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Dynamic chiral superstructures are of vital importance for understanding the organization and function of
chirality in biological systems. However, achieving high conversion efficiency for photoswitches in
nanoconfined architectures remains challenging but fascinating. Herein, we report a series of dynamic
chiral photoswitches based on supramolecular metallacages through the coordination-driven self-
assembly of dithienylethene (DTE) units and octahedral zinc ions, thereby successfully achieving an

ultrahigh photoconversion yield of 91.3% in nanosized cavities with a stepwise isomerization mechanism.
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Accepted 14th May 2023 nterestingly, the chiral inequality phenomenon is observed in metallacages, resulting from the intrinsic
photoresponsive chirality in the closed form of the dithienylethene unit. Upon hierarchical organization,

DOI: 10.1039/d35c00828b we establish a dynamic chiral system at the supramolecular level, featuring chiral transfer, amplification,

rsc.li/chemical-science induction, and manipulation. This study provides an intriguing idea to simplify and understand chiral science.
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Introduction

Supramolecular chirality plays a pivotal role in biological
systems, asymmetric catalysis, and materials science.’® Under-
standing and manipulating the organization and function of
homochirality in biochemistry and pharmacology are fascinating
but challenging endeavours.>** Photochromic dithienylethene
(DTE) derivatives, an ideal class of photoswitches, can undergo
a reversible transformation between the open state and closed
state triggered by light, along with changes in optical and elec-
tronic properties.">™ Their distinctive optical performances
together with their excellent thermostability afford them
a promising candidate in supramolecular systems,**?* liquid
crystal superstructures,®*>* and super-resolution imaging.*>>’
Introducing photoresponsive DTE units into chiral systems is
a significant and feasible strategy to construct dynamic chiral
systems for mimicking and investigating life chirality.’®*
However, for chiral nanoconfined frameworks, achieving high
photoconversion efficiency in nanosized cavities still remains
a formidable challenge.****

Metal-coordination self-assembly is one of the most stable
and flexible synthetic strategies to construct supramolecular
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architectures, in which coordination assemblies can be well
organized while simultaneously allowing precise control over
the size, shape, and functionality.***® Therefore, the fabrica-
tion of chiral DTE supramolecular metallacages via the
coordination-driven self-assembly strategy, featuring intrinsic
chiral responsive functions, may afford a fascinating dynamic
chiral platform. Herein, we report a series of chiral metal-
lacages, namely the open form (R/S)-o-cage and the closed form
(R/S)-c-cage, fabricated by coordination-driven self-assembly of
DTE units, chiral amines, and zinc ions (Fig. 1). Given the
flexibility of building blocks and the stability of frameworks, we
employed relatively rigid DTE units to build up frameworks
while not restricting the isomerization performance, allowing
for not only the transformation of molecular geometry but also
the chirality of self-assembled metallacages. In addition,
traditional DTE systems always lose their intrinsic chirality due
to rapidly interconvertible helical structures.'**”** Here, we
incorporated a predisposed point chiral moiety into photo-
switches and subsequently amplified supramolecular chirality
via the coordination-driven self-assembly process. With typical
photochromic moieties and the chiral self-assembly strategy,
we have successfully set up discrete self-assembled metal-
lacages with the following characteristics: (i) obtaining an
ultrahigh photoconversion yield in DTE-based cages, (ii)
achieving specific chirality modulation in a remote and non-
destructive manner, (iii) demonstrating chiral inequality,
supramolecular chirality transfer, and amplification behav-
iours upon self-assembly process, and (iv) unravelling a step-
wise photoisomerization mechanism in a multi-switch system.
We reasoned that this coordination-driven self-assembly could
provide a promising strategy for organizing photoswitches to
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Fig. 1 Self-assembly representation of DTE units, chiral amines, and zinc ions into chiral [3 + 2] metallacages and graphical representation of
light-induced transformation between an (R/S)-o-cage and (R/S)-c-cage.

construct dynamic hierarchical systems for simplifying,
understanding, and manipulating chirality at the supramo-
lecular level.

