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ABSTRACT

An enantioselective synthesis of natural anticancer macrolide pladienolide B is described. The synthetic highlights include Sharpless asymmetric
epoxidation, ring closing metathesis (RCM), Ireland�Claisen rearrangement, Shi epoxidation, and Pd-catalyzed Stille coupling as key steps.
The synthetic route also allowed the synthesis of the truncated analogues (41a�d) of pladienolide B.

Unicellular microbes have been the treasure houses of
many bioactivities. These natural compounds play amajor
role in identifying novel biological targets aswell as leads in
pharmaceuticals. Around a decade ago, Sakai et al.1,2

identified a fermentation broth of Streptomyces platensis
Mer-11107 which was inhibiting hypoxia induced VEGF
expression. A careful bioassay guided fractionation and
further purification led them to isolate seven macrolides,
which were named pladienolides. These molecules were
capable of inhibiting the proliferation of cancer cell lines
with nanomolar activities.3 Another unique feature of
these compounds is inhibition of splicing of pre-mRNA
and generating an antitumor effect; prior to this discovery,
the only other natural product which showed this property

was FR901464.4�6 Within four years after the isolation of
pladienolides, one analogue of pladienolide B (1), E7107
(3),7 has entered clinical trials (Figure 1).
Pladienolide B comprises a 12-membered macrolactone

having four embedded stereocenters including a vicinal
diol. Also, the C11 of the macrocycle has a dodecyl
side chainwith epoxide functionality, two unsaturationswith
E-geometry, twoasymmetricmethyl groups, anda secondary
hydroxy group. The pladienolides based on the structure can
be considered as a natural hybrid of deoxymethynolide8

(12-membered macrolactone) and herboxidiene9 (the side
chain of the natural product). Thus, our own interest in
developing natural product hybrids with anticancer
activities attracted us toward this “natural hybrid”.
The very exciting “fast track” entry into clinical trials

coupled with the complexity in the macrolactone and
side chains attracted several synthetic groups across the
globe toward this natural product. To date, the groups
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ofKotake10a andGhosh10b have reported the total synthe-
sis of potent macrolide pladienolide B. Burkart et al.10c

reported their synthetic efforts toward the construction
of side chains, whereas the group of Jensen11 published
the macrocyclic core of the (�)-pladienolide B. Maier12a

and Webb12b have accomplished progress in the synthesis
of pladienolide B based analogues.

As depicted in Scheme 1, the typical dissection of
pladienolide B would provide two synthons, the side chain
4 (C14�C23 unit) and the macrolactone 5 (C1�C13 unit).
Weanticipated that a Stille type couplingwouldallowus to
stitch these fragments with ease. The macrolactone 5 in
turn could be built from hydroxy vinyl iodide 7 and
carboxylic acid 8. The hydroxy vinyl iodide 7 could be
constructed by coupling vinyl iodo aldehyde 10 andEvan’s

amide 11, whereas the acid 8 could be built from geraniol.
The other epoxy alkyne 4 was planned from the epoxy
alcohol 9 through the intermediate 6. This retrosynthetic
planning was designed keeping in mind that the analogue
synthesis becomes easier. Thus, most of the key steps were
planned in such a way that a simple change of a reagent
would allow us to synthesize the other chiral variants as
well as the side chain and other key functionalities.
The synthetic endeavor began from commercially

available geraniol which was subjected to Sharpless asym-
metric epoxidation13 followed by benzyl protection of
alcohol with NaH and BnBr providing the epoxy benzyl
ether 12 in 79% yield (two steps). Perchloric acidmediated
hydrolysis14 of the epoxy functionality to the diol and
ketalization of vicinal diol to 13 in 78% yield (two steps)
were very smoothly executed. The ozonolysis of the trisub-
stituted olefinic functionality in 13 generated the aldehyde
which allowed homologation of R,β-unsaturated ester
14 using (carbethoxymethylene)triphenylphosphorane in
benzene. The DIBAL-H reduction of 14 gave allylic
alcohol which set the stage for yet another Sharpless
asymmetric epoxidation to provide chiral epoxy alcohol
15 (64% yield, two steps). The reductive opening of
epoxide 15 to 1,3-diol 16 was achieved with Red-Al15 in
THF at �40 �C in 84% yield (1,2-diol was removed by
treating the crude reaction mixture with NaIO4 in THF/
H2O). The disilylation of 1,3-diol 16 and subsequent
debenzylation with Raney-Ni16 produced primary alcohol
17 (87%, two steps). This primary alcohol 17was oxidized
with Dess�Martin periodinane and subsequent Wittig
methylenation affording 18 in 78% yield (for two steps).
The selective cleavage of primary silyl ether in 18 using
HF 3py followed by one-step oxidation of the correspond-
ing alcohol with BAIB/TEMPO furnished acid 8 in a
straightforward manner (Scheme 2).
As shown in Scheme 3, the hydroxy vinyl iodide 7 was

prepared starting from aldehyde 1017 which upon syn
aldol18 condensation with Evan’s amide 11 provided the
adduct 19with good diastereoselectivity (25:1). This, upon
silylation with TBSOTf, followed by auxiliary removal
with LiBH4 furnished the primary alcohol 20 (68%, two
steps).Thedeoxygenation19of theprimaryhydroxyl group

Scheme 1. Retrosynthetic Analysis of Pladienolide B, 1

Figure 1. Pladienolide B, D, and E7107.
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was accomplished in two steps via tosylation followed by
reduction with LiAlH4 to attain the compound 21 in 80%
yield (two steps). Finally, desilylation of 21 using TBAF
in THF gave the desired synthon 7 in 96% yield.

