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ABSTRACT: It is difficult to assemble multi-component metallo-
supramolecular architectures in a non-statistical fashion, which
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limits their development toward functional materials. Herein, we <— \ {

report a system of interconverting bowls and cages that are able to (j/."’ > )
respond to various selective stimuli (light, ligands, anions), based ;
on the self-assembly of a photochromic dithienylethene (DTE)

ligand, L? with Pd" cations. By combining the concept of

“coordination sphere engineering”, relying on bulky quinoline /“
donors, with reversible photoswitching between the ligand’s open ‘)
(0-L*) and closed (c-L?) forms, a [Pd,(0-L?),] cage (0-C) and a \.{/

4t ligand tunes cavity size

[Pd,(c-L?);] bowl (c-B) were obtained, respectively. This structural S o
rearrangement modulates the system’s guest uptake capabilities. Light triggers flexibility I
Among three bis-sulfonate guests (G1, G2, and G3), the cage can

encapsulate only the smallest (G1), while the bowl binds all of them. Bowl c-B was further used to synthesize a series of heteroleptic
cages, [Pd,L*;LP], representing a motif never reported before. Additional ligands (L), with short or long arms, tune the cavity size,
thus enabling or preventing guest uptake. Addition of Br~/Ag" makes it possible to change the overall charge, again triggering guest
uptake and release, as well as fourth ligand de-/recomplexation. In combination, site-selective introduction of functionality and
application of external stimuli lead to an intricate system of hosts with different guest preferences. A high degree of complexity is

achieved through cooperativity between only a few components.

B INTRODUCTION

Natural systems are capable of fabricating supramolecular
assemblies with multiple components in a precise and
controlled manner. For example, ribosomes and virus capsids
are assembled in a non-covalent fashion, starting from smaller
building blocks. To mimic the function and complexity of
natural nanostructures, chemists have developed supra-
molecular self-assembly, a field that has become a burgeoning
area of study.' In particular, the design of coordination-driven
architectures represents a powerful strategy. Owing to the
directionality and reversibility of the metal—ligand bond, it is
possible to create a plethora of architectures with different
sizes, shapes, and functions.” In the past years, metallacages
have received great attention due to their peculiar structures’
and promising functions,” e.g., in selective recognition5 and
catalysis.” However, while most natural assemblies are complex
multi-functional systems comprising several different building
blocks, most artificial metallo-supramolecular assemblies
known today are highly symmetric structures, formed from
only one type of ligand. Increasing such a system’s complexity
via the introduction of multiple different ligands is challenging,
since metal-mediated self-assembly under thermodynamic
control easily results in a statistical mixture of products.” In
recent years, several strategies to combine distinguishable
ligands in a non-statistical fashion, leading to the clean
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assembly of heteroleptic cages, have been reported. For
example, the Yoshizawa group explored the use of a templating
guest,” Crowley et al. took advantage of hydrogen-bonding
between adjacent ligands,9 and Zhou,'*® Fujita,lob Mukher-
jee,'** Chand,'*" and our group'®*™" utilized geometric
principles to form heteroleptic cages containing two different
types of ligands. Recently, our group set out to investigate a
“coordination sphere engineering” approach based on the
introduction of steric hindrance around the metal centers to
increase the structural complexity in a series of Pd"-mediated
assemblies. On one hand, banana-shaped ditopic ligands with
picoline donors allowed us to form cis-configured
[Pd,LA,LB,]* cages,Il while the introduction of quinoline or
acridine donor groups resulted in the assembly of [Pd,L;X,]
bowl-shaped structures or [Pd,L,X,] rings, respectively (X =
solvent or halide anion)."” Despite these few examples, rational
multi-component assembly to give a single product remains
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Figure 1. (a) Self-assembly of L* with Pd" to form a [Pd,L%] cage (0-C) or a [Pd,L?*] bowl (c-B) that reacts to multiple stimuli: light triggers
reversible structural rearrangement between ¢-B and o-C (blue panel), halides substitute solvents to saturate the Pd" coordination environments
while reducing the overall charge from 4+ to 2+ (green panel), and addition of pyridine-based fourth ligands leads to [Pd,L*,L?] heteroleptic cages
(cB-L*) (yellow panel). (b) List of short- (L%!) and long-arm (L*) bis-pyridyl ligands.

