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A series of [Pd,L,4] coordination cages featuring endohedral function-
alities in central backbone positions was synthesized. Although attached
via C—=C double bonds, the substituents behave as molecular rotors.
This is explained by their pronounced donor—acceptor character which
lowers rotational barriers and allows for electronic control over the
spinning rates inside the cage. The dynamic behaviour of the free ligands,
assembled cages and host—guest complexes is compared with the aid of
NMR experiments, X-ray structure analysis and molecular modelling.

Confined molecular environments in proteins or folded oligo-
nucleotides are often lined with a combination of rigidly fixed
functionalities as well as flexible structural elements, such as
dangling loops, amino acid residues or nucleobases." The
controlled motion of such flexible attachments may gate the
entrance of substrates, induce chemical conversions or transmit
information in the form of allosteric regulation.> In the field of
supramolecular assembly, countless nanoscale cavities have been
synthesized over the last decades and examined for guest exchange,’
selective recognition’ and catalytic conversions.” In recent years,
strategies for the incorporation of defined functionalities such
as redox units,® photo switches” or specific binding sites have
been developed in order to further increase the hosts’ capabilities
and equip the systems with advanced features such as stimuli-
responsiveness,® allosteric regulation® or tuneable reactivity."
Furthermore, the metal-mediated self-assembly of structures
such as helicates,'" entangled architectures™® and coordination
cages™® has turned out to be a particularly successful strategy
for the generation of a large degree of structural and functional
variety."* Amongst those architectures, the installation of endo-
hedral functionality remains a challenge and only few examples
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have been reported including inward-pointing hydrogen bond
donors™ and acceptors,'® reactive residues inside helicates,
cages and spheres,'”'® organocatalysts,'® metal-coordination
sites,?° and others.?

With respect to the incorporation of dynamic functionality in self-
assembled cavities, noteworthy examples from the area of solid
materials include rotaxane-MOF hybrids** and the family of flexible
porous coordination compounds.”® In the context of discrete self-
assemblies, combinations of rings®* and cages™ with mechanically
interlocked substructures have been reported. We have recently
introduced a sterically overcrowded [Pd,L,] host consisting of four
ligands carrying bulky adamantyl ligands in a central position that
were shown to flip between two degenerate conformations both in
the free ligand as well as the assembled cage.*

Comparable to our previous dynamic [Pd,L,] system,> the
one under scrutiny here is synthetically derived from a flat
acridone ligand that we have studied before in the context of
stimuli responsive double-cages.>” Herein we report the installation
of endohedral groups consisting of two electron-withdrawing sub-
stituents (COOR and/or CN) attached to an electron-rich backbone
via a C—=C double bond (Fig. 1a).>® In contrast to the chemical
drawing which suggests a totally flat system, steric demands
(repulsion between backbone protons and the substituents of the
double bond) cause the endohedral group to bend to one side of
the backbone (Fig. 1b and 3a-c). Compounds based on the same
structural motif have been previously examined as luminescent
materials,” conductive polymers®® and EPR labels for DNA.*'
We were interested in the structural dynamics of the system in
the context of supramolecular self-assembly, since the push-pull
character of the underlying conjugated system (Fig. 1c) was
expected to allow for rotation around the C—C double bond in a
kinetic regime comparable to the dynamics of supramolecular
host—guest systems. Interestingly, rotation around these systems’
C—C double bond was already proposed by Dimroth and Criegee
in 1957.%%" Experimental evidence supporting this rotation, how-
ever, has remained scarce since the primarily studied symmetrically
substituted systems (2 x CN or 2 x COOR) interconvert between
degenerate conformations that cannot be distinguished by
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Fig. 1 (a) Ligand synthesis, cage assembly and guest uptake: (i) malonic acid
derivative, TiCl,, base, CH,Cl, (details see ESIt) (ii) L?, [Pd(CH3CN)4I(BF,),
CDsCN, (iii) bissulfonate guest (NBuy salt). (b) Flipping of the endohedral
attachments, (c) electrostatic potential map of the dicyano ligand LN
highlighting the partial charge separation and C—C double-bond weakening in
the push—pull backbone, (d) rotation of the endohedral functionality via a
charge-separated transition state.