The construction of the macrolactone core 5 with the
vinyl iodide appendage 7 for further extension is achieved
as shown in Scheme 4. Thus, the esterification of 8 with
alcohol 7 was realized under Yamaguchi conditions20 to
furnish the highly diverse and fully functionalized ester 22.
Attempts to perform the ring-closing olefin metathesis
(RCM) with both first and second generation Grubb’s
catalysts on diolefinic acetonide 22 were futile. To our
moderate satisfaction however, RCM with Hoveyda�
Grubb’s second generation catalyst (HG-II, 5 mol %)
worked in the absence of the isopropylidine group in 22.
Under an acid medium, 22was hydrolyzed to correspond-
ing triol 23 in 88% yield. Thus, the triol 23 under

the influence of the HG-II catalyst in the presence of 1,4-
benzoquinone provided the macrolactone and regioselec-
tive acetylation of the allylic hydroxy group with Ac2O in
pyridine at�10 �C and very efficiently furnished acetate 5
in 47% yield (two steps).

The side chain 4 was synthesized starting from known
epoxy alcohol 921 in 14 steps as delineated inScheme 5.The
regioselective opening of epoxide22 9 via intramolecular
hydride transfer gave the silyloxy aldehyde 24 (78%) with
dr= 50:1 (1HNMRanalysis). The enone 25was obtained
from 24 in two steps. The vinylmagnesium bromide addi-
tion onto aldehyde 24 followed by oxidation with MnO2

was very high yielding. The enone 25 underwent enantio-
selective reduction23 with (S)-CBS reagent and BH3 3 SMe2
to allylic alcohol 6 (82%, dr = 95:5). Propionylation
of alcohol 6 furnished ester 26 (95%), and Ireland�Claisen
rearrangement24 on 26 with LDA and TBSCl in the
presence of HMPA gave 27 very successfully to install
the additional asymmetric carbon (C16).Thus-obtained27
was reduced with LiAlH4 to primary alcohol 28 (75%).
The Corey protocol25 was employed to synthesize the
alkyne 30 via dibromide 29 in 82% yield (two steps).
Desilylation of 30 with TBAF afforded the homoallylic
alcohol 31 which was subjected to Shi epoxidation condi-
tions26 to produce epoxy alkyne 4.

Scheme 2. Synthesis of Acid Fragment 8

Scheme 3. Synthesis of Vinyl Iodide, 7

Scheme 4. Synthesis of Macrolactone 5
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The final coupling of the vinyl iodide 5 and alkyne 4
was accomplished under Stille conditions27 to obtain the
desiredpladienolideB,1, in 68%yieldas shown inScheme6.
The spectral data of our synthetic pladienolide B {[R]D28=
þ7.18 (c 0.68, MeOH)} is in good accordance with
reported data for the natural pladienolide B {Lit.1,10a,10b

[R]D27 = þ7.9 (c 1.1, MeOH)}.
To further demonstrate the synthetic flexibility of this

strategy, the key synthon 8wasmade in substantial quanti-
ties and appended with various aryl side chains as shown
in Scheme 7. This allowed us to quickly install aryl groups
to generate four truncated analogues of pladienolide B.

MgBr2-catalyzed anti aldol condensation28 of the Evan’s
amide 32 with aldehydes (33a�d) generated anti-aldol
adducts 34a�d. The silylation was realized with TBSOTf
followedby reductive cleavageof the chiral auxiliarywhich
was achieved with LiBH4 to synthesize alcohols 35a�d.
The one-carbon homologation via oxidation and Wittig
reaction furnished olefins 36a�d, whichwere subsequently
deprotected by the addition of TBAF yielding 37a�d.
Under Yamaguchi esterification conditions acid 8 re-
acted with alcohols 37a�d and provided the substrates
for RCM, 38a�d. Removal of all protecting groups
was realized by treating with PPTS in MeOH to give
the triols 39a�d. The RCM reaction was uneventfully
yielded 40a�d, and regioselective acetylation of triol
realized truncated analogues 41a�d. These analogues
were synthesized only to prove the flexibility with which
our synthesis was planned and many analogues could be
made on demand.29

Acknowledgment. V.P.K. thanks CSIR, New Delhi for
the award of a fellowship. S. C. is grateful to the Council of
Scientific and Industrial Research (CSIR)-New Delhi for
research funding under the ORIGIN programme of
the 12th five year plan. The authors would like to thank
Dr. Ramesh Ummanni for biological testing of the
compounds.

Supporting Information Available. Full experimental
procedures and spectral data. This material is available
free of charge via the Internet at http://pubs.acs.org.

Scheme 5. Synthesis of Side Chain 4 Scheme 7. Synthesis of Pladienolide B Analogues

Scheme 6. Synthesis of Pladienolide B, 1

(27) (a) Kajikawa, T.; Aoki, K.; Singh,R. S.; Iwashita, T.; Kusumoto,
T.; Frank, H. A.; Hashimoto, H.; Katsumura, S. Org. Biomol. Chem.
2009, 7, 3723–3733. (b) Villa, R.; Mandel, A. L.; Jones, B. D.; La Clair,
J. J.; Burkart, M. D. Org. Lett. 2012, 14, 5396–5399.

(28) Evans, D. A.; Tedrow, J. S.; Shaw, J. T.; Downey, C. W. J. Am.
Chem. Soc. 2002, 124, 392–393.

(29) The growth inhibitory activity of the synthetic pladienolide B, 1,
showed comparable data with the natural ones as reported. Also, the
truncated analogues have shown almost equal activity indicating that
the side chain is not very essential. However, more SAR studies are
essential to conclude this fact (see Supporting Information). The authors declare no competing financial interest.


