
Photoredox Catalysis

Visible-Light-Induced Homolysis of Earth-Abundant
Metal-Substrate Complexes: A Complementary
Activation Strategy in Photoredox Catalysis
Youssef Abderrazak, Aditya Bhattacharyya,* and Oliver Reiser*

Angewandte
Chemie

Keywords:
3d transition metals · dissociative
ligand-to-metal charge transfer ·
inner-sphere electron transfer ·
photoredox catalysis ·
visible-light-induced
homolysis

Dedicated to Prof. Henning Hopf on
the occasion of his 80th birthday

Angewandte
ChemieMinireviews

How to cite: Angew. Chem. Int. Ed. 2021, 60, 21100–21115
International Edition: doi.org/10.1002/anie.202100270
German Edition: doi.org/10.1002/ange.202100270

21100 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 21100 – 21115

http://orcid.org/0000-0001-7011-2102
http://orcid.org/0000-0001-7011-2102
http://orcid.org/0000-0003-1430-573X
http://dx.doi.org/10.1002/anie.202100270
http://dx.doi.org/10.1002/ange.202100270


1. Introduction

The emergence and upsurge of visible-light photoredox
catalysis have made an ineradicable impact on contemporary
organic synthesis in the last decade, providing access to
unconventional reactivity profiles of small molecules by the
efficient conversion of photonic into chemical energy.[1] To
date, the prevailing external chromophores used in such
transformations are heavy transition-metal catalysts with
appropriate ligands such as RuII- or IrIII-polypyridyl com-
plexes or metal-free organic dye sensitizers as they possess
long excited-state lifetimes, strong absorption in the visible
region of the electromagnetic spectrum, and the correspond-
ing photoexcited states have high reduction or oxidation
potentials.[1c] The modes of action of the excited states of
these photocatalysts are either single-electron transfer (SET)
or energy transfer (EnT) processes to generate various radical
species complementary to common thermal two-electron
processes.[2] However, organic dyes and heavy transition
metal-based complexes have downsides in terms of their low
photostability[2b] and adverse economic, biological, and envi-
ronmental impacts,[3] respectively. In this context, the explo-
ration and exploitation of earth-abundant and inexpensive 3d
transition-metal complexes as the next generation photo-
catalysts is rewarding from the perspectives of sustainability
and large-scale synthetic applicability.[4] However, the wide
application of such earth-abundant metal complexes is greatly
limited by their ultrashort excited-state lifetimes (pico- to
nanosecond range) compared to iridium- and ruthenium-
based photocatalysts (microsecond range), thus making the
prospect of initiating bimolecular SET and EnT processes
bleak.[5]

A few well-designed copper complexes have been used as
alternative photocatalysts that demonstrate distinct mecha-
nisms involving electron transfer within the inner coordina-
tion sphere, thereby controlling reactions through their ligand
environment.[6] Other first-row transition-metal salts have
been used as successful photocatalysts in isolated cases,[5b] but
more notably used as co-catalysts in various photochemical
coupling reactions.[7]

Complexes based on 3d transition
metals generally possess a high degree
of ligand-substitution lability—a fea-
ture that impedes the attainment of
favorable photoexcited-state proper-
ties such as long lifetimes or photo-
luminescence.[1c,2a] Nonetheless, this
property can be creatively utilized for
developing mechanistically distinct
new photocatalytic processes, termed
visible-light-induced homolysis
(VLIH), complementary to the con-
ventional/cooperative processes with
coordinatively saturated and substitu-
tion-inert heavy-metal-based photoca-
talysts.

The mechanism of VLIH proceeds
through 1) the initial formation of the
metal–substrate complex [LnM

n(X)-Z]
from the electronic ground state of the

metal complex and the substrate through ligand transfer/
exchange, oxidative addition, single-electron oxidation, or
transmetalation; 2) photoexcitation of the metal–substrate
complex to form [LnM

n(X)-Z]*; and 3) inner-sphere redox
processes through various metal-complex-specific electronic
transitions that ultimately result in homolysis of the metal–
substrate (Mn-Z) bond to generate the reduced metal species
[LnM

n@1(X)] and a radical species (ZC) from the substrate that
is set for further transformations (Figure 1A). The advan-
tages of this strategy are the high chemoselectivity and site
selectivity of the photochemical processes, as the targeted
oxidation takes place solely at the transiently ligating atom or
functional group, with other oxidation-prone functionalities
being left intact.

The key mechanistic event in the VLIH process is the
homolytic cleavage of the metal–substrate (M@Z) bond, for
which various inner-sphere electronic charge-transfer modes
can be responsible. The traditional mononuclear heavy-
metal-based photoactive complexes display metal-to-ligand
charge transfer (MLCT) involving d!p*, ligand-to-metal
charge-transfer (LMCT) involving p!d, and intraligand (IL)
transitions. In general, these charge-separating transitions are
nondissociative and do not result in the cleavage of the
corresponding metal–ligand bonds. Therefore, the complexes
can participate in various reversible outer-sphere electron-
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transfer processes without losing the integrity of their
molecular structure.

In the majority of modern synthetic applications of VLIH,
the LMCT electronic transition induces the desired homolysis
of the M@Z bonds as a result of the ability of the M@Z
complexes to absorb in the visible-light region of the electro-
magnetic spectrum. However, these dissociative LMCT
processes are inherently different from the nondissociative
ones, as the dissociative processes tend to alter the electronic
population of the s/s* orbitals of covalent M@Z bonds either
by depopulating the M@Z s-molecular orbital or by populat-
ing the M@Z s*-molecular orbital and usually engage metals
to participate in the process from their high oxidation states[8]

(CuII, NiIII, FeIII, CeIV, CoIII, etc; Figure 1B).[9]

Nevertheless, VLIH does not always exclusively involve
LMCT modes. Excitation of the metal–substrate complexes
with visible light can result in other modes of electronic
transitions that also induce homolysis of the M@Z bonds
(Figure 1B). In square-planar [NiII(t-Bubpy)(o-Tol)Cl]-type
complexes, the VLIH events involve MLCT/3d-d electronic
transitions that result in cleavage of the Ni@aryl bond to
generate aryl radicals and the corresponding NiI species.[10]

However, M(Sub)(CO)3(diimine)-type complexes can dem-
onstrate an alternate charge-transfer mode from a s-bond to
the ligand (SBLCT, s!p*), thereby resulting in ligand
reduction along with the generation of the radical (ZC) from

the substrate (Figure 1B).[11] Although direct access to sp*
states is forbidden by spectroscopic transition rules, it can be
generated by relaxation from the 1MLCT states. However, in
some complexes with non-oxidizable metal centers, access to
1MLCT states is also prohibited, rendering electrons prone to
be directly transferred from the s-orbital of the M@Z bond to
the antibonding orbitals of other ligands, which is regarded as
a ligand-to-ligand charge-transfer mode (LsLp*CT).[12]

As mentioned earlier, most of the developments in newer
synthetic methods reliant on the VLIH concept have been
limited to LMCT transitions. However, the ever-expanding
development of spectroscopic and analytical techniques has
led to the other types of electronic transitions being recog-
nized as the effective cause of VLIH, which might open up
opportunities in future developments for organic synthesis. In
this Minireview, we discuss the advancements in the field of
VLIH, their different mechanistic aspects based on charge-
transfer modes, and the prospects for its application in
synthetic organic chemistry.
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Figure 1. Mechanistic features of visible-light-induced homolysis
(VLIH): Order of the mechanistic events and the modes of photo-
induced electronic transitions.

Angewandte
ChemieMinireviews

21102 www.angewandte.org T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 21100 – 21115

http://www.angewandte.org


2. Copper

Copper(I)-based complexes are rapidly emerging as
capable visible-light-mediated photoredox catalysts that offer
not only economic and ecological advantages but also
otherwise inaccessible inner-sphere mechanisms to enable
challenging transformations.[6, 9a, b, 13] In contrast, there are only
a handful of reports available for photocatalytic processes
using CuII compounds. In the area of radical-mediated organic
reactions, chlorine radicals are attractive reactive species,
partly because of their varied reactivity with different organic
compounds and partly because of the easy availability of
a wide array of earth-abundant transition-metal chloride salts
as potential precursors. However, generating chlorine radicals
from these salts by photochemical means is challenging, as the
oxidation potential of the chloride anion is much higher
(Eo(ClC/Cl@) =+ 2.03 V vs. SCE in MeCN at 298 K)[14] than the
excited-state oxidation potentials of commonly used photo-
catalysts.[9c]

In 1962, Kochi observed the photolysis of cupric chloride
(CuCl2 ; exists as a chlorocupric complex in organic media) to
cuprous chloride (CuCl) and the chlorine radical under
unfiltered radiation from a medium-pressure mercury lamp at
ambient temperatures.[15] The observation could only be
explained by a sequential process of ligand-to-metal charge
transfer (LMCT) followed by homolysis of the Cu@Cl bond,
thereby establishing one of the earliest examples of the VLIH
principle with a copper salt. Subsequently, the photogener-
ated chlorine radical could be successfully exploited to
perform different organic transformations, such as the
quantitative oxidation of 2-propanol to acetone or the
formation of styrene dichloride from styrene in 87 % yield
[Scheme 1D, Eq. a-i].

