.96 (1 H, m)
1.46 - 1.34 (1 H, m)
4.09 (1 H, apparent t, J = 8.4)

8.00 (1 H, s)

7.96 (1 H, s)

7.47 (1 H, s)

7.46 (1 H, s)

7.68 (1 H, br d, J = 7.8)
7.09 (1 H, ddd, J = 7.4, 7.4, 0.8)
7.16 (1 H, ddd, J = 7.7, 7.4, 1.0)
7.75 (1 H, br d, J = 8.4)

7.68 (1 H, d, J = 7.9)
7.10 (1 H, apparent t, J = 7.7)
7.18 - 7.13 (1 H, m)
7.74 (1 H, d, J = 8.5)

3.38 (1 H, m)
3.16 (1 H, dd, J = 14.9, 5.5)
4.37 (1 H, dd, J = 5.0, 5.0)

3.44 - 3.23 (1 H, m)
3.15 (1 H, dd, J = 14.9, 5.7)
4.36 (1 H, apparent t, J = 5.0)

3.38 (1 H, m)
3.26 (1 H, m)
1.65 (2 H, m)
1.98 (1 H, m)
1.37 (1 H, m)
4.07 (1 H, dd, J = 8.3, 8.3)

3.44 - 3.23 (2 H, m)
1.74 - 1.55 (2 H, m)
2.03 - 1.96 (1 H, m)
1.46 - 1.34 (1 H, m)
4.09 (1 H, apparent t, J = 8.4)

7.89 (1 H, s)

7.85 (1 H, s)

8
9
10
12
13
14
15
16
17
1'
2'
3'
3a
3a'
4'
5'
6'
7'
7a
7a'
8'
9'
10'
12'
13'
14'
15'
16'
17'

Natural 13
δC (150 MHz,
DMSO-d6)
126.3
110.3
110.6
115.8
129.1
107.2

Synthetic 1
δC (125 MHz,
DMSO-d6)
126.2
110.2
110.6
115.7
129.0
107.2

26.4
55.8
166.0

26.33
55.74
165.9

45.2
22.4

45.1
22.35

28.3
59.0
169.7
128.9
111.5
126.6
133.6
119.9
120.3
122.6
119.9
136.7
136.2

28.2
58.9
169.6
128.8
111.4
126.6
133.5
119.9
120.2
122.5
119.9
136.6
136.1

26.3
55.7
165.9

26.27
55.66
165.9

45.2
22.4

45.1
22.32

28.3
59.0
169.6
-

28.2
58.9
169.5
-
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However, the optical rotation of synthetic 1 {[α] 22
D = -70.0 (c = 0.10, DCM/MeOH 1:1)} was
3
of opposite sign to the literature value {[α] 25
D = +72 (c = 0.1, DCM/MeOH 1:1)}. After some

initial concern, communication with the authors of the isolation paper confirmed that the
optical rotation had been reported incorrectly and should have been quoted as negative.70
Hence, the absolute configuration of (-)-aspergilazine A (1) is as shown and is indeed a dimer
of (-)-brevianamide F (2). Unfortunately, we were unable to obtain a sample of natural (-)-1
for direct comparison to the synthetic material.
2.9 Mechanism for the N-Arylation Used to Construct (-)-Aspergilazine A
In order to understand why XPhos (113) was so effective at suppressing epimerisation, the
mechanism for the N-arylation of (-)-brevianamide F (2) with (-)-6-bromobrevianamide F
(54) was considered (Scheme 62). This is based on the mechanism proposed by Barder and
Buchwald for palladium-catalysed N-arylations utilising biarylphosphine ligands, developed
with the aid of X-ray crystallography and computer modelling calculations.71
Palladium(0) from Pd2(dba)3 binds to the phosphine in XPhos and interacts with the nonphosphine aromatic ring, most likely at the ipso-position (Scheme 62, structure A). Next, the
palladium oxidatively inserts into the aryl-halide bond of (-)-6-bromobrevianamide F (54)
(B). Rotation of the phosphorus centre (C) opens the palladium up to nucleophilic attack by
an NH, in our case the indole NH of (-)-brevianamide F (2), to give structure D. In this
complex, the indole NH has a pKa that is low enough to allow deprotonation by the weak
base tripotassium phosphate, after which the loss of bromide gives structure E. The
phosphorus centre then rotates such that the palladium regenerates an interaction with the
XPhos arene (F), forcing the indole compounds into closer proximity such that reductive
elimination is favourable. This releases the product (-)-aspergilazine A (1) and regenerates
the palladium(0) complex (A) to repeat the catalytic cycle.
Upon examination of the likely mechanism, we are unable to propose why the ligand XPhos
suppresses epimerisation in this reaction, especially considering the distance between the Narylation and epimerisation sites, and the structural similarity of XPhos to ligands that did not
prevent epimerisation (Figure 11). It appears that a ligand bearing two cyclohexyl groups on
the phosphorus in conjunction with two ortho-substituents on the adjacent arene is beneficial
in minimising epimerisation, however we cannot speculate as to how this results in complete
suppression of epimerisation in this instance.
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Scheme 62. Proposed N-arylation mechanism71c
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Figure 11. Comparison of epimerisation-suppressing ability of Buchwald’s biaryl phosphine ligands

2.10 Conclusion
This chapter has described our synthetic efforts towards the natural product (-)-aspergilazine
A (1), which ultimately culminated in its first total synthesis. The synthesis began with a
scalable diastereoselective synthesis of (-)-brevianamide F (2) by the base-induced
deprotection-cyclisation of dipeptide 65 (Scheme 63).

Scheme 63. Synthesis of (-)-brevianamide F (2)

A model study showed that the indole NH in (-)-brevianamide F (2) could be selectively
arylated over the diketopiperazine NH, using Pd(dba)2 and Buchwald’s biarylphosphine
ligand DavePhos (43) (Scheme 64). This model study also revealed that the C9-stereocentre
tends to epimerise under the N-arylation conditions.
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Scheme 64. Model arylation of (-)-brevianamide F (2)

With 72 in hand, we attempted to append the diketopiperazine sidechain. However, the model
reaction of indole with 74 gave the undesired regioisomer 81 (Scheme 65). Furthermore, we
were unable to try this reaction on the NH compound 73 as debenzylation attempts failed
(Scheme 66).

Scheme 65. Alkylations of indole with 74

Scheme 66. Unsuccessful debenzylation
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With evidence that a regioselective N-arylation of 2 was feasible, attention turned to the total
synthesis of (-)-aspergilazine A (1), for which a synthesis of (-)-6-bromobrevianamide F (54)
was required. Our initial plan to use a palladium-catalysed heteroannulation of orthoiodoaniline 89 with aldehyde 88 was thwarted when we were unable to reduce ester 87 to the
required heteroannulation substrate 88 (Scheme 67).

Scheme 67. Unsuccessful route to (-)-6-bromobrevianamide F (54)

A successful synthesis of enantioenriched (-)-6-bromobrevianamide F (54) was achieved
from L-bromotryptophan obtained from the enzymatic resolution of the racemate 98, and
following essentially the same synthetic route as described for the synthesis of
(-)-brevianamide F (2) (Scheme 68).

Scheme 68. Biocatalytic synthesis of (-)-6-bromobrevianamide F (54)
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Early attempts at effecting the N-arylation of (-)-brevianamide F (2) with the 6-bromo
derivative 54 revealed that (-)-6-bromobrevianamide F (54) was unstable under the reaction
conditions. While a benzyl protecting group was used in the model arylations, the failed
debenzylation led us to try the more readily cleavable Boc protecting group in this situation.
As such, the Boc-derivative 107 was prepared under standard conditions (Scheme 69).

Scheme 69. Boc protection of (-)-6-bromobrevianamide F (54)

The N-arylation of 2 with 107 required extensive optimisation, but it was finally uncovered
that the XPhos ligand demonstrated a unique ability in effecting N-arylation while
simultaneously suppressing epimerisation, delivering N-Boc-aspergilazine A (108) (Scheme
70). Facile deprotection of the N-arylated product gave the first synthetic sample of
(-)-aspergilazine, the spectroscopic data of which matched that of the natural product. The Narylation between 2 and unprotected 54 gave a poor yield of (-)-aspergilazine A (1), however
it notably represents a selective indole N-arylation in the presence of four possible arylation
sites (Scheme 70). Whereas previous syntheses of natural products by indole N-arylation
have used copper catalysis,12,14-15 the results reported herein showcase the use of palladium
catalysis in complex indole N-arylation reactions.

58

59

Scheme 70. Total synthesis of (-)-aspergilazine A (1)
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Chapter Three
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Dendridine A
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3.1 Dendridine A (115)
Dendridine A (115) is a structurally unique C2-symmetrical bisindole alkaloid isolated in
2005 from the Okinawan sponge Dictyodendrilla sp. (Figure 12).72 Biological studies
performed by the isolation chemists revealed that dendridine A has antibiotic activity against
the Gram-positive bacteria Bacillus subtilus and Micrococcus luteus, with a minimum
inhibitory concentration (MIC) of 8.3 and 4.2 μg/mL respectively. Inhibitory activity was
also exhibited against the pathogenic fungus Cryptococcus neoformans (MIC 8.3 μg/mL) and
mouse leukaemia L1210 cells (IC50 32.5 μg/mL).72
Dendridine A possesses a sterically congested 4,4′-bisindole bond that despite the potential
for axial chirality, was reported as optically inactive.72 The 4,4′-bisindole bond is rare among
natural products and dendridine A is one of only five alkaloids known to possess this unique
heterocyclic ring system. An overview of the other natural 4,4′-bisindole alkaloids follows.

Figure 12. Dendridine A

3.2 Natural Products Containing a 4,4′-Bisindole
3.2.1 (+)-Dispegatrine (116)
(+)-Dispegatrine (116) was isolated in 1986 from the roots of Rauvolfia verticillata (Lour.)
Baill var. hainensis Tsiang,73 and exhibits potential anti-hypertensive activity with affinity for
α1 and α2 adrenoreceptors (Figure 13).74 The absolute configuration of the bisindole bond
was confirmed by total synthesis as P.75
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Figure 13. (+)-Dispegatrine

3.2.2 Safflower Oil-Derived Dimers 117-119
In 1996, Sakakibara and coworkers took extracts from the residue left after oil pressing of
safflower seeds (oil cake), in search of antioxidants.76 They discovered three 4,4′-bisindoles
that are shown in Figure 14, all of which exhibited good anti-oxidative and radical
scavenging activity.76-77

Figure 14. Safflower oil-derived natural products

Interestingly, the natural product montamine has been structurally reassigned as the dimer
119 through work in our own research group (Figure 15). Montamine was isolated from an
extract of the seeds of the ornamental plant Centaurea montana, and was shown to have
potent anti-colon-cancer activity.78 The natural product isolated in 2006 was reported to be
the diacyl hydrazide 120;78 however, a total synthesis of the putative structure in 2014
showed it to be incorrect, and it has been proposed that montamine is in fact the same as 119
(Figure 15).79
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Figure 15. Putative montamine and structural revision

3.3 Biosynthesis of 4,4′-Bisindole Natural Products
Of the known 4,4′-bisindole natural products, dendridine A (115) is unique in that the biaryl
bond is biosynthetically derived from a para-para oxidative phenolic coupling of the
corresponding 7-hydroxyindole, whereas in 116-119 the bisindole bond derives from an
ortho-ortho-coupling of a 5-hydroxyindole (Figure 16).
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Figure 16. Natural products possessing a 4,4′-bisindole

3.4 Synthesis of 4,4′-Bisindole Natural Products
(+)-Dispegatrine (116) is a dimer of (+)-spegatrine (121), which was isolated in the same
extract of Rauvolfia verticillata (Lour.) Baill var. hainensis Tsiang.73 A semi-synthesis of
(+)-dispegatrine was reported by the isolation chemists, by the oxidative dimerisation of
(+)-spegatrine using potassium ferricyanide and ammonium acetate (Scheme 71). However,
from two grams of 121 only ten milligrams of 116 was isolated, a yield of 0.5 %.73 The
configuration of the biaryl bond was not determined.

Scheme 71. Semi-synthesis of dispegatrine (116)
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The first total synthesis of (+)-dispegatrine was reported by Cook and coworkers in 2012.
The key 4,4′-bisindole bond was installed by a thallium-mediated Scholl-type oxidative
dimerisation, granting the desired product in 53 % yield with complete selectivity for the
natural axial configuration, determined to be P by X-ray crystallography (Scheme 72).

Scheme 72. Total synthesis of P-(+)-dispegatrine

3.5 Synthesis of 4,4′-Bisindoles
3.5.1 Oxidation of 5- and 5,6-(Di)Hydroxyindoles
The oxidation chemistry of 5- and 5,6-(di)hydroxyindoles has been extensively investigated,
using electrochemistry,80 photooxidation,81 and enzymatic oxidation.82 Regardless of the
technique, the major products were shown to be 4,4′-dimers (123), 4,3′-dimers (124), trimers
and tetramers (Scheme 73). These reactions typically produce an array of products and as
such are unsuitable for regioselective installation of the 4,4′-bisindole bond.
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Scheme 73. Oxidation products of 5- and 5-6-(di)hydroxyindoles

However, somewhat regioselective installation of a 4,4′-bisindole bond by oxidative
dimerisation is possible. In an interesting study by Dryhurst and coworkers, 5hydroxytryptamine (serotonin, 125) was shown to undergo autoxidation to form the 4,4′bisindole dimer 126 as the major product (Scheme 74).83 The dimer is neurotoxic, and a
potential by-product of an abnormal metabolic pathway for serotonin.

Scheme 74. Autoxidation product of serotonin (125)

In a study of the oxidative polymerisation of 5,6-dihydroxyindoles to give eumelanins,
d’Ischia and coworkers demonstrated the use of biomimetic oxidation to install two 4,4′bisindole bonds in one reaction, forming a 5,6-dihydroxyindole macrocycle (127)
(Scheme 75).84 Bisindole 128 and a trisindole 129 were oxidatively heterocoupled to give
cyclic oligomer 127 as the only distinguishable product amongst other eumelanin-type
material.
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Scheme 75. Biomimetic phenolic dimerisation to form two 4,4′-bisindole bonds.

3.5.2 Oxidation of 7-Hydroxy- and 7-Methoxyindole
Whereas numerous reports detail that the oxidative coupling of 5-hydroxyindoles to form
4,4′-bisindoles is an established process, the oxidation of 7-hydroxyindoles is less well
studied. In 1989, Prota and coworkers investigated the oxidation of 7-hydroxyindole 130,
using sodium periodate in a phosphate buffer.85 The products were unstable to
chromatography, therefore the crude reaction mixture was acetylated from which the 4,4′bisindole 131 was isolated as the major product (~10 %) alongside dimer 132, trimer 133,
and tetramer 134 (Scheme 76).
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Scheme 76. Oxidation products of 7-hydroxyindole (130)

The difficulty in effecting exclusive 4,4′-dimerisation by the oxidation of the corresponding
monomer is epitomised by the observation that 7-methoxyindole 135 forms the trimer 136
when subjected to copper-catalysed oxidation in the presence of TEMPO (Scheme 77).86

Scheme 77. Oxidative trimerisation of 7-methoxyindole (135)

3.5.3 Non-Oxidative Methods
The only non-oxidative literature method for synthesising 4,4′-bisindoles is based on a
Suzuki-Miyaura coupling. This was first demonstrated in 2008 by Huleatt, Chai and
coworkers in the homocoupling of 4-bromo-5,6′-dimethoxyindole (137) (Scheme 78).87 Half
an equivalent of bis(pinacolato)diboron acts to borylate half of the 4-bromoindole 137, which
then undergoes a Suzuki-Miyaura coupling with the remaining 4-bromoindole 137 to give the
4,4′-bisindole 138.
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Scheme 78. Suzuki-Miyaura coupling to give a 4,4'-bisindole

An alternative one-pot, two-step procedure was applied to the formation of 4,4′-bisindole
(139) by Black and coworkers in 2010 (Scheme 79).88 The reaction starts with the complete
borylation of 4-bromoindole (140), then a second equivalent of 4-bromoindole (140) is added
along with tetrakis(triphenylphosphine)palladium(0) to catalyse the Suzuki-Miyaura
coupling. This procedure has the added advantage of being applicable to the formation of
unsymmetrical 4,4′-bisindoles, unlike the method demonstrated in Scheme 78.

Scheme 79. One-pot two-step Suzuki-Miyaura coupling
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4.1 Retrosynthesis
Our proposed retrosynthesis of dendridine A (115) is shown in Scheme 80. We envisaged
that a biomimetic oxidative phenolic coupling of the 7-hydroxytryptamine 141 could be used
to install the key 4,4′-bisindole bond. This biomimetic strategy would require executing a
selective para-para-coupling in the presence of the vacant C2- and C6-sites, a challenging
disconnection due to the possible formation of ortho-ortho (C6-C6′) or ortho-para (C6-C4′)
products, as well as reactions at the azole (see section 3.5).

Scheme 80. Retrosynthesis of dendridine A

4.2 Oxidative Phenolic Coupling
The oxidative coupling of phenols has been known for over a century, and early oxidants
identified to effect this transformation include alkaline K3[Fe(CN)6],89 peroxidase/H2O2,90
FeCl3,91 and electrochemical oxidations.92 The following section will discuss oxidative
phenolic couplings that have been performed on substrates bearing both a free ortho and para
site.
4.2.1 Mechanism for the Coupling of Phenoxyl Radicals
The spin density at the para-position of phenoxyl radicals has been calculated to be almost
twice the density of the ortho-positions.93 According to frontier molecular orbital theory, this
suggests that under a radical-based mechanism the para-para coupled product should
predominate.94 However, this is not the case, and ortho-ortho-coupling is the favoured
pathway. When the two phenoxyl radicals approach each other, the para-para-coupled
product (142) can only arise if the two oxygens are in alignment, which is unfavourable
(Scheme 81).95
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Scheme 81. Unfavourable alignment of phenoxyl radicals

A more favourable stacking interaction is shown in the proposed mechanism in Scheme 82.
In the first step, the two phenoxyl radicals approach in a more sterically unencumbered
fashion.95 Next the two adjacent ortho-phenoxyl radicals come together to form the C-C
bond, giving diketo intermediate 143. Tautomerisation then provides the aromatised
bisphenol 144. In simple substrates at least, this mechanism indicates that para-paracoupling is unfavoured if the substrate possesses a free ortho site.

