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ABSTRACT

A stereocontrolled, convergent synthesis of the alkaloid australine, a glycosidase inhibitor of the pyrrolizidine class, is described. The chiral
starting materials were ketone 3, derived from L-erythrulose, and r-alkoxy aldehyde 4, prepared from L-malic acid. A key step of the synthesis
was the highly stereoselective aldol reaction between 4 and a Z boron enolate derived from 3. Another key step was the one-pot construction
of the bicyclic pyrrolizidine system by means of a three-step sequence of S N2 displacements induced by benzylamine on a trimesylate precursor.

Pyrrolizidine alkaloids have been isolated from species of
several plant families.1 Polyhydroxylated representatives have
been found in some genera belonging to the Leguminosae
and a few other families. For instance, australine1 and
alexine2 (Figure 1), its epimer at C-7a, were isolated from

Castanospermum australe2 and Alexa leiopetala,3 respec-
tively. Australine is an inhibitor of fungal amyloglucosidase

and of some glycoprotein-processing enzymes.4 Furthermore,
it displays anti-HIV activity.5 The diverse array of potentially
useful biological activities6 and the high degree of function-
ality embedded in these alkaloids make them attractive targets
for total synthesis.7,8

There has been formerly some confusion in the literature
about the true structure of australine. While that originally
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Figure 1. Structures of australine1 and alexine2.
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published for the natural compound relied on an X-ray
diffraction analysis2 and was thus unambiguous, the reported
NMR data2a were actually those of the epimer at C-1. These
inconsistencies were resolved in later publications as a
consequence of accurate NMR studies9 and stereoselective
syntheses.7

The published synthetic strategies for pyrrolizidine deriva-
tives vary widely.10 Considering only thetotal synthesis of
australine, five different approaches have been reported.
Denmark’s synthesis was based on an asymmetric tandem
[4 + 2]/[3 + 2] cycloaddition methodology,7b whereas
Pearson’s synthesis started from a sugar precursor7c and
Wong and Romero made use of a chemoenzymatic strategy.7d

In all three cases, one C-N bond was created first and the
other two in a subsequent, one-pot process. In contrast with
these methodologies, White’s and Madsen’s syntheses of
australine relied upon the ruthenium-catalyzed ring-closing
metathesis (RCM).7e,f This reaction was used to generate
hexahydroazocine epoxides, which underwent transannular
cyclizations to the desired pyrrolizidine system. RCM played
also an important role in Pyne’s attempted synthesis,11 in
which it was employed to create one of the two five-
membered rings. The strategy, however, proved suitable for
the preparation of 1-epiaustraline but failed in the case of
australine itself.

Our own retrosynthetic concept is depicted in Scheme 1.
As compared with the aforementioned syntheses, a distinctive
feature is the simultaneous disconnection of all C-N bonds
by means of three consecutive SN2 reactions with a nitrogen
nucleophile in a single precursor. This unveils the polyhy-
droxylated chain ofI (OX ) leaving group), in which the
stereogenic centers of C-2 and C-7a carbons show a
configuration opposite to the corresponding carbons in
australine. IntermediateI could be derived from ketoneII
which in turn can be disconnected, via retroaldol cleavage
of the C1-C7a bond, to ketoneIII and chiral aldehydeIV.
This represents a very convergent strategy in which the eight
carbon atoms of the target molecule are joined from two
four-carbon precursors.

We have recently demonstrated thatZ boron enolates
derived from L-erythrulose derivatives such asIII add

stereoselectively to (S)-R-alkoxyaldehydes to yield adducts
of general structureA (Scheme 2).12 The retrosynthetic

scheme proposed for australine relied upon this finding. Thus,
after a careful choice of appropriate protecting groups,III
andIV (Scheme 1) became3 (III, P 2 ) TES) and4 (IV, P3

) Bn, P5 ) TPS), respectively (Scheme 3).
The aldol addition of ketone313 to aldehyde414 was

accomplished under the described conditions.12 After oxida-
tive workup, the polyoxygenated ketone5 was obtained as
a single stereoisomer in 72% yield (Scheme 3). In order to
achieve a stereoselective reduction of the ketone carbonyl
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Soc.2004,126, 9307-9317.

Scheme 1. Retrosynthetic Analysis of Australine1

Scheme 2. Aldol Reaction of KetonesIII with
R-Alkoxyaldehydes
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group, aldol5 was treated with SEMCl15,16to yield the fully
protected ketone6. Reduction of6 with LiBH4 at -90 °C
stereoselectively furnished alcohol7 (dr > 95:5) in 80%
chemical yield. The TES group was then selectively removed
with the aid of catalytic amounts of DDQ in aqueous THF.17

This gave diol 8, which was then converted into the
perbenzylated derivative9. In order to set the polyhydroxy-
lated chain in a situation suitable for the foreseen SN2
displacements, the TPS, SEM, and acetonide groups had to
be removed with parallel protection of the primary alcohol
group liberated after acetonide hydrolysis. A number of
methods were assayed to accomplish this goal, but all
attempts at selective cleavage of the acetonide moiety were
plagued with formation of side products and low yields.

