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A chemical study of the sea feather Pseudopterogorgia bipinnata from Colombia has produced four known
metabolites, namely, kallolide A (1), bipinnatin A (2), bipinnatin C (3), and bipinnatin J (4), in addition
to nine previously undescribed diterpenes possessing an uncommonly high level of oxygenation. One of
them, bipinnapterolide A (5), is a new representative of the pseudopterane family of diterpenes possessing
the rare 2,3-epoxy-1,4-dione moiety. The other metabolites, bipinnatins G—1 (6—8) and bipinnatolides
F—J (9—13), are highly oxygenated cembranolide diterpenes. Their chemical structures including relative
stereochemistry were established by detailed analysis of the spectral data in addition to X-ray diffraction
analysis and NMR spectral comparisons with known pseudopterane and cembranolide models.

Caribbean gorgonian octocorals of the genus Pseudopter-
ogorgia are abundant and chemically rich marine inver-
tebrates responsible for the production of several classes
of metabolites many of which are of great interest because
of their structural complexity and their desirable pharma-
cological value.’? The studies of the natural products
chemistry of these marine animals began in the late 1960s
and emphasized the isolation of steroids and sesquiterpe-
noids. More recent studies of Pseudopterogorgia have
revealed that the majority of these gorgonian species
produce diterpenoids of unusual structure types.?2 Two such
families of Pseudopterogorgia metabolites are the pseudo-
pterane and the cembrane diterpenoids. Several Caribbean
species of Pseudopterogorgia (P. acerosa, P. kallos, and P.
bipinnata) are well-known for their ability to biosynthesize
diterpenoids based on the 12-membered carbocyclic pseudo-
pterane skeleton.® While the pseudopteranes appear to be
taxonomically restricted to these Pseudopterogorgia (Gor-
gonacea) species and one species of Gersemia (Alcyonacea),*
the cembranoids, on the other hand, are often found in
many gorgonian and soft coral species.® Diterpenoids of the
cembrane class are common metabolites of several West
Indian gorgonian genera, especially Eunicea, Plexaura, and
Leptogorgia.? On the other hand, Pseudopterogorgia species
that produce cembranoid diterpenes do so in a much more
restricted manner. Thus far, cembrane-based diterpenoids
have been found in only two of the more than 15 species
identified (P. acerosa3“k and P. bipinnatal3i6), Of these, the
major producer of cembrane derivatives is Pseudopterogor-
gia bipinnata Verrill (family Gorgoniidae), a widely dis-
tributed member of this genus. Since these gorgonian
species contain both pseudopterane and cembrane diter-
penes it appears that metabolites belonging to these
skeleton classes are related biogenetically, a theory recently
demonstrated in this laboratory.® In a 1987 paper Fenical
indicated that more than 15 cembrane derivatives were
isolated from P. bipinnata collected in the Bahamas, but
in fact only two cembrane-type structures, undemonstrated
and without physical or chemical data, were disclosed.! In
1989, Wright et al. reported the isolation and structure
elucidation of four cytotoxic furanocembranolides, denoted
as bipinnatins A—D, from a specimen of P. bipinnata also
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collected in the Bahamas.b As part of our investigations of
new antitumor and antituberculosis agents derived from
marine sources, we report here the isolation and structure
determination of nine previously undescribed pseudopter-
ane and cembrane metabolites from extracts of a Colom-
bian specimen of P. bipinnata. One of these, bipin-
napterolide A (5), is structurally related to the known
metabolite kallolide A (1),” and bipinnatins G—1 (6—8) are
highly oxygenated cembranolides which are structurally
similar to the known metabolites bipinnatins A—D docu-
mented earlier by the Wright group.® In addition, we report
the isolation from the same gorgonian specimen, of five new
related cembranolides, 9—13, which we have called bipin-
natolides F—J, respectively.

A single collection of P. bipinnata from San Andrés
Island, Colombia, produced 2.1 kg of the dry gorgonian
coral. Partitioning of an aqueous suspension of the crude
MeOH—-CHCI; extract against hexane and H,O gave lipo-
philic solubles (115.2 g) which accounted for 68.8% of the
total organic content of P. bipinnata. Re-extraction of the
lipid-free aqueous suspension with CHCI; followed by
concentration yielded 43.3 g (25.8%) of organic solubles.
The known metabolite kallolide A (1)” was isolated as a
major constituent (3.76 g, yield = 2.24%, dry weight) as
were the previously described bipinnatin A (2), bipinnatin
C (3),% and bipinnatin J (4).3 Bipinnapterolide A (5),
bipinnatins G (6), H (7), and | (8), and bipinnatolides F
(9), G (10), H (12), I (12), and J (13) were obtained pure
from the latter extract after routine application of size-
exclusion and Si gel column chromatography, and normal-
phase high-pressure liquid chromatography (HPLC) (see
Experimental Section). The molecular structures of diter-
penes bipinnapterolide A (5) and bipinnatolide F (9),
including relative stereochemistry, were confirmed by
single-crystal X-ray crystallography. Two-dimensional NMR
experiments of COSY, long-range COSY, and NOESY were
widely used to established scalar and dipolar *H—!H con-
nectivities. IH—13C correlations were obtained with HMQC
and HMBC experiments. These efforts provided all the 'H
and C NMR chemical shift and coupling data shown in
Tables 1 and 2 for the new pseudopterane and cembrano-
lide analogues 5—13 described here for the first time.8

Bipinnapterolide A (5) was isolated and purified by
successive size exclusion (Bio-Beads SX-3 in toluene) and
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Chart 1
CH,

CH,

bipinnapterolide A (5)

bipinnatin G (6)

CHy

bipinnatin H (7)

bipinnatin I (8)

Si gel column chromatography with 3% acetone—CHClIs.
HRFABMS established its molecular formula as C,oH240s,
signifying nine sites of unsaturation. IR spectroscopy
indicated the presence of hydroxyl (3551 cm™1), olefin (3074,
1646 cm™1), and epoxy (1264 cm~1) functionalities, in
addition to the o,-unsaturated y-lactone (1756 cm~1) and
ketone (1718, 1706 cm™~1) groups common to many of these
metabolites. Interestingly, compound 5 gave rise to NMR
spectra characterized by an abundance of broad signals of
very low intensity, suggesting rapid intramolecular mobil-
ity near the NMR probe temperature. Notwithstanding, the
1H and 13C NMR (Table 1) identified three oxygen-bearing
methines [0c 79.5 (d), 77.6 (d), 64.2 (d); on 5.06 (1H, br s),
3.86 (1H, t, J = 11.0 Hz), 3.58 (1H, s)]; three carbonyl
groups, one ester (6 173.7), and two ketones (6 208.5,
198.2); one oxygen-bearing quaternary carbon (6 68.5); six
vinyl carbons, of which three were quaternary (6 141.4,
137.6, and 137.3), one was tertiary (6 145.9), and two were
terminal (both overlapped at 6 118.3); one allylic methylene
(6 20.4) and two allylic methines (6 56.9 and 46.2); and
three methyl groups all of which were attached to quater-
nary carbons (6 21.9, 21.6, and 17.1). These NMR signals,
coupled with the IR spectrum, indicated that bipin-
napterolide A (5) lacked the a,o’'-disubstituted S-methyl-
furan constellation found in kallolide A (1).7 On the other
hand, the carbonyl absorption at 1756 cm™1, along with the
one-proton signal at ¢ 6.64 in the 'H NMR spectrum and
carbon resonances at 6 173.7 (s), 145.9 (d), 137.6 (s), and
79.5 (d) in the 13C NMR spectrum, were ascribed to the
same a-substituted o,S-unsaturated y-lactone functionality
also found in kallolide A. The 13C NMR lines observed at ¢

