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Abstract:

Visible light driven organic chemistry has sparked much excitement over the last several years. This
review summarizes recent progress in combining visible light activation with asymmetric catalysis,
processes that are either mediated by photoinduced electron or energy transfer. The tasks of
photoactivation and asymmetric catalysis are typically accomplished by dual catalyst systems but
several recent reports demonstrate that they can also be effectively executed by single catalysts.
Beyond the discovery of novel asymmetric transformations under mild reaction conditions, this
contemporary area of organic chemistry holds promise for the development of economical and

environmentally friendly methods for the asymmetric synthesis of chiral compounds.
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Introduction

Asymmetric catalysis provides vast opportunities for an economical access to chiral compounds in
enantiomerically pure form." Sun light, on the other hand, is considered an inexpensive, abundant, and
environmentally benign form of energy and the last several years have witnessed a surge in studies
exploiting visible light for activating chemical transformations.” Interfacing visible light activated
photochemistry with asymmetric catalysis therefore provides new opportunities for the development
of synthetic methods for the efficient and green synthesis of non-racemic chiral molecules. Beyond
cost and environmental factors, compared to the well studied UV light induction of chemical
reactions,” the activation by visible light circumvents problems associated with UV photodegradation
and obviates the need for specialized equipment. In a typical experimental setup, visible light in form
of sunlight, a LED light source, or a standard household lamp, is absorbed by a photosensitizer (PS)
which then triggers an energy or electron transfer process (Figure 1). In the latter case, the
photoactivated sensitizer (PS*) is a stronger reducing and oxidizing agent compared to the ground
state, so that photoinduced redox chemistry generates reactive radical cation or radical anion
intermediates that possess unusual reactivities under surprisingly mild reaction conditions due to the
low steady state concentration of the photoactivated redox sensitizer in combination with the fact that
organic compounds often do not absorb visible light.* In this context, activation by single electron
transfer (SET) can be considered a complement to the well established and exploited activation by
proton transfer.” Whereas photoredox chemistry has experienced a renaissance over the last several
years, the control of absolute stereochemistry in photoredox reactions is still in its infancy. This
review therefore summarizes and discusses recent progress in merging visible light activated

photochemistry with asymmetric catalysis and highlights underlying concepts.
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a.) Photoinduced Electron Transfer
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Figure 1. Induction of chemical processes by visible light activated photosensitizers (PS). a.) The
photoactivated redox sensitizer is a stronger reducing agent (photoredox cycle 1) and oxidizing agent
(photoredox cycle II) than the ground state. Note that either PS* or PS™ and PS* or PS™ can serve as
the actual oxidizing and reducing agents, respectively, for the substrates. As a consequence, both
photoredox cycles are capable of inducing the initial oxidation or reduction of the redox active
substrates. b.) Photoinduced energy transfer either occurs from a singlet or triplet excited state of the

photosensitizer.
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Photoinduced Electron Transfer: Redox Neutral Reactions

Merging Asymmetric Enamine Catalysis with Photoredox Catalysis

In 2008, MacMillan’s group reported the first example of merging visible light induced photoredox
catalysis with asymmetric organocatalysis and the generality of this strategy was established in
subsequent publications (Table 1).” Accordingly, the enantioselective intermolecular o-alkylation of
aldehydes with electron deficient alkylating agents was accomplished using a combination out of
transition metal photoredox catalysts and the imidazolidinone organocatalysts 1 or 2. Work by
Zeitler,'” Konig,'"' and Pericas'? revealed that organic dyes and inorganic semiconductors are also
promising photosensitizers in this system. Mechanistically, it is believed that a photoredox catalytic
cycle results in the reductive, heterolytic cleavage of the electrophiles, such as acceptor-substituted
benzyl bromides, phenacyl bromides, or perfluoralkyl iodides, to afford electron deficient alkyl
radicals which rapidly react with the electron rich double bond of chiral intermediate enamines in a
stereocontrolled fashion (Figure 2).1 Thereby generated a-amino radicals are prone to oxidation and
are hydrolyzed after single electron oxidation to iminium ions. The electron either directly flows back
into the photoredox cycle (Figure 1) or initiates a radical chain process by reducing a new substrate
molecule. Using eosin Y as the photoredox catalyst, Zeitler and coworkers noticed that the reaction
proceeded in the dark after an initial irradiation which is an indicator for the involvement of a radical
chain process.'® In either case, the catalytic cycle is redox neutral and the reaction catalyzed by the

temporary transfer of one electron.’

