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Recently, homo- and heteroatomic Zintl anions have been
rediscovered to serve as an elegant source for the synthesis of
intermetalloid clusters.[1] In the ideal case these clusters
appear as ligand-free species and show atom coordination
patterns found in intermetallic compounds. For example, the
anion [Co@Ge10]

3� displays Co�Ge and Ge�Ge distances as
observed for the binary phase CoGe2.

[2] The largest structur-
ally characterized ligand-free heteroatomic clusters are
[As@Ni12@As20]

3� [3] and [Au3Ge45]
9� [4] which form through

reactions of [As7]
3� and [Ge9]

4� polyanions, respectively. The
bottom-up synthesis of intermetalloid clusters requires both
cluster growth and bonding to a second metal. Such cluster
growth is well documented for the tetrel atom clusters
[Ge9]

4�, and includes the formation of dimeric Ge9�Ge9,
[5]

rod-type trimeric [Ge9=Ge9=Ge9]
6�,[6] and tetrameric [Ge9=

Ge9=Ge9=Ge9]
8� polyanions[7] as well as the anionic linear

polymer chain 1
1{[Ge9]}

2�.[8] Formation of exo-cluster bonds
occurs by oxidative coupling reactions in competition with
formation of stable radicals [Ge9C]

3�.[9] Full oxidation of nine-
atom clusters also offers the possibility of producing periodic,
nanostructured materials.[10] A cluster exo-bonded to a ligand-
free metal atom was observed for the first time in the
mercury-linked polymer 1

1[(m2-Hg)(Ge9)
2�].[11] Reactions with

organometallic compounds presumably involve formation of
an organometallic complex, as was shown in the sequence of
the transformation of [(cod)Ir(h4-Sn9)]3� (cod = cycloocta-
diene) into [Ir@Sn12]

3�.[12] Homoleptic transition-metal com-
plexes of germanide Zintl ions have also been observed in
form of [(m2-Au)3(h3-Ge9)2]

5� [13] and [Cu(h4-Ge9)(h1-
Ge9)]7� [14] as well as the endohedral [Pd2@Ge18]

4�.[15]

In the case of homoatomic tin polyanions, the interme-
talloid clusters [Ni2@Sn17]

4�,[16] [Pt2@Sn17]
4�,[17]

[Pd2@Sn18]
4�,[18] and the above-mentioned [Ir@Sn12]

3� [12]

were recently been described. To form these clusters from
the [Sn9]

4�-containing starting materials again oxidative
coupling must occur, along with defragmentation. However,
up to now, the missing link of an oxidative coupling of two
[Sn9]

4� anions to form a dimeric unit has not been reported,

and so far there is no evidence for an [Sn9�Sn9]
6� dimer

analogous to [Ge9�Ge9]
6�. Until now, only the stable para-

magnetic [Sn9]
3� has been reported.[9b,d, 21c]

Herein we present the first oxidative coupling of [Sn9]
4�

clusters to form a dimer with an Sn�Sn exo-cluster bond. This
bond is additionally supported by a silver cation, and thus the
title species is also a homoleptic Ag complex and the first
cluster consisting of only silver and tin atoms.

The reaction of K4Sn9 in ethylenediamine with
(AgMes)4

[19] (Mes = 2,4,6-Me3C6H4) in the presence of 2,2,2-
crypt was accompanied by immediate formation of a small
amount of a dark precipitate, which was filtered off. After one
week two fractions of crystalline material were obtained from
the filtrate which could be separated mechanically and were
identified as the already known paramagnetic [K(2,2,2-
crypt)]6[Sn9]2·1.5 en·0.5 tol (tol = toluene)[21] and as the new
salt [K-(2,2,2-crypt)]5[Ag(Sn9�Sn9)]·en·0.5 tol (1) which con-
tains the cluster anion [Ag(Sn9�Sn9)]5� (1a). Compound 1 was
characterized by single-crystal X-ray diffraction and energy
dispersive X-ray analysis (EDX). According to EDX analysis,
the insoluble dark precipitate formed during the reaction has
the same Ag/Sn ratio as 1.

The anion [Ag(Sn9�Sn9)]5� (1a) is composed of a dimeric
[Sn9�Sn9] cluster with a covalent two-center, two-electron
exo-cluster bond with a length of 2.987(1) � corresponding to
a slightly elongated Sn�Sn single bond (2.80 � in a-Sn).[20]

The two intact polyhedral [Sn9] clusters additionally coordi-
nate to one Ag atom (Figure 1). All other Sn�Sn distances
within the dimeric unit are in the normal range for [Sn9]
clusters,[21] with the Sn�Sn cluster edges adjacent to the atoms
of the exo bond being the shortest (2.858(1)–2.870(2) �). This
phenomenon of short intracluster contacts neighboring an
exo bond is also found in [Ge9�Ge9]

6� dimers. The two [Sn9]

Figure 1. Structure of the [Ag(Sn9�Sn9)]
5� ion (1a). Atoms are shown

with 50% occupation probability. Selected distances [�] and
angles [8]:[22] Sn(6)�Sn(8) 3.486(1), Sn(3)�Sn(4) 3.369(1), Sn(2)�Sn(5)
3.282(1), Sn(15)�Sn(17) 3.409(1), Sn(11)�Sn(14) 3.353(1), Sn(12)�
Sn(13) 3.318(1), average Sn�Ag 2.937(1); Sn(8)-Sn(6)-Sn(15) 159.29,
Sn(8)-Sn(15)-Sn(17) 158.82.
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clusters in the dimer have an almost identical topology close
to a distorted tricapped trigonal prism with three elongated
prismatic edges, shown as dashed lines in Figure 1.

