N

N

Recent Applications of Rare Earth Complexes in
Photoredox Catalysis for Organic Synthesis

Alexis Prieto, Florian Jaroschik

» To cite this version:

Alexis Prieto, Florian Jaroschik. Recent Applications of Rare Earth Complexes in Photore-
dox Catalysis for Organic Synthesis. = Current Organic Chemistry, 2021, 26 (1), pp.6-41.
10.2174/1385272825666211126123928 . hal-03565474

HAL Id: hal-03565474
https://hal.umontpellier.fr /hal-03565474

Submitted on 30 Jun 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.umontpellier.fr/hal-03565474
https://hal.archives-ouvertes.fr

Recent Applications of Rare Earth Complexes in Photoredox Catalysis for

Organic Synthesis.

Alexis Prieto*?, Florian Jaroschik™

2|CGM, Univ Montpellier, CNRS, ENSCM, Montpellier, France

ARTICLE HISTORY

Abstract: In recent years, photoredox catalysis has appeared as a new paradigm for forging
a wide range of chemical bonds under mild conditions using abundant reagents. This
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approach allows many organic transformations through the generation of various radical
species, enabling the valorization of non-traditional partners. A continuing interest has been
devoted to the discovery of novel radical-generating procedures. Over the last ten years,
strategies using rare-earth complexes as either redox active centers or as redox-neutral
Lewis acids have emerged. This review provides an overview of the recent
accomplishments made in this field. It especially targets to demonstrate the utility of rare-
earth complexes for ensuring photocatalytic transformations and to inspire future

developments.
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1. INTRODUCTION

Photoredox catalysis has emerged as an important
platform for the formation of various chemical bonds,
through the in-situ generation of radical species under mild
conditions. [1-5] In contrast with ‘traditional’ radical
chemistry, in which the radical-generation is linked to bond
dissociation energy (BDE), photoredox catalysis exploits the
redox properties of organic molecules for the radical-
generation. In such catalysis, metal-based or organic
photocatalysts, upon light excitation, can behave as both
potent reductant and oxidant, activating organic substrates
through single electron transfer (SET) events, resulting in the
formation of radical intermediates. The increasing interest
within the field has led to the development of novel radical-
generating strategies, such as strategies relying on the use of
rare-earth complexes (Sc, Y, Lanthanides), alone or in
combination with photocatalysts. [6-10] Those complexes
have been employed in photocatalytic transformations,
depending on the electronic nature of the rare-earth metals,

either as redox active centers or as redox-neutral Lewis acids.

Indeed, some rare-earth metals are well known to have redox
properties, such as samarium, europium and ytterbium,
which have readily available divalent oxidation states and
hence are good one-electron reducing agents in the ground
state (Ln**/Ln?* = -0.3 to -1.5 V vs NHE). [11] On the other
hand, cerium(IV) compounds, especially CAN, have found
use as one-electron oxidation reagents (Ln%*/Ln** = +1.6 V
vs NHE), providing functional group oxidations and

triggering radical processes. [12] The redox activities of
these elements, resulted in their use as redox active centers in
photochemical reactions. In contrast, other rare earth metals
form predominantly trivalent redox-stable metal complexes,
which are highly oxophilic and have a strong Lewis acidic
character. [13-14] These properties can be fine-tuned by
varying ligands, solvents and metal ion size (lanthanide-
contraction). Consequently, such elements have mainly been
used as redox-neutral Lewis acids unlocking various
photochemical transformations.

2. RARE-EARTHS AS PHOTOCATALYTICALLY
ACTIVE CENTERS

Recently, a strong interest has been devoted to the
synthesis and the photochemical study of rare-earth based
complexes/salts. [15-16] Interestingly, some of them have
displayed remarkable photochemical behaviors, ranging
from luminescence properties to photocatalytic activities.
However, to date, the promotion of photoredox reactions has
been exclusively described with lanthanide-based complexes
or lanthanide salts. [6-8] The present review will be
narrowed to the description of photocatalytic transformations.
Consequently, photochemical reactions mediated by a
stoichiometric amount of lanthanide would not be discussed.
[17-19]

2.1 Lanthanide catalysis for the generation of O-centered
radical intermediates
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In recent years, lanthanides have demonstrated
impressive abilities for the activation of native alcohols [20-
34] and carboxylic acids, [35-38] leading respectively to the
formation of alkoxy and carboxyl radicals. The formation of
those radicals is particularly attractive, as they are versatile
and valuable intermediates for the synthesis of a large class
of compounds. While carboxyl radicals are almost
exclusively involved in decarboxylative processes, alkoxy
radicals are usually engaged in hydrogen atom transfer
(HAT), in B-scission, or in radical addition processes
(Scheme 1). [39-42]

O,
L=
o
Addition
-
C
~
Decarboxylation  p-scission

R’ A/RiO' \ 0

M
Scheme 1. Traditional reactivity of O-centered radicals.
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In contrast with conventional photoredox systems, in
which the activation of organic molecules involves outer
sphere electron transfers from the excited photocatalysts, the
lanthanide photoredox platform mainly relies on binding
processes, in which complexations of organic compounds
with lanthanides are involved. For instance, alcohols and
carboxylic acids can readily form complexes with
lanthanides, which upon light excitation lead to the
homolysis of the ligand-metal bond, resulting in the
formation of the ligand-based radical and in the formal
reduction of the lanthanide centers. This reactivity is based
on a Ligand-Metal Charge Transfer (LMCT) (Scheme 2).
[43]
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Scheme 2. LMCT mechanism with oxygenated substrates.
2.1.1 Lanthanide catalysis for the activation of alcohols

In the 1980s, the Ishida group has disclosed seminal
investigations reporting that lanthanides can activate free
alcohols under light irradiation. These studies have been
focused on the use of Eu'"' catalysts. [20-23]

The first discovery in the field was made when a solution
of 10 mol% of europium(lll) chloride in methanol was
irradiated with light (>300 nm) in the presence of a-
methylstyrene 1. [20] In those conditions, they observed the
formation of two main compounds, which were identified as
the reductive dimer of a-methylstyrene 2 and the 2:1 a-
methylstyrene-methanol adduct 3 (Scheme 3). When the
reaction was conducted in ethanol or in isopropanol, the
same products were obtained, albeit in different ratio. To
gain insight into the operative mechanism, the authors
performed deuterium labeling experiments, spectrometry
analyses, and monitoring of the hydrogen gas formation. The
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latter allowed to propose a plausible mechanism that would
involve a catalytic cycle Eu"YEu", in which the two
europium species would be photoexcited (Scheme 3). The
mechanism would start by the coordination of the methanol
to the Eu"" species. Then, the photoexcitation of the complex
would induce a LMCT process that would form the methoxy
radical and the Eu''Ln species (Scheme 3). The methoxy
radical would then initiate a HAT step, resulting in the
formation of the radical I, which would react with compound
1, forming the intermediate 11. The catalytic cycle would be
closed by the subsequent photoexcitation of the Eu(ll)
species, followed by the single electron transfer (SET)
reduction, restoring the Eu(lll) catalyst and giving rise to
radical hydrogen. The latter would react with either
compound 1 or methanol, affording respectively
intermediate 111 or I. Finally, the reaction of the intermediate
111 with itself or with the intermediate 11, would vyield the
final products 2 and 3a (Scheme 3).

[Ishida, 1985]
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Scheme 3. First example of the photo-activation of alcohols catalyzed by
europium. [20]

A vyear later, based on the same reactivity, the Ishida
group reported the hydroxymethylation of aliphatic alkenes 4.
As previously, the reaction was found to be poorly selective
leading to the formation, in modest yields, of both the
dihydrodimer of alkenes 6 and the expected products 5
(Scheme 4). [21]

[Ishida, 1986]
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Scheme 4. Europium-catalyzed hydroxymethylation of alkenes. [21]



Title of the Article

Finally, they have also extended the scope of the reaction

to the hydroxymethylation of uracil derivatives 7 (Scheme 5).

[22] The reaction afforded the expected products 8 in good
to excellent yields with derivatives unsubstituted at the 6-
position, while the reaction was ineffective with substituted
substrates. For this transformation, a mechanism similar to
the precedent was proposed (Scheme 3-5), except that, the
catalytic cycle would be closed by the SET reduction of
compounds 7 from the excited Eu(ll) species. It should be
mentioned that the reduction might occur also after the
radical addition of the intermediate I to uracil 7 (Scheme 5).

" 1
EuCI3 (5-20 mol%) - R
N H
MeOH 3-12h 2\
hv > 300 nm o) N

| R2 OH

[Ishida, 1985]
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Scheme 5. Hydroxymethylation of uracil derivatives. [22]

More recently, alternatively to europium catalysis,
cerium catalysis has been used for achieving the activation of
alcohols. Cerium-based photocatalysis has been applied to a
wide number of synthetic transformations and has proved to
be a remarkable platform for accessing complex and
interesting molecules.

In 2016, the Zuo group firstly discovered that, under light
irradiation and in presence of CeCl;, NBusCl and
azodicarboxylates 10, cyclic alcohols 9 undergo C-C bond
cleavage, through p-scission, yielding to the hydrazino-
carbonyl products 11 (Scheme 6). [24] In this protocol, a
range of cyclic alcohols both secondary and tertiary were
found to be suitable as substrates, giving compounds 11 in
moderate to excellent yields. From a mechanistic point of
view, the authors have proposed that the active Ce'v species
would be initially generated by the SET event involving the
excited Ce""OR complex and DBAD 10. However, advances
in the field allowed updating of the initial proposed
mechanism by the mechanism depicted in Scheme 6. The
latter would start with the photoexcitation of DBAD 10,
which would oxidize the Ce"" precatalyst to the Ce'V species.
Then, the complexation of the alcohol with the Ce' would
form the photoactive Ce""OR complex, which upon
irradiation, would give the Ce'" species and the alkoxy

Journal Name, 2019, Vol. 0, No.0 3

radical. The latter would undergo C-C bond cleavage and
ring-opening providing intermediate 1 (Scheme 6). Finally,
the reaction of compound | with DBAD 10, followed by the
reduction of intermediate Il, would furnish the final

molecule.
[Zuo, 2016]
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Scheme 6. Cerium catalysis for the photoinduced C-C bond cleavage. [24]

More recently, based on Zuo’s work, Wang and co-
workers used this reactivity for achieving the
depolymerization of lignin by C-C bond cleavage (Scheme
7). [25] To reach this objective, they first studied the cerium
photoredox system on B-O-4 linkage model substrates 12. In
this context, the reaction provided both benzaldehydes 13
and hydrazines 14 in good yields (Scheme 7). Finally, the
reaction has been undertaken with pine lignin affording, by
depolymerization, three valuable monomers in moderate
global weight (11.94 wt%). It should be mentioned that this
result was obtained with an additional amount of cerium
catalyst system and an extended reaction time (Scheme 7).
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[Zhang, 2020]
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Scheme 7. Cerium-Photocatalyzed depolymerization of lignin model
substrates & native lignin. [25]

Later on, the Zuo group has also exploited this reactivity
for synthesizing bridged lactone derivatives 17 starting from
cyclic alcohols 15 and Michael acceptors 16 by the use of a
dual photoredox platform (Scheme 8). [26] The reaction
provided access to a wide range of bridged lactones in
moderate to good yields. Interestingly, in contrast with prior
work reported by the group, the wuse of 910-
diphenylanthracene (DPA) as photocatalyst (PC) was
essential for the reaction efficiency. Without the PC, the
reaction was poorly effective. Indeed, to sustain the catalytic
cycle, the SET event, between the transient radical and the
Ce'"" catalyst, must be ensured to regenerate the active Ce'V
species (vide supra, Scheme 6). Consequently, the success
of the catalysis depends on the feasibility of this SET event.
Given the redox potential of the couple Ce'"'/Ce'V (E12= 0.40
V vs. SCE in MeCN), the ground-state Ce'' could be
oxidized by the N-centered radical (Scheme 6, intermediate
I1), while the latter cannot be oxidized by a-ester radicals
(E12 = -0.66 V vs. SCE in MeCN). [43] To overcome this
limitation, the Zuo group used DPA for securing both the
oxidation of Ce'" to the Ce'V and the reduction of the radical
intermediate to the corresponding anion | (Scheme 8).
Another strategy has been developed by the Zuo group to
ensure the SET event without the use of PC and DBAD
reagent (vide infra, Scheme 12). Mechanistic considerations
led the authors to propose the following mechanism
(Scheme 8). As previously, the photoinduced LMCT would
lead to the homolysis of the Ce'V-OR bond, forming the
alkoxy radical, which by B-scission would give rise to the C-
centered radical. Addition of the radical to the Michael
acceptor would form a transient radical that would be
reduced to the enolate | by the photoexcited DPA (Scheme
8). Finally, the intermolecular aldol reaction would result in
the formation of the species I, which upon acidic/heating
treatment, would give the bridged lactone.

