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Skeletal editing is an emerging approach in synthetic chemistry that enables precise atom-level modifi-
cations within molecular cores, facilitating complex transformations and minimizing resource-intensive

synthesis. This review provides a comprehensive overview of the most recent advancements in skeletal
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editing, with a particular focus on single atom modifications. While skeletal editing can be applied to both
cyclic and acyclic compounds, this review centers on carbo- and heterocyclic systems exclusively. By
integrating historical context and categorizing key developments, it highlights the major achievements in
insertion, deletion, and transmutation, connecting related works and delving into mechanistic insights.

1. Introduction

Modern synthetic organic chemistry has increasingly focused
on the precise manipulation of molecular frameworks to
enable more efficient and versatile transformations across
diverse fields, including sustainable synthesis and materials
science.' Skeletal editing, an emerging approach that allows
for atom-level modifications, is garnering significant attention
for its potential to remodel molecular cores with precision
while reducing the need for resource-intensive de novo
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synthesis.»” By selectively inserting, deleting, or exchanging
atoms within a molecule’s skeleton, this technique has the
potential to facilitate late-stage modifications, streamline syn-
thetic routes, improve sustainability, and provide access to
complex systems that are challenging to achieve through tra-
ditional methods (Fig. 1A).>” In drug discovery, skeletal
editing holds promise for the rapid optimization of lead com-
pounds, potentially enhancing their potency and selectivity
through efficient diversification.®™° It also introduces retrosyn-
thetic elegance to the total synthesis of natural products, akin
to widely used reactions such as cross-coupling and amide
bond formation.'* Beyond pharmaceuticals, skeletal editing
has transformative potential in materials science, with the
ability to fine-tune electronic, optical, and catalytic properties
and unlock new applications in optoelectronics, energy
storage, sustainable catalysis, and next-generation
technologies."”**

Historically, chemists primarily focused on modifying peri-
pheral functional groups—referred to as “peripheral
editing”—to diversify molecules without altering their core
skeleton (Fig. 1A). While reactions capable of rearranging
molecular cores—like the Buchner ring expansion, Baeyer—
Villiger oxidation or the Ciamician-Dennstedt rearrangement,
were known by the late 19 century, they were limited in scope
and not widely applied to skeletal modifications until
recently.'®™® The rise of CRISPR gene editing in the early
2010s inspired similar tools for molecular editing, leading to
the conceptualization of “skeletal editing” as a method to pre-
cisely edit molecular structures, analogous to CRISPR’s role in
biology.'® This link is reflected in the shared terminology of
“editing”, “mutations”, “transmutations”, “deletions”, and
“insertions” across both fields. However, skeletal editing
remains a rapidly evolving discipline without standardized ter-
minology, leading to diverse and sometimes inconsistent
terms to describe similar processes. Terms such as “skeleton”,
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Fig. 1 Definitions and categorizations of skeletal editing.

“framework”, “scaffold”, and “core” are frequently used inter-
changeably to refer to molecular skeletons. Moreover, some
terms are applied with varying levels of specificity, with
researchers distinguish between skeletal editing that includes
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peripheral modifications and those that do not. In these cases,
terms like “deletion” and “insertion” are used to describe skel-
etal modifications without accompanying peripheral changes,
while “contraction” and “expansion” refer to transformations
that involve both skeletal and peripheral modifications
(Fig. 1B).* Others, however, treat these terms as synonyms,
blurring the distinction between these strategies.”*>%?" This
inconsistency underscores the need for standardization to
promote clearer communication and broader adoption of skel-
etal editing methodologies. In 2022, Sarpong and Levin pub-
lished a key review to address these ambiguities, providing
clear definitions and categorizations for skeletal editing, sup-
ported by key examples.” A year later, Ball published another
key review, focusing on the application of skeletal editing to
the interconversion of carbo- and heteroarenes, further advan-
cing the field’s scope and practical examples.®

Skeletal editing can be categorized based on the number of
atoms involved: single-atom and multiple-atom approaches
(Fig. 1A). Single-atom editing involves the insertion, deletion,
or substitution of individual atoms within a molecular skel-
eton, enabling localized modifications. This is particularly
valuable for fine-tuning properties in pharmaceuticals and
sustainable materials through atom doping. Multiple-atom
skeletal editing, on the other hand, involves more extensive
alterations, such as the insertion, removal, or exchange of
entire fragments, allowing for significant structural reshaping
and the design of complex molecular architectures. While
single-atom editing has garnered more attention for its poten-
tial in applications requiring precision, multiple-atom editing
also features prominently, with examples like ring insertion
highlighted in recent reviews.>>** Skeletal editing can include
both cyclic and acyclic skeletons. In cyclic systems, the “main
skeleton” refers to the central ring(s) that define the mole-
cule’s core structure, with modifications often involving ring
expansion, contraction, or rearrangement. In acyclic systems,
the main skeleton is the longest chain of atoms or the central
scaffold, around which modifications occur. In this review, we
focus primarily on recent advances in skeletal editing of cyclic
systems, particularly arenes and heteroarenes, with an empha-
sis on single-atom editing. While recent reviews have high-
lighted key developments in skeletal editing, there is still a
pressing need for a comprehensive overview that links these
advances to their historical context.**>°72*242¢ gych a review
should provide a broader perspective on the evolution of skel-
etal editing strategies by exploring their mechanisms and the
various insertive agents or catalysts used, rather than focusing
on a single strategy or specific substrates. Our review
addresses this gap by providing a holistic evaluation of the
field, discussing key mechanisms across diverse skeletons,
and consolidating recent breakthroughs during the last five
years scattered across various studies. While some reviews
differentiate between skeletal editing with and without peri-
pheral modifications, we adopt a more inclusive approach.
Terms like insertion and deletion are used in this review irre-
spective of whether peripheral modifications are involved or
not.
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2. Strategies of skeletal editing

Transformations in skeletal editing of cyclic compounds can
be broadly classified into three main categories: (1) the inser-
tion of new atom(s) into the main skeleton, leading to ring
expansion; (2) the deletion of one or more atoms, resulting in
ring contraction; and (3) the exchange of one or more atoms,
referred to as transmutation, which alters the atom’s identity
without changing the overall size of the cyclic system (Fig. 1A).
Additional modifications, such as converting monocyclic
systems to bicyclic systems, have also been reported.”” This
review will focus primarily on these three main categories,
further subdividing them based on the nature of the atom(s)
being inserted, deleted, or exchanged. For instance, transform-
ations may involve the insertion or deletion of single carbon
(C) or nitrogen (N) atoms, each of which can result in distinct
structural and functional outcomes.

