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Transition-metal-catalyzed chelation-assisted C—H functionalization exploiting small strained rings has
surfaced as an appealing strategy, offering a robust platform for the construction of complex molecules
in a step- and atom-economic fashion. In this vein, three-membered rings, viz. vinylcyclopropanes
(VCPs) and cyclopropanols, have emerged as staple coupling partners due to their inherent ring strain.
Moreover, their strain release serves as a potent driving force, unlocking new possibilities in molecular
engineering via sequential C—H functionalization and ring scission. Recently, significant progress has been
made in this emerging domain employing the aforementioned rings. This review article focuses on direct-
ing group (DG)-assisted C—H functionalization adopting VCPs and cyclopropanols as potential coupling
partners until November 2024. The advancements are organized based on the type of function-

rsc.li/chemcomm alizations achieved.

1. Introduction

The emergence of DG-assisted C-H functionalization utilizing
transition-metal (TM) catalysis has garnered significant atten-
tion due to the rapid construction of C-C/C-heteroatom bonds
in a predictable way." Moreover, the omnipresence of C-C
bonds as pivotal structural constituents in organic molecules
underscores the importance of their formation and cleavage in
synthetic chemistry.” In this paradigm, selective C-C cleavage
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has led to a leading-edge synthetic method for the construction
of structurally complex organic molecules. However, the lack of
bond polarization and high bond strength make C-C activation
a formidable challenge. Along this line, tremendous efforts
have thus been devoted to enabling TM-catalyzed selective C-C
bond cleavage.® A useful approach involves the employment of
strained small-ring systems as versatile synthons.* The strain-
release energy associated with their cleavage serves as a substan-
tial driving force, rendering them ideal scaffolds for TM-catalyzed
C-C activation. In particular, three or four-membered rings
manifest as a suitable candidate as the thermodynamic barrier
for C-C bond scission is compensated by their inherent strain
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Fig. 1 Reactivity profile of VCP and cyclopropanol with C—H substrates
under TM-catalysis.

(Fig. 1A). Belonging to the class of three-membered rings, VCPs
and cyclopropanols can function as versatile building blocks for
the synthetic elaboration of organic scaffolds.” In addition, the
facile ring opening of VCP may involve B-carbon elimination to
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execute C-C bond cleavage, whereas ring-opening of cyclopropa-
nol forms an organometallic y-oxo alkyl-metal intermediate, lead-
ing to C-C bond formation (Fig. 1B).

Furthermore, due to the enhanced reactivity of small rings,
they are susceptible to rapid decomposition, homocoupling or
attack by available nucleophiles. Consequently, the prudent
choice of TM-catalysts and appropriate C-H substrates is crucial
for an impactful transformation. In this context, an assortment
of TM-catalysts and substrates tailored with DGs are adopted for
harnessing the reactivity of these rings. In addition, the installa-
tion of DGs or pre-existing directing functionality in a substrate
is paramount to define the reaction pathway, offering advanced
regiocontrol. Frequently implemented DGs include N-containing
functionalities due to their strong chelating ability and the
formation of thermodynamically stable cyclometalated inter-
mediates. However, recent years have witnessed tremendous
attention to the utilization of weak-chelating DGs,’ resulting in
a less stable metallacycle, thus increasing the propensity to react
with the strained rings. From this viewpoint, the compatibility
among DG-tethered substrates, ring systems and metal-catalysts
requires a comprehensive assessment.

In pursuit of addressing the persistent synthetic obstacle,
the integration of C-H functionalization and C-C cleavage in a
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Fig. 2 General outline of C-H functionalizations with VCPs and
cyclopropanols.

unified tandem process employing strained rings furnishes a
potential approach to access complex molecular architectures.”
From this perspective, the catalytic ring scission of VCPs and
cyclopropanols for DG-assisted C-H functionalization has gained
considerable interest. Alongside, the seminal studies by the
research groups of Ackermann, Glorius, Goofden, Li, Shi and
many others have occupied a prominent position in the archives
of synthetic chemistry. Recently, our group has made a significant
contribution to this emerging area utilizing the aforementioned
moieties. Given the importance and surge in demand, a current
update on directed C-H functionalization exploiting the ring
cleavage of VCPs and cyclopropanols would thus be valuable.
This article attempts to collate the chronological developments in
TM-catalyzed chelation-assisted C-H functionalization with VCPs
and cyclopropanols until November 2024. The advances presented
are categorized based on the types of transformations, such as
allylation, alkenylation, alkylation and annulation (Fig. 2). The
reactivity pattern of the associated subunits, key mechanistic
underpinnings and important synthetic diversifications in a few
instances are addressed. However, the Lewis acid-catalyzed ring
opening or cycloaddition reactions of these are well documented,’
and hence not covered here.

