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Abstract
The total synthesis of (±)-simonsol C was accomplished using a dearomatization under acidic conditions as key step to construct an
aryl-containing quaternary center. The 6/5/6 benzofuran unit was formed through reductive elimination with Zn/AcOH and a spon-
taneous oxy-Michael addition. This synthesis consists of 8 steps and achieves an overall yield of 13%, making it the shortest known
route.
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Introduction
Star anise, derived from Illicium species cultivated in south-
eastern China [1] possesses significant economic, culinary, and
medicinal value [2]. Particularly noteworthy are its medicinal
properties, including insecticidal, antibacterial, anti-inflammato-
ry, analgesic, and neurotrophic activities [3]. In 2013, Wang’s
group isolated (±)-simonsol C from star anise, which features a
unique 6/5/6 tricyclic benzofuran structure [4]. They found that
it exhibits biological activity that promotes neuronal synapse
growth and inhibits acetylcholinesterase.

(±)-Simonsol C (Figure 1) has received considerable attention
due to the presence of an aryl- and allyl-containing quaternary

carbon center, which is common in natural products such as
galanthamine and morphine. To construct the quaternary car-
bon in simonsol C, two reports have utilized alkaline dearomati-
zation strategies and another report used an intramolecular Heck
reaction as the key reaction [5-7]. However, there have been no
reports or studies utilizing acidic dearomatization, which is also
effective, to synthesize an arylated quaternary carbon center.

In the first report on the total synthesis of simonsol C
(Scheme 1), in 2016 Banwell’s group employed an intramolecu-
lar Heck reaction as key step to furnish the aryl-containing
quaternary center and simultaneously construct the benzofuran
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Figure 1: Representative sesquineolignan compounds.

Scheme 1: The first total synthesis of (±)-simonsol C by Banwell’s group.
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Scheme 2: The second total synthesis of (±)-simonsol C developed by the Qin group.

skeleton [7]. This synthesis involved a total of 12 steps and
achieved 12% overall yield.

In May 2024, the Qin group reported the second total synthesis
of (±)-simonsol C (Scheme 2) [5]. An effective strategy to form
the 6/5/6 benzofuran scaffold was developed which specifically
involved a basic dearomatization and reductive elimination with
Zn/AcOH to construct the aryl and allyl-containing quaternary
center, and a simultaneous phenol-initiated oxy-Michael addi-
tion to afford the benzofuran unit. This synthesis took 9 steps
and achieved an overall yield of 13%. Also in 2024, the Denton
group reported another efficient way to access the 6/5/6 benzo-
furan scaffold of simonsol C, utilizing an alkaline dearomatiza-
tion as the key reaction, followed by a functional-group-selec-
tive Wittig reaction and concurrent oxy-Michael addition [6]. A
bromophenol acetal was used in the intramolecular alkylative
dearomatization, which was first reported by Magnus et al. [8]

and has been used in syntheses of natural products containing
aryl quaternary carbon centers [9,10].

Unlike the intramolecular alkylation strategy of a phenol deriva-
tive, which can only be applied in basic dearomatization reac-
tions, our approach using an α-iodophenol ether as precursor of
the dearomatization offers considerable versatility. Not only can
it be employed under basic dearomatization conditions, but it is
also effective under Lewis acid conditions. Combined with a re-
ductive elimination using Zn/AcOH, the benzofuran skeleton
can be easily synthesized. This dual applicability of the new ap-
proach will be demonstrated next in the synthesis of simonsol
C.

Results and Discussion
Based on extensive literature investigations, the retrosynthetic
analysis strategy for our synthesis of (±)-simonsol C is as
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Figure 2: Retrosynthetic analysis of (±)-simonsol C.

Scheme 3: Rapid access of the basic skeleton of (±)- simonsol C.

follows (Figure 2): The 6/5/6 benzofuran skeleton of (±)-
simonsol C can be accessed via an oxy-Michael addition from
dienone 15. The 6/6/6 tricyclic structure in 15 can be
constructed through dearomatization of compound 16, which in
turn can be readily synthesized through consecutive alkylation
steps starting from magnolol (11). Additionally, using magnolol
as the starting material brings two allyl groups into the product,
thus avoiding the challenges associated with allyl formation
reactions.

The chosen synthetic route towards (±)-simonsol C is shown in
Scheme 3. Starting with magnolol (11), one of the phenol
groups was selectively protected by controlling the equivalents

of MOMCl and DIPEA, affording compound 17 with an 89%
yield [11].

For the following alkylation step with tert-butyl bromoacetate,
three bases were tested: potassium carbonate, cesium carbonate,
and sodium hydride. Considering the targeted alkylation of a
phenolic hydroxy group and the pKa requirements of this reac-
tion, weaker bases like potassium carbonate and cesium
carbonate should theoretically suffice. However, the reaction
outcomes with these two bases did not meet the desired expec-
tations, as some starting material remained after 5 hours of reac-
tion. Extending the reaction time did not lead to full consump-
tion of the starting material. Subsequently, when the base was
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Scheme 4: Synthetic details to (±)-simonsol C.

changed to the stronger base sodium hydride [12], the reaction
proceeded much better. Within 2 hours, the starting material
was completely converted, yielding compound 18 with 95%
isolated yield.

Proton abstraction of the hydrogen in the α-position to the car-
bonyl group in 18 was achieved by using LDA, followed by the
addition of 4-bromobenzyl bromide for alkylation, giving com-
pound 16 with 69% isolated yield. Compound 16 was then
reduced to alcohol 19 with 2 equiv LAH at 0 °C. The reaction
was completed within 10 minutes and the desired alcohol 19
was isolated in 89% yield.

The copper-catalyzed replacement of the bromine substituent in
19 with a hydroxy group was achieved in the presence of a cata-
lytic amount of oxalamide ligand I [13]. This transformation is
critical for enabling further functionalization and the reaction
conditions were optimized to achieve product 20 with 85%
yield, minimizing potential side reactions. The subsequent
dearomatization step is crucial for the construction of the cyclo-
hexadienone unit. Oxidation of compound 20 with PIDA in tri-
fluoroethanol, the original phenol was converted into a quinone

moiety, successfully forming the aryl-containing quaternary
center. However, in this step, the reaction was too rapid to
control. After optimizing the reaction time and temperature, the
reaction was carried out at −30 °C for 15 minutes and product
14 was isolated in a yield as high as 58% [14]. Iodination of
compound 14 was performed next and the desired iodide was
isolated and, to our delight, the cleavage of the MOM group
occurred concomitantly, affording compound 15 in 75% yield.
This reaction is likely triggered by the in situ-generated acid. As
in our previously reported synthesis, a Zn/AcOH reductive
elimination was utilized to liberate the allyl group and to simul-
taneously construct the 6/5/6 tricyclic skeleton via an oxy-
Michael addition affording (±)-simonsol C in 70% yield
(Scheme 4). The spectral data were in agreement with the re-
ported ones [4,15,16] and the cis relation between the protons at
C5 and C7 in simonsol C was confirmed by 1H-1H ROESY
spectroscopy.

Conclusion
The total synthesis of (±)-simonsol C was accomplished using a
dearomatization reaction under acidic conditions as key step to
construct the aryl-containing quaternary center. The 6/5/6
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benzofuran unit was formed through reductive elimination with
Zn/AcOH and spontaneous oxy-Michael addition. This route
largely enhances the synthetic efficiency and shortens the num-
ber of synthetic steps. The whole synthesis route involves 8
steps and affords the final product in a total yield of 13%, which
could be the shortest synthesis route to date.

The structural motif of an all-carbon quaternary center contain-
ing an aryl group is common in many natural products, such as
galanthamine and morphine. Our current strategy provides an
alternative approach for the synthesis of aryl-containing quater-
nary carbon centers, which could be valuable for the synthesis
of related natural products and their derivatives.
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Abstract
The development of streamlined methodologies for the expeditious assembly of structurally diverse organic architectures repre-
sents a paramount objective in contemporary synthetic chemistry, with far-reaching implications across pharmaceutical develop-
ment, advanced materials innovation, and fundamental molecular science research. In recent years, controllable/divergent synthetic
strategies for organic functional molecules using common starting materials have garnered significant attention due to their high
efficiency. This review categorizes recent literatures focusing on key regulatory factors for product divergent formation, in which
controlling chemical selectivity primarily relies on ligands, metal catalysts, solvents, time, temperature, acids/bases, and subtle
modifications of substrates. To gain a deeper understanding of the mechanisms underlying reaction activity and selectivity differen-
tiation, the review provides a systematic analysis of the mechanisms of critical steps through specific case studies. It is hoped that
the controllable/divergent synthesis concept will spark the interest of practitioners and aficionados to delve deeper into the disci-
pline and pursue novel advancements in the realm of chemical synthesis.

890

Introduction
In the era of synthetic organic chemistry, divergence can
produce stereodivergence (including diastereodivergence and
enantiodivergence) [1-4] and regiodivergence [5,6]. In both
cases, starting from the same substrate, different stereoisomers

(diastereomers and enantiomers) or regioisomers can be ob-
tained under different reaction conditions. Over the past two
decades, researchers have found that by changing reaction
conditions and modifying the substrate, two structurally distinct
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products that are neither stereoisomers nor regioisomers can be
obtained from the same starting material (using the same
reagents, if necessary), and significant progress has been made
in recent years. Controllable/divergent synthetic strategies have
increasingly attracted attention [5,7-14], for example, in 2024,
Rana [15] and co-workers reported advances in solvent-con-
trolled stereodivergent catalysis. Surprisingly, to our know-
ledge, there is currently no comprehensive review of studies on
controllable/divergent synthesis. This review systematically ex-
amines, how these multidimensional control elements (includ-
ing ligands, metal catalysts, solvents, time, temperature, acids/
bases, and subtle modifications of substrates) synergize to
achieve predictable product diversification. In addition, mecha-
nistic insights are discussed providing illustrative examples
across reaction classes, and emerging strategies for program-
ming synthetic outcomes. The integration of these approaches
promises to accelerate drug discovery and materials develop-
ment through sustainable, atom-economic synthesis of complex
molecular libraries.

Review
Ligand control
The precise regulation of product selectivity represents a funda-
mental challenge in transition-metal-catalyzed organic transfor-
mations, with significant implications for complex molecule
synthesis. In this context, ligand-modulated divergent catalysis
has emerged as a paradigm-shifting strategy, enabling program-
mable access to structurally distinct molecular architectures
from identical substrate precursors through precise manipula-
tion of metal coordination [16-18]. This sophisticated approach
capitalizes on the stereoelectronic tunability of ancillary ligands
to dictate reaction pathways, thereby offering unprecedented
control over chemo-, regio-, and stereoselectivity parameters in
catalytic manifolds. In 2015, the Jiang group developed a palla-
dium-catalyzed regioselective three-component C1 insertion
reaction (Scheme 1) [19]. In this reaction, an o-iodoaniline 1,
phenylacetylene, and carbon monoxide were used as starting
materials, and two natural product frameworks of phenanthri-
done and acridone alkaloids could be selectively obtained by
controlling ligands. The reaction of o-iodoaniline with in situ-
generated arynes under CO atmosphere under ligand-free condi-
tions selectively afforded phenanthridinones. Intriguingly,
switching to the electron-rich bidentate ligand bis(diphenyl-
phosphino)methane (dppm) redirected the pathway to yield
acridones. Time-dependent NMR studies revealed that the
selectivity hinges on the aryne release kinetics from its precur-
sor. Employing CsF, tetrabutylammonium iodide (TBAI), and
water significantly accelerated aryne generation, thereby in-
creasing its local concentration. This favored aryne coordina-
tion to the palladium center, followed by CO insertion and re-
ductive elimination to furnish phenanthridinones. In contrast,

when dppm was introduced, oxidative addition of the C–I bond
to palladium formed the four-membered aryl–palladium com-
plex Int-5. Steric hindrance from the bulky dppm ligand,
combined with slower aryne release (using KF as the fluoride
source), attenuated aryne coordination. Under these electron-
deficient conditions, CO preferentially occupied the palladium
coordination site. Sequential insertion of CO and aryne, fol-
lowed by reductive elimination, culminated in acridone forma-
tion. This ligand-dependent mechanistic dichotomy under-
scores the critical interplay between aryne availability, steric
modulation, and electronic effects in steering catalytic selec-
tivity.

In 2016, the Jiang group achieved regioselective control in the
gold-catalyzed intramolecular hydroarylation of alkynes by
modulating the electronic and steric effects of ligands
(Scheme 2) [20]. Mechanistically, the electron-deficient phos-
phite ligand L1 and the weakly coordinating OTf− anion syner-
gistically enhanced the electrophilicity of the gold center,
enabling coordination with the amide group to form a three-co-
ordinate Au(I)–π-alkyne intermediate Int-12. The umbrella-
shaped steric shielding provided by the ligand-stabilized inter-
mediate Int-9, followed by Friedel–Crafts-type addition and
protonation to complete ortho-position cyclization. In contrast,
para-position cyclization was exclusively achieved through π–π
interactions between the electron-rich X-phos ligand and the
substrate, compensating for the electron-deficient nature of the
aromatic system and ensuring high regioselectivity.

In 2018, the Jiang group developed a regiodivergent synthetic
method for indolo[3,2-c]coumarins 10 and benzofuro[3,2-
c]quinolinones 9 via controllable palladium(II)-catalyzed
carbonylative cyclization (Scheme 3) [21]. When ligand L3 co-
ordinates with the palladium center, the enhanced electrophilic-
ity of palladium facilitates preferential coordination with the
amino group and activates the alkyne to form the intermediate
Int-14 instead of Int-14'. Subsequent nucleophilic cyclization
generates intermediate Int-15. Following CO insertion, com-
plex Int-16 is formed, and reductive elimination yields the
benzofuro[3,2-c]quinolinone product 9 along with a Pd(0)
species, which is reoxidized to Pd(II) by BQ (benzoquinone).
When the ligand is switched to the sterically bulky and electron-
rich dppm, the chemoselectivity is reversed: the palladium
center now preferentially coordinates with the hydroxy group to
form complex Int-17 and the amino group undergoes nucleo-
philic attack to generate Int-18. After CO insertion complex
Int-19 is produced and reductive elimination ultimately affords
the indolo[3,2-c]coumarin product 10.

In 2023, the Garg group achieved the first example of utilizing
in situ-generated π-allylpalladium complexes to capture strained
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Scheme 1: Ligand-controlled regiodivergent C1 insertion into arynes [19].

cyclic allene intermediates (Scheme 4) [22]. By modulating the
ligands in the reaction system, two distinct polycyclic scaffolds,
13 or 14, could be synthesized with high selectivity. Mechanis-
tically, the Pd(0) catalyst coordinates to substrate 11, followed
by oxidative addition and release of carbon dioxide to form the
zwitterionic π-allylpalladium intermediate Int-21. Under the
reaction conditions, silyl triflate 12 undergoes a fluoride-medi-
ated 1,2-elimination to generate the cyclic allene intermediate
Int-22. Through a ligand-controlled regioselective migratory
insertion process, reaction of Int-21 and Int-22 leads to the for-
mation of π-allylpalladium intermediates Int-23 or Int-24,
depending on the ligand employed. Finally, cyclization of

Int-23 or Int-24 yields the tricyclic product 13 or the tetra-
cyclic product 14, respectively.

In 2024, the Song group achieved a ligand-controlled regiodi-
vergent and enantioselective ring expansion of benzosilacy-
clobutenes with internal naphthylalkynes by strategically modu-
lating the ligand steric profiles (Scheme 5) [23]. Employing
cavity-engineered phosphoramidite ligands, the reaction path-
way bifurcated based on the steric demands of Si–C-bond acti-
vation. The methyl-substituted ligand (S)-8H-binaphthyl phos-
phoramidite L4, featuring a spacious cavity, favored sterically
encumbered Si–C(sp3)-bond activation, selectively delivering
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Scheme 2: Ligand effect in homogenous gold catalysis enabling regiodivergent π-bond-activated cyclization [20].

axially chiral (S)-1-silacyclohexenyl arenes 17 with high
enantiocontrol. Conversely, the bulky tert-butyl-decorated (R)-
spirophosphoramidite L5 imposed a confined cavity, steering
selectivity toward Si–C(sp2)-bond activation and predominant-
ly afforded the regioisomeric (S)-2-silacyclohexenylarenes 18.

In 2025, Gong and co-workers reported a visible-light-medi-
ated hydrogen atom transfer (HAT)/chiral copper dual catalytic
system that achieved regiodivergent and enantioselective
C(sp3)–C(sp3) and C(sp3)–N oxidative cross-couplings be-
tween N-arylglycine ester/amide derivatives and abundant
hydrocarbon C(sp3)–H feedstocks (Scheme 6) [24]. This meth-
odology also represents a highly challenging direct C(sp3)–H
asymmetric amination. Mechanistic insights: When using a
bulky, electron-rich chiral bisphosphine ligand L6, the glycine
ester substrate coordinates with the copper catalyst to form a

key intermediate complex Int-26. The sterically hindered and
electron-rich environment around the copper center disfavors a
direct interaction with nucleophilic alkyl radicals. Instead, the
reaction proceeds via an outer-sphere mechanism, where the
alkyl radical reacts with the copper-activated C=N unsaturated
bond, enabling stereocontrolled C(sp3)–C(sp3) coupling. In
contrast, with the anionic cyano-substituted bisoxazoline ligand
L7, the glycine ester and copper catalyst form a distinct inter-
mediate complex Int-28. The ligand’s reduced steric bulk and
altered electronic properties facilitate direct interaction with
alkyl radicals, forming a high-valent Cu(III) intermediate
Int-29. This intermediate undergoes reductive elimination via
an inner-sphere mechanism to generate the C(sp3)–N-coupled
chiral product 22. Notably, benzoic acid acts as a critical addi-
tive, likely by stabilizing key intermediates and modulating the
steric/electronic environment for enhanced enantiocontrol.



Beilstein J. Org. Chem. 2025, 21, 890–914.

894

Scheme 3: Ligand-controlled palladium(II)-catalyzed regiodivergent carbonylation of alkynes [21].

Metal control
Over the past decade, the relentless pursuit of precision in
natural products and pharmaceutical synthesis has driven
remarkable advances in catalytic methodologies, particularly in
the realm of catalyst-controlled chemoselective transformations
[11,25-29]. In 2023, the Shu group developed a catalyst-con-
trolled regioselective and enantioselective hydroamination reac-
tion of electron-deficient alkenes (Scheme 7) [30]. By effi-
ciently regulating the regioselectivity and enantioselectivity of
alkene 23 hydrometallation through catalytic systems, they
overcame the influence of steric and electronic effects during

the hydrometallation process, simultaneously achieving the syn-
thesis of chiral α-quaternary carbon amino acid derivatives 26
and α-chiral β-amino acid derivatives 27. Using a copper cata-
lyst, the chiral α-quaternary carbon amino acid derivatives 26
were obtained with exclusive regioselectivity and excellent en-
antioselectivity. Employing a nickel catalyst, α-chiral β-amino
acid derivatives 27 were synthesized with single regioselectivi-
ty and outstanding enantioselectivity.

In the same year, Rong and co-workers reported a highly effi-
cient catalyst-controlled regio- and enantioselective hydroalkyl-
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Scheme 4: Catalyst-controlled annulations of strained cyclic allenes with π-allyl palladium complexes and proposed mechanism [22].

ation reaction, enabling the divergent synthesis of chiral C2-
and C3-alkylated pyrrolidines through desymmetrization of
readily available 3-pyrrolines (Scheme 8) [31]. The cobalt cata-
lytic system (CoBr₂ with modified bisoxazoline ligands)

achieved asymmetric C(sp3)–C(sp3) coupling via distal stereo-
control, efficiently producing C3-alkylated pyrrolidines, while
the nickel catalytic system afforded C2-alkylated pyrrolidines
through a tandem alkene isomerization/hydroalkylation process.
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Scheme 5: Ring expansion of benzosilacyclobutenes with alkynes [23].

This method utilized readily accessible catalysts, chiral BOX
ligands L9, and reagents, delivering enantioenriched 2-/3-alkyl-
substituted pyrrolidines with excellent regio- and enantioselec-
tivity (up to 97% enantiomeric excess). Radical-clock experi-
ments and deuterium-labeled silane studies revealed that cobalt
catalysis proceeded via irreversible Co–H migratory insertion to
achieve C3 selectivity, whereas nickel catalysis involved alkene
isomerization to generate a (2,3-dihydropyrrolyl) intermediate
Int-35, followed by C2-selective coupling.

In 2024, the Zheng group reported a catalyst-controlled cycliza-
tion reaction of bicyclo[1.1.0]butanes (BCBs) 32 with α-alkeny-
lazides 33, achieving divergent synthesis of 2- and 3-azabi-
cyclo[3.1.1]heptenes (aza-BCHepes) 35 or 36 (Scheme 9) [32].
This study developed a practical method for constructing novel
2- and 3-aza[3.1.1]heptene architectures from readily available
α-alkenylazides and BCBs through catalyst-controlled (3 + 3)
and (3 + 2) cyclization strategies. Two distinct pathways were
established: (1) The titanium-catalyzed ring opening of bicy-
clobutane (BCB) 32 generates a γ-carbonyl radical intermediate
Int-42, which undergoes trapping by vinylazide 33. Subsequent
dinitrogen extrusion produces an iminyl radical species Int-44.
This reactive intermediate then engages with a Ti(IV)-enolate
complex through radical recombination, ultimately delivering
2-aza-bicyclo[3.1.1]heptene (BCHepe) while regenerating the

Ti(III) catalyst to complete the catalytic cycle. (2) Scandium-
catalyzed pathway: Activation of the donor–acceptor BCB
via Sc(OTf)3 coordination to its carbonyl group facilitates
nucleophilic attack by vinylazide 33, forming an imino-
diazonium intermediate Int-40 accompanied by a δ-carbanion.
Transannular cyclization of this species affords 2-azidobi-
cyclo[3.1.1]hexane (2-azidoBCHs). Subsequent thermal activa-
tion induces selective migration of the less sterically hindered
secondary carbon center with concomitant dinitrogen elimina-
tion, yielding 3-aza-BCHepe as the final product.

Solvent control
The solvent microenvironment emerged as a critical determi-
nant in governing stereochemical outcomes, exerting profound
influence through multifaceted solute–solvent interactions [5].
Solvent polarity, hydrogen-bonding propensity, and dielectric
characteristics collectively orchestrate stereodivergent path-
ways through dynamic coordination effects and differential
stabilization of transition states. Notably, these solvent-medi-
ated electronic and steric modulations frequently dictate reac-
tion stereoselectivity, with even subtle solvent permutations
potentially inducing complete stereochemical inversion in sensi-
tive systems [33-38]. In 2023, He and Sessler disclosed a versa-
tile one-pot synthesis of structurally diverse macrocycles
through the dynamic self-assembly of α,α’-linked oligopyrrolic
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Scheme 6: Photoinduced regiodivergent and enantioselective cross-coupling [24].
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Scheme 7: Catalyst-controlled regiodivergent and enantioselective formal hydroamination of N,N-disubstituted acrylamides [30].

Scheme 8: Catalyst-tuned regio- and enantioselective C(sp3)–C(sp3) coupling [31].
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Scheme 9: Catalyst-controlled annulations of bicyclo[1.1.0]butanes with vinyl azides [32].

dialdehydes and alkyldiamines (Scheme 10) [39]. Their investi-
gation revealed distinct solvent-mediated selectivity in product
formation. Condensation of the pyridine-bridged oligopyrrolic
dialdehyde 37 with simple alkyldiamines proceeded with sol-
vent-independent regioselectivity, exclusively furnished [2 + 2]
macrocyclic adducts. Strikingly, when 37 was combined with
2,2’-oxybis(ethylamine) (38), the reaction pathway exhibited
pronounced solvent dependency. Reactions in methanol,
ethanol, or chloroform selectively generated the [1 + 1] macro-
cycle 39 as the sole product. In contrast, polar aprotic solvents
such as dimethyl sulfoxide (DMSO), N,N-dimethylformamide
(DMF), or acetonitrile (MeCN) favored precipitation of the
[2 + 2] macrocycle 40. Notably, the macrocycle 40 underwent

spontaneous structural reorganization in chloroform or dichloro-
methane (DCM), converting entirely into the thermodynamical-
ly stable [1 + 1] isomer 39. This work demonstrates a solvent-
driven approach for dynamically interconverting macrocycle
sizes, governed by thermodynamic stability and solubility
differences.

In the same year, Chauhan, Koenigs, and co-workers demon-
strated solvent-controlled bifurcation in the light-driven reactiv-
ity of cyclic diazo imides 41 with thiols 42, unveiling two
mechanistically distinct pathways (Scheme 11) [40]. In
dichloromethane (DCM), the reaction proceeds via a carbene
intermediate, enabling cascade C(sp2)–H functionalization/thio-
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Scheme 10: Solvent-driven reversible macrocycle-to-macrocycle interconversion [39].

Scheme 11: Unexpected solvent-dependent reactivity of cyclic diazo imides and mechanism [40].

lation to deliver indane-fused pyrrolidines 43 in excellent yields
(up to 92%). Strikingly, switching the solvent to acetonitrile
completely suppresses carbene formation under identical condi-
tions, redirecting the pathway toward an unconventional diazo
reduction wherein aryl thiols act as stoichiometric reductants.
Mechanistic insights, elucidated through control experiments

and DFT calculations, revealed that photoexcitation of diazo
imide 41 triggers nitrogen extrusion (ΔG‡ = +10.0 kcal·mol−1),
generating the triplet carbene intermediate Int-45. In DCM, this
species undergoes intramolecular cyclization into a proximal
C(sp2)–H bond (ΔG‡ = +19.7 kcal·mol−1) to form Int-46, which
reacts with 4-MePhSH (ΔG‡ = +14.9 kcal·mol−1) to yield
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Scheme 12: Palladium-catalyzed annulation of prochiral N-arylphosphonamides with aromatic iodides [41].

radical intermediate Int-47 and a thiyl radical (4-MePhS·).
Sequential thiol-assisted hydrogen shifts produce Int-48, fol-
lowed by barrierless thiyl radical addition and intersystem
crossing (ISC) to furnish the final product. In contrast, aceto-
nitrile’s polar aprotic environment destabilizes the carbene
pathway, favoring direct reduction of the diazo moiety via elec-
tron transfer from the thiol. This solvent-gated selectivity
underscores the critical role of reaction medium polarity in
modulating reactive intermediates, offering a strategic lever to
toggle between C–H functionalization and reductive manifolds
in photochemical transformations.

In 2024, the Cheng group developed a palladium/chiral
norbornene (NBE)-catalyzed cyclization reaction between aryl
iodides 45 and phosphoramides 46 under varying solvent condi-
tions of toluene (PhMe) and acetonitrile (MeCN), based on their
studies of the Catellani reaction (Scheme 12) [41]. This method
exhibited a broad substrate scope for both aryl iodides and
phosphoramides, and enabled enantioselective access to both
enantiomers of chiral P(V) molecules 47 or 48 using a single
chiral NBE catalyst.

Time control
Time control of chemical reactivity offers an inherent strategy
to program synthetic pathways through kinetic discrimination of
transient intermediates. Diverging from additive-dependent or
stimulus-responsive approaches, this paradigm capitalizes on
the chronoselective evolution of reactive species to unlock se-
quence-controlled transformations. In 2020, the You group re-

ported a reaction-time-dependent enantiodivergent synthesis
method. Under the same chiral catalytic system, they achieved
selective synthesis of either enantiomer of a target product by
controlling the reaction duration (Scheme 13) [42]. When per-
forming the asymmetric intermolecular allylic amination of
6-hydroxyisoquinoline (49) with tert-butyl(1-phenyl-
allyl)carbonate ((rac)-50) using an Ir catalyst derived from
[Ir(cod)Cl]2 and the Carreira chiral phosphoramidite ligand (S)-
L10, along with the addition of 3,5-dichlorobenzoic acid as an
additive in MeOH at room temperature, the reaction proceeded
smoothly for 10 hours to yield the aminated product 51. Inter-
estingly, when the reaction was quenched after 6 minutes in the
absence of a Brønsted acid additive, the opposite enantiomer 52
was obtained. Mechanistically, an initial kinetic resolution (KR)
of (rac)-50 occurs via an Ir-catalyzed asymmetric allylic amina-
tion. Due to the higher reactivity of (S)-50, it reacts with
6-hydroxyisoquinoline within 6 minutes to generate 52, while
(R)-50 remains largely unreacted during this period (k1

R <<
k1

S). However, as the reaction progresses, 52 undergoes further
reaction with MeOH under the catalytic system to form 52'.
Meanwhile, the less reactive (R)-50 gradually reacts with
6-hydroxyisoquinoline, leading to the accumulation of 51. Since
51 is highly stable and resistant to reaction with MeOH (k2

R <<
k2

S ≈ k1
R), it can be obtained with high optical purity after an

extended reaction time (10 hours)

In 2023, Yang and Liang jointly reported a tetrasilane (ODCS)-
based method for time-controlled, palladium-catalyzed C–H ac-
tivation in the divergent synthesis of silacyclic compounds
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Scheme 13: Time-dependent enantiodivergent synthesis [42].

(Scheme 14) [43]. This reaction employs the ODCS reagent to
capture a five-membered C,C-palladacycle species, using reac-
tion time as a control switch to enable transformations of three
distinct substrates – acrylamides, 2-halo-N-methylacryloylbenz-
amides, and 2-iodobiphenyls – thereby selectively synthesizing
silacyclic compounds with varying ring sizes, including ten-
membered, seven-membered, and five-membered rings. Mecha-
nism (Scheme 15): Substrate 53 undergoes oxidative addition
with Pd(0), followed by intramolecular carbopalladation to form
the σ-alkylpalladium intermediate Int-50. The intermediate Int-
50 undergoes C–H activation to generate the spiro-palladacycle
Int-51, which proceeds via two possible pathways: 1) Path a:
oxidative addition/reductive elimination or 2) path b: trans-
metalation/reductive elimination giving rise to intermediates
Int-53 or Int-53'. Reductive elimination of Int-53 or Int-53'
regenerates Pd(0) and produces intermediate 55. With the assis-
tance of the base K2CO3, the ten-membered silacycle 55 under-
goes rapid ring contraction via cleavage of two Si–O bonds and

formation of one Si–O bond, leading to 56 and Int-55. Concur-
rently, Int-55 dimerizes to form 54, which is further trans-
formed into cyclosiloxanes under K2CO3 and DMA conditions.
Intermediate 56 undergoes additional ring contraction through
cleavage of Si–O/Si–C bonds and formation of a Si–C bond,
yielding 57 and Int-56, with Int-56 polymerizing to generate
cyclosiloxanes. An alternative pathway involving cleavage of
another Si–O bond during the conversion from 55 to 56 and
subsequently to 57 cannot be excluded.

Temperature control
Temperature, as a readily adjustable physical parameter in
organic synthesis, offers a simple and versatile approach to
control regioselectivity. It profoundly influences reaction
kinetics, stability of intermediates, and reaction equilibria.
Through precise temperature modulation, chemists can effec-
tively steer the formation of regioisomers, often achieving
desired selectivity with minimal alterations to other reaction
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Scheme 14: Time-controlled palladium-catalyzed divergent synthesis of silacycles via C–H activation [43].

components. For instance, Rana and colleagues developed a
temperature-dependent regiodivergent strategy to access func-
tionalized maleimides and itaconimides [44]. This thermochem-
ical strategy provides a robust platform for controlling reaction
pathways while maintaining synthetic simplicity. In 2022,
García-García and Fernández-Rodríguez reported on the practi-
cality of metal-free BCl3-catalyzed borylation cyclization reac-
tions in synthesis (Scheme 16) [45]. Biphenyl-embedded 1,3,5-
trienes-7-yne compounds 58 react with BCl3 under catalyst-free
and additive-free conditions to form novel polycyclic boronated
structural units. By adjusting the temperature of the reaction
medium, it is possible to precisely control the reaction pathway,
thereby obtaining two different boronated frameworks from the
same starting material: boronated phenanthrene derivatives 59
at 60 °C and phenanthrene-fused boronated cyclobutane 60 at
0 °C.

In the same year, Lu's research group reported a temperature-
controlled site-selective olefin hydroalkylation reaction
(Scheme 17) [46]. By adjusting only the reaction temperature,
different skeletal structures of nitrogen α- and β-alkylated prod-
ucts could be obtained from the same olefin substrates 61. At
10 °C, the catalytic system consisting of NiBr₂(diglyme), oxa-
zoline ligand, (EtO)₃SiH, and K₃PO₄(H₂O) achieved β-selective
hydroalkylation. When the temperature was raised to 100 °C,
the reaction selectively produced α-branched products. DFT
calculations showed that at low temperatures, the six-mem-
bered nickel ring captures radicals and undergoes reductive
elimination to form β-products (kinetic control); at high temper-
atures, the formation of a five-membered nickel ring leads to
α-products (thermodynamic control). Therefore, the formation
of the more stable nickel ring drives migration, while the
thermodynamic and kinetic properties of different reductive

elimination intermediates jointly determine the switchable site
selectivity.

Acid–base control
The strategic modulation of acid–base interactions has emerged
as a powerful paradigm in organic synthesis, enabling precise
control over reaction pathways, selectivity, and catalytic effi-
ciency. By exploiting dynamic acid–base equilibria or stimuli-
responsive systems, chemists can manipulate substrate activa-
tion, stabilize reactive intermediates, and orchestrate complex
multistep transformations under mild conditions [47]. In 2016,
Lu's team designed a new class of acetylene carbonate reagents
and successfully applied them to copper-catalyzed decarboxyla-
tive amination/hydroamination sequences (Scheme 18) [48]. By
controlling acidic and basic reaction conditions, the authors
achieved the controllable synthesis of two types of functionali-
zed indoles. When treated with acid (BF3·E2O), the intermedi-
ate 2-methylene-3-aminoindoline 69 undergoes an aza-Cope re-
arrangement to form 2-benzylindole 70; when treated with a
base (Cs2CO3), this intermediate undergoes a 1,3-proton migra-
tion process to convert back to 3-aminoindole 71. The possible
mechanism for the formation of the key intermediate 69 is
outlined in Scheme 19: first, substrate 67, under the action of a
copper catalyst and diisopropylethylamine, undergoes a
decarboxylation process to generate the allylidenecopper inter-
mediate Int-63 and its resonance form Int-64. Subsequently,
these intermediates undergo a propargylation process (Int-63,
Int-64 to Int-65) followed by a proton elimination process to
generate Int-66 (Int-5 to Int-66). Then, Int-66 undergoes an
intramolecular amination through copper-catalyzed activation to
form Int-68, and finally, 2-methylene-3-aminoindoline 69 is
generated via a proton transfer promoted by diisopropylethyl-
amine.
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Scheme 15: Proposed mechanism for the time-controlled palladium-catalyzed divergent synthesis of silacycles [43].
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Scheme 16: Metal-free temperature-controlled regiodivergent borylative cyclizations of enynes [45].

Scheme 17: Nickel-catalyzed switchable site-selective alkene hydroalkylation by temperature regulation [46].

In 2023, the Jiang research group achieved a chemically diver-
gent photocatalytic asymmetric synthesis using a dual catalytic
system consisting of a chiral phosphoric acid and dicyanopy-
razine (DPZ) as the photosensitizer (Scheme 20) [49]. By regu-
lating the chemical selectivity of a three-component radical

cascade reaction involving α-brominated aryl ketones 72,
olefins 73, and 1-methylquinoxalin-2(1H)-one (74) with an in-
organic base, they were able to obtain two important types of
products with high yield and enantioselectivity. Through mech-
anistic experiments and DFT calculations, the authors proposed
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Scheme 18: Copper-catalyzed decarboxylative amination/hydroamination sequence [48].

Scheme 19: Proposed mechanism of copper-catalyzed decarboxylative amination/hydroamination sequence [48].
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Scheme 20: Enantioselective chemodivergent three-component radical tandem reactions [49].

a possible mechanism for the reaction: first, DPZ is excited by
light to form the excited state DPZ*, which then oxidizes bro-
mide ions through single-electron transfer to generate corre-
sponding radical anions. These radical anions undergo single-
electron transfer with substrate 72 to form radical intermediate
Int-70, completing the DPZ catalytic cycle. Intermediate Int-70
adds to substrate 73 to form radical intermediate Int-71, which
further adds to hydrogen-bond-activated substrate 74 to form
hydrogen-bonded complex Int-72. When Na3PO4 is used as the
inorganic base, bromine radicals abstract hydrogen to form
product 75; whereas when Na2HPO4 is used as the inorganic
base, its weaker basicity leads to protonation of complex Int-72
to form intermediate Int-73, which then preferentially under-
goes single-electron transfer with the DPZ radical anion, fol-

lowed by cyclization and dehydration to yield bicyclic product
76.

Substrate control
Substrate control has emerged as a powerful strategy in organic
synthesis, enabling precise manipulation of reaction pathways
and stereochemical outcomes through the intrinsic structural
and electronic features of the starting material. By exploiting
preorganization, steric effects, or directing groups within the
substrate, chemists can achieve high levels of regioselectivity,
diastereoselectivity, and enantioselectivity without relying on
external catalysts or additives. This approach has been success-
fully applied in the synthesis of complex natural products, phar-
maceuticals, and functional materials, often streamlining multi-
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Scheme 21: Substrate-controlled synthesis of indoles and 3H-indoles [52].

step sequences and minimizing protecting-group strategies
[50,51]. In 2016, Li and co-workers developed divergent
coupling conditions for iminamides 77 with receptor-type
diazo compounds 78 or 79 under ruthenium catalysis, gener-
ating indoles 81 and 3H-indoles 80, respectively (Scheme 21)
[52]. α-Diazo-β-ketoesters form indoles by cleaving the
C(N₂)–C(acyl) bond, while diazomalonates form 3H-indoles
through C–N-bond cleavage. Mechanistically, the cyclometala-
tion of iminamides follows a concerted metalation–deproton-
ation (CMD) mechanism to generate ruthenium intermediate
Int-75. Subsequently, diazo compound 78 or 79 coordinates
with intermediate Int-75, followed by deazidation to form the

ruthenium carbenoid species Int-76. The ruthenium–aryl bond
in this intermediate migrates into the carbenoid unit, providing
heptacyclic ruthenium ring intermediate Int-77. Intermediate
Int-78 is then formed via ruthenium migration insertion into the
C=N bond from Ru–C(alkyl). For diazoketoester substrates, the
final product 81 is released from Int-78 through protonation,
intramolecular nucleophilic addition, and subsequent release of
one molecule of amide, reactivating the active ruthenium(II)
catalyst. In contrast, for diazomalonates, intermediate Int-78
releases ammonia with the help of Ru(II) or acetic acid, ulti-
mately yielding 3H-indole 80. This change in selectivity may be
due to the reduced electrophilicity of the ester carbonyl.
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Scheme 22: Controlled mono- and double methylene insertions into nitrogen–boron bonds [53].

In 2021, Dong and Xie reported the development of an azido
Matteson reaction, which achieves carbene insertion into an
N–B bond of aminoboranes 84 or 86 (Scheme 22) [53]. In this
methodology, by controlling the carbene leaving group (alkyl
chlorides/alkyl bromides) and the Lewis acid activator, a selec-
tive mono- or di-methylene insertion reaction can be carried
out, generating α-/β-boryl-substituted tertiary organic amines 83
from simple secondary organic amines. Using N-alkyl-N-
arylaminoboranes as the reactant, the reaction proceeds at
−78 °C with CH2Br2 and n-BuLi, followed by a reaction with
ZnCl2 at room temperature. The product is then hydrolyzed
with a NaOH solution of H2O2 to yield amino alcohols. The
mechanism involves the formation of borate intermediate
Int-79 from substrate 83 under the action of CH2BrLi. This is
followed by an N-1,2-migration to form borate ester 86, which

then reacts with another molecule of CH2BrLi to form the more
stable borate Int-80. Subsequently, a C-1,2-migration leads to
the formation of the double-insertion product 84. If the amine
portion is more electron-deficient or has more delocalized
nitrogen electrons (such as indole substrates), Int-79 is more
stable at −78 °C, favoring the formation of the mono-insertion
product 86.

In 2022, Wu and colleagues reported a novel methodology for
constructing α-ketoamides 90 or 92 and amides 91 through
copper-catalyzed dicarbonylation and monocarbonylation reac-
tions involving alkyl halides 88 (Scheme 23) [54]. Using alkyl
bromides, CuBr as the catalyst, bpy as the ligand, Co2(CO)8 as
the additive, Cs2CO3 as the base, and 1,4-dioxane as the sol-
vent under 40 bar CO pressure at 80 °C, they successfully syn-
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Scheme 23: Copper-catalyzed substrate-controlled carbonylative synthesis of α-keto amides and amides [54].

thesized α-ketoamides 90. When alkyl iodides were used as
substrates, both dicarbonylation and monocarbonylation pro-
cesses occurred simultaneously with Cu(OAc)2, favoring the
dicarbonylation process. In contrast, using CuBr(Me2S) the
monocarbonylation process was favored. Possible reaction
mechanisms: First, CO coordinates with copper salts to form
(carbonyl)copper species Int-83. Subsequently, in the presence
of a base, the amine undergoes nucleophilic attack on the coor-
dinated CO, generating (carbamoyl)copper complex Int-84.

Then, alkyl bromide undergoes a single-electron-transfer (SET)
process with Int-84, forming intermediate Int-85 and an alkyl
radical, which is captured by CO to yield an acyl radical. Alter-
natively, under the action of a base, the amine can undergo an-
ionic ligand exchange with (carbonyl)copper species Int-83,
generating an electron-rich amino copper(I) species Int-84',
which activates alkyl bromide through an SET process, fol-
lowed by immediate insertion of CO to form complex Int-85.
Nucleophilic activation of the acyl radical initiates through its
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Scheme 24: Divergent sulfur(VI) fluoride exchange linkage of sulfonimidoyl fluorides and alkynes [55].

reaction with intermediate Int-85, generating the critical
acyl(aminoacyl)copper species Int-86. Subsequent reductive
elimination from this intermediate liberates the α-ketoamide
product 92 while regenerating the catalytic species Int-82.
Comparative kinetic analysis revealed a marked preference for
alkyl iodide activation, as demonstrated by its substantially
lower activation energy barrier compared to alkyl bromide
analogs (path b). This energetic advantage facilitates preferen-
tial formation of intermediate Int-87 via oxidative addition.
Rapid coupling with the in situ-generated acyl radical produces
copper-bound intermediate Int-88. Base-mediated anionic
exchange then displaces the halide ligand with amine, yielding
intermediate Int-89. Final reductive elimination from this
species affords amide product 91 with concurrent regeneration

of the catalyst Int-83. Notably, a competitive pathway emerges
through alternative reactivity of Int-88 (path c). The coordinat-
ed CO ligand undergoes nucleophilic attack by the amine,
bypassing halide exchange to instead generate Int-86. This
mechanistic crossover establishes a product dichotomy be-
tween α-ketoamide 92 and amide 91, with the branching ratio
governed by relative rates of base-mediated exchange versus
CO activation at the copper center.

In 2022, the Jiang research team developed regulated SuFEx
click chemistry between fluorosulfonyl imides and TMS-
alkynes, enabling the rapid construction of S(VI)–C(sp2) or
S(VI)–C(sp) bonds efficiently (Scheme 24) [55]. This linkage
util izes the high bond dissociation energy (BDE =
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Scheme 25: Modular and divergent syntheses of protoberberine and protonitidine alkaloids [56].

135 kcal/mol) of silicon–fluorine bonds, employing trifluoro-
borate as a fluorine transfer reagent to simultaneously cleave
the S(VI)–F bond and activate the Si–C bond. DFT calculations
indicate that the reaction proceeds via the formation of a difluo-
roborate phenylacetylene intermediate 94’’ by in situ genera-
tion from boron trifluoride etherate and silicon-protected
phenylacetylene 94, which activates the S–F bond of the fluoro-
sulfonyl imide to form sulfonyliminium cations Int-95. These
then add to the activated phenylacetylene to construct the S–C
bond, followed by intramolecular 1,5-hydrogen migration and
aqueous workup to remove benzaldehyde, yielding the target
sulfonylimine products.

Both original protoberberine and protonitidine alkaloids are
characterized by an isoquinoline ring skeleton. An analysis of
their molecular structures revealed that the two alkaloids share a
basic structure, differing only in the junction of the B-ring. In
2021, Liu and Jiang designed new pyridyne precursors, which
underwent cycloaddition reactions with substituted furans as

diene component to produce the corresponding epoxy-cycload-
dition adducts. The authors developed an Ir/Sc tandem catalytic
reaction to convert these adducts into polysubstituted 3-haloiso-
quinolines 99 in one pot. After obtaining isoquinoline com-
pounds 99 with different substituents and polysubstituted
annular boronic acids 98, a Suzuki coupling was employed to
synthesize advanced isoquinoline intermediates 100. Following
this, a 6π electrocyclization reaction and nucleophilic reaction
were developed to achieve C–C and C–N bond constructions,
respectively, leading to the synthesis of differently substituted
protonitidine alkaloids and protoberberine alkaloids
(Scheme 25) [56].

Conclusion
Developing streamlined and versatile approaches for the rapid
assembly of structurally diverse organic molecules represents a
pivotal challenge in organic synthesis, pharmaceutical research,
and advanced materials development. Recent advances in
controllable/divergent synthesis methodologies, which enable
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the construction of variously functionalized architectures from
common precursors, have emerged as particularly promising
due to their inherent efficiency. Contemporary strategies for
controlling reaction pathways and selectivity predominantly
involve precise manipulation of catalytic systems (metal cata-
lysts/ligands), reaction parameters (solvent, temperature, time),
acid/base mediation, and strategic substrate engineering. This
review systematically organizes recent breakthroughs accord-
ing to critical control elements governing product divergence.
Through mechanistic investigations of pivotal bond-forming
steps and comparative analysis of representative case studies,
we provide fundamental insights into the origin of selectivity
variations and reaction pathway control. The discussion empha-
sizes structure–reactivity relationships and catalytic design prin-
ciples that enable predictable access to distinct molecular archi-
tectures from shared synthetic intermediates. This review serves
as a conceptualized platform for controllable/divergent synthe-
sis, arousing more state-of-the-art tactics in chemical synthesis.
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Abstract
A convergent approach for the enantioselective construction of an advanced intermediate containing the [5,5,6,6]-tetracyclic core
framework of the khayanolide-type limonoids was described. The strategy features an acylative kinetic resolution of the benzylic
alcohol, a 1,2-Grignard addition and an AcOH-interrupted Nazarov cyclization.
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Introduction
Limonoids, a class of tetranortriterpenoids derived biosyntheti-
cally from oxidative truncation of apotirucallane or apoeuphane
precursors coupled with subsequent β-furan annulation [1-6],
constitute an architecturally sophisticated family of natural
products. Based on their specific skeletal rearrangements,
limonoids can be systematically categorized into four subfami-
lies: ring intact limonoids, ring-seco limonoids, rearranged
limonoids and N-containing limonoids (Figure 1). Moreover,
these molecules exhibit a remarkable pharmacological portfolio
encompassing anticancer, antimicrobial, anti-inflammatory, and
insect antifeedant activities [7-9], positioning them as compel-
ling targets for both therapeutic development and agrochemical
innovation. Furthermore, limonoids are also renowned for their
extraordinary structural complexity. For instance, the phrag-

malin-type limonoids represent a significant category of highly
oxygenated rearranged limonoids, which contain a distinctive
octahydro-1H-2,4-methanoindene cage. The fascinating archi-
tectures and remarkable biological profiles of these compounds
have attracted widespread attention from the synthetic commu-
nity. In 1989, Corey and Hahl made a seminal contribution [10]
to the field by completing the total synthesis of azadiradione
(1). Following this, Ley and his team successfully synthesized
azadirachtin (2) in 2007, a limonoid extensively utilized in
organic agriculture [11]. In recent years, remarkable progress
has been made on the total syntheses of various limonoids, with
notable contributions from researchers such as Williams [12],
Yamashita [13], Hao/Yang/Shen [14], Gong/Hao/Yang [15],
Newhouse [16-19], Yang/Chen [20], Renata [21], Qin/Yu [22],

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:lizhang@zstu.edu.cn
mailto:prao@zju.edu.cn
https://doi.org/10.3762/bjoc.21.75
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Figure 1: Representative limonoid triterpenes.

Ma [23], Watanabe [24], and Li [25]. Their groundbreaking
work has provided valuable insights and inspired further
research in synthetic chemistry involving limonoids.

Krishnolides A and C (7 and 8, respectively; Scheme 1A) were
identified by Wu and co-workers from the seeds of a Krishna
mangrove Xylocarpus moluccensis [26]. These two molecules
belong to khayanolides, a class of rearranged phragmalin
l imonoids characterized by a structural ly intr icate
tricyclo[4.2.110,30.11,4]decane ring system. Additionally, krish-
nolides A and C contain 9–11 stereogenic centers and exhibit
diverse oxidation patterns. Their relative and absolute configu-
rations were determined through NMR, HRESIMS and ECD
experiments, as well as single crystal X-ray diffraction analysis.
A preliminary investigation revealed that krishnolide A (7)
exhibited unique anti-human immunodeficiency virus (HIV) ac-
tivity, representing the first report of anti-HIV activity in
khayanolide-type limonoids. However, the highly oxygenated
and polycyclic scaffolds pose substantial challenges toward
their total synthesis. Two synthetic studies were disclosed

successively by Sarpong [27] and Jirgensons [28], both
focusing on the construction of the unique methanoindene cage
structure (A1A2B ring system). Building upon our previous syn-
theses of phragmalin-type limonoids [29], we herein disclose a
convergent approach leveraging an AcOH-interrupted Nazarov
cyclization to establish the [5,5,6,6]-tetracyclic scaffold with
precise stereochemical fidelity.

Results and Discussion
Our retrosynthetic analysis toward krishnolides A (7) and C (8)
is delineated in Scheme 1B. We hypothesized that these two
molecules could be synthesized from diol 9 through a late-stage
modification involving adjustment of the oxidation state and
regioselective acylation. The formation of 9 was envisioned to
proceed via an intramolecular pinacol coupling [30,31] of
[5,5,6,6]-tetracycle 10, which forges the A2 ring while simulta-
neously installing the hydroxy group at C30. The latter interme-
diate could in turn be derived from dienone 11 by an AcOH-
interrupted Nazarov cyclization [32-34], thereby establishing
the B ring with the desired all-cis stereochemical configuration,
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Scheme 1: Structures and retrosynthetic analysis of krishnolides A (7) and C (8).

including the quaternary carbon at C10 and the essential tertiary
alcohol at C1. The β-hydroxylactone moiety (D ring) in 11
could be introduced through an intramolecular aldol condensa-
tion [35] of acetate 12. Ultimately, the preparation of 12 could
be traced back to aldehyde 14 through 1,2-Grignard addition

with an organomagnesium reagent [36] prepared from
α-iodoenone 13.

Our synthesis began with the preparation of α-iodoenone 13
(Scheme 2). The α-monomethylation of cyclohexenone 15 was
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Scheme 2: Construction of α-iodoenone 13.

efficiently carried out with LDA, HMPA, and MeI [37], produc-
ing enone 16 in 78% yield. Subsequently, a diastereoselective
aldol reaction between 16 and 3-furaldehyde promoted by
LiHMDS gave alcohol 17 with high regioselectivity (14:1 dr at
C17) after an extensive screening of bases (LDA, NaHMDS,
KHMDS, etc.). Drawing inspiration from the pioneering work
of Birman [38], as well as Newhouse’s applications [18,19], an
acylative kinetic resolution of the alcohol was achieved by
using (R)-BTM (19), furnishing acetate 18 with satisfactory
efficiency and enantioselectivity (37% yield, 85% ee). Finally,
iodination of 18 employing Johnsen’s protocol (I2, pyridine)
[39] provided α-iodoenone 13 in 89% yield.

On the other hand, the synthesis of acetal aldehyde 14
commenced with bicyclic ketone 21, which was prepared from
(+)-Hajos–Parrish ketone in 49% yield over two steps
(Scheme 3) [40-43]. Ensuring silyl enol etherification of the ke-
tone at C29 coupled with IBX-mediated Nicolaou oxidation
[44] furnished the corresponding enone in 72% yield (90%
brsm). The methyl group at C10 was then introduced via a
Michael addition (MeMgBr, CuI) to afford 22 in a yield of 65%
(4:1 dr at C10). Initial attempts on the carbonyl 1,2-transposi-
tion protocol reported by Dong and co-workers were ineffec-
tive [45], leading to premature hydride termination and the for-
mation of alkene 23. As an alternative solution, by treating 22
with KHMDS and PhNTf2, enol triflation took place successful-
ly. The resultant triflate was coupled with n-Bu3SnH to afford
Δ1,29-alkene 23 in 83% yield over two steps. Subsequent hydro-
boration–oxidation by employing BH3·THF proceeded
smoothly, providing a 4.4:1 mixture of regioisomeric alcohols
with the desired isomer being the major component, presum-
ably due to the considerable steric hindrance from the quater-
nary carbon at C4. However, decagram-scale separation of these

two isomers by chromatography proved troublesome. Fortu-
nately, the distinct reactivity of those two alcohols toward oxi-
dation allowed for the selective conversion of desired alcohol to
ketone 24 using PCC, producing a 50% overall yield, while the
recovered undesired alcohol could be reverted to 21 by Swern
oxidation.

Direct enol triflation (Et3N/Tf2O, NaH/PhNTf2, DTBMP/Tf2O,
etc.) of 24 led only to epimerization at C10 or slow decomposi-
tion of the starting material (see Supporting Information File 1,
Table S1). Pleasingly, treating 24 with HMDS and TMSI regio-
selectively generated the expected TMS enol ether [46], which
underwent a Li/Si exchange in the presence of MeLi followed
by interception of the lithium enolate with PhNTf2 to give enol
triflate 25 in 59% overall yield. The following palladium-cata-
lyzed methoxycarbonylation produced methyl ester 26 in a
satisfactory yield of 84%. TIPS-protected allylic alcohol 28 was
selected as the appropriate precursor for the α,β-unsaturated
aldehyde and synthesized from 26 via a four-step transformat-
ion sequence, including deketalization, reduction, silylation of
the primary alcohol and oxidation of the secondary alcohol. For
the disconnection of the C2–C7 bond, a two-step protocol in-
volving Rubottom oxidation and PIDA-promoted oxidative
cleavage [47] was applied to deliver aldehyde 29. Finally, a
one-pot acetalization and desilylation effectively afforded the
acetal alcohol, which was then oxidized with the aid of TPAP,
furnishing acetal aldehyde 14 in 67% yield over two steps.

With the two fragments 13 and 14 in hand, the next stage was
set for the construction of the target skeleton through a 1,2-ad-
dition (Scheme 4). Preliminary trials to generate organometal-
lic species via Li/I exchange under various conditions (n-BuLi,
t-BuLi, or t-BuLi in combination with CeCl3 or MgBr2) led to
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Scheme 3: Construction of aldehyde 14.

rapid decomposition, likely due to inherent instability of
α-iodoenone 13. Inspired by the influential studies by Knochel
[36] and Baran [48], we discovered that Mg/I exchange of 13
could be accomplished with iPrMgCl·LiCl at −78 °C. The re-
sulting Grignard reagent reacted smoothly with aldehyde 14,
affording the corresponding adduct 12 in 58% yield (92%
brsm). Since the newly created configuration at C30 was incon-
sequential, an intramolecular aldol reaction was directly carried
out by treatment with LiHMDS to furnish β-hydroxylactone,
which could be converted to dienone 11 through TPAP oxida-
tion.

Having secured 11, we proceeded to evaluate the pivotal
Nazarov cyclization under a variety of conditions (Table 1).
Initial trials under acid-mediated Nazarov conditions (AlCl3,
BF3·Et2O and Me2AlCl) led to complete decomposition, while
the exposure to AcOH resulted in recovery of the starting mate-

rial (Table 1, entries 1–4). Recognizing the limitations of these
approaches, we then turned to the milder photo-Nazarov cycli-
zation, in which the UV-light sources were found to be critical.
While irradiation at 365 or 313 nm failed to induce cyclization
and only allowed recovery of the starting material (Table 1,
entries 6 and 7), the disrotatory cyclization of 11 in the pres-
ence of AcOH by exposure to UV-light at 254 nm occurred ex-
clusively to provide an inseparable mixture of 32 and 33
(Table 1, entry 5). Subsequent dehydration of the resultant mix-
ture with SOCl2 and pyridine yielded separable enones 34
(51%) and 10 (9%) over two steps. The structure of 10 was
unequivocally determined through X-ray crystallographic anal-
ysis (ORTEP drawing, Scheme 4). Further optimization by
elevating the reaction temperature did not noticeably alter the
ratio of 32 and 33 (Table 1, entries 8 and 9). Moreover, attempts
to apply interrupted Nazarov cyclization with H2O under
neutral conditions merely resulted in decomposition (Table 1,
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Scheme 4: Synthesis of the advanced intermediate 10 (in the X ray structure of 10 solvent molecule is omitted for clarity).

entry 10). To our delight, photoirradiation of the corresponding
methyl ether 31 at 254 nm in the presence of AcOH at 20 °C led
to a smooth cyclization, followed by spontaneous elimination,
which produced the desired 10 as the single product, with no
detection of 34 (Table 1, entry 11). This result presumably
arises from the minimization of dipole–dipole repulsions be-
tween the carbonyl of the dienone moiety and the C14-OMe
within the desired transition state (more details were discussed
in our group’s previous work [29]).

Conclusion
In conclusion, we have developed a convergent approach for the
enantioselective assembly of an advanced intermediate en route
to krishnolides A and C. Key steps of our strategy entail an
acylative kinetic resolution of the alcohol, a 1,2-Grignard addi-
tion and an AcOH-interrupted Nazarov cyclization. Further
elaboration of intermediate 10 to krishnolides A and C, as well
as other khayanolide-type limonoids is currently ongoing, and
the results will be disclosed in future reports.
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Table 1: Optimization of the interrupted Nazarov cyclization.a

Entry Conditions Yield (%)b

34 10

1c 11, AlCl3, DCE, 60 °C 0 0
2c 11, BF3·Et2O, DCE, 60 °C 0 0
3c 11, Me2AlCl, toluene, 100 °C 0 0
4 11, AcOH, DCE, 70 °C 0 0
5 11, 254 nm hν, AcOH, DCM, 20 °C 57 7
6d 11, 313 nm hν, AcOH, DCM, 20 °C 0 0
7d 11, 365 nm hν, AcOH, DCM, 20 °C 0 0
8 11, 254 nm hν, AcOH, DCE, 40 °C 54 8
9 11, 254 nm hν, AcOH, DCE, 70 °C 51 9
10c 11, 254 nm hν, H2O, DCM, 20 °C 0 0
11 31, 254 nm hν, AcOH, DCM, 20 °C 0e 73e

aReaction conditions: substrate (0.015 mmol), acid (2.0 equiv), solvent (5.0 mL). bIsolated yields over two steps involving Nazarov cyclization and
dehydration. cDecomposition. dNo reaction. eIsolated yields over Nazarov cyclization/elimination cascade.
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Abstract
Enamides are distinctive amphiphilic synthons that can be strategically incorporated into cyclization reactions. The iminium species
generated from enamides via nucleophilic addition or substitution are capable of engaging in further electrophilic additions or isom-
erization processes. Exploiting the multiple reactivities of enamides facilitates the development of diverse cyclization modes that
provide entries to various N-heterocycles, some of which serve as key structural motifs in natural alkaloids. This review highlights
recent advancements in enamide-based cyclization reactions, including enamide–alkyne cycloisomerization, [3 + 2] annulation, and
polycyclization, with a particular emphasis on their pivotal role as a strategy in the total synthesis of natural products.

999

Introduction
The use of enamines as surrogates for enols in nucleophilic
reactions has been well-documented for decades since their first
report by Stork in the 1950s [1-3]. Compared with enols, en-
amines benefit from the lone pair of electrons on the nitrogen
atom, which enhances the nucleophilicity of the alkene,
enabling it to react with a broad range of electrophiles. This ac-
tivation mode of carbonyl compounds has been so well-estab-
lished that it is featured in nearly every organic chemistry text-
book. However, despite their versatility, enamines themselves
are not easily handling compounds in experimental settings.
Their sensitivity to hydrolysis complicates their isolation and

identification, and following the nucleophilic addition or substi-
tution, the resulting iminium ions often undergo direct hydroly-
sis, preventing further use in a cascade nucleophilic addition.
As a result, enamines are not ideal partners in tandem reactions
for the synthesis of nitrogen-containing products. As analogues
to enamines, the enamides contain an N-acyl group in place of
the original alkyl group. The electron-withdrawing effect of the
amide group delocalizes the nitrogen lone pair, thereby
reducing the electron density and nucleophilicity of the enamide
double bond. These features significantly diminish the reactivi-
ty of enamides as nucleophiles, rendering them more stable than

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:zhangxiaom@lzu.edu.cn
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Figure 1: Reactivity of enamides and enamide cyclizations.

enamines. This stability is reflected in their frequent occurrence
in natural products [4]. As a result, research on the synthetic ap-
plications of enamides has historically lagged behind that of en-
amines [5,6]. Beyond their use in hydrogenation reactions [7,8],
the exploration of enamides’ nucleophilic reactivity has only
gained momentum in recent years. Inspired by pioneering work
from various research groups [9-15], the potential of enamides
in nucleophilic reactions has become recognized. Among them,
enamide cyclizations have attracted considerable attention due
to their promise in the total synthesis of alkaloids [16]. Notably,
these valuable compounds can be employed as efficient
synthons in enamide–alkyne cycloisomerization, [n + m] cyclo-
additions, pericyclic reactions, and radical cyclizations. A
comprehensive review of these advancements up until 2015 has
already been documented [16]. In this review, recent break-
throughs of these enamide cyclizations will be surveyed from
the viewpoint of natural product synthesis. Leveraging the
enamide–alkyne cycloisomerization cyclizations, Lycopodium
alkaloids (−)-dihydrolycopodine, (−)-lycopodine, (+)-lycoposer-
ramine Q, (+)-fawcettidine, (+)-fawcettimine, and (−)-phleg-
mariurine have been synthesized in a concise and efficient
manner, while employment of the [2 + 3] cycloadditions or a
polycyclization enables the elegant total synthesis of
Cephalotaxus alkaloids cephalotaxine, cephalezomine H,
(−)-cephalotaxine, (−)-cephalotine B, (−)-fortuneicyclidin A,
(−)-fortuneicyclidin B, and (−)-cephalocyclidin A.

Unlike enamines, tertiary enamides can participate in cycliza-
tion reactions initial as nucleophiles, and upon protonation,
alkenylation, or alkylation, the resultant iminium intermediates
can serve as electrophiles. Due to the presence of an amide,
the resulting iminiums from the enamides can be stabilized to
take part in the second nucleophilic addition, though direct

isomerization of the iminiums to the enamides is also possible
(Figure 1). Guided by these principles, tandem reactions or
annulations can be designed to efficiently access N-hetero-
cycles. As the enamides are also easily accessible via condensa-
tions, applications of these nitrogen-containing building
blocks in the synthesis of N-heterocycles are synthetically
straightforward. When applied properly, these methods offer
promising strategies for the total synthesis of complex natural
products.

Review
Aza-Prins cyclization – total synthesis of
(−)-dihydrolycopodine and (−)-lycopodine
Cyclizations of enamides can proceed via several distinct path-
ways. If protonation of the enamide occurs first, the resulting
iminium ion can be readily captured by a wide variety of
nucleophiles, including alkenes and alkynes. These aza-Prins
cyclizations have potential applications in the synthesis of
natural alkaloids, as exemplified by She’s total synthesis of
(−)-dihydrolycopodine and (−)-lycopodine [17]. These
Lycopodium alkaloids have long been valued in traditional
Chinese medicine for their therapeutic effects on skin disorders
and as analgesics [18]. Preliminary biological evaluations also
suggest their antipyretic and anticholinesterase activities [19].
As a prominent member of the lycopodine-type alkaloids,
lycopodine features a characteristic tetracyclic structure with a
bridged cyclohexanone. To address the challenges associated
with constructing the complex ring systems of this structure,
She and co-workers devised an intramolecular aza-Prins cycli-
zation strategy to form both the bridge ring and the N-hetero
quaternary center in a single step. As depicted in Scheme 1, key
enamide 1 was prepared from (R)-pulegone in 6 steps. In the
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Scheme 1: Total synthesis of (−)-dihydrolycopodine and (−)-lycopodine.

presence of the weak acid H3PO4, protonation of 1 generates a
stabilized iminium ion 2, which then undergoes a 6-exo-trig
cyclization to deliver 4 after hydration of cation 3. Notably, the
terminal alkene remains intact during this process, and the
initial protonation proceeds with full stereocontrol, rendering
this transformation both highly chemo- and diastereoselective.
From the cyclization result, it is presumed that the higher
nucleophilicity of the alkyne functionality over the terminal
alkene and the conformational strain of forming a
bridge[3.2.1]bicycle might be responsible for a selective 6-exo-
trig cyclization.

From tricyclic compound 4, anti-Markovnikov oxidation cata-
lyzed by palladium led to the formation of aldehyde 5. When
treated with p-TsOH, the intramolecular aldol condensation of 5
provided the tetracyclic α,β-unsaturated enone 6 in 57% yield.
Subsequent catalytic hydrogenation using Pd/C conditions
delivered the hydrogen to the alkene from the less hindered
face, producing ketone 7 with high diastereoselectivity. Final
reduction of both the amide and ketone groups completed the
total synthesis of (−)-dihydrolycopodine, which could then be
further oxidized to (−)-lycopodine. The entire synthetic route
hinges upon the development of a sterically congested aza-Prins
cyclization, enabled by the presence of the enamide and its
neighboring alkyne. Building on this strategy, the authors also
accomplished the total synthesis of (−)-lycospidine A in only
10 steps [20], another Lycopodium alkaloid with a truncated
tetracyclic skeleton and distinct oxidation levels, further high-
lighting the versatility and efficiency of the enamide aza-Prins
approach.

Cyclization/isomerization – collective total
synthesis of fawcettimine-type alkaloids
The bicyclic decahydroquinoline enamide motif can serve as a
versatile precursor to access different types of tricyclic
N-heterocycles. As demonstrated in the above work from She’s
group, the aza-Prins cyclization renders the α-position of
enamide to be an active cyclization site, with the alkyne tether
acting as the nucleophile. Since it is well-established that
alkynes, when activated by transition metals such as gold or
platinum, can also function as electrophiles, modulating the re-
activity of the decahydroquinoline enamide motif to enable an
enamide–alkyne cycloisomerization is also feasible. In this
case, the initial nucleophilic cyclization of the enamide is fol-
lowed by isomerization, shifting the cyclization site from the α-
to the β-position of the enamide, resulting in the formation of a
fused triangular ring system rather than a bridged tricycle.
Building on this strategy, the same research group developed a
divergent synthetic route that culminated in the concise and
collective total synthesis of a series of fawcettimine-type
Lycopodium alkaloids (Scheme 2) [21], which are well-known
for their potent acetylcholinesterase (AChE) inhibitory activi-
ties [18].

In the presence of a catalytic amount of PPh3AuCl and AgSbF6,
the enamide–alkyne cycloisomerization of bromo-substituted
alkyne 8 proceeded via a 5-endo-dig cyclization to afford
tricyclic compound 10 through the formation of iminium inter-
mediate 9. The azepane ring was then constructed via an intra-
molecular reductive Heck reaction from vinyl bromide 10 with
exclusive regioselectivity. Considering the strain of forming the
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Scheme 2: Collective total synthesis of fawcettimine-type alkaloids.

7-membered ring, this highly efficient 7-endo-trig (vs 6-exo-
trig) transannular Heck cyclization reaction was remarkable to
be realized in a regioselective manner. From tetracyclic com-
pound 11, a one-pot facial and regioselective hydroboration/
amide reduction followed by oxidation produced (+)-lycoposer-
ramine Q, which was then converted to (+)-fawcettidine by Ley
oxidation. Alternatively, hydroboration of 11 in mild condi-
tions without the reduction of amide-generated ketone 12 after a
subsequent Dess–Martin oxidation. Upon treatment of 12 with
Co(acac)2 and PhSiH3 in iPrOH at 80 °C, the Mukaiyama
hydration of enamide delivered hemiaminal 13. Despite the

incorrect configuration of the newly formed hydroxy group, it is
considered inconsequential due to the reversibility of hemi-
aminal. Consequently, further reduction of the amide could
complete the total synthesis of (+)-fawcettimine with in situ
adjustment of the hemiaminal configuration.

The incorrect configuration observed in the Mukaiyama hydra-
tion also inspired the authors to develop a fragmentation
process for the total synthesis of (−)-phlegmariurine B. A one-
pot epoxidation/nucleophilic epoxide opening introduced both a
hydroxy group and a chloride across the cyclopentene, produc-
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Scheme 3: Total syntheses of cephalotaxine and cephalezomine H.

ing 14 in 57% yield. After oxidation of alcohol 14 to ketone 15,
the Mukaiyama hydration then triggered a Grob fragmentation
process of hemiaminal 16 and afforded the imide compound 17.
Final regioselective reduction of one of the two carbonyls on
the imide completed the synthesis of (−)-phlegmariurine B.

Annulation
Total syntheses of cephalotaxine and
cephalezomine H
The [2 + 3] annulation of enamides is a relatively underex-
plored reaction, particularly in the context of total synthesis. Its
synthetic potential remains to be fully excavated, as it offers a
modular approach for disassembling molecules into segments of
comparable sizes. Recently, Fan's group reported the develop-
ment of this annulation and applied it in the divergent total syn-

thesis of Cephalotaxus alkaloids (Scheme 3) [22], including
cephalotaxine whose ester, homoharringtonine, has been listed
as an approved FDA drug for the treatment of chronic myeloid
leukemia [23]. In their elegant study, an Au-catalyzed [2 + 3]
annulation was utilized to transform enamine 18 and propargyl
ester 19 into 1-azaspiro[4.4]nonane 20 with high diastereoselec-
tivity. Notably, the combination of an N-heterocyclic carbene
gold catalyst and a silver salt AgSbF6 was found to be essential
in guaranteeing the reactivity of the alkyne partner, probably
due to the formation of a more acidic cationic gold complex.
Following this annulation, reduction of the amide in 20, catalyt-
ic hydrogenation of the alkene and the N-benzyl group, and
subsequent nitrogen acylation yielded chloride 21 in a 42% total
yield, setting the stage for the Witkop photocyclization. This
transformation was carried out using a high-pressure mercury



Beilstein J. Org. Chem. 2025, 21, 999–1009.

1004

vapor lamp to afford benzazepine 22, completing the construc-
tion of the pentacyclic framework of the natural product. Subse-
quent functional group manipulations, including the Chugaev
elimination of the hydroxy group on the cyclopentane ring,
dihydroxylation, and oxidation of the diol to a diketone, pro-
duced intermediate 25 in its enol form. From this common
intermediate, regioselective etherification at the less hindered
position formed an enol ether. Final reduction of both the amide
and the ketone using alane completed the total synthesis of
cephalotaxine. Similarly, diastereoselective reduction of 25 with
KBH4 followed by alane reduction provided another alkaloid
cephalezomine H.

Collective total syntheses of Cephalotaxus alkaloids
The cyclopentane ring in most Cephalotaxus alkaloids is char-
acterized by the highest oxidation state within the pentacyclic
framework. Installation of this cycle with suitable functional
handles usually forms the key strategy of numerous total syn-
theses of these alkaloids [24-26]. Building upon earlier work,
the same research group further advanced this approach by
developing a Rh-catalyzed asymmetric [2 + 3] annulation of
tertiary enamides with enoldiazoacetates, enabling highly effi-
cient total syntheses of Cephalotaxus alkaloids (Scheme 4) [27].
In their recent study, the homopiperonyl alcohol 26 was trans-
formed into tricyclic enamide 28 in five steps in a decagram
scale. As no column chromatography was required during this
process, the synthetic route is highly practical. The enantiose-
lective annulation of tertiary enamide 28 with enoldiazoacetate
29 was then explored under the catalysis of a chiral dirhodium
catalyst. While Doyle and co-workers had previously reported
an elegant [2 + 3] cycloaddition of secondary enecarbamates
[28], the extension of this reaction to enamides lacking an N–H
group is a notable advancement. After extensive optimization,
the chiral dirhodium catalyst cat. 1 was found to be most
capable in terms of both stereocontrol and efficiency. The use
of 0.4% amount of cat. 1 provided adduct 30 in 72% yield with
92% enantioselectivity, and the reaction could be scaled up to
decagrams. Subsequent decarboxylation and recrystallization of
the resulting ketone 31 yielded an enantiopure product
(99% ee), which serves as a versatile intermediate for the diver-
gent total synthesis of several Cephalotaxus alkaloids.

The α-hydroxylation of cyclopentanone, followed by amide
reduction and methanol elimination in one-pot, produced
(−)-cephalotaxine in 9 steps. Alternatively, Riley SeO2 oxida-
tion of 31, benzylic bromination/hydrolyzation, facial selective
ketone reduction, and epoxidation delivered compound 33 with
the required oxidation level of the cyclopentane ring. In the
final stages, Meinwald rearrangement/hemiketalization in a
step-wise procedure, followed by amide reduction, completed
the total synthesis of (−)-cephalotine B. Alternatively, after

benzylic oxidation, the Meinwald rearrangement/aldol reaction
gave rise to the bridge cyclic intermediate 35, which can finally
be converted into both (−)-fortuneicyclidin A and (−)-fortune-
icyclidin B.

Polycyclization
Cyclization/Pictet–Spengler reaction
The hexahydropyrrolo[2,1-a]isoquinoline or tetrahydro-
pyrrolo[2,1-a]isoquinolin-3(2H)-one framework is a pivotal
core structure among various pyrrolo[2,1-a]isoquinoline alka-
loids, exemplified by (+)-crispine, annosqualine, and eryso-
tramidine, among others (Scheme 5) [29]. These bioactive alka-
loids exhibit a broad spectrum of biological activities, includ-
ing antitumor, antibacterial, antiviral, and antioxidizing proper-
ties. Previous synthetic strategies for these molecules typically
rely on multi-step procedures to assemble the tricyclic core.
However, the direct catalytic enantioselective formation of this
scaffold from a linear precursor remains underexplored, despite
the potential for such a tandem reaction to provide a more effi-
cient route to these complex structures. In 2016, Wang and
co-workers indigenously designed and developed a cyclization/
Pictet–Spengler reaction cascade, leveraging the nucleophilici-
ty of the tertiary enamides and the electrophilicity of the result-
ing acyliminium [30]. Unlike the monocyclization, which
involves deprotonation of the acyliminium ion, the success of
this polycyclization relies on the interception of the acyl-
iminium ion by an aryl nucleophile, resulting in the formation
of N-heterocyclic fused[6,6,5]tricycles. Optimization studies
identified the tetraphenyl-substituted PyBox ligand L1 as par-
ticularly effective in controlling the stereochemistry of the poly-
cyclization, yielding high enantioselectivity for most substrates.
As illustrated in Scheme 5, tertiary enamides with a tethered
electron-rich arene could undergo cyclization to form products
in high yields and excellent enantioselectivities. Notably, only a
single diastereomer was produced in each case. The single-
crystal X-ray crystallography revealed a cis-configuration for
both the alkene and ketone substituents on the enamide, indicat-
ing that the intramolecular attack of the electron-rich arene on
the acyliminium ion occurs from the Si-face. This stereochemi-
cal outcome is attributed to the steric discrepancy of the phenyl
or tert-butyl group and the hydroxy group. The resulting
tricyclic products could be further elaborated by elimination or
amide reduction to yield hexahydropyrrolo[2,1-a]isoquinoline
or tetrahydropyrrolo[2,1-a]isoquinolin-3(2H)-one frameworks,
characteristic of alkaloids such as crispine analogs and eryso-
tramidine.

