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Asymmetric catalytic reactions are essential for synthesizing chiral drugs and fine chemicals, with their
stereoselectivity influenced significantly by interactions between catalysts and substrates. Ketone
catalysts have garnered considerable attention in the realm of asymmetric photoreactions because of
their highly controllable structures, ease of availability, and environmental friendliness. This review
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1. Introduction

Asymmetric catalytic reactions play an important role in
modern synthetic organic chemistry. To achieve asymmetric
catalytic reactions, designing chiral catalysts with high enan-
tioselectivity and universality is crucial. Before the introduc-
tion of the concept of organic catalysis, ketone-based catalysts
emerged as one of the earliest investigated types among small
molecule catalysts. They garnered extensive attention because
of their cost-effectiveness, ready availability, eco-friendliness,
and remarkable structural controllability."”” The carbonyl
group of ketone catalysts can undergo oxidation to form
dioxiranes that serve as mild and selective oxidants.
Leveraging this characteristic, in conjunction with precise
spatial structure regulation, ketone catalysts find extensive
applications in the asymmetric epoxidation of olefins. Dioxir-
anes in these catalysts have two directions for oxygen transfer
when approaching olefins, both of which can be approached by
olefins. Rationally designing the structure of a catalyst to
control the reaction's direction with regard to the substrate is
a challenge in studying this type of reaction. The design of
catalysts in asymmetric epoxidation using the oxidizability of
ketone catalysts has been covered in detail in numerous high-
quality reviews.®*** These studies primarily focused on the
period prior to 2015; therefore, this review does not delve into
a detailed discussion on research pertaining to ketone cata-
lysts in asymmetric epoxidation. Additionally, among the
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of these catalysts within each reaction. The aim is to provide valuable insights for developing more
effective asymmetric catalytic systems.

ketone catalysts used in asymmetric epoxidation reactions, the
sugar-derived ketones developed by Shi's research group are
the most widely used.*® This type of catalyst has been
successfully used in the synthesis of more than 20 key drug
intermediates, such as KRAS G12C inhibitors, pradilolide A,
and aplysiasecosterols A. As of August 2024, the relevant
literature continues to increase annually and has a wide range
of application values.*** In addition, Tan et al. recently re-
ported a ketone-catalyzed reaction for the enantioselective
oxidation of N atoms that can be applied effectively to the
enantioselective kinetic resolution of QUINAPO and related
compounds.® The two highly enantiomeric QUINAPO N-oxide
products can be converted easily to QUINAP without losing
chiral integrity (Scheme 1). This is the first report of chiral
ketone catalysts for the enantioselective oxidation of N atoms,
and it is anticipated that there will be significant prospects for
future research.

In addition to utilizing the oxidation characteristics of the
ketone structure for designing ketone catalysts in catalytic
reactions, ketone compounds can undergo n,-m* and 7w-m*
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Scheme 1 Enantioselective oxidation of N atoms catalyzed by ketone
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Fig. 1 (a) Electronic energy level and electronic transition of carbonyl
group; (b) ISC process diagram of S; and Tj.

transitions because their oxygen atoms have two pairs of lone
electrons in nonbonding orbitals (occupying two nondegen-
erate orbitals, n, and ng, respectively). The intersystem
crossing (ISC) process can occur in S; (np, 7*) and T (7, *),
making it possible to utilize their optical properties for
designing photosensitizers (PSs) that catalyze photochemical
reactions (Fig. 1). The direct excitation of photoreactions with
low absorption coefficients via light absorption is challenging,
as it may lead to competitive processes and unnecessary side
reactions; however, using a sensitizer allows for absorbing
light and subsequently transferring excitation energy to the
substrate at a lower level, thus enhancing chemical selectivity.
Hence, the sensitization method offers distinct advantages.
Sensitization is a classic mode of photocatalysis, with triplet
sensitization being the most commonly used in organic
synthesis. Triplet PSs are compounds that can be effectively
excited to the triplet excited state and act as catalysts in
photochemical reactions. A triplet PS meeting these conditions
should exhibit the following characteristics: (1) strong
absorption of excitation light; (2) higher energy than the
receptor; (3) high-yield ISC for efficiently producing triplet
states; (4) long triplet lifetimes to complete energy transfer.*>**
The organic ketone molecule acts as a photocatalyst, absorbing
energy and transitioning to S;. Through the ISC process, S; is
converted to T;. At this point, the PS in the T, state interacts
with the substrate, providing energy for the substrate to
undergo a w-7* transition while the ketone PS returns to its
original state (S,) to complete the catalytic cycle (Fig. 1).
Compared with aliphatic ketones,” aromatic ketones have
picosecond ISC, while alkyl ketones have nanosecond ISC,
which means that most ketone PSs are aromatic.

In 1973, Ouannes et al. pioneered the utilization of the triplet
sensitizer (R)-(—)-3-methyl-1-indanone C2 to catalyze the enan-
tioselective isomerization of a substrate. The earliest example
involves the conversion of racemic trans-diphenylcyclopropane
rac-3 (DPC) into cis-DPC 3, albeit with a modest ee value of only
3% (Scheme 2(a)).** The reason for the enantioselectivity may be
due to the kinetic difference between the two enantiomers of
racemic DPC during the energy transfer process from the triplet
state. In 1980, Demuth et al. carried out photorearrangement of
B,y-unsaturated ketone 4 by chiral indanone sensitizer C3, and
the yield of the isolated product 5 was 80-90%, and the ee value
was 10% (Scheme 2(b)).** Subsequently, Rau et al. subjected the
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Scheme 2 Early exploration of chiral aromatic ketones as sensitizers in
photocatalytic reactions.

racemic mixture of optically active trans-3,5-diphenylpyrazoline
to photolysis using (—)-rotenone C4 and (+)-testosterone C5 as
sensitizers (Scheme 2). In comparison with the direct photolysis
of diphenylpyrazoline under circularly polarized light, rotenone
sensitization resulted in a 150% increase in reaction asymme-
try; however, it still failed to provide effective enantiose-
lectivity.*® The reported PSs in the early stage exhibit sufficient
ISC rates for substrate sensitization and reaction initiation;
however, the resulting enantioselectivity remains significantly
low. This could potentially be attributable to the rapid dissoci-
ation of the sensitizer-substrate complex upon excitation, thus
hindering the well-defined chiral environment necessary for
subsequent reactions. At the beginning of the 21st century,
Bach designed aromatic ketone-type photocatalysts for asym-
metric [2 + 2] photocycloaddition reactions® and photo-
deracemization reactions.” The application of ketones as PSs in
the field of asymmetric photocatalysis has ushered in new
developments. Currently, ketone-type asymmetric photo-
catalysts are mainly classified into three categories: diphenyl
ketone-type photocatalysts, xanthone-type photocatalysts, and
thioxanthone-type photocatalysts. These ketone catalysts have
been widely applied in various asymmetric reactions, including
asymmetric [2 + 2] photodimerization, photodecarboxylation,
asymmetric electrophilic amination, asymmetric hydroxylation,
and asymmetric alkylation of aldehydes. Although there are
several reviews on asymmetric photocatalytic reactions in the
literature,*®*® this article specifically focuses on the design
strategies for ketone-type catalysts used in these reactions. The
synergistic effects between the PS unit and the chiral control
unit are explored, providing insights into how the optimization
of the design of these two components can significantly
enhance the efficiency and selectivity of asymmetric photo-
catalytic reactions. Notably, this specific aspect of design
strategies for ketone catalysts in asymmetric photochemical
reactions has not been discussed in depth in the existing liter-
ature. Therefore, we contend that our review offers a valuable
contribution to the current body of knowledge, providing new
perspectives for developing catalysts in asymmetric light reac-
tions. Additionally, Table 1 provides a summary of the types of
reactions and substrates that are compatible with various

