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Abstract—Achillea ligustica afforded two novel sesquiterpene lactones with rare 5/6/5 skeletons, three 1,10-seco-guaianolides and a
chlorine-containing sesquiterpene lactone as well as six known compounds, including two monoterpenes, two guaianolides, one eudesmane
and one secocaryophyllene derivative. The structures of the compounds were elucidated by extensive application of one- and two-
dimensional NMR spectroscopy. q 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

The genus Achillea (Asteraceae, Anthemideae) comprises
over 100 species distributed worldwide. Aerial parts of
different species of this genus are widely used in folk
medicine for preparation of herbal teas with antiphlogostic
and spasmolytic activity.1 The extracts exhibit pharmaco-
logical activities such as, anti-inflammatory2 and antiallergic3

properties. Several species have been previously examined
for flavonoids4,5 and sesquiterpene lactones.6 – 10 Recently,
remarkable differences in the essential oils of several taxa of
the genus have been found. It has been reported that
C-glycosylflavones are an important chemotaxonomic
character within the genus. In continuation of our chemical
investigation of the chemical constituents of the member of
the genus Achillea,11 – 14 we studied the aerial parts of
Achillea ligustica, which has been collected in Greece.

2. Results and discussion

Repetitive chromatographic steps of the methanol-dichloro-
methane (1:1) extract of the aerial parts of A. ligustica All
yielded six novel sesquiterpene lactones (1 –6) and six
known compounds (7–12). The structural characterization
of these compounds utilized spectroscopic techniques (high
resolution 2D NMR measurements, HMQC, HMBC,
COSY, NOESY and HRMS).

Compound 1, a rare 5/6/5 sesquiterpene skeleton, exhibited
in the CIMS [MþH]þ at m/z 309, corresponding to a
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molecular formula of C16H20O6. The 1H NMR spectrum
showed one methyl singlet connected to an sp3 carbon, and
two methyls attached to sp2 carbon atoms. Furthermore, one
CH3O (dH 3.42) and one vCH (dH 6.70) singlets were
detected, in addition to five other protons attached to sp3

carbon atoms. In the 1H– 1H COSY experiment, the
presence of an AMX-system (dH 3.74, t, J¼5.7 Hz, H-3;
2.38, dd, J¼5.7, 13.8 Hz, Hb-2; 1.79, dd, J¼5.7, 13.8 Hz,
Ha-2) and an AMX3-system (dH 2.68, d, J¼11.5 Hz, H-9;
5.36, dq, J¼7.0, 11.5 Hz, H-8; 1.97, 3H, d, J¼1.7 Hz, CH3-
13) were observed. The 13C NMR spectrum indicated the
presence of one ketone, one lactone, three quaternary sp2

and one¼CH, in addition to 10 sp3 carbon atoms. To avoid
the ambiguities resulting from the partial overlapping of the
signals with the CDCl3 signals, the 13C NMR spectrum was
also recorded in acetone-d6. The assignment of the OCH3

signal (3.42/57.9) was straightforward and can be utilized as
a starting point for the determination of atom connectivities.

HMBC correlation leads from CH3O to C-3 (dc 84.8). The
connectivity of H-3 to Ha-2 was obvious from the 1H–1H
COSY spectrum. HMBC cross-peaks (Fig. 1) proved the
NMR signal assignments and the 5/6/5 membered tricyclic-
ring-system. In the six membered ring, the presence of an
acetyl substituent was straightforward (see H-9/C-14
connectivity). If the CvO group was incorporated in a
ring system, seven member, the CH3-14 signal should
exhibit a doublet splitting in the 1H spectrum. This was
supported by the proposed biosynthetic route, which explain
the formation of the methyl ketone, Scheme 1. The lactone
should be in a five membered ring (g-lactone) because H3-
13 protons correlate via 3JCH couplings with C-12 and C-7,
and H-6 with C-11 and C-8, respectively. Due to the
isochronous chemical shift of C-1 and C-4 atoms in
chloroform-d the unambiguous assignment of the HMBC
correlation to C-4 was not possible. This difficulty was
overcome in acetone-d6, where the C-1 and C-4 signals

displayed different chemical shifts (dc 76.7 and 76.8,
respectively). In this solvent, the Hb-2 proton gave 3JCH

HMBC connectivities to C-5 atoms, which prove that these
atoms are located in a five membered ring. The relative
configuration of the five stereogenic centers of compound 1
and the preferred conformation was determined from the
relevant 3JH-8,H-9¼11.5 Hz, 3JHa-2,H-3¼

3JHb-2,H-3¼5.7 Hz
and from NOESY correlation. The value of 3JH-8,H-9

suggested an antiperiplanar arrangement for these two
protons with a calculated dihedral angle of 1708, whereas
the 3JHb-2,H-3 coupling corresponds to 508 and 3JHa-2,H-3 to
1408 dihedral angles, respectively.15 The NOESY cross-
peak between H-2b and H-9, H-2a and H-3, H-3 and H-15
supported the proposed stereochemistry of 1.

