Total Synthesis of (—)-Teucvidin
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A concise enantioselective synthesis of (—)-teucvidin has been achieved. Our synthetic strategy involved the diastereoselective Michael/
Conia—ene cascade cyclization reaction for rapid establishment of the cis-decalin skeleton with three new stereogenic centers in one pot (72%,
single diastereomer), the epoxidation/dealkoxycarbonylation protocol for construction of the fused furanone moiety, and the O-allylation/Claisen
rearrangement protocol for construction of the all-carbon quaternary center at C9 of the clerodane skeleton.

During the past years, over 1000 diterpenoids containing
the clerodane skeleton (Figure 1) and their 19-nor variants
have been reported, and they show a variety of interesting
biological activities, including antifeedant, antifungal,
antitumor, antimicrobial, and moluscicidal activities."
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Because of the structural diversity and the broad range
of biology activities, extensive efforts have been directed
toward the synthesis of clerodane diterpernoids.? Interest-
ingly, synthetic efforts toward the 19-nor-clerodanes with a
spiro y-lactone at C9 are still very limited presumably due
to their structural complexity. So far, only four racemic
total syntheses of this subclass have been reported by Liu’s
group using a Diels—Alder (DA) approach for construc-
tion of the cis-decalin ring system.> Jung’s group reported a
DA approach for direct access of the spiro y-lactone
clerodane ring system in one-pot using allenic spiro-y-
lactones as the dienophiles.* Recently, Ley’s group mod-
ified Jung’s DA approach by switching the dienophiles to
cis-furanospiro-y-lactones.” However, these approaches
are primarily racemic, and no enantioselective total synth-
esis on these spiro y-lactone 19-nor-clerodanes has been
reported.

In the course of developing an efficient and versatile
asymmetric approach to the synthesis of the clerodane
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Figure 1. Synthetic strategy toward (—)-teucvidin and clerodane
diterpenoids.

diterpenoids and their 19-nor variants, we have recently
reported the amine-induced Michael/Conia—ene cascade
cyclization, which can rapidly construct the cis-decalin ring
system from an acyclic substrate in one-pot with good
diastereoselectivity.® We envisioned that by introducing
the stereogenic center at C8 of the clerodane skeleton, this
cascade cyclization would provide the cis-decalin core with
three new stereogenic centers stereoselectively in one-pot
via the substrate control (Figure 1). The cyclized product
(3) contains the required functionalities and stereogenic
centers for synthesis of a variety of cis-clerodanes and
the spiro y-lactone 19-nor-clerodanes. We herein report the
development of this diastereoselective Michael/Conia—ene
cascade cyclization reaction and its application in the
first total synthesis of (—)-teucvidin (1) in enantiomeric
form. As isolated from Teucrium viscidum Blume var.
Miquelianum by Fujita’s group in 1975,” compound 1 is
a 19-nor-clerdoane bearing an o,(-unsaturated y-lactone
moiety fused into the decalin core and a spiro y-lactone
moiety with a pendant furyl moiety at C9.

As shown in Scheme 1, the diastereoselectivity of the
Michael/Conia—ene cascade cyclization reaction via sub-
strate-control was studied using enantiomerically enriched
(—)-2 (a 1:1 E:Z isomers) as the cyclization precursor.
Upon treatment with Znl,/Et,NH in 1,2-dichloroethane,®
hydrolysis of the 2-(trimethylsilyl)ethyl ester moiety of
(—)-2 resulted. Indeed, all Zn(II) or In(IIl) halides gave
similar results. After a survey of different combinations
of transition metal salts, amines and solvents, we found
that the optimal conditions is to treat (—)-2 with Zn(OTf),
(0.2 equiv) and dietheylamine (0.3 equiv) in 1,2-dichloro-
ethane at room temperature. Michael addition of the
enamine derivative of 2 proceeded smoothly under this
condition and gave the kinetic Michael adduct as the

Scheme 1. Development of Diastereoselective Michael/Con-
ia—Ene Cascade Cyclization

o o J/TMS OH O J/TMS
O”  Zn(OTf), (0.2 equiv) ()
“““ Et,NH (0.3 equiv)
CHO DCE, 1,30 h CHO I
| | 4a
E:Z=11 i
magmoncamon | IR

8%:/0\/\TMS

ElzN\H 2
H\\r\
Me E 0

a proposed transition state
for the Michael reaction of (E)-2

CHO (-)-3a

(72%, single diastereomer)

intermediate (4a) (vide infra). After subsequent addition
of In(OTf); (0.5 equiv) and 4 A molecular sieves, the
Michael adduct (4a) generated in situ underwent Conia—
ene reaction and afforded the cis-decalin ring system of
(—)-3ain 72% yield as a single diastereomer. This one-pot
cascade cyclization effectively established the cis-decalin
skeleton containing three new stereogenic centers with
desired stereochemistry from an acyclic cyclization pre-
cursor ((—)-2) (Scheme 1). The structure of cyclized prod-
uct (—)-3a was fully characterized by NMR experiments.®

To study the effect of the alkene geometry on the
stereochemistry of the Michael reaction, the (E)- and
(Z)-1somers of 2 were separated. However, both (E)- and
(Z)-isomers were found to be unstable, and they gradually
equilibrated into E/Z mixtures in CDCl; or 1,2-dichloro-
ethane. Based on the stereochemistry of (—)-3a and the
result of the E/Z isomerization, we proposed that (Z)-2
could be equilibrated to (E)-2 under the reaction condition
and the Michael reaction of (E)-2 could lead to 4a via the
twisted-chair-like transition state in Scheme 1.

