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radical-mediated carbon–carbon
scission via a radical-type migratory insertion†

Jian-Biao Liu,*a Xiao-Jun Liu, a João C. A. Oliveira,b De-Zhan Chen a

and Lutz Ackermann *b

Migratory insertions of alkenes into metal–carbon (M–C) bonds are elementary steps in diverse catalytic

processes. In the present work, a radical-type migratory insertion that involves concerted but

asynchronous M–C homolysis and radical attack was revealed by computations. Inspired by the radical

nature of the proposed migratory insertion, a distinct cobalt-catalyzed radical-mediated carbon–carbon

(C–C) cleavage mechanism was proposed for alkylidenecyclopropanes (ACPs). This unique C–C

activation is key to rationalizing the experimentally observed selectivity for the coupling between

benzamides and ACPs. Furthermore, the C(sp2)–H activation in the coupling reaction occurs via the

proton-coupled electron transfer (PCET) mechanism rather than the originally proposed concerted

metalation–deprotonation (CMD) pathway. The ring opening strategy may stimulate further development

and discovery of novel radical transformations.
Introduction

Migratory insertion reactions are fundamental elementary steps
involved in a variety of commonly practiced catalytic reactions.
Numerous investigations have been conducted to identify the
detailed mechanism and the kinetic and thermodynamic
behavior of these transformations to disclose the basic princi-
ples and to design more efficient catalysts.1 Among the various
insertions, migratory insertion of alkenes into metal–carbon
(M–C) bonds is one of the most efficient methods to form new
carbon–carbon (C–C) bonds (Scheme 1a). Prominent examples
include the palladium-catalyzed Mizoroki–Heck coupling2 as
well as the catalytic insertion polymerization.3 The generally
accepted mechanism for alkene insertion relies on a four-center
transition state. During this 2p + 2s reaction, the occupied sM–C

and palkene orbitals interact with the vacant p*
alkene and s*

M�C

orbitals, respectively, leading to the formation of new M–C and
C–C bonds.4

Adenosylcobalamin, also known as coenzyme B12, is
a naturally occurring organometallic complex that plays
a pivotal role in a number of metalloenzyme-catalyzed radical
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reactions.5 The low bond-dissociation energy (BDE) of the axial
Co–C bond in coenzyme B12 results in its facile homolytic
cleavage, which plays an important role in the observed bio-
logical activities. Utilizing this kind of one-electron reactivity of
cobalt and other rst-row transition metals, synthetic chemists
have explored different highly controlled radical reactions.6

Inspired by the one-electron reactivity of rst-row transition
metals, we anticipated that the alkene insertionmay proceed via
a concerted but asynchronous M–C homolysis and radical
attack (Scheme 1b), which is distinct from the synchronous
M–C and C]C bond-breakings. This radical-type insertion
involves a three-orbital interaction. Meanwhile, the insertion
products exhibit a diradical character with a decrease of the
physical oxidation state of the metal. To the best of our
knowledge, this radical-type migratory insertion has thus far
proven elusive, while it could provide an efficient access to
carbon-centered radicals.

Transition-metal-mediated radical reactions have provided
various innovative catalysis protocols for organic synthesis.7 In
this context, the contribution of cobalt in radical chemistry is
remarkable because of its cost effectiveness and unique cata-
lytic reactivity.8 In general, the methods for the cobalt-mediated
generation of carbon-centered radicals can be classied into the
following types: single-electron transfer (SET), nucleophilic
substitution and Co–C homolysis, hydrogen atom transfer
(HAT), and metalloradical catalysis (Scheme 1c).9 Based on
detailed consideration of the mechanistic information of the
aforementioned radial-type migratory insertion as well as the
classical radical clock reactions, we were wondering whether
alkylidenecyclopropanes (ACPs) could exhibit new reactivity
patterns. As a result, we, herein, demonstrate an unprecedented
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Classical mechanism for the migratory insertions of alkenes into M–C bonds. (b) Proposed radical-type insertion mechanism. (c)
General methods for cobalt-mediated generation of carbon-centered radicals. (d) Proposed cobalt-mediated ring opening strategy.
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strain-release generation of radicals via a cobalt-catalyzed
radical-mediated C–C bond cleavage/functionalization strategy
(Scheme 1d). The resulting homoallyl radical can enable
aromatic C–H functionalization such as homolytic aromatic
substitution (HAS) reactions, as illustrated by an example of
cobalt-catalyzed coupling between benzamides and ACPs.10

