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The assembly of molecular capsules is a fascinating and
ongoing topic in current chemistry. Depending on their size
and composition, molecular capsules can serve as reaction
vessels and supramolecular containers for specific guest
molecules.[1] The majority of reported systems are built from
organic oligotopic moieties (N, O, and S linkers) that are
connected by complementary interactions based on hydrogen
bonding or coordination to Lewis acidic metals.[2] Sometimes
p-stacking and CH···p interactions between host and guest
molecules play an important role for such organic building
blocks.[3] For inorganic systems, capsulelike metal–ligand
aggregates are known, in which polyoxometalates of transi-
tion metals,[4] and, more recently, main-group-metal moieties
such as tin sulfides[5] have been connected by organic linker
molecules. Completely inorganic capsules have been de-
scribed only for polyoxometalates. These covalently bound
systems can act as molecular containers with flexible porous
surfaces.[4d,6] In contrast, no organometallic capsules with
weak noncovalent interactions between the cavitands have
been reported to date. Recently, we demonstrated the
potential of organometallic polyphosphorus donor ligand
complexes for the self-assembly of spherical fullerene-like
supramolecules. Here, the cyclo-P5 ligand complex [Cp*Fe-
(h5-P5)] (1; Cp* = h5-C5Me5)

[7] and the cyclo-P4 ligand com-
plex [Cp’’Ta(CO2)(h4-P4)] (Cp’’= h5-C5H3tBu2-1,3) were used
as linking units between copper(I) halides.[8, 9] The thermody-
namically favored formation of polymers[8] is strongly depen-
dent on the reaction conditions, and can be avoided so that
only spherical supramolecules are obtained.[9] In all of these
compounds, the cyclo-P5 ligand of [Cp*Fe(h5-P5)] serves as a
fivefold symmetric building block that leads to structural
motifs similar to those of the fullerenes. In contrast, we have
now found that by variation of solvents and, more impor-

tantly, the stoichiometry, a novel threefold symmetric aggre-
gation occurs that results in the formation of a capsulelike
nanosized supramolecular host aggregate incorporating two
guest complexes of 1 within two weakly associated half-shell
cavitands.

In general, the concentration of the starting materials
plays a decisive role in the formation of either insoluble
polymers (concentrations> 15 mmolL�1) or spherical soluble
products (concentrations< 15 mmolL�1). Moreover, the
nature of the halide influences the formation of different
polymers (2D for X = Br, I: 1,2,4 coordination mode of cyclo-
P5 ring of 1 (A, Figure 1 a) and 1D for X = Cl: 1,2 coordina-
tion mode (B, Figure 1a)) and of the 90-vertex ball 1@[{1}12-

{CuX}10{Cu2X3}5{Cu(CH3CN)2}5] (2a : X = Cl, 2 b : X = Br;
Figure 1b). The latter structure was found for X = Cl and
Br, whereas no spherical molecule was obtained for X = I.
These observations raised questions over the role of other
reaction parameters, solvent, and stoichiometry. In previous
reports, solvent mixtures of CH3CN and CH2Cl2 were used to
apply a CuX/1 stoichiometry of 2:1, which was preserved in
the composition of the products. In host–guest controlled
formation of spherical molecules with 99 or 80 non-carbon
core atoms, the solubility of the C60 and o-carborane
templates was increased by using o-Cl2C6H4 instead of
CH2Cl2.

