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[Cu@Sn,]*~ and [Cu@Pb,]*: Intermetalloid Clusters with Endohedral Cu

Atoms in Spherical Environments

Sandra Scharfe, Thomas F. Fissler,* Saskia Stegmaier, Stephan D. Hoffmann, and

Klaus Ruhland'®!

Since the notification of the resemblance between homoa-
tomic Zintl anions and the class of fullerenes,!" the discov-
ery of several new polyhedra as well as endohedrally filled
cages of the heavier Group 14 elements has been reported.
Besides the most common nine-atom clusters [Eq]"~ (E=Si-
Pb; n=3, 4), a ten-atom closo-cluster [Pb,]* was synthe-
sized and structurally characterized.””! Larger clusters appear
as endohedrally filled cages, and several of those have been
studied by single-crystal X-ray structure determination, such
as [Ni;@Ge;]*, [Pd,@Ges]*, [Ni@Pb,]*~, [M@Pb,,]*"
(M=Ni, Pd, Pt), [Ni,@Sn;]*, [P,@Sn;;]*, and
[Pd,@Sns]*~.P4 They represent impressive examples of so-
called intermetalloid clusters.”) The stability and structure of
other clusters, such as the binary ions [M@Sn,,]” for a series
of transition metals (M), have been anticipated by gas-phase
experiments and theoretical calculations.!”! The results led to
the idea that—in contrast to fullerenes—larger polyhedral
cages might exist for the heavier homologues of Group 14
elements only with endohedral atoms. Clusters with less
than ten atoms are less capable of encapsulating a transi-
tion-metal atom.¥

Recently, we reported on reactions of [Geg]*~ with
PPh;AuCl, which led to the isolation of [Au;Ge;s]> ™ and
the huge cluster [Au;Geys]”.FY We have now investigated
the related reaction of [Ey]*”~ (E=Sn and Pb) homologues
with mesitylcopper and here we report on the structural and
spectroscopic characterization of the first representatives of
clusters containing endohedral Cu atoms in an almost per-
fectly spherical environment of nine tin or lead atoms; two
clusters which were not foreseen by gas-phase experi-
ments. 7
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The compounds [K([2.2.2]crypt)];[Cu@E,](dmf), (E=Sn
(1) and Pb (2)) crystallize in the monoclinic space group
P2,/c with two dimethylformamide (dmf) solvate molecules
per formula unit.”’ The unit cell parameters of the Pb com-
pound are about 0.07 A longer than those of the isomorphic
Sn compound. According to the number of well-ordered [K-
([2.2.2]crypt)]™ units, the cluster anions [Cu@Sny]*~ (1a) and
[Cu@Pby]*~ (2a) have a threefold negative charge and nine
Sn and Pb atoms, respectively, encapsulate a Cu atom. In
both cases nine crystallographically independent E atoms of
the anions build a distorted tricapped trigonal prism with
approximate C,, symmetry (Figure 1). The mean interatomic
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Figure 1. Structure of the [Cu@Sn,]*~ ion (1a). Atoms are shown with a
90 % occupation probability.

distances (e) within the prism basal planes E1 to E3 and E4
to E6 are 3.097(5) and 3.224(5) A, respectively, and the con-
tacts to the capping atoms (c) are 3.052(5) and 3.163(5) A
for 1a and 2a, respectively. The homoatomic distances are
typical for delocalized cluster bonds, and are about 0.1 A
longer than in the empty clusters.*!*'? The prism heights
(h) E2 to ES and E1 to E4 of 1a are 2% and 5% longer
than the shortest height E3 to E6 (3.757(5) A), whereas in
2a the corresponding distances are elongated by 2% and
6% with respect to the Pb3-Pb6 distance of 3.873(5) A.
Therefore the basal planes E1 to E3 and E4 to E6 are tilted
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by 3.4° (1a) and 4.0°(2a).[") Compared to empty [E,]*~ clus-
ters with approximate C,, symmetry, the mean prism heights
are elongated by 17% for 1a and 15% for 2a.l' The aver-
age hle ratios of 1.239 for 1a and 1.234 for 2a are larger
than in other known E, cluster compounds with a similar
skeleton,? and the capping atoms in 1a and 2a are locat-
ed closer to the center of gravity of the corresponding rec-
tangular planes.