Eventually, treatment of compound9 with an excess of
MeMgBr in a refluxing toluene-ether mixture not only
caused an alkylative opening of the acetonide ring18 but also
cleaved the SEM group to yield diol10. This admittedly
unanticipated but felicitous finding increased the efficiency
of our synthetic strategy. Removal of the TPS group with
TBAF was followed by conversion of the corresponding triol
11 into trimesylate12. Attempts at one-pot cyclization of
12 to a pyrrolizidine derivative through reaction with
ammonia19 were unsuccessful. While no reaction took place
at room temperature, decomposition was observed under
forcing conditions. Interestingly, when a solution of12 in
DMSO was heated at 80°C with benzylamine and catalytic
amounts of NaI, the fully protected australine derivative13
was obtained rather than the anticipated quaternaryN-
benzylammonium salt. The reaction requires an excess of
benzylamine, as it is otherwise very slow, and the presence
of catalytic amounts of iodide ion, the yield being much
lower in its absence. It is likely that I-, as a better both
nucleophile and leaving group, displaces first the primary
mesylate group in12 and becomes then displaced by the
amine nucleophile. The second and third nucleophilic
substitutions by the nitrogen atom are intramolecular. After
formation of the third C-N bond, iodide ion attacks on the
benzylic position of quaternary ammonium salti to yield 13
and benzyl iodide. The latter will then react with excess
benzylamine to give dibenzylamine (see proposed catalytic
cycle in Scheme 4).20 A key aspect for the success may be
the fact that one mesylate is primary while the other two
are secondary and relatively hindered. Thus,the first and
intermolecular SN2 step takes place only on the primary
mesylate. Indeed, when we studied the reaction on a
simplified model compound (the trimesylate of heptane-1,4,7-
triol), double SN2 substitution at both primary ends was
observed and no detectable amounts of pyrrolizidine were
recovered.

Compound13 was then hydrogenolytically debenzylated
to 14. Finally, acid-catalyzed cleavage of thetert-butyl
residue of14 followed by alcalinization provided synthetic
australine, with physical and spectral properties identical to
those reported for the natural compound.1,7,9The overall yield
of the 11-step sequence was 10% based on ketone3.

In summary, the pyrrolizidine alkaloid australine has been
synthesized using our recently reported double asymmetric
aldol addition as one key step. This allowed us to build up
the C1-C7a bond in one step with the desired configuration
at these two stereocenters. As a second key feature, the
pyrrolizidine ring system was constructed in a one-pot
procedure by means of three consecutive inter/intramolecular

(17) Tanemura, K.; Suzuki, T.; Horaguchi, T.J. Chem. Soc., Perkin
Trans. 11992, 2997-2998. These unconventional conditions were found
to be the only suitable means for the selective removal of the TES group
without cleaving the acetonide moiety and the TPS group.

(18) Cheng, W.-L.; Yeh, S.-M.; Luh, T.-Y.J. Org. Chem.1993, 58,
5576-5677.

(19) (a) We have found only one example in the recent literature of this
method of creation of pyrrolizidine systems: Dong, H. Q.; Shi, Z. C.; Lin,
G. Q.Chin. Chem. Lett.1997, 8, 773-776. (b) An old publication reported
the nonstereoselective formation of racemic 3-methylpyrrolizidine in the
reaction of 1,4,7-tribromo-3-methylheptane with ammonia under harsh
conditions (130°C): Seiwerth, R.; Orescanin-Majhofer, B.Monatsh. Chem.
1952,83, 1298-1300.

(20) The yield of13 (60% overall from triol11) is excellent, taking into
account that it is the result of seven consecutive steps (three mesylations,
three nucleophilic substitutions, and the N-debenzylation step).

Scheme 3. Stereoselective Synthesis of Australine1a

a Acronyms and abbreviations: Chx, cyclohexyl; TES, triethyl-
silyl; TPS,tert-butyldiphenylsilyl; SEM 2-(trimethylsilyl)ethoxym-
ethyl; TBAF, tetra-n-butylammonium fluoride hydrate; TFA,
trifluoroacetic acid.
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SN2 displacements on a trimesylate mediated by benzylamine.
The formation of the bicyclic ring system took place with
concomitantN-debenzylation of the presumed quaternary
ammonium salt intermediate. Future studies will focus on

the application of our methodology to the synthesis of other
members of the australine/alexin family.
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Scheme 4. Mechanistic Proposal for the Formation of13 from
12
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