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Abstract
A synthetic study toward vibralactone, a potent inhibitor of pancreatic lipase, is reported. The synthesis of the challenging all-car-
bon quaternary center within the cyclopentene ring was achieved through intramolecular alkylidene carbene C–H insertion.
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Introduction
β-Lactones have attracted continuous interest and have been
widely utilized as key intermediates in the synthesis of natural
products and polymers due to their innate ring strain [1-6].
Moreover, several natural products and their derivatives con-
taining β-lactone as key structural moiety have been isolated
and demonstrate potent bioactivities [7] (Figure 1). For exam-
ple, lactacystin (1) which was isolated by Ōmura and
co-workers [8,9], is a potent and selective proteasome inhibitor;
its active form is the synthetic precursor omuralide (2) [10,11].
Similarly, salinosporamide (3), a marine natural product isolat-
ed by Fenical and co-workers [12], also acts as a proteasome in-
hibitor and displays more potent in vitro cytotoxicity than
omuralide (2). Anisatin (4), which contains a characteristic
spiro β-lactone has been identified as a noncompetitive antago-
nist of GABA-gated ion channels [13]. Tetrahydrolipstatin (5)
is a potent pancreatic lipase inhibitor and has been developed

into an antiobesity drug marketed under the generic name Orli-
stat. Vibralactone (6), which was isolated by Liu and
co-workers from Basidiomycete Boreostereum vibrans, fea-
tures a fused β-lactone with a cyclopentene ring containing an
all-carbon quaternary center [14], and inhibits pancreatic lipase
with an IC50 of 0.4 µg/mL. Several congeners with varying oxi-
dation state, as well as related β-hydroxy acids or esters have
also been isolated from the culture broth of the basidiomycete
[15-21]. Additionally, a series of vibralactone homodimers and
oxime esters 10–12 were reported by the groups of Liu and
Zhang, respectively [22,23]. Through modification of the pri-
mary hydroxy group, a structure-based optimization of vibralac-
tone (6) was carried out by Liu and co-workers and yielded
several potent pancreatic lipase inhibitors with nanomolar IC50
values [24], further supporting vibralactone as a promising lead
compound warranting further investigation.
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Figure 1: Selected representative natural products and derivatives with β-lactone moiety.

Although vibralactone (6) is a relatively small natural product,
its molecular structure features a unique 4/5-fused bicyclic
β-lactone with an all-carbon quaternary center and two trisubsti-
tuted olefin moieties. It is therefore not surprising that this com-
pound has attracted considerable interest from both the chemi-
cal biology and synthetic chemistry communities. Sieber and
co-workers disclosed that vibralactone can target ClpP1 and
ClpP2 and it could be utilized as a probe to study the activity
and structure of the ClpP1P2 complex from Listeria monocyto-
genes [25]. Previously, Snider and co-worker reported the first
total synthesis of vibralactone (6) employing Birch reductive
alkylation, intramolecular aldol reaction and late-stage
lactonization as key steps [26] (Scheme 1). Subsequently, they
achieved the asymmetric synthesis of vibralactone (6) based on
the asymmetric Birch reduction–alkylation methodology de-
veloped by the Schultz group [27,28]. In 2016, Brown and
co-workers described an efficient synthetic route featuring a
novel Pd-catalyzed β-lactone formation [29]. In addition to
these approaches, Nelson and co-workers reported a very
concise and impressive total synthesis of vibralactone involv-

ing photochemical valence isomerization of substituted pyrone,
cyclopropanation, and ring expansion [30]. Zeng, Liu and
co-workers investigated the biosynthetic pathway of vibralac-
tone (6). They established that 4-hydroxybenzoate serves as the
direct ring precursor of vibralactone and the β-lactone moiety
was formed via vibralactone cyclase (VibC)-catalyzed cycliza-
tion [31-34]. This is a fascinating cyclization as the all-carbon
quaternary center is formed in the last step. Given that the
β-lactone moiety may act as a potential covalent inhibitor
toward target proteins and that the sterically congested bicyclic
skeleton presents a significant synthetic challenge, we herein
report our synthetic study toward vibralactone.

Impressed by the unexpected biosynthetic pathway, our synthe-
tic strategy also aimed to construct the quaternary center in the
late stage. The retrosynthetic analysis of vibralactone (6) is
descripted in Scheme 2. Initially, we proposed that vibralactone
could be synthesized from lactone 13 through allylic oxidation
and cross metathesis. For the construction of the cyclopentene
ring, an alkylidene carbene-mediated C–H insertion would be
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Scheme 1: Previous syntheses of vibralactone (6).