NMR methods. For one- or two-electron reduced molecules
based on the same backbone, however, Akutagawa and Sutherland
reported rotation.*

On the other hand, an internal motion that has already been
described for such double-bonded compounds is flipping of the
bent-out substituent between both faces of the backbone
(Fig. 1b).>** We have observed a similar effect in the previously
reported, electron rich adamantyl system, but ruled out any
thermally induced rotation around the C—C bond as evidenced
by experimental and theoretical results.*®

To the best of our knowledge, the rotation around the C=C
double bond in non-reduced, unsymmetrically acceptor-substituted
acridinylidene systems has never been reported (Fig. 1d). Further-
more, the use of such a push-pull endohedral functionality inside a
self-assembled molecular cavity is unprecedented. In order to
compare the dynamics of the rotor functionality in discrete
ligands, self-assembled cages and their host-guest complexes
we synthesized one symmetrically substituted (2 x CN) ligand
LN and three unsymmetric derivatives L* (R = Et, tBu or Ph
esters; Fig. 1a). Variable temperature NMR studies in different
solvents revealed that the unsymmetrically substituted ligands
indeed show rotational dynamics around the C=C double bond
depending on the conditions as evidenced by the splitting or
coalescence of backbone protons H* and H* (Fig. 2 and ESI{). As
expected, rotation is accelerated at higher temperatures and in
more polar solvents (MeOH > DMSO > MeNO, > MeCN >
THF) that better stabilize the charge-separated, twisted transi-
tion state (Fig. 1d and ESIY). Exemplarily, Fig. 2 compares NMR
spectra of ligand L measured in THF at 198 K (Fig. 2a) and in
acetonitrile at 298 K (Fig. 2b) with the former spectrum showing
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Fig. 2 H-NMR spectra of ligands L® and L™ and their corresponding
[Pd,L4] cages. (a) Ligand L in THF (400 MHz, 198 K, d®-THF), (b) ligand
LY in acetonitrile, (c) cage [Pd,L®Y,], (d) cage [Pd,L"",] and (e) ligand L™"
(400 MHz, 298 K, CDsCN). Aromatic protons closest to the spinning rotor
are marked in red (a/a’). Fast rotation results in one set of aromatic proton
signals (e), slow rotation in two sets (a) and rotation with rates close to the
NMR timescale in coalescence and signal broadening (b). * = CHCls.

signal splitting for all aromatic protons, i.e. sharp resonances for
protons H* and H*, assignable to a locked conformation, and
the latter spectrum revealing only one set of aromatic signals
and complete broadening of H* and H* protons, indicating fast
rotation in the NMR coalescence regime.

Likewise, the rotation of the phenylester was found to be
faster than the spinning observed in the more electron rich
ethyl- and ¢-butyl-substituted ligands, as can be seen by com-
paring the spectra shown in Fig. 2b and e. The latter spectrum
contains a single sharp signal assigned to the rapidly inter-
changing H® and H positions in the phenyl-substituted ligand.
In addition, the low-temperature NMR measurements of ligand
L®" in THF reveal a splitting of the rotor’s OCH,CHj signal due
to desymmetrization into a diastereotopic pair of protons
sitting next to an unusual element of chirality (a bent double
bond carrying distinguishable substituents). Around 213 K, the
onset of signal splitting hints at a rapid flipping motion of the
endohedral substituent while the discussed rotation is already
extremely slow at these low temperatures (Fig. 1b and ESIf).

A comparison of the UV-Vis spectra of all examined ligands
further reveals that an increasing charge stabilization within
the push-pull system goes along with increasing red-shift of the
longest-wavelength maximum (fBu < Et < Ph < CN;j ESIt).

Regardless of their dynamic peculiarities, all ligands readily
formed dinuclear [Pd,L,] coordination cages upon treatment
with the palladium salt [Pd(CH;CN),](BF,), in acetonitrile as
observed in the NMR spectra (Fig. 2c and d) and high-resolution
ESI MS results (ESIt). Analogous to the behaviour of the free
ligands, the spinning rates of the rotors inside the cages increase
with increasing solvent polarity.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) X-Ray crystal structures of ligands (a) L™ and (b) L and (c) DFT
calculated structures of ligand L% and (d) the lowest energy conformer of
cage [Pd,LE,].

Single crystal X-ray structures were obtained for ligands L™ and

L™ (Fig. 3a, b and ESI). In comparison with a DFT calculated model
of ligand L™ (Fig. 3c), a substituent effect on the double-bond
twisting and bending of the rotor moiety with respect to the back-
bone was clearly observed. The phenyl-substituted ester can stabilize
negative charge density at the rotor-end of the double bond, hence
leading to a rather large double bond twisting of 23° and a quite flat
backbone structure (167° internal bending). In contrast, the more
electron rich ethyl and tert-butyl substituents lead to twists of only 8°
and 10°, respectively, and more pronounced backbone bending
(148° and 150°).

