Total Synthesis and Structure Revision of (+)-Lancilactone C
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ABSTRACT: Lancilactone C is a tricyclic triterpenoid that inhibits human immunodeficiency virus (HIV) replication in H9 lym-
phocytes with no cytotoxicity. Its tricyclic skeleton comprises trans-dimethylbicyclo[4.3.0]nonane and 7-isopropylenecyclohepta-
1,3,5-triene. The latter unique structure, in which all carbon atoms are sp? hybridized, is not found in other triterpenoids and needs
to be verified synthetically. Herein, we have accomplished the first total synthesis of lancilactone C (proposed structure) by devel-
oping a new domino [4+3] cycloaddition reaction involving oxidation, Diels—Alder reaction, elimination, and electrocyclization.
We have also revised the structure based on the total synthesis of lancilactone C according to its plausible biosynthetic pathway.

Lancilactone C was isolated from the stems and roots of
Kadsura lancilimba, which have been traditionally used in
Chinese folk medicine, along with lancilactones A, B, and
kadsulactone A while searching for potential anti-HIV agents
(Figure 1).! Its structure, including relative stereochemistry,
was determined using high-resolution mass spectroscopy and
extensive nuclear magnetic resonance (NMR) analyses, in-
cluding 2D NMR (HETCOR, COSY, and NOESY). Although
the structure of lancilactones A-C contains a common trans-
dimethylbicyclo[4.3.0]nonane linked to unsaturated lactone,
the oxidation state of the unsaturated seven-membered ring
differs from each other. Lancilactone C is notable for its
unique 7-isopropylenecyclohepta-1,3,5-triene structure, which
entirely comprises sp? hybridized carbon atoms. This unique
structure is not found in other triterpenoids and requires syn-
thetic verification. Among lancilactones, only lancilactone C
inhibited HIV replication in H9 lymphocytes, with a half-
maximum effective concentration (ECso) of 1.4 ng/mL, while
it did not show cytotoxicity even at a concentration of 100
pg/mL.! To the best of our knowledge, so far, the total synthe-
sis and synthetic studies of lancilactone C have not been re-
ported. Additionally, the total synthesis of the 9,10-cleaved
cycloartane-type triterpenoids,” to which lancilactones belong,
has never been achieved. Given its unique structure and bio-
logical activities, we have embarked on a total synthesis of
lancilactone C.
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Figure 1. Lancilactones and kadsulactone A.

To construct the unique cycloheptatriene ring system com-
prising the tricyclic skeleton 1a, we designed a new domino
reaction which involves the Diels—Alder reaction between
dienophile I and diene II to form compound III, followed by
the elimination of a leaving group and the electrocyclization of
the resulting bicyclo[4.1.0]heptadiene IV to give 1,3,5-
cycloheptatriene V (Scheme 1a). This domino [4+3] cycload-
dition reaction affords the direct construction of 2, which is a
synthetic precursor of 1a, using diene 3 bearing an acetoxy
group as a leaving group and alcohol 4, which is oxidized to
form dienophile 5 during this reaction.

Scheme 1. a) Synthetic strategy for cycloheptatriene and b)
Retrosynthesis of lancilactone C (proposed structure).
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In previous total syntheses, the bicyclo[4.1.0]heptadiene
skeleton related to I'V has been constructed via intramolecular
cyclopropanation of the benzene ring.> However, the proposed
novel approach features a regioselective intermolecular reac-
tion in one pot. While cyclopropene 5 having carbonyl substit-
uents may be unstable, it can be used in the Diels—Alder reac-
tion by oxidizing the corresponding alcohol in situ.* Control-
ling the diastereoselectivity in the proposed reaction using
dienes having leaving groups and establishing this reaction as
a domino reaction involving elimination and electrocyclization
are necessary. Diene 3 can be derived from compound 6,
which can be accessed via a diastereoselective ene reaction
using bicyclo[4.3.0]nonane 7 having a contiguous quaternary
carbon at the angular position. Compound 7 can be synthe-
sized using (—)-Wieland—Miescher ketone (8) via intramolecu-
lar cyclopropanation and ring cleavage.

Herein, we have successfully developed the domino [4+3]
cycloaddition reaction involving a cyclopropene, which ena-
bled us to accomplish the first total synthesis of the proposed
structure of lancilactone C. This total synthesis revealed a
structural misassignment of the proposed 1a. Consequently, a
revised structure 1b was synthesized to unveil the true struc-
ture of lancilactone C (Figure 2).

