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Abstract—Chemical constituents of root extract and the nucleotide sequences of the atzpB—rbcL intergenic region and the internal transcribed
spacers (ITSs) of the ribosomal RNA gene were studied for Ligularia virgaurea var. virgaurea collected in southwestern Sichuan Province of
China. Eleven samples were collected. Four of them were found to contain four new furanoeremophilanes, virgaurenones A-D, as well as
a new eremophilanolide, virgaurenolide A. The other samples contained different furanoeremophilanes and their derivatives including
nor-type of compounds, two of which were new. Diversity was found to be present in the nucleotide sequences as well. The chemical com-
position was found to be correlated with the ITS variation but not with the geographic distribution of the samples.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Ligularia Cass. (Compositae (or Asteraceae)) is a genus
highly diversified in the eastern Qinghai—Tibet Plateau and
adjacent areas, and more than 100 species are extant therein. !
The genus is diversified particularly in the Hengduan Moun-
tains and this area is considered to be the main center of the
on-going evolution of the genus.? Therefore, Ligularia spe-
cies in the Hengduan Mountains provide a good set of sub-
jects for the study of plant evolution. We have been
studying inter- and intra-specific diversity of Ligularia in
the Hengduan Mountains by the combination of chemical
and genetic approaches. As the chemical index, we have cho-
sen furanoeremophilanes, since they have been found in
Ligularia® as well as related genera such as Farfugium,*
Petasites,? and Syneilesis,® and since the presence/absence
of furanosesquiterpenes can be easily examined by Ehrlich’s
test on TLC.” As the genetic index, we have chosen the DNA
sequences of the atpB—rbcL intergenic region in the plastid
genome and the two internal transcribed spacers (ITSs) of
the ribosomal RNA gene in the nuclear genome. The regions
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are non-coding and variations therein are thought to be neu-
tral to evolution.® Hence, the regions are routinely analyzed
in the studies of plant diversity and phylogeny.®

We have obtained the following findings so far. Ligularia
tongolensis (Franch.) Hand.-Mazz., Ligularia cymbulifera
(W.W. Smith) Hand.-Mazz., and Ligularia atroviolacea
(Franch.) Hand.-Mazz., all belonging to the section Corym-
bosae, were close to one another with respect to the compo-
sition of furanoeremophilanes and the nucleotide sequence
of the atpB-rbcL region.” However, while L. tongolensis
was found to be diverse in both indices, L. cymbulifera
was uniform in both. More recently, we have found that
samples of Ligularia pleurocaulis (Franch.) Hand.-Mazz.
of northwestern Yunnan and those in southwestern Sichuan
were different.'® 3B-Angeloyloxyfuranoeremophil-1(10)-
en-6B-ol and furanoligularenone were the characteristic
components, respectively, for the Yunnan and the Sichuan
specimens. The atpB—rbcL sequence variation was not
correlated with the chemical composition, but the ITS vari-
ation was.

Our present focus is on Ligularia virgaurea (Maxim.) Mattf.
Both L. virgaurea and L. pleurocaulis, one of our previ-
ous subjects, belong to section Senecillis!! and inhabit
alpine meadows of more than 4000 m in altitude. While
L. pleurocaulis is extant only in the Yunnan and the Sichuan
Provinces, L. virgaurea is widely distributed in Yunnan,
Sichuan, Qinghai, and Gansu in China, and in Nepal and
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Bhutan.!! The morphological variation within the species is
so large that three varieties, virgaurea, pilosa, and oligoce-
phala, have been proposed.!!~!* Chemical constituents in
the root of L. virgaurea collected in Qinghai and Gansu
have been studied. Shi and co-workers obtained some ere-
mophilanolides from var. oligocephala from Qinghai.'* Jia
and co-workers studied the chemical constituents of this
species, presumably var. virgaurea, from Gansu,'® and iso-
lated several benzofuranes including cacalol, a rearranged
carbon skeleton of eremophilane, and a methylated deriva-
tive of it. Here, we report that L. virgaurea var. virgaurea
in southwestern Sichuan Province produces furanoeremo-
philanes and its derivatives, some of which are new. We
also report that the plant can be grouped into two on the basis
of the chemical composition and the ITS sequences.

2. Results

Eleven samples of L. virgaurea var. virgaurea were collected
in southwestern Sichuan Province (Table 1 and Fig. 1). The
roots of each sample were extracted with ethanol and the
alcoholic solutions were subjected to Ehrlich’s test on TLC
plates. Two patterns of the Ehrlich-positive spots were ob-
served. Four samples (samples 2, 5, 7, and 11; designated
hereafter as type 1) showed two major components at
R=0.45 and 0.53 (hexane—AcOEt=7/3) with yellow Ehrlich
coloring, which implied the presence of furanoeremophi-
lanes with some functional group. The other seven samples
(samples 1, 3,4, 6, 8,9, and 10; type 2) showed several pink
spots on TLC. The major spots appeared at R~0.54 and
0.59. The pattern was almost the same for all the seven
samples, indicating that their composition of furanoeremo-
philanes was similar. The distribution of the two types did
not coincide with the geographical distribution of the sam-
ples (Table 1 and Fig. 1).

