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ABSTRACT: The endohedral cluster anion [Pd3Sn8Bi6]
4�

crystallizes as its K([2.2.2]crypt)+ salt 1 upon reaction of
[K([2.2.2]crypt)]2[Sn2Bi2] 3 en and Pd(dppe)2 in 1,2-dia-
minoethane (en)/toluene and incorporates a complete Pd3
triangular cluster within a medium-size 14-vertex cage of Sn
and Bi atoms. 1was characterized by a combination of single
crystal diffraction, ESI mass spectrometry, elemental anal-
ysis, and magnetic measurements. According to quantum
chemical investigations, the Pd3 triangle interacts only
weakly with the Sn/Bi cluster shell despite the relatively
small cavity inside the cage.

Research activity in the field of main group element cages
comprising transition metal atoms,1 so-called “intermetal-

loid clusters”, is rapidly expanding.2 The high interest in these
clusters, that represent a modern extension of Zintl phase
chemistry, is based on their uncommon geometric and electronic
structures, their similarities to fullerenes,3 and intriguing gas
phase chemistry.4 Furthermore, intermetalloid clusters are dis-
cussed as potential building blocks for cluster assembled nano-
materials.5

Only a limited number of intermetalloid clusters are known
that encase more than one—namely, two or three—interstitial
transition metal atoms that either form a dumbbell in [Pt2@
Sn17]

4�,6 [Pd2@Sn18]
4�,7 and [Pd2@Ge18]

4�,8 or a trimeric
filament in [Ni3@(Ge9)2]

4�.9 In contrast, in alloy-like clusters
such as [Ni5Sb17]

4�,10a [Pd7As16]
4�,10b or [Zn9Bi11]

5�, 11 most
of the transition metal atoms contribute to the surface affording
unusual shapes and complicated electronic situations.

Herein we report on [Pd3Sn8Bi6]
4� that uniquely accommo-

dates a triangular Pd3 cluster completely inside a medium-size,
14-vertex Sn/Bi cage. As a result of the large ratio of interstitial/
surface atoms (3:14), the Pd3 cluster is tightly fixed inside the Sn/
Bi shell, without exhibiting significant bonding interactions with
the latter.

[K([2.2.2]crypt)]4[Pd3Sn8Bi6] 3 0.6en (1) is obtained by the
reaction of [K([2.2.2]crypt)]2[Sn2Bi2] 3 en

12 with Pd(dppe)2,
13

as extremely air-sensitive black rhombus-like crystals (Scheme 1,
Supporting Information).

The cluster anion in 1 is composed of a bicapped trigonal
prism of Sn atoms with all three rectangular faces centered by one
of the three Pd atoms and capped by one of three Bi2 dumbbells
in plane with the Pd3 unit. The Pd�Pd distances within the

embedded [Pd3] cluster in 1 (2.756(2)�2.774(2) Å) are at the
upper limit of reported Pd�Pd bond lengths. Whereas the
Pd�Pd distances are smaller in Pd3(CN-c-Hx)6 (2.651 Å),14

they are very similar within the Pd3 units of ditropylium halides
(2.755�2.773 Å)15 or sandwich complexes with arenes (2.702�
2.830 Å),16 all indicating stronger Pd�Pd interactions than in
[Pd2@Ge18]

4� (2.831 Å).8

The incorporation of a complete transition metal cluster
within a main group metal cage is unprecedented, even though
a triangular unit represents the smallest possible cluster type.
Indeed, a larger cluster inside a main group atom cage has so far
only been reported for the outstanding example [As@Ni12@
As20]

3�.17 However, the situation is different here, since the
cavity inside an As20 cage does not allow for accommodation of
12 Ni atoms: the transition metal atoms are rather viewed as
contributing to a deltahedral 32-atom shell, but shifted slightly
below the pentagonal faces of the As20 pentagon-dodecahedron
to form an “inner” icosahedron.

The ratio of K/Pd/Sn/Bi = 4:3:8:6 was confirmed by a com-
bination of electrospray ionization mass spectrometry (ESI-MS),
elemental analyses (EDX and microanalysis) and magnetic
measurements indicating a diamagnetic anion in 1 (Figure S3,
Supporting Information). The ESI-MS investigations of single
crystals of 1 dissolved in dimethylformamide (Figure 2) revealed
the [Pd3Sn8Bi6]

� species to be stable in solution. Additional ESI-
MS experiments of the reaction mixture indicate only a few
[SnxBiy] fragments to be present beside the predominant nine-
atom cage attached to a single Pd atom, [PdSn6Bi3]

� (Sup-
porting Information). A similar species, [NiSn6Bi3]

�, was also
detected in the reaction mixture during the formation of
[Ni2Sn7Bi5]

3�;18 thus this precursor species might play a key
role at the formation of the title compound. Still, the complicated
fragmentation/rearrangement pathways are unclear and wait for
further elucidation by comprehensive experimental and theore-
tical studies.

