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l synthesis of daphnepapytone A†

Joan Pereira, a Nicolas Casaretto, b Gilles Frison c and Bastien Nay *a

Daphnepapytone A (1) is an unprecedented guaiane-derived sesquiterpene characterized by a bridged and

highly substituted cyclobutane. We describe its total synthesis through a bio-inspired sequence of skeleton

construction and late-stage oxidation. After the Eschenmoser–Tanabe fragmentation of (R)-carvone

epoxide, the allenylation of the resulting aldehyde was followed by an allenic Pauson–Khand reaction

with distal regioselectivity in the presence of [Rh(CO)2Cl]2 to give the guaiane skeleton. Oleodaphnone

(3) was identified as a key intermediate of this strategy and was engaged in a biomimetic [2 + 2]-

photocycloaddition, leading to the bridged cyclobutane of the title compound. Finally, a late-stage C–H

oxidation chemoselectively released a triketone intermediate (15), which was reduced in a remarkably

chemo- and stereoselective manner to furnish target compound 1. During this work, complex

rearrangements of the bridged skeleton were observed. Beside the total synthesis of daphnepapytone A,

this paper also describes the total synthesis of three guaiane natural products (oleodaphnone,

diarthroncha C, daphnenicillata W), one of them being structurally revised.
Introduction

Since Komppa's pioneering synthesis of camphor in 1903,1

bridged terpenes have always been considered as challenging
targets in total synthesis (Fig. 1a). In particular, sesquiterpenes
offer an innite structural playground for this purpose, oen
with a strong medicinal importance. Longifolene, one of the
avouring molecules of the lapsang souchong tea, is a famous
representative example of synthetic target that inspired various
strategies, like those of Corey2 or Oppolzer.3 More recently, the
enantioselective total synthesis of artatrovirenol A, a potentially
anticancer guaiane-derived compound with a rare and complex
caged structure, was independently reported by Zhu,4 and by Xie
and She,5 the last one involving a biomimetic intramolecular
Diels–Alder reaction to install the bridged system. Beside
complex carbocyclic skeletons, the degree of functionalization
of terpenes adds a signicant level of synthetic complexity,
especially in terms of oxidation levels. The development of late-
stage oxidative C–H functionalization represents
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the Royal Society of Chemistry
a breakthrough in total synthesis, allowing circumvention of
long multistep sequences.6–15 This strategy was referred to as
a bio-inspired “two-phase” approach by Baran,16–19 involving the
“cyclase phase” aimed at skeleton construction and the
“oxidase phase” aimed at skeleton functionalization (Fig. 1b).
Although it is straightforward and applicable to synthetic
targets as complex as taxol,19 this strategy is characterized by
a signicant challenge related to reactivity and selectivity issues
during the oxidase phase.

Daphnepapytone A (1, Fig. 1a) is a guaiane-derived sesqui-
terpene isolated in 2022 by Zhao, Dai and co-workers from
Daphne papyracea (“Xuehuagou”), an ornamental plant also
Fig. 1 (a) Selected examples of bridged terpenoids (the authors of the
first synthesis are italicized), and (b) general two-phase biosynthetic
origin of oxygenated sesquiterpenes as an inspiration for total
synthesis.
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used to treat diabetes and inammatory diseases in Southern
China.20 This oxygenated cage structure holds a rare bridged
and highly substituted cyclobutane ring. It thus constitutes an
unprecedented target for total synthesis, which is further
justied by its a-glycosidase inhibitory properties and a limited
extraction yield (5.3 mg out of 12.3 kg of air-dried plant stems).
Indeed, considering this challenging synthetic target,
a straightforward synthetic route is awaited if we are to use 1 as
a lead compound to design new natural product-based antidi-
abetic treatments.

