
DOI: 10.1002/chem.200801092

Structure Elucidation and Theoretical Investigation of Key Steps in the
Biogenetic Pathway of Schisanartane Nortriterpenoids by Using DFT
Methods

Wei-Lie Xiao,[a] Chun Lei,[a] Jie Ren,[a] Tou-Gen Liao,[a] Jian-Xin Pu,[a]

Charles U. Pittman, Jr.,[b] Yang Lu,[c] Yong-Tang Zheng,[d] Hua-Jie Zhu,*[a] and
Han-Dong Sun*[a]

Introduction

Triterpenoids are a large and structurally diverse group of
natural products derived from squalene or related acyclic
30-carbon precursors, the most ubiquitous, nonsteroidal sec-

ondary metabolites in terrestrial and marine flora and
fauna. This large group of natural products displays well
over 100 different skeletons[1] with different biological prop-
erties, such as anti-inflammatory,[2] anticancer,[2] antimicrobi-
al;[2] and many plant defense functions.[3] Although over
20 000 members of this group are already known to exist,
new triterpenoid structures with novel skeletons and repre-
senting unique biosynthetic end products continue to
emerge. These complex triterpenoid structures generated
great interest and challenges to chemists performing bioge-
netic studies,[3–5] including the use of quantum mechanics to
provide deeper mechanistic insight.[6]

Plants of the genus Schisandra in the Schisandraceae
family have a long history of use as sedative and tonic
agents in Traditional Chinese Medicine. Previous studies
showed that this genus is a rich source of dibenzocycloocta-
diene lignans, which have been found to possess some bene-
ficial pharmacological effects, including anti-HIV, antitumor,
and antihepatitis activities.[7] To find new, natural com-
pounds with interesting biological activities from this genus,
more than 50 highly oxygenated nortriterpenoids have been
isolated and characterized by our group since 2003.[8] These
compounds include schisanartane (e.g. 1),[8a] schiartane (e.g.
2),[8a,b] and 18-norschiartane (e.g. 3)[8a, c] types of nortriterpe-
noids, some of which showed anti-HIV activity.[8b, g] Recently,
we obtained the new compound rubrifloradilactone C (4),
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together with several known nortriterpenoids, including
compounds 1–3 and lancifodilactone I (5),[8d] from the leaves
and stems of Schisandra rubriflora. Herein, we report the
isolation, structure elucidation, biological activity of com-
pound 4, and investigations of the biogenetic relationships
among schisanartane nortriterpenoids (1, 4, 5) through tran-
sition-state investigations by using DFT at the B3LYP/6–
311+G ACHTUNGTRENNUNG(d,p) level.

Results and Discussion

Rubriflordilactone C (4) was obtained as a colorless and op-
tically active crystal, [a]23:7

D =++27.79 (c= 0.022, MeOH). Its
negative ESIMS displayed [M�H]� at m/z 599, correspond-
ing to a molecular formula of C29H36O11, as also determined

by high-resolution electron-spray-ionization mass spectrom-
etry (HRESIMS) ([M�H]� , found 559.2181, calcd
559.2179). Thus, the structure of 4 possessed 12 degrees of
unsaturation. The 1H NMR spectrum (see Table S1 in the
Supporting Information)[9] indicated three tertiary methyl
groups and two secondary methyl groups. Analysis of the 1H
and 13C NMR (see Table S1 in the Supporting Informa-
tion)[9] and HSQC spectra revealed that 4 contained two
ester groups, two carbonyl groups, five methyl groups, five
methylene groups, nine methane groups (including four oxy-
genated ones), and six quaternary carbon atoms (including
five oxygenated ones). Comparison of all these spectral data
with those of the nortriterpenoids from the schisantane skel-
eton, which were previously reported from the Schisandra
genus, suggested that compound 4 belongs to the same
family and partially shares structural features with the
known nortriterpenoid, micrandilactone D (1).[8a]

