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lkenyl–arylation of ynamides via
1,3-olefin shift

Saumya Verma,† Manoj Sethi† and Akhila K. Sahoo *

A cationic Pd-catalysed multicomponent reaction enables the regio-reversed alkenyl–arylation of

ynamides through a migratory difunctionalization strategy. A stereoselective 1,3-olefin shift of

a keteniminium–alkenyl–Pd intermediate governs the carbopalladation pathway, generating a vinylic Pd

species that subsequently couples with aryl boronates. This protocol offers streamlined access to highly

substituted branched dienes, trienes, and divinyl ethylene (DVE) derivatives with excellent regio- and

stereocontrol. The broad substrate scope, scalability, and mechanistic insights highlight the synthetic

potential of this transformation. Additionally, the photophysical properties of these conjugated systems

were examined, underscoring their potential as functional materials for optoelectronic applications.
Introduction

Transition metal-catalyzed alkyne difunctionalization has
emerged as a powerful strategy for assembling structurally
complex molecules from simple and readily available feedstock
chemicals.1–7 These transformations offer excellent control over
both regio- and stereoselectivity, enabling the modular incor-
poration of diverse functional groups onto alkyne scaffolds.1–5

Despite these advances, the diastereoselective synthesis of
internally substituted conjugated polyenes remains challenging
due to difficulties in achieving precise stereochemical control
(Fig. 1B). Traditionally, conjugated polyene systems are
accessed via cross-coupling strategies that require pre-
functionalized alkenyl partners or strained intermediates
(Fig. 1A).7–16 In contrast, alkyne difunctionalization allows for
the regioselective introduction of two distinct substituents
across a triple bond, either through direct addition (Fig. 1A)17,18

or via migratory mechanisms (Fig. 1A), where one group
undergoes positional rearrangement before interception by
a second coupling partner.19–27 These strategies enable the
stereoselective assembly of conjugated polyene frameworks,
oen surpassing traditional cross-coupling approaches in
terms of step-economy, selectivity, and overall synthetic
efficiency.

In this context, most established difunctionalization strate-
gies for polarized alkynes (ynamides) have centred on hydro-
olenation or stepwise olen incorporation. Seminal contribu-
tions from the Skrydstrup28 and Zhu29 groups have provided
access to polarized diene frameworks (Fig. 1C). However,
reports of carbo-olenation in such systems are rare. An
Fig. 1 Background and this work.
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Table 1 Optimization of reaction conditionsa

a Reaction conditions: 1 (0.05 mmol), 2 (0.075 mmol), 3 (0.075 mmol), Pd(dba)2 (0.005 mmol), KF (0.1 mmol), NaHCO3 (0.1 mmol): DMSO (0.15 M),
stirred at 50 °C.
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exception is the study by Lam et al., in which a bimetallic Rh/Zn
system for oxazolidinone-derived ynamides forms a-vinylic zinc
intermediates that couple with iodoalkenyl reagents, furnishing
the corresponding carbo-olenation products (Fig. 1C).30

We recently reported a one-pot aryl-olenation of ynamides,
wherein 1,3-aryl shi governed the reaction pathway, enabling
the selective synthesis of substituted linear dienes (Fig. 1C).19

Building on these ndings, we envisaged that reversing the
regioselectivity via alkenyl–arylation could provide access to
branched conjugated olens, which are challenging to synthe-
size using existing methods (Fig. 1D). To realize this goal,
a successful 1,3-olen shi is essential. In contrast to the facile
1,3-aryl migrations, olen rearrangements present signicant
challenges, primarily due to competing migration pathways and
the tendency of in situ generated vinylic metal intermediates
from alkenyl-electrophile to undergo b-hydride elimination
(Fig. 1D).31–34

The present study introduces a general one-pot strategy for
the synthesis of internally substituted branched diene and
triene frameworks through the three-component coupling of
ynamides, alkenyl triates, and aryl boronates with high selec-
tivity. The reaction proceeds under mild, ligand-free conditions,
effectively addressing the challenges associated with olen
migration (Fig. 1D).
Results and discussion