RSC Adv, 2025, 15, 2874-2889 | 2875


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08581g

View Article Online

Review

RSC Advances

74 86-8~ 56-S8 154 SOPIWE0}d-g pUE SI9IS203aM-¢ 00¥< UOIBAI UOIBAXOIPAY-0 JIIIOWWASY 1D
€L 66-SS 66-78 €T apAyaprv 00¥< UOTIOBAI UONB[A[E JLIIOUWIASY 91D
(44 99-€¢ 66-56 S 91BWERGIBI[AUN[Y Sov S1D
|74 S6-0¢ 66-16 ST QulweUa pue auazelig 0TS-0Cv uonoeal uoneurure dIIydoI1da]d JIIWWASY 4%}
0L 06-9% S6-SL 8 JuaI)s pue auoUIEXOUINQ) €6¢ uonoear uonippeodfooloyd [g + 7] Te[nosourayuy €ID
66-7C 86-€L i uonoeal uonippeoLdoloyd [z + ] TenosjounIaug
69 56-88 £6-T6 € SUa[0 pue sauo[oUINd) SO¥ uonoear uonippeoLooloyd [z + g] Te[nosjowrenuy 4 o)
89 £6-1S S6-€8 0T SUPYI[O puek S[BIDV-O‘N 6SY
L9 19-9C 58-9¥% S SOUA[B PUB SAUOUIO[IAD paymnsqns [AxoqieD-g LEV uonoear uonippeodfooloyd [g + 7] Te[nosouriayuy 14 70)
99 9T 7T T UOUD-Z-XaYO[IAAoWIIN-6 ‘6 e-(Axouaydowolg-¥)-¢ 61 uoneziAojoyd 01D
S9 66-7L €6-0L 6T oprure[A1oy (Y44
¥9 96-09 86-98 €T suo-z-urprjori&d(susdypawidusv-,1)-¢ (1t44
€9 66-7S 16-68 LT auo-g-urprradid(auaprjAuia- T)-¢ orwaoey (1Y414 UOTIOBII UONBZIWIIBIIPOIOYd
79 66-0S 86-98 €T SUQge[o pue sauoUIeXoUINY) (1l474 UONOBAI [YINg-0UIdIed IB[NOI[OWISIUL 6D-ud
19 96-88 56-T€ 6 auofjoumnb paymnsqng (Y44 UOOEAI JUIWASUBLIEAI SURIOW-L-IJ
09 66-1G 96-18 9T auejuado[oAoauapI[A[e pue JUBINGO[IAIIUIPIIA[[E dTWIRY [\Y4% UOT}OBAI UONBZIWIIBIIPOIOYd
65 v6-T¥ 56-08 7T SUYI[0 JUIYIP — UOIIII[A pue sauojournd) 61% uonoeal uonippeodfoojoyd [g + 7] Te[nosjouriayug
8G‘/S 66-6L 66-L8 ST spuoq 3[qnop pue sauo[ound) 0cy uonoeal uonippeoLooloyd [z + g] Temnosjowrenuy 6D
9¢ 88—0% 76-6S z1 9JB[AXOQIBIIP U908 PUE SUOPLIAJ-T 99¢< uonoeal uonippeojLooloyd [z + 7] Te[nosjowrIajuy 8D-U2
ss S6-CS GG-0¢C S 9PIXO-T-2UOUIZRIIOZUSY 99¢ U0NoeaI UONBZIWAIRIIPOIOYJ
144 86-S8 €€-91 8 aprxoda ajopurxooiids 99¢ uonoeal yuswauelrearojoyd dLOWWASY
€S S/-1T 06-9 9 puoq 9[qnop Ie[nd3[OWENUI PUE UO[OUIN-T 99¢ uonoeal uonippeoLooloyd [z + g] Tenosjowrenuy 8D
(49 96-€8 66-6L €T suojopur uonnnsqng-¢
15 66-69 66-18 LT JuoIp-f*g-aurprjozepruiijAuayd-¢ payninsqns-g 99¢ UO0OBAI UONBZIWDIRISPOIOYJ LD-qud
9% 79 0L T 9U9)9Y puE [A[[eoUTUIY-D 00€< /D
0S 00T 6T T SaUOUa pue Suya[O 0T€E< uonoear uonippeo£ooloyd [z + g] Tenosjowrenuy 9D
414 — S> T aurjozeiAdjfuaydip-c‘e-sun.iy, [ 43 uonoeal sisA[ojoyd dImewwAsy SH-¥D
474 06-08 €I-0T T SOU039Y pajeInjesun obE< uonoeal yuowaduelrearojoyd JInowwASY €D
¥ — ¢ 1 sauouepur 0S¢< UO[IOEBI UOIIBZLISWIOST JIIIdUIASY ée)
€T $6-98 (id 8T OdVNINO — UOoTIN[OSAI dJUD] j 5o}
REN| (%) PIoIX (%) @9 ordurexg SONISTIdOBIBYD je1ISqNS (uru) v ad£y uonoeay i)

SaU01dY 1eJIYd Aq pazAjeied suonoealoioyd Jo sydaye pue sadh] T alqel

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"G0:€€°00 G202 TT'TT U0 papeo|umoq "GZ0z fenuel og Lo paus!ignd 801y sseooy usdo

© 2025 The Author(s). Published by the Royal Society of Chemistry

2876 | RSC Adv, 2025, 15, 2874-2889


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08581g

Open Access Article. Published on 30 jantar 2025. Downloaded on 11.11.2025 00:33:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

catalysts, along with their corresponding enantiomeric excess
(ee) values and yields.

2. Benzophenone-type
photocatalysts

Early exploration of photocatalytic reactions using chiral
aromatic ketones as sensitizers has shown promising yields;**
however, the ee values remain relatively low. This could be
attributable to the rapid dissociation of the sensitizer from the
excited substrate after sensitization, leading to inadequate
control over stereoselectivity and resulting in near-zero or very
low enantioselectivity; therefore, controlling the reaction
direction of the substrate to increase the ee value is crucial for
achieving efficient asymmetric photocatalytic reactions. This
goal can be achieved by introducing a chiral control unit into
the structure of the PS, thus effectively regulating the selectivity
of the PS regarding the substrate reaction direction when
transmitting energy. Benzophenone was initially applied to this
concept because of its good light absorption ability and
potential to decompose into free radicals under light condi-
tions, allowing it to exhibit a variety of roles in different light
reactions.

2.1 Asymmetric [2 + 2] photocycloaddition reactions

The asymmetric [2 + 2] photocycloaddition reaction is a crucial
strategy for constructing optically active cyclobutane fragments
found in natural products. In 2003, Krische developed a [2 + 2]
asymmetric cycloaddition reaction catalyzed by ketone C6;
however, the ee value was only 19% (Scheme 3).”° The reaction
mechanism is shown in Fig. 2. Catalyst C6 and quinolone 6
form complex I. Due to the distance dependence of energy
transfer, the cycloaddition reaction only occurs on the I complex
to control the formation of chirality and produce the II complex.
Finally, the cycloadduct 7 dissociates, and ketone C6 is regen-
erated to complete the catalytic cycle. The catalyst consists of
two parts. The diphenyl ketone part is used as a sensitizing unit
to transfer energy to the substrate to promote the reaction, and
the other part has many N atoms that drive the substrate to
form hydrogen bonds and control the spatial position of the
substrate; however, the ee value obtained by the authors is not
high, which may be due to the fact that the interaction between
the single enantiomers of the catalyst and the substrate does
not have the advantage of photoreaction kinetics. Benzophe-
none has a low triplet state energy and a short absorption
wavelength that can lead to low sensitization efficiency.

hv (x>250 nm)
Cat. C6 (25 mol%)

o CDCly, -70 °C, 70 h

o
| O

100% yield (19% ee) X
[

Scheme 3 Ketone C6 catalyzed asymmetric [2 + 2]

cycloaddition of ketenes.
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Fig. 2 Mechanism of asymmetric photo [2 + 2] cycloaddition of
ketone C6 to quinolone.

Furthermore, before the cyclization step of the sensitized
substrate is completed, the catalyst separates from the reactant,
resulting in most of the substrate not being in a chiral envi-
ronment, thus reducing the enantiomeric selectivity of the
products.