Luo and coworkers recently introduced a very useful extension of this asymmetric photoredox
enamine catalysis strategy by reporting that the chiral primary amine 3 is a suitable enamine catalyst
for the asymmetric photoredox a-alkylation of B-dicarbonyl compounds, thereby implementing all-
carbon quaternary stereocenters with high enantioselectivities (Figure 3).'* The authors propose that a
hydrogen bond in the transition state between the protonated tertiary amine (N-H as hydrogen bond

donor) of the intermediate enamine and the intermediate phenacyl radical (C=0O as hydrogen bond
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acceptor) contributes to the high asymmetric induction. Interestingly, B-ketoamides bearing N-aryl

groups lead to spontaneous intramolecular cylizations under formation of hemiaminals.
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Table 1. Enantioselective a-alkylation of aldehydes via asymmetric photoredox catalysis.

imidazolone 1 or 2 o O s o, v/
o (20 mol%) R ; jN N
HJ\/R * Rewe-X ol HJ\( EWG Dinggy “HOTE gk, Ar « HOTS
2,6-lutidine (1-2 eq) R | N N
PS (0.5 mol%) : 1 2
visible light

Rewg-X amines PS* conditions light sources yields (%) ee (%) references
o-bromocarbonyls 1 [Ru(bpy);]Cl, 23°C,6h 15 W fluorescent lamp  66-93 88-99 MacMillan, 2008’
perfluoralkyliodides” 1 [Ir(ppy)2(dtbbpy)]PFs  -20 °C, 7.5-8 h 26 W fluorescent lamp  61-89 90-99 MacMillan, 2009°
benzyl bromides* 2 fac-[Ir(ppy)s] rt, 3-6 h 26 W fluorescent lamp  72-91 87-93 MacMillan, 2010’
different classes® 1 eosin Y -15t0+5°C, 15-18h 1 WLED, A=530nm  56-85 86-96  Zeitler, 2011"
different classes® 1 PbBiO,Br® 20 °C, 20-24 h 3WLED,A=440nm  65-84 72-96  Konig, 2012"
different classes” 1! Bi203i’j, Bizsgi’k rt, 1-48 h 23 W fluorescent lamp  40-91 81-98 Pericas, 2014

*Abbreviations for ligands: 2,2'-bipyridine (bpy), cyclometalated 2-phenylpyridine (ppy), 4,4'-di-tert-butyl-2,2'-bipyridine (dtbbpy). ®One example with
CF,BrCO;Et. “Including heteroaryl substrates such as 4-bromomethyl pyridine as its HBr salt. dDiethyl bromomalonate, 4-nitro-phenacyl bromide, and 1-
iodononafluorobutane. ‘Diethyl bromomalonate, phenacyl bromide, 2,4-dinitrobenzyl bromide. fUsed as the HCI salt. 64 mg inorganic semiconductor per

nmol of bromoorganyl. "Diethyl bromomalonate and phenacyl bromides. ‘Catalyst loading of ca. 2 mol%. ‘Bulk powder. “Nanoparticles.
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Figure 2. Putative mechanism for the redox neutral enantioselective a-alkylation of aldehydes via

asymmetric photoredox catalysis.

