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Cyclopropenone has emerged as a highly versatile precursor in organic synthesis due to its diverse reactivity. The
cyclopropenone derivatives could undergo various transformations such as cycloaddition reactions, ring-opening
reactions, and isomerization reactions in the presence of different chemical reagents. Over the years, significant
progress has been made in the manipulation of cyclopropenones for the construction of various carbocycles,
heterocycles, and other useful organic compounds. Despite several reviews that have concerned the chemistry

and reactions of cyclopropenones, the utility of such motifs in the construction of carbocycles and heterocycles
has rarely been reported. Herein, we report recent advancements in the cycloaddition reactions of cyclo-
propenones as versatile synthetic precursors towards the synthesis of compounds with synthetic and biological

significance.

1. Introduction

The cyclopropenone motif is a cyclic olefin skeleton with the
chemical formula of C3H20. The small ring widely exists in natural
sources such as penitricin (A) and decalin derivatives (B-D), which could
be isolated from Penicillium aculeatum and Telekia speciosa, respectively
(Scheme 1) (Bohlmann et al., 1981, Okuda T Fau - Yokose et al., 1984).
Notably, penitricin could not only retard bacterial growth, but also
inhibit the plasma transglutaminase (factor VIII) (Toru Okuda, 1984,
Toru Okuda, 1984, Toru Okuda, 1984, Iwata et al., 2000, Kogen et al.,
2000). Breslow and Vol’pin independently reported the first access to
cyclopropenone as early as 1959 (Breslow et al., 1959, Vol'pin et al.,
1959). Cyclopropenone is of unique significance since it shows a wide
range of applications in the fields ranging from ligands, polymer cross-
linking agents, dendrimers, and devices (Tobe et al., 1997, Rivard
et al., 2004). As shown in Scheme 2, cyclopropenone possesses a Hiickel
aromatic property and the negative charge mainly concentrates on ox-
ygen atom in the resonance structures. Moreover, its small ring size is
characterized by the high ring strain energy, which makes it more likely
to ring-opening and participates in various reactions, affording efficient
access to a broad range of highly functional molecules under controlled
conditions (Komatsu and Kitagawa, 2003). This property facilitates the
design of irreversible inhibitors by taking advantage of the reaction with
a cysteine or serine residue at the active site of the enzyme or that of
antitumor agents by the reaction with a nucleic base in DNA (Istrate
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et al., Cohen et al., 2013, Veverka et al., 2018, Row et al., 2020).
Cyclopropenone derivatives, with substantial ring tensile force and po-
tential chemical transformations, have gained considerable attention,
notably in the area of organic and pharmaceutical chemistry (Upitis and
Krol, 2002, Row et al., 2017, Robles-Planells et al., 2019, Heiss et al.,
2022).

The amphiphilic feature of cyclopropenone bearing a reactive
n-system supports numerous reactions with both electrophilic and
nucleophilic reagents (Breslow et al., 1965, Werz et al., 2001, Schuster-
Haberhauer et al., 2008, Werz and Diifert, 2008). Due to their high
strain, cyclopropenones easily participate in cycloaddition, ring-
opening, and ring-enlargement reactions (Hollis et al., 2006, Kondo,
2016, Prasad Raiguru et al., 2020, Wang et al., 2021). Among the ver-
satile chemical activities in which the cyclopropenone unit could
participate, cycloaddition is one of the most practical and powerful re-
actions. In general, cycloaddition modes of cyclopropenones can be
divided into three types: [2 + n] annulation with C = C double bond, [2
+ n] annulation with carbonyl groups, and [3 + n] annulation with
broken C-C bond. Typically, this variant of cycloaddition is the most
widely used method for the synthesis of heterocyclic compounds. In the
past few decades, the cyclopropenone framework has gradually devel-
oped into a privileged reaction partner in the regio- and stereoselective
cycloadditions, aiming to the construction of highly functionalized
heterocycles (Nakamura et al., 2003, Li et al., 2023, Zhou et al., 2024).
In light of recent achievements in the synthetic method of heterocyclic
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compounds, this context mainly concentrated on the diversified annu-
lation reactions of cyclopropenones, which were treated as the inte-
grated platform, and particular concerns on the proposed mechanisms
were also depicted. In the presence of metal- and organo-catalytic sys-
tems, cyclopropenones could rearrange to the intermediates with C-C
bond cleavage and further transform to the corresponding heterocycles.
Due to a lack of comprehensive review regarding the cycloaddition
chemistry of cyclopropenones, we intended to critically describe the
achievements made over the past decade. For a clear and orderly dis-
cussion, reactions were classified based on catalytic systems, including
metal-free and metal-catalyzed reactions.

2. Transition-metal-free C-C bond activation

Transition-metal-free catalysis has proven to be the most practical
and economical strategy to activate the C-C bond of cyclopropenones. A
variety of reagents, such as Lewis bases, could be employed as organo-
catalysts, and cyclopropenones could be transformed into Lewis base-
bound intermediates. Coordination of the intermediates and other re-
action partners makes delivering a wide range of new heterocyclic
compounds possible under certain conditions.

Werz reported the first formal cycloaddition between cyclo-
propenones 1 with two aryne units 2 in the presence of cesium fluoride
and polar solvent acetonitrile (Wallbaum et al., 2015). The strategy
served as a convenient approach to synthesize spirocyclic xanthene-
cyclopropene frameworks 3 (Schemes 3). It was assumed that the car-
bon-oxygen double bond cleavage, simultaneous nucleophilic attack of
cyclopropenones, and coupling with various arynes delivered the
desired products. In addition, the procedure utilized a wide range of
cyclopropenone substrates bearing both electron-rich and electron-
deficient residues on the aryl moieties to afford the spirocyclic com-
pounds in satisfactory yields. However, when the asymmetric electron-
rich arynes were employed as precursors, it would lead to regioiso-
meric mixtures with decreased yields. This practical protocol demanded
only slightly higher temperature to promote the cycloaddition reactions,
therefore being convenient and providing simple operation conditions.

The first strategy for cycloaddition between cyclopropenones 1 and
isatins 4 catalyzed by organocatalysts was reported by Shi, Tang, and co-
workers (Zhao et al., 2014). The method presented a feasible and effi-
cient way to synthesize multisubstituted 2H-pyran-2-ones 5 (Schemes
4a). In the light of systematic screening on the base catalysts and sol-
vents, 1,4-diazabicyclo[2.2.2]octane (DABCO) as a catalyst in acetoni-
trile at room temperature were regarded as the optimum reaction
conditions. Substituent effects on the aromatic rings did not significantly
affect the outcomes, furnishing the desired products in good yields. In
addition, a plausible mechanism was proposed to clarify the high reac-
tivity of 1 catalyzed by amine.

Lu, Du, and co-workers, in 2017, explored the cyclopropenones 1 as
synthons for the enantioselective Lewis base-catalyzed [3 + 2] cycliza-
tion with isatins 6, and a wide range of spirooxindole furan-one de-
rivatives 7 were generated with generally high reaction efficiency
(Schemes 4b) (Xu et al., 2017). Among diverse organocatalysts, the 4-
(dimethylamino) pyridine (DMAP) catalyst exhibited the optimal cata-
lytic effects with toluene as solvent under air, providing products 7a in
good yields with high regioselectivity. Meanwhile, the protocol cata-
lyzed by 3,4-dihydro-2H-pyrimido[2,1-b] benzothiazole (DHPB) offered
the desired products 7b regioselectively in acceptable yields.

Penitricin (A) Decalin derivative (B)
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Concerning the substrate generality of the method, N-protecting isatins
bearing electron-donating substituents exhibited better performance
than the electron-withdrawing ones in this reaction. As depicted in
Scheme 4c, a plausible mechanism of the regioselective reaction was
suggested, which underwent three steps, including 1,4-addition, ring-
opening process, and lactonization. Notably, this was the first organo-
catalytic C-C bond activation strategy that applied cyclopropenones as
potential 3C synthons in a ring-opening formal cycloaddition.

1,2-Dichalcogen heterocycles represent an essential class due to their
significant pharmacological activities (Kensler et al., 1993). Traditional
synthetic strategies using elemental sulfur commonly suffered the lim-
itations of harsh reaction conditions, poor yields and selectivity, and low
atom economy. In 2020, a selective [3 + 2] annulation reaction of
cyclopropenones 1 and elemental chalcogens 8 was explored by the
Zhou and Liu group (Scheme 5a) (Wu et al., 2020). Without the help of
transition metals, a large number of 1,2-dithiole-3-one heterocycles 9a
could be generated in the presence of sulfur powder 8a and potassium
fluoride in DMF at room temperature. Furthermore, treating 9a with m-
CPBA in acetone for 5 h would provide the oxidized product simulta-
neously. In addition, elemental selenium 8b also worked well in this
protocol and afforded 1,2-diselenol-3-one derivatives 9b in good yields.
A proposed mechanism was described in Scheme 5b, including the ring-
opening and intramolecular cyclization cascade.