As a result of this distortion the E, polyhedra possess an
almost spherical shape, and the Cu—E contacts are in the
very narrow range of 2.611(7) to 2.700(7) A for 1a and
2.71(1) to 2.802(11) A for 2a, with slightly longer contacts
to the capping atoms. This is also expressed by the offset of
the Cu atoms to the centers of the E, cages, which is as
short as 0.02 A in both clusters."¥ The “sphere radii” for 1a
and 2a are given by the mean Cu—E distances of 2.645 and
2759 A, respectively. In the case of an error-free arrange-
ment of nine atoms on the surface of a sphere with equal-
ized interatomic distances of 1, the radius can be geometri-
cally calculated by using r=1/2v/3,1>! leading to ideal in-
teratomic distances of 3.054 and 3.186 A for 1a and 2a, re-
spectively. These values are very close to the average mea-
sured E-E contacts in the clusters ignoring the prism
heights (1a: 3.067 A and 2a: 3.183 A). Thus. the ideal, geo-
metrically determined nine-atom polyhedron is best de-
scribed as an elongated tricapped trigonal prism with h/e=

5/3=1.29 and hence very close to the values found for
the [Cu@E,]* clusters.

The highly symmetric cluster shape suggests a spherical
coordination environment for the Cu atom, which accounts
for a d' configuration for the Cu atom (Cu*) and conse-
quently a charge of 4— for the E, skeleton. Magnetic meas-
urements showed that the crystals of 1 are diamagnetic and
confirmed the proposed charge distribution. Indeed, the
cluster shape is very different from that of a 22-electron
nido-cluster expected according to Wade’s rules. However,
the uncertainty of the assignment of the number of electrons
to homoatomic nine-atom cages based on their shapes has
previously been pointed out.!'”!

Since crystals of 1 could be obtained in higher yields than
those of 2, further investigations were carried out only for 1.
The '”Sn NMR spectrum of 1 in acetonitrile at room tem-
perature displays a single resonance at 6 =—1440 ppm (see
the Supporting Information), which indicates that all Sn
atoms are time-averaged in solution. The chemical shift is in
the range of related cluster compounds and high-field shift-
ed relative to the empty cluster [Sny]* (6=
—1230 ppm).*7181 The °Sn NMR signal appears as a
1:1:1:1 quartet with a coupling constant of J("*Sn-*%Cu)=
286 Hz due to the interstitial Cu atom (69 % **Cu and 31 %
5Cu with y(®Cu)/y(®*Cu)=0.934), although the quadrupolar
momentum of the /=3/2 nuclei usually quenches coupling
because of very short relaxation times."”*! In our measure-
ment the coupling was observed because the Cu atom is sur-
rounded by a highly symmetrical Sny cluster, whose atoms
are not distinguishable on the spectral NMR time scale.
Each resonance signal is accompanied by two satellites with

4480

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

J(**Sn-"""Sn) =85 Hz arising from Sn-Sn coupling due to

homoatomic contacts. For comparison, the Pt-filled cluster
[Pt,@Sn,;]*" shows a “Sn-''"Sn coupling of 170 Hz.!

At room temperature, compound 1 displays one sharp
%Cu NMR resonance signal at 6 =—330 ppm (Figure 2). The
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Figure 2. ®*Cu NMR spectrum of 1. a) Measured spectrum in acetonitrile
at room temperature, b) simulated spectrum for [Cu@'"""Sn,Sny >
(with x=0, 1,.., 4).

high-resolution satellite pattern permits the rare determina-
tion of the ®Cu-""Sn coupling constant of J('*Sn-**Cu)=
280 Hz, which is in good agreement with the ''?Sn NMR
spectrum. The signal’s pattern arises from different iso-
topomers [Cu@'"°Sn,Sny >~ (with x=0, 1..., 4), since
only 16 % of Sn atoms have spin /=1/2 and couple with the
Cu atom (8.58% '""Sn and 7.61% '“Sn with v('”Sn)/
v('"’Sn) =1.047). The intensity distribution of the observed
seven peaks is consistent with a Sny cluster core (Figure 2).
The observed resonance frequency is in the range of other
Cu' compounds.?™*! Therefore the Cu atom in 1 is assumed
to have the formal oxidation state + 1. Generally the major
challenge of Cu NMR studies in solution is the enhanced
line width, which seriously affects the sensitivity of the mea-
surement. Since ®Cu is a /=3/2 nucleus, a small electric
field gradient is necessary for sharp signals. Therefore, the
observed line width is highly dependent on the symmetry of
the surrounding atoms. A discrete signal can thus only be
obtained of Cu atoms in an environment of at least cubic
symmetry.*2*2! In our investigation, the copper atom occu-
pies the center of a spherical Sny cluster, as anticipated al-
ready from the single resonance in the '’Sn NMR spectrum.
Hence the line width is as narrow as 17 Hz and considerably
smaller than those reported up to now. The 'Sn and “Cu
NMR spectra do not change upon cooling to —40°C.