HaC
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bipinnatolide G (10)
CHs

bipinnatolide | (12)

bipinnatolide J (13)

141.4 (s), 137.3 (s), and 118.3 (two overlapped signals, t)
and 'H NMR peaks at 6 5.20 (2H, br s) and 5.03 (2H, br s)
were confidently assigned to two isopropenyl groups.
Consideration of the two ketones and epoxy groups in
bipinnapterolide A (5), its UV spectrum (Amax = 216 nm; €
9800), and direct comparisons of the NMR spectral data
for 5 with those of kallolide A (1), led to the conclusion that
the o, o’-disubstituted S-methylfuran constellation found in
kallolide A was transformed to a 2,3-epoxy-1,4-dione moiety
in 5. This conclusion was confirmed by the presence of two-
and three-bond cross-peaks in the HMBC spectrum of 5
between the one-proton singlet at 6 3.58 (H-5) and the two
carbonyl carbons at ¢ 208.5 and 198.2 ascribable to C-3
and C-6, respectively. The gross structure of 5 and all of
the *H and 2C chemical shifts associated with the molecule
(see Table 1), which were assigned unambiguously by a
series of 1D and 2D NMR experiments (*H—'H COSY,
HMQC, and HMBC), suggested that bipinnapterolide A (5)
is the 4,5-epoxy-3,6-dione analogue of kallolide A (1).
The relative stereochemistry of 5 was deduced from
several 2D-NOE measurements. In the NOESY spectrum,
the 6 5.06 proton (H-8) gave a cross-peak with the methine
proton at 6 3.61 (H-7), which in turn gave a cross-peak with
the epoxy singlet located at 6 3.58 (H-5) and the olefinic
proton singlet at 6 6.64 (H-9). These observations estab-
lished the relative stereochemistry at C-5, C-7, and C-8
shown in 5. The stereochemistry at the C-4,5 epoxide, with
H-5 cis to Me-16, was established by the strong cross-peak
observed between these protons in the NOESY spectrum.
Despite their strong vicinal coupling (3J;, = 11.0 Hz), no
cross-peak was observed between H-1 and H-2 in the



Rodriguez et al.

‘ZHIN 00€ Y€ uonn|os [Da ul pap4odal eyeq q ‘sfeubis (wdd 0'22) £10aD 40 (wdd 9z°2) EIDHD [enpisaa 8yl Jaylie 01 paduadajad ate pue wdd ul ale sanjeA @ syl ‘SenjeA JYIys |edlwsyd
pue ‘ea108ds | 430 wody paansesw se suojoidd payoele Jo sisquinu ‘syuswiiadxe DOWH pue DGINH ‘sanjeA  Jo sisAjeue ‘suisired Bumiids uids ‘ASOD Hi—H: Aq papre a1am s1uswubIssy

b‘91g s'/L€ EHDO-LT
S'T0LT S‘€0.T S‘T'0LT EHD0D0-€T
b ‘g0z S'e6'T bzte S'TTC b ‘60z S'86'T €EHO0D0-€T
S '8'69T S'T'0LT S ‘v'0LT €EHD0D0-2
b ‘g0z S ‘26T b1z $°'20C b‘soz $°'00'C €EHD020-C
(0TT) PIG ‘092 HO-Z
S ‘T'0LT S ‘e0LT S‘T0.T S‘LELT 0z
b ‘96T $1Q0°96°0 b ‘96T $1Q°€6'0 b ‘96T $ 49 '96'0 b‘61Z $49°/6°T 6T
bse $1q°00°2 b6 S1q°96'T bs6 S 10 ‘66T 1'e8TT $1q°'02'S 8T
S ‘9997 b‘oez $1q ‘85T bete $1q‘88°T S‘e/eT LT
(5'T) P 4gee9 (CR2N VA $ 149 °'S0'S 9T
1'6'62T (S'T) P49 ‘609 1'5°0S (S¥)p2se 1'9°€TT $4q'96'% b‘91Z $4Q'€9'T 9T
S ‘sovT S '6'9G S ‘gopT bT1 S1q°0L'T ST
(G¥T) P 40 ‘660 (0°ST ‘Z°0T ‘€79) PPP ‘96'T (S°ST ‘8°0T '8'S) PPP ‘LEC S 1q'€0’'S VT
1'T€g (S¥T '0°0T ‘'0°9) PPP ‘99'C 1°e0¢ (0'sT) P10 ‘690 1'6'€€ (5'ST) P10 ‘€60 1'e8TT $1q'€0’'S vT
p ‘069 (09) p ‘0oL p's /9 (€9) pig98's p ‘289 (89)pigLLS S'VTYT €T
S'eveT S ‘PYET S ‘PyeT 1'€92 W ‘T6'T ‘W ‘69°T ZT
p 'v'1ST (1) p'seL p ‘¥'1ST (sT)p'seL p TTST (sT)p'eL 1702 W 'eg'z ‘W 'eT'e 1T
p's.lL (Z¥'0€'ST) PPP ‘02°S p'sLL (Z¥'0€'ST) PPP ‘2T'S p'LLL (T¥'0°€ ‘ST) PPP ‘TZ°S S'9/€T 0T
(0'ST ‘2'%) PP ‘252 (0°ST ‘2'%) PP ‘252 (6'¥T ‘T'v) PP ‘€S2 6
1001 (0'sT'0°€) PP 9T’ 1'6'6€ (0'sT'0'€) PP 9T’ 1'6'6€ (6'vT 0€) PP ‘LT P ‘6'SYT S 1q ‘¥9°9 6
S '6'99 S'0°LS S'0°LS p‘S6L $1q'90°S 8
[SRYAeTe} SAqITY p ‘9GS S1q ‘607 p ‘LGS $1q 2TV P ‘69 (T2)p'19€ A
S ‘68T S‘0'6vT S ‘g'8yT S ‘2'86T 9
p ‘6'80T s1q°/8'S p ‘0'60T S 1q ‘G8'g p ‘6'80T $‘/8'S P Z¥9 S'85e S
s‘,12T s‘e1eT s‘z1eT $'5'89 4
S'T'OpT S‘TovT S ‘GopT S ‘5802 €
p‘0L9 T P 'YT9 p ‘189 (T p'tLs p ‘629 (9TT) P 'SL'S p9LL (0TT)1'98°€ z
p 9Ty (5'0T)1'59'% p 'v6e (L'TT 'T°0T) PP ‘66°C p'vey (8oT)1'62V pzov w'‘o6'T T
HNW D¢y (zH urp) wnw ‘e HNW D¢y (zH urp) wnw ‘e HNW D¢y (zH ur o) unw ‘e HNW D¢y (ZH ur o) unw ‘e uonsod

1230 Journal of Natural Products, 1999, Vol. 62, No. 9

(8) 1 unreuuidiq (2) H unreuuidiq (9) © uneuuidiq (S) v ap1jossrdeuurdiq

qel—9 sunreuuldig pue v apijosaideuurdig Joy ereq [e4399ds HINN Dgr PUe HINN Hr ‘T dl9el




Diterpenoids from the Caribbean Sea Feather P. bipinnata

Journal of Natural Products, 1999, Vol. 62, No. 9 1231

Figure 1. Computer-generated perspective drawings of the final X-ray crystallographic models of bipinnapterolide A (5) and bipinnatolide F (9).
The thermal ellipsoids are drawn at the 40% probability level, and no information could be interpreted to assign the absolute configurations at the
asymmetric centers. In the drawing shown for bipinnapterolide A (5) the hydrogens atoms are omitted for clarity. The drawing shown for bipinnatolide

F is the enantiomer of the structure drawn as 9.