Furanoeremophilanes and the related compounds were iso-
lated and their structures were determined. The two compo-
nents observed for the type-1 samples were purified and
identified as new compounds, 1 and 2. These two com-
pounds were the major constituents in the type-1 samples
(1: R=0.53, 2: R=0.45). Related new enones 3 and 4 as
well as a new lactone 5 and a known lactone 6'* were also

Table 1. Collection locality and atpB-rbcL genetic type of L. virgaurea
samples

Sample Locality Elevation Ehrlich atpB-rbcL ITS

(m) type” clade

1 Xiangcheng 4100, 4300° 2 G-All A
2 Wumingshan 4000 1 G-A10 B
3 Yading 4000 2 G-A9 A
4 Daocheng 4100 2 G-All A
5 Daocheng 4400 1 G-A10 B
6 Haizishan 4300 2 G-All A
7 Haizishan 4400 1 G-A10 B
8 Jiawa 3800 2 G-All A
9 Litang 4100 2 G-Al2 A
10 Honglong 4300 2 G-All A
11 Gaoersishan 4200 1 A-A10, 344G B

# Type 1=yellow color; type 2=pink color. See text.

® See Table 4.

¢ Collected at two locations close to each other. The chemical components
were judged to be the same based on TLC. The DNA sequences were the
same.
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Figure 1. Locations where samples of L. virgaurea var. virgaurea (open
squares) were collected. Filled triangles and double circles indicate major
peaks and major cities, respectively.

isolated from the type-1 samples as minor constituents.
The Ehrlich-positive components in the type-2 samples in-
cluded four furanoeremophilanes: ligularol (=petasalbin,
7),2%1¢ its methyl ether 8,°® ethyl ether 9,”-'7 and furanoere-
mophilane-6p,10B-diol (10).** Compounds 7 (R=0.54) and
8/9 (R=0.59) were the major Ehrlich-positive components.
Compound 9 is considered to be an artifact generated during
the ethanol extraction process. Eight non-furano types of
compounds 11-18 were also isolated from these samples,
among which 11 and 14 were new. Compounds 12'® and
13! had been isolated from Petasites japonicus subsp.
giganteus. Although compound 15 has not been reported,
this compound seems to be an artifact during ethanol extrac-
tion.!' Compounds 16,32 17,%° and 18>' had been known. The
structures of the seven new compounds, 1-5, 11, and 14,
were determined as follows (Charts 1 and 2).

The molecular formula of compound 1, named as virgaure-
none A, was determined as C,oH,4,04 by HRCIMS. The IR
spectrum indicated the presence of two carbonyl moieties
(1720, 1680 cm™!). 'H and '3C NMR data are shown in
Tables 2 and 3, respectively. The '*C NMR spectrum gave
20 peaks including 10 sp? carbons, two of which were due
to carbonyl groups (0 196.8, 167.1). The resonance at
0 6.84 was assigned to the a proton of a tri-substituted furan
ring, which was supported by four signals at 6 118.3 (C),
120.1 (C), 139.6 (CH), and 148.6 (C). The substitution of
an angelate group was suggested by the signals of methyl
groups at ¢ 1.98 (dq) and 1.82 (quint), and carbon signals
at 6 167.1 (CO), 128.5 (C), 140.2 (CH), 20.7 (Me), and
15.9 (Me). The HMBC spectrum showed correlations from
the methyl group at C-4 into C-3, C-4, and C-5, from the
methyl group at C-5 into C-4, C-5, C-6, and C-10, and
from the methyl group at C-11 into C-7, C-11, and C-12.
With the results of a COSY experiment, this compound
was established to possess the eremophilane skeleton and

I Although compound 15 seems to be an artifact, the data were presented in
Section 5, because a search for this compound with SciFinder made no hit
and we considered the data to be worth inclusion for future comparison.



4990
(0] ! fo)
L
OR

1 (virgaurenone A) R =§ NG

2 (virgaurenone B) R = Ac

3 (virgaurenone C) R=H o OH
4 (virgaurenone D) R = E )K%/
% o)
o

S

OR 4

(0]
Pn
5 (virgaurenolide A) R = § MS
5

6 (virgaurenolide B) R = Ac

Chart 1. Chemical constituents of type-1 samples of L. virgaurea var.
virgaurea.

the angelate moiety at C-6. The stereochemistry was estab-
lished as shown in the formula, since NOE was detected
between H-6 and H-4, and between H-98 and H-14.

The '"H NMR spectrum of compound 2, virgaurenone B,
C7H,00,4, was very similar to that of compound 1 except
for the presence of an acetyl group and the absence of an an-
geloyl group (Table 2). The IR spectrum indicated the pres-
ence of carbonyl groups (1730, 1680 cm™'). Because
a singlet proton at 6 6.18 had a correlation into C-1’, an ace-
toxy group (0 1.70) was determined to be substituted at C-6.
The enone moiety (1(10)-en-2-one) was present as in 1,
which was confirmed by the 2D experiment. The stereo-
chemistry was determined by the NOESY spectrum. There-
fore, the structure was established as depicted in the formula.
The sample nicely crystallized from EtOAc and the structure
was solved by X-ray crystallography to support the structure
deduced as above (Fig. 2) (see Section 5).

Compound 3 (virgaurenone C) showed a quasi-molecular
ion peak at m/z 247 (CIMS) and an absorption of a hydroxy
group at 3440 cm ! in its IR spectrum. The '>*C NMR spec-
trum displayed 15 peaks including a carbonyl group (6
197.0, Table 3). These data implied that compound 3 should
contain the basic terpene part of both virgaurenones A and B.

Table 2. '"H NMR data of compounds 1-5 (600 MHz, C¢Dg)
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Chart 2. Chemical constituents of type-2 samples of L. virgaurea var.
virgaurea.

