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Chiral molecular cages have exhibited potential in chiral recognition, chiroptical materials, etc. They are
generally obtained by introduction of chiral groups into linkers. Chiral cages derived from chiral lids are
very rare. Here, enantiomerically pure hindered tetraphenylethene (hTPE) was used as a lid to synthesize
chiral TPE cages. While the same helical-handed hTPE units are exploited as lids to give homochiral
cages, heterochiral cages with two lids having inverse helical directions are obtained when one hTPE
unit and one simple TPE unit are used as lids. Due to the homochirality of the two lids, the homochiral
cages display 3-fold stronger circularly polarized luminescence (CPL) than the heterochiral cages.
However, the heterochiral cages can adaptively include aromatic guest molecules whereas the
homochiral cages fail to do so, thanks to the greater flexibility of TPE compared to the hTPE unit. Very
exceptionally, one enantiomer of the chiral guest induces opposite helical chirality between the TPE lid
and hTPE lid, turning off the CPL whereas the other enantiomer induces the same helical chirality of the
two lids, maintaining or enhancing the CPL signal and furnishing a novel CPL switch. This discrimination
between two enantiomers can be carried out using fluorescence spectra, and can even be applied to
enantiomer excess (ee%) determination of chiral diacids. Furthermore, through adaptive inclusion, chiral
energy transfer between the heterochiral cages and achiral dyes such as Eosin Y occurs, leading to CPL
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Introduction

Recently, chiral molecular cages have attracted increasing
interest'™* due to their great potential in chiral recognition,"?
chiroptical materials,** spin filtering,” chiral regulated gas
separation,® etc. These chiral molecular cages are generally ob-
tained by the introduction of chiral groups into linkers. By
symmetry breaking’ or interweaving cage-catenanes with topo-
logical chirality,® chiral cages could be obtained. In addition,
inherent chiral cages can be formed if each lid and each linker
composing cage are different.” However, using enantiomerically
pure lids to construct chiral cages is very rare'® although lids
bearing flexible propeller-like conformations™ and rotating
faces' have been used to construct chiral cages.
Tetraphenylethylene (TPE) and its derivatives have been
widely used as aggregation-induced emission (AIE) molecules
due to their propeller-like conformation.”® The fundamental
TPE unit is also widely used to construct molecular cages as lids
together with linkers.***> Up to now, a large number of reported
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multi-color emission from the achiral dyes.

TPE cages have exhibited excellent photophysical properties
due to the AIE effect."*'® To obtain chiroptical materials, some
chiral TPE cages have also been designed and synthesized,
which are all prepared by using chiral linkers. For example, by
the condensation reaction of TPE aldehydes with optically pure
trans-1,2-cycloheanediamines (CHDA)'"*>° or CHDA-containing
linkers, TPE imine cages and their reductive TPE amine cages
are obtained. By forming disulfide bonds, chiral TPE cages with
amino acid residues linkers are prepared.”” Notably, by
condensation of TPE tetraldehyde and achiral triamine, rigid 6
+ 8 TPE cages are obtained, which limit the free rotation of TPE
phenyl rings, enabling the separation of enantiomerically pure
TPE cages by chiral HPLC.* In addition, the left-handed (M) and
right-handed (P) propeller-like conformations of the TPE unit
are dynamically interconvertible, enabling its binding to chiral
molecules to exhibit adaptive chirality. Recently, Cao et al. re-
ported that by incorporating chiral guests such as nucleotides
into TPE-based octacationic cages, propeller-like chiral signals
of TPE units could be induced in the cages.**** More directly,
the propeller-like conformation of the TPE unit could be
immobilized by intramolecular cyclization or by introducing
two methyl groups at the ortho-positions of TPE phenyl rings
(hindered TPE, hTPE).>”?® If TPE units with conformation
immobilization are used as cage lids, more stable and diverse
chiral TPE cages will be obtained. However, up to now, the use
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of TPE units with immobilized conformations to construct
chiral TPE cages has not been reported.

Herein, chiral cages composed of chiral hTPE lids and
achiral linkers are synthesized. This novel class of TPE cages
shows tilted linkers relative to the TPE unit in one direction,
endowing the whole cage with helical chirality. When one hTPE
unit and one simple TPE unit are used as lids, the resulting
heterochiral cages with two lids having inverse helical direc-
tions are obtained. Moreover, the chiral cages display strong
circularly polarized luminescence (CPL) emission, chiral
recognition ability, and chiral energy transfer properties.

