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ABSTRACT

The [3 + 2] annulation reaction of allylsilane 1 with an r-keto ester provided the highly substituted tetrahydrofuran 2 as a single diastereomer
in high yield. The synthesis of (±)-5-epi-citreoviral and (±)-citreoviral has been accomplished with this annulation reaction as the key step.
Using the pantolactone-derived r-keto ester, the allylsilane 1 has been resolved with high enantiomeric purity.

(+)-Citreoviral (1) and the related polyeneR-pyrone myco-
toxins (-)-citreoviridin (2) and (+)-verrucosidin (3) were
isolated from a variety ofPenicilliumfungi (Figure 1).1 Other

structurally related natural products include citreoviridinol,2a

isocitreoviridinol,2a asteltoxin,2b and the aurovertins.2c These
compounds are known to be potent inhibitors of mitochon-
drial ATPase and oxidative phosphorylation.3 Because of this

biological activity and the complexity of the core tetra-
hydrofuran moiety possessing two tetrasubstituted carbon
atoms, these compounds have become attractive targets for
synthesis.4,5

The [3 + 2] annulation of allylic silanes is a highly
stereoselective reaction and a powerful method to prepare
functionalized five-membered carbocycles or heterocycles.6,7

This reaction seemed to be amenable to the synthesis of the
densely functionalized tetrahydrofuran ring in citreoviral and
related mycotoxins. Previously reported total syntheses of
(+)-citreoviral, (-)-citreoviridin, and (+)-verrucosidin uti-
lized epoxide4 as the common advanced intermediate
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(Scheme 1).4b,5 We envisioned that tetrahydrofuran5, a
precursor to epoxide4, could be accessed by the [3+ 2]

annulation of the substituted allylic silane6 with R-keto ester
7.8 This communication reports the synthesis of (()-
citreoviral and its C-5 epimer by this strategy and a highly
selective kinetic resolution to obtain the allylic silane6 in
enantiomerically pure form. This compound could be applied
to the asymmetric synthesis of (+)-citreoviral, (-)-cit-
reoviridin, (+)-verrucosidin, and their unnatural enantiomers.

The annulation reaction of allylic silane6 with R-keto ester
7 indeed provided rapid access to the core ring structure of
the targets. The allylic silane6 was synthesized in one step
by the conjugate addition of dimethylphenylsilyl cuprate to
R,â-unsaturated aldehyde8 followed by the in situ acetylation
of the enolate with acetic anhydride (Scheme 2).9 Treatment
of the allylic silane6 with ethyl pyruvate in the presence of
SnCl4 at -78 °C gave the [3+ 2] annulation product9 as
a single diastereomer in 85% yield.10 This process involves
a silyl migration from a tertiaryâ-silyl carbocation to a

secondaryâ-silyl carbocation, a process that is likely to be
energetically unfavorable but not unprecedented.11,12 The
configuration of tetrahydrofuran9, which is consistent with
the proposed mechanism for the [3+ 2] annulation,6a was
proven by X-ray crystallographic analysis of the reduction
product, diol10.

Because a dimethylphenylsilyl group can be oxidized to
a hydroxyl group by the Tamao-Fleming protocol,13 the
tetrahydrofuran9 has all the required functionality and
stereochemistry of citreoviral with the exception of an
incorrect configuration at C-5. Before solving this problem,
we decided to synthesize (()-5-epi-citreoviral to optimize
the remaining steps of the synthesis.

The oxidation of the dimethylphenylsilyl group was
problematic because of the steric hindrance and the sensitivity
of the reactant. After considerable experimentation, we found
that the oxidation could be achieved with the conditions
reported from our laboratory.14 Thus, treatment of the ether
11 with KH/t-BuOOH/TBAF in NMP gave the desired
alcohol12 in 61% yield as well as 20% of the protodesily-
lation product 13 (Scheme 3). Substitution of cumene

hydroperoxide fortert-butyl hydroperoxide increased the
yield of the oxidation product to 85%.
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Further elaboration of the oxidation product12 to (()-5-
epi-citreoviral is shown in Scheme 4. Because of the

difference in accessibility of the two benzyl ether groups of
12, the primary benzyl group could be removed selectively.
The resulting diol was treated with TPAP/NMO to afford
the bicyclic lactone14.4a Reduction of the lactone withi-Bu2-
AlH afforded the lactol, which was submitted without
purification to the Wittig reaction to provide theR,â-
unsaturated ester15 as exclusively the (E)-isomer. Depro-
tection of the secondary benzyl group with DDQ, reduction
of the ester withi-Bu2AlH, and oxidation of the resultant
allylic alcohol with MnO2 furnished (()-5-epi-citreoviral16.

