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Introduction

Natural products possessing various skeletons and diverse
bioactivities play an important role in synthetic organic
chemistry and pharmaceutical science because they not only
broaden the strategies of synthetic chemists but also provide
numerous candidates for drug discovery.[1] Moreover, plant
metabolites with intriguing skeletons and promising activi-
ties are one of the most important sources of natural prod-
ucts, and the search for novel compounds from such natural
resources is a fascinating topic.[2]

Swertia mileensis, which belongs to the Swertia genus of
the family Gentianaceae, is well-known in China under the
name “Qing-Ye-Dan”. It is an endemic Chinese herb that is
mainly distributed in Mile and Kaiyuan counties of Yunnan
province, and has been documented in Chinese Pharmaco-
poeia (1977–2010 editions) for treating viral hepatitis.[3] Pres-
ently, Qing-Ye-Dan tablets prepared from the aqueous ex-
tract of S. mileensis are commonly used to cure acute hepati-
tis with high alanine transaminase (ALT) and aspartate
transaminase (AST) levels, which results in a curing rate up

to 95.3 % for 422 patients and 96.8 % for 93 patients, respec-
tively, according to the clinical reports.[4] Previous investiga-
tions reveal that secoiridoid glycosides, xanthones, flava-
noids, and triterpenoids are representative components of S.
mileensis,[5] of which swertiamarin and oleanolic acid, as the
main constituents, are generally considered to be the active
components with respect to treating hepatitis.[6] However,
these compounds showed no inhibitory activity against the
secretion of HBV surface antigen (HBsAg) and HBV e anti-
gen (HBeAg) based on our anti-Hepatitis B Virus (HBV)
assay on the Hep G 2.2.15 cell line in vitro. To identify the
active components of S. mileensis, our preliminary study
provided a series of unusual lactones and secoiridoid glyco-
side dimers from the active fractions (90 % and 50 % EtOH
extracts).[7] Swerilactones A–B[7a] and C–D,[7b] two pairs of
diastereoisomers, possess correlated but structurally differ-
ent 6/6/6/6/6 pentacyclic C18 and C20 skeletons, respectively.
Swerilactones E and F are two new lactones containing
naphthyl ring systems, and swerilactone G, as a secoiridoid
dimer, contains an unusual C�C connectivity.[7c] Swerilacto-
sides A–C are three unusual secoiridoid glycoside dimers
(two secoiridoid parts were connected by a glucosyl
group).[7d]

As part of our ongoing search for anti-HBV active com-
pounds from natural sources,[8] further investigations on S.
mileensis led to the isolation of four novel lactones, swerilac-
tones H–K (1–4). These compounds possess an incredibly
polycyclic and highly oxygenated C29 skeleton that is struc-
turally distinct from the previously reported swerilactones
A–G. Their structures were unambiguously determined by
extensive spectroscopic analyses and by X-ray crystallo-
graphic diffraction studies. More importantly, compounds 1–
4 all possess significant anti-HBV activities (inhibiting HBV
DNA replication) with IC50 values ranging from 1.53 to
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Abstract: Swerilactones H–K (1–4),
which are four novel lactones with an
unprecedented C29 skeleton, were iso-
lated from Swertia mileensis (Qing-Ye-
Dan), an endemic Chinese herb used
for treating viral hepatitis. Their struc-
tures were determined by extensive
spectroscopic and X-ray crystallograph-
ic diffraction analyses. Swerilacto-

nes H–K exhibit potent anti-hepatitis B
virus activity against HBV DNA repli-

cation with IC50 values ranging from
1.53 to 5.34 mm. For the first time, a
plausible biogenetic pathway for sweri-
lactones H–K, together with the previ-
ously reported swerilactones A–D is
proposed. From a biogenetic point of
view, swerilactones A–D are ascribed
as secoiridoid dimers, and swerilacto-
nes H–K as secoiridoid trimers.

Keywords: antiviral agents ·
biosynthesis · fused-ring systems ·
hepatitis B virus · natural products ·
swerilactones H–K · Swertia
mileensis

Chem. Eur. J. 2011, 17, 3893 – 3903 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3893

FULL PAPER



5.34 mm, which was equivalent to that of 3TC (lamivudine, a
frequently used clinical anti-HBV agent) according to our
anti-HBV assay in vitro. For the first time, a plausible bioge-
netic origin for swerilactones H–K, as well as the previously
reported swerilactones A–D is proposed here, which makes
the structural classification for these novel compounds rea-
sonable. Therefore, the isolation, structural elucidation, and
anti-HBV activities of swerilactones H–K, as well as the
newly proposed biogenetic pathway will provide valuable in-
formation not only for comprehensive recognition of the
active constitutes of S. mileenis but also for further struc-
ture–activity investigations on the swerilactones.

Results and Discussion

Swerilactone H (1) was isolated as colorless cubic crystals
(from acetone), and had a molecular formula of C30H32O11

by (ESI, �) HRMS (m/z calcd for [M��H] 567.1866; found
567.1876) with 15 degrees of unsaturation. The existence of
hydroxyl (3456 cm�1), carbonyl (1726, 1701, and 1681 cm�1),
and double bond (1642 cm�1) groups was suggested by the
IR spectrum. The 1H and 13C NMR (DEPT) spectra of com-
pound 1 (Table 1) showed 30 carbon resonances due to
twelve quaternary carbons, nine tertiary carbons, six methyl-
enes, and three methyl groups; of which, two methyl groups
[dC = 18.2 (q) ppm; dH =0.99 (d, J= 6.2 Hz, 3 H) ppm and
dC =17.6 (q) ppm; dH =1.47 (d, J= 6.8 Hz, 3 H) ppm], a me-
thoxyl group [dC =52.5 (q) ppm; dH =3.53 (3 H, s) ppm],
three carbonyl carbons atoms [dC =172.4 (s), 164.2 (s), and
161.0 (s) ppm], eight olefinic carbon atoms [dC = 156.0 (s),
141.0 (s), 135.9 (s), 132.4 (s), 131.2 (s), 130.1 (s), 127.6 (d),
126.4 (s) ppm; dH =6.14 (br. s, 1 H) ppm], and one dioxygen-

ated carbon [dC =89.4 (d) ppm;
dH = 5.79 (br. s, 1 H) ppm] were
identified. Seven out of fifteen
degrees of unsaturation could
be deduced from the above
data. Thus, an octacyclic ring
system was required to fulfill
the measured degrees of unsa-
turation of compound 1.

