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ABSTRACT: Herein, we describe the first total synthesis of sesquiterpene penicibilaenes A and B through a “C—C/C-H”
approach. In the “C—C” stage, the Rh-catalyzed “cut-and-sew” transformation between trisubstituted alkene and cyclobutanone has
been employed to construct the unique tricyclo[6.3.1.0"°]dodecane skeleton and the all-carbon quaternary center. Critical linker and
Lewis acid effects have been identified for the C—C activation process. In the “C—H” stage, a desaturation relay-based strategy
involving consecutive ketone a,f-dehydrogenation and J-functionalization has been adopted to introduce the 1,3,5-triad
stereocenters to the core. The synthesis of penicibilaenes A and B has been completed in 13 and 14 steps, respectively, in the longest

linear sequence.

T erpenes and their derivatives have been a rich source of
therapeutic agents, agrochemicals, and fragrances." In
addition, they often exhibit intriguing and complex chemical
structures, such as bridged/fused rings and diverse substitu-
tions. As such, terpenes have been highly attractive target
molecules in the synthetic community.” Inspired by the
biosynthesis of terpenes, a “two-phase” strategy has been
advanced by Baran and co-workers, leading to a number of
elegant total syntheses since 2009.” This strategy involves a
cyclase phase to first build the carbon backbone from a linear
or less complex precursor, followed by an oxidase phase to
install oxygen functionalities at proper positions (Scheme
1A).* Notably, in the cyclase phase, polyene cyclization and

Scheme 1. Approaches for Terpene Synthesis
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various cycloadditions, such as Diels—Alder reaction and
Robinson annulation, are commonly employed for synthesizing
multiring systems.” On the other hand, the transition-metal-
catalyzed C—C activation® of cyclic ketones followed by
insertion of an unsaturated 2z-unit, namely, a “cut-and-sew”
process,” has been found useful for constructing various
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bridged and fused rings. In addition, the resulting carbonyl
moiety could provide a convenient handle for site-selective C—
H functionalization.® Thus, terpene synthesis could also be
envisioned to go through a closely related but complementary
strategy, which utilizes C—C activation to construct the core
skeleton” and then ketone-directed or -mediated C—H
functionalization to introduce the substituents (Scheme 1B).
Comparing to the “two-phase” strategy, one subtle difference
with this “C—C/C—H” approach is that not all carbons in the
terpene core need to be introduced in the “C—C” stage, as
some carbon substituents can be installed in the later “C—H”
stage. Herein, we describe a proof-of-concept of utilizing this
“C—C/C—H" strategy in a concise total synthesis of
penicibilaenes A (1) and B (2).

Isolated from the marine fungus Penicillium bilaiae MA-267
by Wang and co-workers in 2014, sesquiterpene penicibilaenes
A (1) and B (2) display selective and potent activity against
the plant pathogenic fungus Colletotrichum gloeosporioides,
which is responsible for anthracnose in many fruits and
vegetables.” In particular, penicibilaene B even shows better
efficacy than broad-spectrum antibiotic zeocin. To the best of
our knowledge, total synthesis of penicibilaenes has not been
reported. These sesquiterpenes possess interesting chemical
structures, including a tricyclo[6.3.1.0"°]dodecane skeleton
constituted by [3.3.1]-bridged and [4.3.0]-fused junctions, as
well as five adjacent stereocenters with one being all-carbon
quaternary. Of note, the substitutions on the tricyclic skeleton
exhibit a 1,3,5-triad pattern. While a number of efficient and
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stereoselective approaches are known to form 1,3,5-triad
stereocenters, e.g., aldol-type condensations and allylation
followed by oxidative cleavage, they would require disconnect-
ing the carbon skeletons of the target compounds (Scheme
2A). We questioned whether such 1,3,5 “skipped” functional

