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Abstract

Seven new eremophilanolides were isolated from the roots and
rhizomes of Ligularia lapathifolia. Their structures were estab-
lished as 3p-angeloyloxy-8H-eremophil-7(11)-ene-12,8¢ (148,
6a)-diolide, 3p-angeloyloxy-8p-hydroxyeremophil-7(11)-ene-
12,80(148,6)-diolide,3 B-angeloyloxy-8 B-methoxyeremophil-
7(11)-ene-12,80( 14,6 )-diolide,3 B-angeloyloxy-8 f-ethoxyeremo-
phil-7(11)-ene-12, 8a (14p,6c)-diolide, 3B-angeloyloxy-105-
hydroxyeremophil-8(9),7(11)-diene-12,8(148,6 «)-diolide, 33-ange-
loyloxy-8,12-expoy-12a-hydroxy-83-methoxyeremophil-7(11)-

en-14B,6c-olide and 3pB-angeloyloxyeremophilan-7,11-dien-
14B,6-olide, by means of spectroscopic analyses. Moreover, ap-
plication of a photooxygenation reaction on 7 resulted in the
generation of 2 with an o,B-unsaturated y-lactone moiety.
This biomimetic transformation supports a biogenetic path-
way proposed for 2.
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Introduction

The genus Ligularia (Compositae) contains more than 110 spe-
cies occurring in China, of which about 40 species have been
used as traditional Chinese herbs. Ligularia lapathifolia
(Franch.) Hand.-Mazz. is mainly distributed in the south-west
of China and its roots and rhizomes have been used to treat
cough and inflammation by local inhabitants for a long time
[1]. In our continuing chemical study on medicinal plants of
the genus Ligularia [2], [3], seven new eremophilane-type ses-
quiterpenes were obtained from the EtOH extract of the roots
and rhizomes of Ligularia lapathifolia (Franch.) Hand.-Mazz. In
this paper, the structural elucidations of the compounds 1 - 7
are reported.

Material and Methods

General

Column chromatography (CC): silica gel, 200 - 300 mesh. TLC:
precoated silica GF,s, plates: detection at 254 nm, and by ceric
sulfate reagent. Optical rotations: JASCO DEP-370 polarimeter.
All melting points were obtained on a Koffler apparatus and are
uncorrected. IR spectra were obtained on a Bio-Rad FTS-135
spectrometer with KBr pellets. NMR spectra were recorded on a
Bruker AM-400 or DRX-500 instrument with TMS as internal
standard and CDCl; or C;D;N as solvents. 'H-NMR, 'H-'H COSY,
and NOESY spectra were measured at 400.13 or 500.13 MHz;
13C-NMR and DEPT spectra were recorded at 100.6 MHz; the
HMBC spectrum was obtained at 500.13 MHz/125.8 MHz. 13C-
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NMR assignments were determined by *C-'"H COSY and HMQC
spectra. The EIMS and HREIMS were carried out on a VG Auto
Spec-3000 spectrometer at 70 eV.

Plant material

The roots and rhizomes of L. lapathifolia were collected from
Dong Mountain (altitude: 2500 m), Lijiang Prefecture of Yunnan
Province, P.R. China, in July 2000, and authenticated by Dr. Main
Zhang. A voucher specimen (No. 990 005-Li) is deposited in the
Herbarium of China Pharmaceutical University.

