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Reaction of [CpxFe(η5-P5)] {Cpx = η5-C5Me5 (1a), η5-C5Me4Et
(1b)} with CuBr leads to the fullerene-like nanoballs
[{CpxFe(η5:η1:η1:η1:η1:η1-P5)}12{CuBr}10{Cu2Br3}5{Cu-
(CH3CN)2}5] {Cpx = η5-C5Me5 (5a), η5-C5Me4Et (5b)} com-
prising a cluster core of 90 non-carbon atoms. In contrast to
previous results by variation of stoichiometry and concentra-
tion conditions, the formation of polymeric product was hin-
dered, and exclusive formation of the spherical cage com-

Introduction

Large spherical molecules and clusters are a fascinating
field in contemporary chemistry. Established areas like the
borane cages have recently been augmented by the discov-
ery of low-valent aluminium and gallium metalloid clus-
ters,[1] and within the growing area of giant clusters the
chalcogeno-bridged copper and silver clusters[2] as well as
the giant polyoxomolybdates establishing wheels and balls[3]

are of the largest structurally characterised clusters so far.
Among others an inorganic “superfullerene”
[Mo132O372(CH3CO2)30(H2O)72]42– has been reported re-
flecting a pentagonal-shaped symmetry.[4,5] Fullerene-like
molecules based on carbon-free elements exist so far only
in the solid state Zintl phases Na172In197M2 (M = Ni, Pd,
or Pt) with a C60-like polyhedron of In48Na12 moieties,
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pound was achieved. The cluster 5b possesses an inside dia-
meter of 1.29 nm and an outside diameter of 2.37 nm. Defini-
tive evidence for encapsulation of a [CpxFe(η5-P5)] unit (1b)
within the inner cavity of the nanocluster 5b is shown by X-
ray crystallographic results.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

whereas an In74 fullerene-like unit with D3h symmetry was
found within Na96In97M2.[6,7]

Within our efforts to study the coordination chemistry
of naked Pn ligand complexes to form well-oriented supra-
molecular assemblies as well as one-dimensional (1D) and
two-dimensional (2D) polymers, we used pentaphosphafer-
rocene 1a as a starting material. Thus, the reaction of 1a
with CuI bromide and iodide led to the quantitative forma-
tion of 2D polymeric frameworks of 2a,b.[8] However, when
CuCl was used, the reaction yielded 3 as a linear 1D poly-
mer in a maximum of about 50% yield.[8] As the soluble
product of the latter reaction complex 4 was formed reveal-
ing a spherical fullerene-like molecule containing 90 non-
carbon core atoms.[9] In continuation of these investigations
the question arises whether it would be possible selectively
to obtain such soluble nano-scaled spherical aggregates for
the other CuI halides. We have now found that depending
on the stoichiometry of the starting materials and the con-
centration conditions it is possible to obtain exclusively
soluble spherical molecules of the formula [{CpxFe-
(η5:η1:η1:η1:η1:η1-P5)}12{CuBr}10{Cu2Br3}5{Cu(CH3CN)2}5]
{Cpx = η5-C5Me5 (5a), η5-C5Me4Et (5b)} by the reaction
of 1a,b with CuBr. This fullerene-like molecule possesses 90
non-carbon atoms. Furthermore, for the first time we have
structural evidence of the existence of encapsulated mole-
cules of 1b in the ball of 5b, results we are reporting
herein.[10]

[CpxFe(η5-P5)] {Cpx = η5-C5Me5 (1a), η5-C5Me4Et (1b)}
[CuX{Cp*Fe(η5:η1:η1:η1-P5)}]� (2a: X = Br, 2b: X = I)
[CuCl{Cp*Fe(η5:η1:η1-P5)}]� (3)
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[{Cp*Fe(η5:η1:η1:η1:η1:η1-P5)}12{CuCl}10{Cu2Cl3}5{Cu-
(CH3CN)2}5] (4)

Results and Discussion

Complexes 5a,b were obtained by the reaction of 1a,b
with CuBr in mixed solvents of CH3CN and CH2Cl2 at am-
bient temperature. In comparison with the reactions leading
to the 2D polymers 2a,[8] the increase of the dilution
(15 mmol/L to 7.5 mmol/L)[11] leads to the formation of the
soluble products. However the polymer 2a is still formed in
yields up to 50%. With a more dilute solution (3.75 mmol/
L) coupled with a stoichiometry of 2:1 CuBr/1a, as required
for the composition of the spherical molecules of 5, the for-
mation of polymer was essentially negligible. Using the 2:1
stoichiometry without diluting the reaction mixture from
15 mmolar still resulted in formation of significant quanti-
ties of the polymer 2a. Thus, the decisive criteria for the
exclusive (polymer-free) formation of 5 are both the correct
stoichiometry of 2:1 and a larger dilution of the reaction
components ( � 3.75 mmol/L).

The black crystals of 5a,b are stable under nitrogen and
soluble in mixtures of CH2Cl2/CH3CN. They exhibit broad
31P NMR chemical shifts at about 66 and 68 ppm, respec-
tively.