[Zuo, 2018] CeCls (4 mol%)
PBu,CI (8 19 (0]
OH CO,R? u4Cl (8 mol%) O
:[/ EtO C\/\ DPA (2 mol%) )
), 2 R'  PhCN,RT, 1224h 0 COR
Blue LEDs R'
15 16 (1.5 equiv.) then p-TsOH, A 17, 25 examples
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Selected examples
starting materials products

mOH % 0,Me
F
Me CO,Me

79%, 1.7:1 d.r.
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Scheme 8. Cerium-DPA dual photocatalysis for the formal cycloaddition of
cyclic alcohols with alkenes. [26]

More recently, the Zuo group has developed a general
procedure for the C-C bond cleavage and functionalization
of ketones merging Lewis catalysis and photoredox-
catalysis. [27] The strategy enabled the formation of various
final compounds depending on the ring-size of the starting
ketones 18. While 4- and 5-membered cyclic ketones provide
products 19, higher membered cyclic ketones lead to the
formation of compounds 20 (Scheme 9). The products
divergence was explained by the difference in reactivity of
the intermediate | depending on the ring-size of starting
ketones (Scheme 9).
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[Zuo, 2020] [Zuo, 2021]
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Scheme 9. Lewis acid/Photoredox cooperative catalysis for the C-C bond
cleavage in cyclic ketones. [27] Scheme 10. Dual photocatalysis for the ring-expansion of cyclic ketones to
macrolactones. [28]

This year, Zuo and co-workers reported a ring expansion . .
protocol of cyclic ketones under visible light irradiation and In recent years, a particular interest has been devoted to
aerobic conditions, combining cerium and cyanoanthracene ~ the elaboration of redox-neutral coupling protocols enabling
catalysts. [28] This elegant protocol enablés the one-step  the formation of C(sp?)-C(sp?) bonds from readily available
synthesis of macrolactones, ranging from 9-membered to 19- startmg_ reagents. In this context, the photoredox/nlckt_el dual
membered lactones 22 in moderate to good yields, from catalysis has emerged as a powerful platform for securing the
readily available cyclic ketones 21 (Scheme 10). The formation of such bonds under mild reaction conditions by
reaction would proceed through a cyclisation mediated by ~ the use of various starting materials. [44-57] Among them,
cerium, followed by a LCMT step that triggered the alcohols have_z bee_n already used and valorized, albe_lt in the
homolysis of CeV-OR complex, resulting in the generation oxalate functionalized f_orms. [58-64] (_:o_n_sequently: in 2021,
of the alkoxy radical. The subsequent P-scission and the Zl_Jo group ha§ enwsaged the feasibility to achieve such
oxidation with oxygen would then provide the products 22~ ©0uplings by using native alcohols 24, and they have
(Scheme 10). This strategy might also be helpful for disclosed _the dehydrgxymethylgtlve arylatlo_n of frge
reducing step-synthesis for reaching some macrolactones. ~@lcohols with aryl bromides 23 using a cooperative catalytic
For instance, the authors demonstrated the utility of their ~ SyStém employing cerium, DPA and nickel catalysts
procedure by synthetizing the (3R, 5S)-sonnerlactone in only (Scheme 11). [29] Interestingly, the success of this reaction

4 steps-synthesis in 35% overall vield, thereby highly lies in the use of carboxylate salts as ligands for cerium(l11)
improving a precedent synthesis (Scheme 10). chloride. Without the use of those unconventional ligands,

the reaction was ineffective. To find this class of ligands, the
authors screened more than 190 ligands by using an
automatic device. This survey showed that carboxylate
ligands with electron-donating substituents in the ortho-
position furnished the best results (Scheme 11). The reaction
gave access to a wide range of compounds 25, demonstrating
a high functional group tolerance. However, alcohols that
can be engaged in the reaction seem to be limited to
substrates forming stabilized radicals such as a-O, -N, -vinyl
or -alkynyl radicals and benzyl radicals (Scheme 11).
Mechanistically, the reaction would proceed following the
previously mentioned mechanisms, except that in this case
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the DPA photocatalyst was used as an electron-shuttle
between the cerium and the nickel catalytic cycles (Scheme
11). Regarding the nickel catalytic cycle, the latter would
start by the oxidative addition of Ni® with aryl bromides,
resulting in the formation of the X-Ni"-Ar complex, which
then would trap the radical intermediate generating a Ni'"
complex. The reductive elimination would form
concomitantly products 25 and a Ni' intermediate. Finally,
the reduced form of DPA would reduce the Ni'intermediate
to Ni° (Scheme 11).

[Zuo, 2021]
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in the reaction the [-scission process is highly favored
compared to the 1,5-HAT. The procedure has been applied to
the synthesis of various substrates 27 in moderate to
excellent yields, ranging from simple to complex molecules
bearing, for instance, uridine or adenosine cores (Scheme

12).
[Zuo, 2019]
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Scheme 12. Cerium-photocatalyzed dehydroxymethylation of alcochols.
[30]

\ / Ce"Ln \ DPA* \"TQ:

In parallel to the reactions involving LMCT going
through pB-scission processes, other cerium photochemical
LMCT-based strategies involving HAT processes have been
developed. For instance, the Zuo group in 2018 disclosed a
method enabling the remote CH-bond functionalization of
free alcohols 28. [31] They demonstrated that alkoxy
radicals, generated through LCMT under light activation and
in presence of CeCl; and NBu.Cl, can be engaged in a 1,5-
HAT resulting in the formation of 3-C-centered radicals
(Scheme 13). The latter would then react with DBAD 10,
giving compounds 29. A large library of native alcohols
showed to be suitable for the reaction, ranging from butanol

DPA
LMCT
. ’\Ce'VLn
_:Q:_W SET
Ce”'Ln / DPA N,
) °Ni®
R N, N
(Ni-Br ArBr
B-scission N
. -
R ( LN

R=Ar %
25 ( NI”I .

Scheme 11. Photocatalytic dehydroxymethylative arylation mediated by
cerium, DPA, and nickel catalysis. [29]

Prior to this work, the Zuo group has already reported a
dehydroxymethylation of alcohols 24, in which alkyl radicals
reacted with electron-deficient alkenes 26 (Scheme 12). [30]
In this protocol, the reaction was carried out without the use
of an additional photocatalyst. Indeed, to maintain the
catalytic cycle, the reaction was performed under 365 nm
irradiation. This enables a double-excitation process, in
which both the Ce'V-OR complex and the Ce'" are excited,
ensuring respectively the LMCT step and the final SET
event. Selectivity studies were conducted to demonstrate that

to lithocholanyl alcohol.
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[Zuo, 2018]
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Scheme 13. Cerium-photocatalyzed 3-functionalization of alcohols. [31]

Based on such reactivity, the Zuo group have also
explored the possibility to extend the reaction to
intermolecular HAT. [32-33] Therefore, they developed a
new and elegant reactivity concept relying on the use of a
catalytic amount of free alcohols for achieving the CH-bond
functionalization of hydrocarbon gases 30 such as methane
(Scheme 14). [32] For catalyzing the reaction, simple and
cheap alcohols, such as methanol, 2,2,2-trifluoroethanol
(TFE) and 2,2,2-tricholoroethanol (TCE), have been
selected. Indeed, their alkoxy radical counterparts are
strongly electrophilic and energetic, therefore able to abstract
hydrogen atoms from hydrocarbon gases C-H bonds. This
intermolecular HAT step would form the alkyl radical that
could react with various acceptors, such as DBAD 10,
forming functionalized products 31 (Scheme 14). In
comparison with intramolecular HATSs, in which the
selectivity is ruled by transition states, intermolecular HATS
are much less selective, and often lead to mixture products.
The authors were confronted to this problem while the
functionalization attempts of propane and butane were
undertaken. However, they also demonstrated that the
selectivity of HATs could be influenced by using alcohols
with divers electronic nature. For instance, they observed
that methanol favors, in a general manner, HAT from the
methylene C-H bonds (Scheme 14).

[Zuo, 2018]
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Scheme 14. Cerium photoredox platform used for the functionalization of
gaseous alkanes. [32]

In 2020, a similar methodology was developed by the
Zuo group, in which the cerium/alcohol dual catalysis was
applied to the synthesis of amino-compounds 33 and
molecules 34 from non-prefunctionalized hydrocarbons 32
(Scheme 15). [33] As previously discussed, the synthesis of
products 34 required the use of DPA as photocatalyst.
During this study, through extensive selectivity
investigation, the authors defined a HAT selectivity map,
which depends on the electronic nature and the steric
hindrance of the alcohol HAT catalysts. For instance,
methanol favors abstraction from methylene C-H bonds,
whereas tert-butanol-catalyzed HAT from less sterically
hindered C-H bond positions. On the other hand, the use of
alcohols with more electrophilic behavior, such as TCE or
TFE, disfavored abstraction from weaker methylene C-H
bonds (Scheme 15).

Zuo, 2020
: ; DBAD (10, 1 iv.) /\EWG
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R=NH,.HCl - Zolleauv) IEWG
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Reaction conditions: MeOH (2 equiv.), CeCl3 (0.5 mol%), NBu,Cl (2.5
mol%), ACN, RT, 400 nm LEDs
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LbNHZ HCI

H

60% 79% 70%

Scheme 15. Cerium photoredox platform used for the functionalization of
gaseous alkanes. [33]

In May 2021, Schelter/Walsh published an extensive
mechanistic study aiming at improving the understanding of
the reported cerium-based photochemical protocols allowing
the functionalization of alkanes by HATs. [34] This recent
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study has defined a new mechanistic paradigm for such
reactions, in which alkoxy radicals would be unlikely formed
and involved in the HAT event (Scheme 16). Instead, the
authors proved that chlorine radicals actively participated to
this HAT key step. The study started with spectroscopic
analyses by recording UV-visible absorption spectra of both
[NEt]2[CeCls] and [NEts]2[CeCls(OCH2CCl3)] ate-
complexes. Then, they showed that the UV-visible spectrum
of [NEts]2[CeCls] complex remained unchanged in presence
of various amount of alcohols, demonstrating that the
complexation of alcohols with [NEts]2[CeCls] for forming
the [NEts]2[CeCls(OCH2CCl3)] complex is not operating.
Those results are also supported by NMR studies. While
kinetic studies indicated that rate of reaction depends on the
concentration of both the cerium complex and alkane, the
latter demonstrated a zero-order dependence on the
concentration of alcohol on the reaction-rate. Then, the
authors repeated the reaction depicted in the Scheme 14,
with their reaction conditions (Scheme 16). They observed
no significant changes of vyields with the conditions
employing catalytic amount of alcohol, highlighting that
alcohols play no role in the reaction. Consequently, they
proposed a revised mechanism, which would involve a
photoinduced LMCT between chloride ligands and the
cerium center, resulting in the formation of the radical
chlorine and the Ce"' species. Then, the radical chlorine
would abstract a hydrogen from the alkane 30 yielding the
C-centered radical, which would give the final product 31 by
an addition/protonation sequence (Scheme 16). Finally, the
authors assumed that the difference of HAT-selectivities
observed by the Zuo group by the use of various alcohols is
likely due to the formation of the [CIHOR]" radical adduct
(Scheme 16). Those adducts can be assigned as masked
alkoxy radicals, adopting similar properties. It is important to
mention, in view of this preliminary mechanistic study, that
1,5-HAT and pB-scission reactivities previously described
might result from the formation of [CIHOR]" radical adducts
and not from the generation of alkoxy radicals.

Principle Authoret al.
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Scheme 16 Mechanistic study of the cerium photocatalyzed
functionalization of gaseous alkanes. [34]

2.1.2 Lanthanide catalysis for the activation of carboxylic
acids

As part of the lanthanide catalysis for the generation of
O-centered radical intermediates, lanthanide catalysis for the
activation of carboxylic acids has been much less studied
compared to processes activating alcohols. [35-38] However,
such protocols are particularly interesting as carboxylic acid
substrates are prevalent in nature. Moreover, this strategy
might be advantageous and might constitute an alternative to
the well-known photoredox activation of carboxylic acids
involving outer-sphere electron transfers. [65-67] To date,
only processes mediated by cerium have been disclosed for
the activation of carboxylic acids. The first investigations
demonstrating that cerium can be used for catalyzing
decarboxylation reactions were reported by Kochi and
Sheldon. [35] In this work, they showed that under light
irradiation cerium(lV) carboxylate complexes can trigger the
radical decarboxylation of carboxylic acids affording product
mixtures through the generation of alkyl radicals.

In 2019, the Konig group investigated other type of
decarboxylative processes by the use of a cerium catalyst
(Scheme 17). [36] Inspired by the work from the Zuo group,
they studied the decarboxylative hydrazination of aliphatic
carboxylic acids 35, in presence of DBAD 10 and catalytic
amounts of CeClz-7H,O and Cs,COs (Scheme 17). The
reaction affords compounds 36 in moderate to good yields,
and tolerates a wide variety of functional groups. As in the
classical one-electron decarboxylative processes, the use of a
base is mandatory for forming the active carboxylate species
involved in the decarboxylation. Interestingly, in those
reactions conditions only a catalytic amount of base is



Title of the Article

required for the reaction. From a mechanistic point of view,
the authors proposed that a Ce'"' species would be oxidized to
the Ce'V complex by the photoexcited DBAD (Scheme 17).
Then, the photoexcitation of the Ce'V-carboxylate complex
would trigger LMCT and homolysis resulting in the
generation of carboxyl radicals (1). Next, the decarboxylation
step would form C-centered radicals that would react with
DBAD generating the intermediate 11. The SET reduction of
11 from the Ce'v would give the final compounds and restore
the active catalytic species (Scheme 17).