Scheme 82. Favourable alignment leading to ortho-ortho-coupled products

An alternative theory for why para-para-coupling is not the major pathway for these
reactions is that there is a higher activation energy for the aromatisation of the keto
intermediate to the bisphenol (Scheme 81). However, this does not explain the existence of
ortho-para dimers, which would have a higher energy barrier to tautomerisation than either
of the homo-coupled products.96
4.2.2 Para-para-Regioselectivity in Oxidative Phenolic Coupling
The first detailed study on the oxidative coupling of several phenols with both a free paraand ortho-position was conducted by Nonhebel and coworkers in 1983.95 They subjected 3,5dimethylphenol (145) to a range of oxidants and found that in 18/23 examples, the orthoortho-dimer 146 was formed in preference to the para-para-dimer 147. The para-para-dimer
147 only constituted 24 % of the total yield in the best example (Scheme 83).95
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Scheme 83. Oxidative phenolic coupling of 3,5-dimethylphenol (145)

Demonstrated in Scheme 84 is a rare example of a completely regioselective para-para
phenolic coupling in the presence of a free ortho position. The oxidative coupling of 2,5dimethoxyphenol 149 using a boron-doped diamond electrode gave 150 as the only product,
however, in this case the para-para pathway is clearly favoured on steric grounds (Scheme
84).97

Scheme 84. A completely selective para-para- oxidative phenolic coupling
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4.2.3 Total Syntheses of Isokotanin A, Desertorin C And Kotanin
Müller and coworkers utilised the unselectivity of an oxidative phenolic coupling to their
advantage, accessing the three different products 152 – 154, cores of the natural products
isokotanin A, desertorin C, and kotanin respectively (Scheme 85).98 Ferric chloride adsorbed
on silica gel acted as the oxidant for the coupling of monomer 151, giving the three products
152-154. It is interesting to note that the para-para-dimer was the major product in this case.

Scheme 85. Divergent synthesis using an indiscriminate oxidative phenolic coupling
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4.2.4 Total Synthesis of Pedunculagin
The first total synthesis of the natural product pedunculagin (155) was accomplished via a
lead-mediated intramolecular oxidative phenolic coupling (Scheme 86).99 In this case, the
poor regioselectivity of the oxidative coupling was irrelevant as the regioisomers converged
to the natural product 155 upon global deprotection.

Scheme 86. Synthesis of pendunculagin (155)
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4.3 Biomimetic Approach to Dendridine A by Oxidative Phenolic Coupling
Although literature examples suggest that the oxidative coupling of a phenol with a free
ortho- and para- site will tend to produce the ortho-ortho-coupled product, considering that
Nature presumably constructs dendridine A in this fashion, we believed that some para-paracoupling would be observed when attempting to mimic this biosynthesis in the laboratory
(Scheme 87). To pursue this idea, we required a synthesis of the monomeric tryptamine 141,
which we named hemi-dendridine A acetate.

Scheme 87. Retrosynthesis of dendridine A

4.3.1 Synthesis of hemi-Dendridine A Acetate
We envisaged that hemi-dendridine A acetate 141 could be synthesised using the modified
Fischer reaction described by Holzapfel and Marais in their synthesis of melatonin (Scheme
88).100 This elegant method uses the enamide N-acetyl-2-pyrroline 157 as a masked aldehyde
for a Fischer indole synthesis with phenylhydrazine 158, providing melatonin in a single step.

Scheme 88. Literature synthesis of melatonin

4.3.1.1 Synthesis of Phenylhydrazine 159
To attempt the proposed Fischer indole synthesis, phenylhydrazine 159 was required. To this
end, the regioselective para-bromination of commercially available o-anisidine 160 was
achieved by treatment with N-bromosuccinimide (NBS) in DMF. Aniline 161 was then
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converted to the phenylhydrazine 159 using a standard diazotisation-reduction sequence
(Scheme 89).

Scheme 89. Synthesis of phenylhydrazine 159

4.3.1.2 Synthesis of N-Acetyl-2-Pyrroline 157
The synthesis of N-acetyl-2-pyrroline 157 was conducted according to the procedure reported
by Holzapfel and Marais (Scheme 90).100 Pyrrolidine was oxidised to give trimer 162101
which upon heating, dissociates into 1-pyrroline (163) and underwent N-acylation to give
157. However in our hands we were unable to achieve yields above 7 %, significantly lower
than that reported in the literature (60 %),100 an issue also reported by other research
groups.102 Therefore, a more reliable route to 157 was investigated.

Scheme 90. Literature synthesis of N-acetyl-2-pyrroline

4.3.1.3 Alternative Synthesis of N-Acetyl-2-Pyrroline 157
We envisaged that subjecting N,N′-diallylacetamide 164 to a ring-closing metathesis- (RCM)isomerisation sequence could provide an easier route to 157 (Scheme 91).

Scheme 91. Proposed synthesis of N-acetyl-2-pyrroline
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To this end, N,N′-diallylacetamide 164 was obtained by treating N,N′-diallylamine with acetic
anhydride according to a literature protocol (Scheme 92).103 The RCM of 164 was performed
using Grubbs’ second-generation catalyst to give N-acetyl-3-pyrroline (165),104 which was
easily identified based on the 1H NMR spectrum of the crude reaction mixture. We had hoped
to conduct the isomerisation of N-acetyl-3-pyrroline (165) thermally, but upon completion of
the RCM, concentration of the reaction mixture to 1 mL and vigorous heating to 130 °C did
not effect isomerisation. Therefore, once the RCM reaction was deemed complete by TLC,
the reaction solvent was concentrated down to 1 mL, and the isomerisation catalyst
chlorohydridocarbonyltris(triphenylphosphine)ruthenium was added.105 The reaction mixture
was then heated in a sealed tube overnight to afford the N-acetyl-2-pyrroline (157) in a
gratifying 80 % yield in one pot from 164 (Scheme 92).

Scheme 92. Improved synthesis of N-acetyl-2-pyrroline (157)

4.3.1.4 Fischer Indole Synthesis of 7-Methoxytryptamine 156
With the two required precursors 157 and 159 in hand, attention turned to the modified
Fischer indolisation. Pleasingly, upon exposure of N-acetyl-2-pyrroline 157 to acid followed
by addition of phenylhydrazine 159, the desired tryptamine 156 was obtained in moderate
yield (Scheme 93). However, two side-products were also isolated. One of these was
identified as the known N-acetyl-5-bromotryptophan acetate (167), an indication that the
‘abnormal’ Fischer reaction was operating in this pathway. The second side-product was
identified with the aid of X-ray crystallography as the unusual N-aminoindole 168 (Figure
17).106 To the best of our knowledge, this framework has not been previously isolated from a
Fischer reaction. A discussion of the normal and abnormal Fischer indolisation pathways
follows, to explain the formation of 167 and 168.
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Scheme 93. Synthesis of 7-methoxytryptamine 156

Figure 17. X-ray crystal structure of 168106

4.3.1.4.1 Mechanism of the Fischer Indolisation
The mechanism of the Fischer indole synthesis that leads to our desired tryptamine 156 is
shown in Scheme 94. The formation of phenylhydrazone 169 can occur by two potential
pathways; both start with the acid-catalysed tautomerisation of enamide 157 to iminium 170
which may undergo nucleophilic attack by phenylhydrazine 159 (Path A). However,
considering that under our reaction conditions phenylhydrazine 159 was added to a prestirred solution of enamide 157 in the acidic aqueous solvent, it is likely that the iminium is
79

Chapter Four: Total Synthesis of Dendridine A
first hydrolysed before undergoing nucleophilic attack by the phenylhydrazine 159 (Path B).
The phenylhydrazone 169 formed by both pathways tautomerises to the ene-hydrazine 171,
which undergoes a [3,3]-sigmatropic rearrangement in the key carbon-carbon bond forming
event. Aromatisation is then followed by an intramolecular cyclisation, loss of ammonia, and
aromatisation to give indole 156 (Scheme 94).

Scheme 94. Mechanism for the Fischer indolisation

4.3.1.5 Abnormal Fischer Reaction
4.3.1.5.1 Mechanism of the Abnormal Fischer Reaction
The so-called abnormal Fischer reaction sometimes occurs when using phenylhydrazines
bearing an ortho electron-donating group, which makes the resulting phenylhydrazone
particularly vulnerable to ipso-attack during the [3,3]-rearrangement. Two possible
mechanisms for this process have been proposed by Murakami and coworkers
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(Scheme 95).107 In path A, the methoxy group is lost as formaldehyde, and then the
indolisation pathway continues as usual. Alternatively, if a hydride source is present in the
reaction it could attack the aromatic ring, extruding the methoxy leaving group (Path B).
Aromatisation of the benzene ring then drives the intramolecular cyclisation, and the
indolisation concludes as usual.

Scheme 95. Proposed abnormal Fischer reaction pathway

4.3.1.5.2 Literature Examples
When White and coworkers performed a Fischer indolisation on 2,3-dimethoxy
phenylhydrazone 172, they obtained a 1.7:1 mixture of the desired 6,7-dimethoxyindole 173
and the abnormal Fischer product 4-methoxyindole 174 (Scheme 96).108 Further
transformations of the mixture were required to elicit separation of the desired product.

Scheme 96. Abnormal Fischer indolisation

During the abnormal Fischer pathway, other nucleophiles (e.g. chloride or ethoxide) can
attack the ring at various positions, forming 3-, 4-, 5-, 6-, or 7-substituted indoles as side81
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products. A report by Ishii and coworkers showcases an extreme example of this. Treating
five grams of phenylhydrazine 175 with 3M hydrochloric acid in ethanol gave 721
milligrams of the desired product (176), alongside seven other indoles formed through the
abnormal pathway (Scheme 97).109

Scheme 97. Multiple side products resulting from the abnormal Fischer pathway

4.3.1.5.3 Formation of Abnormal Fischer Products 167 and 168
When considering the formation of the two products 167 and 168 (Scheme 98), it is
interesting to note that the aminoindole product 168 is present in a larger quantity than the
typical abnormal Fischer product 167.

Scheme 98. Our Fischer indolisation products
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In explanation, we propose that after [3,3]-sigmatropic rearrangement at the ipso position to
give intermediate 177, the aromatisation by loss of formaldehyde to give 167 is a relatively
slow step (Scheme 99).110 In a faster process, intermediate 177 undergoes nucleophilic attack
by a second molecule of phenylhydrazine, followed by loss of formaldehyde and ammonia to
generate hydrazobenzene 178, which cyclises to give 168. During optimisation of this
reaction it was found that an excess of phenylhydrazine (1.2 eq) gave the best yield of the
desired product 156, with only a trace amount of the ‘abnormal’ tryptamine 167 isolated.

Scheme 99. Side products resulting from the abnormal Fischer reaction
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4.3.1.6 Demethylation of 7-Methoxytryptamine 156
With the 7-methoxytryptamine 156 in hand, attention turned to its deprotection to provide
hemi-dendridine acetate 141 (Table 5). Treatment of 156 with boron tribromide gave a best
yield of 22 %, which proved difficult to reproduce (Table 5, Entry 1). Frustratingly, the
methyl group resisted most other common methods of cleavage (Entries 2-6). The
combination of thiophenol and potassium carbonate gave the best yield, but only gave on
average 30 % yield (average of 5 successful runs) (Entry 7). The low yield was due to the
formation of the diarylthioether side product 179 (Scheme 100). An alternative method that
circumvented this problem used neat tetrabutylammonium bromide (TBAB) at 190 °C to
cleave the methyl ether, and while yields were generally moderate, large amounts of
unreacted starting material could be recovered for reuse (Entry 8).
Table 5. Demethylation of 156

Entry Reagent(s)

Solvent

Temperature

Time

Yield

1

BBr3

DCM

-77 °C – rt

16 h

22 %

2

BBr3

DCE

0 °C – 60 °C

7 days

0%

3

AlCl3

DCM

0 °C – rt

26 h

0%

4

AlBr3

MeCN

0 °C – rt

16 h

0%

5

NaOH

ethylene glycol

rt – 100 °C

16 h

0%

6

MeCN

reflux

16 h

7

TMS-I
Thiophenol,
K2CO3

NMP

160 °C

5h

0%
40 %,
(30 % average)

8

TBAB

Neat

190 °C

26 h

37 %

84

Chapter Four: Total Synthesis of Dendridine A

Scheme 100. Diarylthioether formation

4.3.1.7 Synthesis of 7-Isopropoxytryptamine 184
Due to the unreliable methyl deprotection of 156, a synthesis of the isopropyl-protected
variant was instigated. As aryl isopropyl ethers are able to undergo cleavage under milder
conditions than their methyl counterparts (e.g. with AlCl3111 or BCl3112), it was hoped that the
final dealkylation would be more reliable. The route began with the isopropylation of 2nitrophenol with 2-bromopropane to give 180, followed by reduction of the nitro group with
zinc to give 2-isopropoxyaniline 181 (Scheme 101). Analogous to the phenylhydrazine
synthesis described previously, aniline 181 was selectively brominated to 182, which then
underwent diazotisation-reduction to give the desired phenylhydrazine 183.

Scheme 101. Synthesis of phenylhydrazine 183

A Fischer indole synthesis was performed with phenylhydrazine 183 and enamide 157,
giving the desired 7-isopropoxytryptamine 184 in 45 % yield. Interestingly, the products of
the abnormal Fischer pathway (167 and 185) were isolated in much lower yield versus the 7methoxy derivative (Scheme 102).
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Scheme 102. Fischer indolisation to give 7-isopropoxytryptamine 184

4.3.1.8 Deisopropylation of 7-Isopropoxytryptamine 184
Pleasingly, the deisopropylation of 7-isopropoxytryptamine 184 was achieved in good yield
by treatment with aluminium(III) chloride in dichloromethane, giving hemi-dendridine A
acetate 141 in good yield (Scheme 103). This route facilitated access to substantial quantities
of hemi-dendridine A acetate 141 that could not be obtained by the demethylation of 156.

Scheme 103. Deprotection of tryptamine 184 to give hemi-dendridine A acetate (141)

4.3.2 Oxidative Phenolic Coupling of Hemi-Dendridine A Acetate
With hemi-dendridine A acetate (141) in hand, its biomimetic oxidative phenolic coupling
was investigated. As can be seen in Table 6, many metal-based oxidants that are commonly
employed to effect phenolic couplings were screened, including ferric chloride113 (Entries 12), silver oxide114 (Entry 3), Fetizon’s reagent114 (Entries 4-5), lead tetraacetate115 (Entry 6),
and potassium ferricyanide114 (Entry 7). These oxidants all caused complete degradation of
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the starting material, except for when toluene was used as a solvent (Entry 4; 141 was only
partially soluble in toluene). Attempted oxidation with (diacetoxyiodo)benzene likewise
caused degradation (Entry 8).116 The porphyrin catalyst Mn(III)TPP-Cl, used in conjunction
with sodium borohydride and oxygen, only resulted in a complex mixture of intractable
products (Entry 9).117
Table 6. Oxidative phenolic coupling of hemi-dendridine A acetate 141

Entry
1
2
3
4
5
6
7
8
9

Reagent(s)
FeCl3.SiO2
FeCl3.SiO2
Ag2O
Ag2CO3.Celite
Ag2CO3.Celite
Pb(OAc)4, BF3.Et2O
K3[Fe(CN6)]
PhI(OAc)2
Mn(III)TPP-Cl, NaBH4, O2

Solvent
solid-state
DCM
methanol
toluene
methanol
DCM
methanol/phosphate buffer
acetonitrile
methanol

Temp
60 °C
rt
-78 °C – rt
rt
rt
0 °C
rt
rt
0 °C – rt

Time
30 min
20 min
18 h
30 min
30 min
30 min
3 days
24 h
1h

In another approach, hemi-dendridine A acetate (141) was exposed to the radical initiator ditert-butylperoxide118 at 130 °C in a sealed tube, giving a symmetrical dimer as evidenced by
the loss of a single proton in the 1H NMR spectrum. Due to the instability of this dimer to
chromatographical purification, it was converted to its tetraacetate (186) for characterisation
purposes, and a clear NOESY correlation between the C4-H and a tryptamine sidechain CH2
revealed that the 6,6′-dimer 187 had been formed (Scheme 104).
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Scheme 104. Ortho-ortho-coupling of hemi-dendridine A acetate

Despite the extensive literature precedent for phenols to undergo ortho-ortho oxidative
coupling, we had hoped that at least some para-para product would form, considering this is
likely how dendridine A forms in Nature. Biosynthetically, the dimerisation of hemidendridine A acetate is possibly under enzymatic control, which could aid in the formation of
the para-para product.
4.4 Oxidative Aromatic Coupling
Given the undesired regiochemical outcome of the oxidative phenolic coupling of hemidendridine A acetate (141), attention turned to the oxidative coupling of the 7methoxytryptamine 156. The regioselectivity of an oxidative aromatic coupling is controlled
by directing-group effects, thus the outcome mirrors that of an electrophilic aromatic
substitution reaction.119 With the added bulk of the methoxy group to block the ortho-site, it
was anticipated that para-para-coupling might prevail under these oxidation conditions to
give 4,4′-dimer 188 (Scheme 105).
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Scheme 105. Planned oxidative coupling of 7-methoxytryptamine 156

The oxidative coupling of alkoxyarenes is widely accepted to proceed via a radical cation
mechanism, one that has also been proposed to be operative in the classical Scholl reaction.
There is ongoing debate about what defines a ‘Scholl reaction’ compared to an ‘oxidative
aromatic coupling’, and in some cases, they are still considered synonymous.120 Considering
that the oxidative coupling of alkoxyarenes is often called a Scholl-type reaction, it will be
referred to as such in this thesis.
4.4.1 History of the Scholl Reaction
Historically, the Scholl reaction was defined as a dehydrogenative biaryl bond formation
under the catalysis of non-oxidising Brønsted or Lewis acids, typically at high
temperatures.121 The Scholl reaction was first reported in 1910 by Scholl and Mansfeld, when
diquinone 189 was oxidised by aluminium(III) chloride to the product 190 (Scheme 106).122

Scheme 106. First Scholl reaction

4.4.2 Arenium Cation Mechanism
There are two potential mechanisms that have been proposed for a Scholl reaction. An
arenium cation mechanism was proposed by Baddeley due to the fact that HCl appears to be
vital in the intramolecular cyclisation of 191 to 192 (Scheme 107).123
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Scheme 107. The importance of HCl in the Scholl reaction

In the arenium cation mechanism, an aromatic ring is protonated at high temperatures (or
forms a σ-complex with a Lewis acid), with the resulting cation undergoing electrophilic
addition with another aromatic ring (Scheme 108).124 Deprotonation serves to rearomatise
one ring, then dehydrogenation provides the biaryl product 193.120b,124

Scheme 108. Arenium cation mechanism for the Scholl reaction

4.4.3 Radical Cation Mechanism
Rooney and Pink were the first to suggest that the Scholl reaction may operate through a
radical cation mechanism.125 While there is some debate about which mechanism is operative
in a general Scholl-type reaction,119,126 the radical cation pathway shown in Scheme 109 is
the generally accepted mechanism for the oxidative aromatic coupling of alkoxybenzenes.126127

An oxidant abstracts an electron from one alkoxyarene, with the resulting radical cation

undergoing attack by another alkoxyarene to generate the C-C bond. A second electron
abstraction gives the dication 194, which aromatises with the loss of two protons to the biaryl
product.
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Scheme 109. Radical cation mechanism for the oxidative coupling reaction

An enormous amount of research has been conducted on the Scholl reaction, and it is beyond
the scope of this thesis to cover this in detail. Readers are directed to the review by
Butenschön and Gryko that comprehensively covers this area.128
4.4.4 Intramolecular Scholl-Type Oxidative Couplings
The Scholl-type coupling of alkoxyarenes has found use in natural products synthesis, but
typically only for intramolecular couplings where the regioselectivity of the cross-coupling is
often predetermined. A synthesis of (+)-antofine (195) was achieved in such a manner by
using the hypervalent iodine oxidant (bis(trifluoroacetoxy)iodo)benzene (PIFA) in the
presence of a Lewis acid (boron trifluoride etherate) (Scheme 110).129

Scheme 110. An oxidative aromatic coupling in the total synthesis of (+)-antofine (195)

A total synthesis of the marine natural product (±)-polysiphenol (196) was also accomplished
by an intramolecular Scholl-type coupling using PIFA and boron trifluoride etherate.130 It
was initially proposed that the excellent para-regioselectivity was due to the coplanar
conformation of the adjacent methoxy groups in 197, which effectively blocked the ortho
position (Scheme 111).
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Scheme 111. Scholl-type coupling to give (±)-polysiphenol (196)

However, applying the same oxidative conditions to a methylenedioxy analogue 198 gave
only the para-para-coupled product 199, suggesting that the steric hindrance caused by the
methoxy substituents was not crucial to the regioselectivity. This implied that electronic
effects were responsible (Scheme 112). Interestingly, when the preferred para- sites were
blocked with bromide substituents (200), no coupling occurred.130
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Scheme 112. Electronic effects vs sterics in Scholl-type couplings

4.4.5 Intermolecular Scholl-Type Oxidative Couplings
Manganese dioxide has been shown to be an effective oxidant for the formation of biaryl
bonds from alkoxyarenes. A strong Brønsted acid is required to activate and protonate the
manganese dioxide. Wang and coworkers utilised this procedure to effect both inter- and
intra-molecular para-para-oxidative couplings (Scheme 113).131

Scheme 113. Manganese dioxide as an oxidant for Scholl-type couplings
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A study on gold-catalysed oxidative homocoupling of substituted methoxybenzenes with
vacant para and ortho groups demonstrates the preference of para-para-coupling in this
Scholl-type coupling (Scheme 114).132 Only 2 mol % of the gold catalyst was required to
provide good yields of the para-para products, using (diacetoxyiodo)benzene as the oxidant.
Notably, no ortho-ortho-coupled products were obtained.