Building on their previous work on cyclization/Pictet–Spengler
reaction, the same group further designed cyclopentanone
derived tertiary enamides as cyclization precursors (Scheme 6).
The analogous polycyclization generated a tetracyclic N-hetero-
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Scheme 4: Collective total syntheses of Cephalotaxus alkaloids.

cycle with three continuous stereogenic centers, one of them
being an aza-quaternary carbon [31]. The resulting fused ring-
system structurally resembles the nucleus of erysotramidine
alkaloids, though it features a truncated cyclopentane rather

than the characteristic cyclohexane or cyclohexene. In their op-
timization studies, the authors found the sequential catalysis of
a chiral binol–Ti complex and BF3·Et2O to be the most effi-
cient, providing products 39 in high yields with excellent
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Scheme 5: Asymmetric tandem cyclization/Pictet–Spengler reaction of tertiary enamides.
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Scheme 6: Tandem cyclization/Pictet–Spengler reaction for the synthesis of chiral tetracyclic compounds.

diastereo- and enantioselectivities. The substituent on the
enamide could be varied from aryl to tert-butyl groups, though
the terminating aryl group still necessitates an electron-
rich arene. As was found in their previous work, the steric
hindrance of the phenyl or tert-butyl group was supposed to be
responsible for the excellent diastereoselectivity observed in the
second cyclization process. In their later studies, the authors
also found cyclohexanone-derived tertiary enamides to be
viable substrates for the polycyclization [32], affording
erythrinane core skeletons in high yields. However, in these
cases, the use of a chiral Cr(III)(salen)Cl complex in combina-
tion with InCl3 was necessary to maintain a high level of stereo-
control.

Total synthesis of (−)-cephalocyclidin A
The bicyclic and tricyclic N-heterocycles without a fused arene
are essential core structures in a wide array of alkaloids. A

notable example is (−)-cephalocyclidin A, a cytotoxic penta-
cyclic cephalotaxus alkaloid [33,34]. Although the molecular
structure contains a benzo-bridge ring system, disconnection of
this bridge reveals a critical tricyclic N-heterocycle. To effi-
ciently synthesize this tricycle, polycyclization of tertiary enam-
ides is employed. Inspired by Wang’s earlier work, Zhang and
Tu’s group developed a tandem cyclization/Mannich reaction to
construct this architecture [35]. However, unlike the electron-
rich arenes, the use of silyl enol ethers to terminate the second
cyclization of the acyliminium intermediate would meet chal-
lenges associated with the instability of enolate derivatives. In
their recent study, they successfully developed such a polycy-
clization taking advantage of a novel spiropyrroline-derived
oxazole (SPDO) ligand (L3). As shown in Scheme 7, one-pot
condensation of primary amine 40, β-silyl substituted cyclopen-
tanone 41, and acyl chloride 42 produced enamide 43. The
polycyclization then took place under the catalysis of Cu(OTf)2/
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Scheme 7: Total synthesis of (−)-cephalocyclidin A.

L3 and In(OTf)3, delivering tricyclic product 44 in high yield
with excellent enantioselectivity. Despite formation of multiple
diastereomers due to the presence of silyl and aldehyde groups
on the tricycle, it is inconsequential as these groups are either
removed or oxidized in subsequent steps. After adjustment of
the oxidation levels, the cyclopentenone 45 obtained was sub-
jected to an intramolecular Giese reaction, producing 46 with
establishment of the bridge cycle [36,37]. The excellent dia-
stereoselectivity in this radical cyclization was further rational-
ized by DFT calculations, which suggests an energy discrep-
ancy of the hydrogen atom transfer process from different faces
of the resulting α-hydroxyl radical. Final reduction of the ke-
tone and amide followed by deprotection completed the total
synthesis, giving rise to (−)-cephalocyclidin A in 10 steps from
known compounds.

Conclusion
In summary, the perception of enamides as stable chemical enti-
ties with limited utilities in organic synthesis has evolved, and
these compounds are now widely used in various cyclization

reactions that play a pivotal role in the total synthesis of natural
alkaloids. The nucleophilicity of enamides and the electrophilic-
ity of the resulting acyliminium intermediates can be strategi-
cally manipulated in numerous ways to design cyclization and
annulation reactions. Notably, these reactions – particularly
tandem processes – are highly effective in constructing both
fused and bridged ring systems, offering valuable new tools for
chemical synthesis. Future advancements in the field could
involve further applications of enamide cyclizations with other
nucleophiles or in combination with other reaction patterns,
potentially opening new avenues for the total synthesis of
natural products.
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Abstract
A novel strategy for the synthesis of fusicoccane diterpenoids is reported. By harnessing the biosynthetic pathways of brassicicenes
and fusicoccins, cotylenol was produced in an engineered Aspergillus oryzae strain. We further achieved the concise synthesis of
three fusicoccane diterpenoids, including alterbrassicicene E and brassicicenes A and R in 4 or 5 chemical steps from brassicicene I.
This strategy lays the foundation for the preparation of fusicoccane diterpenoids and their analogues for biological studies.
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Introduction
Fusicoccanes are a family of 5-8-5 tricyclic diterpenoid natural
products that are produced by bacteria, fungi, algae, and plants
(Figure 1a) [1-7]. Fusicoccanes possess a broad range of biolog-
ical activities, including anticancer, anti-inflammatory, antimi-
crobial, antiparasitic, and plant growth regulating activities. For
instance, cotylenin A (1) and fusicoccin A (2) function as mo-
lecular glues to stabilize the interactions between 14-3-3 pro-
teins and their binding partners in plant and animal cells [8-12].

It has been reported that cotylenin A and its aglycone, cotylenol
(3), induce differentiation in murine and human myeloid
leukemia cells [13]. Cotylenin A and fusicoccin A also act
synergistically with interferon-α or rapamycin to induce apopto-
sis in cancer cell lines [14-16]. However, cotylenin A cannot be
produced by its natural source, Cladosporium sp. 501-7W, due
to the loss of its ability to proliferate during preservation [17].
The important biological activities and complex structures of
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Figure 1: Selected fusicoccane diterpenoids and overview of this study. (a) Representative members of the fusicoccane diterpenoid family. (b) This
work: heterologous biosynthesis of cotylenol (3) in an engineered Aspergillus oryzae strain and concise synthesis of fusicoccane diterpenoids.

fusicoccane diterpenoids have inspired several total syntheses,
which range between 15 and 29 steps [18-26]. Most of these
synthetic approaches rely on similar strategies, i.e., coupling of
the A ring and the C ring followed by the formation of the B
ring. Additionally, the semisynthesis of analogues of 1 has been
reported and led to the discovery of ISIR-050 (4), which shows
higher activity than cotylenin A in cell growth inhibition assays
and less toxicity in single-agent treatments [27,28]. Recently,
Jiang and Renata described a chemoenzymatic approach that
combines the skeletal construction by chemical methods and
enzymatic C–H oxidations [29]. The synthesis employs a cata-
lytic Nozaki–Hiyama–Kishi reaction and a one-pot Prins cycli-
zation/transannular hydride transfer to construct the 5-8-5
tricyclic scaffold. Enzymatic oxidations were used to install the
hydroxy group at the C-3 position. Ten fusicoccanes were syn-
thesized in 8–13 steps each. Despite these efforts, a strategy
with limited chemical transformations is highly desirable and
should enable the discovery of new fusicoccane derivatives with
improved biological activity.

Inspired by the biosynthetic machinery of terpenoids, we have
reported a hybrid synthetic strategy for accessing bioactive
terpenoids by combining enzymatic terpene cyclization and
chemical synthesis [30-33]. Briefly, the carbon scaffolds are
forged by terpene cyclases, followed by concise chemical trans-
formations to yield the desired natural products. Here, we
describe heterologous biosynthesis of cotylenol by engineering
the biosynthetic pathway of brassicicenes in Aspergillus oryzae
and harnessing the promiscuity of a cytochrome P450 from the
biosynthesis of fusicoccin A (Figure 1b). A key intermediate,
brassicicenes I (5), was further used to achieve the collective
synthesis of alterbrassicicene E (6), brassicicenes A (7) and R
(8).

Results and Discussion
Fusicoccanes feature a characteristic dicyclopenta[a,d]cyclooc-
tane (5-8-5) ring system that is biosynthesized from geranylger-
anyl pyrophosphate (GGPP) via class I terpene cyclization
(Figure 2a). To date, two fusicoccadiene synthases have been
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Figure 2: Heterologous production of brassicicene I in an engineered A. oryzae strain. (a) Biosynthesis of fusicoccin A in Phomopsis (Fusicoccum)
amygdali. (b) Brassicicene BGC in A. brassicicola XXC. (c) Heterologous production of brassicicene I (5) in an engineered AO strain.

identified by the analysis of the brassicicene biosynthesis-
related gene cluster (BGC) in Alternaria brassicicola and
Pseudocercospora fijiensis [34,35]. The 5-8-5 tricyclic scaffold
is transformed into various fusicoccane natural products cata-
lyzed by P450s, dioxygenases, dehydrogenases, and reductases.
Therefore, we propose to harness the biosynthetic pathway for
brassicicenes, which share the same carbon skeleton and simi-
lar oxidation and unsaturation states as cotylenol and cotylenin
A [36]. In a previous study, Oikawa and co-workers reported
the identification of brassicicene BGC in Pseudocercospora
fijiensis [37]. By heterologous expression of this BGC in
Aspergillus oryzae, brassicicene I was produced by the transfor-

mant AO-bscABCDE at a titer of 5.5 mg/L. Recently, we identi-
fied a new BGC for brassicicenes, namely, abn, from the brassi-
cicene-producing strain A. brassicicola XXC (Figure 2b) [38].
We constructed an A. oryzae strain with the homologous gene
abnABCDE. As expected, compound 5 was produced at a titer
of 8 mg/L (Figure 2c). By co-fermenting with Amberlite XAD-
16, an enhanced yield of 30 mg/L was achieved, thus allowing
further transformation into other natural products.

We next carried out the formal synthesis of cotylenin A and
cotylenol (Figure 3a). Oxidation of brassicicene I with
Dess–Martin reagent afforded intermediate 9 in 92% yield. The
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Figure 3: Synthesis of cotylenol (3). (a) Synthesis of Nakada’s intermediate 10 from 5. (b) Orf7 catalyzes the oxidation of 11 in the biosynthesis of
fusicoccin A (2). (c) LC–MS analysis of the production of 3 through AO-abnABCDE+orf7 heterologous expression or AO-orf7 biotransformation.

tertiary hydroxy group of compound 9 was further protected
with a TMS group to provide compound 10 in 90% yield, a key
intermediate in the synthesis of cotylenol and cotylenin A by
Nakada and co-workers [21]. However, installing the C9
hydroxy group requires the use of stoichiometric MoOPH [39],
which raises toxicity and safety issues. Therefore, we sought an
enzymatic method to selectively oxidize 5 at the C9 position.
Dairi and co-workers reported that Orf7 oxidizes compound 11
at the C9 position in the biosynthesis of fusicoccin A
(Figure 3b) [40]. Given the structural similarities between com-
pound 5 and compound 11, we hypothesized that Orf7 might
also catalyze the hydroxylation of compound 5 at C9. Hence,

we fed an A. oryzae strain that expressed the orf7 gene with
compound 5. To our delight, compound 3 was obtained success-
fully (Figure 3c). To stably produce 3 by fermentation, we
constructed an A. oryzae strain that integrates abnABCDE with
orf7, achieving a yield of 60 mg/kg rice through rice fermenta-
tion.

We next targeted alterbrassicicene E (6), brassicicenes A (7)
and R (8) (Scheme 1). The secondary hydroxy group of brassi-
cicene I was selectively TBS-protected in the presence of
TBSOTf and 2,6-lutidine to give compound 13 in 93% yield.
Then, compound 13 underwent oxidative rearrangement with
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Scheme 1: Synthesis of alterbrassicicene E (6) and brassicicenes A (7) and R (8) from brassicicene I (5).

PCC to afford ketone 14 in 61% yield. Under Luche reduction
conditions, compound 15 and its diastereomer were obtained in
a total yield of 90% at a ratio of 1:0.7. To improve the dia-
stereoselectivity, we examined other reduction conditions and
found that ʟ-Selectride afforded compound 15 in 90% yield

with a dr of 9:1. Upon desilylation with TBAF, compound 15
was converted into alterbrassicicene E (6) in 80% yield. To
synthesize brassicicenes A (7) and R (8), the tertiary hydroxy
group of compound 13 was protected with a TES group to
furnish compound 16 in 89% yield. By screening several condi-
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tions, we found that allylic oxidation of compound 16 could be
achieved in the presence of chromium trioxide–3,5-
dimethylpyrazole complex [41] to provide compound 17 in 76%
yield. After deprotection of the TBS and TES groups with
TBAF, brassicicene A (7) was obtained in 75% yield. Com-
pound 17 was subjected to α-hydroxylation from the less-
hindered convex face using Davis’s oxaziridine [25], furnishing
intermediate 18 in 72% yield. After deprotection of the TBS
and TES groups, brassicicene R (8) was obtained in 70% yield.
Therefore, alterbrassicicene E (6) and brassicicenes A (7) and R
(8) were synthesized from brassicicene I over 4 or 5 chemical
steps.

Conclusion
In summary, the diverse biological activities and complex struc-
tures of fusicoccane diterpenoids have stimulated multiple
elegant chemical syntheses. In contrast to these approaches, we
harnessed the biosynthetic machinery of brassicicenes to
produce brassicicene I in an engineered A. oryzae strain. Brassi-
cicene I was further oxidized by a cytochrome P450 from the
biosynthesis of fusicoccin A, thus leading to total biosynthesis
of cotylenol in A. oryzae. Three fusicoccane diterpenoids, in-
cluding alterbrassicicene E and brassicicenes A and R, were
efficiently synthesized from brassicicene I in 4 or 5 chemical
steps. This work lays the foundation for the preparation of
fusicoccane natural products and exploration of their biological
activities.
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Abstract
Chemical synthesis of monophosphorylated glycan motifs from the antitumor agent PI-88 has been achieved through an orthogonal
one-pot glycosylation strategy on the basis of glycosyl ortho-(1-phenylvinyl)benzoates, which not only accelerated synthesis, but
also precluded the potential issues inherent to one-pot glycan assembly associated with thioglycosides. The following aspects were
featured in synthetic approaches: 1) synthesis of trisaccharide and tetrasaccharide PI-88 glycans via [1 + 1 + 1] and [1 + 1 + 1 + 1]
one-pot orthogonal glycosylation, respectively; 2) synthesis of PI-88 glycan motif pentasaccharide via [1 + 1 + 1] and [1 + 1 + 3]
one-pot orthogonal glycosylation; 3) synthesis of hexasaccharide via [1 + 1 + 1] and [1 + 1 + 1 + 3] one-pot assembly.

1587

Introduction
Carbohydrates as one of four essential biomolecules have been
widely recognized as important targets for the development of
carbohydrate-based therapeutics [1-18]. The example in point is
the antitumor agent PI-88 (muparfostat), which retards tumor
growth via inhibiting angiogenesis in two ways: 1) interaction
with pro-angiogenic growth factors such as vascular endotheli-
al growth factor (VEGF) and fibroblast growth factor (FGF)
and 2) by prevention of the release of angiogenic growth factors
from the extracellular matrix (ECM) via inhibition of

heparanase [19-22]. PI-88 is a complex mixture of monophos-
phorylated, highly sulfated mannose glycans derived from the
extracellular phosphomannan of Pichia holstii NRRL Y-2448
yeast [23-25], which had progressed to phase III clinical trials
for post-resection hepatocellular carcinoma [26]. Interestingly,
Ferro and co-workers revised the structure of PI-88 to I and II
in 2017 via successful separation of oligosaccharide phosphate
fractions by preparative ion-exchange chromatography
(Scheme 1A) [27]. Besides the major components α(1→3)/

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:xiaoguozhi@mail.kib.ac.cn
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Scheme 1: (A) Glycan structures of PI-88 and (B) retrosynthetic analysis of PI-88 glycan motifs 1–4.

α(1→2)-linked pentasaccharide (≈60%) and tetrasaccharide
(≈30%) in I, the minor components of all α(1→3)-linked
mannosides were also present in II.

During the past two decades, several strategies have been de-
veloped to synthesize glycan motifs from PI-88 [28-36]. In
comparison with previous, traditional, and time-consuming syn-
thesis of PI-88 glycan components, the one-pot glycan assembly
strategy has some advantages, including: 1) acceleration of
glycan synthesis, 2) avoidance of purification of intermediates
during glycosylation intervals, and 3) reduction of chemical
waste [37-42]. Recently, we introduced a new one-pot glycosyl-
ation strategy on the basis of recently developed glycosyl ortho-
(1-phenylvinyl)benzoate (PVB) [43-45] donors from our group,
which has been successfully applied to the streamline synthesis
of various glycans from oligosaccharides to polysaccharides
such as mannose-capped lipoarabinomannan motifs up to 101-
mer from the Mycobacterium tuberculosis cell wall, nona-

decasaccharide motif from Ganoderma sinense, and tridesac-
charide motif from Bacteroides vulgatus lipopolysaccharides
[46-56]. Here, we report the chemical synthesis of monophos-
phorylated glycan motifs 1–4 from PI-88 through an orthogo-
nal one-pot glycosylation strategy via strategic combinations of
glycosyl N-phenyltrifluoroacetimidates (PTFAI) [57,58],
glycosyl ortho-(alkynylbenzoates) [59,60] (ABz), and glycosyl
PVB, which precluded the potential issues inherent to one-pot
glycosylation based on thioglycosides such as aglycone transfer
[43-45,61].

Results and Discussion
Retrosynthetic analysis
Retrosynthetically, we envisaged that glycans 1–4 could be
derived from monosaccharide building blocks Man PTFAI 5
and 6, Man ABz 7, Man PVB 8, and Man 9 through orthogonal
one-pot glycosylation strategy (Scheme 1B). The 2-O-Bz group
in 5–8 served as the neighboring participating group for the
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stereoselective construction of 1,2-trans-mannosidic bonds,
while the 3-O-Lev group in 6 was the temporary protecting
group for (1→3)-branching. The C6–OH group in 5 was pro-
tected as TBDPS group, which could be selectively replaced by
the destined phosphate residue.

One-pot synthesis of glycans 1 and 2
We commenced with the synthesis of monophosphorylated tri-
saccharide 1 (Scheme 2A). Glycosylation of mannosyl PTFAI 5
(1.2 equiv) with 3-OH in mannosyl PVB 8 (1.0 equiv) in the
presence of TMSOTf as catalyst proceeded smoothly at 0 °C to
room temperature, affording the α-Man-(1→3)-Man PVB disac-
charide. The further coupling of the above PVB disaccharide
with the poorly reactive 2-OH in mannoside 9 (0.9 equiv) under
activation with NIS and TMSOTf at 0 °C to room temperature,
successfully furnished the desired α-Man-(1→3)-α-Man-
(1→3)-α-Man trisaccharide 10 in 87% yield in a one pot
manner. Removal of TBDPS group in 10 with 70% HF·pyri-
dine and subsequent phosphitylation of the resulting free
alcohol with phosphoramidite 11 provided the desired phos-
phite, which was further oxidized by 3-chloroperoxybenzoic
aicd (mCPBA) at −78 °C to 0 °C, producing the desired phos-
phorylated fully protected trisaccharide 12 in 79% overall yield
over three steps. Removal of all protecting groups in trisaccha-
ride 12 is a challenging task due to the presence of polar groups,
including phosphoryl acid and amine groups [62]. After several
optimizations, the following sequence was adopted to remove
all Bn, Bz, and Cbz groups: 1) global hydrogenolysis of Bn and
Cbz groups in 12 with Pd(OH)2/C in a mixed solvent (THF/
MeOH/AcOH/H2O) and 2) saponification of all Bz groups with
1 M NaOH (dioxane/MeOH/H2O, room temperature). The
monophosphorylated trisaccharide 1 was obtained in 60%
overall yield over two steps from 12 after purification over a
SephadexTM LH-20 column. It was noted that the switch of
deprotection sequences (first Bz groups, second Bn and Cbz
groups) failed to efficiently produce trisaccharide 1.

The synthesis of monophosphorylated tetrasaccharide 2 was
next investigated (Scheme 2B). TMSOTf was used to activate
Man PTFAI 5 (1.1 equiv) in the presence of mannosyl ABz 7
(1.0 equiv) at 0 °C to room temperature, readily producing the
α-Man-(1→3)-Man ABz disaccharide. Yu glycosylation of the
above ABz disaccharide with 3-OH in Man PVB 8 (0.9 equiv)
under the catalysis of PhP3AuOTf at room temperature success-
fully gave α-Man-(1→3)-α-Man-(1→3)-Man PVB trisaccha-
ride, which was further coupled with the poorly reactive
C2–OH in mannoside 9 (0.8 equiv) in the presence of NIS and
TMSOTf at 0 °C to rt, uneventfully furnishing the desired tetra-
saccharide α-Man-(1→3)-α-Man-(1→3)-α-Man-(1→2)-α-Man
13 in 69% yield in the same flask. The TBDPS-protected 13
was readily converted to phosphorylated protected tetrasaccha-

ride 14 in 89% ovall yield over the following steps: 1) deprotec-
tion of the TBDPS group, 2) phosphitylation of the free alcohol
with phosphoramidite 11 in the presence of 1H-tetrazole and
4 Å MS, and 3) oxidation of the phosphite by mCPBA. Hydro-
genolysis of Bn and Cbz groups in 14 with Pd(OH)2/C and
subsequent saponification of all Bz groups with 1 M NaOH suc-
cessfully produced monophosphorylated tetrasaccharide 2 in
63% overall yield.

One-pot synthesis of glycans 3 and 4
Furthermore, we investigated the synthesis of monophosphory-
lated pentasaccharide 3 (Scheme 3). Orthogonal one-pot glyco-
sylation of Man PTFAI 6 (1.2 equiv), Man PVB 8 (1.0 equiv),
and mannoside 9 (0.9 equiv) readily generated α-Man-(1→3)-α-
Man-(1→2)-α-Man trisaccharide 15 with 86% yield in one pot.
The further sequential [1 + 1 + 3] one-pot orthogonal glycosyla-
tion of Man PTFAI 5 (1.1 equiv), Man PVB 8 (1.0 equiv), and
trisaccharide 16 (0.9 equiv) derived from 15 via selective
removal of the Lev group with NH2NH2·H2O successfully
generated the desired pentasaccharide α-Man-(1→3)-α-Man-
(1→3)-α-Man -(1→3)-α-Man-(1→2)-α-Man 17 in 83% yield in
a one-pot manner, which was readily converted to the phosphor-
ylated protected pentasaccharide 18 in 92% overall yield via the
switch of the TBDPS group with the phosphate group. First
global deprotection of Bn and Cbz groups in 18 with Pd(OH)2/
C, followed by saponifications of all Bz groups with 1 M NaOH
provided the desired monophosphorylated pentasaccharide 3 in
56% overall yield, which is the major glycan motif from PI-88.

Finally, the synthesis of the monophosphorylated hexasaccha-
ride 4 was studied (Scheme 4). Orthogonal one-pot coupling of
Man PTFAI 5 (1.1 equiv), Man ABz 7 (1.0 equiv), PVB 8
(0.9 equiv), and α-Man-(1→3)-α-Man-(1→2)-α-Man trisaccha-
ride 16 (0.8 equiv) proceeded uneventfully, successfully pro-
ducing the desired α-Man-(1→3)-α-Man-(1→3)-α-Man-(1→3)-
α-Man-(1→3)-α-Man-(1→2)-α-Man hexasaccharide 19 in 66%
yield in the same flask. The TBDPS group in 19 was readily
converted to a phosphate group in 20 with 88% overall yield
over three steps. The desired monophosphorylated hexasaccha-
ride 4 was obtained in 60% overall yield from 20 via sequential
global deprotection of the Bn, Cbz, and Bz groups.

The structures of the synthetic glycan motifs 1–4 were sup-
ported by their 1H and 13C NMR spectra and MALDI–TOF as
well as ESI mass spectra. In particular, the anomeric proton
signals of 1–4 were highlighted in the 1H NMR spectra of syn-
thetic glycans motifs 1–4 (see Supporting Information File 1).

Conclusion
In summary, the monophosphorylated glycan motifs 1–4 from
PI-88 have been collectively synthesized via a one-pot orthogo-
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Scheme 2: One-pot synthesis of glycans 1 and 2.
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Scheme 3: One-pot synthesis of glycan 3.

nal glycosylation strategy on the basis of glycosyl PVB, which
avoids such issues as aglycon transfer inherent to one-pot
glycosylations based on thioglycosides. Specifically, the

following features were highlighted in our synthetic approach:
1) [1 + 1 + 1] one-pot orthogonal glycosylation for the synthe-
sis of trisaccharide 1; 2) [1 + 1 + 1 + 1] orthogonal one-pot
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Scheme 4: One-pot synthesis of glycan 4.

glycosylation for the synthesis of tetrasaccharide 2;
3) [1 + 1 + 1] and [1 + 1 + 3] orthogonal one-pot assembly of
pentasaccharide 3; 4) [1 + 1 + 1] and [1 + 1 + 1 + 3] orthogonal
one-pot assembly of hexasaccharide 4.

Supporting Information
Supporting Information File 1
Experimental procedures and spectral data for all new
compounds including 1H NMR, 13C NMR, and HRMS.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-122-S1.pdf]
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Abstract
A formal synthesis of product VI with tetrahydroflurenone structure as selective estrogen receptor modulator has been realized. The
Rh-catalyzed [3 + 2 + 1] reaction of yne-vinylcyclopropanes and CO (20 mmol scale, in 87% yield) for building the 6/5/5 skeleton,
and a Heck coupling reaction constructing the [3.2.1] framework, are the two key reactions in this 11-step synthesis.

1639

Introduction
Estrogen receptors (ERs) [1,2] are widely distributed nuclear re-
ceptor proteins and include two subtypes, ERα [3,4] and ERβ
[5,6]. These receptors can bind 17β-estradiol with similar
affinity, facilitating the transfer of estrogen to various tissues in
the body. Due to this, 17β-estradiol as non-selective ligand has
been extensively studied in hormone replacement therapy
(HRT). However, HRT produced some risks of breast and
uterine cancer. Consequently, scientists then concentrated their
efforts on developing selective estrogen receptor modulators
(SERMs) that interact with intracellular ERs in a tissue-specific
manner to reduce the risk of estrogen-related cancers and other
complications. Now there is a growing consensus that specific
ERβ agonists are safer than nonspecific modulators by avoiding

ERα stimulation [7-9]. Therefore, searching for SERMs toward
ERβ as agonist and/or antagonist [10,11] has become a research
frontier for treating breast cancer, osteoporosis, cardiovascular
disease, neuropathies, and other diseases.

Merck scientists found that molecules with tetrahydrofluo-
renone (6/5/6 tricyclic motif) can act as SERMs. For example,
molecules I and II (Scheme 1A) displayed low nanomolar
affinity for ERβ and have 75-fold selectivity of ERβ over Erα
[12]. Molecules III and IV (Scheme 1A) with an additional
pyrazole ring compared to I and II had good pharmacokinetic
properties that had overcome the problems of rapid clearance
and low oral bioavailability executed by previous molecules

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:yuzx@pku.edu.cn
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Scheme 1: Reported biologically active tetrahydrofluorenone-SERMs molecules.

Scheme 2: Reported synthesis routes to SERMs molecule VI.

[13,14]. A series of bridged tetrahydrofluorenone derivatives,
represented by molecules V and VI, showed significant ERβ
binding affinity and high selectivity [15-19].

So far, there are only two routes for accessing bridged tetrahy-
drofluorenone derivative VI. The first one shown in Scheme 2A
includes a Robinson annulation to construct the C ring (cyclo-
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Scheme 3: Lei’s synthesis of natural products of ent-kaurane diterpenoids (A), and natural products songorine, beyerene, garryine and steviol (B).

hexenone ring), and an intramolecular SN2 reaction to build the
D ring (five-membered ring) [15-18]. In 2013, Wallace and
co-workers disclosed the second route for this molecule
(Scheme 2B) [19], in which the five-membered ring B was
formed by utilizing asymmetric Lu [3 + 2] cycloaddition reac-
tion [20,21] between indanone and allenyl ketone. Then hydro-
genation and Robinson annulation delivered the core of the
target molecule. Some other excellent synthetic routes for
tetrahydrofluorenone derivates have been developed [12-19] but
finding new strategies for these molecules and their derivatives
are still required for future medicinal investigations. Due to this,
we decided to explore a new approach to VI, which is reported
here.

Our approach is inspired by the Lei’s synthesis of ent-kaurane
diterpenoids (Scheme 3A) [22] which share the [3.2.1] motif as
the SERMs in Scheme 1 do. Lei used a [3 + 2 + 1] reaction [23-
28], which was developed in our group and has been applied in
synthesis, coupled with stoichiometric Pd-mediated Heck reac-
tion, concisely reaching the framework of their target natural
products. We decided to use the same approach to synthesize
VI, but we planned to use a catalytic Heck reaction by using a
stronger nucleophile. As can be seen below, stoichiometric

Heck reaction for VI failed because the present vinyl group of
the [3 + 2 + 1] product does not have a methyl group in the ter-
minal position, which could be the key to Lei’s synthesis. Real-
izing the synthesis of VI would provide a practical strategy not
only to our target here but also to other natural products with
[3.2.1] framework such as songorine, beyerene, garryine and
steviol shown in Scheme 3B.

Results and Discussion
Scheme 4 is the retrosynthetic analysis for the key intermediate
1, which can reach the final compound VI via chlorination and
demethylation [19]. Target molecule 1 can be accessed by
decarboxylation reaction from compound 13, prepared by an
intramolecular Heck reaction between the β-ketoester and the
vinyl group in compound 10. Compound 10 can be realized by
introducing an ester group in 9, which is the [3 + 2 + 1] cyclo-
adduct from 8 and CO using a Rh catalyst. The [3 + 2 + 1] sub-
strate of yne-vinylcyclopropane (yne-VCP) 8 can be synthe-
sized by Wittig reaction from cyclopropyl aldehyde 7, in which
the alkyne moiety is installed via Sonogashira coupling reac-
tion using aryl iodide 5. The cyclopropyl ring in 5 can be intro-
duced via an SN2 reaction of compound 2 with tert-butyl cyclo-
propanecarboxylate (3).
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Scheme 4: Retrosynthetic analysis for the synthesis of 1.

Scheme 5: Formal synthesis of SERMs molecule VI.

Scheme 5 summarizes the final successful execution of this
route. The starting material 2 is a known compound [29] and
can be prepared from readily available m-anisyl alcohol by

using iodination and bromination reactions (see Supporting
Information File 1 for the details). Subsequently, an SN2 reac-
tion between 2 and tert-butyl cyclopropanecarboxylate (3)
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in the presence of LDA delivered product 4 in 87% yield
with a cyclopropyl group. Then reducing the carboxylate
group in 4 with DIBAL-H afforded alcohol 5 in 67% yield.
Next, Sonogashira coupling reaction between 5 and tri-
methylsilylacetylene generated 6 with an alkyne moiety
quantitatively. After that, the hydroxy group in 6 was oxidized
into a carbonyl group, giving 7 in 59% yield. Then, under basic
conditions, the aldehyde group in 7 was converted into a vinyl
group via Wittig reaction, affording yne-VCP substrate 8 in
90% yield. During this process, the TMS protecting group was
lost.

We then investigated the [3 + 2 + 1] reaction of 8 and CO.
Applying the traditional solvent dioxane for the [Rh(CO)2Cl]2
catalyzed [3 + 2 + 1] reaction (the catalyst loading was in-
creased from 5 mol % to 10 mol %) gave 9 in only 26% yield.
To our delight, the reaction yield could be improved to 87% by
using mesitylene [30] as the solvent and the loading of
[Rh(CO)2Cl]2 catalyst can be reduced to 3.6 mol % (the reac-
tion scale was 20.6 mmol).

After finishing the key [3 + 2 + 1] reaction, we focused on
building the D ring in 1. Initially, we tried to directly close the
ring through addition of the α position of the carbonyl group to
the bridgehead vinyl group through Heck reaction (using Pd
catalyst), but disappointingly, all efforts failed to realize this
goal. A stoichiometric version of the Heck reaction used by Lei
did not work either. Maybe the terminal vinyl group in 9 has a
lower reactivity compared to Lei’s substrate (Scheme 3). We
then decided to introduce an ester group at the α position of the
carbonyl group in 9 to get compound 10, which could have a
more nucleophilic carbon better for the Heck reaction. 10 was
obtained in 70% yield with a diastereomeric ratio of 4.5:1.
Then, we screened various palladium catalysts and solvents to
accomplish the target Heck coupling, finding that using 1,4-
dioxane as the solvent and 20 mol % PdCl2 as the catalyst, 11
could be obtained in 40% yield in the air. We tried by using
more catalyst, or adding O2 (or CuCl2) as oxidant, but all these
efforts did not give improved reaction yields (the reason for this
was not known).

A hydrogenation reaction to reduce the C=C bond in 11 was
then successfully applied, delivering product 12 in 80% yield
(5 mol % RhCl(PPh3)3 catalyst and 1 atm hydrogen atmo-
sphere were used). Next, we tested whether Krapcho decarbox-
ylation reaction can convert 12 into 1 in one step. Unfortu-
nately, failure was encountered here. This can be expected
because the reaction site here is a bridge quaternary center (no
such example was reported in literature for this) [31-33]. Due to
this, we then converted the ester group in 12 into a carboxylic
acid group, reaching 13 in 72% yield. Finally, photocatalytic

decarboxylation [34] delivered the desired product 1 in 74%
yield, realizing a formal synthesis of the selective estrogen re-
ceptor modulator VI.

Conclusion
In conclusion, we achieved a formal synthesis of SERM mole-
cule VI through a 11-step process to its precursor, molecule 1.
Two key reactions have been applied here. The first one is a
[3 + 2 + 1] reaction of yne-VCP and CO to build the 6/5/6
skeleton in 20 mmol scale with 87% yield. The second one is a
Heck reaction between the β-ketoester and the vinyl group
(coming from the [3 + 2 + 1] reaction) to form the [3.2.1] ring,
the D ring of the target molecule. This route can provide new
derivatives for further searching new SERMs. The synthetic
strategy can be applied to other molecules with [3.2.1] frame-
work. Of the same importance, the gram scale (4 g) of the
[3 + 2 + 1] reaction with 87% reaction yield demonstrates the
practical use of this reaction in synthesis.

Supporting Information
Supporting Information File 1
Experimental procedures, product characterizations, and
copies of the 1H and 13C NMR spectra.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-127-S1.pdf]
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Abstract
Enantioselective desymmetrization is employed as a powerful tool for the creation of chiral centers. Within this scope, the enantio-
selective desymmetrization of prochiral 1,3-diols, which generates chiral centers by enantioselective functionalization of one
hydroxy group, offers beneficial procedures for accessing diverse structural motifs. In this review, we highlight a curated compila-
tion of publications, focusing on the applications of enantioselective desymmetrization of prochiral 1,3-diols in the synthesis of
natural products and biologically active molecules. Based on the reaction types, three strategies are discussed: enzymatic acylation,
transition-metal-catalyzed acylation, and local desymmetrization.
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Introduction
Natural products isolated from organisms are often asymmetric
in their spatial structures, and these unique spatial structures are
precisely what lead to their diverse biological activities [1-4].
For the synthesis of these natural products or bioactive mole-
cules, chemists usually need to consider how to carry out asym-
metric synthesis of them, driving the advancement of asym-
metric methodologies [5-9].

Enantioselective desymmetrization of symmetric substrates has
emerged as a pivotal methodology for the construction of chiral
centers over the past few decades [10-13]. A series of reaction

types have been developed, employing enzymes, metal com-
plexes, or organocatalysts to convert prochiral or meso precur-
sors into chiral motifs. Different from other strategies construct-
ing chiral centers by formation of a new chemical bond at the
central carbon, enantioselective desymmetrization is achieved
through selective reaction at one of the symmetrical functional
groups in the precursor, thereby breaking the symmetry and
establishing a chiral center. Meanwhile, since the site where the
reaction occurs is distant from the newly formed stereocenter,
this strategy offers unique advantages, especially in the synthe-
sis of complex molecules which are spatially crowded.

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:zhfs@scut.edu.cn
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Scheme 1: General mechanism of a lipase-catalyzed esterification.

Among various types of substrates for enantioselective desym-
metrization, symmetrical diols, especially prochiral 1,3-diols,
are often prioritized for testing, because the two primary alco-
hols of the products (one of them is functionalized in an enan-
tioselective manner) can be utilized for a series of transformat-
ions, including functionalization, chain elongation, ring forma-
tion, etc. Therefore, the enantioselective desymmetrization of
diols has drawn considerable interest among synthetic chemists.
Several comprehensive reviews [14-18] on the desymmetriza-
tion strategies for diols, including enzymatic desymmetrization
and organocatalytic approaches, have been published in the past
decade, most of which focus on the methodological develop-
ment. Although there are reviews on desymmetrization in
natural product synthesis [19-21], none of these have put
emphasis on the desymmetrization of diols.

Prochiral 1,3-diols, as simple and practical substrates, have
been widely used in developed desymmetrization methodolo-
gies with applications in the total synthesis of natural products
and bioactive molecules, including enzymatic acylation, transi-
tion-metal-catalyzed acylation, and local desymmetrization. In
this review, we cover total syntheses that utilize enantioselec-
tive desymmetrization of prochiral 1,3-diols.

Review
Desymmetrization via enzymatic acylation
Enzymatic reactions represent one of the most useful tools in
total synthesis. Through combination with organic reactions,
this chemo-enzymatic strategy has been successfully utilized in

the synthesis of complex molecules [22,23]. Enzymatic reac-
tions feature a convenient operation due to their relative insensi-
tivity to water and oxygen, as well as a specificity to certain
substrates, resulting in high enantioselectivity. However, since
an enzymatic reaction generally produces only one of the two
enantiomers, extensive enzyme screening is often required to
access the desired enantiomer.

Among various types of enzymes, lipases have proven to be
efficient for the desymmetrization of 1,3-diols. Lipases com-
monly share typical sequences of α-helices and β-strands and
possess a catalytic triad consisting of serine (Ser), histidine
(His), and aspartate (Asp) or glutamate (Glu). These three
amino residues function as a nucleophile-base–acid catalytic
system to facilitate esterification, and the general mechanism of
a reaction catalyzed by lipases is illustrated in Scheme 1. Addi-
tionally, the diverse three-dimensional structures of lipases
confer enantioselectivity in lipase-catalyzed esterification
[24,25].

Moreover, their commercial availability makes lipases an attrac-
tive option for preparing optically pure intermediates in total
synthesis. This section focuses on applications of lipase-cata-
lyzed acylation of prochiral 1,3-diols in total synthesis.

Porcine pancreatic lipase (PPL)
PPL, a commercially available lipase isolated from fresh
porcine pancreas [26], is one of the most widely used lipases for
asymmetric acylation in total synthesis. In 1999, the Shishido
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Scheme 2: Shishido’s synthesis of (−)-xanthorrhizol (4) and (+)-heliannuol D (8).

group completed the asymmetric synthesis of (−)-xanthorrhizol,
a bioactive bisabolene-type sesquiterpenoid, employing a PPL-
catalyzed acylation as the key step (Scheme 2) [27]. The
prochiral diol 2 was synthesized from compound 1 in two steps.
Subsequently, asymmetric acetylation of 2 catalyzed by PPL
afforded (R)-3 in 95% yield with 83% ee. The authors also used
Candida antarctica lipase (CAL) in this transformation but with
a suboptimal result ((S)-3 in 19% yield with 94% ee). The
monoacetate (R)-3 was further converted into (−)-xanthorrhizol
(4) in seven steps. Later in 2003, they further accomplished the
synthesis of (+)-heliannuol D, a sesquiterpenoid isolated from
sunflower (Helianthus annuus L. SH-222), starting from 4 [28].
A three-step sequence transformed 4 into diol 5. Treatment of 5
with Pd(OAc)2 and JohnPhos (6) induced cyclization, yielding
bicyclic compound 7 with a 7-membered heterocycle. Final
deprotection of the methoxymethyl (MOM) group in 7 afforded
(+)-heliannuol D (8).

Having successfully applied PPL-catalyzed acetylation to the
synthesis of (+)-heliannuol D, the Shishido group subsequently
extended this strategy to other helianane-type sesquiterpenes. In
2003, they completed the enantioselective total synthesis of
(−)-heliannuol A, another allelochemical sesquiterpenoid from
Helianthus annuus L. SH-222 (Scheme 3a) [29]. The aryl
iodide 9 was transformed into prochiral diol 10 in two steps.
PPL-catalyzed desymmetrization of 10 with vinyl acetate

yielded monoacetate (R)-11 in 41% yield (94% brsm) with
78% ee. Diene 12 was prepared from (R)-11 via a ten-step se-
quence. The following ring-closing metathesis (RCM) reaction
catalyzed by Grubbs catalyst 13 converted 12 into the bicyclic
compound 14, which was transformed into (−)-heliannuol A
(15) in three additional steps.

In 2006, the Shishido group further achieved the synthesis of
heliannuol G and heliannuol H (Scheme 3b) [30]. Initially, the
authors converted (R)-11 into hydroquinone 16 through a seven-
step sequence. The Pd-catalyzed intramolecular cyclization of
16 generated benzofuran 17 in 83% yield. After protecting the
phenolic hydroxy group of 17, cross-metathesis (CM)
with allylic alcohol 18 catalyzed by 13 furnished intermediate
19. Desilylation of 19 produced heliannuol G (20) and
heliannuol H (21), with the structure of 21 confirmed by
X-ray crystallographic analysis. Comparative analysis of the
1H NMR data with authentic samples of the natural heliannuol
G and heliannuol H enabled structural revision of these
compounds, correcting prior misassignments in the
literature [31,32]. Through enzyme-catalyzed asymmetric acet-
ylation of prochiral 1,3-diols to access chiral building blocks
(R)-3 and (R)-11, Shishido's team completed a series of
helianane-type sesquiterpenes. This pioneering work demon-
strates the utility of prochiral 1,3-diols in the synthesis of
natural products.
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Scheme 3: Shishido’s synthesis of a) (−)-heliannuol A (15) and b) heliannuol G (20) and heliannuol H (21).

In 2013, the first asymmetric synthesis of the norlignans hyper-
ione A and ent-hyperione B was reported by the Deska group
(Scheme 4) [33]. The synthesis commenced with a two-step
conversion of ketone 22 to alkyne 23. Pd-catalyzed Tsuji-type
reaction with zinc reagent 24, followed by acetonide hydrolysis,
furnished allenic diol 25. Treating allenic diol 25 with vinyl
butanoate and PPL delivered monoester 26 in 92% yield
(99% ee). The axial chirality was transferred to the C7’ stereo-
center through a Ag(I)-catalyzed cycloisomerization of the
allenol, constructing the dihydrofuran ring. Lipase-catalyzed
ester hydrolysis provided allylic alcohol 27. Alcohol 28 was ob-
tained from 27 in two steps, and was subsequently converted to
hyperione A (30) and ent-hyperione B (31) by refluxing in tolu-
ene with Shvo’s catalyst 29. Notably, the authors found that
hyperione A (30) could be obtained in higher yield and enan-
tiopurity from alcohol 28 via a two-step sequence including oxi-
dation and subsequent hydrogenation.

The Huang group reported their synthesis of (+)-brazilin and its
racemic form in 2022 (Scheme 5) [34]. They first evaluated the
feasibility of the Prins/Friedel–Crafts tandem reaction in the
construction of the 6/6/5/6 tetracyclic skeleton, successfully
completing the racemic synthesis of brazilin. For the asym-
metric synthesis, the C3 chiral center of (+)-brazilin was estab-
lished via enzymatic desymmetrization. Triol 33 was prepared
from alcohol 32 in four steps. PPL-catalyzed desymmetrization
of 33 afforded chiral monoester 34 in 95% yield with 62% ee. A
two-step conversion of 34 gave diol 35, which underwent Prins/
Friedel–Crafts tandem cyclization to construct tetracyclic com-
pound 36. Final deprotection delivered (+)-brazilin (37).

Candida antarctica lipase (CAL)
CAL is a type of lipase originating from the yeast Candida
antarctica and includes two enzymes, CAL-A and CAL-B
[35,36]. Although a previous report [27] indicated that the
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Scheme 4: Deska’s synthesis of hyperione A (30) and ent-hyperione B (31).

Scheme 5: Huang’s synthesis of (+)-brazilin (37).
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Scheme 6: Shishido’s synthesis of (−)-heliannuol D (42) and (+)-heliannuol A (43).

Scheme 7: Chênevert’s synthesis of (S)-α-tocotrienol (49).

desymmetrization of prochiral diol 2 with CAL was ineffective,
the Shishido group prepared optically active compound (S)-11
via CAL-catalyzed asymmetric transesterification of the struc-
turally similar diol 10, thus completing the enantioselective syn-
thesis of (−)-heliannuol D and (+)-heliannuol A (Scheme 6)
[37]. The monoester (S)-11 was isolated in 87% yield with
>99% ee. A subsequent 17-step sequence provided epoxides 38
and 39. Treatment of the mixture of 38 and 39 with 5% NaOH
aqueous solution resulted in intramolecular [7-exo] and

[8-endo] cyclization, furnishing the 7-membered cyclic ether 40
and 8-membered cyclic ether 41, respectively. Finally, MOM
deprotection produced (−)-heliannuol D (42) and (+)-helian-
nuol A (43).

In 2002, Chênevert and co-workers completed the total synthe-
sis of (S)-α-tocotrienol, a natural isoform of vitamin E
(Scheme 7) [38]. The authors used known triol 44 as the starting
material. In the desymmetrization promoted by CAL, triol 44
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Scheme 8: Kita’s synthesis of monoester 53.

underwent a monoacetylation process, providing chiral com-
pound 45 in 60% yield with over 98% ee. After a four-step
conversion of 45 to triflate 46, alkylation with sulfone 47 via
treatment with butyllithium and hexamethylphosphoramide
(HMPA) yielded the coupling product 48 as a mixture of dia-
stereoisomers in 60% yield. Ultimately, single-electron reduc-
tion removed both the sulfone and benzyl groups of 48,
furnishing (S)-α-tocotrienol (49) in 83% yield.

Candida rugosa lipase (CRL)
The lipase CRL from Candida rugosa, another species of
Candida genus, was used by the Kita group in their asymmetric
synthesis of fredericamycin A in 2005 (Scheme 8) [39]. Differ-
ent from their previous strategy [40] constructing the spiro
chiral center via Lewis acid-mediated semi-pinacol rearrange-
ment, this work involved a CRL-catalyzed desymmetrization of
prochiral diol 51 (prepared from aldehyde 50 in four steps), pro-
viding monoester 53 in 57% yield with 83% ee. Notably,
1-ethoxyvinyl 2-furoate (52) was selected as the acyl donor in
this step to suppress potential intramolecular acyl migration. To
further improve the optical purity of monoester 53, a Pseudo-
monas aeruginosa lipase-mediated kinetic resolution was per-
formed with ethoxyvinyl butyrate 54, ultimately achieving
monoester 53 with 97% ee in 60% yield and the diester 53a.

With enantioenriched monoester 53 in hand, the synthesis
proceeded toward fredericamycin A (60) (Scheme 9). Dione 55,
which was prepared from 53 in six steps, underwent addition
with alkyne 56 followed by acylation of the resulting hydroxy
group with compound 57 to yield ketone 58. A subsequent
seven-step transformation involving acyl-group migration,

[4 + 2] cycloaddition and aromatic Pummerer-type reaction,
provided chiral spiro compound 59 with the 6/6/5/5/6/6 scaf-
fold, and this intermediate was further elaborated to 60 in six
additional steps.

Lipases from Pseudomonas genus
Pseudomonas is a genus of Gram-negative bacteria widely dis-
tributed in nature [41]. Some species within this genus produce
lipases that effectively catalyze the desymmetrization of
prochiral diols, which were used in total syntheses. In 2003, an
enzymatic asymmetric acylation with PSA, a lipase from Pseu-
domonas cepacia, was adopted by Takabe and co-workers in
their synthesis of (E)-3,7-dimethyl-2-octene-1,8-diol (isolated
from Danaus chrysippus) (Scheme 10) [42]. Prepared from
geraniol (61) in eight steps, diol 62 was converted to enantio-
enriched compound 63 in 75% yield with 90% ee in the pres-
ence of PSA. This intermediate was further advanced to (E)-
3,7-dimethyl-2-octene-1,8-diol (64) over three steps.

Later in 2004, Takabe and co-workers accomplished the asym-
metric synthesis of variabilin, a marine-derived furanosesterter-
pene (Scheme 11) [43]. The key C18 chiral center was estab-
lished through lipase-mediated asymmetric transesterification.
After substrates screening, diol 65 was selected and converted
into monoester 66 in 95% yield with 98% ee using vinyl acetate
and lipase PS from Pseudomonas cepacia. Four subsequent
steps afforded sulfone 67, and the following alkylation
with fragment 68 in the presence of butyllithium and
HMPA produced coupling product 69 in 84% yield. Finally, a
six-step sequence completed the synthesis of (18S)-variabilin
(70).
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Scheme 9: Kita’s synthesis of fredericamycin A (60).

Scheme 10: Takabe’s synthesis of (E)-3,7-dimethyl-2-octene-1,8-diol (64).

In 2010, Kawasaki and co-workers reported the asymmetric
synthesis of both (S)-Rosaphen and (R)-Rosaphen to evaluate
their odor profiles (Scheme 12) [44]. Diol 72 was prepared from
bromide 71 in two steps. Lipase PS-mediated desymmetriza-
tion of 72 with vinyl butanoate provided monoester 73 in 90%
yield with 97% ee. To obtain (S)-Rosaphen (74), monoester 73
was converted via mesylation followed by hydride reduction. In
contrast, the synthesis of (R)-Rosaphen (75) required a four-step

sequence comprising TBS protection, ester hydrolysis, mesyla-
tion, and hydride reduction.

In 2014, Tokuyama and co-workers accomplished the total syn-
thesis of (−)-petrosin and (+)-petrosin, two marine-derived
bisquinolizidine alkaloids [45]. They first completed the synthe-
sis of (−)-petrosin (84) (Scheme 13a). Prochiral diol 77, pro-
duced from diester 76 through reduction, was subjected to a
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Scheme 11: Takabe’s synthesis of (18S)-variabilin (70).

Scheme 12: Kawasaki’s synthesis of (S)-Rosaphen (74) and (R)-Rosaphen (75).

lipase PS-mediated asymmetric transesterification. The result-
ing enantioenriched monoester, on hydroxy group protection
with tert-butyldimethylsilyl chloride (TBSCl), yielded com-
pound 78 in 84% yield over two steps with 99% ee. The TBS
protection was crucial to prevent the potential racemization by
intramolecular transesterification. Ester 79 was then prepared
from 78 in eight steps. To complete the dimerization, fragments
80 and 81 were independently prepared from 79. An intermo-
lecular Suzuki–Miyaura coupling between 80 and 81 gave
diester 82. Through a ten-step sequence including an aza-
Michael reaction, diester 82 was converted into diketone 83,
which was further transformed into (−)-petrosin (84) via RCM
reaction and hydrogenation. For the synthesis of (+)-petrosin
(86) (Scheme 13b), a similar strategy was adopted using com-

pound 85 as the synthetic intermediate, which was prepared
from diol 77 in a four-step sequence with 60% overall yield and
96% ee.

In 2003, the Fukuyama group realized the first total synthesis of
leustroducsin B, a microbial metabolite with various biological
activities, featuring a lipase AK (from Pseudomonas fluo-
rescens)-mediated desymmetrization (Scheme 14) [46]. Starting
with known compound 87, the prochiral diol 88 was prepared in
six steps. Subsequent asymmetric transesterification in the pres-
ence of vinyl acetate and lipase AK afforded the optically active
acetate, which was followed by TBS protection of the free
hydroxy group to give compound 89, establishing the C8 chiral
center in 86% yield over two steps with 90% ee. A further
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Scheme 13: Tokuyama’s synthesis of a) (−)-petrosin (84) and b) (+)-petrosin (86).

14-step sequence furnished enone 90, which underwent Evans
aldol reaction with fragment 91. After triethylsilyl (TES)
protection of the resulting hydroxy group and auxiliary

cleavage, thioester 92 was obtained. Five additional steps con-
verted 92 into lactone 93. Oxidative cleavage of the diol group
in 93 and following coupling with fragment 94 gave compound
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Scheme 14: Fukuyama’s synthesis of leustroducsin B (96).

95, which was further elaborated to leustroducsin B (96) in 15
steps.

In 2013, Nanda and co-worker described the asymmetric syn-
thesis of (−)-rasfonin, harnessing an enantioselective enzymatic
desymmetrization with lipase AK and an enzymatic oxidative
kinetic resolution to install stereocenters [47]. The synthesis
commenced with the preparation of fragment 100 from ethyl-
ene glycol (97) (Scheme 15a). Through a four-step sequence,
diol 98 was prepared from 97, which underwent enzymatic
desymmetrization with lipase AK in the presence of vinyl
acetate to yield monoacetate 99 in 91% yield and 99% ee. This
transformation established the C6’ chiral center. Seven addi-
tional steps enabled the synthesis of fragment 100. For the syn-

thesis of fragment 106 (Scheme 15b), enzymatic hydrolysis of
racemic diacetate 101 catalyzed by lipase PS-D (from Pseudo-
monas cepacia, immobilized on diatomite) was performed to
deliver monoacetate 102 with the desired C7 chiral center in
>99% ee. After four steps of functional group manipulations,
alcohol 103 was subjected to enzymatic oxidative kinetic reso-
lution with the bacterium Gluconobacter oxydans, producing
alcohol 104 and acid 105. The alcohol 104 with the desired C9
stereocenter was then converted into fragment 106 in nine steps,
while acid 105 was recycled to 103 in two steps.

With the fragments 100 and 106 in hand, the synthesis of
(−)-rasfonin proceeded via Yamaguchi esterification between
the two fragments to obtain lactone 107 (Scheme 15c). A subse-
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Scheme 15: Nanda’s synthesis of a) fragment 100, b) fragment 106 and c) (−)-rasfonin (109).

quent two-step transformation yielded compound 108, which
underwent Stille coupling with (E)-2-bromobutene followed by
desilylation to afford (−)-rasfonin (109).

In 2009, Davies and co-workers disclosed the asymmetric syn-
thesis of (+)-pilocarpine and (+)-isopilocarpine using an en-
zyme-catalyzed acetylation with Pseudomonas fluorescens
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Scheme 16: Davies’ synthesis of (+)-pilocarpine (115) and (+)-isopilocarpine (116).

lipase (PFL) (Scheme 16) [48]. Treatment of diol 110 with PFL
and vinyl acetate gave monoacetate 111 in 98% yield and
>98% ee. Subsequently, monoacetate 111 was converted into
compound 112 with a 1,3-dioxan-2-one moiety in three steps,
which underwent Pd-catalyzed decarboxylation/carbonylation
to form the lactone 113. The N-methylimidazole ring was
installed through a three-step sequence to give lactone 114.
Finally, hydrogenation of 114 provided (+)-pilocarpine (115)
and (+)-isopilocarpine (116) in a ratio of 72:28. Treatment of
the mixture with HNO3 followed by recrystallization afforded
the nitrate salt of 115 (115·HNO3) in 70% yield from 114.

In 2008, the Ōmura group completed the total synthesis of sali-
nosporamide A, a marine-derived natural product with anti-
cancer activity, featuring an enzymatic desymmetrization
(Scheme 17) [49]. To establish the C4 chiral center, prochiral
diol 118 (prepared from known compound 117) was treated
with lipase from Pseudomonas sp. (WAKO) and vinyl acetate,
affording the corresponding monoacetate. Subsequent reaction
with tert-butyldiphenylsilyl chloride (TBDPSCl) and imidazole
provided compound 119 in 94% yield over two steps with
97% ee. Next, compound 120 was obtained in six steps from
119. A stereoselective aldol reaction installed the cyclo-
hexanone ring into 120, and the resulting hydroxy group was
protected to give ketone 121. The γ-lactam moiety of com-
pound 122 was then constructed in subsequent 12 steps. SmI2-
mediated intermolecular Reformatsky-type reaction with alde-

hyde 123 yielded compound 124. Finally, salinosporamide A
(125) was obtained through a 12-step sequence from 124.

Desymmetrization via transition-metal-
catalyzed acylation
Although enzymatic acylation reactions are widely employed in
total synthesis, certain substrates are incompatible with acyl-
ation catalyzed by existing lipases. Inspired by enzymatic reac-
tions, chemists have developed a series of catalysts composed
of transition-metal cores and chiral ligands, which have been
applied to various asymmetric reactions [50-52]. Compared to
the enzymatic methods, the transition-metal-catalyzed approach
may provide an advantage to access both enantiomers of the
product in the same process by employing the antipodal ligand,
as both enantiomers of the chiral ligand are normally accessible.
Additionally, the substrate scope can be broadened by modi-
fying the ligand’s structure.

Early in 1984, Ichikawa and co-workers reported a Sn-medi-
ated enantioselective acylation of glycerol derivatives [53].
Since then, desymmetrization strategies for prochiral 1,3-diols
involving transition-metal-catalyzed acylation have been de-
veloped. Trost and co-workers then developed a Zn-based cata-
lyst for asymmetric aldol reactions [54,55], later adapting it to
the desymmetrization of 1,3-diols in 2003 [56]. Subsequent
advances included Cu-based complexes developed by Kang and
co-workers [57,58], first applied in total synthesis in 2008. In
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Scheme 17: Ōmura’s synthesis of salinosporamide A (125).

this section, examples of transition-metal-catalyzed acylations
of prochiral 1,3-diols in total synthesis are discussed, including
Cu-catalyzed and Zn-catalyzed acylation reactions.

Cu-catalyzed acylation
In 2008, Kang and co-workers demonstrated the first use of
Cu-catalyzed enantioselective acylation [57,58] in the synthesis
of ʟ-cladinose (Scheme 18) [59]. In the presence of catalyst
128, triol 127, prepared from compound 126 in two steps, was
converted into (R)-130 with 98% yield and 91% ee, which was
subjected to a four-step sequence to give compound 131. In this
reaction, catalyst 128 proved most effective. As previously re-
ported [57], installing a sterically demanding or electronically
influential group on the pyridine moiety enhanced the reaction
performance. However, excessively bulky substituents at C4
and substitutions at both C4 and C5 hindered the coordination
between substrate and catalyst, and led to reduced enantioselec-
tivity. As to the structure of 128, the electronic effect of the
bromo-substituted pyridine moiety favored complexation, while
the phenyl substitution at C4 promoted a stable coordination-
bond formation. Alternatively, (S)-130 could be furnished using
Cu complex 129 in the desymmetrization step with comparable
efficiency (98% yield and 91% ee), and was likewise trans-
formed into 131 in four steps. Epoxidation of 131 followed by
methylation generated epoxide 132. Construction of the lactone
moiety commenced with the oxidative cleavage of the double

bond, and the resulting carboxylic acid underwent intramolecu-
lar cyclization in the presence of BF3·Et2O to give lactone 133.
Subsequent hydride reduction induced rearrangement of 133 to
form the pyranose skeleton of ʟ-cladinose (134). Finally, the de-
rivative, thiocladinoside 135 was then prepared from 134 in two
additional steps.

The total synthesis of azithromycin [60] was reported shortly
after completion of 135 (Scheme 19). For the synthesis of frag-
ment 139, epoxide 136 was first prepared from (R)-130 in two
steps. Parikh–Doering oxidation of 136 followed by addition
with Et2Zn in the presence of ligand 137 afforded alcohol 138,
which was subsequently converted into amine 139 via a seven-
step sequence.

With the fragments 135 and 139 in hand, synthesis of the third
fragment 146 was then pursued and further elaborated to com-
plete the synthesis of azithromycin (Scheme 20). Triol 141 was
first prepared in two steps from iodide 140. Subsequent Cu-cat-
alyzed desymmetrization with catalyst 129, benzoyl chloride
(BzCl) and Et3N, enabled the synthesis of monobenzoate 142 in
94% yield along with 4% yield of its diastereomer (dr = 24:1).
Following a four-step conversion of 142 to epoxide 143, reduc-
tive cleavage produced a diol intermediate, which was subject-
ed to chemoselective glycosylation with compound 144 to
provide compound 145. After a four-step transformation of 145,
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Scheme 18: Kang’s synthesis of ʟ-cladinose (124) and its derivative.

Scheme 19: Kang’s preparation of fragment 139.

compound 146 was oxidized with Dess-Martin periodinane
(DMP). Subsequent reductive amination with fragment 139 pro-
vided an intermediate, which underwent the second reductive

amination using formaldehyde. This one-pot process with con-
comitant deprotection afforded acid 147 in 70% yield over two
steps. Macrocyclization of 147, followed by glycosylation with
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Scheme 20: Kang’s synthesis of azithromycin (149).

135 ,  gave compound 148 ,  which was converted into
azithromycin (149) upon desilylation.

This desymmetrization strategy was also employed in the syn-
thesis of (−)-dysiherbaine reported by Kang and co-workers in

2012 (Scheme 21) [61]. Their synthesis commenced with com-
pound 150, which was converted into triol 151 in two steps.
Treatment of triol 151 with catalyst 128 furnished monoben-
zoate 152 in 96% yield and 97% de. Subsequently, monoben-
zoate 152 was transformed into diene 153 in five steps. The cis-
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Scheme 21: Kang’s synthesis of (−)-dysiherbaine (156).

3,6-disubstituted dihydropyran ring was assembled via a one-
pot mercuriocyclization/reductive demercuration of 153 fol-
lowed by two-step diol-deprotection to access compound 154.
Using trifluoromethylmethyldioxirane, which was generated in
situ from trifluoroacetone, Oxone®, and disodium ethylene-
diaminetetraacetate dihydrate (Na2EDTA), compound 154
underwent epoxidation followed by acid-mediated cyclization
to yield bicyclic compound 155. The synthesis was completed
through a nine-step conversion of 155 to obtain (−)-dysi-
herbaine (156).

To construct the asymmetric quaternary carbon centers with an
amino group, the Kang group developed a desymmetrization
strategy for serinol derivatives using a bisoxazoline
(BOX)–CuCl2 complex as catalyst in 2008 [62]. They further
applied this method in 2013 to the synthesis of (−)-kaito-
cephalin, a glutamate receptor antagonist from Eupenicillium
shearii (Scheme 22) [63]. Diol 158, which was accessed in two
steps from diester 157, underwent enantioselective monoben-
zoylation with complex 159 as catalyst to form benzoate 160 in
90% yield with 90% de. The size of the C4-substituent in the
oxazoline moiety crucially influenced the enantioselectivity and
conversion of the reaction: smaller substituents reduced the
differential ability between two hydroxy groups, while bulky
substituents hindered the formation of coordination bonds be-
tween the substrate and catalyst. As previously reported, with a
suitable substituent at C4, an additional C5-substituent slightly
enhanced the catalytic performance of the complex [62]. For

diol 158, the ligand with only isopropyl substitution at C4
proved effective with suitable size for the substrate–catalyst
coordination. A subsequent two-step sequence enabled the
sythesis of olefinic carbamate 161 from benzoate 160. Treat-
ment of 161 with Hg(CF3CO2)2 induced mercuriocyclization,
followed by reductive demercuration with LiBH4/Et3B to
construct the pyrrolidine ring of compound 162. A three-step
transformation of 162 yielded compound 163, which was sub-
jected to base-mediated cyclization with concomitant debenzoy-
lation to deliver oxazolidinone 164. Through a four-step se-
quence, oxazolidinone 164 was then converted into triester 165,
which was further transformed into (−)-kaitocephalin (166) as
its diethylamine salt in three additional steps.

In Kang’s synthesis of laidlomycin in 2016 (Scheme 23) [64],
the BOX–CuCl2 complex 168 effectively catalyzed the desym-
metrization of triol 167, affording monobenzoate 169 in 97%
yield with 96% ee. For 2-alkyl-substituted glycerols like triol
167, complex 168 is the most efficient catalyst as the BOX
ligand with a benzyl substitution at C4 provided an appropriate
size for the catalyst–substrate coordination [58]. The intermedi-
ate 169 was transformed into alcohol 170 in nine steps. Subse-
quent epoxidation of olefin in 170 followed by acid-mediated
cyclization provided compound 171 bearing a tetrahydrofuran
ring. An eight-step transformation then yielded compound 172.
Next, epoxidation of olefin of 172 with Shi’s dioxirane (gener-
ated from ketone 173) and the following acid-mediated cycliza-
tion formed another tetrahydrofuran ring. The resulting com-
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Scheme 22: Kang’s synthesis of (−)-kaitocephalin (166).

pound was then converted into lactone 174 via 2,2,6,6-tetra-
methylpiperidin-1-oxyl (TEMPO)-mediated oxidation. Lactone
174 was then converted into aldehyde 175 in three steps, which
underwent Horner–Wadsworth–Emmons (HWE) olefination
with β-ketophosphonate 176 to produce trans-enone 177 as the
sole product. Ester 178, prepared in three steps from 177, first
underwent cyclization via hydrogenation to generate spiro-
ketals as a 1:1 mixture. This intermediate was then isomerized
under acidic conditions to the desired spiroketal 179, which was
ultimately converted into laidlomycin sodium salt (180) in two
additional steps.

In 2011, the Kang group developed an enantioselective desym-
metrization strategy for 2,2-disubstituted 1,3-propanediols cata-
lyzed by a pyridinebisoxazoline (PyBOX)–CuCl2 complex [65].
Snyder and co-workers applied this method to synthesize
arboridinine, an indole alkaloid isolated from a Malaysian

Kopsia species (Scheme 24) [66]. The synthesis commenced
with tert-butyloxycarbonyl (Boc)-protected tryptamine 181,
which was converted into diol 182 in two steps. Initial attempts
to forge the chiral center at C16 via enzyme-catalyzed monoa-
cylation proved unsatisfactory and provided a low yield and ee
(39% and 34%, respectively). In contrast, a CuCl2 complex
bearing a PyBOX-derived ligand 183 effectively catalyzed the
desymmetrization of 182, giving benzoate 185 in 72% yield.
The C5-subsituents of ligand 183 are important to adjust the
conformation of the ligand to provide suitable space for the
smaller group. It is observed that the attachment of two n-butyl
groups at the C5 position is beneficial for the reaction [65]. Al-
though the ee of monobenzoate 185 was undetermined,
azepinoindole 186 prepared in two steps from 185 exhibited
96% ee, indicating high enantioselectivity in the desymmetriza-
tion step. A four-step sequence was adopted to convert 186 into
ynone 187, which underwent a Ag-mediated 6-endo-dig cycli-
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Scheme 23: Kang’s synthesis of laidlomycin (180).
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Scheme 24: Snyder’s synthesis of arboridinine (190).

zation in trifluoroethanol (TFE) to produce enone 188 contain-
ing the tetracyclic core of arboridine. In the presence of tri-
fluoroacetic acid (TFA) and paraformaldehyde, compound 189,
prepared from 188 in four steps, underwent aza-Prins cycliza-
tion to form the caged skeleton, and the following acetate
hydrolysis afforded arboridinine (190) in 38% yield over two
steps.

In 2024, Ma and co-workers accomplished their synthesis of
(+)-alstrostine G with a Cu-catalyzed asymmetric desym-
metrization as the key step (Scheme 25) [67]. Diol 192 with a
1,1-disubstituted tetrahydro-β-carboline (THBC) core was pre-
pared from tryptamine derivative 191 via a two-step sequence
comprising a Pictet–Spengler reaction followed by reduction.
Screening of enantioselective monobenzoylation conditions
revealed that using a Cu-based complex composed of 4-(1-
naphthylbenzyl)-substituted BOX ligand 193 and CuCl2 with
Et3N and BzCl in THF solution afforded optimal results in

terms of both isolated yield and ee. Under these optimized
conditions, diol 192 was transformed into monobenzoate 194 in
70% yield with 76% ee, and further recrystallization enhanced
the enantiopurity to 97% ee with 61% yield. TBS protection of
the hydroxy group in 194 afforded compound 195. A three-step
sequence comprising removal of the benzyl group, chemoselec-
tive N-alkylation with fragment 196, and removal of the
benzoyl group allowed the conversion of 195 into iodide 197.
Sequential oxidation of the alcohol, HWE reaction, and reduc-
tion of the resulting ester then provided compound 198. In the
presence of Pd(OAc)2, PPh3, and Et3N in MeCN, the intramo-
lecular Heck/hemiamination cascade reaction of 198 delivered
the 5-exo cyclization product 199, simultaneously constructing
the fused D and E rings in a single transformation. Three addi-
tional steps converted 199 to hydroxy ketone 200, which under-
went SmI2-mediated deoxygenation of 200 and ketone reduc-
tion to give compound 201. Stereoselective hemiaminal ether
formation promoted by BF3·Et2O with subsequent desilylation
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Scheme 25: Ma’s synthesis of (+)-alstrostine G (203).

constructed the hexacyclic framework of alstrostine G, yielding
compound 202. Finally, (+)-alstrostine G (203) was obtained
through a two-step sequence.

Zn-catalyzed acylation
Zn-based complexes are another class of effective catalysts used
in desymmetrization of 1,3-diols, as reported by Trost and

co-worker in 2003 [56]. In 2013, Trost et al. developed the syn-
thesis of (−)-18-epi-peloruside A (Scheme 26) [68], and con-
verted diol 204 into enantioenriched monobenzoate 206 using a
catalyst composed of ZnEt2 and ligand 205a, affording the
product in 99% yield and 86% ee. Although in their previous
report [56], the ligand 205b with a 4-biphenylyl substitution
was more efficient than the phenyl-substituted 205a in the
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Scheme 26: Trost’s synthesis of (−)-18-epi-peloruside A (215).

desymmetrization of 2-arylpropane-1,3-diols, ligand 205a
proved to be suitable for 2-ethylpropane-1,3-diol (204). A three-
step sequence then furnished enone 207, which underwent dia-
stereoselective aldol reaction with fragment 208 to give com-

pound 209. Alkyne 210, prepared from 209 in six steps, under-
went addition with fragment 211 to yield compound 212. Four
subsequent steps, including oxidation of propargylic alcohol
and cyclization between the hydroxy group and ynone,
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Scheme 27: Lindel’s synthesis of (–)-dihydroraputindole (223).

provided compound 213 with a pyranone ring. Treatment
of 213 with Me3SnOH hydrolyzed the methyl ester, and intra-
molecular Yamaguchi esterification then led to lactone 214,
which was transformed into (−)-18-epi-peloruside A (215) in
four steps.

In 2020, Lindel and co-workers reported their synthesis of
(−)-dihydroraputindole D, featuring a Zn-catalyzed enantiose-
lective benzoylation as the key step (Scheme 27) [69]. Using
propargylic alcohol 217, which was prepared from dihydroxy-
ketone 216 in two steps, Sonogashira coupling with indoline
218 followed by acetylation afforded compound 219. A Au-cat-
alyzed cyclization and subsequent saponification with NaOMe
gave indoline 220. Three subsequent steps yielded diol 221,
which was treated with vinyl benzoate and a Zn-complex
derived from Et2Zn and phenol 205 to afford benzoate 222 in
91% yield with 84:16 er. Finally, an eight-step sequence provi-
ded (−)-dihydroraputindole D (223).

Local desymmetrization
Apart from enzymatic and transition-metal-catalyzed desym-
metrization reactions, compounds with specific structures might
also enable the desymmetrization by discriminating prochiral
1,3-diols in a diastereotopic manner. This strategy is termed as
“local desymmetrization” [19,70].

In 1987, Iwata and co-workers completed the synthesis of
(−)-talaromycin B and (+)-talaromycin A, two toxic metabo-
lites from the fungus Talaromyces stipitatus, featuring asym-
metric induction to forge chiral centers using a chiral sulfinyl
group [71]. With their previously reported strategy [72], the
chiral sulfinyl-containing diol 225 was prepared from diester
224 in eight steps (Scheme 28a). Treatment of 225 with ZnCl2
afforded dioxabicyclic compound 226. Regioselective hydroly-
sis of 226 with TFA yielded a dihydropyran intermediate, which
was benzylated to deliver 227. Desilylation of 227 gave diol
228, which underwent intramolecular Michael reaction to form
bicyclic compound 230 as a single stereoisomer (87% yield
over two steps). This scaffold with the desired C6 chiral center
was constructed via intermediate 229, where the sulfinyl group
induced K+–oxygen chelation to form a six-membered transi-
tion state prior to protonation from the less hindered face. Acid-
mediated epimerization at C9 of 230 yielded compound 231,
which was transformed into (−)-talaromycin B (232) in six
steps. For (+)-talaromycin A (235) (Scheme 28b), a three-step
transformation of 230 gave 233, and subsequent isomerization
at the C6 spirocenter with TFA produced compound 234, which
was converted into 235 in three additional steps.

The introduction of an inducing group such as a chiral sulfinyl
group is effective in local desymmetrization, while substrates
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Scheme 28: Iwata’s synthesis of a) (−)-talaromycin B (232) and b) (+)-talaromycin A (235).

bearing caged frameworks and multiple chiral centers can also
realize the desymmetrization. The Cook group reported the first
total synthesis of (−)-vincamajinine and (−)-11-methoxy-17-
epivincamajine, featuring a stereospecific cyclization as the key
step (Scheme 29a) [73,74]. To obtain the cyclization precursor
238, the prochiral diol 237 was prepared from (+)-Na-
methylvellosimine (236) via a Tollens reaction. Subsequently,
regioselective Ley–Griffith oxidation of 237 selectively targeted
the C17 hydroxy group, affording aldehyde 238 in 78% yield
with >10:1 dr. The high diastereoselectivity observed in the oxi-
dation of the 1,3-diol indicated that the complex structure of the
substrate could provide an environment of desymmetrization.
The stereospecific cyclization of 238 was performed with tri-

fluoroacetic acid (TFA) and Ac2O, along with acetylation of the
free hydroxy group, to deliver compound 239 in high yield. A
further six-step sequence completed the synthesis of (−)-vinca-
majinine (240). With the same strategy, (−)-11-methoxy-17-
epivincamajine (245) was prepared from (+)-Na-methyl-16-
epigardneral (241) (Scheme 29b). The synthesis of 244 was
achieved through a similar sequence of steps: Tollens reaction
of 241, regioselective oxidation of diol 242, and acidic cycliza-
tion of aldehyde 243. Compound 244 was then converted into
245 in five additional steps.

