
Chinese Chemical Letters 37 (2026) 112018

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Asymmetric total synthesis of (–)-14-epi-sinugyrosanolide A

Hongjin Xua, Jinghua Wua, Hui Wanga, Huanfeng Jianga, Zhiqiang Maa,b,∗

a Key Lab of Functional Molecular Engineering of Guangdong Province, School of Chemistry & Chemical Engineering, South China University of Technology,

Guangzhou 510641, China
b State Key Laboratory of Chemical Oncogenomics, Guangdong Provincial Key Laboratory of Chemical Genomics, Peking University Shenzhen Graduate

School, Shenzhen 518055, China

a r t i c l e i n f o

Article history:

Received 9 September 2025

Revised 21 October 2025

Accepted 22 October 2025

Available online 22 October 2025

Keywords:

α,β-Butenolide

[5+2] cycloaddition

Total synthesis

Cembranoids and norcembranoids

a b s t r a c t

The α,β-butenolide moiety serves as a valuable electrophile in Michael additions and cycloadditions, en-

abling the direct and atom-economical construction of γ -butyrolactones—a unique structural motif preva-

lent in natural products. However, its susceptibility to aromatization limits its applications in complex

natural products synthesis. Herein, we report the asymmetric synthesis of (–)-14–epi-sinugyrosanolide A,

a stereoisomer of the natural product sinugyrosanolide A, in which the aromatization of α,β-butenolide

moiety was inhibited. A mild acid-promoted intramolecular [5+2] cycloaddition could rapidly assemble

the synthetically challenging 5,5,7,6 core found in several Sinularia diterpenoids. The key cycloaddition

precursor was prepared through an unconventional sequence involving an aldol reaction of dihydropyra-

none acetal derivatives and aldehyde, followed by ring-closing metathesis (RCM). This research not only

accomplishes the asymmetric synthesis of (–)-14–epi-sinugyrosanolide A, but also shows its potential

for synthesizing other cembranoid and norcembranoid natural products. More importantly, it establishes

an alternative approach toward synthesizing structurally complex molecules containing γ -butyrolactone

moiety.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The prevalence of γ -butyrolactone moiety in natural products

and biologically active molecules has fueled the demand for effec-

tive synthetic strategies to enable their enantioselective synthesis

[1–3]. While the synthesis of relatively simple ring systems con-

taining the γ -butyrolactone moiety has been extensively studied,

access to complex polycyclic frameworks remains scarce [4–9]. The

utilization of α,β-butenolide moieties as electrophiles in cycloaddi-

tions offers the most straightforward and efficient approach to γ -

butyrolactones [10–17]. However, the tendency of α,β-butenolide

moiety toward aromatization poses significant challenges for its

practical applications as electrophiles [10,11,18,19].

The soft coral species have yielded a variety of structurally

novel and bioactive polycyclic cembranoid and norcembranoid

diterpenes featuring the γ -butyrolactone moiety (Scheme 1a, high-

lighted in blue) [20,21]. Many of these natural products, such as

sinugyrosanolide A (1) [22], rameswaralide (2) [23], ineleganolide

(3) [24], sinuscalide C (4) [25], scabrolide B (5) [26], and fragilolide

A (6) [27] share a common 5,5,7,6 tetracyclic core. Some possess
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a 5,5,6,7 ring system decorated with unique oxygenation patterns,

as exemplified by scabrolide A (7) [28], sinulochmodin C (8) [29]

and yonarolide (9) [30]. As the prototypical representative of the

former class, 1 was isolated from Sinularia gyrosa by Duh and co-

workers in 2014 [22]. Sinugyrosanolide A features a 5,5,7,6 all cis-

fused framework with seven stereogenic centers and a unique γ -

butyrolactone moiety, exhibiting moderate cytotoxicity against P-

388 mouse lymphocytic leukemia cells (EC50 =11.8 μmol/L).

