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Transition metal-catalyzed cross-coupling reactions have be-
come a powerful and widely used synthetic approach for the
construction of both carbon-carbon and carbon-heteroatom
bonds. These reactions have revolutionized synthetic chemistry
by enabling the efficient formation of complex molecular
architectures. Among the various methods available, the
bimolecular homolytic substitution (S,2) reaction has emerged
as an attractive and versatile method for the formation of
C(sp®)—C(sp®) and C(sp’)-heteroatom bonds. In recent years,
significant progress has been made in the development of
radical Sy2 reactions, particularly those involving different

1. Introduction

Since the 2010 Nobel Prize in Chemistry highlighted the pivotal
role of palladium-catalyzed cross-couplings in organic synthesis,
there has been a significant surge in interest in transition-metal-
catalyzed cross-coupling methods. These techniques have
revolutionized synthetic strategies by enabling the efficient
formation of diverse molecular architectures” Traditional
approaches in this domain have predominantly focused on
constructing C(sp?)—C(sp?) and C(sp?)—X bonds, which are well-
established in organic synthesis. However, the construction of
C(sp®)—C(sp®) and C(sp’)—X bonds has remained relatively
underexplored, despite their importance in creating more
complex and functionally diverse molecules.”™

Bimolecular homolytic substitution (S,2) is an fundamental
step in radical chemistry.®”" Notably, Davies and Roberts have
provided an extensive review on bimolecular homolytic sub-
stitution at metal atoms, highlighting the mechanistic intrica-
cies and the potential of this reaction type.® Furthermore,
Johnson’s 1983 review on the bimolecular homolytic displace-
ment of transition-metal complexes from carbon atoms has
been instrumental in advancing our understanding of these
processes.”’ Pioneered by Kharasch,"” Fenton” and Groves?,
these foundational studies have clearly propelled the develop-
ment of S,2 reactions within the realm of organometallic and
synthetic chemistry.

Despite these advances, the integration of S,2 reactions
with transition metal complexes has been relatively less ex-
plored by synthetic chemists."”® This underexplored area
presents a significant opportunity, as combining S;2 mecha-
nisms with transition metal catalysis could provide a robust
synthetic approach for constructing C(sp®)—C(sp®) and C(sp*)—X
bonds." These bonds are crucial for the synthesis of many
natural products, pharmaceuticals, and advanced materials,
where the presence of sp>-hybridized centers often imparts
desirable physical and chemical properties."*"'” Herein, we
highlighted recent advances in bimolecular homolytic substitu-
tion (S42) involving transition metals, particularly focusing on
cobalt, iron and nickel.
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transition metal complexes such as cobalt, nickel, and iron.
These advancements have expanded the scope of S,;2 reactions,
allowing for greater diversity in substrate compatibility and
reaction conditions. In this review, we aim to highlight the
latest breakthroughs and mechanistic insights into radical S,;2
reactions, focusing on the role of transition metal catalysts in
facilitating these transformations. We will discuss the various
types of transition metal complexes that have been employed,
the mechanistic pathways involved, and the potential applica-
tions of these reactions in the synthesis of complex organic
molecules.

2. Bimolecular Homolytic Substitution (S,2) at a
Cobalt Complex

The vitamin B,, derivative methylcobalamin, along with related
methylcorrinoids, are fundamentally important organometallic
cofactors in methylation reactions. In 2000, Krautler and co-
workers reported that methyl-Co" corrinoid cofactors are well-
known to react with exogeneous (R®) to afford R-CH, via an S;;2
reaction."® This finding established a foundational understand-
ing of the role of methylcorrinoids in radical-based methylation
processes. Zhang and co-workers already demonstrated that
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Scheme 1. Enantioselective intermolecular radical C—H amination.
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Scheme 2. Asymmetric radical cyclopropanation involving radical S,;2 reaction.

the cobalt(ll) complexes of porphyrins [Co(Por)] has appeared as  These cobalt(ll) porphyrin complexes have been shown to
efficient metalloradical catalysts, capable of facilitating a wide  enable diverse and highly selective reactions, expanding the
range of synthetic transformations that involve S,2 reaction."®® utility of S,2 mechanisms in modern synthetic chemistry. For
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Scheme 3. Enantioselective intermolecular radical allylic C—H amination.
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Scheme 4. Cobalt(ll) catalyzed carbene transfer from iodonium ylides.
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Scheme 5. Catalytic, contra-thermodynamic positional alkene isomerization.

example, Zhang and co-workers demonstrated an impressive
example of enantioselective intermolecular radical C—H amina-
tion involving a radical S,;2 reaction to construct the C—N bond
(Scheme 1).2Y In this process, organic azides are reduced by
chiral porphyrins [Co(Por)] to form the corresponding nitrogen
centered radical 1.3. Following hydrogen atom abstraction
(HAA) between the hydrocarbon substrate 1.1 and nitrogen
centered radical 1.3, the newly generated benzylic radical 1.5
could react with the chiral cobalt intermediate 1.4, producing
chiral amine motifs 1.6 through a radical S,.2 reaction.