[Kénig, 2019]
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Scheme 17. Decarboxylative hydrazination mediated by the cerium
photoredox platform. [36]
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[Yatham, 2020]
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Scheme 18. Visible-light Cerium-catalyzed intramolecular lactonization of
aryl carboxylic acids. [37]

Similarly, in 2020, Yatham and co-workers described a
protocol enabling the intramolecular lactonization of aryl
carboxylic acids 37 using catalytic amounts of CeCls and
Cs2CO;3 under irradiation and air (Scheme 18). [37] In
contrast with prior work from the Konig group the
decarboxylation of carboxylic acids does not occur in the
procedure. The difference of reactivity is explainable by the
fact that the decarboxylation of aryl carboxylic acids would
result in the formation of highly instable aryl radicals,
whereas aliphatic carboxylic acids would form more stable
alkyl radical counterparts. Therefore, the carboxyl radicals,
generated after LMCT, would react in an intramolecular
manner with aryl moieties. The final oxidation would
provide the molecules 38 (Scheme 18).

The same year, Tsuguri/Satoh/Mashima published the
photocatalytic decarboxylative oxygenation of aliphatic
carboxylic acids 35 and the photocatalytic lactonization of
aryl carboxylic acids 39 mediated by cerium catalysis in
aerobic conditions (Scheme 19). [38] These reactions
involved LMCT  mechanisms enabling for the
decarboxylative oxygenation process, both the formation of
reduced carbon-chain ketones/aldehydes 40 and alcohols 41.
In those reaction conditions the formation of compounds 40,
compared to 41 is favored. While the lactonization reaction
led to comparable lactones 32 than previously reported by
Yatham with 2-aryl benzoic acids, the latter gave access to
both lactones depicted in Scheme 19 with 2-isoproyl benzoic
acid. Those lactones would be formed through 1,5-HAT
between carboxyl radical and the isopropyl, forming the
distal C-centered radical. At this point, two operative
pathways can be considered. Either, the radical would react
with oxygen, forming an intermediate that through
lactonization would yield to 6-membered lactone derivative,
or the radical would be oxidized to the cation, which would
react with the carboxylic acid, resulting the in the formation
of 5-membered lactone. Tuning of initial reaction conditions
allowed the selective formation of both molecules (Scheme
19).
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Principle Authoret al.
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Scheme 19. Visible-light cerium-catalyzed oxygenation of alkyl carboxylic
acids and lactonization of aryl carboxylic acids. [38]

2.2 Lanthanides catalysis for the activation of halides

Over the years, the photocatalytic activity of lanthanides
has been also exploited for the reduction of various halide
substrates. [68-79] The first examples in the fields were
reported in the 90s. In comparison with lanthanide catalysis
for achieving the activation of alcohols or carboxylic acids,

which are so far narrowed to the use of europium and cerium,

lanthanide catalysis involving activation of halide species
can be performed with a broader number of lanthanides.

In 1991, Watanabe and co-workers established that
several trivalent or divalent lanthanides photocatalyzed the
allylation of aldehydes (Scheme 20). [68] However, the
study showed that Sml, was the best catalyst for the reaction,
albeit the fact that only few compounds 45 were obtained in
poor vyields. The reaction would proceed through the
photoexcitation of both divalent and trivalent samarium
species (Scheme 20). First, the photoexcited Sm' catalyst
would reduce, through a SET reduction (Scheme 20, SETa),
either the aldehyde 43 or the allyl halide 44, generating the
Sm'" species and respectively the radical anion of 43, the
allyl radical. The radical-radical coupling of the two species
would form the intermediate 1, which after protonation
would give the final compounds 45. On the other side, the
Sm'", upon irradiation, would react, through a SET oxidation
(Scheme 20, SETs), either with the intermediate | or the
THF, allowing the formation of corresponding alkoxy radical
and a-oxy radical. The radical-radical coupling of the two
species would form the compound I1. The latter would then
be convert to the expected product 45 by acidic treatment. It
should be noticed that without the acidic treatment a mixture
of compounds Il and 44 is obtained (Scheme 20).

[Watanabe, 1991]
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Scheme 20. Samarium-catalyzed photochemical allylation of aldehydes.
[68]

Later on, Ogawa and Hirao studied the reduction of alkyl
bromides 46 to the corresponding alkanes 47 under light
irradiation in the presence of Ybl,. [69] They first
investigated the reduction of various alkyl bromides with a
stoichiometric amount of Ybl,, before developing a catalytic
version that relies on the use of over stoichiometric amount
of sacrificial reductant, such as aluminum (Scheme 21). The
key mechanistic step of the reaction is the photoexcitation of
the ytterbium catalyst.

[Ogawa/Hirao, 1997]
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Scheme 21. Ytterbium-catalyzed photoreduction of alkyl bromide under
light irradiation. [69]

In recent years, various groups have envisaged the
possibility to achieve the photoreduction of halide
compounds by the use of other lanthanide catalysts, such as
europium and cerium. [70-74] For instance, in 2018, the
Allen group, which has a strong interest in the synthesis of
divalent europium Eu" complexes and their study in
luminescence, [75-77] has reported the use of Eu" complexes
for performing the photoreduction of organic chlorides under
visible-light irradiation (Scheme 22). [70] In this work, the
excited Eu'" complex acts as a potent photoreductant that can
activate alkyl or aryl chlorides through SET reduction,
allowing respectively the formation of the dimers or the
dehalogenated products in poor to good vyields. Those
experiments were firstly conducted with a stoichiometric
amount of the Eu" complex and the best results were
obtained for the dimerization of benzyl chloride 48. Then,
the authors developed a catalytic version of the reduction of
benzyl chloride by using zinc as sacrificial reducing agent.
Control experiments supported the fact that Eu"' can be
reduced to Eu" by Zn° as well as that Zn° could not reduce
the benzyl chloride. Pleasingly, the use of Zn° allowed the
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formation of the benzyl dimer 49 in similar yield than
previously by using only 10 mol% of Eu'"' complex (Scheme
22).

[Allen, 2018]
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Scheme 22. Catalytic photoreduction of benzyl chloride mediated by Eu(ll)
complex. [70]

In the same vein, in 2015, the Schelter group explored
the photoreduction of benzyl chloride and some aryl halides
by the use of a Cerium''-based photocatalyst. While the
reduction of the benzyl chloride 48 led to the benzyl-dimer

49 in good yield, the reduction of aryl halides led, in benzene,

to the hetero-coupled diaryl species in moderate to good
yields. [71-72, 78-79] The authors proposed the mechanism
depicted in Scheme 23. The latter would start by the
photoexcitation of the Ce'"' complex, which in the excited-

state would activate organic halides through a SET reduction,

providing the corresponding radicals and the Ce'V-X
complex. The active Ce'" species would be regenerated by
the SET event between Ce'V-X and NaN(TMS),, forming
the corresponding aminyl radical. On the other hand, radicals
generated from organic halides would either, dimerise for
benzyl radicals, or form the diaryl product 51 after
subsequent reactions with benzene and the aminyl radical
(Scheme 23).

[Schelter, 2015-2016]
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Scheme 23. Photocatalytic reduction of benzyl and aryl chlorides mediated
by cerium. [71-72]

Recently, protocols for achieving the photoinduced
borylation of organic compounds have gained tremendous
interest. [80-81] In the part of this development, in 2018, the
Schelter group published the photomediated borylation of
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aryl halides 52 by employing a Ce"' catalyst (Scheme 24).
[73] The reaction provides access to various boronate esters
54 in moderate to excellent yields. The success of this
borylation process relies on the use of the combination of
CeCl; and NEtCl salts, which permits the in situ formation
of the photochemically active [CeClg]* and avoids the
formation of the inactive [Ce.Clg]* species. The postulated
mechanism would start by a SET reduction triggered by the
photoexcited [CeClg]* complex, leading to both the
generation of the aryl radical and the [Ce'VClg]* complex.
Then, the aryl radical would react with the diboron species
53 resulting in the formation of the final product 54 and in
the formation of the CIBpin* species. The radical
propagation would start by a reaction of CIBpin™ with the
starting materials 52, generating another molecule of 54 and
Cly™. Cly* would reduce compounds 53 forming again the
CIBpin~. Finally, the termination step would proceed by
quenching of CIBpin~ with Cly*, resulting in the formation
of CIBpin— and two chloride atoms (Scheme 24). On the
other side, the authors proposed that the initial [CeCle]*
complex was restored through a photoinduced LMCT
mechanism involving chloride and the [Ce'VClg]> complex.

[Schelter, 2018]
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Scheme 24. Cerium-photocatalyzed borylation of aryl halides. [73]

To complement the protocols using lanthanides as potent
photoreductants upon light irradiation, the Konig group has
developed a method that combines the use of lanthanides and
PC, in which the complex of both molecules enables the
reduction of aryl chlorides under light exposure (Scheme
25). [74] Various combinations of Rhodamine 6G (Rh6G)
and lanthanides, notably neodymium and thulium, proved to
be effective for the reduction of chlorobenzene 52. However,
the best results were obtained with the combination
Rh6G/Dyl,. The extensive mechanistic study allowed the
authors to propose a plausible mechanism relying on a Metal
ion Coupled Consecutive Photoinduced Electron Transfer
(MCconPET) (Scheme 25). The latter would start by the
complexation of Ln"' to Rh6G forming the corresponding
complex I. The photoexcited complex I, would be reduced
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by DIPEA leading to the complex Il. Then the complex 11
would be excited, [82] allowing the reduction of Ln'" to Ln".
This step might be considered as photoinduced LMCT.
Finally, the Ln" species would reduce the aryl chloride,
resulting in the formation of the aryl radical that would give
either the product 55 through hydrogen abstraction from the
solvent or the products 56 in the presence of acceptors
(Scheme 24). It should be mentioned that control
experiments proved that both Rh6G and lanthanide were
essential for the reaction efficiency.

[Kénig, 2017]
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Scheme 25. Cerium-photocatalyzed reduction of aryl chlorides. [74]

3. RARE-EARTHS AS REDOX-NEUTRAL LEWIS
ACIDS IN PHOTOCATALYTICAL
TRANSFORMATIONS

3.1 Introduction

Dual activation modes in photoredox chemistry have
recently emerged as an important research area.[83-85]
Redox-inactive Lewis acids have attracted particular
attention as they can influence photocatalytical
transformations in different manners (Scheme 26).[9,10] The
Lewis acid can bind to the photocatalyst (in its ground or
excited state) to improve its redox properties in the excited
state and enable reactions which are impossible with the
photocatalyst alone (Mode A). Alternatively, the Lewis acid
can bind to the substrate leading to three distinct cases: either
the Lewis acid changes the light absorbing properties of the
substrate for direct photoexcitation without additional
photocatalyst (Mode B) or it facilitates the substrate
reduction by a photocatalyst (Mode C) or it lowers the triplet
energy of the substrate enabling efficient energy transfer
from the photocatalyst (Mode D). In all cases of substrate
coordination, chiral Lewis acids have been shown to control
the regio and/or stereoselectivity of the reaction process.
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Scheme 26. Influence of Lewis acids on photoredox processes.

3.2 C-H bond oxidation processes (Mode A)

Flavins have long been studied in photoredox catalysis
for their interesting redox-properties.[86,87] Following the
seminal work by Fukuzumi and Tanaka on the use of flavin
analogue-metal ion complexes (Mg®, Zn®*") as efficient
photocatalysts in alcohol oxidation reactions,[88] it was
shown that rare earth metals could also complex flavin
analogues to even further increase their redox activity.[89]
Coordination of Sc(OTf); to riboflavin tetraacetate (RFT)
(Scheme 27) resulted in the formation of a 2:1 complex
(RFT-2Sc®*), which led to a considerable blue shift of the
fluorescence maximum and a shortening of the fluorescence
lifetime compared to metal-free RFT. La* also afforded a
2:1 complex, whereas Yb®* and Lu®" gave 1:1 complexes.
The redox potential of the singlet excited state reached 2.45
V (vs. SCE in acetonitrile) for the RFT-2Sc** complex,
compared to 2.25 V for RFT-Yb%*, 2.06 V for RFT-Mg*
and 1.67 V for RFT alone. It could then be shown that the
RFT-Lu(OTf)s complex was an efficient catalyst for the
photocatalytic oxidation of p-methoxybenzyl alcohol 57
using oxygen under visible light irradiation. The formation
of the corresponding aldehyde 58 and H»O; in high yields
showed evidence for the efficient recycling of the RFT-Lu?®
complex according to Scheme 27. In addition, the presence
of Lu®* also prevented the photodegradation of RFT.
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[Fukuzumi, 2001]
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Scheme 27. Flavin-rare earth complexes for photocatalytic oxidations.[89]

Along this line, the Wolf group showed in 2015 that the
riboflavin tetraacetate-scandium complex RFT-2Sc(OTf)s
was an efficient catalyst for the photocatalytic oxidation of
various alkylbenzene derivatives and benzyl alcohols 59-61
in air providing the corresponding aldehydes 62 or ketones
63 in good to high yields (Scheme 28).[90]. It was found
that in the presence of HCI (30 mol%) the reaction
proceeded four times faster. From a mechanistic point of
view, it was suggested, based on Fukuzumi’s proposal
[89,91], that after the one-electron transfer from the
protonated, photoexcited Y(RFTH*-2S¢**)" complex to the
aromatic substrate a proton transfer would occur to yield the
benzyl radical and a 2(RFTH2*-2Sc%") complex. The benzyl
radical would further react with dioxygen to yield the
hydroperoxide radical and finally vyield the carbonyl
compound. The catalytic cycle would be closed by slow
oxidation of 2(RFTH2*-2Sc*) with dioxygen to provide
H>O, and regeneration of RFTH*-2Sc. Alternatively,
2(RFTH2*-25¢**) could disproportionate to RFTH*-2Sc and
RFTH3*-2Sc, the latter which would react with O, to H,0O,
and regenerate the catalytic species.

