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Abstract: Despite the rich photochemistry of 3d-metal complexes, the
utilization of excited-state reactivity of these compounds in organic
synthesis has been historically overlooked. The advent of photoredox
catalysis has changed the perception of synthetic chemists towards
photochemistry, and nowadays the potential of photoinduced, outer-
sphere single-electron transfer events is widely recognized. More
recently, an emerging new mode of photoactivation has taken the
spotlight, based on an inner-sphere mode of reactivity triggered by
population of ligand-to-metal charge-transfer (LMCT) excited states.
Contrarily to photoredox, LMCT-activation does not rely on matching
redox potentials, offers unique reactivity profiles and is particularly
well suited on Earth-abundant metal complexes. Those appealing
features are propelling the development of methods using this
blueprint to generate highly reactive open-shell species under mild
conditions. The aim of this contribution is to provide a didactical tool
for the comprehension of this emerging concept and facilitate the
development of new synthetic methodologies to achieve sustainable
chemical transformations.

1. Introduction

The interaction between light and first-row transition metal
complexes lies at the very heart of important biological processes
that sustain life in our planet. Indeed, the chain of reactions that
enables the transformation of light into chemical energy
proceeding during photosynthesis in plants and bacteria is
intimately related to 3d-metalloproteins such as ferredoxin (Fe),
plastocyanin (Cu), water oxidation cofactors (Mn) or Rieske
protein (Fe)."? Not surprisingly, the photochemistry of metal
complexes of the 3d block is rich and has been extensively
studied for over 70 years.®"! In fact, as undergraduates we learn
about the rich photophysics and photochemistry of 3d-metal
complexes in Inorganic Chemistry courses but, remarkably, the
utilization of excited-state reactivity of Earth-abundant metals in
organic synthesis has been historically overlooked.

Although organic photochemistry has a long history,!®9 the advent
of photoredox catalysis in the last decade has changed the
perception of synthetic chemists towards photochemistry,[-14
and nowadays the extraordinary power of light as clean, selective,
and yet powerful source of energy to carry out chemical reactions
is widely recognized in the field of organic synthesis and has been
embraced by the community.'*'"1 The main conceptual
advantages offered by this enabling technology are the possibility
of generating highly reactive radical species under mild conditions
by simply shining light into chemical reactions, and the access to
distinct reactivity modes that are unreachable in the ground state.
Importantly, technical development of tunable, safe and broadly
available light sources has contributed to boost the rapid adoption
of photochemistry in synthetic methodologies and, thus, the key
role of this technical development cannot be unappreciated.['8.14
Now that photoredox is a mature field, there are some efforts to
replace high-performance catalysts typically based on the

precious metal iridium by others that use more abundant
metals!'®2"l or are purely organic molecules.???* First-row
transition metals are generally cheap and abundant, so
performing catalysis with them activated by visible light is highly
attractive towards the goal of developing sustainable synthetic
methods.[?>28] However, the substitution of iridium or ruthenium
by 3d-metal complexes as photocatalysts goes beyond a simple
economical or sustainability purpose, and opens new
opportunities given by the more labile character or first-row metal
complexes. Thus, the exploration of Ni, Cu or Fe complexes as
photocatalysts offers a rich mechanistic landscape with
applications in cross-coupling reactions and the generation of
open-shell species. These aspects have recently propelled
chemists to turn their attention towards the direct photoexcitation
of metal complexes with synthetic purposes, exploiting reactivities
beyond the well-established outer-sphere single-electron transfer
(SET) events that conform the basis of photoredox catalysis.[?%-33
Indeed, many elementary steps of organometallic chemistry such
as oxidative addition, reductive elimination, B-hydride elimination
or bond homolysis can be enabled or accelerated under light
irradiation, exploiting the distinct reactivity of metal complexes in
the excited states. Among them, one of the most generalized
strategies is the population of ligand-to-metal charge-transfer
(LMCT) excited states of metal complexes to generate open-shell
species that can be used in radical reactions.

In this review are described the most relevant aspects of this
reactivity mode and their application in organic transformations,
covering both seminal reports and recent progress of synthetic
photochemical reactions based on the population of LMCT
excited states at first-row transition metal complexes. This work
provides a detailed and updated discussion focused only in 3d-
metal block complexes, complementing a recent minireview by
Reiser, Bhattacharyya and coworkers® and those covering
cerium-catalyzed reactions involving LMCT excited states.[*5-37]
The overarching goal of this contribution is to provide an
instructive tool for non-specialists, with the aim of stirring the
curiosity of the reader and motivate further exploration of this
emerging and promising field to develop future sustainable
methodologies.
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2. Understanding LMCT reactivity
2.1. Photophysical aspects and structural requirements

To design photoactive systems with LMCT reactivity it is
necessary to understand the photophysical and photochemical
properties of this type of excited states.[*8#2 LMCT states are the
result of an electronic transition from a filled orbital that is largely
based on a ligand to an empty orbital of the metal center (Scheme
1A). Since the empty metal orbital (d*) must be relatively low in
energy to be accessible, this type of excited states are
characteristic of complexes bearing electrophilic, high-valent
metal centers. Some archetypal examples within the 3d-block are
Ti(IV), Fe(lll) or Cu(ll), among others. On the other hand, since
the ligand act as the internal source of electrons in this electronic
transition, the presence of electron-rich ¢ or c+n-donor ligands
such as halides, carboxylates or azide are also favorable for the
appearance of LMCT transitions at relatively low energies.
Regarding structural aspects, LMCT transitions involve the
population of an antibonding orbital (d*/dc*) at expense of
electronic density of a ligand (p/n) or a metal-ligand (do) bond. As
a result, the bond order of one or several M—L (M: metal, L: ligand)
bonds decreases, which makes them more labile and facilitates
their cleavage. This behavior, which is translated in a dissociative
potential energy surface (Scheme 1B), often confers this type of
excited states a non-emissive nature that is a consequence of
their innate tendency to undergo non-radiative deactivation via
bond dissociation.*34% As such, these excited states are not
suitable for their detection via fluorescence/phosphorescence
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emission spectroscopy due to their short lifetimes and very low
emission quantum yields, and are generally characterized using
ultrafast transient absorption spectroscopy. LMCT are,
accordingly, the inverse situation of long-lived, highly emissive
metal-to-ligand charge-transfer (MLCT) states that are
predominant in photoredox catalysts, involving electron-rich metal
centers and n-acceptor ligands that are generally not dissociative.
It is however worth noting that not all LMCT states possess a
dissociative character and, in fact, some emissive LMCT excited
states have been reported in highly robust or rigid complexes
where the population of d* bonds is not causing important
structural deformations that can result in the relaxation to the
ground state. #6481

In terms of overall reactivity, LMCT states represent an interesting
platform for the transformation of nucleophilic entities into open-
shell species via coordination to a metal center and subsequent
photoexcitation (Scheme 1C). Since the resultant products are a
1e~-reduced metal complex and a radical, LMCT photoreactivity
is often simplified as the homolytic cleavage of a M—L bond.

2.2. Mechanistic features of LMCT reactivity: a comparison
with photoredox catalysis

With the aim of providing a clear understanding from the
perspective of a synthetic chemist, below is compared the mode
of action of LMCT reactivity in the generation of radicals with the
more established photoredox catalysis.

Photoredox catalysis is based on the ability of a given
photocatalyst (PC) to become a powerful redox agent (oxidant or
reductant) upon absorption of light (Scheme 2A).['°%%1 The
resultant excited-state species (PC*) may participate in
bimolecular reactions via SET events with a given substrate,
provided that the individual redox potentials are matched and,
thus, the reaction is thermodynamically feasible. These reactions
generally proceed via outer-sphere mechanism, i.e. without pre-
association of the two reactants, and without involving significant
chemical changes in the structure of the photocatalyst beyond the
accommodation of an extra/deficient electron.
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Scheme 1. (A) Photophysics and photochemistry of LMCT states. (B) Dissociative energy profile of LMCT states. (C) Overall chemical process via photoinduced

LMCT homolysis.

However, a redox match is not the only requisite in these
processes, because the diffusion through the solvent and
subsequent encounter of both species must happen before SET.

For this reason, PC* not only has to be a good oxidant/reductant,
but must also be long-lived enough to diffuse through the solvent
(kaitt ~10"° M~" s7"). As a rule of thumb, an excited state with a



lifetime of <1 ns is generally unable to participate in efficient
bimolecular quenching and therefore is not well-suited to act as
photoredox catalyst.®®49 Analogously, in those reactions
involving photoinduced generation of radicals via LMCT reactivity
(Scheme 2B) there is also a net SET between a metal, which act
as an oxidant, and a given substrate that is oxidized (M" + L= —
M~ + L+). However, contrarily to photoredox, in this case the SET
event proceeds via inner-sphere mechanism, triggered by
population of the LMCT excited state after absorption of light.
While this prerogative requires that substrate L must be able to
coordinate to M” in the ground state, it ensures an effective pre-
association of the two reactive species before light excitation. This
key feature enables that even LMCT states with very short
lifetimes (t<1 ns) can still engage in efficient reactions because
they are not subject to diffusion-controlled kinetics to encounter
the substrate. In addition, rules of outer-sphere SET do not apply
anymore, so matching the redox potentials of M” and L~ is not
relevant and the net oxidation of challenging substrates (e.g. CI~
— Cl+, Eox > +1.2 V vs SCE) with weakly oxidizing metals (e.g.
Cu?* - Cu*, Ereq = +0.50 V vs SCE; Fe®* — Fe?*, Erea = +0.53 V
vs SCE) can be achieved with this strategy.[%%51
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Scheme 2. Comparison between photoredox (A) and LMCT (B) as reactivity
platforms for the generation of radicals.

The differences between photoredox and LMCT are not only
restricted to the generation of the radical species, but also have
an influence on its subsequent reactivity. Indeed, the
photoinduced homolysis of the M—-L bond is often reversible, and
this characteristic can be exploited to enable interesting
applications. For example, the decarboxylation of alkyl
carboxylates is well-established and provides a reliable way to
access alkyl radicals via photoredox catalysis,!®-%% however, the
analogous decarboxylation of benzoic acids is significantly more
challenging (Scheme 3A). This disparity is a consequence of the
slower rate of CO2 extrusion (10° M~" s for alkyl, 106 M~ s~ for
aryl) on the carboxyl radical,®®-5% which results in inefficient
generation of aryl radicals that is overpowered by other faster side
reactions, such as hydrogen atom transfer (HAT) or back electron
transfer from PC™ generating a deactivated, ground-state
photocatalyst (PC). Interestingly, recent works by the Ritter and
MacMillan groups have shown how LMCT activation at Cu(ll) can
overcome this challenge, enabling radical decarboxylative
functionalization of benzoic acids.®*% The explanation of this
distinct behavior has its roots in the reversible nature of the Cu—
O homolysis step, providing an efficient stabilization of the
benzoyl radical within the solvent cage and allowing an effective
subsequent decarboxylation. On the other hand, the reversible

homolysis of Co(lll)-C bonds has allowed Leonori and coworkers
to modulate the regioselectivity of the desaturation of alkyl
radicals towards the site-selective synthesis of olefins (Scheme
3B).% In this case, a reversible trap-release sequence of alkyl
radicals by cobaloxime complexes enables the control of the
subsequent HAT step, which is the selectivity-determining step of
the reaction, by tunning the electronic and steric properties of the
cobaloxime catalyst. Finally, since many metal complexes can
trap carbon radicals at almost diffusion-controlled rates this also
opens a gateway for their generation and subsequent
transformation in versatile organometallic species in a single
catalytic manifold 6385681 something that is nowadays generally
approached by the combination of two catalysts in
metallaphotoredox  catalysis.""®1  Qverall, these features
showcase how the LMCT manifold not only is a sustainable and
effective alternative to established photoredox catalysis, but also
offers a number of unveiled opportunities unlocked by the distinct
reactivity modes based on inner-sphere chemistry.
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Scheme 3. Reactivity features and synthetic opportunities of LMCT reactivity.