Actually, 2D NMR, especially HMBC, supported this as-
sumption. The NOESY spectrum confirmed the stereochem-
istry as depicted in the formula, since correlations between
H-6 and H-4, and between H-93 and H-14 were observed.

All CD spectra of 1-3, indicated positive absorptions around
240 nm, which were due to 7t—7t* transitions in o,-unsatu-
rated enone systems.22 Thus, the absolute configurations of
these compounds should be as depicted in the formula, since
the conformation of each molecule was indicated by the
NOESY spectra and the helicity attributed to this system
must be clockwise.

No. 1 2 3 4 5

1 5.69 d, 1.8 5.68 d, 1.2 5.69 d, 1.6 5.67 d, 1.9 5.735 s

30 2.71 dd, 16.2, 4.5 2.69 dd, 16.2, 5.4 2.25 dd, 15.9, 4.4 2.66 dd, 16.0, 4.7 2.02 ddd, 17.4,4.4, 1.1
3B 2.10 dd, 16.2, 4.5 2.12 dd, 16.2, 4.2 2.02 dd, 15.9, 6.6 2.09 dd, 16.0, 4.1 1.93 dd, 174, 134

4 1.94 m 1.91 m 1.94 m 1.87 m 1.78 dqd, 13.4, 6.6, 4.4
6 6.34 dg, 24, 1.2 6.18 dq, 24, 1.2 4.31 br d, 6.6 6.25 dq, 2.5, 1.4 5.86 q, 1.9

90, 2.73 d, 174 2.71 d, 17.6 2.71 d, 17.6 2.70 d, 17.3 5.30 S

9B 3.12 brd, 17.4 3.10 brd, 17.6 3.08 d, 17.6 3.08 brd, 17.3 —

12 6.84 S 6.85 S 6.87 S 6.81 S —

13 1.78 d, 1.2 1.72 d, 1.2 1.93 d, 1.4 1.71 d, 1.4 1.56 d, 1.9

14 0.90 s 0.87 S 0.65 S 0.85 s 0.74 s

15 0.70 d, 6.6 0.72 d, 7.2 0.83 d, 7.1 0.68 d, 6.8 0.57 d, 6.6

2 — 1.70 s — — —

3 5.78 qq, 7.8, 1.8 — — 6.05 tq, 5.2, 1.6 5.740 qq, 7.1, 1.4

4 1.98 dq, 6.6, 1.2 — — 4.49 m 1.89 dq, 7.1, 1.4

5 1.82 quint, 1.2 — — 1.74 q, 1.6 1.68 quint, 1.4
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Table 3. '*C NMR data of compounds 1-5 (150 MHz, C¢De)

No. 1 2 3 4 5

1 126.9 126.9 126.5 126.9 129.1
2 196.8 196.9 197.0 196.7 195.4
3 42.7 42.7 42.8 42.6 43.5
4 339 339 349 339 38.0
5 444 443 45.0 443 443
6 69.7 70.2 71.1 70.4 73.1
7 118.3 118.0 120.6 117.9 143.7
8 148.6 148.6 147.7 148.7 151.2
9 31.4 31.4 31.2 31.3 107.0
10 156.0 156.1 158.9 155.8 157.4
11 120.1 120.0 120.3 119.9 125.5
12 139.6 139.6 139.3 139.7 169.1
13 8.7 8.6 9.2 8.6 8.4
14 17.2 16.9 14.9 17.1 13.8
15 16.0 15.9 16.5 159 16.9
Iy 167.1 170.2 — 167.0 166.0
2 128.2 20.4 — 126.5 126.4
3 140.2 — — 147.4 142.8
4 15.9 — — 61.0 16.0
5 20.7 — — 19.8 20.3

The molecular formula of compound 4 (virgaurenone D), de-
termined as C,oH,405_indicated that a Cs ester should be at-
tached to the eremophilane skeleton, since the 'H NMR
spectrum of 4 was very similar to those of 1, 2, and 3 (see
Table 2). From careful analysis of the HMBC spectrum, it
was inferred that the terpene part was the same as that of 3,
but the ester part was not an angelate. The methyl group at
0 1.74 (H-5") had correlations into C-1’, C-2’, and C-3’. The
proton at ¢ 6.05 (H-3") was coupled with the protons at
0 4.49 (2H, H-4). Therefore, this ester should be 4-hydroxy-
2-methyl-2-butenoate and the whole structure was established
as depicted in the formula, including the stereochemistry.

The molecular formula of virgaurenolide A (5) was
C50H,,05 and the degree of unsaturation was 10. The '*C
NMR spectrum indicated 11 sp? carbons, three of which
were due to carbonyl groups. The IR spectrum showed ab-
sorptions of a lactone (1780 cm™1), an ester (1720 cm™Y),
and a carbonyl (1660 cm™") group. The HMBC spectrum
clearly indicated the presence of a 1(10)-en-2-one moiety,
which was further conjugated to the lactone ring. Therefore,
the HMBC spectrum indicated that the basic skeleton must
be 2-oxoeremophil-1(10),7(11),8-triene-12,8-olide. This

¢

c(21)
O

Figure 2. The X-ray crystal structure of 2.

was presumably produced from the corresponding furanoer-
emophilane (1) by oxidation in the plant. The stereochemis-
try was determined as depicted in the formula, since NOE
was observed between H-6 and H-4. The acetylated com-
pound 6 (virgaurenolide B) had been isolated recently
from L. virgaurea var. oligocephala.'*