In 2018, Xu and co-workers utilized cyclopropenones 1 and o-hy-
droxy aromatic aldimines 10 for the synthesis of enantiopure hetero-
cyclic products 11a through a catalyst-substrates intermediate (Cao
et al., 2018). In the presence of bifunctional squaramide IV, the cascade
reactions proceeded well in mesitylene at ambient temperature. The
investigation on substrate scope indicated that both aromatic aldimines
and cyclopropenones bearing various electronic properties of sub-
stituents were appropriated to the protocol (Scheme 6a). In addition,
due to the multiple electrophilic sites of key intermediate, cascade re-
actions between methylphenylcyclopropenone 1b and 10 would offer
the different cyclization products 11b. Diverse substituents on the aryl
group of 10 were generally well tolerated, delivering the target com-
pounds in excellent yields with satisfactory ee and dr values (Scheme
6b). Very recently, Ravikumar and co-workers reported a divergent
synthesis of azetidinones and benzoxazepines via N-Heterocyclic
carbene-catalyzed formal [3 + 1] or [3 + 4] cyclization of diphenylcy-
clopropenones and ortho-aminophenols (Scheme 6¢) (Nanda et al.,
2023). The selectivity was based on the N-substituted groups of ami-
nophenol substrates. The formation of [3 + 1] addition products
involved the generation of carbenes from NHC salts, coordination with
cyclopropenones, 1,4-nucleophilic addition, NHC regeneration, nucle-
ophilic attack of the amino groups, and proton transfer. By comparison,
the formation of [3 + 4] addition products involved nucleophilic attack
of the hydroxy groups. This strategy provided a facile access to the
structural diversification of biologically active azetidinones and
benzoxazepines.

To further investigate the reactivity of cyclopropenone, Alya and co-
workers utilized diphenylcyclopropenones as electrophiles for the [3 +
3] cycloaddition with amidrazones 12. (Scheme 7a) (Aly et al., 2016).
With the triethylamine as a catalyst, various substituents bearing
electron-donating or withdrawing groups on the aryl groups of ami-
drazone substrates 12 were compatible, serving a wide variety of desired
pyrimidine-4-ones 13 in moderate to good yields (67-87 % yields). The
rational mechanism, involving hydrazine addition, ring-opening

. @

Decalin derivative (C)

Decalin derivative (D)

Scheme 1. Cyclopropenone derivatives originated from natural sources.
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reaction, intramolecular nucleophilic addition, and ammonia elimina-
tion, was also illustrated in Scheme 7b.

1,3-Thiazine rings have attracted tremendous attention owing to
their powerful antifungal, antibacterial, anti-inflammatory, and anti-
tubercular biological activities (Koketsu et al., 2002, Nagaraj and San-
jeeva Reddy, 2008). In 2017, El-Sheref disclosed a transition-metal free
catalyzed [3 + 3] cycloaddition reaction between 2,3-diphenyl cyclo-
propenone 1 and pyrazolylthioureas 14 to generate thiazinan-4-ones
15a in absolute ethanol (Scheme 8a) (El-Sheref, 2017). In addition,
the author improved reaction conditions for the sake of a complete
conversion of 15a, and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) which served as an effective hydrogen acceptor was added to
achieve further dehydrogenation. As a result, a series of 1,3-thiazin-4
(3H)-ones 15b could be furnished efficiently. Notably, there were four
potential reactive sites (thione of thioamide motif, pyrazol-NH thiourea-
Nl, and thiourea-N°) of substrate 14, and the isolated product demon-
strated that the reaction was more likely to occur via the nucleophilic
attack of thione on C2-site of cyclopropenone.

In addition, Hassan and co-workers described a similar transition-
metal-free catalytic system (Hassan et al., 2019). In this study, a high-
ly efficient method for the synthesis of 1,3-thiazinan-4-one scaffold 17a
through a [3 + 3] annulation reaction starting from 2,3-diphenyl
cyclopropenone 1 and carbothioamides 16 in refluxing ethanol
(Scheme 8b). With high atom economy, various functional substituent
groups on the carbothioamide substrates were generally well tolerated,
generating the target compounds 17a as the major products in good
yields (79 %-83 % yields). Moreover, under the established condition,
acrylohydrazides 17b were also isolated as minor products presenting
the (E)-configuration which had been confirmed by X-ray analysis.

Multi-substituted oxazinones have long been employed as an
important building block in medicinal and agrochemical materials (Li
et al., 2018). In 2018, Shi and co-workers reported a base-promoted [3
+ 3] cycloaddition of cyclopropenones 1 and benzamides 18, which
afforded a convenient access to 1,3-oxazin-6-ones 19 (Scheme 9a) (Niu
et al., 2018). Under the established reaction conditions (CsOAc as base,
DCE as solvent at ambient temperature in the air), the target compounds
were delivered in good to excellent yields. Additionally, the benzamides
bearing electron-donating groups provided lower yields than those
bearing electron-withdrawing groups. In this reaction, the use of
cyclopropenones with other substituents such as two different aryl
groups would provide the cycloadduct mixtures. The plausible mecha-
nism for the base-induced cyclization reaction was outlined in Scheme
9b, which involved a series of isomerization, ring-opening, intra-
molecular nucleophilic attack reaction, and Newman-Kwart rearrange-
ment to generate the desired products 19.

In the same year, Matsuda and co-workers further extended the
application of amides, and they employed N-(pivaloyloxy)amides 20 as
N,O-dipoles to react with cyclopropenones 1 (Matsuda et al., 2018). The
six-membered azalactone scaffolds 21 could be obtained via a [3 + 3]-
type cycloaddition reaction catalyzed by KyCOs in THF (Scheme 9c).
Notably, when the catalytic dosage of KoCO3 was decreased from 0.5
equiv to 0.1 equiv under the established condition, similar outcomes
were obtained. Furthermore, the products would be barely isolated by
reducing the amounts of base continuously. In this transformation, a
wide range of aryl substituted benzamides and cyclopropenones with
functional groups regardless of steric or electronic effects were well
tolerated and furnished the desired products 21 in excellent yields. A
proposed mechanism for the reaction comprised three steps: conjugate
addition, ring opening, and electrocyclization (Scheme 9d). In 2021,
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Scheme 3. Organocatalytic cycloaddition reactions between cyclopropenones
and arynes.

Wang, Xu, and co-workers reported a highly effective synthetic method
for the synthesis of 6H-1,3-Oxazin-6-one framework 23 through a
triethyl amine-induced [3 + 3] annulation reaction originating from
cyclopropenones 1 and hydroxamates 22 (Scheme 9e) (Sizhan Liu,
2021). Under the metal-free and ambient conditions, the reactions
exhibited good functional group tolerance and broad substrate scope,
providing the title compounds 23 in good to excellent yields. In addi-
tion, the strategy could be successfully scaled up to the gram level.

In 2022, Nechaev and colleagues reported a simple synthetic pro-
cedure to access indolizin-1-ol derivatives 25 starting from cyclo-
propenones 1 and pyridines 24 bearing electron acceptors at the
y-positions (Scheme 10a) (Nechaev and Cherkaev, 2022). This imme-
diate transformation permitted MeOH as the solvent under an inert at-
mosphere. Brightly colored products were afforded and almost no
byproducts were monitored. In addition, investigations on the stability
showed that indolizin-1-ols were stable in the solid state but exhibited a
short lifetime in solution. The treatment of compound 25a with air as an
oxidant at 100 °C could provide a dimeric indolizin-dione 26 in a
moderate yield (Scheme 10b). Compared with the previously reported
similar reactions, the introduction of pyridinium salts improved the
reaction efficiency with no chromatographic purification required.
Similar to pyridines, isoquinolines are also prevalent and readily avail-
able. In this regard, Cao and co-workers developed a dearomative [3 +
2] cyclization of cyclopropenones with isoquinolines or pyridines to
provide fused indolizinones (Scheme 10¢) (Liu et al., 2023). Notably,
DFT calculations indicated that the substituents at the 2-position of
pyridine substrates played an important role in the dearomatization
process. This synthetic protocol was attractive because of simple con-
ditions and excellent reaction regioselectivity.

