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ABSTRACT: Selective transformation of C−H bonds represents a frontier research area in synthetic chemistry. While the high
reactivity of radicals provides an alternative and efficient pathway for C−H bond functionalization, controlling their selectivity�
particularly in processes such as site-selective hydrogen atom abstraction (HAA)�remains a long-standing and unresolved challenge
in radical chemistry, largely due to the lack of effective regulation strategies. This review deliberately avoids a comprehensive
discussion of the field’s current state or landmark discoveries in C−H functionalization. Instead, by focusing on recent advances in
metal-catalyzed, highly site-selective C−H bond transformations, this Perspective elucidates how metal-bound radicals enable precise
hydrogen abstraction for targeted functionalization. This emerging paradigm offers innovative strategies for regulating radical
behavior, potentially unlocking novel radical-mediated selective transformations�including but not limited to the precise
functionalization of C−H bonds.

■ INTRODUCTION
Direct C−H functionalization has emerged as a transformative
strategy in organic synthesis, offering a streamlined alternative
to traditional methods that rely on prefunctionalized
substrates. By targeting inert C−H bonds�ubiquitous in
hydrocarbons, pharmaceuticals, and materials�this approach
minimizes synthetic steps, enhances atom economy, and
provides efficient access to structurally complex molecules.1

Over the past decades, methodologies such as metal-catalyzed
C−H activation,2 metal-carbene insertions,3 organocatalysis,4

and enzyme catalysis5 have revolutionized molecular editing,
leading to significant advancements in drug discovery and
materials science.6 Among these strategies, radical-mediated
C−H functionalization stands out for its ability to cleave inert
C−H bonds under mild conditions, offering complementary
site-selectivity and enabling straightforward, cost-effective
transformations.7 Recent advances in photocatalysis8 and
electrocatalysis9 have further expanded the scope of radical
C−H functionalization, positioning it as an indispensable tool
for molecular synthesis.
A key challenge in radical C−H functionalization is

achieving selective control, particularly in determining site-
selectivity for substrates containing multiple C−H bonds with
comparable reactivity.10 This transformation generally pro-
ceeds through two critical steps: (1) hydrogen atom
abstraction (HAA) to generate a carbon radical, and (2)
radical functionalization via addition or atom transfer (Figure
1A). Site-selectivity is thus governed by two distinct stages: the
thermodynamic/kinetic preferences of HAA and the subse-
quent reactivity of the carbon radical. In typical radical sp3 C−
H functionalization reactions, HAA often performs as rate-
determining step, and this irreversible step makes it the
primary determinant of site selectivity. However, if HAA
becomes reversible by fine-tuning energy barrier, selectivity

could instead be controlled by the second radical bond-
forming step.11 Reversible hydrogen atom abstraction (HAA)
is rare in radical chemistry but offers a promising avenue for
enhancing site-selectivity in C−H functionalization. Xu and co-
workers introduced a C−H sampling strategy, where arylthiol
enables reversible HAA, allowing a 1,4-cyano shift to achieve
positional exchange between a cyano (CN) group and an
unactivated C−H bond via radical translocation.12 Building on
this concept, Hu and co-workers developed a site-selective
terminal C(sp3)−H borylation of unbranched alkanes using
FeCl3 photocatalysis.13 Wherein, light-activated [FeCl4]−

generates a chlorine radical for unselective HAA, but the
presence of diphenyl sulfoxide directs site-selectivity�terminal
radicals undergo borylation, while secondary radicals engage in
reversible HAA, regenerating the alkane. Recent advances in
stereochemical editing via reversible hydrogen atom abstrac-
tion (HAA)�including developments involving nonmetal-
bound hydrogen atom transfer (HAT) species,14 as well as
formal reversible HAT processes enabling deracemization15,16

