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Radical-promoted ‘‘unstrained’’ C–C and C–N
bond cleavage: a blueprint for deconstructive
skeletal editing

José Justicia and Sara P. Morcillo *

Unstrained cyclic scaffolds are commonly regarded as inert backbones; however, recent radical and

radical-ion strategies show that their connectivity can be deliberately reprogrammed when appropriate

functional gateways are embedded in the ring. This Tutorial Review treats radical-promoted C–C and

C–N bond cleavage as a design problem defined by three interdependent elements: the gateway that

enables bond scission (alcohols, ketones, and amines), the activation mode that generates oxygen- or

nitrogen-centred intermediates (single-electron transfer (SET), proton-coupled electron transfer (PCET),

ligand-to-metal charge transfer (LMCT), and electron donor–acceptor (EDA) activation), and the down-

stream interception that determines whether deconstruction evolves into productive skeletal editing.

Rather than compiling reactions, we distil practical rules for aligning activation with radical polarity and

lifetime, and show how closely related intermediates can be steered toward ring opening and functiona-

lisation or, under tighter kinetic constraints, toward ring contraction and expansion. Particular emphasis

is placed on ketone-derived gateways that channel C–C scission through iminyl radicals or pre-aromatic

intermediates, and on the direct use of cyclic alcohols via alkoxy radicals, organised through a two-step

framework that separates radical generation from the divergent reactivity of the b-scission-derived

carbon-centred radical.

Key learning points
(1) Which functional groups allow C–C or C–N bond cleavage in unstrained cyclic systems under radical conditions.
(2) How different activation strategies (SET, PCET, LMCT among others) are used to generate oxygen- and nitrogen-centred radicals from common precursors.
(3) What factors control the fate of the carbon-centred radical after the common ring-opening step, determining whether contraction, expansion, or
functionalization occurs.
(4) Why unstrained five- and six-membered rings are particularly difficult to edit, and how current strategies overcome this limitation.
(5) How diverse radical activation strategies converge on a small number of mechanistic bottlenecks in unstrained skeletal editing.

1. Introduction

A central question in modern synthesis is the fate of cyclic
scaffolds: to what extent can the connectivity of cyclic scaffolds
be modified in a controlled manner? Saturated rings, both
carbocycles and N-heterocycles, have long been treated as
robust backbones whose unstrained, non-polarised s bonds
are poor targets for selective cleavage. In the absence of ring
strain or a polar activating group, there is little driving force for
C–C or C–N bond scission, and synthetic efforts have therefore

concentrated on peripheral modifications, such as late-stage
C(sp3)–H functionalization, oxidation or alkylation. Skeletal
editing challenges this view, questioning whether the backbone
of a ring can be reprogrammed and its connectivity redirected
without rebuilding the entire framework. As shown in seminal
radical and radical-ion studies, once bonds long considered
inert are activated, rings become reconfigurable platforms
rather than rigid architectures.

Retrosynthetic logic itself shifts from treating the core as
fixed to treating it as an editable element.1 This change enables
direct reprogramming of ring connectivity rather than periph-
eral modification. Why does this matter? In medicinal chem-
istry, the concept of scaffold hopping describes the redesign of
a bioactive molecule by altering its central core while retaining
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biological function.1a,2 When this principle is applied in syn-
thetic strategies, yet recognizably derived from familiar scaf-
folds. Although scaffold hopping and skeletal editing are
conceptually distinct, they often converge in practice by mod-
ifying the molecular backbone to access new chemical space
and reveal hidden structure–activity relationships. Radical-
mediated cleavage has been decisive in this transformation.3

Direct C–C bond scission in carbocycles has opened frame-
works that were once inaccessible. Progress in C–N cleavage has
followed closely, reshaping privileged N-heterocycles that dom-
inate pharmaceuticals and agrochemicals. Indeed, 88% of FDA-
approved small-molecule drugs between 2015 and 2020 con-
tained at least one N-heterocycle4—yet until recently, the ring
core itself was untouched. Deconstructive strategies now enable
nitrogen deletion, oxidative scission, deaminative functionali-
zation, and photomediated contraction, redefining the possible
transformations with these scaffolds.1a,5

At the mechanistic core lie radical and radical-ion inter-
mediates, most often generated through single-electron trans-
fer (SET). While visible-light photoredox catalysis has become
the dominant platform,6 electrochemistry, photoelectrochemistry,
and transition-metal activation also provide powerful alternatives.
Within this landscape, several complementary entry modes can
be distinguished—proton-coupled electron transfer (PCET),7

ligand-to-metal charge transfer (LMCT),8 hydrogen-atom transfer
(HAT), halogen-atom transfer (XAT)9 or electron donor–acceptor
(EDA) complexes. Together, these strategies converge on a com-
mon outcome: the generation of oxygen- and nitrogen-centred
radicals that act as gateways for skeletal reprogramming. Alkoxy
radicals promote b-scission of adjacent C–C or C–N bonds,
whereas iminyl and aminium radicals enable selective C–C bond
cleavage under certain polarity rules.

The synthetic outcome of these processes is dictated by the
fate of the radical intermediates formed after bond scission.

Three general trajectories can be distinguished in Scheme 1A.
Ring contraction compresses the framework into a smaller
skeleton and is now accessible even in saturated and
heteroatom-containing rings. Ring expansion converts small
rings into medium-sized or macrocyclic architectures, although
direct expansion through cleavage of unstrained bonds
remains uncommon. Ring opening and functionalization,
often referred to as deconstruction/functionalisation, generates
acyclic intermediates that can be trapped or diversified.
Together with ring contraction and expansion, these processes
exemplify scaffold hopping: contraction alters polarity and
conformational preferences, expansion introduces flexibility
and new vectors, and opening reshapes the 3D topology and
polarity of the framework. In drug discovery, such transforma-
tions promote ring-distortion strategies that expand bioactive
chemical space,10 and in molecular materials11 they offer
orthogonal control over conjugation, rigidity, and optoelectro-
nic response. Scheme 1 summarises these pathways, which are
discussed below in terms of how radical intermediates are
directed toward opening, contraction, expansion, or selective
functionalisation.

This Tutorial does not aim to catalogue all reported exam-
ples, as excellent reviews already cover specific activation
modes and transformations. Instead, unstrained cyclic systems
are treated as reconfigurable platforms, and we analyze how
radical deconstruction can be redirected to access new mole-
cular architectures. We aim to identify the key radical gateways,
activation principles, and downstream pathways, and to extract
practical design rules for skeletal editing. Accordingly, Section 2
introduces the working definitions relevant to bond cleavage
and radical reactivity. Section 3 focuses on ring opening fol-
lowed by functionalization of unstrained cycles. Section 4
examines C–C bond cleavage pathways that enable ring expan-
sion. Finally, Section 5 addresses the more challenging cases of
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Scheme 1 Summarises of the key concepts in this Tutorial. (A) Radical skeletal editing after C–C or C–N bond cleavage in unstrained cycles.
(B) Dominant deconstruction/functionalisation pathways following ring opening. (C) Limited strategies for C–N bond cleavage, including a representative
example of ring expansion. (D) Selected example of ring expansion. (E) Kinetic competition between ring opening and ring closure in alkoxy and iminyl
radicals.
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C–N bond cleavage, where functionalization or ring contraction is
only possible when ring reclosure is carefully controlled, which
remains the main challenge and opportunity in this field.

2. Functional handles and radical
gateways for skeletal editing
General framework: which rings can be deconstructed?

A survey of successful cases reveals a pattern: most involve all-
carbon cycles carrying an alcohol or a ketone, or alternatively,
N-heterocyclic. These functional groups act as radical gateways,
but their behavior differs. Ring fragmentations are particularly
illustrative, as they unmask latent functional groups and gen-
erate two functional handles defined by ring size. Unlike C–H
functionalisation, which decorates the periphery, these decon-
structive events inherently reshape the molecular backbone.
The scope of this strategy depends critically on the functional
groups embedded within the ring, which serve as radical gate-
ways. Among the most prominent gateways are cyclic alcohols,
ketones, and amines, with distinct challenges and opportu-
nities for productive bond scission (see Scheme 1B). In this
sense, cyclic alcohols can undergo direct deconstruction via
alkoxy radicals, in which b-scission reveals a ketone fragment
that was latent in the cyclic structure. Cyclic ketones, by
contrast, are far less straightforward. Direct ring opening would
generate an acylium intermediate, a highly reactive species that
is difficult to capture productively. For this reason, ketones are
usually derivatised into oximes, precursors of iminyl radicals,
whose fragmentation reveals nitriles as the latent functional
group. Alternatively, condensation into pre-aromatic intermedi-
ates (PAIs) channels scission into heteroaromatic scaffolds
effectively, unmasking aromatic frameworks. A particularly
elegant solution is exemplified by the Interrupted Dowd–Beck-
with (IDB) reaction, which achieves direct deconstruction of
cyclic ketones via acylium intermediates, and channels these
otherwise unstable species into productive functionalisation.12

N-heterocyclic compounds represent a third class of gateway,
but their direct fragmentation is rare. In unstrained systems,
C–N bond homolysis lacks an intrinsic driving force (see
Scheme 1C and D). Success has come when scission is coupled
to a strong bias, such as the formation of ketyl or aminoketyl
radicals (Scheme 1C), or alignment with aromatization in PAIs
(Scheme 1D). These strategies explain both why amines are less
frequently represented and where new opportunities may lie.

The take-home message is that skeletal editing does not
begin from an inert ring, but from functional groups that can
serve as gateways, and from an understanding of the driving
forces—b-scission, aromatization, or ketyl stabilization—that
make bond cleavage viable.12 These bases will guide the follow-
ing sections, which analyze how the radical intermediates
accessed through these gateways lead to divergent trajectories
of ring opening, contraction, and expansion reactions.

2.1. Radical gateways for C–C bond cleavage

Three radical gateways dominate C–C bond scission in
unstrained carbocycles: alkoxy, iminyl, and aminium radicals.

Each embodies a different electronic structure—nucleophilic,
ambiphilic, or electrophilic—that governs both selectivity and
outcome.

Iminyl radicals13. These s-radicals, arising from sp2-
hybridised nitrogen in oximes, undergo b-scission of adjacent
C–C bonds to yield alkylnitriles, highly valued across medicinal
and natural product chemistry. Their generation is facilitated
by the relatively weak N–O bond (BDE E 50 kcal mol�1),
accessible through thermal, photochemical, or SET-based acti-
vation. The abundance of ketone precursors and the privileged
status of nitrile products explain the prominence of this
gateway.

Aminium radicals. Generated by SET oxidation of N-
heterocyclic or PAIs, these electrophilic p-radicals fragment
when scission is coupled to aromatization. This alignment with
thermodynamic bias channels deconstruction, yielding
quinazolinones.14

Alkoxy radicals. Oxygen-centred radicals remain the most
established entry point into C–C bond cleavage.15 Their intrin-
sic predisposition for b-fragmentation ensures that, once
embedded in a ring, adjacent C–C bonds are primed to rupture.
The challenge lies in their direct generation from alcohols: O–H
bonds (BDE E 105 kcal mol�1) are much stronger than those of
peroxides or oximes, and alcohols are difficult to oxidise by
SET. Recent strategies have overcome these barriers,16 includ-
ing PCET (concerted H� removal via photoexcited oxidant +
base), LMCT (photoexcitation of metal–alkoxides leading to
selective M–O homolysis), and frustrated radical pairs (coop-
erative, non-classical H-atom abstraction). Classical approaches
based on N–O or O–O precursors remain widely used but
require derivatization.

Kinetic benchmarks. Scheme 1E highlights the kinetic pre-
disposition of alkoxy radicals: b-scission in cycloalkoxy radicals
proceeds at kopen E 108 s�1 (five-membered) and 107 s�1 (six-
membered), while back-closure occurs 3–4 orders of magnitude
slower.17 These values indicate that ring opening is kinetically
facile once an alkoxy radical is generated. In addition, overall
success also depends on thermodynamics. Small rings such as
cyclopropane and cyclobutane carry high strain energies (E 27
and 26 kcal mol�1, respectively), so scission is strongly favored
by strain release. Medium rings such as cycloheptane and
cyclooctane also benefit from the relief of transannular inter-
actions. By contrast, five- and six-membered rings sit at the
bottom of the strain-energy curve (E6 and 0 kcal mol�1,
respectively), meaning that bond cleavage provides little or no
thermodynamic driving force. As a result, these rings are
particularly difficult to fragment productively. The ring opening
is kinetically fast, but reclosure competes strongly unless an
additional bias is introduced, such as stabilizing substituents,
polarity effects, or immediate trapping. Cycloiminyl radicals
illustrate this balance. In the absence of bias, they reclose
rapidly, but a-phenyl substitution or strain release strongly
favours ring opening. As demonstrated in a 2017 study by some
of us, a-phenyl groups promote productive scission in both five-
and six-membered systems. In contrast, a-methyl or a-H sub-
stitution shifts the equilibrium back toward closure.18 These
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trends rationalize the prevalence of a-phenyl cases and high-
light the principle that effective skeletal editing requires cou-
pling kinetic predisposition with a thermodynamic incentive
for the open form.