Analysis of 2D NMR data of 4, including 1H–1H COSY,
HSQC, and HMBC experiments, established the same
planar substructure of rings A–F with those of compound 1
and the existence of a five-membered a-oxo-b-methyl-g-lac-
tone ring moiety attached to C22. According to the molecu-
lar formula, another ring should form in this structure. How-
ever, there is not enough spectroscopic evidence from
2D NMR studies to construct how the ring formed. Normal-
ly, there is an oxygen bridge between C15, C24, and ring G
formed in the schisantane-skeleton nortriterpenoids as
shown in 1. For this reason, we originally considered that
the last ring may also be formed by the same pattern. Ac-
cordingly, 4 was first deduced to have the same planar struc-
ture as 1. However, the chemical shift of some carbon atoms
in 4 differed considerably to those in 1. Specifically, the
chemical shifts of C20, C22, C23, and C24 were located at
d= 74.7, 41.6, 73.6, and 72.4 ppm in 1 and at d=89.4, 51.8,
87.4, and 84.4 ppm, respectively, in 4. These differences may
result from the changes of stereogenic centers as an unex-
pected ROESY correlation was observed in 4 between 14-H
and 23-H. In addition, the obvious ROESY correlation and
the small coupling constant between 23-H and 24-H suggest
that 26-H and 24-H exist on the same face. The configura-
tion of C(21)H3 cannot be determined as not enough evi-
dence was found from the ROESY spectrum. Thus, the
structure was initially determined as either 4 a or 4 b.

The obvious structural difference between 4 a and 4 b with
1 is that both 23-H and 24-H were changed from a- to b-ori-
entations. We are not sure if the configuration differences
(at C23 and C24) can cause these large chemical shift differ-
ences. Thus, the structures still require solid evidence, such
as X-ray analysis for unequivocal assignment. Unfortunately,
we could not obtain crystals suitable for X-ray analysis. This
barrier made us turn to computational methods.[10,11] In this
way, we decided to calculate 13C NMR shifts for the schisan-
tane skeleton nortriterpenoids by using the gauge-independ-
ent atomic orbital (GIAO) method,[11] in which the B3LYP/
6–311++GACHTUNGTRENNUNG(2d,p)//B3LYP/6–31G(d) levels were employed
to determine if this method could be applicable for the
structure determination of 4. Thus, micrandilactone D (1)
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was selected for this test study first. The chemical shift pre-
dictions agreed well with the recorded shifts (see Table S2 in
the Supporting Information).[9] Then, the proposed struc-
tures 4 a and 4 b were evaluated by the same method. Un-
fortunately, the computed 13C NMR data for 4 a indicates
chemical-shift differences of 9.9, 8.3, and 12.8 ppm versus
the experimental results at C20, C22, and C23, respectively.
Also, the calculated 13C NMR data for 4 b had chemical-shift
differences as high as 12.9, 8.4, and 18.6 ppm at C20, C21,
and C23, respectively, compared with those observed. The
big chemical-shift differences between the calculated shifts
in 4 a or 4 b and experimental values suggested that 4 a and
4 b were not the correct structures.

To the best of our knowledge, if an isolated hydroxy
group is attached at C24, it is impossible for the chemical
shift of C24 to occur as far downfield as d=84.4 ppm. That
means there would be a new ring formed between ring H
and ring F. The structure was thus deduced as 4. The calcu-
lated 13C NMR data agreed well with the experimental data
(see Table S3 in the Supporting Information).[9] However,
we did not find a related HMBC correlation between 24-H
and C20 to support the calculated structure. However, after
changing the solvent to [D4]methanol, we found two impor-
tant ROESY correlations of C(21)H3 with C(27)H3 and of
23-H with 25-H, which further supported the structure de-
termined for 4. Luckily, after the successful conversion of
compound 4 to its acetate derivative at the 7-OH group,
suitable crystals were obtained from its methanol solution
after a long crystallization period. We also made sure that
the acetate derivative of 4 did not change in the crystalliza-
tion period by comparing the 1H NMR spectra before and
after crystallization. Thus, the X-ray diffraction crystal struc-
ture finally confirmed that the structure of 4 was correct
(Figure 1). This result demonstrated that the current
B3LYP/6–311++G ACHTUNGTRENNUNG(2d,p)//B3LYP/6–31G(d) computational
methods could provide accurate computed 13C NMR chemi-
cal shifts in the identification of complex natural products.