[Wolf, 2015]
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Scheme 28. Flavin-rare earth complexes for photocatalytic C-H bond
oxidations.[90]

The Fukuzumi group showed in 2004, that other organic
molecules, such as acridine (acr) or pyrene (py), could also
complex Sc** ions to promote photoinduced -electron
transfers.[91] Interestingly, whereas acridine forms a 2:1
complex with Sc®* in acetonitrile (2acr-Sc(OTf)s), pyrene is
only complexed by two Sc®* ions in its excited state, as
shown by EPR studies, forming the excimer py-2Sc(OTf)s.
Both systems were studied in the photooxidation of
hexamethylbenzene 64 providing pentamethylbenzyl alcohol
65 in modest 30% isolated yield due to overoxidation of the
product (Scheme 29). An important mechanistic
intermediate, the [O,"-Sc®*] radical anion complex, was
identified by EPR studies, which after protonation eventually
disproportionates to yield O, and H20..
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[Fukuzumi, 2004]

Sc(OTf); (cat.)
acridine or pyrene OH
B ——

MeCN, RT
430 nm

30%

+ 0O, + H,0,

Mechanistic insights

proposed structure of py-2Sc(OTf);
radical anion complex according to EPR

(TfO)sSc. l l H
Sc(0Tf), O@

102

2acr-Sc(0Tf), py *+ 0,-sc*

Scheme 29. Acridine and pyrene scandium complexes for photocatalytic C-
H oxidation of hexamethylbenzene.[91]

“Sc(0Th)3

W,
\ /"
W

In 2016, Zhang and coworkers reported on the
application of Gd-porpholactones as efficient singlet oxygen
photosensitizers enabling several C-H bond oxidation
reactions. The coupling of tertiary amine 66 with diethyl
phosphite and the oxidative aza-Henry reaction provided
good vyields of the corresponding products 67 and 68,
respectively (Scheme 30).[92] In the Kkey step, the
photochemically produced singlet oxygen oxidizes the amine
to an iminium ion intermediate.

[Zhang, 2016]
HPO(OEt)y

5 equiv. \'
cat. (0.5 mol%) ( 370/ ) Ph
0, ° o*P(OE);

N.p, MeCN/MeOH 1/1 67
RT, 6h
> 400 nm
66 CH3NO,

(excess) N.
66% Ph

NO,

cat: 68
/CO\
(MeO),P | R(OMe)z
o! ﬁ(OMe)z,o
“ s
1 ’
Nt
[Gd]

Scheme 30. Gd-porpholactones for photocatalytic C-H oxidations.[92]

3.3 Cycloaddition reactions
3.3.1 [2+2] photocycloaddition reactions

Light-induced [2+2] cycloaddition reactions of olefins
are among the most widely studied photochemical
reactions.[93-96] They either occur by direct light absorption
of the organic substrates (mainly UV light) or are mediated
under milder conditions (visible light) using photocatalysts.

Principle Authoret al.

3.3.1.1 Lewis acids as sole photocatalysts (Mode B)

Chiral Lewis acids have recently been shown to provide
access to enantioselective [2+2] photocycloadditions through
direct coordination to one of the organic reaction partners.
The resulting bathochromic shift of the substrate-Lewis acid
adduct allows to suppress unselective background reactions
upon irradiation in the visible-light region. Leading work in
this field was based on chiral aluminum,[97] iridium or
rhodium complexes.[98]

In 2018, Liu and Feng reported on the use of a Lewis
acidic terbium complex bearing a chiral tetradentate N,N’-
dioxide ligand (L) in the visible-light enantioselective [2+2]
cycloaddition between 2-alkenoylpyridines 69 and dienes 70
(Scheme 31).[99] Numerous enantioenriched cyclobutanes
71 could be synthesized in good yields and with high
diastereo and enantioselectivity. The reaction could also be
extended to alkenes as coupling partners, providing for
example cyclobutane 72 in the case of styrene. The pyridine
nitrogen atom was essential for the reaction to occur, a 2’-
hydroxychalcone did not react under these conditions. For
the mechanism, it was suggested that the initially formed Th-
2-alkenoylpyridine complex | would be excited under visible
light and form the diradical Il after inter-system-crossing
(ISC). This intermediate would be attacked by the alkene
from the a-Re face providing the new diradical species 111
which after ISC would cyclise to the cyclobutane product 71.
The formation of Il was supported by the observed Tb
luminescence. A crystal structure of the L-Th(OTf);
complex was obtained which provided a possible
explanation for the observed diastereoisomer.
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[Liu, Feng, 2018]

X N 0
N weN i
iPr \1 : A iPr
NH 6o oo N
o e ] P
b(OTf)3 (10 mol%) N Q Ar
L (10 mol% | X -~
MeCN RT, 24 h =
23 W CFL n
1 equw) (10 equw 10 examples

up to 68% vyield,
>19:1dr, 92% ee

Selected examples
B
with styrene:

mmm

59% 66% 70%
6.2:1 dr, 90/92% ee 5.6:1 dr, 87% ee 1.8:1.dr, 82/83% ee

Proposed mechanism

[To],, [Tb],,
: P 0 Ar

N _—
‘ N 7 Ar
P 1]
1}
W 1) ISC
/Q\ IS¢ 2) cyclization
[Tbl,, [Tb],
P P
N = N Ar
= Ar B .
P Y N _
71 69

Scheme 31. Intermolecular enantioselective [2+2] photocycloaddition using
a chiral Th(OTf); complex as photocatalyst.[99]

A Gd(OTf)s-catalyzed [2+2] photocycloaddition/ring-
expansion sequence involving indoles and alkenes was
described in 2020 by the Glorius group (Scheme 32).[100]
When the colourless indole derivative 73 bearing a pyrazole
moiety as traceless directing group was mixed with
colourless Gd(OTf)3 a yellow solution resulted indicative of
a bathochromic shift of the substrate-Lewis acid adduct.
Excitation of this complex under blue light in the presence of
styrene derivatives 75 or 76 afforded cyclopenta[b]indole
products 78 and 79 as single regioisomers. The reaction also
proceeded with the methyl-substituted indole derivative 74
and isoprene 80, affording selective 1,2 addition to furnish
product 81, still containing the pyrazole group. This
methodology was compatible with a large range of
functional groups on the indole and the alkene substrates.
Mechanistically, excitation of the Gd-substrate adduct would
provide a long-lived diradical species I, which would
undergo a stepwise [2+2] cycloaddition with the alkene to
provide the cyclobutene intermediate Il. Spontaneous semi-
pinacol rearrangement of Il would yield the cyclopentanol
species |11 which could either undergo a 1,3-H transfer and
pyrazole elimination to give 78 or pyrazole migration would
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occur in the case of the 3-methyl-substituted indole leading
to 81.

[Glorius, 2020]

Ar

R Gd(OTf);
O (4 mol%)
N CH3CN/CH,Cl,
N NN TAr20-30°C
N 12 h
73,74 Blue LED
(1.2 equiv.)
R =H, Me

overall 50 examples
yield up to 98%

Selected examples

98% 80% 70%

R R /
L o
E'S . Pried| g . 2ied]
68— P :
Gd(OTf)3 N NN N N-N

R=H
1,3 H transfer
pyrazole elimination

\
/

80  pyrazole migration
R = Me I I

Scheme 32. Intermolecular [2+2] photocycloaddition/ring expansion using
Gd(OTf)3 as photocatalyst.[100]

78

3.3.1.2 LA+ PC (Mode C + D)

The highly enantioselective intermolecular [2+2]
photocycloaddition of two enone derivatives was reported by
Yoon in 2014 (Scheme 33).[101] The association of
Eu(OTf); with a chiral Schiff base dipeptide ligand (L1)
turned out to be most efficient for the enantioselective
synthesis of 1,2-trans-cyclobutane derivative 83 from the
starting enones 81 and 82 under visible-light photoredox
catalysis. The success of this reaction relies on the absence
of reactivity of the two substrates under visible light without
the Lewis acid coordination, hence preventing undesired
non-stereoselective side reactions. Note that using an excess
of 82 diminished the formation of possible homocoupling
products. Reduction of the ligand L1 with NaBH,4 provided
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amine ligand L2 which could also be successfully employed
in this transformation, affording the 1,2-cis-cyclobutane
product 84 in high yields and ee. This result shows the
independence of the photocatalyst and the chiral Lewis acid
catalyst opening up a wide range of possible dual catalyst
combinations. From a mechanistic point of view, the
coordination of the chiral Lewis acid to substrate 81 would
enable its reduction by a photogenerated Ru(l) catalyst to the
radical anion, followed by stepwise [2+2] cycloaddition with
82.

[Yoon 2014]

Eu(OTf)3 (10 mol%) Ar \JLR
L, or L, (30 mol%)
[Ru(bpy)sICla(5 mol%) =
ka DIPEA (2 equiv.) 83
or

MeCN, -20 °C or RT, 15 h o o
CFL
1 equw) 5 equw) Ar R
R 84

overall 24 examples
up to 80% vyield,
9:1dr, 97% ee

Selected examples

with L1: with L2:
F o 1) (6] (6] (0] O
\
ST ¢ .
Et N
OBn

70% 68% 80%

7:1dr, 93% ee 4:1dr, 91% ee 2.5:1dr, 97% ee

Proposed mechanism

DIPEA™" [EuL]
Ru(bpy)s*

0
D|PEA// A r)\L
Ru(bpy)s>T* i,
\ [EuL] O
Ru(bpy)s?
Ar)\L —> 83

Scheme 33. Enantioselective [2+2] cycloaddition of enones.[101]

In another seminal contribution to the field of
enantioselective [2+2] photocycloaddition reactions, Yoon
and coworkers showed that the coordination of a chiral
Sc(OTf)s complex to 2’-hydroxychalcone 85 lowered the
triplet energy of this substrate to enable efficient energy
transfer from an excited triplet photocatalyst resulting in the
reaction with diene 86 to yield the cyclobutane 87 in high
yield and excellent ee (Scheme 34).[102] This work was
further extended to styrenes, such as 88, as coupling partners
providing access to interesting building blocks, e.g. 89, for
natural product synthesis such as norlignan, artochamin and
lindleyanin.[103]

Principle Authoret al.

[Yoon, 2016 and 2017] ‘ L \\/@r
L0 N0
OH ©O : N \) ;
i N N/
| ! tBU 1Bu !

Ar Sc(OTf)3 (10 mol%)
N L (15 mol%) ¢H o
(1 equiv.) [Ru(bpy)sl(PFe)s (2.5 mol%) L,

+ A
M iPrOAc : MeCN 3:1 ‘<
X Me 23 W CFL, 20 h Ar
87
ZMe

12 examples

86 (5 equiv.) up to 86% yield
aa 4:1 dr, 98% ee

Selected examples

OH o‘ OH o OH O
3 , |
A Ol O A
Ph
I\
o) Cl
82% 82% 84%
4:1dr, 85% ee 2:1dr, 98% ee 3:1.dr, 92% ee

from styrene derivative

/ﬁ —>=_ norlignan

OMe MeO

80%, 3:1 dr, 94% ee

Proposed mechanism

[ScL] 87

*[Ru(bpy)s*']

4 ij\
1Ru(bpy)2 T P
Q\ Ru(bpy)s?* ? [Sct] Ar R

o o
6/\ /
. AR

Ar 86

Scheme 34. Enantioselective [2+2] cycloaddition via triplet energy
transfer.[102,103]

The use of a bifunctional nanocomposite material
consisting of titanium dioxide decorated with samarium
oxide nanoparticles in a heterogeneous [2+2] photoaddition
reaction was shown by Scaiano in 2018 (Scheme 35).[104]
The reaction of 90 under visible light in the presence of
catalytic amounts Sm,O,@TiO, and an excess of DABCO
provided the cyclized products 91 in good yields but low
diastereoselectivty. Previously, Yoon had reported the
corresponding homogeneous reaction using the dual catalyst
system LiBF4/[Ru(bpy)s]** with comparable yields.[105]
Note that the heterogeneous catalyst could be reused at least
three times without significant alterations in the reaction
outcome.
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[Scaiano, 2018]
(0] (0]
o o Sm,0,@TiOy (4.7 Wt% Sm)  Ar Ar
DABCO (5 equiv.) H H
AT [ MeCN, RT, 3 h
90 W 400 nm LED
90 91
Selected examples
(0] (0]
Ph Ph
H H
71%, 1.2:1 dr 72%, 1.8:1dr

Scheme 35. Intramolecular heterogeneous [2+2] cycloaddition.[104]

3.3.2 Other photoaddition reactions (Mode C)

A first example of the combination of rare-earth Lewis
acids with a transition-metal based photocatalyst for a [3+2]
photocycloaddition was reported by Yoon and coworkers in
2011.[106] Irradiation of the cyclopropyl precursor 92
containing an a,B-unsaturated ester group in the presence of
an equimolar amount of La(OTf)s, catalytic Ru(bpy)sCl. and
an excess of TMEDA and MgSO, afforded the bicyclic
product 93 in high yield and with good diastereoselectivity
(Scheme 36). The reaction displayed good functional group
tolerance and a variety of precursors could be employed,
including ether linkages and alkynes.