To synthesize daphnepapytone A, we envisaged a bio-
inspired strategy21–25 combining a highly efficient skeleton
construction from (R)-carvone and a challenging late-stage C–H
oxidation performed on bridged intermediate 2 (Scheme 1).
Compound 2 was expected to be formed in a biomimetic
manner from the [2 + 2] cycloaddition of oleodaphnone 3. This
HIV-targeting guaiane sesquiterpene26 could be the product of
an allenic Pauson–Khand reaction (APKR) with a distal regio-
selectivity permitted by Rh(I)-catalysis.27,28 Finally, allene inter-
mediate 4 would be available from the allenylation of aldehyde
5, a product of the Eschenmoser–Tanabe fragmentation of
carvone (6) epoxide.29,30 Importantly, while we were submitting
this work for publication, an elegant alternative to the APKR was
disclosed by Stoltz and co-workers through the Pauson–Khand
reaction of a methylidenecyclobutane intermediate.31,32 This
approach was consecutive to a limited success in the biomi-
metic [2 + 2] cycloaddition.
Scheme 2 Total synthesis of oleodaphnone (3), diarthroncha C (10,
structure as reported in the literature), and daphnenicillata W (11),
through an APKR performed in COware®. Notes: (a) COgen (2.5
equiv.), PdCl2(cod) (10 mol%), [(t-Bu)3PH]BF4 (10 mol%), MeN(Cy)2 (4.0
equiv.), toluene (0.02 M);36 (b) KOH (30 equiv.), CHCl3 (10 equiv.),
toluene (0.05 M).37 Note: ORTEP structure of 9b at 50% probability
level (CCDC number: 2419409).‡1
Results and discussion

To start this synthetic sequence, (R)-carvone (6) was readily
epoxidized in presence of H2O2 under basic (NaOH) assistance
(Scheme 2). The Eschenmoser–Tanabe fragmentation of the
resulting epoxycarvone was conducted in presence of tosylhy-
drazide in a CH2Cl2/AcOH mixture, giving the branched 5-
heptynal (5) in 43% yield on a decagram scale.33 The efficient
In(0)-promoted allenylation of aldehyde 5 in presence of 2-
butynyl bromide34 afforded a diastereomeric mixture of gem-
disubstituted allenols 7a and 7b (dr4S/4R = 1 : 1.5, partially
separable). Noteworthily, the diastereoselective synthesis of
allenol 7a and 7b was also successfully achieved in presence of
Scheme 1 Retrosynthetic analysis of daphnepapytone A (1) through
oleodaphnone (3).

11376 | Chem. Sci., 2025, 16, 11375–11380
(2-butynyl)pinacolborane and chiral phosphoric acids (R)- and
(S)-TRIP (5 mol%),35 respectively, paving the way to a stereo-
selective access to 10 and 11. Alternatively, the diastereomeric
mixture of allenols could be oxidized in presence of Dess–
Martin periodinane (DMP), furnishing ketone 4 (Scheme 1).
This volatile ketone, however, turned out to be unreactive
towards the next APKR step (not shown).

Aer TBS-protection of the secondary alcohols, the Pauson–
Khand reaction was envisaged on intermediates 8a and 8b, and
directly on the diastereomeric mixture (Scheme 2, step 6). It is
known that the APKR faces a regioselectivity issue due to the two
reactive, distal or proximal alkenes on allenes, depending on
the catalytic system and the substitution pattern of the
allene.27,28 Brummond38–43 and Mukai44–47 previously showed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Biomimetic [2 + 2] cycloaddition of 3. Note: ORTEP
structures at 50% probability level (CCDC numbers for 2: 2419407; 3:
2418579).‡
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that a Rh(I)-based catalytic system exclusively results in distal
selectivity. To perform this reaction, a Skrydstrup's two-
chamber COware® system was used, with CO being safely
generated from 9-methyl-9H-uorene-9-carbonyl chloride
(COgen) under Pd-catalysis in chamber A (Scheme 2).36 Thus,
the APKR of substrates 8a and 8b (added slowly to chamber B)43