Extraction and isolation

Dried and powdered roots and rhizomes of L. lapathifolia (11.0
kg) were extracted with EtOH (20 Lx3) at room temperature.
After removal of the solvent under vacuum, an extract of
900.0 g was obtained. The extract was suspended in H,0 and par-
titioned with CHCI; and n-BuOH successively. 200.0 g of the eva-
porated CHCI; part (total 400.0 g) were subjected to repeated
chromatography on a silica gel column (200 - 300 mesh, 2.0
kg), eluted with CHCl; and a gradient of (Me),CO in CHCl; (50: 1
— 5:1). The fraction 1 [CHCl;/(Me),CO, 30:1, 10g] was chroma-
tographed on a silica gel column (200 - 300 mesh, 200 g), eluting
with petroleum ether/EtOAc (10:1, each: 100 mL) to afford 7
(200 mg, R;: 0.3). The fraction 5 [CHCI;/(Me),CO, 20:1, 20 g] was
chromatographed on a silica gel column (200 - 300 mesh, 400 g),
eluting with petroleum ether/EtOAc (5: 1, each: 100 mL) to fur-
nish fr. 5.3 (1.0 g) and fr. 5.5 (300 mg). Fraction 5.3 was further
purified by crystallization from petroleum ether-EtOAc, 5:1, to
afford 6 (15 mg). After purification (2x) by CC over silica gel 20
(400 mesh) with petroleum-EtOAc (5:1), fr. 5.5 afforded 5
(20mg, Ry 0.40) and 2 (25mg, Re: 0.30). Fraction 3 [CHCIs/
(Me),CO0, 10: 1, 20 g] was chromatographed over a silica gel col-
umn (200 - 300 mesh, 600 g) with CHCl;/(Me),CO (20:1to 5:1,
each: 150 mL) to furnish fr. 3.3 (3.0 g) fr. 3.5 (0.5 g) and fr. 3.6 (3.0
g). Fraction 3.4 was further purified by crystallization from pe-
troleum ether-EtOAc, 5: 1, to afford 1 (50 mg). After purification
(2x) by CC over 50 g Sephadex LH-20 with Me, CO, fr. 3.5 afford-
ed 3 (10 mg). Fraction 3.6 was further purified on a Sephadex LH-
20 column (50 g), eluted with (Me),CO (each: 50 mL) to obtain 4
(50 mg).

Photosensitized autoxidation of compound 7

Methylene blue (20 mg) was added to a solution of 7 (10 mg) in
methanol (40 mL), and the resulting solution was irradiated with
a200W incandescent lamp under an oxygen atmosphere at 25 °C
for 4 h. The residue obtained after removal of the methanol un-
der reduced pressure, was chromatographed on a column of sili-
ca gel (10 g). Elution with petroleum ether-ether (5:1) gave a
product (5 mg) which was found to be identical with 2 (TLC, IR,
MS and NMR).

3B-Angeloyloxy-8BH-eremophil-7(11)-ene-12,8c(145,6)-diolide
(1): Amorphous powder, m.p. 193 - 194°C; [«]3>: +128.8° (¢
0.41, CHCl,); IR (KBr): v = 2954, 1800, 1767, 1714, 1455,
1389, 1355, 1293, 1225, 1137, 1041, 975 cm~'; 'TH-NMR and 13C-
NMR spectral data, see Tables1 and 2; HR-EIMS: found:
360.3915 [M*] (calcd. for C,oH,404:360.3920,); EIMS: m/z
(%) = 360 [M]*, 260 [M - angelic acid]* (100), 242 (11), 231
(24), 215 (33), 185 (23), 175 (25), 161 (22), 149 (22), 131 (28),
121 (53), 105 (65), 100 [angelic acid]* (63), 91 (75), 83 (35), 77
(67),67 (78).

3B-Angeloyloxy-8B-hydroxyeremophil-7(11)-ene-12,80( 14,6 )-
diolide (2): Amorphous powder, m.p. 201 - 202 °C; [«]#: + 136.6°
(c 0.80, CHCl3); IR (KBr): viae = 3321, 2949, 1783, 1727, 1645,
1387,1352, 1308, 1234, 1153, 1086, 972, 929 cm™'; '"H-NMR and
13BC-NMR spectral data, see Tables1 and 2; HR-EIMS: found:
376.4023 [M*] (caled. for CyyH,40,:376.4026); EIMS: m/z
(%) = 376 [M]* (23), 276 [M - angelic acid]* (83), 258 (27), 248
(20), 231 (35), 220 (23), 203 (21), 187 (16), 175 (23), 162 (39),
149 (24), 134 (36), 121 (26), 105 (58), 100 (33), 91 (72), 83 (100),
77 (56), 67 (32).

