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sp3 and nondirected sp2 C–H
functionalization for Pd-catalyzed polydeuteration
of (hetero)arenes†

Soo Eun Park, a Sungjun Choi,a Chaewon Lim,a Sang Hak Lee,b Siyeon Jeong *a

and Jung Min Joo *a

Polydeuteration has emerged as a key strategy in the development of pharmaceuticals and functional

organic materials, advancing beyond monodeuteration and trideuteromethylation. We have developed

methods for the polydeuteration of a wide range of organic compounds through Pd-catalyzed directed

sp3 C–H activation and nondirected sp2 C–H activation, using readily available deuterium source, AcOH-

d4. This approach addresses the challenge of facilitating both directed and nondirected C–H

functionalization of electronically and sterically diverse (hetero)aromatic compounds through the use of

a versatile [2,20-bipyridin]-6(1H)-one (BpyOH) ligand. This method demonstrates high functional group

compatibility, readily applicable in the presence of directing functional groups such as carboxylic acids,

amides, and azoles, as well as nondirecting electron-withdrawing groups such as nitro, sulfonamide, and

ester groups. DFT calculations reveal that ligands influence intermediates and transition states by

providing bidentate chelation, internal base, and hydrogen bonding. The Pd(BpyOH) complex exhibits

well-balanced reactivity for C–H cleavage while readily forming complexes with substrates, which is

relevant to other Pd-catalyzed C–H functionalization reactions. Our approach significantly broadens the

scope of deuterated building blocks and late-stage deuteration, thereby facilitating evaluation of the

deuterium effect in various applications across medicinal chemistry, materials science, and beyond.
Introduction

Deuterium labelling of organic compounds has been critical in
drug discovery and materials science, providing both target
compounds and analytical tools.1 The incorporation of deute-
rium improves the pharmacokinetic properties and safety of
compounds, most notably by increasing their stability due to
the stronger C–D bonds compared to C–H bonds.2 This isotopic
substitution can lead to increased metabolic stability, pro-
longed biological half-life, and reduced toxicity, all of which are
highly desirable attributes for potential therapeutic agents.
Beyond pharmaceutical applications, deuterium labeling also
nds utility in organic light-emitting devices and uorophores,
where it aids in enhancing efficiency and lifetime of organic
functional materials.3 In addition, the preparation of deuter-
ated analogs is frequently performed to conduct mechanistic
studies, enabling researchers to elucidate reaction pathways
and intermediates through kinetic isotope effect measurements
and mass spectrometry analysis.4 Therefore, developing
ces, Kyung Hee University, Seoul 02447,

niversity, Busan 46241, Republic of Korea
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the Royal Society of Chemistry
deuteration methods of various functional group-containing
organic compounds is highly desirable to fully harness the
benets of deuterium labeling across varied applications.

The advantage of deuteration can be precisely accessed when
deuterated analogs are prepared with high selectivity and effi-
ciency. Among various types of deuteration methods, mono-
deuteration and trideuteromethylation are frequently
performed using commercially available, highly D-enriched
donors, such as CH3I-d3 and CH3OH-d4. However, poly-
deuteration is required when multiple sites within a molecule
inuence its stability. For example, deuteration of the phenyl
ring notably slowed the rate of N-demethylation of Lu AF35700
(Fig. 1A).5 In addition, the operational lifetime of OLED devices
has been extended by deuterating vulnerable benzylic and het-
eroaromatic sites (Fig. 1B).3b Polydeuteration is also critical in
the synthesis of D-labelled internal mass standards to achieve
the necessary mass difference for quantitative analysis, as
illustrated by the case of pirtobrutinib (Fig. 1C).6 Furthermore,
C–H activation reactions that combine sp2 and sp3 C–H acti-
vation requires the preparation of polydeuterated compounds
for mechanistic studies (Fig. 1D).7