2. Reactions using vinylcyclopropanes

Readily accessible VCP, due to its tailor-made nature with a strained
cyclopropane ring and a conjugated vinyl group, has garnered
tremendous attention in organic synthesis.”* The inherent ring
strain (~28 keal mol~") makes it highly susceptible to ring opening
via C-C bond cleavage mediated by Lewis acids, radical pathways
and TM-catalysis.* From the perspective of step- and atom-economy,
TM-catalyzed tandem C-H/C-C functionalization offers a highly
efficient strategy to access diverse scaffolds with significant applica-
tions in medicinal and material science.” In this context, VCP serves
as a promising coupling partner facilitating the synthesis of allyl
surrogates or carbocyclic scaffolds that are challenging to produce
through conventional methods. This section explores the advance-
ments achieved through C-H functionalization utilizing VCPs.

2.1. Allylation

The significance of allylated derivatives in natural products and
medicinal compounds has made the allylation strategy a key
area of scholarly interest. Alkenes are widely utilized as

This journal is © The Royal Society of Chemistry 2025
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coupling partners in TM-catalyzed C-H allylation.® Recently,
direct allylation through the synergistic activation of C-H and
C-C bonds in a single step has gained significant attention,
employing VCPs as a coupling partner. In 2015, Wang and co-
workers realized a Rh(um)-catalyzed C-H allylation of N-methoxy
benzamides using VCPs (Scheme 1A).° The reaction exhibits good
compatibility with aliphatic alkenyl C-H functionalization and the
sterically bulky substituents of the ester group of VCP gave better
E/Z-selectivity. Subsequently, an elegant approach was demon-
strated by the Ackermann group utilizing cost-effective Co(u)-
catalysis for strong chelation-assisted indole and arene
C-H allylation with VCPs (Scheme 1B).'® The reaction selectively
yielded the thermodynamically less stable Z-alkenes under mild
reaction conditions. The origin of the Z-selectivity using Co-
catalysis has been supported by the DFT studies, which implied
that the key C-C cleavage of VCP is the diastereoselectivity-
determining step, whose energetic span is less for the formation
of the Z-diastereomer compared to that of the E-diastereomer.

A) Wang (2015)
9 o
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Scheme 1 Metal-catalyzed C—H allylation of (hetero)arenes with VCPs.
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Zhu and Song (2019)
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Scheme 2 C7-allylation of indolines under Rh(i)-catalysis.

This might be attributed to shorter Co-C bonds, leading to more
compact organometallic species. Notably, the sterically hindered
pivalate additive was essential for the reaction.

Later, the Glorius group reported the economically viable
Mn(i)-catalyzed 2-pyridyl-directed C-H allylation of (hetero)ar-
enes using VCPs with excellent E/Z-selectivities (Scheme 1C)."
Interestingly, the methodology showed remarkable efficiency
under silver and solvent free conditions, exhibiting excellent
functional group tolerance. At the same time, the Ackermann
group accomplished 2-pyridyl-assisted E-selective C-H allylation
of (hetero)arenes with VCPs utilizing MnBr(CO)s as the catalyst
(Scheme 1D)."*> The DFT study revealed that London dispersion
interactions play a significant role in stabilizing the (E)-transition-
state. Moreover, the allylation strategy was well suited for the late-
stage modification of amino-acids. Furthermore, Zhu and Song
groups reported a Rh(u)-catalyzed C7-H allylation of indolines
with VCPs (Scheme 2)."* A wide range of substrates were amen-
able to provide the allylated products in high yields with good
functional group compatibility.
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Scheme 3 Metal-catalyzed ortho-allylation of (hetero)arenes.
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In 2019, Goof3en and co-workers developed the Ru-catalyzed
ortho-C-H allylation of aromatic acids with VCPs (Scheme 3A)."
A broad spectrum of allylarenes was synthesized in high yields
and stereoselectivities. In addition, the allylation can be combined
with follow-up steps to enable the synthesis of functionalized
coumarins. In the same year, Yoshino and Matsunaga demon-
strated the Co-catalyzed C-H allylation of NH-free benzimidates
using VCPs under mild reaction conditions (Scheme 3B)."> The
key features include Z-selective C-H allylation with an unaltered
imidate group, which enables a second C-H functionalization and
cyclization, leading to important heterocycles. Later, the Song and
Zhu groups updated the allylation strategy enhancing its synthetic
value with a focus on green and sustainable principles. This work
featured a solvent-free microwave-assisted direct C7-allylation of
indolines with VCPs at room temperature (Scheme 4A).'® A wide
range of substrates were tolerated to afford the allylated indolines
in high yields and E/Z-selectivities. The scope of the procedure
was extended for the allylation of tetrahydroisoquinolines. Mean-
while, the same group reported bisallylation using imidazopyr-
idines as intrinsic DGs with VCPs (Scheme 4B)."” The reaction
proceeds with a five-membered ruthenacycle, which furnished a
mono-allylated metal complex via C-H/C-C functionalization with
one molecule of VCP. The mono-allylated intermediate undergoes
a 2"! C-H functionalization through a rollover mechanism, lead-
ing to bis-allylation with another molecule of VCP.