2.2. Radical gateways for C–N bond cleavage

Compared with C–C scission, direct C–N bond cleavage in
unstrained rings is less developed but has gained attention
as a complementary pathway. Historically, this space was
dominated by two-electron transition-metal catalysis.19

Radical-based strategies now enable homolytic C–N frag-
mentation and open new trajectories inaccessible to polar
mechanisms.20 One approach involves SET reduction of
amides, generating aminoketyl radicals that undergo
b-scission of adjacent C–N bonds, selectively opening rings
under photoredox conditions in combination with Lewis acids,
as depicted in Scheme 1C.21 Another strategy involves excited-
state carbonyl fragmentation, where photoexcitation of cyclic
amines with carbonyl substituents initiates Norrish-type cas-
cades (Norrish–II, 1,5-HAT, a-cleavage) that drive selective
scission.5c

2.3. Polarity, activation, and trapping as unifying principles

Radical behavior follows polarity rules rather than randomness:
nucleophilic radicals preferentially react with electrophiles,
whereas electrophilic radicals target nucleophiles. The SOMO
energy provides a practical descriptor of this ‘‘radical electro-
negativity’’. After bond scission, the fate of the radical depends
on interception. Intermediates can be trapped by SOMOphiles
(X) through homolytic atom/group transfer (e.g., SH2 reactions
with polarized X–Y bonds), added to activated alkenes in Giese-
type processes, or converted into ionic species via radical–polar
crossover (RPC) to enter polar chemistry. Equally important is
how the radical is generated. SET oxidation or reduction, PCET,
LMCT, or EDA activation not only produce radicals, but also
define their lifetime, polarity, and compatibility with subse-
quent steps. Productive skeletal editing requires matching
radical generation, interception, and catalyst turnover. In some
cases, this balance is only achieved by dual catalysis—for
example, a photoredox cycle generating radicals that are cap-
tured by a transition-metal catalyst in cross-coupling.

Take-home message. Successful skeletal editing requires
that the gateway, activation, and trapping steps are properly
aligned, ensuring that radical formation, reactivity, and cataly-
tic turnover proceed coherently. The following sections illus-
trate these principles through representative radical gateways
and their distinct outcomes.

3. C–C bond cleavage: deconstructive
functionalization

This section provides a global perspective on how unstrained
cyclic systems can be opened and selectively functionalised
through deconstructive functionalization, with the aim of
extracting guiding principles rather than compiling an

exhaustive set of examples. We focus on radical gateways and
activation modes that unlock C–C scission in the context of
skeletal editing. Specifically, we discuss iminyl radicals gener-
ated from cyclic ketones via oxime derivatives (Section 3.1),
aminium radicals accessed from spirocyclic systems derived
from cyclic ketones or cyclic amines (Section 3.2), and alkoxy
radicals derived from cyclic alcohols (Section 3.3). Because
ketones, amines, and alcohols are ubiquitous in natural pro-
ducts and prevalent in drug scaffolds, these entry points are
strategically positioned for late-stage modification and scaffold
diversification.

3.1. Iminyl radical: deconstructive functionalization of
cycloketoxime derivatives

The chemistry of iminyl radicals has evolved from mechanistic
curiosity into a versatile platform for molecular deconstruction/
functionalization.22 Their hallmark is the b-scission of the
a C–C bond to nitrogen, which consistently releases a nitrile
as a stable fragment together with an alkyl radical as the
reactive intermediate. Nitriles act both as robust endpoints
and as versatile ‘‘handles’’ in chemistry and materials
science.23 Their relevance is evident both at the industrial
level—acrylonitrile is produced on the million-ton scale24

—and in pharmaceuticals, where nitrile-containing drugs, such
as vildagliptin, reach annual sales above one billion dollars.25

Oxime derivatives are the most common precursors, since they
are easily prepared from cyclic ketones and their relatively weak
N–O bond [BDE E 50 kcal mol�1] allows homolysis under mild
conditions.26 Alongside photoredox and redox-based strate-
gies—the focus of this section—other activation modes have
been reported. For example, Castle et al. showed that micro-
wave heating at E 90 1C can promote direct N–O scission,27

while Guo et al. described a transition-metal-free deconstruc-
tion/borylation of cycloketoxime esters, where DMA coordi-
nates with B2(OH)4 to generate boryl radicals that trigger N–O
homolysis.28 Further alternatives include the dehydroxylation
of neutral oximes and the SET-induced cleavage of N-
substituted pyridinium salts.29

A central guiding principle is redox matching (Scheme 2,
panels A/C). By comparing the redox potential of the oxime
precursor with that of the photocatalyst,30 it is possible to
predict whether SET will occur and whether the process will
follow a reductive or oxidative pathway. This initial step dic-
tates how electron balance is restored and, in turn, which
functionalization become accessible after formation of the alkyl
radical B from iminyl radical A. On this basis, we organize the
discussion as follows: (i) generation of A via reductive (Section
3.1.1) or oxidative (Section 3.1.2) SET pathways, (ii) historical
developments that optimised these activation modes, and (iii)
the divergent reactivity of B (Scheme 2, panel D).

SET reduction pathways. In reductive SET manifolds, oxime
derivatives act as redox-active esters or ethers. Electron uptake
occurs into the N–O fragment, and the nature of the
O-substituent (aryl, acyl, etc.) tunes the reduction potential
while dictating the leaving group ability upon bond cleavage.
The resulting radical anion undergoes bond cleavage to release
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the iminy radical. Two families of precursors illustrate this
behavior. O-Aryl oxime ethers (R2CQNOAr) span a broad
reduction window (E �0.55 to �1.88 V vs. SCE), with potentials
strongly influenced by aryl substituents and leaving groups.31

O-Acyl oxime esters (R2CQNO–COR0) display narrower but
tuneable windows; for example, cyclobutanone O-(p-CF3-
benzoyl) oxime reduces at E �0.99 V vs. SCE.32 These values
align with common photocatalysts such as Ir(ppy)3 [E* E
�1.73 V vs. SCE for IrIII*/IrIV], Cu(I) complexes �1.0 to �1.3 V
vs. SCE), and eosin Y [E* E �1.11 V vs. SCE for EY*/EY��]

(Scheme 2, panel A). Beyond photoredox and transition-metal
catalysis, SET reduction can also proceed via EDA complexes.
Cyclobutanone oxime esters, often bearing p-CF3C6H4COO
groups, can form EDA assemblies with donors such as
DABCO,33 NHC/Lewis acid systems that generate Breslow
enolates,34 or thiophenolate anions.35 Upon irradiation, these
assemblies undergo SET to release benzoate, the iminyl radical
A, and a donor-derived radical (DABCO�+, NHC�+, or ArS�) (see
Scheme 2). While efficient for strained cyclobutanones, extend-
ing this approach to unstrained systems remains challenging.

Scheme 2 Deconstruction of oxime derivatives via iminyl radicals. (A) Redox potentials of representative oxime precursors and photocatalysts in MeCN
(vs. SCE), defining accessible SET-reductive and SET-oxidative pathways. (B) Key milestones in the development of cyclobutanone oxime deconstruction
from early thermal and metal-catalysed methods to visible-light photoredox strategies. (C) SET-mediated N–O bond cleavage of oxime derivatives
(photoredox, metal catalysis, and EDA complexes) generating iminyl radical A, followed by b-scission to alkyl radical B. (D) Representative reaction
manifolds of alkyl radical B after deconstruction, including Giese-type addition, radical–polar crossover, SOMOphile trapping, and oxidative group-
transfer processes.
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Combining EDA with Hantzsch ester (HE) as photoactive
donor/H-source is emerging as a practical solution (see below
and Scheme 2, panel C). In this sense, generating A from
neutral oximes (non-activated oximes (R = H)) is demanding
since their lower redox activity and O–H cleavage compete with
N–O scission. Nonetheless, a recent Fe(II)-based biocatalyst
enables dehydroxylation,36 and N-iminopyridinium salts offer
complementary SET entries.29b,29c

SET oxidation pathways. Oxidative SET follows an
inverted polarity logic. a-N-oxyacids undergo oxidation at the
carboxylate, triggering two b-scissions that release the iminyl
radical A. More generally, deprotonation lowers the oxidation
threshold, enabling oxime carboxylates from a-hydroxy
acid derivatives to engage with strong photooxidants such as
4CzIPN [E* E +1.87 (DCM) V vs. SCE for 4CzIPN*/4CzIPN��],
[Ir(dF(CF3)ppy)2(dtbbpy)]PF6 [E* E +1.21 V vs. SCE for IrIII*/IrII],
or Mes-Acr+ [E* E +2.06 V vs. SCE for Mes-Acr+*/Mes-Acr�]
(Scheme 2, panel A).

Historical development. Early contributions by the groups of
Uemura, Selander, Shi, and Guo showed that O-acyl oximes
derived from strained cyclic ketones could be engaged under
transition-metal catalysis with Ir, Fe, Cu, or Ni.37 At elevated
temperatures, these precursors generated iminyl radicals that
underwent b-scission and ring opening, providing the first
catalytic entry into this reactivity. While these studies estab-
lished feasibility under catalysis, their scope remained largely
restricted to strained frameworks. The decisive breakthrough
was achieved using visible-light photoredox catalysis. In 2018,
Xiao et al. reported the first reductive SET protocol using an
iridium photocatalyst,38 soon followed by the group of Yu with
a related system.39 In this context, O-(p-CF3-benzoyl) oximes
proved particularly effective: the electron-withdrawing CF3

group lowers the reduction potential and stabilizes the leaving
group, aligning these precursors with the reducing power of
photocatalysts such as fac-Ir(ppy)3. By contrast, O-aryl oxime
ethers, with higher reduction potentials, required strongly
electron-deficient aryl groups (e.g., nitro) to participate.33 This
evolution is summarized in Scheme 2, panel B.

Taken together, these advances established practical entry
points into iminyl radicals from oxime precursors. The next
question is what becomes of the resulting alkyl radicals-type B
after b-scission. Their divergent trajectories—whether chan-
nelled into reductive or oxidative SET manifolds—determine
the scope of skeletal editing. Scheme 2 (panel D) illustrates
these pathways. SET-reductive manifolds: a prototypical trans-
formation is the Giese-type addition. Radical B adds to an
electron-deficient alkene to give radical C, which is subse-
quently oxidized by the catalyst to close the cycle. The resulting
carbocation generally undergoes base-mediated deprotonation
(intermolecular Heck-like) or radical–polar crossover (RPC)
when trapped by a nucleophile. Alternatively, B can be trapped
directly by SOMOphiles to forge C(sp3)–X bonds (X = C, O, S, Se,
Te, N3, B, N. . .). In addition, it can be oxidized to a carbocation
that is intercepted by ROH (ethers) or oxidized by DMSO
(ketones). SET-oxidative manifolds: here, polarity is inverted.
The nucleophilic d-cyano radical B reacts with polarized

SOMOphiles X–Y (Xd+) via SH2/group transfer, generating the
functionalized product together with Y�. In oxidative cycles, Y�

is reduced exergonically (turnover), enabling deconstructive
fluorination, chlorination, azidation and related variants.

Take-home message. Cyclobutyl iminyl radicals fragment
rapidly (low barrier plus strain release), whereas cyclopentyl
and cyclohexyl systems require additional bias (e.g., a-aryl or
gem-dimethyl substitution, stronger oxidation, or designs that
stabilize B). Practically, O-(p-CF3-benzoyl) oximes match well
with reductive manifolds, whereas a-N-oxycarboxylic oximes
suit oxidative ones. Scheme 2 integrates these design rules.

3.1.1. Reductive approaches for deconstruction of
unstrained cyclic oximes. Reductive approaches to unstrained
oximes can be broadly classified into copper-mediated systems,
photoredox-based manifolds, and multicomponent radical–
polar crossover strategies, all of which share a strong depen-
dence on substituent-driven stabilization.

Transition-metal reductive catalysis. Extending reductive SET
chemistry to unstrained oximes is inherently difficult because
the b-scission of iminyl radicals is slower and less exergonic
than in strained systems, making them vulnerable to compet-
ing oxidation by copper. This limitation became evident in
2017, when Zhao and Shi attempted a Giese-type C(sp3)–C bond
formation under Cu(OTf)2 at 100 1C.37c The reaction failed,
likely because the iminyl radical fragmented too slowly, allow-
ing copper to intercept the intermediate before productive alkyl
radical addition. In contrast, cyclobutyl oximes undergo a
rapid, strain-driven fragmentation, which explains why similar
strategies succeed in strained substrates. In 2021, Zhao and Shi
turned this drawback into an advantage.40 By deliberately
exploiting copper-mediated oxidation of the alkyl radical, they
accessed carbocation intermediates that enabled divergent
pathways, including b-H elimination to alkenes, C–C coupling
with alkynyl sulfones, and RPC to ethers and ketones. Remark-
ably, they employed 2-phenylcyclopentan-1-one O-benzoyl
oxime, where the a-aryl substituent lowers the barrier for
b-scission, allowing efficient fragmentation of an otherwise
less-strained system. This strategy could also apply to the
late-stage functionalization of a number of complex functional
molecules, such as estrone (see Scheme 3, part 1A). This
observation was consistent with earlier DFT predictions.19 In
parallel, Shi, Fu, and co-workers demonstrated in 2019 that
careful control of the copper environment could stabilize
radical pathways (Scheme 3, part 1B).41 Using Cu(OTf)2 with
1,10-phenanthroline at 80 1C, they observed that Cu(I) could
trap the alkyl radical directly to form C(sp3)–N bonds with
anilines or imines. Although the scope of unstrained oximes
was narrow, this work underscored the decisive influence of the
ligand sphere on the balance between radical and cationic
reactivity.