The benzylic oxidative cyclization of indole derivatives medi-
ated by 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) is
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Scheme 29: Cook’s synthesis of a) (−)-vincamajinine (240) and b) (−)-11-methoxy-17-epivincamajine (245).

an efficient strategy that the Cook group utilized in the total
synthesis of several indole alkaloids [75-77]. In 2005, they re-
ported the synthesis of vincamajine-related indole alkaloids,
among which (+)-dehydrovoachalotine was prepared by a selec-
tive oxidative cyclization of a 1,3-diol moiety (Scheme 30)
[74]. Treatment of the known prochiral diol 246 with DDQ first
oxidized the benzylic C6 position to give intermediate 247, fol-
lowed by intramolecular attack of the hydroxy group to
construct the tetrahydrofuran ring of compound 248, estab-
lishing an expected C6 stereocenter and a chiral quaternary car-

bon center at C16. This desymmetrization was enabled due to
the structural features of diol 246, wherein the proximal
hydroxy group was functionalized, while the distal hydroxy
group remained intact. The synthesis of (+)-dehydrovoachalo-
tine (249) was completed in two steps from 248. Voachalotine
(250) was further prepared from 249 in the presence of Et3SiH
and TFA [78].

Using the same strategy, the Cook group synthesized (−)-12-
methoxy-Nb-methylvoachalot ine,  (+)-polyneuridine,
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Scheme 30: Cook’s synthesis of (+)-dehydrovoachalotine (249) and voachalotine (250).

(+)-polyneuridine aldehyde, and macusine A. In the synthesis of
(−)-12-methoxy-Nb-methylvoachalotine (Scheme 31a) [78],
(+)-12-methoxy-Na-methylvellosimine (252) was first prepared
in ten steps from aniline 251, including a Larock indolization,
Pictet–Spengler reaction, and Pd-catalyzed intramolecular cycli-
zation. Tollens reaction of 252 gave diol 253, which underwent
DDQ-mediated oxidative cyclization to yield compound 254.
After a two-step conversion, the resulting compound 255 under-
went reductive cleavage of the tetrahydrofuran ring with
Et3SiH/TFA, giving compound 256. Exposure of 256 to MeI in
THF provided the corresponding Nb-methiodide salt, which was
subsequently converted into (−)-12-methoxy-Nb-methyl-
voachalotine (257) upon treatment with AgCl in 93% yield. For
the synthesis of (+)-polyneuridine, macusine A, and
(+)-polyneuridine aldehyde (Scheme 31b) [79], (+)-poly-
neuridine (262) was first prepared as the common intermediate
for macusine A and (+)-polyneuridine aldehyde. From com-
pound 258, vellosimine (259) was synthesized in five steps and
subsequently converted into diol 260 in three steps. Oxidative
cyclization of 260 with DDQ afforded compound 261, which
was further transformed into 262 in three steps. Finally, macu-
sine A (263) was prepared by methylation of 262 with MeI,
while (+)-polyneuridine aldehyde (264) was synthesized
directly from alcohol 262 via Corey–Kim oxidation.

The Trauner group also employed a similar strategy in the syn-
thesis of stephadiamine in 2018 (Scheme 32) [80]. Starting from
carboxylic acid 265, compound 266 was prepared in a seven-
step sequence. Then, the cascade cyclization was accomplished

by treatment with NaOMe in MeOH, followed by H2O,
affording compound 267 in excellent yield and diastereoselec-
tivity. A subsequent three-step sequence gave diol 268. Under
DDQ and AcOH conditions, the benzylic C11 position of 268
was first oxidized to generate intermediate 269, followed by
intramolecular nucleophilic attack of the hydroxy group. This
stereoselective cyclization constructed the tetrahydropyran ring
of pentacyclic compound 270 in 92% yield and established the
stereocenter at the C7 position. Compound 271, prepared from
270 in eight steps, was treated with N-bromosuccinimide (NBS)
in a H2O/THF solution to afford lactone 272 in 50% yield.
Finally, 272 was converted to stephadiamine (273) in three
steps.

In 2018, the Garg group completed the total synthesis of
akuammiline alkaloids, including (−)-ψ-akuammigine
(Scheme 33) [81]. The synthesis commenced with dibenzoate
274, which underwent a Pd-catalyzed Trost desymmetrization
using sulfonamide 275 and ligand 276. Deprotection of the re-
sulting adduct furnished alcohol 277, which was subsequently
converted to silyl enol ether 278 in two steps. Treatment of 278
with (PMe3)AuCl and AgOTf, followed by p-TsOH·H2O,
effected a Au-catalyzed cyclization to construct the bicyclic
core. This intermediate was then transformed into enal 279 via
epoxidation and Wittig olefination. Seven additional steps con-
verted enal 279 to lactone 280, which then underwent a reduc-
tive interrupted Fisher indolization with phenylhydrazine to
give indoline 281. To forge the C16 stereocenter and form the
C–O bond at C2, diol 282 was prepared from 281 in six steps.
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Scheme 31: Cook’s synthesis of a) (−)-12-methoxy-Nb-methylvoachalotine (257) and b) (+)-polyneuridine, macusine A, and
(+)-polyneuridine aldehyde (264).
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Scheme 32: Trauner’s synthesis of stephadiamine (273).

Treatment of 282 with MeI/Cs2CO3 induced cyclization
through putative indoleninium intermediate 283, wherein one
hydroxy group underwent nucleophilic attack on the C2 electro-
philic center while the other remained unreacted, giving furoin-
doline 284 in 45% yield. A final two-step transformation com-
pleted the synthesis of (−)-ψ-akuammigine (285).

In 2021, the Ding group reported the total synthesis of two
hetisine-type diterpenoids (+)-18-benzoyldavisinol and
(+)-davisinol [82] (Scheme 34). Using diester 286 as a starting
material, phenol 287 was prepared in six steps. Subsequent oxi-
dative dearomatization-induced Diels–Alder cycloaddition with
PhI(OAc)2, delivered endo-cycloadduct 288 with high dia-
stereoselectivity. Compound 288 was then treated with
Co(acac)2, 1,1,3,3-tetramethyldisiloxane (TMDSO), and O2 in
degassed iPrOH, undergoing a hydrogen-atom-transfer (HAT)-
initiated redox radical cascade to give pentacyclic alcohol 289,
which was converted to C18/19 diol 290 in two steps. To differ-
entiate the two hydroxy groups, the C18-alcohol was selec-

tively protected by benzoylation using BzCN and 4-(dimethyl-
amino)pyridine (DMAP) conditions, while the C19-alcohol was
oxidized by TEMPO and N-chlorosuccinimide (NCS)
subsequently. This two-step sequence provided ketoalde-
hyde 291 in 73% yield, demonstrating excellent site selectivity
during the Bz protection. The assembly of the azabicyclic
core was achieved in two steps from 291 via reductive
amination followed by oxidative removal of the p-methoxy-
benzyl (PMB) group, giving heptacyclic compound 292.
Finally, (+)-18-benzoyldavisinol (293) was synthesized in two
steps and subsequently deprotected to afford (+)-davisinol
(294).

Conclusion
In conclusion, over the past few decades, the enantioselective
desymmetrization of prochiral 1,3-diols has become an impor-
tant tool for constructing chiral centers and applied in various
total syntheses. Several strategies, including enzymatic acyl-
ation, transition-metal-catalyzed acylation, and local desym-
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Scheme 33: Garg’s synthesis of (–)-ψ-akuammigine (285).

metrization have been adopted by chemists to synthesize com-
plex molecules. A general survey of these examples revealed
that enzymatic acylations using lipases (such as PPL, CAL,
CRL and those from the Pseudomonas genus) are generally
operated in mild conditions achieving relatively high yield and
enantioselectivity. However, due to the intrinsic structural limi-
tations of lipases, accessing the desired enantiomer requires
laborious screening of enzymes. In the case of transition-metal-
catalyzed acylations, the enantioselective desymmetrization of
prochiral 1,3-diols within complex structures can be realized
using organometallic catalysts composed of copper or zinc salts
and different types of chiral ligands. In general, the ability to
control the stereoselectivity of the product by using the enantio-
mer of the ligand in transition-metal-catalyzed acylations is a

notable advantage compared to enzymatic methods. In the case
of local desymmetrization, the enantioselectivity of the reaction
depends predominantly on the inherent properties of the sub-
strate.

Although numerous examples of enantioselective desym-
metrization reactions of prochiral 1,3-diols via metal-catalyzed
and enzymatic methods have been reported, these transformat-
ions are mostly limited to the acylation of hydroxy groups.
Other reaction types, such as sulfonylation, oxidation, and cou-
pling, remain underdeveloped in this context, suggesting signif-
icant progress is still needed in the methodological develop-
ment for the enantioselective desymmetrization of prochiral 1,3-
diols.
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Scheme 34: Ding’s synthesis of (+)-18-benzoyldavisinol (293) and (+)-davisinol (294).
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Abstract
Prostaglandin D2 (PGD2) is a key pathophysiological mediator in many human diseases and biological pathways. Tricyclic
prostaglandin D2 metabolite methyl ester (tricyclic-PGDM methyl ester), the major urinary metabolite of PGD2, can be used as a
clinical indicator for PGD2 overproduction. However, the limited amount of tricyclic-PGDM methyl ester available has prevented
its practical use, and synthesis methods for tricyclic-PGDM methyl ester are required. Based on the utilization of oxidative radical
cyclization for the stereoselective construction of the cyclopentanol subunit with three consecutive stereocenters, we describe an
asymmetric total synthesis of tricyclic-PGDM methyl ester in 9 steps and 8% overall yield.

1964

Introduction
Prostaglandins (PGs), a family of hormone-like lipid com-
pounds, are ubiquitous natural products that control many
essential biological processes in animals and humans [1-4]. In
particular, prostaglandin D2 (PGD2, 3) is a key pathophysiolog-
ical mediator in a number of human diseases and biological
pathways, such as systemic mastocytosis and inflammation.
Therefore, the development of methods for sensitive detection
of endogenous PGD2 production and its stereoisomers are clini-
cally important [5]. However, PGD2 is rapidly metabolized with
a short half-life, making the identification and quantification of
its downstream metabolites a promising and reliable diagnostic
tool. Tricyclic prostaglandin D2 metabolite methyl ester

(tricyclic-PGDM methyl ester, 4), the major urinary metabolite
of PGD2, has been used as an indicator for PGD2 overproduc-
tion. Roberts and associates established an assay for tricyclic-
PGDM measurement using 18O-labelled tricyclic-PGDM
methyl ester 8, which is an effective tool in clinical applica-
tions [6]. However, the scarcity of metabolite 4 has prevented it
from being used more widely, and thus synthesis methods for 4
are required.

Compound 4 contains a cyclopentanol scaffold with stere-
ogenicity at C8, C9, C11, and C12 (Scheme 1A). In addition, 4
is synthetically challenging because of the tricyclic ring system,
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Scheme 1: Representative prostaglandins and general synthetic strategy toward PGDM methyl ester 4.
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Scheme 2: Retrosynthetic analysis for the first generation synthesis of PGDM methyl ester 4.

spiroketal moiety (B, C-ring), and instability arising from
dehydration of the hydroxy groups. Prior approaches to (±)-4
have shown the feasibility of accessing this target molecule.
Blair [7] and Sulikowski [8] reported the total synthesis of (±)-4
from pentacyclic starting materials 5 and 6, respectively
(Scheme 1B). In 2021, Dai reported the total synthesis of (±)-4
from cyclopentanol 7, in which the bicyclic spiroketal moiety
and (Z)-3-butenoate side chain were formed via a palladium-
catalyzed carbonylative spirolactonization and Z-selective
cross-metathesis, respectively [9]. In general, racemic cyclopen-
tanol precursors (A ring system, prepared in 6–9 steps) have
been used to form the polyfunctionalized tricyclic frameworks
incorporating contiguous stereocenters.

In previous syntheses, the efficient construction of the
cyclopentanol ring system with the appropriate functional
groups in place for attaching the remaining groups is a highly
important task for the asymmetric total synthesis of PGs and an-
alogues [10-13]. The groups of Aggarwal [14], Hayashi [15],
and Zhang [16] have reported bond-disconnection strategies for
the total syntheses of PGs via organocatalysis, and enyne cyclo-
isomerization, respectively. Thus, from a strategic viewpoint,
developing alternative synthetic approaches for the stereoselec-
tive construction of the highly substituted cyclopentanol core
framework in compound 4 may advance the efficient total syn-

thesis of 4 and is required to explore alternative synthetic strate-
gies for PGs and analogues [17].

Biosynthetically, 4 is proposed to arise via a 5-exo-trig
biogenetic radical-mediated cyclization (Scheme 1C) [18,19].
Over the past five decades, the Snider oxidative radical reac-
tion has been used as a powerful method for synthesizing com-
plex natural products [20,21]. We envisaged that the A-ring in 4
could be constructed from the alkene-substituted β-keto ester
precursor A via a bioinspired oxidative radical cyclization
(Scheme 1D).

Herein, we report the full details of our efforts to stereoselec-
tively access the syn-anti-cyclopentanol ring system with three
vicinal stereogenic centers at C11, C12, and C8 via the oxida-
tive radical cyclization that led to the asymmetric total synthe-
sis of compound 4.

Results and Discussion
First generation asymmetric total synthesis of
tricyclic-PGDM methyl ester
The retrosynthetic analysis of tricyclic-PGDM methyl ester 4 is
shown in Scheme 2. We expected to derive 4 from tricyclic sub-
strate 12 via a side-chain installation at C8 [22]. The spiroketal
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Scheme 3: Synthesis of bicyclic ketal 25.

moiety in compound 12 could be obtained from compound 13
via a diastereoselective spiroketalization dictated by the
anomeric effect [23] in the tricyclic scaffold. Compound 13
could be produced from olefin 14 via cross-metathesis. The
regio- and diastereoselective connection of C8 and C12 in com-
pound 14 could be realized through a transition-metal-mediated
oxidative radical cyclization through TS-1 from β-keto ester 15
[24]. The β-keto ester 15 was expected to be derived from com-
pounds 16 and 17 via an asymmetric aldol reaction [25].

The first phase of the synthesis required the efficient prepara-
tion of compound 14, for which a transition-metal-mediated ox-
idative radical cyclization of β-keto ester 15 was initially inves-
tigated (Scheme 3). Chan’s diene (16) was subjected to conden-
sation with freshly distilled aldehyde 17 in THF at room tem-

perature, using a catalytic system comprising Ti(OiPr)4/(S)-
BINOL complex (2.0 mol %). Subsequent deprotection with
pyridinium p-toluenesulfonate (PPTS) at 0 °C afforded the cor-
responding alcohol 18 in 89% yield with excellent enantioselec-
tivity (98% ee) [25]. The hydroxy group in 18 was then pro-
tected via treatment with TBSCl in the presence of Et3N in
CH2Cl2, yielding β-keto ester 15 in 52% yield.

With diketone 15 in hand, we subsequently investigated the
transition-metal-mediated oxidative radical cyclization for con-
structing cyclopentanone 14. First, we used Mn(OAc)3·2H2O/
Cu(OAc)2·H2O [21] as the oxidant system to perform oxidative
annulation of β-keto ester 15 in MeCN as solvent. However,
only 9% of the desired product 14 was obtained after conduct-
ing the reaction at 50 °C for 36 h, and extensive decomposition
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Table 1: Optimization of conditions to convert diketone 15 into cyclopentanone 14.a

entry oxidant solvent temp. (°C) yield (%)

1 Mn(OAc)3·2H2O (2.2 equiv), Cu(OAc)2·H2O (1.1 equiv) MeCN 50 9
2 Mn(OAc)3·2H2O (2.2 equiv), Cu(OAc)2·H2O (1.1 equiv) EtOH 50 0
3 Mn(OAc)3·2H2O (2.2 equiv), Cu(OAc)2·H2O (1.1 equiv) AcOH 50 12
4 Mn(OAc)3·2H2O (2.2 equiv), Cu(OAc)2·H2O (1.1 equiv) HFIP 50 63
5 Mn(OAc)3·2H2O (2.2 equiv), Cu(OAc)2·H2O (1.1 equiv) HFIP 70 trace
6 Fe(ClO4)3·9H2O (2.2 equiv) HFIP 50 0
7 CAN (2.2 equiv) HFIP 50 0

aStep c in Scheme 3.

of the starting material β-keto ester 15 occurred (Table 1, entry
1). Solvent screening of EtOH [26], acetic acid [26], and hexa-
fluoroisopropanol (HFIP) [27] demonstrated that HFIP afforded
optimal results, delivering cyclopentanone 14 in 63% yield as a
single diastereomer (Table 1, entry 4). To explain this diastereo-
selectivity, we hypothesize that the C–O bond, which occupies
an axial position in the proposed transition state TS-1, could
avert an additional hyperconjugative interaction (σ*C-O/π) that
renders the reacting C=C bond electron-deficient [28], thereby
lowering the energy barrier for electrophilic radical addition. In-
creasing the reaction temperature to 70 °C proved detrimental,
yielding only trace amounts of product 14 (Table 1, entry 5).
Finally, replacing Mn(OAc)3·2H2O/Cu(OAc)2·H2O with other
oxidants, such as ceric ammonium nitrate (CAN) [29,30] and
Fe(ClO4)3·9H2O [31], failed to afford desired product 14
(Table 1, entries 6 and 7).

To explore the synthesis of fully functionalized tricyclic core
scaffold 12, methods for incorporating the side chain at C14 and
for the stereocontrolled introduction of the allyl moiety at C8
were developed. A straightforward transformation was de-
signed involving a cross-metathesis of the C13–C14 double
bond and a palladium-catalyzed decarboxylative allylation [32]
as the key steps.

With 14 in hand, we investigated the feasibility of cross-metath-
esis of the C13–C14 double bond. Initially, compounds 14 and
20 were evaluated for the cross-metathesis of the olefin moiety
in 14. No reaction occurred and the desired product was not
detected (not shown), presumably because of the steric
hindrance from the TBS group. Following the removal of the
silyl group, cyclopentanol 19 underwent the cross-metathesis

reaction smoothly in the presence of the Hoveyda–Grubbs
second-generation catalyst to afford the enone 13 in 63% yield
with the desired trans-configuration. Enone 13 was then sub-
jected to the Pd/C-catalyzed hydrogenation to give the thermo-
dynamically favored bicyclic hemiketal 21 in 92% yield as an
inseparable mixture of diastereomers at C-15 in a ratio of
1.0/1.1 (1H NMR analysis).

Having established a route to the bicyclic hemiketal 21, we in-
vestigated the stereoselective introduction of an allyl moiety at
C8 for the synthesis of compound 25 according to the strategy
in Scheme 3. Treatment of 21 with allyl alcohol and triphenyl-
phosphine afforded transesterification product 22 in 21% yield
[33], accompanied by unidentified decarboxylation by-products.
A variety of standard conditions failed to promote the palla-
dium-catalyzed decarboxylative allylation of allylic β-ketocar-
boxylate intermediate 22 (see Supporting Information File 1 for
the details). Reasoning that the preferential coordination of the
palladium catalyst with the hydroxy group at C15 and the car-
bonyl group at C18 in compound 22 may have deactivated the
palladium catalyst [34], we protected the hydroxy group.
Compound 22 was treated with p-toluenesulfonic acid
(p-TSA) in EtOH at room temperature to afford ketal 24 in 83%
yield as a single diastereomer. Subsequently, palladium-cata-
lyzed decarboxylative allylation delivered compound 25 in 89%
yield.

The efficiency of our first-generation strategy for asymmetric
synthesis of 4 was unsatisfactory because it required nine steps
to prepare bicyclic intermediate 25 with an overall yield of just
2.0%. This low efficiency prompted us to develop a more
streamlined synthetic route for target compound 4.
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Scheme 4: Retrosynthetic analysis for the second-generation synthesis of tricyclic PGDM methyl ester 4.

Second generation asymmetric total
synthesis of tricyclic-PGDM methyl ester
Although the efficiency of the first-generation asymmetric total
synthesis strategy was limited, the development of synthetic
methods during this work, particularly the transition-metal-
mediated oxidative radical cyclization for stereoselective
assembly of the cyclopentanol scaffold bearing the C8, C11,
and C12 contiguous stereogenic centers, provided important
insights that influenced the design of our second-generation
total synthesis. Compared with the Snider-type radical cycliza-
tion using stoichiometric amounts of metal oxidants, visible-
light-induced photoredox-catalyzed radical cyclization strate-
gies have emerged as an effective synthetic route for the stereo-
controlled construction of diverse, highly functionalized bioac-
tive and pharmaceutical molecules [35-37].

The herein adopted synthetic strategy, employing photoredox-
catalyzed radical cyclization, is illustrated in Scheme 4. Com-
pound 4 was expected to be derived from tricyclic substrate 26
via a Z-selective cross-metathesis [9]. The allyl group in com-
pound 26 could be installed in β-keto ester 21 via sequential

transesterification [33] and palladium-catalyzed decarboxyla-
tive allylation [32]. The regio- and diastereoselective connec-
tion of C8 and C12 in compound 21 could be realized through a
photoredox-catalyzed radical cyclization of unactivated alkene-
substituted β-ketoester 27. This reaction was expected to
involve a 5-exo-trig radical cyclization via transition state TS-3
[38], in which the diastereoselectivity could be controlled by the
stereoelectronic effect of the axial hydroxy group at C11
(Scheme 4) [28].

First, β-keto ester 21 was synthesized (Scheme 5). Cross-me-
tathesis of allylic alcohol 18 and olefin 28 with the assistance of
the Hoveyda–Grubbs second-generation catalyst delivered the
desired product 27 in 68% yield. Having accessed the β-keto
ester 27, the photoredox-catalyzed oxidative radical cyclization
of compound 27 was established on a 0.8 g scale, yielding com-
pound 21 in 80% yield, as an inseparable mixture of diastereo-
mers at C-15, the precursor for palladium-catalyzed decarboxyl-
ative allylation. The proposed mechanism to 21 involved the
formation of an electron-deficient, resonance-stabilized radical
species, followed by intramolecular alkylation of the unacti-
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Scheme 5: Asymmetric total synthesis of tricyclic-PGDM methyl ester 4.
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vated alkene to generate radical 29 via a diastereoselective
5-exo-trig cyclization step. Radical intermediate 29 was trapped
by 2,4,6-triisopropylbenzenethiol (TRIPSH) through a hydro-
gen atom transfer (HAT) process to afford intermediate 30 [39],
which then cyclized to yield product 21.

To install the allyl group at C8 with the desired stereochemistry,
we treated compound 21 with p-TSA in EtOH at room tempera-
ture, and ketal 31 was obtained in 87% yield as a single dia-
stereomer. Subsequently, one-pot transesterification and palla-
dium-catalyzed decarboxylative allylation delivered compound
25 in 72% yield.

Next, we expected that we could perform a chemo- and dia-
stereoselective reduction of the ketone to introduce the hydroxy
group at C9 in a single step. However, the diastereoselective
reduction of the ketone in 25 was challenging because the ke-
tone was embedded in the concave face, which was more steri-
cally hindered than the convex face. Common reductants, such
as NaBH4, DIBAL-H, and LiAlH(Ot-Bu)3, provided product 32
with the opposite stereochemistry at C9. Therefore, alcohol 32
was subjected to a one-pot Mitsunobu reaction, hydrolyzation,
and spirolactonization to give the corresponding alcohol 26 with
inversed configuration at C9. Finally, terminal alkene 26 was
transformed by Dai’s Ru-catalyzed Z-selective cross-metathesis
with 33 [9,40] to provide compound 4 in 8% overall yield over
9 steps starting from the readily available compound 16 [41].

Conclusion
In conclusion, we developed a synthetic strategy using a radical
Csp3–H cyclization, including Snider oxidative radical cycliza-
tion and photoredox-catalyzed radical cyclization, to construct
cyclopentanols with three contiguous stereogenic centers in
compound 4. Our total synthesis also features an efficient cross-
metathesis reaction to produce photoredox-catalyzed radical
cyclization reaction precursor 27, a one-pot transesterification
and palladium-catalyzed decarboxylative allylation to install the
side chain at C8, and a diastereoselective spirolactonization to
generate the spiroketal moiety in 26. This total synthesis is
promising for divergent total syntheses of other PGs and struc-
turally related pharmaceutical derivatives.
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Abstract
Bioinspired total synthesis represents an important concept to guide the designing of powerful synthetic strategies. Our group has a
long-time interest and experience in designing synthetic strategies through analyzing the biosynthetic pathway of natural products.
Recently, we have achieved an array of bioinspired total syntheses, which showed the great power of this approach in natural prod-
uct synthesis. Documented herein is a review of these achievements which include the detailed process of how we develop these
strategies. Specifically, bioinspired total synthesis of three types of natural products, namely diterpenoids (chabranol, and mono-
cerin), alkaloids (indole, hydroquinoline, and monoterpenoid−indolidinoid hybrid), and gymnothelignans are discussed. Based on
these achievements on bioinspired total synthesis, we provide some information on how to use this important strategy in natural
product synthesis.
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Introduction
Natural products are chemical substances generated within
living organisms in nature. They are products of biotic evolu-
tion in which live survives from changes of Earth environment
by changing themselves. Natural products play a pivotal role in
biological transformations within organisms, and moreover, are
of great value for human life by serving as food, cloth and
medicine. It represents a longstanding goal in human history to
obtain natural products and develop new applications. Tradi-

tionally, natural products are directly obtained from its natural
source, such as sugar and vitamins. Since Wöhler’s historic
success [1] in converting widely believed “inorganic” materials
into the “organic” compound urea, people began to be aware of
the capability of mankind in making natural organic molecules.
Since then, organic scientists are brave to challenge the com-
plex organic structure of natural products given by nature [2-5].
To achieve the growing structural complexity of natural prod-
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Figure 1: Representative natural products with biomimetic total synthesis.

ucts, the synthetic capability have been increasing all the time
by discovering and inventing a vast number of new organic
reactions and methodologies [6]. However, could mankind
become really stronger than Mother Nature one day? This ques-
tion seems to have no answer as future is unpredictable. Maybe,
Mother Nature could be our teacher and elevate our synthetic
capability in some way.

In academia, learning from nature from the synthetic point of
view has a very long history. A remarkable example is
Robinson’s tropinone synthesis early in 1917 [7] (Figure 1).
This historic event may be ahead of its time and it allows rapid
assembly of a complex natural product with a three-dimen-
sional framework in a cascade way. Later, this was regarded as
an artificial mimic in laboratory of the biochemical transformat-
ions in nature. In the 20th century, Woodward elevated the field
of natural product total synthesis to the artistic status [8], and
Corey drove it to a precise science full of chemical logics [6]. In
this period, a lot of biomimetic total synthesis came out, such as
Johnson’s progesterone synthesis [9,10] Heathcock’s synthesis
of daphniphyllum alkaloids [11] and Nicolaou’s synthesis of
endiandric acids [12-15] (Figure 1). The bioinspired total syn-
thesis literally showed the great power to gain complexity. In
the 21st century, biomimetic or bioinspired synthesis has been
widely realized as a powerful concept approach to natural prod-
uct total synthesis, and a lot of total synthetic works of this kind
have been reported.

A bioinspired approach represents many advantages to bring
benefits to total synthesis. It could rapidly achieve complexity
of the target molecule from a much simpler precursor in diverse

forms of transformations such as cascade reaction, cycloaddi-
tion, and C–H functionalization, thereby, shorten the synthetic
steps and gain efficiency. More significantly, since the exact
biosynthetic pathway of a natural product is generally very
complicated and hard to elucidate clearly, a biosynthetic path-
way is basically proposed by the isolating scientist according to
the structural analysis of the symbiotic natural products. The
proposal lacks strong evidences, no matter it is scientifically
reasonable or not. The bioinspired synthetic would provide evi-
dences to support such a plausible biogenetic pathway through
chemical transformations under simple biomimetic reaction
conditions like acid, base, or visible light.

How to design a bioinspired approach may be most attractive to
synthetic chemists. Recently, Tang [16] and Jia [17] indepen-
dently reviewed their remarkable bioinspired total syntheses as
accounts. Tang documented their longtime carrier of learning
from nature aiming to achieve better results than nature. Jia
categorized their works into three sections to showcase how
they learn from nature, including 1) to mimic the key cycliza-
tion steps, 2) to mimic the revised biosynthetic pathway pro-
posed, and 3) to mimic the skeletal diversification process.
These three types of bioinspired synthesis probably lead this
field to the lane of scientific logic, which would provide guide-
lines to design a bioinspired strategy.

Our group has a long-time of research experience on complex
natural product synthesis. To achieve higher efficiency of syn-
thesis, we inevitably exploited the concept of biomimetic or
bioinspired total synthesis. Indeed, this approach has been
proved to be of great power to access molecular complexity,
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Scheme 1: Bioinspired total synthesis of chabranol (2010).

and it is applicable to diverse types of natural products such as
terpenoids, alkaloids, polyketides and lignans. Herein, we docu-
ment our adventure of bioinspired total synthesis of natural
products.

Review
Synthesis of chabranol
In 2009, Duh and co-workers investigated the ingredients of
Formosan soft corals Sinularia capillosa Tixier-Durivault and
Nephthea chabroli Audouin, collected from west pacific
Dongsha Atoll and Siaoliouciou Island, providing two terpenoid
natural products capillosanol and chabranol, respectively [18].
Chabranol was identified to contain a new bridged skeleton
through extensive NMR experiments. However, no single-
crystal X-ray diffraction analysis was conducted, making the
structural determinations not that solid. It showed moderate
cytotoxicity against P-388 (mouse lymphocytic leukemia). At-
tracted by the novel bridged structure and in order to further de-
termine the structure, particularly the absolute configurations,
we explored the total synthesis of chabranol [19].

Structurally, this molecule contains an oxa-[2.2.1] bridge, with
two quaternary centers including one at the bridgehead position.
To establish a proper strategy for total synthesis, we could,
somehow, design its retrosynthetic analysis through diverse ap-
proaches to construct such a bicyclic skeleton. However,
inspired by the biomimetic polycyclization of terpenoids, we
sought to propose the biosynthetic pathway, which has not yet
been reported in Duh’s isolation report (Scheme 1a). In our
proposal, the linear sesquiterpenoid trans-nerolidol (1) with a
chiral tertiary alcohol undergoes dihydroxylation to generate
triol 2, which further proceeds a C–C bond cleavage to afford
aldehyde 3. This linear aldehyde would be activated by an acid
to trigger a key Prins cyclization with the trisubstituted olefin
through reaction model 3 and generate a putative tertiary carbo-
cation to be trapped by the chiral alcohol, providing bicycle 4
stereoselectively. Finally, the last olefin would be oxidized to
ketone, which gives chabranol.

According to this biosynthetic proposal, we thought that the
Prins-triggered double cyclization would serve as a powerful
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Scheme 2: Proposed biosynthetic pathway of monocerin-family natural products.

method to construct the bicycle in one step, and moreover, the
proposed Prins-based double cyclization needs further support-
ing evidences of chemical transformations. Thus, a bioinspired
total synthesis was investigated (Scheme 1b). Synthetically, we
did not start from trans-nerolidol (1) to construct a C–C bond
cleavage. Instead, a convergent coupling approach was selected
to quickly access the aldehyde precursor. Phenyl sulfide 5,
derived from phenylthiol and geranyl bromide, coupled with
chiral epoxide 6, prepared through Sharpless epoxidation and
TBS protection of 2-methylprop-2-en-1-ol, under strong basic
conditions to generate intermediate 7 to further reduce the
sulfide moiety with sodium, furnishing diol 8 with the loss of
TBS protection in one pot. Oxidation of the primary alcohol
using Swern oxidation gave the hydroxy aldehyde 3, which was
activated with a formal silicon cation to trigger the Prins cycli-
zation terminated by the tertiary alcohol, affording silylated
bicycle 9 directly through the designed bioinspired approach.
This key reaction mimics the plausible biosynthetic pathway
and demonstrates great efficiency and sole diastereoselectivity,
showcasing the plausibility of the biosynthetic proposal. Further
redox manipulations of the last olefin and deprotection ulti-
mately provided chabranol. To clearly confirm the structure
further, X-ray diffraction analysis of the derivative of bicycle 9
was obtained. This approach established the first total synthesis
of chabranol in a concise way through the bioinspired Prins-
triggered double cyclization strategy to rapidly construct the
bicycle.

Total syntheses of natural products of the
monocerin-family
Early in 1979, monocerin and 7-O-demethylmonocerin were
elucidated from Fusarium larvarum [20]. Since then, a large
group of analogues have been isolated from diverse fungal

species [21-25] (Scheme 2). Along with the structural elucida-
tion, biological studies of these molecules indicated that they
exhibit a broad-spectrum activities including antifungal, insecti-
cidal, plant pathogenic properties and phytotoxic activity. Struc-
turally, these molecules basically contain an isocoumarin ring
system and a five-carbon side chain. The side chain could
further form a cis-substituted tetrahydrofuran (THF) moiety
fused to the lactone with higher oxidation states. Notably, the
phenyl ring contains three oxygen substituents in the form of
alcohol and methoxy groups at different positions.

Biosynthetically, the THF ring was supposed to be formed
through a benzylic oxidation to generate a para-quinone
methide (pQM) intermediate. Using fusarentin 6-methyl ether
as an example, pQM intermediate 10 would be generated. The
C10 alcohol should successively undergo an oxa-Michael addi-
tion reaction to close the THF ring, providing 7-O-demethyl-
monocerin. Similarly, monocerin and 12-hydroxymonocerin
were presumably generated from their corresponding precur-
sors through similar oxidation and oxa-Michael addition reac-
tions. Given the fact that quinone methides served as a power-
ful platform for the development of rich useful organic transfor-
mations, especially, through catalytic asymmetric methods [26],
we intended to probe this biomimetic oxidative cyclization
transformation [27,28].

In 2013, we first used monocerin as a model target molecule to
initiate our study (Scheme 3a). Starting from benzaldehyde 11
with an isopropyl group on the hydroxy group in 4-position,
Wittig reaction with MOMPPh3Cl and LDA gave the putative
methyl enol ether, which could be directly converted into 1,3-
dithiane 12 with propane-1,3-dithiol. Nucleophilic addition to
chiral epoxide 13 and oxidative hydrolysis of 1,3-dithiane to ke-
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Scheme 3: Bioinspired total synthesis of monocerin-family molecules (2013).

tone delivered chiral β-hydroxyketone 14. Evans−Tishchenko
reduction of ketone using SmI2 and propionaldehyde provided
15 diastereoselectively. Friedel–Crafts cyclization using
trimethyl orthoformate and TMSOTf provided the cyclic acetal
moiety to be oxidized with PDC, delivering the isocoumarin

skeleton in 16. Chemoselective removal of the ester with the
lactone unreacted, which released the secondary alcohol, fol-
lowed by BCl3-promoted selective cleavage of the isopropyl
and one methyl protection ultimately furnished thenatural prod-
uct fusarentin 6-methyl ether.
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With fusarentin 6-methyl ether in hand, we explored the bioin-
spired oxidation/oxa-Michael addition. This transformation was
successfully achieved by using PhI(OAc)2 as oxidant, provid-
ing 7-O-demethylmonocerin, containing the cis-substituted THF
ring with sole diastereoselectivity. Site-selective mono-methyla-
tion gave rise to monocerin.

The bioinspired approach successfully found applications in the
total synthesis of the monocerin-type natural products bearing a
C10 alcohol. However, for other molecules with a C12 alcohol,
it is unknown whether the C12 alcohol would bring challenges
to the oxa-Michael addition or not. To investigate this, we
used fragments 17–20 to access diol substrate 21, through
Smith’s 1,3-dithiane linchpin coupling (Scheme 3b). To our
delight, using DDQ as the optimal oxidizing reagent, the ex-
pected THF-containing product 23 was generated as a sole
diastereoisomer, suggesting the pQM 22 underwent oxa-
Michael addition only with the C10 alcohol. The free C12
alcohol did not affect this process, which further supported
the probability of the proposed biosynthetic approach.
Subsequently, site-selective methylation on phenol provided 24,
which further underwent O-directed demethylation to
afford (12S)-hydroxymonocerin. On the other hand, a
two-step protocol involving Mitsunobu reaction with an acid
and base-promoted saponification inversed the C12 alcohol
stereochemistry, which ultimately provided (12R)-hydroxy-
monocerin.

Total synthesis and bioinspired skeletal
diversification of (12-MeO)-tabertinggine
In 2013, Kam and co-workers reported the discovery of two
novel indole alkaloids voatinggine and tabertinggine from the
plants of Tabernaemontana (Apocynaceae) genus in Malayan,
which are literally widely distributed in tropical America,
Africa, and Asia [29]. Given the fact that these plants are rich
sources of bioactive alkaloids, voatinggine and tabertinggine
with unprecedented skeletons are of great interests to synthetic
chemists, since the biological studies are limited due to materi-
al scarcity in the nature.

Structurally, tabertinggine contains an aza-[3.2.1] bridged
skeleton linked to indole C2 position. To rationalize how this
unique structure is generated in nature (Scheme 4a), Kam pro-
posed that tabertinggine might be biosynthetically generated
from an ibogamine precursor keto-ibogamine through an indole
oxidation and C21–N bond cleavage process to give intermedi-
ate 25, which further undergoes a cyclization to form the
C16–N bond and dehydration to generate the enone. By
analyzing the structure, we supposed that there might exist an
inversed pathway in which tabertinggine could be converted
into the ibogamine aza-[2.2.2] bridged skeleton through intra-

molecular aza-Michael addition of the enone moiety to form the
C21–N bond and a subsequent C16–N bond cleavage process
(N-walking from C16 to C21) [30]. To investigate this proposal,
we first developed the total synthesis of tabertinggine to obtain
enough material for biogenetic skeletal diversification
(Scheme 4b).

As shown in Scheme 4b, the total synthesis of tabertinggine
started from the Pictet–Spengler cyclization of tryptamine 26a
with keto-diester intermediate 27 followed with a lactamization
reaction in one-pot to access the γ-lactam moiety in product
28a, which was obtained after Boc protection. Base-promoted
aldol reaction of lactam 28a with aldehyde 29 gave rise to
alcohol 30a, which subsequently underwent dehydroxylation
protocol involving base-promoted mesylate elimination and
catalytic hydrogenation reactions, providing 31a. Reduction of
lactam and ester in one pot with LiAlH4 and acid-promoted
hydrolysis of ketal protection to ketone furnished 32a.
Finally, oxidation of the primary alcohol to aldehyde followed
by base-promoted aldol condensation reaction successfully pro-
vided tabertinggine. This approach achieved the first total syn-
thesis of tabertinggine in only ten steps and capable of
supplying enough material for the following skeletal diversifi-
cations.

With sufficient tabertinggine in hand, we treated it to Zn
powder in AcOH to facilitate the N-walking transformation, and
generated keto-ibogamine product 33 as a mixture of diastereo-
mers (Scheme 4c). Then, reduction of ketone to methylene
under Wolff–Kishner–Huang conditions provided ibogamine
and its epimer in a 1:1.3 ratio. This result supported our
proposal that tabertinggine might be the biogenetic precursor of
ibogamine.

To further access some other natural products through skeletal
diversifications, we found that some target molecules contain an
OMe group at C12 position. So, 12-OMe-tabertinggine was pre-
pared from C5-OMe-tryptamine 26b just following the same
route for synthesis of tatertinggine, and the yield of each step
was basically comparable (Scheme 4b). Starting from 12-OMe-
tabertinggine, Zn-promoted N-walking and ketone reduction
provided ibogaine in 1:3 ratio with the major epimer. Indole ox-
idation with DMDO provided 34 as a single isomer, which
further underwent a migratory rearrangement and afforded
iboluteine. On the other hand, oxidation of ibogaine with mo-
lecular iodine achieved both indole and amine oxidations, deliv-
ering lactam 35. Intermediate 35 could be oxidized with H2O2
through C–C bond cleavage to give natural product ervaoffine
D. Thus, through the bioinspired skeletal diversifications of (12-
OMe)-tabertinggine, four iboga alkaloids could be powerfully
synthesized.
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Scheme 4: Bioinspired skeletal diversification of (12-MeO-)tabertinggine (2016).
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Bioinispired total synthesis of
gymnothelignans
The Gymnotheca (Saururaceae) genus only contains two species
of plants, Gymnotheca chinensis Decne and Gymnotheca
involucrate Pei. These two plants are endemic in China, and
have been used as medicinal herb for a long history to treat
diseases such as dysentery, abdominal distention, edema, contu-
sion, and strains [31]. Since 2012, Zhou and co-workers exten-
sively investigated the ingredients of these plants, and have elu-
cidated a huge number of lignan natural products with novel
structural backbones [32-35] (Scheme 5a). Biologically, the
gymnothelignans exhibit a broad-spectrum of properties such as
antiviral, antifungal, and insecticidal activities.

Structurally, gymnothelignans included five types of common
skeletons, namely eupomatilone, eupodienone, dibenzocy-
clooctene, and a novel spirocyclic and a linear skeleton
(Scheme 5a). Notably, each of the skeleton comprises a series
of members with diverse forms of oxidation states or dimers,
and only one member is displayed. It is also worth noting that
the former three types of lignans were isolated first from
Gymnotheca chinensis Decne and the spirocyclic and linear
members were latterly discovered from Gymnotheca involu-
crate Pei.

With respect to the biogenetic pathway of gymnothelignans,
Zhou tentatively proposed a biosynthetic approach for the early
isolated members of eupomatilone, eupodienone, and dibenzo-
cyclooctene skeletons. We analyzed the structures and pro-
posed a new biogenetic pathway of gymnothelignans with some
differences to Zhou’s proposal [36-39]. As shown in
Scheme 5b, the dibenzylbutane skeleton might undergo
benzylic oxidations and intramolecular dehydration to access a
diaryltetrahydrofuran (THF) skeleton. Then, oxidation of one
aryl group through phenol oxidation would generate a putative
cyclohexadienone intermediate to be further captured by the
other phenol to access eupodienone through a Friedel–Crafts
reaction. Next, the cyclohexadienone moiety could be activated
by an acid to undergo a rearrangement reaction to provide eupo-
matilone. The exocyclic THF ring might exist as diverse forms
such as hemiacetal, acetal, lactone or acetal-linked dimer. The
(hemi)acetal moiety could generate an oxa-carbenium cation
triggered by an acid to proceed a Friedel–Crafts reaction to
afford the dibenzocyclooctene skeleton. On the other hand,
eupomatilone would undergo redox transformations to generate
another oxa-carbenium cation to undergo a Friedel–Crafts reac-
tion to form a spirocyclic skeleton. This oxa-carbenium cation
could also undergo hydrolysis to provide a linear skeleton with
a hydroxy ketone moiety, and this hydrolysis process is revers-
ible. It is worth noting that Zhou explored the chemical conver-
sion of the eupodienone skeleton to the eupomatilone skeleton

through acid-promoted rearrangement under the conditions of
H2SO4/MeOH, since their isolation of the natural products [32].
However, other critical bioinspired transformations have not yet
been explored, which prompted us to initiate this study.

Guided by this biogenetic proposal, we conducted a series of
reactions to probe the proposed key transformations
(Scheme 6). Starting from the diaryl-THF-type precursor 36
with a phenol moiety, oxidation of the phenol with hypervalent
iodine reagent PIDA generated the putative oxa-carbenium
intermediate 37 ,  which successfully underwent the
Friedel–Crafts cyclization to provide gymnothelignan N site-
selectively [36] (Scheme 6a). The favored position of the
Friedel–Crafts cyclization is literally the expected one, and it
matches with the case in nature for generation of the natural
product gymnothelignan N. This reaction successfully converts
an open diaryl-THF-type precursor into an eupodienone
skeleton. Our screened reaction conditions for the oxidative
Friedel–Crafts cyclization were re-conducted by Lee and
co-workers to show similar results for the synthesis of
gymnothelignan N [40]. Then, we prepared the eupomatilone
precursor 38 with a diphenyl and a lactone moiety through a
stereoselective de novo approach [37]. The lactone was reduced
with DIBAL-H to a semiketal, which was treated with the
Lewis acid BF3·OEt2 to generate the putative oxa-carbenium
39. This cation triggered the Friedel–Crafts proposed cycliza-
tion with the electron-rich phenyl ring to give the dibenzocy-
clooctene product, which finally afforded the corresponding
natural product gymnothelignan L after removal of the Bn
protection (Scheme 6b). Interestingly, this transformation not
only provided the expected skeleton, but also showed sole
stereoselectivity in constructing the axially chiral diphenyl
moiety. The obtained axial chirality is identical to the naturally
occurring one. Almost at the same time, Soorukram and
co-workers reported the same approach to access the dibenzocy-
clooctene member gymnothelignan V [41]. Next, we examined
the bioinspired transformation of the linear skeleton to the
spirocycle. By using chiral compound 40 with an acid-sensitive
protecting group MEM on the alcohol as the precursor, the
simple Brønsted acid TsOH successfully promoted the depro-
tection and dehydration to generate oxa-carbenium 41, which
subsequently proceeded the Friedel–Crafts cyclization to
furnish gymnothespirolignan A in excellent yield and good dia-
stereoselectivity [38] (Scheme 6c). The minor epimer is
gymnothespirolignan C, another natural product of this family.
This cascade reaction supports the proposed biogenetic path-
way of the newly isolated novel siprocyclic gymnothelignans.
The bioinspired double cyclization to forge the spirocycle in
one step represents a comparably more powerful method to
rapidly generate complexity, since the de novo synthesis ap-
proach by Cuny and co-workers [42] has inevitably met with a
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Scheme 5: Structures and our proposed biosynthetic pathway of gymnothelignans.

lot of problems on stereoselectivity although they started the
synthesis from a tricyclic fluorenone to mainly focus on the
construction of the THF system.

These bioinspired transformations served as solid evidences of
chemical conversions to support the plausible biogenetic path-
way of how the diverse skeletons of gymnothelignans were
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Scheme 6: Bioinspired total synthesis of gymnothelignans (2014–2025).

generated in nature. Moreover, these studies also provide pow-
erful routes to the asymmetric total synthesis of these bioactive
molecules. The precursors of the key bioinspired transformat-
ions 36, 38 and 40 were efficiently synthesized from simple
fragments aryl aldehyde 42 or 43, phenylboronic acid 44 and
chiral auxiliary-containing building block 45, through diver-
gent coupling approaches, and the stereocontrol with Evans
oxazolidinone was always reliable to obtain an sole diastereo-
mer (Scheme 6d).

Bioinspired concise and scalable total
synthesis sarglamides
In 2023, Yue and co-workers investigated the ingredients of the
Chinese folk medicine Sarcandra glabra subsp. brachystachys,
and discovered a series of complex natural products named
sargalmides A–E [43] (Scheme 7a). To clearly elucidate the

complex structures, Yue and co-workers used multiple methods
including extensive spectroscopic analysis (NMR, IR and MS),
X-ray crystallography, quantum-chemical calculations, and
chemical transformations. Biologically, these molecules exhibit
antineuroinflammatory activity against lipopolysaccharide
(LPS)-induced inflammation in BV-2 microglial cells. Struc-
turally, these molecules generally have a tetracyclic backbone
(A–D rings), among which AB rings form a bridged [2.2.2]
carbocycle fused to CD rings. For sarglamides D and E, another
oxygen-bridged E ring shows up at different positions. Overall,
sarglamides A–E exhibit unusual unprecedented skeletons as
they contain both monoterpenoid and indolidinoid subunits.
Such a hybrid structure is rarely found in natural products.

Attracted by the structural uniqueness and to further confirm the
structures, we initiated to explore the synthesis of these mole-
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Scheme 7: Bioinspired total synthesis of sarglamides (2025).
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cules. To design a practical retrosynthesis for these complex
natural products, we analyzed the plausible biogenetic pathway
of sarglamides to obtain some inspirations (Scheme 7a).
Biogenetically, sarglamides A–C are generated directly from
α-phellandrene and toussaintine C through stereodivergent
Diels–Alder reactions, since the indolidinoid natural product
toussaintine C is known and symbiotic with sarglamides. More
importantly, a solid evidence to support this proposal is that
toussaintine C was isolated as a racemic mixture, and
sarglamides A and B are derived from one enantiomer of tous-
saintine C while sarglamides C–E are derived from the other
one. The Diels–Alder cycloadditions are basically proceeded
through endo-selectivity. The isopropyl group in α-phellan-
drene provided a steric effect to the cycloaddition. Then,
sarglamides D and E arose from C through acid-promoted oxy-
cyclizations. This biosynthetic approach rapidly constructs the
complex structure from simple precursors, thus we intended to
achieve the total synthesis of sarglamides through the bioin-
spired synthetic approach [44].

Initially, we prepared a bicyclic precursor similar with toussain-
tine C to react with α-phellandrene to mimic the bioinspired
Diels–Alder reaction, which, however, showed no reactivity due
to the strong steric hindrance. To decrease the steric effect, we
finally used simple 1,4-benzoquinone to act as the dienophile,
and the expected Diels–Alder reaction proceeded smoothly to
provide the endo adducts 48a and 48b, in which 48b was the
major product dominated by the isopropyl steric effect. Isomers
48a and 48b were separable and determined through X-ray
diffraction analysis. The major one 48b was used for further
study to install the pyrrolidine system. Thus, nucleophilic addi-
tion of an N,O-enolate, derived from precursor 49 with LDA, to
the ketone functionality in 48b was implemented to generate a
pair of inseparable regioisomers 50a and 50b, arose from C4
and C7 additions, respectively. This result suggests that the ad-
dition fully went from the upper face and the left-oriented iso-
propyl showed no steric effect to control the regioselectivity.
With free amide 50a and 50b in hand, the mixture was treated
with DBU to promote aza-Michael addition to afford lactam
compounds 51a and 51b, which became separable, gratifyingly.
Finally, chemoselective reduction of lactam to amine with the
more reactive ketone unreacted was successfully achieved. In
this transformation, the iridium-catalyzed hydrosilylation of the
lactam generated the corresponding O-silyl aminal, which was
then treated with AcOH to afford the putative iminium cation to
be chemoselectively reduced with NaBH3CN to ultimately
reach the amine functionality. Through this protocol, the amine
product was obtained, but it could not be isolated from silica gel
for its high polarity. Thus, the extracted crude material of the
amine was directly treated with cinnamoyl chloride under basic
conditions to install the cinnamoyl side chain, delivering natural

products sarglamides A and C independently. Sarglamide C was
exposed to an acid to access sarglamides D and E with an oxyl-
bridge. When a catalytic amount of TsOH was used,
sarglamides D and E could be obtained with a 1:1 ratio, as con-
ducted by Yue [43] and Tong [45] research groups. In our hand,
we used an excess amount of TsOH (3.0 equiv), and found that
sarglamide E was generated exclusively. Ultimately, a power-
ful total syntheses of complex polycyclic sarglamides A, C, D
and E were established through a concise and protecting group-
free approach, which was definitely inspired and utilized by the
analysis of the biogenetic pathway of these natural products.
Through this approach, a notable amount of natural products
were made in one batch. The synthesis supports the proposed
biogenetic pathway, and the endo-selective stereochemical
outcome of the Diels–Alder reaction in the bioinspired synthe-
sis fully matched with the proposed approach in nature.

Conclusion
The biomimetic or bioinspired total synthesis of natural prod-
uct has gone a long way from more than one hundred years ago
to today. By analyzing the plausible biogenetic pathway of
natural products, one could literally obtain practical inspiration
to guide the synthetic work. Utilization of this inspiration could
dramatically decrease complexity of the target molecules, and
ultimately lead to a powerful synthetic approach. By utilizing
the concept of bioinspired total synthesis, our group has
achieved the total synthesis of chabranol through a Lewis acid-
promoted double cyclization, total synthesis of natural products
of the monocerin-family through a benzylic oxidation and oxa-
Michael addition reaction, total synthesis of (12-OMe-)taber-
tinggine converted it into other iboga alkaloids through skeletal
diversifications, total synthesis of gymnothelignans of diverse
skeletons through acid-promoted Friedel–Crafts cyclization, and
the total synthesis of sarglamides through an endo-selective
Diels–Alder reaction. These examples showcase the power of
bioinspired strategies in total synthesis of complex natural prod-
ucts, and also provide the working model of how to utilize and
develop a bioinspired total synthesis.

For a simple guidance of how to use the bioinspired total syn-
thesis approach, one could go to figure out the symbiotic or
structure-related members of the target natural product before
the disconnection, and the structural similarities and differ-
ences between them would provide inspiration to the retrosyn-
thetic disconnection pathway. Meanwhile, when a natural prod-
uct or an advanced intermediate relevant to diverse naturally
occurring molecules would be rationalized as a common
connecting point of all molecules, a convergent strategy for
collective total syntheses of natural products would be exploited
through skeletal diversification. Meanwhile, symbiotic natural
products involving site-, chemo-, and stereoselective patterns in
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forming the polycycles could be trace back to same precursors
or fragments, which would result in bioinspired total syntheses
of natural products through controllable and selective chemical
transformations. If there is only one single target molecule with
an unprecedented skeleton, we can try to realize how the novel
structure is generated in nature from known chiral pool mole-
cules, thus a key cascade reaction to rapidly construct the novel
framework would be biosynthetically applicable. This approach
has found wide applications in total syntheses of newly-isolat-
ed terpenes.

There is no doubt that bioinspired total synthesis is currently a
powerful and critical approach for complex natural product total
synthesis. However, there still exist great challenges in the field,
which would stimulate the discovery of new breakthroughs.
Chemo- and regioselective employment of functionalities in a
complex framework are formidable challenges for mankind
since such transformations in nature are precisely induced by
enzymes. Bioinspired functionalization of C–H bond in total
synthesis is rarely developed and it represents another chal-
lenge, despite numerous methodologies have been invented.
Moreover, bioinspired total synthesis involving visible light and
enzymes are new significant trends in this field, and these tech-
niques have demonstrated great power in achieving unprece-
dented selectivity and reactivity. Since nature still prevails in
rapid generating molecular complexity and achieving selec-
tivity, it is unarguably that the field of bioinspired total synthe-
sis still has a long way to go.
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Abstract
We report herein the fourth generation of our synthetic strategy to chaetominine-type alkaloids featuring two modifications of the
last step of our 4 to 6-step approach. Firstly, by employing EDCI/HOBt as the coupling system for the last step of the one-pot
O-debenzylation–lactamization reaction, the overall yield of our previous total synthesis of (–)-isochaetominine A was increased
from 25.4% to 30.8% over five steps. Secondly, a new protocol featuring the use of an aged solution of K2CO3/MeOH to quench
the DMDO epoxidation-triggered cascade reaction was developed, which allowed the in situ selective mono- or double epimeriza-
tion at C11/C14 as shown by the diastereodivergent synthesis of a pair of diastereomers of versiquinazoline H from its tripeptide
precursor. This double epimerization at the last-step allowed the enantiodivergent synthesis of two enantiomers in either racemate
form or two pure enantiomers from the same precursor. The former was demonstrated by the synthesis of alkaloid 14-epi-isochaeto-
minine C that was used to determine the enantiomeric excess of the synthesized natural product (98.7% ee), while the latter was
illustrated by the synthesis of both enantiomers of the alkaloid isochaetominine. Additionally, the reported structures of alkaloids
aspera chaetominines A and B have been synthesized. Moreover, the four-step synthesis of the reported structure of aspera chaeto-
minine B generated another diastereomer that was converted in one-pot to (–)-isochaetominine C, which turned out to be the revised
structure of aspera chaetominine B.
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Introduction
In contemporary organic chemistry, due to the wide-
spread application of modern separation and analytical
techniques, the structural elucidation and confirmation

of natural products is no longer a motivation for the
total synthesis [1]. Nevertheless, we also witness that
each year, cases continue to be reported on the total synthesis
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Figure 1: Structures of some reported chaetominine-type alkaloids and revised structures via our total syntheses.

enabled revision of misassigned structures of natural products
[1-9].

Efficiency is one of the major concerns in the field of total syn-
thesis of natural products [10-20], which is not only essential
for organic chemistry in its own right, but also crucial for drug
discovery and structural revision of natural products. Although
more and more diastereomeric and enantiomeric natural prod-
ucts have been discovered [21-32], and divergent synthetic
methodology has attracted attention in recent years [33-38],
diastereodivergent and enantiodivergent total synthesis remain
rare [39-54]. This is the case for (−)-chaetominine (1 in
Figure 1), which is a hexacyclic quinazolinone alkaloid
possessing four stereogenic centers, first isolated from a solid-
substrate culture of Chaetomium sp. IFB-E015 [21]. Subse-
quently, several homologues, diastereomers, and enantiomers of
chaetominine have been reported, which include: 1) pseudofis-

cherine (2) [22], isolated from the fungus Neosartorya pseudo-
fischeri S. W. Peterson, and from the marine-derived fungus
Pseudallescheria boydii F19-1 [23]; 2) aniquinazoline D (3),
isolated from marine-derived endophytic fungus Aspergillus
nidulans [24]; 3) (–)-isochaetominines A−C (4 - 6) and (+)-14-
epi-isochaetominine C (7), isolated from the solid-substrate cul-
ture of an Aspergillus sp. Fungus [25], and from other sources
for (–)-isochaetominine C (6) [26-29]; 4) isochaetominine (8)
from Aspergillus fumigatus, an endophytic fungus from the
liverwort Heteroscyphus tener (Steph.) Schiffn. [30];
(–)-versiquinazoline H (9), isolated from the gorgonian
(Pseudopterogorgia sp.)-derived fungus Aspergillus versicolor
LZD-14-1 [31]; as well as 5) aspera chaetominines A and B (12
and 13), isolated from marine sponge associated fungus
Aspergillus versicolour SCSIO XWS04 F52 [32]. All these
alkaloids distinguish each other only by alkyl substituent at C11
and by relative stereochemistries at C2, C3, C11, and C14.
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Scheme 1: Improved total synthesis of (–)-isochaetominine A (4) and diastereomer 16.

Soon after the report of the isolation, structural elucidation, and
bioactivity of (–)-chaetominine by Tan and co-workers [21], its
synthesis has attracted attention of the synthetic community.
The group of Snider [47], Evano [48,49], and Papeo [50] re-
ported several elegant highly enantio- and diastereoselective
total syntheses of this alkaloid from ᴅ-tryptophan. With our
longstanding interest in the efficient total synthesis of natural
products [10,55,56], in early 2009, our group disclosed a highly
efficient four-step, enantioselective and diastereodivergent syn-
thesis of (–)-chaetominine (1) and with one more step, of
another diastereomer [57,58]. The strategy features a DMDO
oxidation-triggered [59] double cyclization of an intermediate
derived from ᴅ-tryptophan [60,61]. Subsequently, we de-
veloped a five-step total synthesis of (–)-chaetominine (1) and
two diastereomers from ʟ-tryptophan [62]. Taking advantages
of the high efficiency and flexibility of our strategy [60], we
have synthesized several natural and unnatural homologues and
diastereomers of chaetominines [57,58,60-65]. This allowed us
to revise the proposed structures of (–)-pseudofischerine (2) and
(–)-aniquinazoline D (3) both to (–)-isochaetominine C (6), and
that of isochaetominine (8) to 10 (11-epi-chaetominine). More
recently, we have communicated the revision of the structure of
versiquinazoline H to 11. During and after the latter work, we
undertook further investigation on the last step of our approach
to chaetominine-type alkaloids, namely, the lactamization reac-
tion for synthesizing 3,14-cis-chaetominines and the DMDO
epoxidation-triggered double cyclization reaction. In addition,
the synthesis of the recently reported natural products aspera

chaetominines A and B (12 and 13) [32] was addressed. Herein,
we report the full accounts of these investigations, which
include: 1) an improved five-step total synthesis of
(–)-isochaetominine A (4) and a diastereomer; 2) the diastereo-
or enantiodivergent syntheses of chaetominine-family alkaloids
and stereoisomers, and 3) the reported structures of aspera
chaetominines A and B (12 and 13) and revised structure of
aspera chaetominine B: 6 [(–)-isochaetominine C].

Results and Discussion
Improved five-step total synthesis of
(–)-isochaetominine A
In our recent communication on the synthesis of versiquinazo-
line H (11) [65], we uncovered that the employment of EDCI/
HOBt as the coupling system for the last step, namely, the
O-debenzylation–lactamization reaction, afforded much higher
yields than those using (COCl)2/DIPEA in our previous synthe-
sis of isochaetominines [63]. We realized that employing this
lactamization protocol would significantly improve the synthe-
tic efficiency of isochaetominines 4–6. To showcase this possi-
bility, the improved lactamization protocol was applied to com-
pound 14, an intermediate in our synthesis of (–)-isochaetomi-
nine A (4) [63]. Indeed, EDCI/HOBt-mediated lactamization of
14 derived amino acid (not shown) via debenzylation increased
the yield of (–)-isochaetominine A (4) from 75% to 91%
(Scheme 1). Thus, overall yield of the total synthesis of
(–)-isochaetominine A (4) increased to 30.8% over five steps.
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Scheme 2: Diastereoconvergent transformations of 17 and 18 into two diastereomers of versiquinazoline H.

Similarly, EDCI/HOBt-mediated lactamization of amino acid
(not shown) derived from 15 [63] via debenzylation produced
the known (–)-2,3,14-tris-epi-isochaetominine C (16) with a
significantly increased 92% yield.

The epoxidation-triggered stereodivergent
synthesis of diastereomers of
versiquinazoline H: the fourth generation
strategy
In all our previous syntheses of chaetominine and isochaetomi-
nine alkaloids [57,58,60-65], the key DMDO-oxidation trig-
gered double cyclization always accompanied with a monocy-
clization product. It was anticipated that if we run the work-up
procedure under more basic conditions, one would be able to
obtain solely double cyclization products. Indeed, alternation of
the work-up protocol by employing an aged solution of K2CO3/
MeOH (stood at rt overnight, pH 11) to quench the DMDO oxi-
dation reaction of intermediate 17 [65] yielded the thermody-

namically stable C2/C11-trans and C3/C14-trans diastereomers
19 and 20 (dr = ca. 1:1) in a combined yield of 75%
(Scheme 2). The 1H NMR spectrum of this diastereomeric mix-
ture shows only one set of resonance signals, but two sets of
resonance signals were observed on the 13C NMR spectrum.
We have succeeded in preparing a single crystal from the oxida-
tion products. Interestingly, the X-ray diffraction analysis [66]
showed that the single crystal contained two diastereomers
(19/20) with the structures displayed in Scheme 2. Similarly,
the DMDO oxidation of diastereomers 18 followed by
quenching the reaction with an aged solution of K2CO3/MeOH
resulted in the formation of the same diastereomeric mixture 19
and 20 (dr = ca. 1:1) as that obtained from 17.

Enantiodivergent syntheses of chaetominine-
type alkaloids and antipodes in racemic or
enantiomeric forms
Applying the newly developed quenching protocol featuring
the use of an aged K2CO3/MeOH solution to the known
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Scheme 3: Mono- and double epimerization-based enantiodivergent syntheses of chaetominine-type alkaloids and antipodes.

compound 21 [63] resulted in the formation of an indistinguish-
able mixture of two double cyclization products (+)-14-epi-
isochaetominine C (7) and its antipode (–)-7 (ratio = ca. 1:1)
in 75% yield (Scheme 3a). The optical rotation of this mixture
is zero confirming that the reaction led to two enantiomers in
almost equal quantities. To take advantage of this protocol,
the enantiomeric excess (ee) of (+)-7, prepared in four
steps from ʟ-Trp [63], was determined to be 98.7%. It is
worth mentioning that in the field of chiral drug R & D, the
evaluation of bio-profiles of both enantiomers and racemic
compound is required by the U.S. FDA. The result presented
herein shows that by a late-stage racemization, one could
obtain a racemic sample in just one step, instead of repeating
the total synthesis from another enantiomeric chiral starting
material or racemic one. On the basis of this consideration,
such racemization represents a valuable “enantiodivergent syn-
thesis”.

Nevertheless, a more useful and generally acceptable enantiodi-
vergent synthesis is the one that allows accessing two enantio-
mers both in pure form from only one enantiomer of a chiral
starting material or a chiral ligand [33]. To demonstrate the
value of our protocol in this regard, an enantiodivergent synthe-
sis of isochaetominine (10) was envisioned. Previously, we
have reported a four-step synthesis of (+)-isochaetominine (ent-
10, previously known as ent-11-epi-chaetominine) in 32% yield
starting from ʟ-Trp and ʟ-Ala [64]. In the last step of that total
synthesis, the diastereomeric monocyclization product 22 was
obtained as the major product (48% yield). Exposing this com-
pound to an aged K2CO3/MeOH solution at 35 °C for 30 min
resulted in the formation of C11/C14 double epimerization
product (–)-isochaetominine [(–)-10] in 71% yield. Thus, we
have achieved a really enantiodivergent synthesis of alkaloid
(–)-isochaetominine [(–)-10] and its antipode (+)-10 in just five
total steps.
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Scheme 4: Enantioselective synthesis of the proposed structure of aspera chaetominine A.

Synthesis of the proposed structures of
aspera chaetominines A and B and revision
of stereochemistry of aspera chaetominine B
Several years after we have had accomplished the abovemen-
tioned investigations, Liu and co-workers reported the isolation
and structural elucidation of two new alkaloids, aspera chaeto-
minines A (12) and B (13) from marine sponge associated
fungus Aspergillus versicolour SCSIO XWS04 F52 [32]. They
reported that both the two alkaloids showed cytotoxic activity
against leukaemia K562 and colon cancer cells SW1116 with
IC50 ranged from 7.5 to 12.5 μM, and significant protection
against H1N1 virus-induced cytopathogenicity in MDCK cells
with IC50 values of 15.5 and 24.5 μM, respectively. Attracted
by both their structure and bioactivities, we anticipated their
synthesis. The author determined the structure by means of
spectroscopic (1H, 13C NMR, HSQC, HMBC, and 1H-1H
COSY), and MS analysis, and claimed that “their absolute con-
figuration was unambiguously determined by the comparison
with the reported compound chaetominine (1)” [32]. The only
information regarding the absolute configuration mentioned in
the text is as follows: “aspera chaetominine A (1) was presum-
ably biosynthesized from ʟ-isoleucine, ʟ-valine, anthranilic
acid, and ᴅ-tryptophan”. Such speculation regarding the
absolute configurations is clearly not convincing. Moreover,
neither optical rotation data nor melting point (both 12 and 13
were isolated as white powder) have been reported by Liu et al.
[32]. Additionally, the solvents used for measuring 1H and
13C NMR are methanol-d4 that is different from Tan’s work

[21] who used DMSO-d6 to record 1H and 13C NMR spectra of
(–)-chaetominine (1).

Thus we undertook the synthesis of the proposed structures of
aspera chaetominines A (12) and B (13). By adopting our first-
generation strategy [57,58,61], we re-synthesized tripepetide
derivative 25 from ᴅ-tryptophan (ᴅ-Trp) and ʟ-isoleucine (ʟ-Ile)
methyl ester hydrochloride salt (24) in three steps (Scheme 4).
Treating 25 with DMDO followed by work-up with a saturated
aqueous solution of Na2SO3 at 30 °C provided the proposed
structure of aspera chaetominine A (12) and monocyclization
product 26 in 31% and 45% yield, respectively. The spectral
(1H and 13C NMR) data of our synthetic compound are differ-
ent from those reported for the natural aspera chaetominine A,
suggesting that the originally proposed stereochemistry for
aspera chaetominine A (12) was incorrect. It is worth noting
that compound 12 has been obtained in our previous investiga-
tion [65]. However, the 1H and 13C NMR spectra were re-
corded in DMSO-d6 which prevent a direct comparison with the
data of aspera chaetominine A.

We next addressed the synthesis of aspera chaetominine B (13).
Employing our third-generation strategy featuring the employ-
ment of benzyl ʟ-valinate as the coupling component [63], tri-
peptide derivative 28 was synthesized in three steps. Exposure
of 28 to DMDO in acetone followed by treating the resulting
intermediates with Na2SO3 produced the proposed structure of
aspera chaetominine B (13) and monocyclization product 29 in
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Scheme 5: Enantioselective syntheses of both the proposed and revised structures of aspera chaetominine B.

22% and 30% yield, respectively (Scheme 5). Once again, a
comparison of the 1H and 13C NMR data of our synthetic com-
pound 13 with those of the natural aspera chaetominine B
showed that two compounds are different, indicating a misas-
signment of the structure (13) for aspera chaetominine B. To
our delight, one-pot catalytic debenzylation–lactamization of 29
afforded lactamization product (–)-isochaetominine C (6). The
1H and 13C NMR data of compound 6 matched those of natural
aspera chaetominine B suggesting that aspera chaetominine B is
(–)-isochaetominine C (6), whose absolute configuration is

tentatively assigned as 2R,3R,11S,14R. It is worth noting that
compound 13 has been obtained in our previous investigation
[63]. However, the 1H and 13C NMR spectra were recorded in
DMSO-d6 which prevent a direct comparison with the data of
aspera chaetominine B.

Conclusion
In summary, we have elaborated our epoxidation-triggered
diastereodivergent approach to chaetominine-type alkaloids. As
shown by the synthesis of (–)-isochaetominine A, the previ-
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ously six-step total synthesis of 3,14-cis diastereomeric
isochaetominines could be completed in five steps with higher
yields. On the other hand, we have demonstrated that by simply
alternating the quenching conditions for the key DMDO-epoxi-
dation triggered double cyclization, one can realize: 1) a
diastereoconvergent synthesis of two diastereomers of
versiquinazoline H; 2) the enantiodivergent syntheses of
racemic 14-epi-isochaetominine C, as well as (–)- and
(+)-isochaetominine, respectively. This last-step enantiodiver-
gent reaction allowed the one-step access to a racemic sample
from a synthetic intermediate for determining the ee of a
chaetominine-family alkaloid. Additionally, we have achieved
the four-step enantioselective total synthesis of the proposed
structure of aspera chaetominine A, and five-step enantioselec-
tive total synthesis of both the proposed and revised structures
of aspera chaetominine B. The structure of aspera chaetominine
B is revised to the known alkaloid (–)-isochaetominine C.
Further application of this strategy to the total synthesis of
natural products including the revised structure of aspera
chaetominine A is in progress in our laboratory, and the results
will be reported elsewhere in due course.

Supporting Information
Supporting Information File 1
General methods and materials, experimental procedures,
characterization data, and copies of 1H and 13C NMR
spectra of compounds 19/20, 25, 26, 12, 13, and 6.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-162-S1.pdf]

Acknowledgements
We thank Ms. Yan-Jiao Gao for technical assistance.

Funding
We are grateful for financial support of this work from the
National Natural Science Foundation of China (22571267 and
21931010).

Author Contributions
Jin-Fang Lü: investigation; validation. Jiang-Feng Wu: data
curation; methodology. Jian-Liang Ye: software. Pei-Qiang
Huang: conceptualization; funding acquisition; methodology;
writing – original draft; writing – review & editing.

ORCID® iDs
Jian-Liang Ye - https://orcid.org/0000-0003-1488-7311
Pei-Qiang Huang - https://orcid.org/0000-0003-3230-0457

Data Availability Statement
All data that supports the findings of this study is available in the published
article and/or the supporting information of this article. Crystallographic
data for 19/20 has been deposited at the Cambridge Crystallographic
Data Centre (CCDC 1905613) and can be obtained from https://
www.ccdc.cam.ac.uk/structures/.

References
1. Nicolaou, K. C.; Snyder, S. A. Angew. Chem., Int. Ed. 2005, 44,

1012–1044. doi:10.1002/anie.200460864
2. Guo, K.; Xia, L.; Xu, H.; Zheng, C. Org. Biomol. Chem. 2025, 23,

4578–4592. doi:10.1039/d5ob00282f
3. Yang, P.; Jia, Q.; Song, S.; Huang, X. Nat. Prod. Rep. 2023, 40,

1094–1129. doi:10.1039/d2np00034b
4. Shen, S.-M.; Appendino, G.; Guo, Y.-W. Nat. Prod. Rep. 2022, 39,

1803–1832. doi:10.1039/d2np00023g
5. Fuwa, H. Org. Chem. Front. 2021, 8, 3990–4023.

doi:10.1039/d1qo00481f
6. Resa, S.; González, M.; Reyes, F.; Pérez-Victoria, I. Org. Chem. Front.

2024, 11, 306–314. doi:10.1039/d3qo01411h
7. Sikandar, A.; Popoff, A.; Jumde, R. P.; Mándi, A.; Kaur, A.;

Elgaher, W. A. M.; Rosenberger, L.; Hüttel, S.; Jansen, R.; Hunter, M.;
Köhnke, J.; Hirsch, A. K. H.; Kurtán, T.; Müller, R.
Angew. Chem., Int. Ed. 2023, 62, e202306437.
doi:10.1002/anie.202306437

8. Kim, T.; Kim, S.; Chung, G.; Park, K.; Han, S. Org. Chem. Front. 2023,
10, 5123–5129. doi:10.1039/d3qo01098h

9. Meng, Z.; Fürstner, A. J. Am. Chem. Soc. 2020, 142, 11703–11708.
doi:10.1021/jacs.0c05347

10. Huang, P.-Q.; Yao, Z.-J.; Hsung, R. P., Eds. Efficiency in Natural
Product Total Synthesis; John Wiley & Sons: Hoboken, NJ, USA, 2018.
doi:10.1002/9781118940228

11. Lautié, E.; Russo, O.; Ducrot, P.; Boutin, J. A. Front. Pharmacol. 2020,
11, 397. doi:10.3389/fphar.2020.00397

12. Trost, B. M. Science 1991, 254, 1471–1477.
doi:10.1126/science.1962206

13. Wender, P. A.; Verma, V. A.; Paxton, T. J.; Pillow, T. H.
Acc. Chem. Res. 2008, 41, 40–49. doi:10.1021/ar700155p

14. Newhouse, T.; Baran, P. S.; Hoffmann, R. W. Chem. Soc. Rev. 2009,
38, 3010–3021. doi:10.1039/b821200g

15. Vaxelaire, C.; Winter, P.; Christmann, M. Angew. Chem., Int. Ed. 2011,
50, 3605–3607. doi:10.1002/anie.201100059

16. Dominguez-Huerta, A.; Dai, X.-J.; Zhou, F.; Querard, P.; Qiu, Z.;
Ung, S.; Liu, W.; Li, J.; Li, C.-J. Can. J. Chem. 2019, 97, 67–85.
doi:10.1139/cjc-2018-0357

17. Gao, Y.; Ma, D. Acc. Chem. Res. 2021, 54, 569–582.
doi:10.1021/acs.accounts.0c00727

18. Zhang, W.; Lu, M.; Ren, L.; Zhang, X.; Liu, S.; Ba, M.; Yang, P.; Li, A.
J. Am. Chem. Soc. 2023, 145, 26569–26579.
doi:10.1021/jacs.3c06088

19. Zhao, J.-X.; Yue, J.-M. Sci. China: Chem. 2023, 66, 928–942.
doi:10.1007/s11426-022-1512-0

20. Wang, F.; Xu, X.; Yan, Y.; Zhang, J.; Yang, Y. Org. Chem. Front. 2024,
11, 668–672. doi:10.1039/d3qo01835k

21. Jiao, R. H.; Xu, S.; Liu, J. Y.; Ge, H. M.; Ding, H.; Xu, C.; Zhu, H. L.;
Tan, R. X. Org. Lett. 2006, 8, 5709–5712. doi:10.1021/ol062257t

22. Eamvijarn, A.; Kijjoa, A.; Bruyère, C.; Mathieu, V.; Manoch, L.;
Lefranc, F.; Silva, A.; Kiss, R.; Herz, W. Planta Med. 2012, 78,
1767–1776. doi:10.1055/s-0032-1315301

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-162-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-21-162-S1.pdf
https://orcid.org/0000-0003-1488-7311
https://orcid.org/0000-0003-3230-0457
https://www.ccdc.cam.ac.uk/structures/
https://www.ccdc.cam.ac.uk/structures/
https://doi.org/10.1002%2Fanie.200460864
https://doi.org/10.1039%2Fd5ob00282f
https://doi.org/10.1039%2Fd2np00034b
https://doi.org/10.1039%2Fd2np00023g
https://doi.org/10.1039%2Fd1qo00481f
https://doi.org/10.1039%2Fd3qo01411h
https://doi.org/10.1002%2Fanie.202306437
https://doi.org/10.1039%2Fd3qo01098h
https://doi.org/10.1021%2Fjacs.0c05347
https://doi.org/10.1002%2F9781118940228
https://doi.org/10.3389%2Ffphar.2020.00397
https://doi.org/10.1126%2Fscience.1962206
https://doi.org/10.1021%2Far700155p
https://doi.org/10.1039%2Fb821200g
https://doi.org/10.1002%2Fanie.201100059
https://doi.org/10.1139%2Fcjc-2018-0357
https://doi.org/10.1021%2Facs.accounts.0c00727
https://doi.org/10.1021%2Fjacs.3c06088
https://doi.org/10.1007%2Fs11426-022-1512-0
https://doi.org/10.1039%2Fd3qo01835k
https://doi.org/10.1021%2Fol062257t
https://doi.org/10.1055%2Fs-0032-1315301


Beilstein J. Org. Chem. 2025, 21, 2072–2081.

