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ABSTRACT

The enantioselective total synthesis of the dual-specificity phosphatase inhibitor (-)-bitungolide F has been achieved using two convergent
routes. Both strategies feature an asymmetric boron-mediated pentenylation, a stereoselective aldol, and a hydroxyl-directed 1,3-anti-reduction
in order to control the stereogenic centers at C4, C5, C9, and C11. Whereas the first total synthesis was achieved in 11 steps and 14.6%
overall yield using an Evans-type asymmetric alkylation, the second was completed in 9 steps and 11.4% overall yield using a highly
enantioselective organocatalytic Michael addition as a key step and a protecting group free strategy.

Natural products that incorporate a γ-ethyl substituted R,�-
unsaturated δ-lactone moiety such as the leustroducsins,1 the
phoslactomycins,2 and pironetin3 have attracted considerable
attention over the past two decades due to their promising
pharmacological properties. More recently, Tanaka et al.4

isolated a new family of structurally related polyketides from
the Indonesian sponge Theonella cf. swinhoei, bitungolides
A-F, which incorporate, in addition to the 5,6-dihydropyran-

2-one motif, an anti-1,3-diol unit and a diene attached to a
substituted arene (Figure 1).5 These compounds exhibited
cytotoxic effects against 3Y1 rat normal fibroblast cells and
inhibition toward VH1-related (VHR) dual-specificity phos-
phatase, thus becoming attractive targets for both synthetic
and medicinal chemists.

As part of our ongoing efforts in developing synthetically
useful methods6-8 and applying them to the synthesis of
structurally intriguing molecules, we became particularly
interested in using a stereoselective boron-mediated pente-
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Figure 1. Structures of natural bitungolides.
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nylation6,9 as a key step in the synthesis of (-)-bitungolide
F. We therefore embarked in this project with the aim of
developing a highly straightforward and flexible route that
would allow an easy access to the natural product as well as
to various analogues thereof. We report here the results of
our endeavor.

In order to guarantee high efficacy as well as potential
late-stage diversification, our initial strategy relied on four
key reactions: a chiral boron-mediated aldolization to gener-
ate the C10-C11 bond and concomitantly set the C11
stereogenic center, a stereoselective pentenylation to intro-
duce the ethyl side chain at C4, an asymmetric Evans alkyl-
ation to install the C6 stereogenic center, and a ring-closing
metathesis (RCM) to build the lactone ring (Scheme 1). Two key fragments, 8 and 9, were therefore identified. The

synthesis of the C1-C10 fragment 8 began by converting
levulinic acid 1 to the corresponding chiral N-acyloxazoli-
dinone [t-BuCOCl, DMAP, 40 °C, followed by (R)-4-benzyl-
1,3-oxazolidinone (2)] and protecting the ketone [HO-
(CH2)2OH, pTsOH, benzene, reflux] as a ketal (Scheme 2).
The resulting chiral N-acyloxazolidinone was then subjected
to a highly diastereoselective Evans alkylation10 (NaHMDS,
MeI, THF, -40 °C) to afford the corresponding methylated
product 4 in 73% yield (dr >95:5).11 Removal of the chiral
auxiliary12 using LiBH4 (87%) followed by the oxidation of
the resulting allylic alcohol under standard Swern conditions
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Scheme 1. First Strategy for the Synthesis of (-)-Bitungolide F Scheme 2. Synthesis of (-)-Bitungolide F Via an Asymmetric
Evans Alkylation
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led to the corresponding aldehyde 5, which was engaged in
a newly developed boron-mediated asymmetric pentenylation
reaction6 inspired by the asymmetric crotylation procedure
developed by Brown et al.13 Hence, aldehyde 5 was subjected
to a chiral (Z)-pentenylborane reagent generated in situ from
(Z)-2-pentene [n-BuLi/t-BuOK, (-)-Ipc2B(OMe), BF3·OEt2,
THF, -78 °C]14 affording the corresponding homoallylic
alcohol 6 (dr ) 9:1) in 59% yield (2 steps) with a complete
control of the syn-relationship between the two substituents
at C4 and C5.15 The latter was then efficiently converted
into the corresponding R,�-unsaturated δ-lactone using an
acylation/RCM sequence, thus affording compound 7 in 67%
yield over the two steps.16 The ketone was eventually
deprotected17 upon refluxing in an acetone/H2O mixture in
the presence of a catalytic amount of p-TsOH (95%), thus
setting the stage for the chiral boron enolate mediated
asymmetric aldol reaction.18 In order to perform this key
transformation, we first needed to prepare the required (E,E)-
dienal 9. The latter was synthesized in 75% overall yield
starting from cinnamaldehyde Via a three-step sequence that
involved a Wittig olefination (Ph3PdC(Me)CO2Et, THF, rt),
a DIBAL-H mediated reduction, and a final oxidation with
MnO2.