Later on, Zhang and his team achieved several elegant
examples of asymmetric radical cyclopropanation involving a
radical S,2 reaction to construct the C—C bond (Scheme 2).22%
They successfully synthesized a variety of three-membered ring
motifs, including chiral cyclopropyl o-amino acids,*¥ chiral
heteroaryl cyclopropane,” chiral 1,1-cyclopropanediesters,”®
and chiral alkynyl cyclopropanes.””” These syntheses were
accomplished through sequential radical generation, addition
and Sy2 to close the ring with high yield and selectively.

Very recently, Zhang and co-workers demonstrated an
enantioselective intermolecular radical allylic C—H amination
using a Co(ll)-based metalloradical catalysis (Scheme 3).2% As
they proposed, the nitrogen centered radical 3.3 is generated
from the interaction between organic azide 3.1 and a chiral
Co(ll) catalyst. Following an intermolecular hydrogen atom
abstraction (HAA) step between 3.3 and 3.1, the newly formed
allylic radical 3.5 undergoes a radical Sy2 reaction with 3.4,
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Scheme 6. A biomimetic S,;2 cross-coupling mechanism for quaternary sp*-carbon formation

resulting in the formation of chiral allylic amines 3.6 with high
yields and excellent enantioselectivity. Impressively, the cata-
lytic system demonstrates a high tolerance for isomeric
mixtures of alkenes, effectively converting them into valuable
chiral o-tertiary amines. This highlights the robustness and
versatility of the Co(ll)-based metalloradical catalysis approach
in achieving enantioselective transformations.

In 2022, de Bruin and co-workers achieved a cross coupling
reaction between iodonium ylides 4.1 and styrene 4.2 using a
catalytic amount of cobalt catalysis (Scheme 4).2°%*% They
proposed that a disubstituted cobalt(lll) radical 4.3 could be
derived from a cobalt(ll)-tetraphenylporphyrin complex and
iodonium ylide 4.1, which servers as a carbene precursor. The
cobalt (lll) radical 4.3 could react with another equivalent of
iodonium ylides 4.1 to generate intermediate 4.4. This
intermediate subsequently reacts with styrene 4.2 to form the
radical intermediate 4.5. The cyclopropane product 4.6 is
efficiently generated through a radical Sy2 reaction. The
innovative approach of using iodonium vylides as carbene
precursors in combination with cobalt catalysis opens new
avenues for the construction of cyclopropane rings, which are

ChemCatChem 2024, 16, €202400955 (5 of 17)

valuable structures in medicinal chemistry and materials
science.

In 2022, Wendlandt and co-workers successfully achieved
photochemical contra-thermodynamic positional alkene isomer-
ization with a regiospecific bimolecular homolytic substitution
(S42) as a key step (Scheme 5).B" They devised a dual catalytic
system by combining tungsten catalysts and cobalt catalysts,
enabling terminal-selective alkenes to be obtained with a broad
scope. The innovative approach involved sequential hydrogen
atom abstraction, allylic cobalt formation, and S,2" reaction to
promote contra-thermodynamic internal-to-terminal olefin iso-
merization. By merging tungsten and cobalt catalysts, Wend-
landt and her team were able to orchestrate regiospecific
transformations, achieving high levels of selectivity and effi-
ciency. The ability to control the regioselectivity of alkene
isomerization through the strategic use of dual catalysis
represents a significant advancement in the field of alkene
functionalization.
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Scheme 7. Decarboxylative tandem C—N coupling with nitroarenes via S,,2 mechanism.

3. Bimolecular Homolytic Substitution (S,,2) at
an Iron Complex

In 2021, MacMillan and co-workers successfully achieve a
biomimetic approach to C(sp®)—C(sp®) cross coupling enabled
by dual photoredox and iron catalysis (Scheme 6).5? Selective
alkyl-alkyl cross-coupling has long remained a challenging goal
in synthetic chemistry, and the authors addressed this challenge
with their innovative strategy. The authors employed iridium-
based photoredox catalyst to oxidize the silane reagent 6.3,
generating a silicon radical intermediate 6.4; Subsequent
halogen atom abstraction (XAT) between 6.4 and primary alkyl
bromide 6.2 led to the formation of primary radical intermedi-
ate 6.5 efficiently. This primary radical intermediate 6.5 was
then captured by the Fe(ll) porphyrin catalyst at near diffusion
controlled rates to furnish 1° alkyl-Fe(lll) intermediate 6.6.
Simultaneously, the reduced iridium-based catalyst efficiently
reduced 6.1 to generate tertiary radical 6.7, which could further
react with Fe(lll) porphyrin catalyst 6.6 to form the final product
6.8 containing a quaternary carbon through a radical S,2
reaction. This biomimetic approach showcases the synergistic
effects of dual photoredox and iron catalysis in achieving
selective alkyl-alkyl cross-coupling. The strategic use of both
catalysts allows for efficient generation and manipulation of