Compound 2 exhibited 1H and 13C spectra rather similar to
those for 1. The same functional groups and spin-systems
were identified, which suggested that compound 2 was a
stereoisomer of 1. Characteristic chemical shift differences
Dd¼d(1)2d(2) were only observed for Ha-2, H-8 and H-9
protons (20.39; 20.30; 0.40 ppm, respectively). In the 13C
NMR spectrum remarkable changes were found in the
skeleton at C-1, C-2 and C-9 atoms (23.2; 1.9; 21.9 ppm,
respectively) as well as in the acetyl group at C-10 and C-14
(5.1 and 2.8 ppm, respectively). In compound 1, the C-10
carbonyl signal had a 5.1 ppm deshielding comparable with
the corresponding signal in 2. This could be well explained
by the strong intramolecular hydrogen bond between the cis
arranged acetyl and HO-1 groups. This indicated that the
relative configuration of C-1 was opposite in both
compounds 1 and 2. The steric proximity between Ha-2
and H-9 in structure 1 proved the antiperiplanar position of
the hydroxyl group with respect to the two hydrogen atoms,
whereas in compound 2, due to the cis arrangement of the
OH groups a Ha-2/H-9 interaction was not observed.
Considering the NOESY cross-peak between CH3-15 and
Hb-2 protons, the two OH groups connected to the C-1 and
C-4 carbons must be in a cis arrangement in 2 (Fig. 2).

Additionally, three 1,10-seco-guaianolide derivatives (3–5)
were identified. The molecular formula of the first 1,10-
seco-germacranolide (3) was determined to be C15H20O4 by
a high resolution FAB mass spectrum, [MþH]þ at m/z
265.1447. The 1H NMR spectrum of 3 showed three methyl
signals at dH 2.18 (s), 2.11 (s), 1.35 (d, J¼7.0 Hz) and a
downfield signal at dH 4.82 (d, J¼9.5 Hz). The 13C NMR
data (dc 207.3, 207.1, 178.4), together with IR absorption
(1773, 1696, 1650 cm21), indicated the presence of three
carbonyl carbons with one being a g-lactone system. Two
olefinic carbons were detected at dc 176.6 (s) and 135.7 (s)
and one oxygen-bearing carbon at dc 78.3 (d). The lactone

Figure 1. Arrows on formula 1 indicate characteristic HMBC connectiv-
ities obtained in chloroform-d.

Scheme 1. Proposed biosynthetic route of ligustolide A (R¼aOH) and B (R¼bOH).
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ring was substituted with three trans substituents, in position
C-6 with a cyclopenten-il ring, in position C-7 with a butyl-
on, and at C-11 with a methyl group. The sequences of these
units was determined on the basis of 1H–1H COSY,
TOCSY, HMQC and HMBC measurements. The respective
correlation from the methyl doublet at d 1.35 (H-13) to the
carbons at d 41.7 (C-11), 46.3 (C-7), 178.4 (C-12), from the
doublet at dH 4.82 (H-6) to the carbons at dc 46.3 (C-7),
135.7 (C-5), 176.6 (C-4), 25.3 (C-8), 207.1 (C-1), allowed
the sequences to be established. The trans arrangement of
the substituents of the lactone ring was in accordance with
the values of the 3J(H-6,H-7)¼9.5 and 3J(H-7,H-11)¼11.0 Hz
couplings. Moreover, the relative stereochemistry of 3 was
established by NOESY experiments. Therefore, compound
3 was identified as 3-deshydroxy-iso-seco-tanapartholide.16

The structure of 4 was established by comparison of its
NMR data with those of 3. The appearance of two sets of
signals in both the 1H and 13C spectra indicated that 4
consists of two diastereoisomers in a ratio 1:1. The 1H NMR
exhibited an additional three proton singlet signal at dH