[Yoon, 2011]

La(OTf)3 (1 equiv.)

Ru(bpy)sCl, (2.5 mol%) 0 R COR'

o o) TMEDA (5 equiv.) )\ L H
N .
o R oR MgSO, (200 wt%) Ph
¥ | MeCN, RT, 3 h e
23 W CFL H
X =CH,, O
92 93

16 examples
up to 86% yield, dr > 10:1

Selected examples
From alkyne precursor:

. COZEt o . Ph
)‘ Ph)‘”" A j L
Ph '
o
H H
83%, 6:1dr 63%, > 10:1 dr 73%, > 10:1dr

Scheme 36. Intramolecular [3+2] cycloaddition.[106]

Subsequently, the same group reported an intermolecular
enantioselective version of this [3+2] photocycloaddition
starting from the cyclopropyl precursor 94 and various
alkenes 95 (Scheme 37).[107] In order to achieve high
enantioselectivity in the cyclopentane product 96, the chiral
pybox ligand (L) with the electron-donating dimethylamino
group was employed in combination with Gd(OTf); in
catalytic amounts. Variations on the styrene moiety were
tolerated and dienes could also be employed. In the
cyclopropane substrate various aryl groups were possible
and the ester group could be replaced with one or two alkyl
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groups, still providing high yields and ees. A first important
step in the mechanistic proposal is the coordination of the
chiral Lewis acid to the carbonyl group (94-GdL), which
allows its reduction by the in-situ generated Ru(l)
photocatalyst via SET to provide ketyl radical I. Reversible
cyclopropane ring-opening and slow stepwise cycloaddition
with styrene derivatives would lead to the ketyl radical 11
which could provide the final product 96 either by reduction
of another Gd-coordinated starting complex or by a chain
terminating reduction of the amine radical cation.

[Yoon, 2016] 1 L NMe, !
3 ™ i
i = :
Gd(OTRs (10 mol%) & © N o
% L (20 mol%) ! N N\_) !
Ar [Ru(bpy)s](PFé)2 1 By
(2.5 mol%) WSBUL_ . e
CO,Bu  DIPEA (1 equiv.) j
94 (1 equiv.) MeCN, RT, 6-20 h A
+ 23W CFL ZCO Et
(Ar 96 5
‘ 18 examples
95 (5 equiv.) up to 95% yield and 99% ee
d.r. 2:1 to > 20:1
Selected examples
ester replacement:
Ph
o] O = ,Ph o}
| |, > .,
Ph Ph) ’ Ph
COo,tBuU CO,tBu

75%, 2:1dr, 87% ee 80%, 3:1dr, 90% ee  85%, 5:1dr, 89% ee

from diene: from 1,1-disubstituted styrene:

=
o)
RS Y
/ ph” "

CO,tBu

CO,tBu
59%, 3:1dr, 87% ee 95%, 3:1dr, 97% ee
Proposed mechanism

I 94-GdL
[LGd]\ [LGdl, Ph

DIPEA

94- GdL [Ru' DIPEA™*

[LGd]\
[Ru“] _:':_ [Ru'}*

| R [LGd

Scheme 37. Intermolecular enantioselective [3+2] cycloaddition.[107]

3.4 Reductive coupling of electrophiles (Mode C)

In 2012, the reductive coupling and cyclization of
chalcones under dual Lewis acid photoredox catalysis was
reported (Scheme 38).[108] The reaction of chalcones 97
(R= Ar) in the presence of one equivalent Sm(OTf); and
catalytic Ru photocatalyst afforded the cyclopentanols 99 in
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moderate to good vyields, depending on the electronic
character of the aryl substituents. The cyclisation was not
observed for acetone derivatives 98 (R = Me) but only
reductive coupling occurred to the linear dimer product 100.
The key intermediate in this reaction, the dianionic complex
1, obtained from the dimerization of photogenerated radical-
anion, would undergo sequential protonation and
intramolecular aldol cyclisation.

In 2018, Scaiano showed that this reaction was also
feasible under heterogeneous conditions using the bimetallic
SmOy@TiO; photocatalyst (see Scheme 35) providing
better yields in certain cases compared to the homogeneous
reaction.[104] In addition, the bimetallic system could be
reused at least 5 times without any loss of activity.

Principle Authoret al.

[Xiao, Lu, Huang, 2018] Sc(OTH); (15 mol%)

L (18 mol%)
Ry o Ru(bpy)s(PFe); (2 mol%) Ry §H
@ TEEDA (4 equiv. R ﬁ/‘\
R1\N/)\R3 s q AH (4 equiv.) 2 Ry
0 4 DCE, 0°C, 48 h rNon
© 65 W CFL !
101 102 103
(1 equiv.) (1.5 equiv.)
; ﬁ i 27 examples
L D ! up to 99% vield
: O SR NN e | Upto99% ee

[Xia, 2012]
Sm(OTf)3 (1 equiv.) O
0 RUGPYs(PFo)z (Smol%) SR
DIPEA (5 equiv.) r N
R)v\m' . WOH
MeCN, RT, 3-7 h R
Ar"
97, 98 blue LED 99
R = Ar, Me R=Ar
9 examples

up to 84% yield

Selected examples

Cl 0 OMe
) )

84% Cl 47% OMe 100 46%

Proposed mechanism

Scheme 38. Reductive coupling and cyclization of chalcones.[108]

In 2018, a convergent synthetic pathway to enantiopure
vicinal amino alcohols using dual chiral Lewis
acid/photocatalysis conditions was described (Scheme
39).[109] The reaction of nitrones 101 with aldehydes 102 in
the presence of Ru photocatalyst, chiral Sc(OTf)s(N,N’-
dioxide) catalyst and TEEDA as co-reductant under CFL
exposure at 0 °C provided a large variety of vicinal
aminoalcohols 103 with good to very high yields and good to
excellent enantioselectivity. Different alkyl substituents on
the nitrone moiety as well as various aryl/heteroaryl groups
on the aldehyde were tolerated. Only the very bulky t-butyl
group (R2 on nitrone) led to strongly diminished yields and
ee. Mechanistic investigations using radical clock
experiments, cyclic voltammetry and DFT calculations
provided evidence that the reaction would start by SET from
the photogenerated Ru(l) to the Lewis acid bound aldehyde.
The corresponding ketyl radical would add onto the nitrone
via a six-membered transition-state favored by the
concomitant coordination of the nitrone to the Lewis acid.
Hydrogen abstraction from DIPEA by the N-radical
intermediate would provide the Lewis acid bound product.

Selected examples
H

OH OH 1%
iPr\‘/'\©\ tBu\‘/'\©\ Ph
NHAcC N F N
Bn/N‘oH Bn” "OH OH

99%, 82% ee, 1/5.3 dr 26%, 38% ee, 1/5.0dr  76%, 87% ee, 1/20 dr

Proposed mechanism

) A ©)]
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° Lo\
Ru(bpy)s* L Bn/N/Aro@*[La]
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[Ru(bpy)s"]* +H
H
NANI o
A u( py)3 or Ar \\\ C‘)I \Oe
o
H N © Bn” Ar
®|\3 ‘7\/ iPr
n
103 H* + 101 + 102

Scheme 39. Reductive coupling of nitrones with aldehydes.[109]

3.5 Functionalization of C=C bonds (mainly Mode C)
3.5.1 Formal hydrofunctionalizations

A cooperative photoredox and Lewis acid catalysis
approach was designed for the highly enantioselective
addition of photogenerated a-amino radicals to Michael
acceptors using a chiral Sc complex and a Ru photocatalyst
under CFL exposure (Scheme 40).[110] In contrast to the
previously described modes of action A-D (see Scheme 26),
in this example the Lewis acid does not influence directly the
photoredox process, but its coordination to the carbonyl
compound renders the Michael acceptor more electrophilic
and creates a chiral environment for the radical attack.
Furthermore, the addition of TBACI was crucial for
obtaining very high ees, which was related to a rate-
accelerating effect of the enantioselective pathway over a
racemic background reaction by increasing the turnover of
the Lewis acid catalyst. It was shown that structurally
diverse a-silylamines 104, containing at least one electron-
neutral or electron-poor aryl group reacted with the Michael
acceptor 105 to the final y-aminocarbonyl adduct 106 in high
yields and very high ees. Alkyl and various aryl groups were
tolerated on the Michael acceptor without altering the
reaction outcomes.
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[Yoon, 2015] L N
L~
’YIe : N \) ‘
Ar N~ -SiMeg Sc(OTf)3 (15 mol%) ; N N/
r L (20 mol%) 1iBu ‘iBu:
104 (1 equiv.) Rubpy)alCl, T
(2 mol%)

TBACI (30 mol%) Me R O

(0]
/\)’L MeCN, RT Ar/N\)\)LN\
23 W CFL \/N
106

21 examples
up to 96% yield and 96% ee

105 (1.5 equiv.)

Selected examples
e Me O Me tBu O O
N
N
CI —
96%, 93% ee 35%, 96% ee

OMe
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N
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Scheme 40. Enantioselective conjugate additions of a-amino radicals.[110]

An efficient, highly  B-selective coupling of
alkenylpyridines with aldehydes or imines was proposed in
2017 by the Ngai group (Scheme 41).[111] The reaction of
4-alkenylpyridine 107 with a wide range of aldehydes 108,
including complex substrates such as sugar, peptide or
natural  product  derivatives, under dual Lewis
acid/photocatalytic conditions provided selectively the linear
coupling products 109 in moderate to excellent yields. The
Hantzsch ester (HEH) was used as a stoichiometric reductant
and the bpy ligand increased the solubility of the La(OTf)3 in
MeCN. Extension of this methodology to 2-alkenylpyridine
derivatives and different imine coupling partners was
achieved. In the postulated mechanism, the Hantzsch ester
would be photo-excited to HEH* and react via SET with an
aldehyde and after proton transfer to form the radical HEH".
This species would reduce the photoexcited *[Ru(bpy)s]** to
the highly reducing Ru(bpy)s and generate a pyridinium ion
PyH*. An aldehyde would be activated by this PyH* via
hydrogen bonding and reduced to the ketyl radical species |
by the Ru' complex. Radical addition on the Lewis-acid
activated alkenylpyridine and reduction by Hantzsch ester
would provide the Lewis acid bound alcohol.

[Ngai, 2017]

La(OTf)3 (20 mol%)
Ru(bpy)3(PFs)2 (1 mol%)

0 bpy (40 mol%) OH
/\pyr R J Hantzsch ester (2 equiv.) )\/\
Ar Ar pyr
MeCN, RT, 18 h
107 108 30 W blue LED 109
30 examples
up to 86% yield
Selected examples
OH OH Ph
N X
| N
MeO OMe =N MeO OMe &
69% 1/1.6 dr
from imine:
NHPh
‘ X
_N

MeO
79%

Proposed mechanism

RCHO
Initiation:  HEH —> HEH* HEH-
HEH*
[Ru“]*
( PyH*
[Ru”] [Ru']
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D
Ar)\H
L ”“O
~La] ,7< “[La]

Scheme 41. B-selective coupling of alkenylpyridines with aldehydes.[111]

The Hantzsch ester was also efficiently employed in the
dual Lewis acid/photoredox catalyzed synthesis of 2,6-
dioxabicyclo[3.3.0]octan-3-ones  (Scheme 42).[112] The
exposure of vinylogous carbonates 110 to blue light in the
presence of catalytic La(OTf)s, Ru photocatalyst and three
equivalents of HEH provided a mixture of desired bicyclic
product 111 and trans-tetrahydrofuran 112. Compounds 111
result from the cyclisation of the initially formed cis-
tetrahydrofuran product. Note that epimerization of trans-
THF 112 with SnCl, over molecular sieves provided product
111 in high yields. Mechanistically, it was proposed that the
Lewis-acid bound vinylogous carbonate would be reduced to
the ketyl radical anion | by a photogenerated Ru(l) species in
analogy to Scheme 41. After cyclization by addition onto the
double bond, the resulting radical species Il would be
reduced by H-transfer from HEH.
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Principle Authoret al.

[Cannon, 2018]
SnCl,
5AMS
CO,Et l
| La(OTf)3 (40 mol%) ? CO,Et
6 o Ru(bpy)s(PFe)z (2 mol%) OH |
Hantzsch ester (3 equiv.) Ary
Ar Ar H +
10 MeCN, RT, 48 h o o)
blue LED
11 112
9 examples, up to 95% yield
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o) (@]
Ph H [0) o
O
H
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2:1111:112 1.9:1 111:112
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| 1}

Scheme 42. Addition of ketyl radicals to vinylogous carbonates.[112]

In 2018, the Scheidt group showed that tertiary benzyl
radicals generated from Hantzsch ester derivatives could be
successfully employed in the intermolecular reductive
coupling with arylidene malonates employing Lewis
acid/photoredox catalysis (Scheme 43). [113] Initially, it
was observed that coordination of Sc(OTf); to arylidene
malonate shifted the reduction potential by over 1 V from -
1.57 V to -0.37 V vs SCE. Consequently, combining 113
with nitrile Hantzsch ester derivatives 114 in the presence of
Sc(OTf)s and dF-Ir photocatalyst in MeCN and irradiation
under blue light provided the reductive coupling products
115 in moderate to good yields with a variety of aryl groups
on the starting materials. Concerning the mechanism, the
benzyl radical 1 and PyH* would be generated after SET
from the excited Ir(I11) catalyst to starting 114. The resulting
Ir(1l) complex would reduce the Sc-bound arylidene
malonate to provide the radical anion Il which after radical-
radical coupling with I would give the Sc-enolate complex
I11. Finally, protonation with PyH* would afford product
115.