NOESY spectrum of 5. Thus, the determination of the
pB-orientation of H-1 in the carbocyclic ring is consistent
with the proposed stereochemistry on the basis of its lack
of NOE with H-2. Regrettably, the C-1,2 constellation could
not be correlated with the C-4,5,7,8 array due to the
absence of NOEs between them. Fortunately, compound 5
crystallized, and an X-ray analysis provided the structure
with relative stereochemistry (see Figure 1).

Bipinnatin G (6), also isolated as a minor constituent,
shared many spectral features in common with the known
compound bipinnatin D.® High-resolution mass spectrom-
etry established a molecular formula of C,4,H20g for this
compound, one oxygen atom less and two hydrogen atoms
more than in the molecular formula of bipinnatin D. Except
for the absence of an aldehyde proton and the correspond-
ing carbonyl resonance [near ¢ 193.9 (d)],6 the NMR spectra
of 6 indicated that this compound contained many of the
same functional groups as bipinnatin D, ie., olefin, o,f(-
unsaturated y-lactone, epoxy, acetate, and g-methylfuran
moieties. The major difference, however, was the replace-
ment at C-1 of the a,f-unsaturated aldehyde with an
isopropenyl group as evidenced by an intense three-proton
singlet signal near 1.88 ppm [dc 21.3 (g)] indicative of a
vinyl methyl functionality. Because there were otherwise
no significantly large differences in both 'H and 13C
chemical shift values at most positions in 6 when compared
to bipinnatin D, it was quickly thought that bipinnatin G
had structure 6. Bipinnatin G has the same relative
stereochemistry as that reported for bipinnatin D based
upon 2D-NOE experiments® and comparison of their re-
spective NMR chemical shifts and *H—'H coupling con-
stants.

The structural characterization of bipinnatin H (7) was
carried out in an analogous manner. This metabolite was
isolated as colorless crystals, [a]?*p —8.8°, and the formula
C24H250g, established by HREIMS, contained one oxygen
atom more than in the molecular formula of bipinnatin G
(6). Like 6, compound 7 showed IR absorptions (3083, 1757,
1736, and 1236 cm™1) that indicated the presence of olefin,
o,f-unsaturated y-lactone, acetate, and epoxy functional-
ities. That several of the same structural features found
in 6 were also present in bipinnatin H (7) was supported
by a UV absorption at Amax = 214 nm (e 19 000). Compari-

son of the 1H and C NMR spectra of 6 (see Table 1) with
those of 7 confirmed the structural similarity of these
compounds and revealed the presence of a feature unique
to 7. The a-substituted o,5-unsaturated y-lactone and the
o,a’-disubstituted g-methylfuran functionalities were as-
sumed to be intact in 7 on the basis of similar IR, UV, and
NMR data (compare signals of related H's and C’s in Table
1). Bipinnatin H (7), however, had one oxygen-bearing
methylene as indicated by a 13C signal at 6 50.5 (t) and *H
signals at ¢ 2.77 (1H, d, 3 = 4.5 Hz) and 2.52 (1H, d, J =
4.5 Hz). Also, resonances at 6 56.9 (s) and 57.0 (s) in the
13C NMR spectrum of 7 confirmed the presence in this
compound of two epoxy-bearing quaternary carbons, a
feature not found in 6. Clearly bipinnatin H, like known
bipinnatin C (3),% contained an additional epoxy group at
C-15,16 rather than a terminal olefin as in metabolite 6.
This would accommodate the eleven degrees of unsatura-
tion as well as the number of oxygen atoms required by
the molecular formula of 7. A 2D *H NMR homonuclear
correlation experiment (COSY) allowed the assignment of
all the signals in the 'H NMR spectrum of 7. Chemical
shifts of the protonated carbons were assigned by 2D *H—
13C heterocorrelation experiments (HMQC and HMBC) (see
Table 1). The NOEs observed for 7, particularly those
between H-1 and Me-17, H-2 and Me-18, and H-11 with
H-10, H-13, and Me-19, as well as the lack of NOE between
H-1 and the proton signals ascribed to H-2 and H-13,
correlated with a Dreiding model representing the relative
stereochemistry shown in the structure of 7. This com-
pound has also a logical structure from a biosynthetic
viewpoint. Thus, bipinnatin G (6) could be envisioned as a
precursor for bipinnatin H (or vice versa) via oxidation, in
this case at C-15,16.

Bipinnatin I (8) is most closely related to bipinnatin A
(2), a previously reported metabolite from P. bipinnata.®
This major metabolite, obtained as a colorless gum, was
shown by HREIMS to have a molecular formula of
C2sH28010. Resonances at ¢ 170.2 (s), 170.1 (s), 169.8 (s),
and 166.6 (s) in the 13C NMR of 8 could be assigned to the
carbonyls of four esters, thereby accounting for eight of the
10 oxygen atoms. Eight olefinic carbon resonances in the
13C NMR (Table 1) indicated four carbon—carbon double
bonds. Subtracting the eight sites of unsaturation required
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by the carbonyl and olefinic functionalities, from the total
of twelve sites required by the molecular formula, indicated
that bipinnatin I (8) was tetracyclic. The 1H and 3C NMR
data for 8 showed a strong resemblance to those displayed
by bipinnatin A (2). Fortunately, compound 2 was in hand
for spectral comparisons since we isolated it in 2.45 x
1073% yield from this gorgonian specimen. Careful exami-
nation of the NMR (Table 1) and IR spectra of 8 indicated
the presence of the same a,-unsaturated methyl ester,
o,a’-disubstituted S-methylfuran, trisubstituted epoxide,
and secondary acetate substructures found in 2, but also
revealed that these spectra appeared not to have the
signals for the o,(5-epoxy y-lactone present in 2. Thus, the
only difference was the replacement of the a,3-epoxy
y-lactone in 2 with an a,3-unsaturated y-lactone in 8 as
evidenced by the carbon NMR resonances observed at o
170.1 (s), 151.4 (d), 134.3 (s), and 77.8 (d) and the proton
resonances observed at 6 7.25 (d, 1H, J = 1.5 Hz, H-11)
and 5.20 (ddd, 1H, 3 = 1.5, 3.0, 4.2 Hz, H-10). Assignment
of the relative stereochemistries of 8 was based upon 2D-
NOE experiments!® and comparison of the NMR chemical
shifts and *H—!H coupling constants with those of com-
pounds 2, 6, and 7.