Results and discussion

Self-assembly of dithienylethene photoswitches into
metallacages

Ligand o-PA was synthesized by the Suzuki cross-coupling
reaction of dibromo-substituted DTE and picolinaldehyde
borate. As illustrated in Scheme S1,T ¢-PA was obtained by the
ultraviolet (UV) light irradiation of 0-PA. The enantiotropic (R/
S)-o-cage can be established through a hierarchical self-
assembly reaction from ligand o-PA, (R/S)-phenylethylamine,
and zinc triflate in a molar ratio of 3 : 6 : 2 in acetonitrile at 70 ©
C for 12 h in a high yield. In fact, this hierarchical self-
assembly reaction can be divided into two processes,
including the imine condensation reaction between o0-PA and
(R/S)-phenylethylamine, which forms the model ligand o-ML.
And the subsequent metal-ligand coordination between the
model ligand and Zn>*, which forms the target chiral metal-
lacages. On the other hand, due to the relatively low thermal
stability of c-PA at 70 °C, we synthesized an (R/S)-c-cage at room
temperature to prevent undesired thermal cycloreversion
reactions. The structures of metallacages were fully charac-
terized by using multinuclear NMR (*H and '°F) spectroscopy,
two-dimensional diffusion-ordered 'H NMR spectroscopy
(DOSY), and high-resolution electrospray ionization (ESI-
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HRMS) spectra. In addition, the model ligands o/c-ML were
also synthesized for comparing investigations with metal-
lacages, as confirmed by '"H NMR spectroscopy and ESI-HRMS
spectra (ESIt).

The formation of single complexes with a high-symmetry
structure was revealed by "H NMR spectra of the o-cage. After
self-assembly, the original aldehyde proton signal at 10.07 ppm
disappears while a new signal at 8.07 ppm corresponding to the
imine bond appears, which indicates the formation of a pure
complex (Fig. S11). The clear proton splitting of target complexes
suggests that multiple DAE units are in an identical chemical
environment. This transformation of covalent bonds was veri-
fied by FT-IR spectroscopy, showing typical imine bonds at
1638 cm ' instead of aldehyde bonds at 1709 ecm ™" (Fig. S27).
We further identified every proton through 'H-'H COSY spectra
(Fig. S31). The coordination stoichiometry of metallacages was
supported by the ESI-HRMS spectrum (Fig. 2e, S5 and S6t). The
results display two peaks at m/z = 1391.1832 and m/z = 877.8164,
corresponding to [M—20Tf]** and [M-30T{]*" due to the loss of
OTf™ counterions, which displayed experiment isotopic patterns
in perfect agreement with the calculated isotopic distributions.
No peaks consistent with self-assemblies formed with other
stoichiometries are found. The DOSY experiment also supported
the formation of a uniform cage structure, suggesting an o-cage
with the same solvodynamic radius of 10.79 A according to a D
value of 5.49 x 107" m> s™' (Fig. S71). All these results are
clearly indicative of the formation of a perfect structure as a [3 +
2] metallacage.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Photoresponsive chiral inequality behavior in metallacages

However, when we checked the "H NMR spectra of the obtained
closed-form cage, extremely complicated proton peak splitting
was observed, which makes it difficult to identify the formation
of the discrete cage (Fig. S8t). To solve this problem, we adapted
an indirect approach to prove the fabrication of the c-cage by
taking photoresponsive advantage of the reversible conversion of
the inserted DTE (Fig. 2a). Under visible light (>510 nm) irradi-
ation, the change of the proton signals of the c-cage in acetoni-
trile-d; solution was monitored by "H NMR. Interestingly, the
proton signals belonging to the o-cage gradually appeared along
with the disappearance of complicated proton signals. Therefore,
we proved the formation of the c-cage in this way (Fig. 2b), and
the DOSY experiment suggested a c-cage with a similar solvody-
namic radius of 9.83 A according to a D value of 6.02 x 10™'° m?
s~ ' (Fig. S91). The coordination stoichiometry of the c-cage was
supported by the ESI-HRMS spectrum (Fig. S10-S127).

