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ABSTRACT

Ternifolide A (1)

Ternifolide A (1), a new diterpenoid featuring a unique 10-membered lactone ring formed between C-6 and C-15, along with ternifolide B (2), a nor-
diterpenoid, and ternifolide C (3) were isolated from the leaves of Isodon ternifolius. Both H-8 and H-9 being a-orientations in compound 1 were
found for the first time. The absolute configurations of 1 and 3 were confirmed by X-ray diffraction study. Compounds 1 and 3 were evaluated for

their cytotoxicity.

The genus Isodon is famous for producing bioactive
diterpenoids with diverse skeletons, especially ent-kaurane
diterpenoids. To discover novel natural products for can-
cer treatment, our group has phytochemically investigated
more than 66 Isodon (Labiatae) plants and isolated and
characterized more than 600 new diterpenoids.! Some
structures are very intertesting, such as maoecrystal V,?
bisrubescensins A—C,> maoecrystal Z,* and neolaxiflorins
A and B.” Particularly, maoecrystal V has attracted great
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attention from synthetic chemists,® due to its unusual
skeleton and highly selective inhibitory activity against
HeLa cells (IC59 = 0.02 ug/mL).

Morphologically, Isodon ternifolius (D. Don) Kudo is
readily distinguished from all other Isodon species by
having verticillate leaves, while other species typically have
opposite leaves. This species has been used as folk medicine
for the treatment of enteritis, icterohepatitis, and other
types of inflammation,” and it is also the major ingredient
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of a Chinese patent medicine “Fufang Sanyexiangchacai
Pian”, which is used to treat acute and chronic hepatitis
and hepatitis B. Previous chemical investigations of
1. ternifolius have led to the isolation of a series of
ent-kaurane diterpenoids.® In our search for biologically
active secondary metabolites from this plant, three new
diterpenoids, ternifolides A—C (1—3), were discovered.’
Compound 1 bore an unprecedented 10-membered lactone
ring formed between C-6 and C-15, and both H-8 and H-9
being a-orientations in compound 1 were opposite to those
of 8,15-seco-ent-kaurane diterpenoids: laxiflorin F (4),"°
rubescensin T,'! and rubescensin U."? It is the first time that
we discovered a diterpenoid having such configurations in
the reported ent-kaurane diterpenoids (Figure 1); thus we
classified compound 1 to a new diterpene type, ternifonane.
In addition, ring A of compound 3 existed in two types of
conformation (type I and type II, Figure 2) in solvent, as in
the case of trichorabdals A, B, D, and H,"> and the NMR
data could not be recorded clearly at normal temperature
(+22 °C). However, the NMR spectra of 3 showed that the
data of the type-II conformation could be recorded at about
460 °C, while those of both conformations could be observed
at about —30 °C (1:1.56) (Scheme 1).

(2 S o
3

Figure 1. Structure of compounds 1—4.

Compound 1 was obtained as colorless laminate crystals
(MeOH). Its molecular formula was determined as
C»,H,307 by HR-ESI-MS ([M + Na]", 427.1731, calcd

(8) (a) Sun, H. D.; Lin, Z. W.; Minami, Y.; Takeda, Y.; Fujita, T.
Yakugaku Zasshi 1982, 102, 887-890. (b) Takeda, Y.; Takeda, K.;
Fujita, T.; Sun, H. D.; Minami, Y. Chem. Pharm. Bull. 1990, 38, 439—
442. (c) Takeda, Y.; Takeda, K. I.; Fujita, T.; Sun, H. D.; Minami, Y.
Phytochemistry 1994, 35, 1513-1516. (d) Li, G. Y.; Wang, Y. L.; Song,
W. Z; Ji, Q. Y. Zhongyao Tongbao 1983, 8, 28-29. (e) Wang, Z. M.;
Feng, H.; Liang, X. T.; Yuan, S. T.; Xu, M. J. Acta Pharmaceutica Sinica
1996, 31, 764-769. (f) Na, Z.; Xiang, W.; Zhao, Q. S.; Mei, S. X.; Li,
C.M.; Lin, Z. W.; Sun, H. D. Acta Bot. Sin. 2002, 24, 267-272.

(9) For detailed experimental procedures, physical—chemical prop-
erties, and 'H NMR data for compounds 1-3 (Table 1S), see the
Supporting Information.

(10) Niu, X. M.; Li,S. H.; Zhao,Q.S.; Lin,Z. W.;Sun, H. D.; Lu, Y ;
Wang, C.; Zheng, Q. T. Tetrahedron Lett. 2002, 43, 661-664.

(11) Han, Q. B.; Li, R. T.; Zhang, J. X.; Sun, H. D. Helv. Chim. Acta
2004, 87, 1119-1124.

