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Circularly polarized light (CPL) is an inherently chiral entity and is regarded as one of the possible de-
terministic signals that led to the evolution of homochirality in earth. Thus, CPL as an external physical
field has been widely used in a technique known as absolute asymmetric synthesis, because a product
enriched in one enantiomer is formed from racemic precursor molecules without the intervention of a
chiral catalyst. In this review, we retrospect the historical research of CPL-induced absolute asymmetric
synthesis, including chiral organic molecules, helical polymers, supramolecular assemblies, noble metal
nanostructures. However, based on these results, we concluded that the chiral photon-matter interaction
is very faint due to the arrangement of molecular bonds giving rise to chiral features, is over a smaller
distance than the helical pitch of CPL, leading extremely small enantiomeric excess for product. Therefore,
we highlight the recently emerged technology called superchiral field, in which the superchiral far-field
and near-field could enhance the dissymmetry of optical field and near-field, respectively. In sum, we
hope this review could bring some enlightenment to researchers and further improve the enantioselec-
tivity of CPL-induced absolute asymmetric synthesis.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Chirality, the basic characteristics in biological system, is
the main driving force for the evolution and exists in various
biomolecules, such as proteins, nucleic acids, and polysaccharides
[1]. However, these enantiomers of bioactive molecule usually ex-
hibit different pharmacological activities, metabolic pathways and
cytotoxicity, which deserve careful study. Generally, there are three
approaches for synthesizing chiral compounds, including chiral res-
olution, biosynthesis and stereoselective synthesis.

Stereoselective synthesis is a key process in modern chem-
istry and is particularly significant in the field of pharmaceuti-
cals, since different enantiomers usually take different biological
activity. Generally, in the absence of external chiral influence, chi-
ral product is a racemic mixture with equal amount of constituent
enantiomers. However, chiral environments driven either by chem-
ical reactions or physical forces can potentially affect the equilib-
rium of enantiomers resulting in enantiomer enrichment. In or-
ganic chemistry, chiral product with high enantiomeric excess (ee)
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could be obtained with the assistance of chiral catalysts, which are
typically chiral coordination compounds. However, these chiral cat-
alysts are invariably endowed with chirality by using extra chiral
ligands, which requires additional asymmetric catalytic synthesis.
Meanwhile, these chiral catalysts, usually belong to metal complex,
would remain in products, resulting in additional post-processing.
Therefore, it is urgent and necessary to development a green syn-
thesis method using circularly polarized light (CPL) as the sole chi-
ral source.

As we all know, there are various physical forces such as lin-
early polarized light, CPL, magnetic and gravitational fields in the
world have been tested to induce chirality in molecular system.
However, only CPL functioned as a truly chiral physical force suc-
cessfully produces product with detectable optical activity, and
left-handed CPL (I-CPL) and right-handed CPL (r-CPL) generate
products with opposite handedness due to photo-resolution or
asymmetric absorption of enantiomers. For a chiral molecule ca-
pable of absorbing ultraviolet (UV) or visible light, in principle, it
is reasonable to enrich one enantiomer from a racemic mixture by
CPL irradiation; since circular dichroism (CD) arises from a differ-
ence in the absorption of I-CPL and r-CPL by an optically active
molecule, [-CPL and r-CPL would preferentially interact with one
enantiomer of substances that exhibit circular dichroism.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. CPL-triggered enantioselective synthesis, including chiral organic molecules
and inorganic nanostructures.

CPL-triggered asymmetric photochemical reaction takes several
advantages. For example, continuous exposure of amino acids or
sugars under CPL irradiation could generate biased chirality in
small enantiomeric excess, which then undergoes chiral amplifica-
tion to enrich single-handed chiral structures [2,3]. Therefore, CPL
is considered to be a true chiral entity and has been suggested
as a possible explanation for the origin of homochirality in na-
ture. Meanwhile, photochromic system and its reversible switch-
ing of molecular chirality by CPL has the potential application in
chiroptical memory devices for data storage [4]. Thus, CPL can-
not only provide the required energy to a photochemical reaction,
but also introduce some chiral bias without extra impurities, which
can be regarded as a green chiral initiator. It should be note that,
we easily obtain CPL source through a physical method by using a
linear polarizer and a quarter-wave plates. CPL may also be gen-
erated from chiral luminescent materials, called circularly polar-
ized luminescence [5-7]. Herein, we are talking about asymmetric
photochemical reactions induced by CPL generated by the physical
method.

In this review, we summarize the recent status of absolute
enantioselective synthesis to generate chiral organic molecules and
inorganic nanostructures under CPL irradiation (Fig. 1). We be-
gin with three mechanisms of CPL-triggered asymmetric photo-
chemical reactions. Subsequently, three detecting techniques that
widely used in determining and quantifying chiral matters, in-
cluding chiral high-performance liquid chromatography (HPLC),
optical rotation and CD spectroscopy are introduced. Next, or-
ganic molecules induced by CPL through the mechanism of photo-
resolution or asymmetric absorption are discussed in detail, and
further extended to helical polymer and self-assembly systems.
Meanwhile, CPL-induced chiral inorganic nanostructures are high-
lighted and exhibit different mechanism comparing with organic
systems. We end this review with perspectives that enhance
the enantioselectivity by using the recently emerged superchi-
ral light, including superchiral near-field and far-field. We hope
this review could guide the further development of CPL-triggered
absolute enantioselective synthesis in organic and inorganic
systems.

