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state at the Fermi level (Eg) are possible. The alkali metal —
fullerides A;Cq, (A is the alkali metal) are a fascinating class
of compounds showing superconductivity up to 40K.["2 The
trianions of the Cg, fullerenes play a deciding role in
understanding the superconductivity, and, therefore, the
nature of the electronic ground state of [Cyq >~ and its
intermolecular interactions are of particular interest. The
LUMO of a C4 molecule with [ -symmetry is threefold
degenerate, has ¢,,-symmetry, and can be occupied by up to six
electrons. In A;Cy compounds these orbitals form a small
electronic band which is half filled with electrons and is
responsible for the metallic conductivity (Figure 1). The

- -
| 4+ = g

DOS — quartet doublet

Figure 1. The three fold degenerate HOMO of the [Cy)*~ ions with I,
symmetry (center) and the resulting density state (DOS) of the corres-
ponding half-filled band in K;Cy, (left). In the doublet states, Jahn—Teller
(JT) distortion is possible (right).

occupation of the molecular LUMOs of Cy, by a further three
electrons is expected to result in energetically low-lying
quartet (*A) and doublet states (*H and ?T). The doublet
states are Jahn-Teller-unstable systems and structural dis-
tortion is possible (Figure 1).5-] In spite of these interesting
findings, there is still not a single crystal structure determi-
nation of a binary superconducting phase. Overlapping
reflections, in refinements based upon X-ray and neutron
powder diffraction studies, give plenty of scope for discussion
as to the nature of the conformational disorder found in the
K;Cq, fullerene molecules.*-#l

In the course of our investigations of soluble Zintl ions of
the carbon group,” ' we recently reported the reduction of
Cq with potassium in DMF and the crystallization of a
fullerene dianion with cryptands. In [K([2.2.2]crypt)],-
[Cool(CHSCH3), (2),[11 following the principle of spherical
close packing, the [Cyq?>~ units form layers which are
separated from each other by bulky [K*([2.2.2]crypt)] ions
(Figure 2a and b).['" In attempting to prepare homoatomic
anions of the heavier homologues of the carbon group by a
one-pot synthesis, we chose to try the reduction of the
elements tin and lead with alkali earth metals in the molten
crown ether [18]crown-6.13-1% Using fullerenes in this syn-
thetic procedure has now enabled us to perform a single
crystal structure determination of a salt containing two
ordered Cy, trianions. We now report the synthesis, and
structural and magnetic properties of the complex
[K([18]crown-6) ]5[ Cs] (CsHsCHs), (1).

Potassium dissolves in the molten crown ether [18]crown-6
at 313 K to give a deep blue solution. Carbon is added to the
melt in the form of Cg,. After the blue coloration disappears,
DMF is added to the reaction mixture. Crystals of the title
compound are then obtained by layering extracts of the
reaction mixture with toluene [Eq. (1)]. The crystals are black
cuboids which when crushed have a red hue.

[18]crown=6, K

Co —————— [K([18]crown-6) ][ Cq](CsHsCH3), 1 1)

DMF, toluene

0570-0833/00/3912-2091 $ 17.50+.50/0 2091



COMMUNICATIONS

Figure 2. a) View of the distorted hexagonal arrangement of the fullerene
molecules in the crystal structure of 2. b) Arrangement of the fullerene
molecules in 2; instead of the [K([2.2.2]crypt)] units only the K atoms
(spheres) are shown. c) Three dimensional view of an equal electron
density surface in the area of the fullerene molecule in 1 from Fourier
calculations. The white lines show the Cg, polyhedron. The uppermost six
atoms coordinate to the K atom (see also Figure 3a). d) Distorted primitive
hexagonal arrangement of the fullerene units in 1. Angles between the
centers of the fullerene molecules in the plane perpendicular to the c-axis:
57.8°, 56.9°, and 65.3°. e) A layer of fullerene molecules in 1 in a plane
perpendicular to the c-axis. f) Crystal structure of 2. Instead of the
[K([18]crown-6)] units only the K atoms (spheres) are shown (K1 =blue,
K2 =violet, K3 =red, and K4 =yellow). The K—K separations are shown
as thin lines to show the packing more clearly.

The results of the single crystal structure analysis at 110 K
are shown in Figures 2c—f and 3.'7 The asymmetric unit
contains one half of the C, molecule and four K atoms.
Consideration of the site symmetry at special positions comes
to three K atoms per C4 molecule and, thus, a threefold
negative charge on the C4, anion. The potassium atoms are
each bound to the six O atoms of the crown ethers. Two of the
potassium atoms additionally coordinate to two opposing
hexagonal faces of the Cy, polyhedron, the other two potassium
atoms each coordinate to two toluene molecules (Figure 3a).