Iridium photoredox reductive catalysis. Early contributions by
Jiao, Shi et al. demonstrated that cycloketoxime esters could
undergo photoinduced deconstruction/oxidation, firmly pla-
cing these transformations within the broader concept of
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deconstructive functionalization of unstrained rings.42 Repre-
sentative examples included late-stage modification of complex
molecules such as estrone (see Scheme 3, part 1C). The solvent
played a decisive role in determining the outcome. In DMSO,
acting as a terminal oxidant, the carbocation generated after
RPC was further oxidized to yield ketones. In contrast, in DMF,
recombination with the oxime-derived leaving group led
instead to the formation of esters.43 However, these studies
also revealed that the deconstruction/functionalization process
was not generally applicable. Although five-, six-, seven-, and
even eight-membered rings could be opened, successful reac-
tions consistently required an aryl substituent at the a-position
of the iminyl radical to lower the barrier for fragmentation.
This trend mirrored the behaviorpreviously established both
computationally and experimentally.18 Accordingly, the scope
in these early photoredox studies was largely restricted to a-aryl-
substituted systems (electron-neutral, -rich, and -deficient are-
nes tolerated).

Moving away from RPC-type manifolds, Xiao and co-workers
introduced Giese-type couplings (see Scheme 3, part 1D),38 but
the reactivity window was restricted: only four examples were
described, derived from camphor, cyclopentanone, and cyclo-
hexanone oximes, and all required a-substitution by methyl,

geminal dimethyl, or phenyl groups. Later, this strategy was
extended to electron-deficient enamides,44 though only one
five-membered oxime bearing a geminal dimethyl group suc-
ceeded, again underlining the central role of substituent-driven
stabilization in promoting b-scission. In a complementary
direction, in 2020 Xia and co-workers developed Minisci-type
reactions with heteroarenes (see Scheme 3, part 1C),45 affording
four examples of a-alkylated nitrogen heterocycles. However,
the need for specific substitution patterns prevented broader
applicability. Building on this platform, in 2024 Yu merged
Giese-type reaction followed by RPC strategies to design multi-
component couplings, exemplified by the cyanoalkylsulfoximi-
dation of alkenes (see Scheme 3, part 1D). Mechanistically, this
transformation proceeds via a Giese-type radical addition fol-
lowed by a radical–polar crossover step. Despite its synthetic
appeal, the scope with unstrained oximes remains limited, with
only one example reported requiring a geminal dimethyl group
at the a-position to proceed efficiently.46

Transition metal-free photoredox reductive catalysis. In paral-
lel to transition-metal and iridium-based photoredox
approaches, metal-free strategies have been developed to
improve sustainability and broaden applicability. Yu and co-

Scheme 3 Reactivity of alkyl radical F generated via iminyl-mediated ring opening of unstrained cyclic oximes. Reductive manifolds (see Section 3.1.1)
proceed via SET activation to form iminyl radicals that undergo b-scission. The resulting alkyl radicals F (see Scheme 2) evolve through Cu-mediated
trapping (1A) or SET oxidation pathways (1B), Ir/Cu-mediated Radical–Polar Crossover (RPC) (1C), Giese-type additions (1D), and transition-metal-free
activation (1E). Oxidative manifolds (Section 3.1.2) generate radicals via polarity-inverted SET, enabling direct trapping by electrophiles (1F).
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workers demonstrated that eosin Y, an organic dye with a
suitable reduction potential, could efficiently activate cycloke-
toxime esters for Minisci-type cyanoalkylation of azauracils.47

Under these conditions, strained oximes such as norcam-
phor-derived substrates reacted smoothly, whereas only two
unstrained examples were reported, again underscoring the
need for structural bias to promote fragmentation. An alter-
native concept was introduced using Hantzsch ester (HE) as
both a photoactive reductant and hydrogen donor (see
Scheme 3, part 1E). Upon visible-light excitation, HE becomes
a strong single-electron reductant E�ox � �2:28V vs: SCE

� �
, cap-

able of reducing oxime esters without requiring metal
catalysts.48 Liu and co-workers applied this concept to Giese-
type couplings with 2-vinylpyridine in the presence of stoichio-
metric HE and further extended it to allyl sulfones. In total, up
to 12 examples of unstrained systems were reported, all
restricted to five, six-, and seven-membered rings bearing an
a-phenyl substituent.

Photoinduced copper-catalysed ring opening. A relevant con-
tribution in this field was reported by Guan, Xiao, and Chen,
who described a photoinduced copper-catalysed asymmetric
C–O cross-coupling between oxime esters and 1,3-dienes (see
Scheme 3, part 1C).49 Conceptually, this study represented a
genuine paradigm shift compared to earlier reports. As out-
lined previously (Scheme 2, part D), an alkyl radical generated
from oximes typically undergoes a Giese-type addition followed
by SET oxidation (radical–polar crossover, RPC) to a carboca-
tion, which is then deprotonated or trapped by a nucleophile.
In contrast, these authors demonstrated that the alkyl radical
could add to a 1,3-diene to form a resonance-stabilized allyl
radical. Owing to its stabilization, this intermediate resisted
oxidation and instead associated with Cu(II) together with the
oxime-derived carboxylate anion to give a p-allyl Cu(III) complex,
from which enantioselective C(sp3)–O bond formation
occurred. The elegance of the design lay in exploiting a known
principle from benzyl radicals—namely, that resonance stabili-
zation makes unstrained oximes reactive—yet here it was used
to unlock asymmetric C–O coupling. Still, this breakthrough
was only demonstrated with cyclobutanone oximes. When
extending the concept to cyclopentanone oximes, the limita-
tions became clear. Only 2-styrenyl-substituted oximes proved
viable, and the reaction no longer operated as a multicompo-
nent process involving diene trapping. Instead, SET reduction
of the oxime ester directly produced an allyl radical upon ring
opening, whose stabilization allowed the same copper-
mediated C–O coupling with the carboxylate leaving group,
now bypassing the Giese step entirely. In practice, this turned
the process into an atom-economic asymmetric fragmentation/
rearrangement, with the 2-styrenyl substituent playing the
same role that a-aryl groups in earlier reports, though through
a mechanistically distinct pathway. Up to 24 examples were
reported, highlighting both the originality of the concept
and its structural constraints. Notably, a biologically relevant
febuxostat-derived 1,3-diene also coupled efficiently with
2-styrenyl-substituted oximes to afford the desired product.

In summary, reductive approaches have provided valuable
mechanistic insights and some notable advances, particularly
in enantioselective copper catalysis. However, their generality
remains limited: productive fragmentation still relies on delib-
erately introduced structural bias (e.g., a-substitution or gem-
inal stabilisation), and extension to complex scaffolds has been
rare. While isolated cases of late-stage deconstruction/functio-
nalization exist, they have not yet established a broadly applic-
able platform. These constraints highlight that further
innovations are needed if reductive manifolds are to achieve
the same level of versatility already observed in oxidative
strategies.

3.1.2. Oxidative approaches for deconstruction of
unstrained cyclic oximes. Oxidative SET activation of oxime
carboxylates was first introduced in 2018 by some of the present
authors19 as a complementary entry to reductive pathways (see
Scheme 3, part 1F). This polarity inversion enabled the genera-
tion of alkyl radicals via b-scission, which could then be
trapped by electrophilic partners to achieve deconstructive
fluorination, chlorination, and azidation. Unlike earlier meth-
ods, this strategy was not limited to strained substrates but
extended effectively to unstrained five- to seven-membered
rings. It also proved suitable for late-stage functionalization
of bioactive molecules such as androsterone, prasterone,
estrone, drospirenone, camphor, and isosteviol---demonstrated
across 24 examples. These results underscore the utility of
oxidative SET in accessing fluorinated, chlorinated, and azi-
dated analogs of pharmacologically relevant scaffolds, offering
clear advantages for drug discovery.

Waser and co-workers subsequently exploited the same
principle with ethynylbenziodoxolones (EBX) as electrophilic
SOMOphiles, achieving visible-light-mediated alkynylation (see
Scheme 3, part 1F).50 The incorporation of alkynes is particu-
larly appealing in medicinal chemistry, since these motifs serve
both as pharmacophores and as handles for bioorthogonal
click-type derivatizations. However, the method was applied
to only five examples of unstrained five-membered rings.

Zhou et al. later demonstrated that oxime-derived alkyl
radicals could also participate in oxidative Giese-type additions
to trifluoromethyl alkenes.51 After addition, the resulting a-CF3

radical underwent SET reduction to a carbanion, followed
by b-fluoride elimination to give cyano-substituted gem-
difluoroalkenes. Such fluorinated motifs are highly valued in
medicinal chemistry because they can enhance the metabolic
stability, lipophilicity, and binding affinity of drug candidates.
However, this approach was only applied to six examples, all
limited to five-membered rings. In parallel, Yang et al. reported
a photocatalytic phosphoranyl radical-mediated strategy for the
direct N–O cleavage of strained cycloketone oximes via a polar/
SET crossover.52 Unlike previous methods relying on aryl or acyl
oximes, this approach directly activated the oxime itself, broad-
ening functional group tolerance. However, its application to
unstrained cyclic oximes has not yet been demonstrated.

Despite these advances, a persistent limitation of both
reductive and oxidative SET manifolds is that alkyl radicals
formed after oxime scission often lack direct handles for cross-
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coupling, restricting the diversity of accessible transformations.
To overcome this, Leonori and co-workers merged photoredox
activation with nickel catalysis,53 enabling direct arylation,
vinylation, and alkylation of nitrile frameworks (see
Scheme 3, part 1F). This dual catalytic design represented a
major step forward. By orchestrating two interconnected cycles,
oxime-derived radicals could be diverted into C–C bond-
forming cross-couplings that expand the scope of deconstruc-
tive functionalization far beyond classical radical reactivity. The
approach was applied to eight examples, limited to five- and six-
membered rings.

Future perspective. Despite rapid progress, the deconstruc-
tion of ketone via oxime radical chemistry still faces important
challenges. Enantioselective transformations remain rare:
beyond the asymmetric C–O cross-coupling of Guan, Xiao, and
Chen,49 general methods are lacking. The authors suggested
that expanding stereocontrol through g-chiral oximes54 or by
harnessing biocatalysis36 represents promising future direc-
tions. A key bottleneck is the limited reactivity of unprotected
oximes. While activating groups such as carbonates, esters,
ethers or a-imino-oxy acids efficiently promote N–O bond
cleavage, they increase synthetic cost and complexity. Direct
use of free oximes as iminyl precursors is attractive, but side
reactions—including N-oxyl radical formation, acid-promoted
rearrangements, and hydrolysis—often suppress the desired
reactivity. These issues explain why stoichiometric additives
such as PPh3 are still commonly required. Looking ahead,
innovative catalytic paradigms may overcome these limitations.

Dual photoredox/Ti dehydroxylation,29a,b which is currently
restricted to strained substrates, could be extended to
unstrained scaffolds. The authors further anticipate that the
use of chiral Ti complexes could also provide new avenues for
stereocontrol. Alternatives such as N-iminopyridinium salts29c

are already broadening the accessible chemical space, and EDA
complexes hold particular promise for improving reactivity in
challenging systems—for instance, by exploiting intra-
molecular EDA activation in combination with chiral donor
catalysts to drive stereoselective radical reactions. Ultimately,
the promise of oxime radical chemistry extends beyond achiev-
ing stereocontrol, offering powerful opportunities for late-stage
functionalization that enable the redesign of bioactive cores
and the exploration of novel chemical space.

3.2. Aminium radicals: deconstructive functionalization to
spirocycles

As we have seen throughout this tutorial, the activation of C–C
bonds in unstrained cyclic ketones represents a demanding
challenge, and successful approaches consistently rely on the
introduction of a thermodynamic driving force. Different stra-
tegies illustrate this principle. Alkoxy radicals derived from
alcohols undergo b-scission to give ring-opening products;
oxime derivatization offers an indirect route to C–C bond
cleavage, proceeding through an iminyl radical precursor
rather than direct activation of the ketone; and LMCT photo-
oxidation, in which a ketone forms an in situ cyanohydrin
under Lewis acid activation before photoexcitation, enables

Scheme 4 Aromatization-driven C–C bond cleavage via pre-aromatic intermediates. (1A) Dihydroquinazolinone PAIs from cyclic ketones. (1B)
Dihydropyrazole PAIs formed via hydrazone/[3+2] cycloaddition, enabling deconstructive pyrazole formation. (1C) Dihydrotriazole PAIs generated using
MPHA, enabling mild SET-oxidative or dual catalytic deconstruction and functionalization.
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homolysis of the C–O bond to release an O-centered radical.55

Despite their mechanistic diversity, all these cases share the
same underlying feature: the reactivity is redirected along a
more favourable energetic landscape. A complementary way to
establish this bias is through the gain of aromatic stabilization,
a powerful thermodynamic force both in enzymatic and syn-
thetic contexts. In steroid biosynthesis, for example, aromatase
converts testosterone into estradiol through a multi-step oxida-
tive sequence, that includes C–C cleavage.56 The stabilizing
effect of aromatization has also been recognized in transition-
metal-mediated C–C activation since the 1970s,57 although only
sporadically explored in subsequent decades.58 Building
directly on this concept, pre-aromatic intermediates (PAIs) have
recently emerged as a general solution, converting difficult C–C
scission into an aromatization-driven process. Three main
families have been established—dihydroquinazolinones, dihy-
dropyrazoles, and dihydrotriazoles—each functioning as radi-
cal precursors that enable productive deconstruction and
functionalization. (See Scheme 4).

