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of Chemistry The counter-cation effect has been proved by experiments to be very crucial in the Pd-catalyzed C—H
activation of carboxylic acid but its mechanism is still unclear. In this study, the reaction mechanism of
the Pd-catalyzed mono-selective 8-C(sp®)—H heteroarylation of free carboxylic acids was investigated by
the density functional theory (DFT) method and the role of the counter-cation effect in this reaction was
unveiled. Different from the general understanding that dimeric or trimeric palladium species are the
most stable forms, the calculated results indicate that dimeric palladium species tend to dissociate into

1

monomers under the assistance of counter-cations, and then form more stable «~ coordination

palladium species with carboxylic acids rather than x? coordination palladium species. This enables the
Pd center to activate the target C—H bond effectively and successfully. In the following C-C coupling
process, the Pd—Ag—K catalytic model was proposed, which could drive the C(sp®)—H (hetero)arylation

of free carboxylic acids instead of the Pd—Ag synergistic model. The critical role of the base is to stabilize

iii:g’ti% ﬁ;hgg?ous;zgozzi heterodimeric Pd(i)—-Ag(i) species. Moreover, this model successfully explains the origin of the mono-
selective 8-C(sp®)—H heteroarylation observed in experiments, in that the Pd(v) species formed by the

DOI: 10.1039/d55c06297g oxidative addition are too stable, thus preventing the reductive elimination in the second B-C(sp*)-H
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Introduction

