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ABSTRACT: An expeditious route to obtaining cassane-type furan diterpenes starting from (+)-sclareolide, an inexpensive com-
mercially available natural lactone, has been achieved by using a solvent-free Diels-Alder cycloaddition and an unprecedented
decarboxylative dienone-phenol rearrangement as key steps. Its applicability is showcased by the first synthesis of (5a)-
vouacapane-8(14),-9(11)-diene. The synthesis, which requires no protecting group, is efficient, and atom- and step-economical (10

steps, 20 % global).

Organic synthesis, in addition to its main objective of prepar-
ing compounds of interest, is increasingly following the prin-
ciples of sustainable chemistry, such as the use of renewable
starting products, whose representatives are natural products,*
and the utilization of atom-economical synthetic sequences,?
using protecting-group-free® and tandem reactions.* With the
above premises in mind, we have developed a synthetic strate-
gy towards cassane-type furan diterpenes from the abundant
feedstock chemical (+)-sclareolide (20). This inexpensive
commercially available terpene lactone is a versatile synthon
for the preparation of diverse natural products. In the past
decade, many important new methods for its chemical and
biological transformation have been reported in the literature.’
Recently reported procedures for the regioselective functional-
ization of the A ring of this lactone, in a single step, have
considerably increased the synthetic potential of this com-
pound, facilitating the preparation of sufficient quantities of
target compounds for the investigation of its biological and
medical properties.®

Natural cassane diterpenes’ are a group of diterpenoid sub-
stances which are well-known for their wide range of pharma-
cological activities, with anti-tumoral,® anti-malarial,® anti-
inflammatory,?® anti-viral,'*  anti-microbial’*> and anti-
trypanosomal effects.’® The basic cassane skeleton is structur-
ally characterized as a tricyclic diterpene with a substitution of

the ethyl group at C-13 and of a methyl group at C-14. It is
considered to be derived from the pimarane diterpene skeleton
by methyl migration from C-13 to C-14 (Scheme 1).14

Scheme 1. Biosynthetic pathway proposed for cassane
diterpenes

Geranylgeranyl —— &14 R
pyrophosphate  —> 2 H
LA

Pimarane skeleton

Cassane skeleton

The ethyl group at C-13 is usually part of a fourth furane or
lactone cycle, the C ring being aromatic in some cases, within
cassane diterpenes. These compounds frequently present a
high degree of functionality. Representative examples are
caesaldekarin A (1), which inhibits the production of interleu-
kin-1," 14-deoxy-e-caesalpin (2),%® sucutirinane B (3),’ neo-
caesalpin D (4),® demethylcaesaldekarin C (5), the
hydroxyfuran 7,1 which exerts a potent anti-inflammatory
activity,?° the anti-malarial 2-acetoxycaesaldekarin E (8)% and
caesalpin D (9), with selective cytotoxic activities against
MCF-7 and AGS human cancer cell lines.?? Other remarka-



ble compounds are taepeenin D (10), an effective inhibitor of
the Hedgehog/GLI signaling pathway, that therefore may be
valuable as a probe of diseases related to Hh/GLI-dependent
cancer, and related compounds (11-13),% taepeenin F (14),2%
the anti-bacterial benthaminin 1 (15)* and benthaminin 3
(16)3(Figure 1).
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Figure 1. Some representative cassane-type diterpenes.

Little is known about the synthesis of this type of compounds,
despite the interest they have aroused due to its wide and
varied activity. Only a few syntheses,? and related synthetic

Scheme 2. Approaches to the cassane skeleton from terpe-
noids.
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studies,?” have been reported. In regard to the synthesis of
cassane diterpenes from structurally-related natural prod-
ucts, several alternatives have been proposed. An initial
possibility, which seems plausible, is that of C13 to C14
methyl migration on a pimarane precursor, following the

biosynthetic pathway. However, attempts to achieve this
transformation have proven to be unsuccessful. Thus,
Overton et al. reported that the pimarane ketoester A does
not achieve the desired rearrangement under different
acid conditions (Scheme 2).22 At first sight, abietane
diterpenes might also be considered suitable precursors of
cassane diterpene, in view of their structural relationship.
In this respect, Pitsinos et al. recently described the syn-
thesis of the 14-demethyl derivative of taepeenin D (7),
via dehydroabietane C, which is easily prepared from
abietic acid.?® Very recently, our group has described the
introduction of the methyl group at the C-14 position of
dehydroabietane derivatives (18 steps from abietic acid).*°
A few years before, our research group had described the
first enantiospecific synthesis of a cassane benzofuran,
benthaminin 1 (15), starting from the labdane diterpene
trans-communic acid.®! The key step in this synthesis was
a Diels-Alder/aromatization sequence of the furan ses-
quiterpene D with methyl propiolate, which afforded,
with moderate regioselectivity, the isomer E, a precursor
of cassane 15. In the present paper, we propose the intro-
duction of a methyl group at C-14, through a dienone-
phenol rearrangement of compound 18a-b, with simulta-
neous decarboxylation, which affords the cassane precur-
sor 19, with complete regioselectivity.

