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Synthetic studies on apoptolidin: synthesis of the C1–C21
macrolide fragment
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Abstract—The stereoselective and convergent synthesis of the C1–C21 macrocyclic segment (2) of the apoptosis inducing
macrolide antibiotic, apoptolidin (1), is described. © 2001 Elsevier Science Ltd. All rights reserved.

Novel drugs that can selectively sensitize cancer cells to
apoptosis induction are very useful for treating certain
cancers. Apoptolidin (1), isolated in 1997 by Seto and
Hayakawa,1 possesses impressive biological properties.
Thus, 1 induces apoptotic cell death in rat glia cells
transformed with the adenovirus E1A oncogene but not

in normal glia cells. Recently, Khosla and co-workers
identified the mitochondrial F0F1-ATPase as one possi-
ble target to explain this biological action.2 The relative
and absolute configuration of 1 has been established by
extensive NMR analysis and degradation studies.3

Apoptolidin (1) possesses a novel molecular structure

Figure 1.
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which consists of a complex aglycon and two sugar
units. The aglycon is constructed of a 20-membered
macrocyclic lactone containing independent conjugated
triene and diene systems and a side chain at C19
containing a six-membered cyclic hemiacetal. A �-D-
oleandrosyl-�-L-olivomycose disaccharide is located at
C27, while a novel sugar, 6-deoxy-4-O-methyl-�-L-glu-
cose is attached at C9. Because of its important biolog-
ical activity and novel molecular architecture,
apoptolidin (1) has been deemed a prime target for
total synthesis. In this context, elegant synthetic studies
on 1 have independently been announced by Koert’s,4a

Nicolaou’s5 and Sulikowski’s6 groups, and the synthesis
of apoptolidinone,4b the aglycon of apoptolidin, has
very recently been reported by Koert and co-workers.
Herein we now disclose the stereoselective and conver-
gent synthesis of the C1–C21 macrocyclic core (2) of 1,
which makes use of the key synthetic intermediates, the
C1–C11 (3) and the C12–C21 (4) segments (Fig. 1).

The synthesis of the vinyl tributyltinated carboxylic
acid 3 corresponding to the C1–C11 segment of 1 is
summarized in Scheme 1. Reaction of the aldehyde 5,
which was readily prepared from methyl (R)-3-
hydroxy-2-methylpropionate by Terashima’s method,7

and the trimethylsilylacetylene 6 activated by n-BuLi in
THF at −78°C proceeded stereoselectively to afford the
desired Cram-adduct 7 in 60% yield in a Cram:anti-
Cram ratio of 2:1. The deprotection of the trimethylsil-
yl group in 7 under basic conditions using K2CO3 in
MeOH gave 8 in 99% yield. The secondary alcohol 8
was protected with the triisopropylsilyl (TIPS) group
and then the trityl group was selectively deprotected
under mild acidic conditions using CSA to give the
primary alcohol 10 via 9 in 78% overall yield. The

primary alcohol 10 was subjected to Swern oxidation
and then Wittig reaction employing Ph3P�C(Me)CO2Et
in toluene to furnish only the desired trans-olefin 12 via
11 in 96% overall yield. Subsequent reduction of the
ethyl ester in 12 utilizing DIBAL-H followed by oxida-
tion of the resulting allyl alcohol 13 employing MnO2

gave the �,�-unsaturated aldehyde 14 in 93% overall
yield. Repeating the elongation of 14 by Wittig reaction
(Ph3P�C(Me)CO2Et), reduction (DIBAL-H) and oxida-
tion (MnO2) afforded the all-trans diene aldehyde 17 in
94% overall yield. Subsequent Horner–Wadsworth–
Emmons olefination employing (Et2O)2(O)PCH-
(Me)CO2Et and n-BuLi in THF provided only the
desired all-trans triene 18 in 99% yield. It was found
that Wittig reaction employing Ph3P�C(Me)CO2Et gave
a small amount of the cis-isomer. Pd0-catalyzed
hydrostannylation (n-Bu3SnH, cat. PdCl2(PPh3)2)8 pro-
ceeded regio- and stereoselectively to furnish the desired
trans-vinyl tributyltin 19 in 92% yield. In the final
transformation, hydrolysis of the ethyl ester in 19 under
basic conditions (LiOH, 1,4-dioxane) yielded the car-
boxylic acid 3 in 79% yield.

