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Sesquiterpenoids and diterpenoids possessing a wide
variety of well-known and rare carbon skeletons are the most
common metabolites of gorgonians (order Gorgonacea) and
soft corals (order Alcyonacea).1 Thus far, cembrane diter-
penoids account for the vast majority of compounds isolated
from both orders of Alcyonaria.1,2 Caribbean gorgonians of
the genus Pseudopterogorgia are abundant and chemically
rich marine invertebrates responsible for the production of
several classes of metabolites that have attracted much
interest for the synthetic and the natural products chemist
for their structural complexity and their potential pharma-
cological value as cytotoxic or antiinflammatory agents.3 One
such family of Pseudopterogorgia metabolites is the pseu-
dopterane diterpenoids discovered by the Fenical and Clardy
groups in 1982.4 To date, the pseudopteranes appear to be
taxonomically restricted to several species of Pseudoptero-
gorgia (Gorgonacea) and one species of Gersemia (Alcyona-
cea). In their original report, Fenical et al. noted that
although in principle the pseudopterane carbon skeleton
could be dissected symmetrically into two geranyl units, thus
suggesting a biogenesis involving dimerization, they might
instead arise from a ring contraction of a cembranoid
precursor. Since 1987, several groups have reported that
some gorgonian species actually contain both pseudopterane
and cembrane diterpenes, a fact that supports the theory
that metabolites belonging to these skeleton classes are
intimately related biogenetically.5 Interestingly, while many

elegant approaches to the synthesis of 2,5-bridged furano-
cyclic compounds of the cembrane and pseudopterane classes
have been demonstrated,6 no strategy whereby a pseudopter-
ane is synthesized directly from a furanocembrane precursor
has been reported. Recently, during an underwater expedi-
tion to the Eastern Caribbean Sea, we collected the sea
plume Pseudopterogorgia bipinnata (Verrill), extracts of

which were found to contain significant amounts of the
known pseudopterane kallolide A (1)7 and smaller quantities
of the new furanocembranolide bipinnatin J (2). We now
report the first cembrane-pseudopterane cycloisomerization
reaction whereby bipinnatin J (2) was isomerized directly
to kallolide A (1), thus definitively establishing their bioge-
netic relationship.

The present study was undertaken to test the feasibility
of a fundamentally different approach to the preparation of
the pseudopterane ring system using a novel cembrane-
pseudopterane cycloisomerization reaction. Success would
depend upon the ability of a 14-membered 2,5-furanocycle
such as 2 to overcome the considerable ring strain associated
with a two-carbon ring-contraction process leading to a
pseudopterane. For such a strategy to work an indication
was needed that the C9-C10 σ bond in 2, which is flanked
by two conjugated unsaturated systems, was indeed prone
to bond cleavage. Detailed analysis of the HREIMS spec-
trum of 2 (see the Supporting Information) provided a clear
indication as to the susceptibility of the C9-C10 σ bond to
break under EIMS high energy conditions. In short, we
envisioned, under appropriate reaction conditions, the C9-
C10 σ bond in 2 migrating to C7 across the conjugated
network of atoms with concomitant reorganization of the π
system. The new bond should be formed on the same face
of the π-framework (suprafacially), and of further interest
was the possibility for retention of configuration at the
migrating center. Since retention at the migrating group
for such a suprafacial [1,3] allylic shift is allowed photo-
chemically according to the Woodward-Hoffmann rules of
orbital symmetry, we first attempted the photochemical
conversion of 2 into kallolide A (1).8,9 These predictions were
in accord with experimental observation.
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(9) We also attempted the thermally induced cycloisomerization of 2 in
the absence of solvent. After 1 h at 110-120 °C 2 remained unchanged.
However, after 45 min at 150 °C complete decomposition took place.
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Conventional chromatographic methods yielded pure
samples of kallolide A (1) and bipinnatin J (2) from the
CHCl3 extract of P. bipinnata.10 Kallolide A was identified
unambiguously by direct comparison of its physical and
chemical properties with those reported by Fenical et al. for
material obtained from Pseudopterogorgia kallos.7,11 The
complete structural assignment of bipinnatin J (2), including
relative stereochemistry, was accomplished by detailed
analysis of spectroscopic data, mainly 2D NMR and HREI
mass spectrometry.11,12 The structure of 2was subsequently
confirmed by a single-crystal X-ray diffraction study (see
Figure 1). Irradiation of 2 in CH3CN (quartz) using a
medium-pressure Hg lamp yielded 1 (40% conversion in 2
h, 50% of 2 recovered; the rest polymer) as the sole
photoisomer.13 This result suggested that the photochemical
interconversion did not involve a diradical mechanism but
was instead consistent with a [1,3]-sigmatropic rearrange-
ment.14 Moreover, the configuration at the migrating ter-
minus remained unchanged during photoisomerization, and
since no trace of other photoisomers was detected, the
rearrangement was intrinsically stereospecific.15,16
The present study demonstrates the applicability of the

photochemically induced [1,3]-allyl shift in our cycloisomer-
ization approach to pseudopteranes and confirms our con-