3B-Angeloyloxy-8B-methoxyeremophil-7(11)-ene-12,8c(14p,6c.)-
diolide (3): Amorphous powder, m.p. 180 - 181°C; [¢]#: +71.6°
(c0.54, CHCl5); IR (KBr): vmax = 2948, 1767, 1718, 1645, 1452,
1384, 1304, 1229, 1159, 1094, 970, 939 cm~'; 'H-NMR and 3C-
NMR spectral data, see Tables1 and 2; HR-EIMS: found:
390.4297 [M*] (caled. for CyHy605:390.4292); EIMS: my/z
(%) = 390 [M]*, 304 (22), 290 [M - angelic acid]* (100), 276 (10),
262 (61), 247 (47),231 (99), 215 (19), 203 (62), 187 (31), 175 (43),
157 (42), 149 (48), 131 (27), 121 (55), 105 (53), 100 (24), 91 (89),
83(24),77 (75),67 (79).

3p-Angeloyloxy-8B-ethoxyeremophil-7(11)-ene-12,80(148,6)-
diolide (4): Amorphous powder, m.p. 178 - 179°C; [«]>:+ 79.6°
(c0.52, CHCl;); "H-NMR and 3C-NMR spectral data, see Tables 1
and 2; HR-EIMS: found: 404.4565 [M*] (calcd. for C,,H,50;:
404.4559); EIMS: m/z (%) = 404 [M]* (4), 304 [M - angelic
acid]* (86), 276 (69), 759 (66), 247 (29), 231 (100), 215 (16), 203
(58), 185 (24), 175 (40), 157 (34), 149 (38), 131 (25), 121 (42), 100
(96), 91 (52), 83 (42), 67 (45).

3pB-Angeloyloxy-10B-hydroxyeremophil-8(9),7(11)-diene-12,8(14p,
6a)-diolide (5): Amorphous powder, m.p. 198 - 199°C; [o]#:
+211.2° (¢ 1.00, CHCL,); IR (KBr): viax = 3387, 2947, 1724, 1707,
1663, 1459, 1383, 1347, 1316, 1229, 1148, 927 cm™'; 'H-NMR and
1BC-NMR spectral data, see Tables1 and 2; HR-EIMS: found:
3743902 [M*] (calcd. for C,H,,0,.374.3907); EIMS: m/z
(%) = 374 [M]* (22), 356 [M - H,0]* (22), 274 [M - angelic acid]*
(67),259(26), 245 (25), 231 (13),218 (14), 201 (19),187 (16),177
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(32), 159 (10), 149 (12), 135 (17), 128 (11), 115 (17), 100 (52), 91
(27), 83 (88), 67 (32).

3B-Angeloyloxy-8,12-expoy-12a-hydroxy-83-methoxyeremophil-
7(11)-en-14B,60-olide (6): Amorphous powder, m.p. 214 -
215°C; [a]&: +56.5° (¢ 0.67, CHCl;); IR (KBr): vimax = 3500, 2940,
1772,1685, 1457,1256, 1204, 1094, 1012, 936 cm~'; '"H-NMR and
1BC-NMR spectral data, see Tables1 and 2; HR-EIMS: found:
392.4423 [M*] (calcd. for C,H,30,:344.4001); EIMS: my/z
(%) = 392 [M]* (6), 292 [M - angelic acid]* (37), 275 (9), 259
(18), 247 (9), 231 (40), 215 (6), 203 (17), 187 (10), 159 (13), 149
(31), 121 (22), 109 (14), 100 [angelic acid]* (45), 91 (61), 83 (94),
77 (46), 67 (44).

3B-Angeloyloxyeremophila-7,11-dien-148,6c-olide (7): Amor-
phous powder, m.p. 140 - 141°C; [o]#’: +47.4° (c 0.44, CHCl,);
IR (KBr): vy = 2946, 2867, 1774, 1714, 1644, 1562, 1456, 1382,
1350, 1232, 1141, 1083, 1041, 1009, 935 cm™!; '"H-NMR and 3C-
NMR spectral data, see Tables1 and 2; HR-EIMS: found:
344.4008 [M*] (calcd. for CyoH,405:344.4001); EIMS: m/z (%):
344 [M]* (54), 262 (55), 244 [M - angelic acid]* (62), 229 (9),
217 (35),199 (26),187 (37),173 (23),159 (53), 145 (35),129 (25),
121 (56),100 (34),105 (26), 95 (58), 83 (85), 65 (37).

