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en net-1,2-hydrogen atom
transfer of amidyl radicals to access b-amido
ketone derivatives†

Yonggang Jiang,‡ac Hui Li,‡a Haoqin Tang,‡a Qingyue Zhang,d Haitao Yang,a Yu Pan,a

Chenggang Zou,c Hongbin Zhang, *a Patrick J. Walsh *b and Xiaodong Yang *a

Hydrogen atom transfer (HAT) processes provide an important strategy for selective C–H functionalization.

Compared with the popularity of 1,5-HAT processes, however, net-1,2-HAT reactions have been reported

less frequently. Herein, we report a unique visible-light-mediated net-1,2-HAT of amidyl radicals for the

synthesis of b-amido ketone derivatives. Single-electron transfer (SET) to N-aryloxy amides generates

nitrogen-centered radicals (Nc), which undergo a rare net-1,2-HAT to form carbon-centered radicals

(Cc). The C-centered radicals are then captured by silyl enol ethers on the way to b-amido ketones. A

series of b-amido ketone derivatives (33 examples, up to 97% yield) were prepared with good functional

group tolerance demonstrating the synthetic utility of this method. Mechanistic studies, including EPR,

radical trapping experiments, deuterium labeling and KIE measurements, suggest an intramolecular

radical net-1,2-HAT pathway.
Introduction

The selective functionalization of C–H bonds has received
tremendous attention over the last few decades with many
milestones achieved.1–10 Despite signicant advances, the C–H
activation and chemical elaboration at specic sites of organic
compounds is in its infancy and remains a challenge due to the
similar reactivity of inequivalent C–H bonds.11,12 Efforts to
circumvent the selectivity problem have employed directing
groups to steer reactive metal catalysts to specic C–H bonds,
engendering selectivity.13–19 A classic strategy that has recently
witnessed a resurgence is the generation of reactive O- and N-
centered radicals that undergo energetically favorable 1,5-
hydrogen atom transfer (1,5-HAT) reactions (Scheme 1, path
A).20–27 The resulting translocated radicals can be readily
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functionalized through formation of C–C, C–N, C–O and C–S
bonds, adding great synthetic value to this approach.28–39

The delity of the 1,5-HAT reaction stems from its low energy
6-membered ring transition state compared to HAT from other
positions.40 Recent reports, however, hint that the facile intra-
molecular 1,5-HAT process can be energetically undercut by an
apparent 1,2-HAT under certain conditions.41–48 These results
were quite surprising, given that the classical 1,2-HAT proceeds
through a strained, high energy 3-membered transition state
Scheme 1 Reactions of heteroatom-centered radicals. (Path A) The
dominant course of heteroatom-centered radicals, the 1,5-HAT. (Path
B) The unfavorable 1,2-HAT. (Path C) An alternative reaction pathway,
the base mediated net-1,2-HAT.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 This work. Net-1,2-Hydrogen Atom Transfer (HAT) of
amidyl radicals.
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(Scheme 1, path B). Thus, alternative mechanistic hypotheses
were necessary to explain the observed reactivity,49 on which the
foundation of a general 1,2-HATmethod can be built (Scheme 1,
path C).

Our entry into this area arose from our generation of radi-
cals using the organic super electron donors (SEDs), 2-azaallyl
anions.50–53 2-Azaallyl anions are strong reductants,54 and upon
donation of an electron they form stabilized 2-azaallyl radi-
cals55 that participate in a variety of radical–radical coupling
reactions to form C–C and C–X coupled products.56–65 Of note,
we found that 2-azaallyl anions react with N-aryloxy amides to
afford amidyl radicals (Nc).66,67 Interestingly, the amidyl
radical did not undergo the expected 1,5-HAT but instead
underwent a base-promoted deprotonation/reprotonation
leading to net-1,2-HAT. This isomerization converts the N-
centered radicals into a-amino C-centered radicals (Scheme
2a).66 Radical–radical coupling then furnished diamine deriv-
atives. This mechanism was supported experimentally and
computationally.

