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The first total synthesis of (+)-adunctin C (ent-1) and (+)-adunctin
D (2), two monoterpene-substitued dihydrochalcones isolated
from Piper aduncum (Piperaceae), was achieved. A regioselective
oxidative [3 + 2] cycloaddition of acylphloroglucinol with
(—)-B-phellandrene was developed to construct their unique spiro-
benzofuran skeleton. The absolute configurations of natural
adunctins 1 and 2 were thus assigned through these endeavors.

Piper aduncum L., a monoecious shrub or slender tree, is the
largest genus in the economically and medicinally important
Piperaceae family. It has been used as a traditional medicine
in Malaysia and in a large part of tropical America. In particu-
lar, in Papua New Guinea, Peru and Colombia, its leaves are
used for the treatment of fresh wounds and diarrhoea,’ and
against dysentery and as a haemostatic.> Adunctins C (1) and
D (2)° were isolated from the leaves of Piper aduncum by
Sticher and co-workers in 1993 (Fig. 1). These two molecules
showed antibacterial effects against Micrococcus luteus at con-
centrations of 2.4 pg mL™" and 2.9 pug mL™", respectively.
Structurally, adunctins C (1) and D (2) feature a spirobenzo-
furan skeleton and two stereogenic centers, including a spiro-
cyclic quaternary carbon. Their relative configurations at C(1)
and C(4) have been established by 1D and 2D-NMR spec-
troscopy; however, the corresponding absolute configurations
are still unknown. Notably, these tricyclic spirobenzofuran
derivatives have received considerable attention due to their
biological and pharmaceutical activities.* In particular, griseo-
fulvin (3) is known as an antifungal agent and exhibits good
anticancer and antiviral properties.” Thus, several synthetic
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routes have been established for its preparation.® Surprisingly,
no related synthesis of adunctins C (1) and D (2) has been
reported until now. Furthermore, their absolute configurations
at C(1) and C(4) are still not established. In connection with
our previous synthesis of divergent natural products,” herein,
we report the first asymmetric syntheses of adunctins C and D
and the assignment of their absolute stereochemistries.

We designed a formal [3 + 2] cycloaddition for assembling
the spirobenzofuran core of these two molecules (Scheme 1).
Under oxidation conditions, dihydrochalcone (4) generates the
radical intermediate I, which undergoes a regioselective
radical addition with f-phellandrene (5) to give the tertiary
radical II. This step is enantiodivergent due to the availability
of either of the two enantiomers of 5. Further oxidation of
these species formed cation III, which was intramolecularly
trapped by the carbonyl or the hydroxyl group from the rearo-
matization, leading to the construction of the key spirobenzo-
furan and thereby completing the total synthesis of natural
adunctins C and D or their antipodes. The concise route
shown in Scheme 1 not only provides a flexible approach for
the determination of the absolute stereochemistries of these
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Fig. 1 Representative natural products containing the spirobenzofuran
framework.
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Scheme 1 Enantiodivergent approach for the formation of adunctins C
and D.

two monoterpene-substituted dihydrochalcones, but also
sheds light on the plausible biosynthetic pathway® for obtain-
ing these types of spirobenzofuran natural products.

As shown in Scheme 2 (left), (—)-B-phellandrene (5) was pre-
pared from commercially available 4-isopropylcyclohexanone
6. Its conversion into chiral cyclohexenone 9 was carried out
based on a reported procedure,” with our modifications. The
enantioselective deprotonation of 6 with chiral lithium amide
(R)-7 followed by the quenching of the in situ generated
enolate with TMSCI gave silyl enol ether 8, which was then sub-
jected to the Saegusa oxidation system using Pd(OAc),/O,, and
(R)-cryptone 9 was afforded in 89% yield and with 87%ee. Its
absolute configuration was determined by a comparison of its
optical rotation with that in previous report (see the ESIT). The
subsequent Wittig reaction gave (=)-5 in 83% yield.'® Notably,
the facile synthesis of rac-5 was achieved by an analogous pro-
tocol via the intermediacy of rac-8 (see the ESIt for details).
Meanwhile, another building block (4) was easily synthesized
as well (Scheme 2, right). The selective methylation of phloro-
glucinol 10 using Me,SO, and K,CO; afforded its mono-
methyl derivative, which then underwent Friedel-Crafts acyla-
tion with the freshly made phenylpropanoyl chloride and even-
tually afforded dihydrochalcone 4 in 42% yield.""
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Scheme 2 Preparation of (—)-p-phellandrene 5 and dihydrochalcone 4.
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With dihydrochalcone 4 and p-phellandrene 5 (rac or levoro-
tatory) in hand, the designed oxidative [3 + 2] cycloaddition'?
was then performed. First, a mixture of 4 and (+)-5 was treated
with Ag,O in acetonitrile at 55 °C; as expected, the reaction
proceeded well to give racemic adunctin C and adunctin D,
although they could not be separated by flash column chrom-
atography. However upon recrystallization from hexane, yellow
prism crystals were formed. After filtration, pure rac-1 was
obtained in 47% yield, and further evaporation of the filtrate
afforded the colorless rac-2 in 22% yield. Fortunately, single
crystals of both products were obtained by slow evaporation of
solvents at room temperature. X-ray diffraction analysis of
single crystals'> unambiguously disclosed their structures
(Fig. 2, selected H atoms have been omitted for clarity; Tables
S1 and S2%), thereby confirming the respective relative con-
figurations proposed by Sticher and co-workers.”

Next, the asymmetric synthesis of these two molecules
under the same oxidation conditions was carried out starting
from chiral p-phellandrene (—)-5 (Scheme 3). Not surprisingly,
the corresponding optically pure products were successfully
obtained with equal efficiency. Their '"H NMR and *C NMR
data (Tables S4 and S51) were consistent with those of the
natural adunctins C and D provided in the literature.?
Meanwhile, natural adunctin D (2) shows an optical rotation of
+31.0 (¢ = 0.52, MeOH), and our synthetic sample showed a
rotation of +32.45 (¢ = 0.84, MeOH). Altogether, it is concluded

Fig. 2 X-ray crystal structures of racemic adunctin C (left) and adunctin
D (right).
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Scheme 3 Unified syntheses of (+)-adunctin C (ent-1) and (+)-adunctin
D (2).
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that the first synthesis of natural adunctin D (2) has been
achieved, and its absolute configurations is assigned as
(1R,4R). As for adunctin C, natural adunctin 1 shows an optical
rotation of —71.4 (¢ = 0.73, MeOH), while our synthetic sample
shows a rotation of +122.1 (¢ = 0.47, MeOH), and its structure
was further confirmed by single-crystal X-ray analysis with Cu-
Ko radiation (see the inset in Scheme 3 and Table S31)."> We
actually obtained an antipode [(1S,4R)-ent-1] of the natural
(-)-adunctin C, whose absolute configurations is assigned as
(1R,4S). Natural adunctin C (1) could thus be potentially syn-
thesized from 4 and (+)-5, which could be prepared from (S)-7
(from commercially available (S)-1-phenylethylamine)'* via a
similar pathway, as shown in Scheme 2.

In summary, (+)-adunctins C and D have been synthesized
via an oxidative [3 + 2] cycloaddition'® with excellent regio-
selectivity. This key annulation reaction is a versatile method
to construct an embedded spirobenzofuran skeleton. It is envi-
sioned that bioactive natural products with related structures
can be accessed using the present biomimetic strategy.
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