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ABSTRACT: Photochromic [Pd,L,] coordination cages based on
dithienylethene (DTE) ligands L allow triggering guest uptake and
release by irradiation with light of different wavelengths. The process
involves four consecutive electrocyclic reactions to convert all
chromophores between their open and closed photoisomeric forms. So
far, guest affinity of the fully switched species was elucidated, but
mechanistic details concerning the intermediate steps remained elusive.
Now, a new member of the DTE cage family allows unprecedented
insight into the interplay between photoisomerization steps and guest
location inside/outside the cavity. Therefore, the intrinsic chirality of the
DTE backbones was used as reporter for monitoring the fate of a chiral
guest. In its “open” photoisomeric form (o-L, [Pd,(0-L),] = 0-C), the C,-
symmetric DTE chromophore quickly converts between energetically
degenerate P and M helical conformations. After binding homochiral 1R-
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(=) or 18-(+) camphor sulfonate (R-CSA or S-CSA), guest-to-host chirality transfer was observed via a circular dichroism
(CD) signal for the cage-centered absorption. Irradiating the R/S-CSA@o-C host—guest complexes at 313 nm produced
configurationally stable “closed” photoisomers, thus locking the induced chirality with an enantiomeric excess close to 25%. This
value (corresponding to chiral induction for one out of four ligands), together with DOSY NMR, ion mobility mass
spectrometry, and X-ray structure results, shows that closure of the first photoswitch is sufficient to expel the guest from the

cavity.

B INTRODUCTION

Stimuli-responsive supramolecular systems raise significant
research interest since they allow the understanding and
mimicking of dynamic biological structures, realize molecular
machines, and lead to new materials." Light is the trigger of
choice due to its traceless character and facile application.”
Symmetric, self-assembled systems with light-triggered func-
tion, e.g., guest binding and release, are likely to contain more
than one chromophore. Since a concerted isomerization of all
switches is extremely improbably under conventional irradi-
ation conditions, the question arises at which point during a
stepwise photoswitching process do key structural changes take
place. Without further insight into this phenomenon, the
understanding and rational development of supramolecular
hosts and machines containing more than one photoswitch
lacks important information. However, meaningful insight into
processes occurring during the continuous irradiation of a
photoswitchable system is difficult to obtain since spectro-
scopic online monitoring (e.g, by NMR) suffers from signal
convolution due to nonsynchronized switching events. In
addition, vastly different time scales of the basic photoreaction,
its supramolecular implication, and the spectroscopic method
pose complications to such experiments. Here, we make use of
a guest-to-host chirality transfer phenomenon, with the

-4 ACS Publications  © 2019 American Chemical Society

photoswitch acting as an internal reporter group, to elucidate
the temporal relationship between host photoisomerization
and guest binding.

The propagation of chirality is a central feature in the
biosynthesis of natural products, in man-made homogeneous
catalysis and recent developments in polymer sciences.’
Besides the direct influence of covalently bound chiral
substructures or auxiliaries, the transfer of stereochemical
information through noncovalent contacts is a major pathway.”
In supramolecular chemistry, chirality has been introduced into
self-assembled cavities via chiral backbones, metal centers,
covalently bound moieties, and emerging as a topological
effect.” In certain cases, systems were even found to keep a
stereochemical memory after the chiral building block has been
replaced.® Also noncovalent implementation of chiral in-
formation has been realized over the past decades, examples
including the template-directed formation of dissymmetric,
hydrogen-bonded capsules, reported by Rebek,’ and a
complete resolution of chiral MLy tetrahedra assembled in
the presence of a chiral guest, as shown by Raymond et al.”
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Figure 1. (a) Open-cage 0-C based on four DTE photoswitches is able to bind anionic guests and can be transformed into a diastereomeric mixture
of closed cages ¢-C by irradiation with UV light (313 nm; back reaction at 617 nm).">* This leads to excretion of the encapsulated guest molecule,
but it was previously not known when this occurs during the stepwise photoconversion. (b) Encapsulation of a chiral guest (R-CSA, S-CSA, or S-
CSA-Br) into 0-C induces P or M helical chirality of the DTE chromophores. Irradiation at 313 nm locks the induced chirality onto the structure of
the first cyclized ligand, followed by a change of overall cage shape and ejection of the guest. The remaining three ligands are then photoswitched to

give cage c-C without further induced stereoselectivity.