Shortly aer our publication, Chen and Wang observed
a similar base-promoted net-1,2-HAT of an amidyl radical under
photoredox catalysis conditions (Scheme 2b).68 Their mecha-
nism was also supported by DFT calculations. They further
developed the net-1,2-HAT with this Boc-protected substrate
with capture by triuoromethyl-substituted alkenes.69 They
focused on the N-triuoroethylamide substrates to synthesize a-
triuoromethylamine and N-triuoroethylamine derivatives.
Along these lines, the Besset group recently developed a photo-
redox catalyzed triuoromethylthiolation of amides. They
proposed proton-coupled electron transfer (PCET) from an
amide N–H to generate an N-centered radical. This amidyl
Scheme 2 Reaction development. (a) Base-assisted 1,2-HAT of amidyl
radicals. (b) Visible-light-mediated base-assisted 1,2-HAT. (c) Proton-
coupled electron transfer (PCET) followed by 1,2-HAT.

© 2025 The Author(s). Published by the Royal Society of Chemistry
radical was envisioned to undergo a 1,2-HAT to form an a-
amino C-centered radical that underwent thiolation with in situ
generated CF3S–SCF3 to furnish triuoromethylthiolated
amides (Scheme 2c).70

Inspired by the high synthetic value and predominance of
the 1,5-HAT as a method to selectively functionalize C–H
bonds,71–74 the goal of the current study was to evaluate the
generality of the base-mediated net-1,2-HAT with the aim of
establishing it as a viable synthetic strategy to perform che-
moselective C–H functionalizations located next to the amino
group of amides. Using photoredox catalysis and N-aryloxy
amides, we envisioned generation of amidyl radicals
(Scheme 3). We anticipated that the amidyl radicals could be
deprotonated by the aryloxide to reveal a-amino C-centered
radicals. We hypothesized that the generated a-amino radicals
could be captured by radical acceptors for the construction of
new C–C bonds.75–80 For the trapping of the formed radicals, we
chose silyl enol ethers because they are known to readily react
with radicals to form ketones.81–83 Herein we describe the
fruition of this plan. This study represents another step toward
demonstrating the potential utility of the base-mediated net-
1,2-HAT as a synthetic tool for mild and selective C–H
functionalizations.
Results and discussion

We initiated this study by using N-benzyl N-aryloxy amide 1a
and phenylmethylsilyl ether 2a as model reactants. We initially
used 2 mol% fac-Ir(ppy)3 as the photoredox catalyst to investi-
gate the effect of solvents (DMF, DMSO, CH3CN, DCM, DCE,
THF, PhCl, PhCF3, and EtOH, Table 1, entries 1–9). Among the
solvents tested, reactions in DMSO showed the best conversions
to the coupled product 3aa (68% assay yield, AY, as determined
by 1H NMR integration against an internal standard, Table 1,
entry 2). Given that the generation of amidyl radicals requires
a strong reductant (1a, E1/2 =−0.935 V vs. SCE in DMSO, see the
ESI† for details),71,84 we evaluated appropriate photoredox
catalysts. Switching photoredox catalysts to 4CzIPN,
[Ir(dtbbpy)(ppy)2][PF6], [Ir(ppy)2(bpy)]PF6, and Eosin Y,
however, led to lower AY (entries 10–13). Based on the results,
fac-Ir(ppy)3 was chosen for continued optimization. Consid-
ering that some of the N-aryloxy amide 1a was reduced to the
Chem. Sci., 2025, 16, 962–969 | 963



Table 1 Optimization of coupling of amide 1a and silyl enol ether 2aa,b

Entry Solvent Photocatalyst
Conc.
[M]

Assay yield
(%)