Extensive analyses of the 2D
NMR spectra (HSQC, HMBC,
and ROESY) resulted in the

elucidation of five fragments 1 a–e (Figure 1). The connec-
tivity and relative stereochemistry were established by
HMBC and ROESY experiments, which were further con-
firmed by X-ray single-crystal diffraction studies (Figure 2).

The partial structure of 1 a was revealed by 1H–1H COSY
(H-3/H-4) and HMBC (H-3/C-1 and C-5; H-4/C-18) analy-
ses. The correlated signals in 1H–1H COSY (H-17/H-16/H-
15/H-14/H-13) led to the establishment of fragment 1 b. The
1H–1H COSY (H-23/H-32 and H-24/H-25) and HMBC (H-
32/C-24; H-25/C-24, C-27, C-29; H-27/C-29) spectra allowed
the partial structure of 1 c to be constructed. Fragment 1 d
was identified by the HMBC correlations from H-11 to C-9,
C-10, C-12, C-22, and C-30; and from H-33 to C-30. The sig-
nals of H-31/C-6; H-7/C-6 and C-20; and H-20/C-7 and C-8
in the HMBC spectrum, in combination with the 1H–1H
COSY correlation (H-31/H-19) were consistent with the
structure of unit 1 e.

Abstract in Chinese:

Figure 1. Key 2D NMR correlations of compound 1.
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In the HMBC spectrum, the correlations from H-17 to C-
18, C-1, and C-19 suggested a direct link between C-17 and
C-18, and an ether bond between C-17 and C-19. The con-
nectivity of C5�C6�C15 was deduced by the observed signals
of H-14, H-16/C-6, H-15/C-5, H-7/C-15, and H-19/C-5, C-15.
The connection of C-9 with C-8 and C-14 could be deter-
mined by correlations from H-7, H-13, H-14, and H-20 to C-
9, and from H-14 to C-9 and C-10. The correlated signals of
H-20/C-22 and H-13/C-23 showed the ester bond between
C-20 and C-22, as well as the ether bond between C-13 and
C-23. The linkage of C-12 with C-13 and C-29 was support-
ed by observed signals from H-13 to C-11, C-12, and C-29,
and from H-11 to C-13. Thus, the planar structure of com-
pound 1 was assigned with an unprecedented octacyclic ring
skeleton, which was further confirmed by an X-ray crystallo-
graphic analysis. The relative stereostructure of compound 1
was obtained unambiguously and was fully consistent with
data obtained from the ROESY experiment. According to
IUPAC nomenclature, the relative stereochemistry of com-
pound 1 was determined to be 6R*, 11R*, 12S*, 13S*, 14S*,
15S*, 17R*, 19R*, 23S*, 25S*.

Table 1. 1H and 13C NMR data of compounds 1–4 in [D5]pyridine (d [ppm], J [Hz]).

No.
1 2 3 4

1H 13C 1H 13C 1H 13C 1H 13C

1 – 161.0 (s) – 161.6 (s) – 161.1 (s) – 160.8 (s)
3 4.27 (m) 66.7 (t) 4.40 (m) 66.8 (t) 4.21 (m) 66.7 (t) 4.49 (m) 66.8 (t)

4.43 (m) 4.45 (m) 4.33 (m)
4 2.16 (m) 27.2 (t) 2.48 (m) 25.3 (t) 2.25 (m) 27.1 (t) 2.39 (m) 27.1 (t)

2.29 (m) 2.66 (m) 2.31 (m) 2.59 (m)
5 – 156.0 (s) – 159.0 (s) – 156.2 (s) – 155.9 (s)
6 – 47.7 (s) – 46.5 (s) – 48.0 (s) – 47.5 (s)
7 6.14 (br s) 127.6 (d) 6.25 (s) 128.4 (d) 6.12 (s) 127.1 (d) 6.26 (s) 127.6 (d)
8 – 132.4 (s) – 131.3 (s) – 132.6 (s) – 131.0 (s)
9 – 141.0 (s) – 144.3 (s) – 145.4 (s) – 146.0 (s)
10 – 126.4 (s) – 124.1 (s) – 123.5 (s) – 125.1 (s)
11 5.86 (br s) 63.3 (d) 5.42 (s) 71.0 (d) 5.80 (s) 65.8 (d) 6.40 (br s) 88.5 (d)
12 – 54.3 (s) – 53.5 (s) – 44.9 (s) –
13 4.61 (d), 3.7 66.2 (d) 4.64 (d), 3.2 67.4 (d) 4.50 (br s) 68.1 (d) 5.74 (d), 9.8 66.6 (d)
14 2.15 (m) 41.6 (d) 4.23 (d), 12.7 37.4 (d) 2.66 (dd), 13.0, 3.4 42.9 (d 2.95 (dd), 11.9, 9.8 42.8 (d)
15 2.52 (m) 36.1 (d) 2.32 (m) 33.7 (d) 2.51 (m 36.4 (d 2.27 (m 38.7 (d)
16 1.46 31.9 (t) 1.93 (m) 30.8 (t) 1.19 (dd), 13.0, 5.0 31.0 (t) 0.65 (dd), 12.9, 5.2 32.8 (t)