H
tBu N/\
NH, |\ OTf
7 9 Q 3 (20 mol%) U
R1Jl\|/lLR3 + Br\)j\Ar ' R1 27, R3
R2 [Ru(bpy)3]Cly x 6H,0 (1 mol%) R* %
NaHCO; (1 eq), rt O=<
33 W compact fluorescent lamp Ar
O O
O O 7 o CN
)J>(ILO/\ é{, )l>_)LN—Ph
2 0 7 —{
o=(Ph O‘(Ph HG PN
CF3 63% yield

88% yield, 97% ee 82% vyield, 98% ee 53% vyield, 90% ee 22:1 dr, 97% ee
Figure 3. Asymmetric a-alkylation of B-dicarbonyl compounds via asymmetric photoredox catalysis

employing a chiral primary amine as enamine catalyst as reported by Luo.
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Visible Light Absorption by Transient Donor-Acceptor Complex
Melchiorre and coworkers recently reported a surprising finding, namely that the asymmetric o-
alkylation of aldehydes with electron deficient benzyl bromides and phenacyl bromides via
photoredox catalysis with the chiral secondary amine 4 can be performed in the absence of any
external photoredox sensitizer (Figure 421).15 Based on extensive mechanistic investigations, the
authors propose a mechanism which proceeds through a transient electron donor acceptor (EDA)
complex. This colored charge transfer complex composed of an electron-rich enamine and an
electron-deficient acceptor-substituted organobromide is capable of absorbing visible light and
triggers a (reversible) single electron transfer from the enamine to the organobromide, thereby
producing a solvated contact radical ion pair. Subsequent heterolytic fragmentation of the
organobromide radical anion produces bromide and an alkyl radical that combines with the chiral
enamine radical cation to generate a non-racemic iminium ion. After hydrolysis, the non-racemic o-
alkylated aldehyde is provided. Note that this reaction mechanism is not a classical electron transfer
catalyzed reaction since here an electron is not added or removed from the system but instead
transferred between an intermediate and a substrate. Regardless, the authors also demonstrate that
solar light instead of a fluorescent light bulb can effectively promote this process. The authors
expanded this strategy of asymmetric photo-organocatalysis via visible light absorbing charge transfer
complexes to the enantioselective a-alkylation of ketones using the cinchona-based primary amine
catalyst 5 (Figure 4b)."°

Interestingly, MacMillan and coworkers recently reported a photoinduced enantioselective a-
amination of aldehydes using 2,4-dinitrophenylsulfonyloxy-N-functionalized carbamates together
with the chiral primary amine 6 (Figure 4c).'” The reaction apparently proceeds through the formation
of an N-centered radicals and their subsequent stereoselective addition to the electron-rich n-bond of
chiral enamine intermediates. Importantly, as for Melchiorre’s work, no additional photosensitizer is

required.
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a.) Melchiorre, 2013
Ar
N Ar
H OTMS
Ar = 3,5-(CF3)206H3
4 (20 mol%)
Jl\,R + B EWG - HJ\(\EWG
MTBE, 2,6-lutidine (1 eq) R
23 W compact fluorescent lamp at 25 °C

Examples:

(0] NO, 0 NO, 0
HJ\H(\©\ Hm H)J\(Y@Br
ex NO, Nno, Et O

81% vyield, 92% ee 80% yield, 93% ee 96% vyield, 87% ee

Putative mechanism:
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b.) Melchiorre, 2014 _
P
NH,
Z N
)O]\ PR Ny | 5 (20 mol%) /[?\ ~
¢ .+ Br” "TEWG > " EWG
MTBE
TFA (40 mol%) 38-94% yield, 62-95% ee
NaOAc (2 eq)
3 x 23 W compact fluorescent lamp at 0 °C for 45-96 h
or

xenon lamp (300-600 nm) at 25 °C for 14 h

c.) MacMillan, 2013 \ O

O,N NO 2
o \@ 2 0 6 (30 mol%) Q E o
HJ'J\/R + 5 O. N/U\O RE — HJI\r \n/ ‘R3

30 Rre -15 °C, 2,6-lutidine R O
26 W compact fluorescent lamp
(0] 1) 0 o |
N o ! ! o
HJ\( DO "'J\r ‘Boc HJ\( Wi H o~
Bn O Bn Bn o

79% yield, 92% ee  71% vyield, 89% ee 75% yield, 90% ee 67% yield, 94% ee
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Figure 4. Enantioselective a-alkylation of aldehydes via asymmetric photo-organocatalysis. Note that

these reactions do not require any external photosensitizer.

