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The first seco-casbane, EBC-329, isolated from the Australian rain-
forest, was synthesised from (+)-2-carene in seven steps. This
endeavour not only established the absolute stereochemical
assignment as (8R,9S)-EBC-329, but also identified, via photo-
isomerisation, a new seco-casbane family member.

Casbanes are considered a rare family of gem-dimethyl-
cyclopropyl diterpene macrocycles."”” The parent skeletal
hydrocarbon, casbene (1) (Fig. 1), was the first family member
to be reported,® and since then casbanes have been found in
both terrestrial’ and marine® organisms. Our investigation
into the Australian rainforest plant Croton insularis® has
revealed various casbanes [e.g. EBC-181 (2),” EBC-304 (3)° and
EBC-324 (4)°], and the first seco-casbanes 328 (5),'° 329 (6)°
and 363 (7)"° (Fig. 1).

Surprisingly, casbanes have received little attention in
terms of total synthesis, especially given that they display a
range of biological activities."*>”® Crombie and Pattenden
were the first to synthesise casbene (1),"' soon followed by
Takahashi,"”” and later by McMurry."> However, no further
total syntheses of casbanes have surfaced since these reports
in the 1980s. In comparison, the seco-casbane EBC-329 (6) suc-
cumbed to total synthesis in 2015,"* one year after we dis-
closed the structure.” The Thombal and Jadhav synthesis of
racemic 6 was achieved in 13 steps with a reported overall yield
of 10%; however, the supplied spectroscopic evidence was
inconsistent with that of the natural product (see ESIT).

Inspired to unambiguously determine the absolute stereo-
chemistry of EBC-329, and to further pursue its anti-cancer
properties (e.g. ICso of 0.6 pM against the K562 chronic myolo-
genous leukemia cell line'®), we embarked on a synthetic
campaign.
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Fig. 1 Casbanes 1-7, and retrosynthetic analysis of EBC-329 (6).

Herein is reported a 7-step total synthesis of EBC-329 start-
ing from the chiral pool.

As EBC-329 (6) contains a gem-dimethylcyclopropane with
two embedded stereocentres, it was difficult to surpass the
chiral pool in the retrosynthetic analysis (Fig. 1), especially
considering the chiral pool was successfully exploited for the
synthesis of casbene (1)."'™ In this regard, commercially
available (+)-2-carene (8) was selected, even though it was likely
to lead to the minor (or non-natural) enantiomer based on the
cyclopropane stereochemical assignments seen in 1, 3, 4, 5
and 7. That being said, there is evidence that the absolute con-
figuration of casbane cyclopropane units can vary within the

same organism.””
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It was envisaged that oxidative ring opening of (+)-2-carene
(8) would provide differentiated carbonyl groups. Such an
approach would allow judicious choice in chemoselective
methods for installing the required unsaturation. Butenolide
functionality could be installed sequentially or deployed in a
concerted fashion using a Sonogashira'®/cyclisation'” strategy
(Fig. 1).

Attempts to procure ketoaldehyde 9 via ozonolysis'® of 8
were unsatisfactory, thus prompting the use of a two-step pro-
cedure involving dihydroxylation followed by oxidative cleavage
(Scheme 1).'® Ketoaldehyde 9 was then subjected to Wittig
olefination with known phosphorane 10, generating ketoester 11
with exclusive E selectivity (determined through an NOE differ-
ence experiment, see ESIf) (Scheme 1). The overall yield of 11
from 8 over three steps was enhanced to 52% if ketoaldehyde 9
was not purified prior to Wittig olefination. Ketoaldehyde 9 was
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Scheme 1 Total synthesis of (+)-EBC-329. Double-headed arrows
depict key NOE observations.
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prone to oxidation in the open atmosphere, as has been
previously reported.®

Initially, a Petersen olefination®® strategy was pursued to
access enyne 12. Although this was productive, both standard
and modified conditions provided unfavourable E/Z-isomer
ratios of 12 (i.e. the unwanted 12Z-12 as the major isomer).
Fortunately, resorting to the Horner-Wadworth-Emmons olefi-
nation protocol, using the known diisopropyl phosphonate
13,”! installed the enyne motif in a favourable 2.4:1.0 E: Z
ratio (see below). TBAF-mediated protodesilylation was sub-
sequently performed in situ to furnish enyne 14, followed by
hydrolysis of the methyl ester to yield the corresponding acid
15 in 63% yield over three steps (Scheme 1).

The ester protection was removed prior to the installation
of the butenolide because prior work in our group revealed the
methyl ester of EBC-329 to be unstable. The status of the car-
boxyl group (i.e. ester or free acid) did not appear to have an
effect on the outcome of the butenolide installation.

The final step of the synthesis required the installation of
the y-alkylidenebutenolide. This was accomplished in 31%
yield with exclusive Z-selectivity (i.e. both isomers are 14Z2)
using iodoacrylic acid 16,>* following previously reported one
pot palladium-free conditions.”® An NOE difference experi-
ment supported the butenolide configuration assigned to 6
(see ESI}). Integration of the "H NMR spectrum recorded on
the butenolide mixture (i.e., 6 and 17) confirmed that the 12E/
12Z ratio was unvaried in the reactions subsequent to the
Horner-Wadsworth-Emmons olefination. Unfortunately, NOE
experiments performed on 12 through to 15 were unproduc-
tive. The two butenolide diastereomers were then separated by
normal-phase HPLC to yield pure EBC-329 (6) and impure 122-
EBC-329 (17) (Scheme 1), which could not be further purified.

The specific rotation obtained for synthetic 8S,9R-EBC-329
(6) was opposite to that reported for the natural sample, con-
firming the absolute stereochemistry of natural (—)-EBC-329
(6) as 8R,9S. This assignment was supported by comparison
between the UV-Vis circular dichroism spectra of synthetic and
natural EBC-329 (see ESIT).

As photoisomerisations of alkylidenebutenolides are
precedented,>>® we exposed a deuterochloroform solution of
synthetic EBC-329 to laboratory fluorescent lighting for 60 h.
A new compound was generated which seemed to be in steady-
state equilibrium with EBC-329. No conversion was observed
in the absence of light under identical conditions. Based on
'H NMR spectral comparisons to both EBC-329 and
12Z-EBC-329 (17), the photochemical product was assigned
as one of either 14E-EBC-329 (18) or 12Z,14E-EBC-329 (19)
(Scheme 1). Unambiguous assignment of the photoisomer’s
stereochemistry could not be made with the available NMR
data. The "H NMR spectrum of natural EBC-329 ° was then re-
evaluated to reveal this same photoisomer as a minor co-
isolate (see ESIT). Interestingly, the ratio of isomers observed
in the natural and irradiated synthetic samples were
comparable.

On this basis, the photoisomer was identified as a new
member of the seco-casbane class of natural products, and it
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was tentatively assigned the same absolute configuration as co-
isolated EBC-329 (i.e. 8R,9S). Although artefacts of isolation
may arise through photoisomerisation, the typical exposure of
Northern Australian terrestrial plants to prolonged, intense
sunlight supports the natural product status of the
photoisomer.

In conclusion, the synthesis of (+)-(8S,9R)-EBC-329 (6) was
achieved in a concise and efficient manner, culminating in a
seven step sequence. The synthetic approach described herein
is a substantial improvement over that previously reported,
and confirms for the first time the absolute stereochemistry of
naturally-occurring (—)-EBC-329 (6) as 8R,9S. In addition,
photoisomerisation of the final product led to the identifi-
cation of either 8R,95-14E-EBC-329 (18) or 8R,9S5-12Z-14E-
EBC-329 (19) as a new seco-casbane natural product.
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