TETRAHEDRON

Pergamon Tetrahedron 57 (2001) 7639-7648

Pachyclavulariolides G—-L and secopachyclavulariaenone A, seven
novel diterpenoids from the soft coral Pachyclavularia violacea

Jyh-Horng Sheu,** Guey-Horng Wang, Ping-Jyun Sung,* Chang-Yih Duh®
and Michael Y. Chiang”
“Department of Marine Resources, National Sun Yat-Sen University, Kaohsiung 804, Taiwan, ROC
®Department of Chemistry, National Sun Yat-Sen University, Kaohsiung 804, Taiwan, ROC
Received 1 May 2001; accepted 19 July 2001

Abstract—Seven novel diterpenoids pachyclavulariolides G-L (1-6), secopachyclavulariaenone A (7) along with two known compounds,
pachyclavulariolide (8) and pachyclavulariolide E (9) have been isolated from the soft coral Pachyclavularia violacea. The structures of 1-6
were established by spectroscopic and chemical methods along with extensive single crystal X-ray analyses. The structure of 8 was further
confirmed and the relative configuration of 9 was fully established also by X-ray structure analyses. Cytotoxicity of these compounds toward
various cancer cell lines also is described. © 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Marine octocorals are important sources of structurally
novel and bioactive diterpenoids." We have previously
isolated several cytotoxic briarane diterpenoids, named
excavatolides and briaexcavatolides from a gorgonian
Briareum excavatum.>® In our continuing survey of
Formosan marine invertebrates with promising cytotoxicity
against the growth of a variety of cancer cell lines, we
encountered the octocoral Pachyclavularia violacea,
which was collected along the coast of Kenting, located in
the southernmost tip of Taiwan, in September 1995, and was
found to be very similar in colonial morphology with those
of Briarem spp.*” The investigation on the chemical con-
stituents of P. violacea was then carried out in our labora-
tory due to the significant in vitro cytotoxicity of its organic 1 R!=0Ac R?=0Ac
extract toward P-388 tumor cells (EDs;=0.3 pg/mL). Our 8R'=OH R?-OH
previous study has led to the isolation of three novel
briarellin-type diterpenoids.® Our continuing investigation
on the secondary metabolites of P. violacea has further
resulted in the isolation of seven new diterpenoids,
pachyclavulariolides G-L (1-6) and secopachyclavularia-
enone A (7), along with two known compounds, pachycla-
vulariolide (8)” and pachyclavulariolide E (9).% The relative
stereochemistry of 9 has not been fully established in the
previous study. Our present work also unambiguously
confirmed the relative configuration of pachyclavulariolide
E (9) by a single-crystal X-ray analysis.
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Table 1. 'H and '>C NMR chemical shifts, 'H-'H COSY, HMBC, and NOESY correlations for 1

C/H B B¢b 'H-'H COSY HMBC NOESY
1 159.9 s¢ H-2, H,-3, H-14, H;-17
2 4.73 d (10.0)° 78.3d H,-3 H,-3, H-14 H-3'
3 2.78 dd (13.6, 10.0) 431t H-2, H-3' H;-18 H-5
3! 2.64 d (13.6) H-3' H-2
4 130.6 s H,-3, H;-18
5 5.80 dd (10.7, 5.6) 131.5d H,-6 H,-3, Hs-18 H-3
6 220m 250t H-5, H-6/, Hy-7
6' 2.10 m H-5, H-6, Hy-7
7 1.84 m 321t H;-19
7' 1.15m
8 1.08 m 39.9d H-9, H;-19 H;-19
9 3.71 ddd (9.6, 9.6, 6.9) 85.1d H-8, H,-10 H;-19 H;-19
10 2.10m 310t H-9, Hy-11
10 1.60 m H-9, Hy-11
11 1.88 m 39.0't H,-10 H-13, H;-20
11’ 1.63 m H,-10
12 83.2's H-13, H3-20
13 475 s 73.1d H-14 H;-20 H-14, H;-20
14 6.14 s 70.0 d H-13 H-13 H-13
15 125.6 s H-2, Hy-17
16 1734 s H;-17
17 1.92s 9.8¢q
18 1.76 s 16.1 q H,-3
19 0.86 d (6.3) 159q H-8 H-9
20 144 s 234 q H-13
Acetate
CH; 2.04s 20.6 q
Cco 170.0 s H-13
Acetate
CH, 2.18's 20.6 q
Cco 169.2 s H-14

* Spectra recorded at 300 MHz in CDCl;.
" Spectra recorded at 75 MHz in CDCl,.
¢ J values (in Hz) in parentheses.

d Multiplicity deduced by DEPT and indicated by usual symbols. The values are downfield in ppm from TMS.

HO,

(o] OAC

2. Results and discussions

Pachyclavulariolide G (1) was obtained as a white solid and
could be recrystallized from ethyl acetate to form colorless
prisms. Its HREIMS exhibited a molecular ion at m/z
434.2307, establishing a molecular formula for this
compound of C,4H340,. Thus, eight degrees of unsaturation
were determined for the molecule of 1. The EIMS of 1
showed peaks at m/z 434 [M]*, 374 [M—HOAc]", and
314 [M—2 HOAc]", suggesting the presence of two
acetoxyl groups in the molecule of 1. Subtracting the acetate
carbons from the molecular formula of 1 revealed that
metabolite 1 had a diterpenoid skeleton. From the "*C
NMR spectral data of 1 (Table 1), a suite of resonances at

