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The chiral vicinal diols prepared by asymmetric dihydroxylation in high enantioselectivities provide an
excellent platform for separable diastereomers in the Johnson–Claisen rearrangement. The separated
syn-diastereomers were converted into the advanced c-(lactone-lactol) intermediates (in six steps, 26–
27% overall yields) for the synthesis of (�)-nor-canadensolide, (�)-canadensolide and (�)-sporothriolide.

� 2009 Elsevier Ltd. All rights reserved.
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The Johnson–Claisen rearrangement ([3,3] sigmatropic)1a of
substrates having a chiral secondary allyl alcohol, for example, 1
is known for 1,3-chirality transfer1b–e in the reactions of type-I, giv-
ing 4 (Scheme 1), while in most cases for primary allyl alcohols of
type-II, for example, 22 or 3, a mixture of diastereomers 5 or 6,
respectively, is obtained. However, when the two diastereomers
are separable (Type-IIb, 6), it offers an opportunity for further elab-
oration to target the synthesis of natural products. Herein, we have
exploited this possibility in the synthesis of c-(lactone-lactol)
intermediates for (�)-nor-canadensolide 7, (�)-canadensolide 8
and (�)-sporothriolide 9 (Fig. 1). The substrates for the Johnson-
Claisen rearrangement (Type-IIb, 3, Scheme 1) are based on chiral
vicinal diols which can be synthesized in high enantioselectivity by
asymmetric dihydroxylation.3

Canadensolide4 8, a fungicidal agent and sporothriolide5 9, an
antibacterial, antifungal, algicidal and herbicidal agent isolated
from the fungus Penicillium canadense and Sporothrix sp. (Strain
No. 700), respectively, are closely related bis-c-lactones which dif-
fer only in the chain length of the alkyl group (Fig. 1). These have
been the targets of considerable synthetic interest.6 In most syn-
theses of canadensolide 8, the c-(lactone–lactol) structure 10
(Scheme 2) is built through various methods. The exocyclic meth-
ll rights reserved.
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nandes).
ylene group is introduced at the last stage6e,i,j and this method is
cited by many authors,6l,n,q–s leading to the formal syntheses of 8.

As part of our research programme aimed at the enantioselec-
tive synthesis of bioactive natural products,7 we designed a new
short route based on chiral vicinal diols as excellent platforms
for the synthesis of separable diastereomers in the Johnson–Clais-
en rearrangement for the advanced intermediates towards the syn-
thesis of nor-canadensolide, canadensolide and sporothriolide. The
synthesis of the c-(lactone–lactol) 10 can be visualized from com-
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Scheme 1. Chirality transfer in the Johnson–Claisen rearrangement.
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Scheme 2. Retrosynthetic analysis of canadensolide 8.
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Figure 1. (�)-Nor-canadensolide 7, (�)-Canadensolide 8 and (�)-sporothriolide 9.
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pound 11 (Scheme 2) through lactonization and cleavage of the
terminal double bond. Compound 11 can be obtained through
the Johnson–Claisen rearrangement of allyl alcohol 12 (Type-IIb,
Scheme 1). The allyl alcohol 12 can easily be derived from 13.
+
separable
mixture

anti/syn
1.1:1

O

O

OH

CO2Et

CO2Et

O

O

O

O
OH

O

O

MeO2C

CO2Et

OH

HO

O

O CO2Et

O

O

OH

i ii

iii iv

v

vi

R R

R R

R R

R R

R = C3H7, 19
R = C5H11, 20

R = C3H7, 16
R = C5H11, 17

R = C3H7, 13
R = C5H11, 18

R = C3H7, 14
R = C5H11, 15

R = C3H7, 12
R = C5H11, 21 R = C3H7, 11

R = C5H11, 22

R = C3H7, 23a
R = C5H11, 24a

R = C3H7, 23b
R = C5H11, 24b

Scheme 3. Synthesis of separable diastereomers 23a/23b and 24a/24b through the
Johnson–Claisen rearrangement. Reagents and conditions: (i) K3Fe(CN)6 (3.0 equiv),
K2CO3 (3.0 equiv), (DHQD)2-PHAL (1.0 mol %), K2OsO4�2H2O (0.4 mol %), MeSO2NH2

(1.0 equiv), t-BuOH/H2O (1:1), 0 �C, 24 h, 96%, 99%ee for each (16 and 17); (ii)
Me2C(OMe)2 (3.0 equiv), Me2CO, p-TsOH (cat), rt, 12 h, 98% for each (13 and 18);
(iii) (a) DIBAL-H (1.0 equiv), CH2Cl2, �78 �C, 2 h; (b) Ph3P@CHCO2Et (1.2 equiv),
THF, rt, 12 h, 91% for both 19 and 20 (from 13 and 18, respectively); (iv) DIBAL-H
(2.3 equiv), CH2Cl2, 0 �C, 2 h, rt, 2 h, 97% for each (12 and 21); (v) (MeO)3CMe,
xylene, EtCO2H (cat), reflux, 4 h; (vi) 4 N HCl, MeOH, rt, 12 h, 23a (46%), 23b (42%)
from 12 (based on 26% recovered 12); 24a (47%), 24b (42%) from 21 (based on 27%
recovered 21).
The enantiopure 13 can be obtained through the Sharpless asym-
metric dihydroxylation3 of olefin 14 and acetonide protection.