Although polydeuterated compounds are essential in various
applications, they present substantial challenges in achieving
high D incorporation. Although functional group trans-
formations, such as reductive deuteration and dehalogenative
Chem. Sci., 2025, 16, 10349–10356 | 10349
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Fig. 1 Examples of polydeuterated compounds: (A) Lu AF35700 used
in drug development for enhanced metabolic stability. (B) An Ir-aryli-
midazole dopant employed in phosphorescent OLEDs for increased
lifetime. (C) Polydeuterated pirtobrutinib as a mass spectrometry
internal standard. (D) An essential substrate for mechanistic studies
involving sp2 and sp3 C–H activation.
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deuteration, are useful for selective deuterium incorporation,8

hydrogen isotope exchange (HIE) offers an advantageous single-
step approach to directly replace ubiquitous C–H bonds of
organic compounds with multiple C–D bonds.9 This HIE
strategy has been successfully achieved by acid/base and
heterogeneous catalysis, signicantly advancing the develop-
ment of polydeuteration.10

Complementarily, transition-metal-catalyzed C–H function-
alization has broadened the substrate scope of deuteration by
enhancing functional group compatibility (Fig. 2).11 Particu-
larly, directing groups improve both the efficiency and selec-
tivity of HIE processes, enabling deuteration at ortho-sp2 C–H
bonds (Fig. 2A).1a,12 However, in contrast to a wide range of
directing groups and transition metal catalysts available for
Fig. 2 (A) Directed sp2 C–H deuterations by various transition metal
catalysts. (B) Pd-catalyzed directed sp2 and sp3 C–H deuteration. (C)
Nondirected sp2 C–H deuteration. (D) Merging directed sp3 and
nondirected sp2 C–H deuteration.

10350 | Chem. Sci., 2025, 16, 10349–10356
directed sp2 C–H deuteration, limited examples of directed sp3

C–H deuteration have been reported. A notable example is the
Pd-catalyzed deuteration of carboxylic acids, which deuterates
both aromatic and a-methyl C–H bonds adjacent to the direct-
ing carboxylic acid group (Fig. 2B).13 Conversely, nondirected
sp2 C–H perdeuteration replaces hydrogen atoms at sp2 carbon
atoms of (hetero)arenes with deuterium, while leaving other
aliphatic positions, including those near directing groups,
unchanged (Fig. 2C).14

Although it is conceivable that merging directed and
nondirected C–H activation could enable polydeuteration, its
success has been limited due to differing strategies needed for
each process.15 While directing groups can facilitate directed
C–H activation by coordinating with metal complexes (Fig. 2,
complex I), they can contrarily hinder activation at remote
positions. Once the metal complex dissociates from the direct-
ing group, the electron-withdrawing nature of many directing
groups (such as carboxylic acids) decreases electron density,
weakening the p-complexation step necessary for nondirected
C–H activation (Fig. 2, complex II).16 During our studies on
nondirected Pd-catalyzed sp2 C–H perdeuteration of (hetero)
arenes, we found that carboxylic acid derivatives exhibited
incomplete deuteration, both directed and nondirected.17

Consequently, the resulting deuterated analogs were unsuitable
for use in medicinal chemistry and mechanistic studies.18 To
achieve polydeuteration at aromatic and directed methyl C–H
bonds while leaving other aliphatic positions unreacted, we
sought to identify key factors that facilitate activation at both
nondirected sp2 and directed sp3 positions. Our new ligand-
enabled method is compatible with a variety of electron-
withdrawing groups (EWGs), including carboxylic acids,
amides, and azoles with directing effects, as well as non-
directing nitro, sulfonamide, and ester groups (Fig. 2D).
Notably, ortho-tolyl groups were fully deuterated, which is rarely
reported, addressing the challenges of activating ortho-methyl
C–H bonds.19 This method provides versatile deuterated deriv-
atives, ranging from simple building blocks to complex phar-
maceuticals, with high levels of deuterium incorporation.

