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ABSTRACT

Allenes, as versatile intermediates with unique cumulative double bond systems, have been widely used in cycloaddition reactions

for constructing various cyclic skeletons, yet the selective synthesis of cyclobutenes via double allenes [2 + 2] annulation

still remains a long-standing challenge. Herein, we report a phosphine-catalyzed unsymmetric [2 + 2] annulation of allenyl

phosphonates for the efficient construction of highly substituted cyclobutenes. The reaction exhibits broad substrate scope,

delivering the target cyclobutenes in moderate to good yields with exceptional Z/E selectivities and diastereoselectivities.

Mechanistic studies reveal that the reaction proceeds via phosphine-induced zwitterion formation and deprotonation of allene.

The Lewis acid enables precise control of diastereoselectivity, while silane effectively suppresses allene isomerization to conjugated

dienes and prevents catalyst deactivation, thus ensuring reaction efficiency. Furthermore, the synthesized cyclobutene derivatives

demonstrate good structural modifiability through diverse transformations. This work enriches the field of phosphine-catalyzed

allene chemistry, fills a gap in allene-based [2 + 2] cyclization modes, expands the methodological toolbox for cyclobutene

synthesis, and provides a versatile platform for accessing complex cyclobutene-containing molecules.

1 | Introduction

Since their discovery, allenes have been successfully employed
in the synthesis of highly complex target molecules of biological
and industrial significance owing to their unique reactivity [1-
5]. These compounds feature a cumulative double bond system
and possess a central sp-hybridized carbon atom flanked by
two sp?-hybridized carbons. This distinctive structural arrange-
ment, which contains two perpendicular 7 bonds, endows
allenes with higher electron density and reaction accessibility
compared to alkenes bearing delocalized n-electron systems.
Consequently, allenes exhibit remarkably enhanced reactivity
relative to alkenes. Moreover, the electronic properties and reac-
tion activity of each carbon center in allenes can be modulated

© 2026 Wiley-VCH GmbH

through substitution patterns, enabling their dual role as both
nucleophiles and electrophiles in diverse transformations [6-
10]. Particularly, allenes have emerged as versatile intermediates
in organic synthesis due to their ability to participate in a
wide range of cycloaddition reactions, such as [2 + 1] [11-13],
[2 + 2] [14-19], [3 + 2] [20-24], [4 + 2] [25-30], and [4 + 3]
cycloadditions [31-34], which have been successfully applied to
the total synthesis of natural products containing three-, four-,
five-, six-, and seven-membered rings, respectively (Figure la)
[35-40]. However, examples of constructing natural products
bearing cyclobutene moieties via allene-based cycloaddition reac-
tions remain scarce. This is partly attributed to the insufficient
development of methods for cyclobutene synthesis directly from
allenes.
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a) Cycloadditions of allenes and its applications
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b) Construction of highly substituted cyclobutenes via [2+2] cycloaddition
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c) This work: Phosphine-catalyzed unsymmetric [2+2] annulation of allenes for highly substituted cyclobutenes
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FIGURE 1 | Cycloadditions of allenes and cyclobutene constructions.

Cyclobutenes are not only prevalent in numerous natural prod-
ucts, bioactive metabolites, pharmaceuticals, and organic dyes
[41-44] but also serve as valuable synthetic intermediates owing
to their inherent ring strain and high reactivity [45-50]. In
recent years, significant progress has been achieved in the direct
construction of cyclobutene frameworks [51-54]. Traditional
strategies primarily rely on [2 + 2] cycloaddition reactions of
alkenes with alkynes or reductive [2 + 2] cycloadditions of alkynes
(Figure 1b) [55-58]. Our group previously reported the synthesis
of cyclobutene-containing butafulvenes from alkynes via allene
intermediates [59]. However, the selective construction of a single
cyclobutene product from allenes remains challenging. Current
reports on the [2 + 2] cycloaddition of allenes themselves are
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limited to the formation of cyclobutanes, with scarce examples
of cyclobutene synthesis. This deficiency stems from the under-
developed methodologies for cyclobutene construction directly
from allenes, which is hampered by the following obstacles: (1)
control of reaction sites: similar to the [2 + 2] cycloaddition
of allenes themselves to form cyclobutanes, the presence of
cumulative double bonds in allenes often leads to the formation of
mixtures derived from the reaction of different double bonds [60],
thereby reducing reaction efficiency and complicating product
separation. (2) Diastereoselectivity control: Unsymmetric [2 +
2] cycloadditions of unsymmetrical allenes typically generate
multiple stereo centers upon double bond saturation [61], and
the lack of control over these stereoselectivity severely restricts
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TABLE 1 | The discovery of phosphine-catalyzed unsymmetric [2 + 2] annulation of allene.

Oy _.OM S
\P\OMe o P\gme Conditi veq h o
Ph/g © . oM Tondhons - Meo-p p-OMe
ﬁ Ph \‘ (6] N OMe
Me Me Me Me
1a 1a 2a (E and 2) 3a (E and 2)
Entry Base Yield of 2a dr Ratio of 2a Z/E ratio of 2a Yield of 3a
1 ‘BuONa 41% 1.7:1 2.5:1 n.d.
2 MeONa 35% 1.8:1 2.6:1 n.d.
3 DIPEA n.d. n.d. n.d. n.d.
4 Et;N n.d. n.d. n.d. n.d.
5 PMe, 38% 11 > 20:1 33%
6* PMe, 66% 1.4:1 > 20:1 n.d.

Note: Reaction conditions: 1a (0.10 mmol), base (10 mol%), THF (0.50 mL), 40°C under N,, 20 h.
2Ph,SiH, (0.05 mmol), PMe; (20 mol%). Yields were determined by HPLC analysis with naphthalene as an internal standard.

their applications, especially in natural product synthesis. (3)
Formation of endocyclic alkenes: Since the basic unit of allenes is
carbon—carbon double bonds, [2 + 2] cycloaddition of two double
bonds usually produces cyclobutanes [62-66]. Therefore, the
formation of endocyclic alkenes requires avoiding this process.

Motivated by the synthetic potential of allenes and the signifi-
cance of cyclobutenes, we herein report a phosphine-catalyzed
unsymmetric [2 + 2] cyclization of allenyl phosphonates for
the efficient construction of highly substituted cyclobutenes
(Figure 1c). The reaction proceeds through phosphine addition
to allenes to form zwitterionic intermediates, which act as bases
to deprotonate another allene molecule. The deprotonated allene
then serves as a nucleophile to undergo nucleophilic addition
with a second allene, followed by intramolecular cyclization to
afford cyclobutenes. Notably, the diastereoselectivity of the reac-
tion is effectively controlled through the coordination between
Lewis acids and phosphonates. Furthermore, it was found that
silanes can suppress the isomerization of allenes to conjugated
dienes and prevent catalyst deactivation, ensuring the efficiency
of the cycloaddition pathway. This strategy provides a convenient
route to highly substituted cyclobutenes, expands the method-
ological toolbox for cyclobutene synthesis, and fills a gap in the
[2 + 2] cyclization modes of allenes.

2 | Results and Discussion

Considering the significance of organophosphorus compounds
and the easy accessibility of substrates, a phosphonate-
substituted allene that can be readily synthesized via our
previously developed protocol was selected as the model
substrate [67]. It was initially discovered that allenyl phosphonate
1a could perform a formal [2 + 2] reaction in the presence of
a catalytic amount of ‘BuONa, albeit with poor Z/E selectivity
and diastereoselectivity (Table 1, entry 1). Other alkoxide bases,
such as MeONa, were subsequently investigated and yielded
similar results (entry 2). Although the addition of amines failed
to afford any desired products (entries 3 and 4), the use of

trimethylphosphine (PMe;) as a catalyst resulted in a 43% yield
with excellent Z/E selectivity (> 20:1, entry 5). However, diene
3a was identified as the major side product, arising from the
isomerization of 2a under Lewis base catalysis. Given that this
isomerization [6, 68, 69] proceeds via successive proton transfer
steps, proton abstraction is deemed necessary to suppress the side
reaction. Silanes are known to react with various proton sources
under basic conditions to form Si-O or Si-C coupling products
alongside hydrogen gas [70-72]. Consequently, diphenylsilane
(Ph,SiH,) was selected as a proton scavenger, which not only
enhanced the yield of 2a to 66% but also effectively inhibited
the allene isomerization pathway (entry 6). Both PPh; and
P(4-CF;-C4H,), failed to catalyze this reaction (Table S2, entries
10 and 12). P(4-OMe-C¢H,); could drive the cyclization process
yet delivered a lower product yield than PMe; (Table S2, entry
13).