Scheme 114. Intermolecular gold-catalysed Scholl-type reaction

A combination of ammonium metavanadate and dilute perchloric acid achieved the selective
intermolecular para-para- coupling of 1-methoxynaphthalene (201).133 Interestingly, the
oxidation of 1-naphthol (202) under the same conditions led to a 1:1.5 mixture of the orthopara and para-para-coupled biaryls, in low overall yield (Scheme 115).

Scheme 115. Regioselectivity difference in the oxidative coupling of 1-methoxynaphthalene versus 1napthol.
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Molybdenum pentachloride (MoCl5) is another efficient oxidant for the coupling of
alkoxyarenes, particularly those with electron-donating groups at the para position.120a
Titanium tetrachloride (TiCl4) is often added as a HCl scavenger, because HCl inhibits the
action of MoCl5.134 Waldvogel and coworkers demonstrated the use of MoCl5 to elicit an
intermolecular Scholl-type reaction with complete regioselectivity for the para-para-coupled
product 203 (Scheme 116).135

Scheme 116. Scholl-type oxidative coupling with MoCl5

4.5 Oxidative Dimerisation of 7-Methoxytryptamine 156
Confident that a Scholl-type coupling of an alkoxy tryptamine would deliver some para-para
product and forge the key 4,4′-bisindole bond in dendridine A, a screen of Scholl-type
coupling conditions were attempted on 7-methoxytryptamine 156 (Table 7).
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Table 7. Oxidative coupling of 7-methoxytryptamine 156

Entry Reagent(s)
1
PIFA,
BF3.OEt2
2
PIFA,
HAuCl4.(H2O)3

3
4
5

Solvent
DCM
acetic acid

PhI(OAc)2
acetic acid
HAuCl4.(H2O)3
MnO2, TFA
DCM
VO3.NH4, HClO4 acetone,
water

6

TiCl4

7
8

MoCl5,
mol. sieves
MoCl5, TiCl4

9
10

Temp
- 40 °C 80 °C
80 °C

Time Outcome
2 days Complex mixture

80 °C

24 h

0 °C - rt
rt - 80 °C

24 h Complex mixture
2 days

nitromethane 0 °C reflux
DCM
0 °C - rt

4 days

(204, 12 %)
Complex mixture

(205, 4 %)
2 days Starting material recovered
8h

DCM

0 °C

5h

DDQ, MeSO3H

DCM

0 °C

1h

(t-BuO)2

toluene

130 °C

16 h

trace 188 and unsymmetrical
dimers
~27 % 188, ~27 %
unsymmetrical dimers
~ 25 % 188, ~25 %
unsymmetrical dimers
Starting material recovered

Treatment of 156 with the hypervalent iodine oxidant PIFA and boron trifluoride etherate136
gave a complex mixture (Table 7, Entry 1). As shown in Entry 2, PIFA in conjunction with
chloroauric acid132 gave a number of products from which only the 3-hydroxy-oxindole 204
could be separated and characterised (1H NMR, mass spectrometry). Treatment of 156 with
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the related hypervalent iodine oxidant (diacetoxyiodo)benzene under similar conditions132
gave only a complex mixture, as did oxidation with manganese dioxide and trifluoroacetic
acid (TFA)131 (Entries 3 and 4 respectively). Oxidation with ammonium metavanadate with
perchloric acid133 (Entry 5), gave a mixture of products from which only 5-bromo-7methoxyindole-3-carbaldehyde (205) was identified (based on mass spectrometry and
1

H NMR analysis). A classic Scholl reaction was tried by applying titanium tetrachloride

(TiCl4) in nitromethane to 156 but this left the starting material untouched (Entry 6).137 Upon
treatment of 156 with MoCl5 and molecular sieves (as HCl scavengers),138 an inseparable
mixture containing the desired 4,4′-dimer 188 was formed alongside unidentified
unsymmetrical dimers (Entry 7). Repeating the MoCl5 oxidation with TiCl4 instead of
molecular sieves134 led to the isolation of an inseparable mixture of the desired 4,4′-dimer and
unsymmetrical dimers in a total yield of 54 % (Entry 8). Analysis of the 1H NMR of the
mixture showed that the desired dimer 188 was present in an equal ratio (1:1) with the other
unidentifiable coupled products. Treatment of 156 with 2,3-dichloro-5,6-dicyano-1,4benzoquinone (DDQ) and methanesulfonic acid126 similarly gave a 50 % yield of 4,4′- and
unsymmetrical dimer mixture, also in a 1:1 ratio (Entry 9). Di-tert-butyl peroxide, the reagent
that executed an ortho-ortho-coupling of the 7-hydroxytryptamine 141 (Scheme 104) did not
cause any reaction when exposed to 7-methoxytryptamine 156 (Entry 10).
4.5.1 Demethylation of Dimer Mixture
The inseparable mixture of dimers obtained from the Scholl-type reactions outlined in Table
7 was subjected to demethylation using TBAB, in the hope that the resulting products could
be separated by chromatography. Indeed, the desired 4,4′-dimer 206 was able to be separated,
but with considerable effort and a poor yield (22 %), alongside substantial amounts of the
initial

mixture

(Scheme

117).

Considering

the

difficulty

in

demethylating

7-methoxytryptamine 156 described previously, we decided to probe the possibility of using
7-isopropoxytryptamine 184 in the Scholl-type reaction, with the hope that the oxidative
dimerisation would not only proceed with better regioselectivity due to the increased size of
the isopropyl group, but also that the resulting dimer would be more readily dealkylated.
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Scheme 117. Demethylation of dimer mixture

4.6 Oxidative Dimerisation of 7-Isopropoxytryptamine 184
The previously synthesised 7-isopropoxytryptamine 184 was subjected to the best oxidative
dimerisation conditions from the 7-methoxytryptamine oxidation experiments (Table 7,
Entries 8 and 9). Treatment of 184 with DDQ and methanesulfonic acid caused complete
degradation of the starting material within one hour. However, treatment of 184 with
MoCl5/TiCl4 gave a separable mixture of the 4,4′-dimer 207 and other unsymmetrical dimers,
in an improved ratio of 2.9:1 (Scheme 118). This improved regioselectivity is likely due to
the increased size of the isopropyl group hindering the formation of any ortho-coupled
dimers.

Scheme 118. Scholl-type coupling of 7-isopropoxytryptamine 184

4.6.1 Total Synthesis of Dendridine A (115)
With the entire framework of dendridine A (115) assembled, all that remained was to remove
the protecting groups. Gratifyingly, deisopropylation of dimer 207 was effected with
aluminium(III) chloride to give 206 in good yield (Scheme 119).
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Scheme 119. Deisopropylation of dimer 207

To obtain a synthetic sample of dendridine A, deacetylation of 206 was required. However
the natural product was characterised as its di-trifluoroacetate salt. With this in mind,
acetamide hydrolysis was performed with aqueous HCl in methanol, with the crude sample of
dendridine A purified exactly as described during the isolation of the natural product
(Scheme 120).72 Silica gel flash column chromatography was performed first, eluting with
chloroform/n-butanol/acetic acid/water (1.5:6:1:1), followed by a C18 column eluting with
trifluoroacetic acid (0.05 %) in water, then trifluoroacetic acid (0.05 %) in water/methanol
(9:1). In this way, synthetic dendridine A was obtained as its di-TFA salt, the NMR data of
which was in near perfect agreement with the literature (Table 8). Thus, the gross structure of
dendridine A has been confirmed, and the natural product does indeed appear to be formed
biosynthetically by a para-para oxidative coupling. As dendridine A is quoted to be optically
inactive, it is uncertain if this process occurs under enzymatic control.

Scheme 120. Completing the total synthesis of dendridine A
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Table 8. Comparison of NMR data for natural and synthetic dendridine A (115) both as di-TFA salts

Pos

Natural 115
Natural 115
Synthetic 115
δC (150 MHz,
δH (600 MHz, DMSO-d6) δH (500 MHz, DMSO-d6) DMSO-d6)

Synthetic 115
δC (125 MHz,
DMSO-d6)

1

11.17 (2 H, s)

11.22 (2 H, s)

-

-

2

7.05 (2 H, s)

7.09 (2 H, s)

124.5

124.5

3

-

-

110.7

110.6

3a

-

-

128.0

127.9

4

-

-

122.7

122.6

5

-

-

115.0

114.9

6

6.81 (2 H, s)

6.82 (2 H, s)

108.9

108.8

7

-

-

143.9

143.8

7-OH

10.29 (2 H, s)

10.18 (2 H, s)

-

-

7a

-

-

125.8

125.6

8

2.02 (4 H, t, J = 7.0)

2.05 (4 H, t, J = 6.8)

23.2

23.0

9

2.46 (4 H, m)

2.48-2.41 (4 H, m)

38.6

38.4

7.57 (4 H, br s)

-

-

9-NH2 7.51 (4 H, br s)

4.6.2 Synthesis of Dendridine A Tetraacetate (208)
During the structural assignment of dendridine A, the isolation chemists treated the natural
product with acetic anhydride to form the tetraacetate 208, which was characterised by
1

H NMR. We repeated this reaction with our synthetic sample to give tetraacetate 208

(Scheme 121).
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Scheme 121. Tetraacetylation of dendridine A

The 1H NMR data of 208 were in excellent agreement with the literature, with the exception
of one CH2 that was reported by the isolation chemists at 3.3 ppm, in close proximity to the
residual water peak (Table 9). In the synthetic sample of 208 this same CH2 was visible as a
broad multiplet at 1.89 – 1.66 ppm, in accordance with the upfield chemical shifts of the
tryptamine CH2s in dendridine A (see Table 8). This is likely an error on the behalf of the
isolation chemists, as only 0.1 mg of natural dendridine A was tetraacetylated, thus the
resulting 1H NMR spectrum may not have been of the highest quality and the broad CH2
multiplet at ~1.89 – 1.66 ppm may have been difficult to distinguish.

Table 9. Comparison of 1H NMR for natural and synthetic dendridine A tetraacetate 208

Assignment

Natural 208
δH (600 MHz, DMSO-d6)

Synthetic 208
δH (500 MHz, DMSO-d6)

NH

11.41(2 H, s)

11.44 (2 H, d, J = 2.1)

NH

7.20 (2 H, s)

7.23 – 7.20 (2 H, m)

Ar-H

7.18 (2 H, s)

7.20 (2 H, s)

Ar-H

7.15 (2 H, s)

7.16 (2 H, d, J = 2.3)

CH2

3.3 (4 H, m)

1.89 – 1.83 and 1.72 – 1.66 (4 H, m)

CH2

2.66 (4 H, t, J = 6.5)

2.67 (4 H, q, J = 6.7)

Me

2.38 (6 H, s)

2.39 (6 H, s)

Me

1.67 (6 H, s)

1.68 (6 H, s)
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4.7 Conclusion
This chapter has described our synthetic efforts that resulted in the first total synthesis of the
bisindole alkaloid dendridine A. Based on the biosynthetic hypothesis that the 4,4′-bisindole
bond arises from an oxidative phenolic coupling, we attempted to mimic this reaction, for
which we required a supply of hemi-dendridine A acetate 141. A modified Fischer reaction
between 157 and 159 was used to synthesise 7-methoxytryptamine 156, which also gave two
side products arising from the abnormal Fischer reaction (Scheme 122).

Scheme 122. Synthesis of 7-methoxytryptamine 156

As cleavage of the methyl ether in 156 to give hemi-dendridine A acetate (141) was
problematic, a synthesis of the 7-isopropoxytryptamine 184 was performed, by a Fischer
indole synthesis between phenylhydrazine 183 and enamide 157. Interestingly, smaller
quantities of the abnormal Fischer side-products were isolated compared to that of the
methoxy-derivative (Scheme 123).

102

Chapter Four: Total Synthesis of Dendridine A

Scheme 123. Synthesis of 7-isopropoxytryptamine 184

7-Isopropoxytryptamine 184 underwent smooth ether cleavage to provide hemi-dendridine A
acetate 141 in good yield (Scheme 124).

Scheme 124. Synthesis of hemi-dendridine A acetate (141)

Despite subjecting hemi-dendridine A acetate (141) to an array of oxidants, only di-tert-butyl
peroxide was able to elicit dimerisation, forming the undesired 6,6′-dimer 187 resulting from
an ortho-ortho oxidative phenolic coupling (Scheme 125). The dimer 187 was unstable to
chromatographic purification conditions, and had to be converted to its tetraacetate 186 for
characterisation purposes.
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Scheme 125. Ortho-ortho-coupling of hemi-dendridine A acetate 141

Given the undesired regiochemical outcome in the oxidative phenolic coupling of hemidendridine A acetate (141), attention turned to a Scholl-type oxidation of the 7methoxytryptamine 156, with hope that the methoxy substituent would direct coupling to the
para position on electronic and steric grounds. A screen of conditions known to effect the
Scholl-type oxidative coupling of alkoxyarenes was tried, where it was discovered that
MoCl5/TiCl4 and DDQ/methanesulfonic acid were capable of promoting the oxidative
coupling, giving the 4,4′-bisindole 188 along with a mixture of unidentified unsymmetrical
dimers which could be separated upon global demethylation of the mixture (Scheme 126).
However, the yields for the deprotection were low and the regioselectivity of the dimerisation
was moderate (1:1).
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Scheme 126. Synthesis of dendridine A diacetate (206)

In an effort to improve the overall yield and regioselectivity for this oxidative dimerisation,
7-isopropoxytryptamine 184 was subjected to MoCl5/TiCl4, affording a 2.9:1 mixture of the
desired 4,4′-bisindole 207 with unidentified unsymmetrical dimers (Scheme 127).

Scheme 127. Scholl-type coupling of 7-isopropoxytryptamine 146

Cleavage of the isopropyl ethers in the 4,4′-dimer 207 was achieved by treatment with
aluminium(III) chloride to give 206 that upon deacetylation gave a crude sample of
dendridine A (115). Purification in the same manner as the natural product (flash column
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chromatography followed by C18 column chromatography eluting with trifluoroacetic acid)
gave synthetic dendridine A as its di-trifluoroacetate salt (Scheme 128). The NMR data for
synthetic dendridine A matched the literature values, confirming the reported structure.
Synthetic dendridine A was also tetraacetylated, and the spectroscopic data obtained matched
that of authentic dendridine A tetraacetate.72

Scheme 128. Completing the synthesis of dendridine A and conversion to tetraacetate 208
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5.1 General Experimental
Commercially available reagents were used throughout without purification unless otherwise
stated. Anhydrous solvents were used as supplied. Tetrahydrofuran was distilled from sodium
benzophenone ketyl under nitrogen atmosphere. Dichloromethane was distilled from calcium
hydride under a nitrogen atmosphere. Ether refers to diethyl ether. All reactions were
routinely carried out in oven-dried glassware under a nitrogen or argon atmosphere unless
otherwise stated. Analytical thin layer chromatography was performed using silica plates and
compounds were visualised under at 254 and/or 360 nm ultraviolet irradiation followed by
staining with either alkaline permanganate or ethanolic vanillin solution. Infrared spectra
were obtained using a Perkin Elmer spectrum One Fourier Transform Infrared spectrometer
as thin films between sodium chloride plates. Absorption maxima are expressed in
wavenumbers (cm-1). Optical rotations were measured at O = 598 nm and are given in 10-1
deg cm2 g-1. Melting points were recorded on an Electrothermal melting point apparatus and
are uncorrected. NMR spectra were recorded as indicated on either a spectrometer operating
at 500 MHz and 125 MHz for 1H and 13C nuclei respectively, or a spectrometer operating at
400 MHz and 100 MHz for 1H nuclei and

13

operating at 300 MHz and 75 MHz for 1H and

C nuclei respectively, or on a spectrometer
13

C nuclei, respectively. Chemical shifts are

reported in parts per million (ppm) relative to the tetramethylsilane peak recorded as G 0.00
ppm in CDCl3/ TMS solvent, or the residual chloroform (G 7.26 ppm), DMSO (G 2.50 ppm)
or methanol (G 3.31 ppm) peaks. The

13

C NMR values were referenced to the residual

chloroform (G 77.1 ppm), DMSO (G 39.5 ppm) or methanol (G 49.0 ppm) peaks.

