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ABSTRACT

A substrate-controlled synthesis of (þ)-herboxidiene from two lactate-derived chiral ketones is described. Remarkably, most of the carbon
backbone was constructed through highly stereoselective titanium-mediated aldol reactions and an Ireland�Claisen rearrangement.
Furthermore, an oxa-Michael cyclization and a high-yield Suzuki coupling were used to assemble the pyran ring and the dienemoiety respectively.

During the past few years, those engaged in the synthesis
of natural products are paying increasing attention to the
development of more efficient strategies and synthetic
methodologies in the endless pursuit of the ideal synthesis.1

Now, it is widely accepted that any synthetic endeavor
should provide the target in a few steps and in high yields,
taking advantage of selective transformations to assemble
the carbon�carbon backbone and carbon�heteroatom
bonds as well as minimizing manipulation of protecting
groups and other functional groups.1,2 With these ideas in
mind, we envisaged that some titanium-mediated aldol
methodologies developedbyour groupmight pave theway
to a new synthetic approach for (þ)-herboxidiene (1 in
Scheme 1).
Isolated from Streptomyces sp. A7847 at Monsanto,3

(þ)-herboxidiene, also named GEX1A, was identified
as a polyketide metabolite with potent and highly
selective phytotoxic properties. It was later shown to

affect plasma cholesterol4 and to be active against
several tumoral cell lines.5 This appealing biological
activity and its enticing structural features have at-
tracted much attention, and several total syntheses
have been reported.6 Herein, we describe a very effi-
cient synthesis based on highly stereoselective sub-
strate-controlled reactions from two chiral lactate-
derived ketones, without requiring any other source
of chirality.
As outlined in Scheme 1, our retrosynthetic analysis

for (þ)-herboxidiene relies on the conversion of the
epoxide to the corresponding alkene and the strategic
disconnection of the C9�C10 bond. These early trans-
forms provide two fragments of similar size and struc-
tural complexity, iodoalkene 2 and alkyne 3, which
could then be assembled through a palladium-catalyzed
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cross-coupling reaction. Following this analysis, we
anticipated that the successful construction of 2 would
mainly depend on an oxa-Michael cyclization of con-
jugated ester 4, and a substrate-controlled aldol reac-
tion from chiral ketone 6, followed by reduction of the
resulting aldol product to furnish diol 5. Alkyne 3
would come from an Ireland�Claisen rearrangement
of ester 7, which could be prepared by selective functio-
nalization of diol 8. This, in turn, would arise through a
stereoselective one-pot aldol�reduction transforma-
tion from chiral ketone 9. In summary, our synthetic
approach was based on a convergent strategy that
depends on the stereocontrol provided by appropriate
substrate-controlled reactions from intermediates re-
presented in Scheme 1.
The synthesis of the C1�C9 fragment (2) began

with the titanium-mediated aldol addition7 of the
lactate-derived ethyl ketone 68 to 3-butenal9 (Scheme 2).
As expected, it afforded the aldol product 10 (dr g97:3 by
1H NMR) in 84% yield, which was converted stereo-
selectively (dr 94:6, 96%) to diol 6 through an internal-
hydride delivery using (Me4N)HB(OAc)3.

10 Finally,
Hoveyda�Grubbs II catalyzed11 cross-metathesis of
diol 5 with ethyl acrylate furnished conjugated ester 4
in 90% yield (E/Z g 97:3). Hence, the stage was set for
the construction of the pyran ring.

Initially, we expected the oxa-Michael cyclization12 of 4
to lead to cis pyran 11c stereoselectively under thermo-
dynamic conditions, since all the substituents in the six-
membered heterocycle lie at equatorial positions (Scheme 3).
Nevertheless, preliminary experiments with t-BuOK
afforded trans pyran 11t as the major diastereomer. After
considerable investigation, we found that Fuwa’s condi-
tions (DBU, toluene, 100 �C)13 provided an inseparable
1.8:1 mixture of 11c�11t diastereomers in 80% yield.
Then, Barton�McCombie removal of the C5-hydroxy
group under tin-free conditions,14 followed by chromato-
graphic purification of the reaction mixture, furnished the
desired ester containing the cis pyran ring (12c) in 54%
yield. Importantly, treatment of the minor diastereomer
12t with t-BuOK rendered 12c as a single diastereomer
in 61% yield,15 which indicated that the hydroxyl group
at C5 was responsible for the poor stereocontrol of the

Scheme 2. Early Steps of the Synthesis of C1�C9 Fragment

Scheme 1. Retrosynthetic Analysis of (þ)-Herboxidiene
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oxa-Michael cyclization. Finally, hydrogenolysis of the
benzyl ether and Swern oxidation of the resultant alcohol
afforded ketone 13, which was submitted to Takai
conditions16 to deliver the C1�C9 fragment 2 in three
steps, as an E/Z 90:10 mixture in 50% yield.