Dihydroquinazolinone PAIs (see Scheme 4, 1A)59 arise from
2-aminobenzamide/ketone condensations and have enabled a
series of deconstructive transformations, although their use in
non-strained cyclic systems is still limited.60 Building on this,
Guo developed spiro-dihydroquinazolinones from cycloalka-
nones, which undergo: (i) photoredox/nickel cross-coupling
with organic halides;61 (ii) coupling with a-CF3 alkenes;62 (iii)
deconstructive fluorination with NSFI;63 (iv) copper/ROOR-
mediated amination via HAT/b-scission and R1R2NCu(II) cap-
ture;64 and (v) fluorosulfonylation using DABSO/NSFI.65 While
these reactions highlight the synthetic potential of the plat-
form, the condensation step often proceeds with only moderate
efficiency due to the low nucleophilicity of the amide moiety,
frequently requiring purification before C–C cleavage.

Dihydropyrazole PAIs (see Scheme 4, 1B), first reported by
Dong and co-workers, constitute another important advance.1d

In this system, an iridium/phosphine catalyst promotes a three-
component sequence of ketone, hydrazine, and a 1,3-diene:
hydrazone formation is followed by [3+2] cycloaddition with the
diene to generate a dihydropyrazole, which then fragments to
deliver a pyrazole (a key pharmacophore in medicinal chem-
istry) together with a reactive alkyl radical. Importantly, cyclic
ketones can be directly engaged, enabling a redox-neutral
deconstructive synthesis of pyrazoles. The bond scission occurs
preferentially at substituted, benzylic, or a-to-heteroatom posi-
tions, allowing access to structurally diverse pyrazoles across
multiple cyclic substrates. However, the requirement for excess
1,3-diene, high temperature (160 1C), and iridium-catalysed
olefin migration reduces the substrate scope, highlighting the
need for next-generation activating reagents that can promote
aromatization-driven cleavage under milder conditions.

Dihydrotriazoles PAIs (see Scheme 4, 1C), have emerged as a
promising alternative to to the previously mentioned meth-
odologies. N0-methylpicolino-hydrazonamide (MPHA) was
developed to access such PAIs under mild conditions. MPHA
meets key needs: it is inexpensive, reacts rapidly and cleanly
with ketones without purification, and enables C–C cleavage of

diverse substrates under mild conditions. It has served as a
driving force in the deconstructive oxygenation of
cycloalkanamines.66 Since cyclic amines are ubiquitous in
drugs and natural products,67 the Han group showcased a
one-pot protocol for in situ formation of 3,4-dihydro-1,2,4-
triazoles from cycloalkanamines and hydrazonyl chlorides,
followed by auto-oxidative annulation using air as terminal
oxidant. Further oxidation by air generates aminyl radicals that
promote C–C bond cleavage, enabling the regioselective decon-
structive oxygenation of a wide range of substrates—including
mono-, fused-, and bridged-cyclic amines, as well as alkaloids,
peptides, and steroids—in up to 53 reported examples.

In ketone chemistry, the enhanced nucleophilicity of MPHA
compared to amides facilitates efficient condensation, and
Dong and co-workers demonstrated oxidative cleavage of
dihydrotriazoles to generate carbon-centred radicals. These
intermediates were diversified into alkenes,68 hydrogenated
or deuterated products,69 thioethers,70 and halogenated
derivatives.71 Nevertheless, the application of MPHA-based
dihydrotriazoles to the ring-opening of unstrained cyclic
ketones has not yet been carried out.

More broadly, PAI-based approaches with ketones still face
practical limitations, as intermediates often require pre-
isolation or elevated temperatures.72 To overcome these draw-
backs, Zhang and co-workers applied MPHA-derived PAIs stra-
tegically, whose clean and rapid formation eliminates the need
for purification, and combined them with a dual nickel/photo-
redox system that operates under mild conditions.73 This
design enabled the cross-coupling of unstrained cyclic ketones
with aryl bromides, including late-stage functionalization of
derivatives of DL-proline, naproxen, febuxostat, dopamine, and
gemfibrozil. The method was further extended to alkynylation,
capitalizing on the synthetic versatility of alkynes, which are
widely represented in natural products, pharmaceuticals, and
functional materials. Even ketone derivatives of naproxen and
ketoprofen underwent smooth functionalization, underscoring
the broad compatibility of this approach with drug-like scaf-
folds. Overall, the combination of MPHA activation with dual
catalysis provides one-pot efficiency, broad functional group
tolerance, and applicability to complex molecules, thereby
addressing the major limitations of earlier PAI chemistry.

3.3. Alkoxy radicals from unstrained cyclic alcohols:
activation strategies and reactivity manifolds

As discussed in Sections 1 and 2, alkoxy radicals (RO�) consti-
tute a reliable gateway for C–C bond cleavage in unstrained
cyclic frameworks through fast b-scission. Although this reac-
tivity has long been recognised, the direct generation of RO�

from native alcohols without prefunctionalisation has histori-
cally remained a major challenge, owing to the high strength of
the O–H bond and competing reaction pathways. What has
changed in recent years, and now reshapes the landscape of
skeletal editing, is the emergence of complementary activation
strategies that effectively overcome this barrier. As documented
in recent reviews,15a,b,16,74 alcohol activation has shifted from a
high-energy bottleneck to a solvable design problem, whether
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by matching bond energetics through PCET (bond dissociation
free energy, BDFE, logic),74b leveraging metal coordination via
LMCT, or exploiting radical frustration (RPF). To organise this
chemistry, we adopt a two-step framework depicted in
Scheme 5. Step 1 focuses on the direct generation of the alkoxy
radical E from non-strained cyclic alcohols. Three conceptually
distinct platforms are highlighted: PCET-based processes,
LMCT-based activation, and frustrated radical pair (FRP) mani-
folds (top view of Scheme 5). Although these strategies differ in
mechanism, they converge on the same key intermediate and
are governed by different controlling factors, which are indi-
cated schematically in Scheme 5 and discussed in detail in the
corresponding sections. Step 2 addresses the fate of the alkyl
radical F formed after b-scission (bottom view of Scheme 5),
where divergent reactivity modes become accessible, including
radical trapping, Giese-type additions, radical–polar crossover
processes, and dual catalytic cross-couplings (among others).

The following sections are therefore organised to provide
practical guidelines for selecting among these activation stra-
tegies. In each subsection, we first outline the key design
principles required to generate an effective alkoxy radical E
(Scheme 5, Step 1), and then evaluate the downstream reactivity
of the resulting alkyl radical F after ring opening, which
governs the final functionalisation outcome (Scheme 5, Step
2). Section 3.3.1 examines PCET-based processes, where reac-
tivity is mainly dictated by thermodynamic parameters and
outer-sphere interactions. Section 3.3.2 discusses how dual
catalytic manifolds, combining PCET with transition-metal
catalysis, expand the accessible reactivity space. Section 3.3.3
presents LMCT-based processes, highlighting the role of inner-
sphere metal–substrate coordination and metal-dependent
redox windows. Finally, FRP-based strategies are introduced
as an emerging and mechanistically distinct approach in Sec-
tion 3.3.4, operating through in-cage radical pairs. While the
activation modes differ, all these strategies converge on closely
related alkyl radical F intermediates. Accordingly, Scheme 6
summarises selected examples of Step 2 reactivity, providing a
unified map of alkyl radical Functionalisation outcomes
accessed via PCET-, LMCT-, or FRP-based approaches. In this
context, the emphasis is placed on the synthetic milestone
achieved, allowing direct comparison of how a given transfor-
mation can be realised through different activation paradigms.
Section 3.3.5 then discusses miscellaneous or hybrid cases that
do not fit cleanly into these categories but further illustrate the
breadth of alkoxy-radical-mediated deconstruction.

Across PCET-, LMCT-, and FRP-based platforms, alkoxy
radicals are generally generated through oxidative activation
of the parent alcohol, such that formation of the downstream
alkyl radical F originates from an overall SET-oxidative
manifold.

3.3.1. PCET-based processes. PCET has emerged as
a central framework for the activation of strong O–H bonds.
Its impact extends far beyond synthetic chemistry, underpin-
ning key transformations in biological energy transduction
such as photosynthesis, respiration, and enzymatic radical
generation.75 The conceptual strength of PCET lies in coupling

proton (H+) and electron (e�) motion, thereby enabling reactiv-
ity that neither isolated proton transfer (PT) nor electron
transfer (ET) could accomplish. Mechanistically, three steps
can be defined: (i) PT followed by ET, (ii) ET followed by PT, or
(iii) a concerted proton–electron transfer (CPET), in which both
elements move in a single kinetic step. The latter is generally
favoured because it avoids unstable ionic intermediates, and
Evans, Savéant and co-workers emphasized this distinction
with the explicit term CPET as previously described.76 From a
thermodynamic perspective, the driving force of PCET can be
described using a small set of interrelated parameters (see top
view in Scheme 5, 1st step, part A): the acidity constants (pKa) of
the oxidized and reduced states, the reduction potentials (E1) of
the protonated and deprotonated forms, and the bond disso-
ciation free energy (BDFE). Unlike the purely enthalpic bond
dissociation energy (BDE), the BDFE accounts for entropic
contributions, which are especially relevant in transition-
metal systems. Building on this, Mayer and Warren introduced
the concept of the effective BDFE (BDFEeff), which quantifies
the combined ability of an oxidant and a base to remove a
hydrogen atom from an X–H bond.77 This framework provides
a practical design principle: if BDFEeff Z BDFE(X–H), bond
cleavage by PCET is thermodynamically accessible. Impor-
tantly, this dual tuning through E1 and pKa opens an energetic
window not available to classical hydrogen-atom transfer (HAT)
reagents.78

In practice, three distinct PCET manifolds can be distin-
guished, as outlined (see top view in Scheme 5, part A):
unidirectional PCET (A1), multisite PCET (MS-PCET) (A2), and
SET–MS PCET involving a redox handle (A3). In the unidirec-
tional pathway A1, proton and electron transfers proceed in a
concerted directional manner, often through electron donor–
acceptor (EDA) complexes, which directly couple bond activa-
tion with radical capture. MS-PCET A2, by contrast, relies on
independent oxidant and base partners. This separation allows
the two transfers to be spatially and energetically decoupled,
which in turn broadens the accessible range of effective BDFEs.
As a result, this strategy enables the activation of otherwise
inert O–H bonds. A third scenario, SET–MS PCET with a redox
handle (A3), introduces an adjacent substituent—typically an
aromatic moiety—that is first oxidized and then promotes
intramolecular proton transfer, offering strong preorganization
and efficient bond cleavage. Together, these manifolds illus-
trate the versatility of PCET logic: depending on the design, it
can favour simplicity and integration (unidirectional), broad
thermodynamic reach (MS-PCET), or structural preorganization
(SET–MS PCET with a handle). In the following sections, we will
focus on specific applications, examining how PCET activation
of alcohols is harnessed in different reactivity modes.

Radical Trapping (see Scheme 6, part 1A to follow the
section): The first catalytic PCET strategy for direct alkoxy
radical generation was reported in 2016 by Knowles and co-
workers (see Scheme 6, 1A left), who showed that tertiary
cycloalkanols bearing electron-rich aryl substituents undergo
SET–MS PCET with a redox handle (see Scheme 5, step 1, A).79

The resulting alkyl radical is then trapped via a hydrogen-atom
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Scheme 5 Activation of unstrained cyclic alcohols via alkoxy radicals. Step 1: direct generation of alkoxy radical E from non-strained cyclic alcohols
through three complementary activation strategies: PCET-based processes (unidirectional PCET, multisite (MS) PCET, and SET-assisted MS-PCET),
LMCT-based activation via metal coordination, and frustrated radical pair (FRP) manifolds. The key thermodynamic and mechanistic control elements
governing O–H bond cleavage are indicated. Step 2: reactivity map of the alkyl radical F formed after b-scission, which is common to all alkoxy-radical
generation modes and gives access to radical trapping, Giese-type additions, radical–polar crossover pathways, and dual catalytic cross-couplings.

Chem Soc Rev Tutorial Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 2
:5

0:
40

 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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs01539a


Chem. Soc. Rev. This journal is © The Royal Society of Chemistry 2026

Scheme 6 Reactivity manifolds of alkyl radicals formed from unstrained cyclic alcohols after b-scission. (1A) Radical trapping, via hydrogen- or atom-
transfer processes, typically delivers reduced or heteroatom-substituted products and is favoured for less-stabilised radicals. (1B) Giese-type addition
involves radical addition to electron-deficient alkenes, followed by reduction and protonation, enabling C(sp3)–C(sp3) bond formation across PCET,
LMCT, and metal-free platforms. (1C) Dual catalysis embeds alkyl radical F into a metal-centred catalytic cycle, either through formation of alkyl–metal
intermediates or related radical–metal association events (M = Ni, Co, Cu, Cr), enabling cross-coupling, desaturation, or asymmetric functionalisation.
(1D) Reclosure (Ti-LMCT): b-scission followed by recombination (enantioselective).
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transfer (HAT) process, defining this transformation as a radi-
cal trapping manifold. In this redox-relay system, photoexcited
[Ir(dF(CF3)ppy)2(5,50-d(CF3)bpy)] (E* E +1.30 V vs. Fc/Fc+) oxi-
dizes the arene (E1 E +1.18–1.27 V vs. Fc/Fc+), forming Ar�+,
which engages in intramolecular PCET with 2,4,6,-collidine
(pKa E 15 in MeCN) to cleave the O–H bond. The effective
BDFE (103–105 kcal mol�1) matches the strength of aliphatic
O–H bonds, ensuring thermodynamic feasibility. Importantly,
mechanistic probes indicated that stepwise PT/ET would be too
endergonic (DG1 E +34 kcal mol�1) to compete with charge
recombination (DG1 E –53 kcal mol�1). However, concerted
PCET is slightly exergonic (DG1 E –1 kcal mol�1) and operative
even when up to four methylenes separate the arene from the
alcohol, supporting a concerted pathway. This study was a
landmark demonstration of contrathermodynamic skeletal
editing: b-scission drives conversion to linear ketones that are
less stable than the cyclic precursors, with downstream HAT
and charge recombination enforcing directionality. The
approach proved compatible with natural product derivatives,
such as a hecogenin analogue, and allowed distal functionali-
zation with halogen donors (F, Cl, Br) as alternatives to thiols,
furnishing halogenated ketones. The key limitation was the
need for a proximal electron-rich aryl substituent to mediate
O–H activation via SET–MS PCET, restricting scope largely to
tertiary cyclic alcohols. In 2019, Knowles and co-workers
extended the scope of catalytic PCET beyond tertiary substrates
to include secondary cyclic alcohols (see the milestone in
Scheme 6, 1A).80 This advance relied on tetrabutylphospho-
nium dimethyl phosphate (PBu4

+(MeO)2POO�) as the base,
which forms a strong hydrogen-bonded complex with the
alcohol and enables a true MS-PCET manifold (Scheme 5, Step
1, A). In this case, photoexcited Ir(III)* (E* E +1.65 V vs. Fc/Fc+)
and the phosphate base (pKa E 12 in MeCN) act cooperatively
to cleave the O–H bond, delivering an effective BDFE of 103–106
kcal mol�1, closely matching the intrinsic O–H bond strength
of secondary alcohols such as cyclohexanol (B105 kcal mol�1).
As in the earlier work, b-scission is followed by radical trapping
via HAT, with subsequent charge recombination providing
kinetic control. This strategy enabled skeletal editing of
complex polycyclic frameworks, including cholesterol and betu-
lin derivatives.