13

C NMR

values are reported as chemical shift G and assignment. 1H NMR shift values are reported as
chemical shift G, relative integral, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m,
multiplet), coupling constant (J in Hz) and assignment. Assignments are made with the aid of
DEPT 135, COSY, NOESY, HMBC and HSQC experiments. High resolution mass spectra
were obtained by electrospray ionisation in positive ion mode at a nominal accelerating
voltage of 70 eV on a microTOF mass spectrometer. For all microwave-assisted reactions a
single mode microwave synthesis system was used, resulting in formation of a homogeneous
field pattern surrounding the sample. The reaction temperatures were measured using a
surface sensor.
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5.2 Experimental Related to (-)-Aspergilazine A
N-Fmoc-L-prolyl-L-tryptophan methyl ester 65

To a solution of N-Fmoc-L-proline (66) (200 mg, 0.59 mmol), DIPEA (306 mg, 0.41 mL,
2.37 mmol) and HATU (237 mg, 0.62 mmol) in DCM (3 mL) was added a solution of Ltryptophan methyl ester (61) (129 mg, 0.59 mmol) in dichloromethane (3 mL). The reaction
was stirred at room temperature for 2 hours then the mixture was quenched with 5 % HCl
solution (1 mL) and washed in order with: water (5 mL x 2), saturated NaHCO3 (5 mL x 2),
then brine (5 mL). The organic layer was collected and dried (Na2SO4), filtered, and the
solvent concentrated in vacuo to give a crude product that was purified by flash column
chromatography eluting with ethyl acetate/n-hexanes (7:3) to provide the title compound as a
colourless glass (275 mg, 0.51 mmol, 86 %).
24

[α] D = -29.5 (c = 1.00, CHCl3) [lit.139 [α] D = +26.0 (c = 1, CHCl3)]
δH (400 MHz, CDCl3) = 8.23 (major conformer) + 7.99 (minor conformer) (1 H, br s, NH),
7.85 – 7.70 (2 H, m, 2 x Ar-H), 7.63 – 6.81 (11.7 H, m, 11 x Ar-H + NH major conformer)
6.44 (0.3 H, br s, NH minor conformer), 4.96 – 4.84 (1 H, m, CH), 4.40 – 4.05 ( 4 H, m, 2 x
CH + CH2), 3.64 (major conformer) + 3.53 (minor conformer) (3 H, s, Me), 3.47 – 3.34 (2 H,
m, CH2), 3.32 – 3.25 (2 H, m, CH2), 2.34 – 1.96 (2 H, m, CH2), 1.95 – 1.75 (2 H, m, CH2)
Spectroscopic data consistent with literature.139

(-)-Brevianamide F (2)
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A solution of N-Fmoc-L-prolyl-L-tryptophan methyl ester 65 (679 mg, 1.63 mmol) in
piperidine/DMF (1:4, 17 mL) was stirred at room temperature for 2 days. The solvents were
removed in vacuo and the crude residue purified by flash column chromatography on
silica gel eluting with dichloromethane/methanol (24:1) to provide the title compound as a
colourless solid (280 mg, 0.99 mmol, 60 %).
24

25

[α] D = -178.9 (c = 0.43, CHCl3) [lit.45 [α] D = -201.4 (c = 0.43, CHCl3)]
Mp: 168.6 – 173.2 °C (lit.45 165 – 167 °C)
δH (400 MHz, CDCl3) = 8.40 (1 H, br s, NH), 7.59 (1 H, d, J = 8.0, Ar-H), 7.38 (1 H, d, J =
8.4, Ar-H), 7.23 (1 H, td, J = 7.5, 1.0, Ar-H), 7.14 (1 H, td, J = 7.5, 0.88, Ar-H), 7.08 (1 H, d,
J = 2.1, Ar-H), 5.78 (1 H, br s, NH), 4.37 (1 H, dd, J = 10.8, 2.4, CH), 4.05 (1 H, t, J = 7.6,
CH), 3.75 (1 H, ddd, J = 14.8, 3.6, 0.8, 0.5 x CH2), 3.69 - 3.55 (2 H, m, CH2) 2.98 (1 H, dd, J
= 15.1, 10.8, 0.5 x CH2), 2.35 - 2.27 (1 H, m, 0.5 x CH2), 2.04 - 1.86 (3 H, m, 1.5 x CH2)
δC (100 MHz, CDCl3) = 169.4 (C=O), 165.6 (C=O), 136.7 (C), 126.7 (C), 123.4 (CH), 122.7
(CH), 120.0 (CH), 118.5 (CH), 111.6 (CH), 109.9 (C), 59.2 (CH), 54.6 (CH), 45.4 (CH2),
28.3 (CH2), 26.9 (CH2), 22.6 (CH2)
Spectroscopic data consistent with literature.45

9-epi-Brevianamide F (9-epi-2)

The title compound was formed as a side-product in the synthesis of brevianamide F (2) from
N-Boc-L-prolyl-L-tryptophan methyl ester 59.
Yellow powder, 243 mg, 0.857 mmol, 31 %.
Mp: 109.4 – 113.6
δH (400 MHz, CDCl3) = 8.29 (1 H, br s, NH), 7.61 (1 H, d, J = 8.0, Ar-H), 7.35 (1 H, d, J =
8.0, Ar-H), 7.20 (1 H, td, J = 7.6, 1.2, Ar-H), 7.13 (1 H, td, J = 7.5, 1.1, Ar-H) , 7.04 (1 H, d,
J = 2.4, Ar-H), 6.08 (1 H, d, J = 3.0, NH), 4.24 (1 H, q, J= 4.0, CH), 3.59 - 3.52 (1 H, m, 0.5
110

Chapter Five: Experimental
x CH2), 3.41 (1 H, dd, J = 14.6, 6.1, 0.5 x CH2), 3.21 - 3.15 (2 H, m, CH2), 2.83 (1 H, dd, J =
10.8, 6.4, CH), 2.11 - 2.05 (1 H, m, 0.5 x CH2), 1.88 – 1.80 (1 H, m, 0.5 x CH2), 1.77 – 1.68
(1 H, m, 0.5 x CH2), 1.49 – 1.37 (1 H, m, 0.5 x CH2)
δC (100 MHz, CDCl3) = 169.4 (C=O), 165.4 (C=O), 136.2 (C), 127.0 (C), 124.1 (CH), 122.6
(CH), 119.9 (CH), 118.9 (CH), 111.2 (CH), 109.5 (C), 58.4 (CH), 57.9 (CH), 45.1 (CH2),
30.7 (CH2), 29.0 (CH2), 21.6 (CH2)
MS [EI+]: [M+] found 306.1212. [C16H17N3O2 + Na]+ requires 306.1213
Spectroscopic data consistent with literature.140

1-Benzyl-6-bromoindole (67)

To a solution of 6-bromoindole (68) (100 mg, 0.51 mmol) in dry DMF (3 mL) at 0 °C was
added sodium hydride (24 mg, 60% dispersion in oil, 0.61 mmol). After stirring for 30
minutes at room temperature, the reaction mixture was cooled to 0 °C, and benzyl bromide
(69 mg, 0.046 mL, 0.56 mmol) was added. After stirring for 1 hour at room temperature, the
reaction mixture was quenched by the addition of water (6 mL), acidified with 10 % HCl, and
extracted with ethyl acetate (5 x 6 mL). The combined organic layers were washed with water
(2 x 20 mL), brine (2 x 20 mL), then dried (MgSO4), filtered and the solvent concentrated in
vacuo. The residue was purified by flash column chromatography eluting with n-hexanes
to give the title compound as an orange waxy solid (119 mg, 0.42 mmol, 82 %).
Mp: 78 – 82 °C (lit.141 85 – 88 °C)
δH (400 MHz, DMSO-d6) = 7.71 – 7.70 (1 H, m, Ar-H), 7.53 – 7.50 (2 H, m, 2 x Ar-H), 7.33
– 7.25 (3 H, m, 3 x Ar-H), 7.20 – 7.16 (2 H, m, 2 x Ar-H), 7.13 (1 H, dd, J = 8.4, 1.9, Ar-H),
6.52 – 6.50 (1 H, m, Ar-H), 5.43 (2 H, s, CH2)
Spectroscopic data consistent with literature.141
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(3S,8aS)-3-((1'-Benzyl-[1,6'-biindol]-3-yl)methyl)hexahydropyrrolo[1,2-a]pyrazine-1,4dione (72)

To a suspension of brevianamide F (2) (15 mg, 0.053 mmol) and N-Bn-6-bromoindole (67)
(15 mg, 0.053 mmol) in toluene (1.5 mL) purged with nitrogen was added Pd(dba)2 (3.0 mg,
0.0053 mmol, 10 mol %), DavePhos (2.1 mg, 0.0053 mmol, 10 mol %) and K3PO4 (15 mg,
0.16 mmol). The reaction mixture was stirred at 90 °C for 18 hours and then an additional
portion of Pd(dba)2 (3.0 mg, 0.0053 mmol, 10 mol %), DavePhos (2.1 mg, 0.0053 mmol,
10 mol %) and K3PO4 (15 mg, 0.16 mmol) was added. After a further 4 hours, a third portion
of Pd(dba)2 (3.0 mg, 0.0053 mmol, 10 mol %) and DavePhos (2.1 mg, 0.0053 mmol,
10 mol %) was added. The reaction mixture was stirred for a further 24 hours at 90 °C,
filtered through Celite™ and concentrated to dryness. The crude mixture was purified by
flash column chromatography on silica gel, eluting with dichloromethane/methanol (49:1) to
obtain the title compound (11.5 mg, 0.024 mmol, 44%) as a yellowish solid.
νmax cm-1 (neat): 2926, 1658, 1495, 1454, 1312, 1230, 740, 696
20

[α] D = -33.0 (c = 1.2, CHCl3)
Mp: 92 – 96 °C
δH (400 MHz, CDCl3) = 7.74 (1 H, d, J = 8.4, Ar-H), 7.62 – 7.58 (1 H, m, Ar-H), 7.36 – 7.13
(12 H, m, 12 x Ar-H), 6.62 (1 H, d, J = 3.6, Ar-H), 5.84 (1 H, br s, NH), 5.29 (2 H, s, CH2),
4.42 – 4.40 (1 H, m, CH), 4.06 (1 H, t, J = 7.5, CH), 3.82 – 3.76 (1 H, m, 0.5 x CH2), 3.69 –
3.54 (2 H, m, CH2), 3.05 – 2.98 (1 H, m, 0.5 x CH2), 2.34 – 2.27 (1 H, m, 0.5 x CH2), 2.04 –
1.84 (3 H, m, 2 x CH2)
δC (100 MHz, CDCl3) = 169.4 (C=O), 165.6 (C=O), 137.2 (C), 137.0 (C), 136.4 (C), 133.8
(C), 129.7 (CH), 129.0 (2 x CH), 127.9 (CH), 127.8 (CH), 127.7 (C), 127.0 (2 x CH) 123.0
(CH), 121.9 (CH), 120.3 (CH), 118.7 (CH), 117.2 (CH), 111.2 (CH), 110.2 (C), 110.1 (C),
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106.3 (CH), 102.0 (CH), 59.2 (CH), 54.7 (CH), 50.47 (CH2), 45.4 (CH2), 28.3 (CH2), 26.7
(CH2), 22.6 (CH2)
+

+

+

MS [EI ]: [MNa ] found 511.2116. [C31H28N4O2 + Na] requires 511.2104

Methyl N-(Fmoc)-L-prolyl-L-serinate (77)

To a solution of N-Fmoc-L-proline (66) (1.36 g, 4.02 mmol) in dry DCM (11 mL) at 0 °C,
was added DIPEA (2.80 mL, 16.1 mmol) and HBTU (1.60 mg, 4.22 mmol). After stirring at
0 °C for 1 hour, a solution of L-serine methyl ester hydrochloride (626 mg, 4.02 mmol) in dry
DCM (11 mL) was slowly introduced. The reaction was allowed to warm to room
temperature and stirred for 2 days. The mixture was diluted with dichloromethane (20 mL),
quenched with 5 % HCl solution (10 mL) and washed in order with: water (30 mL x 2),
saturated NaHCO3 (30 mL x 2), then brine (30 mL). The organic layer was collected and
dried over Na2SO4, filtered and the solvent concentrated in vacuo to give a crude product that
was purified by flash column chromatography eluting with dichloromethane/methanol (24:1)
to provide the title compound as a colourless solid (1.14 g, 3.6 mmol, 89 %).
24

20

[α] D = -14.0 (c = 1.0, CHCl3) [lit [α] D = -6.7, (c = 1.06, CHCl3)]
Mp: 96 – 99 °C (lit.142 118 °C)
δH (400 MHz, CDCl3) = 7.75 (2 H, d, J = 7.4, 2 x Ar-H), 7.58 (2 H, t, J = 8.0, 2 x Ar-H), 7.39
(2 H, t, J = 7.3, 2 x Ar-H), 7.30 (2 H, t, J = 7.0, 2 x Ar-H), 7.20 (1 H, d, J = 7.2, NH), 4.62 –
4.59 (1 H, m, CH), 4.42 – 4.20 (4 H, m, 2 x CH + CH2), 4.08 – 3.83 (2 H, m, CH2), 3.75 (1.5
H, ~0.5 x Me), 3.66 – 3.47 (2 H, m, CH2), 3.43 (1.5 H, ~0.5 x Me), 2.42 (1 H, br s, OH), 2.25
– 1.83 (4 H, m, 2 x CH2) (Rotameric mixture)
Spectroscopic data consistent with literature.142
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(3S,8aS)-3-(Hydroxymethyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione (78)

Prepared from methyl N-(Fmoc)-L-prolyl-L-serinate (77) as per the procedure by Carvalho
and coworkers143
Colourless solid (140 mg, 0.76 mmol, 80 %).
Mp: 112 – 116 °C
25

25

[α] D = -139.6 (c = 0.94, MeOH) [lit.143 [α] D = -84.5 (c = 0.94, MeOH)]
δH (400 MHz, methanol-d4) = 4.24 (1 H, t, J = 3.7, CH), 4.17 – 4.16 (1 H, m, CH), 3.94 –
3.87 (2H, m, CH2) 3.64 – 3.57 (1 H, m, 0.5 x CH2), 3.52 – 3.46 (1 H, m, 0.5 x CH2), 2.35 –
2.30 (1 H, m, 0.5 x CH2), 2.05 – 1.90 (3 H, m, 1.5 x CH2) δC (100 MHz, methanol-d4) =
171.9 (C=O), 166.5 (C=O), 61.7 (CH2), 60.2 (CH), 58.3 (CH), 46.2 (CH2), 29.6 (CH2), 23.2
(CH2)
Spectroscopic data consistent with literature.143

((3S,8aS)-1,4-Dioxooctahydropyrrolo[1,2-a]pyrazin-3-yl)methyl acetate (80)

(3S,8aS)-3-(hydroxymethyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione (78) (40 mg, 0.22
mmol) in acetic anhydride (0.37 mL, 400 mg, 3.9 mmol) was heated at reflux for 1.5 hours
then cooled to room temperature and the solvent concentrated in vacuo. The crude residue
was purified by flash column chromatography eluting with dichloromethane/methanol (24:1)
to give the title compound as a colourless solid (49 mg, 0.19 mmol, 88 %).
19

[α] D = -155.5 (c = 1.0, CHCl3)
Mp: 159 – 163 °C
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νmax cm-1 (neat): 3198, 3072, 2978, 2925, 2873, 1743, 1668, 1651, 1440, 1372, 1251, 1218,
1054, 1040
δH (400 MHz, CDCl3) = 6.64 (1 H, br s, NH), 4.76 (1 H, dd, J = 10.8, 2.3, 0.5 x CH2), 4.33 –
4.25 (2 H, m, 0.5 x CH2 + CH), 4.11 (1 H, t, J = 7.9, CH), 3.66 – 3.51 (2 H, m, CH2), 2.40 –
2.32 (1 H, m, 0.5 x CH2), 2.14 – 2.00 (2 H, m, CH2), 2.10 (3 H, s, Me), 1.96 – 1.86 (1 H, m,
0.5 x CH2)δC (100 MHz, CDCl3) = 171.0 (C=O), 169.6 (C=O), 162.9 (C=O), 63.0 (CH2),
59.1 (CH), 54.6 (CH), 45.5 (CH2), 28.4 (CH2), 22.6 (CH2), 20.9 (Me)
+

+

+

MS [EI ]: [M ] found 227.1028. [C10H15N2O4] requires 227.1026

(S)-3-Methylenehexahydropyrrolo[1,2-a]pyrazine-1,4-dione (74)

To solution of (3S,8aS)-3-(hydroxymethyl)hexahydropyrrolo[1,2-a]pyrazine-1,4-dione (80)
(20 mg, 0.088 mmol) in THF (1 mL) at -78 °C, was added potassium tert-butoxide (18 mg,
0.18 mmol). The reaction mixture was stirred at -78 °C for 2.5 hours then diluted with water
(5 mL) and extracted with dichloromethane (8 x 7 mL). The combined organic extracts were
washed with water (10 mL), brine (30 mL), dried (Na2SO4), filtered, and the solvent
concentrated in vacuo. The crude residue was purified by flash column chromatography
eluting with dichloromethane/methanol (47:3) to give a pure sample of the title compound as
a colourless crystalline solid (7 mg, 0.042 mmol, 48 %).
21

20

[α] D = +29.0 (c = 1.0, DMF) [lit.144 [α] D = -27.0 (c = 1, DMF)]
Mp. 144 – 149 °C
δH (400 MHz, CDCl3) = 8.43 (1 H, br s, NH), 5.60 (1 H, s, 0.5 x CH2), 4.88 (1 H, s, 0.5 x
CH2), 4.24 – 4.20 (1 H, m, CH), 3.83 – 3.75 (1 H, m, 0.5 x CH2), 3.61 – 3.55 (1 H, m, 0.5 x
CH2), 2.47 – 2.41 (1 H, m, 0.5 x CH2), 2.11 – 2.04 (1 H, m, 0.5 x CH2), 2.01 – 1.87 (2 H, m,
CH2) δC (100 MHz, CDCl3) = 166.4 (C=O), 157.2 (C=O), 134.8 (C), 102.1 (CH2), 59.5 (CH),
45.4 (CH2), 29.0 (CH2), 21.7 (CH2)
MS [EI+]: [MNa+] found 189.0637. [C8H10N2O2 + Na]+ requires 189.0634
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Spectroscopic data consistent with literature.145
(3R,8aS)-3-(Indol-3-yl)-3-methylhexahydropyrrolo[1,2-a]pyrazine-1,4-dione (81)

To a solution of (S)-3-methylenehexahydropyrrolo[1,2-a]pyrazine-1,4-dione (74) (24 mg,
0.014 mmol) and indole (25 mg, 0.22 mmol) in dichloromethane (3 mL) at 0 °C was added
zirconium tetrachloride (67 mg, 0.29 mmol). The reaction was stirred at 0 °C for 7 hours,
then the reaction mixture was poured into cold sat. Na2CO3 solution (10 mL) and filtered
through Celite™. The aqueous layer was extracted with dichloromethane (5 x 10 mL), and
the combined organic layers washed with water (2 x 20 mL), brine (20 mL), then dried
(Na2SO4), filtered and the solvent concentrated in vacuo. The crude was purified by flash
column chromatography eluting with dichloromethane/methanol (97:3) to provide the title
compound as a brown oil. The stereochemistry was inferred using NOESY analysis (pg 117).
21