2080

23. Lan, W.-J.; Wang, K.-T.; Xu, M.-Y.; Zhang, J.-J.; Lam, C.-K.;
Zhong, G.-H.; Xu, J.; Yang, D.-P.; Li, H.-J.; Wang, L.-Y. RSC Adv.
2016, 6, 76206–76213. doi:10.1039/c6ra06661e

24. An, C.-Y.; Li, X.-M.; Li, C.-S.; Wang, M.-H.; Xu, G.-M.; Wang, B.-G.
Mar. Drugs 2013, 11, 2682–2694. doi:10.3390/md11072682

25. Liao, L.; You, M.; Chung, B. K.; Oh, D.-C.; Oh, K.-B.; Shin, J.
J. Nat. Prod. 2015, 78, 349–354. doi:10.1021/np500683u

26. Lan, W.-J.; Fu, S.-J.; Xu, M.-Y.; Liang, W.-L.; Lam, C.-K.; Zhong, G.-H.;
Xu, J.; Yang, D.-P.; Li, H.-J. Mar. Drugs 2016, 14, 18.
doi:10.3390/md14010018

27. Paluka, J.; Kanokmedhakul, K.; Soytong, M.; Soytong, K.;
Kanokmedhakul, S. Fitoterapia 2019, 137, 104257.
doi:10.1016/j.fitote.2019.104257

28. Paluka, J.; Kanokmedhakul, K.; Soytong, M.; Soytong, K.; Yahuafai, J.;
Siripong, P.; Kanokmedhakul, S. Fitoterapia 2020, 142, 104485.
doi:10.1016/j.fitote.2020.104485

29. Ahammad Uz Zaman, K. H.; Hu, Z.; Wu, X.; Cao, S. Tetrahedron Lett.
2020, 61, 151730. doi:10.1016/j.tetlet.2020.151730

30. Xie, F.; Li, X.-B.; Zhou, J.-C.; Xu, Q.-Q.; Wang, X.-N.; Yuan, H.-Q.;
Lou, H.-X. Chem. Biodiversity 2015, 12, 1313–1321.
doi:10.1002/cbdv.201400317

31. Cheng, Z.; Lou, L.; Liu, D.; Li, X.; Proksch, P.; Yin, S.; Lin, W.
J. Nat. Prod. 2016, 79, 2941–2952. doi:10.1021/acs.jnatprod.6b00801

32. Fredimoses, M.; Ai, W.; Lin, X.; Zhou, X.; Liao, S.; Pan, L.; Liu, Y.
Nat. Prod. Res. 2025, 39, 566–578.
doi:10.1080/14786419.2023.2275744

33. Krautwald, S.; Carreira, E. M. J. Am. Chem. Soc. 2017, 139,
5627–5639. doi:10.1021/jacs.6b13340

34. Ke, Y.; Li, W.; Liu, W.; Kong, W. Sci. China: Chem. 2023, 66,
2951–2976. doi:10.1007/s11426-023-1533-y

35. Wang, C.; Liu, N.; Wu, X.; Qu, J.; Chen, Y. Chin. J. Chem. 2024, 42,
599–604. doi:10.1002/cjoc.202300590

36. Tan, D.-X.; Zhou, J.; Gu, C.-Y.; Li, Z.-Y.; Shen, Y.-J.; Han, F.-S. Chem
2025, 11, 102440. doi:10.1016/j.chempr.2025.102440

37. Anagnostaki, E. E.; Zografos, A. L. Chem. Soc. Rev. 2012, 41,
5613–5625. doi:10.1039/c2cs35080g

38. Kourgiantaki, M.; Zografos, A. L. Org. Lett. 2025, 27, 5039–5043.
doi:10.1021/acs.orglett.5c00485

39. Gennaiou, K.; Kelesidis, A.; Kourgiantaki, M.; Zografos, A. L.
Beilstein J. Org. Chem. 2023, 19, 1–26. doi:10.3762/bjoc.19.1

40. Fernandes, R. A. Chem. Commun. 2023, 59, 12205–12230.
doi:10.1039/d3cc03564f

41. Andres, R.; Wang, Q.; Zhu, J. Angew. Chem., Int. Ed. 2023, 62,
e202301517. doi:10.1002/anie.202301517

42. Moore, M. J.; Qin, P.; Keith, D. J.; Wu, Z.-C.; Jung, S.; Chatterjee, S.;
Tan, C.; Qu, S.; Cai, Y.; Stanfield, R. L.; Boger, D. L.
J. Am. Chem. Soc. 2023, 145, 12837–12852.
doi:10.1021/jacs.3c03710

43. Lee, J.; Chen, D. Y.-K. Angew. Chem., Int. Ed. 2019, 58, 488–493.
doi:10.1002/anie.201811530

44. Li, Q.; Zhao, K.; Peuronen, A.; Rissanen, K.; Enders, D.; Tang, Y.
J. Am. Chem. Soc. 2018, 140, 1937–1944. doi:10.1021/jacs.7b12903

45. Qiu, H.-B.; Qian, W.-J.; Yu, S.-M.; Yao, Z.-J. Tetrahedron 2015, 71,
370–380. doi:10.1016/j.tet.2014.10.062

46. Schafroth, M. A.; Zuccarello, G.; Krautwald, S.; Sarlah, D.;
Carreira, E. M. Angew. Chem., Int. Ed. 2014, 53, 13898–13901.
doi:10.1002/anie.201408380

47. Snider, B. B.; Wu, X. Org. Lett. 2007, 9, 4913–4915.
doi:10.1021/ol7022483

48. Toumi, M.; Couty, F.; Marrot, J.; Evano, G. Org. Lett. 2008, 10,
5027–5030. doi:10.1021/ol802155n

49. Coste, A.; Karthikeyan, G.; Couty, F.; Evano, G. Synthesis 2009,
2927–2934. doi:10.1055/s-0029-1216923

50. Malgesini, B.; Forte, B.; Borghi, D.; Quartieri, F.; Gennari, C.;
Papeo, G. Chem. – Eur. J. 2009, 15, 7922–7929.
doi:10.1002/chem.200900793

51. Tréguier, B.; Roche, S. P. Org. Lett. 2014, 16, 278–281.
doi:10.1021/ol403281t

52. Deng, X.; Liang, K.; Tong, X.; Ding, M.; Li, D.; Xia, C. Tetrahedron
2015, 71, 3699–3704. doi:10.1016/j.tet.2014.09.029

53. Demertzidou, V. P.; Kourgiantaki, M.; Zografos, A. L. Org. Lett. 2024,
26, 4648–4653. doi:10.1021/acs.orglett.4c01374

54. Mazaraki, K.; Zangelidis, C.; Kelesidis, A.; Zografos, A. L. Org. Lett.
2024, 26, 11085–11089. doi:10.1021/acs.orglett.4c03504

55. Xu, F.-F.; Chen, J.-Q.; Shao, D.-Y.; Huang, P.-Q. Nat. Commun. 2023,
14, 6251. doi:10.1038/s41467-023-41846-x

56. Ji, K.-L.; He, S.-F.; Xu, D.-D.; He, W.-X.; Zheng, J.-F.; Huang, P.-Q.
Angew. Chem., Int. Ed. 2023, 62, e202302832.
doi:10.1002/anie.202302832

57. Huang, P.-Q.; Liu, L.-X.; Peng, Q.-L. Chinese patent: ZL
200910110953.2, 2009 (in Chinese) [Chem. Abstr. CN20091110953
20090122].

58. Peng, Q.-L.; Luo, S.-P.; Xia, X.-E.; Liu, L.-X.; Huang, P.-Q.
Chem. Commun. 2014, 50, 1986–1988. doi:10.1039/c3cc48833k

59. El-Assaad, T. H.; Zhu, J.; Sebastian, A.; McGrath, D. V.; Neogi, I.;
Parida, K. N. Org. Chem. Front. 2022, 9, 5675–5725.
doi:10.1039/d2qo01005d

60. Geng, H.; Huang, P.-Q. Chem. Rec. 2019, 19, 523–533.
doi:10.1002/tcr.201800079

61. Luo, S.-P.; Peng, Q.-L.; Xu, C.-P.; Wang, A.-E; Huang, P.-Q.
Chin. J. Chem. 2014, 32, 757–770. doi:10.1002/cjoc.201400413

62. Xu, C.-P.; Luo, S.-P.; Wang, A.-E; Huang, P.-Q. Org. Biomol. Chem.
2014, 12, 2859–2863. doi:10.1039/c4ob00314d

63. Mao, Z.-Y.; Geng, H.; Zhang, T.-T.; Ruan, Y.-P.; Ye, J.-L.; Huang, P.-Q.
Org. Chem. Front. 2016, 3, 24–37. doi:10.1039/c5qo00298b

64. Huang, P.-Q.; Mao, Z.-Y.; Geng, H. Chin. J. Org. Chem. 2016, 36,
315–324. doi:10.6023/cjoc201512015

65. Wu, J.-F.; Huang, P.-Q. Chin. Chem. Lett. 2020, 31, 61–63.
doi:10.1016/j.cclet.2019.06.043

66. CCDC-1905613 (19/20) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via
https://www.ccdc.cam.ac.uk/structures/.

https://doi.org/10.1039%2Fc6ra06661e
https://doi.org/10.3390%2Fmd11072682
https://doi.org/10.1021%2Fnp500683u
https://doi.org/10.3390%2Fmd14010018
https://doi.org/10.1016%2Fj.fitote.2019.104257
https://doi.org/10.1016%2Fj.fitote.2020.104485
https://doi.org/10.1016%2Fj.tetlet.2020.151730
https://doi.org/10.1002%2Fcbdv.201400317
https://doi.org/10.1021%2Facs.jnatprod.6b00801
https://doi.org/10.1080%2F14786419.2023.2275744
https://doi.org/10.1021%2Fjacs.6b13340
https://doi.org/10.1007%2Fs11426-023-1533-y
https://doi.org/10.1002%2Fcjoc.202300590
https://doi.org/10.1016%2Fj.chempr.2025.102440
https://doi.org/10.1039%2Fc2cs35080g
https://doi.org/10.1021%2Facs.orglett.5c00485
https://doi.org/10.3762%2Fbjoc.19.1
https://doi.org/10.1039%2Fd3cc03564f
https://doi.org/10.1002%2Fanie.202301517
https://doi.org/10.1021%2Fjacs.3c03710
https://doi.org/10.1002%2Fanie.201811530
https://doi.org/10.1021%2Fjacs.7b12903
https://doi.org/10.1016%2Fj.tet.2014.10.062
https://doi.org/10.1002%2Fanie.201408380
https://doi.org/10.1021%2Fol7022483
https://doi.org/10.1021%2Fol802155n
https://doi.org/10.1055%2Fs-0029-1216923
https://doi.org/10.1002%2Fchem.200900793
https://doi.org/10.1021%2Fol403281t
https://doi.org/10.1016%2Fj.tet.2014.09.029
https://doi.org/10.1021%2Facs.orglett.4c01374
https://doi.org/10.1021%2Facs.orglett.4c03504
https://doi.org/10.1038%2Fs41467-023-41846-x
https://doi.org/10.1002%2Fanie.202302832
https://doi.org/10.1039%2Fc3cc48833k
https://doi.org/10.1039%2Fd2qo01005d
https://doi.org/10.1002%2Ftcr.201800079
https://doi.org/10.1002%2Fcjoc.201400413
https://doi.org/10.1039%2Fc4ob00314d
https://doi.org/10.1039%2Fc5qo00298b
https://doi.org/10.6023%2Fcjoc201512015
https://doi.org/10.1016%2Fj.cclet.2019.06.043
https://www.ccdc.cam.ac.uk/structures/


Beilstein J. Org. Chem. 2025, 21, 2072–2081.

2081

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.21.162

https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.21.162


2085

The application of desymmetric enantioselective reduction of
cyclic 1,3-dicarbonyl compounds in the total synthesis of
terpenoid and alkaloid natural products
Dong-Xing Tan1 and Fu-She Han*1,2

Review Open Access

Address:
1Changchun Institute of Applied Chemistry, Chinese Academy of
Sciences, 5625 Renmin Street, Changchun, Jilin 130022, China and
2School of Applied Chemistry and Engineering, University of Science
and Technology of China, Hefei, Anhui 230026, China

Email:
Fu-She Han* - fshan@ciac.ac.cn.

* Corresponding author

Keywords:
alkaloids; cyclic 1,3-dicarbonyl compounds; desymmetrization;
enantioselective reduction; terpenoids

Beilstein J. Org. Chem. 2025, 21, 2085–2102.
https://doi.org/10.3762/bjoc.21.164

Received: 30 July 2025
Accepted: 25 September 2025
Published: 14 October 2025

This article is part of the thematic issue "Concept-driven strategies in
target-oriented synthesis".

Guest Editor: Y. Tang

© 2025 Tan and Han; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
The desymmetric enantioselective reduction of cyclic 1,3-dicarbonyl compounds is a powerful tool for the construction of ring
systems bearing multiple stereocenters including all-carbon quaternary stereocenters, which are widely useful chiral building blocks
for the total synthesis of structurally complex natural products. On the other hand, terpenoids and alkaloids, with their intricate and
diverse skeletal frameworks as well as the broad range of biological activities, have long been a major focus for synthetic chemists.
Over the past fifteen years, significant progress has been made in the total synthesis of complex terpenoid and alkaloid natural prod-
ucts by strategically applying desymmetric enantioselective reduction. Advance before 2016 in this area has been overviewed in an
elegant review article. Since then, a series of more challenging terpenoid and alkaloid natural products have been synthesized
utilizing a desymmetric enantioselective reduction strategy of cyclic 1,3-dicarbonyl compounds as a key transformation. This
review will summarize the application of this strategy in the total synthesis of terpenoid and alkaloid natural products from the year
2016 to 2025. We first focus on the synthesis of several terpenoids and alkaloids through the desymmetric enantioselective reduc-
tion of five-membered cyclic 1,3-dicarbonyl compounds. Subsequently, the utilization of six-membered cyclic 1,3-dicarbonyl com-
pounds for the synthesis of some terpenoids natural products is described.
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Introduction
Terpenoids and alkaloids are two major classes of highly impor-
tant natural products because they usually exhibit diverse and
important biological activities, such as antitumor, anti-inflam-

matory, and antiarrhythmic effects etc., and show potential to be
developed into drug candidates or novel medications for
treating human diseases [1-4]. However, their scarcity in nature
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Figure 1: Several representative terpenoid and alkaloid natural products synthesized by applying desymmetric enantioselective reduction strategy of
cyclic 1,3-dicarbonyl compounds before 2016.

limits further research into their biological activities. Total syn-
thesis is an important device to address the shortage of natural
product sources. Nevertheless, the asymmetric total synthesis of
terpenoid and alkaloid natural products presents significant
challenges due to their complex and diverse ring systems and
the presence of multiple stereocenters, including all-carbon
quaternary stereocenters. Consequently, the development of
novel methods and strategies to achieve efficient asymmetric
total synthesis of complex terpenoid and alkaloid natural prod-
ucts has drawn considerable attention from synthetic chemists.

Over the past decades, the development of desymmetric enan-
tioselective reduction strategy of cyclic 1,3-dicarbonyl com-
pounds has invigorated the field of terpenoid and alkaloid
natural products synthesis because of its multiple advantages.
Specifically, such strategy allows for an efficient construction
of multiple chiral centers by employing easily accessible or
commercially available symmetric cyclic prochiral dicarbonyl
substrates. In addition, various approaches could be used for the
desymmetrization reactions such as enzyme catalytic-, organo-
catalyst-, and transition-metal-catalyzed reductions [5-7].
Advance about the synthesis of several terpenoid and alkaloid
natural products (1–5, Figure 1) [8-11] has been achieved in this
area as indicated by an elegant review in 2016 [12], which will
not be discussed in this review.

Although only a limited number of terpenoids and alkaloids
were synthesized by applying the desymmetric enantioselective
reduction strategy of cyclic 1,3-dicarbonyl compounds before
2016, their success has provided a reference for the subsequent
synthesis of other types of terpenoid and alkaloid natural prod-
ucts. In fact, over the past ten years, the number of terpenoid
and alkaloid natural products synthesized utilizing this strategy
has increased significantly compared to the period before 2016.
However, there is currently a lack of systematic summary
regarding the application of this strategy in the total synthesis of
terpenoids and alkaloids over this time span. This review will
provide a comprehensive overview of the recent advances
(2016–2025), specially, we first summarize chronologically the
application of desymmetric enantioselective reduction of five-
membered cyclic 1,3-dicarbonyl compounds in the synthesis of
terpenoid and alkaloid natural products 6–15 (Figure 2A).
Subsequently, the advances in the utilization of six-membered
cyclic 1,3-dicarbonyl compounds for the synthesis of terpenoid
natural products 16–27 will be introduced in chronological
order (Figure 2B). After that, a brief outlook of the desym-
metric enantioselective reduction strategy of cyclic 1,3-dicar-
bonyl compounds in the total synthesis of natural products will
be discussed. We hope this review can stimulate the methodolo-
gy development and application of this strategy toward further
improving the synthetic efficiency of natural product synthesis.
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Figure 2: Selected terpenoid and alkaloid natural products synthesized by applying desymmetric enantioselective reduction strategy of cyclic 1,3-
dicarbonyl compounds in 2016–2025.
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Scheme 1: The total synthesis of (+)-aplysiasecosterol A (6) by Li [14].

Review
Total synthesis of terpenoid and alkaloid
natural products through the desymmetric
enantioselective reduction of five-membered
cyclic 1,3-dicarbonyl compounds
Total synthesis of (+)-aplysiasecosterol A
(+)-Aplysiasecosterol A (6) is a secosteroid that was isolated
from the sea hare Aplysia kurodai by Kita and Kigoshi in 2015
[13]. Due to its natural scarcity, the biological activity has not
been explored. In 2018, Li and co-workers accomplished the
first asymmetric total synthesis of (+)-aplysiasecosterol A (6)
by employing a desymmetric enantioselective reduction strategy

of 1,3-cyclopentanedione derivative as the key transformation
[14].

Their synthesis features a highly efficient desymmetric enantio-
selective reduction of diketone 28 for preparing alcohol 30
under the CBS conditions [8] with (S)-29 as the catalyst
(Scheme 1) [14]. Notably, this reaction could be performed on
multiple gram scales with satisfactory yield (72%) and ee value
(92%). Protection of the alcohol group in 30 with TBSCl fol-
lowed by modification of the terminal double bond afforded
ketoaldehyde 31. The 2-bromoallylation [15] of 31 with boronic
ester 32 stereoselectively constructed the C3–OH group to give
homoallylic alcohol 33. Next, a successive manipulation by
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Scheme 2: The total synthesis of (−)-cyrneine A by Han [31].

removal of TBS group, CSA-catalyzed ketalization, and DMP
oxidation of the secondary alcohol to a ketone allowed for rapid
construction of bicyclic ketone 34 in high overall yield. The ox-
idative dehydrogenation of 34 gave α,β-unsaturated bicyclic ke-
tone 35 smoothly. Sequential A-ring construction and func-
tional group modifications of 35 produced the diketone 36.
Subsequently, 36 and aldehyde 37, which was prepared with 9
steps from commercially available (+)-citronellol, underwent a
Reformatsky-type radical addition under the conditions of Et3B/
air/Bu3SnH to deliver aldol product [16]. Dehydration of the
secondary alcohol gave (E)-38. The HAT radical cyclization
[17] of 38 in the presence of Fe(dpm)3/Ph(iPrO)SiH2 proceeded
smoothly to furnish the tetracyclic product 39 in 56% yield with
2.5:1 ratio. Finally, removal of the acetonide and the Bn
protecting group completed the total synthesis of (+)-aplysi-
asecosterol A (6).

Total synthesis of (+)-cyrneine A, (−)-cyrneine B,
(−)-glaucopine C, and (+)-allocyathin B2
The cyrneine diterpenoids represent an important subfamily of
cyathane diterpenoids which possess a common 5-6-7 fused
tricarbocyclic core with two all-carbon quaternary stereocenters.

Many impressive syntheses have been reported to date [18-30].
In 2018, the group of Han accomplished the total synthesis of
(+)-cyrneine A (7), (−)-cyrneine B (9), (−)-glaucopine C (10),
and (+)-allocyathin B2 (8) by a collective manner [31]. In their
synthetic route, an enzyme-catalyzed desymmetric enantioselec-
tive reduction of 1,3-cyclopentanedione derivative was adopted
as one of the key reactions, which facilitated the construction of
the five-membered ring bearing an all-carbon quaternary center
as the key chiral building block.

Their synthesis began with 1,3-dione 40 (Scheme 2) [31,32],
allylation of this substrate with allylic bromide 41 afforded the
1,3-cyclopentanedione derivative 42. Next, the baker′s yeast-
catalyzed desymmetric enantioselective reduction of 42 gave
the α-hydroxyketone 43 in satisfactory yield and excellent
stereoselectivity and diastereoselectivity on a decagram scale
[33,34]. Functional group modifications and transformations of
43 produced hydroxyketone 44. Due to the steric hindrance of
this substrate, the subsequent Suzuki cross coupling reaction
with 3-boronophenol proceeded in low yield. To address this
issue, Han′s group employed a novel palladacycle catalyst 45,
previously developed by their group [35-37]. This catalytic



Beilstein J. Org. Chem. 2025, 21, 2085–2102.

2090

Scheme 3: The total syntheses of three cyrneine diterpenoids by Han [31,32].

system efficiently overcame the challenge and furnished the
coupling product 46 in high yield. Oxidative cleavage of the
double bond in 46 followed by Mg(II)-mediated chelation-con-
trolled Friedel–Crafts cyclization delivered secondary alcohol
47, which was elaborated to ketone 48 via a seven-step transfor-
mation. Finally, removal of the TBS group in 48 followed by a
sequential reduction and selective oxidation of allylic primary
alcohol achieved the total synthesis of (−)-cyrneine A (7).

The authors then moved forward to the synthesis of other target
molecules (Scheme 3) [31,32]. Oxidation state adjustment of 48
led to the ketone 49. Starting from this common intermediate,
firstly, base-promoted double bond migration and oxidation at
the γ-position gave tertiary alcohol 50. Deprotection of acetyl in
50 followed by selective oxidation delivered (−)-cyrneine B (9).
Secondly, a based-mediated concomitant double bond migra-
tion and deacetylation, and selective oxidation of allylic prima-
ry alcohol accomplished the total synthesis of (−)-glaucopine C
(10). On the other hand, Barton–McCombie deoxygenation and
isopropylation of 43 produced ketone 52. Subsequently, by em-
ploying the same procedures for the synthesis of (−)-cyrneine A
(7), the synthesis of (+)-allocyathin B2 (8) could also be

achieved smoothly from 52 by utilizing diketone 53 as the inter-
mediate. The diverse syntheses of these terpenoids enabled by
the desymmetric enantioselective reduction of cyclic 1,3-dicar-
bonyl compounds demonstrated the significance of the desym-
metric reduction strategy in the synthesis of structurally com-
plex natural products.

Total synthesis of (−)-hamigeran B and
(−)-4-bromohamigeran B
(−)-Hamigeran B (11) and (−)-4-bromohamigeran B (12) were
isolated from the sponge Hamigera tarangaensis, and show
cytotoxicity against various tumor cells. Notably, compound 11
exhibits 100% inhibition against herpes and polio viruses with-
out significant host cell cytotoxicity [38]. Since their isolation,
the synthesis of 11 and 12 have been reported by many groups
[39-50]. For an efficient synthesis of these two natural products,
Han and co-workers [51] adopted an alternative route utilizing
the desymmetric enantioselective reduction strategy of a 1,3-
cyclopentanedione derivative as the key transformation. Both
(−)-hamigeran B (11) and (−)-4-bromohamigeran B (12) were
synthesized by a divergent manner with a longest linear se-
quence of 14 steps from the known symmetrical diketone 28
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Scheme 4: The total synthesis of (−)-hamigeran B and (−)-4-bromohamigeran B by Han [51].

(see Scheme 1) [14]. More importantly, this route allowed for
the synthesis of target compounds at 100 mg scale in a single
batch.

As shown in Scheme 4 [51], the enzyme-catalyzed desym-
metric enantioselective reduction of 28, afforded hydroxyke-
tone 54 in 65% yield with >99% ee and 8–9:1 dr on multigram
scale [34]. Functional group transformations of 54 in four steps
produced sterically hindered allyl triflate 55. By employing the
palladacycle catalyst 45-catalyzed Suzuki cross-coupling reac-
tion of sterically hindered substrates developed by Han [35-37],
the coupled product 57 was obtained in a satisfactory yield
(72%) from 55 and pinacol boronate 56, along with trace
amounts of the double bond migrated side product 58 (57:58 =
ca. 15:1). Demethylation of 57 to phenolic intermediate fol-
lowed by the construction of the B ring generated tricyclic core

59. Subsequently, dihydroxylation of the doubled bond in the
central six-membered ring using OsO4/NMO gave diol, which
was then subjected to acetylation of the two hydroxy groups and
hydrogenation of C5=C6 double bond to afford triacetate 60 as
a single diastereoisomer. Base-promoted hydrolysis and con-
comitant oxidation under oxygen atmosphere gave vicinal di-
ketone 61. Finally, the introduction of mono-bromo and
di-bromo atoms achieved the total synthesis of (−)-hamigeran B
(11) and (−)-4-bromohamigeran B (12), respectively.

Total synthesis of (+)-randainin D
(+)-Randainin D (13) is a representative member of a class of
structurally intriguing diterpenoids containing a trans-
hydroazulenone core and a C9-butenolide moiety isolated from
Callicarpa randaiensis [52]. It exhibits inhibition of elastase
release and superoxide-anion generation. In 2024, Baudoin and
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Scheme 5: The total synthesis of (+)-randainin D by Baudoin [53].

co-workers presented an efficient route for the first total synthe-
sis (+)-randainin D (13) by utilizing an early-staged Ru-cata-
lyzed desymmetric enantioselective reduction as the key trans-
formation [53].

As shown in Scheme 5 [53], based on the reported method for
asymmetric transfer hydrogenation of commercially available
cyclopentadione 62 [54], the authors adapted an efficient
method for the desymmetric enantioselective reduction of 62
using commercially available (R,R)-Ts-DENEB (63) as the
catalyst and formic acid as the hydrogen donor, securing the
desired secondary alcohol product in excellent enantioselectivi-
ty (99% ee). Protection of the alcohol group with TBDPSCl
gave silyl ether 64 in high yield (79% for 2 steps). Subse-
quently, successive four manipulations including dehydrogena-
tion, Morita–Baylis–Hillman reaction, protection of the resul-
tant primary alcohol, and hydrogenation afforded ketone 65.
The LaCl3·LiCl-promoted addition of 65 with Grignard reagent
followed by TES protection of the resulting secondary alcohol,
regioselective deprotection of the TES group and in situ oxida-
tion provided aldehyde 66. Next, 66 underwent the 1,2-addition

of isopropenyllithium reagent (prepared from n-BuLi/tetraiso-
propenyltin (67) [55]) and DMP oxidation to afford ketone 68.
A three-step transformation including RCM, Mukaiyama hydra-
tion, and esterification, 68 was converted to methyl oxalate 69.
Irradiation of the reaction mixture 69 and lactone 70 at 456 nm
with fac-Ir(ppy)3 as the photocatalyst furnished a mixture of
isomeric olefins. Finally, DBU-promoted the isomeric olefins
conjugation and removal of the two silyl ether completed the
first total synthesis of (+)-randainin D (13).

Total synthesis of (−)-hunterine A and
(−)-aspidospermidine
(−)-Hunterine A (14) and (−)-aspidospermidine (15) are
monoterpene indole alkaloids, which were isolated from
Hunteria zeylanica and Apocynaceae plants, respectively
[56,57]. Structurally, these two natural products both contain
the fused polycyclic skeleton core bearing four consecutive
stereocenters, two of which are all-carbon quaternary stereo-
centers. Such a skeletally extraordinary structure poses signifi-
cant challenges for total synthesis. In 2024, Stoltz and
co-workers finished the divergent enantioselective total synthe-
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Scheme 6: The total synthesis of (−)-hunterine A and (−)-aspidospermidine by Stoltz [58].

sis of (−)-hunterine A and (−)-aspidospermidine by utilizing a
Ru-catalyzed desymmetric enantioselective reduction of
bicyclic 1,3-diketone 72 for rapidly accessing the 5/5 bicyclic
core skeleton containing two desired stereocenters [58]. The ap-
plication of this strategy accelerated the synthesis of these two
complex alkaloids within a longest linear sequence of 16 and 14
steps, respectively.

As shown in Scheme 6 [58], the Cu-catalyzed 1,4-conjugated
addition of 71 [59] with vinylMgBr followed by intramolecular
Claisen condensation furnished bicyclic diketone 72 on a
gram scale. Notably, for such a bicyclic substrate, it is quite
challenging to achieve desymmetric enantioselective reduction

because the catalyst has difficulty identifying its Re- and
Si-faces. After screening several reduction strategies, the
authors identified a set of Ru-catalyzed transfer hydrogenation
conditions [60,61] utilizing 73 as the catalyst that could be used
for the desymmetric enantioselective reduction of 72, affording
the hydroxyketone 74 in 57% yield with 91% ee. Protection of
the secondary alcohol in 74 followed by Beckmann rearrange-
ment led to lactam 75. Oxidation state modifications and func-
tional group transformations of 75 afforded ketone 76. Next, the
1,2-addition of 76 with vinyl iodine 77 and subsequent depro-
tection produced tertiary alcohol 78. Starting from this common
intermediate, on the one hand, through successive manipula-
tions by diazotization and in situ azide substitution, AgNO3-



Beilstein J. Org. Chem. 2025, 21, 2085–2102.

2094

Scheme 7: The total synthesis of (+)-toxicodenane A by Han [65,66].

mediated aza-Cope/Mannich [62] reaction delivered ketone 79.
Subsequently, a three-step operation including azide–alkene
dipolar cycloaddition, irradiation of the resulting triazoline to
aziridine 80 and in situ ring opening followed by deacetylation
achieved the first total synthesis of (−)-hunterine A (14). On the
other hand, aza-Cope/Mannich reaction of 78 produced imine
intermediate 81. Reduction and hydrogenation of 81 furnished
the total synthesis of (−)-aspidospermidine (15).

Total synthesis of terpenoid natural products
through the desymmetric enantioselective
reduction of six-membered cyclic
1,3-dicarbonyl compounds
Total synthesis of (+)-toxicodenane A
The skeletally new sesquiterpenoids, toxicodenanes A–C and E
(see representative structure 16 in Scheme 7) were isolated from
Toxicodendron vernicifluum in 2013 to 2015 [63,64], whose
structures feature the all-carbon bicyclic skeleton and four to
seven contiguous stereocenters, posing significant challenges to
their synthesis. Additionally, there is a lack of corresponding
pharmacological activity studies. In 2021, the group of Han
completed the first enantioselective total synthesis of (+)-toxi-

codenane A (16) and determined its absolute configuration by
employing an early-stage desymmetric enantioselective reduc-
tion of a 1,3-cyclohexanedione derivative as the key transfor-
mation [65]. The application of this strategy markedly acceler-
ated the synthesis of the complex molecule within a longest
linear sequence of 9 steps from the commercially available ma-
terial.

The synthesis began with the commercially available 1,3-cyclo-
hexanedione 82 (Scheme 7) [65,66]. Accordingly, the α-dialky-
lation of 82 gave diketone 83. Based on the conditions de-
veloped by the authors [67], namely, using P-stereogenic phos-
phinamide 84 as the catalyst and base 85 as the additive, the
desymmetric enantioselective reduction of 83 proceeded
smoothly to deliver the hydroxyketone 86 in 60% yield with
92% ee and 8.4:1 dr. A secondary hydroxy-directed Grignard
reagent addition of 86 followed by selective protection, gener-
ated alcohol ester 87. After one recrystallization, the ee value of
87 could be increased to 99%. Subsequently, TMSOTf-
promoted transacetalation and in situ Prins cyclization pro-
duced the oxa-bridged product 88. Finally, ozonolysis of 88 fol-
lowed by Wittig reaction of the resultant ketone and subsequent
reduction accomplished the total synthesis of (+)-toxicodenane
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Scheme 8: The formal total synthesis of (−)-conidiogeone B and total synthesis of (−)-conidiogeone F by Lee and Han [72].

A (16). The authors eventually confirmed that the absolute con-
figuration of (+)-16 was 4S,5S,8R,11R based on the X-ray
single-crystal analysis of its corresponding p-bromobenzoic
ester (not shown).

Total synthesis of (−)-conidiogenones B–F and
(−)-12β-hydroxyconidiogenone C
Conidiogenones are unique diterpenoids which possess a highly
congested 6/5/5/5-fused framework with four all-carbon quater-
nary centers isolated from Penicillium cylopium and exhibit
various biological properties [68]. The intriguing structure and

interesting biological properties have attracted continued syn-
thetic attention [69-71]. In a 2023 report, the group of Lee and
Han adopted an early-stage desymmetric enantioselective
reduction of 1,3-cyclohexanedione derivative 89 as the key
transformation [72]. Both (−)-conidiogenones B–F (17–21) and
(−)-12β-hydroxyconidiogenone C (22) were synthesized in a
divergent manner.

Their synthetic route began with the known terminal alkyne
cyclohexanedione 89 [73]. As illustrated in Scheme 8 [72], the
easily prepared substrate underwent the CBS reduction condi-
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Scheme 9: The total syntheses of four conidiogenones natural products by Lee and Han [72].

tions and protection of the resulting secondary alcohol with
TBSCl to afforded silyl ether ketone 90 in 46% yield (two steps,
dr = 40:1, 92% ee) [8]. Horner–Wadsworth–Emmons (HWE)
reaction of 90 followed by Cu-carbene migratory insertion [74]
with ketone 91 and deprotection of the dithiane group delivered
alleneketone 92. Sequential treatment of 92 with TsNHNH2 and
NaH, the trimethylenemethane (TMM) diyl-mediated cycload-
dition via intermediates 93 and 94 proceeded uneventfully to
form the tetracyclic product 95. Next, reductive decyanation
[75] and double bond migration of 95 produced common inter-
mediate 96, which was elaborated to ketone 97 [69] via four
functional group manipulations, thereby achieving the formal
total synthesis of (−)-conidiogenone B (17). On the other hand,
functionalization and derivatization were performed on the A-
and D-rings of 96, respectively, delivering the methyl enol ether
98. Finally, allylic oxidation [76], α-methylation and reduction
of 98 followed by hydrolysis accomplished the first total
synthsis of (−)-conidiogenone F (21).

After achieving the aforementioned success, the authors
continued to utilize 96 as the common intermediate to synthe-

size other target natural products (Scheme 9) [72]. Firstly, the
allylic oxidation and Luche reduction of 96 afforded primary
alcohol 99, which was elaborated to (−)-conidiogenone D (19)
via ten functional group manipulations. Secondly, the allylic ox-
idation of 96 with CrO3/3,5-DMP produced ketone 100. The
1,4-conjugate addition of 100 with MeI followed by Luche
reduction provided the secondary alcohol 101. A-ring modifica-
tions in 101 completed the first total synthesis of (−)-conidio-
genone E (20). One the other hand, a two-step transformation
involving the 1,4-conjugate addition utilizing vinylMgBr and
Luche reduction, 100 was converted to secondary alcohol 102
(dr = 2:1). Finally, functional group modifications of A- and
D-rings furnished the total syntheses of (−)-conidiogenone C
(18) and (−)-12β-hydroxyconidiogenone C (22), respectively.

Total syntheses of (−)-platensilin, (−)-platencin, and
(−)-platensimycin
(−)-Platensilin (23), (−)-platencin (24), and (−)-platensimycin
(25) are structurally unique meroterpenoids containing rigid
bicycle [3.2.1] or [2.2.2]-octane cage core. They present prom-
ising drug leads for both antidiabetic and antibacterial therapies.
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Scheme 10: The total synthesis of (−)-platensilin by Lou and Xu [82].

The intriguing structural features and potential bioactivities
have stimulated tremendous synthetic efforts [77-81]. In 2024,
the group of Lou and Xu presented a unified and efficient route
for the syntheses of (−)-platensilin, (−)-platencin, and
(−)-platensimycin by utilizing a desymmetric enantioselective
reduction of 1,3-cyclohexanedione derivative strategy [82].

The synthesis of (−)-platensilin (23) is shown in Scheme 10
[82]. Brewer′s yeast (YSC-2)-promoted desymmetric enantiose-
lective reduction of 1,3-cyclohexanedione derivative 103
proceeded smoothly to produce hydroxyketone 104 in excellent
diastereoselectivity and enantioselectivity [9,11]. Ozonolysis of
the double bond in 104 followed by Purdie methylation with
Ag2O/MeI, base-mediated vinyl triflation, and Pd-catalyzed
Suzuki–Miyaura cross coupling with pinacol boronate 105
delivered diene 106. Next, The Et2AlCl-catalyzed intermolecu-
lar Diels–Alder reaction of 106 with methacrolein 107 afforded
the common intermediate 108 in high yield. Sequential Grig-
nard reagent addition and acid-promoted ethoxy elimination
provided the separable planar diene 109 (dr = 1:1), which
underwent a Mn-catalyzed HAT hydrogenation to give (15R)-
110 and (15S)-110 in 65% and 54% yield, respectively. Subse-
quently, ten functional group manipulations of the diastereo-

meric mixture 110 produced ketoester 111. Finally, the intro-
duction of conjugated double bond in 111 followed by hydroly-
sis of the methyl ester to carboxylic acid and DCC-mediated
condensation with 112 accomplished the total synthesis of
(−)-platensilin (23).

Based on the aforementioned successful work, the authors
focused on the synthesis of (−)-platencin (24) and (−)-platen-
simycin (25) (Scheme 11) [82]. Accordingly, Wittig reaction of
108  followed by 1,4-elimination and intramolecular
Diels–Alder reaction generated tricyclo[3.2.1.02,7]-octene 113.
A two-step transformation including HAT hydrogenation and
acetal C–H oxidation with RuCl3/NaIO4, 113 was converted
into ketoester 114. The TFA-mediated C13–C15 bond cleavage
of 114 proceed smoothly to give ring-opening products, which
underwent dehydration with Martin′s sulfurane to afford the
known intermediate 115 [83] and terminal alkene 116
(C12–C13 bond-cleaved byproduct). Thus, the formal total syn-
thesis of (−)-platencin (24) was achieved. On the other hand,
epoxidation of 113 followed by acid-mediated regioselective
ring-opening and in situ allylic substitution with MeOH pro-
duced [3.2.1] bridged ring product 117, which was transformed
into ketone 118 via nine functional group manipulations.
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Scheme 11: The total synthesis of (−)-platencin and (−)-platensimycin by Lou and Xu [82].

Finally, by employing the same reaction procedures as those
utilized in the total synthesis of (−)-platensilin (23), the authors
accomplished the total synthesis of (−)-platensimycin (25).

Total synthesis of (+)-isochamaecydin and
(+)-chamaecydin
(+)-Isochamaecydin (26) and (+)-chamaecydin (27) are repre-
sented members of the cryptoquinonemethides isolated from the
seed of chamaecyparis obtusa Endl. genus [84]. This two com-
pounds possess the unprecedented spiroannulated 6/6/6/5/5/3
(A/B/C/D/E/F) hexacarbocyclic motif and exhibit significant
antifeedant activity against the pest insect Spodoptera litura
[85]. In a very recent report, Han and co-workers accomplished
the first catalytic asymmetric total syntheses of 26 and 27 via a
modular and convergent strategy [86]. The key to their success-
ful synthesis depended on the method application of a desym-
metric enantioselective reduction of a 1,3-cyclohexanedione de-
rivative as the key transformation.

Their synthesis began with the known 1,3-cyclohexanedione
119 (Scheme 12) [86]. Initially, for the construction of the
crucial B ring bearing an all-carbon quaternary stereocenter, the
authors employed a method they had previously reported
[35,67]. Namely, the P-stereogenic phosphinamide (84, see

Scheme 7)-catalyzed desymmetric enantioselective reduction of
119. Hydroxyketone 120 could be acquired in 60% yield with
93% ee. Subsequently, the Grignard addition of the ketone in
120 provided diene intermediate, which was converted to
bicyclic secondary alcohol 121 via RCM reaction/hydrogena-
tion and dehydration/hydrogenation. Oxidation states adjust-
ment and functional group transformations of 121 generated
bromodiene 122. Next, the metal–halogen exchange/intermolec-
ular addition of 122 with aldehyde (+)-123 and in situ PtCl2-
promoted hydrolysis and hydration gave tricyclic product 124.
The BnMe3NOH-mediated intramolecular Michael/aldol
cascade reaction of 124 constructed the C/D rings, followed by
dehydration to afford pentacyclic product 125. Finally, a five-
step operation including the 1,2-addition of 125 with iPrLi,
PCC oxidation of the resulting tertiary alcohol, oxidative arom-
atization and in situ neutralization/oxidation, acid-mediated 1,6-
addition with H2O, and stereoselective cyclopropanation
accomplished the first total synthesis of (+)-isochamaecydin
(26).

On the other hand, starting from 122 and (−)-123, the authors
adopted the same procedures as for the synthesis of 125 to
obtain the pentacyclic product 126, which underwent the same
functional group transformations for the synthesis of (+)-26 to
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Scheme 12: The total synthesis of (+)-isochamaecydin and (+)-chamaecydin by Han [86].

complete the first total synthesis of (+)-chamaecydin (27). The
successful collective total synthesis of the two structurally com-
plex natural products demonstrated the high efficiency of the
modular synthetic strategy based on the desymmetric enantiose-
lective reduction of cyclic 1,3-dicarbonyl compounds.

Summary and Outlook
In this review, we summarized the application of desymmetric
enantioselective reduction of cyclic 1,3-dicarbonyl compounds
in the total synthesis of a series of terpenoid and alkaloid
natural products reported between 2016 and 2025. It was
evident that the application frequency of this strategy in the syn-
thesis of terpenoid and alkaloid natural products has increased
significantly over these ten years compared to the period before
2016. Notably, the substrates of desymmetric enantioselective
reduction were no longer limited to monocyclic 1,3-dicarbonyl

compounds but could also be extended to bicyclic dicarbonyl
compounds. The diversification of substrates enabled this
strategy to provide a novel alternative for the synthetic design
of structurally more complex natural products. More important-
ly, from these previous works, it could be observed that the
early-stage application of desymmetric enantioselective reduc-
tion could efficiently provide access to enantiomerically
enriched intermediates with multiple stereocenters containing
an all-carbon quaternary chiral center. Taking aforementioned
advantages of this strategy, the synthetic efficiency was signifi-
cantly improved.

Despite remarkable progress has been made, there is still a long
way to go before the strategy achieves maturity for applications
in natural products. Specifically, challenges remain in improv-
ing the enantioselectivity and diastereoselectivity of the desym-
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metric enantioselective reduction of some complex substrates,
as well as suppressing the double reduction by-products and
developing new types of catalysts. Moreover, the application of
desymmetric enantioselective reduction of chain dicarbonyl
compounds in natural products synthesis remains largely unde-
veloped although several desymmetric enantioselective reduc-
tion studies utilizing malonate ester as substrates have been
achieved [87-89]. Nevertheless, we believed on the basis of
these pioneering works of the development of new reagents and
methodologies for desymmetric enantioselective reduction
based on the novel dicarbonyl substrates, as well as their appli-
cations in the synthesis of various complex natural products will
become a focal point in the field of organic synthetic chemistry.
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Abstract
Organic five-membered rings have shown significant applications in the fields of organic synthesis, natural products, organic mate-
rials and pharmaceuticals for their unique characteristics. Electrochemical construction of five-membered rings from alkynes at-
tracted increasing attention due to the notable advantages of electrochemical transformations and facile access of alkynes. Indole
skeletons were constructed successfully through electrochemical intramolecular coupling of ethynyl-involved ureas, annulation of
o-arylalkynylanilines, cyclization of 2-ethynylanilines, selenocyclization of diselenides with 2-ethynylanilines as well as C–H
indolization of 2-alkynylanilines with 3-functionalized indoles. Isoindolones were synthesized successfully by electrochemical
annulation of benzamides with terminal alkynes, 5-exo-dig aza-cyclization of 2-alkynylbenzamides as well as reductive cascade
annulation of o-alkynylbenzamides. Pyrroles and imidazoles were formed efficiently via electrochemical annulation of alkynes with
enamides and tandem Michael addition/azidation/cyclization of alkynes, amines and azides, respectively. Imidazopyridines could
be obtained by electrochemical [3 + 2] cyclization of heteroarylamines. The electrochemical oxidative [3 + 2] cycloaddition of sec-
ondary propargyl alcohols was a simple and efficient access towards 1,2,3-triazoles. In this review, electrochemical cyclizations of
alkynes to construct five-membered rings are highlighted. Firstly, the property and application of five-membered rings are simply
introduced. After presenting the usefulness of alkynes and the general progress of electrochemical transformations, electrochemical
cyclization reactions of alkynes towards five-membered rings are classified and presented in detail. Based on different types of five-
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membered rings, electrochemical construction of indoles, isoindolinones, indolizines, oxazoles, imidazoles, pyrroles, imidazoles
and 1,2,3-triazoles are summarized and the possible reaction mechanisms are disclosed if available.
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Figure 1: Natural products and functional molecules possessing five-membered rings.

Introduction
Organic five-membered rings, an essential class of organic
compounds, not only are frequently used as important starting
materials, intermediates or ligands in organic synthesis [1-14]
but also are critical moieties in natural products [15-18], organic
materials [19] and pharmaceuticals [20-24] due to their unique
chemical, electrical, optical, pharmacological and biological
properties. Gracilioether F and cryptotrione have fused and
spiro five-membered rings, respectively [25,26]. Strep-
sesquitriol bearing bridged five-membered rings was firstly syn-
thesized by Li in 2024 [27]. The green fluorescent protein
(GFP) core chromophore (o-LHBDI) displayed a potential ap-
plication in organic light emitting diodes [28]. Formyl oxazoli-
dine (V12) was a potential candidate to protect maize from
herbicide harm [29]. Thiadiazole-linked thioacetamide (S5)
exhibited exceptional inhibitory activity against Synechocystis
sp. PCC6803 and Cy-FBP/SBPase [30]. Pyrrolidine compound
MSC2530818 could be potentially used as an inhibitor of cyclin
dependent kinase (CDK8) [31]. Sulfonamide-N-benzoxaborole
analog GSK8175 is an inhibitor against hepatitis C virus (HCV)
[20] (Figure 1).

The construction of five-membered rings obtained growing
attention [32-38], and alkynes [39-55] have been extensively
applied as facilely available starting materials to build five-
membered rings for their hybrid structures with appropriate re-
activities [56-59]. For example, cyclizations of silyloxyenyne
[60], anionic cyclization of enediyne [61], [3 + 2] reductive
cycloadditions of enal-alkyne [62], [2 + 2 + 1] cycloaddition of
acetylenes [63] and cyclization of 1,6-enyne [64] were efficient
approaches towards five-membered rings. Since Faraday syn-

thesized hydrocarbons by employing electric current to an
acetate solution [65], the use of electricity to promote a reac-
tion grew up gradually [56-74]. In the past decades, the electro-
chemical organic reactions [75-88] which utilized an external
applied voltage to accelerate transformations far from thermo-
dynamic equilibria have emerged abundantly with the consider-
ation of green chemistry [89-92]. Redox-active organic com-
pounds, transition metal coordinating compounds and even an
electrode surface were commonly employed as catalysts in the
electrochemical transformations [93,94]. Electrochemical trans-
formations used renewable and clean electricity as a source of
electrons and electron holes to generate radical species,
showing several superiorities such as safety, economy, high
selectivity, scalability, mild reaction conditions, powerful effi-
ciency, environment-friendly and sustainability [95-100]. Nu-
merous electrochemical constructions of cyclic compounds
from alkynes have been developed. For examples, 2-aryl-3-sul-
fonyl-functionalized quinoline was formed by an electrochemi-
cal annulation of benzoxazinanone and p-arylsulfonyl hydrazide
[101]. The electro-oxidative annulation of alkyne and benz-
amide afforded chiral pyridine-N-oxide [102], isoquinoline was
synthesized successfully via electrochemical annulation of
alkyne and benzamide [103] or imidate [104], electrochemical
annulation of alkyne and acrylamide afforded α-pyrone
and α-pyridone [105], sultam-fused pyridinone [106] as
well as cyclicphosphinic amide [107] were produced by
electrochemical cyclization of alkyne. Especially, the
electrochemical organic transformation of alkyne was widely
applied to build five-membered rings. For example, benz-
imidazole-fused isoindole was generated by electrochemical
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[4 + 1] annulation of alkynoate with arylbenzimidazole [108],
and the electrochemical ortho-annulation of 2-alkynylbenzene-
sulfonamide gave the corresponding five-membered hetero-
cycle [106].

In recent years, a few reviews about the electrochemical cycli-
zation of alkynes and electrochemical synthesis of cyclic com-
pounds have emerged. The electrochemical functionalization of
alkynes was highlighted by Ahmed in 2019 [109], Zhang de-
scribed radical annulation of 1,n-enynes under photo/electro-
chemical reaction conditions in 2023 [110], the electrochemical
formation of heterocycles was summarized by Sindhu in 2022
[98] and sustainable syntheses of heterocycles from alkyne
annulations through C–H activations were reported by Acker-
mann in 2024 [111]. Although few examples about the electro-
chemical formation of five-membered rings from alkynes were
included in the above reviews [106,111], a systemic review on
electrochemical construction of five-membered rings from
alkynes was in high need due to the importance of five-mem-
bered rings and the advantages of electrochemical transformat-
ions. In this review, we summarize the advance on electrochem-
ical construction of five-membered rings from alkynes system-
atically. According to different types of five-membered rings,
the electrochemical construction of five-membered rings from
alkynes are mainly classified into the following categories:
(a) construction of indoles, (b) construction of isoindolinones
and indolizines, (c) construction of oxazoles and imidazoles,
(d) construction of pyrroles, imidazoles and 1,2,3-triazoles. Lit-
erature on the electrochemical formation of five-membered
rings from alkynes in this review was collected up to June 2025.
We apologize to the authors if their contributions were not
involved here due to the limitations of the search tools and
profiles applied.

Review
Construction of indoles
Indoles, exhibiting interesting photoelectric properties and bio-
logical activities, were widely applied in organic synthesis,
pharmacology and organic materials science [112-136].
Recently, Shi has disclosed the synthesis or transformation of
indoles and developed indole-derived platform molecules [137-
161]. Besides, electrochemical cyclization of alkynes is also an
important access towards indoles. In 2016, Xu reported the
electrochemical intramolecular coupling of urea derivatives to
form substituted indoles (Scheme 1) [162]. Using [Cp2Fe]
(5 mol %) as the redox catalyst, the intramolecular coupling of
ureas 1 proceeded smoothly in an undivided cell (reticulated
vitreous carbon (RVC) anode, Pt cathode, 5 mA), forming the
desired indoles 2 in high yields. The reaction showed good
compatibility with various functional groups like phenyl, furyl,
alkenyl and alkyl at the acetylene moieties, producing 2a–d in

66%–87% yields. Boc-amino ester (2e), dipeptide (2f),
apivalate ester (2g) and ethinyl estradiol (2h) skeletons were
also tolerated well. According to the previous works [163] and
the experimental results, the authors proposed a plausible mech-
anism. Firstly, the anodic oxidation of [Cp2Fe] generated
[Cp2Fe]+ along with cathodic reduction of MeOH to H2 and
MeO− acting as a base. Deprotonation of 1a using MeO− pro-
duced the anion A, which underwent single-electron transfer
(SET) with [Cp2Fe]+ to give the nitrogen-centered radical B
with regeneration of [Cp2Fe] [164-172]. Then, the 6-exo-dig
cyclization of B obtained the vinyl radical C [173] that
proceeded cyclization with the aryl species to form the radical
D. Eventually, the rearomatization of D by eliminating one
proton along with electron afforded 2a. This protocol,
proceeding smoothly without noble-metal catalyst and oxidant,
was an economic and efficient protocol compared with the
previous method [174-184].

The ruthenium-accelerated electrochemical dehydrogenative
annulation of alkyne with an aniline derivative was also an effi-
cient method to build the indole frame (Scheme 2) [185]. In the
presence of KPF6 and NaOAc, subjection of alkyne 3 and
aniline 4 to [RuCl2(p-cyneme)]2-catalyzed electrochemical
annulation formed the titled indole 5 successfully. After
studying the reaction in details, the best reaction conditions
were acquired as following: a mixture of aniline 4 (0.3 mmol),
alkyne 3 (0.6 mmol), [RuCl2(p-cymene)]2 (0.03 mmol), KPF6
(0.06 mmol) and NaOAc (0.06 mmol) in H2O/iPrOH (1:1,
6 mL), refluxing under electrolysis (RVC anode, Pt cathode,
10 mA) for 1.8–3.9 h. This reaction was compatible with
anilines with either electron-donating (MeO, Me) or electron-
withdrawing (F, Br, CF3) groups on the phenyl cycle to
generate the corresponding products 5b–f in moderate to excel-
lent yields. The internal alkynes incorporated with phenyl and
ethyl, butyl and thienyl were applicable in this transformation,
leading to the formation of 5g and 5h in 89% and 63% yield, re-
spectively. Based on the results of control experiments and the
previous reports [186], a plausible reaction mechanism was
deduced. Firstly, treatment of [RuCl2(p-cymene)]2 with NaOAc
afforded the ruthenium diacetate species A, which underwent
complexation with 4 and reversible C–H activation to give the
six-membered intermediate C. Substitution of the acetate ligand
in C by 3 caused the generation of complex D. The six-mem-
bered ruthenacycle E was then obtained by migratory insertion
of acetylene into the Ru–C bond. Finally, reductive elimination
of E formed the target indole 5 and a Ru(0) species F that was
oxidized on the RVC anode to regenerate A. This electrochemi-
cal formation of indole, using easily available reactants and
proceeding successfully under aqueous solution with simple
undivided cell, was a green and convenient route towards
indole.
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Scheme 1: Electrochemical intramolecular coupling of ureas to form indoles.

A series of skeletally diverse indoles were obtained successful-
ly via electrochemical annulations of o-arylalkynylanilines
(Scheme 3) [187]. In an undivided cell (Pt anode, Pt cathode,
10 mA), treatment of o-arylalkynylanilines 6 with ammonium
halides (NH4X, X = I, Br, Cl) gave the C3-halogenated indoles

7 in moderate to excellent yields. When KI was used instead
of NH4X, naphtho[1 ′,2 ′:4,5]furo[3,2-b]indoles 8 were
generated in 43–72% yields. Performing the electrochemical
bicycl izat ion of  6'  wi th  NH4 I  in  acetone yie lded
naphtho[1′,2′:5,6][1,3]oxazino[3,4-a]indoles 9 in moderate
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Scheme 2: Electrochemical dehydrogenative annulation of alkynes with anilines.
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Scheme 3: Electrochemical annulations of o-arylalkynylanilines.

yields. It was worth mentioning that this report provided a
switchable and green synthetic methodology for skeletally
diverse indoles.

Divergent electrochemical cyclization of 2-ethynylanilines was
developed to synthesize indoles and iodoindoles (Scheme 4)
[188]. Treatment of 2-ethynylanilines 10 with KI in DMSO/
H2O in an undivided cell (Pt electrodes, 10 mA, 4.0 F/mol)
afforded 3-iodoindoles 11 in satisfactory yields. When an alter-
native cell (Cu electrodes, 10 mA, 0.1 F/mol) was applied, the
target indoles 12 were obtained in excellent yields. On the basis
of control experiments and previous studies [189-200], the
authors proposed a possible reaction mechanism. For the syn-
thesis of 11a in Pt plate electrodes, two-electron anodic oxida-
tion of I− formed I+. Addition of I+ to C≡C in 10 resulted in the
production of A. Meanwhile, continuous reduction of H2O at
the cathode formed H2 and HO−. The anti-nucleophilic attack of
the N atom in A and the following HO− facilitated deproton-
ation and formed the corresponding 3-iodoindole 11a. Exces-
sive-reduction (a minor side-reaction) of 11a took place as well
in certain instances, resulting in the formation of 12a. And for
the generation of 12a in Cu rod electrodes, the Cu anode was
expected to liberate Cu+ into the reaction mixture. The reaction
of this Cu+ with DMSO and I− afforded (DMSO)nCuI, which
was coordinated with C≡C to give B. The intermediate C was
obtained by cyclization of B and deprotonation. Further proton-
ation of C afforded 12a and regenerated (DMSO)nCuI. Notably,
this reaction, using KI as the only additive and performing
under ambient conditions in a non-volatile aqueous solvent, was
a simple, selective, efficient and sustainable electrosynthesis of
indole derivatives.

3-Selenylindoles were also formed by electrochemical seleno-
cyclization of diselenides and 2-ethynylanilines (Scheme 5)

[201]. After probing the reaction systematically, the optimal
conditions were afforded as following: a mixture of 2-ethynyl-
aniline 13 (0.2 mmol), diselenide 14 (0.13 mmol), n-Bu4NPF6
(0.04 mmol) and MeCN (5.0 mL), under electrolysis (Pt plate
electrodes, 5 mA, 1.87 F/mol) at rt for 2–4 h. 2-Ethynylanilines
with either electron-withdrawing (CN, CF3, Br, COOMe) or
electron-donating (Me, OMe) groups at the phenyl cycle of
aniline were tolerated well under these conditions, producing
the corresponding 15b–g in 81–98% yield. This reaction also
showed high compatibility with 2-naphthyl (15h), 2-thiophenyl
(15i), ferrocenyl (15j), cyclohexenyl (15k) and tert-butyl (15l)
incorporated at the ethynyl moiety. According to the results of
control experiments, a plausible mechanism was presented.
Firstly, one-electron oxidation of 14a occurred to give a radical
cation PhSeSePh•+ at the anode. The subsequent cleavage of
Se–Se bond formed a radical PhSe• and a cation PhSe+. Further
additional oxidation of PhSe• yielded another PhSe+, which
worked as the major reactive species and quickly added to C≡C
in 13a to form intermediate A. Finally, A proceeded an intramo-
lecular nucleophilic attack by N and deprotonation to finish
15a. The other possible pathway was radical route, in which
PhSe• dimerized to reform 14a or added to C≡C bond in 13a to
afford B. The subsequent anodic oxidation of B gave C, which
underwent nucleophilic cyclization/deprotonation to form the
target 15a. Meanwhile, H+ was continually reduced at the
cathode to give by-product H2. This transformation, completing
under short reaction time and conditions with a low equivalent
of charges with high yields and good substrate scope, was a
convenient, efficient, practical and a sustainable strategy for the
preparation of 3-selenylindoles.

In 2023, Satyanarayana also described a similar electrochemi-
cal cascade approach towards 3-selenylindoles from 2-alkynyl-
anilines (Scheme 6) [202]. When graphite was used as anode,
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Scheme 4: Electrochemical cyclization of 2-ethynylanilines.

platinum as cathode and LiClO4 as electrolyte, the electrochem-
ical oxidative cyclization of 2-alkynylaniline 16 and diselenide
17 occurred to form desired 3-selenylindole 18 in satisfactory
yields with wide substance scope. Based on control experi-
ments and previous references [203], a possible reaction mecha-
nism was outlined. Firstly, the anodic oxidation of 17a formed
phenylselenium cation C and phenylselenium radical B through

radical cation species A. Simultaneously, the cathodic reduc-
tion of 17a generated anion D and radical B. Then, addition of
B with the alkyne portion in 16a gave a radical intermediate E,
which proceeded a one-electron oxidation followed by nucleo-
philic addition and then deprotonation to yield the desired 18a
via intermediate G. Another possible pathway is that phenylse-
lenium cation C attacked 16a afforded the alkenyl cation G,
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Scheme 5: Electrochemical selenocyclization of diselenides and 2-ethynylanilines.
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Scheme 6: Electrochemical cascade approach towards 3-selenylindoles.

which underwent cyclization and deprotonation to produce 18a.
It should be noted that this conversion proceeded under metal,
oxidant, and base-free conditions.

An electrochemical enantioselective tandem C–H indolization
of 2-alkynylanilines with 3-functionalized indoles towards 2,3′-
biindolyl atropisomers was achieved by Zeng in 2025
(Scheme 7) [204]. After screening the reaction carefully, the
optimal conditions were gained as following: a mixture 3-func-
tionalized indole 19 (0.08 mmol), 2-alkynylaniline 20
(0.12 mmol), (R)-Rh1 (5 mol %), n-Bu4NOAc (0.08 mmol),
1-adamantane carboxylic acid (1-AdCO2H, 0.08 mmol) and
MeOH/CHCl3 (1:1, 2 mL), under electrolysis (graphite felt
(GF) anode and graphite (C) cathode, 2 mA, 5.6 F/mol) at rt for

6 h. The authors also proposed the reaction mechanism on basis
of experimental results and previous literature [205,206].
Firstly, the ligand exchange between (R)-Rh1 and n-Bu4NOAc
or 1-AdCO2H gave a chiral active catalyst A. The irreversible
base-prompted C–H activation of A with 19a yielded a five-
membered rhodacycle B, which underwent alkyne coordination
followed by nucleophilic cyclization with 20a to give the biin-
dolyl–Rh species D. The reductive elimination of D produced
the bisindole-ligated CpxRhI intermediate E, which performed
anodic oxidation to finish 21a and regenerate A. Notably, this
protocol was an efficient and sustainable approach to synthe-
size 2,3′-biindolyl atropisomers and could be potentially applied
in manufacture of functional materials, bioactive molecules and
chiral ligands.
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Scheme 7: Electrochemical C–H indolization.

Construction of isoindolinones and
indolizines
An electrochemical and copper-catalyzed annulation of benz-
amides and terminal alkynes was established for the synthesis
of isoindolones by Ackermann in 2019 (Scheme 8) [207]. After
screening the reaction carefully, the optimum conditions were
presented as following: a mixture of benzamide 22
(0.25 mmol), alkyne 23 (0.50 mmol), NaOPiv (0.25 mmol),
Cu(OAc)2-H2O (0.0125 mmol) and N,N-dimethylacetamide
(DMA, 4.0 mL), under electrolysis (RVC anode, Pt cathode,
6.0 mA) at 100 °C for 6 h. According to the experimental
results, a proposed mechanism was outlined. Firstly, treatment
of NaOPiv (0.25 mmol) with Cu(OAc)2-H2O formed
Cu(OPiv)2. Coordination of 22 with Cu(OPiv)2 and the
following anodic copper(II) oxidation provided copper(III)
carboxylate intermediate B. Facile carboxylate-promoted C–H
activation and ligand exchange with 23 formed the copper(III)
species D, which underwent metalation/reductive elimination to
generate intermediate E along with the formation of Cu(OPiv)
which was transformed to Cu(OPiv)2 by oxidation at the anode.
Finally, the cyclization of E afforded target isoindolone 24.
Notably, this reaction was the first example of electrochemical

copper-catalyzed oxidative cyclization of alkyne which was
enabled by C–H alkynylation of electron-deficient benzamide.

In 2022, Ye presented an electrochemical synthesis of isoindo-
linone through 5-exo-dig aza-cyclization of 2-alkynylbenza-
mide (Scheme 9) [208]. By applying carbon cloth as anode, Pt
as cathode and n-Bu4NOAc as electrolyte, the 5-exo-dig/6-
endo-dig cyclization of 2-alkynylbenzamide 25 occurred to
form the corresponding isoindolinone 26 in reasonable yields.
According to the experimental results and previous investiga-
tions [209-211], the proposed reaction mechanism was de-
scribed. Initially, proton-coupled electron transfer took place
between n-Bu4NOAc and 2-(phenylethynyl)-N-tosylbenzamide
(25a) to afford the amidyl radical B, which then proceeded
intramolecular 5-exo-dig radical annulation to form the five-
membered intermediate C. The oxidation of C followed by
capturing an AcO− generated the intermediate E, which was
converted into triacetate adduct F through anodic oxidation and
AcO− capture. The hydrolysis of F then occurred to afford the
final product 26a. This protocol featured with some advantages
such as without any oxidants and metal catalysts, simple opera-
tion, good yields, high selectivity and wide substrate scope.



Beilstein J. Org. Chem. 2025, 21, 2173–2201.

2183

Scheme 8: Electrochemical annulation of benzamides and terminal alkynes.

Isoindolinone could be also obtained by electrochemical reduc-
tive cascade annulation of o-alkynylbenzamide (Scheme 10)
[212]. Under 10 mA constant current with two platinum plate as
electrodes and n-Bu4NPF6 as electrolyte, the reductive cascade
cyclization of o-alkynylbenzamide 27 proceeded smoothly in
the presence of N,N-diisopropylethylamine (DIPEA) to give the
corresponding isoindolinone 28 in 32–90% yield. A plausible
reaction mechanism was presented according to the experimen-
tal results and earlier works [213,214]. Firstly, the proton
coupled electron transfer (PCET) procedure of 27 formed the
amidyl radical B, which performed 5-exo-dig N-radical addi-

tion into the C≡C bond to generate the cyclic species C. The
radical anion D was then obtained via single electron reduction
of C at the cathode. The subsequent protonation of D gave
α-aminyl radical E [215-217], which was converted into the
anion F by further cathodic reduction. The subsequent proton-
ation of F occurred to complete the formation of 28. This ap-
proach, applying electrolyte as the proton sources, avoided the
use of reductants and metal catalysts efficiently.

In 2022, Guo developed an electrochemical intramolecular 1,2-
amino oxygenation of alkyne to access indolizine (Scheme 11)
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Scheme 9: Electrochemical synthesis of isoindolinone by 5-exo-dig aza-cyclization.

Scheme 10: Electrochemical reductive cascade annulation of o-alkynylbenzamide.
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Scheme 11: Electrochemical intramolecular 1,2-amino oxygenation of alkyne.
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[218]. Under electrolysis (two platinum plate as electrodes,
NH4I as electrolyte and electrocatalyst, 5 mA, 8.4 F/mol), the
aminooxygenation of alkyne 29 underwent efficiently to form
the desired indolizine 30 in good to excellent yield. The reac-
tion was compatible with many groups involved at the ethyne
moiety like substituted phenyl (30b–e), benzodioxole (30f),
naphthyl (30g), thienyl (30h), pyridinyl (30i), furyl (30j),
benzofuranyl (30k), alkyl (30l, 30m), cycloalkyl (30n–p) and
trimethylsilyl (30r). This reaction was also compatible with
benzyl ester (30s), propynyl ester (30t), phenylamide (30u) as
well as natural product-derived and pharmaceutical skeletons:
fenchol (30v), ᴅ-ribofuranoside (30w), diacetone galactose
(30x), and epiandrosterone (30y). Based on the experimental
results, a possible reaction mechanism was disclosed. Initially,
the anodic oxidation of I− formed I+ or I2. Coordination of 29a
with I− produced the iodonium species A, which was trans-
formed to vinyl iodide B by intramolecular 5-exo-dig iodocy-
clization. The deprotonation/anodic oxidation of B gave the
radical cation D via C. The second deprotonation/anodic oxida-
tion produced F, which was transformed into stable cationic
resonance G quickly. The nucleophilic attack of D2O formed H,
which underwent dedeuteration and elimination of DI to form
30a with reduction of deuterated water to generate deuteroxyl
ions (OD−) and deuterium gas (D2) at the cathode. This method,
using iodide salts as electrolyte and redox mediator and
proceeding in aqueous solution with pleasure yields, was a
simple, convenient, powerful, environmentally benign and sus-
tainable electrooxidative approach towards indolizine.

Construction of oxazoles and imidazoles
Without any additional oxidants and catalysts, an electrochemi-
cal multicomponent reaction of nitrile, xanthene, terminal
alkyne and water to synthesize oxazole was established by Li in
2023 (Scheme 12) [219]. After examining the reaction care-
fully, the optimized reaction conditions were obtained as
follows: a mixture of alkyne 31 (0.3 mmol), xanthene 32
(0.45 mmol), CH3CN (5.0 mL), H2O (0.3 mmol) and
n-Bu4NBF4 (0.45 mmol), under electrolysis (Pt plate as elec-
trodes, 5 mA) at air for 10 h. Electron-donating (Me, Et, t-Bu
and OMe) or electron-withdrawing (Cl, Br and F) groups
involved phenylacetylenes, 1-ethynylnaphthalene and
2-ethynylthiophene were tolerated well under these reaction
conditions, resulting in the formation of the corresponding
oxazoles (33b–j) in 43–80% yields. Xanthenes bearing Me,
t-Bu, MeO, Ph, Cl, CF3 and naphthyl groups were applicable as
well, generating the desired 33k–r in moderate yields. Accord-
ing to the results of control experiments and previous studies
[220-231], a proposed mechanism for this reaction was
depicted. Firstly, the anodic oxidation of 32a took place to give
a radical cation species A that proceeded deprotonation to give
benzylic radical intermediate B. Further oxidation of B afforded

a cationic intermediate C, which was converted into D through
nucleophilic addition of 31a. Trapping D by the weak nucleo-
phile H2O formed the by-product 34, while trapping of D by
CH3CN generated species E, which was trapped by H2O and
formed intermediate F. Furthermore, oxidation of F at the
anode produced radical cation G [232]. The following intramo-
lecular cyclization/anode oxidation produced intermediate I that
was then deprotonated to yield the target 33a. Compared to the
previous reported methods [233-254], this approach exhibited
the following advantages like without metal catalysts and
external oxidants, atom economy, facile access of starting mate-
rials, etc.

In 2024, Cho succeeded in the preparation of trifluoromethyl-
ated oxazoles through in-situ aminotrifluoromethylation/cycli-
zation of alkynes (Scheme 13) [255]. Under electrolysis (graph-
ite as electrodes, tetra-n-butylammonium salt (TBAPF6) as elec-
trolyte, N,N,N,N-tetramethylethylenediamine (TMEDA) as
mediator, 4.28 V), the four-component reaction of alkynes 35,
NaSO2CF3, nitriles and residual water proceeded efficiently to
form titled trifluoromethylated oxazoles 36 in moderate to
excellent yields. A proposed mechanism was established on
basis of control experiments. Firstly, the anodic oxidation of
NaSO2CF3 gave a trifluoromethyl radical, which was then
added to 35a, affording alkenyl intermediate A. In the presence
of TMEDA, oxidation of A yielded A+, which was then trapped
by MeCN/H2O to form the CF3-enamide intermediate B. The
subsequent cyclization/oxidation of B offered oxazoline radical
intermediate C, which was transformed to the target 36a
through anodic oxidation/deprotonation. This transformation,
implementing under mild conditions, was an efficient and
straightforward protocol towards oxazoles.

An electrochemical and selenium-catalyzed construction of 2,1-
benzoxazole through cyclization of o-nitrophenylacetylene was
achieved by Pan in 2021 (Scheme 14) [256]. After examining
the reaction in details, the best conditions were disclosed as
following: a mixture of o-nitrophenylacetylene 37 (0.3 mmol),
diphenyl diselenide (0.03 mmol), Et4NPF6 (0.15 mmol) and
CH3CN (10 mL), under electrolysis (graphite cathode and plati-
num anode, 1.6 V) at rt. Based on the experimental results and
the reported studies [257,258], the authors deduced a plausible
reaction mechanism. Initially, the anodization of diphenyl
diselenide produced phenylselenium radical A and selenium
cation B, the single-electron transfer on the anode could
also transformed A into B. Addition of B to 37a formed the
intermediate C that underwent intramolecular nucleophilic
cyclization to give D. The fracture of the N–O bond in D
yielded E. Elimination of selenium cation A from E and the
following cyclization afforded 38a. This transformation, com-
bining selenium catalysis and organic electrosynthesis,
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Scheme 12: Electrochemical multicomponent reaction of nitrile, (thio)xanthene, terminal alkyne and water.
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Scheme 13: Electrochemical aminotrifluoromethylation/cyclization of alkynes.

proceeded smoothly at rt without external oxidants and metal
catalysts.

Construction of pyrroles, imidazoles and
1,2,3-triazoles
A series of indeno[1,2-c]pyrroles were synthesized successfully
through electrochemical annulation of alkynyl enaminones by
Zhao in 2022 (Scheme 15) [259]. After examining the reaction
carefully, the best reaction conditions were obtained as

following: alkynyl enaminone 39 (0.2 mmol), LiClO4 (0.3 M)
and NaI (0.1 M) in MeCN (6 mL) at 80 °C under electrolysis
(Pt plate as electrodes, 10 mA) at rt for 20 h. Alkynyl enam-
inones bearing substituted phenyl, naphthyl, cyclopropyl and
n-butyl groups at the amino moiety were tolerated well under
these conditions, resulting in the formation of indeno[1,2-
c]pyrroles 40b–g in 63–97% yields. Alkynyl enaminones con-
taining phenyl, trimethylsilyl and n-butyl groups at the ethynyl
terminal were also applicable to produce the desired 40h–j in
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Scheme 14: Electrochemical cyclization of o-nitrophenylacetylene.

satisfactory yields. Based on the results of control experiments
and previous works [260-265], a proposed mechanism was also
presented. Initially, I− was oxidized to I• at the anode. A vinyl
radical intermediate A was produced through reaction of I• with
39a. The following intramolecular cyclization formed the
species B, which was oxidized at the anode to generate imine
intermediate C. Simultaneously, treatment of 39a with I+ and
the following intramolecular nucleophilic cyclization produced
C. The elimination of a proton from C afforded the intermedi-
ate D. In the presence of 1,8-diazabicyclo[5.4.0]undec-7-ene
(DBU), the intramolecular nucleophilic substitution of D
afforded target indeno[1,2-c]pyrrole 40a along with eliminating
I. Notably, this oxidant-free and catalyst-free approach could be
potentially applied in the pharmaceutical manufacture.

A Rh-promoted synthesis of pyrroles through annulation of
alkynes and enamides was demonstrated by Ackermann in 2023
(Scheme 16) [266]. Using GF as anode, Pt as cathode, NaOAc
as the electrolyte and [Cp*Rh(MeCN)3](SbF6)2 as the catalyst,
the annulation between alkyne 41 and enamide 42 succeeded,

forming the corresponding pyrrole 43 in good yield. Although
this transformation employing electricity as a sustainable and
green oxidant, noble metal catalyst (Rh) was required to achieve
reasonable yields.