Bipinnatolide F (9) was isolated as a UV-active (Amax =
204, 244 nm) crystalline substance that analyzed for
C20H2407 by combined HREIMS and 2C NMR methods.
The IR spectrum was consistent with the presence of
epoxide (1287 cm™1), ester (1782 cm~1) and conjugated
enone (1670 cm™1) carbonyl functionalities. Intense broad
absorptions near 3575, 3564, and 3364 cm~* also suggested
several hydroxyl groups. A most striking detail observed
in the 'H NMR spectrum of 9 was the absence of the signals
usually ascribed to the a,a’-disubstituted S-methylfuran
functionality found in most bipinnatins.® In addition, the
IH NMR spectrum in CDClI; showed signals for four protons
attached to carbons bearing oxygen [¢ 4.91 (1H,d, J=8.1
Hz, H-10), 6 4.87 (1H, dd, J = 2.4, 12.2 Hz, H-13), 6 4.34
(1H, s, H-11), and ¢ 3.51 (1H, dd, J = 6.0, 10.5 Hz, H-2)]
and three vinyl methyl signals: 6 1.98 (3H, br s, Me-18), 0
1.95 (3H, br s, Me-19), and 6 1.70 (3H, br s, Me-17). The
13C NMR spectrum exhibited twenty signals separated by
DEPT into seven quaternary carbons (C-3, C-4, C-6, C-8,
C-12, C-15, and C-20), seven methines (C-1, C-2, C-5, C-7,
C-10, C-11, and C-13), three methylenes (C-9, C-14, and
C-16), and three methyl groups (Me-17, Me-18, and Me-
19). Two of the signals were due, respectively, to a
conjugated ketone and an ester carbonyl [0 196.1 (s), 171.0
(s)], six were oxygenated carbons [0 97.5 (s), 77.9 (d), 74.2
(d), 64.4 (d), 59.8 (d), 58.8 (s)], and six were olefinic [ 148.9
(s), 144.1 (s), 141.8 (s), 131.0 (d), 128.3 (d), and 115.1 (t)].
The resonance at ¢ 97.5 (s) suggested a cyclic hemiacetal
group, and those at 6 171.0 (s), 77.9 (d), 59.8 (d), and 58.8
(s) indicated a a,3-epoxy y-lactone moiety.® Moreover, the
13C resonances at ¢ 196.1 (s), 148.9 (s), 141.8 (s), 131.0 (d),
and 128.3 (d) were ascribed to a tetrasubstituted cross-
conjugated dienone functionality,*!! and from the 13C NMR
resonances at 6 144.1 (s), 115.1 (t), and 19.3 (q), we
concluded that bipinnatolide F (9) also possessed an iso-
propylene group. Information gleaned from COSY, NOESY,
HMQC, and HMBC spectra led to formulation of structure
9 for bipinnatolide F, and this was confirmed by X-ray
crystallographic analysis.

A perspective ORTEP plot of the antipode of 9 is shown
in Figure 1. The X-ray experiment did not define the
absolute configuration; the enantiomer shown as structure
9 has been chosen arbitrarily to conform with the absolute
configuration of kallolide A (1) at C-1.12 This molecule

Rodriguez et al.

contains an unprecedented 3,13-bridged cembrane carbocy-
clic skeleton which also features a rare cross-conjugated
dienone functionality and a hydroxyl group at C-2 in the
configuration. The overall conformation of the tetracyclic
cembrane skeleton in the present structure has severely
restricted rotation. Observation of an NOE between H-1/
H-13, H-1/H-144, H-2/H-14a, H-2/Me-18, H-5/Me-18, H-7/
Me-19, H-9a/H-10, H-9a/Me-19, H-94/H-11, H-11/H-14q,
and H-13/H-144 indicates that these proton pairs are on
the same face of the molecule, and most importantly, the
fact that no NOE was observed between H-1 and H-2 or
between protons H-10 and H-11, confirmed that the solu-
tion conformation is similar to that in the solid state as
elucidated by X-ray analysis. In such a conformation, only
one of the two C=C groups of the dienone (A7) is oriented
so that there can be effective overlap with the x orbitals of
the C=0 group (see Figure 1). Curiously, the allylic proton
H-94 is unusually deshielded to ¢ 4.11 indicating that it
must lie along the transverse axis of the C=0 bond of the
dienone system in 9. The geometry is such that H-943, which
lies close to the C=0 bond, is in the deshielding portion of
the induced magnetic field. Interestingly, while diterpenes
1 and 9 contain similarly functionalized chiral groups with
identical relative stereochemistry (i.e., C-1, C-2, and the
carbon atom bearing the y-lactonic methine), the relative
orientation of the C-1 isopropylene group in bipinnatolide
F (9) is clearly the opposite to that found in the corre-
sponding substructure of most cembrane-based diterpenes
found in the Caribbean region.? Since the absolute config-
uration of kallolide A (1) has been recently established,?
and its structure has been correlated chemically with that
of furanocembranoid bipinnatin J (4),3 a plausible precur-
sor to bipinnatolide F (9) upon hydrolysis of the furan ring
and further oxidation on the o face of the molecule, one
can safely assume that 9 also has the same absolute
configuration at all common chiral centers.

Bipinnatolide G (10) was isolated as a UV-active (Amax =
206, 242 nm) crystalline solid also with a molecular formula
of C,oH»407 established from HRFABMS data. Strong IR
bands due to hydroxyl (3508, 3289 cm™1), epoxide (1256
cm™1), ester (1783 cm~1) and conjugated ketone (1674 cm™1)
functionalities were clearly detected. The 'H NMR spec-
trum in acetone-dg showed two pairs of methylene signals
at 0 5.55 and 5.27 (each 1H, br s) and at ¢ 4.83 and 4.79
(each 1H, br s) indicative of two terminal olefins. Four
signals near 6 4.92, 4.66, 4.25, and 3.49 were attributed to
methine protons on carbon atoms bearing oxygen (H-10,
H-13, H-11, and H-2, respectively). The 13C NMR spectrum
exhibited 20 signals (2 CH3, 5 CH,, 6 CH, and 7 C) whose
chemical shift values and multiplicities hinted the presence
of a a,5-epoxy y-lactone [0 171.3 (s), 78.9 (d), 59.8 (s), and
59.7 (d)], a cyclic hemiacetal [0 99.1 (s)], a f-methyl o,(-
unsaturated enone [0 198.6 (s), 147.6 (s), 127.1 (d), and 30.1
(q)], two terminal olefins [0 147.0 (s), 144.8 (s), 118.9 (1),
and 112.5 (t)], and one secondary hydroxyl group [6 70.7
(d)]. At this stage we realized that the 'H and 3C NMR
spectra of compound 10 were reminiscent of those observed
for bipinnatolide F (9). Nevertheless, some major differ-
ences between these compounds in the 13C NMR spectra
were observed: the signals ascribed to C-4, C-5, and Me-
18 in 9 showed considerable differences in chemical shifts
and had shifted from 6 141.8, 131.0, and 20.8 in bipinna-
tolide F (9) to 6 144.8, 51.7, and 118.9 in 10, respectively.
Double bond isomerization of 9 at A* to an exocyclic position
(between C-4 and C-18) would account for these spectral
differences in 10. Also, the appearance of an AB double
doublet in the 'H NMR spectrum of 10 at 6 3.29 (1H, J =
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15.3 Hz, H-5p) and ¢ 3.06 (1H, J = 15.3 Hz, H-5a) was
consistent with this contention. A NOESY experiment
showed that H-1 and H-13, H-2 and H-5a, H-2 and H-14q,
H-7 and Me-19, H-9a and H-10, and H-11 and H-14o were
within NOE proximity which confirmed the relative ster-
eochemistry depicted in 10. Moreover, the similar 13C NMR
chemical shift values shown by both isomers for C-1, C-2,
C-3, C-10, C-11, C-12, and C-13 clearly suggested the same
relative stereochemistry at these sites.

