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ABSTRACT: Discovered as organometallic curiosities in the 1970s, carbene radicals have become a staple in modern-day
homogeneous catalysis. Carbene radicals exhibit nucleophilic radical-type reactivity orthogonal to classical electrophilic diamagnetic
Fischer carbenes. Their successful catalytic application has led to the synthesis of a myriad of carbo- and heterocycles, ranging from
simple cyclopropanes to more challenging eight-membered rings. The field has matured to employ densely functionalized chiral
porphyrin-based platforms that exhibit high enantio-, regio-, and stereoselectivity. Thus far the focus has largely been on cobalt-based
systems, but interest has been growing for the past few years to expand the application of carbene radicals to other transition metals.
This Perspective covers the advances made since 2011 and gives an overview on the coordination chemistry, reactivity, and catalytic
application of carbene radical species using transition metal complexes and catalysts.
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Bl INTRODUCTION

Transition metal carbene chemistry has matured over the past
few decades into an established field within both inorganic
chemistry and homogeneous catalysis." Their applications
range from unique electronic, magnetic, and photophysical
properties to a wide variety of synthetic methods, such as
several C—H and X—H insertion reactions,” ring-forming and
expansion transformations,® alkene metathesis," and C1
polymerization® inter alia.

This rich and versatile organometallic class of compounds
can be further divided into several types of metal carbenes
depending on their electronic properties. Conventionally, two
main types of carbenes exist: Fischer- and Schrock-type
carbenes.’ Fischer-type carbenes generally feature metals in
low oxidation states, mostly middle to late transition metals.
Consequently, the metal—carbene z-bond of these systems is
polarized toward the metal, resulting in a metal-centered 7-
HOMO and a carbon-centered z*-LUMO (Figure 1).
Conversely, Schrock-type carbenes generally feature early
transition metals in high oxidation states, and the metal—
carbene s-bond of these systems is polarized toward the
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carbene carbon atom.”” This results in a carbon-centered 7-
HOMO and a metal-centered z*-LUMO (Figure 1).
Reactivity wise, the two are polar opposites; whereas Fischer-
type carbenes are electrophilic on carbon, Schrock-type
carbenes are nucleophilic. As summarized by Dzik et al,,” the
single-electron reduction of Fischer-type carbenes was first
reported in the 1970s, leading to a third unique type of
carbene, the carbene radical (Figure 1).° Featuring a single
electron in the carbon-centered SOMO (formerly the LUMO),
these carbene radicals exhibit radical stepwise reactivity as
opposed to the conventional two-electron concerted reactivity
of Fischer-type carbenes. Moreover, they react in a
nucleophilic fashion due to their reduced nature in contrast
with the electrophilic nature of the parent Fischer-type

Received: February 7, 2023
Revised: ~ March 21, 2023
Published: April 6, 2023

https://doi.org/10.1021/acscatal.3c00591
ACS Catal. 2023, 13, 5428—5448


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roel+F.J.+Epping"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Vesseur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minghui+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bas+de+Bruin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.3c00591&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/accacs/13/8?ref=pdf
https://pubs.acs.org/toc/accacs/13/8?ref=pdf
https://pubs.acs.org/toc/accacs/13/8?ref=pdf
https://pubs.acs.org/toc/accacs/13/8?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.3c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Catalysis

pubs.acs.org/acscatalysis

x\gg,v X &Y S
"""""" R TTTTTTUGR RV
M@_DC\R M@—DC\R M@—DC\R

sp? O
Fischer-type
carbene complex

sp? O
Carbene radical
complex

sp? O
Schrock-type
carbene complex

%Y %8 oct!

LMo — §c Mo - e M —
;T ) HE o — T
M 88 / jp-orbital M 8(3 ;~ jp-orbital | | doorbital’ 80
ot B St e
d-orbital “A4H d-orbital “4H HOMO ‘Y p-orbital
T T

T[

38 368 %4
Figure 1. Schematic view of different electronic descriptors for metal
carbenes (X/Y neutral substituent) (top). Molecular orbital
bonding scheme depicting the differences between Fischer-type and
Schrock-type transition metal carbenes and the more recently
established carbene radical (i.e, one-electron reduced Fischer-type
carbene) (bottom).

carbene. Expanding on this initial reactivity, studies of group 9
metals in their 2+ oxidation states (Co, Rh, and Ir) featuring
N-donor ligands revealed that these metals can generate
carbene radical species in the absence of an external redox
agent.”” Specifically, Co(II) complexes have been shown to be
highly suitable for catalytic carbene transfer, operating via
distinct single-electron stepwise radical-type pathways
(Scheme 1B)."® These seminal discoveries have uncovered a
new era of carbene chemistry, and significant advances have
been made since then. Several reviews have covered certain
aspects of the more recent discoveries. This Perspective gives
an overview of the rich coordination chemistry and catalysis

that transition metal carbene radicals have offered, expanding
on the 2011 review by Dzik et al.”

Bl COORDINATION CHEMISTRY AND REACTIVITY

Although well-known for their active role in carbene transfer,
carbenes are also highly popular as stable organometallic
ligands. The most well-known example of this is the family of
N-heterocyclic Arduengo-type carbenes (NHCs), which are
ubiquitous in modern organometallic chemistry and catalysis."*
The archetypical NHC is often derived from the aromatic
imidazole heterocycle, leading to large HOMO—-LUMO gaps,
and therefore typically acts as a redox-innocent spectator
ligand. However, its significance has spurred a large amount of
research into expanding upon this popular motif, and
derivatives such as cyclic alkyl amino carbenes (cAAC) have
been developed.'” These cAAC ligands feature only a single
nitrogen atom and exhibit much smaller HOMO—-LUMO gaps
due to the absence of aromaticity (Figure 2). Consequently,
metal—cAAC complexes can act as noninnocent Iiigands, and
several carbene radical species have been reported.””

In combination with metal halide salts of Zn,'* Mn,"® Au,®
and Cu'” two equivalents of the cAAC ligand coordinate to the
metal. Upon reduction with strong reducing agents like KCq or
metallic sodium/potassium, the halide is displaced and
produces the highly unsaturated two-coordinate M(cAAC),
complexes featuring metal centers in low oxidation states. The
greater m-accepting character of cAAC ligands vs archetypical
NHC:s results in single-electron transfer from the metal to the
carbene, yielding the carbene radical. The electron config-
uration of the system varies based on the type of metal used
(Figure 2).

cAAC complexes featuring late transition metals, such as
Cu'” and Au,'® are generally low-spin, and here a single
unpaired electron is largely distributed over the two cAAC
ligands (Figure 3A). Zn(cAAC), complexes are also low-spin,
but their integer nature leads to an open-shell singlet ground

Scheme 1. Reaction of [(Me,;TPA)Ir"(Ethene)]** with Ethyl Diazoacetate Leading to Ethene—Carbene Coupling”
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%(A) The reaction proceeds via an Ir''—carbene radical intermediate. (B) General catalytic cycle involving the addition of double bonds to a diazo-

derived cobalt(III)—carbene radical.
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Figure 2. Frontier orbitals of a cyclic alkyl amino carbene (left, red)
versus a classical N-heterocyclic carbene (right, blue). The decrease in

m-donation leads to a smaller HOMO—LUMO gap for the cAAC
ligand, giving access to noninnocent behavior.

state with both electrons antlferromagnetlcally coupled on the
cAAC ligands (Figure 3B)."* Early transition metals exhibit
intermediate- to high-spin character, leading to more complex
electronic states, such as that for a Mn(cAAC), complex."
Here, the major electronic ground state is a Mn(I) d¢
configuration with one electron delocalized over the two
cAAC ligands, with a significant contribution from a Mn(II) d°
configuration and two antiferromagnetically coupled electrons
on the two cAAC ligands. Additionally, a geometric trend can
be observed where electron transfer occurs from the metal to
the carbene ligands when the metal—-cAAC complex is linear.
For bent structures, as observed in Fe,'® Co,"” Ni,*° Pd, and
pt*! analogues, this single-electron transfer does not occur.
Here, the Dipp ancillary groups are in a cis-configuration with
respect to one another and the bulky methyl groups twist the
overall structure, reducing the orbital overlap between the
carbene moieties. The optimal overlap for the linear structures
vs the reduced overlap of the bent structures results in the
observed electronic differences.

Reactivity studies were performed for the Mn'* and Zn"
complexes (Figure 3C). The Mn complex reacts with hydrogen

in a fashion reminiscent of a metal—ligand cooperative system.
H, splitting occurred in mere seconds at ambient temperatures
for the Mn complex, whereas it takes S h at 35 °C for the free
cAAC ligand. Additional calculations reveal a low H, affinity
for the Mn complex (AG,o5 = —6.2 kcal'mol™"), suggesting its
potential catalytic application. Likewise, the Zn complexes
proved to be much more reactive than the free carbene.
Reacting the metal complex with CO, released the free
carbene—CO, at ambient conditions in only 1 h for the
BICAAC complex and at —30 °C for the cAAC-based complex.
This is peculiar, since R,Zn complexes normally do not react
with CO, at room temperature. The increased reactivity
toward CO, is ascribed to the radical nature of the carbene
ligands. Further reactivity studies showed that the reaction of
Zn(BICAAC), with trityl chloride resulted in halide displace-
ment and single-electron reduction of the trityl moiety to
produce the trityl radical PhyC* (Figure 3C).

B CARBODICARBENES

Carbodicarbenes (CDCs) (Figure 4) are analogous to NHCs
and are essentially two carbenes “coordinated” to a carbon(0)
center, resulting in a unique bent allene-like structure. In
contrast to NHCs and similar stable carbenes like cAACs,
CDC:s have two filled carbon p-orbitals and as such are both o-
and 7-donating.

The group of England investigated the redox noninnocence
of such CDCs in Cr,”** Fe,” and Co™* complexes using
Ong’s tridentate ligand™* w1th pendant pyridine moieties. Two
CDC ligands coordinate to the central metal to form a
homoleptic octahedral complex. Extensive spectroscopic and
computational studies show that these species can be oxidized
reversibly several times from an initial dicationic species to a
pentacationic state.

In the dicationic [M(CDC),]*" state, all orbitals associated
with C—M—C 7z-system are doubly occupied for the Co and Fe
complexes. The Cr complex was found to have an electronic
structure intermediate between two limiting resonance forms,
where one electron is delocalized over the two carbene
moieties [Cr™(CDC*™)(CDC)]** and [Cr"(CDC),]*". Upon
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Figure 3. (A) trans (linear) vs cis (bent) configurations of neutral M(cAAC), complexes. The bent structures feature metal-centered radicals and
neutral cAAC ligands, whereas the linear structures feature ligand-centered cAAC radicals. (B) Spin density plots of a Zn(cAAC), and a
Cu(cAAC), complexes. (C) Reactivity of Mn(cAAC), complexes toward H, and that of Zn(BICAAC), complexes toward CO, and trityl chloride.
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Figure 4. (A) General MO diagram for M(CDC), complexes (CDC = carbodicarbene). One CDC lone pair forms a 6-bond with a metal d-orbital,
and another lone pair forms a nonbonding MO. At higher overall oxidation states, an electron is removed from the latter to form a Schrock-like
carbene radical. (B) Spin density plots for a chromium-based CDC complex in its 4+ and 5+ states.

(A) | (B)
+ X
R\* R\_
\_/ FiRz ) FiRz \_/ P\Rz
‘0—7/| ‘c— l}/l X 4_—’ C7A+X
Ay C} A
R\— R\=—
Carbanion Carbene radical Fischer carbene
(nucleophilic) (electrophilic)

Figure S. (A) Oxidation states of M(PC_,pencP) complexes featuring the anionic state (green), the carbene radical (red), and the fully oxidized
Fischer carbene (blue). (B) SOMO and a spin density plot of a Pd(PC_,eneP) complex.

oxidation to the tricationic [M(CDC),]*" state, a metal-
centered oxidation occurs first for all three complexes, whereas
for the second oxidation to the tetracationic [M(CDC),]*
state the redox event is ligand-centered. However, the
electronic structure is complicated here and is best described
as an open-shell singlet with strong antiferromagnetic coupling
between the metal and carbene centers, producing
[M"(CDC)(CDC**)]*" species. It is important to note that,
for the tetracationic state, strong #-donation by the ligand
cannot be ruled out entirely. Later, the experimentally unstable
pentacationic state was found to feature a carbene radical in all
cases, with a single unpaired electron in the nonbonding MO
of the carbene ligands.

The dual o- and 7-donating properties of the CDC ligands is
analogous to more conventional Schrock-type carbenes, and
the relative orbital energies with respect to metal d-orbitals are
also in line with Schrock-type character (throwback to the
carbene MO picture). Since the HOMO of a Schrock carbene
is the carbon-centered MO, removal of an electron should
generate a Schrock-type carbene radical (as opposed to the
addition of an electron to Fischer-type carbenes, which is more
often observed). This description accurately matches the
experimental and computational observations of these oxidized
[M(CDC),]"™ complexes. These species are classified as
Schrock-type carbenes that have been oxidized by a single
electron and therefore can be referred to as Schrock-type
carbene radicals.

Another example of such a Schrock-type carbene radical was
reported by the group of Arnold.”* Oxidation of a Ta(V)

5431

Schrock-type carbene by the addition of 1 equiv of AgB(C¢Fs),
resulted in a carbon-centered radical. A spin density plot
derived from DFT calculations shows a carbon-centered
radical that is partially delocalized over the metallacycle.

B PCcapeencP PINCER COMPLEXES

Pincer ligands are highly popular motifs that strongly bind a
wide variety of transition metals while creating a relatively
unsaturated metal center. This often leads to a highly reactive
metal center with unique properties. With the advent of redox-
active ligands, such motifs were qulckly incorporated in the
field of reactive pincer complexes.”> Consequently, carbenes as
redox-active/noninnocent ligands were ideal targets. The
group of Iluc has extensively studied the redox properties of
such PCP pincer complexes featuring a central redox-
noninnocent diarylcarbene moiety for Fe,”* Ni,”’ Pt,*® and
Pd* complexes. The PCP ligand can adopt three oxidation
states (Figure S). The reduced form features a carbanion
(green), which upon one-electron oxidation forms a carbene
radical (red) and upon further oxidation forms a Fischer-type
carbene (blue). Depending on the coordinated halide, the
overall charge of the metal(PCP) complexes varies.
Coordination chemistry of these PCP complexes shows that
the initial ancillary ligand (e.g, PRy, Cl, Br, or I) can be
exchanged for a variety of ligands, such as amides, hydroxides,
carboxylates, or alkyl species. In these instances, the ligand acts
in an innocent fashion. However, in the presence of oxidants or
reducing agents, the ligand reacts in a noninnocent manner.
Redox reagents remove or add electrons on the central carbene

https://doi.org/10.1021/acscatal.3c00591
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stage.

derivative to a Fischer carbene, which proceeds via a carbene radical

ligand but do not affect the overall coordination chemistry.
Coordinating oxidants such as disulfide bonds, quinones, or
halogens (Br,, I,, CH,Cl, and CH,Br,) react via oxidative
addition to form anionic bridging ligands (Scheme 2), as
shown for an illustrative Pd(PCP) complex. For benzyl ligands,
the M—C bond can reductively eliminate to produce 0.5 equiv
of the 1,2-diphenylethane dimer. Although these elementary
steps are second nature for palladium and other platinum
group metals, it is the redox-active carbene ligand that
undergoes the oxidation state changes here.