[α] D = -30.5 (c = 0.74, CHCl3)
νmax cm-1 (neat): 3240, 2927, 1649, 1420, 1337, 1246, 1214, 1118, 1014, 741, 665
δH (400 MHz, CDCl3) = 8.46 (1 H, br s, NH), 7.98 (1 H, d, J = 8.0, Ar-H), 7.37 (1 H, d, J =
8.1, Ar-H), 7.22 (1 H, t, J = 7.3, Ar-H), 7.13 (1 H, t, J = 7.7, Ar-H), 7.10 (1 H, d, J = 2.2, ArH), 7.00 (1 H, br s, NH), 3.97 – 3.92 (1 H, m, CH), 3.67 – 3.60 (1 H, m, 0.5 x CH2), 3.48 –
3.42 (1 H, m, 0.5 x CH2), 2.30 – 2.23 (1 H, m, 0.5 x CH2), 2.17 – 2.08 (1 H, m, 0.5 x CH2),
2.00 – 1.92 (1 H, m, 0.5 x CH2), 1.89 (3 H, s, Me), 1.77 – 1.68 (1 H, m, 0.5 x CH2).
δC (100 MHz, CDCl3) = 171.5 (C=O), 167.0 (C=O), 137.3 (C), 124.4 (C), 122.9 (CH), 121.0
(CH), 120.8 (CH), 120.4 (CH), 117.1 (C), 111.5 (CH), 60.3 (C), 58.9 (CH), 45.9 (CH 2), 28.5
(CH2), 25.8 (CH3), 22.7 (CH2)
MS [EI+]: [MNa+] found 306.1221. [C16H17N3O2 + Na]+ requires 306.1213

116

117

Chapter Five: Experimental

Chapter Five: Experimental
4-Bromo-1-iodo-2-nitrobenzene (93)

To a solution of 4-bromo-2-nitroaniline (92) (500 mg, 2.30 mmol), in water (4 mL) was
added a solution of H2SO4 (0.7 mL) in water (3.3 mL). The mixture was cooled to 0 °C then a
solution of sodium nitrite (167 mg) in water (3.3 mL) was added dropwise. The reaction
mixture was stirred at 0 °C for 1 hour, then a solution of potassium iodide (574 mg,
3.46 mmol) in water (3.3 mL) was added dropwise. The reaction was stirred for an hour at
0 °C, then at room temperature for a further hour. The reaction mixture was extracted with
dichloromethane (4 x 12 mL) and the combined organic extracts washed in order with:
saturated sodium thiosulfate (2 x 30 mL), brine (30 mL) then dried (MgSO4), filtered, and the
solvent concentrated in vacuo. The crude residue was purified by flash column
chromatography eluting with ethyl acetate/n-hexanes (1:9) to provide the title compound as a
yellow solid (558 mg, 1.70 mmol, 74 %).
Mp: 91 – 93 °C (lit.146 87 – 89 °C)
δH (400 MHz, CDCl3) = 7.99 (1 H, d, J = 2.1, Ar-H), 7.89 (1 H, d, J = 8.4, Ar-H), 7.40 (1 H,
dd, J = 8.4, 2.1, Ar-H)
Spectroscopic data consistent with literature.147
5-Bromo-2-iodoaniline (89)

The title compound was prepared from 93 according to the procedure by Kobayashi and
coworkers.147
Brown solid, 395 mg, 1.32 mmol, 87 %
Mp: 58 – 61 °C
δH (400 MHz, CDCl3) = 7.45 (1 H, d, J = 8.4, Ar-H), 6.87 (1 H, d, J = 2.1, Ar-H), 6.60 (1 H,
dd, J = 8.4, 2.1, Ar-H), 4.13 (2 H, br s, NH2)
Spectroscopic data consistent with literature.147
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(S)-Dimethyl 2-((S)-1-(tert-butoxycarbonyl)pyrrolidine-2-carboxamido)pentanedioate
(86)

To a solution of N-Boc-L-proline (60) (300 mg, 1.39 mmol) in dry dichloromethane (4 mL) at
0 °C, was added DIPEA (0.73 mL, 4.18 mmol) and HBTU (555 mg, 1.46 mmol). After
stirring at 0 °C for 1.5 hours, a solution of

L-glutamic

acid methyl ester hydrochloride

(295 mg, 1.39 mmol) in dry dichloromethane (4 mL) was slowly introduced. The reaction
was allowed to warm to room temperature and stirred for 2 days. The reaction mixture was
then diluted with dichloromethane (10 mL), and then quenched with 5 % HCl solution (5 mL)
and washed in order with: water (2 x 8 mL), saturated NaHCO3 (2 x 8 mL), then brine
(8 mL). The organic layer was collected and dried (Na2SO4), filtered, and the solvent
concentrated in vacuo to give a crude product that was purified by flash column
chromatography eluting with ethyl acetate/n-hexanes (1:1) to provide the title compound as a
colourless oil (470 mg, 1.26 mmol, 91 %).
24

[α] D = -60.4 (c = 1.0, CHCl3)
vmax cm-1 (neat): 3325, 2975, 1738, 1694, 1650, 1528, 1381, 1364, 1258, 1159, 1119, 771
δH (400 MHz, CDCl3) = 7.37 and 6.80 (1 H, br s, NH), 4.62 – 4.56 (1 H, m, CH), 4.32 –
4.22 (br s, 2 H, CH2), 3.74 (3 H, s, Me), 3.67 (3 H, s, Me), 3.53 – 3.31 (1 H, br s, CH), 2.46 –
2.33 (2 H, m, CH2), 2.25 – 2.12 (2 H, m, CH2), 2.01 – 1.98 (2 H, m, CH2), 1.89-1.88 (2 H, m,
CH2), 1.47 (9 H, s, 3 x Me) (Rotameric mixture)
δC (100 MHz, CDCl3) = 173.0 (C=O), 171.9 (2 x C=O), 171.0 (C=O), 80.4 (C), 61.0 and 59.8
(CH), 52.4 (Me), 51.7 (CH), 51.4 (Me), 47.0 (CH2), 29.8 (CH2), 28.2 (3 x Me), 27.4 (2 x
CH2), 24.6 and 23.7 (CH2)
MS [EI+]: [M + Na+] found 395.1798. [C17H28N2O7 + Na]+ requires 395.1789
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Methyl 3-((3S,8aS)-1,4-dioxooctahydropyrrolo[1,2-a]pyrazin-3-yl)propanoate (87)

Dipeptide 86 (300 mg, 0.81 mmol) was heated at 185 °C for 3 hours. The residue was
purified by flash column chromatography eluting with dichloromethane/methanol (24:1) to
provide the title compound as an orange oil (63 mg, 0.26 mmol, 32 %) alongside tricycle 96.
21

[α] D = -54.2 (c = 0.52, CHCl3)
vmax cm-1 (neat): 3254, 2953, 1779, 1734, 1660, 1435, 1259, 1200, 1173, 731, 700
δH (400 MHz, CDCl3) = 7.22 (1 H, br s, NH), 4.09 – 4.03 (2 H, m, 2 x CH), 3.4 (3 H, s, Me),
3.57 – 3.45 (2 H, m, CH2), 2.55 – 2.50 (2 H, m, CH2), 2.33 – 2.24 (2 H, m, CH2), 2.16 – 1.81
(4 H, m, 2 x CH2)
δC (100 MHz, CDCl3) = 174.0 (C=O), 170.5 (C=O), 165.3 (C=O), 59.1 (CH), 52.8 (CH), 51.9
(Me), 45.4 (CH2), 29.8 (CH2), 28.1 (CH2), 24.6 (CH2), 22.7 (CH2)
MS [EI+]: [M + Na+] found 263.1008 [C11H16N2O4 + Na]+ requires 263.1002

(5aS,10aS)-Hexahydrodipyrrolo[1,2-a:1',2'-d]pyrazine-3,5,10(2H)-trione (96)

Colourless solid (18 mg, 0.088 mmol, 11 %).
21

[α] D = -99.41 (c = 0.84, CHCl3)
Mp: 145 – 149 °C
vmax cm-1 (neat): 2958, 1766, 1663, 1450, 1347, 1296, 1253, 1202, 1142
δH (400 MHz, CDCl3) = 4.56 (1 H, t, J = 8.6, CH), 4.22 (1 H, t, J = 7.8, CH), 3.60 – 3.55 (2
H, m, CH2), 2.64 – 2.60 (2 H, m, CH2), 2.45 – 2.31 (4 H, m, 2 x CH2), 2.04 – 1.92 (2 H, m,
CH2).
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δC (100 MHz, CDCl3) = 172.9 (C=O), 166.1 (C=O), 165.1 (C=O), 61.0 (CH), 58.4 (CH),
45.5 (CH2), 31.8 (CH2), 27.1 (CH2), 23.4 (CH2), 20.0 (CH2)
+
MS [EI+]: [M + Na+] found 231.0753 [C10H12N2O3 + Na] requires 231.0740
NMR data consistent with the values quoted by Fabbri.61

(±)-N-Acetyl-6-bromotryptophan (98)

The title compound was obtained from

L-serine

and 6-bromoindole, by following the

experimental procedure by Sanderson and coworkers.148
Brown powder (5.02 g, 16.9 mmol, 83%)
Mp: 91.4 – 94.0 (Lit148 >320 °C decomp)
δH (400 MHz, DMSO-d6) = 12.48 (1 H, br s, NH), 10.99 (1 H, br s, COOH), 8.14 (1 H, dd, J
= 7.9, NH), 7.53 (1 H, d, J = 1.6, Ar-H), 7.49 (1 H, d, J = 8.4, Ar-H), 7.18 (1 H, d, J = 2.3,
Ar-H), 7.12 (1 H, dd, J = 8.4, 1.6, Ar-H), 4.45 (1 H, td, J = 8.4, 5.1, CH), 3.14 (1 H, dd, J =
14.6, 5.1, 0.5 x CH2), 2.98 (1 H, dd, J = 14.6, 8.4, 0.5 x CH2) 1.80 (3 H, s, Me)
δC (100 MHz, DMSO-d6) = 173.4 (C=O), 169.2 (C=O), 136.9 (C), 126.3 (C), 124.6 (CH),
121.2 (CH), 120.0 (CH), 113.9 (CH), 113.7 (C), 110.4 (C), 52.9 (CH), 26.9 (CH2), 22.4
(CH3)
Spectroscopic data consistent with literature.148
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6-Bromo-L-tryptophan methyl ester hydrochloride salt (106)

Resolution
To a solution of racemic N-acetyl-6-bromotryptophan (±)-98 (1052 mg, 3.24 mmol) in a
borate buffer solution (50 mM, 40 mL) containing cobalt(II) chloride hexahydrate (1.2 mg,
0.125 mM) at pH 8 was added a solution of Amano acylase (258 mg) in borate buffer
(50 mM, 40 mL) with stirring. The mixture was stirred at 37 °C for 40 hours and then the pH
was adjusted to 3 with 2M HCl solution. The mixture was extracted by ethyl acetate (3 x
100 mL) and the combined organic layers dried (MgSO4), filtered and the solvent evaporated
in vacuo to give crude N-acetyl-6-bromo-D-tryptophan (102) as a brown oil (0.569 g,
1.75 mmol). The aqueous layer was concentrated to dryness and the resulting crude solid
(~1010 mg) containing 6-bromo-L-tryptophan (L-99) was used in the subsequent reaction
without further purification. The enantiomeric excess of L-99 was calculated as described
below.
Esterification
To a solution of the crude solid containing L-99 obtained from the resolution (850 mg) in
methanol (7.5 mL) at 0 °C was added dropwise thionyl chloride (0.48 mL, 6.6 mmol) and the
reaction mixture was stirred at 80 °C for 6 hours then the solvent removed in vacuo. The
residue was taken up in water (50 mL) and the solution taken to pH 8 with Na2CO3 (10 %
solution). The mixture was extracted with ethyl acetate (5 x 100 mL), dried (MgSO4), filtered
and the solvent concentrated in vacuo to provide the methyl ester L-106 as a red oil (286 mg,
0.96 mmol) that was used in the subsequent coupling reaction without further purification.
For comparison purposes, characterisation was performed on the hydrochloride salt, a known
literature compound. This was isolated after the removal of the reaction solvent, prior to
aqueous workup.
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22

[α] D = +18.9 (c = 1.0, MeOH)
δH (400 MHz, DMSO-d6) = 11.26 (1 H, br s, NH), 8.54 (3 H, br s, NH3+), 7.57 (1 H, d, J =
1.8, Ar-H), 7.47 (1 H, d, J = 8.5, Ar-H), 7.28 (1 H, d, J = 2.3, Ar-H), 7.15 (1 H, dd, J = 8.5,
1.8, Ar-H), 4.24 (1 H, m, CH), 3.66 (3 H, s, Me), 3.28 (2 H, t, J = 6.4, CH2)
δC (100 MHz, DMSO-d6) = 169.6 (C=O), 137.1 (C), 126.1 (CH), 126.0 (C), 121.5 (CH),
119.8 (CH), 114.1 (CH), 113.9 (C), 106.8 (C), 52.7 (CH3) 52.6 (CH), 25.8 (CH2)
Spectroscopic data consistent with literature.149

Enantiomeric excess of 6-bromo-L-tryptophan (99)
The enantiomeric excess of 6-bromo-L-tryptophan (99) obtained from the enzymatic
resolution was calculated by converting it to its chiral amide derivative 103 and the 1H NMR
compared to that of the amide 104 prepared from a racemic sample of 6-bromotryptophan.

Tert-butyl ((S)-3-(6-bromoindol-3-yl)-1-oxo-1-(((R)-1-phenylethyl)amino)propan-2yl)carbamate (103)
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To a solution of crude 6-bromo-L-tryptophan (L-99) obtained from the resolution (~160mg)
in 10 % NaOH solution (1 mL) was added dioxane/water (13:1, 14 mL) followed by di-tertbutyl dicarbonate (171 mg, 0.78 mmol). The reaction mixture was stirred at room temperature
for 17 hours, followed by heating to 80 °C for a further 2.5 hours. The solvents were removed
in vacuo and the crude residue taken up in water (20 mL), and the pH adjusted to 3 with 2M
HCl solution. The aqueous solution was extracted with ethyl acetate (5 x 20 mL), dried
(Na2SO4), filtered and the solvent concentrated in vacuo. The resulting product was purified
by

flash

column

chromatography

on

silica

gel

eluting

with

acetic

acid/methanol/dichloromethane (1:14:185) to provide Nα-Boc-6-bromo-L-tryptophan (L-209)
as a colourless glass.
δH (400 MHz, CDCl3) = 8.18 (1 H, br s, NH), 7.51 (1 H, s, Ar-H), 7.45 (1 H, d, J = 8.5, ArH), 7.26 (1 H, m, Ar-H), 7.20 (1 H, dd, J = 8.5, 1.3, Ar-H), 7.00 (1 H, br s, NH), 5.08 – 5.00
(0.5 H, m, 0.5 x CH), 4.69 – 4.59 (0.5 H, m, 0.5 x CH), 3.37 – 3.21 (2 H, m, CH2), 1.43 (9 H,
s, 3 x Me)
δC (100 MHz, CDCl3) = 176.2 (C=O), 155.6 (C=O), 136.9 (C), 126.7 (C), 123.7 (CH), 122.8
(CH), 120.0 (CH), 115.6 (C), 114.2 (CH), 110.1 (C), 80.5 (C), 54.2 (CH), 28.3 (3 x Me), 27.5
(CH2)
MS [EI+]: [MNa+] found 405.0421. [C16H1979BrN2O4 + Na]+ requires 405.0420
Spectroscopic data consistent with literature.150

To a solution of L-209 (10 mg, 0.026 mmol) in THF (0.7 mL) was added HATU (10 mg,
0.026 mmol, HOAt (4 mg, 0.026 mmol), N,N′-diisopropylethylamine (0.11 mL, 0.063 mmol)
and (R)-1-phenylethylamine (105) (0.004 mL, 0.029 mmol). The reaction mixture was stirred
at room temperature for 2 hours, then the solvents concentrated in vacuo. The crude residue
was taken up in ethyl acetate (10 mL) and the resulting solution washed sequentially with 5%
HCl solution (5 mL), saturated NaHCO3 (5 mL), water (10 mL) and brine (10 mL). The
organic layer was then dried (MgSO4), filtered and the solvent concentrated in vacuo. The
crude product was filtered through a short plug of silica gel (dichloromethane/methanol,
49:1) to provide the amide 103.
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Tert-butyl (3-(6-bromoindol-3-yl)-1-oxo-1-(((R)-1-phenylethyl)amino)propan-2-yl)carbamate (104)

A suspension of racemic N-acetyl-6-bromotryptophan [(±)-98] (107 mg, 0.33 mmol) in 4 M
HCl (0.9 mL) was heated under reflux for 2 hours. The reaction mixture was cooled to room
temperature and the solvents evaporated in vacuo. The crude residue was taken up in 10 %
NaOH (2 mL), and diluted with dioxane/water (22 mL, 13:1). Di-tert-butyl dicarbonate (50
mg, 0.33 mmol) was added, and the reaction mixture was stirred at room temperature for 22
hours, then the solvent removed in vacuo. The resulting crude (±)-6-bromotryptophan was
taken up in water (20 mL), and the pH adjusted to 3 with 2M HCl solution. The aqueous
solution was extracted with ethyl acetate (5 x 20 mL), dried (Na2SO4), filtered and the solvent
concentrated in vacuo. The resulting product was purified by flash chromatography on silica
gel eluting with acetic acid-methanol-dichloromethane (1:14:185) to provide Nα-Boc-6bromotryptophan (±)-210 (102 mg, 0.27 mmol, 49 %) as a yellow oil.
To a solution of (±)-210 (40 mg, 0.10 mmol), HATU (40 mg, 0.10 mmol), and HOAt (14 mg,
0.10 mmol) in THF (3 mL), was added N,N′-diisopropylethylamine (0.044 mL, 0.25 mmol),
followed by (R)-1-phenylethylamine (105) (0.015 mL, 0.11 mmol). The reaction mixture was
stirred at room temperature for 17 hours, then diluted with ethyl acetate (20 mL). The
resulting solution was washed with 5% HCl solution (10 mL), saturated NaHCO3 (10 mL),
water (10 mL), brine (10 mL), and dried (MgSO4), filtered, and the solvent concentrated in
vacuo to provide the amide (±)-104 as a colourless glass.