3. Synthetic uses of LMCT reactivity in
organic synthesis

This section summarizes a collection of relevant applications of
LMCT reactivity in organic transformations, organized according
to the nature of the photochemically active metal complex.
Accordingly, Cu(ll), Fe(lll), Ni(lll), Co(lll), Ti(IV) and V(V) systems
are discussed below. Even though LMCT processes on other 3d-
metal complexes such as Cr(ll1)*%%1 or Mn at different oxidation
states!®"" are known in the literature, these systems have not
been broadly applied so far in synthetic settings and will not be
covered in this review.

3.1. Reactions mediated by Cu(ll) complexes



Irradiation of Cu(ll)-X complexes is one of the oldest platforms
used for the generation of X+ via LMCT excited states. In particular,
the formation of chlorine radicals (Cle) is arguably the most
frequently exploited reactivity since its report by Kochi in 1962.72
This seminal work summarized the observations on the reaction
of CuClz with different organic substrates under light irradiation
(Scheme 4). The photoreduction of Cu(ll) - Cu(l) was observed
when this cupric salt was dissolved in certain organic solvents
after irradiation with the whole spectrum of a mercury lamp
(UV+visible range). The addition of LiCl was found beneficial to
dissolve anhydrous CuClz, presumably due to the formation of
anionic species [CuClnJ*~. The authors proposed a reactivity
initiated by homolysis of the Cu(ll)-Cl bond into Cu(l) and Cl+ as
the responsible for the photoreduction process. Moreover, the
diminished photoreduction in MeCN or AcOH was pointed out as
an indication of the reversibility on Cls generation, in view of the
low reactivity of these solvents towards chlorine radicals in
comparison with the fast rebound with Cu(l) to re-form the initial
Cu(ll) chloride. Instead, those solvents presenting structural
features that are highly reactive towards Cls, such as C-H bonds
activated towards HAT or alkenes via radical addition, promote
metal photoreduction efficiently. Overall, these stoichiometric
experiments, including the oxidation of alcohols or chlorination of
ethers and olefins, paved the way for the use of LMCT excitation
in copper(ll) chlorides in modern methodologies.
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Scheme 4. Seminal work on LMCT reactivity of CuClz.

Indeed, in 2020 Wan and coworkers built up on these results to
develop a method for the catalytic vicinal dichlorination of alkenes
(Scheme 5).I”¥ Stoichiometric HCl was used as the terminal
source of chloride, while turnover is possible via Cu(l) oxidation
under air atmosphere. The use of chlorine radicals in synthesis is
often hampered by the need for harsh conditions on their
generation, such as the use of corrosive Cl2 under UV-light
irradiation or the challenging CI-— Cl* oxidation (Eox > +1.2 V vs
SCE). Contrarily, in this work the inner-sphere oxidation of
chloride mediated by Cu(ll) during LMCT excitation allows the
smooth production of this reactive species from simple chloride
sources, using visible light at room temperature. The authors
propose that Cle, detected by high-resolution mass spectroscopy
(HRMS) after trapping with (2,2,6,6-tetramethylpiperidin-1-yl)oxyl

(TEMPO), reacts with alkenes to give chloroalkyl radicals that, in
turn, abstract a chlorine atom from CuCl2 to yield dichlorinated
products. Thus, in this mechanism Cu(ll) chloride complexes
formally transfer two Cl+ to the olefin sequentially, the first in the
form of a free radical after LMCT-homolysis and the second via
halogen-atom transfer (XAT) to carbon radical intermediates. The
methodology works generally well with a broad substrate scope,
featuring both inactivated and activated (styrenes) olefins
containing (hetero)arenes and multiple polar functional groups
including amino, carboxylic acid, thioester or sulfonamide, among
others. For styrenes, superstoichiometric amounts of CuCl. were
required under inert atmosphere to achieve good results.

CuCl; (20 mol%), HCI (2.5 equiv.) cl
MeCN, air, rt, white LEDs
-or- O/\/O
CuCl, (4.0 equiv.) cl
MeCN, Ny, rt, white LEDs

I

(o]
cl N Me Cl
SN /\( cl “
©/ o ¢ HO,C
2

43% 90% 55%
b o cl o cl
W
S\N/\/\ Cl
H cl
75% 70%, dr > 19:1
air
y HCIL~
culcl, cu'cl air
\hv A p HCI
1l !
LMCTN . culcl, cu'cl o

cr’
N chlorine O/\-/O

radical addition

chlorine-atom O/\/O

abstraction Cl

Scheme 5. Vicinal dichlorination of alkenes mediated by CuCl>.

The ability of Cu(ll) chlorides to generate Cls upon light irradiation
was next applied to C-H functionalization by the group of Rovis
(Scheme 6).5% Owing to the strength of the H-CI bond (BDE =
103 kcal/mol) and its polarized character, Cle is able to undergo
HAT from inactivated Csp®~H bonds (for example, in cyclohexane
BDE = 100 kcal/mol™) leading to alkyl radicals. Rovis and
coworkers used this blueprint to develop C—H alkylation of
alkanes by means of a Giese reaction, i.e. the fast and efficient
addition of nucleophilic C-radicals to electron-deficient olefins
such as Michael acceptors. In this case, there is no need for an
external, sacrificial oxidant since the electrophilic a-EWG-alkyl
radical (EWG: electron-withdrawing group) intermediate is
proposed to carry out the Cu(l) — Cu(ll) oxidation, leading to a
Cu(ll) enolate that is hydrolyzed by HCI closing the catalytic cycle
on copper. Accordingly, both CuCl2 and chloride can be used in
catalytic amounts, thus representing an overall redox neutral
transformation. The authors also found that the addition of LiCl
improved the yield of the reactions. This effect was rationalized
by the improvement of solubility, but the impact on the speciation
of the active Cu species was also discussed, based on a previous
report by Mereshchenko.*!l Thereby, the addition of increasing
amounts of chloride can tune the major species in solution in the



direction [Cu(NCMe)sCl]* — [Cu(NCMe)Cls]= — [CuCl4%,
impacting the overall efficiency of the process. A scope
comprising cyclic and acyclic alkanes, ethers, esters, amides, free

carboxylic acids, aldehydes and silanes as substrates was shown.

The observed regioselectivities among different C—H bonds
towards HAT are the expected for the participation of electrophilic
Cle, activating preferentially more hydridic (i.e. electron-rich) C—H
bonds in preference to those that are acidic.’>7® This effect can
be readily seen in the functionalization of ethers selectively at the
a-O position or the lack of reactivity of acidic, alpha-to-carbonyl
C-H bonds. With respect to the olefin partner, classical Michael
acceptors such as acrylates, vinyl sulfones or enones were used,
as well as one example with azodicarboxylate to form C—N bonds.
Notably, when endocyclic acceptors were used unusually high
levels of diastereoselectivity were observed, which is rationalized
by the formation of the Cu(ll) enolate intermediate that can be
protonated stereoselectively.
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Scheme 6. Giese-type C—H alkylation photocatalyzed by CuClz.
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The decarboxylation of carboxylic acids under UV light irradiation
in presence of Cu(ll) salts has been known for 50 years,""-8" put
it was not until 2021 when the first synthetic methodologies
exploiting this reactivity emerged. Interestingly, while
decarboxylation of aliphatic carboxylic acids via LMCT irradiation
was attained before employing Fe(l11)2 or Ce(1V)® catalysts, the
considerably more challenging decarboxylation of aryl carboxylic
acids was first unveiled by Ritter and coworkers, who reported a
method for the decarboxylative fluorination aryl carboxylic acids
using stoichiometric copper and fluoride salts (Scheme 7).% The
irreversible decarboxylation of the aroyloxyl radical ArCOO- (see
discussion above, Scheme 3A) generated after Cu—O homolysis
is allowed to proceed efficiently due to the reversibility of the
photoinduced LMCT step. The resultant aryl radical can be then
efficiently trapped by [Cu(ll)]-F leading to the desired aryl fluoride

products, taking advantage of the ability of the putative Ar—
[Cu(lll)]-F intermediates to undergo facile C—F reductive
elimination®8% (Scheme 7, pathway a). Even though the reaction
can proceed using only Cu(ll), the authors observed a beneficial
effect of additional Cu(l) salts. This outcome is rationalized by the
higher tendency of Cu(l) to capture aryl radicals in comparison to
Cu(ll) complexes, that further contributes to reduce competitive
HAT pathways which lead to undesired protodecarboxylation
products (Scheme 7, pathway b). Overall, this work eloquently
exemplifies some of the benefits of LMCT reactivity, with a single
metal participating in two crucial steps: a challenging C-radical
generation and its subsequent functionalization, enabling an
unprecedent synthetic transformation. Mechanistic studies
include the formation of a LMCT band on Cu(ll) carboxylates and
the photoinduced reduction to Cu(l) observed by UV-vis
absorption spectroscopy, or the detection of aroyloxyl radicals
trapped by chemical probes. This methodology represents a mild
avenue towards structurally diverse aryl fluorides, with a scope
featuring electron-poor and electron-rich substrates and the
presence of halides, aldehydes, or enolizable ketones, among
other functionalities. A limitation of this methodology is the lower
efficiency of substrates bearing highly coordinating or easily
oxidizable amines. However, substrates with a-heteroatom,
benzylic or tertiary C—H bonds that are typically reactive towards
HAT are well tolerated, which is another evidence of the short
lifetime of aroyloxyl radicals under these reaction conditions.
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Scheme 7. Decarboxylative fluorination of aryl carboxylic acids.

Shortly after, the same group extended this mode of activation
towards the formation of Csp>~OH bonds (Scheme 8).°' The
designed strategy consisted in forming an ester Ar—O2CAr’,
followed by hydrolysis with LiOH to yield Ar—OH. Since one of the
aryl carboxylic acids is used to produce aryl radicals, the key
aspect was to select a different “sacrificial” carboxylic acid
(Ar'CO2H) to act as the source of OH after hydrolysis without



competing for LMCT decarboxylation with the desired substrate.
The authors identified thiophene-2-carboxylate (TC) as the most
effective compound for this task, which was rationalized on the
basis of its enhanced stability toward decarboxylation as a result
of the conjugation of the C—COO- bond with the S lone pair, in line
with the hypothesis proposed by Ingold.’”! Similarly to their
previous methodology, stoichiometric Cu(ll) and Cu(l) are
required to obtain high yields, and the protocol described is a one-
pot photochemical C-O formation starting from a lithium
carboxylate, followed by a hydrolysis step. Regarding the scope,
electron-rich, -neutral and -poor benzoic acids containing
versatile functional groups and some late-stage functionalization
of complex molecules are demonstrated.
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Scheme 8. One-pot decarboxylative hydroxylation of aryl carboxylic acids.