Results and Discussion

The molecular formula of 1 was established as C20H2406 on the
basis of HR-EIMS (m/z = 360.3915 [M]+). The IR spectrum
showed absorptions at 1800, 1764 and 1714 cm™! for three ester
carbonyl groups. Inits 1H and 13C-NMR spectra, there are signals
for an angeloyloxy group (Tables 1 and 2). This was also support-
ed by the ion fragment peak at m/z = 260 [M - AngOH]+ in the
EIMS. In addition to five carbons of the angeloyloxy moiety, there
were 15 carbon signals in the C-NMR and DEPT spectra
(Table 2), which include two lactone carbonyl (6 = 170.6 and

170.8), two double bond (6 = 155.7 and 127.0), three oxygenated
methine (6 = 64.4, 77.9 and 83.8) and two methyl carbons
(6 = 10.0 and 22.8). These observations and biogenetic consid-
erations suggested that 1 was an eremophil-7(11)-ene-diolide
sesquiterpene. Except for the difference caused by an extra ange-
loyloxy group in 1, the 'H- and 3 C-NMR data of 1 were nearly
superimposable on those of 8B-hydroeremophil-7(11)-ene-
12,8(14,6x)-diolide [4], indicating 1 was an angeloyloxy deriva-
tive of this compound. Along with the NMR signals for C-3 at
8¢ = 64.4 and &, = 5.45 (1H, br s) and HMBC correlations [H-3/
8¢ = 164.3 (C-17)], the angeloyloxy group was defined as being
attached to C-3. The stereochemistry of H-3 was assigned as
equatorial (o-orientation) due to its small coupling values with
three vicinal protons (one axial and two equatorial), which was
further validated by the evident cross-peaks between Me-15
and Me-4’in the NOESY spectrum. Therefore, the structure of 1
was unequivocally determined as 3p-angloyloxy-83-hydroere-
mophil-7(11)-ene-12,80(14,6)-diolide.

The molecular formulas of 2, 3 and 4 were assigned as C,oH,,0-,
Cy0Hy60; and Cy,H,504, respectively, from their HR-EIMS. These
three compounds have the same 3p-angloyloxyeremophil-7(11)-
ene-12,80(14,6c)-diolide sesquiterpene skeleton as 1, based on
the fact that most of their "TH-NMR and 3C-NMR data were nearly
identical with those of 1. An additional hydroxy group connecting
with C-8 in 2 instead of the corresponding hydrogen atom in 1 was
demonstrated by the presence of a quaternary carbon (IR,
3321 cm™; -8 = 103.6) and HMBC correlations (H-108/C-8; and
H-65/C-8). The relative configuration of the hydroxy functionality
at C-8 was assumed to be 8 since no evident carbon signal differ-
ence appears except for C-8 signals shifted downfield by 25.7 ppm
compared to those of 1. Thus, 2 was determined as 3 3-angeloyloxy-
8p-hydroxyeremophil-7(11)-ene-12,8 o 14,6 x)-diolide (2).

The signals for an extra methoxy group (6. = 50.6 and &y = 3.15
3H, s) and a quaternary carbon (6: = 105.1) were present in the

Table1 'H-NMR data of compounds 1 - 7 (500 MHz, / values in Hz in parentheses)

Proton (s) 1 2 3 4 5 6 7
1 2.00m, 1.97 m 1.90 m, 1.76 m 1.92m, 1.76 m 1.92m, 1.72m 1.94m, 1.70 m 1.95m, 1.79 m 2.05m, 1.85m
2 1.97m,1.22m 1.44m,1.39m 1.34m,1.24m 1.36m, 1.23 m 1.67m,1.53 m 1.39m, 1.28 m 1.50m, 1.23 m
3 5.45brs 5.40 brs 5.45brs 5.44 br s 5.59 brs 5.42 brs 5.52brs
4o 2.34brs 2.54 brs 2.54brs 2.52brs 2.18m 2.59d (2.5) 2.53 brs
68 4.91q(1.8) 5.00 q (1.8) 4.98 q (1.8) 5.01q(1.8) 5.59 brs 4.70 br s 5.07 s
8 4.07m
9 1.72m, 2.52m 1.60 m, 2.24 m 1.64m, 2.27 m 1.62m,2.27m 5.98 br s 1.64m,2.18 m 2.68 m