3.40/3.41 (dC 57.50/57.54) due to a methoxyl group. The
placement of the methoxyl group at C-3 was achieved by
1H,1H-COSY, HMQC and HMBC, measurements. In the
HMBC spectrum, a correlation was observed between the
methoxyl signal at dH 3.40/3.41 with C-3 at dC 79.7/79.9.
Further correlation supported the location of the free
hydroxyl group at C-8. Compound 4 was therefore the
8-OH derivative of 3-methoxy-3-deshydroxy-iso-seco-
tanapartholide.16

The HR-CI-MS investigation of compound 5 showed a
[MþH]þ at m/z 313.08206, corresponding to a molecular
formula C15H17O5Cl. The presence of a chlorine atom in the
skeleton was proved by an isotopic peak at m/z 315. The 1H
and 13C NMR data for compound 5 differed from those for 3
by the presence of the following highly deshielded signals:
dC 123.4 (t, dH 6.38, and 5.70), 169.5 (s), 80.0 (d, dH 4.72),
and dC 62.5 (d, dH 4.22). The placement of an exomethylene
at C-13, hydroxyl group at C-3 and the chlorine atom at C-2
were determined by 1H–1H COSY, HMQC and HMBC. In
the HMBC spectrum, the proton resonance at dH 4.22 (d,
H-2) was correlated to the carbons at dc 194.7 (C-1), 80.0
(C-3) and the proton resonance at dH 5.00 (d, H-6) was
correlated to the carbons at dc 194.7 (C-1), 170.2 (C-4), 27.5
(C-8), 169.5 (C-12). Inspection of the nearly coplanar
arrangement of the cyclo-penten-one ring proved that the

vicinal protons could form a dihedral angle 0^30 for cis and
120^30 for trans. The measured 3JH-2,H-3¼2.8 Hz was in a
good agreement with the trans orientation. Only, few seco-
tanapartholides have been reported and most likely were
obtained by the oxidative cleavage of the corresponding
guainolide (Fig. 3).17 – 21

The 1H–1H COSY of compound 6 showed two vicinal
protons at dH 3.70 and dH 4.07, and their small coupling
(3JH-2,H-3,1 Hz) indicated a nearly orthogonal arrange-
ment. The CH group dH 3.70 (d 64.7) exhibited an extreme
one-bond 1JC,H¼193 Hz coupling, which is characteristic
for epoxides.22 The other CH at dH 4.07 (dC 64.4) showed a
1J(C,H)¼160 Hz value. These coupling and chemical shifts
suggested a methine group with a heteroatom substituent (Cl
or O). The presence of a chlorine atom in the skeleton was
supported by an isotopic peak at m/z 317 and HRCIMS at
m/z 315.09994, corresponding to a molecular formula
C15H19O5Cl. The complete 1H and 13C NMR assignments
were achieved with HMQC, HMBC and NOESY measure-
ments. The observed NOE cross-peak between the protons
CH3-14/H-2 indicate that the epoxide was located at C-1/
C-2. The b-configuration of CH3-14 was supported by NOE
cross-peak CH3-14/H-6. A stereoisomer of 6 at C-1/C-2 was
reported from Chrysanthemum parthenium.23

Compound 7 was found to be a 1:1 mixture of two
diastereomers identical with (3RS, 6RS)-2,6-dimethyl-octa-
1,7-dien-3,6-diol. The 1H and 13C NMR assignments were
supported with HMQC and HMBC experiments, and the
chemical shifts show a good agreement with data published
by Knapp et al.24 The next isolated component 8 was

Figure 2. Stereo projections of 1 and 2. Double arrows indicate significant steric proximities obtained by NOESY.

Figure 3. Double arrows indicate significant NOE contacts of 6.
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identified as monoterpene, namely 2,6-dimethyl-octa-1,7-
diene-3,6-diol.25

Compound 9 was identical with the sesquiterpene lactone
matricarin.26,27 The structure was supported with high
resolution FAB-MS m/z 305.13875 [MþH]þ. The complete
1H and 13C NMR assignments were achieved with HMQC,
HMBC and NOESY. Irradiation of the H-8 proton with
different mixing times (tmix¼25–90 ms), allowed the
identification of the signals and coupling constants of H-5,
H-6, H-7 and H-11 methine protons, as well as relative
configuration with respect to H-8. The corresponding
desacetyl matricarin (10) was previously reported.28,29 A
comparison of the 1H chemical shifts of 9 and 10 showed the
known acylation shifts and unambiguously proves the
relation of these two compounds.