Compound 11 showed a molecular ion peak at m/z 192,
whose molecular formula was calculated as C;3H,0O by
HRMS. The '>C NMR spectrum indicated the presence of
a carbonyl group (6 195.6), which was supported by the ab-
sorption at 1670 cm ™! in the IR spectrum. An acetyl group
was detected at 6 1.97 (3H, s) in the 'H NMR spectrum.
The 'H NMR spectrum also showed the presence of a tert-
methyl and a sec-methyl group as well as one proton absorp-
tion at ¢ 6.30 assignable to an olefinic proton. Since the total
number of 1>*C NMR signals was 13 and the degree of unsa-
turation was 4, this compound was judged to be a bicyclic
dinor-sesquiterpene. The HMBC spectrum indicated corre-
lations from the methyl group at C-5 into C-4, C-5, C-6,
and C-10. The methyl group at C-4 had correlations into
C-3, C-4, and C-5. These results indicated a dinor-eremophi-
lane skeleton. The sequence of protons of H-4, H-3, H-2, H-
1, and H-10 were indicated by the COSY spectrum. NOE
was detected between H-10 and H-14 and indicated that
two carbocycles were cis-fused. Thus, the 12,13-dinor-
eremophilane skeleton was established. Similar compounds
with an oxygen functionality at C-3 had been known.>®

Compound 14 indicated a characteristic absorption at
1800 cm~! in its IR spectrum, suggesting the presence of
an enol y-lactone as precedented in eremofarfugin A 54
The molecular formula was determined to be C;9H,505 by
HRMS. Both the 'H and the '*C NMR spectra obtained
at room temperature showed very broad peaks and were
not analyzable. Therefore, spectra were obtained at 50 °C in
C¢Dg and analyzed. The HMBC spectrum indicated corre-
lations from the methyl group at C-5 to C-4, C-5, C-6, and
C-10, from the methyl group at C-4 to C-3, C-4, and C-5,
and from the methyl group at C-11 to C-7, C-11, and C-12.
A hydroxy group (3500 cm~!) must be at C-6 (6 65.3), while
an acyl group should be at C-3 (6 72.3), because H-3 (6 5.19)
had a correlation into C-1’ (6 166.5). The acyl group was an
a-methylacrylate, because a methyl group at C-2’ had corre-
lations into C-1’, C-2’, and C-3’ in the HMBC spectrum. The
stereochemistry was determined as depicted in the formula
by the NOESY spectrum. One of the authors previously
isolated eremofarfugin A from Farfugium japonicum, which
had an angelate group substituted at C-3 instead of a-meth-
ylacrylate.>® Compound 14 lacks one methyl group of
eremofarfugin A and was named as eremofarfugin B.

Purification of DNA from the samples, the amplification of
the atpB—rbcL region, and the determination of the base se-
quence of the region, consisting of about 740 base-pairs,
were carried out as described previously.”!* Five variants,
G-A9, G-A10, G-A11, G-A12, and A-A10, 344G, according
to our designation,ﬁ were identified (Table 1). The base

T The 28th base was A or G and the number of an A stretch around the 510th
base was 9, 10, 11, or 12. The variant type was designated by the combi-
nation of A/G and A9/A10/A11/A12, such as G-A12; 344G denotes the
344th position to be G in place of T in the other samples. See Ref. 9.
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ITS1

TCGAAACCTGCATAGCAGAACGACCCGTGAACATGTAACAACAATCGGGTGTCCTTGGTA 60
TCGGGCTCTTGTTCGATTAATTGGATGCCTTGTCGATGTGCGTCTTTGGTCAGCCCTTTG 120
GGTCCTAAGGACGTCACATTGGCGCAACAACAAACCCCCGGCACGGCATGTGCCAAGGAA 180
AATTAAACTTAAGAAGGGCTTGTACCATGCTTCCCCGTTTGCGGGGTTTGCATGGGACGT 240
GGCTTCTTTATAATCA 256

ITS2

ATCGCGTCGCCCCCACCACGCCTCCTCGATGAGRATGCTTGGATGTGGGCGGAGATTGGT 60
CTCCCGTTCCTAYGGTGCGGTTGGCTAAAACAGGAGTCCCCTTCGACGGACGCACGATTA 120
GTGGTGGTTGACAAGACCCTCTTATCAAGTTGTGCGTTCTAAGGAGCAAGGAATGTCTCT 180
TCAATGACCCCAATGTGTCGTCCTGTGACGATGCTTCGACC 221

Figure 3. The nucleotide sequences of ITS1 and ITS2 of sample 5. They
have been deposited to DDBJ/EMBL/GenBank together with the sequence
of the 5.8S rRNA region between the ITSs and sequences flanking the ITSs
(accession number AB245093).

sequences of the ITSs of the ribosomal RNA gene were also
determined as previously (Fig. 3).!° Multiple bases were ob-
served at some positions, as thousands of copies of the gene
are present in a cell and there can be variations among the
copies.® Sequence variation among the samples was ob-
served at a number of base positions, as summarized in Table
4. Analysis of the variation using the PHYLIP program
package®’ indicated that the samples can be grouped into
two clades, tentatively designated A and B in Tables 1 and
4, with a bootstrap value of 95.5% at the branch of the clades.