In the past decades, C-H bond functionalization has aroused
tremendous interest among chemists and the activation and
transformation of C-H bonds catalyzed by transition-metal
(TM) complexes have opened up a new era in organic
synthesis." This strategy provides insights into new retro-
synthetic disconnections, making it feasible for the late-stage
functionalization of complex scaffolds.®*” However, a tremen-
dous challenge in C-H functionalization is to realize diverse
C(sp®)-H functionalization of organic substrates bearing native
functional groups such as carboxyl, carbonyl, amino and
hydroxyl groups under mild conditions.*** Palladium has
emerged as one of the most effective catalysts in this field.
Nevertheless, it is a significant challenge to realize Pd-catalyzed
C(sp®)-H activation directed by carboxylic acid due to the
inherent weak coordination between Pd and carboxylic acid.*
In addition, there are two coordination modes between Pd and
carboxylic acid, «* coordination and «* coordination, while the
expected active intermediates require a k' coordination mode
due to the geometric requirement of C-H bond activation (see
Fig. 1a)."® Unfortunately, the coordination mode of Pd with free
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carboxylic acid tends to adopt «* coordination whether in its
dimeric or monomeric structures. This coordination mode
makes the metal center locked away from the C-H bonds, which
leads to the target C-H bond being difficult to activate. In 2007,
Yu et al. found that counter-cations could dramatically boost
the reactivity of the Pd-catalyzed C-H activation of carboxylic
acid.”” They proposed that counter-cations could affect the
coordination mode of Pd with carboxylic acid by interacting
with carboxylate, thereby the Pd catalyst could bind in a favor-
able k' manner for C-H activation, and prevent the formation of
unreactive > Pd carboxylates (see Fig. 1b).*® Since then, it has
become widely accepted to use a base to promote Pd-catalyzed
C-H activation of carboxylic acids or electron-deficient
amides." Recently, with the development of TM catalysts and
bifunctional pyridone ligands (pyri-pyridine, pyri-sulfona, pyri-
amide, pyri-imine), the C(sp*)-H functionalization of free
carboxylic acids has made milestone progress and enabled the
previously elusive aliphatic C-H activation.**?* In 2021, Yu et al.
developed two classes of pyridine-pyridone ligands that enabled
the Pd-catalyzed dehydrogenative reactions of carboxylic acids
to synthesize «,8-unsaturated carboxylic acids or y-alkylidene
butenolides.** Recently, our density functional theory (DFT)
mechanistic investigation indicated that this reaction involves
a cascade of catalytic species evolution from monomeric Pd
species during C-H activation to heterodimeric Pd-Ag species
during C-C coupling, and finally to homodimeric Ag-Ag species
in the final cyclization step.* In 2023, Yu et al. reported the Pd-
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catalyzed mono-selective 8-C(sp®)-H aza-heteroarylation of free
aliphatic carboxylic acids (see Fig. 1c).>* The key to the reaction
is the utilization of bifunctional pyridone ligands, which could
overcome the competitive coordination of heterocyclic nitrogen
with the Pd center thus avoiding the formation of inactive Pd-
heteroaryl intermediates. Aliphatic acids containing (-aza-
heteroaryls with diverse quaternary carbon centers could be
constructed by this synthetic strategy, which could provide
a unique platform for the synthesis of many potential drug
molecules. Although rapid progress has been made in experi-
ments on Pd-catalyzed C(sp®)-H activation directed by carbox-
ylic acid substrates, the mechanism and the role of counter-
cations in the reaction remain unclear.
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Fig. 1 The development of the Pd-catalyzed C-H activation of
carboxylic acid.
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Computational studies of Pd-catalyzed C-H activation
directed by carboxylic acids are challenging due to the
complexity of the experimental environment. A standard
experimental environment usually requires Pd catalysts,
ligands, substrates, bases, silver additives and solvents. In some
cases, several silver additives and bases were used together,
which involves various anions and cationic counterions.>”>°
Normally silver salts are regarded as terminal oxidants or
merely as halide abstractors to abstract halides from interme-
diate palladacycles, and recent experimental and theoretical
studies point out that Ag species could also form dimers with Pd
to perform the crucial C-H activation process and the suc-
ceeding C-C coupling process.**** In general, two computa-
tional model paradigms for Pd-catalyzed carboxylic acid C-H
activation have been established corresponding to the reaction
in the presence or absence of ligands, respectively (see
Fig. 1d).>*** In the case without additional ligands, trimeric
Pd;(OAc)s could dissociate into monomeric Pd(OAc),, which
could interact with the carboxylic acid/carboxylate substrate
and release acetic acid/acetate. Then the C-H activation step
occurs through the concerted metalation-deprotonation (CMD)
mechanism via transition state TS1. The energy barrier for the
rate-determining step (RDS) of the C-H activation process is the
energy difference between TS1 and Pd;(OAc)s. If additional
ligands such as L,X-type bifunctional ligands are added, they
will combine with Pd;(OAc)s to form a more stable dimeric
palladacyclic complex. The crystal structures of homodimeric
palladium complexes have been obtained in experiments.**
Similarly, the dimer could dissociate into monomers to realize
the C-H activation process though the CMD mechanism via
TS2.>® The energy barrier of the RDS of the C-H activation
process is the energy difference between TS2 and homodimeric
species. However, the role of the cationic counterion was not
considered in the two computational models above for the Pd-
catalyzed C-H activation directed by carboxylic acid because
the participation of alkali metals has no effect on either side of
the RDS. It should be noted that for X,X-type ligands such as the
MPAA ligand or the pyridine ligand, the alkali metal moiety of
carboxylate will be retained to satisfy charge balance require-
ments, thereby influencing the transition state and partially
reflecting the counter-cation effect.***” However, the counter-
cation effect not only plays a role in the C-H activation of
carboxylic acid catalyzed by Pd complexes promoted by the
MPAA ligand, but is feasible in all cases. Moreover, the influ-
ence of counter-cations on the coordination mode of carboxylic
acid with Pd is missed.

Inspired by the critical role of the counter-cation effect
observed in experiments, which can significantly boost the
system's reactivity in Pd-catalyzed C-H activation of carboxylic
acids, the mechanism of the Pd-catalyzed C(sp®)-H (hetero)
arylation of free carboxylic acids has yet to be explored from
a theoretical perspective. In this work the DFT method was
employed to investigate the Pd-catalyzed mono-selective (-
C(sp®)-H heteroarylation of free carboxylic acids. The pivotal
roles of the counter-cation effect, bases, and silver salts, as well
as the origin of the excellent mono-selectivity, were unveiled.
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Computational methods