challenging."” Even more so, exploiting the multi-ligand
character of heteroleptic cages to introduce functional
complexity is still largely unexplored, in particular with respect
to emergent properties resulting from an interplay of different
components. Owing to their dynamic behavior and the
presence of an accessible cavity, coordination cages with
stimuli-responsive functionality represent a promising platform
to develop novel materials'* and adaptive host—guest
systems.]5

It has been shown that interaction of such cages with
chemical stimuli, e.g, additional ligands, allows structural
rearrangement and guest release.'® The addition of halide
anions to positively charged hosts can trigger the uptake of
neutral guest molecules.'” Guest uptake can also be tuned in
redox-responsive systems.'® Sophisticated pH effects have
recently been investigated'” and combined with light, leading
to reversible cage disassembly.”” Light as a waste-free, precisely
administered external stimulus has gained high popularity in
the control of supramolecular systems.'***' We previously
reported light-responsive cages in which photochromic
dithienylethene (DTE) ligands made it possible to control
structural rearrangements as well as guest uptake and release in
a fully reversible fashion.”> Most reported examples of stimuli-
responsive, metallo-supramolecular systems are based on
homoleptic structures, though.23 Hence, the introduction of
more than one functionality or response to more than one
stimulus is a challenge.

We herein demonstrate that multi-stimuli-responsive sys-
tems can be realized by combining three well-established
trigger elements via non-statistical, heteroleptic self-sorting.
We combine a strategy we coined “coordination sphere
engineering” in tandem with light-responsive DTE backbones
to achieve the self-assembly of an interconvertible pair of
[Pd,L*,] cage- and [Pd,L*,] bowl-shaped hosts, the former
deriving from the open-form photoisomer (o-L?) and the latter
from the closed isomer (c-L? Figure 1a). The latter system
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then serves as a platform for the non-statistical formation of a
series of heteroleptic cages [Pd,L*;L"] with tunable cavity size
and guest binding affinity (Figure 1a, yellow panel). Besides its
susceptibility to light, the system shows stimuli-responsive
behavior triggered by chemical species (fourth ligands L® and
halide anions), making it possible to differentiate a series of
anionic guests and control their uptake and release.

B RESULTS AND DISCUSSION

Self-Assembly of Homoleptic Cages and Bowls. The
general design of the system is based on previous work from
our group on photochromic [Pd,L,,] assemblies formed from
banana-shaped bis-pyridine ligands having DTE backbone-
s.'**! In this work, we combine the effect of the photo-
chromic backbones with coordination sphere engineering by
installing quinolin-3-yl donor groups that introduce significant
steric hindrance around the coordinated Pd" cations. We had
shown previously that, in such quinoline-based assemblies, a
fine balance separates the formation of sterically less crowded
[Pd,L,] bowl-shaped structures and more constrained [Pd,L,]
cages. ~ Here, we show how this balance can be tipped by
photoisomerizing the ligand backbones in one direction or the
other. Ligand o-L* was synthesized by a Suzuki cross-coupling
reaction of perfluoro-1,2-bis(2-iodo-S-methylthien-4-yl)-
cyclopentene and 2 equiv of quinolin-3-yl boronic acid. Self-
assembly of o-L?, with the photoswitch in its open form, and
[Pd(CH;CN),](BF,), in a 2:1 ratio in CD;CN at 70 °C led to
the quantitative formation of cage compound [Pd,(o-L?),]
(BF,)s (o-C; Figure la, blue panel). Assembly was
unambiguously confirmed by NMR spectroscopy and high-
resolution electrospray ionization mass spectrometry (HR-ESI-
MS) (Figure 2a,c) as well as single-crystal X-ray structure
determination (Figure 3a). Slow vapor diffusion of Et,O into a
CD;CN solution of o-C allowed us to grow single crystals
suitable for synchrotron diffraction analysis. The compound
crystallized in the tetragonal space group P4,, and the structure
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Figure 2. (a) "H NMR spectra (500 MHz, CD;CN, 298 K) of ligands
0-L% ¢-L% 0-C, and ¢-B. (b, c¢) ESI-MS spectra of (b) ¢-B with isotope

pattern of [c-B+BF,]** shown in the inset and (c) o-C with isotope
pattern of [0-C+BF,]>*.