2. Three mechanism

Generally, CPL-induced absolute asymmetrically photochemical
reactions can be divided into three modes [8,9]:

(1) Photochemical asymmetric degradation: the pair of enan-
tiomers in a racemic substrate (Sg and Sg) take different de-
composition rates during the photochemical process, and the
enantiomer with a lower decomposition rate would be selec-
tively retained. In theory, however, a high ee values of substrate
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Fig. 2. Three modes of CPL-induced asymmetrically photochemical reactions: (A)
photochemical asymmetric degradation, (B) photochemical deracemization; (C)
photochemical asymmetric fixation. The uppercased S and P represent the starting
materials and products, the subscript S and R represent the absolute configuration
of enantiomers, and Ss* and Sg* represent the excited state of enantiomers of sub-
strates.
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Fig. 3. Schematic illustration of (A) HPLC and (B) optical rotation.

in this pathway can only be obtained when the photolysis re-
action of one enantiomer is almost complete. Therefore, the re-
covery of the substrate is usually very low (Fig. 2A).
Photochemical deracemization: one starting enantiomer (Sg) of
a racemic substrate is selectively excited by CPL (e.g., -CPL in
Fig. 2B), and the excited state of enantiomer (Sg*) can be con-
verted into the opposite enantiomer (Sg*). In this case, both ex-
cited states could transform into the ground states (Sg & Sg),
and finally form a photo-stationary state. Compared with asym-
metric degradation, the main difference is the total concentra-
tion of substrate does not change during photo-deracemization
and reaches the same photo-stationary state after irradiation,
regardless of the initial enantiomeric composition ratio.
Photochemical asymmetric fixation: one enantiomer of the
racemic substrate is selectively excited by CPL and generates a
chiral product through a photochemical process (Fig. 2C). Dif-
ferent from the above two approaches, this method can directly
generate chiral products (Pg).

—
N
—

-

(3

3. Basic concept
3.1. High-performance liquid chromatography (HPLC)

HPLC is a versatile separation technique with the characteristics
of sensitivity, specificity and precision. Generally, a mixture dis-
solved in solvent (mobile phase) passes through the packing ma-
terial (stationary phase), which is hold on the column in HPLC.
The mixture would be separated into individual components by
the successively flow out from the stationary phase, due to the
different interactions (adsorption, distribution, ion attraction, ex-
clusion, affinity) of each component with the stationary phase. The
concentration of each component could be responded by the de-
tector and recorded as a peak on the spectrum (Fig. 3A). More
importantly, the peak’s area represents the quantity of compo-
nent, and the content of each component can be further analyzed
by integrating the corresponding peak area. Specifically, using a
chiral stationary phase in HPLC, the enantiomers can be selec-
tively separated. Therefore, the enantiomeric excess could be de-
termined: where [R] stands for the peak area of R-enantiomer, and
[S] stands for that of S-enantiomer. If it is a S-dominated prod-
uct, switching the formula. The negative ee value indicates that
this reaction generates the product with the opposite configura-
tion. We must note that chiral HPLC cannot determine the abso-
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lute configuration for an unknown chiral compound, which usu-
ally determined by single crystal X-ray diffraction analysis (XRD).
Except for the direct XRD method, circular dichroism spectra
(CD), nuclear magnetic resonance (NMR), enzymatic method and
other techniques are also developed for determining the absolute
configuration [10].

3.2. Optical rotation («) and specific rotation ([c])

Chiral compounds show optical rotation, which is the rotation
of the orientation of the plane of polarization about the optical
axis of linearly polarized light as it travels through certain chi-
ral materials (Fig. 3B). Specific rotation is defined as the change
in orientation of monochromatic plane-polarized light, per unit
distance-concentration product, as the light passes through a chi-
ral solution. Compounds rotate the plane of polarization beam
clockwise are said to be dextrorotary, and correspond with pos-
itive specific rotation values (+[«]), while compounds rotate the
plane of polarization of plane polarized light counterclockwise are
said to be levorotary, and correspond with negative values (—[«]).
The rotation angle («) of the plane polarized light measured at
a path length (I) and concentration (c). This is a typical char-
acteristic of a chiral substance. The formula of specific rotation
[a] is:

T o
[a], = Ic
where, T is the detection temperature and A is the wavelength of
the incident light.

In some case, the ee value of a sample could be calculated by
using the optical rotation. If we do not know the quantities of the
enantiomers in the mixture, we can calculate them by first deter-
mining the observed rotation of the sample. This number then is
used in the following formula linking the ee, the observed specific
rotation, and the specific rotation of the pure enantiomer that is in
excess:

|observered o|

ee = -
« of pure enanliomer

3.3. Circular dichroism (CD) spectroscopy

CD spectroscopy is the differential absorption (Ae) plotted as a
function of wavelength: Ae = ¢; — e, where ¢ and & refer to the
extinction coefficients for I-CPL and r-CPL, respectively. Different
from HPLC and optical rotation technique, which only detect so-
lution sample, both sample in solution and solid state can be sen-
sitively detected by CD spectroscopy. Therefore, CD signal at differ-
ent wavelengths take different applications: in UV region is used
to investigate the secondary structure of proteins; in UV-vis region
is used to investigate charge-transfer transitions; in near-infrared
region is used to investigate geometric and electronic structure by
probing metal d—d transitions.

