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ABSTRACT

Starting from (R)-(�)-linalool (6), terminus differentiation and chain extension via aldol type reactions led to ketophosphonate 16 (C1�C8 building
block). In a Horner�Wadsworth�Emmons reaction, 16 reacted with aldehyde 22, which contained the vicinal anti-Me�OH pattern and a vinyl
iodide function, to provide the C1�C13 part of pladienolide B. After Shiina macrolactonization, reduction of the enone 26 gave the core structure
27. A Stille cross-coupling of vinyl iodide 27 with tributylphenylstannane eventually furnished analogue 30.

A living cell can be considered as a very complex factory.
While there might be many menial tasks, most of the
cellular processes are highly complex. Disfunctions in
key processes cause diseases, like cancer. In deciphering

biological processes, natural products are still an impor-
tant tool and the discovery of natural products often
identifies new biological targets to treat diseases. Illustra-
tive examples in this regard are the pladienolides and
FR901464 (Figure 1). Appropriately labeled andmodified
derivatives of pladienolide B1�3 (1) and FR9014644,5 (4)
showed that the strong antitumor activities of these natural
products are connected with interference of the splicing
process.6�8 Protein production in eukaryotic cells requires
removal of introns from the initial transcript, the pre-
mRNA, by the spliceosome before the mature mRNA is
released to the cytosol. The splicing process involves well
organized binding and release of several small nuclear
ribonucleoproteins (snRNPs), like U1, U2, U4/U6�U5
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to the pre-mRNA. As ribozymes they are responsible for
the transesterification reactions that cut out the introns.9

During the early stages of the splicing process the U2
snRNP binds with two protein subunits SF3a and SF3b to
the RNA. Affinity-based studies showed that pladienolide
B and spliceostatin A (5), a stable derivative of FR901464,
bind to a subunit of SF3b, the protein SAP130.6�8 The
disturbed splicing process is probably detected by check
points causing cell cycle arrest.
Therefore, these natural products represent interesting

lead structures for synthesis programs. A derivative of
pladienolide B, E7107 (3), was even advanced to clinical
trials, although the outcome of this study has not yet been
published.The groupofWebbprepared several derivatives
of FR901464 that contributed to the structure�activity
relationship.10 They argue that 1 and 4 are similar in that
the epoxy group and the O-acetyl groups have the same
distance in both molecules.
Pladienolide B (1) was isolated by scientists from Eisai

Co., Ltd. from Streptomyces platensis Mer-11107.1,2

Among several related macrolides, pladienolide B and D
were the most active ones with IC50 values in the low nano-
molar range in the cell proliferation assay with the human
colon cancer cell line WiDr (1, 0.86 nM; 2, 5.9 nM).11 They
were discovered in a screen that revealed compounds which
inhibit the reaction of tumor cells to hypoxia (oxygen
deficiency). The structural features of pladienolide B include
a 12-membered macrolactone ring containing a vicinal diol
with one of the alcohols being allylic and the other one
tertiary. Challenging features in the side chain are the con-
jugated E,E-diene and the epoxide function. So far one total
synthesis by Kotake et al.,11 a synthesis of the macrolactone
part lacking the complete side chain,12 and the synthesis of
the side chainwere reported.13 TheBurkart group could also
demonstrate the attachment of the side chain to a model
lactone by Stille coupling.13

According to our synthetic plan (Figure 2) the side chain
would be attached by a cross-coupling reaction at the
C13�C14 bond, with a vinyl iodide substituent emerging
from the macrolactone. The allylic alcohol at C7 was
envisioned to come from an enone precursor A which
offered the possibility of creating the C8�C9 double bond
by a Horner�Wadsworth�Emmons (HWE) reaction.
This could even be used for macrolactone formation.
Alternatively, Yamaguchi and Mitsunobu lactonization
were considered.This led to the twobuildingblocksC andD.
The tertiary alcohol function in D could derive from the
natural product (R)-(�)-linalool. In this paperwe illustrate
the synthesis of the pladienolide B core featuring a vinyl
iodide side chain that presents itself for cross-coupling
reactions.

First, (R)-(�)-linalool (6) was converted to the corre-
sponding MEM ether (MEMCl, iPr2NEt, room tempera-
ture) in almost quantitative yield. Next, the higher sub-
stituted double bond was oxidized to the corresponding
diol 8 using osmium-catalyzed dihydroxylation. Oxidative
cleavage of the diol 8 (NaIO4, THF/H2O) furnished
aldehyde 9.14 This aldehyde (0.6 equiv) was entered into
aNagao acetate aldol reaction15with thiazolidinethione 10
in the presence of Sn(OTf)2 (1.34 equiv) andN-ethylpiper-
idine (1.46 equiv) in CH2Cl2 at �78 �C to provide aldol

Figure 1. Structures of spliceosome inhibitors of the pladieno-
lide and FR901464 type.