An electrochemical synthesis of imidazoles through tandem
Michael addition/azidation/intramolecular cyclization of
alkynes, amines and azides was realized by Chen in 2022
(Scheme 17) [267]. After investigating the reaction in details,
the optimum reaction conditions were acquired as following: a
mixture of alkyne 44 (0.5 mmol), amine 45 (0.5 mmol),
azidotrimethylsilane (TMSN3, 1.5 mmol), n-Bu4NBF4 (0.1 M),
KI (1 mmol) and DMSO (5.0 mL), under electrolysis (Pt plate
as electrodes, 9 mA) at rt for 9 h. The reaction was compatible
with numerous amines such as substituted benzylamines 46b–d,
1-(2-naphthyl)methanamine 46e, 3,4-methylenedioxybenzyl-
amine 46f, furfurylamine 46g and 2-thiophenemethylamine
46h. Alkynes with ester and trifluoromethyl groups worked
well under this reaction, leading to the corresponding imida-
zoles 46i–k in moderate yields. With the consideration of exper-
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Scheme 15: Electrochemical annulation of alkynyl enaminones.
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Scheme 16: Electrochemical annulation of alkyne and enamide.

Scheme 17: Electrochemical tandem Michael addition/azidation/cyclization.
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Scheme 18: Electrochemical [3 + 2] cyclization of heteroarylamines.

imental results and the reported literature [268,269], a proposed
reaction mechanism was disclosed. Firstly, treatment of 44a
with 45a formed A. Oxidation of I− produced I• that reacted
with A to generate iodide B. Attachment of B by N3

− gave
intermediate C. A free radical species E was obtained from C
through oxidation and elimination of N2 via intermediate D.
The subsequent [1,5]-H shift generated α-amino radical F,
which was converted into the final product 46a by oxidation
and cyclization. This reaction avoided the use of metal cata-
lysts and oxidants, but the yields remained to improve.

An electrochemical [3 + 2] cyclization of heteroarylamine to
access imidazopyridine was achieved by Xu in 2017
(Scheme 18) [270]. When RVC was used as anode, platinum as
cathode and Et4NBF4 as electrolyte, the tetraarylhydrazine-
(47)-catalyzed cyclization of heteroarylamine 48 succeeded,
forming the corresponding imidazopyridine 49 in up to 94%
yield with broad substance scope. The authors also presented a
possible mechanism for this transformation. Firstly, the anodic
oxidation of 47 formed a radical-cation species A along with the
generation of OH− through reduction of H2O at the cathode. In
the presence of OH−, deprotonation of 48 underwent smoothly

to generate the anion species B. The single-electron transfer
from B to A gave amidyl radical C with the regeneration of 47.
The 5-exo-dig annulation of C provided vinyl radical intermedi-
ate D. The radical in D reacted with the pyridyl N atom regiose-
lectively to form a tricyclic radical E, which proceeded one-
electron oxidation/hydrolysis afforded 49. Additionally, the
imidazopyridines could be constructed through electrochemical
intramolecular [3 + 2] annulation of carbamates as well [271].
Notably, the above approach provided imidazopyridines in high
yields under aqueous solution without any metal catalysts.

Early in 2008, an electrochemical copper(I)-catalyzed
azide–alkyne cycloaddition (CuAAC) to access 1,2,3-triazole
was realized by Finn [272]. But the copper catalyst was still re-
quired in that procedure. In 2023, Bera presented an electro-
chemical oxidative [3 + 2] cycloaddition of secondary propargyl
alcohol to access 1,2,3-triazole (Scheme 19) [273]. After
probing the reaction systematically, the optimal conditions were
presented as following: a mixture of propargyl alcohol 50
(0.7 mmol), NaN3 (2.8 mmol), n-Bu4NI (0.5 mmol) and MeCN
(10 mL) under electrolysis (graphite rod as anode, stainless-
steel plate as cathode, 11 mA) at rt for 10 h. According to the
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Scheme 19: Electrochemical CuAAC to access 1,2,3-triazole.

experimental results and density functional theory (DFT) calcu-
lations, a plausible mechanism for this reaction was proposed.
Firstly, oxidation of I− at the anode afforded I•, which
abstracted a hydrogen atom from 50a to form the intermediate
A with elimination of HI as a by-product. The second abstrac-
tion of a hydrogen atom generated ketone B, which then under-
went 1,3-dipolar cycloaddition to produce 51a. This report pro-
duced 1,2,3-triazole without any metal catalysts, but the reac-
tion time was relatively long, and the yield remained to en-
hance.

Conclusion and Outlook
In conclusion, the construction of organic five-membered rings
attracted popular attention due to their distinctive properties and
wide applications. Alkynes were extensively used as starting
materials or intermediates for the synthesis of five-membered
rings. Recently, the electrochemical synthesis of organic five-
membered rings from alkynes have been developed due to the

superiorities of electrochemical transformations. Indole skele-
tons were obtained successfully through electrochemical cou-
pling of urea derivatives, dehydrogenative annulation of alkynes
with anilines, annulation of o-arylalkynylanilines, cyclization of
2-ethynylanilines, selenocyclization of diselenides with
2-ethynylanilines, and enantioselective tandem C–H indoliza-
tion of 2-alkynylanilines with 3-functionalized indoles. The
electrochemical and copper-catalyzed annulation of benz-
amides and terminal alkynes formed isoindolones in high
yields. Isoindolinone could be also afforded via electrochemi-
cal 5-exo-dig aza-cyclization of 2-alkynylbenzamides and re-
ductive cascade annulation of o-alkynylbenzamides. An electro-
chemical intramolecular 1,2-amino oxygenation of alkynes pro-
vided indolizines in reasonable yields. The electrochemical
multicomponent reaction was also developed for the construc-
tion of oxazole. Pyrrole could be prepared by electrochemical
annulation of alkynes with enamides. Electrochemical [3 + 2]
cyclization of heteroarylamine was an efficient access towards
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Abstract
This review presents a paradigm-shifting "pathway economy" strategy for 1,n-enyne cyclization, enabling divergent construction of
complex molecular architectures from a single substrate class. Through mechanistic-guided modulation of catalysts, solvents,
ligands, and angle strain, this approach achieves unprecedented reaction pathway control while demonstrating superior temporal
and step efficiency compared to conventional methods. The work establishes a sustainable framework for rapid molecular diversifi-
cation, offering transformative potential for green chemistry and pharmaceutical applications. By unifying mechanistic insights with
practical synthetic design, this review provides valuable guidance for future innovations in precision organic synthesis.
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Introduction
As organic synthesis concepts continue to evolve, economical
synthesis remains a foundational principle for synthetic
chemists [1-7]. The essence of economical synthesis lies in the
conservation of materials and time, thereby facilitating the syn-
thesis of target molecules at lower cost while minimizing envi-
ronmental pollution through minimized waste generation.

In 1991, Trost first introduced the concept of “atom economy”,
proposing that an ideal reaction should incorporate all atoms of
the reactants, thereby enabling more efficient utilization of

limited raw materials [1,2]. Two years later, Wender proposed
“step economy” advocating optimized synthetic routes and
strategies to minimize the number of steps required for con-
structing target molecules [3,4]. In 2008, “redox economy” was
introduced by Baran [5]. Similar to “atom and step economies”,
this concept emphasizes prioritizing the minimization of redox
manipulations during synthesis to achieve linear and stable
progression of oxidation states in intermediates. In recent years,
“pot economy” and “time economy” were proposed by Hayashi,
underscoring the importance of reducing the time required for
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Scheme 1: Economical synthesis and pathway economy.

reaction processes and conducting multistep reactions within a
single pot (Scheme 1a) [6,7].

Contemporary organic synthesis is progressively approaching
ideal synthesis – achieving highly functionalized target molecu-
lar frameworks in a single step. This paradigm circumvents
cumbersome late-stage functional group manipulations and
perfectly aligns with the principles of step economy, time
economy, and redox economy.

Over the past few decades, chemists have rapidly directed this
efficient synthetic paradigm toward diverse targets by skillfully
regulating reaction components such as solvents, catalysts,
ligands and so on. Unlike traditional “one-to-one” reactions,
pathway-controlled “one-to-many” transformations synthesize
multiple products from single intermediates, dramatically

reducing preparation time and reagent requirements
(Scheme 1b). As an exceptionally significant reaction, 1,n-
enyne cyclization is capable of constructing a variety of com-
plex small-molecule frameworks, including fused and bridged
rings, thereby serving as a potent tool in the syntheses of natural
products and pharmaceuticals. Our group has pioneered the
concept of "pathway economy" by systematically regulating
reaction parameters (solvent, substituent, ligand, catalyst) in
1,n-enyne cyclizations, enabling efficient "one-to-many" trans-
formations that drastically reduce synthetic steps and resource
consumption.

Review
Solvent-controlled cyclization of 1,n-enynes
Solvents play a multifaceted regulatory role in chemical trans-
formations, exerting kinetic modulation through solvation
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Scheme 2: Au(I)-catalyzed cascade cyclization paths of 1,5-enynes.

effects on activation barriers and reaction rates, dictating
thermodynamic equilibria that govern product distribution, and
enabling precise reaction pathway regulation via selective stabi-
lization of critical transition states. This integrated control
framework provides a rational basis for designing reaction
conditions to optimize selectivity and efficiency in organic syn-
thesis. In 2014, the Liu group developed an Au(I)-catalyzed
cascade cyclization strategy for synthesizing polysubstituted
naphthalenes using 1,5-enynes 1 as substrates involving alkyne
alkoxylation and dienol ether aromaticity-driven processes
(Scheme 2) [8]. The reaction pathway was decisively influ-
enced by the choice of solvent. Under gold catalysis, with tolu-
ene as the solvent and 2 equiv of methanol serving as the
nucleophile, the reaction proceeded via 5-endo-dig cyclization.
This pathway involved enol ether attack on the gold-activated
alkyne, leading to the formation of oxonium intermediate 2.
Subsequently, nucleophilic addition of methanol culminated in
the formation of indene motif 5 (Scheme 2, path a). When
methanol served dual roles as solvent and nucleophile, the gold-
catalyzed intermolecular Markovnikov addition of methanol to
the gold-activated alkyne proceeded to afford dienol intermedi-
ate 4. The intermediate 4 subsequently underwent a regioselec-
tive 6-endo-trig cyclization, generating the naphthalene core 7
(Scheme 2, path b). In the following years, Liu and co-workers
discovered that the protonation of intermediate 2 triggered its
conversion to intermediate 3, which subsequently underwent
oxidation with oxygen, resulting in the generation of an inde-

none skeleton 6 [9]. This tunability achieved efficient and regio-
selective syntheses of indene, indenone, and naphthalene deriv-
atives from simple aromatic 1,5-enyne substrates.

In 2020, a solvent-controlled strategy for Au(I)-catalyzed diver-
gent syntheses of phenanthrene and dihydrophenanthrene deriv-
atives was developed by the Rodríguez group (Scheme 3) [10].
In dichloromethane (DCM), gold(I)-catalyzed alkyne activation
initiated 6-endo-dig cyclization of the conjugated alkene.
Subsequent alkyl migration formed four-membered ring inter-
mediate 9, which underwent fragmentation and rearrangement
to yield phenanthrene derivative 10 (Scheme 3, path a). When
tetrahydrofuran (THF) was used as solvent, the proton elimina-
tion and protodeauration led to the formation of dihydrophenan-
threne 12 due to solvent effects (Scheme 3, path b). This path-
way-controlled approach for the syntheses of phenanthrenes
complemented the established protocols.

In 2020, Mutra et al. achieved a radical initiated intramolecular
cascade cyclization of 1,n-enynes to provide structurally diverse
heterocycles (Scheme 4) [11]. Solvent selection dictated diver-
gent reaction pathways under I2/TBHP oxidation. When an
acetonitrile/water mixed solvent was used, iodine radical addi-
tion to the alkyne preferentially initiated 6-endo-trig cyclization,
affording iodinated homoallylic alcohol piperidines 15
(Scheme 4, path a). Conversely, cyclopropane-annulated pyrrol-
idines 17 were constructed using methanol as solvent through
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Scheme 3: Au(I)-catalyzed cyclization paths of 1,7-enynes.

Scheme 4: I2/TBHP-mediated radical cycloisomerization paths of 1,n-enyne.

hydroxyl radical-mediated 5-exo-trig cyclization pathway
(Scheme 4, path b). This metal-free methodology delivered syn-
thetically versatile iodinated homoallylic alcohols bearing pi-
peridine motifs and pyrrolidine-fused cyclopropanes. Important-
ly, the reaction was carried out with high operational simplicity
and environmental compatibility under mild reaction condi-
tions.

In 2024, Chan and co-workers achieved an innovative gold-cat-
alyzed cascade cycloisomerization of 3-allyloxy-1,6-diynes to
access cyclopropane- and cyclobutane-fused benzofurans/chro-
manols (Scheme 5) [12]. In this study, solvent polarity and trace
water were identified as key parameters governing the reaction
pathway. In THF with trace water, water served as a nucleo-
phile that participated in the reaction, triggering hydroxylation

of cyclopropanation intermediate 19 and affording cyclo-
propane-fused chromanol products 20 (Scheme 5, path a). In
anhydrous 1,2-dichloroethane (DCE), gold(I)-catalyzed cyclo-
propanation of 1,6-enyne initiated a cascade involving 1,5-
enyne addition, consecutive 1,2-alkyl migrations, and
Friedel–Crafts alkylation, efficiently constructing the penta-
cyclic fused benzofuran framework 21 (Scheme 5, path b).
Above two analogues were prepared on a gram scale, con-
verted into valuable synthetic intermediates, and used to suc-
cessfully modify diverse bioactive scaffolds via late-stage func-
tionalization, collectively demonstrating the method’s synthetic
utility.

In 2025, the Das group developed a palladium-catalyzed cyclo-
isomerization of 2-alkynylbenzoate-cyclohexadienone that
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Scheme 5: Au(I)-catalyzed cycloisomerization paths of 3-allyloxy-1,6-diynes.

Scheme 6: Pd(II)-catalyzed cycloisomerization paths of 2-alkynylbenzoate-cyclohexadienone.

enables solvent-controlled selective syntheses of two poly-
cyclic compounds (Scheme 6) [13]. Using PdCl2 as the catalyst
and DMF as the solvent, substrate 22 underwent a 6-endo-dig
cyclization and subsequent enone insertion, forming a palla-
dium–carbon bond intermediate. Protonolysis yielded
isocoumarin-fused dihydrochromenone skeleton 24 (Scheme 6,
path a). When DMSO was employed instead, the strongly coor-
dinating solvent diverted the reaction towards 5-exo-dig cycli-
zation, furnishing a Z-configured tetrasubstituted alkene
product 26 (Scheme 6, path b). The isocoumarin-fused
dihydrochromenones prepared by this strategy could be
further derivatized (e.g., via borylation, epoxidation), estab-
lishing a versatile platform for accessing fused-ring natural
products.

Substituent-controlled cyclization of
1,n-enynes
In transition metal-catalyzed cyclization reactions, the elec-
tronic properties and steric hindrance of substituents serve as
critical switches for determining reaction pathway selection.
Chemists have developed sophisticated synthetic strategies
for programmable assembly of complex small molecular
framework by leveraging substituent electronic and steric
effects.

In 2006, the Shibata group reported a gold-catalyzed cycliza-
tion approach using aromatic enyne derivatives, where substitu-
ent control governed the stereoselective syntheses of naphtha-
lene and indene cores (Scheme 7) [14]. When the alkyne
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Scheme 7: Stereoselective cyclization of 1,5-enynes.

Scheme 8: Substituent-controlled cycloisomerization of propargyl vinyl ethers.

terminus of the substrate 27 bore an alkyl or aryl substituent, the
Ph3PAuCl/AgOTf-catalyzed 6-endo-dig cyclization and subse-
quent deprotonation furnished 1,3-disubstituted or 1,2,3-trisub-
stituted naphthalenes 29 (Scheme 7, path a). When the alkyne
terminus was iodo-substituted or unsubstituted, the 5-exo-dig
cyclization pathway proceeded via selective activation of the
iodoalkyne, generating 1-methyleneindene derivatives 31
(Scheme 7, path b). This work provided a novel approach for
constructing substituted naphthalene and indene frameworks via
gold-catalyzed cycloisomerization of 1,5-enynes.

In 2016, Liu et al. achieved the stereoselective syntheses of
furofuran and furopyran scaffolds from propargyl vinyl ethers
under gold(I) catalysis through a substituent-controlled strategy
(Scheme 8) [15]. Substrates with heteroaryl substituents under-
went 6-endo-dig cyclization via gold-heteroatom coordination,

furnishing the lactone-fused pyran scaffold 34 (Scheme 8, path
a). Substrates with aryl substituents at the terminal alkyne
proceeded via a gold(I)-catalyzed propargyl-Claisen rearrange-
ment, generating a β-allenic intermediate 35. This intermediate
underwent a Markovnikov-type nucleophilic addition followed
by a 5-exo-trig cyclization to stereoselectively construct the
furo[3,2-b]furan bicyclic framework 36 (Scheme 8, path b). The
substituent-controlled gold(I)-catalyzed cycloisomerization of
propargyl vinyl ethers provides a highly efficient platform for
the divergent synthesis of functionalized furofuran and
furopyran. Meanwhile, the preliminary antifungal assessment of
these compounds underscored the synthetic value of this
method.

In 2017, the Liu group established a precise control over cycli-
zation sequences of 1,2-diphenylacetylenes by modulating the
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Scheme 9: Au(I)-catalyzed pathway-controlled domino cyclization of 1,2-diphenylethynes.

Scheme 10: Au(I)-catalyzed tandem cyclo-isomerization of tryptamine-N-ethynylpropiolamide.

nitrogen-substitution patterns, enabling divergent syntheses of
benzo[a]carbazole and indeno[1,2-c]quinoline derivatives
(Scheme 9) [16]. When the nitrogen atom was substituted with
strong electron-withdrawing groups, a nucleophilic attack to
gold(I)-activated alkyne generated intermediate 38, with subse-
quent 6-endo-trig cyclization affording benzo[a]carbazole 39
(Scheme 9, path a). Conversely, the activated alkyne was
attacked by enol ether to yield intermediate 40 when using sub-
strates with unsubstituted nitrogen. Concurrent oxygen-involved

cyclization then furnished indeno[1,2-c]quinoline 41
(Scheme 9, path b). This work established a pathway-con-
trolled strategy for efficient access to benzo[a]carbazole and
indeno[1,2-c]quinoline derivatives.

In 2019, the Liu group developed a gold-catalyzed tandem
cycloisomerization, offering controllable synthesis of either
indolo[2,3-a]quinolizine or indolizino[8,7-b]indole derivatives
(Scheme 10) [17]. When the indole nitrogen of the substrate
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Scheme 11: Au(I)-catalyzed tunable cyclization of 1,6-cyclohexenylalkyne.

was substituted with electron-donating groups (EDGs) and the
alkyne of propiolamide was equipped with a bulky substituent,
the 6-exo-dig cyclization was initially triggered under gold(I)-
catalysis, leading to intermediate 43. Then the indolizino[8,7-
b]indole skeleton 44 ultimately was constructed via a tandem
5-exo-dig cyclization (Scheme 10, path a). When the indole
nitrogen was strategically functionalized with an electron-with-
drawing groups (EWGs) and the alkyne of propiolamide was
modified with a less bulky substituent. A 6-exo-dig cyclization
yielded intermediate 45. Finally, a tandem 6-endo-dig cycliza-
tion enabled the successful assembly of the indolo[2,3-a]quino-
lizine framework 46 (Scheme 10, path b). This controllable ap-
proach provided an efficient synthetic pathway for the related
natural products.

In  2020,  a  gold-ca ta lyzed d ivergent  synthes is  of
bicyclo[3.2.1]oct-2-ene and bicyclo[3.3.1]nonadiene deriva-
tives from 1,6-cyclohexenynes was reported by Davenel et al.
(Scheme 11) [18]. The pathway selectivity was regulated by
modulating substituents on the terminal alkyne. When the
alkyne was unsubstituted, the vinylidene intermediate 48 was
generated via a 5-exo-dig cyclization, which subsequently
underwent protonolysis to yield the bicyclo[3.2.1]oct-2-ene
product 49 (Scheme 11, path a). When aryl or alkyl substitu-
ents were introduced on the alkyne moiety, a more stable vinyl-
idene intermediate 50 was formed via a 6-endo-dig cyclization,
ultimately leading to the generation of the bicyclo[3.3.1]nona-
diene product 51 (Scheme 11, path b). DFT calculations con-
firmed that the cyclization pathways were controlled by the in-
fluence of substituents on the stability of the intermediates. This
work expanded the scope of gold-catalyzed reactions through
systematic cycloisomerization studies of 1,6-enynes and an
ethyl 4-oxocyclohexanecarboxylate-derived 1,7-enyne.

In 2021, the Shibata group reported a gold-catalyzed ring
isomerization strategy to synthesize medium-sized nitrogen
heterocycles (Scheme 12) [19]. The seven-membered
dibenzo[b,d]azepine and eight-membered dibenzo[b,d]azocine
frameworks were successfully obtained through the modulation
of alkyne terminal substituents. Under the catalysis of IPrAuCl/
AgSbF₆, substrates bearing unsubstituted terminal alkynes
underwent 7-exo-dig cyclization driven by the strong nucleophi-
licity of the 3,5-dimethoxyphenyl group, exclusively affording
dibenzo[b,d]azepine 54 (Scheme 12, path a). Conversely, sub-
strates with aryl-substituted internal alkynes underwent exclu-
sive 8-endo-dig cyclization, efficiently delivering the strained
dibenzo[b,d]azocine 56 (Scheme 12, path b). Distinct activa-
tion modes governed the selectivity, where regioselective termi-
nal gold coordination triggered 7-exo-dig cyclization in termi-
nal alkynes, whereas internal alkynes favored the 8-endo-dig
pathway due to steric constraints and carbocation stability. This
strategy facilitated efficient and selective synthesis of macro-
cyclic amines, with precise ring size control via substituent
modulation.

In 2021, Liu group reported a BiCl3-mediated controllable
cyclization of tryptamine-derived ynamides to synthesize two
types of indole alkaloid skeletons (Scheme 13) [20]. For alkyl-
substituted alkynes, the ynamide activated by BiCl3 was
attacked by indole's C3-position to form spirocyclic intermedi-
ate 58. Subsequent 1,2-migration then exclusively delivered
tricyclic indole derivative 59 featuring an exocyclic Z-alkene
(Scheme 13, path a). When the terminal substituent of the
alkyne was an aryl group, C3-selective cyclization was trig-
gered under BiCl3 catalysis to generate tricyclic iminium 60.
Subsequent aryl-assisted Mannich cyclization efficiently assem-
bled the pentacyclic spiroindole framework 61 (Scheme 13,
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Scheme 12: Substituent-controlled 7-exo- and 8-endo-dig-selective cyclization of 2-propargylaminobiphenyl derivatives.

Scheme 13: BiCl3-catalyzed cycloisomerization of tryptamine-ynamide derivatives.

path b). The controllability of this cyclization process arose
from the steric and electronic effects of the aryl group, where
the π–π interactions and rigid structure of the aryl group facili-
tated the stabilization of the five-membered spiro ring. This
work presents an efficient synthetic approach for two struc-
turally complex classes of pentacyclic spiroindolines and
tricyclic indoles of pharmacological significance.

In 2023, the Liu group reported a controllable cyclization
strategy for indole substrates featuring a 1,6-enyne motif, which

afforded selective access to four indole derivatives through
modulation of the alkyne's terminal substituents and nucleo-
phile type (Scheme 14) [21,22]. The gold(I) catalyst activated
the unsubstituted terminal alkynes to initiate a 5-exo-dig cycli-
zation, generating a spiro[indoline-3,3'-pyrrolidine] intermedi-
ate 62 (Scheme 14, path a). When a less nucleophilic indole was
used as the nucleophile, a Wagner–Meerwein rearrangement
occurred, leading to the formation of a pyrido[4,3-b]indole
product 63. When Hantzsch ester (HEH) was used as the
nucleophile, the imine intermediate 62 was reduced to product



Beilstein J. Org. Chem. 2025, 21, 2260–2282.

2269

Scheme 14: Au(I)-mediated substituent-controlled cycloisomerization of 1,6-enynes.

64. In contrast, when the alkyne was substituted with a phenyl
group, the reaction shifted toward a 6-endo-dig cyclization
pathway due to steric and electronic effects (Scheme 14, path
b). When HEH was employed as the nucleophile, a spiro[indo-
line-3,3'-piperidine] framework 66 was formed. When indole
acted as nucleophile, the stable imine–gold–aryl cation–π–π
interaction precluded rearrangement and promoted the capture
of imine to form spiro[indoline-3,3'-pyridine] derivatives 67.
The Ph3PAuCl/AgNTf2-catalyzed cyclization of N-propargyl-
tethered amide enynes efficiently afforded four distinct hetero-
cyclic scaffolds, which established a versatile platform for
synthesizing structurally diverse indoline frameworks.

Ligand-controlled cyclization of 1,n-enynes
The core function of catalyst ligands lies in their ability to
precisely modulate catalyst performance through electronic and
steric effects. The ligands could enhance catalytic activity and
efficiency while enabling fine control over chemo-, regio-,
stereo-, and enantioselectivity of reactions. Ligands enhance
both the thermal/chemical stability and solubility profiles of
catalysts in specific reaction media. Thus, ligands function as a
regulatory nexus for the rational design and optimization of
highly effective, selective homogeneous catalytic systems. In

2013, Barriault and co-workers demonstrated that strategic
modulation of steric and electronic ligand parameters within
gold(I)-catalyzed cyclization pathways enables the selective
assembly of polycyclic aromatic heterocycles (Scheme 15) [23].
Catalysts bearing the strong σ-donating IPr ligand exhibited a
marked preference for the 5-exo-dig cyclization pathway,
affording five-membered ring product 70 (Scheme 15, path a).
When a bulky Me4XPhos ligand was employed, the reaction
favored 6-endo-dig cyclization, yielding a six-membered ring
product 72 (Scheme 15, path b). This observed selectivity arose
from differential stabilization of transition states by ligands,
thereby enabling the Au(I)-catalyzed cyclization to directly
access bioactive heterocyclic frameworks commonly encoun-
tered in natural products and pharmaceutical agents.

In 2013, Chan and co-workers reported a ligand-controlled
cycloisomerization of 1,7-enyne esters affording the selective
synthesis of cis-tetrahydropyridinones and δ-diketones
(Scheme 16) [24]. When NHC-ligated gold catalysts were em-
ployed, a cascade sequence comprising 1,3-acyloxy migration,
6-exo-trig cyclization, and 1,5-acyl migration proceeded,
affording δ-diketone-substituted cis-1,2,3,6-tetrahydropyridine
derivatives 75 (Scheme 16, path a). The phosphine-ligated cata-
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Scheme 15: Ligand-controlled regioselective cyclization of 1,6-enynes.

Scheme 16: Ligand-dependent cycloisomerization of 1,7-enyne esters.

lysts promoted an alternative pathway cascade involving 1,3-
acyloxy migration, 6-exo-trig cyclization, and hydrolysis, exclu-
sively producing cis-tetrahydropyridin-4-one derivatives 77
(Scheme 16, path b). Mechanistic studies revealed that interme-
diate 74 could be stabilized by NHC ligands to facilitate 1,5-
acyl migration, whereas phosphine ligands could accelerate
proton dissociation in intermediate 76 to drive hydrolysis. This
methodology tolerates structurally diverse 1,7-enyne esters and
generates defined cis-1,2,3,6-tetrahydropyridine scaffolds,
which serve as synthetic intermediates for complex natural
products and pharmacologically relevant heterocyclic frame-
works.

In 2016, Jiang group achieved ortho- and para-selective cycli-
zation of methoxyamide-functionalized alkynes via ligand-con-
trolled steric and electronic modifications (Scheme 17) [25].
When a flexible electron-deficient phosphate ligand L1 was
utilized, the Au(I)-catalyzed cyclization of substrates 78
resulted in the formation of ortho-cyclized products 80, enabled
by coordination to both the directing group and alkyne
(Scheme 17, path a). However, the rigid electron-rich XPhos
ligand (L2) promoted para-cyclization due to steric constraints
and π–π stacking to yield dihydroquinoline derivatives 82
(Scheme 17, path b). This ligand-controlled Au(I)-catalyzed
intramolecular hydroarylation overcame key challenges of poor
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Scheme 17: Ligand-controlled cycloisomerization of 1,5-enynes.

Scheme 18: Ligand-controlled cyclization strategy of alkynylamide tethered alkylidenecyclopropanes.

regioselectivity and limited applicability to electron-deficient
substrates.

In 2018, a gold-catalyzed divergent cyclization to access
heteropolycyclic frameworks was reported by the Shi group
(Scheme 18) [26]. Ph3PAuCl/AgOTf catalyzed a tandem 7-exo-
dig cyclization followed by a cyclobutyl ring expansion
process, yielding intermediate 84. The deprotonation followed
by protonolysis-mediated gold elimination delivered the ring-
expanded product 85 (Scheme 18, path a). When a bulkier
ligand was used, steric constraints promoted intramolecular
Friedel–Crafts cyclization via intermediate 84 to form spiro-
polycycle 86 (Scheme 18, path b). The ligand-dependent
gold(I)-catalyzed cyclization provided modular access to thera-

peutically significant fused polycyclic heterocyclic scaffolds via
regioselective ring expansion/cycloisomerization sequences.

In 2019 and 2020, Liu and co-workers achieved pathway-con-
trolled cyclization–isomerization of tryptamine-ynamides using
ligand-influenced silver catalytic systems (Scheme 19) [27-29].
To circumvent decomposition caused by the inherent high reac-
tivity of ynamides under catalytic conditions, the authors atten-
uated the silver catalyst’s activity through ligand addition. This
allowed for a umpolung addition of the substrate 87, affording
six-membered spirocyclic intermediate 88. When the NFSI was
used as ligand without nucleophiles, the tricyclic azepinoindole
89 was obtained via a Wagner–Meerwein rearrangement from
the six-membered spirocyclic intermediate 88. The addition of
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Scheme 19: Ag(I)-mediated pathway-controlled cycloisomerization of tryptamine-ynamides.

Hantzsch ester or indole as the nucleophile effectively trapped
the imine intermediate 88, preventing Wagner–Meerwein rear-
rangement and yielding spirocyclic indole framework 90
(Scheme 19, path a). When PPh3 was used as the ligand and
amides as nucleophiles, the spirocyclic indole framework 91
was obtained via the capture of imine intermediate 88. When
the PPh3 was used as ligand in the absence of nucleophiles, the
substrate 87 with an unprotected indole nitrogen facilitated the
formation of intermediate 88, enabling its stable isolation and
subsequent affordance of the spirocyclic indole-derived imine
product 92  (Scheme 19, path b). The suppression of
Wagner–Meerwein rearrangement was attributed to the lower
Lewis acidity of PPh₃ relative to NFSI, which emerged as the
critical determinant in this reaction.

Catalyst-controlled cyclization of 1,n-enynes
The core function of a catalyst lies in providing a new, energeti-
cally more favorable pathway for the reaction. Different catalyt-

ic systems, with their unique physical structures, chemical com-
positions, and electronic properties, could form distinct interme-
diates or transition states with reactants, thereby fundamentally
altering the reaction pathway. Therefore, many research groups
have made significant contributions to the divergent synthesis
of small-molecule frameworks by modulating catalyst types to
steer reaction pathways.

In 2006, the Echavarren group reported an intramolecular gold-
catalyzed cyclization of indole-alkynes, achieving control over
the annulation pathway through modulation of Au oxidation
state (Scheme 20) [30,31]. The seven-membered heterocycles
95 was formed via Au(I)-catalyzed 7-exo-dig cyclization of
N-propargyl tryptamines 93 (Scheme 20, path a). However, the
indoloazocines 97 was afforded by Au(III)-catalyzed 8-endo-
dig cyclization via intermediated 96 (Scheme 20, path b). Inter-
estingly, prolonged reaction time under Au(I) catalysis facili-
tated the formation of olefin intermediate 98, which then under-
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Scheme 20: Gold-catalyzed cycloisomerization of indoles with alkynes.

Scheme 21: Catalyst-dependent cycloisomerization of dienol silyl ethers.

went further Au(I)-catalyzed transformation to afford tetra-
cyclic products 99 (Scheme 20, path c). This allenylation reac-
tion provided efficient access to functionalized indole deriva-
tives by regulating catalyst systems and substituent patterns.

In 2010, the Iwasawa group established a stereoselective syn-
thetic strategy toward bicyclo[4.3.0]nonane frameworks via
geminal carbo-functionalization of 3-siloxy-1,3-dien-7-ynes
(Scheme 21) [32]. A stereoselective sequence initiated by

5-exo-dig cyclization and Michael addition under cationic gold
catalysis to generate strained bicyclic gold-carbene complex
101, which was transformed to metastable intermediate 102 via
stereospecific 1,2-alkyl migration. After protodemetalation, the
bicyclo[4.3.0]nonane compounds 103  were obtained
(Scheme 21, path a). Interestingly, the gold-catalyzed cycliza-
tion of E/Z mixture of 100 afforded bicyclo[4.3.0]nonanes 103
with configurations distinct from those generated through ther-
mal Diels–Alder cycloaddition of (Z)-100. However, when
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Scheme 22: Cycloisomerization of aromatic enynes governed by catalyst.

Scheme 23: Catalyst-dependent 1,2-migration in cyclization of 1-(indol-2-yl)-3-alkyn-1-ols.

[ReCl(CO)5] was used as the catalyst, a regioselective C–H
bond insertion pathway was observed for substrate (E)-100,
leading to the formation of tricyclic products 104 and 105
(Scheme 21, path b). This strategy employed transition metal-
catalyzed carbene intermediates to mediate stereoselective
cyclization, affording bicyclo[4.3.0]nonane derivatives with
configurations distinct from Diels–Alder adducts.

In 2013, Alami and co-workers demonstrated catalyst-depend-
ent cycloisomerization of aromatic enynes 106 (Scheme 22)
[33]. When Ph3PAuNTf2 was employed as the catalyst, a
6-endo-dig cyclization occurred after the alkyne was elec-
trophilically activated, leading to the formation of aryl naphtha-
lene derivatives 108 (Scheme 22, path a). However, when the

PdI2/dppp catalytic system was used, the reaction pathway
changed significantly. The (E)-benzofulvene product 110 was
exclusively generated through palladium-catalyzed C–H activa-
tion followed by a 5-exo-dig cyclization (Scheme 22, path b).
This study established a general method for the divergent syn-
theses of phenylnaphthalenes and benzofulvenes from aromatic
enyne precursors, where product selectivity was controlled by
the catalytic system employed.

In 2014, Ma and co-workers disclosed a regioselective synthe-
tic strategy for carbazole derivatives, where the directionality of
alkyl migration was modulated by the choice of transition metal
catalysts (Scheme 23) [34]. When the Ph3PAuCl/AgBF4 system
was employed, the alkyne underwent an intramolecular
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Scheme 24: Gold-catalyzed cycloisomerization of N-propargyl-N-vinyl sulfonamides.

Scheme 25: Gold(I)-mediated enantioselective cycloisomerizations of ortho-(alkynyl)styrenes.

nucleophilic attack by the C-3 position of indole to form a
carbocation intermediate 112. This intermediate underwent a
Wagner–Meerwein-type 1,2-alkyl migration, ultimately leading
to the construction of carbazole 113 (Scheme 23, path a). In
contrast, the utilization of PtCl4 as a catalyst induced a distinct
reaction pathway involving a platinum carbene intermediate
114. This intermediate underwent a different 1,2-alkyl shift,
leading to the selective formation of carbazole derivative 115
(Scheme 23, path b). Collectively, these findings demonstrate
that the choice of transition metal catalyst critically governs the
regioselectivity of 1,2-alkyl migration processes, thereby pro-
viding a strategic approach for the efficient synthesis of struc-
turally diverse polysubstituted carbazoles.

In 2015, Menon et al. developed a pathway-controllable gold-
catalyzed cycloisomerization for the divergent syntheses of
2-sulfonylmethylpyrroles and 1,2-dihydropyridine derivatives
(Scheme 24) [35]. The substrate 116 was initially transformed

to a β-allene imine intermediate 117 via a gold-catalyzed
propargyl-Claisen rearrangement. When the gold(I) complex
[JohnPhosAu(CH3CN)SbF6] was employed, a subsequent
5-exo-dig cyclization followed by aromatization steps occurred,
ultimately affording the 2-sulfonylmethylpyrrole 118
(Scheme 24, path a). Conversely, utilization of the Ph3PAuCl/
AgSbF6 catalytic system induced a different reaction pathway.
Tautomerization of intermediate 117 produced an aza-triene
species, which underwent a 6π-aza-electrocyclization to afford
1,2-dihydropyridine derivatives 119 (Scheme 24, path b).
This work established a divergent cycloisomerization of
N-propargyl-N-vinyl sulfonamides governed by catalyst, deliv-
ering structurally distinct 2-sulfonylmethylpyrroles and
dihydropyridine products with high selectivity.

In 2015, the Sanz group developed a gold(I)-catalyzed regiose-
lective cyclization strategy leading to divergent syntheses of
indenes and polycyclic compounds (Scheme 25) [36]. The sub-
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Scheme 26: Catalyst-controlled intramolecular cyclization of 1,7-enynes.

Scheme 27: Brønsted acid-catalyzed cycloisomerizations of tryptamine ynamides.

strates 120 featuring an isopropyl substituent was transformed
to a carbene intermediate 121 via a gold-catalyzed 5-endo-dig
cyclization. When the Ph3PAuCl/AgOTs system was used,
indene derivative 122 was obtained by deprotonation
(Scheme 25, path a). In contrast, 1,2-hydrogen migration was
favored using the Ph3PAuCl/AgSbF6 system, ultimately result-
ing in the formation of dihydrobenzo[a]fluorenes 123 via
Friedel–Crafts alkylation (Scheme 25, path b).

In 2018, the Shi research group developed an innovative intra-
molecular cyclization strategy using 1,6-enynes as substrates for
the synthesis of 1,2-dihydroquinoline derivatives (Scheme 26)
[37]. Selective synthesis of 1,2-dihydroquinolines bearing
cyclobutene or methylenecyclopropane frameworks was
enabled by precise tuning of gold and silver catalysts. The inter-
mediate 125 was generated via gold(I)-catalyzed nucleophilic

cyclization, which underwent intramolecular rearrangement and
subsequent ring expansion process to yield the product 126
(Scheme 26, path a). In contrast, a similar nucleophilic cycliza-
tion of the alkene was triggered by the silver catalyst, which
preserved the intact methylenecyclopropane skeleton and
yielded product 128 (Scheme 26, path b). The metal-dependent
selectivity was attributed to differences in alkyne activation
modes between gold and silver. The gold catalyst induced linear
coordination of the alkyne to generate a carbenoid species,
while silver ions favored formation of a π-activated intermedi-
ate.

In 2018, the Liu group demonstrated a pathway-controlled ap-
proach using tryptamine ynamides bearing Michael acceptor
moieties as substrates (Scheme 27) [38,39]. Under strong
Brønsted acid catalysis, protonation of the carbonyl group was
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Scheme 28: Catalyst-controlled cyclization of indolyl homopropargyl amides.

achieved, which facilitated a Michael addition between the elec-
tron-rich indole C3-position and the activated ynamide. This se-
quence resulted in the formation of spiroindoleninium interme-
diate 130 (Scheme 27, path a). Subsequent intramolecular
Mannich cyclization proceeded, yielding the 1H-pyrrolo[2,3-
d]carbazole derivatives 131. When silica gel was utilized as the
catalytic medium, the same Michael addition happened to
generate the spiroindoleninium intermediate. This transient
species was subsequently trapped by water physisorbed
in the silica gel, forming hemiaminal adduct 132. A 1,5-hydride
shift was then mediated by Al2O3, ultimately affording
the spiro[indoline-3,3'-pyrrolidin]-2-one derivatives 133
(Scheme 27, path b). Through precise acid catalyst selection,
the reaction pathways were strategically modulated to afford
efficient construction of both 1H-pyrrolo[2,3-d]carbazole deriv-
atives and spiro[indoline-3,3'-pyrrolidin]-2-one derivatives.

In 2019, the Ye group reported a copper-catalyzed stereospecif-
ic tandem cyclization of indolyl homopropargyl amides for the
construction of bridged aza[n.2.1] frameworks (Scheme 28)
[40]. The copper catalyst, acting as a σ,π-dual activator, in-
duced a 5-endo-dig cyclization to form a vinylcopper intermedi-
ate 135. Subsequently, a protodemetalation process first
occurred, followed by an intramolecular Friedel–Crafts alkyl-
ation, ultimately resulting in the assembly of product 136
(Scheme 28, path a). Notably, a systematic screening of transi-
tion-metal catalysts revealed that structurally distinct products
were obtainable from the same substrate under gold catalysis
(Scheme 28, path b). When IPrAuNTf2 was used as the catalyst,

product 138 was obtained via a 6-exo-dig cyclization, whereas
when Ph3PAuNTf2 was employed as the catalyst, product 139
was exclusively obtained through a hydroarylation/isomeriza-
tion/elimination pathway. This work disclosed an unprece-
dented copper-catalyzed tandem process initiated by endo-cycli-
zation of indolyl homopropargyl amides, enabling atom-eco-
nomical synthesis of therapeutically significant bridged
aza[n.2.1] skeletons.

Angle strain and configuration-controlled
cyclization of 1,n-enynes
In cyclization reactions, angle strain and configuration exert
pronounced effects on reaction pathways. These substrate-spe-
cific geometric parameters directly dictate transition state for-
mation during ring closure. Recent advances demonstrated that
deliberate manipulation of angle strain and configuration
enabled divergent skeletal outcomes under identical reaction
conditions.

In 2016, the Liu group achieved unconventional Au(I)-cata-
lyzed 6-endo-trig cyclization by modulating the angle strain of
the enol ether (Scheme 29) [41]. In previous studies [42],
propargylic vinyl ethers 140 underwent Au(I)-catalyzed
propargyl-Claisen rearrangement to form an allene intermedi-
ate 141, which subsequently underwent 5-exo-trig cyclization to
construct polysubstituted furan compounds 142. Liu et al.
discovered that the regioselectivity of cyclization could be com-
pletely altered by introducing a cyclic structure to modify the
bond angle of the enol ether, exclusively yielding furopyran de-
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Scheme 29: Angle strain-dominated 6-endo-trig cyclization of propargyl vinyl ethers.

Scheme 30: Angle strain-controlled cycloisomerization of alkyn-tethered indoles.

rivative 143 via 6-endo-trig cyclization. This pioneering study
altered Au(I)-catalyzed 5-exo-trig cyclization preference
through angle strain modulation, establishing an efficient
strategy for the synthesis of furopyran derivatives.

In 2018, Su and co-workers developed a gold-catalyzed cycliza-
tion strategy for the synthesis of 1,2- and 2,3-fused quinazoli-
nones, which was controlled by the angle strain of a key carbon
atom in the substrate (Scheme 30) [43]. Experimental results
showed intramolecular cyclization depended on the hybridi-
zation state of the carbon adjacent to quinazolinone's amino
group. When this carbon atom was in a sp2 hybridization state,
the C3 position of the indole attacked the inner side of the triple

bond under the action of a gold catalyst, leading to a 6-exo-dig
cyclization to yield 1,2-fused quinazolinones 146 (Scheme 30,
path a). When the carbon atom was in a sp3 hybridization state,
the C3 position of the indole attacked the outer side of the triple
bond, resulting in a 7-endo-dig cyclization to produce 2,3-fused
quinazolinones 148 (Scheme 30, path b). This hybridization-
controlled annulation strategy enabled efficient access to rutae-
carpine core structures, demonstrating notable utility in the syn-
thesis of this biologically significant alkaloid.

In 2020, Sanz and co-workers developed a gold(I)-catalyzed
strategy achieving stereoselective construction of alkylidenecy-
clopentenes and benzene derivatives (Scheme 31) [44].
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Scheme 31: Geometrical isomeration-dependent cycloisomerization of 1,3-dien-5-ynes.

Scheme 32: Temperature-controlled cyclization of 1,7-enynes.

Notably, this study pioneered the regio- and stereoselective
5-exo-dig alkoxycyclization of 1,5-enynes via gold(I) catalysis.
The cyclization mode was controlled by the configuration of the
double bond in the substrate. In Z-configured substrates, steric
constraints promoted 5-endo-dig cyclization, generating bi-
cyclo[3.1.0]hexane intermediate 150. Subsequent aromatization
and ring expansion afforded benzene derivatives 151
(Scheme 31, path a). Conversely, E-configured substrates
underwent gold-catalyzed alkyne activation, triggering terminal
alkene 5-exo-dig cyclization to form carbocationic intermediate
152. Alcohols nucleophilically trapped intermediate 152,
affording alkylidenecyclopentenes 153 with high diastereose-
lectivity (Scheme 31, path b). By clarifying E/Z-configuration-
dependent cyclization mechanisms, this work introduced the
gold(I)-catalyzed 5-exo-dig cyclization of 1,3-dien-5-ynes,
gaining insights into regioselective control principles for gold
catalysis.

Temperature-controlled cyclization of
1,n-enynes
Temperature, a pivotal thermodynamic parameter, not only
governs reaction kinetics but also determines reaction pathways.
Typically, kinetic product formation is favored at lower temper-
atures via pathways with reduced activation barriers, while
thermodynamic products dominate under elevated thermal
conditions. Recent advancements have yielded novel cycliza-
tion methodologies enabling pathway control through precise
temperature regulation. In 2016, the Liao group reported a tem-
perature-regulated strategy enabling the controlled synthesis of
nitrogen-containing heterocycles via reaction pathway modula-
tion (Scheme 32) [45]. Under catalysis of Cu(OAc)2 and HOAc,
the substrate was subjected to decyanation and followed copper-
promoted [2 + 2] cycloaddition that yielded cyclobutene inter-
mediate 155. Carbocation rearrangement and hydrogen elimina-
tion then occurred, affording 3-azabicyclo[4.1.0]hepta-2,4-diene
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Scheme 33: Cycloisomerizations of n-(o-ethynylaryl)acrylamides through temperature modulation.

Scheme 34: Temperature-controlled boracyclization of biphenyl-embedded 1,3,5-trien-7-ynes.

derivatives 156. In contrast, when the temperature was raised to
110 °C, intermediate 155 underwent a 6π electrocyclic ring-
opening, which was trapped by in situ-generated cyanide ions to
form 4,5-dihydro-3H-azepines 157.

In 2021, the Zhou group reported a nickel-catalyzed cyclization
strategy using N-(o-ethynylaryl)acrylamides as substrates,
achieving divergent access to dihydrocyclobuta[c]quinolin-3-
ones and benzo[b]azocin-2-ones (Scheme 33) [46]. The reac-
tion pathway was governed by thermal modulation, wherein
60 °C initiated nickel-mediated intramolecular [2 + 2] cycload-
dition to form dihydrocyclobuta[c]quinolin-3-one framework
164. Conversely, when the temperature was elevated to 140 °C,
thermal ring-expansion of the four-membered intermediate was
induced through C–C bond cleavage/reorganization, affording

the eight-membered benzo[b]azocin-2-one product 165. This
methodology was distinguished by operational simplicity, high
efficiency, and scalable synthesis. Moreover, temperature
modulation achieved rapid access to cyclic compounds with
distinct ring sizes.

In 2022, biphenyl-embedded 1,3,5-trien-7-ynes were employed
by the García group to construct borylated polycyclic products
via a temperature-controlled boracyclization reaction mediated
by BCl3 (Scheme 34) [47]. At 0 °C, BCl3-mediated activation
of the alkyne triggered an intramolecular [2 + 2] cycloaddition,
generating a boron-chlorine intermediate 167. Subsequent treat-
ment with triethylamine/pinacol induced ring closure, affording
the phenanthreno[1,3-b]cyclobutane borate ester 168. In
contrast, when the temperature was elevated to 60 °C, the reac-
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tion underwent a BCl3-driven skeletal rearrangement involving
methyl migration and alkyne cleavage to form the boronated
phenanthrene framework 170. It is worth mentioning that a
unique skeleton rearrangement, supported by DFT calculations,
was proposed in this work, which was unprecedented in BiCl3-
promoted cyclization.

Conclusion
This comprehensive review has systematically delineated the
conceptual framework and innovative applications of pathway
economy in the cyclization chemistry of 1,n-enynes. The
strategic integration of pathway economy principles not only
redefines reaction design paradigms but also establishes a sus-
tainable platform for precision organic synthesis. By judi-
ciously modulating reaction parameters – including solvent
polarity, catalyst architecture, ligand electronic effects, and sub-
strate strain effects – chemists can achieve unprecedented
control over reaction pathways. This approach enables diver-
gent access to complex molecular architectures from a unified
substrate platform, as exemplified by recent breakthroughs in
polycyclic skeleton construction and stereo-divergent cycliza-
tion.

The implementation of pathway economy fosters significant
advancements in green chemistry by minimizing synthetic
steps, reducing waste generation, and enhancing atom economy.
Notably, this strategy has demonstrated remarkable potential in
pharmaceutical synthesis, where the rapid generation of molec-
ular diversity from simple precursors is paramount. Looking
forward, the fusion of pathway economy with machine learning
algorithms and high-throughput experimentation holds promise
for accelerating reaction optimization. Furthermore, expanding
this concept to other reaction manifolds – such as electrocyclic
processes and photoredox catalysis – may uncover new avenues
for molecular innovation. The pursuit of pathway-economical
synthesis represents a paradigm shift toward sustainable and
intellectually rewarding synthetic methodologies, with far-
reaching implications for both fundamental science and indus-
trial applications.
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Abstract
In recent years, the Norrish–Yang cyclization and related photoredox reactions of dicarbonyls have been extensively utilized in
natural product synthesis. This review summarizes the latest advancements in these reactions for constructing terpenoids, alkaloids,
and antibiotics. Through Norrish–Yang cyclization, dicarbonyls (e.g., 1,2-diketones and α-keto amides) can efficiently construct
sterically hindered ring structures, which can further undergo ring-opening or rearrangement reaction to assemble complex molecu-
lar frameworks. Additionally, quinone photoredox reactions involving single-electron transfer (SET) processes provide novel strate-
gies for the stereoselective synthesis of useful structures such as spiroketals. This review, drawing on examples from recently re-
ported natural product syntheses, elaborates on reaction mechanisms, factors governing regioselectivity and stereoselectivity, and
the impact of substrate structures on reaction pathways. These reactions not only serve as robust tools for the streamlined synthesis
of natural products but also establish a solid foundation for subsequent pharmaceutical investigations.

2315

Introduction
In the 1930s, Norrish documented the photodecomposition of
aldehydes and ketones [1-3]. These studies revealed distinct
reaction types, with the Norrish type II reaction being one of the
most extensively characterized. The mechanism underlying the
Norrish type II reaction proceeds via the following steps
(Scheme 1a): photoexcitation of carbonyl compound A gener-
ates an excited singlet state, which undergoes intersystem
crossing (ISC) to form the excited triplet state B. An intramo-

lecular 1,5-hydrogen atom transfer (HAT) then ensues, produc-
ing the 1,4-diradical C, which can be converted into diverse
products such as alkenes and enols (Scheme 1a). Notably, the
1,4-diradical intermediate is also capable of cyclization through
radical coupling to form cyclobutanol D, a process systemati-
cally expanded upon by Yang's group at the University of
Chicago [4], which later became known as the Norrish–Yang
cyclization. In recent years, dicarbonyls, specifically 1,2-di-

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: a) The mechanism of Norrish type II reaction and Norrish–Yang cyclization; b) The mechanism of the dicarbonyls photoredox reaction.

ketones, α-keto esters, α-keto amides, 1,4-quinones, and 1,2-
quinones in this context, have emerged as versatile substrates in
Norrish–Yang cyclizations, finding widespread application in
natural products synthesis. Compared to monoketones, dicar-
bonyls (e.g., 1,2-diketones) offer distinct advantages: (1) they
generally favor Norrish–Yang cyclization over the competing
unproductive Norrish type II fragmentation pathway; (2) the
long excitation wavelength of 1,2-diketones (λmax ≈ 450 nm)
enables their selective activation in the presence of other photo-
chemically excitable groups [5,6]. Furthermore, the resulting
α-hydroxy-β-lactams or 2-hydroxycyclobutanones can function
either as inherent structural motifs in target natural products or
as strained reactive intermediates, facilitating C–H functionali-
zation via four-membered ring opening [6-11]. Quinones
display distinct photochemical reactivities among dicarbonyl
compounds, as they not only undergo Norrish–Yang cycliza-
tion but also engage in photorearrangement, photoreduction,
and photoredox cyclization reactions [12-16]. The last of these,
first reported in 1965 [17], has been the subject of extensive
studies by Suzuki’s group [18]. In contrast to the direct radical
coupling in Norrish–Yang cyclization, the distal biradical F,
formed from quinone E through a pathway analogous to that of
C in the photoredox process, subsequently undergoes intramo-
lecular SET to generate a zwitterion G. This intermediate is
then trapped by the proximal phenol, yielding the cyclization
product H (Scheme 1b). Notably, the quinone is reduced, while
the proximal C–H bond is subject to oxidation. Building on
these mechanistic insights and the synthetic merits of dicar-
bonyls, Norrish–Yang cyclization and related photoredox reac-
tions have been serving as powerful tools for constructing com-

plex molecular architectures. Centered on the structural diver-
sity and synthetic relevance of target natural products, this
review is divided into three main sections: terpenoids, alkaloids,
and antibiotics. Each section highlights the recent application of
Norrish–Yang cyclization and related photoredox reactions in
their total synthesis or model studies. Earlier literature
pertaining to Norrish type I and II reactions in natural product
synthesis has been comprehensively reviewed by Majhi [19]
and thus lies beyond the scope of this article.

Review
1 Terpenoids
1.1 (+)-Cyclobutastellettolide B
(+)-Cyclobutastellettolide B (13), featuring an unusual 6/6/4-
fused tricyclic core with six stereocenters – including three
contiguous quaternary stereocenters – was first isolated by
Stonik et al. in 2019 from a Stelletta sp. sponge collected in
Vietnamese waters [20]. This compound significantly elevates
reactive oxygen species levels in murine peritoneal macro-
phages (73 ± 12%) and exhibits potential as a lead for devel-
oping immunomodulatory agents. In 2021, Yang’s group re-
ported a concise enantioselective total synthesis of (+)-cyclo-
butastellettolide B, employing a late-stage biomimetic
Norrish−Yang cyclization to construct the highly compact
cyclobutanone motif [21]. The task commenced with epoxide 2
(Scheme 2), which was accessible via a known five-step
protocol from geranyl acetate (1). Compound 2 was advanced to
3 using a tandem cyclization developed by the Yang group [22].
Installation of the hydroxymethyl group in 4 was achieved
through sequential formylation and reduction. Compound 4 then
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Scheme 2: Total synthesis of (+)-cyclobutastellettolide B.

underwent a one-pot, substrate-controlled diastereoselective
Johnson−Claisen rearrangement/acetylation to install ester 5.
Treating 5 with m-CPBA (meta-chloroperoxybenzoic acid) in-
duced epoxidation, which was then followed by a Meinwald re-
arrangement to accomplish aldehyde 7. From 7, a sequence in-
volving silyl enol ether formation, Simmons−Smith cyclo-
propanation, and acid-mediated regioselective ring-opening
installed the C8 quaternary methyl group in 10. Subsequent
transformation of 10 via sequential Wittig reaction, dihydroxyl-
ation, and Swern oxidation generated 1,2-diketone 12, thus
setting the stage for the Norrish–Yang reaction.

Finally, irradiation of 12 with a compact fluorescent lamp
(CFL) completed (+)-cyclobutastellettolide B (13) as the sole

product in 95% yield. This transformation proceeded via
sequential regio- and stereoselective Norrish−Yang annulation,
followed by intramolecular lactonization mediated by 12a.
Notably, when the ethyl ester in 12 was replaced with a methyl
group to form 14 with R = Et (Scheme 3), photoreaction of
14 led to 15 in 95% yield. This product arises from a
Norrish–Yang cyclization/1,2-methyl migration cascade of 14
via intermediate 14a. Intriguingly, the substrate with R = H
(14’) underwent only Norrish–Yang cyclization (95% yield)
without 1,2-methyl migration [23]. It is hypothesized that the
substituent at C9 in compound 14 drives this migration, due to
the highly sterically congested environment – exacerbated by
the 1,3-strain between the methyl groups at C10 and C14. The
observed 1,2-methyl migration also underscores the critical role
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Scheme 3: Norrish–Yang cyclization and 1,2-methyl migration.

of the preinstalled ester group in 12: it suppresses potential
methyl migration, enabling the total synthesis of 13 via in situ
intramolecular lactonization as a key step.

Computational and experimental studies reveal that the regio-
and stereoselectivity of the Norrish−Yang cyclization are
governed by the influence of the methyl group at C10: (1) In
terms of regioselectivity, the 1,3-strain between the methyl
group at C10 and the substituent at C8 restricts the free rotation
of the C8–C13 bond (although this steric hindrance can be
circumvented through chair–boat isomerization of the six-mem-
bered ring, the barrier for this isomerization is relatively high),
resulting in a conformational preference at C8 that favors 1,5-
HAT occurring at C9. (2) In terms of stereoselectivity, the steric
hindrance between the spin center at C14 and the axial methyl
group at C10 restricts the rotation around the C13–C14 bond,
thereby enabling the diradical to undergo coupling stereoselec-
tively.

As a key late-stage step in this total synthesis, the
Norrish–Yang photocyclization exhibits high chemoselectivity
and efficiency. It regulates selectivity through C–H bond disso-
ciation energy and restricted bond rotation, constructing a 6/6/4
fused ring system with three contiguous quaternary carbons.
Moreover, the reaction can be performed on a 300 mg scale,
balancing selectivity, efficiency, and practicality.

1.2 Synthetic study toward phainanoids
Phainanoids are highly modified triterpenoids first isolated from
Phyllanthus hainanensis by Yue's group [24,25]. Biologically,
these molecules exhibit intriguing immunosuppressive activi-
ties, with phainanoid F (17) standing out as the most potent: it

inhibits the proliferation of T and B lymphocytes with an IC50
value of 2.04 ± 0.01 nM. Structurally, phainanoids are charac-
terized by a highly modified dammarane-type triterpenoid core,
featuring an unprecedented 4,5-spirocyclic B/C ring system and
a [4,3,1]propellane F/G/H ring fragment. In 2024, Yang's group
achieved the construction of the ABCDE pentacyclic skeleton
of phainanoids, leveraging Norrish–Yang cyclization to accom-
plish the regio- and stereoselective assembly of the rigid, steri-
cally congested benzofuranone-based 4,5-spirocycle [26].
Starting from Wieland–Miescher ketone (18, Scheme 4), the
synthesis proceeded through a sequence of transformations: the
nonconjugated carbonyl was chemoselectively protected as
ketal 19; the unprotected ketone then underwent α-methylation
to provide 20; and subsequent conversion of the ketone in
20 to the vinyl iodide in 21 – via hydrazone formation,
lithium–halogen exchange, and final nucleophilic substitution –
secured the Norrish–Yang cyclization precursor 22. Following
systematic optimization of reaction conditions, irradiation of 22
with 100 W blue LEDs at room temperature constructed a
single diastereoisomer 23 in 90% yield. From 23, the ABCDE
pentacyclic skeleton of phainanoids (27) was ultimately estab-
lished via a Mitsunobu reaction, intramolecular nucleophilic
substitution with in situ-generated aryllithium, and protecting
group manipulations.

Notably, under Mitsunobu conditions, 23 – with its C9 ketal
remaining intact – led to 28 and 29 in 40% total yield, with a
1:2.5 ratio favoring the undesired regioisomer 29 (Scheme 5a).
These two isomers arise from SN2 and SN2' mechanisms, re-
spectively. Furthermore, when 30 (bearing a saturated C5–C6
bond) was subjected to Norrish–Yang cyclization conditions
(Scheme 5b), the two methyl groups at C4 initially underwent
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Scheme 4: Synthetic study toward phainanoids.

non-selective 1,5-HAT, resulting in a loss of both regio- and
stereoselectivity. In both cases, the functional groups on the
ring E likely exert a significant influence on the conformation
of the substrates, thereby modulating their reactivities. Density
functional theory calculations show that 22 prefers to proceed
its annulation through TS22b (ΔΔG‡ = 0) to afford 23 rather
than that via TS22a (ΔΔG‡ = 1.5 kcal/mol). In contrast, annula-
tion of 30 undergoes through the low barrier difference be-
tween TS30b (ΔΔG‡ = 0.3 kcal/mol) and TS30a (ΔΔG‡ = 0),

resulting in the formation of 31 as a 1:1 mixture of regio-
isomers (Scheme 5c). In this work, to address unsatisfactory C4
stereochemistry in initial synthesis, the authors introduced a
double bond to alter substrate conformation, enabling stereo-
chemical inversion of the Norrish–Yang reaction. This achieved
efficient construction of benzofuranone-based 4,5-spirocycles
with contiguous all-carbon quaternary centers, offering a con-
formational regulation protocol for stereocontrol in complex
polycyclic systems.
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Scheme 5: a) Mitsunobu reaction of the C9 ketal; b) Norrish–Yang cyclization of the saturated C5–C6; c) calculated Gibbs free energy difference
(ΔΔG‡) for 1,5-HAT processes of 22 and 30.

1.3 Avarane-type meroterpenoids
In 2024, Yang's and Zhang's groups employed a quinone-based,
acid-promoted Norrish–Yang cyclization to achieve the stereo-
selective construction of multiple avarane-type meroterpenoids
[27], including dysiherbol A (33) [28], dysifragilone A (34)
[29], dysideanone B (35) [30], dysideanone E (36) [28], and the
core structure of septosone B (37) [31] (Scheme 6). All these
compounds were first isolated from South China Sea sponges of
the genus Dysidea by Lin's group. Dysiherbol A (33) exhibits
NF-κB inhibitory activity (IC50 = 0.49 μM) and cytotoxicity
against the human myeloma cell line NCI H-929 (IC50 =
0.58 μM). Dysifragilone A (34) displays stronger inhibition of
NO production than hydrocortisone, with an IC50 of 6.6 μM.
Dysideanone B (35) shows cytotoxicity against HeLa and
HepG2 human cancer cell lines, with IC50 values of 7.1 and
9.4 μM, respectively. Septosone B (37), featuring an unusual
spiro[4.5]decane scaffold, exhibits NF-κB inhibitory activity
with an IC50 of 27 μM.

Given that 33–37 were isolated from the same genus, Yang's
group proposed that they might share a common biosynthetic
precursor. Leveraging this insight and their knowledge of the
Norrish–Yang reaction, they hypothesized that irradiating

neoavarone (44) would trigger a quinone-based Norrish–Yang
cyclization, enabling divergent synthesis of these meroter-
penoids (or their core structures). In Yang's divergent total syn-
thesis, Wieland–Miescher ketone (18) served as the starting ma-
terial. Selective acetalization of the non-conjugated ketone in
18, followed by diastereoselective α-alkylation, produced 38. A
Wittig reaction and subsequent deketalization converted the ke-
tone in 38 to the terminal alkene 39, allowing for subsequent
sequential chemoselective hydrogenations: first, hydrogenation
of the exo-olefin using Wilkinson’s catalyst proceeded with
moderate diastereoselectivity; this was followed by Mn(III)-cat-
alyzed metal-hydride hydrogen atom (MHAT) transfer to
reduce the endocyclic olefin, forming 41 as a single diastereo-
mer. Subsequent transformations – including a Wittig reaction,
demethylation, and oxidation of the resulting phenol to a
p-benzoquinone – advanced 41 to neoavarone (44). After
screening various Lewis acids (including AlCl3, Mg(OTf)2,
Yb(OTf)3, etc.), it was finally found that treatment of 44 with
irradiation at 422 nm in the presence of the optimal Lewis acid
LaCl3 furnished the natural products dysiherbol A (33) and
dysideanone E (36), along with the core structures of dysifrag-
ilone A (45), dysideanone B (46), and septosone B (47) in the
highest total yield of 88% and product divergence. In compari-
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Scheme 6: Total synthesis of avarane-type meroterpenoids.
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son, the total yield in the absence of any Lewis acid was 66%.
Dysifragilone A (34) was obtained over four steps from 45,
while dysideanone B (35) was completed from 46 via oxidative
ethoxylation. The diversity of the key photoreaction stems from
three factors: (1) the ability of the excited quinone moiety in 44
to abstract hydrogen atoms from distinct positions; (2) delocal-
ization of the semiquinone radical; (3) the involvement of a
spin-center-shift (SCS) process in forming the core of septosone
B (47) [32,33]. The influence of Lewis acids is partially attrib-
utable to two effects: (1) the observed elongation of the life-
time of the singlet excited state (from 0.846 ± 0.015 ns to
0.912 ± 0.014 ns), which reduces undesired photophysical
cycles and thereby enhances selectivity; and (2) promotion of
subsequent ground-state processes [34,35].

In this work, the authors innovatively applied the Norrish–Yang
reaction of p-benzoquinone to the synthesis of avarane-type
meroterpenoids. Starting from the common precursor quinone,
they generated diverse biradical intermediates via regioselec-
tive hydrogen transfer (δ-H or ε-H), further constructing various
C–C bonds. This enabled efficient synthesis of the core skele-
tons of five natural products. The divergent strategy significant-
ly reduces redundant synthetic steps, embodies synthetic
economy of "one precursor for multiple targets", and provides a
valuable scheme for building structurally diverse natural prod-
uct libraries.

1.4 Gracilisoids A–I
In 2025, Li's group exemplified the “Isolation-Synthesis-Func-
tionality” research concept for a new class of sesterterpenoids,
namely gracilisoids A–I (49–57) [36]. Gracilisoids A–E (49–53)
were isolated from the ethnomedicinal plant Eurysolen gracilis
of the Lamiaceae, while UPLC-MS/MS analysis of the crude
leaf extract indicated trace amounts of gracilisoids F–I (54–57)
in the plant material. Li’s group pursued the divergent total syn-
thesis of 49–57 via a bioinspired strategy, incorporating a
Norrish–Yang cyclization/α-hydroxyketone rearrangement
tandem reaction and late-stage biomimetic photooxidation as
key steps. The synthetic endeavour began with the total synthe-
sis of 49, which served as both the envisioned precursor for
Norrish–Yang cyclization and the divergent starting point for
accessing the other eight natural products (50–57). As an initial
lead, two commercially available starting materials:
(−)-citronellal (58) and diosgenin were employed (Scheme 7).
(–)-Citronellal (58) was first converted to 59 via enantioselec-
tive intramolecular aldehyde α-alkylation using MacMillan's
protocol, subsequently undergoing Shi's asymmetric epoxida-
tion to give rise to epoxide 60 as a 3:1 mixture of diastereomers.
These were not separated until step 8 due to poor separability at
this stage. Concurrently, diosgenin was then processed through
a known two-step sequence to 61, followed by Mitsunobu reac-

tion, ester reduction, thioether oxidation, and silylation of the
primary alcohol to furnish sulfone 64. The two key fragments –
aldehyde 60 and sulfone 64 – were merged via Julia–Kocienski
olefination to construct alkene 65. Treatment of 65 with
(C6F5)3B triggered a Meinwald rearrangement, generating alde-
hyde 66. Nucleophilic addition, oxidation of the resulting
alcohol, and base-promoted epimerization at C6 of 67' deliv-
ered 67. Subsequent dihydroxylation of the alkene in 67 and
protection of the resulting 1,2-diol as a cyclic carbonate deliv-
ered 68. A one-pot desilylation/oxidation of 67 produced an
aldehyde, which was subject to selective nucleophilic addition
in the presence of a ketone, allowing for access to the furan pre-
cursor 68 [37]. Oxidation–cyclization–aromatization of 68 with
Dess–Martin periodinane (DMP) constructed the southern furan
moiety of 69. Finally, hydrolysis of the carbonate followed by
oxidation of the resulting diol completed the Norrish–Yang
cyclization precursor gracilisoid A (49).

Irradiation of 49 under anaerobic conditions with a CFL, fol-
lowed by treatment with silica gel, successfully generated a pair
of separable regioisomers: gracilisoid F (54) in 42% yield and
gracilisoid H (56) in 40% yield, respectively (Scheme 8). Here,
light triggered a regiodivergent Norrish–Yang cyclization,
while the acidic nature of silica gel sufficiently promoted an
α-hydroxy ketone rearrangement. This type of rearrangement
was also observed in Yang’s total synthesis of (+)-cyclobu-
tastellettolide B (13) as described above [21]. The driving force
for the rearrangement is proposed to stem from 1,2-strain be-
tween the substituents at C13/C10 and C13/C7, consistent with
observations from Yang's work [21].

Next, peroxides 54a and 56a (Scheme 9) – formed via [4 + 2]
cycloaddition of singlet oxygen with the southern furan moiety
in gracilisoid F (54) and gracilisoid H (56), respectively –
served as branching points in the downstream divergent synthe-
sis. Kornblum–DeLaMare-type rearrangement of 54a and 56a
assembled gracilisoids B (50) and D (52), respectively. Alterna-
tively, nucleophilic addition of MeOH to 54a and 56a, fol-
lowed by ring-opening elimination, arrived at the correspond-
ing γ-keto aldehyde intermediates 72/73. Subsequent intramo-
lecular aldol cyclization of these intermediates furnished gracil-
isoids C/G (51/55) and E/I (53/57), respectively.

In this work, inspired by the biosynthetic pathway of natural
products, the authors employed a tandem Norrish–Yang photo-
cyclization and α-hydroxy ketone rearrangement as the key step
to construct the unique bicyclo[3.2.0]heptane skeleton

of gracilisoids. This strategy ingeniously leverages the high
selectivity of photochemical reactions and the strain-release
property of rearrangement reactions, enabling the precise con-
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Scheme 7: Total synthesis of gracilisoid A.

struction of multiple stereocenters in one step and overcoming
the synthetic challenges posed by contiguous quaternary carbon
centers and sterically congested structures in complex bicyclic
systems.

2 Alkaloids
2.1 Lycoplatyrine A
In 2020, Sarpong's group disclosed their progress toward a
robust and broadly applicable strategy for the C–H functionali-
zation of piperidines and related saturated N-heterocycles. This
approach involves lactamization via Norrish–Yang cyclization,
followed by a strain-release Pd-catalyzed C–C cleavage/cross-
coupling protocol [9,11]; the strategy was subsequently applied

to the total synthesis of lycoplatyrine A (89) in 2021 [38]. Iso-
lated by Low’s group [39], lycoplatyrine A (89) belongs to the
lycodine-type Lycopodium alkaloids – a structurally diverse
class of natural products found in plants of the widely distribut-
ed genus Lycopodium. Guided by biosynthetic hypotheses,
Sarpong's group envisioned a divergent total synthesis of five
lycodine-type Lycopodium alkaloids (including lycoplatyrine A
(89)) used N-Boc-β-obscurine (83) as a late-stage common
intermediate. Compound 83 was readily accessible via previ-
ously reported protocols [40], which featured a diastereoselec-
tive formal [3 + 3] cycloaddition between 76 and 81 as the key
step. This cycloaddition constructs the three contiguous stereo-
centers and two C–C bonds of 83 (Scheme 10). Building block
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Scheme 8: Divergent total synthesis of gracilisoids B–I.
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Scheme 9: Mechanism of the late-stage biomimetic photooxidation.

76 was first obtained in 18% overall yield from β-ketoester 74
through a sequence involving Michael addition, decarboxyl-
ation, nitrile hydration, and cyclization under vacuum.
Aminoketal 81 – a direct precursor to the oxygen-sensitive α,β-
unsaturated iminium 81a – was prepared from (+)-pulegone
(77) through a six-step manipulation involving epoxidation,
epoxide opening with sodium thiophenolate and subsequent
concomitant retro-aldol, sulfoxidation, a one pot α-alkylation
with acrylonitrile proceeding to thermal syn-elimination of
phenylsulfenic acid, ketone protection as ketal and nitrile reduc-
tion. The two building blocks (76 and 81) were then merged
through the desired formal [3 + 3]-cycloaddition to generate
N-desmethyl-α-obscurine (82), presumably via in situ-gener-
ated intermediates 76a and 81a, respectively. Subsequent Boc
protection of the cyclic amine in 82, followed by dehydrogena-
tion, delivered compound 83 in 49% yield over three steps.
Pyridone 83 could be funneled into pyridine 85 through
O-triflation followed by Pd-catalyzed reductive detriflation.
Ir-catalyzed meta-selective C–H borylation of 85, followed by
bromodeborylation of the pyridine ring, constructing 86 –
setting the stage for the group’s key reaction, in which
α-hydroxy-β-lactams (e.g., 87) serve as surrogates for α-meta-
lated N-heterocycles in Pd-catalyzed coupling with aryl halides.
Both enantiomers of 87 (only one shown in Scheme 10) partici-
pated in a Pd-catalyzed stereoretentive coupling at C2 with aryl
bromide 86, yielding 88 as a single diastereomer. Manipulation
of the protecting group of 88 arrived at lycoplatyrine A (89).
Notably, 87 and related α-hydroxy-β-lactams were obtained via
Norrish–Yang cyclization of the corresponding neat α-keto
amides in the solid state under blue LED irradiation. Solid-state
reactions differ from solution-phase processes due to restraints
on molecular motions imposed by the crystal lattice, thereby
avoiding side reactions caused by unrestricted molecular

motions in solution [41]. It has also been demonstrated that for
crystalline 1,2-diketones, the rigid lattice structure locks mole-
cules into a specific conformation, limiting access to certain
γ-hydrogens for abstraction and thus enhancing regioselectivity
[42]. Enantiopure 87 was obtained by preparative chiral super-
critical fluid chromatography (SFC) resolution of the racemate,
while racemic 87 was synthesized on a gram scale in 47% yield
from 90 via a Norrish–Yang reaction.

However, under the established photochemical conditions for
generating 87, the corresponding pyrrolidine-derived species 93
is not formed (Scheme 11). In contrast, solution-phase irradia-
tion of the same pyrrolidine-derived phenyl keto amide sub-
strate 91 with blue LEDs produces the pyrrolidine-fused
4-oxazolidinone (N,O-acetal) 92, precluding preparation of the
pyrrolidine analog of lycoplatyrine A (94) by this method.
Compound 92 is presumably formed via either the radical
mechanism [41] or possibly undergoes SET to form a zwitter-
ion as an intermediate step prior to cyclization [35,43,44]. It is
noted that such molecular motions (rotations) are possible in
solution but prevented by crystal-lattice restraints in the solid
state [37].

In this synthesis, Sarpong et al. utilized the Norrish–Yang reac-
tion to construct a β-lactam, an α-metallated piperidine equiva-
lent, overcoming poor yields and stereoselectivity in traditional
methods. Its palladium-catalyzed cross-coupling with
2-bromolycodine via β-lactam C–C cleavage enabled stereore-
tentive coupling, efficiently synthesizing lycoplatyrine A and its
epimers. This strategy merges photochemical selectivity with
cross-coupling efficiency, avoiding reactive metal incompati-
bility and enabling precise stereocontrol for chiral nitrogen
heterocycles.
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Scheme 10: Asymmetric total synthesis of lycoplatyrine A.