When oxidized to its Fischer-type carbene state, the polarity
of the
electrophilic. Nucleophiles bind to the carbene atom instead,
such as not only hydrides, ammonia, and phosphines but also
nucleophilic oxidants like N-oxides and iminoiodinanes. The
Ni(PCP) Fischer carbene is largely unreactive toward strong
one-electron oxidants and small molecules (e.g,, H,, CO, CO,,
and N,0). The more electropositive iron complex can react

C—M bond reverses and the carbene becomes

5432

with strong acids as well as halides (e.g., Br,), with the iron
supplying the required electrons.

Bl EARLY TRANSITION METAL FISCHER-TYPE
CARBENES

Group 6 Fischer carbenes (M = Cr, Mo, and W) derived from
metal carbonyl complexes were the first type of carbene radical
species ever described (vide supra). The organometallic
properties of this branch of carbene radical chemistry has
been extensively reviewed in the past.”*’ Expanding on this
seminal work, Bezuidenhout and others elaborately explored
the electrochemistry of several group 6 metal derivatives as
well as other metal carbenes and carbene radicals and
supported their findings with computational studies.®'

In general, the more electron-donating the substituents on
the carbene atom, the more negative the reduction potential of
the carbene ligand needed to form its radical anionic form.
This applies to both aromatic and heteroatom substituents.>”
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Scheme 4. Stoichiometric Radical Reactivity of Co-Carbene Complexes”
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Scheme S. Radical Reactivity of Iron-Carbene Complexes®
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(B) Reactivity of a bis(imino)pyridine iron carbene radical
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?(A) Structurally characterized reported iron carbene radical complexes. (B) Reactivity of Chirik’s iron carbene radical complex towards CO, H,,
and azides. (C) Reactivity of a masked phosphorus ylide, proceeding via a transient high-spin iron carbene radical, that can cyclopropanate a variety
of alkenes. (D) Reactivity of iron porphyrin complexes (derived from Rhodothermus marinus cytochrome c) in a carbene-transfer silylation reaction.

The relation is similar for ancillary ligands on the pendant
metal, where greater electron-donating capabilities or de-
creased z-accepting properties decrease the reduction potential
of the carbene.’® Biscarbene derivatives were also investigated.
Conjugated biscarbenes (Scheme 3) can be formed via
stepwise two-electron oxidation from a divinylic species,
which proceeds via a delocalized carbene-like radical.”* More
distantly connected biscarbenes do communicate electroni-

cally, such as via a ferrocenyl group, but can also be reduced

separately.”
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B STOICHIOMETRIC COBALT—CARBENE RADICAL
REACTIVITY

The group of Groysman developed a highly bulky alkoxide
ligand that forms a biscoordinated complex with a high-spin
cobalt (S = 3/2).%° In the presence of diphenyldiazomethane, a
carbene is formed with an unusual broken-symmetry doublet
spin state (Scheme 4A). Here, two antiferromagnetically
coupled electrons are centered on cobalt and one unpaired
electron is centered on carbon. This is in contrast with the low-
spin (S = 1/2) cobalt porphyrin carbene radicals. Reduction of
this high-spin carbene radical with strong reducing agents (e.g.,
KCg and Co(Cp*),) does not lead to an expected diamagnetic
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Scheme 6. Radical-Type Transformations Catalyzed by Iron-Carbene Complexes”
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“(A) Biocatalytic approach by Fasan and coworkers that resulted in stepwise, iron-carbene radical reactivity. (B) Stepwise iron-catalyzed C—H
alkylation via an acceptor—acceptor diazo precursor (Pc = phthalocyanine).

Co™—CR,*” species but instead to a high-spin Co"—CR,*~
species featuring four unpaired electrons with three metal-
centered a-spins and one carbene-centered f-spin. This overall
anionic complex can react stoichiometrically with isocyanides
to form ketimines and, if formed with Co(Cp*),, can also react
further with the metallocene reductant (Scheme 4A).
Inspired by the work of Zhang and de Bruin, Alcantara et al.
used a Co"'—porphyrinate-based macrocycle and studied the
radical reactivity of Co''—carbenes to synthesize a porphyrin-
based rotaxane. Reacting the carbene radical within the
macrocyclic pocket with an alkene produced the desired
rotaxane in a facile fashion in a 95% yield (Scheme 4B).*’

Bl IRON: CARBENE RADICAL OR NOT?

The diversity and success of carbene radicals and their
reactivity has inspired researchers to transfer this reactivity to
iron.”* However, this has proven to be far from trivial. The
electronic nature of the iron—carbene bond and the
manipulation thereof are not straightforward. Consequently,
an intense discussion in the field is ongoing that centers largely
around monosubstituted acceptor iron porphyrin carbenes
(IPCs) derived from diazoacetates. These IPCs are best
described as either closed-shell diamagnetic Fischer-type
Fe(II)«—{:C(X)Y} carbenes or open-shell paramagnetic Fe-
(Im)—{C(X)Y}*~ (where X and Y resemble different R
groups). A third, Schrock-type Fe(IV)={C(X)Y}*~ has also
been proposed on occasion,” although Wolczanski and co-
workers later revised it to the Fischer-type Fe(Il)«{:C(X)Y}
electronic structure (Scheme SA).** Experimentally, extensive
spectroscopic and stoichiometric reactivity studies of several
iron carbenes have elucidated their open-shell radical
electronic structure in detail (Scheme 5A)."

Danopoulos et al. synthesized heteroleptic M(NHC)-
(HMDS) complexes (M = Co, Fe) in low oxidation states.
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While normally NHCs, due to their large HOMO-LUMO
gaps, do not exhibit significant 7-accepting properties, here the
high electron density on the metal leads to reduction of the
NHC moiety to a carbene radical."” These complexes exhibit
high magnetic moments and are both high-spin complexes
featuring a M'L*" configuration. Other examples of radical
NHC complexes were also reported by the groups of Frenking,
Enders, Wang, and Apeloig.*’

The group of Chirik investigated a bis(imino)pyridine iron
carbene complex (Scheme 5B).** The low oxidation state of
the iron center, coupled with the redox-active nature of the
bis(imino)pyridine ligand, led to an unusual broken-symmetry
septet state (S = 1) with four a-electrons and two f-electrons.
This rare example of an iron carbene radical can react
stoichiometrically with CO to produce ketenes and with azides
to produce both an iron nitrene complex and an imine
product. In the presence of H,, diphenylmethane was liberated
(Scheme SB). Work by Liu et al. on a masked phosphorus
ylide iron complex (Scheme SC) revealed stoichiometric
radical reactivity in the cyclopropanation of a variety of
alkenes.”’! A combination of experimental and computational
studies supports the hypothesis that the initial ylide can
undergo P—C cleavage to form a metastable iron carbene
radical that proceeds to react with vinylic substrates.

B CATALYSIS

In the field of d®-metalloporphyrins as catalysts for carbene
transfer, iron is in the spotlight.38b’45 Due to its high
abundance and low toxicity, it is a prime platform for
developing efficient and new carbene transfer protocols.
Consequently, significant effort has been made to impart a
radical character onto the classical Fischer-type carbenes to
unlock new mechanistic pathways. There is currently an
ongoing debate whether certain iron-based carbenes as
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Scheme 7. Radical Reactivity of Ru- and Ir-Carbene Complexes”
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“(A) Stoichiometric Hydrogen Atom Transfer (HAT) with Ru—quinoid carbenes (QCs), followed by metal-to-substrate electron transfer and
subsequent oxidative aerobic regeneration. (B) Catalytic stepwise C—H insertion via hydrogen atom transfer, followed by reductive elimination to

liberate C—H-inserted phenols.

intermediates in catalysis can react and behave as carbene
radicals.*

Recently, the group of Arnold reported a series of efficient
carbene transfer reactions using engineered heme-type Fe
enzymes (Scheme 5D).*” Expanding on computational work
by Sharon et al,, the carbene intermediates involved in these
reactions were proposed to be carbene radicals based on DFT
studies.”® The presented experimental data, however, all point
to electrophilic Fischer-type carbene reactivity."’“! The
proposed radical character of the iron porphyrin carbenes
(IPCs) is therefore purely based on DFT studies, which were
recently shown to provide an incomplete representation of the
electronic structure of IPCs. On this same premise, other
groups have also concluded that IPCs would have an open-
shell singlet ground state.*” However, as shown by the group of
Stroscio, the electronic structure of IPCs is best described by
multireference post-HF methods, which reveal a predom-
inantly closed-shell ground state with a small, albeit significant,
contribution of the open-shell singlet state.”® As such, it is clear
that hybrid DFT methods overestimate the open-shell singlet
character of IPCs, and these species thus seem to be best
described as Fischer-type carbenes, in good agreement with
their most commonly observed reactivity. An interesting
exception is a recent report by Fasan and co-workers, showing
that specific enzyme modifications can apparently enhance the
(open-shell singlet) radical character of IPCs, giving rise to
discrete (experimental) carbene radical behavior. This was
observed for an engineered myoglobin protein Mb(H64V,
V68A) containing a native heme factor with a noncanonical N-
methyl histidine axial ligand (Scheme 6A).”" This alternative
protein was revealed to react in a stepwise radical fashion in
contrast to unaltered conventional myoglobin carbene trans-
terases. Using cis-f-deuteriostyrene, a 1.2:1 cis/trans ratio was
observed for the altered protein whereas the native proteins
gave no isomerization whatsoever. Additionally, kinetic
Hammett studies revealed that the best fit for the altered
protein was a combination of polar- and spin-delocalization
Hammett parameters and could be described as a nucleophilic
radical. As expected, data for the native transferases best fit the
positive o-parameter in the absence of a radical parameter, in
line with a nonradical electrophilic carbene. Inhibition
experiments with the radical spin trap S,5-dimethyl-1-pyrroline
N-oxide (DMPO) vyielded results further supporting the
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previous findings, where the altered transferase showed a
significant degree of inhibition while the native proteins did
not.

White and co-workers investigated the intramolecular C—H
insertion of acceptor—acceptor diazo compounds into active
C—H bonds using an iron(III) phthalocyanine (Scheme 6B).>*
With isotopic labeling of the active C—H position, they
showed a large KIE of 5.0, which is suggestive of a stepwise
radical mechanism. Substitution of the pendant phenyl group
with a vinyl moiety revealed that significant isomerization
occurs for the [Fe(IlI)Pc] catalyst, whereas isomerization
barely occurs for [Rh,(OAc),] (a catalyst established to
operate via a concerted mechanism). However, the presence of
a catalytically operative metal carbene radical intermediate was
not directly proven.

Conventionally, d°-metalloporphyrins proceed via two-
electron concerted pathways when operating as carbene-
transfer catalysts. Investigating the chemistry and catalytic
application of diazo quinones, the group of Che discovered
that the incipient Ru and Ir carbenes proceed via unique
radsigal stepwise pathways in C—H insertion reactions (Scheme
7).

Initial stoichiometric Hammett studies on the Ru—quinoid
carbenes (QCs) and their reaction with nitrosoarenes showed
a preference for more electron-donating groups on the meta-
substituent of the QCs.>* This is in contrast with conventional
Fischer-type Ru carbenes, where rate acceleration is observed
for electron-withdrawing substituents. Applying these Ru-QCs
in stoichiometric hydrogen atom transfer (HAT) reactions, the
authors found that cyclic 1,4-dienes could be converted to their
aromatic dehydrogenated counterparts under mild conditions.
Reaction of the QC with a HAT-donor like 1,4-cyclohexadiene
produced a paramagnetic Ru(IIl) species, Ru—QC—H?®, as
shown by NMR and ESI-MS studies (Scheme 7A, top). Upon
exposure to air, this paramagnetic species reformed the initial
Ru-QC species. Based on these findings, Che and co-workers
applied the Ru system catalytically. Exploiting the dual
reactivity of the Ru—QCs, a variety of p-nitrosoarenes and
m-disubstituted QCs could be converted to nitrones. Under
aerobic conditions, exploiting the regeneration of the para-
magnetic Ru—QC—H®, they were able to catalytically
dehydrogenate 1,4-cyclohexadiene to benzene with a max-
imum TON of 48.
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Building on the lessons learned for the Ru-based system, the
Che group surmised that the use of a more electron-poor metal
should prevent the reductive quenching of the incipient QC—-
H?* radical and allow for radical rebound to form the C—H
insert product.

Indeed, when switching from the more electron rich Ru(II)
porphyrin to a more electron poor Ir(Ill)—Me porphyrin,
diazo quinones produced C—H inserted products in the
presence of 1,4-cyclohexadiene and catalytic Ir porphyrin (2
mol %).”*" The reaction was found to be highly sensitive to
steric influences.

The most efficient catalyst was void of any meso-substituents
on the porphyrin, and the flat octaethylporphyrin gave the
highest yields (62%). Substitution on both the quinoid
carbenes and the HAT donor next to the insertion point
proved to affect both the yield and regioselectivity. a-
Substitution of 1,4-cyclohexadiene gave a 11:1 ratio, favoring
the nonsubstituted position for C—H insertion. The proposed
radical mechanism was supported by trapping experiments
using (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO), ki-
netic isotope effects using THF/THF-d;, and EPR measure-
ments of a trapped Ir-QC-H* radical (Scheme 7B, top).