1 DMF fac-Ir(ppy)3 0.1 40
2 DMSO fac-Ir(ppy)3 0.1 68
3 CH3CN fac-Ir(ppy)3 0.1 27
4 DCM fac-Ir(ppy)3 0.1 0
5 DCE fac-Ir(ppy)3 0.1 12
6 THF fac-Ir(ppy)3 0.1 18
7 PhCl fac-Ir(ppy)3 0.1 20
8 PhCF3 fac-Ir(ppy)3 0.1 Trace
9 EtOH fac-Ir(ppy)3 0.1 0
10 DMSO 4CzIPN 0.1 13
11 DMSO [Ir(dtbbpy)(ppy)2][PF6] 0.1 31
12 DMSO [Ir(ppy)2(bpy)]PF6 0.1 26
13 DMSO Eosin Y 0.1 18
14c DMSO fac-Ir(ppy)3 0.1 94 (90)d

15c DMSO fac-Ir(ppy)3 0.2 86
16c DMSO fac-Ir(ppy)3 0.05 77
17c DMSO — 0.1 0
18e DMSO fac-Ir(ppy)3 0.1 0

a Reaction conditions: 1a (0.1 mmol, 1.0 equiv.), 2a (0.15 mmol, 1.5
equiv.), PC (2 mol%), rt, 6 h. b Assay yields determined by 1H NMR
spectroscopy of the crude reaction mixtures using CH2Br2 as an
internal standard. c 1.5 : 1 ratio of 1a to 2a. d Isolated yield aer
chromatographic purication. e Without blue LEDs.

Table 2 Scope of amides 1a,b

a Reactions were conducted on a 0.2 mmol scale using 1.5 equiv. (1a–1t),
1.0 equiv. 2a, and fac-Ir(ppy)3 (2 mol%) at 0.1 M. b Isolated yields aer
chromatographic purication. c NaHCO3 added (4.5 equiv.).
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amide 1a0 and aryloxide (Table S6, see the ESI† for details),85,86

we next examined the 1a : 2a ratio. We were pleased to nd that
increasing the ratio of 1a and 2a from 1 : 1.5 to 1.5 : 1 under
otherwise identical conditions resulted in 94% AY and 90%
isolated yield of the amido ketone (entry 14). Furthermore,
varying the concentration from 0.1 to 0.2 or 0.05 M, led to
a reduction in the AY to 86% or 77% (entries 15 and 16). Control
experiments showed that the photoredox catalyst and light
irradiation were both necessary for the success of this trans-
formation (entries 17 and 18).

With the optimized conditions in hand (Table 1, entry 14),
we initiated exploration of the scope of amides 1. As shown in
Table 2, in general, amides bearing various substituted aryl,
alkyl and alkoxy groups delivered products in moderate to
excellent yields under the optimized conditions. Aryl-
substituted amides with electron-withdrawing 3-OMe (1b) or
4-CF3 (1c), reacted with silyl enol ether 2a to furnish coupling
products 3ba and 3ca in 78 and 56% yields, respectively. Steri-
cally hindered 1-naphthyl-substituted amide 1d provided
coupling product 3da in 92% yield. Notably, a medicinally
relevant heterocyclic amide possessing a 2-furyl group (1e)
delivered coupling product 3ea in 63% yield. It is noteworthy
that amides bearing alkenes (vinyl 1f; E-styryl 1g) and alkyne
(1h) were also successfully converted to the desired C(sp3)–
C(sp3) cross-coupling products (3fa–3ha) in 97, 95, and 90%
964 | Chem. Sci., 2025, 16, 962–969
yields, respectively. These results suggest that the intermolec-
ular coupling with the silyl enol ether is faster than intra-
molecular cyclization onto the unsaturated moiety of the
substrate. The alkyl ether (1i) was an excellent substrate,
providing the desired coupled product in 95% yield. Further-
more, alkyl-substituted amides bearing cyclobutyl (1j), cyclo-
pentyl (1k), and cyclohexyl (1l) groups were also suitable
coupling partners, offering products 3ja, 3ka and 3la, respec-
tively, in 60–68% yields. We were pleased to nd that carba-
mates bearing methyl (1m), t-butyl (1n) and benzyl (1o),
performed well, furnishing the desired products 3ma, 3na and
3oa in 94, 86 and 88% yields, respectively.

