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Abstract Under photochemical conditions and using an appropriate chiral catalyst, racemic mixtures of compounds can
convert to enantioenriched mixtures through distinguished pathways which are called photochemical and photocatalytic
deracemization reactions.
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For many years, the resolution of racemic mixtures into their constituent enantiomers has been a critical
area of research for chemists. The valuable applications and advanced properties of enantiomerically
pure compounds for pharmaceuticals, catalysis, and materials, in comparison with their racemates, is
one of the main reasons for this pursuit which obviously leads chemists toward new pathways and
conditions, aiming to enhance the efficiency of deracemization reactions.

In this graphical review, we have focused on photochemical deracemization reactions which occur using
light as the critical element and utilizing suitable chiral photocatalysts. Due to high-atom economy and
efficient enantioenrichment of photocatalytic deracemization reactions in most cases, it has been a
preferable way between other methods of deracemization reactions.

Photons and chiral photocatalysts, as major parts of these reactions, can make specific stereocenters of
racemic compounds editable. This phenomenon happens by utilization of light to overcome
thermodynamic constraints. Furthermore, chiral photocatalyst cooperates with photons and facilitates
the way for molecules to reach the excited state which includes planar intermediates. The plateau of
excited state is also capable of inhibiting microscopic reversibility, which is a serious kinetic obstacle in
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deracemization reactions. On the next step, according to the certain mechanism of the reaction, the
achiral intermediate can convert into both enantiomers, with the fact that the formation of one
enantiomer is favorable over the other.

Considerable advancements have occurred in the field of photochemical and photocatalytic
deracemization over the past few years. In this review, we have attempted to compile these studies and
some early reports on photochemical deracemization and organize the topic into comprehensible
classifications. Therefore, we have classified the photochemical deracemization reactions into two major
categories based on their two different mechanisms: Energy-Transfer-Based (EnT) photocatalysis and
Photoredox catalysis. Consequently, each substrate is divided according to the photocatalyst applied.

In EnT based photocatalysis, chiral photocatalysts can interact with each enantiomer in different way to
make the stereoablative step that involves a prochiral intermediate which is subsequently re-converted
via an enantioselective transformation. Generally, the major enantiomer in the final enantiomeric
mixture would be that one which makes steric hindrance with the chiral photocatalyst and forms a
disfavored catalytic cycle alongside a favored catalytic cycle which operates by the other enantiomer.

On the other hand, in photoredox catalysis, chiral organometallic complexes are mainly used, and the
mechanism usually goes through different steps of single electron transfer (SET), hydrogen atom
transfer (HAT) and enantioselective proton transfer (PT). It must be pointed out that in this mechanism
each substrate can follow a specific and unique pathway based on its structural features. In some
photoredox-based catalysis deracemization reactions, in addition to using the appropriate chiral
photocatalyst, it may be necessary to use another additive.
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A) EnT photocatalysis mechanism B) Photoredox catalysis mechanism
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Figure 1 Overview of deracemization and distinct mechanisms for EnT catalytic and Photoredox catalysis deracemization reactions!@®
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Primitive Reports on
Light-Driven Deracemization Reactions

light
cat. (high quant.)
S solvent, temp./time @ @
® ® (s

Rac. (low% ee)

®

Notable Features
- Reactions proceed using simple chiral catalysts

- Utilization of a substantial quantity of catalysts
to overcome thermodynamic and kinetic obstacles

- All reactions have been photochemically driven
- Low enantiomeric excess (ee)

- Demonstrating the reaction with diverse
substrates highlights its applicability to various
compounds

Further Reading

2a) Ouannes, J. Am. Chem. Soc. 1973, 95, 8472.
2b) Drucker, J. Am. Chem. Soc. 1973, 95, 6482.
2c) Balavoine, Tetrahedron Lett. 1973, 14, 4159.
2d) Tsuneishi, J. Chem. Soc. Perkin Trans. 2,
1996, 1601.