6 173.4 (C-16, s), 159.9 (C-1, s), 125.6 (C-15, s), 78.3 (C-2,
d), and 9.8 ppm (C-17, q), could be assigned to the
a-methyl-y-butenolide substructure by comparison with
the *C NMR data of the known metabolite pachyclavular-
iolide,” and could be further confirmed by an UV absorption
at 218 nm. Additional unsaturated functionalities were indi-
cated by 3BC NMR resonances at & 170.0 (s), 169.2 (s),
131.5 (C-5, d), and 130.6 (C-4, s), suggesting the presence
of two esters and a trisubstituted olefin, respectively. The
absence of '?C NMR signals for other unsaturated functional
groups thus required that 1 had to be tricyclic. The '"H NMR
spectrum of 1 showed the presence of six methyl groups: the
first a doublet (6 0.86, couple to a methine proton at 6 1.08),
and then a singlet at § 1.44 representing a methyl group on a
quaternary carbon atom bearing an oxygen, a methyl group
on a carbon—carbon double bond (8 1.76, brs, coupled to the
olefinic proton at 6 5.80), a methyl group on the butenolide
moiety (6 1.92, s), and two acetyl methyls (6 2.04, s; 2.18,
s). The structure and all of the 'H and *C chemical shifts of
1 were further determined by the assistance of 2D NMR
studies (‘H-'H COSY, HMQC, HMBC, and NOESY).
From the 'H-'H COSY spectrum of 1, it is possible to
establish the proton sequences from H-2 to H,-3; H-5 (an
olefinic proton) to H,-6; H-8 to H,-11; H-13 to H-14; and
H-8 to H3-19. A vinyl methyl group attached at C-4 position
was confirmed by the HMBC correlations between H;-18 to
C-3, C-4, and C-5; H,-3 to C-1, C-2, C-4, C-5 and C-18.
Furthermore, the HMBC correlations observed between
the ester carbonyl resonance at 6 170.0 (s) and a methine
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Figure 1. Computer-generated ORTEP plots of 1 and 8 showing the relative configurations.
Table 2. 'H and *C NMR chemical shifts for diterpenoids 2—4
C/H 2 3 4

I 13¢b g 13¢b g 13¢b
1 158.8 ¢ 161.0s 157.0s
2 5.41d (13.2)° 79.2d 5.23dd (7.2,3.9) 80.9d 106.8 s
2-OH 499 s
3 2.84 d (16.5) 40.5t 2.82dd (14.1, 3.9) 433t 290 s 459t
3/ 2.24 dd (16.5, 13.2) 2.46 dd (14.1,7.2) 2.90 s
4 130.6 s 130.8 s 131.8 s
5 5.59t(7.2) 126.1d 5.35t(6.9) 129.9d 5.91 dd (10.6, 5.2) 131.8d
6 217 s 25.1t 2.11m 250t 2.17m 250t
6 2.10 m 1.92m 2.02m
7 1.84 m 329t 1.66 m 344t 1.85m 321t
7' 1.15m 1.22 m 1.13 m
8 1.18 m 359d 1.00 m 39.0d 129 m 39.4d
9 3.70 dd (9.5, 7.2) 85.2d 3.71 ddd (9.9, 9.9, 6.4) 84.7d 3.71 ddd (9.6, 9.6, 6.2) 85.3d
10 1.90 m 26.8 t 2.00 m 29.0t 2.17m 314t
10/ 1.66 m 1.59 m
11 1.69 m 378t 1.66 m 36.6t 1.81 m 39.7t
11’ 1.22 m 1.67 m
12 83.2s 85.7s 829s
13 4.95d (1.8) 76.8 d 3.87 brs 72.6d 491s 75.2d
14 5.85d (1.8) 70.6 d 4.95 brs 66.3 d 6.28 s 704 d
15 1284 s 1230 s 127.8 s
16 173.6 s 175.0' s 170.4 s
17 1.97 s 10.7 q 1.99 s 9.4 q 1.88 s 9.7q
18 1.76 s 17.1 q 1.59s 17.1q 1.84 s 19.5q
19 0.83 d (6.3) 169 q 0.82 d (6.6) 16.0 q 0.85d (6.4) 16.0 q
20 1.34 s 23.7q 1.30s 22.0q 1.48 s 235q
Acetate
CH; 2.11s 20.5q 2.10's 21.0q
(€(0) 169.8 s 173.1's
Acetate
CH; 2.07 s 209 q
CO 169.4 s
n-Butyrate
CH; 0.98 t (7.2) 138 q
CH, 1.70 m 18.1t
CH, 2.41t(7.2),242t(7.2) 357t
CO 171.7 s

* Spectra recorded at 300 MHz in CDCl;.

b Spectra recorded at 75 MHz in CDCl;.

© J values (in Hz) in parentheses.

4 Multiplicity deduced by DEPT and indicated by usual symbols. The values are downfield in ppm from TMS.
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resonance at 6 4.75 (H-13) and a methyl resonance at 6 2.04
(acetoxyl CHjy), and between the second ester carbonyl reso-
nance at 6 169.2 and a methine resonance at 6 6.14 (H-14)
and a methyl resonance at 6 2.18 (acetoxyl, CH3), methine
resonance at 6 6.14 (H-14) and a methyl resonance at 6 2.18
(acetoxyl, CH3), revealed the presence of two acetates
attached to C-13 and C-14, respectively. Based on the
consideration of molecular formula, one more oxygen
atom had to be placed between C-9 and C-12 to form a
tetrahydrofuran ring. These data, together with the HMBC
correlations from H-2 to C-1 and C-15; H3-17 to C-1, C-15
and C-16; H3-19 to C-7, C-8, and C-9; H-13 to C-11, C-12,
C-14, and C-20; H-14 to C-1 and C-2, unambiguously estab-
lished the molecular framework of 1. The geometry of the
C-4/C-5 double bond in 1 was determined by a NOESY
experiment. H3-18 exhibited NOE responses with H,-6,
but not with H-5, demonstrating the trans configuration of
A* olefin. However, due to the conformational mobility of
the fourteen membered ring, the relative stereochemistries
at the chiral centers of 1 could not be fully determined by the
NOESY experiment. Fortunately, acetylation of a known
diterpenoid pachyclavulariolide (8), which was obtained
as a white solid’ and could be crystallized from slow
evaporation of the ethyl acetate solution and the structure
was unambiguously confirmed by single crystal X-ray struc-
ture analysis (Fig. 1) for the first time, gave the diacetate 1,
and established the structure of 1. Also, it was found that
slow evaporation of the ethyl acetate solution of 1 could
afford colourless crystals. Thus, the relative stereochemistry
of 1 could be further confirmed by a single crystal X-ray
structure analysis. The X-ray structure demonstrates the
relative configurations of the chiral centers at C-2 (RM,
C-8 (5, C-9 (R, C-12 (5, C-13 (R"), and C-14 (5 in
pachyclavulariolide G (1).

