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Solvent-Controlled Separation of Integratively Self-Sorted Pd,L*,L",

Coordination Cages

Kristina E. Ebbert’, Fabian Sendzik®, Laura Neukirch, Lukas Eberlein, André Platzek,
Patrick Kibies, Stefan M. Kast,* and Guido H. Clever*

Abstract: The integrative implementation of multiple
different components into metallosupramolecular self-
assemblies requires sophisticated strategies to avoid the
formation of statistical mixtures. Previously, the key
focus was set on thermodynamically driven reactions of
simple homoleptic into complex heteroleptic structures.
Using Pd,L*,L%,-type coordination cages, we herein
show that integrative self-sorting can be reversed by a
change of solvent (from DMSO to MeCN) to favor
narcissistic re-segregation into coexisting homoleptic
species Pd,L*, and Pd,L". Full separation (“unsorting”)
back to a mixture of the homoleptic precursors was
finally achieved by selective precipitation of Pd;L%; with
anionic guest G' from MeCN, keeping pure Pd,L*, in
solution. When a mixture of homoleptic Pd,L® and
heteroleptic Pd,L*,L?, is exposed to a combination of
two different di-anions (G' and G?) in DMSO, selective
guest uptake gives rise to two defined coexisting host—
guest complexes. A joint experimental and deep theo-
retical investigation via liquid-state integral equation
theory of the reaction thermodynamics on a molecular
level accompanied by solvent distribution analysis hints
at solvent expulsion from Pd,L*, to favor the formation
of Pd,L*L®, in DMSO as the key entropic factor for
determining the solvent-specific modulation of the cage
conversion equilibrium. )

Introduction

Metallosupramolecular self-assembly allows to straightfor-
wardly generate a multitude of nanoscopic objects of
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defined sizes and shapes. While most reported structures are
based on a single ligand type per assembly, recent develop-
ments are aimed at the integrative (as opposed to narcis-
sistic) incorporation of multiple different building blocks in
a single assembly product. Therefore, a number of strategies
has been developed with the common goal to avoid the
formation of statistical mixtures.l'” In the field of coordina-
tion cages, we and others have used methods such as shape-
complementary assembly (SCA),F' coordination-sphere
engineering (CSE),>" and adjacent backbone interactions
(ABI)™?! to achieve integrative self-sorting. The main focus
was usually set on realizing some sort of thermodynamic
preference for the formation of the heteroleptic self-sorted
structure as opposed to the homoleptic precursors. As key
factors, the release of strain (energetic component)®?! and
the reduction of assembly nuclearity (lowering the count of
components per assembly concomitant with an increase in
the number of independent particles in solution; entropic
component)?*#! were identified. While often qualitatively
convincing, such rather simplified explanations may reck-
lessly neglect the strong influence of the solvent on the
underlying equilibria. Indeed, a solvent dependency of the
assembly and guest uptake of metallosupramolecular species
is often observed.?'*

Also for homo- and heteroleptic Pd(IT)-based assem-
blies, experimental evidence for strong solvation effects was
reported, e.g. concerning chiral-self sorting,* isomer selec-
tion in cages based on unsymmetrical ligands,* the
dominant ring sizes formed from bis-monodenate
ligands,™*"! the switch between monomeric lantern-shaped
Pd,L, cages and their interpenetrated dimers®>*"! and the
formation of different heteroleptic topologies from shape-
complementary ligands.*!! Noteworthy, the physical reasons
for these solvent influences have not yet been unraveled
beyond empirical attempts to find explanations based on,
e.g., differences in solvent polarity, H-bond donor/acceptor
character or molecular size. While experimentally notori-
ously difficult to tackle, advanced theoretical methods,
aimed at modeling solvation environments, have just
become available to allow deeper insights into the complex
solvent contributions in such systems. !

Here we show how the integrative self-sorting of two
homo- into one heteroleptic assembly, which spontaneously
proceeds in one solvent (DMSO) and is reversed in another
solvent (MeCN), can be reproduced and interpreted by
atomistic thermodynamic calculations. We further show how
the assembly segregation process can be completed by
adding a dianionic guest that selectively precipitates only

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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one of the homoleptic assemblies while keeping the other
one in MeCN solution (Figure 1). Finally, we show that a
mixture of a homoleptic and a heteroleptic assembly gives
rise to two defined coexisting host-guest complexes when
exposed to a combination of two different di-anions in
DMSO.

Results and Discussion
Experiments

Ligand L* and its homoleptic helical assembly Pd,L*, were
previously reported to react with bis-monodentate ligands
with rather divergent coordination vectors to yield dinuclear
heteroleptic assemblies.’! Here, we combine this with ligand
LB®! a phenanthrene derivative with para-pyridyl donors
attached via alkynyl linkers, that reacts with L* in DMSO to
quantitatively form multicomponent cage Pd,L*,L",, carry-
ing both ligands in a cis-relationship. Alternatively, both
homoleptic assemblies Pd,L*, and Pd,L®, can be combined
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Figure 1. Two shape-complementary ligands L* and L® are able to
separately react with Pd(ll) cations to homoleptic, strained helicate
Pd,L%, or trinuclear ring Pd,L%, respectively. When mixed in DMSO,
they quantitatively assemble to heteroleptic cage Pd,L* L%, that can be
partially reconverted into narcissistically coexisting helicate and ring by
changing the solvent to MeCN. Full separation can be achieved by
selective precipitation of the ring with an anionic guest.
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in a 3:2 ratio to yield Pd,L*,L®, via a cage-to-cage trans-
formation pathway.

Clean formation of the heteroleptic cage in DMSO was
shown by '"H NMR analysis, where the integrative assembly
product shows a series of signals that are shifted with respect
to the signals of the free ligands and also do not stem from
any of the homoleptic assemblies (Figure 2a, bottom). Most
indicative is the strongly downfield shifted proton H, of
ligand L* in Pd,L*,L", (see numbering Scheme in Figure 1),
appearing at 10.4 ppm in the heteroleptic assembly, while
experiencing a significant upfield shift to 9.4 ppm due to the
neighboring isoquinoline n-surfaces in the highly twisted
homoleptic helicate Pd,L*,. In addition, the high-resolution
ESI mass spectrum clearly indicates the exclusive formation
of the non-statistical assembly product by showing peaks of
the species [Pd,L*,LE, +n BF,]* ™" (n=0-2) and a perfect
match between measured and calculated isotopic patterns
(Figure 2b).