was confirmed to be a [Pd,L,] cage. Compared with our
reported [Pd,L,] DTE-based cage derivatives,”’ in 0-C, the C,-
symmetric ligands are all slightly helically twisted along the
Pd—Pd axis, presumably helping to release steric hindrance
around the two coordination centers. This becomes clear by
measuring the angles between the normals to the plane created
by Pd and the four coordinating N atoms and the quinoline
plane, having an averaged value of about 74°, as compared to
88° for our previously reported pyridyl-DTE cage (further
details in the Supporting Information, Figure $121). Cage o-C
features a pair of PPPP/MMMM enantiomers in the crystal
structure (Figure §52).** Irradiation of a CD,CN solution of o-
L? using 313 nm light allows conversion into ¢-L* with >99%
yield. Reacting ¢-L?, featuring the photoswitch in its closed
form, with [Pd(CH;CN),](BF,), in a 3:2 ratio at 70 °C led to
the formation of the bowl-shaped structure [Pd,(c-L*);-
(Solvent),](BF,), (c-B) (Figure la). The first result
corroborating the bowl structure came from NMR analysis,
since the 'H spectrum clearly shows two sets of signals in a 2:1
ratio (Figure 2a, Figure S13).

Due to symmetry reasons, one set of signals is expected to
derive from the middle ligand, while the second set can be
assigned to the two ligands flanking the side of the bowl
structure.'”® Moreover, 'H DOSY NMR (298 K) further
confirmed the presence of a single species in solution (Figure
S17). As configurationally stable ligand c-L* was used in its
racemic form, we would expect bowl ¢-B to exist in six
diastereomeric forms, producing altogether four sets of 'H
NMR signals, each representing a unique chemical environ-
ment (see details in Supporting Information, Figure SS52).
Indeed, a 4-fold signal splitting was observed for protons H,
and Hy (Figure 2a, Figure SSS). When the structure was
assembled from enantiopure R,R-c-L* or S,S-c-L* (resolved by
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Figure 3. X-ray structures of (a) 0-C, (b) ¢-C, and (c) host—guest
complex G1@c-B (fourth Pd" positions coordinated by H,O) in side
(left) and top (right) views. All hydrogen atoms, solvent molecules,
counteranions, and minor disorders are omitted for clarity. In ¢-C and
Gl@c-B, all backbone methyl groups are disordered over both
possible positions with approximately 50% occupancy (here only one
diastereomer is shown; C gray, N blue, F green, S yellow, O red, Pd
orange).

chiral HPLC), however, much clearer and sharper 1D and 2D
"H NMR spectra were obtained (Figures SS5—S57). Further
confirmation of the bowl structure arose from HR-ESI-MS, in
which a series of prominent peaks assigned to the bowl with a
variable number of BF,” counterions were clearly detected
([Pd,(c-L?);]*, [Pd,(c-L?*)5+BF,]*, and [Pd,(c-L*);+2BF,]*")
(Figure 2b). Interestingly, when c¢-L* and Pd" cations are
reacted in the correct stoichiometry to form a [Pd,L,]*" cage,
"H NMR analysis clearly shows signals for the free ligand
(besides the bowl), corresponding to one-third of the total
amount. However, after addition of one-sixth more equivalent
of [Pd(CH;CN),](BF,), the free ligand was completely
consumed and the bowl species ¢-B remained quantitatively
(Figure S101). Diffusion of Et,O into a CD;CN solution of ¢-B
under strict exclusion of light gave a single crystal whose X-ray
diffraction analysis revealed the structure of cage [Pd,(c-
L*),](BF,), (c-C) rather than the expected bowl c-B. While
seemingly surprising, this result agrees with previous findings
from our group, where quinoline donor groups were shown to
lead to [Pd2L3] bowls in solution but [Pd,L,] cages in the solid
state.'”* Gas-phase DFT studies indicate that energies for the
formal cage/bowl transformation do not depend significantly
on the photoisomeric state, further corroborating a fine
energetic balance between solution and solid-state behavior
(Figure S60). The compound crystallizes in the P4,/mcm
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Figure 4. (a) ¢-B binds a series of guests to form a G@c-B host—guest system. (b) Stimuli response of G@c-B. Blue panel: light irradiation makes it
possible to form o-C that binds only G1. Green panel: halide coordination tunes the overall system charge, triggering guest release. Yellow panel:
addition of a fourth ligand tunes the cavity size and the system’s selectivity toward G1, G2, and G3. Blue/yellow panel: irradiation of c-B-L¢*
heteroleptic cages opens the photoswitches and increases the structural flexibility, modulating guest uptake selectivity and system stability.