Capitalizing on KochiQs discovery, Wan and co-workers
developed a visible-light-induced vicinal dichlorination of
olefins by directly using CuCl2 as a photoactive species
without any exogenous ligand [Scheme 1D, Eq. a-ii].[16]

Although a combination of 20 mol% CuCl2 and 2.5 equiv
hydrochloric acid as the chlorine source was required for
effective dichlorination of unactivated olefins, 4.0 equiv
CuCl2 alone were adequate to induce the same transforma-
tions for activated olefins upon irradiation with a 38W white
LED (l = 390–760 nm). Very recently, the Rovis group
achieved the selective C(sp3)@H alkylation and amination of
feedstock alkanes with electron-deficient olefins, such as
acrylates and vinyl sulfones, in the presence of a catalytic
amount of CuCl2 under irradiation with long-wavelength UV
light.[17] The transformation proceeds by VLIH of an inter-
mediate CuII species by LMCT to generate a chlorine radical
which acts as a powerful hydrogen atom transfer reagent
capable of abstracting strong electron-rich C(sp3)@H bonds
[Scheme 1D, Eq. a-iii].

In 2019, [CuII(dap)Cl2] (dap = 2,9-bis(4-methoxyphenyl)-
1,10-phenanthroline) was used in a photochemical atom-
transfer radical addition (ATRA) reaction between sulfonyl
chloride and olefins [Scheme 1D, Eq. a-iv].[9b] In line with
KochiQs proposal, VLIH of the LCu(II)@Cl bond generates
the catalytically active LCu(I) species that initiates the
reduction of sulfonyl chlorides. Improving on this concept,

[CuII(dmp)2Cl]Cl (dmp = 2,9-dimethyl-1,10-phenanthroline,
Scheme 1C) can be utilized as a more robust and economic
photocatalyst compared with its dap variant, as the dmp
ligand is inexpensive and commercially available
[Scheme 1D, Eq. a-v].[18] Direct spectroscopic evidence ob-
tained from a follow-up study in collaboration with the
Castellano group[8] has proved that cleavage of the LnCu@Cl
bond occurs in < 100 fs and requires blue excitation into the
Cl!Cu LMCT transition for the photochemical transforma-
tion of CuII to CuI and the generation of a reactive chlorine
atom radical.

Activation of the LMCT state of CuIIX2-type complexes
endowed with suitable ligands other than halides by irradi-
ation with visible light could also be expected to produce
radicals (XC) by homolysis and these could initiate productive
organic transformations (Scheme 1A). In 2018, Reiser and
co-workers developed a photocatalyzed method based on
Cu(dap)Cl2 (Scheme 1C) for the synthesis of azido ketones
from vinyl arenes and trimethylsilyl azide in air [Scheme 1D,
Eq. b-i].[9a] Mechanistically, the CuII complex undergoes
ligand exchange with azide to generate a new LCuIIN3-
bridged dimer, which upon VLIH forms an LCuI species and
an azido radical. The incipient azido radical can be inter-
cepted by an alkene, followed by trapping of molecular
oxygen. The rebinding of the O-centered radical with LCuI

regenerates the LCuII species, which releases the product and
closes the catalytic cycle.

Shortly after this report, Gong and co-workers developed
the visible-light-induced copper(II)-catalyzed enantioselec-
tive alkylation of imines [Scheme 1D, Eq. c-i],[19] wherein
a chiral CuII-bisoxazoline complex is alkylated through trans-
metalation from the corresponding alkyl trifluoroborate salt
and, subsequently, VLIH generates an alkyl radical and a CuI

intermediate. In a second catalytic cycle, this alkyl radical
adds to a protected imine, which is activated by the same
chiral CuII-bisoxazoline complex. The newly generated N-
centered radical is reduced by the previously formed CuI

species of the first cycle to release the alkylated imine with
high enantioselectivity.

3. Nickel

The use of NiII-[20] or Ni0-based[21] complexes as standalone
photocatalysts has only been sporadically reported.[22] How-
ever, in the realm of metallaphotoredox-catalyzed C@C cross-
coupling reactions, nickel compounds have been exploited
most widely because of the excellent radical-capturing ability
(aryl, alkyl, acyl, etc.) and ligand lability of NiII species (d8

system). In this case, the formation of the products takes place
either by oxidation-induced reductive elimination from the
electronic ground state of the NiIII species[23] or from
excitation-induced reductive elimination from an electroni-
cally excited state of NiII* species.[24]

Halogen radicals can be generated from NiII complexes
either by UV irradiation[25] or through triplet-triplet energy
transfer from exogenous photocatalysts[26] and used as HAT
catalysts for C(sp3)@H cross-coupling reactions. A counter-
intuitive mechanistic approach has emerged, wherein direct
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VLIH of high-valent nickel(III) complexes is exploited to
photogenerate halogen radicals (Scheme 2B). In 2015, No-
cera and co-workers reported several NiIII trihalide complexes
from which homolytic photoextrusion of halogen radicals—
intermediately stabilized by an arene-to-halogen-atom
charge-transfer interaction in the secondary coordination

sphere—could be possible from a dissociative LMCT excited
state to induce a Ni@Cl s!s* transition [Scheme 2 C,
Eq. i].[27] The feature was subsequently exploited by the
Doyle group in a series of cross-coupling reactions involving
the generation of alkyl radicals through C@H abstraction by
the incipient photogenerated chlorine radical from light-

Scheme 1. Mechanistic features of the VLIH of CuII species and selected transformations.
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absorbing NiIII species.[9c,28, 29] The general mechanistic path-
way initiates with the oxidative addition of LnNi0 to the halide
substrate to generate an intermediary ZLnNiIIX species,
which is oxidized by the excited photocatalyst to give
ZLnNiIIIX species. Irradiation of this species with visible light
results in the homolytic cleavage of the NiIII@X bond and
generation of the corresponding halogen radical (XC) and Z-
LnNiII species. XC can participate in a hydrogen atom transfer
(HAT) process by interacting with the substrate (or a HAT
mediator) to generate an incipient alkyl radical (RC), which
gets trapped by the ZLnNiII species. The resulting ZLnNiIIIR

species can then undergo reductive elimination to furnish the
cross-coupled product Z-R and a LnNiI species, which gets
reduced by the reduced photocatalyst to LnNi0 to complete
both of the catalytic cycles (Scheme 2 A).

Doyle and co-workers used this concept to develop
a successful strategy for the (hetero)arylation of cyclic and
acyclic ethers in the presence of [Ir(dF(CF3)ppy)2-
(dtbbpy)]PF6 as the exogenous photocatalyst and a Ni co-
catalyst, whereby (hetero)aryl chlorides were used as both the
cross-coupling partners and the chlorine radical source.[9c]

Although the strategy was effective for the abstraction of

Scheme 2. Mechanistic features of the VLIH of nickel species and selected transformations.
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hydrogen from ethereal C(sp3)@H bonds [BDE(C-H-
(THF)) = 92 kcal mol@1; Scheme 2C, Eq. a-i] by a chlorine
radical generated through VLIH of [(dtbbpy)NiIII(aryl)(Cl)]-
type species and led to the formation of the corresponding
benzylic ethers in up to 93%, cyclohexane was only obtained
in 41% yield. The issue was addressed in a subsequent report
by the same group, wherein chloroformates and acid chlorides
were used as the cross-coupling partner and the chlorine
radical sources to functionalize C(sp3)@H bonds of unacti-
vated alkanes (BDE = 90–95 kcal mol@1) for the syntheses of
various carbonyl derivatives [Scheme 2C, Eq. b-i] .[29a] A
strategy for the alkylation of cyclic ethers has been developed
by Kçnig and co-workers, wherein VLIH of [LnNiIII(alkyl)-
(Br)] species (Scheme 2Bc) is involved in the generation of
nascent bromine radicals that can act as HAT mediators and
abstract hydrogen from ethereal C(sp3)@H bonds [Scheme
2C, Eq. c-i].[30]

In an expansionary study of the first report, Doyle and co-
workers also developed a selective formylation reaction of
aryl chlorides by employing 1,3-dioxolane as the solvent
(instead of THF) and a post-reaction mildly acidic workup of
the reactions [Scheme 2C, Eq. a-ii].[28] Here also, the key
mechanistic step involves the generation of a chlorine radical
by VLIH of [LnNiIII(aryl)(Cl)] species (Scheme 2Ba) to
abstract hydrogen from the 2-position of 1,3-dioxolane
(BDE(C2-H) = 86.8 kcal mol@1).