Pachyclavulariolide H (2) was found to be slightly more
polar than 1 and was isolated as a white solid. The molecular

formula of C,4H3,0; was established by HRFABMS. Thus,
2 is an isomer of 1. The FABMS of 2 also showed peaks at
mlz 435 [M+H]", 375 [M—HOAc+H]", and 315 [M—2
HOAc+H]", implying metabolite 2 also contained two
acetoxyl groups. 'H and '*C NMR spectral data (Table 2)
of 2 were assigned by the assistance of 2D NMR experi-
ments ("H-'H COSY, HMQC, and HMBC) and were found
to be closed to those of 1, suggesting that the structure of 2
should be very similar to that of 1. The most obvious differ-
ence is the chemical shift of H-2, which showed signal at &
4.73 in 1, was downfield shifted to 6 5.41, revealing that 2
could be the C-2 epimer of 1. However, even though H-2
showed NOE differences with Hs-18, H,-3, H-5, H-13, and
H-14, the high conformational mobility of the fourteen
membered carbocyclic ring made it difficult for us to deter-
mine the relative configurations at six chiral centers of
pachyclavulariolide H (2), although we knew at this stage
that 2 is highly possible to be the C-2 epimer of 1. In order to
establish the relative stereochemistry of 2 by a X-ray
diffraction analysis, we attempted the recrystallization of
2. Fortunately, the single crystals of 2 could be obtained
from the slow evaporation of the ethyl acetate solution of
2. A single crystal X-ray diffraction analysis was then
carried out and the ORTEP drawing of the structure of 2
is shown in Fig. 2, which unambiguously confirmed the
relative configurations of the all chiral centers at C-2 (S,
C-8 (59, C-9 (R, C-12 (5, C-13 (R"), and C-14 (S in
metabolite 2.

Pachyclavulariolide I (3) was obtained as a white solid. Its
HRFABMS gave a [M+H]" peak at m/z 351.2172 and
established the molecular formula CaH30s. '"H and *C
spectral data (Table 2) of 3 were assigned by the assistance
of 2D NMR experiments (‘'H-'H COSY, HMQC, and
HMBC) and were found to be very similar to those of
pachyclavulariolide (8),” suggesting that 3 could be the dia-
stereomer of 8. Acetylation of 3 gave a less polar product

Figure 2. Computer-generated ORTEP plots of 2 and 9 showing the relative configurations.
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Table 3. 'H and '3C NMR chemical shifts for 5, 6 and 9

C/H 5 6 9

g 13¢b 13¢d eg 13¢b
1 154.9 s° 164.5 s 156.6 s
2 105.7 s 108.6 s 106.6 s
2-OH 5.25s 5.01s 5.01s
3 3.76 d (14.4)° 40.4 t 2.85 brd (14.0) 48.8 t 2.90d (15.6) 459t
3/ 2.64d (14.4) 2.19 brd (14.0) 2.86 d (15.6)
4 139.6 s 132.2 s 131.6 s
5 207.2s 5.56 brs 130.7 d 5.89 dd (10.8, 5.0) 131.6d
6 3.31dd (9.3, 3.9) 36.6 t 2.08 m 25.1t 2.15m 25.0t
6/ 2.50d (9.3) 2.00 m
7 1.93 m 31.1t 2.01 m 340t 1.85 m 32.1t
7! 1.61 m 1.01 m 1.16 m
8 1.20 m 39.5d 1.51 m 399d 1.26 m 39.3d
9 3.66 ddd (9.6, 9.6, 6.3) 85.1d 3.51ddd (9.2,9.2,5.9) 86.3d 3.73 ddd (9.6, 9.6, 6.0) 85.2d
10 2.50 m 316t 2.06 m 325t 2.13m 314t
10/ 140 m 145 m 1.63 m
11 1.87 m 38.0t 2.08 m 403 t 1.80 m 39.6 t
11/ 1.53 m 1.67 m
12 834 s 86.1s 82.8s
13 5.15s 72.8d 343 s 76.8 d 491 s 75.0d
14 5.81s 69.2 d 501s 69.8 d 6.30 s 70.6 d
15 1282 s 1293 s 127.8 s
16 170.3 s 174.6 s 170.1 s
17 1.90 s 9.5q 1.96 s 104 q 1.89 s 9.6 q
18 6.66 s 1359t 1.70 s 19.4 q 1.84 s 19.4 q

6.46 s

19 0.83 d (6.6) 14.8 q 0.73 d (6.3) 159¢q 0.85d (6.3) 159¢q
20 1.30 s 23.1q 1.36 s 233 q 149 s 234 q
Acetate
CH; 2.08 s 20.6 q 2.11s 20.6 q
CcO 169.7 s 168.8 s
Acetate
CH; 2.16 s 209 q 2.18 s 21.0q
CcO 169.2 s 1729 s

* Spectra recorded at 300 MHz in CDCl;.

® Spectra recorded at 75 MHz in CDCl;.

¢ Spectra recorded at 400 MHz in MeOH-d,.
4 Spectra recorded at 100 MHz in MeOH-d,,.
¢ J values (in Hz) in parentheses.

 Multiplicity deduced by DEPT and indicated by usual symbols. The values are downfield in ppm from TMS.

which was found to be identical with pachyclavulariolide
H (2) by comparison of the physical and spectral data,
and unambiguously confirmed the molecular structure,
including the relative configuration of diterpenoid 3. Thus,
3 is the C-2 diastereomer of pachyclavulariolide 8.’