space group, and the asymmetric unit contains both possible
enantiomers with 50:50 occupancy. The crystal structure
further showed that all ligands ¢-L" are arranged without any
twisting with respect to the Pd—Pd axis (Figure 3b; further
details in the Supporting Information).

Homoleptic Cages: Photoswitching and Host—Guest
Behavior. Irradiation of 0-C under UV light (313 nm) led to
the formation of bowl ¢-B, accompanied by the release of free
ligand c-L? as observed by '"H NMR analysis (Figure S102).
Addition of Pd" cations (0.17 equiv) and further heating at 70
°C for 1 h made it possible to convert the excess free ligand c-
L* into ¢-B quantitatively. The obtained broad 'H NMR
spectrum indicated that ¢-B was formed as a mixture of
diastereomers. Vice versa, irradiation of ¢-B at room temper-
ature with 617 nm light resulted in a broad "H NMR spectrum,
not showing any signs of free ligand (Figure $102). HR-ESI
and even cold-spray ionization (CSI) mass spectrometry (—30
°C) could not detect any peaks related to a tentative o-B
species. However, a low-temperature (—35 °C) 'H NMR
measurement resulted in much sharper signals, allowing us to
identify o-B (Figure S108). Heating this o-B solution for 1 h
accelerates complete reassembly to the thermodynamic
product o-C (Figure S102; 0.33 equiv of o-L* can be added
to account for the change in stoichiometry). UV—vis analysis
of ligand and cage samples corroborated quantitative switching
fidelity in both cases, with the ligand showing faster
photoisomerization as the cage, in accordance with our
previous results for related systems (Figures $122—S124).**
Cage—bowl interconversion was studied over 10 cycles,
showing very good fatigue resistance (Figure S125).

This photo-controlled reversible interconversion between
cage and bowl makes it possible to tune the size and
accessibility of the inner cavity. Therefore, size-dependent
guest encapsulation of 0-C and ¢-B was investigated. To do
this, we performed '"H NMR titrations with three different
anionic bis-sulfonate guests, G1—G3 (with NBu," as counter-
ion) (Figure 4a). Stepwise addition of the smallest guest, G1
(propane-1,3-bis-sulfonate), into a CD;CN solution of o-C led
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to the appearance of a new set of sharp '"H NMR signals and
significant downfield shifts of the signals assigned to inward-
pointing protons (H,, AS = 0.67). This indicated encapsula-
tion and slow exchange of guest G1 (Figure 4b, blue panel,
Figure S61). The formation of host—guest complex [G1@o-
CJ]** was further confirmed by HR-ESI-MS spectrometry
(Figure S62). For the slightly larger guests G2 (benzene-1,4-
bis-sulfonate) and G3 (naphthalene-2,7-bis-sulfonate), how-
ever, no encapsulation into o0-C could be detected (Figures S63
and S64). On the contrary, due to its more open cavity, c-B
was indeed found to be able to bind all three guest molecules,
G1, G2, and G3, as confirmed by NMR spectroscopy and HR-
ESI-MS (Figures S65—S70). To better evaluate the '"H NMR
signal shifting, enantiopure S-c-B was used in the experiments.
After stepwise titration with G1, two new signals arose around
0 = 11.0 ppm, showing the formation of a new species in
solution. Observation of a large peak assignable to [G1@c-B]**
in the HR-ESI-MS spectrum further indicated binding with a
1:1 stoichiometry (Figure S66). After the addition of 3.0 equiv
of the guest, a crystal suitable for single-crystal X-ray diffraction
was obtained by leaving the sample overnight. Pleasingly, X-ray
analysis confirmed the assumed structure of [G1@c-B], where
guest G1 is accommodated in the concave well of the bowl
between the two Pd atoms (Figure 3c). Titration of S-c-B with
G2 and G3 also resulted in encapsulation with a 1:1
stoichiometry, as confirmed by 'H NMR experiments and
HR-ESI-MS spectrometry (Figures S67—S70). Unfortunately,
determination of association constants for the host—guest
complexes from 'H NMR titration data was not possible due
to an onset of precipitation during the experiments. Notably,
the stable interaction of G2 with bowl-shaped c-B inspired us
to exploit this host—guest interaction with the kinetic
photoswitch product o-B at room temperature. After the
addition of 1.0 equiv of G2 into a freshly prepared solution of
0-B, 'H NMR signals sharpened, allowing the characterization
of the assembly (Figures S103—S106). HR-ESI-MS further
supported the formation of host—guest complex G2@o-B,
showing a single peak assigned to [G2@Pd,(0-L*);]*" (Figure
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$107). Moreover, G2@o0-B and G2@c-B could be reversibly
interconverted by irradiation with UV light (313 nm) and red
light (617 nm), respectively, as verified by 'H NMR
spectroscopy (Figure S103).