ChemCatChem 2024, 16, €202400955 (6 of 17)

radical intermediates, facilitating the formation of challenging
C(sp’)—C(sp®) bonds with high efficiency and selectivity. The
successful implementation of this strategy not only addresses a
long-standing challenge in synthetic chemistry but also pro-
vides valuable insights into the design of catalytic systems for
complex transformations. By mimicking the reactivity of bio-
logical systems, MacMillan and co-workers have expanded the
synthetic toolbox available to chemists, offering new opportu-
nities for the synthesis of complex organic molecules with
diverse applications.

Soon after, Xie, Zhu, and co-workers reported an elegant
example of decarboxylative tandem C—N coupling between
carboxylic acid and nitroarenes through a radical Sy2 reaction
(Scheme 7).2%. Under visible light conditions, enabled by dual
photoredox and iron catalysis, a variety of aromatic tertiary
amines could be obtained in good to excellent yields. Notably,
the synthesis of nonsymmeric aromatic tertiary amines was also
achieved by tolerating two different carboxylic acids, albeit in
moderate yields. In their proposed mechanism, nitro com-
pounds 7.1 could be reduced by the (TPP)Fe(ll) catalyst in the
presence of (EtO);SiH to form Fe-based complexes 7.5. These
complexes could then be trapped by the alkyl radical
intermediate 7.3 to afford intermediate 7.6. Following anion
exchange, the newly formed hydroxylamine compound 7.8
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Scheme 8. Iron-catalyzed intermolecular amination of benzylic C(sp®)—H
bonds.

reacts with the (TPP)Fe(ll) catalyst to form the amine compound
7.9, which combines with (TPP)Fe(lll) catalyst to generate the
(TPP)Fe(lll) intermediate 7.11. Subsequently, a radical S;2
reaction occurs between the alkyl radical 7.3 and the (TPP)Fe(lll)
complex 7.11, facilitating efficient formation of the final C—N
bond production of the desired tertiary amine architectures.
This innovative methodology not only showcases the potential
of decarboxylative tandem coupling reactions for the synthesis
of complex molecules but also highlights the versatility of dual
photoredox and iron catalysis in enabling challenging trans-
formations under mild conditions. The successful synthesis of
aromatic tertiary amines, including nonsymmetric derivatives,
underscores the practical utility of this approach in accessing
structurally diverse and biologically relevant compounds.

In 2022, Chattopadhyay and his team demonstrated a
catalytic system for intermolecular benzylic C(sp®)—H amination
utilizing 1,2,3,4-tetrazole as a nitrene precursor via iron catalysis

ChemCatChem 2024, 16, €202400955 (7 of 17)
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Scheme 9. Iron-catalyzed hydrobenzylation of olefins via radical S,;2 reaction.

(Scheme 8).2Y The innovative method selectively aminates
secondary benzylic C(sp®~H bond over tertiary and primary
benzylic C(sp®)—H bonds, showcasing remarkable regioselectiv-
ity. The broad substrate scope of this open-shell approach has
been exemplified in the synthesis of Dapoxetine, highlighting
its synthetic utility. In their proposed mechanism, the iron(ll)-
porphyrin catalyst is generated in situ by the mixture of zinc
and iron(lll)-porphyrin. This iron(ll)-porphyrin species then
reacts with tetrazole 8.2 to form a nitrogen-centered radical
intermediate 8.7. This electrophilic radical 8.7 selectively reacts
with the benzylic C—H bond to generate benzylic radical 8.8.
Following this step, a radical S,2 reaction occurs between the
benzylic radical 8.8 and the nitrogen-centered radical inter-
mediate 8.9, resulting in the efficient formation of the final
amine product 8.10. This sequence of reactions allows for the
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Scheme 10. Iron catalyzed cross-couples between styrenes and benzyl
bromides.

regioselective introduction of an amino group at the desired
position, providing access to valuable amine derivatives with
high efficiency. The development of this catalytic system
represents a significant advancement in the field of C—H
functionalization, particularly in the selective functionalization
of benzylic C(sp®)-H bonds. By harnessing the reactivity of
nitrogen-centered radicals derived from tetrazole, Chattopad-
hyay and his team have expanded the synthetic toolbox for the
construction of complex molecular architectures.