in presence of [Rh(CO)2Cl]2 (5 mol%) exclusively afforded the 5/
7-fused TBS-protected products 9a and 9b possessing a guaiane
skeleton. The relative stereochemistry of these compounds was
deduced from the X-ray crystallographic structure of 9b (CCDC
2419409). During the optimisation (see Tables S1–S3†), while
isomer 8a gave cleaner and faster reactions, isomer 8b provided
more by-products on similar reaction times, supposedly formed
from intermolecular processes.43 This problem was solved by
increasing the addition time of substrate 8b onto the catalytic
system. Furthermore, the APKR on the diastereomeric mixture
8a/8b could be achieved in a 75% yield aer an addition time of
20 h on a 1.87 mmol scale. Finally, the catalyst [Rh(CO)(dppp)2]
Cl tested on 8b gave a lower yield (54%) than [Rh(CO)2Cl]2, while
Pauson–Khand reagents like Mo(CO)6 or Co2(CO)8 led to
degradation or no reaction. To improve the atom-economy and
reduce the cost of this two-chamber process, CO was also
generated from the reaction of CHCl3 with KOH in chamber
A,37,48 yet with a drop of the APKR yield (55% for mixture 9a/9b).

The deprotection of the diastereomeric mixture 9a/9b under
acidic condition (aqueous HCl, CH3CN), followed by the
oxidation of the secondary alcohol with Dess–Martin period-
inane (DMP), in 50% yield over two steps, completed the rst
total synthesis of pale green compound oleodaphnone (3, see
Table S4† for NMR data comparison with the literature). Alter-
natively, since this acidic condition was found to induce epi-
merization of the C-9 stereocenter, the deprotection of pure
diastereoisomers 9a and 9b in presence of tetrabutylammo-
nium uoride (TBAF) afforded the two natural products dia-
rthroncha C (10, structure shown as reported)49 and
daphnenicillata W (11),50 in 73% and 61% yields, respectively.
While the NMR data of 11 matched those of natural daphne-
nicillata W50 in CDCl3 (Table S6†), signicant deviations were
observed for 10 compared to those of natural diarthroncha C49

in DMSO-d6 (Table S5†). Fortunately, we also recorded the NMR
spectra of 11 in DMSO-d6, and observed striking similarities
with the NMR data of natural diarthroncha C (Table S7†).
Consequently, we propose to revise the reported stereochem-
istry of diarthroncha C as structure 11. In other words, dia-
rthroncha C and daphnenicillata W are the same compound 11.

Interestingly, the X-ray crystallographic structure of 3 (CCDC
2418579, Scheme 3) showed an equimolar distribution of two
conformers in the crystal, either with a pseudo-equatorial or
a pseudo-axial orientation of the isopropenyl group (see also
Fig. S1†). The proximity of the isopropenyl olen with that of the
cycloheptenone ring (distance < 4 Å) was observed on the
pseudo-axial conformer, supporting the feasibility of the
photochemical enone–alkene [2 + 2] cycloaddition.51 To nally
elaborate the carbocyclic skeleton of daphnepapytone A,
‡ X-ray and model structures were generated with CYLview20, C. Y. Legault,
Université de Sherbrooke, 2020 (https://www.cylview.org).

© 2025 The Author(s). Published by the Royal Society of Chemistry
a solution of oleodaphnone 3 in CH2Cl2 was irradiated at
370 nm (Kessil lamp), giving the bridged cyclobutane interme-
diate 2 in 73% yield (Scheme 3, and Fig. S2a† for key NMR
correlations). This structure was conrmed by X-ray crystallog-
raphy (CCDC 2419407). It seems reasonable to suggest that this
[2 + 2] cycloaddition is “biomimetic” in the sense that it could
occur in the Daphne plant under the sunlight. To test this
hypothesis—since Paris weather in 2024 did not allow us to
copy Ciamician's rooop condition used in 1908 to photocyclize
carvone52—a sample of 3 in CDCl3 was treated under white light
(LED). NMRmonitoring conrmed the formation of 2, yet in low
yield (10%) and with marked degradation aer 18 days
(Fig. S3†).