In this study, the optimization of all geometric structures and
frequency calculations of stationary points were performed at
the PBEO-D3(BJ)/def2-SVP level using the Gaussian 09
program.**** D3(B]) denotes the Grimme's dispersion interac-
tion correction method.** The solvent effect of HFIP (¢ = 16.7)
was simulated by the SMD continuum solvent model in the
calculation.*” Frequency analysis was conducted to verify that
the stationary points correspond to either minima (zero imag-
inary frequencies) or transition states (only one imaginary
frequency). The improved elastic image pair (i-EIP) method was
used for finding transition states integrating with the Gaussian
09 program.*** Intrinsic reaction coordinates (IRC) calcula-
tions were performed to confirm intermediates along reaction
pathways.** Additionally, single point calculations were
computed using the ORCA package to obtain better electronic
energy with the wB97M-V functional and def2-TZVPP basis set,
based on optimized geometries at the PBE0-D3(BJ)/def2-SVP
level.**® For the key stationary points, other possible confor-
mations were searched by adjusting the coordination mode
between ligands and metal centers; only the most favorable
ones were reported (see Table S1 in the SI). All energies di-
scussed in the following parts are Gibbs free energies calculated
at 298.15 K unless otherwise stated. A correction factor of 1.89
keal mol~" was applied for the standard state change from 1.0
atm to 1.0 M.** Computed geometric structures are illustrated
using CYLView1.0.*® Energies and Cartesian coordinates of all
optimized structures are given in the SI.

Results and discussion

The Pd-catalyzed mono-selective 3-C(sp®)-H heteroarylation of
free carboxylic acids consists of two processes: the C(sp*)-H
activation process and the C-C coupling process. As shown in
Fig. 2, in the C(sp*)-H activation process, the five-membered
palladacyclic intermediate is formed and the cationic coun-
terion such as K" and Ag" could facilitate this process. Then the
C-C coupling process is completed via the interaction of the
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Fig. 2 The catalytic cycle of the Pd-catalyzed mono-selective (-
C(sp®)—H heteroarylation of free carboxylic acids.
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Fig.3 The formation of six possible bases and silver salt species in the
initial stage of Pd-catalyzed heteroarylation of carboxylic acids.

palladacyclic intermediate and iodopyridine substrate. Inter-
estingly, the six-membered chelating ligand L11 could only
promote the mono-selective 8-C(sp®)-H heteroarylation of free
carboxylic acids instead of the second B-C(sp’)-H hetero-
arylation in the reported experiment,*® implying that the second
heteroarylation could be prevented.

Possible base and silver salt species in the reaction

The possible bases and silver salts in the Pd-catalyzed hetero-
arylation of carboxylic acids with iodopyridines were investi-
gated at first. In the reaction, two equivalents of Ag,CO; and
three equivalents of KH,PO, were initially added, and they were
mixed with palladium acetate, pyridine-pyridone ligand L11
and pivalic acid 1a to form various possible species. As shown in
Fig. 3, the calculated results show that the formation of Algimer
resulting from the combination of pre-catalyst Pd(OAc), and
L11 is exergonic by 14.3 kcal mol '. Subsequently, both the
acetic acid and the pivalic acid could react with Ag,CO; to
generate AgHCO3;, AgOAc and tBuCOOAg. Finally, the excess
Ag,CO; will be consumed by KH,PO, to form Ag,HPO, and
KHCO;, which is exergonic by 1.4 kcal mol~". Therefore, six
possible base and silver salt species (AgHCO; (1.1 eq.), AgOAc
(0.1 eq.), tBuCOOAg (1.0 eq.), Ag,HPO, (0.9 eq.), KHCO; (0.9 eq.)
KH,PO, (2.1 eq.)) might assist the succeeding C-H activation
process (see Fig. S1 in the SI for thermodynamically processes of
other unfavorable possible bases such as KOAc and tBuCOOK).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The Gibbs energy profiles (in kcal mol™) of Pd-catalyzed 8-C(sp®)—H activation of pivalic acids promoted by the counter-cation effect.