Pachyclavulariolide J (4) was isolated as an amorphous
solid that gave a [M]" ion at m/z 478.2569 in HREIMS,
appropriate for a molecular formula of C,sH330¢ requiring
eight degrees of unsaturation. The gross structure of 4
established by a series of 2D NMR experiments ('"H-'H
COSY, HMQC, and HMBC) was found to be very similar
to those of 1-3. The '*C NMR spectrum of 4 displayed a set
of signals at 6 170.4 (C-16, s), 157.0 (C-1, s), 127.8 (C-15,
s), 106.8 (C-2, s), and 9.7 (C-17, q) which were determined
to be the signals of an a-methyl-y-hydroxybutenolide
functionality by comparison with the carbon shifts of
pachyclavulariolide E (9). In the *C NMR spectrum of 4,
two additional carbonyl resonances were appeared at &
173.1 (s) and 171.7 (s), and further confirmed the presence
of two other ester groups in 4. In the 'H NMR spectrum, one
acetyl methyl was observed (6 2.10, 3H, s). The other acyl
%roup was found to be an n-butyryloxyl group based on the
H NMR studies, including an 'H-'"H COSY experiment

which revealed seven contiguous protons (6 0.98, 3H, t,
J=7.2Hz; 1.70, 2H, m; 2.41, 'H, t, J=7.2 and 2.42 Hz,
lH, t, J=7.2 Hz). In the HMBC spectrum of 4, the carbon
signal at 6 171.7 (s) which showed a correlation with H-14
(6 6.28, s) was found to be correlated with the signals of the
methylene protons of the n-butyryloxyl at 6 2.41 and 2.42,
and was assigned as the carbon atom of the n-butyryloxyl
carbonyl. Thus, the n-butyryloxyl group should be
positioned at C-14. The location of the acetoxyl group at
C-13 also could be confirmed by using the similar approach.
Thus, metabolite 4 was found to be a structurally similar
analogue of pachyclavulariolide E (9). However, similar to
pachyclavulariolide E (9), the relative configuration at C-2
in 4 could not be successfully assigned by the NOESY
experiment due to conformational mobility of the fourteen
membered carbocyclic ring.

Pachyclavulariolide K (5) was obtained as a white solid that
gave a molecular ion peak in the HREIMS at 464.2046,
appropriate for the molecular formula of C,4H3,09. Thus,
metabolite 5 was found to possess nine degrees of unsatu-
ration. The gross structure of 5 and all of the 'H and "*C
chemical shifts (Table 3) associated with the molecule were
determined by a series of 2D NMR experiments (‘H-'H
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Table 4. 'H and '>C NMR chemical shifts, 'H-'H COSY, HMBC, and NOESY correlations for 7

C/H 'H? B¢b 'H-'H COSY HMBC NOESY

1 277 m 38.0 ¢ H-2, H-10, H-14 H-10, H-14, Hy-17
2 3.84 d (9.9 85.6d H-1 H;-18 H-9, Hg-16, Hi-18
3 772 H-4, H;-18

4 6.88 d (15.6) 159.1d H-5 H;-18

5 6.51 dd (15.6, 7.8) 131.2d H-4, H-6

6 9.69 d (7.8) 193.5s H-5

7 205.6 s H;-19

8 2.73 dd (16.6, 4.6) 50.0 t H-9 Hi-19

8’ 2.55 dd (16.6, 7.6) H-9

9 4.63 t (6.5) 78.5d H,-8, H-10 H-8 H-2, H;-20

10 2.82 brs 50.8 d H-1, H-9 H;-20 H-1

11 156.6 s

12 5.96s 127.3d H;-20

13 197.2's

14 249 dd (2.8, 1.6) 48.6d H-1, H-15 Hi-17 H-1, Hy-17

15 2.80 m 30.3d H;-17 H;-17

16B 3.63d (13.5) 64.9 t H;-17 H-2

16a 3.58 dd (13.5, 2.4) H;-17

17 1.12d (7.2) 16.9 g H-15 H-1, H-14, H,-16
18 135s 245 q H-2

19 2.18's 30.5 q

20 2.04s 217 q H-9

 Spectra recorded at 300 MHz in CDCls.
b Spectra recorded at 75 MHz in CDCl;.
¢ J values (in Hz) in parentheses.

4 Multiplicity deduced by DEPT and indicated by usual symbols. The values are downfield in ppm from TMS.

COSY, HMQC, and HMBC). The presences of two singlets
in the '"H NMR spectrum at d 6.46 and 6.66 (1H each) and
the disappearance of the olefinic methyl at C-4 suggested
that the 4,5-trisubstituted double bond was converted to an
o,B-unsaturated ketone functionality. This could be further
confirmed by '*C NMR spectrum which showed resonances
at 207.2 (C-5, s), 139.6 (C-4, s), and 135.9 (C-18, t). The "*C
NMR spectrum of 5 obtained a set of signals at 170.3 (C-16,
s), 154.9 (C-1, s), 128.2 (C-15, s), 105.7 (C-2, s), and 9.5
(C-17, q) that were also determined to be a a-methyl-y-
hydroxybutenolide in comparison with the “C NMR
spectral data of pachyclavulariolide E (9) and 4. Additional
unsaturated functionalities were revealed by 'C NMR
resonances at 6 169.2 (s) and 169.7 (s), suggesting the
presence of two esters in the molecule of 5. These obser-
vations, together with the 'H-'"°C long-range correlations
observed in an HMBC experiment, unambiguously estab-
lished the framework of the molecule. It was found that
compound 5 has similar structure in comparison with
those of 1-3, except that 5 has different functionalities
at C-2, C-4, C-5, and C-18. However, similar to
pachyclavulariolide E (9)® which also contained a
v-hydroxybutenolide structural unit in the molecule, the
relative configuration at C-2 in metabolite 5 is still unknown
at this stage.

This investigation also has led to the isolation of a white
solid having the molecular formula C,;,H34,Og. This
compound, 9, was found to have very similar molecular
structure as that of 4 by comparison of both 'H and "C
NMR spectral data (Table 3). The only difference is that
the n-butyryloxyl group in 4 is replaced by an acetoxyl
group in 9. Thus, compound 9 has the same molecular
framework as that of pachycalvulariolide E (9). Slow
evaporation of the ethyl acetate solution of 9 gave colorless
crystals which were suitable for X-ray crystallographic

studies. An ORTEP drawing of the structure of 9 determined
by a single crystal X-ray diffraction analysis (Fig. 2) demon-
strated the relative configurations of the chiral centers at C-2
(R, C-8 (5, C-9 (R, C-12 (§"), C-13 (R"), and C-14 (S")
in compound 9, which was assumed to have the same
molecular structure as that of pachyclavulariolide E, as
the 'H and °C NMR spectral data measured in C¢Dg were
found to be in fully agreement with the reported data of
pachyclavulariolide E measured under the same condition.®
Because pachyclavulariolides J and K (4 and 5), were found
to have a y-hydroxybutenolide moiety in the molecules as
that of 9, and were isolated with 9 from the same organism,
it is reasonable to assume that these two metabolites also
have R configuration at C-2. Thus, the relative stereo-
chemistry of the structurally close related metabolites 4
and 5, and pachyclavulariolide E (9), could be established
as described by formula 4, 5, and 9, respectively.