Next, the effect of changing the solvent from DMSO
(Reichardt polarity E7(30)=45.1"") to the slightly more
polar acetonitrile (E(30)=45.6) was examined by means of
'"H NMR analysis. Therefore, the system was either prepared
in CD;CN (1:1 stoichiometry with respect to both ligands)
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Figure 2. a) NMR spectra of (from bottom to top): helicate Pd,L*,, ring
Pd;L®% and heteroleptic cage Pd,L*,L®, in DMSO-d; (298 K), the
equilibrated mixture formed from Pd,L*,L%, after solvent exchange to
MeCN, pure Pd;L% and pure Pd,L*, in MeCN (298 K), b) ESI mass
spectrum of Pd,L%L®, (* trace of a Pd,L®, species).
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or the DMSO-solution of Pd,L*,L®, was completely freed
from DMSO by lyophilization, the solids were redissolved in
acetonitrile, followed by heating at 70°C. In both cases,
'"H NMR analysis clearly showed the formation of a three-
component mixture of assemblies, consisting of helicate
Pd,L*,, three-membered ring Pd;L% and heteroleptic cage
Pd,L*,L®, (Figure 2a, top; Figures S7, S9). Furthermore, a
single signal in the "F{'H} NMR spectrum appearing at a
chemical shift expected for free BF,” indicates the absence
of a strong counter anion effect (Figure S8). Based on the
concentrations of homo- and heteroleptic assemblies after
equilibration at room temperature, a Gibbs free energy
change A,G° of -1.31kcalmol' was calculated for the
reaction in Eq. (1). Hence, dissolution in acetonitrile leads
to an equilibrium shift towards the homoleptic cages. In
order to dissect the observed solvent-induced equilibrium
shift into entropic and enthalpic contributions, we deter-
mined the equilibrium constant K at temperatures ranging
from 298 K to 343 K (Figures S10, S11). Van’t Hoff analysis
revealed that the reaction is of endothermic nature but
accompanied by a gain in entropy (Table 1).

Next, we set out to find a way to complete the
segregation into the homoleptic species under consumption
of the entire remnant of the heteroleptic cage. The addition
of a certain guest molecule, namely 1,3-propane disulfonate
(G") in MeCN turned out to be successful as it could be
shown that a precipitate forms that consists only of G' and
three-membered ring Pd;L%, while helicate Pd,L*, could be
shown to remain exclusively in solution. Interestingly, it
took three equivalents of G' per ring Pd;L% to fully
complete the precipitation process, thus balancing the net
charge of +6 of each ring with 6 negative charges of guests
(Figure S12). This suggests that the formation of a charge-
neutral aggregate of sum formula G';@Pd;L5 is the reason
for the decrease in solubility. The precipitate was removed
by filtration and redissolved in DMSO for analysis. The
"H NMR spectra of the precipitate and the filtrate showed
only signals for the host—guest complex of ring Pd;L® with
G' and helicate Pd,L*,, respectively, demonstrating that the
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cage-to-cage transformation occurred quantitatively (Fig-
ure S13).

Noteworthy, the high affinity of G' for ring Pd;L%
allowed for an exclusive binding event while the signals of
helicate Pd,L*, and cage Pd,L*,L®, remained unaffected.
This motivated us to test for co-existing host-guest com-
plexes of ring Pd;L®% and cage Pd,L*,L®, (helicate Pd,L*,
lacks a cavity for guest binding). For this, we chose G* as
second guest since we showed previously that cages with
anisotropic cavity show a preference for bent-shaped
guests.’! We turned back to DMSO in order to increase the
solubility of the host-guest complexes (Figures S14, S15,
S17, S18). Separate binding studies of G' and G* to cage
Pd,L*,L", revealed that bent-shaped guest G* has indeed a
slightly higher binding constant (Kg,=10750+£535M"") as
compared to G' (K5 =7995+652M™") (Figure S20-S23).
However, the difference in binding affinity was not sufficient
for achieving selective encapsulation of G? in a three-
component mixture of Pd,L*,L®, and the two guests (Fig-
ure S24). Excitingly, addition of the two guests to a
preformed mixture of ring Pd;L®% and cage Pd,L*L%
yielded an NMR spectrum that closely resembles the NMR
spectra of the individual host-guest complexes G'@Pd,L%,
and G*@Pd,L*,L®, (Figure S25, S26). For quantifying the
observed binding preferences, we turned to ESI MS. In
accordance with the results obtained by 'H NMR, host—
guest complexes G'@Pd;L® and G*@Pd,L*,L®, have a six-
and nine-times higher abundances as compared to
G'@Pd,L® and G*@Pd,L*,L®,, respectively (Figure 3, Fig-
ure S28). Hence, judicious choice of host—guest systems that
are size and/or shape complementary allowed to achieve
nearly complete guest partitioning.

Theory
To rationalize the observed solvent dependence of the

assembly reaction we modeled the stoichiometric reaction
equation

Table 1: Contributions [kcalmol™"] to the total reaction, gas phase reaction, and solvation thermodynamics for the cage separation reaction (1)
from experimental analysis (for MeCN only, converting enthalpic and isobaric-entropic contributions of 7.4241.36 and —8.74+1.36 kcalmol”,
respectively, to the canonical ensemble via Eqs. (15) and (16) provided in the SI) and from the QM and the FF approaches in both solvents (see
Supporting Information for raw data and Figure 4 for a graphical illustration).

Solvent A,G P4 A UP —TAS[PY AAu
Exp. MeCN —1.31+0.14 7.62+136  —893+1.36
DMSO >0
Diff. (A)® >0 - - -
QM  MeCN —3.11+0.38 —0.06+0.16 —3.054+0.23 54.31

DMSO 2.2740.21
Diff. (A,)® 5.38£0.44

—3.00£1.68 5.27+1.47 54.31
—2.934+1.69 8.32+1.49 0.00

FF MeCN —2.84+0.16 —-193+£0.11 —-0.91+£0.05 56.39
DMSO 2.924+0.21 2.934+2.54 —0.01+2.33 56.39
Diff. (A,)® 5.76+0.26 4.86+2.54 0.90+2.33 0.00

AU —TASgul,  AAGAY A A U —TAAG SV

lv

46.62 7.69 —57.42+£0.38 —46.68+0.16 —10.74+0.23

46.62  7.69 —52.04£0.21 —49.62+1.68 —2.43+£1.47
0.00 0.00 5.38+0.44 —2.934+1.69 8.3241.49
45.82  10.57 —59.23+£0.16 —47.75+£0.11 —11.48+0.05
45.82 10.57 —53.47+£0.21 —42.89+2.54 —-10.58+2.33
0.00 0.00 5.76 £0.26 4.86+2.54 0.90+2.33

[a] The difference corresponds to the transfer from MeCN to DMSO (MeCN—DMSO). [b] Error margins in experimental quantities result from an
estimated concentration uncertainty of 10% propagated to A,G , while energy/entropy errors result from the uncertainty of the van't Hoff least-
squares regression parameters. [c] Statistical uncertainties of the calculations originate from the single-parameter least-squares regression
optimization of the solvation models that have been calibrated with respect to small molecule solvation free energy reference data (see Sl).
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Figure 3. a) Partitioning of aromatic guest G and aliphatic guest G in
heteroleptic cage Pd,L*L®, and in ring Pd,L%, respectively, from the
mixture of all components, b) ESI mass spectrometric evidence for the
selective formation of host-guest complexes G' @Pd,L* L%, and
G’@Pd;,L% (both patterns are from the same mass spectrum, see
Supporting Information for further details).