The synthesis started from constructing trans-
dimethylbicyclo[4.3.0]nonane from (—)-Wieland—Miescher
ketone (8), prepared from commercially available 1,3-
cyclohexadione using a chiral organocatalyst (Scheme 2).° In
1977, Reusch reported the synthesis of trans-
dimethylbicyclo[4.3.0]nonane under Birch conditions using
liquid ammonia.® Since then, no alternative method has been
investigated; we initially examined modified conditions using
Sml..” After screening reaction conditions, it was found that
intramolecular cyclopropanation with Smlz in the presence of
methanol as an additive at 0 °C gave a mixture of cyclopro-
panols 9a and 9b. Treatment of the mixture under basic condi-
tions without separation resulted in cleavage of a cyclopropane
ring to construct dimethylbicyclo[4.3.0]nonane. Interestingly,
both 9a and 9b could be converted to the same skeleton (see
SI for details).®® After a regioselective and stereoselective re-
duction, the resultant ketoalcohol 7 was converted to trisubsti-
tuted olefin 10 (Z:E = 9:1) via silylation and Wittig reaction
with ethyltriphenylphosphonium bromide and BuOK. Alt-
hough the Wittig reaction did not complete under these
screened conditions, the recovered starting material was recy-
cled three times to convert into 10 with a total yield of 70%.
Using trimethylaluminum, paraformaldehyde,® and 2,6-di-tert-
butyl-4-methylpyridine (DTBMP), a stereoselective ene reac-
tion of trisubstituted olefin 10 was conducted to form homoal-
lyl alcohol, which was hydrogenated to give the desired dia-
stereomer as a major product (dr = 4:1). After removing the
TBS group, the minor isomers were separated to isolate a sin-
gle diastereomer 6 in 56% overall yield from 10. The diastere-
omer 6 was subjected to a silylation followed by an oxidation
of the secondary alcohol to give ketone 11. Treating 11 with
vinylmagnesium bromide in the presence of anhydrous cerium
chloride® followed by pyridinium chlorochromate (PCC) oxi-
dation produced an o,B-unsaturated aldehyde. Acetoxydiene 3
was synthesized by treating the o,-unsaturated aldehyde with
isopropenyl acetate under acidic conditions.

Scheme 2. Synthesis of diene 3.
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After synthesizing diene 3, we investigated the Diels—Alder
reaction involving diastereomers (3S)- and (3R)-4,'° which are
precursors of the unstable dienophiles 5 (Scheme 3a). We
aimed to utilize the stereocenter of cyclopropene 5 to control
the regioselectivity and stereoselectivity of the Diels—Alder
reaction. Treatment of (35)-4 with Dess-Martin periodinane in
the presence of diene 3 afforded the Diels—Alder adducts 12a
and 12b. At this stage, 12a and 12b comprised eight diastere-
omers, which were difficult to separate using silica gel column
chromatography. However, acid treatment of the mixture of
12a and 12b resulted in the elimination of the acetoxy group
followed by electrocyclization, yielding cycloheptatriene 2a
and 2b in the form of a 1:1 mixture.!' Moreover, this reaction
was conducted in one pot without isolating the Diels—Alder
adducts 12a and 12b. The stereochemistry of C3 on the cyclo-
propene ring had a substantial effect on the selectivity of the
reaction center in this reaction. In the case of the reaction us-
ing (3R)-4, the selectivity was improved to 4.2:1 in compari-
son to the reaction with (35)-4, yielding the desired product 2¢
and its diastereomer 2d in 50% and 12% yield, respectively.!!
The Diels—Alder reaction involving cyclopropene was report-
ed to exhibit endo—anti selectivity,*'? and the selectivity ori-
gins from the steric repulsion between the substituents (i.e., H
and CO:Et) on C3 of a cyclopropene and a dienophile, or C—-
H/n interaction between hydrogen on the cyclopropene and
diene.'® Herein, we assumed that the two transition states
(TSs) among the eight possible TSs in each of (35)-5 and
(3R)-5 could be favorable in terms of the endo—anti selectivity,
in which the diene approaches the cyclopropene from the sub-
stituent hydrogen side on C3 (Scheme 3b and Figure S1 in
SI)." In the case of (3S)-5, TS was less favorable than TS4 in
terms of the steric interaction owing to the repulsion between
the hydrogen on C3 of cyclopropene and the methyl group at
the angular position. However, owing to the substitution of the
acetoxy and carbonyl groups, the electronic factor was more
favored in TSg than in TSa, in which the two factors did not
agree with each other. On the other hand, for (3R)-5, the tran-
sition state of TSc was sterically less repulsive to the methyl
group on the angular position and electronically favorable than
that of TSp. Hence, TSc was favored for matching electronic



Scheme 3. a) Construction of cycloheptatriene via the Diels—Alder reaction and 6s-electrocyclization and b) endo—anti tran-
sition states of Diels—Alder reaction of 3 involving (35)-5 or (3R)-5.
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and steric factors, and 4.2:1 selectivity was observed for (3R)-
5, whereas no selectivity was observed for (35)-5.