[9d,e]

To address the influence of stoichiometry and solvents on
the formation of spherical structures, a solution of 1 in toluene
was layered with a solution of CuCl in CH3CN with a CuCl/1

Figure 1. a) Coordination modes of 1 in CuX (X = Cl, Br, I) 1D and 2D
polymers; b) spherical 90-vertex aggregate 2b (one hemisphere
obscures the other).[15]
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stoichiometry of 2:1. Thus, we obtained the hitherto unre-
ported 2D coordination polymer 3, which shows a 1,2,4
coordination mode A (Figure 1a ), together with the spherical
molecule 2a, which then redissolves to finally form 3.
However, by using the same mixture of toluene and CH3CN
and applying a smaller amount of CuCl, namely the inverse
CuCl/1 ratio of 1:2, the additional formation of black crystals
of the new compound 4, which crystallizes at the phase
boundary at the beginning of the diffusion reaction, was
observed. The reduced proportion of CuCl is reflected in the
composition of the product, which is now 1:1 (CuCl/1) and not
2:1 as found in the previously obtained spheres. Moreover, in
contrast to 2, the formation of 4 is also observed when
working with concentrations greater than 15 mmolL�1.

A single-crystal X-ray diffraction analysis[10] showed that 4
is a capsulelike giant molecule (Figure 2). Compound 4
crystallizes in the P21/n space group of the monoclinic crystal
system and consists of two hemispheres each containing 10
CuCl units and 9 molecules of 1. In contrast to the fivefold
symmetry of the half-shells of 2 and related compounds,[9a,b,f]

the half-shells in 4 possess a threefold symmetry (Figure 2b
and Figure S3). A central CuCl unit is surrounded by three

moieties of 1 that exhibit a 1,2,3,4,5 coordination mode and
coordinate nine further CuCl units. The upper rim of the half-
shells is formed by three complexes of 1 in a 1,2,3 coordina-
tion mode and three other complexes of 1 in a 1,2
coordination mode. Overall, the half-shells consist of 9
cyclo-P5 rings and 12 Cu2P4 six-membered rings in the boat
conformation. The isolated pentagon rule is fulfilled and each
CuI ion is coordinated in a tetrahedral fashion by one chloro
ligand and three P atoms of 1. The two half-shells of 4 are held
together in the solid state by weak dispersion interactions that
lead to a capsular aggregate with a skeleton of 110 inorganic
core atoms, with outer dimensions of (3.0 � 2.3) nm and inner
dimensions of (1.5 � 0.8) nm (Figure 2a and Figure S2).[11]

Two complexes of 1 are incorporated in this nanocapsule;
these complexes presumably act as a template during the
formation process (Figure 2a). Interestingly, six cavities can
be identified in the junction between the hemispheres, and
toluene solvent molecules perfectly fit into these pores
(Figure S6). The P�P bond lengths in the coordination
network of 4 are between 2.094(3) � and 2.126(3) �. These
bond lengths are slightly longer than in the ball-shaped
aggregate 2a (2.072(6) �–2.122(6) �)[9a] and the inorganic C80

analogue C2B10H12@[(1)12(CuCl)20] (5 ; 2.086(5)–
2.103(4) �).[9e] However, the average P�P distance of
2.108(3) � in 4 is shorter than that found in the free ligand
1 (2.120(2) �).[7c] The Cu–P distances (2.283(2)–2.335(2) �)
in 4 are somewhat longer than those of 2a (2.264(5)–
2.319(5) �) and 5 (2.282(3)–2.307(4) �). The two guest
molecules in the different half-shells show p stacking with a
minimum C�C distance of 3.64(2) � (Figure S5a).[12]

Unlike the [Cp*FeP5] guest molecules in 2 and related
compounds,[9a,f] the encapsulated units of 1 in 4 show no cyclo-
P5···cyclo-P5 contacts with the complexes of 1 in the host. In
addition to the p stacking between the endohedral complexes,
the capsules are interlinked in the solid state by eight Cp*···Cl
and four Cp*···Cp* contacts (Figure S4). The centroids of the
organometallic host–guest complexes thereby form an A-
centered packing motif (Figure S5b).