and epimerization17�further highlight the potential of radical-
based strategies for addressing selectivity challenges in C−H
functionalization. Although a comprehensive discussion of
these emerging methodologies is beyond the scope of this
Perspective, these examples collectively underscore the
expanding utility of reversible HAA in achieving precise
control over radical-mediated transformations.
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For the hydrogen atom abstraction (HAA) process, site-
selectivity is governed by two competing factors: (1) Enthalpic
effects, favoring cleavage of weaker C−H bonds (tertiary <
secondary < primary BDE), and (2) Polarity effects, where
electronic interactions stabilize transition states. Commonly
used HAA abstractors�alkoxyl,18 amidyl,19 and halogen
radicals20�are typically electrophilic, following a predictable
tertiary > secondary > primary selectivity trend toward C−H
bonds as the BDE increases and the electron-richness of the
C−H bond decreases.21 This trend aligns with the
Hammond−Leffler postulate:22 highly reactive radicals (e.g.,
Cl·) favor early transition states (TS) driven by exothermic
H−X bond formation, enabling cleavage of strong Csp3-H
bonds but sacrificing selectivity (Figure 1B). Conversely, less
reactive radicals (e.g., Br·) adopt later TS that better
discriminate C−H bond stability, yet struggle to abstract
inert bonds.23 This reactivity-selectivity trade-off is particularly
acute for inert Csp3-H bonds, which resist polarization and
demand high-energy abstractors prone to indiscriminate
reactivity.
Intramolecular HAA circumvents these limitations through

geometric constraints (e.g., 1,5- or 1,6-HAT) that direct
radicals to specific sites, but such strategies require
prefunctionalized substrates. Traditional intermolecular ab-
stractors�alkoxyl, amidyl, halogen atom radicals,�often
exhibit poor site-selectivity due to unmodulated reactivity.
Recent modifications, such as steric shielding or electronic
tuning, have improved selectivity, yet precise control remains
elusive.
For example, Alexanian and colleagues demonstrated in

2018 that the site-selectivity of HAA could be tuned through
steric modulation of the HAA mediators (for 3, Figure 1C),

and the chlorination of primary C−H bonds is predominated
over secondary/tertiary sites with nitrogen centered radical
(NCR) 2 in the case of 4 (Figure 1C).23,24 The remarkably
increased site-selectivity arose from the kinetic control, in
which NCR 2 with ortho-CF3 features a steric bulkier than
NCR 1 with meta-CF3, hindered access to sterically congested
tertiary/secondary C−H bonds. However, this strategy
requires substrate-specific mediator design, limiting its broader
applicability. As an exciting discovery, a complementary
approach involves taming inherently reactive chlorine radical
by arenes via weak interaction.25 Very recently, the Nocera
group achieved sterically controlled enantioenriched photo-
chlorination using (DPI)FeCl complexes to confine chlorine
radicals within a secondary coordination sphere (Figure 1D).26

This spatial constraint redirected the innate preference of free
Cl· radicals to favor primary/secondary C−H bonds over
tertiary sites. Transient absorption spectroscopy confirmed
that Cl· radicals formed (Cl·|arene) complexes with aromatic
groups on the pyridine diimine ligand, attenuating their
reactivity and enabling site-selective abstraction.27 These
examples highlight the potential of catalyst-controlled strat-
egies to override intrinsic radical preferences, offering a more
generalizable platform for selective C−H functionalization.
This Perspective introduces a new catalytic strategy for site-

selective hydrogen atom abstraction (HAA) of C−H bonds,
wherein commonly employed heteroatom radicals are
modulated by metal species through coordination interactions.
Distinct from classical enzyme-mimetic catalysis involving
high-valent metal−oxo species28 or metalloradical catalysis
(MRC)29 based on covalently metal-bound radicals, our focus
is on metal-bound heteroatom radicals via noncovalent
coordination as HAA acceptors. In this context, site-selective

Figure 1. Site-selective radical C−H functionalization.
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HAA is achieved by tuning the ligands on the metal center.
This Perspective explores the fundamental interactions
between heteroatom radicals and transition-metal species,
emphasizing how such coordination modulates site-specific C−
H bond functionalization. We conclude by identifying key
challenges and offering an outlook on future directions in this
emerging field.