Of the K atoms coordinated to the fullerene anion, K3 has
six bonds to the C atoms which are of almost equal length
(two of 3.279, two of 3.257, and two of 3.238 A). K4 is shifted
from the axis running through the center of the hexagon in the
direction of the 5:6-ring connection (two bonds of 3.386, two
of 3.261 and two of 3.138 A; the shortest bonds are shown in
Figure 3a as solid lines). The asymmetric coordination of the
K atoms is also shown by the angle between the hexagonal
face of the fullerene and the plane through the six O atoms of
the crown ether; the angles for K3 and K4 are 1.3° and 9.7°,
respectively. The toluene molecules which complete the

2092 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 3. a) Relative arrangements of a [K([18]crown-6)],[7°°%-Cg]
(above) and a [K([18]crown-6)](1°*-CsHsCHj;), unit (below; see also the
crystal packing diagram in Figure 2 f). b) Arrangement of two fullerene
molecules along the c-axis. The broken lines indicate the shortest
intermolecular C—C separations (see also the separations marked in green
in Figure 2 f).

‘sandwich’ coordination of the other two potassium atoms, K1
and K2, bind as #*-ligands with three noticeably shorter K—C
bond lengths (3.230(8)-3.517(5) A compared to the three
longer ones, 3.738—-4.054 A). The coordination of potassium
by aromatic systems is known.'¥! The shortest K—C bond
length in 1 is shorter than the K—C bonds in potassium
complexes with 7°-coordinated neutral aromatic molecules. In
[K*(dibenzo[18]crown-6)](5°-C¢H,), the K—C bond lengths
are in the range 3.29—-3.50 A8l and, in potassium complexes
with cyclophane-like fullerene (dibenzo[18]crown-6) ligands,
which have well defined distances between the Cg, hexagon
and the oxygens of the crown ether after covalent connection
of the crown ether unit to the fullerene molecule, the shortest
distance is 3.42 A.¥ The shorter K—C bond lengths in 1 arise
from the greater charge on the fullerene and from steric
factors. The convex surface of the fullerene allows a closer
approach of the Cg) and the K atom of the [K*([18]crown-6)]
unit, relative to planar aromatic hydrocarbons.

A comparison of the coordination of the potassium atoms
in 1 and in the superconducting phase K;Cy,, a cubic face-
centered lattice of fullerene molecules in which the potassium
atoms occupy the octahedral and tetrahedral holes, is of
particular interest. In a model of K;Cy, in which there are two
orientational disorders of the Cg molecule, the potassium
atom in the tetrahedral hole is surrounded by four hexagonal
faces belonging to the four nearest neighboring Cy, molecules.
The K—C bond lengths for this potassium (3.27 A) are similar
to those in 1. The K—C bond lengths for the K atoms in the
octahedral holes are 3.69 A [6-20.21]

The packing diagrams in Figures 2d-f show a situation
analogous to the close packing of spheres, with layers of Cg,
molecules lying parallel to the b-axis and perpendicular to the
c-axis. The distances between the centers of the fulleride
anions in one layer are 13.80 (2 x), 14.15 (2 x), and 15.07 A

0570-0833/00/3912-2092 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 12
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(2 x) and these correspond approximately to the separations
in the layers of compound 2. In 2 the stacking of the layers of
fulleride ions resembles a hexagonal closest-packed array
(Figure 2a and b), while in 1 the layers lie directly above each
other, building a slightly distorted primitive hexagonal array
(figure 2d and f). The layers are slightly puckered, resulting in
shorter and longer distances between the ions. The shortest
distance between fulleride centers (10.95 A) is noticeably
shorter than that in 2 (Figure 2b), but clearly longer than
those of the cubic face-centered frameworks of the super-
conducting alkali metal intercalation complexes A;Cy, (10.07
(K5Cy) to 10.25 A (Rb,CsCy)).2

The Cq, anions of the title complex are ordered; this can be
seen in the three-dimensional distribution of the electron
density around the centers of the atom positions in the
fullerene molecules (Figure 2¢). The two different C—C bond
lengths (6:6 and 5:6 ring connections) in Cg, were, in each
case, refined together and they converge to 1.380(5) and
1.460(5) A, respectively. These bond lengths almost corre-
spond to the values determined for a neutral Cg mole-
cule.?>24 A “leveling out’ of the two different bond lengths, as
is the tendency in other ions,* is not seen in this case.l'”]

