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Design and synthesis of tubulin ligands based on epothilones:
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Abstract—Starting from the X-ray structure of epothilone B, an original, non macrocyclic, structure has been designed to mimic
the key structural features of this potent anticancer agent; the preparation of a key intermediate incorporating four stereogenic
centers is described from cyclohexane-1,3-dione. © 2002 Elsevier Science Ltd. All rights reserved.

Epothilones A 1 and B 2 are the first members of a new
class of fascinating and biologically active natural prod-
ucts isolated by Höfle from the myxobacterium
Sorangium cellulosum1 (Fig. 1). The current high inter-
est for these 16-membered macrocyclic lactones arise
from their potent microtubule binding property leading
to significant in vivo cytotoxic activity against various
cancer cell lines including multidrug-resistant ones.2

These compounds share the same tubulin binding site
as paclitaxel3 but have the advantage over the latter to
be more water soluble. These properties and their inter-
esting molecular structure have prompted numerous

syntheses since 19964 allowing to gather interesting
structure–activity relationships.

Indeed, few efforts have been made to design analogues
based on the X-ray structure and conformational analy-
sis of 2 alone5 and/or of paclitaxel either alone6 or
binded to tubulin.7 Thus, Winckler and Axelsen have
designed simpler analogs based on the introduction of
an ethano bridge between C2 and C10 and synthetized
compounds such as 3 which do not bind to tubulin.8

Starting from the X-ray structure of 2, we searched for
compounds having the same spatial arrangement of its
key features: the C6�C8 aldol moiety, the C5 gem-
dimethyl group, the C2�C4 �-hydroxyester group, the
side chain with a thiazole ring and the C12�C13 epox-
ide or alkene residue (epothilone D which only differs
from epothilone B by the presence of an alkene group
instead of the epoxide has demonstrated a superior
therapeutic index9). Selection of potential candidates
was based on their conformational analysis and super-
position with 2 and on their synthetic feasability. This
study led to the design of a cyclohexane analogue which
fulfill the above requirements (Fig. 2).1

Retrosynthetic analysis of 4 (possessing an alkene
group insteed of an epoxide moiety) is based on the
preparation of a cyclohexane derivative bearing 4
stereogenic centers and on the introduction at a proper
stage the thiazole side chain (Scheme 1). We now
disclose the diastereoselective synthesis of the racemic
compound 4. Starting from 2,2-dimethyl-1,3-cyclohex-

Figure 1.
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Figure 2. Dark grey: epothilone; light grey: analogue.
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the former group (JH1�H2=1.7 Hz). The exclusive for-
mation of 9 is best explained by a retro-aldol reaction
followed by recyclisation to afford the axial isomer.13

Since molecular modelisation at the AM110 level reveals
that 9 is slightly less stable than its equatorial epimer
(�E=1.1 kcal/mol), its formation is best explained by
the more favorable chair–chair bicyclo[3,3,1]nonane-
type transition state A compared to B (Scheme 3).

Then the hydroxyl group of 9 was protected as a THP
ether to give 10 (74%). Although a 70/30 mixture of
diastereoisomers is produced, no other protecting group
could be introduced due to steric hindrance (silyl
ethers) or decomposition under basic conditions
(MOM). At this stage, NOESY experiments confirmed
the proposed stereochemistry with strong correlations
between H1 and one C1 Me group (1,3 diaxial interac-
tion), the methine proton of the OTHP moiety and the
other C1 Me and H2 with both C1 Me groups (Fig. 3).
Then, 10 was converted to acid 11 (93%) upon
hydrogenolysis (H2, Pd/C, EtOAc).

Compound 11 (2 equiv.) and the racemic alcohol 12 (1
equiv.) in presence of DCC (2 equiv.) and 4-DMAP (2
equiv.) in CH2Cl2 afforded esters 13a and 13b in a 7/3
ratio (68% isolated yield) (Scheme 4). 1H and 13C NMR
for both esters revealed that they only differ by the
configuration of the chiral stereogenic center of the
THP protecting group (acid catalysed hydrolysis

anedione 5,11 alkoxycarbonylation at C4 followed by
reduction, alcohol protection, esterification and aldoli-
sation should afford 4.

Since alkoxycarbonylation was unsuccessful on 5 under
different conditions, mono ketalisation to 6 (81%) was
first carried out followed by condensation with benzyl-
cyanoformate according to the procedure of Mander12

(Scheme 2). The desired keto ester 7 (68%, 1/1 ketone–
enol tautomeric mixture) was then reduced with NaBH4

to give a 90% mixture of the two epimers 8a and 8b in
variable ratios depending on experiments. Then, ketone
deprotection was carried out on this mixture and, sur-
prisingly, only 9 was isolated (97%). 1H NMR of 9 is in
agreement with a cis relationship of the hydroxyl and
ester groups leading to a pseudo-axial conformation of

Scheme 2.
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Scheme 4.

afforded the same compound) and that only one
diastereoisomer is formed during the esterification step,
although its configuration could not be determined.
This is in agreement with a kinetic resolution which
may arise from a diastereofacial selectivity in the nucle-
ophilic attack of 12 on the bulky intermediate resulting
from the addition of acid 11 to DCC. Similar kinetic
resolutions have been reported in the literature.14

Finally, condensation of the lithium enolate of 13a
(LDA, THF, −78°C) with 1 equiv. of acetaldehyde
afforded aldols 14 and 15 in a 59/41 ratio (36%).11 1H
NMR data for the first aldol is in agreement with a cis
relationship between the CH3CHOH and COOMe
groups, the observed coupling constants between H5,
H6ax (J=13 Hz) and H6eq (J=6.8 Hz) confirming the
axial orientation of H5. In the case of 14, larger modifi-
cations (with respect to 13a) are noticed in the 1H and
13C NMR spectra (H5 appears as a quadruplet (J=9.1
Hz)). Since it has already been shown that cyclohex-
anone enolates afford anti-aldol with aliphatic alde-
hydes,15 it may be assumed that 15 results from the
other possible diastereofacial addition. The lack of
selectivity may arise from 1,4 (with the OTHP group)
and 1,3 (with a C1 Me) steric interactions in both
transition states. Upon treatment with cat. PTSA in
acetone, diols 4 (53%) and 16 (56%) were obtained from
14 and 15, respectively.

In summary, comparison of a cyclohexane derivative
(4) with the X-ray structure of epothilone B was found
to result in similar spatial arrangement of the key
features of this potent new anticancer agent. Synthesis
of racemic compound 4 has been completed in eight
steps from 1,3-cyclohexanedione. Indeed, no cytotoxic-
ity was observed for 4 (and 16) against L1210 leukemia
cells.16 In order to explain this result, it will be crucial
to determine the relative configuration of the ester side
chain resulting from the kinetic resolution step. Since
all intermediates and the final compounds are oils,
further work is under way to search for cristalline
derivatives in order to get an X-ray analysis.
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