To optimize the diastereoselectivity of [2 + 2] annulation, a range
of Lewis acids was screened. Strong Lewis acids such as BF;-Et,0
and InCl; were unable to yield any products due to their ligation
with PMe; (Table 2, entries 2 and 3). Weaker Lewis acid, on the
other hand, did manage to improve the diastereoselectivity of
2a with either yield or Z/E selectivity diminished (entries 4-7).
Fe(OTf), was eventually selected as the desired additive for its
superior ability to control both diastereoselectivity and geometric
selectivity. Solvents with different polarity were then investigated.
When replacing THF with more polar solvents like MeCN and
DMF, a dramatic decrease of both reactivity and selectivity was
observed (entries 8 and 9). Using DCE would slightly decrease the
yield of 2a to 60% with moderate geometric control (entry 10). The
reaction proceeded with excellent selectivity in toluene (entry 11).
However, the yield of 2a was less satisfactory compared to that
in 1,4-dioxane, which also afforded good diastereoselectivity and
geometric selectivity (entry 12). It was found that the number of
hydrogen atoms in the silane also exerted a significant impact on
the reaction outcome. Ph;SiH reduced only the yield of 2a while
preserving good selectivity, whereas PhSiH; led to inferior results
in both reactivity and selectivity (entries 13 and 14). Further
optimizations were conducted by adjusting the catalyst loading,
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TABLE 2 | Optimization of phosphine-catalyzed unsymmetric [2 + 2] annulation of allene.

O\\Pigmz O\\Pigm: Conditions MMS?\P 3 Ph ,C,)
Ph/J\-ﬁ * Ph/g-ﬁ — o \P\/OOMNcIee
Me Me Me Me
1a 1a 2a (E and 2)

Entry Lewis acid Silane Solvent Yield of 2a dr of 2a Z/E of 2a
1 None Ph,SiH, THF 66% 11 > 20:1
2 BF,-Et,0 Ph,SiH, THF n.d. n.d. n.d.
3 InCl, Ph,SiH, THF 8% > 20:1 > 20:1
4 BPh, Ph,SiH, THF 63% 10:1 14:1
5 ZnCl, Ph,SiH, THF 39% > 20:1 1.2:1
6 FeCl, Ph,SiH, THF 62% > 20:1 8:1
7 Fe(OTf), Ph,SiH, THF 44% > 20:1 > 20:1
8 Fe(OTf), Ph,SiH, MeCN 28% 31 6:1
9 Fe(OTf), Ph,SiH, DMF 4% n.d. n.d.
10 Fe(OTf), Ph,SiH, DCE 60% > 20:1 61
1 Fe(OTY), Ph,SiH, Toluene 43% > 20:1 >20:1
12 Fe(OTYf), Ph,SiH, 1,4-dioxane 63% > 20:1 > 20:1
13 Fe(OTY), PhSiH,4 1,4-dioxane 55% 10:1 7:1
14 Fe(OTY), Ph,SiH 1,4-dioxane 27% > 20:1 >20:1
15% Fe(OTY), Ph,SiH, 1,4-dioxane 82% > 20:1 >20:1

Note: Reaction conditions: 1a (0.10 mmol), PMe; (20 mol%), Lewis acid (10 mol%), silane (0.05 mmol), solvent (0.50 mL), 80°C, N,, 20 h.
2PMe; (10 mol%), 1,4-dioxane (0.10 mL), 100°C. Yields were determined by HPLC analysis with naphthalene as an internal standard.

reactant concentration, and reaction temperature. Ultimately,
reducing the PMe; loading to 10 mol% while increasing the
concentration of 1a to 1.0 M at 100°C afforded product 2a in 82%
yield with excellent diastereoselectivity and geometric selectivity
(entry 15).

With the optimal condition in hand, the generality of the
substrate was then investigated (Figure 2). The model substrate
afforded the target product 2a in 84% isolated yield, and the
product structure was unambiguously verified by X-ray single
crystal analysis (CCDC: 2515075). Since halogen-substituted aryl
compounds can undergo diverse subsequent transformations to
enhance product modifiability, substrates bearing halogen sub-
stituents (F, Cl, Br) were first examined. All halogen-containing
aryl substrates were compatible with the reaction, delivering the
corresponding cyclobutene-containing products (2b-2d) in mod-
erate yields (42%-56%). When the aryl ring was substituted with
a strong electron-withdrawing group (trifluoromethyl, -CF;), the
reaction outcome (2e, 43%) was comparable to that of halogen-
substituted substrates. In contrast, substrates with electron-
donating substituents on aryl rings afforded products (2f-2i)
in slightly higher yields (53%-62%) than those with electron-
withdrawing groups. Notably, the substitution position of the
substituents had no significant impact on the reaction efficiency
or selectivity (2h and 2i). Both biaryl- and naphthyl-substituted
allenes also readily underwent smooth conversion to the target
products (2j and 2k). Replacing the methyl phosphonate group
of 1a with an ethyl phosphonate group had no major influence

on the substrate’s reactivity and would lead to the formation of
21 with a 75% yield. Different y-substituted alkyl chains were
also examined in this reaction. The benzyl and isopropyl groups
were well tolerated and produced 2m and 20 in 71% and 74%
yield, respectively. Increasing the chain length of y-substituents
would result in an improvement of reactivity as indicated by 2n
(52%) and 2p (61%). The steric bulkiness of y-substituents had no
obvious influence on product yield since isobutyl substituted 2q
and cyclohexyl substituted 2s both gave satisfying results (66%
and 67%, respectively). Besides, the strained cyclopropyl group
could also serve as a suitable y-substituent (2r, 62%) without the
observation of ring-opening side products, which excluded the
participation of y-radical species. The phosphonate-substituent
is regarded as an electron-withdrawing group that modulates
the electron density of carbon atoms in allenes and boosts
their electrophilicity. Allene substituted with another electron-
withdrawing group, such as sulfonyl group, could be converted
into the corresponding cyclobutene product (Figure S5, 2t, 44%).
In contrast, ester-substituted allene was incapable of yielding
the target product (Figure S5, 2u), which is presumably ascribed
to the inherent nucleophilicity of the oxygen atom on the ester
moiety in zwitterionic species [73]. To further probe the role of
aryl substituents, substrates with aryl moieties replaced by alkyl
groups or hydrogen were synthesized. However, none of these
substrates were compatible with standard conditions (2v, 2w).
Notably, in the absence of Fe(OTf),, 1v was recovered in 65% yield
while the alkyne 4w was isolated in 17% yield (Figure S5). These
experimental results indicate that the aryl group likely plays a
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0O+ __OR! 05, OR! !
~ 1 ~ 1
OR OR Fe(OTf),, PMeg, Ph,SiH,
Ar .. + Ar .
N N 1,4-dioxane, 100 °C
R2

2a, 84%, Z/E > 20:1

2d, 42%, Z/E > 20:1

2e, 43%, Z/E > 20:1

OMe

OMe

Me Me ¢
2q, 66%, Z/E > 20:1

2p, 61%, Z/E = 9:1

2f, 56%, Z/E = 19:1 2g, 62%, Z/E = 16:1

"Pr "Pr
2n, 52%, Z/E > 20:1

2r, 62%, Z/E = 6:1

2s, 67%, Z/E > 20:1

Reaction conditions: 1 (0.20 mmol), Fe(OTf), (10 mol%), PMe3 (10 mol%), Ph,SiH, (50 mol%), 1,4-dioxane (0.20 mL), 100 °C, 20 h.

