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f (−)-scabrolide A and
(−)-yonarolide†

Nicholas J. Hafeman, ‡ Steven A. Loskot,‡ Christopher E. Reimann,
Beau P. Pritchett, Scott C. Virgil and Brian M. Stoltz *

The complete account of the total syntheses of scabrolide A and yonarolide is disclosed. This article

describes an initial approach involving a bio-inspired macrocyclization/transannular Diels–Alder cascade,

which ultimately failed due to undesired reactivity during macrocycle construction. Next, the evolution

of a second and third strategy, which both involve an initial intramolecular Diels–Alder reaction followed

by a late-stage closure of the seven-membered ring of scabrolide A are detailed. The third strategy was

first validated on a simplified system, but problems were encountered during a key [2 + 2]

photocycloaddition on the fully elaborated system. An olefin protection strategy was employed to

circumvent this problem, ultimately leading to the completion of the first total synthesis of scabrolide A

and the closely related natural product yonarolide.
Introduction

The polycyclic furanobutenolide-derived norcembranoids are
a small family of structurally diverse, highly oxygenated C19

norditerpenoids, which are isolated exclusively from so corals
of the genus Sinularia (Fig. 1).1 Since the rst reports of their
isolation over two decades ago, these molecules have captivated
synthetic chemists owing to their unique and synthetically
challenging structural features, as well as the range of biological
effects they have been shown to elicit. Consequently, the poly-
cyclic furanobutenolide-derived norcembranoids have garnered
considerable attention from the synthetic community, and
several attempted total syntheses have been reported to date.2,3

All known polycyclic furanobutenolide-derived norcem-
branoids are believed to originate from the macrocyclic nor-
cembranoids sinuleptolide and 5-episinuleptolide (9, Scheme 1),
which are thought to be in equilibrium in vivo. Through a series
of divergent, transannular reaction cascades, these two progeni-
tors give rise to the diverse set of carbocyclic skeletons that make
up the furanobutenolide-derived polycyclic norcembranoid
family. For example, scabrolide A (1) is proposed to arise from 5-
episinuleptolide (9) following a series of two transannular
Michael additions: a 7-exo-trig cyclization between C(5) and C(13),
and a 5-exo-trig cyclization between C(7) and C(11), which
for Chemistry and Chemical Engineering,

ering, California Institute of Technology,
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the Royal Society of Chemistry
produce isomeric sinulochmodin C (3). b-Elimination of the C(5)
tertiary ether then generates 12 (the structure originally and
erroneously assigned as scabrolide B), which undergoes olen
isomerization to scabrolide A (1). This biosynthetic hypothesis is
supported by the fact that these natural products are oen iso-
lated together, and alongside their macrocyclic counterparts.1

Futhermore, Pattenden's groundbreaking biomimetic semi-
syntheses of sinulochmodin C (3) and ineleganolide (6) from the
same naturally-derived precursor (9) beautifully demonstrated
the feasibility of this type of chemistry.4

Efforts have been reported toward the total synthesis of
several of the polycyclic furanobutenolide-derived norcem-
branoid diterpenoids. Ineleganolide (6) has a long history of
Fig. 1 Polycyclic furanobutenolide-derived norcembranoids.
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Scheme 1 Proposed biosynthesis of sinulochmodin C (3), scabrolide A (1), and ineleganolide (6).

Fig. 2 First-generation retrosynthetic analysis of scabrolide A (1).
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View Article Online
thwarted attempted syntheses. Disclosures by Vanderwal2d as
well as our group2e detailed the syntheses of highly advanced
intermediates en route to this target, which could not be carried
forward to the natural product itself. Regarding the [5-6-7] fused
carbocyclic core of the yonarane-type norcembranoids (scabro-
lide A, yonarolide, sinulochmodin C), two recent publications5

demonstrated strategies for the synthesis of the fused [5-6]
portion of this framework. However, these reports did not
detail the formation of the 7-membered carbocycle. Addition-
ally, pioneering research by Barriault,6 Ito,3 and Mehta7

demonstrated approaches to this ring system, but again without
further advancement to any natural product targets.

Given our laboratory's interest in the total synthesis of
structurally complex natural products, we have had a long-
standing fascination with the polycyclic furanobutenolide-
derived norcembranoid diterpenoids. Beginning with our
efforts toward ineleganolide (6), which culminated in the
enantioselective synthesis of several isomeric “inelegano-
loids”,2e we have continued our pursuit of this family of natural
products, shiing our focus to (−)-scabrolide A (1). Our efforts
resulted in the rst total syntheses of (−)-scabrolide A (1),8 as
well as the related natural product yonarolide (4), representing
the rst successful total synthesis of any member of the poly-
cyclic furanobutenolide-derived norcembranoid class.

Since our initial disclosure of this research, several
completed syntheses of polycyclic furanobutenolide-derived
norcembranoids and cembranoids (the C20 counterparts) have
been reported. The Fürstner group published an elegant total
synthesis of both scabrolide A (1) and the (incorrectly) reported
structure of scabrolide B (12).9 Additionally, the Wood group
very recently reported the rst successful total syntheses of
ineleganolide (8) and sinulochmodin C (3),10 a ground-breaking
achievement within this eld. Finally, recent publications by
the Romo group as well as our group detailed the successful
syntheses of the closely related C20 cembranoids ramesewar-
alide11 and havellockate,12 respectively.