In 2020, Wu and co-workers established a base-catalyzed cycload-
dition reaction of cyclopropenones 1 and sulfoxonium ylides 27 to
furnish 2-pyrone derivatives 28 (Scheme 11a) (He et al., 2020). After
investigating the reaction conditions, the employment of NaOAc in DCE
at 95 °C for 24 h afforded cyclic products through [3 + 3] annulation.
Sulfoxonium ylides 27 with electron-donating and electron-withdraw
groups on aromatic rings, as well as alkyl substituted ylides were well
tolerated in this synthetic approach, and a wide range of 2-pyrones 28
were synthesized in moderate to good yields. A proposed mechanism

0 0© 0% 0% 0%
A — Rk — A — A — A
R R R R' R® ~R R™ ©R R R’

Scheme 2. Structural formulas of cyclopropenone and its resonances.
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a) DABCO-catalyzed synthesis of multisubstituted 2H-pyran-2-ones
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Scheme 4. Organocatalytic cycloaddition reactions between cyclopropenones and isatins.

a) Transition-metal-free synthesis of 1,2-dichalcogen heterocycles

6] 0 (0]
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9a 1 9b
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R= C6H5, 4-F-CGH4, 4-C|-CGH4, 4-Br-CGH4, 4-tBU-CeH4, 3-C|-CGH4, Et, nBU, 3-Me-C4H28

b) Proposed mechanism
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Scheme 5. Transition-metal-free cycloaddition reactions between cyclopropenones and elemental chalcogens.

was outlined in Scheme 11b, which involved a cascade process of cyclopropenones 1 and sulfur ylides 29 (Scheme 11¢) (Yuan et al.,
nucleophilic addition, ring-opening process, and 6-exo-trig cyclization. 2023). The 2H-pyran-2-ones 30 were generated smoothly under the
Wang and co-workers further extended the Lewis-base catalyst system catalysis of triethylamine (TEA) in 1,2-dichloroethane (DCE) at 60 °C.
by developing a mild [3 + 3] annulation reaction between The investigation on substrate scope indicated that the aromatic groups
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a) Synthesis of tetrahydrochromeno[4,3-b]pyrrol-4(1H)-ones
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b) Synthesis of tetrahydrobenzofuro[3,2-b]pyridin-4(1H)-ones
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Scheme 6. Organocatalytic cascade reactions between cyclopropenones and o-substituted phenols.

a) Synthesis of pyrimidine-4-ones
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Scheme 7. Triethylamine-catalyzed cycloaddition reactions between cyclopropenone and amidrazones.

on both cyclopropenones and sulfur ylides containing various electron-
donating or electron-withdrawing substituents showed good compati-
bility for the synthetic protocol. Of note, alkyl groups attached to the
sulfur ylides 29 could also give corresponding products in excellent
yields. However, cyclopropenones bearing alkyl groups were not
investigated using this method.

A similar achievement for the construction of CFyR-containing pyr-
idones 32 through stepwise [3 + 3] cycloaddition of cyclopropenones 1
and imidoyl sulfoxonium ylides 31 was developed by the Cheng group
(Scheme 11d) (Wen et al., 2022). In terms of substrate scope, N-arenes
bearing electron-rich or electron-deficient species at ortho-, meta-, and
para-positions could be well tolerated in this protocol. It was worth
noting that the eco-friendly transformation proceeded efficiently in the
absence of transition-metal, additive and solvent, affording a series of
the target products 32 with good yields (up to 96 % yield). The possible
mechanism, involving nucleophilic addition, ring-opening process, and
intramolecular nucleophilic annulation, was depicted in Scheme 11e.

The synthetic method of 2-pyrones has been further advanced in
various ring-opening/cyclization tandem processes by applying
different nucleophiles. Among diverse strategies transforming

B-ketosulfoxonium ylides to 2-pyrones, the use of more readily available
a-bromoketones or p-ketoethers significantly upgraded the synthetic
method. In 2022, Xu and colleagues employed bromoketones 33 to react
with cyclopropenones 1 and furnished substituted 2-pyrones 34 in high
efficiency (Scheme 12a) (Qiao et al., 2022). Under the DMAP-catalyzed
conditions, the reaction could proceed well and finish within 12 h, using
potassium hydroxide as a base, 1,4-dioxane as a solvent in nitrogen at-
mosphere. Substrates including cyclopropenones and bromoketones
bearing various alkyl and aryl groups could be conveniently transformed
to the target products 34 in good yields with notable regioselectivity. A
mechanism was proposed encompassing sequentially ring cleavage of 1,
elimination of DMAP and intramolecular electrocyclization which was
further clarified by DFT calculations. Bai et al. also discovered that 2-
pyrones 36 could be easily afforded by the [3 + 3] annulation reac-
tion of cyclopropenones 1 and p-ketoethers 35 (Scheme 12b) (Bai et al.,
2021). By using t-BuOK as a catalytic base and 1,2-dimethoxyethane
(DME) as solvent under argon, a straightforward method was pro-
posed to construct 2-pyrone frameworks via the cleavage process of C-O
bond of keto alkyl ethers and C-C bond of cyclopropenones. In this
approach, the annulation reaction exhibited good functional group



S. Lin et al.

a) El-Sheref's work
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Scheme 8. Organocatalytic cycloaddition reactions between cyclopropenones
and thioureas.

a) Shi's work

Arabian Journal of Chemistry 17 (2024) 105845

tolerance and excellent chemoselectivity, delivering a series of desired
cyclization products 36 with satisfactory yields and simple operation.

In 2016, Lin and co-workers provided an unprecedented one-pot [3
+ 2] cyclization reaction between cyclopropenones 1 and p-ketoesters
37 to construct a butenolide scaffold (Scheme 13a) (Li et al., 2017). The
protocol eliminated the demand for transition metal catalysts and pro-
vided a straightforward method to a series of substituted butenolides 38
bearing a quaternary center under mild conditions. Under the catalysis
of DBU, the reaction tolerated various functional substituents at
different positions of the substrates including diverse aromatic disub-
stituted cyclopropenones or ketoesters. As a result, the corresponding
substituted butenolides 38 were generated in moderate to good yields
and excellent chemoselectivity. Furthermore, reaction mechanism
exploration validated the formation of an enol intermediate exerted a
great impact on the reaction results. Subsequently, Kanger’s group
developed a similar approach for the synthesis of butenolide 39 via
asymmetric catalyzed [3 + 2] cyclization of cyclopropenone 1 with p-
keto ester 37a (Scheme 13b) (Reitel et al., 2018). In the presence of
chiral catalyst VIIId, the transformation proceeded smoothly in a
biphasic system of DCM/aq KOH by merging a ring-opening process
with a classic intramolecular annulation pattern in a cascade reaction,
affording the product 39 in a moderate yield with low enantiose-
lectivity. Disappointingly, the substrate scope was proved only by one
example.

In 2019, Prescher and co-workers developed a general methodology
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Scheme 9. Base-promoted cycloaddition reactions between cyclopropenones and amides.
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Scheme 10. Transition-metal-free catalytic reactions to construct indolizinones.

to construct butenolide derivatives 40 from cyclopropenones 1 (Scheme
13¢) (Nguyen et al., 2019). This reaction could be finished in a short
time under the catalysis of triphenyl phosphine in methanol, and it
would provide substituted butenolides 40 in good yields. The cyclization
protocol exhibited excellent functional group tolerance, and various
substrates bearing electron-donating or electron-withdrawing sub-
stituents on the aromatic ring could be efficiently converted. In addition,
the authors proposed a plausible mechanism involving a cascade process
that underwent ring-opening reaction and phosphine cycloaddition
successively. It was worth noting that the protocol featuring good gen-
erality and practicability provided a complementary access to
butenolides.

In addition to B-ketoesters, bromomethyl carbonyl compounds were
also found to be viable substrates to react with cyclopropenones to
afford functionally useful furan-2(5H)-ones (Scheme 13d) (Liang et al.,
2024). Notably, Cs2COg3 serving as the base as well as the oxygen source,
played an important role in promoting this [3 + 2] annulative reaction.
The formation of products involved C-H activation of methyl bromoa-
cetate to afford methoxycarbonylmethylpyridinium followed by the
intermolecular Michael addition with cyclopropenone, ring-opening,
carboxylation, decarboxylation, intramolecular Sy2 reaction, and
oxidation process. This protocol provided a facile access to valuable
furan-2(5H)-one frameworks.

In 2017, Czarnocki and co-workers successfully developed a cascade
reaction between cyclopropenones 1 and guanidine 41 (Scheme 14a)
(Ahmad et al., 2017). This practical reaction proceeded under mild
conditions in a mixed solvent system of benzene and ethanol. 1H-py-
rimidine-4-one 42 was afforded as a single diastereomer and the struc-
ture was further confirmed by X-ray analysis. In addition to the
guanidine group, the thiourea group in thiosemicarbazones could also
serve as an effective synthon. Very recently, Aly and co-workers dis-
closed a formal [3 + 3] annulation of hydrazinecarbothioamides with
diphenylcyclopropenone by using another convenient method (Scheme

14b) (Aly et al., 2024). This reaction was performed in refluxing ethanol
in the presence of triethylamine to give the substituted thiazinanone
derivatives in good yields. The suggested mechanism was illustrated as
follows: the conjugate double bond of diphenylcyclopropenone was
attacked by the sulfur atom to generate Zwitter salt, which subsequently
underwent 1,3-H shift, rearrangement, ring opening, annulation, and
another 1,3-H shift, resulting in the formation of the final product.