2e) Wang, Chem. Eur. J. 2023, 29, e202204029.
2f ) GroRkopf, Chem. Rev. 2022, 122, 1626.
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Figure 2 Primitive reports on photocatalytic deracemization reactions?-
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A) Energy-Transfer-Based (EnT)
Photocatalytic Deracemization Reactions

a Chiral Thioxanthone
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Notable Features

- Allene Lactams light-driven deracemization
reactions proceed through a planar intermediate
formed by C-C double bond cleavage

- The preferred cycle is always the one that avoids
steric hindrance with catalyst 5

- Always the enriched enantiomer is the one
that doesn't prefer to form H-bonds with 5

Further Reading

3a) Holzl-Hobmeier, Nature 2018, 564, 240.

3b) Plaza, Angew. Chem. Int. Ed. 2020, 59, 12785.

3c) GroRkopf, Angew. Chem. Int. Ed. 2023,

62, €202308241.

3d) Alonso, Angew. Chem. 2014, 53, 4368.
3e) Gotthardt, Chem. Ber. 1975, 108, 657.
3f) Shepard, J. Am. Chem. Soc. 1997, 119, 2597.
2e) Wang, Chem. Eur. J. 2023, 29, €202204029.
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3a) Holzl-Hobmeier, Nature 2018, 564, 240.
3b) Plaza, Angew. Chem. Int. Ed. 2020, 59, 12785.
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Figure 3 Light-driven deracemization reactions by Energy-Transfer-Based photocatalysis2e3a-f
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Five-membered Allene Lactams
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Further Reading
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4d) Ye, Org. Chem. Front. 2014, 1, 1210.

4e) Yu, Angew. Chem. Int. Ed. 2012, 51, 3074.

3b) Plaza, Angew. Chem. Int. Ed. 2020, 59, 12785.

3c) GroRkopf, Angew. Chem. Int. Ed. 2023, 62, €202308241.
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Figure 4 Allene Lactams photochemical deracemization with presence of chiral Thioxanthone catalyst2e3b.c4a—e
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Figure 5 Mechanism and results of photochemical deracemization of Chiral Alkenes and Cyclopropanes3¢°a-f
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Notable Features

- Chiral Sulfoxide groups exist in various drugs
such as Dexlansoprazole and Esomeprazole,
therefore deracemization of this functional group
has significant importance

- Photocatalytic deracemization of sulfoxides
does not result in a remarkable and practical
enantiomeric excess (ee) as demonstrated

- It remains an open question whether
the triplet state undergoes racemization via
a-cleavage or through direct inversion

Further Reading

6a) Burg, J. Org. Chem. 2019, 84, 8815.

6b) Wimberger, Synthesis 2019, 51, 4417.

6¢) Legros, Adv. Synth. Catal. 2005, 347, 19.
6d) Tozawa, J. Org. Chem. 2023, 88, 6955.

6e) Aurisicchio, Org. Lett. 2007, 9, 1939.

6f) Vos, J. Am. Chem. Soc. 2002, 124, 2544.
5c) Li, Angew. Chem. Int. Ed. 2020, 59, 21640.
2e) Wang, Chem. Eur. J. 2023, 29, €202204029.
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Figure 6 EnT based photocatalytic deracemization of Cyclopropanes and Sulfoxides using chiral Xanthone catalyst2e.5¢62-f
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Notable Features

- Isomerization of (E)-A.5 to (Z)-A.5 occurs
through a diradical intermediate, under photocatalytic
conditions using 8 as catalyst

- Benzoic acid and HNTf; are additives which facilitate
the photochemical deracemization reaction

- In section ¢, some important syntethic applications
of A.5 in pharmaceutical usages are shown

Further Reading

a) Huang, Science 2022, 375, 869.
7b) Fu, Org. Biomol. Chem. 2018, 16, 510.
¢) Hofbeck, Inorg. Chem. 2010, 49, 9290.
7d) Mukherjee, Chem. Rev. 2007, 107, 5471.
3c) GroRkopf, Angew. Chem. Int. Ed. 2023,
62, 202308241.
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c) Syntethic application
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Figure 7 EnT based photocatalytic deracemization of a-Arylated Aldehydes using a chiral primary amine and a chiral Iridium complex as catalysts372-d
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B) Photocatalytic Deracemization Reactions
By Photoredox Catalysis
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Notable Features