In the same line, the Doyle group reported a methylation
strategy of (hetero)aryl chlorides using trimethyl orthofor-
mate as the methyl radical source [Scheme 2C, Eq. a-iii].[29b]

The transformation proceeds via the formation and subse-
quent VLIH of [LnNiIII(aryl)(Cl)] species to generate an
incipient chlorine radical that undergoes a HAT process with
trimethyl orthoformate and a subsequent homolytic b-scission
to form the methyl radical for methylation.

A photophysical and photochemical study collaboratively
conducted by the Castellano and Doyle groups on a series of
(Rbpy)NiII(aryl)X-type of complexes using ultrafast UV/Vis
and mid-IR transient absorption spectroscopy revealed that,
upon irradiation with visible light, an initially formed square-
planar 1MLCT state of the complex gradually evolves over 5–
10 ps into a long-lived, tetrahedral 3d-d (MC) state lying about
0.5 eV above the ground state with a lifetime of about 4 ns.[10]

This transition also results in a change in orbital symmetry to
(e)4(t2*)4 and thus to a higher occupancy of antibonding
orbitals (t2*) that weakens the NiII@Ar bond and ultimately
leads to its homolysis to generate the aryl radical (probed by
spin-trapping experiments with N-tert-butyl-a-phenylnitrone,
Scheme 2D) and a NiI species. The study refuted previously
assigned long-lived MLCT states[31] and offered a new
mechanistic pathway to initiate catalysis by NiI. Indeed, an
Ni-catalyzed C-O coupling strategy of (hetero)aryl electro-
philes with 188 and 288 alcohols mediated by long-wavelength
UV light (l = 390–395 nm) was subsequently developed by
Xue and co-workers, wherein the photoexcited NiII interme-
diary complex undergoes Ni@C bond homolysis to generate
aryl radicals and the NiI proceeds to take part in a NiI-NiIII

catalytic cycle to furnish the corresponding C@O cross-
coupled products.[32]

4. Iron

Unlike the precious-element-based (RuII, IrIII, OsII, ReI,
etc.) polypyridyl complexes, iron(II) complexes have found
far fewer applications in organic photoredox catalysis because
of their much shorter photoexcited-state lifetimes. This arises
because their MLCT excited states can be deactivated
extremely rapidly (ca. 50 fs) by energetically lower-lying
metal-centered (MC) excited states, which results in incom-
petent electron-transfer reactivity and a lack of photolumi-
nescence.[33] Significant efforts have been expended to pro-
long the excited-state lifetimes of iron complexes either by
the use of chelating ligands that allow robust metal coordi-
nation to achieve high symmetry—ideally close to Oh

coordination—to maximize the overlap between the metal
and ligand orbitals or by enhancing the ligand-field strength,
thereby raising the energy levels of the metal-centered states
by the use of ligands with strong s-donor and p-acceptor
properties such as N-heterocyclic carbenes.[34] However,
another emerging complementary method entails in situ
formation of photoactive iron–substrate complexes that can
undergo VLIH to generate radicals that can initiate the
desired reactions (Scheme 3A).

Potassium ferrioxalate has been widely used as a sensitive
chemical actinometer since the discovery of its photoinduced
reduction to ferrous oxalate and carbon dioxide under
irradiation at l< 490 nm, as first reported by Parker and
Bowen in 1953.[35] In 1986, Sugimori and Yamada reported
that the alkylation of pyridine rings with alkyl radicals could
be performed through the decarboxylation of alkanoic acids
in the presence of visible light instead of g-rays by using ferric
sulfate as a stoichiometric additive [Scheme 3C, Eq. a-i].[36]

The formation of a FeIII-alkanecarboxylate complex that
absorbed near-ultraviolet visible light and could undergo
VLIH followed by decarboxylation to generate the desired
alkyl radical as well as the potency of Fe2(SO4)3 to act as an
oxidant were postulated to facilitate the homolysis. Jin and
co-workers brought this transformation into the catalytic
domain in 2019 with the successful photoinduced iron-
catalyzed decarboxylative alkylation of heteroarenes [Sche-
me 3C, Eq. a-ii].[37] With the effective combination of 5 mol%
FeSO4·7H2O, 10 mol% 2-picolinic acid as the ligand, and
sodium bromate as the exogenous oxidant, a wide range of
alkanoic acids and heteroarenes could be employed to furnish
the corresponding products in up to 94% yield. The key step
involves the VLIH of a FeIII-carboxylate complex to generate
the FeII species and the carboxyl radical, which upon CO2

extrusion produces the nucleophilic alkyl radical (Scheme 3
Ba). The exogenous oxidant oxidizes FeII to FeIII, which then
reenters the catalytic cycle. In a subsequent report, the same
group could extend the scope of the radical decarboxylative
alkylation strategy by employing a range of Michael accept-
ors, such as alkylidenemalononitriles and azodicarboxylates,
to furnish the corresponding products with C@C and C@N
bonds, respectively.[38] Of note, the electron-deficient radical
intermediate generated after the initial addition of the alkyl
radical to the Michael acceptor could effectively oxidize FeII

back to FeIII to complete the catalytic cycle, thereby making
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the process redox-neutral and obviating the use of any
exogenous oxidant [Scheme 3C, Eq. a-iii].

After demonstrating the effectivity of iron(II) and iron-
(III)-based photocatalysts in decarboxylative alkylation re-
actions, Lei, Jin, and co-workers developed an intramolecular
C@H oxygenation of 2-biphenylcarboxylic acids in the
presence of a catalytic amount of Fe(NO3)3·9 H2O/ 2,2’-
bipyridine-6,6’-dicarboxylic acid and two equivalents of
sodium bromate as an exogenous oxidant under irradiation
at l = 427 nm with an LED to synthesize several benzo-3,4-
coumarins.[39] The reaction proceeds through the intermedi-
acy of an aryl carboxylate-iron(III) complex which undergoes
VLIH under the reaction conditions to furnish FeII and
aroyloxy radicals that are almost impervious to decarboxyla-
tion at ambient temperature and could easily oxygenate
aromatic C@H bonds. Subsequently, NaBrO3 can oxidize the
FeII to FeIII to complete the catalytic cycle [Scheme 3 C,
Eq. b-i].

Direct visible-light-induced homolysis of ferric halides has
recently been exploited by Zhu and co-workers when devel-
oping a straightforward and nonhazardous synthesis of a-
haloketones from activated olefins.[40] The catalytic amount of
FeX3 (X = Br, Cl) used in the reactions undergoes homolytic
cleavage under irradiation with visible light to generate FeIIX2

and a halogen atom radical that gets trapped by the olefin.
The resulting C-centered radical reacts with oxygen and, upon
dehydration, furnishes the desired product. An additional
halogen source (KX) and TsOH assist in regenerating FeX3 to
complete the catalytic cycle [Scheme 3C, Eq. c-i].

5. Cobalt

Vitamin B12 (cobalamin), a naturally occurring organo-
cobalt complex, has been utilized extensively in organic
synthesis for its ability to undergo homolytic cleavage of the

Scheme 3. Mechanistic features of the VLIH of FeIII species and selected transformations.
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Co@C bond to generate C-centered radical species.[41] Differ-
ent cobalt salts and complexes have been used in conjunction
with exogenous photocatalysts to perform various dehydro-
genative and C@C or C-heteroatom bond-forming trans-
formations.[42] Ligand photodissociation of CoH[PPh(OR)2]4-
type complexes is a well-known feature[43] that has been
leveraged in various transformations.[44] Nevertheless, VLIH
of Co@R bonds is observed only when LMCT transitions are
within the visible region and depends on the R moiety. The
Rovis group has reported that in situ formed photoactive
CoII-acetylide species can undergo LMCT excitation upon
irradiation (l& 380 nm) to generate an aryl radical cation and
a CoI complex without any bond cleavage to assist in
a subsequent oxidative cyclization process (Scheme 4).[45]

The distinctive catalytic activities of the three oxidation
states of four-coordinated cobalt complexes (“supernucleo-
philic” CoI, metalloradical CoII, organo-, and hydro-CoIII

species) possessing substantial ligand field stabilization en-
ergy (LFSE) are characteristic features and are also involved
in VLIH events (Scheme 5A). Of note, several organo-CoIII

species are critical intermediates in cobalt-catalyzed trans-
formations involving photoinduced b-hydride elimination[46]

as well as the VLIH process.[47] In 2011, the Carreira group
reported an intramolecular Heck-type coupling of aryl
iodides with olefins catalyzed by a cobaloxime complex,
wherein the use of a mild base can deprotonate a hydrido-
cobalt [CoIII-H] intermediate to regenerate the catalytically
active CoI species.[48] Photoinduced homolysis of CoIII@alkyl
bonds was observed in alkylcobalamins and alkylcobaloximes
under irradiation with a 100 W high-pressure mercury
lamp.[49] In 2018, Soper and co-workers carried out the
trifluoromethylation of (hetero)arenes with [(SOCO)CoIII-
(CF3)(MeCN)]-type complexes supported by redox-active
[SOCO] pincer ligands.[50] The trifluoromethylcobalt(III)
complexes could undergo facile VLIH of the CoIII@CF3 bond
to release the corresponding CoII species and a CF3 radical for
further reactions. The resulting CoII species can trap HC to
generate an unobserved [(SOCO)CoIII(H)] intermediate that
could produce H2 and regenerate the CoI species to close the
catalytic cycle. In 2019, Martin and co-workers demonstrated
an efficient approach for the activation of C@O bonds of
alcohols by carbonylating them with CoII-porphyrins to
generate alkoxycarbonyl cobalt(III) complexes that could

undergo VLIH of the Co@C bonds (BDE = 39.8 kcalmol@1)
and subsequent decarboxylation to furnish the corresponding
alkyl radicals for trapping.[51] A few common Co complexes
are shown in Scheme 5C.