Recently, intrinsically chiral dithienylethene (DTE) chro-
mophores’ were recognized to be attractive reporter groups for
the quantification of noncovalent chirality transfer.'” The basis
for this capability is the transition between rapid epimerization
shown by their open-form photoisomers and fixed stereo-
chemistry present in the closed-form isomers. For example, van
Esch and Feringa used DTE-based gels to demonstrate optical
transcription of supramolecular into molecular chirality."'
Andréasson achieved noncovalent binding of cationic DTE
derivatives to DNA, followed by enantioselective photo-
switching.'”

Here, we demonstrate that chiral guest-to-host induction can
yield valuable information about the guest location within the
framework of a lantern-shaped [Pd,L,] coordination cage,B’14
which represents a new member of our recently introduced
family of photochromic DTE cages' with a stimuli-responsive
host—guest chemistry.”'® In contrast to previously reported
systems, chiral guests are not required as templates for cage
formation, thus allowing a comparative study of hosts in the
presence and absence of guests. Circular dichroism (CD),
density functional theory (DFT), and chiral HPLC results
allowed us to relate the absolute configurations of guest and
host and calculate the enantiomeric excess of isolated DTE
backbones as a function of temperature during the photo-
chemical fixation process. Resulting values, together with
DOSY NMR and trapped ion mobility mass spectrometry,
reveal that the first photoisomerization event triggers guest
release in this system.

B RESULTS AND DISCUSSION

Ligand and Cage Synthesis. Following our previously
reported protocols,” ligand o-L was synthesized by a Suzuki
cross-coupling reaction of perfluoro-1,2-bis(2-iodo-S-methyl-
thien-4-yl)cyclopentene and 2 equiv of isoquinolin-7-ylboronic
acid. By combining a 2:1 mixture of o-L with [Pd(CH;CN),]-
(BF,), in CD;CN at 70 °C for 3 h, the light yellow cage
[Pd,(0o-L),](BF,); (0-C) was formed quantitatively, as
confirmed by '"H NMR spectroscopy, high-resolution ESI

2098

mass spectrometry (Figure 2), and single-crystal X-ray
diffraction analysis (Figure 3a). Upon conversion of ligand
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Figure 2. (a) "H NMR spectra (500 MHz, CD;CN, 298 K) of ligands
0-L, ¢-L and cages 0-C, ¢-C; (b) ESI-MS spectrum of o-C with an
isotope pattern of [0-C]*" shown in the inset.

into cage, the 'H NMR signals of the isoquinolines, in
particular protons H, (A5 = 0.56 ppm) and H, (A = 0.20
ppm), sitting close to the coordinating nitrogen atoms,
undergo significant downfield shifts (Figure 2a). The ESI
mass spectrum displayed a series of species supporting the
expected composition with a variable number of BF,”
counterions ([o-C]*, [0-C+BF,]*, and [0-C+2BF,]**). In all
cases, experimental isotope patterns were found to be in very
good agreement with the calculated distributions (Figure 2b).

DOI: 10.1021/jacs.8b11872
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Figure 3. X-ray structures of (a) cage 0-C and (b) ¢-C cocrystallized
with R-CSA (side and top view) showing counteranions/guests inside
and outside the cavities. All hydrogen atoms, solvent molecules, and
minor disordered components have been omitted (for details see the
Supporting Information). In ¢-C, all backbone methyl groups are
disordered over both possible positions with approximately 50%
occupancy (here only one diastereomer is shown; B pink, C gray, N
blue, O red, F green, S yellow, Pd orange).