The magnitude of CD signal can be quantified by the absorptive
dissymmetry factor: g,,s, which is the ratio of the CD to the molar
extinction coefficient: g, = Ag/e

Experimentally, the value of g, is defined as:

ellipticity
32980 x absorbance

8abs =

where the ellipticity (unit: mdeg) and the absorbance can be di-
rectly obtained from CD spectroscopy. Therefore, g,,; eliminates
the effect of concentration of sample and shows the absolute mag-
nitude of chirality.
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4. Organic systems
4.1. Organic small molecules

CPL-induced asymmetrically organic synthesis was pioneered
from the early 1970s. Kagan [11] and Calvin [12] groups reported
the CPL-triggered annulation to synthesize optically active he-
licenes (Eq. 1). This breakthrough reaction was carried out in an
aromatics solution under CPL irradiation in the presence of I,
(~0.21% ee for [6]helicene 2). After altering the handedness of CPL,
the product showed opposite optical activity. This result demon-
strated firstly that the configuration of products could be con-
trolled by a chiral physical field. Followed this pioneering report,
some better enantioselective reactions (~0.28% ee for [8]helicene
and 0.37% ee for [9]helicene) was successfully achieved [13].

]
T3

‘ O r/I-CPL O‘ %
then I,
9o 90

1 2 (1)

As we all know, the photochemical electrocyclization is a re-
versible reaction. Fuchter successfully promoted an asymmetric cy-
clization of dihydrohelicene 4 and its reverse ring-opening reac-
tion by using two wavelengths of CPL beam, in which r-CPL at
355nm and I-CPL at 532nm induced the asymmetric cyclization
and ring-opening reaction respectively [14]. Meanwhile, an “addic-
tive” effect, that stepwise accumulation of enantiomers through
the formed photo-stationary state for each individual reaction,
could ultimately increase the enantioselectivity of the overall reac-
tion. This strategy can double the ee value of [6]helicene obtained
by Kagan (Eq. 2). By analyzing the mechanism, we observe that the
enantiomers could be selectively excited by CPL in a rapid equilib-
rium due to the rotation of the single bond, resulting in low enan-
tioselectivity in synthesis of helicene. In contrast, the configuration
of the double bond is relatively fixed, and the interconversion of
the cis/trans configurations is usually achieved via a planar excited
state.

r-CPL 355 nm

o 0
P-4 P-5

I-CPL 532 nm O

=
— |
=
O
90
90

QQ
60

3 m-4 (2)

Feringa and co-workers reported a CPL-induced photo-
resolution of overcrowded alkenes. Compared with a low enan-
tiomer excess in hexane (0.07% ee), 0.14% ee could be obtained
after CPL irradiation for a mixture of alkene 6 assisted with
cholesteric liquid crystal (Eq. 3). In this case, although low ee
value of 6 was obtained, it acted as a chiral dopant in liquid
crystal. As a result, the achiral liquid crystal turned to a chiral
mesoscopic phase (cholesteric liquid crystal). The long-range or-
dered cholesteric liquid crystal amplified the enantioselectivity of
CPL-induced photo-resolution of alkene in reverse [4]. Therefore,
the alkene and liquid crystal complement each other in this
enantioselective photoreaction.
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Generally, carbonyl compounds showed higher absorptive dis-
symmetry factor (g,,;) comparing with other organic molecules
due to the partially forbidden n-7* transition [9]. In 1995, Schuster
and co-workers provided that CPL-excited ketone group to afford a
chiral ketone 7 after 47 h with 1.6% ee (Eq. 4) [15]. On the basis
of this resolution, Soai developed a CPL-induced, alkene-catalyzed
autocatalytic reaction (Eq. 5) [16,17]. This autocatalysis can give
an excellent enantioselectivity (>90% ee) due to the characteris-
tic of nonlinear amplification of chirality [18,19]. However, nonlin-
ear chiral amplification is quite rare in asymmetric organic synthe-
sis. Except for the asymmetric nucleophilic addition of alkyl zinc
to pyrimidine aldehyde (Soai reaction), another example is a simi-
lar asymmetric nucleophilic addition of alkyl zinc to benzaldehyde,
which was reported by Bellemin-Laponnaz et al. in 2020 [20].

O -CPL o
NeH o epr P A
Rz PP Ph os

? OH
N /ﬁ) /ﬁ/H/
I
4 N/ ¥ iPFQZn rac -7 N/
1/-CPL
8 9 (5)

It is well known that azobenzene can undergo a reversible cis-
trans isomerization by irradiation at different wavelengths [21].
Here, CPL-induced asymmetric cis-trans isomerization of a prochi-
ral diazobenzne to generate chiral compound [22]. Tamaoki pro-
vided a new idea for the construction of a chiral azobenzene.
Macrocyclic azobenzene 10 bearing with a dimethylbenzene unit
is a planar chiral molecule, when the azobenzene unit is in the
trans-conformation, which is due to the restricted free rotation of
the dimethylbenzene rotor [23]. In contrast, cis-azoisomer allowed
the rotation and lack of chirality, but showed unstable comparing
with trans-isomer. As the photochemical cis-trans isomerization,
Tamaoki utilized CPL at 488 nm to promote the reversible construc-
tion of chiral trans-azomacrocycle with 0.3% ee through the rapidly
racemization in the cis-isomer (Eq. 6) [24].

e @

R

R-10 (6)

CPL-triggered enantioselective thiol-ene reactions, which com-
bine absolute asymmetric synthesis with click reactions. In 2017,
Zou group firstly reported this asymmetric photoreaction due to
the asymmetric absorption of CPL by racemic thiol enantiomers
[25]. Then, in 2021, Zou further investigated its mechanism in de-
tail by testing this reaction in serials of small organic molecules
[26]. They found that the enantioselectivity is extremely low (ee <
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Fig. 4. CPL-induced stereoselective self-assembly of styryl-bicylics polymer. Copied
with permission [28]. Copyright 2000, American Chemical Society.