Different N-benzyl groups were briey surveyed. For
example, N-benzyl groups bearing 3,5-di-OMe (1p), 4-Bpin (1q)
and 4-CF3 (1r) were determined to be competent coupling
© 2025 The Author(s). Published by the Royal Society of Chemistry
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partners, leading to the expected products 3pa, 3qa and 3ra in
67, 87 and 71% yields, respectively. Meanwhile, the scope of
amide substrates could be expanded by switching from N-
benzyl amides to N-alkyl amides. Interestingly, the addition of
base (NaHCO3) was necessary when using N-alkyl amides for
coupling reactions, likely due to the decreased acidity of the
amidyl radical's a-C–H bonds. In the absence of NaHCO3,
products derived from nitrogen radical addition to the silyl enol
ether were obtained (see the ESI† for details).87–89 Under the
NaHCO3 modied conditions, N-methyl (1s) and N-ethyl (1t)
amides gave the corresponding products 3sa and 3ta in 64 and
32% yields, respectively. Unfortunately, the net-1,2-HAT reac-
tion did not occur when an amide derived from phenethyl
amine was employed, which would form a secondary a-amino
radical, probably due to the steric hindrance to the deproto-
nation of the amidyl radical.

Finally, a gram-scale synthesis was conducted to demon-
strate the utility and scalability of this coupling process. Reac-
tion of N-benzyl amide 1a with the silyl enol ether 2a under the
standard conditions provided 1.05 g of 3aa in 80% yield. The
structure of 3aa was conrmed by X-ray crystallography (CCDC
2353955).90

Encouraged by the results with various amides, we evaluated
the scope of substituted silyl enol ethers (2), which were readily
synthesized from the corresponding ketones.91 As shown in
Table 3, we selected amide 1a as the coupling partner. A wide
range of silyl enol ethers bearing various groups were compat-
ible with the standard conditions, generating the b-amido
ketone products in moderate to good yields (40–82%). For
Table 3 Scope of silyl enol ethersa,b

a Reactions were conducted on a 0.2 mmol scale using 1.5 equiv. 1a, 1.0
equiv. (2a–2n), and fac-Ir(ppy)3 (2 mol%) at 0.1 M. b Isolated yields aer
chromatographic purication. c fac-Ir(ppy)3 (10% mmol).

© 2025 The Author(s). Published by the Royal Society of Chemistry
instance, aryl-substituted silyl enol ethers with electronegative
or electron-withdrawing groups, such as 4-F (2b), 4-Cl (2c), 4-Br
(2d), 4-CF3 (2e) and 3-OMe (2f), or electron-donating groups,
such as dihydrindene (2g), 2,3-dihydrofuran (2h), and 1,4-
dioxane (2i) reacted with N-benzyl amide 1a to furnish coupling
products 3ab–3ai, respectively, in 55–82% yields. Interestingly,
silyl enol ethers derived from aldehydes (2j), such as acetalde-
hyde, from aliphatic ketones (2k), such as acetone, and from
methyl acrylate (2l) were viable reaction partners. These
substrates gave the net-1,2-HAT coupling products 3aj, 3ak and
3al in 40, 60 and 68% yields, respectively. Finally, alkyl-
substituted silyl enol ethers bearing cyclopentyl (1m), and
cyclohexyl (1n) groups were also suitable partners, affording the
coupling products 3am and 3an in 62 and 64% yields,
respectively.

Next, we used amide 1v with hydrogen atoms positioned at
the 1,2-, 1,5- and 1,6-positions relative to the amide nitrogen to
explore the HAT site-selectivity under the reaction conditions.
As shown in Scheme 4, treatment of 1v with NaHCO3 (4.5 equiv.)
under standard conditions gave the net-1,2-HAT product 3va in
9% yield, and no 1,5- or 1,6-HAT coupling product 3va0 or 3va00

was detected. Most of the amide 1v was converted to the
reduced product 1v0 in 60% yield (see the ESI† for details).