In 2016, Gryko and co-workers reported a cobalester-
catalyzed olefinic C(sp2)@H alkylation with diazo reagents as
the carbene source.[52] The key mechanistic step involves the
VLIH of the alkylcobalester(III) species—formed by the
reaction of CoI with ethyl diazoacetate—to generate the CoII

and the corresponding a-ester alkyl radical species for further
transformation [Scheme 5D, Eq. a-i]. CoI is regenerated by
the reduction of the hydridocobalester (CoIII-H) intermedi-
ate. In 2019, the same group demonstrated the reductive
dimerization of 1,1-diphenylethylene in the presence of
cobalamin-like catalysts through VLIH of CoIII@C bonds
[Scheme 5D, Eq. a-ii] while studying the role of the nucleo-
tide loop in general cobalamine-catalyzed reactions.[53]

The generation of acyl radicals[54] by the VLIH of CoIII-
acyl complexes was also achieved by Gryko and co-workers[55]

wherein the heptamethyl cobyrinate [(CN)(H2O)Cby-
(OMe)7], a vitamin B12 derivative, is initially reduced to the
corresponding supernucleophilic CoI complex that undergoes
addition-elimination with 2-S-pyridyl thioesters, the acyl
radical precursors, to form the acyl-vitamin B12 complex.
Afterwards, VLIH of the Co@C bond furnishes the CoII

complex and the acyl radical that participates in the Giese-
type acylation of activated olefins [Scheme 5D, Eq. b-i]. In
a subsequent study, the merger of the alkyl and acyl radical
generation capabilities of the same CoIII catalyst through
VLIH of Co@C bonds of in situ generated alkylcobalt(III)
and acylcobalt(III) complexes was demonstrated, which
allowed the consecutive Giese-type alkylation and acylation
of electron-deficient olefins to synthesize highly functional-
ized molecules in a single step [Scheme 5D, Eq. b-ii].[56] Of
note, the in situ formation of the alkylcobalt(III) complex was
faster than that of the acylcobalt(III) complex, which is
reflected in the order of the two successive VLIH events in
the reaction pathway.

A recent report from the Gryko group involves the
visible-light-driven heptamethylcobyrinate-catalyzed Giese-
type addition and Co/Ni-catalyzed reductive cross-coupling
radical reactions of spring-loaded cyclic reagents.[57] The
mechanistic pathway involves the initial formation of the
CoIII-alkyl complex intermediate by the reaction of the
“supernucleophilic” CoI form of the catalyst and the electro-
philic bicyclic reagents. The CoIII-alkyl complex subsequently
undergoes visible-light-induced homolysis to generate the
CoII complex and the corresponding alkyl radicals that further
engage in different radical transformations, such as the
addition to SOMOphiles or transition-metal-catalyzed radical
cross-coupling reactions [Scheme 5D, Eq. a-iii].

A regioselective coupling reaction of epoxides and
aziridines with alkenes in the presence of a simple cobalt
dimethylglyoximate complex has been developed by Prina
Cerai and Morandi to synthesize value-added homoallylic
alcohols and amines [Scheme 5D, Eq. a-iv].[58] The key
mechanistic steps of the transformation involve the nucleo-
philic opening of the epoxide/aziridine ring with CoI and the
VLIH of the CoIII@C bond from the corresponding CoIII

Scheme 4. Photo- and Co-acetylide-catalyzed [2++2++2] cycloaddition
reaction.
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intermediate to generate CoII and carbon-centered radical
species. The catalyst is regenerated with the help of the basic
intermediate (e.g. alkoxide), which can deprotonate the CoIII-
H species. The method successfully addressed the inefficien-
cies of the previous method reported by Harrowven and
Pattenden by obviating the use of stoichiometric amounts of
cobalt, base, and reductant.[59]

6. Cerium

Besides the ever-increasing use of first-row 3d transition-
metal complexes, interest has mounted substantially in recent
times in the use of earth-abundant lanthanide complexes.

Being the 26th most abundant element, cerium has found
extensive use in photocatalysis and warrants discussion in the
context of VLIH. In a series of seminal studies conducted by
Schelter and co-workers, several luminescent cerium(III)-
based complexes have been used as both inner-sphere[60] and
outer-sphere potent single-electron photoreductants.[61] Their
ability to absorb in the visible-light region and undergo
interconfigurational doublet-to-doublet, parity, and spin-al-
lowed 4f!5d metal-centered electronic transitions, thereby
minimizing the loss of energy from the long-lived 2D excited
states, provides a unique profile for application as photo-
catalysts.[60–62] Whereas the excited-state CeIII metalloradical
(5d1) has been exploited for the abstraction of a chlorine atom
from benzyl chlorides to generate benzyl radicals, the

Scheme 5. Mechanistic features of the VLIH of CoIII species and selected transformations.
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chloride-CeIV LMCT excitation has also been leveraged in
parallel photo-oxidation processes involving C@C and C@
heteroatom bond-forming reactions.[62d]

The photocatalytic properties of CeIII chloride complexes
in a C@C bond-cleavage and amination reaction of cyclo-
alkanols was first reported by Zuo and co-workers in 2016.[63]

However, a mechanistically different and complementary
catalytic manifold of cerium photocatalysis was unveiled in
a series of reports by the same group,[9d, 64] wherein the general
mechanistic archetype involves: a) initial single-electron
oxidation of the CeIIILn complex by an oxidant to generate
an intermediary CeIVLn complex; b) coordination of an
alcoholic ligand to form a LnCeIV-OR complex; and finally
c) VLIH of the LnCeIV-OR species through photoinduced
LMCT excitation and subsequent homolysis to generate
oxygen-centered radicals and CeIIILn species to complete
the catalytic cycle. The incipient, reactive alkoxide radical can
then participate in a variety of transformations, such as
intramolecular or intermolecular hydrogen atom abstraction
(HAT), addition to another functional group, or homolytic b-
scission (Scheme 6A).[65]

Based on these mechanistic features, Zuo and co-workers
developed a method for the efficient d-selective C@H bond
functionalization of protecting-group-free primary alcohols in
the presence of 1 mol % CeCl3 and 5 mol % nBu4NCl.[9d] In
this process, the VLIH of the CeIV-OR complex under
irradiation with visible light was carried out to generate
a transient alkoxy radical that undergoes a thermodynamically
favored intramolecular 1,5-HAT to form a highly nucleophilic
alkyl radical. Subsequent addition of this radical to DBAD
and a SET reduction of the N-centered radical furnishes the
desired product and regenerates the CeIV catalyst [Sche-
me 6C, Eq. a-i]. The strategy of combining the VLIH of CeIV-
OR complexes and intermolecular HAT was later expanded
by the same group to valorize low molecular hydrocarbon
feedstocks (CnH2n+2, n = 1–4, Cy; BDE(C-H) = 105 kcalmol@1

for CH4) by successfully achieving C@H amination with
DBAD, C@H alkylation with electron-deficient alkenes, and
Minisci-type C@H heteroarylation [Scheme 6 C, Eq. a-ii].[64a]

In 2020, Zuo and co-workers extended this strategy to the
C(sp3)@H functionalization of hydrocarbons [Scheme 6C,
Eq. a-iii].[64c] Of note, steady-state homolysis experiments
and transient absorption spectroscopic studies revealed that
the VLIH event involving the CeIV-OMe complex was not the
rate-determining step in C@H amination and alkylation
processes.