Although the formation of a catalytically competent carbene
radical is often accomplished by SET from the metal to the
carbene, the group of Desage-El Murr employed the use of a
redox-active ligand in combination with a copper metal center
(Scheme 8).>* Copper has already been used to great effect in

Scheme 8. Ligand-to-Substrate SET from a Redox-Active o-
Aminophenolate-Based Copper Complex to a Reactive
Carbene Moiety and Its Radical Reactivity with Styrenes
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contemporary carbene transfer catalysis but generally has been
observed to operate via two-electron concerted mechanisms.>
Through use of two redox-active o-aminophenolate moieties
bridged by a chiral binaphthyl group, the Desage-El Murr
group has shown that their Cu-catalyzed cyclopropanation of
styrenes likely operates via a stepwise radical mechanism.

While the analogous nitrene transfer experiments also
performed yielded more a conclusive radical character by
virtue of EPR measurements, additional DFT calculations
indicated that both the Cu carbene and Cu nitrene exhibit a
similar radical character.

Electron transfer occurs from the redox-active ligand to the
carbene (or nitrene) moiety, which initially resides in a semi-
iminoquinone-benzoiminoquinone state and after SET is
transformed into a bis(benzoiminoquinone) state. After the
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reaction with styrene, a y-radical is produced, which in turn
releases the cyclopropane after a radical rebound reaction. To
the best of our knowledge, this was the first example of a
catalytic ligand-to-carbene SET reaction applied in catalysis.

B COBALT—CARBENE RADICALS

By and large the most abundant catalytic application of
carbene radicals involves cobalt(II)-based catalysts, comprising
~90% of the current literature. The electropositivity of cobalt
is perfectly balanced between middle and late transition metals,
and in its d’-configuration cobalt has a high-energy electron
that can easily be transferred to the more electronegative
carbene acceptor to produce carbene radicals (Figure 6).

Of these cobalt-systems, the most prevalent and successful
platforms are tetraarylporphyrin-based catalysts. In the early
2000s, mechanistic insight on Co(II)-based carbene transfer
began to grow, focusing largely on cyclopropanation as the
reaction of choice. The group of Zhang showed that use of
Co(II) porphyrins enabled them to effectively cyclopropanate
electron poor alkenes, which are difficult to convert using
conventional Fischer-type carbenes.’® Moreover, there was no
need for the use of slow addition to prevent dimerization
products. Penoni et al. studied the reaction of ethyl
diazoacetate and styrene using a combination of kinetic studies
and spectroscopic measurements (IR, NMR, and XRD)
(Figure 6).'% Under their reaction conditions, no dimerization
products were observed, which is in line with the findings of
Zhang and co-workers. Based on kinetic studies and IR
measurements, these cobalt carbenes bridge with the porphyrin
nitrogen atoms. However, this behavior is also observed for
conventional Fischer-type carbenes. In absence of styrene, the
carbene reacted to form a Co(Ill)—alkyl adduct that was
structurally confirmed by XRD (Figure 6B), which can only be
explained by reaction of the carbene with a hydrogen atom.
FT-IR studies and complementary calculations by the group of
Yamada for metal carbenes revealed that the carbonyl IR shift
of the pendant ester groups was hi%hly dependent on the
oxidation state of the metal carbene.”” Co—salen- and Co—
porphyrin-based carbene complexes exhibited markedly lower
absorption wavenumbers for the C=O stretching band than
conventional Fischer-type carbene complexes. Complementary
calculations postulated that this is due to reduction of the
carbene and that spin delocalization into z*-orbitals of the
pendant ester moiety shifts the C=O band to lower
wavenumbers.

More conclusive evidence was obtained by Dzik et al.,, who
used a combination of X-band EPR, ESI-MS, and DFT-
calculations to further elucidate the radical character of the
carbene and the stepwise reactivity with styrene (Figure 6).”
The EPR measurements of the reaction of EDA with a chiral
H-bonding cobalt porphyrin catalyst gave a mixture of a
hydrated catalyst, including a bridging carbene and an organic
radical species, which were observed by Penoni et al. (vide
supra).'” This last species was determined to be a terminal
cobalt(III)—carbene radical. Additional ESI-MS measurements
confirm the detection of the monocarbenoid species [Co-
(TPP)(CHCO,Et)]* as well as the analogous species for
[Co(3,5-di-t-Bu-ChenPhyrin) (CHCO,Et)]*.

DFT calculations on a model [Co"(Por)] (a simplified
porphyrin without phenyl substituents) catalyst reveal that the
reaction proceeds via a stepwise radical pathway as opposed to
the conventional concerted pathway observed for Fischer-type
carbenes. Access to biscarbenoid species was ruled out on the
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Figure 6. (A) Single-electron transfer from a high-energy Co-d,? orbital to the LUMO of the Co—C carbene z-bond, generating the carbene radical.
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Structure of alkyl species I***

as derived from X-ray diffraction studies.

basis of inaccessible barriers as well as the lack of any dominant
presence in ESI-MS measurements. The “bridging-carbene”
was shown to be an off-cycle resting state for the Co(II)—

porphyrin system.

Additional mechanistic insight and proof for the carbene
radical intermediate was obtained as well with direct detection
via EPR spectroscopy or indirectly via trapping studies.’’
Recently, Epping et al. reported elaborate and the perhaps
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most convincing evidence for the involvement of carbene
radical species in cobalt(II)-catalyzed carbene transfer
reactions using iodonium ylides as disubstituted acceptor—
acceptor carbene precursors.” Since iodonium ylides are more
powerful carbene-delivering precursors than diazo compounds,
both “monocarbenoid” (cobalt(IIl) monocarbene radical I7)
and “biscarbenoid” (cobalt(III) N-enolate carbene radical I¥'T)
species could be detected under the catalytic reaction
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Scheme 10. Current State-of-the-Art of the Applications of the Cobalt(III)—Carbene Radical Species Sorted Per Main
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conditions (Scheme 9A). Transfer of two carbene units to the
catalyst leads to formation of N-enolate carbene radical I*"
(Scheme 9B). EPR studies of this species using the '*C-labeled
iodonium ylide clearly revealed that the unpaired electron of
these species is located at the carbene carbon atom, leading to
a hyperfine interaction (HFI) with cobalt (I = 7/2) and a single
carbon atom (I = 1/2). No HFI was detected with the >C-
labeled N-enolate moiety. Further evidence was obtained by
spectroscopic (NMR) characterization and single crystal X-ray
diffraction studies (Scheme 9D) of the alkyl species I**, which
is easily obtained from carbene radical I*" by HAT from
toluene.”’

Due to their unique electronic structure, the N-enolates are
in equilibrium with carbene radical intermediates and hence
their formation is reversible. The N-enolate even has a
protective function, slowing catalyst deactivation via hydrogen
atom transfer (HAT) from the solvent. Catalytic transfer of
both “carbenoid” moieties of I*T to C=C bonds is possible,
which proceeds via a complex catalytic mechanism involving
two interconnected cycles (Scheme 9A). The reactive
paramagnetic cobalt(III) monocarbene radical (I') and
cobalt(III) N-enolate carbene radical (IFT) intermediates
involved in these reactions are characterized using a
combination of several spectroscopic/spectrometric techni-
ques, experimental design, computational modeling, and
trapping experiments (Scheme 9A).%

Remarkably, the “monocarbenoid” species I" do not form
stable N-enolate isomers, while the “biscarbenoid” species are
most stable as cobalt(III) N-enolate carbene radical species

5438

IET; as a result, N-enolate formation is reversible. Since the

“biscarbenoid” cobalt(IIl) N-enolate carbene radical complex
I*T has a reduced tendency to undergo catalyst deactivation
via HAT when compared to the “monocarbenoid” species 1%,
the observed “over-carbenation” by iodonium ylides is
beneficial for catalysis. The interplay of opposing stabilities
between terminal and N-bridging carbene radical moieties
dictated by the Co"/Co™-redox cycle thus plays an important
role and explains the unique active participation of the
otherwise catalytically inactive N-enolate species.

Application of cobalt(Ill)—carbene radicals has seen an
enormous increase in the past decade. The effectiveness of this
method has led to the successful synthesis of numerous hetero-
and carbocyclic structures (Scheme 10).

Based on the accumulated research thus far, three main
distinct pathways can be identified via which these carbene
radicals can react: carbene addition to z-bonds, net insertion of
carbenes into C—H bonds via HAT and radical rebound, and
reaction mechanisms involving HAT and the formation of
ortho-quinonedimethane (0-QDM) intermediates showing
follow-up reactivity. These reactivity patterns are discussed in
the following sections.

Addition to z-Bonds. Taking cyclopropanation as a model
reaction, the cobalt(III)—carbene radical is exceptionally adept
at reacting with (delocalized) z-bonds such as aryl alkenes
(Scheme 13).°" Addition occurs stepwise, generating a y-
radical intermediate that is stabilized by a pendant delocalizing
group such as a phenyl moiety. The thus generated y-radical
subsequently attacks the o™-orbital of the Co—C bond in a so-
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called “radical rebound” step. This produces the cyclopropane
product and releases the Co(II) catalyst. Several related
reactions leading to different products have been reported,
which also proceed via carbene radical addition to z-bonds,
usually followed by a radical rebound step. As such, several
catalytic reactions have been developed (some of which take
place in supramolecular cages providing a bioinspired
protective environment around the catalyst) for the synthesis
of a variety of cyclopropanes,” furans,”> f-lactams,’* and
numerous fused ring systems.”

C—H Insertion via HAT. Fischer-type carbenes can insert
into C—H bonds in a concerted manner via the interaction of
the filled C—H o-orbital with the M=C carbene LUMO.*
Cobalt(IIl)—carbene radicals react differently with C—H
bonds: the interaction of the z* Co—C SOMO with the
empty C—H o%*-orbital leads to HAT from C—H bond to
generate a carbon-centered radical. The latter can then react
via a radical rebound step by attacking the Co—C o¢*-orbital,
leading to the homolytic cleavage of the Co—C bond to
produce the C—H insertion product and regenerating the
catalyst. Since in these reactions a C—H single bond is cleaved,
intermolecular C—H insertion reactions proceeding via these
radical-type reactions result in the formation of free organic
carbon-centered radicals unbound to the catalyst. Escape of
free carbon radicals from the solvent cage can easily take place
in undesired radical pathways, and as a result such
intermolecular reactions are often not effective. However,
several highly effective reactions have been developed that
proceed via intramolecular radical-type C—H insertion
reactions for which the distal carbon-centered radical cannot
escape. In an intramolecular reaction, radical rebound is usually
much faster than any undesired radical reaction, making the
process highly efficient. Multiple examples exist, and this
method has been successfully applied in the synthesis of
cyclobutanones,(’7 indolines,®® pyrrolidines,é9 piperidines,70
sulfones,”" and dihydronaphthalenes’™ (Schemes 10 and 11).

ortho-Quinone Dimethane Pathways. Carbene radicals
with pendant o-phenolate or o-arylvinyl moieties were found to
react in a peculiar manner. For these substrates, intramolecular
carbene radical addition to a z-bond, or intramolecular HAT
from a C—H bond in the substrate to the carbene radical,
produces a distant carbon-centered radical that is in
conjugation with the weak Co—C bond of the thus generated
intermediate. Two pathways are now possible. The first one is
via the aforementioned radical rebound mechanism, which
(depending on the substrate) can be preceded by an additional
intramolecular HAT reaction that results in a more favorable
position for the radical rebound step (Scheme 12). The second
pathway is the cleavage of the Co—C bond (in direct
conjugation with the carbon radical, resulting in additional
weaking of this bond) to release an o-quinonedimethane or o-
quinone methide intermediate. This organic intermediate can
then proceed via an electrocyclization step to form the
product. This was shown to be the predominant pathway to
form synthetically challenging dibenzocyclooctenes, and the
use of such o-quinone methide/dimethanes has been used to
unlock 2H-chromenes,”® 1H-indenes,”* mono- and dibenzo-
cyclooctenes,””>” and benzoxocins.”®

Observation of benzoxocin formation is particularly note-
worthy, not only because of the unexpected (net) carbene
radical attack onto the ketone moiety of the substrate (Scheme
14A)7°* but also because these new eight-membered ring
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Scheme 11. Mechanism of the Cobalt-Catalyzed C—H
Insertion of an o-Diazoaniline to Form a Cyclized Indoline
Product”
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“The square planar porphyrin ligand employed in this reaction is
depicted schematically as an NNNN square.

compounds act as new molecular photoswitches (Scheme
1 4B).76b

Enantioselective Catalysts. Owing to the success of the
Co(II)—porphyrin catalysts for carbene transfer reactions
applied to the synthesis of many biologically and pharmaceuti-
cally relevant motifs, numerous enantioselective variants were
developed by the group of Zhang.**”**”"7”7% Based on the
meso-tetraarylporphyrin scaffold, chiral hydrogen-bonding
amide groups were introduced on the o-aryl position (Figure
7). This bioinspired ezyme-like pocket stabilizes carbenes
featuring hydrogen bond acceptors such as a-carbonyl groups.
In combination with particular steric groups on other meso-aryl
positions, these catalysts give exceedingly high chemo-, regio-,
and enantioselectivity. However, much like natural enzymes,
they also are quite substrate-specific. Consequently, the group
of Zhang developed several variants of similar hydrogen
bonding porphyrins, changing the steric bulk of the chiral
groups or auxiliary meso-aryl moieties. The latest generation of
these so-called “Zhang porphyrins” features distal bridging of
the pendant chiral amide groups, which markedly increases
their overall selectivity. The reduction in entropy due to the
additional conformational locking of the pendant chiral groups
creates an even more selective pocket for enantioselective
catalysis. Interestingly, not only do these “Zhang porphyrins”
exhibit excellent selectivity but they are also able to activate
acceptor—acceptor diazo substrates. As such, this library of
carbene radical transfer catalysts has been applied extensively
toward the asymmetric synthesis of various interesting
molecules, such as cyclopropanes,”” cyclobutanones,® and
indolines.*®

With the assistance of cobalt(Il)-based metalloradical
catalysis, asymmetric cyclopropapation of dehydroaminocar-
boxylates with diazo compounds produces a range of
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Scheme 12. Catalytic Cycle for the Formation of Benzocyclooctenes by Cobalt(II)—Tetraphenylporphyrin®
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“Tetraphenylporphyrin is depicted here with the NNNN square. The pathway can diverge after the formation of the distal radical to form the eight-
membered ring product via an electrocyclization reaction or via a radical rebound step.