In '"H NMR spectra of the c-cage, we found weird and
complicated proton splitting signals. Such an interesting
phenomenon could be attributed to the intrinsic chirality of c¢-
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PA. As shown in Fig. 2c, for traditional DTE derivatives, the open-
form o-PA structure was achiral due to the free rotation of the
thiophene groups.**® When exposed to UV light, the closed form
has a pair of enantiomers with R and S central chiral conformers.
The difference between (S,S)-c-PA and (R,R)-c-PA enantiomers
cannot be observed using "H NMR spectra. When we employed
(S)-phenylethylamine-c-PA to build the (S)-phenylethylamine-c-
cage, the complexity of the c-cage can be attributed to the
random self-assembly of R and S conformers. Here, for example,
the (S)-phenethylamine-(RSS)-c-cage is depicted as (S)-RSS for
simplicity, thus resulting in four types in stereochemistry: (S)-
SSS, (S)-RRR, (S)-RSS, and (S)-RRS. As depicted in Fig. 2d, (S)-SSS
and (S)-RRR would not lead to a splitting, as their ligands could
be converted into each other via rotation around a C; axis.
However, (S)-RSS and (S)-RRS could not convert into each other
through any symmetry operation on ligands; R- and S-ligands
would generate two splittings in one cage, which experience
different chemical environments. Alternatively, when exposed to
the irradiation of visible light, these proton splittings would
disappear because of the formation of an achiral open-form
state. Depending on this reversible conversion between the
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Fig.2 Photoresponsive chiral inequality behaviour in supramolecular metallacages. (a and b) Partial *H NMR spectra (400 MHz, CD<CN, 293 K) of
0-PA, c-PA, o-cage, and c-cage. (c) Graphical representation of the intrinsic chirality of c-PA. (d) Detailed illustration of the possible isomers of

the c-cage in stereochemistry: SSS, RRR, RSS, and RRS. (e) Experimental (r
(left) and [M=3OTfI** (right).
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ed) and calculated (blue) ESI-HRMS spectra of the o-cage: [M—20Tf]>*
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open- and closed-DTE ligands, we systemically investigated and
explained the chiral inequality phenomenon in self-assembly
processes.

Subsequently, density functional theory (DFT) geometry
optimizations and calculations are performed to investigate the
stability of the above possible isomers (Table S11). We found
three possible isomers: (S)-RRS, (S)-RSS, and (S)-SSS that differ
in energy, and their energy relationship is (S)-RRS > (S)-RSS > (S)-
SSS, indicating that the (S)-SSS isomer is more stable than (S)-
RRS and (S)-RSS in thermodynamics, and the chirality of amine
is preferentially induced in the same class of the chiral DTE
isomer. To prove this conclusion, we used achiral phenyl-
methylamine to construct achiral metallacages 0-2 and c-2 for
comparison, which was confirmed using 'H NMR, *C NMR,
and ESI-HRMS spectra (Fig. S30-S337). DFT calculations, as
shown in Table S2,T reveal that RRS, RSS, and SSS isomers of
achiral metallacage have almost equal energy, which demon-
strated that the primary factor affecting the stability between
chiral configurations is the chirality of the amine, rather than
the chirality of DTE itself.

Light-driven supramolecular chirality modulation in
metallacages

For multiple-photoswitch systems, the performance of the
photoresponsive unit may be affected or locked when other
units have a closed-form, due to the gradual formation of high
energy barrier of configuration tension. Therefore, achieving
a high conversion yield in a nanoconfined framework is chal-
lenging. As shown in Fig. 3a, the o-cage showed two intensive