2.1. Ring expansion strategies through atom insertion

Atom insertion is a central strategy in skeletal editing, allowing
precise incorporation of new atom(s) into cyclic structures,
directly modifying molecular frameworks. Unlike traditional
synthetic methods and de novo synthesis, which often require
multiple steps, excessive reagents, and generate considerable
waste, atom insertion provides a more sustainable and
efficient alternative. This strategy can be classified based on
the type of atom introduced; while carbon insertion is
common, atoms such as nitrogen, oxygen, and boron have also
been successfully inserted using various reagents.® The active
species responsible for these insertions, known as insertive
agents, exhibit diverse reactivity and selectivity, offering dis-
tinct advantages depending on the target transformation. In
this review, we focus on the progress made with different inser-
tive agents, exploring their ability to expand the scope of skel-
etal editing, overcome persistent challenges, and highlight the
unique advantages each offers based on substrate and
mechanism.

2.1.1. Carbon atom insertion. Carbon atom insertion is the
most studied subtype of ring expansion skeletal editing strat-
egies due to its broad applicability and rich reactivity.”® While
earlier examples have been reported, such as the Dowd-
Beckwith rearrangement, they showed limited substrate scope,
often requiring a carbonyl group in the scaffold.***° Current
research focuses on developing methods that can be applied
across a broad range of substrates, utilizing diverse insertive
agents. In 1881, Ciamician and Dennstedt first reported a ring
expansion reaction mediated via carbon atom insertion using
dichlorocarbene 3a derived from chloroform 2a as an insertive
agent."” This method successfully expanded the pyrrole ring
1a through a cyclopropanation-fragmentation-aromatization
pathway (Scheme 1A). However, challenges such as competitive
Reimer-Tiemann formylation 5 and the requirement for
strong basic conditions limited its broader application.
Despite these obstacles, this Ciamician-Dennstedt rearrange-
ment (CD) reaction pioneered the use of various carbene
sources for the ring expansion of azaheterocycles. Carbenes
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Scheme 1 Carbon atom insertion into the main skeleton of azaheterocycles leading to ring expansion.

are one of the most widely used active insertive agents in the
C-atom insertion, due to their structural diversity, high reactiv-
ity, and synthetic accessibility (Scheme 1B).>" In 2021, Dai and
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coworkers modified the conditions of CD rearrangement
during the total synthesis of pyridine-containing lycopodium
alkaloids, using sodium trichloroacetate 6 as the carbene
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source, which enabled the release of carbene under mild
thermal conditions (70 °C), eliminating the need for a strong
base.*' In 2015, Bonge-Hansen employed halodiazoacetates 7
with a rhodium (Rh) catalyst to generate a Rh carbenoid, facili-
tating the formation of quinoline-3-carboxylates from indoles
via the cyclopropanation-fragmentation-aromatization
pathway. However, the stability of this carbene source relied on
the presence of an electron-withdrawing group (acetate), limit-
ing its general applicability. Furthermore, low yields were
obtained with 2-substituted indoles, and no products were
observed using N-tert-butoxycarbonyl (N-Boc) and N-methyl
(N-Me) substrates.’® In 2024, Glorius and coworkers intro-
duced an orthogonally active atomic carbon equivalent, Cl-
DADO, featuring a diazo group (carbene precursor), a chloride
leaving group, and a photosensitive oxime ester designed to
undergo light-induced decarboxylation, generating a radical
intermediate. This versatile reagent demonstrated its utility in
the skeletal editing of indole and pyrrole, enabling access to
ring-expanded heterocycles that are amenable to further
derivatization.*?

In 2021, Levin group made a significant breakthrough by
applying a novel insertive agent, a-chlorodiazirine 8, to release
carbene for the efficient and selective ring expansion of pyr-
roles 1b and indoles 11a to the corresponding pyridines 4b
and quinolines 12a, showcasing the versatility and impact of
the cyclopropanation-fragmentation-aromatization mechanis-
tic pathway (Scheme 1C).>* a-Chlorodiazirines 8 can be readily
prepared via the oxidation of amidinium salts (Scheme 1B)
and exhibit good results across a broad scope for 2-substituted
pyrroles 1b and indoles 11a which was not feasible with halo-
diazoacetates 7.>” This method was further extended by the
same group in 2022 to include pyrazoles 13 and indazoles 14
via N-N bond cleavage and cyclization. The method involves
carbon insertion between the N-N bond through ylide for-
mation Int-IV, initiated by trapping chlorocarbene 3b at the
azole N? terminus, followed by fragmentation (N-N cleavage)
affording Int-V and cyclization (Scheme 1D).*> Although
a-chlorodiazirine 8 demonstrated good reactivity with various
monocyclic azoles (pyrroles 1b and pyrazoles 13) and bicyclic
azoles (indoles 11a and indazoles 14), it was less effective for
unsubstituted substrates at position 2. In these cases, the pro-
ducts’ nitrogen lone pairs (LPs) interfere with the carbene,
forming ylide intermediates and reducing the overall efficiency
of the reaction.®® Liam and coworkers recently reported a
modified photochemically mediated protocol to overcome this
limitation for pyrroles 1, indoles 11, and pyrazoles 13 by intro-
ducing N-substitution, which masks the nitrogen’s lone pairs,
preventing them from reacting with the carbene source.>®

Halogenated carbene sources, such as 1,1-dibromoalkanes
and bromodifluoroacetate (BrCF,COOEt) 6, have also been
employed as insertive agents for azaheterocycles’ skeletal
editing.’”* Metals like rhodium (Rh), silver (Ag), copper (Cu),
and zinc (Zn) have been utilized as metal carbenoids in ring
expansion, each following substrate-specific pathway. Recently,
Bi and coworkers employed Rh- and Ag-catalyzed
N-trifluoromethanesulfonyl (N-triftosyl) hydrazones 10 as