Heteroleptic Cages: Self-Assembly, Guest Binding,
and Response to Chemical Stimuli. In bowl species such as
¢-B, each Pd" center is coordinated by three quinoline-based
ligands, while the fourth coordination site is occupied by a
solvent molecule (here acetonitrile or H,0) to complement
the square-planar coordination sphere.'” This encouraged us to
synthesize a new series of banana-shaped bis-pyridine ligands
(L**, Figure 1b), having a length similar to that of L* (in terms
of their N--N distances). While the pyridine group is a
stronger donor as compared to the solvent used, it is also less
sterically demanding than the quinoline donors on the other
ligands, thus allowing it to replace the coordinated solvent as a
fourth ligand, leading to the formation of unprecedented
[Pd,L*,L"] heteroleptic cages with a 3:1 ligand stoichiometry
(Figure 1a, yellow panel). Consequently, addition of 1.0 equiv
of the ligands to ¢-B results in the formation of four
heteroleptic cages with the general formula [Pd,(c-L*);L*f]
(BE,), (c-B-L*f), which were fully characterized by NMR
techniques and HR-ESI-MS (Figure S, Figures $26—S51).
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Figure 5. (a) Assembly of [Pd,L*;L?] heteroleptic cages: addition of
short-armed ligands L/L? (left) or long-armed ligands L¢/Lf (right)
to ¢-B leads to the synthesis of cages ¢-B-L°%. (b) 'H NMR spectra
(500 MHz, CD,CN, 298 K) of homochiral R-c-B, R-c-B-L?, and R-c-
B-Lf. (c) ESI-MS spectrum of ¢-B-Lf, with isotope pattern of [Pd,(c-
L%),Lf + BE,]** shown in the inset. (d) ESI-MS spectrum ¢-B-L¢, with
isotope pattern of [Pd,(c-L*);L]*.
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Again, enantiopure R/S-c-B was used in order to obtain better
resolved '"H NMR spectra. Taking ¢-B-L* as an example,
reaction of L with ¢-B resulted in the transformation of the 'H
NMR spectrum in which neither signals of the parental bowl
species nor the free ligand LY are present (Figure 5b). HR-ESI-
MS (Figure S5d) clearly identified peaks corresponding to
[Pd,(c-L*);L® + nBE,]*™* (n = 0—2). Moreover, a recorded
"H DOSY spectrum confirmed the clear formation of one
single species (Figure S35). It is worth noting that, to the best
of our knowledge, this is the first example of a non-statistical
self-assembly of a [Pd,L*,L"] heteroleptic cage. In addition, we
explored the possibility of using also the photoisomeric o-B as
a platform for the formation of heteroleptic cages. For this
purpose, L* and Lf were tested as fourth ligands. After addition
of 1.0 equiv of the respective ligand to a solution of 0-B at
room temperature, 'H NMR spectra of the resulting
compounds were found to suffer from signal broadening,
pointing at a highly dynamic behavior of the system.
Interestingly, NMR signals turned sharp, allowing clear
assignment, after guest Gl was added and apparently
encapsulated (Figure 4b, blue/yellow panel, Figures S46 and
$50). HR-ESI-MS spectra revealed prominent peaks consistent
with the formula [Pd,(0-L*);L*{(BE,),]“™* (n = 1-2), even
in the absence of the guest, suggesting that the formation of
heteroleptic cages 0-B-L* from o-B and L or Lf proceeds
smoothly, despite the difficult-to-analyze NMR spectra
(Figures S49 and SS1).