Asymmetric Photoredox Catalysis with a Chiral Iridium Complex

Our group recently reported a novel type of asymmetric photoredox catalyst which combines
photoredox sensitization, substrate activation, and asymmetric induction in a single chiral iridium
complex.'® In the presence of a 14 W energy saving household lamp, 7 at a loading of 2 mol% is able
to catalyze the reaction between 2-acyl imidazoles and electron deficient benzyl bromids or phenacyl
bromides, providing a-alkylated 2-acyl imidazoles in high yields and with high enantioselectivities. A
plausible mechanism in which photoredox catalysis intertwines with asymmetric catalysis is shown in
Figure 5. Herein, the catalysis is initiated by the coordination of 2-acyl imidazoles to the iridium
catalyst in a bidentate fashion, followed upon deprotonation by the formation of a nucleophilic
iridium(IIT) enolate complex. The subsequent chirality generating key step constitutes the exergonic
addition of a photo-reductively generated electrophilic radical to the electron rich metal-coordinated
enolate double bond, thereby affording an iridium-coordinated ketyl radical. Oxidation of this ketyl
intermediate to a carbonyl group by single electron transfer provides the iridium-coordinated product,
which is subsequently released. The single electron transfer either regenerates the iridium(III)
photosensitizer or leads to the reduction of another organobromide substrate, thereby initiating a chain
reaction. Proposed key intermediate which uniquely connects the asymmetric catalysis with the
photoredox cycle is the highlighted iridium(IIl) enolate complex, which not only provides the crucial
asymmetric induction upon a stereocontrolled reaction with the reductively formed radicals in the
catalysis cycle and but at the same time serves as the in situ generated active photosensitizer. Despite
the structural simplicity of the metal-based catalyst, the metal center serves multiple functions at the
same time: as a precursor for the photosensitizer, as a chiral Lewis acid for substrate activation, and as
the exclusive chiral center for providing a highly effective asymmetric induction in the course of the

C-C bond forming reaction.

10
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7 (2 mol%) 0]
1 visible light N
<N: R B EWG ——— > T EWG
NN Na;HPO, (1.1eq) “—N: oR'
R 40 °C
ExampIeS'
2

O)‘V\@L & DO &O ;OZ

1.5 h, 100% vyield, 99% ee® 2 h, 97% yield, 99% ee? 6 h, 97% yield, 94% ee?

_Ulll

0 NO, 0 Br 0 Cl
M N N N
N Et NO, <\,N\. Ph O Q\,N\. Bh O
iPr iPr
36 h, 84% vyield, 91% ee® 2 h, 86% yield, 91% ee? 24 h, 91% yield, 91% ee?
-
Putative Mechanism: [in By Br  EWG
/ \ -
N O

O VRN N
N R _7 N /O [\
S —_— | \ N R
W
product [Ir]
substrate

EWG
Figure 5. Plausible mechanism for a combined photoredox and asymmetric catalysis with a chiral

iridium Lewis acid photoredox sensitizer. The proposed mechanism involves the highlighted
11
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intermediate iridium(IIT) enolate complex, which most likely serves as the active photosensitizer and
the chiral reaction partner for the electron deficient radicals (EWG = electron withdrawing group).

*Energy saving household lamp (14 W). °Blue LED light (3 W).

