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Irradiation of a solution of synthetic Z-deoxypukalide 10 in acetonitrile (Pyrex; 400 W Hg lamp) resulted
in isomerisation, leading to E-deoxypukalide 12, which was isolated recently from the octocoral
Leptogorgia spp. Further irradiation of 12, or prolonged irradiation of 10, then gave the ring-contracted
product, deoxypseudopterolide 1 (>90%) found in octocorals of the genera Pseudopterogorgia and Lep-
togorgia. The contraction of the 14-membered rings in 10 and 12 to the 12-membered ring as 1, occurs by
way of photochemical [1,3]-sigmatropic rearrangement.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Deoxypseudopterolide 1 is the parent member of a group of
12-membered furanobutenolide-based macrocyclic diterpenes iso-
lated from gorgonian corals of the genus Pseudopterogorgia1 and
Leptogorgia.2 Other members include the oxidised derivatives 23 and
3,4 and the novel dimethyamino derivative 4.1,5 These 12-membered
ring compounds co-occur with the more common 14-membered
cembranes, e.g., acerosolide 51,6 and pukalide 6,7 in corals, and there
is ground for believing that the former are derived from the latter in
vivo, by a ring contraction mechanism. Thus, Rodrı́guez et al.8 have
recently demonstrated that when a solution of bipinnatin J (8), iso-
lated from Pseudopterogorgia bipinnata9 is irradiated in vitro with
ultraviolet light, it is isomerised to kallolide A (9), a co-metabolite in
the coral, in high yield.

Although deoxypseudopterolide 1 and acerosolide 5 were
reported as co-metabolites in Pseudopterogorgia corals some years
ago,1,3 the presence of 1 alongside pukalide 6 and other 14-mem-
bered cembranoids in corals of the general Leptogorgia was only
described in 2005.2 Likewise, although pukalide 6 was the very first
furanobutenolide-based cembranoid ever to be reported, in 1975,7

it was not until 2007 that its presumed precursor, deoxypukalide 7
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was found in Leptogorgia spp.; significantly, both Z- and E-isomers
of 7 were isolated in this study.10 The co-occurrence of deoxy-
pseudopterolide 1 and deoxypukalide 7 in Leptogorgia is surely no
co-incidence, and suggests that, like bipinnatin J (8) and kallolide A
(9), they are related biogenetically as cycloisomers, with the
12-membered ring in 1 resulting from ring contraction of the
14-membered ring in 7. Although total syntheses of kallolide A (9)
and the 12-keto derivative of 1, gorgiacerone, have been de-
scribed,11 a corresponding biomimetic synthesis of deoxy-
pseudopterolide 1 has not been investigated. In contemporaneous
studies, we have developed a total synthesis of Z-(þ)-deoxy-
pukalide 10, which was shown to be identical in every respect with
the natural product isolated from Leptogorgia spp.12 We now report
the outcome of a study of the photochemistry of this 14-membered
ring cembranoid.
2. Results and discussion

A solution of Z-(þ)-deoxypukalide 10 in deoxygenated acetoni-
trile, was irradiated through Pyrex using a water-cooled 400 W Hg
lamp. The disappearance of the starting material was monitored by
TLC analysis and 1H NMR spectroscopy, and after 1.5 h when no
starting material remained, the solution was evaporated to dryness.
The residue was purified by chromatography to give a viscous oil in
high yield (90%) whose mass spectrum showed that it had the same
mass as the starting Z-deoxypukalide. Analysis and comparison of its
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1H NMR and 13C NMR spectroscopic data with those reported for the
12-membered ring compound deoxypseudopterolide 1 isolated
from Pseudopterogorgia acerosa showed that they were identical.1 A
crystalline sample showed a similar melting point, and their optical
rotation data were also closely similar.