Rubriflordilactone C (4) was evaluated for its cytotoxicity
against two human tumor-cell lines, K562 and HepG2, by
using the bioassay method previously described.[12] Com-
pound 4 showed obvious inhibitory activities with IC50

values of 0.14 and 0.54 mg mL�1 for K562 and HepG2, re-
spectively (cis-platin: IC50 =0.40 and 0.59 mg mL�1, respec-
tively). In addition, compound 4 was tested for cytotoxicity
in an assay against C8166 cells (CC50), and its anti-HIV-1 ac-
tivity was evaluated by an inhibition assay for the cytopathic
effects of HIV-1IIIB (EC50) by using 3’-azido-3’-deoxythymi-
dine (AZT) as a positive control (EC50=0.0034 mg mL�1 and
CC50 > 200 mg mL�1).[13] These assays showed modest anti-
HIV-1 activity with an EC50 value of 5.18 mg mL�1 and cyto-
toxicity against C8166 cells with CC50 of 77.54 mg mL�1 and a
selectivity index (CC50/EC50) value of 14.9.

The intriguing occurrence of these five compounds (1–5)
in the same plant led us to continue to study the relationship
among these structures, especially among 1, 4, and 5. A pos-
sible biogenetic transformation mechanism was originally
proposed.[8a, j] Herein, we now propose a new biogenetic
route for the formation of 1 and 4 from 5, and, for the first
time, we predict the structure of some possible natural prod-
ucts based on this mechanism.

Compound 4 is the first case of a schisanartane nortriter-
penoid possessing a new ring system that is significantly dif-
ferent from micrandilactone D (1). This difference is that
ring G in 4 is connected directly to the ring F, whereas
ring G in 1 is connected with both ring D and ring F. The
mechanism for ring-G formation in 1 could be the same as
the mechanism we previously proposed; namely, the hy-
droxy group on C15 attacks the carbon C24 of the double
bond (C=C).[8a] However, there is another important possi-
bility. There should be an OH group on C24 in 5. This OH
group could react with OH groups on either C15 or C20 to
form the corresponding natural products 1 and 4, respective-
ly.

Some key steps selected from the previously proposed
biosynthetic route from schiartane skeleton to schisanartane
are illustrated in Scheme 1.[8a] Two intermediates with differ-
ent stereogenic centers on C25 would be formed when the
OH group on C15 attacks the C=C (from 7 to 8) based on
the general chemical reaction mechanism. However, the cis
isomer, 8, shown in Scheme 1, which has the same structure
as the natural product, should be the minor product accord-
ing to this mechanism. The major product formed though
this mechanism should be the trans isomer (8 a). Isomer 8 a
was not shown in the original route as the major structure.
The mechanism of direct enolization of a,b-unsaturated lac-
tones to the products was considered. However, for the
same reason as discussed above, the major products formed
should be the trans isomer instead of the cis isomer. In fact,
during our research, we were never able to detect the trans
isomer, which was predicted by the proposed mechanism[8a]

and by the direct enolization mechanism.
Indeed, the hydroalkoxylation of unfunctionalized olefins

is difficult and traditionally must be mediated by stoichio-
metric amounts of metal ions.[14] Catalytic processes for such

Figure 1. ORTEP plot of the X-ray structure of acetate of 4 depicting the
relative stereochemistry.
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transformations are necessary, however, they are limited.[15]

To date, only silver,[16] platinum,[17] gold,[18] tin,[19] rutheni-
um,[20] and iridium[21] ions have been found as catalysts for
intramolecular and intermolecular hydroalkoxylation of un-
functionalized olefins. In the intermolecular hydroalkoxyla-
tion of the functionalized olefins, catalysis by palladium ions
is still required.[22] Similar intramolecular hydroalkoxylations
of functionalized olefins was not found.

