Downloaded via PRINCETON UNIV on August 21, 2025 at 15:21:41 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

JJOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JACS

Radical Sorting Catalysis via Bimolecular Homolytic Substitution
(Sy2): Opportunities for C(sp?)—C(sp®) Cross-Coupling Reactions
Iona M. McWhinnie,” Robert T. Martin," Jiaxin Xie,” Ruizhe Chen, Cesar N. Prieto Kullmer,

and David W. C. MacMillan*
I: I Read Online

lihl Metrics & More |

Cite This: J. Am. Chem. Soc. 2025, 147, 23351-23366

ACCESS |

Article Recommendations |

ABSTRACT: The development of efficient C(sp®)—C(sp®) cross-coupling methods that expand access to a pharmaceutically
relevant three-dimensional chemical space represents a key frontier in organic synthesis. Traditional cross-coupling strategies readily
achieve C(sp?)—C(sp?) and C(sp*)—C(sp®) bond formation but face significant challenges in C(sp*)—C(sp*) coupling due to issues
of sluggish inner sphere reductive elimination, S-hydride elimination, and limited cross-selectivity. Recent advances in C(sp’)—
C(sp®) cross-coupling have highlighted the potential of an alternative bond-forming mechanism, bimolecular homolytic substitution
(Su2), as an outer sphere pathway to overcome these limitations. This strategy leverages a “radical sorting effect”, in which sterically
distinct alkyl radicals are partitioned based on their substitution patterns. This perspective provides a comprehensive analysis of Sy;2-
mediated C(sp®)—C(sp®) cross-coupling reactions from 2021 to 2024, focusing on iron, nickel, and cobalt catalysis and their
powerful applications in quaternary carbon center (QCC) formation. We also highlight emerging opportunities in single functional
group cross-coupling and alkene functionalization, demonstrating the versatility of Sy2 in accessing complex molecular architectures
from abundant feedstock chemicals. By addressing key challenges in C(sp*)—C(sp®) cross-coupling, S;;2 radical sorting catalysis
holds significant promise for expanding the C(sp®)-rich chemical space and enabling transformative advances in organic synthesis.

1. INTRODUCTION

The introduction of novel methods for the efficient

traditional cross-coupling
privileged for C(sp?)—C(sp?)

transmetalation

construction of carbon—carbon bonds remains a fundamental
goal of organic synthesis. Traditional cross-coupling reactions
forge carbon—carbon bonds between organic electrophiles and
nucleophilic organometallic reagents,’ enabling the construc-
tion of challenging C(sp*)—C(sp*) and C(sp>)—C(sp’) bonds
through the classic sequence of oxidative addition, trans-
metalation, and reductive elimination (Figure la).” In
recognition of the revolutionary impact of these powerful
transformations, Heck, Negishi, and Suzuki were awarded the
2010 Nobel Prize in Chemistry “for palladium-catalyzed cross-
couplings in organic synthesis.”’ Today, there is growing
interest in extending the scope of this mechanistic framework
to the coupling of two sp*-hybridized substrates.”” Organic
molecules with C(sp*)—C(sp®) bonds exhibit enhanced three
dimensionality over their C(sp?)-rich counterparts, a structural
feature that is well understood to impart desirable
pharmaceutical properties and correlate with higher rates of
clinical success.”” The introduction of efficient methods for
C(sp®)—C(sp®) cross-coupling can facilitate expanded access
to the C(sp?)-rich chemical space and holds immense value for
drug discovery.

While some traditional electrophiles (e.g., alkyl halides) and
nucleophilic organometallic reagents have been employed in
C(sp*)—C(sp®) cross-coupling reactions,” multiple challenges,
including facile p-hydride elimination and the limited
availability of coupling partners, have hindered the widespread
adoption of palladium-catalyzed C(sp*)—C(sp®) cross-cou-
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Figure 1. (a) Traditional cross-coupling versus (b) radical cross-
coupling via bimolecular homolytic substitution (Sy2).
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Figure 2. (a) C(sp*)—H methylation with methylcobalamin via S;;2. (b) Stoichiometric Sy;2 reactions with organocobalt porphyrins via S;2. (c)
Design of a biomimetic C(sp®>)—C(sp®) bond formation via transition-metal-mediated S;2 catalysis.

plings.” Consequently, considerable effort has been directed
toward developing new catalysts and ligands and utilizing
abundant alkyl coupling partners with a greater structural
diversity.>"” First -row transition metals, such as nickel,’
copper,' " iron,'” and cobalt,"” have gained prominence due
to their slower rates of f-hydride elimination. Notably, these
metals are also able to engage in single-electron processes and
thus promote radical reactivity. With the rise of photoredox
and electrocatalysis, a broader range of native functionalities,
including carboxylic acids, alcohols, and C—H bonds, can now
be readily activated to serve as sp’-derived radical cross-
coupling partners, thereby enabhn% more versatile C(sp*)—
C(sp®) cross- couplmg reactions. Despite these advances,
radical C(sp®)—C(sp®) cross-couplings remain underdeveloped
compared to reactions involving C(sp”) partners. This is
largely due to limitations in the traditional mechanistic
framework, especially oxidative addition and reductive
elimination. For example, while radicals undergo facile single-
electron oxidative addition to first-row transition metals, more
highly substituted alkyl radicals generally display a diminished
binding affinity, as sterlc hindrance serves to weaken the
metal—carbon bond.'® This 1ssue, combined with slow inner-
sphere reductive elimination'” and side reactions such as -
hydride elimination, homocoupling, and radical disproportio-
nation,'® presents substantial challenges in achieving selective
and productive C(sp*)—C(sp®) bond formation. Furthermore,
the construction of quaternary carbon centers (QCCs) via
C(sp®)—C(sp®) cross-coupling remains a significant challenge,
as bulky 3° alkyl cou%)hng partners are more susceptible to -
hydride elimination.”” The ability to efficiently construct
complex QCCs through cross-coupling reactions with readily
available precursors would represent a transformative advance-
ment in synthetic chemistry.