The high yielding photochemical rearrangement of Z-deoxy-
pukalide 10 into deoxypseudopterolide 1 is a stereospecific [1,3]-
sigmatropic reaction with the C10 stereocentre in 10 migrating
suprafacially across the C7–C8 alkene bond with retention of its
configuration (Scheme 1). The process is allowed photochemically
according to orbital symmetry rules, and can be represented as
a [s2sþp2s] cycloaddition reaction.8,13

To investigate the rearrangement of Z-deoxypukalide 10 to 1 in
more detail, we interrupted the photo-irradiation after short periods
of time and, with re-cycling of 10, we were able to isolate a new
product, as an unstable oil, in approximately 60% yield. Mass spec-
trometry demonstrated that the oil had the same mass as the
starting Z-deoxypukalide 10 and as deoxypseudopterolide 1. The
new compound also displayed absorptions in its 1H and 13C NMR
spectra, which were similar to many of those found for Z-deoxy-
pukalide, but interestingly some of the proton resonances were
broader and less-resolved than those recorded for 10. When the
NMR spectra of the photochemical product were recorded at slightly
elevated temperature (50 �C), the proton resonances became much
sharper. Furthermore, the 1H and 13C NMR spectroscopic data now
corresponded closely to those reported for natural E-deoxypukalide
12 found in Leptogorgia spp.10

The E-deoxypukalide 12 is produced from the corresponding
Z-isomer 10 by photochemical p–p* excitation of the C7–C8
alkene bond, involving a 1,2-biradical intermediate, viz. 11
(Scheme 1). Whether or not this same biradical species is in-
volved in the rearrangement of Z-(or E)-deoxypukalide to
deoxypseudopterolide 1, i.e., by cleavage of the C9–C10 sigma
bond in 11 and radical recombination, is not clear, but it is
a possibility.

Interestingly, E-deoxypukalide 12 is one of the only three fur-
anocembranes found in corals to have a D7,8-double bond with the
E-configuration;10 the other two are acerosolide 51 and isopukalide
13.10 By contrast, there are several examples of naturally occurring
14-membered furanocembranes having a Z-configuration at the
same D7,8-double bond.14 Perhaps even more interesting, all of the
furanocembrane C7–C8 epoxides that have been characterised in
nature, e.g., pukalide 6,7 lophotoxin 14,15 providencin 15,16 and
bipinnatin D (16)17 appear to originate from D7,8-double bonds with
an E-configuration. This observation may indicate that furanocem-
brane epoxides produced from Z-D7,8-double bonds in vivo are in-
herently labile in the presence of their adjacent furan rings, and
rapidly become involved in further interesting biosynthetic pro-
cesses.18 It is also apparent that the synthesis of furanobutenolide
cembranes having a D7,8-double bond with the E-configuration is
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Scheme 1. The photochemical rearrangement of Z- and E-deoxypukalide, 10 and 12, respectively, into deoxypseudopterolide 1.
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problematic. Only two successful approaches have been reported so
far.11a,19 The ease with which the Z-D7,8-double bond in 10 is iso-
merised photochemically, leading to E-deoxypukalide 12 constitutes
a new, third approach to these demanding targets.20
O

CHO

O

O

14

O

O
OAc

O

CO2Me

O

O

15

O

O
OAc

H

H

OH
O

Me

O

O

16

CHO

O

OAc

O

CO2Me

O

O

O
OAc

13

OAc
Significantly, when the synthetic E-deoxypukalide 12 was irra-
diated under the same conditions that had been used with the
Z-isomer 10, it was converted directly into deoxypseudopterolide 1
in >90% yield, with no evidence of concurrent isomerisation to
Z-deoxypukalide 10. This observation would suggest that the con-
version of Z-deoxypukalide 10 into 1 proceeds via the corresponding
E-isomer 12. However, we cannot eliminate the possibility that both
the Z- and E-isomers of deoxypukalide, 10 and 12, respectively, to-
gether with the common bi-radical intermediate 11, are all impli-
cated in the overall ring contraction process leading to
deoxypseudopterolide 1. Furthermore, more than one, concerted
and/or non-concerted, mechanism could be operating.13