To determine if the reaction from 7 to 8 in Scheme 1 is
reasonable, the transition state (TS) for the addition of OH
groups to C=C was calculated at the B3LYP/6–311+G ACHTUNGTRENNUNG(d,p)
level[23] by using the models shown in Scheme 2. The possi-
ble TSs without acidic catalysis are discussed first. Later,
acid catalysis is considered as it could prevail within an
enzyme.

Two ROH addition procedures were examined (routes 1
and 2). Route 1 involves direct OH attack on the C=C
double bond. Route 2 considered the effect of water on the
TS barriers. In this route, one OH group proton transfer to
a H2O is followed by a proton transfer from H2O to C=C.
These two routes contain six TS geometries. The lower cal-
culated TS free-energy barrier through route 1 is 55.4 kcal
mol�1 at the B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) level (via TS-2) in the
gas phase. This barrier is far too high for the addition to
proceed. The lowest calculated TS barrier in route 2 is
51.5 kcal mol�1. This barrier is also too high for the addition
to take place.

Enzymatic catalysis may occur, which decreases the TS
barrier. However, the exact enzyme is still unknown. Thus, a
general method to use a solvent, which has a dielectric con-
stant (e) close to that of the interior of enzyme (e=4.0)[24]

should be selected in the TS-barrier corrections. In this
study, a neutral solvent, chloroform (e=4.9), was selected
for the TS-barrier computations. These barrier computations
were performed at both the B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) and
MP2/6–311 + GACHTUNGTRENNUNG(d,p) levels, respectively, by using the polar-
ized continuum model (PCM)[25] . The barrier sequences
follow the same order as that found in the gas phase. The
activation energy to surmount TS-2 is still predicted to be
lower than that of TS-1.The lowest barrier among TS-3

through TS-6 is TS-5. In chloro-
form, the barrier through TS-2
increased to 58.3 from 55.4 kcal
mol�1 at the B3 LYP/6–311+G-ACHTUNGTRENNUNG(d,p) level, and this barrier was
77.6 kcal mol�1 when computed
at the MP2/6–311 +G ACHTUNGTRENNUNG(d,p)
level. The activation energy
through TS-5 decreased from
51.5 to 43.4 kcal mol�1 by using
B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) or in-
creased to 67.3 kcal mol�1 at the
MP2/6–311 + GACHTUNGTRENNUNG(d,p) level.
These barrier values through
TS-2 and TS-5 are so high that
it is unreasonable for this hy-
droalkoxylation to take place.

The cis-isomer generation (through TS-4 or TS-6) would
encounter barriers of 85.9 and 86.1 kcal mol�1 at the B3LYP/
6–311+ GACHTUNGTRENNUNG(d,p) level in the gas phase, respectively. These
computed activation energies in chloroform were 69.2 kcal
mol�1 or 71.7 kcal mol�1, respectively, at the B3 LYP/6–311+

GACHTUNGTRENNUNG(d,p) level. Furthermore, at the MP2/6–311 + GACHTUNGTRENNUNG(d,p) level,
the barriers to TS-4 and TS-6 increased to 96.0 and 93.2 kcal
mol�1, respectively. No matter which method was employed,
the calculated barriers are much too high for the addition of
OH groups to occur across the double bond directly through
routes 1 and 2.

The direct addition of water to C=C was also investigated
at the B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) level. There are six TS geome-
tries found for the trans-addition route and six for cis addi-
tion. The lowest energy trans-addition pathway among the
six possibilities passed though TS-7 with a barrier of
57.6 kcal mol�1 in the gas phase. The lowest energy cis-addi-
tion barrier (TS-8) found was 90.2 kcal mol�1 among the six
TS geometries. These TS-7 and TS-8 barriers decreased to
44.9 and 71.5 kcal mol�1 by using the PCM with chloroform
as the solvent at the B3LYP/6–311+ (d,p) level, respectively.
These energy magnitudes, when corrected by the PCM, in-
creased to 70.2 and 91.9 kcal mol�1, respectively, at the MP2/
6–311+ GACHTUNGTRENNUNG(d,p) level. Thus, conventional reactions under
neutral conditions to form these natural products clearly
seems to be impossible. The TS structures (TS-1 to TS-8)
are illustrated in Scheme 2.