In 2020, Cui et al. reported a convenient synthesis of indolizi-
noindoles 44 from cyclopropenones 1 and unactivated dihydro-p-car-
bolines 43 through catalyst-free [3 + 2] annulation (Scheme 15a) (Liu
et al., 2020). The initial reaction occurred in DCM for 17 h at room
temperature, and the product was generated in low yield. Subsequently,
the reaction efficiency was improved significantly by changing the sol-
vent to ethanol and increasing the temperature to 50 °C, giving rise to a
higher yield of 43 in a short time. Moreover, the established strategy
could be further applied to furnish dihydro-pyrrolo-1(5H)-ones 46 and
dihydro-benzo-pyrrolo-1(5H)-ones 48 by using dihydroisoquinolines 45
and 3,4-dihydrobenzo[b][1,7]naphthyridine 47 to react with cyclo-
propenones 1, respectively. This work enabled the preparation of more
structurally diverse indolizinoindole derivatives for potential biomed-
ical research.

In the same year, the Hemming group reported a similar annulation
strategy with the attempt to construct a castanospermine framework by
using cyclopropenones and cyclic imines (Scheme 15b) (Jamshaid et al.,
2020). Initially, piperideine 49 was employed in the reaction with
cyclopropenone 1 to give the desired indolizidine 50 smoothly under
aerial oxidation in moderate yield. However, the corresponding non-
oxidized compound failed to form even in the absence of oxygen.
Moreover, a series of novel pyrroloisoquinoline derivatives 52 were
formed via a [3 4 2] annulation reaction of dihydroisoquinolines 51 and
cyclopropenones 1. In addition, further exploration on generality of the
method was conducted by using indolizino[8,7-b]indole alkaloids 53
and cyclopropenones 1 as reaction partners, affording the expected
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Scheme 12. Synthesis of 2-pyrone derivatives through annulation reaction.

indolizinoindoles 54 in good yields.

In 2022, Patureau and co-workers developed a phosphine-catalyzed
[3 + 2] annulation of cyclopropenones 1 and benzoxazoles 55 (Scheme
15¢) (Wang et al., 2022). The optimal reaction condition was confirmed
by the screening of catalysts, solvents and substrates ratios, and

triphenylphosphine utilized as the organocatalyst with an excess of 55
(1/55 M ratio = 1/3) in chloroform was proved to be the best. A wide
range of cyclopropenones 1 and benzoxazoles 55 were well compatible
with this protocol, offering the corresponding benzopyrrolo-oxazolone
derivatives 56 in acceptable to good yields. The plausible mechanism
proposed to undergo three crucial steps including ring-opening reaction,
nucleophilic attack and intramolecular cycloaddition (Scheme 15d).
Another organocatalyzed cycloaddition reaction between cyclo-
propenones and imines was achieved by You and co-workers. (Zhang
et al., 2024) As the chiral cat. III was used as a catalyst in the reaction
between cyclopropenones and benzimidazoles, a series of dearomatized
heterocycles were furnished in excellent yields and enantioselectivity
(Scheme 15e). Mechanistically, the formation of product involved C-C
bond cleavage of cyclopropenone to form a ketene ylide intermediate,
coordination with benzimidazole followed by intramolecular nucleo-
philic addition and reductive elimination.

Regarding the N2-substituted bis(1,2,3-triazolyl) compounds syn-
thesis, strategies involving radical coupling reactions, transition-metal
catalyzed cross coupling reactions, and direct nucleophilic sub-
stitutions were classical synthetic methods (Katritzky et al., 1995, Chen
et al., 2008, Liu et al., 2008). Since it was proposed, some variations on
the reaction conditions have been developed. In 2017, Li et al. reported a
one-pot ditriazolylation reaction of cyclopropenones 1 and triazoles 57
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in reflux 1,2-dichloroethane (DCE), yielding the desired bis(1,2,3-
triazolyl) compounds 58 in moderate to excellent yields (Scheme 16a)
(Li et al., 2017). Notably, trace amounts of water were proved to be
critical for the protocol. The reaction began with the hydration of tri-
azole in the presence of residual water to generate the corresponding
intermediate, which would further react with two molecules of cyclo-
propenone in sequence to yield the target 1,1-ditriazolylation product
and Ts,0 as the only byproduct. In contrast to previous synthetic stra-
tegies, this work provided a N%-selective autocatalytic chemical re-
actions with more economical and user-friendly conditions.

In 2019, Xuan and co-workers reported a base-induced one-pot
construction of spirocyclic oxazoles 60 via a convenient [3 + 2] cyclo-
addition reaction between cyclopropenones 1 and halohydroxamate
analogues 59 in a polar medium (Scheme 16b) (Zhou et al., 2019). After
evaluating the efficiency of various bases and solvents, the use of po-
tassium carbonate as a base and hexafluoroisopropanol (HFIP) exhibited
the best results. Under the optimal condition, attentions were turned to
exploring the scope and limitations. A wide variety of cyclopropenones
and halohydroxamate analogues were well tolerated, and the target
oxazoles could be generated in moderate to high yields. However, hal-
ohydroxamate 59 with N-benzyl protecting group could not take part in
this reaction. In addition, oxazoles 60 were separately treated with
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samarium(II) iodide and potassium permanganate, resulting in unpro-
tected oxazole compounds 61a and and diketone scaffold 61b, respec-
tively (Scheme 16¢).

N,O-Bidentate ligands are significant organic compounds due to their
good catalytic activity and chemoselectivity (Clevenger et al., 2020, Rej
et al., 2020). In 2021, Liu, Cao and co-workers reported an efficient
deconstructive cycloaromatization reaction between cyclopropenones 1
and indolizines 62 to construct novel N,O-bidentate derivatives 63
(Scheme 17a) (Zhou et al., 2022). The protocol proceeded effectively in
dichloromethane at 120 °C in the absence of any catalysts, offering a
series of polyaryl N,O-bidentates that contain diverse substituents in
moderate to high yields. In addition, the one-pot reaction also proceeded
smoothly with the addition of BF3-OEt; and triethylamine, and the
target N,O-bidentate-BFy complexes 64 were produced in moderate
yields (Scheme 17b). Furthermore, the authors successfully assembled
various polyaryl phenolic esters 65 by using acetic acid as an additive
(Scheme 17¢). This work provided new perspectives to assemble poly-
aryl N,O-bidentate ligands and accelerate the pace of N,O-bidentate
complexes discovery.

Hu and co-workers discovered a novel cyclization reaction for the
synthesis of conjugate benzofurans 67 through multiyne tandem
coupling between cyclopropenones 1 and N-tetrayne substrates 66 in
reflux acetonitrile under an oxygen atmosphere (Scheme 18) (Yao et al.,
2021). Substrate scope investigation showed that tetraynes 66 bearing
electron-deficient groups on the aryl rings generally exhibited better
reactivity than the electron-donating groups, the functionalized benzo-
furan derivatives 67 were obtained in good yields with excellent
regioselectivity. In addition, DFT calculations revealed the unprece-
dented homolytic cleavage of C = C double bond and the significant role
of molecular oxygen in promoting the protocol. Being different from
general strategies which featured harsh reaction conditions and expen-
sive catalyst systems, this protocol provided a mild and metal-free
strategy toward benzofurans by employing oxygen as the green and
economical oxidant.

3. Rhodium-catalyzed C-C bond activation

Rhodium-catalyzed C-C bond activation reactions have developed
rapidly in the past decades, and become a powerful tool to solve
considerable problems especially in the field of modern organic syn-
thesis (Li et al., 2016). Wender et al. reported the first approach to
cyclopentadienones 69 through the rhodium-catalyzed C — C bond
activation strategy in 2006 (Scheme 19a) (Wender et al., 2006). In this
seminal study, the construction of cyclopentadienone framework could
be accomplished by a [3 + 2] annulation reaction between cyclo-
propenones 1 and alkynes 68 in the presence of [RhCI(CO);]5 in toluene.
Moreover, substitutions of cyclopropenones or alkynes generally exerted
little influence on the reaction results.

Quite recently, Sun and co-workers reported the utilization of indoles
69 instead of alkynes as the reaction partners for assembling cyclo-
pentadienone frameworks (Scheme 19b) (Zhang et al., 2023). A versa-
tile Rh-catalyzed [3 + 2] C-H functionalization of 69 with
cyclopropenones 1 was established. In the presence of AgOTf as an ad-
ditive and K3S20s as the oxidant, [Cp*RhCl,]2 was proved to be the most
effective catalyst for the transformation and afforded the desired
cyclopenta[b]indole products 70 in good yields with excellent regiose-
lectivity. Both cyclopropenones 1 and indoles 69 bearing electron-rich
or electron-deficient groups were compatible with the reaction system.
This strategy provided an efficient tool for accessing biologically and
pharmaceutically indole-fused molecules.