Scheme 13. Mechanism of the Cobalt-Catalyzed
Cyclopropanation of Styrene with Ethyl Diazoacetate”

Scheme 14. Cobalt-Catalyzed Formation of Benzoxocins
and Their Application as Molecular Photoswitches”
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“The square planar N-donor ligands employed in this reaction are
depicted schematically with an NNNN square.

functionalized a-amino-cyclopropanecarboxylates with high
enantioselectivity (Scheme 15A).””¢ Chiral cyclopropyl a-
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. Blue light
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closed form
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?(A) Catalytic cycle for the formation of benzoxocins by cobalt(II)-
tetraphenylporphyrin (depicted here with the NNNN square). (B)
The produced benzoxocins are new molecular photoswitches, which
can be switched with blue light to the closed form and can thermally
revert back to the eight-membered ring form.
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Scheme 15. Asymmetric Synthesis Catalyzed by Chiral Cobalt Porphyrins®
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“(A) Asymmetric cyclization reactions catalyzed by chiral cobalt porphyrins and asymmetric cyclopropanation of cyclopropyl a-amino acids. (B)

Radical bicyclization for cyclopropane-fused terahydrofurans.

amino acids are important building blocks of peptides used in
biological studies, but synthetic protocols for the direct
construction of these compounds are scarce. The enantiose-
lective radical cyclopropanation of alkenes with diazo
precursors could be further applied to the synthesis of other
challenging compounds. For instance, a new asymmetric
strategy to construct 1-alkenylbicyclo[3.1.0]hexanes has been
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developed: by using 1,6-enynes and a-cyano-diazaoacetates as
substrates, cyclopropane-fused terahydrofurans could be
obtained in high yields with excellent enantioselectivities and
diastereoselectivities (Scheme 15B).°" The formation of
cyclopropane-fused terahydrofurans involves a unique process
of radical bicyclization: first, the y-Co(III)-vinyl radical
intermediate undergoes facile S-exo-trig radical cyclization,
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Scheme 16. Asymmetric Construction of Cyclobutanones via Cobalt(III)—Carbene Radicals
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Scheme 17. Mechanism Proposed by the Group of Wan for the Formation of f-Ester-y-amino Ketones”

(A) BuOOH {BuO” + HO (B)
Co(lly
+
Co(ll) Co(lll
(I1) (1) o
No
H,O + tBuOO  tBUOOH + HO
H . . Co(lll)
J\ R1 tBUOO or tBuO 2 R R PR
R3 N’ _— = R3 N’ _— R3 N’ =
2 2 2
R BuOOH or BuOH R R

(0N
>(o

2L R
3o~
o R N2 R® O R® O
R 1 1
R JIRrR! R
N '%OEt NMOEt N)\,)kOEt
Ny Co(lll) R2  Co(lll) R?
OEt
R1

R1
N 3\ .
RUN-Re pn~-Ngz | BuOO
> Et Et
PhALfo Co(lll)%o
o 0

Kornblum-DelLaMare
Rearrangement

R1
|
3
ph g2
OEt
o}

%(A) Radicals are (re)generated by the Co"/Co™-catalyzed decomposition of tert-butylhydroperoxide to form reactive a-iminoradicals. (B) The

carbene radical reacts with the a-iminoradical, followed by styrene a
amino ketone product.

nd ultimately a Kornblum-DeLaMare rearrangement to form the f-ester-y-

then the generated e-Co(IlI)-alkyl radical intermediate
proceeds via 3-exo-trig cyclization, producing cyclopropane-
fused terahydrofurans as products while regenerating the
catalyst. It seems that the hydrogen bond interactions between
the substrates and chiral catalysts are responsible for
controlling the enantioselectivities of these reactions.

In addition to radical addition to unsaturated bonds as a
crucial step in the aforementioned transformations, hydrogen
atom abstraction (HAA) is another important pathway
involved in many asymmetric metalloradical catalyses. With
the bridged D,-symmetric chiral amido-porphyrin as the
optimal supporting ligand, the Co(II)-based metalloradical
system can catalyze the asymmetric 1,4-C—H alkylation of a-
aryldiazoketones, affording a,-disubstituted cyclobutanones in
good yields with high enantioselectivities (Scheme 16).°” The
computational studies indicate that the four-membered cyclic
compounds were generated through a radical mechanism that
proceeds in a stepwise manner: upon metalloradical activation
by the chiral cobalt catalyst, the substrate converts to an a-
Co(II)—alkyl radical (carbene radical), which is followed by
1,4-HAA to produce a 6-Co(II)—alkyl radical intermediate.
The latter undergoes a unique 4-exo-tet cyclization through
intramolecular radical substitution, yielding the chiral cyclo-
butanone as the final product.

Cascade Reactions. Other examples of the application of
cobalt-carbene radical species that are separate from the
conventional Co(II)-mechanism shown earlier (vide supra)
exist as well. One such example was reported by the group of
Wan, who used a tandem reaction for the construction of f-
ester-y-aminoketones.”® They propose the mechanism shown
in Scheme 17 based on a series of control reactions. By
reacting tert-butylhydroperoxide with a Co(IlI) catalyst, the

active carbene-transfer Co(II) catalyst and a peroxo radical are
produced. The Co(Il) catalyst reacts with ethyl diazoacetate to
afford an a-ester carbene radical, whereas the peroxo radical
abstracts a hydrogen from the amine to afford an a-
aminoradical. The a-aminoradical proceeds to react with the
carbene radical, yielding a Co(III)—alkyl adduct. This cobalt—
alkyl adduct has a labile Co—C bond, which is in equilibrium
with the free radical. The free radical reacts with the present
arylalkene to afford a new equilibrium with the Co(II) catalyst.
Another peroxoradical reacts with the benzylic carbon and via
a Kornblum-DeLaMare rearrangement affords the p-ester-y-
aminoketone product.

Another instance of an alternative mechanism was an
intramolecular Buchner reaction reported by Che and co-
workers (Scheme 18).°*° An in situ generated alkyl carbene
reacts with a distal aniline group at the o-position to afford a
ring-expanded cycloheptatriene derivative. This kind of
reactivity is uncommon for cobalt-based carbenes, but the

Scheme 18. Intramolecular Buchner Reaction via a
Cobalt(IIT)—Carbene Leading to a Range of Bicyclic
Cycloheptatriene-Fused Pyrrolidines
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Scheme 19. Proposed Reaction Mechanism for the Cobalt-Catalyzed ATRA Reaction by Wu et al.
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high reactivity of alkyl carbenes in combination with electron-
rich arenes could explain this behavior.

Catalysis of Cobalt Phosphorus Complexes. Phospho-
rus ligands in catalysis are ubiquitous, yet not so in cobalt—
carbene transfer. The group of von Wangelin used a
homoleptic cobalt complex featuring two bidentate phosphine
ligands to catalyze an extended atom transfer radical addition
(ATRA) to synthesize highly functionalized alkenes (Scheme
19).”” The proposed reaction mechanism consists of multiple
cycles, a main cobalt cycle and a cobalt—iodine-based
secondary cycle. Reduction of a Co"X, species to a Co'X
species generates a nucleophilic cobalt (A), which is readily
alkylated by the Rp—I substrate. This cobalt—alkyl species (B)
can undergo homolysis, freeing a Co!! metalloradical and an
organic Ry radical. The Co'' species reacts with TMSN,,
generating the Co—carbene radical (C). Subsequently, the
carbene radical reacts with the Ry radical to generate another
cobalt-alkyl species (D), which is in equilibrium with the
homolyzed metalloradical and organic free radical (E). Species
E reacts with Rp—I to form the organoiodide F and regenerates
the active catalyst B. F can subsequently react with A to form
the dormant Co"X, species and a TMS(C-H)R; radical, which
can be trapped with an arylalkyne and another equivalent of F
to form the final product. The mechanism is supported by
radical trapping and mechanistic control experiments.

B SUMMARY AND CONCLUSIONS

As shown in this Perspective, the field of carbene radical
chemistry has significantly matured in the past decade. What
used to be novel insight into an organometallic peculiarity with
several initial catalytic applications has now grown into a
developed area of research with highly selective catalysts,
giving access to a large scope of carbo- and heterocycles.
Unique organic compounds can be synthesized with carbene
radical catalysis, including a variety of medium sized
(hetero)cyclic products with unique properties. Hydrogen-
bonding cobalt-based porphyrins provide a platform for
excellent enantio-, regio-, and stereoselectivity. Although
catalytic application with carbene radical intermediates is
largely limited to cobalt-based systems, more attention is given
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to using other transition metals as catalysts. Systems based on
iridium, ruthenium, and copper have been reported, and
significant efforts are being made to transfer this reactivity to
iron. Additional insight has been gained through development
of new redox-active ligand scaffolds that employ carbene
radicals in their backbones. These feature a wide variety of
transition metals and offer valuable insight into their unusual
electronic and spectroscopic properties. Reactivity studies
performed on these novel systems yield further understanding

and lay the groundwork for future catalytic applications.

B AUTHOR INFORMATION

Corresponding Author
Bas de Bruin — Homogeneous, Supramolecular and Bio-
Inspired Catalysis Group, van ‘t Hoff Institute for Molecular
Sciences (HIMS), University of Amsterdam, 1098 XH
Amsterdam, The Netherlands; © orcid.org/0000-0002-
3482-7669; Email: b.debruin@uva.nl

Authors

Roel FJ. Epping — Homogeneous, Supramolecular and Bio-
Inspired Catalysis Group, van ‘t Hoff Institute for Molecular
Sciences (HIMS), University of Amsterdam, 1098 XH
Amsterdam, The Netherlands

David Vesseur — Homogeneous, Supramolecular and Bio-
Inspired Catalysis Group, van ‘t Hoff Institute for Molecular
Sciences (HIMS), University of Amsterdam, 1098 XH
Amsterdam, The Netherlands

Minghui Zhou — Homogeneous, Supramolecular and Bio-
Inspired Catalysis Group, van ‘t Hoff Institute for Molecular
Sciences (HIMS), University of Amsterdam, 1098 XH
Amsterdam, The Netherlands

Complete contact information is available at:
https://pubs.acs.org/10.1021/acscatal.3¢00591

Notes
The authors declare no competing financial interest.

https://doi.org/10.1021/acscatal.3c00591
ACS Catal. 2023, 13, 54285448


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bas+de+Bruin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3482-7669
https://orcid.org/0000-0002-3482-7669
mailto:b.debruin@uva.nl
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Roel+F.J.+Epping"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Vesseur"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minghui+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?fig=sch19&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.3c00591?fig=sch19&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

B ACKNOWLEDGMENTS

Financial support from The Netherlands Organization for
Scientific Research (NWO TOP-Grant 716.015.001 and ARC
CBBC), the University of Amsterdam (Research Priority Area
Sustainable Chemistry), and the China Scholarship Council for
a Ph.D. fellowship (CSC 201806050112) is gratefully
acknowledged.

B REFERENCES

(1) (a) Doyle, M. P. Catalytic Methods for Metal Carbene Trans-
formations. Chem. Rev. 1986, 86, 919—939. (b) Xia, Y.; Qiu, D,
Wang, J. Transition-Metal-Catalyzed Cross-Couplings through
Carbene Migratory Insertion. Chem. Rev. 2017, 117, 13810—13889.
(c) van Leest, N. P.; Epping, R. F. J.; van Vliet, K. M.; Lankelma, M;
van den Heuvel, E. J.; Heijtbrink, N.; Broersen, R,; de Bruin, B.
Single-Electron Elementary Steps in Homogeneous Organometallic
Catalysis. In Advances in Organometallic Chemistry, Vol. 70; Pérez, P.
J, Stone, F. G. A, West, R, Eds,; Elsevier, 2018; pp 71—180.
(d) Bergstrom, B. D.; Nickerson, L. A,; Shaw, J. T.; Souza, L. W.
Transition Metal Catalyzed Insertion Reactions with Donor/Donor
Carbenes. Angew. Chem., Int. Ed. 2021, 60, 6864—6878.

(2) (a) He, Y.; Huang, Z.; Wu, K.; Ma, J.; Zhou, Y.-G.; Yu, Z. Recent
advances in transition-metal-catalyzed carbene insertion to C—H
bonds. Chem. Soc. Rev. 2022, 51, 2759—2852. (b) Gillingham, D.; Fei,
N. Catalytic X—H insertion reactions based on carbenoids. Chem. Soc.
Rev. 2013, 42, 4918—4931.

(3) te Grotenhuis, C.; de Bruin, B. Radical-type Reactions
Controlled by Cobalt: From Carbene Radical Reactivity to the
Catalytic Intermediacy of Reactive o-Quinodimethanes. Synlett 2018,
29, 2238-2250.

(4) Ogba, O. M; Warner, N. C.; O’Leary, D. J,; Grubbs, R. H.
Recent advances in ruthenium-based olefin metathesis. Chem. Soc.
Rev. 2018, 47, 4510—4544

(5) (a) Franssen, N. M. G.; Reek, J. N. H.; de Bruin, B. Synthesis of
Functional ‘Polyolefins’: State of the Art and Remaining Challenges.
Chem. Soc. Rev. 2013, 42, 5809—5832. (b) Li, F.; Xiao, L.; Li, B.; Hu,
X.; Liu, L. Carbene polymerization from the catalyzed decomposition
of diazo compounds: Mechanism and modern development. Coord.
Chem. Rev. 2022, 473, 214806

(6) (a) Feliciano, A.; Vazquez, J. L.; Benitez-Puebla, L. J.; Velazco-
Cabral, I; Cruz Cruz, D.; Delgado, F.; Vizquez, M. A. Fischer
Carbene Complexes: A Glance at Two Decades of Research on
Higher Order Cycloaddition Reactions. Chem. Eur. ]. 2021, 27,
8233—8251. (b) Schrock, R. R. Recent Advances in High Oxidation
State Mo and W Imido Alkylidene Chemistry. Chem. Rev. 2009, 109,
3211-3226.

(7) Dzik, W. 1; Zhang, X. P.; de Bruin, B. Redox Noninnocence of
Carbene Ligands: Carbene Radicals in (Catalytic) C—C Bond
Formation. Inorg. Chem. 2011, 50, 9896—9903.

(8) Krusic, P. J.; Klabunde, U.; Casey, C. P.; Block, T. F. An Electron
Spin Resonance Study of the Radical Anions Derived from Metal
Carbene Complexes of Chromium, Molybdenum, and Tungsten. J.
Am. Chem. Soc. 1976, 98, 2015—2017.

(9) Dzik, W. L; Reek, J. N. H.; de Bruin, B. Selective C—C Coupling
of Ir—Ethene and Ir—Carbenoid Radicals. Chem.- Eur. J. 2008, 14,
7594—7599.