3. Conclusion

The photochemical rearrangement of the deoxypukalides 10 and
12, leading to deoxypseudopterolide 1 is the second example of this
novel 14- to 12-membered ring contraction process to be uncovered
within the furanobutenolide-based family of cembranoids found in
corals.21 The ease with which the photo-induced 1,3-allylic shift
process takes place in vitro is quite remarkable, and it is probable that
the ring contraction mimics the biosynthesis of deoxypseudopter-
olide from deoxypukalide in octocorals, i.e., using sunlight.
4. Experimental

4.1. General details

For general experimental details see Ref. 12.

4.1.1. (þ)-Z-Deoxypukalide (10). The deoxypukalide was syn-
thesised as described previously in our laboratory.12 It was obtained
as colourless crystals, mp 152.5–153.5 �C (from ethyl acetate–light
petroleum), [a]D

22 þ19.9 (c 1.15, CHCl3). Naturally derived Z-deoxy-
pukalide was described as an oil with [a]D

20þ11 (c 0.37, CHCl3).10 The
synthetic Z-deoxypukalide had 1H and 13C NMR spectroscopic
properties, together with mass spectrometry data, which were
identical with those reported earlier,12 and for the natural
product.10

4.1.2. (þ)-Deoxypseudopterolide (1). 4.1.2.1. (a) From (þ)-Z-Deoxy-
pukalide (10). A solution of (þ)-Z-deoxypukalide 10 (5.0 mg) in
acetonitrile (4.0 ml) was deoxygenated with dry nitrogen gas and
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then irradiated through Pyrex using light from a water-cooled
400 W Hg lamp. The reaction was monitored by TLC analysis,
and the irradiation was stopped when no more starting material
was detected. The solution was evaporated in vacuo, and the
residue was then purified by chromatography on silica using 1:5
ethyl acetate–petroleum ether as eluent to give deoxy-
pseudopterolide 1 (4.5 mg, 90%) as a viscous oil. Crystallisation
gave crystals, mp 167–169 �C (from acetone–light petroleum),
[a]D

22 þ45.7 (c 0.5, CHCl3). dH (400 MHz, CDCl3) 0.87 (1H, app. dt, J
14 and 3 Hz, H-12), 1.77–2.3 (1H, obs m, H-12), 1.81 (3H, s, C-13–
Me), 2.0 (3H, s, C-17–Me), 2.22 (1H, app. dt, J 14 and 3 Hz, H-11),
2.44 (1H, app. dt, J 14 and 3 Hz, H-11), 2.74 (1H, dd, J 16 and 4 Hz,
H-2), 2.77 (1H, app. ddd, J 12, 5 and 3 Hz, H-1), 3.32 (1H, dd, J 16
and 12 Hz, H-2), 3.8 (1H, obs d, J 4 Hz, H-7), 3.82 (3H, s, OMe),
4.81 (1H, s, H-18), 4.86 (1H, s, H-18), 5.05 (1H, s, H-14), 5.06 (1H,
s, H-14), 5.43 (1H, d, J 4 Hz, H-8), 6.40 (1H, s, H-5), 6.73 (1H, s, H-
9); dC (100 MHz, CDCl3) 19.3 (q), 21.7 (q), 22.9 (t), 31.6 (t), 35.2 (t),
41.7 (d), 48.6 (d), 51.4 (q), 80.6 (d), 109.9 (d), 114.4 (t), 115.0 (t),
115.4 (s), 137.4 (s), 141.4 (s), 146.7 (d), 147.3 (s), 150.5 (s), 161.8 (s),
164.2 (s), 175.2 (s); HRMS (ESI) 379.1520 (MþNaþ, C21H24O5Na re-
quires 379.1521). Naturally derived deoxypseudopterolide was
obtained as colourless prisms, mp 139–140 �C, [a]D þ62 (c 0.23,
CHCl3).1

4.1.2.2. (b) From (þ)-E-Deoxypukalide (12). A solution of syn-
thetic (þ)-E-deoxypukalide 12 (2.0 mg) in acetonitrile (2.0 ml)
was irradiated in an identical manner to that described for the
Z-isomer. Work up and chromatography gave deoxy-
pseudopterolide 1 (1.8 mg, 90%), which had identical NMR
spectroscopic, mass spectrometry, and chiroptical data to those
presented under (a).