This cobalt-mediated ring opening reaction represents
a fundamentally distinct strategy to generate carbon-centered
radicals, with considerable potential for the development of
new types of radical transformation.
Results and discussion
Mechanism for migratory insertion of ethylene into Co–C
bonds

Since the pioneering discovery of the 8-aminoquinoline-
directed Co-catalyzed C–H alkenylation,11 diverse cobalt-
catalyzed C(sp2)–H annulations with alkenes, alkynes, allenes,
and heterocycles were realized by different groups.12–17 We
© 2023 The Author(s). Published by the Royal Society of Chemistry
initiated our investigation by exploring the cobalt-catalyzed
coupling of C(sp2)–H bonds with ethylene as the model reac-
tion, as was reported by Daugulis12a (Fig. 1a). The calculated
reaction proles of migratory insertion of alkene are depicted in
Fig. 1b. Additional computational results are given in Fig. S1–S8
in the ESI.† All three possible spin states of Co(III) were inves-
tigated, i.e., the singlet (S= 0), triplet (S= 1), and quintet (S= 2)
states. For the alkene-coordinated complex INT1, the medium-
spin triplet is the ground state, which lies below the low-spin
singlet and high-spin quintet states by 4.6 kcal mol−1 and
23.3 kcal mol−1, respectively. The migratory insertion transition
state TS, however, exhibits a different energy ordering, with the
closed-shell singlet being 7.5 kcal mol−1 more stable than the
triplet. Attempts to locate the corresponding quintet transition
state from the p complex were unsuccessful. The relative energy
of the resulting triplet insertion product INT2T is lower than the
other two states, which results in larger reaction energy of the
triplet state. The reaction pathway of the alkene insertion into
Co–C bond has the characteristic features of a two-state
Chem. Sci., 2023, 14, 3352–3362 | 3353
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Fig. 1 (a) Cobalt-catalyzed coupling of C(sp2)–H bonds with ethylene. (b) Free energy profiles for the migratory insertion of ethylene into Co–C
bonds calculated at the SMD(TFE)/B3LYP-D3(BJ)/def2-TZVP//SMD(TFE)/B3LYP-D3(BJ)/6-31G(d,p)/SDD(Co) level of theory. (c) Optimized
structures of the intermediates and transition states with selected bond lengths, angles (values for the singlets are given in parentheses) and spin
populations.

Fig. 2 Electronic energies and bond distances along the MEP of the (a) triplet state and (b) singlet state. (c) The spin density contours (isovalue=

0.01, yellow: a-spin density, cyan: b-spin density) and spin population changes during the radical-type insertion.

3354 | Chem. Sci., 2023, 14, 3352–3362 © 2023 The Author(s). Published by the Royal Society of Chemistry
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reactivity (TSR) scenario,18 in which the initially medium-spin
triplet crosses over through the singlet transition state to
generate the insertion intermediate.

The optimized structures of the intermediates and transition
states are shown in Fig. 1c. The Mulliken atomic spin pop-
ulations, representing the excess of positive (a) or negative (b)
spin on an atomic site, are also provided. For the alkene-
coordinated complex INT1, the metal–olen bond distance in
the triplet is signicantly longer than that of the singlet. The
spin population for Co in INT1T is 2.07, very close to the number
of unpaired electrons (2 electrons with a-spin) for the complex.
The negative spin population for C3 atom in INT1T is caused by
spin polarization,19 which makes the bonding electron pair of
equatorial Co–C3 polarized. Consequently, a certain amount of
the positive spin density of the bonding electron pair gets close
to the metal atom, whereas some negative spin densities are
induced at the atoms bonded to the metal. In the transition
state TST, the absolute values of spin population on Co and C3
atoms both increase as compared to that in INT1T. Further-
more, in TST an excess on the spin density distribution of 0.11
for the a-spin and 0.30 for the b-spin was found on C2 and C1
atoms, respectively. For the resulting insertion intermediate, it
is noteworthy that the Co–C1 bond in the INT2T is 0.17 Å longer
than that in the INT2S with the carbon atom presenting a slight
deviation from the axial position (Fig. 2c). More interestingly,
spin population analysis revealed a 0.55 excess of the b-spin at
the C1 atom and a signicant spin density of 2.42 located on the
cobalt metal center.
Table 1 Activation free energies (DGs) and free energy changes
(DG°)a during the migratory insertion step of cobalt-catalyzed ami-
noquinoline-directed coupling of C(sp2)–H bonds with different
alkenes

