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Compounds featuring one-dimensional arrays of stacked
metal ions such as Magnus’ Green salt {[Pt(NH;),][PtCL]},!"
and the Krogmann salts {M[Pt(CN),]X.y5}, (M =Mg*", Ca**,
Sr**, Ba**, 2Na™, or 2K*; X =CI~ or Br™)® have fascinated
researchers ever since their discovery more than 150 years
ago.’! Currently, interest in these compounds is increasing
because the precise arrangement of metal ions in a linear
fashion is seen as a promising strategy for the generation of
molecular wires and information carriers in the emerging field
of molecular electronics.”! The polymeric character, polydis-
persity, and low solubility of these compounds, however, have
rendered the examination and application of most com-
pounds of this class rather difficult. As well as the classical
inorganic approaches for their synthesis, bioinspired strat-
egies using DNAP! or oligopeptide scaffolds!® have recently
been used by us and others for the self-assembly of stacked
metal arrays in solution.

However, only a limited number of discrete stacked
platinum compounds have been structurally characterized.
One species of the family of the “Platinum Blue” compounds
with the composition {[(Pt***"),(NH;),(acetamidate),]***},, of
which a crystal structure with n =4 has been obtained, serves
as an example.[”

Supramolecular compounds featuring an inner cavity,
such as cyclodextrins, hydrogen-bonded capsules, and coor-
dination cages,® provide a nanosized, confined environment
for the stabilization of reactive intermediates” and the
selective control of chemical reactions in their interior."”
The limited space can also be used to put a spatial constraint
on the self-assembly of supramolecular building blocks, which
otherwise would form polymeric products.'!! Fujita and co-
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workers were the first to apply this principle to the self-
assembly of discrete stacks of square-planar coordinated M"
complexes (M =Pd, Pt, Cu, or Ni) showing metal-metal d—d
contacts'?l and spin-spin interaction phenomena!' inside an
organic-pillared coordination box.

Recently, we introduced a new supramolecular coordina-
tion cage 1 consisting of four rigid, concave ligands and two
square-planar coordinated d® metal ions, such as Pd" (1a) or
Pt" (1b), sitting on oppositely arranged poles of a globular
structure." The ability of this cage to bind bis(anionic) guest
compounds in its interior was studied systematically!" and led
to pH-switchable (pseudo)rotaxanes’® and a system capable
of light-triggered crystallization.!"”

We herein report the first example of the rational
preparation of a short stretch of pentanuclear stacked
platinum compounds of the Magnus’ salt type, in the form
of a discrete host—guest compound based on cage 1 in solution
and in the solid state Figure 1).

The derivatives of Magnus’ salt having the formula
{[PtY,][PtX,]}, (X=CI" or Br~; Y =neutral N-donor ligands,
NH;, NH,R, or pyridine) are characterized by an alternate,
face-to-face stack of the dicationic and dianionic complexes.
Depending on the resulting interatomic Pt-Pt distances, the
polymeric compounds have been found to exhibit colors from
pink to green as a result of metal-to-metal charge-transfer
processes.'! Our strategy to generate a discrete stretch of
stacked platinum complexes by encapsulation is based on the
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Figure 1. a) Assembly of a discrete stack of alternating [PtY,]*" and

[PtX,]>~ units inside coordination cage 1, b) and c) structures of the
examined guest and host compounds, respectively.
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two Pt(pyridine), planes of cage 1b placed in parallel
approximately 1.7 nm apart. As the concave shape of the
rigid ligands creates a spherical cavity, we envisioned the
possibility of an alternately stacked arrangement of the
composition {[PtX,][PtY,][PtX,]}*" in between these two
positively charged Pt(pyridine), planes.