Finally, we turned our attention to the late-stage oxidative
functionalization of 2, targeting the g-position (C-6) of the
remaining enone (Scheme 4). This transformation had to be
regioselective and stereoselective to install the secondary
alcohol of daphnepapytone A (1). The reactivity of caged inter-
mediate 2 was thus investigated under various conditions.
Compound 2 turned out to be neither reactive under Riley
oxidation condition in presence of SeO2, nor toward the
formation of a dienol silyl ether targeting a vinylogous Rubot-
tom reaction toward 1 (Table S8†). While photooxygenation
attempts53 in presence of singlet oxygen led to degradation (see
Table S9† for other attempts), the application of autooxidation
conditions in presence of tBuOK under air (route a) provided
a new, rearranged but non-oxidized structure (13, see Fig. S2b†
for key NMR correlations) in 40% yield (or 67% when performed
under argon). The 1,2-migration of C-10, with concomitant ring
expansion of the cyclobutane ring, was supposed to proceed
through a base-promoted retro-Michael addition followed by
a new Michael addition on C-5 of the cyclopentadienone inter-
mediate 12. X-ray crystallographic analysis conrmed structure
13 (CCDC 2419408).

Most interestingly, based on Newhouse's precedent, the
application of the 2-hydroxy-2-methyl-butanoic acid chromium
complex Cr(V) (route b) not only afforded 6-epi-daphnepapytone
A (epi-1) as a major compound (28% yield, or 46% b.r.s.m.), but
also the rearranged triketone 14 (12%), a substantial amount of
remaining starting material (40%) and traces of ketone 15.
Despite its appealing character conrming the possibility to
Chem. Sci., 2025, 16, 11375–11380 | 11377
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Scheme 4 Late-stage functionalization of 2. Note: ORTEP structures
at 50% probability level (CCDC numbers for 13: 2419408; 14:
2428644; 15: 2418568).‡

Scheme 5 Final reduction to daphnepapytone A. Note: ORTEP
structure at 50% probability level (CCDC numbers for 1: 2418571; 19:
2423044).‡

Fig. 2 DFT-supported rationalization of the stereoselectivity observed
during the reduction of 15, favouring an axial approach of the reducing
agent (pink: B; purple: Na) onto the cyclohexanone ring (green). DFT
approach based on Tomoda's work, considering three explicit solvent
molecules (the free energies of transitions states TSax and TSeq are
given relatively to the separated reactants).59 Calculations performed
at the SMD(methanol)-M06-2X/aug-cc-pVTZ//SMD(methanol)-
B3LYP-D3/6-311++G(d,p) level (see ESI† for details).‡
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directly hydroxylate position C-6, this result also highlighted the
unfavourable stereoselectivity of the a-hydroxylation to reach 1,
explained by the higher steric hindrance of the a face. The
surprising structure of triketone 14, conrmed by X-ray crys-
tallography (CCDC 2428644), was supposed to result from
a complex rearrangement mechanism (Scheme 4) involving the
1,2-shi of C-10 (similar to that leading to 13), followed by the
1,2-carbonyl shi of C-6. This proposition is however highly
speculative since radical intermediates could also be generated
in presence of Cr(V) reagents.