Results and discussion

Homochiral and heterochiral TPE cages were synthesized as
shown in Scheme 1 following the literature procedure.**
Through bromination with liquid bromine, the starting
compound hTPE 1 (ref. 28) was quantitatively converted into
hTPE tetrabromide 2, which yielded hTPE tetrapyridine 3 by
a Suzuki coupling reaction with 4-pyridinylboronic acid.
Compound 3 can be resolved by chiral HPLC into two stable and
pure enantiomers M-3 and P-3 (Fig. S79). By substitution of 3
with an excess of 1,4-bis(bromomethyl)benzene, the half-cage
structure 4-4PF,~ was synthesized in 95% yield. At the last step,
4-4PF, reacted with hTPE tetrapyridine 3 or TPE tetrapyridine
5in a1:1 molar ratio to furnish homochiral TPE cages 6-8PF,
in 51% yield or 7-8PFs  in 28% yield after purification by
column chromatography using NH,PF, solution as the eluent.
The cages 6-8PFs and 7-8PFs were transformed into 6-8Cl™
or 7-8Cl™ via anion exchange with excess tetrabutylammonium
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Scheme 1 Synthesis routes of PP/MM-6-8PFs~, PP/MM-6-8Cl",
P/M-7-8PF¢~ and P/M-7-8Cl~ and chemical structures of guest
molecules 8-14.
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chloride. Starting from either M-3 or P-3, enantiomerically pure
cages MM/PP-6-8PF,;~, MM/PP-6-8Cl~ and M/P-7-8Cl™ can be
obtained using the same procedure. These new compounds
were fully characterized by NMR, MS, and IR spectroscopy and
optical rotation (Fig. S1-S78).

The '"H NMR spectrum of TPE cage 6-8Cl~ prepared from
racemic 3 showed two sets of signals while MM-6-8Cl™ and PP-
6-8Cl™ showed only one set of signals (Fig. S80). Therefore, one
set of proton signals arises from two enantiomers of 6-8Cl~ and
other set of proton signals is ascribed to the mesomer MP-
6-8Cl™. The integration ratio of the two enantiomers to the
mesomer was 1 : 1, which was in accordance with the theoretical
expectation based on the reaction ratio of racemic 3. Similar
results were also observed in the "H NMR spectrum of 6-8PF, .
In contrast, due to the flexible conformation of the TPE unit,
7-8Cl™ did not display two sets of proton signals when racemic
3 was used as the reactant because it only gave a racemic
mixture of M-7-8Cl™ and P-7-8Cl™ without forming an addi-
tional mesomer. The "H-"H NOESY NMR spectra of PP-6-8Cl~
and P-7-8Cl™ confirmed the above result (Fig. S77 and S78).

Fortunately, single crystals of 6-8PFs suitable for X-ray
diffraction were obtained through the vial-in-vial method by
slowly diffusing diethyl ether into an acetonitrile solution of
6-8PF, for 3 days. Crystal diffraction analysis revealed that
6-8PF, is a 2 + 4 cage composed of two hTPE tetrapyridinium
units and four p-phenylenedimethylene linkers (Fig. 1A).
However, only homochiral MM- and PP-6-8PF,s  enantiomeric
cages in equal amounts were observed, and no mesomer MP-
6-8PF,~ was observed, which is inconsistent with the "H NMR
spectrum. This is likely because the racemate preferentially
crystallized and the mesomer still remained in solution due to
their different solubilities. Unexpectedly, the angle between the
linkers and the hTPE lids was not 90° but 76.6°, showing tilted
four linkers in one direction. This twisted structure imparts
helical chirality to the entire molecular cage, in contrast to the
achiral TPE cages.**® While the four p-phenylenedimethylene
linkers were arranged in a left-handed helical arrangement in
the MM-6-8PF,  cages, this direction was right-handed helical
in the PP-6-8PF,  cages, which was consistent with the helical
direction of the hTPE units (Fig. 1A). The molecules with MM-
and PP-configurations were stacked alternately (Fig. 1B).
Although 6-8PFs possesses a large volume with approximate
dimensions of 17.6 x 10.7 x 7.7 A’ (Fig. S81A), the shortest
distance between the methyl hydrogen atoms of the two hTPE
units is only about 2.6 A, showing almost no cavity between the
two hTPE units. However, the four windows around hTPE,
pyridinium, and linkers are large. Therefore, one PFs~ counter
anion was included into the window at cis-position of the
double bond (Fig. 1B).

