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ABSTRACT: A biomimetic synthesis of briareolate ester B (3) from briareolate
ester L (1) via the intermediate briareolate ester G (2) has been achieved
through a unique transannular oxa-6π electrocyclization induced by UVA light.
UVC irradiation of 3 triggered a rapid retro-6π electrocyclization to establish an
unprecedented photochromic switch. In the ground state, reaction of 1 led to the
formation of a polycyclic γ-spiroketal γ-lactone 5, architecturally related to the
ether-bridged cembranoids of the cladiellin class.

The synthesis of natural products by terrestrial and marine
organisms often requires light-induced transformations

such as isomerizations, fragmentation, and pericyclic reactions.1

Pericyclic reactions represent an important body of chemical
transformations that enable skeletal rearrangements and facile
ring formation (e.g., electrocyclizations, cycloadditions, and
sigmatropic rearrangements).2 Electrocyclic reactions,3 which
often occur in Nature, have been largely explored in biomimetic
syntheses of complex natural products.4 An important subset of
these are transannular reactions and are an extremely efficient
synthetic approach to prepare complex polycyclic molecules. A
largenumber of impressive examples exist for transannularDiels−
Alder5 and hetero-Diels−Alder5,6 reactions with electron-poor
enone dienophiles to synthesize complex molecules. However,
examples of transannular electrocyclization (6π, 8π, or 12π) are
extremely rare due to their innate reversibility.7

Briareolate ester L (1), G (2), and B (3), briarane-type
cembranoids, were isolated from the octocoral Briarium
asbestinum and have been postulated to be related through a
transannular oxa-6π electrocyclic reaction (Figure 1).4a The
biogenic relationship between these compounds was attractive to
us for two reasons: (1) oxa-6π electrocyclization reactions are
known for being fast and reversible,9 and therefore, generating a
steady equilibrium between 1, 2, and 3 may be challenging; (2)
transannular oxa-6π electrocyclizations have been rarely studied.
Only one example of transannular oxa-6π electrocyclization has
been previously reported.10

With our ability to access these rare natural products, we
became interested in testing a plausible biosynthetic pathway
from 1 to 3 via the intermediacy of 6 to establish an
unprecedented transannular oxa-6π electrocyclization (Figure
2). The proposed reaction involves isomerization of the (E,Z)-
dienone in 1 to the corresponding (Z,Z)-dienone (2) and hinges
on the ability of the carbonyl moiety in 2 to undergo rotation (s-
trans to s-cis) and overcome the constraints imposed by the
macrocycle to reach the sterically hindered inside space.11

Given the pivotal importance of rotation of the carbonyl group
of the conjugated enone moiety to undergo an oxa-6π

electrocyclization, a better understanding of the conformation
(s-trans or s-cis) of both dienones in 1 and 2was necessary. It was
previously reported that the diene in 1 was twisted out of plane
due to conformational restrictions of the 10-membered macro-
cycle.8This suggests the possibility that the diene in1 could be in a
quasi-s-cis conformation, in order to releave ring strain in the
macrocycle. This conformation is supported by the presence of a
small coupling betweenH-6 (δH 6.21, brs) andH-7 (δH 7.68, brs)
and an NOE correlation observed between these two protons
(Figure 2). The conformation of the carbonyl group of the enone
moiety in 1 was determined by comparison with the epoxide
briareolate ester D (4), whose structure was confirmed by X-ray
crystallography (Figure 2).12 The presence of comparable
chemical shifts and coupling constants of protons about the
perimeter of themacrocycle between that of 1 and 4 suggests that
1has a similar puckered conformation of themacrocyclewith an s-
trans-enone conformation. In briareolate ester G (2), the
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Figure 1. Natural and synthetic briarane diterpenoids with revised
structures of briareolate esters showing a (S)-configuration (*) for C-17.
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similarity in the chemical shifts of the methylene protons in the
macrocycle indicates the (Z,Z)-dienone imposes less conforma-
tional restriction and allows opening of the macrocycle while
retaining an s-trans orientation of the enone moiety. Support for
an s-trans-enone conformation in both 1 and 2 was provided by
the observation of diagnostic CO stretching bands at 1650 and
1640 cm−1, respectively, in the IR spectra and is consistent with a
single conformation of the carbonyl in an s-trans conformation.13