In 2023, Shenvi and co-workers successfully merged metal-
hydride hydrogen atom transfer (MHAT)®* with a radical S,2
reaction to achive iron-catalyzed hydrobenzylation of unacti-
vated olefins (Scheme 9).5, This innovative strategy enables
the synthesis of a variety of products containing a quaternary
center in high yield. The synthetic approach exhibits broad
substrate scope and has been applied in the stereoselective
synthesis of (—)-eugenial C. In their breakthrough study, radical
intermediate 9.4 is formed through iron catalyzed MHAT with
an alkene. Concurrently, benzylic radical 9.7 could be gener-
tated through HAT or XAT steps. This benzylic radical 9.7 is
then trapped by an iron(ll) intermediate to form an iron(lll)
complex. The key radical S;2 step between the tertiary radical
9.4 and the iron complex 9.8 leads to the formation of the
quaternary center, enabling efficient hydrobenzylation of un-
activated olefins. Furthermore, the same research group
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successfully utilized a single iron catalyst to achieve the cross-
coupling reaction between styrenes and benzyl bromides
through a key S,2 step (Scheme 10).2” They identified an iron
porphyrin catalyst [Fe(TACPP)CI] as effective in cross-coupling
alkenes with benzyl bromides via radical intermediates, even
when two benzyl radicals of similar stability are formed as
intermediates. Remarkably, the coupling scope includes mono-,
di-, tri-, and tetrasubstituted alkenes among conjugated and
unconjugated alkenes alike. This open-shell approach repre-
sents a powerful platform in the synthesis of complex
architectures and the modification of natural products. By
harnessing the reactivity of radical intermediates and leveraging
the versatility of iron catalysis, Shenvi and his team have
expanded the synthetic toolbox for the construction of
structurally diverse molecules.

Very recently, Shenvi, Baran, and Kawamata reported a
general platform for constructing an all-carbon quaternary
center between redox active esters and olefins through
decarboxylative coupling (Scheme 11).58 In this innovative
approach, they  successfully  discovered that an
iron(tetraphenylporphyrinato) chloride [Fe(TPP)CI] catalyzes two
different redox-active esters, enabling the efficient formation of
coupled products containing an all-carbon quaternary center.
Notably, they applied this methodology in the synthesis of
complex architectures and natural products, offering simpler
synthetic routes. In their proposed mechanism, [Fe(TPP)CI]
catalysis, in combination with silane, forms an iron hydride that
reacts with alkenes 11.3 to generate radical intermediate 11.7.
Concurrently, the reduced iron catalyst reduces the redox-active
ester 11.1 to form the primary radical 11.4. Following a radical
Su2 reaction, the final product 11.8 is efficiently formed from
the primary radical and tertiary radical intermediates. This
method represents a significant advancement in the field of
decarboxylative coupling reactions, enabling the efficient
construction of all-carbon quaternary centers. By leveraging the
reactivity of redox-active esters and the versatility of iron
catalysis, Shenvi, Baran, and Kawamata have provided a power-
ful tool for the synthesis of structurally diverse molecules with
complex architectures.

In 2023, MacMillan and his team employed tertiary alcohols
and alkyl halides to the synthesis of sterically congested
quaternary products enabled by dual photoredox and iron
catalyst (Scheme 12).® This radical approach demonstrates a
relatively broad substrate scope with good yields, making it a
valuable tool for synthetic chemists. Furthermore, they applied
their method efficiently in the synthesis of complex architec-
tures, showcasing its synthetic versatility and utility. In their
innovative approach, the authors utilized benzoxazolium salt
(NHC) to active the alcohol 12.1, forming intermediate 12.3.
With the aid of a suitable photoredox catalyst, the tertiary
radical intermediate 12.5 is efficiently formed. Concurrently, the
reduced photoredox catalyst reduces the silane reagent 12.6 to
abstract the halogen atom of alkyl bromide 12.2 to generate
alkyl radical 12.8, which is then trapped by the iron (Il) catalyst
to form an iron (lll) intermediate. Finally, the tertiary radical
intermediate 12.5 reacts with the alkyl radical intermediate 12.9
to produce the final product 12.10, regenerating the iron (Il)

© 2024 Wiley-VCH GmbH
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----------------------------------------------------------------- Selected examples --------=-=--=-cccccccnco oo oees
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Scheme 11. Carbon quaternization of redox active esters and olefins by decarboxylative coupling.

catalyst in the process. This cascade of reactions highlights the
synergistic effects of dual photoredox and iron catalysis in
enabling the efficient construction of sterically congested
quaternary products from simple starting materials.