The crystal structure of 7-8PFs~ showed thatitisal1+1+4
cage composed of one hTPE unit, one TPE unit and four p-
phenylenedimethylene linkers. Notably, the helical direction of
the hTPE unit is opposite to that of the TPE unit, that is, M-hTPE
induces P-TPE conformation and P-hTPE leads to M-TPE
conformation. Therefore, the molecular cage 7-8PFs is
heterochiral. Furthermore, the four linkers were tilted in the
same direction and even exhibited a larger tilt angle between

Chem. Sci., 2025, 16, 20924-20930 | 20925
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Fig. 1 Crystal structures (A) and molecule stacking in one crystal cell (B) of 6-8PF¢~; PFg™ ions, solvents and hydrogen atoms are omitted for
clarity except the included PF¢ ™~ (yellow) in B. The helical direction of cage 7-8PF¢ ™ in one crystal cell (C) and inclusion of dioxane molecules and
counter ions PFg™ (yellow) (D) in 7-8PFg~; hydrogen atoms and other non-included PFg~ and solvents are omitted for clarity.

the cage lids and linkers from 63° to 77° compared to the
homochiral cage 7-8PF, , indicating a larger twist for the
heterochiral cage. As with 6-8PF, ", the helical direction of the
linker tilt is determined by the helical direction of hTPE.
Consequently, the whole heterochiral cage also exhibits helical
chirality (Fig. 1C). The dimensions of 7-8PF,~ are 17.4 x 12.4 X
7.1 A® (Fig. S81B). The window width of 12.4 A at the cis-position
of the hTPE unit is obviously larger than that of 6- 8PFs~ (10.7 A)
because not only 8PF,~ but also the solvent dioxane molecule is
deeply included into this window at the cis-position (Fig. 1D).
Although the shortest distance between a methyl hydrogen of
the hTPE unit and a phenyl hydrogen of the TPE unit is only
about 2.6 A, this distance would probably be increased with
environmental changes due to the flexibility of the TPE unit.

Due to the AIE effect and restricted rotation of of phenyl
rings in both the hTPE units and the cages, these chiral TPE
cages emit strong fluorescence both in the solid state and in
solution. In addition, because of the D-A effect of methyl groups
and ammonium groups, the emission of homochiral cages
6-8PFs and 6-8Cl  exhibited a typical solvent effect, with
a maximum emission wavelength difference of 76 nm to 104 nm
(Fig. S87) and a change in absolute fluorescence quantum yield
(®p) from 0.8% to 69% in different solvents (Table S1). Due to
the lack of an obvious D-A effect in the TPE unit, the hetero-
chiral cages 7-8PFs and 7-8Cl™ exhibited a very small differ-
ence in maximum emission wavelength (Fig. S87) although
distinct changes in®r are observed with different solvents
(Table S1).

With enantiomerically pure cages, homochiral MM-6-8PF,
showed a positive Cotton effect while PP-6-8PFs  showed
a negative Cotton effect in the circular dichroism (CD) spectrum
and these two CD spectra were perfect mirror images (Fig. 2A
and $92). The absolute g,,s of MM/PP-6-8PF6~ was 1.2 X 1073,
Similarly, heterochiral cages M-7-8Cl™ showed a positive Cotton

20926 | Chem. Sci,, 2025, 16, 20924-20930

effect while P-7-8Cl~ showed a negative Cotton effect with
perfect mirror symmetry between these two CD spectra (Fig. 2B
and S93), and the corresponding absolute g,,s was 6.1 x 10 %
demonstrating that the CD direction is controlled by hTPE
chirality instead of induced TPE chirality.