In 2005, Bach designed ketone C7 for the asymmetric
catalytic conjugate addition of a-aminoalkyl and ketene and
achieved a significant breakthrough in the field of asymmetric
photocatalysis.*® A chiral spirocyclic pyrrolizidine compound
was synthesized through the utilization of a 30 mol% catalyst
C7 for substrate catalysis. The resulting yield was determined
to be 64%, accompanied by an ee value of 70% (Scheme 4). The
catalyst's design concept bears a resemblance to that proposed
by Krische.*® By utilizing hydrogen bonding, the substrate's
spatial position is immobilized, thus establishing a chiral
environment. Subsequently, introducing an aromatic ketone
sensitizer endows the catalyst with the capability to facilitate
energy or electron transfer. This mechanism is visually
depicted in Fig. 3.** The catalyst controls the spatial position
through hydrogen bonds (shown as “a” in Fig. 3), and when
activated by light, the benzophenone group accepts an electron
from the N atom in a pyrrolidine (shown as “b” path in Fig. 3).
The transfer of electron-deficient nitrogen ortho-hydrogen
protons to benzophenone radical anions (shown as the “c”
path in Fig. 3) and the remaining free radicals undergo intra-
molecular cyclization. The hydrogen initially transferred to
benzophenone is returned to the carbon radical of the product

O

N

hv (A>300 nm)
Cat. C7 (30 mol%)
X

PhCH3, -60 °C, 1 h

NH
L0
N\
N
°© [¢]
c7

64% yield (70% ee)

Scheme 4 Ketone C7 catalyzed asymmetric conjugate addition of a.-
aminoalkyl to ketenes.
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Fig. 3 Mechanism of asymmetric conjugate addition of a-aminoalkyl
and ketene catalyzed by xanthone C7.

to complete the reaction cycle. Ketone C7 not only promotes
the required enantiomeric differentiation but also acts as
a photooxidant.

2.2 Photoderacemization reactions

The deracemization reaction pertains to the transformation in
which the quantity of one enantiomer is augmented while the
quantity of the other enantiomer is diminished, resulting in the
conversion of a racemic mixture into a nonracemic form.” This
process involves reducing the entropy, necessitating energy
expenditure. Thermodynamic approaches are incapable of
transforming racemates into enantiomers under equilibrium
conditions; however, the photochemical deracemization reac-
tion effectively surmounts the kinetic obstacles and thermody-
namic difficulties encountered in chemical
Through this reaction, the racemic compound is converted
directly into its enantiomer, resulting in the acquisition of
a singular chiral compound while compensating for the entropy
loss incurred during the energy compensation process. Addi-
tionally, optical racemization exhibits a 100% atomic efficiency,
surpassing the traditional resolution process, which can only
achieve a maximum enantiomeric yield of 50%, resulting in

conversion.

E
excited state
transition state
hvone
v S)or R
R and S Single chiral substancg
Racemic o o
IZG%O (AH%=0, ASP<0)
ground state

t

Fig. 4 Thermodynamic process of photocatalytic deracemization
reaction.
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Scheme 5 The photochemical deracemization of 5-substituted 3-
phenylimidazolidine-2,4-dione (hydantoin) catalyzed by ent-C7.

awastage of 50% of the enantiomer. Hence, it possesses distinct
advantages compared with conventional kinetic resolution
(Fig. 4).

In 2021, Bach proposed a new photochemical deracemiza-
tion method based on the selective hydrogen atom transfer
(HAT) of photocatalysts. Using the chiral diarylketone photo-
catalyst ent-C7 to catalyze the photoderacemization of rac-10
(Scheme 5),>* it should be noted that the reaction occurs
through selective HAT rather than ent. From this principle, it is
not difficult to find that other compounds with two hydrogen
bonding sites may also be deracemized by the catalyst ent-C7,
and its application range needs to be further explored.

Bach provided a more detailed elucidation in 2023 on the
racemization mechanism of chiral imidazolidine-2,4-dione
(hydantoin) catalyzed by chiral benzophenone ent-C7.7
Furthermore, they once again confirmed that the catalytic cycle
is achieved through reversible HAT. The catalyst was confirmed
to bind two enantiomers through two hydrogen bonds using
nuclear magnetic resonance titration. Specifically, I forms
a ground state conformation through these hydrogen bonds.
The distance between the carbonyl oxygen atom and the
hydrogen atom in the stereocenter is very close, leading to HAT
upon excitation. Subsequently, under photoexcitation, benzo-
phenone extracts the hydrogen atom from the sp® hybrid carbon
center, resulting in the breaking of the C-H bond via
a nonlinear transition state to form an achiral radical known as
II. Enol intermediate III is generated by back HAT, followed by
a tautomerization reaction that produces two enantiomers;
however, only 10 returns to the catalytic cycle while ent-10 is
depleted continuously. As a result, enantiomer 10 becomes
increasingly enriched. In complex IV, the hydrogen atom is
positioned on the opposite side of the 3-phenylimidazolidine-
2,4-dione ring, an inaccessible location (Fig. 5). The keto
radical intermediate was identified through transient absorp-
tion spectroscopy, and it was further confirmed that HAT
exclusively occurred on a single enantiomer, thus precluding
the aforementioned process. Consequently, this led to the
accumulation of 10 chiral compounds.

Subsequently, Bach reported that catalyst ent-C7 (10 mol%)
could catalyze the deracemization of racemic 3-substituted
oxindoles (Scheme 6),°> which occurred through reversible HAT

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra08581g

Open Access Article. Published on 30 jantar 2025. Downloaded on 11.11.2025 00:33:05.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

JBu

H O 3 --H~ N)\fo
w
T ==
o
/ ent-10
Consumption 3 Accumu\ahun
rac-10

< By

Not conductive to the
occurrence of HAT

,Q"x
I

7

Z @
2
T
(o]
g?
S Iz
z
?
7z

back HAT

o~
H- N)\E g
Y Ph ':

Fig. 5 Mechanism of deracemization of rac-10 catalyzed by ketone
ent-C7.
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\ i hv (A=366 nm)
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PhCF3,rt.,9h
N N
H
rac-11 11

R=4-Me/Cl/-OMe/Br/-OCHF, 3-CI/F/-CO,Me, 2-CF3;:
79-99% yield (88-96% ee)
EtOOC,

11a 11b 11c 11d
90% yield (99% ee)  97% yield (97% ee) 90% yield (83% ee)  91% yield (94% ee)

Scheme 6 Deracemization of racemic 3-substituted oxindoles cata-
lyzed by ent-C7.

in the substrate-catalyst complex. In addition, this method is
characterized by its ability to predictably edit the chiral center at
the C3 position of racemic 3-substituted oxindoles (rac-11), and
the light energy compensates for the related entropy loss, which
has important theoretical and application value for drug
synthesis that requires controllable editing of a chiral center.

3. Xanthone-type photocatalysts

Although benzophenone possesses the basic characteristics of
a PS, its relatively low triplet state energy limits its catalytic
performance as a photocatalyst, resulting in low catalytic effi-
ciency and selectivity; therefore, optimizing its structure to
design photocatalysts with better photochemical reactivity and
enantioselectivity has become a key area of focus.

3.1 Asymmetric [2 + 2] photocycloaddition reactions

Considering that both ketone C7 and ketone C6 are diphenyl
ketone derivatives, is it plausible to assume that ketone C7 can
also catalyze the intramolecular asymmetric [2 + 2] photo-
cycloaddition reaction, similar to ketone C6. A study conducted
by Bach revealed that the reaction rate facilitated by ketone C7
is superior to that facilitated by ketone C6, albeit the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Asymmetric intramolecular [2 + 2] photocycloaddition of
2-quinolone substrates catalyzed by 2-quinolone C8.

enantioselectivity remains considerably low. This can be
attributed to the relatively low triplet energy and short wave-
length absorption of benzophenone C7, resulting in poor
enantioselectivity (39% ee). Consequently, the catalyst structure
was optimized to design a xanthone-type catalyst C8. The bicy-
clic lactam unit structure in ketone C8 can be pre-combined
with the substrate to ensure that the sensitizing part is close
to the substrate chromophore. The xanthone catalyst C8
exhibits a significantly elevated absorption coefficient at
a wavelength exceeding 350 nm (&350 = 9200 in PhCF;). More-
over, a substantial degree of enantioselectivity can be achieved
with a mere 5-10 mol% of catalyst C8 (Scheme 7).>*””

The enantioselectivity observed in the intramolecular [2 + 2]
photocycloaddition reaction is contingent upon the extent of
substrate-catalyst association mediated by hydrogen bonding
(step 1, Fig. 6), the partial effective sensitization of xanthones
(step 2, Fig. 6), and the subsequent rate of cyclization (step 3,
Fig. 6). The association behavior of the substrate quinolone
compounds with the catalyst was studied using NMR titration
experiments.” It was discovered that the catalyst was fully
associated with the substrate prior to the initiation of the
reaction. The increase in enantioselectivity for C7 and C8 is
determined by the efficiency of sensitization and the subse-
quent cyclization rate. The disparity in enantioselectivity
between substrates quinolone 12a and quinolone 12b (X = O, R
= H) in Scheme 7 arises from the dissociation of the substrate

0);,0)
0NN --0. o

3
N 0 1(So)

12(So) step 1

hv (1=366 nm)
sensitization
step2

gs 0;.;;‘

N
)
step 3
vs

C8+12(Ty)
racemic reaction

”

(~SN-H--0,
Q

N N o,
0---H—N )
"

Fig. 6 Mechanism of asymmetric [2 + 2] photocycloaddition of qui-
nolones catalyzed by ketone C8.
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Scheme 8 Intermolecular [2 + 2] asymmetric photocycloaddition
between 2-pyridone and acetylene dicarboxylate catalyzed by ent-C8.

from the catalyst prior to photocycloaddition, resulting in
a reduction in enantioselectivity.