To evaluate our hypothesis, ynamide 1a, cyclohex-1-en-1-yl tri-
uoromethanesulfonate (2a), and 4,4,5,5-tetramethyl-2-(p-tolyl)-
1,3,2-dioxaborolane (3a) were selected as model substrates
(Table 1). Reaction optimization revealed that using Pd(dba)2
(5.0 mol%) in combination with KF (2.0 equiv.) and NaHCO3
Chem. Sci.
(2.0 equiv.) in DMSO (0.15 M) at 50 °C delivered the desired
alkenyl–arylated product 4 in 83% yield with complete regio-
and syn-selectivity (Table 1, entry i). Substituting the alkenyl
triate with cyclohex-1-en-1-yl methanesulfonate (2a0) or 1-
bromocyclohex-1-ene (2a00) resulted in signicantly reduced
yields or complete suppression of product formation (entries ii
and iii). Similarly, replacing arylboronate 3a with boronic acid
derivatives 3a0 or 3a00 led to only moderate yields (78% and 45%,
entries iv and v). Alternative palladium sources, including
various Pd(0) and Pd(II) complexes, did not improve the
outcome when compared with Pd(dba)2 (entries vi–viii). Base/
additive combinations, such as Cs2CO3, K2CO3, CsF, and AgF,
led to 4 in 32–64% (entries ix–xii). Finally, alterations of solvent
system (entries xiii–xvi) or reaction temperature (entry xvii) did
not enhance the product yield.

Importantly, the choice of alkenyl electrophile and the
solvent system is critical in determining the overall regio-
selectivity. Labile electrophiles can generate vinylic cationic
Pd(II) species that exhibit enhanced electrophilicity stabilized by
a coordinating solvent. This promotes the formation of the
keteniminium intermediates and the subsequent olen migra-
tion, leading to a regioselective product. Nonetheless, the
nature of the ynamide is equally crucial; directing-enabled
ynamides (1h) can result in the formation of regioisomeric
mixtures.

Under the optimized conditions, the scope of this three-
component protocol for synthesizing branched 1,3-dienes was
explored (Scheme 1a). The para-substituted arylboronates
bearing electron-donating groups p-Me (3a) and p-OMe (3b)
reacted independently with 1a and 2a to afford dienes 4 and 5 in
83% and 63% yield, respectively. Despite the potential for Pd
deactivation by hydroxyl coordination, the reaction of OH-
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Scope of reaction; reaction conditions: 1 (0.3 mmol), 2 (0.45 mmol), 3 (0.45 mmol), Pd(dba)2 (0.015 mmol), KF (0.6 mmol), NaHCO3

(0.6 mmol): DMSO (0.15 M), stirred at 50 °C. The regioisomeric ratio (calculated using 1H NMR) of the products is mentioned in parentheses.
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substituted boronate 3c delivered diene 6 in moderate yield,
offering a handle for further derivatization. Electron-decient
and halo-substituted arylboronates, including [p-CF3 (3d), p-Br
(3e), and m-Br (3i)] were well tolerated, furnishing dienes 7
(65%), 8 (62%), and 12 (69%) with the bromo group intact. This
highlights the potential for downstream cross-coupling or late-
stage functionalization. Likewise, the meta-substituted aryl-
boronates [m-CO2Et (3f),m-SO2Me (3g),m-Ac (3h), andm-Br (3i)]
© 2025 The Author(s). Published by the Royal Society of Chemistry
also showed broad compatibility delivering 9–12 in 58–80%
yield with high regioselectivity. The structure of diene 10 was
unambiguously conrmed by single-crystal X-ray diffraction
(CCDC 2433173). Notably, the transformation with m-vinyl-
substituted arylboronate 3j was smooth affording diene 13 in
62% yield; the vinylic moiety did not affect the reaction
outcome. Heteroaryl (3k) and polyaromatic substrates (3l–3o)
Chem. Sci.
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Scheme 2 Scope of reaction and scale-up reaction; reaction conditions: 1 (0.3 mmol), 2 (0.45 mmol), 3 (0.45 mmol), Pd(dba)2 (0.015 mmol), KF
(0.6mmol), NaHCO3 (0.6mmol): DMSO (0.15 M), stirred at 50 °C. The regioisomeric ratio (calculated using 1H NMR) of the products is mentioned
in parentheses.
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participated efficiently in the reaction delivering the desired
products 14–18 in 57–86% yield.

We next examined the reactivity of alkenyl triates (Scheme
1b). Gratifyingly, both cyclic and acyclic variants of alkenyl tri-
ates coupled efficiently with 1a and 3a, delivering the corre-
sponding 1,3-dienes with excellent stereoselectivity. The
sterically demanding cyclic systems, including ve-to eight-
membered alkenyl triates (2b–2e) were participated smoothly
in the syn-olenic–arylation of ynamides; the respective prod-
ucts 19–22 were obtained in moderate to good yields (51–73%).
Likewise, products 23 (61%), and 24 (57%) were made from the
Chem. Sci.
coupling of alkenyl triates derived from tetralone (2f), and
exocyclic framework (2g), respectively.