Moreover, homochiral cages MM-6-8PFs~ and PP-6-8PF, ~
emitted strong CPL at 525 nm in MeCN/CHCl; 10 : 90 (volume
ratio, the same below) with dissymmetric factors (gj,m) of up to
+2.28 x 107% and —1.91 x 107, respectively (Fig. 2C and S94).
For heterochiral cages, M-7-8Cl™ and P-7-8Cl~ could emit CPL
even in water at 542 nm with g, values of 6.12 x 10~ * and
—7.99 x 10~ *, respectively (Fig. 2D and S95). The CPL direction
is in accordance with that of CD signals. Due to the inverse
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Fig. 2 CD spectra of MM-6-8PFs~ and PP-6-8PFg~ (A) in MeCN and
P-7-8Cl~ and M-7-8Cl™ (B) in H,O ([6-8PF¢~] = [7-8Cl7] = 5.0 x 10~*
M). And CPL spectra of PP-6-8PF¢~ and MM-6-8PF¢~ (C) in MeCN/
CHCl3 10:90 (1.0 x 10~° M) and P-7-8Cl~ and M-7-8Cl™ (D) in H,O
(5.0 x 107* M).
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helical directions of hTPE and TPE units, heterochiral cages
exhibit only one-third of the CPL intensity of homochiral cages.

In addition, the chiral TPE cages were tested for chiral
recognition and chiral transfer. When homochiral cages MM-
6-8PFs and PP-6-8PF, as well as MM-6-8Cl™ and PP-6-8Cl™
interacted with guest molecules 8—14 (Scheme 1), no changes in
absorption, emission and CD spectra were observed in various
solvents. In contrast, when heterochiral cages 7-8Cl~ were used
for the test, tartaric acid (TA) derivatives, dibenzoyl TA 9, di-p-
toluoyl TA 10, and di-p-anisoyl TA 11, exhibited obvious fluo-
rescence enhancement in water except for TA itself 8 (Fig. 3A-C).
Moreover, enantiomerically pure heterochiral cages displayed
different fluorescence enhancements for the two enantiomers
of TA derivatives. While stronger fluorescence of M-7-8Cl~ was
induced by D-9 than by L-9, more emission enhancement of P-
7-8Cl” was induced by L-9 than by D-9, indicating that the
fluorescence difference was caused by chiral recognition. For 10
and 11, similar results of chiral recognition were also obtained.
Using P-7-8Cl™ as a chiral probe, the ratio of fluorescence
intensity differences between the two enantiomers ((I, — I,)/
(Ip — Io); Ip or I, intensity of P-7-8Cl™ with guest enantiomer; I,
emission intensity without guest) was 1.98, 2.74 and 2.46 for 9,
10 and 11, respectively. For N-benzyloxycarbonylglutamic acid
12, the heterochiral cages could also recognize its enantiomers,
and the intensity ratio was up to 2.71 with M-7-8Cl™ (Fig. 3D).

Furthermore, chiral recognition by the heterochiral cages
could be used to determine the enantiomeric purity of chiral
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guests. For example, by maintaining a 1:1 molar ratio of
P-7-8Cl™ or M-7-8Cl™ to a mixture of L-11 and D-11, the fluo-
rescence intensity was linearly related to the ee% of L-11
ranging from —100% to 100% (Fig. 3E). The resulting straight
line could serve as a calibration curve for assessing the enan-
tiomer purity of 11 with unknown ee%. The average absolute
error (AAE) between the measured ee values and the actual ee
values was 3.08% ee using P-7-8Cl™ as the chiral receptor and
3.13% ee using M-7-8Cl, which are comparable to those of
previously reported chiral fluorescent probes for ee determi-
nation in dilute solution.?**° Therefore, the heterochiral cages
show great potential for high throughput ee analysis of chiral
diacids.