(12) Han, Q. B.; Zhang, J. X.; Zhao, A. H.; Sun, H. D.; Lu, Y.; Wu,
Y. S.; Zheng, Q. T. Tetrahedron 2004, 60, 2373-2377.

Org. Lett,, Vol. 14, No. 12, 2012

oHc| H
o NEOH

CHO

Type | Type ll

Figure 2. Two conformations of compound 3.

427.1732), corresponding to 9 degrees of unsaturation. The
IR spectrum showed the absorption bands at 1739 and
1683 cm ™! indicating the existence of carbonyl groups for
lactone and conjugated lactone, respectively. The '*C
NMR and DEPT spectrum data (Table 1) of 1 displayed
six quaternary carbons (including an isolated ketone, an
a,B-unsaturated lactone, a lactone residue, and a terminal
double bond), seven methylenes (including two oxymethy-
lenes and a terminal double bond), five methines (including
an oxymethine), two methyl groups, and one acetoxyl
group. On the basis of these data and chemotaxonomic
considerations, compound 1 was initially presumed to be a
tetracyclic diterpenoid containing two lactone rings.

The observed correlations in the HMBC spectrum of 1:
from the geminal methyls Me-18 (dy, 0.74) and Me-19 (O,
0.92) to C-3,C-4, and C-5; from H-1 (dy, 5.92) to C-3, C-5,
C-20,and 1-OCOCH3; from H-6a (0, 4.52) and H-6b (0,
4.44)to C-4, C-5,and C-10, and from H-20a (dy, 4.94) and
H-20b (dy, 4.52) to C-1, C-5, and C-10, together with the
"H—"H COSY correlations of H-1/H,-2/H5-3, and of H-5/
H»-6 gave partial structure 1a (Figure 3).

The HMBC correlations from H-17a (dy, 6.36) and
H-17b (0, 5.56) to C-13, C-15, and C-16; from H-9 (dy,
3.58) to C-8 and C-12; from H-8 (dy, 3.44) to C-11 (dc,
207.1) and C-13; and from H-13 (dy, 3.05) to C-8, C-11,
C-16, and C-17, along with the "H—"H COSY correlations
of H-9/H-8/H,-14/H-13/H,-12, established partial struc-
ture 1b (Figure 3).

The key HMBC correlations from H»-6 to C-15 indi-
cated that a 10-membered lactone ring formed between
C-6 and C-15, and correlations from H,-20 to C-7 sug-
gested a d-lactone ring formed between C-7 and C-20. The
HMBC correlations from H-1, H-5, and H»-20 to C-9;
from H-9 to C-1; and from H-8 to C-10 permitted subunits
1a and 1b to be joined to the gross structure of 1. In the
ROESY spectrum, the presence of the correlations of H-1
with H-38, H-54, and H-9; of H-9 with H-8 and H-14q; of
H-8 with H-20b; and of H-13a with H»-12, H»-14, and
H-17b determined H-1 as being in a S-orientation, while
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Scheme 1. "H NMR of Compound 3 (500 MHz Pyridine-ds)
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Figure 3. Selected 2D NMR correlations of compound 1
(—, HMBC; bold —, '"H—"H COSY; <=, ROESY).

H-8 and H-9 as being in o-orientations, respectively
(Figure 3). The structure of 1 was finally confirmed by a
single-crystal X-ray diffraction using anomalous scattering
of Cu Ka radiation (CCDC 880635),"* which indicated the
absolute stereochemistry of 1 to be C-1 (S), C-5 (R), C-8
(R), C-9(S), C-10 (R), C-13(S) (Figure 4). The configura-
tions of C-8 and C-9 in 1 were opposite to those of
laxiflorin F (4)."° Therefore, the structure of 1 was deter-
mined as shown and given the trivial name ternifolide A.
Compound 2 was isolated as a white powder. The
molecular formula C,;H»¢O¢ was determined by HR-
ESI-MS (M + Na]" m/z 397.1623, calcd 397.1627). The
13C NMR and DEPT spectral data of 2 (Table 1) showed
seven quaternary carbons (including one carbonyl carbon
and two olefinic carbons), three methines (including one
aldehyde carbon and one oxymethine), seven methylenes
(including one olefinic carbon and one oxymethylene), one
acetyl carbon, and three methyls. The above data unveiled
compound 2 as a nor-diterpenoid sharing structural fea-
tures with the known 6,7:8,15-seco-ent-kaurane diterpene
skeleton.'® In the HMBC spectrum, correlations from H-1,
H-3, Hs-18, and Hs-19 to the quaternary carbon (Jc,
213.9) confirmed the carbonyl carbon assigned to C-5.
Correlations from H-11 (0y, 5.76) to C-8, C-13, and
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OCOCHj; determined C-11 is connected with the acetoxyl
group. Correlations from H-11 and H»-14 to the quatern-
ary carbon (O¢ 130.6) and from H-11, H-12, H»-14, and
H-20 to the quaternary carbon (dc 149.1) suggested a
double bond formed between C-8 and C-9. The ROESY
correlations of H-11 with H-125 and H-1/ suggested that
the H-11 was in a 3-orientation. Accordingly, the structure
of 2 was established as shown and has been accorded the
trivial name ternifolide B.