■ COORDINATION OF METAL AND RADICALS
A foundational concept in organometallic chemistry is the
coordination between transition metals and lone-pair-bearing
heteroatoms, a principle extensively applied in catalyst design.
The interplay between metals and radical species can manifest
in three distinct interaction modes, each imparting unique
reactivity characteristics. First, in classical enzyme-mimetic
catalysis, high-valent metal−oxo species are recognized as oxo-
radicals covalently bound to metals (e.g., Fe or Mn).28,30 These
species play a central role in enzymatic and biomimetic
oxidation processes, mediating site-selective C−H bond
activation through precise electronic control (Figure 2A-i).
Similarly, in metalloradical catalysis, metal−nitrene and metal−
carbene complexes exhibit covalent metal−heteroatom bond-
ing, with spin density delocalized over both the metal and the
heteroatom.29,31 Second, for free radicals (e.g., O- or N-
centered radicals), interactions with metal species often
proceed via a single-electron oxidation process (Figure 2A-
ii).32 In some cases, a radical species pairs its unpaired electron
with a metal-centered electron to form a covalent bond,
simultaneously oxidizing the metal to access higher-valent
metal intermediates that participate in downstream trans-
formations such as reductive elimination.33 Third, inspired by
the above coordination modes, radical coordination can occur
when a heteroatom-centered radical (e.g., N· or O·) donates a
lone pair to an empty orbital of a metal center (e.g., Cu(II)),
forming a dative interaction that retains substantial radical
character and spin density on the heteroatom without full
covalent bond formation (Figure 2A-iii). These interaction
modes are distinguished by retention of spin density, covalent
bonding, or changes in the metal oxidation state. As the

classical metal−oxo systems and metalloradical catalysis have
been extensively reviewed,28,29 they fall beyond the scope of
this discussion. Instead, this Perspective focuses on metal−
radical coordination via dative interactions, a concept
supported by enzymatic systems such as galactose oxidase,
where a Cu(II)-bound phenoxy radical mediates alcohol
oxidation (Figure 2B).34 In this system, the protein scaffold
preorganizes the substrate and stabilizes the transition state,
enabling selective cleavage of weak C−H bonds. Beyond
enzymology, the metal−radical coordination strategy has also
been employed in molecular magnetism. For example, stable
organic radicals coordinated to transition-metal centers exhibit
strong metal−ligand magnetic exchange interactions, promot-
ing cooperative magnetic behavior in molecular frameworks.35

Similarly, the coordination of a stable aminyl radical to a Rh(I)
complex has been isolated and structurally characterized.36

Early studies showed that the generation of metal-complexed
aminyl radicals under neutral conditions could modulate
radical addition reactivity, preventing undesired side reac-
tions.37 Instead, the potential metal-coordinated transient
heteroatom radicals, such as tert-butoxy and amidyl species,
offers a promising avenue to control the reactivity and
selectivity of heteroatom radicals in HAA of aliphatic
C(sp3)−H bonds�marking a paradigm shift in radical
abstractor design (Figure 2C). These systems integrate the
intrinsic reactivity of free radicals with the tunability of metal−
ligand coordination, enabling precise control over the steric
and electronic environment of the radical. This approach
enhances site-selective HAA of inert C(sp3)−H bonds and
mirrors the cooperative mechanisms seen in enzymatic C−H
activation, where metal−radical interplay enables both high
reactivity and exceptional site discrimination.
The integration of metal-heteroatom radical systems offers a

versatile platform for addressing the reactivity-selectivity
dichotomy in radical C−H functionalization. Tailoring ligand
architectures fine-tunes these systems to target specific C−H
bonds, enabling predictable, substrate-agnostic site-selective
control. Mechanistic insights into metal-radical synergy will
drive the next generation of catalyst design for inert C(sp3)−H

Figure 2. Enzymatic and metal-bound radical strategies for selective HAA.
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functionalization, bridging biological precision with synthetic
flexibility.
Copper(II)-Bound NCRs. While enantioselective radical