Since no crystals suitable for X-ray structure determination
of the self-assembled cages could be obtained, we calculated
the lowest energy conformations of cage [Pd,L";] by dispersion
corrected DFT (B3LYP-D3/def2-SVP in PCM-acetonitrile) geometry
optimizations (Fig. 3d, ESIt). In the two lowest energy conformers
(differing by less than 1 kcal mol '), the four unsymmetric end-
hohedral attachments adopt a trans- or cis-up/down arrangement,
respectively, with respect to the Pd-Pd axis. The calculation of the
cis-conformer shown in Fig. 3d smoothly converged with a C;
symmetry in which two of the ethyl groups are slightly twisted
away from the cage while the other two are oriented inside the
cavity. A tentative arrangement with all four substituents showing
in the direction of only one of the Pd centres was found to be of
significant higher energy according to the calculations (ESIt).

Next, we examined changes of the dynamics of the rotor in
dependence of its supramolecular surrounding by comparing the
behaviour of the free ligand with the respective self-assembled cage
and a host-guest complex. Fig. 4 summarizes the results for the L™
system. At room temperature (298 K) this ligand shows rotational
dynamics with a rate close to the NMR timescale, thus the
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Fig. 4 H-NMR spectra of (a) ligand L%, (b) cage [Pd,L®,] at 298 K, (c) the
same cage at 333 K and (d) host—guest complex [guest@Pd,LE,] containing
1.0 eq. 2,7-naphthyl bissulfonate at 333 K (400 MHz, DMSO-dg). Cage
formation and temperature increase leads to accelerated rotation and
sharpening of the a/a’ signal (red). Guest uptake slows down spinning of
the endohedral rotor, as shown by line fitting analysis of deconvoluted
signals d/d’ (blue) and a/a’ (red). * = signals of the encapsulated guest.

spectrum shows a single, broadened resonance as an average
for protons H* and H* (Fig. 4a). Interestingly, assembly to the
coordination cage results in a sharpening of this signal, indicating
accelerated rotation, which we assume to be either caused by
electronic changes in the conjugated system resulting from the
coordination to the Pd(u) cations or by the cavity’s special environ-
ment. As possible explanations for the latter effect we suggest an
altered viscosity or polarity inside the cage confinement as com-
pared to the free solution.

The signal further sharpens when the cage is heated to 333 K
resulting from a thermally induced increase of the spinning
frequency (Fig. 4c). Subsequently, we examined cage [Pd,L*,]
for the uptake of several anionic guest molecules (ESIT).
A particularly interesting interaction was observed with the guest
2,7-naphthyl bissulfonate. In acetonitrile and nitromethane, this
guest showed slow exchange on the NMR timescale, in DMSO
it exhibited fast exchange, whilst In methanol, precipitation
hampered the analysis. In the presence of the guest, the spectra
measured at room temperature suffered from ample signal
broadening which was partially resolved by conducting the
measurements at 333 K (Fig. 4c, d and ESI¥).

Most interestingly, a careful analysis of the overlapping
NMR signals including the resonance of the a/a’ protons
revealed, that the encapsulation of one molecule 2,7-naphthyl
bissulfonate slows down the spinning of the endohedral rotors,
accompanied by typical downfield shifts for the cage protons in
contact with the guest (Fig. 4d). This guest-induced ‘“‘breaking
effect” nicely complements our previous findings concerning
the flipping motion in a related adamantyl cage.>®

In conclusion, we reported a series of self-assembled coordina-
tion cages based on a new type of endohedral push-pull rotor
whose rotational dynamics are influenced by the assembly process,
solvent polarity and derivatization of the electron-withdrawing
moieties. In addition, the presence of an encapsulated guest was
found to slow down the rotation. We see potential uses for such
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dynamic push—pull systems in the construction of stimuli responsive
supramolecular systems, catalytic cavities and functional materials.
Comparable sterically congested stilbene and imine derivatives
based on tricyclic aromatic molecules featuring light-triggered
rotation around C—C or C=N double-bonds have found
remarkable application in supramolecular systems.*** Currently,
we examine the photochemical and redox behaviour of herein
reported compounds with the aim to equip them with stimuli-
responsive control elements.
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