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F or a long time, Zintl ions of Group 14 and 15 elements were From the Contents

considered to be remarkable species domiciled in solid-state chemistry

that have unexpected stoichiometries and fascinating structures, but 1 Introduction 3631
were of ll'mlted relevance. Tﬁe revival of Zz.ntl ions was her'alded bythe , A Brief Overview of Zintl lons 3632
observation that these species, preformed in solid-state Zintl phases,

can be extracted from the lattice of the solids and dissolved in 3. Homoatomic Clusters 3633
appropriate solvents, and thus become available as reactants and Livand.Stabilized

building blocks in solution chemistry. The recent upsurge of research 4. Lgand-Stabiize ,

e ] ) ) ) ) (Functionalized) Homoatomic
activity in this fast-growing field has now provided a rich plethora of Clusters 3638
new compounds, for example by substitution of these Zintl ions with
organic groups and organometallic fragments, by oxidative coupling 5. Heteroatomic and
reactions leading to dimers, oligomers, or polymers, or by the inclusion Intermetalloid Clusters 3642
(.)f metal atoms under formation of endohedra? cluster species and 6. NMR Spectroscopy 3650
intermetalloid compounds; some of these species have good prospects
in applications in materials science. This Review presents the enor- 7. Theoretical Investigations 3652
mous progress that has been made in Zintl ion chemistry with an

. ; . 8. From Zintl lons to Novel
emphasis on syntheses, properties, structures, and theoretical treat- ;
Materials: Prospects for
ments. Materials Science 3656
9. Summary and Outlook 3657

1. Introduction
(4
Die Phantasie kommt hier nicht zu kurz, und abweichende
Resultate lassen auch der nichsten Generation noch die
Hoffnung auf Neues. ”
Hans-Georg von Schnering!™

Platonic solids have always impressed mankind, and their
realization as homoatomic molecular or ionic cage structures
has fascinated chemists and physicists in particular for
decades. The discovery of homoatomic carbon fullerenes!'!
triggered the development of a captivating research field
culminating in the application of nanotubes, and their anions
were found to form amazingly simple binary superconducting
materials.’! An improvement of the synthetic approach!® was,
however, necessary to move on from the beauty of the Cy,
polyhedron to research activities in this field towards novel
materials.

Gas-phase experiments have revealed the existence of a
larger number of homoatomic clusters, which raises questions
about the forces that hold the atoms in such structures
together and has initiated the search for a synthetic approach
to such species. It has been shown that the synthesis and the
structural characterization of ligand-stabilized main-group
element clusters with up to 84 atoms is possible.”! In the case
of the Group 13 element aluminum, an impressive series of
clusters having different nuclearities illustrates that the
transition from a small molecule consisting of a few atoms
to a metallic solid is possible. These so-called metalloid
clusters® offer a fantastic possibility to investigate the
dependency of the properties of a material from the cluster
size. Whereas much attention has been drawn in various
Reviews to metalloid Group 13 element clusters,”! herein we
summarize recent developments in the field of Group 14 and
15 element clusters.
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Polar intermetallic compounds, that is, compounds con-
sisting of two or three types of metals that have different
electronegativities, very often already contain cluster units. If
the electronegativity difference of the involved elements is
large enough, the resulting intermetallic compound can be
described as being salt-like. In compounds with electropos-
itive Group 1 or 2 elements and p-block metals as the more
electronegative component, the p-block atoms build clusters
and polyanions. In so-called Zintl phases, such element
clusters are preformed, and therefore they are good candi-
dates to serve as a source for anionic element clusters,
provided that they are soluble so as to achieve a full charge
separation.

The transition from generally semiconducting Zintl
phases to more or less discrete Zintl anions is possible only
for a small number of phases. In case of Group 14 and 15
elements, soluble molecular Zintl polyanions are formed.
These homoatomic clusters are not only fascinating because
of their aesthetic simplicity and the beauty of their structures,
but also because of their enormous synthetic potential. Owing
to their versatile chemical reactivity, they can serve as
precursors for the synthesis of nanostructured materials or
of large intermetalloid clusters. In contrast to Group 13
element clusters, Zintl anions are ligand-free ; however, recent
research progress has demonstrated that their functionaliza-
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tion is possible, and thus the fields of Zintl ions and ligand-
stabilized main-group-element clusters increasingly merge.

Several Reviews'!l have appeared in the field of
homoatomic main-group-element clusters, and two recent
publications gave an overview of some aspects of Group 14
Zintl anion chemistry.'>!¥! Nonetheless, vital developments in
the field of Group 14 and 15 element polyanions make it
desirable that they are summarized separately and placed in
the context of a progressive materials design.

2. A Brief Overview of Zintl lons

The exploration of the chemistry of polyanions of
Group 14 and 15 elements was initiated by the discovery of
M. Joannis in 1891, which he described in Comptes Rendus:
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“Le sodammonium et le potassammonium sont decomposes
par divers méteaux, en particulier par le mercure, le plomb et
lantimoine. (...) Lorsque I'on met une baguette de plomb pur
en excés, en presence du sodammonium, on constate que la
liquour mordorée ne trade pas a venir bleue au contact du
plomb, puis verde.”" Later, the work of Peck, Smyth, Kraus,
and Zintl"™™*! on reactions of alkali metals with p-block
elements in liquid ammonia established the perception of the
species being highly charged element particles, or homoa-
tomic polyanions. In the report by Joannis, green and deep red
solutions were mentioned for the first time, which were
observed in the reaction of sodium with lead and antimony,
respectively, in liquid ammonia, and later determined to
contain [Pby]*" and [Sb,]*~ anions. Zintl recognized that the
dissolution of binary intermetallic phases such as Na,Pb,* in
liquid ammonia leads to the same solutions. He thus
established the close relationship between soluble polyanions
and salt-like intermetallic phases. The existence of Group 14
and 15 element polyanions was finally verified by the crystal-
structure determination of [Sn,]*~?*! and [Sb,]*~,** and has
led to a fast growing research field ever since.”*! A major step
forward towards the isolation and crystallization of com-
pounds containing such Zintl anions was the change of the
solvent for the binary phases A,E, and A;Pn, (A =alkali
metal, E=Group 14 element, Pn= Group 15 (pnicogen)
element) from liquid ammonia to ethylenediamine,'>*! and
many years later to dimethylformamide.* To obtain high-
quality crystalline materials from Zintl ion-containing solu-
tions, alkali-metal-ion-sequestering agents, such as
[2.2.2]crypt,?) were employed by Corbett.?! Again it took
many years before crown ethers, such as [18]crown-6,*! and
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their derivatives also were successfully used in Zintl ion
chemistry: a melt of [18]crown-6 at 40°C was employed as
reaction medium for the elements K/Sn or K/Pb.”’! Later it
turned out that different fully and semisequestered cations
lead to different products and thus influence the reactivity of
Zintl ion solutions.

Discrete atom clusters,”™ and polyanions of Group 14
and 15 elements after a formal electron transfer, also arise in
binary or ternary solid-state phases. The smallest polyhedral
Group 14 clusters are the tetrahedral [E4]*~ ions, which were
observed for the first time for E=Pb in the alloy NaPb in
1953.5 Only recently, Korber et al. showed that this cluster
can be retained in a liquid ammonia solution of Rb,Pb,
(binary-phase RbPb).P!! Generally, such 1:1 phases are not
soluble, but the larger nine-atom clusters [Eq]*~ of Group 14
elements can be easily obtained by dissolution of A,E, phases,
which, however, are not available for E =Si. After it was
shown that the binary phase Cs,Ge,*? contains the nine-atom
cluster [Gey]*", the synthesis of nine-atom clusters of the
heavier Group 14 elements tin and lead from corresponding
alloys became straightforward. Furthermore, it was shown
that intermetallic compounds of the general composition
AE; contain [E,]*” and [E,]*~ polyanions in the ratio 2:1
(A =Na, K, Rb, Cs; E=SIi, Ge, Sn), from which the soluble
silicon clusters [Si,]*" and [Sig]*~ became accessi-
ble by extraction with liquid ammonia.?>*! Zintl
ions of tin and lead can also be obtained by

electrochemical methods when the respective /f
element is used as cathode material.['%3¢37) t//\
Several different approaches have been

applied to the synthesis of polypnictides. Reac-
tions of the various modifications of the elemental
pnicogens Pn with dissolved or finely dispersed
alkali or alkaline earth metals in solution are as
common®™! as the congruent dissolution of solid-
state phases such as M;Pn; (M =Li-Cs, Pn =P, As;
M =Cs, Pn=Sb) or M;Pn;; (M =Na-Cs, Pn=P,
As),® which already contain the preformed
polyanions or the incongruent dissolution. M,Pn,
phases (M =K-Cs, Pn=P; M =RbD, Cs, Pn=As)
dissolve in liquid ammonia with the formation of
[Pn,J*, [Pns]”, [Pn,]*", and [Pn,]> and other
polypnictides.**? In other cases, gaseous and
sometimes highly unstable hydrogen compounds of the
pnicogens, such as PnH; (Pn =P, As, Sb) or P,H,, were used
as precursors. >

Haushalter and co-workers presented the first crystal
structures of compounds that contain [Eo]*” and [Pn,]*~
clusters as ligands to d-block elements with the form [(n’-
Sny)Cr(CO),* ™ and [(n*As,)Cr(CO);P~ P respectively.
The polymeric chain | {[HgGe,]*" }°" was the first ligand-free
binary polyanion, which can be regarded as an anion formed
only by (semi)metals and heralds the field of intermetalloid
clusters. It resulted from the reaction of [Ge,]*~ Zintl anions
with elemental mercury. Endohedrally filled bimetallic clus-
ters [As@Ni;,Asy’ P2 and [Pt@Pb,,]*~ were subsequently
obtained.”” Backing up Schnockel’s term of metalloid
clusters,”! the expression “intermetalloid clusters” was intro-
duced for cluster compounds that consist of atoms of at least

>

f) [Pna]?
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two different (semi)metallic elements in low oxidation states
and which might even exhibit topological similarities to
structural motifs of related intermetallic compounds.

3. Homoatomic Clusters

3.1. Homoatomic Clusters of Group 14 Elements

A summary of polyhedral Group 14 clusters [E,]*", [Es]*,
[Eo]"", and [E,o]*” that have been structurally characterized to
date is given in Tables 1 and 6 (see Appendix), and their
structures are shown in Figure 1. The polyhedral structures of

Table 1: Structurally characterized homoatomic Group 14 element clus-
ter anions obtained from solutions.