reactions have been extensively explored via a copper-catalyzed
radical relay process,38 controlling site-selectivity during
intermolecular HAA remains a formidable and underaddressed
challenge, particularly in substrates with multiple C−H bonds
of comparable reactivity.39 Addressing this gap, Liu, Lin, and
co-workers demonstrated that Cu(II)-bound nitrogen-centered
radicals (NCRs) override innate radical preferences to achieve
site-selective allylic C−H cyanation (Figure 3).40 By
modulating N-fluoroalkylsulfonamide (NFAS) precursors and
chiral ligands, this strategy delivers exceptional site-, and
enantiocontrol. Key to this advance was the discovery that
Cu(II) coordination to the NCR stabilizes the radical and
amplifies its selectivity. Steric and electronic tuning of NFAS
precursors in the presence of the copper catalyst proved pivotal
(Figure 3A): bulkier alkyl substituents (e.g., NF1 → NF2)
increased yield (45% → 67%) and C3:C7 selectivity (12:1 →
17:1), while electron-withdrawing aryl groups (NF3) further
enhanced both yield (75%) and selectivity (22:1). Enantiose-
lectivity remained uniformly high (89−91% ee) across NFAS
variants, confirming that stereochemical outcomes are
governed by the chiral ligand rather than the NCR precursor.
Strikingly, replacing the chiral ligand with a smaller nonchiral
ligand (L2) drastically reduced both selectivity (22:1 → 5:1)
and efficiency (75% → 37%). Under metal-free conditions, the
same NCR achieved only modest site-selectivity (3.4:1 for 13),
underscoring the indispensability of Cu(II) coordination
(Figure 3B). Mechanistic validation via intramolecular
cyclization revealed enantioselectivity induced transfer by
chiral ligands, implicating the Cu(II)-bound NCR formation
and participation in radical addition toward alkene (Figure

3C). These findings highlight the important role of the copper
complex in tuning the reactivity and selectivity of the NCR for
site-specific HAA, delivering site- and enantioselective C−H
cyanation products. It is worth noting that the site-selectivity is
not only governed by steric effect, but also by electronic effect.
The reaction is kinetically favorable to occur at less steric
position (15−17), and weaker C−H bonds (18). The
strategy’s robustness was further demonstrated in complex
substrates, such as Altrenogest derivatives (19), where multiple
allylic C−H bonds with near-identical steric/electronic
environments were selectively differentiated (Figure 3D).
Computational studies provided more insight of the

mechanism (Figure 4A): the interaction of Cu(II) species
with free NCR is preferred to coordinate to oxygen atom of
NCR, which is more stable than free NCR by 9.4 kcal/mol. In
contrast, the alternative Cu(III) species exhibits a much higher
energy barrier. In addition, compared to the HAA of free NCR,
Cu(II)-bound NCR remarkably increase the ΔΔG‡ for HAA at
competing sites (C3 vs. C7) from 1.5 to 2.6 kcal/mol,
translating to a dramatic selectivity leap (C3:C7 = 22:1 vs.
3.4:1 for free NCR, Figure 4B). This metal-radical coopera-
tivity effectively decouples reaction selectivity from the
marginal difference in inherent reactivity of the C−H sites,
establishing a blueprint for predictable, catalyst-controlled site-
selectivity in radical-mediated C−H functionalization.
Building on these mechanistic insights, the Cu(II)-bound

nitrogen-centered radical strategy was extended to benzylic C−
H cyanation (Figure 5),41 further demonstrating its generality.
For the case of ethylfluorene (20), asymmetric cyanation
occurs exclusively at the less steric benzylic position of the
ethyl group with ligand L5, despite the doubly benzylic
methylene group in fluorene having a lower bond dissociation
energy (BDE) (calculated: methylenic C−H = 80.1 kcal/mol

Figure 3. Site- and enantioselective allylic C−H cyanation via HAA by Cu(II)-bound nitrogen radical.
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vs benzylic C−H = 83.1 kcal/mol). This inversion of
thermodynamic expectations highlights how steric and
electronic modulation by the Cu(II)-ligand framework over-
rides innate BDE trends. Similarly, in substrates with two
benzylic positions�one adjacent to a naphthalene ring and the
other to a phenyl group�HAA favors the naphthalene-
adjacent site. Altering para substituents (21−23) from
electron-donating to electron-withdrawing groups amplifies
selectivity from 12:1 to 29:1, highlighting electronic effects as a
critical lever. Most strikingly, ligand engineering enables even
reversal of site preference: for the case of 24, selectivity favors
the naphthalene-adjacent C−H bond (19:1) with L5, whereas
L6 reduces this preference (4:1), and the bulky L9 (tert-butyl-
substituted) reverses it entirely, favoring the phenyl-adjacent
site (1:10).42 This ligand-dependent tunability, spanning steric
shielding to electronic polarization, conclusively ties site-
selectivity to the Cu(II)-NCR coordination environment
rather than substrate-driven biases.
The strategy’s versatility is further exemplified by its