3 Antibiotics
3.1 Synthetic study toward γ-rubromycin
Since 2017, Suzuki's group has developed a stereoretentive
photoredox reaction of naphthoquinones initiated by Norrish
type-II hydrogen abstraction [45-51]. The mechanism involves
three consecutive photoinduced events: (1) hydrogen abstrac-
tion by the excited quinone to generate a biradical species;
(2) intramolecular SET process converting the biradical to the
corresponding zwitterion; (3) oxy-cyclization to afford the

product. This process constitutes an intramolecular redox reac-
tion, wherein the quinone is reduced to a hydroquinone while
the proximal C–H bond is oxidized to a C–O bond. Although
related photoredox reactions had precedents [9], no systematic
studies on their scope and limitations had been reported.
Suzuki's group optimized the reaction conditions and thor-
oughly explored the substrate scope, encompassing 1,5-HAT
and 1,6-HAT of 1,4-naphthoquinones as well as 1,5-HAT of
1,2-naphthoquinones (Scheme 12). Ultimately, this approach
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Scheme 11: Photoreaction of pyrrolidine-derived phenyl keto amide.

Scheme 12: Photoredox reactions of naphthoquinones.
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enabled the total synthesis of spiroxin C (95) [45], spiroxin A
(96) [48], preussomerin EG1 (97), preussomerin EG2 (98), and
preussomerin EG3 (99) [49], alongside model studies on
γ-rubromycin (100) [50,51].

γ-Rubromycin (100) is a prominent member of the rubromycin
family of natural products, characterized by a [5,6]-bisbenzan-
nulated spiroketal moiety as its central structural motif. This
key feature is critical to its potent biological activities, includ-
ing strong inhibition of human telomerase [52], as well as its
established roles as an effective antibiotic and HIV-1 reverse
transcriptase inhibitor [53,54]. In 2018, Suzuki’s group em-
ployed their developed photoredox reaction to carry out a model
study on the chiral [5,6]-spiroketal core of γ-rubromycin [50].
1,2-Naphthoquinone 106 was selected as the model substrate
for the photoredox reaction (Scheme 13a). Lawsone (101)
underwent reductive alkylation with aldehyde 102, producing
103, which was then protected as its OMOM ether to yield 104.
One-pot hydrogenation of quinone 104 afforded the correspond-
ing hydroquinone, which, upon subsequent methylation,
furnished 105. Removal of the MOM group from 105 followed
by oxidation of the resulting phenol delivered 1,2-naphthoqui-
none 106. Notably, enantiomer (−)-106 could be prepared from
(+)-105, which was in turn obtained by preparative HPLC on a
chiral stationary phase from (±)-105. Following extensive
screening, it was found that photoirradiation of quinone (−)-106
under the optimized conditions (300 W Xe lamp, MeOH/
CH3CN = 3:1, −78 °C) induced the formation of the five-mem-
bered ring, forming spiroacetal (−)-107 in 68% yield with
nearly complete configurational integrity (98% ee). This high
stereoselectivity is attributed to three factors: (1) polar solvents
enhance yields by accelerating electron transfer for zwitterionic
intermediate (e.g., (−)-106b or (+)-106b) formation; (2) protic
solvents (e.g., MeOH) improve ee values through H-bonding
stabilization, which reduces intermediate flexibility; (3) low
temperatures enhance the optical purity by slowing conforma-
tional changes without compromising the reaction rate. These
rationales for stereoretention are equally applicable to
photoredox reactions of other substrates (vide infra), and there-
fore will be omitted there.

In 2024, Suzuki’s group further explored the feasibility of their
photoredox strategy for constructing the γ-rubromycin spiro-
acetal core using multi-functionalized 1,2-naphthoquinone sub-
strates [51]. This study focused on substituent effects of me-
thoxy groups at different positions (C5–C8) on the naphthoqui-
none chromophore (Scheme 13b). Key findings revealed that
substrates bearing methoxy groups at C5, C6, or C8 (108a,
108b, 108d) underwent the desired photochemical reaction
(Scheme 13b), yielding spiroacetals 109a, 109b, and 109d
following CAN (cerium(IV) ammonium nitrate) oxidation. In

contrast, C7-methoxy-substituted analogs (108c, 108e)
remained unreactive. Reactivity correlated with UV–vis absorp-
tion profiles: reactive substrates exhibited λmax < 460 nm
(yel low-orange) ,  whereas  unreact ive  ones  showed
λmax > 460 nm (dark red-purple). This suggests insufficient ex-
citation energy for Norrish type-II hydrogen abstraction in the
latter. Such chromophore-dependent reactivity provides critical
insights for designing viable intermediates in the total synthesis
of γ-rubromycin, emphasizing the need to avoid C7-oxygena-
tion at early stages.

3.2 Preussomerins
Preussomerins EG1 (97), EG2 (98), and EG3 (99) – isolated
from the endophytic fungus Edenia gomezpompae in Calli-
carpa acuminata – exhibit strong antifungal activity against
phytopathogens such as Phytophthora and Fusarium. Among
these, preussomerin EG1 (97) is the most potent, with IC50
values of 57.71 × 10−5 M against Phytophthora parasitica,
5.61 × 10−5 M against Phytophthora capsici, and 1.45 × 10−5 M
against Fusarium oxysporum, while showing no significant
inhibition (>5.75 × 10−4 M) against Alternaria solani [55]. In
2023, Suzuki's group pioneered the enantioselective total syn-
theses of preussomerins 97–99 through their photoredox
strategy [49]. This study addressed the key challenge of control-
ling spiroacetal stereoselectivity through a 1,6-HAT process – a
less favorable pathway compared to the previously employed
1,5-HAT. Initial feasibility studies revealed that the non-bromi-
nated substrate exhibited poor reactivity in the photochemical
1,6-HAT reaction (Scheme 14), as its unreactive conformer J
dominated the equilibrium. In contrast, the brominated ana-
logue achieved high efficiency: the bulky bromine atom steri-
cally biased the population toward the reactive conformer I,
where the benzylic C–H bond is optimally positioned for 1,6-
HAT.

Therefore, (S)-113 was selected as the precursor for the key
photoredox reaction (Scheme 15). To prepare this, a Mitsunobu
reaction between two known compounds – (R)-110 and 111 –
afforded (S)-112 (>99% ee after recrystallization), which was
then oxidized to yield the key naphthoquinone (S)-113. As ex-
pected, the photoredox reaction of (S)-113 proceeded effi-
ciently under blue LED irradiation (448 nm) in CH3CN/CH2Cl2
at room temperature, delivering spiroacetal (S)-114 with com-
plete retention of configuration (>99% ee). The subsequent one-
pot acetylation generated (S)-115 in 83% overall yield over
three steps from (S)-112. The following functional group
manipulations of (S)-115 – including debenzylation/debromina-
tion, ketone reduction, hydroquinone oxidation, and alcohol ox-
idation – led to the labile ketone 118. Completion of
preussomerin EG3 (99) from 118 relied on a simple sequence
including a formal intramolecular 1,6-addition, followed by si-
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Scheme 13: Synthetic study toward γ-rubromycin.

multaneous methanol trapping of the resulting electrophilic
quinone. Notably, 116 resisted oxidation to 118, presumably
due to carbonyl-induced π-electron depletion, whereas com-

pound 118 proved resistant to direct conversion into
preussomerin EG3 (99) under various conditions. Alternatively,
preussomerin EG1 (97) was obtained in 83% yield over two
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Scheme 15: Total synthesis of preussomerins EG1, EG2, and EG3.

Scheme 14: Substituent-dependent conformational preferences.

steps from preussomerin EG3 (99) via TMSOTf/Et3N-mediated
β-elimination of methanol followed by desilylation. Finally,
stereoselective epoxidation and reductive opening of the
oxirane ring enabled the total synthesis of preussomerin EG2
(98) from preussomerin EG1 (97) in 88% yield over two steps.

In this synthesis, the stereospecific intramolecular photoredox
reaction of naphthoquinones overcame the limitation of poor
stereoselectivity in traditional photochemical reactions, repre-
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senting the first application of naphthoquinone photoredox pro-
cesses to the stereospecific construction of complex spirocyclic
structures. Its ingenuity lies in utilizing the inherent conforma-
tional constraints of the substrate instead of external chiral cata-
lysts, which not only simplifies the reaction system but also
solves the challenge of precisely controlling contiguous chiral
centers in polycyclic systems.

Conclusion
This review systematically summarizes the latest advancements
in the Norrish–Yang cyclization and related photoredox reac-
tions of dicarbonyls, with a focus on their applications in the
total synthesis of bioactive natural products. It highlights the
distinct photochemical behaviors of various dicarbonyls, includ-
ing 1,2-diketones, α-keto esters, α-keto amides, 1,4-quinones,
and 1,2-quinones, emphasizing their unique roles in construct-
ing diverse substructures. However, the reaction faces chal-
lenges in terms of regioselectivity and stereoselectivity, which
are mainly attributed to the influence of substrate structure, sub-
stituent effects, and steric hindrance. Meanwhile, for multi-
functional group substrates, the presence of potential competi-
tive hydrogen transfer sites tends to lead to the formation of
non-target cyclized products, further reducing the reaction
specificity. Dicarbonyls are excellent substrates for
Norrish–Yang cyclization and related photoredox reactions,
owing to their ability to undergo selective activation under mild
conditions (e.g., long-wavelength irradiation) – a feature that
minimizes competing fragmentation pathways. Notably, differ-
ent dicarbonyl substrates exhibit distinct reactivity patterns,
enabling the construction of diverse architectures including ster-
ically hindered cyclobutanes, spiroketals, and fused polycycles.
However, the potential of dicarbonyls in photoreactions
warrants further exploration. Future research could investigate a
broader range of dicarbonyl substrates to uncover new reactivi-
ty modes and expand the structural diversity of accessible
natural product scaffolds. Additionally, the highly reactive
strained four-membered rings generated from these reactions
present exciting opportunities for further functionalization.
Studying their downstream transformations – particularly under
catalytic conditions – may lead to novel strategies for C–H
functionalization and fragment coupling, ultimately advancing
the field of target-oriented synthesis. Combining Norrish–Yang
reaction with flow chemistry technology to realize the continu-
ous operation of the reaction can improve the safety and
controllability of the reaction, and at the same time, it is also
conducive to the rapid optimization of reaction conditions and
scale-up production. Finally, the Norrish–Yang reaction can
utilize artificial intelligence to assist in designing reaction
routes in the future, and through big data analysis and machine
learning algorithms to quickly screen and optimize reaction
conditions, substrate structures, and predict reaction results, it

will accelerate the development of new Norrish–Yang reaction
systems in the total synthesis of complex bioactive natural prod-
ucts.
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Abstract
In this review, we summarize and compare four total syntheses of complanadine A, a complex and pseudo-dimeric lycopodium
alkaloid with promising neurotrophic activity and potential for pain management. These four total syntheses are from the groups of
Siegel, Sarpong, Tsukano, and Dai. Each of the four total syntheses contains innovative strategies and creative tactics, reflecting
how emerging synthetic capabilities and concepts can positively impact natural product total synthesis.
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Introduction
Natural products, owing to their structural complexity, diver-
sity, and therapeutic potential, have continued to serve as inspi-
rations for the development of novel synthetic methodologies
and strategies. In turn, these methodological and strategic
advancements have significantly improved the efficiency and
step-economy of natural product total synthesis. This symbiotic
relationship has also helped to accelerate natural product bio-
logical evaluation and the subsequent biomedical development
[1]. Lycopodium alkaloids are one of the largest families of
natural products [2], from which famous molecules such as the
huperzines have been discovered and advanced into human clin-
ical trials as acetylcholinesterase inhibitors for treating
Alzheimer’s disease [3]. Among the lycopodium family,
complanadine A (1, Scheme 1) and its natural congeners such

as complanadines B (2), D (3), and E (4) were isolated by
Kobayashi and co-workers from the club moss Lycopodium
complanatum [4-7]. They discovered that complanadine A
exhibited neurotrophic activity by enhancing the mRNA expres-
sion level for nerve growth factor (NGF) biosynthesis in
1321N1 human astrocytoma cells and NGF production in
human glial cells, rendering complanadine A a promising lead
compound for neurological disorder treatment. Later, complana-
dine A was also identified as a lead compound for pain manage-
ment by Siegel and co-workers [8]. They discovered one of its
potential cellular targets as the Mas-related G protein-coupled
receptor (GPCR) X2 (MrgprX2), which is highly expressed in
neurons and functions as a modulator of pain. Complanadine A
serves as a selective agonist of MrgprX2.

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:mingji.dai@emory.edu
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Scheme 1: Complanadine natural products and their plausible biosynthesis.

Structurally, complanadine A is an unsymmetrical dimer of the
tetracyclic lycodine (5) via a C2–C3’ linkage [9,10]. Complana-
dine B is a mono-oxidized analog and complanadines D and E
are partially reduced analogs. In addition, natural analogs such
as lycoplatyrine A (6), isolated as a mixture of diastereomers,
were discovered as derivatives of lycodine and an amino acid
[11]. Biosynthetically, lysine was proposed to be the starting
point of these lycopodium alkaloids [12]. Lysine could be ad-

vanced to 4-(2-piperidyl)acetoacetate (7) and pelletierine (8),
which would react with each other to deliver phlegmarine (9).
Double oxidation of 9 would give 10 for a subsequent intramo-
lecular Mannich-type cyclization to forge the C4–C13 bond and
produce 11, which could be further converted to 12 and 13 for
an intermolecular Mannich-type dimerization to form the
C2–C3’ linkage [13]. Further oxidation state adjustment would
give complanadines A, B, D, and E.
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Since their isolation, the complanadines, especially complana-
dine A, have attracted a significant amount of synthetic atten-
tion due to their unique structural features and promising thera-
peutic potential. To date, four total syntheses of complanadine
A have been reported from the groups of Siegel [14,15],
Sarpong [16], Tsukano [17], and Dai [18], together with one
synthetic study from Lewis and co-workers [19]. In this review
article, we summarize these four total syntheses, comparatively
analyze their strategic novelty and differences, and highlight the
impact of enabling methodologies and concepts on the overall
efficiency and economy of each total synthesis [20].

Review
The Siegel total synthesis – 2010
In 2010, Siegel and co-workers reported their total synthesis of
complanadine A (Scheme 2). Their synthesis centres on two
transition metal-catalyzed alkyne–alkyne–nitrile [2 + 2 + 2]
cycloadditions to forge the two pyridine rings encoded by
complanadine A [21]. Notably, the C2–C3’ linkage of
complanadine A is embedded within the symmetrical bis(tri-
methylsilyl)butadiyne starting material, elegantly circum-
venting the challenges associated with the direct construction of
this key connection. This strategic maneuver differentiates
Siegel’s synthesis from the other three reported approaches.
Overall, their synthesis highlights the impact of enabling transi-
tion metal catalysis on natural product total synthesis.

The Siegel synthesis starts with chiral pool molecule (+)-pule-
gone (14), which encodes the first stereocenter of the entire se-
quence. (+)-Pulegone was converted to compound 15 in four
steps. Subsequent conjugate addition of the lithium anion of
TMS-acetonitrile to 15, followed by careful one-pot proton-
ation of the resulting enolate with ethyl salicylate and TMS
removal with CsF, gave 16 bearing three properly arranged sub-
stituents. Grignard 1,2-addition to ketone 16, followed by acety-
lation of the resulting propargylic alcohol afforded 17 which
was further advanced to 18 via copper-catalyzed selective dis-
placement of the propargyl acetate with benzylamine and
hydrolysis of the primary acetate. The primary alcohol of 18
was activated with PPh3/CCl4, triggering an intramolecular
cyclization to afford alkyne–nitrile 19 for the first [2 + 2 + 2]
cycloaddition with bis(trimethylsilyl)butadiyne (20). This trans-
formation proceeded smoothly under thermal conditions with
CpCo(CO)2 to afford 21 as the major regioisomer (rr = 25:1)
[22]. Removal of the two TMS groups and reinstallation of a
single TMS on the alkyne provided pyridyl-alkyne 22 for the
second [2 + 2 + 2] cycloaddition reaction which proved
nontrivial, with the protecting group on the secondary amine of
the alkyne-nitrile moiety and the choice of ligand playing
crucial roles. Specifically, when using 19 as the alkyne-nitrile
partner, the undesired regioisomer (2,2’-bipyridyl product) was

obtained as the major product. Switching the alkyne-nitrile
partner from 19, bearing a benzyl group, to the formyl-substi-
tuted partner 23, combined with addition of 8 equivalents of
PPh3, successfully inverted the regioselectivity and gave the
desired cycloadduct 24 as the major product in 56% yield. From
here on, removal of the TMS group with TBAF, followed by
hydrogenolytic removal of the benzyl group and acidic hydroly-
sis of the formyl group, completed Siegel’s total synthesis of
complanadine A. In addition, this synthetic route enabled Siegel
and co-workers to determine the first biological target of
complanadine A. Screening against a panel of cell surface
GPCRs revealed that complanadine A acts as a selective agonist
of MrgprX2, while the monomer lycodine showed no signifi-
cant activity towards this target. This finding highlights the
importance of complanadine A’s pseudo-dimeric structural
motif for its biological function.

The Sarpong total synthesis – 2010
In the same year (2010), Sarpong and co-workers reported their
total synthesis of complanadine A (Scheme 3). Their synthesis
features a biomimetic cascade reaction to rapidly establish the
tetracyclic skeleton of complanadine A and an iridium-cata-
lyzed site-selective pyridine C–H borylation followed by a
Suzuki–Miyaura cross coupling to forge the C2–C3’ linkage.
Their synthesis achieves a high degree of synergy between
classic transformations and modern synthetic capabilities, high-
lighting the importance of biomimetic strategies in total synthe-
sis [23-25].

The Sarpong synthesis utilized (+)-pulegone (14) as the starting
point as well. They first advanced (+)-pulegone to primary
amine 25 with a masked enone moiety, which upon treatment
with HClO4 underwent ketone release and amine-ketone con-
densation to form iminium ion 27. Under the same acidic condi-
tions, enamide 26 underwent hydrolysis and tautomerization to
form enol 28. Conjugate addition of enol 28 to iminium ion 27
gave 29 for the subsequent intramolecular Mannich cyclization
to deliver 30, which continued with an amide-ketone condensa-
tion to finally produce 31 in this highly efficient one-step
biomimetic cascade sequence. The secondary amine of 31 was
selectively protected as a Boc carbamate and the dihydropyri-
done moiety was oxidized to a pyridone with Pb(OAc)4. Pyri-
done 32 was prepared in 55% from 25 and 26 in three steps.
Triflation of the pyridone gave 33 with a triflate at the C2 posi-
tion for cross coupling to form the C2–C3’ linkage. At this
stage, the Sarpong group needed to install a functional group at
the C3 position of the pyridine. They creatively solved this
challenge with an Ir-catalyzed regioselective C–H borylation
developed simultaneously by Ishiyama, Miyaura, Hartwig, and
co-workers and Smith and co-workers [26,27]. First, the triflate
group of 33 was removed by a Pd-catalyzed reduction with am-
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Scheme 2: The Siegel total synthesis of complanadine A enabled by [2 + 2 + 2] cycloadditions.

monium formate as the reducing reagent. The resulting Boc-
protected lycodine 34 underwent Ir-catalyzed C3–H borylation
mainly guided by steric factors to provide boronic ester 35 in
75% yield. With the boronic ester handle at the C3 position, the
subsequent Suzuki–Miyaura cross coupling between 35 and 33
occurred smoothly to deliver pseudo-dimer 36, which upon
acidic removal of the two Boc protecting groups completed the
Sarpong total synthesis of complanadine A.

Efficient access of key coupling intermediates 33 and 34 further
enabled Sarpong and co-workers to successfully synthesize
other lycopodium alkaloids. For example, to synthesize
complanadine B with mono-oxidation at one of the two
benzylic positions, they started with benzylic oxidation of 34
using SeO2 to provide 37, which was further oxidized to pyri-
dine N-oxide 38. Treatment of 38 with POCl3 in DMF deliv-
ered 2-chloropyridine 39 for the subsequent Suzuki–Miyaura
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Scheme 3: The Sarpong total synthesis of complanadine A enabled by a biomimetic strategy and C–H activation.
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cross coupling with 35 to form the C2–C3’ linkage. Boc
removal then completed their total synthesis of complanadine B
[28]. Notably, while complanadine B could be derived from
complanadine A via a selective enzymatic oxidation, attempts to
achieve this transformation using chemical methods were un-
successful. For instance, treatment of 36 with SeO2 gave a
mono-oxidation product at the undesired benzylic position. In
addition, from 33 or 35, Sarpong and co-workers prepared
several other lycopodium alkaloids including 8,15-dihydro-
huperzine A (40), casuarinine H (41), lycoplatyrines B (42), A
(6), and F (43, existing as a mixture of diastereomers) via either
a creative “degradation” of the piperidine ring or cross-cou-
pling reactions at the pyridine C3 position [29].

The Tsukano total synthesis – 2013
In 2013, Tsukano and co-workers reported their total synthesis
of complanadines A and B (Scheme 4). Their synthesis utilizes
a Diels–Alder reaction and an intramolecular Heck reaction to
build the two six-membered carbocycles embedded in the bi-
cyclo[3.3.1]nonane ring system of complanadine A and a pyri-
dine N-oxide directed ortho C–H arylation to forge the C2–C3’
linkage.

As shown in Scheme 4, they first prepared diene 44 and dieno-
phile 45 for a thermal Diels–Alder cycloaddition, which
afforded a mixture of stereo- (endo/exo) and regioisomers,
among which the desired product 46 was obtained in 45% yield
as a racemic mixture. After triflation of the free hydroxy group
of 46 to provide 47, an intramolecular Heck reaction was em-
ployed to close the second six-membered carbocycle to deliver
48 in 73% yield. The Diels–Alder reaction and Heck reaction
quickly set up the tetracyclic skeleton for subsequent peripheral
modifications. First, the ketone functionality of 48 was reduced
to a methylene group via a sequence of Luche reduction and
Barton–McCombie deoxygenation. The extra ethyl carboxylate
was removed via a sequence of LiOH hydrolysis and a Curtius
rearrangement using DPPA to form the corresponding acyl
azide. Ketone 50 was produced in 98% yield over two steps.
The newly formed ketone functionality enabled the introduc-
tion of the desired methyl group at its α-position to afford 51 in
racemic form. This seemingly straightforward α-methylation
turned out to be quite challenging. Tsukano and co-workers
eventually utilized a two-step sequence to solve this problem,
namely, TMS enol ether formation followed by trapping the
enol ether with MeI in presence of benzyltrimethylammonium
fluoride (BTAF). At this stage, to prepare optically active
natural product, the racemic mixture of 51 was separated using
chiral HPLC to afford (+)-51 and (−)-51, which were used to
prepare both enantiomers of complanadine A for biological
evaluations. With optically active 51 in hand, its extra ketone
functionality was reduced via thioacetalization (51 → 52) and

radical reduction (52 → 53) to provide 53, a diverging point to
access C–H arylation partners 54 and 55. mCPBA oxidation of
53 afforded pyridine N-oxide 54. The Ir-catalyzed C–H boryla-
tion used in the Sarpong synthesis was again utilized here to
introduce a boronic ester at the C3 position, which was further
converted to 3-bromopyridine 55 with CuBr2. With both 54 and
55, Tsukano and co-workers employed a remarkable pyridine
N-oxide directed C–H arylation method developed by Fagnou et
al. to forge the C2–C3’ bipyridyl linkage and produce 56 in
good yield [30]. From 56, a one-pot Cbz removal and pyridine
N-oxide reduction completed their total synthesis of complana-
dine A. In addition, 56 also served as a key intermediate for
their synthesis of complanadine B, which was achieved via a se-
quence of Boekelheide rearrangement (56 → 57), acetate
hydrolysis, DMP oxidation and Cbz removal. Based on these
results, Tsukano and co-workers suggested that a mono-N-oxide
intermediate could be involved in the biosynthesis of these
dimeric complanadine alkaloids. Importantly, access to both en-
antiomers of 51 allowed Tsukano and co-workers to prepare
both enantiomers of complanadine A. Their further biological
evaluation of the complanadines and several synthetic interme-
diates revealed that the pseudo-dimeric structure, absolute con-
figuration, and oxidation level are important for the observed
neurotrophic activity, providing a strong foundation for future
analog design and synthesis [31].

The Dai total synthesis – 2021
In 2021, eleven years after the first two total syntheses of
complanadine A, Dai and co-workers reported their total syn-
thesis of complanadine A (Scheme 5). Their synthesis features a
novel single-atom skeletal editing strategy [32,33] to form the
pyridine from a pyrrole and a similar pyridine N-oxide directed
ortho C–H arylation to forge the C2–C3’ linkage as the
Tsukano synthesis, but with a much less reactive 3-chloro-
pyridine as the cross-coupling partner.

As shown in Scheme 5, the Dai synthesis starts with compound
58 which can be prepared from (+)-pulegone in three steps or
via an organocatalyzed tandem sequence in one step. The termi-
nal olefin of 58 was then converted to a primary azide via an
anti-Markovnikov hydroazidation reaction with a combination
of 59 and TMSN3 recently developed by Xu and co-workers
[34]. Mukaiyama conjugate addition between 60 and 61
promoted by Tf2NH followed by a one-pot enol ether hydroly-
sis gave 62 as a mixture of inconsequential stereoisomers.
Subsequent oxidative cleavage of the terminal olefin of 62
using ozonolysis followed by Paal–Knorr pyrrole synthesis
delivered 63, which was unstable and spontaneously cyclized to
provide 64. Compound 64 was then advanced to tetracyclic
intermediate 67 in a one-pot tandem process, which initiated
with Staudinger azide reduction with PPh3 to form a primary
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Scheme 4: The Tsukano total synthesis of complanadine A enabled by Diels–Alder cycloaddition, Heck cyclization, and directed C–H arylation.
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Scheme 5: The Dai total synthesis of complanadine A using single-atom skeletal editing.

amine. After reversible hemiaminal opening and amine–ketone
condensation, iminium ion 65 was produced for the next pyrrole
nucleophilic addition to form a strategically important C–C
bond and afford 66, which was protected as Boc carbamate in
the same pot to give 67 in 96% yield from 64. In this tandem se-

quence, the nucleophilicity of the electron-rich pyrrole group is
essential for the key C–C bond formation. In the next step, the
pyrrole group was converted to the pyridine group encoded by
the natural product. This single-atom skeletal editing step
(67 → 68) was achieved using the Ciamician–Dennstedt rear-
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Scheme 6: Comparative summary of the four complanadine A total syntheses.

rangement, a reaction discovered back in 1881 [35]. Further-
more, this rearrangement positioned a chloride handle at the
desired site for the next C–H arylation. Part of 68 was then con-
verted to pyridine N-oxide via Pd/C-catalyzed dechlorination
and mCPBA oxidation. While a similar C–H arylation strategy
was used in the Tsukano synthesis, the 3-chloropyridine 68 used
in the Dai synthesis exhibited much lower reactivity compared
to the 3-bromopyridine 55 used in the Tsukano synthesis. Thus,
a set of new reaction conditions was needed. To solve this reac-
tivity issue, a protocol developed by Stoltz et al. in their jorun-
namycin synthesis [Pd(OAc)2, t-Bu2MePHBF4, Cs2CO3, and

CsOPiv in toluene at 130 °C] was utilized to afford the C–H
arylation in 78% yield with a 1:4 ratio of 68/69 [36]. Subse-
quent reduction of the pyridine N-oxide with Pd(OH)2/C and H2
followed by acidic Boc removal completed their total synthesis
of complanadine A (1). In addition, 3-chloropyridine 68 enabled
Dai and co-workers to prepare simplified analogs of complana-
dine A for biological evaluation [13].

Conclusion
As summarized in Scheme 6, four complanadine A total synthe-
ses were reviewed here. Toward the same target molecule, four
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strategically unique and different approaches were developed.
The Siegel synthesis harnesses the power and efficiency of two
Co-mediated [2 + 2 + 2] cycloadditions to build the C2–C3’-
bipyridyl moiety encoded by complanadine A. The Sarpong
synthesis leverages a biomimetic approach to rapidly assemble
the tetracyclic core skeleton and the newly developed C–H
borylation to install a boronic ester handle at the desired posi-
tion for a Suzuki–Miyaura cross coupling to build the C2–C3’
linkage which was hidden in bis(trimethylsilyl)butadiyne (20)
of the Siegel synthesis. Both the groups of Tsukano and Dai
utilized a pyridine N-oxide directed C–H arylation to forge the
C2–C3’ linkage, but the approaches to prepare the C–H aryl-
ation precursors they employed differ completely. In the
Tsukano synthesis, a Diels–Alder reaction and an intramolecu-
lar Heck reaction were used to build the key ring systems of
complanadine A. In the Dai synthesis, they used an electron-
rich and nucleophilic pyrrole as the precursor of the electron-
deficient pyridine to enable a tandem sequence involving an
intramolecular nucleophilic addition of the pyrrole to an
iminium ion to form a key C–C bond. The pyrrole group was
then converted to the desired pyridine via a single-atom
skeletal editing using the 145-year-old Ciamician–Dennstedt re-
arrangement, completing its long overdue debut in total
synthesis. Overall, each of these four total syntheses showcase
innovative strategies and creative and enabling tactics
including modern transition metal catalysis, C–H activation
methods, biomimetic synthesis, classic rearrangements, skeletal
editing logic, and others. In addition, these efforts enabled the
identification of the potential cellular target of complanadine A,
validation of its neurotrophic activity, establishment of
preliminary structure activity relationships, and generation of
synthetic analogs, all of which pave the way for further study
and development of this unique natural product and/or its
analogs.

Funding
We thank NIH GM128570 for financial support.

Author Contributions
Reem Al-Ahmad: conceptualization; writing – original draft;
writing – review & editing. Mingji Dai: conceptualization;
funding acquisition; project administration; supervision; writing
– original draft; writing – review & editing.

ORCID® iDs
Reem Al-Ahmad - https://orcid.org/0000-0001-7591-3371

Data Availability Statement
Data sharing is not applicable as no new data was generated or analyzed
in this study.

References
1. Nicolaou, K. C.; Hale, C. R. H. Natl. Sci. Rev. 2014, 1, 233–252.

doi:10.1093/nsr/nwu001
2. Ma, X.; Gang, D. R. Nat. Prod. Rep. 2004, 21, 752–772.

doi:10.1039/b409720n
3. Tun, M. K. M.; Herzon, S. B. J. Exp. Pharmacol. 2012, 4, 113–123.

doi:10.2147/jep.s27084
4. Kobayashi, J.; Hirasawa, Y.; Yoshida, N.; Morita, H. Tetrahedron Lett.

2000, 41, 9069–9073. doi:10.1016/s0040-4039(00)01630-0
5. Morita, H.; Ishiuchi, K.; Haganuma, A.; Hoshino, T.; Obara, Y.;

Nakahata, N.; Kobayashi, J. Tetrahedron 2005, 61, 1955–1960.
doi:10.1016/j.tet.2005.01.011

6. Ishiuchi, K.; Kubota, T.; Ishiyama, H.; Hayashi, S.; Shibata, T.; Mori, K.;
Obara, Y.; Nakahata, N.; Kobayashi, J. Bioorg. Med. Chem. 2011, 19,
749–753. doi:10.1016/j.bmc.2010.12.025

7. Ishiuchi, K.; Kubota, T.; Mikami, Y.; Obara, Y.; Nakahata, N.;
Kobayashi, J. Bioorg. Med. Chem. 2007, 15, 413–417.
doi:10.1016/j.bmc.2006.09.043

8. Johnson, T.; Siegel, D. Bioorg. Med. Chem. Lett. 2014, 24, 3512–3515.
doi:10.1016/j.bmcl.2014.05.060

9. Heathcock, C. H.; Kleinman, E. F.; Binkley, E. S. J. Am. Chem. Soc.
1982, 104, 1054–1068. doi:10.1021/ja00368a024

10. Azuma, M.; Yoshikawa, T.; Kogure, N.; Kitajima, M.; Takayama, H.
J. Am. Chem. Soc. 2014, 136, 11618–11621. doi:10.1021/ja507016g

11. Yeap, J. S.-Y.; Lim, K.-H.; Yong, K.-T.; Lim, S.-H.; Kam, T.-S.;
Low, Y.-Y. J. Nat. Prod. 2019, 82, 324–329.
doi:10.1021/acs.jnatprod.8b00754

12. Wang, J.; Zhang, Z.-K.; Jiang, F.-F.; Qi, B.-W.; Ding, N.; Hnin, S. Y. Y.;
Liu, X.; Li, J.; Wang, X.-h.; Tu, P.-F.; Abe, I.; Morita, H.; Shi, S.-P.
Org. Lett. 2020, 22, 8725–8729. doi:10.1021/acs.orglett.0c03339

13. Martin, B. S.; Ma, D.; Saito, T.; Gallagher, K. S.; Dai, M. Synthesis
2024, 56, 107–117. doi:10.1055/a-2107-5159

14. Yuan, C.; Chang, C.-T.; Axelrod, A.; Siegel, D. J. Am. Chem. Soc.
2010, 132, 5924–5925. doi:10.1021/ja101956x

15. Yuan, C.; Chang, C.-T.; Siegel, D. J. Org. Chem. 2013, 78, 5647–5668.
doi:10.1021/jo400695c

16. Fischer, D. F.; Sarpong, R. J. Am. Chem. Soc. 2010, 132, 5926–5927.
doi:10.1021/ja101893b

17. Zhao, L.; Tsukano, C.; Kwon, E.; Takemoto, Y.; Hirama, M.
Angew. Chem., Int. Ed. 2013, 52, 1722–1725.
doi:10.1002/anie.201208297

18. Ma, D.; Martin, B. S.; Gallagher, K. S.; Saito, T.; Dai, M.
J. Am. Chem. Soc. 2021, 143, 16383–16387.
doi:10.1021/jacs.1c08626

19. Uosis-Martin, M.; Pantoş, G. D.; Mahon, M. F.; Lewis, S. E.
J. Org. Chem. 2013, 78, 6253–6263. doi:10.1021/jo401014n

20. Newhouse, T.; Baran, P. S.; Hoffmann, R. W. Chem. Soc. Rev. 2009,
38, 3010–3021. doi:10.1039/b821200g

21. Varela, J. A.; Saá, C. Chem. Rev. 2003, 103, 3787–3802.
doi:10.1021/cr030677f

22. Varela, J. A.; Castedo, L.; Saá, C. J. Am. Chem. Soc. 1998, 120,
12147–12148. doi:10.1021/ja982832r

23. de la Torre, M. C.; Sierra, M. A. Angew. Chem., Int. Ed. 2004, 43,
160–181. doi:10.1002/anie.200200545

24. Razzak, M.; De Brabander, J. K. Nat. Chem. Biol. 2011, 7, 865–875.
doi:10.1038/nchembio.709

25. Bao, R.; Zhang, H.; Tang, Y. Acc. Chem. Res. 2021, 54, 3720–3733.
doi:10.1021/acs.accounts.1c00459

https://orcid.org/0000-0001-7591-3371
https://doi.org/10.1093%2Fnsr%2Fnwu001
https://doi.org/10.1039%2Fb409720n
https://doi.org/10.2147%2Fjep.s27084
https://doi.org/10.1016%2Fs0040-4039%2800%2901630-0
https://doi.org/10.1016%2Fj.tet.2005.01.011
https://doi.org/10.1016%2Fj.bmc.2010.12.025
https://doi.org/10.1016%2Fj.bmc.2006.09.043
https://doi.org/10.1016%2Fj.bmcl.2014.05.060
https://doi.org/10.1021%2Fja00368a024
https://doi.org/10.1021%2Fja507016g
https://doi.org/10.1021%2Facs.jnatprod.8b00754
https://doi.org/10.1021%2Facs.orglett.0c03339
https://doi.org/10.1055%2Fa-2107-5159
https://doi.org/10.1021%2Fja101956x
https://doi.org/10.1021%2Fjo400695c
https://doi.org/10.1021%2Fja101893b
https://doi.org/10.1002%2Fanie.201208297
https://doi.org/10.1021%2Fjacs.1c08626
https://doi.org/10.1021%2Fjo401014n
https://doi.org/10.1039%2Fb821200g
https://doi.org/10.1021%2Fcr030677f
https://doi.org/10.1021%2Fja982832r
https://doi.org/10.1002%2Fanie.200200545
https://doi.org/10.1038%2Fnchembio.709
https://doi.org/10.1021%2Facs.accounts.1c00459


Beilstein J. Org. Chem. 2025, 21, 2334–2344.

2344

26. Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R.;
Hartwig, J. F. J. Am. Chem. Soc. 2002, 124, 390–391.
doi:10.1021/ja0173019

27. Cho, J.-Y.; Tse, M. K.; Holmes, D.; Maleczka, R. E., Jr.;
Smith, M. R., III. Science 2002, 295, 305–308.
doi:10.1126/science.1067074

28. Newton, J. N.; Fischer, D. F.; Sarpong, R. Angew. Chem., Int. Ed.
2013, 52, 1726–1730. doi:10.1002/anie.201208571

29. Haley, H. M. S.; Payer, S. E.; Papidocha, S. M.; Clemens, S.;
Nyenhuis, J.; Sarpong, R. J. Am. Chem. Soc. 2021, 143, 4732–4740.
doi:10.1021/jacs.1c00457

30. Campeau, L.-C.; Rousseaux, S.; Fagnou, K. J. Am. Chem. Soc. 2005,
127, 18020–18021. doi:10.1021/ja056800x

31. Zhao, L.; Tsukano, C.; Kwon, E.; Shirakawa, H.; Kaneko, S.;
Takemoto, Y.; Hirama, M. Chem. – Eur. J. 2017, 23, 802–812.
doi:10.1002/chem.201604647

32. Al-Ahmad, R.; Dai, M. Acc. Chem. Res. 2025, 58, 1392–1406.
doi:10.1021/acs.accounts.5c00030

33. Jurczyk, J.; Woo, J.; Kim, S. F.; Dherange, B. D.; Sarpong, R.;
Levin, M. D. Nat. Synth. 2022, 1, 352–364.
doi:10.1038/s44160-022-00052-1

34. Li, H.; Shen, S.-J.; Zhu, C.-L.; Xu, H. J. Am. Chem. Soc. 2019, 141,
9415–9421. doi:10.1021/jacs.9b04381

35. Ciamician, G. L.; Dennstedt, M. Ber. Dtsch. Chem. Ges. 1881, 14,
1153–1163. doi:10.1002/cber.188101401240

36. Welin, E. R.; Ngamnithiporn, A.; Klatte, M.; Lapointe, G.;
Pototschnig, G. M.; McDermott, M. S. J.; Conklin, D.; Gilmore, C. D.;
Tadross, P. M.; Haley, C. K.; Negoro, K.; Glibstrup, E.;
Grünanger, C. U.; Allan, K. M.; Virgil, S. C.; Slamon, D. J.; Stoltz, B. M.
Science 2019, 363, 270–275. doi:10.1126/science.aav3421

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.21.178

https://doi.org/10.1021%2Fja0173019
https://doi.org/10.1126%2Fscience.1067074
https://doi.org/10.1002%2Fanie.201208571
https://doi.org/10.1021%2Fjacs.1c00457
https://doi.org/10.1021%2Fja056800x
https://doi.org/10.1002%2Fchem.201604647
https://doi.org/10.1021%2Facs.accounts.5c00030
https://doi.org/10.1038%2Fs44160-022-00052-1
https://doi.org/10.1021%2Fjacs.9b04381
https://doi.org/10.1002%2Fcber.188101401240
https://doi.org/10.1126%2Fscience.aav3421
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.21.178


2376

Synthetic study toward vibralactone
Liang Shi, Jiayi Song, Yiqing Li, Jia-Chen Li, Shuqi Li, Li Ren, Zhi-Yun Liu*

and Hong-Dong Hao*

Letter Open Access

Address:
Shaanxi Key Laboratory of Natural Products & Chemical Biology,
College of Chemistry & Pharmacy, Northwest A&F University,
Yangling, Shaanxi 712100, China

Email:
Zhi-Yun Liu* - liuzhiy@nwafu.edu.cn; Hong-Dong Hao* -
hongdonghao@nwafu.edu.cn

* Corresponding author

Keywords:
alkylidene carbene; C–H insertion; total synthesis; vibralactone

Beilstein J. Org. Chem. 2025, 21, 2376–2382.
https://doi.org/10.3762/bjoc.21.182

Received: 27 July 2025
Accepted: 21 October 2025
Published: 04 November 2025

This article is part of the thematic issue "Concept-driven strategies in
target-oriented synthesis".

Guest Editor: Y. Tang

© 2025 Shi et al.; licensee Beilstein-Institut.
License and terms: see end of document.

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,
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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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Abstract
Natural products with topologically complex architectures are important sources in drug discovery. The pursuit of conciseness and
efficiency in the total synthesis of natural products promotes continuous innovation and the development of new reactions and
strategies. In this work, a PET-initiated cationic radical-derived interrupted [2 + 2]/retro-Mannich reaction of N-substituted
cyclobutenone provided a facile approach to the direct construction of the ABCE tetracyclic framework of Aspidosperma alkaloids.
DFT calculations showed that the rate-determining step of the key PET reaction involved C19–C12 bond formation and C19–C3
bond cleavage. Investigation of the bond length changes along the IRC path, spin density, and NBO analysis indicated that this
process is neither strictly concerted nor stepwise, but falls in between, and involves a formal 1,3-C shift.

2470

Introduction
Photochemical reactions, which enable the construction of topo-
logically complex architectures from simple building blocks,
have attracted considerable attention in recent decades. Numer-
ous approaches to natural product synthesis have been reported

in which a photochemical transformation represents a key step
[1-3]. In this context, the photochemical [2 + 2] cycloaddition
and subsequent fragmentation of the resulting cyclobutane
provides a valuable strategy for synthesizing natural and unnat-
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ural products from simple building blocks [4]. Three distinct
photoinitiated approaches have been established for the forma-
tion of the [2 + 2] cycloadducts: direct irradiation [5,6], energy
transfer (EnT) [7], and photoinduced electron transfer (PET, or
photoredox catalysis) processes [8-10].

Cyclobutenone (A) is a versatile C4 synthon [11] – its
[2 + 2] photocyclization yields B, featuring a strained
bicyclo[2.2.0]hexane unit [12], which can fragment to form C
(Figure 1a) [13,14]. However, competitive C1–C4 bond
cleavage under irradiation or heating leads to ketene D, which
can undergo cycloaddition with an alkene to yield E. This frag-
mentation pathway dominates under various conditions (e.g.,
transition-metal catalysis, nucleophilic addition) and is driven
by ring-strain release [11].

PET, an alternative to direct excitation and EnT, enables the
formation of unique radical intermediates [9,10]. We previ-
ously demonstrated the Ir-catalyzed [2 + 2] cyclization/retro-
Mannich reaction of a tryptamine-substituted cyclopentenone F,
which led to the formation of indoline J (Figure 1b) [15].
Unlike other reported methods [16-18], the PET reaction of F
generates the cationic radical G, which initiates formation of H,
which has a strained bicyclo [3.2.0]heptane core. Strain release
of H triggers a downstream radical-driven retro-Mannich reac-
tion, which ultimately results in the formation of J via reduc-
tive quenching of intermediate I.

As part of our current interest in the synthesis of complex
natural products via photochemical reactions, we decided to
achieve such an unusual bond cleavage (Figure 1a, path A) of
cyclobutenone by generating a radical cation species via a PET
reaction. The synthetic plan is shown in Figure 1c and includes
a PET-initiated [2 + 2] cyclization of the tryptamine-substituted
cyclobutenone K to form the radical cation L, which has a
highly functionalized and rigid bicyclo[2.2.0]hexane core. Frag-
mentation of the C3–C19 bond would afford a redox-active
intermediate which upon further reductive quenching would
lead to the tetracyclic indoline M, which was expected to serve
as a common intermediate for the total synthesis of Aspi-
dosperma alkaloids. These alkaloids constitute a large family of
structurally complex compounds, which incorporate a penta-
cyclic ABCDE skeleton (Figure 1d, 1–8) [19-23]. However, the
formation of intermediate L is challenging because its ring-
strain energy (Figure 1e, 52.1 kcal/mol) is higher than that
of its counterpart, i.e. the bicyclo[3.2.0]heptane motif
(28.3 kcal/mol) in H [24].

Herein, we report our recent results on the development of a
novel strategy for the stereoselective construction of the tetra-
cyclic core of Aspidosperma alkaloids. Our method involves an

Ir-catalyzed PET reaction of K for the stereoselective forma-
tion of the cis-configured BC bicyclic core with an all-carbon
quaternary center [25,26]. Computational studies suggest that
the observed tandem PET reaction of K proceeds via an unusual
1,3-C shift to afford M, i.e. through an interrupted [2 + 2] cycli-
zation/retro-Mannich reaction.

Results and Discussion
Conditions optimization
Our study commenced with the evaluation of the proposed
PET-based tandem [2 + 2] cyclization/retro-Mannich reaction.
We selected compound 10a, which has a spiro-pentacyclic core,
as the target to be synthesized via the proposed PET reaction of
substrate 9a (Table 1). Substrate 9a can be synthesized from
tryptamine and a substituted cyclobutane-1,3-dione according to
a published protocol [27].

Initially, we focused on identifying catalysts that could promote
the proposed PET reaction of 9a on the basis of our previous
results [15]. The reaction was performed in MeCN in the pres-
ence of photocatalysts under blue light-emitting diode (LED) ir-
radiation at 30 °C. The results are listed in Table 1. Catalysts I
[28], II [29], and III [30] gave the desired product 10a, with
catalyst I giving the best result (Table 1, entries 1–3). The
necessities of irradiation and the presence of a photocatalyst
were also defined (Table 1, entries 4 and 5). However, use of
the other tested catalysts did not give the desired product under
the reaction conditions (see Supporting Information File 1 for
details). Next, we evaluated the effects of different solvents on
the production of 10a in the presence of catalyst I. Changing the
solvent to MeOH, tetrahydrofuran (THF), and dichloromethane
(DCM) resulted in decreased yields and substrate conversions,
and intense substrate decomposition (Table 1, entries 6–8).
These results showed that MeCN is the best solvent for the
reaction.

Finally, we investigated the effects of an alternative N-substitu-
ent in the indole moiety, and the reaction time and temperature
on the photocyclization results. Boc-substituted substrate 9f was
subjected to the optimized conditions, which resulted in both a
lower conversion and yield (Table 1, entry 9). In contrast, when
the reaction of 9f was performed in a mixed MeCN/toluene 10:1
solvent, the conversion of substrate 9f to product 10f decreased,
but the yield increased to 56% (Table 1, entry 10) compared
with that in entry 9 (42%). These results indicate that Cbz is a
more effective protecting group than Boc under the profiled
conditions. The effects of the reaction temperature on the
outcome of the PET reaction of 9a were investigated. Among
the conditions screened (Table 1, entries 11–13), the reaction in
MeCN at 30 °C for 24 h gave the best result, namely a quantita-
tive conversion and 90% yield.



Beilstein J. Org. Chem. 2025, 21, 2470–2478.

2472

Figure 1: Synthetic plan. a) General model of cyclobutenone bond cleavage; b) our previously reported method; c) plan for indole Aspidosperma alka-
loid synthesis; d) naturally occurring Aspidosperma alkaloids; e) ring strain energy of cyclopentene, bicyclo[3.2.0]heptane, cycloheptane, cyclobutene,
bicyclo[2.2.0]hexane and cyclohexane.
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Table 1: Conditions screening.a

Entry Photocatalyst Solvent Temp. Conv./yield (%)

1 FCNIrPic (I) MeCN 30 °C 100/86b

2 FirPic (II) MeCN 30 °C 83/26
3 PhFIrPic (III) MeCN 30 °C 65/43
4 in dark MeCN 30 °C <5/n.d.
5 no catalyst MeCN 30 °C <5/n.d.
6 FCNIrPic (I) MeOH 30 °C 84/23
7 FCNIrPic (I) THF 30 °C 30/20
8 FCNIrPic (I) DCM 30 °C 59/35
9 FCNIrPic (I) MeCN 30 °C 86/42c

10 FCNIrPic (I) MeCN/PhMe 30 °C 67/56c,d

11 FCNIrPic (I) MeCN 10 °C 100/60
12 FCNIrPic (I) MeCN 20 °C 100/66
13 FCNIrPic (I) MeCN 40 °C 90/50

aReaction conditions: A 15 mL glass vial was charged with 9a (0.1 mmol) and a photocatalyst (3.0 mol %) in an appropriate solvent (5.0 mL), and irra-
diated by two blue LEDs (center wavelength 455 nm; light intensity, 0.21 W/cm2). The yield and conversion were determined by 1H NMR spectrosco-
py with 1,3,5-trimethoxybenzene as the internal standard. bIsolated yield = 86%. cCbz is replaced by -Boc (9f). dVMeCN/VPhMe = 10:1.

Substrate scope
With the optimal conditions in hand, we then explored the sub-
strate scope. Targeting on the total synthesis of Aspidosperma
alkaloids, different tryptamine-substituted cyclobutenones 9a–n
were prepared and reacted under the optimal conditions. The
results are shown in Scheme 1. Substrate 9a, which contains a
spiro-cyclopentene moiety, delivered the best result and gave
10a in 86% isolated yield. When C15 or C16 was substituted
with a chlorine atom, 10b and 10c were obtained in 70% and
72% yield, respectively. However, when C15 was substituted

with a methyl group, the yield of 10d decreased slightly to 63%.
Product 10e, which has two contiguous quaternary stereogenic
centers at C2 and C12, was obtained in 74% yield without a sig-
nificant change in the yield, which indicates that steric
hindrance at C2 has a limited effect on the reactivity. However,
when the steric hindrance of the protecting group was increased
by replacing –Cbz with –Boc, the activity of the PET reaction
decreased, which resulted in a lower yield of 10f (45%). In the
case of substrate 9g, which has a stereogenic centre at C10,
photocyclization afforded 10g in moderate yield and with excel-
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Scheme 1: Substrate scope.

lent diastereoselectivity (76% yield, dr >20:1). This indicates
that the reaction is controlled by the substrate conformation.

To investigate the effects of the spirocyclic ring size on the
photocyclization, substrates 9h and 9i were prepared and sub-
jected to the optimal conditions. The PET reaction of 9h with a
spiro-cyclohexene unit gave a pair of separable isomers, 10h-1
and 10h-2, in 86% yield and a 1:1 ratio. The reaction of 9i,
which bears a spiro-cycloheptene moiety, afforded the annu-
lated product 10i in 67% yield. This indicates that an increase in
the spirocyclic ring size negatively affects the photocyclization
outcome. We expanded the reaction scope by synthesizing sub-
strates 9j–l, which contain various types of saturated spiro-
cycles. As anticipated, 10j, 10k, and 10l were obtained in mod-

erate yields (57–66%) under the standard reaction conditions.
When substrates 9m and 9n, which have a gem-dimethyl and
gem-diethyl group, respectively, were used, their PET reactions
required a longer reaction time to achieve full conversion. The
resulting products 10m and 10n were obtained in yields of 62%
and 58%, respectively.

Computational study
The synthesis of (±)-aspidospermidine (1) and (±)-limaspermi-
dine (2) showcased the effectiveness of our strategy for con-
structing complex monoterpene indole alkaloids [26]. In this
work, we turned our attention to investigating the mechanistic
intricacies of the key PET reaction for formation of the unique
bicyclo[2.2.0]hexane unit present in the proposed intermediate
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Figure 2: Computational study. a) Energy profiles from IN1 to IN3 and spin density of TS2 (isovalue = 0.004), solvated (SMD) Gibbs free energies
were calculated at the B3LYP-D3/def2-tzvp//B3LYP/6-31G(d) level in MeCN. b) Spin density of IN4 (isovalue = 0.004). c) IRC analysis of TS2 (red
line) and bond-length changes of C19–C3 (yellow line) and C19–C12 (blue line) along IRC path. d) Mayer bond order changes of selected structures
along IRC path. e) Spin-density analyses of R-24 and F-10 (isovalue = 0.004). f) NBO analyses of the selected transient structures (isovalue = 0.04).

L (Figure 1). In the presence of the excited photocatalyst
[FCNIr(III)Pic]*, the substrate participates in an oxidative
single-electron transfer (SET) process, which leads to the for-

mation of IN1. The radical cation IN1 served as the reference
point for DFT investigations. As illustrated in Figure 2a, facili-
tated by a favorable radical cation–π interaction [31], IN1
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proceeds to the first radical addition transition state (TS1), with
an energy barrier of 8.3 kcal/mol. This leads to the formation of
benzyl radical IN2, which has a boat-like seven-membered ring.
This structural feature may facilitate formation of the C19–C12
bond, even in the presence of critical steric hindrance between
the C5 quaternary carbon and the indole moiety.

Further DFT investigation proved challenging because of the
peculiar features that the potential energy surface (PES) exhib-
its in the rate-determining step, which involves both formation
of the C19–C12 bond and cleavage of the C19–C3 bond. This
process has an energy barrier of 21.8 kcal/mol via TS2, and
results in direct formation of IN3, which can undergo reductive
SET in the presence of [FCNIr(II)Pic]−. This leads to the
regeneration of [FCNIr(III)Pic] to complete the catalytic
cycle and formation of the final product via proton transfer.
Intrinsic reaction coordinate (IRC) analysis showed the reac-
tion coordinate connecting the transition state TS2, the reactant
(IN2), and the C19–C3 bond cleavage product IN3 wells
(Figure 2c).

Possible intermediates with a bicyclo[2.2.0]hexane unit located
on the PES minimum were investigated by performing two-
dimensional scans of simplified structures to find a minimum.
When the nonbonding sp3 orbital of the N atom is positioned
antiperiplanar to the adjacent C19–C3 bond, an intermediate
IN4 with a bicyclo[2.2.0]hexane unit was successfully located.
However, the Gibbs free energy of IN4 (ΔG° = +27.4 kcal/mol)
is significantly higher than the activation energy of TS2
(ΔG‡ = 22.4 kcal/mol). This energy difference can be attributed
to a subtle discrepancy between the spin localizations of IN4
and TS2. As depicted in Figure 2b, the spin density of IN4 is
predominantly concentrated at the benzene ring, whereas in
TS2 it is primarily localized at C19, C12, C3, and N9
(Figure 2a) [32]. Therefore, the intermediacy of IN4 was ruled
out.

We assume that the overlap between the sp2-hybridized N spin
center and σ* (C19–C3) in TS2, and the ring-strain release of
the transient bicyclo[2.2.0]hexane unit, play essential roles that
enable the reaction to occur. Thus, natural bond orbital (NBO)
[33] and Mayer bond order [34,35] analyses were performed to
determine the hyperconjugative interactions in the intermedi-
ates, transition states, and transient structures along the IRC
path (Figure 2c and 2d). In the early stage of this process
(Figure 2f, IN2 → R-50 → R-24 → TS2), formation of the
C19–C3 bond arises from the orbital overlap between the p
orbital of the C19 atom (Figure 2e, R-24) and the π(C3=N9)*
orbital. During this process, the bond order of C19–C12 in-
creases, but no significant change is observed for C19–C3. This
leads to the formation of a nonbonding p orbital at the N9 atom

(Figure 2e, F-10). Further geometrical adjustment and confor-
mational restriction of the transient structure enable the N9
nonbonding p orbital to align parallel to the σ(C19–C3)* orbital
(Figure 2f, TS2 → F-10 → F-40 → IN3), which reinforces the
hyperconjugative interaction. Facilitated by the bond stretching
and bond-angle bending of the transient structure with a pseudo
bicyclo[2.2.0]hexane unit, the favorable hyperconjugative inter-
action ultimately leads to cleavage of the C19–C3 bond
(TS2 → IN3) and release of the ring strain.

DFT analysis hereby explains that the orbital symmetry
involved in this process does not conform to a sigmatropic rear-
rangement reaction [36]. Inspection of the changes in the bond
lengths (Figure 2c) and Mayer bond orders (Figure 2d) along
the IRC path clearly show that C19–C12 bond formation and
C19–C3 bond cleavage are asynchronous. On the basis of these
premises, we assume that the process IN2 → IN3 is neither
strictly concerted nor stepwise [37,38]. This can be attributed to
the inherent ring-strain release in the transient structure located
on the PES and the hyperconjugative interaction between the
N9 nonbonding p orbital and σ(C19–C3)* during geometrical dis-
tortions. This ambiguous mechanistic feature suggests an
unusual 1,3-C shift, and indicates that this reaction proceeds via
a PET-initiated interrupted [2 + 2]/retro-Mannich process.

Conclusion
In summary, a PET-initiated cationic radical-derived inter-
rupted [2 + 2]/retro-Mannich reaction has been developed for
constructing the ABCE tetracyclic cores of Aspidosperma alka-
loids from tryptamine-substituted cyclobutenones. Importantly,
this methodology has already been successfully applied in the
total syntheses of (±)-aspidospermidine and (±)-limaspermidine
using 10a and 10h as substrates, respectively [26]. The functio-
nalized C5 atom in the formed ABCE tetracyclic core provides
potential opportunities for accessing more complex indole alka-
loids. The extensive DFT study indicated that the observed
PET-initiated cationic radical-derived reaction proceeds via an
unconventional formal 1,3-C shift, which is neither concerted
nor stepwise. These findings shed light on the mechanistic inno-
vation of a PET-initiated radical-derived reaction that was
driven by the ring-strain release.
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Abstract
We have streamlined a dipolar cycloaddition approach to assemble the core of malayamycin A and other related uracil nucleosides
possessing the common bicyclic perhydrofuropyran framework. The latent functionality strategy employing oxazoline to unmask
the 1,2-hydroxyamine moiety proves feasible, eliminating the need for alkene functionalization required in previous endeavours.
This current strategy provides a reliable platform for accessing diverse uracil nucleosides and their derivatives, facilitating the de-
velopment of potent fungicides.
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Introduction
Modern agriculture relies on various effective fungicides to
combat crop diseases for achieving significant gains [1]. How-
ever, the long-term and widespread use of chemicals and bio-
logical agents has led to a rapid emergence of resistance, which
in turn diminishes the national-wide and even global-wide food
security. Moreover, toxins produced by fungi in diseased crops
have serious impacts on animal and human health [2]. There
remains high demand to develop new antifungal compounds as
alternatives to existing fungicides as well as enhancing the
control spectrum and persistence [3].

A group of scientists at Syngenta reported a bicyclic perhydro-
furopyran C-nucleoside malayamycin A (1) from the soil
bacterium Streptomyces malaysiensis [4] (Figure 1). This novel
compound was found to inhibit the sporulation of Stagono-
spora nodorum (Berk) Castell and Germano that were identi-
fied as the culprit of wheat glume blotch disease [5]. Further-
more, malayamycin functions as a broad-spectrum fungicide
with an unusually higher potency in planta than in vitro,
suggesting that its mode of action may not be consistent with
those of known fungicide classes. This encouraging character-
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Figure 1: Selected natural uracil-containing nucleosides (the key perhydrofuropyran core highlighted in blue).

Scheme 1: Synthetic strategies toward malayamycin A. (A) Previous synthetic route. (B) Our strategy toward the core skeleton.

istic indicates its potential to overcome resistance to other
fungicides [6-8].

Structurally, malayamycin A belongs to a class of modified
nucleosides that mimic UDP (uridine 5′-diphosphate)-linked
metabolites and exhibit intriguing bioactivities (2–4, Figure 1).
These antifungal nucleoside agents have been received great
attention from the scientific community and several elegant syn-
theses have been disclosed [9-15]. Specifically, Hanessian and
co-workers reported the first total synthesis and structural deter-
mination of malaymycin A (1) as well as the subsequent design
of structural analogues for biological evaluation [16-20]. Pre-
liminary structure–activity relationship (SAR) studies revealed
that fungicidal activity is highly dependent on the nature and
stereochemistry of substituents, as well as the heterocyclic
anomeric unit. Uncertainty regarding the mode of action, along

with inadequate synthetic approaches toward a lead compound,
remains elusive.

The well-established synthetic route reported by Hanessian and
co-workers began with ᴅ-ribonolactone which bears three
contiguous stereogenic centers (Scheme 1A). The pyran ring
was constructed by a RCM reaction [16]. Subsequent functio-
nalization of the alkene to install the 1,2-cis-hydroxy amine re-
quired 6 steps from the sterically more demanding side. In
continuing our recent interest in accessing unusual monosaccha-
rides and applying dipolar cycloaddition to construct various
bioactive compounds [21-27], we intended to develop a
practical strategy to access the perhydrofuropyran core of
malayamycin A and other uracil nucleosides to enable future
rapid derivatization (Scheme 1B). The bicyclic intermediate 5
will be converted into the final target after installation of the
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Scheme 2: Rational for intramolecular dipolar cycloaddition.

urea and uracil motifs. Accordingly, a nitrone-based latent func-
tionality approach [28] would be tunable from fully substituted
tetrahydrofuran-derived nitrone 7. The cis-1,2-hydroxy amine
could be derived from oxazoline 6 through cleavage of the N–O
bond, oxidation and Baeyer–Villiger oxidation. The starting
functional groups (including alkyne and nitrone) for the pro-
posed oxazoline were established in literature precedents [29-
31]. Moreover, the readily available intermediate 8 [32] bear-
ing three defined stereogenic centers is secured from the com-
mercial source.

Results and Discussion
Based on the known protocol [33], diacetone-ᴅ-allofuranose 8
was first introduced with a propargyl group (Scheme 2A). Upon
treatment of AcOH to afford diol 9, oxidative cleavage with
Shing’s protocol (NaIO4 on silica gel) [34] proceeded smoothly
to deliver the aldehyde which was immediately subjected to the
condensation reaction with benzylhydroxylamine. The corre-
sponding nitrone 10 then underwent an intramolecular cycload-
dition. Adduct 11 was isolated as the major product in 42%
yield for 2 steps. Comprehensive NMR analysis revealed the
undesired stereochemistry at C3 due to a possible chair-like
transition state like 10a (Scheme 2B). This phenomenon is

consistent with the observations from previous syntheses
[31,35,36]. We anticipated that late-stage epimerization might
invert the configuration once the acyl group is revealed at the
C2 position. Therefore, dihydroxylation [37] readily converted
alkene 11 to diol 12 as a mixture of inseparable isomers. With-
out purification, oxidative cleavage with NaIO4 resulted in a
compound with strong UV absorption, which was eventually
identified as enone 14 (Scheme 3). It is assumed that the
formyloxy group on the N atom in the unstable intermediate 13
serves as electron-withdrawing group to facilitate fragmenta-
tion when removal of the acidic proton at C2 was initiated.

Scheme 3: Proposed pathway for the enone formation.

Although the reduction of enone 14 could provide the requisite
stereoisomer, the rigid conformation of such bicyclic [4.3.0]-
ring necessitates tedious optimization to properly install three
continuous tertiary centers (C2, C3, and C4). To circumvent the
influence of the electron-withdrawing group on the nitrogen
atom, we anticipated that cleaving the N–O bond prior to
breaking the C2–C2’ bond would be feasible. However, several
conditions to cleave the N–O bond in 11 or 12 had not yielded
any successful outcome. Therefore, we turned to adjust the syn-
thetic sequence to switch the oxidation states at C2 and C3
(Scheme 4). It should be noted that compound 16 [38] was ob-
tained as a stereoisomeric mixture of olefin, resulting from the
use of crotyl bromide as a mixture of geometric isomers. After
installation of the crotyl group, hydrolysis of the acetonide
group and oxidative cleavage of diol 16, oxime 17 was pre-
pared through the condensation of the aldehyde with hydroxyl-
amine in overall 59% yield. Upon oxidation with NaClO·5H2O,
the in situ-generated nitrile N-oxide immediately underwent
intramolecular dipolar cycloaddition to deliver the cyclo-
adducts 18 in good yield as a mixture of two inseparable dia-
stereoisomers. This telescoped step was readily performed on a
gram scale without interrupted purification of the nitrile oxide.
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Scheme 4: Modified route to access the core of malayamycins.

At this stage, it is not clear that the diastereomeric ratio (dr 4:1)
may share with the same configuration at the C2 or C2’ posi-
tion. The mixture of 18 was subjected to reduction of the imine
motif by NaBH3CN in AcOH–MeOH and immediately pro-
tected with the Boc group. The isolated yield of 19 was moder-
ate because the anomeric carbon at C7 is associated with an
acid-sensitive acetonide group. The structural determination of
the major product 19a was accomplished by comprehensive
NMR spectroscopy and further unambiguously confirmed by
X-ray analysis (see Supporting Information File 1 for details).
The following reductive cleavage of the N–O bond was carried
out by Mo(CO)6 in refluxing CH3CN [39]. Subsequent oxida-
tion of the resulting secondary alcohol with Dess–Martin perio-
dinane (DMP) [40] afforded methyl ketone 20 in 53% yield for
2 steps. Moreover, the minor isomer 19b also underwent the
above two-step sequence, yielding a product identical to 20 (the
synthetic route is not shown). This indicates that the pair of dia-
stereomers essentially differs only at the C2’ position arised
from the isomeric mixture of crotyl bromide 15. It is also worth
noting that both stereoisomers derived from the INOC cycload-
dition can be converted to a single stereoisomer of 20.

With all required stereogenic centers embedded in the 6-5
trans-fused bicyclic skeleton, the remaining problem is

converting C to O to install the secondary alcohol at C2
with retention of the β-configuration. The programmed
Baeyer–Villiger (BV) oxidation would be a feasible transfor-
mation to furnish all necessary functional groups for the
completion of the core skeleton in malayamycins. To our
surprise, it turns out very challenging for the BV oxidation.
Several oxidants were examined and the desired acetate 21
remains inaccessible (Scheme 5) [41]. We assumed the steric
hinderance of the Boc protecting group might have a great
impact to the reactivity of ketone. Investigation along this line
is currently on the way.

Scheme 5: Attempting the Baeyer–Villiger reaction.

Conclusion
In summary, we have streamlined the rapid construction of the
core perhydrofuropyran skeleton of malayamycin A and other
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related uracil nucleosides via a dipolar cycloaddition. The latent
functionality strategy employing oxazoline to reveal the cis-1,2-
hydroxyamine moiety proves to be feasible, circumventing the
lengthy route for alkene functionalization required in previous
syntheses. Although the target-oriented synthesis toward
malayamycins remains to be complished and several steps need
to be improved, the current strategy provides a reliable plat-
form to access various uracil nucleosides and derivatives for
developing potent fungicides.

Supporting Information
Supporting Information File 1
Experimental procedures and compound characterization
data.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-21-196-S1.pdf]
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Abstract
The total synthesis of bioactive (+)-aglacin B was achieved. The key steps include an asymmetric conjugate addition reaction in-
duced by a chiral auxiliary and a nickel-promoted reductive tandem cyclization of the elaborated β-bromo acetal, which led to the
efficient construction of the aryltetralin[2,3-c]furan skeleton embedded in this natural product.

2548

Introduction
Proksch and co-workers isolated aglacins A, B, C, and E (1–4,
Figure 1) from the methanolic extract of stem bark of Aglaia
cordata Hiern from the tropical rain forests of the Kalimantan
region (Indonesia) [1,2]. These cyclic ether natural products
belong to the typical aryltetralin lignans, which have already at-
tracted broad attention from the synthetic community [3-5]. Zhu
and co-workers disclosed a concise synthesis of (±)-aglacins B
(2) and C (3), featuring a visible light-catalyzed radical cation
cascade for the formation of the C8–C8′ and C2–C7′ bonds [6].
Subsequently, they improved the reaction conditions to achieve
the racemic synthesis of aglacins A (1) and E (4) as well [7]. In
2021, the Gao group described the total synthesis of both enan-
tiomers of aglacins A (1), B (2), and E (4) by asymmetric
photoenolization/Diels–Alder reactions as the key steps for the
construction of the C7–C8 and C7′–C8′ bonds [8].

During the past decade, we had developed nickel-catalyzed or
-promoted reductive coupling/cyclization reactions for the for-
mation of inter- or intramolecular carbon–carbon bonds under
mild conditions [9-12], and strategically applied this method for
the divergent syntheses of some natural products [13-17].
Herein, we report our recent advance to a total synthesis of
(+)-aglacin B (2), which relies on a non-photocatalysis ap-
proach.

Results and Discussion
Retrosynthetic analysis of (+)-aglacin B
Based on the retrosynthetic analysis shown in Scheme 1, both
C8′–C8 and C7–C1 bonds in (+)-aglacin B (2) could be
constructed in one-step from the β-bromo acetal 5 by a
Ni-promoted tandem radical cyclization, and a subsequent
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Figure 1: The structures of aglacins A, B, C, and E.

Scheme 1: Retrosynthetic analysis of (+)-aglacin B (2).

acetal reduction under acidic conditions then can complete the
total synthesis of this molecule. The cyclization precursor 5
could be prepared from the primary alcohol 6 through trans-
forming functional groups of the alkyl chain and installing an
allyl group. It was envisioned that the diarylmethine stereo-
center at C7′ in 6 could be formed by an Evans’ auxiliary-in-
duced asymmetric conjugate addition of α,β-unsaturated acyl
oxazolidinone 7 with 3,4,5-trimethoxyphenylmagnesium
bromide (8). Both of these two building blocks could be
conveniently prepared from commercially available 2,6-
dimethoxyphenol [18,19].

Synthesis of cyclization precursor 5 and
(+)-aglacin B
As shown in Scheme 2, the forward synthesis began with
a triethyl phosphonoacetate-mediated Horner–Wadsworth–
Emmons (HWE) reaction of o-bromobenzaldehyde 9 derived
from 2,6-dimethoxyphenol (Supporting Information File 1). The
generated ester 10 was then converted into the corresponding
acyl chloride by saponification and subsequent reaction with
pivaloyl chloride. The resulting acyl chloride was then trapped
by (S)-4-phenyl-2-oxazolidinone (11) to produce the desired

α,β-unsaturated amide 7. Next, the asymmetric conjugate
addition was carried out [20,21]. The in situ generated
aryl–copper(I) species was obtained under the action of
CuBr·Me2S with Grignard reagent 8, and then added to a THF
solution of the α,β-unsaturated acyl oxazolidinone 7 at −48 °C.
This reaction demonstrated an excellent diastereocontrol for 12
(dr = 20:1), and could easily proceed on a scale of ten grams
(Supporting Information File 1). For the reduction of the chiral
auxiliary in 12, NaBH4 in THF/H2O proved to be the optimal
conditions, giving the primary alcohol 6 in 80% yield. Subse-
quently, oxidation of this alcohol by IBX followed by reaction
with CH(OMe)3 afforded acetal 17, which was then subjected to
a CH2Cl2 solution of TMSOTf and iPr2NEt. A mixture of enol
methyl ethers 18 were thus produced by an elimination reaction.
Eventually, a site-selective bromination of the double bond over
the electron-rich benzene rings with 2,4,4,6-tetrabromo-2,5-
cyclohexadienone (TBCD) in CH2Cl2 followed by reaction with
allyl alcohol, provided β-bromo acetal 5 in 30% overall yield
starting from alcohol 6.

With a successful preparation of the cyclization precursor 5, the
designed nickel-promoted reductive tandem cyclization was
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Scheme 2: Synthesis of cyclization precursor 5.

Scheme 3: Synthesis of (+)-aglacin B (2).

pursued (Scheme 3). By slightly modifying the reaction condi-
tions of our previous studies [11,12], the expected bicyclization
of 5 occurred smoothly, resulting in an efficient construction of

the trans-tetrahydronaphtho[2,3-c]furan skeleton embedded in
13, which could be separated from the other diastereomer [14]
by flash column chromatography in 30% yield. The stereocon-
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trolled formation of aryltetralin 13 could be attributed to an
adoption of a pseudo-half-chair conformation 5a. Finally, the
final step towards the total synthesis of (+)-aglacin B (2) was
achieved by treatment with BF3·Et2O as the Lewis acid and
Et3SiH as the hydrogen source [22], affording this natural prod-
uct in 58% isolated yield. NMR data of the synthetic sample
were found to be in agreement with those of previous literature
(Tables S1 and S2, Supporting Information File 1). Moreover,
the newly synthesized (+)-aglacin B (2) formed single crystals,
and a corresponding X-ray diffraction analysis (inset in
Scheme 3, selected H atoms have been omitted for clarity, and
Table S3, Supporting Information File 1) unambiguously con-
firmed its precise structure with three continuous chiral centers.

Conclusion
In summary, the total synthesis of (+)-aglacin B, a typical aryl-
tetralin natural product [23,24], was completed from 2,6-
dimethoxyphenol. The key Ni-promoted reductive cyclization
cascade of a β-bromo acetal with an allyl tether, smoothly
established the tetrahydronaphtho[2,3-c]furan core of this mole-
cule in a new fashion.

Supporting Information
Supporting Information File 1
Experimental procedures, characterization data, and copies
of 1H/13C NMR spectra.
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Abstract
Innovations in synthetic methods and strategic design serve as the primary driving forces behind the advancement of organic syn-
thetic chemistry. With rapidly evolving organic synthesis technologies, a diverse array of novel methods and sophisticated strate-
gies continues to emerge. These approaches not only complement and synergize with one another but also significantly enhance
synthetic efficiency, reduce costs, and provide robust solutions to challenges encountered in the synthesis of complex molecular
architectures. Ryania diterpenes are natural products characterized by intricate structures and high oxidation states. Biological
studies have revealed that the family member ryanodine has a specific regulatory effect on myocardial calcium ion channels (PyR).
Since only a limited number of compounds have been reported to act by modifying this receptor, ryanodine and its derivatives are
potential therapeutic agents for treating cardiovascular diseases. This article focuses on reviewing the efficient application of ring-
construction methods and synthetic strategies in the total synthesis of highly oxidized Ryania diterpenoid natural products, empha-
sizing the pivotal role of novel synthetic methods and strategic innovations.
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Introduction
Organic synthesis, as a cornerstone of chemical research, is
dedicated to constructing complex natural products or target
molecules from simple and readily available starting materials
via a series of precise and efficient chemical reactions. This
field serves not only as a vital tool for molecular structure vali-
dation and the discovery of new reaction mechanisms but also

as a fundamental driving force behind advances in related disci-
plines such as pharmaceutical science. Throughout this
endeavor, innovations in methods and strategies function as an
engine, consistently pushing the boundaries of the discipline.
From the early synthesis of simple molecules to the current
precise assembly of complex natural products and functional
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Scheme 1: Representative Ryania diterpenoids and their derivatives.

materials, the iteration of methods and optimization of strate-
gies have always been key to breaking through synthetic bottle-
necks.

Since Nobel laureate E. J. Corey proposed the revolutionary
concept of “retrosynthetic analysis” [1], the design of synthetic
strategies has built upon this core intellectual framework:
starting from the target molecule, a stepwise deconstruction
guided by reverse logic leads to a series of structurally simple
and readily accessible precursor compounds [2]. Based on this
philosophy, chemists have developed a variety of classical syn-
thetic strategies to address target molecules with diverse struc-
tural features. For instance, “divergent synthesis” employs a
universal chiral advanced intermediate, systematically deriving
multiple structurally related natural products through functional
group transformations and oxidation-state adjustments [3,4].
This approach efficiently constructs compound family libraries,
greatly facilitating drug screening and structure–activity rela-
tionship (SAR) studies. Conversely, the “biomimetic synthesis”
strategy mimics nature’s enzyme-catalyzed pathways to
construct target molecules in the laboratory, offering milder
reaction conditions and more concise synthetic steps, while
demonstrating excellent atom economy and step economy [5-7].