This journal is © the Partner Organisations 2025
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carbene precursors for the dearomative ring expansion of
azoles 17,*° indazoles 14,*' aziridines,** pyrroles 1, and
indoles 11.***® Despite the use of similar carbene sources and
metals, distinct structural features of substrates lead to
different pathways.*® Azoles 17, indazoles 14 and aziridines
undergo metal ylide formation, ring cleavage, and ring closing
(Scheme 1E),**** while pyrroles 1c¢ and indoles 11b follow the
cyclopropanation-fragmentation-dearomatization pathway
(Scheme 1F).**** In 2024, the Nakamura group reported the
use of zinc carbenoids 9’ for methylene insertion into 1,2-
azoles 17, following the metal ylide formation, ring opening,
and ring closing pathway (Scheme 1E).*”*® These dearomative
transformations elegantly yield diverse valuable products but
deviate from the core concept of skeletal editing, which
focuses on precise atom-level modifications while retaining
the structural class of the scaffold. Transformations like those
in Scheme 1E and F, though innovative, involve broader reor-
ganization, such as converting one aromatic system to
another. Other examples of metal carbenoids include the for-
mation of spiro compounds from (benzo)isoxazoles.***°
Carbon insertion into the in situ-generated N-heterocyclic car-
benes (NHC) to yield 3,4-dihydroquinoxalin-2(1H)-ones was
also reported.” A few examples of ring expansion in azahetero-
cycles without a carbene source have been reported, such as
the formation of quinolinones from oxindoles,”>® the ring
expansion of pyrazolium ylides to 1,2-dihydropyrimidines,>
and benzoisothiazol-3-ones to 2,3-dihydrobenzothiazin-4-
ones.”

In addition to the significant progress made with carbene
sources for ring expansion of azaheterocycles, arenes have also
been explored for carbene-mediated skeletal editing, notably
inspired by the Buchner reaction.”® In 1885, the Buchner reac-
tion was developed to enable the dearomative ring expansion
of arenes 19 yielding cycloheptatrienes 20.'® This process
involves the formation of norcaradiene intermediates Int-I via
cyclopropanation at the 1,2-position, followed by 6x electrocyc-
lic ring opening to produce cycloheptatrienes 20
(Scheme 2A).'® While this reaction capitalizes on the inherent
reactivity of arenes 19, its applicability to polycyclic (hetero)
arenes like naphthalenes 21 was initially limited. The Sarlah
group addressed this challenge by introducing the arenophile
4-methyl-1,2,4-triazoline-3,5-dione (MTAD) 22, which redir-
ected cyclopropanation toward the 2,3-position when used in
combination with TMS-diazomethane 23 and a palladium (Pd)
catalyst (insertive agent), facilitating the formation of benzocy-
cloheptatrienes 24 (Scheme 2B).”” In 2024, the Sarpong group
adopted a similar strategy to achieve the total synthesis of the
natural diterpenoid harringtolide 27 (Scheme 2C). They first
converted cephanolide A 25 into the corresponding p-quinol
methylether derivative 26 (benzenoid) following the Kita oxi-
dative dearomatization conditions, and subsequently used dia-
zomethane as an insertive agent to perform a ring expansion,
yielding harringtonolide 27 (troponoid) through the Biichner-
Curtius-Schlotterbeck reaction.”® In 2024, the Jiang group
developed an asymmetric rhodium/boron catalytic system for
the single-atom carbon insertion of phenols with cyclopro-
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Scheme 2 Carbon atom insertion into the main skeleton of arenes and polycyclic (hetero)arenens leading to ring expansion.

penes as insertive agents, synthesizing various cycloheptadie-
nones with excellent chemo- and regioselectivity.>”

As the reaction evolved, various metal carbenoids—includ-
ing silver (Ag), copper (Cu), rhodium (Rh), and ruthenium (Ru)
—have been employed to enable both intra- and inter-
molecular asymmetric Buchner reactions. In 2019, Qiu and Xu
reported a copper-catalyzed carbene/alkyne metathesis (CAM)
reaction terminated with the Buchner ring expansion, yielding
dihydrocyclohepta[blindoles 29 (Scheme 3A). This marked the
first example of the Buchner ring expansion reaction involving
donor/donor-type metal carbene species.®® Donor/acceptor car-
benes contain one electron-donating and one electron-with-
drawing group, while donor/donor carbenes feature two elec-
tron-donating groups.®’ Asymmetric versions of these ring-
expansion reactions, have also been reported. In 2019, the
Iwasa group provided an early example of an efficient enantio-
selective intramolecular Buchner reaction using diazoaceta-
mides 30 (Scheme 3B). The Ru(u)-Pheox catalyst 32 demon-
strated high efficiency in this transformation, achieving both
high regioselectivity and enantioselectivity (up to 99% enantio-
meric excess ee), yielding various y-lactam fused 5,7-bicyclic-
heptatriene derivatives 31a in quantitative amounts.®®
Following this breakthrough, other asymmetric versions of the
Buchner reaction, applying various protocols to different sub-
strates and insertive agents, have been reported. In 2021,

1638 | Org. Chem. Front,, 2025, 12,1633-1670

Nemoto and Harada developed a diazo-free asymmetric intra-
molecular Buchner reaction for non-activated arenes 33, using
ynamides as a carbene source (Scheme 3C). This method
enabled asymmetric ring expansion, yielding y-lactam fused
5,7-bicyclic-cycloheptatrienes 31b in the presence of a chiral
phosphoric acid silver salt 34.°> In the same year, Darses and
coworkers employed a similar strategy, using a dirhodium (Rh)
catalyst to synthesize enantioenriched seven-membered carbo-
cycle-containing bicyclic skeletons.®* In 2022, the Zhu group
reported a chiral dirhodium(un) tetracarboxylate-catalyzed
enantioselective intramolecular Buchner reaction of donor/
donor carbenes, leading to the synthesis of valuable chiral
polycyclic products. Both aryloxy enynones and diazo com-
pounds served as efficient carbene precursors, achieving excel-
lent yields and outstanding enantioselectivities.®

Despite all these advances in the Buchner reaction from
the perspectives of sustainability, a metal-free Buchner reaction
involving non-diazo compounds remains highly desirable.
Addressing this need, a new strategy was introduced by Ni,
Wen, and Zhang in 2022, employing hypervalent iodine [ pheny-
liodine(m) diacetate (PIDA)] as a promoter for intramolecular
Buchner reactions.®® This method utilizes three-carbon-atom
tethered N-alkoxyamides 35 as substrates. The proposed mecha-
nism begins with the coordination of the benzamide substrate
to phenyliodine(mr) diacetate, forming the intermediate Int-IV,