3. Discussion

In the present study, L. virgaurea was examined with respect
to the chemical composition and the nucleotide sequences of
the atpB—rbcL region and the ITSs of the ribosomal RNA
gene. Seven new compounds, virgaurenones A—D (1-4), vir-
gaurenolide A (5), compound 11, and eremofarfugin B (14),
were obtained together with several known compounds. All
the isolated compounds had the eremophilane or a related
skeleton: Compounds 1-4 and 7-10 were furanoeremophi-
lanes, and 5§, 6, 12, 14-17 were their oxidized compounds;
compound 13 had only 14 carbons and was considered
to be a decarboxylated product of 12; compound 11 was
presumably a decarbonylatively ring-contracted product
of 13. Since eremophilanolides and related benzofurans
have been obtained from L. virgaurea samples collected
in Qinghai'* and in Gansu,'® production of eremophilanes

Table 4. Variations in ITS1 and ITS2 in L. virgaurea var. virgaurea
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must be common in this species. The present results
showed that furanoeremophilanes are also produced by
this species.

The presence of intra-specific variation was apparent. Four
of the 11 collected samples (type 1) contained virgaurenones
A-D (1-4) and their oxidized compounds (5 and 6). In con-
trast, these compounds were absent in the other seven sam-
ples (type 2). Petasalbin methyl and ethyl ethers (8 and 9)
and 8-oxoeremophil-6-en-12-oic acid (12) were common
to these samples. Types 1 and 2 can be considered quite dif-
ferent from each other, since no common components were
isolated from both the types. This contrasts with our previous
observation with L. pleurocaulis, in which two types had
several compounds in common.!® Interestingly, all com-
pounds isolated from the type-1 samples had a ketone group
at C-2 position. Virgaurenones A—D are the first examples of
furanoeremophilanes having the 1(10)-en-2-one system, in
which the hydrogen at 9-position is highly acidic.

Intra-specific variation was also observed in nucleotide
sequences, both in the atpB—rbcL region and in the ITSs. Al-
though no clear correlation was observed between the chem-
ical composition and the atpB-rbcL sequence, grouping
based on the composition (types 1 and 2) and that based
on the ITS sequences (clades A and B) agreed (Table 1).
We have reported a similar finding for L. pleurocaulis, as
mentioned in Section 1.!° The present agreement further
supports our previous interpretation'® that the chemical—
genetic correlation is stronger for the ITSs of the rRNA gene
because the terpene-related genes and the rRNA gene are
encoded in the nuclear genome. Thus the chemical diversity
in L. virgaurea seems to result from a difference(s) of a ge-
netic character, but not from an environmental difference(s).

Interestingly, classification of the L. virgaurea samples on
the basis of the composition type and the ITS clade showed
no geographic division, while the chemical-genetic group-
ing of L. pleurocaulis agreed with geographic division.'”
Within the Daocheng/Litang area where we collected sam-
ples of both species, L. pleurocaulis was found to be almost
uniform,'® whereas L. virgaurea was diverse. It is also note-
worthy that atpB-rbcL sequence of sample 11 is rather dif-
ferent from the others. This fact and the difference of the

Sample

Base position
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ITS1
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The base numbering is for each ITS region as in Figure 2. All the multiplicities are listed irrespective of the relative occurrences of the two bases.

Y=C+T; R=A+G; M=A+C; S=C+G; W=A+T.
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chemical composition between a previous'> and the present
studies suggest that L. virgaurea var. virgaurea may harbor
further diversity outside the areas of the current survey.

4. Conclusion

Seven new compounds were isolated from L. virgaurea var.
virgaurea collected in southwestern Sichuan Province of
China, and their structures were established. Four of them,
virgaurenones A—D were the first examples of the furano-
eremophilane having a 1(10)-en-2-one moiety. The presence
of diversity in the species was demonstrated. The samples
could be classified into two groups on the bases of their com-
position of the extracted compounds. The base variations in
the ITSs also showed that the samples can be grouped into
two, and this grouping was in concord with the chemical
one. These results suggest that the chemical difference has
a genetic origin.

5. Experimental
5.1. General

Specific rotations and CD spectra were measured on
a JASCO DIP-1000 and a JASCO J-725 auto recording
polarimeter; IR spectra, on a JASCO FT/IR-5300 spectro-
photometer; 'H and '*C NMR spectra, on a Varian Unity 600
(600 MHz and 150 MHz, respectively) and a JEOL ECP 400
(400 MHz and 100 MHz, respectively) spectrometer. Mass
spectra, including high-resolution ones, were recorded on
a JEOL JMS-700 MStation. X-ray crystallographic analysis
was carried out on a Mac Science MXC 18 diffractometer
using a DIP image plate. Chemcopak Nucleosil 50-5
(4.6x250 mm) with a solvent system of hexane—ethyl ace-
tate was used for HPLC (a JASCO pump system). Silica
gel 60 (70-230 mesh, Fuji Sylisia) was used for column
chromatography. Silica gel 60 F,s4 plates (Merck) were
used for TLC. Determination of the DNA sequences of the
atpB—rbcL intergenic region and the ITSs was carried out
as described previously.*-!°

5.2. Plant materials

Samples of L. virgaurea var. virgaurea were collected in Au-
gust 2003 and 2005 at 11 locations (Table 1 and Fig. 1). Sam-
ples 2, 3, 4, and 6 were collected in 2003, and samples 1, 5,
and 7-11 were collected in 2005. Each plant was identified
by Xun Gong, one of the authors.