These powerful and diverse methods continuously drive synthe-
tic chemistry forward through deep integration and synergistic
application. This article focuses on the total synthesis of highly
oxidized Ryania diterpenoid natural products, systematically
reviewing the synthetic strategies and ring-construction
methods employed therein while providing an in-depth analysis
of the innovation of classical methods, the application of
emerging technologies, and the enhancements in synthetic effi-
ciency achieved through multi-strategy integration. The aim is
to offer readers a clear understanding of the developmental
trajectory and future trends in the total synthesis of natural
products from this family.

Natural products derived from the Ryania genus comprise a
class of structurally intricate polycyclic diterpenoids isolated
from the Central and South American shrub Ryania speciosa
(Scheme 1) [8-14]. Research on these compounds dates back to
1943 when the American pharmaceutical company Merck de-
veloped a novel insecticide, Ryanex, from the stems and leaves
of the plant. In 1948, Folkers and colleagues reported the isola-
tion of the first bioactive member of this family – ryanodine (1)
[8]. Due to limitations in technical capabilities at the time, its
absolute configuration remained undetermined. Over the subse-



Beilstein J. Org. Chem. 2025, 21, 2553–2570.

2555

quent two decades, its hydrolysis product ryanodol (4) and
several structurally related analogs were isolated sequentially
[9-14]. The absolute configurations of both 1 and 4 were ulti-
mately elucidated in 1968 by Wiesner and co-workers using a
combination of chemical degradation and X-ray crystallogra-
phy [14]. Notably, in 2016, Inoue’s group at the University of
Tokyo reconciled discrepancies through comparative analysis of
experimental and natural product data, confirming the correct
structure of ryanodol to be 3-epi-ryanodol (5), thereby revising
the previously accepted configuration [15]. Since then, numer-
ous analogs based on the ryanodol scaffold have been identi-
fied and characterized. As of now, 18 natural products from this
family have been successfully isolated and structurally estab-
lished [16-18].

Structurally, ryanodine (1) and related diterpenoid natural prod-
ucts feature a 6-5-5-5-6 pentacyclic core skeleton containing
11 stereocenters, eight of which are quaternary carbons. A key
structural feature is the assembly of a polycyclic cage-like
framework via multiple C–C and C–O bonds, incorporating a
labile hemiketal moiety. Furthermore, the presence of multiple
oxygenated quaternary carbons classifies these molecules
among the most highly oxidized diterpenoid natural products re-
ported in the literature.

In terms of biological activity, ryanodine (1) exhibits high
specificity and regulatory effects on ryanodine receptors (RyRs)
[19,20]. It is among the few small organic molecules identified
to date that can modulate these receptors. Dysfunctions of RyRs
are closely associated with various diseases: mutations in RyRs
can cause genetic disorders such as malignant hyperthermia and
central nervous system disorders; altered expression of RyR2
and RyR3 is linked to the pathogenesis of neurodegenerative
diseases like Alzheimer’s disease. Notably, as a critical calcium
ion channel in cardiac muscle, RyRs are intimately involved in
the development and progression of cardiovascular diseases
[21-24]. Additionally, compounds such as cinnzeylanol (6),
cinncassiol B (7), and cinncassiol A (9) exhibit various poten-
tial biological activities, including insecticidal, ion channel
modulatory, and immunosuppressive effects [25-29].

Review
Synthetic research on Ryania diterpenoid
natural products
Ryania diterpenoids have garnered sustained interest in the syn-
thetic chemistry community due to their complex, unique mo-
lecular structures and potential biological activities. This has
motivated extensive research that has led to notable advances.
This review summarizes total synthesis efforts of various
research groups on Ryania diterpenoid natural products,

focusing on strategic methods for assembling the 6-5-5-5-6
pentacyclic core skeleton. Furthermore, it examines the integra-
tion and synergy of multiple synthetic approaches in construct-
ing this intricate framework, emphasizing their value in
addressing highly challenging synthetic endeavors.

Deslongchamps’ total synthesis of ryanodol (4) and
3-epi-ryanodol (5)
In 1979, the Canadian organic chemist Deslongchamps, after a
decade of dedicated research, successfully achieved the first
total synthesis of the non-naturally produced ryanodol (4) and
its dehydrated derivative, anhydroryanodol (10) [30]
(Scheme 2). Given the highly complex fused-ring system and
the stereochemical challenges posed by multiple chiral centers,
the author utilized the Diels–Alder reaction, a prominent repre-
sentative of pericyclic reactions [31-44], to control the forma-
tion of the crucial C5 chiral center precisely. Subsequent oxida-
tive cleavage of the carbon–carbon double bond introduced in
the Diels–Alder reaction, followed by an intramolecular aldol
reaction, efficiently constructed the ABC tricyclic core skeleton
of the target molecule. This achievement transformed a simple
monocyclic precursor into a complex fused-ring skeleton,
vividly demonstrating the application value of the multi-reac-
tion synergistic strategy in natural product synthesis.

The specific synthetic route is as follows: Starting from the
chiral compound (S)-carvone, four simple transformations yield
the enone intermediate 11. This intermediate undergoes an
intermolecular [4 + 2] cycloaddition with diene 12, generating
two sets of regioselective products in an approximate ratio of
1:1. The product with the correct relative configuration under-
goes hydrolysis of its spirocyclic lactone moiety under basic
conditions to yield 13, establishing the critical C5 chiral center.
Under acidic conditions, intermediate 13 undergoes ketal depro-
tection followed by successive intramolecular aldol reactions,
smoothly constructing the A ring to afford compound 14.
Subsequent protection of the vicinal diol and aldehyde function-
alities in 14 provides an intermediate that, after Baeyer–Villiger
oxidation and subsequent tungsten-promoted reverse epoxida-
tion, forms lactone 15. Ozonolysis of 15 cleaves the double
bond, and a subsequent transannular aldol reaction efficiently
assembles the B and C rings, yielding the ABC tricyclic core
16. Further manipulations included the introduction of a methyl
group at C9, adjustments of the oxidation state, and the installa-
tion of a mesylate group at C10, leading to compound 19. This
intermediate is converted to lactone 20 via base-promoted Grob
fragmentation followed by acid-mediated MOM deprotection.
Epoxidation of the C10–C11 double bond in 20, lactone hydro-
lysis-promoted epoxide ring opening, and inversion of the C10
hydroxy configuration, yield the key intermediate 21, thereby
completing the construction of the D ring. Adjustments of func-
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Scheme 2: Deslongchamps’s total synthesis of ryanodol (4).

tional groups and oxidation states at multiple sites then afford
anhydroryanodol (10). Finally, epoxidation of the C1–C2
double bond followed by Li/NH3-promoted reductive cycliza-

tion constructs the E ring of the molecular core, successfully
completing the first asymmetric total synthesis of ryanodol (4)
in 41 steps.



Beilstein J. Org. Chem. 2025, 21, 2553–2570.

2557

Scheme 3: Deslongchamps’s total synthesis of 3-epi-ryanodol (5).

To elucidate the role of the C15 hemiacetal hydroxy group in
ryanodine (1)-type diterpenoid natural products in binding to
ryanodine receptors, the authors initially proposed reducing the
lactone moiety in anhydroryanodine (not shown) to the corre-
sponding hemiacetal. However, common reducing agents
proved ineffective for lactone reduction. Leveraging previous
findings, the authors implemented an alternative strategy in-
volving two sequential intramolecular reductive cyclizations to
invert the configuration of the C3 secondary hydroxy group,
successfully achieving the conversion of ryanodol (4) to 3-epi-
ryanodol (5) and 3-epi-ryanodine (30) [45].

The specific synthetic route is as follows (Scheme 3): Begin-
ning with ryanodol (4), an acid-promoted fragmentation yields
anhydroryanodol (10). Subjecting compound 10 to Li/NH3
conditions induces the first intramolecular reductive cyclization,
affording hemiacetal 27. This intermediate is then transformed
via a one-pot sequence involving epoxidation, fragmentation,
and re-epoxidation to give epoxide 29. A second intramolecular
reductive cyclization of 29 under Li/NH3 forms the intramolec-
ular oxa-bridged ring, culminating in the first total synthesis of
3-epi-ryanodol (5) and 3-epi-ryanodine (30). The subsequent bi-

ological evaluation revealed that 30 possesses only 1% of the
affinity of ryanodine (1) for ryanodine receptors (RyRs).

Inoue’s total synthesis of ryanodine, ryanodol, 3-epi-
ryanodol, cinnzeylanol, and cinncassiols A,B
In 2014, the Inoue group at the University of Tokyo reported a
synthetic strategy for ryanodol (4) that leveraged substrate
symmetry design, employing intramolecular radical coupling
and olefin metathesis as key steps [46] (Scheme 4). Recog-
nizing an embedded symmetric motif within the complex penta-
cyclic target, the authors designed a simplified C2-symmetric
tricyclic intermediate, (±)-33, which was efficiently synthe-
sized in 13 steps from commercial starting materials 31 and 32
by capitalizing on its molecular symmetry. A notable feature of
this sequence was the simultaneous construction of four quater-
nary carbon centers (C1, C4, C5, and C12) and the core AB
bicyclic skeleton, markedly improving synthetic efficiency.
Subsequent oxidative desymmetrization of the C14–C15 olefin
in (±)-33 established the sterically hindered C11 quaternary car-
bon center. An α-alkoxy bridgehead radical addition then
installed an allyl fragment, and ring-closing metathesis (RCM)
smoothly formed the C ring to complete the core skeleton. The
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Scheme 4: Inoue’s total synthesis of ryanodol (4).

total synthesis was finalized by installing the four remaining
stereocenters (C2, C3, C9, and C10).

The specific synthetic route is as follows: Commercially avail-
able compounds 31 and 32 were converted to the C2-symmetric
33 over 13 steps, enabling construction of the AB bicyclic
skeleton in the target molecules. Compound 33 then underwent

Mukaiyama hydration to adjust the C15 oxidation state, fol-
lowed by water-promoted consecutive hemiacetalization to
construct the oxa[3.2.1]-bridged ring system, thereby forming
the D and E rings. Subsequently, the introduction of a tertiary
hydroxy thiocarbonate at C11 afforded compound 38. Under
thermal conditions, 38 underwent smooth introduction of an
allyl fragment via intermolecular radical addition reaction with
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Scheme 5: Inoue’s total synthesis of ryanodine (1) from ryanodol (4).

allyltributylstannane, yielding compound 40. After isomeriza-
tion of the C11 allyl double bond and introduction of a C6
isobutenyl group, the resulting diene 42 underwent RCM cata-
lyzed by the Hoveyda–Grubbs catalyst to form the pentacyclic
skeleton 43, thus completing the C ring of the natural product’s
core structure. Finally, multisite functional group modifications
and oxidation state adjustments enabled the total synthesis of
ryanodol (4) in 35 steps.

Ryanodine (1), a prominent member of the Ryanoid diterpene
natural product family, exhibits remarkable insecticidal and
pharmacological activities and serves as a potent modulator of
intracellular calcium release channels. In contrast to ryanodol
(4), compound 1 possesses a pyrrole-2-carboxylate ester moiety
at the C3 position. This ester group can be cleaved via hydroly-
sis to yield 4. However, the reverse transformation – the synthe-
sis of ryanodine (1) from ryanodol (4) – had long eluded
chemists. The primary challenge involved the selective installa-
tion of the bulky pyrrole unit onto the sterically congested C3
secondary hydroxy group within a polyfunctionalized, polyhy-
droxylated framework. In 2016, building upon prior work, the
Inoue group reported the first total synthesis of ryanodine from
ryanodol [47] (Scheme 5). Their strategy utilized a novel
boronate protecting group to mask the four syn-oriented
hydroxy groups. A critical step was the in-situ generation of the
pyrrole-2-carboxylate unit from a glycine ester and 1,3-
bis(dimethylamino)allylium tetrafluoroborate, which was then

coupled to the C3 hydroxy group via Yamaguchi esterification.
Global deprotection subsequently afforded ryanodine (1) in
10 steps, thus achieving this critical synthetic transformation.

Although the interaction of ryanodine with intracellular calcium
release channels has been extensively studied, the mechanisms
of action of other ryanoid diterpenoid natural products remain
poorly understood. Elucidating the structure–activity relation-
ships (SAR) of these compounds is essential for identifying the
functional groups critical for their biological activity, thereby
facilitating targeted molecular optimization. In 2016, the Inoue
group accomplished the total synthesis of cinncassiol A (9) and
B (7), cinnzeylanol (6), and 3-epi-ryanodol (5) through
precisely controlled reactions with high stereoselectivity [15]
(Scheme 6). Their approach allowed for the introduction of
diverse substituents at the C2 position and precise modulation
of oxidation states at other sites, including C3. The synthesis of
3-epi-ryanodol (5) commenced with compound 44. After the
protection of the C10 secondary hydroxy group, a sterically
controlled, face-selective reduction of the C3 carbonyl, a silyl
transform, and oxidation of the C2 secondary hydroxy group
afforded intermediate 54. This sequence successfully installed
the C3 hydroxy group with the requisite stereochemistry for
3-epi-ryanodol (5). Subsequent introduction of an isopropyl
group at C2 and global deprotection yielded the natural product.
Similarly, starting from 57, installation of an allyl group at C2,
followed by oxidative cleavage, reduction, and deprotection,
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Scheme 6: Inoue’s total synthesis of cinncassiol A (9), cinncassiol B (7), cinnzeylanol (6), and 3-epi-ryanodol (5).

provided cinncassiol B (7). Subjecting this compound to an
acid-promoted fragmentation reaction then completed the total
synthesis of cinncassiol A (9). Furthermore, from intermediate
57, the introduction of an isopropyl group at C2 and subsequent
deprotection furnished cinnzeylanol (6).

Reisman’s total synthesis of (+)-ryanodine (1),
(+)-20-deoxyspiganthine (2), and (+)-ryanodol (4)
In 2016, the Reisman group at Caltech reported an asymmetric
total synthesis of (+)-ryanodol (4) in just 15 steps, highlighting
the Pauson–Khand cyclization and a selenium dioxide-medi-
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Scheme 7: Reisman’s total synthesis of (+)-ryanodol (4).

ated selective oxidation as key transformations [48] (Scheme 7).
To construct the multi-substituted five-membered ring in the
target molecule, the authors strategically employed the
Pauson–Khand reaction – a powerful method for building five-
membered rings. This single [2 + 2 + 1] cycloaddition step effi-
ciently converted a simple linear precursor into a complex
bicyclic system. Subsequent late-stage modifications of the
enone skeleton introduced multiple chiral centers, significantly
enhancing overall synthetic efficiency. A further highlight of
this work was the development of a selenium dioxide-mediated
regioselective oxidation. Leveraging the existing chiral centers
in the molecular framework, this strategy allowed for the simul-
taneous installation of the desired oxidation states at three
distinct positions (C3, C4, C12) in a single step. This obviated
the need for protecting groups and individual oxidation state
adjustments, greatly streamlining the synthesis of this polyhy-
droxylated diterpene and underscoring the reaction’s utility in
improving synthetic efficiency.

The specific synthetic route commenced from (−)-pulegone.
After introducing oxidation states at C6 and C10 and installing

an alkynyl group at C11, oxidative cleavage of a double bond
yielded the key propargylic alcohol intermediate 66. This com-
pound underwent a 1,2-addition with alkynyl Grignard reagent
67, and the resulting adduct was subjected to AgOTf-catalyzed
lactonization to successfully construct the D ring of target mo-
lecular framework. Next, a 1,4-addition reaction introduced a
vinyl group to compound 68, affording compound 70. A
Pauson–Khand cyclization of 70 under [RhCl(CO)2]2/CO
conditions smoothly furnished the ABCD tetracyclic core
skeleton 71. Treatment of 71 with SeO2 effected a multi-site
sequential oxidation, and subsequent triflation yielded triflate
73. Finally, compound 73 underwent a sequence of transformat-
ions: introduction of an isopropyl group at C2, directed reduc-
tion of the C3 carbonyl, epoxidation of the C1–C2 double bond,
and Li/NH3-promoted reductive cyclization to construct the
core E ring, completing the asymmetric total synthesis of (+)-
ryanodol (4).

The 800-fold greater binding affinity of (+)-ryanodine (1) for
cardiac ryanodine receptors (RyRs) compared to its hydrolysis
product, (+)-ryanodol (4), indicates that the pyrrole-2-carboxyl-
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Scheme 8: Reisman’s total synthesis of (+)-ryanodine (1) and (+)-20-deoxyspiganthine (2).

ate unit at the C3 position is critical for receptor binding, as
established by structure–activity relationship (SAR) studies
[28]. However, the direct and selective modification of the
highly sterically hindered C3 hydroxy group within this polyhy-
droxylated molecular framework has posed a significant synthe-
tic challenge, impeding the preparation of derivatives for SAR
exploration. In 2017, the Reisman group addressed this issue by
drawing upon an analysis of Deslongchamps’s prior synthetic
work [45] (Scheme 8). They hypothesized that utilizing an
intermediate from the synthesis of anhydroryanodol (10), which
features a less hindered C3 hydroxy group, would circumvent
the chemoselectivity problems. Their strategy involved first
installing the pyrrole carboxylate unit on this more accessible
position, followed by constructing the ketal moiety of the ryan-
odine skeleton via an established single-electron reductive

cyclization to complete the total synthesis. This strategic inver-
sion of the synthetic sequence enabled direct acylation of anhy-
droryanodol derivatives, facilitating the introduction of the key
pyrrole-2-carboxylate unit. This method effectively resolved a
major obstacle in the synthesis of ryanodine (1) and established
a versatile approach for introducing diverse C3 ester substitu-
ents for future SAR studies [49].

The synthesis commenced from advanced intermediate 71
(from their prior work). Sequential SeO2-mediated oxidation,
triflation, and introduction of an isopropenyl group afforded
compound 75. Subsequent protection of the vicinal diol as a
boronic ester and diastereoselective reduction of the C3 carbon-
yl group yielded compound 76. Esterification with acylating
reagent 77 under basic conditions, followed by boronic ester
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removal, provided compound 78. Finally, a sequence com-
prising terminal alkene reduction, epoxidation of the tetra-
substituted alkene, and LiDBB-promoted intramolecular reduc-
tive cyclization and deprotection completed the asymmetric
total synthesis of (+)-ryanodine (1) in 17 steps. Notably, the ad-
ditive used in the SeO2 oxidation critically influenced the reac-
tion outcome [50,51]. Employing 4 Å molecular sieves afforded
product 75 with oxidation states installed at both the C4 and
C12 positions. In contrast, using H2O as an additive yielded
product 79, bearing a single oxidation state at the C12 position.
Leveraging this regioselective oxidation, the authors achieved
the total synthesis of (+)-20-deoxyspiganthine (2) from com-
pound 71. Thus, 71 was converted to 79 via selective SeO2 oxi-
dation (with H2O), triflation, and isopropenyl installation. After
protecting the C12 tertiary alcohol and performing a diastereo-
selective reduction of the C3 ketone, the acyl pyrrole group was
introduced to yield 81. During acyl pyrrole installation, excess
KHMDS enolized the lactone to suppress lactone-C3 hydroxy
transesterification. However, α-chlorination of the ester carbon-
yl was unavoidable. Finally, reductive dechlorination, terminal
alkene reduction, and intramolecular reductive cyclization
culminated in the completion of the first asymmetric total syn-
thesis of (+)-20-deoxyspiganthine (2) in 19 steps.

Micalizio’s formal total synthesis of ryanodol (4)
In 2020, the Micalizio group at the University of California, San
Diego, achieved the total synthesis of anhydroryanodol (10) and
a formal synthesis of ryanodol (4) through a key low-valent tita-
nium-mediated intramolecular stereoselective coupling of
alkynes with 1,3-dicarbonyl compounds [52] (Scheme 9). To
construct the oxygenated fused-ring system with contiguous
stereocenters characteristic of the target molecule, the authors
strategically implemented this methodology. This approach effi-
ciently established two carbon–carbon and four carbon–oxygen
bonds while introducing four contiguous stereocenters, success-
fully assembling the highly functionalized AB ring system. This
work not only demonstrates the efficacy of the titanium-medi-
ated intramolecular alkyne-1,3-diketone coupling but also
provides a novel strategic approach for synthesizing natural
products within this structural class.

The synthesis commenced from commercially available com-
pound 83. Sequential alkyne difunctionalization, furyl group
installation, Achmatowicz rearrangement, and subsequent func-
tional group manipulations provided intermediates 84 and 85.
C5-acylation and methylation under kinetically controlled
conditions followed by Sonogashira coupling yielded cycliza-
tion precursor 89. Treatment of 89 with Ti(OiPr)4/iPrMgCl
promoted the intramolecular stereoselective alkyne–1,3-dicar-
bonyl coupling, resulting in the construction of the AB ring
system. This transformation afforded tricyclic compound 91 as

the major product, accompanied by minor amounts of by-prod-
uct 90. Subjecting 91 to epoxidation of the tetrasubstituted
alkene followed by Grieco elimination yielded diene 92. Subse-
quent oxidation of the hemiacetal, saponification of the lactone,
intramolecular epoxide opening, and Hoveyda–Grubbs (II)-cat-
alyzed RCM afforded tetracyclic compounds 94 and its transes-
terification product 93, thus establishing the core C and D rings.
Base-mediated equilibration fully converted 93 into lactone 94.
Finally, selective hydroxy protection in 94, diastereoselective
introduction of the C10 secondary alcohol, and global deprotec-
tion completed the total synthesis of anhydroryanodol (10). Ap-
plication of established Deslongchamps and Reisman protocols
then enabled the formal synthesis of ryanodol (4) in 22 steps.

Zhao’s total synthesis of garajonone (8) and formal
syntheses of ryanodol (4) and ryanodine (1)
Traditional total synthesis strategies often follow a linear, step-
wise approach – analogous to “climbing a staircase” – where
each successive step involves functional group interconver-
sions and protecting group manipulations, culminating in low
overall efficiency. In contrast, Baran’s “two-phase” synthesis
strategy emulates nature’s “cyclization–functionalization” logic
[53,54]. This approach is akin to “taking an elevator”, priori-
tizing the rapid assembly of the molecular core skeleton before
undertaking precise late-stage functionalization. This strategy
has proven highly successful for synthesizing complex
terpenoids, as exemplified by the Baran group’s 2013 total syn-
thesis of ingenol [55]. Typically, the biosynthesis of polycyclic
diterpenes occurs in two distinct phases: an initial cyclase-medi-
ated cyclization phase to form the carbon framework, followed
by an oxidase-catalyzed phase to install the requisite oxidation
states. Inspired by this general biosynthetic pathway, the Zhao
group employed a similar two-phase strategy to achieve the first
total synthesis of the Ryania diterpenoid garajonone (8) in 2025
[56] (Scheme 10).

Key achievements of this synthesis include: (1) application of
palladium-catalyzed Heck/carbonylative cascade cyclization to
efficiently construct the core tricyclic carbon skeleton, and (2)
systematic oxidation state manipulation of this scaffold to
precisely introduce its dense array of oxygenated stereocenters.
The construction of the C6 quaternary stereocenter represented
a particularly formidable challenge in the late stage. This was
successfully accomplished via an epoxide ring-opening/tandem
lactonization/olefin hydration sequence. In total, 12 consecu-
tive redox manipulations (7 oxidations and 5 reductions) estab-
lished all stereocenters, with subsequent functional group trans-
formations completing the total synthesis of garajonone (8).

The synthesis commenced with the preparation of key cycliza-
tion precursor 98 via Barbier coupling and Babler–Dauben oxi-
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Scheme 9: Micalizio’s formal total synthesis of ryanodol (4).

dative rearrangement. A pivotal palladium-catalyzed Heck/
carbonylative cyclization then efficiently furnished the ABC
tricyclic core 99. Notably, adding N-formylsaccharin under a
CO atmosphere significantly suppressed side reactions, yielding
the cyclized product in excellent yield and selectivity. This indi-
cates that N-formylsaccharin, beyond acting as a CO-releasing
agent, may function as a ligand in the catalytic cycle to regulate
the palladium catalyst’s activity and stability. While its mecha-
nism remains incompletely understood, this additive’s unique
efficacy in such transformations is unprecedented. Subsequent
steps involved hydroxylation of the double bond and the protec-

tion of the vicinal diol as a dimethyl ketal giving ester 100. Oxi-
dative dehydrogenation, benzyl deprotection and ester hydroly-
sis produced carboxylic acid 101, which upon oxidative
dearomatization yielded dienone 102, thus completing the
D-ring. Regioselective epoxidation to 103 and reduction (using
Adams' catalyst) through intermediate 104 gave lactone 105. A
retro-oxa-Michael/intramolecular transesterification sequence
produced mono-enone 106, whose hydration installed the C6
stereocenter to yield 107. Further protecting group and oxida-
tion state adjustments afforded lactone 108, which was trans-
formed via an intramolecular SN2′ reaction (single-electron



Beilstein J. Org. Chem. 2025, 21, 2553–2570.

2565

Scheme 10: Zhao’s total synthesis of garajonone (8).
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Scheme 11: Zhao’s formal total synthesis of ryanodol (4) and ryanodine (1).

reduction), m-CPBA epoxidation, acid-promoted fragmentation,
and face-selective hydroxylation at C3 to yield 109. A final se-
quence of epoxidation, single-electron reductive cyclization,
and ethylene glycol deprotection delivered hemiketal 110, com-
pleting the E-ring formation. Finally, selective acetylation of the
secondary hydroxy group culminated in the first total synthesis
of garajonone (8) in 20 steps.

The structural diversity of ryanodine-type diterpenoid natural
products arises primarily from variations in oxidation patterns
and stereochemical configurations, particularly at the C3, C8,
and C10 positions. These subtle structural differences present
substantial challenges in developing a unified synthetic strategy
capable of accessing diverse members of this family. The Zhao
group recently achieved the first total synthesis of the Ryania
diterpenoid garajonone (8) and its epimer 3-epi-garajonone.
Unlike the representative ryanodine diterpenoids and analogs
prepared by Inoue, Reisman, and Micalizio, these compounds
feature oxidation at the C8 position instead of the more conven-

tional C10 site. Capitalizing on this oxidative divergence, they
investigated whether a common advanced intermediate could be
selectively functionalized to install either C8 or C10 oxidation,
followed by subsequent oxidation state adjustments and func-
tional group manipulations to accomplish the total synthesis of
the target natural products [57] (Scheme 11). Based on retrosyn-
thetic analysis of previous routes, they employed common inter-
mediate 103 as the starting material. Key transformations
included regioselective and stereoselective alkene epoxidation,
organoselenium-mediated reductive cleavage of the α,β-epoxy
ketone, and a hydroxy-directed stereospecific Mukaiyama
hydration. These operations successfully introduced the C6 and
C10 oxidation states, enabling the synthesis of the representa-
tive Ryania diterpenoid degradation product anhydroryanodol
(10) and the formal total syntheses of ryanodol (4) and ryan-
odine (1). This work establishes the first unified synthetic ap-
proach for ryanodine-type diterpenoids with varying oxidation
patterns and provides a robust platform for synthesizing other
family members and their structural analogues.
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Table 1: The total synthesis of Ryania diterpenoids (1979–2025).

NPsa Research group Year Key strategy/steps

ryanodol Deslongchamps 1979 • Diels–Alder reaction
• intramolecular aldol
• transannular aldol
• reductive cyclization

Inoue 2014 • desymmetric strategy
• Mukaiyama hydration
• bridgehead radical addition
• ring-closing metathesis

Reisman 2016 • chiral pool strategy
• intramolecular Pauson–Khand
• SeO2-mediated regioselective oxidation
• reductive cyclization

Micalizio 2020 • formal synthesis
• Ti-mediated coupling
• selective epoxy opening
• ring-closing methathesis

Zhao 2025 • formal synthesis
• Pd-catalyzed Heck/carbonylative cascade
• oxidative dearomatization
• directed Mukaiyama hydration

3-epi-ryanodol Deslongchamps 1993 • Diels–Alder reaction
• intramolecular aldol
• transannular aldol
• reductive cyclization
• epoxidation/fragmentation cascade

Inoue 2016 • desymmetric strategy
• Mukaiyama hydration
• bridgehead radical addition
• ring-closing metathesis

The synthetic sequence commenced with common intermediate
103 as the starting material. Stereoselective reduction of 103
yielded compound 111 as a single diastereomer. Systematic op-
timization of reaction conditions revealed that oxidation with
freshly prepared trifluoroperacetic acid in n-pentane converted
111 to bis-epoxide 112 with excellent stereoselectivity and
yield. Subjecting 112 to oxidation and organoselenium-medi-
ated regioselective α,β-epoxy ketone opening, followed by
intramolecular transesterification and elimination, provided
carboxylic acid 113 in a single operation. Subsequent activa-
tion of 113 with acetic anhydride, relactonization, and
organoselenium-mediated regioselective epoxide opening
yielded mono-enone 114, successfully installing the key C9 and
C10 chiral centers with the required oxidation states. Notably,
the bis-epoxy ketone exhibited distinct reactivity under ring-
opening conditions compared to mono-epoxy substrates,
presumably due to steric constraints. Leveraging the directing
ability of the C10 hydroxy group, stereospecific Mukaiyama
hydration of the C6–C7 double bond was achieved, furnishing
compound 115 and establishing the correct C6 configuration.
This transformation represents the first reported example of a
hydroxy-directed Mukaiyama hydration reaction. The C8 car-

bonyl group was then protected as its 1,3-dithiolane derivative
by treatment with 1,2-ethanedithiol. Without purification, the
resulting intermediate was directly subjected to Raney nickel
desulfurization, reducing the C8 carbonyl to a methylene group
and delivering compound 116. Finally, oxidation of the second-
ary alcohol, dimethyl ketal deprotection, and hydroxy-directed
reduction installed the C3 hydroxy group and inverted the C10
stereochemistry, thereby completing the total synthesis of anhy-
droryanodol (10). By applying established strategies developed
by Deslongchamps and Reisman to this intermediate, they
enabled the formal total syntheses of ryanodol (4) and ryan-
odine (1).

Summary and Outlook
Ryania diterpenoid natural products continue to attract consid-
erable research interest due to their intricate chemical architec-
tures and distinctive biological properties. Through decades of
dedicated effort, synthetic chemists have accomplished the total
synthesis of several members within this family that share a
common core scaffold yet exhibit diverse oxidation patterns and
stereochemical configurations, with ryanodine (1) representing
a landmark example (Table 1).
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Table 1: The total synthesis of Ryania diterpenoids (1979–2025). (continued)

3-epi-ryanodine Deslongchamps 1993 • Diels–Alder reaction
• intramolecular aldol
• transannular aldol
• reductive cyclization
• epoxidation/fragmentation cascade
• late-stage pyrrole-2-carboxylate formation

ryanodine Inoue 2016 • desymmetric strategy
• Mukaiyama hydration
• bridgehead radical addition
• ring-closing metathesis
• borate ester protection
• in-situ pyrrole formation

Reisman 2017 • chiral pool strategy
• intramolecular Pauson–Khand
• SeO2-mediated regioselective oxidation
• early-stage pyrrole-2-carboxylate formation
• reductive cyclization

cinnzeylanol Inoue 2016 • desymmetric strategy
• Mukaiyama hydration
• radical addition
• ring-closing metathesis
• introduction of isopropyl

cinncassiol A Inoue 2016 • desymmetric strategy
• Mukaiyama hydration
• radical addition
• ring-closing metathesis
• selective 1,2-addition

cinncassiol B Inoue 2016 • desymmetric strategy
• Mukaiyama hydration
• radical addition
• ring-closing metathesis
• selective 1,2-addition

20-deoxyspiganthine Reisman 2017 • chiral pool strategy
• intramolecular Pauson–Khand
• SeO2-mediated regioselective oxidation
• early-stage pyrrole-2-carboxylate formation
• reductive cyclization

garajonone Zhao 2025 • two-phase strategy
• Pd-catalyzed Heck/carbonylative cascade
• oxidative dearomatization
• selective redox
• reductive cyclization

aNPs = natural product or its epimer.

This review has highlighted synthetic investigations of Ryania
diterpenoids by various research groups, encompassing brief
discussions of their isolation, structural elucidation, and biologi-
cal activities. Particular emphasis has been placed on analyzing
the strategic designs and key synthetic transformations em-
ployed in existing total syntheses, aiming to provide readers
with a comprehensive overview of the current state of total syn-
thesis achievements for this natural product family while stimu-
lating further innovation in synthetic methodology. Evidently,
the synthesis of Ryania diterpenoids remains one of the most
formidable challenges in contemporary synthetic chemistry.
The development of more efficient and broadly applicable syn-
thetic strategies leveraging these complex molecular architec-
tures continues to be a primary objective for synthetic chemists.

Achieving this goal will require persistent innovation to
transcend conventional synthetic paradigms and advance syn-
thetic methods toward enhanced efficiency, precision, and
sustainability. Concurrently, biological investigations of this
natural product family remain relatively underdeveloped.
Systematic evaluation of biological activities and structure–ac-
tivity relationships, along with deeper exploration of the poten-
tial biological functions and practical applications of highly
oxidized Ryania diterpenoids, will constitute crucial directions
for future research.
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Abstract
Illicium sesquiterpenes are a large class of highly oxygenated and sterically congested sesquiterpenoids isolated from the genus
Illicium. Illisimonin A stands out as one of the most structurally intricate members of this family, featuring a novel bridged
tricyclo[5.2.1.01,5]decane carbon framework designated as the “illisimonane” skeleton. This core ring system is further embell-
ished by additional bridging via a γ-lactone and a γ-lactol ring, resulting in a caged pentacyclic scaffold with a 5/5/5/5/5 ring
arrangement. The compound demonstrates neuroprotective activity by mitigating oxygen-glucose deprivation-induced cell injury in
SH-SY5Y cells. Since its isolation in 2017, illisimonin A has garnered significant interest from the synthetic chemistry community.
To date, five research groups have accomplished the total synthesis of illisimonin A. This review offers a comprehensive overview
of its isolation, proposed biosynthetic pathway and the synthetic strategies employed in its total synthesis.
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Introduction
The genus Illicium, the sole member of the family Illiciaceae, is
a rich source of sesquiterpenoid natural products. To date, a
wide variety of sesquiterpenes have been isolated from this
genus, among which Illicium sesquiterpenes represent a promi-
nent group. Since the first isolation of anisatin in 1952 [1], more
than 100 Illicium sesquiterpenes have been isolated from over
40 species of Illicium [2]. Based on their carbon skeletons, they
can be classified into the following types: allo-cedrane, anislac-
tone, seco-prezizaane and illisimonane (Figure 1). The illismo-
nane-type is the most recent identified. The seco-prezizaane-
type can be further divided into six subtypes according to their

lactone patterns, namely anisatin-subtype, pseudoanisatin-
subtype, pseudomajucin-subtype, cycloparvifloralone-subtype,
majucin-subtype, and miwanensin-subtype (Figure 1). The
seminal work by the Fukuyama group demonstrated that some
of these natural products exhibit potent neurite outgrowth-
promoting activity in primary cultured rat cortical neurons,
which has attracted considerable interest from synthetic
chemists. Although the intricate structures of this family have
posed significant challenges to chemical synthesis, more than
30 total syntheses of Illicium sesquiterpenes have been reported
until now [3-25].

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:yangming@lzu.edu.cn
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Figure 1: The categorization of Illicium sesquiterpenes and representative natural products.

Figure 2: The original assigned (−)-illisimonin A, revised (−)-illisimonin A, and their different draws.

In 2017, Yu and co-workers isolated a new Illicium sesquiter-
pene, namely illisimonin A, from the fruits of Illicium simonsii
[26]. Unlike other Illicium sesquiterpenes, illisimonin A fea-
tures an unprecedented bridged tricyclo[5.2.1.01,5]decane car-
bon framework that incorporates a highly strained trans-penta-
lene subunit. This carbon ring system is further bridged with a
γ-lactone and a γ-lactol ring, forming a caged pentacyclic scaf-
fold with a 5/5/5/5/5 ring arrangement. Illisimonin A was thus
classified as an illisimonane-type Illicium sesquiterpene, and its

carbon skeleton was designated as “illisimonane skeleton”. The
absolute configuration of (−)-illisimonin A was determined to
be 1R,4R,5R,6R,7S,9S,10S by comparing the calculated elec-
tronic circular dichroism (EDC) spectrum with experimental
CD data (Figure 2). Biological evaluation revealed that illisi-
monin A exhibits neuroprotective effects against oxygen-
glucose deprivation-induced cell injury in SH-SY5Y cells,
suggesting its potential as a lead compound for the treatment of
neurodegenerative diseases.
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Scheme 1: Proposed biosynthetic pathway of illisimonin A by Yu et al.

The possible biosynthetic pathway of illisimonin A was also
proposed by Yu and co-workers, as illustrated in Scheme 1. The
proposed biosynthetic pathway clarifies the relationship be-
tween illisimonin A and other Illicium sesquiterpenes. Allo-
cedrane-type, seco-prezizaane-type and illismonane-type
Illicium sesquiterpenes are all biosynthesized from farnesyl
diphosphate (2) through a series of cationic cyclizations and
migrations. The 5/6/6 tricarbocyclic allo-cedrane framework 6
serves as the key biogenetic intermediate for both the seco-
prezizaane and illismonane skeletons. The conversion of the
allo-cedrane skeleton to the illismonane skeleton was hypothe-
sized to proceed via a 1,2-alkyl migration of intermediate 9 to
10. However, subsequent density functional theory (DFT)
calculations by the Tantillo group on rearrangements of poten-
tial biosynthetic precursors revealed that structure 10 corre-
sponds to a transition state rather than a stable intermediate of
the 1,2-alkyl migration [27]. Their study further indicated that
only certain precursors with certain specific oxidation patterns
are competent to undergo this rearrangement.

The same as other Illicium sesquiterpenes, the highly oxgenated
and strained skeleton of illisimonin A has posed a significant
challenge to synthetic chemists. To date, the research groups of
Rychnovsky [28], Kalesse [29], Yang [30], Dai [31] and Lu
[32] have achieved the total synthesis of this molecule. Notable,
Rychnovsky and co-workers revised the absolute configuration
of (−)-illisimonin A to 1S,4S,5S,6S,7R,9R,10R. This review
summarizes the reported synthetic routes toward illisimonin A,
including uncompleted approaches.

Review
Rychnovsky’s synthesis and the absolute
configuration revision of (−)-illisimonin A
In 2019, Rychnovsky’s group reported the first total synthesis
of illisimonin A [28]. Recognizing that the strained trans-penta-
lene moiety in the molecule is challenging to construct directly,
the team adopted a strategy involving rearrangement from the
more accessible cis-pentalene isomer. They first assembled the
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Scheme 2: Rychnovsky’s racemic synthesis of illisimonin A (1).

cis-pentalene core through an elegant intramolecular
Diels–Alder (IMDA) reaction. Subsequently, the conversion
from cis to trans-pentalene was achieved via a semipinacol re-
arrangement. Finally, a White–Chen C–H oxidation [33-35]
was employed to install the lactone ring, thereby completing the
synthesis.

The synthesis began with commercially available compound 19
and known compound 20 (Scheme 2). These were joined via an
intermolecular aldol reaction to give adduct 21, obtained as a
1.7:1 mixture of diastereomers after protection of one of the

carbonyl groups in 19 as enol ether with BOMCl. A silyl-teth-
ered intramolecular Diels–Alder reaction of the in situ gener-
ated 22 constructed the tricyclo[5.2.1.01,5]decane core bearing a
cis-pentalene unit, yielding compound 23, which was subse-
quently subjected to a one-pot desilylation to afford 24. Reduc-
tion of both the ester and ketone functionalities in 24, followed
by selective protection of the primary alcohol and re-oxidation
of the secondary alcohol to ketone, furnished compound 25 in
three steps. The ketone in 25 was then converted to vinyl iodide
26 via hydrazine formation followed by iodination using
Barton’s method. Subsequent Bouvealt aldehyde synthesis and
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in situ reduction delivered allylic alcohol 27. Epoxidation of 27
with m-CPBA afforded the rearrangement precursor 28.
Protonic acid-promoted semipinacol rearrangement of 28
enabled the rearrangement of cis-pentalene to trans-pentalene,
delivering intermediate 29, which possesses the same carbon
skeleton as the natural product. Further oxidation of the prima-
ry alcohol to a carboxylic acid, accompanied by TBS deprotec-
tion, afforded hemiketal 30. Finally, a White−Chen C–H oxida-
tion [33-35] of 30 installed the lactone, completing the synthe-
sis of racemic illisimonin A (1).

Noting that the C1 configuration of illisimonin A was opposite
to that of other Illicium sesquiterpenes, Rychnovsky’s group
sought to confirm the absolute configuration of the natural
product. They resolved racemic intermediate 27 by derivatiza-
tion with (S)-1-(1-naphthyl)ethyl isocyanate, followed by sepa-
ration of the resulting diastereomers via silica gel chromatogra-
phy (Scheme 3). By converting diastereomer 32 to (−)-illisi-
monin A, the absolute configuration of the natural product was
conclusively revised to 1S,4S,5S,6S,7R,9R,10R.

Scheme 3: The absolute configuration revision of (−)-illisimonin A.

Kalesse’s asymmetric synthesis of illisimonin
A
In 2023, Kalesse and co-workers reported an asymmetric syn-
thetic route to illisimonin A [29]. The Kalesse group also
noticed the strained trans-pentalene in illisimonin A. Since
there is a spiro substructure hidden inside the natural product’s
cage-like ring system, Kalesse’s group chose to construct this
architecture first using a tandem Nazarov/ene cyclization [36].
The cis-pentalene was subsequently assembled via a Ti(III)-
mediated epoxide–ketone coupling reaction.

Starting from the known enantioenriched compound 33, a
nickel-catalyzed hydrocyanation of the terminal alkyne was per-
formed. Subsequent protection of the tertiary alcohol with
TESOTf and reduction of the resulting cyanide to an aldehyde
afforded compound 34 (Scheme 4). Addition of isopropenyl-
lithium to aldehyde 34, followed by TES deprotection and oxi-
dation of the secondary alcohol, yielded the cyclization precur-
sor 35. A B(C6F5)3-catalyzed tandem Nazarov/ene cyclization
of 35 provided the key spirocyclic intermediate 37. The tertiary
alcohol was protected in situ with TESOTf to suppress retro-
aldol side reactions. Notably, prior TES deprotection of the
cyclization precursor was essential, as the TES-protected ana-
logue of 35 failed to deliver the desired spirocycle 38 under the
Nazarov cyclization conditions. α-Oxidation of 38 with molecu-
lar oxygen afforded 39, which was then converted to 40 via for-
mation of a chloromethyl silyl ether, deprotonation, and intra-
molecular addition to ketone. Treatment of the silacycle with
MeMgCl cleaved the Si–O bond and subsequent intramolecular
nucleophilic substitution of the chloride with the adjacent
hydroxy group yielded TMS-epoxide 41. Protonic acid-medi-
ated opening of the TMS-epoxide, accompanied by TES depro-
tection, afforded enal 42. To avoid the chemoselectivity issues
in the subsequent allylic oxidation and radical cyclization steps,
enal 42 was converted to 43 by reduction of the aldehyde and
protection of the resultant diol with Ph2SiCl2. Allylic oxidation
of 43 with 44 [37] afforded the enone in 22% yield (63% brsm)
or 50% yield after four cycles with recovery of starting materi-
al. Selective epoxidation of the isopropenyl group with
m-CPBA delivered cyclization precursor 45 as an inseparable
mixture of diastereomers (dr = 1:2.1). A Cp2TiCl-mediated
cyclization of 45 constructed the tricyclo[5.2.1.01,5]decane core
with a cis-pentalene unit. The product was further processed
into rearrangement precursor 46 (as an inseparable mixture, dr =
1:1.6) by TBS protection of the primary alcohol and epoxida-
tion of the alkene with m-CPBA. Unlike Rychnovsky’s sub-
strate, epoxy alcohol 46 underwent rearrangement only under
Lewis acidic conditions to furnish 47. Selective TES deprotec-
tion with HF afforded Rychnovsky’s intermediate 29. (−)-Illisi-
monin A was obtained in 13% yield over the same 4-step se-
quence as reported by Rychnovsky’s group. An alternative
4-step endgame starting from 47 was also developed, albeit with
a lower overall yield of 3%.

Yang’s bioinspired synthesis of illisimonin A
In 2023, Yang and co-workers reported a bioinspired divergent
synthesis of illisimonin A and merrilactone A, which belonged
to illisimonane-type and anislactone-type Illicium sesquiter-
penes, respectively [30]. They proposed that a deeper under-
standing of the biosynthetic pathway of Illicium sesquiterpenes
could facilitate a divergent total synthesis of this family of
natural products, even among members with distinct carbon
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Scheme 4: Kalesse’s asymmetric synthesis of (−)-illisimonin A.
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Scheme 5: Yang group proposed biosynthetic pathway of illisimonin A.

skeletons. Since previously proposed biosynthetic pathways
lacked key mechanistic details – particularly the critical reac-
tions responsible for skeletal diversity – Yang and co-workers
first introduced a comprehensive and detailed biosynthetic path-
way for Illicium sesquiterpenes, with the route to illisimonin A
depicted in Scheme 5. The transformations from farnesyl
diphosphate to the allo-cedryl cation were consistent with
earlier reports [2,26], though the configurations of the interme-
diates were clearly delineated. The authors proposed that dicar-
bonyl compound 50 serves as the key intermediate diverging to
all Illicium sesquiterpenes, with a retro-Dieckmann condensa-
tion and aldol reaction identified as the key steps enabling the
transformation from the allo-cedrane skeleton to the illisimo-
nane framework.

Inspired by the proposed biosynthetic pathway, Yang et al. de-
signed a synthetic route as shown in Scheme 6. Starting from
the known compound 53, a Tsuji–Trost allylation was em-
ployed to introduce another side chain, affording a diene inter-
mediate. A subsequent ring-closing metathesis (RCM) reaction
formed the cyclopentene ring, and one pot protection of both
carbonyl groups with ethylene glycol provided bis-ketal 55.
Notably, due to steric hindrance, only one carbonyl group could

be protected prior to the RCM step. Oxidative cleavage of the
cyclopentene followed by Pinnick oxidation of the resulting
aldehyde to the carboxylic acid and esterification yielded
ketoester 56. Dieckmann condensation of 56, esterification of
the resulting enolate with 57, and subsequent one-pot partial
deketalization afforded carbonate 58. A palladium-catalyzed
decarboxylative alkenylation reaction was then carried out
across the less hindered face of the six-membered ring to
connect C5 and C6. Selective deprotonation and triflation at the
C4 carbonyl group provided enol triflate 59. An intramolecular
reductive Heck reaction of 59 enabled the transannular connec-
tion between C4 and C5, generating key intermediate 60, which
possesses the same carbon skeleton as the proposed biosyn-
thetic key intermediate 50 and contains the suitable functional
groups for further elaboration. Mukaiyama hydration of 60
introduced a tertiary alcohol at the C4 position, yielding retro-
Dieckmann precursor 61. Subsequent retro-Dieckmann conden-
sation under basic conditions, deprotection of the PMP group,
and selective ketalization of the C11 carbonyl group afforded
compound 62. The C1 methyl group was installed via enol
triflate formation followed by a palladium-catalyzed coupling
reaction with AlMe3. The carbonyl group at C8, required for the
subsequent aldol reaction, was introduced by enolate oxidation



Beilstein J. Org. Chem. 2025, 21, 2571–2583.

2578

Scheme 6: Yang’s bioinspired synthesis of illisimonin A.

followed by Jones oxidation. Hydrolysis of the ketal at C11
afforded ketoester 64. A TBD (1,5,7-triazabicyclo[4.4.0]dec-5-
ene)-catalyzed intramolecular aldol reaction connected C6 and
C8, assembling the trans-pentalene ring and affording the core
carbon framework of illisimonin A. The C1 hydroxy group was
initially introduced by a Mukaiyama hydration reaction using
O2 as the stoichiometric oxidant; however, illisimonin A was
obtained only as a minor product. When O2 was replaced with
the nitroaromatic compound 66 [38], the diastereoselectivity
was reversed, thereby providing illisimonin A in 57% yield as a

single diastereomer. The authors proposed that a hydrogen bond
between the nitro group of 66 and the C8 hydroxy group could
be responsible for this reversal in selectivity.

Dai’s asymmetric synthesis of (−)-illisimonin
A
In 2025, Dai and co-workers accomplished an asymmetric total
synthesis of (−)-illisimonin A in 16 steps from (S)-carvone (67)
using a pattern-recognition strategy and five sequential olefin
transpositions [31].
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Scheme 7: Dai’s asymmetric synthesis of (–)-illisimonin A.

Starting from (S)-carvone (67), reaction with allyl bromide
introduced an allyl group to give 68, which was then converted
to the bicyclic compound 69 via a ring-closing metathesis
(RCM) reaction followed by one-pot epimerization at the α-po-

sition of the carbonyl group (Scheme 7). Chemoselective epoxi-
dation of the enone double bond in 69 yielded epoxide 70. A
Wittig reaction of 70 with (methoxymethyl)triphenylphosphoni-
um chloride and t-BuOK generated a methyl enol ether, which
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Scheme 8: Lu’s total synthesis of illisimonin A.

was unstable in the presence of the epoxide. During aqueous
workup, simultaneous hydrolysis of the enol ether and epoxide
ring-opening afforded 71. To install the all-carbon quaternary
center at C5, compound 71 was treated with t-BuOK and MeI,
enabling the deprotonation of the α,β-unsaturated aldehyde and
methylation at C5; this step also facilitated protection of the
secondary alcohol. The aldehyde was reduced in the same pot to
give 72. Isomerization of the allylic methyl ether to an enol
methyl ether was achieved using Crabtree’s catalyst in refluxing
THF. Subsequent ketalization with the primary alcohol yielded
the bridged ketal 73. A Schenck ene reaction on 73 induced the
second olefin isomerization, generating an allylic alcohol that
was acetylated in situ to provide 74. An Ireland–Claisen rear-
rangement facilitated the third olefin transposition, concur-
rently forming an all-carbon quaternary center at C9 and
affording carboxylic acid 75. The fourth olefin transposition
was achieved via a palladium-catalyzed oxidative lactonization,
yielding 76 with a newly established quaternary center at C1
and isomerization of the double bond to C2=C3. Photocat-
alyzed isomerization of the C2–C3 double bond in 76 to C3=C4
furnished 77 [39,40]. A Mukaiyama hydration introduced a
hydroxy group at C4, accompanied by trans-esterification to

give lactone 78. The resulting tertiary alcohol was protected as
its benzyl ether to afford 79. A two-step oxidation protocol,
analogous to Yang’s method, introduced the C8 carbonyl group,
yielding 80. The final ring was closed via an intramolecular
aldol reaction following Yang’s conditions [30], assembling the
trans-pentalene to give 81. Finally, deprotection of the benzyl
ether delivered (−)-illisimonin A (1).

Lu’s gram-scale synthesis of illisimonin A
In 2025, the Lu group reported a gram-scale total synthesis of
illisimonin A in 15 steps from commercially available starting
materials [32]. This synthesis features a pentafulvene-based
intramolecular [6 + 2] cycloaddition [41,42] and a nitroso-
Diels–Alder reaction [43] as key steps.

The route began with the esterification of pentafulvenol 82 to
give β-ketoester 83, which was subsequently converted to the
sterically encumbered tricyclic lactone 84 via an intramolecular
[6 + 2] cycloaddition (Scheme 8). Attempts to achieve an asym-
metric version of the cycloaddition were unsuccessful. Treat-
ment of the lactone with MeMgBr, followed by mesylation and
elimination of the resulting hemiacetal, afforded enol ether 85.
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Scheme 9: Initial efforts toward the total synthesis of illisimonin A by the Lu Group.

Reaction of 85 with iodine and BnOH enabled the intermolecu-
lar iodoetherification to yield ketal 86. A KF-promoted intramo-
lecular alkylation of the cyclopentadiene moiety then delivered
compound 87. To introduce the C4 hydroxy group and C1 func-
tional handle for further elaboration, a nitroso-Diels–Alder reac-
tion of 87 was employed, generating both the kinetic product 88
and the desired thermodynamic product 89. Heating 88
promoted a retro-Diels–Alder/Diels–Alder equilibrium,
favoring the more stable isomer 89. Palladium-catalyzed hydro-
genation of the 1,2-disubstituted alkene in 89, followed by
Mo(CO)6-mediated N–O bond cleavage afforded carbamate 90.
The carbamate was converted to a carbonyl group via Boc
deprotection with TFA, oxidation of the resulting amine to the
oxime with Na2WO4 and H2O2, and subsequent reduction with
TiCl3·HCl to give 91. The LaCl3·2LiCl-mediated methyl addi-
tion to the carbonyl group installed the tertiary alcohol at C1,
yielding intermediate 92. The α-hydroxy lactone was
constructed through RuO4-mediated oxidation, forming the
pentacyclic core. Finally, debenzylation of the resulting
pentacyclic compound under palladium-catalyzed hydrogena-
tion provided (±)-illisimonin A. Notably, the authors were able
to obtain 1.8 g of the natural product in a single run.

The successful total synthesis of illisimonin A by the Lu group
was preceded by instructive setbacks, primarily in constructing
the trans-fused 5/5 ring system. As depicted in Scheme 9, com-
pound 85 was first transformed into the pentacyclic diene inter-
mediate 93 via a two-step sequence. Subsequent [4 + 2] cyclo-
addition of 93 with singlet oxygen yielded an unstable endoper-
oxide adduct 94, which rearranged to diketone 95. A five-step
sequence, featuring an intramolecular aldol reaction to assemble
the pentacyclic core and the installation of the C1 methyl group,
then afforded compound 96. However, subjecting 96 to the
singlet oxygen cycloaddition again led to rearrangement, pro-

ducing diketones 98 and 99. The solution was found by employ-
ing a nitroso-Diels–Alder reaction with dienophile 87, which
provided a stable adduct and ultimately enabled the completion
of the synthesis. This strategic pivot offers a key lesson for
handling fragile cycloaddition adducts.

Suzuki’s synthetic effort towards illisimonin A
A synthe t ic  s tudy a imed a t  cons t ruc t ing  the  t r i -
cyclo[5.2.1.01,5]decane core of illisimonin A was reported by
Suzuki and co-workers in 2021 [44]. Their work proposed that
this core structure could be generated from a highly oxidized
allo-cedrane moiety through a tandem retro-Claisen/aldol reac-
tion.

Beginning with compound 100, a 6-step sequence afforded
ortho-quinone 101 (Scheme 10). Heating 101 promoted an
intramolecular Diels–Alder reaction, affording 102 and 103 in
91% yield with a 1:6 ratio. The major product 103 was selected
to investigate the tandem retro-Claisen/aldol reaction. Hydroly-
sis of the enol methyl ether in 103 under acidic conditions
delivered triketone 104. Subsequent treatment of 104 with
aqueous NaOH facilitated a retro-Claisen reaction, yielding
the intermediate 106, which subsequently underwent an
intramolecular aldol reaction to form the five-membered ring.
The resulting carboxylic acid was then esterified with
TMSCHN2 to furnish ester 107, which possesses the character-
istic tricyclo[5.2.1.01,5]decane core of illisimonin A.

Conclusion
Over the past seventy years, ongoing chemical investigations of
the Illicium species have led to the discovery of a great number
of Illicium sesquiterpenes. The sterically congested and highly
oxygenated skeleton of allo-cedrane-type, anislactone-type,
and seco-prezizaane-type Illicium sesquiterpenes have attracted
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Scheme 10: Suzuki’s synthetic effort towards illisimonin A.

significant interest from synthetic chemists, resulting in
numerous elegant total syntheses of molecules within this
family. The recent identification of illisimonin A has further
expanded the structural diversity of Illicium sesquiterpenes. Its
tricyclo[5.2.1.01,5]decane core, which contains a strained trans-
pentalene subunit, presents new synthetic challenges. A
breakthrough in the total synthesis of illisimonin A was
achieved by Rychnovsky and co-workers through a rearrange-
ment strategy that also led to the correction of its absolute
configuration. Kalesse and co-workers accomplished the first
asymmetric total synthesis of (−)-illisimonin A based on
strategies involving spiro substructure assembly and rearrange-
ment. Consideration of the biosynthetic pathway of illisimonin
A inspired Yang and co-workers to develop a bioinspired
synthetic route. Employing a pattern-recognition strategy,
Dai and co-workers achieved the second asymmetric total
synthesis of (−)-illisimonin A in 16 steps. Lu and co-workers
realized the shortest and gram-scale total synthesis of racemic
illisimonin A in 15 steps by leveraging a higher-order cycload-
dition. Although various synthetic strategies have been de-
veloped, only two of them are asymmetric. Designing a more
efficient and asymmetric synthetic route remains a worthwhile
pursuit.
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Abstract
Herein, we report a concise chemoenzymatic synthesis of the cardenolide rhodexin A in 9 steps and the first protecting-group-free
synthesis of its aglycone sarmentogenin in 7 steps from 17-deoxycortisone. The synthesis features a scalable enzymatic C14–H
α-hydroxylation, a Bestmann ylide-enabled one-step construction of the butenolide motif, a late stage Mukaiyama hydration, and a
stereoselective C11 carbonyl reduction.
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Introduction
Cardiac glycosides (CGs) are widely distributed natural prod-
ucts, generated by plants and amphibians [1]. Structurally, they
are composed of an aglycone-steroidal moiety, an unsaturated
lactone ring attached to the C17 position, and a glycosyl moiety
in general. It is believed that CGs can increase cardiac contrac-
tility by inhibiting the sodium–potassium adenosine triphos-
phatase (Na+/K+ ATPase) of the plasma membrane [2]. The
well-known CGs, such as digoxin, digitoxin, ouabain, and

oleandrin have been used in clinical treatment for heart failure
for a long time (Figure 1) [3-5]. The bioactivity of CGs is
primarily determined by the lactone ring, with the sugar residue
critically influencing their toxicological profile [6]. This is
evident as the free aglycone facilitates absorption and metabo-
lism, and specific moieties like rhamnose can enhance CG po-
tency markedly by more than 25 times [1,7]. In addition, the
-OH groups on the steroids’ structure also play an important
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Figure 1: Representative CGs with promising biological activities.

role on their activity. However, these compounds are mainly
isolated from plants or animals, which not only causes damage
to the environment, but also greatly restricts further research for
their pharmaceutical applications. Therefore, substantial synthe-
tic efforts have been devoted towards the preparation of these
valuable targets recently [8-17].

Rhodexin A was firstly isolated from the leaves and roots of the
Japanese evergreen plant Rohdea japonica in 1951, and was
also discovered in several other plants later [18]. Rhodexin A is
the only natural CG that exhibits both cardiotonic activity and
strong inhibitory activity on human leukemia K562 cells with
an IC50 = 19 nM [19]. In addition, rhodexin A exhibits a strong
antiproliferation activity due to the ability to inhibit the synthe-
sis of hypoxia inducible factor 1 (HIF-1α) [20]. Thus, rhodexin
A shows high value in medicinal research. Structurally,
rhodexin A consists of two parts, the cardenolide aglycon –
sarmentogenin and ʟ-rhamnose connected by the C3–O bond. In
the steroidal skeleton, both the A/B and C/D rings are cis fused,
which is different from common steroids. Besides, the steroidal
skeleton is moderately oxidized at the C3, C11, and C14 posi-
tions. The introduction of the hydroxy groups and the glycoside
in a stereocontrolled manner makes the synthesis of rhodexin A
a challenging task. Currently, there are only a few reports about
the synthesis of rhodexin A [20-22]. In 2011, the Jung group
finished the first total synthesis of rhodexin A in 26 steps [20].
In this work, an elegant inverse-electron demand Diels–Alder
(IEDDA) reaction was utilized to successfully construct the
BCD tricyclic structure with the correct configuration of the

four contiguous stereocenters in just one step. However, the
requirement of a series of protecting group manipulations
undermined the step-economy and overall synthetic efficiency
of this route. Therefore, the development of more efficient syn-
theses of rhodexin A is of great significance.

Recently, chemoenzymatic syntheses of steroids have made
excellent progress, which can enormously shorten the synthetic
routes and increase the overall efficiency [23-27]. Considering
the common steroidal skeleton, we envisioned a chemoenzy-
matic strategy for the concise synthesis of rhodexin A and the
retrosynthetic analysis is shown in Scheme 1. We envisaged
rhodexin A (1) could be assembled from two fragments,
sarmentogenin (2) and the ʟ-rhamnose donor, through a late-
stage glycosylation. The aglycon 2 can be derived from the Δ14
olefin intermediate 3 via Mukaiyama hydration and several
functional group transformations. In turn, 3 would be generated
from the key C14α-hydroxylated intermediate 4 via an elimina-
tion process. For the synthesis of 4, an enzymatic C14–H
α-hydroxylation of 17-deoxycortisone (5) could be adopted, as
described in our recent work [27]. Notably, 5 can be readily ob-
tained from the inexpensive commercial steroid cortisone via a
two-step process [27].

Results and Discussion
Following the retrosynthetic analysis, we started the first step to
prepare the C14α-hydroxylated steroidal intermediate 4 from
17-deoxycortisone (5). Delightfully, based on our previous
study on enzymatic α-hydroxylation of C14–H of common
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Scheme 1: Retrosynthetic analysis of rhodexin A and sarmentogenin.

Table 1: Optimization of the fermentation conditions of the biocatalytic C14–H α-hydroxylation.

Entry Substrate loading
(g/L)

Additive Time (d) Yield of 4
(%)a

Yield of 4'
(%)a

1 0.1 – 1 65 30
2 0.25 – 2 64 32
3 0.5 – 4 30 18
4 0.5 HP-β-CD 3 60 34
5 1.0 HP-β-CD 4 52 26

6 1.0 HP-β-CD
tween 80 4 64 30

7 2.0 HP-β-CD
tween 80 6 28 15

aIsolated yields were reported.

steroids [27], compound 4 could be successfully obtained in
69% yield by using the biocatalyst CYP14A mutant. However,
the maximum substrate loading was only 0.1 g/L, which was
not sufficient for the enrichment of 4. Thus, we changed our
focus to another microorganism Thamnostylum piriforme NBRC
6117, which could act as whole cell biocatalyst to oxidize prog-

esterone at the C14 position [28]. Fortunately, 17-deoxycorti-
sone 5 could also be transformed into 4 in 65% yield after incu-
bation in the Thamnostylum piriforme NBRC 6117 liquid medi-
um (Table 1, entry 1). Notably, a major C9 α-hydroxylated side
product 4' was also generated in 30% yield, which could be
readily separated by column chromatography.
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Based on the above preliminary results, we subsequently per-
formed extensive optimization of fermentation conditions for a
scalable synthesis of 4. As shown in Table 1, when the sub-
strate loading was increased to 0.25 g/L, a much longer reac-
tion time (2 days) was required to allow complete conversion,
affording 4 in 64% yield (Table 1, entry 2). However, at a
higher concentration (0.5 g/L), a significant amount of starting
compound 5 remained unconverted even after 4 days, and only
30% of 4 was isolated (Table 1, entry 3). To our delight, upon
adding 2-hydroxypropyl-β-cyclodextrin (HP-β-CD) [29] as the
solubilizer to the fermentation broth, a complete conversion of 5
was achieved within 3 days to afford 4 in 60% yield (Table 1,
entry 4). When the substrate loading was further increased to
1.0 g/L in the presence of HP-β-CD, there was a small amount
of starting material remained after 4 days of fermentation
(Table 1, entry 5). Delightfully, after adding 1% Tween 80 to
the above fermentation broth, a complete conversion was ob-
served in 4 days, and compound 4 was obtained in 64% yield
(Table 1, entry 6). However, further increasing the substrate
concentration to 2.0 g/L resulted in a much lower conversion
rate owing to inhibited microbial growth (Table 1, entry 7).
Therefore, the conditions from Table 1, entry 6 were identified
as the optimized fermentation conditions that secured the gram-
scale synthesis of 4 effortlessly.

With compound 4 in sufficient quantities at hands, we next
focused on transforming it into the pivotal C14 β-hydroxylated
steroidal intermediate. As shown in Scheme 2, a BF3·Et2O-
promoted elimination afforded the 14-olefinated intermediate 3
in a moderate yield. However, the following Mukaiyama hydra-
tion to introduce the C14 β-hydroxy group was unsuccessful.
Owing to the reactive C17 side chain including an α-hydroxy-
carbonyl group, a set of side reactions (e.g., reduction of the
C20 carbonyl, hydrogenation of Δ4 and Δ14 double bonds, etc.)
occurred under the Mukaiyama hydration conditions [30,31].
Therefore, it was necessary to alter the side chain before
installing the C14 β-OH group.

The revised synthetic route is described in Scheme 2. At first, 4
was subjected to a Pd/C-catalyzed hydrogenation to afford the
desired A/B-cis fused intermediate 7 along with its C5 epimer
as a 2:1 separable mixture in a quantitative yield. By treating 7
with the Bestmann ylide reagent [20], the key intermediate 8
bearing a butenolide motif was obtained in 76% yield. Next,
with the aid of the strong Lewis acid Bi(OTf)3, the regioselec-
tive elimination of 8 was achieved to produce the Δ14 olefin
intermediate 9 in 86% yield. Afterwards, we evaluated the reac-
tivity of 9 towards typical Mukaiyama hydration conditions [30-
32] to install the C14 β-hydroxy group. However, only a trace
amount of the undesired C14α-hydroxylated product 10 was ob-
tained. Additional optimizations regarding the transition-metal

catalyst, hydrogen source and solvent all failed to improve the
results. Therefore, we decided to perform the Mukaiyama
hydration on advanced intermediates. Next, a K-selectride-
promoted chemo- and stereoselective reduction of the C3 car-
bonyl of 9 was realized to solely deliver 11 in 85% yield [33].
Then, 11 was subjected to Mukaiyama hydration conditions.
Under the Fe(acac)3-catalyzed anaerobic conditions [30], 11
was transformed into the C14 hydroxylated intermediate 12 as
epimeric mixture in 42% yield and dr = 1:5, among which the
undesired 14α-hydroxy epimer was the major component. Inter-
estingly, the use of Co(acac)2 or Mn(acac)2 as the catalyst
[31,32] instead of Fe(acac)3 could reverse the diastereomeric
ratio of the C14-hydroxylated products to dr = 1.5–1.7:1 and in-
creased the yield to 48–58% as well. Nevertheless, the unsatis-
factory diastereoselectivity urged us to explore a late-stage
Mukaiyama hydration. To this end, we next performed the
thermodynamic C11-carbonyl reduction by dissolved lithium
metal in liquid NH3 solution, and the C11 α-hydroxylated inter-
mediate 13 was obtained as a single diastereoisomer in 54%
yield. Lastly, as expected, a Co(acac)2-catalyzed Mukaiyama
hydration of 13 afforded the desired natural product sarmento-
genin (2) in 69% yield with high diastereoselectivity (dr =
14β/14α = 6.7:1), and the minor component 14-epi-sarmento-
genin could be readily separated. Notably, our work represents
the first protecting-group-free synthesis [34,35] of sarmento-
genin in just 7 steps from 17-deoxycortisone.

With the aglycone sarmentogenin (2) in hand, we first tried the
synthesis of rhodexin A through direct glycosylation of 2 by the
ʟ-rhamnose donor 2,3,4-tri-O-benzoyl-α-ʟ-rhamnopyranosyl tri-
chloroacetimidate (14). However, the selective glycosylation at
the C3-hydroxy group of 2 was a formidable challenge since
competitive glycosylations of the other hydroxy groups of 2
could not be avoided, resulting in a complex mixture including
mono-, di-, and triglycosylated products (Scheme 3A). Thus,
both C11–OH and C14–OH needed to be masked before glyco-
sylation. Based on this thought, we selected intermediate 11 as a
suitable substrate for glycosylation. To our delight, as shown in
Scheme 3B, with TMSOTf as the promoter, the glycosylation
between 11 and 14 proceeded smoothly in a stereospecific
manner, delivering the key intermediate 15 in 98% yield.
Subsequently, treating 15 under Mn(acac)2-catalyzed
Mukaiyama hydration conditions yielded the key C14
β-hydroxylated intermediate 16 in 53% yield, accompanied by
the separable C14 α-OH epimer in 27% yield. Later on, we
assumed to achieve the deprotection of the sugar motif and the
reduction of the C11 carbonyl of 16 simultaneously under
Li–NH3(l) conditions, which would directly afford the final
natural product rhodexin A in one step. Just as expected, when
directly subjecting 16 to the abovementioned conditions,
rhodexin A was indeed afforded albeit in only 10% yield. The
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Scheme 2: Chemoenzymatic synthesis of sarmentogenin (2).
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Scheme 3: Synthesis of rhodexin A.

required longer reaction time and elevated temperature to
achieve deprotection of the sugar motif resulted in an over-
reduction of the butenolide motif. The low efficiency of this
reaction prompted us to pursue an alternative two-step ap-
proach. First, we performed the deprotection to remove all the
Bz groups of 16 by NH3/MeOH, furnishing the saccharide 17 in
95% yield. Eventually, the quick stereospecific C11 carbonyl
reduction by Li–NH3(l) was accomplished in just 3 minutes to
afford rhodexin A in 60% isolated yield. The synthetic sample
exhibited identical NMR spectroscopic data to the literature
precedent [20], which confirmed the completion of the chemo-
enzymatic synthesis of rhodexin A in 9 steps from 17-deoxycor-
tisone.

Conclusion
In summary, we have completed a concise chemoenzymatic
synthesis of cardenolide rhodexin A in 9 steps and the first
protecting-group-free synthesis of its aglycone sarmentogenin

(2) in 7 steps from 17-deoxycortisone. The key steps include a
scalable enzymatic C14–H α-hydroxylation, a Bestmann ylide-
enabled one-step construction of the butenolide motif, a late-
stage Mukaiyama hydration, and a stereoselective C11 carbon-
yl reduction. We believe this chemoenzymatic synthetic
strategy will inspire future endeavors towards the practical
synthesis of complex steroids and other bioactive natural prod-
ucts.
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Abstract
Radical reactions, which have been reported in large numbers in recent years, have exerted major influence across fields where
organic synthesis plays a central role, including pharmaceuticals, agrochemicals, materials chemistry, organic semiconductors, and
organic thin-film solar cells. These areas are intimately linked to human life; thus, advances in organic synthesis are essential for
improving human well-being. Nearly two centuries after the seminal 1828 synthesis of urea from inorganic precursors – often
regarded as the birth of organic synthesis – the field continues to evolve rapidly and to exert profound impact on society. A retro-
spective of almost 200 years of organic synthesis shows that the development and discovery of two-electron ionic transformations
dominated the early stages. Over time, pericyclic reactions exemplified by the Woodward–Hoffmann rules and one-electron radical
processes became prominent research topics. Today, many of these classical transformations have been further refined to afford
reactions that are cheaper, safer, and less toxic. In this context, we focus on mild radical reactions mediated by zirconium (Zr),
which has recently attracted attention because of its low toxicity and ease of handling. We discuss the utility of Zr in such radical
processes and consider prospects for future development.
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Introduction
Zirconium, a transition metal in the same group as titanium, has
been employed across research fields and in medical applica-
tions owing to its distinctive physical and chemical properties
[1]. Among its notable physical attributes is its high corrosion
resistance: metallic zirconium is exceptionally stable toward
acids and bases at ambient temperature and is less susceptible to

corrosion than titanium. Its low toxicity and excellent biocom-
patibility have historically supported the use of zirconium in
jewelry and in metal trading for investment. As an oxide, zirco-
nium dioxide (ZrO2) is also widely used as a white pigment in
cosmetics and as a material for artificial teeth, reflecting its
long-standing presence in everyday life.

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:hnakamura@ust.hk
https://doi.org/10.3762/bjoc.22.3


Beilstein J. Org. Chem. 2026, 22, 71–87.

72

Figure 1: Historical background of zirconium and its physical properties. Image depicted in the background of Figure 1 was purchased from
iStock.com/Just_Super. This content is not subject to CC BY 4.0.

Regarding supply, zirconium is typically obtained from silicate
minerals (ZrSiO4) in igneous rocks, which are widely distribut-
ed in the Earth's crust. Consequently, compared with certain
rare metals whose sources are limited – such as iridium,
rhodium, palladium, platinum, and ruthenium – zirconium is
relatively inexpensive and readily available. Zirconium was first
discovered by Klaproth in 1789 and subsequently isolated by
Berzelius in 1824. In 1952, Wilkinson and Birmingham synthe-
sized zirconium-containing organometallic compounds,
pioneering research in organozirconium chemistry [2]. In 1974,
Schwartz et al. reported the Schwartz reagent, which remains
widely used today as a reducing agent [3] (Figure 1). In recent
years, this accessibility, together with advances in radical chem-
istry, has motivated many researchers to investigate control of
radical reactions using zirconium.

A particularly important physical property of zirconium is its
large bond dissociation energy (BDE). Although zirconium
shares many characteristics with titanium as a group-congener
transition metal, it is known to form stronger bonds in
several cases. For example, the Ti–O BDE is reported as
115 kcal·mol−1, whereas the Zr–O BDE is 132 kcal·mol−1 [4];
likewise, Ti–Br and Zr–Br BDEs are 79 and 90 kcal·mol−1, re-
spectively [5]. Despite being a congener of titanium, zirconium
exhibits substantially higher BDEs (Figure 1).

Building on this characteristic, a range of one-electron pro-
cesses mediated by zirconium has been reported in recent years.
In 2024, Ota and Yamaguchi published a review on radical
reactions catalyzed by zirconium complexes [6]. Their review
provides a comprehensive summary, particularly of photo-redox
reactions involving zirconium catalysis. In the present review,
we focus on three aspects: 1) Zr-mediated stoichiometric radical
reactions 2) Zr-catalyzed radical reactions 3) Applications of
Zr-mediated reactions in total synthesis. To apply these reac-
tions to total synthesis, high functional group compatibility is
required. Thus, the insights gained here can be used to assess
the potential of zirconium-catalyzed radical reactions.

Review
Zr-mediated stoichiometric radical reactions
Traditionally, the use of Zr complexes in organic reactions had
been limited to two-electron processes; however, the first exam-
ple of a Zr-mediated radical reaction was reported by Oshima et
al. in 2001. They reported an intramolecular radical cyclization
using Schwartz’s reagent (Scheme 1) [7,8]. When compound 2,
bearing an alkyl halide and an olefin moiety, was treated with
triethylborane and Schwartz’s reagent in tetrahydrofuran, a
halogen atom transfer (XAT) occurred at the alkyl halide,
generating alkyl radical 3. This radical subsequently underwent
intramolecular addition to the olefin, affording the cyclized
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Scheme 1: Zr-mediated radical cyclization.

acetal product 4. The reaction proceeded efficiently across a
range of substrates bearing various substituents at R¹–R⁴, deliv-
ering the desired cyclized products 4a–f in good yields. The
proposed mechanism is illustrated in Scheme 1C. Initially,
Schwartz’s reagent reacts with triethylborane to generate a low-
valent zirconium complex 5. This complex abstracts the
halogen atom from the alkyl halide, forming alkyl radical 8. The
radical then cyclizes onto the olefin, and the resulting radical
intermediate undergoes hydrogen atom transfer (HAT) from
Schwartz’s reagent to furnish product 4d.

In 2017, Kishi et al. reported a radical-based ketone synthesis
employing zirconocene and a nickel catalyst (Scheme 2A) [9].
Traditional anion-based ketone syntheses (e.g., Grignard or RLi
reagents) are often unsuitable for complex molecules due to the
strongly basic conditions required. As an alternative, dithiane-
based ketone synthesis has long been used, but it suffers from
drawbacks in terms of step economy [10,11]. To address these
limitations, the authors developed a radical-based one-pot ke-
tone synthesis that proceeds under mild conditions.