Pachyclavulariolide L (6) was found to be more polar and
was isolated as a white solid. The molecular formula of
CyoH30O0¢ was established by HRFABMS. Thus, six degrees
of unsaturation were determined for the molecule of 6.
The FABMS of 6 showed peaks at m/z 367 [M+H] ", 349
[IM+H-H,0]", 331 [M+H-2H,0]", and 313 [M+H—
3H,0]", suggesting the presence of three hydroxyl groups
in the molecule of 6. It was found that the '>C spectrum of 6
in CDCl; revealed mostly broad and/or very weak signals
when measured at rt. However, the sharpened 3C NMR
signals of 6 (Table 3) could be obtained in MeOH-d, at rt.
The °C NMR spectrum of 6 displayed a set of peaks at &
174.6 (C-16, s), 164.5 (C-1, s), 129.3 (C-15, s), 108.6 (C-2,
s), and 10.4 (C-17, q), which were found to be the charac-
teristic signals of the a-methyl-y-hydroxybutenolide moiety
by comparing the related carbon shifts of pachyclavulario-
lides J (4) and K (5). The spectral data ("H and '3*C NMR) of
6 (Table 3) were found to be similar to those of metablites 4
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Figure 3. "H-"H COSY and HMBC correlations of secopachyclavulariae-
none A (7).

and 5, however, the acetoxyl and/or n-butyryloxyl | groups in
4 and 5 were disappeared. Also, the 'H and 'C NMR
spectra revealed that the signals corresponding to the two
hydroxy-bearing C-13 and C-14 methine groups in 6 (dy
3.43,s; 6 76.8, d; and 6y 5.01, s; 6 69.8, d) were shifted
to upfield in comparison with those of the pachyclavulario-
lides 1-5, indicating that diterpenoid 6 is a 2,13,14-tri-
hydroxyl cembranoid. Acetylation of diterpenoid 6 gave a
triacetyl cembranoid which was found to be identical with
compound 10, which also was the acetyl derivative of
pachyclavulariolide E (9), by comparison of physical and
spectral data. Thus, the structure of pachyclavulariolide L
(6), including the relative stereochemistry, was determined
unambiguously as described by formula 6.

Our present study also led to the isolation of a new
compound 7. The molecular formula of C,)HyOs was
deduced from HREIMS. Thus, eight degrees of unsaturation
was determined for 7. Inspection of the NMR spectral data
(Table 4) for 7 by the assistance of DEPT spectrum revealed
the presence of four methyls, two methylenes six sp’-hydri-
dized methines, one quaternary sp’-carbon, one trisubsti-
tuted double bond, one 1,2-disubstituted double bond, and
three carbonyls (including two ketones and one aldehyde)
carbons. Compound 7, therefore, possessed three rings in its
structure. The "H NMR spectrum also showed the presence
of four methyl groups including a methyl attached to
methine carbon (&6 1.12, 3H, d, J=7.2 Hz), a methyl
attached to an oxygen-bearing carbon (6 1.35, 3H, s), one
olefinic methyl group (8 2.04, 3H, s), and a methyl attached
to a carbonyl carbon (6 2.18, 3H, s). The signal at 6 5.96
(1H, s) was assigned as one proton attached to a-carbon of
the enone moiety. Three protons showed signals at 6 6.51
(1H, dd, J/=15.6, 7.8 Hz), 6.88 (1H, d, J=15.6 Hz), and 9.69
(1H, d, J/=7.8 Hz) were assigned as the a,[3 olefinic, and the
aldehydo proton of the a,3-unsaturated aldehyde containing
a trans-disubstituted carbon, carbon double bond. By
comparison of the 'H and 13C NMR spectral data of 7
with those of pachyclavulariaenones A—C,° it was found

Figure 4. Selective NOE correlations of secopachyclavulariaenone A (7).

that resonances at 6 3.84 (1H, d, J=9.9 Hz) and 4.63 (1H,
t, J=6.5Hz) were attributed to the protons of two
oxymethines in the THF structural unit. The second ether
ring was further identified by the appearance of an
oxymethylene group (6 3.58, 1H, dd, J=13.5, 2.4 Hz;
3.63, 1H, d, J/=13.5 Hz). The 3C NMR spectrum showed
signals at 6 205.6 (s), 193.5 (s), 159.1 (d), and 131.2 (d), and
further supported the presence of a normal ketone and an
o,B-unsaturated aldehyde. A conjugated enone moiety
could also be established by resonances at & 197.2 (s),
156.6 (s), and 127.3(d). The chemical shifts of three methine
protons, located at three ring-junction carbons of the six-
membered ring and two ether rings, § 2.82 (1H, brs, H-10),
2.77 (1H, m, H-1), 2.49 (1H, dd, J/=2.8, 1.6 Hz), and that of
another methine proton H-15 (8 2.80, 1H, m), were assigned
based on the results of 'H-'"H COSY and HMQC experi-
ments. Based on the above observations and by analyses of
'H-"H COSY and HMBC spectral data as shown in Fig. 3,
the molecular framework of 7 was established. Furthermore,
the relative stereochemistry of 7 was determined by a
NOESY experiment, and the results (Table 4) were illus-
trated in Fig. 4. Strong NOE correlations were observed for
H-1 with H-10, H-14, and H3-17, suggesting that all these
protons are on the same side of the molecule and assigned as
the a face. The oxymethine proton H-2 (6 3.84) failed to
reveal NOE response with H-1 (and H-10), in turn, it
exhibited NOE’s with Hg-16 (6 3.63) and H3-18 (6 1.35).
Thus, H-2 and H3-18 should be positioned on the B face.
H-9 showed correlations with H3;-20 and H-2, and was
assigned as on the (3 face. Thus, the structure, including
the relative stereochemistry of 7 was established
unambiguously. Since 7 could be assumed to be arised
from the oxidative cleavage of 6,7-bond and the following
elimination of the corresponding carboxylic acid from
the know dltergenoids pachyclavulariaenone A (11), B
(12), or C (13),” metabolite 7 was named as secopachycl-
avulariaenone A.