In all compounds with binary cluster shells reported so far,
[Sn2Sb5(ZnPh)2]

3�,19 [Zn6Sn3Bi8]
4�,20 [Ni2Sn7Bi5]

3�,18 and
[Eu@Sn6Bi8]

4�,21 the assignment of Sn/Sb or Sn/Bi atomic
positions suffered from statistical and/or rotational disorder
which was more distinct for increasing spherical cluster shells.
In contrast, the topology of the anion in 1, that features a higher
anisotropy of the cluster shell, seems to allow for a specific,
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“ordered” Sn/Bi atomic distribution in accordance with quantum
chemical calculations. Simultaneous optimization of the geo-
metric and electronic structure of the 292 possible isomers of
[Pd3Sn8Bi6]

4�, using DFT22 methods of the program system
Turbomole23 and the COSMO model for charge compen-
sation,24 revealed the presented isomer (Figure 1) to be by
18�165 kJ 3mol

�1 more stable than all other isomers (see
Supporting Information).

The topology of the 14-vertex main group atom shell was
recently observed in two further isolated clusters, however with
certain differences to the anion in 1. The cluster anion in
Ge14[Ge(SiMe3)3]5Li3(THF)6

25 is empty and is decorated by
five external ligands. The endohedral cluster anion [EuII@
Sn6Bi8]

4�21 differs in the number of Sn and Bi atoms, the nature
and number of interstitial atoms, and possesses a more spherical
structure; this indicates the high synthetic potential of the binary
precursor [Sn2Bi2]

2�, allowing for a structural and electronic
adjustment of the 14-atom cage to the demands of the respective
inner moiety in the ternary system. The three examples are
compared in Figure 3.

The structural features of the two cited 14-vertex cluster
anions correlate well with their electron numbers: the spherical
shape of [EuII@Sn6Bi8]

4� is in perfect agreement with a formal
pseudoelement [(Sn�)6Bi8]

6� = “[Bi14]” shell, with exclusively
three-bonded atoms; accordingly, the distortion toward an oblate
spheroid observed in Ge14[Ge(SiMe3)3]5Li3(THF)6 via forma-
tion of three Ge�Ge bonds corresponds with a formal [(Ge6-
(Ge�)8]

8� core. In contrast, the electron number�structure

correlation is not trivial in the anion of 1. This problem occurred
also for other Group 10 endohedral cluster anions. In the
deltahedral cluster [Ni2Sn7Bi5]

3�,18 for instance, accordance
with the pseudoelement concept26 or with Wade-Mingos rules27

failed by two missing or extra electrons, respectively.
Regarding the interstitial Pd3 unit in the cluster anion in 1 as

neutral and neglecting any Pd�Sn/Bi interactions, six three-
bonded Bi0 atoms, six four-bonded Sn0 atoms, and two three-
bonded Sn� atoms would add up to a total charge of �2, which
does not agree with the presence of four counter-cations per
formula unit. However, the oblate cluster topology seems to be
stable for a range of total valence electron numbers (VE) in the
case of empty clusters: (i) a hypothetical C14 fullerene (56 VE),

21

(ii) the globalminimum structure of [Ge14]
4�, according toDFT

calculations by King and co-workers (60 VE),28 (iii) the formal
[Ge14]

8� core of Ge14[Ge(SiMe3)3]5Li3(THF)6 (64 VE). The
differences in the electron numbers are reflected in different
average bond lengths. Therefore, the [Sn8Bi6]

4� shell in 1 (66VE)
might just extend this range by another two electrons. This
situation is represented by the formula “{[Pd3]

0@[Sn8Bi6]
4�}4�”,

denoted as the “0 + 4” model in the following.

