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2,5-Dihydropyrroles are prevalent structural motifs in various natural products
and biologically active molecules. Conventional methods for constructing
these heterocycles often rely on elaborate multi-step procedures or complex
starting materials. Herein, we describe a palladium-catalyzed chemodivergent
protocol for synthesizing functionalized 2,5-dihydropyrrole scaffolds from
readily accessible 1,3-enynes and anilines. By modulating the relative rates of
the selectivity-determining steps, either two-component annulation or three-
component telomerization can be selectively achieved, affording two distinct
types of functionalized 2,5-dihydropyrroles in excellent yields and with high
selectivities. Mechanistic studies reveal that the reaction initially proceeds
through 1,4-hydroamination of 1,3-enynes to generate an aminomethyl allene
intermediate, followed by an intramolecular annulation affording
2-substituted 2,5-dihydropyrroles. This process is significantly accelerated in
the presence of Pd(ll) catalysts. However, employing Pd(0) precursors, strong
acids, and excess ligand effectively decelerates this pathway, diverting the
selectivity towards reaction with a second equivalent of 1,3-enyne to yield the
telomeric products. This study not only provides an atom-economical method
for constructing the 2,5-dihydropyrrole core but also offers a valuable strategy
for the development of telomerization chemistry.

Efficient manipulation of reaction selectivity remains a permanent
pursuit among the organic community. Fundamentally, the successful
selectivity regulation depends on the ability to identify selectivity-
determining intermediates and precisely modulate the relative rates of
competing elementary steps. For instance, in a traditional two-
component reaction, substrate A could react with substrate B to
form the product C through the intermediate I, or the product D via
the intermediate II (Fig. 1a). Product C predominates if the combined
rate constants k; and k; significantly exceed k; and k,, whereas pro-
duct D prevails under the opposite scenario'°. However, controlling
selectivity becomes substantially more complex in reactions involving
multiple equivalents of a substrate, such as telomerization (e.g.,

A +2B), where additional key intermediates necessitate sophisticated
reactivity regulation.

Nitrogen-containing heterocycles (N-heterocycles) are ubiquitous
structural motifs found in numerous biologically active molecules and
natural products. 82% of FDA-approved small-molecule drugs between
2013 and 2023 contain at least one N-heterocycle'>". However, while
saturated and aromatic N-heterocycles are extensively studied, the
synthesis and application of their semi-saturated counterparts remain
significantly underdeveloped™™. Notably, 2,5-dihydropyrroles repre-
sent an important class of five-membered semi-saturated N-hetero-
cycles with diverse pharmacological and biological activities
(Fig. 1b)*. Despite the potential, catalytic methods for the efficient
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Fig. 1| Transition-metal catalyzed synthesis of 2,5-dihropyyroles. a The control
of selectivity in organic reactions. b Bioactive molecules containing 2,5-dihy-
dropyrrole motifs. ¢ Representative strategies for building multi-substituted 2,5-
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construction of functionalized 2,5-dihydropyrroles lag far behind
those for their saturated (pyrrolidines) or aromatic (pyrroles)
analogs'™®. Existing approaches include olefin metathesis of N,N-
diallylamine'®??, Rh- or Au-catalyzed alkyne cycloadditions*?, and
intramolecular hydroamination of allylamines or propargylamines* 2
(Fig. 1c). Huang, Reddy, and co-workers also reported an annulation

with diazo ester and propargyl amines via metal carbene
intermediates®*°. More recently, Zhou and co-workers developed a
two-step synthesis involving propargylic amination® (Fig. 1c).
Although important, these methods often suffer from drawbacks such
as multi-step sequences or the requirement of specialized starting
materials. Consequently, the development of an atom- and step-
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Fig. 2 | Optimization studies for chemodivergent coupling of 1,3-enyne with
aniline. a Acid effects on Pd-Catalyzed cyclization reactions. b Evaluation of con-
dition of product 3aa®. ¢ Evaluation of condition of product 4aa”. “Yields were

determined by 'H-NMR analysis with CH,Br, as internal standard. “Total yields of
other side-products 5aa-7aa. “Other side-products 5aa-7aa were not detected.

economical route to functionalized 2,5-dihydropyrroles from readily
available substrates is still highly desirable.