View Article Online
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absorption bands at 260 and 325 nm. Compared with free
model ligands, the molar extinction coefficient at 325 nm of
metallacages displayed a 2-fold enhancement, and a new peak
formed at 260 nm, which can be attributed to the increase in
ligands and the coordination interaction, respectively. Upon UV
light irradiation (313 £ 10 nm), the acetonitrile solution of the
o-cage changed from colourless to blue with an increased broad
peak at 450-770 nm, resulting from the large 7-conjugated
structure of the c-cage. Inspiringly, we found an ultrahigh
photoconversion yield of 91.3% for metallacages, calculated
using UV-vis absorption spectra. In addition, the quantum yield
of photocyclization for metallacages is 0.356, similar to the free
ligands (Table 1). Such high photoconversion performances
indicated that the inner responsive units remain relatively
independent from each other, which can be attributed to the
flexibility of coordination bonds. Alternating irradiation with
UV (313 £+ 10 nm) and visible light (>510 nm) repeatedly
switched the metallacages between ring-open and ring-closed
forms, demonstrating remarkable fatigue resistance with no
apparent degradation after 10 cycles (Fig. S13ct). Furthermore,
these cages displayed excellent thermal stability at both the
open state and PSS, showing no obvious decays over 1000
minutes at 298 and 323 K (Fig. S13d and S14+). Similar perfor-
mances were also found in free model ligands for o-ML
(Fig. S15%). These photochemistry results demonstrated that the
photoresponsive metallacages maintain excellent photo-
chromic performance as free ligands, without obvious limita-
tion by frameworks.
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Fig. 3 Photoresponsive chirality amplification in supramolecular metallacages. (a) CD (top) and UV/Vis (bottom) spectra of the (R/S)-cage (c =1
x 107> M) and (R/S)-ML in CH5CN (3 x 107> M). (b) CD spectra of the (R/S)-cage (A = 630 nm, c(z) = 3.4 x 10> M, c(5) = 3.3 x 107> M) in CH5CN
upon irradiation of UV light (A = 313 & 10 nm) and visible light (1 > 510 nm), alternatively. (c) Decay curves of the (R/S)-cage (A =630 nm, cr) = 3.4
x 1075 M, Ci) = 3.3 x 107> M, 298 K) at open- and PSS states upon irradiation of UV light (A = 313 =+ 10 nm), monitored at CD absorption.
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Table 1 Spectroscopic data of the model ligands and self-assembly metallacages in CHszCN solution

Compounds Aabs,max (M) [sLb/eMb (10° M~ ' em™ )] CR,- [%] CR., [%] o, 2 [%] D70 [%]
0-ML 324 [57.1] 94.1 — 39.2 —

ML 608 [62.8] — >99 — 0.64
o-cage 326 [38.7/116.1] 91.3 — 35.6 —
c-cage 610 [18.6/55.8] — >99 — 0.50

“ Typical absorption maxima of the ring-open isomer in the UV region and the ring-closed isomer in the visible region, respectively. ? ¢, represents
the molar extinction coefficient of metallacages calculated using the concentration of the ligands and ¢\, represents the molar extinction coefficient
of metallacages calculated using the concentration of metallacages. ¢ Conversion ratio from open to closed isomers (irradiation at A = 313 & 10 nm)
and ring-open isomers (under visible light irradiation, A > 510 nm), calculated from absorption spectra. ¥ Quantum yields of photocyclization (&,

at 313 nm and cycloreversion (®,_c) at 517 nm.

Circular dichroism (CD) signals originate from the elec-
tronic transitions of the chromophore and are generally
sensitive to isomerization among distinct conformational
states, which is a powerful tool to monitor dynamic chiral
conformation changes during light-driven processes.®®®* As
shown in Fig. 3a, the (R/S)-o-cage in acetonitrile solution
exhibited perfect mirror image signals at 250-800 nm, indica-
tive of its enantiomeric nature. Compared with free model
ligands (R/S)-0-ML, the chirality of metallacages showed a 10-
fold enhancement, along with a redshift of about 60 nm. These
obvious chirality amplification and redshift effects suggested
that the chirality transferred from the point chirality of the
phenylethylamine to the helix chirality based on the metal
coordination. Notably, the (R/S)-0-cage displayed strong
absorption at 250-415 nm, while the (R/S)-c-cage exhibited two
strong absorption peaks at 400-800 nm, along with the

(a)