Entry Alkenes Ref. DGs DG°

1 12a 12.3 −12.5

2 13a 14.5 −10.5

3 12a 16.3 −14.8

4 12a 16.9 −13.7

5 15b 16.2 −11.3

6 12a 17.3 −9.0

7 12a 16.1 −5.9

8 15a 18.8 −26.6

a The denition of DGs and DG° is given in Fig. 1b. All energies are
in kcal mol−1.
The radical-type migratory insertion

To further illustrate the distinctions between the proposed
radical-type migratory insertion and the conventional process,
the key bond distances along the minimum energy path (MEP)
were examined in detail (Fig. 2). The results of the triplet and
singlet states correspond to the radical-type and the classical
synchronous mechanisms, respectively. Herein, we focus on the
breaking of C1]C2 and Co–C3 bonds to inspect the beginning
of the insertion process. A comparison of the bond distance
changes during the two different mechanisms reveals that they
are both energetically concerted but the C1]C2 and Co–C3
bond-breakings in the radical-type migratory insertion are
asynchronous20 (Fig. 2a). The homolytic Co–C3 bond breaking
occurs prior to the C1]C2 breaking in the radical-type mech-
anism (Fig. 2a), which is distinct from bond breaking events
occurring synchronously in Fig. 2b. The differences between the
two mechanisms are also well reected by the changes of the
aromaticity. The aromaticity decreases along the MEP for the
conventional mechanism on the basis of the calculated nucleus-
independent chemical shi (NICS) values at the ring center
NICS(0).21 However, in the radical-type mechanism, the
aromaticity rst gradually increases before the highest energy
point following a decrease during the insertion process
(Fig. S4†). The spin density changes along the MEP of the triplet
state shown in Fig. 2c clearly demonstrate the electron-transfer
process during the concerted but asynchronous Co–C homol-
ysis and radical attack, which is in good agreement with the
© 2023 The Author(s). Published by the Royal Society of Chemistry
orbital interaction analysis in Scheme 1b. The spin density
contour and spin population for INT2T show an unpaired spin
density on the Co and the C1 atoms, with opposite signs, sug-
gesting that this intermediate presents a diradical character.22

Accordingly, the stable INT2T complex can be better described
as a quartet cobalt(II) antiferromagnetically coupled with
a carbon-centered radical.

To investigate the substituent effect on the feasibility of the
radical-type insertion mechanism, the computed activation free
energies and free energy changes during themigratory insertion
step of various monosubstituted alkenes as well as cyclopentene
and allene are summarized in Table 1. There exists site selec-
tivity for unsymmetrical alkenes because of different insertion
fashions, and the orientation of the substituents would estab-
lish different stereo-centers. Here, we only considered the
pathway that leads to the formation of experimentally observed
products. The free energy proles of different substituted
alkenes (see Fig. S9–S11†) are similar with that of ethylene as
shown in Fig. 1b, except for styrene, in which the quintet
insertion product INT2Q becomes more stable. There are two
dominant contributions to the thermodynamic driving force for
the radical-type migratory insertion, i.e., the homolytic bond
dissociation energy of Co–C bond and exergonicity of the
addition of the carbon-centered radical to alkenes. The inser-
tion reaction for all studied alkenes are thermodynamically
favorable (Table 1), consistent with previous results of alkene
insertion into M–C bonds of other transition-metal
complexes.4a
Chem. Sci., 2023, 14, 3352–3362 | 3355
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Fig. 3 Correlation of the activation free energy of the migratory
insertion of different types of alkenes (DGs) with the condensed local
softness s0 of C1 atom that coordinates with cobalt in the transition
state.