With a viable synthetic route in hand, we targeted epoxide
4 for the formal synthesis of (()-citreoviral (Scheme 1). A
comparison of the stereochemistry presented in epoxide4
and the [3+ 2] annulation product9 revealed the necessity
to invert the C-2 stereocenter of9. This inversion could be
achieved by employing aâ-functionalizedR-keto ester as
electrophile in the annulation. The ester group in the resulting
tetrahydrofuran product5 could then be reduced to the C-2
methyl group.

â-Triisopropylsilyloxy R-keto ester17, prepared in three
steps from ethyl acrylate,15 was found to be the appropriate
electrophile (Scheme 5). The reaction of allylic silane6 with

R-keto ester17 afforded the [3+ 2] annulation product18
in 83% yield as a single diastereomer. The Sakurai product

(not shown) was isolated as the only byproduct (in 14%
yield). Reduction of the ester groups with LiBH4 gave the
corresponding diol in 87% yield. Selective formation of the
primary mesylate followed by LiAlH4 reduction revealed the
C-2 methyl group with concomitant removal of the TIPS
group to afford diol19.

With 19 in hand, we completed the synthesis of (()-
citreoviral by following a similar sequence as above (Scheme
6). Protection of diol19 followed by oxidation of the C-Si

bond provided alcohol20. The tertiary hydroxyl group was
then protected, and selective debenzylation gave the primary
alcohol21. Oxidation of the alcohol followed by the Wittig
reaction afforded theR,â-unsaturated ester22 as the (E)-
isomer only. Completion of the formal synthesis target,
epoxide4, was achieved by the deprotection of the benzyl
ether, formation of the mesylate, and deprotection of the silyl
ether. Following literature procedures,4b we were able to
transform epoxide4 to (()-citreoviral 1 in three steps.

For the enantioselective syntheses of citreoviral, cit-
reoviridin, and verrucosidin using the [3+ 2] annulation
strategy, we utilized the reaction of an allylic silane with a
chiralR-keto ester. Akiyama reported a highly stereoselective
[3 + 2] annulation of an allylic silane with the chiralR-keto
ester derived fromL-quebrachitol. The tetrahydrofuran an-
nulation products were obtained with up to>98% ee after
removal of the chiral auxiliary.16 The chiral auxiliary they
used, however, was too expensive for our purpose. In
addition, three steps were needed to prepare the chiralR-keto
ester from the chiral auxiliary.

The inexpensive alcohol (R)-(-)-pantolactone served as
an efficient chiral auxiliary for the kinetic resolution of a
racemic allylic silane (Scheme 7). Reaction of the racemic
silane6 (2.0 equiv) with the chiral pyruvate23, prepared in
one step from pantolactone, provided the [3+ 2] annulation
product24 in 90% yield (based on23) as a single diaste-
reomer by1H NMR spectroscopic analysis.17 Reduction of

(13) (a) Tamao, K.AdVances in Silicon Chemistry; JAI: Greenwich, CT,
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24with LiAlH 4 afforded diol (-)-10with an ee greater than
99%.18 We were also able to recover the unreacted allylic
silane6 in 48% yield and with high enantiomeric purity.
Treatment of the recovered silane (-)-6 with ethyl pyruvate
followed by reduction afforded (+)-10 in >99% ee.18 Since

both enantiomers of pantolactone are commercially available
and inexpensive, we could obtain both enantiomers of the
allylic silane 6 using this kinetic resolution. Thus, the
asymmetric syntheses of both enantiomers of citreoviral,
citreoviridin, and verrucosidin are possible using the synthetic
route reported above.

In summary, we have achieved the synthesis of (()-5-
epi-citreoviral and (()-citreoviral using [3+ 2] annulation
reactions of allylic silanes, which also represented a formal
synthesis of citreoviridin and verrucosidin. The key annu-
lation process assembled the highly functionalized tetrahy-
drofuran core of these natural products in one step with high
diastereoselectivity. We also demonstrated that a highly
stereo- and enantioselective asymmetric annulation was
possible by the kinetic resolution of the racemic allylic silane
using an easily accessible chiralR-keto ester.
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(17) An X-ray crystal structure of the enantiomer of the 5-ethyl analogue
of 24, which was derived from (S)-pantolactone, was obtained (see
Supporting Information). The relative and absolute stereochemistry of24
was determined by comparison. Consequently, the stereochemistry of (-)-
10 and (+)-10 can be assigned, demonstrating the absolute configuration
of (-)-6 as well.

(18) The enantiomeric excess of (-)-10 and (+)-10 was determined by
HPLC analysis using a Chiracel OJ column, and the enantiomerically
enriched material was compared with racemic material.
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