Compound 3, obtained as colorless columnar crystals, has
the molecular formula C,,H3,O¢ on the basis of its HR-ESI-
MS data at m/z 413.1941 [M + Na]* (caled 413.1940). The

Figure 4. X-ray crystallographic structure of compound 1.

Figure 5. X-ray crystallographic structure of compound 3.

3C NMR and DEPT data (Table 1) of 3 were quite similar to
those of trichrabdal A,"*® and the main differences were the

Org. Lett,, Vol. 14, No. 12, 2012



Scheme 2. Proposed Biogenetic Pathway of Compounds 1-3
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Table 1. 1*C Spectroscopic Data (4 in ppm) of Compounds 1—3

(Pyridine-ds, 6 in ppm)“

no. 1 2 3 (type-II) 3’ (type-D)
1 77.5d 31.0t 31.1t 34.3t
2 246t 17.7¢ 184t 19.2t
3 394t 38.8t 41.3t 36.2t
4 45.1s 454 s 34.3s 33.8s
5 43.6d 2139 s 64.0 d 56.0 d
6 64.4t - 206.4 d 205.1d
7 1746 s 164.0 s 175.8 s 175.1d
8 38.2d 130.6 s 51.7s 50.0s
9 47.2d 149.1s 42.5d 38.8s
10 32.7s 53.6 s 41.3s 38.5s
11 207.1s 67.0d 67.3d 69.8 d
12 446t 32.5t 4141t 416t
13 38.0d 27.3d 37.0d 36.2d
14 28.0t 30.0t 31.1t 2941t
15 164.3 s 194.3d 81.8d 81.3d
16 144.1s 152.6 s 157.7s 158.1s
17 1276t 1339t 109.5t 109.3t
18 33.5q 27.6 q 33.8q 31.4q
19 21.0q 26.8q 23.3¢q 29.5q
20 68.2t 71.8t 69.3t 72.7¢
OAc 170.3 s 169.9 s 175.8 s 175.1s
21.0q 17.7q 21.7q 21.7q

“Data of 1-3 were recorded at 100 MHz, and the assignments were
based on DEPT, 2D NMR experiments.

appearance of an oxymethine (d¢ 81.8) and the absence of a
carbonyl carbon (d¢ 201.6) in 3, which were further con-
firmed by the HMBC correlations from H-11 to C-8, C-12,
C-13, and 11-OCOCHj; and from H-15 to C-9 and C-17,
coupled with '"H—"H COSY correlations of H-9/H-11/H,-
12/H-13/H,-14. The ROESY correlations of H-11 with H-1/,
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Table 2. Cytotoxic Activity of Compounds 1 and 3 (ICsqin uM)*

compd HL-60 SMMC-7721 A-549 MCF-7 SW-480

1 >40 >40 >40 >40 >40
3 3.38 4.27 3.16 3.46 3.60
cis-platin 1.96 16.23 17.50 17.77 12.83

“ cis-Platin was used as positive control.

H-58, H-95, and H-125 and of H-15 with H-13a suggested
that H-11 and OH-15 were in f-orientations, respectively.
The structure of 3 was finally determined by a single-crystal
X-ray diffraction using anomalous scattering of Cu Ko
radiation (CCDC 880924), which indicated the absolute
configurations of 3 to be 5R, 8S, 95, 10S, 11R, 13S, 15R
(Figure 5). Thus, the structure of 3 (ternifolide C) was fully
determined as shown.

In the reported 8,15-seco-ent-kaurane diterpenoids, both
H-8 and H-9 were in fS-orientations.'~'> However, the
configurations of H-8 and H-9 in compound 1 were opposite
to those of the ent-kaurane diterpenoids. Compound 1 may
be derived from the ent-kaurane diterpenoids. A plausible
biogenetic pathway of 1—3 was postulated to explain their
origins (Scheme 2). This pathway involved retro-aldol,'’
oxidation, reduction, dehydration, and decarboxylic reaction
to form compounds 1 and 2, and the retro-aldol reaction of
the formation of intermidate A was the key step to convert the
configurations of H-8 and H-9 in compound 1.

Compounds 1 and 3 were evaluated for their cytotoxicity
against several human tumor cell lines, including HL-60,
SMMC-7721, A-549, MCF-7, and SW-480 cell lines by the
MTT method reported (Table 2).' Compound 3 showed
significant cytotoxicity against four of the above-men-
tioned tumor cell lines with IC5y < 4.3 uM, and compound
1 showed no cytotoxicity against all the assayed cell lines.
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