11 R=0Ac 13
12 R = OCOPr
P\
NS
OH
14

Besides our investigation on the chemical constituents of P.
violacea, three previous studies have resulted in the iso-
lation of the cembranoids pachyclavulariadiol (14) and its
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mono- and diacetyl analogues from specimens collected
from Australia,'® pachycalvulariolide (8)" from specimens
collected Vanuatu,” and six new diterpenoids pachyclavu-
lariolides A—F from specimens collected from Papua New
Guina.® The P. violacea specimens studied in our group
were collected at a site along the coast of the southernmost
tip of Taiwan. This Taiwanese specimens have been
found to contain the novel briarellin-type diterpenoids
pachyclavulariaenones A—C (11-13), as shown by our
recent study,’ and seven new diterpenoids, including six
new cembranolides 1-6 and a novel 5,6-secopachyclavulari-
aeneone 7, in the present study. The results of the three
earlier reports and our investigations of P. violacea reveal
that the geographic variation of this soft coral significantly
affects the diterpenoids content.

The cytotoxicity of the new diterpenoids 1-7 and known
compounds 8 and 9 against the growth of P-388, KB, A549
and HT-29 tumor cells were studied. Compound 5 exhibited
significant cytotoxicity against P-388 and HT-29 tumor
cells with EDsj’s of 2.8 and 3.3 pg/mL, and moderate cyto-
toxicity against KB and A-549 tumor cells with EDsq’s of
7.6 and 6.7 pg/mL, respectively. Metabolites 3, 4, and 9
also were found to exhibit significant cytotoxicity against
P-388 1clells with EDsy’s of 1.3, 2.5, and 4.0 pg/mL, respec-
tively.

3. Experimental
3.1. General experimental procedures

Melting points were determined using a Fisher—Johns
melting points apparatus and were uncorrected. Optical
rotations were measured on a Jasco DIP-1000 digital polari-
meter. Ultraviolet spectra were recorded on a Hitachi
U-3210 UV spectrophotometer, and IR spectra were
measured on Hitachi I-2001 and Jasco FT/IR-5300 infrared
spectrophotometer. The NMR spectra were recorded on a
VXR-300/5 FT-NMR at 300 MHz for 'H and 75 MHz for
C or on a Bruker AMX-400 FT-NMR at 400 MHz for 'H
and 100 MHz for "*C, respectively, in CDCl; or pyridine-ds
or MeOH-d; using TMS as an internal standard, unless
otherwise indicated. MS spectra were obtained with a VG
QUATTRO GC/MS spectrometer. HRMS spectra were
recorded on a JIMX-HX 110 mass spectrometer. Silica gel
60 (Merck, 230-400 mesh) was used for CC. Precoated
silica gel plates (Merck, Kieselgel 60 F-254, 0.20 mm)
were used for analytic TLC.

3.2. Collection, extraction, and separation

The organism P. violacea (3.0 kg fresh wt) was collected by
hand using SCUBA on reefs at depths of —10 to —15m,
along the coast of Kenting, located in the southernmost tip
of Taiwan in September 1995, and was stored in a freezer. A
voucher specimen was deposited in the Department of
Marine Resources, National Sun Yat-Sen University. The
freeze dried organism (711 g) was minced and extracted
exhaustively with EtOAc. The organic extract was evapo-
rated to give a dark oily residue (60.0 g). The EtOAc layer
was found to exhibit significant cytotoxity against P-388
cell line with EDsy of 0.3 pg/mL, and KB cell line with

EDsy of 4.3 pg/mL. The organic extract was chromato-
graphed on silica gel CC, using hexanes, EtOAc and
MeOH mixture of increasing polarity to afford 47 fractions.
Fraction 13 with EtOAc—hexanes (1:5), which consisted by
TLC analysis of a mixtures of 1, 2, 4, and 9, was further
chromatographed on silica gel using gradient elution with
pure CH,Cl, to EtOAC-CH,Cl, (1:1) to give pure
diterpenes 1, 2, 4, and 9. Fraction 16 with EtOAc—hexanes
(1:2) further was purified by silica gel chromatography with
EtOAc—CH,Cl, (1:3) to give pure 5. Fraction 18 with
EtOAc—hexanes (1:1) was further purified by silica gel
chromatography with pure CH,Cl, to EtOAc—CH,Cl,
(1:1) to give pure 3, 7, and 8. Fraction 24 with EtOAc—
hexanes (5:1) was further purified by silica gel chroma-
tography with EtOAc-CH,Cl, (1:2) to pure EtOAc to
MeOH-EtOAc (1:20) to give pure 6.

3.2.1. Pachyclavulariolide G (1). White solid (173.4 mg);
mp 129-130°C; [a]*’p=—122° (¢ 0.86, CHCl;); UV (95%
EtOH) A .« 218 nm (e 8345); IR (neat) v, 1755, 1672,
1450, and 1373 cm ™ '; 'H and C NMR data, see Table 1;
EIMS m/z 434 [0.4, M) "], 374 [2, (M—HOACc)*], and 314
[1, (M—2 HOAc)"]; HREIMS m/z 434.2307 (calcd for
C,4H3,0, 434.2305).