E[EJ" [EBF  [E [E] [Esl* (vl
Si -® [60] [61]  [60] 62] -

Ge - [63,64] [65] [66-68] [65,69-72] [73]
Sn 311 [74] - [67,75-78] [22,23,29,79-84] -

Pb [31]  [74,85] - [67,76,86]  [80,86-88] 89]

[a] Known only as MesCu adduct in [(Mes-Cu),Si,]* . [b] Observed only

in neat solids.
\\%f vl
/\5\

JA\

b) [Es]*/Dan c) [Eo]™/Dan d) [Eo)/Cay ) [E10]%/Daq
\\\ S
z
b— %\
o) Prsf Y |
C\J%N%‘& )
i) [Png]®- k) [Pn7]*-

Figure 1. Structures of known homoatomic Group 14 and 15 clusters.

these [E,]"” clusters are best described as delocalized
electron-deficient systems with a cluster bonding that is
analogous to that of the boranes. Wade’s rules®™™” can be
applied if the radial B—H bonds are formally substituted by a
lone pair of electrons at each cluster vertex.”” Thus, each
Group 14 element contributes two of its four valence
electrons to the cluster skeletal bonding. The tetrahedral
clusters [E,]*" therefore possess 2n + 4 = 12 skeletal electrons.
According to Wade’s rules, they build a nido cluster®! derived
from the trigonal-pyramidal closo cage of [Es]*” clusters,
which also comprise 12 skeletal electrons (2n+2). The
chemical bonding in [E,]*" tetrahedra can also be explained
using the (8—N) rule. Accordingly, each monoanionic
Group 14 atom forms three bonds, and a Pj-analogous

[*] From Wade's rules, a tetrahedron is regarded as a nido cluster derived
from a trigonal bipyramid with one missing apex atom.
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tetrahedral cluster arises. A nine-atom cluster [Ey]"~ can build
a closo deltahedron if 2n+2=20 skeletal electrons are
available for the cluster bonding. Thus, clusters [Eo]*~ with a
twofold negative charge are appropriate to adopt the closo
shape of a tricapped trigonal prism (Figure 1c, and 1, Fig-
ure 2a) with point group symmetry D, [Eo]*" clusters

Figure 2. Structure relationships between nine-atom clusters. a) Dy
symmetric tricapped trigonal prism, b) C,, distortion with one long
(dashed lines) and two shorter heights of the trigonal prism, ¢) G,
distortion with two long (dashed lines) and one shorter height of the
trigonal prism, d) trigonal prism with three long heights and Dy,
symmetry, e) elongation of one long height and relaxation of the other
atoms leads to the C,,-symmetric monocapped square antiprism.

comprise 2n + 4 =22 skeletal electrons that are required for
a nido-type cluster, and thus form a C,-symmetric mono-
capped square antiprism (Figure 1d and V in Figure 2e).
[Eo]>~ clusters possess 21 electrons for their cluster bonding
and cannot be described by Wade’s rules. Their structure
should lie between between structural types I and V. The
HOMO of the C,, cluster [Eo]*" is degenerate, and thus the
removal of one electron leads to a Jahn—Teller-type distortion
of the cluster framework. In contrast, the LUMO of the D5,-
symmetric cluster [E,]*~ is o-antibonding along the prism
height, and when it becomes the SOMO of [E,]*", a distorted
tricapped trigonal prism with either one (II, Figure 2b) or two
(IIL, Figure 2¢c) elongated heights results. If the prism heights
are equally stretched, the D;, symmetry is retained (IV,
Figure 2d). Because distortions from the idealized boundary
geometries I and IV are quite common in the solid-state
structures of [Eg]"™ clusters, their charge cannot reliably be
deduced from their crystallographically determined static
shape.’ The very low energy barrier for the intramolecular
atom exchange in solution is shown by **Sn and *’Pb NMR
spectroscopy investigations (see Section 6).

For the heavier Group 14 elements (Si-Pb), the smallest
clusters [E,]*” can be obtained from solid-state reactions of
the elements with an equimolar amount of an alkali metal A
(A =Na, K, Rb, Cs) at higher temperatures. For lead, the
ammoniates Rb,Pb,(NHj;), can be isolated from a liquid

www.angewandte.org
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ammonia solution of RbPb.’l The isotypic compounds
A,Sn,(NHj;), have been obtained for A=Rb and Cs from
reactions of the alkali metals with Sn and Sn(CgHs),,
respectively, in liquid ammonia.®"! The coordination spheres
of the tetrahedral anions of the ammoniates show remarkable
similarities to those of the corresponding intermetallic 1:1
phases, and many strong anion—cation contacts were found in
all of the compounds.

[Es]>~ anions are not formed in regular solid-state
reactions, and there is only one report of a five-atom cluster
in the solid: the binary phase K,Sn;y; can be written as
(K 50([Sn,]* )11 ([Sns*)([Sng]* ). Experiments aiming for
D;,-symmetric five-atom clusters from solution follow the
same procedures as described for nine-atom clusters and
involve the dissolution of binary phases. Silicon clusters [Sis]*~
were obtained by extraction of the binary compound Rb,,Si;;
with liquid ammonia in the presence of [2.2.2]crypt and
subsequent treatment with triphenylphosphine.®” Crystalline
materials containing the anions [Ges]*~, [Sns]*", and [Pbs]*~
were obtained from ethylenediamine and liquid ammonia
solutions of A-E alloys with different ratios under stoichio-
metric deficiency of [2.2.2]crypt.[:6474

Homoatomic ligand-free Group 14 clusters with six,
seven, eight, or more than ten vertices have not yet been
detected in solution. Larger cluster anions [E,]"~ and [AE, "~
were generated and detected in the gas phase, and the latter
were interpreted as AY[E,]*~ Zintl-type anions.”!! Some
[E,]" anions have been structurally characterized as main-
group-element or transition-metal-functionalized species,
thereby in some cases following the bonding concepts of
Zintl anions (see Section 5.2).

Nine-atom clusters are most prominent in the interme-
tallic compounds AE, (A=Na, K, Rb, Cs; E=Ge, Sn,
Pb).523492%] Extraction of these intermetallic compounds
with liquid ammonia, ethylenediamine (en), or dimethylfor-
mamide (dmf) is the most common way to yield highly
concentrated and intensively colored solutions of nine-atom
clusters. However, the crystals often have twinning problems
and contain disordered and distorted E, clusters."*

According to a delocalized description of the chemical
bonding in the E, cluster framework, E—E distances are in the
ranges 2.4-2.7 A, 2.5-29 A, 2.9-33 A, and 3.0-3.5 A for E=
Si, Ge, Sn, and Pb, respectively, and thus are considerably
longer than E—E single bonds: 2.353 A (a-Si), 2.445 A (a-Ge),
2.810 A (a-Sn) and 2.88 A (twice the Pb valence radius).”")
For E=Sn and Pb, the distances are in the range of the
metallic bond length: 3.016 A and 3.175 A (8-Sn) and 3.49
(elemental Pb)." In both structure types I and V (Figure 2),
the longest E—E contacts occur between E atoms with five
nearest neighbors, that is, three long bonds are expected for a
tricapped trigonal prism and four for a monocapped square
antiprism.

The structures of [Eo]*™ clusters in alkali metal crypt or
crown ether salts were determined mainly for products
obtained from ethylenediamine solutions of the binary
phases A4E, for E=Ge, Sn and Pb. Recently, the first two
crystal structures of [Sig]*~ salts were presented for com-
pounds obtained from a liquid ammonia solution of
A,Si;;.P>% Fourfold negatively charged polyanions [E,]*

Angew. Chem. Int. Ed. 2011, 50, 3630—3670
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rarely appear as completely isolated units but instead show
contacts to the surrounding alkali metal cations either by the
cluster vertices, edges, or triangular faces; a n* coordination to
the open square face of a nido cluster has however also been
found (Figure 3). In such cases, the A ions are either
complexed by less-encapsulating crown ethers or they contain
nonsequestered cations.

Figure 3. Variation in the number of A-E, contacts. a) [Rb([18]crown-
6)]Rb;[Sig] (NH;), with seven contacts,® b) [K([18]crown-6)],[Pbe] ®"
with three contacts to C,,-symmetric [Pby]*", and c) [K([18]crown-6)];K-
[Sne] with two contacts to C,,-symmetric [Sn,]*~.2

The [E,y]*~ anions in [K([18]crown-6)],E, are coordinated
by two (E=Sn)®! or three (E=Pb)*" [K([18]crown-6)]*
fragments, leading to discrete units of the composition
[K,Sno]*~ and °[K;Pb,]~, respectively. Owing to their unam-
biguously determined fourfold negative charge, both Zintl
clusters have 22 skeletal electrons, and accordingly the [Pby]*~
cluster in [K([18]crown-6)],[Pb,] is almost perfectly C,,-
symmetric (Figure 3b), whereas for [Sny]*", the symmetry is
closer to Dy, (Figure 3c), which demonstrates the structural
flexibility of E, cages.

Additional contacts between alkali metals and clusters
entail intermetallic structural units. Of course, the number of
A-E, contacts decreases continuously with increasing con-
tents of solvent and sequestering molecules, and the three-
dimensional network typical for the neat solids is opened into
layers and chains, as depicted in Figure 4. [E,]*" clusters
without contacts to alkali metal atoms are present only in
[Na([2.2.2]crypt)],Sny?? and in [Li(NH;),],Eo(NH;)®! with

<<l

A 4’4‘4’4-»
N \ \

b § . . . L]
4. 4 4 4
-— T o o e g o
s e e
c)

Figure 4. Examples of structures with one- and two-dimensional inter-
metallic motifs: a) 2D layer {2 [K,Sno]} in [K([18]crown-6)],K,-
[Snol(en); 5, b) 2D layer {2 [(K;Ges) ]} in [K([2.2]crypt)]-
[K;Ges](en),, "™ and c) linear chain {! [K,Sno]} in [K([18]crown-
6)15K[Eq]
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E =Sn, Pb, where the coordination spheres of all alkali metal
ions are saturated by [2.2.2]crypt or ammonia molecules,
respectively.

Uncharged intermetallic chains of {! [K,Sny]} arise in
crystals of [K([18]crown-6)];K[Sn,], where each Sn, cage
interacts with five potassium atoms (Figure 4c).” The chains
are separated by [18]crown-6 molecules. In [K-
([2.2.2]crypt)|;K[Es] (E=Sn, Pb), the E, clusters are con-
nected by one potassium atom, leading to anionic chains of
{1 [(KE,)]} that are separated by [K([2.2.2]crypt)]* counter-
ions.””*! Two-dimensional substructures {2 [A,Es]} (A=K,
Rb; E=Sn, Pb) with six A-E, contacts and separated by
[18]crown-6 molecules were found in the isotypic compounds
[K([18]crown-6)],K,[Eg](en);s (E=Sn, Pb)E2%l  and
[Rb([18]crown-6)],Rb,[Sny|(en), s (Figure 4a).81 Layers of
{2.[(K5Gey) ]} and {2 [(KCs,Sny) "]} occur in [K([2.2]crypt)]-
[K;Gey](en),  (Figure 4b)™ and  [K([2.2]crypt)],Cs,-
[Sny](en),,™ respectively, which are separated by non-coor-
dinating [K([2.2]crypt)]" units.”” Intermetallic double layers
{2.[(Cs;SnySny) |} have been found in [K([2.2.2]crypt)]Cs;-
[Sngl,(en)* and {2 [(Rb,Siy),]} in [Rb([18]crown-6)]Rbs-
[Sig](NH;),. In the latter, each almost C,-symmetric [Sio]*~
anion interacts with seven rubidium atoms (Figure 3a).