This journal is © the Partner Organisations 2025
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A) Copper-catalyzed carbene/alkyne metathesis (CAM) reaction terminated with Buchner ring expansion (Xu 2019)
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Scheme 3 Recent advances of Buchner-mediated carbon atom insertion into the main skeleton of arenes.

followed by a rapid deprotonation process that yields the
slightly endergonic species Int-V. From Int-V, the release of the
acetate ligand and subsequent C-N bond formation led to a
stable vinyl cation, Int-VI. This cation induces a [2 + 1] cycliza-
tion reaction, producing a highly stabilized cationic species Int-
VII, via a rapid process with a low energy barrier. The ring
expansion then proceeds to form the seven-membered ring
intermediate Int-VIIL. Finally, a deprotonation process results in

This journal is © the Partner Organisations 2025

the formation of a [6,5,7] heterocycle-fused lactam 36, complet-
ing the reaction (Scheme 3D).°® All these transformations in
Scheme 3 are grounded in well-established reactivity trends,
which have been studied extensively for decades. While recent
advances allow them to be categorized under the broader
umbrella of skeletal editing, they do not represent the forefront
of the field and often deviate from the core concept of skeletal
editing by converting one aromatic system into another.
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In addition to various (polycyclic) arenes, other examples of
(polycyclic) heteroarenes, particularly azaheterocycles, follow a
sequence similar to the Buchner reaction. This typically
involves a dearomative [4 + 2] cycloaddition, cyclopropanation,
and subsequent electrocyclic ring opening. In 2019, Manchefo
and coworkers developed a metal-free ring expansion protocol
for carbon atom insertion into hydroquinolines scaffold 37
employing TMS-diazomethane (TMSCHN,) 23 as the insertive
agent to afford a range of benzo[bJazepines 38a (Scheme 4A).
The authors proposed two possible pathways for the ring
expansion. After the oxidation of 37 to the corresponding inter-
mediate Int-I, nucleophilic attack of TMS-diazomethane 23 on
the iminium ion generates diazo intermediate Int-II, which
undergoes nitrogen release. This occurs through nucleophilic
attack either at the olefinic carbon (3-position) or the nitrogen
atom, leading to cyclopropane cationic intermediates Int-III or
Int-IV, respectively. Subsequent ring opening gives rise to the
7-membered cationic intermediates Int-V or Int-VI, respect-
ively. Finally, the release of TMS' leads to the formation of
benzo[blazepine 38a (Scheme 4A).®” In 2021, Beeler and co-
workers introduced another approach to access mono- and
polycyclic functionalized azepines 38b through the dearoma-
tive photochemical rearrangement of aromatic N-ylides 40
(Scheme 4B).°® That same year, the Yoo group developed an
unprecedented regioselective silver(i)-catalyzed carbon atom
insertion, yielding 4-substituted azepine derivatives 38c
through 1,4-dearomative addition of diazoacetates 7
(Scheme 4C).°° Additionally, different azaheterocycles have
been reported for carbon atom insertion using various inser-
tive agents and different approaches, including 1,2-dihydropyr-
idines and quinolines using gold-carbenoid as the insertive
agent,”® and Cu-iminium catalysis for carbon atom insertion
into oxindoles affording quinolinones.>® In 2024, Morandi and
coworkers employed the same substrate oxindoles 42 to
develop a highly efficient rare example of regiodivergent ring
expansion reaction to afford both 3-substituted quinolinones
44 and 4-substiituted quinolinones 45 (Scheme 4D).>> They
showed a successful example for the late-stage functionali-
zation of bioactive oxindoles, such as doliracetam (drug for
epilepsy) showing the potential of this method in the synthesis
of quinoline derivatives and diversification of drugs.

In 2022, Arnold group, the pioneers of directed evolution to
engineer enzymes, reported a landmark example of enantio-
selective single-carbon atom insertion into aziridines 46 to
afford azetidines 47 as a new-to-nature activity of engineered
“carbene transferase” enzymes. The iron carbenoid insertive
agent could be trapped by nucleophilic aziridine forming aziri-
dinium ylides Int-I, which could undergo intramolecular [1,2]-
Stevens rearrangement liberating the desired product 47
(Scheme 5A).”" This pioneering achievement opens the door to
bio-catalyzed skeletal editing, enabling unprecedented
efficiency and stereocontrol in chemical transformations.
Gutierrez and Glorius developed a photoredox-catalyzed ring
expansion strategy to efficiently insert functionalized carbon
atoms into indenes. The process leverages a-iodonium diazo
compounds as masked carbyne equivalents, alongside photo-
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redox catalysis, to achieve carbon insertion under mild con-
ditions.”” Beside all these single atom insertions, some recent
reports of multiple atom insertion have been introduced,”®”*
including the work of Clayden of the asymmetric deprotona-
tion of N-benzyl urea derivatives of nitrogen heterocycles 48
leads to enantioselective insertion of the benzylic substituent
into an aromatic C-N bond via chiral lithium (Scheme 5B).”>
Not only azaheterocycles are the heteroarenes that have been
reported for the carbon atom insertion, but also other hetero-
cycles for example oxetane and thietane heterocycles have
been reported to undergo photo-mediated carbon atom inser-
tion employing diazoacetates 7 as an insertive agent to afford
tetrahydrofuran and thiolane heterocycles.”®