expansion to diverse benzylic C−H functionalizations (Figure
6). For instance, using N-fluorobenzenesulfonimide (NFSI) as
the abstractor precursor and nonchiral ligand L10, site-

selective benzylic C−H arylation (26−27) was achieved with
>20:1 selectivity.43 Remarkably, employing chiral ligand L6
enabled site- and enantioselective benzylic alkylation (94% ee,
>20:1 site-selectivity for 29), demonstrating dual control over
reactivity and stereochemistry.44 Collectively, these examples
illustrate an unified design principle: by tailoring ligand
architecture and radical precursors, the Cu(II)-bound NCR
system achieves precise, programmable control over HAA site-
selectivity. This paradigm bridges the reactivity-selectivity
divide, offering a versatile platform for site-selective function-
alization of allylic and benzylic C−H bonds�even in
electronically and sterically congested settings.
Expanding beyond C(sp3)−H activation, the copper-bound

NCR strategy addresses persistent challenges in radical
C(sp2)−H functionalization, particularly in allenes. Despite
extensive research into allene transformations, selective
hydrogen atom abstraction (HAA) at the C(sp2)−H site
remains elusive. This challenge arises because radicals
preferentially undergo radical addition to the allene π-system
rather than direct HAA. Radical addition generates a
resonance-stabilized allylic radical, whereas direct HAA at a
C(sp2)−H bond typically yields a localized allenic radical (or

Figure 4. DFT for site- and enantioselective allylic C−H cyanation.
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vinyl from alkene and aryl radicals from arenes), which is less
stabilized unless specific resonance effects are operative (Figure
7A).45

Notably, the Cu(II)-NCR system enables good to excellent
site-selective C(sp2)−H abstraction in allenes, overcoming
both chemo- and site-selectivity challenges. A key factor in this
transformation is the fluoride ligand in the copper complex,
which engages in hydrogen bonding with the acidic allylic
hydrogen of substrate, facilitating precise HAA via an exquisite
transition state (Figure 7B). This interaction lowers the
activation energy (ΔG) for selective C(sp2)−H abstraction,
effectively distinguishing between allenic C(sp2)−H and
allenylic C(sp3)−H bonds despite their nearly identical bond
dissociation energies.
The utility of this Cu(II)-NCR system is exemplified by its

application in direct allenic C−H functionalization using

NFAS in conjunction with a tailored ligand system. The
reaction delivers allenyl nitriles with high site-selectivity,
achieving C(sp2):C(sp3) ratios ranging from 2.4:1 to 5.4:1.
Further optimization, employing t-BuOH as the solvent and
(L1)CuOAc as the catalyst, enhanced the selectivity to an
impressive 12:1 (Figure 7B).45a In contrast, replacing N−F
reagents with oxygen-based radical precursors, such as TBHP,
resulted in a complete loss of site-selectivity (Csp2:Csp3 = 1:1),
highlighting the critical role of FCu(II)-NCR interactions in
directing HAA, distinct from simple steric-based site
recognition. More important, the explored catalytic system
exhibits broad substrate scope with excellent site-selectivity,
even with various out competing sp3 C−H bonds (e.g.,
benzylic, allylic, or those adjacent to heteroatoms). Beyond
C(sp2)−H cyanation, this mechanistic advantage extends to
site-selective arylation and alkynylation of allenes.45b By

Figure 5. Site- and enantioselective benzylic C−H cyanation.

Figure 6. Site- and enantioselective benzylic C−H arylation and alkylation.