19 With the two units 8 and 9 in hand, we were fi-
nally ready to perform the key chiral boron-mediated
aldol reaction that would lead to the entire carbon backbone
of (-)-bitungolide F. Ketone 8 was thus treated with
(+)-Ipc2BCl (Et3N, Et2O, -78 °C) to afford the chiral boron

enolate intermediate, which was then reacted with aldehyde
9. The resulting aldol adduct (dr ) 5:1) was directly reduced
to the corresponding 1,3-anti diol (Me4NB(OAc)3, AcOH/
CH3CN, -20 °C) in order to prevent any partial elimination
that could occur on such systems.20 To our delight, we were
able to isolate (-)-bitungolide F as a single diastereoisomer
in 82% yield (2 steps). As expected, the spectroscopic and
physical data of 10 were identical with those reported for
the natural product except for the optical rotation, which was
of opposite sign {[R]20

D -51.6 (c 1.56, CHCl3); lit.4 [R]22
D

+43.0 (c 0.85, CHCl3)}.
Having completed the synthesis of (-)-bitungolide F, we

continued our efforts to conceive a slightly more flexible
route, which would allow access to a variety of analogues
for further biological screening and structure-activity rela-
tionship (SAR) studies. In this context, we decided to modify
the synthesis of fragment 8 while keeping the asymmetric
aldol/1,3-anti reduction end game. In order to gain maximum
versatility, we therefore devised our synthesis around an
enantioselective organocatalyzed Michael addition, which
would afford the C5-C10 aldehyde in one step, and the
boron-mediated asymmetric pentenylation/acylation/RCM
sequence disclosed previously (Scheme 3).

The synthesis of ketone 8 commenced with Chi’s and
Gellman’s recently reported highly enantioselective organo-
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Scheme 3. Second Strategy for the Synthesis of (-)-Bitungolide F Scheme 4. Synthesis of (-)-Bitungolide F Via an
Enantioselective Organocatalyzed Michael Addition
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catalytic Michael addition of simple aldehydes to non-
activated enones (Scheme 4).21 Hence, by subjecting pro-
panal 11 and methyl vinyl ketone 12 to diphenylprolinol
methyl ether 13 (5 mol %) and catechol 14 (20 mol %), we
were able to isolate aldehyde 15 in a moderate 58% yield
but with an excellent enantioselectivity (er > 95:5).22 The
latter was then engaged in the same boron-mediated asym-
metric pentenylation reaction as previously to afford the
corresponding homoallylic alcohol, which spontaneously
underwent hemiketalization.23 After failing to selectively
acylate the homoallylic alcohol by pushing the hemiacetal/
hydroxy ketone equilibrium, we decided to directly reduce
the crude reaction mixture with LiAlH4 (THF, 0 °C, 94%)
and bis-acylate the resulting diol (acryloyl chloride, Et3N,
CH2Cl2, quant). This three-step sequence resulted in the
isolation of the RCM precursor 17 in 57% yield. The latter
then underwent a RCM with the Grubbs second generation
catalyst (CH2Cl2, 40 °C, 66%), followed by the saponification
of the acrylate (K2CO3, MeOH, rt, 75%) and the oxidation
of the resulting secondary alcohol (DMP, CH2Cl2, rt, 84%)
to give the desired ketone 8 in seven steps and 13.9% overall
yield starting from propanal 11 and methyl vinyl ketone 12.
(-)-Bitungolide F was eventually isolated after the chiral
boron-mediated aldol reaction/1,3-anti reduction sequence
thus validating this second strategy.

In conclusion, we have completed the synthesis
(-)-bitungolide F using two very convergent routes that
feature an asymmetric boron-mediated pentenylation, a
stereoselective aldol and a hydroxyl-directed 1,3-anti-reduc-
tion to control the stereogenic centers at C4, C5, C9 and
C11. The first strategy was achieved in 11 steps and 14.6%
overall yield using an Evans-type asymmetric alkylation to
control the stereogenic centers at C6, while the second
strategy was completed in only nine steps and 11.4% overall
yield using a highly enantioselective organocatalytic Michael
addition. It is worth pointing out that while both syntheses
are considerably shorter than the ones reported so far,24 the
second approach is particularly appealing as it is highly
flexible, does not involve the use of any protecting group,
and is therefore amenable to a wide variety of potentially
useful synthetic analogues.
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