Owing to their challenging structures and potential bioactivi-

ties, polycyclic cembranoids and norcembranoids containing 5,5,7,6

core have drawn much attention from the synthetic community

(Scheme 1b) [31–35]. In 2022, the Romo group [31] utilized a ring

expansion to build the 5,5,7-tricycle core and assembled the key

D ring via Stille coupling and intramolecular Michael addition, en-

abling the first racemic total synthesis of rameswaralide (2). Sub-

sequently, the Wood group [32] completed the first total synthe-

sis of ineleganolide (3), featuring a Nozaki−Hiyama−Kishi cycliza-

tion/transannular Michael reaction sequence. The Stoltz group [33]

reported the total synthesis of 3 using a Michael addition/aldol

cascade to rapidly establish pentacyclic framework and a unique

semipinacol rearrangement to furnish the central seven-membered

ring. In 2024, Fürstner and co-workers [34] disclosed a highly effi-

cient intramolecular alkenylation to construct the central cyclohep-

https://doi.org/10.1016/j.cclet.2025.112018

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



H. Xu, J. Wu, H. Wang et al. Chinese Chemical Letters 37 (2026) 112018

Scheme 1. Selected polycyclic cembranoid and norcembranoid natural products, prior total syntheses, and our retrosynthetic analysis of sinugyrosanolide A.

tene ring and completed the total synthesis of 3, sinuscalide C (4),

scabrolide B (5), and horiolide. Very recently, the Sarlah group [35]

achieved an elegant synthesis of 5 and realized its transformation

to 3, 4, and 6 via sequential Mukaiyama−Michael/aldol reactions.

Our interest in sinugyrosanolide A (1) stems from its charac-

teristic 5,5,7,6 ring system shared by several Sinularia diterpenoids

and its potential as a synthetic platform for accessing related nat-

ural products and analogs. Moreover, cembranoid and norcem-

branoid diterpenes featuring the 5,5,7,6 system generally exhibit

greater bioactivity than those with the 5,5,6,7 core, which typi-

cally display weak or negligible activity [20–30]. With our con-

stant interest in the synthesis of bioactive polycyclic terpenoids

and steroids [36,37], we report herein the construction of the com-

mon 5,5,7,6 ring system via an acetic acid-promoted intramolecu-

lar [5+2] cycloaddition of an oxidopyrylium ylide with an α,β-

butenolide moiety, culminating in the asymmetric total synthesis

of (–)-14–epi-sinugyrosanolide A.

Our retrosynthetic analysis for the enantioselective total synthe-

sis of sinugyrosanolide A (1) is depicted in Scheme 1c. We en-

visioned that 1 could arise from 20 through selective reductive

cleavage of the C–O bond and reduction of the tetrasubstituted

olefin. Having simplified our target to 20, we sought to identify an

efficient strategy for the rapid assembly of its synthetically chal-

lenging 5,5,6,7 core. Cycloaddition reactions, such as [4+3] [38–

41] and [5+2] cycloadditions [42–59], have emerged as power-

ful strategies for synthesizing polycyclic natural products contain-
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Scheme 2. Previous studies of α,β-butenolide moiety in cycloadditions and our design relying on [5+2] cycloaddition.

ing seven-membered ring. After careful consideration, we opted

for [5+2] cycloaddition as the way to form the congested central

seven-membered system. The tetracyclic core of 20 could be effi-

ciently assembled from 21 via an intramolecular [5+2] cycload-

dition. Our original strategy for synthesizing key precursor 21 in-

volved nucleophilic addition of furan 23 to α,β-butenolide 22, fol-

lowed by an Achmatowicz reaction [60,61]. Further retrosynthetic

simplification of 23 gave lactone 24 through a series of functional

group transformations.

The α,β-butenolide moiety, due to the acidity at its γ -position,

readily forms the corresponding enolate, enabling its use as a nu-

cleophile in aldol, Mannich, and Mukaiyama-Michael reactions [5].

