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ABSTRACT

An asymmetric total synthesis of ( −)-swainsonine and ( +)-6-epicastanospermine is described from a common intermediate, which is obtained
through diastereoselective [2 + 2] cycloaddition of dichloroketene to a chiral enol ether.

The [2+ 2] cycloaddition of dichloroketene (DCK) to chiral
enol ethers provides an efficient enantioselective approach
to substituted 4-hydroxypyrrolidinones.1 This methodology,
which has already been used successfully for the synthesis
of various relatively simple natural alkaloids,1b-h appeared
also to offer possible access to complex polyhydroxylated
indolizidines, such as (-)-swainsonine (1), (+)-6-epicastano-
spermine (2), and (+)-castanospermine (3) (Figure 1). These
naturally occurring azasugars, which are efficient glycosidase
inhibitors,2 have received considerable attention due to their
biological activities and the challenge inherent in their total
synthesis.3

Since a cis-trans aminodiol core is shared by many of
the polyhydroxylated indolizidines, (e.g.,1-3, highlighted
in red, Figure 1), it seemed a unified route to several of these
important compounds might be possible from a single† Dedicated to the memory of an outstanding person, Dr. Pierre Potier
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Figure 1. Polyhydroxylated indolizidines.
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intermediate. We now describe the synthesis of (-)-swain-
sonine and (+)-6-epicastanospermine from a common in-
termediate.

(-)-Swainsonine was first isolated in 1973 from the fungus
Rhizoctonia leguminicolain.4 It has been identified as the
major toxin in the Australian legumeSwainsona canescens5

and shown to be responsible for the “peastruck disease” in
sheep. It has also been found inAstragalusandOxytropis
species (commonly called locoweed) and is currently ex-
tracted in gram quantities from the latter.6 Swainsonine is a
potent inhibitor ofR-D-mannosidase and thus exhibits notable
biological properties, such as alteration of virus proliferation
and antimetastatic activity.7 It has been tested in many
countries as an adjunct to chemotherapy and is currently in
phase II clinical trials in the United States for the treatment
of cancer.8 Due to these exciting biological activities, as well
as its interesting structure, (-)-swainsonine has been a
particularly popular target for total synthesis.3,9 Most of the
approaches to date, however, parlay carbohydrate chirality.

(-)-Swainsonine, it seemed, would be obtainable by
dihydroxylation of dehydroindolizidineV,10 which could
arise through ring-closing metathesis (RCM) ofIV (Figure
2). Despite the obviousness of forming the indolizidine
skeleton through the use of RCM to close the six-membered
ring, no total synthesis of (-)-swainsonine has so far been
reported using this strategy.11 The substrate for the metathesis
reaction, in turn, could originate from allylic alcoholIII,
the envisioned pivotal intermediate for the preparation of
several of the polyhydroxylated indolizidines. This amino-
diol,12 secured by allylic oxidation of the Beckmann ring-
expanded productII , has recently been used in the synthesis
of the unusual amino acid (-)-detoxinine1h and in a prepara-
tion of (+)-retronecine.1i

Pyrrolidinone 9a was synthesized starting from theS
enantiomer of 1-(2,4,6-triisopropylphenyl)ethanol (Scheme

1).13 The potassium alkoxide of this alcohol (4, R*OH)
reacted with trichloroethylene to give dichloroenol ether5
in high yield. Treatment of the latter with 2 equiv of
n-butyllithium produced an ynol ether acetylide, which was
alkylated in situ with allyl iodide to yield ynol ether6a. The
selective partial reduction of the triple bond in6a with
diisobutylaluminum hydride in toluene14 at 50 °C then
afforded enol ether6b, free of the allyl-reduced product
partially formed under catalytic hydrogenation conditions.15

The [2 + 2] cycloaddition of dichloroketene (DCK) to
enol ether6b generated with excellent diastereoselectivity
(ca. 95%,1H NMR) dichlorocylobutanone7, which was
directly subjected to Beckmann ring expansion using Tamu-
ra’s reagent (MSH).16 Dechlorination of the uniquely formed
regioisomer with zinc-copper couple in acidic methanol then
afforded pyrrolidinone8 in 34% overall yield for the 5 steps
(80%/step). It should be noted that this sequence was
routinely performed on a multigram scale with only a final
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Figure 2. Retrosynthetic approach to (-)-swainsonine.

Scheme 1. Synthesis of the Key Intermediate
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purification. The assignment of the indicated stereochemistry
to the major diastereomer was initially based on considerable
precedent1 and was subsequently confirmed by the realization
of the synthesis of (-)-swainsonine. The minor lactam
diastereoisomer (ca. 5%), conveniently, filtered out over the
course of the synthesis.

