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Concise total synthesis of the cage-like
sesquiterpenoid (+)-daphnepapytone Af
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We report a non-biomimetic total synthesis of (+)-daphnepapytone A, an unprecedented member of the

guaiane-derived sesquiterpenoids that displays moderate inhibitory activity against a-glycosidase (ICsq =
159 + 2.1 puM) and possesses a highly strained bridging cyclobutane motif. Our de novo approach
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provided expedient access to the tetracyclic core of (+)-daphnepapytone A through an intramolecular

allenyl thermal [2 + 2] cycloaddition and a Pauson-Khand reaction with a labile cyclobutane. Finally,
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Introduction

The guaiane-derived sesquiterpenoids (GDSs) are a diverse and
expansive class of natural products with potent bioactivities
such as anti-cancer activity,' neuroprotective effects,> and anti-
microbial activity.®> Many GDSs possess a planar 5,7-fused ring
system, while other congeners in this family exhibit more
complex tricarbocyclic skeletons arising from the linkage of
a single C-C bond from the guaiane core - such as the patch-
oulanes and aromadendranes (Fig. 1A). However, only a few
GDSs have been isolated to date which contain cage-like poly-
carbocyclic bridging ring systems resulting from the linkage of
multiple C-C bonds in the guaiane core. These include mole-
cules such as artatrovirenols A and B,* and daphnenoid A,
which all possess identical carbon skeletons resulting from
additional C-C bond linkages at C1/C11 and C4/12 of the
guaiane core (Fig. 1A). Because of their unique cage-like archi-
tecture and topological complexity, these natural products have
captured the attention of synthetic chemists, and elegant
synthetic approaches to these members of the GDS family have
recently been disclosed.®

Daphnepapytone A (1), recently isolated in 2022 by Zhao, Dai
and coworkers,” is an unprecedented member of the guaiane-
derived sesquiterpenoids that possesses a novel tetracarbocy-
clic skeleton formed through C-C bond linkage at C1/C12 and
C10/C11 of the guaiane core. This gives rise to a highly con-
gested and unusual cyclobutane motif that is structurally
distinct from any GDS monomer isolated to date. From
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a synthetic perspective, the strained cage-like topology, dense
stereochemical complexity, and potentially labile cyclobutane
moiety all pose challenges. In addition, daphnepapytone A (1)
displays moderate inhibitory activity against a-glycosidase (ICs,
= 159 £ 2.1 pM), suggesting its potential as a lead compound
for the treatment of diabetes. Because of its promising bioac-
tivity and unprecedented skeleton among the guaiane-derived
sesquiterpenoids, we were motivated to pursue a total
synthesis of daphnepapytone A (1).