Solvates of the binary phases A,E, can be obtained either
from ethylenediamine (E=Ge and Sn) or from liquid
ammonia solutions (E = Si and Ge). The coordination spheres
of the E, clusters in the three-dimensional networks of the en
solvates Na,Sny(en),,”! Rb,Gey(en),*! and Cs,Gey(en)®! and
in the ammoniates K,Gey(NH;)s, Rb,Geo(NH;)," and
Rb,Siy(NH,),,5? are similar to those found in the corre-
sponding binary phases A,E, and Rb,,Si,,, respectively.

The only example of a nine-atom Group 14 element
cluster with an unequivocal charge of —2 has been obtained
from the reaction between K;,Si;; and Ph;GeCl in liquid
ammonia. The product [K([18]crown-6)],Sis(py) crystallized
from pyridine in the presence of [18]crown-6, and its [Sig]*~
cluster interacts with the two potassium cations by two
deltahedral faces. Despite 2n 42 =20 skeletal electrons, the
cluster deviates significantly from D;, symmetry and is best
described as a distorted tricapped trigonal prism with one
elongated height (structure type II, Figure 2b).

Nine-atom clusters with a threefold negative charge [Eo]*~
(E=Si, Ge, Sn, and Pb) have been exclusively isolated as
[A*([2.2.2]crypt)] salts.[00-66-6875.76.7886.98] Aq these paramag-
netic clusters are formed even in the absence of oxidizing
agents, solvated electrons and also the reduction of ethyl-
enediamine protons to H, are proposed to be involved in this
unusual oxidation process. In their crystalline compounds, all
of the [Eo]>” units have the shape of a distorted tricapped
trigonal prism with approximate C,, symmetry (structure type
II, Figure 2b), but in some cases, for reasons that are not
understood, [Sng]’~ retains almost perfect D,, symmetry
(structure type IV, Figure 2d).

The [K™([2.2.2]crypt)] salts of all paramagnetic [Ey]*
units contain either one or two symmetrically independent
Ey clusters per asymmetric unit and various amounts of
solvent molecules. EPR measurements on powdered samples
had increasing line widths from Ge to Pb for [K-
([2.2.2]crypt)JEoEo(en), 5(tol)s s (E = Ge, Sn, Pb; Figure 5a),

www.angewandte.org

wandte

Chemie

3635


http://www.angewandte.org

Reviews

3636

T. F. Fassler et al.

Table 2: Molecular homoatomic Group 15 element Zintl ions obtained from synthesis in solution and characterized by single-crystal X-ray structure

determination.

Pn [Pnj* [P ] [PnsP~  [Png*™  [Pn~

[P”8]87 [P”H]}i [PnM]Ai [Pn21]3’ [PnZZ]‘F [Pnze]F

P _
As -
Sb -
Bi  [103,104,137]

[42,48,106] - -
[106,127,128] - [47] [129-132]
[107] o] - [107]
[108,109] - - -

[42,111-116]

- [113,117-121]  [122,123] [124] [125]
- [133,134] [122] - [135]
[136]  [135,137] - - _

[126]
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Figure 5. a) EPR spectra of powdered samples of [K*([2.2.2]crypt)] salts
of paramagnetic [Eq]*". The spectra were simulated using two to three
g tensors.”® b) Magnetic susceptibility of [K([2.2.2]crypt)]sEsEs(en); s-
(tol)os (E=Sn) as a funtion of temperature, showing Curie-Weiss
behavior.®

which comprise one ordered and one disordered E, cluster
per asymmetric unit, and they revealed Curie-Weiss para-
magnetism for only 50 % of the clusters (Figure 5b). For that
reason, an uneven electron count and thus a threefold
negative charge was attributed to the ordered cluster, and a
superposition of diamagnetic [Eo¢]*>"and [E,]*~ species was
assumed for the disordered case.™* In light of these results,
a charge assignment based on structural arguments in the
mixed-valent compound [K*([2.2.2]crypt)][Ges]* -
[Geo]*~(en),s containing a [Gey*~ cluster is doubtful.*
However, we repeatedly obtained brown samples that
crystallize in the trigonal crystal system'® and contain
strongly disordered [Ge,] clusters counterbalanced by two
[K*([2.2.2]crypt)] units.”™ The crystal structure of a com-
pound with rather similar cell parameters but having a violet
color has been reported to contain strongly disordered
[Ge,o]*~ anions.”

A well-ordered ten-atom [Pb,,]>~ closo cluster, obtained
as a [K ([2.2.2]crypt)]" salt from an ethylenediamine solution
of K,Pb, in the presence of PPh;Au'Cl and cryptand, which
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adopts the shape of a bicapped quadratic antiprism in
accordance with Wade’s rules, is the largest empty Group 14
element cluster isolated in solid state to date.”) Recently, a
[Ge,)* cluster was finally characterized as a o-donor ligand
to a [Mn(CO),]” fragment in [Ge;(Mn(CO),J>~.*! Although
gas-phase experiments and theoretical investigations predict
a remarkable stability for the stannaspherene [Sn;,]*" ! and
the plumbaspherene [Pb;,]*~ cluster anions, these polyanions
have not yet been isolated in crystalline form.!%!

3.2. Homoatomic Clusters of Group 15 Element

In contrast to homoatomic E, cages, deltahedral Pn,
structures are limited to molecular P,, As,, and the cationic
[Bis]**, [Big]*" and [Biy]’* species (Table 2). The bismutates
were synthesized either by molten-salt routes or by using
superacidic systems. Generally, complex anions, such as
[AICL]", [AsF¢]", and [HfClg]*", act as counterions in
crystals. 100121 According to Wade’s rules, the clusters
possess 2x4+4 (Pny), 2x5+2 ([Bis]"), 2x8+6 ([Bis]*"),
and 2 x 944 ([Biy]’") skeletal electrons, and closo-T,, nido-
Dy, arachno-D,; and closo-Ds, clusters, respectively are
observed. However, deviations from the expected structures
are possible. Pn, can also be described by localized covalent
bonds. The overall higher tendency of Pn anions to form
localized bonds results in a higher abundance of small
polyanionic chains and rings (Figure 1). The smallest homoa-
tomic Group 15 element (Pn) polyanion obtained from
solution is the dumbbell-shaped [Bi,]*~.['%1% Cyeclic [Pn,]*~
anions have been characterized by NMR spectroscopy (Pn=
P)!'%! and by X-ray crystal structure analysis on crystals
obtained from solution (Pn=P, As, Sb, Bi; Fig-
ure 1) [#248.1961%1 A planar [Pns]~ anion has been found for
Pn =P in solution by NMR spectroscopy.!'” Five-membered
rings were also trapped as ligands in organometallic com-
plexes for Pn =P, As, Sb (see Section 5.3 and Figure 13), but
to date they have not been detected in binary phases or in
solvate crystals. For Pn=Sb, a non-planar, envelope-shaped
[Pns]>~ cluster is known (Figure 1g).""! In contrast to the
cyclohexaphosphide anion [P4]*", the binary phases of which
dissolve incongruently in liquid ammonia, the corresponding
[As¢]*” anion is in a steady-state equilibrium with other
polyarsenides in solution and has been characterized as a
chair-shaped [Asg]*~ anion in (Rb[18]crown-6),Rb,[As]-
(NH,)s (Figure 1 h).H!

[*] Cell parameters at 293 K: a=b=11.960 A, c=22.364 A, space
group: P3cl.
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As with the nine-atom clusters [E,]*~ for Group 14
elements, the heptapnicanortricyclane anions [Pn,]*~ are the
most abundant species found in solution for Pn=P, As, Sb
(Figure 1k). #2107 111-116.129-132] The § _analogous, crown-shaped
[Png]*~ unit has been obtained for Pn=Sb in [K;;(Sby),-
(NH,)](NH,);5 (Figure 11),*" and, as can be seen from
Tables 2 and 7 (see Appendix), the trishomocubane-shaped
(ufosane-like) anions [Pn;]*~ (Pn=P, As, Sb) are also
common among polypnictides (Figure 11).[13117-121.133.134.157]

All of these clusters contain covalently linked Pn atoms.
For Pn=P, all of the distances are in the range 2.1-2.3 A
(Figure 10 and Table 3) and compare well with the covalent
radius of a phosphorus atom. The formally negatively charged
phosphorus atoms form the shortest P—P bonds (b and ¢ in
Figure 10), while the longest (a) are between the atoms of the
basal triangle. The same holds for Pn = As and Sb.

Table 3: Structural parameters of P, nortricyclane clusters and alkylated
derivatives (approximate values). For parameters, see Figure 10.

(P [PsRi] [P (Re)I**

Height, h [A] 3.00 3.15 3.40
Distance a [A] 2.29 2.22 2.22
Distance b [A] 2.14 2.19 2.22
Distance ¢ [A] 2.19 218 2.22
Ratio Q=h/a 1.30-1.36 1.42 1.53
Angle y [deg] 99 102 109
Angle 0 [deg] 102 99 92

The aromaticity of the anions [Pn,]*” and [Pns]™ differs
from regular hydrocarbon 6m-aromatic systems and was thus
called “lone-pair aromatic”, as delocalization takes place
predominantly outside the ring over the lone pairs and bonds
(see Figure 18b in Section 7.3). In hydrocarbons, delocaliza-
tion is however seen above and below the ring.

3.3. Oxidative Coupling Products of Homoatomic Clusters

The anions with higher nuclearity, [Pn;,]*" and [Pn,,]*
(Pn=P, As), can be regarded as oxidative coupling products
of the monomers [Pn;]*~ and [Py,]*", respectively (Figure 6a
and c). The intercluster Pn—Pn distances between the [P;]*~ or
[P,,]>* monomers amount to approximately 2.23 A and
2.24 A, respectively, and are in the same range as the P—P
distances within the cluster units. The henicosapnictide anion
[P, >~ (Figure 6b) is a norbornane-like P, unit that is
connected to two heptaphosphanortricyclane P, cages by
two covalent bonds for each. The shortest P—P bonds (less
than 2.18 A) are formed by the formally negatively charged
phosphorus atoms, and the intercluster bonds are again just as
long as the intracluster bonds of threefold-bonded phospho-
rus atoms.'*®! The [P,]*~ anion can be seen as consisting of
two heptaphosphanortricyclane P, cages that are connected
by two covalent bonds to a P, unit, which consists of two
edge-sharing norbornane-like P; units.">!