Gratifyingly, oxidation attempts in presence of CrO3 under
acidic condition (CH2Cl2/AcOH)8 furnished enedione 15 in 62%
yield (see Table S10† for optimisation). The regioselectivity of
this transformation, conrmed by X-ray crystallography (CCDC
2418568), was rationalized by the preferred hydrogen abstrac-
tion at C-6, leading to the formation of stabilized radical
intermediate 16 (Scheme 4). Reaction of 16 with CrO3 could
form the C–O bond and a Cr(V) species (17), while decomposi-
tion of 17 would release ketone 15 and Cr(III).17,54
11378 | Chem. Sci., 2025, 16, 11375–11380
Compound 15 harbours three ketones, two of them
embedded in an enedione motif. This structure brought a new
challenge for the chemo- and stereoselective reduction of the
newly installed ketone on C-6, which was initially overestimated
by the apparent accessibility of the cyclopentenone carbonyl on
C-3. In fact, this reduction turned out to target exclusively the
cyclohexanone ring at C-6, in presence of NaBH4 (0.75 equiv.) in
MeOH, delivering daphnepapytone A (1) in a 73% yield (Scheme
5) and thus achieving the total synthesis of this natural product.
All spectroscopic data of 1 were consistent with those of the
literature (Table S11†),20 including crystallographic analysis
(CCDC 2418571). The Luche conditions (CeCl3, NaBH4,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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MeOH)55 resulted in poor chemo- and stereoselectivity, giving
a mixture of 1 (16%), diol 19 (19%) and other non-identied
products. The relative stereochemistry of diol 19 (CCDC
2423044) was explained by the stereocontrolled reduction of the
cyclopentanone ring at C-9, aer the reduction of C-6, following
a Saksena mechanism through boron hydride complex 18.56

Despite an apparent steric hindrance of the ketone on C-6,
the high chemoselectivity observed aer the reduction could
be explained by the faster reaction of cyclohexanones over
cyclopentanones.57,58 The exclusive p-facial stereoselectivity was
explained by the favoured axial approach of the hydride nucle-
ophile onto the chair cyclohexanone (green cycle, Fig. 2).
Furthermore, not only the disfavoured equatorial approach, but
also steric hindrance of the other face imposed by the cage
structure, are likely to preclude the formation of the C-6 epimer
(epi-1 not observed experimentally). DFT calculations
conrmed these tendencies. The energy of the transition state
TSax resulting from the axial approach at C-6 (71.4 kJ mol−1) is
the lowest among all possible transition states calculated for the
reduction of each carbonyl of 1. In particular, it is lower than
TSeq resulting from the equatorial approach (77.9 kJ mol−1). The
reduction of the carbonyl groups at C-3 or C-9, within ve-
membered rings, proves to be more energetic, with activation
barriers ranging from 92.8 to 101.3 kJ mol−1 (Fig. S5†).

Conclusions

This work represents the rst biomimetic total synthesis of
daphnepapytone A (1). Noteworthily, it was concurrently dis-
closed at the same time as a non-biomimetic approach by
Stoltz.31,32 We employed a straightforward and highly efficient
two-phase strategy, involving a Pauson–Khand reaction to
construct the guaiane skeleton, and a biomimetic [2 + 2]
cycloaddition to achieve the bridged structure of the target
natural product. Remarkably, the late-stage C–H oxidation step
was performed in a highly chemoselective manner, resulting in
triketone intermediate 15. The newly installed ketone, the only
one localized in a cyclohexanone ring, was chemo- and stereo-
selectively reduced through an axial approach of the hydride, to
release natural product 1. During this work, peculiar rear-
rangements of the bridged skeleton were observed, highlighting
its reactivity and the possibility to discover new natural product
skeletons with similar structures in the near future. Further-
more, three other guaiane products with medicinally relevant
properties were synthesized: oleodaphnone (3), diarthroncha C
(10, structure initially reported for the natural product), and
daphnenicillata W (11). On this occasion, we revised the struc-
ture of diarthroncha C, showing that it is the same as
daphnenicillata W (11). Overall, this work brings a rapid access
to the complex caged structure of a structurally unique natural
product (1) and its biomimetic precursor (3) with biological
perspectives towards anti-diabetes or anti-HIV treatments.

Data availability

The data supporting this article have been included as part of
the ESI.†
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