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ABSTRACT: Difunctionalization of ynamides, whether through an

[l Metrics & More ’ Q Supporting Information

"atom economy"

intermolecular approach or in an atom-economical manner, continues to Q « Br N ROS-N_
pose a significant challenge. This work presents a simpler method for N—= + I —ram O Pdev)— A
such unprecedented functionalization through highly regio- and = ®%° i 4
stereoselective bromoalkynylation. The developed strategy, which ynamides bromoalkynes Bbromoynenamides

requires a Pd(II) catalyst and no additive, has a broad scope and high
functional-group tolerance and provided access to 50 value-added fS- via: 1,3-alkynyl shift
bromo ynenamides. In addition to late-stage functionalization, the setting
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access to previously challenging 7-skeletons. A unique 1,3-alkynyl me:tu:i:z ° RO,S (/ P?Lzar * | applications

migration, which was enabled by Pd(IV)-bound keteniminium species, O/
offers a platform for the development of atom-economical reactions. | DFT computations

Experimental evidence, such as from Hammett plot analysis, X-ray

photoelectron spectroscopy studies, and 'C kinetic isotope effect measurements, supported by density functional theory
computations enabled a comprehensive understanding of the mechanism.

diverse m-systems
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B INTRODUCTION

12C). By analyzing these isotopic distributions, one can deduce

The acquisition of experimental evidence is vital to confidence
in science. In chemistry, understanding the mechanisms and
factors that influence the rates and selectivities of chemical
reactions is essential. Hammett analysis and determination of
kinetic isotope effects (KIEs) using the Singleton method have
stood out among the array of potent experimental tools
available for mechanistic investigations.’> The former
technique provides a quantitative measure of the electronic
and steric effects of substituents on reaction rates, whereas the
latter method offers a complementary approach for elucidating
reaction mechanisms.” In line with this, carbon-13 isotope
distribution provides a sensitive probe for studying the
dynamics of carbon-centered reactions with seminal contribu-
tions made by Singleton et al* This method enables the
determination of very small carbon isotope effects (typically
+0.4—0.7%), providing valuable insight into reaction mecha-
nisms and transition state structures. In this approach,
determining intermolecular *C KIEs at natural abundance
depends on kinetic resolution: at high conversion, the
unreacted starting material becomes enriched in the slower-
reacting isotope (typically '*C), while at low conversion, the
product is enriched in the faster-reacting isotope (typically
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the rate-determining step of the reaction, as the magnitude and
position of the *C enrichment reflect the relative bond-making
and bond-breaking processes occurring in the transition state.”

Since its discovery by Trost et al,” the atom-economical
cross-coupling of two different alkynes has been the most
frequently employed route to conjugated 1,3-enynes.” One
particular subset of such coupling reactions is haloalkynylation
because it employs a haloalkyne as one coupling partner and
brings a higher degree of complexity to these skeletons.”
Research reported by Jiang et al. in 2010 provided the initial
impetus for the search for a Pd(1I)-catalyzed haloalkynylation
method for an internal alkyne.® Notably, the low selectivity
(sometimes, a 1:1 ratio) and uncontrolled regioselectivity—
either a,f or f,a—for unsymmetrical or functionalized alkynes
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from this pioneering research formed the foundation for the
realization of other catalytic variants over the past few years.’
Although it has a track record of success, a detailed study of its
mechanism remains elusive, even though the proposed
mechanism appears to be highly feasible.

Ynamides have garnered considerable recognition as
valuable components in organic synthesis and exhibit broad
applicability across various branches of chemistry. Their
remarkable reactivity and versatility make them indispensable
for the construction of intricate molecular architectures. In our
research, we have envisaged leveraging the potential of these
amphiphilic 7-systems,'® in conjunction with haloalkynes, to
achieve atom-economical difunctionalization, specifically to-
ward the synthesis of functionalized 1,3-enynes.'” In the
context of ynamide carbofunctionalization,'' only two
nonatom-economical approaches for ynamide difunctionaliza-
tion for the introduction of alkyne functionalities have been
reported.'”"? One of these is a bimetallic strategy that involves
a radical germylzincation employing a superstoichiometric
reagent12 (Scheme 1A), and the other is a monometallic three-