In the case of the nine-atom Group 14 element clusters
[Eo]*, radicals [Eq]™ are quite stable and compete with
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Figure 6. Dimers and polymers with covalent connections: a) Dimeric
[P;—P,]*~,22 151 by trimeric [P,~P,~P;]*~,[*¥ c) dimeric [Py;—Py;]*, 0%
d) transoid dimeric [Ge;—Geg]*™, e) a second conformer of [Geg—
Geo]*™,” f) cisoid dimeric [Sng—Sng]®~ bonded to Ag*,? and g) poly-
meric | {[Geo]*” }."* A complete list of the compounds is given in
Tables 6 and 7.

dimerization reactions. The analogous [Pn,]*~ radical has not
been reported. For germanium and tin, corresponding oxida-
tive coupling products have been reported. In [Ges—Ge,|*™
(Figure 6d and e) two Ge, units are connected by an exo
bond."1314 I these dimers, the structure of the Ge, cages
deviates slightly from a monocapped square antiprism. The
open faces of the nido clusters are usually rhombohedrally
distorted, and one atom of this face forms an exo bond to an
analogous atom of the second cluster. The intercluster bond is
colinear with the shorter diagonal of the open face of each
cluster (Figure 6d, conformer A), and the clusters are
arranged in a transoid conformation. Apart from conformer
A, K((Gey—Gey)(dmf),, contains another dimeric unit with a
different structure (Figure 6e, conformer B).® In B both
clusters derive from a tri-capped trigonal prism with two
strongly elongated prism heights leading to two vertex-
sharing rectangular cluster faces according to structure type
IIT (Figure 2c). The connecting exo bond between the two
apex atoms approximately points to the cluster centers. The
Ge,—Ge, exo bonds with a mean value of 2.48 A are only
slightly longer than the Ge—Ge single bond in elemental
germanium (2.45 A) and are typically surrounded by four
alkali metal atoms bridging the two clusters units.

Recently, the first dimeric [Sny-Sny]®~ anion was obtained
by oxidation of [Sny]*~ with MesAg (Mes =2,4,6-Me;C¢H,)
(Figure 6 f).0*1 Two fused Sn, cluster units are further
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connected to a bridging Ag* ion, and the dimer is thereby
forced into a cisoid conformation. The Sn—Sn exo bond
(2.99 A) is approximately 7% longer than a typical tin single
bond, such as in a-Sn (2.80 A).

Further oxidation of the Ge, clusters to formal [Gey]*
leads to linear polymers | {[—Ge—]*" }I"*"'*! with two inter-
cluster bonds per monomer (Figure 6¢). Trimers and tetra-
mers of Ge, clusters with a mean charge of —2 are formed by
nonclassical bond formation between the units. The formation
of intercluster bonds between two neighboring atoms of the
triangular prism basis planes of the closo-shaped clusters
results in Ge-Ge-Ge angles of 90° (Figure 7a and b) and in
considerably longer intercluster contacts in the range 2.55 A
to 2.75 A. The individual clusters in [Ge~Ge~Gey]*~[146147]
and [Ge~Ge~Ge~Ge,|* “*'*] are elongated along their
prism heights of the connecting germanium atoms (C,,
symmetry; Figure 2b, II). It must be assumed that the exo
bonds participate in a delocalized electronic system that
comprises the whole anion (see Section 7.3).

Figure 7. Cluster oligomers, including non-classical connections: a) Tri-
meric [Ge=Ge~Gey|*,'*"! b) tetrameric [Ge;~Ge~Ge~GCe,]* ", and
c) pentameric [Ge,s]'?” attached to three Au* ions."*® A complete list
of the compounds is given in Table 6.

A unique cluster oligomerization of five Ge, clusters has
been realized by oxidation with Au' compounds. A [Ge,s]"~
unit was formed in the reaction of an ethylenediamine
solution of K,Ge, and Ph;PAuCL!™ In this cluster, four Ge,
polyhedra are retained while the fifth is opened up and
covalently links the four intact subunits. The chemical
bonding in the resulting 45-atom germanium cluster is
rather complex and ranges from covalent two-center two-
electron exo cluster bonds to delocalized multicenter bonds in
the deltahedral subunits. Furthermore, long Ge—Ge contacts
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within a triangle of five-coordinate germanium atoms are
involved (shown as dashed lines in Figure 7c¢), which corre-
spond to a three-center two-electron bond. The anion even
has five-membered germanium faces, which are typical
structural motifs of three-dimensional solids, such as alkali-
and alkaline-earth-metal germanides with clathrate structures
that are indeed formed by oxidation of [Ge,]*~ clusters (see
Section 8).°! Similar to the coordination of the [Sny—Sn,]®
dimer to an Ag' ion described above, the Ge,s unit
coordinates to three Au’ ions, and the resulting cluster
anion has the composition [Au;Ge,s]’™

4. Ligand-Stabilized (Functionalized) Homoatomic
Clusters

The description of the term cluster given by von Schner-
ingl"!l emphasizes the regions of homonuclear bonding. The
consideration of the homonuclearly bonded regions of
Group 14 and 15 element clusters as quasi-isolated, bare
units irrespective of attached ligands allows the research
fields of functionalized Zintl ions and of main-group element-
rich molecules or ions to be merged. Even though the
synthetic approaches are rather different, the resulting
products have great structural similarities and comparable
bonding situations. Formal addition of R" to [E,]*", [Eo]*",
and [Pn,]*~ clusters leads to the alkylated species [E,R,,]“™",
[EsR,]J*™-, and [Pn;R,]®™", respectively. [Sis,
(SiMeDis,);]” (Dis= CH(SiMe;),)"™ and E,(Bu,Si), (E=
Si,0% Gel™) and also P;Me,*Y are illustrative examples.
While both fields have been recently summarized sepa-
rately,'>13153:156 ap gverview with emphasis on the similarities
of the two fields is given here.

4.1. Group 14 Element Clusters with exo-Bonded Ligands

Oligomerization and polymerization of [Ge,]*~ clusters as
described in Section 3.3 already provide a strong indication
that the functionalization of Zintl polyanions by the intro-
duction of exo-bonded ligands should be possible. If covalent
exo bonds are formed under simultaneous reduction of the
negative cage charge, the number of skeletal electrons
remains unchanged, and even the structure of a bare Zintl
cluster might be retained, as found for example for the cage
[GegR;]™ (Figure 8e), which has not been synthesized by a
Zintl anion route. Remarkably, uncharged molecules GegR,
have not been reported to date, but we have no doubt that
they exist.

The experimental realization of functionalized Zintl
clusters starting from solutions of binary A,E, phases (Zintl
anion approach) is not as easy, owing to the strong reducing
power of the [Ey]*" species. Alternative reactions for the
synthesis of homoatomic Group 14 element cage compounds
include the reduction of ER,_,X,, (R =alkyl, aryl; X =hal)
and the formation of ligand-free E atoms by ligand strip-
ping,*” the reduction of low-valent molecules E'R’, (R’
being either amyl or halide),"**'*” or the disproportionation
of Ge' and Sn' subhalides, which are available through co-
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Figure 8. Examples of homoatomic ligand-stabilized clusters. a) [Gey(CH=CH,)]*",""" b) [Ges{Sb(CsHs),}]*,["*? c) [Geg(CH=CH-Fc),]*~,"*"

d) [(GestBu),] [ e) [Gey{Si(SiMes)s}s] """ f) [n'-Geo{Si(SiMes)s}sCr(CO)s] .17 g) [Gero(Fe(CO)u)al* " h) [Ger{Ge(SiMey)s}s]' [ i) [Geyor
(SitBus)l] .17 ) {2,6-(2,6-Pr,CoH3)sCeHst,Ge,Sn, 76 k) Sny{2,6-(2,6-Pr,CoHs)sCeHata 7 1) Sng{CeHy-2,6-(2,4,6-MesCeH) 17 m) [Sng-
(SitBuy)¢)* " and the related [Geg{N(SiMe;),}¢],["? n) Sne{2,6-(2,4,6-iPr;CgH,),CeHs}s, M 0) [Snyo{2,6-(2,4,6-iPr;CgH,) ,CeHs}sl ¥ p) Pbio{Si-
(SiMey)3}6,"*% and q) Pby,{Si(SiMe;);}¢."® A complete list of the compounds is given in Table 6.
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condensation of the monohalide together with suitable
solvent mixtures, as described by Schnepf.['®!]

Using the Zintl anion approach, up to two ligands can be
attached to [E,]*~ clusters, and numerous mono- and difunc-
tionalized Ge, clusters have been obtained by this method,
examples of which are shown in Figure 8 a—c. Functionalized
dimers may also occur, as shown in Figure 8d. Even though
the mechanism of formation is not entirely understood, a
nucleophilic attack at the cluster atoms is more likely than an
electrophilic attack.*! The oxidation of [Ge,]*~ with SbPh,
and BiPh; leads to [Ph,Sb—Ge,~SbPh,]*~ and [Ph,Bi—Gey—
BiPh,]*", respectively, with two exo-bonded main-group frag-
ments (Figure 8b),l”1 and it is assumed that during the
reaction the phenylpnictides are reduced to give the anions
[PnPh,]~, which in a following step react with the oxidized
Ge, cages. Analogous reactions with the lighter homologues
PPh; and AsPh;, however, resulted in the formation of the
oxidation product [Ge,=Ge,~Ge,]®". Such oxidative coupling
reactions between the cluster units must be considered as an
alternative reaction for all PnPh; species, and the formation of
the dimeric ions [Ph,Sb—Ge,—Ge,—SbPh,]*~ [l and [Ph,Sn—
Ge,—Gey—SnPh;]* 1% demonstrates that a combination of
both reactions is also possible. As in the case of pure Ge,
clusters, monomeric paramagnetic [Ge,~SnR,]*~ clusters
(R=Ph, Me) can alternatively be formed.!'* For the
formation of the phenyl- and alkyl-substituted clusters [Ph-
Gey-SbPh, |~ 111 and [Bu-Ge,-Geo-Bu]*~,'%! a radical mech-
anism was considered. Recently, the cluster [Ge,—Mes]*~ was
obtained from the reaction of MesAg with [Ge,]*~,['* the
formation of which is probably initiated by a homolytic
dissociation of the Ag—C bond.

To date, the vinylation of Ge, and Sn, units using alkynes
is the best-studied derivatization reaction of these clusters,
but again, different reaction mechanisms have been proposed
depending on the stability of the reactive species, which can
either be a radical or an anion, and also the solvent
ethylenediamine seems to play a major role.'”! The reaction
of the clusters with Me;Si—-C=C—SiMe; or H—C=C—Ph
proceeds by the loss of the ligands MesSi or Ph followed by
the hydrogenation of the triple bond to a double bond.!'*!
Among the large number of disubstituted Ge, clusters, there
are also species that carry common organic or organometallic
functional groups (for example, [Ge,(CH=CH-Fc),]>~,['*"
Fc=ferrocenyl; Figure 8c). The only monovinylated Ge,
cage characterized in solid state to date is depicted in
Figure 8a and was obtained from the reaction of K,Ge, with
Me,;Si—C=C—SiMe; after the addition of KCp (Cp =cyclo-
pentadienyl).1-170]

In the case of the [Sny]*~ cage, however, vinylation leads
exclusively to monosubstituted cluster anions [Sny—CH=
CHRJ*~ (R =H, Ph), independent of the applied stoichiom-
etry.® Anions [Sn,~R]*~ (R=1Bu, iPr;, SnCy;) have been
obtained from reactions of K,Sn, with RCI in ethylenedi-
amine solution.® Recently, Eichhorn et al. investigated the
dynamic behavior of functionalized [Sny—iPr]*" and [Sny—
SnCy;]>~ clusters in solution by 'H, C, and '"Sn NMR
spectroscopy and proposed two different ligand-exchange
mechanisms. In case of [Sny—SnCy;]*", a migration of the
SnCy; group along the cluster surface occurs, whereas for the
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iPr-substituted cage, a rearrangement of the eight bare tin
atoms within the Sn, framework leads to an exchange of the
ligand position. The first mechanism is supported by the fact
that in the solid-state structure, the exo-bonded tin atom
shows two weak contacts to neighboring cluster atoms
(3.66 A) along with the covalent bond (2.91 A)."* A similar
trend to a three-center two-electron bond between the exo-
bonded tin atom and a cluster triangular face has been
observed for the two monosubstituted anions [Gey,—SnPh;]*~
and [Ges;—SnMe;]* .1 The exo bonds between the ligands
and the atoms of the open square of the E, nido clusters are
mostly regular covalent two-center two-electron bonds,
analogous to the well-understood B—H bonds in deltahedral
boranes. The exo bonds are oriented colinearly to the
diagonal of the open square. As in cluster dimers, this
diagonal is shortened, and the nido structure is distorted
toward a C,,-symmetric cage.