2.1.2. Nitrogen atom insertion. Nitrogen atom insertion
into cyclic frameworks is one of the key strategies in synthetic
organic chemistry, driven largely by its significant role in drug
discovery. Almost 82% of FDA-approved drugs during the last
decade between 2013 and 2023 feature at least one nitrogen-
containing heterocycle.”” Hence, nitrogen atom insertion is
particularly valuable in medicinal chemistry, where it enables
the diversification of molecular libraries and facilitates more
nuanced structure-activity relationship studies with minimal
effort. While classical nitrogen insertion methodologies such
as the Beckmann rearrangement (1886) and Schmidt reaction
(1924) successfully converted carbonyl compounds into
lactams, their broader application has been hindered by the
harsh conditions and limited regioselectivity, restricting their
utility across a diverse range of substrates.”®’® Recent advance-
ments have focused on developing more versatile, functionally
tolerant, and stereoselective protocols.®® A notable example is
the Aza-Baeyer-Villiger rearrangement reported by Wahl and
colleagues.®’ This approach introduces nitrogen atoms into
cyclic frameworks 50a through a Criegee-type intermediate Int-
I, utilizing amino diphenylphosphinates 51 as a readily avail-
able nitrogen source (Scheme 6A). In addition to its practical-
ity, the method qualifies for late-stage diversification, as show-
cased by the synthesis of Rolipram and its N-alkylated
analogs.®® The same group investigated similar oxidative
rearrangement strategy, applying it to prochiral cyclobuta-
nones 50b to achieve stereocontrol in the formation of a
diverse range of y-lactams 52b, including those featuring chal-
lenging quaternary stereocenters.’” By employing a bifunc-
tional amine source 53, featuring leaving group and a chiral
auxiliary (Scheme 6B), this approach facilitates the generation
of a hemiaminal intermediate Int-Il from the cyclobutanone
substrate 50b. The subsequent elimination of the leaving
group, guided by the chiral auxiliary, orchestrates the regio-
selective migration of the C-C bond, leading to the desymme-
trization and enantioselective formation of y-lactams 52b.
Notably, this method provides access to pharmacologically
relevant molecules, such as pregabalin, baclofen, and brivara-
cetam, underscoring its broad applicability and utility in drug
synthesis. In 2024, Huang group developed an efficient photo-
redox-catalyzed nitrogen insertion strategy to access multi-sub-
stituted isoquinolines from indanones-derived oxime esters.
Their mechanistic investigations revealed that ring-opening of

This journal is © the Partner Organisations 2025
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A) Metal-free oxidative ring-expansion approach for the synthesis of benzo[b]azepines (Mancheifio 2019)
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Scheme 4 Recent advances of carbon atom insertion into the main skeleton of quinolinium and pyridinium salts and oxindoles.
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A) Enantioselective biocatalytic carbon atom insertion of aziridines
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Scheme 5 Enantioselective biocatalytic carbon atom insertion and
multiple atom insertion.

oxime esters yielded thioesters, the key intermediates for the
synthesis of isoquinolines upon nitrogen insertion from
amines.®® In 2024, Sarpong and coworkers introduced a two-
step protocol for single nitrogen insertion into hydrocarbon
frameworks, bypassing strain-release mechanisms. The first
step employs site-selective benzylic oxidation to install ketones
or aldehydes as traceless directing groups. The second step
uses C-C reductive amination of these carbonyl compounds,
targeting the C-C o-bond to produce tertiary amines with a
borane catalyst and hydroxylamine as the nitrogen source.
Their method enables late-stage nitrogen insertion, facilitates
the divergent synthesis of isomeric amines from a single pre-
cursor, and allows nitrogen translocation within cyclic systems
via a deletion/insertion sequence, expediting chemical space
exploration.®*

In addition to classical carbonyl-containing substrates,
other non-carbonyl substrates have also been explored for
nitrogen insertion. O-Sulfonylhydroxylamines 55 have emerged
as highly efficient nitrogen sources for the ring expansion of
cyclic alcohols and cyclic alkanes 54, as demonstrated by Wahl
et al.®® and Zhang et al.,*® respectively. These methodologies
typically proceed through the formation of a carbocation inter-
mediate Int-III, which subsequently transforms into an
iminium ion Int-V. Upon reduction, this intermediate Int-V
affords the desired ring expanded product 38 (Scheme 6C).°
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In 2024, Ghiazza and Moreau unveiled an innovative landmark
photochemical approach that utilizes O-(mesitylsulfonyl)
hydroxylamine (MSH) 56 to induce the ring expansion of pyri-
dines 4 into 1,2-diazepines 58. This skeletal transformation is
driven by the in situ formation of 1-aminopyridinium ylides
57, which are then excited to their singlet state Int-VI upon UV
irradiation. Subsequently, they undergo rearrangement into
diazonorcaradienes Int-VII, followed by sequential fragmenta-
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tion and dearomatization, ultimately yielding the 1,2-diazepine
scaffold 58 (Scheme 6D).*” These pioneering methodologies
not only demonstrate the utility of O-sulfonylhydroxylamines
55 and 56 as nitrogen sources but also significantly broaden
the substrate scope for nitrogen insertion reactions, highlight-
ing its potential in skeletal editing strategies and representing
the forefront of the field.

Another promising insertive agent for N-atom insertion
reactions is the nitrene.®® Early investigations into the chem-
istry of nitrenes were initiated by Huisgen, Doering, Beach and
Cotter, which laid the foundation for subsequent research in
this area.®*°! Aryl nitrenes have been successfully employed as
reactive intermediates to facilitate the synthesis of azepines
from corresponding aryl azides 59a which can generate the
corresponding nitrenes Int-I via thermal decomposition,
photochemical activation, or heavy atom tunneling.”’°® Once
formed, aryl nitrenes Int-I can undergo aziridination, produ-
cing aziridine Int-VI or azirine Int-III intermediates that sub-
sequently undergo oxidative ring opening to yield azacyclohep-
tatetraenes 60. These scaffolds can further convert to the
corresponding azepines 38d upon nucleophilic addition
(Scheme 7A).°> While this approach yields diverse and valuable
skeletons, it sometimes involves converting aromatic rings
into non-aromatic analogues and vice versa, which falls short
of achieving the optimal goal of atom-level modifications. Wei
group expanded the utility of azides as nitrogen sources by
employing transition metals such as cobalt and rhodium to
mitigate the undesired C-H insertions that are common in tra-
ditional nitrene ring expansion reactions.””*® In 2023, Wei
group demonstrated a transformation involving biaryls with
peripheral carbamoyl azides 61 that are activated by a rhodium
catalyst, allowing direct insertion into the C-C bonds of arene
rings to generate fused azepine products 38e (Scheme 7B).
Although this transformation is particularly challenging, the
employment of a paddlewheel dirhodium complex, Rh,(esp),,
effectively inhibited the unwanted competing C-H amination
pathway.”® In addition to azide derivatives 59a and 61, Ji and
Wei’s groups have explored the incorporation of TMSN; as an
insertive agent in conjunction with metal catalysts for a variety
of substrates, including cycloalkenes 62,°” indoles,”® and
arenols (more details in section 2.3.1),'°° to facilitate nitrogen
atom insertion via nitrene intermediates. For example, in reac-
tions involving cobalt, azido radicals generated from TMSN;
by a radical chain reaction selectively attack cycloalkenes 62 to
produce carbon radicals Int-VII, which subsequently yield azir-
idine radicals Int-IX. Through consecutive oxidative ring
opening and dehydrogenation, the corresponding pyridine
derivatives 4 are formed (Scheme 7C).” In the case of indoles,
a domino reaction occurs that generates azido radicals,
leading to diazidation and the formation of quinazolin-4-
amine derivatives.”® Conversely, for arenols, dearomatizative
azidation followed by aryl migration, afforded the corres-
ponding benzazepine derivatives.'® In 2024, Wang and Luan
employed AgOTf as a catalyst and PhI = NTs as insertive agent
to induce nitrogen atom insertion of arenols affording azepi-
none.'®* Iron has been utilized as a catalyst by Yu’s group to
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convert a-azidyl phenyl ketones into enamides through nitro-
gen insertion.'%?