Given the inherent challenges associated with the inner
sphere reductive elimination pathway in traditional C(sp®)—
C(sp®) cross-coupling reactions, alternative mechanisms may
provide new avenues for achieving high cross-selectivity and
efficient QCC formation. One particularly promising mecha-

nism is bimolecular homolytic substitution (S;2), the radical
analogue of the Sy2 mechanism (Figure 1b). In nature, the
methyltransferase cofactor methylcobalamin carries out bio-
logical C(sp®)—H methylation through a distinct outer sphere
Sy2 mechanism (Figure 2a).*° This mechanism has been
demonstrated outside the cellular environment by using
stoichiometric cobalamin complexes. Thermal decomposition
generates a 2-bisethoxycarbonylpropyl radical, which under-
goes Sy2 with thermostable methylcobalamm to furnish the
methylated product (Figure 2b).”" Beyond cobalamins, Sy2
has been studied extensively in the context of carbon—
heteroatom bond formation,””** but until recently its
application in catalytic C(sp*)—C(sp®) cross-coupling had
been “seldom postulated, rarely discussed, and frequently
discarded as improbable,”** and remained largely unex-
plored.”

Drawing inspiration from nature, we hypothesized that an
Sy2-based platform could overcome several challenges
plaguing radical C(sp*)—C(sp®) cross-coupling (Figure 2c).
In an Sy2 mechanism, the capture of alkyl radicals by a metal
catalyst is influenced by the degree of substitution or steric
hindrance. More substituted alkyl radicals (2° and 3°) tend to
bind weakly and reversibly to the metal, allowing less
substituted 1° radicals to preferentially form stronger metal—
carbon bonds, generating a more persistent metal—alkyl
complex while leaving the more substituted radicals un-
bound.”® This phenomenon leads to a “radical sorting effect,”
effectively partitioning alkyl radicals based on their degree of
substitution. Additionally, when C(sp®*)—C(sp®) bond for-
mation occurs via an Sy2 pathway, the more substituted
radical, being more electron-rich and nucleophilic, is better
positioned to engage in nucleophilic attack of the electrophilic
1° alkyl-metal complex, adding a constructive electronic
dimension to the sorting mechanism.”” Consequently, an outer
sphere C(sp*)—C(sp®) bond-forming process offers two key
advantages: (1) improved cross-selectivity for any sterically
differentiated coupling partners and (2) suppression of
unproductive side reactions, including S-hydride elimination,
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Figure 3. Dual iron and photoredox-catalyzed biomimetic S;;2 C(sp®)—C(sp®) cross-coupling of alkyl redox active esters (RAEs) with 1° alkyl

bromides for efficient quaternary carbon center (QCC) formation.

a particular challenge in QCC formation, as the mechanism
does not require binding of hindered 3° radicals.

In 2021, our laboratory introduced the concept of Sy2
radical sorting catalysis in the context of an iron porphyrin-
catalyzed C(sp®)—C(sp®) cross-coupling of redox-active esters
(RAEs) and 1° alkyl bromides that achieves efficient QCC
formation under visible light photoredox (vide infra).”** In the
subsequent years, our group and others have developed a series
of powerful new S;2 radical sorting C(sp®)—C(sp®) cross-
coupling methods. A recent review”" has documented progress
in this field, particularly focusing on transition-metal-catalyzed
Sy2 reactions. In this perspective, we aim to provide a
comprehensive analysis of key developments in Sy2 radical
C(sp®)—C(sp®) cross-coupling from 2021 to 2024, with an

emphasis on iron, nickel, and cobalt catalysis, while high-
lighting the value of the radical sorting effect and its role in
QCC formation,”’ along with emerging strategies for a highly
heteroselective single functional group cross-coupling. Addi-
tionally, we discuss new opportunities for C(sp®>)—C(sp?)
bond formation and QCC construction in the context of Sy;2-
mediated alkene functionalizations with readily available
feedstock partners.

2. DUAL IRON AND PHOTOREDOX-CATALYZED
C(SP3)—C(SP3) CROSS-COUPLING: THE ADVENT OF
Su2 RADICAL SORTING CATALYSIS

A key objective in our laboratory is the development of
metallaphotoredox platforms that employ abundant and

23353 https://doi.org/10.1021/jacs.5c07367
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diverse C(sp®)-rich native functionalities for radical C(sp*)—
C(sp®) cross-coupling reactions.'* To this end, we have
introduced numerous strategies, including cross-electrophile
coupling30 and C—H functionalization.>’ However, our efforts
to achieve coupling via traditional inner sphere bond-forming
mechanisms were beset by moderate selectivity for cross-
coupling over homocoupling and inefficient formation of
QCCs. Inspired by enzymatic S;;2 C(sp’)—C(sp®) bond-
forming processes, we questioned whether this unique outer
sphere mechanistic platform could be adopted in a laboratory
setting to achieve the proposed radical sorting effect. We noted
that both cobalt and iron porphyrins are well-known analogues
that mimic the reactivity of cobalamin.”**’ Realization of
catalytic Sy2 C(sp®)—C(sp®) cross-coupling with these catalyst
scaffolds could greatly expand our fundamental understanding
of the reactivities of metal—alkyl complexes and unveil a new
general strategy for radical C(sp*)—C(sp®) cross-coupling.
To this end, we identified an iron porphyrin scaffold,
Fe(OEP)Cl [OEP = 2,3,7,8,12,13,17,18-octaethyl- 21 H,23H-
porphine], as a uniquely effective catalyst to accomplish the
biomimetic Sy2 cross-coupling of RAEs with 1° alkyl bromides
under photoredox conditions (Figure 3).*® Under blue light
irradiation, an excited-state iridium photocatalyst (Ir-1)
undergoes single-electron transfer (SET) with the amino-
supersilane reagent, (TMS),SiNHAdm (4), to generate, upon
radical aza-Brook rearrangement, a reactive silyl radical (5) and
a reduced Ir(II) complex (Figure 3, top left). Facile bromine
atom abstraction from 1° alkyl bromide (2) by § forms the 1°
alkyl radical. Concurrently, the Ir(II) complex can reduce the
RAE (1) via SET to afford, upon the loss of CO, and
phthalimide, a nucleophilic 3° radical and the regenerated
ground-state Ir-1. In the iron catalytic cycle, the less sterically
hindered 1° alkyl radical is expected to be favorably
sequestered by Fe(OEP) to form a moderately persistent
Fe(1II)—alkyl intermediate, leaving the more nucleophilic 3°
alkyl radical free to engage in Sy2 C(sp®)—C(sp’) bond
formation and construct the QCC (Figure 3, top right).
Importantly, selective capture of the less hindered 1° radical
also decreases its effective concentration, limiting the potential
for free radical side reactions, such as dimerization. Moreover,
the less nucleophilic nature of the 1° radical suppresses Sy2-
mediated homocoupling. Conversely, the steric encumbrance
of the 3° radical serves to discourage its effective binding to the
metal center, minimize free radical dimerization, and reduce
the likelihood of a bond-forming Sy2 event, even if the 3°
metal—alkyl intermediate does form. Indeed, the desired cross-
coupled product 3 is isolated in 75% yield with minimal radical
homodimerization, demonstrating a strong radical sorting
effect, as hypothesized. Key mechanistic studies, including
photoNMR (Figure 3, middle) and light-free stoichiometric
studies, support an S;2 mechanism in the C(sp®)—C(sp?)
bond-forming step. Notably, the square planar geometry of the
porphyrin ligand scaffold rules out the possibility of the cis-
coordination of both alkyl fragments, which would be required
for an inner sphere reductive elimination pathway. Addition-
ally, Fe(III)-alkyl complex n-Bu—Fe(OEP) was found to be an
active catalyst that preserves the reactivity of the free Fe(II)
complex, supporting the catalytic relevance of the Fe(III)—1°
alkyl complex and the nucleophilicity of the 3° radical. The
formation of alkylated product 7 further supports the
participation of the Fe(IlI)—alkyl complex in the cross-
coupling event. Ultimately, a wide variety of RAEs and 1°
alkyl bromides could be employed as modular coupling