Indeed, '"H NMR spectroscopy indicated the formation of
the host—guest complex in solution (Figure 2). Initially, cage
1b in CD;CN (Figure 2a) was titrated with 1 equivalent of
guest [Pt(NH,nBu),]*" (Figure 2b). As expected, no signifi-
cant interactions were found between the positively charged
guest and the tetracationic host. Upon subsequent addition of
two equivalents of the negatively charged guest [PtCl]*,
however, a significant shift of certain NMR resonances
indicated the formation of a quaternary host-guest complex
of stoichiometry {[Pt(NH,nBu),]-[PtCl,],@1b}*" (Figure 2c
and d). In accordance with our previous findings, the
incorporation of the (net) negatively charged guests inside
cage 1 resulted in a characteristic downfield shift of the cage’s
inward pointing hydrogen atom H; (purple in Figure 1 and
Figure 2). In addition, all four signals attributed to the butyl
chains of guest [Pt(NH,nBu),]*" were found to shift upfield as
expected.'* Interestingly, the nitrogen-bound protons of
guest [Pt(NH,»Bu),]*" were found to undergo a slight down-
field shift, thus suggesting an interaction with the closely
packed [PtCL,]*" units nearby.

It should be noted that the addition of two equivalents of
[PtCl,]*" to the mixture, [Pt(NH,nBu),]*" + 1b, was necessary
to achieve full incorporation of one equivalent of guest
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Figure 2. "H NMR titration of [Pt(NH,nBu),](BF,), and (NnBu,),[PtCl,]
inside a 0.7 mm solution of cage 1b in CD;CN (500 MHz, 298 K).
a) Pure cage 1b, b) addition of 1 equivalent of [Pt(NH,nBu),](BF,),,
subsequent addition of c) 1 equivalent and d) 2 equivalents of
(NnBu,),[PtCl,], €) pure [Pt(NH,nBu)](BF,), (0.7 mm) in CD,CN.
Purple: inward pointing hydrogen atom H; of cage 1b, green and red:
signals of free and encapsulated [Pt(NH,nBu),*", respectively.
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[Pt(NH,#Bu),]*" as expected for the formation of a supra-
molecular  assembly of the  stoichiometry  [Pt-
(NH,nBu),J*"/[PtCL,J* /1b =1:2:1.

Throughout the titration, no splitting of NMR signals was
observed and all signals remained relatively sharp, thus
supporting our interpretation of a linear and alternating stack
inside the cage without loss of the initial fourfold symmetry of
the cage.

Furthermore, it is interesting to note that the same result
was obtained when the titration was commenced with the
addition of [PtCL]*", followed by addition of [Pt-
(NH,nBu),]*". In this case, however, NMR spectroscopy
and ESI mass spectrometry indicated that the guest [PtCl,]*,
which was added first, was already incorporated alone as
a weak binding guest molecule inside cage 1b in a 1:1 fashion.
Similarly, using the guest compounds [Pt(pyridine),]*" and
[PtBr,]* also resulted in the formation of host-guest com-
plexes of the Magnus’ salt type (see the Supporting Informa-
tion).

Further data supporting the formation of soluble com-
pounds, having a discrete architecture similar to Magnus’ salt,
inside 1b were obtained from ESI-TOF mass spectrometry.
Figure 3 a—c show the resulting mass spectra of three different
guest combinations, each featuring the expected signal for
{[PtY,]-[PtX,],@1b}*" as the most prominent peak. In all
cases, the resolved isotope patterns of the measurement are in
very good agreement with the simulated patterns for the
expected molecular composition.

Using cage 1b and a combination of [PtCl,]*" and
[Pt(pyridine),]** as guests, we were successful in growing
single crystals suitable for X-ray crystal structure determi-
nation (Figure 4). In contrast to the X-ray structure of “free”
palladium-based cage [1a](BF,),, which adopts a D,, sym-

a)

100 2284.74 caled. for [C,,H MOCIstANzoozoPts]z‘
{IPY(NH,nBu),1-PtC1,], @1b)* 2284.79
~N
%
measured 2284.74
L
800 1000 1200 1400 1600 1800 2000 2200 2400 2600 " 2282 2286 2290
b)

100 2462.57 calcd. for [CWBHMO

{[Pt(NH,nBu),J-[PtBr,],@1b}**

BrF N OuPtI

measured 2462.57

800 1000 1200 1400 1600 1800 2000 2200 2400 2600

o

2456 24602464 2468

calcd. for [C

um 116

100 2296.74 C7|8F24N20020Pt5]2'

