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Understanding and controlling the topology of self-assembled
structures plays a fundamental role in supramolecular
chemistry. Especially the topologically nontrivial knot struc-
tures have attracted tremendous interest, not least because of
their aesthetic appeal.l'! Important representatives that were
synthesized during the last decades include the Hopf link (2-
catenane),” the trefoil knot,’! Solomon’s link,™ the pentafoil
knot,” and Borromean rings.®’ In combination with well-
defined cavities inside supramolecular cages,”! the chiral and/
or low-symmetric environment imposed by such nontrivial
topologies may further contribute to the developments in the
field of enzyme-like nanoreactors.!

Two general synthetic approaches towards coordination-
chemistry-based knots can be distinguished by the role of the
incorporated metal ions: The more established one uses the
metal ions as templates®>" whereas in the second
approach, the coordinating metal ions are used as integral
parts of the interwoven supramolecular assembly. Although
numerous structurally simple coordination cages as well as
metal-organic catenanes and rotaxanes are based on the
second principle,'™? the number of reported higher order
knot and link structures following this pattern is still
limited."™™ Structurally related, but topologically different,
are interpenetrated coordination cages in which two or more
metal-mediated cages form an interdigitated assembly with-
out covalent or direct dative bonding between the cages."!

Sometimes, subtle changes in the design of a ligand that is
known to form a topologically simple supramolecular assem-
bly can result in the formation of a thermodynamic product of
dramatically different structure. Herein we report on such an
unexpected finding and its structural characterization by the
interplay of high-resolution mass spectrometry, sophisticated
NMR techniques, and computer-aided modeling.

As was previously shown, the self-assembly of rigid bis-
monodentate pyridyl ligands L' with [Pd(CH;CN),](BF,),
leads to a non-intertwined coordination cage of the compo-
sition [Pd,L',]** (Scheme 1a).l*! This architecture enables
the encapsulation of differently sized dianionic guests and,
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Scheme 1. Synthesis of short ligand L' (a) and the isomeric ligands L*
(b) and L? (c) followed by their reaction with Pd" ions in acetonitrile to
give the globular coordination cage [Pd,L',]*", the widened derivative
[Pd,L%]*", and the unexpected compound [Pd;L3]°", respectively (coun-
terion in all cases: BF,).

[Pd L3 15+

depending on the guest size, the discrimination between
discrete host-guest arrangements and chainlike oligomeric
structures.””’ Based on this principle, novel pH-switchable
(pseudo-)rotaxanes,'”l a system capable of light-triggered
crystallization,'™ and discrete assemblies of Magnus’ Salt-
type stacked platinum compounds were developed.!'”

In order to incorporate larger molecules or to increase the
guest/host ratio, control of the cavity size is a crucial
prerequisite. We therefore prepared two new isomeric ligands
expected to either widen (L?) or elongate (L?) the proposed
cage compounds (Scheme 1b,c), which was indeed the case
with ligand L? (see the Supporting Information).

In contrast, ligand L* was surprisingly found to result in
the clean formation of a structurally more complicated
assembly composed of six ligands and three metal ions. The
formula [Pd;L%]°" was unambiguously proven by the high-
resolution mass spectrometry (HRMS) (see the Supporting
Information).

The 'HNMR spectroscopic study of the formation of
complexes [Pd,L?,]*" from L* and [Pd;L%]°* from L* shows
further dramatic differences. Upon addition of Pd" to
a solution of L? in CD,CN, the pyridine proton signals shift
to lower field within 10 min, which is characteristic for the
quantitative formation of the coordination cage (Figure 1a).
Similar to the reaction of L' with Pd" to give cage
[Pd,L',]*",1¥ no signal splitting occurred, thus indicating the
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Figure 1. a) Time-dependent formation of [Pd,L%]*" and [Pd;L3°".

"H NMR spectra (400 MHz, CD,CN) at 333 K of b) ligand L?, c) cage
[Pd,L%]*", d) ligand L?, e) intermediate mixture 17 min after metal
addition, and f) the final product [Pd;L3|*" after heating to 60°C for
12 h. g) Depiction of the low-symmetry environment around ligand L*
and signal assignment. Only a C;-symmetric environment of L? in
[Pd;L%*", in which all six ligands are equivalent (but completely
asymmetrically surrounded by the remaining supramolecular struc-
ture), is consistent with all 1D and 2D 'H, "*C, and '°F NMR data.