108 2.60 m 2.30m 231Tm 2.29m 2.18 m 2.36m

12 5935 7.07s

13 2.13brs 1.97brs 1.95brs 1.98 brs 2.03brs 2.12s 2.01s

15 1.55s 1.40s 1345 1.46s 1.63s 1.38s 1.50s

OMe 3.15s 3.08s

OEt 1.15t,3.27q

OAng
3’ 6.06 dq 6.03 dq 6.05 dq 6.16 dq 6.09 dq 6.01dq 6.06 dq
4 1.83brs 1.97 dq 1.96 dq 1.98 dq 1.93 dq 1.93dq 2.00 dq
57 1.95 dq 1.80 brs 1.82brs 1.85brs 1.83 brs 1.83brs 1.88 brs

All compounds were measured in CDCl; except for compound 5. Compound 5 was measured in CsDsN-MeOH-ds.
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Table2 3GNMR data of compounds 1 - 7 (125 MHz, measured in CDCly)
Carbon Compound
1 2 3 4 59 6 7
1 21.2 20.5 21.3 21.6 28.6 21.0 223
2 24.8 25.0 21.5 24.9 319 25.0 22.7
3 64.4 64.7 64.7 64.4 64.7 64.9 65.2
4 42.6 42.4 42.4 42.4 47.6 42.6 43.7
5 445 44.2 43.9 44.0 46.8 43.4 40.9
6 83.8 83.4 82.0 83.3 78.9 84.5 82.4
7 155.7 152.5 152.2 152.7 149.3 134.4 1201
8 87.9 103.6 105.1 105.4 142.4 112.7 150.6
9 34.9 354 351 34.8 110.7 34.9 25.1
10 33.8 34.8 32.8 32.8 723 35.6 37.0
11 127.0 127.0 128.4 128.0 127.7 131.1 114.5
12 170.6 171.6 170.3 170.4 170.2 112.0 138.9
13 10.0 8.8 9.0 8.9 9.6 10.2 8.2
14 170.8 172.2 170.3 172.8 172.6 172.7 172.6
15 22.8 23.0 26.6 26.7 18.1 22.9 233
OMe 50.6 49.2
OEt 59.0
OAng 15.0
1 164.3 166.8 168.3 168.4 166.7 166.8 166.8
2’ 139.8 139.5 136.9 140.6 139.3 139.2 138.9
37 129.5 127.4 129.5 129.4 128.2 127.2 127.5
4’ 20.7 20.6 20.7 20.6 21.0 20.6 20.7
57 15.7 15.7 15.1 15.8 16.0 15.6 15.7

2 Compound 5 was measured in CsDsN-MeOH-ds.

NMR spectra of 3. These data showed that 3 was a methoxy
derivative of 2. The position of the methoxy group was deter-
mined as attaching to C-8 as supported by HMBC correlations
(MeO/C-8; H-108/C-8; H-6B/C-8) and NOESY cross-peaks (MeO/
H-10B; MeO/H-6p). Therefore, the structure of 3 was defined as
3p-angeloyloxy-83-methoxyeremophil-7(11)-ene-12,8 (14,6 )-
diolide.

Besides the signals for the 3B-angloyloxyeremophil-7(11)-ene-
12,80(14,6x)-diolide moiety, the 'H- and >C-NMR spectra of 4
disclosed the presence of an additional ethoxy group [c = 59.0
and 15.0; &6y = 3.27 q(2H) and 1.15 t (3H)]. Its structure was un-
equivocally determined as 3 -angeloyloxy-8p-ethoxyeremophil-
7(11)-ene-12,8(14,6x)-diolide by HMQC, HMBC and NOESY
spectroscopic analysis.