(10) (a) Penoni, A,; Wanke, R.; Tollari, S.; Gallo, E.; Musella, D.;
Ragaini, F.; Demartin, F.; Cenini, S. Cyclopropanation of Olefins with
Diazoalkanes, Catalyzed by Co"(porphyrin) Complexes — A
Synthetic and Mechanistic Investigation and the Molecular Structure
of Co™(TPP)(CH,CO,Et) (TPP = Dianion of meso-Tetraphenylpor-
phyrin). Eur. J. Inorg. Chem. 2003, 2003, 1452—1460. (b) Zhang, L.;
Chan, K. S. Reactivity Studies of Rhodium Porphyrin Radical with
Diazo Compounds. Organometallics 2007, 26, 679—684.

(11) Hopkinson, M. N.; Richter, C.; Schedler, M.; Glorius, F. An
overview of N-heterocyclic carbenes. Nature 2014, 510, 485—496.

5444

(12) Kushvaha, S. K;; Mishra, A,; Roesky, H. W.; Mondal, K. C.
Recent Advances in the Domain of Cyclic (Alkyl)(Amino) Carbenes.
Chem. Asian. J. 2022, 17, e202101301.

(13) (a) Lyaskovskyy, V.; de Bruin, B. Redox Non-innocent Ligands
— Versatile New Tools to Control Catalytic Reactions. ACS Catal.
2012, 2, 270-279. (b) Breitwieser, K; Munz, D. Cyclic (alkyl)-
(amino)carbene (CAAC) ligands: Electronic structure and applica-
tion as chemically- and redox-non-innocent ligands and chromo-
phores. In Advanced Organometallic Chemistry, Vol. 78; Pérez, P. J.,
Ed.; Elsevier, 2022; pp 79—132. (c) Breitwieser, K.; Bahmann, H,;
Weiss, R; Munz, D. Gauging Radical Stabilization with Carbenes.
Angew. Chem., Int. Ed. 2022, 61, €202206390.

(14) (a) Singh, A. P.; Samuel, P. P.; Roesky, H. W.; Schwarzer, M.
C.; Frenking, G.; Sidhu, N. S.; Dittrich, B. A Singlet Biradicaloid Zinc
Compound and Its Nonradical Counterpart. J. Am. Chem. Soc. 2013,
135, 7324—7329. (b) Rajendran, N. M.; Gautam, N.; Sarkar, P.;
Ahmed, J; Das, A; Das, S.; Pati, S. K; Mandal, S. K. Bicyclic
(alkyl) (amino)carbene stabilized zinc(0) complex with singlet
biradicaloid ground state. Chem. Commun. 2021, 57, 5282.

(15) Samuel, P. P.; Mondal, K. C.; Roesky, H. W.; Hermann, M;
Frenking, G.; Demeshko, S.; Meyer, F.; Stiickl, A. C.; Christian, J. H.;
Dalal, N. S.; Ungur, L,; Chibotaru, L. F.,; Prépper, K; Meents, A.;
Dittrich, B. Synthesis and Characterization of a Two-Coordinate
Manganese Complex and its Reaction with Molecular Hydrogen at
Room Temperature. Angew. Chem., Int. Ed. 2013, 52, 11817—11821.

(16) (a) Jin, L.; Melaimi, M.; Kostenko, A.; Karni, M.; Apeloig, Y.;
Moore, C. E.; Rheingold, A. L.; Bertrand, G. Isolation of cationic and
neutral (allenylidene)(carbene) and bis(allenylidene)gold complexes.
Chem. Sci. 2016, 7, 150—154. (b) Weinberger, D. S.; Melaimi, M,;
Moore, C. E.; Rheingold, A. L.; Frenking, G.; Jerabek, P.; Bertrand, G.
Isolation of Neutral Mono- and Dinuclear Gold Complexes of Cyclic
(Alkyl) (amino)carbenes. Angew. Chem., Int. Ed. 2013, 52, 8964—
8967.

(17) Weinberger, D. S.; SK, N. A;; Mondal, K. C,; Melaimi, M,;
Bertrand, G.; Stiickl, A. C.; Roesky, H. W.; Dittrich, B.; Demeshko, S.;
Schwederski, B.; Kaim, W.; Jerabek, P.; Frenking, G. Isolation of
Neutral Mononuclear Copper Complexes Stabilized by Two Cyclic
(Alkyl) (amino)carbenes. J. Am. Chem. Soc. 2014, 136, 6235—6238.

(18) Ung, G.; Peters, J. C. Low-Temperature N, Binding to Two-
Coordinate L,Fe’ Enables Reductive Trapping of L,FeN,” and NH,
Generation. Angew. Chem., Int. Ed. 2014, 54, 532—535.

(19) (a) Mondal, K. C.; Roy, S.; De, S.; Parameswaran, P.; Dittrich,
B.; Ehret, F,; Kaim, W.; Roesky, H. W. Stabilization of a Two-
Coordinate Mononuclear Cobalt(0) Compound. Chem. Eur. J. 2014,
20, 11646—11649. (b) Du, J.; Chen, W.; Chen, Q.; Leng, X.; Meng,
Y.-S; Gao, S.; Deng, L. Reactivity of a Two-Coordinate Cobalt(0)
Cyclic (Alkyl)(amino)carbene Complex. Organometallics 2020, 39,
729-739.

(20) Mondal, K. C.; Samuel, P. P.; Li, Y.; Roesky, H. W.; Roy, S.;
Ackermann, L.; Sidhu, N. S.; Sheldrick, G. M.; Carl, E.; Demeshko, S.;
De, S.; Parameswaran, P.; Ungur, L.; Chibotaru, L. F.; Andrada, D. M.
A Catalyst with Two-Coordinate Nickel: Theoretical and Catalytic
Studies. Eur. J. Inorg. Chem. 2014, 2014, 818—823.

(21) Roy, S.; Mondal, K. C.; Meyer, J.; Niepétter, B.; Kéhler, C;
Herbst-Irmer, R.; Stalke, D.; Dittrich, B.; Andrada, D. M.; Frenking,
G.; Roesky, H. W. Synthesis, Characterization, and Theoretical
Investigation of Two-Coordinate Palladium(0) and Platinum(0)
Complexes Utilizing 7-Accepting Carbenes. Chem. - Eur. ]. 2018,
21, 9312-9318.

(22) (a) Chan, S.-C.; Ang, Z. Z.; Gupta, P.; Ganguly, R; Li, Y; Ye,
S.; England, J. Carbodicarbene Ligand Redox Noninnocence in
Highly Oxidized Chromium and Cobalt Complexes. Inorg. Chem.
2020, 59, 4118—4128. (b) Chan, S.-C.; Gupta, P.; Engelmann, X,;
Ang, Z. Z; Ganguly, R; Bill, E; Ray, K; Ye, S, England, J.
Observation of Carbodicarbene Ligand Redox Noninnocence in
Highly Oxidized Iron Complexes. Angew. Chem., Int. Ed. 2018, S7,
15717—15722.

(23) (a) Hsu, Y.-C.; Shen, J.-S; Lin, B.-C.; Chen, W.-C.; Chan, Y.-
C.; Ching, W.-M,; Yap, G. P. A,; Hsu, C.-P.; Ong, T.-G. Synthesis and

https://doi.org/10.1021/acscatal.3c00591
ACS Catal. 2023, 13, 54285448


https://doi.org/10.1021/cr00075a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00075a013?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00382?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202007001
https://doi.org/10.1002/anie.202007001
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1039/D1CS00895A
https://doi.org/10.1039/c3cs35496b
https://doi.org/10.1055/s-0037-1610204
https://doi.org/10.1055/s-0037-1610204
https://doi.org/10.1055/s-0037-1610204
https://doi.org/10.1039/C8CS00027A
https://doi.org/10.1039/c3cs60032g
https://doi.org/10.1039/c3cs60032g
https://doi.org/10.1016/j.ccr.2022.214806
https://doi.org/10.1016/j.ccr.2022.214806
https://doi.org/10.1002/chem.202005434
https://doi.org/10.1002/chem.202005434
https://doi.org/10.1002/chem.202005434
https://doi.org/10.1021/cr800502p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr800502p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic200043a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic200043a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic200043a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00423a086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00423a086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00423a086?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200800262
https://doi.org/10.1002/chem.200800262
https://doi.org/10.1002/ejic.200390189
https://doi.org/10.1002/ejic.200390189
https://doi.org/10.1002/ejic.200390189
https://doi.org/10.1002/ejic.200390189
https://doi.org/10.1002/ejic.200390189
https://doi.org/10.1021/om060833j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om060833j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nature13384
https://doi.org/10.1038/nature13384
https://doi.org/10.1002/asia.202101301
https://doi.org/10.1021/cs200660v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs200660v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202206390
https://doi.org/10.1021/ja402351x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja402351x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1CC01298C
https://doi.org/10.1039/D1CC01298C
https://doi.org/10.1039/D1CC01298C
https://doi.org/10.1002/anie.201304642
https://doi.org/10.1002/anie.201304642
https://doi.org/10.1002/anie.201304642
https://doi.org/10.1039/C5SC03654B
https://doi.org/10.1039/C5SC03654B
https://doi.org/10.1002/anie.201304820
https://doi.org/10.1002/anie.201304820
https://doi.org/10.1021/ja502521b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502521b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja502521b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201409454
https://doi.org/10.1002/anie.201409454
https://doi.org/10.1002/anie.201409454
https://doi.org/10.1002/chem.201403525
https://doi.org/10.1002/chem.201403525
https://doi.org/10.1021/acs.organomet.9b00875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.9b00875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.201301598
https://doi.org/10.1002/ejic.201301598
https://doi.org/10.1002/chem.201500758
https://doi.org/10.1002/chem.201500758
https://doi.org/10.1002/chem.201500758
https://doi.org/10.1021/acs.inorgchem.0c00153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00153?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201809158
https://doi.org/10.1002/anie.201809158
https://doi.org/10.1002/anie.201406481
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Isolation of an Acyclic Tridentate Bis(pyridine)carbodicarbene and
Studies on Its Structural Implications and Reactivities. Angew. Chem.,
Int. Ed. 2015, 54, 2420—2424. (b) Chen, W. C.; Hsy, Y. C,; Lee, C.
Y,; Yap, G. P. A;; Ong, T.-G. Synthetic Modification of Acyclic Bent
Allenes (Carbodicarbenes) and Further Studies on Their Structural
Implications and Reactivities. Organometallics 2013, 32, 2435—2442.

(24) Kriegel, B. M.; Kaltsoyannis, N.; Chatterjee, R.; Bergman, R.
G.,; Arnold, J. Synthesis and Redox Chemistry of a Tantalum
Alkylidene Complex Bearing a Metallaimidazole Ring. Organometallics
2017, 36, 3520—3529.

(25) van der Vlugt, J. I Redox-Active Pincer Ligands. In Metal-
Ligand Co-operativity; van Koten, G., Kirchner, K., Moret, M.-E., Eds.;
Springer, 2022; pp 135—179.

(26) Wang, Q; Manzano, R. A; Tinnermann, H,; Sung, S;
Leforestier, B.; Kramer, T.; Young, R. D. Access to and Reactivity of
Fe’, Fe™, Fe', and Fe' PCcarbeneP Pincer Complexes. Angew. Chem.,
Int. Ed. 2021, 60, 18168—18177.

(27) LaPierre, E. A.; Piers, W. E.; Gendy, C. Redox-state dependent
activation of silanes and ammonia with reverse polarity (PC,,peneP)Ni
complexes: electrophilic vs. nucleophilic carbenes. Dalton Trans. 2018,
47, 16789—-16797.

(28) Deziel, A. P.; Hoffbauer, M. R; Iluc, V. M. Square Planar
Nucleophilic and Radical Pt(II) Carbenes. Organometallics 2019, 38,
879—887.

(29) (a) Cui, P.; Hoffbauer, M. R; Vyushkova, M,; Iluc, V. M.
Oxidation reactions of a nucleophilic palladium carbene: mono and
bi-radical carbenes. Dalton Trans 2019, 48, 9663—9668. (b) Cui, P.;
Hoffbauer, M. R.; Vyushkova, M.; Iluc, V. M. Heterobimetallic Pd—K
carbene complexes via one-electron reductions of palladium radical
carbenes. Chem. Sci. 2016, 7, 4444—4452. (c) Cui, P.; Iluc, V. M.
Redox-induced umpolung of transition metal carbenes. Chem. Sci.
2015, 6, 7343—7354. (d) Comanescu, C. C.; Vyushkova, M,; Iluc, V.
M. Palladium carbene complexes as persistent radicals. Chem. Sci.
2015, 6, 4570—4579. )

(30) (a) Sierra, M. A; Gémez-Gallego, M.; Martinez-Alvarez, R.
Fischer Carbene Complexes: Beautiful Playgrounds to Study Single
Electron Transfer (SET) Reactions. Chem. Eur. J. 2007, 13, 736—744.
(b) Barluenga, J.; Fernandez-Rodriguez, M. A.; Aguilar, E. Group 6
Fischer carbene complexes: “chemical multitalents” for multi-
component reactions. J. Organomet. Chem. 2008, 690, 539—587.

(31) (a) Lamprecht, Z; Malan, F. P; Fernindez, L; Lotz, S;
Bezuidenhout, D. I. Chelated Fischer carbene complexes of annulated
thiophenes: synthesis, structure and electrochemistry. Dalton Trans.
2020, 49, 15339—15354. (b) Hoskovcova, L; Ludvik, J. Electro-
chemical approach to Fischer carbene complexes. Curr. Opin.
Electrochem. 2019, 15, 165—174. (c) Lamprecht, Z.; Radhakrishnan,
S. G.; Hildebrandt, A.; Lang, H,; Liles, D. C.; Weststrate, N.; Lotz, S.;
Bezuidenhout, D. 1. Mono-, di- and tetrarhenium Fischer carbene
complexes with thienothiophene substituents. Dalton Trans. 2017, 46,
13983—13993.

(32) Landman, M.; Buitendach, B. E.; Conradie, M. M.; Fraser, R.;
van Rooyen, P. H,; Conradie, J. Fischer mono- and biscarbene
complexes of tungsten with mono- and dimeric heteroaromatic
substituents. J. Electroanal. Chem. 2015, 739, 202—210.