2 Pd,LA,L®, — Pd,L*, +2/3 Pd,L%; 1)

by thermodynamic calculations based on atomic structures
in the solvents DMSO and MeCN, respectively. The key
quantity to describe the solvent propensity is the standard
Gibbs energy of reaction, 4,G°, which can be decomposed
into energetic (U) and entropic (S) contributions according
to
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A4,G° = AU - TA,S|,

2
= ArUgas - TArS +ArAsolvU - TArAsulVS|V' ( )

sy

This way, not only the total energy/entropy contributions
can be evaluated, but also the pure gas-phase components
(subscript “gas”) of the thermodynamic cycle can be
distinguished from the solvent-specific parts (subscript
“solv”). For full details of the derivation and the technical
implementation, including the splitting into terms formally
obtained in a constant-volume ensemble, see SI. Briefly, we
described the reaction species within the rigid-rotor harmon-
ic oscillator (RRHO) approach®? for the gas-phase leg,
while solvation contributions were determined using the
three-dimensional reference interaction site model (3D
RISM) integral equation theory, for both a force field (FF)
model of the molecular energetics and for a high-level
quantum-mechanical (QM) approach including electron
correlation at the MP2 level of theory. In the latter case, we
refer to the embedded cluster RISM (EC-RISM) model,
which has been developed and used by us in the past for a
wide range of chemical processes in solution, covering
thermodynamic and spectroscopic predictions, see Refs. [53—
56] and references cited therein. The 3D RISM ansatz not
only allows for thermodynamic decomposition but also
facilitates an illustration of the solvation patterns via 3D and
(radially integrated) 1D solvent site distribution functions
(g). Note that the counterion (BF,”) does not appear in the
stoichiometric Eq. (1), hence it has been neglected in the
calculations. Only if it were strongly bound and therefore
localized near or within the cages there would be reason to
add it explicitly to the equation. Hence, counterions were
here treated to merely represent a background effect,
possibly detectable by non-unity activity coefficients of the
species that are, however, strongly diluted such that a non-
ideality of the solution was chosen to be ignored here.

Thermodynamic results are summarized and depicted in
Table 1 and Figure 4. We first note that the Gibbs energy of
reaction (4,G°) in MeCN (favoring the homoleptic cages),

QM approach FF approach MeCN — DMSO

AU A AU A Ay AU
—TAS|, - —~TAS|, —TALAS|,
AAgas ArAgas AtrAAgas
AUgas AUgas 1 DA Ugas
—TASgas, T —TASgas|, —TAtArSgas|, T
ArAsonA ArAsonA AgrArAsonA
AAsonU A ArAgon U A A ArAsonU A
—TAAsonS|, —TAAsonS|, T —TAuArAsonS|,

— T T T — T T T — T T

-60-30 0 30 60 -60-30 O 0 6 -12-6 0 6 12

Figure 4. Calculated contributions [kcal mol™] to the total reaction, gas phase reaction, and solvation thermodynamics (with temperature
dependent PMV correction factor) for the cage separation reaction shown (1) from the QM (left) and the FF (middle) approach in both solvents
using data in Table 1. The difference (right) corresponds to the transfer from MeCN to DMSO (MeCN—DMSO).
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for which experimental reference data is available by
concentration determination from NMR, is captured well by
both the FF and the QM approaches. The (simpler) FF
model is closer to the reference than QM results, though the
difference is not statistically significant within the error bars
associated with the regression-based solvent model optimi-
zation (see SI). Both models also agree in the qualitative
experimentally observed tendency that the heteroleptic cage
is favored in DMSO, computationally by more than
5 kcalmol™. While the pure gas phase free energy difference
(4,Ag,) is clearly dominated by the energetic component
(4,U,,), which strongly favors the heteroleptic cage,
solvation plays a counteracting role and is actually respon-
sible for the formation of the heteroleptic complex.

Importantly, for interpreting the relative solvent propen-
sities only the solvation contributions are relevant as the gas
phase leg cancels. Therefore, we have

(4,U-TA,S|,) (DMSO) — (4,U~TA4,S],) (MeCN) =

2,4,40,U1-TA, 4,45y @
and we can analyze the solvation components alone for
rationalizing the solvent control of cage formation. Table 1
shows that the energy/entropy components deviate more
strongly when QM and FF models are compared. This is not
unexpected as it is well known that free energies typically
are better reproduced by calculations than their components
as a result of entropy-energy (or enthalpy) compensation.P”!
Errors in energy and entropy compensate each other to
some extent and are notoriously more difficult to predict.
Fortunately, temperature-dependent NMR experiments in
MeCN allowed for a van’t Hoff determination of reaction
enthalpy and entropy, which are transformed to the canon-
ical (constant volume) ensemble in Table 1 in order to
match the computational model setup (see Supporting
Information for methodical background). Comparison of
experimental with computational total reaction energy and
entropy shows that the QM model, though still considerably
off by ca. 7-8 and 5-6 kcalmol”, respectively, appears to
catch reality better, so that we focus on QM data for
interpreting the thermodynamic origin of the differential
solvent effect.

With all caution due to the large uncertainty with respect
to experimental data, the QM results from EC-RISM
calculations show that 4,.4,,,U values are strongly negative
and similar in both solvents and essentially compensate for
the largest fraction of the strongly positive gas-phase part
A4,U,,. Relatively larger differences in —7'4,4,,,S|, there-
fore translate into a stronger effect of solvation entropy on
the overall 4,4,,A, leading for the hypothetical transfer
process MeCN—DMSO of the cage conversion to
A,4, 4, U= 2.9 kcalmol™ and —TA.A4.4.,,Sy=
+8.3 kcalmol”, meaning that entropy is more important
than energy and that the homoleptic cages (product side of
the reaction Eq. (1)) are predominantly entropically favored
in MeCN and disfavored in DMSO while the solvation
energies exhibit the opposite trend, yet relatively smaller in
absolute terms.

Angew. Chem. Int. Ed. 2025, 64, €202416076 (5 of 9)
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The relevance of solvation entropy is directly visible by
looking at individual numbers per cage form, see Table S5 in
the SI. Notably, the Pd,L*, shows an increase of —TA,,S|y
by ca. 12 % relative to Pd,L*,L®, in DMSO whereas there is
no significant change in MeCN. For Pd,L®; relative to
Pd,L*,L®, the solvation entropy difference is ca. 32% in
both solvents. Similar results are found for the FF model
(Table S6), giving rise to some confidence in the interpreta-
tion. This trend shows that Pd,L*, with its special twisted
geometry and narrower internal cavity is the key species for
understanding solvent selection, as the stronger entropic
penalization of Pd,L*, in DMSO is an indication for a
reduction of the accessible volume of, i.e. stronger solvent
expulsion from the narrower cavity for the larger solvent
molecule, DMSO, whereas the smaller MeCN is not as
strongly excluded from internal solvation. More evidence
for this interpretation is provided by visualizing a spatially
resolved entropy density, which is possible in 3D RISM
theory since the free energy is given as an integral over
space. Hence, the integrand represents a free energy density
which can be point-wise differentiated w.r.t. temperature to
yield a corresponding solvation entropy density. Details and
results are presented in the Supporting Information (Fig-
ure S31), which show that the largest part of the entropic
penalization of DMSO over MeCN is localized inside the
cages, compatible with the solvent expulsion view discussed
above.