2.54 (m) 2.38 (m) 1.91 (m)
17 5.23 (d), 2.6 64.6 (d) 5.25 (s) 64.9 (d) 5.14 (m) 64.7 (d) 4.88 (d), 3.5 64.2 (d)
18 – 131.2 (s) – 130.0 (s) – 131.0 (s) 131.5 (s)
19 3.91 (q), 6.2 76.3 (d) 4.17 (m) 71.3 (d) 3.93 (q), 6.3 76.5 (d) 3.39 (q), 6.1 76.5 (d)
20 4.91 (d), 14.6 68.5 (t) 4.89 (d), 14.0 68.6 (t) 5.13 (d), 14.6 68.7 (t) 5.17 (d), 14.1 69.0 (t)

4.96 (m) 4.95 (d), 14.0 5.23 (d), 14.6 5.28 (d), 14.1
22 – 164.2 (s) – 163.7 (s) 164.0 (s) – 162.7 (s)
23 5.10 (m) 71.4 (d) 4.85 (m) 68.9 (d) 4.44 (m) 73.0 (d) – 138.9 (s)
24 135.9 (s) – 135.0 (s) 2.54 (br s) 49.2 (d) 7.88 (d), 7.6 133.2 (d)
25 5.79 (br s) 89.4 (d) 10.34 (s) 189.5 (d) 5.68 (br s) 95.6 (d) 7.26 (dd), 7.6, 7.6 127.8 (d)
26 – – – – – – 8.20 (d), 7.6 131.0 (d)
27 3.89 (m) 57.9 (t) 4.82 (m) 67.6 (t) 4.92 (dd), 16.4, 2.0 69.7 (t) – 126.6 (s)

4.42 (m) 4.48 (m) 5.04 (dd), 14.3, 1.9
28 2.12 (m) 25.6 (t) 3.85 (m) 24.8 (t) 5.99 (br s) 118.4 (d) – 138.6 (s)

2.27 (m) 3.67 (m)
29 – 130.1 (s) – 154.4 (s) – 129.4 (s) 3.25 (m) 24.8 (t)
30 – 172.4 (s) – 168.1 (s) – 166.9 (s) 4.46 (m) 66.8 (t)

4.26 (m)
31 0.99 (d), 6.2 18.2 (q) 0.80 (d), 6.2 19.6 (q) 0.98 (d), 6.1 18.4 (q) 1.01 (d), 6.1 18.3 (q)
32 1.47 (d), 6.8 17.6 (q) 1.38 (d), 6.6 18.8 (q) 1.35 (d), 6.6 17.1 (q) – 165.0 (s)
33 3.53 (s) 52.5 (q) – – – – – –

Figure 2. X-ray crystal structure of compound 1.
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Swerilactone I (2), which crystallized as cubic crystals
(CHCl3), had a molecular formula of C29H28O10 by (ESI; +)
HRMS (m/z calcd. for C29H28O10Na 559.1580 [M+ + Na];
found 559.1578), with 16 degrees of unsaturation. The IR
spectrum revealed absorption bands arising from OH
(3437 cm�1), C=O (1720, 1672 cm�1), and double bond
(1640 cm�1) moieties. The 13C NMR (DEPT) spectrum ex-
hibited 29 carbon atoms, including twelve quaternary car-
bons, nine methines, six methylenes, and two methyl groups.
The 1H and 13C NMR data (Table 1) of compound 1 resem-
bled those of compound 2. In combination with the HMBC
experiments, compounds 1 and 2 were predicted to possess
similar structures with the same connected mode of rings
A–G.

Detailed comparison of the 1H and 13C NMR data of com-
pounds 2 and 1 suggested that compound 2 contained an ad-
ditional aldehyde group [dH =10.34 (s, 1 H, H-25), dC = 189.5
(d, C-25)], but lack a methoxyl group [dH =3.53 (s, 3 H, H-
31), dC = 52.5 (q, C-31)] and a dioxygenated methine [dH =

5.79 (br. s, 1 H, H-25), dC = 89.4 (d, C-25)]. In the HMBC
spectrum of compound 2, the correlations from H-25 to C-
23 and C-29, as well as H-27 to C-30 (Figure 3), indicated

that the hemiacetal bond (C25�O�C27) in compound 1 was
broken to produce an aldehyde group (C-25) linked to C-24.
Moreover, a d-lactone ring was formed due to lactonization
between C-27 and C-30. An X-ray crystallographic diffrac-
tion study not only confirmed the planar structure of com-
pound 2 as shown in Figure 3, but also determined its rela-
tive stereochemistry to be 6R*, 11R*, 12R*, 13R*, 14R*,
15R*, 17R*, 19R*, 23R*, which was consistent with the
ROESY experiment (Figure 4).

Swerilactone J (3), which was obtained as colorless cubic
crystals (CH3CN), had the molecular formula C29H28O10, as
deduced from (ESI; +) HRMS (m/z calcd for [M+ + Na]
559.1580; found 559.1581), indicating 16 degrees of unsatu-
ration. The IR spectrum showed the presence of a hydroxyl
group (3434 cm�1), carbonyl groups (1718, 1690 cm�1), and
double bonds (1636 cm�1). The 13C NMR (DEPT) spectrum
of compound 3 revealed the existence of 29 carbon atoms,
due to eleven quaternary carbons, eleven methines, five
methylenes, and two methyl groups, of which three carbonyl

groups, four double bonds, and one dioxygenated carbon
were identified. The NMR data of compound 3 were similar
to those of compound 1 except for positions 12, 24, 25, 27,
28, and 30 (Table 1), indicating the structural variation in
rings G and H; this was also supported by the HMBC and
1H–1H COSY analyses (Figure 5).