In a different mechanistic approach, an effective merger
of the VLIH of CeIV-alkoxide complexes with a subsequent b-
C@C scission of the alkoxy radical species has been achieved
to develop a range of useful transformations. In 2018, Zuo and
co-workers reported atom- and step-economic formal cyclo-
additions of cycloalkanols with alkenes to afford bridged
lactone scaffolds.[64b] The key step of the developed trans-
formation entails the VLIH of a CeIV-OR complex to
generate a secondary alkoxy radical, which subsequently
undergoes a rapid b-scission process to form a nucleophilic
alkyl radical that adds to an electron-deficient alkene. Then,
a SET process for the reduction of the generated a-acyl
radical by photoexcited 9,10-diphenylanthracene (DPA;

E1/2 =@1.77 V versus SCE in CH3CN), an intramolecular
aldol reaction of the enolate, and acidification furnishes the
desired bridged lactone product [Scheme 6C, Eq. b-i]. When
1,2-diols were employed as the substrate instead of alcohols,
oxidative cleavage of the C@C bond was observed and the
corresponding aldehydes were obtained in very high yields
[Scheme 6C, Eq. b-ii].[66] Following this approach, Zuo and
co-workers developed a dihydroxymethylation strategy
wherein primary alcohols were converted into alkyl radicals
with the loss of one molecule of formaldehyde, which
underwent 1,4-conjugate additions with Michael acceptors
[Scheme 6C,
Eq. b-iii].[64d] Notably, a double-excitation mechanism was
proposed for the transformation, as it was observed that
irradiation with LEDs at l = 365 nm could induce excitation
of LnCeIII-OR as well as ultraviolet-induced homolysis
(UVLIH) of LnCeIV-OR complexes, whereas a cerium/DPA
dual photocatalytic system had to be employed under
irradiation with LEDs at l = 400 nm as it could only effect
the VLIH of the intermediary LnCeIV-OR complex.

Recently, Zhang and co-workers successfully achieved the
selective cleavage of Ca

@Cb bonds in various lignin model
compounds in the presence of 2 mol % CeCl3 and 5 mol%
nBu4NCl under irradiation with visible light (l = 460 nm).[67]

The mechanistic pathway entails VLIH of the LnCeIV-lignin
species coordinated through the benzylic a-hydroxy group (a-
OH). The VLIH-generated alkoxy radical intermediate
enables cleavage of the Ca

@Cb bond to ultimately furnish
the corresponding aldehydes (up to 97 %) and the hydrazi-
nium derivatives (up to 95%) by amination with DBAD
[Scheme 6C, Eq. b-iv]. Zuo and co-workers extended the
activation strategy from alcohols to ketones through an
effective merger of CeIV-VLIH and Lewis acid catalysis to
selectively cleave C@C bonds of various acyclic and cyclic
ketones and install different functional groups at the incipient
acyl and alkyl radicals.[68] The reaction proceeds through the
activation of the carbonyl group by TiCl4 and nucleophilic
addition of TMSCN to form the corresponding cyanohydrin
derivative. Then, VLIH of the coordination complex formed
between CeIVand cyanohydrin results in the formation of CeIII

species and an O-centered radical species that undergoes b-
scission of the C@C bond to form a distal C-centered radical—
a process facilitated by the release of ring strain in the case of
small cyclic ketones. Finally, orthogonal selective functional-
ization of both acyl and alkyl radicals with diisopropyl
azodicarboxylate (DIAD) in the case of small and medium-
sized cyclic as well as acyclic ketones followed by a PET
process with DPA furnish the desired products in high yields
[Scheme 6C, Eq. b-v]. The same group has developed
a straightforward ring-expansion strategy of cyclic alkoxyke-
tones to synthesize 9- to 19-membered macrolactones in the
presence of a cerium salt and cyanoanthracene under aerobic
conditions through irradiation with visible light [Scheme 6C,
Eq. b-vi].[69] The successful development of the strategy relied
upon the capability of the [ClnCeIV-OR] intermediate to
undergo VLIH to form [ClnCeIII] and an alkoxy radical
species for the subsequent b-scission step. Of note, the mild
Lewis acidic nature of the cerium salt was also conducive to
enhance the formation of the lactol intermediate from the
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Scheme 6. Mechanistic features of the VLIH of CeIV species and selected transformations.
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ketone/lactol tautomeric equilibrium. In a different set of
transformations, effective decarboxylation of alkyl carboxylic
acids has been achieved with Ce photocatalysis, wherein the
key mechanistic step involves the VLIH of cerium-carboxyl-
ate complexes of the CeIV-O(CO)R type to form CeIII and
highly reactive alkylcarboxyl radical species that undergo
facile decarboxylation to generate the corresponding alkyl
radicals for further transformations.[70] In 2019, Kçnig and co-
workers utilized this property for the decarboxylative hydra-
zination of 188, 288, and 388 carboxylic acids in the presence of
10 mol% CeCl3·7 H2O and 20 mol% Cs2CO3 under irradia-
tion with blue LEDs, wherein the corresponding VLIH-
generated alkyl radicals were trapped with DBAD to furnish
the hydrazine derivatives in 28–90% yield [Scheme 6C, Eq. c-
i].[70a] In 2020, Tsurugi, Satoh, Mashima, and co-workers
performed the decarboxylative oxygenation of aliphatic
carboxylic acids in the presence of 5 mol% Ce(OtBu)4 under
air at atmospheric pressure to obtain products containing C@
O bonds such as aldehydes and ketones in up to quantitative
yields.[70b] The transformation proceeds via the formation of
a hexanuclear oxocerium(IV) carboxylate complex cluster,
Ce6O4(OH)4(OCOR)12, from the reaction between Ce-
(OtBu)4 and carboxylic acids. This hexanuclear CeIV species
undergoes VLIH under irradiation with blue light and forms
CeIII species and a carboxyl radical that further engages in
decarboxylation and oxygenation to form the corresponding
alkyl peroxyl radical (RCH2OOC). This radical forms alkyl-
peroxo-CeIV species, from which alkyl hydroperoxides are
formed that undergo dehydration to finally afford the
corresponding aldehydes as the terminally oxidized major
products along with minor amounts of the corresponding
alcohols [Scheme 6C, Eq. c-ii] .

Recently, Song, Xu, and co-workers have brought the
decarboxylative alkylation of heteroarenes with aliphatic
carboxylic acids and cerium into the electrophotocatalytic
domain,[70c] wherein the reaction is initiated by the anodic
oxidation of CeIII to CeIV, which coordinates with the
carboxylic acid. A subsequent VLIH of the CeIV-carboxylate
complex and decarboxylation forms the corresponding alkyl
radical that adds to the heteroarene in a Minisci-type reaction
to afford the alkylated product in good to high yields
[Scheme 6C, Eq. c-iii]. A photocatalytic method for the
dehydrogenative lactonization of 2-arylbenzoic acids in the
presence of CeCl3 as the photocatalyst and O2 as the terminal
oxidant has been developed by Yatham and co-workers.[71] In
this process, a CeIV-aryl carboxylate complex is formed by the
coordination of the aryl carboxylic acid with CeIV, and
subsequent VLIH generates a CeIII species and the corre-
sponding aryl carboxyl radical, which gets trapped by the aryl
substituent without undergoing decarboxylation and even-
tually furnishes the lactonized product in very high yields
[Scheme 6C, Eq. c-iv].

7. Miscellaneous Examples

Although not explored for synthesis in as much detail as
the specific cases discussed previously, there is increasing
recognition of the potential to develop photocatalytic trans-

formations with other transition-metal-based photocatalysts
such as vanadium, chromium, manganese, or palladium by
capitalizing on their ability to undergo VLIH. VLIH of Mn-
alkyl bonds has been studied with various Mn(CO)5R-type
complexes.[72] Photoinduced homolytic cleavage of a range of
paramagnetic CrIII monohydrocarbyl complexes with the
general formula CpCr[(ArNCMe)2CH](R) has also been
studied in detail.[73]

Wang and co-workers have recently reported vanadium-
(V)-catalyzed visible-light-driven selective Ca

@Cb bond cleav-
age of b-1 interlinkages of lignin models to afford valuable
aromatic products (Scheme 7a).[74] The proposed mechanistic
pathway for this transformation entails the initial coordina-
tion of the benzylic hydroxy group to the vanadium center.
Then, excitation of the resulting complex with visible light
induces an LMCT process and reduction of the vanadium
center, which in turn causes the homolytic cleavage of the Ca

@
Cb bond to produce benzaldehyde and a benzyl radical for
further reaction. Torres et al. have reported a visible-light-
driven palladium-catalyzed carbonylation reaction to synthe-
size acid chlorides from aryl halides, wherein the irradiation
with light assists in the initial radical-induced oxidative
addition of Pd0 as well as excitation of the PdII intermediate
that subsequently undergoes photoinduced reductive elimi-
nation.[75] Interestingly, one of the possible pathways for the
last mechanistic step involves VLIH of a Pd@acyl bond to
generate the incipient acyl radical in the reaction medium,
which has been probed by trapping experiments.

