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MacMillan a-hydroxylation, Stille–Gennari olefination, and CeCl3�7H2O mediated lactonization as key
steps.
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Figure 1. Examples of some 5-hydroxy-a,b-unsaturated-d-lactone containing nat-
ural products.
The Cleistochlamys kirkii oliver belongs to the family of an
annonaceae species with its origins from Tanzania and Mozam-
bique.1 The extracts of which are used in traditional medicine as
a remedy for the treatment of wound infections, rheumatism,
and tuberculosis.2 The annonaceous acetogenins are powerful phy-
tochemicals that are found only in the plant family annonaceae
and are known to exhibit a wide range of biological activities. They
constitute one of the most rapidly growing classes of new natural
products and offer exciting anthelminitic, antitumor, antimalarial,
antimicrobial, antiprotozoal, and pesticidal activities. In 2007,
Nkunya et al. have discovered two novel constituents, (�)-clei-
stenolide and cleistodienol from the annonaceae.3

The 5-hydroxy-a,b-unsaturated-d-lactone structural motif is
frequently found in many natural products, such as (�)-cleisteno-
lide (1), (+)-goniotriol (2), (+)-crassalactone A (3), and (�)-altholac-
tone (4) (Fig. 1). Due to their fascinating structural features and
potential biological activity, the synthesis of these molecules has
attracted many synthetic chemists. Consequently, there have been
some reports on the total synthesis of 5-hydroxy-a,b-unsaturated-
d-lactone containing natural products.4 However, only a few meth-
ods are reported for the total synthesis of the (�)-cleistenolide.5

As part of our interest on the total synthesis of biologically ac-
tive molecules,6 we herein report a novel strategy for the synthesis
of (�)-cleistenolide (1) employing D-mannitol as a cost-effective
and readily available precursor.

Our retro-synthetic analysis of (�)-cleistenolide (1) reveals that
it could be synthesized by means of CeCl3�7H2O catalyzed lacton-
ization of precursor 12, which in turn could be prepared from com-
ll rights reserved.

eddy).
pound 9 via the cis-olefination of the aldehyde. The intermediate 9
could be prepared from compound 5 through the Barbier allylation
and MacMillan a-hydroxylation. The compound 5 could in turn be
prepared from optically active D-mannitol using a known protocol
(Scheme 1).

Accordingly, the synthesis of target molecule (1) began from the
commercially available D-mannitol. Initially, D-mannitol was
converted into (R)-glyceraldehyde 1,2-acetonide 5 using a known
protocol.7 The zinc-mediated allylation of compound 5 in aqueous
medium under Luche’s8 conditions gave the anti-homoallylic alco-
hol 6 in a highly diastereoselective manner (syn/anti = 5:95%). Pro-
tection of the resulting alcohol 6 with MOMCl in the presence of
Hunig’s base afforded MOM ether 7 in 92% yield. Dihydroxylation
of compound 7 with OsO4/NMO system followed by sodium
periodate oxidation resulted in aldehyde 8. Subsequent, a-amino-
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Scheme 2. Reagents and conditions: (a) Zn, allyl bromide, THF, saturated solution
of NH4Cl (cat), 6 h, 90%; (b) DIPEA, MOMCl, DCM, 0 �C, 2 h, 92%; (c) (i) OsO4

(0.5 mol %), NMO, acetone–H2O, rt, 4 h; (ii) NaIO4, rt, 2 h, 92%; (d) (i) D-proline,
nitrosobenzene, DMSO; (ii) NaBH4, MeOH, 0.5 h, 70% (over two steps); (e) (i) TBSCl,
imidazole, DCM, 1 h, 91%; (ii) BnBr, NaH, TBAI, THF, 0 �C to rt, 2 h, 88%; (f) TBAF,
THF, 0 �C to rt, 85%; (g) (i) IBX, DMSO/CH2Cl2, 90%, rt, 3 h; (ii) (CF3CH2O)2P(O)CH2-

CO2CH3, NaH, THF, 75%.
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Scheme 3. Reagents and conditions: (h) p-TSA, MeOH; (i) CeCl3�7H2O, CH3CN,
reflux, 12 h, 65%; (j) TiCl4, CH2Cl2, 0 �C to rt, 30 min, 75%; (k) (i) BzCl, Et3N, DMAP,
4 h, 92%; (ii) Ac2O, Et3N, DMAP, 24 h, 88%.
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Scheme 1. Retrosynthetic analysis of (�)-cleistenolide (1).
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oxylation9 of compound 8 with nitrosobenzene in the presence of
D-proline at �10 �C, followed by treatment with NaBH4 in MeOH
gave the crude aminooxy alcohol. Treatment of aminooxy alcohol
with 30 mol % CuSO4�5H2O afforded the chiral diol10 9 in 70% over-
all yield with 95% de. Monosilylation of diol 9 was achieved using
TBSCl and imidazole. The resulting primary TBDMS ether was trea-
ted with benzyl bromide and NaH in THF, to furnish the benzyl
ether 10. Desilylation of compound 10 with TBAF resulted in the
formation of primary alcohol 11 in 88% yield. Oxidation of 11 using
IBX in DMSO/CH2Cl2 gave the aldehyde, which was subjected di-
rectly to a homologation under Still–Gennari conditions11 to give
(Z)-unsaturated ester, 12 in 75% yield with excellent
stereoselectivity.

Interestingly, the deprotection of acetonide and MOM ether
followed by lactonisation of 12 were achieved in one-pot using
CeCl3�7H2O in CH3CN at reflux conditions (Scheme 3).12 On the
other hand, treatment of 12 with p-TSA in methanol under acidic
conditions gave the undesired product. Debenzylation of lactone
13 was achieved by TiCl4 in dichloromethane at 0 �C to give the
triol 14. Finally, benzoyl protection of primary alcohol 14 followed
by the acetylation of secondary alcohols gave the target molecule
(�)-cleistenolide (1, Scheme 2). The spectroscopic and physical
data (1H and 13C NMR, IR, ½a�25

D ) of compound (1) were identical
in all respects to the data reported in the literature.5,13
In summary, we have developed an efficient synthetic route for
the stereoselective total synthesis of the (�)-cleistenolide starting
from readily available D-mannitol. The synthetic strategy involves
a tandem zinc-mediated allylation, MacMillan a-hydroxylation,
Still–Gennari cis-olefination, and CeCl3�7H2O mediated lactonisa-
tion as key steps which allow the preparation of target molecule
in an efficient way.
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