To explore the reaction mechanism, a series of experiments
were conducted. First, Stern–Volmer quenching studies sug-
gested that amide 1a quenches the excited state of *IrIII(ppy)3
more efficiently than silyl enol ether 2a (Scheme 5a, see the ESI†
for details). To probe for the presence of radical species, EPR
experiments employing phenyl N-t-butylnitrone (PBN) as the
radical spin trap were conducted under the standard condi-
tions. Thus, treatment of N-benzyl aryl amide 1a with silyl enol
ether 2a in the presence of PBN resulted in the generation of
a PBN-trapped carbon-centered radical, as detected by EPR
spectroscopy (Scheme 5b and 5c). The generated EPR signals (g
= 1.9995, AN = 14.7 G, AH = 3.3 G) are in agreement with
previously reported literature for trapping C-centered radi-
cals.92,93 The cationic intermediate originating from radical 4
can be detected in the reaction mixtures by high-resolution
mass spectrometry (HRMS calculated for C25H27N2O2

+

387.2067, found 387.2068 [M]+).
Experiments with the addition of 2.5 equiv. of radical scav-

enger 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) were con-
ducted under otherwise standard conditions. The coupling
product 3sa was not detected, despite 1s being consumed and
Scheme 4 Site-selectivity studies. Net-1,2-HAT vs. 1,5- and 1,6-HAT.

Chem. Sci., 2025, 16, 962–969 | 965



Scheme 5 Mechanistic studies. (a) Stern–Volmer fluorescence
quenching experiments. (b) The PBN-trapped carbon-centered
radical. (c) EPR spectrum of the PBN-trapped radical assigned as 4.

Scheme 6 Mechanistic experiments. (a) Radical trapping experiment
with TEMPO. (b) Radical inhibitor experiment with BHT. (c) Control
experiment with imine 1a00.

966 | Chem. Sci., 2025, 16, 962–969
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converted to the amide PhCONHMe. The TEMPO trapping
products 5sa and 6aa were isolated in 18% and 80% yields,
respectively (Scheme 6a). Compound 5sa is the product from
trapping the C-centered a-amino radical formed from the net-
1,2-HAT pathway. 6aa has previously been observed in other
photoredox reactions with enol silanes when radical trapping
experiments were performed with TEMPO.94,95 In our case, it is
likely the aryloxide byproduct binds to the Si of the TMS group
of the silyl enol ether and generates an enolate. The enolate is
oxidized by the Ir4+ photoredox catalyst to furnish the a-
carbonyl radical that is trapped by TEMPO (see Fig. S11† for
a proposed mechanism).

Meanwhile, the addition of butylated hydroxytoluene (BHT)
inhibited the reaction and resulted in a low yield of 3aa (7%)
(Scheme 6b). It is also conceivable that the reaction could
proceed by formation of the amidyl radical with oxidation to the
imine 1a00 by the photoredox catalyst (IrIV(ppy)3)

+, which could
then react with the silyl enol ether via a Mannich type reaction
to afford the observed product. Thus, N-benzoyl-benzaldimine
1a00 was prepared and reacted with silyl ether 2a under stan-
dard conditions (Scheme 6c, see the ESI† for details). The
coupling product 3aa, however, was not detected, which sug-
gested that such a pathway was not operative. These results lead
us to favor a radical pathway, as outlined in Scheme 3.

Additional experiments were performed to probe the
formation of the proposed a-amidyl radical. N-Allyl-substituted
amide 1u was prepared and reacted with 2a under standard
Scheme 7 Mechanistic experiments. (a) Radical trapping experiment
with the N-allyl amide 1u. (b) Intramolecular deuterium isotope effect
experiment. (c) Parallel KIE experiments.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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conditions (Scheme 7a). The net-1,2-HAT coupling product 3ua
was obtained, but only in 10% yield. The more thermodynam-
ically favored product 3ua0 was afforded in 55% yield. Interest-
ingly, the direct coupling of the nitrogen-centered radical with
the silyl enol ether gave 3ua00 in 28% yield.89 These results trace
the intermediates in this process from the N-centered radical to
the resonance stabilized C-centered radical and coupling
products.