4.1.3. (þ)-E-Deoxypukalide (12). A solution of synthetic (þ)-Z-
deoxypukalide 10 (5.0 mg) in acetonitrile (4.0 ml) was irradiated
in an identical manner to that described for the Z-isomer. After
20 min the solution was evaporated in vacuo. The residue was
chromatographed on silica using 1:5 ethyl acetate–petroleum
ether as eluent to give (þ)-E-deoxypukalide 12 (1.0 mg) as
a viscous oil, and recovered starting material 10 (3.5 mg). The
recovered starting material was irradiated again for 20 min
giving more E-deoxypukalide, and the process was repeated
twice more. The combined samples were purified by chroma-
tography to give E-deoxypukalide (3 mg, 60%) as an unstable
colourless oil. [a]D

23 þ145.9 (c 1.05, CHCl3), (lit.,10 [a]D
20 þ79.3

(c 0.63, CHCl3)); dH (400 MHz, CDCl3): 1.30 (1H, obs m, H-14), 1.7
(1H, obs m, H-140), 1.79 (3H, s, C-15–Me), 1.79 (3H, s, C-8–Me),
2.25 (1H, app. dd, J w14 and 5 Hz, H-13), 2.43 (1H, app. t, J 12 Hz,
H-130), 2.61 (1H, dm, J w12 Hz, H-9), 2.98 (1H, m, H-1), 3.01 (1H,
m, H-90), 2.92–3.02 (2H, obs m, H-2 and H-20), 3.82 (3H, s, OMe),
4.95 (1H, br s, H-16), 5.11 (1H, br s, H-16), 5.22 (1H, br s, H-10),
6.0 (1H, s, H-7), 6.4 (1H, s, H-5), 6.95 (1H, s, H-11); dC (100 MHz,
CDCl3): 19.2, 21.6, 22.5, 32.4, 32.6, 41.3, 42.7, 51.1, 79.9, 108.3,
112.6, 114.9, 119.5, 137.4, 141.4, 145.7, 146.6, 149.3, 160.3, 164.3,
174.3; HRMS (ESI) 379.1509 (MþNaþ, C21H24O5Na requires
379.1521).
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Quiñoá, E.; Riguera, R. J. Nat. Prod. 2005, 68, 614–616.

3. Bandurraga, M. M.; Fenical, W.; Donovan, S. F.; Clardy, J. J. Am. Chem. Soc. 1982,
104, 6463–6465.

4. Tinto,W. F.;Chan, W. R.; Reynolds, W. F.; McLean,S.Tetrahedron 1991, 41, 8679–8686.
5. Tinto, W. F.; John, L.; Reynolds, W. F.; McLean, S. Tetrahedron Lett.1990, 31, 465–468.
6. Both deoxypseudopterolide 1 and acerosolide 5 were first isolated as their C-4

carboxylic acids from collections of P. acerosa during March 1985, but as methyl
esters from collections made in July 1987.1

7. Missakian, M. G.; Burreson, B. J.; Scheuer, P. J. Tetrahedron 1975, 31, 2513–2515.
8. (a) Rodrı́guez, A. D.; Shi, J.-G. J. Org. Chem. 1998, 63, 420–421; (b) Rodrı́guez, A.