{[Pt(pyridine),]J[PtCI,],@1b}*

TN |

0 )
800 1000 1200 1400 1600 1800 2000 2200 2400 2600
mlz

measured 2296.74

2294 2297 2300 2303

Figure 3. ESI-TOF mass spectra of acetonitrile solutions of the
host-guest complexes: a) {[Pt(NH,nBu),J-[PtCl,],@1b}*", b) {[Pt-
(NH,nBu),J-[PtBr,l,@1b}*", and c) {[Pt(pyridine),]-[PtCl,|,@1b}**.
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Figure 4. X-ray structure of {[Pt(pyridine),]-[PtCl,],@1b}(CIO,),. a) Side
view of one of the two enantiomeric complexes found in the crystal,

b) top view with Pt" ions highlighted as large spheres showing the
staggered arrangement of the five square-planar platinum complexes
and the slight trapezoid distortion of the cage structure owing to
packing effects (C: gray, N: light blue, O: red, F: green, Cl: yellow, Pt
in [Pt(pyridine),]: dark blue, Pt in [Pt(Cl),]: yellow; H atoms, solvent
molecules and ClO,~ counter ions in (b) are omitted for clarity.?"

metry in the solid state,'* the cage substructure in {[Pt-
(pyridine),]-[PtCl,],@1b}*" was found to show an approxi-
mated C, symmetry with all four ligands twisting in a helical
manner around the line connecting the Pt atoms. Both
enantiomers of the chiral cage were found in the crystal in
a 1:1 ratio. A slight trapezoid distortion from the ideal C,
symmetry can be attributed to packing effects (see the
Supporting Information for discussion of the packing).

As expected from the solution experiments, all cages were
found to contain two molecules of [PtCl,]*~ and one molecule
of [Pt(pyridine),]*" alternately stacked along the line con-
necting the cage’s two platinum centers (Figure 4). The
resulting nearly linear stack of five platinum complexes
comprising the cage’s two [Pt(ligand),]*" moieties and the
three guests is highlighted in Figure 4a. The Pt-Pt distance
between the outer complexes and the [PtC1,]>~ units is 3.81 A
and the distances between the [PtCl,]*" units and the central
[Pt(pyridine),]** molecule is 4.15 A. Both distances are thus
larger than the sum of van der Waals radii for two Pt" ions
(3.50 A) and also larger than the Pt-Pt distances found in
Magnus’ Green salt (3.25 A)."! Therefore, no strong d—d
interaction is to be expected in the present case; this finding is
in agreement with the faint yellow color of the crystals.
Accordingly, also the UV/Vis examination of the slightly
yellow solution of {[Pt(pyridine),]-[PtCL],@1b}(BF,), in ace-
tonitrile indicated no remarkable spectral features. To the
best of our knowledge, no X-ray structure of the parent
polymeric compound {[Pt(pyridine),][PtCL]}, has ever been
reported in the literature, however, the X-ray structure of
a compound containing the related stacked motif {[Pt-
(pyrazole),][PtCl,]}, was found to show a comparable Pt-Pt
distance of 3.94 Al

Figure 4b shows the structure viewed along the Pt—Pt line
with the guests [Pt(pyridine),]*" and [PtCl,]*" highlighted by
thicker bonds. The square-planar complexes adopt a staggered
arrangement showing slight deviations from coplanarity. The
pyridine rings of the central [Pt(pyridine),]*" units are directly
pointing towards the inner side of the norbornane-framework
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of the cage’s four ligands. The resulting close proximity
between the hydrogen atoms in the 4-position of these
pyridine rings and the cage’s protons H, explains the upfield
shift of the H, resonances upon assembly of the quaternary
host—guest complex.

