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Letters
Synthetic studies on bafilomycin A1: first formation of the
16-membered macrolide via an intramolecular Stille reaction
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Abstract—The 16-membered macrolide formation of a bafilomycin A1 synthesis intermediate showed to be very difficult to achieve
via an intramolecular Stille reaction. Complex reactions were observed, depending on the nature of the palladium source, ligand,
solvent and reaction conditions. Unexpected reactions of the 2-furyl group transfer of trifurylphosphine were observed on the vinylic
iodide and (or) the vinylstannane. Best conditions were found with Pd2(dba)3/AsPh3/i-Pr2NEt in DMF, at 40 �C, to afford the
desired macrocycle in 28% yield (33% corrected), the structure of which was definitely confirmed by chemical filiation.
� 2004 Elsevier Ltd. All rights reserved.
In the two preceding communications, we described the
synthesis of the enantiopure C1–C11 fragment 1 of ba-
filomycin A1,

1a that of the required C12–C17 subunit 2
and their intermolecular esterification product 3.1b We
herein report our results concerning the formation of the
16-membered macrolactone of bafilomycin A1, for the
first time via an intramolecular Stille coupling, thus
obtaining 5 from 4 (Scheme 1).2 The synthesis of 5
corresponds to a formal one of bafilomycin A1 via a
strategy developed by Evans and Calter for the com-
pletion.3

At the present time, the 16-membered macrolide for-
mation of bafilomycin A1 has always been achieved via
an acyl activation, first in 55–60% yield by Evans and
Calter who used a modification of Yamaguchi’s stan-
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dard procedure,4 based on the fact that they observed
the formation of the symmetric anhydride in the con-
ditions required for the lactonization (dilution, toluene,
100 �C) and therefore used a large excess of 2,4,6-tri-
chlorobenzoyl chloride/NEt3/DMAP.3a Independently,
Yonemitsu and co-workers made analogous observa-
tions and used a similar procedure in their total syn-
thesis of hygrolidin.5 Similar procedures have been
afterwards employed by Toshima et al.6 and Roush and
co-workers.7 An acyl activation with (EDC, HCl) in the
presence of DMAP was later used by Hanessian et al.8

The success or failure of macrolactonization via an acyl
activation is also highly dependent on the nature of the
precursor and its preferred conformation(s).3–9 There-
fore, instead of an acyl activation and in order to study
an alternate solution, we decided to examine the
unds; Phosphines; Tin and compounds; Solvents and solvent effects.
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formation of the macrocycle via an intramolecular Stille
coupling.10 Thus, the required enantiopure precursor 3
was obtained in 89% yield by an intermolecular esteri-
fication of the enantiopure C1–C11 acid 1 with the C12–
C17 alcohol 2 (ee¼ 80%) (1.08 equiv), in the presence of
Yamaguchi’s chloride,4 NEt3 and DMAP, at room
temperature.1b
1. Attempted intramolecular Stille coupling of 3
(Scheme 2)

We never could obtain the 16-membered macrolide via
an intramolecular Stille coupling of the 7-OTES pre-
cursor 3. Just starting material was recovered with
PdCl2(MeCN)2, in the presence of Ph3P, in DME at
reflux. Very complex reaction mixtures, with some 3
were obtained in other conditions such as
{[Pd(OAc)2 + 4Ph3P]

11 (5–15mol%), toluene, 65 �C,
overnight or in DMF, rt, overnight} or [Pd(PPh3)4
(10mol%), toluene, at 80 �C or 110 �C]. Compared to
triphenylphosphine, tri-2-furylphosphine (TFP) and
triphenylarsine as palladium ligands have been shown to
give a large rate increase of the Stille coupling when the
transmetalation is the rate-determining step of the cat-
alytic cycle.12 However, with [Pd(OAc)2 + 4TFP]
(20mol%), quite surprisingly we only could isolate
products resulting from the coupling of 3 with the 2-
furyl group from the phosphine, 6 and 7 in 6% and 11%
yield, respectively, and some deprotection of the 17-
ODMT ether also occurred since we isolated 14%
DMTOH (Scheme 2). To our knowledge, such transfers
of the 2-furyl group of the phosphine were seldom ob-
served,13 or even for the phenyl group of triphenyl-
arsine.13–15 In contrast, the phenyl group transfer of
triphenylphosphine as a ligand is sometimes a compet-
itive reaction in palladium-catalyzed reactions (Stille,
Heck, Suzuki).13;15;16 Facile aryl–aryl exchange between
an aryl substituted by an electron donating group at the
palladium(II) centre and the phenyl groups of triphen-
ylphosphine has been demonstrated by Kong and Chen,
the migration from palladium to phosphorus being
enhanced with electron donating substituents of the aryl
group at the Pd(II) centre and their number.17
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Scheme 2. Reagents and conditions: (a) Pd(OAc)2 (10mol%), TFP (40mol%

a preformed solution of Pd(OAc)2 (10mol%) and TFP (40mol%) in DME,
We then decided to examine the cyclization of the 7-OH
derivative 4, since the nature of the 7-OH protective
group has been shown to affect the conformation of the
macrolide precursor by Evans and Calter.3a Later the
free 7-OH was also found to allow the lactonization by
Roush and co-workers.7
2. Preparation of 4 and intramolecular Stille coupling
(Scheme 3)

Hence deprotection with TBAF in THF at rt afforded 4
and the 6-epimer 8, respectively, in 87% and 5% isolated
yields, thus clearly pointing out the high sensitivity of
the 6-position to basic conditions.