2%) and ascribed it to an undesirable side-effect in its unique re-
action kinetics. The key intermediate in thiol-ene photoreaction is
thiyl radicals. Based on this understanding, they designed a new
strategy to improve enantioselectivity of CPL-triggered asymmetric
thiol-ene reaction, by mitigating the generation of racemic thiyl
radical upon adding extra hydrogen atom donor, which should
quench the carbon-centered radical directly and suppress the chain
transfer step, breaking the conventional cycle of thiol-ene reaction.
As a result, a two-fold improvement in enantioselectivity of this re-
action was achieved (Eq. 7).

r/I-CPL
Oy e ) ©Y“©
1 12

Based on the above discussion, the enantioselectivity in CPL-
triggered photochemical reaction to synthesis chiral small organic
molecule is extremely low (ee < 2%), indicating that the chiral
photon-matter interaction is very faint. This is owing to the ar-
rangement of molecular bonds giving rise to chiral features, is over
a smaller distance than the helical pitch of the CPL. Therefore, it is
necessary to develop a new strategy to increase the ee of product.
Some scientists turned to CPL-triggered asymmetrical photopoly-
merization or self-assembly, which shown better light-matter in-
teraction and higher optical activity. Following are some examples
about CPL-induced chiral polymer and self-assembly.

(7)

4.2. Helical polymer

In 2000, Selinger and co-workers introduced this axial styrene
to polyisocyanates, which exist equally dynamical interconverting
right- and left-handed helices. These helices rotated in opposite di-
rection were separated by infrequent helical reversals, whose rel-
ative populations were extraordinarily sensitive to chiral pertur-
bation. Notably, Green found that these chiral side chains in low
ee, near-racemic polyisocyanates often cluster together randomly
to form a short chiral helix, that is “majority rules” [27]. Taking
advantage of this properties, a slight enantiomeric excess of axial
styrene was induced by CPL, and amplified through the chiral re-
sponse of the polymer (Fig. 4) [28]. On the CD spectrum, the chiral
polyisocyanate initially exhibited a CD maximum at 255 nm. How-
ever, after CPL irradiation, the CD signal of para-13 disappeared, in-
dicating that partial resolution of the para-linked ketone group in
the polymer-13 didnot affect the change of the helical structure of
the backbone. In contrast, meta-14 or ortho-15 polymer maintained
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its CD signals after r-CPL irradiation, and showed opposite features.
Furthermore, both CD signals of meta-14 and ortho-15 could be re-
versibly switched upon irradiated with opposite-handedness CPL,
and disappeared when irradiated by unpolarized light. This result
indicated that the optical activities of polymer could be fine-tuned
by chiral external fields.

In 1997, Nikolova and co-workers reported the first CPL-induced
chirality in films of side-chain azobenzene polyester, and the rota-
tion direction of the polyester could be maintained even the exci-
tation was switched off after a few minutes [29]. In addition, the
incident light with small ellipticity might induce changes in the
orientations of the macroscopic optical axis, but no optical axis can
be induced when light ellipticity is ~1 [30]. Followed this break-
through, CPL-induced ordered chiral azo-polymer was developed
rapidly [31,32].

Royes et al. carried out CPL-induced chirality in azobenzene-
contained polymer (azo-polymer in Figs. 5A and B) [33]. The r- and
I-CPL irradiated azo-polymers gave well-defined CD features. How-
ever, r- and [-CPL irradiation generated silent CD results for non-
azo-polymer (19). It implied that azobenzene units are required
for the chirality transfer from photons to molecules. By examining
the CD spectroscopy of the monofunctional-unit-containing poly-
mer 16 formed after CPL irradiation, a strong exciton pairs as-
sociated with w-r* absorption was shown. It indicated the exis-
tence of a chiral arrangement between achiral azobenzene units.
The non-absorptive signal at long wavelength (500 nm) suggested
that there may be selective reflection caused by long-range he-
lical organization. Moreover, there were some slightly differences
in CD signals between monofunctional- (16) and difunctional-unit-
containing polymers (17, 18). For the di-azo-polymer 17, the most
intense CD absorption was the exciton pairs associated with the
w-m* transition of the azobenzene groups, whereas the mono-azo-
polymer 18, CD signals came from the overlap of exciton couplet of
4-cyanoazobene moieties and w-7* transition of 4-cyanobiphenyl
moieties. The chiral arrangement of non-photosensitive biphenyl
units due to the CPL-induced asymmetric alignment of azoben-
zene units. This difference between 16 and 17 (or 18) indicate that
CPL-induced chiral arrangement is influenced by the density of the
azobenzene unit.

Fujiki and Zhang group verified that the chiral center of a
photosensitive molecule was not only determined by the handed-
ness of CPL, but also the wavelength of CPL (Fig. 5C) [34,35]. It
was found that selectively exciting the first CD band (365nm or
436 nm) or the second CD band (313 nm) of polymer through CPL
irradiation, gained an opposite supramolecular chirality. Specifi-
cally, CPL at 365 and 436nm resulted similar bisignate CD sig-
nal of resultant azo-polymer, but CPL at 313nm afforded defini-
tively opposite CD signal of azo-polymer (Fig. 5D). This differ-
ence originates from the polymeric aggregates (~200nm), in which
the stacks of trans-azobenzene have restricted conformational free-
dom. As a result, the chiroptical activity, restoration, inversion,
and switching processes can be controlled by simply choosing
two CPL beams with appropriate irradiation wavelength, time, and
handedness.

Kulkarni and co-workers reported a photo-switchable azoben-
zene polymer (20, Fig. 5E) that exhibit novel properties at meso-
scopic scale [36]. The helicity of cholesteric azobenzene can be
reversed via CPL irradiation. For example, irradiating (P)-helical
cholesteric supramolecule with [-CPL gave the (M)-helical one, and
r-CPL could further make the (M)-helicity to the (P)-helicity. This
reversible inversion could be achieved by alternatingly r/I-CPL over
multiple cycles (Fig. 5F). Moreover, the supramolecular helicity in-
terconversion involved a consecutive change in the twist angle be-
tween neighboring layers of polymer chains.