FIGURE 2 | Substrate scope of phosphine-catalyzed unsymmetric [2 + 2] annulation of allene.

crucial role in stabilizing the zwitterionic intermediate. A cross-
annulation experiment was also performed with trisubstituted
allene 1a and tetrasubstituted allene 1x. Nevertheless, no cross
product was detected, and only the homo-annulation product of
1a was obtained (Supporting Information, Section 4.2).

To investigate the reaction mechanism, control experiments were
performed to determine the roles of additives. As expected, no
reaction occurred in the absence of PMe; (Figure 3a, entry

2). Removal of Lewis acid would reduce diastereoselectivity to
2:1 (Figure 3a, entry 3). Although silane was not a necessary
component for the reaction to proceed, it played a significant
role in promoting the reactivity of 1a as indicated by entries 1
and 4 (Figure 3a). Deuterium labeling experiments were then
performed to shed light on the reaction pathway (Figure 3b).
When Ph,SiD, was used as an additive, no deuterium incorpo-
ration was observed in product 2a (Figure 3b), indicating that
silane was unlikely to directly participate in product formation.
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(a) Control experiments

O._.OMe Ph
Sps Fe(OTf)z,-PMe3, MeO, Ph o
OMe Ph,SiH, _p ”
N — 272, MeOf . B-OMe
\‘ 1,4-dioxane o] \OMe
N
Me Me Me
1a 2a
Entry Variat'i(')n of Yield of dr
conditions 2a
1 None 82% >20:1
2 w/o PMej n.d. n.d.
3 w/o Fe(OTf), 64% 2:1
4 w/o Ph,SiH, n.d. n.d.

Reaction conditions: 1a (0.10 mmol), Fe(OTf), (10
mol%), PMe3 (10 mol%), Ph,SiH, (50 mol%), 1,4-dioxane
(0.10 mL), 100 °C, 20 h.

(c) Mechanism for inhibition of allene isomerization

1a Conditions 2a + 3a
Entry Variation of  Yield of  Yield of
conditions 2a 3a
1 with H,O 28% 48%
2 w/o H,O 38% 33%

Reaction conditions: 1a (0.10 mmol), PMe; (10 mol%), H,O
(0.02 mmol), 1,4-dioxane (0.50 mL), 40 °C.

(d) Ph,SiH, as proton scavenger

"H NMR of Condition A
D-H

&2

"H NMR of Condition B

—

476 4.74 472 470 4.68 4.66 4.64 4.62 4.60
1 (ppm)

Condition A: 1a (0.10 mmol), PMe3 (1 mol%), Ph,SiD, (0.05
mmol), H,O (0.10 mmol), 1,4-dioxane (0.5 mL).
Condition B: 1a (0.10 mmol), PMe3 (1 mol%), Ph,SiH, (0.05
mmol), D,O (0.10 mmol), 1,4-dioxane (0.5 mL).

FIGURE 3 | Mechanistic studies.

(b) Deuterium labelling experiments

O\\P/OMe Fe(OTf),, PMes,
/QOMe Ph,SiD,
_
Ph \(/H 1,4-dioxane,
Me 100 °C
H <2 0% D
1a 2a 68% yield

O;,-OEt 99% D

Pl
OEt
/J\. DJ —_—

Ph Y 1,4-dioxane,
Me 100 °C
D<¢=99% D
1-d
2I-d 49% yield
Osp-OMe o“Pigme
4 e
F>h/<§OMe PMes, CD;0D Ph/§- D < 60% D
N
\! 1,4-dioxane, CD3<—37%D
Me 40 °C, 10 min
1a 1a-d 29% yield
MeO. .0 MeO. .0
MeO™|_H H.0 MeO” | -
e 2 N PMeg
Ph Me =—r——  Ph Me <——— 1a
PMes PMe;
HO™
Ph -
Ph,SiH, Ph Ph,Si(OR),
+ — | RO--Sj—H--H—OH| — +
HO-H | H=H

H

Elemination of proton source

(e) Ph,SiH, as reductant for P(O)Me;

3P NMR of P(O)Me;

31P NMR of Condition C
—_— e

3P NMR of Condition D )

35.5 35.0 34.5 34.0 33.5 33.0 32.5 32.0 31.5
1 (ppm)

Condition C: 1a (0.10 mmol), PMe3 (0.01 mmol), 1,4-dioxane-
dg (0.50 mL).

Condition D: 1a (0.10 mmol), PMe3 (0.01 mmol), Ph,SiH,
(0.05 mmol), 1,4-dioxane-dg (0.50 mL).
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(a) Proposed mechanism of [2+2] annulation

O+ .R
PMes /FQR
l1a Ph ﬁ
0 Me
RE “‘
I |
Ph)ﬁ/kH
Int A PMes 1
Ph Me
o . O+ _.R
Ph "/ 520 R 1a ‘P\R
PR e RS e R
R—P Me R I \I® Ph NG
/\\N (e} o
R O Me
IntD TS IntCc Me
R e 1a
R\F‘,A\
N
I \I
© Me
R H ©
Ph H
PM63
Intg "
(b) Proposed mechanism of isomerization o
HO
H o J
P] Pl M Pl M ) py HH
[ PMes []e e H,0 [Pl Me -HO gPlT
- = s [— _— _ > _—
Ph™ ZOYH Ph H Ph O H Ph" Y TH
8 PMeg Ho—H'} PMes PMe;
Me ® ® ®
1a IntA Int B
O+_.OMe
Pl =" "Pome
%{
©
HO™Y Pl H
Pl H Pl H Pl H © (Pl
e o PMes S L h Ty 9y -HO D H
Phw Ph/\%( Ph N P T
H H {PMeH PMesH HO-H QMesH
® ®
3a (ZIE) Int H Int G IntF

FIGURE 4 | Proposed mechanism of [2 + 2] annulation and isomerization of allenyl phosphonate.

No deuterium loss was observed at the alkenyl position when -
deuterated 11 was used as substrate while partial scrambling activ-
ity took place at a-carbon of the phosphonate group (Figure 3b).
Importantly, y-deuterated 1a could be separated in 29% yield
when 1a was subjugated with CD;0D under the catalysis of PMe;
(Figure 3b). These findings indicated a potential deprotonation
of allene under basic conditions. Kinetic profiles (Figure 3c)
demonstrated a fast production of 2a in the first 40 min at 40°C
without the participation of Lewis acid (Figure S8). In the absence
of silane, a slower generation of 2a was observed (Figure S9).
Besides, no inter-transformation between 2a and side-product
3a was detected, which ruled out the possibility of 3a as an
intermediate (Table S11).