After successfully constructing the tricyclic skeleton 2¢, we
investigated the construction of 7-isopropylenecyclohepta-
1,3,5-triene (Scheme 4). After treating compound 2¢ with
methylmagnesium bromide in the presence of anhydrous ceri-
um chloride,’ lactonization under acidic conditions afforded
13. Using diisobutylaluminium hydride (DIBAL-H), com-
pound 13 was reduced to a lactol, followed by the Horner—
Wadsworth—Emmons reaction and 1,4-reduction with NaBH4
and NiCl to give ester 14.° The desired 7-
isopropylenecyclohepta-1,3,5-triene 15 was constructed via
dehydration under acidic conditions without any double bond
isomers. In the final stage of the total synthesis, the lactone
ring on the side chain was introduced as follows. After remov-
ing the fert-butyldiphenlysilyl (TBDPS) group of 15, the re-
sulting alcohol was oxidized to an aldehyde using 2-
azaadamantane 2-ol (AZADOL).!® The resultant aldehyde was
treated with (+)-Ipcaallylborane!” to give a homoallylic alcohol,
which was acylated using methacryloyl chloride to afford
compound 16. The ring-closing metathesis (RCM) of 16 with
a Hoveyda-Grubbs second-generation catalyst'® and selective
hydrolysis of methyl ester' resulted in the first asymmetric
total synthesis of lancilactone C (1a, the proposed structure).
Although its spectral data supported the structure of 1a, the
NMR spectrum of the synthetic 1a did not match with the
reported NMR spectra for lancilactone C,' suggesting a struc-
tural revision.
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Scheme 4. Total synthesis of (+)-Lancilactone C (1a, pro-
posed structure).
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After reinvestigating the "H NMR data of lancilactone C,*
we noticed that both chemical shifts and coupling patterns of
the hydrogens (H» and Hc) assigned onto the seven-membered
ring of 1a differed significantly between the data of synthetic
1a and isolated sample (Figure 2). In the case of the reported
data from the isolation group, it was more reasonable to assign
these two hydrogens to the aromatic ring and 2-methyl-1-
propenyl group, respectively. Although there are several pos-
sibilities for the position of the substituents on the benzene
ring, the structure of 1b was the most reasonable considering
its biosynthesis from lancilactone B. The isolation group pro-



posed that a 7-isopropylenecyclohepta-1,3,5-triene ring was
formed upon the ring-opening of the lactone ring on lan-
cilactone B (path a). However, we have proposed that the tri-
ene structure of the seven-membered ring forms a six-
membered ring via a 6 z7-electrocyclization followed by a ring-
opening of the lactone and cyclopropane rings with rearomati-
zation to produce 1b (path b). Therefore, we investigated the
synthesis of the revised structure 1b from ketone 11 (Scheme
5). After introducing the diene moiety via the triflatation of 11
and subsequent Suzuki-Miyaura coupling with boronic ester
17 in the presence of Pd(PPhs)s, the cyclization precursor 19
was synthesized by treatment with acid anhydride 18, prepared
from propiolic acid. The intramolecular Diels—Alder reaction
of 19 proceeded smoothly at 110 °C in toluene, and the result-
ing 1,4-diene was oxidized using 2,3-dichloro-5,6-dicyano-p-
benzoquinone (DDQ) to form the benzene ring. The lactone
ring of 20 was carefully reduced with DIBAL-H to lactol,
followed by the Wittig reaction with a stable ylide to afford
o,pB-unsaturated ester 21. 1,4-Reduction, oxidation, and Wittig
reaction introduced a trisubstituted olefin, followed by remov-
ing the TBDPS group and oxidation to afford aldehyde 23.
Similar to synthesizing the proposed structure 1a, the lactone
ring on the side chain was constructed via RCM, and finally,
the /Bu group was removed under acidic conditions to synthe-
size the revised structure of lancilactone C (1b). The 'H and
13C NMR spectral data for 1b completely agreed with those for
the reported data in the literature.! These results indicate that
the structure of lancilactone C is 1b.

Lancilactone B "H NMR spectra
% 56.78 (5) Hy % of synthetic 1a
path a (proposed structure)
Hp 8 6.91 (m)
He 86.79 (m)

1a (proposed structure)

elimination

_ =
(blue arrows) o

o)

O
6n-electrocyclization revision
path b ‘ (red arrows)

[ H

HO.

”‘»L‘HH "H NMR spectra
of lancilactone C
(reported data)
H, 8 6.90 (s)
®  Hp56.76 (s)
H. 8 6.25 (s)

elimination
— .

CO

1b (revised structure)

Figure 2. The revision of the structure of lancilactone C and the
proposed biosynthetic path for 1b (revised structure).

In summary, we have successfully achieved the asymmetric
total synthesis of lancilactone C (1a) based on a domino [4+3]
cycloaddition reaction, which involves the Diels—Alder reac-
tion of diene 3 and cyclopropene 4, elimination, and electro-
cyclization to construct the cycloheptatriene structure. Fur-
thermore, by comparing NMR spectra of synthetic 1a with the
reported data and considering the plausible biosynthesis in-
cluding 67-electrocyclization, the proposed structure la was
revised to 1b. The revision was supported by comparing the
spectra data of synthetic 1b with the reported data. The pro-
posed domino [4+3] cycloaddition reaction can be extended to
synthesize other analogs with an unsaturated seven-membered
ring of the 9,10-cleaved cycloartane-type triterpenoids and
multisubstituted cycloheptanes. We are currently investigating
these possibilities and evaluating the anti-HIV activity of the
synthetic compounds for revealing the structure—activity rela-
tionships.

Scheme 5. Total synthesis of Lancilactone C (1b, revised
structure).
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