Beyond these seminal examples, radical trapping constitutes
a general and modular outlet for PCET-generated alkoxy radi-
cals, in which the alkyl radical F formed after b-scission is
intercepted by an external SOMOphile through HAT or atom-
transfer processes (see Scheme 6, 2A left and right, respec-
tively). In this sense, in 2018 Zhuo et al. reported that tertiary
cycloalkanols bearing aryl substituents undergo efficient bro-
mination in the presence of [Ir(ppy)(dtbbpy)]PF6 and hyperva-
lent iodine reagents.81 The alkoxyl radical is proposed to arise
either by intermolecular PCET involving the Ir(IV) species and a
weak base such as succinimide (E1/2[Ir(IV)/Ir(III)] = +1.21 V vs.
SCE; pKa E 13–15), or alternatively by in situ O–I bond homo-
lysis. In both scenarios, visible light is indispensable, and
b-scission delivers a distal alkyl radical that is trapped by NBS
to give brominated products. Building on this strategy, in 2020

Rueping and co-workers described a trifluoromethylthiolation
using Mes–Acr+ (E* E +2.06 V vs. Fc/Fc+) as photocatalyst and
2,4,6-collidine as base (pKa E 15 in MeCN), where the
effective BDFE matches the O–H bond strength of the
alcohol substrate.82 In this case, the alkyl radical Formed after
b-scission is intercepted by PhthSCF3, generating the
SCF3-substituted product while the phthalimidyl radical is
reduced and protonated to close the cycle. Hua and co-
workers reported in 2024 that tertiary cycloalkanols undergo
b-scission/thiocyanation under photoredox conditions using N-
thiocyanatosaccharin as the SCN source.83 The system employs
4,6-triphenylpyrylium tetrafluoroborate (TPT, E* E +2.3 V vs.
SCE) as photocatalyst together with Na2CO3 (20 mol%) under
blue LED irradiation. The authors proposed a direct SET
oxidation of the alcohol by TPT*, generating an alkoxyl radical.
However, oxidation potentials of simple alcohols generally
exceed +2.0 V vs. SCE, making such a process unlikely, and it
would bypass the strength of the O–H bond (E 105 kcal mol�1).
In our opinion, a more consistent view is that the reaction
proceeds via a MS-PCET pathway. In this sense, a TPT* can
combine with the weak basicity of carbonate. Although Na2CO3

is far too weak to deprotonate an alcohol in MeCN (pKa E 40),
its cooperative interaction with the strong photooxidant could
provide an effective BDFE (E115–118 kcal mol�1), sufficient to
cleave the O–H bond. In either case, the key intermediate is an
alkoxyl radical that undergoes b-scission to give a distal radical,
subsequently trapped by SCN� from the thiocyanatosaccharin
precursor to deliver the thiocyanated product.

Giese-type reaction (see Scheme 6, part 1B for selected
examples): a prototypical transformation in this field, in which
PCET-triggered b-scission is coupled to radical addition. The
addition of nucleophilic alkyl radicals F to electron-deficient
alkenes provides a robust and broadly applicable strategy for C–
C bond formation. A key distinction from iminyl-derived sys-
tems lies in the redox polarity of the catalytic cycle (see
Scheme 2 vs. Scheme 6). In oxime-based deconstructions, alkyl
radicals B are typically generated via reductive SET, and Giese-
type addition is usually followed by oxidative SET to achieve
catalytic turnover. By contrast, in alkoxy-radical-mediated pro-
cesses, the alkyl radical F is accessed through an oxidative entry
manifold, such that productive turnover after Giese-type addi-
tion requires a subsequent reductive SET step. In this sense, in
2018, Xia et al. showed that PCET-triggered b-scission can be
coupled to radical additions, enabling distal allylation and
formylation under photoredox conditions.84 In this work, the
alkyl radical F generated upon ring opening adds to ethyl
2-(phenylsulfonyl)methyl)acrylate, and reduction of the result-
ing intermediate promotes elimination of PhSO2

�, furnishing
the allylated product. Building on this concept, Zhou and co-
workers disclosed a defluorinative coupling of cycloalkanols
with trifluoromethyl alkenes to access gem-difluoroalkenes.85

After radical addition to the alkene, RPC provides an a-CF3

carbanion that undergoes b-fluoride elimination. This
sequence has also been performed under metal-free, visible-
light-driven conditions by the group of Wu (see Scheme 6).86

More recently, in 2023 Loh et al. extended this platform to a
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formal Grob fragmentation, where Morita–Baylis–Hillman
(MBH) acetates serve as radical traps to access unsaturated
ketones (see Scheme 6, part 1B right).87 In this transformation,
the distal radical adds to the MBH double bond to form the
corresponding alkyl radical intermediate, which undergoes SET
reduction by the reduced acridinium catalyst to generate a
stabilized anion. The EWG on the MBH framework is essential,
as it stabilizes the carbanion and promotes b-elimination of
acetate, ultimately delivering a conjugated enone product. In
2022, Marzo, Alemán, and co-workers reported a classical
Giese-type addition of alkyl radical F to electron-deficient
alkenes under metal-free photoredox conditions, using [Mes–
Acr]ClO4 as photocatalyst.88 The resulting radical undergoes
reduction and protonation to deliver remote Michael-type
alkylation products (Scheme 6, part 1B). Chowdhury and co-
workers subsequently disclosed a related variant leading to
ketone formation.89 Here, the distal radical is trapped by a b-
silylmethylene malonate. A particularly interesting advance was
reported by Marzo and Alemán in 2022, who developed an
enantioselective version of this transformation (see Scheme 6,
part 1B).90 In their design, they employed similar conditions to
previously described photoredox b-scission protocols, but in
the presence of chiral rhodium catalysts. After scission of the
b-C–C bond, the alkyl radical undergoes addition to an N,O-Rh-
coordinated 2-acyl imidazole. The sterically encumbered and
chiral environment of the Rh complex enforces selective addi-
tion through the less hindered face, generating a stereodefined
radical intermediate. This radical is subsequently reduced by
the radical anion of the photocatalyst and, after protonation,
delivers the enantioenriched product, thereby closing the
photocatalytic cycle. This work illustrates how the merger of
PCET-driven b-scission with asymmetric catalysis enables
access to enantioselective variants of Giese-type processes,
expanding the synthetic reach of this platform. An elegant
variation arises when the alcohol and an electron-deficient
alkene form a visible-light-active EDA complex. In this sense,
Marzo and Alemán group reported that, upon excitation, charge
transfer within the complex triggers a unidirectional PCET:
the alkene simultaneously promotes O–H bond activation and
captures the resulting alkyl radical through a Giese addition.91

This design contrasts with MS-PCET and SET–MS-PCET, as no
external photocatalyst or base is required; the acceptor itself
mediates both proton and electron transfer. Conceptually, this
constitutes a direct coupling of activation and trapping in a
single step. Practically, the simplicity of the system and its
compatibility with flow setups offer clear advantages for scale-
up, though the lack of independent control over redox and
Brønsted parameters limits its thermodynamic flexibility com-
pared to MS-PCET strategies.

3.3.2. Dual PCET-based processes. Radical trapping
(Scheme 6, panel 1A) and Giese-type manifolds (Scheme 6, part
1C) provide efficient entry points for functionalising the alkyl
radical F generated after b-scission. However, in both cases,
reactivity remains governed by the intrinsic behaviorof
freely diffusing radicals, which inherently limits chemo-
selectivity, substrate scope, and the range of accessible bond

constructions. In radical trapping, selectivity is dictated by the
nature of the SOMOphile, whereas in Giese-type processes it is
controlled by polarity matching and subsequent SET events.
Dual catalytic strategies overcome these intrinsic limitations by
fundamentally changing the reactivity regime of F (Scheme 6,
part 1C). Rather than allowing F to evolve as a free radical, it is
rapidly embedded into a metal-centred catalytic cycle through
formation of an alkyl–M(n+1) intermediate. From this point
onwards, reactivity is dictated by the elementary steps available
to the metal centre, enabling transformations that are inacces-
sible under purely radical conditions. Although the identity of
the metal varies, the deliberate generation of alkyl–M(n+1)

species is the defining feature of this class, providing a unified
framework for cross-coupling or olefination, among others, in
PCET strategies.

Radical trapping (–CF3). In 2021, Chen and co-workers
developed a dual photoredox/copper strategy for the
trifluoromethylation of tertiary cycloalkanols using Togni I
reagent (see Scheme 6, part 1C).92a The system combines
[Mes–Acr–Ph]BF4 (E* E +2.08 V vs. SCE), Cu(OAc)2, and
nBu4P+(OMe)2POO� as base. Mechanistic evidence supports a
phosphate-assisted MS-PCET activation of the alcohol, in line
with PCET manifolds previously established by Knowles. How-
ever, due to the study focused on aryl-bearing tertiary alcohols,
a SET–MS PCET relay via aryl radical cation intermediates
cannot be ruled out. Additional fluorescence and NMR studies
suggested that Togni I (a hypervalent iodine(III) CF3-transfer
reagent) can interact noncovalently with the alcohol, facilitat-
ing oxidative quenching, although this effect appears secondary
to the PCET step. Following generation of the alkoxy radical E
and b-scission (see Scheme 5, Step 2), the resulting alkyl radical
F is intercepted within the copper catalytic manifold (Scheme 6,
part 1C). In this system, CF3 incorporation does not proceed via
free CF3 radical transfer, but through Cu-mediated steps. Togni
I serves as the CF3 source and reacts with Cu(I) under oxidative
conditions, promoting I–CF3 bond cleavage and formation of a
higher-valent Cu–CF3 species. This step is consistent with the
electrophilic nature of the reagent and its ability to engage in
SET under photoredox conditions. The resulting Cu(III)–CF3

intermediate enters the photoredox cycle, where SET with the
reduced photocatalyst (Acr�) regenerates the ground-state
catalyst and forms a Cu(II)–CF3 species. The alkyl radical F is
then captured by the Cu–CF3 fragment, leading to C–CF3 bond
formation and regeneration of Cu(I), thus closing the catalytic
cycle. As shown in Scheme 6 (part 1C), the key feature is
interception of radical F within a metal-controlled manifold.
While a discrete alkyl–Cu(III) intermediate cannot be excluded,
available evidence is consistent with direct capture of the
carbon-centred radical by Cu–CF3 species. Accordingly, the
process diverts the radical from free-radical reactivity into a
catalytic cycle that governs bond formation.

Olefination/desaturation. In 2022, Rueping et al. reported a
dual photoredox/cobaloxime catalysis that couples PCET-triggered
C–C bond scission with acceptorless dehydrogenation, affording
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olefins from aryl-bearing tertiary cycloalkanols with H2 as the sole
byproduct (see Scheme 5, step 2, 2C).92b The system requires Mes–
Acr–Me+ (E* E +2.06 V vs. SCE), Co(dmgH)2PyCl, and 2,4,6-
collidine. The excitation of the acridinium generates Ar�+ from
the electron-rich arene, which, via a SET-MS-PCET with the
alcohol and base, furnishes the alkoxyl radical E. b-scission yields
a distal alkyl radical F that is trapped by Co(II), entering the cobalt
cycle through alkyl–Co(III) intermediates that undergo Co–C
homolysis and b-H abstraction to deliver the olefin and H2. The
choice of Mes–Acr–Me+ is key, as its excited state oxidizes the
arene while its reduced form reduces Co(III), thus synchronizing
both catalytic cycles. This bioinspired strategy, reminiscent of
enzymatic desaturations, established PCET-driven olefination as a
powerful platform. Wu and co-workers soon broadened the scope
to over 50 substrates, including natural product derivatives,
confirming the robustness of this dual PC/Co system.93 By con-
trast, Wu et al. later introduced a PC/Cu dual catalysis94 that
replaces direct PCET with in situ prefunctionalization. Thus,
alcohols undergo ligand exchange with I(III) reagents (PIDA) to
form O–I adducts, which are then reduced by Mes–Acr–Me� to
release alkoxyl radicals. This SET pathway circumvents the ther-
modynamic barrier of O–H activation and extends the reactivity to
substrates lacking electron-rich arenes, including alkenes and
alkynes.