5.3. Ehrlich’s test

The root of each plant (about 10 g) was harvested and extrac-
tion with ethanol was started immediately without drying.
Extraction was continued at room temperature for several
days. After filtering and without concentrating, extracts
were subjected to TLC (Kieselgel 60 F,s4, layer thickness
0.2 mm) using hexane—ethyl acetate (7:3) as the solvent.
The TLC plate was dipped in a 1% solution of p-dimethyl-
aminobenzaldehyde in ethanol. The plate was dried and
then dipped in a 1 M solution of hydrochloric acid in aque-
ous ethanol and the resultant coloring was photographed.

5.4. Extraction, purification, and structure
determination

For the samples collected in 2003, the collected roots of
L. virgaurea were cut into small pieces without drying,
and immediately extracted with EtOH at room temperature.
The extract was filtered and concentrated to afford an oily
residue with an aqueous phase. AcOEt was added to this
oil/aqueous mixture and the organic layer was recovered.
Evaporation of the solvent afforded an oily residue, to which
water soluble starch was added for handling purpose. For the
samples collected in 2005, the roots were dried and extracted
with AcOEt at room temperature. Oily extracts were ob-
tained by the standard method.

Components of the extract of sample 2 (1.98 g with starch,
extracted from 65 g of fresh root) were separated by silica
gel (50 g) column chromatography (hexane-EtOAc, in
gradient) to give 1 (46.1 mg) and 2 (37.5 mg). Compound
2 was recrystallized from EtOAc to give rectangular crystals.

Components of the extract of sample 6 (5.4 g with starch,
extracted from 95 g of fresh root) were separated by silica
gel column chromatography (hexane—EtOAc, in gradient)
to give five fractions. The second fraction (29 mg) was fur-
ther subjected to HPLC (Nucleosil 50-5, 4.6x250 mm,
I mL/min, hexane—EtOAc (95:5)) to afford 9 (3.6 mg), 8
(4.7 mg), and 11 (6.6 mg). The fourth fraction (69.7 mg)
was subjected to silica gel column chromatography (hex-
ane-EtOAc, in gradient) followed by HPLC (Nucleosil
50-5, 4.6x250 mm, 3 mL/min, hexane-EtOAc (97:3)) to
give 13 (2.1 mg)'® and 15 (1.3 mg). The fifth fraction
(831 mg) was further subjected to silica gel column chro-
matography (CHCI;-EtOAc, in gradient) to give 12
(140.8 mg).'®

Components of the extract of sample 3 (4.3 g with starch, ex-
tracted from 120 g of fresh root) were separated by silica gel
column chromatography (hexane—EtOAc, in gradient) to af-
ford 10 fractions. The first fraction (102.1 mg), further sep-
arated by HPLC (Nucleosil 50-5, 4.6x250 mm, 2 mL/min,
hexane-EtOAc (95:5)), contained petasalbin methyl ether
(8) (45.5 mg) and ethyl ether (9) (41.4 mg). The seventh
fraction (59 mg) was subjected to silica gel column chro-
matography (hexane—-EtOAc, in gradient) followed by
HPLC (Nucleosil 50-5, 4.6x250 mm, 2 mL/min, hexane—
EtOAc (80:20)) to give 10 (4.6 mg),*® 14 (1.1 mg), and 13
(1.0 mg).'® The ninth fraction (54.6 mg) was subjected to
HPLC (Nucleosil 50-5, 4.6x250 mm, 2 mL/min, hexane—
EtOAc (80:20)) to afford 14 (4.6 mg). The 10th fraction
(326.4 mg) was subjected to silica gel column chromatogra-
phy (CHCI1;-EtOAc, in gradient) to give 12 (39.5 mg).

The extract of sample 4 (1 g with starch, extracted from 45 g
of fresh root) was subjected to silica gel column chromato-
graphy (hexane—EtOAc, in gradient) and the resulting 10
fractions were further subjected to a combination of column
chromatography and HPLC. However, the compounds were
very labile and no compound was isolated in pure. Eremo-
phila-1(10),11-diene (18) alone was detected by GC-MS.

Components of the extract of sample 5 (818 mg, extracted
from 11 g of fresh root) were separated by silica gel column



4994 M. Tori et al. / Tetrahedron 62 (2006) 4988—4995

chromatography (hexane—EtOAc, in gradient) to afford six
fractions. The second fraction was virgaurenone A (1)
(190.9 mg) and the third fraction was virgaurenone B (2)
(195.6 mg). The fourth fraction (19.3 mg) was subjected to
HPLC (Nucleosil 50-5, 4.6x250 mm, 2 mL/min, hexane—
EtOAc (80:20)) to give virgaurenolide A (5) (4.3 mg). The
fifth fraction (17.8 mg) was subjected to HPLC (Nucleosil
50-5, 4.6x250 mm, 2 mL/min, hexane-EtOAc (80:20)) to
afford 6 (5.0 mg).'

Components of the extract of sample 7 (464 mg, extracted
from 5 g of fresh root) were separated by silica gel column
chromatography (hexane-EtOAc, in gradient) to afford
seven fractions. The second fraction was virgaurenone A
(1) (50.4 mg) and the fourth fraction was virgaurenone B
(2) (79.6 mg). The third fraction (11.3 mg) was further sep-
arated by HPLC (Nucleosil 50-5, 4.6x250 mm, 2 mL/min,
hexane-EtOAc (9:1)) to afford 1 (1.0 mg) and 2 (2.3 mg).