Scheme 2. Our Strategy to Synthesize Penicibilaenes
A. Synthesis of 1,3,5-triads
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groups can be installed through an alternative “desaturation
relay” process,” in which a single carbonyl moiety can be used
as the initiation group (at the C1 position) to install a hydroxy
moiety at the C3 position through a,f-desaturation and
conjugate addition."” Upon converting the C1 carbonyl to the
desired moiety, the C3-OH can be oxidized to a ketone, which
could enable another f-functionalization at the CS position
through the carbonyl desaturation and conjugate addition.
From the retrosynthetic viewpoint (Scheme 2B), the C13
methyl group in penicibilaenes A (1) and B (2) could be
introduced in the late stage via the desaturation-based p-
functionalization from intermediate 3. It can be further
envisaged that the C4 oxygen functional group can also be
installed via a similar desaturation-based f-functionalization
sequence from ketone 4, and the C6 tertiary alcohol
stereocenter can be introduced through an axial-selective
carbonyl addition reaction (vide infra). The core tricyclic
skeleton in § is then expected to be constructed by the “cut-
and-sew” reaction through C—C activation of cyclobutanone 6.
Finally, the precursor (6) for the “cut-and-sew” is proposed to
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be rapidly prepared via a Cu-mediated three-component
coupling, ultimately from three commercially available
chemicals: cyclobutanone 7, enoate 8, and ynoate 9. It is
noteworthy that an ester moiety is strategically introduced in
the tricycle intermediate 5 because it can (i) greatly simplify
substrate preparation and (ii) play a pivotal role in the “cut-
and-sew” reaction (vide infra).

The synthesis began with the preparation of the “cut-and-
sew” precursor, cyclobutanone 6 (Scheme 3). Reduction of

Scheme 3. Synthesis of the “Cut-and-Sew” Precursor
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ester 8 by DIBAL-H,'' followed by bromination, delivered
allylbromide 10 in good yield.'” Meanwhile, Hunsdiecker
reaction with carboxylic acid 7'* and subsequent protection of
the ketone moiety gave cyclobutyl bromide 11. With these two
bromides in hand, cyclobutanone 6 was efficiently prepared in
one step by a copper-mediated three-component coupling'*
using commercially available ynoate 9 as the linchpin. The
reaction started with generation of the cyclobutyl lithium
through treatment of bromide 11 with ‘BuLi, followed by
transmetalation to a copper(I) salt. The generated cuprate
then underwent cis-addition into the electrophilic alkynyl
group in a regioselective manner, and the resulting vinyl
cuprate intermediate was quenched by reactive allyl bromide
10. Upon in situ ketal hydrolysis, cyclobutanone 6 was isolated
in good overall yield, despite the complexity of the cascade
sequence. The copper(I) salt had a significant influence on the
efficiency of the three-component coupling (for details, see
Supporting Information): CuBr-SMe, proved to be optimal,
and additional dimethyl sulfide ligand was also beneficial.
The stage was then set for the key “cut-and-sew” step to
construct the tricyclo[6.3.1.0"°]dodecane skeleton. Compared
to benzocyclobutenones,”'> intramolecular [4 + 2] cyclo-
addition with saturated cyclobutanones are generally more
challenging due to (i) competing decarbonylation to form
cyclopropanes'® and (i) lack of rigid scaffolds to promote
cyclization. Clearly, the linkers between cyclobutanones and
olefins play a critical role in the “cut-and-sew” reaction, as they
can provide favorable conformations for the desired cycliza-
tion. To date, only three kinds of linkers including benzo-,
amide-, and malonate-based ones (Lk1—3) have succeeded in
this type of annulation reactions (Figure 1) A strong
Thorpe—Ingold effect appears to be important for bridged-ring
formation. In the context of penicibilaene synthesis, a number
of carbon-based linkers were attempted in the proposed “cut-
and-sew” reaction. Using the native trisubstituted alkene as the
linker (Lk4), the olefin moiety proved to be labile and tended
to isomerize under the reaction conditions. “Masked” alkenes,
such as epoxide (LkS), tertiary alcohol (Lk6), and ether
(Lk7), were also prepared;'” however, they proved to be either
unstable or inactive for cyclization. Finally, the ester-
substituted alkenyl linker (Lk8) was found to be ideal. The
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Figure 1. Linker effect in the “cut-and-sew” reaction.