Figure 3. Key 2D NMR correlations of compound 2.

Figure 4. X-ray crystal structure of compounds 2 and 3.
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The partial structure 3 a was established on the basis of
the HMBC correlations: i) from H-23 to C-13 and C-29;
ii) from H-25 to C-11, C-23, and C-29; iii) from H-24 to C-
28; iv) from H-27 to C-30; v) from H-32 to C-24; and
vi) from H-13 to C-29. This construction was supported by
1H–1H COSY correlations: H-32 with H-23, H-24 with H-25,
and H-27 with H-28. Thus, the planar structure of compound
3 was determined to consist of a nonacyclic ring system. By
means of X-ray single-crystal diffraction and ROESY analy-
ses, the relative stereostructure of compound 3 was revealed
to be 6R*, 11R*, 12S*, 13S*, 14S*, 15S*, 17R*, 19R*, 23S*,
24R*, 25S*.

Swerilactone K (4) was obtained as colorless cubic crystals
(CHCl3/MeOH, 1:3, v/v). Its molecular formula was deter-
mined to be C29H26O9 by (ESI; +) HRMS analysis (m/z
calcd for [M+ + Na] 541.1474; found 541.1476), with 17 de-
grees of unsaturation. The IR spectrum revealed absorption
bands at 3456 (OH), 1713, 1683 (carbonyl groups), 1645
(double bond), and 1596, 1468 (phenyl ring) cm�1. The
13C NMR (DEPT) spectrum showed 29 carbon atom reso-
nances due to twelve quaternary carbons, ten methines, six
methylenes, and one methyl group. A detailed study of the
NMR data of compound 4 compared with those of com-
pound 1 concluded that both compounds possessed the
same connectivity for rings A–E, which was further support-
ed by the results of HMBC and 1H–1H COSY experiments
(Figure 6). In the 1H NMR spectrum, three aromatic protons
at dH =8.20 (d, J=7.6 Hz, 1 H; H-26), 7.26 (dd, J= 7.6,
7.6 Hz, 1 H; H-25), and 7.88 (d, J=7.6 Hz, 1 H; H-24) ppm,
in conjunction with six aromatic carbon atoms at dC = 138.6

(s, C-28), 126.6 (s, C-27), 131.0
(d, C-26), 127.8 (d, C-25), 133.2
(d, C-24), and 138.9 (s, C-
23) ppm in the 13C NMR spec-
trum were observed, which was
consistent with a 1,2,3-trisubsti-
tuted phenyl ring. The partial
fragment 4 a was characterized
by 1H–1H COSY correlations
(H-29/H-30 and H-24/H-25/H-
26) and HMBC correlations
(H-30/C-32, C-28; H-26/C-32,
C-28; H-29/C-23, C-27, and H-
24/C-28).

Besides the 27 identified carbon atoms, two additional
carbon atoms that resonated in the 13C NMR spectrum at
d= 88.5 (d, C-11) and 66.6 (d, C-13) ppm were ascribed to a
dioxygenated and an oxygenated methine, respectively. The
1H–1H COSY correlation of H-13/H-14 and the HMBC cor-
relations from H-13 to C-14, C-15, C-23, C-24, and C-28 in-
dicated that C-13 was linked to C-14 and C-23 directly. The
connection of C-11 to C-13 through an ether bond was de-
termined from the observed HMBC signals from H-11 to C-
13 and from H-13 to C-11. Similarly, C-11 was deduced to
be linked with C-10 and a hydroxyl group on the basis of
the HMBC correlation between H-11 and C-9, as well as on
the structural features deduced above. Thus, compound 4
was determined to have the structure depicted in Figure 7;
the relative stereocenters of C-6, 11, 13, 14, 15, 17, and 19
were determined as R*, S*, S*, S*, S*, R*, R* by X-ray crys-
tallographic analysis.

To evaluate their anti-HBV activities, namely, the inhibi-
tory activities against the secretion of HBsAg and HBeAg,
and HBV DNA replication, swerilactones H–K (1–4) were
assayed with an HBV-transfected Hep G 2.2.15 cell line in

Figure 5. Key 2D NMR correlations of compound 3.

Figure 6. Key 2D NMR correlations of compound 4.

Figure 7. X-ray crystal structure of compound 4.
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vitro, as reported previously (3TC, lamivudine was used as
the positive control).[8a] Swerilactone I (2) showed significant
inhibitory activity against the secretion of HBsAg (IC50 =

440 mm) and of HBeAg (IC50 =500 mm). Moreover, swerilac-
tones H–K (1–4) all exhibited potent inhibition of HBV
DNA replication, with IC50 values ranging from1.53 to
5.34 mm (Table 2), and less cytotoxicity at the highest tested

concentration. Their novel architecture and promising anti-
HBV activities provide clues that can be used in the search
for effective new anti-HBV agents.

Iridoids belong to a group of monoterpenoids with a
methylcyclopentane skeleton. Presently, more than 1000 iri-
doids, mainly existing in glycosides, have been isolated from
Scrophulariaceae, Rubiaceae,
Labiatae, Gentianaceae, Verbe-
naceae, and Oleaceae.[9] How-
ever, most of the iridoids in
Gentianaceae are secoiridoid
glycosides, which are biogeneti-
cally derived from mevalono-
lactone (MVA) via loganin and
its analogues.[10] Structurally,
swerilactones A–D and H–K all
contain the d-lactone fragments
commonly present in secoiri-
doids, which inspired us to pro-
pose a plausible biogenetic
pathway for the swerilactones
starting from secoiridiods.

