Heteromeric completive self-sorting in coordination cage systems
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ABSTRACT: Heteroleptic coordination cages, non-statistically assembled from a set of matching ligands, can be obtained by
mixing individual components or via cage-to-cage transformations from homoleptic precursors. Based on the latter approach,
we here describe a new level of self-sorting in coordination cage systems, namely ‘heteromeric completive self-sorting’. Here,
two heteroleptic assemblies of type Pd2A2B2 and Pd2A2C, sharing one common ligand component A but differing in the other,
are shown to co-exist in solution. This level of self-sorting can either be reached from a statistical mixture of assemblies based
on some ligands B and C, or, alternatively, following a first step of integrative self-sorting giving a distinct Pd2B2C:
intermediate. While subtle enthalpic factors dictate the outcome of the self-sorting, we found that it is controllable. From a
unique set of three ligands, we demonstrate the transition from strict integrative self-sorting forming a Pd2AB2C cage to
heteromeric completive self-sorting to give Pd2A2B2 and Pd2A2C: by variation of the ligand ratio. Cage-to-cage transformations
were followed by NMR and MS experiments. Single crystal X-ray structures for three new heteroleptic cages were obtained,
impressively highlighting the versatility of ligand A to either form a m-stacked trans-figure-of-eight arrangement in Pd2A2Bz,
or occupy two cis-edges in Pd2A2Cz or only a single edge in Pd2AB2C. This study paves the way towards the control of
heteroleptic cage populations in a systems chemistry context with emerging features such as chemical information

processing, adaptive guest selectivity or stimuli-responsive catalytic action.

Introduction

Self-sorting refers to the peculiar phenomenon that mixtures,
containing several different molecules recognizing and
associating with each other, produce a defined assembly rather
than a collection of all possible combinations of components.
Such organized systems possess a higher information
content!2 in comparison to statistical mixtures. Self-sorting is
a crucial phenomenon in biology, enabling the formation of
complex structures through the selective association of
different subcomponents. This phenomenon is also an
important factor in the field of ‘systems chemistry’, in
particular when competing association events lead to adaptive
populations of assemblies, cross-talk between co-existing
species and various emergent properties.3-8 With the aim of
pushing the level of control over multicomponent systems,
supramolecular chemists set their focus on strategies for the
exclusive formation of discrete self-sorted structures,
composed of a defined set of building blocks. Achieving this so-
called ‘integrative self-sorting’ has proven to be a real
challenge, as both enthalpic and entropic factors must be
considered to overcome narcissistic sorting or the formation of
statistical mixtures.*

Recently, we and others have developed multiple strategies to
control the selective formation of discrete heteroleptic metal-
organic structures through integrative self-sorting.® Among
these, shape-complementary assembly (SCA),10-16
coordination-sphere engineering (CSE),17-20 ligand-ligand
interactions®* or guest templation?3-26 are the most
commonly used. Recently we have reported an unprecedented
Pd2ABCD Cs-symmetrical assembly?? where four different bis-
monodentate ligands can fuse into a unique discrete cage under
thermodynamic control, thus maximizing the structural
complexity of such a fourfold-bridged dinuclear cage. Others
have recently realized dinuclear Pd(II) assemblies composed of
three different ligands, either in the crystalline state28 or in
solution,?? as well as systems assembled from four different

ligands under kinetic control3? or by taking advantage of an
ancillary pairing approach.3!

While the majority of previous studies on artificial heteroleptic
assembly were aimed at producing a single discrete species in
solution, biological systems are composed of a multitude of co-
existing complex assemblies that either act together or perform
separate functions. This requires multiple non-covalent
assemblies to operate under the same set of conditions and in
an orthogonal fashion. Mimicking such a level of complexity has
proven to be one of the most difficult tasks in supramolecular
chemistry, in particular in dynamic equilibria.2232-37

Here, we present what is, to the best of our knowledge, the first
example of the cage-to-cage transformation of three
homoleptic metallosupramolecular assemblies to a defined
mixture of two co-existing heteroleptic coordination cages
(Figure 1). Moreover, while both heteroleptic assemblies share
one ligand (ligand A in Figure 1; based on a
diketopyrrolopyrrole38),  this = component shows a
pronouncedly different behaviour in the co-existing
assemblies. This type of self-sorting was described by Schmittel
and co-workers as “heteromeric completive self-sorting”3? and
is similar to a fusion of the effects of both integrative and
narcissistic self-sorting. While all the components of the system
are capable of forming homoleptic assemblies as well as
heteroleptic Pd2A2B: cages by integrative self-sorting, the 1:1
mixture of co-existing heteroleptic species constitutes the
thermodynamic sink of the system. We shed light on the subtle
parameters allowing this self-sorting to take place by showing
that small geometrical differences between ligands lead to
considerable changes. Finally, we demonstrate control over
strict integrative and heteromeric completive self-sorting in a
three components system via variation of the respective ratio
of its components.*? As this represents the first example of co-
existence of heteroleptic assemblies in a controlled manner, it
paves the way to controlling populations of multi-functional
cages with application potential in systems chemistry.
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Figure 1. Step-by-step heteromeric self-sorting leading to two
heteroleptic assemblies co-existing in a 1:1 ratio.