This article provides a complete account of our total
syntheses of scabrolide A (1) and yonarolide (4). Our efforts
toward these targets, which built heavily upon our laboratory's
experience with ineleganolide (6), involved several pivots in the
strategic approach. In this manuscript we hope to present the
4746 | Chem. Sci., 2023, 14, 4745–4758
challenges faced in pursuit of scabrolide A (1) and yonarolide
(4), and to show how these challenges informed the develop-
ment of the route that ultimately proved successful in delivering
these targets.
First-generation approach

At the outset, we planned to exploit a bioinspired approach to
scabrolide A (1), in which the core ring system would be
assembled via a transannular Diels–Alder reaction, which ret-
rosynthetically delivers macrolactone 13 (Fig. 2). Given the fact
that the central six-membered ring of the natural product is
believed to arise from a transannular double-Michael cascade
(i.e., a formal Diels–Alder) in vivo, we hypothesized that this
approach might be feasible provided we could access macro-
cycle 13. We anticipated that a ring-closing metathesis (RCM) of
an intermediate such as ester 14 might generate the requisite
macrocycle, given the longstanding precedent for the use of this
reaction for the formation of large and medium-sized rings.13

Ester 14, in turn, would be formed by a convergent esterication
of two enantioenriched fragments: dihydroxyvinylcyclopentene
15 and ynoic acid 16.

The synthesis of dihydroxyvinylcyclopentene ent-15 had
been previously reported by our laboratory during our efforts
toward ineleganolide (6).14,2e It should be noted that, at the
outset of that study, the absolute stereochemistry of inelega-
nolide (6)15 and of several of the other polycyclic
furanobutenolide-derived norcembranoids16 was not known
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of RCM substrate 28.
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(and had been erroneously reported as the ent-series). It was
later shown that these molecules possess the opposite absolute
stereochemistry, shown correctly in Fig. 1.17 Thus, unbeknownst
to us at the time, our initial efforts targeted the ent-series of
these natural products.

Our original synthesis of dihydroxyvinylcyclopentene ent-15,
outlined in Scheme 2, commences with the advancement of 1,1-
dimethoxycyclohexane (17) and Tris HCl (18) to TES enol ether
19, achieved in 6 steps and 28% overall yield. Enol ether 19 then
serves as a substrate for a Pd-catalyzed asymmetric allylic
alkylation, delivering enantioenriched tertiary ether 20 in 82%
yield and 92% ee. Following an oxidative bromination/Wittig-
type cyclization, enone 21 is obtained. A diastereoselective
reduction followed by protecting group manipulations results
in the formation of monoprotected triol 22, which may then
undergo oxidation, Wittig methenylation, and deprotection to
deliver the key fragment ent-15.

The second coupling partner is accessed from (S)-carvone
(23) beginning with a known sequence18 which delivers Weinreb
amide ent-24 in 4 steps (Scheme 3). Seyferth–Gilbert homolo-
gation19 affords terminal alkyne ent-25, and subsequent mon-
oaddition of allyl magnesium bromide furnishes ketone 26,
which is then protected as the corresponding dioxolane (27).
Deprotonation of 27 with n-BuLi and quenching with CO2

delivers the desired ynoic acid, which is carried forward crude to
the convergent esterication. Gratifyingly, we found that the
two fragments are smoothly coupled under Yamaguchi condi-
tions,20 delivering ester 28 in 44% yield over the two steps,
setting the stage for the key macrocyclization reaction.

Despite ample precedent for RCM-mediated macro-
cyclization, ester 28 failed to undergo the desired RCM, instead
delivering undesired cyclohexene 29 as the predominant
product (Scheme 4A). Even aer examining a variety of known
RCM catalysts, macrocycle 30 was never observed, thus
thwarting this synthetic plan. Although substrate 28 possesses
two monosubstituted olens (the vinyl group and the allyl
group), it is likely that the electronic deactivation of the
conjugated vinyl group causes the allyl olen to be the prefer-
ential site of initial reactivity.21 The resulting Ru-carbenoid is
Scheme 2 First-generation synthesis of vinylcyclopenteneone ent-15.

© 2023 The Author(s). Published by the Royal Society of Chemistry
then poised to undergo a facile 6-membered ring closure,
resulting in undesired RCM product 29.