preservation of a high degree of symmetry (Figure 1b,c). In
contrast, the reaction of L’ with Pd" ions to give cage
[Pd;L%]°" requires more than 10 h to reach completion at
60°C (Figure 1a). This remarkably slow formation of the
thermodynamic product already indicates that cage [Pd;L?]*"
has high structural complexity, since the rapid formation of
cages of simpler structure, such as [Pd,L]*" from a similar
bispyridyl ligand and the [Pd(CH;CN),](BF,), precursor,
reflects the fast ligand exchange that is to be expected in
such a system. Moreover, in stark contrast to the observations
made for [Pd,L',]* and [Pd,L%]*", the '"H NMR signals of the
ligand in cage [Pd,L%]°" split into sets of four (ligand
backbone) and two (p-(3-pyridyl)phenyl donor sites), all of
equal integration values. This indicates a reduction of the
ligand’s local symmetry. Worth mentioning is, furthermore,
the observation of significant up- or downfield shifts for
a number of backbone signals, which is another indicator for
close contacts between the ligands inside a highly entangled
structure.

Among the four symmetry proposals for possible ligand
environments leading to the signal splitting found for
[Pd;L%]°", three can be ruled out because of the number of
observed signals and coupling patterns in the 'H, “F, and
HMBC NMR spectra (Supporting Information, Figure S1).
The only remaining possibility, an environment of four
distinguishable quadrants A, B, C, and D around L3 is
depicted in Figure 1g. The full assignment of all aromatic
"H NMR signals is given in Figure 1{ (see the Supporting
Information for "F, ®C, and various 2D NMR spectra).
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In order to identify a plausible structure of [Pd;L%]°" in
solution, it is now necessary to deduce and evaluate all
possible topologically different assemblies fitting the formula
[Pd;L%]°". If the six ligands are all chemically equal and the
“principle of maximum site occupancy” is obeyed, the
connecting Pd" ions must be equivalent and therefore located
on the corners of an equilateral triangle. This gives rise to
seven different models as depicted in Figure 2. The non-

Figure 2. Among all possible topologies for a combination of six bis-
monodentate ligands L* and three square-planar-coordinated Pd" ions
in the assembly [Pd;L%]°*, models M'-M® (a—e) can be easily ruled out
by symmetry considerations and NOE NMR analysis (see the Support-
ing Information). Chiral, D;-symmetric model M® and achiral, Cy-
symmetric model M’ (meso) are both assembled from two chiral
trefoil-knot-shaped hemispheres to give a walnut-shaped structure.
NOESY data, modeling results, and NMR titration experiments with

a homochiral guest all support model M’ as the correct topology.

intertwined cases M" (achiral, point group D5,) and M? (chiral,
D5) are inconsistent with the above-mentioned results (slow
formation, '"H NMR signal shifting and splitting as a result of
close interligand contacts). In the five intertwined structures
M-M’7 (M?, M*, M®: chiral D;; M5, M’ achiral C;,) the
interligand H-H distances are expected to differ considerably.
Indeed, comparison of the experimentally determined inter-
ligand distances obtained from the NOESY spectrum of
[Pd;L%]°" with the calculated distances obtained from un-
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constrained semiempiric PM6 geometry optimizations™ for
all models gave crucial insight into the solution state structure
(Figures S8 and S9).

Taken together, the NOE results were found to be
consistent only with the chiral, walnut-shaped structure M°
and, even better, with the related achiral structure M”: All
observable interligand NOESY contacts were quantified by
referencing them against a set of intraligand H-H distances of
the rigid backbone of L' (obtained from the crystal structure
of [Pd,L',]*)! (see the Supporting Information). The
comparison of the experimental with the calculated distances
clearly shows that the double-trefoil-knot model M’ corre-
lates best, M® is slightly worse, and structures M"-M?® show no
correlation at all (Figures S11 and S12). As a further factor in
favor of model M’, single-point energy calculations of the
PM6 geometry-optimized models M® and M’ at the DFT-
B3LYP/LANL2DZ level indicate that model M’ is
113.7kJmol™' lower in energy and thus the more stable
structure. This energy difference may have its origin in the
coordination geometries of the Pd" ions as calculated by the
unconstrained structure optimizations: Whereas all {Pd-
(pyridine),} units of model M’ converged to a perfectly
square-planar geometry, they showed significant deviation
from the perfect geometry in model M°.