Components of the extract of sample 8 (699 mg, extracted
from 5 g of fresh root) were separated by silica gel column
chromatography (hexane-EtOAc, in gradient) to afford
seven fractions. The third fraction was ligularol (7)
(17.0 mg). The sixth fraction (62.2 mg) was purified by
HPLC (Nucleosil 50-5, 4.6x250 mm, 2 mL/min, hexane—
EtOAc (80:20)) to afford 16 (1.3 mg). The seventh fraction
(263 mg) was further separated by silica gel column chro-
matography (CHCI;-EtOAc, in gradient) to give 17
24.1 mg).20

Components of the extract of sample 10 (1.3 g, extracted
from 13 g of fresh root) were separated by silica gel column
chromatography (hexane-EtOAc, in gradient) to afford
seven fractions. The second (39.3 mg) and third (21.8 mg)
fractions were purified by HPLC (Nucleosil 50-5,
4.6x250 mm, 2 mL/min, hexane-EtOAc (95:5)) to afford
ligularol (7) (8.2 mg). The fifth fraction (95.7 mg) was fur-
ther separated by HPLC (Nucleosil 50-5, 4.6x250 mm,
2 mL/min, hexane-EtOAc (80:20)) to afford 16 (2.5 mg)
and 17 (19.7 mg). The seventh fraction (158 mg) was sepa-
rated by HPLC (Nucleosil 50-5, 4.6x250 mm, 2 mL/min,
hexane-EtOAc (80:20)) to give 12 (6.7 mg).

Components of the extract of sample 11 (1.3 g, extracted
from 15 g of fresh root) were separated by silica gel column
chromatography (hexane—EtOAc, in gradient) to afford nine
fractions. The fourth fraction was virgaurenone A (1)
(160.4 mg) and the fifth fraction was virgaurenone B (2)
(155.4 mg). The eighth fraction (24.4 mg) was purified by
HPLC (Nucleosil 50-5, 4.6x250 mm, 2 mL/min, hexane—
EtOAc (70:30)) to afford virgaurenone C (3) (5.8 mg), 6
(0.4 mg), and virgaurenone D (4) (8.9 mg).

5.4.1. 6 3-Angeloyloxyfuranoeremophil-1(10)-en-2-one
(1). A pale yellow oil; [2]® +19.0 (¢ 1.15, EtOH); MS
(CD m/z 329 [M+H]*, 271, 269, 229 (base), 228, 186, 83;
HRMS (CI) obsd 329.1749 [M+H]* Calcd for C,oH»504
329.1753; FTIR (KBr) 1720, 1680, 1620cm~!; CD
[0]243 um +18,600; see Tables 2 and 3 for 'H and '3C
NMR, respectively.

5.4.2. 63-Acetoxyfuranoeremophil-1(10)-en-2-one (2).
Pale yellow rectangular crystals; mp 142.5-143.5 (from

EtOAc); Analysis obsd C: 70.62, H: 7.08%, Calcd for
C,sH,,04 C: 70.81, H: 6.99%; [l —7.79 (¢ 0.94,
EtOH); MS (CI) m/z 289 [M+H]", 246, 229 (base), 213,
186, 175, 123; HRMS (CI) obsd 289.1434 [M+H]* Calcd
for C;7H,;0, 289.1440; FTIR (KBr) 1740, 1680,
1620 Cmil; CD (EtOH) [(9]2]4 nm —17,900, [0]238 nm
+25,700; see Tables 2 and 3 for 'H and '3C NMR, respec-
tively. X-ray data: orthorhombic, P2,2,2;, a=8.9140
(3) A, b=12.4900 (5) A, c=13.9270 (DA, «=90.00°,
$=90.00°, ¥y=90.00°, V=1550.57 (9) A3, Z=4; Mo Ka
radiation, A=0.71073; 2849 measured reflections, 2840
independent reflections, 2764 observed reflections, 0,.x=
25.73°; refinement on F?, full matrix least-squares refine-
ment, R(all)=0.0459, wR(ref)=0.1162, S(ref)=1.161, 2840
reflections; extinction correction, SHELXL, extinction coef-
ficient=0.113 (8). Crystallographic data for compound 2
have been deposited at the Cambridge Crystallographic
Data Center as supplementary publication number CCDC
295246. Copies of the data can be obtained, free of charge,
via www.ccde.cam.ac.uk/data_request/cif, or by mailing to
the Director, CCDC, 12 Union Road, Cambridge CB2 1EZ,
UK [fax: +44 1223 336033 or e-mail: data_request@ccdc.
cam.ac.uk].

5.4.3. 6-Hydroxyfuranoeremophil-1(10)-en-2-one (3). A
pale yellow oil; [a]3 —24.3 (¢ 0.58, EtOH); MS (CI) m/z 247
[M+H]*, 229 (base); HRMS (CI) obsd 247.1328 [M+H]",
Calcd for C;5H,;905 247.1334; FTIR (KBr) 3440, 1670,
1620cm™!; CD (EtOH) [0l220 nm —10,000, [0]248 nm
411,500, [0]320 nm+3600; see Tables 2 and 3 for 'H and
13C NMR, respectively.

5.4.4. 6-(Z-4' -Hydroxy-2-methyl-2-butenoyl)oxyfura-
noeremophil-1(10)-en-2-one (4). A pale yellow oil; [o]¥
—7.1 (¢ 0.89, EtOH); MS (FAB) m/z 345 [M+H]*, 154
(base), 136; HRMS (FAB) obsd 345.1722 [M+H]*, Calcd
for CoHasOs 345.1702; FTIR (KBr) 3400, 1710, 1670,
1630 cm™!; see Tables 2 and 3 for 'H and '*C NMR, respec-
tively.

