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ABSTRACT

A convergent, highly enantioselective synthesis of the fully functionalized AB sector of cochleamycin A is described. A pair of building
blocks, crafted from L-malic and L-ascorbic acids, are conjoined in a manner that gives rise to an (E,Z,E)-1,6,8-nonatriene. On heating, the
latter undergoes stereocontrolled intramolecular Diels−Alder cyclization via an endo transition state.

During the period 1992-1996, a team headed by Shindo
and Kawai reported on the isolation and characterization of
a small family of architecturally novel antitumor antibiotics
named cochleamycins.1 The structures and relative stereo-
chemistries of these compounds were ascertained by mass
spectrometry and a battery of NMR spectroscopic techniques.
Of these, cochleamycin A (1) demonstrated the highest level
of cytotoxicity against P388 leukemia cells, with an IC50 of
1.2µg/mL. Good antimicrobial activity against Gram-positive
bacteria was also uncovered.1 Independent investigations by
Abbott researchers led almost simultaneously to the discovery
of the macquarimicins.2,3 Like 1, these unique microbial
metabolites feature acis-tetrahydroindane AB part structure
fused to a 10-membered carbocyclic ketone that is bridged

in turn with lactone functionality to set the CD ring assembly.
In neither series is the absolute configuration yet established.

In light of our longstanding interest in the construction of
biologically active natural products characterized by bridge-
head unsaturation4 and the clinical potential of1, we have
been led to undertake its total synthesis.5 Retrosynthetically,
the intent was to utilize an intramolecular Diels-Alder
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cycloaddition for construction of the AB ring system in line
with the proposed biosynthesis1c (Scheme 1). Initial dis-

connection of1 at the site of its “anti-Bredt” double bond
was visualized, thereby targeting aldehyde2 as an advanced
intermediate. Construction of the carbocyclic network in2
was viewed likely to be feasible by stereoselective [4+ 2]
cycloaddition within the (E,Z,E)-1,6,8-nonatriene3.6 A key
consideration in this scenario was adherence by3 to
appropriate transition state geometry (see below). Ultimately,
triene3 would arise by Sonogashira coupling of4 to 5 and
subsequent semi-hydrogenation of the alkyne link to secure
the Z-double bond geometry.

Synthesis of vinyl iodide4 began with the four-step
conversion ofL-(-)-malic acid to the hydroxy acetal6
according to established precedent7 (Scheme 2). Protection
of the secondary hydroxyl as thep-methoxybenzyl ether8

and acidic hydrolysis of acetonide7 furnished diol8 in 92%
yield for the two steps. Following chemoselective pivaloyl-

ation9 to generate9, an epoxide ring was installed10 as in
10. Subsequent double bond cleavage via ozonolysis and
accompanying reductive workup could be accomplished
without excessive intramolecular cyclization. The product
composition was defined to be 54% of11 and 23% of12
after esterification. The conversion of chromatographically
purified major product11 to 13entailed highly regioselective
nucleophilic opening of the oxirane with lithium trimethyl-
silylacetylide with subsequent fluoride ion-induced desilyl-
ation.11 This result allowed for DDQ-promoted oxidative
cyclization8c,12 to deliver 14 efficiently. This alkyne, the
configuration of which was ascertained by NOESY tech-
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Scheme 1

Scheme 2a

a Reagents and conditions: (a) PMBBr, NaH, DMF (100%); (b)
HOAc, H2O, THF (1:1:1), 50-60 °C (92%); (c) PivCl, pyr, CH2Cl2
(91%); (d) CH3SO2Cl, DMAP, pyr, CH2Cl2 (97%); (e) K2CO3,
MeOH (89%); (f) O3, EtOAc, -78 °C, then Ph3P; (g) NaBH4,
MeOH, 0 °C; (h) PivCl, pyr, CH2Cl2 (77% for 3 steps); (i)
HCtCSiMe3, n -BuLi, BF3‚OEt2, THF, -78 °C; (j) (n-Bu)4NF,
THF, 0 °C (95% for 2 steps); (k) DDQ, 4 Å MS, CH2Cl2 (85%);
(l) (n-Bu)3SnH, AIBN, C6H6, ∆ (99%); (m) I2, CH2Cl2 (96%).
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niques, was readily converted to the (E)-vinylstannane15
by reaction with tri-n-butyltin hydride and AIBN in refluxing
benzene.13 Equal success was enjoyed in the generation of
iodide 4,14 quantities of which were made available in
enantiopure form by this pathway.