Plausible biogenetic pathway
for swerilactones A and B : Iri-
dotrial (a) was converted into
A1 and A2, possibly through a
reaction sequence involving a
putative oxidative C�C bond
cleavage between C-7 and C-8,
an oxidative decarboxylation of
C-1, and a hemiacetal cycliza-
tion between C-7 and C-11. By
oxidation, A1 and A2 were
converted into the correspond-
ing lactones, and further into

A1’ and A2’, through hydrogenation and 1,3-hydrogen mi-
gration. Subsequently, A1’ and A2’ were polymerized
through a sequence of aldol condensation, hydrogenation re-
duction, and intramolecular dehydration, to form the target
products, swerilactones A and B (Scheme 1).

Plausible biogenetic pathway for swerilactones C and D :
Oxidative opening (C8�C9 or C7�C8) of the cyclopentane
ring of iridotrial (a) is proposed to afford B1 and B2. Subse-
quently, B1 may be converted into B1’ through dehydration,
hemiacetal cyclization, and oxidation. Similarly, B2’ may be
obtained from B2 after a reaction sequence involving hemi-
acetal cyclization and oxidation. Compound B3 could be
generated from aldol condensation of B1’ with B2’, followed
by hemiacetal reaction, hydrogenation, and intramolecular
dehydration, to yield swerilactones C and D (Scheme 2).

Plausible biogenetic pathway for swerilactone H : Structural-
ly, swerilactone H possesses a C29 skeleton that could be re-
garded as a trimer of three molecules of secoiridoids. In this
biogenetic route, loganic acid aglycone (b) was considered
as the precursor, which, after oxidation, formed b’ through
cleavage of the cyclopentane ring of b. Two biosynthetic
pathways were considered, one proceeded through lactoni-
zation between C-7 and C-11, and dehydrogenation to give
C1, and the second proceeded via C1’ through decarboxyla-
tion and hydrogenation. Subsequently, two molecules of C1

Table 2. Anti-HBV activities of swerilactones H–K (1–4) (mm).

No. CC50
[a] HBsAg HBeAg DNA replication

IC50
[b] SI[c] IC50 SI IC50 SI

1 >830 –[d] – – – 1.53 >542
2 >1360 440 >3.09 500 >2.72 2.58 >527
3 >2540 – – – – 5.34 >476
4 >1680 – – – – 2.12 >792
3TC 30259 27260 1.11 32370 <1 1.00 30259

[a] CC50 is 50 % cytotoxic concentration in Hep G 2.2.15 cells. [b] IC50 is
50% inhibitory concentration. [c] Selective Index (SI: CC50/IC50). [d] IC50

was not obtained at the highest tested concentration.

Scheme 1. Plausible biosynthetic pathway for swerilactones A and B.
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polymerize through a series involving aldol condensation,
hemiacetal cyclization, and hydrogenation, to afford inter-
mediate C3. This intermediate was further aldol condensed
with C1’, followed by hemiacetal cyclization, reduction, in-
tramolecular dehydration, oxidation, and esterification, to
supply swerilactone H (1).

Plausible biogenetic pathway for swerilactone I : Swerilacto-
ne I was proposed to be derived from iridotrial (a) through
oxidative ring-opening reaction, lactonization, hydrogena-
tion, oxidative decarboxylation, and 1,3-hydrogen migration,
to afford intermediate D1. This intermediate was condensed
with the proposed intermediate C3 (Scheme 3), followed by
hydrogenation and dehydration, to give swerilactone I (2)
(Scheme 4).

Plausible biogenetic pathway for swerilactone J : A hypo-
thetical route to swerilactone J is proposed as follows: Oxi-
dation of iridotrial (a) leads to opening of the cyclopentane
ring, followed by lactonization, hydrogenation, and oxidative
decarboxylation to afford the intermediate E1. Polymeri-
zation of E1 and C3 (Scheme 3) generates E2 in a two-step
aldol condensation. Finally, swerilactone J (3) forms after
dehydration, hydrogenation, and further dehydration
(Scheme 5).

Plausible biogenetic pathway for swerilactone K : In contrast
to swerilactones H–J, swerilactone K (4) possesses a dihy-
droisocoumarin moiety (4 a) in its structure, which inspired
us to suggest a biogenetic pathway starting from erythrocen-
taurin (a dihydroisocoumarin derivative isolated from S.
mileensis, which was biogenetically ascribed as secroiri-
doid).[5b, 9e] Intermediate C1 proposed above (Scheme 3) was

converted into F1 through oxida-
tive decarboxylation followed by
aldol condensation with erythro-
centaurin to give the intermediate
F2. Subsequent polymerization of
F2 and C1 through three aldol
condensation steps gives F3. Final-
ly, swerilactone K (4) can be ob-
tained by hydrogenation and inter-
molecular dehydration
(Scheme 6).

From a biogenetic point of view,
swerilactones A and B constitute a
pair of novel C18 secoiridoid
dimers derived from two mole-
cules of C9 secoiridoids, whereas
swerilactones C and D involve two
C20 secoiridoid dimers generated
from two C10 secoiridoids; sweri-
lactones H–K involve C29 secoiri-
doid trimers that arise from poly-
merization of two molecules of
C10 secoiridoids with one mole-
cule of C9 secoiridoid. To the best

of our knowledge, sweri ACHTUNGTRENNUNGlactones A–D and H–K are the first
examples of secoiridoid dimers and trimers, and their char-
acterization further enriches the diverse range of molecular
skeletons found in natural products.