A) Zhu and Song (2020)
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Scheme 4 (A) Microwave-assisted CH-allylation of indolines and tetra-
hydroisoquinolines. (B) Bis-allylation strategy under Ru(i)-catalysis.
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In the ensuing year, the Shi group described an enantio-
selective synthesis of axially chiral biaryls with VCPs under
Pd(u)-catalysis (Scheme 5)."® The ligand acts as a transient DG,
governing the stereochemistry of the product by making an
enantioenriched palladacycle A via C-H activation. The coordi-
nation and insertion of VCP gives B that undergoes C-C
cleavage and protonolysis to produce the allylation product C.
The latter was subjected to RANEY ®-Ni/H, reduction to give the
desired product in moderate to high yields. The synthetic utility
was shown by gram-scale synthesis and further synthetic trans-
formations to access various axially chiral biaryls with up to
>99% ee. Soon after, the Zhang and Shi groups documented
the Co(ur)-catalyzed C-H allylation of ferrocenes with VCPs
using thioamide as the DG (Scheme 6)."° The reaction showed
good Z-selectivity when stirred with 10 mol % of [Cp*Co(CO)L,]
and 20 mol% of AgSbFs in CH,Cl, at 100 °C for 24 h. The
Z-selectivity might be due to the geometric orientation of
the intermediate during the key C-C cleavage of VCP under
Co-catalysis.*”

Later, Li and co-workers developed a switchable C- and N-
allylation with chemo- and site-selectivities using N-nitroso anilines
(Scheme 7A).>° The C-H allylation was compatible with a diverse
array of substrates under Rh(m)-catalysis. Furthermore, the Kapur
group demonstrated an allylation under Ru-catalysis to afford
anilines with excellent E/Z-selectivities (Scheme 7B).>' Most of the

$Shi (2021)

1. Pd(OAc), (10 mol %)
ligand (30 mol %), BQ (1 equiv)
TFA (2 equiv), Ag,O (1.5 equiv)
E AcOH, 70 °C, air, 30 h
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Q\NEQ up to 84% yield and 99% ee
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" VAT o
£ x
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‘0~ NEt, A |
X c

co,Pr

FG
= (1

78%. 95% ee

MeO,C
60%. 95% ee

CO,Me
77%. 99% ee

Scheme 5 Pd(i)-catalyzed enantioselective functionalization of biaryls.

Zhang and Shi (2021)
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Scheme 6 Col(in)-catalyzed C—H-allylation of ferrocene.
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Scheme 7 Directed ortho-C-H-allylation of arenes.

anilines and VCPs responded well with good functional group
tolerance. The authors noted that Cu(OAc),-H,O and Cs,CO; were
crucial, as their absence led to significantly lower yields.
Recently, our group developed distal C8-H allylation of
quinoline N-oxides using VCPs under Rh(i)-catalysis at ambi-
ent temperature (Scheme 8).>> The reaction features broad