In 2023, a metal-free photochemical approach for the intra-
molecular nitrogen insertion has been reported by Tian,
Ariafard and Hashmi, involving a cascade reaction that gener-
ates nitrene intermediates Int-XI, aziridination, and sub-
sequent water addition to obtain desired azepinone derivatives
63 (Scheme 7D).'® In 2022, Leonori and his group have
explored nitroarenes 64, an unprecedented stable and com-
mercially accessible substrate, to synthesize azepines 38g and
azepanes 65 using blue light as an energy source. In this
process, nitroarenes 64 are converted to singlet nitrenes Int-XV
in the presence of blue light, facilitating azirine Int-XVI for-
mation at C=C bonds followed by a 6m-electrocyclic ring
opening, ultimately producing azepines 38g. These azepines
38g can subsequently undergo hydrogenolysis to yield aze-
panes 65 (Scheme 7E).'**

Recently, several innovative methods have been developed
to transform indoles 11 and pyrroles 1 into their nitrogen-
extended counterparts, including quinazolines 16 and pyrimi-
dines 15. A key example dates back to 1987 when Kumar uti-
lized N-acetoxyaminophthalimide 66, generated via the oxi-
dation of N-amino phthalimide with lead(v) acetate Pb(OAc),,
as an insertive agent. The reaction followed a pathway includ-
ing the formation of aziridine Int-I, followed by subsequent
ring expansion (Scheme 8A).'® Building on similar principles,
the Morandi group later introduced a pioneering strategy for
nitrogen insertion into N-protected indoles 11b, enabling
access to N,N-heterocycles such as quinazolines 16b and qui-
noxalines 68, depending on the substitution pattern of the
indoles 11b. This reaction exhibits a broad substrate scope, tol-
erating various functional groups, and thus enabling the bioi-
sosteric diversification of natural products and pharmaceutical
agents.'% In 2024, the Alcarazo group applied the same strat-
egy to obtain indoles from cycloalkene substrates, further
expanding the versatility of nitrogen insertion chemistry.'®”
Morandi group’s strategy employed iodonitrenes 67, generated
in situ from hypervalent iodine and ammonium carbamate
(NH,CO,NH,), as highly reactive electrophilic aminating
agents. This innovative chemistry not only opened the gate for
numerous future developments but also provided elegant solu-
tions to several persistent challenges in nitrogen insertion and
amination reactions. The reaction proceeds through the for-
mation of a cationic azirine Int-IIl and aziridine Int-IV inter-
mediates, followed by the elimination of iodobenzene to afford
the desired quinoxaline 68 or quinazoline 16b (Scheme 8B).
The use of silyl protecting group (TBS) of indole 11b is critical
to avoid side interactions between the nucleophilic nitrogen of
the indole 11b and the electrophilic iodonitrene 67, forming
an unstable isodiazene intermediate Int-V that can degrade
the carbon skeleton.'®® Hence, the requirement for a protect-
ing group, coupled with its inefficiency in converting pyrroles
to pyrimidines, restricts the applicability of this method to
more complex medicinal substrates. In addressing these chal-
lenges, the same group improved their protocol one year later
with the serendipitous discovery that lithium bis(trimethyl-
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A) Nitrenes as key intermediates for the nitrogen atom insertion of aryl azides
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Scheme 7 Nitrogen atom insertion into the main skeleton of aryl azides and nitroarenes leading to ring expansion.

silyl)amide (LiHMDS) could serve a dual function as both a limitations and broadening the synthetic utility of this meth-
base and a nitrogen atom source. This allowed for the direct odology.'®® In 2024, the same Morandi group applied their
insertion of nitrogen atoms into 1H-indoles and 1H-pyrroles, iodonitrene chemistry for transforming cyclopentenone deriva-
even in complex bioactive molecules, overcoming previous tives into pyridones, through a strategy of silyl enol ether for-
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A) Nitrogen insertion into indoles (Kumar 1987)
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B) N-insertion into protected indoles via iodonitrene (Morandi 2023) —
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Scheme 8 Nitrogen atom insertion into the main skeleton of indoles
leading to ring expansion.

mation, followed by nitrogen insertion, and subsequent aro-
matization. Their strategy enabled as well to incorporate °N-
labels in various synthetic targets.'

Another significant class of compounds that have been
explored for nitrogen insertion reactions is cyclic olefins, par-
ticularly indenes 69, which can be transformed into isoquino-
lines 70—a crucial scaffold in various pharmaceuticals.”” Early
studies by Fields, Frincke, and McLean demonstrated this
transformation through oxidative cleavage (ozonolysis) of the
indene backbone using ozone (O3) or osmium tetroxide (OsO,)
in the presence of ammonia or ammonium salts as the nitro-
gen source (Scheme 9A).''°''*> However, the need for these
harsh oxidative conditions limited the applicability of these
methods. In 2023, The Morandi group advanced this area by
applying their iodonitrene 67-based approach for nitrogen
insertion in indenes 69, leading to isoquinolines 70 synthesis
via an aziridination-fragmentation-aromatization pathway
(Scheme 9B).""* However, their protocol required strong oxidiz-
ing agents (hypervalent iodine), further constraining its sub-
strate scope.'™® In 2024, Alcarazo and colleagues introduced a
novel electrophilic nitrogen source, N-(sulfonio)sulfilimine 71
acting as sulfonitrene 72 precursors under rhodium catalysis.
These reactive species 72 enabled the same reactivity for
indenes 69 without the need for oxidizing agents, via aziridina-