Concurrently, MacMillan and coworkers independently developed
a similar platform for the decarboxylative functionalization of aryl
carboxylic acids via LMCT reactivity mediated by copper (Scheme
9). The main difference with Ritter’s approach is the use of copper
in catalytic amounts, thus requiring the use of an additional
oxidant to enable turnover. A variety of oxidants are suitable to
obtain productive reactions, although the use of N-fluoro-2,4,6-
trimethylpyridine consistently leads to more efficient reactions. In
their work on decarboxylative halogenation of aryl carboxylic
acids®® the group reported iodination, bromination, chlorination
and fluorination methods, which are achieved through two distinct
mechanisms: via direct XAT from N-X-type reagents such as N-
iodosuccinimide or N,N’-dibromo-dimethylhydantoin to aryl
radicals (X = 1, Br) or via aryl-X reductive elimination at putative
Cu(lll) intermediates (X = Cl, F). With those methods in hand, the
authors demonstrated the effective access to aryl halides with a
broad scope, extending the scope of previously attainable
substrates under thermal decarboxylative conditions, in particular
towards the use of heterocyclic substrates. As such, a wide
variety of heteroaryl carboxylic acids including pyridines,
pyrazoles, pyrazines or thiazoles, among others, are successfully
engaged. To achieve efficient fluorinations the use of
stoichiometric copper salts (3 equiv.) was required, since catalytic
amounts of Cu resulted in low yields due to competitive C—O2CAr
bond formation (see analogous reactivity described by Ritter and
coworkers on Scheme 8). The preparation of 2- or 4-
fluoropyridines and related compounds, which are notoriously
reactive towards SnAr, allowed the sequential nucleophilic
substitution of fluorides by different nucleophiles, such as amines,

alkoxides or thiolates after aqueous workup, providing a
straightforward route to obtain these compounds from abundant
carboxylic acids. Interestingly, the reaction only performed well in
MeCN as the solvent; an effect also observed by Ritter®
suggesting a possible role of this coordinative solvent as
supporting ligand bounded to copper. Mechanistic studies are
also presented, including the trap of aryl radicals with a Giese
acceptor olefin, benzene and deuterium (from CD3CN), UV-vis
absorption studies and, crucially, the detection of aroyloxy
radicals under reaction conditions by transient absorption
spectroscopy.
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Scheme 9. Catalytic decarboxylative halogenation of aryl carboxylic acids.

The MacMillan group also extended their approach towards
decarboxylative borylation (Scheme 10).521 Given the relevance
of aryl organoboron compounds as nucleophiles in transition-
metal catalyzed cross-couplings, this method constitutes an
appealing avenue to access this key building blocks from
abundant and structurally-diverse aryl carboxylic acids. In this
case, the authors identified the use of N-
fluorobenzenesulfonimide (NFSI) as a terminal oxidant,
bis(picolinato)diboron (B2pinz) as a borylating reagent and fluoride
salts as activator in the presence of [Cu(NCMe)s]BF4 as optimal
for this transformation. The use of high-intensity light sources was
found beneficial to achieve high conversions. Although the
participation of Cu—Bpin species cannot be completely ruled out,
the authors proposed a radical addition of Are produced after
LMCT decarboxylation to [B2pinzF]-,% leading to the final aryl—
Bpin product. The reported scope is quite general, tolerating
synthetic handles such as nitriles, halides or ester in substrates
with different substitution patterns (ortho-, meta-, para-) as well as
many heteroarenes and drug derivatizations. Recognizing the



synthetic power of the boronic ester products, subsequent one-
pot palladium-catalyzed cross-couplings were also demonstrated
to proceed in good yields by simply adding the required reagents
after the photochemical reaction, highlighting the practicality of
this strategy to perform this type of couplings bypassing the need
for isolation of organoboron intermediates. Moreover, they
performed Suzuki-type aryl-aryl coupling using both coupling
partners (aryl halide and aryl boronic ester) obtained in a
telescoped process from Cu-catalyzed LMCT decarboxylative
functionalization, showcasing the enabling power of this strategy
to use aryl carboxylic acids as potential downstream
nucleophilic/electrophilic fragments.
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Scheme 10. Catalytic decarboxylative borylation of aryl carboxylic acids.

Around the same time, the Yoon group also paid attention to the
decarboxylation of alkyl carboxylic acids mediated by copper and
light, and published their approach for the oxidative
functionalization at Csp® centers with different nucleophiles
(Scheme 11).871 This approach is based on the oxidation of the
alkyl radical resultant from LMCT decarboxylation to a
carbocation, which is then rapidly trapped by a nucleophile forging
a new Csp®-Nu bond. The role of Cu(ll) in this methodology not
only is restricted to photoinduced decarboxylation, but also
serving as terminal oxidant to form carbocation intermediates, in
line with previous research interest of the same group,&°0
justifying its use in stoichiometric amounts. The scope of
carboxylic acids is broad in terms of functional group compatibility
and include several drugs, however is restricted to substrates that
can form stabilized carbocations after decarboxylation such as
benzylic or a-heteroatom. On the other hand, a large variety of
N-,0- and C-nucleophiles can be employed, including
sulfonamides, nitriles, carbamates, alcohols or indoles. All
together, these aspects make of this approach a truly general
strategy for the functionalization of this type of compounds with

possible applications in the rapid access to large libraries of
pharmaceutically-relevant substances. Mechanistically, the role
of nitriles as ligands is also discussed, and a study of the impact
of the ratio Cu(ll)/alkyl carboxylate on the efficiency of the reaction
revealed that an excess of Cu(ll) is beneficial, which is proposed
to avoid the formation of Cu(ll) dimerst®'! that are photochemically
inactive under visible light irradiation and unable to form
carbocations effectively.
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Scheme 11. Decarboxylative nucleophilic functionalization of alkyl carboxylic
acids.

In 2022 Reiser, Rehbein and Castellano reported the
decarboxylative synthesis of ketones and aldehydes (Scheme
12).°2|n this catalytic method oxygen is used as terminal oxidant,
which traps carbon radical intermediates and allows turnover via
the formation of Cu-alkylperoxo species. The substrates
employed are mainly benzylic, although they report two examples
of cyclic secondary alkyl showing that this protocol can be
extended to this class of inactivated substrates. Notably, the
authors isolated and characterized Cu-carboxylate complexes
and elegantly demonstrated how the specific coordination mode
(chelate vs monodentate) dramatically affects the decarboxylation
efficiency. This study combines X-ray diffraction, UV-Vis
absorption, FT-IR, EPR, NMR and computational studies to
determine Cu speciation and unravel their role on the LMCT
decarboxylation process. Since monodentante Cu(ll) complexes
were found to be much more efficient than paddlewheel-type
dimers, the authors managed to favor the formation of the former
type by using a bulky neocuproine ligand, which disfavors the
formation of dimers and, in turn, results in efficient photocatalytic
decarboxylations.
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Scheme 12. Cu-catalyzed decarboxylative synthesis of ketones and aldehydes.

Beyond halogen and carboxyl, other radical species have been
generated via LMCT in Cu(ll) complexes. In 2018 Rhebein and
Reiser demonstrated the formation of Nse using this strategy,
which was successfully applied to the azido-oxygenation of
olefins,®® which are valuable intermediates used in the
preparation of several bioactive compounds (Scheme 13). This N-
radical, generated after Cu—Ns homolysis adds to styrenes
resulting in a benzylic radical, which is further oxidized in the
presence of Oz and Cu via alkylperoxide-Cu species delivering
the final ketoazide product and enabling turnover. Internal and
terminal alkenyl arenes with para- and meta- substituents worked
well, while ortho-substituents generally resulted in decreased
yields. Styrenes containing different groups such as free amino,
nitrile, halides or heteroatom scaffolds were shown, while non-
conjugated alkenes remained unreactive. The identification of
some key intermediates was performed by independent synthesis
confirmed by X-ray crystallography, NMR and EPR spectroscopy,
suggesting the formation of a Cu(ll) complex under these reaction
conditions that rapidly reacts with TMSN3; (TMS: trimethylsilyl) to
give a Cu(ll)-azide dimer that is absorbing green light and it is
believed to be the LMCT-photoactive species. Several reactivity-
based pieces of evidence are also provided, such as the trapping
of benzylic radicals by TEMPO or the lack of reactivity under inert
atmosphere, which are in line with the proposed mechanism.

(o]

O Cu(dap),Cl (1 mol%) N3
+ TMSN, @
MeCN, air, 25 °C
green LEDs
Cu(dap),* =
@'reg) Vel
(o] o [e) (o]
N/
M
CFs  H,N 0 ©
60% 56% 67% 33%
TMSOH
[Cu']—N, et
TMSN,
[Cu'—OH [Cu'] + N3

7
@,

N
&, 82 el

Scheme 13. Photocatalytic azido-oxygenation of olefins.

In the same year, Gong and co-workers proposed LMCT-
triggered Cu—C homolysis as a key step in the enantioselective
alkylation of imines with benzyl trifluoroborate salts (Scheme
14).161 |n this methodology alkyl radicals are generated from their
trifluoroborate salts which, given their oxidation potential (Eox =
+1.34 V vs SCE), should not be oxidized by Cu(ll) complexes via
outer-sphere SET. Thus, the formation of C-radicals without the
need for an additional photosensitizer is rationalized on the basis
of a photochemical homolysis of Cu(ll)-alkyl complexes that
would occur after transmetalation. Accordingly, copper catalysts
are performing a dual role in this reactions: produce benzylic
radicals via LMCT excitation and govern the subsequent
stereoselective transformation by providing a chiral environment
induced by the use of bisoxazoline-type (BOX) chiral ligands.
Several mechanistic insights are presented, including EPR and
UV-vis absorption spectroscopy or cyclic voltammetry studies.
Critically, the presence of the putative Cu(ll)-alkyl complex was
detected by HRMS and the radical-radical coupling of benzylic
radicals was also achieved upon blue light irradiation, supporting
this mechanistic proposal. With respect to the scope,
organoboron substrates are mainly primary benzylic of diverse
electronic character, presenting high yields and good
enantioselectivities. One example of a secondary and another of
a tertiary are also working well in terms of yield, although
presenting modest values of enantiomeric excess. On the imine
side, this method requires the presence of a carbonyl in a-position
that works as directing group to effectively coordinate to Cu and
achieve effective stereoinduction.
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3.2 Reactions mediated by Fe(lll) complexes