(33) (a) Landman, M.; Pretorius, R.; Buitendach, B. E.; van Rooyen,
P. H; Conradie, J. Synthesis, Structure, and Electrochemistry of
Fischer Alkoxy- and Aminocarbene Complexes of Tungsten: The Use
of DFT To Predict and Understand Oxidation and Reduction
Potentials. Organometallics 2013, 32, 5491—5503. (b) van Rensburg,
A. J; Landman, M.; Conradie, M. M.; Erasmus, E.; Conradie, J.
Electrochemistry of triphenylstibine-functionalized Fischer carbene
complexes of Molybdenum(0). Electrochim. Acta 2017, 246, 897—907.

(34) van der Westhuizen, B.; Swarts, P. J.; Van Jaarsveld, L. M.;
Liles, D. C,; Siegert, U.; Swarts, J. C.; Fernindez, I.; Bezuidenhout, D.
1. Substituent Effects on the Electrochemical, Spectroscopic, and
Structural Properties of Fischer Mono- and Biscarbene Complexes of
Chromium(0). Inorg. Chem. 2013, 52, 6674—6684.

(35) Bezuidenhout, D. 1; Fernandez, L; van der Westhuizen, B.;
Swarts, P. J; Swarts, J. C. Electrochemical and Computational Study

5445

of Tungsten(0) Ferrocene Complexes: Observation of the Mono-
Oxidized Tungsten(0) Ferrocenium Species and Intramolecular
Electronic Interactions. Organometallics 2013, 32, 7334—7344.

(36) (a) Bellow, J. A,; Stoian, S. A.; van Tol, J.; Ozarowski, A.; Lord,
R. L,; Groysman, S. Synthesis and Characterization of a Stable High-
Valent Cobalt Carbene Complex. J. Am. Chem. Soc. 2016, 138, 5531—
5534. (b) Grass, A; Bellow, J. A; Morrison, G.; zur Loye, H.-C,;
Lord, R. L,; Groysman, S. One electron reduction transforms high-
valent low-spin cobalt alkylidene into high-spin cobalt(II) carbene
radical. Chem. Commun. 2020, 56, 8416—8419.

(37) (a) Alcantara, A. F. P.; Fontana, L. A; Almeida, M. P.; Rigolin,
V. H,; Ribeiro, M. A.; Barros, W. P.; Megiatto, J. D., Jr. Control over
the Redox Cooperative Mechanism of Radical Carbene Transfer
Reactions for the Efficient Active-Metal-Template Synthesis of
[2]Rotaxanes. Chem. Eur. J. 2020, 26, 7808—7822. (b) Alcantara, A.
F. P,; Fontana, L. A,; Rigolin, V. H.; Andrade, Y. F. S,; Ribeiro, M. A,;
Barros, W. P.; Ornelas, C.; Megiatto, J. D., Jr. Olefin Cyclo-
propanation by Radical Carbene Transfer Reactions Promoted by
Cobalt(II)/ Porphyrinates: Active-Metal-Template Synthesis of
[2]Rotaxanes. Angew. Chem., Int. Ed. 2018, 57, 8979—8983.

(38) (a) Damiano, C.; Sonzini, P.; Gallo, E. Iron Catalysts with N—
Ligands for Carbene Transfer of Diazo Reagents. Chem. Soc. Rev.
2020, 49, 4867—4905. (b) Batista, V. F.; Pinto, D. C. G. A; Silva, A.
M. S. Iron: A Worthy Contender in Metal Carbene Chemistry. ACS
Catal. 2020, 10, 10096—10116.

(39) (a) DeJesus, J. F.; Jenkins, D. M. A Chiral Macrocyclic Tetra-N-
Heterocyclic Carbene Yields an “All Carbene” Iron Alkylidene
Complex. Chem. Eur. ]. 2020, 26, 1429—1435. (b) Lindley, B. M.;
Swidan, A.; Lobkovsky, E. B.; Wolczanski, P. T.; Adelhardt, M,;
Sutter, J.; Meyer, K. Fe(IV) Alkylidenes via Protonation of Fe(II)
Vinyl Chelates and a Comparative Mossbauer Spectroscopic Study.
Chem. Sci. 2018, 6, 4730—4736.

(40) Jacobs, B. P.; Agarwal, R. G.; Wolczanski, P. T.; Cundari, T. R;;
MacMillan, S. N. Fe(IV) Alkylidenes Are Actually Fe(Il), and a
Related Octahedral Fe(II) “Alkylidene” Is a Conjugated Vinyl
Complex. Polyhedron 2016, 116, 47—56.

(41) (a) Giusti, M.; Solari, E.; Giannini, L.; Floriani, C.; Chiesi-Villa,
A.; Rizzoli, C. Iron-Carbene Bonded to a Planar Tetraoxo Surface
Defined by Dimethoxy-p-Tert-Butylcalix[4]Arene Dianion. Organo-
metallics 1997, 16, 5610—5612. (b) Esposito, V.; Solari, E.; Floriani,
C.; Re, N,; Rizzoli, C.; Chiesi-Villa, A. Binding and Redox Properties
of Iron(1I) Bonded to an Oxo Surface Modeled by Calix[4]Arene.
Inorg. Chem. 2000, 39, 2604—2613. (c) Russell, S. K;; Hoyt, J. M,;
Bart, S. C.; Milsmann, C.; Stieber, S. C. E.; Semproni, S. P.; Debeer,
S.; Chirik, P. J. Synthesis, Electronic Structure and Reactivity of
Bis(Imino)Pyridine Iron Carbene Complexes: Evidence for a Carbene
Radical. Chem. Sci. 2014, S, 1168—1174. (d) Liu, J.; Hu, L.; Wang, L.;
Chen, H.; Deng, L. An Iron(II) Ylide Complex as a Masked Open-
Shell Iron Alkylidene Species in Its Alkylidene-Transfer Reactions
with Alkenes. ]. Am. Chem. Soc. 2017, 139, 3876—3888. (e) Hakey, B.
M.; Leary, D. C,; Xiong, J.; Harris, C. F.; Darmon, J. M.,; Petersen, J.
L.; Berry, J. F.; Guo, Y.; Milsmann, C. High Magnetic Anisotropy of a
Square-Planar Iron-Carbene Complex. Inorg. Chem. 2021, 60, 18575—
18588.

(42) Danopoulos, A. A.; Braunstein, P.; Monakhov, K. Y.; van
Leusen, J.; Kogerler, P.; Clémancey, M.; Latour, ]J.-M.; Benayad, A,;
Tromp, M.; Rezabal, E.; Frison, G. Heteroleptic, two-coordinate
[M(NHC){N(SiMe,;),}] (M = Co, Fe) complexes: synthesis,
reactivity and magnetism rationalized by an unexpected metal
oxidation state. Dalton Trans. 2017, 46, 1163—1171.

(43) (a) Siemeling, U.; Firber, C.; Leibold, M.; Bruhn, C.; Miicke,
P.; Winter, R. F.; Sarkar, B.; von Hopffgarten, M.; Frenking, G. Six-
Membered N-Heterocyclic Carbenes with a 1,1'-Ferrocenediyl
Backbone: Bulky Ligands with Strong Electron-Donor Capacity and
Unusual Non-Innocent Character. Eur. J. Inorg. Chem. 2009, 2009
(31), 4607—4612. (b) Enders, D.; Breuer, K.; Raabe, G.; Simonet, J.;
Ghanimi, A.; Stegmann, H. B,; Teles, J. H. A stable carbene as z-
acceptor electrochemical reduction to the radical anion. Tetrahedron
Lett. 1997, 38, 2833—2836. (c) Tumanskii, B.; Sheberla, D.; Molev,

https://doi.org/10.1021/acscatal.3c00591
ACS Catal. 2023, 13, 54285448


https://doi.org/10.1002/anie.201406481
https://doi.org/10.1002/anie.201406481
https://doi.org/10.1021/om400139s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400139s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400139s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.7b00448?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202104130
https://doi.org/10.1002/anie.202104130
https://doi.org/10.1039/C8DT04409K
https://doi.org/10.1039/C8DT04409K
https://doi.org/10.1039/C8DT04409K
https://doi.org/10.1021/acs.organomet.8b00864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00864?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9DT00585D
https://doi.org/10.1039/C9DT00585D
https://doi.org/10.1039/C6SC00948D
https://doi.org/10.1039/C6SC00948D
https://doi.org/10.1039/C6SC00948D
https://doi.org/10.1039/C5SC02859K
https://doi.org/10.1039/C5SC01441G
https://doi.org/10.1002/chem.200601470
https://doi.org/10.1002/chem.200601470
https://doi.org/10.1016/j.jorganchem.2004.10.032
https://doi.org/10.1016/j.jorganchem.2004.10.032
https://doi.org/10.1016/j.jorganchem.2004.10.032
https://doi.org/10.1039/D0DT03298K
https://doi.org/10.1039/D0DT03298K
https://doi.org/10.1016/j.coelec.2019.06.005
https://doi.org/10.1016/j.coelec.2019.06.005
https://doi.org/10.1039/C7DT02969A
https://doi.org/10.1039/C7DT02969A
https://doi.org/10.1016/j.jelechem.2014.12.019
https://doi.org/10.1016/j.jelechem.2014.12.019
https://doi.org/10.1016/j.jelechem.2014.12.019
https://doi.org/10.1021/om400778z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400778z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400778z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400778z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.electacta.2017.06.103
https://doi.org/10.1016/j.electacta.2017.06.103
https://doi.org/10.1021/ic4007422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4007422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic4007422?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400865m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400865m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400865m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om400865m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CC03028G
https://doi.org/10.1039/D0CC03028G
https://doi.org/10.1039/D0CC03028G
https://doi.org/10.1002/chem.201905602
https://doi.org/10.1002/chem.201905602
https://doi.org/10.1002/chem.201905602
https://doi.org/10.1002/chem.201905602
https://doi.org/10.1002/anie.201803934
https://doi.org/10.1002/anie.201803934
https://doi.org/10.1002/anie.201803934
https://doi.org/10.1002/anie.201803934
https://doi.org/10.1039/D0CS00221F
https://doi.org/10.1039/D0CS00221F
https://doi.org/10.1021/acscatal.0c02776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201905360
https://doi.org/10.1002/chem.201905360
https://doi.org/10.1002/chem.201905360
https://doi.org/10.1039/C5SC01268F
https://doi.org/10.1039/C5SC01268F
https://doi.org/10.1016/j.poly.2016.04.030
https://doi.org/10.1016/j.poly.2016.04.030
https://doi.org/10.1016/j.poly.2016.04.030
https://doi.org/10.1021/om970751i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om970751i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic991467h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic991467h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3SC52450G
https://doi.org/10.1039/C3SC52450G
https://doi.org/10.1039/C3SC52450G
https://doi.org/10.1021/jacs.7b00484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b00484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b00484?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c01860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c01860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6DT03565E
https://doi.org/10.1039/C6DT03565E
https://doi.org/10.1039/C6DT03565E
https://doi.org/10.1039/C6DT03565E
https://doi.org/10.1002/ejic.200900863
https://doi.org/10.1002/ejic.200900863
https://doi.org/10.1002/ejic.200900863
https://doi.org/10.1002/ejic.200900863
https://doi.org/10.1016/S0040-4039(97)00493-0
https://doi.org/10.1016/S0040-4039(97)00493-0
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

G.; Apeloig, Y. Dual Character of Arduengo Carbene—Radical
Adducts: Addition versus Coordination Product. Angew. Chem., Int.
Ed. 2007, 46, 7408—7411. (d) Yang, J; Ma, Y,; Liu, Q; Leng, X,
Zhou, S.; Ye, S.; Deng, L.; Wang, S. Noninnocent Behavior of a (3-
Imino)indol-2-yl Ligand in Metal Complexes. Organometallics 2022,
41, 480—48S.

(44) Russell, S. K; Hoyt, J. M.; Bart, S. C.; Milsmann, C.; Stieber, S.
C. E.; Semproni, S. P.; DeBeer, S.; Chirik, P. J. Synthesis, electronic
structure and reactivity of bis(imino)pyridine iron carbene complexes:
evidence for a carbene radical. Chem. Sci. 2014, 5, 1168—1174.

(4S) Liu, Y.; You, T.; Wang, H.; Tang, Z.; Zhou, C.-Y.; Che, C.-M.
Iron- and cobalt-catalyzed C(sp3)—H bond functionalization
reactions and their application in organic synthesis. Chem. Soc. Rev.
2020, 49, 5310.

(46) (a) Khade, R. L; Fan, W,; Ling, Y.; Yang, L,; Oldfield, E;
Zhang, Y. Iron Porphyrin Carbenes as Catalytic Intermediates:
Structures, Mossbauer and NMR Spectroscopic Properties, and
Bonding. Angew. Chem., Int. Ed. 2014, $3, 7574—7578. (b) Liu, Y.;
Xu, W,; Zhang, J.; Fuller, W,; Schulz, C. E; Li, J. Electronic
Configuration and Ligand Nature of Five-Coordinate Iron Porphyrin
Carbene Complexes: An Experimental Study. J. Am. Chem. Soc. 2017,
139, 5023—5026. (c) Li, Y.; Huang, J. S.; Zhou, Z. Y.,; Che, C. M,;
You, X. Z. Remarkably Stable Iron Porphyrins Bearing Non-
heteroatom-Stabilized Carbene or (Alkoxycarbonyl)Carbenes: Iso-
lation, X-Ray Crystal Structures, and Carbon Atom Transfer
Reactions with Hydrocarbons. J. Am. Chem. Soc. 2002, 124, 13185—
13193. (d) Lai, T. S.; Chan, F. Y.; So, P. K;; Ma, D. L.; Wong, K. Y,;
Che, C. M. Alkene Cyclopropanation Catalyzed by Halterman Iron
Porphyrin: Participation of Organic Bases as Axial Ligands. Dalt.
Trans. 2006, 40, 4845—4851. (e) Wolf, J. R.; Hamaker, C. G.; Djukic,
J; Kodadek, T.; Woo, L. K. Shape and stereoselective cyclo-
propanation of alkenes catalyzed by Iron Porphyrins. J. Am. Chem.
Soc. 1995, 117, 9194—9199. (f) Hamaker, C. G.; Mirafzal, G. A,;
Woo, L. K. Catalytic Cyclopropanation with Iron(II) Complexes.
Organometallics 2001, 20, 5171-5176. (g) Conde, A,; Sabenya, G.;
Rodriguez, M.; Postils, V.; Luis, J. M.; Diaz-Requejo, M. M.; Costas,
M.,; Pérez, P. J. Iron and Manganese Catalysts for the Selective
Functionalization of Arene C(sp2)-H Bonds by Carbene Insertion.
Angew. Chem., Int. Ed. 2016, 55, 6530—6534.