To corroborate this hypothesis and to illustrate the effect
of solvation entropy, a look at 3D and 1D distributions of
certain solvent site is instructive. as depicted in Figure 5.
The solvation patterns in the 3D representation show a
strong tendency of both solvents to coordinate predom-
inantly with the Pd atoms, both from an intra-cage and an
outside perspective. A difference between the wider cages
Pd,LA,L%, and Pd;L® and the twisted Pd,L*, with its less
voluminous cavity can be observed in that the wider ones
allow for more pronounced off-Pd intra-cage solvent enrich-
ment, unlike Pd,L*,. A more quantitative corroboration can
be deduced from the 1D radial distribution functions around
the geometric cage centers and their integral function that
yields the number of solvent molecules within a certain
distance as also shown in Figure 5. Here we observe a shift
of the Opys0 peak away from the center compared to Nycn,
which is accompanied by a larger number of intra-cage
MeCN molecules compared to DMSO for Pd,L*,. Hence,
again with all precautions due to computational uncertainty,
solvent-structural analysis is in line with the assumption of
solvent expulsion of the larger DMSO molecules relative to
MeCN in the narrow homoleptic Pd,L*, cavity as playing
the role of the entropic driving force for solvent-controlled
cage conversion, which, however, needs to be further
investigated.

Conclusions
We introduce an integratively self-sorted cage Pd,L*,L®,

which undergoes cage-to-cage transformation to a mixture
of homo- and heteroleptic assemblies upon switching the

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85US017 SUOWILIOD 3A 1D 8|qedljdde aup Aq paueAob 81e Ssple VO (88N JO s3I 10y ARl BUIIUO AB|IM UO (SUORIPUOD-pUe-SWIBSH 00" A3 | 1M A1 1 U UO//SARY) SUORIPUOD PUe SWB L 83U} 39S *[9202/80/90] U ARiq1T 8ullUO AB]IM ‘Punwiniod JBRISBAIUN YSIUY0S L AQ 9/09T+202 @ 1Ue/Z00T OT/10p/Luiod 3| Im Arelqifeul|uo//sdny Wwolj papeo|umod ‘v ‘G202 ‘€LLETCST



An dte

Chemie

Research Article

-

Wg5"°(r)

95" (r)
Mg~ (r)
W ge="(r)

b) Solvent distributions around geometric center

] Pd,LA,L®, ,;I‘ S Oures Pd,L?, i Pd,LB,
P 1 — \J \ P\
Solvent distributions around palladium sites
Pd,L~,LB, l Pd,LA, Pd,LB;
g \ A
2 {1 N4 .
::w L:;A v S, | A a. I \ ¥ -
0 '_l_éll T T T '_I_‘b T T T T L T T T
0 10 20 30 0 10 5 20 30 0 10 20 30
r

Figure 5. a) Perspective view of QM-optimized cage structures, from left to right: [Pd,L%,L%]*", [Pd,L*]*", [Pd;L%]°*. Hydrogen atoms have been
omitted for clarity. Carbon atoms of L* are shown in green while L® is shown in orange. In addition, calculated EC-RISM solvent distributions for
DMSO (upper row) and MeCN (lower row) are shown. Red and yellow surfaces represent oxygen and sulfur distributions of DMSO, while blue and
gray surfaces characterize nitrogen and carbon distributions of MeCN. All isosurfaces are shown for g(r) =9.5. b) Radial solvent distribution
functions g(r) for the DMSO oxygen (blue) and MeCN nitrogen (orange) sites around the individual cages obtained from EC-RISM calculations;
upper row: around the cavities in the geometric centers; lower row: around the palladium atoms of each cage, respectively. For each distribution,
additionally the spherical integral of g(r) from 0 to r' yielding the solvent particle number N is shown as a darker, dashed line.

solvent from DMSO to MeCN. Exploitation of the host-
guest properties allowed for an entire shift of the equili-
brium to the homoleptic assemblies through precipitation of
the host—-guest complex as well as for separation of the two
homoleptic assemblies through filtration. Furthermore, in-
troduction of two different, suitable guest molecules to a
mixture of heteroleptic cage Pd,L*,L®, and homoleptic ring
Pd,L®; allowed for partitioning of the guest molecules due
to differentiable binding preferences of the two hosts.

Angew. Chem. Int. Ed. 2025, 64, €202416076 (6 of 9)

Thermodynamic calculations covering the energetic,
entropic, and solvation contributions to the reaction free
energy were performed using cutting-edge computational
methodology, guided by an experimental van’t Hoff analysis
to gain insight into the driving force for the solvent-depend-
ent equilibrium shift. Most importantly, the consistency of
experimental and theoretical free energy estimates con-
firmed the plausibility of the approach while the experimen-
tal van’t Hoff data allowed for selecting the best model
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(QM/EC-RISM). Despite absolute energetic/entropic contri-
butions having higher uncertainty compared to the free
energy (approaching the current theoretical prediction limit
using our expensive high-level calculations), a clear molec-
ular interpretation of the phenomenon emerges: The gas
phase energy clearly favors the heteroleptic cage, while
solvation counteracts as the key factor for stabilizing
homoleptic cages. Solvation entropy is attributed the driving
force for cage conversion in the sense that the accessible
volume is more reduced for DMSO compared to the smaller
MeCN molecule particularly for the homoleptic Pd,L*, cage
with its less voluminous cavity, as illustrated by quantitative
density distribution analysis from calculations.

Our work combines experimental and results that
advance the atomistic understanding of solvent-dependent
changes in the speciation of complex self-assembled systems
in equilibrium, often observed and phenomenologically
described in the past, but poorly understood. An interesting
perspective for future work would be to confirm the solvent
size hypothesis by using intermediate-sized solvent mole-
cules such as acetone, and to explore continuous tuning of
the equilibrium by solvent mixtures.

Supporting Information

The authors have cited additional references within the
Supporting Information.”*') Raw data is provided in the
RESOLVdata repository in machine-readable form at
https://doi.org/10.17877/RESOLV-2024-lyebgvdl. [Note to
editor and reviewers: temporary link for reviewing: https://
data.tu-dortmund.de/privateurl.xhtml?token=10c074d6-
ad52-4c4b-baed-38b9d2f9713¢]

Acknowledgements

This work was supported by the Deutsche Forschungs-
gemeinschaft (DFG) trough GRK2376 (“Confinement-Con-
trolled Chemistry”, project number 331085229, to G.H.C.)
and under Germany’s Excellence Strategy EXC2033, project
number 390677874 (“RESOLV”, to G.H.C. and S.M.K). We
also thank the IT and Media Center (ITMC) of the TU
Dortmund for computational support. We thank Laura
Schneider for mass spectrometry measurements and Dr.
Christina Krabbe for help with the manuscript. Open Access
funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are openly
available in the RESOLVdata repository in machine-read-

Angew. Chem. Int. Ed. 2025, 64, €202416076 (7 of 9)

Research Article

Angewandte

intemationaldition’y) Chemie

able form at https:/doi.org/10.17877/RESOLV-2024-

lyebgvdl.

Keywords: self-assembly - cages - host—guest chemistry -
solvation - computational chemistry

[1] S. Pullen, J. Tessarolo, G. H. Clever, Chem. Sci. 2021, 12,
7269-7293.

[2] C.T. McTernan, J. A. Davies, J. R. Nitschke, Chem. Rev.
2022, 122, 10393-10437.

[3] W.M. Bloch, Y. Abe, J.J. Holstein, C. M. Wandtke, B.
Dittrich, G. H. Clever, J. Am. Chem. Soc. 2016, 138, 13750—
13755.

[4] A. Platzek, S. Juber, C. Yurtseven, S. Hasegawa, L.
Schneider, C. Drechsler, K. E. Ebbert, R. Rudolf, Q.-Q. Yan,
J.J. Holstein, L. V. Schifer, G. H. Clever, Angew. Chem. Int.
Ed. 2022, 61, €202209305.