Results and Discussion

We previously reported the synthesis of ligands A and B1-3, all
forming homoleptic assemblies when reacted with a Pd(II)
source (see Figure S1 for a complete list of ligands). Ligands
B1-3 afford classical lantern shape Pd:L4 cages,!84142 while A,
bearing quinoline donor groups, forms an interlaced
Pd2A3(MeCN)2z (named Pd2AsS: in the figures) ravel with one
coordination site per Pd(II) cation occupied by a solvent
molecule due to geometrical constraints (represented by an A4
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assembly in the more general schemes in Figures 1 and 4).38
When mixing Pdz(B1)4+ and Pdz(B2)4, we obtained a statistical
mixture of assemblies Pdz(B1)n(B2)4-n (n = 0...4).27 This is not
surprising, as both ligands’ binding vectors are nearly identical
due to the geometrical resemblance between the backbones.
Both ligands B1 and B2 yield a figure-of-eight trans-
heteroleptic assembly when associated with A and Pd(II) in
acetonitrile.38 ESI-MS analysis confirmed the formation of a
compound of stoichiometry Pdz(A)2(B2)2 and the 1H-NMR data
indicated the formation of a self-penetrating structure (Figures
S2-8 and S50 for model). When the homoleptic assembly
Pd2A3(MeCN)2 was added to a solution containing the
statistical mixture of Pd(II)-mediated assemblies from B1 and
B2 we first obtained a very complex 1H-NMR spectrum (Figure
S35). However, ESI-MS analysis allowed us to decipher the
outcome of the reaction, showing that Pd:A2(B1)2,
Pd2(B1)A2(B2) and Pd:Az(B2)2 form as a pseudo-statistical
mixture (Figure 2a; Figure S36). The complexity of the NMR
spectrum can therefore be explained by the presence of three
different heteroleptic assemblies. From this mixture, we
obtained red crystalline plates suitable for X-ray diffraction
analysis and unveiling the structure of Pd2(B1)A2(B2) (Figure
2Db). This is the first architecture presenting a ternary trans-
Pd2AB:C figure-of-eight topology, where both ligands A adopt
an S-shape conformation and B1 and B2 complete the square-
planar coordination sphere of the Pd(II) cations in a trans-
arrangement. Owing to the strong structural similarity
between B1 and B2, a second level of integrative self-sorting
does not proceed here, therefore leading to a statistical
arrangement of the two outer ligand alternatives around the
central pair of ligands A.
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Figure 2. (a) Schematic representation of the two types of self-sorting phenomena obtained from initially statistical mixtures. In the
case of B1 and B2, the addition of A leads to a pseudo-statistical mixture. However, for B2 and B3 the heteromeric completive self-
sorted state can be reached selectively. S = solvent molecules, herein acetonitrile. (b) Crystal structure of Pdz(B1)Az(B2): with a
trans-Pd2BA2C figure-of-eight topology. This product was obtained selectively through crystallization. Octyl chains on the beige
carbazole ligand are omitted for clarity. (c¢) tH-NMR (CDsCN, 500 MHz) stack of the two-separate figure-of-eight structures
Pd2A2(B2)zand Pd2A2(B3)2 and the heteromeric completive self-sorting result after mixing.



In contrast, when ligand B3 (Figure 2a) was utilized, we were
indeed able to demonstrate selective heteromeric self-sorting
(Figure 2c), after initially forming a statistical mixture on the
first assembly level. Ligand B3 has a ribbon-shaped 3D
structure and assembles into a Pd2(B3)4 capsule when mixed
with Pd(II) in CD3CN.!® We previously reported that combining
B2 and B3 in CD3CN leads to the formation of a statistical
mixture of cages in solution from which the crystal structure of
the trans-Pd2(B2)2(B3)2 cage was obtained.2”

We now added homoleptic assembly Pd:A3(MeCN): to this
mixture (in 8/3 ratio) and heated it at 70 °C for 24 h, after
which we observed the emergence of two separate species,
corresponding to the two co-existing heteroleptic cages
Pd2A2(B2)2 and Pd2A2(B3)2 (Figures S9-15 and S37-41), as
further confirmed by ESI-MS analysis and their separate
syntheses. Each of these species contributes a single set of
signals to tH-NMR spectrum of the mixture, similar to what was
observed for Pd2A2(B1)2. The same self-sorting occurs when
using A, B1 and B3 (Figures S42-43), with B1 and B2 being
essentially isostructural.