Punniyamurthy (2023)
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Scheme 8 C8-H allylation of quinolines using an N-oxide DG.
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substrate scope with excellent E/Z-selectivities. In this reaction,
[Cp*RhCl,], with AgBF, and NaOPiv generates active Rh(u)-
species A, which activates the C8-H bond of the substrate and
produces B. Co-ordination and migratory insertion of VCP
resulted in a seven-membered metallacycle D. Energetically
favoured B-carbon elimination via C-C bond cleavage and
protodemetalation yielded the target product. Ag(i) oxidizes
Rh(1) species F to regenerate the active Rh(u)-species and complete
the catalytic cycle. In continuation of our previous interest and due
to the prevalence of allyl arenes in numerous natural products and
pharmaceuticals, we reported sulfoxonium ylide-directed Co(m)-
catalyzed C-H allylation of (hetero)arenes (Scheme 9).** In the
post-synthetic modifications, sulfoxonium ylide DG was seamlessly
converted into various derivatives as illustrated. Furthermore, the
ubiquity of the allylated indole moiety in numerous drug mole-
cules motivated the development of an efficient methodology for
weak chelation-assisted distal C4-H allylation of indoles under
redox-neutral ruthenium(n) catalysis, using VCPs (Scheme 10).>*
The reaction proceeds with active [Ru]-complex A, which eventually
activates the C4-H bond of the indole substrate to produce the
ruthenacycle B. Co-ordination of VCP followed by 1,2-migratory
insertion may lead to the formation of D. Chelation with the ester
functionality assists B-carbon elimination to furnish E. Finally,
protodemetalation leads to product formation and regenerates the
active catalyst A. The regioselectivity, substrate scope and E/Z-
selectivities are the key features. Moreover, the procedure was
extended to benzothiophene, tetrahydroquinoline, carbazole,
a-tetralone and indoline moieties for selective allylation.

Later, the Baidya group reported an amine directed ortho-C-H
functionalization of 2-aminobiaryls with VCPs under high-valent
Co-catalysis, enabling regio- and stereo-selective allylation
(Scheme 11).>° The innate nucleophilic reactivity of an amine
group makes their use as a DG synthetically challenging. The
authors have shown the mechanistic experiments and DFT calcu-
lations to unravel the reaction pathway. Initially, the Co(ur)
species A undergoes ortho-C-H activation with aniline via BIES

Punniyamurthy (2023)
1 %
S~
ZRMe \/ATE
Me e

E = CO,R, SO,Ph,
COR, CN

o o
[Cp*Co(CO)I,] (10 mol %) 1

AgSbF (20 mol %) z S\; Me
e
N E

25 examples
up to 88% yield and >23:1 £/Z

e
(CH,Cl),, 50 °C, Ny, 16 h

[o}

i
Z S\—Me
OOC
Q Me NS

X Co,Me

a
sV
CO,Me

CO,Me

85%, E/Z > 23:1 COMe 86%, E/Z > 23:1

Synthetic tranSfOrMAtioNs = - - = = === == == = = o - o e e e e e

tn,, [RU(p-cymene)Cl],
HCX—@’ BU (3 mol %)

81%, £/2>21:1 COF

Bn\
S
o N\f
S

BnNH,, H,0, 1t, 10 h A

CS,in 2.5 M THF

CO,Me
57%, EZ=81  CO,Me

Scheme 9 Sulfoxonium ylide directed ortho-C—H-allylation.

6060 | Chem. Commun., 2025, 61, 6055-6068

View Article Online

ChemComm
Punniyamurthy (2023) E E
COR" |
Ru(p-cymene)Cl,], (5 mol %
N L /\ . [Ru(p-cymene)Cl, ( ) coR
R 3 KoCOyg (2 equiv), MesCO;H (30 mol %) X
N HFIP, 90 °C, 12 h rIL N
R E =CO,R", SO,Ph, LA~y
COR", CN \
32 examples R

up to 79% yield and >25:1 E/Z

Me,
PhO,S.__SO,Ph MeO,C.__CO;Me MeOLy_come :
| ‘ / ¢} Me
Ac Ac O,
Me
A\ A\ { e
N N
\
61%, E/Z> 251 Bn 57%, E2=171 H N 61%, £/> 2501

Proposed mMeChanism = - - ===« == m i m e m o o o o oo s

[Ru(p-cymene)Cl,],
©f§:

K,CO; + MesCO,H
\

KCI + KHCO,
Product

+
[Ru(;rcym:ne)(MesCOO)] KoCOs

MesCO,K, KHCO;
MesCO,H 4\*
L = p-cymene

-0,
A\
\
N
\
R

B

MeO,C, COQMe

Scheme 10 Redox-neutral acyl DG-assisted C4—-H allylation of indoles.