[Scheidt, 2018]
; SO \1eo,c_COM
MeO,C._CO,Me  NC cN (10 mol%) €2 2Me
J/ . ) dF-Ir (1 mol%)
—_—
Ar N MeCN, 6 h Ar )
H blue LED Ar
113 (1 equiv.) 114 (1.5 equiv.) 115
18 examples
up to 66% yield
Selected examples
602C COzMe eOQC COzMe Me02 COZMe
CI
66% 40% 50%
Proposed mechanism
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Scheme 43. Alkylation of alkylidenemalonates.[113]

3.5.2 1,2-difunctionalization of styrenes

The cross-coupling of styrene derivatives 116 with
radicals derived from a-acetoxy acetophenone 117 in water
under blue light in the presence of Nd(OTf); and Ir-
photocatalyst provided y-hydroxyketones 118 in high yields
(Scheme 44).[114] Variations were tolerated on the
acetophenone and the styrene aryl groups and 1,1-
disubstituted styrenes gave tertiary alcohols in high yields.
Electrochemical studies showed the LUMO-lowering effect
of Nd-coordination to 117 in MeCN/water mixture, changing
the reduction potential from -1.54 V (without Nd) to — 1.27
V vs SCE. An oxidative quenching cycle was proposed
starting with the reduction of Nd-bound 117 by a
photoexcited Ir(l11) species. After C-O bond cleavage the
alpha-radical species | would add onto the styrene leading to
a new benzylic radical 11 which would be oxidized by an
Ir(IV) species. The cationic compound 111, in equilibrium
with the oxonium form 1V, would react with water to the
final product 118.
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[Zeitler, 2018]
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Scheme 44. Cross-coupling of a-carbonyl acetates with styrenes.[114]

The crucial role of Sc(OTf); in the trifluoromethylative
difunctionalization of styrenes under photocatalysis was
reported by Shen in 2020. Reaction of the selenium ylide
based trifluoromethylating agent 119 with p-methoxy-
styrene 120 and tosylamine as nucleophile (Nu-H) under
blue light in the presence of an Ir photocatalyst provided
only a poor yield of product 121 (Scheme 45).[115] In
contrast, addition of 10 mol% of Sc(OTf); increased the
yield from 13 to 96% under otherwise identical conditions.
This reaction could then be extended to a wide range of
nitrogen, oxygen and carbon nucleophiles and various
electron-rich styrene derivatives. In the case of water as
nucleophile, 2 equivalents of Sc(OTf); were necessary.
Similar  reaction  conditions also  allowed the
trifluoromethylative  cyclisation reaction of N-allyl
arylsulfonamides and allyl tosylate 122. Extensive
mechanistic studies supported by DFT calculations and ESI-
MS provided evidence for the exothermic formation of a
[Sc(OTf)3-3(119)] complex which would be more readily
reduced via SET to the radical anion than free 119 (-0.70 V
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vs — 1.07 V (calculated)). Mesolytic cleavage of the resulting
radical anion would provide the CF3; radical, a process
exergonic by around 6 kcal/mol, compared to the homolytic
cleavage of the Se-CFs; bond in 119, endergonic by 24
kcal/mol. The generated CF; radical would then add onto the
styrene 120 and the newly created radical would be oxidized
via SET by an Ir(IV) species to the cationic compound
followed by reaction with the nucleophile to afford 120.

[Shen, 2020]

N
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Scheme 45. Trifluoromethylative difunctionalization of styrene.[115]

3.6 Miscellaneous

The reactivity of a large variety of a-ketoesters 123 with
tetramethylethylene 124 under photocatalytic conditions was
investigated (Scheme 46).[116] Exposure of these reagents
to blue light in the presence of an iridium photocatalyst
provided the Paterno-Biichi-cycloadduct 125. The formation
of this product could be explained by triplet sensitization of
the a-ketoester followed by [2+2] photocyclisation. In
contrast, addition of catalytic amounts of Y(OTf)s
complexed with 5-chlorophenanthroline modified
completely the reaction outcome, favoring a photoredox
process over an energy transfer process. The two
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regioisomeric allylic functionalization products 126 and 127
were obtained in good yields and ratios from 4:1 to over 20
:1 depending on the aryl group substituents. In the
mechanistic proposal, the Y-coordinated a-ketoester would
be reduced by the photochemically excited Ir(11) complex
leading to ketyl radical complex I and an Ir(IV) complex.
The latter would oxidize tetramethylethylene 124 via SET to
the corresponding radical cation, which upon deprotonation
would form the allyl radical Il. Combination of the two
radical species would afford the two regioisomeric products
126 and 127.

[Yoon, 2020] ' Cl
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Scheme 46. Allylic functionalization of alkenes with a-ketoesters.[116]

The synthesis of y-cyanoketones 129 via ring-opening
cyanation of cyclopropyl ketones 128 with TMSCN using a
triple catalytic system was reported by Cheng and Xiao in
2020 (Scheme 47).[117] The combination of the organic
photocatalyst Ph-PTZ together with the Lewis acidic
La(OTf); and a cationic copper(l) salt in the presence of a
C»-symmetric bisoxazoline ligand provided access to a wide
range of y-cyanoketones in good yields after irradiation with
purple LEDs. Various aryl groups on the ketone and the
cyclopropyl moiety as well as unsaturated fragments (vinyl,
alkynyl groups) on the cyclopropyl ring were tolerated under
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these reaction conditions. It was proposed that after La-
coordination to the ketone the corresponding complex would
be reduced by the excited photocatalyst and ring opening
would follow to provide the homoallylic radical 1. The latter
would be reduced by an in-situ photochemically generated
Cu(I(CN)2 complex to form an intermediate Cu(lll)
complex Il. Reductive elimination and reaction with
TMSCN would afford the silyl enol ether product 111 and
regenerate a Cu(l)CN species. Finally, hydrolysis of IlI
would furnish product 129.

[Cheng, Xiao, 2020] '
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Scheme 47. Triple catalysis to access y-cyanoketones.[117]

Conclusion

In conclusion, rare earth metals can behave in photochemical
reactions as either redox active centers or redox-neutral
Lewis acids in a dual photocatalysis approach. While their
redox properties have allowed the activation of native
alcohols, carboxylic acids and halides compounds, their
Lewis acid features have enabled the activation of a plethora
of carbonyl-containing compounds, their nitrogen
counterparts and even a selenium ylide. To date, many
questions remain to be answered concerning the exact
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mechanism of lanthanide photocatalysts and their extension
beyond the mainly employed Ce and Eu catalysts. The
factors governing the Lewis acid photoredox approach are
also not fully elucidated, as it has been shown that a wide
range of rare earths can function as Lewis acid partner. The
combination of new chiral ligands with rare earth metals
could also open up new synthetic possibilities. Finally, the
development of photochemical reactions merging redox and
Lewis acidity characters of rare earth metals would be
beneficial for achieving radical transformations in an
enantioselective manner without the use of an external PC.
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LIST OF ABBREVIATIONS
brsm: Based on recovered starting materials

BDE: Bond Dissociation energy

HAT: Hydrogen Atom Transfer

SET: Single Electron Transfer

LMCT: Ligand-Metal Charge Transfer
PC: PhotoCatalyst

LED: Light-Emitting Diode

CFL: Compact Fluorescence Lamp
RT: room temperature

ACN: acetonitrile

TFE: 2,2,2-trifluoroethanol

TCE: 2,2,2-trichloroethanol

ET: energy transfer

ISC: Inter-system-crossing

Ph-PTZ: 10-phenyl-10H-phenothiazine
TEEDA: tetraethylethylenediamine
HEH: Hantzsch ester

REFERENCES

. [1] Romero, N.A.; Nicewicz, D.A. Organic Photoredox Catalysis.
Chem. Rev., 2016, 116, 17, 10075-10166.

. [2] Shaw, M.H.; Twilton, J.; MacMillan, D.W.C. Photoredox

Catalysis in Organic Chemistry. J. Org. Chem., 2016, 81, 6898-
6926.

Journal Name, 2019, Vol. 0, No. 0 23

[3] Prier, C.K.; Rankic, D.A.; MacMillan, D.W.C. Visible Light
Photoredox Catalysis with  Transition Metal Complexes:
Applications in Organic Synthesis. Chem. Rev., 2013, 113, 7, 5322-
5363.

[4] Narayanam, J.M.R.; Stephenson, C.R.J. Visible light
photoredox catalysis: applications in organic synthesis. Chem. Soc.
Rev., 2011, 40, 102-113.

[5] Karkas, M.D. Photochemical Generation of Nitrogen-Centered
Amidyl, Hydrazonyl, and Imidyl Radicals: Methodology
Developments and Catalytic Applications. ACS Catal., 2017, 7,
4999-5022.

[6] Barraza, R.; Allen, M.J. Lanthanide Luminescence in Visible-
Light-Promoted Photochemical Reactions. Molecules, 2020, 25,
3892.

[7] Qiao, Y.; Schelter, E.J. Lanthanide Photocatalysis. Acc. Chem.
Res., 2018, 51, 2926-2936.

[8] Kovacs, D.; Borbas, K. E. The role of photoinduced electron
transfer in the quenching of sensitized Europium emission. Coord.
Chem. Rev., 2018, 364, 1-9.

[9] Yoon, T. P. Photochemical Stereocontrol Using Tandem
Photoredox—Chiral Lewis Acid Catalysis. Acc. Chem. Res., 2016,
49, 2307-2315.

[10] Fukuzumi, S.; Jung, J.; Lee, Y.-M.; Nam, W. Effects of Lewis
Acids on Photoredox Catalysis. Asian J. Org. Chem., 2017, 6, 397-
409.

[11] Szostak, M.; Fazakerley, N. J.; Parmar, D.; Procter, D. J.
Cross-Coupling Reactions Using Samarium(ll) lodide. Chem. Rev.,
2014, 114, 5959-6039.

[12] Nair, V.; Deepthi, A. Cerium(IV) Ammonium Nitrate - A
Versatile Single-Electron Oxidant. Chem. Rev., 2007, 107, 1862—
1891.

[13] Kobayashi, S.; Sugiura, M.; Kitagawa, H.; Lam, W. W.-L.
Rare-Earth Metal Triflates in Organic Synthesis. Chem. Rev., 2002,
102, 2227-2302.

[14] Sakhuja, R.; Pericherla, K.; Bajaj, K.; Khungar, B.; Kumar, A.
Ytterbium Triflate Catalyzed Synthesis of Heterocycles. Synthesis,
2016, 48, 4305-4346.

[15] Biinzli, J.-C. Chapter 287 - Lanthanide Luminescence: From a
Mystery to Rationalization, Understanding, and Applications.
Handbook on the Physics and Chemistry of Rare Earths, 2016, 50,
141-176.

[16] Werts, M. H. V. Making sense of lanthanide luminescence. Sci.
Prog., 2005, 88, 101-131.

[17] Sumino, Y.; Harato, N.; Tomisaka, Y.; Ogawa, A. A novel
photoinduced reduction system of low-valent samarium species:
Reduction of organic halides and chalcogenides, and its application
to carbonylation with carbon monoxide. Tetrahedron, 2003, 59,
10499-10508.

[18] Ogawa, A.; Sumino, Y.; Nanke, T.; Ohya, S.; Sonoda, N.;
Hirao, T. Photoinduced reduction and carbonylation of organic
chlorides with samarium diiode. J. Am. Chem. Soc., 1997, 119,
2745-2746.

[19] Molander, G.A.; Alonso-Alija, C. Sequenced reactions with
samarium(ll)  iodide.  Sequential intermolecular  carbonyl
addition/intramolecular nucleophilic acyl substitution for the
preparation of seven-, eight-, and nine-membered carbocycles. J.
Org. Chem., 1998, 63, 4366-4373.

[20] Ishida, A.; Toki, S.; Takamuku, S. Photochemical reactions of
a-methylstyrene induced by Eu(lIl)/Eu(ll) photoredox system in
methanol. Chem. Lett., 1985, 893-896.

[21] Ishida, A.; Yamashita, S.; Toki, S. Takamuku, S.
Photochemical Hydroxymethylation of Alicyclic and Aliphatic
Alkenes Induced by a Eulll/Eull Photoredox System in Methanol.
Bull. Chem. Soc. Jpn., 1986, 59, 1195-1199.

[22] Ishida, A.; Toki, S.; Takamuku, S. Hydroxymethylation of 1,3-
Dimethyluracil and Its Derivatives induced by a Photoredox
System of Eu"/Eu" in MeOH. J. Chem. Soc., Chem. Commun.,
1985, 1481-1483.