Scheme 1. Precedents Leading to the Discovery of the
Present Reaction: (A) Alkynylative Difunctionalization of
Ynamide and (B) 1,3-Migration-Enabled Ynamide
Difunctionalization

—— A | Bimetallic approach to alkynylative difunctionalization of ynamide |
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component approach (Scheme 1B)."” Notably, the latter
approach, recently introduced by the Sahoo group, involves
1,3-migration through a metal-associated keteniminium
intermediate, followed by sequential transmetalation and
reductive elimination via Pd(0)/II catalytic cycles. Although
these methods have found considerable success in several
difunctionalization reactions,'* they are relatively ineffective
for the regioselective installation of an alkyne unit (one

example with rr = 2.6:1)." In addition, they require the use of
a base and multiple reagents. Consequently, the development
of atom-economical alternatives for alkynylative difunctional-
ization is highly desirable. While undertaking the development
of the atom-economical difunctionalization of ynamides, we
realized that finding an alternative Pd-catalyzed pathway
capable of generating an alkyne-[Pd]"**Br®"> complex
amenable to reacting with ynamides via a keteniminium
species14 is of utmost importance. For such a concept to be
feasible, the challenges of competing a-halogenation (of 1),'¢
homodimerization,"'® and careful control of regioisomer
formation that could arise from a 1,3-alkynyl shift and a 1,3-
bromo shift must be addressed. Moreover, the stereochemical
outcomes must be considered with caution, as although no
prior reports exist on the coupling of ynamides with internal
alkynes, the formation of both trans- and cis-isomers can
undoubtedly be anticipated, as observed in hydroalkynylations
(E/Z = 63:37 to >98:2) and Sonogashira reactions (E/Z =
63:37 or 30:70) with a-iodoenamides."”

In the context of these challenges and in continuation of our
research on halo-functionalized ynenamide synthesis,”’ we
present herein our findings on atom-economical Pd(II/IV)-
catalyzed bromoalkynylations. As the mechanistic under-
standing of bromoalkynylation is limited, we elucidated the
potential mechanisms through experimental studies, such as
Hammett analysis, X-ray photoelectron spectroscopy (XPS)
studies, and *C isotope effect (IE) studies, complemented by
density functional theory (DFT) computations. A combination
of a wide range of ynamides and bromoalkynes afforded
modifiable all-carbon-substituted cross-conjugated ynena-
mides. The synthetic applicability of this method was
demonstrated through the late-stage diversification of complex
molecules and valuable synthetic modifications to modularly
access complex conjugated s-skeletons that are notoriously
difficult to synthesize.

Bl RESULTS AND DISCUSSION

Optimization Overview. Our search for the optimal
conditions for the proposed bromoalkynylation of ynamide 1a
began using 2a under the conditions employed in the previous
pioneering studies by Jiang et al.®'> Not surprisingly, full
conversion of la was observed, producing 3aa in 43% yield,
albeit after 24 h. The low yield is due to the formation of a-
bromination product 4a in 38% yield (see details in the
Supporting Information (SI), Table S4). Interestingly, no
regio- or stereoisomeric bromoalkynylation products of 3aa
were observed, except in a few cases where minor amounts
(<6%) of the alternative regioisomer (3’) formed due to a
competing 1,3-bromo shift (vide infra). Encouraged by this
result, other parameters such as the catalyst (with or without
ligands), additives, solvent, temperature, and concentration
were screened toward improving product selectivity (see
details in the SI). Notably, additive-free optimal conditions
led to desired product 3aa with perfect stereo- and
regioselectivity, which seldom occurs in difunctionalization
(Scheme 2).*'

