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ABSTRACT

The design, total synthesis, and biological evaluation of two C(13) −C(14)-cyclopropyl analogues [( +)-1 and (+)-2] of ( +)-discodermolide have
been achieved. Key features of the syntheses include highly stereoselective, hydroxyl-directed cyclopropanations of vinyl iodides and higher
order cuprate-mediated cross-coupling reactions between cyclopropyl iodides and alkyl iodides. Biological evaluation revealed that neither
orientation of the cyclopropyl methylene completely substitutes for the C(14) methyl found in ( +)-discodermolide (3).

(+)-Discodermolide (3, Figure 1), a potent antitumor
polyketide natural product first isolated in 1990 by Gunasek-
era et al. at the Harbor Branch Oceanographic Institute from
extracts of the rare Caribbean marine spongeDiscodermia
dissoluta,1 comprises a linear 24-membered polyketide
backbone punctuated by 13 stereogenic centers. The pioneer-
ing syntheses of both the (+)- and (-)-antipodes by Schreiber
and co-workers permitted assignment of the absolute stere-
ochemistry of3.2

Discodermolide was initially reported to be a potent
immunosuppressive agent, both in vivo and in vitro;3 this
activity was subsequently recognized to be due to the potent
microtubule-stabilizing antimitotic activity.4 Importantly,

discodermolide displays not only significant tumor cell
growth inhibitory activity against a wide panel of human
cancel cell lines including paclitaxel-resistant cells5 but also
cytotoxic synergy with paclitaxel in a variety of cell lines6

as well as the induction of accelerated cell senescence.7 The
remarkable, wide-ranging biological activity, in conjunction
with both the challenging architecture and the growing
interest in providing useful quantities of (+)-discodermolide
for clinical development, has stimulated considerable chemi-
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cal efforts resulting in seven total syntheses.2,8 Additional
endeavors have focused on the design and synthesis of
structurally simplified analogues of this potentially important
chemotherapeutic agent.9

In parallel with our efforts to develop an ever more
practical total synthesis of discodermolide to provide material
for clinical development,10 we broadened our program in
collaboration with Kosan Bioscience, Inc., to include the
production of analogues designed to probe the structure-
activity relationship (SAR), as well as to define the critical
minimum structural element necessary for tumor cell growth
inhibition.11 In conjunction with this effort, we assigned the
solution conformation, similar to the solid-state structure, on
the basis of a combination of 1- and 2-D NMR techniques
and computational studies.12,13 A combination of A1,3 and

syn-pentane nonbonded interactions along the carbon back-
bone appears to play a major role in defining the observed
turn conformation.12,13From the SAR perspective, our initial
results indicate that congeners of discodermolide lacking the
C(14) methyl substituent, as in the (+)-14-normethyl con-
gener (4), demonstrate a general trend of relative inactivity
against the NCI/ADR multidrug-resistant cell line,11b despite
retaining nanomolar cytotoxicity against a wide variety of
drug-sensitive cell lines.11b The underlying nature of these
results involving the subtle interplay between structure and
function in the C(13)-C(14) region of discodermolide
continues to be the subject of active investigation in our
laboratory. In this paper, we disclose the design, total
synthesis, and biological evaluation of two cyclopropyl
congeners of discodermolide: (+)-13S,14S-cyclopropyldis-
codermolide (1) and (+)-13R,14R-cyclopropyldiscodermolide
(2).

Initial efforts focused on the direct cyclopropanation of
the known advanced olefin (+)-511a to install the cyclopro-
pane functionality at C(13)-C(14) as required for an
advanced recursor such as8 (Scheme 1).

All attempts, however, employing a variety of cyclopro-
panation conditions provided only trace amounts of the
desired cyclopropanes, and then only as mixtures of diaster-
eomers. The related secondary alcohols (+)-6 and (+)-7 were
likewise unreactive.

Attention therefore quickly shifted to an alternative
strategy to construct8. We reasoned that introduction of the
cyclopropane moiety prior to elaboration of the C(14)-C(15)
bond, employing intermediates such as (+)-9 and (+)-11
readily available in our laboratory, might be feasible. This
synthetic plan called for construction of cyclopropyl iodide
10 (Scheme 1).

Not entirely unexpectedly, direct cyclopropanation of
known vinyl iodide (+)-1111a again proved unsuccessful,
given the electron-deficient nature of the olefin. Literature14

precedent, however, suggested that an allylic hydroxyl group
might significantly augment the chance for successful
cyclopropanation. With this scenario in mind, removal of
the TBS group in (+)-11 and cyclopropanation employing
the conditions of Denmark and co-workers (Scheme 2)
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Figure 1. (+)-Discodermolide (3) and the (+)-14-normethyl
congener (4).
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gratifyingly furnished a single cyclopropyl iodide (+)-12 in
71% yield.15,16 The stereochemical outcome was tentatively
assigned as 13R,14R,based on a likely reactive conformation
imposed by A1,3 interactions, in conjunction with the ste-
reogenicity at C(12). Protection of the secondary hydroxyl
as the MOM ether, followed by DDQ removal of the PMB
moiety and reprotection of the primary hydroxyl as the TBS
ether, furnished cyclopropyl iodide (-)-14 in excellent
overall yield. To verify the stereochemistry, camphanic ester
(-)-15 was prepared, crystallized, and analyzed by X-ray
diffraction (see ORTEP in Scheme 2).