1

H NMR comparison of the amides 103 and 104 (page 126) showed the enantiomeric excess

to be 92 %
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6-Bromo-L-tryptophan-Fmoc-L-proline (100)

To a solution of L-6-bromotryptophan methyl ester 106 (286 mg, 0.96 mmol) and N-Fmoc-Lproline (66) (325 mg, 0.96 mmol) in dichloromethane/DMF (4:1, 12 mL) was added HATU
(385 mg, 1.01 mmol) and N,N′-diisopropylethylamine (0.25 mL, 1.45 mmol). The reaction
was stirred at room temperature for 8 hours and then the solvent removed in vacuo. The crude
residue was taken up in dichloromethane (100 mL) and washed with 1M HCl solution
(75 mL), saturated NaHCO3 (75 mL), and brine (75 mL). The organic layer was dried
(Na2SO4), filtered and the solvent concentrated in vacuo. The crude residue was purified by
flash column chromatography on silica gel eluting with dichloromethane/methanol (24:1) to
provide to provide the title compound (539 mg, 0.87 mmol, 32 % over 3 steps; resolution has
a maximum yield of 50%) as an orange glass.
22

[α] D = -17.4 (c = 1.0, CHCl3)
δH (400 MHz, CDCl3) = 8.35 (minor conformer) + 8.07 (major conformer) (1 H, br s, NH),
7.86 – 7.69 (2 H, m, 2 x Ar-H), 7.64 – 6.78 (10.7 H, m, 10 x Ar-H + NH major conformer)
6.44 (0.3 H, br s, NH minor conformer), 4.93 – 4.80 (1 H, m, CH), 4.41 – 4.03 (4 H, m, 2 x
CH + CH2), 3.64 (major conformer) + 3.52 (minor conformer) (3 H, s, Me), 3.49 – 3.31 (2 H,
m, CH2), 3.29 – 3.16 (2 H, m, CH2), 2.33 – 1.79 (4 H, m, 2 x CH2)
δC (125 MHz, CDCl3) = 172.0 (C=O), 171.3 (C=O), 156.0 (C=O), 144.03 (C), 143.8 (C),
141.4 (C), 141.3 (C), 136.8 (C), 127.9 (2 x CH), 127.2 (CH), 127.1 (CH), 126.4 (C), 125.2
(CH), 125.1 (CH), 123.8 (CH), 122.7 (CH), 120.1 (CH), 120.0 (CH), 119.8 (CH), 115.5 (C),
114.1 (CH), 110.1 (C), 67.8 (CH2), 60.3 (CH), 52.8 (CH), 52.4 (Me), 47.0 (CH + CH2), 28.2
(CH2), 27.4 (CH2), 24.6 (CH2)
MS [EI+]: [MNa+] found 638.1241. [C32H3079BrN3O5 + Na]+ requires 638.1261
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6-Bromobrevianamide F (54)

A solution of dipeptide 100 (539 mg, 0.87 mmol) in piperidine-DMF (1:4, 15 mL) was stirred
at room temperature for 2 days. The volatile components were removed in vacuo and the
crude residue purified by flash column chromatography on silica gel eluting with
dichloromethane/methanol (24:1) to provide the title compound as a colourless solid (268 mg,
0.74 mmol, 85 %).
22

[α] D = -87.3 (c = 1.0, CHCl3)
Mp: 198.5 – 202.9 °C
νmax cm-1 (neat): 3364, 3202, 1671, 1643, 1438, 1423, 1300, 1274, 1120, 803, 793
δH (400 MHz, CDCl3) = 8.67 (1 H, br s, NH), 7.52 (1 H, d, J = 1.4, Ar-H), 7.43 (1 H, d, J =
8.4, Ar-H), 7.22 (1 H, dd, J = 8.5, 1.6, Ar-H), 7.04 (1 H, d, J = 2.0, Ar-H), 5.84 (1 H, m, NH),
4.32 (1 H, dd, J = 10.1, 2.8, CH), 4.07 (1 H, t, J = 7.4, CH), 3.69 – 3.53 (3 H, m, 1.5 x CH2),
2.98 (1 H, dd, J = 15.1, 10.2, 0.5 x CH2), 2.33 – 2.28 (1 H, m, 0.5 x CH2), 2.02 – 1.85 (3 H,
m, 1.5 x CH2)
δC (100 MHz, CDCl3) = 169.4 (C=O), 165.3 (C=O), 137.4 (C), 125.7 (C), 124.0 (CH), 123.3
(CH), 119.8 (CH), 116.3 (C), 114.5 (CH), 110.2 (C), 59.2 (CH), 54.7 (CH), 45.4 (CH 2), 28.3
(CH2), 26.8 (CH2), 22.6 (CH2)
+

+

+

MS [EI ]: [MNa ] found 384.0321. [C16H1679BrN3O2 + Na] requires 384.0318
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N-Boc-6-bromobrevianamide F (107)

To a solution of 6-bromobrevianamide F (54) (150 mg, 0.42 mmol) in THF (4 mL) was
added di-tert-butyl dicarbonate (91 mg, 0.42 mmol) and DMAP (5.1 mg, 0.042 mmol). The
reaction was stirred for 2.5 hours at room temperature, then the solvent evaporated in vacuo.
The reaction mixture was diluted with water (10 mL) and extracted with dichloromethane (6
x 15 mL). The combined organic extracts were washed with brine (40 mL), dried (Na2SO4),
filtered and the solvent concentrated in vacuo. The crude product was purified by flash
column chromatography on silica gel eluting with dichloromethane/methanol (97:3) to
provide the title compound (134 mg, 0.29 mmol, 70 %) as a cream-coloured solid.
23

[α] D = -72.0 (c = 0.53, CHCl3)
Mp: 188.4 – 189.8 °C
νmax cm-1 (neat): 3299, 2971, 1736, 1679, 1655, 1650, 1640, 1430, 1363, 1253, 1149, 1072,
814, 760
δH (400 MHz, CDCl3) = 8.38 (1 H, br s, NH), 7.46 (1 H, s, Ar-H), 7.38 (2 H, s, 2 x Ar-H),
5.74 (1 H, s, NH), 4.34 (1 H, dd, J = 10.8, 2.3, CH), 4.10 (1 H, t, J = 7.5, CH), 3.69 – 3.55 (3
H, m, 1.5 x CH2), 2.93 – 2.86 (1 H, m, 0.5 x CH2), 2.38 – 2.32 (1 H, m, 0.5 x CH2), 2.09 –
1.84 (3 H, m, 1.5 x CH2), 1.68 (9 H, s, 3 x Me)
δC (100 MHz, CDCl3) = 169.4 (C=O), 164.9 (C=O), 148.9 (C=O), 136.6 (C), 128.3 (C),
126.2 (CH), 124.9 (CH), 119.8 (CH), 119.0 (C), 118.9 (CH), 114.8 (C), 84.7 (C), 59.2 (CH),
54.1 (CH), 45.6 (CH2), 28.3 (CH2), 28.2 (CH3), 26.5 (CH2), 22.7 (CH2)
MS [EI+]: [MNa+] found 484.0842. [C21H2479BrN3O4 + Na]+ requires 484.0846
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N-Boc-Aspergilazine A (108)

To a suspension of brevianamide F (2) (7 mg, 0.026mmol) and N-Boc-6-bromobrevianamide
F (107) (10mg, 0.022 mmol) in toluene (1.5 mL) purged with nitrogen was added Pd2(dba)3
(0.99 mg, 0.0011 mmol, 5 mol %), XPhos (2.1 mg, 0.0043 mmol, 20 mol %) and K3PO4
(4.1 mg, 0.043 mmol). The reaction mixture was stirred at 90 °C for 15 hours and then an
additional portion of Pd2(dba)3 (0.99 mg, 0.0011 mmol, 5 mol %) and XPhos (2.1 mg,
0.0043 mmol, 20 mol %) was added. After a further 10 hours, a third portion of Pd2(dba)3
(0.99 mg, 0.0011 mmol, 5 mol %), XPhos (2.1 mg, 0.0043 mmol, 20 mol %) and K3PO4
(4.1 mg, 0.043 mmol) was added. The reaction mixture was stirred for a further 15 hours at
90 °C, filtered through Celite™ and concentrated to dryness. The crude mixture was purified
by flash column chromatography on silica gel, initially eluting with ethyl acetate/methanol
(93:7) to remove the monomeric starting materials, followed by dichloromethane/methanol
(93:7) to obtain the title compound (11.4 mg, 0.017 mmol, 79%) as a yellow solid.
23

[α] D = -91.3 (c = 0.52, CHCl3)
Mp: 153.6 – 158.3 °C
νmax cm-1 (neat): 3460, 3249, 2921, 2851, 1731, 1660, 1492, 1456, 1445, 1388, 1368, 1253,
1154, 1107, 1088, 741
δH (500 MHz, CDCl3) = 8.34 (1 H, br s, Ar-H), 7.65 (1 H, d, J = 7.8, Ar-H), 7.62 (1 H, d, J =
3.1, Ar-H), 7.61 (1 H, d, J = 3.0, Ar-H), 7.58 (1 H, br s, Ar-H), 7.39 (1 H, dd, J = 8.4, 1.8,
Ar-H), 7.34 (1 H, s, Ar-H), 7.28 – 7.25 (1 H, m, Ar-H), 7.20 (1 H, apparent t, J = 7.4, Ar-H),
5.91 (1 H, br s, NH), 5.81 (1 H, br s, NH), 4.44 (2 H, td, J = 10.9, 2.6, 2 x CH), 4.14 (1 H, t, J
= 7.7, CH2), 4.10 (1 H, t, J = 7.8, CH2), 3.81 (1 H, dd, J = 15.2, 3.5, 0.5 x CH2), 3.74 (1 H,
dd, J = 15.3, 2.9, 0.5 x CH2), 3.69 – 3.56 (4 H, m, 2 x CH2) 3.06 (1 H, dd, J = 15.2, 10.7, 0.5
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x CH2), 2.97 (1 H, dd, J = 15.2, 10.7, 0.5 x CH2), 2.39 – 2.31 (1 H, m, 2 x CH2), 2.11 – 2.87
(6 H, m, 3 x CH2), 1.67 (9 H, s, 3 x Me)
δC (125 MHz, CDCl3) = 169.43 (C=O), 169.40 (C=O), 165.4 (C=O), 165.0 (C=O), 149.0
(C=O), 136.8 (C), 136.7 (C), 136.3 (C), 128.2 (C), 128.0 (C), 127.4 (CH), 125.4 (CH), 123.2
(CH), 120.6 (CH), 119.7 (CH), 119.6 (CH), 118.8 (CH), 114.8 (C), 111.9 (CH), 111.0 (CH
and C), 84.7 (C), 59.25 (2 x CH), 54.7 (CH), 54.1 (CH), 45.5 (CH2), 45.4 (CH2), 28.3 (2 x
CH2), 28.2 (Me), 26.7 (CH2), 26.6 (CH2), 22.7 (CH2), 22.6 (CH2)
+

+

+

MS [EI ]: [MNa ] found 687.2912. [C37H40N6O6 + Na] requires 687.2902
m/z: 687 (MNa+, 50 %), 631 (86), 587 (100)

9-epi-N-Boc-aspergilazine A (9-epi-108)

Obtained as a side product of several N-arylations as outlined in Table 3.
Cream-coloured solid.
22

[α] D = -18.8 (c = 0.16, CHCl3)
Mp: 158.1 – 163.7 °C
νmax cm-1 (neat): 3230, 2925, 1731, 1652, 1492, 1444, 1367, 1255, 1154, 741
δH (500 MHz, CDCl3) = 8.32 (1 H, br s, Ar-H), 7.68 (1 H, d, J = 8.4, Ar-H), 7.64 (1 H, d, J =
7.9, Ar-H), 7.60 (1 H, d, J = 8.2, Ar-H), 7.41 (1 H, dd, J = 8.4, 1.9, Ar-H), 7.34 (1 H, s, ArH), 7.34 (1 H, s, Ar-H), 7.28 – 7.25 (1 H, m, Ar-H), 7.21 – 7.18 (1 H, m, Ar-H), 6.14 (1 H, br
d, J = 2.5, NH), 5.89 (1 H, br s, NH), 4.45 (1 H, dd, J = 10.8, 2.6, CH), 4.31 – 4.28 (1 H, m,
CH), 4.10 (1 H, t, J = 7.6, CH), 3.82 (1 H, dd, J = 15.2, 3.4, 0.5 x CH2), 3.70 – 3.65 (2 H, m,
CH2), 3.62 – 3.57 (1 H, m, 0.5 x CH2) 3.51 (1 H, dd, J = 10.5, 6.5, CH), 3.41 – 3.36 (1 H, m,
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0.5 x CH2), 3.27 (2 H, d, J = 5.8, CH2), 3.05 (1 H, dd, J = 15.2, 10.7, 0.5 x CH2), 2.37 – 2.25
(2 H, m, CH2), 2.07 – 1.84 (6 H, m, 3 x CH2), 1.66 (9 H, s, 3 x Me)
δC (125 MHz, CDCl3) = 169.5 (C=O), 168.7 (C=O), 165.5 (C=O), 165.0 (C=O), 149.2
(C=O), 136.8 (C), 136.5 (C), 128.2 (2 x C), 127.4 (CH), 126.1 (CH), 123.3 (CH), 120.6 (CH),
120.0 (CH), 119.5 (CH), 118.9 (CH), 114.4 (C), 111.6 (CH), 111.01 (CH), 110.96 (C), 84.7
(C), 59.3 (CH), 58.2 (CH), 58.0 (CH), 54.7 (CH), 45.50 (CH2), 45.46 (CH2), 30.5 (CH2), 29.1
(CH2), 28.3 (CH2), 28.2 (Me), 26.7 (CH2), 22.7 (CH2), 21.8 (CH2), 1 carbon signal is not
observed.
+
+
+
MS [EI ]: [M ] found 665.3095. [C37H41N6O6] requires 665.3082

m/z: 665 (M+, 10 %), 609 (100), 565 (25), 455 (6), 411 (12)

(-)-Aspergilazine A (1)

To a solution of N-Boc-aspergilazine A (108) (10 mg, 0.02 mmol)

in dichloromethane

(1 mL) at 0 °C was added trifluoroacetic acid (0.06 mL, 0.83 mmol) and the reaction mixture
was stirred at room temperature for 2 hours, then partitioned between dichloromethane
(2 mL) and saturated NaHCO3 solution (2 mL). The organic layer was removed and the
aqueous layer was extracted with dichloromethane (6 x 2 mL). The combined organic layers
were dried (MgSO4), filtered and then concentrated in vacuo. The crude product was purified
by column chromatography on neutral alumina eluting with dichloromethane/methanol (49:1)
to provide the title compound as an off-white solid (4.3 mg, 0.0077 mmol, 51 %).
22

22

[α] D = -70.0 (c = 0.10, CH2Cl2/MeOH; 1:1) [lit. [α] D = -72.0 (c = 0.10, CH2Cl2/MeOH
1:1)]3
Mp: 155.4 – 157.2 °C
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νmax cm-1 (neat): 3247, 2923, 2852, 1651, 1458, 1420, 1334, 1304, 1231, 1187, 1102, 1060,
807, 742
δH (500 MHz, DMSO-d6) = 11.06 (1 H, d, J = 1.8, Ar-H), 7.96 (1 H, s, Ar-H), 7.85 (1 H, s,
Ar-H), 7.74 (1 H, d, J = 8.4, Ar-H), 7.68 (1 H, d, J = 7.9, Ar-H), 7.48 (1H, d, J = 8.4, Ar-H),
7.46 (1 H, s, Ar-H), 7.44 (1 H, d, J = 1.8, Ar-H), 7.29 (1 H, d, J = 2.2, Ar-H), 7.18 - 7.13 (2
H, m, 2 x Ar-H), 7.11 - 7.08 (1 H, m, Ar-H), 4.40 (1 H, t, J = 5.1, CH), 4.36 (1 H, t, J = 5.0,
CH), 4.09 (2 H, t, J = 5.0, 2 x CH), 3.44 - 3.23 (6 H, m, 3 x CH2), 3.15 (2 H, dd, J = 14.9, 5.7,
CH2), 2.03 - 1.96 (2 H, m, CH2), 1.74 – 1.55 (4 H, m, 2 x CH2) 1.46 - 1.34 (2 H, m, CH2)
δC (125 MHz, DMSO-d6) = 169.6 (C=O), 169.5 (C=O), 165.9 (2 x C=O), 136.6 (C), 136.1
(C), 133.5 (C), 129.0 (C), 128.8 (CH), 126.6 (C), 126.2 (CH), 122.5 (CH), 120.2 (CH), 119.9
(2 x CH), 115.7 (CH), 111.4 (C), 110.6 (CH), 110.2 (C), 107.2 (CH), 58.9 (2 x CH), 55.74
(CH), 55.66 (CH), 45.1 (2 x CH2), 28.2 (2 x CH2), 26.33 (CH2), 26.27 (CH2), 22.35 (CH2),
22.32 (CH2)
+

+

+

MS [EI ]: [MNa ] found 587.2373. [C32H32N6O4 + Na] requires 587.2377
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5.3 Experimental Related to Dendridine A
4-Bromo-2-methoxyaniline (161)

At room temperature, a solution of N-bromosuccinimide (723 mg, 4.06 mmol) in DMF (2
mL) was added dropwise over 10 min to a solution of 2-methoxyaniline (500 mg, 4.06 mmol)
in DMF (2 mL). The reaction mixture was stirred at room temperature for 2 hours then
poured onto water (10 mL) and extracted with dichloromethane (5 x 10 mL). The combined
organic extracts were washed with water (2 x 30 mL), brine (2 x 30 mL), dried (MgSO4),
filtered and the solvent concentrated in vacuo. The crude oil was purified by flash column
chromatography eluting with n-hexanes/ethyl acetate (19:1) to provide the title compound
(636 mg, 3.15 mmol, 78%) as a waxy orange solid.
Mp: 51.8 – 54.5 °C (lit.151 61 °C)
δH (400 MHz, CDCl3) = 6.90 – 6.88 (2 H, m, Ar-H), 6.57 (1 H, d, J = 8.3 Hz, Ar-H), 3.83 (3
H, s, Me), 3.77 (2 H, br s, NH2)
δC (100 MHz, CDCl3) = 147.9 (C), 135.5 (C), 123.7 (CH), 115.7 (CH), 113.8 (CH), 109.4
(C), 55.7 (Me)
Spectroscopic data consistent with literature.152

(4-Bromo-2-methoxyphenyl)hydrazine (159)

A slurry of 4-bromo-2-methoxyaniline (161) (300 mg, 1.48 mmol) in concentrated HCl/water
(2:1, 10 mL) was heated at reflux until the aniline dissolved. The solution was cooled to 0 °C,
then a solution of sodium nitrite (154 mg, 2.23 mmol) in water (1.5 mL) cooled to -20 °C was
added to the reaction mixture dropwise over 10 min. The mixture was stirred at 0 °C for 2
hours, then a solution of tin (III) chloride (845 mg, 4.45 mmol) in HCl (12 M, 1 mL) cooled
to -20 °C was added dropwise over 2 min. The resulting suspension was stirred at 0 °C for 1
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hour 15 min then the precipitate filtered. The solid obtained was washed with HCl (1.5 M, 2 x
1.5 mL) cold ether (2 x 1.5 mL), and dried in vacuo to provide the title compound as a beige
powder (345 mg, 1.36 mmol, 91 %).
Mp: 136 °C (decomp.)
νmax cm-1 (neat): 3441, 3171, 2904, 1603, 1493
δH (400 MHz, DMSO-d6) = 10.00 (3 H, br s, NH3), 7.73 (1 H, br s, NH), 7.17 (1 H, d, J = 2.0,
Ar-H), 7.13 (1 H, dd, J = 8.4, 2.0, Ar-H), 6.95 (1 H, d, J = 8.4, Ar-H), 3.85 (3H, s, Me)
δC (100 MHz, DMSO-d6) = 148.6 (C), 133.7 (C), 123.0 (CH), 115.5 (CH), 114.0 (CH), 113.4
(C), 56.1 (Me)
+

+

+

MS [EI ]: [M ] found 216.9965. [C7H1079BrN2O] requires 216.9971

N,N-Diallylacetamide (164)