Scope of the Bromoalkynylation Reaction. Using a set
of optimized conditions and with a basic understanding of the
factors controlling the regioselectivity, we explored the scope
of this transformation by varying the groups at the alkyne
terminus. We investigated a series of electronically perturbed
aryl-terminated ynamides, which afforded 3ba—ia (Scheme
3A) with perfect regio- and stereoselectivities. We were pleased
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Scheme 2. Standard Conditions for Bromoalkynylation

standard condition

Ts\N,F’h

Br 5 mol% Pd(0Ac),
Ph, o« B Pho 2
N—=—pn + || — ACN (03 M) — AN
¢ Br Ph
Ph at 55°C, Aratm, 4 h
ynamide (1a) bromoalkyne (2a) B-bromoynenamides (3aa)
(1.0 equiv) (1.3 equiv) + traces of a-regioisomer (3')

to observe smooth bromoalkynylation for all tested ynamides
with similar efficiencies, irrespective of the electronic nature
and position of the substituent, although in some cases, <6%
of the inseparable regioisomer was formed as a result of a
competitive 1,3-bromo shift. In addition, the selectivity
remained essentially unaffected by either polyaryl or heteroaryl
substitution. This was evident as f-bromo ynenamides 3ja and
3ka were produced in good yields. Notably, this process was
similarly effective for both acyclic and cyclic aliphatic ynamides
(3la and 3ma). Other aliphatic ynamides with synthetically
useful but labile O-protecting groups, such as —OTBS,
—OTBDPS, —OBn, and —OBz (3na—qa), were compatible,
generating the corresponding coupling products in reasonable
yields (Scheme 3B). However, no traces of the product were
formed from the unprotected hydroxyl analogue, presumably
because of competitive Pd(II) coordination. Next, we
investigated whether ynamide-selective bromoalkynylation
could be achieved for conjugated enynamides, wherein both
functional groups are prone to react under the standard
conditions (Scheme 3C)."> To our delight, excellent chemo-
selectivity was observed for both acyclic and cyclic enynamides
(3ra and 3sa), further demonstrating the generality of the
reaction. Notably, none of the reported haloalkynylation
protocols have been employed for such substrates; however,
this would allow for the economical construction of valuable
unsaturated carbon synthons. However, our attempt to
evaluate the chemoselectivity with an alkyne-tethered ynamide
proved unsuccessful, as the catalytic condition employed
closely resembles that previously known for alkyne.®

Additionally, this bromoalkynylation reaction was equally
regio- and stereoselective with a wide range of ynamides,
irrespective of the electronic and steric biases of the N-
protecting groups (Scheme 3D). For example, N-aryl
substituents can be electron-rich or electron-poor and can be
aliphatic groups (methyl, cyclopropyl, and benzyl) (3ta—xa).
Regarding the generality with respect to the N-sulfonyl group,
smaller and bridged head-fastened ynamides were workable
substrates for this transformation, producing other sulfonyl
variants of f-bromo ynenamides (3ya, 3za, 3Aa, and 3Ba). -
Bromo ynenamide 3ya provided a single crystal (CCDC
number 2257616), which allowed us to establish its regio- and
stereochemistry as well as those of others.

With better insight into the molecular features of ynamide
substrates, attention was directed toward understanding the
generality of the bromoalkynes. As shown in Scheme 3E, the
standard conditions were effective for coupling a range of
electronically and sterically different bromoaryl alkynes, albeit
with different rates of reaction (3ab—al). Although no
significant steric effects due to the substituents were observed,
it is important to note that electronic effects are a substantial
factor. The reactivities of the bromoalkynes decreased in the
order 2f > 2a > 2b = 2¢. Notably, Pd(II)-reactive competing
substrates with halogen substituents, which can undergo
further modification, also underwent coupling with exquisite