The structure of cage o-C, possessing all four DTE switches
in their open photoisomeric form, was finally proven by X-ray
analysis. Therefore, single crystals were obtained by slow vapor
diffusion of ethyl ether into an acetonitrile solution of 0-C
(Figure 3a). Cage o-C crystallized with low crystallographic
symmetry in the triclinic space group P1 and features a cis-
PPMM arrangement of both helical conformers (M and P) of
the DTE backbone within each single cage. As a result, the
molecular structure has a mirror plane (containing the Pd, axis
with Pd--Pd distance = 15.06 A), leading to a meso-
arrangement with C,,-symmetry. It has to be noted, however,
that in ambient temperature solution, we expect the system to
exist as an inseparable and rapidly interconverting mixture of
all possible diastereomers, as indicated by the observation of
strikingly sharp signals in the 'H NMR spectrum of o-C (in full
accordance with a related DTE cage derivative).">*

Photoswitching. Ligand L can be reversibly intercon-
verted between its open and photoisomeric closed form by
irradiation with UV light (313 nm) and longer wavelength
light (617 nm), respectively. Closed-form cage [Pd,(c-
L),](BF,),; (c-C) could be obtained from self-assembly of c-
L and Pd" or directly from open-form cage o-C by irradiating a
CD;CN solution of the latter compound under 313 nm UV
light (Figure 2a and Supporting Information Figure $23).
Unlike conformationally flexible ligand o-L, closed-form isomer
c-L comes in two separable enantiomers. As a result, a
maximum of six possible cage stereoisomers of ¢-C can form
from a racemic mixture of ligand ¢-L.">* Indeed, both the 'H
NMR (Figure 2) and C NMR spectra (Supporting
Information Figure S18) show a splitting and broadening for
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all proton and carbon NMR signals due to the diversity of the
contained diastereomers. Under strict exclusion of light, we
were able to obtain a crystal of cage ¢-C suitable for X-ray
structure determination (formed in the course of a 'H NMR
titration with S-CSA). As observed for o-C, cage ¢-C was found
to crystallize in the triclinic space group P1, however, showing
a slightly shorter Pd---Pd distance of 14.67 A (Figure 3b). Most
strikingly, the cage cocrystallized with an R-CSA guest
molecule situated outside the cage’s cavity, in full agreement
with the solution results concerning guest binding (see below).

Guest Binding and Chiral Induction. With both open
and closed cages in hand, we set out to test whether
encapsulation of chiral guests can induce a transfer of chiral
information onto the surrounding cage structure. Via '"H NMR
titration experiments, we first checked both cage photoisomers
for encapsulation of the anionic R-CSA or S-CSA, respectively.
Upon stepwise addition of R-CSA into a solution of o-C, the
"H NMR signal of inward pointing proton H, was found to
broaden and gradually shift downfield until about 1.0 equiv of
R-CSA had been added. The signal of outward pointing proton
H,, however, did not show any significant shift in this
concentration range but started to move after more than 1.0
equiv of guest had been added, thereby indicating
encapsulation of one equivalent of chiral guest followed by
external association after saturation of the cage interior (Figure
4a and Supporting Information Figure S27). Since titration
beyond 1.0 equiv was accompanied by the onset of aggregation
(solution turning turbid and formation of precipitates), we
were not able to determine binding constants. Furthermore, a
DOSY NMR experiment on R-CSA@o-C revealed encapsula-
tion by observing the guest peaks at a similar diffusion constant
to the host (log D ~ —9.7; Figure S30).
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Figure 4. (a) '"H NMR titration plot of 0-C (orange) and ¢-C (blue;
1.0 mM, CD;CN) with R-CSA (15 mM, CD;CN) with relative signal
shifts of inward pointing protons H, (closed circles) and outward H
(open circles), indicating 1:1 encapsulation for o-C but unspecific
interaction for ¢-C; (b) CD spectra of 0-C (0.0S mM, CH;CN) with
and without 1.0 equiv of R-CSA or S-CSA and after addition of 1.0
equiv of competitor G1 (as NBu, salts in CD;CN, 15 mM); (c) CD
spectra of 0-C with increasing amounts of R-CSA; (d) CD spectra of
0-C (0.0s mM, CH,CN) with 1.5 equiv of S-CSA between 10 and 70
°C and CDj30 ,, over T plot showing a linear relationship (inset).
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In contrast, the titration of closed cage ¢-C with R-CSA
resulted in significant shifting of only outward pointing proton
H,. Inward-pointing signal H,, however, was observed to
undergo almost no shifting but broadening, instead, indicative
of unspecific external association favored over uptake inside
the cavity (Figure 4a and Supporting Information Figure S27).
This assumption was also backed by the obtained X-ray
structure, showing cocrystallized guest exclusively outside the
cage (Figure 3b). In addition, ion mobility mass spectrometry
experiments further confirmed the external interaction of CSA
with ¢-C (see below).