The mechanism of silane’s ability to inhibit isomerization was
also studied. As previously reported, organophosphine-catalyzed
allene isomerization proceeds via proton transfer [68, 69]. Fur-
thermore, Yu et al. have demonstrated that trace water in
solvents can facilitate proton transfer of allenes in phosphine-
catalyzed systems [74]. Accordingly, we speculate that trace water
within the solvent promotes the allene isomerization process.
The control experiment demonstrated that the addition of water
would significantly enhance the selectivity of the isomerization
product (Figure 3c, entries 1 and 2). Silane is believed to scavenge
the water under the catalysis of in situ formed carbanion, thereby
inhibiting allene isomerization. When allene 1a, Ph,SiD, and
H,0 were mixed with a catalytic amount of PMe; (Figure 3d,
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FIGURE 5 |

Synthetic transformations. (i) 21 (0.30 mmol), paraformaldehyde (3.0 mmol), "BuLi (0.30 mmol), THF (3.0 mL), 0°C to r.t.; (ii) 21

(0.10 mmol), allyl bromide (0.50 mmol), "BuLi (0.10 mmol), THF (1.0 mL), 0°C to r.t.; (iii) 21 (0.12 mmol), 3,3-dimethylallyl bromide (0.50 mmol), "BuLi
(0.10 mmol), THF (1.0 mL), 0°C to r.t.; (iv) 6 (0.10 mmol), phenyl acrylate (0.30 mmol), second generation Hoveyda-Grubbs catalyst (0.005 mmol),
DCM (1.0 mL), r.t.; (v) 6 (0.10 mmol), CH,Br, (0.11 mmol), CoBr, (0.01 mmol), Et-PDI (0.01 mmol), zinc powder (0.20 mmol), THF (0.50 mL), r.t.; (vi)

6 (0.20 mmol), Pd/C (0.02 mmol), H, (200 psi), MeOH (1.0 mL), r.t.

condition A), rapid gas emission was observed in the course
of 1 min. Subsequent 'H NMR experiment demonstrated clear
evidence of the formation of D-H (4.7 ppm, t,J = 42 Hz). Similarly,
using Ph,SiH, and D,O as reactants could also produce D-H
(Figure 3d, condition B). No gas emission was detected without
the addition of either 1a or PMe;. The requirement of high loading
suggested that silane might have additional roles in this reaction.
When replacing PMe; with P(O)Me;,, 2a could still be produced
in 56% yield (Table S12). This finding indicated that silane could
also serve as a reductant and produce PMe, in situ. The 3P
NMR spectra of a series of control experiments are presented in
Figure 3e. In the absence of silane, a distinct signal corresponding
to P(O)Me; was clearly observed. In contrast, this characteristic
peak disappeared upon the addition of 50 mol% silane. This
observation further confirms that silane acts as a reducing
agent to reduce P(O)Me;, thereby preserving the catalytic activ-
ity of PMe; and preventing its deactivation via oxidative side
reactions.

Based on the results of mechanistic studies, a plausible mech-
anism for the phosphine-catalyzed [2 + 2] annulation of allene
is proposed (Figure 4a). The phosphine catalyst will attack
the f-carbon of allene to form a zwitterion species Int A.
Given the deuterium-labeling experiment (Figure 3b, Equation
3), zwitterion Int A preferentially acts as a base to deprotonate
1a, generating phosphonium ion Int B and allenyl carbanion
Int C, rather than engaging in a nucleophilic reaction with 1a.
Subsequently, Int C dimerizes with another molecule of allene 1a
through a less congested transition state TS to form Int D. Then
carbanion Int D undergoes intramolecular Michael addition to
afford Int E with a cyclobutene framework and a functional
group resembles an ylide. In the presence of Lewis acid, the
phosphonate group and the yilde-like group are positioned at the
same side of the cyclobutene plane where one side of carbon-
phosphorus double bond is shielded by the bulky phosphonate
group. Int B then approaches the nucleophilic carbon center
from the less congested side, resulting in the formation of good
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diastereoselectivity of 2a. Simultaneously, the zwitterion and
Lewis acid are released to participate in another catalytic cycle.
A similar mechanism could also be proposed for the geometric
isomer of 2a. However, due to the significant steric hindrance
of TS’, this pathway is kinetically less favored, thus leading to a
predominant Z-selectivity. Based on reported literature [69, 74]
and experimental results, a plausible mechanism is proposed
for isomerization of 1a (Figure 4b). Nucleophilic attack of C2
by phosphine catalyst leads to the formation of Int A. The
protonation of Int A produces Int B, which is deprotonated at
C3 and forms Int F. Under the mediation of proton source, a
formal 1,2-proton shift is accomplished via Int G and Int H. The
subsequent elimination of PMe; produces diene 3a.

To demonstrate the structural modifiability of the products,
various transformations of the cyclobutene derivatives were
attempted. Notably, the reaction maintained a good yield when
conducted on a gram scale (Figure 5). After isolating 1.2489 g of
product 21 in 72% yield, the Horner-Wadsworth-Emmons (HWE)
reaction was successfully performed using paraformaldehyde as
a reactant, affording triene 5 in 66% yield. Due to the steric-
congested nature of the HWE intermediate generated by 21,
further increasing the bulkiness of the aldehyde would severely
hamper the reactivity. Allyl bromide was also utilized as an elec-
trophile in constructing a tetra-substituted carbon center adjacent
to phosphonate group. Surprisingly, the exocyclic double bond
was functionalized and gave high functionalized cyclobutane 6
in 71% yield. A prenyl group could be selectively introduced
for the formation of product 7 through the reaction with 3,3-
dimethylallyl bromide as a substrate. The non-conjugated alkenyl
group of 6 could easily perform cross metathesis reaction and
produce internal alkene 8 in 65% yield. Under the cobalt catalyzed
protocol developed by Uyeda et al. [75], cyclopropanation of 6
was successfully carried out and delivered cyclopropane 9 in 60%
yield. A facile hydrogenation of 6 under the catalysis of Pd/C was
conducted and gave desired product 10 in 76% yield. The success
of these transformations demonstrates that our products exhibit
excellent structural modifiability, thereby enabling the synthe-
sis of a variety of complex compounds bearing a cyclobutene
scaffold.

In summary, we have successfully developed a phosphine-
catalyzed unsymmetric [2 + 2] annulation of allenyl phos-
phonates, offering an efficient and selective strategy for the
construction of highly substituted cyclobutenes. The rational
combination of phosphine catalysis, Lewis acid modulation, and
silane-mediated proton scavenging enables the selective forma-
tion of endocyclic alkenes in cyclobutenes. The protocol exhibits
good substrate generality, which underscores the robustness of
the catalytic system and its potential for applications in complex
molecule synthesis. Mechanistic studies have elucidated the
reaction pathway, involving zwitterion formation, deprotonation,
dimerization, and intramolecular cyclization. This proposed
mechanism provides valuable insights for the design of analogous
phosphine-catalyzed annulation reactions. In addition, the syn-
thesized cyclobutene derivatives demonstrate excellent structural
modifiability, highlighting the utility of the products as versatile
intermediates for accessing complex cyclic scaffolds. This work
enriches the field of phosphine-catalyzed allene chemistry, fills a
gap in allene [2 + 2] cyclization modes, and expands the synthetic
toolbox for cyclobutenes.

Author Contributions

Shao-Han Sun: conceptualization, methodology, investigation, writing -
original draft, data curation. Sa-Na Yang: conceptualization, methodol-
ogy. Heng Liu: supervision, project administration, funding acquisition,
writing - review and editing, writing — original draft, formal analysis.
Zhi-Yuan Ding: writing - review and editing, validation, investigation.
Yilitabaier Julaiti: writing - review and editing, investigation, vali-
dation. Xiang-Ping Hu: supervision, project administration, writing -
review and editing. Qing-An Chen: supervision, project administration,
funding acquisition, writing — review and editing, conceptualization,
writing - original draft, resources.

Acknowledgments

This work was financial support by the National Natural Science Foun-
dation of China (22402191), the Natural Science Foundation of Liaoning
Province (2024JH3/50100006), and the Dalian Science and Technology
Talent Innovation Support Policy Project (2024RQ088).

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available in the
Supporting Information of this article.

References

1. J. W. Grissom, G. U. Gunawardena, D. Klingberg, and D. H. Huang,
“The Chemistry of Enediynes, Enyne Allenes and Related Compounds,”
Tetrahedron 52 (1996): 6453-6518, https://doi.org/10.1016/0040-4020(96)
00016-6.

2. A. Hoffmann-Réder and N. Krause, “Synthesis and Properties of
Allenic Natural Products and Pharmaceuticals,” Angewandte Chemie
International Edition 43 (2004): 1196-1216, https://doi.org/10.1002/anie.
200300628.