Vinylation was also used to functionalize the first mixed
Group 14 atom Zintl anions, and different species of the
general formula [Ge,Sn,_,-(CH=CHR),,]* ™" (n, m=1, 2;
R =H, cPr (cyclopropanyl), Ph) were obtained.!'* In all these
anions the ligands are carried by the germanium atoms, which
are localized at the prism basal planes.

Even though an experimental approach from Zintl ions to
an [E,y]*" cluster with more than two ligands has not yet been
realized, the formation of [GeyR;]™ products or fully alkylated
molecules EgR, can be imagined and is completely in line with
[GesR,]*". A nine-atom germanium cluster with three exo-
bonded ligands can be obtained by the reduction of low-
valent germanium compounds. The deltahedral cluster
[Ge,{Si(SiMe;),}s]~ Y with 22 skeletal electrons (Figure Se)
appears as a Dy-symmetric cage of type IV, while the
undistorted C,,-symmetric cluster of type V is retained in [n'-
Ge,{Si(SiMe;);};Cr(CO)s] 1! (Figure 8f). Functionalized
germanium clusters with higher nuclearity transform from
deltahedral structures to cages with four- and five-membered
rings. In [Ge,{Fe(CO),}s]®~,l™ three- and four-membered
rings are found (Figure 8 g), and with an increasing number of
germanium atoms, four- and five-membered rings become the
dominant structural features, as shown for [Ge,{Ge-
(SiMe;);}s]>~ in Figure 8 h.l'’* Regarding [Ge,o{Fe(CO),}s]°
as a [Ge,o]® anion that is coordinated by eight Fe(CO), units,
a 26-electron cluster results. The 2n + 6 electron Wade cluster
(n=10) corresponds to an arachno cluster with some longer
Ge—Ge contacts. Interestingly, a cluster of a rather similar
topology has been observed in the case of a Sn;, unit in the
Zintl phase NayZn,,Sns,. The Na*-encapsulating Sn,, ennea-
hedron consists of three square faces and six pentagons with
nearly equal edge lengths and almost planar faces. As eight tin
atoms covalently bind to the Sn/Zn framework, the Sn,, cage
can be described as a [(3b-Sn~)g(4b-Sn”),)] unit with entirely
localized two-center two-electron Sn—Sn  bonds.""**
Recently a mixed cluster [Eu@Sn¢Bis]*” having the same
framework has been described.*®® The cation [Ge,
(SirBu)gI]" (Figure 8i) and the structurally related anion
[Ge,o{Si(SiMe;);),{SiMe;},Me] still possess one deltahedral
face, but also three squares and three five-membered rings,
which form a concave cage.['™ '3 Most interestingly, the same
connectivity of nine of the ten germanium atoms in Figure 8i
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is found in the Ge,s unit shown in Figure 7 c, where the upper
germanium triangle is part of a nine-atom cluster.">" Even the
three-center two-electron bond indicated as dashed lines in
Figure 7c is present in both structures, with Ge—Ge distances
ranging from 3.25 to 3.26 A in [Ge,,(SirBu)l]* and from 2.79
to 2.83 A in [Au;Ge,s]* . Regarding these dashed lines as
three-center two-electron bonds, both species are electron-
precise valence compounds.!'™!

In the case of functionalized tin clusters, deltahedral
structures are known for n = 6 (mixed-atom polyhedron), 7,9,
and 10 (Figure 8j,k,n, and o, respectively).'** 17171 Qwing to
the ligands, the ideal deltahedra appear distorted, but their
skeletal electron numbers strictly follow Wade’s rules. The
trialkylated 21 skeletal-electron cluster [SnyR;]” (Figure 8n),
which has been synthesized by the thermolysis of {ArTrip,Sn-
(p-H)}, (Trip =2,4,6-iPr;CgH,) in hot toluene, is paramag-
netic, and its structure shows a distortion towards Ds;,
symmetry (type IV), in a rather similar fashion to that
found for the isovalence-electronic radical [Sny]*~.'**! The
corresponding ten-vertex closo cluster [Sn;,R;]" has also been
characterized in solid state, and its structure agrees perfectly
with Wade’s rules (Figure 80). In contrast, the ten-atom
cluster [Sn;(Si(SiMe;);)s] is isoelectronic to the above-
mentioned 26 skeletal-electron cluster [Ge,o(Fe(CO),)s]*
and has a structure with more rectangular than triangular
faces.['®"]

Eight-atom clusters exist either with four ligands as
neutral [Sng(2,6-Mes,C¢H,),] species!'® or with six ligands
as dianionic [Sng(SifBus)e]*~ species (Figure 81 and m, respec-
tively).'*) Whereas the Sn—Sn distances are very similar in
the neutral molecule, the dianion and the related germanium
species [Geg{N(SiMe,),)s] ' have significantly different E-E
distances. Interestingly, deltahedral eight-atom Zintl anions
are not yet known.

In the case of lead, two larger polyhedral ligand-stabilized
lead clusters are also known. [Pb,,(Si{SiMe;};)s] and [Pb,(Si-
{SiMe,};)¢] are shown in Figure 8p and q, respectively. They
have been obtained by the reaction of Pb(Si{SiMes};), with
CuH and phosphane, respectively." Formally, [Pb,(Si-
[SiMe;};)s] can be described as a Pb*" cation coordinated to
a deltahedral cluster [Pby(PbR)s]*~ (R =Si{SiMes};) which
comprises 26 skeletal electrons (3x2+6x3+2) and there-
fore has the expected hypho structure. The Pb—Pb distances
within the Aypho Pb, unit vary from 3.1 to 3.2 A and are in the
expected range for delocalized bonds in a Zintl anion
framework. The Pb*" cation is located in an apex-like position
and forms three significantly shorter bonds to the Pb, cage,
indicating a lesser degree of delocalization."™” Despite of
some disorder, a distorted Pb;, icosahedron with six ligand-
free lead atoms has been revealed in the solid-state structure
of [Pb;,(Si{SiMe;};)] in which Pb—Pb separations in the range
31t034A support a delocalized bonding situation.

4.2. Clusters of Group 15 Elements with exo-Bonded Ligands
P, is the only deltahedral phosphorus cage known so date.
While a large number of transition-metal complexes with

degraded or aggregated phosphorus units resulting from P,
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activation have been discovered,'® the functionalization of
P, with main-group-element fragments is a less-developed
field. More common are framework extensions by insertion of
for example [SiR,]"*" or [PPh,]* " units into up to three P—P
bonds of P, leading to the species [R,SicP,] (Figure 9a),

b A 4
: O 0y {)
o Bl ‘;5 (o
" (:) k (<>

Figure 9. Molecular structures of functionalized pnictide cages.

a) [P,(Si-aminosilyl)]& 81 b) [Ph,PCP, " c) [(Ph,P),CP,*", "8

d) [(Pn,H)Pt(PPhy)]> (Pn=P, As) [ ¢) [Nb(OC[?Ad]Mes),-
(P,PH,)],"*® and f) P,[FeCp(CO),];."*" [a] The bis-inserted [P,(Si-amino-
silyl),] is also known. A complete list of the compounds is given in
Table 7.

[Ph,PCP,]" (Figure 9b), [(R,Si),CP,], [(Ph,P),CP,*', and
[(Ph,P);CP,J*" (Figure 9c). The latter shows a typical nor-
tricyclane (tricyclo[2.2.1.0*]heptane) skeleton and is thus
reminiscent of a formal six-fold addition of R" to [P;]*~
Interestingly, the reaction of thallium organyls with P, leads to
organyl-functionalized catena-P, or bicyclo-P, units with
relatively short P—P bonds, which is indicative of some
double-bond character."®! A neutral P;Me, species has been
obtained by direct methylation of Li;P; by Baudler in the
course of their seminal work on polyphosphanes, hydro-
genpolyphosphides, and organo-substituted phosphides,'*"!
and P;(MMes); (M=Si, Ge, Sn, Pb) was obtained by
von Schnering et al.'”! Partially alkylated or hydrogenated
polypnictides seem to be rare; the few known examples
include [HP;]*", [R,P;]” (R =Bn, H), and [Bn,As,].l"**%
The P—P bond lengths of the P, cage change significantly
upon alkylation: Bare [P;]*~ shows P—P distances of about
2.29 A in the basal plane (a), while the bonds from this plane
to the formally negatively charged phosphorus atoms are
about 2.14 A long (b), and the distances between the formally
negatively charged phosphorus atoms
to the apical phosphorus atom are
approximately 2.19 A (c) (Figure 10).
In [P;(EMe;);] (E =Si, Ge, Sn, Pb) the
bonds are about 2.22 A (a), 2.19 A (b),
and 2.18 A (c). In [P,Phg]**, all of the
P—P bonds have rather similar lengths
(ca. 222 A). Whereas in the anion
[P;]*~ the angle y is found to be smaller
than the angle 6, the reverse is true for
substituted species.”™ The ratio Q of
the cluster height /2 and the mean basal

Figure 10. The [P}~
cage with bonds and
angles labeled (for
parameters, see text
and Table 3).
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bond lengths a gives an estimate of the bonding situation of
the phosphorus atoms: Q values of between 1.30 and 1.36 are
indicative of an ionic [P,;]*~ unit, while values of 1.40 and
higher show that covalent bonding to ligands is involved, as
found for example in [P,(SiMe;);] (Table 3).2*! Upon alky-
lation, the height & of the cluster increases by about 0.4 A.
The P—P bonds in the basal plane are longest for the anionic
species and are similar in neutral and cationic P; units.

The heptapnicanortricyclane [P;]*~ and [As,]" units
remain unchanged when acting as a protonated chelating
ligand [(Pn,)PtH (PPhy)]*~ (Figure 9d).***" [Nb(OC-
[2Ad]Mes);(P,PH,)] shows coordination of the transition
metal with two shorter bonds to the two-connected phospho-
rus atoms and two longer bonds to the three-connected
phosphorus atoms of the trigonal base (Figure 9¢),!'* and a
triple functionalization of the formally negatively charged
phosphorus atoms of the P, cage is realized in P;[FeCp(CO),];
(Figure 9 ).’ Tt is interesting to note that in all of these
functionalizations of the P, cage, the basal triangular plane is
retained.