[5] S. Saha, B. Holzapfel, Y.-T. Chen, K. Terlinden, P. Lill, C.
Gatsogiannis, H. Rehage, G. H. Clever, J. Am. Chem. Soc.
2018, 140, 17384-17388.

[6] Q. Sun, S. Sato, M. Fujita, Angew. Chem. Int. Ed. 2014, 53,

13510-13513.

J. A. Findlay, K. M. Patil, M. G. Gardiner, H. I. MacDermott-

Opeskin, M. L. O’Mara, P.E. Kruger, D. Preston, Chem.

Asian J. 2022, €202200093.

[8] Y. Liu, S. Liao, W. Dai, Q. Bai, S. Lu, H. Wang, X. Li, Z.
Zhang, P. Wang, W. Lu, Q. Zhang, Angew. Chem. Int. Ed.
2023, 62, €202217215.

[9] T. Abe, N. Sanada, K. Takeuchi, A. Okazawa, S. Hiraoka,
ChemRxiv. 2023, DOI 10.26434/chemrxiv-2023-hhtOb.

[10] K. Wu, E. Benchimol, A. Baksi, G. H. Clever, Nat. Chem.
2024, https://doi.org/10.1038/s41557-023-01415-7.

[11] S. Prusty, K. Yazaki, M. Yoshizawa, D. K. Chand, Chem. Eur.
J. 2017, 23, 12456-12461.

[12] R. Zhu, W. M. Bloch, J. J. Holstein, S. Mandal, L. V. Schifer,

G. H. Clever, Chem. Eur. J. 2018, 24, 12976-12982.
[13] B. Chen, J.J. Holstein, S. Horiuchi, W.G. Hiller, G.H.
Clever, J. Am. Chem. Soc. 2019, 141, 8907-8913.

[14] R.-J. Li, J. Tessarolo, H. Lee, G. H. Clever, J. Am. Chem.
Soc. 2021, 143, 3865-3873.

[15] B. Chen, J.J. Holstein, A. Platzek, L. Schneider, K. Wu,

G. H. Clever, Chem. Sci. 2022, 13, 1829-1834.
[16] Y.-R. Zheng, Z. Zhao, M. Wang, K. Ghosh, J. B. Pollock,
T. R. Cook, P.J. Stang, J. Am. Chem. Soc. 2010, 132, 16873~
82.

[17] M. Yoshizawa, M. Nagao, K. Kumazawa, M. Fujita, J.
Organomet. Chem. 2005, 690, 5383-5388.

[18] S. Gaikwad, M. L. Saha, D. Samanta, M. Schmittel, Chem.
Commun. 2017, 53, 8034-8037.

[19] D. Preston, J. E. Barnsley, K. C. Gordon, J. D. Crowley, J.
Am. Chem. Soc. 2016, 138, 10578-85.

[20] L. R. Holloway, P. M. Bogie, R.J. Hooley, Dalton Trans.

2017, 46, 14719-14723.

[21] J. Tessarolo, H. Lee, E. Sakuda, K. Umakoshi, G. H. Clever,
J. Am. Chem. Soc. 2021, 143, 6339-6344.

[22] S.S. Mishra, S. V. K. Kompella, S. Krishnaswamy, S. Balasu-

bramanian, D. K. Chand, Inorg. Chem. 2020, 59, 12884-12894.
[23] R.-J. Li, J. de Montmollin, F. Fadaei-Tirani, R. Scopelliti, K.
Severin, Dalton Trans. 2023, 52, 6451-6456.

[24] C. Browne, S. Brenet, J. K. Clegg, J. R. Nitschke, Angew.
Chem. Int. Ed. 2013, 52, 1944-1948.

[25] L. Neukirch, M. D. Kulas, J. J. Holstein, G. H. Clever, Chem.
Eur. J. 2024, €202400132.

[26] S. Kai, Y. Sakuma, T. Mashiko, T. Kojima, M. Tachikawa, S.
Hiraoka, Inorg. Chem. 2017, 56, 12652-12663.

[7

—

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85US017 SUOWILIOD 3A 1D 8|qedljdde aup Aq paueAob 81e Ssple VO (88N JO s3I 10y ARl BUIIUO AB|IM UO (SUORIPUOD-pUe-SWIBSH 00" A3 | 1M A1 1 U UO//SARY) SUORIPUOD PUe SWB L 83U} 39S *[9202/80/90] U ARiq1T 8ullUO AB]IM ‘Punwiniod JBRISBAIUN YSIUY0S L AQ 9/09T+202 @ 1Ue/Z00T OT/10p/Luiod 3| Im Arelqifeul|uo//sdny Wwolj papeo|umod ‘v ‘G202 ‘€LLETCST


https://doi.org/10.17877/RESOLV-2024-lyebgvd1
https://data.tu-dortmund.de/privateurl.xhtml?token=10c074d6-ad52-4c4b-baed-38b9d2f9713e
https://data.tu-dortmund.de/privateurl.xhtml?token=10c074d6-ad52-4c4b-baed-38b9d2f9713e
https://data.tu-dortmund.de/privateurl.xhtml?token=10c074d6-ad52-4c4b-baed-38b9d2f9713e
https://doi.org/10.17877/RESOLV-2024-lyebgvd1
https://doi.org/10.17877/RESOLV-2024-lyebgvd1
https://doi.org/10.1039/D1SC01226F
https://doi.org/10.1039/D1SC01226F
https://doi.org/10.1021/acs.chemrev.1c00763
https://doi.org/10.1021/acs.chemrev.1c00763
https://doi.org/10.1021/jacs.6b08694
https://doi.org/10.1021/jacs.6b08694
https://doi.org/10.1021/jacs.8b10991
https://doi.org/10.1021/jacs.8b10991
https://doi.org/10.1002/anie.201408652
https://doi.org/10.1002/anie.201408652
https://doi.org/10.26434/chemrxiv-2023-hht0b
https://doi.org/10.1038/s41557-023-01415-7
https://doi.org/10.1002/chem.201702264
https://doi.org/10.1002/chem.201702264
https://doi.org/10.1002/chem.201802188
https://doi.org/10.1021/jacs.9b02207
https://doi.org/10.1021/jacs.0c12188
https://doi.org/10.1021/jacs.0c12188
https://doi.org/10.1039/D1SC06931D
https://doi.org/10.1021/ja106251f
https://doi.org/10.1021/ja106251f
https://doi.org/10.1016/j.jorganchem.2005.06.022
https://doi.org/10.1016/j.jorganchem.2005.06.022
https://doi.org/10.1039/C7CC04078D
https://doi.org/10.1039/C7CC04078D
https://doi.org/10.1021/jacs.6b05629
https://doi.org/10.1021/jacs.6b05629
https://doi.org/10.1039/C7DT03399K
https://doi.org/10.1039/C7DT03399K
https://doi.org/10.1021/jacs.1c01931
https://doi.org/10.1021/acs.inorgchem.0c01964
https://doi.org/10.1039/D3DT00248A
https://doi.org/10.1002/anie.201208740
https://doi.org/10.1002/anie.201208740
https://doi.org/10.1021/acs.inorgchem.7b02152

GDCh
=

[27] C.-P. Li, M. Du, Chem. Commun. 2011, 47, 5958-5972.