Scheme 2 The Co-catalyzed coupling reaction between benzamides
and ACPs, and the originally proposed CMDmechanism together with
the unconventional PCET mechanism proposed in this work.
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For the activation barriers of the migratory insertion of
different alkenes into the sameM–C bond, the values are mainly
determined by the reactivity of radical addition. To rationalize
the steric and electronic effects of the substituents on the
activation barriers and to develop a predictable model for the
reactivity of different types of coupling partners, we calculated
the condensed local soness s0, the values of which can be
viewed as quantitative measures of the chemical reactivity of the
different atoms in the molecule and are suited for studies of
radical attack.23 A relatively good correlation between the acti-
vation free energy of the migratory insertion and the condensed
local soness of the C1 atom that coordinates to cobalt is
observed (Fig. 3). The results again demonstrate the inherent
radical character of the migratory insertion proposed. Other
possible factors inuencing the activation barriers are dis-
cussed in the ESI (Fig. S12–S14).† Apart from cobalt, the radical-
type migratory insertion might also compete with classical
insertion for other rst-row transition metals that have smaller
M–C bond dissociation energies in specic complexes.24
The transition-metal-mediated ring opening strategy

Having established the radical-type insertion mechanism, we
were particularly interested in its potential application to
organic synthesis. The C–C activation catalyzed by transition
metal complexes is a eld of major interest, since it offers an
efficient approach for the construction of organic compounds.25

The highly strained, yet readily accessible alkylidenecyclopro-
panes can undergo a variety of ring-opening reactions and
different modes of activation were observed.26 Considering the
diradical character of the insertion products generated in the
aforementioned radical-type mechanism, we questioned
whether the presence of cyclopropyl ring could enable new
modes of C–C bond cleavage.

Despite the vast development of transition-metal-catalyzed
ring-opening reactions and cycloadditions of ACPs, there are
still limited reactions merging C–H activation and C–C bond
3356 | Chem. Sci., 2023, 14, 3352–3362
cleavage.27–29 Kwong and co-workers recently reported cobalt-
catalyzed coupling between benzamides and ACPs via one-pot
sequential activation of C–H/C–C/C–H bonds, generating the
dihydronaphthalene skeletons (Scheme 2).10 Based on a series
of experimental mechanistic studies, Kwong proposed a plau-
sible mechanism that involves N–H deprotonation, rst
C(sp2)–H activation, alkene insertion, b-C elimination, second
C(sp2)–H activation via concerted metalation–deprotonation
(CMD),30 C–C reductive elimination and catalyst regeneration.
Interestingly, our calculations show that, instead of the origi-
nally proposed CMD-type C–H activation, an unconventional
proton-coupled electron transfer (PCET) is found to be the most
favorable one. The cyclometallic intermediate formed by b-C
elimination proceeds via unexpected Co–C homolysis to afford
a cobalt(II) complex, which undergoes consecutive radical
cyclization and PCET to afford the nal product. In this
proposed mechanism, we disclosed a new pattern of transition
metal-mediated ring-opening process, which is the key step
controlling the reaction selectivity.

The calculated reaction proles for the cobalt-catalyzed
chelation-assisted tandem C–H activation/C–C cleavage/C–H
cyclization of aromatic amides with ACPs are depicted in Fig. 4.
The possible roles of PPh3 were not considered, since the
product yield was indeed only slightly increased in the presence
of ligand.10 The three possible spin states of cobalt(III) were
again investigated. Our calculations show that the reaction
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Free energy profiles for the Co(III)-catalyzed tandem C–H activation/C–C cleavage/C–H cyclization process of aromatic amides with
ACPs at the SMD(toluene)/B3LYP-D3(BJ)/def2-TZVP//SMD(toluene)/B3LYP-D3(BJ)/6-31G(d,p)/SDD(Co) level of theory. The skeletons of
N,N-bidentate directing groups were simplified for clarity.
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mainly proceeds on the singlet- and triplet-state surfaces,
whereas the quintet-state is solely involved in the rst N–H
deprotonation. Previously, both experimental and computa-
tional studies demonstrated that an additional
aminoquinoline-benzamide can coordinate with the metal
center as a bis-chelating ligand.15b,31 However, our calculations
reveal that the migratory insertion of the ACP cannot take place
from such bis-ligated intermediate, due to the signicant steric
repulsion between ACP and the additional amide unit (Fig. S15–
S17†). The regioselectivity during the migratory insertion and
the competition between C–N reductive elimination and ring
opening via b-C elimination of the seven-membered cobalta-
cycle intermediate were also considered. The additional results
are given in Fig. S18–S33.†
© 2023 The Author(s). Published by the Royal Society of Chemistry
Initially, coordination of the amide nitrogen atom of the 1 to
the active catalyst Co(OAc)3 generates the substrate-coordinated
intermediate. Then, facile N–H deprotonation and the rst
C(sp2)–H activation via base-assisted intramolecular
electrophilic-type substitution (BIES)32 take place to yield
intermediate 4, with the triplet state (4T) as the ground state.
The effective activation barrier for the rst C(sp2)–H activation
is calculated to be 17.0 kcal mol−1 (Fig. S15†). From complex 4T,
the substrate–ligand exchange with 2 and the following radical-
type insertion of alkene insertion into the newly formed Co–C
bond lead to the formation of cobalt(II) intermediate 5T, in
which signicant diradical character was observed (Fig. 5).
Analogous to the results of alkenes shown in Fig. 1 and Table 1,
a spin surface crossing through a minimum energy crossing
Chem. Sci., 2023, 14, 3352–3362 | 3357
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Fig. 5 Optimized structures of the key intermediates and transition states with truncated spin density contours (isovalue = 0.01, yellow: a-spin
density, cyan: b-spin density). The calculated spin populations and hŜ2i values are also given.
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point (MECP; CP1 or CP2 in current case) between the triplet
and singlet takes place prior to or aer the migratory insertion
transition state TS1S (Fig. 4). Subsequently, the b-C elimination
takes place via TS2T, wherein cleavage of a b-C–C s-bond and
formation of axial Co–C bond occur with concomitant genera-
tion of a p-bond. The corresponding optimized structures are
depicted in Fig. 5. Upon formation of the eight-membered
intermediate 6T, the second C(sp2)–H activation was originally
proposed to proceed via the CMD-type transition state TS3s, in
which the coordinated acetate anion acts as the base for
deprotonation via an inner-sphere mechanism. However, on the
basis of our computational results, this process is kinetically
unfavorable due to the relatively high energy barrier (TS3s, DG

