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Abstract: Chemical processes combining visible-light-activated redox catalysis with asymmetric catalysis are
reviewed, including enamine catalysis in the presence or absence of an additional photoredox sensitizer, phase
transfer catalysis exploiting an in situ-generated electron donor–acceptor complex, photosensitized chiral Lewis
acid catalysis, and photoactivated nickel-catalyzed asymmetric cross-couplings. The transfer of a single electron
leads to intermediate radical ions,whose stronglymodulated reactivities canbe exploited for asymmetric catalysis
in a novel fashion. All processes discussed here are redox neutral so that the electron serves as a real catalyst
which cooperates with an asymmetric catalyst for the overall asymmetric transformation.
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1. Introduction

The investigation and design of or-
ganic reaction mechanisms which involve
single electron transfer (SET) steps have
witnessed a remarkable renaissance over
the last several years.[1] What makes such
reactions so attractive are the dramatic ef-
fects that a single electron more or less can
cause. Starting from a closed shell mole-
cule, the withdrawal or addition of a single
charge generates intermediate radical ions
with strongly modulated reactivities.[2] For
example, removing a single electron from
toluene dramatically decreases its pK

a
val-

ue (∆pK
a
= 63 in DMSO), thereby convert-

ing it into a strong acid.[3] Clearly, radical
ion chemistry provides untapped opportu-
nities to develop novel and synthetically
useful chemical transformations.

Under the conditions that the reaction
is overall redox neutral and the mechanism
follows the order electron transfer – chemi-
cal step(s) – electron transfer, the electron
constitutes a catalyst.[4,5] Such reactions
were previously frequently termed ‘elec-

tron transfer catalysis’ and are nowadays
often called ‘redox catalysis’ or ‘photore-
dox catalysis’ if the redox chemistry is ac-
tivated by light.[6]However, as a cautionary
note, in the case of ‘photoredox catalysis’,
the aspect of catalysis sometimes refers
to the catalytic activity of the photoredox
sensitizer, not to the overall redox process.
Studer and Curran recently suggested the
term ‘electron catalysis’ for related chain
processes since the electron indeed serves
formally as a real catalyst, in analogy to
the proton serving as the formal catalyst in
Brønsted acid catalyzed reactions.[5]

For electron-(transfer)-catalyzed re-
actions, photoinduced electron transfer
(PET), bymeans of using catalytic amounts
of a light-activated photosensitizer, prob-
ably constitutes the mildest and often most
favorable method to initiate the transfer
of a single electron.[7] Upon the absorp-
tion of light, the photosensitizer occupies
an electronically excited state which is a
superior electron donor as well as acceptor
compared to its ground state. What makes
the photosensitization scheme so useful is
the fact that it allows the production of very
low steady state concentrations of a strong
oxidant or strong reducing agent, which is
a key advantage over chemical oxidants or
electrochemistry, since reactions through
radical ions often involve intermediates
which are more prone to further oxida-
tion or reduction compared to the initial
substrates. Whereas photoinduced elec-
tron transfer was in the early days mainly
based on UV-light activation,[7] the recent
renewed boom of photochemistry stems to
a significant degree from improved pho-
tosensitizers that allow an activation with
visible light, which in form of solar light
constitutes an environmentally friendly
and sustainable source of energy for de-

livering the activation energy of chemical
reactions.[8] Furthermore, photochemistry
with visible-light-activated photosensitiz-
ers does not need any specialized equip-
ment and is nowadays typically performed
with energy light saving lamps (compact
fluorescent lamps, CFL) or LED light
sources.

In this review, we will focus on ex-
amples in which photoredox catalysis, in
the strict sense of photoactivated single
electron transfer catalysis, cooperates with
asymmetric catalysis. Asymmetric ca-
talysis holds promise as one of the most
economical strategies for the synthesis of
non-racemic compounds. The last several
years have revealed that electron-transfer-
induced reactions through radical ions al-
low the design of catalytic, asymmetric re-
actions with novel mechanisms. However,
at the same time, the high reactivities and
limited lifetimes of radical ion and radical
intermediates pose a significant challenge
to interface them with asymmetric cataly-
sis, indicated by the still limited num-
ber of mechanistically distinct electron-
catalyzed, catalytic asymmetric reaction
schemes. This scholarly review discusses
the most important strategies in which
photoredox catalysis has been successfully
merged with asymmetric catalysis.[9]

