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ABSTRACT

A concise, stereospecific synthesis of radicicol dimethyl ether is presented. The strategy relies on a convergent three-stage assembly of the
14-membered lactone which has, as a key transformation, a novel ring-forming metathesis reaction utilizing a vinyl epoxide.

Radicicol (1), a metabolite ofMonocillium nordinii,1 is an
antitumor antibiotic which has the ability to morphologically
revert the tumor phenotype ofsrc2 andras3 transformed cell
lines back to normal tissue (Figure 1). While the origins of
this property had remained unclear, recent efforts4 have
demonstrated that radicicol binds with nanomolar affinity
to the Hsp90 molecular chaperone and inhibits its ATPase
activity. This inhibition, in turn, disrupts the ability of Hsp90
to participate in signal transduction pathways that are
important for tumor cell growth and leads to proteasomal
degradation of oncogenic proteins and apoptosis.5 Impor- tantly, while radicicol displays this and other activities in

vitro, the compound per se has not yet shown in vivo
antitumor activity in animal models.6

Isolation of radicicol from natural sources has been
characterized as difficult. Some congeners of radicicol
obtained from chemistry starting with the natural product
have overcome limitations to its in vivo activity.7 We took
note of the improved prognosis for obtaining useful in vivo
agents in the radicicol series in the context of our recent
efforts involving geldanamycin,8 an antitumor antibiotic also
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Figure 1. Structure of radicicol.
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shown to bind to Hsp90. Given these considerations, and
given some interesting structural issues which we hoped to
address, we identified radicicol as an appropriate focusing
target for a program in total synthesis.

To date, only one synthesis of radicicol has been recorded,9

by a route which is distinct from that practiced here. In this
Letter, we describe the results of research which has led to
a rather concise and stereoselective entry to the radicicol
series. Our interim report contains several instances of
differential chemoselectivity successes which could not have
been anticipated with confidence in advance of experiment.

The strategy employed relied on a highly convergent three-
stage coupling for macrolide formation (Scheme 1). The first

stage would entail esterification of an appropriately substi-
tuted benzoic acid (2) with an enanatiomerically defined
chiral secondary alcohol (3), which contains all three
stereocenters of radicicol. The second stage requires chemo-
and regioselective alkylation of an allylic dithiane (4) by the
resulting benzylic chloride of2 + 3. Last, stereospecific ring-
closing metathesis of an olefin with a vinyl epoxide in place
would give the desired 14-membered novel lactone cycliza-
tion.

The synthesis commenced with construction of the ho-
mochiral allylic alcohol (3) via a procedure that closely
follows that described by Waldmann and co-workers.10 Thus,
methyl (R)-3-hydroxybutyric acid (5) was silylated
(TBDPSCl, imidazole, 95%) and the product reduced at low
temperature (DIBAL-H,-78 °C, 92%) to provide directly
the desired aldehyde (6) (Scheme 2). Wadsworth-Horner-
Emmons homologation of6 under Roush-Masamune condi-

tions11 (LiCl, DIPEA, 95%) followed by a second reduction
(DIBAL-H, 96%) yielded the desiredtrans-allylic alcohol
(8). Sharpless asymmetric epoxidation ((-)-DET, Ti(OiPr)4,
TBHP, 90%) gave the desired epoxyalcohol (9) with excel-
lent (>20:1) selectivity. The resulting epoxyalcohol was then
oxidized (SO3‚pyridine, Et3N, DMSO, 90%) and the product
aldehyde was converted to the vinyl epoxide (10) via Wittig
olefination (PPh3CH3Br, NaHMDS, 82%). Fluoride-catalyzed
removal of the TBDPS group proceeded smoothly (nBu4-
NF, 89%) to yield the desired secondary alcohol (3). The
latter, in principle, contains the sp3 stereochemical network
appropriate for reaching radicicol.

The remaining two building blocks were then synthesized.
The allylic dithiane (4) was secured in one step from
commercially available 2,4-hexadienal (11) (MgClO4, H2-
SO4, H2S(CH2)3SH2, 64%).12 The substituted benzoic acid

(2) was synthesized in two steps from commercially available
3,5-dimethoxybenzyl alcohol (12) (Scheme 3). Concomitant
formylation and conversion of the alcohol to the chloride
was effected13 (POCl3, DMF, 93%) to give the desired
aldehyde (13). Careful oxidation of this aldehyde (NaClO2,
sulfamic acid, 85%) yielded the desired benzoic acid (2) with
no observed cyclization and tolerably minimal14 aromatic ring
chlorination (<15%).

Assembly of the fragments could then be initiated.
Esterification of the benzoic acid (2) proceeded smoothly
via the acid chloride (COCl2, DMF, Et3N, 3, 80%) to provide
the benzoic ester (14). Addition of the lithiated dithiane
(nBuLi, -30 °C) to 14 at -78 °C gave chemoselective
addition15 at the benzylic center to give15 (60% yield).
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Scheme 1. Three-Stage Strategy for Macrolide Formation

Scheme 2. Synthesis of2 and3a
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For achieving macrolide formation, we chanced an un-
precedented ring-closing metathesis of an olefin and a vinyl
epoxide. Other resorcylic acid type macrolides have been
elegantly reached by Fu¨rstner and co-workers16 utilizing
olefin metathesis, although not with vinyl epoxide precursors.
In the case of15, commercially available Grubbs catalyst,
(PCy)3Cl2RudCHPh, gave only trace amounts of the desired
product. We took note that, in a recent communication,17

Grubbs and co-workers reported the successful intermolecular
cross-coupling of a vinyl epoxide utilizing a new-generation
and highly active ruthenium-based olefin metathesis catalyst
(16).18 Synthesis of this catalyst, and its application to15
(CH2Cl2, 45°C), gave the desired 14-membered lactone (17)
stereospecifically in 55% yield. Notably, this transformation
was also successful in the presence of two sulfur atoms.
Previously, sulfur-containing substrates had been identified
as deactivating ligands for ruthenium in unsuccessful ring-
closing metathesis.16,19Thus, the radicicol-like macrolide was
formed from three similarly sized components in a highly
convergent fashion.

There remained the need to retrieve the ketone from the
dithiane, to regioselectively chlorinate the aromatic ring, and
to remove the methyl ethers for completion of the natural

product synthesis. Initial efforts to expose the ketone led to
gross decomposition, and it was surmised that the allylic
nature of the epoxide in17 was complicating the deprotec-
tion. Fortunately, a two-step intramolecular Pummerer-based
protocol20 was successful. The dithiane was oxidized to the
monosulfoxide (mCPBA, 0°C), and the crude monosulfoxide
was exposed to the action of Ac2O, Et3N, and H2O to give
the desired ketone (18, 70%), also known as dimethyl
monocillin I. Regiospecific chlorination of the aromatic ring
(Ca(OCl)2, 80%)9 produced radicicol dimethyl ether (19).21

Removal of the phenolic methyl ethers in the presence of
the sensitive epoxide and lactonic functions has not been
accomplished thus far. Preliminary results have indicated that
the epoxide is the first site of vulnerability to Lewis acids
(BBr, BCl3). Opening of the epoxide is soon followed by
cleavage of the methyl ether ortho to the benzoic ester.

Efforts are underway to complete the synthesis of the
natural product, as well as to apply this concise strategy to
generate structural analogues of radicicol with useful in vivo
activity.
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Scheme 3. Synthesis of Radicicol Dimethyl Ethera
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