fragments to form diverse C(sp®)-rich quaternary carbon
scaffolds efficiently and in good yields (Figure 3, bottom). This
seminal work established Sy2 radical sorting catalysis as a
promising new platform to achieve highly cross-selective
C(sp®>)—C(sp®) coupling reactions and challenging QCC
constructions and has inspired multiple ongoing efforts to
expand this concept to different transition-metal catalysts and
new classes of coupling partners.

3. IRON-CATALYZED S,2 C(SP*)—C(SP?)
CROSS-COUPLING AND QCC FORMATION

3.1. Cross-Coupling of 3° Alcohols with 1° Alkyl
Bromides. Having established Fe(OEP)ClI as an effective Sy;2
catalyst scaffold, we sought to expand access to QCCs through
an iron porphyrin-catalyzed photoredox cross-coupling of 3°
alcohols with 1° alkyl bromides (Figure 4).>* The alcohol
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Figure 4. Metallaphotoredox-catalyzed Sy2 C(sp®)—C(sp®) cross-
coupling of 3° alcohols with 1° alkyl bromides.
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coupling partner was condensed with a bench-stable
benzoxazolium salt (NHC—CF;) previously developed in our
lab that condenses with 3° alcohols under mild conditions.*
The resulting NHC-alcohol adduct 8 can be oxidatively
activated via excited photocatalyst (4CzIPN)-induced SET to
generate the 3° alkyl radical upon sequential deprotonation
and f-scission. To render the transformation redox neutral, the
novel reductive halogen-atom transfer (XAT) silane reagent 9
was developed. The reduction of 9 by the reduced-state
photocatalyst via SET induces a N—O bond cleavage and
generates the reactive silyl radical 10 upon the extrusion of 4,5-
difluorophthalimide and a subsequent radical Brook rearrange-
ment. A rapid XAT event between 10 and 1° alkyl bromide 11
yielded the 1° alkyl radical. At this stage, the 1° and 3° alkyl
radicals can be effectively sorted by the iron porphyrin catalyst
to afford the highly congested QCC product via Sy2. This
cross-coupling proceeds with high yields (up to 83%) and
excellent functional group tolerance, while maintaining high
cross-selectivity over radical homocoupling. Notably, the
system is compatible with substrates containing aryl chlorides,
which are susceptible to oxidative addition under traditional
cross-coupling conditions involving low-valent metal catalysts,
highlighting another advantage of the distinct Sy2 elementary
step. Furthermore, this modular fragment coupling strategy
was employed for the expedited synthesis of bioactive
molecules, achieving the facile construction of otherwise
challenging QCCs.

3.2. Cross-Electrophile Coupling of 3° Alkyl Bromides
with 1° Alkyl Electrophiles. More recently, our laboratory
demonstrated that 3° alkyl bromides serve as viable coupling
partners for iron porphyrin-catalyzed S22 QCC formation in
the context of a photoredox-mediated cross-electrophile
coupling (Figure 5).°° In the presence of 3° and 1° alkyl
bromide substrates, the silyl radical generated from Ir(III)*
photocatalyst-mediated single-electron oxidation of amino-
supersilane (4) selectively undergoes XAT with the 3° alkyl
bromide to form radical 12. Concurrently, the reduced Ir(II)
photocatalyst performs a single-electron reduction of Fe(II)-
(OEP) to afford a highly nucleophilic Fe(I)(OEP) species,
which is poised to undergo a sterically favorable Sy2 reaction
with the 1° alkyl bromide, yielding the Fe(III)—alkyl
intermediate 13. Sy;2-mediated C(sp®)—C(sp®) bond forma-
tion between 12 and 13 forges the desired QCC in high yields.
Owing to the Sy2 activation mode for 1° alkyl fragments, this
new strategy expanded the scope of 1° alkyl electrophiles
beyond alkyl halides, enabling the adoption of 1° alkyl
sulfonates derived from abundant alcohols as viable coupling
partners and further enhancing the utility of this trans-
formation.