Next, CD spectra were measured to examine the degree of
chirality transfer. As expected, no CD signal was detected for
open-form cage o-C. Addition of 1.0 equiv of R- or S-CSA,
however, led to the occurrence of strong Cotton effects
assigned to the ligand chromophore, indicative of a transfer of
chiral information from guest to host (Figure 4b). Interest-
ingly, this effect could be reversed by addition of 1.0 equiv of
the nonchiral guest benzene-1,4-disulfonate (G1), which binds
stronger inside the cavity and is able to completely replace
monoanionic camphor sulfonate (Figure 4b). The latter was
further confirmed by a 'H NMR experiment (Supporting
Information Figure $37). Variation of relative guest concen-
tration between 0 and 3.0 equiv reveals that the CD signals
pass through a maximum around 1.5 equiv with larger guest
amounts leading to aggregation effects that reduce the signal
intensity (Figure 4c). We further monitored the CD signal
intensity of 0-C containing 1.5 equiv of S-CSA as a function of
temperature, revealing that increasing temperature leads to
decreasing ellipticity, most probably caused by a decreased
binding affinity at higher temperatures (Figure 4d).

Like the situation for 0-C, the mixture of closed-form cage c-
C diastereomers did not show any CD signals. In contrast to
the behavior of 0-C, however, even the addition of chiral guests
R- or S-CSA did not lead to the appearance of cage-derived
CD signals (Supporting Information Figure S38). Hence, the
fixed stereochemistry of the closed-form DTE backbones is not
affected by the presence of the chiral guest.

Enantiomeric Excess Determination. Subsequently, we
examined whether the induced chirality of the open-form
host—guest complexes [R-CSA@o-C] and [S-CSA@o-C] can
be locked within the cage’s DTE backbones upon irradiation
with 313 nm light. First, we irradiated a CD;CN solution of
cage 0-C containing 1.5 equiv of R-CSA or S-CSA at room
temperature. The colorless [R/S-CSA@o-C] solution turned
deep blue and a new UV absorption band was observed around
585 nm (Figure Sa and c and Supporting Information Figure
S42). Completion of the photoreaction was monitored by 'H
NMR spectroscopy. The CD spectra showed a negative
Cotton effect corresponding to the closed-form DTE
chromophore for the sample containing R-CSA and a positive
one for S-CSA, albeit of low intensity (Figure Sb and d and
Supporting Information Figure S$42). We explain this
observation with a photochemical fixation of an enantiomeric
excess in the form of the configurationally stable closed-form
DTE isomers, induced by the presence of the chiral guest.
Since we observed that the degree of chiral transfer within [R/
S-CSA@o-C] apparently increases with decreasing temperature
(Figure 4d), we tested the same procedure at several lower
temperatures down to 77 K. Therefore, a quartz NMR tube
containing the acetonitrile solution of [R/S-CSA@o-C] was
immersed in different cooling baths in a transparent quartz
dewar and irradiated with 313 nm light until full conversion of
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Figure S. (a and c) UV—vis and (b and d) CD spectra of o-C (0.05
mM, CH;CN) containing 1.5 equiv of R-CSA or S-CSA, respectively,
after irradiation with 313 nm light at temperatures from 298 to 77 K
(irradiation interval until complete conversion).

the photoreaction was achieved. Interestingly, the final 'H
NMR spectra of the fully photoisomerized cages revealed that
the proton signals became sharper as the bath temperature
decreased, indicating a reduction of the number of major
diastereomeric components (Supporting Information Figure
S40). In addition, the CD spectra showed increasing signal
intensities with decreasing bath temperatures, indicating
enrichment of one ligand enantiomer over the other (Figure
Sb and d and Supporting Information Figure S42). We then
disassembled the closed-form cages by adding aqueous
NBu,OH and ethylenediaminetetraacetic acid disodium
salt (Na,EDTA), followed by extraction with dichloromethane
(DCM) under strict exclusion of light. The solution containing
enriched ligands RR-c-L and §,S-c-L was examined for
enantiomeric excess (ee) by chiral HPLC. Table 1 summarizes