Next, a deuterium-substituted amide 1a-d1 with D : H = 1.0 :
1.0 at the amide nitrogen a-position was prepared (Scheme 7b,
see the ESI† for details). Subjecting labeled amide 1a-d1 and
enol silane 2a to the standard conditions delivered the coupling
products 3aa-d1 and 3aa in 84% yield with 3aa-d1 : 3aa = 0.76 :
0.24 (kH/kD = 3.2, Scheme 7b). The different rates of C–H and
C–D isotopes are consistent with deprotonation. Furthermore,
the parallel kinetic isotope effect (KIE) was measured, giving
KIE kH/kD = 1.8, which indicates that the deprotonation of the
amidyl radical may be the rate-determining step (Scheme 7c, see
the ESI† for details). It is interesting to compare this result to
parallel KIEs measured in 1,5-HAT of amidyl radicals, which
show values of 1.6–2.6.96–99

Finally, the dehydrogenative coupling of 1a was chosen for
kinetic studies. Initial rate experiments disclosed that the
reaction was zero-order in silyl enol ether, rst-order in amide
and saturation behavior in [fac-Ir(ppy)3] (rst-order at 0 < [fac-
Ir(ppy)3] < 2 mol% and zero-order at [fac-Ir(ppy)3] >
2 mol%).100–103 (see the ESI† for full initial-rate kinetics).

According to the above mechanistic investigations and
relevant literature,66 a plausible mechanism for the formation
of amido ketones was proposed. As outlined in Scheme 8, the
catalytic cycle was envisioned to start with the light absorp-
tion by the photoredox catalyst IrIII(ppy)3 to its excited state
Scheme 8 Proposed mechanism.

© 2025 The Author(s). Published by the Royal Society of Chemistry
IrIII(ppy)3*. Oxidative quenching of IrIII(ppy)3* via reduction
of N-benzyl aryl amide 1a would generate the N-centered
radical I, which undergoes base-assisted-1,2-HAT to produce
a-amino C-centered radical II.66 At this stage, radical II is
envisioned to add to the silyl enol ether 2a to generate a-
oxygen radical III, which undergoes SET and desilylation to
furnish product 3aa while simultaneously regenerating the
catalyst IrIII(ppy)3.

Conclusions

In summary, we have developed a unique visible-light-driven
SET to form amidyl radicals. The electron decient amidyl
radical acidies the neighboring C–H bonds such that the
relatively weak base, ArO−, can deprotonate the N-a-C–H to
trigger a net-1,2-HAT. The resulting C-centered radical adds to
the silyl enol ether to form a C–C bond toward the generation of
b-amido ketone derivatives. This method is complementary to
Shang, Fu and co-workers' use of redox active esters to generate
a-amino amide radicals.104 A variety of functionalized amides
are suitable for this transformation, and a range of aromatic or
aliphatic silyl enol ethers were used as radical acceptors. A
gram-scale synthesis exhibits the potential synthetic utility of
this approach. A series of mechanistic and EPR experiments
demonstrate an intramolecular radical net-1,2-HAT pathway.
Notably, thismethod establishes a new synthetic strategy for the
preparation of b-amido ketones under mild conditions. Further
investigation of net-1,2-HAT processes with amidyl radicals is
underway in our laboratory.
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A. Yeşilçimen, X. Yang, J. Adrio, G. Huang, E. Nakamaru-
Ogiso, M. C. Kozlowski and P. J. Walsh, Nat. Chem., 2017,
9, 997–1004.