The first reports on the use of photoreduction of FeCls to oxidize
organic molecules appeared in the late 1960s, when Imoto and
co-workers reported a series of works dealing with these reactions
on the presence of 1,2-glycols, their ethers and toluene (Scheme
15A).94-971 Although much details on the exact operating
mechanism were not provided at that stage, these reports
probably constitute the first use of photogenerated Cle mediated
by iron salts in organic chemistry, although the generation of
alkoxy radicals RO« (see below) in the case of diols seems also
apparent. Interestingly, in their work on toluene oxidation the
authors notice a dramatic effect of the water content on the
distribution of products derived from benzyl radical, favoring the
C—-H chlorination product upon addition of aprox. 4 equiv of H20.
Years later Shul’pin carried out a more systematic study on the
catalytic C—H photooxidation of alkanes to alcohols and ketones,
proposing the decomposition FeCls — FeClz + Cls as the main
photoinduced process, being responsible for the C—H activation
via HAT (Scheme 15B).%-"% Street lamps were used as light
sources, although daylight was also reported to promote these
reactions, which were extensively studied with special emphasis
on their kinetic profile. Despite of the relatively low yields, it is
remarkable the possibility of performing C—H functionalization on
inactivated substrates with just 1 mol% of FeCls as catalyst, using
sunlight as the light source and oxygen as the terminal oxidant.
More recently, this approach was further studied and revisited by
Tataki and Fu.l'="%" The group of Sato also applied the
photoreactivity of FeCls towards the oxidative functionalization of
olefins (Scheme 15C).[1%-1071 Mechanistically, these works are
also based on the photogeneration of Cle, which in this case
undergoes addition to cyclic olefins in the presence of oxygen,
leading to a-chloroketones or ring-opening oxidation products.
Barbier in 1984 further contributed to demonstrate the synthetic
utility of this approach, applying this concept to the oxidation of
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benzylic C—H bonds en route to ketones!'®®! and finding good
yields in the cases bicyclic substrates like tetralin or indan
(Scheme 15D).
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Scheme 15. Seminal reports on LMCT reactivity on FeCls applied to C-H
functionalization.
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These seminal works paved the way for the posterior appearance
of modern methodologies exploiting LMCT reactivity on Fe(lll) to
achieve different synthetic targets. In 2021 the groups of Duan,®'!
Rovis!'® and Jin'"% independently reported photocatalytic C—H
alkylation and amination of inactivated alkanes with electron-
deficient olefins or azocarboxylates, respectively (Scheme 16).
Under similar reaction conditions, the three works invoke LMCT
homolysis of Fe—Cl bonds in FeClz to release Cls, which
undergoes HAT with the targeted C—H bond. The resultant alkyl
radical participates in a polarity-matched addition to a suitable e-
deficient olefin in a Giese-type reaction and, analogously with the
mechanism discussed previously for CuCl2 and depicted in
Scheme 6, this electrophilic radical is able to oxidize Fe(ll) to
Fe(lll), enabling catalytic turnover and delivering the final product
after protonation. Notably, these reports display different nuances
on their approach. Duan showed an environmental-friendly
system for the amination of alkane feedstock via Cl--mediated
HAT, using the most abundant metal in Earth’s crust as catalyst
and 365 nm LEDs as the light source. The removal of iron salt,
chloride source or light all resulted in no reaction, in line with the
proposed hypothesis. Other metal sources, including CuClo,
displayed worse performance. Moreover, ICP mass spectrometry
was carried out to rule out the presence of any other metal at ppm
levels, confirming the key role of Fe in this transformation.
Remarkably, this reaction proceeds efficiently with extremely low
loadings of FeClz-6H20, resulting in 80% yield at 0.01% Fe, which
represents a TON = 8000, and the protocol was also scaled up to
50 mmol. The scope of alkanes included some gaseous, liquid
and solid alkanes with functional groups such as ether, thioether,
ketone or halogens in combination with azodicarboxylates or
Giese acceptors to give C—N or C-C bond formation products.
The authors also performed several mechanistic experiments,
including the detection of chlorine and carbon radicals in EPR as



5,5-dimethyl-1- pyrroline N-oxide (DMPO) adducts or KIE
experiments, revealing that C-H cleavage is the product-
determining but not the rate-determining step. On the other hand,
Jin and coworkers were motivated on activating the four most
simple gaseous alkenes (methane, ethane, propane and n-
butane) in Giese-type reactions under similar reaction conditions
as a platform for upgrading gaseous feedstocks. Among all
alkenes, methane is perhaps the most challenging to engage in
view of the high BDE of its C—H bonds (~105 kcal/mol) and its low
solubility, which makes it difficult to handle from a practical point
of view. Notably, methane was efficiently engaged in alkylation
reactions at room temperature at 50 atm, while the use of

atmospheric pressure still afforded product, although in low yields.

Due to their higher boiling point and solubility in acetonitrile,
ethane, propane and butane could be successfully used at
atmospheric pressure in combination with many different
electron-deficient olefins such as malononitrile, maleimide or
acrylate derivatives. Kinetic and computational studies
complement the synthetic work and offered further insights into
the mechanism; pointing towards FeCl3(NCMe)z as the main
photoactive species in solution showing a reactive low-lying
LMCT state. Finally, the Rovis group directed their attention to the
regioselective C—H alkylation reaction influenced by the presence
of electron-withdrawing groups. As previously discussed, due to
the strong influence of polar effects in HAT,[">7¢] the abstraction
of stronger, inactivated C—H bonds is preferred over the more
thermodynamically favored, but polarity-unmatched acidic C-H
bonds that are in o to EWG such as ketones, esters, nitriles or
sulfones. Overall, this strategy allows functionalization in
positions to carbonyl groups, which is complementary to the well-
stablished a-functionalization via enolate of enamine chemistry.
The authors demonstrated the utility of this approach on different
substrates, which was particularly effective when short alkyl
chains or 5-member rings were employed, since only one isomer
was obtained. The olefin radical acceptors included acrylate,
acrylonitrile derivatives, vinyl sulfone or maleic anhydride, among
others. The proposed mechanism is analogous to the one
previously described for CuClz (see Scheme 6), suggesting the
intermediacy of a Fe(lll) enolate and identifying FeCls~ as the
main photoactive species.
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Also in 2021 the same group reported an interesting twist in
Giese-type reactions via C—H functionalization, which occur after
rearrangement of the initial alkyl radical in a process that
resembles to the Dowd-Beckwith ring expansion (Scheme 17).1'"1]
When using ketones containing tertiary substituents as substrates
Cle undergoes HAT to give a primary B-keto-alkyl radical, which
rapidly rearranges to a more stable tertiary radical via addition to
the carbonyl and subsequent B-scission of the intermediate
cyclopropyloxy radical. The resulting C-radical is then
participating in a Giese-type addition to olefins, in line with
previous reports. Substitution of the carbonyl in B-position to the
primary radical by other n-systems such as (hetero)arenes is also
effective, expanding the scope of application of this methodology
to tert-butyl-substituted electron-deficient arenes. Ring-expansion
of cyclopentanones is also achieved, in analogy to the classical
Dowd-Beckwith process. Interestingly, this skeletal
rearrangement can be modulated adjusting the reaction
conditions (temperature, concentration) so that the primary
(innate) or tertiary (rearranged) radical addition to the olefin is
obtained selectively. Since the rate constants of this type of
rearrangement are known and considered as radical clocks, these
reactions were also used to evaluate the rates of radical addition
to a diverse set of olefin acceptors.
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Subsequently, other reports appeared extending the repertoire of
FeCls-catalyzed Csp®~H functionalizations beyond alkylation that
can be carried out under light irradiation. In 2021 Duan and Jin
expanded this concept to the C—H alkynylation of alkanes with
alkynyl sulfones (Scheme 18A).1''2 The mechanistic basis of this
transformation is the addition of the alkyl radical obtained by HAT
with Cls to a phenyl arylethynylsulfone which, followed by the
elimination of PhSO2, reforms the triple bond and renders the
alkynylation product. The resultant sulfonyl radical PhSQO2¢ is
proposed to act as an oxidant to perform the Fe(ll) — Fe(lll)
oxidation that enables catalytic turnover in iron. Several liquid and
gaseous alkanes were used as substrates in combination with
several aromatic ethynyl sulfones to give internal alkynes as
products. Interestingly, steric hindrance seems to affect more to
this reaction in comparison with the previously discussed Giese
additions, resulting in lower propensity to undergo
functionalization in C—H tertiary centers. Very recently, Laulhé
and co-workers also used this activation mode for the formation
of C—S and C—Se bonds (Scheme 18B).""3 Upon light irradiation
in presence of catalytic FeCls, C—H chalcogenation of linear and
cyclic amides was reported exclusively at the position in o to
nitrogen, enabling access to amido-N,S-acetals moieties that are
found in several natural products and antibacterials. The a-N-alkyl
radical accessed via HAT with Cle attacks to a disulfide/diselenide
compound, leading to the desired product and a chalcogen radical
(e.g. PhSe) that undergoes SET oxidation of Fe(ll) completing the
catalytic cycle. When two different alkyl substituents are present
in the amino group of the amide, a marked selectivity on methyl
over other alkyl moieties was found. Beyond amides,
sulfonamides, Boc-protected amines or ethers were also suitable
substrates. With respect to the scope on disulfides, mainly
aromatic compounds with different substitution patterns and
electronic character were engaged, while benzyl and tert-butyl
disulfides were presented as examples of alkyl counterparts.
Finally, Gong and Wang reported their studies on an optimized
system in combination with HCI that allowed to reduce
significantly the loading of iron salts (Scheme 18C).I'"'" While
most of the work is devoted to Giese-type alkylations, some
examples on divergent C—H functionalizations including oxidation,
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chlorination, fluorination, amination, alkynylation and sulfonylation
are also provided. TONs up to 9900 were enabled by the use of
HCI as co-catalyst, which enhances the catalytic activity
improving the TON by one order of magnitude. UV-vis absorption
spectroscopy studies were presented to investigate the role of
HCI, which was found to promote the formation of FeCls~ as the
key photoactive species participating in LMCT reactivity.
Additionally, it was observed that the addition of H20 entails a
deleterious effect on the formation of these species. With this data
on hand, the authors optimized reaction conditions using just 0.05
mol% of FeCls and 1 mol% of HCI in acetonitrile as the catalytic
system, although higher loadings were required for other
functionalizations different from Giese-type alkylation.

H FG
+ FG-Y

Duan and Jin 2021: fo)

FeCl; or FeCl;:6H,0
(0.5-10 mol%)

MeCN, N, or air, r.t.
390 nm LEDs

N

H NH
r
CO,Me

Laulhé 2022:
10 00 1.0
-
Me N S N s Meﬁ)‘\l:l/ Sé
Me o Me Me
55% 72% 48%
Wang and Gong 2022:
(o]
/@/ F Q sorh /@)‘\oH
[o) 2!
Ph Ph—/ o Cl

51%

ﬂeg FG
oy oy

alkyl radical

Y - _— [Fell
SET
Y- <« S [Fell]

Scheme 18. Fe-catalyzed C-H functionalizations.