- Photochemical deracemization using chiral
benzophenone catalyst usually passes through
two steps of HAT and one tautomerization step,
respectively

- It is crucial to know that the benzophenone
catalyst exists as two enantiomers: 9, which is the
(+) enantiomer, and ent-9, the (-) enantiomer

- It is essential to consider that each enantiomer of
the catalyst can result different enantioenrichment
of a substrate

Further Reading

8a) GroRRkopf, J. Am. Chem. Soc. 2021,

143, 21241.

8b) Kutta, J. Am. Chem. Soc. 2023, 145, 2354.
8c) GroRkopf, Angew. Chem. Int. Ed. 2023,
62, €202305274.

3c) GroRkopf, Angew. Chem. Int. Ed. 2023,
62, €202308241.

B.1) Hydantoins
hv (A = 366 nm)

o 9 (5 mol%) o
j//< PhCF3, rt., 13 h ’)<
HN\\(N—Ph - HN\«N—Ph

o}
rac. (yield, ee%)
S P
N—Ph N Ph
HN\_\< HN HN\(
o}
(quant., 95% ee) (77%, 94% ee) (88%, 92% ee)

(o)

0
Y/\ rz< /©y f( MeOOC.__,_ f«
N—=Ph N Ph N—Ph
HN\( PinB HN

HN\<

(84%, 81% ee)

(0]

(86%, 93% ee) (quant., 95% ee)

[Pin = pinacolate]

Proposed mechanism

9B AT -ent—B.1
’ \

operative
cycle

cycle 9-ent-B.1

8a) GroRRkopf, J. Am. Chem. Soc. 2021, 143, 21241.
8b) Kutta, J. Am. Chem. Soc. 2023, 145, 2354.

Figure 8 Photochemical deracemization reactios by photoredox catalysis with presence of a chiral Benzophenone3¢8a—

B.2) 3-Substituted Oxindoles

hv (L = 366 nm)
ent-9 (10 mol%)

X PhCs, rt, 9h
v
FZ N
H
rac.
EtOOC
N
H
(88%, 91% ee) (90%, 83% ee€)
EtOOC
. -
N
H
(99%, 90% ee) (94%, 80% ee)

8c) GroRkopf, Angew. Chem. Int. Ed. 2023, 62, €202305274.

~1 0 (0]
oM N o-~HNT
O >—N-py, 2 o> N=pn
N—H-~ N—H-~
N O N
< < O
Omph OD‘K
Ph
9«ent-B.1 9+a

—©f8=
7 O
Z~N

H
(yield, ee%)

CF3
(L =0

H
(89%, 93% ee)

C
®

N
H

O
(91%, 90% ee)
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a) Main reaction & examples

hv (=366 nm)
O\NJ\IA ent-9 (10 mol%) O\Nk’/\
PhCF3, rt, 13 h /\n’

o (6]
rac. (S)-B.3
(vield, ee%)
O =ph
0 (0]
Ph\N)KD Ph. )‘\D Ph\NJ\F
: NH ~ NH
Me’
SN S
(91%, 94% ee) (87%, 86% ee) (97%, 93% ee)
# Ph
O F3C
(0] O (0]
MeOOC/\/\NJ\F N NJ\F
A NH NH A _NH

O

(83%, 90% ee)

(97%, 99% ee) (84%, >99% ee)

9a) Grolkopf, Angew. Chem. Int. Ed. 2023, 62, €202313606.
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9c) Démling, Angew. Chem. Int. Ed. 2000, 39, 3168.

9d) Dorman, Chem. Rev. 2016, 116, 15284.

9e) Lancaster, Photochem. Photobiol. 2014, 90, 394.