3.3. Enantioselective Cross-Coupling of pg-Keto
Esters/Amides with 1° Alkyl RAEs. When merged with
organophotoredox catalysis, the Sy2 cross-coupling platform
can be extended to enantioselective QCC formation. In 2024,
Yang and co-workers invoked Sy2 as an elementary step in the
enantioselective cross-coupling of -keto esters or amides with
unactivated 1° alkyl RAEs to construct enantioenriched QCCs
via a cooperative photoredox/iron porphyrin/chiral amine
triple catalysis (Figure 6).”” First, the f-keto ester or amide
substrate condenses with a primary amine organocatalyst 14 to
form chiral enamine 15, which can be readily activated by an
excited Ir(III) photocatalyst (Ir-2 = Ir(dF(CF;)-
ppy).(dtbbpy)PE, [dF(CF;)ppy = 2-(2,4-difluorophenyl)-S-
trifluoromethylpyridine]) via oxidative SET to generate a
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Figure 5. Metallaphotoredox-catalyzed 3°~1° C(sp*)—C(sp®) cross-
electrophile coupling via Sy2.

less hindered
1° C-Br bond

sterically hindered 3° radical 16. The resulting Ir(II) complex
reduces the RAE and furnishes 1° alkyl radical 17 through a
N-O bond cleavage and decarboxylation. At this point, the
Fe(OEP) catalyst selectively captures the less substituted alkyl
radical, 17, to form the Fe(Ill)—alkyl intermediate, which is
subsequently intercepted by the chiral 3° radical 16 to deliver
the enantioenriched QCC product 18 via Sy2 in excellent
enantiomeric excess (ee). The chiral amine catalyst is
regenerated upon hydrolysis. This transformation works on a
gram scale without the loss of yield or ee and can be used for
the construction of a variety of cyclic and acyclic QCCs,
highlighting the extraordinary cooperative ability of Sy;2 radical
sorting and organocatalysis to enable challenging asymmetric
transformations.

3.4. Single Functional Group Cross-Coupling of RAEs.
The cross-selectivity of Sy2 radical sorting catalysis makes it
amenable to single functional group cross-coupling, wherein
two distinct fragments bearing the same functional group are
concurrently activated via a single activation mode and
subsequently coupled, without the requirement that one
fragment is used in large excess to ensure statistical cross-
selectivity.”® In 2024, the Shenvi and Baran groups developed a
highly cross-selective decarboxylative coupling of aliphatic
RAEs that achieves efficient QCC formation via iron
porphyrin-mediated Sy;2 radical sorting catalysis (Figure 7).*
Notably, in addition to the previously established Fe(OEP)Cl
scaffold, the researchers report that Fe(TPP)Cl [TPP =
5,10,15,20-tetraphenyl-21H,23H-porphine] serves as an alter-
native iron porphyrin catalyst competent in promoting Sy2
reactivity. Fe(III) can be reduced by the zinc metal to Fe(I),
which in turn reduces the RAEs to generate the mixture of
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alkyl radicals, possibly via an electron donor—acceptor (EDA)
complex-mediated SET event (Figure 7, middle left).*
Subsequently, the Fe(TPP) scaffold also serves as an efficient
radical sorting platform to enable a highly cross-selective Sy2
C(sp®)—C(sp®) bond-forming event (Figure 7, middle right).
This streamlined reaction protocol demonstrated the modular
assembly of QCCs from commercially available building
blocks, further revealing the revolutionary potential of Sy2
radical sorting catalysis to simplify the complex molecule
synthesis and modernize retrosynthetic strategies."’

4. NICKEL-CATALYZED S,2 C(SP*)—C(SP?)
CROSS-COUPLING AND QCC FORMATION

Nickel, a highly versatile first-row transition metal plays a
pivotal role in modern cross-coupling reactions’ and has
demonstrated a unique ability to mediate C(sp*)—C(sp*) bond
formation via the Sy2 pathway. Seminal studies by Sanford and
co-workers in 2019 established that high-valent Ni(IV)—alkyl
complexes, supported by a distinctive scorpionate tris-
(pyrazolyl)borate (Tp) ligand, can facilitate Sy2-mediated
C(s§>3)—C(sp3) bond formation with alkyl radicals (Figure

In this work, the addition of a methyl radical to the
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Ni(Tp)(CF;), complex resulted in the formation of the model
Ni(IV)—methyl species 19, which displayed remarkable
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thermal stability while rapidly reacting with alkyl radicals
generated from the thermolysis of acylperoxides to form
C(sp®)—methyl bonds. The possibility of an inner sphere
reductive elimination pathway was considered unlikely due to
an elusive Ni(V) oxidation state, and homolysis of the
Ni(IV)—methyl bond was ruled out due to the thermostability
of the complex. The most plausible mechanism is the
nucleophilic attack of the Ni(IV)—methyl complex by the
alkyl radicals, a process that resembles the Sy2 reactivity of
methylcobalamin in biological systems. This landmark
discovery opened new avenues for Sy2 catalysis in previously
elusive nickel-catalyzed C(sp®)—C(sp®) cross-coupling and has
significant implications for overcoming the limitations of
traditional cross-coupling mechanisms, particularly in the
formation of QCCs.

4.1. Single Functional Group Cross-Coupling of
Aliphatic Carboxylic Acids Enabled by a Ni(ll) Scorpi-
onate Catalyst. Inspired by the pioneering work from the
Sanford group, in 2022 our laboratory established the first
proof of concept for Ni-mediated Sy2 radical sorting catalysis
in the context of the double decarboxylatlve cross-coupling of
aliphatic acids (Figure 9).*’ Aliphatic carboxylic acids with
distinct a-substitution are activated in situ by iodosomesitylene
to form I(III) carboxylates. Under UV or blue light irradiation
with thioxanthone (TXO) or 4CzIPN, respectively, as the

sp?-sp® coupled product
Me

OAc
BocN

47% yield (UV light)
54% yield (blue light)

Nlckel\‘
simultaneous
radical Catalytic ‘

M 2 generation k
e OhAc Cycle
? *) _Me
BocN /I\
BocN
selective

radical binding

Ni
\ NiTPIL |,

“pC Photocatalytic

carboxylic acids
"y (niY (Pc

Me
CO,H
BocN AcOvCOZH o O
or

| ¥ L

proposed mechanism

-or- s N_ / M
T Cycle 0 HIB/ | e
( )4CzIPN VAN N—«NI nk
¥ \ \
Me
selected scope o

o
Me
o OXME )l Me
Me Me e’ OH
N
H HO!
cl H

76% yield, 19:1 d.r. (UV light)
57% yield, 9:1 d.r. (blue light)
from gibberellin Az

