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Stereoselective construction of the tricyclic core of yonarolide (1), a marine norditerpenoid, was achieved.
This synthetic route includes a Diels–Alder reaction and an intramolecular aldol condensation. It also
involves efficient epimerization through a retro-Michael reaction–Michael addition and will be applica-
ble to the total synthesis of 1.
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1. Introduction

Soft coral of the genus Sinuralia has been a rich source of bioac-
tive natural products, including various terpenoidal metabolites.
Yonarolide (1), isolated in 1995 from the Okinawan soft coral of
the genus Sinuralia, is a tetracyclic norditerpenoid.1 The structure
of yonarolide (1) was assigned based on 2D-NMR spectra, HSQC,
HMBC, and 1H–1H COSY and NOESY analysis to be a tricy-
clo[7.5.0.03,7]tetradecane (named the yonarane skeleton) tethered
to a c-lactone ring (Fig. 1), which was unprecedented in natural
products. The stereochemistry at the C11 position of the seven-
membered ring in 1 has not been identified, and no pharmacologic
effects have been reported for 1. More recently, sinulochmodin C
(2)2 and scabrolide A (3)3–6 and B (4)3 have been identified as nat-
ural products isolated from soft corals of the genus Sinuralia that
also possess the same yonarane skeleton. The structural features
render 1 an ideal target for a total synthesis. To the best of our
knowledge, there is no report to date of any synthetic study of
these norditerpenoids possessing the yonarane skeleton. Herein
we describe the stereoselective construction of the tricyclic lactone
of yonarolide (1) based on an intramolecular aldol condensation as
the first entry in the synthetic study of these natural products.

2. Results and discussion

Our strategy for the synthesis of the tricyclic lactone 5 is out-
lined in Scheme 1. The target compound 5 would be derived from
ll rights reserved.
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the diketone derivative 6 by intramolecular aldol condensation.
Compound 6 would be obtained by an intermolecular Diels–Alder
reaction of the c-lactone derivative 7 with the diene derivative 8
using a Lewis acid promoter.

The synthesis of the target molecule 5 was initiated with the
construction of the dihydroisobenzofuran-1,5-dione framework
via a Diels–Alder reaction. First, the c-lactone derivative playing
the role of the dienophile (compound 7) was synthesized as shown
in Scheme 2. Protection of the ketone group of commercially avail-
able 9 gave ethylene acetal 10 in excellent yield.7 A one pot reac-
tion involving reduction of the methyl ester moiety using
DIBALH, followed by vinylation of the resultant aldehyde with
O

scabrolide A (3)

O

scabrolide B (4)

Figure 1. Structures of yonarolide (1) and related compounds.

http://dx.doi.org/10.1016/j.tetlet.2011.04.092
mailto:itohisa@toyaku.ac.jp
mailto:itohisa@ls.toyaku.ac.jp
http://dx.doi.org/10.1016/j.tetlet.2011.04.092
http://www.sciencedirect.com/science/journal/00404039
http://www.elsevier.com/locate/tetlet


O O
O

O

7

aTBSO OTBS

13

O

O

O

H

HOO O

O

O

H

H
O

b

+

641

Scheme 3. Reagents and conditions: (a) Tf2CH2, Me3Al, (CH2Cl)2, rt, 1 h, 57%; (b) p-
TsOH, acetone, 50 �C, 2 h, 92%.
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Figure 2. Selected NOE correlations for the Diels–Alder adduct 14.
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Scheme 4. Construction of the tricyclic lactone 5 from 6.
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Scheme 2. Reagents and conditions: (a) ethyleneglycol, p-TsOH, toluene, reflux,
2 h, 91%; (b) DIBALH, toluene, �78 �C, 2 h ? �50 �C, 0.5 h, then vinylmagnesium
chloride, �78 ? 0 �C, 0.5 h, 85%; (c) acryloyl chloride, Et3N, CH2Cl2, 0 �C, 2 h, 85%;
(d) Grubbs-2nd, toluene, 100 �C, 0.5 h, 99%.
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Scheme 1. Strategy for the synthesis of tricyclic core 5.
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vinylmagnesium chloride yielded allyl alcohol 11 (85%). After
esterification of 11 with acryloyl chloride, ring closing metathesis
of 12 using the Grubbs second generation catalyst produced the
furanone derivative 7 in 84% over all yield.