Electron Transfer Catalyzed Asymmetric [2+2]-Photocycloaddition

[2+2]-Photocycloadditions can be triggered by single electron transfer.'” Yoon recently reported a
dual catalyst system consisting of a visible light activated photoredox catalyst and a chiral Lewis acid
co-catalyst (Figure 6).20 From previous work of the authors it was established that [Ru(bpy);]Cl,,
upon activation with visible light and in the presence of an electron donor such as iPr,NEt, is capable
of reducing aryl enones that are coordinated to a mild Lewis acid.”' Photoactivated [Ru*(bpy)s]*"
accepts an electron from iPr,NEt to produce the reduced complex [Ru(bpy)s]” which transfers a single
electron to Lewis acid coordinated aryl enones (photoredox sensitizer cycle II in Figure 1). The hereby
generated intermediate radical anions can subsequently participate in efficient [2+2]-cycloaddition
reactions with other (less-conjugated) Michael acceptors. The formed cyclobutane containing ketyl
radicals loose an electron and thereby close the electron transfer catalysis cycle. The authors
demonstrated that in the presence of a chiral Lewis acid, namely Eu(OTf); (10 mol%) together with a
chiral coordinating ligand (20-30 mol%), the cyclobutane products are formed with high enantio- and
modest diastereoselectivities controlled by the chiral Lewis acid which remains coordinated
throughout the reaction.’ The authors point out that the high enantioselectivities profit from the fact
that no background reaction occurs in the absence of the Lewis acid. Interestingly, modifying the
chiral ligand from the Schiff base 8 to the corresponding reduced secondary amine 9 led to a switch in

diastereoselectivity from 1,2-trans to 1,2-cis cyclobutanes, thus demonstrating that the chiral ligand

can control both the relative and absolute stereochemistry of the [2+2]-photocycloaddition products.

12
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NH 0O O

8 (30 mol% nBu Len,

> Y

HsC

0 0 [Ru(bpy)s]Cl2 (5 mol%) 74% yield
Eu(OTf); (10 mol%) 7:1dr, 85% ee
Ph)ﬁl\ ¥ ﬁ\cﬂ” iPr,NEt, MeCN

CHj (5 eq) visible light, rt, 14 h /QCH
3

(:(\ j:'( 2 8% yield
4.5:1dr, 95% ee
OH o” NH

9 (30 mol%) /BuU

Putative mechanism: LA. .

~

Ph)J\I\ —> Ph)KI\ —> Ph)\L
CHj;

0O

“)LCH3
JHLCHsd— Ph/ﬁzﬁLCHs - P

(N
H3C

Figure 6. Dual catalysis system for the enantioselective [2+2]-photocycloaddition of o,-unsaturated

ketones to the corresponding cyclobutanes. LA = chiral Lewis acid catalyst.

Photoinduced Electron Transfer: Net Reduction or Oxidation

Photoredox Catalysis Combined with Chiral Bronsted Acid Catalysis

Knowles recently reported a very powerful enantioselective reductive aza-pinacol cyclization induced
by proton-coupled electron transfer (PCET) (Figure 7). Accordingly, the exposure of g-hydrazino

arylketones to blue light in the presence of a photoredox sensitizer (2 mol%), the chiral BINOL

13
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phosphoric acid 10 (10 mol%), and a Hantzsch ester as the terminal reducing agent provided the cis-
vicinal amino alcohols in an enantioselective fashion. The authors propose a mechanism in which the
Brensted acid forms a hydrogen bond with the aryl ketone, followed by an electron transfer from the
photoactivated photosensitizer to the aryl ketone in concert with proton transfer from the Bronsted
acid (pK, = 13 in MeCN) to the oxygen of the formed ketyl (pK, = 20 in MeCN). What makes the
concept of PCET so attractive is the fact that it allows to reduce functional groups at significant lower
oxidation potentials and provides an opportunity to achieve asymmetric induction by using chiral
Brensted acids. The enantioselective radical cyclization of the ketyl radical can be rationalized if the
chiral phosphate remains hydrogen bonded to the OH-group of the ketyl, which is quite surprising
considering that the association apparently occurs mainly through a single H-bond. Subsequently, the
product is formed after hydrogen atom abstraction of the intermediate amino radical from Hantzsch
ester which is then further oxidized to its corresponding pyridinium ion upon regeneration of the

photosensitizer.
SiPh,
g ‘ O\P:’O
g,
SiPhg
0 10 (10 mol%) HO  NHNMe,

Ar)l\/\NN“NMeZ » Al

EtO,C CO,Et
X
N

H
(1.5eq)
[Ir(ppy)2(dtbbpy)]PFg (2 mol%)
blue LED, rt, 3 h
Examples:
HO  NHNMe, HO  NHNMe, HO  NHNMe,
Phiy O—@lu- F3C e
/