Retrosynthetically, the successive hydroamination of 1,3-enynes
with anilines provides a direct, atom-economical pathway to 2,5-
dihydropyrrole scaffolds. However, the inherent versatile reactivity
and high unsaturation of 1,3-enynes pose significant challenges for
chemoselectivity control*>*°. Building on our group’s ongoing interest
in divergent synthesis’*, we envisioned an unprecedented chemo-
divergent approach to access functionalized 2,5-dihydropyrroles from
1,3-enynes and anilines. Notably, Malcolmson and co-workers have
reported 1:1 coupling of 1,3-enynes with anilines in 2019, delivering
amino allenes with an efficiency®.

Herein we report a systematic modulation of the selectivity-
determining step through synergistically tuning of ligands, acids and
palladium precursors to realize the chemodivergent strategy and
suppress other competing pathways, such as the formation of acyclic
diamination byproducts (Fig. 1d). Our design centers on an initial Pd-

catalyzed hydroamination of 1,3-enyne with aniline, generating an
allene intermediate A. This key intermediate A could then undergo
either intramolecular hydroamination to afford the two-component
dihydropyrrole product, or couple with a second molecule of 1,3-
enyne to form Int B — a route to the telomeric dihydropyrrole product.

Results

Reaction optimization

We commenced this chemodivergent and atom-economic protocol
using aniline 1a and 1,3-enyne 2a as model substrates (Fig. 2a). Given
the crucial role of acid additives for in situ generation of metal-
hydride species®***°, we first carefully investigated a series of acids
with varying pK, values using Pd(acac), and XantPhos as the catalytic
precursor (Fig. 2a). While no reaction occurred in the absence of
acid, employing 30 mol% acetic acid afforded dihydropyrrole 3aa
and telomerization product 4aa in 22% and 18% yields, respectively,
along with side-products 5aa-7aa (combined 22% yield).
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Encouragingly, replacing acetic acid with benzoic acid significantly
improved the reaction, providing 3aa in 78% yield with enhanced
selectivity. To our surprise, stronger acids (A3-A6, pK, <3.4) effec-
tively shifted the chemoselectivity towards the telomerization pro-
duct 4aa. Among them, diphenyl phosphate (A4) afforded 4aa in the
highest yield and selectivity. However, the reactivity was dramatically
diminished when the very strong acid (MsOH, A7) was used. Conse-
quently, benzoic acid (A2) and diphenyl phosphate (A4) were chosen
as optimal additives.

With the acid additive identified, we then evaluated other reaction
parameters for dihydropyrrole product 3aa and telomerization pro-
duct 4aa separately (Fig. 2b, c and Supplementary Tables 1-9). In the
presence of 30 mol% PhCO,H, the desired product 3aa was obtained in
95% yield with excellent selectivity using 5 mol% Pd(acac), and 2.5 mol
% XantPhos in DCM at 60 °C (Fig. 2b, entry 1). It should be noted that
the loading amount of ligand significantly affected the reaction out-
comes. When the amount of XantPhos was increased to 5mol%, the
yield of 3aa decreased to 73%, accompanied by formation of 4aa in 9%
yield (entry 2). Screening other mono- and bidentate phosphine
ligands confirmed XantPhos as optimal (entry 3 and Supplementary
Table 4). Other palladium catalyst precursors, such as Pd(OAc),,
resulted in reduced reactivities (entry 4 and Supplementary Table 3).
Solvents THF and DMF proved unsuitable for the formation product
3aa compared to DCM (entries 5-6).

Subsequently, we shifted our attention to the condition opti-
mization for aminated telomerization reaction (Fig. 2c). To our
delight, model product 4aa was obtained in 87% yield with >20:1 Z/E
selectivity upon switching to diphenyl phosphate as the acid additive
in the presence of Pd(PPhs), and Cy-DPEPhos (entry 1, Supplemen-
tary Tables 7 and 8). Compared with Cy-DPEPhos, XantPhos exhib-
ited lower activity and chemoselectivity for this transformation
(entry 2 and Supplementary Table 8). This protocol could also pro-
ceed without additional ligand but in a decreased yield and selec-
tivity (entry 3). When reactions were explored with other Pd" or Pd°®
catalyst precursors, the yields, as well as chemo- and stereo-
selectivities, decreased dramatically (entry 4 and Supplementary
Table 7). Differing from product 3aa, only 52% yield of 4aa could be
obtained when reducing the amount of ligand from 5 mol% to 2.5 mol
% (entry 5). Further increasing the dosage of 1,3-enyne did not
improve the yield of 4aa (entry 6).