With compound 7 in hand, construction of the
dihydroisobenzofuran-1,5-dione framework via the Diels–Alder
reaction between dienophile 7 and diene 138 (readily prepared
from acetylacetone) was studied as shown in Scheme 3. After sev-
eral attempts (heated condition or combination of trifluorome-
thanesulfonamide and dimethylaluminum chloride9), use of a
combination of trimethylaluminum and bis(trifluoromethanesul-
fonyl)methane10 as the Lewis acid catalyst provided the best result,
with the desired Diels–Alder adduct 14 obtained in 57% yield as a
single diastereomer.11 Treatment of 14 with p-TsOH in acetone led
to cleavage of the acetal moiety in 14 to give the aldol condensa-
tion precursor diketone derivative 6 in good yield.

The structure of 14 was confirmed by NMR experiments as de-
picted in Figure 2, wherein clear NOE interactions between 3a-H
and 7a-H, 3a-H and 4a-H, 3-H and 4b-H, and 3a-H and 10-H,
respectively, were observed. These results indicated that the ste-
reochemical relationships between C3 and C3a and C3a and C7a
in 14 were anti and syn, respectively.

With the stereoselective synthesis of the aldol condensation of
precursor 6 achieved, our interest then turned to the next stage.
The relative configuration at the C3 position in 6 was contrary to
that of yonarolide (1). Additionally, construction of the tricyclic
compound from 6 was expected to be excessively difficult because
the two reaction points at the C4 position and the carbonyl group
on the side chain in this configuration were far apart. It was nec-
essary for construction of the target molecule 5 to reverse the ste-
reochemistry of the C3 position before forming the cyclopentene
unit via an aldol condensation. To execute this inversion at the
C3 position, our proposed strategy involved a retro-Michael reac-
tion–Michael addition sequence followed by a subsequent intra-
molecular aldol condensation under basic or acidic conditions.

Although synthesis of 5 from 6 under several basic conditions
(t-BuOK, Et3N, DBU, K2CO3) was unsuccessful,12 treatment of 6
with trifluoroacetic acid13 in toluene produced the desired com-
pound 514 in 55% yield in Scheme 4. The structure of 5 was as-
signed by NMR experiments as depicted in Figure 3.

Three observed key NOE interactions between 2a-H and 7b-H
and 7a-H and 7b-H in the NOESY analysis of 5 disclosed that the
stereochemical relationships between all of the bridgehead pro-
tons were each of the syn configuration, and these experimental
facts revealed that the retro-Michael reaction–Michael addition–
intramolecular aldol condensation proceeded smoothly under
strong acidic conditions to afford the desired tricyclic lactone 5,
one of the core structures of yonarolide (1).

A proposed mechanism accounting for the construction of 5 is
depicted in Scheme 5. Intramolecular aldol reaction of enol 17 gen-
erated from 3a-6 to produce the tricyclic lactone 18 was not able
to proceed, because the aldol reaction donor (the C4 carbon in
the cyclic enol group) and the acceptor (the C20 carbonyl group
on the C3 side chain) are located too far away from each other in
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Figure 3. Selected NOE correlations of the tricyclic lactone 5.
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enol 17. On the other hand, the retro-Michael reaction of 3a-6 and
6 leads to generation of enone 15, which undergoes an intramolec-
ular Michael addition reaction to produce compound 16, which has
the side chain at the b position. Compounds 6 and 15 and 15 and 16
are in equilibrium with one another. Consequently, epimerization
at the C3 side chain results in the acceptor part gaining access to
the donor part, and the intramolecular aldol reaction occurs in enol
19 (generated from 16) to give the desired target tricyclic com-
pound 5 as a single diastereoisomer.

In conclusion, the stereoselective construction of the tricyclic
core of yonarolide (1) and related natural products (2–4) was
accomplished from the methyl ester 9 in a total of eight steps
and in 29% overall yield. This synthetic methodology involved
the following features: (i) intermolecular Diels–Alder reaction be-
tween the furanone derivative 7 and diene 13, (ii) intramolecular
aldol condensation involving epimerization via a retro-Michael
reaction–Michael addition. This concise synthetic methodology
will be applicable to the total synthesis of yonarolide (1), a project
that is now in progress in our laboratory.
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