The next isolated component 11 was also a sesquiterpene
with a eudesmane skeleton, and was identified as arteca-
lin.30 The high values of vicinal coupling constants (11 Hz)
of the methine protons suggested that they all were in axial
positions. Due to the axial orientation of the CH3-14, the
HMBC correlation map showed a strong response between
the trans antiperiplanar located H-5/CH3-14 atoms, whereas
the gauche arrangement of the CH3-15 and H-5 atoms, gave
only a weak cross-peak.

Compound 12 showed a geminal dimethyl-substituted
cyclo-butane ring with two further vicinal substituents,

these latter were in the trans position, which was proven by
the NOE responses between H-1/H2-8 and H-9/HZ-12
protons, respectively. The vicinal JH-1,H-9,9 Hz coupling
was in accordance with a ca. 1508 dihedral angle in the
preferred conformation. Compound 12 was identical with
5-hydroxy-5,6-secocaryophyllene-6-on.31

In conclusion, the chemistry of A. ligustica was in
agreement with other species of the genus Achillea. Only,
one sesquiterpene lactone with 5/6/5 skeleton was reported
from A. crithmifolia.32 Additionally, sesquiterpene
guaianolids are common in the genus,12 – 14,19,20,25 in
contract to chlorinated and seco-guaianolides which are
rare.

3. Experimental

3.1. General

NMR spectra were recorded in chloroform-d at 300 K using
a Bruker Avance DRX-500 spectrometer. Chemical shifts
are given on the d-scale. The pulse programs of the NMR
experiments were taken from the Bruker software library.
The gs-HMBC measurements were optimized to 7 Hz long-
range couplings, whereas the NOESY experiments were run
with 500 ms mixing time. MS measurements were recorded
on Finnigan MAT 8430 and Micromass VG-ZAB-E
instruments.

3.2. Isolation and structure elucidation

3.2.1. Plant material. The flowered aerial parts of A.
ligustica All were collected June 1996 on Mt Parnitha
(Attiki, Greece) at 1200 m. Plant material was identified by
Dr T. Constandinidis, Department of Biotechnology,
Institute of Systematic Botany, University of Athens. A
voucher specimen of the collection (OT-6) has been
deposited in the Herbarium of the University of Athens
(ATHU).

3.2.2. Extraction and isolation. The aerial parts (1 kg) of A.
ligustica were powdered and extracted with methanol-
dichloromethane (1:1) at room temperature, and the solvent
was evaporated under reduced pressure to give 35 g of a
pale yellow extract. This extract was fractionated by dry-
column chromatography on silica gel (Silica gel 60, 70–230
mesh, 1 kg, 6£80 cm) eluted with n-hexane-dichloro-
methane step-gradient. The first fraction (n-hexane-
dichloromethane, 1:5, 20 mg) was purified on a Sephadex
LH-20 column (n-hexane-dichloromethane-methanol,
7:3:0.5) to give 1,10-dioxo-1,10-secoguaia-4-en-6H-12,6-
olide (3) (5 mg), 3-methoxy-8-hydroxy-tanapartholide (5)
(4 mg) and matricarin (9) (15 mg). The second fraction
(n-hexane-dichloromethane, 1:6, 28 mg) was separated by
HPLC (methanol–water, 35:65) to afford ligustolide-A
(1.5 mg), ligustolide-B (1.5 mg), 2,3-trans-dihydroxy-tana-
partholide (4) (7 mg), desacetyl-matricarin (10) (11 mg) and
5-hydroxy-5,6-secocaryophyllen-6-on (12) (14 mg). The
third fraction (n-hexane–dichloromethane, 1:7, 75 mg)
was subjected to a Sephadex LH-20 column (n-hexane–
dichloromethane-methanol, 7:3:1) to give 4a,10a-di-
hydroxy-1b,2b-epoxy-5a,7aH-guaia-11(13)-en-12,6a-olide

A. A. Ahmed et al. / Tetrahedron 59 (2003) 3729–37353732



(6) (30 mg), 2,6-dimethyl-octa-1,7-dien-3,6-diol (7) (17 mg),
2,6-dimethyl-octa-3,7-dien-2,6-diol (8) (7 mg) and artecalin
(11) (21 mg).

3.2.3. Ligustolide-A (1). Yellowish oil; IR nmax (KBr
film) cm21: 3490, 2922, 2845, 1748, 1707, 1370; CI-MS
m/z (rel. int.) 309 (MHþ) (100), 291 (MHþ2H2O); HR-CI-
MS m/z 309.13382 (calcd for C16H20O6, 309.13381); 1H,
13C NMR data see Table 1.