It also serves as an electrophile in Michael additions and cycloaddi-

tions [10–17,19]. In these processes, the chirality and functionality

of the α,β-butenolide moiety are frequently exploited to control

stereo- and regioselectivity. However, the susceptibility of the α,β-

butenolide moiety to aromatization has limited its application in

cycloadditions. Although the stereochemical integrity of the α,β-

butenolide moiety was maintained in [2+2] and some [4+2] cy-

cloadditions, these reactions usually occurred under neutral condi-

tions [15–17]. The Chmielewski [11] and Mann groups [10] stud-

ied [3+2] and [4+2] cycloadditions, respectively, involving α,β-

butenolide moiety 25 as electrophiles, wherein slow epimeriza-

tion of α,β-butenolide moiety was observed (Scheme 2a). The

Pattenden [12,14] and Trauner [13] groups subsequently disclosed

a biomimetic total synthesis of intricarene via [5+2] cycloaddi-

tion reaction between an oxidopyrylium ylide and α,β-butenolide

moiety. However, the significantly low yield (10%−26%) compro-

mised the synthetic efficiency. In our designed strategy, com-

pound 21 could be converted to the oxidopyrylium ylide interme-

diate I (Scheme 2b). Owing to the chirality at C10, the oxidopy-

rylium ylide was expected to approach the α,β-butenolide moiety

from its β face and undergo an intramolecular [5+2] cycloaddi-

tion to deliver 31. This single-step transformation would rapidly

construct the 5,5,7,6-tetracyclic framework. However, conventional

[5+2] cycloadditions are generally carried out under harsh con-

ditions, such as high temperature and base. Consequently, a key

challenge is to suppress aromatization of the α,β-butenolide moi-

ety to prevent formation of the dienol intermediate II. Addition-

ally, synthesizing the cycloaddition precursor 21 bearing the fragile

α,β-butenolide itself presents another significant obstacle. In brief,

employing the α,β-butenolide moiety as an electrophile in cy-

cloadditions within structurally complex systems (e.g., 21) remains

challenging.

To explore the proposed synthetic strategy, we first investi-

gated the synthesis of related cycloaddition precursors. Initially,

the conventional method [54,55] was employed, which involved

nucleophilic addition of lithiated furan 32 to 22 bearing an α,β-

butenolide moiety, followed by the Achmatowicz reaction (Scheme

3a). However, despite screening various conditions, this transfor-

mation could not be achieved. We speculated that the deproto-

nation at C10 in 22 might compete with the nucleophilic addi-

tion, quenching the newly generated lithiated furan. Consequently,

the reaction sequence was adjusted. Furan 35 first underwent an

Achmatowicz reaction to afford dihydropyranone acetal derivative

36, which then participated in an aldol reaction with aldehyde 37,

a transformation not previously reported. However, epimerization

of the α,β-butenolide moiety occurred during this process, afford-

ing a pair of diastereomers 38a and 38b. Subsequent endeavors

to inhibit the aromatization were unsuccessful. Therefore, we fur-

ther altered the reaction sequence. First, the dihydropyranone ac-

etal derivative 45 underwent aldol reaction with an aldehyde lack-

ing the α,β-butenolide moiety (e.g., 46, Scheme 3b); the resulting

product then underwent a ring-closing metathesis (RCM) to ulti-
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Scheme 3. Synthesis of [5+2] cycloaddition precursors 48a and 48b.

mately reveal the α,β-butenolide moiety required for cycloaddi-

tion.

The synthesis commenced with the preparation of known lac-

tone 24, which was obtained in 70% yield (95% ee) via an inter-

molecular Diels-Alder reaction developed by Ward and Santos et

al. (Scheme 3b) [62,63]. An allylic oxidation of lactone 24 with

SeO2 [64], followed by Dess-Martin periodinane (DMP) oxidation

of the desired secondary alcohol, led to enone 40. Subjecting 40

to CuX3Li2-catalyzed conjugate addition [65] delivered ketone 41

in 82% yield with exclusive facial selectivity. The stereochemistry

influence of the cis-fused ring system directed the addition of the

isopropenyl group selectively from the less hindered convex face.

Selective reduction of ketone-carbony of 41 gave the corresponding

alcohol, which was protected with MOM to provide ester 42. The

subsequent formation of desired furan 43 involved a three-step

sequence: α-selenation of 42 to standard conditions, followed by

oxidation with m-CPBA (3-chloroperbenzoic acid) afforded enone,

which was ultimately transformed into furan 43 via reduction and

aromatization [66,67]. Finally, furan 43 was formylated [68], and a

follow-up LiAlH4 reduction yielded alcohol 44.