We then turned our attention to study the ynamides scope
(Scheme 1c). Aryl-substituted ynamides bearing both electron-
donating and electron-withdrawing groups, such as p-Ph (1b),
p-CO2Me (1c), p-CN (1d), p-F (1e), m-NO2 (1f), and m-Cl (1g)
reacted efficiently to furnish the corresponding products 25–30
in good yields (69–80%). In contrast, the oxazolidinone ynamide
1h proved less effective, delivering product 31 in 43% yield with
poor regioselectivity (3 : 2). This reduced efficiency is likely due
to the combined inuence of the oxazolidinone directing group
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthetic application and photophysical study; (a)
absorption (5 mM, labs) and (b) emission (50 mM, lem) spectra of the
compounds were investigated in MeCN at 298K. The emission spectra
were measured upon excitation at 275–320 nm.
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and the intrinsic electronic character of the ynamide. Unfortu-
nately, the triate electrophiles 1-(cyclohex-1-en-1-yl)vinyl tri-
ate (2h) and adamantanyl vinyl triate (2i) did not undergo the
desired transformation with 1a and 3a, resulting in a complex
mixture. The outcome with 2h can be attributed to multiple
competing migration pathways, whereas for bulky 2i, steric
hindrance between the ynamide N-tosyl group and the electro-
phile likely prevents the intramolecular 1,3-olen shi. In
addition, other alkyne derivatives such as diethyl (phenyl-
ethynyl)phosphonate (1i), and phenyl(phenylethynyl)sulfane
(1j) failed to deliver the desired diene products under the
standard conditions (Scheme 1d).

To further demonstrate the versatility of this synthetic
method, we extended its application to the synthesis of conju-
gated trienes using ene-ynamides (Scheme 2). The dual func-
tionality of ene-ynamides, comprising both alkyne and alkene
© 2025 The Author(s). Published by the Royal Society of Chemistry
moieties, poses site-selectivity challenges. Specically, the
formation of a p–allyl–Pd intermediate (III00) from the reaction
intermediate III0 could complicate the reaction pathway
(Scheme 2a). However, the nucleophilic b-carbon of the yna-
mide strengthens the Pd–C bond, which suppresses p–allyl–Pd
formation and consequently directs the reaction toward the
selective synthesis of conjugated trienes (Scheme 2a).

In this context, a variety of aryl boronates including para-(3d)
and meta-substituted (3f) derivatives, as well as polyaromatics
(3l–3n) were subjected to standard conditions with cyclic ene-
ynamide 1k and alkenyl triate 2a, delivering trienes 32–36 in
67–72% yield. Further, acyclic ene-ynamide (1l and 1m) reacted
smoothly furnishing trienes 37–39 in 59–68% yield.

We next examined the reactivity of yne-ynamides (1n) under
the standard conditions. Remarkably, despite the coexistence of
two potentially reactive sites the ynamide and the terminal
alkyne, the transformation proceeded with complete chemo-
selectivity at the ynamide moiety, affording the highly
substituted DVE derivative 40 in 62% yield.

Furthermore, the reaction exhibited excellent tolerance
toward a wide range of structurally complex scaffolds incorpo-
rated at the periphery of the aryl-boronate unit. Derivatives of
gembrozil (3p), borneol (3q), naproxen (3r), and ibuprofen (3s)
reacted smoothly with 1a and 2a, delivering products 41–44 in
53–70% yield with good selectivity (Scheme 2c).

To our delight, the reaction was successfully performed on
a gram scale (Scheme 2d). Specically, the reaction of the cor-
responding ynamides (4.0 mmol) with alkenyl triates and aryl
boronates under the standard conditions afforded compounds
6 (0.95 g, 52%), 8 (1.21 g, 58%), 9 (1.67 g, 81%), and 34 (1.29 g,
65%). Notably, these yields are consistent with those obtained
in the small-scale experiments, demonstrating the scalability
and robustness of the protocol.