3.2.4. Ligustolide-B (1). Yellowish oil; IR and CIMS:
similar to 1; 1H, 13C NMR data see Table 1.

3.2.5. 3-Deshydroxy-iso-seco-tanapartholide (3). Color-
less oil; IR nmax (KBr film) cm21: 3427, 2922, 2845, 1773,
1696, 1650, 1461; FAB-MS m/z (rel. int.) 265 (MHþ)(22),
235 (MHþ22CH3) (12), 221 (MHþ22CH3–CH2)(100);
HR-FAB-MS m/z 265.14398 (calcd for C15H20O4,
265.14470); 1H NMR (CDCl3, 500 MHz) 4.82 (1H, d,
J¼9.5 Hz, H-6), 2.61 (2H, m, H-3), 2.49 (1H, m, H-7), 2.47
(2H, m, H-9), 2.43 (2H, m, H-2), 2.35 (1H, dq, J¼11.0,
7.0 Hz, H-11), 2.18 (3H, s, CH3-15), 2.11 (3H, s, CH3-14),
1.81 (1H, m, HX-8), 1.74 (1H, m, HY-8), 1.35 (3H, d,
J¼7.0 Hz, CH3-13); 13C NMR (CDCl3, 125 MHz) 207.3 (s,
C-10), 207.1 (s, C-1), 178.4 (s, C-12), 176.6 (s, C-4), 135.7
(s, C-5), 76.3 (d, C-6), 46.3 (d, C-7), 41.7 (d, C-11), 40.4 (t,
C-9), 34.5 (t, C-2), 32.4 (t, C-3), 29.9 (q, CH3-14), 25.3 (t,
C-8), 17.8 (q, CH3-15), 14.6 (q, CH3-13).

3.2.6. 8-Hydroxy-3-methoxy-iso-seco-tanapartholide (4).
Colorless oil; IR nmax (KBr film) cm21: 3460, 2924, 1761,
1707, 1384; CI-MS m/z 309 (MHþ), 291 (MHþ2H2O), 279
(MHþ2CH2O); HR-CI-MS m/z 309.133154 (calcd for
C16H20O6, 309.133814); 1H NMR (CDCl3, 500 MHz) 6.43
(1H, d, J¼2.7 Hz, HZ-13), 5.73/5.74 (1H, d, J¼2.7 Hz, HE-
13), 5.25/5.26 (1H, d, J¼5.0 Hz, H-6), 4.31 (1H, d,
J¼2.8 Hz, H-3), 4.28 (1H, m, H-8), 3.40/3.41 (3H, s, H-3-
OCH3), 3.18/3.24 (1H, m, H-7), 2.66 (1H, d, J¼2.8 Hz, HY-
2), 2.65 (2H, m, H-9), 2.32 (1H, d, J¼2.8 Hz, HX-2), 2.19/
2.21 (3H, s, CH3-14), 2.15/2.16 (3H, s, CH3-15); 13C NMR
(CDCl3, 125 MHz) 209.0/209.1 (s, C-10), 202.8/203.1 (s,

C-1), 170.9/171.3 (s, C-4), 169.8 (s, C-12), 134.7/134.8 (s,
C-11), 138.5/138.8 (s, C-5), 124.3/124.6 (t, C-13), 79.7/79.9
(d, C-3), 72.4 (d, C-6), 68.9 (t, C-8), 57.50/57.54 (q, C-3-
OCH3), 48.1/48.3 (d, C-7), 44.9 (t, C-9), 40.7/40.8 (d, C-2),
30.8 (q, CH3-14), 14.08/14.14 (q, CH3-15).