3. N. Liu, R.-T. Gao, and Z.-Q. Wu, “Helix-Induced Asymmetric Self-
Assembly of 7-Conjugated Block Copolymers: From Controlled Syntheses
to Distinct Properties,” Accounts of Chemical Research 56 (2023): 2954—
2967, https://doi.org/10.1021/acs.accounts.3c00425.

4.X. Pan, W. Cai, and Y. Huang, “Recent Advances in Phosphine-
Mediated Sequential Annulations,” Chinese Chemical Letters 36 (2025):
110628, https://doi.org/10.1016/j.cclet.2024.110628.

5.S. Yu and S. Ma, “Allenes in Catalytic Asymmetric Synthesis and
Natural Product Syntheses,” Angewandte Chemie International Edition 51
(2012): 3074-3112, https://doi.org/10.1002/anie.201101460.

6. H. Guo, Y. C. Fan, Z. Sun, Y. Wu, and O. Kwon, “Phosphine
Organocatalysis,” Chemical Reviews 118 (2018): 10049-10293, https://doi.
org/10.1021/acs.chemrev.8b00081.

7. N. Krause and C. Winter, “Gold-Catalyzed Nucleophilic Cyclization
of Functionalized Allenes: A Powerful Access to Carbo- and Hetero-
cycles,” Chemical Reviews 111 (2011): 1994-2009, https://doi.org/10.1021/
¢cr1004088.

8. X. Rong, Y. Ren, Y. Chen, et al., “Tunable Cobalt-Catalysed Hydro-
genation of Allenes Enabled by Multiple Metal-Ligand Cooperative
Functionalities,” Nature Chemistry 17 (2025): 1469-1479, https://doi.org/
10.1038/s41557-025-01945-2.

9. B. S. Schreib, M. Son, F. A. Aouane, M.-H. Baik, and E. M. Carreira,
“Allene C(sp?)-H Activation and Alkenylation Catalyzed by Palladium,”
Journal of the American Chemical Society 143 (2021): 21705-21712, https://
doi.org/10.1021/jacs.1c11528.

Angewandte Chemie International Edition, 2026

90f12

85U80 7 SUOLUWIOD aA 181D a|qeol(dde ayy Aq peusenob ae spiie YO ‘8sn Jo SaINJ 10} Aeiq 1T 8UIUO /8|1 UO (SUOPUOD-PUR-SLLIBIWIOD A8 | AReq Ul |Uo//ScY) SUORIPUOD pUe swie | 8y} 88s *[9202/90/T2] Uo Aiq1Tauluo /8|1 * OIWBUD JO 8InIisuU| Uelfed - Weyd uy-Buld Aq 200286, @1Ue/z00T 0T/I0p/W09 A8 | Akeiq Ul |uoy/ Sy Wo.y pepeojumoa ‘0 ‘eLLETZST


https://doi.org/10.1016/0040-4020(96)00016-6
https://doi.org/10.1002/anie.200300628
https://doi.org/10.1021/acs.accounts.3c00425
https://doi.org/10.1016/j.cclet.2024.110628
https://doi.org/10.1002/anie.201101460
https://doi.org/10.1021/acs.chemrev.8b00081
https://doi.org/10.1021/cr1004088
https://doi.org/10.1038/s41557-025-01945-2
https://doi.org/10.1021/jacs.1c11528

10. H. Wu, Q. Pan, J. Grill, M. J. Johansson, Y. Qiu, and J.-E. Backvall,
“Palladium-Catalyzed Oxidative Allene-Allene Cross-Coupling,” Journal
of the American Chemical Society 147 (2025): 4338-4348, https://doi.org/10.
1021/jacs.4c14607.

11. B. J. Bloomer, I. A. Joyner, M. Garcia-Borras, et al., “Enantio- and
Diastereodivergent Cyclopropanation of Allenes by Directed Evolution of
an Iridium-Containing Cytochrome,” Journal of the American Chemical
Society 146 (2024): 1819-1824, https://doi.org/10.1021/jacs.3c13011.

12. T. M. Gregg, M. K. Farrugia, and J. R. Frost, “Rhodium-Mediated
Enantioselective Cyclopropanation of Allenes,” Organic Letters 11 (2009):
4434-4436, https://doi.org/10.1021/019017968.

13. V. N. G. Lindsay, D. Fiset, P. J. Gritsch, S. Azzi, and A. B. Charette,
“Stereoselective Rh, (S-IBAZ),-Catalyzed Cyclopropanation of Alkenes,
Alkynes, and Allenes: Asymmetric Synthesis of Diacceptor Cyclopropy-
Iphosphonates and Alkylidenecyclopropanes,” Journal of the American
Chemical Society 135 (2013): 1463-1470, https://doi.org/10.1021/ja3099728.

14. M. L. Conner, Y. Xu, and M. K. Brown, “Catalytic Enantioselective
Allenoate-Alkene [2 + 2] Cycloadditions,” Journal of the American Chem-
ical Society 137 (2015): 34823485, https://doi.org/10.1021/jacs.5b00563.

15. W. Ding and N. Yoshikai, “Cobalt-Catalyzed Intermolecular [2+2]
Cycloaddition Between Alkynes and Allenes,” Angewandte Chemie
International Edition 58 (2019): 2500-2504, https://doi.org/10.1002/anie.
201813283.

16. X.-L. Pan, W.-G. Xiao, L.-J. Xiao, Q.-L. Zhou, and Y. Huang,
“Phosphine-Catalyzed Enantioselective [2 + 2] Annulations of a-Allyl
y-Benzyl Allenoates via a Transannular Cyclization Approach,” Ange-
wandte Chemie International Edition 65 (2025): 15642, https://doi.org/10.
1002/anie.202515642.

17. W.Xiao, L. Ning, S. Xin, S. Dong, X. Liu, and X. Feng, “Enantioselective
[242] Cycloaddition of Allenyl Imide With Mono- or Disubstituted
Alkenes,” Angewandte Chemie International Edition 61(2022): €202211596,
https://doi.org/10.1002/anie.202211596.

18. W. Xu, X. Cong, K. An, et al., “Regio- and Diastereoselective Formal
[2+2] Cycloaddition of Allenes With Amino-Functionalized Alkenes
by Rare-Earth-Catalyzed C(sp?)—H Activation,” Angewandte Chemie
International Edition 61 (2022): €202210624, https://doi.org/10.1002/anie.
202210624.

19. C. Zhang, H. H. Y. Sung, I. D. Williams, Y.-D. Wu, and J. Sun,
“Ruthenium-Catalyzed Intermolecular [2 + 2] Cycloaddition of Unac-
tivated Allenes and Alkynes With Unusual Regioselectivity,” Journal of
the American Chemical Society 147 (2025): 3335033358, https://doi.org/10.
1021/jacs.5c11285.

20. X.-Y. Guan and M. Shi, “PPh, Me-Mediated Tandem Reaction
of 2-Alkyl-2,3-Butadienoates With Isothiocyanates: Formation of 2-
Aminothiophenes,” ACS Catalysis 1 (2011): 1154-1157, https://doi.org/10.
1021/cs2003214.

21. C. E. Henry, Q. Xu, Y. C. Fan, et al., “Hydroxyproline-Derived
Pseudoenantiomeric [2.2.1] Bicyclic Phosphines: Asymmetric Synthesis
of (+)- and (—)-Pyrrolines,” Journal of the American Chemical Society 136
(2014): 11890-11893, https://doi.org/10.1021/ja505592h.

22.J. Qian, L. Zhou, Y. Wang, X. Zhou, and X. Tong, “Transition From
Kwon [4+42]- to [3+2]-Cycloaddition Enabled by AgF-Assisted Phosphine
Catalysis,” Nature Communications 15 (2024): 6995, https://doi.org/10.
1038/s41467-024-51295-9.