Journal of the American Chemical Society pubs.acs.org/JACS Perspective

https://doi.org/10.1021/jacs.5c07456
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/jacs.5c07456?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07456?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07456?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07456?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07456?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07456?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07456?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.5c07456?fig=fig6&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.5c07456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


leveraging a copper-catalyzed radical relay with aryl boronic
acids or trimethoxysilyl-substituted alkynes as carbon nucleo-
philes and electrophilic N−F reagents as NCR precursors,
exceptional site-selectivity was achieved. Functionalization
occurred predominantly at the allenic C(sp2)−H site, with
selectivity ratios exceeding 20:1 (Figure 7C-7D). Even in

substrates containing multiple allylic C(sp3)−H bonds, the
C(sp2):C(sp3) selectivity remained high (6:1 to 12:1) in
sterically demanding systems. Moreover, with TMS-protected
allenes, highly site-selective double C(sp2)−H functionaliza-
tion was achieved, providing a robust route to tetra-substituted
allene synthesis (Figure 7E).

Figure 7. Site- and enantioselective allenylic C−H functionalization. Note: NCR with tBu group was used as a simplified model in the DFT
calculation.
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Figure 8. Site- and enantioselective allylic and propargylic C−H oxidation via a Cu(II)-bound tert-butoxy radical.
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Copper(II)-Bound OCRs. The Kharasch−Sosnovsky (K−
S) reaction, a cornerstone copper-catalyzed allylic oxidation,
represents a powerful tool for sp3 C−H functionalization in
organic synthesis.46 Despite its broad utility, asymmetric
variants of this reaction have historically faced significant
challenges, including limited substrate scope, modest enantio-
selectivity, and inefficiencies necessitating excess substrates
(Figure 8A).47 Recent advancements in photoinduced
strategies have reinvigorated efforts to address these
limitations.48−52 In 2023, Kramer and co-workers demon-
strated an intermolecular enantioselective benzylic C−H
amination using dual copper and photocatalysis, achieving
high yields and enantioselectivity with alkylarenes as limiting
reagents.48 Concurrently, Zhou and co-workers developed a
cationic copper catalyst system, where the BArF anion proved
critical for enhancing both catalytic efficiency and stereo-
control.49 These innovations were extended to asymmetric
allylic and propargylic C−H oxidations by the Kramer,50 Yu,51

and Zhou52 groups, leveraging aryl-substituted alkenes to
achieve high efficiency and enantioselectivity. Central to these
methodologies is a photoexcited Cu(I) mechanism, where
visible-light activation facilitates single-electron transfer (SET)
to tert-butyl peroxybenzoate (TBPB), generating tert-butoxy
radicals for HAA. The resulting allylic radicals are trapped by
chiral bis(oxazoline)-Cu(II) complexes, forming π-allyl Cu-
(III) intermediates that undergo stereocontrolled reductive

elimination�a marked departure from traditional radical
quenching pathways.
A longstanding challenge in asymmetric K−S reactions has

been the competitive quenching of tert-butoxy radicals by
Cu(I), which deactivates the catalyst via Cu(II) byproduct
formation (Figure 8A).32a Photoinduced strategies circumvent
this by promoting O−O bond cleavage in peroxides, effectively
lowering Cu(I) concentrations and suppressing undesired side
reactions.53 Nevertheless, controlling site-selectivity in sub-
strates with multiple analogous C−H bonds remains a
persistent hurdle. Addressing this, Liu and Lin introduced an
enzyme-mimetic system employing Cu(II)-bound tert-butoxy
radicals as HAA acceptors (Figure 8B).54 By stabilizing these
radicals through direct coordination to Cu(II), nonproductive
Cu(I) oxidation is eliminated, enabling efficient HAA even
with stoichiometric substrates. Fluorinated alcohols, such as
CF3CH2OH, play a pivotal role by stabilizing Cu(II)-oxidizing
species through hydrogen-bonding networks, as evidenced by
stark solvent-dependent reactivity: cyclic alkenes in
CF3CH2OH afforded products in 57−81% yield with high
e.e., whereas reactions in CH3CN yielded <20% conversion
and poor stereocontrol (Figure 8C). Remarkably, this system
was extended to acyclic alkenes, achieving unprecedented site-
selectivity (Figure 8D), thus bridging a critical gap in the field.
Besides these results, additional experimental and computa-

tional studies validate this mechanism on the Cu(II)-bound
OCRs. Ligand design further modulates the competitive