This journal is © the Partner Organisations 2025
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D) Nitrogen insertion into indenes using osmium nitride (Levin 2022)
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Scheme 9 Nitrogen atom insertion into the main skeleton of indenes
leading to ring expansion.

tion followed by ring expansion (Scheme 9C). This protocol
proved effective for indenes 69, even in the absence of elec-
tron-donating groups or aryl rings, but encountered limit-
ations when applied to unprotected indoles or pyrroles due to
the inherent stability of iminium cations, which hindered azir-
idination.'”” Levin et al also contributed to this field by

Org. Chem. Front, 2025, 12, 1633-1670 | 1645


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qo02157f

Open Access Article. Published on 08 Janner 2025. Downloaded on 18.12.2025 06:14:32.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

reporting the formation of isoquinolines 70 from indenes 69
through direct nitrogen atom insertion using osmium(vi)
nitride 73. The reaction proceeds via an aziridination and ring-
opening sequence, leading to azaallenium Int-VII formation.
The aromatization of this intermediate Int-VII occurs primarily

Electrochemical nitrogen insertion into indenes and indoles
(Cheng 2022 & Ackerman 2024)

Y
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Scheme 10 Electrochemical N-atom insertion into the skeleton of
indoles and indenes leading to ring expansion.

A) Baeyer-Villiger oxidation (1899)
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through base-assisted deprotonation, followed by stepwise
regeneration of starting osmium(vi) nitride 73 (Scheme 9D)."**

Recently, the Cheng group and Ackerman group achieved a
groundbreaking milestone by successfully accomplishing
direct ammonia 74 insertion into indenes 69 and indoles 11,
respectively, using an electrochemical approach
(Scheme 10)."*>'*° In their methods, a cation radical Int-I is
generated through anodic oxidation, which then reacts with
ammonia affording Int-II. A subsequent oxidation converts the
neutral radical Int-III into a cation Int-IV which undergoes
annulation to aziridine Int-V. A third electron transfer oxi-
dation of nitrogen during the conversion of Int-V to Int-VI trig-
gers deprotonation/rearrangement, yielding dihydroisoquino-
line radical Int-VIL. The fourth electron transfer and deproto-
nation results in the final products isoquinolines 70 or quina-
zolines 16 (Scheme 10)."*>''®

2.1.3. Oxygen atom insertion. Oxygen atom insertion into
cyclic frameworks is a powerful tool for molecular diversifica-
tion, though its exploration has been less extensive compared
to carbon and nitrogen insertions.® One of the keystones in
this area is the Baeyer-Villiger oxidation, discovered in 1899,
which facilitates the conversion of cyclic ketones 75 into lac-
tones 76 via oxygen insertion (Scheme 11A)."® Despite its long-
standing significance and proven utility in producing regio-,
chemo-, and enantioselective lactones, the reaction’s appli-
cation has  historically been constrained to specific
substrates.""”

In 2023, the Sarpong group investigated the structural
remodeling of cyclic amines 77 through oxidative C-N and C-
C bond cleavages, utilizing peroxydisulfate (persulfate) as the
oxidant."'® Their proposed mechanism involves the generation
of an alkyl radical Int-II from the cyclic amine 77 via Ag(1)-

B) Autocyclization of cyclic amines using Cu(ll) oxidation (Baik,
Musaev, and Sarpong 2023)
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Scheme 11 Oxygen atom insertion strategies leading to ring expansion.
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mediated activation by persulfate.'*® This alkyl radical Int-II
subsequently interacts with Cu(u), forming a Cu-complex that
undergoes intramolecular cyclization to yield oxazines 78
(Scheme 11B). In 2020, a novel arenophile-based dearomative
approach developed by Sarlah and coworkers similar to their
work on carbon insertion (Scheme 2B),”” they employed
4-methyl-1,2 4-triazoline-3,5-dione (MTAD) 22 as the reactive
arenophile to facilitate oxygen atom insertion. In their strategy,
polycyclic (hetero)arenes 21 undergo visible light-induced [4 +
2]cycloaddition, leading to the formation of oxabenzonorbor-
nadiene Int-Il, which subsequently undergo a [4 + 2] cyclore-
version to yield oxepines 79 (Scheme 11C). This method
expands the scope of oxygen insertions, enabling the selective
functionalization of polycyclic systems that were previously
challenging to modify."*® In 2023, the Liu group achieved the
first transformation of pyrrolidine to 1,2-oxazinane via formal
oxygen atom insertion, utilizing meta-chloroperbenzoic acid
(mCPBA) as the insertive agent to produce complex, medicin-

A) Borylene insertion (Kinjo 2017)
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C) Tandem zinc/nickel catalyzed boron insertion into cyclic ethers (Lui & Dong 2021)
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D) Boron insertion strategy for constructing fused BN-heterocycles (Yang & Song 2024)
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Scheme 12 Boron atom insertion strategies leading to ring expansion.
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ally significant bispiro[oxindole-oxazinane]
remarkable stereocontrol.’**

2.1.4. Boron atom insertion. The insertion of boron atoms
into heterocycles can significantly modulate their properties
and expand their applications. However, methods for achiev-
ing such transformation remain limited."** Historically, bory-
lenes—analogues of carbenes and nitrenes—have been
reported as reactive species that can be generated in situ and
employed in various reactions.'*® In 1984, Pachaly and West
demonstrated that a silyl-borylene, generated under photoche-
mical conditions, inserted into the C-O bond of tetrahydro-
furan (THF), producing the insertion product 2-triphenylsilyl-
1,2-oxaborinane.'?*