Substrate scope

With the optimized reaction conditions established, we then
explored the substrate scope of this Pd-catalyzed sequential hydro-
amination of 1,3-enynes (Fig. 3a). With the aid of PhCO,H, the model
reaction between aniline 1a and 1,3-enyne 2a afforded 3aa in 91%
isolated yield. The structure of 3aa was confirmed by single-crystal X-
ray crystallography (CCDC: 2468082). Overall, this protocol exhibits
good functional group tolerance, delivering the desired 2,5-dihy-
dropyrroles in 38-93% yields (3ab-3ra). For example, anilines with
electron-donating groups at either the para- or meta-position of the
phenyl ring were all compatible under the standard conditions
(3ab-3ag). It is worth noting that substituents at the ortho-position
were also tolerated, affording products 3ah and 3ai in 46% and 89%
yields, respectively. Anilines bearing electron-withdrawing groups
were amenable to this transformation as well, constructing 2,5-
dihydropyrroles 3aj-3an in 56-92% yields. To our delight, the bromo
group, which is sensitive and easily eliminated under palladium cat-
alysis, remained intact under the current reaction conditions (3am).
In addition, arylamines bearing naphthyl or heteroaromatic rings
reacted smoothly with 1,3-enynes, producing the corresponding
products in satisfactory yields (3ao-3ar). In contrast to arylamines,
alkyl-substituted primary amines showed sluggishness under current
protocol (for details, see unsuccessful substrates in Supplementary
Information, Supplementary Fig. 1).

Next, 1,3-enynes bearing various substituents were investigated
(Fig. 3b). 1,3-Enynes with substituents at the para-position on the
phenyl ring, irrespective of their electron-donating or electron-
withdrawing properties, all proceeded efficiently in this atom-
economic transformation, affording the corresponding products in
good to excellent yields (3ba-3ka). The sterically hindered substrate
possessing a substituent at the ortho-position of the phenyl ring
showed no significant decrease in reactivity (3la). When the phenyl
ring was replaced with a naphthyl group or heterocyclic groups such as
3-pyridyl and 3-thienyl, the 1,3-enynes also proved viable, yielding the
corresponding products in 50-91% yields (3ma-3o0a). Besides aryl
groups, alkyl-substituted 1,3-enynes also underwent the 1,4-cyclization
smoothly, affording the desired products in moderate to good yields
(3pa-3qa). In addition, 1,3-disubstituted 1,3-enyne was also an applic-
able substrate, furnishing a highly functionalized 2,5-dihydropyrrole
(3ra) in 77% yield. Notably, all evaluated substrates exhibited excellent
chemoselectivities. To access the asymmetric dihydropyrrole skele-
ton, condition optimizations of enantioselective hydroamination were
carried out (for details, see Supplementary Information, Supplemen-
tary Table 10). Employing (R)-MeO-Biphep as chiral ligand and 3,5-di-
tert-butylbenzoic acid as additive, product 3aa could be obtained in
65% vyield and 82% ee. The absolute configuration of chiral dihy-
dropyrrole 3aa was determined by single-crystal X-ray diffraction
(CCDC: 2519020).

Subsequently, the generality of the Pd-catalyzed telomerization
between 1,3-enynes and anilines was evaluated (Fig. 4). Under the
standard conditions with diphenyl phosphate as the additive, model
product 4aa was isolated in 85% yield with exclusive stereoselectivity
(>20:1Z/E ratio, Fig. 4a). The stereo configuration of the product 4aa
was determined by 'H-"H NOESY spectra (see Supplementary Infor-
mation for details). The reactions also proceeded smoothly with ani-
lines bearing alkyl groups at the para- or meta-positions of the benzene
ring (4ab-4ad). Despite its potential lability, versatile bromo group
was tolerated to afford the target products in good yields, facilitating
further derivatizations (4ak and 4al). Substrates bearing stronger
electron-withdrawing groups like trifluoromethyl and ester groups
showed decreased reactivities under the standard conditions, requir-
ing higher reaction temperatures (4am-4an vs. 4ao). Polycyclic and
heteroaryl amines were also feasible substrates, affording the products
in decent yields (4ap-4ar). However, the telomerization reaction was
sensitive to the steric hindrance of amines. The ortho-substituted
arylamines were not applicable under current conditions (for details,
see unsuccessful substrates in Supplementary Information, Supple-
mentary Fig. 1).