Model M’ is composed of two enantiomeric hemispheres,
each in the shape of a trefoil knot, and it is thus achiral
(meso). In order to obtain further evidence for the overall
achiral nature of the proposed model, we titrated the cage
compound with a solution of an enantiopure camphorsulfo-
nate guest and monitored the reaction by 'H NMR spectros-
copy; the guest underwent quantitative encapsulation inside
the cavity of structure M”."! HRMS data indicated the
formation of a 1:1 host—guest adduct (see the Supporting
Information). Both guest enantiomers show the same behav-
ior: apart from the anticipated signal shift of certain protons
belonging to the cage, no signal splitting could be observed
upon addition of the chiral guest. This observation is also
consistent with meso model M’, as the achiral structure should
not discriminate between the two optical isomers of the chiral
sulfonate. In contrast, a racemic mixture corresponding to the
chiral model M® should show two different sets of signals for
the diastereomeric matched and mismatched host—guest
systems.

Figure 3 shows different representations of the PM6
geometry-optimized model M’, which is in full accordance
with the [Pd;L%]*" composition (as elucidated by ESI-MS), all
observed 'H, "F, and “C NMR signal shifts, splittings, and
couplings, as well as the values of the measured NOE contacts
within experimental error, the relative DFT energies, and the
test for chirality using a homochiral guest compound.
Furthermore, the calculated model M’ does not contain any
chemically counterintuitive structural features, such as over-
long bonds, overstretched angles, or improbably short non-
covalent contacts (in contrast to the calculated structures of
M*-M®, see the Supporting Information).

Comparison of the hydrodynamic radii obtained from
DOSY (diffusion ordered spectroscopy) NMR spectra of all
three coordination compounds measured in CD;CN shows, as
expected, an increase in size in the order [Pd,L']*" <
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Figure 3. Stick models in a) top and b) side view (Pd ions highlighted
as black spheres), and c) space-filling model of [Pd;L3]°" with a top-
ology according to M7 (PM6, Gaussian’09) based on 52 nonsymmetry-
equivalent (40 nontrivial) NOESY contacts (overall 312). A selection of
interligand contacts is depicted in (d). For further analysis, see the
Supporting Information.

[PA,L%4]*" < [Pd;L%]°" (see the Supporting Information).
The increase in size between [Pd,L%]* and [Pd,L%]*,
however, is smaller than between [Pd,LY]** and [Pd,L?,]*
(although the increase in molecular mass is three times larger
for the former than for the latter case) which can be well
explained by the intertwined structure of model M” and the
resulting dense packing within the supramolecular assembly.

This dense packing seems to be stabilized by six m—m
interactions between the phthalimide moieties in the back-
bones of adjacent ligands. Additional stabilization may arise
from six hydrogen bonds between the B7 carbonyl oxygen
atoms and the protons AB8-H' (distance: 2.3 A). Indeed, in
the '"H NMR spectrum of [Pd;L%]*" this proton is shifted
downfield by 0 =0.4 ppm compared to the signal of the free
ligand L*, whereas the signal of the outside-pointing proton
ABS8-H" undergoes an upfield shift of 6 =0.1 ppm (Support-
ing Information). Such an intertwined structure is not possible
with ligand L* as the more angled structure disfavors close
ligand proximity. Moreover, model M’ indicates that L' is too
short for such an entanglement.

In conclusion we were able to obtain, both a non-
intertwined cage [Pd,L%]*" and an intertwined cage
[Pd;L%]°" based on the subtle differences between the two
isomeric ligands L? and L*. With the aid of HRMS and NMR
techniques, one plausible solution-state structure for
[Pd;L*%]°" could be identified among several different coor-
dination topologies. Correlation between measured NOE
distances and those calculated from geometry-optimized
models of all possible topologies suggests an achiral cage
consistent with model M. This unprecedented knot structure
was further supported by the formation of a 1:1 host—guest
complex with chiral camphorsulfonates.
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We think that this double-trefoil-knot complex is a re-
markable example of supramolecular architecture which adds
to the few reported examples of knots in which the metal ions
are not templates but integral parts of the structure.'
Owing to the unique ribbonlike shape of the ligand backbone
(with diagnostic protons located in all four distinct quadrants
of the rigid structure but no rotational degrees of freedom) we
were able to come up with a plausible solution structure based
on NMR spectroscopic and mass spectrometric methods
alone. Just as these methods have become indispensible for
the structure elucidation of noncrystalline protein and nucleic
acid structures in recent years,”? the structural character-
ization of large supramolecular assemblies will surely profit
from the further development of these techniques as well.
Our present efforts are devoted to the idea of transferring
other modern NMR techniques such as RDC (residual
dipolar coupling)® to the field of supramolecular assem-
bly.

Furthermore, possible applications of the complex
[Pd;L%]°" can be seen in the fields of selective recognition
and catalysis in confined environments. Currently, we are
further exploring the host—guest chemistry and the control
over the chirality of this walnut-shaped complex.
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