The prism heights Sn(6)–Sn(8) (h1), Sn(3)–Sn(4) (h2),
Sn(2)–Sn(5) (h3) and Sn(15)–Sn(17) (h4), Sn(11)–Sn(14) (h5),
Sn(12)–Sn(13) (h6) with ratios h1/h2/h3 = 1.06:1.03:1 and h4/h5/
h6 = 1.03:1.01:1, respectively, indicate that the tricapped
prisms are distorted towards C2v-symmetric monocapped
square antiprisms with the open squares having short
diagonals Sn(6)—Sn(8) and Sn(15)–Sn(17), respectively.
Considering the Sn�Sn distances, the overall cluster charge
of �5 in 1a can formally be rationalized as a [(Sn9�Sn9)

6�]
dimer coordinating to Ag+ with d10 configuration.

Optimization of the structure of the anion by quantum
chemical calculations led to a C2v-symmetric structure with
slightly larger interatomic distances than found in the crystal
structure. On average, all calculated interatomic distances are
elongated by approximately 0.08 �, with a maximum devia-
tion of 0.2 � for the Sn(6)�Sn(15) exo bond. The mean
difference in the bond angles is 1.08. The shorter Sn�Sn
distances adjacent to the exo bond of 1a are also verified by
the calculations. Furthermore, the anion appears to be a
stable unit, as indicated by the HOMO–LUMO gap of
1.77 eV. The calculated natural charge of + 0.4 for Ag
supports its formal description as Ag+. The d10 configura-
tion of transition metal atoms has also been found in
various other examples of endo- und exohedral clusters
such as [(m2-Au)3(h3-Ge9)2]

5�,[13] [Cu(h4-Ge9)(h1-Ge9)]7�,[14]

[Pd2@Ge18]
4�,[15] and [Ir@Sn12]

3�.[12]

The number of compounds with Ag�Sn bonds is quite
limited.[23] In 1a, the silver atom is connected to six tin atoms.
The Ag�Sn distances range from 2.880(2) to 3.010(1) � and
are longer than typical single bonds[23] but lie in the range of
those observed in silver complexes of stanna-closo-dodeca-
borate with d(Ag�Sn) = 2.7607(9)–3.127(1) �[24] and com-
pare well to those in intermetallic phases such as SrAg2Sn2

(d(Ag�Sn) = 2.795(4) �).[40] Considering only the four short-
est Ag�Sn contacts [Sn(2), Sn(3), Sn(11), Sn(12)] results in a
rectangular-planar coordination of the silver atom. Such
planar coordination of Ag+ is not frequent, but has recently
also been observed and discussed for other d10 homoleptic
complexes: In [Hg(h2-Sn9)2]

6� Hg2+ is coordinated to four Sn
atoms of the two separate [Sn9]

4� clusters. Two longer Hg�Sn
contacts complete the coordination sphere of the Hg atom.[25]

Quantum chemical calculations for the structurally charac-
terized [Ag(h2-P4)2]

+ [26] and [Au3Ge45]
9� also reveal the

stability of rectangular planar coordination geometry of
Ag+ and Au+, respectively. For the AuI model compound
[(h2-Ge4)2Au]7� the D2h conformation is preferred over the
D2d conformation by only 6 kJ mol�1.[4]

Apparently, the silver atom has a great impact on the
structure of the cluster 1a, since the two [Sn9] units show a
sterically less favorable cisoid conformation, whereas the
[Ge9] clusters in the related [Ge9�Ge9]

6� dimer always exhibit
a transoid arrangement (Figure 2), despite the fact that the
Sn(8)-Sn(6)-Sn(15) and Sn(17)-Sn(15)-Sn(6) angles of 159.3
and 158.88, respectively, are rather similar to the Ge(8)-
Ge(6)-Ge(6’) angles of 162.28. The Sn(8)-Sn(6)-Sn(15)-Sn(17)
torsion angle of 11.58 in 1a reveals a small deviation from C2v

symmetry due to twisting around the exo bond. Most reported
dimeric clusters, such as digerma-closo-dodecaborate
[(Ge2B10H10)2]

2� [27] and distanna-closo-dodecaborate
[(Sn2B10H10)2]

2� [28] also prefer a transoid conformation. Quan-
tum-chemical calculations on a hypothetical “naked” [(Sn9�
Sn9)]6� dimer show that a transoid (C2h) conformation is
energetically slightly more stable by about 5 kJmol�1 than a
cisoid (C2v) arrangement, but the incorporation of Ag+

between the two interconnected [Sn9] units in 1a apparently
forces the dimeric unit into the sterically more crowded cisoid
conformation.