Figure 2. Retrosynthetic plan for pladienolide B (1).
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product 11 in 75% yield.16 Silylation of the alcohol
(TBSOTf, 2,6-lutidine) was followed by transesterification
to methyl ester 13. At this stage the terminal double bond
was cleaved by ozonolysis yielding aldehyde 14 in good
yield. To prepare ketophosphonate 16, aldehyde 14 was
reacted with lithiated dimethyl methyl phosphonate
at �100 �C. Oxidation of the obtained alcohol 15 with
the Dess�Martin reagent delivered ketophosphonate 16
(Scheme 1).

Theother fragment aldehyde 22wasprepared essentially
according to the literature.17 A Masamune�Abiko aldol
reaction18between aldehyde18and chiral ester 17 followed
by silylation of the aldol product provided ester 20 in good
overall yield (Scheme 2). Reduction of ester 20 with DI-
BAL-H (2.5 equiv) inCH2Cl2 furnishedprimary alcohol 21.
Its oxidation delivered the C9�C13 fragment, aldehyde 22.

The crucial HWE reaction between phosphonate 16 and
aldehyde 22 turned out to be rather challenging. Most of
the known literature methods were inefficient and see-
mingly led to destruction of the sensitive aldehyde 22.
Eventually, performing the reaction with dried BaO in
Et2O,which contained a trace ofwater, produced enone 23
in a very efficient way.19 Toward the seco acid 25, methyl
ester 24 was saponified with trimethyltin hydroxide in
dichloroethane,20 since basic hydrolysis was detrimental
in this case. Subsequently, selective cleavage of the triethyl-
silyl ether using DDQ21 in a CH3CN/H2O mixture deliv-
ered seco acid 25. Macrolactonization was initially tried
under Yamaguchi conditions. However, in this case, the
yield never exceeded 50%. In contrast, lactonization with
the Shiina anhydride in the presence of DMAP induced
lactone formation in almost quantitative yield.22,23 We
next faced the problem of diastereoselective enone reduc-
tion. This was performed using Luche conditions (NaBH4,
CeCl3 3 7H2O) in MeOH but led to the C7 epimer 27. The
stereochemistry atC7was inferred from the corresponding
Mosher ester.24 Thus, in benzene-d6 as a solvent the
expected shift differences were observed for the Mosher
esters prepared from 27. For example, the 6-CH3 group in
the (S)-27 Mosher derivative is shifted to higher field due
to the influence of the phenyl group. By way of contrast,
9-H experienced a high field shift in the (R)-27 Mosher
derivative. To show that the vinyl iodide is suitable for
chain extension, we performed a Stille cross-coupling with

Scheme 1. Synthesis of Ketophosphonate 16 from (R)-(�)-
Linalool

Scheme 2. Synthesis of Aldehyde 22 by an anti Aldol Reaction
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tributylphenylstannane in the presence of Pd(PPh3)4, CuTC,
andPh2PO2

�NBu4
þ inDMF.25Thisway styrene28 couldbe

obtained in80%yield.Theacetate groupwas then introduced
by a modified Mitsunobu reaction26,27 in 65% yield. Finally,
both protecting groups were removed from lactone 29 with
PPTS inMeOH resulting in pladienolide analogue 30 in 51%
yield after preparative TLC (Scheme 3).
In a cell proliferation assay28,29 against L929 mouse fibro-

blasts, pladienolideanalogue30was inactiveup to4μgmL�1.
This underscores the role of the epoxide-containing side chain
for binding and supports the hypothesis of Webb.10

In summary, we demonstrated a novel strategy to the
core structure of pladienolide B. Starting from the mono-
terpene (R)-(�)-linalool (6), ketophosphonate 16was pre-
pared. After oxidative cleavage of the higher substituted
double bond on 6, an acetate aldol reaction set the stereo-
center at C3. The aldehyde function, derived from the
other double bond, allowed for extension to the ketopho-
sphonate 16. An HWE reaction of 16 with aldehyde 22
produced enone 23. The corresponding seco acid 25 could
be cyclized in very high yield to the macrolactone 26 using
the Shiina reagent. The C7 stereocenter was established by
Luche reduction followed by Mitsunobu reaction to in-
troduce the acetate group. In a Stille reaction with phenyl-
stannane, wewere able to show that the vinyl iodide allows
for the introduction of substituents to the side chain.
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Scheme 3. Formation of Enone 23 by a
Horner�Wadsworth�Emmons Reaction Followed by
Macrolactonization of the Derived seco Acid to Lactone 26a

aCuTC = copper(I)-thiophene-2-carboxylate; MNBA = 2-methyl-
6-nitrobenzoic anhydride; ADDP= azodicarboxylic acid dipiperidide.
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