Figure 9. DFT calculation on the structures and reactivities of Cu(II)-bound tert-butoxy radical in CF3CH2OH.
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propargylic C−H oxidation of 55a and 55b; in CF3CH2OH,
steric tuning of Box ligands shifts propargylic C−H selectivity
from 2.1:1 (L11) to 4.7:1 (L14) (Figure 8E), contrasting with
the unselective ∼1:1 ratio in CH3CN. A tandem radical
cyclization confirms Cu(II)-OCR involvement, delivering a
cyclized product with 27% ee in CF3CH2OH versus racemic
mixtures in CH3CN (Figure 8F). This system features broad
substrate scope, which includes aryl- and alkyl-substituted, di-
and trisubstituted, cyclic and acyclic alkenes, aryl- and alkyl-
substituted alkynes. More important, excellent site-selectivity
(>20:1) is achieved, even for the complex substrates,
exemplified by late-stage Brefeldin A derivative oxidation
(Figure 8G).
DFT calculations reveal that Cu(II)-bound tert-butoxy

radical formation proceeds via a lower energy barrier in
CF3CH2OH than in CH3CN (Figure 9A), while this single-
electron transfer (SET) were contributes as rate-determining
in both cases. Most important, the Cu(II)-OCR is
thermodynamically favored in CF3CH2OH (ΔG = −2.4 kcal·
mol−1 vs free OCR), whereas CH3CN shifts equilibrium
toward free OCRs. Structurally, the Cu(II)-OCR adopts a
square pyramidal geometry with a 2.07 Å Cu−OCR bond and
a singlet biradical configuration (α spin on Cu, β on OCR),
stabilized by antiferromagnetic coupling. Kinetic studies show
that HAA (ΔG‡ = 9.3 kcal·mol−1) outcompetes OCR
dissociation (ΔG‡ = 12.1 kcal·mol−1), driving selective
oxidation (Figure 9B). In contrast, free tert-butoxy radicals
favor Cu(I) trapping (ΔG‡ = 8.7 kcal·mol−1) over HAA (ΔG‡

= 11.8 kcal·mol−1), aligning with unselective CH3CN out-
comes. Steric hindrance prevents direct Cu(II)-OCR quench-
ing by Cu(I), ensuring catalytic efficiency. Moreover,
remarkably distinct from the Cu(II)-bound NCRs, the direct
coordination of oxygen of tBuO radical to the Cu(II) center
enhances its HAA ability, where the energy barrier of HAA
(ΔG‡ = 9.3 kcal·mol−1) is smaller than that of free tert-butoxy
radical (ΔG‡ = 11.7 kcal·mol−1). The integration of Cu(II)-
bound tert-butoxy radicals, stabilized through fluorinated
alcohol-enabled hydrogen-bonding networks and ligand-driven
steric modulation, resolves long-standing selectivity and
efficiency barriers in asymmetric K−S reactions, establishing
an enzyme-inspired paradigm for precise, site-selective C−H
functionalization across diverse substrates, a transformative
advance validated by synergistic experimental and computa-
tional mechanistic elucidation.
Iron(III)-Bound Aminyl Radicals. Notably, the strategy of

using metal coordination to control site selectivity extends
beyond Cu-bound heteroatom radicals. In 2024, Wang and
Dang’s group reported an elegant study on the highly site-
selective arene C−H amination mediated by an iron-bound
aminyl radical, demonstrating the potential of Fe-supported
radicals in controlling regioselectivity (Figure 10A).55 Unlike
free aminyl radicals, which typically exhibit indiscriminate
reactivity, the iron-bound aminyl radical engages in non-
covalent interactions with electronically distinct arenes,
facilitating precise site-selectivity through substrate chelation.
This strategy overcomes the inherent electronic and steric
biases governing classical homolytic aromatic substitution,
allowing for selective C−H functionalization. Further explora-
tion of iron-bound aminyl radicals in C−H amination revealed
their ability to engage a diverse set of nitrogen-containing
substrates, including 2-phenylethanols, benzamides, Weinreb
amides, and 2-phenylacetamides, yielding ortho-selective
amination products with high efficiency. The method exhibited