More interestingly, the two enantiomers could be recognized
by the heterochiral cages via CPL spectra. The CPL signal
remained almost unchanged when M-7-8Cl™ interacted with
L-11 in water, but the CPL signal disappeared upon mixing of
M-7-8Cl™ with D-11. On the other hand, using P-7-8Cl™ as the
chiral receptor, D-11 left the CPL signal unchanged whereas
L-11 caused the CPL to disappear (Fig. 4A). Meanwhile, the CD
differences induced by the two enantiomers was also observed.
While the CD signal of M-7-8Cl~ decreased slightly upon add-
ing L-11, the decrease was more pronounced when D-11 was
added (Fig. S98). This result suggests that the interaction of
M-7-8Cl™ with D-11 and P-7-8Cl™ with L-11 was much stronger
than that of M-7-8Cl™ with L-11 and P-7-8Cl~ with D-11. The
strong interaction of M-7-8Cl™ with D-11 and P-7-8Cl~ with L-11
induced inverse helical chirality of the TPE unit relative to the
hTPE unit, resulting in the disappearance of CPL. In contrast,
the interaction of M-7-8Cl™ with L-11 and P-7-8Cl™ with D-11
was so weak that almost no change occurred in CPL intensity.

When racemic 7-8Cl™ interacted with D-11 and L-11 in water,
L-11 led to a positive Cotton effect and D-11 produced a negative
one in the CD spectra (Fig. 4B). Notably, racemic 7-8Cl~
exhibited a positive CPL signal in the presence of L-11 while
a negative CPL signal was observed with D-11 (Fig. 4C) at 530 nm
in water. The absolute gj,m, value was 6.0 x 1074, being about
one-third that of the homochiral cages. Similar results were
obtained with 9 and 10 (Fig. S99-101). Probably due to the
strong interaction of M-7-8Cl™ with D-11, the positive CD and
CPL signals of M-7-8Cl™ in the racemic mixture of 7-8Cl™~ were
weakened and even disappeared. Therefore, the negative
signals of P-7-8Cl™ stood out. Conversely, L-11 led to a decrease
in the negative signals of P-7-8Cl™ in the racemate, so that the
positive signals of M-7-8Cl™ became apparent. These results are
consistent with the tests using enantiomerically pure 7-8Cl™
described above.

The "H NMR analysis of 7-8Cl~ with D-11 revealed that two
sets of protons on the phenyl ring of D-11 shifted upfield by 0.13
ppm and 0.07 ppm, respectively, due to the shielding effect of
7-8Cl". The "H NMR spectrum of 7-8Cl~ remained almost
unchanged, except for a slight upfield shift (by 0.01 ppm) of the
methyl peak (Fig. S102). This suggests that the phenyl ring of
D-11 entered the internal cavity of 7-8Cl~ due to adaptive
structural transformation (Fig. 4D). UV-Vis titration disclosed
that the binding ratio of the guests 9, 10, or 11 to 7-8Cl~ was
1:1 (Fig. S107-5109). The binding constants of M-7-8Cl~ with
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(A) CPL spectra of M-7/P-7-8Cl™ with 2.0 eq. of enantiomers of 11 in water. (B) CD and absorption spectra of racemic 7-8Cl™ with L/D-11

in H,O. (C) CPL spectra of 7-8Cl™ with 3.0 eq. of L/D-11in H,O. (D) Schematic diagram of M-7-8Cl™ 5 D-10 complex obtained using HyperChem
software. M-[7-8CL7] = 5.0 x 10~ M. (E) and emission spectra (F) of 7-8Cl™, Eosin Y 13, and their mixture in H,O. (Aex = 365 nm, [7-8CL7] = [13] =

1.0 x 107° M). (G) CD spectra and (H) CPL spectra (1: 1) of M/P-7-8Cl~

the two enantiomers of 9, 10, and 11 (Kp/Ky) were 1.2 x 10°/6.8
x 10% 1.9 x 10°/9.8 x 10% and 5.5 x 10°1.2 x 10° M},
respectively. These results confirm that the p-enantiomer
showed stronger binding ability to M-7-8Cl~ than the r-enan-
tiomer, and the binding ability increased from 9, 10, to 11 with
the increasing electron-donating capacity of the phenyl ring
connected to TA.