The simplest functionalized polypnictides are the hydro-
gen polypnictides. However, owing to the instability of
polypnictides towards acids, only a few protonated hydrogen
polyphosphides are known. While the P—P bond lengths in the
catenapolyphosphides [P;H,]*~ and [P;H;]*~ are similar and
comparable to regular P—P single bonds (ca. 2.2 A), proto-
nation (or alkylation) of polyphosphide clusters such as [P;]*~
or [P;]*" at the formally negatively charged phosphorus
atoms leads to an increase of the P—P bond
lengths, (118194201202

5. Heteroatomic and Intermetalloid Clusters
5.1. Heteroatomic Clusters of Group 14 and Group 15 Elements

The existence of mixed Ge/Sn, Sn/Pb, and T1/Sn clusters
was known from early NMR investigations,”*?* and some of
them were recently trapped in the solid state as ligand-
stabilized anions [Ge,Sn,_,,~(CH=CHR),,]* ™" (n,m =1, 2;
R =H, cPr, Ph).'"! The synthesis of heteroatomic Group 14
and Group 15/13 deltahedral clusters of main-group elements
generally follows the approach to dissolve ternary phases
containing Group 14 and Group 15/13 elements, but Sevov
and co-workers showed by using ESI-MS techniques that E,
cages of different Group 14 elements are able to exchange
atoms in some solvents."® The clusters [Sn,Bi,]*~, [Pb,Sb,]*",
[InBi;]*", and [GaBi;]*~ were structurally characterized. They
are valence-isoelectronic to P, and [E,]*” anions and adopt
tetrahedral structures.”?°! Only a few larger ligand-free
clusters have been reported, such as the nido-type nine-vertex
cages [In,Bis]*~and [TISng]>~ and the closo-type [TISn,]*~.[*%!
Unfortunately, all of these structures suffer from atom
disorder. [In,Bis]*~, which has 22 skeletal electrons, adopts
the shape of a nido cluster IV. Most of the anions follow
classical bonding principles. Surprisingly, there is also only
one heteroatomic cluster molecule that contains exclusively
Group 15 elements: AsP; has been structurally characterized
as a ligand in an organometallic complex and has the shape of
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a distorted tetrahedron, with P—P and P—As bonds of about
2.18and 2.3 A, respectively.?”2% The large number of known
Group 15/16 clusters exceed the scope of this Review and are
thus not included.

5.2. Homoatomic Group 14 Element Clusters as Ligands

Structural units with less than nine Group 14 element
atoms rarely serve as ligands for d-block elements. The
octahedral subunits [E¢]*~ were first reported in the anions
[{ECr(CO)s}]*~ for E=GeP™ and Sn®"" in which they are
stabilized by Cr(CO); fragments coordinating to each cluster
vertex (Figure 11a). Later the [[EM(CO)s}s]>” family was
extended to M = Mo and W."!I The clusters are formed in the
reaction of Na,[M,(CO),,] with Gel, or SnCl,.

An anionic planar five-membered Pbs ring has been found
in [Pbs{Mo(CO),},]*", which was obtained as K,[K([2.2]-
crypt)],[Pbs{Mo(CO);},](en); from an ethylenediamine solu-
tion of [Pby]* and [(n’-mesityl)Mo(CO)] in the presence of
[2.2]-crypt (Figure 11b).?'! The Pbs ring binds to two
[Mo(CO),} fragments in a n’ fashion, similar to cyclo-Pn;
units in their transition-metal complexes (Section 5.3). DFT
calculations support a formal description of the anion as an
aromatic 2 electron system [Pbs]*~, which is coordinated to
two [Mo(CO);]™ moieties. This result is a surprise, because the
bare [Pbs]*~ unit with the same number of skeletal electrons
adopts the expected closo-Ds,-symmetric trigonal-bipyrami-
dal structure as mentioned in Section 3.1 (Figure 1)."* This
example shows how two-dimensional ; aromaticity and a
three-dimensional electron delocalization compete in bare
element cluster anions.

The Zintl anion [Sng]'*~ is isoelectronic with cyclohexene
or the sulfur modification S, It was crystallized in the
complex [Sng{Nb(n’-tol)},]*~ from a solution of K,Sn, and
[Nb(n’-tol),] in ethylenediamine (Figure 11c). The Sn—Sn
distances in the corrugated ring agree well with those for
covalent single bonds.[*'!

Reactions of nine-atom Zintl ions with transition-metal
compounds were studied in 1988 when Haushalter and
Eichhorn discovered the anion [Cr(n*-Sny)(CO);]*" as the
first non-borane transition-metal-main-group-element delta-
hedral cluster,® which was formed in a ligand-exchange
reaction starting from [(n’-mesityl)Cr(CO),]. Subsequently
the syntheses of other complexes [M(E,)(CO),]*" (E=Sn,
Pb; M=Cr, Mo, W) of this series have been attained
(Figure 11d).?***7 The nido-shaped E, coordinates to the
transition metal mainly by means of the open square face in a
n* fashion, but the crystal structures of two 1’-E, complexes
[W(1’-Sny)(CO);]*~ P and [Mo(’-Pby)(CO);]* 7 showed
that the heteroatom can just as well occupy a vertex of the
square antiprism (Figure 11¢). The resulting n° coordination
is rather similar to that found in [Pbs{Mo(CO);},]* described
above (Figure 11b). [Cr(n’-Ge,[Si(SiMe;);];)(CO);]~ 72! (Fig-
ure 11 f) is an example of a ligand-stabilized transition-metal—
Ge,y closo cluster with the Cr(CO); group attached to five
germanium atoms. A number of other complexes involving d-
block elements in a n* coordination to the open square of an
E, nido cluster have been isolated in the last few years: [Ir(n’-
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Figure 11. Coordination compounds with Zintl ions. a) [{[EM(CO)s}¢*~ (E=Ge, Sn, M=Cr, Mo, W),? b) [(CO);Mo (*-Pbs) Mo (CO),]*",*'%

¢) [Sne{Nb(M®Tol) ] # d) [M(1*-E5) (CO):J* (E=Sn, Pb; M=Cr, Mo, W) ‘227 e) [M(n*-E;) (CO);]*~ (M=W: E=Sn; M=Mo: E=Pb), @162
f) {Cr(n’*-Ges[Si(SiMes)s]5) (CO)s} .17 g) [Ir(n*-Sn) (cod)' ' h) [Cu(n’*-Ges) (PiPrs)I'~ 2 i) [Zn(n*-Ges) (CoHs)]* P j) [(Sig) {W*-Ni(CO),}.-

(Sig) -, and k) [(MesCu),Si,]*".F A complete list of the compounds is given in Table 6.

Eg)(cod)’~ (E=Sn, PbPP#2  (Figure 11g), [Ni(n*
Geo)(CO)P~,” [Cu(n*-Gey)(PiPry) >~ 2! (Figure 11h), [Zn-
(M*-Eg)(R)*” (R =C4Hs, E =Si-Pb; R =iPr, Mes,”* E=
Ge-Pb) (Figure 11i), [Pd(n*-Geo)(PPhy)]*",* [Cd(n*-Ey)-
(C4H)*~,”») and [Cd(n*-Sny)(SnnBu,) P~

According to the isolobal concept, M(CO); fragments
with M = Cr, Mo, and W and also Ir(cod)”, CuPR;* (R =iPr,
Cy) and M'R"" (M'=Zn, Cd and R’'=C¢H;, iPr, Mes and
Sn(alkyl);) units act as zero-electron building blocks for
deltahedral clusters. Therefore, the electron count of the
cluster remains unchanged upon the addition of the tran-
sition-metal fragment, and in accordance with the Wade/
Mingos rules, the cluster expansion corresponds to the
transformation of a nine-atom nido cluster (2n+4=22
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skeletal electrons with n=9) to a ten-atom electron-precise
closo cluster (2n + 2 =22 skeletal electrons with n=10).

Recently, the complex [(Sig){p*-Ni(CO),},(Sip)]*” was
characterized in which two Ni(CO), fragments bridge two
[Siy]*~ units (Figure 11j).*! Furthermore, the first transition-
metal-functionalized tetrahedral [E,]*" cluster was obtained
as [(CuMes),Si,]*" from a liquid ammonia solution of
RbgKSi;; and CuMes (Figure 11k).

The reaction of K,Ge, with elemental mercury in ethyl-
enediamine® or N,N-dimethylformamide®’ led to the iso-
lation of the first ligand-free transition-metal complex of an
E, cluster in form of the polymer structure ! {[HgGeo]*" }. A
similar chain was reported in the oligomeric anion [Hgs-
(Gey)4]""", which is formed when HgPh, is used as starting
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material.”! In these chains, the mercury atoms are covalently
connected to the Ge, cages, which are subsequently formally
oxidized to a dianion. The mercury atom is shifted however
towards the midpoint of a triangular face of each adjacent
cluster (n’ coordination), as indicated by the dashed lines in
Figure 12c.

Figure 12. Zintl ions with ligand-free d block metal atoms. a) [Cu(n*-Ge,) (n'-
Geg)]"", 1 b) [(Ges)Aus(Ges) 7, ¢) {1 [(HgGey)]* 1P d) [M(Ges{Si(SiMes)s}s),]
(M=Cu, Ag, Au),*>#" and e) [(Pb,) Cd—Cd (Pby)]*".***l A complete list of the
compounds is given in Table 6.

The anion [Cu(n*-Ge,)(n'-Geo)]” ! (Figure 12a) arises
from the complex [Cu(n’-Ge,)(PiPr;)]*~ (Figure 11h) after
substitution of the phosphane ligand by a second [Ge,]*~ unit.
[Cu(m*-Geg)(n'-Gey)]"~ is therefore another rare example
where a lone pair of a homoatomic E, cluster becomes
chemically relevant and acts as a two-electron o donor as in
[Cr(n'-Ge,{Si(SiMe;);};) (CO);s] 7 (Figure 8 ) and
[{SnCr(CO)s)s]>~ (Figure 11a).”"% Thereby the transition
metal atoms reach the 18-electron configuration. The reac-
tions starting from the analogous gold compound Ph;PAu'Cl
led to the cluster [(Ge,)Aus(Geo)]*~ ! (Figure 12b) in which
three singly positively charged gold atoms in a triangular
arrangement bridge two Ge, clusters by deltahedral germa-
nium faces in a face-to-face orientation.’”” Rather short
gold-gold contacts hint for aurophilic interactions. The
positive charge of the gold atoms has been confirmed by
DFT calculations.’””! The reaction of Ph;PAu'Cl with the
three-fold-functionalized Group 14 element cluster [Geo{Si-
(SiMe;)s);]” led to the formation of the anion [M(Ge,{Si-
(SiMe;)s);),]” with M=Au,”" and the analogous clusters
with M = Cu and Ag™!"! were obtained from [M(AI(OC,F,),]
(Figure 12d). In these anions, the transition-metal atoms
interconnect two GeyR, cluster units in an n’* fashion by their
triangular prism basal planes, which results in an almost
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undistorted trigonal antiprismatic coordination sphere at Cu,
Ag, and Au, respectively, and thus resembles the coordination
of Hg and Ge, Zintl anions in Figure 12c. The same
coordination was found in their uncharged analogues [M-
(GeofSi(SiMe3)s};),], which were synthesized from [Ge,{Si-
(SiMe;)s};]” and MCl, for M=Zn, Cd, and Hg in tetrahy-
drofuran. The vertices along the transition-metal-
capped faces are elongated, and as expected, these
neutral molecules dissolve very well in non-polar
solvents such as pentane.”*

The above-mentioned anion [Ag(Sn,),]~ (Fig-
ure 6f) and the recently found [(Pby)Cd—Cd-
(Pby)]°~ ! (Figure 12¢) are the first representa-
tives of E, clusters containing ligand-free d-block
elements and E=Sn and Pb, respectively. In
[(Pby)Cd—Cd(Pby)]°~, the Pb, cages stabilize a
covalent cadmium-cadmium bond, which is as-
cribed to the electronic properties of the Group 14
atom clusters.