Scheme 1. Synthesis and Crystallization of Compound 1

Figure 1. Thermal ellipsoid plot of the molecular cluster anion
[Pd3Sn8Bi6]

4� in 1. Selected bond lengths /Å: Sn1�Sn2-4, 2.910-
(2)�2.944(2); Sn8�Sn5-7, 2.898(2)�2.917(2); Sn2-4�Sn5-7, 3.188-
(2)�3.261(2); Sn2-4�Bi1-6, 3.041(2)�3.073(2); Sn5-7�Bi1-6,
3.020(2)�3.094(2), Bi�Bi, 3.124(2)�3.150(2); Pd�Pd, 2.756(2)�
2.774(2); Pd�Sn1,8, 2.963(2)�3.025(2); Pd�Sn2-4, 2.868(2)�
2.917(2); Pd�Sn5-7, 2.870(2)�2.920(2), Pd�Bi, 2.728(2)�2.752(2).
Angles of the nonplanar butterfly type Sn2Bi2 four-membered rings:
62.6(1)�65.1(1)�/110.2(1)�117.8(1)�.

Figure 2. Isotope pattern of the [Pd3Sn8Bi6]
� species in the ESI mass

spectrum of 1, measured (top) and simulated (bottom).

Figure 3. Side views (top) and top views (bottom) of 14-vertex cluster
anions (from left): [Ge14[Ge(SiMe3)3]5]

3� (without SiMe3 ligands),
25a

[Eu@Sn6Bi8]
4�,21 and [Pd3Sn8Bi6]

4� in 1 (this work).
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An alternative view involves the Pd3 cluster in bonding
interactions, leading to the formula “{[Pd3]

2�@[Sn8Bi6]
2�}4�”.

This “2 + 2”model describes a charged cluster [Pd3]
2� inside an

electron-precise [(Sn�)2Sn6Bi8]
2� shell that accords perfectly

with the pseudoelement concept. Indeed, as previously reported
by Ahlrichs and co-workers,29 a neutral Pd3 cluster possesses a
very small highest occupied molecular orbital�lowest unoccu-
pied molecular orbital (HOMO�LUMO) gap (0.12 eV), which
suggests an easy acceptance of two further electrons, although
the formulation of an “anion within an anion” is questionable.

Comprehensive quantum chemical studies were performed to
explore the bonding situation in the uncommon [Pd3Sn8Bi6]

4�

anion in 1 and to judge on the accordance with either the “0 + 4”
or the “2 + 2” model.

Calculation of natural charges by natural population analysis
(NPA,30 see Supporting Information) rather supports the “0 + 4”
model. A nearly neutral Pd3 ring (total charge�0.24) is observed
beside a charge of �0.34 at each of the Bi atoms and the two Sn
caps, and a charge of�0.17 at each of the six remaining Sn atoms.
Thus, unlike the suggestion according to the “2 + 2”model, the Bi
atoms and the two capping Sn atoms possess the same charge,
together holding 70% of the total charge of the anion. Only the
larger charge at the Sn caps in comparison with the atoms of the
Sn6 prism rudimentarily refers to the idea of the pseudoelement
concept with charged versus neutral Sn atoms.

By optimization of the structures of the respective fragments,
Pd3 and [Sn8Bi6]

4�, or [Pd3]
2� and [Sn8Bi6]

2�, we intended to
simulate the two models for comparison with the calculated
[Pd3Sn8Bi6]

4� anion. However, geometric parameters (Table
S6) as well as molecular orbitals—delocalized (MOs,31 Support-
ing Information, Figures S11, S12) or localized (LMOs,32 Figure
S13)—do not allow for the declaration of one of the models to
better represent the situation in the ternary cluster. One might
use this result to claim a mixture of both variants to be present in
the [Pd3Sn8Bi6]

4� anion; nevertheless, it should be noted that
deviations of the isolated fragments’ geometries from the original
atomic positions in [Pd3Sn8Bi6]

4� affect the bonding in the
fragments and might thus hamper a reasonable comparison.

To avoid this, we calculated difference electron densities that
are solely based on the geometry of the ternary cluster anion. For
this, total densities were calculated for [Pd3Sn8Bi6]

4� as well as
for the fragments cut out of the cluster without further optimiza-
tion of the structures. Subtraction of the sum of the total
densities, obtained either for the “0 + 4” or the “2 + 2” model,
from the total density of [Pd3Sn8Bi6]

4� resulted in the pictures
provided in Figure 4. While red clouds indicate excess electron
density at the respective grid point of [Pd3Sn8Bi6]

4�, blue clouds

represent a lower electron density in [Pd3Sn8Bi6]
4� in compari-

son with the electron density sum of the fragments.
Figure 4 shows clearly that neither of the two fragment models

exactly reproduces the electron density in the ternary cluster
anion. However, two major things can be gathered from the
pictures. First, the “0 + 4”model (Figure 4, left) shows both slight
excess and slight deficit of the electron density on the cluster
surface, whereas the “2 + 2” model (Figure 4, right) shows only
excess electron density. This indicates a better balanced distribu-
tion of the electron densities in the “0 + 4”model with respect to
the ternary anion. Second, subtraction of the “2 + 2”model from
the cluster results in a much more significant deficit of electron
density at the Pd atoms than does a subtraction of the “0 + 4”
variant, indicative for a too high charge assignment by the
[Pd3]

2� model. Integration of the excess and deficit electron
densities observed for each of the differences—as an indication
for the deviation of the models from the situation within the
ternary cluster anion—results in a total of four electrons for the
“0 + 4” model and five electrons for “2 + 2”.