The VLIH concept has also been successfully applied to
organic catalyst–substrate complexes. Melchiorre and co-
workers recently used a nucleophilic dithiocarbamate anion
catalyst with an attached chromophoric unit to activate
various alkyl electrophiles bearing different leaving groups
through an SN2 pathway. The resulting photon-absorbing
intermediate undergoes VLIH to generate C-centered radi-
cals which can, thereafter, participate in various C@C bond-
forming reactions (Scheme 7b).[76]

Scheme 7. Recent developments in VLIH: a) Vanadium-catalyzed oxi-
dative C@C cleavage of lignin and the mechanistic features; b) VLIH in
catalysis with a dithiocarbamate anion.
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8. Summary and Outlook

As can be gleaned from the examples discussed in this
Minireview, by utilizing the VLIH concept with earth-
abundant transition-metal-based photocatalysts it is possible
to transcend the limits of traditional photocatalysts that
demonstrate only outer-sphere electron-transfer and energy-
transfer processes from their excited, populated, and emissive
MLCT states. The concept has also been successfully applied
within the wavelength range of 350–400 nm, where the event
could be termed as UVLIH. Although the majority of the
VLIH processes that have found successful applications in
organic synthesis involve dissociative LMCT of different
metal–substrate complexes to generate targeted radicals,
evermore variants of electronic transitions such as dissocia-
tive 1MLCT/3d-d or dissociative SBLCT transitions are also
being recognized, together with the continuous advancement
in the field of sophisticated spectroscopic methods and
computational studies to determine the intermediate radicals
species and complexes. With the creative exploitation of the
VLIH activation mode, new synthetic processes are possible,
wherein the reaction pathways will be directed by the inner-
sphere mechanism of the sustainable photocatalysts and
should, in turn, allow the development of enantioselective
approaches and the generation of new radical species by the
selective homolysis of metal–substrate bonds. We are con-
fident that alternative modes and applications will be
discovered through the effective collaboration of synthetic
organic chemists and spectroscopists, and that the so far
discovered methods will find wide applications in both
academic and industrial set-ups.
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Organometallics 1998, 17, 237 – 247; b) M. Kaupp, H. Stoll, H.
Preuss, W. Kaim, T. Stahl, G. Van Koten, E. Wissing, W. J. J.
Smeets, A. L. Spek, J. Am. Chem. Soc. 1991, 113, 5606 – 5618;
c) S. Hasenzahl, W. Kaim, T. Stahl, Inorg. Chim. Acta 1994, 225,
23 – 34.

[13] a) M. Pirtsch, S. Paria, T. Matsuno, H. Isobe, O. Reiser, Chem.
Eur. J. 2012, 18, 7336 – 7340; b) J.-M. Kern, J.-P. Sauvage, J.
Chem. Soc. Chem. Commun. 1987, 546 – 548; c) D. B. Bagal, G.
Kachkovskyi, M. Knorn, T. Rawner, B. M. Bhanage, O. Reiser,
Angew. Chem. Int. Ed. 2015, 54, 6999 – 7002; Angew. Chem.
2015, 127, 7105 – 7108; d) A. C. Hernandez-Perez, A. Vlassova,
S. K. Collins, Org. Lett. 2012, 14, 2988 – 2991; e) C. Minozzi, A.
Caron, J.-C. Grenier-Petel, J. Santandrea, S. K. Collins, Angew.
Chem. Int. Ed. 2018, 57, 5477 – 5481; Angew. Chem. 2018, 130,
5575 – 5579; f) A. Sagadevan, K. C. Hwang, Adv. Synth. Catal.
2012, 354, 3421 – 3427.

Angewandte
ChemieMinireviews

21113Angew. Chem. Int. Ed. 2021, 60, 21100 – 21115 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH www.angewandte.org

https://doi.org/10.1021/cr300503r
https://doi.org/10.1021/cr300503r
https://doi.org/10.1126/science.1239176
https://doi.org/10.1126/science.1239176
https://doi.org/10.1002/anie.201709766
https://doi.org/10.1002/ange.201709766
https://doi.org/10.1002/ange.201709766
https://doi.org/10.1021/acs.joc.6b01449
https://doi.org/10.1016/j.jorganchem.2020.121335
https://doi.org/10.1021/acs.chemrev.5b00662
https://doi.org/10.1021/acs.chemrev.5b00662
https://doi.org/10.1021/acs.chemrev.6b00057
https://doi.org/10.1021/acs.chemrev.6b00057
https://doi.org/10.1016/j.tiv.2012.03.014
https://doi.org/10.1016/j.tiv.2012.03.014
https://doi.org/10.1071/EN19249
https://doi.org/10.1177/0960327109360215
https://doi.org/10.1177/0960327109360215
https://doi.org/10.1002/chem.201703602
https://doi.org/10.1002/chem.201703602
https://doi.org/10.1021/jacs.8b08822
https://doi.org/10.1021/jacs.8b08822
https://doi.org/10.1126/science.aav9713
https://doi.org/10.1126/science.aav9713
https://doi.org/10.1021/acs.chemrev.6b00018
https://doi.org/10.1002/anie.201809431
https://doi.org/10.1002/anie.201809431
https://doi.org/10.1002/ange.201809431
https://doi.org/10.1002/ange.201809431
https://doi.org/10.1002/anie.202007668
https://doi.org/10.1002/anie.202007668
https://doi.org/10.1002/ange.202007668
https://doi.org/10.1002/ange.202007668
https://doi.org/10.1021/acs.jpclett.0c01601
https://doi.org/10.1021/acs.jpclett.0c02010
https://doi.org/10.1002/anie.201801678
https://doi.org/10.1002/ange.201801678
https://doi.org/10.1021/acscatal.8b04188
https://doi.org/10.1021/jacs.6b08397
https://doi.org/10.1021/jacs.7b13131
https://doi.org/10.1021/jacs.7b13131
https://doi.org/10.1021/jacs.0c00781
https://doi.org/10.1021/jacs.0c00781
https://doi.org/10.1021/ic980757f
https://doi.org/10.1021/ic980757f
https://doi.org/10.1021/om00019a021
https://doi.org/10.1016/0020-1693(95)04962-2
https://doi.org/10.1021/om00002a027
https://doi.org/10.1021/j100053a007
https://doi.org/10.1021/ic00074a006
https://doi.org/10.1016/0022-328X(95)05392-3
https://doi.org/10.1016/0022-328X(95)05392-3
https://doi.org/10.1016/S0020-1693(00)82891-1
https://doi.org/10.1021/om970736d
https://doi.org/10.1021/ja00015a014
https://doi.org/10.1016/0020-1693(94)04025-7
https://doi.org/10.1016/0020-1693(94)04025-7
https://doi.org/10.1002/chem.201200967
https://doi.org/10.1002/chem.201200967
https://doi.org/10.1039/C39870000546
https://doi.org/10.1039/C39870000546
https://doi.org/10.1002/anie.201501880
https://doi.org/10.1002/ange.201501880
https://doi.org/10.1002/ange.201501880
https://doi.org/10.1021/ol300983b
https://doi.org/10.1002/anie.201800144
https://doi.org/10.1002/anie.201800144
https://doi.org/10.1002/ange.201800144
https://doi.org/10.1002/ange.201800144
https://doi.org/10.1002/adsc.201200683
https://doi.org/10.1002/adsc.201200683
http://www.angewandte.org


[14] A. A. Isse, C. Y. Lin, M. L. Coote, A. Gennaro, J. Phys. Chem. B
2011, 115, 678 – 684.

[15] J. K. Kochi, J. Am. Chem. Soc. 1962, 84, 2121 – 2127.
[16] P. Lian, W. Long, J. Li, Y. Zheng, X. Wan, Angew. Chem. Int. Ed.

2020, 59, 23603 – 23608; Angew. Chem. 2020, 132, 23809 – 23814.
[17] S. M. Treacy, T. Rovis, J. Am. Chem. Soc. 2021, 143, 2729 – 2735.
[18] S. Engl, O. Reiser, Eur. J. Org. Chem. 2020, 1523 – 1533.
[19] Y. Li, K. Zhou, Z. Wen, S. Cao, X. Shen, M. Lei, L. Gong, J. Am.

Chem. Soc. 2018, 140, 15850 – 15858.
[20] T. Mandal, S. Das, S. De Sarkar, Adv. Synth. Catal. 2019, 361,

3200 – 3209.
[21] Y.-M. Tian, X.-N. Guo, I. Krummenacher, Z. Wu, J. Nitsch, H.

Braunschweig, U. Radius, T. B. Marder, J. Am. Chem. Soc. 2020,
142, 18231 – 18242.

[22] M. Grgbel, I. Bosque, P. J. Altmann, T. Bach, C. R. Hess, Chem.
Sci. 2018, 9, 3313 – 3317.