The HRFABMS and 13C NMR data for bipinnatolide H
(11) were consistent with a molecular formula of CyoH550-
which contained two hydrogen atoms more than in the
molecular formula of bipinnatolide G (10). Intense IR bands
at 3485 and 3473 cm~! suggested several hydroxyl groups
and bands at 1783 and 1670 cm~* were ascribed to ester
and conjugated enone carbonyl groups. Comparison of the
1H and 13C NMR spectra of 11 with those of bipinnatolide
G (10) revealed only minor differences which were consis-
tent with the replacement of the C-18 terminal methylene
group in 10 with a secondary methyl group in 11. For
instance, in 10, the H-18 methylene protons resonate at o
5.55 and 5.27 (each 1H, br s) whereas in 11 the protons
ascribed to Me-18 appear at 6 1.11 (3H, d, J = 7.1 Hz).
The presence in the NMR spectra of a new methine signal
[0 2.49 (1H, m); 6 43.2 (d)] along with key long-range *H—
13C correlations obtained from HMBC experiments indi-
cated that bipinnatolide H indeed had structure 11. The
gross structure of 11 was further supported by the NOESY
data. The relative stereochemistry of 11 containing eight
chiral centers was deduced from combination of the NOESY
data with the 'H—1H coupling constants as shown in Table
2. The angular hydrogen H-13 and H-1 of the tetrahydro-
pyran ring were suggested to be cis axial since a charac-
teristic NOESY correlation was observed for H-13/H-1 with
no cross-peaks between H-1/H-2. The spatial relationships
of the y-lactone, epoxide, and tetrahydropyran rings were
further confirmed from NOESY cross-peaks for the H-9o/
H-10, H-90/Me-19, H-11/H-14qa, and H-2/H-14a pairs in 11.
As in the case of 9 and 10, the near absence of coupling
(3 < 1.0 Hz) of the 0 4.28 absorption for H-11 was
attributed to the combined electronegativity effects of
vicinal trans-coplanar oxygen atoms on the coupling strength
of the H-10 and H-11 protons. The dihedral angles between
these protons diminish the coupling strength of each
proton, reducing their mutual coupling to less than 1 Hz.
The strong NOE responses between the Me-18 protons and
H-5a, H-7, and most importantly, the hydroxymethine
proton H-2 established the a orientation of the former
group. The proposed relative stereochemistry was also
strongly supported by the strong NOE between H-7 and
Me-19 suggesting that these protons were cis.

A molecular formula of Cy,gH»0¢ was established for
bipinnatolide 1 (12) from HRFABMS ([M + Na]™ m/z =
385.1626) and 'H and 3C NMR data. Detailed comparisons
of the NMR data of isomers 11 and 12 quickly revealed a
close structural relationship between them. For instance,
the IH NMR spectrum in CDCl; showed a signal at 6 7.46
(1H, d, 3 = 1.3 Hz, H-11) suggesting the presence in 12 of
a o,p-unsaturated y-lactone functionality. Other relevant
features in the 'TH NMR spectrum were: three low field
signals [0 5.36 (br d, J = 7.4 Hz, H-10), 6 4.61 (dd, J = 2.6,
11.6 Hz, H-13), 6 3.53 (dd, J = 1.3, 10.3 Hz, H-2)] ascribable
to protons attached to carbons bearing oxygen, and three
methyl groups [6 1.90 (d, J = 1.3 Hz, Me-19), 6 1.10 (d, J
= 6.7 Hz, Me-18), 6 1.72 (br s, Me-17)]. The 3C NMR
spectrum of 12 also exhibited twenty signals (3 CH3, 4 CH,,
7 CH, and 6 C) indicating conjugated enone and ester
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carbonyls [0 200.3 (s, C-6) and 172.4 (s, C-20), respectively],
four oxygenated carbons [0 96.8 (s, C-3); 4 80.3 (d, C-10); 6
72.6 (d, C-2); 0 63.9 (d, C-13)], and six olefinic carbons [0
115.0 (t, C-16), 6 129.8 (d, C-7), 0 134.2 (s, C-12), 6 143.6
(s, C-15), 0 147.1 (s, C-8), 0 154.9 (d, C-11)]. While the 13C
NMR spectrum of 12 differed somewhat from that of
bipinnatolide H (11), these differences were limited to the
signals from carbons C-11, C-12, and C-14. The remainder
of the 13C NMR spectrum of 12 could be matched with that
of 11, although some of the signals were slightly shifted.
From these data, it became certain that 12 no longer had
an epoxide ring between C-11 and C-12 but instead
possessed a a,y-disubstituted butenolide ring. Interest-
ingly, the 13C NMR signal for C-14 in 12 seemed quite far
downfield relative to structures 9—11 (the chemical shifts
of the H-1404 protons also differed slightly). This peculiar-
ity suggested that in bipinnatolides F—H, each having an
a-oriented epoxide ring between C-11 and C-12, the atoms
at C-14 come into some shielding cone from the epoxy
oxygen. Moreover, the 13C NMR chemical shift of C-14 (6
34.6) in 12 was almost the same as for bipinnatolide J (13),
which has a similar substitution pattern about the buteno-
lide functionality (vide infra). A combination of 'H—H
COSY and HMBC experiments established the position of
all of the functional groups in 12 unambiguously.® The Z
geometry of the A7 double bond in 12 was supported by a
strong NOE between H-7 and Me-19. A NOESY experiment
also revealed that proton pairs H-1/H-13, H-2/H-14qa, H-2/
Me-18, H-50/H-7, H-50/Me-18, H-9a/H-10, and H-95/H-11
were also within NOE proximity.

A molecular formula of Cy,gH»40¢ was established for
compound 13, named bipinnatolide J, from HRFABMS plus
IH and 3C NMR data. The IR spectrum contained carbonyl
bands at 1746, 1730 (sh), and 1677 cm~! consistent with
the presence of ester, ketone, and conjugated enone groups,
respectively, in addition to a strong hydroxyl stretching
band at 3403 cm~t. The 13C NMR spectrum exhibited 20
signals (3 CHj3, 4 CH;, 6 CH, and 7 C) whose chemical shift
values and multiplicities hinted at the presence of a cyclic
hemiacetal [0 107.3 (s, C-2)], two trisubstituted olefins [0
127.0 (d, C-7) and 148.9 (s, C-8); 0 153.1 (d, C-11) and 129.3
(s, C-12)] and one terminal olefin [0 112.3 (t, C-16) and
139.6 (s, C-15)], two oxygen bearing carbons [0 79.3 (d,
C-10) and 6 70.0 (d, C-13)], and three carbonyl groups
ascribable to: an ester [0 171.7 (s, C-20)], a ketone [0 210.3
(s, C-3)], and a conjugated enone [0 200.1 (s, C-6)] func-
tionality. Shortly after its purification, we realized that the
NMR spectra of compound 13 were remarkably reminiscent
of those of bipinnatolide I (12). A side-by-side comparison
between the 13C NMR data of compound 13 and those of
isomer bipinnatolide I (see Table 2) rapidly pinpointed their
structural similarities. Nevertheless, some major differ-
ences between these compounds were observed in the 13C
NMR spectra: bipinnatolide J (13) displayed an extra
carbonyl resonance at 6 210.3 which was not present in
bipinnatolide | and, moreover, the signals ascribed to C-1,
C-2, C-3, and C-13 showed considerable differences in
chemical shifts and had shifted from 6 47.3 (d), 72.6 (d),
96.8 (s), and 63.9 (d) in bipinnatolide I (12) to 6 55.6 (d),
107.3 (s), 210.3 (s), and 70.0 (t) in 13, respectively.
Placement in bipinnatolide J of a carbonyl at C-3 and a
hemiacetal bridge between C-2 and C-13, with the C-2
hydroxyl group in the $-orientation, would account for these
spectral differences. Consideration of 'H and 3C NMR data
as well as other spectral data allowed the complete
structure of this metabolite to be assigned as 13. The
multiple NOE'’s detected during a PSNOESY experiment
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clearly correlated with a Dreiding model representing the
relative stereochemistry shown in structure 13.14

Undoubtedly, the most striking characteristics of P.
bipinnata cembranes are their high levels of oxygenation
and their diverse pharmacological properties. Many fura-
nocembranolides isolated from this gorgonian (i.e., the
bipinnatins) are highly cytotoxic® and display inhibitory
activity against the nicotinic receptor.® Cembrane deriva-
tives closely related to the present bipinnatolides have also
been described as potent antiinflammatory agents.! Not-
withstanding, follow-up biological screening of kallolide A
(1), bipinnatin J (4), bipinnatolide F (9), and bipinnatolide
G (10) in the National Cancer Institute’s (NCI) 60-cell-line
tumor panel indicated no significant in vitro cancer cell
cytotoxicity. On the other hand, bipinnatin H (7) and
bipinnatin 1 (8) displayed strong cytotoxic action. Of the
two compounds, 8 was the more potent, with concentrations
of 1078 M eliciting significant differential responses at the
Glsg level for all the colon and melanoma cancer cell lines.
One leukemia cell line [i.e., CCRF-CEM] was substantially
more sensitive to compound 8 at a significantly lower
concentration (logyg Glsp = —7.37). Compound 7 gave a
similar pattern in the colon and melanoma tumor subpan-
els, but required higher concentrations (104105 M). In
an in vitro antituberculosis screen against Mycobacterium
tuberculosis H37Rv at 12.5 ug/mL kallolide A (1), bipin-
natin J (4), bipinnapterolide A (5), and bipinnatolide F (9)
caused no inhibition. Additional studies to assess the
biological properties of these compounds are currently
underway.