The synthesis of the precursor 23b and 24b for c-(lactone–lac-
tol) intermediates 10 and 25, respectively, is shown in Schemes 3
and 4. The Sharpless asymmetric dihydroxylation of olefin 148 gave
the diol 16 in high yield of 96% and excellent enantioselectivity of
99% ee9 (Scheme 3). Similarly, the olefin 1510 provided the diol 17
(96%, 99% ee9). The diol protection of 16 and 17 afforded the corre-
sponding acetonides 13 and 18, each in 98% yield. The subsequent
DIBAL-H reduction of the ester group in 13 and the Wittig olefin-
ation of the corresponding aldehyde gave the a,b-unsaturated ester
19 in 91% yield. Similarly, 18 provided 20 in 91% yield. Further, the
DIBAL-H reduction of the esters 19 and 20 provided the allyl alco-
hols 12 and 21, respectively, each in 97% yield. The Johnson–Clais-
en rearrangement of 12, with trimethylorthoacetate and catalytic
propionic acid over 14 h in refluxing toluene solvent, provided
the diastereomeric mixture of 11, anti/syn in 3:1 ratio.11a However,
the same reaction when carried out for a period of 4 h in refluxing
xylene gave the diastereomeric mixture of 11, anti/syn in calcd
1.1:1 ratio.11 The mixture was treated with 4 N HCl in MeOH,
which then hydrolyzed the acetonide, and concomitant lactoniza-
tion provided the column chromatographically separable mixture
of lactones 23a and 23b12,13 in 46% and 42% yields, respectively,
based on 26% recovered starting material 12 before lactonization.14

In a similar sequence of reactions, the allyl alcohol 21 after the
Johnson–Claisen rearrangement provided the diastereomeric mix-
ture 22, anti/syn in calcd 1.1:1 ratio11 and further hydrolysis pro-
vided the separable mixture of lactones 24a and 24b in 47% and
42% yields, respectively, based on 27% recovered starting material
21 before lactonization.

The lactone 23b was subjected to ozonolytic cleavage (Scheme
4) of the terminal double bond, and subsequent Ph3P work-up
afforded the c-(lactone-lactol) intermediate 106i,6s,15 in a good
yield of 96%, ½a�25

D �13.5 (c 2, CHCl3), lit.6s �10.0 (c 0.2, CHCl3).
The synthesis of canadensolide 8 from 10 involves the introduction
of an exocyclic methylene group and is known in the literature.6e,i,j
R = C3H7, 23b
R = C5H11, 24b
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Scheme 4. Synthesis of c-(lactone–lactol) intermediates 10, 25 and nor-cana-
densolide 7. Reagents and conditions: (i) O3, CH2Cl2, �78 �C, 0.5 h, then Ph3P
(1.2 equiv), �78 �C, 1 h, rt, 1 h, 96% for each (10 and 25); (ii) Ref. 6e,i,j; (iii) PCC
(4.0 equiv), CH2Cl2, rt, 6 h, 81% for each (7 and 26 from 23b and 24b, respectively);
(iv) O3, CH2Cl2, �78 �C, 0.5 h, then Ph3P (1.2 equiv), �78 �C, 1 h, rt, 1 h, 95%; (v) See
Ref. 18.
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After ozonolysis of 23b and Ph3P work-up, the crude compound 10
was in situ oxidized with PCC to afford the bis-c-lactone 7, also
known as nor-canadensolide,6i,6s,15 in 81% yield. On the other hand,
the ozonolysis of 24b and subsequent Ph3P work-up afforded the
c-(lactone–lactol) intermediate 2516 in 96% yield (Scheme 4).
When the crude lactol 25 was in situ oxidized with PCC, the bis-
c-lactone 26 (81%) was obtained similar to nor-canadensolide 7.
The anti-lactone 24a was subjected to ozonolysis to give the corre-
sponding aldehyde 2717 in 95% yield, which did not cyclize. This
further confirms the anti geometry in 24a (similarly in 23a). All at-
tempts to epimerize the a-carbon centre of aldehyde 27 failed to
deliver 25.18 It either decomposed or gave a multi-component mix-
ture. The c-(lactone–lactol) intermediate 25 matched exactly onto
the advanced intermediate 10 (in the synthesis of canadensolide),
and we believe6r that this (25) can lead to the total synthesis of
sporothriolide 9 in a similar sequence of reactions involving intro-
duction of the exocyclic methylene group.6e,i,j

In summary, we have developed a short route to the highly
enantio- and diastereoselective syntheses of (�)-nor-canadenso-
lide and advanced c-(lactone–lactol) intermediates for (�)-cana-
densolide and (�)-sporothriolide based on chiral vicinal diols
(prepared in high enantioselectivity by asymmetric dihydroxyla-
tion) which act as good platforms for separable diastereomers in
the Johnson–Claisen rearrangement. This strategy represents the
shortest route (six steps, 26–27% overall yields) to the intermedi-
ates 10 and 25. A further improvement in the syn-diastereoselec-
tivity in the Johnson–Claisen rearrangement and application of
this strategy in the synthesis of other related natural products is
in progress.
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