Although disappointed in the failure of our key macro-
cyclization, we recognized that access to 28 still represented an
important milestone in the synthesis, and we proceeded to probe
its reactivity further. Specically, we viewed this as an opportu-
nity to test whether an intramolecular Diels–Alder reaction of
a compound such as 28would be feasible. To that end, heating of
ester 28 to 130 °C in xylenes resulted in a facile Diels–Alder
cycloaddition, delivering tricycle 31 in 40% yield as a single
diastereomer (Scheme 4B). Although adduct 31 would not serve
as a viable intermediate in our total synthesis given the incorrect
substitution on the carvone-derived tether, the success of this
reaction served to validate our hypothesis that the central six-
membered ring of scabrolide A (1) could be formed by an intra-
molecular Diels–Alder reaction. Thus, we opted to revise our
retrosynthetic strategy around this signicant result.
Second-generation approach

Our second-generation retrosynthetic analysis (Fig. 3) relied
upon a late-stage closure of the eastern seven-membered
Scheme 4 (A) Failed RCM macrocyclization. (B) Diels–Alder of ester
28.

Chem. Sci., 2023, 14, 4745–4758 | 4747
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Fig. 3 Second-generation retrosynthetic analysis of scabrolide A (1).
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carbocycle of scabrolide A (1) from a precursor such as enone
32. We envisioned access to 32 from Diels–Alder adduct 33,
which, in turn, could be furnished from ester 34. Ester 34 would
be prepared by a similar convergent esterication of dihydrox-
yvinylcyclopentene 15 and a new ynoic acid, 35, appended with
a methyl ketone.

At this point, we also became interested in a more expedient
route to dihydroxyvinylcyclopentene 15. Inspired by a report
from Maimone and coworkers detailing the synthesis of enone
37 (Scheme 5) in two steps from (R)-linalool (36),22 we hypoth-
esized that we could exploit this building block for the prepa-
ration of 15. Our second-generation synthesis of this fragment
commences with a conjugate addition of vinyl cuprate to enone
37, and, following a dehydrogenation protocol, vinyl enone 40 is
furnished in good yield. A diastereoselective Luche reduction
then establishes the nal stereocenter, delivering a TBS-
protected variant of the desired fragment (41). Treatment with
TBAF at elevated temperature then delivers dihydrox-
yvinylcyclopentene 15 in 20% yield over 7 steps (vs. 15), and in
the correct enantiomeric series.

The new ynoic acid coupling partner (35) is prepared from
alkyne 25 (Scheme 6), intercepted from the route to the ynoic
Scheme 5 Second-generation synthesis of vinylcyclopentenone 15.

4748 | Chem. Sci., 2023, 14, 4745–4758
acid used previously (now starting from (R)-carvone to match
the enantiomer of dihydroxyvinylcyclopentene 15). Mono-
addition of methyl magnesium bromide installs the requisite
methyl ketone in the form of intermediate 42. Pd-catalyzed
oxidative carboxylation23 then affords methyl ester 43, which,
following saponication, is coupled with TBS-protected dihy-
droxyvinylcyclopentene 41 under Steglich conditions24 to afford
Diels–Alder precursor 44.

As before, heating ester 44 to 140 °C in xylenes smoothly
triggers the desired [4 + 2] cycloaddition, delivering tricycle 45
in good yield as a single diastereomer. At this stage, oxidation of
the D6,7 olen is required in order to install the C(6) ketone
present in the natural product. Initially, we planned to accom-
plish this via a directed epoxidation and subsequent Meinwald
rearrangement. To this end, we attempted the deprotection of
the C(8) alcohol by treatment of 42 with TBAF, however, we were
surprised to isolate tetracycles 47 and epi-47 instead of the
anticipated deprotected alcohol. We hypothesize that these
unexpected products are the result of an aldol cyclization
between an extended enolate (46) generated by deprotonation of
45 at C(5) with TBAF. Although TBAF is typically far too weak of
a base to deprotonate g-protons of an a,b-unsaturated lactone,
we reason that the strain imparted on tricycle 45 signicantly
reduces the pKa of these protons, thus facilitating deprotona-
tion and subsequent cyclization. Interestingly, a compound
possessing a ring system very similar to 47 was recently
observed by Gaich and coworkers during their total synthesis of
norcembrene 5 (a macrocyclic norcembranoid) resulting from
an unexpected [4 + 2] cycloaddition.25 The authors propose that
this ring system may correspond to a yet-undiscovered subclass
of the polycyclic norcembranoid natural products.

In light of this undesired reactivity, we simply opted to utilize
dihydroxyvinylcyclopentene 15 instead of its TBS-protected
congener (Scheme 7). Not surprisingly, the Diels–Alder reac-
tion of ester 48 proceeds smoothly, delivering tricycle 49 in good
yield as a single diastereomer. The now free hydroxyl group can
then direct a VO(acac)2-catalyzed epoxidation, which furnishes
epoxide 50 in excellent yield. Unfortunately, the planned
Meinwald rearrangement failed under a variety of Lewis acid-
mediated conditions forcing us to settle on a two-step
approach to enone 32.26 Performing a Ti-mediated reductive
opening27 of epoxide 50 furnishes diol 51. However, despite
surveying a wide variety of oxidation conditions, ketone 52 (or
enone 32) was never isolated. Instead, decomposition,
presumably through the aforementioned aldol pathway, was
observed under several oxidation conditions (i.e., Swern, DMP,
Cr(VI)), while other conditions (i.e., TPAP/NMO, CuOTf/ABNO/
O2)28,29 failed to induce any reactivity whatsoever. The failure of
this oxidation ultimately thwarted the advancement of inter-
mediate 51 to enone 32.
Photocycloaddition strategy: model
studies

Although surprised by the difficulty of this transformation, we
immediately identied the pendant ketone as the problematic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Synthesis of ester 44, Diels–Alder cycloaddition, and undesired aldol cyclization.