Cross-coupling. The first dual PCET/transition-metal
strategy for cross-coupling was introduced by Rueping et al.
in 2020 with the remote arylation of ketones from tertiary
cycloalkanols.95 In this blueprint, *Mes–Acr–Me+ engages in
SET–MS-PCET with electron-rich arenes (e.g., PMP) and 2,4,6-
collidine, generating an alkoxyl radical E that undergoes b-
scission to a distal alkyl radical F. Interception by Ni(0) gives an
alkyl–Ni(I) intermediate, which proceeds via oxidative addition
to an aryl halide and reductive elimination to furnish the
coupled ketone. Closure of both catalytic cycles is achieved by
SET reduction of Ni(I) with the reduced acridinium. This design
demonstrated broad applicability but remained dependent on
aryl substituents to mediate efficient SET–MS-PCET, limiting
generality. A contribution from Xu and co-workers in 202296

retained the same SET–MS-PCET activation but redirected the
alkyl radical F into hydroalkylation of alkynes. Interception of
the F by Ni generates an alkyl–Ni(I) intermediate, which under-
goes insertion into the alkyne to afford vinyl ketones with
Markovnikov selectivity. This outcome reflects a key feature of
radical/Ni relay catalysis, namely that rapid metal interception
must outcompete alternative radical pathways to enforce selec-
tive C–C bond formation. Despite this conceptual advance,
substrate scope remained limited, reflecting the continued
reliance on electron-rich arenes for efficient radical initiation.
A different trajectory was taken by Chang et al. in 2024, who
coupled SET–MS-PCET with inner-sphere Ni–nitrenoid chem-
istry to achieve amidation.97 Herein, the alkyl radical F engages
a Ni–nitrenoid complex instead of a Ni(0) species. Reductive
elimination from the resulting alkyl–Ni(III)–NR intermediate
delivers the amide, while the reduced acridinium resets Ni(I)
to Ni(0). Unlike aryl halide couplings, this manifold demands

tight synchronization between radical generation and nitrene
transfer, highlighting both the potential and fragility of extend-
ing PCET platforms to C–N bond formation.

In 2025, Scheidt and co-workers reported a transition-metal-
free dual NHC/photoredox strategy for remote acylation of
tertiary cycloalkanols, delivering 1,n-dicarbonyl scaffolds.98

SET–MS-PCET activation from Mes–Acr–Me+/2,4,6-collidine
generates the alkoxy radical E, which undergoes b-scission to
the alkyl radical F. Downstream functionalization proceeds
through a persistence-selectivity regime rather than metal
interception. In parallel, the NHC catalyst converts acyl pre-
cursors into acyl azoliums that are reduced by the photocatalyst
to persistent ketyl radicals. Cross-coupling between the persis-
tent ketyl radical and the transient alkyl radical F forges the
C(sp3)–C(sp2) bond, enabling remote acylation without oxida-
tive addition or reductive elimination. Although conceptually
distinct from metal-based relays, this platform remains con-
strained by stringent redox matching between the photoredox
and NHC cycles and is currently limited to a narrow set of non-
strained rings, with few genuine late-stage examples. In 2025,
Zou, Huang, and co-worker reported a dual PC/chromium
catalysis enabling enantioselective remote alkylation of tertiary
cycloalkanols.99 SET–MS-PCET activation generates the alkoxy
radical E, and incorporation of an a-allyl substituent adjacent
to the alcohol ensures that C–C bond cleavage furnishes a
stabilized allyl radical F. This allyl radical is selectively inter-
cepted by a chiral Cr(II)–bis(oxazoline) complex, triggering an
RPC to a configurationally defined organochromium(III) spe-
cies. In contrast to Ni or Co systems, where the metal mainly
acts as a radical trap, the Cr center converts the open-shell
intermediate into a nucleophilic organometallic reagent that
engages aldehydes through a Zimmerman–Traxler-type transi-
tion state, enabling enantiocontrol. SET between the reduced
acridinium PC and Cr(III) closes both catalytic cycles. While the
scope remains restricted to allyl-substituted tertiary alcohols,
this study illustrates how substrate electronics and chromium’s
redox flexibility can translate PCET-driven skeletal editing into
enantioselective C–C bond formation, outlining a distinct blue-
print for asymmetric organometallic reactivity.

3.3.3. Ligand-to-metal charge transfer (LMCT). Having
examined PCET-based strategies for direct O–H bond activa-
tion, it is important to note that these processes operate
through outer-sphere SET events within the framework of
visible-light photoredox catalysis. Upon excitation, Ru(II) or
Ir(III) complexes—or organic dyes— populate long-lived, non-
dissociative excited states (typically MLCT or IL/ICT in char-
acter) that act as strong oxidants or reductants.100 The alcohol,
or its conjugate base, is oxidized via stepwise ET/PT or con-
certed PCET to generate the alkoxy radical E. However, because
these are bimolecular processes, their efficiency depends on
redox matching and the excited-state lifetime of the photoca-
talyst. This dependence often limits reactivity to tertiary or
benzylic alcohols, where b-scission provides an additional
driving force, leaving secondary alcohols challenging. A con-
ceptually distinct solution arises from LMCT excitation, which
offers a direct inner-sphere route to the same key intermediate.
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In LMCT systems, the alcohol first coordinates to a high-valent
metal centre, typically Ce(IV), Fe(III), or Ti(IV), forming a metal–
alkoxide complex (M–OR). Light absorption promotes an elec-
tron from an oxygen-centred orbital (s or p) of the alkoxide to
an empty metal d orbital, generating a dissociative LMCT
excited state in which the M–O bond order decreases dramati-
cally. This state undergoes homolytic cleavage, producing
alkoxy radical E and a reduced metal species (Mn�1) in a single
photoinduced step (see Scheme 5, step 1B for a comparison
between PCET and LMCT reactivity). Mechanistically, LMCT
differs from photoredox PCET in key aspects. First, because the
substrate is precoordinated, SET is intramolecular and does not
depend on diffusional encounter or long-lived excited states,
rendering activation fast even for electronically mismatched or
sterically hindered alcohols. Second, the excited state is inher-
ently dissociative, so bond cleavage occurs directly upon photo-
excitation. Finally, the metal centre both anchors the substrate
and provides the low-lying d orbitals required for charge
transfer, enabling reactivity inaccessible to PCET catalysis.

These features explain why LMCT platforms can readily
engage secondary or unactivated cycloalkanols, promoting
selective b-scission and C–C bond cleavage even in the absence
of an aryl redox handle or strong base. Moreover, the radicals
generated under LMCT conditions often exhibit distinct
chemoselectivity compared to those from PCET. Metals such
as Ce, Fe, and Ti are ideally suited for this type of reactivity.
Their high oxidation states and oxophilicity stabilize the M–OR
precursors, while their low-lying d orbitals enable efficient
ligand-to-metal excitation. Furthermore, their earth abun-
dance, low toxicity, and broad photochemical tunability make
them sustainable alternatives to Ru and Ir complexes. Together,
these characteristics position LMCT catalysis as a powerful and
complementary platform to PCET for light-driven O–H activa-
tion, capable of transforming inert alcohols into versatile
radical intermediates under mild conditions. In the next sec-
tions we will discuss the different metals able to undergo LMCT
to generate the alkoxy radicals on unstrained cyclic alcohols
and subsequent functionalization.

Cerium systems. These constitute the earliest and most
established LMCT platform for alkoxy radical generation from
unstrained alcohols, from which subsequent systems have
evolved. LMCT reactivity at cerium has been developed almost
entirely by the group of Zuo, who reported the first example in
2016 using CeCl3/Bu4NCl under visible light.101 Coordination of
cyclic alcohols to Ce(III), followed by O - Ce excitation, triggers
homolytic M–O cleavage to generate alkoxy radical E, which
undergoes b-scission to a distal alkyl radical F and can be
intercepted in C–N amination sequences (Scheme 6, 1B). This
work established cerium-mediated LMCT as a viable platform
for direct alkoxy radical generation from unstrained cyclic
alcohols. A key limitation, however, arises from the narrow
redox window of the Ce(IV)/Ce(III) couple (E1/2 E +0.4 V vs. SCE
in MeCN). As a result, catalytic turnover becomes challenging
in manifolds requiring net reduction, particularly Giese-type
alkylation pathways, where the post-addition alkyl radicals are

insufficiently reducing to regenerate Ce(III) and close the cata-
lytic cycle. To overcome this redox mismatch, the Zuo group
subsequently introduced a dual-photocatalytic strategy.102 In
this manifold, LMCT at Ce(III) generates an alkoxy radical E that
undergoes rapid b-scission to a nucleophilic alkyl radical F,
which engages in Giese-type addition to electron-deficient
alkenes, including under flow conditions. The resulting a-acyl
radical (E1/2 E �0.60 V vs. SCE) lies outside the Ce(III)/Ce(IV)
redox window but is efficiently reduced by photoexcited 9,10-
diphenylanthracene (DPA; E* E �1.77 V vs. SCE), delivering an
enolate intermediate. Oxidized DPA then returns an electron to
Ce(III), closing both catalytic cycles, and intramolecular cyclisa-
tion furnishes ring-expanded products. Overall, this sequence
constitutes an LMCT-enabled ring expansion via Giese addition
followed by cyclisation. Notably, the introduction of DPA as a
redox mediator established a general strategy to bypass intrin-
sic metal redox limitations, later adopted broadly in LMCTCh-
based photochemistry.

A significant conceptual advance came with the extension of
LMCT to cyclic ketones.55 In situ conversion of cyclic ketones
into cyanohydrin–TiCl4 adducts allowed formation of Ce(IV)–O
complexes that, upon LMCT excitation, generated alkoxy radi-
cal E able to cleave the a-C–C bond and generate the distal alkyl
radical F. The subsequent fate of the radicals is strongly ring-
size dependent. In cyclobutanones and cyclopentanones, alkyl
radicals F undergoes intramolecular addition to the acyl cya-
nide, triggering cyanide migration through five- or six-
membered cyclic intermediates to generate nucleophilic carbo-
nyl radicals and rearranged carbonyl products. In contrast, for
six-membered and larger cyclic ketones, as well as acyclic
systems, intramolecular cyanide migration becomes entropi-
cally disfavored, and the alkyl radicals F is instead intercepted
intermolecularly, followed by single-electron reduction to
afford ring-opened cleavage products. Carbonyl activation
remains uncommon across PCET, LMCT, and FRP platforms,
as ketones lack an O–H handle and do not readily form metal–
alkoxide complexes without derivatization. By accessing Ce–O
species through cyanohydrin formation, this study bypassed
that limitation and enabled direct a-C–C cleavage in ketones, a
reactivity mode that remains difficult to access under any of
these activation manifolds. Subsequent studies further showed
that LMCT can proceed through either Ce–OR or Ce–Cl excita-
tion depending on the ligation environment, generating RO� or
Cl� as the initiating species.103 Both pathways promote b-
scission in hemiacetals, although their coexistence complicates
assignment of the radical species responsible for bond cleavage
and selectivity.

Iron systems. Iron complexes have emerged as adaptable
platforms for generating alkoxyl radicals E from unstrained
five- and six-membered cyclic alcohols. A consistent theme
across these systems is that small changes in the ligand
environment control which ligand undergoes LMCT, thereby
defining whether Cl� or RO� initiates b-scission. The chronolo-
gical development of these platforms illustrates how the coor-
dination sphere dictates both scope and downstream reactivity.
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The earliest contributions employed chloride-based LMCT
from FeCl4

�. In 2021, the Hu group showed that blue-light
LMCT from FeCl4

� generates Cl�, which abstracts the O–H
hydrogen of alcohols to give alkoxy radical E. After b-scission,
the resulting alkyl radical F undergoes HAT-based termination,
accounting for the formation of carbonyl products from tertiary
and secondary cyclic alcohols (Scheme 6, 1A, HAT process).104

One year later, the same group showed that the b-scission
radicals undergo Giese-type addition to electron-deficient
alkenes, enabling deconstructive alkylation of unstrained rings
bearing aryl or methyl substituents.105 These studies estab-
lished Cl-initiated RO� formation as a general entry point but
also highlighted its sensitivity to HAT selectivity. A mechanistic
shift occurred when Zeng and co-workers introduced direct Fe–
OR LMCT under strongly basic Fe(acac)3/tBuONa conditions in
2022 (Scheme 6, 1A, external SOMOphiles).106 In this case, E is
generated directly from Fe–OR without participation of Cl�,
suppressing competing HAT pathways. This enabled ring-
opening bromination of tertiary cyclic alcohols bearing arenes,
although the requirement for strong base limited compatibility
with electrophilic acceptors and substrates sensitive to basic
media. To address these constraints, Liu and co-workers devel-
oped a neutral FeCl3/TBACl system in which Fe–Cl/Fe–OR
LMCT operates under milder conditions.107 This work allows
two types of deconstructive/functionalization reactions: (i) ami-
nation and (ii) alkylation. In the deconstructive amination with
dibenzyl azodicarboxylate (DBAD), the b-scission carbon-
centred radical is directly trapped by the azo acceptor, following
a pathway analogous to earlier Ce-OR LMCT-based protocols
(see work of Zuo). For deconstructive alkylation, DPA is intro-
duced as a co-catalyst: after Cl-based LMCT and b-scission, the
alkyl radical F undergoes Giese-type addition to an electron-
deficient alkene, and the resulting radical is reduced to the
corresponding carbanion by SET from DPA, followed by proto-
nation from the medium.