‡

= 38.1 kcal mol−1 relative to 5T in Fig. 4). The feasibility of CMD
mechanism can be further ruled out by considering that the
transition state of the competing C–N reductive elimination
from 6T even lies below TS3s by 10.0 kcal mol−1 (see Fig. S29†).
Hong and co-workers recently found that the cobalt(IV) inter-
mediate could be involved in both electro-chemical and chem-
ical oxidation processes.33 To address this possibility,
a cobalt(IV) intermediate potentially generated from the oxida-
tion of complex 6 by AgOAc was considered during the second
C(sp2)–H activation. However, the Co(IV)-catalyzed C(sp2)–H
activation is highly disfavored due to the signicantly higher
3358 | Chem. Sci., 2023, 14, 3352–3362
barrier (DG‡ = 45.4 kcal mol−1 for the quartet states, see
Fig. S27†). In addition, we also considered the possible roles of
silver acetate,34 but attempts to locate the corresponding tran-
sition states of bimetallic activation modes did not meet with
success.

The pseudo-octahedral geometry of intermediate 6 and the
existing ring strain prompted us to investigate the possible
reaction pathway involving axial Co–C homolysis, analogous to
the behavior observed in coenzyme B12.5 Interestingly, as
shown in Fig. 4, Co–C homolysis from 6T is very facile, with
a fairly low energy barrier. The resulting intermediate 8T is
a diradical, in which one of the unpaired electrons is located at
the alkyl position (C4 atom, see Fig. 5) and the other three
unpaired electrons are on the cobalt(II) center. The participation
of this kind of complex is strongly supported by the radical
quenching experiments, in which the yield of the product was
signicantly decreased, when 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO) was added to the reaction medium
and a compound generated by the radical–radical cross
coupling reaction between intermediate 8T and TEMPO was
isolated.10 Our calculations also revealed that the diradical 8T
cannot be directly formed via a single-step C–C cleavage from
intermediate 5T.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Schematic molecular orbital diagrams with the electronic
structure changes for the Co–C homolysis via two different pathways.

Scheme 4 Summary of the cobalt-catalyzed radical-mediated C–C

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/1
9/

20
26

 2
:5

6:
57

 A
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Instead, the abovementioned stepwise process involving b-C
elimination (5T / 6T) and the subsequent Co–C homolysis (6T
/ 8T) is required. To achieve a deeper understanding of the
cobalt-catalyzed radical-mediated carbon–carbon scission, the
spin density distribution and the expectation value of the total
spin hŜ2i are used to assess the extent of the diradical character
during this stepwise process (Fig. 5). As compared to 8T, inter-
mediate 5T exhibit signicant diradical character based on the
relatively large spin densities distribution and the hŜ2i values.
Furthermore, the diradical character decreases from interme-
diate 5T to 6T and then increases from 6T to 8T. In the diradical
8T, the distance between the cobalt(II) and the C4 atom is
signicantly long (up to 3.56 Å) with the alkyl radical pointing
towards the phenyl ring.