3.2.7. 2a-Chloro-iso-seco-tanapartholide (5). White pow-
der; IR nmax (KBr film) cm21: 3474, 2923, 1768, 1648,
1466; CI-MS m/z 313 (MHþ), 295 (MHþ2H2O); HR-
CI-MS m/z 313.08206 (calcd for C15H17O5Cl, 313.08427);
1H NMR (CDCl3, 500 MHz) 6.38 (1H, d, J¼2.7 Hz, HZ-13),
5.70 (1H, d, J¼2.7 Hz, HE-13), 5.00 (1H, d, J¼5.0 Hz, H-6),
4.72 (1H, d, J¼2.8 Hz, H-3), 4.22 (1H, d, J¼2.8 Hz, H-2),
3.15 (1H, m, H-7), 2.59 (2H, m, H-9), 2.22 (3H, s, CH3-15),
2.17 (3H, s, CH3-14), 2.02 (1H, m, HX-8), 1.94 (1H, m, HY-
8); 13C NMR (CDCl3, 125 MHz) 207.8 (s, C-10), 194.7 (s,
C-1), 170.2 (s, C-4), 169.5 (s, C-12), 137.5 (s, C-11), 136.7
(s, C-5), 123.4 (t, C-13), 80.0 (d, C-3), 75.9 (d, C-6), 62.5 (d,
C-2), 42.9 (d, C-7), 39.5 (t, C-9), 29.7 (q, CH3-14), 27.5 (t,
C-8), 13.9 (q, CH3-15).

3.2.8. 4a,10a-Dihydroxy-1b,2b-epoxy-5a,7aH-guaia-
11(13)-en-12,6a-olide (6). Greenish gummy material; IR
nmax (KBr film) cm21: 3474, 2923, 2851, 1768, 1379; CI-
MS m/z (rel. int.) 315 (MHþ) (100), 297 (MHþ2H2O) (23);
HR-CI-MS m/z 315.099936 (calcd for C15H20O5Cl,
315.099927); 1H NMR (CDCl3, 500 MHz) 6.20 (1H, d,
J¼3.5 Hz, HZ-13), 5.49 (1H, d, J¼3.5 Hz, HE-13), 4.34
(1H, dd, J¼11.5, 9.7 Hz, H-6), 4.07 (1H, d, J¼0.9 Hz, H-3),
3.70 (1H, d, J¼0.9 Hz, H-2), 3.44 (1H, m, H-7), 2.63 (1H, d,
J¼11.5 Hz, H-5), 2.33 (1H, m, H-8), 2.05 (1H, m, H-9),
1.85 (1H, m, H-9), 1.56 (1H, m, H-8), 1.57 (3H, s, CH3-15),
1.27 (3H, s, CH3-14); 13C NMR (CDCl3, 125 MHz) 169.4
(s, C-12), 139.4 (s, C-11), 119.9 (t, C-13), 83.4 (s, C-4), 79.9
(d, C-6), 73.4 (s, C-1), 72.2 (s, C-10), 64.7 (d, C-2), 64.4 (d,
C-3), 57.9 (d, C-5), 45.0 (d, C-7), 35.1 (t, C-9), 26.5 (q, CH3-
14), 23.5 (t, C-8), 22.1 (q, CH3-15).

3.2.9. 2,6-Dimethyl-octa-1,7-dien-3,6-diol (7). Colorless
oil; 1H NMR (CDCl3, 500 MHz) 5.91/5.89 (1H, dd, J¼17.3,
10.8 Hz, H-7), 5.23 (1H, dd, J¼17.3, 1.3 Hz, Ha-8), 5.07

Table 1. 1H (500 MHz) and 13C (125 MHz) NMR spectral data of 1 and 2 (in CDCl3)

No. 1 2

dH
a dC

b dH dC HMBC

1 76.3 (s) 79.5
2 2.38 (dd, 13.8, 5.7) 42.4 (t) 2.25 (dd, 12.2, 5.8) 40.5 C-5, 9

1.79 (dd, 13.8, 5.7) 2.18 (dd, 15.2, 3.1)
3 3.74 (t, 5.7) 84.8 (d) 3.54 (dd, 5.8, 3.1) 85.9 C-5
4 76.3 (d) 77.5
5 158.4 (s) 156.8
6 6.70 (s) 114.6 (d) 6.64 115.2 C-5, 7, 8
7 154.6 (s) 154.1
8 5.36 (dq, 11.5, 1.7) 77.2 (d) 5.66 (dq, 11.8, 1.8) 77.1
9 2.68 (d, 11.5) 60.0 (d) 2.28 (d, 11.8) 62.5 C-7, 8, 14
10 211.9 (s) 206.8
11 121.2 (s) 122.0
12 173.7 (s) 173.8
13 1.97 (d, 1.7) 8.8 (q) 1.96 (d, 1.8) 8.8 C-7, 11, 12
14 2.43 (s) 33.4 (q) 2.48 30.6
15 1.54 (s) 26.1 (q) 1.44 (s) 25.5 C-3, 4, 5
3-OCH3 3.42 (s) 57.9 (q) 3.50 58.3 C-3