Conclusion

Swerilactones H–K contain four very unusual C29 skeleton
lactones with polycyclic (pure hexatomic rings) and highly
oxygenated features. Interestingly, swerilactones H and I
possess similar octacyclic ring connectivity but different ster-
eochemistries. Swerilactone J contains a correlated, but
more complex nonacyclic ring system. Compared with sweri-
lactones H–J, swerilactone K possesses less structural simi-
larity, not only in the variation of ring F, but also in the pres-
ence of a phenyl group. More importantly, all possess prom-
ising activity against HBV DNA replication. Considering
their novel skeletons, it was expected that these compounds
might possess different antiviral mechanisms from the nu-
cleoside analogues. Thus, it will be very significant to ach-
ieve their total synthesis and to study their anti-HBV mech-
anism in further detail.

Swerilactones A–D and H–K, as a series of unprecedent-
ed secoiridoid dimers and trimers, have been isolated from
the traditional Chinese medicinal herb S. mileensis. Two in-
triguing questions arise: 1) Are more complicated secoiri-
doid tetramers or pentamers present in S. mileensis and the
congener plants, and 2) considering the fact that the isolated
swerilactones all consist of pure hexatomic rings, are partic-
ular synthetases involved in their biosynthesis pathway, es-
pecially in the repeated aldol condensation?

Scheme 2. Plausible biosynthetic pathway for swerilactones C and D.
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Experimental Section

General : Melting points were measured with an XRC-1 instrument (Si-
chuan University, Sichuan, P. R. of China). Optical rotations were deter-
mined with a Jasco model 1020 polarimeter (Horiba, Tokyo, Japan). UV
spectra were measured with a Shimadzu UV-2401 A spectrophotometer
(Shimadzu, Kyoto, Japan). IR (KBr) spectra were recorded with a
BRUKER TENSOR27 spectrometer (Bruker, Germany). 1D and 2D
NMR spectra were recorded with Bruker AM-400 and DRX-500 spec-
trometers with TMS as internal standard (Bruker, Germany). MS spectra
were recorded with a VG AutoSpec-3000 spectrometer (VG, Manchester,
England). Silica gel (200–300 mesh and H) for column chromatography
was obtained from Qingdao Meigao Chemical Company (Qingdao,
China). Lichrospher Rp-18 gel was purchased from Merck Chemicals Ltd
(Germany). Sephadex LH-20 (20–150 mm) was purchased from Pharma-
cia Fine Chemical Co. Ltd. (Sweden).

Plant material : The whole plant of S. mileensis was collected in Mile
county, Yunnan province, P. R. of China, on November 6, 2008, and was
identified as Swertia mileensis T. N. Ho et W. L. Shi by Prof. Dr. Li-Gong
Lei, Kunming Institute of Botany, Chinese Academy of Sciences (CAS).
A voucher specimen (No. 2008–11–01) has been deposited in the Labora-
tory of Antivirus and Natural Medicinal Chemistry, Kunming Institute of
Botany, CAS.

Extraction and isolation : The air-dried
whole plant of S. mileensis (5.0 kg)
was powdered and extracted with
90% and 50% EtOH heated to reflux,
successively (each 2 � 15 L, 2 h).
After removing the solvents in vacuo,
the EtOH extract (1.3 kg) was sus-
pended in water and partitioned with
petroleum ether (PE; 2 � 1 L), ethyl
acetate (3 � 1 L), and n-butanol (3 �
1 L), successively. The ethyl acetate
extract (170.5 g) was purified by chro-
matography on a silica gel column
(2.0 kg, 11.0 � 50.0 cm; CHCl3/MeOH,
100:0 ! 0:100, v/v) to furnish ten frac-
tions A–J. Fraction B (8.5 g) was sub-
jected to purification on a silica gel
column (100.0 g, 3� 25.0 cm; CHCl3/
Me2CO, 90:10 ! 50:50) to afford frac-
tions B1–B4. Fraction B2 (3.2 g) was
applied on a silica gel column (50.0 g,
2.0� 26.0 cm; CHCl3/MeOH, 90:10 !
30:70, v/v) to obtain three subfractions
B2–1 to B2–3. Subfraction B2–1
(500.0 mg) was further purified with a
silica gel column (15.0 g, 1.5� 20.0 cm;
PE/Me2CO, 50:50, v/v), and a Sepha-
dex LH-20 column (50.0 g, 1.4�
145.0 cm; CH3Cl/MeOH, 1:2, v/v),
which gave swerilactone H (1,
15.0 mg) after recrystallization from
Me2CO. Subfraction B2–2 (1.5 g) was
partitioned with RP-18 chromatogra-
phy (120.0 g, 2.8 � 33.0 cm; MeOH/
H2O, 5:95 ! 40:60) to afford fractions
B2–2–1 to B2–2–4. Fraction B2–2–1
(200 mg) was purified using a silica gel
column (15.0 g, 1.5� 20.0 cm; PE/
Me2CO, 40:60, v/v), then recrystallized
from CH3Cl to yield swerilactone I (2 ;
19.0 mg). Subfraction B2–2–2
(300.0 mg) was purified by silica gel
chromatography (30.0 g, 1.7� 25.0 cm;
CH3Cl/Me2CO, 70:30, v/v), and further
purified on a Sephadex LH-20 column

(50.0 g, 1.4 � 145.0 cm; CH3Cl/MeOH, 1:1, v/v) to yield swerilactones J (3 ;
20.0 mg) and K (4 ; 11.0 mg).