As mentioned above, azo-polymers formed chiral helix through
asymmetric non-covalent bond stacking of side chains under CPL
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irradiation. Similarly, some polyaromatic compounds can also form
chiral supramolecular by asymmetric non-covalent bond stack-
ing. Although polyfluorene derivative was absent of chiral center,
Nakano and co-workers achieved axial chirality around the sin-
gle bonds connecting fluorene monomeric units via a CPL-induced
self-assembly process (Fig. 6A) [37,38]. Racemization would be oc-
curred when the chiral polymer solid 21 was dissolved in THF or
heated at 160°C. With the increase of CPL irradiation time, the CD
intensity of the polymer first increased and then decreased. Be-
sides, the corresponding UV absorption decreased and blue-shifted
continuously (Fig. 6B, pictures a and b). The absorptive dissymme-
try factor (g,,s) gradually increased and leveled off after 60 min,
reaching a plateau after 90 min (0.0013 in Fig. 6B, picture c) [37].
The maximum g,;,; (up to 0.012 [38]) observed for the polyfluorene
was comparable to that of small molecular biphenyl derivatives (in
the order of 10-3-10~* for 100% ee), suggesting that CPL-induced
helices for polyfluorene was almost one-handedness due to a chiral
amplification effect.

Unlike fluorene, whose steric hindered disubstituted benzylic
carbon provides opportunities to obstruct the free rotation of sin-
gle bonds, the biphenyl has a twisted aromatic-aromatic single
bond, which can be transformed to a coplanar conformation in
excited states. Nakano employed CPL to excite COFs composed of
benzene-benzene junctions (Fig. 6C) [39]. One of the enantioiso-
meric twist is preferentially excited by CPL and converted to a
racemic ground state. Correspondingly, the un-excited twists accu-
mulate, resulting in chiral compounds.

4.3. Chiral self-assembly

Chirality expressed at the supramolecular level can be referred
to supramolecular chirality, which can be constructed by the non-
symmetric arrangement of building blocks through weak noncova-
lent interactions, such as hydrogen bonding, -7 stacking, electro-
static interaction and host-guest interaction [40]. Interesting, these
building blocks are not normally chiral components; supramolec-
ular chirality can be achieved by achiral molecules or a combi-
nation of chiral and achiral molecules. Therefore, achiral compo-
nents assembly with helical sense has attracted increasing atten-
tion. More interesting, the CPL-induced asymmetric assembly can
easily switch the helicity of the superstructure through tuning the
handedness of CPL.

Triarylamines are C3 symmetric molecules, and the three aro-
matic rings exhibit a twisted conformation due to steric hindrance,
similar to the blades of a propeller. Although this twisted con-
formation could be interconverted by rapid rotation of the sin-
gle bond in solution, it would be suppressed in the solid state.
Kim et al. provided CPL-induced symmetry breaking to form the
triaryl ammonium radicals, which adopt a more planar configu-
ration to facilitate stacking, and stabilized by electric interaction
of the radical cation-anion pairs. During the self-assembly process,
the chiral photons within CPL could be transmitted into the stack-
ing, and the supramolecular chirality was reversible by switch-
ing the handedness of CPL. The triaryl amine (23) finally stacked
into helices aided by the nonlinear amplification of chiral infor-
mation (Fig. 7A) [41]. The chirality amplification originates from
triphenylamine moieties with the same helical arrangement (i.e.,
the same enantiomer) and further stabilized by the enthalpy gain.
The generated supramolecular chirality was reversible (Fig. 7B) and
would disappear under exposure to unpolarized light. Moreover,
the authors utilized photopolymerization of diacetylene moieties
bearing on the triphenylamines of the self-assembly to lock the
chirality.

Kang et al. controlled the self-assembly of triarylamine fol-
lowed by “sergeants and soldiers” process (Fig. 7C) [42]. The achi-
ral triarylamine (DA-TAA) can be enantioselective polymerized to
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form left-handed (M-type) and right-handed (P-type) helices via
I- and r-CPL irradiation, respectively. The CD intensity at 317 nm
increased rapidly with CPL irradiation. It leveled after 5min irra-
diation, but decreased beyond 20 min. Interestingly, when DA-TAA
was copolymerized with S-TAA (<10 mol% loading) as a molecular

sergeant under UV irradiation, M-helix was mainly produced, and
P-superhelix populated above, that is formed by opposite coiling of

the M-helix and

can be detected by atomic force microscopy. This

demonstrated that the chirality of copolymerization was controlled
by S-TAA under UV irradiation. In contrast to UV irradiation, both
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I- and r-CPL irradiation produced opposite CD sign in the presence
of 5 mol% of S-TAA (Fig. 7D, a). Based on the spectral features of
CD spectrum, P-helix and P-superhelix was identified to generate
by the r- and [-CPL, respectively. The formed P-helix of DA-TAA
irradiated with CPL indicated that CPL overrode the chiral infor-
mation from S-TAA. Nevertheless, increasing the loading of S-TAA
(10 mol%) led more M-helix populate to P-superhelix under UV ir-
radiation, and overrode the chiral information from r-CPL, which
gave a similar CD sign with lower intensity. As expected, chirality-
matched [-CPL boosted the CD response (Fig. 7D, c).