Without acidic catalysis, we concluded that the major
product formed would be the trans isomer instead of the cis
isomer, which was required to form the known natural prod-
uct. However, we cannot exclude the possibility that an
acid-catalyzed enzymatic mechanism may exist to promote
the addition reaction. Acidic catalysis might change the
order of the transition state barriers in the pathways pro-
ceeding through TS-3 through TS-6. Thus, the acidic catalyt-
ic routes through TS-1 H to TS-8 H were investigated at the
B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) level. The carbonyl group was first
protonated at the oxygen moleculs, activating the carbonyl
carbon through a positive charge increase on C24, which
lowers the barrier for nucleophilic attack of the OH group

Scheme 1. Selected biosynthetic route (previously reported in reference [8a]).

Chem. Eur. J. 2008, 14, 11584 – 11592 � 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 11587

FULL PAPERInvestigation of Schisanartane Nortriterpenoids

www.chemeurj.org


on C24. The calculated barriers to TS-1 H through TS-8 H
are illustrated in Table 1. Acidic catalysis decreased the TS
barriers in all cases. The lower-energy pathway on compar-

ing routes through TS-1 H and TS-2 H was through TS-2 H
with a barrier of 42.5 kcal mol�1 at the B3LYP/6–311+G-ACHTUNGTRENNUNG(d,p) level in the gas phase. This barrier increased to 46.1 or

Scheme 2. a) The proposed model of the addition mechanism�s transition states derived at the B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) level. b) Ball-and-stick models of
the above-derived transition states. The unit for bond lengths was �ngstroms.
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61.0 kcal mol�1 at the B3LYP/6–311+GACHTUNGTRENNUNG(d,p) or MP2/6–
311+G ACHTUNGTRENNUNG(d,p) levels, respectively, by using the PCM in
chloroform. Thus, this path is unreasonable.

The lowest-energy pathway among the four routes
through TS-3H, TS-4 H, TS-5 H, and TS-6 H occurred
through TS-5 H. This barrier was 17.9 kcal mol�1 in chloro-
form at the B3 LYP/6–311+GACHTUNGTRENNUNG(d,p) level and increased to
34.3 kcal mol�1 at the MP2/6–311 +G ACHTUNGTRENNUNG(d,p) level in chloro-
form. This produces the trans isomer. The direct trans addi-
tion of water to C=C, through TS-7 H, had the lowest
energy (24.3 kcal mol�1) in chloroform at the B3LYP/6–
311+G ACHTUNGTRENNUNG(d,p) level, or 39.9 kcal mol�1 at the MP2/6–311+G-ACHTUNGTRENNUNG(d,p) level. This produced the trans isomer. The cis-addition
barrier in chloroform (TS-8 H) was much larger with a value
of 50.1 kcal mol�1 at the B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) level in
chloroform or 68.4 kcal mol�1 at the MP2/6–311 +G ACHTUNGTRENNUNG(d,p)
level. The cis-isomer generation (through TS-4 H, TS-6 H, or
TS-8 H) also encountered higher energy barriers than the
corresponding predicted activation energies to form the
trans isomer, respectively.

Clearly, whether or not acid catalysis occurs, these addi-
tion reactions are difficult. Addition might be possible
through TS-5 H (17.9 kcal mol�1 at the B3LYP/6–311+G-ACHTUNGTRENNUNG(d,p) level), but this would produce the trans isomer instead
of the cis isomer. Of course, the trans isomer did not form in
S. rubriflora. These calculated barriers explain why the OH
group attack on C=C is so difficult and why the cis isomers
can not be formed in this way. Obviously, the previously
proposed biosynthetic route has drawbacks (Scheme 1).