In 2017, Kinjo and coworkers reported the insertion of
highly reactive bromoborylene (BrB:) 81 into C-N bonds of
substrate 80, leading to N-heterocycle enlargement to afford
compound 82 (Scheme 12A)."*® Recent approaches to boron
reductive ring-opening using

hybrids with

insertion primarily involve

B) Lithium-mediated boron insertion into indoles (Yorimitsu 2019)
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metals, followed by trapping of the resulting species with orga-
noboronic esters. Yorimitsu’s group has employed transition
metals such as Ni and Mn to introduce boron into
benzofurans.’*®'*” In 2019, they extended this approach to
indoles 11, using lithium metal to achieve reductive ring-
opening, followed by trapping of the resulting dianionic
species Int-I with organoboronic esters 83, producing 1,2-ben-
zazaborins 84 (Scheme 12B).'*® Due to the higher aromatic
stabilization energy of pyrrole rings compared to furan, a
stronger reductive agent, such as lithium metal, was necessary
to facilitate the ring opening.'*® In 2024, Jin, Wang, and Wu
developed a facile BH;-mediated strategy for boron insertion
into indoles and benzimidazoles via the hydroborative clea-
vage of C-N bonds.'* In 2021, Dong, Liu, and coworkers
reported boron insertion into cyclic ethers 85 using tandem
zinc/nickel catalysis. Similar to other recent strategies, this
process follows a cleavage-then-rebound mechanism, where
the ether ring 85 undergoes Zn-enabled reductive ring
opening, followed by either radical Int-VII formation or Sy’
oxidative addition facilitated by the Ni catalyst. This produces
the desired benzoxaborin 87, which can be further trans-
formed to achieve boron-to-carbon transmutations or oxygen/
boron-to-nitrogen replacement including one-atom deletion
(Scheme 12C)."*° Despite these advances, the limited sub-
strates and the need for strong reductants still restricts the
broader application of these reactions. In 2024, Yang, Song,
and coworkers introduced a more practical boron insertion
method for constructing fused BN-heterocycles 90 without
strong reducing agents like lithium. This development signifi-
cantly broadens the scope of these reactions, enhancing their
potential in fields such as medicinal chemistry and functional
materials. The process begins with boron tribromide (BBr;) 89
inducing the ring opening of N-heterocycles 88 to form inter-
mediate Int-IX, followed by intramolecular C-H borylation that
generates the 1,2-benzazaborine Int-X. Finally, the B-N hetero-
cycle 90 is accomplished through intramolecular B-Br/C-Br
reductive coupling via Ni catalyst (Scheme 12D)."**

2.2. Ring contraction strategies through atom deletion

Ring contraction via atom deletion or rearrangement of the
core skeleton is an efficient strategy in skeletal editing,
enabling the selective removal of one or more atoms from the
cyclic frameworks to create smaller rings with modified struc-
tural and functional features.® This approach has been well-
established for carbocyclic systems, where anionic, carbene,
and cationic intermediates have been classically utilized to
achieve ring contractions of cyclic ketones."*’ Some widely
exploited reactions in this context are the Favorskii rearrange-
ment, and the benzilic acid rearrangement. Recent advance-
ments have extended these strategies to non-carbonyl ring
systems, including azacyclic compounds, often leveraging
photo-induced  protocols to  achieve the  desired
transformations.?”'*>13* In this review article, we will focus
on recent advances subclassifying them based on the type of
atom removed; for example, the deletion of carbon or hetero-
atoms such as boron or nitrogen.
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2.2.1. Carbon atom deletion. Carbon atom deletion is a key
strategy that involves the removal of one or more carbon atoms
from a cyclic structure, leading to ring contraction. This
process often employs photolysis or other reactions to cleave
carbon-carbon or carbon-heteroatom bonds, transforming
larger rings into smaller, more reactive systems.® Although
most success in this field of chemistry has been achieved with
carbonyl systems through Favorskii rearrangement and photo-
decarbonylation, recent approaches aim to extend these tech-
niques to include non-carbonyl ring systems.* The Sarpong
group’s work in 2018 exemplifies the application of carbon
atom deletion as a deconstructive strategy for ring contraction,
specifically targeting cyclic amines 77a like piperidines and
pyrrolidines. Their method involves a two-step, one-pot
process where N-protected saturated cyclic amines 77a reacts
with sulfate radical anions through hydrogen atom transfer
(HAT), generating an o-amino radical. This radical sub-
sequently oxidizes via silver to form an iminium ion Int-I,
which then undergoes hydrolysis to yield a hemiaminal Int-II
that equilibrates to an aldehyde Int-III. The aldehyde Int-III is
oxidized to a carboxylic acid Int-1V, leading to the formation of
an acyclic bromamide 91 via silver-catalyzed decarboxylative
bromination. Finally, intramolecular cyclization results in a
cyclic amine 77b that is one carbon atom smaller than the
original structure 77a (Scheme 13A)."*° In 2024, Arisawa and
Murai developed a protocol for ring contraction of piperidines
via the oxidative rearrangement with hypervalent iodine PhI
(OAc),. The reaction proceeded through iminium ion inter-
mediates that are trapped by nucleophiles (e.g., NaBH,, H,0)
yielding the corresponding pyrrolidine derivatives."*® In 2023,
Morandi et al. developed a metalation strategy that enables the
conversion of N-Boc-protected lactam rings 92—a prevalent
structural motif in bioactive molecules—into well-defined
organonickel reagents 93. This approach relies on the selective
activation of unstrained amide C-N bonds, facilitated by an
easily accessible Ni(0) reagent [(IPr)Ni(PhMe)]. The Ni(0)-
lactam adduct Int-V undergoes oxidative addition to form an
acyl nickellacycle intermediate Int-VI. The reaction proceeds
with efficient CO deinsertion, yielding intermediate Int-VII,
followed by dissociation to form 93 under mild conditions.
This process effectively replaces the carbonyl group of 92 with
a nickel atom in a formal carbonyl-to-nickel exchange. The
resulting stable organonickel reagent 93 can be isolated and
subsequently transformed into a variety of desired
N-heterocycles 77¢, making it a valuable tool for synthetic
applications (Scheme 13B)."*® Cyclopropane derivatives 94 can
be obtained from their corresponding cyclobutenes 62 using
N-(sulfonio)sulfilimine 71 reagent, which generates sulfoni-
trene 72 in the presence of a Rh catalyst. Unlike ring expansion
reactions involving the same reagent (Scheme 9C), cyclobu-
tenes 62 do not undergo aziridination. Instead, a tertiary car-
bocation intermediate Int-VIII is formed through the attack of
sulfonitrene 72, followed by a [1,2]-alkyl shift to produce a sul-
foimine intermediate Int-IX. Then, cyanocyclopropanes 94 are
obtained through deprotonation and elimination of the diben-
zothiophene moiety (Scheme 13C).*”
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