Synthesised according to the modified procedure by Krompiec103b based on the original
procedure by Stille.103a
Straw-coloured oil (749 mg, 5.38 mmol, 87%).
δH (400 MHz, CDCl3) = 5.81 – 5.72 (2 H, m, 2 x CH), 5.23 – 5.10 (4 H, m, 2 x CH2), 3.99
(2 H, d, J = 6.0, CH2), 3.85 (2 H, d, J = 4.9, CH2), 2.10 (3 H, s, Me)
δC (100 MHz, CDCl3) = 170.6 (C=O), 133.3 (CH), 132.7 (CH), 117.2 (CH2), 116.6 (CH2),
50.0 (CH2), 47.8 (CH2), 21.4 (Me)
1

H NMR spectroscopic data consistent with literature values.153

13

C NMR data show a

separation of chemically equivalent peaks due to rotamers, not reported in the literature.154
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N-Acetyl-3-pyrroline (165)

Unisolated intermediate identified by crude NMR.
δH (400 MHz, CDCl3) =5.88 – 5.84 (1 H, m, CH), 5.78 – 5.76 (1 H, m, CH), 4.22 (4 H, s, 2 x
CH2), 2.05 (3 H, s, Me)
δC (100 MHz, CDCl3) = 169.0 (C=O), 126.6 (CH), 124.9 (CH), 54.1 (CH2), 52.8 (CH2), 22.1
(Me)
Spectroscopic data consistent with literature values.104

N-Acetyl-2-pyrroline (157)

To a solution of N,N′-diallylacetamide (164) (250 mg, 1.8 mmol) in toluene (150 mL) was
added Grubbs’ second generation catalyst (10.7 mg, 0.7 mol %) and the mixture stirred at
room temperature for 1 hour. The solvent was concentrated in vacuo to ~ 3 mL and the
reaction

mixture

transferred

to

a

sealed

reaction

vessel

charged

with

carbonylchlorohydridotris-(triphenylphosphine)ruthenium(II)105 (51.3 mg, 3 mol %). The
reaction mixture was heated at 130 °C for 13.5 hour, cooled to room temperature and filtered
through a plug of cotton wool. The solvent was concentrated in vacuo and the resulting
residue purified by flash column chromatography on silica gel eluting with ethyl acetate/nhexanes (4:1) providing the title compound (161 mg, 1.45 mmol, 80 %) as a pale yellow
liquid.
1

H and 13C NMR indicated the presence of two rotamers in 7:3 ratio

Major rotamer:
δH (400 MHz, CDCl3) = 6.45 – 6.42 (1 H, m, CH), 5.23 – 5.10 (1 H, m, CH), 3.87 – 3.79
(2 H, m, CH2), 2.64 (2 H, t, J = 8.9 Hz, CH2), 2.12 (3 H, s, Me)
δC (100 MHz, CDCl3) = 166.4 (C=O), 129.5 (CH), 111.8 (CH), 44.9 (CH2), 28.6 (CH2), 21.9
(Me)
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Minor rotamer:
δH (400 MHz, CDCl3) = 6.94 – 6.93 (1 H, m, CH), 5.23 – 5.10 (1 H, m, CH), 3.87 – 3.79 (2
H, m, CH2), 2.77 (2 H, t, J = 8.9 Hz, CH2), 2.07 (3 H, s, Me)
δC (100 MHz, CDCl3) = 166.3 (C=O), 129.2 (CH), 110.6 (CH), 46.3 (CH2), 30.3 (CH2), 22.4
(CH3)
Spectroscopic data consistent with literature values.103a

N-(2-(5-Bromo-7-methoxyindol-3-yl)ethyl)acetamide (156), N-(2-(5-bromoindol-3yl)ethyl)acetamide (167), and N-(2-(5-bromo-1-((4-bromo-3-methoxyphenyl)amino)indol-3-yl)ethyl)acetamide (168)

To a solution of N-acyl-2-pyrroline (157) (100 mg, 0.90 mmol) in acetic acid/ethanol/water
(0.5:0.7:0.8, 2 mL) was added dropwise a solution of (4-bromo-2-methoxyphenyl)hydrazine
hydrochloride (159) (287 mg, 1.13 mmol) in the same solvent mixture (1.13:1.58:1.80, 4.5
mL). The mixture was stirred at 70 °C for 30 min. The reaction mixture was diluted with
water and extracted with ethyl acetate (5 x 10 mL). The combined organic phases were
washed with water (2 x 10 mL), sat. NaHCO3 (2 x 10 mL), brine (2 x 10 mL), dried (MgSO4)
filtered and the solvent concentrated in vacuo. Purification by flash column chromatography
on silica gel eluting with dichloromethane/methanol (24:1) provided the title compounds 156,
167 and 168.
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N-(2-(5-Bromo-7-methoxyindol-3-yl)ethyl)acetamide (156)

Light orange powder (155 mg, 0.50 mmol, 55 %).
Mp: 186.4 – 189.2 °C
νmax cm-1 (neat): 3293, 2932, 2885, 2852, 1611, 1553, 1479, 1447, 1370, 1227
δH (400 MHz, CDCl3) = 8.24 (1 H, br s, NH), 7.34 (1 H, d, J = 1.4, Ar-H), 7.01 (1 H, d, J =
2.4, Ar-H), 6.75 (1 H, d, J = 1.4, Ar-H), 5.46 (1 H, br m, NH), 3.94 (3 H, s, Me), 3.56 (2 H, q,
J = 6.5, CH2), 2.90 (2 H, t, J = 6.5, CH2), 1.93 (3 H, s, Me)
δC (100 MHz, CDCl3) = 170.1 (C=O), 146.5 (C), 129.6 (C), 125.7 (C), 122.4 (CH), 114.2
(CH), 113.3 (C), 112.6 (C), 105.9 (CH), 55.7 (Me), 39.9 (CH2), 25.3 (CH2), 33.4 (Me)
+
+
+
MS [EI ]: [MNa ] found 333.0203. [C13H1579BrN2NaO2 + Na] requires 333.0209

N-(2-(5-Bromoindol-3-yl)ethyl)acetamide (167)

Brown oil, (3 mg, 0.011 mmol, 1 % w/w).
δH (400 MHz, acetone-d6) = 10.23 (1 H, br s, NH), 7.76 (1 H, d, J = 1.9, Ar-H), 7.34 (1 H, d,
J = 8.6, Ar-H), 7.22 (1 H, d, J = 1.9, Ar-H), 7.19 (1 H, dd, J = 8.6, 1.9, Ar-H), 7.13 (1 H, br
m, NH), 3.46 (2 H, q, J = 7.1, CH2), 2.90 (2 H, t, J = 7.1, CH2), 1.86 (3 H, s, Me)
δC (100 MHz, CDCl3) = 170.1 (C=O), 135.0 (C), 129.2 (C), 125.0 (CH), 123.2 (CH), 121.4
(CH), 112.9 (C), 112.8 (C), 112.7 (CH), 39.8 (CH2), 25.2 (CH2), 23.4 (Me)
+

+

+

MS [EI ]: [M ] found 281.0276. [C12H1379BrN2O] requires 281.0284
1

H NMR spectroscopic data consistent with literature values.155
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N-(2-(5-Bromo-1-((4-bromo-3-methoxyphenyl)amino)indol-3-yl)ethyl)acetamide (168)

Yellow powder (52 mg, 0.11 mmol, 19 % w/w).
Mp: 172.2 – 177.3 °C
νmax cm-1 (neat): 3315, 3250, 3074, 2936, 2968, 1636, 1494, 1245
δH (400 MHz, CDCl3) = 7.73 (1 H, d, J = 1.8, Ar-H), 7.28 (1 H, dd, J = 8.7, 1.8, Ar-H), 7.10
(1 H, d, J = 8.7, Ar-H), 7.04 (1 H, br s, NH), 7.01 (2 H, m, 2 x Ar-H), 6.82 (1 H, dd, J = 8.5,
1.9, Ar-H), 5.82 (1 H, d, J = 8.5, Ar-H), 5.50 (1H, br m, NH), 3.96 (3 H, s, Me), 3.56 (2 H, q,
J = 6.9, CH2), 2.92 (2 H, t, J = 6.9, CH2), 1.95 (3 H, s, Me)
δC (100 MHz, CDCl3) = 170.2 (C=O), 147.0 (C), 135.8 (C), 135.2 (C), 127.9 (C), 127.5
(CH), 125.8 (CH), 124.2 (CH), 121.8 (CH), 113.9 (CH), 113.64 (C), 113.60 (CH), 113.0 (C),
111.6 (C), 111.1 (CH), 56.1 (Me), 39.9 (CH2), 25.3 (CH2), 23.5 (Me)
MS [EI+]: [M + Na+] found 501.9729. [C19H1979Br2N3NaO2]+ requires 501.9736

N-(2-(5-Bromo-7-hydroxyindol-3-yl)ethyl)acetamide (hemi-dendridine A acetate 141)

To a solution of 7-methoxytryptamine 156 (100 mg, 0.32 mmol) in N-methyl-2-pyrrolidone
(1 mL) was added freshly ground potassium carbonate (9 mg, 20 mol %) followed by
thiophenol (0.046 mL, 0.45 mmol). After heating the reaction mixture at 160 °C for 1 hour,
an additional quantity of potassium carbonate (4.4 mg, 10 mol %) was added followed by
thiophenol (0.046 mL, 0.45 mmol). The reaction mixture was heated at 160 °C for a further 4
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hours then cooled to room temperature. The reaction mixture was quenched with water (3
mL), acidified to pH ~ 2 (10 % HCl) then extracted with ethyl acetate (4 x 5 mL). The
combined organic extracts were washed with water (2 x 10 mL), brine (3 x 10 mL), dried
(MgSO4), filtered and concentrated in vacuo. Purification by flash column chromatography
on silica gel eluting with dichloromethane/methanol (24:1) provided the title compound as a
yellow oil (38 mg, 0.13 mmol, 40 %) alongside tryptamine 179.
νmax cm-1 (neat): 3318, 2920, 2851, 1621, 1563, 1430, 1228
δH (400 MHz, DMSO-d6) = 10.86 (1 H, br s, NH), 9.97 (1 H, br s, OH) 7.89 (1 H, br t, J =
5.5, NH) 7.13 (1 H, d, J = 1.6, Ar-H), 7.07 (1 H, d, J = 2.4, Ar-H), 6.60 (1 H, d, J = 1.6, ArH), 3.25 (2 H, q, J = 7.6, CH2), 2.72 (2 H, t, J = 7.6, CH2), 1.79 (3 H, s, Me)
δC (100 MHz, DMSO-d6) = 168.9 (C=O), 144.5 (C), 130.2 (C), 125.1 (C), 123.4 (CH), 112.2
(C), 111.7 (CH), 110.7 (C), 108.0 (CH), 39.5 (CH2), 25.1 (CH2), 22.6 (Me)
+

+

+

MS [EI ]: [M ] found 297.0236. [C12H1379BrN2O2] requires 297.0233

N-(2-(7-hydroxy-5-(phenylthio)indol-3-yl)ethyl)acetamide (179)

Pink solid (10 mg, 0.034 mmol, 11 % w/w).
Mp: 60.3 – 65.2 °C
νmax cm-1 (neat): 3183, 2923, 2852, 1605, 1493, 1439, 688
δH (400 MHz, DMSO-d6) = 10.93 (1 H, br s, NH), 9.81 (1 H, br s, OH) 7.89 (1 H, br t, J =
5.5, NH) 7.27 – 7.23 (3 H, m, 3 x Ar-H), 7.13 – 7.07 (4 H, m, 4 x Ar-H), 6.58 (1 H, d, J =
1.4, Ar-H), 3.27 (2 H, q, J = 7.3, CH2), 2.75 (2 H, t, J = 7.3, CH2), 1.76 (3 H, s, Me)
δC (100 MHz, CDCl3) = 168.9 (C=O), 144.2 (C), 139.6 (C), 129.7 (C), 128.9 (CH), 126.7
(CH), 126.5 (C), 125.2 (CH), 123.2 (CH), 120.1 (C), 116.6 (CH), 112.8 (C), 110.8 (CH), 39.5
(CH2), 25.1 (CH2), 22.6 (Me)
+

+

+

MS [EI ]: [M ] found 327.1157. [C18H18N2O2S] requires 327.1162
140

Chapter Five: Experimental
2-Isopropoxynitrobenzene (180)

Synthesised according to the procedure by Bhatia et al.156
Yellow oil (2.48 g, 13.7 mmol, 95 %).
δH (400 MHz, CDCl3) = 7.75 (1 H, dd, J = 8.2, 1.5, Ar-H), 7.51 – 7.46 (1 H, m, Ar-H), 7.09
(1 H, d, J = 8.4, Ar-H), 7.00 – 6.96 (1 H, m, Ar-H), 4.68 (1 H, sep, J = 6.1, CH), 1.38 (6 H, d,
J = 6.1, 2 x Me)
δC (100 MHz, CDCl3) = 151.3 (C), 141.2 (C), 133.6 (CH), 125.4 (CH), 120.1 (CH), 116.1
(CH), 72.6 (CH), 21.9 (2 x Me)
Spectra consistent with literature values.157

2-Isopropoxyaniline (181)

To a solution of 2-isopropoxynitrobenzene (180) (1.04 g, 5.7 mmol) and ammonium chloride
(2.90 g, 54 mmol) in methanol/water (10:1, 50 mL) was added zinc powder (3.55 g, 54
mmol) and the reaction mixture heated under reflux for 1 hour. The reaction mixture was
cooled to room temperature then filtered and the solids washed with methanol (10 mL). The
filtrates were collected and the volatile components removed in vacuo. The residue was taken
up in ethyl acetate (50 mL) and washed with water (50 mL) and brine (25 mL), then dried
(MgSO4), filtered and the solvent concentrated in vacuo to give the title compound as a red
oil (766 mg, 5.1 mmol, 90 %) which was used without further purification.
δH (400 MHz, CDCl3) = 6.80 – 6.66 (4 H, m, Ar-H), 4.51 (1 H, sep, J = 6.1, CH), 3.77 (2 H,
br s, NH2), 1.34 (6 H, d, J = 6.1, 2 x Me)
δC (100 MHz, CDCl3) = 145.4 (C), 137.3 (C), 121.1 (CH), 118.4 (CH), 115.3 (CH), 113.7
(CH), 70.6 (CH), 22.3 (2 x Me)
+
+
+
MS [EI ]: [M ] found 152.1071. [C9H13NO + H] requires 152.1070
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Spectra consistent with literature values 157

4-Bromo-2-isopropoxyaniline (182)

At room temperature, a solution of N-bromosuccinimide (294 mg, 1.65 mmol) in DMF (8.5
mL) was added dropwise over 10 minutes to a solution of 2-isopropoxyaniline (181) (250
mg, 1.65 mmol) in DMF (8.6 mL). The reaction mixture was stirred at room temperature for
2 hours then poured into water (50 mL) and extracted with dichloromethane (4 x 30 mL). The
combined organic extracts were washed with water (2 x 30 mL), brine (2 x 30 mL), dried
(MgSO4), filtered and concentrated in vacuo. The crude oil was purified by flash column
chromatography eluting with n-hexanes/ethyl acetate 9:1 to provide the title compound as a
red oil (336 mg, 1.46 mmol, 88 %).
νmax cm-1 (neat): 3468, 3373, 2976, 2928, 1604, 1492, 1276, 1215, 1110, 954, 801
δH (400 MHz, CDCl3) = 6.89 (1 H, d, J = 2.0, Ar-H), 6.87 (1 H, dd, J = 8.2, 2.0 Ar-H), 6.58
(1 H, d, J = 8.2, Ar-H), 4.50 (1 H, sep, J = 6.0, CH), 3.77 (2 H, br s, NH2), 1.35 (6 H, d, J =
6.0, 2 x Me)
δC (100 MHz, CDCl3) = 146.0 (C), 136.4 (C), 123.7 (CH), 116.5 (CH), 116.0 (CH), 109.4
(C), 71.1 (CH), 22.1 (2 x Me)
+

+

+

MS [EI ]: [M ] found 230.0166. [C9H1379BrNO] requires 230.0175
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(4-Bromo-2-isopropoxyphenyl)hydrazine hydrochloride salt (183)

4-Bromo-2-isopropoxyaniline (182) (350 mg, 1.53 mmol) was added to concentrated HCl (6
mL) and stirred at 0 °C for 15 min. A solution of sodium nitrite (116 mg, 1.68 mmol) in
water (2 mL) cooled to -40 °C was added dropwise over 20 min, and the reaction mixture
stirred for 45 min at 0 °C. Next a solution of tin(II) chloride (435 mg, 2.29 mmol) in
concentrated HCl (6 mL) cooled to -40 °C was added dropwise. The resulting suspension was
stirred at 0 °C for an hour then allowed to warm to room temperature over a further hour. The
solid obtained was washed with cold 10 % HCl (10 mL), cold ether (10 mL), and dried in
vacuo to give the title compound as a brown solid (243 mg, 0.86 mmol, 56 %).
Mp: 111.7 – 114.6 °C
νmax cm-1 (neat): 3226, 3163, 2978, 2622, 1600, 1493, 1460, 1249, 1130, 1109, 959, 806
δH (400 MHz, DMSO-d6) = 10.07 (3 H, br s, NH3+), 7.56 (1 H, br s, NH), 7.17 (1 H, d, J =
1.9, Ar-H), 7.09 (1 H, dd, J = 8.5, 1.9, Ar-H), 6.97 (1 H, d, J = 8.5, Ar-H), 4.69 (1 H, sep, J =
6.0, CH), 1.29 (6 H, d, J = 6.0, 2 x Me)
δC (100 MHz, DMSO-d6) = 146.4 (C), 134.7 (C), 123.0 (CH), 116.1 (CH), 115.5 (CH), 113.2
(C), 71.0 (CH), 21.6 (2 x Me)
+

+

+

MS [EI ]: [M ] found 245.0289. [C9H1479BrN2O] requires 245.0284
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N-(2-(5-Bromo-7-isopropoxyindol-3-yl)ethyl)acetamide

(184),

N-(2-(5-Bromoindol-3-

yl)ethyl)acetamide (167), and N-(2-(5-Bromo-1-((4-bromo-2-isopropoxyphenyl)amino)
indol-3-yl)ethyl)acetamide (185)

To a solution of N-acetyl-2-pyrroline (157) (107 mg, 0.96 mmol) in acetic acid/ethanol/water
(0.5:0.7:0.8, 2 mL) was added dropwise over 20 minutes a solution of (4-bromo-2isopropoxyphenyl)hydrazine hydrochloride (183) (298 mg, 1.06 mmol) in the same solvent
mixture (1.2:1.8:2.0, 5 mL). The mixture was stirred at 70 °C for 45 min then cooled to room
temperature and diluted with water (30 mL), then extracted with ethyl acetate (4 x 30 mL).
The combined organic layers were washed with water (2 x 100 mL), saturated NaHCO3
solution (2 x 100 mL), brine (100 mL) and then dried (MgSO4), filtered and the solvent
concentrated in vacuo. Purification by flash column chromatography eluting with
dichloromethane/methanol (24:1) provided the title compounds 184, 167, and 185.