[23] a) Z. Zuo, D. T. Ahneman, L. Chu, J. A. Terrett, A. G. Doyle,
D. W. C. MacMillan, Science 2014, 345, 437 – 440; b) A. Noble,
S. J. McCarver, D. W. C. MacMillan, J. Am. Chem. Soc. 2015,
137, 624 – 627; c) L. Chu, J. M. Lipshultz, D. W. C. MacMillan,
Angew. Chem. Int. Ed. 2015, 54, 7929 – 7933; Angew. Chem.
2015, 127, 8040 – 8044; d) Z. Zuo, H. Cong, W. Li, J. Choi, G. C.
Fu, D. W. C. MacMillan, J. Am. Chem. Soc. 2016, 138, 1832 –
1835; e) X. Zhang, D. W. C. MacMillan, J. Am. Chem. Soc. 2017,
139, 11353 – 11356.

[24] a) E. R. Welin, C. Le, D. M. Arias-Rotondo, J. K. McCusker,
D. W. C. MacMillan, Science 2017, 355, 380 – 385; b) T. Kim, S. J.
McCarver, C. Lee, D. W. C. MacMillan, Angew. Chem. Int. Ed.
2018, 57, 3488 – 3492; Angew. Chem. 2018, 130, 3546 – 3550; c) L.
Tian, N. A. Till, B. Kudisch, D. W. C. MacMillan, G. D. Scholes, J.
Am. Chem. Soc. 2020, 142, 4555 – 4559; d) C. Zhu, H. Yue, L.
Chu, M. Rueping, Chem. Sci. 2020, 11, 4051 – 4064; e) S. Z.
Tasker, E. A. Standley, T. F. Jamison, Nature 2014, 509, 299 – 309;
f) O. S. Wenger, Chem. Eur. J. 2020, 27, 2270 – 2278.

[25] a) D. C. Powers, B. L. Anderson, D. G. Nocera, J. Am. Chem.
Soc. 2013, 135, 18876 – 18883; b) C. H. Lee, D. A. Lutterman,
D. G. Nocera, Dalton Trans. 2013, 42, 2355 – 2357; c) N. Ishida, Y.
Masuda, N. Ishikawa, M. Murakami, Asian J. Org. Chem. 2017, 6,
669 – 672.

[26] a) D. R. Heitz, J. C. Tellis, G. A. Molander, J. Am. Chem. Soc.
2016, 138, 12715 – 12718; b) L. Huang, M. Rueping, Angew.
Chem. Int. Ed. 2018, 57, 10333 – 10337; Angew. Chem. 2018, 130,
10490 – 10494; c) S. Das, K. Murugesan, G. J. V. Rodr&guez, J.
Kaur, J. Barham, A. Savateev, M. Antonietti, B. Kçnig, ACS
Catal. 2021, 11, 1593 – 1603.

[27] a) S. J. Hwang, B. L. Anderson, D. C. Powers, A. G. Maher, R. G.
Hadt, D. G. Nocera, Organometallics 2015, 34, 4766 – 4774;
b) S. J. Hwang, D. C. Powers, A. G. Maher, B. L. Anderson, R. G.
Hadt, S.-L. Zheng, Y.-S. Chen, D. G. Nocera, J. Am. Chem. Soc.
2015, 137, 6472 – 6475.

[28] M. K. Nielsen, B. J. Shields, J. Liu, M. J. Williams, M. J. Zacuto,
A. G. Doyle, Angew. Chem. Int. Ed. 2017, 56, 7191 – 7194;
Angew. Chem. 2017, 129, 7297 – 7300.

[29] a) L. K. G. Ackerman, J. I. Martinez Alvarado, A. G. Doyle, J.
Am. Chem. Soc. 2018, 140, 14059 – 14063; b) S. K. Kariofillis,
B. J. Shields, M. A. Tekle-Smith, M. J. Zacuto, A. G. Doyle, J.
Am. Chem. Soc. 2020, 142, 7683 – 7689.

[30] M. S. Santos, A. G. CorrÞa, M. W. Paix¼o, B. Kçnig, Adv. Synth.
Catal. 2020, 362, 2367 – 2372.

[31] B. J. Shields, B. Kudisch, G. D. Scholes, A. G. Doyle, J. Am.
Chem. Soc. 2018, 140, 3035 – 3039.

[32] L. Yang, H. H. Lu, C. H. Lai, G. Li, W. Zhang, R. Cao, F. Liu, C.
Wang, J. Xiao, D. Xue, Angew. Chem. Int. Ed. 2020, 59, 12714 –
12719; Angew. Chem. 2020, 132, 12814 – 12819.

[33] O. S. Wenger, Chem. Eur. J. 2019, 25, 6043 – 6052.
[34] K. S. Kjær, N. Kaul, O. Prakash, P. Ch#bera, N. W. Rosemann, A.

Honarfar, O. Gordivska, L. A. Fredin, K.-E. Bergquist, L.

H-ggstrçm, T. Ericsson, L. Lindh, A. Yartsev, S. Styring, P.
Huang, J. Uhlig, J. Bendix, D. Strand, V. Sundstrçm, P. Persson,
R. Lomoth, K. W-rnmark, Science 2019, 363, 249 – 253.

[35] a) C. A. Parker, E. J. Bowen, Proc. R. Soc. London Ser. A 1953,
220, 104 – 116; b) C. G. Hatchard, C. A. Parker, E. J. Bowen,
Proc. R. Soc. London Ser. A 1956, 235, 518 – 536.

[36] a) A. Sugimori, T. Yamada, Chem. Lett. 1986, 15, 409 – 412; b) A.
Sugimori, T. Yamada, Bull. Chem. Soc. Jpn. 1986, 59, 3911 –
3915.

[37] Z. Li, X. Wang, S. Xia, J. Jin, Org. Lett. 2019, 21, 4259 – 4265.
[38] G. Feng, X. Wang, J. Jin, Eur. J. Org. Chem. 2019, 6728 – 6732.
[39] S. Xia, K. Hu, C. Lei, J. Jin, Org. Lett. 2020, 22, 1385 – 1389.
[40] Z. Luo, Y. Meng, X. Gong, J. Wu, Y. Zhang, L. W. Ye, C. Zhu,

Chin. J. Chem. 2020, 38, 173 – 177.
[41] a) M. Giedyk, K. Goliszewska, D. Gryko, Chem. Soc. Rev. 2015,

44, 3391 – 3404; b) S. Busato, O. Tinembart, Z.-D. Zhang, R.
Scheffold, Tetrahedron 1990, 46, 3155 – 3166; c) K. =. Proinsias,
A. Jackowska, K. Radzewicz, M. Giedyk, D. Gryko, Org. Lett.
2018, 20, 296 – 299; d) Y. Zhao, M. Yu, S. Zhang, Y. Liu, X. Fu,
Macromolecules 2014, 47, 6238 – 6245; e) H. Shimakoshi, M.
Tokunaga, K. Kuroiwa, N. Kimizuka, Y. Hisaeda, Chem.
Commun. 2004, 50; f) Y. Chen, X. P. Zhang, J. Org. Chem.
2004, 69, 2431 – 2435; g) B. Kr-utler, Coord. Chem. Rev. 1991,
111, 215 – 220.

[42] a) M. Kojima, S. Matsunaga, Trends Chem. 2020, 2, 410 – 426;
b) Q. Xu, B. Zheng, X. Zhou, L. Pan, Q. Liu, Y. Li, Org. Lett.
2020, 22, 1692 – 1697; c) S. U. Dighe, F. Juli#, A. Luridiana, J. J.
Douglas, D. Leonori, Nature 2020, 584, 75 – 81; d) A. Wimmer, B.
Kçnig, Adv. Synth. Catal. 2018, 360, 3277 – 3285; e) H.-L. Sun, F.
Yang, W.-T. Ye, J.-J. Wang, R. Zhu, ACS Catal. 2020, 10, 4983 –
4989; f) S. Srinath, R. Abinaya, A. Prasanth, M. Mariappan, R.
Sridhar, B. Baskar, Green Chem. 2020, 22, 2575 – 2587; g) J. B.
McManus, J. D. Griffin, A. R. White, D. A. Nicewicz, J. Am.
Chem. Soc. 2020, 142, 10325 – 10330.

[43] a) O. Masayoshi, O. Shigero, S. Mitoshi, T. Isato, H. Katsuma,
Bull. Chem. Soc. Jpn. 1986, 59, 3925 – 3930; b) O. Masayoshi, H.
Katsuma, M. Masahiko, F. Tetsuo, Chem. Lett. 1983, 12, 261 –
264.

[44] a) F. Beltran, E. Bergamaschi, I. Funes-Ardoiz, C. J. Teskey,
Angew. Chem. Int. Ed. 2020, 59, 21176 – 21182; Angew. Chem.
2020, 132, 21362 – 21368; b) E. Bergamaschi, F. Beltran, C. J.
Teskey, Chem. Eur. J. 2020, 26, 5180 – 5184.