Experimental Section

General Experimental Procedures. *H and *C NMR
were measured at 300 and 75 MHz, respectively, with a
General Electric QE-300 spectrometer; and at 500 and 125
MHz, respectively, with a Bruker Avance DRX-500 spectrom-
eter. IR spectra were determined with a Nicolet Magna FT-
IR 750 spectrophotometer, and UV spectra were recorded with
a Hewlett-Packard Chem Station 8452A spectrometer. The
X-ray structures, which were solved by direct methods (SIR92)
and completed by successive Fourier calculations, were refined
by full-matrix least-squares methods, with anisotropic thermal
parameters for all non-H atoms. Following initial refinement,
H atoms were located from a difference Fourier map. HO8 was
refined with a fixed isotropic thermal parameter and all
remaining H atoms were included in the final model at
calculated positions, riding on the connected atoms. All
calculations were performed with the teXsan crystallographic
software package of Molecular Structure Corporation.> Neu-
tral atom scattering factors were taken from the International
Tables for X-ray Crystallography.¢” Optical rotations were
recorded with a Perkin-Elmer Polarimeter (model 243B) and
melting points were determined with a Buchi 535 capillary
apparatus and are uncorrected. Column chromatography was
performed in Si gel (35—75 mesh) and TLC analyses were
carried out using glass precoated Si gel plates. HPLC was
performed using a 10 mm Si gel Partisil 10 semipreparative
column (9.4 mm x 50 cm). All solvents used were either
spectral grade or were distilled from glass prior to use. The
percentage yield of each compound is based on the weight of
the crude gorgonian extract.

Animal Material. The gorgonian octocoral P. bipinnata
(Verrill) was collected in May, 1996 near San Andrés Island,
Colombia. A voucher specimen (No. PBSAI-01) is stored at
the Chemistry Department of the University of Puerto
Rico.

Extraction and Isolation. The dry animal (2.1 kg) was
blended with MeOH—CHCl; (1:1) (5 x 1 L), and after filtration,
the crude extract was evaporated under vacuum to yield a
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green residue (167.5 g). After the crude extract was partitioned
between hexane and H;O, the aqueous suspension was ex-
tracted with CHCI; (4 x 1 L). The resulting extract was
concentrated in vacuo to yield 43.3 g of an oil which was
chromatographed over Si gel (400 g), and separated into 30
fractions (I—XXX) on the basis of TLC analyses. Purification
of fraction VIII (8.2 g) by column chromatography over Si gel
(400 g) using a step gradient of EtOAc—hexane as eluent
afforded 3.76 g (yield = 2.24%) of kallolide A (1)” and 67.0 mg
(yield = 0.04%) of bipinnatin J (4).% Purification of fraction X
(2.09 g) by size exclusion chromatography on a Bio-Beads SX-3
column using toluene as eluent led to four subfractions. The
last subfraction (0.45 g) was purified by normal-phase HPLC
[Partisil 10 M9/50 Si gel with 15% 2-propanol in hexane] to
afford bipinnatolide F (9) (94.0 mg, yield = 0.056%) and
bipinnatolide J (13) (3.1 mg, yield = 1.85 x 1073%). Fraction
Xl (0.98 g) was separated into five subfractions by size
exclusion chromatography on a Bio-Beads SX-3 column with
toluene as eluent. The last subfraction (0.24 g) was purified
by column chromatography over Si gel with 3% acetone in
CHCI; to afford bipinnapterolide A (5) (11.1 mg, yield = 6.63
x 1073%), bipinnatin A (2) (4.1 mg, yield = 2.45 x 1073%),°
bipinnatin C (3) (2.0 mg, yield = 1.19 x 1073%),% bipinnatin G
(6) (4.2 mg, yield = 2.51 x 1073%), bipinnatolide H (11) (5.6
myg, yield = 3.34 x 1073%), and a mixture containing compound
12. The latter was further purified by normal-phase HPLC
[Partisil 10 M9/50 Si gel with 15% 2-propanol in hexane] to
yield pure bipinnatolide 1 (12) (9.6 mg, yield = 5.73 x 1073%).
Fraction XI1 (0.57 g) was separated into five subfractions by
size exclusion chromatography on a Bio-Beads SX-3 column
with toluene as eluent. The last subfraction (0.24 g) was
purified by column chromatography over Si gel with 3%
acetone in CHCI; to yield bipinnatolide G (10) (14.3 mg, yield
= 8.54 x 1073%). Fraction XIV (1.51 g) was separated into four
subfractions by size exclusion chromatography on a Bio-Beads
SX-3 column using toluene as eluent. The fourth subfraction
was purified by column chromatography over Si gel with 4%
acetone in CHCI; to yield bipinnatin H (7) (41.2 mg, yield =
2.46 x 1072%) and bipinnatin I (8) (58.9 mg, yield = 3.52 x
1072%).

Bipinnapterolide A (5): colorless crystals, mp 153—154
°C; [a]?*p —7.8° (c 2.1, CHClIy); IR (film) 3551, 3074, 1756, 1718,
1706, 1646, 1264, 1121, 1067, 908 cm™*; UV Amax (MeOH) 216
nm (e 9800); *H NMR (300 MHz, CDCls), see Table 1; 13C NMR
(75 MHz, CDCl3), see Table 1; EIMS m/z [M — C,HO,]* 303
(3), 289 (5), 218 (10), 201 (10), 173 (15), 167 (15), 164 (45), 151
(32), 150 (100), 139 (31), 135 (22), 105 (30), 97 (33), 96 (44), 85
(44), 81 (39), 69 (30); HRFABMS m/z [M + Na]* 383.1468
(calcd for CxH2406Na, 383.1471).

Single-Crystal X-ray Diffraction Analysis of Bipin-
napterolide A-H;O. Crystallization of bipinnapterolide A (5)
by slow evaporation from EtOAc yielded colorless needle
crystals of excellent quality. A specimen of 0.24 x 0.16 x 0.08
mm was selected for the analysis and mounted on a glass fiber.
X-ray diffraction data were collected on a Siemens SMART
CCD system at 23 + 1 °C to a maximum 26 of 53.9°, using Mo
Ko radiation (A = 0.710 69 A). Preliminary X-ray photographs
showed monoclinic symmetry, and accurate lattice constants
of a = 10.0500(9) A, b = 10.1699(9) A, and ¢ = 10.1612(9) A.
The systematic extinctions, crystal density (dcac = 1.302 g/cm3),
and optical activity indicated space group P2; in the asym-
metric unit (Z = 2) of composition CyH2:0; with formula
weight of 378.42. Of the 5149 reflections measured, 2039 were
unique (Rint = 0.020); equivalent reflections were merged. The
crystallographic residual was R = 4.3% (Rw = 5.5%) for the
observed reflections.