N-(2-(5-Bromo-7-isopropoxyindol-3-yl)ethyl)acetamide (184)

Brown oil (145 mg, 0.43 mmol, 45 %).
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νmax cm-1 (neat): 3266, 2976, 2927, 1729, 1637, 1559, 1473, 1435, 1371, 1233, 1109, 1044,
872
δH (400 MHz, CDCl3) = 8.37 (1 H, br s, NH), 7.30 (1 H, d, J = 1.4, Ar-H), 6.98 (1 H, d, J =
2.4, Ar-H), 6.75 (1 H, d, J = 1.4, Ar-H), 5.57 (1 H, br s, NH), 4.68 (1 H, sep, J = 6.0, CH),
3.54 (2 H, q, J = 6.7, CH2), 2.89 (2 H, t, J = 6.7, CH2), 1.93 (3 H, s, Me), 1.40 (6 H, d, J =
6.0, 2 x Me)
δC (100 MHz, CDCl3) = 170.1 (C=O), 144.7 (C), 129.6 (C), 126.6 (C), 122.3 (CH), 113.7
(CH), 113.1 (C), 112.5 (C), 107.6 (CH), 70.8 (CH), 39.8 (CH2), 25.3 (CH2), 23.3 (Me), 22.1
(2 x Me)
+
+
+
MS [EI ]: [MNa ] found 361.0521. [C15H1979BrN2O2 + Na] requires 361.0522

N-(2-(5-Bromoindol-3-yl)ethyl)acetamide (167)
Brown oil (11 mg, 0.039 mmol, 4 % w/w).
Spectroscopic data identical to that obtained by the Fischer indole synthesis described on
page 138.

N-(2-(5-Bromo-1-((4-bromo-2-isopropoxyphenyl)amino)indol-3-yl)ethyl)acetamide (185)

Brown oil (13 mg, 0.026 mmol, 5 % w/w)
νmax cm-1 (neat): 3284, 2976, 2929, 1645, 1589, 1492, 1406, 1245, 1209, 1115, 955, 732
δH (400 MHz, CDCl3) = 7.72 (1 H, d, J = 1.6, Ar-H), 7.26 (1 H, dd, J = 8.7, 1.8, Ar-H), 7.08
(1 H, d, J = 8.7, Ar-H), 7.06 (1 H, s, Ar-H), 7.01 (2 H, m, 1 x Ar-H, 1 x NH), 6.79 (1 H, dd,
J = 8.5, 1.96, Ar-H), 5.88 (1 H, d, J = 8.5, Ar-H), 5.58 (1 H, br s, NH), 4.66 (1 H, sep, J =
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6.1, CH), 3.56 (2 H, q, J = 6.9, CH2), 2.92 (2 H, t, J = 6.9, CH2), 1.95 (3 H, s, Me), 1.44 (6 H,
d, J = 6.1, 2 x Me)
δC (100 MHz, CDCl3) = 170.1 (C=O), 145.1 (C), 136.5 (C), 135.0 (C), 127.7 (C), 127.4
(CH), 125.6 (CH), 123.9 (CH), 121.7 (CH), 116.1 (CH), 113.9 (CH), 113.5 (C), 112.8 (C),
111.4 (C), 111.0 (CH), 71.7 (CH), 39.8 (CH2), 25.2 (CH2), 23.4 (Me), 22.2 (2 x Me)
+
+
+
MS [EI ]: [M ] found 530.0049. [C21H2379Br2N3O2 + Na] requires 530.0049

N-(2-(5-Bromo-7-hydroxyindol-3-yl)ethyl)acetamide (hemi-dendridine A acetate 141)

To a solution of tryptamine 184 (22 mg, 0.065 mmol) in dichloromethane (3 mL) at 0 °C was
added aluminium(III) chloride (35 mg, 0.26 mmol). The reaction mixture was stirred at 0 °C
for 2 hours then warmed to room temperature and stirred a further 2 hours. Water was added
(5 mL) and the reaction mixture extracted with ethyl acetate (6 x 5 mL). The combined
organic extracts were washed with water (10 mL), brine (10 mL), then dried (Na2SO4),
filtered and the solvent concentrated in vacuo. The crude residue was purified by flash
column chromatography eluting with dichloromethane/methanol (93:7) to provide the title
compound as a brown waxy oil (12 mg, 0.39 mmol, 61 %).
Obtained spectroscopic data identical to that of 141 synthesised by the demethylation of 7methoxytryptamine (156) (page 139).
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6,6ʹ-Dimer (186)

A suspension of N-acetyl-5-bromo-7-hydroxytryptamine (141) (6 mg, 0.020 mmol) in toluene
(1.5 mL) was sonicated at 40 °C for 30 min. Di-tert-butylperoxide (0.006 mL, 0.030 mmol)
was added and the reaction mixture heated in a sealed tube at 130 °C for 16 hours. After
cooling to room temperature, the volatile components were removed in vacuo. The residue
was taken up in pyridine (0.8 mL), and acetic anhydride (0.1 mL) was added and the reaction
mixture was stirred at room temperature for 5 hours, then concentrated in vacuo. The crude
residue

was

purified

by

flash

column

chromatography

eluting

with

dichloromethane/methanol (47:3) to provide the title compound (1.7 mg, 0.0025 mmol, 25 %)
as a yellow oil.
νmax cm-1 (neat): 2922, 2851, 1463, 1267
δH (500 MHz, DMSO-d6) = 11.18 (2 H, d, J = 2.0, 2 x NH), 8.01 (2 H, t, J = 5.6, 2 x NH),
7.77 (2 H, s, 2 x Ar-H) 7.29 (2 H, d, J = 2.2, 2 x Ar-H), 3.40 – 3.33 (4 H, m, 2 x CH2) 2.83 (4
H, t, J = 7.4, 2 x CH2), 1.91 (6 H, s, 2 x Me), 1.82 (6 H, s, 2 x Me)
δC (125 MHz, DMSO-d6) = 169.1 (2 x C=O), 167.5 (2 x C=O), 134.9 (2 x C), 129.6 (2 x C),
128.1 (2 x C), 124.9 (2 x CH), 122.4 (2 x C), 119.1 (2 x CH), 113.9 (2 x C), 112.3 (2 x C),
25.1 (2 x CH2), 24.9 (2 x CH2), 22.7 (2 x Me), 20.6 (2 x Me)
+
+
+
MS [EI ]: [M ] found 697.0253. [C28H2879Br2N4O6 + Na] requires 697.0268
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N-(2-(5-Bromo-3-hydroxy-7-methoxy-2-oxoindolin-3-yl)ethyl)acetamide (204)

To a solution of 7-methoxytryptamine 156 (30 mg, 0.096 mmol) in acetic acid (4 mL) at
room temperature was added a solution of PIFA (6.2 mg, 0.015 mmol) in acetic acid (2 mL),
followed by a solution of HAuCl4.(H2O)3 (1.9 mg, 0.0048 mmol) in acetic acid (2 mL). The
reaction mixture was stirred at 80 °C for 3 days, then a solution of PIFA (6.2 mg, 0.015
mmol) in acetic acid (2 mL), was added followed by a solution of HAuCl4.(H2O)3 (1.9 mg,
0.0048 mmol) in acetic acid (2 mL). The reaction mixture was stirred for a further day at
80 °C, then cooled to room temperature and quenched by the addition of water (20 mL), then
extracted with ethyl acetate (5 x 20 mL). The combined organic extracts were washed with
saturated NaHCO3 (2 x 50 mL), water (2 x 50 mL), brine (50 mL), and then dried (MgSO4),
filtered and the solvent concentrated in vacuo. The crude residue was purified by preparatory
thin layer chromatography eluting with dichloromethane/methanol (93:7) to provide the title
compound as a yellow oil (4 mg, 0.012 mmol, 12 %).
δH (400 MHz, CDCl3) = 7.42 (1 H, br s, NH), 7.14 (1 H, d, J = 1.5, Ar-H), 7.00 (1 H, d, J =
1.5, Ar-H), 5.96 (1 H, br s, NH), 3.87 (3 H, s, Me), 3.59 (1 H, br s, OH), 3.51 – 3.38 (2 H, m,
CH2), 2.10 (2 H, t, J = 6.5, CH2), 1.94 (Me)
δC (DEPT-135) (100 MHz, CDCl3) = 119.6 (CH), 115.8 (CH), 56.1 (Me), 37.7 (CH2), 34.4
(CH2), 23.3 (Me)
+
+
+
MS [EI ]: [M ] found 365.0113. [C13H1579BrN2O4 + Na] requires 365.0107

5-Bromo-7-methoxy-1H-indole-3-carbaldehyde (205)

Ammonium metavanadate (33.8 mg, 0.29 mmol) was dissolved in boiling water (6 mL) and
cooled to room temperature. To this was added slowly a solution of perchloric acid (0.33 mL)
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in water (1.5 mL). This reagent was added dropwise to a solution of 7-methoxytryptamine
156 (30 mg, 0.096 mmol) in acetone (5 mL). The reaction mixture was stirred at room
temperature for 3 hours, then a further 7 days at 40 °C. The reaction mixture was cooled to
room temperature, and water (15 mL) was added and the whole extracted with
dichloromethane (5 x 10 mL). The combined extracts were washed with water (3 x 30 mL),
saturated NaHCO3 (30 mL), brine (30 mL), then dried (MgSO4), filtered, and the solvent
concentrated in vacuo. The crude residue was purified by flash column chromatography
eluting with dichloromethane/methanol (93:7) to provide the title compound as a yellow oil
(1 mg, 0.0039 mmol, 4 %)
δH (400 MHz, CDCl3) = 10.03 (1 H, s, CH), 8.91 (1 H, br s, NH), 8.07 (1 H, s, Ar-H), 7.78 (1
H, d, J = 2.8), 6.89 (1 H, s, Ar-H), 3.96 (3 H, s, Me)
MS [EI+]: [M+] found 275.9641 [C10H879BrNO2 + Na]+ requires 275.9631
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N,N′-Diacetyl dendridine A (206)
Method A: Oxidative aromatic coupling of 7-methoxytryptamine 156, followed by global
demethylation of the inseparable mixture of 4,4′-dimer 188 and unidentified unsymmetrical
dimers.

To a solution of 7-methoxytryptamine 156 (38 mg, 0.12 mmol) in dichloromethane (12 mL)
at 0 °C was added molybdenum pentachloride (100 mg, 0.37 mmol), and titanium
tetrachloride (~0.02 mL). The reaction mixture was stirred for 5 hours at 0 °C, then poured
into sat. NaHCO3 (100 mL), extracted with ethyl acetate (100 mL x 4), and then the combined
extracts were washed with saturated NaHCO3 (100 mL), water (2 x 100 mL), brine (100 mL),
dried (Na2SO4), filtered and the solvent concentrated in vacuo. Flash column chromatography
eluting with dichloromethane/methanol (23:1) provided a mixture of the 4,4′-dimer 188 and
unsymmetrical dimers (20.3 mg, 54 %). 1H NMR analysis suggests that the 4,4′-dimer is
present in a 1:1 mixture with unidentified dimer(s), giving an approximate yield of 10.1 mg
(0.017 mmol, 27 %).
To the mixed dimers (20 mg combined weight, therefore assuming 10 mg of 4,4′-dimer 188)
was added tetrabutylammonium bromide (130 mg), and the mixture was stirred at 180 °C for
2 days. The crude residue was taken up in ethyl acetate (15 mL), washed with water (4 x 10
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mL), brine (10 mL), and then dried (Na2SO4), filtered, and the solvent concentrated in vacuo.
The

crude

was

purified

by

flash

column

chromatography

eluting

with

dichloromethane/methanol (91:9) to provide a pure sample of the title compound as a yellow
oil (2.1 mg, 0.0035 mmol, 22 %).
νmax cm-1 (neat): 2925, 2853, 1617, 1560, 1469, 1427, 1373, 1277
δH (500 MHz, methanol-d4) = 7.34 (2 H, br s, 2 x NH), 6.95 (2 H, s, 2 x Ar-H), 6.82 (2 H, s, 2
x Ar-H), 2.83 (4 H, t, J = 6.6, 2 x CH2), 2.13 – 1.98 (4 H, m, 2 x CH2), 1.81 (6 H, s, 2 x Me)
δC (125 MHz, methanol-d4) = 172.9 (2 x C=O), 144.8 (2 x C), 130.0 (2 x C), 127.3 (2 x C),
125.5 (2 x C), 124.7 (2 x CH), 116.6 (2 x C), 114.9 (2 x C), 110.0 (2 x CH), 41.2 (2 x CH 2),
26.0 (2 x CH2), 22.4 (2 x Me)
MS [EI+]: [MNa+] found 613.0050. [C24H2479Br2N4O4 + Na]+ requires 613.0057

Method B: Oxidative aromatic coupling of 7-isopropoxytryptamine 184, followed by
deisopropylation of the 4,4′-dimer 207.

O,O′-Diisopropyl-N,N′-diacetyl dendridine A (207)

To a solution of 7-isopropoxytryptamine 184 (10 mg, 0.029 mmol) in dichloromethane (3
mL) at 0 °C was added molybdenum pentachloride (32 mg, 0.12 mmol) followed by titanium
tetrachloride (0.01 mL, 0.12 mmol) and the reaction mixture was stirred at 0 °C for 1.5 hours.
Saturated NaHCO3 solution (50 mL) was added and the whole extracted with ethyl acetate (4
x 50 mL). The combined organic extracts were washed with saturated NaHCO3 (100 mL),
water (100 mL), brine (100 mL), and then dried (Na2SO4), filtered and the solvent
concentrated in vacuo. The crude residue was purified by flash column chromatography
eluting with dichloromethane/methanol (23:2) to provide the title compound (3.2 mg, 0.0047
mmol, 32 %) as an orange resin.
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νmax cm-1 (neat): 2927, 2853, 1726, 1647, 1557, 1434, 1373, 1276, 1212, 1175, 1107
δH (500 MHz, methanol-d4) = 6.95 (2 H, s, 2 x Ar-H), 6.93 (2 H, s, 2 x Ar-H), 4.78 (2 H, sep,
J = 6.0, 2 x CH), 2.83 – 2.80 (4 H, m, 2 x CH2), 2.12 – 1.91 (4 H, m, 2 x CH2), 1.79 (6 H, s,
Me), 1.46 – 1.45 (12 H, m, 4 x Me)
δC (125 MHz, methanol-d4) = 172.8 (C=O), 145.5 (C), 129.6 (C), 128.5 (C), 126.6 (C), 124.8
(CH), 116.6 (C), 114.8 (C), 109.0 (CH), 72.2 (CH), 41.1 (CH2), 25.9 (CH2), 22.51 (Me),
22.47 (Me), 22.42 (Me)
MS [EI+]: [M+] found 675.1167. [C30H3779Br2N4O4]+ requires 675.1176

N,N′-Diacetyl dendridine A (206)

To a solution of O,O′-diisopropyl-N,N′-diacetyl dendridine A (207) (11.3 mg, 0.017 mmol) in
dichloromethane (2 mL) at 0 °C was added aluminium(III) chloride (40 mg, 0.30 mmol) and
the reaction mixture was stirred at 0 °C for 50 minutes. Saturated NaHCO3 solution (50 mL)
was added and the whole extracted with ethyl acetate (4 x 50 mL). The combined organic
phases were washed with NaHCO3 (100 mL), water (200 mL), brine (100 mL), and then dried
(Na2SO4), filtered and the solvent concentrated in vacuo. The crude residue was purified by
flash column chromatography eluting with dichloromethane/methanol (23:2) to provide the
title compound (9.2 mg, 0.016 mmol, 93 %) as a yellow oil.
Obtained spectroscopic data identical to that of 206 synthesised by Method A described on
page 150.
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Chapter Five: Experimental
Dendridine A (115) (diTFA salt)

To a solution of N,N′-diacetyl dendridine A (206) (10 mg, 0.017 mmol) in methanol (2 mL)
was added 4M aq HCl and the reaction mixture was heated to reflux for two days, then
cooled to room temperature and the solvents concentrated in vacuo. The crude residue was
purified by C18 column chromatography (eluting with water/CF3CO2H, 1:0.0005 then
water/methanol/CF3CO2H, 9:1:0.005) to provide the diTFA salt of dendridine A (3.2 mg,
0.0045 mmol, 27 %) as a yellow oil.
νmax cm-1 (DMSO): 3503, 2250, 2124, 1667, 1053, 1024, 1005, 820
δH (500 MHz, DMSO-d6) = 11.22 (2 H, s, 2 x NH), 10.18 (2 H, s, 2 x OH), 7.57 (6 H, br s, 2
x NH3+),7.09 (2 H, s, 2 x Ar-H), 6.82 (2H, s, 2 x Ar-H), 2.48 – 2.41 (4 H, m, 2 x CH2), 2.05
(4 H, t, J = 6.8, 2 x CH2)
δC (125 MHz, DMSO-d6) = 143.8 (2 x C), 127.9 (2 x C), 125.6 (2 x C), 124.5 (2 x CH), 122.6
(2 x C), 114.9 (2 x C), 110.6 (2 x C), 108.8 (2 x CH), 38.4 (CH2), 38.3 (CH2), 23.03 (CH2),
22.98 (CH2)
+

+

+

MS [EI ]: [M ] found 507.0037 [C20H2179Br2N4O2] requires 507.0026
Obtained spectra consistent with literature.72
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Chapter Five: Experimental
Dendridine A tetraacetate (208)

To a solution of N,N′-diacetyl dendridine A (206) (5.7 mg, 0.010 mmol) in pyridine (0.8 mL)
was added acetic anhydride (0.1 mL). The reaction mixture was stirred at room temperature
for 3 hours, then the solvents removed in vacuo. The crude mixture was purified by flash
column chromatography eluting with dichloromethane/methanol (47:3) to provide the title
compound (2.3 mg, 0.0034 mmol, 35 %) as a yellow oil.
νmax cm-1 (neat): 3385, 2924, 2853, 1731, 1647, 1451, 1369, 1198
δH (500 MHz, DMSO-d6) = 11.44 (2 H, d, J = 2.1, 2 x NH), 7.23 – 7.20 (2 H, m, 2 x NH),
7.20 (2 H, s, 2 x Ar-H), 7.16 (2 H, d, J = 2.3, 2 x Ar-H), 2.67 (4 H, q, J = 6.7, 2 x CH2), 2.39
(6 H, s, 2 x Me), 1.89 – 1.83 and 1.72 – 1.66 (4 H, m, 2 x CH2), 1.68 (6 H, s, 2 x Me)
δC (125 MHz, DMSO-d6) = 169.4 (2 x C=O), 169.3 (2 x C=O), 136.4 (2 x C), 129.5 (2 x C),
129.4 (2 x C), 128.5 (2 x C), 125.9 (2 x CH), 117.2 (2 x CH), 113.9 (2 x C), 113.4 (2 x C),
39.5 (2 x CH2), 25.2 (2 x CH2), 22.9 (2 x Me), 21.4 (2 x Me)
+
+
+
MS [EI ]: [MNa ] found 697.0294. [C28H2879Br2N4O6 + Na] requires 697.0268
1

H NMR spectrum matches literature, except we found CH2 peaks at 1.89 – 1.66, rather than

the literature quoted 3.3 ppm (assumed to be hidden under the water peak).72
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