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ABSTRACT

A new class of highly oxygenated Schisandra nortriterpenoids, lancolides A�D (1�4), from Schisandra lancifolia, represents the first example of
natural products that possess a tricyclo[6.3.0.02,11]undecane-bridged system. Their structures were elucidated by NMR spectra, X-ray diffraction,
and quantum chemical calculations. Lancolides A (1) and D (4) had specific antiplatelet aggregation induced by platelet-activating factor (PAF).

Schisandra nortriterpenoids (SNTs), which are charac-
terized by highly oxygenated polycyclic ring systems, are
structurally diverse and exquisitely complicated natural
products from plants of Schisandra genus.1 Sixteen

fascinating skeletons of these secondary metabolites have
hitherto been discovered through considerable endeavors
in phytochemically systematic research.1,2 Recently, new
light has been shed onto the area of synthetic1,3 and
quantum chemical4 research of SNTs, and therefore, the
formidable polycyclic skeletons have led to the develop-
ment of some chemical reactions and strategies that have
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culminated in the accomplishment of the total synthesis of
schindilactone A for the first time.3d

Schisandra lancifolia (Rehd. et Wils.) A. C. Smith, a
species of theSchisandra genus of the family Schisandraceae
endemic to the southwest China, could be regarded as a
prolific source of SNTs.1,2b,2g Previous chemical research
on S. lancifolia collected in the Nujiang prefecture of
Yunnan province in China led to the discovery of five
unique SNTs,2b,g which were quite different from those
isolated from this species collected in the Dali prefecture
of Yunnan province.1 This might be generated by the
different ecological environment, resulting in a change in
expression of the enzymes related to the cyclization and
oxidation of squalene. Motivated by the intriguing architec-
tures, the plant was recollected and some particular fractions
were subjected to meticulous chemical study. Interestingly,
after several steps of separation, the RP-HPLC profiles
displayed four peakswith an unusualmaximumUVabsorp-
tion band at 300 nm (Figure S1, Supporting Information)
that was 25 nm red-shifted in comparison to the maximum
UV absorption bands of schilancitrilactones A�C2b and
schilancidilactones A and B.2g This phenomenon allowed
us to preliminarily propose these four components featuring
chromophores which are a little different from those of the
reported compounds. Finally, these four compounds, lanco-
lidesA�D (1�4), were successfully purified according to the
procedure described in the Supporting Information.

Themolecular formula of 1wasdetermined asC29H32O11

by positive ESIMS andHREIMS (m/z 556.1954), requiring
14 degrees of unsaturation. The 13C NMR and DEPT
spectra exhibited 29 carbon resonances, including seven
sp2 carbon signals that were ascribed to one carbonyl group
(δC 210.6), two ester groups (δC 170.6 and 176.9), and two
double bonds (δC 128.4, 137.2, 139.3, and 142.7). These sp2

carbonsignalsaccounted for fiveof14degreesofunsaturation

and thus indicated 1 must be a polycyclic compound.
Carbon resonances for additional fivemethyls, threemethy-
lenes, seven methines (of which two are oxygenated), and
seven quaternary carbons (of which six are oxygenated)
were observed. This evidence implied that 1 was a highly
oxygenated condensed SNT. Comparison of the 1D NMR
data of 1 (Tables S1 and S2, Supporting Information) with
those of schilancitrilactone A evidently suggested similar
substructures of rings A, B, and I for both compounds.2b

