
Self-Assembly of Metallo-Supramolecular Cages 
An Easy Way to Nanoscale Structures

Ralf W. Troffa, Boris Brusilowskija, Qi Wanga, Kari Rissanenb and Christoph A. Schalleya*

a) Institut für Chemie und Biochemie der Freien Universität Berlin, Takustr. 3, D-14195 Berlin, Germany, E-Mail: schalley@chemie.fu-berlin.de
b) NanoScience Center, Department of Chemistry, P.O. Box 35, 40014 University of Jyväskylä, Finland

I. Introduction

IV. A Promising Ligand in Self-Assembly

III.Equilibrium of a Bowl and a Cage

II. The Self-Assembly of [2:4] and [3:6] Complexes

V. 3D Structures - Cube or Tetrahedron? VI. Conclusion / Outlook

Self-assembly is a well known tool to obtain nanoscale structures from 
small building blocks. The overall shape of these nanostructures is 
influenced by different intrinsic properties of the building blocks (e.g. 
length, shape, flexibility, and coordination geometry), but it can also 
be influenced by external parameters (e.g. solvent effects, 
temperature, and entropic effects). Based on these relatively complex 
influences, it is obvious that many metallo-supramolecular assemblies 
of small and easy building blocks yield in equilibria of two or more 
different species.

The metallo-supramolecular [2:4] 
and [3:6] complexes[1] 7 - 12 are
achieved by the self-assembly of 
the rigid dipyridylurea ligands 1 - 3
and tetrakis(acetonitrile)-
palladium(II) tetrafluoroborate 6.
With the ligands 4 and 5 no 

complexes are observed, which
can be explained by the methyl
groups in ortho position to the
pyridine nitrogen.

The systems were analyzed by a combination of several different 
analytical methods. 1H NMR and mass spectrometry (shown for
system 7/10) show that [2:4] and [3:6] complexes 7 - 12 exist in 
these systems. 

A water molecule was 
observed as a guest
inside the cavity of the
complex. This can
explain the non 
symmetrical orientation
of the urea-carbonyl
groups in the crystal
structure.

Due to the complexity of the
systems, 2D-DOSY NMR 
spectroscopy is used to identify
the different species in solution
(shown for 7/10). On the base
of the experimental diffusion
coefficients, the radii of the
different complexes are
calculated. A comparsion of 
these radii with calculated ones
(by molecular modelling[2]) 
allows us to identify the species
as [2:4] and [3:6] complexes. 

In the system of 8/11 the [3:6] complex is converted into the [2:4] 
complex over time and after 40 hours no 11 is observed with NMR 
spectroscopy. This result was verified by ESI-FT-ICR mass
spectrometry, wherein a complete conversion was observed after 15 
days. This can be interpreted by involving a bite-angle change comparing
the ligands 1 and 2, which is caused by the ligand´s methyl groups. 

Complex 8 can be crystallized by diffusion of 
diethyl ether into a solution of 2 and 6 in DMF. 
In the crystal data of 8, the carbonyl groups of 
the urea ligands point inwards the cavity of 
the complex. If the tripod pyridine ligand 13 is combined with the Stang-type metal 

center 14 in a 1 : 1.5 ratio, we interestingly observe an equilibrium 
between a [3:2] 16 and a [6:4] 17 assembly. If metal center 15 is used, 
only the [3:2] complex 18 is observed at room temperature. All 
assemblies were investigated and confirmed by 1H, 31P NMR 
spectroscopy and ESI mass spectrometry experiments.
The 1H NMR shows the tripod pyridine ligand 13 (bottom) and the Pd 
assembly (top) in a 1 : 1.5 ratio in ntrobenzene-d5.

The � -pyridyl protons 
(Ha,Hb) are splitted into 
six signals. Two of these 
signals belong to the 
smaller cage 16 and the 
other four (one 
overlapped) signals to 
the larger bowl 17.

The 31P NMR of 16/17 in DMSO-d6 shows two 
signals representing 16 and 17 respectively, while 
three peaks are observed in nitrobenzene-d5
under identical conditions. In contrast, the 31P 
NMR of the 18 in nitrobenzene-d5 shows only one 
signal. This confirms the observed equilibrium 
between the [3:2] and [6:4] complexes and its 
solvent dependency.
Temperature dependent 1H and 31P NMR 
experiments of 16/17 in nitrobenzene-d5 show a 
broadening of the signals at higher temperatures. 
At approximately 380 K coalescence of the 31P 
NMR signals is observed. At higher temperatures 
16 is the only species observed which can be 
explained entropically.

ESI mass 
spectrometry supports 
the NMR results. For 
the Pd system a [3:2] 
(16) and a [6:4] (17) 
species are observed 
(see figure) and for 
the Pt system only a 
[3:2] complex (18) 
was found.

The self assembly of 
dipyridylurea ligand 22
with [Ru(NCCH3)3([9]-
aneS3-�« 3S)](OTf)2 23
leads to 3D structures. If 
a ratio of 2:3 (M:L) is 
used, a cubic or a 
tetrahedral structure 
should be preferred.

NMR spectroscopy indicates the 
formation of a symmetrical 
structure, which is not identified 
yet. 
Theoretical calculations predict 
both structures to be possible. In 
here, the cube is somehow 
energetically preferred, but 
entropy prefers the tetrahedron.

The tripod ligand 21 can 
be achieved by a two 
step synthesis from 
cyclotricatechylene 19. 
At first, three of the six 
methoxy groups are 
converted into hydroxy
groups to yield in 
cyclotriguaiacylene 20. 
Based on this, ligand 21
was prepared in a 
reaction of 20 with 4-
(chloro-methyl)-pyridine 
hydro-chloride.
Some first experiments 
with ligand 21 show it to 
be a promising building 
block in metallo-
supramolecular self-
assembly.

[1] The nomenclature of the complexes: a) in the text: [metal:ligand]; b) in the mass spectra: [metal:ligand:counter ion]charge.
[2] All calculations were done with CACHE 5.0 for Windows, Fujitsu Ltd. 2001, Krakow, Poland. 
[3] C. J. Sumby, M. J. Hardie, Angew. Chem. 2005, 117, 6553-6557; Angew. Chem. Int. Ed. 2005, 44, 6395-6399. 
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If ligand 21 is mixed with a silver 
salt in a 1 : 1 ratio, this mixture 
could assemble to a tetrahedral 
structure like it was observed 
before[3] (see on the left).
Instead of this, a cubic structure 
could be achieved, if a linear 
coordinating metal center is used. 
This requieres a 3 : 2 ratio of the 
metal center (e.g. PdCl2) and ligand
21 (see the cubic structure on the 
right side)

As it is shown in here, self-assembly is a very powerful tool to get nanoscale metallo-
supramolecular assemblies. 

The cage-like structures of these complexes make them suitable as hosts for guest 
inclusion. The [2:4] and [3:6] complexes for example have two shells with different 
polarity which can be used for molecular recognition and host-guest chemistry.

The examples of tetrahedral and cubic structures offer a good perspective to highly 
symmetrical nanoscale architectures.