Subsequently, Bach also reported the intermolecular [2 + 2]
photocycloaddition reaction between 2-pyridone and acetylene
dicarboxylate catalyzed by ent-C8 that can achieve high enan-
tioselectivity (Scheme 8).°° These excellent outcomes were ach-
ieved as a result of the following factors: (1) the rapid addition
of alkynes to the excited substrate, (2) the effective binding of
the substrate to the catalyst through hydrogen bonds, and (3)
the high enantiomeric differentiation ensured by the 1,5,7-
trimethyl-3-azabicyclo[3.3.1]nonane-2-one scaffold.”

Comparing the structures of the two PS components,
xanthone C8 and benzophenone C7, it can be observed that the
triplet energy of xanthone C8 is higher than that of benzophe-
none C7. Additionally, since the shape of the chromophore is
approximately planar in the excited state, it facilitates closer
proximity for energy transfer with the substrate. In contrast, the
photochemically excited diphenyl ketone is not planar, result-
ing in a faster dissociation rate of the substrate during the
reaction, leading to a decrease in the ee value. It can be seen
that for the [2 + 2] photocycloaddition reaction, the photo-
catalyst of xanthone type C8 has more advantages than the
photocatalyst of benzophenone type C7.

3.2 Other asymmetric photocatalytic reactions

Xanthone-type photocatalysts, in addition to their application
in asymmetric [2 + 2] photocycloaddition reactions, have also
been utilized in various other reactions, such as asymmetric
photorearrangement reactions and photoderacemization
reactions.

Inspired by the application of benzophenone in the rear-
rangement reaction of spirophenol indole epoxides reported by
Zhang et al.,** Bach used xanthone C8 to study the photochem-
ical rearrangement of spirooxindole epoxides (Scheme 9).>* At A =
366 nm, the yield of spirooxindole rac-17 rearranged to 3-acyl-3-
alkylindole-2-one 18 can reach 92-98%, and the ee value is 20—
33%. The low enantioselectivity may be due to the relatively slow

RZ
o hv (=366 nm) R? \\o R'=H, 6-Cl, 5-Me, 5-CF3;
R X o CatC8QRSEmO%) oy A o R?=Me, Et:
AN HFX/PhCF3 (2:1) AN 92-98% yield (20-33% ee)
H -65°C,1.5h H
rac-17 18

Scheme 9 Xanthone C8 catalyzes the photochemical rearrangement
of spirooxindole epoxides (HFX = hexafluoro-m-xylene).
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Scheme 10 Deracemization reaction of benzothiazinone-1-oxide
catalyzed by ketone C8.

rearrangement steps after sensitization that generate interme-
diates. Additionally, most intermediates undergo rearrangement
after dissociation from the chiral catalyst, resulting in low ee
values. This provides a new example for applying bifunctional
ketone catalysts in other asymmetric photocatalytic reactions,
further proving the universality of this type of catalyst.

Ketone C8 also exhibits catalytic activity in the deracemiza-
tion reaction of racemic benzothiazinone-1-oxide. Despite
a high substrate conversion rate, the resulting product's ee
value is significantly low (Scheme 10).>® This could potentially
be attributable to the instability of the catalyst xanthone
employed in this reaction.

From the above discussion, it is clear that the appropriate
choice of excitation wavelength, along with the absorption
characteristics of the substrate and the corresponding
substrate-photocatalyst complex, influences the reaction
significantly. The triplet energy of the PS must be higher than
the triplet energy of the substrate so rapid energy transfer can
occur even at low temperatures. Additionally, if excitation can
occur in the absence of a photocatalyst, the enantioselectivity
will be compromised because of background reactions. The
oxoxanthone photocatalyst ent-C8 possesses a significantly
higher extinction coefficient compared with the substrate and
effectively absorbs nearly all photons. Consequently, the
racemic background reaction is attenuated, leading to
enhanced enantioselectivity. Conversely, benzophenone deriv-
ative C7 exhibits a much lower extinction coefficient at 366 nm
that inadequately weakens the competing racemic background
reaction, resulting in reduced selectivity. Henceforth, it is
crucial to design photosensitive units based on reaction char-
acteristics rationally.

4. Thioxanthone photocatalysts

Common chromophores, such as carbonyl compounds,
ketenes, and aromatic hydrocarbons, require a wavelength
region of A = 250-350 nm for direct excitation. Medium-
pressure mercury lamps are commonly used as light sources
for this purpose. Nevertheless, advancing scientific research
often relies on employing uncomplicated techniques to achieve
intended outcomes. Is employing visible light as an illumi-
nating source to successfully catalyze the reaction feasible? The
energy associated with a photon of wavelength A = 400 nm is
approximately 300 k] mol™", surpassing the triplet energy of
numerous photochemical substrates. This observation suggests
the feasibility of the proposed concept. Furthermore, the irra-
diation of xanthones in toluene at a wavelength of 366 nm

© 2025 The Author(s). Published by the Royal Society of Chemistry
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results in swift decomposition, with a duration of less than 10
minutes. Xanthones are stimulated by ultraviolet light wave-
lengths, and the higher energy of these shorter wavelengths may
directly excite the substrate, leading to undesired side reactions.
The utilization of a suitable sensitizer and the substitution of
ultraviolet light with visible light for exciting photoreactions are
evident strategies that significantly enhance experimental
convenience and reaction selectivity.

4.1 Asymmetric [2 + 2] photocycloaddition reactions

In 2014, Bach devised a novel chiral thioxanthone C9
(Scheme 11) capable of facilitating the intramolecular [2 + 2]
asymmetric cycloaddition reaction through absorbing visible
light, employing a mere 10 mol% of ketone C9.”” The resulting
ee reaches an impressive 92%, while the attained yield is 86%.
This reaction maintains a high degree of enantioselectivity even
under ambient conditions. Furthermore, the author employed
an alternative set of lamps (RPR-4190 A) that do not emit
ultraviolet light in order to address the small emission of
ultraviolet light from the visible light source utilized. By con-
ducting the experiment under identical conditions as previously
mentioned, the substrate was obtained with a yield of 84% and
an ee of 96%.

The intramolecular [2 + 2] photocycloaddition transition
state of the thioxanthone-type catalyst is similar to that of the
xanthone-type catalyst (Fig. 7). The differentiation of enantio-
mers is provided by the planar xanthone through hydrogen
bonds, and the energy from absorbed photons is transferred to
quinolone by triple energy transfer; therefore, the attack on the
quinolone double bond occurs with high selectivity.

The known asymmetric [2 + 2] photocycloaddition reactions
are all applied to substrates without alkyl substituents at the o-
position because the substituents at this position may damage

R2

3
RN
R® _R!
Cﬁ
N
H

R'=CHj, R?, R3=H

16 Osram L 8W/640 cool white lamps:
86% yield (92% ee)

RPR-4190 A lamps: 84% yield (96% ee)

R1

hv (A=400-700 nm) / R3
2

Cat. C9 (10 mol%)

PhCF3, 25 °C, 0.5 h

o
200¢
4
9] S
| NH
o

R'=0, CH,, NTs; R?=H, Me; R%=H, Me:
79-97% yield (87-94% ee)

Scheme 11 Ketone C9 catalyzed intramolecular [2 + 2] asymmetric
photocycloaddition reaction.