Nakano group reported a CPL-induced enantioselective self-
assembly of C3 symmetric 1,3,5-trioxadiazolylbenzene, bearing
with N-phenylcarbazole (24). In contrast to triarylamine, which
generated axial chirality from the core structure, trioxadizole ben-
zenes 24 generated an axial chirality from the N-phenylcarbazole
moiety on the periphery (Fig. 7E) [43]. Nevertheless, CPL-induced
asymmetric self-assembly of C3 symmetric oligofluorene (25) was
failed due to the difficulty in close packing of chains [44]. Nakano
group selected fluorene (or phenanthrene) as an aid molecule to
promote the ordered arrangement (Fig. 7F). By adjusting the ratio
of fluorene and oligofluorene ([fluorene]/[oligofluorene]) to 3.2, CPL
induced the best performance in asymmetric self-assembly. The
crystal surface of fluorene may play a scaffold role in the chirality
induction of oligofluorene. The CD intensity increased with irradi-
ation time and reached a maximum g, of 0.00033 after 210 min.
Moreover, this CPL-induced chirality is reversible where [-CPL irra-
diation for 60 min gave opposite CD signals (380 nm), but changed
to negative after an extended r-CPL irradiation for 60 min.

5. Chiral nanostructures

CPL-induced restructuring of inorganic nanostructures with op-
tical activity can provide a new, powerful, versatile tool for
nanoscience [45]. Chiral photons-driven synthesis of chiral plas-
monic nanostructures has been more challenging due to their short
lifetime of the plasmonic states [46]. Therefore, construction of chi-
ral nanostructures using CPL as the sole chiral source is quite rarely
prepared due to it is extremely difficult to convert the circular po-
larization into geometrically twisted nanostructures [47].
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In 2014, Yeom et al. firstly demonstrated that twisted CdTe
nanoribbons could be formed with an ee exceeding 30% by tun-
ing the chirality of nanoparticles participating in the self-assembly
process upon irradiation of racemic nanoparticles with CPL (Figs.
8A and B) [48]. It should be noted that, this ee value of nanos-
tructures were not obtained by chiral HPLC technique, the author
calculated this result after analyzing 100 SEM images of ~1000
nanoribbons. This study offered a new strategy for asymmetric
photoresolution of racemic substrates to synthesis chiral nanos-
tructures using electromagnetic field as the primary chiral bias.
Compared with photo-resolution of racemic material, it is more
challenging and meaningful to asymmetric photosynthesis of chi-
ral nanostructures from a prochiral or achiral staring material [49].
In 2019, Kim et al. reported that CPL illumination of Au salt so-
lution transferred the chirality of photons to the nanoparticle as-
semblies (Figs. 8C-F) [50]. Despite the CD signals of products were
extremely small (<2 mdeg), they exhibited opposite chiroptical ac-
tivities upon switching the handedness of CPL. The author consid-
ered that transient interparticle forces dependent on the polariza-
tion of CPL generated the chiral bias in the intermediate dynamic
assemblies, which was subsequently locked in irregular shapes of
the nanoscale cores. In addition, recently Xu et al. synthesized
Au nanoparticles (AuNPs) with controllable nanometre-scale chi-
rality and g, up to 0.4 using 594 nm CPL irradiation assisted with
cysteine-phenylalanine dipeptide [51]. Although the handedness of
the nanoparticles was determined by their surface dipeptide lig-
ands, the maximum curvature of the blade was determined by CPL
(Fig. 8G).

Unlike organic molecules, plasmonic nanostructures take many
unique advantages, such as plasmon-induced charge separation
(PICS) [52]. PICS occurs at a nanoparticle in contact with a semi-
conductor, allowing photoinduced site-selective reactions beyond
the diffraction limit [53]. In 2018, Saito and Tatsuma exploited the
twisted electric field distributions around achiral Au nanocuboids
under CPL illustration, and achieved bottom-up fabrication of chiral
plasmonic nanostructures by means of site-selective deposition of
PbO, assisted with PICS [54]. The chiral nanostructures eventually
achieved a higher ee (43%) and ellipticity (20 mdeg) (Fig. 8H). More
recently, Wang et al. using such site-selective chirality regulation
on the morphology of AuNPs with assistance of cysteine under CPL
irradiation (Fig. 81) [55]. The author discovered that [-CPL enhanced
the site-selective AuNPs growth in the convex region, whereas r-
CPL forces chiral nanoparticles to grow on the concave position of
the cysteine-assisted AuNPs.

There are two factors make chiral transfer from photon-to-
matter a promising research direction for nanoscience. Firstly, the
plasmonic states of nanostructures are highly polarizable, there-
fore, are strongly affected by CPL. Secondly, CPL could poten-
tially affect both the growth and assembly process of plasmonic
nanoparticles. Both spin and site-selective features involved in
hot-electron process may lead to asymmetric particle growth of
nanostructures. Therefore, CPL-induced absolute asymmetric syn-
thesis provides a new, attractive strategy for the construction of
anisotropic nanomaterials.

6. New ideas and challenges

The absolute asymmetric synthesis based on CPL displays sev-
eral advantages including the purity of products without extra chi-
ral dopants or catalysts, and the facile adjustment of CPL param-
eters such as intensity, wavelength, polarization and interference.
Chirality transfer from photons to matter has both fundamental
and practical significance, as a process that could be involved in
emergence of biomolecular homochirality, employed as a prepar-
ative method for chiral organics, and lead to new photonic de-
vices. The enantiomeric excess of organic molecules, helical poly-
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mers, supramolecular assemblies, noble metal nanostructures, after
CPL irradiation was observed. However, light-matter interaction in
chirality is very faint because the arrangement of molecular bonds
giving rise to chiral features, is over a smaller distance than the
helical pitch of the CPL [47]. For example, a sugar molecule could
exhibit strong optical rotation, but at the expense of extremely
high molar concentrations. Likewise, the selective discrimination
between enantiomers turns out to be a great challenge in enantios-
elective photochemistry. As a result, enantiomer molecules show
extremely small dipole moments, only weakly coupling to an ex-
ternal chiral field, leading extremely small ee (<2%) and g value
(<1073) for products. Thus, there is an urgent need for strategy
to enhance the light-matter interplays and increase the ee of pho-
toreaction product. Listed below are three strategies that may hold
great potential for enhancing the enantioselective of CPL-driven
absolute asymmetric synthesis.