Attempted cyclizations of 4 with the catalyst produced
from [Pd(OAc)2 + 4 TFP] (10–15mol%), in DME
(60 �C, 3 h) or DMF (50 �C, 45 h) gave 9, which was the
only product which could be characterized in 11% and
10% yields, with reisolated starting material (29% and
42%), respectively, for each of reaction conditions. The
desired macrolide 5 could only be obtained with
[Pd2(dba)3/AsPh3]

12 in DMF, in the presence of i-
Pr2NEt, at 50 �C, or even at rt (but in a too slow reac-
tion), conditions which minimized deprotection of the
DMT ether and destannylation. THF or DME as sol-
vents were unsatisfactory and mixtures of those with
DMF (10 equiv), or THF/DMF (1/1), gave inferior re-
sults when compared with those obtained in DMF with
the same catalytic system. On the other hand, reaction
of 4 (0.0005M) in the presence of [Pd(OAc)2 + 4AsPh3]
(10mol%) and i-Pr2NEt (10 equiv), in DMF (50 �C,
3.5 days), just gave 11% of the desired 5, and 4 was re-
isolated in 35% yield. Pd2(dba)3 (10mol%) with AsPh3

(80mol%), in otherwise the same conditions, gave after
24 h 5 (23%), recovered 4 (12%) and traces of the ho-
mocoupling product 10. NMP or THF/DMF (1/1) gave
inferior results in the same conditions. For comparison
also, when associated to Pd2(dba)3,

11b;18 PPh3 or P(p-
MeOC6H4)3 gave only traces of 5 after 3.5 and 2 days,
respectively, starting material being partly recovered
(55% and 33%). Increasing catalyst or substrate con-
centration in order to try to get faster reactions were
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Scheme 3. Reagents and conditions: (a) TBAF 1M in THF (1.1 equiv), 3 (1M), rt, 2 h, then addition of TBAF (1.1 equiv), rt, 2 h; (b) Pd2(dba)3
(10mol%), AsPh3 (80mol%), i-Pr2NEt (10 equiv), DMF, rt, then 4 (0.001M), 40 �C, 30 h.
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unsatisfactory; thus 4 (0.005M) with Pd2(dba)3
(20mol%)/AsPh3 (160mol%)/i-Pr2NEt (10 equiv), in
DMF (50 �C, 2.5 h) afforded 5 in only 13% yield and
significantly increased 10 (15%). After examination of
temperature and dilution effects, the best conditions we
found gave the desired macrolide 5 in 28% yield, and the
vinylic iodide reduction product 11 (15%) with still some
starting material 4 (15%) after chromatography.

More recently, a thorough study of the Stille coupling of
phenyl iodide with CH2@CH–SnBu3, in DMF, cata-
lyzed by Pd(dba)2/AsPh3 has shown the complex role of
the constituents of the system for the oxidative addition
and the transmetalation.19 It is worth also to mention
that when we tried to facilitate the transmetalation step
in a different manner, by formation of insoluble
Ph2PO2SnBu3 as SnBu3 scavenger,20 the macrolide 5
was obtained in only 10% yield by reaction of 4
(0.0005M) with Pd2(dba)3 (10mol%)/Ph2PO

�
2 ,

þNBu4

(1.5 equiv)/i-Pr2NEt (10 equiv) in DMF (50 �C, 24 h),
with recovered 4 (11%).

Thus, an intramolecular Stille coupling affords the 16-
membered ring macrolide of bafilomycin A1 in a sig-
nificantly lower yield (28%, 33% corrected yield) than in
the related formation of concanolide A, which was ob-
tained in 72% yield in quite comparable conditions by
Toshima and co-workers.21 The same significant differ-
ence is observed for macrolactonization via the same
acyl activation procedure.6;21 Examination of the X-rays
structures of bafilomycin A1

22 and concanamycin A23

show different conformations for the 16- and 18-mem-
bered macrolides and that the steric interactions are
much more severe for bafilomycin A1. Consistently,

1H
and 13C NMR studies, and circular dichroism have
shown much more conformational flexibility for con-
canamycin A24 in solution than for bafilomycin A1 16-
membered lactone ring, that of the latter being very
limited in solution and conformation being very similar
to that found in the crystal structure.25 As appearing
either from the macrolactonizations by acyl activation
or here by the intramolecular coupling, it is probably
more difficult to find among the conformations of the
macrocycle precursor, which are in dynamic equilib-
rium, those which allow the formation of the macrolide
or of the intermediate palladamacrocycle in the case of
bafilomycin than for concanamycin. The problem is still
more acute for intramolecular Stille or Suzuki cou-
plings, since dilution is required for avoiding intermo-
lecular reactions, thus slowing down the catalytic
process. Indeed here a successful macrocyclization not
only requires a good turn-over of the catalyst, that is
that the absolute rates of each individual step of the
catalytic cycle have to be of the same order of magni-
tude, but also that those rates have to be compatible
with the rates of interconversion between the different
conformations of the precursor in order to get those
allowing the macrocycle formation.
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3. Chemical filiation with Toshima’s intermediate
(Scheme 4)

In order to get a definite proof of the structure for the
macrolide 5, a chemical filiation was achieved with 13,
intermediate involved in the total synthesis of bafilo-
mycin A1 of Toshima et al.6 (Scheme 4). Therefore,
formation of the 7-ODEIPS derivative 12 and sub-
sequent DMT ether cleavage afforded the macrolide 13,
which was definitely identical to the previously described
compound, as shown by unambiguous comparison of
the NMR data.26
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