[28] D. A. Poole, E. O. Bobylev, B. de Bruin, S. Mathew, J. N. H.
Reek, Inorg. Chem. 2023, 62, 5458-5467.

[29] N.N. Adarsh, A. Chakraborty, M. Tarrés, S. Dey, F. Novio,
B. Chattopadhyay, X. Ribas, D. Ruiz-Molina, New J. Chem.
2016, 41, 1179-1185.

[30] E. G. Percastegui, T. K. Ronson, J. R. Nitschke, Chem. Rev.
2020, 7120, 13480-13544.

[31] Q. Sun, L. Escobar, J. de Jong, P. Ballester, Chem. Sci. 2021,
12, 13469-13476.

[32] B. Kilbas, S. Mirtschin, R. Scopelliti, K. Severin, Chem. Sci.
2011, 3, 701-704.

[33] K. Matsumoto, S. Kusaba, Y. Tanaka, Y. Sei, M. Akita, K.
Aritani, M. Haga, M. Yoshizawa, Angew. Chem. Int. Ed.
2019, 58, 8463-8467.

[34] V. A. Rinshad, J. Sahoo, M. Venkateswarulu, N. Hickey, M.
De, P.S. Mukherjee, Angew. Chem. Int. Ed. 2023, 62,
€202218226.

[35] J.J. Henkelis, J. Fisher, S. L. Warriner, M. J. Hardie, Chem.
Eur. J. 2014, 20, 4117-4125.

[36] P. Molinska, A. Tarzia, L. Male, K. E. Jelfs, J. E. M. Lewis,
Angew. Chem. Int. Ed. 2023, 62, €202315451.

[37] K. Suzuki, M. Kawano, M. Fujita, Angew. Chem. Int. Ed.
2007, 46, 2819-2822.

[38] T. R. Schulte, M. Krick, C.I. Asche, S. Freye, G. H. Clever,
RSC Adv. 2014, 4, 29724-29728.

[39] M. Frank, M. D. Johnstone, G. H. Clever, Chem. Eur. J. 2016,
22,14104-14125.

[40] Y. Li, J.-J. Jiang, Y. Fan, Z. Wei, C.-X. Chen, H. Yu, S.-P.
Zheng, D. Fenske, C. Su, M. Barboiu, Chem. Commun. 2016,
52, 13637-13655.

[41] K. Wu, B. Zhang, C. Drechsler, J. J. Holstein, G. H. Clever,
Angew. Chem. Int. Ed. 2020, 60, 6403-6407.

[42] M. Bursch, H. Neugebauer, S. Grimme, Angew. Chem. Int.
Ed. 2019, 58, 11078-11087.

[43] Y. Yoshida, S. Tuchi, H. Sato, Phys. Chem. Chem. Phys. 2020,
23, 866-877.

[44] C.J. Pugh, V. Santolini, R. L. Greenaway, M. A. Little, M. E.
Briggs, K. E. Jelfs, A. I. Cooper, Cryst. Growth Des. 2018, 18,
2759-2764.

[45] J. E. M. Lewis, A. Tarzia, A.J. P. White, K. E. Jelfs, Chem.
Sci. 2020, 11, 677-683.

[46] T. K. Piskorz, V. Marti-Centelles, T. A. Young, P. J. Lusby, F.
Duarte, ACS Catal. 2022, 12, 5806-5826.

[47] S. Loffler, A. Wuttke, B. Zhang, J.J. Holstein, R. A. Mata,
G. H. Clever, Chem. Commun. 2017, 53, 11933-11936.

[48] M. Yoneya, T. Yamaguchi, S. Sato, M. Fujita, J. Am. Chem.
Soc. 2012, 134, 14401-14407.

[49] K. E. Ebbert, L. Schneider, A. Platzek, C. Drechsler, B.
Chen, R. Rudolf, G.H. Clever, Dalton Trans. 2019, 48,
11070-11075.

[50] J. P. Cer6n-Carrasco, D. Jacquemin, C. Laurence, A. Plan-
chat, C. Reichardt, K. Sraidi, J. Phys. Org. Chem. 2014, 27,
512-518.

[51] T.L. Hill, An introduction to statistical thermodynamics,
Dover Publ, New York 1998.

[52] B. Tidor, M. Karplus, J. Mol. Biol. 1994, 238, 405-414.

[53] T. Pongratz P Kibies, L. Eberlein, N. Tielker, C. Holzl, S.
Imoto, M. Beck Erlach, S. Kurrmann, P. H. Schummel, M.
Hofmann, O. Reiser, R. Winter, W. Kremer, H. R. Kalbitzer,
D. Marx, D. Horinek, S. M. Kast, Biophys. Chem. 2020, 257,
106258.

[54] N. Tielker, L. Eberlein, G. Hessler, K. Friedemann Schmidt,
S. Giissregen, S. M. Kast, J. Comput.-Aided Mol. Des. 2021,
35, 453-472.

Angew. Chem. Int. Ed. 2025, 64, €202416076 (8 of 9)

Research Article

Angewandte

intemationaldition’y) Chemie

[55] B. Sharma, V. A. Tran, T. Pongratz, L. Galazzo, I. Zhurko, E.
Bordignon, S. M. Kast, F. Neese, D. Marx, J. Chem. Theory
Comput. 2021, 17, 6366-6386.

[56] S. Maste, B. Sharma, T. Pongratz, B. Grabe, W. Hiller, M.
Beck Erlach, W. Kremer, H. R. Kalbitzer, D. Marx, S. M.
Kast, Phys. Chem. Chem. Phys. 2024, 26, 6386—6395.

[57] M. M. Kubo, E. Gallicchio, R. M. Levy, J. Phys. Chem. B
1997, 101, 10527-10534.

[58] A.Jerschow, N. Miiller, J. Magn. Reson. 1996, 123,222.

[59] A.Jerschow, N. Miiller, J. Magn. Reson. 1997, 125, 372.

[60] E. O. Stejskal, J. E. Tanner, J. Chem. Phys. 1965, 42, 288.

[61] J. E. Tanner, E. O. Stejskal, J. Chem. Phys. 1968, 49, 1768.

[62] A. Einstein, Ann. Phys. 1905, 4, 549.

[63] S. Freye, J. Hey, A. Torras-Galén, D. Stalke, R. Herbst-Irmer,
M. John, G. H. Clever, Angew. Chem. Int. Ed. 2012, 51, 2191-
2194.

[64] M. K. Gilson, J. A. Given, B.L. Bush, J. A. McCammon,
Biophys. J. 1997, 72, 1047.

[65] H.-X. Zhou, M. K. Gilson, Chem. Rev. 2009, 109, 4092.

[66] L. Eberlein, F. R. Beierlein, N. J. R. van Eikema Hommes, A.
Radadiya, J. Heil, S. A. Benner, T. Clark, S. M. Kast, N. G. J.
Richards, J. Chem. Theory Comput. 2020, 16, 2766.

[67] T. Kloss, J. Heil, S. M. Kast, J. Phys. Chem. B 2008, 112, 4337.

[68] D.S. Palmer, A.I Frolov, E. L. Ratkova, M. V. Fedorov, J.
Phys. Condens. Matter 2010, 22, 492101.

[69] D.S. Palmer, A.I. Frolov, E.L. Ratkova, M. V. Fedorov,
Mol. Pharmaceutics 2011, 8, 1423.