2. Enamine Catalysis

In a seminal publication from 2008,
MacMillan introduced a strategy to merge
visible-light-activated photoredox ca-
talysis with asymmetric organocatalysis
to realize the challenging direct enanti-
oselective α-alkylation of aldehydes.[10]
This pioneering work spurred a lot of
excitement since it provided a terrific
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ed asym,metric enamine chemistry,
Melchiorre and coworkers recently re-
vealed that the photoactivated asymmetric
α-alkylation of aldehydes and ketones with
electron-deficient benzyl bromides and
phenacyl bromides can even be executed in
the absence of an external photoredox sen-
sitizer (Scheme 3).[22,23] Mechanistic work
revealed that a colored charge transfer
(electron donor–acceptor, EDA) complex
3 composed of the in situ formed electron-
rich enamine and electron-deficient ac-
ceptor-substituted organobromide absorbs
visible light (as opposed to the individual
components) and induces a single electron
transfer from the enamine to the organobro-
mide. Thus, EDA formation allows SET-
triggered redox neutral transformations to
be performed without the involvement of
external photosensitizers. In a recent twist
of this story, Melchiorre reported that even
in the absence of any EDA complex, en-
amines are capable of absorbing sufficient
visible light to induce an electron transfer
from an electronic excited state of the en-
amine (4) to bromomalonates, thereby trig-
gering a chain process with involvement of
the enamine in the ground state, in analogy
to the mechanism depicted in Scheme 1.[24]

tion through the chirality of the secondary
amine catalyst.

In a related strategy to generate radi-
cals through reductive fragmentation and
interface them with enamine catalysis,
MacMillan introduced a visible-light-
induced enantioselective α-amination of
aldehydes using 2,4-dinitrophenylsulfo-
nyloxy-N-functionalized carbamates and
chiral secondary amine 2 as the catalyst
(Scheme 2).[21] A single electron transfer
to dinitrophenylsulfonyloxy-N-function-
alized carbamates leads to the release
of 2,4-dinitrophenylsulfonate with the
concomitant formation of an (electron-
deficient) N-centered radical which subse-
quently undergoes a radical addition to the
electron-rich π-bond of a chiral enamine
intermediate. In analogy to the previous
mechanism (Scheme 1), it is likely that
the herewith formed α-aminoalkyl radi-
cal directly reduces another substrate di-
nitrophenylsulfonyloxy-N-functionalized
carbamate, thereby generating a chain pro-
cess. A long chain length can be expected
for this reaction due to a probably ineffi-
cient photoinitiation of this process and the
lack of an additional photosensitizer.

In the context of photoactivat-

blueprint for how to merge radical ion
chemistry with asymmetric organocataly-
sis in an elegant fashion, and subsequent
work by MacMillan and others demon-
strated the generality of this strategy.[11–18]
According to the detailed mechanism
shown in Scheme 1, an enantioselective
intermolecular α-alkylation of aldehydes
with acceptor-substituted alkyl halides
was accomplished with a combination of
a transition metal photosensitizer and an
imidazolidinone organocatalyst 1. Work
by Zeitler, König, Pericàs, and others later
demonstrated that organic dyes, inorganic
semiconductors, and other transition metal
complexes are also suitable photosensitiz-
ers in this and related systems.[13–15,18] The
catalytic cycle is initiated by the transfer
of a single electron to an electrophile, such
as acceptor-substituted benzyl bromides,
phenacyl bromides, perfluoroalkyl iodides,
or α-bromonitriles followed by the release
of a halide or pseudohalide leaving group
with the formation of a carbon-centered
radical. This electron-deficient radical
rapidly reacts with the electron-rich double
bond of the intermediate enamine, formed
by condensation of the aldehyde substrate
with the secondary amine catalyst, in a ste-
reocontrolled fashion. Importantly, to real-
ize catalysis with respect to electron trans-
fer, the hereby generated α-aminoalkyl
radical is very prone to oxidation and upon
removal of an electron, the formed imini-
um ion hydrolyzes and releases the chiral
amine for another enamine catalysis cycle.
Thus, the overall reaction is redox neutral:
the single electron reduction of the electro-
phile is followed by a single electron oxi-
dation of the intermediate α-aminoalkyl
radical. Quantum yields determined by
Yoon and coworkers for a representative
model reaction reveal that this intermedi-
ate α-aminoalkyl radical can transfer the
electron directly to another electrophile
substrate, thereby rendering this reaction
a chain process.[19] Once a termination of
the chain process occurs, the light-activat-
ed photosensitizer initiates a new chain
process. It can be expected that the chain
length will vary significantly with the na-
ture of the used electrophile. In general, the
involvement of a chain reaction is highly
desirable because it allows the light energy
to be utilized more efficiently.