Based on our knowledge of the crystal structure of Pd2A2(B1):
and the aforementioned NMR analysis, it is safe to assume that
the two obtained species possess a figure-of-eight topology
with B2 or B3 sitting on the lateral faces of the respective
assembly (Figure S54). Very interestingly here, the geometrical
differences between B2 and B3 do not allow them to
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narcissistically or integratively sort in their binary mixture (so
without A) and instead, their combination with Pd(II) cations
leads to a statistical mixture of species. However, the
differences are pronounced enough to further drive the
heteromeric completive process once A is introduced. In this
further degree of self-sorting, two discrete heteroleptic
assemblies co-exist in a defined mixture without interfering.
The component stoichiometry is a crucial parameter of the
system as it allows the sole formation of the pair of heteroleptic
assemblies. While showing pronounced structural flexibility,27
ligand B3 prefers to pair narcissistically with itself in
Pd2A2(B3)2 (Pd-Pd distance = 15.0 A) while B2 then cleanly
forms the more elongated Pd:Az2(B2): structure (Pd-Pd
distance = 15.6 A). We assume that the energetic cost of
bringing B2 together with B3, requiring to either stretch B3 to
the length dictated by rigid B2 or force the Pd coordination
sites to tilt (under the constraint of the closely packed figure-
of-eight situation) is higher than the tentative entropic gain of
statistically scrambling B2 and B3 within the assemblies.

While here, heteromeric completive self-sorting could be
induced by adding ligand A to a mixture of assemblies not
capable of self-sorting on their own, we were curious to
understand if this process can also emerge with components
that are capable of undergoing a first degree of integrative
sorting in their binary mixture.
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Figure 3. (a) Schematic representation of the step-by-step formation of heteromeric self-sorting where two heteroleptic assemblies
co-exist in a 1:1 manner. (b) Stacked 1H-NMR (CDsCN, 500 MHz) spectra. From top to bottom: Pd2A2(B1)z only, mixture Pd2Az(B1)2
and Pd2Az(C1)2, Pd2A2(C1):z only. S = solvent molecules, herein acetonitrile. (¢) HR-ESI-MS of the mixture of Pd2A2(B1)2 and
Pd2A2(C1)2. ¢) X-ray single crystal structure of cage Pd2Az(C2)z2, showing a cis-arrangement of the ligands and the symmetry breaking
due to ligand twist and steric hindrance. Hexyl chains on the backbone of A are omitted for clarity.



Dimethyl-fluorene-based ligand C1 features a large binding
angle and its homoleptic assembly with Pd(II) cations leads to
a mixture of a Pd4(C1)s tetrahedron and a Pd3(C1)e ring.#?
When both B1 and C1 are combined in a 1:1:1 ratio with
[Pd(MeCN)4](BF4)2 in acetonitrile, heteroleptic cage
Pd2(B1)2(C1)2 emerges as sole product through integrative
self-sorting. When combined in a 1:1:1 ratio with Pd(II) in
CDsCN, A and C1 yield another heteroleptic assembly
Pd2A2(C1)2, as confirmed by HR-ESI mass spectrometry
(Figures S16-23). Owing to the diverging binding vectors of the
smaller ligand C1, we excluded the possibility of forming a
trans-figure-of-eight assembly when combined with A (Figure
S54). Therefore, we assume this assembly to show a cis-
heteroleptic cage topology with ligands positioned by shape
complementarity. According to our previous observations, the
formation of such a cis-cage should lead to a single set of signals
for each ligand in the 'H NMR spectrum as usually no further
symmetry breaking would be expected. However, analysis of
this cage by NMR spectroscopy reveals a two-fold splitting of
all proton signals (Figure 3b). Further DOSY NMR confirmed
that all signals belonged to a single unique assembly.