B.3) 2,5-Diketopiperazine (DKP)
-H- —Oﬁ/kN

o— ’H'NWAO
ent-9 \/ O

b) Proposed mechanism c) Preparation method of enantiopure dkps

as precursors to various amino acids

s ., Q.
N @ /.\H/OH /H(OH
JﬁfNH o) o)
(S)-amino acid (R)-amino acid

/\n/NH N ----- deracemization
NH

o) )\(

(S)-dkp enol (achiral) OH

(0]
(R)-dkp
N,H——O 4 N/O
’~_ -H-N
o-H WAO hydrolysis -----
N o)
(0]

ent-9

0 )ﬁrNH
Ph\

d) More complex substrates & setting o)
cyclic dipeptide - dkp

(2,5-diketopiperazine)

hv (A = 366 nm)

® ent-9 (10 mol%) Ui four-
PhCF3, rt,, 13 h component -----
() editable reaction
(0]
© non-editable (6S/6R)-B.3a (6S5)-B.3a
d.r. = 50:50 78%, d.r. = 89:11 (O o HO
derived from NH, J\ T isoc
(-)-citronellal H  NetBu

9a) GroRRkopf, Angew. Chem. Int. Ed.
2023, 62, €202313606.

e uv] Oy O

NH ® NH NH
o) 0 0

anti syn
>99% ee 78%, 93% ee 9(3% e)e 80%, d.r. =(8j2:%6, 97% ee

Figure 9 Photoredox catalytic deracemization of Amino Acids and Cyclic Dipeptides with presence of a chiral Benzophenone catalyst%-¢
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B.4) Imidazolidinones

a) Main reaction & examples

o hv (. = 400-500 nm) 5
10 (2 mol%), 11 (5 mol%), 12 (5 mol%)
\NJ\NAr PhsCH (25 mol%), MS? \N)]\N'Ar

( THF, 35°C, 24 h R

(yield, ee%)

rac.
0] 6} [0}
A AL A,
O — (0] - O -
joh NoH I

(98%, 90% ee) (99%, 86% ee)P

Iz

(92%, 88% ee)

2 MS = Molecular sieves

b Reaction time = 12 h 10a) Shin, Science 2019, 366, 364.

b) Proposed mechanism

N” °N Lol TN g

A L, 0 e
< H e S 1

B.4 (R)-radical cation

T HAT
IS

126 ————> 12
PCET ¢ Proton coupled

10b) Shi, Angew. Chem. Int. Ed. 2020, 59, 4998. electron transfer

PFe

,23
g Z\ \
o
=

| \Nsc 5
_N “Me |
N : 14
== ‘Bu |
€] 5

N-phenylpiperidine

Figure 10 Deracemization of Imidazolidinones and Pyridylketones under photochemical conditions using chiral Iridium and Rhodium complexes, respectively10a-—<

B.5) Pyridylketones
a) Main reaction & examples

hv (A = 400-500 nm)

N 13 (4 mol%), 14 (2 equiv.) 0
) N
_:( N CaS0, (5% mh) _:( N
Z Acetone, rt., 24 h Pz

(yield, ee%)

0]
N Ph
| N
SeR

(92%, 87% ee)?

rac.
0] (e}
N\ | N\ Ph
l = Me = F

(97%, 96% ee) (93%, 72% ee)?

2 3 equiv. of 14 were used. 10c) Zhang, J. Am. Chem. Soc.

2021, 7143, 13393.

b) Proposed mechanism
B.5

14

[14+H®

-3,

78
/N

(141

[14+H®

10c) Zhang, J. Am. Chem. Soc. 2021, 143, 13393.
10d) Steinlandt, Chem. Eur. J. 2019, 25, 15333.
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B.6) Secondary Alcohols

a) Main reaction & examples

hv (1 = 400-500 nm)
OH 15 (2.0 mol%) OH

O)\ Ni-CdS (5.2 mol% Ni), H, (10 atm) O/L
R
R {BUOH/H,O, rt., 24-96 h

rac. (yield, ee%)

OH OH
—
(0]
'Bu

(90%, 92% ee)

OH

(99%, 98% ee€)

ol saliie s

(94%, 96% ee) @

(87%, 91% ee)

(97%, 96% ee) ® (97%, 89% ee) @

2 Without an external H, pressure
2021, 60, 22833.

b) Proposed mechanism
hy

/7

Ni-CdS Ni-CdS* 15
Ru cat.

thermochemical
hydrogenation

photocatalytic
dehydrogenation

OH (o} OH

O)\R OJkRJrH2

rac-B.6 B.6
11a) Zhang, Angew. Chem. Int. Ed. 2021, 60, 22833.