levels of chemoselectivity (no evidence was found for the
formation of other products). The cross-coupling of ynamides
and bromoalkynes with contrasting electronic substitutions
(substituents on the aryl rings) was also feasible (3cd).
Additionally, a polyaryl bromoalkyne was also a suitable
coupling partner, furnishing 3am. With a highly regioselective
and general means to prepare f-bromo ynenamides in hand,
efforts were next directed toward investigating the synthetic
potential of this process in complex molecule modifications, as
displayed in Scheme 3F (for eight substrates). Ynamides
derived from (L)-menthol, cholesterol, vitamin E, and b-
glucose were smoothly converted into the desired products in
synthetically acceptable yields with high chemoselectivity
(3Ba—Ea). In addition, the seemingly reactive olefinic bond
in the strained ring of a (1R)-(—)-nopol-derived ynamide did
not have a significant impact on the generation of 3Fa. An
ynamide derived from oleylamine, which is an unsaturated fatty
amine, was also suitable for the present cross-coupling reaction
(71%, 3Ga). Considering the apparent mild nature of the
standard conditions, we were pleased to find that an estrone-
bound bromoalkyne and a chiral-auxiliary-derived ynamide
were successfully employed in this transformation (3al and
3Hi, respectively). Although coupling with a terminal ynamide
was feasible (albeit with the formation of other stereoisomers),
furnishing 3la in a good yield, the use of silylation and
ynamides was unproductive (Scheme 3G). Other limitations of
this method include coupling with carbamate-derived electron-
withdrawing-group-terminated ynamides, alkyl-terminated al-
kynyl bromides, and iodoalkynes and chloroalkynes (Scheme
3H, see details in the SI).

Scalability and Further Synthetic Transformations.
The scalability of this powerful intermolecular difunctionaliza-
tion was demonstrated with model substrates 1a and 2a, which
afforded the product 3aa in 79% yield on a gram scale (Scheme
4A); however, a slight modification of the standard conditions
was required (see details in the SI). The retrosynthesis of fully
substituted, stereodefined olefins represents an important
challenge in chemical synthesis when considering functionaliz-
able variants. As C—Br bonds are easy to modify, we
synthesized synthons with various C—C unsaturations by
applying textbook reactions, such as Heck (for §), Sonogashira
(for 6), Suzuki (for 7), and Rosenmund—von Braun (for 8)
reactions. Next, we focused on the development of the a priori
more demanding intermolecular hydroarylation of ynenamides
7 and 8 (Scheme 4B). Using the conditions from our recent
studies on syn-hydroarylation of conjugated ynenamides,”
desired arylated dienamides 9 and 11 were obtained with high
regioselectivity and in high yield. This postfunctionalization
tactic, which potentially provides access to modular arylated
conjugated diene systems, can simplify known strategic
disconnections. Furthermore, a Bronsted acid-mediated intra-
molecular hydroarylation was applied for the synthesis of a
substituted f-naphthyl amine derivative (10), albeit with 6% of
a 5-exo-dig cycloisomerization product.

B MECHANISTIC INVESTIGATIONS

A Hammett study was conducted using a series of para-
substituted aryl alkynyl bromides with ynamide la to
determine the rates of formation of the f-bromo ynenamides
(Scheme SA). Independent rate studies revealed that
bromoalkynylation is sensitive to electronic properties; more
electron-poor substrates were more reactive. A linear
correlation between log([3aX]/[3aa]) and Hammett constants
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Scheme 3. Study of the Scope of Bromoalkynylation Reaction™”“?*/; (A) Aryl Group Variation, (B) Alkyl Group Variation,
(C) Alkene vs Ynamide Chemoselectivity, (D) N-Substituent Variation, (E) Bromoalkyne Scope, (F) Complex Molecular
Setting, (G) Reactivity Study of Other Ynamides, and (H) Limitations
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—— F | Bromoalkynylation in complex molecular setting | — G| Polarity-(mis)matched ynamides | —
— O o% —_ —— modification via natural product-bound ynamides Ph\ _Ts Ph\ _Ts
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Me
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(from (D)-glucose) (from oleyl amine) (from (18)-(-)-2,10-Camphorsultam) (from estrone) R =phenyl, NR X = |, messy messy

3Ea; 62% 3Ga; 71% 3Hi; 67% 3al; 61%

<6% of other inseparable regioisomer 3 (see the SI). b5—10% of 1nseparable a/-bromination byproducts (see the SI). °1.5 equiv of 2¢ was used.
FReaction time was 1 h. ©7% of another stereoisomer was formed. See details in the SI. N.R. = no reaction.