5.4.5. 63-Angeloyloxy-2-oxoeremophil-1(10),7(11),8-tri-
ene-12,8-olide (5). A pale yellow oil; [a]® —344 (c 0.43,
EtOH); MS (CI) m/z 343 [M+H]* (base), 245; HRMS (CI)
obsd 343.1547 [M+H]*, Calcd for C,oH,305 343.1545;
FTIR 1780, 1720, 1660, 1640 cm™'; CD (EtOH) [01223 nm
—1460, [0]>66 nm+3400, [0]308 nm —5900; see Tables 2 and
3 for 'H and '*C NMR, respectively.

5.4.6. 1-[(3aR,4S5,7aR)-3a,4,5,6,7a-Hexahydro-3a,4-di-
methyl-1H-inden-2-yl]Jethanone (11). A colorless oil;
[0]® +5.6 (c 0.49, EtOH); MS m/z 192 [M]* 177, 149
(base), 136, 122, 107, 93, 79; HRMS obsd 192.1523 [M]*,
Calcd for C;3H,00 192.1515; FTIR (KBr) 1670 cm™!; 13C
NMR (150 MHz, C¢Dg) 6 17.3 (C-14), 17.4 (C-15), 22.3
(C-2), 24.5 (C-1), 26.0 (C-11), 29.4 (C-3), 33.7 (C-9), 37.0
(C-4), 46.6 (C-10), 50.0 (C-5), 144.0 (C-8), 153.2 (C-6),
195.6 (C-7); 'H NMR (600 MHz, C¢Dg) 6 0.67 (3H, d,
J=6.6 Hz, H-15), 0.84 (3H, s, H-14), 0.86 (1H, m, H-3),
1.09 (1H, m, H-4), 1.11 (1H, m, H-3), 1.18 (1H, m, H-2),
1.31 (1H, m, H-2), 1.34 (1H, m, H-1), 1.42 (1H, m, H-1),
1.75 (1H, m, H-10), 1.97 (3H, s, H-11), 2.43 (1H, ddd,
J=16.0, 11.3, 2.4Hz, H-9a), 2.57 (1H, dd, J=16.0,
8.1 Hz, H-9B), 6.30 (1H, d, J=2.4 Hz, H-6).
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5.4.7. 6B-Hydroxy-3p3-(2'-methylacryloyl)oxy-113H-
eremophil-7-en-12,8-olide (14). A colorless oil; [a]
—64.2 (¢ 0.11, EtOH); MS (CI) m/z 335 [M+H]*, 317, 249
(base), 231, 195, 109; HRMS (CI) obsd 335.1860 [M+H]",
Caled for CjoH»;0s 335.1859; FTIR (KBr) 3400, 1800,
1710 cm™"; CD Aéy17 pm —19.2; '*C NMR (150 MHz,
CeDg) 6 7.8 (C-15), 14.3 (C-13), 18.3 (C-4'), 19.0 (C-14),
254 (C-9), 25.9 (C-2), 29.5 (C-1), 32.8 (C-10), 35.0 (C-4),
39.1 (C-11), 42.0 (C-5), 65.3 (C-6), 72.3 (C-3), 116.1
(C-7), 1252 (C-3), 137.1 (C-2), 145.1 (C-8), 166.5
(C-1"), 179.0 (C-12); 'H NMR (600 MHz, C¢Dg) 6 0.67
(3H, br s, H-14), 0.79 (3H, d, J/=7.1 Hz, H-15), 1.10 (3H,
d, J=7.7Hz, H-13), 1.85 (3H, dd, J=1.3 Hz, 0.8, H-4),
3.04 (1H, br quint, H-11), 4.33 (1H, br s, H-6), 5.19 (1H,
m, H-3), 5.22 (1H, quint, J=1.3 Hz, H-3'), 6.16 (1H, quint,
J=0.8 Hz, H-3'). Other 'H NMR signals could not be as-
signed due to broadening, see Ref. 3f.

5.4.8. 6B-Ethoxyeremophil-7(11)-en-12,8a-olide (15). I A
colorless oil; [a]g' +112.0 (¢ 0.10, EtOH); MS (CI) m/z 279
[M+H]* (base), 233, 169, 154, 126; HRMS (CI) obsd
279.1964 [M+H]*, Calcd for C;7H,;05 279.1960; FTIR
1760 cm™"; CD Aépgnm +4.61 (EtOH); '*C NMR
(100 MHz, CDCl5) 6 8.6, 15.3, 16.3, 20.0, 20.5, 25.9, 29.1,
30.6, 34.6, 35.1, 42.8, 64.3, 77.4, 78.0, 1242, 159.7,
170.0; 'H NMR (600 MHz, CDCl;) 6 0.77 (3H, d,
J=6.3Hz, H-15), 1.08 (3H, s, H-14), 1.15 (3H, t,
J=6.9 Hz, H-2'), 1.25-1.44 (7H, m), 1.70 (1H, td, J=14.0,
11.5Hz, H-9a), 1.74 (1H, m, H-10), 1.86 (3H, d,
J=1.6Hz, H-13), 2.06 (1H, m, H-9B), 2.97 (I1H, dq,
J=9.2, 7.0 Hz, H-1), 3.39 (1H, dq, J=9.2, 7.0 Hz, H-1'),
4.15 (1H, br s, H-60), 4.94 (1H, m, H-8pB).
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