(47) (a) Zhang, J.; Maggiolo, A. O.; Alfonzo, E.; Mao, R.; Porter, N.
J; Abney, N. M; Arnold, F. H. Chemodivergent C(sp’>)—H and
C(sp”)—H cyanomethylation using engineered carbene transferases.
Nat. Catal. 2023, 6, 152—160. (b) Liu, Z.; Calvé-Tusell, C.; Zhou, A.
Z.; Chen, K.; Garcia-Borras, M.; Arnold, F. H. Dual-function enzyme
catalysis for enantioselective carbon—nitrogen bond formation. Nat.
Chem. 2021, 13, 1166—1172. (c) Garcia-Borras, M.; Kan, S. B. J;
Lewis, R. D.; Tang, A.; Jimenez-Osés, G.; Arnold, F. H.; Houk, K. N.
Origin and Control of Chemoselectivity in Cytochrome ¢ Catalyzed
Carbene Transfer into Si—H and N—H bonds. J. Am. Chem. Soc.
2021, 143, 7114—7123. (d) Lewis, R. D.; Garcia-Borras, M.; Chalkley,
M. J.; Buller, A. R;; Houk, K. N; Kan, S. B. J; Arnold, F. H. Catalytic
Iron-Carbene Intermediate Revealed in a Cytochrome Carbene
Transferase. Proc. Natl. Acad. Sci. U. S. A. 2018, 115, 7308—7313.

(48) Sharon, D. A; Mallick, D.; Wang, B.; Shaik, S. Computation
Sheds Insight into Iron Porphyrin Carbenes’ Electronic Structure,
Formation, and N-H Insertion Reactivity. J. Am. Chem. Soc. 2016,
138, 9597-9610.

(49) (a) Balhara, R; Jindal, G. Does an Enol Pathway Preclude High
Stereoselectivity in Iron-Catalyzed Indole C—H Functionalization via
Carbene Insertion? J. Org. Chem. 2022, 87, 7919—7933. (b) Casali, E.;
Gallo, E,; Toma, L. An In-Depth Computational Study of Alkene
Cyclopropanation Catalyzed by Fe(porphyrin)(OCH;) Complexes.
The Environmental Effects on the Energy Barriers. Inorg. Chem. 2020,
59, 11329—11336. (c) Su, H; Ma, G.; Liu, Y. Theoretical Insights
into the Mechanism and Stereoselectivity of Olefin Cyclopropanation
Catalyzed by Two Engineered Cytochrome P450 Enzymes. Inorg.
Chem. 2018, 57, 11738—1174S.

5446

(50) Stroscio, G. D.; Srnec, M.; Hadt, R. G. Multireference Ground
and Excited State Electronic Structures of Free- versus Iron
Porphyrin-Carbenes. Inorg. Chem. 2020, 59, 8707—8715.

(51) Carminati, D. M.; Fasan, R. Stereoselective Cyclopropanation
of Electron-Deficient Olefins with a Cofactor Redesigned Carbene
Transferase Featuring Radical Reactivity. ACS Catal. 2019, 9, 9683—
9697.

(52) Griffin, J. R; Wendell, C. L; Garwin, J. A.; White, M. C.
Catalytic C(sp3)-H Alkylation via an Iron Carbene Intermediate. J.
Am. Chem. Soc. 2017, 139, 13624—13627.

(53) (a) Wang, H.-X,; Wan, Q,; Wy, K;; Low, K.-H.; Yang, C.; Zhou,
C.-Y.; Huang, J.-S;; Che, C.-M. Ruthenium(II) Porphyrin Quinoid
Carbene Complexes: Synthesis, Crystal Structure, and Reactivity
toward Carbene Transfer and Hydrogen Atom Transfer Reactions. J.
Am. Chem. Soc. 2019, 141, 9027—9046. (b) Wang, H.-X; Richard, Y.;
Wan, Q.; Zhou, C.-Y; Che, C.-M. Iridium(III)-Catalyzed Inter-
molecular C(sp3)—H Insertion Reaction of Quinoid Carbene: A
Radical Mechanism. Angew. Chem., Int. Ed. 2020, 59, 1845—1850.

(54) Ren, Y.; Forté, J.; Cheaib, K.; Vanthuyne, N.; Fensterbank, L.;
Vezin, H.; Orio, M.; Blanchard, S.; Desage-El Murr, M. Optimizing
Group Transfer Catalysis by Copper Complex with Redox-Active
Ligand in an Entatic State. iScience 2020, 23, 100955.

(55) Zhao, X.; Zhang, Y.; Wang, J. Recent developments in copper-
catalyzed reactions of diazo compounds. Chem. Commun. 2012, 48,
10162—10173.

(S6) Huang, L.; Chen, Y.; Gao, G. Y.; Zhang, X. P.
Diastereoselective and Enantioselective Cyclopropanation of Alkenes
Catalyzed by Cobalt Porphyrins. J. Org. Chem. 2003, 68, 8179—8184.

(57) (a) Ikeno, T.; Iwakura, 1; Yamada, T. Cobalt—Carbene
Complex with Single-Bond Character: Intermediate for the Cobalt
Complex-Catalyzed Cyclopropanation. J. Am. Chem. Soc. 2002, 124,
15152—15153. (b) Iwakura, I; Tanaka, H.; Ikeno, T.; Yamada, T. FT-
IR and Theoretical Analysis of the Characteristic Bonding Properties
in the Multiplet Metal Porphyrin Carbene Complexes. Chem. Lett.
2004, 33, 140—141.

(58) Dzik, W. I; Xu, X;; Zhang, X. P.; Reek, J. N. H,; de Bruin, B.
‘Carbene radicals’ in ColIl(por)-catalyzed olefin cyclopropanation. J.
Am. Chem. Soc. 2010, 132, 10891—10902.

(59) (a) Musselman, B. W.; Lehnert, N. Bridging and axial carbene
binding modes in cobalt corrole complexes: effect on carbene transfer.
Chem. Commun. 2020, 56, 14881—14884. (b) Chirila, A.; Brands, M.
B.; de Bruin, B. Mechanistic investigations into the cyclopropanation
of electron-deficient alkenes with ethyl diazoacetate using [Co-
(MeTAA)]. J. Catal. 2018, 361, 347—360. (c) te Grotenhuis, C.; van
den Heuvel, N; van der Vlugt, J. I; de Bruin, B. Catalytic
dibenzocyclooctene synthesis via cobalt(IIl)—carbene radical and
ortho-quinodimethane intermediates. Angew. Chem., Int. Ed. 2018, 57,
140—14S.

(60) Epping, R. F. J.; Hoeksma, M. M.; Bobylev, E. O.; Mathew, S.;
de Bruin, B. Cobalt(Il)—tetraphenylporphyrin-catalyzed carbene
transfer from acceptor-acceptor iodonium ylides via N-enolate
carbene radicals. Nat. Chem. 2022, 14, 550—557.

(61) Chirila, A;; Brands, M. B.; de Bruin, B. Mechanistic
investigations into the cyclopropanation of electron-deficient alkenes
with ethyl diazoacetate using [Co(MeTAA)]. J. Catal. 2018, 361,
347-360.

(62) (a) Berkessel, A; Ertiirk, E,; Neudorfl, J. M. Asymmetric
Cyclopropanation of Olefins Catalyzed by a Chiral Cobalt(1I)
Porphyrin. Org. Commun. 2017, 10, 79—89. (b) Goswami, M.; de
Bruin, B.; Dzik, W. L Difluorocarbene Transfer from a Cobalt
Complex to an Electron-Deficient Alkene. Chem. Commun. 2017, S3,
4382—438S. (c) Mouarrawis, V.; Bobylev, E. O.; de Bruin, B.; Reek, J.
N. H. A Novel M8L6 Cubic Cage That Binds Tetrapyridyl
Porphyrins: Cage and Solvent Effects in Cobalt-Porphyrin-Catalyzed
Cyclopropanation Reactions. Chem. Eur. ]. 2021, 27, 8390—8397.
(d) Mouarrawis, V.; Bobylev, E. O.; de Bruin, B.; Reek, J. N. H.
Controlling the Activity of a Caged Cobalt-Porphyrin- Catalyst in
Cyclopropanation Reactions with Peripheral Cage Substituents. Eur. J.
Inorg. Chem. 2021, 2021, 2890—2898. (e) Otte, M.; Kuijpers, P. F.;

https://doi.org/10.1021/acscatal.3c00591
ACS Catal. 2023, 13, 54285448


https://doi.org/10.1002/anie.200702297
https://doi.org/10.1002/anie.200702297
https://doi.org/10.1021/acs.organomet.2c00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.2c00003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3SC52450G
https://doi.org/10.1039/C3SC52450G
https://doi.org/10.1039/C3SC52450G
https://doi.org/10.1039/D0CS00340A
https://doi.org/10.1039/D0CS00340A
https://doi.org/10.1002/anie.201402472
https://doi.org/10.1002/anie.201402472
https://doi.org/10.1002/anie.201402472
https://doi.org/10.1021/jacs.7b01722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01722?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja020391c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja020391c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja020391c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja020391c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b606757c
https://doi.org/10.1039/b606757c
https://doi.org/10.1021/ja00141a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00141a011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/om010513u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201601750
https://doi.org/10.1002/anie.201601750
https://doi.org/10.1038/s41929-022-00908-x
https://doi.org/10.1038/s41929-022-00908-x
https://doi.org/10.1038/s41557-021-00794-z
https://doi.org/10.1038/s41557-021-00794-z
https://doi.org/10.1021/jacs.1c02146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c02146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1807027115
https://doi.org/10.1073/pnas.1807027115
https://doi.org/10.1073/pnas.1807027115
https://doi.org/10.1021/jacs.6b04636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b04636?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.2c00573?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00912?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b01875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.0c00249?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b02272?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b07602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b03357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201911138
https://doi.org/10.1002/anie.201911138
https://doi.org/10.1002/anie.201911138
https://doi.org/10.1016/j.isci.2020.100955
https://doi.org/10.1016/j.isci.2020.100955
https://doi.org/10.1016/j.isci.2020.100955
https://doi.org/10.1039/c2cc34406h
https://doi.org/10.1039/c2cc34406h
https://doi.org/10.1021/jo035088o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo035088o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027713x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027713x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja027713x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1246/cl.2004.140
https://doi.org/10.1246/cl.2004.140
https://doi.org/10.1246/cl.2004.140
https://doi.org/10.1021/ja103768r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CC07073D
https://doi.org/10.1039/D0CC07073D
https://doi.org/10.1016/j.jcat.2018.02.013
https://doi.org/10.1016/j.jcat.2018.02.013
https://doi.org/10.1016/j.jcat.2018.02.013
https://doi.org/10.1002/anie.201711028
https://doi.org/10.1002/anie.201711028
https://doi.org/10.1002/anie.201711028
https://doi.org/10.1038/s41557-022-00905-4
https://doi.org/10.1038/s41557-022-00905-4
https://doi.org/10.1038/s41557-022-00905-4
https://doi.org/10.1016/j.jcat.2018.02.013
https://doi.org/10.1016/j.jcat.2018.02.013
https://doi.org/10.1016/j.jcat.2018.02.013
https://doi.org/10.25135/acg.oc.11.17.04.019
https://doi.org/10.25135/acg.oc.11.17.04.019
https://doi.org/10.25135/acg.oc.11.17.04.019
https://doi.org/10.1039/C7CC01418J
https://doi.org/10.1039/C7CC01418J
https://doi.org/10.1002/chem.202100344
https://doi.org/10.1002/chem.202100344
https://doi.org/10.1002/chem.202100344
https://doi.org/10.1002/ejic.202100384
https://doi.org/10.1002/ejic.202100384
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Troeppner, O.; Ivanovic-Burmazovic, 1; Reek, J. N. H.; de Bruin, B.
Encapsulated Cobalt—Porphyrin as a Catalyst for Size-Selective
Radical-type Cyclopropanation Reactions. Chem. Eur. ]. 2014, 20,
4880—4884. (f) Otte, M.; Kuijpers, P. F.; Troeppner, O.; Ivanovic-
Burmazovic, 1; Reek, J. N. H; de Bruin, B. Encapsulation of
Metalloporphyrins in a Self-Assembled Cubic M8L6 Cage: A New
Molecular Flask for Cobalt—Porphyrin-Catalysed Radical-Type
Reactions. Chem.- Eur. J. 2013, 19, 10170—10178. (g) Chirila, A.;
Das, B. G.; Paul, N. D.; de Bruin, B. Diastereoselective Radical-Type
Cyclopropanation of Electron-Deficient Alkenes Mediated by the
Highly Active Cobalt(II) Tetramethyltetraaza[14]annulene Catalyst.
ChemCatChem. 2017, 9, 1413—1421. (h) Roy, S; Das, S. K;
Chattopadhyay, B. Cobalt(Il)-based Metalloradical Activation of 2-
(Diazomethyl)-pyridines for Radical Transannulation and Cyclo-
propanation. Angew. Chem., Int. Ed. 2018, 57, 2238—2243.

(63) Cui, X;; Xu, X; Wojtas, L; Kim, M. M,; Zhang, X. P.
Regioselective Synthesis of Multisubstituted Furans via Metalloradical
Cyclization of Alkynes with a-Diazocarbonyls: Construction of
Functionalized a-Oligofurans. J. Am. Chem. Soc. 2012, 134, 19981—
19984.

(64) (a) Paul, N. D.; Chirila, A.; Lu, H.; Zhang, X. P.; de Bruin, B.
Carbene Radicals in Cobalt(II)—Porphyrin-Catalysed Carbene
Carbonylation Reactions; A Catalytic Approach to Ketenes. Chem.
Eur. ]. 2013, 19, 12953—12958. (b) Chirila, A.; van Vliet, K. M.; Paul,
N. D.; de Bruin, B. [Co(MeTAA)] Metalloradical Catalytic Route to
Ketenes via Carbonylation of Carbene Radicals. Eur. J. Inorg. Chem.
2018, 2018, 2251—2258.