The molecular formula C,yH,,0; for compound 5 was deter-
mined by the HR-EIMS. The IR spectrum revealed the absorp-
tions for hydroxy (3387 cm™') and three carbonyl groups (1724,
1707, 1663 cm™'). Besides with the signals for an angeloyloxy
group, its 'H- and 3C-NMR spectra showed the presence of two
lactone carbonyls (8c.;; = 170.2 and ¢4 = 172.6), two double
bonds (8.7 = 149.3 and 6.4 = 127.7; 8.5 = 142.4 and 6.9 =
110.7, &9 = 5.98 s), two oxygenated methine groups (6 =
78.9 and 8¢5 = 64.9; Gy.65 = 5.59 and &y 3, = 5.59), an oxygena-
ted quaternary carbon (8¢, = 72.3), and two tertiary methyls.
From these findings and biogenetic considerations, the structure
of 5 was deduced as an eremophil-7(11)-ene-diolide sesquiter-
pene. Except for the difference caused by an extra angeloyloxy
group in 5, the 'H- and '*C-NMR data of 5 were nearly superim-

posable on those of 10B-hydroxyeremophil-7(11)-ene-12,
8¢(14,6)-diolide [4], indicating that 5 was an angeloyloxy deri-
vative of this compound. Along with the NMR signals for C-3 at
8¢ = 64.4 and &y = 5.59 (1H, br s) and HMBC correlations [H-3/
8¢ = 166.7 (C-17)], it was deduced that the angeloyloxy group
was attached to C-3. Thus, the structure of 5 was unequivocally
determined as 3p-angeloyloxyl-108-hydroxyeremophil-7(11)-
ene-12,80(14, 6a)-diolide.

Compound 6 was assigned the molecular formula as C,;H,305 by
HR-EIMS analysis (m/z = 392.4423 [M]*). Its IR spectrum
showed the presence of hydroxy (3500 cm-1) and two carbonyl
groups (1772,1685 cm). Its 'H- and 13C-NMR spectra displayed
the signals for a methoxy (8 = 49.2 and 8y = 3.08 3H) and an
angeloyloxy group. While its 3C-NMR data compared with those
of 5, the disappearance of the 8(9)-ene and 12-carbonyl group
and the presence of two oxygenated carbons (8.g = 112.7 and
8c.12 = 112.0) indicated that a hydroxy and a methoxy group
were connected with the 12 and 8 positions, respectively. In its
NOESY spectrum, strong correlations were observed between
H-10B (8 = 2.18, m) and & = 3.08 (3H, s), H-12 (5 = 5.93, s) and
6 = 3.08 (3H, s), suggesting the methoxy group and H-12 have
the p-orientation. Thus, 6 was identified as 3p-angeloyloxy-
8,12-expoy-12c-hydroxy-8-methoxyeremophil-7(11)-ene-14,6 o~
olide.

Compound 7 was assigned the molecular formula as C,,H,405 by
HR-EIMS analysis (m/z = 344.4008 [M]*). In the 'H- and 3C-
NMR spectra the characteristic signals for a furan ring
[6c = 1201 (C-7), 150.6 (C-8), 114.5 (C-11), 138.9 (C-12);
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&y = 7.07, (H-12, 1H, s)] and an angeloyloxy moiety displayed,
suggesting 7 to be a furanosesquiterpene. By comparison of its
NMR data with those of a known sesquiterpene, furanoeremo-
philan-148,60-olide [6], compound 7 was identified as 35-ange-
loyloxyeremophila-7,11-dien-14,6o-olide due to the presence of
an oxygenated methine carbon signal at §c; = 65.2 in 7 instead
of the methylene carbon signal at §c.; = 23.3 in 10.

Due to the co-occurrence of compounds 2 and 7 within the plant,
it was proposed that the biosynthesis of the o,8-unsaturated
five-membered lactone ring of 2 proceeds via the intermediacy
of a furan ring. This conversion was demonstrated through a bio-
mimetic photochemical reaction [7].

Oxidation of furans with singlet oxygen has had widespread ap-
plication in organic synthesis [7], [8], [9]. This oxidation, which
take place through the Diels-Alder type of cycloaddition, to
form an initial 1,4-endoperoxide leads to the o,B-unsaturated
five-membered lactonic ring [7]. Using 7 as a precursor, 2 was
stereoselectively synthesized through photochemical transfor-
mation in acetone solution. This conversion further supported
the proposed biogenetic pathway.
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