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Abstract

Appropriately substituted nonracemic allyl alcohols, readily prepared from the corresponding enones
by application of the CBS methodology, were converted to optically active cycloheptenone
derivatives with almost complete transfer of chirality via an efficient “one-pot”, cycloisomerization/
Claisen rearrangement process. This methodology was directly applied to the expedient total
synthesis of (−)-frondosin B.

Carbocyclic seven-membered rings are ubiquitous in nature and constitute the central structural
unit in a number of polycyclic natural products, including phorbol esters,1 guanacastepenes,
2 guianolides3 and the frondosins.4 Despite their prevalence and considerable medicinal
relevance, the construction of cycloheptanoid systems through chemical synthesis remains
challenging and is generally limited to processes other than direct intramolecular cyclization
reactions. Among the most important of these are various cycloaddition strategies, such as the
[5+2] and [4+3] reactions, which have proven useful for the synthesis of a number of seven-
membered ring-containing natural products.5

We have recently demonstrated that a variety of cycloheptanoid fused ring systems may be
conveniently accessed through a microwave-assisted tandem process that involves an
oxyanionic 5-exo dig cycloisomerization reaction,6 followed by in situ Claisen rearrangement
of the resulting 2-alkylidenetetrahydrofuran intermediate.7 Herein, we wish to report a new
asymmetric variant of this strategy, which allows an efficient and practical construction of a
number of optically active cycloheptenone derivatives. To highlight the synthetic potential of
this methodology, an expedient total synthesis of (−)-frondosin B is also described.

The Claisen rearrangement reaction8 has been widely exploited for the generation of optically
active products, e.g. through the use of a stereodirecting element built either within the
allyl9 or the vinyl10 portion of the allyl vinyl ether moiety. Most of these processes involve
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enolate variants of the Claisen rearrangement, often operating under metal promoted chelate
control.11 In addition, Lewis acid-promoted Claisen rearrangements, conducted in the
presence of chiral ligands such as quinine and quinidine, have been employed to generate
nonracemic products with varying degrees of asymmetric induction.12 However, none of these
strategies have been applied to the asymmetric synthesis of substituted cycloheptenone
derivatives.

Our approach to nonracemic cycloheptenones relies on the ability of a single stereogenic center
installed within the allylic alcohol starting material to transfer stereochemical information to
the final carbocyclic product with up to two new stereocenters through an all intramolecular
tandem cycloisomerization/Claisen rearrangement sequence. Undoubtedly, the observed
diastereocontrol in these reactions evolves through a preferred chair-like six-membered
transition state, where the two prochiral centers of the 2-alkylidene tetrahydrofuran
intermediate occupy a pseudo diequatorial relationship (Scheme 1).7h

The prochiral enones employed for this investigation were prepared from the corresponding
allylic alcohols7h by Swern oxidation13 or using the Bobbitt reagent.14 The enone products
were then converted to the desired nonracemic homopropargylic allylic alcohols according to
the Corey-Bakshi-Shibata15 (CBS) protocol employing stoichiometric catechol borane in the
presence of a chiral oxazaborolidine catalyst ((−)-1, Table 1).

In the series examined, the degree of enantioselectivity generally increased on going from
cyclopentenyl to cyclohexenyl systems and was notably higher when additional substituents
were placed near the reaction site (Table 1, entry 6). Thus, the more highly substituted enone
2f bearing a gem-dimethyl moiety on the cyclohexenyl ring at C6 exhibited the highest level
of enantioselectivity upon CBS reduction, providing alcohol 3f in 98% ee (Table 1, entry 6).
Although the absolute stereochemistry of the stereogenic center in 3f or in the other allylic
alcohols prepared was not unequivocally established, ample literature precedent15 involving
analogous systems and examination of the relevant transition state structures for the reduction
are consistent with the formation of the R isomer as the major product in each case.

Gratifyingly, almost complete transfer of chirality was observed when each nonracemic allylic
alcohol was subjected to catalytic MeLi and heat under microwave irradiation in phenetole.
The expected 5–7 and 6–7 fused bicyclic ketones were produced in yields ranging from 62%
to 82% and in ee’s as high as 95% (Table 2). Compounds 4c–4f represent examples where a
single stereogenic center in the starting alcohol –ultimately lost in the course of the cyclization/
rearrangement sequence– controls the absolute stereochemistry of two new adjacent
stereocenters in the bicyclic cycloheptanoid product. It should be noted that the observed
diastereomer ratios could be improved further through simple isomerization under basic
conditions. For example, the initial 83:17 ratio of diastereomers in the case of 4f (Table 2, entry
6) was further enriched to a final ratio of 91:9 after stirring in a solution of MeONa/MeOH at
room temperature for 24 h.