6.1. Superchiral far-field

In naturally occurring chiral materials, such as amino acids, the
scale of small organic molecules with respect to the wavelength
of incident CPL is extremely small, producing faint CD response
due to the CPL experience an imperceptible perturbation of the
excitation rate. It may be reasonable to achieve large optical dis-
symmetry by squeezing the CPL period, reorienting the field lines
on molecular distances. The chiral field compression gives rise to
far-field superchiral light (SCL), inducing boosted chiro-optical cou-
pling with chiral molecules, which was put forward by Tang and
Cohen around 2010 (Fig. 9A) [56].

As we all know, In CPL, the field vectors rotate at a constant
rate along the propagation direction, undergoing a complete rev-
olution once per wavelength. However, in SCL, generated by two
counter-propagating lasers of CPL with same frequency, opposite
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is 50 nm.

handedness and slightly different intensity, the field vectors ro-
tate through nearly 180° in a distance much shorter than half the
free-space wavelength, inducing boosted chiroptical coupling with
small molecules [57]. To quantify this enhancement, a time-even,
parity-odd and scalar quantity, called local optical chirality (C) was
introduced by Lipkin, and defined, for a monochromatic electro-
magnetic wave, as

c=5F . v«E

1
3 2MOE-VXB

where ¢ and p, are the permittivity and permeability of free
space, respectively. E and B denote the complex electric and mag-
netic fields, respectively. Two counter-propagating CPL beams with
same frequency, different handedness and slightly different electric
field amplitude E; > E, interfere, giving rise to a standing wave

with the absorptive dissymmetry factor of SCL (gsc) becomes:

. ( cC )
8scL = &cpL _2Uea)

where gcpp is the absorptive dissymmetry factor under conven-
tional CPL, c is the speed of light, Ue is the local electric energy
density and w is the angular frequency, respectively [58].

Next, we just need to focus on C and Ue in the numera-
tor and denominator of cC/2U.w. Near the nodes of SCL field,
C = wgo(E? — E2)/c, independent of position, whereas U, achieve
its minimum value at the nodes: Ue=weo(E? — E2)/c. As E, ap-
proaches Eq, Ue and C approach zero together near the nodes. But
Ue approaches zero much faster than C, so the ratio C/Ue becomes
extremely large, resulting gsci/gcp. > 1 (Fig. 9A) [59]. Therefore, it
is anticipated that the enhanced optical dissymmetry in SCL may
be utilized to promote enantioselectivity of asymmetric synthesis.



C. He and Y. Li

>

10? ——U,
= | ] e (o]
% —a—g
o
® 10°
=
kS
e --------------------------
2 10?
©
>

D@

0 02 04 06 08 1
z (wavelengths)
Mirror
B ~ o
N
Beam expander @ Polastzer
+—>
@ Quarter wave plate
Mirror Attenuation \ o
Coherent area
Sy \ g \ (30cm)
uvBs ‘ l
He-Cd laser ﬂ/\'
Attenuation Quarter wave plate

Beam expander

Polarizer

Mirror

Fig. 9. (A) Enhanced chiral asymmetry in SCL. The ratio C/U., which determines
the enantioselectivity, becomes large near a node in the superchiral far-field. Copied
with permission [56]. Copyright 2010, American Physical Society. (B) Experimental
set-up for far-field SCL generated by two counter-propagating CPL waves with same
frequency and opposite handedness.

We must note that superchiral nodes with enhanced optical dis-
symmetry were restricted in very narrow region, limiting further
application.

In 2018, He et al. firstly demonstrated experimentally that enan-
tioselective photopolymerization of achiral diacetylene monomers
within Langmuir-Blodgett films could be triggered and highly en-
hanced by SCL to generate optically active polydiacetylene (PDA)
(Fig. 9B) [60]. A maximum about 6-times enhancement in g, val-
ues of PDA over conventional CPL technology could be achieved.
This dissymmetry enhancement in asymmetric photopolymeriza-
tion was not only rely on the greater chiral bias induced by SCL,
but also with the help of chiral transfer and amplification during
the polymerization process. Thus, the enhanced optical dissymme-
try in superchiral nodes could be transferred to closely and orderly
packed monomers within Langmuir-Blodgett films, resulting in en-
hanced dissymmetry for macroscopic films.

Based on above discussion, it is difficult to achieve absolute
asymmetric synthesis with high enantioselectivity in large scale
only based on superchiral far-field because the superchiral nodes
are restricted to narrow region. Thus, we need another tool to
transfer the enhanced optical dissymmetry, such as chiral transfer,
long-rang ordered liquid crystals as templates or plasmonic nanos-
tructures [61-63].
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6.2. Superchiral near-field

Unlike superchiral far-field, another common way to generate
superchiral fields lies in chiral plasmonic nanostructures to locally
concentrate and tailor the incident light, enhancing the superchi-
ral near-field [64]. Plasmonic nanoparticles always show highly ef-
ficient photo-matter interaction because of the large dipole mo-
ments of the plasmonic resonance, which would strengthen the in-
teraction with an external light exceeds the one for molecules by
magnitude orders. Such resonance modes include long-range ra-
diating mechanism, i.e., antenna effect, and near-field electromag-
netic dipole coupling. Unfortunately, the polarization of incident
light is almost lost in the light-matter interaction, then the near-
field polarization is determined by the excited plasmonic modes
[47]. Therefore, we need to fabricate plasmonic nanostructures
with chiral features, which helps to generate superchiral near-field.