The assistance of a special enzyme is needed to catalyze
the formation of the obtained cis natural product. Thus, a

key question emerged. Does the enzyme catalyze the forma-
tion of the natural products directly or is an intermediate,
such as the cis isomer (OH and Me groups located at the
same side on ring H), catalytically generated, which then
proceed to the product? We favor the initial formation of
the cis isomer. In this route, three factors must be consid-
ered carefully (Scheme 3). First, evidence is required to sup-
port formation of the hydroxy group on C24, located either
cis or trans to the methyl group (C(27)H3) located on C25.
Secondly, the relative stereochemistry at C15, C20, and C24
should be maintained during the loss of water. Thus, the
configurations at C15, C20, and C24 would remain un-
changed. Finally, the two cis isomers would form products 1
and 4 after the loss of water, respectively.

Five-membered rings that are similar to ring H (a-oxo-b-
methyl-g-lactone ring) of schisanartane nortriterpernoids
have been reported as both cis and trans isomers at the a

and b positions in some natural products.[26] This means that
the formation of a OH group on C24 is possibly catalyzed
by special enzymes in vivo and the OH group could be
formed in the cis position on C24. Further investigations
have demonstrated that the configuration did not change
during the intramolecular dehydration that occurs between
the two ring hydroxy groups, even when the chemical reac-
tions are carried out under very harsh conditions.[27] It is
noteworthy that the configuration of C23 in the biogenetic
precursor can either be R or S because both configurations
are commonly found in five-membered a,b-unsatuated-g-
lactone rings in nature.[28] These conclusions are very signifi-
cant for our new biogenetic pathway. The remaining ques-
tion is whether or not 1 and 4 can be formed through this
route as there are two possible intramolecular dehydration
products formed between the two OH groups of each hy-
drated intermediate (26, 28, 30, 33, 36, 39 ; Scheme 3).

As shown in Scheme 3, optimization of all the pairs of
possible products were performed at the B3LYP/6–31G(d)
and B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) level in the gas phase, respec-
tively. Frequency or eigenvalue analyses were carried out.
Free energy, zero-point energy correction magnitudes, and
total electronic energies were used in the relative energy
comparisons by using the B3LYP/6–31G(d) method. Only
total electronic energy was used by the B3LYP/6–311+G-ACHTUNGTRENNUNG(d,p) method. As a result, the energy sequence between
each pair of possible products was the same with the two
methods. Especially notable, the energy differences are
almost the same with the energetics after zero-point energy
corrections at the B3 LYP/6–31G(d) level as those obtained
at the B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) level. Therefore, it is possible
to use the zero-point energy correction data at the B3LYP/
6–31G(d) level to predict the major products formed in
other similar procedures.

The formation of micrandilactone D (1) proceeds at lower
energy, so kinetically, 1 would be the major product. Product
27, lies 10.3 kcal mol�1 or 11.7 kcal mol�1 higher in energy
than 1. Thus, 27 could not be formed on this path. Indeed,
product 27 was never found during our research. Thus,
path 1 would form micrandilactone D (1) (�100 %).

Table 1. TS barriers at the B3LYP/6–311 +G ACHTUNGTRENNUNG(d, p) level in the gas phase
and in chloroform (with energy in kcal mol�1).

TS DG1[a] DG2[b] DG3[c]

TS-1[d] 77.8 76.9 94.1
TS-2 55.4 58.3 77.6
TS-3 61.1 49.4 73.1
TS-4 85.9 69.2 96.0
TS-5 51.5 43.4 67.3
TS-6 86.1 71.7 93.2
TS-7 57.6 44.9 72.0
TS-8 90.2 71.5 91.9

TS-1 H[e] 64.7 68.1 86.7
TS-2 H 42.5 46.1 61.0
TS-3 H 37.4 28.1 43.8
TS-4 H 57.5 45.9 61.0
TS-5 H 25.2 17.9 34.3
TS-6 H 58.3 46.9 62.3
TS-7 H 36.9 24.3 39.9
TS-8 H 60.6 50.1 68.4