The EPR spectra of freshly prepared microcrystalline
powders show a broad isotrope signal at g =2.001 (line width
4.08 mT) at room temperature, which indicates localization of
the electrons.’) A simulation of the signal®?®l allows
identification of a second small line of lower intensity at g =
2.000 (line width 0.80 mT). Similar spectra are also obtained
from binary phases from nominal compositions of A;Cq, (A =
K -Cs)®1 and from electrochemically formed anions.”” 311 The
EPR spectra of Cy" ions (n=1-3) are the subject of much
discussion.? There are other cases in which an obscured,
sharp signal of lower intensity is found next to a broad line.
Up to now it was not clear if this line is from a second spin
state or from a fullerene carrying a different charge. Recently,
it was suggested, for the monoanion Cg,~, that this small line
arises from the formation of a fullerene dioxo radical through
oxidation by oxygen.?> 34 In the spectrum of 1 we observe that
the intensity of the sharp line increases when the probe is
exposed to air.

The paramagnetic properties were confirmed by temper-
ature-dependent susceptibility measurements. The magnetic
behavior follows the Curie — Weiss law; analysis of the data in
the temperature range 80-280 K afforded the parameters
C=0.3733) emuKmol™, 6=-4.005)K, and y,=200x
10-® emumol~! (Figure 4).55] The calculated magnetic mo-

*
1.4 1 .
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4 . . - *
10 ot W Xo | s
4 *
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Xm/ 0.6 4 ..0‘ ]/Xm_XO/
10°m*mol~! | K3 107 m mol
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Figure 4. The temperature-dependence of the molar magnetic suscepti-
bility y, (e) and the reciprocal temperature-dependent contribution

U(tm = %0) (@)
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ment of 1.73 ug corresponds to an isolated spin doublet (S =
15). In agreement with these results the shortest intermolec-
ular C—C separations indicate that only very weak interac-
tions between the ions can be expected and show that the title
complex has a diluted magnetic spin system. It is interesting to
note that, in 1, the carbon atoms of two different fullerene
molecules lie only 4.10 A apart (Figure 3b), the result of a
type of [2+2] cycloaddition of the 5:6 ring connection. An
analogous situation occurs in RbCy,, which can be described
as a one dimensional polyfulleride formed by the [2+2]
cycloadditions of the 6:6 ring connections of the fullerene
molecules.P% 371

Generally, investigations of the electronic states of Cg,
trianions are difficult because, in solution the anions dispro-
portionate and thus do not necessarily all have the same
charge, and in the solid state either the exact composition or
the complete structure is not known.B% 33401 The efficient
synthesis of single crystal samples of the title complex, a
molecular species containing [Cg]>~ ions, has enabled an
extensive study of the structure—property relationships in
fulleride trianions to be performed. The investigations of the
magnetic properties show that, in this compound, the majority
of the trianions are in the doublet state. A partial disproporti-
nation into anions carrying two and four negative charges, as
demonstrated for the [K([2.2.2]crypt)] salts of [Sny]*~ and
[Pb,]?-,* can be ruled out.

Experimental Section

To perform the reduction in liquid [18]crown-6 at 313K [18]crown-6
(800 mg, 3.00 mmol) and potassium (98 mg, 2.5 mmol) were weighed into a
20 mL Schlenk tube. The mixture was heated to 313-323K so that the
crown ether only just melted. Cq (100 mg, 0.14 mmol) was added to the
intense blue melt and the mixture was stirred for 1 h. After cooling, DMF
(3.0 mL) was added and the mixture sonicated for 15 min. The resulting
dark red solution was filtered and layered with toluene (4.5 mL). The
product crystallized over the course of 2 weeks.

Alternatively, the reduction can be carried out in DMF. Potassium
(21.6 mg, 0.56 mmol) and Cg, (100 mg, 0.14 mmol) were weighed into a
20 mL Schlenk tube. DMF (4 mL) was added and the mixture stirred at
room temperature for approximately 14 h. During this time the color of the
solution changed from green through violet to red. The red solution was
filtered onto [18]crown-6 (202 mg, 0.75 mmol), sonicated for 30 min, and
layered with toluene (5mL). Over 2 weeks, the product precipitated as
black rectangular cuboids. The yield from the second method is 145 mg
(571% from Cg). Elemental analysis (C,;(HgO,5K;, 1815.19 gmol~'):
calcd (found) [%]: C 72.79 (71.33), H 4.89 (5.18), K 6.46 (6.39).
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