Results and discussion

Biosynthetically, daphnepapytone A (1) is proposed to arise
from the guaiane-type sesquiterpenoid oleodaphnone (2)® via
an allylic oxidation and [2 + 2] cycloaddition sequence (Fig. 1C),
where the exact order of these events remains unknown. In our
initial synthetic efforts toward daphnepapytone A (1) we had
limited success with this strategy, deeming the late-stage [2 + 2]
cycloaddition to be a difficult disconnection. During the prep-
aration of our manuscript, an elegant synthesis of 1 was
preliminarily disclosed by Nay and coworkers wherein they
successfully achieved this biomimetic approach.® Because this
strategy had proved challenging in our hands, we had devised
a de novo approach to daphnepapytone A (1), wherein we
proposed that daphnepapytone A (1) could be traced back to 6-
des-hydroxy daphnepapytone A (3) through a late-stage C-H
oxidation. We hypothesized that the cage-like tetracyclic core of
1 could be assembled using a Pauson-Khand reaction (PKR)"
on cyclobutane-containing enyne 4, which could be accessed
through a fragmentation and allenylation/[2 + 2] cycloaddition
sequence from (—)-carvone (5), allowing us to repurpose inter-
mediates from our initial biomimetic synthetic approach to
daphnepapytone A (1) (Scheme 1).
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Thus, our synthetic investigations began with the epoxida-
tion and subsequent Eschenmoser-Tanabe fragmentation of
(—)-carvone (5).** The resultant ynal 7 proved challenging to
purify in our hands, so we chose to advance the crude reaction
mixture through subsequent allenylation by subjecting the
incipient ynal 7 to a Barbier-type reaction using 1-bromo-2-
butyne and indium metal.** This delivered alcohol 8 as a sepa-
rable mixture of diastereomers in a modest yield over two steps.
Oxidation of alcohol 8 with Dess-Martin periodinane (DMP)
smoothly delivered allenylic ketone 9 in 65% yield. At this point,
the stage was set to construct cyclobutane 4 through a [2 + 2]
cycloaddition. Disappointingly, allenylic ketone 9 was unreac-
tive under various photocycloaddition conditions, however
turning to the literature, we were delighted to find precedent for
the intramolecular thermal [2 + 2] cycloaddition of activated
allenes with olefins."® Gratifyingly, heating allenylic ketone 9 to
140 °C in xylenes afforded the desired PKR precursor 4 and its
diastereomer 13 in a combined 66% yield (1:1.6 dr), and we
were able to confirm the absolute stereochemistry of the major
diastereomer 11 through X-ray crystallography. To our
surprise, we observed exclusive cycloaddition across the prox-
imal allene double bond, despite the possibility of thermal [2 +
2] cycloaddition across the distal allene double bond."*** Based
on previous studies of intramolecular thermal allenyl [2 + 2]
cycloadditions, we hypothesize that this transformation
proceeds stepwise beginning with homolysis of the allene
double bond to generate a vinyl radical and resonance-
stabilized allyl radical. The more nucleophilic vinyl radical
then undergoes 7-endo-trig cyclization with the olefin cycload-
dition partner to generate intermediate 10 possessing a tertiary
radical that furnishes bicycle 4/11 upon radical recombination.
Given that the alternative 6-exo-trig cyclization would forge an
unstable primary radical, we hypothesize that the substitution
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Scheme 1 Synthesis of the tetracyclic core of (+)-daphnepapytone A (1).
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pattern of the olefin cycloaddition partner is responsible for the
periselectivity of this transformation.

With the requisite cyclobutane now installed at an early stage
in our synthetic sequence, we focused our attention on the key
Pauson-Khand reaction of bicycle 4. Initial treatment of 4 with
stoichiometric Co,(CO)g at 70 °C resulted in isolation of the
cobalt-complexed alkyne species and no conversion to the
desired carbonylated PKR product. To our surprise, heating
cobalt-complexed 4 in toluene (0.05 M) at reflux delivered an
unexpected rearranged product 12 and only trace amounts of
the desired PKR product 3. This rearranged product likely
results from the desired PKR product through enolization and
subsequent [1,5] sigmatropic rearrangement. This hypothesis
was later supported by subjecting 3 to DBU, which resulted in
quantitative rearrangement to 12 (Scheme 2). After extensive
optimization (Table SI-17), we identified that the concentration
of the PKR was crucial in suppressing the formation of rear-
ranged product 12." We hypothesize that any unreacted, cobalt-
complexed starting material can act as a Lewis acid to promote
the rearrangement of the desired PKR product 3. This hypoth-
esis was supported by the fact that despite the similar overall
yields of the PKR across various reaction concentrations, the
best product distribution arises when Co,(CO)s is added
portion-wise to the reaction mixture. That is, this portion-wise
addition ensures that the concentration of Lewis acidic
cobalt-complexed 4 is kept exceedingly low throughout the
course of the reaction, and a carbon monoxide atmosphere
likely inhibits the formation of excess coordinatively unsatu-
rated cobalt species. Thus, conducting the Pauson-Khand
reaction at 0.01 M with portion-wise addition of Co,(CO)g at
110 °C in toluene under a CO atmosphere afforded a 1: 3.3 ratio
of rearranged product 12 and desired product 3 in a combined
yield of 40%.