52 Z. Liu, M. Li, G. Deng, W. Wei, P. Feng, Q. Zi, T. Li,
H. Zhang, X. Yang and P. J. Walsh, Chem. Sci., 2020, 11,
7619–7625.
© 2025 The Author(s). Published by the Royal Society of Chemistry



Edge Article Chemical Science
53 L. Zhang, Z. Liu, X. Tian, Y. Zi, S. Duan, Y. Fang, W. Chen,
H. Jing, L. Yang and X. Yang, Org. Lett., 2021, 23, 1714–1719.

54 G. B. Panetti, P. J. Carroll, M. R. Gau, B. C. Manor,
E. J. Schelter and P. J. Walsh,Chem. Sci., 2021, 12, 4405–4410.

55 D. Leifert and A. Studer, Angew. Chem., Int. Ed., 2019, 59, 74–
108.

56 G. Deng, S. Duan, J. Wang, Z. Chen, T. Liu, W. Chen,
H. Zhang, X. Yang and P. J. Walsh, Nat. Commun., 2021,
12, 3860.

57 G. Deng, M. Li, K. Yu, C. Liu, Z. Liu, S. Duan, W. Chen,
X. Yang, H. Zhang and P. J. Walsh, Angew. Chem., Int. Ed.,
2019, 58, 2826–2830.

58 K. Yu, M. Li, G. Deng, C. Liu, J. Wang, Z. Liu, H. Zhang,
X. Yang and P. J. Walsh, Adv. Synth. Catal., 2019, 361,
4354–4359.

59 J. Wang, G. Deng, C. Liu, Z. Chen, K. Yu, W. Chen, H. Zhang
and X. Yang, Adv. Synth. Catal., 2020, 362, 2268–2273.

60 S. Duan, G. Deng, Y. Zi, X. Wu, X. Tian, Z. Liu, M. Li,
H. Zhang, X. Yang and P. J. Walsh, Chem. Sci., 2021, 12,
6406–6412.

61 S. Duan, Y. Zi, L. Wang, J. Cong, W. Chen, M. Li, H. Zhang,
X. Yang and P. J. Walsh, Chem. Sci., 2022, 13, 3740–3747.

62 B. Wang, M. Li, G. Gao, A. Sanz-Vidal, B. Zheng and
P. J. Walsh, J. Org. Chem., 2022, 87, 8099–8103.

63 S. Duan, Y. Zi, Y. Du, J. Cong, X. Sun, H. Jing, J. Zhao,
W. Chen and X. Yang, Org. Lett., 2023, 25, 3687–3692.

64 G. Deng, Z. Chen, Y. Bai, L. Zhang, D. Xia, S. Duan,
W. Chen, H. Zhang, P. J. Walsh and X. Yang, Org. Lett.,
2024, 26, 3855–3860.

65 Q. Zi, M. Li, J. Cong, G. Deng, S. Duan, M. Yin, W. Chen,
H. Jing, X. Yang and P. J. Walsh, Org. Lett., 2022, 24,
1786–1790.

66 Y. Jiang, D. Liu, M. E. Rotella, G. Deng, Z. Liu, W. Chen,
H. Zhang, M. C. Kozlowski, P. J. Walsh and X. Yang, J.
Am. Chem. Soc., 2023, 145, 16045–16057.

67 Y. Jiang, D. Liu, L. Zhang, C. Qin, H. Li, H. Yang, P. J. Walsh
and X. Yang, Chem. Sci., 2024, 15, 2205–2210.

68 Y. Liu, T. Zhou, L. Xuan, Y. Lin, F. Li, H. Wang, J. Lyu,
Q. Yan, H. Zhou, W. Wang and F.-E. Chen, Org. Lett.,
2023, 25, 8693–8699.

69 B. Chen, Q. Chen, Y. Liu, J. Chen, X. Zhou, H. Wang, Q. Yan,
W.Wang, Z. Cai and F.-E. Chen,Org. Lett., 2023, 25, 9124–9129.

70 F. Doche, T. Poisson and T. Besset, ACS Catal., 2023, 13,
14112–14120.

71 K. Wu, L. Wang, S. Colón-Rodŕıguez, G. U. Flechsig and
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