In 2023, Zhang and co-workers developed five-coordinate
iron(lll) complexes of porphyrins with an axial ligand and used
them as a new type of metalloradical catalysis for the synthesis
of chiral cyclopropanes (Scheme 13).#” Their innovative ap-
proach enabled the cyclopropanation reaction between styr-
enes and a-trifluoromethyldiazomethanes or diazo compounds
using catalytic amounts of [Fe(Por)Cl], resulting in the formation
of a variety of chiral trifluoromethyl-substituted cyclopropane in
high yields with excellent enantioselectivity. In their proposed
mechanism, the iron(lll) catalyst could react with substrate 13.3
to generate iron(lV) catalyst 13.4, which subsequently reacts
with styrene 13.2 to form the alkyl radical 13.5. Following an
intramolecular S;2 reaction, the intermediate 13.5 undergoes
cyclization to yield the chiral product 13.6. Simultaneously, the
iron(lll) catalyst is regenerated, completing the catalytic cycle.
This elegant strategy highlights the utility of metalloradical
catalysis in enabling complex transformations with high
efficiency and selectivity.

In 2022, West" and Shi? independently reported elegant
diazidation of alkenes enabled by iron catalysis (Scheme 14).
These innovative works offer a mild, efficient, acid-free
approach of diazidation of unactivated alkenes via ligand-to-
metal charge transfer (LMCT) /S,2 process. The plausible
mechanism demonstrates that azide anion is trapped by iron(lll)
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and is then excited by visible light to get azide radical 14.4
through LMCT process, azide radical 14.4 react with unactivated
alkene 14.1 to generate tertiary radical intermediate 14.5. After
the S,;2 process between tertiary radical intermediate 14.5 and
iron intermediate 14.2, the final diazidation product could be
formed efficiently.

Following their previous work, West and co-workers
successfully developed a method of decarboxylative azidation
of unactivated alkyl carboxylic acids directly through LMCT/S,;2
process (Scheme 15).% In this innovative approach, cheap and
easy-accessible trimethylsilyl azide was used as the azide source
to get the direct azidation product from alkyl carboxylic acids.
In their proposed mechanism, alkyl carboxylic acid 15.1
cooperates with ferric nitrate 15.2 to form iron intermediate
15.3, after excitation by purple light, going through the process
of LMCT, alkyl radical intermediate 15.5 is generated after the
elimination of CO,. Then, the iron(ll) is oxidized by nitrate and
thus cooperates with azide anion to generate iron intermediate
15.9. Finally, alkyl radical intermediate 15.5 undergoes an 5,2
process with iron intermediate 15.9 to get the final product
15.11.

Recently, Koh, Zhang and Holland reported an elegant
example regarding regioselective functionalization of olefins
with sp>-hybridized organohalides and organozinc reagents
using a simple (terpyridine)iron catalyst (Scheme 16).*Y The
method grants access to a range of valuable C(sp®)-rich
molecules, which are notoriously difficult to synthesize, includ-
ing alicyclic compounds featuring multiple adjacent stereo-

© 2024 Wiley-VCH GmbH
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4CzIPN (5 mol%)

M Zhang, 2023

[Fe(Por*)Cl] (2 mol%)

OH Br
+ Br
X

Fe(OEP)CI (2.5-5.0 mol%)
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MeCN/tAmOH (1:1, 0.05 M)

blue LEDs, 9-16 h

------------------------------- Catalysts -------cccemmmmcaiiieaaat
NHC-1 jCFJ Et Et
tBuaN) 4 N Et Et
o - NC CN
tBu BF,
o (/N NN . Et
N t
NO siEt O Q
Et Et
F
F 181 4CzIPN Fe(OEP)CI
---------------------------- Selected examples - -----------ccccmaaaaaon
Me_ Me F
CF, Boc~N/>\
_N Me Hyme' me
Boc
43% 66% €l
MeO Me CF, o Me CF;
1SRN SR !
59% 64%
----------------------------- Plausible mechanism®-------===========-=------
Ar Ar
oH NN N0
[ .
'—IOKO ' [e)
—_—
X NHC-1

ridine
121 Py X

) ]
N’O‘SiEt3 u
. _Fe'
: &l
(o] . = F
12.7 *SiEt; 12.9
F 12.6 )
/\Br
12.2

« . Fel'
g NN K
128 Fe'(OEP)

Scheme 12. Synthesis of sterically congested quaternary products via S,;2
reaction.