B-C(sp*)-H activation of pivalic acids catalyzed by Pd
complexes

Then the mechanism of the Pd-catalyzed 8-C(sp®)-H activation
of pivalic acids promoted by six-membered chelating ligand L11
was investigated. As shown in Fig. 4, the dimeric palladacyclic
complex Algimer dissociates into the monomeric Aly,on0, Which
is endergonic by 12.7 kcal mol *. Then the AcO ™ anionic moiety
of Al,,0n0 Was replaced by tBuCOO™ aided by the Ag() cation to
form A2. In the previous calculated models, the coordination
mode of Pd and carboxylic acid will change from a x> manner
into a k' manner due to geometric requirements of the
following C-H activation step.>® However, the counter-cation
effect in those models was completely ignored. Inspired by
the experimental hypothesis that the counter-cations could
affect the coordination mode of Pd with carboxylic acids by
interacting with the carboxylate,* the Pd-catalyzed C-H activa-
tion of carboxylic acid promoted by bases and silver salts was
studied, and a more stable structure, A2-base (base represents
an inorganic base or silver salt) formed by A2 with these
promoters was located. The interaction models of seven bases
or silver salts with A2 were systemically investigated (AgH,PO,
was also considered because it could be produced as the reac-
tion proceeds, see Fig. S2 in the SI). Among them, the combi-
nation of Ag,HPO, and A2 is the most stable theoretically,
which is exergonic by 36.0 kcal mol . Several possible coordi-
nation modes of A2-Ag,HPO, were adopted, and the most
favorable conformation has the cis arrangement of the ¢Bu-
COO™ anionic moiety and the nitrogen of pyridine (see Fig. S3
in the SI). The coordination modes of the other six A2-base
intermediates were also investigated, and the most favorable
coordination mode is similar to that of A2-Ag,HPO,. Subse-
quently, the alkali or silver metals continue to interact with the
carboxylic acid moieties of the A2-base, allowing it to isomerize
into a more reactive intermediate, the A3-base, which features
an agostic C-H---Pd interaction. Despite this process being
endergonic, the Pd center of the A3-base could engage with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

B-C(sp®)-H bond, which could weaken the target C-H bond of
the A3-base and facilitate the ensuing C-H activation step. In
the C-H activation step, the oxygen of the 2-pyridone moiety of
the L11 ligand acts as an intramolecular base to deprotonate the
methyl C-H bond via the TSA3-4-base to form a five-membered
palladacyclic intermediate A4-base (CMD mechanism). Among
the 6-C(sp®)-H activation processes promoted by seven bases
mentioned above, although the energy barrier of the C-H acti-
vation step promoted by Ag,HPO, is the highest (AG* = 30.4
kcal mol '), the A2-Ag,HPO, intermediate is the most stable in
energy compared to the other six A2-base intermediates, and the
relative free energy of transition state TSA3-4-Ag,HPO, is the
lowest among all transition states of the C-H activation
promoted by bases or silver salts. Therefore, the C-H activation
promoted by Ag,HPO, is proposed to be more favorable than
that promoted by other bases or silver salts. This agrees well
with experiments reported by Yu et al.,*® in which the yields of
the reaction are 71% at 120 °C and 12% at 100 °C for 24 hours.
This implies that the energy barrier of the reaction is relatively
high.

On the other hand, the mechanism of Pd-catalyzed 8-C(sp*)-
H heteroarylation was also investigated in the absence of bases
and silver salts (see Fig. S6 in the SI). The energy barrier for C-H
activation is 27.5 kcal mol *, which is lower than that promoted
by Ag,HPO, (AG* = 30.4 kcal mol '), but higher than that
promoted by other bases or silver salts mentioned above (AG* =
25.0 ~ 27.2 keal mol ™). An experimental report by Maiti et al.
also showed that Pd could achieve the C-H activation of pivalic
acids to form a five-membered palladacyclic intermediate in the
absence of counter-cations.*® Therefore, not all bases or silver
salts are beneficial to the C-H activation of carboxylic acid,
which explains that different silver salts or bases are needed in
different experiments and why the influence of counter-cations
was not considered in previous theoretical research. However,
bases or silver salts are necessary because of the requirement of
the subsequent C-H functionalization process (the calculated