In an analogous reaction of (AgMes)4 with [Ge9]
4� the

transfer of one mesityl group to the [Ge9] cluster takes place
with formation of the mono-alkylated [Ge9(Mes)]3� cluster
unit,[29] and the related reaction of [Sn9]

4�with CuMes leads to
a [Cu@Sn9]

3� cluster with an endohedral Cu atom,[30] which
can be described as a CuI complex of an [Sn9]

4� cluster.
In the present case, oxidation of the [Sn9]

4� cluster is
observed, and subsequently dimerization of the oxidation
product—the paramagnetic [Sn9]

3� unit, which was actually
found in the second product of the reaction—occurs. Inter-
estingly, the dimerization of paramagnetic species [E9]

3� has
never been observed for E = Si, Ge, Sn, and Pb before in the
presence of 2,2,2-crypt. In the reaction presented herein,
isolation of the dimer as the [K(2.2.2-crypt)]+ salt is attributed
to the presence of Ag+ ions in the solution.

Experimental Section
All manipulations and reactions were performed in an argon
atmosphere by standard Schlenk line or glove box techniques.
“K4Sn9” was synthesized by heating a stoichiometric mixture of
elemental K and Sn at 550 8C for 20 h in a stainless steel tube.
Ethylenediamine (Merck, 99%) was distilled over CaH2 and stored in

Figure 2. Comparison of the structures of [Ag(Sn9�Sn9)]
5� and [Ge9�

Ge9]
6� .[5]
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an Ar-filled Schlenk tube. 2,2,2-Crypt (4,7,13,16,21,24-hexaoxa-1,10-
diazabicyclo-[8.8.8]-hexacosane, Merck, 98 %) was vacuum-dried for
8 h prior to use. (AgMes)4 was prepared as reported.[19] K4Sn9

(125 mg, 0.1 mmol) was dissolved in 2 mL of ethylenediamine.
After stirring for 0.5 h, the dark red K4Sn9 solution was filtered
onto solid (AgMes)4 (23 mg, 0.025 mmol). The resulting dark-brown
solution was stirred for 3 h, filtered, and layered with a solution of
2,2,2-crypt (150 mg, 0.4 mmol) in toluene (5 mL). Over one week, two
kinds of crystals appeared: large, brick-shaped, black crystals, which
were shown to be [K(2,2,2-crypt)]6[Sn9]2·1.5en·0.5 tol[21d] (yield ca.
23 mg, ca. 10 %), and small needle-shaped dark-red crystals, which
were identified as the title compound [K-(2.2.2)crypt]5[Ag(Sn9�
Sn9)]·en·0.5 tol (1) (yield ca. 50 mg, ca. 23 %). Quantitative EDX
analysis of the crystals of 1 showed the presence of K, Ag, and Sn,
with an approximate ratio of K/Ag/Sn = 5:1:18.

Single-crystal X-ray diffraction data of 1 were collected on a Stoe
IPDS-IIT image plate diffractometer at the window of a rotating
anode (Bruker AXS; FR951) with graphite-monochromatized MoKa

(0.71073 �) radiation at 150 K. Numerical absorption corrections
were applied (X-Shape/X-Red).[31] The structure was solved by direct
methods and was refined on F2 by using the SHELXTL V6.1
package.[32] Crystal data: Mr = 4428.40, triclinic space group P1̄, a =
13.932(3), b = 19.877(4), c = 29.050(6) �, a = 106.98(3), b = 96.09(3),
g = 99.49(3)8, V = 7487(3) �3, Z = 2, 1calcd = 1.96 gcm�3, m = 3.3 mm�1;
44569 measured and 20585 independent reflections, Rint = 0.0366;
R1 = 0.039 and wR2 = 0.102 for I� 2s(I), R1 = 0.053 and wR2 = 0.107
for all data. Min./max. residual electron density: �1.641/2.819 e�3.
CCDC 757104 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

The quantum chemical calculations were carried out with
Gaussian 03.[33] The negative charge of the anionic clusters was
compensated by the polarizable continuum model (PCM) as imple-
mented in Gaussian 03 with dichloromethane (er = 8.93) as solvent.
For the hybrid DFT calculations the B3LYP[34] exchange correlation
functional was used. For tin and silver atoms the core electrons were
replaced by the small-core scalar-relativistic effective-core potentials,
namely, ECP28MDF for Ag[35] and Sn.[36] Basis sets with cc-pVTZ
quality were used for the calculations.[37, 38] The natural charges were
obtained by a natural population analysis implemented into the NBO
3.0[39] program. Preliminarily, the coordinates derived from the crystal
structure determination of [Ag(Sn9�Sn9)]5� were optimized to their
energetic minimum. Due to only slight deviations the obtained
structure was restricted to C2v symmetry. The analysis of the Hessian
matrix showed no imaginary values and therefore confirmed the
optimized structures to be stationary points on the potential-energy
hypersurface. Furthermore, the structures of the hypothetical [(Sn9�
Sn9)]6� dimers in cisoid (C2v) and transoid (C2h) conformation also
proved to be local minima. The coordinates of the optimized
structures can be obtained from the Supporting Information.
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