One of the main drawbacks of C—H functionalization mediated by
Cl+ is the poor site selectivity when unbiased alkanes containing
non-equivalent C—H bonds are employed as substrates. In 2022
Nocera and coworkers tackled this challenge in an attempt to gain
control on the site-selectivity of C—H chlorination reactions
(Scheme 19).'"3 Following the insights obtained during their
previous work on photoinduced homolysis of Ni(lll)-Cl bonds (see
section on Ni below),[''®17] the authors based their strategy on
the confinement of Cls generated after LMCT into the secondary
coordination sphere around iron complexes to exert steric control
over its reactivity. The interaction between Cls and a pendant
arene moiety of a series of pyridine diimine (PDI)-type ligands
coordinated to Fe “tames” the reactivity of the otherwise
unselective Cle towards HAT. The resultant alkyl radical would
then abstract a halogen atom from Fe(lll)-Cl, CCls or BrCCls to



give chlorinated or brominated products. Thus, following this
strategy the photochemical halogenation of less congested
primary and secondary C-H bonds over the more
thermodynamically favorable tertiary or even benzylic positions
can be achieved. A comparison on the performance of simple
FeCls salts and (PDI)Fe-Cl complexes manifest the different
regioselectivity on the chlorination products as a direct
consequence of the more hindered environment for Cle offered by
the latter compounds. Studies based on transient absorption
spectroscopy and photocrystallography, together with previous
observations by the same group in the solid state,'"® confirmed
the formation and confinement of Cls on the coordination sphere
of the iron complex via [*Cl---arene] interactions, which also
influences its reactivity profile. Even though this study is mainly
based on stoichiometric reactions with Fe(lll) complexes, this
works paves the way for the development of regioselective C-H
functionalizations via HAT with Cls mediated by transition metal
catalysts.
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Scheme 19. Selectivity enhancement of C—H functionalization via steric control
of chlorine radical.

Beyond their use for the functionalization of feedstocks to access
synthetically valuable intermediates in organic chemistry, this
photocatalytic activation mode has also been applied to upgrade
or recycle chemically inert polymers. In particular, the degradation
of polystyrene waste in presence of oxygen and catalytic amounts
of FeCls under light irradiation has recently been reported
independently by Zheng,!"'® Stachl'? and Hul'?"l (Scheme 20).
Polystyrene is one of the largest-volume plastics used worldwide,
but its chemical inertness complicates its degradation. Moreover,
its transformation into products that can be then further utilized on
chemical synthesis is also highly desirable. Using similar
approaches, iron-catalyzed photochemical degradation of
polystyrene has proved to offer a sustainable and cost-effective
pathway for the obtention of benzoic acid at room temperature
directly from real-life plastics such as packaging foams or plastic
cups using Oz (1 atm) or simply air as a terminal oxidant.
Furthermore, the process can also be applied at gram-scale in
flow, setting promising basis for possible future industrial
applicability. Mechanistically speaking, this transformation

13

involves the irradiation of FeCls at LMCT bands resulting on the
production of Cle, which undergo HAT at benzylic positions of
polystyrene. The resultant C-radical reacts with molecular oxygen
to form a peroxy radical that oxidizes Fe(ll) to Fe(lll) allowing
catalytic turnover. The resultant alkoxy radical is the key
intermediate in the process, since undergoes facile B-scission
cleaving a skeletal Csp®~Csp?® bond of the polymer backbone. The
resultant fragments of low molecular weight are further degraded
to benzaldehyde and, under these oxidative conditions, ultimately
to benzoic acid.
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Scheme 20. Fe-catalyzed degradation of polystyrene in presence of light and
oxygen.

Analogously to Fe—Cl homolysis, photoinduced LMCT reactivity is
also known in Fe(lll)-O bonds. Nonetheless, the photoinduced
homolytic cleavage of Fe(lll)-OH to give HO- is the basis of the
reactivity known as “photo-Fenton”, which is widely used in water
detoxification treatments.[?2'2% |n 1986 Sugimori reported a
seminal work on the utilization of this elementary step on the
decarboxylative C—H alkylation of quinolines with alkyl carboxylic
acids (Scheme 21A).['?!l Upon light irradiation, homolysis of the
Fe—O2CR bond followed by CO: extrusion results in an alkyl
radical, which undergoes a polarity-matched addition to
protonated heteroarenes in a Minisci-typel'? reactivity. In this
process stoichiometric Fe(lll) salts were used and the alkyl
carboxylic acid was used in large excess, as a co-solvent.
Nonetheless, this work represented the first synthetic application
of LMCT decarboxylation promoted by iron salts. Building up on
these precedents, Jin and coworkers reported in 2019 the
catalytic version of this transformation into a more practical and
synthetically appealing method, using blue light irradiation in
presence of 10 equiv. of carboxylic acid (Scheme 21B).18 Since
an oxidant is needed to re-oxidize Fe(ll) to Fe(lll) and allow
catalysis, the authors screened different reagents and identified
the use of inexpensive inorganic salts such as NaBrOs or NaClO4
as optimal terminal oxidants under these reaction conditions.
Interestingly, a key finding was the need for picolinic acid as a
ligand, which affects dramatically to the performance of this



reaction resulting in 0%, 60% and 94% yield when a loading of

0%, 5% or 10% of ligand was used, respectively. The generality
of the reaction is showcased by the use of primary, secondary and
tertiary carboxylic acids bearing several functional groups such as
alkenes, ketones, halides, alcohols or arenes. A broad scope is
also shown on the heteroarene side, comprising structurally
diverse scaffolds including quinolines, pyridines, pyrazines,
benzothiazoles or purines, among others, representing a robust
and general method in which the only drawback is possibly the
large excess of carboxylic acid required.
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Scheme 21. Decarboxylative Minisci-type alkylation of heteroarenes mediated
by iron(lll). (A) Stoichiometric reactions. (B) Catalytic method.

Shortly after, the same group reported the iron-catalyzed
decarboxylative alkylation and amination of carboxylic acids
(Scheme 22).1'%81 According to the proposed mechanism, after
LMCT-promoted decarboxylation of a suitable alkyl carboxylic
acid the resultant alkyl radical adds to an electron-deficient n-
system (i.e. Giese-type olefin acceptor or azodicarboxylate).
Analogously to the mechanism described above for Cu-mediated
C-H alkylation and amination (see Scheme 6), the resultant
intermediate electrophilic radicals act as oxidants to promote the
SET oxidation Fe(ll) — Fe(lll) that enables turnover in iron
catalysis without the need of an external oxidant and delivers the
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product after protonation. Once again, the role of the ligand was
markedly important, with 2,2’-picolylamine offering the best
results. Interestingly, the authors also showed that other metals
salts such as Mn(ll), Ni(ll), Co(lll) or Cu(ll) were incapable of
promoting this transformation under the same reaction conditions.
Although the scope on the olefin is mainly reduced to ethylene
malononitrile derivatives, it is contrarily broad in terms of the alkyl
carboxylic acid partner and include examples of primary,
secondary, tertiary, benzylic and a-heteroatom derivatives. In the
amination protocol, the azodicarboxylate partner is used as
limiting reagent requiring an increased amount (4 fold-excess) of
the carboxylic acid in this case but also with similarly broad scope
in terms of structural diversity and functional group compatibility
to access different substituted hydrazines. Only one application of
LMCT photocatalysis on aryl carboxylic acids using Fe(lll) has
been reported so far on the intramolecular C—H acyloxylation
described by Jin and Leil'? In this case, the slower
decarboxylation rate in ArCOO- radicals (see discussion above)
combined with the presence of a pendant arene results in the
more favorable intramolecular C—O bond formation to access
benzocoumarin derivatives, which occurs without CO2 extrusion.
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Scheme 22. Fe-catalyzed decarboxylative alkylation and amination.

The photochemical reactivity of alcohols in presence of Fe(lll)
salts has been known for decades. For example, during their
seminal works on the degradation of 1,2-glycols,!®*% the group of
Imoto described in 1968 the reaction of FeCls with ethylene glycol
to give acetaldehyde and proposed the formation of alkoxy
radicals (RO*) as intermediates.[ In 1977 Rose and coworkers
also reported the oxidation of methanol to formaldehyde in
presence of Fe(lll) imino-complexes under sunlight and air
atmosphere.['?®! In this case the authors proposed a homolytic
cleavage of the Fe—OMe bond after population of LMCT states as



the primary photoprocess. But this mode for alkoxy radical
generation was not employed in modern synthetic methodologies
until late 2021, when Hu and Zeng independently reported C—C
bond cleavage reactions in alcohols under iron photocatalysis
(Scheme 23).[129130 Both works could capitalize on the LMCT
homolysis of Fe(lll)-OR bonds to generate alkoxy radicals under
mild conditions, which undergo facile B-scission driven by the
formation of a C=0 bond at expenses of the homolytic cleavage
of a Csp®~Csp® bond on the backbone of the alcohol substrate.
The resultant C-radical can then undergo HAT from a thiol co-
catalyst or attack to diazocarboxylates resulting in C—H or C-N
bond formation and generating a thiyl radical (RS¢) or a N-radical,
respectively, both of which can re-oxidize Fe(ll) allowing catalytic
turnover. When cyclic alcohols are used as substrates, this
approach represents an effective tactic for the deconstruction of
non-strained rings using a catalytic system that can operate in the
absence of additional sacrificial oxidants. Interestingly, Hu
observed that the presence of chlorides was beneficial for the
reactivity and rationalized it in terms of the participation of Cle in
the reaction. However, in their work on aminative ring-opening of
cyclic alcohols Zeng and coworkers used a mixture of 2 mol%
Fe(acac)s / 6 mol% t-BuOK or Fe(Ot-Bu)s as catalytic system,
showing that the generation of alkoxy radicals can be possible in
absence of chlorides. Moreover, alkoxy radicals could be
captured in situ by reaction with styrene, further supporting
photoinduced Fe—O homolysis as the main pathway to access
these reactive species under these reaction conditions. In terms
of scope, ring-opening of cycloalkanols from ring sizes ranging
from 4 to 12 could be achieved, with or without exocyclic
substituents in « to the OH group, leading to linear aldehydes or
ketones functionalized in a remote position. Different substituted
(hetero)arenes and functional groups were also tolerated in these
methodologies, which were also applied to the deconstruction of
sugars, steroids and lignin models. In addition, several examples
on the C—C bond cleavage of non-cyclic substrates were reported
by Hu, representing a tool for the de-hydroxymethylation of
alcohols.
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Along the same lines, Zeng and Li used a similar approach for the
8-functionalization of alcohols with azodicarboxylates (Scheme
24). This reactivity is based on the exploitation of a different, but
also well-established ability of alkoxy radicals: the intramolecular
1,5-HAT with inactivated C-H bonds, generating C-radicals in
remote positions in a regioselective manner.'3 This catalytic
method allows the functionalization of linear and cyclic alcohols
containing silyl-protected alcohols, ether or ester functionalities.
Notably, the amination occurs exclusively at the 3-C—H position
even in the presence of weaker C-H bonds such as benzylic
orthose in alpha to heteroatoms showcasing the directed,
intramolecular character of HAT step. Primary, secondary and
tertiary positions were suitable for the C—N bond formation. Gram-
scale synthesis was also possible, using loadings as low as 0.1
mol% FeCls. Overall the above-described reactivity profile, which
mimics that reported previously for cerium salts by Zuo,[13%-134
demonstrates that the formation of alkoxy radicals from alcohols
via LMCT excitation is also a valid strategy under iron catalysis,
probably aided by the higher oxophylicity of Fe(lll) in comparison
with other 3d metals.
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Scheme 24. Remote amination of alcohols via iron photocatalysis.