(65) (a) Xu, X; Lu, H; Ruppel, J. V;; Cui, X; de Mesa, S. L;
Wojtas, L.; Zhang, X. P. Highly Asymmetric Intramolecular
Cyclopropanation of Acceptor-Substituted Diazoacetates by Co(II)-
Based Metalloradical Catalysis: Iterative Approach for Development
of New-Generation Catalysts. J. Am. Chem. Soc. 2011, 133, 15292—
15295. (b) Zhang, C.; Wang, D. S.; Lee, W. C. C.; McKillop, A. M,;
Zhang, X. P. Controlling Enantioselectivity and Diastereoselectivity in
Radical Cascade Cyclization for Construction of Bicyclic Structures. J.
Am. Chem. Soc. 2021, 143, 11130—11140. (c) Wang, H.; Zhou, C.-Y,;
Che, C.-M. Cobalt-Porphyrin-Catalyzed Intramolecular Buchner
Reaction and Arene Cyclopropanation of In Situ Generated Alkyl
Diazomethanes. Adv. Synth. Catal. 2017, 359, 2253—2258. (d) Reddy,
A.R; Hao, F.; Wy, K; Zhou, C.-Y.; Che, C.-M. Cobalt(II) Porphyrin-
Catalyzed Intramolecular Cyclopropanation of N-Alkyl Indoles/
Pyrroles with Alkylcarbene: Efficient Synthesis of Polycyclic N-
Heterocycles. Angew. Chem., Int. Ed. 2016, S5, 1810—1815. (e) Roy,
S.; Das, S. K; Chattopadhyay, B. Cobalt(Il)-based Metalloradical
Activation of 2-(Diazomethyl)-pyridines for Radical Transannulation
and Cyclopropanation. Angew. Chem., Int. Ed. 2018, 57, 2238—2243.
(f) Roy, S.; Das, S. K; Khatua, H.; Das, S.; Chattopadhyay, B. Road
Map for the Construction of High-Valued N-Heterocycles via
Denitrogenative Annulation. Acc. Chem. Res. 2021, 54, 4395—4409.

(66) Doyle, M. P.; Westrum, L. J.; Wolthuis, W. N. E.; See, M. M,;
Boone, W. P.; Bagheri, V.,; Pearson, M. M. Electronic and steric
control in carbon-hydrogen insertion reactions of diazoacetoacetates
catalyzed by dirhodium(Il) carboxylates and carboxamides. J. Am.
Chem. Soc. 1993, 115, 958—964.

(67) Xie, J.; Xu, P.; Zhu, Y.; Wang, J.; Lee, W. C. C,; Zhang, X. P.
New Catalytic Radical Process Involving 1,4-Hydrogen Atom
Abstraction: Asymmetric Construction of Cyclobutanones. J. Am.
Chem. Soc. 2021, 143, 11670—11678.

(68) (a) Karns, A. S.; Goswami, M.; de Bruin, B. Catalytic Synthesis
of Indolines by Hydrogen Atom Transfer to Cobalt(III)—Carbene
Radicals. Chem. - Eur. J. 2018, 24, 5253—5258. (b) Wen, X.; Wang, Y;
Zhang, X. P. Enantioselective Radical Process for Synthesis of Chiral
Indolines by Metalloradical Alkylation of Diverse C(sp3)-H Bonds.
Chem. Sci. 2018, 9, 5082—5086.

(69) Wang, Y.; Wen, X,; Cui, X;; Zhang, X. P. Enantioselective
Radical Cyclization for Construction of S-Membered Ring Structures
by Metalloradical C-H Alkylation. J. Am. Chem. Soc. 2018, 140, 4792—
4796.

5447

(70) Lankelma, M.; Olivares, A. M.; de Bruin, B. [Co(TPP)]-
Catalyzed Formation of Substituted Piperidines. Chem.- Eur. J. 2019,
25, 5658—5663.

(71) Cui, X; Xu, X; Jin, L. M,; Wojtas, L; Zhang, X. P.
Stereoselective Radical C-H Alkylation with Acceptor/Acceptor-
Substituted Diazo Reagents via Co(II)-Based Metalloradical Catalysis.
Chem. Sci. 2015, 6, 1219—1224.

(72) te Grotenhuis, C.; Das, B. G,; Kuijpers, P. F.; Hageman, W;
Trouwborst, M.; de Bruin, B. Catalytic 1,2-Dihydronaphthalene and:
E-Aryl-Diene Synthesis via Co™-Carbene Radical and o-Quinodi-
methane Intermediates. Chem. Sci. 2017, 8, 8221—8230.

(73) Majumdar, N.; Paul, N. D.; Mandal, S.; de Bruin, B.; Wulff, W.
D. Catalytic Synthesis of 2H-Chromenes. ACS Catal. 2018, 5, 2329—
2366.

(74) Das, B. G; Chirila, A.; Tromp, M.; Reek, J. N. H.; de Bruin, B.
Co™-Carbene Radical Approach to Substituted 1H-Indenes. J. Am.
Chem. Soc. 2016, 138, 8968—8975.

(75) Zhou, M.; Lankelma, M.; van der Vlugt, J. I; de Bruin, B.
Catalytic Synthesis of 8-Membered Ring Compounds via Cobalt(I1I)-
Carbene Radicals. Angew. Chem., Int. Ed. 2020, 59, 11073—11079.

(76) (a) Zhou, M.; Wolzak, L. A; Li, Z.; De Zwart, F. J.; Mathew, S.;
de Bruin, B. Catalytic Synthesis of 1H-2-Benzoxocins: Cobalt(III)-
Carbene Radical Approach to 8-Membered Heterocyclic Enol Ethers.
J. Am. Chem. Soc. 2021, 143, 20501—20512. (b) Zhou, M.; Mathew,
S.; de Bruin, B. Thermal and (thermo-reversible) photochemical
cycloisomerization of 1H-2-benzo[c]oxocins; From synthetic appli-
cations to the development of a new T-type molecular photoswitch. J.
Am. Chem. Soc. 2023, 145, 645—657.

(77) (a) Ruppel, J. V.; Cui, X;; Xu, X.; Zhang, X. P. Stereoselective
Intramolecular Cyclopropanation of a-Diazoacetates via Co(II)-Based
Metalloradical Catalysis. Org. Chem. Front. 2014, 1, 515—520. (b) Jin,
C.; Decker, A. M.; Huang, X. P.; Gilmour, B. P.; Blough, B. E,; Roth,
B. L; Hu, Y; Gill, J. B;; Zhang, X. P. Synthesis, Pharmacological
Characterization, and Structure - Activity Relationship Studies of
Small Molecular Agonists for the Orphan GPR88 Receptor. ACS
Chem. Neurosci. 2014, S, 576—587. (c) Xu, X,; Wang, Y.; Cui, X;
Wojtas, L.; Zhang, X. P. Metalloradical Activation of a-Formyldia-
zoacetates for the Catalytic Asymmetric Radical Cyclopropanation of
Alkenes. Chem. Sci. 2017, 8, 4347—4351. (d) Wang, Y.; Wen, X.; Cui,
X.; Wojtas, L.; Zhang, X. P. Asymmetric Radical Cyclopropanation of
Alkenes with in Situ-Generated Donor-Substituted Diazo Reagents via
Co(II)-Based Metalloradical Catalysis. J. Am. Chem. Soc. 2017, 139
(3), 1049—1052. (e) Lee, W. C. C; Wang, D. S.; Zhang, C; Xie, J;
Li, B; Zhang, X. P. Asymmetric Radical Cyclopropanation of
Dehydroaminocarboxylates: Stereoselective Synthesis of Cyclopropyl
a-Amino Acids. Chem. 2021, 7, 1588—1601. (f) Wang, X; Ke, J.; Zhu,
Y,; Deb, A; Xu, Y,; Zhang, X. P. Asymmetric Radical Process for
General Synthesis of Chiral Heteroaryl Cyclopropanes. J. Am. Chem.
Soc. 2021, 143, 11121—11129. (g) Wang, J.; Xie, J.; Cindy Lee, W.-C.;
Wang, D.-S.; Zhang, X. P. Radical Differentiation of Two Ester
Groups in Unsymmetrical Diazomalonates for Highly Asymmetric
Olefin Cyclopropanation. Chem. Catal. 2022, 2, 330—344. (h) Ke, J.;
Lee, W. C. C; Wang, X; Wang, Y; Wen, X; Zhang, X. P.
Metalloradical Activation of in Situ-Generated a-Alkynyldiazo-
methanes for Asymmetric Radical Cyclopropanation of Alkenes. J.
Am. Chem. Soc. 2022, 144, 2368—2378. (i) Xu, X;; Zhu, S; Cui, X;
Wojtas, L.; Zhang, X. P. Cobalt(II)-Catalyzed Asymmetric Olefin
Cyclopropanation with a-Ketodiazoacetates. Angew. Chem., Int. Ed.
2013, 52, 11857—11861. (j) Hu, Y.; Lang, K; Tao, J.; Marshall, M.
K.; Cheng, Q.; Cui, X.; Wojtas, L.; Zhang, X. P. Next-Generation D2-
Symmetric Chiral Porphyrins for Cobalt(II)-Based Metalloradical
Catalysis: Catalyst Engineering by Distal Bridging. Angew. Chem., Int.
Ed. 2019, $8, 2670—2674.

(78) Zhang, J.; Jiang, J.; Xu, D.; Luo, Q.; Wang, H.; Chen, J.; Li, H;
Wang, Y.; Wan, X. Interception of Cobalt-Based Carbene Radicals
with a-Aminoalkyl Radicals: A Tandem Reaction for the Construction
of f-Ester-y-amino Ketones. Angew. Chem., Int. Ed. 2015, 54, 1231—
123S.

https://doi.org/10.1021/acscatal.3c00591
ACS Catal. 2023, 13, 54285448


https://doi.org/10.1002/chem.201400055
https://doi.org/10.1002/chem.201400055
https://doi.org/10.1002/chem.201301411
https://doi.org/10.1002/chem.201301411
https://doi.org/10.1002/chem.201301411
https://doi.org/10.1002/chem.201301411
https://doi.org/10.1002/cctc.201601568
https://doi.org/10.1002/cctc.201601568
https://doi.org/10.1002/cctc.201601568
https://doi.org/10.1002/anie.201711209
https://doi.org/10.1002/anie.201711209
https://doi.org/10.1002/anie.201711209
https://doi.org/10.1021/ja309446n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja309446n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja309446n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201301731
https://doi.org/10.1002/chem.201301731
https://doi.org/10.1002/ejic.201800101
https://doi.org/10.1002/ejic.201800101
https://doi.org/10.1021/ja2062506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2062506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2062506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja2062506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adsc.201700205
https://doi.org/10.1002/adsc.201700205
https://doi.org/10.1002/adsc.201700205
https://doi.org/10.1002/anie.201506418
https://doi.org/10.1002/anie.201506418
https://doi.org/10.1002/anie.201506418
https://doi.org/10.1002/anie.201506418
https://doi.org/10.1002/anie.201711209
https://doi.org/10.1002/anie.201711209
https://doi.org/10.1002/anie.201711209
https://doi.org/10.1021/acs.accounts.1c00563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.accounts.1c00563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00056a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00056a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00056a021?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201704626
https://doi.org/10.1002/chem.201704626
https://doi.org/10.1002/chem.201704626
https://doi.org/10.1039/C8SC01476K
https://doi.org/10.1039/C8SC01476K
https://doi.org/10.1021/jacs.8b01662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b01662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b01662?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201900587
https://doi.org/10.1002/chem.201900587
https://doi.org/10.1039/C4SC02610A
https://doi.org/10.1039/C4SC02610A
https://doi.org/10.1039/C7SC03909C
https://doi.org/10.1039/C7SC03909C
https://doi.org/10.1039/C7SC03909C
https://doi.org/10.1021/acscatal.5b00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b05434?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202002674
https://doi.org/10.1002/anie.202002674
https://doi.org/10.1021/jacs.1c10927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c10927?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c11310?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4QO00041B
https://doi.org/10.1039/C4QO00041B
https://doi.org/10.1039/C4QO00041B
https://doi.org/10.1021/cn500082p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn500082p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cn500082p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7SC00658F
https://doi.org/10.1039/C7SC00658F
https://doi.org/10.1039/C7SC00658F
https://doi.org/10.1021/jacs.6b11336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b11336?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chempr.2021.03.002
https://doi.org/10.1016/j.chempr.2021.03.002
https://doi.org/10.1016/j.chempr.2021.03.002
https://doi.org/10.1021/jacs.1c04655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c04655?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.checat.2021.11.018
https://doi.org/10.1016/j.checat.2021.11.018
https://doi.org/10.1016/j.checat.2021.11.018
https://doi.org/10.1021/jacs.1c13154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c13154?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201305883
https://doi.org/10.1002/anie.201305883
https://doi.org/10.1002/anie.201812379
https://doi.org/10.1002/anie.201812379
https://doi.org/10.1002/anie.201812379
https://doi.org/10.1002/anie.201408874
https://doi.org/10.1002/anie.201408874
https://doi.org/10.1002/anie.201408874
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

(79) Wu, G.; Bérger, J.; Jacobi von Wangelin, A. A Carbene-
Extended ATRA Reaction. Angew. Chem., Int. Ed. 2019, 58, 17241—
17245.

5448

[0 Recommended by ACS

Alkyl Radical Generation from Alkylboronic Pinacol Esters
through Substitution with Aminyl Radicals

Zhe Wang, Armido Studer, et al.
APRIL 14,2023

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ &'

Ruthenium Metathesis Catalysts Bearing Anionic N-
Heterocyclic Carbenes: A Computational Study on Failed
Approaches to Their Synthesis

Anna Marczyk and Bartosz Trzaskowski
APRIL 04,2023

ORGANOMETALLICS READ &

Counterintuitive Chemistry: Carbene Stabilization of Zero-
Oxidation State Main Group Species

Yuzhong Wang and Gregory H. Robinson
MARCH 06, 2023

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ &

A Metal-Free Cyclobutadiene Reagent for Intermolecular [4
+ 2] Cycloadditions

Benjamin R. Boswell, Noah Z. Burns, et al.
MARCH 01,2023

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY READ &

Get More Suggestions >

https://doi.org/10.1021/acscatal.3c00591
ACS Catal. 2023, 13, 54285448


https://doi.org/10.1002/anie.201909872
https://doi.org/10.1002/anie.201909872
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.3c00591?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01129?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/acs.organomet.3c00068?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.2c13574?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
http://pubs.acs.org/doi/10.1021/jacs.3c01591?utm_campaign=RRCC_accacs&utm_source=RRCC&utm_medium=pdf_stamp&originated=1719272706&referrer_DOI=10.1021%2Facscatal.3c00591
https://preferences.acs.org/ai_alert?follow=1