This suggests that the carbonyl of 2would be required to undergo
an unfavorable rotation to the inside of themacrocycle in order to
achieve the desired oxa-6π electrocyclization.
The fact that the 1HNMRspectra of all three isomers1,2, and 3

contain a number of signals that do not overlap suggested it would
be possible to follow the course of the photoreactions by using
standard 1H NMR to enable a relatively precise measurement of
isomer ratios over time (Figure 3a). Under the typical conditions

promoting photoinduced oxa-6π electrocyclization with UVC (λ
< 260 nm),9 irradiation of a methanolic solution of 1 in a Quartz
reaction vessel was unable to achieve the desired transannular
electrocyclization (see Figure S8, Supporting Information (SI)).
Instead, 1 readily underwent isomerization to 2 and gave a
mixture of the (E,Z)-dienone (1) and (Z,Z)-dienone (2) which
reached a steady state equilibrium after 15 min without any
obvious formation of 3 (photostationary state ratio for 1:2:3 of
37:63:0). UponUVC irradiation, it is likely that the triplet excited
state of2undergoes isomerizationof the dienonemoiety followed
by the actual electrocyclization to generate the 2H-pyran product
3.9 As shown previously, the retro-6π electrocyclization of 3may
occur more rapidly than the forward reaction14 which could
explain why briareolate ester B (3) is not observed. The strongly
absorbent dienol ether chromophore may be easily photoexcited
(π−π* transition) thus enabling the facile retro-electrocyclization

Figure 2. Proposed biosynthetic pathway for conversion of briareolate esters L (1) and/or G (2) to briareolate ester B (3), and 3D drawing of the crystal
structure of briareolate ester D (4).

Figure 3.Reaction profiles generated using 1HNMRdata for the irradiation of briareolate ester L (1) andB (3)withUV light. (a) Stacked plot of 1HNMR
spectra of the irradiation of briareolate ester L (1) withUVA light at different time intervals. (b) Photoirradiation of 1 inMeOH [20mM]withUVA light.
(c) Photoirradiation of 3 in MeOH [20 mM] with UVC light (λ = 254 nm).
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to occur (see Figure S7, SI). In a serendipitous experiment,
irradiation of amethanolic solution of 1 in a Pyrex vessel using low
energy (UVA) irradiation (λ > 350 nm) gave a mixture of the
(E,Z)-dienone (1) and (Z,Z)-dienone (2) as well as the desired
2H-pyran 3 as the major product after 3 h (steady state ratio for
1:2:3 of 23:12:65; Figure 3b). Extended irradiation times did not
afford full conversion to 3, as decomposition occurred over time.
The isomerization of 1 to 2 takes place within minutes (Figure
3a), rapidly reaching a photostationary state, thus implying that
the rate-determining step of the cascade is most likely the
carbonyl C-9 isomerization. Upon rotation of the C-9 carbonyl
inside the macrocycle, the final transannular 6π electrocyclization
can take place. These results are unique by the fact that a two-
photon process is taking place to promote both the enone
photoisomerization and transannular oxa-6π electrocyclization
via the excited state of n−π* character. As expected, the carbonyl
isomerization (s-trans to s-cis of enone moiety) appeared
nontrivial due to the strain imparted by the macrocycle11 and
was achieved by a plausible pyramidalization in the excited state to
access the cisoid reactive rotamer 5 (vide inf ra).15

To understand the photochemical experiments we recorded
the emission spectrum of the lamps and the absorption spectra of
the starting materials 1, 2, and 3 (see Figure S7, SI). Initial
inspection of the absorption spectrum of 1 revealed two intense
bands (λ = 237 and 284 nm) that could be attributed to π−π*
transitions associated with the diene and enone moieties.
However, deconvolution of the spectrum using Origin software
revealed a weak n−π* transition at λ = 315 nm (see Figure S6a,
SI). The overlay of absorption spectrum of 1with the normalized
UVA and UVC emission spectra in a Rayonet photoreactor
revealed the UVC emission overlapped mostly with the π−π*
transitions of 1, while the UVA emission has a slight overlap with
the n−π* transition of 1. It is also important that the n−π*
transition ismore intense for compound 2 (see Figure S6b, SI), as
expected from a more conjugated dienone chromophore.
To follow up on these results, irradiation of briareolate ester B