While we were not able to obtain crystals for heteroleptic cage
Pd2A2(C1)2, replacing ligand C1 by carbazole analog C2
allowed us to grow crystals suitable for X-ray diffraction
analysis. The geometrical similarities, in terms of binding
angles, between the two ligands led us to infer that they form
the same type of cis-heteroleptic cage. This was further
indicated by observing the same patterns in both 1H-NMR and
ESI-MS spectra (Figures S24-26). Indeed, the crystal structure
of Pd2A2(C2): revealed the expected cis-Pd2A2Bz arrangement
(Figure 3d). The crystal structure further allows us to explain
the two-fold splitting observed in the proton NMR spectra of
both Pd2A2(C1)2 and Pd2A2(C2)2. Unlike the situation observed
in other cis-heteroleptic cages, e.g. Pdz(B1)2(C1)2, featuring
only one NMR signal set, the buckled shape of ligand A caused
by the diketopyrrolopyrrole moieties, leads to a symmetry
breaking in the overall system. Inspection of the X-ray
structure further indicates that rotation of the cores of ligand A
is not possible due to the four hexyl chains hindering motion
within the assembly. VT-NMR analysis (Figure S22) showed
that even increasing the temperature to 90 °C in DMSO did not
lead to a merging of the two 'H-NMR signal sets, showing that
rotation of the backbones is even hindered at elevated
temperatures.

Next, we aimed at further increasing complexity and therefore
mixed A, B1 and C1 with [Pd(MeCN)4](BF4)2 in a 2:1:1:2 ratio
in CD3CN (Figure 3a). After 24 hours of heating at 70 °C, the 1H-
NMR spectrum of the equilibrated mixture depicts a perfect
overlap of the two separate heteroleptic assemblies
Pd2A2(B1)2 and Pd2Az(C1)2 (Figure 3b). Prolonged heating
over one week did not alter the outcome of the reaction, letting
us infer that this represents the thermodynamic state of the
system. Analysis by ESI-MS also confirmed the clean formation
of both heteroleptic species in the mixture (Figure 3c), showing
prominent peaks for the [Pd2Az(C1)2]4* and [Pd2Az(C1)2]4*
species as well as corresponding 3+ and 2+ charged assemblies
with one and two associated BF4- counter anions, respectively
(Figures S50-53).

To further show that this represents the thermodynamic
minimum of the system, we performed a sequence of two cage-
to-cage transformations (Figures S45-46). A mixture of
homoleptic cages Pd2(B1)4 and Pd3(C1)s/Pd4+(C1)s was heated
at 70 °C degrees for 12 hours to afford heteroleptic cage
Pd2(B1)2(C1)2 This assembly was further mixed with the
homoleptic species Pd2A3(MeCN)z at 70 °C and yielded the

same 1:1 mixture of Pd2A2(B1)z and PdzAz(C1)2. Interestingly,
the sequential cage-to-cage transformation also demonstrates
the favorable formation of the pair Pd2Az(B1)z2and Pd2A2(C1):
over assembly Pdz(B1)2(C1)z, with ligands exchanging
between the cages. In a similar manner, the three homoleptic
species can be mixed to obtain the final pair of co-existing
heteroleptic structures. In this example, all components can
form homoleptic assemblies as well as discrete Pd2A2Bz-type
heteroleptic structures in opposition to the aforementioned
cases. The importance of stoichiometry was further
corroborated by control experiments in which the relative ratio
of A, B1, and C1 was varied for the self-assembly process
(Figure S48). No precise self-sorting is observed when the
stoichiometry differs from the aforementioned.

The versatility of ligand A should also be highlighted here. In
the co-existing assemblies Pd2Az(B1)z and Pd:A2(C1), it
adopts two different conformations (transoid, S shape and
cisoid, C shape) and pairwise arrangements (trans and cis),
allowing the formation of both a trans-configured self-
penetrated assembly and a non-entangled cis-cage (Figure
S55).

Being able to dictate the population of species, arising from the
use of three different ligands, was then our next interest in
order to gain an even higher level of control over the system.
The possibility to switch between different types of self-sorting
within the same system upon application of a stimulus would
potentially allow the regulation of various intra- and/or
intermolecular functions involving these self-assembled hosts
in a systems chemistry setting (Figure 4).