Fig. 7 Transition state model for sensitization and enantioface
differentiation in the coordination complex of catalyst C9 and
quinolone.
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Scheme 12 Ketone C9 catalyzed intramolecular [2 + 2] asymmetric
photocycloaddition of 3-alkyl substituted quinolones.

the coordination of the carbonyl group from a structural point
of view. In 2020, Bach posed a challenge to the synthesis of
cyclobutanes with a high degree of substitution.’® Surprisingly,
compared with unsubstituted quinolones, the alkyl substitu-
ents at the a-position of the carbonyl group not only did not
block the binding to the catalyst but also resulted in a signifi-
cant decrease in triplet energy (dgr = 25 kJ mol™ '), which
produced a beneficial effect. The intramolecular asymmetric [2
+ 2] photocycloaddition of 3-alkylquinolone catalyzed by ketone
C9 can be obtained in good yields and ee values (Scheme 12).

In comparison with xanthone compounds, thioxanthone
compounds exhibit a red shift in their maximum absorption
wavelength (Apmax = 390 nm).** Furthermore, thioxanthone C9
demonstrates a detectable lifetime at A = 400-700 nm, sug-
gesting its suitability for facilitating photochemical reactions
when exposed to visible light sources. The intermolecular [2 + 2]
asymmetric photocycloaddition reaction of quinolone
compounds with electron-deficient olefins was catalyzed by
chiral thioxanthone C9 (10 mol%).* The resulting cyclobutane
product exhibited an ee value of up to 95% (Scheme 13). An
increase in the amount of coupling agent olefins in this reaction
is associated with an increase in both the reaction rate and
enantioselectivity. This phenomenon can be attributed to
a higher proportion of cyclization occurring prior to catalyst
dissociation, thus leading to enhanced enantioselectivity.
Additionally, kinetic data indicate that the enantioselectivity is
influenced by the sluggish reaction rate. It is postulated that
other substrates featuring lactam binding motifs and exhibiting
rapid intermolecular reaction rates would similarly be suitable
for enantioselectively catalyzed intermolecular [2 + 2] photo-
cycloaddition reactions.

In the presence of a chiral sensitizer ent-C9 (10 mol%), 3-
substituted quinoxalinones can engage in intramolecular or
intermolecular asymmetric aza-Paterno-Biichi reactions with
diverse aryl-substituted or chain olefins (Scheme 14), resulting
in the formation of chiral azetidines.®” When the C3 position of

4 4 hv (A=419 nm)
AN . RIR Cat. C9 (10 mol%)
A R2 K o
RiE R¥ RS PhCF3, 25 °C, 7 h
=
24 25 (50 eq.) 26

R'=H, 5-Me, 6-Br, 7-Me, 8-Me;
R2=H, CsHqq; R3=H, Me; R*=H, Me;
R5=COMe, COEt, COOBn:

47-94% yield (80-95% ee)

Scheme 13 Ketone C9 catalyzed intermolecular asymmetric [2 + 2]
photocycloaddition reaction.
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(a) Intramolecular addition:

hv (=420 nm)
Cat.ent-C9 (10 mol%)
" PhCFgHFX (12)
-65°C,4h

R=H: 90% yield (73% ee)
R=Me: 93% yield (94% ee)

(b) Intermolecular addition:

R2 Z M 2
N hv (2=420 nm) IR
{q |- Cat. ent-C9 (10 mol%) N
J——=="" "
HN\H)\R1 ' | DCE, -25°C, 24 h N A
o) oR
29 30 (20 eq.) 31
R'=Me, Et, CF;

R2=2-Me, 3-F, 4-Bu:
92-99% yield (86-96% ee)

Scheme 14 Asymmetric [2 + 2] photocycloaddition of carbonyl-
olefins catalyzed by ent-C9 (HFX = hexafluoro-m-xylene).

the quinolone (27 or 29) is not replaced, this reaction does not
produce azamine (28 or 31), indicating that the reaction mode
of quinoxalinone is largely dependent on the 3-substituent, and
the 3-substituent plays an important role in a certain interme-
diate process.

For the intermolecular [2 + 2] cycloaddition transition state,
as shown in Fig. 8, the Si face of 29 is shielded by thioxanthone
so that styrene only attacks the Re face. The intermediate 1,4-
diradical II collapses after the ISC process to form the azetidine
product 31. Although the triplet energy transfer from ent-C9 to
styrene is energetically feasible, this pathway is less likely
because the enantioselectivity is so high when the catalyst
loading is only 10 mol%, proving that ent-C9 does not undergo
triplet energy transfer to styrene.

Catalysts primarily employ hydrogen bonding interactions
with the substrate in their structure to regulate the direction of
the reaction, utilizing the chiral control elements of the afore-
mentioned PSs; however, the current hydrogen bond skeleton
exhibits relatively limited diversity, and designing different
hydrogen bond skeleton units is of great significance for
expanding more substrates.

In 2017, Bach conducted a novel endeavor to advance the
development of a hydrogen bond skeleton,*® incorporating
a thiourea group as a chiral control unit and devised a thiourea-
thioxanthone compound C10. The findings indicated that
ketone C10 effectively facilitated the photocyclization of 2-(4-
bromophenoxy)-3,5,5-trimethylcyclohex-2-enone 32
(Scheme 15). Although the yield and enantioselectivity of the
product are relatively low, the catalyst's success lies in

Ph
N
NH
o

Fig. 8 Transition state analysis of intermolecular [2 + 2] photo-
cycloaddition catalyzed by thioxanthone ent-C9.

| (ent-C9 and 29) [}
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Scheme 15 Ketone C10 catalyzed photocyclization reaction.

introducing a novel chiral hydrogen bond scaffold into the
chiral control unit. The inclusion of thiourea on this scaffold
enables the formation of two hydrogen bond sites, thus
expanding the scope of existing bifunctional catalysts and
providing valuable insights for the future design of new chiral
control units.

In 2020, Bach introduced chiral phosphoric acid (CPA) into
asymmetric photochemical conversion for the first time and
introduced two thioxanthone groups as PS units at the 3,3'-
position of the BINOL skeleton to obtain a new CPA binding site
catalyst C11.*” CPA is a representative Bronsted acid in ther-
mochemical reactions.®* Here, its role is to generate a chiral
environment and activate the substrate through hydrogen
bonds during the conversion process. The catalyst effectively
decreases the triplet energy of the substrate through hydrogen
bonding, resulting in notable enantiomeric discrimination. It
demonstrates high efficacy as a catalyst for the intermolecular
[2 + 2] photocycloaddition reaction of B-carboxyl substituted
cycloenones, with a 61% product yield with an 85% ee
(Scheme 16).

The asymmetric [2 + 2] photocycloaddition of N,0-acetals
with olefins can also be catalyzed by thioxanthone C11
(10 mol%), resulting in yields ranging from 54% to 96% and ee
values ranging from 84% to 98% (Scheme 17). The successful
reaction relies on the triplet energy transfer of thioxanthone
and the efficient enantiomeric differentiation of CPA.*®

HH
hv (A=437 nm) :
[> Cat. C11 (10 mol%)
CH,Cly, -40°C, 4 h O&OH

35 (50 eq.) 36
61% yield (85% ee)

Scheme 16 Ketone C11 catalyzed intermolecular [2 + 2] asymmetric
photocycloaddition of B-carboxyl substituted cyclic ketenes.

Q | t‘D‘{
38 (20 eq.) 39

R=H, 4-Me, 4-Cl, 4-BPin, 2-Me, 5-CI:
54-93% yield (83-95% ee)

hv (A=459 nm)
Cat. C11 (10 mol%)
_CHyClp -50°C, 4h °C,4h

then 1 M aq. HCI

Scheme 17 The [2 + 2] asymmetric cycloaddition reaction of N,O-
acetals with olefins catalyzed by C11 was studied.
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Fig. 9 Transition state model of asymmetric [2 + 2] cycloaddition
catalyzed by catalyst C11.