Bipinnatin A (2) and bipinnatin C (3): physical and
spectroscopic properties of metabolites 2 and 3 have been
previously described in the literature.®

Bipinnatin G (6): white solid; [a]*p —12.9° (c 2.1, CHCIy);
IR (film) 3077, 2929, 1753, 1734, 1652, 1375, 1249, 1077, 1020,
955 cm™%; UV Amax (MeOH) 212 nm (e 18 000); *H NMR (300
MHz, CDCI3), see Table 1; *3C NMR (75 MHz, CDCls), see
Table 1; EIMS m/z [M]* 444 (23), 385 (13), 384 (21), 342 (31),
324 (25), 284 (9), 230 (26), 180 (84), 177 (22), 166 (24), 163
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(26), 140 (27), 139 (100), 138 (39), 137 (70), 124 (27), 91 (38),
65 (37); HREIMS m/z [M]t 444.1785 (calcd for CysH2sOs,
444.1784).

Bipinnatin H (7): colorless crystals, mp 221—-222 °C; [a]**p
—8.8° (c 2.1, CHClg); IR (film) 3083, 2935, 1757, 1736, 1376,
1236, 1095, 1028, 955, 753 cm™%; UV Amax (MeOH) 214 nm (e
19 000); *H NMR (300 MHz, CDClg), see Table 1; *C NMR
(75 MHz, CDCls), see Table 1; EIMS m/z [M]" 460 (34), 418
(13), 398 (11), 358 (35), 357 (18), 341 (38), 340 (67), 332 (14),
327 (70), 297 (43), 248 (26), 245 (24), 241 (25), 219 (36), 201
(28), 180 (56), 179 (43), 178 (38), 177 (31), 167 (46), 163 (48),
140 (40), 139 (100), 138 (30), 137 (84), 124 (44), 123 (65), 121
(44), 93 (60), 91 (80), 70 (99), 65 (66); HREIMS m/z [M]*
460.1717 (calcd for Co4H2500, 4601733)

Bipinnatin I (8): colorless gum; [a]?*p —8.5° (¢ 1.2, CHCly);
IR (film) 3084, 2933, 1756, 1740, 1625, 1238, 1154, 1093, 1029,
958 cm™%; UV Amax (MeOH) 212 nm (e 14 600); *H NMR (300
MHz, CDCl;), see Table 1; 13C NMR (75 MHz, CDCls), see
Table 1; EIMS m/z [M]* 488 (6), 446 (2), 428 (3), 386 (18), 369
(16), 368 (25), 355 (11), 274 (15), 222 (17), 181 (12), 180 (100),
179 (17), 173 (12), 140 (20), 139 (48), 138 (18), 137 (43), 124
(11), 93 (19), 91 (19), 77 (14), 65 (22); HREIMS m/z [M]*
488.1687 (Calcd for C25H28010, 4881682)

Bipinnatolide F (9): colorless crystals, mp 204—208 °C
dec; [a]?*p +25.3° (c 0.95, CHCI3); IR (film) 3575, 3564, 3364,
3087, 2966, 2929, 1782, 1670, 1608, 1441, 1287, 1100, 1044
cm™L; UV Amax (MeOH) 204 nm (e 7700), 244 nm (e 11 800); *H
NMR (500 MHz, CDCIlg), see Table 2; 3C NMR (125 MHz,
CDCls), see Table 2; EIMS m/z [M]* 376 (1), 358 (53), 275 (6),
192 (9), 190 (10), 180 (59), 179 (95), 175 (20), 152 (16), 151
(100), 150 (56), 149 (16), 147 (21), 135 (29), 123 (31), 122 (52),
121 (24), 113 (52), 109 (48), 97 (20), 84 (65), 83 (51), 81 (47),
79 (41), 69 (43); HREIMS m/z [M]* 376.1517 (calcd for
Ca0H2407, 376.1522).

Single-Crystal X-ray Diffraction Analysis of Bipinna-
tolide F. Crystallization of bipinnatolide F (9) by slow
evaporation from EtOAc yielded colorless needle crystals of
excellent quality. A specimen of 0.31 x 0.11 x 0.06 mm was
selected for the analysis and mounted on a glass fiber. X-ray
diffraction data were collected on a Siemens SMART CCD
system at 23 + 1 °C to a maximum 260 of 54.0°, using Mo Ko
radiation (1 = 0.710 69 A). Preliminary X-ray photographs
showed monoclinic symmetry, and accurate lattice constants
of a=11.658(1) A, b = 6.1675(5) A, and ¢ = 14.256(1) A. The
systematic extinctions, crystal density (dcaic = 1.330 g/cm?), and
optical activity indicated space group P2; in the asymmetric
unit (Z = 2) of composition CyH2,07; with formula weight of
376.41. Of the 4935 reflections measured, 2058 were unique
(Rint = 0.019); equivalent reflections were merged. The crystal-
lographic residual was R = 4.7% (Rw = 7.7%) for the observed
reflections.

Bipinnatolide G (10): colorless crystals; mp 234—235 °C;
[o]?p +3.9° (c 0.51, CHCly); IR (film) 3508, 3289, 3103, 3082,
2976, 2930, 1783, 1674, 1617, 1442, 1256, 1139, 1109, 1043
cm™; UV Amax (MeOH) 206 nm (e 6200), 242 nm (e 10 900); *H
NMR (300 MHz, acetone-ds), see Table 2; 13C NMR (75 MHz,
acetone-dg), see Table 2; HRFABMS m/z [M + Li]* 383.1668
(calcd for CaoH240-LiI, 383.1682).

Bipinnatolide H (11): colorless crystals, mp 205—206 °C;
[a]?*p +10.0° (c 1.40, CHCly); IR (film) 3485, 3473, 3328, 3070,
2975, 2937, 1783, 1670, 1618, 1434, 1291, 1154, 1088, 1059
cm™%; UV Amax (MeOH) 206 nm (e 4700), 240 nm (e 10 400); *H
NMR (300 MHz, CDCls), see Table 2; *3C NMR (75 MHz,
CDClg), see Table 2; HRFABMS m/z [M + Na]* 401.1574 (calcd
for C20H2,307Na, 4011576)

Bipinnatolide | (12): colorless crystals, mp 162—163 °C
dec; [0]**p +22.9° (c 2.4, CHCIy); IR (film) 3537, 3464, 3108,
3083, 2924, 1744, 1670, 1615, 1451, 1083, 1054, 900 cm™%; UV
Amax (MeOH) 228 nm (e 12 500); *H NMR (300 MHz, CDCls),
see Table 2; 13C NMR (75 MHz, CDCls;), see Table 2; EIMS
m/z [M — H,0]* 344 (20), 316 (26), 265 (24), 233 (28), 192 (18),
154 (49), 152 (100), 135 (35), 109 (57), 91 (41), 83 (86), 82 (85),
69 (44), 55 (38); HRFABMS m/z [M + Na]* 385.1626 (calcd
for ConzeOeNa, 3851627)
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Bipinnatolide J (13): colorless crystals, mp 180—183 °C
dec; [a]?*p +3.9° (c 1.55, CHCIly); IR (film) 3403, 3091, 2976,
2944, 1746, 1730 (sh), 1677, 1654, 1625, 1350, 1124, 1022, 920
cM™1; UV Amax (MeOH) 212 nm (e 8000); *H NMR (300 MHz,
CDCIs), see Table 2; 3C NMR (75 MHz, CDCls), see Table 2;
HRFABMS m/z [M + Na]* 383.1470 (calcd for CyH2406Na,
383.1471).