Acquisition of the second cross-coupling partner took early
advantage of the readiness with whichL-ascorbic acid can
be transformed into butenolide1615 (Scheme 3). In line with

expectation,16 the conjugate addition of lithium dimethyl-
cuprate to16 proceeded to deliver the trans adduct17
exclusively in 89% yield. Reduction to the lactol was
followed by Wadsworth-Emmons chain extension11c,17 to
provide theE-configured open-chainR,â-unsaturated ester
with unequivocally established relative and absolute con-
figuration at theδ- andε-positions. Protection of the hydroxyl
group in18was accomplished via the trichloroacetimidate,18

thereby making it possible to advance to21 via Dibal-H

reduction and acetylation. Following chemoselective de-
silylation and oxidation with iodoxybenzoic acid (IBX),19

the resulting aldehyde was homologated via the Corey-
Fuchs protocol.20 Terminal alkyne5 was formed in 88% yield
for the two steps.

The crucial Sonagashira coupling of4 with 5 was most
successfully implemented with Pd(PPh3)2Cl2 and CuI in
triethylamine as solvent13a,21 (Scheme 4). The clean semi-

hydrogenation of the triple bond in23 proved to be
challenging. Irrespective of whether catalytic quantities or
several molar equivalents of quinoline were present, mixtures
of 24and25were formed. The use of 1-octene as a cosolvent
likewise did not effectively curtail the production of25. Also,
reaction times in excess of 1 day were required. Ultimately,
recourse was made to a compromise position involving the
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Scheme 3a

a Reagents and conditions: (a) (CH3)2CuLi, ether, THF,-30 °C
(89%); (b) (i-Bu)2AlH, CH2Cl2, -78 °C; (c) Ph3PdCHCO2Me,
C6H6, ∆ (100% for 2 steps); (d) PMBOC(dNH)CCl3, CSA, CH2Cl2;
(e) (i-Bu)2AlH, CH2Cl2, -78 °C (60% for 2 steps); (f) Ac2O,
DMAP, pyr, CH2Cl2 (97%); (g) (n-Bu)4NF, THF, 0 °C (100%);
(h) IBX, THF/DMSO (9:1) (90%); (i) CBr4, Ph3P, CH2Cl2, -78
°C (98%); (j) n-BuLi, THF, -78 °C (90%).

Scheme 4a

a Reagents and conditions: (a) Pd(PPh3)2Cl2, CuI, Et3N (82%);
(b) H2, Lindlar catalyst, EtOAc/pyr/1-octene (10:1:1) (95%); (c)
IBX, THF/DMSO (9:1) (85%); (d) 20% BHT, toluene, sealed tube,
195 °C, 26 h; (e) NaBH4, MeOH, 0°C (66% for 2 steps).
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use of 10:1:1 ethyl acetate/pyridine/1-octene as the reaction
medium.5,22 These conditions gave rise to a 1.7-1.9:1
mixture of 24 and25 (ES MS analysis) in 95% yield after
only 5.5 h. Since these carbinols coeluted during attempted
chromatographic separation, they were carried in admixed
form through a three-step sequence involving sequential IBX
oxidation, thermal activation in toluene at 195°C, and
reduction with methanolic sodium borohydride. While al-
dehyde3 derived from24underwent smooth intramolecular
Diels-Alder cycloaddition, the oversaturated congener did
not share in this capability and did not enter into cyclization.
The bicyclic product detected following careful chromatog-
raphy proved to be26 (66% from 24),23 the relative (and
absolute) stereochemistry of which was elucidated by
NOESY measurements (see formula).

An (E,Z,E)-1,6,8-nonatriene such as3 was expected
on the basis of precedent to cyclize via an endo transition
state, of which only two are possible as defined inA and
B.5,6d,24

The two options differ significantly in the level of
nonbonded steric interaction that must necessarily be faced
in order for diene-dienophile linkup to materialize. InA, the
methyl and OPMB substituents are projected into the region
necessarily reserved for proper positioning of the diene unit,
thereby disfavoring this arrangement. Since this level of
proximity is completely avoided inB, this transition state is
adopted in wholesale fashion and generates exclusively27.

This excellentπ-facial stereoselection, when compared with
the results of Tadano,5 supports the working assumption that
the extent of destabilization depends on the steric require-
ments of the interlinking tetrahedral carbons and their
substituents.

In conclusion, the studies reported herein serve to chart
an approach to cochleamycin A that is based on the effective
use of an intramolecular Diels-Alder reaction to set all six
stereogenic centers resident in rings A and B in their proper
configuration. Current investigations are underway to de-
termine if 26 can indeed serve as a suitable precursor to1.
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