The computational studies demonstrate that neither “{[Pd3]
0@

[Sn8Bi6]
4�}4�” nor “{[Pd3]

2�@[Sn8Bi6]
2�}4�” perfectly repre-

sent the real charge distribution and thus the bonding situation in
the anion in 1. However, a clear tendency toward the first model
is suggested by the assignment of natural charges or, accordingly,
the inspection of the electron density distribution.

Comparison with previous results leads to the conclusion that
formal assignment of charges according to the pseudoelement
concept is possible if the clusters show dominantly ionic inter-
actions of the interstitial metal atom(s) with the cluster shell,
such as observed in [Eu(II)@Sn6Bi8]

4�, but is not appropriate
for weak or more covalent interactions like in [Ni2Sn7Bi5]

3� or
in the anion in 1. The latter are characterized by cluster orbital
formation (Figures S11, S12) including the embedded atom(s),
and thus by a more intermetallic nature.

Another question concerns the formation of 1. This is at least
as difficult to answer as for binary intermetalloid clusters. So far,
only some of the latter have been explored with respect to their
formation, like [Ir@Sn12]

3�,33 [Ni3@(Ge9)2]
4�,9 or [Eu@

Sn6Bi8].
21 Corresponding studies were facilitated by detectable

intermediates that point toward a plausible mechanism. In the
case of the title compound, the only hint toward an intermediate
is a species [PdSn6Bi3]

� that was observed in the ESI mass
spectrum of the reaction solution (Figures S4, S15, and S7).
However, it was not possible to isolate or detect further possible
precursors, such as “[(Sn2Bi2)Pd(dppe)]

2�”, for instance, which
may be involved in the first steps of the cluster formation.
According to both experimental and quantum chemical studies,
we assume that the cluster was actually formed by condensation of
three reactive endohedral clusters with eight or nine main group
atoms that are initially formed under release of the detectable
byproduct [Bi2]

2�. The condensation steps includes the electron
transfer from the intermetallic anion(s) onto en molecules under
formation of H2 and the formation of elemental Sn and/or the
starting material [Sn2Bi2]

2� (see Supporting Information for
details). To sum up, we provide the following reaction scheme:

4½Sn2Bi2�2� þ 3PdðdppeÞ2 þ 2H2NCH2CH2NH2

f ½Pd3Sn8Bi6�4� þ ½Bi2�2� þ 6dppe

þ 2H2NCH2CH2NH
� þ H2 ð1Þ

All products given in eq 1 have been unambiguously confirmed
by a variety of experimental findings, except the deprotonated en

Figure 4. Difference electron densitiesΔF(“0+ 4”) =F{[Pd3Sn8Bi6]4�}�
{F[Pd3] + F([Sn8Bi6]4�)} (left) orΔF(“2 + 2”) = F{[Pd3Sn8Bi6]4�}�
{F([Pd3]2�) + F([Sn8Bi6]2�)} (right), based on DFT calculations of
the ternary cluster anion and the according fragments on the cluster
atomic positions. Electron densities are drawn from 2� 10�3 a.u. (red)
to �2 � 10�3 a.u. (blue).
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molecules. However, since we can exclude dppe as the source of
H2 (see Supporting Information), it is plausible to choose en as
this source, being the most acidic species in the system. Com-
prehensive quantum chemical studies are currently underway to
get even deeper insight into this complicated process and into the
formation of ternary intermetalloid clusters in general.

In conclusion, we show that a binary-to-ternary synthetic
approach enables an extraordinary adjustment of structural and
electronic features of a 14-vertex polyhedron to accommodate a
Pd3 ring, resulting in an unprecedented anionic cluster@cluster
structure. Common concepts for intracluster bonding fail in the
title compound; despite weak interaction with the main group
metal shell, the Pd3 cluster is best approximated as the neutral
[Pd3]

(0 that is trapped within the comparatively small cavity of
an [Sn8Bi6]

4� anion. The stability of the cluster anion was
additionally confirmed by ESI mass spectrometry in dimethyl-
formamide (DMF) solution.
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