In 2019, the group of Chen reported a convenient approach for Rh-
catalyzed coupling annulation of cyclopropenones 1 and N-nitrosoani-
lines 71 (Scheme 20a) (Liu et al., 2019). With N-nitroso as the directing
group, 4-quinolones 72 were delivered with good regioselectivity
through intermolecular [3 + 3] cycloaddition. Various reaction condi-
tions were also evaluated, indicating that the use of [Cp*RhCl;],,
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Ag»SO4 and NaF in 2,2,2-trifluoroethanol (TFE) was proved to be the
optimal manner. With this protocol, a range of substitutions were
tolerated and the desired products 72 were obtained in good yields. In
addition, the authors proposed that the rate-limiting step was the
reversible C-H activation which was induced by a concerted
metallation-deprotonation mechanism.

With a similar redox-neutral strategy, Liu and colleagues achieved an
Rh-catalyzed [3 + 3] cyclization between cyclopropenones 1 and N-
nitrosoanilines 71 to afford quinolin-4(1H)-one scaffolds 73 in moderate
to good yields (Scheme 20b) (Liu et al., 2020). Compared with the
previous reports, this transformation proceeded smoothly under the
[Cp*RhCly]2/AgBF, catalytic system without the extra additives.
Furthermore, the method was characterized with short reaction time
and high atom economy offering a promising route for the synthesis of
bioactive heterocyclic compounds. However, only aryl substituted
cyclopropenones were studied, which limited their application in syn-
thesizing functionalized quinolones.

A series of C-H activation reactions catalyzed by rhodium were

10

reported by the group of Wu (Shi et al., 2020). The authors utilized
cyclopropenones 1 and N-nitrosoanilines 71 as substrates to furnish
divergent cyclization products including quinolone 74 and indole 75
scaffolds, respectively (Scheme 20c¢). By simply switching the catalysts,
regiodivergent C-H activations were realized to enable [3 + 3] and [3 +
2] cycloadditions. To be specific, [RhCp*(OAc);]2 promoted the for-
mation of quinolones 74 while [Rh(COD)Cl], rendered the indole
products 75. The protocols showed excellent functional group compat-
ibility and amenability to scale-up synthesis. These discoveries shed
light on the development of new catalytic domino reactions for chal-
lenging C-H activation regiodivergent and regioselectivity via catalyst-
controlled methodologies.

As the cyclopropenone substrates were highly vulnerable to occur-
ring ring-opening reactions under the catalysis of transition metals, Wu
and co-workers employed N-arylamidines 76 to participate in Rh-
catalyzed [5 + 1] cycloaddition reactions with cyclopropenones 1 in
2020 (Scheme 21a) (Xing et al., 2020). The resulting 4-ethenyl quina-
zolines 77 bearing diverse aryl, alkyl and various other functional
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o] ——=—-R Oxygen Z
+ X Ar 4
= = MeCN, reflux
Ar Ar = — R ’ 0
X
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X = C(COzMe),, C(COER);, C(CO,iPr)z, NTs up to 85% yield

Ar = 4-Me-CgHg, 4-F-CgHj, 4-Cl-CgHy, Ph
R = 4-Me-CgHj, 3-Me-CgHj, 4-Et-CgHg, 4-nPr-CgHg, 4-F-CgHy, 4-Cl-CgHy, Ph, n-amy

Scheme 18. Cycloaddition reactions between cyclopropenones and tetraynes.

a) Wender's work

0 [RhC|(CO)2]2
W
T I )
I oluene
Ph PH R'
1 69
R = H, 2-F, 2-Me, 4-OMe, 4-CF3, 4-COMe up to 97% yield
R' = Me, CH,OMe, COMe, Cl, CONH,, CH(OH)Me, CN, CHO, Ph

b) Sun's work

® [Cp RhClyl R?
A D
AgOTf K»S,08 ‘// N o
THF, 80°C R by
1 70 7

R = H, Me, OMe, OBn, F, Cl, Br, NO,, CO,Me 70-92% yields
R', R? = Ph, 3-Me-CgHy, 4-Me-CgHy, 5-Me-CgH,, 4-OMe-CgHy, 3-F-CgHy, 2-F-CgHa,
3-F-CgHy, 4-F-CgHy, 3-Cl-CgHy, 4-CI-CgHj, 4-Br-CgHy, 4-tBu-CgHg,

5-Me-thienyl, H, Me, Et, CH,OAc

Scheme 19. Rh-catalyzed synthesis of cyclopentadienone frameworks.
groups were generated in good yields. It was noteworthy that the ary-

lamidine substrates 76 with substituted benzyl moiety underwent
further oxidation under the established protocol to afford 2-benzoyl
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a) Chen's work

R
U U
Q E o [Cp*RhCly),, Ag,S0, N A
A TR N —— Ry _ |
Ar Ar N NaF, TFE, 100°C Ar
0
1 7 72

Ar = 3-Me-CqHy, 4-Me-CgHa, 4-F-CoHy, 4-CI-CgHa, Ph up to 92% yield

R H, 3-Me, 4-Me, 4-Et, 4-tBu, 3,4-di-Me, 3-OMe, 4-OMe, 4-F, 5-F, 3-Cl, 4-Cl, 3-CN, 4-CF3, 4-CO,Me

9 4o [CP*RNCl,],, AgBF,4 N A
/A * R D N Ri} = ‘
Ar Ar - DCE, 100°C, 2 h Ar
o]
1 7 73

Ar = 4-Me-CgHy, 4-OMe-CqHy, 4-tBu-CgHg, 4-F-CgHy, 4-Cl-CoHg, Ph 28-74% yields
R = H, 3-Me, 4-Me, 4-OMe, 4-CO,Me, 3-CF3, 4-CF3, 4-F, 4-Cl, 4-Br; R’ = Me, Et, nBu, Bn

R1
1 U
o R o IRNCP'(OACYL N R
% + e N r2f |
R3 Ré RE AgNTf,, DCE Z R
o
1 7 74

R' = Me, Et, iPr, nBu, Bn up to 85% yield
R2=H, 2-Me, 3-Me, 4-Me, 2-F, 4-F, 3-Cl, 4-CI, 4-CO,Me

R3, R* = 3-Me-CgHy, 4-Me-CgHy, 2-F-CgHy, 4-F-CgHy, 4-Cl-CgHy, Ph, Me, Et, thienyl

R!
[Rh(coo)cn2 N
% R% )R
AngFs DCE Z
R4

1 75
R'= Me, Et, iPr, nBu up to 87% yield
R? = H, 2-Me, 3-Me, 4-Me, 4-OMe, 2-F, 4-F, 4-CN, 4-CO,Me
R3, R* = 2-Me-CgHg, 3-Me-CgHy, 4-Me-CgHa, 3-Cl-CgHa, 4-Cl-CgHa, Ph, Et

Scheme 20. Rh-catalyzed annulation between cyclopropenones and N-
nitrosoanilines.

quinazoline products 78. This protocol overcome traditional re-
strictions such as the utilization of highly functionalized aniline de-
rivatives or stoichiometric strong oxidants. Shortly afterwards, the same
group discovered a Rh-catalyzed multi-step construction of indenol de-
rivatives 80 via a one-pot tandem reaction of cyclopropenone 1 and N-
hydroxybenzamidines 79 (Scheme 21b) (Wu et al., 2022). In the pres-
ence of [RhCp*(OAc),]5 catalyst, the functionalized indenol products 80
were provided in moderate yields. Moreover, 80 could react with
another molecule of cyclopropenone under base-promoted conditions,
and transform to the corresponding products 81 in acceptable yields.

In 2019, Chatani and colleagues developed a straightforward strat-
egy for the construction of pyrrol-2-ones 83 via Rh-catalyzed [3 + 2]
cycloaddition reactions between cyclopropenones 1 and amides 82
(Scheme 22a) (Haito and Chatani, 2019). After screening various reac-
tion conditions, employing [Rh(OAc)(cod)]; in toluene under carbon
monoxide atmosphere was proved to be the optimal condition to furnish
desired products 83 bearing a wide range of functional groups in good
yields. The authors discovered that the reaction proceeded smoothly in
the presence of sp>-hybridized nitrogen atom attached to the alkyl
substituent of the amide. In addition, 83 would further undergo dehy-
dration to provide the corresponding o,f-unsaturated y-lactam products
84 under acidic conditions (Scheme 22b).