(base-assisted internal electrophilic type substitution) to afford
the four-membered cobaltacycle B. Chelation with VCP affords C,
which undergoes migratory insertion to provide D. The C-C
cleavage of D gives E that undergoes protodemetalation to give
the allylation product and the active catalyst A to complete the
catalytic cycle. The late-stage modifications of the products lead to
valuable benzoisoxazoles and dihydrophenanthridines. Recently,
the Jeganmohan group demonstrated the palladium-catalyzed
regioselective allylation of unactivated alkenes with VCPs
(Scheme 12).>® The reaction aided by weak-coordinating native
amide DG was well tolerated over a broad range of substrates with
excellent B-selectivity. In addition, secondary amides are proved to
be more reactive than primary amides. In contrast to conventional
VCP allylation, the mechanism differs significantly as explained
by the authors. First, the Pd(0)-complex A with (EtO),MeSiH
generates B that undergoes elimination of (OEt),MeSi(OAc) using
AcOH to yield the cationic (N,N)Pd-H species C. Chelation of the
amide gives D that leads to hydride transfer to furnish E, which
undergoes f-hydride elimination to afford the isomerized alkene
F. Hydride transfer produces the palladacycle G, which leads to
chelation with VCP to yield n'-palladium species 1. Reductive
elimination provides the target product and the Pd(0)-complex to
complete the catalytic cycle. Regioselectivity in direct C(alkenyl)-H
functionalization remains challenging due to the presence of

This journal is © The Royal Society of Chemistry 2025
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Scheme 11 Free amine-directed ortho-C—H allylation with VCPs.

electronically equivalent alkene hydrogens. Although, the formal
Heck and radical reactions have been considerably explored for
C(alkenyl)-H functionalization,> the use of a strained ring to
functionalize the C(alkenyl)}-H bond is yet to be investigated. More
recently, the same group reported 8-aminoquinoline-directed
y-C(alkenyl)-H functionalization with VCPs (Scheme 13).® The
reaction involves the Pd-catalyzed C-H allylation of unactivated
alkenes with VCPs to produce the allyl derivatives, which leads to
isomerization to give 1,3-conjugated dienes as a major product.
Moreover, the authors isolated a six-membered palladacycle and
reacted it with VCP to produce the desired product, demonstrating
functionalization at the y-C(alkenyl)-H bond. The phosphine
ligand and K,HPO, base played a crucial role. At elevated tem-
perature, the selectivity shifted, favoring the unmigrated product
over the migrated one. The protocol was effective with various
substituted amides and VCPs.

2.2. Annulation

TM-catalyzed C-H functionalization/annulation is an effective
paradigm for synthesizing carbo- and hetero-cycles in step- and
atom-economic fashion.”® In this context, Kapur and co-
workers developed a catalyst-controlled divergent reactivity of
VCPs via tandem C-H/C-C functionalization and annulation
(Scheme 14).>' The combination of the Rh-catalyst and mono-
N-protected-amino acid (MPAA) ligand is decisive for C-H/C-C

This journal is © The Royal Society of Chemistry 2025
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Scheme 12 Regioselective B-C(sp*)-H allylation of amides.

functionalization followed by in situ 1,2-aminorhodation-
mediated cyclization to produce C2-substituted indoles.
Recently, our group reported the Rh(m)-catalyzed sequential
C-H functionalization and annulation of sulfoxonium ylides with
VCPs to access cyclopropane-fused ortetralones (Scheme 15).%°
The sulfoxonium ylide served as a traceless DG, eliminating DMSO
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Scheme 13 Pd-catalyzed y-Cl(alkenyl)—H functionalization with VCPs.
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as a by-product. The protocol shows excellent compatibility with
various functional groups and late-stage derivatization of commer-
cial drugs. The proposed mechanism begins with reversible C-H
activation to generate rhodacycle A, double bond chelation of VCP
followed by migratory insertion into the Rh-C bond generates B.
The latter undergoes rearrangement to form C, which evolves into a
Rh o-oxo carbene D with the liberation of DMSO. The B-carbon
elimination of D leads to E that undergoes intramolecular cyclo-
propanation to yield fused F (path a), which upon protodemetala-
tion delivers the target product. An alternative pathway (path b)
involves reductive migratory insertion forming G, followed by
nucleophilic attack of the a-carbon to the proximal carbon, giving
the target product. Furthermore, our group reported ligand-
promoted Pd(n)-catalyzed C(sp®)-H/C-C functionalization of
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