D.; Shi, J.-G.; Huang, S. D. J. Org. Chem. 1998, 63, 4425–4432.
9. Kallolide A (8) was first isolated from Pseudopterogorgia kallos; see: Look, S. A.;

Burch, M. T.; Fenical, W.; Zheng, Q.; Clardy, J. J. Org. Chem. 1985, 50, 5741–5746.
10. Dorta, E.; Dı́az-Marrero, A. R.; Brito, I.; Cueto, M.; D’Croz, L.; Darias, J. Tetrahe-

dron 2007, 63, 9057–9062.
11. For total syntheses of the pseudopteranes gorgiacerone, kallolide A and kallolide

B, which were not based on biosynthesis considerations, see: (a) Paquette, L. A.;
Doherty, A. M.; Rayner, C. M. J. Am. Chem. Soc. 1992, 114, 3910–3926; Rayner, C.
M.; Astles, P. C.; Paquette, L. A. J. Am. Chem. Soc. 1992, 114, 3926–3936; (b)
Marshall, J. A.; Bartley, G. S.; Wallace, E. M. J. Org. Chem. 1996, 61, 5729–5735;
Marshall, J. A.; Liao, J. J. Org. Chem. 1998, 63, 5962–5970; Marshall, J. A.;
McNulty, L. M.; Zou, D. J. Org. Chem. 1999, 64, 5193–5200.

12. Tang, B. C.; Bray, C. D.; Pattenden, G.; Rogers, J. Tetrahedron 2010, 66, 2492–2500;
For independent syntheses of the enantiomer of natural Z-deoxypukalide see:
Marshall, J. A.; Devender, E. A. V. J. Org. Chem. 2001, 66, 8037–8041; Donohoe, T.
J.; Ironmonger, A.; Kershaw, N. M. Angew. Chem., Int. Ed. 2008, 47, 7314–7316.

13. For early, fundamental studies of the stereochemistry of photochemical 1,
3-allylic shifts see: Cookson, R. C.; Hudec, J.; Sharma, M. J. Chem. Soc., Chem.
Commun. 1971, 107–108.

14. See: Roethle, P. A.; Trauner, D. Nat. Prod. Rep. 2008, 25, 298–317.
15. Abramson, S. N.; Trischman, J. A.; Tapiolas, D. M.; Harold, E. E.; Fenical, W.;

Taylor, P. J. Med. Chem. 1991, 34, 1798–1804.
16. Marrero, J.; Rodrı́guez, A. D.; Baran, P.; Raptis, R. G. Org. Lett. 2003, 5, 2551–2554.
17. (a) Wright, A. E.; Burres, N. S.; Schulter, G. K. Tetrahedron Lett. 1989, 30, 3491–

3494; (b) Rodrı́guez, A. D.; Shi, J.-G.; Huang, S. D. J. Nat. Prod.1999, 62, 1228–1237.
18. For some recent, relevant discussion see: Pattenden, G.; Winne, J. M. Tetrahe-

dron Lett. 2009, 50, 7310–7313; Li, Y.; Pattenden, G.; Rogers, J. Tetrahedron Lett.
2010, 51, 1280–1283.

19. Cases, M.; Turiso, F. G. L.; Hadjisoteriou, M. S.; Pattenden, G. Org. Biomol. Chem.
2005, 3, 2786–2804.

20. For a recent study of the synthesis of D7,8-double bonds in furanocembranes with
the E-configuration see: Gaich, T.; Weinstabl, H.; Mulzer, J. Synlett 2009,1357–1366.

21. For a photochemical 1,3-sigmatropic migration involving the 2-hexenyl side
chain in the g-pyrone-based natural product tridachiahydropyrone found in
molluscs, leading to a positional isomer (which may also be present in nature),
see: Sharma, P.; Lygo, B.; Lewis, W.; Moses, J. E. J. Am. Chem. Soc. 2009, 131,
5966–5972; Sharma, P.; Moses, J. E. Synlett 2010, 525–528.