83% yield, 93% ee 86% yield, 94% ee 58% yield, 90% ee
Putative mechanism:

_H-A H--A

o o~ OH OH
+e . : Ar

A g Y S
&t\ oyl LN, NN, NHNMe,

NM62 NM62

14
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Figure 7. Asymmetric aza-pinacol cyclization by merged photoredox catalysis and chiral Bronsted

acid catalysis.

Tandem Iminium/Enamine Photoredox Catalysis

An oxidative strategy to exploit the reactivity of enamine intermediates has been termed SOMO
catalysis and makes use of the low ionization potential of enamines.** Jang and coworkers recently
reported a strategy to combine asymmetric SOMO catalysis with photoredox catalysis (Figure 8).25
Accordingly, the reaction of o,p-unsaturated aldehydes with dialkyl malonates and the radical
scavenger 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) in the presence of the proline derivative 11
and a visible light activated photosensitizer provided in a cascade Michael addition / oxyamination
reaction sequence non-racemic aldehydes with stereocenters at both the a- and B-positions. As the
photoredox sensitizer served a TiO,-bound ruthenium(Il) complex (N719) that has been developed
previously for Gritzel-type dye-sensitized solar cells. Mechanistically, the reaction apparently

combines iminium activation with SOMO activation as shown in Figure 8.
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T
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=
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RO,C AT
CO.R

Figure 8. Asymmetric tandem Michael addition / oxyamination under photoredox conditions.

Photoredox Catalysis Combined with N-Heterocyclic Carbene Catalysis

Amines can be converted oxidatively to iminium ions. If the oxidation is mediated by a photoredox
sensitizer, this process contains an initial single electron transfer step to an acidic amine radical cation,
which after a-deprotonation to an a-aminoradical is prone to a further single electron oxidation under
formation of an electrophilic iminium ion.* DiRocco and Rovis exploited this for an enantioselective
photosensitized oxidative coupling of tetrahydroisoquinolines with aldehydes, catalyzed by the chiral
N-heterocyclic carbene (NHC) catalyst 12 (Figure 9).26 Apparently, the reaction of aldehydes with the

NHC catalyst affords a nucleophilic chiral Breslow intermediate which is trapped by an electrophilic
16
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iminium ion, thereby providing an enantioselective a-acylation of N-aryltetrahydroisoquinolines via
dual catalysis by an N-heterocyclic carbene and a photoredox sensitizer. Importantly, the presence of
the weak oxidant m-dinitrobenzene turns out to be essential for achieving a high catalytic efficiency in
this process and it is likely that m-dinitrobenzene serves as a redox mediator between the photoexcited

[Ru*(bpy):]*" and oxygen as the terminal oxidant.

0]
s

N.\/I{l Br
Br 5
0 o r
't 12 (5 mol%) @G\k
N R” “H - 7 Ar
~Ar [Ru(bpy)3]Cl, (1 mol%) A
m-dinitrobenzene (1.2 eq), rt 0" R
blue LED
Examples

Putative Mechanism:
(0] 01
X,
7
O Breslow - 29 -H*
\XN intermediate @
N\/ \ \Ar ‘Ar

R

N‘Ar 2x SET

Figure 9. Asymmetric a-acylation of N-aryltetrahydroisoquinolines via dual catalysis by an N-

hetereocyclic carbene and a photoredox sensitizer.
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Photoredox Catalysis Combined with Asymmetric Hydrogen Bonding Catalysis