At this stage, construction of the carbon skeleton of daph-
nepapytone A (1) was complete, and the last synthetic trans-
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anticipated that the stereochemical bias of substrate 3 might
lead to a mixture of hydroxylated diastereomers at C6 resulting
from a steric mismatch between the convex (B-) face of the
bridging ring system and the nearby cyclobutane methylene.
Our preliminary investigations into hydroxylation conditions
using anionic aerobic oxidation conditions® quickly revealed
the propensity of 6-des-hydroxy daphnepapytone A (3) to rear-
range in the presence of base to enone 12. Disappointingly, this
rearrangement pathway ruled out many canonical conditions
for the vy-hydroxylation of enones - including vinylogous
Rubottom/Davis oxidations — as we were unable to generate
extended enolate products without concomitant rearrangement
under basic conditions. Attempting to access other vinylogous
oxidation precursors such as an alkoxy diene using Lewis acidic
conditions simply resulted in recovered starting material. With
these observations in hand, we looked towards Riley oxidation
conditions, and we found that treatment of 3 with selenium
dioxide and TBHP led to successful C6 hydroxylation, however
we observed exclusive formation of the undesired diastereomer
6-epi-daphnepapytone A (15) with no detected formation of
daphnepapytone A (1). Similarly, employing recently developed
enone-directed hydroxylation conditions'” resulted in an iden-
tical stereochemical outcome albeit in higher yield (35% over
two cycles).

Ultimately, we recognized that the neighboring cyclobutane
had little effect on overturning the stereochemical bias for the
convex (B-) face of the system. Correspondingly, we turned our
attention toward identifying reaction conditions that could
invert the C6 stereochemistry of alcohol 15. In our initial
attempts to invert 15, we were surprised to find that the mesy-
lation and subsequent attempted hydrolysis™ of 15 resulted in
3-exo-tet cyclization to form a highly strained cyclopropane 18 in
good yield (61%, two steps).'® We reasoned that this cyclization
may arise from the unusually large overlap between the C6 o-
anti-bonding orbital of mesylate 17 with the nearby C8 enolate
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Scheme 2 Unexpected late-stage rearrangements and completion of the total synthesis of (+)-daphnepapytone A (1).
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system. Additionally, in our initial attempts toward allylic
oxidation of 3, we found that an allylic bromination/hydrolysis
sequence afforded a complex reaction profile which included
the formation of 18 in 5% yield, likely proceeding through an
analogous pathway (Scheme 2). Later attempts to subject 6-epi-
daphnepapytone A (15) to Mitsunobu inversion conditions
yielded an unexpected benzoic ester with retention of configu-
ration at C6, which we hypothesize results from either direct
esterification or from the transient formation of cyclopropane
18 followed by benzoate addition in an SN2'-type fashion, which
is supported by the presence of trace 18 in the reaction profile.
In addition, our attempts to employ recently developed condi-
tions for radical-mediated inversion of axially disposed hydroxyl
groups® also proved unsuccessful in our hands.

With the challenge of undesired substrate stereochemical
bias and the unsuccessful attempts at inversion of 6-epi-daph-
nepapytone A (15), we wondered whether we might be able to
leverage the inherent bias of the system in an over-oxidation/
reduction sequence. To this end, we subjected 3 to allylic
oxidation conditions using Mn(OAc); and TBHP,** which
delivered a distribution of products which included the C6
peroxide 14, 6-epi-daphnepapytone A (15),** and 6-oxo-daph-
nepapytone A (16). With 6-oxo-daphnepapytone A (16) in hand,
we attempted a final late-stage Luche reduction. Despite the
presence of three unprotected ketones in our system, we were
delighted to successfully isolate (+)-daphnepapytone A (1) in
a satisfactory yield (43%).>* Putatively, we reason this selectivity
may arise from a cerium-activated hydrogen bonding network
between the C6 and C9 ketones within the endo (o-) face of this
system.

Conclusions

We have completed a non-biomimetic total synthesis of
(+)-daphnepapytone A (1), an unprecedented member of the
guaiane-derived sesquiterpenoids, in eight steps starting from
commercially available (—)-carvone. In constructing this
strained, cage-like natural product we encountered unusual
rearrangements, such as the [1,5] sigmatropic rearrangement of
6-des-hydroxy daphnepapytone A (3), which afforded enone 12.
We also encountered the unexpected ring closure of 6-epi-
daphnepapytone A (15) to the cyclopropane containing
compound 18 during attempts at inversion through hydrolysis.
These unusual and facile transformations may hint at the
existence of related, undiscovered natural products which arise
from analogous downstream biological transformations.
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