(Spara) with a positive slope (r = +0.82, R* = 0.96) was TS-II, and calculations revealed that the carbons comprising
observed, suggesting that a negative charge builds up at the the alkyne in fact increase in negative charge from the
alkyne carbon attached to Pd(IV) in the transition state of the intermediate to the transition state. Further details can be
aryl alkynyl bromides (top, Scheme SA). We further found in the SI, Figure S6. DFT analyses for the rate-
investigated this by conducting ChelpG charges on I and determining oxidative addition transition states produced
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Scheme 4. Useful Synthetic Applications™”“?°: (A)
Scalability and Further Transformations Involving the C—
Br Bond of 3aa and (B) Postfunctionalization through

Arylation

—— A | Further transformations of C-Br bond |
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“Reagents and conditions: (a) Gram-scale synthesis of 3aa was
performed under standard conditions (S.C.) with slight modification
using S mmol of 1a and 7.5 mmol of 2a (see the SI for details). All
further transformations were carried out using 0.1 mmol of 3aa under
the described conditions. (b) Methyl acrylate (2.0 equiv), Pd(OAc),
(10 mol %), PPh; (20 mol %), K,CO, (2.0 equiv), DMF (0.1 M), 90
°C, 8 h, 78%; (c) 1l-ethynyl-4-methoxybenzene (1.3 equiv),
Pd(PPh,),Cl, (5 mol %), Cul (10 mol %), Et;N:THF (1:1, 0.3
M), 50 °C, 6 h, 65%; (d) 4-methoxyphenyl boronic acid (1.5 equiv),
Pd,(dba); (2 mol %), SPhos (4 mol %), Cs,CO; (2.0 equiv),
THF:H,0 (10:1, 0.5 M), 60 °C, 16 h, 90%; (e) CuCN (3.0 equiv),
DMF (0.3 M), 100 °C, 6 h, 92%. “For intermolecular postfunction-
alization of 7 and 8: aryl boronic acid (1.2 equiv), Pd(OAc), (5 mol
%), PCy;-HBF, (5 mol %), 1,4-dioxane (0.2 M), 60 °C, 3 h, 79%. For
intramolecular postfunctionalization of 7: TfOH (1.1 equiv), DCM
(0.3 M), 0 °C to rt, 30 min, 66%. 4% of other inseparable
stereoisomers. %3% of other regio- and stereoisomers. “With 6%
inseparable stereoisomers possibly resulting from S$-exo-dig cycliza-
tion.

similar correlation rates as the experimental results (bottom,
Scheme SA).

Computations showed that a substrate featuring an electron-
rich p-methoxy substituent forms stable Pd-bromoalkyne
complex I (AG = —9.4 kcal/mol), and then, Pd undergoes a
slower oxidative insertion to generate TS-II (AG* = 16.8 kcal/
mol), corresponding to an energy barrier of 26.2 kcal/mol. In
contrast, a substrate with an electron-poor p-nitro substituent
forms Pd-bromoalkyne complex I' (AG = —7.0 kcal/mol), and
then, Pd undergoes a faster oxidative insertion to generate TS-
I’ (AG* = 16.9 kecal/mol), corresponding to an energy barrier

of 23.9 kcal/mol. Therefore, the oxidative insertion involving
the substrate with the electron-rich p-methoxy substituent is
slower than that involving the substrate with the electron-poor
p-nitro substituent by 2.3 kcal/mol, in line with observations
that experiments involving electron-rich p-substituents are
much slower than those involving electron-poor p-substituents.

To investigate the involvement of a Pd(II)/Pd(IV) catalytic
cycle, we performed XPS analysis to monitor changes in
Pd(OAc), before and after the reaction, both in the presence
and absence of alkynyl bromide, which could potentially act as
an oxidant (Scheme SB).”* A distinct Pd(IV) signal at 339.1
eV in the Pd 3ds,, region was observed exclusively when
bromoalkyne was present. Given that the reaction also
proceeds—albeit with a lower yield—using Pd(0), we also
similarly examined Pd(dba), and detected the Pd(IV) signal as
well (for more details, see Figure S2). These finding supports
the involvement of a Pd(II)/Pd(IV) catalytic cycle in the
reaction.