The packing of the cages in the X-ray structure reveals
a circular arrangement of six cages in a chairlike fashion
around a central cavity containing counter anions and solvent
(Figure 5a). The columnar stacking of these rings into tubes is
shown schematically in Figure 5b and a partial breakdown of
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Figure 5. a) The top view of the packing in the X-ray structure reveals
the circular, chairlike arrangement of six cages with their Pt; axis
pointing towards a central channel (gray) that contains ClO,~ counter
anions and disordered solvent (upper cages: blue, lower cages: red, Pt
in [Pt(Cl),]: yellow, Pt ions highlighted as large spheres). b) Schematic
side view showing the stacking of rings to give hollow tubes and

c) breakdown of the assembly around the inner channel showing:
whole cages (left), only Pt ions (middle), and only inner CIO,™ ions

(right).

the cages, Pt stacks and ClO, ions in the central channel is
shown in Figure 5Sc. In each ring, the cages shown in blue and
red are of opposite chirality (from one ring to the next, the
sense of chirality is reversed). The main driving force for this
aggregation pattern remains unclear, but the assembled
structure is characterized by the fact that some fluorine
atoms of the ligand moieties of neighboring cages are close to
each other (2.81-2.99 A; see the Supporting Information
Figure S7).

In conclusion, our results show that the coplanar arrange-
ment of two cationic, square-planar Pt" complexes by four
rigid, concave ligands into a supramolecular cage, templates
the formation of a discrete stretch of an alternating stack of
platinum complexes of the Magnus’ salt type, in solution and
in the solid state."”) This principle of charge-based molecular
arrangement in spatially restricted spaces has proven to be
remarkably versatile, thus allowing various combinations of
cationic and anionic guests to be coencapsulated. Noteworthy
is the fact, that the coencapsulated guest trimer {[PtX,]-
[PtY,][PtX,]}*” binds much stronger inside cage 1b than the
small, monomeric guest [PtX,]*~ alone (although they carry
the same charge), an effect that was recently also observed by
Fuyjita and co-workers for the encapsulation of uncharged
electron-rich/poor guest trimers.””) This concept has future
potential in the fields of molecular electronics and catalysis.
As the channels (1.4 nm in diameter) spanning the solid-state
structure are flanked by the outer [Pt(pyridine),] faces of the
discrete Pts-stacks, interaction with (redox active) substrates
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or functional guests in these channels might lead to the
development of new materials with interesting properties.
Furthermore, the use of paramagnetic metal ions and mixed
(valence) metal assemblies might have impact on the fields of
information storage and molecular spintronics.

Currently, we are exploring the potential to fine-tune the
metal-metal separation and create extended stacks by alter-
ing the cage’s backbone structure to deduce a relationship
between structural and spectroscopic features.

Experimental Section

The synthesis of cages 1a*! 1b/'! and the guest compounds
(NnBu,),[PtX,] (X=CI" or Br") and [PtY,](BF,), (Y=NH,nBu or
pyridine) is described in the Supporting Information. For a typical
titration experiment, a 0.7 mMm solution of cage 1b (500 pL) in CD,CN
was treated with 8.75 mm solution of the respective guest freshly
prepared in CD;CN in steps of 0.25 equiv (10 pL) followed by an
equilibration time of 5min prior to the NMR measurement
(500 MHz, 298 K). Pale yellow single crystals of {[Pt(pyridine),]--
[PtCL],@1b}(ClO,), suitable for X-ray crystal structure determina-
tion were grown by slow evaporation of the mixture of 1b
(0.35 umol), (NnBuy),[PtCly] (1.4 umol), [Pt(pyridine),](BF,),
(1.05 pmol), and NnBu,ClO, (20 pmol) in CH;CN (2.0 mL) for two
weeks at room temperature. Crystal data: CgH;4Cl;oF,4N;Ox5Pts,
Fw=4792.96, crystal dimensions 0.2x0.2x0.1 mm, trigonal, space
group R3¢, a=55.13(2), c=49.517(18) A, V=130339(81) A%, Z=18,
Peatca=1.099 gecm™>, u=2551cm™, F(000)=42048.00, T=296K,
A(Mo,,) =0.71075 A, 20, =29.4° 47135/5369 reflections collected/
unique (R;, =0.1494), R, =0.0954 (I >20(1)), wR,=0.2820 (for all
data), GOF =1.046, largest diff. peak and hole 0.73/—0.82 ¢ A=, The
contribution of solvent electron density was removed by the
SQUEEZE function.”?"
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