11a) Zhang, Angew. Chem. Int. Ed.

\Cl/ ‘o, Pr

e
P CI\ R !
Ar “Ar Hy !

Ar = 3, 5-dimethylphenyl
R = 4-methoxylphenyl
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CN Dicyanopyrazine

4
E ST \:E DPZ
: MeO—¢S z

t-Bu

% 17a

i-Pr; i-Pr

17 k1 17b
-Pr

Figure 11 Photocatalytic deracemization reactions of Secondary Alcohols and a-Amino Acid Esters via photoredox catalysis mechanism3¢11a-¢

11b) Gu, Angew. Chem. Int. Ed.
2022, 617, €202211241.

B.7) a-Amino Acid Esters

a) Main reaction & examples
A hv (1 =400-500 nm)
o 16 (0.5 mol%), 17a (20 mol%) 0
ArHN\%}\ g CH,Cl,, -30 °C, 30 h ArHN"‘H‘\O/
° B: hv (A = 400-500 nm)
16 (4.0 mol%), 17b (20 mol%)

rac. o-xylene, 25 °C, 20 h (vield, ee%)

(oo

MeO
OMe

ortho (96%, 95% ee)
meta (96%, 90% ee)
para (96%, 90% ee)

n=0 (98%, 97% ee)
n=1 (95%, 98% ee)
n=3 (97%, 98% ee)

11b) Gu, Angew. Chem. Int. Ed. 2022, 61, €202211241.

b) Proposed mechanism

@ @
rac-B.7 7—T> ArHN\HkO/

. ®
16* 169 [rac-B.7]
hv
. 0]
ArN \Hj\ _
Il 6+H] ° .
[rac-B.7]

rac-B.7
ArH N
OH
ArH N

z O/ rac-B.7

,—> B.7

---» entB.7
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B.8) Cyclopropyl Ketones

a) Main reaction & examples

0 hv (1 = 400 nm) 0

)v)k 18 (10 mol%)

n-BugNClI (1.5 equiv.), MS (3 A)
rac. (yield, ee%)

Acetone, -70 °C, 6 h

0
Ph
Ph Z i
N
(89%, 96% ee) (97%, 40% ee) meta (91%, 58% ee)

para (80%, 88% ee)

12a) Onneken, Nature 2023, 621, 753.

b) Proposed mechanism

B.8 rac-B.8

o

12a) Onneken, Nature 2023, 621, 753.

18

Further Reading

12a) Onneken, Nature 2023, 621, 753. .
12b) Chen, Chem. Sci. 2023, 14, 1715. :
12c) DeHovitz, ACS Catal. 2022, 12, 8911. '
12d) Xiong, Org. Lett. 2019, 21, 4173. .
12e) Murugesan, ACS Catal. 2022, 12, 3974.

Hantzsch ester

Figure 12 Photochemical deracemization of Cyclopropyl Ketones, Indolines and Tetrahydroquinolines via photoredox catalysis mechanism12a-e

B.9) Indolines
B.10) Tetrahydroquinolines
a) Main reaction & examples

hv (A =405 nm)
19 (2 mol%)

X 20 (10 mol%), 21 (3 equiv.) A A
of 17 — of
Z SN Sar  Toluene/Cyclodextrin, 25 °C, 2 h N~ Ar
H H
rac. (yield, ee%)
n=0 B.9) Indolines

(99%, 98% ee) (95%, 90% ee) (99%, 99% ee)

n=1 B.10) Tetrahydroquinolines

(96%, 90% ee) (96%, 97% ee) (91%, 87% ee)
12b) Chen, Chem. Sci. 2023, 14, 1715.

b) Proposed mechanism

. photoredox
cycle
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