tention that a conjugated 2,5-furanocembrane can indeed
undergo a facile ring-contraction to afford a 12-membered
2,5-furanocycle. This method of producing pseudopteranes
should be amenable to the preparation of other members of
this class. While we cannot completely rule out the pos-
sibility that the conversion of cembranes to pseudopteranes
in nature is an enzyme-mediated process, our results suggest
that their interconversion could be a sunlight-induced
transformation.17
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(10) The dry animal (2.1 kg) was blended with MeOH-CHCl3 (1:1) (5 ×
1 L), and after filtration, the crude extract was evaporated under vacuum
to yield a green residue (167.5 g). After the crude extract was partitioned
between hexane and H2O, the aqueous suspension was extracted with CHCl3
(4 × 1 L). The resulting extract was concentrated in vacuo to yield 43.3 g
of an oil that was chromatographed over silica gel (400 g) and separated
into 30 fractions (I-XXX) on the basis of TLC analyses. Subsequent
purification of fraction VIII (8.2 g) by column chromatography over silica
gel (400 g) eluting with a gradient increasing EtOAc (0-100%) in hexane
(100-0%) afforded 3.76 g of kallolide A (1) and 67 mg of bipinnatin J (2).

(11) Spectral data for kallolide A (1) and bipinnatin J (2) have been
deposited as Supporting Information.

(12) Bipinnatin J (2): crystalline solid; mp 141-142 °C dec; [R]24D -125.4°
(c ) 1.65, CHCl3); UV (MeOH) λmax 210 (ε 19 800), 282 (ε 16 600) nm; IR
(film) 3492, 1733, 1650, 1557, 1066 cm-1; 1H NMR (300 MHz, CDCl3) δ 6.83
(1H, br s, H-11), 6.09 (1H, br s, H-7), 6.02 (1H, s, H-5), 5.14 (1H, br s, H-16b),
5.03 (1H, br s, H-16a), 4.96 (1H, m, H-10), 4.49 (1H, br d, J ) 10.8 Hz,
H-2), 3.18 (1H, dd, J ) 11.7, 12.0 Hz, H-9b), 2.71 (1H, dd, J ) 4.5, 12.0 Hz,
H-9a), 2.38 (1H, ddd, J ) 3.0, 14.2, 14.2 Hz, H-13b), 2.35 (1H, dd, J ) 10.8,
10.8 Hz, H-1), 2.07 (1H, m, H-13a), 2.03 (3H, s, Me-18), 1.98 (3H, br s, Me-
19), 1.92 (1H, br s, OH, exchangeable), 1.78 (3H, br s, Me-17), 1.65 (1H,
dddd, J ) 3.3, 3.3, 10.8, 13.8 Hz, H-14b), 0.88 (1H, ddd, J ) 3.3, 13.8, 13.8
Hz, H-14a); 13C NMR (75 MHz, CDCl3) δ 174.2 (s, C-20), 152.2 (d, C-11),
151.0 (s, C-6), 149.3 (s, C-3), 142.2 (s, C-15), 132.6 (s, C-12), 128.9 (s, C-8),
121.0 (s, C-4), 118.4 (t, C-16), 117.3 (d, C-7), 113.8 (d, C-5), 78.6 (d, C-10),
65.0 (d, C-2), 51.1 (d, C-1), 39.7 (t, C-9), 30.1 (t, C-14), 25.7 (q, Me-19), 19.6
(t, C-13), 17.6 (q, Me-17), 9.4 (q, Me-18); EIMS m/z (rel intensity) 328 (16),
310 (29), 214 (12), 178 (52), 164 (70), 163 (100), 135 (38), 91 (34); HREIMS
m/z [M+] obsd 328.1677, calcd for C20H24O4 328.1675.

(13) The trace of polymer originates from concurrent photodegradation
of 1. After irradiation of pure kallolide A for 2 h under identical experimental
conditions, clear signs of decomposition were detected by TLC and 1H NMR
studies. After 3-4 h, complete decomposition had occurred with no trace of
2 ever being detected. Therefore, we conclude that the photoisomerization
of 2 to kallolide A takes place irreversibly.

(14) This is not the only mechanism that will explain our results. For
example, irradiation may simply cause ZhE interconversion of the conju-
gated double bond leading to a strained cyclophane which then proceeds
thermally through either a [π2 + σ2] rearrangement or simply a photoin-
duced homolytic cleavage of the bisallylic σ bond followed by rapid
recombination to form the valence isomer.

(15) Stereoequilibration is not observable at most of the centers that take
part in this process, since there are no chiral centers on the migrating
sidearm (atoms 7-9 in bipinnatin J) to test for specificity. The stereocenter
at C10 is unchanged in this transformation. Thus, it would be inappropriate
to claim stereospecificity at C10 without testing the derivative of the
opposite chirality. Currently, the most one can claim is stereoselectivity
for the process.

(16) For fundamental studies of photochemical [1,3]-allylic shift rear-
rangements see: Cookson, R. C.; Hudec, J.; Sharma, M. J. Chem. Soc.,
Chem. Commun. 1971, 107 and 108.

(17) As light impinging on the surface of the earth and Pyrex have similar
wavelength cut offs, we also irradiated 2 in a Pyrex vessel and again
obtained 1 as the single major product. However, this time we detected the
presence of two extremely minor products (<0.5% yield) by HPLC. Prelimi-
nary studies thus far suggest that these photoproducts might be isomers
of 1 and 2 that belong to yet another skeletal class. Efforts toward
elucidating the structures of these compounds are currently underway.

Figure 1. Computer-generated perspective drawing of the final
X-ray model of bipinnatin J (2).
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