Allylic oxidation of 8 under Sharpless conditions (SeO2,
t-BuOOH, ClCH2CH2Cl, reflux, 3.3 h) afforded the corre-
sponding allylic alcohols9a,b in 56% yield as a difficult to
separate 1:1 mixture, together with 25% of recovered starting
material. These conditions were found to be optimal, as the
over-oxidized enone product was unstable under the reaction
conditions. Certain variations in the starting material, for
example, replacing the chiral auxiliary with a benzoyl group,
did afford the allylic alcohols in a better ratio, but at the
expense of the yield (2:1 ratio and 36% yield for benzoyl).
The allylic alcohols were therefore oxidized with the Dess-
Martin periodinane to the corresponding sensitive enone,
which was then directly reduced using LiAlH4 in THF at
-25 °C. The desired cis-anti isomer9a was obtained as
the major product (92:8 diastereoisomeric ratio) in 82% yield
for the two steps. The assignment of the relative stereo-
chemistry in the major diastereoisomer was made through
1H NMR analysis of the oxazolidinone derivative11 (LiAlH 4;
carbonyldiimidazole, Scheme 2): a coupling constant of 8.2

Hz was observed for the oxazolidinone protons, which
indicated a cis relationship17 and thus cis-anti stereochem-
istry in 9a.

With this central intermediate in hand, the synthesis of
(-)-swainsonine was pursued (Scheme 3). The allylic alcohol
was converted into its triisopropylsilyl ether12 through
disilylation, followed by selective hydrolysis of the silyl
imidate with acetic acid (81%).N-Allylation of the lactam
was next achieved in 95% yield under phase-transfer
conditions (PTC).18 Ring-closing metathesis of13 using the
Grubbs II catalyst could be efficiently achieved in refluxing
dichloromethane to provide bicyclic14 in 84% yield.
Hydrogenation of the double bond over palladium on
charcoal was followed by selective cleavage of the chiral
auxiliary using TFA to furnish indolizidinone15 (84% yield).
Reduction of the lactam with LiAlH4 and subsequent

elimination of the secondary hydroxyl group by using the
Martin sulfurane in ether then afforded the dehydroindolizi-
dine 16, which was used without purification.19 This
dehydration was particularly difficult, and numerous alterna-
tive conditions and procedures proved unsuccessful. The
sulfurane in dichloromethane or acetonitrile, instead of ether,
for example, failed to effect the elimination.

Dihydroxylation of16 furnished the diol as a 20:1 mixture
of diastereoisomers, in favor of the desired endo isomer. The
observed selectivity in this reaction, which is concordant with
previously reported results with similar indolizidines, is
undoubtedly due to steric hindrance on the exo face by the
large silyloxy group and the pseudoaxial allylic protons.10

To facilate purification, the mixture was desilylated with
TBAF and the resulting triol peracetylated with acetic
anhydride in pyridine, which gave, after SiO2 chromatogra-
phy, pure triacetate17 (41% over the last four steps, 80%/
step). This highly stereocontrolled total synthesis of (-)-
swainsonine was completed by treatment of17with the ion-
exchange resin IRA-402 (OH- form). (-)-Swainsonine
([R] 20

D -86.2 (c1.0, MeOH), mp 143-144°C) so obtained
was spectroscopically and chromatographically identical with
an authentic sample of the natural product ([R]20

D -87.2 (c
2.1, MeOH), mp 144-145°C).4b,20

Indolizidinone14, the product of ring-closing metathesis,
also seemed to be an ideal intermediate for a straightforward
synthesis of (+)-6-epicastanospermine;21,22 however, the
absolute configuration required for this natural product is
opposite to that for (-)-swainsonine. The synthesis was thus
repeated starting now from the antipodalR enantiomer of
alcohol 4, which producedent-14 in 10.4% overall yield.
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Scheme 2. Assignment of Relative Stereochemistry

Scheme 3. Synthesis of (-)-Swainsonine
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Dihydroxylation of the double bond with osmium tetrox-
ide23 led selectively (>20:1) to the corresponding diol, which
was directly converted into its acetonide derivative18,
isolated as a single isomer in 80% yield (two steps, Scheme
4). In the most stable conformation of the olefin (AM1

calculations), the six-membered ring is quite flat andR-face-
protected by the bulky silyloxy group, which could explain
the observed face selectivity (Figure 3). The lactam was
reduced with LiAlH4 in THF to give amine19, and then all
of the protecting groups were simultaneously removed with
acidic ethanol to afford (+)-6-epicastanospermine in excel-
lent yield. The spectroscopic data for2 ([R] 20

D +2.3 (c0.7,
MeOH)) were in complete agreement with the reported data
for the naturally derived product.24

In summary, the total synthesis of two natural polyhy-
droxylated indolizidines has been achieved in a highly
stereoselective manner from a common intermediate, ob-
tained by asymmetric [2+ 2] cycloaddition. To underscore
the general nature of our approach, we are currently applying
a similar strategy from this same intermediate for the
synthesis of (+)-castanospermine.
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Scheme 4. Synthesis of (+)-6-Epicastanospermine

Figure 3. Attack on the less hindered face ofent-14.

4742 Org. Lett., Vol. 8, No. 21, 2006