In 2022, Hu et al. developed Ru-catalyzed [3 + 3] cascade annulation
of cyclopropenones 1 and ketimines 85, affording the desired spi-
rodienones 86 via successive C-H/C-C bond activation (Scheme 23a)
(Hu et al., 2022). The catalytic system of [Cp*RhCly]12/AgNTf, exhibited
excellent conversion efficiency, thereby generating the target products
86 in good yields. Additionally, no desired products were observed in
the absence of a catalyst or additive, demonstrating their significance in
this reaction. Moreover, a plausible mechanism involving C-H metal-
ation, migratory insertion, p-carbon elimination, and nucleophilic
addition, was depicted in Scheme 23b. In addition, Zhou et al. utilized
cyclopropenones 1 and ketosulfoxonium ylides 87 as substrates to
furnish a Ru-catalyzed one-pot [3 + 3] annulation for the construction of
highly substituted 2-pyrone derivatives 88 under mild conditions, in



S. Lin et al. Arabian Journal of Chemistry 17 (2024) 105845
a) Synthesis of 4-ethenyl quinazolines

R [CP*RhC|2]2

R3A\ O/ NH AngFe, DCM

3
RSN R
1 77
R' = Me, (CH,),Me, nPr, iBu, Bn up to 85% yield

R2 = H, 2-Me, 3-Me, 4-Me, 4-OMe, 2-Cl, 3-Cl, 4-Cl, 5-Cl, 4-Br, 3-F, 4-F, 4-NO,, 4-CF3, 4-CO,Me
R3 = 2-Me-CgHy, 3-Me-CgHj, 4-Me-CgHj, 3-Cl-CgHy, 4-Cl-CgHy, 4-F-CgHa, Ph, Et, thiophenyl
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b) Synthesis of indenol derivatives
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Ph Ph H TFE, 100°C ~ Ph
R

1 79 80
R = H, 4-Me, 5-Me, 4-OMe, 5-OMe, 6-OMe, 4-tBu, 4-CF3, up to 64% yield
4,5-di-Me, 4-NO,, 4-F, 5-F, 4-Cl, 5-Cl, 6-Cl, 4-Br, 6-Br
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KOAc, TFE, 110°C

1 79

R= H, 4-Me, 4-OMe, 4-tBL|, 4-CF3, 4-N02, 4-Cl up to 52% yleld

Scheme 21. Synthesis of 4-ethenyl quinazolines and indenol derivatives.

a) Synthesis of pyrrol-2-ones

(@]
Q [Rh(OAc)cod)l,  _ HO
+ N |\ R
R/AR ROH G PhMe, CO

83
R = Ph, 4-OMe-CgHy, 4-CI-CgHy, Et 37-77% yields
R'=H, 2-Me, 2-iPr, 4-Me, 4-OMe, 4-NMe,, 4-Cl, 4-Br, 4-CF3, 4-NO,, 4-CN, 4-COMe

b) Synthesis of a,p-unsaturated y-lactams

2-Py
0 o [Rh(OACc)(cod)] r
R'\)k 2 N
/A * N | = R ©
Ph Ph H N/  2PnCeH,cOOH /\Szf
PhMe, CO PW  Ph
1 82 84
R' = H, Me, Et, i-Pr, CH,0OMe, Ph 60-74% yields

Scheme 22. Rh-catalyzed annulation between cyclopropenones and amides.
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a) Hu's work

P

[Cp RhCl,],

RZ

AgNTf2 HFIP

86
up to 97% yield

R2= H, 4-Me, 5-Me, 5-OMe, 5- F, 5-Cl, 5-Br, 5-CF3, 5-CN
R3 = H, 5-OMe, 4-Br, 5-Br, 5-F, 5-Cl
R" = Ph, 4-Me-CgHy, 4-OMe-CgHy, 4-Br-CqHy, 3-Cl-CgHy, 4-Cl-CqHy, 4-F-CgHg, Et, 5-Me-thienyl

c) Zhou's work

o [0}
o o [Cp*RACl,],, NaOAc A
A et g
MeCN, 100°C, A
Ar ar eCN, 100°C, Ar RN
1 87 88

Ar = 4-Me-CgHy, 4-CI-CgHy, Ph; R = alkyl, aryl, alicyclic, heterocyclic ~ 52-97% yields

Scheme 23. Rh-catalyzed synthesis of spiro[4,5]dienones and 2-pyrones.

which sodium acetate was employed as the promoting agent of elimi-
nation (Scheme 23¢) (Zhou et al., 2020).

4. Ruthenium-catalyzed C-C bond activation

Driven by ring-strain release of C-C bond cleavage, the group of
Mitsudo pioneered the ruthenium catalytic system by using cyclo-
propenones 1 to react with alkynes 89. The target pyranopyrandiones
90 were generated with high selectivity via a cascade process of Ru-
catalyzed C-C bond cleavage and triethylamine-induced

a) Synthesis of pyranopyrandiones

Arabian Journal of Chemistry 17 (2024) 105845

intramolecular annulation reaction (Scheme 24a) (Kondo et al., 2002).
However, this method could only be applied in specific examples. In
2020, Wu and co-workers developed a facile strategy for the synthesis of
6-ethenyl phenanthridine derivatives 92 through a cyclization reaction
of cyclopropenones 1 and 2-arylanilines 91 (Scheme 24b) (Chen et al.,
2020). The free-amine substituent of 91 which acted as a directing group
was proved to be extremely critical for the reaction. The 2-arylaniline
substrates bearing both electron-donating and electron-withdrawing
groups on the aromatic group were well tolerated. In addition, cyclo-
propenones with various substituents could participate in the trans-
formation effectively. In general, the protocol proceeded smoothly
regardless of significant steric or electronic influence, and afforded a
variety of 6-ethenyl phenanthridines with high atom-economy.

Subsequently, a similar strategy was further developed for the con-
struction of spiro-fused heterocycles 94 by the same group (Shi et al.,
2021). The authors employed aquinazolinones 93 as the reaction part-
ners in a ruthenium catalyst system for the annulation reaction (Scheme
24c). The 1-adamantane carboxylic acid was screened as the optimal
acid additive to achieve C-H activation cascades under mild conditions.
In addition, the protocol was scalable, proceeded efficiently with good
regioselectivity and functional group tolerance.

5. Silver-catalyzed C-C bond activation

Silver could also promote the cycloaddition of cyclopropenones to
furnish diversely substituted heterocyclic compounds. Matsuda and co-
workers presented a [3 + 2] annulation reaction between cyclo-
propenones 1 and amide derivatives 95 to afford highly substituted 5-
amino-2-furanone products 96, which was promoted by AgOTf
(Scheme 25a) (Matsuda et al., 2018). A wide range of electron-donating
and electron-withdrawing diaryl cyclopropenones were well compatible
with the novel method. Additionally, amides bearing various

. R
o R CO, Ru3(CO)4,, TEA R\ _A_0._0
Ao $
R R B PhMe, 150°C, 20 h o0~ o R
R
1 89 90

R = Et, (CHy)g, nPr; R'=n-CgHq4, Pr, Bu

b) Synthesis of ethenyl phenanthridines

[Ru(p-cymene)Cl,],

A\ + NH;
] T Oy
R! R!

1 91
R' = 4-Me, 3-tBu, 4-CF3, 2-F, 4-F, 4-Br, 4-Cl

Ag,CO3, H3BO3, DCM

42-82% yields

R?, R® = H, 2-Me, 3-Me, 4-Me, 5-Me, 3-OMe, 4,5-di-OMe, 3-tBu, 3-Cl, 5-Cl, 3-Ac, 4-CF3, 3-CO,Me

c) Synthesis of spiro-fused heterocycles

[Ru(p-cymene)Cl,],

R!

o e

1
R' = H, 4-OMe, 4-Cl, 4-Br;

AgDbFg, AdCOOH, DCE

RS =H, 3-Cl, 4-Me, 4-F

up to 90% vyield

R? = H, 4-Me, 4-OMe, 5-OMe, 3,5-di-OMe, 4,5-di-OMe, 4-iPr, 4-tBu, 4-CFj,

5-CF3, 4-NO,, 4-CO,Me, 4-F, 4-Cl, 5-Cl, 4-Br,

Scheme 24. Ru-catalyzed synthesis of pyranopyrandiones, ethenyl phenanthridines and spiro-fused heterocycles.
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a) Matsuda's work

o
) o AgOTf ;
+ L — R
1 2 HTONRR 130°C, 2 h )
R R ' RZ2  NROR?
1 95 96
R!, R%= 4-Me-CgHy, 4-OMe-CgHy, 3-NO,-CgHy, 2-thienyl, Ph up to 98% yield
R3, R* = H, Me, Et, iPr, Ph, Bn
b) Proposed mechanism
g«fo 0
1 _
N N /\i T AN P o
95 H™{ NMe ENMe, \
2 Ph Ph
Ph Ph P NMe,
c) Sun's work
0o
o o AgSbF6 "
A " HANR1R2 0 \ P
R R 80°C, 20 h, Ar K NRIR?
1 97 98

R!, R2 = H, Me, Et, nBu, Ph, Bn up to 97% yield
R = 4-Me-CgHy, 4-F-CgHy, 4-CI-CgHj, 4-Br-CgH,, 2-Me-thienyl, Ph, Me, Et

Scheme 25. Ag-catalyzed synthesis of y-aminobutenolide derivatives.

substituents were also proved to be amenable substrates. The proposed
mechanism was illustrated in Scheme 25b, which underwent a nucleo-
philic attack followed by an annulation reaction to generate desired
compounds and release the Ag catalyst.