Results and discussion

Preliminary ligand screening revealed the importance of
incorporating a 2-pyridone unit as an internal base for efficient
deuteration.20 To facilitate directed deuteration, several
heterocycle-substituted bidentate pyridone ligands with varying
electronic and steric characters were examined, ultimately
identifying three key ligands, 6-(3-methyl-1H-pyrazol-1-yl)pyr-
idin-2(1H)-one (3-Me-PzPyOH),17 [2,20-bipyridin]-6(1H)-one
(BpyOH),21 and [2,20-bipyridine]-6,60(1H,10H)-dione (Bpy(OH)2)
(Table 1).22 Compared to the pyrazole ligand 3-Me-PzPyOH,23 the
more Lewis-basic pyridine-substituted ligands BpyOH and
Bpy(OH)2 demonstrated superior results in directed deuteration
at sp3 positions, while maintaining comparable D incorporation
at nondirected sp2 positions ([D]1 and [D]2). Particularly,
Bpy(OH)2 outperformed BpyOH in directed sp3 deuteration of
ve-membered heteroarenes, which are more challenging to
deuterate than six-membered arenes because the larger acute
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Ligand effect on directed and nondirected deuteration
reactionsa

a Reaction conditions: substrate (0.2 mmol), Pd(OAc)2 (0.02 mmol),
ligand (0.02 mmol), HFIP (0.2 mmol), AcOH-d4 (0.2 M), at 130 °C, and
24 h. D incorporation by 1H NMR. Isolated yields in parentheses. D
incorporation at the positions lower than 10% is not listed. b By mass
analysis.
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bond angles in ve-membered rings renders palladacycle
formation more difficult ([D]3).24 However, BpyOH showed
consistently high efficiency, even in substrates with non-
directing EWGs such as ester and nitro groups ([D]4, vide infra),
thus selected as an optimal ligand.

The D source can be either AcOH-d4 or D2O, with the latter
being more sensitive to the solubility of substrates, thus limiting
its scope (see the ESI†). The addition of 1,1,1,3,3,3-hexa-
uoroisopropanol (HFIP) was not critical for the degree of
deuteration but sometimes slightly improved the yield.25

Extending the reaction time from 24 to 48 hours further increased
deuteration, and a catalyst loading of 5 mol% was found to be
feasible, resulting in only a slight decrease in deuterium incor-
poration. Several acid/base additives were examined; however,
they did not improve the overall D incorporation. In the absence
of Pd(OAc)2, deuterium incorporation was not observed at either
the sp2 or sp3 positions. Furthermore, BpyOH itself undergoes
© 2025 The Author(s). Published by the Royal Society of Chemistry
deuteration but is expected to maintain similar catalytic activity
(see the ESI†).

A representative method using BpyOH was applied to the
polydeuteration of a variety of carboxylic acid derivatives
(Scheme 1). The aromatic rings and ortho-methyl groups of
benzoic acids were readily deuterated (5–17). Notably, for the
sp3-methyl positions of dimethylbenzoic acid, selective deuter-
ation occurred exclusively at the directed methyl group (5 and
7). Ortho-toluic acid (8) and its halogenated derivatives (9–15)
underwent successful perdeuteration, demonstrating tolerance
to various positions and types of halogens. The methoxy and
naphthalene variants (16 and 17) were also suitable for poly-
deuteration. In addition to ortho-toluic acid derivatives, the
BpyOH system enabled high deuterium incorporation for ben-
zoic acid (18) and its derivatives. The efficient sp2 C–H deuter-
ation of monohalogenated benzoic acids (19–23), m,p-dichloro
benzoic acid (24), m-methoxy benzoic acid (25), and cinnamic
acid (26) demonstrates the high functional group compatibility
of the method. Consistent with the deuteration of 2-
methylthiophene-3-carboxylic acid (3), the methyl groups of
ve-membered heteroaromatic carboxylic acids (27 and 28)
were deuterated slightly more efficiently by Bpy(OH)2. However,
although the methyl group of six-membered heteroaromatic
carboxylic acids, such as 29, is activated and readily deuter-
ated,26 their sp2 C–H deuteration is generally less efficient than
that of ve-membered heteroarenes, provided that decarboxyl-
ation is not signicant (see the ESI†).27 Furthermore, while the
aromatic ring of 2-ethylbenzoic acid (30) and 2-(4-
chlorophenyl)-3-methylbutanoic acid (31) underwent efficient
deuteration, the ethyl and propyl groups largely remained
intact. In the case of 2-phenylbutanoic acid, a phenylacetic acid
containing an ethyl group at the a-position, a considerable
amount of dehydrogenation products was formed, as previously
reported (see Scheme S3†).21e Additionally, the scope was
investigated using commercially available pharmaceuticals
containing a carboxylic acid. For example, ibuprofen (32),
gembrozil (33), urbiprofen (34), ketoprofen (35), isoxepac
(36), and fenbufen (37), which were only partially deuterated by
known methods,13a,14c were converted to the corresponding
polydeuterated derivatives, clearly illustrating the advantage of
the Pd/BpyOH system in this series of pharmaceuticals. The
combined results from 30 to 35 demonstrate that this method is
advantageous for the deuteration of sterically unhindered
directed sp3 C–H bonds, including ortho- and a-methyl groups
adjacent to directing groups, although it is not suitable for
larger alkyl groups.

