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ABSTRACT

The marine natural product flustramine C from the bryozoan Flustra foliacea was synthesized in five steps and 38% yield starting from
Nb-methyltryptamine. The key step is the biomimetic oxidation of the natural product deformylflustrabromine causing selective 1,2-rearrangement
of the inverse prenyl group. By 1H,15N HMBC experiments, it is unambiguously shown that the reaction with t-BuOCl commences with chlorination
of the side chain nitrogen. Deformylflustrabromine itself was synthesized via Danishefsky inverse prenylation.

The bryozoanFlustra foliaceahas been a rich source of
brominated indole alkaloids bearing isoprenyl substituents
at various positions.1 The discovery of deformylflustrabro-
mine (1, Figure 1) as a major metabolite ofF. foliacea

collected near the North Sea island of Helgoland2,3 prompted
us to investigate the chemical link between1 and the pyrrolo-
[2,3-b]indole flustramine C (2).

Flustramine C (2) is functionalized by a 1,1-dimethylallyl
(“inverse prenyl”) group at the bridgehead C3a and co-
occurred with hydroxylated flustraminol A (3) in the same
specimen ofF. foliacea.4 The biosynthesis of2 and3 could
involve oxidation of deformylflustrabromine (1). Whereas
flustraminol A (3) appears to be formed via epoxidation of
the indole C2-C3 double bond of1, the biogenesis of
flustramine C (2) requires oxidation and rearrangement of
the prenyl group. It is unclear whether the prenyl shift is
enzyme assisted. Christophersen et al. did not report optical
activity for flustramine C (2) or flustraminol A (3),4 and
König et al. isolated (-)-2.3a The optical purity of (-)-2
([R]D

22 ) -10.1) has not been determined.
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Figure 1. Inversely prenylated bromoindole alkaloids from the
bryozoanFlustra foliacea.
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Deformylflustrabromine (1) affects the nicotinic acetyl-
choline receptor (nAChR).5 Flustramine C (2) shows elevated
concentrations in exposed parts ofF. foliacea, and it is
secreted into the surrounding water and could play an
important role in ecological interactions.3 It has also been
suggested that theFlustra alkaloids are important for the
bryozoan by controlling bacterial growth on its surface.6

There are two total syntheses of flustramine C by the
Sakamoto7 and Funk8 groups, both utilizing intermediates
oxygenated at the indole 2-position. Our approach presented
here employs deformylflustrabromine (1) as an immediate
precursor. For the synthesis of deformylflustrabromine,Nb-
methyltryptamine (4) was converted toNb-formyl-Nb-meth-
yltryptamine9 which cleanly underwent Danishefsky inverse
prenylation10-12 upon treatment witht-BuOCl and freshly
prepared prenyl-9-BBN,13 affording 1,1-dimethylallyl indole
5 in 80% yield (Scheme 1). It proved to be beneficial if 1,1-

dimethylallene14 and 9-BBN-H were allowed to react for
18 h at room temperature before use.

Monobromination of5 proceeded on treatment with 1
equiv of N-bromosuccinimide (NBS) in HOAc/HCO2H

(3:1) affording the natural product flustrabromine (6, X-ray
analysis)15 in 61% yield.16 As a side product, minor amounts
(15%) of the 4-brominated analogue were obtained.17 Alka-
line hydrolysis of flustrabromine (6) afforded deformylflus-
trabromine (1).

With gram quantities of deformylflustrabromine (1) in
hand, we were now able to investigate our key question. For
oxidative conversion of1 to 2, we first investigatedt-BuOCl.
On treatment of deformylflustrabromine (1) with 1 equiv of
t-BuOCl in the presence of NEt3 in THF at -78 °C, an
isolable, yet unstable, intermediate was formed (Scheme 2).

The ESI(-)FTMS spectrum indicated replacement of a
hydrogen by a chlorine atom. In the NMR spectrum,
chemical shifts of the side chain had shifted downfield and
the signals of the indole moiety remained almost unchanged.
We concluded that the side chain nitrogen had been
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Scheme 1. Synthesis of Deformylflustrabromine (1)

Scheme 2. Conversion of Deformylflustrabromine (1) to
Flustramine C (2)a

a Compounds were characterized by1H,15N HMBC experiments.
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chlorinated, as shown in structure7. This was supported by
a 1H,15N HMBC experiment revealingδN 105 ppm for the
side chain and 127 ppm for the indole nitrogen (CDCl3,
referenced toδ(NH3) 0 ppm). In comparison to compound
1, the signal of the indole nitrogen had shifted by only 0.1
ppm, and the chlorinated side chain nitrogen exhibited a
downfield shift of about 75 ppm.