From 8T, an intramolecular cyclization by attack of the
primary radical to phenyl ring via a favored six-membered
transition state (TS5) proceeds to afford the ring-closed inter-
mediate 9T. Prior to the second C(sp2)–H activation, protonation
is required for the cyclized intermediate 9T. The proton is
transferred from an additional HOAc to the anionic N(sp3) atom
of quinoline-based directing group, which only requires
a barrier of 9.2 kcal mol−1 (see Fig. S20†). The subsequent
conformational changes make the O atom of 8-aminoquinoline
rather than the N,N-bidentate directing group to become coor-
dinated with cobalt(II) in 10T. The following C(sp2)–H activation
requires 14.9 kcal mol−1 from 10T to generate the product-
coordinated complex 11T. Re-aromatization is realized via the
PCET transition state TS6T, which involves proton transfer from
the sp3 carbon to acetate and electron transfer from the cyclo-
hexadienyl radical to the metal center. Compared to the results
of the CMD mechanism (33.2 kcal mol−1 for 6T to TS3s), the
C(sp2)–H activation via PCET (20.4 kcal mol−1 for 9T to TS6T) is
signicantly more favorable. Furthermore, the activation
barrier of C(sp2)–H activation via PCET is 5.3 kcal mol−1 lower
than that of the competing C–N reductive elimination that
produces spirocyclopropanes (Fig. S31†). This result success-
fully explains why the corresponding annulated product with
conservation of the cyclopropyl ring was not observed in the
experiments.10 Finally, the cobalt(I) species dissociating from
11T is reoxidized into cobalt(III) to complete the catalytic cycle.

From 6T, we have located two different pathways for the
homolytic cleavage of the Co–C bond, while the alternative
Co–C homolysis via TS4

0
T (Fig. 4) is 26.1 kcal mol−1 less favor-

able than that via TS4T. The formation of radical intermediate
8

0
T is also less thermodynamically favorable. The differences of

the underlying electronic structure changes for the Co–C
homolysis via the two pathways are illustrated in Scheme 3. For
cobalt(II) complex 6T, the electronic structure can be described
as (dxz)

2(dyz)
2(dxy)

1(dz2)
1(dx2–y2)

0. For the homolysis via transition
state TS4T, an electron transfer from sCo–C orbital to the unoc-
cupied dx2–y2-based molecular orbital is calculated to be more
favorable. The electron transfer to the antibonding orbital
weakens the Co–C bond and lowers the corresponding reaction
barrier. In the case of TS4

0
T, the electron transfer to the half-

lled dxy orbital results in considerable Coulomb repulsions,
thus making this pathway unfavorable.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The organocobalt(III) complexes (CoIII–R) and their radical
activation reactions have been investigated for more than half
a century. Cleavage of the Co–C bond via photolysis, electro-
chemistry, or thermolysis, producing the radicals in
a controlled manner, is the fundamental step during such
transformations.6b The strategy proposed herein (Scheme 4)
clearly demonstrates that the strength of the Co–C bond is the
key parameter that can lead to divergent reactivities as
compared to the second- and third-row transition-metal
complexes. Depending on the ligands and the alkyl group R,
the single-electron pathway might be dominant for the cobalt
complex. Furthermore, due to the persistent radical effect of
Co(III)–R, which signicantly extends the lifetime of the gener-
ated carbon-centered radicals, further selective inter- or
bond cleavage/functionalization strategy.

Chem. Sci., 2023, 14, 3352–3362 | 3359
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intramolecular radical reactions could be developed on the
basis of ring opening strategy.

Conclusions

In summary, we have uncovered a radical-type migratory
insertion mediated by cobalt(III) complex. The unprecedented
radical-type insertion proceeds via concerted but asynchronous
Co(III)–C homolysis and radical attack, which results in an
insertion intermediate exhibiting diradical character. Depend-
ing on the coordination geometry as well as the oxidation and
spin states, the radical-type insertion might compete favorably
with the classical mechanism for the other rst-row transition
metals.