Although directed HIE has made signicant advances,1a

catalytic systems that are universal to a wide range of directing
groups remain uncommon. However, extending the Pd/BpyOH
system to other directing groups, such as amide and azole,
enabled perdeuteration of both parent compounds and ortho-
methyl variants (Scheme 2). Despite the weaker directing effects
of benzamides (38a and 38b) and benzoxazoles (39a and 39b)
compared to benzoic acids, moderate deuteration occurred at
the methyl groups, along with full deuteration at both aromatic
and heteroaromatic C–H bonds. Both benzothiazoles (40a and
40b) and thiazoles (41a and 41b) serve as useful directing
Chem. Sci., 2025, 16, 10349–10356 | 10351
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Scheme 1 Directed and nondirected deuteration of carboxylic acids. Reaction conditions: substrate (0.2 mmol), Pd(OAc)2 (0.02 mmol), BpyOH
or Bpy(OH)2 (0.02 mmol), HFIP (0.2 mmol), AcOH-d4 (0.2 M), 130 °C, for 24 h. D incorporation at the positions lower than 10% is not listed. The
yield indicated in blue represents the D incorporation at a single C–H bond, whereas the yields indicated in other colors represent D incor-
poration at one or more C–H bonds with similar chemical shifts that have been replaced by C–D bonds. aBpy(OH)2 instead of BpyOH. bFor 48 h.
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groups to promote D incorporation at the ortho-methyl group,
while all sp2 C–H bonds were also efficiently deuterated. In
addition, another class of azole, pyrazole, proved to be an
excellent directing group, affording the corresponding deuter-
ated analogs of N-phenylpyrazole and N-(o-tolyl)pyrazole (42a
and 42b, respectively). Substituting aryl rings with six-
membered heteroaryl rings, such as pyridine and pyrazine,
did not hinder the deuteration of pyrazole rings (43a and 43b).
Similar to 2-methylnicotinic acid (29), the methyl groups readily
underwent deuteration, while the sp2 positions of the six-
membered rings showed relatively low D incorporation.26
10352 | Chem. Sci., 2025, 16, 10349–10356
However, one methyl group of pyrazine 43b was under-
deuterated, presumably due to the bidentate coordination
involving the nitrogen atoms of both the pyrazole and pyrazine
rings (for additional six-membered heteroarene substrates, see
Scheme S3†).

Furthermore, the Pd/BpyOH method facilitated high deute-
rium incorporation at sp2 C–H positions in electron-decient
(hetero)aromatic compounds (Scheme 3). In contrast to
carboxylic acids, amides, and azoles, other EWGs such as
sulfonamide, ketone, ester, and nitro groups did not exert
directing effects at benzylic methyl positions (44–47). However,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Directed and nondirected deuteration of amide and heteroaromatic compounds. For reaction conditions, see Scheme 1. aFor 48 h.

Scheme 3 Nondirected deuteration of electron-deficient arenes. For
reaction conditions, see Scheme 1. aFor 48 h.
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substrates containing a single EWG (48–51), as well as those
with two EWGs (52–55), underwent deuteration at all sp2 C–H
bonds. The capability to deuterate electron-decient (hetero)
© 2025 The Author(s). Published by the Royal Society of Chemistry
arenes signicantly expands the range of deuterated building
blocks, demonstrating its broad applicability.