The construction of the vinyl iodidenated secondary
alcohol 4 corresponding to the C12–C21 segment of 1
from diethyl L-tartrate is depicted in Scheme 2. The
primary alcohol 20, which was easily obtained from
diethyl L-tartrate by Somfai’s procedure in four steps,9

was subjected to Dess–Martin oxidation10 and then
Wittig reaction employing Ph3P�CH2 to furnish the
olefin 22 via 21 in 60% overall yield. Hydroboration of
22 utilizing dicyclohexylborane proceeded effectively to
give the alcohol 23 in 88% yield after the subsequent
oxidative work-up. Dess–Martin oxidation10 of the
resulting alcohol 23 yielded the aldehyde 24 in quantita-

Scheme 1. Reagents and conditions : (a) n-BuLi, THF, −78°C, 13 h, 60%; (b) K2CO3, MeOH, 25°C, 2 h, 99%; (c) TIPSOTf, Py,
0°C, 1 h, 90%; (d) CSA, MeOH–CH2Cl2, 30°C, 40 min, 87%; (e) (COCl)2, DMSO, Et3N, CH2Cl2, −78°C, 20 min; (f)
Ph3P�C(Me)CO2Et, PhMe, 110°C, 13 h, 96% (E/Z=100/0) from 10; (g) DIBAL-H, PhMe, −78°C, 30 min, 98%; (h) MnO2,
CH2Cl2, 25°C, 1 h, 95%; (i) Ph3P�C(Me)CO2Et, PhMe, 110°C, 14 h, 99% (E/Z=97/3); (j) DIBAL-H, PhMe, −78°C, 1 h, 97%;
(k) MnO2, CH2Cl2, 25°C, 30 min, 98%; (l) (EtO)2(O)PCH(Me)CO2Et, n-BuLi, THF, 0°C, 13 h, 99% (E/Z=100/0); (m) n-Bu3SnH,
cat. PdCl2(PPh3)2, PhMe, 0°C, 45 min, 92%; (n) LiOH (aq.), 1,4-dioxane, 80°C, 10 h, 79%.
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Scheme 2. Reagents and conditions : (a) Dess–Martin periodinane, Py, 25°C, 1 h, 73%; (b) Ph3P�CH2, PhH, 25°C, 2.5 h, 81%; (c)
(c-Hex)2BH, THF, 25°C, 1 h, 88%; (d) Dess–Martin periodinane, 25°C, 1 h, 99%; (e) MgBr2·Et2O, CH2Cl2, −20°C, 14 h, 83%;
(f) MeOTf, 2,6-di-tert-butylpyridine, 25°C, 10 h, 90%; (g) (c-Hex)2BH, THF, 25°C, 1 h, 89%; (h) TsCl, Et3N, TMEDA, MeCN,
0°C, 1 h, 95%; (i) LiC�CH, DMSO, 25°C, 30 min, 86%; (j) MeI, n-BuLi, THF, 25°C, 1 h, 96%; (k) Cp2ZrHCl, NIS, THF, 0°C,
15 min, 80%; (l) DDQ, CH2Cl2–H2O, 25°C, 18 h, 99%.

tive yield. At this stage, it was found that the addition
of the allylstannane 2511 to 24 in the presence of
MgBr2·OEt2 in CH2Cl2 at −20°C proceeded with high
stereoselectivity consistent with �-chelation control to
give a 92:8 mixture of the desired alcohol 26 and the
diastereomer in 91% combined yield. Methylation of the
hydroxy group in 26 using MeOTf and 2,6-di-tert-
butylpyridine furnished 27 whose terminal olefin under-
went hydroboration employing dicyclohexylborane to
provide the alcohol 28 in 80% overall yield. It was found
that methylation using MeI and NaH in DMF caused the
migration of the silyl group in 26. Tosylation of the
alcohol 28 yielded the tosylate 29 which was subjected
to the reaction with lithium acetylide in DMSO to give
the acetylene 30 via 29 in 82% overall yield. After
methylation of the terminal alkyne in 30 using MeI and
n-BuLi, the resulting 31 was treated with Cp2ZrHCl and
NIS in THF12 to afford only the trisubstituted trans-vinyl
iodide 32 in 77% overall yield as the sole isolated product.

Finally, selective deprotection of the MPM group in 32
using DDQ13 afforded the secondary alcohol 4 in quan-
titative yield.

With both key intermediates 3 and 4 in hand, the
synthesis of the C1–C21 macrocyclic lactone (2) was
addressed (Scheme 3). The esterification of the carboxylic
acid 3 and the secondary alcohol 4 was best effected by
the Yamaguchi method14 to give the ester 33 in 89% yield.
Unfortunately, the macrocyclizations of the fully pro-
tected 33 by intramolecular Stille coupling under several
conditions failed. After many attempts, we finally found
that the macrocyclization of 34, which was obtained by
TBAF-mediated deprotection of two silyl groups in 33
in 67% yield, was realized by intramolecular Stille
coupling15 using a catalytic amount of PdCl2(MeCN)2 in
the presence of Ph2PO2NBu4

16 and LiCl in DMF at 25°C
for 3 h to furnish the desired 20-membered lactone 2 in
30% yield as the only isolated product.17

Scheme 3. Reagents and conditions : (a) 2,4,6-trichlorobenzoyl chloride, Et3N, THF, 4-DMAP, PhMe, 25°C, 16 h, 89%; (b) TBAF,
THF, 25°C, 12 h, 67%; (c) cat. PdCl2(MeCN)2, Ph2PO2NBu4, LiCl, DMF, 25°C, 3 h, 30%.
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In conclusion, we have demonstrated, for the first time,
the stereoselective and convergent synthesis of the
apoptolidin macrocyclic core by the macrocyclization
using the intramolecular Stille coupling reaction.
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