a Multiplicities and J-values in Hz are given in parentheses.
b Multiplicities were deduced from DEPT.
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(1H, dd, J¼10.8, 1.3 Hz, Hb-8), 4.96/4.95 (1H, d, J¼1.5 Hz,
H-1a), 4.85/4.84 (1H, d, J¼1.5 Hz, H-1b), 4.07/4.06 (1H, t,
J¼5.7 Hz, H-3), 1.72 (3H, s, 2-CH3), 1.63 (2H, m, H-4),
1.60 (2H, m, H-5), 1.30 (3H, s, 6-CH3); 13C NMR (CDCl3,
125 MHz) 147.5/147.3 (s, C-2), 144.9/144.8 (d, C-7), 112.0/
111.9 (t, C-8), 110.9 (t, C-1), 76.2/75.7 (d, C-3), 72.9 (s,
C-6), 38.2/37.6 (t, C-5), 29.3/29.1 (t, C-4), 28.3/28.0 (q,
6-CH3), 17.9/17.7 (q, 2-CH3).

3.2.10. 2,6-Dimethyl-octa-3,7-dien-2,6-diol (8). Colorless
oil; 1H NMR (CDCl3, 500 MHz) 5.93 (1H, dd, J¼17.3,
10.7, Hz, H-7), 5.62 (1H, dt, J¼15.6, 1.0 Hz, H-3), 5.60
(1H, ddd, J¼15.6, 7.8, 6.6 Hz, H-4), 5.21 (1H, dd, J¼17.3,
1.2 Hz, HE-8), 5.06 (1H, dd, J¼10.7, 1.2, Hz, HZ-8), 2.29
(1H, ddd, J¼13.8, 6.6, 1.0 Hz, Ha-5), 2.24 (1H, ddd,
J¼13.8, 7.8, 1.0 Hz, Hb-5), 1.32 (3H, s, H-1), 1.32 (3H, s,
2-CH3), 1.28 (3H, s, 6-CH3); 13C NMR (CDCl3, 125 MHz)
144.7 (d, C-2), 142.6 (d, C-3), 121.7 (d, C-4), 112.0 (t, C-8),
72.7 (s, C-6), 70.8 (s, C-2), 45.0 (t, C-5), 29.9 (q, C-1), 29.9
(q, 2-CH3), 27.4 (q, 6-CH3).

3.2.11. Matricarin (9). Amouphous powder; IR (KBr)
CvO lactone 1786, CvO ester 1742, CvO 1682, CvC
1637, 1618 cm21; 1H NMR (CDCl3, 500 MHz) 6.20 (1H, s,
H-3), 4.85 (1H, td, J¼10.6, 2.0 Hz, H-8), 3.72 (1H, t,
J¼10.0 Hz, H-6), 3.41 (1H, d, J¼10.0 Hz, H-5), 2.73 (1H,
dd, J¼13.6, 11.0 Hz, H-9), 2.50 (1H, dd, J¼12.0, 7.0 Hz,
H-11), 2.45 (3H, s, CH3-14), 2.39 (1H, dd, J¼13.6, 2.0 Hz,
H-9), 2.33 (1H, ddd, J¼12.0, 10.0, 2.0 Hz, H-7), 2.31 (3H, s,
CH3-15), 2.12 (3H, s, CH3-17), 1.35 (3H, d, J¼7.0 Hz, CH3-
13); 13C NMR (CDCl3, 125 MHz) 195.1 (s, C-2), 176.7 (s,
C-12), 169.7 (s, C-16), 169.5 (s, C-4), 145.0 (s, C-10), 135.9
(d, C-3), 133.2 (s, C-1), 81.1 (d, C-6), 70.3 (d, C-8), 59.1 (d,
C-7), 51.5 (d, C-5), 44.7 (t, C-9), 40.7 (d, C-11), 21.4 (q,
C-14), 21.1 (q, C-17), 19.9 (q, C-15), 15.0 (q, C-13); HR-
FAB-MS [MþH]þ m/z 305.13875 (calcd for C17H21O5,
305.13889). Characteristic NOE responses: H-3/H-15, H-5/
H-7, H-5/H-9, H-6/H-8, H-6/H-11.