To elucidate the reactivity differences between directed sp3

C–H bonds and nondirected sp2 C–H bonds across three pyr-
idone ligands, DFT calculations were conducted for Pd-
catalyzed deuteration reactions of compound 1 (Fig. 3). Rela-
tive Gibbs free energies were calculated using the 1/3 Pd3(OAc)6
complex as a reference to compare energies, with representative
calculations for the aromatic positions performed at the para
position. C–H activation processes are reversible, requiring
consideration of both intermediates and transition states.28 In
addition, because each ligand was employed independently, we
focused on identifying trends rather than comparing absolute
values between ligands.

For the directed methyl position, both the activation barrier
and intermediate energy were reduced by switching the ligand
from 3-Me-PzPyOH to BpyOH, due to stable bidentate chelation
and efficient internal base (Fig. 3A and B). With Bpy(OH)2,
forming hydrogen bonds between the carboxylate of the
substrate and the hydroxypyridine of the ligand was critical in
reducing the activation barrier TS3-1 and stabilizing the inter-
mediate Int3-2 (Fig. 3C). A similar trend was observed for the
aromatic deuteration transition states, decreasing in the order
of 3-Me-PzPyOH, BpyOH, and Bpy(OH)2 (Fig. 3D–F). Although
not shown, the ortho-sp2 position, which is susceptible to
directed deuteration, demonstrated that nondirected C–H
activation has a lower energy barrier than the directed pathway
(see the ESI†). This result suggests that all aromatic positions
are likely to undergo deuteration in a nondirected fashion,
similar to TS2-2. In addition, it is notable that the energy trend
of the intermediates at the aromatic positions showed a slight
deviation, where Bpy(OH)2 afforded a relatively high-energy
Int3-3 compared to Int1-3 and Int2-3 derived from the other
two ligands (Fig. 3F). This outcome indicates that substrate p-
complexation to form an intermediate like Int3-3 could be more
Chem. Sci., 2025, 16, 10349–10356 | 10353
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Fig. 3 Calculated energy profiles showing deuteration pathways at two sites of 2,5-dimethylbenzoic acid (1): the ortho-methyl position (A–C)
and para-position (D–F). Results are shown for catalysis with ligands 3-Me-PzPyOH, BpyOH, and Bpy(OH)2 (A/D, B/E, and C/F, respectively). DFT
calculations were performed at the uB3LYP-D3/SDD-6-311+G**/SMD(AcOH)//uB3LYP-D3/LANL2DZ-6-31G** level of theory. Free energies
(kcal mol−1) relative to 1/3 Pd3(OAc)6.
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challenging than other ligands because of the steric effect of the
hydroxy group in Bpy(OH)2. The consideration of intermediates
may also have implications for the slow deuteration of aromatic
positions in electron-decient (hetero)arenes with Bpy(OH)2.16

The DFT calculations also facilitated the comparison of
positional differences under a given ligand. With 3-Me-PzPyOH,
the transition state energy for the aromatic position (TS1-2, Fig.
3D) was lower than that for the methyl position (TS1-1, Fig. 3A).
In contrast, BpyOH resulted in similar activation barriers for
both positions (Fig. 3B and E). However, calculations for
Bpy(OH)2 indicated a reversed result, with the barrier at the
methyl position being lower than that at the aromatic position
(Fig. 3C and F). Therefore, the superiority of the Pd(BpyOH)
complex in both directed and nondirected deuteration is
10354 | Chem. Sci., 2025, 16, 10349–10356
attributed to its balanced reactivity for C–H cleavage and its
ability to easily complex with substrates.
Conclusions

Ligand-enabled strategies have been developed to achieve both
directed sp3 and nondirected sp2 C–H deuteration using
a single catalytic system. The combination of Pd(OAc)2 and
BpyOH ligand demonstrated high compatibility with various
directing groups such as carboxylic acid, amide, and azole, as
well as nondirecting groups, including nitro, sulfonamide, and
ester groups. This system tolerated a wide range of electronic
and steric properties, enabling efficient perdeuteration of sp2