[23] Ishida, A.; Takamuku, S. One-Electron Reduction of Eu3+
lons Induced by the lIrradiation of y-Ray or UV-Light. The
Fluorescence Properties of Eu2+ lons in an Ethanol Matrix. Chem.
Lett., 1988, 1497-1500.

[24] Guo, J.-J.; Hu, A.; Chen, Y.; Sun, J.; Tang, H.; Zuo, Z.
Photocatalytic C—C Bond Cleavage and Amination of
Cycloalkanols by Cerium(lll) Chloride Complex. Angew. Chem.,
Int. Ed., 2016, 55, 15319-15322.



24 Journal Name, 2019, Vol. 0, No. 0

[25] Wang, Y.; He, J.; Zhang, Y. CeCls-Promoted Simultaneous
Photocatalytic Cleavage and Amination of Co—Cp Bond in Lignin
Model Compounds and Native Lignin. CCS Chem., 2020, 2, 107-
117.

[26] Hu, A.; Chen, Y.; Guo, J.-J.; Yu, N.; An, Q.; Zuo, Z. Cerium
Catalyzed Formal Cycloaddition of Cycloalkanols with Alkenes
through Dual Photoexcitation. J. Am. Chem. Soc., 2018, 140,
13580-13585.

[27] Chen, Y.; Du, J.; Zuo, Z. Selective C-C Bond Scission of
Ketones via Visible-Light-Mediated Cerium Catalysis. Chem.,
2020, 6, 266-279.

[28] Du, J.; Yang, X.; Wang, X.; An, Q.; He, X,; Pan, H.; Zuo, Z.
Photocatalytic Aerobic Oxidative Ring Expansion of Cyclic
Ketones to Macrolactones by Cerium and Cyanoanthracene
Catalysis. Angew. Chem. Int. Ed., 2021, 60, 5370-5376.

[29] Chen, Y.; Wang, X.; He, X.; An, Q.; Zuo. Z. Photocatalytic
Dehydroxymethylative Arylation by Synergistic Cerium and Nickel
Catalysis. J. Am. Chem. Soc., 2021, 143, 4896-4902.

[30] Zhang, K.; Chang, L.; An, Q.; Wang, X.; Zuo, Z.
Dehydroxymethylation of Alcohols Enabled by Cerium
Photocatalysis. J. Am. Chem. Soc., 2019, 141, 10556-10564.

[31] Hu, A.; Guo, J.-J.; Pan, H.; Tang, H.; Gao, Z.; Zuo, Z. 3
Selective Functionalization of Alkanols Enabled by Visible-
Lightinduced Ligand-to-Metal Charge Transfer. J. Am. Chem. Soc.,
2018, 140, 1612-1616.

[32] Hu, A.; Guo, J.-J.; Pan, H.; Zuo, Z. Selective functionalization
of methane, ethane, and higher alkanes by cerium photocatalysis.
Science, 2018, 361, 668-672.

[33] An, Q.; Wang, Z.; Chen, Y.; Wang, X.; Zhang, K.; Pan, H.;
Liu, W.; Zuo, Z. Cerium-Catalyzed C—H Functionalizations of
Alkanes Utilizing Alcohols as Hydrogen Atom Transfer Agents. J.
Am. Chem. Soc., 2020, 142, 6216-6226.

[34] Yang, Q.; Wang, Y.-H.; Qiao, Y.; Gau, M.; Carroll, P.J;
Walsh, P.J.; Schelter, E.J. Photocatalytic C—H activation and the
subtle role of chlorine radical complexation in reactivity. Science,
2021, 372, 847-852.

[35] Sheldon, R.A.; Kochi, J.K. Photochemical and Thermal
Reduction of Cerium (V) Carboxylates. Formation and Oxidation
of Alkyl Radicals. J. Am. Chem. Soc., 1968, 90, 6688-6698.

[36] Yatham, V. R.; Bellotti. P.; Konig. B. Decarboxylative
hydrazination of unactivated carboxylic acids by cerium
photocatalysis. Chem. Commun., 2019, 55, 3489-3492.

[37] Wadekar, K.; Aswaleb, S.; Yatham, V.R. Cerium
photocatalyzed dehydrogenative lactonization of 2-arylbenzoic
acids. Org. Biomol. Chem., 2020, 18, 983-987.

[38] Shirase, S.; Tamaki, S.; Shinohara, K.; Hirosawa, K.; Tsurugi,
H.; Satoh, T.; Mashima, K. Cerium(IV) Carboxylate Photocatalyst
for Catalytic Radical Formation from Carboxylic Acids:
Decarboxylative Oxygenation of Aliphatic Carboxylic Acids and
Lactonization of Aromatic Carboxylic Acids. J. Am. Chem. Soc.,
2020, 142, 5668-5675.

[39] Tsui, E.; Wang, H.; Knowles, R.R. Catalytic generation of
alkoxy radicals from unfunctionalized alcohols. Chem. Sci., 2020,
11, 11124-11141.

[40] Capaldo, L.; Ravelli, D.; Alkoxy radicals generation: facile
photocatalytic reduction of N-alkoxyazinium or azolium salts.
Chem. Commun., 2019, 55, 3029-3032.

[41] W. X.; Zhu. C. Recent advances in alkoxy radical-promoted
C—C and C-H bond functionalization starting from free alcohols.
Chem. Commun., 2019, 55, 9747-9756.

[42] Guo, J.-J.; Hu, A.; Zuo, Z. Photocatalytic alkoxy radical
mediated transformations. Tetrahedron Lett., 2018, 59, 2103-2111.
[43] Balzani, V.; Ceroni, P.; Juris, A.; Photochemistry and
Photophysics: Concepts, Research, Applications, Wiley-VCH,
Weinheim, Germany, 2014.

[44] Bortolamei, N.; Isse, A.A.; Gennaro, A. Estimation of standard
reduction potentials of alkyl radicals involved in atom transfer
radical polymerization. Electrochim. Acta, 2010, 55, 8312-8318.
[45] Lipp, A.; Badir, S.0.; Molander, G.A. Stereoinduction in
Metallaphotoredox Catalysis. Angew. Chem. Int. Ed. 2021, 60,
1714-1726.

[46] Zhu, C.; Yue, H.; Chu, L.; Rueping, M. Recent advances in
photoredox and nickel dualcatalyzed cascade reactions: pushing the
boundaries of complexity. Chem. Sci., 2020, 11, 4051-4064.

[47] Twilton, J.; Le, C.; Zhang, P.; Shaw, M.H.; Evans, RW.;
MacMillan, D.W.C. The merger of transition metal and
photocatalysis. Nat. Rev. Chem., 2017, 1, 0052.

Principle Authoret al.

[48] Cavalcanti, L. N., & Molander, G. A. Photoredox Catalysis in
Nickel-Catalyzed Cross-Coupling. Top Curr Chem (Z), 2016,
374, 39.

[49] Matsui, J.K.; Lang, S.B.; Heitz, D.R.; Molander, G.A.
Photoredox-Mediated Routes to Radicals: The Value of Catalytic
Radical Generation in Synthetic Methods Development. ACS
Catal., 2017, 7, 2563-2575

[50] Wenger, O.S. Photoactive Nickel Complexes in Cross-
Coupling Catalysis. Chem. Eur. J., 2021, 27, 2270-2278.

[51] Tellis, J.C.; Primer, D.N.; Molander, G.A. Single-electron
transmetalation in organoboron cross-coupling by
photoredox/nickel dual catalysis. Science, 2014, 345, 433-436.

[52] Zuo, Z.; Ahneman, D.T.; Chu, L.; Terrett, J.A.; Doyle, A.G.;
MacMillan, D.W.C. Merging photoredox with nickel catalysis:
Coupling of a-carboxyl sp3-carbons with aryl halides. Science,
2014, 345, 437-440.

[53] Corcé, V.; Chamoreau, L.-M.; Derat, E.; Goddard, J.-P.;
Ollivier, C.; Fensterbank, L. Silicates as Latent Alkyl Radical
Precursors:Visible-Light Photocatalytic Oxidation of Hypervalent
Bis-Catecholato Silicon Compounds. Angew. Chem. Int. Ed., 2015,
54,11414-11418.

[54] Nakajima, K.; Nojima, S.; Nishibayashi, Y.; Nickel- and
Photoredox-Catalyzed Cross-Coupling Reactions of Aryl Halides
with  4-Alkyl-1,4-dihydropyridines as Formal Nucleophilic
Alkylation Reagents. Angew. Chem. Int. Ed., 2016, 55, 14106-
14110.

[55] Buzzetti, L.; Prieto, A.; Raha Roy, S.; Melchiorre P. Radical-
Based C-C Bond-Forming Processes Enabled by the
Photoexcitation of 4-Alkyl-1,4-dihydropyridines. Angew. Chem.
Int. Ed., 2017, 56, 15039-15043.

[56] Shen, Y.; Gu, Y., Martin. R. sp3 C-H Arylation and
Alkylation Enabled by the Synergy of Triplet Excited Ketones and
Nickel Catalysts. J. Am. Chem. Soc., 2018, 140, 12200-12209.

[57] Perry, 1.B.; Brewer, T.F.; Sarver, P.J.; Schultz, D.M.; DiRocco,
D.A.; MacMillan. D.W.C. Direct arylation of strong aliphatic C-H
bonds. Nature, 2018, 560, 70-75.

[58] Li, H.; Guo, L.; Feng, X.; Huo, L.; Zhu, S.; Chu, L. Sequential
C-0O decarboxylative vinylation/C—H arylation of cyclic oxalates
via a nickel-catalyzed multicomponent radical cascade. Chem. Sci.,
2020, 11, 4904-4910.

[59] Guo, L.; Song, F.; Zhu, S.; Li, H.; Chu, L. Nat. Commun.,
2018, 9, 4543.

[60] zZhang, X.; MacMillan, D.W.C. Alcohols as Latent Coupling
Fragments for Metallaphotoredox Catalysis: sp3 —sp2 Cross-
Coupling of Oxalates with Aryl Halides. J. Am. Chem. Soc. 2016,
138, 13862-13865.

[61] Pitre, S.P.; Muuronen, M.; Fishman, D.A.; Overman, L.E.
Tertiary Alcohols as Radical Precursors for the Introduction of
Tertiary Substituents into Heteroarenes. ACS Catal., 2019, 9, 3413-
3418.

[62] Nawrat, C.C.; Jamison, C.R.; Slutskyy, Y.; MacMillan D.W.C.;
Overman, L.E. Oxalates as Activating Groups for Alcohols in
Visible Light Photoredox Catalysis: Formation of Quaternary
Centers by Redox Neutral Fragment Coupling. J. Am. Chem. Soc.,
2015, 137, 11270-11273.

[63] Lackner, G.L.; Quasdorf, K.W.; Pratsch, G.; Overman, L.E.
Fragment Coupling and the Construction of Quaternary Carbons
Using  Tertiary Radicals Generated From  tert-Alkyl
N-Phthalimidoyl Oxalates By Visible-Light Photocatalysis. J. Org.
Chem., 2015, 80, 6012—6024.

[64] Lackner, G.L.; Quasdorf, KW.; Overman, L.E. Direct
Construction of Quaternary Carbons from Tertiary Alcohols via
Photoredox-Catalyzed Fragmentation of tert-Alkyl
N-Phthalimidoyl Oxalates. J. Am. Chem. Soc., 2013, 135, 15342-
15345.

[65] Kautzky, J.A.; Wang, T.; Evans, R.W.; MacMillan, D.W.C.
Decarboxylative Trifluoromethylation of Aliphatic Carboxylic
Acids. J. Am. Chem. Soc., 2018, 140, 6522-6526.

[66] Till, N.A.; Smith, R.T.; MacMillan, D.W.C. Decarboxylative
Hydroalkylation of Alkynes. J. Am. Chem. Soc., 2018, 140, 5701-
5705.

[67] Johnston, C.P.; Smith, R.T.; Allmendinger, S.; MacMillan,
D.W.C. Metallaphotoredox-catalysed sp®-sp® crosscoupling of
carboxylic acids with alkyl halides. Nature, 2016, 536, 322-325.
[68] Kondo, T.; Akazome, M.; Watanabe, Y. Lanthanide(ll) iodide
catalysed photochemical allylation of aldehydes with allylic
halides. J. Chem. Soc., Chem. Commun., 1991, 757-758.



Title of the Article

[69] Ogawa, A.; Ohya, S.; Sumino, Y.; Sonoda, N.; Hirao, T. Novel
enhancement of the reducing ability of ytterbium diiodide by
irradiation with near-UV light. Tetrahedron Lett., 1997, 38, 9017-
9018.

[70] Jenks, T.C.; Bailey, M.D.; Hovey, J.L.; Fernando, S.;
Basnayake, G.; Cross, M.E.; Li, W.; Allen, M.J. First use of a
divalent lanthanide for visible-light-promoted photoredox catalysis.
Chem Sci., 2018, 9, 1273-1278.

[71] Yin, H.; Carroll, P.J.; Anna, J. M.; Schelter, E.J. Luminescent
Ce(I11) Complexes as Stoichiometric and Catalytic Photoreductants
for Halogen Atom Abstraction Reactions. J. Am. Chem. Soc., 2015,
137, 9234-9237.

[72] Yin, H.; Carroll, P.J.; Manor, B.C.; Anna, J.M.; Schelter, E.J.
Cerium Photosensitizers: Structure—Function Relationships and
Applications in Photocatalytic Aryl Coupling Reactions. J. Am.
Chem. Soc., 2016, 138, 5984-5993.