3.3 Reactions mediated by Ni(lll) complexes

Due to the inherent instability of Ni(lll) species, the number of
reported compounds is markedly more scarce than Cu(ll) and
Fe(lll) complexes and, in consequence, their LMCT reactivity has
been significantly less explored. In fact, it was not until 2015 when
the photoinduced homolysis of Ni(lll)-Cl bonds to produce Cl+
was demonstrated. With the aim of developing systems based on
Earth-abundant metals for energy storage, Nocera and coworkers
reported a family of well-defined Ni(lll) trichloro-complexes that
are capable of producing Cl2 upon light irradiation (Scheme
25A).[16.1171 The UV-vis absorption spectra of these complexes in
solution present LMCT bands in the visible range, which are
responsible for the observed photoreactivity. Computational,
photocrystallographic and transient-absorption spectroscopy
studies demonstrated that population of LMCT excited states
induces the reduction to Ni(ll) with concomitant formation of Cle,
which is stabilized by interactions with a pendant phenyl ring of
the diphenylphosphinoethane (dppe) ligand forming a charge-
transfer complex before dimerize to give Cl2 or undergo HAT with
the solvent. The effective stabilization of Cle by charge-transfer to
an aryl ring of the second coordination sphere was proposed to
play a key role to obtain efficient photoelimination. More recently,
the group of Mirica carried out a study focused on a tetradentate
N-donor ligand system, supported by different spectroscopic
techniques (Scheme 25B).'3% Similarly, photoinduced homolysis
of the Ni(lll)-Cl bond was proposed to proceed via population of
LMCT states upon visible-light irradiation. In both cases, the
parent Ni(lll) complexes could be regenerated by treatment with
PhICl>.
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Scheme 25. Photoelimination of chlorine radical from Ni(lll)-Cl complexes.

The frequent participation of Ni(lll) species in nickel-catalyzed
cross-couplings has directed more attention towards the reactivity
of these intermediates. In particular, given the broad success of
the merge between photoredox and nickel catalysis, significant
interest has been attracted to the study of Ni(ll) and Ni(lll)
complexes under photochemical conditions.’"136-131 |n  this
context, during their studies on metallaphotoredox reactions the
Doyle group unveiled in 2016 a method for the cross-coupling of
aryl chlorides with ethereal solvents at C—H bonds under blue light
irradiation,[*%! proceeding via the proposed mechanistic depicted
in Scheme 26."" A given [Ni(0)] catalyst undergoes oxidative
addition of aryl chloride to form [Ni(ll)]JArCl, which is then oxidized
by excited-state iridium photocatalyst [Ir(Ill)]* to access the key
[Ni(lIN]JArCI intermediate. Under these photochemical conditions
LMCT homolysis of the Ni(lll)-CI bond occurs, affording Cle that
activates selectively C—H bonds in alpha to the oxygen atom of
the solvent via HAT. The resultant C-radical rebounds to [Ni(Il)]JAr
species and subsequently undergo reductive elimination to give
the C—H arylation product and [Ni(l)], which is reduced to [Ni(0)]
by [Ir(I)] closing simultaneously both nickel and photoredox
catalytic cycles. Thereby, in this reaction the aryl chloride serves
not only as coupling partner, but also as the source of chloride
ligands that would be transformed into Cle via LMCT at Ni(lll).
Differently from the methods described above for Cu(ll) and Fe(lll),
photoactive Ni(lll) species are not present at the beginning of the
reaction but are postulated intermediates generated in situ. For
this reason, methodologies based on LMCT reactivity on Ni(lll)
complexes generally require the participation of an additional
photoredox catalyst that carry out the Ni(ll) — Ni(lll) oxidation,
also playing additional roles on other SET steps. A broad scope
on the aryl chloride side was reported, enabling access to
structurally diverse benzylic ethers. Examples of electron-rich and
-poor substrates containing alkenes, aldehydes or nitriles groups
and different heterocyclic structures could be engaged in good to
excellent yields. The scope of ethers is more limited, but
displaying good reactivity in cyclic and acyclic structures. The use
of the C—H coupling partner as a solvent is probably the main
drawback of this methodology, but the authors demonstrated that
a reduction to 10 equivalents is possible by using benzene as co-
solvent. In addition, a similar protocol could also be extended to
non-ethereal compounds such as toluene and even inactivated
cyclohexane as alkyl radical precursors, laying the foundation for
future applications. It is worth noting that a similar transformation



using aryl bromides was reported simultaneously by Molander  approach that can be used at late-stages in view of their broad
and coworkers.[*2 In this case Brs generation is proposed to be  scope and functional group compatibility.
generated from excited-state Ni(ll) complexes, although the

photoinduced homolysis of Ni(lll}-Br bonds was not fully ruled out.
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OR

This strategy for C—H arylation based on metallaphotoredox

catalysis was very recently applied to the enantioselective o-

Scheme 26. Ni-catalyzed C-H arylation of ethers. arylation of protected amines (Scheme 28).'*" Based on the

above-described reactivity mode, Huo and coworkers not only
enabled the use of slight excess (3.0-4.0 equiv.) of the C-H
Exploiting this idea, the Doyle group next applied this reactivity to  coupling partner with respect to the aryl chloride, but also
target two specific ethereal coupling partners with distinct succeeded in the asymmetric induction through the use of chiral
reactivity profile (Scheme 27). First, the authors explored the use  pis(imidazoline) ligands to access valuable enantioenriched o-
of 1,3-dioxolane as C-H coupling partner through the selective . aryl N-heterocycles. A diverse set of aryl chlorides can be
HAT on the C-2 position, enabling a methodology for the masked  employed with good yields and enantioselectivities, including
formylation of aryl halides (Scheme 27A).1'* In such a way, the  heteroaryl substrates with different functionalities. 5 to 8-member
benzylidene acetal derivates obtained under metallaphotoredox cyclic amides, carbamates and lactams along with several
catalysis could be deprotected by simple acidic workup giving the  examples of linear substrates are engaged as well, representing
corresponding  benzaldehyde derivatives, representing a g cost-effective method to access valuable building blocks. The
convenient one-pot method for the CO-free formylation of aryl  utility of the method was further demonstrated by the late-stage
chlorides. The scope of the method proved to be very general,  diversification of derivatives of pharmaceuticals and natural
including examples of high complexity such as sugars, drugs,  products and the good performance at gram-scale.
agrochemicals or glycosides, containing many polar and
coordinating functional groups in a method that was shown to be
effective also in gram scale. Recently, the same group reported
the use of trimethyl orthoformate for the methylation of aryl halides
(Scheme 27B).[4l Starting from a serendipitous discovery, this
reactivity is based on the ability of (MeO)sC- to undergo B-scission
producing dimethylcarbonate and Mese, which is the C-radical
species participating in Ni-mediated cross-coupling.
Computational calculations predict a favorable energy profile for
the formation of Me+ following this pathway, which complements
the experimental detection of this reactive species, all together
providing feasibility to the proposed mechanism. Since
methylation protocols frequently use highly reactive electrophilic
or nucleophilic Me-sources, this method offers a complementary
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Scheme 28. Enantioselective C—H arylation of protected amines.

Beyond the reaction with aryl halides, Csp®~H bonds can also be
functionalized with other coupling partners under Ni-catalyzed
cross-coupling reactions producing halogen radicals via LMCT
processes. In 2018 Doyle and coworkers described a method for
C-C bond formation with chloroformate derivatives (Scheme
29A).1'%81 Contrarily to that observed in arylation methods, the
deactivated character of the C—H bonds in alpha to the carbonyl
group in the product now allows the significant extension of the
scope of C-radical precursors beyond ethers to many other
compounds bearing inactivated C—H bonds that can be used in
much reduced amounts (3 equiv.). Mechanistically, the process is
analogous to that reported for aryl chlorides, involving now
oxidative addition into R(O)C—CIl bonds. Hence, this method
provide access to structurally diverse ketones, esters and amides
in modest to good yields. The scope on the alkyl fragment side is
broad including linear and cyclic alkanes, containing ketones,
protected amines, alkyl chlorides or nitriles, among other
functional groups. The selectivity amongst different, inactivated
C-H bonds matches well the observed for Cle in other
methodologies. Two years later, the groups of Paixdo and Konig
extended the pool of funtionalizations on ethers towards the C-H
alkylation with alkyl bromides by means of photoredox-nickel dual
catalysis (Scheme 29B).I"*! In this case Bre, generated by LMCT
homolysis on Ni(lll)Br complexes is mediating the HAT to produce
C-radicals, which undergo a Csp®-Csp?® reductive elimination to
afford the desired product. The scope of alkyl bromides includes
primary and secondary substrates bearing different functional
groups in combination with tetrahydrofuran (THF), which was
used as a solvent. Different ethereal solvents other than THF
were attempted, but generally resulting in low yields or no product
formation.
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Scheme 29. Ni-catalyzed C—H functionalization with chloroformates (A) and
alkyl bromides (B).

This strategy was adapted by Wu and coworkers for the
hydroalkylation of disubstituted alkynes (Scheme 30).['48
Mechanistic studies suggested a more complex scenario, where
a key role for chloride salts and a regioselectivity inverse to that
expected for radical addition were found. With this data in hand,
the authors proposed a mechanism involving LMCT generation of
Cle at Ni(lll) to activate C—H bonds on a suitable substrate to form
an alkyl radical. These species would then enter in conjunction
with the reactivity of Ni-H species towards alkynes, ultimately
leading to the alkene product with generally good E/Z selectivity.
A scope consisting in different internal alkynes in combination with
ethereal or amide-based C-radical precursors used as
(co)solvents was described. Later on, the group of Hong reported
a related transformation involving ynones as the alkyne acceptors,
yielding alkylated enones under similar reaction conditions.['*9]
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Scheme 30. Ni-catalyzed C-H functionalization reactions with alkyne
derivatives.

3.4 Reactions mediated by Co(lll) complexes

Although other related photoinduced reactions such as
decarboxylation['>%'5" have been know at a fundamental level for
decades, the synthetic applications of photochemical processes
in Co(lll) have been largely dominated by the facile C-Co
homolysis upon LMCT excited-states population('%-54 at vitamin
B12-derivatives and bis(dimethylglyoximato) complexes, also
known as cobaloximes (Scheme 31A). In this section there are
summarized some of the most representative examples to
provide a general vision of the field, however for a more
comprehensive analysis the reader is referred to any of the
excellent reviews on these types of catalysts that are reported
elsewhere.['®-1%  The general reactivity profile of these
compounds under photocatalytic conditions is depicted in
Scheme 31B.[' Co(lll)-alkyl complexes can be generated
following two major pathways: (i) polar Sn2-type reaction of Co(l)
precursors with alkyl electrophiles and other related systems (e.g.
epoxides) or (ii) C-radical capture by stable, long-lived Co(ll)
metalloradicals. Upon visible-light irradiation, the resultant
alkylcobalt(ll) complexes undergo LMCT homolysis to give Co(ll)
and an alkyl radical, which in turn can (i) recombine with Co(ll) to
reform Co(lll)-alkyl, (ii) escape from the radical pair solvent cage
and participate in free-radical reactions or (i) react with Co(ll)
metalloradical via HAT, leading to Co(ll)-H and the
corresponding alkene through a formal, radical-type B-hydride
elimination. These features have been exploited over the years in
many applications in the field of organic synthesis.
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Scheme 31. (A) Cobaloxime and Vitamin B12 general structures, Co—C
photoinduced homolysis. (B) Reactivity modes under light irradiation.