5.3. Homoatomic Clusters of Group 15 Elements as
Ligands

Organometallic complexes of Group 15 ele-
ment clusters are more frequent than those of
Group 14 elements. Neutral P, and As, molecules
acting as ligands have been comprehensively
summarized in the literature!®** and thus are
not further discussed herein. Recently, the coordi-
nation of Cu' to two tetrahedral P, molecules in
[Cu(P,),]* has been reported in the presence of
weakly coordinating counteranions. The Cu" ion
bridges two P, molecules in an 12n? fashion.
Most frequent are derivatives of [Pn,]*~ Zintl
anions, and some complexes with intact P; cages were already
discussed in Section 4.2. One bond of the triangular base of
the P; unit is opened upon the reaction of K;P, with
[Ni(CO),(PPh;),], and a [Ni(n*-P;)(CO)]*" unit is formed
(Figure 132).® The bond length of the former basal
phosphorus atoms to the formally negatively charged phos-
phorus atoms decreases by 0.1 A in this process to 2.13 A,
which might suggest some P—P double-bond character.
Interestingly, in the analogous reaction of K;Sb; with
[Ni(CO),(PPh;),], the nortricyclane-like Sb, cage is trans-
formed into the ten-vertex nido cluster [(Sb,)(Ni(CO));]*~
with 24 skeletal electrons (Figure 13b).?*! The reaction of P,
with samarocene leads to a realgar-type homoatomic [Pg]*~
unit in [(Cp*,Sm),(Ps)] (Cp* = CsMes) with P—P bond lengths
between 2.18 and 229 A (Figure 13¢).?” In [(Ni-
(PBus),)P.], two P, clusters are coupled, and the resulting
[P,]* anion formally consists of two norbornane-like units
covalently connected by their apical phosphorus atoms and
following the 8—N rule (Figure 13 d).'*"

In the complex [Co(n’*-cyclo-As;)(CO),] (Figure 13e), a
cyclo-As; unit coordinates to the Co atom,*® whereas [(u*
M),(7*-Bi;)(CO)¢]*” (M =Cr, Mo) (Figure 13f) contains a
bent, ozone-like [Bi;]*~ unit coordinating to two neutral
M(CO); moieties.™ Including further contacts, the resulting
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Figure 13. Structures of Pn cluster complexes and intermetalloid clusters. a) [Ni(P;) (CO)]*~,"* b) [(Sb;) {Ni(CO)};*",#*% c) [(Cp*,Sm),(Ps)],>*”
d) [{Ni(PBus);}4(P1,)],"*" ) [Co(As;) (CO)s],# f) [M,(Bis) (CO)e]’™ (M=Cr, Mo),*l g) [Cp*Nb(CO),(P,)],**"" h) [Tl (ArDipp,),(P4)],"*!
) [(CpMo), (n-cyclo-Ass)],*) and j) [(Cp*Mo),(n’-cyclo-Pg)] (R =Me, tBu groups omitted).”*?! A complete list of the compounds is given in Table 7.

cluster is described to be isosteric to [Es]*~ (E = Ge, Sn, Pb)
and [Bis]**.”*" The P, ligand coordinates in an ’° fashion to
[W{N(iPr)Ar};] and n' to [W(CO)s] in the trigonal-pyramidal
metal cluster [W(CO)s(P;)W{N(iPr)Ar};].?*2 Lone-pair-
aromatic square-planar [Pn,]*~ anions acting as 6 ligands in
transition-metal complexes have not yet been encountered.
To date, only distorted P, rings have been found, for example
in [Cp*Nb(CO),(P,)] (Figure 13g), and a square-planar P,
ring has been observed as a 12-electron donor in
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[(CO),W(P,){W(CO)s},].*** A planar but ring-opened P,
unit is coordinated in [TL,(ArDipp,),(P,)] (ArDipp, = C¢Hs-
2,6-(C4H,-2,6-iPr,),; Figure 13h),"® and a Bi, tetrahedron is
present in [Fe,(Biy)(CO),5]*" in which three faces are capped
by Fe(CO); moieties, and a Fe(CO)s unit is attached to the
apical bismuth atom.?*! Remarkable is the series of triple-
decker sandwich complexes [(CpMo),(n*-cyclo-Ass)],?*
[(Cp'Mo),(n’-cyclo-Sbs)|**) (Cp’=CsH,R;, R=Me, 1Bu),
and [(Cp*Mo),(n°-cyclo-Ps)]**! that contain cyclo-Pns and
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cyclo-Png units (Figure 131 and j, respectively), and have a
remarkable similarity to Pns and Pbs complexes (Figure 11b).

5.4. Endohedrally Filled Group 14 Clusters

An impressive number of endohedrally filled Group 14
atom clusters has been synthesized in the last few years
(Figure 14; Table 4). These anions appear to form from
transition-metal complexes that have released their organic
ligands. The smallest transition-metal-filled Zintl clusters are

Figure 14. Representative Zintl ions with one endohedral metal atom:
a) [Cu@E]*" (E=Sn, Pb) with D;, symmetry,? b) [Cu@E,]*" (E=Shn,
Pb) with C,, symmetry,®® c) [Ni@Pb,,]>",*" d) [M@Ge,o]*~, (M =Co,
Fe),2* 2% ¢) [Ir@Sn,,]*” ¥ and [M@Pb,,]>~ (M=Ni, Pd, Pt),F**% and
f) [Sn@{Sns[SnN (2,6-iPr,CgH3) (SiMes)]6}]. 2% A complete list of the
compounds is given in Table 6.

Table 4: Endohedral Group 14 element clusters.

T. F. Fassler et al.

[Ni@Ge,]*~,”****" obtained from an ethylenediamine solution
of K,Ge, and [Ni(cod),], and [Cu@E,]*" (E=Sn and Pb)
formed in dimethylformamide solutions of MesCu and the
Zintl phase K,E,.** In these clusters, a transition metal is
incorporated into an E, skeleton. According to EPR meas-
urements, the endohedral nickel complex is paramagnetic and
thus can be described as [Ni’@(Ge,)*~], while for the copper-
containing cages, sharp Sn, *’Pb, and *Cu NMR signals
indicate the presence of diamagnetic [Cu'@(E,)*"] units. The
charge of Cu' was also confirmed by DFT calculations.

The structure refinement of [Ni@Ge,]>~ suffers from
significant disorder.” " In the well-ordered [Cu@E,]*"
anions (Figure 14a), the cage atoms form an elongated
tricapped trigonal prism with almost-perfect D, symmetry.
Recently a second conformer of the [Cu@Ey]*~ anions has
been found with the shape of an endohedral nido cluster with
almost perfect C,, symmetry for E = Sn, Pb (Figure 14b).2*!
In the latter case, the bonds between the fivefold-coordinate
tin or lead atoms at the vertices of the E-capped square are
significantly elongated by the incorporation of the copper
atom. NMR spectroscopy experiments illustrate well the
structural flexibility of the E, cages of the [Cu@E,]*~ units in
solution, which reflects the observation of different cluster
shapes in the crystals (Section 6, Figure 17).2*!

The endohedral ten-vertex cluster [Ni@Pb, >~ (Fig-
ure 14c) was obtained from the reaction of [Ni(cod),] with
K,Pb, in ethylenediamine.’® The Ni’ atom occupies the
center of a bicapped square antiprism, as was predicted from
DFT calculations for the neutral cluster [Ni@Pb,,]”.® The
process of formation of the ten-vertex clusters remains
unclear to date. During the redox reaction, the cod ligand is
reduced to cyclooctene, which was detected by GC-MS
measurements. The icosahedral cluster [Ni@Pb,,]*~ was
found as a minor by-product of the reaction of [Ni(cod),] with
K,Pb, (Figure 14¢). The isostructural clusters [Pd@Pb,,]*~
and [Pt@Pb,,]*~ of the heavier Group 10 homologues were
obtained from the reactions of K,Pb, with [Pd(PPh;),] and
[Pt(PPh;),], respectively.”>>? In these reactions, the oxida-
tion of the cluster atoms was ascribed to PPh;, but no
concluding reaction is given. The cluster structures strictly

follow Wade’s rules, which predict a
closo structure for a unit with

twelve vertices and 2n 4-2 =26 elec-
Eyg trons. A comparison of the three
solid-state structures of [M@Pb,,]*~

confirms that the smaller the tran-
sition metal, the stronger the dis-
tortion of the Pb,, skeleton.””
While the interstitial platinum
atom is surrounded by an almost-
perfect icosahedron with virtually
equal Pb-Pb and Pt-Pb distances,
the Pb-Pb contacts and the M-Pb

M,@E,
Em*}M\L Es Eio Ep2 E,;
O [Sig 1
[Geg]'
[SnQ]S—,A—[a]
[pb9]3*r4*[al [pbwlz—[zzg]
Fe [Fe@Ge10]3’[249]
Co [CO@Gew]S’lzsol
Ir lr@Sn,,}* "
Ni [Ni@GEQ]S—[ZZO,ZU] [Ni@Pbm]Z—[ZS'I] [Ni@Pbu]Z—[ZSZ] [Niz@sn17]4—[253] [Niz@ce”]‘;,[zu]
Pd [Pd@Pb,,]* >4 [Pd,@Ge,g]* 4
[Pd,@Snyg]* 255258
Pt [Pt@Pb, ™ [PL,@Sn,;]" >
Cu [Cu@sng]sf[zlss.zss]

[Cu@ Pbg]sf[uz,zsx]

[a] See Table 1 for references.
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distances in the cages with intersti-
tial palladium and nickel atoms are
distributed over a larger range with
increasing variances. The arising
anisotropy of the cluster certainly
indicates the instability of the clus-
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ters with small endohedral atoms, and for M =Ni the ten-
vertex cluster is clearly favored.

An analogous germanium compound with a metal-atom-
centered Ge;, cluster has not been reported to date, but
recently an endohedral twelve-atom tin cluster [Ir@Sn;,]*~
was obtained.””! It is formed in a stepwise reaction that starts
from an ethylenediamine solution of K,Sn, and [IrCl(cod)],
(Scheme 1). In the first step, the Ir(cod)-capped Sny cluster

[Snglr(CsH12)™

(Ir@snqa*

[Sna]*

Scheme 1.