Table 1. Enantiomeric Excess (ee) of Ligands S,S-c-L and
R,R-c-L after Irradiation of [R/S-CSA@o-C] with 313 nm
Light at Various Temperatures (R-CSA Induces Enrichment
of §,8-c-L)

ee (%)° 298 K 273 K¥ 231 K¢ 195 K¢ 77 K°

R-CSA 7 8 13 21 28

S-CSA 10 13 14 24 31
“Values determined by HPLC (monitored at 600 nm, estimated error

+5%) with a Chiralpak IA column. “Ice—water. “Dry ice—acetonitrile.
Dry ice—acetone. “Liquid nitrogen.

the results, showing that the enrichment improves at lower
temperatures. The maximum obtained ee values were around
30 = 5% for both guest enantiomers (considering HPLC signal
integration difficulties due to signal overlap; see Supporting
Information Table S1).

Evaluation of Guest Ejection Mechanism. On the basis
of the observed degree of chiral induction as well as
experiments described below, we assumed that the guest is
ejected from the host early on, i.e, after the first DTE switch
has been closed, during the stepwise ligand isomerization
sequence (Figure 1b). Following this hypothesis, photo-

DOI: 10.1021/jacs.8b11872
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isomerization of the first ligand in 0-C already results in a
significant change of the structure and dynamics of the
resulting cage [Pd,(0-L);(c-L),](BF,); (=m-C*'), bringing it
close in shape to the fully switched isomer c¢-C. Like ¢-C,
partially switched [Pd,(0-L);(c-L),](BF,), would then be an
inapt host for the CSA guest, leading to its ejection.
Consequently, assuming a potent chirality transfer to all four
ligands within [R-CSA@o-C] at the lowest studied temper-
atures, the guest’s stereochemical information would remain
locked only within the first switched DTE ligand, while the
other three ligands would lose chiral information after guest
excretion, followed by nonstereoselective photoisomerization.
Hence, chiral information transfer onto one out of four ligands
would explain ee values of around 25% for isolated c-L.

To test this hypothesis, we prepared cages from mixtures of
o-L and c¢-L in different ratios. As thermodynamically
controlled self-assembly thwarts the selective and exclusive
synthesis of a single isomer (i.e., the one containing three open
and one closed ligands), we had to base the following
experiments on statistical mixtures of mixed-ligand cages. For a
3:1 mixture, '"H NMR and ion mobility ESI mass spectra
indicate the formation of a mixture of cage isomers containing
the desired isomer [Pd,(o0-L);(c-L),](BF,),] (m-C*!) as
dominant species (~42%; besides ~32% 0-C; see Supporting
Information).

A first indication supporting that m-C*' closely resembles c-
C came from a comparison of their DOSY NMR spectra,
showing that the hydrodynamic radius of m-C*" is much closer
to that of ¢-C than that of o-C (Supporting Information Figure
$59). Furthermore, PM6- and DFT-calculated energy
potentials obtained by squeezing 0-C, m-C*!, and ¢-C along
their Pd—Pd axes indicated a major impact on cage
conformational dynamics already induced by one closed ligand
(Supporting Information Figure S66).

Second, we turned to chiral induction experiments using
mixed-ligand cage samples m-C*!, m-C*? and m-C'*. When
we examined the degree of chiral induction caused by addition
of R/S-CSA to the mixed m-C>!/0-C sample on the contained
o-L chromophores, we observed that only the fraction of
contained 0-C (~32%) contributes to the characteristic CD
signal at 330 nm, while the major species m-C*' does not
(Supporting Information Figure S60). A systematic compar-
ison of UV—vis and CD band intensities of o-C, m-C>!, m-C*2,
m-C', and ¢-C containing 1.5 equiv of S-CSA further clarified
the situation: Whereas plotting the absorption maximum of ¢-L
(585 nm) against the o-L/c-L ratio superimposes with the
contained percentage of ¢-L (linear relationship), the plot of
the observed guest-induced CD intensities in the same samples
monitored at 330 nm (ellipticity maximum of 0-L) against the
0-L/c-L ratio nonlinearly follows the statistical content of 0-C
(Figures S61 and S62). Thus, chiral induction is only expressed
in the contained fraction of o-C in all samples, not in [Pd,(o-
L);(c-L)1], [Pdy(0-L),(c-L),], [Pd,(0-L)i(c-L)3], or ¢C,
indicating that the guest cannot bind when at least one
photoswitch is closed.