—
(e}
N

¥+Y

characteristic Cotton effects, indicating that the amplification
chirality can transfer to the photoswitches and enhance their
light-driven chirality regulation capacity. As shown in Fig. 3b,
the chirality of metallacages can be modulated with specificity
and reversibility. Alternating irradiation with UV (313 + 10 nm)
and visible light (>510 nm) repeatedly switched the metal-
lacages between ring-open and ring-closed forms, demon-
strating remarkable fatigue resistance without apparent
degradation after 10 cycles. Furthermore, these cages provided
excellent thermal stability in both the open state and PSS,
showing no obvious decays over 1400 minutes at 298 K
(Fig. 3c). This dynamic chiral model with chirality transfer,
amplification, induction, and high-efficiency manipulation
characteristics is beneficial for understanding and simplifying
chirality effects at the supramolecular level.
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Fig. 4 Photoresponsive supramolecular metallacages self-assembled by stepwise transformation. (a) Graphical representation of the photo-
conversion of metallacages. (b) Partial *H NMR (400 MHz, CDsCN, 298 K) spectra of the structural photoconversion of metallacages from the
ring-open to the ring-closed form upon UV irradiation (1 = 302 + 10 nm). Intermediate states are marked in the blue box. (c) Partial *°F NMR (376
MHz, CD=CN, 298 K) spectra under the same experimental conditions.
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Photo-triggered stepwise transformation of photoresponsive
units in metallacages

For this high conversion system, insight into dynamic trans-
formation mechanisms is meaningful for understanding the
interaction of inner units. Until now, two different trans-
formation mechanisms have been proposed in self-assembly
systems: stepwise transformation,** which has experienced ooc
and occ intermediate states and concerted transformation,3®
which has transformed directly from ooo to ccc without any
intermediate (Fig. 4a). To demonstrate this mechanism, we
employed 'H and '°F NMR titration experiments to track the
transition from an open state to a closed state. As depicted in
Fig. 4b, a series of clear proton signals were observed downfield
for the initial o-cage. When exposed to UV light, some interme-
diate product signals would generate gradually, with no associ-
ation to the c-cage. For example, the double peak of the o-cage at
8.58 ppm turned gradually into two sets of peaks at 8.53 ppm and
8.46 ppm of intermediate products. Unfortunately, due to the
complexity of the three possible transformation products (coo,
cco, and ccc), we can only distinguish the open (000) and closed
(ccc) forms in the "H NMR spectra, whereas other isomers cannot
be identified. Similar results were also displayed in '’F NMR
spectra (Fig. 4c), with the initial two sets of fluorine atoms
located at —110 ppm and —132 ppm for F, and F,, respectively.
When exposed to UV light, we found that there were a lot of
intermediate fluorine atom peaks, which are quite complicated
to identify. The capture of these intermediate products reveals
a step-by-step photoconversion process in photoresponsive
metallacages. From the insight of cage tension, the cyclization
reaction energy barrier of other units may be increased gradually
when one unit has a closed-form. Moreover, 2D exchange spec-
troscopy (EXSY) experiments on model ligands and metallacages
were performed to investigate the existence of metallacage
recombination during the isomerization process. As shown in
Fig. S20,7 we cannot find any exchange cross-peaks between
model ligands and metallacages, only imine exchange cross-
peaks, which indicated no metallacage recombination in the
isomerization process. All the results suggested that our metal-
lacages have broken the isomerization limitation by frameworks,
which can be attributed to the rational design of flexible building
blocks and the coordination-driven self-assembly strategy.

Conclusions

In summary, we have successfully established a series of
dynamic chiral photoswitches based on supramolecular met-
allacages through coordination-driven self-assembly. Taking
photoresponsive advantage of the reversible transformation of
DTE between the open- and closed-forms, the chiral inequality
phenomenon in metallacages was demonstrated systematically,
resulting from the intrinsic chirality of closed-form ligands.
More importantly, DTE units loaded on the metallacages could
undergo a stepwise photo-triggered isomerization without
obvious limitation by frameworks, and achieve an ultrahigh
photoconversion yield of 91.3%. Upon such a self-assembly
strategy, chirality can conduct transfer and amplification from

6242 | Chem. Sci,, 2023, 14, 6237-6243
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building blocks to frameworks modulated with DTE photo-
switches efficiently. This study provides a dynamic photo-
regulating chirality platform for building a bridge between
small molecules and superstructures to explore more complex
chirality mechanisms.
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