DFT calculations have been performed on the [Cu@Sn,]*~
ion and the empty [Sny]"~ clusters (n=2, 3, 4). Structure op-
timizations at the B3LYP/aug-cc-pVDZ-PP level lead to
ground state structures with D5, symmetry for [Cu@Sn,]*",
[Sny]*", and [Sne]*", and C,, symmetry for [Sno]*. The in-
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teratomic distances calculated for [Cu@Sn,]*~ are somewhat
longer (max. 0.09 A) than the mean crystallographically ob-
served distances, but the trends are consistent with those
found experimentally. (Calculated Sn—Sn distances: h=
3.930 A, e=3.171 A, c=3.129 A; calculated Cu—Sn distan-
ces: 2.763 A to capping Sn atoms, 2.686 A to Sn atoms in
basal planes.) Notably, the calculated and observed h/e
ratios agree exactly for [Cu@Sny]*". Single-point calculations
at the B3LYP level using aug-cc-pVTZ-PP basis sets of
triple zeta quality were performed on the optimized struc-
tures to analyze the electronic structures of the clusters. The
calculated HOMO-LUMO gap of [Cu@Sny]>~ is 2.93 eV.
This value lies in between those for Dy,-symmetric [Sny]*
(1.90 eV) and [Sny]*~ [2.56 eV (a-HOMO-—a-LUMO)] and
the one for [Sn,]*” with an optimized C,-symmetric struc-
ture (3.11 eV). It is also larger than the HOMO-LUMO gap
calculated for a Dy,-symmetric [Sny]*~ ion with the structure
of the Sny skeleton optimized for [Cu@Sn,]*~ (2.70 eV). A
positive natural charge of 0.20 for Cu calculated in
[Cu@Sn,]*~ points towards the same Cu oxidation state as in
linear [CuCl,]~ with a natural charge of +0.58 for Cu.

Using the terminology of tensor surface harmonic theory,
we classified the molecular orbitals of [E¢]"” into S, P, D,
and F orbitals having shapes and nodal patterns similar to
the corresponding atomic orbitals.?! In D, point symmetry
the s, p, and d orbitals of the endohedral Cu atom and the S,
P, D orbitals of the tricapped trigonal prismatic E, cluster
transform under the a,’ (s, d.2), a,” (p,), € (Pw Py deo_y, d,y)
and e” (d,, d,;) irreducible representations, the F orbitals
have a/, a,, a,”, €/, and e” symmetry. An analysis of the mo-
lecular orbitals of [Cu@Sn,]*~ shows that the main interac-
tions between the central Cu atom and the E, cage involve
Cu-d, -s, and -p orbital contributions (Figure 3).

Even though mass spectrometric investigations show the
absence of CuSn, clusters,™ the present study proves that
Cu ions can be trapped in homoatomic cages even in macro-
scopic quantities. The surrounding Sn and Pb atoms build a
nine-atom cage whose structure is optimized towards a per-
fect sphere. In contrast to the closely related Cu@Cg,, which
has been characterized by mass spectrometry and EPR spec-
troscopy as [Cu’*@Cy2 ], 1a can be formulated as [Cu™
@Sny*"]. The rapid exchange of the Sn atoms on the NMR
time scale in solution creates an ideal spherical environment
around the Cu atom and allows the examination of *Cu
NMR spectra of these complexes.