[70] E.L. Ratkova, D.S. Palmer, M. V. Fedorov, Chem. Rev.
2015, 115, 6312.

[71] V. Sergiievskyi, G. Jeanmairet, M. Levesque, D. Borgis, J.
Chem. Phys. 2015, 143, 184116.

[72] N. Tielker, D. Tomazic, J. Heil, T. Kloss, S. Ehrhart, S.
Giissregen, K. F. Schmidt, S. M. Kast, J. Comput.-Aided Mol.
Des. 2016, 30, 1035.

[73] N. Tielker, L. Eberlein, S. Giissregen, S. M. Kast, J. Comput.-
Aided Mol. Des. 2018, 32, 1151.

[74] T. Imai, Y. Harano, M. Kinoshita, A. Kovalenko, F. Hirata, J.
Chem. Phys. 2006, 125, 24911.

[75] H. Qian, J. J. Hopfield, J. Chem. Phys. 1996, 105, 9292.

[76] S.-H. Chong, S. Ham, J. Chem. Theory Comput. 2015, 11, 378.

[77] A.Ben-Naim, J. Phys. Chem. 1978, 82, 792.

[78] A. Ben-Naim, Solvation Thermodynamics, Springer US,
Boston, MA 1987.

[79] Wavefunction, Inc., Spartan‘18 Parallel Suite, Irvine (USA)
2018.

[80] M.J. Frisch, G. W. Trucks, H. B. Schlegel, G.E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A.
Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich,
J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. P.
Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, D.
Williams-Young, F. Ding, F. Lipparini, F. Egidi, J. Goings, B.
Peng, A. Petrone, T. Henderson, D. Ranasinghe, V.G.
Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada,
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K.
Throssell, J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro,
M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N.
Staroverov, T.A. Keith, R. Kobayashi, J. Normand, K.
Raghavachari, A.P. Rendell, J. C. Burant, S.S. Iyengar, J.
Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R.
Cammi, J. W. Ochterski, R.L. Martin, K. Morokuma, O.
Farkas, J. B. Foresman, D. J. Fox, Gaussian 16, Revision B.01,
Gaussian, Inc., Wallingford CT 2016.

[81] S. Miertus, E. Scrocco, J. Tomasi, Chem. Phys. 1981, 55, 117.

[82] D. A. Case, H. M. Aktulga, K. Belfon, I. Y. Ben-Shalom,
S.R. Brozell, D.S. Cerutti, T.E. Cheatham, III, G.A.
Cisneros, V. W. D. Cruzeiro, T. A. Darden, R. E. Duke, G.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85US017 SUOWILIOD 3A 1D 8|qedljdde aup Aq paueAob 81e Ssple VO (88N JO s3I 10y ARl BUIIUO AB|IM UO (SUORIPUOD-pUe-SWIBSH 00" A3 | 1M A1 1 U UO//SARY) SUORIPUOD PUe SWB L 83U} 39S *[9202/80/90] U ARiq1T 8ullUO AB]IM ‘Punwiniod JBRISBAIUN YSIUY0S L AQ 9/09T+202 @ 1Ue/Z00T OT/10p/Luiod 3| Im Arelqifeul|uo//sdny Wwolj papeo|umod ‘v ‘G202 ‘€LLETCST


https://doi.org/10.1039/c1cc10935a
https://doi.org/10.1021/acs.inorgchem.2c04404
https://doi.org/10.1021/acs.chemrev.0c00672
https://doi.org/10.1021/acs.chemrev.0c00672
https://doi.org/10.1039/D1SC03751J
https://doi.org/10.1039/D1SC03751J
https://doi.org/10.1002/anie.201903117
https://doi.org/10.1002/anie.201903117
https://doi.org/10.1002/chem.201304437
https://doi.org/10.1002/chem.201304437
https://doi.org/10.1002/anie.200605084
https://doi.org/10.1002/anie.200605084
https://doi.org/10.1039/C4RA04679J
https://doi.org/10.1002/chem.201601752
https://doi.org/10.1002/chem.201601752
https://doi.org/10.1002/anie.201904021
https://doi.org/10.1002/anie.201904021
https://doi.org/10.1021/acs.cgd.7b01422
https://doi.org/10.1021/acs.cgd.7b01422
https://doi.org/10.1039/C9SC05534G
https://doi.org/10.1039/C9SC05534G
https://doi.org/10.1021/acscatal.2c00837
https://doi.org/10.1039/C7CC04855F
https://doi.org/10.1021/ja303542r
https://doi.org/10.1021/ja303542r
https://doi.org/10.1039/C9DT01814J
https://doi.org/10.1039/C9DT01814J
https://doi.org/10.1006/jmbi.1994.1300
https://doi.org/10.1016/j.bpc.2019.106258
https://doi.org/10.1016/j.bpc.2019.106258
https://doi.org/10.1007/s10822-020-00347-5
https://doi.org/10.1007/s10822-020-00347-5
https://doi.org/10.1021/acs.jctc.1c00582
https://doi.org/10.1021/acs.jctc.1c00582
https://doi.org/10.1039/D3CP05471C
https://doi.org/10.1021/jp972598b
https://doi.org/10.1021/jp972598b
https://doi.org/10.1006/jmra.1996.0241
https://doi.org/10.1006/jmre.1997.1123
https://doi.org/10.1063/1.1695690
https://doi.org/10.1063/1.1670306
https://doi.org/10.1002/anie.201107184
https://doi.org/10.1002/anie.201107184
https://doi.org/10.1016/S0006-3495(97)78756-3
https://doi.org/10.1021/cr800551w
https://doi.org/10.1021/acs.jctc.9b01079
https://doi.org/10.1021/jp710680m
https://doi.org/10.1088/0953-8984/22/49/492101
https://doi.org/10.1088/0953-8984/22/49/492101
https://doi.org/10.1021/mp200119r
https://doi.org/10.1021/cr5000283
https://doi.org/10.1021/cr5000283
https://doi.org/10.1007/s10822-016-9939-7
https://doi.org/10.1007/s10822-016-9939-7
https://doi.org/10.1007/s10822-018-0140-z
https://doi.org/10.1007/s10822-018-0140-z
https://doi.org/10.1063/1.472728
https://doi.org/10.1021/ct500876x
https://doi.org/10.1021/j100496a008

GDCh
~~

Giambasu, M. K. Gilson, H. Gohlke, A. W. Goetz, R. Harris,
S. Izadi, S.A. Izmailov, C. Jin, K. Kasavajhala, M. C.
Kaymak, E. King, A. Kovalenko, T. Kurtzman, T. S. Lee, S.
LeGrand, P. Li, C. Lin, J. Liu, T. Luchko, R. Luo, M.
Machado, V. Man, M. Manathunga, K. M. Merz, Y. Miao, O.
Mikhailovskii, G. Monard, H. Nguyen, K. A. O’Hearn, A.
Onufriev, F. Pan, S. Pantano, R. Qi, A. Rahnamoun, D. R.
Roe, A. Roitberg, C. Sagui, S. Schott-Verdugo, J. Shen, C. L.
Simmerling, N.R. Skrynnikov, J. Smith, J. Swails, R.C.
Walker, J. Wang, H. Wei, R. M. Wolf, X. Wu, Y. Xue, D. M.
York, S. Zhao, P. A. Kollman, Amber 2021, University of
California, San Francisco 2021.