Ketone 4f was selected as a suitable precursor for elaboration into optically active frondosin
B, which is one of five structurally related natural products first isolated in 1997 from the
Micronesian marine sponge dysidea frondosa (Figure 1).4 The unique structural features
coupled with the therapeutic potential of this class of natural products as novel anti-
inflammatory,4 anti-tumor16 and anti-HIV17 agents has sparked considerable interest in their
total synthesis by several research groups,18 including our own.7f,g, 19, 20

Thus far, the total syntheses of the naturally-occurring (+)-frondosin B and its (−)-enantiomer
have been achieved by the groups of Danishefsky18b and Trauner,18c,d respectively. Although
elegant in many ways, both of these approaches are somewhat lengthy, requiring multistep
sequences at the early stages to prepare the requisite nonracemic starting materials.
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Danishefsky initially concluded that the sole stereogenic center in (+)-frondosin B is R
configured; however, Trauner later challenged this assignment.18d Trauner suggested that a
key nonracemic material in the Danishefsky process had undergone an inadvertent inversion
of configuration early on in the synthesis, ultimately resulting in misassignment of absolute
stereochemistry at C8 of the natural product.18d

Overall, our approach to (−)-frondosin B involves only two additional steps compared to that
already reported for its racemic analogue (Scheme 2).20 Thus, optically active 4f (prepared
from enone 2f in two steps) was methylated regio- and stereospecifically at C8, providing
ketone 5 in 85% yield and 97% ee after purification. Ceric ammonium nitrate (CAN)-promoted
oxidative demethylation of 5 gave the benzoquinone derivative 6, which was subsequently
reduced under catalytic hydrogenation conditions. The resulting hydroquinone intermediate
was directly exposed to BF3•OEt2, smoothly affording tetracycle 7, a close structural analogue
of frondosin B. On treatment with catalytic p-TsOH in refluxing benzene, 7 was converted to
(−)-frondosin B in 68% isolated yield ([α]21 D= −17.3, c 0.178, MeOH).21

It is worth emphasizing that the absolute configuration of the final product is ultimately derived
from 3f where the R stereogenic center controls the stereochemical course of the tandem
cyclization/Claisen rearrangement process, providing 4f as the 10R, 11S stereoisomer (major
diastereomer). The C10 aryl substituent, in turn, directs the subsequent methylation reaction
at C8, affording ketone 5. The observed trans relationship between the C10 aryl and C8 methyl
substituents has been previously confirmed by X-ray crystallography involving a racemic
analogue of 4f.20 Since it is unlikely that the configuration at C8 would change in the course
of the remaining four steps of the reaction sequence, it is concluded that (−)-frondosin B must
be S configured at C8. This result is in agreement with Danishefsky’s original assignment
according to which the naturally occurring (+)-frondosin B has an R stereogenic center at
C8.18b

In summary, an asymmetric variant of the oxyanionic 5-exo dig cyclization/Claisen
rearrangement has been developed, allowing a straightforward synthesis of a number of
optically active cycloheptanoid ring systems, including (−)-frondosin B. Further studies
employing this methodology to the asymmetric synthesis of the remaining members of the
frondosin family as well as other cycloheptanoid natural product targets are currently underway
in our laboratories. The results from these studies will be reported in due course.
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Figure 1.
Frondosins A–E.

Ovaska et al. Page 5

Org Lett. Author manuscript; available in PMC 2010 June 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Synthesis of optically active cycloheptenone derivatives.
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Scheme 2.
Total synthesis of (−)-frondosin B.
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Table 1
Preparation of optically active homopropargylic allyl alcohols via CBS reduction.

entry enone (2) allyl alcohol (3) yield (%)a ee (%)b

1

2a

3a

86 87

2

2b 3b

66 89

3

2c 3c

95 91
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entry enone (2) allyl alcohol (3) yield (%)a ee (%)b

4

2d

3d

81 91
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entry enone (2) allyl alcohol (3) yield (%)a ee (%)b

5

2e
3e

52 89

6

2f

3f

68d 98

a
Yields of chromatographically purified products.

b
Enantiomer ratios were determined either by chiral GC or chiral HPLC.

c
Ar = 2,6-dimethoxyphenyl.

d
Reaction was quenched after 72 h.
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