5b has been characterised by X-ray diffraction analy-
sis.[12] The unit cell contains two crystallographically inde-
pendent molecules of 5b both lying on the mirror plane of

Figure 1. a) View of a half shell of a molecule of 5b; b) Complete ball-and-stick structure of a molecule of 5b; c) Size comparison of the
spherical molecules of C60, 4 and 5b (space-filing model).
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the space group Cm. The molecular structure of 5b is sim-
ilar to the chlorine analog 4 (Figure 1).[9] All P atoms of
the cyclo-P5 ring of [CpxFe(η5-P5)] coordinate to the copper
atoms of CuBr, which are further coordinated by P atoms
of other cyclo-P5 rings, leading to the formation of six-
membered P4Cu2 rings around the central cyclo-P5 ring
(Figure 1, a). The five- and six-membered ring alternation
is similar to that seen in the fullerenes, with the difference
that due to the distorted tetrahedral coordination sphere of
the CuI ions, the six-membered rings are not planar and
folded along the Cu···Cu axis (folding angle between 132.7
and 141.9°). The thus formed pseudo-hemispherical
[Cu10Br10{CpxFe(η5-P5)}6] half-shells (Figure 1, a) are
joined by five [Cu2Br3]– as well as by five [Cu(CH3CN)2]+

units (Figure 1, b). Thus, ideal symmetry of the
[Cu25Br25(FeP5)12] core, consisting of 90 non-carbon atoms,
is D5h but the presence of ethyl groups at the cyclopen-
tadienyl ligands reduces symmetry of the whole molecule to
Cs or even C1. All copper atoms have a tetrahedral P3Br,
P2Br2 or P2N2 environment. The Cu–Br bond lengths are
2.328(3)–2.379(3) Å (av. 2.351 Å) and 2.446(3)–2.472(4) Å
(av. 2.462 Å) for terminal and bridging Br atoms, respec-
tively. All cyclo-P5 rings are nearly planar. The P–P dis-
tances, varying from 2.075(8) to 2.130(5) Å (av. 2.102 Å),
are in good agreement with 2.088(3)–2.108(3) Å (av.
2.096 Å) found for the starting material 1b.[13] The Cu–P
bonds vary from 2.284(4) to 2.324(7) Å (av. 2.304 Å). This
is also in good agreement with the values found in 4



Fullerene-like Nanoballs Formed by Pentaphosphaferrocene and CuBr SHORT COMMUNICATION
[2.294(6)–2.353(6) Å].[9] Due to the longer Cu–Br–Cu brid-
ges [compare 4: 2.294(6)–2.353(6) Å], which link the two
half shells together, and the presence of Et groups at the
Cpx ligands the spherical body of 5b is in comparison with
4 slightly larger and more elongated. It possesses an inside
diameter of 12.9 Å (4: 12.2 Å) and an outside diameter of
21.4/23.7 Å (4: 21.4 Å), which is about three times larger
than that of C60 (Figure 1, c).[14] Whereas for 4 we had only
weak experimental data for the existence of an encapsulated
[Cp*Fe(η5-P5)] (1a) moiety in every second ball, in 5b we
have much better structural data for the existence of an en-
capsulated molecule 1b in each ball of 5b, which is disor-
dered in two directions with no special preference to the
five-membered rings of the half-shells.

The results have shown that both stochiometry and di-
lution conditions are decisive for the exclusive formation of
non-carbon containing nanoballs. Thus, while heterofuller-
enes are known containing only a few boron, nitrogen[15]

and phosphorus atoms,[16] the complexes 4 and 5 exhibit a
complete heteroatom composition and therefore represent
a novel class of fullerene-like molecules.

Experimental Section

General Remarks: All manipulations were carried out under an at-
mosphere of dinitrogen using standard Schlenk techniques. All sol-
vents were dried using standard procedures and distilled freshly
before use. [CpxFe(η5-P5)] {Cpx = η5-C5Me5 (1a), η5-C5Me4Et
(1b)}[13] were prepared according to the literature.

[{CpxFe(η5:η1:η1:η1:η1:η1-P5)}12{CuBr}10{Cu2Br3}5{Cu(CH3CN)2}5]
{Cpx = η5-C5Me5 (5a), η5-C5Me4Et (5b)}: A solution of CuBr
(21.5 mg, 0.15 mmol) in 5 mL of CH3CN and 5 mL of CH2Cl2 was
layered onto a solution of [CpxFe(η5-P5)] (1a: 26 mg, 0.075 mmol;
1b: 27 mg, 0.075 mmol) in 10 mL of CH2Cl2 at room temperature.
After complete diffusion of the phases (about one week), the solu-
tion was decanted into a fresh Schlenk tube and layered with 20 mL
of hexane. This mixture was kept for two further weeks and black
crystals of 5 were formed. The mother liquor was decanted and the
obtained black crystals were dried under high vacuum. 5a: 10 mg,
20% (based on 1a); 5b: 8 mg, 15% (based on 1b).

5a: 31P{1H} NMR (162 MHz, CD2Cl2, 300 K): δ = 66 ppm (br.,
ω1/2 = 1000 Hz).

5b: 31P{1H} NMR (162 MHz, CD2Cl2, 300 K): δ = 68 ppm (br.,
ω1/2 = 850 Hz).
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