centers, via annulation cascades. Based on the mechanistic
studies and computatinal studies, they proposed that iron
catalyst could react with organozinc reagent 16.3 and alkyl
halide 16.2 to form iron (Il) intermediate 16.7, which then react
with alkenes 16.1 to form intermediate 16.8. The newly formed
alkyl radical 16.6 then attacks the iron (Il) intermediate 16.8 to
form the final coupling product 16.9, while the iron (I) complex
is formed efficently. The active iron (I) complex 16.4 could react
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NNHTris . Cs,CO; (2.4 equiv.) FsC,,
FsC” H \”/ hexanes (0.1M) H”
4°C, Ny, 20h
N, . RR [Fe(Por)Cl@mol%) Ry A RS
et AR TR J\
R0 k2 toluene (0.1 M) R R4
23°C, Ny, 24 h
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0 F3C,, /\..CI
FiC,, /\ L H” @
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) 60:40 dr, 89% ee
Tris
**************************** Plausible mechanism ------------=--------------
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N - 2
H 436 Fe T TN 133
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H Fe"'(Por*) N,
CF, H_ _CF;
v
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13.5 13.4

\ﬂ/ 132

Scheme 13. Iron(lll)-based metalloradical catalysis for asymmetric cyclopro-
panation.

with organozinc reagent 16.3 and alkyl halide 16.2 to
regenerate iron(ll) complex 16.7.

In 2024, Yang and co-workers reported an elegant example
of enantioselective construction of quaternary stereocenters via
cooperative photoredox/Fe/chiral primary amine triple catalysis
(Scheme 17).**) This innovative approach represents a signifi-
cant advancement in the field of catalytic asymmetric synthesis,
offering a versatile strategy for the synthesis of chiral cyclic
compounds containing a quaternary stereocenter with high
yields and excellent enantioselectivities. In their proposed
mechanism, cyclic ketone 17.1 reacts with a chiral primary
amine to form imine intermediate 17.3 This imine intermediate
undergoes single-electron transfer (SET) oxidation to generate
tertiary radical intermediate 17.4. Concurrently, the reduced
photoredox catalyst reduces the redox-active ester 17.2 to form
the primary radical intermediate 17.5. Furthermore, the primary
radical intermediate 17.5 could be trapped by iron(ll) catalyst to
form iron(lll) catalyst 17.6. This iron(lll) catalyst then reacts with

© 2024 Wiley-VCH GmbH
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Scheme 15. Decarboxylative azidation of unactivated alkyl carboxylic acids.

radical intermediate 17.4 to construct the quaternary center
intermediate 17.7 efficiently. Upon releasing the primary amine
catalyst, the desired product 17.8 is formed efficiently, complet-
ing the catalytic cycle.
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precursor. They proposed that this key carbon-carbon bond
formation is achieved by the radical Sy2 reaction. Their
groundbreaking study showcased the capability of Ni(lll)
complexes to react with methyl radicals, leading to the
formation of Ni(lV) complexes. Subsequently, these Ni(lV)
complexes were susceptible to attack by alkyl radicals, which
were generated in situ from peroxide precursors. This mecha-
nism elucidates how the pivotal carbon-carbon bond formation
occurs through radical S,2 reaction, highlighting the signifi-
cance of metal-mediated radical processes in organometallic
chemistry.

In 2022, the MacMillan group achieved the decarboxylative
cross-coupling of two carboxylic acids via a dual photoredox/
nickel catalytic platform, utilizing radical S,2 reaction as a key
step (Scheme 19).*” Their groundbreaking work demonstrated
the successful utilization of two different aliphatic carboxylic
acids to facilitate valuable C(sp®)—C(sp®) bond formation with a
broad substrate scope. In their proposed mechanism, a mixture

© 2024 Wiley-VCH GmbH
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of quaternary stereocenters via cooperative photoredox/Fe/chiral primary amine triple catalysis.

of Mesl(OAc), and two different aliphatic acids leads to the

CD3NOy formation of hypervalent iodine intermediate 19.3. This inter-

90°C,1h
_—

N /| \ Me mediate is activated by a suitable photocatalyst through an
<\///N ©Fs ° energy transfer mechanism, generating two different alkyl
********************** Plausible mechanism:--------------=------------- radical intermediates, 19.4 and 19.5. The less sterically hindered
N R-CH radical intermediate, 19.4, is trapped by Ni(ll) complex to form
"CB | ch, 18.8 Ni(lll) intermediate 19.6. Subsequently, a radical S,2 reaction
.CH, N—Ni "I\CF occurs between 19.6 and alkyl radical intermediate 19.5,
18.7 / 18.6 leading to the efficient formation of the desired product 19.9.
Meanwhile, the nickel (Il) complex is regenerated, completing
we N * the catalytic cycle. The broad substrate scope and efficiency of
HB/—T /Ni,vuca ) this method underscore its potential utility in synthetic
(N/NiW\"CFs N (::,_:CFa § chemistry and its significance in advancing the field of radical-