Next, we investigated light-triggered switching between the
two photoisomeric heteroleptic assemblies, 0-B-L? and ¢-B-L*
(Figure S111). Irradiation of ¢-B-L? under 617 nm light led to
the same 'H NMR spectrum as obtained for the self-assembly
of 0-B-L? from 0-B and L%. Conversely, irradiation of cage o-B-
L? with light of 313 nm wavelength restored the original 'H
NMR spectrum, showing full reversibility between the closed
and open heteroleptic cages. Despite numerous attempts, we
were not able to obtain single crystals suitable for X-ray
analysis for any of the guest-free heteroleptic cages. To help
understanding their structural features, we performed DFT
(wB97XD/LanL2DZ) geometry optimizations (Figure 6a,
Figure S59). The models reveal a notable enlargement of the
cavity volume for ¢-B-Lf as compared to ¢-B-L%. We therefore
assumed that this should lead to a distinguishable guest uptake
behavior.

As described above, the interaction of the three guest
molecules, G1, G2, and G3, with these heteroleptic cages was
characterized by means of 'H NMR titration experiments. The
addition of G1 to the smaller cage c-B-L resulted in shifting of
proton signals of Hy and Hy, pointing outside from the cage
cavity, while the inward-looking protons did not experience
any shifting (Figure 6b). Furthermore, ESI-MS analysis only
indicates unspecific association with the anionic guest (Figure
6d). The same result was obtained using G2 and G3,
suggesting for all three guests merely interaction via the
outside of the cage structure (Figures S77—S79). It is worth
emphasizing that, as shown above, bowl ¢-B is able to bind all
three guest molecules, while heteroleptic cage c-B-L* does not.
On the other hand, all three guests could be encapsulated
inside cage ¢-B-Lf (Figure 4b, yellow panel). Hence, the larger
fourth ligand Lf (carrying phenylene spacers between backbone
and coordinating pyridines as opposed to smaller L%) allows
the inner cavity to be sufficiently large to bind guest molecules,
as confirmed by 'H NMR and HR-ESI-MS experiments
(Figure 6b,c). After addition of G1 into a solution of ¢-B-Lf, a
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Figure 6. (a) DFT-optimized structure of ¢-B-L* (left) and X-ray
structure of Gl@o-B-Lf (right). (b) '"H NMR spectra (500 MHz,
CD;CN, 298 K) of homochiral S-c-B-L? and S-c-B-Lf and their
corresponding spectra after addition of 1.0 equiv of G1. (c, d) ESI-MS
spectra of (c) Gl@o-B-Lf with isotope pattern of [G1@Pd,(c-
L*);Lf]** shown in the inset, and (d) ¢-B-L* after addition of 1.0 equiv
of G1, with isotope pattern of [Pd,(c-L*),L + BF,]*".