Jacobsen and  Stephenson  accomplished the enantioselective  alkylation of  N-
aryltetrahydroisoquinolines by using a chiral thiourea hydrogen bonding catalyst in a sequential two-
step procedure (Figure 10).” Accordingly, in the first step, a photoredox mediated oxidation with
CCly as the final oxidant leads to a-chloroamines. In a second step, upon change to a less polar
solvent and a reduction of the temperature, the addition of the chiral thiourea 13 presumably results in
the formation of an intermediate contact ion pair out of a hydrogen-bonded chloride anion and the
iminium cation, which reacts enantioselectively with the silyl enol ether to provide the products with

modest overall yields but high enantioselectivities.

1. [Ru(bpy)3]Cl (1 mol%)

CCl, (oxidant)
oTBs  blue LED, 16 h, MeCN
rRE | + )\ > m‘
X N‘Ar OMe  soivent switch to MTBE T A

addition of silyl ether (2 eq)  Me0,C”
-60°C,16h  CF,

[BuJSL
N
N~ °N CF
S \g/\H H ®
\ 13 (20 mol%)
Examples: Cl
MeO,C”~ MeO,C”~ OMe Me0,C”~ MeO,C”~

72% yield, 95% ee 60% yield, 84% ee 69% yield, 97% ee 58% vyield, 92% ee

Putative Mechanism: B CF, .

photoredox L Ar~ _
@G catalysis intermediate contact ion pair @3
N
7 i > > " Ar
N\Ar @;\N\ Ar / \ Y

MeO,C”
OTBS  1ggey 2
OMe

CCl, CHCl, ol
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Figure 10. Asymmetric a-alkylation of N-aryltetrahydroisoquinolines via sequential catalysis through

photosensitized oxidation followed by asymmetric anion binding catalysis with a chiral thiourea.

Photoinduced Energy Transfer Processes

Asymmetric Reactions with Singlet Oxygen

Molecular oxygen is considered a green oxidant as it is highly abundant and typically reduced to just
water. Whereas molecular oxygen, due to its biradical character, readily reacts with other radicals
often even in a diffusion controlled fashion, the reactivity towards closed shell molecules is low.
However this reactivity can be increased dramatically by converting triplet oxygen (‘0,) to singlet
oxygen ('0,) through energy transfer from the singlet state of an excited photosensitizer (Figure 1).%*
The reactivity of singlet oxygen was applied to visible light activated asymmetric catalysis in a few
recent studies.”>* Cordova developed an enantioselective a-oxidation of aldehydes and ketones using
molecular oxygen as shown in Figure 11.*7*! For example, the reaction of aldehydes with molecular
oxygen in the presence of the proline derivative 11 (20 mol%) and meso-tetraphenylporphyrin (TPP, 1
mol%) at 0 °C for 6 hours, afforded non-racemic 1,2-diols after in situ reduction with NaBH..*! The
key step in the proposed mechanism is the enantioselective reaction between an intermediate
nucleophilic chiral enamine and singlet oxygen, albeit with just a modest asymmetric induction,
presumably as a consequence of the small size of molecular oxygen. In a similar fashion, the amino
acid alanine (20 mol%) was reported to catalyze the analogous a-oxidation of ketones, whereas the
cyclic amino acid proline afforded inferior enantioselectivities.®® These o-oxygenations are

inexpensive and environmentally benign since catalyst and oxidant are from renewable sources.

Gao and coworkers used a somewhat different strategy to control the enantioselectivity in o-
hydroxylations with molecular oxygen by employing a chiral phase transfer catalyst.*> When treated
with the chiral phase catalyst 14 (5 mol%) and the photosensitizer TPP (1 mol%) under basic phase

transfer conditions while exposing to visible light under an atmosphere of air, the o-hydroxylated
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products were obtained in high yields in an enantioselective fashion. No products were obtained upon
addition of the 'O, scavenger 1,4-diazabicyclo[2.2.2]octane. The authors propose that the reaction
proceeds through a contact ion pair out of the quaternary ammonium ion of the chiral catalyst 12 and
the a-deprotonated P-ketoester, which then reacts with the electrophile singlet oxygen in a
stereocontrolled fashion to form an intermediate hydroperoxide which itself serves as an oxidant for
another deprotonated [B-ketoester to form the final hydroxylated product in an enantioselective

fashion.