The residue structure could be elucidated on the basis of 2D
NMR spectra (Figure 1). Analysis of the 1H�1H COSY
spectrum starting from the proton signal at δH 2.47 (H-5)
revealed thepresenceof a spin systemofH-5/H2-6/H-7/H-8.
Coupling with the HMBC correlations of H-8 (δH 3.66)
with C-9 (δC 85.1) and of H-1 (δH 4.84) and H-8 with a
hemiketal carbon (δC 105.3) suggested the existence of a
highly oxygenated seven-membered carbon ring fused with
ring B. The key HMBC correlation of an oxymethine (H-7,
δH 4.57) with C-19 indicated a unique oxa-bridged hemi-
ketal lay within the seven-membered carbon ring. The
characteristic signals of C-9 (δC 85.1), C-14 (δC 210.6),
and C-15 (δC 106.1) for ring E could be obviously
distinguished.2e Ring F was established on the basis of the
HMBC correlations of H2-11 (δH 2.15 and 3.96) with C-9
and C-12 (δC 81.0), of H-16 (δH 0.92) with C-14 and C-15,
and ofMe-18 (δH 1.32) with C-12, C-13 (δC 37.2), andC-16
(δC 33.8). A three-membered carbon ring (ring G) contain-
ingC-13, C-16 (δC 33.8 and δH 0.92), andC-17 (δC 36.2 and
δH1.34) was deduced from the characteristic signals in high-
field region of the 1DNMRdata andwas further supported
by the HMBC correlation of Me-18 with C-17 and the
1H�1HCOSYcorrelation ofH-16withH-17.Although the
1H�1H COSY correlation between H-17 and H-20 (δH
3.36) wasnot observed, theHMBCcorrelationofH-20with
C-17 gave rise to the connectivity of C-17 and C-20 (δC
34.9). In addition,H2-11,H-20, andMe-21 (δH 1.37) signals
simultaneously showedHMBCcorrelationswith anolefinic
carbon signal (δC 139.3). This evidence suggested the pre-
sence of a five-membered-carbon ring (ring H) containing
C-12, C-13, C-17, C-20, and C-22. Thus, an unprecedented
tricyclo[6.3.0.02,11]undecane-bridged systemwas estab-
lished, which was formed by an eight-, a three-, and a five-
membered rings. The connection between ring I and H
through a carbon�carbon double bond was supported by

Figure 1. Selected HMBC (from H to C, arrow in blue) and
1H�1H COSY (dash in red) correlations of 1. Figure 2. X-ray crystallographic structures of 1 and 2.
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theHMBCcorrelation ofH-20withC-23. The double bond
of C-22/C-23 was assigned to be Z geometry based on the
ROESY correlations of H-24 with H-20 and Me-21.
Compound 1 was recrystallized in methanol to afford

colorless block crystals of the orthorhombic space group
P212121. The X-ray diffraction analysis was applied to
confirm the novel carbon skeleton, which resulted in a
Flack parameter of 0.16(13) (CCDC 948232) (Figure 2).
On the basis of the relative configuration demonstrated by
the X-ray diffraction, the quantum chemical calculation
study for electronic circular dichroism (ECD) was conducted
to determine its absolute configuration using time-dependent
density-functional theory (TDDFT)method.5Consequently,
weneeded tocalculate the structures forapairofenantiomers,
(1R,5S,7S,8R,9R,10R, 12R,13R,15S,16S,17R,19S,20S)-1 and
(1S,5R,7R,8S,9S, 10S,12S,13S,15R,16R,17S,19R,20R)-1.
As illustrated in Figure 3, the experimental ECD spectrum
of 1 was consistent with the ECD curve calculated for
(1R,5S,7S,8R,9R,10R,12R,13R,15S,16S,17R,19S,20S)-1.
Molecular orbital (MO) analysis of the single conformer

1a afforded exact comprehension of the experimental ECD
curve (Figure 4). The electronic transitions fromMO146 to
MO149 involving an n f π* transition of the carbonyl
group in the eight-membered carbon ring afforded the
positive rotatory strength at 321 nm, which could be
ascribed to the experimental positive Cotton effect (CE) at
323 nm. The electronic transistions fromMO147 toMO148
involving a π f π* transition of the R,β,γ,δ-unsaturated
γ-lactone played a dominant role to give rise to the negative
rotatory strength at 311 nm, which could be assigned to the
experimental negative CE at 301 nm. The positive rotatory
strength at 253 nm could be assigned to the experimental
positive CE at 265 nm. Accordingly, MO141 to MO148,
the transitions from a pseudo-π-type MO generated by the
three-membered carbon ring6 to a π*-type MO, attributed
to this absorption band. Another positive CE at 207 nm in
the experimental curve correlated with the positive rotatory
strength at 230 nm, which was contributed by the dominant
electronic transitions from MO137 to MO148. Therefore,
the absolute configuration of 1 was determined as shown.
Themolecular formula of 2, C29H32O11, was determined

by positive ESIMS and HREIMS. It was found that the
NMR data of 1 and 2 (Tables S1 and S2, Supporting
Information) were quite similar. Careful comparison of their
NMR data indicated that the minor differences might result
from the distinct geometry of C-22/C-23 double bond be-
tween 1 and 2. SubsequentROESYanalysis of 2 revealed the
C-22/C-23 double bond to beE geometry, which was judged
by theROESYcorrelationofH-24 (δH7.58) withH-11R (δH
3.58). Furthermore, its absolute configuration was assigned
to be 1R,5S,7S,8R,9R,10R,12R,13R,15S,16S,17R,19S,20S,
which was supported by X-ray diffraction (CCDC 948233)
(Figure 2) and ECD calculation (Figure S2, Supporting
Information).