3.2.2. Pachyclavulariolide H (2). White solid (85.4 mg);
mp 215-216°C; [a]®*p=—18° (¢ 0.96, CHCL3); UV (95%
EtOH) A, 216 nm (e 15441); IR (neat) v, 1759, 1743,
1371, and 1224 cm ™ '; 'H and 3C NMR data, see Table 2;
FABMS m/z 435 [35, M+H) "], 375 [3, M—HOAc+H) "],
and 315 [1, (M—2 HOAc+H)"]; HRFABMS m/z 435.2382
(CalCd for C24H3507 4352384)

3.2.3. Pachyclavulariolide I (3). White solid (39.8 mg); mp
188-189°C; [a]®p=+88° (¢ 1.03, CHCly); UV (95%
EtOH) A, 216 nm (e 7927); IR (neat) v,y 3447, 1745,
1458, 1381, and 1234 cm™'; 'H and >C NMR data, see
Table 2; FABMS m/z 351 [2, M+H)"], 333 [1,
(M—-H,0+H)"], and 315 [0.7, (M—-2H,0+H)"];
HRFABMS m/z 351.2172 (caled for CooHzOs 351.2173).

3.2.4. Pachyclavulariolide J (4). Oil (7.2 mg); [a]*p=
—47° (¢ 0.36, CHCl3); UV (95% EtOH) A, 207 nm (€
4757); IR (neat) vy, 1735, 1457, 1247, and 1216 cm™
'H and ®C NMR data, see Table 2; EIMS m/z 478 [1,
(M)*1],418 [0.1, (M—HOAc)*],390 [0.1, M—PrCOOH) ],
and 330 [0.4, (M—HOAc-PrCOOH)"]; HREIMS m/z
478.2569 (calcd for C,qHy305 478.2567).

3.2.5. Pachyclavulariolide K (5). White solid (9.3 mg); mp
175-177°C; [a]®,=—47° (¢ 0.41, CHCL); UV (95%
EtOH) A 217 nm (e 8821); IR (neat) vy, 3410, 1747,
1651, and 1371 cm_l; 'H and C NMR data, see Table 3;
EIMS m/z 464 [2, (M)"], 446 [1, M—H,0)"], 404 [3,
(M—HOAc¢)"], 386 [1, M—H,0—HOAc)"], and 344 [2,
(M—2 HOAc)"]; HREIMS m/z 464.2046 (caled for
C,4H3,0y 464.2047).

3.2.6. Pachyclavulariolide L (6). White solid (101.7 mg);
mp 194-196°C; [a]*’p=+53° (¢, 0.22 CHCl3); UV (95%
EtOH) A« 220 nm (e 5749); IR (neat) v, 3447, 1743,
and 1086 cm_l; 'H and C NMR data, see Table 3; FABMS
mlz 367 [0.4, M+H)"], 349 [5, M—H,0+H)"], and 331
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[0.8, (M—2H,0+H)"]; HREABMS m/z 367.2121 (calcd for
CaoH; 06 367.2121).

3.2 7 Secopachyclavulariaenone A (7). Pale oil (9.2 mg);
[@]®p=—20° (¢ 0.02, CHCly); UV (95% EtOH) A
208 nm (e 6963); IR (neat) v 1714, 1689, 1671, 1382,
and 1205 cm™'; 'H and "C NMR data, see Table 4; EIMS
miz 346 [0.1, (M)*], 331 [0.2, (M—CH,)"], 317 [0.2,
(M—CHO) "], and 289 [0.4, (M—CH,COCH,)"]; HREIMS
mlz 346.1780 (calcd for CooHpqO5 346.1781).

3.2.8. Pachyclavularolide (8). White solid (78.0 mg);
mp 224-226°C; [a]®*p,=—10° (¢ 3.59, CHCl;); UV
(95% EtOH) A 216 nm (e 7927); IR (neat) vy
3396, 1736, 1140, and 1086 cm™'; FABMS m/z 351 [7,
M+H)"], 333 [5, M-H,0+H)"], and 315 [0.7,
(M—2H,0+H)"]; HRFABMS m/z 351.2171 (calced for
CyoH;,05 351.2172).

3.2.9. Pachyclavulariolide E (9). White solid (262.9 mg);
mp 150-152°C; [a]®p=—42° (c 0.41, CHCl3); UV (95%
EtOH) Ay 203 nm (e 17102); IR (neat) vy, 3400, 1747,
1651, and 1371 cm_l; 'H and °C NMR data, see Table 3;
EIMS m/z 450 [16, (M) "], 432 [0.3, M—H,0)*], 390 [0.8,
(M—HOAc)*], 330 [1, (M—2 HOAc)"], and 312 [1,
(M—H,0—2 HOAc)"]; HREIMS m/z 450.2222 (calcd for
Cy4H3,07 450.2253).

3.2.10. Acetylation of pachyclavulariolide L (6). A solu-
tion of pachyclavulariolide L (6) (10.1 mg, 0.028 mmol) in
pyridine (2.0 mL) was added with acetic anhydride
(1.0 mL) and the mixture was stirred at rt for 18 h. After
evaporation of excess reagent, the residue was separated by
column chromatography on silica gel to give pure
compound 10 (EtOAc—hexanes=1:8, 7.6 mg, 0.018 mmol,
64%). Compound 10 was a white solid; mp 107-110°C;
[@]®p=—10° (¢ 0.20, CHCLy); UV (95% EtOH) A
221 nm (e 3830); IR (neat) v, 1714, 1671, 1382, and
1205 cm™'; '"H NMR (400 MHz, CDCl3) & 6.31 (1H, s,
H-14), 6.02 (1H, dd, J/=10.8, 5.3 Hz, H-5), 4.74 (1H, s,
H-13), 3.67, (1H, ddd, J=9.9, 9.9, 6.9 Hz, H-9), 3.09 (1H,
d, J=14.3 Hz, H-3), 2.97 (1H, d, J=14.3 Hz, H-3'), 2.18
(1H, m, H-11), 2.17 (3H, s, acetyl, CH3), 2.15 (1H, m,
H-6), 2.12 (1H, m, H-10), 2.03 (1H, m, H-6), 2.04 (3H, s,
acetyl, CHj), 2.01 (3H, s, acetyl, CH3), 1.87 (1H, m, H-7),
1.80 (3H, s, H-18), 1.59 (1H, m, H-11), 1.54 (1H, m, H-10),
1.42 (3H, s, H-20), 1.16 (1H, m, H-7), 1.16 (1H, m, H-8),
1.00 (3H, s, H-17), 0.86 (3H, d, J=6.2 MHz, H-19), "*C
NMR (100 MHz, CDCl3) d 170.3 (C-16, s), 170.1 (acetyl,
CO, s), 169.0 (acetyl, CO, s), 168.0 (acetyl, CO, s), 153.3
(C-1, s); 134.2 (C-5, d), 131.1 (C-4, s), 129.2 (C-15, s),
106.4 (C-2, s), 84.9 (C-9, d), 83.8 (C-12, s), 73.8 (C-13,
d), 70.6 (C-14, d), 46.5 (C-3, t), 39.7 (C-8, d), 39.7 (C-11,
t), 32.2 (C-7, t), 31.5 (C-10, t), 25.3 (C-6, t), 23.7 (C-20, q),
22.3 (acetyl, CHs, q), 20.9 (acetyl, CHj, q), 20.6 (acetyl,
CH;, q), 19.0 (C-18, q), 15.9 (C-19, q), 10.0 (C-17, q),
FABMS m/z 433 [6, M+H)"], 373 [0.5, (M—HOAc+
H)*], 313 [0.5, (M—2 HOAc+H)"], and 253 [0.3, (M—3
HOAc+H)"].