Scheme 7 Diels–Alder reaction of 48, directed epoxidation, reductive
epoxide opening and failed oxidation of alcohol 51.

Fig. 4 Third-generation retrosynthetic analysis of scabrolide A (1).
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functionality in diol 51, which was hampering the advancement
of this intermediate further in the synthesis. As such, we
wondered whether the replacement of the ketone with a non-
electrophilic surrogate might mitigate the undesired reactivity
and facilitate the completion of the synthesis. Identifying a vinyl
silane as a suitable choice, which would be converted to the
ketone via a Tamao–Fleming30 oxidation at a later point in the
synthesis, we redesigned our route once again. When consid-
ering the proposed intermediate (i.e., 55) we identied the vinyl
silane/enone system as a well suited substrate for a [2 + 2]
photocycloaddition,31 which might prove successful in forging
the nal C–C bond (C(4)–C(5)) of the natural product. With
these facts in mind, we ultimately developed the retrosynthetic
plan outlined in Fig. 4 as a suitable path forward.

In this approach the seven-membered carbocycle would be
introduced at a late stage via an oxidative fragmentation32 of
© 2023 The Author(s). Published by the Royal Society of Chemistry
a fused [4-5] ring system such as 53, which would be accessed by
Tamao–Fleming oxidation of tertiary silane 54. Pentacycle 54
was envisioned as the product of an intramolecular enone–
olen photocycloaddtion, retrosynthetically delivering vinyl
silane 55, which would be accessed via a hydrosilylation of
alkyne 56. Notably, we hoped that replacement of the pendant
methyl ketone present in prior intermediates with a relatively
inert alkyne might allow access to the previously intractable
enone (in this case 56) by suppression of problematic decom-
position pathways (i.e., aldol). In order to rst test this new
strategy, we opted to utilize a simplied system which omits the
isopropenyl group. Removal of this distal stereocenter obviates
the need for an enantiospecic synthesis of the carboxylic acid
coupling partner in the esterication reaction, which allows
expedient access to this fragment. We reasoned that, once
a route to the core of the natural product was established, we
Chem. Sci., 2023, 14, 4745–4758 | 4749
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Scheme 8 Synthesis of simplified [2 + 2] substrate 62.
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would then go back and modify the route to include the iso-
propenyl group from an early stage.

In the event, known ester 58,33 available in one step from
commercially available 1,6-heptadiyne, is saponied and
coupled with dihydroxyvinylcyclopentene 15 (Scheme 8). The
previously established Diels–Alder/epoxidation/reductive
epoxide opening sequence then delivers diol 60. With the
problematic ketone now replaced with a relatively inert terminal
alkyne, the oxidation of diol 60 proceeds under the action of
DMP, delivering enone 61 aer migration of the olen into
conjugation with the newly formed ketone. However, the
outcome of this transformation proved to be highly variable,
with a maximum yield of 47%, although yields as low as 20%
were also observed. Specically, this oxidation tended to
Scheme 9 [2 + 2] photocycloaddition of enone 62.

4750 | Chem. Sci., 2023, 14, 4745–4758
proceed very slowly, and oen completely stalled even aer
addition of excess DMP and heating. Despite this irreproduc-
ibility, we were still able to access sufficient quantities of crucial
intermediate 61 to explore the feasibility of the remainder of our
new strategy. To this end, a Ru-catalyzed hydrosilylation34

delivers vinyl silane 62, setting the stage for the exploration of
the crucial [2 + 2] photocycloaddition.

To our delight, irradiation of vinyl silane 62 at 350 nm in
benzene smoothly initiates the enone–olen cycloaddition,
delivering cyclobutanes 63 and 64 as a separable, 2 : 1 mixture of
diastereomers, which were characterized unambiguously by X-
ray diffraction (Scheme 9). Notably, diastereomer 63, the
major product of this reaction, displays trans fusion at the [6-4]
ring juncture, which is an uncommon stereochemical outcome
of [2 + 2] photocycloadditions.35 Additionally, both products 63
and 64maintain conserved stereochemistry at C(5). Based upon
these results, we can infer the mechanistic scenario outlined in
Scheme 9.36