Experimental Section and Methods

General: All manipulations and reactions were performed under an
argon atmosphere with standard Schlenk techniques or in an argon-filled
glove box. K,Sn, and K,Pb, were prepared by fusion of stoichiometric
amounts of the elements in stainless steel tubes at 550°C and 400 °C, re-
spectively. Dimethylformamide (Merck) was distilled over calcium hy-
dride and used immediately after collection. Toluene and tetrahydrofuran
were dried in a solvent purification system (MBraun). [2.2.2]crypt
(Merck) was dried in vacuo for eight hours. Mesitylcopper was prepared
according to reference [26].
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Figure 3. Molecular orbital interaction diagram of [Cu@Sn,]’” in frag-
ments of Cu* and Ds,-[Sny]*". Important contributions are indicated by
dashed lines, and relevant molecular orbitals of [Cu@Sn,]*~ are shown on
the right.

Synthesis of 1 and 2: K,E, (0.15 mmol), mesitylcopper (0.15 mmol), and
[2.2.2]crypt (0.27 mmol) were dissolved in dimethylformamide (2 mL)
and stirred for two hours. The intense dark red to brown solution was
separated from the residue by filtration and carefully layered with tolu-
ene (1 mL). Compound 1 crystallized after two weeks at —25°C in the
form of dark red prisms, in contrast dark brown and cubic shaped crystals
of 2 were obtained after three months (yield: 1: 50%; 2: 10%).

Characterization: EDX analyses of the crystals carried out on a JEOL-
SEM 5900 LV spectrometer confirm the K, Cu, and E (1: E=Sn, 2: E=
Pb) composition of the X-ray structure elucidation. Elemental analysis
caled (%) for 1: C 28.5, H 4.8, N 4.4, Cu 2.5, Sn 42.3, K 4.6; found: C
279, H 4.6, N 4.1, Cu 2.6, Sn 40.3, K 4.5. The magnetic investigations
were performed on a Quantum Design SQUID magnetometer MPMS-
XL7.

NMR spectra of 0.05 molL " solutions of single crystals of 1 in acetoni-
trile were recorded on a Bruker AMX400. The observed frequencies
were '“Sn (149.211 MHz) and “Cu (106.096 MHz). '"*Sn was referenced
to Me,Sn in C;D¢ (0 ppm) and “Cu to [Cu(CH;CN),]CIO, in CH;CN
(0 ppm) as external standards. Block searches of 500 ppm windows were
used to explore the "'?Sn NMR shifts. A total of 2487 scans were accumu-
lated for the '’Sn NMR spectrum, 1876 scans for the “Cu NMR spec-
trum.

Single crystals of 1 and 2 were fixed on glass capillaries. The data were
collected on an Oxford Diffraction Xcalibur3 diffractometer, Moy, radia-
tion (A=0.71073 A).”) The structures were solved by direct methods
(SHELXS-97"!) and refined by full-matrix least-squares calculations on
Sw(F2-F?)? (SHELXL-970). All non hydrogen atoms were refined with
anisotropic displacement parameters, all hydrogen atoms were placed in
calculated positions and refined by using a riding model.

DFT calculations have been performed by using the GAUSSIAN 03
package of programs (Revision D.01).””) Natural charges were calculated
by using Version 3.1 of the NBO program®! as implemented in GAUSSI-
AN 03. The self-consistent isodensity polarizable continuum model (SCI-
PCM)?! was used in all calculations to account for solvation effects (die-
lectric constant ¢,(dmf) =36.71). GaussView was used to visualize molec-
ular orbitals.®” Structure optimizations were first carried out at the
B3LYP/cc-pVDZ-PP level of theory, that is Becke’s hybrid three-parame-
ter exchange functional®! with the Lee—Yang—Parr correlation function-
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all® (UB3LYP for open shell [Sny]*~) with small-core relativistic pseudo-
potential correlation consistent valence double zeta plus polarization
basis sets.! Further optimizations were performed with B3LYP using
aug-cc-pVDZ-PP (augmented correlation consistent polarized valence
double zeta) basis sets® that include diffuse functions. Harmonic vibra-
tional frequencies were calculated numerically for the optimized struc-
tures to verify the nature of the stationary point on the potential energy
surface. Single-point calculations (Natural charge, HOMO-LUMO gaps,
MOs, MO eigenvalues) on the optimized (B3LYP/aug-cc-pVDZ-PP)
structures were performed at the B3LYP level using aug-cc-pVTZ-PP
basis sets of triple zeta quality.”® Calculations for [CuClL,]~ were carried
out correspondingly, using cc-pVDZ, aug-cc-pVDZ (optimization) and
aug-cc-pVTZ (single point) basis sets for CLP* All basis sets were ob-
tained from the EMSL Basis Set Exchange !
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