(3) using UVA light showed neither reaction nor degradation
over the course of several hours. We then turned our attention to
the photochemistry of 3 under UVC irradiation to evaluate the
reversibility of the 6π electrocyclization (Figure 3c). As expected,
UVCphotoexcitation of3 triggered a rapid and complete retro-6π
electrocyclization in 40 min to reach an identical photostationary
state (similar to the forward reaction from 1) leading to the
matching ratio between 1, 2, and 3 of 37:63:0 (see Figure S8, SI).
These results support our earlier hypothesis that the oxa-6π
electrocyclization from 1 occurred under UVC irradiation (via 2
and 6), while the retro-transformation rate is even faster.14

To assess the possibility of a ground-state acid-mediated or
thermal isomerization and oxa-6π electrocyclization sequence, we
evaluated several conditions (see Table S3, SI).4a,16 Both 1 and 2
were found to be thermally stable up to 150 °C (sealed tube) as
monitored by 1H NMR. Over time, decomposition was observed
before any isomerization took place. 1,4-Conjugated additions
can usually be achieved on dienones with various Lewis bases to
trigger cascade transformations such as isomerization followed by
oxa-6π electrocyclization.17 Recently, a DABCO-mediated trans-
formationwas attempted but did not result in either isomerization
or in electrocyclization.17a As previously reported, addition of
thiophenol to 1 delivered stereoselectively themacrocyclic enol 7
in a quantitativemanner (Scheme1).8Unfortunately, additions of
Lewis or Brønsted acids to 7 did not promote the isomerization to
(Z,Z)-isomer 2. Further under acid-catalyzed conditions with
TFA or PTSA, 1 remained untouched, but in the presence of a

stoichiometric amount of these acids, 1was slowly converted to 2
without ever affording the 2H-pyran product 3 (Scheme 1).
Instead, 2 was transformed through an elaborate orchestration of
acyl transfers (two successive transesterifications) followed by the
C-2 alcohol undergoing a transannular cyclization into the C-9
ketone, which further cyclized to form the γ-spiroketal γ-lactone 5
in 92% yield. The structure of compound 5 was established
through interpretation of spectroscopic data including detailed
NMR analysis (see Figure S4, SI). NOE correlations observed
from H-6 to H3-16 and between H-7 and H3-18, together with a
small scalar coupling observed between H-6 and H-7, established
a (Z,Z)-diene arising from the isomerization of 1. In addition, a
distinctive correlation observed between H3-18 on the γ-lactone
ring and H3-20 indicated that the two methyl groups are spatially
proximate. This suggested the configuration at C-17 was S,
opposite of what was reported for 1, and other reported
briareolate esters and briaranes.18 Interestingly, inspection of
theX-ray data previously reported for briareolate esters A19 andD
(4)12 revealed that the configuration of C-17 in both compounds
was also S and indicated the structures were incorrectly drawn in
the original publications. Therefore, we propose that the C-17
configuration of briareolate esters 1−3 all have an (S)-
configuration at C-17. We also note the structural similarity of 5
to that of the cladiellin skeleton, a structurally related cembranoid-
derived class of natural products. Cladiellin diterpenoids,
precursor to the briarellin and asbestinin classes, are found in a
variety of soft corals and possess a wide range of biological
activities.20

In summary, the synthesis of briareolate ester B (3) from
briareolate ester L (1) has been achieved through a set of
isomerization/oxa-6π electrocyclization using UVA light. Fur-
thermore, UVC irradiation of 3 triggered a rapid retro-6π
electrocyclization to give amixture of 1 and 2 to establish a unique
photochromic switch that are of interest to the scientific
community.21 This molecular switch offers insight into trans-
annular oxa-6π-electrocyclic reactions of macrocyclic dienone
systems via a two-photon process and is likely to find numerous
applications in the synthesis of medium-sizedmacrocycles.22 The
study also confirms the hypothesis that the briareolate esters (1−
3) are genuinely produced photochemically in their natural
habitat. Finally, the reaction of1 under acidic conditions led to the
synthesis of γ-spiroketal γ-lactone 5, related to the ether-bridged

Scheme 1. Acid-Mediated Synthesis of γ-Spiroketal γ-Lactone
(5)
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Cladiellin class of natural products, and led to revision of the
configuration at C-17 as S for the briareolate esters.
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