With (+)-910 and (-)-14 in hand, we explored their union
initially by palladium(0)-catalyzed cross-coupling. To this
end, alkyl iodide (+)-9 was converted to the trialkyl boronate
by lithiation, followed by addition ofB-methoxy-9-BBN.10

Treatment with the cyclopropyl iodide (-)-14, under the
modified Suzuki conditions developed by Charette,17 how-
ever, resulted in none of the desired product. Traditional
alkylation methods likewise proved unsuccessful; only
complex product mixtures were obtained. Ultimately, we
discovered that the 2-thienyl cyanocuprate derived from (-)-
1418 underwent clean alkylation to provide (+)-16 in 61%
yield (Scheme 3). Success with this transformation was

critically dependent upon rigorous removal of oxygen to
avoid oxidative coupling products.

Having successfully constructed the C(13,S)-C(14,S) cy-
clopropyl fragment (+)-16, we turned to the synthesis of
the diastereomer (+)-17 (Scheme 4). Based on our experi-

ence with (+)-16, we reasoned that (+)-17 should be
available from (+)-9 and the C(13,S)-C(14,S) cyclopropyl
iodide (+)-18. To introduce the requisite cyclopropane
configuration, vinyl iodide19, bearing a hydroxymethyl
group at C(12), was selected as the precursor.

Toward this end, known aldehyde (+)-208a (Scheme 5)

was converted to epoxy alcohol (-)-21according to a known
three-step sequence.19 Conversion to vinyl iodide (-)-22 then
entailed treatment with vinylmagnesium bromide in the
presence of CuI, followed by bis-TBS protection, oxidative-
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cleavage of the terminal olefin, and Wittig reaction using
the Zhao protocol;20 (-)-22was obtained in 38% yield (four
steps) with aZ/E selectivity of 10:1. Selective removal of
the primary TBS group next furnished (+)-23, which was
subjected to cyclopropanation to afford the desired product
(+)-24, albeit in low yield (∼15%).

Reasoning that the low efficiency was due to the PMB
group, vinyl iodide (-)-22 was converted to the correspond-
ing TBDPS ether (+)-25 via an efficient (90%) three-step
sequence (DDQ, TBDPSCl/imidazole, 1% HCl/EtOH). Hy-
droxyl-directed cyclopropanation, again employing the con-
ditions of Denmark et al.,15 provided (+)-26 as a single
diastereomer in 70% yield. To complete construction of
cyclopropyl iodide (+)-18, removal of the primary hydroxyl
group was now required. We immediately ruled out the
Barton-McCombie or related radical-based protocols given
the likely effect on the cyclopropyl iodide functionality. After
some effort, we were pleased to uncover a high-yielding,
two-step deoxygenation protocol entailing iodination (I2/Ph3P,
95% yield) followed by selective deiodination using a com-
bination of NaBH3CN and DMPU21 (95% yield). Attempts
to couple (+)-27 with (+)-9, however, employing the same
higher order cuprate as for (+)-16, proved unsuccessful.
Reasoning that the difference in the two systems was the
pattern of protecting groups, (+)-27 was converted to (+)-
18and then subjected to the same cuprate-coupling protocol.
Cyclopropane (+)-17 was obtained in 63% yield.

Having assembled both diastereomeric cyclopropanes (+)-
16 and (+)-17, we were poised to complete the synthesis of
1 and2 (Scheme 6). Reduction of the acetal in (+)-16 with
DIBAL furnished the corresponding primary alcohol, which
in turn was subjected to Dess-Martin periodinane oxidation22

and installation of the terminal diene via the Paterson two-

step, one-pot protocol.23 The desired TBS ether (+)-28 was
then further elaborated to the corresponding Wittig salt (+)-
29 employing conditions similar to that reported in our
fourth-generation total synthesis of (+)-discodermolide.10

Wittig union with aldehyde (-)-30, removal of the secondary
PMB group, and installation of the carbamate at C(19),
followed by global deprotection completed construction of
(+)-13S,14S-cyclopropyldiscodermolide (1). In a similar
fashion, (+)-17 was advanced through the same synthetic
sequence to furnish (+)-13R,14R-cyclopropyldiscodermolide
(2) with a similar overall yield (see the Supporting Informa-
tion for experimental details).

Biological evaluation of (+)-1 and (+)-2 revealed the
general trend, as observed for 14-normethyldiscodermolide
analogues, of relative inactivity against the NCI/ADR
multidrug-resistant cell line (Table 1). However, the cyto-

toxicities in the MCF-7 and SKOV-3 lines proved compa-
rable to that of (+)-14-normethyldiscodermolide (4), while
activity in the A549 cell line was somewhat reduced. Taken
together, these results suggest that the relative geometry of
the cyclopropane ring appears to have little impact on
bioactivity vis-à-vis (+)-14-normethyldiscodermolide (4).

In summary, we have achieved the total synthesis of two
C(13)-C(14) cyclopropane analogues of discodermolide.
Highlights of the syntheses include highly stereoselective,
hydroxyl-directed cyclopropanations of vinyl iodide sub-
strates and efficient higher order cuprate-mediated cross-
coupling reactions between cyclopropyl iodides and alkyl
iodides. The cell growth inhibitory activities of (+)-1 and
(+)-2 imply that neither orientation of the cyclopropane ring
completely substitutes for the C(14) methyl found in (+)-
discodermolide, suggesting further that the bioactive con-
formation is governed, at least in part, by A1,3-strain.
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Scheme 6

Table 1. Cytotoxicity Observed for Analogues (+)-1 and
(+)-2

cytotoxicity IC50, nM

MCF-7 NCI/ADR A549 SKOV-3

(+)-1 46 4000 320 110
(+)-2 38 4000 210 70
(+)-3 14 180 29 54
(+)-4 34 >1000 94 84
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