Swerilactone H (1): M.p. 268–269 8C; [a]26
D =�10.16 (c= 0.26 in pyridine);

For 1H (500 MHz) and 13C NMR (125 MHz) data see Table 1; IR (KBr):
ñ= 3456, 1726, 1701, 1681, 1642, 1403, 1278, 1240, 1107, 1062, 1041, 1008,
964, 792 cm�1; UV/Vis (MeOH): lmax (e) =277 nm (8989 mol�1 dm3 cm�1);
MS (ESI; �): m/z : 603 [M� + Cl], 567 [M��H], 341, 297. HRMS (ESI;
�): m/z calcd for C30H31O11: 567.1866 [M��H]); found: 567.1876.

Swerilactone I (2): M.p. 204–205 8C; [a]16
D =�12.22 (c =0.12 in CHCl3/

MeOH, 1:1, v/v); For 1H (500 MHz) and 13C NMR (100 MHz) data, see
Table 1; IR (KBr): ñ=3437, 2925, 1720, 1672, 1640, 1462, 1405, 1376,
1287, 1247, 1128, 1100, 1073, 933, 874 cm�1; UV/Vis (CHCl3/MeOH =

1:1): lmax (e)=226 (10896), 222 (11110), 212 nm (10977 mol�1 dm3 cm�1);
MS (ESI, +): m/z : 559 [M++H]; HRMS (ESI, +): m/z calcd for
C29H28O10Na: 559.1580 [M++Na]); found: 559.1578.

Swerilactone J (3): M.p. 266–267 8C; [a]23
D =�2.78 (c=0.25 in CHCl3/

MeOH, 1:1, v/v). For 1H (500 MHz) and 13C NMR (125 MHz) data, see
Table 1; IR (KBr): ñ=3434, 1718, 1690, 1636, 1460, 1407, 1266, 1220,
1182, 1129, 1108, 1036, 1023, 1003, 948, 881 cm�1; UV/Vis (CHCl3/
MeOH, 1:1): lmax (e)= 281 (18499), 211 (11673), 193 nm
(11756 mol�1 dm3 cm�1); MS (ESI, +): m/z : 1095 [2 M++Na], 559 [M+

+Na]; HRMS (ESI, +): m/z calcd for C29H28O10Na: 559.1580 [M++Na];
found: 559.1581.

Scheme 3. Plausible biosynthetic pathway for swerilactone H (1).
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Swerilactone K (4): M.p. 250–251 8C; [a]23
D =�6.91 (c =0.14 in CHCl3/

MeOH, 1:1, v/v); For 1H (500 MHz) and 13C NMR (125 MHz) data, see
Table 1; IR (KBr): ñ=3456, 2958, 2927, 1713, 1683, 1645, 1596, 1468,
1405, 1281, 1131, 1103, 1072, 942 cm�1; UV/Vis (CHCl3/MeOH, 1:1, v/v):
lmax (e)= 275 (6337), 263 (6122), 256 (6058), 226 (5641), 223 (5666), 212
(5505), 206 nm (5407 mol�1 dm3 cm�1); MS (ESI, +): m/z : 541 [M++Na];
HRMS (ESI, +): m/z calcd for C29H26O9Na: 541.1474 [M++Na]; found:
541.1476.

Crystallographic data for compound 1: C30H32O11; MW=568.56; mono-
clinic; space group P21; a=8.6400(17), b= 12.094(2), c =25.519(5) �, b=

96.91(3)8, V=2647.2(9) �3; Z =4; 1= 1.427 g cm�3; crystal dimensions

0.10 � 0.10 � 0.05 nm3; SHELXL-97
with a graphite monochromator; MoKa

radiation. The total number of reflec-
tions measured was 4819, of which
2810 were observed, I>2s (I); R1 =

0.0374, wR2 = 0.0710. The crystal struc-
ture was solved by direct methods
with SHLXS-97 (Sheldrick, 1990) and
expanded using the difference Fourier
techniques. The structure was refined
with SHLXL-97 (Sheldrick, 1997) and
full-matrix least-squares calcula-
tions.[11]

Crystallographic data for compound 2 :
C31H30Cl6O10 (C29H28O10+2 � CHCl3);
MW= 775.25; monoclinic; space group
P21; a=10.436(2), b =29.592(6), c=

10.923(2) �, b =98.960(3)8 ; V=

3332.1(11) �3; Z= 4; 1=1.545 gcm�3 ;
crystal dimensions 0.26 � 0.14 �
0.10 nm3; SHELXL-97 with a graphite
monochromator; MoKa radiation. Total
number of reflections measured was
7831, of which 2391 were observed, I>
2s (I); R1 =0.1069 ACHTUNGTRENNUNG(2391), wR2 =

0.3491 ACHTUNGTRENNUNG(7831). The crystal structure of
compound 2 was solved by direct
methods with SHLXS-97 (Sheldrick,
1990) and expanded using difference
Fourier techniques, refined with
SHLXL-97 (Sheldrick, 1997) and full-
matrix least-squares calculations.[11]

Crystallographic data of compound 3 :
C60H59O20N (2 � C29H28O10+CH3CN);
MW= 1114.08; triclinic; space group
P21; a=8.389(2), b =15.894(4), c=

20.694(5) �, a =70.965(3), b=

84.606(3), g=79.944(3)8 ; V=

2566.3(11) �3; Z= 2; 1=1.442 gcm�3 ;
crystal dimensions 0.18 � 0.16 �
0.08 nm3; SHELXL-97 with a graphite
monochromator; MoKa radiation. The
total number of reflections measured
was 10772, of which 2822 were ob-
served, I>2s (I). Final indices: R1 =