23. T. Wang and S. Ye, “Phosphine-Catalyzed [3 + 2] Cycloaddition of
Allenoates with Trifluoromethylketones: Synthesis of Dihydrofurans and
Tetrahydrofurans,” Organic & Biomolecular Chemistry 9 (2011): 5260-5265,
https://doi.org/10.1039/clob05444a.

24. C. M. Zhang and X. Y. Lu, “Phosphine-Catalyzed Cycloaddition of
2,3-Butadienoates or 2-Butynoates With Electron-Deficient Olefins. A
Novel [3 + 2] Annulation Approach to Cyclopentenes,” Journal of Organic
Chemistry 60 (1995): 2906-2908, https://doi.org/10.1021/jo00114a048.

25. Z. Gao, X. Zhou, L. Xie, et al., “Phosphine-Catalyzed (4 + 2) Annu-
lation of Allenoates Bearing Acidic Hydrogen With 1,1-Dicyanoalkenes,”

Journal of Organic Chemistry 89 (2024): 7169-7174, https://doi.org/10.1021/
acs.joc.4c00564.

26. X. Tang, C. X. A. Tan, W.-L. Chan, F. Zhang, W. Zheng, and Y. Lu,
“Dielectrophilic Allenic Ketone-Enabled [4 + 2] Annulation With 3,3’-
Bisoxindoles: Enantioselective Creation of Two Contiguous Quaternary
Stereogenic Centers,” ACS Catalysis 11 (2021): 1361-1367, https://doi.org/
10.1021/acscatal.0c05225.

27.Y. S. Tran and O. Kwon, “Phosphine-Catalyzed [4 + 2] Annulation:
Synthesis of Cyclohexenes,” Journal of the American Chemical Society 129
(2007): 12632-12633, https://doi.org/10.1021/ja0752181.

28. T. Wang and S. Ye, “Diastereoselective Synthesis of 6-Trifluoromethyl-
5,6-Dihydropyrans via Phosphine-Catalyzed [4 + 2] Annulation of a-
Benzylallenoates With Ketones,” Organic Letters 12 (2010): 4168-4171,
https://doi.org/10.1021/01101762z.

29. F. Zhong, X. Han, Y. Wang, and Y. Lu, “Highly Enantioselective
[4 + 2] Annulations Catalyzed by Amino Acid-Based Phosphines:
Synthesis of Functionalized Cyclohexenes and 3-Spirocyclohexene-2-
Oxindoles,” Chemical Science 3 (2012): 1231-1234, https://doi.org/10.1039/
€2sc00963c.

30. X. F. Zhu, J. Lan, and O. Kwon, “An Expedient Phosphine-Catalyzed
[4 + 2] Annulation: Synthesis of Highly Functionalized Tetrahydropy-
ridines,” Journal of the American Chemical Society 125 (2003): 4716-4717,
https://doi.org/10.1021/ja0344009.

31. S. Chauhan and K. C. K. Swamy, “Phosphine vs DBU-Catalyzed
Annulation Reactions of 3’-Acetoxy Allenoates With Acyl-Tethered Ben-
zothiazole Bisnucleophiles: (4 + 3) or (4 + 1) vs (3 + 3) Annulation,”
Journal of Organic Chemistry 89 (2024): 10816-10830, https://doi.org/10.
1021/acs.joc.4c01085.

32.Z. Li, H. Yu, Y. Feng, et al, “Phosphine-Catalyzed [4 + 3]
Cycloaddition Reaction of Aromatic Azomethine Imines With
Allenoates,” RSC Advances 5 (2015): 34481-34485, https://doi.org/10.1039/
C5RA04374C.

33. C. Yuan, L. Zhou, M. Xia, Z. Sun, D. Wang, and H. Guo, “Phosphine-
Catalyzed Enantioselective [4 + 3] Annulation of Allenoates With
C,N-Cyclic Azomethine Imines: Synthesis of Quinazoline-Based Tricyclic
Heterocycles,” Organic Letters 18 (2016): 5644-5647, https://doi.org/10.
1021/acs.orglett.6b02885.

34.Y. Zhu and Y. Huang, “Divergent [4+3] Annulations of §’-Acetoxy
Allenoates: Access to Azepino[1,2- a |Indole Derivatives,” Journal of
Organic Chemistry 90 (2025): 15004-15015, https://doi.org/10.1021/acs.joc.
5c01904.

35. C.-C. Gu, X.-E. Long, X. Chen, J. Liu, and C.-C. Li, “Recent Natural
Product Total Syntheses Involving Cycloadditions of Allenes,” Chinese
Journal of Chemistry 43 (2025): 1059-1077, https://doi.org/10.1002/cjoc.
202401143.

36.J. Li, W. Zhang, F. Zhang, Y. Chen, and A. Li, “Total Synthesis
of Longeracinphyllin A,” Journal of the American Chemical Society 139
(2017): 14893-14896, https://doi.org/10.1021/jacs.7b09186.

37.Y. Li and M. Dai, “Total Syntheses of the Reported Structures
of CurcusonesI and J Through Tandem Gold Catalysis,” Angewandte
Chemie International Edition 56 (2017): 11624-11627, https://doi.org/10.
1002/anie.201706845.

38. M. Osano, D. P. Jhaveri, and P. Wipf, “Formation of 6-Azaindoles by
Intramolecular Diels-Alder Reaction of Oxazoles and Total Synthesis of
Marinoquinoline A,” Organic Letters 22 (2020): 2215-2219, https://doi.org/
10.1021/acs.orglett.0c00417.

39.J. M. Wiest, M. L. Conner, and M. K. Brown, “Synthesis of (—)-
Hebelophyllene E: An Entry to Geminal Dimethyl-Cyclobutanes by
[2 + 2] Cycloaddition of Alkenes and Allenoates,” Angewandte Chemie
International Edition 57 (2018): 4647-4651, https://doi.org/10.1002/anie.
201801110.

40. M. Yasui, R. Ota, C. Tsukano, and Y. Takemoto, “Total Synthesis of
Avenaol,” Nature Communications 8 (2017): 674, https://doi.org/10.1038/
s41467-017-00792-1.

10 of 12

Angewandte Chemie International Edition, 2026

85U80 7 SUOLUWIOD aA 181D a|qeol(dde ayy Aq peusenob ae spiie YO ‘8sn Jo SaINJ 10} Aeiq 1T 8UIUO /8|1 UO (SUOPUOD-PUR-SLLIBIWIOD A8 | AReq Ul |Uo//ScY) SUORIPUOD pUe swie | 8y} 88s *[9202/90/T2] Uo Aiq1Tauluo /8|1 * OIWBUD JO 8InIisuU| Uelfed - Weyd uy-Buld Aq 200286, @1Ue/z00T 0T/I0p/W09 A8 | Akeiq Ul |uoy/ Sy Wo.y pepeojumoa ‘0 ‘eLLETZST


https://doi.org/10.1021/jacs.4c14607
https://doi.org/10.1021/jacs.3c13011
https://doi.org/10.1021/ol9017968
https://doi.org/10.1021/ja3099728
https://doi.org/10.1021/jacs.5b00563
https://doi.org/10.1002/anie.201813283
https://doi.org/10.1002/anie.202515642
https://doi.org/10.1002/anie.202211596
https://doi.org/10.1002/anie.202210624
https://doi.org/10.1021/jacs.5c11285
https://doi.org/10.1021/cs2003214
https://doi.org/10.1021/ja505592h
https://doi.org/10.1038/s41467-024-51295-9
https://doi.org/10.1039/c1ob05444a
https://doi.org/10.1021/jo00114a048
https://doi.org/10.1021/acs.joc.4c00564
https://doi.org/10.1021/acscatal.0c05225
https://doi.org/10.1021/ja0752181
https://doi.org/10.1021/ol101762z
https://doi.org/10.1039/c2sc00963c
https://doi.org/10.1021/ja0344009
https://doi.org/10.1021/acs.joc.4c01085
https://doi.org/10.1039/C5RA04374C
https://doi.org/10.1021/acs.orglett.6b02885
https://doi.org/10.1021/acs.joc.5c01904
https://doi.org/10.1002/cjoc.202401143
https://doi.org/10.1021/jacs.7b09186
https://doi.org/10.1002/anie.201706845
https://doi.org/10.1021/acs.orglett.0c00417
https://doi.org/10.1002/anie.201801110
https://doi.org/10.1038/s41467-017-00792-1

41. V. M. Dembitsky, “Bioactive Cyclobutane-containing Alkaloids,” Jour-
nal of Natural Medicines 62 (2008): 1-33, https://doi.org/10.1007/s11418-
007-0166-3.