Vanadium systems. In 2023, Soo, Ramalingam, and co-
workers disclosed a vanadium photocatalytic platform that
enables direct deconstructive functionalization of unactivated
aliphatic alcohols under visible light via inner-sphere LMCT.16a

In this manifold, the alcohol first forms a V–OR adduct, and
photoexcitation triggers a dissociative LMCT event within the
coordination sphere, leading to C–C bond cleavage without
requiring outer-sphere oxidation of the substrate. A key mecha-
nistic feature is that the V(V)/V(IV) redox couple is not suffi-
ciently oxidizing to convert alkoxides into freely diffusing
alkoxy radicals (VV/VIV r +0.30 V vs. Fc+/Fc, as discussed by
the authors in the context of their earlier mechanistic work).108

Consequently, in contrast to Ce- and Fe-based LMCT platforms
that can access alternative activation pathways depending on
oxidation state and ligation, vanadium enforces a strictly inner-
sphere process in which the coordinated alcohol undergoes
photoinduced reorganization and b-scission to generate a
nucleophilic carbon-centered radical, subsequently intercepted
by suitable radical acceptors (‘‘SOMOphiles’’; Scheme 6, 1A).
This mechanistic constraint translates into broad substrate

coverage, spanning acyclic alcohols and unstrained 4–8-
membered rings, and into high modularity after scission. The
same radical-forming step can be coupled to oxidative, redox-
neutral, or reductive termination modes, enabling diverse bond
constructions in a single platform. As in Ce- and Fe-based
systems, multiple downstream manifolds can be accessed from
the common radical intermediate; for example, Giese-type
alkylations to electron-deficient alkenes (e.g., –CN or –SO2Ph
substituted) employ DPA as an auxiliary electron shuttle.
Beyond C–C bond formation, this vanadium LMCT platform
supports a wide range of transformations, including C–Br, C–N,
C–S, C–Se, C–H, C–D, and C–O bond formation. Its generality is
underscored by late-stage modification of structurally complex
substrates and natural products, such as L-menthol and dios-
genin, highlighting the relevance of vanadium-based LMCT for
skeletal editing of unstrained alcohols under mild photoche-
mical conditions.

Titanium systems. Ti(IV)–alkoxide complexes also undergo
LMCT, but operate in a distinct regime in which reversible C–
C bond activation is followed by enantioselective reclosure,
leading to enantioenrichment rather than deconstructive func-
tionalization. In 2023, Zuo et al. reported the photoexcitation of
chiral Ti(IV)–alkoxide complexes induced O - Ti LMCT, gen-
erating alkoxy radicals that undergo b-scission of adjacent C–C
bonds.109 The key mechanistic distinction of this system lies in
the fate of the resulting radical pair. Following C–C cleavage, a
carbon-centred radical and a Ti(III)-bound carbonyl fragment
are generated in close proximity within the same coordination
environment (see Scheme 6, 1D). Unlike Ce-, Fe-, or V-based
LMCT platforms, where the alkyl radical is rapidly trapped or
driven into irreversible redox processes, the Ti system operates
under redox conditions that do not promote radical escape or
outer-sphere electron transfer. As a result, recombination of the
cleaved fragments becomes kinetically competitive and ulti-
mately dominant. Importantly, reclosure of the C–C bond
occurs under the control of the same chiral Ti complex that
mediates LMCT, typically ligated by chiral phosphate or bisox-
azoline ligands. This enables selective re-formation of the C–C
bond from a planar, prochiral radical intermediate, leading to
efficient deracemization of adjacent stereocenters. Although
neither the cleavage nor the recombination step is fully
enantioselective on its own, the sequential operation of both
processes results in high overall enantioenrichment. From a
broader perspective, this chemistry demonstrates that LMCT-
induced alkoxy radical formation does not necessarily imply
irreversible skeletal editing. When radical diffusion and down-
stream trapping are suppressed by coordination and redox
balance, LMCT can instead enable reversible C–C bond activa-
tion and stereochemical editing. In this sense, titanium occu-
pies a distinct mechanistic niche among LMCT-active metals,
illustrating how modulation of redox strength and metal–sub-
strate association can redirect alkoxy-radical chemistry away
from functionalization and toward dynamic control of mole-
cular chirality.
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Electrophotochemical (EPC) metal catalysis. While PCET- and
LMCT-based strategies have firmly established that cyclic alco-
hol fragmentation can be coupled to alkylation processes, most
commonly via Giese-type addition to electron-deficient alkenes
(Scheme 6, 1B), extension to arylative C–C bond formation has
proven substantially more demanding (Scheme 6, 1C). Con-
struction of aryl–alkyl bonds requires interception of the
alcohol-derived alkyl radical by a cross-coupling manifold
rather than simple radical addition. In this context, nickel
catalysis is uniquely suited, as Ni efficiently captures unstabi-
lised alkyl radicals and enables C(sp3)–C(sp2) bond formation
through Ni(I)/Ni(III) cycles with aryl halides. Productive turn-
over, however, requires access to low-valent Ni species (Ni(0)/
Ni(I)), whose redox couples typically lie in the range Ni(II)/Ni(I)
E �0.6 to �1.2 V vs. SCE, depending on ligand environment.
Under these conditions, Ni catalysis is highly sensitive to
strongly oxidizing environments. By contrast, alkoxy radical
generation via dissociative LMCT generally requires highly
oxidizing photoactive metal–ligand states, which are incompa-
tible with sustaining low-valent Ni intermediates within a
single closed redox manifold. As a result, while alkylation
pathways are readily accessible, Ni-mediated arylation of cyclic
alcohol fragments remained elusive under LMCT conditions.
The relevance of Ni cross-coupling in this context was first
demonstrated in 2020 by Rueping and co-workers using PCET
activation of electronically activated alcohols, where alkoxy
radical formation and Ni turnover could be accommodated
within the same photoredox window (Scheme 6, 1C).95 By
contrast, LMCT-based activation modes did not enable decon-
structive arylation of cyclic alcohols until 2024, as the oxidative
requirements of LMCT conflicted with the need to maintain Ni
in low oxidation states necessary for oxidative addition and
C(sp3)–C(sp2) bond formation. This redox incompatibility moti-
vated the development of electrophotochemical (EPC) and
photoelectrochemical strategies, in which radical generation
and cross-coupling are decoupled by external electrochemical
bias. In 2022, Lei and co-workers introduced electrophoto-
chemical cerium catalysis for ring-opening functionalization
of cyclic alcohols.110 In this approach, EPC bias controls the Ce
redox state, while photoexcitation enables alkoxy radical for-
mation and b-scission under overall redox-neutral conditions,
allowing modulation of radical fate toward C–CN, C–C, or C–
heteroatom bond formation. Subsequent EPC studies focused
mainly on strained cyclobutanol derivatives, where anodic
control enables ring contraction and functionalisation.111

Extension to Ni-catalyzed arylation of unstrained cyclic
alcohols was achieved in 2024 through dual Fe/Ni platforms
(Scheme 6, 1C). Amgoune and co-workers reported a purely
photochemical Fe/Ni system in which LMCT excitation of
Fe–halide complexes generates alkoxy radicals E, followed by
b-scission and interception of the resulting linear radicals by Ni
to afford deconstructive arylation of five- and six-membered
cyclic alcohols.112 In this system, DPA is required to maintain
productive turnover of both the Fe-LMCT and Ni catalytic
cycles. By contrast, in 2024 the group of Lu developed an
EPC/Fe/Ni system in which radical generation is controlled

anodically and Ni-catalyzed C(sp3)–C(sp2) coupling is sustained
cathodically, eliminating the need for an organic redox
mediator.113 Although both approaches employ similar cataly-
tic components (FeCl3 and NiCl2�DME), their scope differs: the
EPC system is largely limited to aryl bromides bearing electron-
withdrawing substituents compatible with electroreductive
conditions, whereas the purely photochemical Fe/Ni platform
tolerates a broader range of aryl bromides regardless of their
electronic properties. In addition, in 2024, Mei and co-workers
reported a related Ni-mediated arylation of unstrained cyclic
alcohols using visible-light photocatalysis assisted by paired
electrolysis, in which the electrochemical input primarily serves
to sustain catalyst turnover rather than to introduce a distinct
activation or coupling manifold.114

3.3.4. Frustrated radical pairs (FRPs). Frustrated radical
pairs (FRPs) provide an alternative entry to alkoxy radical
generation that does not rely on PCET manifolds or LMCT
processes (see Scheme 5, step 1C). In the context of alcohol
activation, the FRP exists only at the level of O–H bond cleavage
and involves a persistent oxidizing radical, typically a nitroxyl
species, and a nascent alkoxy radical generated upon deproto-
nation and SET. This activation step is intrinsically redox-
biased, as the alcohol must act as a reductant toward the
persistent radical partner, enabling O–H activation without
invoking excited states or metal coordination. While this acti-
vation logic has been exploited in selective aliphatic C–H
functionalization (Frustrated radical pairs in selective functio-
nalization of inert aliphatic C–H bonds),115 its application to
skeletal editing, particularly to the deconstruction of
unstrained cyclic alcohols, has only recently been demon-
strated. To date, only one FRP-enabled example of alkoxy
radical–induced C–C bond cleavage in unstrained cyclic alco-
hols has been reported.116 In this work, the group of Lin
reported that an in situ FRP is formed between a sterically
hindered nitroxyl radical (TEMPO-derived) and the cyclic alco-
hol substrate, generating an alkoxy radical E that undergoes
rapid b-scission to afford a distal alkyl radical F. At this stage,
productive functionalization is limited to recombination with
the nitroxyl partner, yielding O–TEMPO adducts (C(sp3)–
OTEMPO) (see Scheme 6, 1A as external SOMOphiles example
of radical trapping approach). Other transformations reported
in this study rely on subsequent postfunctionalization of these
aminoxyl products rather than direct interception of the
carbon-centred radical. The alkyl radical generated after C–C
bond cleavage does not engage in a second frustrated radical
pair; instead, radical termination via TEMPO trapping is kine-
tically dominant, confining FRP character to the alkoxy radical
generation step and preventing propagation into downstream
radical chemistry.

In this sense, the absence of a second FRP regime after C–C
bond cleavage reflects intrinsic requirements of FRP chemistry
rather than limitations of substrate design. In the reported
system, FRP character is confined to the O–H activation step,
which is enabled by a defined redox asymmetry between the
nitroxyl oxidant and the alcohol-derived reductant. After
b-scission, the resulting carbon-centred radicals are neutral
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alkyl or acyl species and do not sustain the redox imbalance
necessary to engage in a secondary alkyl–nitroxyl FRP. Conse-
quently, interception by the nitroxyl partner is kinetically
dominant. Across the substrate scope, b-C–C bond cleavage
follows conventional radical stability trends, favouring second-
ary over primary radicals (e.g., camphor derivative, 90% yield,
r.r. = 2.5 : 1) and more substituted radicals in fused systems
(estrone derivative, 53% yield, d.r. = 7.8 : 1). The generation of
acyl radicals represents a genuine expansion of the radical
manifolds accessible through FRP initiation; however, these
intermediates are likewise captured as aminoxyl derivatives,
and productive functionalization remains limited to TEMPO
recombination.

From a design perspective, advancing FRP-based skeletal
editing beyond termination-controlled outcomes will require
strategies that suppress nitroxyl trapping. This may involve
alternative persistent radicals with reduced recombination
kinetics, faster orthogonal interception of the carbon-centred
radical, or temporal separation of FRP-mediated O–H activation
from downstream capture. Addressing these constraints
defines the key challenge for extending FRPs from activation
tools to diversification platforms in skeletal editing.

3.3.5. Miscellaneous. Several isolated strategies fall outside
the dominant activation paradigms discussed above but are
worth brief mention for their conceptual originality. In 2015,
Lectka and co-workers reported a C–C fragmentation/fluorina-
tion of 1,4-dioxaspiro[4.5]decane,117 distinct from the spirocyc-
lic aminium radical manifolds discussed earlier. In this case,
the presence of an aryl substituent was proposed to stabilize a
putative radical cation sufficiently to enable productive C–C
cleavage, ultimately manifesting as a strategy for remote fluor-
ination of carboxylic acid derivatives. Related but mechanisti-
cally distinct behavior is observed when carboxylic acids are
used as radical precursors. In 2022, Xia and co-workers devel-
oped an Fe-catalyzed, photoinduced LMCT protocol for the
decarboxylative ring opening of cyclic tertiary carboxylic
acids.118 Mechanistic studies support oxygen capture to form
peroxy radical species, followed by radical fragmentation, high-
lighting a pathway in which C–C cleavage is coupled to oxida-
tive radical processes rather than alkoxy radical b-scission.
More recently, Hari and co-workers reported an electrochemical
interrupted Dowd–Beckwith reaction enabling deconstructive
functionalization of cyclic ketones.12 In this system, reductive
decarboxylation at the anode generates a primary alkyl radical
that can undergo further oxidation to a carbocation, triggering
b-fragmentation to give acylium ions and terminal alkenes, or
less favorably acyl radicals. Ring expansion pathways were also
observed but remained minor, illustrating how electrochemical
control can unlock alternative fragmentation manifolds. In
2025, Zhang, Jin, and Zuo reported a conceptually distinct entry
point in which skeletal editing is initiated from an alkene
rather than from a pre-existing alcohol or a derivatized
carbonyl.119 Building on their earlier work,120 a highly oxidizing
bisphosphonium photocatalyst (BPP; E�1=2 � þ2:17V vs. SCE)

enables SET oxidation of cycloalkenes to alkene radical cations,
which undergo anti-Markovnikov hydration to afford secondary

alcohol intermediates. Crucially, the electron-rich arene
required for oxidation is positioned on the adjacent carbon
rather than on the alcohol-bearing center, enabling a long-
range, arene-mediated MS-PCET event that generates the alkoxy
radical E without the need for direct aryl substitution at the O–
H carbon. This design allows efficient b-scission of secondary
alcohols, overcoming a key limitation of previous MS-PCET and
SET-based approaches. Ring opening is followed by HAT to
deliver distal aldehyde products under overall redox-neutral
conditions, with thiol-based donors currently required to buffer
the high oxidizing power of BPP and enable clean catalyst
turnover. More broadly, this work illustrates how alkene activa-
tion can serve as a versatile gateway to alkoxy radical chemistry,
opening new design space beyond established LMCT, MLCT,
FRP, and oxime-based strategies. In our view, this study plants
an important seed for the field: by moving away from O–H and
CQO-centred entry points and using alkenes as the gateway, it
offers a more accessible and less prerequisite-driven route to
skeletal editing, although expanding functional group compat-
ibility beyond thiol-mediated HAT will likely require future
strategies to decouple oxidation from downstream radical
interception.