[45] B. D. Ravetz, J. Y. Wang, K. E. Ruhl, T. Rovis, ACS Catal. 2019,
9, 200 – 204.

[46] a) Q. Y. Meng, T. E. Schirmer, K. Katou, B. Kçnig, Angew.
Chem. Int. Ed. 2019, 58, 5723 – 5728; Angew. Chem. 2019, 131,
5779 – 5784; b) B. P. Branchaud, Y. L. Choi, Tetrahedron Lett.
1988, 29, 6037 – 6038; c) H. Bhandal, G. Pattenden, J. Chem. Soc.
Chem. Commun. 1988, 1110 – 1112; d) B. P. Branchaud, M. S.
Meier, Y. Choi, Tetrahedron Lett. 1988, 29, 167 – 170; e) X. Sun,
J. Chen, T. Ritter, Nat. Chem. 2018, 10, 1229 – 1233.

[47] T. Michiyuki, K. Komeyama, Asian J. Org. Chem. 2020, 9, 343 –
358.

[48] M. E. Weiss, L. M. Kreis, A. Lauber, E. M. Carreira, Angew.
Chem. Int. Ed. 2011, 50, 11125 – 11128; Angew. Chem. 2011, 123,
11321 – 11324.

[49] D. N. R. Rao, M. C. R. Symons, J. Chem. Soc. Faraday Trans.
1984, 80, 423.

[50] C. F. Harris, C. S. Kuehner, J. Bacsa, J. D. Soper, Angew. Chem.
Int. Ed. 2018, 57, 1311 – 1315; Angew. Chem. 2018, 130, 1325 –
1329.

[51] D. R. Chambers, A. Juneau, C. T. Ludwig, M. Frenette, D. B. C.
Martin, Organometallics 2019, 38, 4570 – 4577.

[52] M. Giedyk, K. Goliszewska, K. =. Proinsias, D. Gryko, Chem.
Commun. 2016, 52, 1389 – 1392.

[53] M. Karczewski, M. Ociepa, D. Gryko, Eur. J. Org. Chem. 2019,
469 – 477.

Angewandte
ChemieMinireviews

21114 www.angewandte.org T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 21100 – 21115

https://doi.org/10.1021/jp109613t
https://doi.org/10.1021/jp109613t
https://doi.org/10.1021/ja00870a025
https://doi.org/10.1002/anie.202010801
https://doi.org/10.1002/anie.202010801
https://doi.org/10.1002/ange.202010801
https://doi.org/10.1021/jacs.1c00687
https://doi.org/10.1002/ejoc.201900839
https://doi.org/10.1021/jacs.8b09251
https://doi.org/10.1021/jacs.8b09251
https://doi.org/10.1002/adsc.201801737
https://doi.org/10.1002/adsc.201801737
https://doi.org/10.1021/jacs.0c08834
https://doi.org/10.1021/jacs.0c08834
https://doi.org/10.1039/C7SC05320G
https://doi.org/10.1039/C7SC05320G
https://doi.org/10.1126/science.1255525
https://doi.org/10.1021/ja511913h
https://doi.org/10.1021/ja511913h
https://doi.org/10.1002/anie.201501908
https://doi.org/10.1002/ange.201501908
https://doi.org/10.1002/ange.201501908
https://doi.org/10.1021/jacs.5b13211
https://doi.org/10.1021/jacs.5b13211
https://doi.org/10.1021/jacs.7b07078
https://doi.org/10.1021/jacs.7b07078
https://doi.org/10.1126/science.aal2490
https://doi.org/10.1002/anie.201800699
https://doi.org/10.1002/anie.201800699
https://doi.org/10.1002/ange.201800699
https://doi.org/10.1021/jacs.9b12835
https://doi.org/10.1021/jacs.9b12835
https://doi.org/10.1039/D0SC00712A
https://doi.org/10.1038/nature13274
https://doi.org/10.1021/ja408787k
https://doi.org/10.1021/ja408787k
https://doi.org/10.1039/c2dt32885b
https://doi.org/10.1002/ajoc.201700115
https://doi.org/10.1002/ajoc.201700115
https://doi.org/10.1021/jacs.6b04789
https://doi.org/10.1021/jacs.6b04789
https://doi.org/10.1002/anie.201805118
https://doi.org/10.1002/anie.201805118
https://doi.org/10.1002/ange.201805118
https://doi.org/10.1002/ange.201805118
https://doi.org/10.1021/acscatal.0c05694
https://doi.org/10.1021/acscatal.0c05694
https://doi.org/10.1021/acs.organomet.5b00568
https://doi.org/10.1021/jacs.5b03192
https://doi.org/10.1021/jacs.5b03192
https://doi.org/10.1002/anie.201702079
https://doi.org/10.1002/ange.201702079
https://doi.org/10.1021/jacs.8b09191
https://doi.org/10.1021/jacs.8b09191
https://doi.org/10.1021/jacs.0c02805
https://doi.org/10.1021/jacs.0c02805
https://doi.org/10.1002/adsc.202000167
https://doi.org/10.1002/adsc.202000167
https://doi.org/10.1021/jacs.7b13281
https://doi.org/10.1021/jacs.7b13281
https://doi.org/10.1002/anie.202003359
https://doi.org/10.1002/anie.202003359
https://doi.org/10.1002/ange.202003359
https://doi.org/10.1002/chem.201806148
https://doi.org/10.1126/science.aau7160
https://doi.org/10.1246/cl.1986.409
https://doi.org/10.1246/bcsj.59.3911
https://doi.org/10.1246/bcsj.59.3911
https://doi.org/10.1021/acs.orglett.9b01439
https://doi.org/10.1002/ejoc.201901381
https://doi.org/10.1021/acs.orglett.0c00002
https://doi.org/10.1002/cjoc.201900372
https://doi.org/10.1039/C5CS00165J
https://doi.org/10.1039/C5CS00165J
https://doi.org/10.1016/S0040-4020(01)85455-7
https://doi.org/10.1021/acs.orglett.7b03699
https://doi.org/10.1021/acs.orglett.7b03699
https://doi.org/10.1021/ma5014385
https://doi.org/10.1039/b309457j
https://doi.org/10.1039/b309457j
https://doi.org/10.1021/jo049870f
https://doi.org/10.1021/jo049870f
https://doi.org/10.1016/0010-8545(91)84026-2
https://doi.org/10.1016/0010-8545(91)84026-2
https://doi.org/10.1016/j.trechm.2020.01.004
https://doi.org/10.1021/acs.orglett.9b04201
https://doi.org/10.1021/acs.orglett.9b04201
https://doi.org/10.1002/adsc.201800607
https://doi.org/10.1021/acscatal.0c01209
https://doi.org/10.1021/acscatal.0c01209
https://doi.org/10.1039/D0GC00569J
https://doi.org/10.1021/jacs.0c04422
https://doi.org/10.1021/jacs.0c04422
https://doi.org/10.1002/anie.202009893
https://doi.org/10.1002/ange.202009893
https://doi.org/10.1002/ange.202009893
https://doi.org/10.1002/chem.202000410
https://doi.org/10.1021/acscatal.8b04326
https://doi.org/10.1021/acscatal.8b04326
https://doi.org/10.1002/anie.201900849
https://doi.org/10.1002/anie.201900849
https://doi.org/10.1002/ange.201900849
https://doi.org/10.1002/ange.201900849
https://doi.org/10.1016/S0040-4039(00)82258-3
https://doi.org/10.1016/S0040-4039(00)82258-3
https://doi.org/10.1039/C39880001110
https://doi.org/10.1039/C39880001110
https://doi.org/10.1016/S0040-4039(00)80043-X
https://doi.org/10.1038/s41557-018-0142-4
https://doi.org/10.1002/ajoc.201900625
https://doi.org/10.1002/ajoc.201900625
https://doi.org/10.1002/anie.201105235
https://doi.org/10.1002/anie.201105235
https://doi.org/10.1002/ange.201105235
https://doi.org/10.1002/ange.201105235
https://doi.org/10.1039/f19848000423
https://doi.org/10.1039/f19848000423
https://doi.org/10.1002/anie.201711693
https://doi.org/10.1002/anie.201711693
https://doi.org/10.1002/ange.201711693
https://doi.org/10.1002/ange.201711693
https://doi.org/10.1021/acs.organomet.9b00552
https://doi.org/10.1039/C5CC07363D
https://doi.org/10.1039/C5CC07363D
https://doi.org/10.1002/ejoc.201800877
https://doi.org/10.1002/ejoc.201800877
http://www.angewandte.org


[54] R. Scheffold, R. Orlinski, J. Am. Chem. Soc. 1983, 105, 7200 –
7202.

[55] M. Ociepa, O. Baka, J. Narodowiec, D. Gryko, Adv. Synth. Catal.
2017, 359, 3560 – 3565.
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