Initially, photoexcited enone 65 can undergo either a 1,5-
cyclization (Scheme 9, top pathway, red) or a 1,7-cyclization
(bottom pathway, blue). Considering rst the top pathway, this
initial 1,5-cyclization between C(3) and C(13) would need to
proceed with a dr of 2 : 1, favoring attack from the concave face
of the enone, to align with the experimentally observed result.
Subsequently, diradicals 66a and 66b would be formed. Minor
product 64 could form in a straightforward fashion via radical
recombination from the same face as the initial attack to form
the cis-fused cyclobutane. However, in order to generate major
product 63, diradical 66a, already seemingly poised to undergo
recombination from the concave face to form 5-epi-63 (not
observed), would instead need to undergo an unlikely confor-
mational shi in order for the C(4)–C(5) bond to be formed from
the opposite, convex face.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Alternatively, photoexcited enone 65 could instead undergo
a 1,7-cyclization between C(4) and C(5). If this proceeded with
high diastereoselectivity from the convex face, as could be
reasonably expected, it would explain the conservation of
stereochemistry at C(5) between the two observed photo-
cycloadducts (63 and 64). This 1,7-cyclization would lead to the
formation of a 1,4-diradical, which could then undergo radical
recombination from either the concave (66c) or convex (66d)
face of the molecule. Inspection of the latter reveals a steric
interaction between the bulky silyl group and the underside of
the cyclohexanone ring. Thus, preferential (albeit not exclusive)
recombination occurs from the concave face leading to the
formation of trans-fused cyclobutane 63 as the major product.

Although it is typically understood in intramolecular enone–
olen photocycloadditions that triplet-state enones preferen-
tially form 5-membered rings when possible,37 exceptions to
this tendency do exist, and the prevailing mechanism in each
case is believed to be highly substrate-dependent. Specically,
cases in which the reacting ground-state olen is substituted at
the internal position (e.g., 1,1-disubstituted olens) this type of
reactivity is oen observed.38 This is presumably due to steric
repulsion between the enone and the fully substituted olenic
carbon, and in the case of a bulky Ph(CH3)2Si substituent, it
would be expected that this steric effect would be even more
pronounced. Thus, we propose the mechanism involving 1,7-
cyclization followed by 1,4-radical recombination for this
particular transformation. Evidence for this type of mechanism
operating in our cycloaddition includes the preferential
formation of the trans-fused cyclobutane, as well as the
conservation of stereochemistry at C(5) between both the trans-
and cis-fused cyclobutane products. However, we do not have
any denitive evidence to rule out the alternative pathway.

Gratied that our simplied system successfully undergoes
the key [2 + 2] photocycloaddition, we set out to explore the
remainder of our new strategy to access the carbocyclic core of
scabrolide A. The next task would be the Tamao–Fleming
oxidation, which would convert the tertiary silane to an oxygen
atom that would eventually become the C(3) ketone of the
natural product. To our delight, trans-fused silylated cyclo-
butane 63 readily undergoes Hg-mediated Tamao–Fleming
oxidation, affording tertiary alcohol 67 in 30% yield
(Scheme 10). Interestingly, the cis-fused diastereomer 64 fails to
Scheme 10 Tamao–Fleming oxidation of 63 and failed Tamao–
Fleming oxidation of 64.

© 2023 The Author(s). Published by the Royal Society of Chemistry
engage in the same reaction either in the presence of Hg(OAc)2
or more reactive Hg(TFA)2,39 returning only starting material.
This may be due to the inaccessibility of the tertiary silane in 64,
which is shielded by the bulk of the molecule, preventing access
to activation/nucleophilic attack. Efforts to perform this reac-
tion at elevated temperatures simply result in the nonspecic
decomposition of silane 64. Fortuitously, the reactive diaste-
reomer happens to be the major product of the photo-
cycloaddition, and thus material throughput is not signicantly
hampered by this unexpected divergence in reactivity.

With cyclobutanol 67 in hand, we were presented with the
opportunity to examine the nal phase of our strategy on this
model system. Specically, an oxidative fragmentation of the
cyclobutanol moiety present in intermediate 67 to generate the
cycloheptenone was all that remained for the synthesis of the
carbocyclic framework of scabrolide A (1).

We were intrigued by a report from Qi and Zhang40 which
details the Ag-catalyzed oxidative fragmentation of a variety of
cyclobutanol substrates to the corresponding g-chloroketones.
When we subjected model cyclobutanol 67 to these conditions,
we were initially pleased to observe signs of selective reactivity.
Upon purication, however, we were surprised to isolate penta-
cycle 72 duct of this reaction (Scheme 11), rather than the ex-
pected g-chloroketone or enone.We believe that 72, the structure
of which was determined unambiguously by X-ray diffraction,
arises from chlorohydrin formation/oxa-Michael addition of
enone 71, aer initial oxidative cyclobutanol fragmentation and
chloride elimination. Although not the expected product, we were
delighted to note that 72 is adorned with the requisite 7-
membered carbocycle, and thus possesses the full carbocyclic
framework of scabrolide A (1).
Photocycloaddition strategy: complete
system

Given these results, we were condent that our newly designed
strategy would be successful in delivering the natural product if
Scheme 11 Oxidative ring expansion of cyclobutanol 67 to ether 72.
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Scheme 12 Synthesis of isopropenyl-bearing acid 57.
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we introduced the isopropenyl group at an early stage and
carried it through the remainder of the synthesis. As such, we
targeted ynoic acid 57 (Scheme 12) as a coupling partner for the
convergent esterication. Returning to (R)-carvone ((−)-23) as
our chiral-pool starting material, we designed a synthesis of the
requisite fragment (57) starting from known monoprotected
dialdehyde 73.41 This is accomplished using a series of two
Corey–Fuchs homologations,42 which enables the sequential
installation of both alkynyl fragments while maintaining the
stereochemical delity of the isopropenyl stereogenic center.