conjugation and the electron-withdrawing feature of the ester
moiety inhibited double-bond migration. The enhanced
rigidity of the tetrasubstituted alkene and the buttressing
effect between the methyl and the ester groups are expected to
be factors that benefit the cyclization. More importantly, with
the ester moiety, synthesis of the “cut-and-sew” precursor
became much simpler (vide supra, the three-component
coupling).

Besides the linker, another challenge of the proposed “cut-
and-sew” reaction was the use of a trisubstituted alkene as the
coupling partner. The carboacylation between saturated
cyclobutanones and trisubstituted alkenes has been rare due
to the steric hindrance.”® Hence, a more efficient catalytic
system was needed to realize this transformation. It was not
surprising that, under the prior optimal conditions (entry 1,
Table 1),'" the reaction with substrate 6 gave no desired
product. Interestingly, by adding zinc chloride as a Lewis
acid,*® the desired “cut-and-sew” product S was obtained in
12% yield (entry 2, Table 1), although the exact role of the
Lewis acid remains unclear at this stage. In addition, zinc
triflate was found to be more effective than zinc chloride likely
due to enhanced Lewis acidity (entry 3, Table 1). Notably, the
use of 2-aminopyridines as a temporary directing group
(DG)**° was critical to avoid competing decarbonylation by
forming the corresponding imine intermediate.* Reducing the
loading of the temporary DG and prolonging the reaction time
further improved the yield (entries 4 and S, Table 1).
Moreover, the effect of the DG substituent was subsequently
examined. By increasing the size of the 3-substituent on the
DG, the yield was enhanced accordingly. It is possible that, like
the linker effect (vide supra), the larger sterics on the DG can
provide a more conformationally rigid intermediate that would
be beneficial for the cyclization. However, further increasing
the bulkiness on the DG, such as using 2-amino-3-
trimethylsilylpyridine, only gave a trace amount of the product.
Finally, after changing the solvent from 1,4-dioxane to toluene
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Table 1. Selected Optimization of the “Cut-and-Sew” Step”

CO,Et [Rh(C3H4)51,Cly (10 mol%) CO,Et
Me P(3,5-CgH3(CF3),)3 (40 mol%) Me
Z DG, additives
1,4-dioxane, 150 °C H
CO,Et ©
O
6 Me =z 5
proposed key Rh
intermediate Nl N
\
L R _

Entry  Additives Directing Group Time Yield®
1 - DG-1 (100 mol%) 12 h trace
2 ZnCl, DG-1 (100 mol%) 12h 12%
3 Zn(OTf), DG-1 (100 mol%) 12 h 20%
4 Zn(OTf), DG-1 (20 mol%) 12h 23%
5 Zn(OTf), DG-1 (20 mol%) 48 h 34%
6 Zn(OTf), DG-2 (20 mol%) 48 h 35%
7 Zn(OTf), DG-3 (20 mol%) 48h 47%
8 Zn(OTf), DG-3 (20 mol%) 48 h 48%°
9 Zn(OTh DG-3 (20 mol%)  48h  42000e

2,6-di-'Bu-py
M Me
Xr; € | N Me N
¥ NZ NH | o
—Z
N~ "NH, 2 N7 NH,
DG1 DG2 DG3

“Unless otherwise mentioned, the reaction was run on a 0.0S mmol
scale. “Determined by GC using 1-methylnaphthalene as the internal
standard. “Toluene was used as the solvent. “Isolated yield. “The
reaction was run on a gram scale.

and buffering the reaction with a bulky pyridine base, a
consistent yield can be obtained on a gram scale (entries 8 and
9, Table 1). Through this “cut-and-sew” transformation, the A/
B rings and the all-carbon C1 quaternary center were
simultaneously constructed. Note that, besides the cyclo-
pentenyl moiety, mono- and 1,1-disubstituted alkenes can also
be efficiently coupled to form bridged bicycles, which implies
some generality of this method (for details, see the Supporting
Information).