Based on the above-mentioned powerful strategies, Sun and co-
workers further extended the C-C bond cleavage approach of cyclo-
propenones to construct a diverse range of y-aminobutenolide de-
rivatives 98 (Scheme 25¢) (Nanda et al., 2022). In this work, a facile and
efficient protocol has been reported wherein cyclopropenones 1 were
coupled with formamides 97 serving as available C = O bond in the
presence of AgSbF¢ under argon atmosphere. The transformation could
be achieved smoothly in a short time at 80 °C, forming a series of target
products with good chemo- and regio-selectivity.

A practical silver-promoted ring-opening/annulation cascade reac-
tion was reported by Liu and co-workers in 2020, which created a
notable route for the regiospecific construction of oxazinone derivatives
100 (Yang et al., 2020). Through a formal [4 + 2] cycloaddition of
cyclopropenones 1 and oximes 99, the procedure provided a direct ac-
cess to 1,3-oxazinone framework (Scheme 26a). The optimal reaction
conditions identified were 15 mol % Ag20 in cyclohexane solvent at 80
°C under nitrogen atmosphere for the acquisition of desired products.

a) Liu's work

Arabian Journal of Chemistry 17 (2024) 105845

The transformation was screened with various oxime substrates and the
corresponding oxazinones were generated with good efficiency. A range
of cyclopropenones were also screened and most presented good yields
except for 1 bearing electron-donating groups or heterocyclic rings.
Overall, this methodology had several desirable features involving a
simple work-up process and atom-economical, which allowed the effi-
cient and economical synthesis of oxazinones under mild conditions.
In 2021, an efficient silver-catalyzed HFIP-mediated [4 + 2] cyclo-
addition reaction was reported by Yang et al. for the rapid assembly of
benzoxazin-4-one derivatives 102 from cyclopropenones 1 and isatoic
anhydrides 101 (Scheme 26b) (Yang et al., 2021). The authors devel-
oped a cascade reaction involving decarboxylation, intermolecular
addition, nucleophilic cyclization, ring-opening and isomerization. In
this strategy, hexafluoroisopropanol (HFIP) was used as the additive,
which was extremely critical for promoting the process of decarbox-
ylative cycloaddition. This available protocol featured with a wide
substrate scope, as well as excellent functional group compatibility.

6. Other transition-metal-catalyzed C-C bond activation

Apart from the aforementioned strategies, a variety of explorations
have dealt with cyclopropenone chemistry for the construction of het-
erocyclic ring frameworks which were promoted by various transition
metals such as nickel, copper, palladium, gold, iron, scandium,
lanthanum, bismuth, and et al. In 2020, Bai et al. reported a nickel-
catalyzed [3 + 2] annulation process of cyclopropenones 1 and ke-
tones 103 (Scheme 27a) (Bai et al., 2020). The transformation was
discovered to generate the highest yield and excellent enantioselectivity
in the presence of Ni(cod), (4.0 mol %), chiral ligands (7.0 mol %) in
toluene (2.0 mL). A variety of substrates were well compatible with the
standard conditions, generating the corresponding butenolides 104 with
a tetrasubstituted carbon in good yields. In addition, the authors utilized
o,p-unsaturated imines 105 as the reaction partners to construct
y-alkenyl lactam derivatives 106 efficiently under the same catalytic
system (Scheme 27b). Furthermore, in 2021, the same group extended
the strategy for the asymmetric synthesis of y-butenolide derivatives
109 via Ni-catalyzed [3 + 2] annulation using a-CF3 enones 107 or 1,2-
diones 108 as reaction partners (Scheme 27¢) (Bai et al., 2021). The
transformation proceeded smoothly through C-C activation of cyclo-
propenones 1 and further cycloaddition in the catalytic system of Ni
(cod)2 (5.0 mol %) and chiral ligands (6.0 mol %), providing the cor-
responding products in good yields with remarkable ee values.

OR3 R4

0 HO.
R R R "R
1 99

R, R? = 4-Me-CgHy, 4-F-CgHy4, 4-Cl-CgHg4, 2-CI-CgHg4, Ph

R1
Ag,0, cyclohexane H)J\N o
80°C, 18 h, N, R? o)\/kR2

R1
100
up to 91% yield

R3, R* = H, Me, Et, nPr, CF3, Ph, Bn, 3-Me-CgH,, 4-Me-CgH,, 3-OMe-CgH,, 4-OMe-CgHy,
2-F-CgHy, 3-F-CgHy, 4-F-CgHy, 2-CI-CgHy, 3-CI-CgHy, 4-CF3-CgHy, 4-NO,-CgHy,
4-Cl-CgHy, 4-Br-CgHy, cyclopentyl, cyclohexyl, cycloheptyl, 2-furyl, 2-thienyl

b) Yang's work

0 (0]
o AgZO, N82003 0
+ R o] R
A o AN
Ar Ar N o HFIP, PhMe, 100°C N Ar
H Ar
1 101 102

Ar= 4-Me-C6H4, 4-tBU-CGH4, 3-F-C6H4, 4-F-C6H4, 4-CF3-CGH4, Ph

28-78% yields

R = 3-Me, 4-Me, 4,5-di-Me, 5-Me, 4-OMe, 3-F, 4-F, 5-F, 3-Cl, 4-Cl, 5-Cl, 6-Cl, 4-Br, 6-Br, 4-I

Scheme 26. Ag-catalyzed synthesis of oxazinones and benzoxazin-4-ones.
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a) Synthesis of butenolides

0 ' Chiral Ligand 1
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R’ : X :
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! 103 104 : L Ph
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R = 2-Me-CgHj, 4-Me-CgHy, 4-OMe-CgHy, 3-F-CgHg, 4-F-CgHy, 000! 70 €€ : SN :
3-Cl-CgHa, 4-CI-CgHa, 4-CF3-CgHa, Ph, Me, iPr ; O

b) Synthesis of lactams o) H ,\} '
0 Ni(cod),, L2L3 j L2 SN
_— NT: ' '
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bh oh PhMe, 1 h E ; ;
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1 105 106 1 o “Ph

R = 4-CF4-CgHy, 4-Br-CoHy, Ph up to 97% yield B
R' = 4-Me-CgHy, 4-CF3-CgHy, 4-F-CgHa, 4-Cl-CgHy, 4-Br-CgH,, ~ 21-98% ee ; L3 ;

Ph, 0-Tol, C(O)Me, C(O)Ph, CO,Et, 2-thienyl

o 107 4 108 )HTRI |
R R | 3
ﬁf e 0 T L w s ;
R 5\(‘3% Nicod)p, L5 4 g Ni(cod),, L4
R } !
109a 1 109b ; 1
37-87% yields 52-89% yields ! X }
94-99% ee 78-90% ee 3 pZ 0 '
R = 4-F-CgHy, 4-CF3-CgHy, 3,4-di-F-CgHg, Ph 1 N" Y |
R’ = 4-Me-CgHy, 3-OMe-CgHy, 4-OMe-CgHj, 4-CF3-CgHg, : N 3
4-F-CgHy, 4-CI-CgHy, Ph, 4-Br-CoHy, m-Tol, o-Tol, 2-Np L L5 pnd
Scheme 27. Ni-catalyzed synthesis of butenolides and lactams.
Additionally, detailed DFT studies were performed to verify the cross exchange reaction, some formidable challenges remained in the
observed chemo- and regioselectivity. reactivity, selectivity and substrate scope. The group of Zhao developed
Despite the significant role of transition metal-catalyzed o-bond an unprecedented ring expansion protocol for the creation of sila-
a) Synthesis of sila-(benzo)cycloheptenones e} ]
R
© |_—| Pd(OAc),
H + Si-R* - g2
3 !
R R2 R PhMe $|‘R4
R3
1 110a 111
R', R? = Ph, 3-Me-CgHj, 4-Me-CgHy, 4-tBu-CgH,, 65-90% yields
4-CF3-CgHy, 2-F-CgH,4, 4-F-CgH4, Me, nBu
R3, R* = Me, Et, nBu, Ph
o R
@ Ni(COD),
S‘i_R4 B — e \ R2
R‘l PhMe $i‘R4
R3
1 110b 111

R', R2 = Ph, 2-Me-CgHj, 3-Me-CgH,, 4-Me-CgHy, Me, nBu, 42-97% yields
4-CF3-CgHy, 4-Br-CgHy, 4-F-CgHy, 4-tBu-CgHy
R3, R* = Me, Ph

b) Key intermediates

o) Pd
— (@) —
e Me Me
Ph”  "Ph Ph  Ph

Scheme 28. Transition metal-catalyzed synthesis of sila-(benzo)cycloheptenones.
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(benzo)cycloheptenone derivatives 111 by treating cyclopropenones 1
with (benzo)silacyclobutanes 110 (Scheme 28a) (Zhao et al., 2018). An
exchange reaction of cross-metathesis between C-C bond and C-Si bond
occurred in the presence of Pd(OAc)2 or Ni(COD), catalyst and led to a
variety of sila-(benzo)suberones bearing diverse functional groups. The
facile protocol promoted the discovery of novel candidate compounds as
a result of the specificity of such frameworks in medicinal chemistry. In
addition, the key intermediates that took part in the transformation were
shown in Scheme 28b.