[a] Barriers at the B3LYP/6–311 +G ACHTUNGTRENNUNG(d,p) level, (single-point energy in
the gas phase). [b] Barriers at the B3LYP/6–311 +G ACHTUNGTRENNUNG(d,p) level (single-
point energy in chloroform). [c] Barriers at the MP2/6–311 +G ACHTUNGTRENNUNG(d, p)
level (single-point energy in chloroform). [d] TS-x means transition-state
structure number, x =1 to 8. [e] TS-xH refers to the number of the transi-
tion state�s structure in which these transition states were each catalyzed
by an acidic proton, x=1 to 8.
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Scheme 3. Relative energies [kcal mol�1] between each pair of compounds formed in the proposed biogenetic way. (DE= total electronic energy, DE0-cor =

energy after the zero-point energy correlation, DG= free energy). These data were obtained at the B3LYP/6–31G(d) level. The magnitudes of DE’ that
are shown in bold were obtained at the B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) level.
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If this route is general, then path 2 would lead to the for-
mation of rubriflordilactone C (4). This conclusion was fur-
ther strengthened by comparing the computed relative ener-
gies of the two products 4 and 29. The expected compound
rubriflordilactone C (4) is 3.6–6.6 kcal mol�1 lower in energy
than product 29. Thus, 97 % of 4 would be found in nature if
equilibrium was achieved based on the total computed elec-
tronic energy difference of 3.6 kcal mol�1. This content in-
creases to 99.8 % when a free-energy difference of
6.6 kcal mol�1 was used. Only 4 could be found in our re-
search.

In addition, trans isomers might be expected to exist in
the plant as mentioned above. Thus, we predicted different
products from the four possible trans-isomer intermediates
(30, 33, 36, 39) that could be formed by enzymatic catalysis.
Each of these were evaluated at the B3LYP/6–31G(d) and
B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) levels (paths 3–6 in Scheme 3; the
relative energy values are summarized below their struc-
tures). The products expected to be formed are both 31
(about 60–70 %) and 32 (about 30–40 %) through path 3, 34
(�100 %) through path 4, 37 (�100 %) through path 5, and
40 (�100 %) through path 6 by using the free-energy differ-
ences calculated and total electronic energy at the B3LYP/
6–311+ GACHTUNGTRENNUNG(d,p) level and assuming equilibrium control. In
addition, 40 might form through TS-5 H as the TS-5 H barri-
er was 17.9 kcal mol�1 at the B3LYP/6–311+ GACHTUNGTRENNUNG(d,p) level
(Table 1). However, this barrier increased to 34.3 kcal mol�1

at the MP2/6–311 +G ACHTUNGTRENNUNG(d,p) level. Thus, formation of 40 by
this way could not be favorable.

Conclusion

In summary, determination of the biosynthetic pathway for
schisanartane triterpenoid formation is a great challenge
owing to their complex structures. Our present computation-
al studies on the mechanism of ring-G formation in 1 and 4
led to the establishment of a part of this biogenetic route
and improved our understanding of this series of nortriter-
penoids from a biogenetic aspect. The predicted natural
products based on this new biogenetic route still need to be
experimentally validated. The proposed biosynthetic route
remains a hypothesis until it has been confirmed by isotopic
labeling and enzymatic studies. The computational methods,
B3LYP/6–311++G ACHTUNGTRENNUNG(2d,p)//B3LYP/6–31G(d), can provide
corrected predictions for 13C NMR spectroscopy in complex
natural-product identifications. Further investigation of the
triterpenoid constituents from this genus and their biogenet-
ic pathways is still in progress.

Experimental Section

General : Optical rotations were measured with a Horiba SEPA-300 po-
larimeter. UV spectra were obtained by using a Shimadzu UV-2401 A
spectrophotometer. A Tenor 27 spectrophotometer was used for scanning
IR spectroscopy with KBr pellets. 1D and 2D NMR spectra were record-

ed on Bruker AM-400 and DRX-500 spectrometers. Unless otherwise
specified, chemical shifts (d) were expressed in ppm with reference to the
solvent signals. Mass spectra were performed on a VG Autospec-3000
spectrometer under 70 eV. Column chromatography was performed with
silica gel (200–300 mesh, Qing-dao Marine Chemical, Inc., Qingdao,
China). Preparative HPLC was performed on an Agilent 1100 liquid
chromatograph with a Zorbax SB-C18, 9.4 mm � 25 cm, column. Fractions
were monitored by TLC and spots were visualized by heating silica gel
plates sprayed with 10 % H2SO4 in EtOH.