Compounds 3 and 4 were identified to be 12-deoxy
derivatives of 1 and 2, respectively, which were supported
by the MS data and HMBC and 1H�1H COSY correla-
tions. On the basis of the relative configurations deter-
mined by theirROESY spectra, the absolute configuration
of 3 was established by calculated ECD (Figure S3,
Supporting Information), and that of 4 was determined

Figure 3. Experimental ECDof 1 (black), calculatedECDof 1 in
the gas phase (blue) and in methanol (red), and calculated ECD
of ent-1 in the gas phase (orange) and in methanol (green).

Figure 4. ImportantMOs inECDof the optimized conformer 1a
at the B3LYP/6-31þG(d,p) level in methanol with PCMmodel.

Figure 5. X-ray crystallographic structures of 4 and 5.
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by X-ray diffraction (CCDC 948234) (Figure 5) and ECD
calculation (Figure S4, Supporting Information).
Compounds 1�4 represent a novel class of triterpenoids

wherein they involve unique bridged systems. Two oxa-
bridged hemiketals within the 7/8 fused carbocyclic ring
and the 7/8/3/5 consecutive carbocyclic core make 1�4

represent themost complexmembers in the family of SNTs
so far.Most notably, these newmembers canbe recognized
as the first example of natural products characterized with
a tricyclo[6.3.0.02,11]undecane core that is constructed by
an eight-, a three-, and a five-membered carbon ring. From
a literature research, only one reference reported that a
photoproduct featuring such a kind of bridged systemwas
identified by IR, mass, and 1H NMR spectroscopic
methods.7 Herein, the X-ray diffraction analysis and
quantum chemical calculation studies not only confirmed
thenovel carbon skeletonsbut alsodetermined their absolute
configurations. A biogenetic analysis (Scheme 1) obviously
supports that 1�4 arise from preschisanartanin O (5),
another new compound confirmed by NMR spectroscopic
method (Tables S1 and S2, Supporting Information) and
X-ray diffraction (CCDC 948231) (Figure 5). Intermediate
A is derived from oxidation of 5 and further leads to the

formation of a crucial carbon�carbon connection between
C-12 and C-22 by a key pinacol coupling reaction.8

Ginkgolide B (GB), a specific platelet-activating factor
(PAF) receptor antagonist, is a highly oxygenated diterpe-
noid containing a trilactone and tetrahydrofuran ring that
are essential for the activity.9 Given that the structural
characteristics of both the SNTs and GB are partially
similar, compounds 1�5 were evaluated for their inhibi-
tion of platelet aggregation induced by PAF, collagen,
arachidonic acid (AA), and thrombin. Our results showed
that 1 and 4 specifically exhibited antiplatelet aggregation
activity induced by PAF in a dose-dependent manner with
IC50 values of 79.95 and 52.26 μg/mL, respectively, but
had no effect on that induced by collagen, AA, and thro-
mbin (Table 1 and Figure 6). However, other isolates were
either completely inactive or showed slight inhibition at
100 μg/mL (Table 1). Some research revealed that the IC50

of GB was lower than 0.2 μg/mL in antiplatelet aggrega-
tion activity induced by PAF.9,10
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Scheme 1. Hypothetical Biogenetic Pathway of Lancolide A (1)

Table 1. Antiplatelet Aggregation Activity of Compounds
1�5.a

compd PAF collagen AA thrombin

1 63.2 ( 1.7 2.2 ( 3.9 0.0 ( 0.0 0.0 ( 0.0

2 20.0 ( 5.3 1.0 ( 2.0 0.0 ( 0.0 15.3 ( 7.2

3 4.1 ( 5.8 3.8 ( 4.0 2.3 ( 4.0 27.5 ( 14.1

4 65.6 ( 1.1 17.7 ( 2.8 5.5 ( 7.7 27.5 ( 7.1

5 29.3 ( 1.0 5.9 ( 8.5 1.8 ( 3.1 0.0 ( 0.0

a Inhibition % ( SD at 100 μg/mL (SD = standard deviation).

Figure 6. Compounds (A) 1 and (B) 4 inhibited platelet aggrega-
tion activity induced by PAF in a dose-dependent manner.
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