This unprecedented telomerization also demonstrated good
generality for 1,3-enyne substrates (Fig. 4b). A variety of 1,3-enynes
bearing alkyl groups at the para-position reacted with aniline 1a in high
yields and with high Z/E selectivities (4ba-4da). A methyl group at the
ortho-position of the phenyl ring was also compatible (4ea). Other
electron-donating groups, such as methoxy (4ia), and amino (4ja), as
well as electron-withdrawing groups like halogens (4fa-4ha), cyano,
trifluoromethyl, ester, and phenyl (4ka-4na), all showed good com-
patibility under the current conditions. It is worth noting that the
structure of 4ja was further confirmed by single-crystal X-ray crystal-
lography (CCDC: 2468080). 2-Naphthyl-substituted 1,3-enyne affor-
ded product 40a in 85% yield with >20:1 Z/E selectivity. Heterocyclic
substituents containing coordinating atoms, such as N and S, exhibited
little influence on the reaction outcomes, as demonstrated by 4pa and
4qa. However, the reaction with alkyl-substituted 1,3-enyne resulted in
an apparent decrease in stereoselectivity (4ra, 4:1 Z/E).

Mechanistic investigations

To elucidate the mechanism underlying this chemodivergent trans-
formation, we conducted a series of mechanistic experiments. First,
allene 5aa was successfully isolated and subjected to the standard
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Fig. 3 | Substrate scope for Pd-catalyzed sequential hydroamination of 1,3-enynes. a Scope of Amines. b Scope of 1,3-Enynes. Condition: 1 (0.20 mmol), 2 (2.0 eq.),

Pd(acac), (5 mol%), XantPhos (2.5 mol%), PhCO,H (30 mol%), DCM (1.0 mL), 60 °C, 18 h. Isolated yields were given.

conditions for product 3aa (Fig. 5a). As expected, 2,5-dihydropyrrole
3aa was obtained successfully in 62% yield, demonstrating that allene
5aa likely serves as a reactive intermediate. Next, deuterium labeling
using CD30D as the source afforded 3aa-d, revealing significant deu-
terium incorporation at both the 2- and 3-positions of the pyrrole ring
(Fig. 5b). This H/D scrambling indicates that reversible protonation/
deprotonation steps occur at these sites. Kinetic studies of the
sequential hydroamination revealed a pronounced ligand effect. The
reaction proceeded significantly faster using 5.0 mol% Pd(acac), and

2.5 mol% XantPhos (excess Pd) than with a 1:1 molar ratio (XantPhos/
Pd(acac),) (Fig. 5c). Subsequent kinetic experiments using isolated
allene 5aa demonstrated that added ligand slowed down the annula-
tion step (Fig. 5d). Replacing Pd(acac), with Pd(dba), significantly
inhibited the annulation. This observation, combined with the ligand
effects, suggests Pd(Il) species may function as Lewis acid catalysts in
the intramolecular hydroamination step®®*%. Supporting this hypoth-
esis, control experiments showed Cu(OAc), also catalyzes this trans-
formation (Supplementary Table 13 for details).
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Further experiments were also conducted to probe the mechan-
istic details of the telomerization process (Fig. 5e-h). Direct coupling
between 3aa and 1,3-enyne 2a failed to produce telomeric product 4aa
(Fig. 5e), eliminating 3aa as an intermediate in this pathway. Reacting

isolated allene 5aa with an additional equivalent of 2a successfully
afforded 4aa in 48% yield (Fig. 5f, entry 1), identifying 5aa as the key
intermediate for the telomerization pathway. However, this transfor-
mation was completely suppressed when using Pd(acac), instead of
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experiments for 4aa. g Deuterium-labeling study of 4aa. h Kinetic studies for 4aa
under standard conditions. i Proposed mechanism.

Pd(PPh3), (Fig. 5f, entry 2). This aligns with observations in Fig. 5d,
confirming that Pd(ll) precursors accelerate the intramolecular
hydroamination of 5aa to 3aa, thereby diverting selectivity away from
telomerization. Supplementing additional ligand effectively impeded

the annulation of 5aa, promoting 4aa formation (Fig. 5f, entry 3). In
addition, replacing (PhO),PO,H with the weaker acid PhCO,H favored
formation of 3aa (Fig. 5f, entry 4), consistent with the selectivity con-
trol shown in Fig. 2a. Deuterium labeling (CD30D) in the telomerization
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of 1a and 2a revealed significant H/D exchange at the pyrroline
2-position and the 1-position of the 1,3-butadienyl group in 4aa-d
(Fig. 5g). This suggests the pathway involves alkene insertion between
the pyrroline moiety and an alkenyl-Pd species (generated via 1,2-
insertion of a Pd-hydride into 2a), followed by intramolecular C-N
coupling. Besides, kinetic monitoring of the telomerization reaction
detected intermediate 5aa in the early stages, with its gradual con-
sumption coinciding with 4aa formation (Fig. 5h), supporting the
proposed sequence. Crossover experiments using 5aa as the starting
material for both the annulation and telomerization pathways yielded
cross-annulated products (Supplementary Figs. 5 and 6). These results
demonstrate the reversibility associated with the formation of allene
intermediate 5aa.