With respect to controlling the reac-
tion path and the stereoselectivity of the
highly reactive intermediate carbon-based
radicals, the success of this asymmetric ca-
talysis is based on the key aspect that the
secondary amine catalyst[20] converts the
aldehyde substrate into an intermediate
enamine featuring an electron-rich π-bond
that is highly reactive towards electron-de-
ficient radicals. This circumvents potential
side reactions and also permits control of
the stereochemistry of the radical addi-
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catalysis by using Eu(OTf)
3
(10 mol%)

in combination with a chiral coordinating
ligand (20–30 mol%) and [Ru(bpy)

3
]2+ as

the photoredox sensitizer (Scheme 5).[26]
The proposed mechanism starts with the
photoactivation of [Ru(bpy)

3
]2+, followed

by a single electron from iPr
2
NEt to gen-

erate [Ru(bpy)
3
]+, which then serves as

the reducing agent and transfers a single
electron to a Lewis acid coordinated aryl
enone, thereby generating an intermediate
radical anion. The latter participates in an
efficient [2+2]-cycloaddition reaction with
another Michael acceptor. The formed cy-
clobutane containing ketyl radical subse-
quently loses an electron and thereby clos-
es the electron catalysis cycle. Apparently,
all reactive intermediates remain coor-
dinated to the chiral europium(iii) Lewis
acid throughout the catalytic cycles so that
high enantio- and diastereoselectivities can
be reached. The authors mention that no
background reaction occurs in the absence
of the Lewis acid, which contributes to the
high enantioselectivities. Furthermore, the
authors demonstrate that converting the
Schiff base ligand 6 into the correspond-
ing reduced secondary amine 7 effects a
complete switch in diastereoselectivity
from 1,2-trans to 1,2-cis cyclobutanes,
which means that the chiral ligand can
control both the relative and absolute ste-
reochemistry of the [2+2]-photocycloaddi-
tion products.

In another example of cooperative
photoredox and asymmetric Lewis acid
catalysis, the Yoon group reported an en-
antioselective addition of α-aminomethyl
radicals to α,β-unsaturated carbonyl
compounds (Scheme 6).[27] Built on in-
sights by Mariano[28] and Pandey[29] that
α-silylamines undergo a facile oxida-
tive desilylation to generate nucleophilic
α-amino radicals, which then in turn can
add to acceptor-substituted alkenes, Yoon
used scandium(iii) triflate together with
the pybox ligand 8 as a chiral Lewis acid
in combination with the visible-light-acti-
vated photoredox sensitizer [Ru(bpy)

3
]2+

to elegantly convert this aminoalkylation
into a photoredox-catalyzed assymetric
reaction. An optimization study revealed
that the addition of Bu

4
NCl was beneficial

and that Sibi’s pyrazolidinone auxiliary
(Z in Scheme 6)[30] provided the best re-
sults. Mechanistically, it can be expected
that the scandium(iii) Lewis acid activates
the Michael acceptor by bidentate coor-
dination, thereby increasing its reactivity
towards the stereocontrolled addition of
the nucleophilic α-amino radical. A sub-
sequent single electron reduction of the
formed α-carbonyl radical followed by
protonation provides the product and after
decomplexation allows another catalytic
cycle. Note that this reaction is overall re-
dox neutral and it is likely that some degree

is controlled by the chiral PTC counterion.
Finally, the intermediate ketyl converts to
the product either by directly participating
in an SET with another R

F
-I, or alterna-

tively by abstracting an iodine from R
F
-I,

followed by iodide dissociation. Overall,
this together with previous work from the
Melchiorre laboratory demonstrates the
versatility of the photochemical activation
of EDA complexes for devising visible-
light-driven transformations (‘photo-or-
ganocatalysis’) without the need for any
additional external photosensitizer.

4. Lewis Acid Catalysis

Yoon recently reported an electron-
catalyzed [2+2]-cycloaddition that is inter-
faced with asymmetric chiral Lewis acid

3. Phase Transfer Catalysis

Melchiorre recently further advanced
the photoactivation of EDA complexes
to a photochemical enantioselective per-
fluoroalkylation of β-ketoesters using
phase-transfer-catalyst (PTC) 5 (Scheme
4).[25] The proposed radical chain reaction
is initiated by the photochemical activa-
tion of an EDA complex out of enolate
(coordinated to the cationic PTC) and the
perfluoroalkyl iodide (R

F
-I) through π-σ*

interactions.A visible-light promoted elec-
tron transfer within the EDA from the eno-
late to R

F
-I leads to a reductive cleavage

of the C–I bond and the thereby generated
electrophilic perfluoroalkyl radical can
next react with the electron-rich π-bond of
(another) enolate to provide an intermedi-
ate ketyl. The stereoselectivity of this step
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of chain reaction is involved as indicated
by the dotted arrow in Scheme 6.