Plant material : The leaves and stems of S. rubriflora were collected in
August 2003 from Dali Prefecture of Yunnan Province, China. The speci-
men was identified by Prof. Xi-Wen Li. A voucher specimen, No. KIB
2003–08–02, has been deposited at the State Key Laboratory of Phyto-
chemistry and Plant Resources in West China, Kunming Institute of
Botany, Chinese Academy of Sciences.

Extraction and isolation : Air-dried and powdered stems and leaves
(3.1 kg) were extracted with 70 % aqueous Me2CO (4 � 5 L) at room tem-
perature and concentrated in vacuo to give a crude extract (110 g), which
was partitioned between H2O and EtOAc. The EtOAc part (77.0 g) was
chromatographed on a silica gel column eluting with CHCl3/CH3OH (1:0,
9:1, 8:2, 2:1, and 0:1) to afford fractions I–V. Fraction II (10.4 g) was re-
peatedly chromatographed on silica gel and Sephadex LH-20, and then
by preparative HPLC (CH3OH/H2O, 42:58 and 45:55, and CH3OH/
CH3CN/H2O, 20:15:65 and 25:15:60) to yield 1 (10.2 mg), 2 (15.4 mg), 3
(20.1 mg), 4 (12.8 mg), and 5 (17.9 mg).

Rubrifloradilactone C (4): White powder; [a]23:7
D =++27.79 (c =0.002,

MeOH); 1H and 13C NMR spectroscopy (see Table S1 in the Supporting
Information);[9] IR (KBr): ñmax =3447, 2975, 2934, 1762, 1636, 1457, 1378,
1171, 1104, 986 cm�1; UV/Vis (MeOH): lmax (log e)=203 (3.14), 313
(2.25) nm; negative ESI-MS: m/z: 599 [M�H]� ; HRESIMS: m/z calcd
for C29H35O11 [M�H]�: 559.2179; found: 559.2181.

Acetylaction of rubrifloradilactone C (4): The acetylaction procedure is
to add the Ac2O and pyridine to the substrate (4) at 0 8C and this reac-
tion was kept at room temperature for 12 h and afford the acetate prod-
uct with almost 100 % yield.

X-ray data for acetate derivative of rubrifloradilactone C (4): C31H38O12,
Mr =606.61, orthorhombic, space group P212121, a=12.760(3), b=

14.510(3), c=16.907(3) �, V=3130.3(11) �3, Z=4, 1calcd =1.297 gcm�3,
crystal dimensions 0.43 � 0.23 � 0.10 mm3 was used for measurements on a
MAC DIP-2030 K diffractometer with a graphite monochromator (w-2q

scans, 2qmax =50.08), MoKa radiation. The total number of independent re-
flections measured was 6242, of which 3286 were observed (jF j 2�2s jF j 2).
Final indices: R1=0.058, WR2=0.1462, S= 1.035. The crystal structure
(acetate derivative of 4) was solved by direct methods using SHELX-
86[29] and expanded by using Fourier difference techniques, refined by the
program and method NOMCSDP,[30] and the full-matrix least-squares cal-
culations. CCDC-644472 contains the supplementary crystallographic
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.

Computational methods: The computations of TS barriers involved in
the research were performed at B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) level. Frequency
was also calculated at the same level and one imaginary frequency was
found for each TS structure. Since the dielectric constant (e) in the interi-
or of enzyme was about 4.0,[24] and the real enzyme in our research is un-
known, an approximate method was used to estimate the catalytic effect.
Chloroform, which has a dielectric constant value of 4.9 was used in the
calculation for all geometries involved in the study. The PCM was select-
ed for the calculation at the B3LYP/6–311+G ACHTUNGTRENNUNG(d,p) and MP2/6–311 +G-ACHTUNGTRENNUNG(d,p) levels. The optimization of all six pairs of possible products were
performed at the at the B3LYP/6–31G(d) and B3LYP/6–311 + GACHTUNGTRENNUNG(d,p)
levels, respectively.
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