(l;Hs CFs R mediated cross-coupling reactions.
18.1 \% 18.4 In 2024, MacMillan and his team successfully demonstrated
R o j\ st the late-stage C(sp’)~H methylation of drug molecules by
07 R mering decatungstate photocatalysis with nickel-mediated S;2
© 152 183 bond formation (Scheme 20).*® This innovative method has

Scheme 18. S;2 reaction between carbon-

organonickel complexes.

been effectively applied in modifying complex drugs with high
yields, offering a versatile strategy for late-stage functionaliza-
tion. In their proposed mechanism, radical intermediate 20.3 is
efficiently formed through a hydrogen atom abstraction (HAA)
step between hydrocarbon 20.1 and decatungstate photo-
catalysis. Concurrently, the redox-active ester 20.2 is reduced to

centered radicals with high-valent
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Scheme 19. The double decarboxylative cross-coupling of aliphatic acids.

form methyl radical 20.4, which undergoes rapid trapping by a
Ni(ll) complex to generate Ni(lll) complex 20.5. Sequently, alkyl
radical 20.3 attacks the Ni(lll) complex 20.5, leading to the
formation of the desired product 20.6 with high yield, while
regenerating the Ni(ll) catalysis.

Soon after, the same group successfully merged the metal-
hydride hydrogen atom transfer (MHAT) with metallaphotor-
edox methodology to achieve the coupling reaction between
olefins and alcohols (Scheme 21).*? This synthetic approach has
been applied in the late-stage modification of complex
architectures successfully with high yields, offering a versatile
strategy for the functionalization of organic molecules. The
authors employed N-heterocyclic carbene (NHC) to active the
alcohol, which is then oxidized to form tertiary radical species
21.4. Subsequent B-scission leads to the efficient formation of
methyl radical 21.5. Meanwhile, the alkene reacts with
manganese hydride to form the tertiary radical 21.7, which then
undergoes S;2 reaction with Ni(lll) complex 21.6 to form the
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Scheme 20. Late-stage C(sp’)—H methylation of drug molecules.

final coupling product 21.11. This synergistic combination of
MHAT and metallaphotoredox methodologies enables the
selective formation of C—C bonds between olefins and alcohols,
providing new opportunities for late-stage modification of
complex molecules. The broad substrate scope and high
efficiency of this method make it a valuable tool for the
synthesis of diverse organic compounds with tailored proper-
ties.
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Scheme 21. A triple catalytic, radical sorting approach to olefin-alcohol
cross-coupling.

In the same year, MacMillan and co-workers achieved
alcohol-alcohol cross-coupling enabled by S,2 radical coupling
(Scheme 22).°% Compared to previous methods, they success-
fully utilized two different alcohols, both activated by N-
heterocyclic carbene (NHC) species, to form alkyl radical
intermediates. With the assistance of a Ni(ll) complex, these two
alkyl radicals underwent coupling to form the carbon-carbon
bond. This innovative approach offers a versatile strategy for
the synthesis of complex molecules through the direct coupling
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Scheme 22. Alcohol-alcohol cross-coupling enabled by Sy2 reaction.

of alcohol substrates, expanding the scope of radical-mediated
cross-coupling reactions.

Very recently, the MacMillan group expanded their reaction
from two-component cross-coupling to three-component cou-
pling (Scheme 23).°" By employing radical S,,2 reaction as a key
step, they successfully achieved the simultaneous construction
of two C(sp?)—C(sp®) bonds. The substrate scope of this method-
ology is relatively broad, exhibiting excellent functional group
tolerance under mild reaction conditions. In their proposed
mechanism, primary radical species 23.6 is generated through
sequential NHC activation, single-electron transfer (SET) oxida-
tion, and B-scission. Simultaneously, the trifluoromethyl radical
23.7 could be formed by the reduced photocatalysis, which are
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Scheme 23. Alkene dialkylation by triple radical sorting.

rapidly trapped by the unactivated alkene 23.1 to form the
tertiary radical intermediate 23.8. With the aid of a Ni(ll)
complex, the primary radical species 23.6 couples with the
tertiary radical intermediate 23.8 to efficiently form the complex
architecture 23.10.

In the meantime, Koh and co-workers developed an elegant
photoredox/nickel dual catalytic approach to form two C-
(sp®)—C(sp®) linkages via trimolecular cross-coupling of alkenes
with alkyl halides and hypervalent iodine-based reagents.
(Scheme 24).°2 This method demonstrated excellent tolerance
to a variety of functional groups and natural product-based
scaffolds, with the corresponding products obtained in high
yields. In their proposed mechanism, the photoexcited photo-
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Scheme 24. Multicomponent cross-coupling of unactivated alkenes via S;2
reaction.

catalyst activates the hypervalent iodine compound 24.3 to
generate methyl radical 24.4 via an energy-transfer mechanism.
This methyl radical then reacts with iodine compound 24.2 to
generate alkyl radical 24.5. Meanwhile, another equivalent of
methyl radical is trapped by a Ni(ll) complex to form Ni(lll)
intermediate 24.7 efficiently. Subsequently, alkyl radical 24.5
adds to alkenes to generate more stable radical intermediate
24.8, which then reacts with Ni(lll) complex successfully to
construct the three-component coupling product 24.10.