The 2D polymeric compound 3 crystallizes in the form of
brown platelike single crystals in the P�4421c space group of the
tetragonal crystal system.[10] Each CuI ion in 3 shows a
tetrahedral coordination environment with one chloro and
three pentaphosphaferrocene ligands (Figure 3, Figure S1).
The h5 :h1:h1:h1 coordination mode of the cyclo-P5 ligands of 1,
with bonds to copper ions from the 1-, 2-, and 4-positions,
leads to the formation of undulating 2D sheets. These sheets
contain an inorganic backbone of Cu2P4 rings in the boat
conformation (folding angle 23.72(1)8) and Cu4P12 rings. The
P�P bond lengths (2.099(1)–2.108(1) �) of the insoluble
compound are, within the standard deviations, identical to the
corresponding bond lengths in the isotypic CuBr analogue[8]

and slightly shorter than in 4, the CuCl 1D polymer (2.109(2)–
2.124(1) �),[8] and the free ligand 1 (2.120(2) �).[7c]

The nanosized capsule 4 is insoluble in solvents such as
CH2Cl2, toluene, or n-alkanes. In the more polar solvent
CH3CN, the compound is sparingly soluble and degradation
of the capsular structure occurs. In the 1H, 13C{1H}, and 31P{1H}
NMR spectra of 4, free 1 was observed. In the high-resolution
cold-spray ionization (CSI) mass spectrum of a solution of 4 in

Figure 2. a) Molecular structure of 4 in the solid state (space-filling
model for the endohedral complexes 1; ball-and-stick model for the
inorganic host molecule); H atoms are omitted for clarity. b) View of
one half-shell of 4 (without guest molecule) illustrating the threefold
symmetry.
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CH3CN, a large number of degradation and reaggregation
products of the half-shells were unambiguously identified,
including ions such as [(1)4(CuCl)9Cu]+. The solid-state
31P{1H} MAS NMR spectrum of 4 shows a group of broad
superimposed signals in the range between 40 ppm and
180 ppm.[13]

Density functional theory calculations, including empiri-
cal dispersion correction (DFT+ D), were performed in order
to elucidate the nature of the interactions in 4. Full structure
optimization results in only negligible deviations from the
experimental geometry. For the analysis of the interactions
within 4, we consider three hypothetical processes: I) for-
mation of 4 from two half-shells, each containing one guest
molecule [Cp*FeP5], II) formation of 4 from the host
molecule and the guest complex of two molecules of 1, and
III) formation of the guest complex from two isolated
molecules of 1. Table 1 shows the corresponding reaction
energies and their decomposition into the DFTand dispersion
contributions. All energies were obtained from single-point
calculations of the structure of 4.

In addition, to test the reliability of the DFT+ D
approach, we also evaluated the reaction energy for reac-
tion III by using the MP2 method. The calculated energy is
�35.1 kJmol�1, which is in excellent agreement with the
DFT+ D result. The results presented in Table 1 demonstrate
that dispersion interactions are the sole force responsible for
holding together the two half-shells in 4. The pure DFT

contributions, which include electrostatic but not dispersion
interactions, are strictly repulsive. Reaction I can be regarded
as the “intramolecular adhesion energy” between the two
half-shells of 4. The value of �268 kJ mol�1 may seem large,
but if it is divided by the contact area (ca. 290 �2), a value of
about �0.92 kJmol�1 ��2 is obtained. This value is smaller
than, for example, that of graphite (�3.14 kJmol�1 ��2).[14]

In conclusion, a new 2D coordination polymer 3 and a
capsular organometallic giant molecule 4 were shown to be
accessible by modification of the conditions of the reaction
between CuCl and [Cp*FeP5] (1). Compound 4 consists of two
half-shells that are formed from a threefold symmetric
starting point of aggregation and encapsulate two molecules
of complex 1. Four different coordination modes of 1 are
observed, that is two, three, and fivefold, and no coordination,
within one compound. DFT calculations on 4 revealed that
this host–guest system is assembled exclusively by weak
dispersion interactions—a feature that was not reported to
date in inorganic or organometallic capsular compounds. The
results provide a striking demonstration of how small changes
in reaction conditions can have a decisive impact on complex
supramolecular self-assembly processes.
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