[73] Qiao, Y.; Yang, Q.; Schelter, E.J. Photoinduced Miyaura
Borylation by a Rare Earth  Photoreductant:  the
Hexachlorocerate(l11) Anion. Angew. Chem., Int. Ed., 2018, 57,
10999-11003.

[74] Meyer, A.U.; Slanina, T.; Heckel, A.; Kénig, B. Lanthanide
lons Coupled with Photoinduced Electron Transfer Generate
Strong Reduction Potentials from Visible Light. Chem. Eur. J.,
2017, 23, 7900-7904.

[75] Kuda-Wedagedara, A.N.W.; Wang, C.; Martin, P.D.; Allen,
M.J. Aqueous Eull-containing complex with bright yellow
luminescence. J. Am. Chem. Soc., 2015, 137, 4960-4963.

[76] Jenks, T.C.; Bailey, M.D.; Corbin, B.A.; Kuda-Wedagedara,
AN.W.; Martin, P.D.; Schlegel, H.B.; Rabuetti, F.A.; Allen, M.J.
Photophysical characterization of a highly luminescent divalent-
europium-containing azacryptate. Chem. Commun., 2018, 54,
4545-4548.

[77] Basal, L.A.; Kajjam, A.B.; Bailey, M.D.; Allen, M.J.
Systematic tuning of the optical properties of discrete complexes of
Eull in solution using counterions and solvents. Inorg. Chem.,
2020, 59, 9476-9480.

[78] Yin, H.; Jin, Y.; Hertzog, J.E.; Mullane, K.C.; Carroll, P.J.;
Manor, B.C.; Anna, J.M.; Schelter, E.J. The Hexachlorocerate(lII)
Anion: A Potent, Benchtop Stable, and Readily Available
Ultraviolet A Photosensitizer for Aryl Chlorides. J. Am. Chem. Soc.,
2016, 138, 16266-16273.

[79] Qiao, Y.; Sergentu, D.-C.; Yin, H.; Zabula, A.V.; Cheisson, T.;
McSkimming, A.; Manor, B.C.; Carroll, P.J.; Anna, JM,;
Autschbach, J.; Schelter, E.J. Understanding and Controlling the
Emission  Brightness and Color of Molecular Cerium
Luminophores. J. Am. Chem. Soc., 2018, 140, 4588-4595.

[80] Tian, Y.-M.; Guo, X.-N.; Braunschweig, H.; Radius, U.;
Marder, T.B. Photoinduced Borylation for the Synthesis of
Organoboron Compounds. Chem. Rev., 2021, 121, 7, 3561-3597.
[81] Lai, D.; Ghosh, S.; Hajra. A.; Light-Induced Borylation:
Developments and Mechanistic Insights. Org. Biomol. Chem., 2021,
19, 4397-4428.

[82] Marzo, L.; Ghosh, I.; Esteban, F.; Kénig, B. Metal-Free
Photocatalyzed Cross Coupling of Bromoheteroarenes with
Pyrroles. ACS Catal., 2016, 6, 6780-6784.

[83] Zeitler, K.; Neumann, M. Synergistic visible light photoredox
catalysis. Phys. Sci. Rev., 2019, 5, 20170173.

[84] Skubi, K.L.; Blum, T.R.; Yoon, T.P. Dual Catalysis Strategies
in Photochemical Synthesis. Chem. Rev., 2016, 116, 10035-10074.
[85] Hopkinson, M.N.; Sahoo, B.; Li, J.-L.; Glorius, F. Dual
Catalysis Sees the Light: Combining Photoredox with Organo-,
Acid, and Transition-Metal Catalysis. Chem. Eur. J., 2014, 20,
3874 — 3886.

[86] Konig, B.; Kimmel, S.; Cibulka, R. Flavin photocatalysis.
Phys. Sci. Rev., 2018, 3, 20170168.

[87] Srivastava, V. Singh, P.K.; Srivastava, A.; Singh, P.P., RSC
Adv., 2021, 11, 14251.

[88] Fukuzumi, S.; Kuroda, S.; Tanaka T. Flavin Analogue-Metal
lon Complexes Acting as Efficient Photocatalysts in the Oxidation
of 7-Methylbenzyl Alcohol by Oxygen under Irradiation with
Visible Light. J. Am. Chem. Soc., 1985, 107, 3020-3027.

[89] Fukuzumi, S.; Yasui, K.; Suenobu, T.; Ohkubo, K.; Fujitsuka
M. Ito, O. Efficient Catalysis of Rare-Earth Metal lons in
Photoinduced Electron-Transfer Oxidation of Benzyl Alcohols by a
Flavin Analogue. J. Phys. Chem. A, 2001, 105, 10501-10510.

[90] Mihldorf, B.; Wolf, R. Photocatalytic benzylic C-H bond
oxidation with a flavin scandium complex. Chem. Commun., 2015,
51, 8425-8428.

Journal Name, 2019, Vol. 0, No. 0 25

[91] Fukuzumi, S.; Yuasa, J.; Satoh, N.; Suenobu, T. Scandium
lon-Promoted Photoinduced Electron Transfer from Electron
Donors to Acridine and Pyrene. Essential Role of Scandium lon in
Photocatalytic Oxygenation of Hexamethylbenzene. J. Am. Chem.
Soc., 2004, 126, 7585-7594.

[92] Ke, X.-S.; Ning, Y.; Tang, J.; Hu, J.-Y.; Yin, H.-Y.; Wang, G.-
X.; Yang, Z.-S.; Jie, J.; Liu, K.; Meng, Z.-S.; Zhang, Z.; Su, H.;
Shu, C.; Zhang, J.-L. Gadolinium(l11) Porpholactones as Efficient
and Robust Singlet Oxygen Photosensitizers. Chem. Eur. J., 2016,
22,9676 — 9686.

[93] Sicignano, M.; Rodriguez, R.l.; Aleman, J. Recent Visible
Light and Metal Free Strategies in [2+2] and [4+2]
Photocycloadditions. Eur. J. Org. Chem., 2021,
10.1002/ejoc.202100518.

[94] Sarkar, D.; Bera, N.; Ghosh, S. [2+2] Photochemical
Cycloaddition in Organic Synthesis. Eur. J. Org. Chem., 2019,
1310-1326.

[95] Zhang, T.; Zhang, Y.; Das, S. Deal;Photoredox Catalysis for
the Cycloaddition Reactions. ChemCatChem., 2020, 12, 6173—
6185.

[96] Poplata, S.; Troster, A.; Zou, Y.-Q.; Bach, T. Recent
Advances in the Synthesis of Cyclobutanes by Olefin [2+2]
Photocycloaddition Reactions. Chem. Rev., 2016, 116, 9748—9815.
[97] Poplata, S.; Bach, T. Enantioselective Intermolecular [2+2]
Photocycloaddition Reaction of Cyclic Enones and Its Application
in a Synthesis of (—)-Grandisol. J. Am. Chem. Soc., 2018, 140,
3228-3231.

[98] Zhang, L.; Meggers, E. Steering Asymmetric Lewis Acid
Catalysis Exclusively with Octahedral Metal-Centered Chirality.
Acc. Chem. Res., 2017, 50, 320-330.

[99] Yu, H.; Dong, S.; Yao, Q.; Chen, L.; Zhang, D.; Liu, X.; Feng,
X. Enantioselective [2+2] Photocycloaddition Reactions of Enones
and Olefins with Visible Light Mediated by N,N’-Dioxide—Metal
Complexes. Chem. Eur. J., 2018, 24, 19361-19367.

[100] Ma, J.; Schéfers, F.; Daniliuc, C.; Bergander, K.; Strassert, C.
A.; Glorius, F. Gadolinium Photocatalysis: Dearomative [2+2]
Cycloaddition/Ring-Expansion Sequence with Indoles. Angew.
Chem. Int. Ed., 2020, 59, 9639-9645.

[101] Du, J.; Skubi, K.L.; Schultz, D.M.; Yoon, T.P. A Dual-
Catalysis Approach to Enantioselective [2 + 2] Photocycloadditions
Using Visible Light. Science, 2014, 344, 392-396.

[102] Blum, T.R.; Miller, Z.D.; Bates, D.M.; Guzei, I.A.; Yoon,
T.P. Enantioselective photochemistry through Lewis acid-
catalyzed triplet energy transfer. Science, 2016, 354, 1391-1395.
[103] Miller, Z.D.; Lee, B.J.; Yoon, T.P. Enantioselective Crossed
Photocycloadditions of Styrenic Olefins by Lewis Acid Catalyzed
Triplet Sensitization. Angew. Chem. Int. Ed., 2017, 56, 11891 —
11895.

[104] Hodgson, G.K.; Scaiano, J.C. Heterogeneous Dual
Photoredox-Lewis Acid Catalysis Using a Single Bifunctional
Nanomaterial. ACS Catal., 2018, 8, 2914-2922.

[105] Ischay, M.A.; Anzovino, M.E.; Du, J.; Yoon, T.P. Efficient
Visible Light Photocatalysis of [2+2] Enone Cycloadditions. J. Am.
Chem. Soc., 2008, 130, 12886-12887.

[106] Lu, Z.; Shen, M.; Yoon T.P. [3+2] Cycloadditions of Aryl
Cyclopropyl Ketones by Visible Light Photocatalysis. J. Am. Chem.
Soc., 2011, 133, 1162-1164.

[107] Amador, A.G.; Sherbrook, E.M.; Yoon, T.P. Enantioselective
Photocatalytic [3 + 2] Cycloadditions of Aryl Cyclopropyl Ketones.
J. Am. Chem. Soc., 2016, 138, 4722-4725.

[108] Zhao, G.; Yang, C.; Guo, L.; Sun, H.; Lin, R.; Xia, W.
Reactivity Insight into Reductive Coupling and Aldol Cyclization
of Chalcones by Visible Light Photocatalysis. J. Org. Chem., 2012,
77, 6302-6306.

[109] Ye, C.-X.; Melcamu, Y.Y.; Li, H.-H.; Cheng, J.-T.; Zhang,
T.-T.; Ruan, Y.-P.; Zheng, X.; Lu, X.; Huang, P.-Q. Dual catalysis
for enantioselective convergent synthesis of enantiopure vicinal
amino alcohols. Nat. Commun., 2018, 9, 410.

[110] Espelt, L.R.; McPherson, I.S.; Wiensch, E.M.; Yoon, T.P.
Enantioselective Conjugate Additions of a-Amino Radicals via
Cooperative Photoredox and Lewis Acid Catalysis. J. Am. Chem.
Soc., 2015, 137, 2452-2455.

[111] Lee, K.N.; Lei, Z.; Ngai, M.-Y. B-Selective Reductive
Coupling of Alkenylpyridines with Aldehydes and Imines via
Synergistic Lewis Acid/Photoredox Catalysis. J. Am. Chem. Soc.,
2017, 139, 5003—5006.

[112] Foy, N.J.; Forbes, K.C.; Crooke, A.M.; Gruber, M.D.;
Cannon, J.S. Dual Lewis Acid/Photoredox-Catalyzed Addition of



26 Journal Name, 2019, Vol. 0, No. 0 Principle Authoret al.

Ketyl Radicals to Vinylogous Carbonates in the Synthesis of 2,6-
Dioxabicyclo[3.3.0]octan-3-ones. Org. Lett., 2018, 20, 5727-5731.

. [113] McDonald, B.R.; Scheidt, K.A. Intermolecular Reductive
Couplings of Arylidene Malonates via Lewis Acid/Photoredox
Cooperative Catalysis. Org. Lett., 2018, 20, 6877—6881.

. [114] Speckmeier, E.; Fuchs, P.J.W.; Zeitler, K. A synergistic
LUMO lowering strategy using Lewis acid catalysis in water to
enable photoredox catalytic, functionalizing C—C cross-coupling of
styrenes. Chem. Sci., 2018, 9, 7096-7103.

. [115] Ge, H.; Wu, B.; Liu, Y.; Wang, H.; Shen, Q. Synergistic
Lewis Acid and Photoredox-Catalyzed Trifluoromethylative
Difunctionalization of Alkenes with Selenium Ylide-Based
Trifluoromethylating Reagent. ACS Catal., 2020, 10, 12414—12424.

. [116] Zheng, J.; Dong, X.; Yoon, T.P. Divergent Photocatalytic
Reactions of a-Ketoesters under Triplet Sensitization and
Photoredox Conditions. Org. Lett., 2020, 22, 6520—6525.

. [117] Liu, J.; Liu, X.-P.; Wu, H.; Wei, Y.; Lu, F.-D.; Guo, K.-R;
Cheng, Y.; Xiao, W.-J. Visible-light-induced triple catalysis for a
ring-opening cyanation of cyclopropyl ketones. Chem. Commun.,
2020, 56, 11508-11511.



Title of the Article

GRAPHICAL ABSTRACT AND CAPTION

Reactions Activation

Lewis Acid Alcools

CH oxidation properties Redox activities

Alkanes
Cycloadditions

Carboxylic acids

C-C couplings Halides

Synthetic strategies using rare-earth complexes as either redox active centers or as redox-neutral
Lewis acids in photoredox catalysis.

Journal Name, 2019, Vol. 0, No. 0 27