Based on the above results and previous literature , a plau-
sible mechanism for this chemodivergent coupling reaction was pro-
posed (Fig. 5i). First, an oxidative addition between Pd(0) species and
acid HX yields Pd(Il)-H intermediate A. Then, 1,3-enyne 2a undergoes
regioselective migratory insertion into Pd(Il)-H species to afford
alkenyl-palladium B, which can be reversibly converted to mt-allyl pal-
ladium species C. Next, aniline 1a undergoes nucleophilic attack on m-
allyl palladium intermediate, releasing one molecule of HX and allene
intermediate 5aa, as well as the regeneration of Pd(0) species. Under
condition A, which is performed with weak acid PhCO,H and half
equivalent of bidentate ligand (XantPhos/Pd= 1:2), the allene 5aa is
directly activated by Pd(ll), followed by nucleophilic attack on the
2-positions of allene, furnishing a vinyl palladium species D. Finally,
species D undergoes protonolysis to give annulated product 3aa and
recycle Pd(ll) catalyst (Pathway I). Under condition B, however, the
addition of strong acid (PhO),PO,H may facilitate the formation of
Pd(Il)-hydride species and thus accelerate the alkyne insertion to
deliver intermediate B and its tautomer C. Meanwhile, the excessive
dosages of ligand (XantPhos/Pd= 1:1) can impede the direct intramo-
lecular amination of allene 5aa. As a result, complex E may be pre-
ferentially formed through the coordination between allene 5aa and
intermediate C (Pathway II). After an allene insertion, cyclopalladated
intermediate F is generated which then proceeds through a final
reductive elimination to furnish telomerization product 4aa and
regenerates palladium catalyst. Notably, the reaction of allene 5aa
proceeds much faster via Pathway I (intramolecular hydroamination)
than Pathway Il (telomerization) in the presence of Pd(ll) catalysts.
Consequently, modulating the relative rate of this step directly gov-
erns product selectivity. By replacing Pd(ll) with Pd(O) precursors,
employing strong acids, and using excess ligand, the reaction pathway
can be efficiently diverted toward the telomeric product 4aa.

60,63,64

Synthetic transformations
Encouraged by the generality of this chemodivergent strategy, we
carried out the late-stage modification of a series of bioactive mole-
cules featuring the aniline motif (Fig. 6a). Procaine and dimethocaine,
two widely applied and effective anesthetics, could react with 1,3-
enyne 2a and generate 2,5-dihydropyrroles 8 and 9 in medium to good
yields. For molecules bearing amide N-H groups, like sulfalen, this
protocol also enabled successful modification in 36% yield (10). Cou-
marin 120, an arylamine with fused-ring framework, could also deliver
the target product 11 in 56% yield smoothly at a higher reaction tem-
perature. The acetanilide derivatives could still undergo this process to
afford the corresponding products 13 and 14 with good yields and
excellent Z/E selectivities. Other modification products could be con-
cisely prepared in decent yields and satisfactory Z/E selectivities from
arylamine molecular drugs with different scaffolds (15-17). Due to the
poor solubility, the telomerization of coumarin 120 with two molecules
of 2a exhibited a decline in yield (16).

To demonstrate the practicality of this protocol, scale-up reac-
tions and various transformations were performed (Figs. 6b, 5c). The
protocol could proceed unimpededly in 2 mmol scale, affording 3aa in