With ample quantities of 44 in hand, we then focused on the

synthesis of the cycloaddition precursor. An Achmatowicz reac-

tion of 44 with VO(acac)2/TBHP, followed by Boc-protection of the

anomeric hydroxyl group in the same pot, furnished the desired

ring expansion product. However, this intermediate failed to un-

dergo coupling with aldehyde 46 (see Supporting information for

preparation of 46). In 2019, the Li group reported the use of a

trifluoroethoxyl group as a leaving group in a [5+2] cycloaddi-

tion [56]. Inspired by this work, the intermediate underwent tri-

fluoroethoxylation to afford 45 as a single diastereomer in 81%

yield over two steps. Fortunately, aldol reaction of compound 45

and aldehyde 46 led to 47a (8-α-OH; a pair of inseparable di-

astereomers, dr=1.5:1 at C7) and 47b (8-β-OH; a pair of insep-

arable diastereomers, dr=1.6:1 at C7). Subsequent RCM reaction

[69] furnished three separable diastereomers (48a-1, 48a-2 and

48b) as cycloaddition precursors on a multigram scale. Critically,

no epimerization at C10 was observed. Moreover, for intramolecu-

lar oxidopyrylium-mediated [5+2] cycloadditions, literature prece-

dents typically employ furan as the tethering fragment prior to an

Achmatowicz reaction to access cycloaddition precursors. To the

best of our knowledge, this work represents the first example: cou-

pling of a dihydropyranone acetal and another fragment to access

[5+2] cycloaddition precursor. This strategy offers an alternative

approach for preparing structurally complex [5+2] cycloaddition

precursors bearing sensitive functional groups.

To examine the feasibility of the [5+2] cycloaddition reaction,

compound 48a-1 was selected as the test substrate. While pre-

vious reports typically generate the oxidopyrylium ylide interme-

diate under heating or basic conditions for [5+2] cycloadditions,

these conditions proved ineffective for the present substrate 48a-

1 (Table 1, entries 1 and 2, see Table S1 in Supporting informa-

tion for details). Consequently, we turned to acid-promoted [5+2]

cycloadditions, despite limited precedents [50–53]. In 1999, the

Magnus group reported a trifluoroacetic acid (CF3CO2H)-promoted

[5+2] cycloaddition [50]. The Li group used acid-promoted [5+2]

reaction to investigate the synthesis of the natural product bu-

fogargarizin C [51], phomarol [52] and venezuelaene B [53]. Our

initial treatment of 48a-1 with CF3CO2H in CH2Cl2 still failed to

yield the desired product. Fortunately, heating this intermediate in

MeCN at 100 °C afforded the desired 5,5,7,6-tetracyclic framework
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Table 1

Evaluation of [5+2] cycloaddition reaction conditions.

Entry Substrate Conditionsa Isolated yield ( %)

1 48a-1 PhCN, 170 °C 49a, 0

2 48a-1 TMP, PhCN, 150 °C Decomposed

3 48a-1 CF3CO2H, CH2Cl2, 0 °C – 60 °C; then CF3CO2H, CH3CN, 100 °C 49a, 10

4 48a-1 CF3CO2H, CH3CN, 100 °C 49a, 13

5 48a-1 AcOH, CH3CN, 150 °C 49a, 19

6 48a-1 AcOH, toluene, 150 °C 49a, 48

7 48a-1 AcOH, mesitylene, 150 °C 49a, 82

8 48a-1 AcOH, mesitylene, 150 °Cb 49a, 75

9 48a-2 AcOH, mesitylene, 150 °C 49a, 82

10 48b AcOH, mesitylene, 150 °Cb 49b, 66

a Reaction scale: 0.008mmol.
b Performed on gram scale.

49a in 10% yield (entry 3). The relative configuration of 49a was

unambiguously confirmed by X-ray crystallography. Direct heating

of 48a-1 in CF3CO2H/CH3CN at 100 °C slightly improved the yield

(entry 4). Subsequent screening of Lewis and Brønsted acids re-

vealed acetic acid (AcOH) as optimal (entry 5). Further optimiza-

tion of temperature and equivalents of AcOH led to lower yields.

Remarkably, switching the solvent from CH3CN to toluene signifi-

cantly enhanced the yield to 48% (entry 6), prompting a systematic

solvent screening. Ultimately, heating 48a-1 with AcOH in mesity-

lene at 150 °C delivered 49a in an excellent yield of 82% (entry

7). Scaling up the reaction with 48a-1 to gram scale gave slightly

lower yield (75%, entry 8). Meanwhile, subjecting 48a-2 to the

optimized conditions provided 49a in 82% yield, indicating that

the C7 stereochemistry does not significantly influence the reaction

outcome (entry 9). Using precursor 48b under identical conditions

provided tetracycle 49b in 66% yield on gram scale (entry 10). The

absolute configuration of 49b was confirmed by X-ray analysis.

Having established the key 5,5,7,6-tetracyclic skeleton, we

sought to install the final carbon of sinugyrosanolide A via nucle-

ophilic addition (Scheme 4). We postulated that the methyl Grig-

nard reagent would preferentially attack the C8 carbonyl group, as

this C8 position is less sterically hindered than the C6 carbonyl.