a.) 1.) O\'Z’h
N OSiMe;
H

Ph
0 11 (20 mol%)
AR Ho R
: oxygen, 0°C,6 h OH
TPP (1 mol%) 64-76% yield
250 W high pressure sodium lamp 74-98% ee
2.) NaBH,
b.)
L-alanine
o (20 mol%) o)

R,)l\,R > R,)J\,R

oxygen, RT, 0.5-6 h i
TPP (1 mol%) OH
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Figure 11. Direct a-oxidation of aldehydes, ketones, and [B-keto esters with molecular oxygen
catalyzed by a chiral secondary amine or a chiral phase transfer catalyst in combination with a the

photosensitizer tetraphenylporphyrin (TPP).
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Asymmetric Visible Light [2+2]-Photocycloaddition

The Bach group recently reported an organocatalyst (15) for enantioselective intramolecular [2+2]-
photocycloaddition reactions induced by visible light (Figure 12).>**° The catalyst is based on a 1,5,7-
trimethyl-3-azabicyclo[3.3.1]nonan-2-one scaffold connected to a thioxanthone chromophore via an
oxazole moiety and catalyzes the conversion of 4-substituted chinolones to their intramolecular
cycloaddition products activated by visible light. The mechanistic model assumes the binding of the 4-
substituted chinolones to the catalyst through a double hydrogen bond as depicted in Figure 12. In
contrast to related chiral photosensitizers requiring activation by UV-light,’ thioxanthones absorb
visible light (Am.x = 387 nm). The thioxanthone serves as the light-harvesting antenna and transfers the
energy of the absorbed photon to the chinolone, presumably by triplet-energy transfer. Importantly,
the planar thioxanthone moiety not only constitutes the chromophore but also provides the
enantiodifferentiation by allowing the attack of the quinolone double bond only from one prochiral
face, thereby affording the cycloaddition product in an enantioselective fashion. The authors mention
that the catalyst can be recovered in high yields after the reaction, demonstrating that light-induced
catalyst decomposition is not severe. This work belongs to the few examples in which a single catalyst
is capable to catalyze an asymmetric transformation activated by visible light.

(0]
SIS T

, Visible light

88% yield, 90% ee mechanistic model

gH 15 (10 mol%) ; N Q. /,
=z ( i 'o
hv (400-700 nm) . E “~N-H+O 2 energy transfer
N — = W DN
N“S0 PhCF3 -25°C NTo |
H ! 7

Figure 12. Visible light induced intramolecular enantioselective [2+2]-photocycloaddition catalyzed
by a chiral thioxanthone. An example reaction with 4-(pent-4-enyl)quinolone is shown on the left and

a mechanistic model on the right.
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Conclusions

Despite exciting recent progress, photoactivated asymmetric catalysis is an area of research that is still
in its infancies and builds on pioneering contributions by Bach (UV light activated asymmetric

6-3¢) and MacMillan (visible light activated asymmetric catalysis’ ). The current large interest

catalysis
in exploiting visible light as an abundant source of energy for activating chemical reactions is not only
due to a prevailing environmental consciousness, but rather also attributed to the fact that
photochemistry allows to generate highly reactive intermediates under mild reaction conditions.
Thereby formed intermediate radical ions and radicals are themselves highly reactive and it is therfore
often challenging to control and direct their reactivity with respect to functional group selectivity and
stereoselectivity. However, the near future will certainly witness new strategies for interfacing the
advantages of visible light activated photochemistry with asymmetric catalysis.”’>® For this, future
work needs to identify new types of catalytic asymmetric processes that are especially suitable for an

activation by visible light induced electron or energy transfer, and this may include the design of fine

tuned and chiral photosensitizers.*
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