Scheme 2: Retrosynthetic analysis of vibralactone (6).
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Scheme 3: Synthetic study toward vibralactone (6) in the present of β-lactone.

applied [35]. The synthetic route could be traced back to
β-lactone 14, which contains two continuous stereogenic centers
with trans configuration. This intermediate was intended to be
prepared through allylation [36] with its precursor 15 acces-
sible from aldehyde 16 and acetyl chloride through ketene–alde-
hyde [2 + 2] cycloaddition [37].

Results and Discussion
Our synthetic route commenced from the known aldehyde 16
which is readily accessed in a single step from commercially
available fructone [38] (Scheme 3). Following an efficient
O-trimethylsilylquinine-catalyzed ketene–aldehyde cycloaddi-
tion and subsequent alkylation [36], 17 was synthesized. From
17, it was envisioned that the bicyclic skeleton could be effi-
ciently constructed through ketal deprotection followed by C–H
insertion. However, when attempting to remove the ketal
protecting group, only decomposition of the starting material
was observed. A plausible explanation for this outcome is that
the β-lactone ring, located at the β-position of the methyl ke-
tone, may undergo facile β-elimination, although the corre-
sponding enone product was not isolated. Facing a dead-end,
the synthetic route to precursor 14 needed to be revised. From
15, after sodium methoxide-mediated ring opening of lactone,
the Fráter–Seebach alkylation [39-41] was applied to afford
β-hydroxy ester 18. At this stage, the ketal moiety was re-
moved and the resulting intermediate underwent Wittig olefina-
tion to yield vinyl chloride 20. Subsequent hydrolysis and intra-
molecular esterification furnished intermediate 21, which was

then subjected to C–H insertion [42-44]. To our disappointment,
this ring closure still did not proceed to form the all-carbon
quaternary center and only decomposition of 21 was observed.
The failure is likely due to the sterically hindered environment
of the substituted β-lactone ring which precludes the C–H inser-
tion or deprotonation of the β-lactone and interrupted the gener-
ation of the alkylidene carbene. Therefore, we modified the syn-
thetic sequence and opted to construct the five-membered ring
prior to β-lactone formation, identifying intermediate 19 as a
potentially suitable precursor.

From 19, after treatment with lithiotrimethylsilyldiazomethane
[45], only tetrahydrofuran 22 was isolated via a formal [4 + 1]
annulation pathway [46] (Scheme 4). Since the hydroxy group
interrupted the C–H insertion, it was protected as the TES ether
23 and subjected to the same conditions. However, the reaction
only afforded the C–Si insertion product 24 [47].

Based on the above results, although the β-lactone was con-
verted into the linear methyl ester 19 to decrease the potential
steric hinderance associated with the fused bicyclic skeleton,
substrates containing a free hydroxy group or the correspond-
ing TES ether still failed to close the cyclopentene ring. In this
scenario, it was necessary to explore additional protecting
groups for the hydroxy functionality. Furthermore, given that
alkylidene carbenes are electron-deficient and highly electro-
philic, electron-rich C–H bonds are more prone to undergo C–H
insertion [48]. Following this analysis, commencing from 20,



Beilstein J. Org. Chem. 2025, 21, 2376–2382.

2380

Scheme 5: Construction the bicyclic skeleton of vibralactone (6) through C–H insertion.

Scheme 4: C–H insertion utilizing linear precursor 19.

after reduction, the 1,3-diol intermediate was transformed into
acetonide 25 (Scheme 5). Subsequently, the desired five-mem-
bered ring was successfully constructed through the in situ-
generated alkylidene carbene 26 followed by C–H insertion;
herein lies a significant electronic effect influencing this crucial
step. With this key intermediate in hand, β-hydroxy acid 29 was
synthesized through deprotection, IBX oxidation, and
Pinnick–Lindgren–Kraus oxidation and the β-lactone 13 was
subsequently obtained through activation of the carboxylic acid.
Although we successfully constructed the molecular scaffold of
vibralactone (6), however, the need to open, reduce, oxidize,
and reform the β-lactone lengthened the route beyond initial
expectations. Currently an alternative approach towards synthe-
sizing compound 25 is actively being pursued with aims to
streamline the overall synthesis.

Conclusion
In summary, we have developed an approach to assemble the
bicyclic skeleton of vibralactone (6) utilizing an intramolecular
alkylidene carbene C–H insertion as key step. The insights

gained from this study illustrate how diverse reactivity patterns
and electrophilic characteristics of alkylidene carbenes influ-
ence ring closure outcomes. As intermediate 13 may serve as a
valuable precursor to vibralactone (6) and other congeners such
as vibralactone E (7), an alternative synthetic route toward 13 is
currently being carried out in our laboratory and will be re-
ported in due course.
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