With acid 57 in hand, the convergent esterication is per-
formed between diol 15 and ynoic acid 57, and, following the
intramolecular Diels–Alder reaction, tricycle 78 is obtained
(Scheme 13). This adduct is then carried through the same
epoxidation/reductive opening sequence, this time utilizing
a catalytic quantity of Ti for the epoxide opening.43 At this stage,
we recognized the need to address the challenging oxidation of
diol 80, and turned our attention toward amodel system for this
optimization (Table 1).
Scheme 13 Esterification of ynoic acid 57 and Diels–Alder/oxidation
sequence.

4752 | Chem. Sci., 2023, 14, 4745–4758
As noted earlier, buffered DMP could be employed for this
oxidation in previous systems, however, these results were highly
irreproducible. Specically, the degree of conversion varied
widely between batches both on the same and different scales.
Initial experiments with Cr(VI) oxidants proved somewhat prom-
ising, inducing the desired reactivity, however large amounts of
nonspecic decomposition were observed, and the yield was
never optimized past 35% (entry 2). Interestingly, TPAP/NMO,
Cu(OTf)/ABNO/O2, and TEMPO systems failed to produce any
meaningful levels of reactivity, returning only starting material
(entries 3–5). We were pleased to see oxidation when utilizing IBX
in DMSO, however, in this solvent the formation of several
unidentied byproducts was observed (entry 6). Gratifyingly,
switching the solvent to MeCN and elevating the temperature
suppressed the undesired side reactivity, delivering model enone
82 in 71% yield (entry 7). To our delight, aer slightmodication,
this IBX/MeCN system proved effective on the full system, deliv-
ering enone 56 in 72% yield (entry 8).
Failed photocycloaddition and olefin
protection

With a robust route to enone 56 now established, we were
poised to examine the key [2 + 2] photocycloaddition with the
now fully elaborated system (Scheme 14). Hydrosilylation of
enone 56 delivers vinyl silane 55 in good yield, setting the stage
for the key [2 + 2] photocycloaddition, this time on the fully
elaborated system. To our dismay, however, upon irradiation of
55 at 350 nm in benzene, the expected fused [6-4-5] product (i.e.,
54) was not observed. Instead, we isolated fused [6-4-4] product
83, the major product of this photocycloaddition, which arises
from the undesired reaction between the enone and the iso-
propenyl olen rather than the vinyl silane. While the presence
of two olens on our [2 + 2] substrate was always a concern, we
reasoned that, due to the highly strained nature of 83, that the
desired product 54 would likely be formed with at least some
degree of selectivity. Consequently, we were astonished to
discover that this transformation was exquisitely selective for
the [6-4-4] fused system, with no signs of the isopropenyl vinyl
proton signals observed in the crude 1H NMR.

As outlined in Fig. 5, we believe that the observed regiose-
lectivity arises from steric interactions imposed by the bulky
Ph(CH3)2Si group. In the desired reactive conformation of
photoexcited enone 84 (i.e., for 1,7-cyclization leading ulti-
mately to 54), the large silyl group is required to come into close
proximity with the tricyclic core of the intermediate (Fig. 5, le).
We believe that this causes the favorability of a conformation
such as 84′, where the silyl group is held at a distance, thus
bringing the isopropenyl olen into closer proximity to the
triplet-state enone. Subsequent 1,6–cyclization44 results in the
formation of a 1,4–diradical, which then undergoes radical
recombination to the observed [6-4-4] product (83).

Given the overwhelming preference for the formation of 83
in the photocycloaddition, we reasoned that it would likely
prove fruitless to attempt overturning selectivity for the desired
product. We instead opted to utilize a protecting group strategy
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the C(6) oxidation

Entry Conditions Substrate Result

1 DMP, CH2Cl2, 23 °C 81 and 60 Inconsistent yield/incomplete conversion
2 PCC, CH2Cl2, 23 °C 81 35% yield
3 TPAP, NMO, 3 Å MS, CH2Cl2, 23 °C 81 No reaction
4 Cu(CH3CN)4OTf, MeOppy, ABNO, NMI, CH3CN, O2, 23 °C 81 No reaction
5 TEMPO, PIDA, CH2Cl2, 23 °C 81 No reaction
6 IBX, DMSO, 23 °C 81 43% yield
7 IBX, CH3CN, 80 °C 81 71% yield
8 IBX, CH3CN, 50 °C 80 72% yield