63% yield (UV light)
84% yield (blue light)
from bezafibrate

Figure 9. Photoredox decarboxylative S;;2 C(sp>)—C(sp’) cross-
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photosensitizer, I-O bond homolysis followed by CO,
extrusion generates the free alkyl radicals. A unique Ni(II)
catalyst, supported by a sterically bulky tris(3,5-
dimethylpyrazolyl)borate (Tp*) ligand, preferentially seques-
ters methyl and small 1° alkyl radicals, forming more stable
(Tp*)Ni(Ill)—alkyl complexes, as evidenced by photoEPR
experiments. More substituted radicals, such as 2° and 3°
radicals, undergo Sy2 substitution with the (Tp*)Ni(IlL)—
alkyl complex, yielding the desired cross-coupled product and
regenerating the Ni(II) catalyst. Remarkably, this trans-
formation exhibits a high reaction efliciency and cross-
selectivity, particularly for C(sp*)—methyl couplings, high-
lighting the ability of the specialized nickel scorpionate scaffold
to engage in the Sy2 radical sorting pathway. Consequently,
this approach enables the efficient formation of a broad range
of high-value C(sp*)—methyl bonds, especially in the context
of QCCs, offering a novel solution to a long-standing synthetic
challenge using abundant starting materials. This work also
represents a key demonstration of the ability of Sy2 radical
sorting catalysis to enable highly cross-selective single
functional group coupling reactions.

4.2. Late-Stage C(sp®)—H Methylation of Drug
Molecules. The “magic methyl effect” refers to the substantial
improvement in pharmaceutical properties that may arise when
a methyl group is strategically introduced to a small molecule
drug candidate and is particularly pronounced in molecules
bearing saturated heterocyclic cores.”* Despite the value of this
motif, the direct introduction of methyl groups to lead
compounds or drug candidates via late-stage functionalization
remains a significant challenge.*** Inspired by the ability of
(Tp*)Ni(II) complexes to promote C(sp*)—methylation in
radical cross-couplings, we sought to develop a nickel-catalyzed
platform for the C(sp®>)—H methylation of drug molecules. In
2023, we reported a novel late-stage C(sp®>)—H methylation
protocol that merges photoinduced decatungstate-mediated
selective hydrogen atom-transfer (HAT) catalysis with nickel
Sy2 radical sorting catalysis (Figure 10).”” Photoexcitation of
decatungstate anion [W;,0;,]*" under 365 nm LED
irradiation induces highly selective hydrogen atom abstraction
(HAA) of the hydridic @-C—H bonds present in a drug-like
saturated heterocyclic substrate, generating a nucleophilic a-
heteroatom carbon-centered radical, 20. Meanwhile, RAE,
derived from acetic acid, undergoes reduction via SET to form
the methyl radical upon the N—O bond cleavage and
decarboxylation. The methyl radical preferentially binds to
the (Tp*)Ni(II) complex and, following Sy2 substitution, the
desired C(sp®)—methyl bond is obtained. This late-stage
C(sp’)—H methylation protocol allows for rapid access to
methylated analogues of pharmaceutically relevant heterocyclic
scaffolds as well as FDA-approved drug molecules, significantly
expediting the exploration of the “magic methyl effect” by
removing the burden of the lengthy de novo synthesis.

4.3. Cross-Coupling of Aliphatic Carboxylic Acids
with Alcohols Using Ni(ll) Diketonate Catalysts.
Recently, computational studies have suggested that diketonate
ligands promote Ni-catalyzed radical C(sp?)—C(sp®) cross-
couplings to construct QCCs via an outer sphere bond-
forming mechanism.*® Indeed, in 2022, our laboratory
demonstrated that nickel diketonate complexes are highly
effective catalyst scaffolds capable of facilitating Sy2 radical
sorting through the nontraditional C(sp*)—C(sp®) fragment
coupling of aliphatic carboxylic acids and alcohols under
photoredox catalysis (Figure 11).*" Carboxylic acids and
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alcohols are independently activated by mixing them with
iodomesitylene diacetate and an NHC activator, respectively.
The resulting iodonium dicarboxylate (21) and NHC-alcohol
adduct (22) engage in SET processes with Ir-3 as the
photocatalyst to afford the corresponding decarboxylated and
deoxygenated alkyl radicals via a redox-neutral photoredox
cycle (Figure 11, middle). Our optimal nickel catalyst,
Ni(TMHD), [TMHD = 2,2,6,6-tetramethyl-3,5-heptanedio-
nate], selectively cross-couples these two distinct alkyl radicals
following Sy2 radical sorting principles. Of note, this platform
displays excellent reactivity and enhanced selectivity when f-
amino substrates are utilized as the less substituted coupling
partner, presumably due to the stabilization of the Ni(III)—
alkyl intermediates via chelation. Consequently, a wide variety
of aliphatic alcohols and carboxylic acids were successfully
employed to facilitate cross-selective nontraditional fragment
couplings and effective QCC construction.

4.4. Single Functional Group Cross-Coupling of
Alcohols. We previously demonstrated the unparalleled ability
of aliphatic alcohols to serve as versatile, abundant, and diverse
radical precursors in C(sp®)—C(sp®) cross-coupling reactions.
In 2024, our laboratory described the use of radical sorting
principles to achieve the single functional group cross-coupling
of aliphatic alcohols to unlock access to an unprecedented
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ment coupling of aliphatic carboxylic acids with alcohols via nickel
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C(sp®)-rich chemical space (Figure 12).>° Aliphatic alcohols
bearing distinct a-substitution patterns were simultaneously
activated in situ via condensation with NHC salts under mildly
basic conditions to form a mixture of NHC—alcohol adducts.
Under photoredox conditions, these adducts undergo deoxy-
genative radical generation, and the resulting radical species
participate in the nickel-mediated Sy2 radical sorting to form
the desired C(sp*)—C(sp®) bond with a high degree of cross-
selectivity.

We observed that benzoyl peroxide serves as a viable
external oxidant, allowing for the turnover of the photoredox
cycle. Ultimately, five distinct classes of C(sp*)—C(sp®) bond-
forming reactions, especially in the context of QCC formation,
could be achieved in high efficiency from these abundant and
accessible alkyl alcohol precursors. The excellent cross-
selectivity resulting from radical sorting was particularly
highlighted in the case of 1° methylation, where we observed
a high ratio of cross-coupling compared with 1° dimerization.
Notably, in situ-generated nickel scorpionate (Tp*)Ni(acac)
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demonstrated a superior catalytic performance in the context
of 3° methylation, whereas diketonate catalyst Ni(acac), was
generally successful for other types of cross-couplings. This
simple, user-friendly, and open-to-air reaction setup for
alcohol—alcohol cross-coupling is expected to have immediate
implications in applied chemical sciences.