C–H bonds at both electron-rich and electron-decient sites.
DFT calculations revealed that BpyOH ligand facilitates both
© 2025 The Author(s). Published by the Royal Society of Chemistry
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directed methyl and nondirected aromatic C–H deuteration in
a well-balanced manner. The high efficiency, coupled with
broad functional group tolerance, facilitate the preparation of
deuterated building blocks and the late-stage deuteration of
complex pharmaceuticals using convenient deuterium source,
AcOH-d4. This approach signicantly expands the pool of
deuterated compounds available for drug development and
materials applications. This result will further facilitate ligand
design for versatile and efficient catalytic systems for hydrogen
isotope exchange by homogeneous transition-metal-catalyzed
C–H functionalization.
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Catal., 2025, 15, 2822–2826.

11 (a) P. Wedi and M. van Gemmeren, Angew. Chem., Int. Ed.,
2018, 57, 13016–13027; (b) S. Rej, Y. Ano and N. Chatani,
Chem. Rev., 2020, 120, 1788–1887; (c) S. Dutta,
T. Bhattacharya, F. J. Geffers, M. Bürger, D. Maiti and
D. B. Werz, Chem. Sci., 2022, 13, 2551–2573; (d) S. Y. Shim,
Chem.–Eur. J., 2023, 29, e202302620; (e) K. Wu, N. Lam,
D. A. Strassfeld, Z. Fan, J. X. Qiao, T. Liu, D. Stamos and
J.-Q. Yu, Angew. Chem., Int. Ed., 2024, 63, e202400509; (f)
Z.-J. Jiang, J.-F. Bai and Z. Gao, SynOpen, 2024, 08, 328–359.

12 (a) S. Ma, G. Villa, P. S. Thuy-Boun, A. Homs and J.-Q. Yu,
Angew. Chem., Int. Ed., 2014, 53, 734–737; (b) R. Giles,
G. Ahn and K. W. Jung, Tetrahedron Lett., 2015, 56, 6231–
6235; (c) D. Zhao, H. Luo, B. Chen, W. Chen, G. Zhang and
Y. Yu, J. Org. Chem., 2018, 83, 7860–7866; (d) P. Manna,
M. Kundu, A. Roy and S. Adhikari, Org. Biomol. Chem.,
2021, 19, 6244–6249; (e) J. Kong, Z.-J. Jiang, J. Xu, Y. Li,
H. Cao, Y. Ding, B. Tang, J. Chen and Z. Gao, J. Org. Chem.,
Chem. Sci., 2025, 16, 10349–10356 | 10355

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01407g


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 5
:2

2:
56

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2021, 86, 13350–13359; (f) Z. Zhang, Z.-J. Jiang, Y. Cao,
J. Chen and Z. Gao, Synthesis, 2022, 54, 4907–4916; (g)
C. Zheng, Z.-J. Jiang, K. Jin, Q. Wang, J.-F. Bai, G. Xu and
Z. Gao, J. Org. Chem., 2023, 88, 17164–17171.

13 (a) A. Uttry, S. Mal and M. van Gemmeren, J. Am. Chem. Soc.,
2021, 143, 10895–10901; (b) J. Dey and M. van Gemmeren,
Synlett, 2024, 35, 2191–2200.

14 (a) M. Farizyan, A. Mondal, S. Mal, F. Deufel and M. van
Gemmeren, J. Am. Chem. Soc., 2021, 143, 16370–16376; (b)
J. Dey, S. Kaltenberger and M. van Gemmeren, Angew.
Chem., Int. Ed., 2024, 63, e202404421; (c) D. B. Werz,
C. Teja, S. Kolb, P. Colonna, J. Grover, G. K. Lahiri,
G. Pieters, D. Maiti and S. Garcia-Argote, Angew. Chem., Int.
Ed., 2024, 63, e202410162.