Scheme 14 Photocyclization of fully elaborated substrate 55 to form undesired product 83.
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to overcome this undesired reactivity, where temporary
“masking” of the isopropenyl olen could allow for the correct
regioselectivity in the [2 + 2]. In practice, this would require
a functional group that could be easily installed on the olen in
question, and more importantly, could be removed at a later
stage in the synthesis. Aer surveying several options, we
decided that an epoxide could meet both of these criteria. To
this end, treatment of enone 56 with m-CPBA delivers epoxide
85 as an inseparable mixture of epoxide epimers at C(15), which
can then undergo hydrosilylation to furnish vinyl silane 86
(Scheme 15). To our delight, with the reactive isopropenyl group
now suitably “protected” as the corresponding epoxide, this
intermediate smoothly undergoes the [2 + 2] cycloaddition at
the intended olen, delivering the desired trans-fused [6-4-5]
product 87 in 71% yield.
Fig. 5 Mechanistic rationale for the undesired photocycloaddition outc

© 2023 The Author(s). Published by the Royal Society of Chemistry
Initial attempts at performing the Tamao–Fleming oxidation
on silane 87 proved unsuccessful. Treatment with Hg(OAc)2/
AcOOH, KBr/AcOOH, and HBF4/H2O2 all result in rapid
decomposition, presumably due to the instability of the reactive
epoxide under these strongly acidic conditions. Indeed, control
experiments revealed that, even in the absence of activating
agents, 87 quickly decomposes in solution with AcOOH/AcOH,
rendering the desired Tamao–Fleming oxidation infeasible.
This being the case, we chose to circumvent this issue by con-
verting the problematic epoxide to the corresponding primary
alcohol via a second Ti-catalyzed epoxide opening, which also
serves as the rst of two steps for the removal of the olen
protecting group (Scheme 16). Silane 89 and its C(15) epimer are
obtained in excellent yield from this reaction, and are readily
separable by column chromatography at this stage. Gratifyingly,
ome.
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Scheme 15 Epoxidation of 56, successful [2 + 2] photocycloaddition
of protected substrate 86, and failed Tamao–Fleming oxidation.

Scheme 17 Oxidative ring-expansion of cyclobutanol 90 and unex-
pected cyclization of 91 during Grieco dehydration.
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we found that, in the absence of the epoxide, silane 89 smoothly
undergoes a Tamao–Fleming oxidation to deliver cyclobutanol
90 (epi-89 is also competent in this transformation and can thus
be carried through the remainder of the synthesis in an anal-
ogous fashion to produce epi-90).

Oxidative fragmentation and
attempted dehydration

With cyclobutanol 90 in hand, we were poised to investigate the
critical fragmentation reaction on our fully-elaborated system.
To our delight, under our previously employed Ag-catalyzed
conditions, cyclobutanol 90 undergoes fragmentation to cyclo-
heptenone 91 (Scheme 17). Presumably the formation of 91
proceeds through the intermediacy of the corresponding g-
chloroketone or a THF-bridged species analogous to 72 (an
intermediate product can be observed and isolated that is
unstable to chromatography and thus has eluded character-
ization). However, this intermediate undergoes elimination of
chloride during purication by preparative TLC, or stirring in
Scheme 16 Reductive opening of epoxide 87, and successful Tamao–
Fleming oxidation of 89.

4754 | Chem. Sci., 2023, 14, 4745–4758
a suspension of TLC-grade SiO2 in MeOH, to deliver the desired
enone (91) directly. With this key transformation complete and
the carbocyclic core of the natural product now established on
a fully elaborated system, the nal remaining task was the
elimination of the C(16) alcohol to regenerate the isopropenyl
group and complete the total synthesis.

Given its frequent use in total synthesis, particularly in late-
stage, complex settings, we turned to the venerable Grieco
elimination45 for this critical step (Scheme 17). To our surprise,
however, exposure of alcohol 91 to the canonical Grieco
conditions did not afford any trace of scabrolide A (1). Aer
several attempts, we were able to isolate and characterize pen-
tacycle 94 as the primary product of this reaction.

While initially puzzling, we recognized that this product
might arise if, under the reaction conditions, a cyanohydrin is
formed at the C(3) ketone by HCN generated during the Grieco
reaction. Activation of the cyanohydrin hydroxyl group by tet-
rabutyl phosphonium selenide (an intermediate in the Grieco
reaction) could precede cyclization either via a cationic inter-
mediate or by direct displacement to close the three-membered
ring. Following the usual oxidation/elimination of the selenide
at C(16), pentacycle 94 would be formed. Upon closer analysis
(LCMS) no trace of the diketone-selenide is detected during the
course of the reaction, suggesting that cyanohydrin formation is
faster than alcohol displacement under these conditions, and
thus that this undesired cyclization would be difficult to
suppress. In light of this unexpected result, we turned our
attention to alternative alcohol elimination protocols (Scheme
18). Mesylate 95 is readily formed using standard conditions,
however, all attempts at performing the nal elimination
proved fruitless. Instead, nonspecic decomposition was
observed in all cases, presumably a consequence of the base
sensitivity of the substrate. Alternatively, thiocarbamate 96
could be prepared, which has been shown to undergo Chugaev-
type eliminations at elevated temperatures.46 In our hands,
however, this intermediate failed to undergo the required
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 18 Failed dehydration attempts of alcohol 91.
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elimination, instead decomposing when heated to high
temperatures.