Our laboratory recently reported visi-
ble-light-induced asymmetric photoredox
catalysis using a single chiral iridium com-
plex which serves a dual function, namely
as a catalytically active chiral Lewis acid
and at the same time as a precursor for an
in situ assembled visible-light-activated
photoredox catalyst.[31–33] In the iridium
complex 9, the octahedral metal center is
cyclometalated with two bidentate ligands
in a propeller-type fashion. Two additional
acetonitriles are exchange-labile and allow
substrates to become activated by two-
point binding. This complex is structurally
very simple and only contains achiral li-
gands, with metal-centered chirality (metal
centrochirality) being the exclusive source
of chirality. Importantly, despite the two
labile acetonitrile ligands, the catalyst is
configurationally inert and retains its rela-
tive and absolute configuration through-
out the catalysis.[34] Iridium complex 9 is
a highly effective asymmetric photoredox
catalyst for the visible-light-induced en-
antioselective α-alkylation of 2-acyl im-
idazoles with electron-deficient benzyl
bromides[31] and phenacyl bromides[31] as
well as α-trichloromethylation[32] of 2-acyl
imidazoles and 2-acylpyridines.

Our proposed mechanism is shown in
Scheme 7, which can be classified as an

-e-
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electron-transfer-catalyzed nucleophilic
substitution via S

RN
1. Accordingly, the

catalytic cycle is initiated by bidentate co-
ordinating of the 2-acylimidazole or 2-ac-
ylpyridine substrate to the iridium catalyst
(intermediate I), followed by base-pro-
moted deprotonation to an electron-rich
iridium enolate (intermediate II). The sub-
sequent addition of a reductively generated
electrophilic carbon-centered radical to the
nucleophilic enolate double bond provides
an iridium-coordinated ketyl radical (in-
termediate III), which is oxidized to an
iridium-coordinated product (intermediate
IV), followed by product release. The de-
scribed catalytic cycle intertwines with a
photoredox cycle that generates the elec-
trophilic carbon radical upon SET from
the photoactivated photosensitizer to the
organobromide substrate and subsequent
release of bromide. Determined quantum
yields of >1 for the trichlormethylation
reveal that the electrophilic radical is also
formed by direct electron transfer from the
strongly reducing ketyl radical intermedi-
ate III to the electron-deficient organobro-
mide, thereby leading to a chain propaga-
tion.A number of mechanistic experiments
suggest that it is the neutral intermediate
iridium enolate complex (II) that serves as
the active photosensitizer. Thus, the chiral
iridium enolate II is a key intermediate,
providing an excellent asymmetric in-
duction in the reaction with electrophilic
radicals and simultaneously serves as the
visible-light-activated photosensitizer for
triggering electron catalysis.

5. Nickel Catalysis

Molander[35] and Doyle with
MacMillan[36] recently reported an in-
triguing merger of photoredox catalysis
and nickel-catalyzed cross-coupling. In
the case of the Molander system, alkoxy-
alkyl- and benzyl trifluoroborates were
cross-coupled with aryl bromides under
very mild conditions using a nickel cata-
lyst and a photosensitizer in combination
with visible light.[35,37–39] Mechanistically,
the single electron oxidation of the trifluo-
roborate induces a fragmentation into BF

3
and an alkylradical which is supposed to
add to nickel(0) and leads to the formation
of an alkylnickel(i) intermediate, which in
turn undergoes an oxidative addition with
the aryl bromide to form a pentacoordinate
nickel(iii) intermediate. Alternatively, the
oxidative addition can precede the radical
combination with nickel. The intermedi-
ate nickel(iii) complex undergoes a rapid
reductive elimination under release of the
cross-coupling product and a nickel(i) spe-
cieswhich then takes up an electron to close
the catalytic cycle. As indicated in Scheme
8, the overall process is redox neutral by

including one oxidative and one reductive
single electron transfer step. Interestingly,
by employing a chiral bisoxazoline ligand,
this process can be rendered enantioselec-
tive, albeit with currently only modest en-
antioselectivities.[35,38]

6. Conclusions

Electron-catalyzed reactions open in-
triguing new options for devising chemi-
cal reactions. With respect to electron-
catalyzed asymmetric catalysis, to date,
only a limited number of successful pro-
cesses have been reported including light-
activated enamine, phase transfer, chiral
Lewis acid, and nickel catalysis.[40] The
challenge remains to tame and control the
reactivity of the intermediate radical spe-
cies and to interface them with asymmet-
ric catalysis cycles. This requires either
a strong activation of a substrate towards
the reaction with a radical species or the
generation of the radical species while at-
tached to the catalyst. In this respect, the
use of chiral transition metal complexes
which can both serve as the photosensitizer

and asymmetric catalyst might allow other
reaction schemes in which photoactivation
and reactivity are intertwined in unique
ways. Finally, it has to be mentioned that
photoinduced electron transfer processes
can be complicated by the kinetics of the
involved electron transfer processes (such
as the energy-wasting back electron trans-
fer). Regardless, the authors are looking
forward to new innovative strategies for
achieving cooperative asymmetric pho-
toredox catalysis.
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