Chem. Sci., 2025, 16, 21624-21632 | 21627
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energy barrier for the following C-C coupling step is 41.9 kcal
mol " in the absence of bases and silver salts in the study). In
general, the interaction of alkali or silver metals with the
carboxylic acid moieties of the A2-base is of importance and in
the A2-base, Pd and Ag/K coordinate with the two oxygen atoms
of the substrate carboxylic acid respectively, which supports the
experimental hypothesis that alkali metals coordinate with the
carboxylic acid, thus preventing the «* coordination of Pd with
the carboxylic acid, so that the Pd could bind in a favorable «*
manner for C-H activation. In a word, the counter-cation effect
is beneficial to the depolymerization process and the coordi-
nation inversion of the carboxylic acid with the Pd center from
k” to k*. It should be noted that not all bases or silver salts could
promote the C-H activation step of carboxylic acids.

C-C coupling catalyzed by Pd(u)-Ag(1)-K species

Following the C-H activation process, the C-C coupling process
of the palladacyclic species A4-base with iodopyridine occurs. It
is still unclear whether bases and silver salts participate in the
C-C coupling process or not. In the C-H activation process
mentioned above, the Pd-catalyzed B-C(sp®)-H activation
proceeding via the CMD mode and promoted by Ag,HPO,
should be the most advantageous pathway in the reaction. In
this context, silver acts not as a transition metal, but more like
an alkali metal, functioning as a counter-cation. Thus it can be
reasonably speculated that both alkali metals and silver salts
could promote the C-H activation step of carboxylic acids
independently.

As shown in Fig. 5, three possible reaction pathways (path-
ways I, II and III) for the C-C coupling process of the pallada-
cyclic intermediate A4-Ag,HPO, were investigated. Pathway I
denotes C-C coupling in the absence of the base KH,PO,, which
involves oxidative addition and reductive elimination via A5-Ag
to realize a heterodimeric Pd-Ag cooperative catalysis. Pathway
11 denotes the pathway in the absence of the silver salt AgH,PO,,
which involves the Pd-catalyzed cross-coupling reaction of
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iodopyridine with a carboxylic acid assisted by a base. Pathway
III denotes the C-C coupling process realized by Pd-Ag-K
species A5. The calculated results show that the energy barriers
of pathways I and II are too high to happen, this might be due to
the stability of the palladacyclic intermediate A4-Ag,HPO,. In
contrast, pathway III is favorable compared to pathways I and II
based on corresponding Gibbs energy profiles (see Fig. S7 and
S8 in the SI). Fig. 6 presents free energy profiles of the C-C
coupling process catalyzed by Pd-Ag-K species along pathway
III. Along pathway III the intermediate A4-Ag,HPO, interacts
with one KH,PO, molecule and one iodopyridine molecule
while releases one L11-Ag molecule to form intermediate A5
with a key Pd-Ag-K cooperative catalytic structure. The forma-
tion of A5 from A4-Ag,HPO, is exergonic by 2.2 kcal mol™". In
the following oxidative addition, the iodopyridine substrate
coordinates with the Pd(u) center of A5 to form Pd(v) species A6
via TSA5-6 with an energy barrier of 18.9 kcal mol . Then C-C
coupling occurs easily via TSA6-7 from A6 to A7 in the reductive
elimination step. The energy barrier for this step is 9.0 kcal
mol~". Finally, A7 undergoes ligand exchange to regenerate the
catalytic species A2-Ag,HPO,, releasing the heteroarylation
product and completing the whole catalytic cycle.