0.0925, wR2 = 0.2123. The crystal struc-
ture of compound 3 was solved by
direct methods with SHLXS-97 (Shel-
drick, 1990) and expanded using differ-
ence Fourier techniques, refined by
the program SHLXL-97 (Sheldrick,
1997) and full-matrix least-squares cal-
culations.[11]

Crystallographic data of compound 4 :
C29H26O9; MW=518.50; monoclinic;
space group P21; a =14.650(3), b=

7.4012(16), c =22.943(5) �, b=

106.921(3), V=2380.0(9) �3; Z= 4; 1=1.447 gcm�3 ; crystal dimensions
0.23 � 0.15 � 0.10 nm3; SHELXL-97 with a graphite monochromator;
MoKa radiation. The total number of reflections measured was 5631, of
which 1877 were observed, I> 2s (I). Final indices: R1 = 0.0656 (1877),
wR2 =0.2035 (5631). The crystal structure of compound 4 was solved by
direct methods with SHLXS-97 (Sheldrick, 1990) and expanded using dif-
ference Fourier techniques, refined by the program SHLXL-97 (Shel-
drick, 1997) and full-matrix least-squares calculations.[11]

Anti-HBV assay : Compounds 1–4 used in this study were evaluated with
the Hep G 2.2.15 cell line, which was stably transfected (Lipofectamine
2000 reagent; Invitrogen; Carlsbad, CA, USA) with the HBV genome.

Scheme 4. Plausible biosynthetic pathway for swerilactone I (2).

Scheme 5. Plausible biosynthetic pathway for swerilactone J (3).
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The toxicity of the compounds was assayed by using a modified MTT
(GIBCO Invitrogen, Carlsbad, CA, USA) method. DMSO (GIBCO)
alone was added to each culture as a solvent control. All the evaluated
compounds were dissolved in DMSO for the anti-HBV activity assays.
The concentration of DMSO in the culture was lower than 2.5 mLmL�1,
for which the growth of cells was not affected.

Assay for HBV antigens secretion : The sub-toxic concentration of the
identified compounds was measured with a serial dilution in 96-well mi-
croplates in which cells were seeded at a density of 3 � 104 cells/mL and
cultured at 37 8C, 5% CO2 for 12 days. After incubation, the cells and su-
pernatants were collected. The levels of HBsAg and HBeAg in the super-
natants were assayed with an ELISA (AutoBio Diagnostics Co., Ltd.,
Beijing, P. R. of China) method. The absorbance (A) of each well was
measured at 490 nm using a microplate reader (Model 680, Bio-Rad,
Inc., Hercules, CA, USA).

Assay for HBV DNA replication : HepG 2.2.15 cells were seeded in 24-
well culture plates at a density of 5� 105 cells/mL. After 2 days, culture
medium was replaced with fresh medium supplemented with (or without)
the tested compounds; this was repeated every other day for an addition-
al 5 days. Cells were collected and total DNA was isolated by using a
TIANamp Gemomic DNA Kit (TIANGEN, Biotech Co., Ltd, China)
following the manufacturer�s instructions. The real-time PCR assay was
used to detect the HBV DNA. Briefly, 10 mL of DNA sample was ampli-
fied in a 25 mL mixture containing 2� SYBR Green PCR Master Mix
(Applied Biosystems, USA) and 2 primers specific for HBV: a forward
primer (HBV-t1: 5�-CAA GGA ACC TCT ATG TAT CCC TCC-3’) and
reverse primer (HBV-t2:5�-TCC GTC CGA AGG TTT GGT AC-3’) cov-
ering the 50-base pair insertion from 541 bp to 591 bp. Amplification and
detection were performed in the Mastercycler Ep Realplex System (Ep-
pendorf, Masteraycler Eprealplex, German) with incubation at 95 8C for
2 min and, subsequently, 40 three-step cycles (20 s at 95 8C; 15 s at 58 8C;
20 min at 72 8C) were performed. The standard was prepared by serial di-
lutions of a known amount of the cloned HBV plasmid pCP10, carrying
two head-to-tail copies of the HBV genome as positive control, which
was kindly provided by Professor J. Chen (No. 302 PLA Hospital, Bei-
jing, P. R. of China). The specificity of two primers (HBV-t1 and HBV-
t2) was confirmed in every PCR run by dissociation curve analysis. An
antiviral agent, 3TC (lamivudine, GlaxoSmithKline, Suzhou Co., Ltd., P.
R. of China) was used as a positive control.

Cytotoxicity assay : The toxicity of compounds 1–4 was assayed by a
modified MTT method. In brief, the samples were prepared at different
concentrations. After Hep G 2.2.15 cells had been seeded in a 96-well mi-
croplate for 4 h, the samples (20 mL) were placed in each well and incu-
bated for 3 days at 37 8C; then, 0.1 mL MTT [3-(4, 5-dimethylthiazole-2-
yl)-2, 5-diphenyltetrazolium bromide, 400 mgmL�1] was added for 4 h.
After removal of MTT medium, DMSO (100 mL/well) was added into

the microplate for 10 min. The forma-
zan crystals were dissolved, and the
absorbance was measured on a micro-
plate reader at 490 nm.

Cell line and cell culture : The widely
used Hep G 2.2.15 cell line was ap-
plied for the assay of anti-HBV activi-
ties. In this study, Hep G 2.2.15 cells
established from a hepatoma cell line
Hep G 2 (ATCC, Manassas, VA,
USA) were cultured in RPMI-1640
(GIBCO) medium supplemented with
10% fetal calf serum (GIBCO),
100 mgmL�1 G148 (GIBCO), 100 IU/
mL penicillin (GIBCO), and 100 IU/
mL streptomycin (GIBCO). All cul-
tures were maintained at 37 8C in a
moist atmosphere containing 5% CO2.
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