Moreover, due to the 5,5,7-cis-fused ring framework, the methyl

Grignard reagent would approach from the less hindered α-face,

thereby affording the desired stereoselectivity. In practice, oxida-

tion of 49a and 49b with DMP furnished ketone 50 in 84% and

89% yield, respectively. Gratifyingly, exposure of 50 to methylmag-

nesiumbromide afforded desired product 51 in 70% yield with ex-

cellent regio- and stereoselectivity. The structure of 51 was unam-

biguously confirmed by X-ray crystallography.

Owing to the highly constrained caged structure of compound

51, cleavage of the C–O bond proved to be quite challenging. Al-

though SmI2-mediated reactions achieved cleavage [70,71], the re-

sulting stereochemistry at C7 was opposite to that of natural sinu-

gyrosanolide A (Table S2 in Supporting information). After a wide

variety of conditions were screened, the following solution was

identified. Treatment of 51 with Zn in a mixture of ethyl acetate

(EtOAc), ethyl alcohol (EtOH) and a buffered solution of NH3•H2O–

NH4Cl provided hemiketal 52 possessing the desired C7 stereo-

chemistry as a single isomer in 81% yield [72]. The structure of

52 was confirmed by single-crystal X-ray analysis.

Next, our focus turned to construct the �12,13 olefin via

dehydration of hemiketal 52. Under conventional dehydration

conditions, the tertiary hydroxy group at C8 or its protected

analogs preferentially underwent elimination. Inspired by the base-

mediated cleavage of the ether bridge [73], we proposed that com-

pound 52 would undergo a retro-Michael reaction under basic con-

ditions to establish the �12,13 olefin, forming a ketal intermedi-

ate that hydrolyzes to afford target product. Gratifyingly, treatment

of hemiketal 52 with LiHMDS (lithium bis(trimethylsilyl)amide) at

0 °C gave enone 53, albeit in a very low yield. Precooling 52 to

−78 °C and adding LiHMDS in one portion increased the yield to

41% (76% based on recovered starting material (BRSM)).

With compound 53 in hand, the next step required the regio-

and stereoselective reduction of the tetrasubstituted �5,14 olefin.

Initial attempts (e.g., NaBH4/NiCl2, NaSeH and NaHTe) failed to af-

ford the desired regioselectivities (Table S3 in Supporting informa-

tion). Hydrogenation also proved ineffective. We therefore turned

our attention to single-electron reduction conditions. Fortunately,

the reduction of tetrasubstituted �5,14 olefin was accomplished us-

ing zinc under basic conditions, affording compound 54 as a sin-

gle diastereomer in 54% yield [72]. The structure of 54 was con-

firmed by single crystal X-ray diffraction. Unfortunately, the stere-

ochemistry at C14 was opposite to that of natural sinugyrosanolide

A. Subsequent efforts to invert this C14 stereogenic center by con-

trolling temperature or altering solvents proved unsuccessful. Ad-

ditionally, similar results were observed by using SmI2-mediated

reactions [70,71]. Reversible radical epimerization strategies (e.g.,

BIN3 and TBADT/(4-ClPhS)2) [74,75] led only to complex reac-

tion mixtures without discernible product. Moving forward, a mild

Lewis acid LiBF4 was used to cleave the MOM protective group

of 54 [76], followed by oxidation with DMP, which completed

the asymmetric total synthesis of (–)-14–epi-sinugyrosanolide A,

a stereoisomer of the natural product 1, in a 63% yield over two

steps.

In conclusion, we have accomplished the asymmetric total syn-

thesis of (–)-14–epi-sinugyrosanolide A via an acid-promoted in-

tramolecular [5+2] cycloaddition between an oxidopyrylium ylide
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Scheme 4. Asymmetric total synthesis of 14–epi-sinugyrosanolide.

and an α,β-butenolide moiety. This key step effectively suppressed

the inherent tendency of the α,β-butenolide toward aromatization

and rapidly constructed the tetracyclic 5,5,7,6-fused ring system,

the core skeleton in several polycyclic cembranoid and norcem-

branoid natural products. A unique reaction sequence involving al-

dol condensation of dihydropyranone acetal derivatives and alde-

hyde and subsequent RCM provided the key precursor for cycload-

dition. The efficient strategy, involving fragment coupling of di-

hydropyranone acetal derivatives with aldehyde, followed by RCM

and intramolecular [5+2] cycloaddition, may provide a platform

for access to structurally complex molecules containing the γ -

butyrolactone moiety. Investigations based on this approach are

currently underway in our laboratory.
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