In the Pd-catalyzed mono-selective (-C(sp®)-H hetero-
arylation of free carboxylic acids, the calculated results show
that the C(sp®)-H bond activation step from A2-Ag,HPO, to
TSA3-4-Ag,HPO, is the rate-determining step, with an energy
barrier of 30.4 kcal mol . The succeeding C-C coupling process
is catalyzed by the Pd-Ag-K species along reaction pathway III.
In this model, the role of silver is not only to abstract halides as
halide abstractors, but also to assist the oxidative addition and
the reductive elimination processes by forming the hetero-
dimeric Pd(u)-Ag(1) species. Remarkably, Pd will form a stable
palladacyclic intermediate with counter-cations in the C-H
activation process of free carboxylic acids due to the counter-
cation effect. The stability of the intermediate such as A4-base
results in Pd-Ag model losing the catalytic activity for the
subsequent C-C coupling process. Therefore, the role of the

[yat - +

Ho Q HO
HO—p=0-~Pd__ HO—), 0. »
| sl - v \E\& N pathway |
O-=-Ag SN o i @
= Ag =
14.5 95
TSA5-6-Ag TSA6-7-Ag
K9 /T ¥
oy
Ho_[ Oig)<
P=H---
o oy | —=
W il pathway Il
y
>
11.8 11.0
TSA5-6-K TSA6-7-K

- K +
¢

HO—p =0 -1

P Pe 7\ | pathway Il

NEND . \?@

P ngl =

9.5 1.1
TSA5-6 TSA6-7

Three possible pathways for the C—C coupling process from A4-Ag,HPO,.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc06297g

Open Access Article. Published on 10 October 2025. Downloaded on 3/11/2026 10:57:35 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article
A AG
o (kcal/mol)
-10 [~
| =
-20 2a
KHoPO,
-26.2 U
30 - A+ AngPO4 -
N N\
P:O
-0 - Ho”
\\/O Ag~—f
O Ag»"O
-50 —
| Oxidative addition |
T 1

View Article Online

Chemical Science

o
oo
HO— \F’ O | X
o N~
o
Ag’
-41.3
.
INAN
0
‘\
%OAQ \
L11-Ag /ﬁ)
AgH,PO, \
o\
‘\
0Ag
IN\ Agl A
AgH:PO, %
= -
KH,PO, \81.1
A2-Ag,HPO,

Reductive elimination |

Reaction coordinate
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base is to stabilize heterodimeric Pd(u)-Ag(i) species and
thereby drive the following C-C coupling process. Schaefer and
Sunoj et al. also pointed out the electrostatic stabilization of
additive CsF for the Pd(u)-Ag(1) species in the Pd-catalyzed aryl
amination reaction.”® Herein the proposed Pd-Ag-K model
unveils the role of bases and silver salts in the Pd-catalyzed
C(sp®)-H (hetero)arylation of free carboxylic acids theoretically.

Moreover, in reported experimental studies of the Pd-
catalyzed dehydrogenation of aliphatic acids, the C-H activa-
tion process could proceed normally in the absence of alkali
metals or silver salts.>***** In 2024 Jiao et al. reported the Pd-
catalyzed enantioselective C(sp*)-H functionalization reaction,
and obtained the crystal structure of key palladacyclic inter-
mediates by adding Ag,O in the absence of alkali metals.*® It
could be seen that in the C-H activation process of carboxylic
acid, the roles of the alkali metal and silver salt are similar, both
provide cations as cationic counterions (note that silver salts
could also be used as terminal oxidants). Nevertheless, bases
and silver salts are necessary in this reaction,* implying that
both base and silver salt species play a pivotal role in the
subsequent C-C coupling process. Therefore, the proposed Pd-
Ag-K model is also supported by experiments.

Origin of mono-selective -C(sp*)-H heteroarylation

Meanwhile, the origin of the experimentally observed mono-
selective 8-C(sp®)-H heteroarylation of carboxylic acids was
also investigated. Based on the theoretical results on the reac-
tion mechanism of the first 3-C(sp®)-H heteroarylation above,
the C-H activation process is proposed to be the rate-
determining step while the latter C-C coupling process occurs