Third, we irradiated m-C*'(R/S) (synthesized with 1 equiv
of enantiomerically pure R,R- or §,S-c-L) under 313 nm at 231
K and found that the ee value remains around 29 + 5% after
cage disassembly, showing that interligand chirality transfer
does not play any significant role (Supporting Information
Table SS).

Fourth, irradiation of m-C3' (with racemic c¢-L) in the
presence of 1.5 equiv of R-CSA or S-CSA gave ee values only
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around 8%, assumed to be caused by the contained 32% share
of 0-C alone (Supporting Information Table SS). All results
detailed above agree with our hypothesis that only the first
switching ligand effectively experiences the encapsulated
guest’s chirality, followed by guest ejection and photo-
cyclization of the residual three ligands without stereocontrol.

Trapped lon Mobility Mass Spectrometry. As a further
orthogonal technique aimed at supporting the above stated
mechanism, we employed trapped ion mobility spectroscopy
(TIMS) coupled to ESI MS to obtain further insights into the
structure of the host—guest aggregates (Figure 6). Results
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Figure 6. Ion mobility spectra of hosts (a) 0-C; (c) ¢-C, and (e) m-C
and corresponding samples containing 1.5 equiv of R-CSA: (b) o-C
+R-CSA; (d) c-C+R-CSA, and (f) m-C+R-CSA.

show that the drift time (correlating with the collisional cross
section; see Supporting Information Figure $65) of o-C
(Figure 6a) is shorter than that of -C (Figure 6¢) and m-C
(Figure 6e), while those of ¢-C and m-C are very close (all in
accordance with the DOSY NMR results). After adding 1.5
equiv of R- or S-CSA, the mobilogram of o-C shows two extra
signals (Figure 6b, fragment [Pd(o-L),]*" not counted), one
with shorter drift time (smaller size) and a shoulder with
longer drift time (larger size). Both signals correspond to the
mass of the cage plus CSA, as seen in the mobility-filtered mass
spectra. We assign the former signal to the host—guest complex
CSA@o-C since encapsulation of the organic guest is expected
to lead to a dispersion-driven compaction in the gas phase. In
contrast, the signal with longer drift time is most likely
attributed to an adduct with externally associated guest (0-C
+CSA), leading to an overall size increase. When CSA is added
to ¢-C, only one signal corresponding to the mass of cage plus
CSA is observed, possessing a larger size than ¢-C, thus
representing outside adduct ¢-C+CSA (Figure 6d), in full
accordance with the above-described observation that ¢-C is
not able to encapsulate the guest. For m-C, similarly to ¢-C,
only a slight drift time increase was observed after add-
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ing the guest (Figure 6f), indicating that both m-C and ¢-C
show the same outside-aggregation behavior.

B CONCLUSIONS

In conclusion, our study revealed the temporal relationship
between the stepwise photocyclization events and guest
ejection of a light-triggered host composed of four DTE
photoswitches. We showed that encapsulation of a chiral guest
inside the nonchiral, photochromic coordination cage o-C
results in strong induced CD effects. Chiral information could
be locked into the configurationally stable photoisomer ¢c-C by
UV irradiation. The degree of noncovalent propagation of
chiral information was found to be dependent on temperature,
guest amount, and absence of competing guests, but never
exceeded about 25%. The latter observation, backed by a
canon of NMR and CD experiments, X-ray, and ion mobility
mass spectrometric studies, shows that already the closure of
the first photoswitch triggers the key structural conversion that
leads to ejection of the guest. The herein introduced
methodology, based on chirality reporters lining the walls of
a self-assembled confinement, serves as a basis for the
examination of further host-to-guest size/shape relationships,
including the role of solvent effects. Furthermore, progress in
the fundamental understanding as well as application of
chirality transfer will spur developments in the fields of
enantioselective homogeneous catalysis, supramolecular recog-
nition, and information processing on a molecular scale.
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