(a) Intramolecular addition:

cﬁ

(b) Intermolecular addition:

LED (A=405 nm)
Cat. C12 (10 mol%) N
> i CH,Cl, -78 °c 8h N So

R3
43 (100 eq.) 44
R3=H, R*=Me: 82% yield (98% ee)
R3=Me, R*=H: 99% yield (97% ee)

LED (A=405 nm)
Cat. C12 (10 mol%)

2
CHZCIZ -78°C,2.5h &
R'=CHa,H;

R2=CHg, H; X=0, CHy:
88-95% yield (91-97% ee)

Scheme 18 Intramolecular and intermolecular photocycloaddition of
quinolones catalyzed by ketone C12.

The Bach reaction is based on the prechiral imine ion
addition model proposed by Akiyama et al.** An analogous
transition state model for catalyst C11 and substrate enan-
tiomer differentiation is proposed, wherein the aryl group of the
acid undergoes attack from the Si face (Fig. 9).

Takagi et al.®® employed a C1 symmetric CPA as the main
chiral chain. They introduced thioxanthone as a photosensitive
component to synthesize catalyst C12. Subsequently, they con-
ducted intramolecular and intermolecular [2 + 2] photo-
cycloaddition reactions of quinolones, resulting in the
attainment of higher ee values (91-98%) (Scheme 18). In pho-
toconversion, the chiral environment is established through the
complexation of phosphoric acid and quinolone. The

| (TS_Re-out-syn):
0 kcal/mol

11 (TS_Si-in-syn):

0.7 kecal/mol
Fig. 10 Transition state energy calculation of ketone C12 with the
substrate (the schematic structure and relative Gibbs energy of each
enantiomer at 19515 K in the intramolecular [2 + 2] photo-
cycloaddition reaction).
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Scheme 19 Enantioselective Paterno—-Buchi reaction catalyzed by
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Fig. 11 Transition state model is proposed for the enantioselective
Paternd—-Buchi reaction catalyzed by ketone C13.

enantioselectivity is influenced significantly by the m-m inter-
action between the thioxanthone moiety of phosphoric acid and
the substrate. The transition state with the lowest energy for
each enantiomer in the reaction is depicted in Fig. 10. In both
instances, the quinolones are oriented towards the thio-
xanthone ring on CPA. Notably, the main product obtained
corresponds to the I transition state, thus confirming the
experimental findings.

In 2023, Huo et al.”® developed a novel photocatalyst C13
based on thioxanthone, featuring a hamburger-shaped struc-
ture and planar chirality (Scheme 19). This catalyst was
successfully employed in the enantioselective Paterno-Biichi
reaction of quinoxalinone 45 and styrene 46 under visible light
irradiation to afford azetidines. The catalyst C13 and the
substrate amide 45 establish a stabilized spatial position
through hydrogen bonding interactions. Upon irradiation, the
thiazolone group of the intermediate undergoes excitation,
leading to intramolecular energy transfer to the substrate
amide. Due to the spatial shielding provided by the thio-
xanthone group, styrene is unable to approach the Si face of the
transition state model (Fig. 11).

Through the above content, it can be concluded that the
successful use of ketone catalysts in asymmetric reactions
depends on two basic factors: (a) including a sensitizing
ketone unit for energy or electron transfer and (b) incorpo-
rating chiral control units that interact with the substrate to
ensure effective enantiomer or group differentiation. The rate
of substrate dissociation is slower than the enantioselectivity
determination step of the reaction. Consequently, even after
sensitization, the excited substrate still encounters the spatial
bias imposed by the control element to ensure a distinct chiral
environment.
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Scheme 20 Deracemization of 3-(1'-alkenyl)piperidin-2-ones cata-
lyzed by ketone ent-C9.

4.2 Photoderacemization reactions

In 2018, Bach first reported the pioneering achievement of
a successful photoderacemization reaction. By employing
a catalytic amount (2.5 mol%) of the triple sensitizer ent-C9,
various racemic 3-(1’-methylene)piperidin-2-ones were effec-
tively transformed into their corresponding single enantiomers
under visible light irradiation at a specific wavelength of
420 nm. The resulting yield exceeded 56%, while the ee value
ranged from 89% to 97% (Scheme 20).° The sensitizer is
transferred to allene via triplet energy transfer and subse-
quently separated based on the distinct energy transfer effi-
ciencies of the two enantiomers.

The proximity between the sensitizer ent-C9 chromophore
and the allene double bond of substrate ent-48 is closer
compared with that of substrate 48, resulting in a faster triplet
energy transfer between ent-48 and the sensitizer. The disparity
in association constants (ground state thermodynamics) and
sensitization efficiency (excited state kinetics) between 48 and
ent-48 with the catalyst leads to distinct total sensitization rates.
Consequently, the intramolecular sensitization mechanism of
48 is unfavorable, enabling the accumulation of 48 (Fig. 12).%

Yuan et al conducted a theoretical investigation using
density functional theory (DFT).** Using the enantiomeric
conversion of 3-(3,3-dimethyl-1-butyl-1-subunit)-2-piperidone
from Scheme 20 as a case study (R = ‘Bu), they elucidated the
mechanism underlying the deracemization reaction catalyzed
by ent-C9 (see Fig. 13). The PS ent-C9 is excited under visible
light (A = 420 nm) irradiation (S, — S,) because of the potential
surface crossing between the S; and S, states; therefore, a fast
internal conversion (S, — S;) occurs near the intersection. At
this time, the energy of the T; state is slightly lower than that of
the S, state, and the PS undergoes ISC (S; — Ty). The T, state of
the PS ent-C9 undergoes Dexter-type energy transfer to the S,
state of ent-48, forming the S, state of the PS ent-C9 and the T,
state of ent-48. Finally, the T, state of ent-48 can pass through
the potential energy surface of the triplet state and transform
into the transition state between ent-48 and 48 of the ground

H———o\ ) N-H O\r{
O N d= 363 pm 50-—--n~N

d 510 pm

-

| (ent -C9 and ent—48) Il (ent-C9 and 48)

Fig. 12 The deracemization transition state model of 3-(1'-alkenyl)
piperidin-2-one catalyzed by ent-C9.
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Fig. 13 Photosensitive deracemization mechanism of racemates.

state S,. This transition state then forms a 48 : ent-48 ratio of 1 :
1. The newly generated ent-48 can be resensitized to form TS-
a by catalyzing thioxanthone ent-C9, but 48 cannot. By
repeating this process, the amount of ent-48 is halved in each
photocatalytic cycle, while the amount of 48 increases accord-
ingly. The mechanism reveals that complete conversion of ent-
48 to 48 is unattainable, thus limiting the ee value infinitely
close but not equal to 100%. From the theoretical calculation,
deracemization occurs because limited occurrence of energy
transfer within ent-C9 and 48, consistent with the spatial effects
analysis results (Fig. 12). It can be observed that designing
a new deracemization photocatalyst based on the disparity
between the ground state association constant and excited state
sensitization efficiency of two diastereomeric complexes proves
to be an effective strategy.

In 2019, Bach reported that under irradiation with visible
light (A = 420 nm), rac-49, a 3-allyl-substituted quinolone,
underwent a triple-sensitized di-w-methane rearrangement
reaction to yield the corresponding rac-50, a 3-cyclopropyl qui-
nolone. By employing chiral thioxanthone sensitizer C9, cyclo-
propane underwent a triple-sensitized deracemization reaction,
forming enantiomerically pure 3-cyclopropylquinolone 50. The
yields ranged from 88% to 96%, while the ee values were
between 44% and 55% (Scheme 21).%

In the subsequent year, Bach employed the chiral triplet
sensitizer ent-C9 (2.5 mol%) to facilitate the racemization
reaction of rac-51, resulting in an enhanced ee value of 86-98%
for product 51 (Scheme 22). The photocatalyst also operates
through selective recognition of an olefin enantiomer and
a hydrogen bond-mediated triplet sensitization process.*

Similarly, the chiral sensitizer thioxanthone ent-C9
(2.5 mol%) is capable of catalyzing the photoderacemization of
enamide rac-52 at 420 nm. The resulting acrylamide 52 exhibits

hi
CL”
R N"So
H

rac-49

hv (=420 nm)
Cat. C9 (10 mol%)

PhCF3 25°C,1h

Cfl

R'=Me, OMe, OBn RZ—Me ~(CHp)4-
88-96% yield (44-55% ee)

Scheme 21 Deracemization of 3-cyclopropylquinolone catalyzed by
ketone C9.
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R hv (A=420 nm) R

0 o :
Cat. ent-C9 (2.5 mol )
H 2L ent:C8 2.5 mo) HN H R=Bu, Pr, Cy, -CH,-Ph
HN MeCN, -40 °C, 4 h 75-96% yield (89-98% ee)

rac-51 51

Scheme 22 Deracemization of rac-49 catalyzed by ketone ent-C9.