42. N. Fokialakis, P. Magiatis, A. Terzis, F. Tillequin, and A. L. Skaltsounis,
“Cyclomegistine, the First Alkaloid With the New Cyclobuta[b]Quinoline
Ring System From Sarcomelicope Megistophylla,” Tetrahedron Let-
ters 42 (2001): 5323-5325, https://doi.org/10.1016/S0040-4039(01)00990-
X.

43.J. A. Kepler, M. E. Wall, J. E. Mason, C. Basset, A. T. McPhail, and G.
A. Sim, “The Structure of Fomannosin, a Novel Sesquiterpene Metabolite
of the Fungus Fomes annosus,” Journal of the American Chemical Society
89 (1967): 1260-1261, https://doi.org/10.1021/ja00981a039.

44. H. E. Sprenger and W. Ziegenbe, “Cyclobutenediylium Dyes,” Ange-
wandte Chemie International Edition 7 (1968): 530-535, https://doi.org/10.
1002/anie.196805301.

45.Y.-I. Chen, T.-J. Hu, C.-G. Feng, and G.-Q. Lin, “Synthesis of Chiral
Cyclobutanes via Rhodium/Diene-Catalyzed Asymmetric 1,4-Addition: A
Dramatic Ligand Effect on the Diastereoselectivity,” Chemical Communi-
cations 51 (2015): 8773-8776, https://doi.org/10.1039/C5CC02023A.

46. H. A. Clement, M. Boghi, R. M. McDonald, et al., “High-Throughput
Ligand Screening Enables the Enantioselective Conjugate Borylation of
Cyclobutenones to Access Synthetically Versatile Tertiary Cyclobutyl-
boronates,” Angewandte Chemie International Edition 58 (2019): 18405-
18409, https://doi.org/10.1002/anie.201909308.

47.Z. Liang, L. Wang, Y. Wang, L. Wang, Q. Chong, and F. Meng,
“Cobalt-Catalyzed Diastereo- and Enantioselective Carbon-Carbon Bond
Forming Reactions of Cyclobutenes,” Journal of the American Chemical
Society 145 (2023): 3588-3598, https://doi.org/10.1021/jacs.2c12475.

48.P. Yan, C. Zhong, J. Zhang, Y. Liu, H. Fang, and P. Lu, “3-
(Methoxycarbonyl)Cyclobutenone as a Reactive Dienophile in Enantios-
elective Diels-Alder Reactions Catalyzed by Chiral Oxazaborolidinium
Tons,” Angewandte Chemie International Edition 60 (2021): 4609-4613,
https://doi.org/10.1002/anie.202014308.

49.J. Zhang, M. Wu, Z. Zhang, Q. Chong, and F. Meng, “Pathway-
Divergent Coupling of Alkynes and Cyclobutenes through Enantioselec-
tive Cobalt Catalysis,” Nature Communications 16 (2025): 5995, https://
doi.org/10.1038/s41467-025-61019-2.

50. B.-C. Zhou, B.-Z. Chen, T.-T. Song, et al., “Hydrated [3+2] Cyclotelom-
erization of Butafulvenes to Create Multiple Contiguous Fully Substituted
Carbon Centers,” Angewandte Chemie International Edition 63 (2024):
€202317299, https://doi.org/10.1002/anie.202317299.

51. S. Biswas, M. M. Parsutkar, S. M. Jing, V. V. Pagar, J. H. Herbort, and
T. V. RajanBabu, “A New Paradigm in Enantioselective Cobalt Cataly-
sis: Cationic Cobalt(I) Catalysts for Heterodimerization, Cycloaddition,
and Hydrofunctionalization Reactions of Olefins,” Accounts of Chemi-
cal Research 54 (2021): 4545-4564, https://doi.org/10.1021/acs.accounts.
1c00573.

52. F. Hu, Y. Zhao, L. Che, X. Yan, and Y. Xia, “Recent Advances in
Asymmetric Synthesis of Chiral Cyclobutenes,” ChemCatChem 16 (2024):
€202301249, https://doi.org/10.1002/cctc.202301249.

53. M. Mato, A. Franchino, C. Garcia-Morales, and A. M. Echavarren,
“Gold-Catalyzed Synthesis of Small Rings,” Chemical Reviews 121 (2021):
8613-8684, https://doi.org/10.1021/acs.chemrev.0c00697.

54.Y.Xu, M. L. Conner, and M. K. Brown, “Cyclobutane and Cyclobutene
Synthesis: Catalytic Enantioselective [2+2] Cycloadditions,” Angewandte
Chemie International Edition 54 (2015): 11918-11928, https://doi.org/10.
1002/anie.201502815.

55. S. Canellas, J. Montgomery, and M. A. Pericas, “Nickel-Catalyzed
Reductive [2+2] Cycloaddition of Alkynes,” Journal of the American
Chemical Society 140 (2018): 17349-17355, https://doi.org/10.1021/jacs.
8b09677.

56. M. L. Heldner, T. Korner, C. Czernetzki, P. T. Geppert, A. Nowak-Krol,
and G. Hierlmeier, “Visible-Light-Induced Bond Homolysis in Titanacy-
clopentadienes for the Catalytic Cyclodimerization of Internal Alkynes,”

Journal of the American Chemical Society 147 (2025): 37741-37750, https://
doi.org/10.1021/jacs.5c13492.

57. V. V. Pagar and T. V. RajanBabu, “Tandem Catalysis for Asymmetric
Coupling of Ethylene and Enynes to Functionalized Cyclobutanes,”
Science 361 (2018): 68-72, https://doi.org/10.1126/science.aat6205.

58. M. M. Parsutkar, V. V. Pagar, and T. V. RajanBabu, “Catalytic
Enantioselective Synthesis of Cyclobutenes From Alkynes and Alkenyl
Derivatives,” Journal of the American Chemical Society 141 (2019): 15367—
15377, https://doi.org/10.1021/jacs.9b07885.

59. X. Huang, B.-Z. Chen, P. Lj, et al., “Palladium-Catalysed Construction
of Butafulvenes,” Nature Chemistry 14 (2022): 1185-1192, https://doi.org/
10.1038/s41557-022-01017-9.

60. C. Wu and S. Ge, “Ligand-Controlled Cobalt-Catalyzed Regiodiver-
gent Hydroboration of Aryl, Alkyl-Disubstituted Internal Allenes,” Chem-
ical Science 11 (2020): 2783-2789, https://doi.org/10.1039/C9SC06136C.

61. H. Ni, W.-L. Chan, and Y. Lu, “Phosphine-Catalyzed Asymmetric
Organic Reactions,” Chemical Reviews 118 (2018): 9344-9411, https://doi.
org/10.1021/acs.chemrev.8b00261.

62. E. Bustelo, C. Guérot, A. Hercouet, B. Carboni, L. Toupet, and P. H.
Dixneuf, “An Opened Route to 1,3-Dimethylenecyclobutanes via Sequen-
tial Ruthenium-Catalyzed [2 + 2] Cycloaddition of Allenyl Boronate and
Palladium Suzuki Coupling,” Journal of the American Chemical Society
127 (2005): 11582-11583, https://doi.org/10.1021/ja051930r.