15 M. Daniel-Bertrand, S. Garcia-Argote, A. Palazzolo,
I. Mustieles Marin, P.-F. Fazzini, S. Tricard, B. Chaudret,
V. Derdau, S. Feuillastre and G. Pieters, Angew. Chem., Int.
Ed., 2020, 59, 21114–21120.

16 L. V. Desai, K. J. Stowers andM. S. Sanford, J. Am. Chem. Soc.,
2008, 130, 13285–13293.

17 S. J. Yun, J. Kim, E. Kang, H. Jung, H. T. Kim, M. Kim and
J. M. Joo, ACS Catal., 2023, 13, 4042–4052.

18 W. W. Wood, J. Med. Chem., 2024, 67, 16991–16999.
19 (a) R. Mei and L. Ackermann, Adv. Synth. Catal., 2016, 358,

2443–2448; (b) L.-P. Xu, S. Qian, Z. Zhuang, J.-Q. Yu and
D. G. Musaev, Nat. Commun., 2022, 13, 315.

20 (a) P. Wang, M. E. Farmer, X. Huo, P. Jain, P.-X. Shen,
M. Ishoey, J. E. Bradner, S. R. Wisniewski, M. D. Eastgate
and J.-Q. Yu, J. Am. Chem. Soc., 2016, 138, 9269–9276; (b)
P. Wang, P. Verma, G. Xia, J. Shi, J. X. Qiao, S. Tao,
P. T. W. Cheng, M. A. Poss, M. E. Farmer, K.-S. Yeung and
J.-Q. Yu, Nature, 2017, 551, 489–493; (c) Y.-Q. Chen,
Z. Wang, Y. Wu, S. R. Wisniewski, J. X. Qiao, W. R. Ewing,
10356 | Chem. Sci., 2025, 16, 10349–10356
M. D. Eastgate and J.-Q. Yu, J. Am. Chem. Soc., 2018, 140,
17884–17894.

21 (a) C. Pinilla, V. Salamanca, A. Lledós and A. C. Albéniz, ACS
Catal., 2022, 12, 14527–14532; (b) F. Villalba and
A. C. Albéniz, Adv. Synth. Catal., 2021, 363, 4795–4804; (c)
V. Salamanca and A. C. Albéniz, Org. Chem. Front., 2021, 8,
1941–1951; (d) V. Salamanca, A. Toledo and A. C. Albéniz,
J. Am. Chem. Soc., 2018, 140, 17851–17856; (e) Z. Wang,
L. Hu, N. Chekshin, Z. Zhuang, S. Qian, J. X. Qiao and
J.-Q. Yu, Science, 2021, 374, 1281–1285.

22 (a) E. Tomás-Mendivil, J. D́ıez and V. Cadierno, Catal. Sci.
Technol., 2011, 1, 1605–1615; (b) R. Kawahara, K.-i. Fujita
and R. Yamaguchi, J. Am. Chem. Soc., 2012, 134, 3643–
3646; (c) K.-i. Fujita, Y. Tanaka, M. Kobayashi and
R. Yamaguchi, J. Am. Chem. Soc., 2014, 136, 4829–4832; (d)
M. Itoga, M. Yamanishi, T. Udagawa, A. Kobayashi,
K. Maekawa, Y. Takemoto and H. Naka, Chem. Sci., 2022,
13, 8744–8751.

23 (a) S. Jeong and J. M. Joo, Acc. Chem. Res., 2021, 54, 4518–
4529; (b) E. Kang and J. M. Joo, Synthesis, 2023, 56, 1549–
1562.

24 C. Karmel, C. Z. Rubel, E. V. Kharitonova and J. F. Hartwig,
Angew. Chem., Int. Ed., 2020, 59, 6074–6081.

25 (a) T. Bhattacharya, A. Ghosh and D. Maiti, Chem. Sci., 2021,
12, 3857–3870; (b) H. F. Motiwala, A. M. Armaly,
J. G. Cacioppo, T. C. Coombs, K. R. K. Koehn,
V. M. I. V. Norwood and J. Aubé, Chem. Rev., 2022, 122,
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