After the alkene isomerization study, the equilibration
of the Michael reaction was investigated by using a variety
of bases with Zn(OTf),. As shown in Scheme 2, all of the
equilibration conditions led to either no equilibration or
decomposition of 4a upon heating. Equilibration occurred
when the Michael adduct (4a) generated in situ was
allowed to heat with Zn(OTf), (0.5 equiv) and Et,NH
(10 equiv) at 40 °C for 1 day. However, the expected
thermodynamic Michael adduct (4¢) with all the substitu-
ents being equatorial was not obtained and the equilibra-
tion condition gave another diastercomer (4b), which
could be resulted from the eqimerization of the aldehyde
moiety in 4a. The Michael adduct (4b) was converted to
the bicyclic products by addition of In(OTf); and 4 A
molecular sieves, which gave (—)-3b® as the major product
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Scheme 2. Equilibration Study
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(62%, a 1: 2.3 diastereomeric mixture of 3a and 3b). This
result indicated that the initial Michael reaction could be
irreversible and the equilibration condition can only lead
to the epimerization of the aldehyde moiety via enamine
formation.

With (—)-3a in hand, the 3-keto 3-alkenyl ester moiety
could be converted to a furan moiety via the epoxidation/
dealkoxycarbonylation protocol’ that was recently devel-
oped by our group. As shown in Scheme 3, the aldehyde
moiety of (—)-3a was first reduced selectively with NaBH,4
to avoid Baeyer— Villager oxidation under the epoxidation
condition. After epoxidation of the exocyclic alkene with
m-CPBA and oxidation of the alcohol, compound (—)-5
was converted to (—)-6 in one-pot using TBAF. Under the
reaction conditions, dealkoxycarbonylation of (—)-5 gen-
erated an enolate, which underwent epoxide ring opening,
acetal formation, and elimination of water to afford the
fused furan moiety of (—)-6 (81%, contains about 10% of
the aldehyde epimer). However, attempts of C-allylation
of the a-position of the aldehdye moiety in (—)-6 failed
probably due to the steric hindrance of the adjacent
substituents. The allyl moiety was then installed via the
O-allylation/Claisen rearrangement protocol,'® which
gave a 3:1 diastereomeric mixture (about 70% isolated
yield for (—)-8). Oxidative methoxylation of the major
diastereomer ((—)-8) using N-chlorobenzenesulfonamide
sodium salt followed by treatment with acid'' afforded the
o,f-unsaturated y-lactone moiety of (—)-9 efficiently and
diastereoselectively. Pinnick oxidation of the aldehyde
moiety of (—)-9 followed by treatment with diazomethane
gave methyl ester (—)-10. The stereochemistry of (—)-10
was assigned by detail analysis of the NOESY data.®
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Scheme 3. Total Synthesis of (—)-Teucvidin
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Moreover, a sample of racemic 10 was prepared from
3-methylglutaric anhydride using a similar synthetic route,
and the crystals of (£)-10 obtained by recrystallization
from n-hexane/diethyl ether were found to be suitable for
X-ray crystallography.'? The X-ray structure of (£)-10
(Figure 2) is fully consistent with the stereochemical assign-
ment of (—)-10 by NOESY. Finally, ozonolysis of the
terminal alkene followed by addition of furan-3-yllithium
installed the spiro y-lactone moiety stereoselectively and
finish the total synthesis of (—)-teucvidin. The high stereo-
selectivity of the spiro y-lactone formation is probably due

(12) CCDC-868783 ((£)-10) contains the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Figure 2. X-ray crystallography of (£)-10.

to the lithium chelation of the 1,4-dicarbonyl moiety.' The
'"H and "C NMR data of synthetic (—)-teucvidin are
consistent with that reported for the natural product.'*
In summary, we have developed a concise total synthesis
of (—)-teucvidin in enantoimeric form. With the stereo-
genic center at C8 (clerodane skeleton), acyclic substrate
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(—)-2a underwent diastereoselective Michael/Conia—ene
cascade cyclization and gave the cis-decalin skeleton con-
taining three new stereogenic centers in one-pot. The
cyclized product was concisely converted to (—)-teucvidin
in 12 steps with 22% overall isolated yield, which is the first
example of an enantioselective total synthesis of this sub-
class of clerodane diterpenoids. This cascade cyclization
approach could provide an efficient and versatile strategy
for asymmetric synthesis of a variety of cis-clerodane
diterpenoids and their 19-nor variants.
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