Typically, there are mainly two superchiral near-fields associ-
ated with plasmonic nanostructures: one of them is chiral nanos-
tructure with plasmonic CD at visible and near-infrared regions. As
shown in Figs. 10A and B, helical nanostructures were predicted
to experience incident polarization dependent local-handedness
strong superchiral near-fields, as well as chiral eigenmodes gener-
ation due to the geometrical chirality in intertwined multi helical
architectures, inducing enhanced optical dissymmetry [65]. Mean-
while, even achiral structures with twisted-stacking structure can
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also lead to near-fields with high optical chirality, which could in-
duce absolute asymmetric synthesis [66]. For example, Wei et al.
reported successful chirality-selective manipulation of dimerization
products from prochiral monomers under unpolarized 365 nm UV
irradiation. The chirality of products was controlled by the hand-
edness of helical metal nanostructures, and attributed the result to
a chiro-plasmonic effect (Fig. 10C) [67].

Besides the plasmonic absorption, noble metal nanoparticles
also have strong intrinsic absorption due to photoexcited inter-
band transitions in the UV range (for example 220-320nm for
Ag) [68]. This new CD resonance is further amplified through
strong Coulomb coupling with the interband transition of nanopar-
ticles and enhanced by the local electric field [69]. He et al. re-
ported firstly that superchiral near-field generated by L/D-cysteine-
modified Ag nanoparticles (L/D-Cys@AgNPs) could be utilized
to induce absolute asymmetric photopolymerization of achiral
monomers with high enantioselectivity and reactivity under unpo-
larized UV irradiation [70]. Interestingly, this superchiral near-field
match the interband transition of Ag nanoparticles rather their chi-
roplasmonic field, showing opposite chirality when switching the
excitation wavelength (Fig. 10D). Therefore, by simply varying the
irradiation wavelength, one can manipulate the direction of the
chiral symmetry breaking in asymmetric photochemical reactions.

Base on above discussion, both enantioselectivity and reactivity
of asymmetric synthesis would be amplified assisted with chiral
plasmonic nanostructures, which benefits from the resonance be-
tween the incident light and the electromagnetic field near chiral
plasmonic nanostructures. Meanwhile, chiral plasmonic nanomate-
rials are versatile and could be further extended to other material
combinations for various chiral light-matter interactions.

6.3. Regulation of chemical kinetics

A typical feature in CPL-triggered absolute asymmetric synthe-
sis is a difference coefficient in the absorption of r-CPL and I-
CPL by enantiomers; r-CPL and [-CPL should preferentially inter-
act with one enantiomer of a racemate. However, this difference in
absorption coefficient is extremely small (small dipole moments of
molecule couldnot strongly couple to a circularly polarized field),
resulting in very low enantiomeric excess of product. This is ver-
ified by conventional CPL-triggered asymmetric thiol-ene photo-
chemical reaction (Fig. 11A) [25]. In this reaction, the racemic thiol
can be selectively excited by CPL to generate chiral thiol radical via
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photoresolution, which was captured by styrene to obtain a benzyl
radical and subsequent produce chiral thioether via hydrogen atom
abstraction. However, the carbon-centered radical seizes a hydro-
gen atom from the racemic thiol and regenerates racemic thiyl rad-
ical, resulting in a low enantioselectivity (2.2% ee at 50% conver-
sion). After analyzing the mechanism, Zou et al. believe that the
low enantioselectivity is an undesirable side-effect in its unique
chemical kinetics. It would make a lot of sense to enhance the
enantioselectivity just by regulating the chemical kinetics. Based
on the understanding, a new strategy that introduction of an achi-
ral and “green” additional, hydrogen atom donor (HAD), into the
reaction should quench the carbon-centered radical directly (step
4) and suppress the chain transfer step (step 3), breaking the con-
ventional cycle of thiol-ene reaction (Fig. 11B) [26]. Moreover, the
HAD could also donate a hydrogen atom to quench the racemic
thiyl radical (step 5) and the regenerated thiol molecule could
be retriggered by CPL with chiral preference. As a result, the ee
of the final product increased both in absolute asymmetric small
molecule reactions and photopolymerization reactions, almost dou-
bling the ee in case of no HAD. Unlike enhance both reactivity
and enantioselectivity through chiral plasmonic nanostructures, the
HAD would suppress the reactivity and enhance enantioselectivity,
which is a unique feature for regulating asymmetric chemical ki-
netics.

7. Conclusion

In this review, we retrospect the historical research of CPL-
induced absolute asymmetric synthesis of chiral organic molecules,
helical polymers, supramolecular assemblies, noble metal nanos-
tructures. However, the enantioselectivity is extremely low, which
should be ascribed to the arrangement of molecular bonds is over
a smaller distance than the helical pitch of the CPL, leading weak
chiral photon-matter interaction. Therefore, conventional CPL irra-
diation should combine with other new emerged chiral technique,
such as superchiral field, chiral plasma, as well as the regulation
of chemical kinetics to promote the enantioselectivity in asymmet-
ric synthesis. We hope in the near future, the enantioselectivity of
CPL-driven absolute asymmetric synthesis could be improved and
more chiral synthesis techniques would be developed.
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