Next, we investigated the BC IE to gain insight into the
mechanism (Scheme 5C). The 3C IEs for this reaction were
studied at natural abundance using the NMR methodology by
isolating product 3ac at low conversion instead of analyzing
the starting material at higher conversion, as this provides a
more comprehensive understanding of the IEs involved. The
product obtained at 14% conversion was analyzed using "*C
NMR spectroscopy, and the results were compared with those
of the product obtained at 100% conversion (see the SI for
details). The relative changes in the isotopic composition of
each carbon in the ynenamide chain were measured relative to
the Ts-methyl carbon as an internal standard, with the
assumption that the isotopic fractionation in this carbon was
negligible. The optimized values for the IEs were obtained by
measuring the changes in the isotopic composition and
fractional conversion of the products using the Singleton
method™ and are presented in Scheme S5C. Interestingly,
neither the enamide carbons (Cg and Cg) nor the alkyne
carbons (C, and C;) exhibited substantial *C IEs, as their
values were almost equal to the experimental error of unity.
The qualitative interpretation of this observation is that the
selectivity-determining step does not involve the synchronous
formation of bonds at the ynamide carbons, and this could
reflect an inverse IE. Hence, a more quantitative interpretation
of the inverse IE was considered with the aid of computational
studies to evaluate the expected IE and the differences between
the different mechanistic scenarios (vide infra, Figure 3).

With the results of the Hammett study and the *C IEs in
hand, our attention shifted toward gaining better insight into
the operative mechanism. A plausible key for the selectivity is
1,3-alkynyl migration via the initially proposed Pd(II/IV)
catalytic cycle.” That is, in this process, the oxidative addition
of the alkynyl bromide produces electrophilic complex III,
which can regioselectively direct the alkyne unit to the a-
position of the ynamide via a high-valence Pd(IV)-bound
alkyne intermediate.”*

Based on the above experimental results, we explored the
mechanism of the formation of #-bromo ynenamide 3ac using
DFT with PBE-D3BJ/LANL2DZ(Pd) and 6-31G* for all
other atoms and with SMD(CH;CN) solvation corrections at
55 °C as implemented in Gaussian 16.°>°**” Single-point
calculations were performed at the PBE-D3BJ/def2-TZVP
level of theory, with the same solvation corrections. Exhaustive
conformational searches were conducted on structures, and all
low-energy conformations were refined by DFT.
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Scheme 5. Experimental Mechanistic Studies Supported by DFT: (A) Hammett Analysis, (B) XPS Analysis, and (C) *C KIE

Studies
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Alternative reaction pathways were also considered by DFT
(Figures S7 and S8). The proposed catalytic cycle is shown in
Scheme 6, and the complete reaction coordinate diagram and
energies are listed in Figure 1.

The catalytic cycle for the formation of product 3ac begins
with the coordination of bromoalkyne 2c¢ and CH;CN to
Pd(OAc), to give Pd(II)-alkyne-CH;CN complex I, the
resting state of the catalytic cycle (AG = 0.0 kcal/mol) (see
the SI, Figure S9). Oxidative insertion of Pd into the C—Br ¢
bond of 2¢, which is the rate-determining step in this reaction,
affords Pd(IV) complex III (Scheme SA, vide supra, and
Figure S4). It is worth mentioning that the initially proposed
cis insertion pathway® is not possible based on the following
observations: (1) complete selectivity toward the a-alkynylated
regioisomer was shown for both aryl and alkyl ynamides, in
contrast to the uncontrolled selectivity observed by Jiang et al.,
and (2) a chelation-prone oxazolidinone-based ynamide
produced a mixture of isomers (vide supra), which is
consistent with the 1,3-aryl migration process enabled by a
keteniminium species.”” Instead, the bromoalkynylation of
Pd(IV) complex III with ynamide 1a (AG = 21.3 kcal/mol)
starts with an ynamide exchange and the release of CH;CN to
give complex IV (AG = 15.9 kcal/mol). Bromoalkynylation
occurs via the acetate-assisted stepwise alkynyl migration,
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Scheme 6. Proposed Catalytic Cycle
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—— | Reaction coordinate diagram |
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Figure 1. Complete mechanism and quantum mechanically computed energies for the formation of f-bromo ynenamide 3ac. Energies were
calculated with PBE-D3BJ/LANL2DZ(Pd) and 6-31G* for all other atoms and with SMD(CH;CN) solvation corrections at 5SS °C. Energies were
further refined with single-point calculations at the PBE-D3BJ/def2-TZVP level of theory with the same solvation corrections.

which controls whether the 1,3-alkynyl shift or 1,3-bromo shift
occurs (Figure 2).