4. C–C bond cleavage: expansion

Ring expansion has been predominantly developed through
C–C bond cleavage. The dominant approach is based on bicyclic
or bridged functional groups, in which the radical intermediate
participates in a Dowd–Dowd-Beckwith-type process. In this
context, two main strategies have been developed. The first
strategy involves ring expansion triggered by the generation of
an alkoxy radical E, which is strategically embedded within a
bicyclic framework (see Scheme 7). As a consequence, the alkyl
radical F generated upon b-scission evolves into a macrocyclic,
rather than an acyclic intermediate, as discussed above. Accord-
ingly, F remains confined within a macrocyclic or lactone
architecture. In this strategy, bicyclic peroxides or tertiary
alcohols serve as alkoxy radical precursors via LMCT or
PCET pathways.121 In addition, ketones capable of generating
an in situ Ce–O species embedded within a bicyclic frame-
work have also been employed.122 A second strategy relies on
decarboxylative Dowd–Dowd-Beckwith-type processes (see
Scheme 7). In this case, rather than a bicyclic alkoxy radical
precursor, primary alkyl radicals are generated from carboxy-
late precursors, enabling subsequent rearrangement and ring
expansion within an already constrained scaffold.123 Alongside
Dowd–Dowd-Beckwith-derived expansion manifolds, ring
expansion has also been achieved through strategies that
exploit MS-PCET activation of cyclic alcohols, as discussed
above for secondary alcohol homolysis. In this context, Knowles
and co-workers applied the same hydrogen-bond-assisted MS-
PCET platform to cyclic aminoalcohols to enable skeletal
reorganization (see Scheme 1 part D).124 In this work, MS-
PCET-mediated O–H homolysis forms an alkoxy radical E that
undergoes regioselective C–C b-scission, with selectivity gov-
erned by cleavage pathways leading to energetically accessible,
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geometrically primed open-chain radicals for rapid intra-
molecular reclosure. Operating under redox-neutral conditions,
the resulting radical manifold disfavors intermolecular inter-
ception and instead converts exocyclic amines into endocyclic
N-heterocycles through net skeletal reorganization.

5. C–N bond cleavage

This section does not seek to comprehensively survey C–N bond
cleavage in saturated heterocycles, but rather to frame how C–N
scission has been incorporated into recent skeletal editing
strategies. The focus is placed on approaches where bond
cleavage is intrinsically coupled to controlled framework reor-
ganization, rather than treated as an isolated disconnection.
Historically, C–N bond cleavage in unstrained cyclic amines has
been dominated by polar or metal-mediated processes, typically
proceeding through oxidative activation or electrophilic von
Braun-type pathways that result in ring opening.19a Translating
C–N scission into the radical area is inherently challenging, as
it requires transient weakening of a robust s C–N bond in the
absence of ring strain. The feasibility of such processes is
highly dependent on the nitrogen functionality, with amides
and amines displaying distinct electronic responses under
reducing conditions.20a,b

Deconstruction/functionalization

In N-acyl cyclic amines, the C(acyl)–N bond is reinforced by
nN - p*CO conjugation, rendering reductive activation possible
but demanding. Procter and co-workers demonstrated that this
barrier can be overcome under strongly reducing conditions
using lanthanide(II) iodides (E1 E �2.6 V vs. SCE), where
carbonyl reduction generates a ketyl-type radical anion that
disrupts amide conjugation and enables C–N bond scission,
leading to ring opening and radical termination pathways via
HAT.13b Related photoredox strategies have since replaced
stoichiometric reductants with highly reducing organic photo-
catalysts, enabling catalytic ring opening of N-acyl cyclic
amines under visible light, albeit still under strongly reducing
regimes.13c A recurring limitation of these approaches lies in
the restricted scope of downstream functionalization. The alkyl
radicals generated upon C–N cleavage are often more readily
reduced than the parent amides, favoring over-reduction to

carbanions and confining reactivity to anionic manifolds. This
inherent bias complicates the development of skeletal editing
strategies in which bond scission is followed by controlled
refunctionalization. In this context, the work of Yamaguchi
and co-workers provide a distinct conceptual advance by
enabling radical-mediated deconstruction of non-strained cyc-
lic amides under catalytic conditions while maintaining control
over post-cleavage reactivity (see Scheme 1, part C).21a Although
amide reduction typically lies beyond the reach of standard
photocatalysts, aromatic amides exhibit comparatively less
negative reduction potentials (E1/2 E �2.3 V vs. SCE), rendering
them accessible under dual photoredox and Lewis acid cataly-
sis. Coordination of Zn(OTf)2 facilitates SET reduction to an
aminoketyl radical, whose b-scission constitutes the decisive
C–N cleavage step. The resulting alkyl radical is subsequently
directed into productive pathways, including HAT and Giese-
type additions. The addition to terminal alkenes can proceed
through SET oxidation followed by HAT, while intramolecular
SET oxidation and cyclization enable lactone formation. Alter-
natively, alkene functionalization can occur via extrusion of an
aryl sulfonyl radical. In addition, interception with alkynes
furnishes styrene derivatives from pyrrolidine precursors.

Ring contraction represents the most clearly delineated
application of skeletal editing enabled by C–N bond cleavage
in unstrained nitrogen heterocycles. Its defining feature is that
C–N scission does not manifest as a free ring-opening event,
but is embedded within reaction manifolds that kinetically
enforce rapid framework reorganization. This principle was
established in the photomediated ring contraction of a-
acylated saturated heterocycles reported by Sarpong and co-
workers (see Scheme 1, part C top view). A Norrish type II
excitation of a pendant carbonyl triggers intramolecular HAT,
generating a short-lived radical manifold in which C–N bond
fragmentation competes and is immediately followed by intra-
molecular C–C bond formation to afford a smaller carbocyclic
framework.5c From a synthetic standpoint, the key advance is
not the activation of the C–N bond itself, but the temporal
coupling of bond cleavage with reclosure, which suppresses
diffusional ring opening and irreversible deconstruction of the
heterocycle. Subsequent mechanistic studies clarified that con-
traction efficiency is governed by the photophysical entry point
and by conformational control of the post-HAT intermediate,
rather than by intrinsic C–N bond weakness. Systematic varia-
tion of excitation wavelength, N-substituent electronics, and
intramolecular hydrogen bonding revealed how these factors
modulate the lifetime and geometry of the imine–enol radical
pair generated after C–N scission, thereby dictating the balance
between productive contraction and competing back-HAT or
fragmentation pathways.125 Importantly, later work demon-
strated that stereochemical information can be introduced at
the reclosure stage, confirming that the decisive selectivity-
determining step occurs after bond cleavage but before con-
formational equilibration of the open intermediate.126 The
importance of these findings becomes clearer when contrasted
with other modes of C–N bond cleavage in unstrained systems.
In reductive photoredox strategies for amide C–N scission,

Scheme 7 Strategies for ring expansion via radical b-scission pathways.

Tutorial Review Chem Soc Rev

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 2
:5

0:
40

 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

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cs01539a


This journal is © The Royal Society of Chemistry 2026 Chem. Soc. Rev.

bond cleavage can be achieved chemically but often leads to
uncontrolled downstream reactivity unless additional con-
straints are imposed, underscoring the challenge of converting
C–N cleavage into contraction when the fate of the resulting
radical is not kinetically channelled.21a Conceptually related,
but mechanistically distinct, approaches to ring contraction
have also been developed for aromatic nitrogen heterocycles,
most notably the photochemical net carbon deletion of azaar-
enes reported by Levin and co-workers, where selective excita-
tion of quinoline N-oxides enables dearomative rearrangement
followed by rearomatization with formal loss of a skeletal
carbon atom.127 Although this transformation does not involve
C–N scission in saturated frameworks, it reinforces the same
design principle: contraction becomes viable only when excita-
tion selectively accesses a reactive manifold while suppressing
secondary photochemical degradation.

Taken together, these studies explain why ring contraction
has emerged as an important point within skeletal editing. It
constitutes a rare scenario in which C–N bond cleavage can be
rendered synthetically productive, not by weakening the bond
or stabilizing the fragments, but by controlling the lifetime,
geometry, and downstream fate of the post-scission intermedi-
ate through photochemical and conformational design.

Conclusions

This Tutorial Review has analysed radical-promoted skeletal
editing as a strategy to fragment cyclic scaffolds primarily
through C–C bond cleavage, with only a limited number of
cases involving C–N bond scission. Rather than compiling
individual transformations, the chemistry has been examined
from a unified design perspective, in which unstrained rings
become editable only after the deliberate introduction of
appropriate radical gateways. Across the systems discussed,
skeletal editing does not originate from the intrinsic reactivity
of the ring framework, but from strategies that enable con-
trolled backbone fragmentation followed by either reclosure or
interception of the resulting radical intermediates. From this
standpoint, cyclic alcohols emerge as the most direct and
general class of gateways, as alkoxy radicals undergo rapid b-
scission once generated. The review depicts multiple activation
strategies that enable access to these intermediates, including
PCET, LMCT, EPC variants, and FPRs manifolds. Although
these approaches differ in how alkoxy radicals are formed, they
converge on common post-scission carbon-centred radicals,
whose fate is dictated by subsequent interception pathways.
Cyclic ketones, by contrast, rarely undergo direct C–C bond
cleavage and typically require prefunctionalisation to access
productive radical manifolds, most commonly through oxime-
derived iminyl radicals or pre-aromatic intermediates, where
fragmentation is coupled to nitrile formation or aromatization.
Only isolated cases bypass this requirement, and even these
ultimately rely on the transient conversion of the ketone into an
alcohol-type gateway. Strategies for C–N bond cleavage are
comparatively fewer and more heterogeneous, reflecting the

absence of a general radical gateway for saturated N-
heterocycles despite their prevalence in bioactive molecules.
Once fragmentation has occurred, skeletal editing diverges
according to the use of the ring-opened radical. In some
systems, recombination leads to new ring closures, enabling
contraction or expansion processes; particularly notable are the
limited examples in which reclosure is rendered enantio-
selective, demonstrating that backbone reorganization and
stereochemical control can be coupled. In other cases, the
radical is intercepted rather than re-cyclized, and the chemistry
reviewed highlights a small number of interception modes that
recur across methodologies. Giese-type additions constitute the
most characteristic and widely exploited pathway, complemen-
ted by radical trapping, radical–polar crossover processes, and
dual catalytic manifolds, particularly for cross-coupling reac-
tions. While most studies focus on establishing methodological
feasibility, a smaller number apply these concepts to late-stage
skeletal editing of natural products and complex molecules,
illustrating how backbone fragmentation and reconstruction
can be integrated into advanced synthetic settings.

Taken together, the chemistry analyzed here provides
a framework for designing deconstruction–construction
sequences in skeletal editing, while also delineating the current
boundaries of the field. General solutions for C–N bond clea-
vage in saturated heterocycles remain scarce, and enantio-
selective skeletal editing is still confined to isolated examples.
Beyond these established strategies, the analysis also invites
consideration of yet developed conceptual extensions. In this
sense, although dearomatization and skeletal fragmentation
have largely performed as separate areas, one may envisage
combining dearomatization as a preparative step with subse-
quent fragmentation and functionalization. Such a sequence
would amount to the complete dismantling of an aromatic ring
within a skeletal editing framework. At present, this idea
remains speculative, but it highlights how viewing bond clea-
vage and reconstruction together can reveal unexplored direc-
tions for backbone reprogramming.
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BDE Bond dissociation energy
BDFE Bond dissociation free energy
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CF3 Trifluoromethyl
CPET Concerted proton–electron transfer
DFT Density functional theory
DME 1,2-Dimethoxyethane
DPA 9,10-Diphenylanthracene
EDA Electron donor–acceptor
EBX Ethynylbenziodoxolone
EPC Electrophotochemical
ET Electron transfer
Fc/Fc+ Ferrocene/ferrocenium
FRP Frustrated radical pair
HAT Hydrogen atom transfer
ICT Intramolecular charge transfer
IL Intraligand
LMCT Ligand-to-metal charge transfer
MLCT Metal-to-ligand charge transfer
Ms-PCET Multisite proton-coupled electron transfer
NHC N-heterocyclic carbene
PCET Proton-coupled electron transfer
PT Proton transfer
PSS Photostationary state
RPC Radical–polar crossover
SCE Saturated calomel electrode
SET Single-electron transfer
SH2 Homolytic substitution
SOMO Singly occupied molecular orbital
TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
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