During their studies on radical addition to olefins, Giese and
coworkers reported in 1988 the use of alkyl cobaloximes as
convenient, stoichiometric C-radical precursors upon light
irradiation (Scheme 32).'0.8" Unlike other radical initiators at
that time, this strategy did not require high temperatures or the
use of explosive reagents to generate alkyl radicals, which were

19

detected by ESR and could be trapped by NO to yield oximes.
Upon reaction with olefins two extreme situations where identified.
The use of styrene allowed the re-generation of the double bond
via B-hydride elimination, affording C—H substitution products.
Contrarily, the use of acrylonitrile generate intermediates with
polarized Co(lll)-C bonds that are heterolytically cleaved to give

stabilized carbanions which, after protonation, provide
hydroalkylation products.
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Scheme 32. Generation of alkyl radicals by irradiation of alkyl Co(lll) complexes.

In 2011 the group of Carreira capitalized on the combined polar
and photochemical reactivity of cobaloximes to design an elegant
method for the catalytic intramolecular Heck-type coupling of alkyl
iodides (Scheme 33).1°° The proposed mechanism involves the
alkylation of reduced cobaloximes via Sn2 with alkyl iodides
forming a Co(lll)-alkyl intermediate which, upon blue light
irradiation, experiences homolysis followed by fast 5- or 6-exo-trig
radical cyclization into the olefin and rebound to cobaloxime again.
The resultant, new Co(lll)-alkyl intermediate then undergoes
photochemical desaturation via Co—C homolysis+HAT, yielding
the final Heck-type alkene product and Co(lll)-H. The key aspect
to enable turnover and go catalytic in cobalt was the regeneration
of active Co(l) by simple deprotonation of the putative Co(lll)-H
intermediate using /Pr2NEt as a base. A stannyl cobaloxime
Ph3sSn—Co(dmgH)2py was used as precatalyst, but the reaction
could be initiated as well using alkyl cobaloximes with comparable
efficiency. With respect to the scope, different 5-membered rings
could be assembled through this C—C bond forming process,
resulting from the radical addition to terminal, di- or tri-substituted
olefins. 6-membered cycles could also be obtained only in the
presence of electron-deficient olefin acceptors. While in most of
the cases primary alkyl iodides were utilized, an example of a
secondary substrate is also provided, and several functional
groups such as aryl iodides, aldehydes or alcohols are tolerated.
Finally, the utility of this method was showcased on the concise
synthesis of the natural product (+)-samin. Two years later the
same group applied this reactivity on the intermolecular reaction
between 2,2,2-trifluoroethyl iodide and styrenes, showing as well
its scalability in flow.[62
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Scheme 33. Co-catalyzed intramolecular Heck-type reaction of alkyl iodides.

In 2016 the group of Morandi followed a similar strategy for the
intramolecular coupling of epoxides or aziridines with alkenes
under cobaloxime photocatalysis (Scheme 34).['®3l Upon Sn2-type
nucleophilic ring opening of the 3-member-heterocylic ring by
Co(l), a Co(lll)-alkyl intermediate bearing a pendant alkene is
obtained, which participate in a similar radical Heck-type process
to the one described above. In this case, the use of tertiary amines
as bases proved ineffective, but the authors reported the
successful use of #BuOK in catalytic amounts, since an
equivalent of strong base is generated after each ring-opening
and therefore available to deprotonate Co(lll}-H species allowing
turnover. A variety of epoxides and aziridines, which were
regioselectively opened at the least substituted position,
participate in this reactivity to afford 5- and 6-member cyclic
homoallylic alcohols and amines as E/Z mixtures, when
applicable. Preliminary results on the more challenging
intermolecular version of this reaction were provided using of the
highly activated diphenylethylene as olefin acceptor. The polar,
stereospecific nature of the ring opening by Co(l) was
demonstrated by the lack of erosion on enantiomeric excess when
a chiral epoxide was utilized. Further mechanistic experiments
were performed, confirming the radical nature of the process after
ring-opening.
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Scheme 34. Intramolecular Heck-type reactivity via ring-opening of epoxides.

This mode of catalytic polar-radical hybrid reactivity has also been
demonstrated with vitamin B12 derivatives.['%%1%6] For example,
the groups of Gryko and Komeyama have independently reported
intermolecular reactions between alkyl tosylates or S-acyl
thiopyridines with electron deficient olefins to give Giese-type
products under blue LEDs irradiation (Scheme 35).1'6416%1 Those
reactions are based on the faculty of these Co(l)
“supernucleophiles” to participate in Sn2-type reactions and
subsequent photoinduced LMCT homolysis. In this case the
radical intermediate obtained after addition to the olefin is reduced
and, since Co(lll)-H is generated, the catalytic turnover is not
mediated by deprotonation but achieved by direct Co(ll) - Co(l)
reduction in presence of stoichiometric Zn or Mn reductants. The
use of ammonium salts as proton donors was also proven
advantageous to obtain high yields. The alkyl and acyl radicals
generated via B12 photocatalysis were smoothly added to a wide
variety of Michael acceptors such as acrylates, acrylonitriles, vinyl
sulfones, vinyl boronates, vinyl pyridine or cyclopentatone,
performing also well at gram scale. Structurally diverse alkyl- and
arylacyl fragments can be coupled under Gryko’s conditions,
including heterocyclic groups and tolerating many functionalities.
Regarding the scope on alkyl tosylates shown by Komeyama and
coworkers, it includes many examples of primary substrates and
one example of secondary, possessing good functional group
tolerance. As can be expected from the Sn2-type nature of this
reactivity, sterically congested electrophiles react with much
reduced yields constituting the main limitation of this strategy.
Several mechanistic experiments, including trapping of C-radicals
with TEMPO, detection of Co-based intermediates by MS or
deuteration labelling were performed, all in agreement with the
mechanistic proposal detailed above.
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Scheme 35. Giese-type reaction of alkyl tosylates and S-acyl thiopyridines
catalyzed by vitamin B12 derivatives.

Recently, the Gryko group explored the catalytic use of vitamin
B12 derivatives to undergo tandem ring-opening cross-coupling
sequences (Scheme 36). Following this approach, B12-catalysis
would be used to generate C-radicals that would then participate
in Ni-catalyzed cross-couplings with aryl halides through an
interesting Co/Ni dual photocatalytic system, in presence of Zn as
terminal stoichiometric reductant. In a first contribution in 2020 the
authors worked on the strain-release-driven reactions with
bicyclo[1.1.0]butanes to access valuable 1,3-disubstituted
cyclobutanes.['®l The proposed ‘mechanism involves the
nucleophilic ring opening of these strained rings by attack of Co(l)
to form, after protonation, cyclobutyl Co(lll) species. Visible-light
induced LMCT homolysis of this intermediate provides cyclobutyl
radicals that can be intercepted by Ni catalysts to participate in
C—C reductive elimination in presence of aryl halides to yield the
final arylcyclobutane products. Notably, the cyclobutyl Co(lll)
intermediate could be isolated and characterized by X-ray
crystallography, and their photochemical performance towards
LMCT homolysis of the Co(lll)>C bond was unambiguously
established by trapping the resultant cyclobutyl radical with
TEMPO. Other mechanistic experiments by means of deuteration
labelling, cyclic voltammetry or UV-vis absorption spectroscopy
were in agreement with the proposed mechanism. A wide variety
of aryl iodides containing multiple functional groups like nitriles,
ketones, alcohols or alkynes were successfully engaged,
including examples with heteroarenes and drug derivatives. The
presence of an EWG at 1-position of the bicyclobutane was
required, allowing the obtention of sulfonyl-, cyano-, carboxyl- or

amido-cyclobutanes with this method that could also be extended
to bicyclopentanes. Next, they applied a similar strategy for the
cross-coupling of epoxides with aryl iodides.'®”] This methodology,
which was applicable to aryl and alkyl epoxides, features a highly
regioselective ring opening on the least substituted position,
providing access to B-arylated linear alcohols. Both cyclic and
acyclic, mono- and disubstituted epoxides proved to be suitable
substrates for this transformation. Finally, the same group very
recently extended this reactivity to oxetanes.['®®l Due to the higher
barrier associated to the nucleophilic ring opening, no direct
reaction was observed between Co(l) and oxetanes. For this
reason, oxetanes were opened in situ with TMSBr to form
bromohydrins that are suitable alkylating substrates for Co(l) via
Sn2. Hence, using this blueprint y-arylated alcohols were obtained
as products, with a scope on aryl iodides comparable to their
previous works. It is worth noting that, in addition to the Ni-
mediated arylations, free-radical Giese-type addition to different
electron-deficient olefins to yield alkylation products was also
described in these publications for bicyclobutanes and oxetanes.
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Cobaloxime catalysis has also found important applications on
the desaturation of alkyl radicals. This mode of reaction is based
on the ability of Co(ll) to trap alkyl radicals to form Co(lll)-C bonds,
which can then be homolyzed via LMCT excitation and undergo
HAT to give an alkene and Co(lll)-H. Methodologies involving this
type of processes typically require another photocatalyst to
generate C-radicals, and a number of methodologies have
appeared on the last decade exploiting dual
photoredox/cobaloxime catalytic systems.['3:1%% Photocatalytic
radical desaturations have been performed from different alkyl
radical precursors, involving HAT, SET or XAT as activation
modes (Scheme 37). In 2015 Sorensen and coworkers
demonstrated the possibility of using a redox-neutral, fully
catalytic system for the dehydrogenation of alkanes combining
tetrabutylammonium decatungstate as HAT catalyst with
cobaloxime catalysis.['"! Although yields were generally modest,
this report constituted a landmark on the field, showcasing the
potential of radical desaturation in organic synthesis. More
recently, this dehydrogenative synthesis of alkenes was further
improved by Huang and Xu with the use of 2-chloroanthraquino
as HAT catalyst.['" While this strategy possesses a perfect atom
economy, the presence of many undistinguishable C—H bonds in
many cases results in mixtures of alkenes and, in this regard, the
controlled and site-specific generation of C-radicals offers
complementary synthetic advantages. With this idea in mind, the
groups of Ritter, Tunge and shortly after Larionov independently
developed the photochemical decarboxylative synthesis of olefins,
using a photoredox catalyst to undergo SET oxidation of alkyl
carboxylates that, after CO2 extrusion, would lead to alkyl
radicals.'”>'74l This strategy enables access to olefins in
structurally complex environments from abundant carboxylic
acids under mild conditions, and it is particularly useful when
using primary or symmetrical carboxylic acids and aminoacids,
where only one alkene regioisomer is obtained. The wide variety
of sensitive functional groups tolerated under these conditions
makes of these methods a robust and useful synthetic tool that
can be applied for late-stage functionalization. Finally, Leonori
and co-workers recently described the photoinduced
dehydrohalogenation of inactivated alkyl halides by means of
photoredox/cobaloxime dual catalysis.®* As a milder and more
efficient alternative to classical E2 thermal eliminations, this
reaction is based on the generation of C-radicals by XAT with o-
aminoalkyl radicals,!'”¥ generated in situ via photoredox catalysis,
and their subsequent desaturation via cobaloxime catalysis.
Primary, secondary and tertiary iodides and bromides smoothly
react under these conditions to give alkenes in good to excellent
yields in the presence of a variety of functional groups. Notably,
the authors demonstrated how modification of the electronic and
steric properties of the cobaloxime catalysts allows to modulate
the reactivity of the Co(ll) intermediate towards HAT and,
therefore, control the site-selectivity on the alkene formation. This
blueprint was applied to the synthesis of contra-thermodynamic
olefins that cannot be accessed by thermal E2 elimination and, in
several cases, the regioselectivity of the reaction could be
inverted under the same reaction conditions upon careful
selection of a suitable cobaloxime catalyst.
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Scheme 37. Synthesis of alkenes via catalytic radical desaturation with
cobaloximes.