88% yield. The oxidative aromatization or reductive hydrogenation of
3aa was conducted successfully, resulting in the formation of corre-
sponding products 18 or 19 in excellent yield. Recently, the skeleton
editing of N-heterocyclic frameworks has become an appealing tool for
the assembly of molecular complexity. Inspired by the ring-expansion
of saturated amines recently developed by Wang and co-workers®, we
wondered whether hemi-saturated product 3aa could also undergo
such alkyne insertion reactions. To our surprise, submitting 3aa and
alkynyl ester to the reaction system, cycloaddition occurred following
by ring-opening rather than alkyne insertion, providing an unexpected
product 20 in 34% isolated yield. The structure was confirmed by
single-crystal X-ray crystallography after hydrolysis (21, CCDC:
2472318). Additionally, scale-up reaction for 4aa was achieved in 87%
yield with excellent Z/E selectivity (Fig. 6¢). To our delight, the ste-
reoselective oxidative aromatization of telomerization product 4aa
could be conducted successfully. In the presence of MnO,, aromati-
zation product 22 in Z-configuration could be obtained in excellent
selectivity. In comparison, the stereoselectivity could be efficiently
switched to E-configuration under the irradiation of white LED in air.
The structure of compound 22 (E) was unambiguously confirmed by
single-crystal X-ray crystallographic analysis (CCDC: 2468081). Besides
aromatization, product 4aa could occur 1,4-hydroborylation/oxida-
tion to provide allylic alcohol 23 in 59% yield with exclusive E-stereo-
selectivity under Ni catalysis. In addition, a Co-catalyzed
Simmons-Smith-type cyclopropanation was also applicable and
afforded highly substituted dihydropyrroles 24 with high Z-selectivity.
Thienyl-substituted polysubstituted pyrrole 25, which are difficult to
obtain via conventional synthetic methods, could also be accessed by
oxidative cyclization reactions between inorganic sulfurating reagent
K>S and 4aa. Finally, hydrogenation furnished alkyl-substituted dihy-
dropyrrole 26 in 61% yield.

In conclusion, we have developed a chemodivergent Pd-catalyzed
protocol for the construction of multi-substituted 2,5-dihydropyrrole
scaffolds. Employing weak acid additives and a Pd(ll) precursor
enables the rapid sequential hydroamination of 1,3-enynes with
amines, affording 2-substituted 2,5-dihydropyrroles. Conversely,
switching to strong acids and Pd(0) precursors efficiently redirects
chemoselectivity towards the telomerization pathway, delivering 3-
(buta-1,3-dienyl)-substituted 2,5-dihydropyrroles with excellent Z/E
selectivities. Mechanistic studies elucidated that ligand loading sig-
nificantly influences reaction outcomes by modulating the annulation
rate of the allenylamine intermediate. This strategy features broad
functional group tolerance, facilitates late-stage modification of
bioactive molecules, and enables diverse derivatizations. Compared to
conventional methods, this protocol provides an unprecedented and
direct route to functionalized 2,5-dihydropyrrole scaffolds from
readily available starting materials in an atom-economical fashion.

Methods

General procedure for palladium-catalyzed sequential hydro-
amination of 1,3-enynes with amines

In a nitrogen glove box, Pd(acac), (0.01 mmol, 3.0 mg), XantPhos
(0.005 mmol, 2.9 mg) and PhCO,H (0.06 mmol, 7.2 mg) were added in
an oven-dried 4 mL vial. Then, freshly distilled DCM (1.0 mL) and 1,3-
enyne 2 (0.4 mmol) were injected to the sealed vial. Finally, amine 1
(0.2mmol) was added. The reaction vial was sealed with a cap,
removed from the glove box. The reaction mixture was stirred at 60 °C
for 18 hours. The crude reaction mixture was purified by column
chromatography on silica gel using petroleum ether and ethyl acetate
to afford the corresponding product 3.

General procedure for palladium catalyzed telomerization of
1,3-enynes with amines

In a nitrogen glove box, Pd(PPhs), (0.005 mmol, 5.8 mg), Cy-DPEPhos
(0.005 mmol, 2.8 mg) and (PhO),P(O)OH (0.03 mmol, 7.5 mg) were
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added in an oven-dried 4 mL vial. Then, freshly distilled EA
and 1,3-enyne 2 (0.3 mmol) were injected into the sealed via

amine 1 (0.1 mmol) was added. The reaction vial was sealed with a cap,
removed from the glove box. The reaction mixture was stirred at 60 °C

(0.5mL)
l. Finally,

for 12 hours. The crude reaction mixture was purified by column
chromatography on silica gel using petroleum ether and ethyl acetate
to afford the corresponding product 4. The Z/E ratios of products were
determined by 'H NMR analysis.
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Data availability

The X-ray crystallographic data for compounds have been deposited in
the Cambridge Crystallographic Data Centre (CCDC) under deposition
numbers CCDC 2468082 (3aa), 2468080 (4ja), 2472318 (21), 2468081
(22 E) and 2519020 ($-3aa). Data relating to the characterization data
of materials and products, general methods, optimization studies,
experimental procedures, mechanistic studies, mass spectrometry and
NMR spectra are available in the Supplementary Information. All data
are also available from the corresponding author upon request.
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