Given that the heterochiral cage can accommodate an
aromatic ring, achiral Eosin Y 13 and fluorescein 14 were
chosen for the chirality transfer test because they have
a carboxylic isomer that can bind the cationic cage in addition
to host-guest interaction. UV-Vis spectra disclosed that the
absorption bands of Eosin Y at 484 nm and at 517 nm were
bathochromically shifted to 504 nm and 532 nm, respectively,
when it was mixed with 7-8Cl™ (Fig. 4E), suggesting that the
spiro-ring of 13 was opened. By titration of Eosin Y with the
7-8Cl" cage, a 1:1 host-guest complex between 7-8Cl™ and
Eosin Y was formed, with an association constant of 1.6 x 10°
M~! (Fig. $110 and S111). Emission spectra revealed that the
fluorescence of the cage was significantly attenuated and
exhibited a hypochromic shift from 540 nm to 510 nm, whereas
the emission of Eosin Y increased and showed a bathochromic
shift from 542 nm to 560 nm, when they were mixed and excited
by 365 nm light in water (Fig. 4F), indicating energy transfer
from the cage to Eosin Y. Importantly, CD spectral measure-
ment showed that upon the addition of Eosin Y to the solution
of M-7-8Cl™ in water, a positive Cotton effect was observed at
540 nm and a negative Cotton effect was observed at 510 nm,
both originating from Eosin Y. In comparison, when Eosin Y
was added to P-7-8Cl ™, mirror-symmetric CD signals relative to
those of M-7-8Cl™ were observed, confirming the successful
chirality induction of Eosin Y by P/M-7-8Cl™ (Fig. 4G). The CD
bisignate band demonstrated that the encapsulated Eosin Y was
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with 13 in H,O. ([P-7-8Cl7] = [M-7-8Cl"] = 5.0 x 10~* M).

in a helical conformation. Moreover, in the presence of
enantiomerically pure 7-8Cl™, Eosin Y exhibited obvious CPL
signals at 580 nm in water, with a positive gj,m, value of 4.86 x
10~* for M-7-8Cl™ and a negative gy, value of —5.36 x 10~ *
(Fig. 4H).

Fluorescein 14 also formed a 1:1 host-guest complex with
7-8Cl™, having an association constant of 9.6 x 10° M’
(Fig. S112). Just like Eosin Y, the Cotton effect of 14 was medi-
ated by P/M-7-8Cl™ and CPL at 550 nm in water was observed
(Fig. S114 and S115). Because the homochiral cage 6-8Cl™
without free cavity space did not induce chirality in these
achiral dyes, adaptive inclusion instead of ion pair interaction
between the carboxylic anion and ammonium cations was
crucial for chirality transfer.

"H NMR spectral changes between Eosin Y and P/M-7-8Cl~
further corroborated that the guest molecules entered the
interior of the cage. Upon addition of Eosin Y, the overall peaks
of methyl protons of 7-8Cl™ were slightly shifted to the upfield
region by —0.005 to —0.01 ppm, and the protons on the pyridine
ring far from the nitrogen atom also shifted to the upfield
region by —0.01 ppm. For Eosin Y, the proton Hd signal was
shifted to the upfield region by —0.01 ppm while the proton He
signal was shifted to the downfield region by +0.015 ppm
(Fig. S116).

Conclusions

In conclusion, new chiral cages composed of chiral lids were
synthesized. By using helical hTPE unit as lids, the resulting
cages had tilted linkers in the same direction, endowing the
whole cage with helical chirality. When both lids were identical
hTPE units, homochiral cages were obtained, which could emit
strong CPL. In contrast, when the two lids consisted of one

© 2025 The Author(s). Published by the Royal Society of Chemistry
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hTPE unit and one TPE unit, the helical directions of both hTPE
and TPE units were opposite, furnishing a heterochiral cage.
The chirality of the heterochiral cage was governed by the
helical direction of the hTPE unit, and it could also display CPL
signals. While the homochiral cages were unable to accommo-
date guest molecules because of their too small cavity size, the
heterochiral cages displayed adaptive encapsulation of
aromatic guests due to the flexibility of the TPE unit. When the
guest molecule was a chiral diacid, the heterochiral cage
enabled the discrimination and quantitative analysis of the two
enantiomers of the chiral diacid through fluorescence, CD, and
CPL spectra. Moreover, the heterochiral cage could induce CD
and CPL signals in achiral dyes, generating more colors of CPL
emission. The chiral recognition was very unique because one
enantiomer of a chiral guest induced opposite helical chirality
between the TPE lid and hTPE lid, turning off the CPL signal
whereas the other enantiomer induced the same helical
chirality between the TPE lid and hTPE lid, retaining or
enhancing the chiroptical signal. These results provide a new
strategy for chiral induction and chiral recognition by con-
structing heterochiral cages.
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