T
R
7 hv (1=420 nm)
tgy _ Cat. ent-C9 (2.5 mol%)
A LR o MoT),
PhCF3,-10°C, 4 h
07 "NH,

rac-52
R=H, 4-Br, 4-SMe, 6-Me, 2,3,4,5,6-F, 5-CN:
74-91% yield (80-91% ee)

Scheme 23 Ketone ent-C9 catalyzed photochemical deracemization
of enamides.

an ee value ranging from 80% to 91% (Scheme 23).%° In addition
to the difference in the degree of association between the
enantiomer and the catalyst caused by the hydrogen bonding
between the catalyst and the substrate, it was also found via DFT
calculations that this result was affected by the attractive
dispersion interaction between the 7 system of the propylene
and ketone catalyst. One of the enantiomers, the C-H or C-
halogen bond, is perpendicular to the 7 system, forcing
propylene away from the thioxanthone chromophore. In the
case of another propylene enantiomer, the interaction between
the C-H bond at the terminal carbon atom of propylene and the
outer benzene ring of thioxanthone, known as the CH-w
interaction, leads to propylene being in close proximity to the
chromophore. Enantiomers in close proximity to the chromo-
phore exhibit a higher reaction rate, ultimately resulting in the
observed outcome (Fig. 14). This discovery represents the first
instance in which a dispersion interaction has been identified
as a valuable means to enhance the enantioselectivity of
photochemical reactions, thus offering a novel approach for the
future design of enantioselective photoinduced conversions.

In 2022, Bach reported a visible-light-mediated photo-
catalytic deracemization method for synthesizing axially chiral
olefins. A variety of racemic alkylidenecyclobutanes (7 = 4) and
alkylidenecyclopentanes (n = 5) can be deracemized by triplet
energy transfer with only 2 mol% chiral thioxanthone C9,
achieving up to 81-96% ee (Scheme 24).%°

In the presence of the catalysts ent-C8 or ent-C9, the photo-
deracemization reaction of 3-spirocyclopropyl 2-oxindoles
yields a high ee value (Scheme 25) and exhibits a broad

2 =T
N HY\, Neb NH R
So- o-H g

N
z‘fi. S IO

I (ent-C9 and ent-52) Il (ent-C9 and 52)
Short distance between allene and thioxanthone Sterics distance between allene and thioxanthone

Faster Dexter-type energy transfer Slower Dexter-type energy transfer

Fig. 14 Transition state model of deracemization of acrylamide by
ent-C9.
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hv (=420 nm)
Cat. C9 (2 mol%)

MeCN, 0 °C, 6 h

D

75% yield (83% ee)

Scheme 24 Substrate range of photoderacemization of axially chiral
olefins catalyzed by ketone C9.

R? Cat. ent-C8:

R? X :
R2 hv (A=366 nm/420 nm) R R'=H; R2=Bn, -CH,Cl, -CH,0Bn:
R Cat. ent—Cslent-(:‘S (10 mol%) R* 82-08% yield (65-70% ee)
WA e} PhCF;,25°C,3h W o Cat. ent-C9:

R2=Cl; R"=H, OCFj3, Me, Br:

rac-54 54 65-90% yield (58-80% ee)

Scheme 25 Deracemization of 3-spirocyclopropyl 2-oxindoles.

substrate scope. Notably, this method enables the construction
of a full-carbon stereocenter on cyclopropane, which holds
significant potential for synthesizing chiral drugs analogous to
cyclopropane derivatives.*> Its good enantioselectivity is ob-
tained through the synergistic effect of three mechanisms: (1)
the difference in the binding constant with the chiral thiazo-
lone, (2) the molecular distance of the enantiomer in the
complex, and (3) the lifetime of the intermediate 1,3-diradical.
According to NMR titration experiments, transient absorption
spectroscopy measurements, and DFT calculations, the reaction
mechanism was elucidated (Fig. 15). Due to steric hindrance,
the interaction between 54 and the PS ent-C9 to form III is
thermodynamically unfavorable; however, the formation of I is
more favorable and ultimately leads to the enrichment of
enantiomer 54.

In conclusion, the successful completion of catalytic dera-
cemization in terms of PS units depends on the synergistic
effect between chiral catalytic cycles and the photoenergy input
cycle that overcomes thermodynamic and kinetic challenges. In
addition, from the perspective of the chiral control unit,

o Sy D
uzo \

[ent.Co 9'N‘ “H, 2
N WSl
Me H---07

enréA
Accumulation Cones mp\ ion ’ w

/ racs4 [entcs

Not conductive to

N N the occurrence of Ent
Me H---07<
U \—Cl
//
s /
o X2 N
N o h
&
NN
Me H-—»o”\%@

CcI” cl
|
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Fig. 15 Deracemization mechanism of 3-spirocyclopropyl 2-oxin-
doles catalyzed by ketone ent-C9.
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whether a product with high enantioselectivity can be obtained
depends on the difference between the spatial effect (such as
steric hindrance) and the electronic effect (such as the degree of
hydrogen bond binding and the influence of dispersion force)
when the two enantiomers in the racemic substance are close to
the catalyst. The spatial effect and the electronic effect lead to
different degrees of association between the substrate and the
photocatalyst, and the sensitization efficiency differ, ultimately
affecting the enantioselectivity; therefore, the key points to
consider when designing and selecting the catalyst for the
photoderacemization reaction are the matching of the photo-
sensitive unit with the reaction and the rational design of the
chiral control unit.

4.3 Other asymmetric photocatalytic reactions

In recent years, thioxanthone-type catalysts have been utilized
in various reactions, including the asymmetric [2 + 2] photo-
cycloaddition reaction and racemization reaction mentioned
earlier. Additionally, these catalysts have found application in
other reactions, such as asymmetric electrophilic amination,
asymmetric alkylation of aldehydes, and asymmetric a-hydrox-
ylation reactions.

Masson et al. successfully synthesized a mono-substituted
Cl-symmetric photocatalyst C14 by combining phosphoric
acid and thioxanthone (Scheme 26).”* The mono-substituted C1-
symmetric photocatalyst exhibited superior catalytic efficiency
compared with the corresponding C2-symmetric photocatalyst.
Using catalyst C14, enecarbamate and azodicarboxylate were
employed as starting materials for the reaction, which was
conducted in two distinct steps. In the initial step, the nucleo-
philic enecarbamate reacted with the electrophilic azodi-
carboxylate to yield an imine, subsequently reacting with
ethanethiol to form a-carbamoyl sulfide I. In the subsequent
step, pyrazole was introduced, and the reaction was subjected to
irradiation with blue light (A = 420-510 nm). This led to the
formation of imine II, which underwent a diastereothermal
reaction with pyrazole to produce the ultimate product. The ee
value achieved ranged from 95% to 99%.

The asymmetric electrophilic amination of a-unsubstituted
enecarbamates was observed under 10 mol% catalyst C15 upon
irradiation with 405 nm. This reaction yielded chiral 1,2-
diamides. The performance of catalyst C15 was found to be
satisfactory,”> with only a minor disparity compared with cata-
lyst C14.”* This suggests that modifying the 3’-position
substituents of the C1 symmetrical thioxanthone catalyst does

(1) Cat. C14 (10 mol%) NHCbz

R'=Me, cyclopropyl;

NHCbz Cbz. EtSH (1.0 eq.) R i
% .o CH,Cl,, 45 °C. 16 h NN R RZ=H, 3,5-Me, 4-NOy:
N-cbz (2) Pyrazole derivatives (3.0 eq.) 78-91% yield (95-99% ee)

=N ChzN
, .
R Blue LEDs, O, (1 atm) NHCbz

8 56(15eq) DCM, rt, 3h 57
o °1)
1) EtS/\r @ ‘K(W
chz” Kbz obz " NHChz O

Scheme 26 Catalyst C14 as photocatalyst enantioselective synthesis
of 1,2-diamine.
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(1) Cat. C15 (10 mol%)

NHCbz NHCbz

Cbz EtSH (2.5 eq.)
% N J/ -40°C, 20 h L\’\N
Me Cbz (2) pyrazole derivatives (3.0 eq.) SN CbzN.
LED (=405 nm), Oy, r.t,, 16 h NHCbz
58 56 (1.5eq) 59

R=H, 3,5-Me, 4-NO,, 3-CF|
53-66% yield (95-09% ee)

Scheme 27 Asymmetric electrophilic amination of enecarbamates
catalyzed by ketone C15.

not play a crucial role in determining the ee value of the
substrate. In order to verify the universality of the results ob-
tained by catalyst C15, several 1-(hetero)aryl-1,2-diamines were
synthesized by changing the pyrazole ligand (Scheme 27). Good
yield and enantioselectivity were obtained.