Yang and co-workers reported an efficient route to synthesize a series
of spirolactone derivatives 113 via the coupling reaction between two
different molecules of cyclopropenones (Scheme 29a) (Syu et al., 2014).
In the presence of a catalytic amount of copper bromide in 1,2-dichloro-
ethane, cyclopropenones bearing electron-withdrawing or electron-
donating groups could conveniently transform to the target products
in good yields. Although the use of copper catalyst improved the effi-
ciency, only several novel benzofuran-containing spirolactones could be
synthesized, thus the substrate scope was limited. Unlike traditional
a-keto sulfoxonium ylides, vinyl sulfoxonium ylides were first utilized as
powerful building blocks to construct phenol skeletons by Zhang and co-
workers (Chen et al., 2023). The authors developed a straightforward
one-pot [3 + 3] annulation strategy of cyclopropenone and vinyl sul-
foxonium ylides 115 for the construction of tetrasubstituted phenol
derivatives 116 (Scheme 29b). The transformation proceeded smoothly
via a copper carbenoid intermediate in the presence of NHC-Cu catalyst
in dioxane. Therefore, a series of tetrasubstituted phenols were fur-
nished in good to excellent yields by applying various ylides.

Interestingly, cyclopropenone could serve as a nontoxic source of
carbon monoxide under the catalysis of palladium which was first
discovered by the Ravikumar group in 2020 (Nanda and Ravikumar,
2020). The authors reported a cascade carbonylative amination of
cyclopropenones 1 and anilines 117 to provide highly substituted mal-
eimides 118 (Scheme 30a). A wide range of anilines bearing electron-
donating or —withdrawing as well as cyclopropenones bearing various
substituents were compatible with the protocol, highlighting the great
significance and application value of the method. Additionally, the key
intermediate that participated in the conversion was a four-membered
pallada-cyclobutenone which was depicted in Scheme 30a. Similarly,
Zhu et al. further developed the utilization of cyclopropenones as the
carbon monoxide source in the presence of a palladium catalyst (Zhu
et al., 2021). Under mild conditions, a formal [2 + 2 + 1] cascade
cycloaddition among cyclopropenone 1, iodochromones 119 and
bridged olefins 120 was disclosed, which provided access to chromone
fused cyclopentanone derivatives (Scheme 30b). The diversification of
protocol was discovered to be compatible with a wide range of sub-
strates bearing various electronic and sterical properties, furnishing the
target compounds in good yields with excellent chemoselectivity.

a) Synthesis of spirolactones

0 0 CuBr Q R
+ = o N,
A CICH,CH,CI R
R R R R
R R
1 12 113

R = 2,4-di-OMe-CgH3, 2-OMe-5-Me-CgHs, Ph 70-82% yields

R’ = 3-NO,-CgHg, Ph

b) Synthesis of tetrasubstituted phenols

Ar,
o g NHC-Cu 0
/A 7 \j\i S OH
Dioxane R
Ph Ph X
Ar R Ph  Ph
114 15 116

R = OMe, OEt, OiPr, OPMB 30-76% yields
Ar = 4-F-CgHy, 4-Br-CgHy, 4-OCF3-CgHy, 3,5-di-Me-CgH3,

4-F-3-Me-CgH3, Ph, 2-thienyl, 6-quinolyl

Scheme 29. Copper-catalyzed synthesis of spirolactones and phenols.
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Furthermore, a possible mechanism was proposed to undergo three key
sequences involving the Heck reaction, C-H activation, and carbonyla-
tion reaction.

In 2014, Matsuda and co-workers developed a ring-expanding re-
action of cyclopropenones 1 with enynes 122, which constructed func-
tional spirocyclic cyclopentenone derivatives 123 effectively (Scheme
3la) (Matsuda and Sakurai, 2014). The transformation proceeded
smoothly under the catalysis of (IPr)AuNTf, with gentle reaction con-
ditions, possessing excellent functional group tolerance. The final spi-
rocyclic products could undergo further conversions, such as a
dehydration reaction in the presence of p-toluenesulfonic acid. In the
same year, an efficient scandium-catalyzed [3 + 2] cycloaddition reac-
tion of cyclopropenones 1 and cyclopropanes 124 was reported for the
construction of 4-oxaspiro[2.4]hept-1-ene derivatives 125 by Sierra and
co-workers (Scheme 31b) (Rivero et al., 2015). In this protocol, the
authors utilized Sc(OTf)3 as the catalyst, which played a significant role
in stabilizing the cyclopropenyl cation. In addition, the protocol
featured with a wide substrate scope as well as good functional group
tolerance, delivering a variety of spirocyclic products other than oxa-
bicyclic species which was further confirmed by DFT calculations.
Cunha et al. disclosed a formal bismuth-catalyzed [3 + 2] annulation of
cyclopropenone 1 and acyclic enaminones 126 as a convenient access to
pyrrolinone derivatives 127 (Scheme 31¢) (Cunha et al., 2017). Micro-
wave irradiation was applied in a solvent-free system, delivering a series
of polysubstituted 2-pyrrolinones with good selectivity and the forma-
tion of two new bonds. This protocol was attractive because it provided a
structural scaffold with potential cytotoxic activities against glioblas-
toma cells.

Based on the C-C bond activation of cyclopropenone, in 2022, Yan
and co-workers developed an iron-catalyzed cascade reaction to syn-
thesize isothiazolone derivatives 129 via the sequential formation of C-
N, N-S and C-S bonds from cyclopropenones 1, anilines 128, and sulfur
powder (Scheme 32a) (Wang and Yan, 2022). This conversion was
promoted to be compatible with a range of anilines bearing both
electron-donating and —withdrawing groups irrespective of substituted
positions, delivering the expected products 129 effectively. Subse-
quently, selenium powder was selected as the model substrate to
perform tandem reactions, thereby preparing a series of the corre-
sponding 1,2-selenazolone derivatives 130 in acceptable yields (Scheme
32b). Xu and co-workers reported a facile synthetic strategy for the
construction of pyrano[2,3-blindol-2-one derivatives 132 under a tan-
dem process (Scheme 32¢) (Chen et al., 2021). Initially, the authors
applied cyclopropenone 1 and N-ethyl isatin 131 as original materials,
and [La]-N(SiMegs)./ligand L6 were proved to be the optimal catalytic
system. As a result, a variety of target products were provided in good
yields with high efficiency. The protocol served a straightforward syn-
thetic route to pyrano[2,3-b]indole scaffolds, which were flexible motifs
possessing a feature with extensive application in pharmaceutical
chemistry.

7. Summary and outlook

Herein we have summarized and discussed recent studies of the
cyclopropenone motif which serves as a flexible building unit for the
advancement of synthetic chemistry towards bioactive molecules. Since
its small ring size with high ring strain energy, the three-membered
carbocycle is inclined to undergo a ring-opening process and sub-
sequential cycloaddition reactions. These transformations could be
promoted by a variety of efficient catalysts, such as Lewis bases as well
as various transition metals involving rhodium, ruthenium, silver,
nickel, copper, palladium, gold, scandium, bismuth, iron, lanthanum,
and so on, delivering a wide range of corresponding heterocyclic prod-
ucts with good chemoselectivity, regioselectivity and stereoselectivity.
Despite the great achievements have been made, the exploration of
novel protocols that facilitate synthetic strategies based on C-C bond
activation of cyclopropenone is still of great interest to chemists.
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Scheme 30. Palladium-catalyzed synthesis of maleimides and chromone fused cyclopentanones.

a) Matsuda's work
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Scheme 31. Transition metal-catalyzed synthesis of cyclopentenones, 4-oxaspiro[2.4]hept-1-enes and pyrrolinones.

Furthermore, one of the common phenomena concerning synthetic
methodologies lies in the narrow substrate scope. Some methods had
limited generality because they were applied in the construction of
special substrates involving complex natural products. While others
could only provide access to simple structures but not complex or
functional cycloadducts. Thus, the development of this field should
concentrate on discovering more general strategies that could facilitate
the synthesis of both simple and complex structures. Meanwhile, the
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highly challenging enantioselective cycloaddition methods are still very
limited so far and need to be enriched. In addition, most mechanistic
studies are not particularly in-depth and only stay in the proposal stage.
Additional experimental and computational investigation should be
adopted to reveal the reaction mechanism. We are convinced that sig-
nificant progress on catalytic transformations will be made in the area of
cyclopropenone chemistry, providing powerful and straightforward
tools to accelerate its development.
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Scheme 32. Transition metal-catalyzed synthesis of isothiazolones, 1,2-selenazolones and pyrano[2,3-blindol-2-ones.
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