Indeed, when using mixtures of A, B3 and C1 we realized that
it is possible to swing between either strict integrative or
heteromeric completive self-sorting by varying the
stoichiometry. We demonstrate this for switching between a
mixture  of  Pd:A2(B3)2/Pd2A2(C1)z and trans-cage
Pd2A(B3)2(C1).
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Figure 4. Heteromeric completive or integrative self-sorting
can be controlled through variation of component ratios in a
three ligands system. This allows to switch between two
discrete co-existing binary heteroleptic cages and a single,
structurally more complex ternary assembly.
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The combination of ligands B3 and C1 was previously reported
to undergo integrative self-sorting and form a Pdz(B3)2(C1):
cis-heteroleptic cage.2’” The subsequent addition of the
homoleptic assembly of A leads again to heteromeric
completive self-sorting, and the co-existence of the two
heteroleptic species was confirmed by 'H NMR and ESI-MS
(Figure 5a). We were able to grow red needle-shaped crystals
suitable for X-ray analysis. The obtained crystal structure was
not the expected one but was found to be the trans-
Pd2A(B3)2(C1) architecture (Figure 5d).
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Figure 5. (a) Heteromeric completive self-sorting is achieved when A, B3 and C1 are mixed together in a 2:1:1 ratio with Pd(II). The
stack of 1H-NMR spectra (CD3CN, 500 MHz) shows a perfect overlap of the two separate species. (b) Strict integrative self-sorting of
A, B3 and C1 when combined in a 1:1:2 ratio. The 1H NMR (CD3CN, 500 MHz) shows protons sharpening. The two non-equivalent
proton positions of B3 are highlighted with brown dots. (c) HR-ESI-MS of Pd2A(B3)2(C1) showing prominent peaks for the species
with a 4+ charge as well as 3+ charge with associated counter anions, (d) X-ray crystal structure of Pd2A(B3)z(C1) with a trans-

configuration. The two non-equivalent proton positions of B3 are highlighted with brown dots.

In this structure, A and C1 present shape complementarity
vectors and assemble together in a trans-configuration while
two more flexible ligands B3 sit face-to-face to each other
completing the coordination sphere of the Pd(II) centers.
Herein, ligand A is adopting a third structural motif within this
study, sitting as a single unit in its cisoid form opposite to ligand
C1. We further show that mixing the ligands in the appropriate
ratio yields this trans-Pd2A(B3)2(C1) assembly (Figures S27-
34), selectively (Figure 5b). This proves that the newly formed
cage is not only a product of the crystallization process and can
be isolated as a sole species in solution, in contrast to above
discussed Pd2(B1)Az(B2). Every ligand leads to one set of
signals in the 1H-NMR spectrum of Pd2A(B3)2(C1). While the
signals of the pyridyl protons of B3 are rather broad at RT, VT-
NMR allows their sharpening when a temperature of 60 °C is
reached. The lateral protons H of B3 (marked as brown dots),
however, split into two sets as highlighted in Figure. 5b, as the
left- and right-sided protons are facing a distinct neighboring
ligand, i.e. A or C1, making them chemically non-equivalent.
ESI-MS analysis further confirmed the formation of a single
assembly with prominent peaks observable for the species

with a 4+ charge as well as 3+ charge with associated counter
anions (Figure. 5c).

This triad of ligands therefore allows a finer tuning of the self-
sorting by variation of the ratio of components. We were
further able to reversibly switch between heteromeric
completive and integrative self-sorting by addition of suitable
amounts of ligands and Pd(II) cations, respectively, to
preformed species (two cycles were performed and can be
found in Figure S53). This stoichiometry control thus allows
the increase in complexity to either yield a single ternary
assembly or a pair of co-existing binary cages

Conclusion

We herein report the first example of heteromeric completive
self-sorting in coordination cage systems. Two heteroleptic
assemblies based on three different ligands (A, B and C) can co-
exist in a discrete fashion without undergoing a shuffling of
their components. This behavior can emerge into two different
scenarios. On the one hand, when components B and C lead to
a statistical mixture of assemblies, the introduction of



component A leads to the clean formation and co-existence of
binary systems Pd2A2B2 and Pd2A2C2. On the other hand, we
also showed that if other derivatives of B and C can first yield a
defined Pd2B2C2 assembly through integrative self-sorting,
addition of A can again lead to the same result of heteromeric
completive self-sorting. This paves the way for the creation of
dynamic populations of coordination cages and control of their
composition (and associated function) upon application of a
stimulus. We here show that subtle variation of the kind and
stoichiometry of component controls the sorting of the system.
Both, architectures with similar or different topologies, namely
a cis-cage or a figure-of-eight trans-ravel, can co-exist, offering
possibilities for tuning the structure of the discrete species,
hence offering potential for implementing different
functionalities. Finally, we demonstrate control over
heteromeric vs. integrative self-sorting by adjusting the ligand
ratio, thereby switching from a cage population comprising
two binary structures to a sole discrete ternary assembly. We
are currently exploiting this responsiveness, combined with
photo-switchable components,+4 to develop complex systems
showing emergence of intra- or intermolecular functionality,
e.g. in the form of adjustable catalytic activity or information
processing features.
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