In their continued exploration of multicomponent reactions
involving S;2 reactions, MacMillan and co-workers successfully
achieved the aryl-alkylation of alkenes involving aryl radical
intermediates (Scheme 25).°® They utilized aryl halides, redox-
active esters, and unactivated alkenes as coupling partners,
producing the coupling product with high yields. In their
proposed mechanism, they employed silane reagent 25.4 to
abstract the halogen from aryl halide 25.2, efficiently forming
the corresponding aryl radical 25.6. This aryl radical then adds
to the unactivated alkene efficiently to generate the secondary
radical intermediate 25.7. Concurrently, the priminary radical
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Scheme 25. Aryl-alkylation of alkenes via S,;2 reaction.

25.8 reacts with a Ni(ll) complex to form the corresponding
Ni(lll) intermediate 25.9. The key step involves the reaction of
the secondary radical intermediate 25.7 with the Ni(ll) inter-
mediate 25.9, leading to the formation of the final coupled
product 25.10 via an 5,2 reaction. This innovative method
broadens the scope of multicomponent coupling reactions,
providing a versatile and efficient strategy for constructing
complex molecular architectures from readily available starting
materials. The ability to form aryl-alkylated products in high
yields showcases the potential of this approach in synthetic
organic chemistry, particularly for the rapid synthesis of
functionalized molecules with diverse applications.
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5. Summary and Outlook

In recent years, significant studies have explored the develop-
ment of radical S,2 reactions for forming C(sp®)—C(sp®) and
C(sp’)—X bonds. We highlight the concept of radical S,2
reactions and their application in merging S,2 reactions with
various transition metal catalysis, including cobalt, iron, and
nickel. This approach demonstrates that bimolecular homolytic
substitution (Sy2) at a transition metal can serve as a general
synthetic platform for constructing saturated architectures.
Future directions and opportunities including 1) Expansion to
Other Transition Metals: The merging of S,2 reactions with
different transition metal catalysis is poised for further develop-
ment. Beyond cobalt, iron, and nickel, exploring other transition
metals such as copper,®*>® manganese,”” and chromium could
uncover new reactivity patterns and broaden the scope of S,2
reactions. This could lead to the discovery of novel catalytic
systems with unique selectivities and efficiencies; 2) Develop-
ment of asymmetric methodologies: asymmetric synthetic
approaches involving radical S,2 steps could become a general
platform for constructing chiral C(sp®)—C(sp®) and C(sp’)—X
bonds. These methodologies would be particularly valuable in
the synthesis of enantiomerically pure compounds, which are
crucial in pharmaceuticals and agrochemicals. The design of
chiral ligands and catalysts tailored for S,2 reactions will be a
key area of research; 3) Application in complex molecule
synthesis: applying S,;2-based methodologies to the late-stage
functionalization of complex molecules and natural products
can provide more efficient and selective routes to these
valuable compounds. This approach could simplify synthetic
routes, reduce the number of steps required, and improve
overall yields, making it an attractive strategy for the synthesis
of bioactive molecules and natural products; 4) Multicompo-
nent and tandem reactions: The development of multicompo-
nent and tandem reactions involving S,2 steps can streamline
the synthesis of complex molecules. By combining multiple
transformations in a single reaction sequence, chemists can
construct intricate molecular architectures more efficiently. This
strategy could be particularly useful in drug discovery and
development, where rapid access to diverse compound libraries
is essential; 5) Integration with photoredox and electrochemical
catalysis: The integration of S;2 reactions with photoredox and
electrochemical catalysis offers exciting opportunities for devel-
oping new synthetic methodologies. These approaches can
enable the generation of radical intermediates under mild
conditions and provide precise control over reaction pathways.
This combination could lead to the discovery of novel reactivity
and expand the utility of S,,2 reactions in organic synthesis.

The integration of radical S;2 reactions with transition metal
catalysis represents a powerful and versatile approach in
modern synthetic chemistry. Continued exploration and devel-
opment in this area promise to deliver innovative solutions for
constructing complex, functionalized molecules with precision
and efficiency. As the field progresses, the merging of S,2
reactions with other catalytic strategies and the development of
asymmetric methodologies will significantly expand the toolkit
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of synthetic chemists, providing new opportunities for creating
valuable compounds in various domains of chemistry.
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