[83] J. Wang, R. M. Wolf, J. W. Caldwell, P. A. Kollman, D. A.
Case, J. Comput. Chem. 2004, 25, 1157.

[84] S. Juber, S. Wingbermiihle, P. Nuernberger, G.H. Clever,
L. V. Schéfer, Phys. Chem. Chem. Phys. 2021, 23, 7321.

[85] M. Yoneya, S. Tsuzuki, T. Yamaguchi, S. Sato, M. Fujita,
ACS Nano 2014, 8, 1290.

[86] P. Cieplak, W.D. Cornell, C. Bayly, P. A. Kollman, J.
Comput. Chem. 1995, 16, 1357.

[87] L. E. Chirlian, M. M. Francl, J. Comput. Chem. 1987, 8, 894.

[88] G. Sigalov, P. Scheffel, A. Onufriev, J. Chem. Phys. 2005, 122,
94511.

[89] G. Sigalov, A. Fenley, A. Onufriev, J. Chem. Phys. 2006, 124,
124902.

[90] A. Onufriev, D. Bashford, D. A. Case, Proteins 2004, 55, 383.

[91] K. F. Schmidt, S. M. Kast, J. Phys. Chem. B 2002, 106, 6289.

[92] G. Ritzoulis, Can. J. Chem. 1989, 67, 1105.

[93] J. Heil, D. Tomazic, S. Egbers, S. M. Kast, J. Mol. Model.
2014, 20, 2161.

[94] D. C. Liu, J. Nocedal, Math. Programming B 1989, 45, 503.

[95] D. Beglov, B. Roux, J. Phys. Chem. B 1997, 101, 7821.

[96] A.Kovalenko, F. Hirata, Chem. Phys. Lett. 1998, 290, 237.

[97] H. Liu, F. Mueller-Plathe, W. F. van Gunsteren, J. Am. Chem.
Soc. 1995, 117, 4363.

[98] Z.S. Klemenkova, T. A. Novskova, A. K. Lyashchenko, Russ.
J. Phys. Chem. 2008, 82, 571.

Research Article

Angewandte

intemationaldition’y) Chemie

[99] W. L. Jorgensen, J. Tirado-Rives, J. Am. Chem. Soc. 1988,
110, 1657.

[100] W. L. Jorgensen, D.S. Maxwell, J. Tirado-Rives, J. Am.
Chem. Soc. 1996, 118, 11225.

[101] W.L. Jorgensen, User’s manual of BOSS, Version 4.1,
Department of Chemistry, Yale University: New Haven, CT
1999.

[102] H.-A. Yu, M. Karplus, J. Chem. Phys. 1988, 89, 2366.

[103] S.-H. Chong, F. Hirata, J. Phys. Chem. B 1997, 101, 3209.

[104] T. Ishida, F. Hirata, S. Kato, J. Chem. Phys. 1999, 110, 3938.

[105] J. Johnson, D.A. Case, T. Yamazaki, S. Gusarov, A.
Kovalenko, T. Luchko, J. Phys. Condens. Matter 2016, 28,
344002.

[106] J. S. Perkyns, B. Montgomery Pettitt, Chem. Phys. Lett. 1992,
190, 626.

[107] J. Perkyns, B. M. Pettitt, J. Chem. Phys. 1992, 97, 7656.

[108] S.J. Singer, D. Chandler, Mol. Phys. 1985, 55, 621.

[109] A. V. Marenich, C. P. Kelly, J. D. Thompson, G. D. Hawkins,
C. C. Chambers, D. K. Giesen, P. Winget, C. J. Cramer, D. G.
Truhlar, Minnesota Solvation Database—version 2012. Uni-
versity of Minnesota, Minneapolis 2012.

[110] S.M. Kast, T. Kloss, J. Chem. Phys. 2008, 129, 236101.

[111] Wolfram Research, Inc., Mathematica, Version 13.3, Cham-
paign, IL 2023.

[112] T. Yamazaki, A. Kovalenko, V. V. Murashov, G. N. Patey, J.
Phys. Chem. B 2010, 114, 613.

[113] T. Yamazaki, A. Kovalenko, J. Phys. Chem. B 2011, 115, 310.

[114] S. Giissregen, H. Matter, G. Hessler, E. Lionta, J. Heil, S. M.
Kast, J. Chem. Inf. Model. 2017, 57, 1652.

[115] R. A. X. Persson, V. Pattni, A. Singh, S. M. Kast, M. Heyden,
J. Chem. Theory Comput. 2017, 13, 4467.

Manuscript received: August 22, 2024
Accepted manuscript online: October 8, 2024
Version of record online: November 14, 2024

Angew. Chem. Int. Ed. 2025, 64, €202416076 (9 of 9)

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85US017 SUOWILIOD 3A 1D 8|qedljdde aup Aq paueAob 81e Ssple VO (88N JO s3I 10y ARl BUIIUO AB|IM UO (SUORIPUOD-pUe-SWIBSH 00" A3 | 1M A1 1 U UO//SARY) SUORIPUOD PUe SWB L 83U} 39S *[9202/80/90] U ARiq1T 8ullUO AB]IM ‘Punwiniod JBRISBAIUN YSIUY0S L AQ 9/09T+202 @ 1Ue/Z00T OT/10p/Luiod 3| Im Arelqifeul|uo//sdny Wwolj papeo|umod ‘v ‘G202 ‘€LLETCST


https://doi.org/10.1002/jcc.20035
https://doi.org/10.1039/D0CP06495E
https://doi.org/10.1021/nn404595j
https://doi.org/10.1002/jcc.540161106
https://doi.org/10.1002/jcc.540161106
https://doi.org/10.1002/jcc.540080616
https://doi.org/10.1002/prot.20033
https://doi.org/10.1021/jp020495+
https://doi.org/10.1139/v89-166
https://doi.org/10.1007/BF01589116
https://doi.org/10.1021/jp971083h
https://doi.org/10.1016/S0009-2614(98)00471-0
https://doi.org/10.1021/ja00120a018
https://doi.org/10.1021/ja00120a018
https://doi.org/10.1134/S0036024408040110
https://doi.org/10.1134/S0036024408040110
https://doi.org/10.1021/ja00214a001
https://doi.org/10.1021/ja00214a001
https://doi.org/10.1021/ja9621760
https://doi.org/10.1021/ja9621760
https://doi.org/10.1063/1.455080
https://doi.org/10.1021/jp9608786
https://doi.org/10.1063/1.478249
https://doi.org/10.1088/0953-8984/28/34/344002
https://doi.org/10.1088/0953-8984/28/34/344002
https://doi.org/10.1016/0009-2614(92)85201-K
https://doi.org/10.1016/0009-2614(92)85201-K
https://doi.org/10.1063/1.463485
https://doi.org/10.1080/00268978500101591
https://doi.org/10.1021/jp908814t
https://doi.org/10.1021/jp908814t
https://doi.org/10.1021/jp1082938
https://doi.org/10.1021/acs.jcim.6b00765
https://doi.org/10.1021/acs.jctc.7b00184

	Solvent-Controlled Separation of Integratively Self-Sorted Pd₂LA₂LB₂ Coordination Cages
	Introduction
	Results and Discussion
	Experiments
	Theory

	Conclusions
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement


