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ABSTRACT

An enantioselective total synthesis of cis -solamin has been accomplished using a highly diastereoselective ruthenium tetroxide catalyzed
oxidative cyclization as a crucial transformation. Further key steps involved an enzymatic desymmetrization, a TPAP-catalyzed oxidative termini
differentiation, and a ruthenium-catalyzed Alder-ene reaction. Thus, the total synthesis of cis -solamin was achieved in 11 steps with an overall
yield of 7.5%.

The annonaceous acetogenins are a class of more than 400
natural products isolated exclusively from the tropical plant
family Annonaceae.1 This unique class of metabolites has
attracted particular attention as a result of their remarkable
range of biological effects. They exhibit high antitumor,
antimalarial, pesticidal, and immunosuppressive activity.2

Interaction with mitochondrial complex I of the respiratory
chain appears to be the molecular basis for at least some of
these effects.

Structurally, most acetogenins are characterized by a long
unbranched fatty acid chain (C32 or C34) with one, two, or
three central tetrahydrofuran (THF) rings and a terminal
butenolide segment (Figure 1). Usually the THF core is

flanked by additional hydroxy groups. Most acetogenins
differ in the number of THF rings and the stereochemistry
of the densely oxygenated central unit. Consequently, most
synthetic efforts3,4 have focused on an efficient and stereo-
selective construction of this core.
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Figure 1. General structure of annonaceous acetogenins andcis-
solamin (1).
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As part of our interest in oxidation catalysis we have
recently developed an efficient ruthenium tetroxide5 catalyzed
oxidative cyclization of 1,5-dienes.6,7 We here present the
first application of this method to natural product synthesis.
As a target compound,cis-solamin, a representative mono-
THF acetogenin isolated in 1998,8 was chosen (Figure 1).
To date two total syntheses9 and one formal synthesis10 have
been reported.11

Our retrosynthetic analysis is outlined in Scheme 1. It takes
advantage of the inherent symmetry of the central THF diol
unit of cis-solamin by disconnection between C12-C13 and
C22-C23. The strategy is centered on the single-step
construction of the core THF unit by oxidative cyclization
of an appropriate diene precursor (6). Crucial to the success
of this approach is both the efficiency of the oxidative
cyclization and the feasibility of a subsequent desymmetri-
zation of theCs-symmetric cyclization product.

The synthesis of the cyclization precursor is summarized
in Scheme 2. Commercially available (E,E,E)-1,5,9-cy-

clododecatriene7 was readily converted into diene8 via
monodihydroxylation, glycol cleavage, and subsequent boro-
hydride reduction.12 Standard silyl protection of diol8
afforded the cyclization precursor6 in excellent overall yield
(65% over 4 steps). It is worth noting that these four steps
can be carried out on a multigram scale without purification
of intermediates.

We next turned our attention to the ruthenium tetroxide
catalyzed oxidative cyclization.6 Treatment of diene6 with
0.2 mol % ruthenium(III) chloride (as a precatalyst for the
ruthenium tetroxide generated in situ) in the presence of
sodium periodate on wet silica6,13 (in THF14 at 0°C) resulted
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Scheme 1. Retrosynthetic Analysis

Scheme 2. Synthesis of the Cyclization Precursor
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in a smooth conversion of the starting material. The
cyclization product was obtained in high yield (83%) and
as a single diastereoisomer (>98:2 dr). The excellent
diastereoselectivity of this transformation is believed to result
from a doublesyn specific [3 + 2]-cycloaddition with a
conformationally constrained second intramolecular addition
process (Scheme 3).6

For the desymmetrization ofmeso-diol2 we envisaged
enzymatic methodology.15 To avoid an additional acetylation
step (followed by lipase-catalyzed hydrolysis), an enzymatic
esterification was considered.16,17 After extensive investiga-
tion of a variety of lipases under different conditions we
found that lipase Amano AK provided best results concerning
both conversion and enantioselectivity. Under optimized
conditions in hexane at 60°C using vinyl acetate as the
acylating agent, enantiomerically pure (>99% ee) acetate
(+)-9 was obtained in 81% yield. The absolute configuration
of (+)-9 was assigned by the use of Mosher esters. Fluoride-
induced deprotection furnished triol (+)-10 in 98% yield. It
is important to note that although this compound ((+)-10)
is enantiomerically pure, termini differentiation is required
for appropriate side chain attachment. We planned to achieve
this differentiation by oxidative means (Scheme 5). Pleas-

ingly, TPAP (tetrapropylammonium perruthenate)18 catalyzed
oxidation of triol (+)-10 in the presence of an excess of
NMO (N-methyl-morpholine-N-oxide) co-oxidant furnished
the desired lactone aldehyde (-)-11 in 55% yield (3 oxidation

events). Through this oxidation reaction both the termini
differentiation and the establishment of a functional group
required for C-C bond coupling were achieved. Subsequent
olefination provided the C12-C32 fragment in 81% yield.
Notably, the oxidation-olefination sequence could be carried
out as a one-pot procedure19 with an almost identical overall
yield (Scheme 5).

The next crucial step involved the C9-extension to
introduce the C3-C11 linear carbon chain (Scheme 6). Thus,
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Scheme 3. RuO4-Catalyzed Oxidative Cyclization

Scheme 4. Enzymatic Desymmetrization

Scheme 5. Termini Differentiation
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lactone (-)-12was reduced with 1 equiv of DIBALH
followed by addition of the separately generated Wittig ylide
derived from phosphonium salt4. Under these conditions a
competing reduction of the C20 acetate protecting group
could not be prevented, resulting in diminished yields of the
desired coupling product and a significant amount of
recovered starting material. After some experimentation, it
was found that addition of 2 equiv of DIBALH (at-78 °C
in toluene) followed by addition of an excess of Wittig
reagent yielded the coupledand reductively deprotected
product (-)-13 (Scheme 6). With compound (-)-13 in hand,
the final sequence for the solamin synthesis was performed
as shown in Scheme 6. The butenolide segment was
introduced using a ruthenium(II)-catalyzed Alder-ene reaction
developed by Trost and co-workers.20 Thus, treatment of an

equimolar mixture of (-)-13 and known alkyne521 with a
catalytic amount of CpRu(MeCN)3PF6 afforded the coupled
product with excellent chemoselectivity (in favor of the
terminal olefin) and in high yield (90%). Final diimide
reduction of the∆4,11,23-triene in the presence of theR,â-
unsaturated lactone furnishedcis-solamin (1) as a colorless
powder in 90% yield. Spectroscopic data for this compound
were identical to those reported forcis-solamin isolated from
natural sources.8 In addition, these data22 were in accord with
the absolute stereochemical assignment reported by Makabe
and co-workers.9a

In conclusion, our total synthesis ofcis-solamin demon-
strates the potential of ruthenium tetroxide catalyzed oxida-
tive cyclizations. It represents the first application of this
method to natural product synthesis, and four of the five
stereogenic centers ofcis-solamin were established through
this pivotal transformation. Other key steps involved an
enzymatic desymmetrization, a TPAP-catalyzed oxidative
termini differentiation, and a ruthenium-catalyzed Alder-ene
reaction. It is also worth mentioning that our strategy makes
minimal use of protecting groups and exploits the inherent
Cs-symmetry of the central THF diol unit. Thus, the total
synthesis ofcis-solamin was achieved in 11 steps with an
overall yield of 7.5%.
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Scheme 6. Final Steps of the Total Synthesis
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