To demonstrate the synthetic versatility of the method,
further functionalization of selected compounds was carried
out (Scheme 3A). Treating compound 6 with ethyl propiolate led
to the product 45 in 59% yield. The hydroxyl group in 6 was
readily protected providing the complex aryl triate 46 in 62%
yield, thereby offering a handle for further derivatization. The
ester hydrolysis of compound 9 provided carboxylic acid, which
was then coupled with L-menthol to deliver ester 47 in 64%
yield (Scheme 3A).

Next, the photophysical properties such as absorption and
emission spectra of the compounds (36, 34, 38 and 39) were
studied in acetonitrile (MeCN) at 298 K (Scheme 3B). The
compounds displayed intense high-energy bands at 224–
228 nm, assigned to allowed p / p* intra-ligand transitions
within the aromatic framework. Less intensity features in the
262–338 nm region are assignable to n / p* transitions from
nitrogen lone pairs to p* orbitals, and lower-energy p / p*

excitations involving extended aromatic conjugation. The
emission spectra of compounds (36, 34, 38 and 39) were
recorded in MeCN upon excitation at 290, 275, and 320 nm. All
compounds exhibited emission in the near-UV to blue region
(365–410 nm) having emission maxima at 365, 385, 410, and
390 nm, respectively. These photophysical features highlight
the potential of the synthesized conjugated frameworks as
Chem. Sci.
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Scheme 4 Control experiment and plausible mechanism.
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functional materials for optoelectronic applications, and UV-
absorbing materials.7

To probe the reaction mechanism and factors controlling
regioselectivity, a series of control experiments were conducted,
including a competitive reaction between ynamides 1a and 1h
with 2a and 3a under standard conditions (Scheme 4A). The
reaction afforded products 4 (83%) and 31 (43%) in a 3 : 2
regioisomeric ratio. The exclusive formation of diene 4 from 1a
suggests that N-lone pair delocalization directs regioselectivity,
whereas the formation of regioisomer 31 from N-oxazolidinone-
substituted ynamide 1h highlights the competing inuence of
chelation and electronic effects on the reaction outcome.

Crossover experiments were performed under the optimized
conditions to probe chemoselectivity (Scheme 4B and 4C). In
Chem. Sci.
the intramolecular case, yne-ynamide 1l reacted exclusively to
give product 40, conrming preferential reactivity of the yna-
mide moiety even when conjugated with an alkyne (Scheme 4B).
While in the intermolecular crossover experiment, the reaction
independently performed among 1a/1a0 with 2a and 3a, the
product 4was only formed from ynamide 1a (Scheme 4C). These
results clearly highlight the preferential reactivity of the yna-
mide moiety over the alkyne unit (Scheme 4B and 4C).

Based on experimental results and literature precedents,
a plausible mechanism is proposed (Scheme 4D). Ligand
exchange between Pd(dba)2 and DMSO generates
Pd(0)(DMSO)2, which undergoes oxidative addition with alkenyl
triate 2 to form a cationic alkenyl-Pd(II) intermediate I.
Nucleophilic attack of ynamide 1 on I, with concomitant triate
displacement, furnishes keteniminium intermediate II. A
stereoselective intramolecular 1,3-olen shi then produces
intermediate III. Transmetalation of III with the aryl uoro-
borate IV in the presence of KF forms alkenyl-Pd-aryl species V,
which undergoes reductive elimination to deliver the nal
product 4.
Conclusions

In conclusion, we have developed a Pd-catalyzed regio-reversed
dicarbofunctionalization strategy of ynamides, enabling highly
selective 1,2-alkenylarylation via a stereoselective 1,3-olen
shi. This transformation proceeds through a cationic alkenyl-
Pd intermediate, which is efficiently intercepted by aryl boronic
esters to furnish a-alkenylated, branched conjugated dienes
and trienes with excellent regio- and stereocontrol. The method
exhibits broad substrate scope and high tolerance toward
various functional groups. This transformation also offers an
efficient route for the synthesis of complex p-conjugated
systems, including divinyl ethylene (DVE) derivatives. Further-
more, the detailed photophysical studies of the compounds
revealed strong p / p* and n / p* absorption and features
uorescence emission in the near-UV to blue region (365–410
nm). These ndings suggest that the conjugated frameworks
possess strong potential for use as functional materials in
optoelectronic devices and UV-absorbing systems. This work
not only expands the synthetic utility of ynamides in transition-
metal catalysis but also introduces new avenues for the
synthesis of divinyl ethylene (DVE) derivatives and their appli-
cation to showcasing the distinctive photophysical behaviour.
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