5. RADICAL FUNCTIONALIZATION OF ALKENES:
NEW OPPORTUNITIES FOR S,,2 C(SP?)—C(SP?)
CROSS-COUPLING AND QCC FORMATION

Previous examples have highlighted the ability of S;2 to enable
highly cross-selective fragment couplings utilizing a variety of
common C(sp®) functionalities as radical precursors. Alkenes,
another important class of feedstock molecules with great
structural diversity, have received increasing attentlon among
synthetic chemists as alkyl radical precursors.”’ For instance,
unactivated alkenes are well known to engage in iron-,
manganese-, and cobalt-catalyzed metal-hydride hydrogen
atom transfer (MHAT)>” or react with electrophilic radicals>®
in a Markovnikov-selective fashion, thereby generating more
substituted alkyl radicals for downstream cross-coupling
reactions (Figure 13).>*° Indeed, alkenes hold the advanta-
geous ability to couple with one or two separate radical
partners in a single transformation without the preactivation
steps that are required for many other functional groups. The
merger of radical activation of alkenes with Sy2 radical sorting
catalysis offers a powerful strategy to achieve regioselective
olefin functionalization, thus greatly expanding the synthetic
toolbox for C(sp®)—C(sp®) cross-coupling and the available
C(sp®)-rich chemical space. In particular, this highly
regioselective process offers valuable new opportunities for
the direct quaternization of alkenes,”® an appealing alternative
strategy for QCC formation in Sy2-mediated C(sp®)—C(sp*)
cross-coupling.

5.1. MHAT and Iron Porphyrin-Mediated S;,2. In 2023,
Shenvi and co-workers disclosed the hydrobenzylation of
unactivated alkenes with 1° benzyl bromides, achieved through
the integration of MHAT and Sy2 radical sorting catalysis,
using a dual Fe(acac);/Fe(TPP)CIl catalytic system (Figure
14).>" In the MHAT catalytic cycle, the reaction of Fe(acac),
with PhSiH; generates Fe(acac),—H, which initiates MHAT to
the alkene (23) to afford a 3° radical and Fe(acac),.
Fe(acac),—H is regenerated from the oxidation of Fe(acac),
by O, and hydride transfer. Concurrently, Fe(TPP)—H is
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proposed to undergo a hydrogen evolution reaction to afford
Fe(TPP), which serves as an XAT platform to convert benzyl
bromide 24 to a 1° radical species that is then selectively
captured by another 1 equiv of Fe(TPP) to form Fe(TPP)—
benzyl complex 25. Finally, the Sy2 reaction between the
alkene-derived 3° radical and 25 forms the QCC in the
coupled product. Ultimately, a broad range of alkenes and 1°
benzyl bromides could be coupled using this radical sorting
platform, enabling the highly stereoselective construction of
complex QCCs, including a concise synthesis of the
meroterpenoid natural product (—)-eugenial C. It should be
noted that Fe(acac), was found to be necessary for a successful
reaction despite the observed MHAT reactivity of Fe(TPP)—
H.

Shenvi and co-workers continued to pursue the goal of
developing a single iron porphyrin catalyst to simultaneously
mediate the three key catalytic cycles: MHAT, XAT, and Sy2.
In 2024, the group introduced a special iron porphyrin
complex, Fe(T4CPP)Cl, that effectively mediates all the
necessary elementary steps in the hydrobenzylation of alkenes
with 1° benzyl bromides (Figure 15).>® This new S;2 catalytic
platform enables general access to 2°—1° and 3°-1° cross-
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coupling products with excellent efficiency and cross-
selectivity. Moreover, owing to the ability of Fe(T4CPP) to
turn over by a reaction with benzyl bromide, this overall redox-
neutral catalytic system no longer requires O, as an external
oxidant to regenerate Fe(Ill) for the MHAT catalytic cycle.
This second-generation platform greatly enhances the
simplicity and scalability of the reaction.

Shortly after, the Shenvi and Baran laboratories reported a
decarboxylative coupling of RAEs and alkenes that allows
general access to QCCs via an iron porphyrin Sy2 radical
sorting catalysis (Figure 16). *? Fe(TPP) activates the 1° alkyl
RAE via single electron reduction and also engages in a MHAT
and Sy2 radical sorting to mediate the direct quaternization of
alkenes from the corresponding radical intermediates with
excellent cross-selectivity. The mild and simple reaction
conditions accommodate a broad scope of coupling partners,
expanding the range of 1° alkyl fragments from benzylic to
unstabilized and long-chain alkyl partners.

5.2. MHAT and Nickel-Mediated S,2. Manganese
complexes can also be used to merge MHAT reactivity with
the nickel Sy2 radical cross-coupling. In 2024, our lab
developed a triple catalytic radical sorting platform for the
cross-coupling of abundant alkenes and alcohols by mergm%
metallaphotoredox and Mn-MHAT catalysis (Figure 17).
NHC-alcohol adduct 26, generated in situ from the
condensation of methanol with NHC salt (NHC-1), engages
in single electron oxidation by an excited Ir(III) photocatalyst
(Ir-2) to produce the methyl radical upon sequential
deprotonation and f-scission. Meanwhile, hydride transfer
from the silane to Mn(TMHD); provides the key Mn(III)—H
intermediate, which engages in Markovnikov-selective MHAT
with the alkene, yielding 3° radical 27. The resulting Mn(II)
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Figure 16. Direct quaternization of alkenes via the iron porphyrin-
catalyzed MHAT/Sy2 cross-coupling of RAEs with alkenes.

and Ir(II) complexes are both oxidatively turned over by
benzoyl peroxide as a stoichiometric oxidant. In the nickel
catalytic cycle, the selective capture of the methyl radical by the
(Tp*)Ni(acac) complex, followed by S;2-mediated C(sp*)—
C(sp®) bond formation with the 3° radical, effectively delivers
the hydroalkylation product with excellent cross-selectivity.
This new MHAT/Sy2 radical sorting manifold successfully
tolerates a large range of alkenes with various substitution
patterns. Notably, 1° alcohols, including those bearing sensitive
functional groups such as amines, proved to be suitable
substrates for general hydroalkylation simply by switching to
nickel diketonates as Sy2 catalysts. This triple catalytic
methodology was also readily applied to late-stage QCC
formation in complex molecules such as drug cores and natural
products.