On standing in CDCl3, we observed cyclization and
rearrangement of7 to protonated compound10 which was
also characterized by 2D NMR. Deprotonation of10 on
treatment with 2 N NaOH afforded flustramine C (2) in 60%
overall yield. Mechanistically, the reaction of7 could
commence with intra- or intermolecular chlorination of the
indole 3-position affording chloroindolenine8 which loses
chloride-forming cation9.1,5 Sigmatropic rearrangement
would then yield protonated flustramine C (2).

N-Chlorinated intermediate7 was always accompanied by
a minor side product (1:4) which was formed exclusively
when 2 equiv oft-BuOCl was employed. On the basis of
ESI(+)HRMS and NMR spectra, we found that dichlorinated
compound11 (Scheme 3) was generated. Whereas the15N

NMR chemical shift of the side chain nitrogen is close to
the case of N-chlorinated compound7 (δ 101 ppm compared
to δ 105 ppm), the indole nitrogen experienced a pronounced

downfield shift (δ 322 ppm compared toδ 127 ppm). This
is due to the formation of a 3-chloroindolenine partial struc-
ture with an imine nitrogen.

Over days in CDCl3 at room temperature, chloroindolenine
11 reacted to give a mixture of compounds among which
the protonated forms of 5-chloroflustramine C (12) and
flustramine C were the major components. After treatment
with 2 N NaOH, 5-chloroflustramine C (13, 30%) and
flustramine C (2, 25%) were isolated. As an intermediate,
N-chlorotrialkylammonium cation14 is possible. It is known
thatN-chlorotrialkylammonium salts are selective agents for
the chlorination of aromates.18

The synthesis of flustramine C was substantially improved
by replacingt-BuOCl with 1 equiv of NBS, providing2 in
an isolated yield of 90% (Scheme 4). No brominated side

product was formed. In this case, we were not able to isolate
any intermediate of the reaction pathway. Thus, initial
formation of a 3-bromoindolenine without side chain bro-
mination may also be possible.

The biosynthesis of flustramine C and dihydroflustramine
C (17) in Flustra foliaceahas never been investigated.
However, biosynthesis of prenylated indole alkaloids in
general has been the subject of intense investigation.19 It is
discussed (a) where and how inverse or direct prenyl groups
are initially introduced and (b) if and how migrations of
inverse or direct prenyl groups may proceed. In this paper,
we give an example of possible biomimetic chemistry
regarding the latter part.

Starting from the natural product15,15aScheme 5 outlines
three possible pathways. Following a classical proposal, aza-
Claisen rearrangement of an N-prenylated precursor (16, path
A) could occur. Alternatively, direct introduction of an
inverse prenyl group by SN2′ reaction at C3 may occur (path
B), without the involvement of inverse prenylation at C2,
as proposed by Harrison for the biosynthesis of roquefort-
ine.20 Inverse prenyl groups at C3 may also arise via a 1,2-
shift from C2 (path C), as proposed by Barrow21 and by
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Scheme 3. Conversion of Deformylflustrabromine (1) to
5-Chloroflustramine C (13) by Treatment with 2 equiv of

t-BuOCl/NEt3a

a Intermediate11 was characterized by1H,15N HMBC.

Scheme 4. Most Efficient Conversion of
Deformylflustrabromine (1) to Flustramine C (2)
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Gorst-Allman22 for the biosynthesis of roquefortine and by
Williams for paraherquamide A.23

Our investigation shows that, from a chemical perspective,
the biogenesis of flustramine C (2) may indeed proceed via
inverse prenylation of the indole 2-position (path C) in an
oxidative process.

Beyond ring contractions of carbazole derivatives,24 the
conversion of1 to 2 is the first chemically achieved 1,2-

shift of a nonfunctionalized inverse prenyl group from the
indole 2-position to the 3-position. Surprisingly, few 1,2-
prenyl shifts have been exploited for the total syntheses of
indole alkaloids. Successful reactions include acid-induced
rearrangements of N-prenylated indoles to varying mixtures
of 2-inversely and 2-directly prenylated indoles,25 of a
3-prenylated pyrrolo[2,3-b]indole to a 2-prenylated indole
under ring opening,26 and of a 3-prenylated indole to a 1:9
mixture of inversely and directly 2-prenylated indoles.27 In
the absence of the C2-C3 double bond, acid-catalyzed aza-
Claisen rearrangement of inversely N-prenylated indoles
resulted in 7-prenylation.28

Our novel approach to flustramine C (2) is quite efficient
(five steps, 38% yield starting fromNb-methyltryptamine (4)).
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Scheme 5. Possible Biogenetic Pathways toward
Dihydroflustramine C (17) and Flustramine C (2), Starting from

the Natural Product15
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