3.5 Reactions mediated by Ti(IV) complexes

Due to its high-valent character and the high electrophilicity of the
metal center, most Ti(IV) complexes possess low-lying LMCT
states and are thus particularly well-suited to participate in
photoinduced LMCT processes.l'’%-'8l However, the use of this
light-induced reactivity has not been extensively applied to
organic synthesis. In the late 1970s Sato and coworkers reported
a series of seminal studies on photochemical reactions mediated
by Ti(IV) in methanol (Scheme 38).'8-'84 |n these works,
methanol was described to form new C—C bonds with the carbonyl
group of ketones and enones in a reactivity that could also be
extended to imines and nitriles. The formation of hydroxymethyl
radical (*CH20H) from methanol via rearrangement of methoxy
radical (CH3O¢) was rationalized to explain this reactivity, which
was applied to the one-step synthesis of frontalin from 2,6-
heptanedione. Although the specific mechanism was not clear at
that stage, in view of the known fast reactivity of TiCls with
alcohols towards the formation of Ti(IV) alkoxides,['® these might
represent the first seminal uses of LMCT reactivity of Ti(IV)-O
bonds in organic synthesis. This reactivity mode has been later
applied by Sato and other researchers in related
transformations.[186-189
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Scheme 38. Seminal reports on the photochemical reactivity of Ti(IV) with
alcohols.

More recently the groups of Flowers and Gansauer!'® and shortly
after Iwasawal'®'! used light irradiation to access reactive Ti(lll)
species from Ti(IV) precursors via LMCT excitation, bypassing the
common need for metal reductants!'®2%% (Scheme 39).
Differently from other approaches discussed along this review, in
these works the main interest is focused not in the species derived
from the ligand, but on the metal-based species generated after
Ti(IV)-L homolysis and their innate reactivity towards C—O bond
cleavage. In this manner, the radical-type reactivity of Ti(lll)
towards oxygen atoms was exploited by Flowers and Gansauer
for the reductive ring-opening of epoxides, which can be carried
out under green-light irradiation with catalytic amounts of Cp2TiCl2
in the presence of stoichiometric amines and a thiol as a HAT
catalyst. The authors proposed the use of amines to enable
turnover and also playing a role as reductant to efficiently form
Ti(lll) after LMCT excitation. The scope of this reaction included
mono- and di-substituted alkylic epoxides in a variety of structures,
although the functional group compatibility was not explored in
detail. The application of radical ring-opening coupled with a
subsequent radical cyclization with a pendant alkene or alkyne in
a tandem cascade process was also demonstrated, providing
access to more structurally complex scaffolds. On the other hand,
Iwasawa and coworkers focused their attention on the radical
deoxygenative dimerization of benzylic alcohols. Using Ti(Oi-Pr)a
as photocatalyst, upon UV light irradiation Ti(IV)-O homolysis is
expected to proceed via LMCT population, and the resultant Ti(lll)
species can undergo de-hydroxylation on benzylic alcohols
enabled by the formation of a stable benzylic radical, which
dimerizes to give the final product. The stability of the benzylic
radical seems to have a strong influence, since the scope of the
methodology is mainly restricted to highly activated bis-benzylic
alcohols, although two examples of monosubstituted benzylic
alcohols are also shown to proceed in low yields.
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Very recently, Mitsunuma and Kanail'® and the groups of Walsh
and Schelter!'% simultaneously reported the Csp®-H alkylation of
hydrocarbons catalyzed by Ti(IV) chlorides (Scheme 40).
Analogously to the reactivity observed for Cu(ll) or Fe(lll)
chlorides, this reactivity arises from the generation of Cle via
LMCT homolysis of Ti(IV)-Cl bonds. Hence, Cl+ can activate C—
H bonds in alkanes by HAT, generating alkyl radicals that then
participate in Giese-type additions to electron-deficient olefins.
Schelter and Walsh used the air-stable salt [PhsPh]2TiCle as
photocatalyst and provided detailed mechanistic studies based on
UV-vis absorption measurements and computational calculations.
Notably, the in situ-produced Ti(lll) intermediates could also be
isolated and characterized. Several hydrocarbons, including
gaseous methane and ethane, were reacted in combination
different Michael acceptors in good yields. Under similar
conditions, Mitsunuma and Kanai reported analogous findings on
the formation of Ti(lll) species after irradiation of TiCls with 370
nm LEDs. Their Giese-type alkylation included monosubstituted
alkene acceptors and different substrates used for C-H
functionalization such as alkyl ketones, amides or ethers.
Interestingly, the authors also reported the addition of alkyl
radicals to aromatic ketones, which is considerably more
challenging owing to the instability of the resultant alkoxy radical
intermediates. The fact that replacement of TiCls other metal salts
able to produce Cle photochemically such as CuCl2, FeCls or
CeCls* resulted in no reaction suggest that Ti(lll) species are also
involved in the stabilization of the O-radical intermediate, enabling
radical addition to carbonyls. In this case, the use of stoichiometric



TMSCI was also required to re-generate Ti(IV)-CI from Ti(IV)-OR
species, allowing catalytic turnover.
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Scheme 40. Ti(lV) catalyzed C-H alkylation of alkanes.

3.6 Reactions mediated by V(V) complexes

Although the use of vanadium in organic synthesis is largely
dominated by epoxidation and related oxidations via vanadium
oxo-complexes,[' some examples on their photochemical
behavior arising from LMCT excited states have also been
described. In 1975 Bamford and coworkers first reported the
photoinduced production of methoxy radicals from V(V)-OMe
complexes with 8-hydroxyquinolinate ligands upon irradiation at
365 nm (Scheme 41A).['.1%1 The formation of V(IV) complexes
and MeO- after irradiation was confirmed by IR, UV-vis absorption
and ESR spectroscopy, and this reactivity was used for the
photoinitiation of methyl methacrylate polymerization. The
authors also showed how this reactivity could also be extended to
other V(V) alkoxides, representing a general route to produce
alkoxy radicals. These studies were further extended to other V(V)
complexes by the group of Aliwi.l'%%202 More recently, Soo and
coworkers exploited LMCT reactivity of V(V) complexes for the
degradation of lignin models (Scheme 41B).2%-209] This strategy
is based on the formation of O-radicals via LMCT on the hydroxy
groups of lignin, subsequently undergoing B-scission to enable
Csp3-C sp® cleavage on the backbone of this polymeric material
under mild conditions, without requiring pre-oxidation processes.
The presence of atmospheric oxygen is allowing the re-oxidation
V(IV) — V(V), enabling catalytic turnover of this method, which
could be efficiently carried out using visible light with a suitable,
redox-noninocent ancillary ligand for vanadium. The mechanism
of this transformation was interrogated by kinetic, spectroscopic

24

and electrochemical measurements and was also supported by
DFT calculations. Moreover, the authors also employed this
blueprint for C-C bond cleavage on diverse small-molecule
alcohols as substrates and on the degradation of hydroxylated
plastics such as polyethylene glycol. In 2020, the group of Wang
reported a related work using commercially available vanadium
complexes such as VO(i-Pr); as photocatalysts, showing activity
on the degradation of dioxasolv ligning extracts.206!
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4. Conclusion and Future Perspectives

Ligand-to-metal charge-transfer excited states are widely present
in many first-row metal complexes and can be conveniently
accessed via visible or near-UV light irradiation. One of the key
characteristic features of LMCT which differentiates it from other
classes of excited states is their innate tendency to undergo
chemical reactivity without the need for long-lived species. LMCT
reactivity retains a historically unrealized synthetic potential, but
is nowadays emerging as an unparalleled platform for the
generation of highly reactive radical species without involving
strong oxidants or reductants at room temperature, enabling
synthetic methods to proceed under remarkably mild conditions
with broad substrate scope. Moreover, LMCT reactivity allows the
use of Earth-abundant metal catalysts under visible-light
irradiation, in some cases also under redox-neutral conditions,
representing a truly sustainable approach towards chemical
synthesis.

In this review there are summarized some of the most relevant
accomplishments of this strategy in organic synthesis, including
both seminal contributions and state-of-art methodologies. While
the most common synthetic applications are based on the
generation of halogen radicals to undergo HAT in C-H
functionalization methods, it has been proved that the homolysis
of other M—L bonds can result in highly appealing reactivity (e.g.
decarboxylation of benzoic acids, controlled release of C-radicals



or generation of alkoxy radicals from alcohols). In some
methodologies the use of stoichiometric metal complexes is
required. However, the use of inexpensive simple salts of Earth-
abundant metals in these cases alleviates the concerns in terms
of cost, justifying the lack of catalytic settings when providing
remarkable new reactivity pathways, something that would be
difficult to implement in the case of precious metals. Even though
they have common features, it is worth noting the versatility in
reactivity brough by 3d metals offering uniquely different reactivity
profiles, such as the decarboxylation of aryl carboxylic acids in Cu,
the formation of alkoxy radicals by Fe and Ti, the desaturation
channel offered by Co or the ability to readily participate in
subsequent C—C cross-couplings offered by Ni complexes. In this
manner, from stable precursors (Cu', Fe') to intermediates
generated in situ (Ni"), with a key reactive species based on the
oxidized ligand (Cle, RO) or the reduced metal (Ti"), LMCT
activation mode open numerous different reactivity modes by
using a clean and selective source of energy.

Unveiled opportunities can be opened through further exploration
of future directions on the field. For example, in contrast to works
on Cu, Co or Fe systems, LMCT reactivity in other 3d metals such
as Cr, Mn or Ti is comparatively underdeveloped, and could
enable interesting methodologies in the near future. On the other
hand, in comparison with halogen- or O-radicals, the generation
of other open-shell heteroatom species such as N-radicals via
LMCT is significantly less explored, despite their synthetic
relevance. Likewise, given the ability of 3d-metal complexes to
catalyze cross-coupling reactions, further integration of LMCT
activation and organometallic reactivity in a single catalyst would
offer new horizons on sustainable catalysis. Finally, further in-
depth mechanistic studies on this activation mode based on
combined photophysical, computational and other techniques are
required to provide a better understanding on the factors that
govern each type of transformation. In particular, this may lead to
the discovery of novel systems through the exploration of the
influence of ancillary ligands that could modulate or enable
catalytic activity and offer new opportunities, for example, in
asymmetric synthesis. Looked in perspective, the broad
application of LMCT reactivity as a general tool for synthesis is
relatively recent, and was first applied in modern methodologies
in 2016 for cerium!'3@ and nickel,["*% in 2019 for iron®2 and in 2020
for copper.”® Considering this, the examples provided here
certainly represent only the beginning of what we can foresee,
and it is reasonable to anticipate a rapid further development of
this field, and its broader adoption in both Academia and industry.
| hope this review serves to provide a better understanding on
LMCT and stimulate the curiosity of researchers towards the use
of this photoinduced reactivity as enabling tool to design future
chemoselective transformations in a sustainable manner.
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