—— | Comparison of Transition States for 1,3-Alkynyl shift vs Br-Shift | —
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Figure 2. Computed transition structures and energies for the favored
[1,3]-alkynyl shift, TS-V (left) versus the unfavored [1,3]-bromo shift,
TS-XV (right).

The favored pathway occurs via a facile [1,3]-alkynyl shift to
the ynamide a-carbon (TS-V, AG* = 16.2 kcal/mol). The
unfavored pathway occurs via a [1,3]-bromo shift (TS-XV,
AG* = 22.6 keal/ mol), which is 6.4 kcal/mol higher in energy.
The alkynyl shift is strongly preferred over the bromo shift
because the former leads to conjugation between the ynamide
and alkynyl groups and the formation of a stabilized benzylic

partial carbocation. In contrast, the disfavored bromo shift
leads to a strained bridged halogen in a four-membered ring
complex with Pd. Hence, the favored [1,3]-alkynyl shift leads
to Pd-enamide complex VI (AG = —17.8 kcal/mol). The
observed syn-selectivity in the bromoalkynylation is readily
rationalized by an inner-sphere sequence that locks both new
bonds to the same face of the alkyne before C—Pd bond
cleavage. From Pd-enamide complex VI, acetate ligand
coordination at the benzylic carbon of the alkyne (TS-VII,
AG* = —7.1 kecal/mol) generates 4,6-bicyclic Pd(IV) complex
VIII (AG = —27.2 kcal/mol). The analogous stepwise process
where the Pd—C bond formation and acetate ligand
coordination occur sequentially was disfavored by ~2 kcal/
mol (see the SI, Figure S8). The addition of Br at the ynamide
p-carbon (TS-IX, AG* = —13.5 kcal/mol) gives 4,6-bicyclic
Pd(II) complex X (AG = —30.2 kcal/mol). In this rigid
bicyclic geometry, the ynamide 7z-system, the Pd center, and
the incoming bromo group are held in a single coordination
environment, so addition of Br to the ynamide f-carbon (TS-
IX) occurs from the same face as the alkynyl/Pd fragment. The
resulting complex X undergoes Pd—Cj bond cleavage (TS-XI,
AG* = —16.4 kcal/mol) only after bromination, via the
formation of enamide complex XII (AG = —28.7 kcal/mol)
while conserving the relative stereochemistry. Thus, syn
delivery of Br and the alkynyl substituent is imposed by the
bicyclic, inner-sphere coordination geometry prior to any Pd—
C bond scission and is consistent with the low barriers and
strongly exergonic formation of the bicyclic intermediate X.
Liberation of the acetate from the benzylic carbon regenerates
the alkyne (TS-XIII, AG* = —8.6 kcal/mol) and gives the Pd-
product complex XIV (AG = —22.1 kcal/mol). Finally, a
second bromoalkyne 2¢ inclusion and CH;CN incorporation
into XIV release the major product, f-bromo ynenamide 3ac,
and regenerate complex I for the next catalytic cycle.