Aleman et al. successfully synthesized a novel catalyst,
designated as catalyst C16, derived from thioxanthone through
a two-step synthesis involving imidazolidinone and thio-
xanthone. This particular structure exhibits a convenient spatial
property that can be readily adjusted. Notably, the catalyst

23 W CFL (visible light)

i f
' /d . RBr Cat. C16 (20 mol%) )
R 2,6-lutidine (1.0 eq.)
DMF, 15 °C,18 h
61 (0.5eq. ) 62 C16

Etozc COsEt  EtOC7 ) (CO-Et

62d

92% yleld (96% ee) 81% yleld (96% ee) 99% yield (99% ee)

61% yleld (97% ee)

Scheme 28 Asymmetric alkylation of aldehydes catalyzed by ketone
C16.
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Fig. 16 Mechanism of asymmetric alkylation of aldehydes catalyzed
by ketone C16.
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demonstrates remarkable enantioselectivity and yield in the
alkylation reaction of aldehydes, as depicted in Scheme 28.7
The reaction mechanism is elucidated in Fig. 16. The thio-
xanthone of intermediate I is excited by light to produce the
excited ketone I*. Thioxanthone can promote the single elec-
tron transfer process (SET). The excited intermediate I* is used
as a free radical chain initiator to reduce the bromoalkane
derivative 61 through one SET, generating a free radical anion II
and an enamine cation III. The bromine anion is left behind to
produce free radical IV that reacts with the enamino cation
intermediate III to produce a-amino radical V. Further, VI is
obtained, and product 62 is obtained by hydrolysis, along with
the chiral imidazolidinone-thioxanthone catalyst C16. The
highlight of this work is the combination of photoredox catal-
ysis and organic catalysis to achieve the asymmetric alkylation
of aldehydes.

Xiao et al. designed a bifunctional catalyst that differs from
Bach and developed a new photocatalyst, C17, by grafting the
thioxanthone motif to the chiral BOX ligand.” The ground state
of the thioxanthone component absorbs visible light and triplet
state and then sensitizes the nonreactive triplet state of
molecular oxygen (*0,) to produce the reactive singlet state of
molecular oxygen ('0,). The chiral metal complexes derived
from the BOX component activate the B-keto carbonyl group,
thus controlling the selective formation of C-O bonds in the
reaction. The ligand complexed with Ni (acac), to catalyze the
asymmetric a-hydroxylation of B-ketoesters to obtain products
with high yields and ee values (Scheme 29). It should be noted
that the catalyst does not directly act on the substrate but rather
links the metal complex to the PS. The metal complex then
activates the substrate while also controlling the chirality. In
this context, the PS does not engage in direct activation of the
substrate through energy or electron transfer. Instead, it indi-
rectly sensitizes oxygen, inducing its transition from a nonre-
active triplet state to a reactive singlet state, thus enabling
oxygen's involvement in the reaction. Consequently, the
successful achievement of the asymmetric aerobic oxidation of
B-ketoesters and B-ketoamides was realized through visible
light-induced metal photocatalysis, resulting in the production
of a-hydroxy-B-dicarbonyl products. A possible stereoinduction
model (Fig. 17) is proposed that assumes that the adamantyl

o]

O
A oira| o e
~CO,'Ad | pruC T T S=ph
n Ph <\/N N\g—.
64 PR

(o] [o]

Ni(acac),/Cat. C17 (10 mol%)
R-C >—C0O,'/Ad ———————— R
) toluene, -15 °C

63 visible light, O, 24 h
c17

o 0 ; o
CO,'Ad CO,'Ad CO,'Ad

64a 64b 64c
92% yleld (90% ee) 92% yield (91% ee)

o
~C0,'Ad

64f
95% yield (88% ee)

97% vyield (95% ee)

coz‘Ad
Coz‘Ad

82% yleld (92% ee) 85% yleld (93% ee)

Scheme 29 Asymmetric a-hydroxylation of B-ketoesters catalyzed by
the complexation of ketone C17 with Ni (acac), (*Ad = 1-adamantyl).
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Fig. 17 Stereoinduction model of asymmetric a-hydroxylation cata-
lyzed by complexation of ketone C17 with Ni (acac),.

group (*Ad-) is positioned far away from the chiral ligand to
avoid steric hindrance. The si-face of the B-ketoester formed by
the enol is obstructed by the phenyl group behind it; therefore,
favorably, the oxidant attack from the Re-face activates 'O, or
peroxide X, resulting in an R configuration for the hydroxylated
product.

The aforementioned diverse reaction studies demonstrate
the continued efficacy of bifunctional ketone catalysts incor-
porating sensitization and chiral control units in other asym-
metric photoreactions, with ample potential for further
exploration across various reaction types. Consequently, their
future utilization in additional photochemical reactions is
anticipated; however, the prerequisite for applying this type of
catalyst to other reactions is the presence of a chiral control site
in the substrate and a suitable reaction that can be initiated by
the ketone PS unit, so that the ketone PS unit and chiral control
unit can be reasonably designed according to the structure of
the substrate to synthesize the required new ketone catalyst.

5. Summary and prospect

In the past decade, chiral ketone catalysts have shown great
potential in the field of asymmetric catalysis. Chiral aromatic
ketone catalysts exhibit high triplet energies and long triplet
lifetimes, making them excellent PS units. These catalysts have
become a powerful tool for asymmetric photocatalytic reac-
tions; however, there is still room for future development in this
field: (1) the modular formation of all-carbon quaternary ster-
eocenters and multiple stereocenters remains a daunting
challenge. (2) From the perspective of the PS unit of the catalyst,
introducing various chiral skeletons to modify the chiral
aromatic ketone photosensitive unit has shown limited effects.
This limitation arises because the chiral aromatic ketone
photosensitive unit itself may encounter issues such as mis-
matched redox potential or insufficient triplet energy. Further-
more, from the perspective of the chiral control unit of the
catalyst, the chiral skeleton form is relatively simple. As a result,
it can only exhibit an asymmetric catalytic role in specific
substrates capable of forming hydrogen bonds, thus restricting
its applicability to certain types of reactions.

In order to address the aforementioned issues, the future
focus of development may lie in the design of new ketone
catalysts. First, when designing the PS unit of the ketone cata-
lyst, considering its match with the required light energy for the
reaction is necessary, and this structure should be able to
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complete the catalytic cycle through processes such as ent, HAT,
or SET, which are decisive factors for initiating photosensitive
reactions. Furthermore, obtaining a single chiral compound
relies on an appropriate chiral skeleton. The design of a new
chiral control unit can be achieved through various forces such
as spatial effects, conjugation effects, induction effects, -
stacking interactions, van der Waals forces, and hydrogen
bonding. By combining different ketone PS units and chiral
control units in diverse ways, it is possible to expand their
application to more types of asymmetric photochemical reac-
tions in the future. In summary, the application of ketone
catalysts in [2 + 2] photocycloaddition reactions, deracemiza-
tion reactions, photochemical rearrangement reactions, asym-
metric electrophilic amination reactions, and the asymmetric
alkylation of aldehydes were reviewed. The structural charac-
teristics of these catalysts, the mechanism of catalytic reaction,
and their advantages and disadvantages are discussed. It is
hoped that it can provide the references for developing more
applicable asymmetric catalytic methodologies in the future.
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