When thioester 11 and alkyl iodide 10 were subjected to nickel
catalysis in the presence of zirconocene dichloride and zinc
dust, intermolecular coupling occurred to afford ketone 12 in
good yields. This reaction was applicable to substrates bearing
β-alkoxy substituents, which are typically problematic under an-
ionic conditions, delivering the desired ketones 12 in good
yields. The reaction also tolerated a wide range of protecting

groups, including esters, carbamates, and silyl ethers, without
degradation (10f–k). Neopentyl iodide 10l and secondary
alkyl iodide 10m were also competent substrates, although
tertiary alkyl iodide 10n failed to give the desired products. In
substrate 10o containing both iodide and bromide, selective
activation of the alkyl iodide was observed, affording the
coupled product in 96% yield. Furthermore, the reaction
proceeded smoothly in the presence of alcohols 10p–q and
carboxylic acid 10r, demonstrating excellent functional group
tolerance.

The proposed mechanism is shown in Scheme 2C. Zirconocene
dichloride is first reduced by zinc dust to generate ZrII. The re-
sulting low-valent zirconium species reacts with the alkyl iodide
to form a metal-centered radical intermediate. This species
undergoes transmetallation with a NiII complex generated by
oxidative addition of the thioester to Ni0. Finally, reductive
elimination from NiII furnishes the ketone. Given the strong
Zr–S bond (BDE = 137 kcal/mol) [12], zirconocene is thought
to play a key role in facilitating the oxidative addition of Ni0 to
the thioester and accelerating the whole process.

Zr-mediated catalytic radical reactions
In recent years, numerous chemical transformations employing
photoredox catalysts in combination with catalytic amounts of
zirconium complexes have been reported. In this section, repre-
sentative examples of such reactions are summarized and de-
scribed.
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Scheme 2: Ni/Zr-mediated one-pot ketone synthesis.

In 2007, Oshima et al. reported the zirconocene-catalyzed
alkylative dimerization of 2-methylene-1,3-dithiane (Scheme 3)
[13]. When alkyl halide 13 was treated with Schwartz’s reagent
in the presence of butylmagnesium bromide, the generation of
an alkyl radical via XAT process and its subsequent radical ad-
dition to 2-methylene-1,3-dithiane (14) proceeded, affording
radical intermediate 15. This radical intermediate rapidly under-
went homodimerization to give vic-bis(dithiane) 16. The reac-
tion could be applied to both tertiary and secondary alkyl
halides, providing the corresponding vic-bis(dithiane) deriva-
tives 16a–d.

In 2018, Milsmann et al. reported the dimerization of benzyl
bromide using a zirconium complex as a photosensitizer
(Scheme 4) [14]. Heating a zirconium precursor with the pincer-
type ligand 17, which can be synthesized in three steps from
commercially available materials, in benzene afforded the
Zr(RCNN)2 complex 18. Investigation of the photoredox prop-
erties of the synthesized complex revealed trends similar to
those of known photosensitizers, suggesting its potential utility
as a photosensitizer [15]. Accordingly, the Zr(MeCNN)2 com-
plex was employed as a photosensitizer, together with com-
pound 22 as a sacrificial reductant, in the dimerization of benzyl
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Scheme 3: Zirconocene-catalyzed alkylative dimerization of 2-methylene-1,3-dithiane.

Scheme 4: Zirconium complexes as a photoredox catalyst.

bromide (19). The desired dimerized product 20 was obtained in
40% yield. This study highlights the potential of zirconium
complexes as a photoredox catalyst, pointing to promising op-
portunities for further development in this area.

In 2022, Ota and Yamaguchi et al. reported the zirconocene-cat-
alyzed ring-opening of epoxides using Cp₂Zr(OTf)2·THF
(Scheme 5) [4]. Traditionally, such transformations are carried
out with low-valent titanium catalysts, which typically proceed
via more substituted alkyl radicals to afford compound 25 as a
major product [16-20]. In contrast, this study revealed that the
strong affinity of zirconium for oxygen reverses this trend,
leading instead to compound 24 as a predominant product.

The generality of the reaction was demonstrated with a variety
of unsymmetrical epoxides (Scheme 5B). Both monosubsti-
tuted epoxides 23a–e and di- and trisubstituted epoxides 23f–h

underwent ring opening with regioselectivity opposite to that
observed in conventional systems, affording the corresponding
alcohols. Moreover, the method was successfully applied to
complex molecules such as allose (23i) and cholesterol (23k),
delivering the desired alcohols in good yields with excellent
regioselectivity.

The proposed mechanism is shown in Scheme 5C. Homolytic
cleavage of the C–O bond in the epoxide generates a strong
Zr–O bond, while the resulting alkyl radical abstracts a hydro-
gen atom from 1,4-cyclohexadiene to furnish the alcohol prod-
uct. The active species Cp2ZrIII(OTf) is then regenerated via
single-electron transfer (SET) from the Ir photocatalyst.

Notably, the addition of thiourea 26 significantly improved the
regioselectivity in this reaction. According to NMR experi-
ments, coordination of thiourea 26 to the Zr center was sug-
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Scheme 5: Zr-catalyzed reductive ring opening of epoxides.

gested. This effect is considered to have tuned the reactivity of
the Zr-catalyst, thereby having a positive effect on the reaction
process.

Finally, the regioselectivity of epoxide ring opening was com-
pared between low-valent titanocene and zirconocene catalysts
using substrates 23l–n. In both cases, the regioselectivity was
found to be reversed. With titanocene, the reaction proceeds

through the more stable, substituted radical, whereas with
zirconocene, the high oxygen affinity of zirconium is the key
factor driving the opposite regioselectivity.

In a related study, Ota and Yamaguchi et al. reported the regio-
selective ring-opening of oxetanes using zirconocene catalysis
(Scheme 6) [21]. Treatment of oxetane 27 with zirconocene in
the presence of an Ir-photoredox catalyst led to ring opening via
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Scheme 6: Zr-catalyzed reductive ring opening of oxetanes. a10 mol % of Cp2Zr(OTf)2·THF was used. bPhCF3 was used as a solvent.

the less substituted radical intermediate, affording the corre-
sponding alcohol 28. In contrast, when substrates bearing a
benzylic alcohol moiety at the α-position were subjected to the
same conditions, the reaction proceeded through radical inter-
mediate 31, which underwent a 1,5-hydrogen atom transfer
(1,5-HAT) followed by intramolecular C–O bond formation to
give the cyclic acetal 33. This transformation was applicable to
a range of oxetanes 30a–c bearing benzylic alcohol derivatives,
each affording the corresponding cyclic acetals in good yields.

In 2023, Ota and Yamaguchi et al. reported the hydrogenation
of alkyl chlorides via halogen atom transfer (XAT) mediated by
zirconocene bistosylate (Scheme 7A) [22]. Alkyl chlorides are
inexpensive and readily available feedstocks; however, their
chemical transformation has been challenging due to the high
bond dissociation energy of the C–Cl bond compared to the
C–Br and C–I bonds [12]. Motivated by the strong affinity of
zirconium for halogens, they developed a catalytic system to
address this issue. Treatment of alkyl chloride 34 with
zirconocene bistosylate in the presence of an Ir-photoredox
catalyst promoted halogen atom transfer to generate alkyl
radical 35. This radical then abstracted a hydrogen atom from
1,4-cyclohexadiene, affording the hydrogenated product 36.
The reaction proved broadly applicable to a wide range of alkyl
chlorides.

For example, primary alkyl chlorides bearing functional groups
such as amides (34b), esters (34c), ketones (34d), and phospho-
esters (34e) underwent smooth hydrogenation to give the corre-
sponding alkanes in good yields. Secondary (34f–h) and tertiary
alkyl chlorides (34i–k) also reacted smoothly. Moreover, the
method was successfully applied to complex molecules, includ-
ing valine (34l), caffeine (34m), and glucofuranoside (34n),
giving the desired products in good yields.

The catalytic system was further extended to the borylation of
alkyl chlorides. (Scheme 7B). Under XAT conditions with
B2(cat)2, the in situ-generated alkyl radical was trapped by
diborane compound to form intermediate 39, which was subse-
quently converted into pinacol boronate 40 upon treatment with
pinacol in the presence of Et3N. This transformation was like-
wise applicable to a broad range of alkyl chlorides, affording
the corresponding alkylboronates 40a–j in good yields.

The bibenzyl skeleton is commonly found in numerous natural
products and bioactive compounds [23-25], and the develop-
ment of efficient synthetic methods for its construction remains
in high demand. Benzyl chlorides, which are inexpensive and
readily available, have attracted attention as promising feed-
stocks. Against this background, Ota and Yamaguchi et al. in
2025 reported the dimerization of benzyl chlorides using
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Scheme 7: Zr-catalyzed halogen atom transfer of alkyl chlorides.

zirconocene in combination with a photoredox catalyst
(Scheme 8A) [26]. Treatment of benzyl chlorides with
zirconocene dichloride in the presence of an Ir-photoredox cata-
lyst promoted halogen atom transfer (XAT) from the C–Cl bond
to generate benzyl radical 43. Subsequent radical homocou-
pling afforded the desired bibenzyl dimer 44.

The reaction proceeded efficiently regardless of the electronic
character of the aromatic ring (Scheme 8B, 44a–c). Further-
more, substrates containing various heteroaromatic motifs such

as thiophene (44d), indole (44e), and oxazole (44f) also under-
went smooth dimerization. The method applied to secondary
alkyl chlorides, both acyclic (44h) and cyclic (44i and 44j), as
well as to benzyl chlorides derived from bioactive molecules
such as fenofibrate (44k) and celestoride (44l), all of which
furnished the corresponding dimers in excellent yields.

The proposed reaction mechanism is shown in Scheme 8C.
Upon photoexcitation, the IrIII* reduces ZrIV to ZrIII. The re-
sulting low-valent zirconium species abstracts a chlorine atom
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Scheme 8: Zr-catalyzed radical homo coupling of alkyl chlorides.

from the alkyl chloride, generating a benzyl radical, which
undergoes homocoupling to give the desired dimer. The addi-
tion of PhSiH₂ was found to be beneficial, serving two roles:

(1) scavenging HCl generated in the reaction, and (2) trapping
chlorine radicals to form silyl radicals, which are subsequently
oxidized by IrIV, thereby regenerating IrIII.
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Scheme 9: Zr-catalyzed fluorine atom transfer.

Scheme 10: Zr-catalyzed C–O bond cleavage. aYield without the use of P(OEt)3.

In 2024, Ota and Yamaguchi et al. reported a zirconocene-
mediated defluorination and subsequent functionalization of
α-fluorocarbonyl compounds via halogen atom transfer (XAT)
(Scheme 9A) [27]. Conventional defluorination reactions had
largely been limited to trifluoromethyl groups, which possess
relatively positive reduction potentials [28-34]. On the other
hand, reductive transformations of monofluoroalkyl groups
have been considered difficult due to their negative reduction
potentials. In contrast, the authors focused on the comparative-
ly small bond dissociation energy (BDE) of C(sp³)–F bonds.
Based on the hypothesis that this property could enable C–F
bond functionalization via a halogen‑atom transfer (XAT)
mechanism, they initiated the development of monofluoroalkyl
group functionalization.

Upon visible-light irradiation in the presence of an Ir photocata-
lyst and dibutylzirconocene, α-fluorocarbonyl compounds 45
underwent XAT with low-valent zirconium species to generate
alkyl radicals 46. When γ-terpinene was employed as a hydro-
gen donor, the radicals were reduced to the corresponding
alkanes 47. Alternatively, in the presence of olefins, radical ad-

dition proceeded smoothly to furnish functionalized products
48. This methodology proved broadly applicable to a wide
range of α-fluorocarbonyl substrates and olefins (Scheme 9B).

In 2025, Ota and Yamaguchi et al. reported a zirconocene-
mediated selective cleavage of C–O bonds (Scheme 10A) [35].
The authors had previously demonstrated regioselective ring-
opening reactions of epoxides and oxetanes by exploiting the
strong affinity of zirconium for oxygen atoms [4,21]. Building
on this concept, they envisioned that a similar reaction system
could be applied to the homolytic cleavage of C–O bonds in
alcohols and ethers.

When benzyl alcohol and ether derivatives 49 were treated with
zirconocene in the presence of a photoredox catalyst, homolytic
C–O bond cleavage occurred, generating alkyl radicals 50.
These radicals abstracted a hydrogen atom from γ-terpinene,
affording the corresponding alkanes. In this reaction, oxo-
bridged dimeric zirconocene was employed. This catalytic
system was first reported by Romero and co-workers and used
for ketone reduction to alcohols [36]. The reaction was applic-
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Scheme 11: Application to the total synthesis of halichondrins.

able to a range of benzyl alcohols and ethers 49a–e, delivering
the desired alkanes in moderate yields. Furthermore, when sub-
strates containing multiple C–O bonds 49d were employed, the
reaction proceeded selectively at the benzylic position, giving
the hydrogenated products with high site selectivity.

Zr-catalyzed radical reaction in the total
synthesis of complex natural products
This section presents examples of zirconium-mediated reac-
tions applied to the synthesis of complex molecules. For appli-
cation in total synthesis, high functional group tolerance and

mild reaction conditions are required. Accordingly, this section
may provide helpful insight into the potential of zirconium-
complex-mediated chemical transformations.

Kishi et al. explored the application of their developed ketone
synthesis (Scheme 2) [9] to the total synthesis of the halichon-
drin family of natural products (Scheme 11) [37,38]. Ketone 57,
an intermediate in the synthesis of halichondrins, bears a
β-alkoxy substituent, which raises concerns about potential epi-
merization via a retro-oxa-Michael/oxa-Michael pathway
(Scheme 11A). To address this issue, the authors first examined
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a model system. When β-alkoxythioesters (S)-52 were coupled
with chiral alkyl iodides (S)-53 and (R)-53 under the developed
conditions, the desired β-alkoxy ketones 54 were obtained in
good yields without epimerization, affording optically pure
products. These results suggested that the developed reaction
would be applicable to halichondrin synthesis.

The Zr/Ni-mediated ketone synthesis was then applied to the
total synthesis of homohalichondrin B (58, Scheme 11B). Using
a fragment corresponding to homohalichondrin B, the coupling
reaction furnished ketone 57 in 82% yield. No epimerization at
the β-position was observed, and 57 was obtained as a single
product. Subsequent removal of the silyl protecting group under
PivOH buffer/TBAF conditions, followed by PPTS treatment,
enabled spiroketal formation. Finally, epimerization at C38 with
TMSOTf completed the total synthesis of homohalichondrin B
(58).

This synthetic strategy proved broadly applicable to multiple
members of the halichondrin family, enabling the efficient
synthesis of nine natural products: halichondrins A–C, norhali-
chondrins A–C, and homohalichondrins A–C. The Zr/Ni-medi-
ated one-pot ketone synthesis developed by the Kishi group
thus offers significant advantages over traditional methods,
proceeding under mild conditions with easily prepared starting
materials. Its versatility highlights the potential for broad
application in drug discovery and the development of new ma-
terials.

In 2025, the Nakamura group achieved the first total synthesis
of cyctetryptomycins A and B by employing a zirconium cata-
lyst (Scheme 12) [5]. The synthesis commenced with the dimer-
ization of 3-bromotryptophan derivative 59. As an initial step,
the authors sought to develop a mild and scalable method for
the dimerization of 59 to afford the dimerized product 61
(Scheme 12A). A screening of various zirconocene catalysts
revealed that a sterically bulky dibutylzirconocene catalyst
(10 mol %) was particularly effective. Interestingly, the addi-
tion of 1,2-bis(diphenylphosphino)ethane (DPPE) (10 mol %)
proved to be crucial for the success of the reaction.

DFT calculations suggested that in the transition state (TS1), a
Cl–π interaction between the chlorine atom on the zirconocene
catalyst and the aromatic ring of the substrate facilitated rapid
halogen atom transfer (XAT), generating a radical at the C3 po-
sition of tryptophan. The resulting radical species underwent
fast dimerization to furnish the desired dimer 61.

This zirconocene-catalyzed dimerization proceeded smoothly
under remarkably mild conditions at room temperature,
suggesting broad applicability. Indeed, the reaction was shown

to tolerate a wide substrate scope, with various 3-bromotrypto-
phan derivatives 59 successfully undergoing dimerization
(Scheme 12B).

The proposed mechanism is outlined in Scheme 12C.
Zirconocene(IV) is reduced by Zn dust to generate ZrIII, which
then promotes halogen atom transfer from the 3-bromotrypto-
phan derivative 59 to form a radical species. Radical dimeriza-
tion subsequently affords the desired product 61a.

Mechanistic studies also revealed that ZnCl2, a byproduct of the
catalytic cycle, exerts a detrimental effect on the reaction.
Specifically, ZnCl2 coordinates with the two Boc groups of the
substrate, raising the reduction potential from −1.1 V to −0.9 V.
This shift increases the susceptibility of the benzylic radical
intermediate to over-reduction, leading to undesired anionic
species. To address this issue, DPPE was found to be effective:
it captures ZnCl2 to form complex 60, thereby suppressing the
increase in reduction potential and stabilizing the radical path-
way.

The DFT calculations are shown in Scheme 13A. The activa-
tion barrier for the XAT process was calculated to be ΔG‡ =
8.0 kcal/mol, indicating that this process can proceed spontane-
ously around room temperature. Moreover, the transition state
(TS1) suggested the presence of a Cl–π interaction, which facil-
itates the facile XAT process. Since this step is accompanied by
the formation of a strong Zr–Br bond [12], the overall process is
exothermic (ΔGrxn = −22.6 kcal/mol) and provides the thermo-
dynamic driving force for the reaction.

Next, control experiments were conducted to evaluate the effect
of Zn salts on the reaction (Scheme 13B). The standard dimer-
ization conditions were applied to 3-bromotryptophan deriva-
tive 59b, providing the desired dimer 61b in 65% yield. The ad-
dition of 1 equivalent of ZnCl2 reduced the yield to 31%.
Furthermore, when ZnCl2 (1 equiv) was added in the absence of
dppe, the yield dropped further to 21%, and the over-reduced
byproduct 62 was obtained in 72% yield. These results suggest
that ZnCl2 promotes the formation of the over-reduced com-
pound 62. Notably, the transformation does not require special-
ized equipment, such as a glovebox, and can be performed on a
100 g scale without difficulty. From a practical standpoint, this
feature highlights the method's utility compared to existing ap-
proaches.

The established Zr-catalyzed dimerization was next applied to
the total synthesis of the cyctetryptomycins (Scheme 14, 76 and
77). The developed dimerization protocol proved scalable to
100 g scale, affording 40 g of the desired dimer 61b in 47%
yield. Subsequent removal of the two Boc groups with TMSI,
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Scheme 12: Zr-catalyzed C3 dimerization of 3-bromotryptophan derivatives. aCp2ZrCl2 was used.

followed by HATU-mediated amide coupling with various
amino acids 65–67, furnished the diketopiperazine precursors
68–70. Heating these precursors under flash vacuum pyrolysis
conditions at 230 °C led to the removal of the Boc group and

intramolecular dehydration–condensation, thereby constructing
the diketopiperazine core and enabling the total syntheses of
ditryptophenaline (70), dibrevianamide F (71), and tetratrypto-
mycin A (72).
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Scheme 13: Mechanistic studies.

Notably, this strategy enabled the preparation of tetratrypto-
mycin A (72) on a multigram scale, providing a total of 21 g of
tetratryptomycin A (72).

The synthesized tetratryptomycin A (72) was then employed in
the total synthesis of cyctetryptomycins (76 and 77). Under
chemical oxidation conditions, undesired over-oxidation
occurred, and no cyclized product was detected. In contrast,
enzymatic oxidation using CttpC successfully promoted the
desired transformation, affording a separable mixture of
cyctetryptomycin A (76) and cyctetryptomycin B (77). In this
way, the total synthesis of the cyctetryptomycins (76 and 77)
was accomplished. The development of a practical and scalable
dimerization method of C3 bromo tryptophan derivative was
crucial for this total synthesis.

Conclusion
Since the first organozirconium reagent was synthesized by
Wilkinson and Birmingham in 1954 [2], zirconium has been

widely employed in the field of organic synthesis. This wide-
spread use is underpinned by zirconium’s abundance in the
Earth’s crust and its low toxicity, among other advantageous
properties.

Traditionally, its applications have predominantly involved
two-electron processes via hydrozirconation. In recent years,
however, single-electron transformations mediated by zirco-
nium complexes have begun to emerge. This review systemati-
cally highlights the groundbreaking radical mechanisms involv-
ing zirconium complexes that have been reported. Zirconium
exhibits unique characteristics – such as a strong affinity for
heteroatoms – that offer the potential to enable chemical trans-
formations previously unsolved.

Nevertheless, compared to other transition metals like nickel
and palladium, the development of zirconium-based catalysis is
still in its early stages, leaving ample room for further explo-
ration. The application of zirconium catalysts in radical reac-
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Scheme 14: Application to the total synthesis of cyctetryptomycins. A photo of compound 61b was taken by the authors (Ogawa, H. and Nakamura,
H.). This content is not subject to CC BY 4.0. A photo of “S. coelicolor M1146 expressing CttpC + tetratryptomycin A after 2–3 weeks” was repro-
duced from [5] (© 2024 L. Yu et al., published by Wiley-VCH GmbH, distributed under the terms of the Creative Commons Attribution 4.0 Internation-
al License, https://creativecommons.org/licenses/by/4.0/

https://creativecommons.org/licenses/by/4.0/
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tions is expected to make significant contributions to diverse
fields, including drug discovery and the development of ad-
vanced functional materials. This review will provide a concep-
tual foundation for future research in this promising area.
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Abstract
Arenes and heteroarenes are easily available building blocks in organic chemistry, and saturation the aromatic ring facilitates syn-
thetic chemists to efficiently synthesize natural products with complex three-dimensional structures. Recent advances in catalyst
and ligand design have enabled unprecedented progress in the catalytic hydrogenation of (hetero)aromatic systems. Quinoline,
isoquinoline, pyridine, and related substrates can now be reduced with high efficiency and stereoselectivity, providing efficient
access to saturated and partially saturated architectures vital to synthetic chemistry. Furthermore, catalytic asymmetric aromatic
hydrogenation has facilitated the asymmetric total synthesis of complex natural products and pharmaceutical agents. This review
highlights recent advances in catalytic (hetero)arene hydrogenation, with a focus on its application in natural product synthesis.
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Introduction
For decades, a principal objective in natural product synthesis
has been the development and utilization of efficient methods to
access molecular frameworks with defined stereochemical com-
plexity [1]. Natural products, such as taxol [2], strychnine [3-5],
and tetrodotoxin [6-8], which contain complex three-dimen-
sional structures, make total synthesis challenging. The
retrosynthetic analysis [9], alongside the evolution of methodol-
ogies such as “two-phase synthesis” [10], “biomimetic synthe-
sis” [11], or “protecting-group-free synthesis” [12], has progres-
sively streamlined synthetic strategies. The integration of photo-

chemistry [13] and electrochemistry [14] into total synthesis has
further extended the realm. Synthesis of complex natural prod-
uct structures can promote the discovery of new reactions and
the generation of new strategies [15]. However, despite careful
design, the primary building blocks used in natural product syn-
theses are often difficult to prepare or scale-up, constrained by
subtle chemical reactivity, functional group compatibility, and
control of stereoselectivity. Together, these factors continue to
shape the pursuit of concise and practical synthetic routes to
complex natural products [16,17].

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: The association between dearomatization and natural product synthesis.

Arenes and heteroarenes have long been readily accessible, as
many can be obtained through industrial synthesis or microbial
fermentation. The diverse reactivity of aromatic compounds has
made them indispensable starting materials in synthetic and me-
dicinal chemistry [18-20]. In recent years, promoted by the
rapid development of asymmetric catalysis, a wealth of reac-
tions applicable to aromatic systems – including substitution
reactions, transition-metal-coupling reactions, and even
dearomatization [21-23] – have been reported, further extending
their utility in complex molecule synthesis.

Saturated heterocycles containing sp3-hybridized carbons play a
pivotal role in natural products as well as pharmaceutical
agents, as their three-dimensional structures enable more
precise interactions in biological systems [24]. Among the
various strategies to access these saturated frameworks, catalyt-
ic hydrogenation of unsaturated arenes stands out as the most
efficient one: it directly transforms planar sp2 systems into
three-dimensional sp3-rich scaffolds via the shortest possible
synthetic route, embodying both step economy and atom
economy (Scheme 1) [25].

Although oxidative dearomatization has been a widely studied
and powerful approach in synthetic chemistry [21,26-28],

researchers have gradually recognized its inherent limitations,
including narrow substrate scope, poor selectivity, and low
functional group compatibility. Under the circumstance of atom
economy and concise synthesis, catalytic hydrogenation of
(hetero)arenes has re-emerged as an attractive and practical al-
ternative, offering a complementary pathway to transform
planar aromatic systems into saturated or partially saturated,
three-dimensional structures.

Key challenges in hydrogenation of aromatic
rings
The catalytic hydrogenation of arenes offers a powerful route to
disrupt aromaticity and access synthetically valuable intermedi-
ates. However, its implementation in strategic synthesis has
been hindered by the persistent challenge of controlling selec-
tivity across diverse substrate electronic environments [29]. Re-
activity is governed by the electron density of arenes, which
directly influences kinetics and product distributions [30,31].
The inability to generically modulate this interaction has
confined most catalytic systems to narrow substrate scopes.
Addressing this limitation requires the design of catalysts that
achieve precise electronic complementarity, enabling selective
activation across a broad spectrum of aromatic compounds
(Scheme 2) [32].
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Scheme 2: Key challenges in hydrogenation of aromatic rings.

From the standpoint of scalable synthesis, catalyst cost is a
major bottleneck in aromatic hydrogenation. Most state-of-the-
art systems depend on expensive transition metals such as plati-
num, ruthenium, or palladium, inflating the cost of large-scale
applications. In addition, precious-metal catalysts often display
poor selectivity, while heteroatoms in heteroarenes – acting as
Lewis bases – tend to coordinate to the metal center and
complicate catalysis. Consequently, designing cost-effective
catalytic systems with enhanced efficiency, particularly for the
selective hydrogenation of complex substrates, remains an
essential direction for future research [33].

Hydrogenation of arenes has rapidly evolved from a special-
ized transformation into a broadly enabling strategy in complex
molecule synthesis, yet a unified perspective connecting recent
methodological advances with their strategic applications in the
total synthesis of natural products remains lacking. Although
several reviews discuss catalyst development for (hetero)arene
hydrogenation, they typically treat the topic from a purely
methodological angle and seldom address its growing influence
on retrosynthetic analysis [30,32,34-36]. Meanwhile, the capa-
bility to convert flat, readily accessible aromatic feedstocks into
stereochemically defined, three-dimensional scaffolds with
exceptional step and atom economy has begun to reshape how
to design synthetic routes toward architecturally complex
natural products.

The past five years have witnessed significant methodological
evolution in the hydrogenation of (hetero)arenes. However, a
systematic analysis correlating catalyst innovation with its ap-
plication in complex natural product synthesis – remains
lacking. This review would offer a strategic framework for syn-
thetic chemists and identifies prevailing challenges and future
opportunities of the field.

Review
The methodologies in hydrogenation of
aromatic rings
Encompassing both homogeneous and heterogeneous systems,
the hydrogenation of (hetero)arenes has become a cornerstone

of modern synthesis for constructing saturated carbocycles and
heterocycles [37]. When an appropriate ligand is paired with a
transition-metal catalyst, stereoselective hydrogenation of aro-
matic rings becomes achievable, enabling access to reduced
products with well-defined configurations [38]. Although the
repertoire of ligands capable of exerting precise stereocontrol
remains limited, each provides distinct advantages that suit dif-
ferent metals and reaction conditions. From the perspective of
the catalyst itself, a central scientific challenge is how to main-
tain high catalytic activity throughout the reaction, while
preventing deactivation caused by coordination of heteroatoms
that may be present in the reduced products.

While the following subsections categorize hydrogenation
strategies by substrate class (monocyclic vs fused; heterocycle
vs carbocycle), all catalytic systems must still address the
fundamental selectivity challenges inherent to arene reduction –
chemo-, regio-, and stereoselectivity. Chemoselectivity
becomes particularly demanding when reducible groups such as
olefins or carbonyls are present, often requiring fine-tuning of
the reaction conditions to prevent overreduction. Disruption of
aromaticity also creates multiple potential reduction sites, and
subtle electronic or substituent differences can lead to regio-
isomers, especially in polysubstituted or fused systems. In addi-
tion, converting a planar sp2-hybridized-atoms-enriched frame-
work into three-dimensional sp3-hybridized-atoms-enriched
architectures inherently generates new stereocenters, making
stereocontrol essential in asymmetric variants. As highlighted in
the methods below, recent advances in catalyst and ligand
design showcase complementary solutions to these selectivity
issues, with each substrate class imposing its own opportunities
on hydrogenation outcomes.

With these considerations in mind, the following section cate-
gorizes catalytic hydrogenation strategies by arene substrate
type and highlights representative examples that illustrate recent
synthetic advances [35,36].

Hydrogenation of monocyclic aromatic rings
Hydrogenation of heterocyclic aromatic rings: Despite the
widespread application of six-membered aromatic heterocycles
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in various fields of organic chemistry, reports on their catalytic
hydrogenation are relatively rare. This is partly due to the high
stability of six-membered aromatic heterocycles, such as pyri-
dine, making it difficult to interrupt the aromaticity under mild
conditions [34]. Furthermore, the heteroatoms (such as nitrogen
and oxygen atoms) within the saturated heterocycles exhibit
strong Lewis basicity, potentially complexing and deactivating
catalysts. Consequently, the catalytic hydrogenation of six-
membered aromatic heterocycles such as pyridine often requires
the introduction of substituents or activation of the aromatic
heterocycle to facilitate hydrogenation.

Between 2020 and 2021, the research groups of Zhang [39],
Bao [40], Zhou [41], and Glorius [42] reported four different
methods for the reductive hydrogenation of pyridine or pyri-
dine derivatives (Scheme 3). By activating pyridine to a pyri-
dinium salt, the hydrogenated product can be efficiently ob-
tained in the presence of metal catalysts including Pd or Ir and
different ligands. In 2021 and 2022, Wang and co-workers re-
ported two impressive hydroboration–hydrogenation reactions
catalyzed by FLP (triarylphenylborane) that reduced pyridine
compounds 11 or 15 to dihydropyridine compounds 12 or chiral
piperidine 17 (Scheme 3) [43,44]. Mechanistic studies demon-
strated that the nitrogen atoms present in both pyridine and pi-
peridine complexed with the triarylborane, cleaving the H–H
bond and reducing the pyridine. In 2022, Xiao and co-workers
reported a study on the conversion of isolated pyridinium salts
18, 20 to piperidine compounds using [CpRhCl2]2 as a metal
catalyst and formic acid as a hydrogen source (Scheme 3) [45].
Different with other previous studies, this method allows for
substituents at the 3-position of pyridine, enabling the rapid
preparation of chiral piperidine compounds. It should be noted
that in the presence of water, the reaction would undergo
transamination with the pyridinium nitrogen moiety while in-
ducing chirality on the ring.

Hydrogenation of carbocyclic aromatic rings: In 2021,
Andersson and co-workers reported a rhodium-catalyst precur-
sor capable of operating in both homogeneous and heterogen-
eous phases to achieve asymmetric complete hydrogenation of
vinyl aromatics – a long-standing challenge in arene reduction
(Scheme 4) [46]. By tuning the ratio of phosphine ligand to
rhodium precursor, they controlled the formation of distinct cat-
alytic species, which remained mutually compatible, and ratio-
nalized facial selectivity through insights from asymmetric
styrene hydrogenation. In 2024, Glorius and co-workers de-
veloped a chemoselective hydrogenation strategy capable of
selectively reducing benzene rings in the presence of pyridine
rings (Scheme 4) [47]. Supported by fragment-based screening
across a broad substrate set, their method efficiently provides
cyclohexane and piperidine frameworks commonly found in

bioactive molecules and pharmaceutical intermediates. In the
same year, Yu and co-worker described another mild and con-
venient approach to reduce monocyclic aromatic rings
(Scheme 4) [48]. Using [Rh(nbd)Cl]2 and Pd/C as catalysts, ar-
omatic hydrocarbons with various functional groups can be
hydrogenated at room temperature and 1 atmosphere of hydro-
gen, thus simplifying the reaction operation and cost.

Hydrogenation of fused aromatic rings
Hydrogenation of the heterocycle part: Quinoline, one of the
most accessible heteroaromatic feedstocks from natural and
commercial sources, has long attracted interest in both synthe-
tic and medicinal chemistry. A central challenge, however, is
the selective catalytic hydrogenation of quinolines to the syn-
thetically valuable partially or fully saturated derivatives [49].
Over the past years, several research groups worldwide have re-
ported significant progress toward addressing these selectivity
and reactivity issues (Scheme 5 and Scheme 6). Nevertheless,
despite these advances, the field still suffers from fundamental
limitations in terms of substrate scope, stereoselectivity, and
scalability, leaving ample room for innovation in catalyst design
and mechanistic understanding.

Fan and co-workers have long been dedicated to the asym-
metric catalysis of chiral diamine ruthenium complexes. In
2020, they reported the efficient hydrogenation of the poly-
cyclic aromatic compound PyBQ to PyBTHQ using this cata-
lyst in HFIP (Scheme 5) [50]. Under the optimized conditions,
only the heteroaromatic part of quinoline was reduced selec-
tively, while the benzene ring and pyridine remained un-
changed. In 2020, Beller and co-workers used a manganese
catalyst to achieve the hydrogenation of the nitrogen hetero-
cyclic moiety in quinoline, that yielded the target product in
near-quantitative amounts [51]. In 2021, the research groups of
Sun [52] and Zhang [53] reported the use of iridium or
manganese as catalysts to convert quinoline derivatives into
tetrahydroquinolines by using dihydrogen or formic acid as the
hydrogen source. In 2021 and 2024, Liu and co-workers
demonstrated that with [NNP-Mn] catalysts, the hydrogenation
of quinoline and its derivatives can proceed with high regio-
and stereoselectivity [54,55] (Scheme 5).

In 2022, Stoltz and co-workers reported for the first time the
reduction of 1,3-disubstituted isoquinoline compounds 45 to
trans-quinoxalines 46 (Scheme 6) [56]. By using iridium cata-
lysts and commercially available chiral JosiPhos ligands, a
batch of enantioriched trans-tetrahydroisoquinolines could be
prepared efficiently and stereoselectively. In 2023, Chen in
collaboration with Zhang, reported a simple and efficient
rhodium–thiourea-catalyzed asymmetric hydrogenation reac-
tion for the synthesis of highly optically pure tetrahydroquinox-
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Scheme 3: Hydrogenation of heterocyclic aromatic rings.

aline 48 and dihydroquinoxalinones 50 (Scheme 6) [57]. Due to
the mild conditions and broad substrate range, the reaction was
scaled up to the gram scale with high yield and high enantiose-
lectivity. Recently, Du and co-workers reported a transition-

metal-free asymmetric transfer hydrogenation reaction
(Scheme 6) [58]. Under a hydrogen atmosphere, using chiral
phosphoric acid and achiral borane as catalysts, they synthe-
sized 2-substituted quinoxalines 52 in high yield.
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Scheme 4: Hydrogenation of the carbocyclic aromatic rings.

For benzofuran, indole and other heteroarenes, hydrogenation
of these easily accessible building blocks is rare. In 2020, Ding
and co-workers demonstrated the selective reduction of
benzoannelated five-membered heteroaromatic compounds 53
while retaining the benzene ring structure using an iridium cata-
lyst to selectively hydrogenate indoles and benzofurans
(Scheme 7) [59]. The hydrogenated products were obtained in
90% yield with 98% ee on average. In 2024, Yin and
co-workers reported an innovative palladium-catalyzed asym-
metric hydrogenation reaction (Scheme 7) [60]. Using an acid-

assisted dynamic kinetic resolution method, they obtained a
series of chiral indolines 56 containing exocyclic stereocenters
in high yields and excellent enantioselectivity. Mechanistic
studies of the reaction revealed that the dynamic kinetic resolu-
tion process relies on the rapid interconversion of the enantio-
mers in the racemic substrate, which in turn relies on the acid-
promoted isomerization between the aromatic indole and the
nonaromatic exocyclic enamine intermediate. Very recently,
Chen and co-workers reported that using a Mn catalyst with dif-
ferent PNN-ligands, multi-nitrogen heteroaromatic compounds,
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Scheme 5: Hydrogenation of the heterocycle part in bicyclic aromatic rings.

including substituted pyrazolo[1,5-a]pyrimidines, pyrrolo[1,2-
a]pyrazines, and imidazo[1,2-a]pyrazines can be hydrogenated
efficiently, providing the corresponding reduced products with
high enantioselectivity, reactivity, and broad substrate scope
[61].

Hydrogenation of the carbocycle part: The hydrogenation
of the benzene ring in bicyclic aromatic systems has always
been very challenging, since the aromaticity of the
benzene ring is stronger than that of heteroaromatic rings,
and the lack of heteroatoms in the ring makes it even
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Scheme 6: Hydrogenation of the heterocycle part in bicyclic aromatic rings.

more difficult for the substrate to coordinate with the metal
catalyst.

In 2021, Glorius and co-workers reported an enantio- and dia-
stereoselective complete hydrogenation of substituted benzofu-

rans 65 in a one-pot cascade reaction (Scheme 8) [62]. This
method facilitates the controlled installation of up to six new
stereocenters, producing architecturally complex 6–5 fused ring
systems. The key points lie in the utility of a chiral homoge-
neous ruthenium-N-heterocyclic carbene complex, as well as an
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Scheme 7: Hydrogenation of benzofuran, indole, and their analogues.
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Scheme 8: Hydrogenation of benzofuran, indole, and their analogues.
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in-situ activated rhodium catalyst. In 2022, Bach and
co-workers reported a modular approach for the highly dia-
stereoselective hydrogenation of symmetrical 2,5-DKP (2,5-
dipiperazinone) 67 using a rhodium complex (Scheme 8) [63].
The saturated pentacyclic compound 68 was obtained in high
yield and excellent diastereoselectivity. The hydrogen atoms in
the final product were all arranged in cis configuration. Key
features of the reaction include high functional group tolerance
and excellent stereocontrol. In the same year, Zhou and
co-workers reported a rhodium/bisphosphine-catalyzed asym-
metric hydrogenation reaction of all-carbon aromatic rings 69
(Scheme 8) [64]. Through desymmetrization or kinetic resolu-
tion, a series of axially chiral cyclic compounds with high enan-
tioselectivity could be synthesized. In addition, the authors also
obtained central chiral cyclic compounds by asymmetric hydro-
genation of phenanthrene with directing groups.

In 2022 and 2024, Chirik and co-workers reported the use of
molybdenum as a metal catalyst to completely hydrogenate
substituted naphthalene to saturated 6–6 fused bicycle
(Scheme 8) [65,66]. The target decahydronaphthalene was ob-
tained in high yield and high enantioselectivity. In 2024, Ding
and co-workers reported a method for the selective hydrogena-
tion of the carbon ring in quinoline to generate hexahydroquino-
line using a Ru catalyst (Scheme 8) [67]. When (S,S,S)-DKP
was used as a ligand, the hydrogenation of the carbon ring was
highly selective.

Reduction of aromatic rings via hydride or
electron transfer pathways
Beyond catalytic hydrogenation, aromatic rings can also be
reduced through hydride-based or electron-transfer pathways,
which provide complementary modes of reactivity that are often
orthogonal to metal-catalyzed hydrogenation systems. Classical
dissolving-metal reductions such as the Birch reduction convert
arenes into 1,4-dihydro intermediates via sequential electron
transfer and protonation, enabling regioselective partial dearom-
atization that is difficult to achieve under hydrogenation condi-
tions. Likewise, hydride reagents – including NaBH3CN,
DIBAL-H, and other aluminum or borohydride derivatives –
have been widely employed for the selective reduction of acti-
vated aromatic cations (e.g., pyridinium, quinolinium, or
benzopyrylium salts), offering mild and chemoselective access
to partially or fully saturated heterocycles. More recent
advances in single-electron transfer (SET) chemistry, particular-
ly those mediated by photoredox catalysts or electrochemical
systems, have expanded the toolbox further by enabling reduc-
tive dearomatization under exceptionally mild conditions and
with high functional-group compatibility. Collectively, these
hydride- and electron-transfer approaches enrich the landscape
of arene reduction by providing tunable control over regioselec-

tivity, degree of saturation, and stereochemical induction – fea-
tures that are increasingly leveraged in total synthesis to access
complex, three-dimensional natural products [68-70].

Total synthesis based on hydrogenation of
aromatic rings
Beyond catalyst and substrate diversity, arene hydrogenation
fundamentally proceeds through either partial or complete loss
of aromaticity. Partial hydrogenation delivers dihydro- or tetra-
hydro intermediates that retain useful unsaturation for further
transformation. Complete hydrogenation typically requires
stronger reductive conditions or more reactive catalyst–ligand
systems to overcome higher aromatic stabilization energies.
Thus, chemoselectively distinguishing between partial and com-
plete reduction is crucial: depending on the substrate, the cata-
lyst must either halt the process at a defined stage or drive it to
full saturation without affecting other functionalities. The
following sections highlight representative examples of both
modes in complex molecule synthesis.

Total synthesis of (±)-keramaphidin B by Baldwin,
1996
Although the methodologies for aromatic ring hydrogenations
have only recently flourished, the reduction of aromatic rings to
obtain saturated aliphatic or heterocyclic rings and their subse-
quent application in the total synthesis of natural products has a
long history. A brilliant early work is Baldwin's total synthesis
of the macrocyclic diamine natural product (±)-keramaphidin B
in the year of 1996 (Scheme 9) [71,72].

Starting from compounds 77 and 78, Baldwin and co-workers
converted them into pyridine derivative 79 in high yield over
three steps including a Wittig reaction and tosylation. Subse-
quent reduction with sodium borohydride furnished the dimer
80 bearing partially reduced pyridine rings. From 80, intermedi-
ate 81 was prepared via a Polonovski–Polish reaction and isom-
erization, which, when adopting the proper conformation, spon-
taneously underwent an intramolecular [4 + 2] cycloaddition to
construct the unsaturated bridged ring of (±)-keramaphidin B in
a single transformation. Subsequently, the iminium ion 83 was
reduced, completing the total synthesis of (±)-keramaphidin B.
Although the yield of the [4 + 2] cycloaddition step is not
ideal, this work on (±)-keramaphidin B exemplifies the applica-
tion of an aromatic ring hydrogenation strategy in the total syn-
thesis of natural products and its promising development poten-
tial.

Total synthesis of ergolines by Vollhardt (1994),
Boger (2015), and Smith (2023)
Dearomative ionic hydrogenations have been widely applied in
alkaloid synthesis, including that of the ergot alkaloids – a bio-
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Scheme 9: Total synthesis of (±)-keramaphidin B by Baldwin and co-workers.

active compounds family with a long synthetic history [73]. In
the synthesis of (±)-LSD by Vollhardt and co-workers, the pyri-
dine part was constructed by a Co-catalyzed [2 + 2 + 2] cyclo-
addition between alkyne 84 and nitrile 85, constructing the
ergoline core 86. Methylation with MeOTf provided pyri-
dinium 87, and subsequent NaBH4-mediated hydrogenation
selectively generated the tetrahydropyridine and completed the
synthesis of (±)-LSD (Scheme 10) [74,75].

In the synthesis of (±)-dihydrolysergic acid, Boger and
co-workers constructed the tetracyclic core via an inverse-elec-
tron demand Diels–Alder cycloaddition between an enamine
derived from ketone 88 and triazine, giving pyridine 90 in 75%
yield over two steps [76]. Alkylation with MeI furnished pyri-
dinium 91, which was hydrogenated in two steps with
NaBH3CN to the fully saturated piperidine 92. Acidic removal
of the benzoyl group triggered auto-oxidation to the indole, and

subsequent hydrolysis of methyl ester delivered the target
(±)-dihydrolysergic acid (Scheme 11).

Smith and co-workers recently reported a six-step synthesis of
(±)-lysergic acid [77]. In contrast to previous approaches, the
pyridine was introduced via a magnesium–halogen exchange of
pyridyl iodide 93, followed by addition to aldehyde 94. Subse-
quent reduction of the resulting benzylic alcohol with TFA/
Et₃SiH afforded pyridine 95, which underwent a one-pot se-
quence of indole protection, methylation, and hydrogenation to
furnish tetrahydropyridine 96. In contrast to Vollhardt’s synthe-
sis, the unsaturation was misaligned with that of the natural
product, most likely arising from protonation during reduction
or an isomerization event. Kinetic translocation of the double
bond to the correct position enabled an intramolecular Heck
reaction, a transformation originally developed by Fukuyama
(Scheme 12) [78].
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Scheme 10: Total synthesis of (±)-LSD by Vollhardt and co-workers.

Scheme 11: Total synthesis of (±)-dihydrolysergic acid by Boger and co-workers.

Hydrogenation of (−)-tabersonine to
(−)-decahydrotabersonine by Catherine Dacquet,
1997
An unavoidable challenge for aromatic ring hydrogenations is
controlling the stereochemistry of the product during the hydro-
genation reduction process. In 1997, Dacquet and co-workers

conducted a hydrogenation reduction of the natural product
(−)-tabersonine using platinum dioxide as a catalyst in the pres-
ence of perchloric acid to obtain (−)-decahydrotabersonine, a
product with a completely reduced aromatic ring (Scheme 13)
[79]. Through the structural characterization of the product, the
authors found that the hydrogenation was highly stereoselective,
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Scheme 12: Total synthesis of (±)-lysergic acid by Smith and co-workers.

Scheme 13: Hydrogenation of (−)-tabersonine to (−)-decahydrotabersonine by Catherine Dacquet and co-workers.

yielding only cis-hydrogenated products. This suggests that sub-
strate induction during hydrogenation could effectively direct
the process, enabling stereoselective product formation.

Total synthesis of (±)-nominine by Natsume, 2004
Natural products with complex ring systems, such as bridged
rings, spirocycles or highly rigid ring systems, have long capti-
vated synthetic chemists. Designing and completing the total
synthesis of these molecules not only leads to the development
and application of novel methodologies but also elevates the
field to a new level, embodying the artistry of synthesis [80]. In
2004, Natsume and co-workers achieved the first total synthe-
sis of the hepta-ring-containing natural product (±)-nominine
applying a palladium-catalyzed intramolecular α-acylation and
Birch reduction as key steps (Scheme 14) [81,82].

Starting with a simple trisubstituted benzene 97, they obtained
the ketal 98 in 39% yield over six steps. The authors then
utilized their own palladium-catalyzed intramolecular α-acyl-
ation followed by protection of the carbonyl group to obtain the
diketal 99. Birch reduction of 99 afforded the enone, which was
then subjected to a Luche reduction to get the allylic alcohol
100. A Johnson–Claisen rearrangement and Lewis acid-
promoted acetal–ene reaction provided the tetracyclic skeleton
101. With 101 in hands, a 6 step transformation afforded the
alkyne 102 in an overall yield of 45%. After obtaining 102, the
authors used a free radical reaction to initiate a one-step 6-exo-
trig cyclization, constructing the [2.2.2]-bridged ring within the
(+)-nominine followed by protection of the primary alcohol as
mesylate. Using lithium bromide as the bromine source, an SN2
reaction was performed, and the allylic position was oxidized
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Scheme 14: Total synthesis of (±)-nominine by Natsume and co-workers.

with tert-butyl peroxide and selenium dioxide to generate the
enone 104. After obtaining 104, the unsaturated ketone was
stereoselectively reduced to a specifically oriented hydroxy
group using a Luche reduction, which was then protected with
acetic anhydride to yield 105. Compound 105 then gave rise to
the tertiary alcohol 106 in the presence of zinc powder and am-
monium chloride. Finally, through a sequence of removal of the
Cbz protecting group, alcohol chlorination, proximal nucleo-
philic substitution, and deprotection of the secondary alcohol,

the first total synthesis of nominine was completed. Although
the synthetic route seemed to be lengthy, this challenging total
synthesis provided a promising strategy for the subsequent syn-
thesis of this family of natural products.

Total synthesis of (+)-nominine by Gin, 2006
Only two years after Natsume completed the total synthesis of
(+)-nominine, Gin and co-workers reported another total syn-
thesis of (+)-nominine via a brilliant dearomatization strategy
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Scheme 15: Total synthesis of (+)-nominine by Gin and co-workers.

(Scheme 15) [83]. Starting from a para-disubstituted benzene
107 and an unsaturated aldehyde 108, they obtained 109 via a
Staudinger aza-Wittig reaction. Compound 109 isomerized to

the internal salt 110 in the presence of TFA, and 110 spontane-
ously underwent two different transition states to give the intra-
molecular [5 + 2] products 111 and 112, respectively. While the
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Scheme 16: Total synthesis of (±)-lemonomycinone and (±)-renieramycin by Magnus.

desired cycloadduct 112 was formed as the minor constituent
(112/111 = 1:3.6), the isomeric ratio was verified to be the
result of thermodynamic selection. The cycloaddition process is
reversible under the conditions, thereby permitting iterative
thermal re-equilibration of the undesired cycloadduct 111,
which enhanced the formation of 112 while minimizing materi-
al loss.

Cycloadduct 112 was converted to 113 in high yield through a
three-step sequence of carbonyl hydroboration, alcohol chlori-
nation with thionyl chloride, and radical reduction. Subse-
quently, reduction of the cyanide group with DIBAL-H and a
Wittig reaction afford alkene 114 in 82% yield. Sodium metal
was then used as a single-electron reducing agent to provide the
second cycloaddition precursor 115, which was converted to the
enamine. The enamine spontaneously underwent an intramolec-
ular cycloaddition to yield the highly rigid [2.2.2]-bridged ring
skeleton in ketone 116. Finally, nominine was generated via a
two-step sequence comprising a Wittig reaction followed by
tert-butyl peroxide/selenium dioxide-mediated allylic oxidation,

thereby completing another impressive total synthesis. Relative
to Natsume’s strategy, Gin and co-workers leveraged two intra-
molecular cycloaddition reactions to efficiently construct the
carbon framework, resulting in a efficient total synthesis of
nominine.

Total synthesis of (±)-lemonomycinone and
(±)-renieramycin by Magnus, 2005
Tetrahydroisoquinoline alkaloids have long captivated chemi-
cal and biological interest; among them, lemonomycin and
renieramycins (A–S) are especially notable for their potent anti-
tumor and antimicrobial activities [84]. In 2005, Magnus and
co-worker achieved the total synthesis of two bis-tetrahydro-
isoquinoline natural products, (±)-lemonomycinone and
(±)-renieramycin, featuring as key steps a dearomative nucleo-
philic addition and diastereoselective hydrogenation of a dihy-
droisoquinoline (Scheme 16) [85].

Starting from pentasubstituted isoquinoline 117, the authors
utilized a dearomative nucleophilic addition to indirectly reduce
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Scheme 17: Total synthesis of GB13 by Sarpong and co-workers.

the heteroaromatic ring of the isoquinoline to yield compound
118. This was followed by desilylation with TBAF and sponta-
neous intramolecular cyclization to yield the tricyclic 119. With
119 in hand, the double bond was diastereoselectively hydro-
genated using Et3SiH and TFA, followed by hydrazinolysis to
generate alcohol 120. Starting from the common intermediate
120, the total syntheses of renieramycin and lemonomycinone
were accomplished through 11 and 13 steps, respectively.

Total synthesis to the alkaloids GB13 by Sarpong,
2009
In 2009, Sarpong and co-workers reported a total synthesis of
the galbulimima alkaloid GB13. Mander and co-workers had
already completed an earlier total synthesis of GB13 in 2003
[86]. However, a key difference between the Sarpong and
Mander strategies lies in the construction of the piperidine ring:
Sarpong’s route features a catalytic hydrogenation of a pyridine
precursor, whereas Mander’s strategy relied on an Eschen-
moser fragmentation as well as a reductive amination
(Scheme 17) [87].

Pyridine analogue 121 was converted to tetracyclic compound
123 via a 1,2-addition. A five-step transformation, including
allylic hydroxy group transposition, olefin hydrogenation, and
DMP oxidation, provided diketone 125. The two carbonyl
groups in 125 were then chemoselectively and stereoselectively
reduced using rhodium as a catalyst to yield hydroxylated ke-
tone 126. A further three-step transformation provided the cata-
lytic hydrogenation precursor 127. Catalytic hydrogenation of
127 yielded the piperidine ring with a dr ratio of 8:1, complet-
ing the total synthesis of GB13 in overall 18 steps.

Total synthesis to the alkaloids GB13 by Shenvi,
2022
In 2022, Shenvi and co-workers completed another concise and
efficient total synthesis of GB13 (Scheme 18) [88]. Starting
from pyridine derivatives 129, they obtained the key intermedi-
ate 131 via a Simmon–Smith reaction and a bimetallic-medi-
ated photocatalytic radical coupling reaction. Intermediate 132
was then constructed by Friedel–Crafts alkylation using diethyl-
aluminum chloride as a Lewis acid. The pyridine ring was then
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Scheme 18: Total synthesis of GB13 by Shenvi and co-workers.

hydrogenated to the piperidine by direct hydrogenation, and the
benzene ring was then reduced to an unsaturated ketone struc-
ture by Birch reduction, completing the highly efficient total
synthesis of GB13 in 6 steps with an overall yield of 10%.

Total synthesis of (±)-corynoxine and (±)-corynoxine
B by Xia, 2014
In 2014, Xia and co-workers completed an outstanding total
synthesis of (±)-croynoxine and (±)-croynoxine B, two oxindo-
line-type tetracyclic natural products [89]. Starting from
2-oxoindole derivative 134 and the 3-substituted pyridine 135,
the pyridinium salt 136 was synthesized, which perfomed as a
key substrate for the aerobic oxidation. The formation of the
tetracyclic 3-spirooxindole structure 137 was achieved through
a transition-metal-free intramolecular cross-dehydrogenative
coupling. With 137 in hand, a sequence of transformations in-
cluding ketone reduction with NaBH4, Johnson–Claisen
rearrangement, enol ester formation, and methylation afforded
140. Finally, hydrogenation of 140 via PtO2/H2 generated the
target molecule (±)-corynoxine, and under acidic conditions,
(±)-corynoxine could be isomerized to (±)-corynoxine B
(Scheme 19).

Total synthesis of (+)-serratezomine E,
(±)-serralongamine A and (−)-huperzine N by
Bonjoch, 2015 and 2016
In 2015, Bonjoch and co-workers reported a method for the
selective hydrogenation of an exocyclic double bond conju-

gated to an aromatic ring [90]. For the pyridine derivative 141,
rhodium catalysis provided the chiral reduction product in quan-
titative yield and excellent stereoselectivity. Leveraging this
unique reaction strategy, Bonjoch completed the total synthesis
of the tricyclic natural product serratezomine E and the putative
structure of huperzine N (Scheme 20).

Starting from simple 5-aminopentanoic acid (144), they synthe-
sized the reduction precursor 145 in 53% yield over six steps.
Subsequent catalytic hydrogenation afforded the diastereomeric
product 146 in high yield. With compound 146 in hand, they
completed the total synthesis of serratezomine E through a
three-step sequence comprising removal of the Ts group, acety-
lation, and pyridine hydrogenation. Simultaneously, starting
from 149, they employed a similar route involving rhodium-cat-
alyzed double-bond reduction, nitrogen methylation, pyridine
reduction, and formation of the nitrogen oxide to give the puta-
tive structure of huperzine N.

In 2016, Bonjoch and co-workers reported another synthesis
work to revise the structure of huperzine N. Similar to their
previous study, the synthesis started with a 1,3-dicarbonyl com-
pound 154 to synthesize the hydrogenation precursor 155. A
three-step process, including hydrogenation of the olefin,
hydride reduction and methylation, afforded (±)-serra-
longamine A. With (±)-serralongamine A in hand, huperzine N
and N-epi-huperzine N could be obtained via a reduction–oxi-
dation sequence [91] (Scheme 21).
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Scheme 19: Total synthesis of (±)-corynoxine and (±)-corynoxine B by Xia and co-workers.

Asymmetric synthesis towards indenopiperidine
core of an 11-β-HSD-1 inhibitor, 2016
Growing interest has focused on inhibiting 11-β-hydroxy-
steroid dehydrogenase type 1 (11-β-HSD-1), a key enzyme that
alleviates insulin resistance by lowering cortisol production.
Compound 157 emerged as a promising 11-β-HSD-1 inhibitor
candidate. In 2016, researchers from Boehringer Ingelheim
Pharmaceuticals and the University of Pennsylvania reported a
concise and stereoselective synthesis of 157, which strategi-
cally combined a Pd-catalyzed pyridine C–H acylation and an
Ir-catalyzed asymmetric hydrogenation of the aromatic core
[92].

The synthesis began with the coupling of trisubstituted benzene
158 and 2-substituted pyridine 159, furnishing the bicyclic
intermediate 160. Three subsequent steps (74% overall yield)
then provided the key hydrogenation precursor 161. Hydro-
genation of 161 under heterogeneous catalytic conditions (Pd/C,
Pt/C, Raney Ni, Rh/C, Ru/C) proved inefficient, giving com-
plex mixtures that included partially or fully hydrogenated
pyridines, over-reduced products and even dimers of reduced
species.

The authors proposed that the cyano substituent on the benzene
ring might coordinate with or deactivate the metal catalysts, or
undergo reduction under the reaction conditions, thereby dimin-
ishing catalytic activity. To address this challenge, they hydro-
lyzed the cyano group to an amide (162) under acidic condi-
tions, which then allowed successful Pd/C-mediated hydrogena-
tion to 163. Subsequent dehydration with POCl3 and chiral
resolution using ᴅ-DBTA provided the optically enriched com-
pound 165 (Scheme 22).

While this approach rendered catalytic hydrogenation feasible,
it also increased the complexity of the synthetic route, limiting
its suitability for large-scale preparation of 157. Consequently,
the authors redirected their efforts toward homogeneous catalyt-
ic hydrogenation, a field that has seen rapid progress in recent
years. Upon converting 161 into the zwitterionic salt 166, ex-
tensive screening revealed that iridium catalysis with MeO-
BoQPhos afforded the highest stereoselectivity. This approach
furnished the reduced product 167 in high yield. After five
further transformations (overall yield: 67%), the final coupling
with a benzimidazole fragment efficiently delivered the target
compound 157 (Scheme 23).
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Scheme 20: Total synthesis of (+)-serratezomine E and the putative structure of huperzine N by Bonjoch and co-workers.

This study highlights the pivotal role of controlled aromatic
hydrogenation, especially of pyridine derivatives, in modern
drug discovery, and illustrates how the choice of the catalytic

system (heterogeneous vs homogeneous) together with func-
tional group management can decisively shape the success of
complex molecule synthesis.
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Scheme 21: Total synthesis of (±)-serralongamine A and the revised structure of huperzine N and N-epi-huperzine N.

Total synthesis of jorunnamycin A and jorumycin by
Stoltz, 2019
The bistetrahydroisoquinoline (bis-THIQ) alkaloids, a class of
polycyclic natural products with significant physiological activ-
ities, have drawn sustained interest from synthetic chemists
worldwide due to their pronounced antibacterial and anticancer
properties. Since their discovery, bis-THIQ scaffolds have been
constructed primarily through the Pictet–Spengler reaction, a
cyclization strategy that continues to be widely employed in
total synthesis. In 2019, Stoltz and co-workers developed an
elegant substrate-directed asymmetric hydrogenation approach
to construct the bis-THIQ framework, achieving the concise
total syntheses of two structurally complex natural products
[93] (Scheme 24).

Starting from the polysubstituted aromatic precursors 170 and
172, the Stoltz group accomplished the synthesis of N-oxide
171 and isoquinoline compound 173 in two steps with 76% and
42% yield, respectively. These intermediates were then elabo-
rated through a four-step sequence to afford the coupled inter-
mediate 174 in 23% overall yield, which served as the substrate
for catalytic hydrogenation.

During the hydrogenation of compound 174, Stoltz and
co-workers observed that the addition of the first two mole-
cules of hydrogen to the substrate proceeded with high stereose-
lectivity. They proposed that this selectivity arises from chela-
tion between the nitrogen and oxygen atoms from the substrate

and the metal catalyst, which fixed the conformation of the
polycyclic scaffold. As a result, the top face is sterically less
favored, thereby hydrogen approaches from the opposite face.
The subsequent addition of another two equivalents of hydro-
gen also supported this mechanistic hypothesis. Based on this
stereochemical control, the Stoltz team successfully obtained
the asymmetric hydrogenation product 176, which spontaneous-
ly underwent intramolecular cyclization to furnish the bridged
cyclic compound 177.

With compound 177 in hand, a series of three transformations,
including hydroxylation of aryl halide, partial lactam reduction
with cyanide trapping, and oxidation of the phenol, enabled the
total synthesis of jorunnamycin A in 15 steps. The acetylation
of the hydroxy group in jorunnamycin A followed by cyano
hydrolysis led to the total synthesis of another natural product,
jorumycin.

Total synthesis of (−)-finerenone by Aggarwal, 2021
(−)-Finerenone is a non-steroidal mineralocorticoid receptor
antagonist currently under investigation for the treatment of
chronic kidney disease (CKD) associated with type 2 diabetes.
Its molecular structure features a rare dihydronaphthyridine
core, which presents a unique synthetic challenge. Given that
(−)-finerenone is presently undergoing phase III clinical trials,
the development of efficient and scalable methods for construct-
ing the dihydronaphthyridine scaffold has become a focal point
of interest in synthetic chemistry. In 2020, Aggarwal and
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Scheme 22: Early attempts to indenopiperidine core.

co-workers reported a concise and enantioselective synthesis of
(−)-finerenone via an asymmetric hydrogen atom transfer
(HAT) strategy, completing the total synthesis in just six steps
with high efficiency and stereoselectivity [94].

Starting from the 2-pyridone derivative 178, the authors synthe-
sized the bicyclic intermediate 179 in four steps with an overall
yield of 31%. Initially, they attempted a formal [4 + 2] cycload-
dition between 179 and a 1,3-dicarbonyl compound, catalyzed
by the chiral phosphoric acid (R)-TRIP, aiming to construct

(−)-finerenone in a single step. However, this approach deliv-
ered the target compound in only 19% yield and a low 15% ee
(Scheme 25). Given that high enantiopurity is critical for subse-
quent clinical studies, the authors needed to revise their
strategy.

Instead of pursuing a direct asymmetric cyclization, they per-
formed a formal [4 + 2] cycloaddition between 179 and the
dicarbonyl compound, followed by in-situ oxidation of the re-
sulting intermediate 180 to afford compound 181 in a one-pot
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Scheme 23: Homogeneous hydrogenation and completion of the synthesis.

sequence. At this step, the key challenge was to obtain
(−)-finerenone with high enantioselectivity through asymmetric
hydrogenation of intermediate 181 (Scheme 25).

During attempts to reduce intermediate 181 via asymmetric
hydrogen atom transfer (HAT), the authors found that 181
exists as a racemic mixture, with chirality originating from its
axially chiral biaryl structure. Owing to the steric hindrance
introduced by substituents, 181 exists as a pair of atropisomers,
which inspired a new strategy for achieving asymmetric hydro-
genation.

The authors proposed that the two atropisomers exhibit differ-
ent reactivity and selectivity under catalytic conditions,
enabling a process of kinetic resolution. More importantly, they
envisioned that this inherent resolution could be transformed
into a dynamic kinetic resolution, thereby allowing for the
selective formation of optically enriched finerenone.

Subsequent experiments confirmed this hypothesis: by employ-
ing chiral phosphoric acids of different configurations as cata-
lysts, the authors successfully obtained (+)-finerenone in 42%
yield with 94% ee, and (−)-finerenone in 67–82% yield with
94:6 er, respectively (Scheme 26).

Total synthesis of (+)-N-methylaspidospermidine by
Smith and Grigolo, 2022
In 2021 and 2022, Smith, Grigolo and co-workers reported a
total synthesis of the monoterpene indole alkaloid N-methyl-
aspidospermidine (Scheme 27) [95,96].

In a single-step reaction, pyridine 182 was activated with
2-chloroethyl triflate and the resulting pyridinium salt was
dearomatized with a Grignard reagent to produce ketone 184. In
this step, the Grignard nucleophile added regio- and diastereo-
selectively at the 2-position of the pyridinium, consistent with
established reactivity models from prior studies [97]. A three-
step sequence involved Raney Ni hydrogenation of the dihydro-
pyridine, TFA-mediated indole deprotection, and base-
promoted formation of a C3 quaternary carbon center provided
piperidine compound 185. The resulting intermediate was
trapped with a side chain enolate (derived from a methyl ke-
tone), successfully constructing the pentacyclic aspidospermi-
dine core. The next three steps comprised nitrogen methylation,
ketone reduction, and hydroxyl elimination to afford 186. In the
final two steps, an ethyl group was introduced via Fe-mediated
HAT and sulfone cleavage. This 10-step asymmetric synthesis
demonstrates that, in the case of indole monoterpene alkaloids,
the rational application of aromatic ring hydrogenation can
markedly reduce step count and enhance overall efficiency.

Total synthesis of matrine-type alkaloids by
Reisman, 2022
The tetracyclic alkaloids (+)-matrine and (+)-isomatrine, isolat-
ed from Sophora flavescens, are thought to originate biosynthet-
ically from (−)-lysine. In 2022, Reisman and co-workers re-
ported a pyridine hydrogenation strategy that provided collec-
tive access to matrine-type alkaloids [98]. That same year, Sher-
burn and co-workers described a complementary synthesis em-
ploying an aza-Diels–Alder cycloaddition followed by olefin
hydrogenation [99].
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Scheme 24: Total synthesis of jorunnamycin A and jorumycin by Stoltz and co-workers.

Starting from pyridine and glutaryl chloride, tetracyclic inter-
mediate 192 was efficiently generated in a single step through
sequential nucleophilic attack and intramolecular cyclization.
(+)-Isomatrine was subsequently synthesized through catalytic
hydrogenation via Rh/C, LAH reduction, and tertiary amine ox-
idation (Scheme 28).

After synthesizing (+)-isomatrine, the effects of catalyst type,
loading, temperature, and reaction time on the hydrogenation
process were systematically examined. The results revealed
that appropriate tuning of the conditions enabled the selective
synthesis of different natural products, including (+)-matrine,
(+)-allomatrine, and other tetracyclic alkaloids, thereby
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Scheme 25: Early attempt towards (−)-finerenone by Aggarwal and co-workers.

Scheme 26: Enantioselective synthesis towards (−)-finerenone.
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Scheme 27: Total synthesis of (+)-N-methylaspidospermidine by Smith, Grigolo and co-workers.

achieving an efficient collective synthesis of matrine-type alka-
loids.

Asymmetric total synthesis of senepodine F by
Ishikawa, 2023
Lycopodium alkaloids, isolated from plants of the Lycopodium
genus (Lycopodiaceae family), represent a vast and structurally
diverse family of natural products. To date, over 500 members
of this family have been reported, with some known to exhibit
acetylcholinesterase inhibitory activity and other notable bioac-
tivities. Their architecturally complex and unique polycyclic
frameworks have attracted sustained interest from synthetic,
natural product, and medicinal chemists alike. In 2023,
Ishikawa and co-workers reported the first asymmetric total
synthesis of (−)-senepodine F, a tetracyclic Lycopodium alka-
loid (Scheme 29) [100].

The synthesis commenced with a stereoselective Diels–Alder
reaction between compounds 194 and 195 under asymmetric
amine catalysis, directly affording the bicyclic intermediate 196,
which was further elaborated over seven steps (overall yield:
74%) to give 197. In parallel, the authors adopted Glorius’
protocol, applying an Evans chiral auxiliary to achieve asym-
metric catalytic hydrogenation of the pyridine derivative 198,
delivering the lactam 199 in 66% yield and with excellent enan-
tioselectivity (96% ee). Subsequent transformations over six
steps (overall yield: 71%) provided the piperidine building
block 200.

Coupling of the key fragments 197 and 200 was achieved in
two steps (77% yield), affording alkyne intermediate 201. This
was followed by a sequence of strategic functional group
manipulations, including a pivotal intramolecular SN2 cycliza-
tion, ultimately completing the total synthesis of (−)-senepo-
dine F. Notably, this work also led to the structural revision of
the originally assigned natural product, as reported in earlier
isolation studies.

Hydrogenation strategy in total synthesis by Qi,
2023 and 2024
Indole-containing natural products have long attracted consider-
able interest in synthetic chemistry, owing to their pronounced
biological activities and the biosynthetic relevance of indole as
a key metabolite in diverse pathways. These biosynthetic pro-
cesses frequently inspire new synthetic methodologies and
retrosynthetic strategies. Simple indole derivatives – such as
indole-3-acetic acid, tryptophan, and indole-2-carboxylic acid –
are accessible on a large scale via biological routes. Neverthe-
less, for arenes containing both a benzene ring and a heteroaro-
matic core, achieving regioselective catalytic hydrogenation that
discriminates between the phenyl and heteroaromatic moieties
remains a persistent challenge.

A recent work by Qi and co-workers has substantially ad-
vanced the selective hydrogenation of indole-containing com-
pounds. Systematic tuning of reaction parameters such as cata-
lyst loading, solvent, reaction time, and temperature enabled the
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Scheme 28: Dearomatization approach towards matrine-type alkaloids.

selective access to diverse hydrogenated products. These devel-
opments have established a valuable foundation for the total
synthesis of indole-derived alkaloids, facilitating more concise
and efficient synthetic routes (Scheme 30) [101].

As an illustration, compound 203 underwent hydrogenation
with 50 wt % Pd/C in HFIP/THF 50:1 to give the debenzyloxy-
lated product 204 in 48% yield. The reaction selectively
reduced the indole ring while preserving the conjugated olefin
adjacent to the carbonyl group, thereby providing a valuable
synthetic handle that was exploited in the formal synthesis of
pancracine.

Skeletal rearrangements enable the rapid conversion of simple
molecules into complex architectures and represent a powerful
strategy in natural product synthesis. Qi and co-workers
recently reported a one-pot reaction featuring a double oxida-
tive rearrangement cascade of furans and indoles followed by
nucleophilic cyclization. This methodology was applied to the
formal synthesis of rhynchophylline/isorhynchophylline and the
first total syntheses of (±)-(7R)- and (±)-(7S)-geissoschizol
oxindoles (Scheme 31) [102].

In the presence of NBS as the oxidant, precursor 206 undergoes
an aza-Achmatowicz rearrangement to give the monobromi-



Beilstein J. Org. Chem. 2026, 22, 88–122.

116

Scheme 29: Asymmetric total synthesis to (−)-senepodine F via an asymmetric hydrogenation of pyridine.

nated intermediate 207, which upon treatment with NaHCO3
furnishes the spirocyclic scaffold 208. From this versatile inter-
mediate, a range of oxindole natural products can be accessed.
Notably, compound 208 also can be selectively hydrogenated
either at the pyridine or indole ring by adjusting the reaction
conditions, thereby enabling divergent access to a range of
related natural products.

Total synthesis of annotinolide B via sequential
quinoline dearomatization, Smith, 2025
Very recently, Smith and co-workers disclosed an elegant total
synthesis of the cyclobutane-containing Lycopodium alkaloid
annotinolide B (Scheme 32) [103]. Beginning from bromo-
substituted quinoline 216, the authors prepared methyl ester 217
through a concise three-step sequence. A key photochemical
dearomatization – originally developed by Ma and co-workers
in 2023 – then transformed 217 into dihydroquinoline 219,
accompanied by a minor amount of tetrahydroquinoline 218
[104]. Subsequent transformations over five steps delivered pro-
tected intermediate 220 with a primary alcohol group, which
was debenzylated and the resulting pyridone intermediate sub-
jected to oxidative cyclization to provide tricyclic intermediate

221. From this scaffold, a sequence comprising olefin hydroge-
nation, a [2 + 2] cycloaddition, Pd-catalyzed reduction, Vaska’s
catalyst-mediated amide reduction, and final lactonization
furnished annotinolide B in 20 steps and 2.7% overall yield.

Conclusion
Over the past decade, advances in catalyst platforms and ligand
architecture have transformed arene hydrogenation from a niche
reactivity into a broadly general strategy. Enantioselective
hydrogenations now encompass quinolines, isoquinolines,
benzofurans, pyridines, and related heteroarenes, with stereo-
control enabled by finely tuned ligand classes – N-heterocyclic
carbenes, chiral diamines, bisoxazolines, bisphosphines, and
pincer frameworks. These systems create discriminating steric/
electronic environments and compatible H2-activation mani-
folds that deliver site-, chemo-, and enantioselectivity even in
the presence of coordinating heteroatoms.

Critically, these developments have moved beyond method
demonstration to strategic application in complex settings.
Arene hydrogenation is increasingly used to install multiple
stereocenters in a single operation, streamline protecting-group
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Scheme 30: Selective hydrogenation of indole derivatives and application.

and redox economies, and unlock divergent routes from
common intermediates – thereby improving step economy and
scalability in total synthesis and medicinal chemistry. For ex-
ample, Stoltz and co-workers leveraged a substrate-directed
asymmetric hydrogenation of isoquinolines to accomplish
concise total syntheses of jorunnamycin A and jorumycin, pro-
viding a compelling alternative to the Pictet–Spengler reaction
and underscoring the strategic value of arene hydrogenation in
modern synthesis.

Despite the impressive advances achieved thus far, several
fundamental questions remain unresolved and continue to shape
the research frontier. A critical issue concerns the influence of
substituents with distinct electronic and steric properties on
hydrogenation reactivity and selectivity; subtle differences in
substitution patterns can dramatically alter reaction pathways,

yet predictive models remain underdeveloped. Equally impor-
tant is the role of heteroatoms, whose tendency to coordinate to
transition-metal centers may attenuate catalytic activity or redi-
rect selectivity. Even the archetypal aromatic substrate –
benzene – poses a formidable challenge: achieving asymmetric
hydrogenation under mild and practical conditions remains an
unmet goal. Beyond these challenges, the broader problems of
chemo-, regio-, and stereoselectivity underscore the need for
new paradigms in catalyst design.

Looking ahead, future progress will hinge on three interrelated
directions. First, the deployment of earth-abundant, inexpen-
sive metals will be essential to reduce cost and ensure sustain-
ability, thereby expanding the scope of practical applications.
Second, innovation in catalyst and ligand architecture must aim
not only at higher levels of stereo- and site-selectivity but also
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Scheme 31: Synthetic approaches to the oxindole alkaloids by Qi and co-workers.

at expanding functional group tolerance and enabling transfor-
mations previously considered inaccessible. Third, deeper
mechanistic insight into the interplay between substituents,
electronic structure, and catalyst behavior is urgently required,
as this knowledge will guide the rational design of more general
catalytic systems.

With sustained methodological innovation, asymmetric hydro-
genation of arenes is poised to evolve from a specialized trans-
formation into a central strategy in synthesis. Its impact will
likely extend far beyond methodological studies, driving
progress in the streamlined construction of natural products, the
design of bioactive molecules, and the discovery of new thera-
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Scheme 32: Total synthesis of annotinolide B by Smith and co-workers.

peutic agents. In this sense, the next decade holds the promise
not merely of incremental improvements, but of a paradigm
shift in how chemists harness arene hydrogenation in complex
molecule synthesis.
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