The lack of stereocontrol of the cyclization of a dihy-
droxyR,β-unsaturated ester suchas4has been reported for
a few related substrates.17 Some of these precedents have
also established that the protection of the C5 hydroxyl
group allows the cis pyran to be obtained stereoselectively.
Taking advantageof these reports andourownexperience,
and assuming that the cyclization to cis pyran 11c must
proceed through transition state TS-I in which all the
substituents are placed at equatorial positions, we hy-
pothesize that the poor stereoselective cyclization of 4
may be due to an intramolecular hydrogen bond that

stabilizes the boat-like transition state TS-II leading to
trans pyran 11t (Scheme 4).18

Having prepared the C1�C9 fragment, we focused on
the synthesis of alkyne 3, the C10�C19 fragment (see
Scheme 1).We envisaged that it could be constructed from
a sequential transformation consisting of a highly stereo-
selective titanium-mediated aldol addition of chiral ketone
98 to methacrolein followed by reduction of the resultant
aldolate with LiBH4.

19 As expected, this one-pot transfor-
mation afforded all syn diol 8 (dr g97:3 by 1H NMR) in
81% yield (Scheme 5). Remarkably, the four stereocenters
required for the synthesis of 3 had been installed in a single
step with absolute stereocontrol. Then, selective monoa-
cylation of the less sterically hindered hydroxyl group of 8
using Clarke’s conditions20 and methylation of the result-
ing hydroxy ester with (Me3O)BF4/proton sponge furn-
ished key intermediate 7 in 66% yield. The crucial
Ireland�Claisen rearrangement was next addressed.21

After a thorough optimization, itwas found that treatment
of 7 with LiHMDS in 4:1 THF/DMPU at �78 �C pro-
duced a lithium enolate that could be trapped with
TBSCl.22 Then, the resulting ketene silyl acetal underwent
a clean [3,3] sigmatropic rearrangement to furnish a silyl
ester, which was reduced with LiAlH4 to afford alcohol 14
as a single diastereomer (dr g97:3 by 1H NMR). Swern

Scheme 3. TetrahydropyranConstruction andFinal Steps of the
Synthesis of C1�C9 Fragment

Scheme 4. Oxa-Michael Cyclization of Dihydroxy Ester 4
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oxidation of 14 and treatment of the resultant aldehyde
under modified Ohira�Bestmann conditions23 delivered 3
as a single diastereomer in 90% yield. Importantly, the
latter reaction was carried out at�78 �C to avoid epimer-
ization of the C12-stereocenter.24

With both fragments 2 and 3 in hand, we faced the
construction of the diene moiety (Scheme 6). After ex-
ploring several possibilities, we found that the most
efficient approach involved hydroboration of 3 with
catecholborane in the presence of catalytic amounts of
dicyclohexylborane, followed by hydrolysis of the resul-
tant boronate to give the corresponding boronic acid
(Arase conditions).25 Suzuki coupling of this boronic acid
and iodoalkene 2 proceeded in a straightforward manner
and provided diene 15 in 91% yield.26 Having prepared
the carbon backbone of (þ)-herboxidiene, the endgame
entailed removal of the silyl ether and epoxidation of the
resultant bis-homoallylic alcohol as described in previous
syntheses6 (53% yield). Finally, saponification of ethyl

ester 16 with TMSOK27 furnished (þ)-herboxidiene in
93% yield.28

In summary, the synthesis of (þ)-herboxidiene 1 has
been accomplished from two lactate-derived chiral ke-
tones, without requiring other sources of chirality, in a
14-step sequence and 8%overall yield. Most of these steps
involve highly stereoselective carbon�carbon (aldol reac-
tions, Ireland�Claisen rearrangement, Suzuki coupling)
or carbon�oxygen (oxa-Michael cyclization) bond-form-
ing reactions, and other strategic redox processes. These
features, the lack of protecting groups (the only protecting
groups used along the whole synthesis are placed in the
starting chiral ketones), and the reduced number of con-
cession steps give this substrate-controlled synthesis a high
ideality number (57%) according to Baran’s definition.1b
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Scheme 5. Synthesis of C10�C19 Fragment

Scheme 6. Assembly of Fragments 2 and 3 and Endgame
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