Taking into account the above arguments, we planned the
synthesis of (5a)-vouacapane-8(14),-9(11)-diene (6), a cas-
sane furan that has not yet been synthesized, from commercial
(+)-sclareolide (20). The furan diterpenoid 6 can be utilised as
a marker to chemically differentiate two species of the vegetal
genus Caesalpinia.®

Scheme 3. Synthesis of dienone 18a-b from commercial
(+)-sclareolide (20).
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Scheme 3 shows the synthesis of dienone 18a-b from (+)-
sclareolide (20). After the synthesis of diene 17 from lactone
20, following a three-step sequence developed in our laborato-
ry,® and subsequently employed by other groups,* the Diels-
Alder cycloaddition of this diene was investigated. First, the
reaction with methyl propiolate was considered; however, no
reaction was obtained under any of the experimental condi-
tions, including the use of pressure and of Lewis acids. We
then considered the use of dimethyl acetylenedicarboxylate
(DMAD) as the dienophile. When the reaction was performed
in toluene under reflux, the phthalate derivative 22 was ob-

tained in good yield after 24 h (see the Supporting Infor-



mation (SI)), and when diene 17 was heated with DMAD in a
sealed tube at 110 °C for 20 h, the desired cycloadduct 21a-b
was obtained, as a 9:1 mixture of 8-epimers.® The next step
was to achieve the oxidation of this cycloadduct. After tests
under different reaction conditions, ketone 18a-b was obtained
in good yield after reaction with catalytic PDC in benzene.

Next, the dienone-phenol rearrangement was investigated.
After essaying the treatment of dienone 18a-b under different
acid conditions, the migration of the methyl group and simul-
taneous decarboxylation, took place when dienone 18a-b was
treated with AICls, AlBr; or BF;.OEt; in dichloromethane at
room temperature, affording hydroxyester 19. The best results
were obtained with BF;.OEt, in CH,Cl, at room temperature
for 15 h. No reaction took place when protic acids, as TsOH
and TfOH, and other Lewis acids, as Bi(OTf); and Sc(OTf)s,
in CH.Cl, under reflux were utilized. The treatment with Bls
in CH.ClI, at room temperature gave a complex mixture (see
the Sl)). A possible mechanism for this unprecedented reac-
tion®® is postulated in Scheme 4. The ion fluoride attack on the
methyl ester group facilitates the decarboxylation and aroma-
tization process in the carbocation 1.

Scheme 4. A possible mechanism for the dienone-phenol
rearrangement, with simultaneous decarboxylation.

Interestingly, hydroxy ester 23 was obtained in high yield.
when dienone 18a-b was treated with I/PPh; (see the SI).
This compound resulted after the attack of the HI generated in
the reaction medium (Scheme 5).

Scheme 5. Formation of hydroxy ester 23 after treatment
of dienone 18a-b with 12/PPhs.
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Finally, hydroxyester 19 was transformed into the target cas-
sane diterpene 6 (Scheme 6). Lactone 25 was obtained after
the insertion of carbon monoxide in the hydroxy phenol 24,
through a Pd-catalyzed carbonylative reaction.®” The further
reduction of lactone with DIBAL-H gave lactol 26, together
with a small quantity of the corresponding o-hydroxyethyl
phenol (see the Sl), also easily transformable into the target
compound. Finally, the dehydration of compound 26 gave
natural (5a)-vouacapane-8(14),-9(11)-diene (6), not yet syn-
thesized. Compound 6 was obtained as a white solid (mp 50-
51°C; lit. 3% mp 48 °C), presenting an optical rotation ([a]p®® =
+ 48.2 (c 0.2, CHCI3)). The spectroscopic properties of com-
pound 6 were identical to those reported in the literature.®

Scheme 6. Synthesis of cassane 6 from dienone 18a-b.
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The strategy described in this paper could be used to synthe-
size, in just a few steps, a wide variety of cassane-type
diterpenoids, including those with a cyclohexane C ring, such
as cassane similar to compounds 1-5, which should be acces-
sible after hydrogenation of the corresponding lactones or
lactols that are precursors of benzofuranes. The above se-
guence might also be applicable to the synthesis of cassane
diterpenes functionalized in the A ring, starting from A ring-
functionalized (+)-sclareolide, which can be easily obtained in
one step,® or utilizing dienes similar to compound 17, bearing
a carboxylate group at C-4, which could be synthesized from
the suitable diterpene acid, such as the naturally abundant
trans-communic acid,® or abietic acid.*® The dienone-phenol
rearrangement described here might also be aplicable to the
synthesis of other natural terpenes.*

In summary, the first synthesis of (5c)-vouacapane-8(14),-
9(11)-diene (6), a natural cassane-type furan diterpene, from
the commercially available lactone (+)-sclareolide (20), is
reported. The efficient synthetic sequence, involving solvent-
free Diels-Alder cycloaddition and an unprecedented decar-
boxylative dienone-phenol rearrangement, is protecting-group-
free and atom- and step-economical (10 steps, 20% global).
This procedure can be employed to achieve the synthesis of a
wide variety of cassane diterpenes and other terpenoids.
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