© 2025 The Author(s). Published by the Royal Society of Chemistry

easier than the former. The second 5-C(sp*)-H heteroarylation
will adopt a similar C-H activation mode to the first one (see
more details in Fig. S9 of the SI). Then the second C-C coupling
process catalyzed by the proposed Pd-Ag-K model along
pathway III was studied. As shown in Fig. 7, the palladacyclic
intermediate A11 combines with one molecule KH,PO, and one
molecule iodopyridine while releasing one molecule L11-Ag to
form intermediate A12, which is endergonic by 0.2 kcal mol .
In the second oxidative addition step, the iodopyridine
substrate coordinates with the Pd(u) center via TSA12-13 to form
Pd(v) species A13 with an energy barrier of 13.8 kcal mol .
Different from the Pd(iv) species A6 in the first C-C coupling
process, A13 is very stable due to the coordination of extra
pyridine groups with Pd(v) center. A13 could isomerize into
A13-a, and then the second C-C reductive elimination step
occurs. The energy barrier for this step is 32.7 kcal mol™" from
A13 to A14 via TSA13-14. In the first C-C coupling process, the
first oxidative addition step is more difficult than the first
reductive elimination step. However, in the second C-C
coupling process, the reductive elimination step becomes the
most difficult one in the whole reaction. For the stationary
points along pathway III of the second C-C coupling process,
possible conformations by adjusting the coordination modes
between ligands and metal centers were thoroughly searched to
ensure the reliability of the preferable structures of stationary
points presented in Fig. 7 (see Fig. S10-S12 of the SI). The
calculated results indicate that the most stable conformation of
transition state TSA13-14 of the reductive elimination step does
not involve the coordination of pyridine with the Pd(wv) center,
and that the second -C(sp®)-H heteroarylation of the reaction
is inhibited due to the excessive stability of the intermediate

Chem. Sci., 2025, 16, 21624-21632 | 21629
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Fig. 7 The Gibbs energy profiles (in kcal mol™) of the second C—C coupling process catalyzed by Pd—Ag—K species along pathway |I.

A13. This agrees with the experimentally observed mono-
selective heteroarylation of carboxylic acids and further eluci-
dates the reasonability of the proposed Pd-Ag-K model in this
study. In addition, the original experimental report also showed
excellent mono-selective heteroarylation when 4-iodopyridines
were used as substrates. In this case, intermediate A13 couldn't
be formed. The calculated results showed that the energy
barrier is 31.3 keal mol ™" for the second 8-C(sp®)-H activation
step and is 35.4 kcal mol " for the second reductive elimination
step, thus preventing the second heteroarylation process (see
more details and descriptions in Fig. S13 and S14 of the SI). This
might be due to that the nitrogen atom at the para-position
having more electron donating ability makes the second
reductive elimination step more difficult.

Conclusions

In summary, the counter-cation effect and the reaction mech-
anism of the Pd-catalyzed mono-selective 8-C(sp®)-H hetero-
arylation of carboxylic acids were investigated using the DFT
method, and the pivotal roles of the ligands, silver additives and
bases in this reaction were also unveiled. Different from the
general understanding that the dimeric or trimeric palladium
species are the most stable forms, the calculated results indi-
cate that the dimeric palladium species tend to dissociate into
monomers under the assistance of counter-cations and then
form a more stable k' coordination species with carboxylic acid.
This change from «” to «* coordination mode of carboxylic acid
with Pd enables the Pd center to effectively interact with the
target C-H bond, thus facilitating the succeeding C-H activa-
tion. The calculated results indicated that not all bases or silver
salts are beneficial to the C-H activation of the carboxylic acids.
Meanwhile, the pivotal role of bases and silver salts in the
subsequent C-C coupling process was revealed and a Pd-Ag-K
model was proposed. In this model, silver salt acts as a halide
abstractor and could promote the oxidative addition and the

21630 | Chem. Sci, 2025, 16, 21624-21632

reductive elimination of the C-C coupling process by forming
heterodimeric Pd(u)-Ag(1) species, while the base is to stabilize
the heterodimeric Pd(u)-Ag(1) species by forming a Pd-Ag-K
structure. Finally, the origin of the mono-selective §-C(sp’)-H
heteroarylation of the reaction could be elucidated based on the
Pd-Ag-K model, in which the Pd(wv) species formed in the
oxidative addition are too stable to undergo the following
reductive elimination in the second $-C(sp®)-H heteroarylation.
This work could provide important theoretical insights into the
role of silver salts and bases in Pd-catalyzed carboxylic acid C-H
activation.
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