broad functional-group tolerance, accommodating halides,
boronic esters, and carboxylic acids, thereby facilitating
downstream derivatization. Notably, iron-catalyzed amination
proved effective even at sterically hindered sites, as
demonstrated by the regioselective functionalization of
substrates such as 3-phenylpropenamide and carbamates.
Beyond simple arenes, the strategy extended to heterocycles
and complex drug-like molecules, including sulfonamides and
pyrimidines, maintaining consistent site selectivity. The
persistence of iron-bound radicals in challenging substrates,
such as pyridines and pyrazoles, underscores their unique
reactivity profile, distinct from conventional transition-metal-
catalyzed amination. The mild reaction conditions and high
regioselectivity position iron-bound aminyl radicals as a
valuable platform for late-stage functionalization and complex
molecule synthesis. Beyond direct C−H amination, Wang and
co-workers recently developed an iron-catalyzed NH transfer
strategy that enables dynamic kinetic resolution (DKR) of
sulfoxides, yielding enantioenriched NH-sulfoximines through
a dual catalytic approach.56 This work firmly establishes iron-
bound N-centered radicals as key intermediates in asymmetric
catalysis and highlights the potential of metal coordination in
tuning heteroatom-centered radical reactivity beyond copper
systems.

■ OUTLOOK AND PERSPECTIVE
Metal-bound heteroatom radicals have emerged as powerful
yet underexplored intermediates in C−H functionalization,
offering unique opportunities for precise reactivity control.
While Cu(II)-bound radicals have been demonstrated in only a

Figure 10. Fe(III)-bound NCRs in site-selective aryl C−H
aminations.
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handful of C−H functionalization reactions, their full synthetic
potential remains largely untapped. Expanding their utility
could revolutionize site- and enantioselective functionalization
strategies, unlocking new reaction manifolds that extend
beyond current methodologies.
Conceptually, metal-bound radicals present a versatile

platform for diverse radical transformations, including selective
halogen atom abstraction, radical scission, and radical-
mediated cross-coupling. Beyond C−H functionalization,
their controlled reactivity could be harnessed in radical
additions to carbon−carbon double bonds,57,58 ring-opening
reactions, and even complex molecular editing strategies. The
ability to fine-tune reactivity through ligand design and metal
coordination enables unprecedented control over selectivity,
efficiency, and reaction outcomes. By tailoring steric and
electronic environments, chemists can develop strategies to
stabilize previously elusive intermediates and dictate radical
behavior with precision.
It is important to clarify that the C(sp3)−H bonds targeted

in the current systems refer broadly to bonds with similar
structural and electronic characteristics�those that are
relatively more reactive within a molecule. While our work
primarily focuses on relatively activated C(sp3)−H bonds, we
have demonstrated that in substrates containing multiple
similar C−H bonds, selective functionalization can still be
achieved. Truly inert C(sp3)−H bonds, however, remain
beyond the reach of the current catalytic systems, largely due
to the challenges in efficient hydrogen atom abstraction.
Addressing this limitation is a critical goal for future
development, and active research efforts in our laboratory are
directed toward designing more potent metal−radical catalysts
capable of engaging these less reactive bonds. We hope that
this Perspective will inspire further interest and collective effort
from the broader community to tackle this outstanding
challenge.
Nevertheless, significant hurdles remain. Advancing this field

requires in-depth mechanistic studies to elucidate the
structure, dynamics, and reactivity of metal-bound radicals.
Fundamental investigations, including kinetic isotope effect
(KIE) studies, spectroscopic in situ characterization, and
computational DFT calculations, are essential to map out their
mechanistic intricacies. The isolation of key intermediates will
provide critical insights into their stability and reactivity
profiles, guiding the design of new catalytic systems.
Furthermore, beyond the well-studied Cu(II)-bound nitrogen-
and oxygen-centered radicals, other coordination modes
remain largely unexplored, presenting untapped opportunities
for reactivity modulation.
Looking ahead, metal-bound radicals hold transformative

potential in synthetic chemistry. By leveraging their unique
properties, chemists can address long-standing challenges in
reactivity and selectivity, paving the way for innovative and
more sustainable synthetic methodologies. With continued
exploration, this emerging paradigm has the power to reshape
modern organic synthesis, offering new solutions for
constructing complex molecules with unprecedented precision
and efficiency.
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was posted June 16, 2025.
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