3.2.11. Acetylation of pachyclavulariolide E (9). Accord-
ing to the above procedure, pchyclavulariolide E (9)
(10.5 mg, 0.023 mmol) was acetylated to the compound

10 (EtOAc-hexanes=1:8, 8.3 mg, 0.019 mmol, 84%);
physical and spectral data were in full agreement with
those of the compound 10.

3.2.12. Acetylation of pachyclavulariolide (8). According
to the above procedure, pachyclavulariolide (8) (12.2 mg,
0.034 mmol) was acetylated to the compound 1 (EtOAc—
hexanes=1:3, 8.8 mg, 0.025 mmol, 74%); physical and
spectral data were in full agreement with those of the natural
product 1.

3.2.13. Acetylation of pachyclavulariolide I (3). Accord-
ing to the above procedure, pachyclavulariolide 1 (3)
(9.7 mg, 0.028 mmol) was acetylated to the compound 2
(EtOAc—hexanes=1:3, 6.4 mg, 0.018 mmol, 64%); physi-
cal and spectral data were in full agreement with those of
the natural product 2.

3.2.14. Single-crystal X-ray crystallography of 1.
Suitable colorless prisms of 1 were obtained from a solution
in EtOAc. The crystal (0.20X0.60X0.50 mm) belongs to
the orthorhombic system, space group P2,2,2; (# 19)
with a=9.386(2), b=14.587(4), c—17 384(4) A, V=
2380.1(8) A3, Z=4, D.=1213 glem®, A (Mo Ka)=
0.71073 A. Intensity data were measured on a Rigaku
AFC6S diffractometer up to 26, of 50.2°. All 2447 unique
reflections were collected. The structure was solved by
direct method and refined by a full-matrix least-squares
procedure. The nonhydrogen atoms were given anisotropic
thermal parameters. The refinement converged to a final
R=0.059, R,=0.038 for 1121 observed reflections
[/>3.000 (/)] and 280 variable parameters.

3.2.15. Single-crystal X-ray crystallography of 2.'
Suitable colorless prisms of 2 were obtained from a solution
in EtOAc. The crystal (0.40x0.60x0.60 mm) belongs to the
monoclinic system, space group P2,2;2; (# 19) with a=
9.150(2), b=14.461(4), c=17.972(3) A V=2378.1(8) A3,
Z=4, D ycq=1.214 g/cm A (Mo Ka)=0.71073 A. Intensity
data were measured on a Rigaku AFC6S diffractometer up
to 20, of 50.1°. All 2421 unique reflections were
collected. The structure was solved by direct method and
refined by a full-matrix least-squares procedure. The non-
hydrogen atoms were given anisotropic thermal parameters.
The refinement converged to a final R=0.060, R,,=0.039 for
1422 observed reflections [/>3.000°(])] and 280 variable
parameters.

3.2.16. Single-crystal X-ray crystallography of 8."°
Suitable colourless prisms of 8 were obtained from a
solution in EtOAc. The crystal (0.25X0.42X0.59 mm)
belongs to the orthorhombic system, space group P2, (# 4)
with  @=6.169(1), b=9.214(2), c= 17 1342) A, V=
967.5(3) A3 7=2, Deuea=1203 g/cm®, A (Mo Ka)=
0.71073 A. Intensity data were measured on a Rigaku
AFC6S diffractometer up to 26, of 50.0°. Of the 2003
reflections that were collected, 1827 were unique
(Rine=0.030). The structure was solved by direct method
and refined by a full-matrix least-squares procedure. The
nonhydrogen atoms were given anisotropic thermal para-
meters. The refinement converged to a final R=0.045,
R,=0.027 for 885 observed reflections [/>3.000 (/)] and
226 variable parameters.
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3.2.17. Single-crystal X-ray crystallography of 9."
Suitable colourless prisms of 9 were obtained from a solu-
tion in EtOAc. The crystal (0.40X0.60X0.70 mm) belongs
to the monoclinc system, space group P2, (# 4) with a=
8.871(1), b=9.979(1), ¢=13.838(2) A, V=1211.8(3) A®,
7=2, Dya=1235g/m’, A (Mo Ka)=0.71073 cm™ .
Intensity data were measured on a Rigaku AFC6S diffract-
ometer up to 260,, of 50.0°. Of the 2422 reflections
that were collected, 2268 were unique (R;,=0.029). The
structure was solved by direct method and refined by a
full-matrix least-squares procedure. The nonhydrogen
atoms were given anisotropic thermal parameters. The
refinement converged to a final R=0.038, R,=0.033 for
1840 observed reflections [/>3.000(])] and 289 variable
parameters.

3.2.18. Cytotoxicity testing. KB and P-388 cells were
kindly provided by Prof. J. M. Pezzuto, University of
Illinois at Chicago; A549 and HT-29 cells were purchased
from the American Type Culture Collection. The cytotoxic
activities of tested compounds against the above four cancer
cells were assayed with a modification of the MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] colorimetric method. Cytotoxicity assays were
carried out according to the procedure described
previously."
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