3.2.12. Desacetyl-matricarin (10). Colorless oil; 1H NMR
(CDCl3, 500 MHz) 6.17 (1H, s, H-3), 3.74 (1H, td, J¼11,
2.1 Hz, H-8), 3.65 (1H, t, J¼11 Hz, H-6), 3.39 (1H, d,
J¼11.0 Hz, H-5), 2.80 (1H, dd, J¼13.8, 11.0 Hz, Hax-9),
2.55 (1H, dq, J¼11, 6.9 Hz, H-11), 2.43 (3H, s, CH3-14),
2.36 (1H, dd, J¼13.6, 2.0 Hz, Heq-9), 2.31 (3H, s, CH3-15),
2.13 (1H, t, J¼11 Hz, H-7), 1.46 (3H, d, J¼6.9 Hz, CH3-
13); 13C NMR (CDCl3, 125 MHz) 205.1 (s, C-2), 177.5 (s,
C-12), 169.9 (s, C-4), 145.3 (s, C-10), 135.7 (d, C-3), 133.0
(s, C-1), 81.0 (d, C-6), 69.7 (d, C-8), 61.5 (d, C-7), 51.6 (d,
C-5), 49.1 (t, C-9), 41.3 (d, C-11), 21.7 (q, CH3-14), 19.9 (q,
CH3-15), 15.5 (q, CH3-13).

3.2.13. Artecalin (11). Colorless oil; 1H NMR (CDCl3,
500 MHz) 6.12 (1H, d, J¼3.3 Hz, Ha-12), 5.45 (1H, d,
J¼3.3 Hz, Hb-12), 3.99 (1H, t, J¼11 Hz, H-6), 3.69 (1H, dd,
J¼11.7, 5.5 Hz, H-1), 2.74 (1H, dd, J¼15.0, 5.5 Hz, H-2a),
2.56 (1H, dd, J¼15.0, 11.7 Hz, H-2b), 2.54 (1H, t, J¼11 Hz,
H-7), 2.52 (1H, dq, 11, 6.9 Hz, H-4), 2.19 (1H, dm,
J¼12 Hz, H-9a), 2.13 (1H, dm, J¼12 Hz, H-8a), 1.65 (1H,
dddd, J¼12, 12, 12, 3.8 Hz, H-8b), 1.54 (1H, t, J¼11 Hz,
H-5), 1.36 (1H, td, J¼12, 3.8 Hz, H-9b), 1.29 (3H, d, 6.9 Hz,
CH3-15), 1.13 (3H, s, CH3-14); 13C NMR (CDCl3,
125 MHz) 208.0 (s, C-3), 170.1 (s, C-13), 138.4 (s, C-11),

117.7 (t, C-12), 82.7 (d, C-6), 76.2 (d, C-1), 50.5 (d, C-7),
50.5 (d, C-5), 46.5 (t, C-2), 44.5 (d, C-4), 42.0 (s, C-10),
36.2 (t, C-9), 21.3 (t, C-8), 13.6 (q, CH3-15), 11.8 (q, CH3-
14).

3.2.14. 5-Hydroxy-5,6-secocaryophyllen-6-on (12).
Yellowish oil; 1H NMR (CDCl3, 500 MHz) 4.76 (1H, t,
J¼1.2 Hz, Ha-12), 4.74 (1H, t, J¼1.2 Hz, Hb-12), 3.67 (2H,
t, J¼6.5 Hz, H-5), 2.41 (1H, ddd, J¼10, 10, 9 Hz, H-1), 2.36
(2H, ddd, J¼9.1, 6.7, 1.7 Hz, H-7), 2.12 (3H, s, CH3-15),
2.06 (2H, t, J¼7 Hz, H-3), 1.87 (1H, dt, J¼9, 7.5, 7.5 Hz,
H-9), 1.81 (1H, dd, J¼10.5, 9.5 Hz, H-10a), 1.70 (2H, tt,
J¼7, 6.5 Hz, H-4), 1.55 (2H, m, H-8), 1.45 (1H, t,
J¼10.5 Hz, H-10b), 1.06 (3H, s, CH3-14), 1.05 (3H, s,
CH3-13); 13C NMR (CDCl3, 125 MHz) 209.0 (s, C-6),
152.2 (s, C-2), 107.2 (t, C-12), 62.8 (t, C-5), 47.9 (d, C-9),
42.0 (t, C-7), 41.4 (d, C-1), 39.8 (t, C-10), 33.6 (s, C-11),
31.1 (q, CH3-14), 30.8 (t, C-4), 30.8 (t, C-3), 29.9 (q, CH3-
15), 24.7 (t, C-8), 22.4 (q, C-13).
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