5.3. MHAT and Cobalt-Mediated S;2. Cobalt has been
shown to facilitate C(sp®>)—C(sp®) bond formation through
the merger of MHAT and Sy2 radical sorting catalysis,
especially in the context of QCC construction. Indeed, the
Matsunaga lab integrated photoredox catalysis with MHAT
and Sy2 using a single cobalt salen catalyst 28 to furnish QCCs
from alkenes and benzyl dihydropyridines (DHPs), as depicted
in Figure 18.°° Under blue light irradiation, the excited Ir(III)
complex (Ir-4) oxidizes benzyl DHP 29 via SET, generating a
1° benzylic radical and reduced Ir(II) following sequential
deprotonation and aromatization-driven f-scission. The Co-
(I1) salen complex 28 is then reduced by Ir(II) via SET to
regenerate the photocatalyst and form Co(I), which undergoes
protonation to yield the key Co(IlI)—H intermediate.

MeO from picrotoxinin
from estrone core (stimulant/convulsant)

51% yield 34% yield

Figure 17. A triple catalytic Sy;2 radical sorting-mediated C(sp®)—

C(sp®) cross-coupling of alkenes with alcohols.

Subsequent MHAT to an alkene substrate furnishes a 3°
radical and regenerates Co(II). Finally, in the cobalt Sy;2 cycle,
the selective capture of the 1° benzylic radical by Co(II) yields
the Co(III)—benzyl intermediate, which readily undergoes the
Sy2 reaction with the 3° radical to form the QCC product. A
variety of tri- and 1,1-disubstituted alkenes could be coupled
with electronically differentiated benzyl DHPs in good yields.

5.4. Electrophilic Radical Addition and Nickel-Medi-
ated S,2. Recently, Sy;2 radical sorting catalysis has been used
to difunctionalize unactivated alkenes in three-component
cross-couplings with distinct alkyl partners. This reaction
framework offers new opportunities to achieve the regiose-
lective difunctionalization of abundant alkenes to highly
C(sp®)-rich scaffolds and complex QCCs.

In 2024, our laboratory reported a metallaphotoredox-
catalyzed dialkylation of alkenes wherein a variety of
electrophilic radicals derived from a-acyl alkyl chlorides and
nucleophilic radicals from 1° alcohols are added across an
alkene C=C bond with high regioselectivity (Figure 19).°!
This reaction platform entails a “triple radical sorting”
mechanism involving (1) favorable electrophilic radical
addition to an alkene, (2) preferential binding of a methyl or
1° radical to a nickel Sy2 catalyst, and (3) cross-selective Sy2-
mediated C(sp®)—C(sp*) bond formation. In the photoredox
catalytic cycle, upon blue light irradiation, the in situ-generated
methanol-NHC adduct engages in the reductive quenching of
the excited Ir(III) photocatalyst (Ir-2) via SET to generate the
methyl radical, which is selectively captured by the in situ
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Figure 18. Hydroalkylation of alkenes via the cobalt salen-catalyzed
MHAT/Sy2 cross-coupling of alkenes with DHPs.

formed nickel complex (Tp*)Ni(acac). Meanwhile, the
resulting Ir(II) reduces 2-chloro-2,2-difluoroacetamide (30)
via SET to afford an electrophilic radical (31), which can
selectively add into an unactivated alkene (32), leading to the
formation of a sterically hindered 3° alkyl radical 33. Finally, a
favorable Sy2 reaction between 33 and the (Tp*)Ni(Ill)—
methyl intermediate delivers the desired dialkylated product
with high efficiency and selectivity. This reaction not only
tolerates a variety of electrophilic radicals, including the
trifluoromethyl radical generated from dMesSCF;(OTf)
[d1mes1tyl(trlﬂuoromethyl)sulfonlum trifluoromethanesulfo-
nate] by single electron reduction,” but also enables the
coupling of various 1° alcohols as the nucleophilic radical
precursors. A wide range of mono-, di-, and trisubstituted
alkenes bearing reactive functional groups, such as 3° amines,
alcohols, and aryl halides, including complex alkene-containing
natural products, can be successfully difunctionalized to rapidly
access C(sp®)-rich small molecule libraries.

In 2024, the Koh group concurrently developed a nickel/
photoredox dual catalytic strategy for the trimolecular cross-
coupling of alkenes with electron-deficient alkyl halides and
phenyliodonium dicarboxylates (Figure 20).°> Upon photo-
excitation of 4CzIPN, triplet energy transfer (TTEnT)
activates the iodonium diacetate to release two equiv of
methyl radical, one of which is captured by the (Tp*)Ni(II)
complex. The other equivalent of methyl radical can engage in

OH 0 . IrY (Ni Me Fe
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Figure 19. Metallaphotoredox-catalyzed regioselective dialkylation of
alkenes with alkyl alcohols and a-acyl chlorides via a Sy2-mediated
triple radical sorting.

XAT with the alkyl iodide 34 to form an electrophilic radical
35, which undergoes Markovnikov-selective addition to an
unactivated alkene to yield a more hindered alkyl radical 36.
The subsequent Sy2 reaction of 36 with the (Tp*)Ni(IlL)—
alkyl intermediate forms the desired product. This method-
ology was applied successfully across a variety of alkenes for
the addition of fluoroalkyl, a-acylalkyl, and a-cyanoalkyl
radicals as the electrophilic component. The remarkable
functional group tolerance is highlighted via the late-stage
functionalization of drug- and natural product-derived
substrates.