new set of '"H NMR signals appeared (Figure 6b). Further
confirmation came from ESI-MS, where a peak assigned to
[G1@c-B-L]** was clearly detected (Figure 6¢), indicating a
1:1 host—guest stoichiometry. Also, NMR titrations with G2
and G3 show shifting of the inward-pointing protons H, and
H, until 1.0 equiv of the guest was added (Figures S82 and
S84). Addition of more guest equivalents led to interaction
with the cage’s outer side, as confirmed by shifting of the
signals of outward-pointing protons Hy, and Hy, followed by
precipitation of the sample. The formation and stoichiometry
of the host—guest complexes with G2 and G3 were further
confirmed by ESI-MS (Figures S83 and S85). Finally, guest
affinity was also investigated for cage c-B-L¢, leading to results
comparable to those obtained for ¢-B-Lf (Figures S86—S91).
Interestingly, the host—guest behavior of the 0-B-L cages is
different from that of the analogous assemblies with the closed-
form DTE photoswitch, presumably due to the higher
flexibility of the backbone in its open photoisomeric form.
Thus, addition of G1 to the small-cavity cage 0-B-L? led to the
formation of a [G1@o-B-L?] host—guest compound. While the
NMR spectrum of 0-B-L? is characterized by broad signals,
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stepwise titration with G1 led to a new set of sharp signals,
showing at the same time guest uptake and stabilization of a
more defined conformer of the host (Figure $92). This allowed
a better characterization of the system with 2D NMR spectra
(Figures S47 and $48), and therefore an indirect confirmation
of the 0-B-L? heteroleptic cage assembly. Further support came
from ESI-MS analysis, with a prominent peak assigned to
[G1@o0-B-L4]*, confirming once more the binding of G1 with
a 1:1 stoichiometry (Figure $93). Photoswitching of G1@o-B-
L¢ triggers guest release to give ¢-B-LY, for which NMR results
indicate only outside guest interaction (Figure S113 compared
to Figure S77). Titration of 0-B-L? with the bigger guests G2
and G3 showed no signs of encapsulation, comparable to the
closed-ligand cage analogue (Figures $94 and $95). On the
other hand, when using heteroleptic cage derivative o-B-Lf,
again possessing a larger cavity size, uptake of guest G1 was
certainly anticipated and indeed confirmed by 'H NMR
titration and ESI-MS. As for the shorter analogue, the titration
with G1 led to a new set of 'H NMR signals, converting the
broad signals of the empty cage into a better resolved NMR
spectrum (Figure S96). HR-ESI-MS proved a 1:1 binding
stoichiometry, showing only the peaks of [Gl@o-B-Lf]**
(Figure S97). Addition of an excess of guest (3 equiv) led to
precipitate formation, together with the growth of single
crystals suitable for X-ray analysis (Figure 6a). The compound
crystallizes in monoclinic space group P2,;/n and was
confirmed to be G1@o-B-L%. The structure clearly shows the
formation of a [Pd,L*,L"] heteroleptic cage consisting of three
ligands o-L* and one ligand Lf, where the pyridines of L
saturate the coordination spheres of the Pd" ions. G1 is found
to sit inside the cavity, in full agreement with the NMR and
MS data.

Unfortunately, experiments probing the uptake of the bigger
guests G2 and G3 inside o0-B-L' were complicated by
concomitant cage disassembly. Titration with G2 indeed
showed the appearance of a new set of weak "H NMR signals,
however, accompanied by release of free ligand Lf (Figure
$98), suggesting partial decomposition of the cage. Titration
with G3 led to decomposition of o-B-Lf right from the
beginning of the guest addition (Figure $100).

Finally, we explored the possibility to use halide anions as an
external stimulus and competitor, either to the solvent
molecules or to the pyridine-based ligands occupying the
fourth Pd" coordination sites (Figure la, green panel).
Following this assumption, 2.0 equiv of Cl~ or Br~ (NBu,"
as countercation) was added to a c¢-B solution. The clean
formation of [Pd,(c-L*);(Cl/Br),](BEF,), (c-B-Cl/Br) was
confirmed by a combination of NMR and HR-ESI-MS
experiments (Figures S18—S25). Interestingly, this stimulus
could be reversed by addition of a Ag” salt (AgBF,), leading to
recovery of the initial bowl compound (Figure S115). Hence,
the two species can reversibly interconvert under chemical
control: the addition and removal of halide ions trigger the
formation of either ¢-B-Cl/Br or ¢-B, respectively. The same
concept can be applied to the host—guest complexes G@c-B.
As coordination of the halide anions affects the overall charge
of the supramolecular compound, going from a +4 charged
species to a +2 cationic assembly, the induction of guest release
was the consequence (Figure 4b, green panel). For example,
addition of 2 equiv of Br~ to a solution of enantiomerically
pure G2@R-c-B forms the species R-c-B-Br and triggers release
of the guest from the bowl’s pocket, as confirmed by 'H NMR
spectroscopy. Again, this process is reversible: addition of Ag"
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cations led to precipitation of AgBr salt and restoration of the
G2@R-c-B host—guest compound, as confirmed by 'H NMR
spectroscopy (Figure S117). Subsequently, we applied this
approach to the heteroleptic cages [Pd,L*;L®] and corre-
sponding host—guest compounds. Rewardingly, a reversible
structural conversion between the heteroleptic cages and c-B-
Br bowl is achieved by addition of bromide and silver ions
(Figure 1la, yellow and green panels). Taking ¢-B-L® as an
example, the cage was disassembled after addition of 2.0 equiv
of Br™ into a ¢-B-L* solution, as clearly seen from 'H NMR
spectra (Figure S118), giving rise to ¢-B-Br and releasing free
L® at the same time. In this case, a stoichiometric amount of
Ag" (2.0 equiv) was not enough to restore the starting
heteroleptic cage. However, adding an excess amount of silver
salt (up to 10 equiv) into the mixture at room temperature
allowed us to reassemble cage c¢-B-L°. This approach can be
extended to an even more complex system, where four
components (Pd", L L° Gl) are assembled through
integrative self-sorting to give the host—guest system Gl@c-
B-L°. Herein, the combination of guest uptake properties and
chemical stimuli led to a reversible on/off guest binding event
(Figure 7a). Upon addition of 2.0 equiv of Br~ to a G1@c-B-L®