In combination with the use of alkylidenecyclopropanes,
a new and fundamentally distinct cobalt-mediated ring opening
strategy was further proposed. The strategy for C–C bond
cleavage involves the radical-type addition of organocobalt(III)
complexes into alkylidenecyclopropanes, b-carbon elimination
and Co–C homolysis. This single-electron pathway is different
from the behavior previously observed for palladium, nickel or
rhodium-catalyzed C–C cleavages, in which redox-neutral b-
carbon elimination usually occurs. Our mechanistic studies
reveal that this cobalt-catalyzed radical-mediated C–C bond
cleavage plays a key role in controlling the selectivity of cobalt-
catalyzed coupling between benzamides and ACPs. Interest-
ingly, the resulting carbon-centered radical undergoes facial
intramolecular cyclization, followed by C(sp2)–H activation via
PCET. The Co(III)/Co(II)/Co(I) catalytic scenario is signicantly
favored as compared to the originally proposed Co(III)/Co(I)
pathway.

Finally, our results suggest that the low BDE of the Co–C
bonds as well as the persistent radical effect with cobalt
complexes can lead to distinct mechanisms for cobalt-catalyzed
reactions, providing opportunities for achieving new reactivities
that are inaccessible with other transition metals. We hope that
our mechanistic insights will serve as an inspiration for further
development of catalytic radical-type transformations.

Computational details

All the geometries of the intermediates and transition states
were optimized by Gaussian 09 35 in the corresponding solvent
at the B3LYP36-D3(BJ)37/6-31G(d,p)/ECP10MDF(Co) level of
theory with the corresponding Stuttgart/Dresden (SDD) effective
core potential (ECP) on cobalt. Frequency calculations were
performed at the same theoretical level to verify the nature of
the stationary points and to obtain the thermal Gibbs free
energy corrections (DGcorr) at 423.15 K (for ACPs) or 298.15 K
(for the other alkenes). The intrinsic reaction coordinate (IRC)38

calculations have been performed to conrm whether the ob-
tained transition state is connected with two local minimum
structures for a target reaction. Single point calculations at
B3LYP-D3(BJ)/def2-TZVP39 were carried out in solvent to obtain
more accurate electronic energies. The continuum solvation
model SMD40 was utilized to consider the bulk solvent effects.
Toluene is used as the solvent for ACPs and 2,2,2-
3360 | Chem. Sci., 2023, 14, 3352–3362
triuoroethanol (TFE) is used as the solvent for the other alkene
coupling partners. The correction caused by the different
standard states in the gas phase and in solution was added to
the free energies of all species. Numerical integrations were
performed with the ultrane grid during the calculations. The
3D diagrams of molecules and the spin density isosurface maps
were prepared by CYLview41 and GaussView5.0 respectively. The
condensed local soness, atomic charges and spin densities
were calculated by Multiwfn 3.8.42
Data availability
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J. R. Huckins, O. R. Thiel and K. N. Houk, J. Am. Chem.
Soc., 2015, 137, 9843–9854.

21 (a) P. V. R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao and
N. J. R. van Eikema Hommes, J. Am. Chem. Soc., 1996, 118,
6317–6318; (b) Z. Chen, C. S. Wannere, C. Corminboeuf,
R. Puchta and P. V. R. Schleyer, Chem. Rev., 2005, 105,
3842–3888.

22 (a) N. Kumar, M. Alfonso-Prieto, C. Rovira, P. Lodowski,
M. Jaworska and P. M. Kozlowski, J. Chem. Theory Comput.,
2011, 7, 1541–1551; (b) G. M. Lee, A. S. C. Leung,
D. J. Harrison, I. Korobkov, R. P. Hughes and R. T. Baker,
Organometallics, 2017, 36, 2853–2860; (c) P. Ma and
H. Chen, ACS Catal., 2019, 9, 1962–1972; (d) N. P. van
Leest and B. de Bruin, Inorg. Chem., 2021, 60, 8380–8387.

23 W. Yang and R. G. Parr, Proc. Natl. Acad. Sci. U. S. A., 1985, 82,
6723–6726.

24 (a) B. de Bruin, W. I. Dzik, S. Li and B. B. Wayland, Chem.–
Eur. J., 2009, 15, 4312–4320; (b) O. Gutierrez, J. C. Tellis,
D. N. Primer, G. A. Molander and M. C. Kozlowski, J. Am.
Chem. Soc., 2015, 137, 4896–4899; (c) M. Yuan, Z. Song,
S. O. Badir, G. A. Molander and O. Gutierrez, J. Am. Chem.
Soc., 2020, 142(15), 7225–7234.