Upon examining intermediate 91, the presence of the rela-
tively reactive vinylogous b-ketoester is evident (Fig. 6, red),
which we hypothesize may be responsible for the undesired
reactivity observed in this system. Indeed, armed with the
knowledge that, under the Grieco conditions, this system does
have the capability of undergoing transannular enolate chem-
istry across the 7-membered ring, we reasoned that the presence
of this reactive functional group might be hindering our efforts
toward elimination of the primary alcohol at C(16). With this in
mind, we concluded that an intermediate in which the vinyl-
ogous relationship between the C(6) and C(19) carbonyls had
not yet been established might be better suited for this elimi-
nation reaction. As such, we identied triol 90 as a suitable
substrate for the key dehydration.
Fig. 6 Rationale for failure of dehydration attempts of enone 91, and
switching to a different substrate (90).

Scheme 19 Successful Grieco dehydration of triol 90, NIS-mediated r
scabrolide A (1), and dehydration of scabrolide A (1) to yonarolide (4).

© 2023 The Author(s). Published by the Royal Society of Chemistry
Completion of the total synthesis

To our delight, both 90 and its C(15) epimer smoothly undergo
dehydration under Grieco conditions to deliver cyclobutanol 53
in good yield, converging these two diastereomeric intermedi-
ates to a single product (Scheme 19). With the isopropenyl
group effectively deprotected, all that remained at this stage was
the oxidative fragmentation of the cyclobutanol to generate the
cycloheptenone and complete the synthesis. However, with the
isopropenyl olen now fully unmasked, this transformation was
complicated by the potential for undesired oxidation of the
newly revealed olen. Indeed, exposure of cyclobutanol 53 to
the Ag-catalyzed conditions previously established for this ring
expansion generated a complex mixture of polychlorinated
products (detected by LCMS). This can be attributed to the
strongly oxidizing t-BuOCl, which is known to chlorinate both
olens and allylic systems in many cases.47

In search of milder conditions for the oxidative ring expan-
sion, we turned our attention to previously reported protocols
for this type of transformation that employ weaker oxidants. To
our delight, we found that the NIS/CuI-mediated protocol re-
ported by Takasu and Ihara48 proved to be selective for the
desired transformation, furnishing scabrolide A (1) in 61% yield
aer oxidative ring-expansion of the cyclobutanol (Scheme 19).

Under these conditions, it is proposed that reaction between
the tertiary cyclobutanol (53) and NIS generates a hypoiodite
ing-expansion of cyclobutanol 53 to complete the total synthesis of
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(97), which then undergoes thermal homolysis to generate an O-
centered radical. This high-energy intermediate then undergoes
a b-scission of the C(3)–C(13) bond with subsequent recombi-
nation of the resultant tertiary C-centered radical (98) with
iodine. The resultant iodide (99), situated at the b-position of
both the C(6) ketone and the C(19) lactone, then undergoes
facile elimination spontaneously under the reaction conditions
to deliver scabrolide A (1). We were also able to convert scab-
rolide A (1) to a closely related natural product, yonarolide (4),
aer dehydration with Burgess reagent. This research repre-
sents the rst total synthesis of either of these two natural
products.8,9

Conclusions

Disclosed herein is the full account of our total synthesis of
(−)-scabrolide A (1) and yonarolide (4). An initial bioinspired
macrocyclization/transannular cycloaddition strategy was
thwarted by a failed RCM, but revealed a possible sequential
ring-forming strategy which ultimately proved successful. As
such, an approach consisting of convergent esterication of two
chiral pool-derived fragments followed by West-to-East ring
formation was designed. This involved an intramolecular [4 + 2]
cycloaddition for the construction of the central 6-membered
ring of the natural product, followed by a [2 + 2] cycloaddition/
cyclobutane fragmentation sequence to generate the 7-
membered ring. This strategy was initially realized in a des-
isopropenyl model system. Translation to the full system
revealed an unexpected regioselectivity issue in the [2 + 2] step,
which was overcome using an unconventional olen-protection
strategy (i.e., masking of the olen as an epoxide). Finally,
efforts to perform a late-stage elimination of a primary alcohol
revealed unexpected and unprecedented reactivity, which was
overcome by a slight modication in the synthetic sequence.
Our route provided access to both scabrolide A (1) as well as
closely related yonarolide (4), neither of which had been previ-
ously prepared by total synthesis.

Since the publication of our initial report in 2020, several key
advancements have been made in both the total synthesis and
isolation/characterization of the polycyclic furanobutenolide-
derived norcembranoids. As mentioned in the introduction,
the past three years have seen several elegant syntheses of both
the Sinularia-derived polycyclic cembranoid and norcem-
branoid natural products.9–12,49 In addition to total syntheses,
a number of new members of the polycyclic furanobutenolide-
derived norcembranoid family have been isolated1d,e and char-
acterized (including the structural reassignment of agship
member scabrolide B). Despite the fact that these molecules
have been known for decades, the recent explosion in total
syntheses and the continuing isolation of new members indi-
cates that this class of natural products remains a relevant and
exciting area of research.
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