Acknowledgment. This report is contribution No. 4 of the
CMBN (Center for Molecular and Behavioral Neuroscience).
The CMBN program is sponsored in part by grants NCRR
RCMI-2G12RR03035 and NIGMS RO1-GM52277. The as-
sistance of Javier J. Soto and Juan A. Sanchez in specimen
collection is gratefully acknowledged. We are indebted to NCI
for cytotoxicity assays of kallolide A (1), bipinnatin J (4),
bipinnatin H (7), bipinnatin | (8), bipinnatolide F (9), and
bipinnatolide G (10) and to Dr. Robert C. Reynolds (TAACF)
for in vitro evaluation of antituberculosis activity of 1, 4,
bipinnapterolide (5), and 9. The HRFABMS and HREIMS
spectral determinations were performed by the Midwest
Center for Mass Spectrometry, a NSF Regional Facility (Grant
CHEB8211164). The HMBC and HMQC experiments were
performed by Catherine Ramirez, and the IR spectra were
obtained by Janet Figueroa. Support for this research at UPR
was kindly provided by the NSF-EPSCoR (Grant R118610677),
NIH-MBRS (Grant GM8102), and NSF-MRCE (Grant R11-
8802961) programs.

References and Notes

(1) Fenical, W. J. Nat. Prod. 1987, 50, 1001—1008.

(2) Rodriguez, A. D. Tetrahedron 1995, 51, 4571—4618 and references
therein.

(3) (a) Bandurraga, M. M,; Fenical, W.; Donovan, S. F.; Clardy, J. 3. Am.
Chem. Soc. 1982, 104, 6463—6465. (b) Tinto, W. F.; Chan, W. R,;
Reynolds, W. F.; McLean, S. Tetrahedron Lett. 1990, 31, 465—468.
(c) Chan, W. R,; Tinto, W. F.; Laydoo, R. S.; Machand, P. S.; Reynolds,
W. F.; McLean, S. J. Org. Chem. 1991, 56, 1773—1776. (d) Tinto, W.
F.; Lough, A. J.; Reynolds, W. F.; McLean, S. Tetrahedron Lett. 1991,
32, 4661—-4664. (e) Tinto, W. F.; John, L.; Reynolds, W. F.; McLean,
S. Tetrahedron 1991, 47, 8679—8686. (f) Tinto, W. F.; Laydoo, R. S;
Miller, S. L.; Reynolds, W. F.; McLean, S. J. Nat. Prod. 1995, 58,
1975-1977. (g) Rodriguez, A. D.; Soto, J. J. Chem. Pharm. Bull. 1996,
44, 91-94. (h) Rodriguez, A. D.; Soto, J. J. Tetrahedron Lett. 1996,
37, 2687—-2690. (i) Rodriguez, A. D.; Soto, J. J. J. Org. Chem. 1996,
61, 4487—4490. (j) Rodriguez, A. D.; Shi, J.-G. J. Org. Chem. 1998,
63, 420—421. (k) Rodriguez, A. D.; Soto, J. J. J. Nat Prod. 1998, 61,
401-404.

(4) (a) Williams, D.; Andersen, R. J.; Van Duyne, G. D.; Clardy, J. J.
Org. Chem. 1987, 52, 332—335. (b) Williams, D. E.; Andersen, R. J,;
Kingston, J. F.; Fallis, A. G. Can. J. Chem. 1988, 66, 2928—2934.

(5) Faulkner, D. J. Nat. Prod. Rep. 1999, 16, 155—198 and previous
papers in this series.

(6) Wright, A. E.; Burres, N. S.; Schulte, G. K. Tetrahedron Lett. 1989,
30, 3491—3494.

(7) Look, S. A.; Burch, M. T.; Fenical, W.; Qi-tai, Z.; Clardy, J. J. Org.
Chem. 1985, 50, 5741—-5746.

(8) A series of lophotoxin analogues denominated bipinnatin A, B, C, E,

F, G, H, and I, as well as the structures of two related cembranolide

analogues denominated bipinnatolide B and E, have been previously

reported but their structures were not formally proposed with data

analysis, nor their physical and chemical data reported; see: (a)

Culver, P.; Burch, M.; Potenza, C.; Wasserman, L.; Fenical, W.;

Taylor, P. Mol. Pharmacol. 1985, 28, 436—444. (b) Abramson, S. N.;

Li, Y.; Culver, P.; Taylor, P. J. Biol. Chem. 1989, 264, 12666—12672.

(c) Abramson, S. N.; Trischman, J. A.; Tapiolas, D. M.; Harold, E. E.;

Fenical, W.; Taylor, P. J. Med. Chem. 1991, 34, 1798—1804. (d)

Groebe, D. R.; Dumm, J. M.; Abramson, S. N. J. Biol. Chem. 1994,

269, 8885—8891. (e) Hyde, E. G.; Boyer, A.; Tang, P.; Xu, Y,

Abramson, S. N. J. Med. Chem. 1995, 38, 2231—2238. (f) Hyde, E.

G.; Thornhill, S. M.; Boyer, A. J.; Abramson, S. N. J. Med. Chem.

1995, 38, 4704—4709.

Selected correlations observed in the 2D NOE spectrum of bipinnatin

G (6) were H-1 [H-14, H-16']; H-2 [H-14, Me-18]; H-5 [Me-18, Me-

19]; H-11 [H-10, H-13, Me-19].

(10) Selected correlations observed in the 2D NOE spectrum of bipinnatin
1 (8) were H-1 [H-14']; H-2 [H-10, Me-18]; H-5 [Me-18, Me-19]; H-7
[H-9]; H-9' [H-10, Me-19]; H-11 [H-10, H- 13, Me-19].

(11) D’Ambrosio, M.; Guerriero, A.; Pietra, F. Helv. Chim. Acta 1989, 72,
1590—1596.

(12) (a) Marshall, J. A.; Bartley, G. S.; Wallace, E. M. J. Org. Chem. 1996,
61, 5729—-5735. (b) Marshall, J. A.; Liao, J. J. Org. Chem. 1998, 63,
5962—5970.

(€]

-



Diterpenoids from the Caribbean Sea Feather P. bipinnata Journal of Natural Products, 1999, Vol. 62, No. 9 1237

(13) Another conceivable structure for bipinnatolide I (12) was carefully (16) Cromer, D. T.; Waber, J. T. International Tables for X-ray Crystal-
considered in which the hemiacetal functionality was placed at C-2 lography; The Kynoch Press: Birmingham, England, 1974; Vol. IV,
and the secondary alcohol at C-3. However, such an alternative Tables 2.3.1 and 2.2A.
structure was dismissed readily from the *H—H COSY and HMBC (17) Hydrogen coordinates, thermal parameters, and bond distances and
NMR data alone. angles have been deposited with the Cambridge Crystallographic

(14) Selected correlations observed in the 2D NOE spectrum of bipinna- Data Centre. The coordinates can be obtained, on request, from Dr.
tolide J (13) were H-1 [H- 13, H-144]; H-4 [H-11, Me-18]; H-5a. [H-54, Olga Kennard, University Chemical Laboratory, 12 Union Road,
H-7, Me-18]; H-7 [Me-19]; H-9a [H-94, H- 10, Me-19]; H-94 [H-11]; Cambridge CB2 1EZ, UK.

H-11 [H-14p]; H-13 [H-144]; H-14a [Me-17, Me-19]; and Me-18
[H-164].

(15) Rogers, D. Acta Crystallogr. 1981, A37, 734—741. NP990064R