25 (a) C. Jun, Chem. Soc. Rev., 2004, 33, 610–618; (b) F. Chen,
T. Wang and N. Jiao, Chem. Rev., 2014, 114, 8613–8661; (c)
L. Souillart and N. Cramer, Chem. Rev., 2015, 115, 9410–
9464; (d) P. Chen, B. A. Billett, T. Tsukamoto and G. Dong,
ACS Catal., 2017, 7, 1340–1360; (e) L. Deng and G. Dong,
Trends Chem., 2020, 2, 183–198; (f) M. Murakami and
N. Ishida, Chem. Rev., 2021, 121, 264–299.

26 (a) A. Masarwa, D. Didier, T. Zabrodski, M. Schinkel,
L. Ackermann and I. Marek, Nature, 2014, 505, 199–203; (b)
Chem. Sci., 2023, 14, 3352–3362 | 3361

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc05200h


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

/1
9/

20
26

 2
:5

6:
57

 A
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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
A. Brandi, S. Cicchi, F. M. Cordero and A. Goti, Chem. Rev.,
2014, 114, 7317–7420; (c) D. S. Müller and I. Marek, Chem.
Soc. Rev., 2016, 45, 4552–4566; (d) G. Fumagalli, S. Stanton
and J. F. Bower, Chem. Rev., 2017, 117, 9404–9432; (e)
Y. Cohen, A. Cohen and I. Marek, Chem. Rev., 2021, 121,
140–161.

27 (a) S. I. Kozhushkov, D. S. Yut and L. Ackermann, Org. Lett.,
2008, 10, 3409–3412; (b) L. Ackermann, S. I. Kozhushkov and
D. S. Yut, Chem.–Eur. J., 2012, 18, 12068–12077.

28 S. Cui, Y. Zhang and Q. Wu, Chem. Sci., 2013, 4, 3421–3426.
29 Y. Liang, V. Müller, W. Liu, A. Münch, D. Stalke and

L. Ackermann, Angew. Chem., Int. Ed., 2017, 56, 9415–9419.
30 (a) D. Lapointe and K. Fagnou, Chem. Lett., 2010, 39, 1118–

1126; (b) D. Balcells, E. Clot and O. Eisenstein, Chem. Rev.,
2010, 110, 749–823; (c) L. Ackermann, Chem. Rev., 2011,
111, 1315–1345; (d) D. L. Davies, S. A. Macgregor and
C. L. McMullin, Chem. Rev., 2017, 117, 8649–8709.

31 L. Xu, E. E. L. N. Liu, J. Bacsa, C. E. MacBeth and
D. G. Musaev, Chem. Sci., 2020, 11, 6085–6096.

32 (a) W. Ma, R. Mei, G. Tenti and L. Ackermann, Chem.–Eur. J.,
2014, 20, 15248–15251; (b) D. Zell, M. Bursch, V. Müller,
S. Grimme and L. Ackermann, Angew. Chem., Int. Ed., 2017,
56, 10378–10382; (c) E. Tan, O. Quinonero, M. E. Orbe and
A. M. Echavarren, ACS Catal., 2018, 8, 2166–2172; (d)
L. Wang and B. P. Carrow, ACS Catal., 2019, 9, 6821–6836;
(e) C. Zhu, R. Kuniyil, B. B. Jei and L. Ackermann, ACS
Catal., 2020, 10, 4444–4450. See also Fig. S19† for details.

33 X. Chen, S. Zhang, T. H. Meyer, C. Yang, Q. Zhang, J. Liu,
H. Xu, F. Cao, L. Ackermann and X. Hong, Chem. Sci.,
2020, 11, 5790–5796.

34 (a) M. D. Lotz, N. M. Camasso, A. J. Canty and M. S. Sanford,
Organometallics, 2017, 36, 165–171; (b) B. Bhaskararao,
S. Singh, M. Anand, P. Verma, P. Prakash, A. C, S. Malakar,
H. F. Schaefer and R. B. Sunoj, Chem. Sci., 2020, 11, 208–216.
3362 | Chem. Sci., 2023, 14, 3352–3362
35 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery Jr,
J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
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