The ester moiety in ketone § can be conveniently removed
by a sequence of hydrolysis and Barton decarboxylation
(Scheme 4). X-ray structures of the carboxylic acid (12) and
the hydrazone derivative of the decarboxylation product (13)
were obtained to allow unambiguous characterization. With a
scalable route to access the tricyclic compound (4), the stage
was now set for introducing the required functional groups to
the core skeleton. Initial attempts of various ketone- and
alcohol-directed f-C—H functionalizations, including Sanford
C—H acetoxylation (proceeded with poor conversion),”'
Schonecker—Baran C—H oxidation (occurred at the undesired
C5 position),”* and Hartwig C—H silylation (occurred at the
undesired C14 position),”’ were not fruitful, likely due to the
relatively rigid scaffold that lacks favorable conformation to
access the desired C4 methylene. Ultimately, a,f-desaturation
under the Stahl conditions,” followed by conjugate
borylation® and oxidation, installed a hydroxy group at the
C4 position in moderate yield. Alternatively, a three-step
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Scheme 4. Completing the Synthesis of Penicibilaenes A and B
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protocol involving regioselective enolization, selenylation, and
selenoxide-mediated syn-elimination can afford a 68% yield of
enone 14. The C4-alcohol provided a convenient handle to
allow a stereoselective methyl addition of the C6-ketone
through chelatlon control. Treatment of ketone 15 with LaCl,
and MeMgBr” ® delivered 1,3-diol 16 as a s1ngle dlastereomer
in 88% yield, which was further oxidized by IBX"” to produce
ketone 3. At this stage, a new carbonyl moiety was introduced
at the C4 position, with stereochemistry at the CS and C6
positions correctly set.

To complete the synthesis, another S-functionalization—
installing a methyl group at the C2 position—was required.
Due to the presence of a labile C6 tertiary alcohol, various
ketone desaturation conditions were found unsuccessful to
introduce the cyclopentenone moiety. Eventually, the use of
Mukaiyama’s one-pot desaturation method*® with N-tert-butyl
phenylsulfinimidoyl chloride (19) as the reagent delivered the
desired enone product (17) in 51% yield without the need to
protect the C6 alcohol. The unique half-cage structure of
enone 17 allowed a copper-mediated conjugate addition™”
selectively at the convex face to furnish the methyl group as a
single diastereomer. The choice of the methyl nucleophile
appears to be important; the nickel-mediated conjugate
addition® also gave the desired product, albeit in low
diastereoselectivity. In the end game, an alcohol-directed syn-
reduction of ketone 18 by NMe,BH(OAc);”" delivered
penicibilaene A (1) in 88% yield. Penicibiaene B (2) was
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further prepared from penicibilaene A in good yield via a
chemoselective acylation of the secondary alcohol.

In summary, we have described the first total synthesis of
penicibilaenes A (1) and B (2) in 13 and 14 steps, respectively,
in the longest linear sequence from commercially available
starting materials. The synthesis features a deconstructive
formation of the tricyclic skeleton via C—C activation of
cyclobutanones and the use of carbonyl desaturation relay to
replace f-C—H bonds with the desired functional groups. Such

“C—C/C—H” approach may inspire alternative bond-
disconnecting strategies for natural product syntheses. In
addition, the discovery of a new linker system and a Lewis acid
effect in the Rh-catalyzed “cut-and-sew” reaction between
cyclobutanones and bulky alkenes could have broader
implications on preparing other all-carbon bridged/fused rings.
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