For a more precise interpretation of the experimental *C IE
measurements (cf. Scheme SC), the IE values were calculated
by using Onyx from DFT structures to evaluate the proposed
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Figure 3. Explanation for the ">C inverse kinetic isotope effect (IKIE) value of the relevant enamide carbon from DFT/Onyx IE studies. Energies
were calculated with PBE-D3BJ/LANL2DZ(Pd) and 6-31G* for all other atoms and with SMD(CH,CN) solvation corrections at S5 °C. Energies
were further refined with single-point calculations at the PBE-D3B]J/def2-TZVP level of theory with the same solvation corrections.

mechanism. This method has previously been used to study
the equilibrium IE of supramolecular complexes™ (Figure 3).
The relative changes in the isotopic composition of each
carbon in the ynenamide chain were also measured relative to
that of the Ts-methyl carbon as an internal standard. First, the
IE values for the [1,3]-alkynyl shift were computed. The DFT
Onyx IE studies gave an expected normal IE value for enamide
carbon Cg¢ (>1.0, highlighted in orange), where AG*2C <
AGHBC, meaning k 2C > k 3C, and therefore, the IE is
normal. Then, we computed the relevant IE values for the
conversion of resting-state 4,6-bicyclic Pd(II) complex X to
alkyne formation transition state TS-XIII. With an energy
barrier of 21.6 kcal/mol, this is the highest-energy transition
state following the addition of ynamide. The DFT Onyx IE
studies also revealed an inverse IE for enamide carbon Cq
(<1.0, highlighted purple), where AG*'*C > AG*'C,
meaning k '>C < k "*C, and therefore, there is an inverse
kinetic IE (IKIE). These values differ from the observed 3C
NMR IE values by AG = —0.01 kcal/mol. We rationalized that
the IKIE value is not the result of a single concerted reductive
elimination step, which would yield a normal kinetic IE
(NKIE), but rather a two-step process.”” From the metal-
lacyclobutene in X, the enamide is formed (X to TS-XI, 13.8

21084

kcal/mol), breaking the Cs—Pd bond to give conjugated diene
XII. Then, the C,—O bond breaks, reforming the alkyne of the
ynenamide (XII to TS-XIII, 20.1 kcal/mol) and restoring the
coordination between the OAc ligand and palladium. Hence,
Cs—Pd bond cleavage is not the rate-determining step. Taken
together, these results suggest that the experimentally observed
IKIE arises from an irreversible stepwise elimination.

B CONCLUSIONS

This work presents yet another remarkable example of how the
regio- and stereoselectivity of bromoalkynylation can be
completely regulated by using N-conjugated ynamides. To
the best of our knowledge, this is the first example of an atom-
economical Pd-catalyzed intermolecular alkynylative difunc-
tionalization of ynamides. 1,3-Alkynyl migration, a hitherto
unknown phenomenon in (halo)alkynylation, governs the
regioselectivity. These additive-free reaction conditions
provided a general and highly selective protocol, as proven
by granting access to S50 fully substituted functionalized
ynenamides and enabling late-stage functionalization. This
simple but modular tactic for the construction of synthetically
versatile unsaturated carbon skeletons reflects the synthetic
potential of the developed method. A fully understood catalytic
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cycle that involves the rate-determining oxidative addition of a
bromoalkyne followed by a 1,3-alkynyl shift was proposed.
This proposal was supported by experimental and computa-
tional *C IE studies and Hammett analysis. Furthermore, XPS
analysis supported a more favorable and chemoselective Pd(11)
to Pd(IV) pathway as a plausible reaction mechanism. The
unorthodox reactivity pattern exhibited by bromoalkynes for
ynamides may serve as a general platform for other C—C 7-
systems.

B METHODS

General Procedure for Bromoalkynylation of Yna-
mides. A screw-capped 7 mL vial equipped with a Teflon-
coated magnetic stir bar was added with the appropriate
ynamides 1 (0.2 mmol) and bromoalkynes 2 (0.26 mmol).
The vial was sealed with a screw-top septum cap and then
evacuated and backfilled with argon three times. Under a
positive pressure of argon (maintained by an argon balloon),
anhydrous acetonitrile (0.6 mL) was added. S mol %
Pd(OAc), (2.24 mg) was added to this solution in one
portion. The reaction mixture was allowed to stir at 55 °C by
means of a preheated heating block for 6 h. After complete
consumption of the starting ynamides 1, as indicated by TLC,
the solvent was removed under reduced pressure to yield a
dark-brown residue. Purification of this residue by silica gel
column chromatography, using petroleum ether and ethyl
acetate as the eluent, afforded the corresponding bromoalky-
nylation products (3). Please refer to the Supporting
Information for details.
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