Having demonstrated “triple radical sorting” in the context
of alkene dialkylation, we next expanded this general strategy
to achieve the aryl-alkylation of alkenes using aryl bromides
and 1° alkyl RAEs (Figure 21).°* In this transformation, the
excited Ir(III) photocatalyst (Ir-2) oxidizes aminosilane
reagent 4 via SET to ultimately generate electron-rich silyl
radical 5 and Ir(II). Facile XAT between 5 and aryl bromide
37 releases the electrophilic aryl radical, which undergoes
favorable addition to unactivated alkene 32 to reveal
nucleophilic 3° alkyl radical 38. Concurrently, the Ir(II)
complex reduces the RAE to furnish the 1° alkyl radical upon
the N—O bond cleavage and decarboxylation. Steric radical
sorting by the nickel catalyst results in the selective capture of
the 1° radical and subsequent Sy2 between the 3° radical and
the Ni(III)—alkyl intermediate, providing the desired QCC
product in good yields. A broad scope of electron-deficient and
heterocyclic aryl bromides, small-chain alkyl RAEs, and alkenes
of distinct substitution patterns could be coupled successfully,
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enabling the rapid enrichment of a pharmaceutically relevant
C(sp®)-rich chemical space.

Overall, these “triple radical sorting” protocols demonstrate
the power of Sy2 radical sorting principles to facilitate the
efficient and modular synthesis of highly complex C(sp*)-rich
molecular architectures. These systems exhibit excellent
tunability and a broad substrate scope and are expected to
find 1r;15n616ed1ate applications in synthetic methodology develop-
ment.

6. CONCLUSIONS AND OUTLOOK

The introduction of new C(sp®)—C(sp®) cross-coupling
methods remains a major priority for synthetic organic
chemists, particularly due to the impetus to expand access to
a pharmaceutically relevant C(sp®)-rich chemical space.
Bimolecular homolytic substitution (Sy2) has recently
emerged as a powerful mechanistic paradigm for C(sp®)—
C(sp®) cross-coupling due to its ability to circumvent the
limitations of traditional inner sphere reductive elimination.
Indeed, Sy2 strategies have been proven to offer unprece-
dented access to C(sp)-enriched motifs, especially QCCs,
from abundant aliphatic precursors. This approach is unified by
the intermediacy of distinct open-shell radical intermediates
whose reactivity can be effectively differentiated via the
application of radical sorting principles to achieve highly
cross-selective couplings. Notably, radical sorting strategies
have enabled challenging single functional group cross-
couplings and three-component alkene difunctionalizations.

Figure 21. Metallaphotoredox-catalyzed regioselective aryl-alkylation
of alkenes via an Sy2-mediated triple radical sorting.

Our experiences in this field have taught us that multiple
factors contribute to the feasibility and selectivity of Sy;2 bond-
forming processes, including the electronic and steric proper-
ties of the radicals, the unique ligand structures of the Sy2
catalysts, and the strength of the metal—carbon bond. More
specifically, iron porphyrins, nickel tris(pyrazolyl)borates,
nickel diketonates, and cobalt salen complexes have emerged
as the most effective catalyst scaffolds to support the Sy2
C(sp®)—C(sp®) bond-forming mechanism. These metal—alkyl
bonds are often reasonably weak (~10 to 30 kcal/mol) but
strong enough to persist without homolysis prior to a
successful Sy2 reaction. A closer examination of the examples
expounded in this perspective reveal that Sy2 has proved
effective to forge 3°—~1° and 3°~Me C(sp>)—C(sp*) bonds for
QCC construction. These trends raise questions about the
potential of Sy2 catalysts to forge other traditionally
challenging connections, such as 3°-2° and 3°-3° C(sp®)—
C(sp®) bonds.’ o7 Additionally, previous studies suggest that Sy;2
may also be a plausible mechanism for a number of other
transformations, including C(sp*)—X bond formation, espe-
cially in the context of enzymatic C(sp>)—H hydroxylation®®
and halogenatlon reactions” and metal-catalyzed epoxida-
tions,” aziridinations,”" and cyclopropanations.”” Despite the
extensive efforts invested in the development of Sy2-mediated
C(sp*)—X bond formation,” the construction of challenging
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C(sp®)—NR, and C(sp’>)—OR bonds remains largely under-
explored.”*”

Realization of the above novel reactivities entails significant
efforts devoted to the discovery and optimization of ligand
architectures that tune the reactivity of the metal catalyst.
Furthermore, while Sy2 has been shown to be a viable
mechanistic step for some first-row transition metals (mainly
iron, nickel, and cobalt), other metals may also support this
reactivity, including second- and third-row metals, which tend
to form stronger metal—carbon bonds and may thus be able to
form complexes with more sterically congested carbon centers.
Of note, metals from the IIIB and IVB groups, such as
ytterbium, scandium, and zirconium, were reported recently to
exhibit Sy2 C(sp*)—C(sp®) bond-forming reactivities when
redox-active ligand scaffolds were employed’®’” (not covered
in this perspective). Copper, a prominent first-row transition
metal for carbon—heteroatom bond formation in traditional
cross-couplingz»;s,m’79 when combined with unique chiral
tridentate anionic ligands, has also been shown to promote
Sy2-mediated enantioconvergent C(sp®>)—S bond formation
using challenging 2° and 3° alkyl halide substrates.*’ These
recent advancements provide further insights into the impact
of ligand design on promoting the desired Sy2 reactivities,
particularly in the context of sterically hindered coupling
partners.81

While Sy2 radical sorting offers a powerful platform for
cross-coupling, several challenges remain. Nickel-based sys-
tems preferentially engage less stabilized carbon-centered
radicals, leading to a reduced cross-coupling efficiency with
benzylic and other stabilized radicals. Both nickel- and iron-
catalyzed reaction systems also exhibit diminished productivity
with highly a-substituted carbons, largely due to steric
hindrance. Moreover, current Sy2 radical sorting technologies
have rarely enabled the formation of 3°~2° or 3°—3° C(sp*)—
C(sp®) bonds. Ongoing efforts in our laboratory and others
aim to overcome these limitations.

We hope this perspective has provided our views on the
significant impact of emerging Sy2 radical sorting platforms.
We are optimistic about these possibilities and look forward to
the continued efforts of our group and others to explore the
underlying mechanisms and further advance synthetic method-
ologies enabled by Sy2 and radical sorting catalysis. We expect
that Sy2 will continue to find broader applications in the
development of new C(sp*)—C(sp?) cross-coupling strategies
and beyond.
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