G1@R-c-B-L°

Y S—V S

+€+ C T+ excess Ag*
— AL

A " L A A J‘.JKJUL_LL__

R-c-B-Br
T+ 2.0 eqBr-
G1@R-c-B-L® | ﬂ
M.
@ €T+ 1.0 eq. G1
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12.0 11.0 10.0 ppm 9.0 8.0 7.0

Figure 7. (a) Scheme and (b) 'H NMR spectra (500 MHz, CD,CN,
298 K) showing how addition of Br~/Ag" triggers the reversible
release and binding of G1 from the heteroleptic cage. The '"H NMR
spectra show, from bottom to top: R-c-B-L?; addition of 1.0 equiv of
G1, resulting in GI@R-c-B-L° (red marked); addition of 2.0 equiv of
Br~, releasing “free” ligand L° (orange signals) and G1 simultaneously,
thus forming R-c-B-Br; and addition of an excess of Ag* (up to 20
equiv), removing the halide anions and restoring the heteroleptic
host—guest complex G1@R-c-B-L°.

solution, the "H NMR spectra showed the complete release of
G1 and the decomplexation of ligand L°, together with the
formation of ¢-B-Br (Figure 7b). Subsequently, addition of an
excess of Ag" allows the complex mixture to reassemble,
forming selectively only the host—guest complex G1@c-B-L®
following a non-statistical integrative self-sorting process

(Figure 7b).
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B CONCLUSIONS

In summary, the appropriate design of a photochromic ditopic
banana-shaped DTE-based ligand, L*, carrying bulky quinoline
donor groups, allowed us to combine light-switchable back-
bone flexibility with steric hindrance around a Pd"
coordination center, leading to a multi-stimuli-responsive
system. Self-assembly of L* photoisomers with Pd" ions leads
to the controlled formation of a coordination cage, 0-C, or a
bowl-shaped object, ¢-B, reversibly interconvertible by
irradiation with light of different wavelengths. Their structural
diversity results in a different guest binding behavior:
compared to the small pocket of cage o-C, bowl ¢-B has a
larger cavity for guest uptake. Moreover, the bowl structure can
act as platform to form an unprecedented type of [Pd,L*,L?]
heteroleptic cages in a non-statistical way. Proper design of the
fourth ligand, alone or in combination with the light stimulus,
allowed us to further tune the guest binding affinity. Finally,
the addition of halide and silver ions led to a reversible, charge-
modulating stimulus to trigger on/off guest binding. Herein,
we report a new strategy to form heteroleptic, multi-functional
cages, where the host—guest properties derive from the synergy
of all contained building blocks: a photochromic ligand
backbone, a quinoline-based, congested coordination environ-
ment, and a fourth ligand coming in different sizes. This
generates a multi-stimuli-responsive system where light,
halides, and additional ligands act either individually or in a
cooperative fashion.
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