63. X.-X. Li, L.-L. Zhu, W. Zhou, and Z. Chen, “Formal Intermolecular
[2 + 2] Cycloaddition Reaction of Alleneamides With Alkenes via Gold
Catalysis,” Organic Letters 14 (2012): 436-439, https://doi.org/10.1021/
01202703a.

64. S. Saito, K. Hirayama, C. Kabuto, and Y. Yamamoto, “Nickel(0)-
Catalyzed [2 + 2] Annulation of Electron-Deficient Allenes. Highly
Regioselective Synthesis of Cyclobutanes,” Journal of the American Chem-
ical Society 122 (2000): 10776-10780, https://doi.org/10.1021/ja002241c.

65. D. V. Vorobyeva, A. N. Philippova, P. S. Gribanov, S. E. Nefedov, V. V.
Novikov, and S. N. Osipov, “Ruthenium-Catalyzed Dimerization of CF3-
Containing Functional Allenes,” Journal of Organometallic Chemistry 951
(2021): 121998, https://doi.org/10.1016/j.jorganchem.2021.121998.

66. W.-F. Zheng, P. P. Bora, G.-J. Sun, and Q. Kang, “Rhodium-Catalyzed
Regio- and Stereoselective [2 + 2] Cycloaddition of Allenamides,”
Organic Letters 18 (2016): 3694-3697, https://doi.org/10.1021/acs.orglett.
6b01731.

67. S.-N. Yang, S.-H. Sun, C. H. Liu, et al., “Ni-Catalyzed Regiodivergent
Hydrophosphorylation of Enynes,” Chinese Chemical Letters 34 (2023):
107914, https://doi.org/10.1016/j.cclet.2022.107914.

68. C. S. Hampton and M. Harmata, “Mechanistic Aspects of the
Phosphine-Catalyzed Isomerization of Allenic Sulfones to 2-Arylsulfonyl
1,3-Dienes,” Journal of Organic Chemistry 80 (2015): 12151-12158, https://
doi.org/10.1021/acs.joc.5b02097.

69. S. Xu, L. Zhou, S. Zeng, R. Ma, Z. Wang, and Z. He, “Phosphine-
Mediated Olefination between Aldehydes and Allenes: An Efficient
Synthesis of Trisubstituted 1,3-Dienes With High E-Selectivity,” Organic
Letters 11 (2009): 3498-3501, https://doi.org/10.1021/01901334c.

70. A. Grajewska and M. Oestreich, “Base-Catalyzed Dehydrogenative Si-
O Coupling of Dihydrosilanes: Silylene Protection of Diols,” Synlett 16
(2010): 2482-2484, https://doi.org/10.1055/s-0030-1258055.

71. A. A. Toutov, W.-B. Liu, K. N. Betz, A. Fedorov, B. M. Stoltz, and R. H.
Grubbs, “Silylation of C-H Bonds in Aromatic Heterocycles by an Earth-
Abundant Metal Catalyst,” Nature 518 (2015): 80-84, https://doi.org/10.
1038/naturel4126.

72. E. D. Voronova, I. E. Golub, A. Pavlov, et al., “Dichotomous Si-H Bond
Activation by Alkoxide and Alcohol in Base-Catalyzed Dehydrocoupling
of Silanes,” Inorganic Chemistry 59 (2020): 12240-12251, https://doi.org/
10.1021/acs.inorgchem.0c01293.

73. S. M. Ma and S. L. Wu, “CuBr,-Mediated Direct Aqueous Bromolac-
tonization of 2,3-Allenoates. An Efficient Access to f-Bromobutenolides,”

Angewandte Chemie International Edition, 2026

11 of 12

85U80 7 SUOLUWIOD aA 181D a|qeol(dde ayy Aq peusenob ae spiie YO ‘8sn Jo SaINJ 10} Aeiq 1T 8UIUO /8|1 UO (SUOPUOD-PUR-SLLIBIWIOD A8 | AReq Ul |Uo//ScY) SUORIPUOD pUe swie | 8y} 88s *[9202/90/T2] Uo Aiq1Tauluo /8|1 * OIWBUD JO 8InIisuU| Uelfed - Weyd uy-Buld Aq 200286, @1Ue/z00T 0T/I0p/W09 A8 | Akeiq Ul |uoy/ Sy Wo.y pepeojumoa ‘0 ‘eLLETZST


https://doi.org/10.1007/s11418-007-0166-3
https://doi.org/10.1016/S0040-4039(01)00990-X
https://doi.org/10.1021/ja00981a039
https://doi.org/10.1002/anie.196805301
https://doi.org/10.1039/C5CC02023A
https://doi.org/10.1002/anie.201909308
https://doi.org/10.1021/jacs.2c12475
https://doi.org/10.1002/anie.202014308
https://doi.org/10.1038/s41467-025-61019-2
https://doi.org/10.1002/anie.202317299
https://doi.org/10.1021/acs.accounts.1c00573
https://doi.org/10.1002/cctc.202301249
https://doi.org/10.1021/acs.chemrev.0c00697
https://doi.org/10.1002/anie.201502815
https://doi.org/10.1021/jacs.8b09677
https://doi.org/10.1021/jacs.5c13492
https://doi.org/10.1126/science.aat6205
https://doi.org/10.1021/jacs.9b07885
https://doi.org/10.1038/s41557-022-01017-9
https://doi.org/10.1039/C9SC06136C
https://doi.org/10.1021/acs.chemrev.8b00261
https://doi.org/10.1021/ja051930r
https://doi.org/10.1021/ol202703a
https://doi.org/10.1021/ja002241c
https://doi.org/10.1016/j.jorganchem.2021.121998
https://doi.org/10.1021/acs.orglett.6b01731
https://doi.org/10.1016/j.cclet.2022.107914
https://doi.org/10.1021/acs.joc.5b02097
https://doi.org/10.1021/ol901334c
https://doi.org/10.1055/s-0030-1258055
https://doi.org/10.1038/nature14126
https://doi.org/10.1021/acs.inorgchem.0c01293

Tetrahedron Letters 42 (2001): 4075-4077, https://doi.org/10.1016/S0040-
4039(01)00634-7.

74.Y. Xia, Y. Liang, Y. Chen, et al., “An Unexpected Role of a Trace
Amount of Water in Catalyzing Proton Transfer in Phosphine-Catalyzed
(3 +2) Cycloaddition of Allenoates and Alkenes,” Journal of the American
Chemical Society 129 (2007): 34703471, https://doi.org/10.1021/ja068215h.

75. J. Werth and C. Uyeda, “Regioselective Simmons-Smith-Type Cyclo-
propanations of Polyalkenes Enabled by Transition Metal Cataly-
sis,” Chemical Science 9 (2018): 1604-1609, https://doi.org/10.1039/
C7SC04861K.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File 1: anie73234-sup-0001-SuppMat.pdf.

12 of 12

Angewandte Chemie International Edition, 2026

85U80 7 SUOLUWIOD aA 181D a|qeol(dde ayy Aq peusenob ae spiie YO ‘8sn Jo SaINJ 10} Aeiq 1T 8UIUO /8|1 UO (SUOPUOD-PUR-SLLIBIWIOD A8 | AReq Ul |Uo//ScY) SUORIPUOD pUe swie | 8y} 88s *[9202/90/T2] Uo Aiq1Tauluo /8|1 * OIWBUD JO 8InIisuU| Uelfed - Weyd uy-Buld Aq 200286, @1Ue/z00T 0T/I0p/W09 A8 | Akeiq Ul |uoy/ Sy Wo.y pepeojumoa ‘0 ‘eLLETZST


https://doi.org/10.1016/S0040-4039(01)00634-7
https://doi.org/10.1021/ja068215h
https://doi.org/10.1039/C7SC04861K

	Phosphine-Catalyzed Unsymmetric [2 + 2] Annulation of Allenyl Phosphonates for Highly Substituted Cyclobutenes
	1 | Introduction
	2 | Results and Discussion
	Author Contributions
	Acknowledgments
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