(Figure 11g) is formed. Upon heating the ethylenediamine
solution of this ten-vertex cluster to 80°C, it is transformed
into [Ir@Sn;,]*~ with the loss of the cod ligand and the
oxidation of the cluster skeleton. The reaction is accelerated
by the addition of dppe (1,2-bis(diphenylphosphino)ethane),
whichs act as an oxidizing agent as shown by NMR
spectroscopy. According to DFT calculations, the iridium
atom is negatively polarized, and the formal charge allocation
[Ir'~@(Sny,)* ] accounts for a closo cluster endohedrally filled
with an atom with d'° configuration (see Section 7.3, Fig-
ure 18a).2"

The range of endohedral atoms was recently extended to
electron-poorer d-block elements with [Co@Ge,,|*~ (Fig-
ure 14d).”™" The anion is the first example of a non-
deltahedral structure without any triangular faces. Instead,
Ds,-symmetric pentagonal prisms occur, indicating that
neither the electron count nor the framework bonding
follow conventional rules, and the encountered coordination
sphere of the transition metal atoms in these clusters is more
typical of an intermetallic phase. Thus [Co@Ge,o]*~ has been
the subject of DFT calculations and NBO analyses, the results
of which are discussed in detail in Section 7. The isosteric
cluster [Fe@Ge, >~ was reported shortly thereafter. The
expected paramagnetic behavior has not yet been verified.**!

[Sn@{Sng[SnN(2,6-iPr,C¢H;)(SiMe;)¢}] is a remarkable
example of an endohedrally filled metalloid molecule (Fig-
ure 14 ). A tin atom is encapsulated in a cage that consists
of eight ligand-free and six exo-bonded tin atoms, thus the
central tin atom possesses a coordination number of 14. This
high coordination number of the central tin atom causes
remarkably long Sn—Sn contacts, which are more common in
solid-state compounds such as BaSns, where the tin atoms are
encapsulated in hexagonal prisms of twelve tin atoms.”*") An
alternative Sny, polyhedron encapsulating Na* has however
been described in Section 4.1.

Interestingly, the same starting materials used for the
synthesis of [M@Pb,,]*~ gave clusters of different sizes when
they were reacted with Sny clusters. Three clusters of higher
nuclearity, [Ni,@Sn,;]*",> [Pt,@Sn,,]* 7 and
[Pd,@Sny]* 21 were obtained from ethylenediamine
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solutions of K,Sny, and [Ni(cod),], [Pt(PPh;),], and [Pd-
(PPhy),], respectively (Figure 15c,e, and f, respectively).
Again, cluster formation proceeds by the partial oxidation
of the Sny clusters and the reduction of cyclooctadiene; the
solvent ethylenediamine also seems to be involved in the
redox process. In [Ni,@Sn,;]*", two [Ni@Sn,]*~ subunits share
one apex-like, central tin atom.” The clusters deviate
significantly from deltahedral structures and have the same
widely opened shape as the Ge, cages in conformer B of the
anion [Gey—Ge,]*~ (Figure 6¢). In fact, [Ge,-Ge,]* in con-
formation B and [Ni,@Sn;,]*" both display D,, point group
symmetry, and the central tin atom of the Sn;; framework is
surrounded by a pseudo-cube of eight tin atoms as it is the
Ge—Ge dumbbell in Figure 6 e. The dynamic behavior of the
tin cluster was examined by temperature-dependent '"*Sn
NMR experiments in dmf solutions (see Section 6).2* The
isovalence-electronic cluster [Pt,@Sn;;]*~ (Figure 15¢) has
however a completely different solid-state structure, with a
closed polyhedron of 17 tin atoms surrounding two platinum
atoms, which can be ascribed to the higher steric demands of
the larger endohedral atoms.™ Again these two clusters have
an interesting antagonist among the ligand-stabilized clusters.

Figure 15. Representative Zintl ions with one or two endohedral metal
atoms: a) [(Ni@Sn,)Ni(CO)]*~,***! b) [Ni,@Sn,,]*~,”

o) [Ni;@Gey]' " d) [(Pt@Sns) Pt(PPhy)['~ " ) [Pt,@Sn,,*

f) [Pd,@Eq]'™ (E=Ge, Sn),"**f g) [NicGe;5(CO)s]*,** and h) [Sny-
{GaCl(ddp)}.]."® A complete list of the compounds is given in

Table 6.
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The tin skeleton of [Sn;;{GaCl(ddp)},]"™ (ddp=
HC(CMeNC¢H;-2,6-iPr,),; Figure 15h) adopts a rather sim-
ilar structure to [Ni,@Sn,,]*", although its two subunits are not
filled with a transition metal. All of the presented Sn,; clusters
can be considered as valence-isoelectronic species, as [Sn;;-
{GaCl(ddp)},] has four exo-bonded {GaCl(ddp)} ligands, each
increasing the number of skeletal electrons by one, whereas
the Group 10 atoms do not contribute electrons to the four-
fold negatively charged [M,@Sn,;]*" anions.

An ellipsoidal shape was found for the isostructural
clusters [Pd,@Ge,5]*~ * and [Pd,@Sn,5]*~ (Figure 15 f).>52¢
These units are the largest endohedral Group 14 atom clusters
with a completely closed cluster shell discovered to date. In
both clusters, 18 Group 14 atoms form a prolate deltahedral
cage that encloses two Pd® atoms located in the ellipse foci.
The Pd—Pd distance ( 2.831 A) is significantly shorter in the
smaller germanium cage™ than in the larger tin cage
(3.384 A),” but no bonding Pd—Pd interactions must be
considered in both cases.

The structure of the intermetalloid cluster [Ni;@Ge,s]*
(Figure 15b) in which a linear nickel atom trimer bridges to
two widely opened Ds,-symmetric Ge, clusters, is related to
the Ejs polyhedra.’”! Thus, the two separate Ge, units feature
the same structure as that of the two E, subunits found in
[Pd,@E4]* (Figure 15 f). Although the germanium atoms of
the two cluster units are in direct contact, the relative
orientation of the six atoms of the open prism bases is already
staggered as it is required for an 18-vertex cage.>

A closed deltahedral cluster that is filled with two
transition-metal atoms is also realized in [NigGe;;(CO)s]*"
(Figure 15g).?*Y The cluster consists of two interpenetrating
icosahedrons that share a central, pentagonal bipyramidal
Ge;Ni; unit. The cage is defined by 13 germanium atoms and 4
Ni(CO) fragments. Owing to the high Ni:Ge atom ratio, this
cluster has intermetalloid character.

The mechanism of the formation of endohedral clusters
with nine or more skeleton atoms still remains unex-
plained.”>%* However, observations made during the syn-
theses of several empty transition-metal-capped E, clusters
give evidence for a possible reaction path. So does the
appearance of the anions [Cu(n*-Ge,)(PiPr;)]*~ and [Cu(n'-
Gey)(n'-Ge,)]”~ (Figure 12a) that both were obtained from
reactions of K,Ge, with CuCl(PiPr;) in liquid ammonia, but at
different temperatures.’?!! The Cu—P bond remains intact at a
reaction temperature of —70°C, and salts of [Cu(n*-Ge,)-
(PiPr;)]*~ crystallize from these solutions. However, upon
storage of these solutions at —40°C, the anion [Cu(n*-Geo)(n'-
Ge,)]’™ forms in which the phosphane ligand is substituted by
a o-donating [n'-Gey]*” unit. Therefore, the ligand of the
transition metal can be released from the capping transition-
metal atom. Two reaction paths are then possible: a) the
transition-metal atom can slip into the E, cluster, as happens
in [Cu@Ey]* and [Ni@Ge,]*"; or b) the empty coordination
site of the d-block metal can be filled by a second cluster
under formation of anions such as [Cu(n*Ge,)(n'-Geo)]",
which can then rearrange into an endohedral cluster with a
higher number of cage atoms depending on the nature of the
heteroatom and the overall reaction conditions. Certainly the
formation of endohedral clusters can in principle also occur
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by a fragmentation of the Sn, framework and reordering at
the copper atom.

Hints for the formation of larger assemblies comprising 17
or 18 Group 14 atoms are given by a series of E, clusters that
are filled and simultaneously capped by a transition metal,
such as the anions [(Ni@Sn,)Ni(CO)J*~ 2% and [(Pt@Sn,)Pt-
(PPhy)*~ %! (Figure 15a and d, respectively), and by the
modified Ge, clusters [(Ni@Gey)Ni(R)]"™ (R =CO, C=C-Ph,
en)®" and [(Ni@Gey)Pd(PPh,)]>~.”*l However, there still
remain some open questions; for example, it is not under-
stood why a nickel atom builds a ten-vertex cluster during the
reaction with the Pby unit, while nine much smaller germa-
nium atoms are able to suitably enclose the same transition
metal. It is also noteworthy that endohedral clusters obtained
from solution chemistry are formed in a completely different
way as in gas-phase experiments in which the Group 14 atoms
apparently assemble step-by-step around the doping ele-
ment 224264

5.5. Heteroatomic Intermetalloid Group 15 Clusters

The coordination chemistry of Group 15 elements to bare
transition metals forming intermetalloid-like systems traces
back to [Nb(Asg)]*~ from von Schnering et al., which can be
described as an NbY cation complexed by a cyclic [Asg]*~
anion (Figure 16a).”%! A similar unit, [Mo(Asg)]*~, contains
an Mo"! cation in the center of the [Asg]®™ ring.*® In both
cases, the transition metal resides in the center of a crown-
shaped ring of arsenic atoms. If each arsenic atom in the
[Asg]*™ anion acts as a two-electron o donor, 16-electron
complexes would result, but von Schnering and co-workers
suggested additional & donation from the [Asg]®™ unit to the
metal, which leads to stable 18-electron complexes. In
[(Ps),Ti]*, two [Ps]” rings coordinate in a ferrocene-like
fashion to a Ti’ atom, leading to a 16-electron complex
(Figure 16b).?*" Intermetalloid clusters with intact heptapni-
canortricyclane anions [Pn;]*~ (Pn=P, As) are frequently
observed as in  [(As))Sn(As)]*,  [(P;)Cuy(P)]*,
[(P;)Zn(P;)]*", and [(P,)Cd(P;)]*" (Figure 16c—f) in which
the [Pn,]*~ anions coordinate to M**, and in one case to a
Cu,** dumbbell."*> ¥ In [(As,;)Pd,(As,)]*, one bond of each
nortricyclane unit is broken. Assuming two-bonded arsenic
atoms as As~, the resuling norbornane-shaped anions are
connected to a Pd, dumbell with a formal charge of +6
(Figure 168).”*1 A complete rearrangement of the [As,]*~
anion is found in the palladium-rich anion [Pd,;As;]* in
which a Pd; core with the topology of a distorted singly
capped trigonal prism is coordinated by two [Ass]™ rings
(electronically equivalent to aromatic CsHs), two [As,]*”
dumbbells, and two isolated As’~ atoms (Figure 16h).
Assuming the charges of the arsenic atoms, the palladium
prism can be described as consisting of six Pd" and one square-
planar-coordinated Pd" cation.?® Eichhorn and co-workers
also succeeded in the synthesis of a unique endohedral
Group 15 element cluster. In [As@Ni,,@As, >~ (Figure 161),
the central arsenic atom is icosahedrally surrounded by 12
nickel atoms, forming an [Ni;,(u,-As)] cluster. The latter is
surrounded by a pentagon dodecahedron of 20 arsenic
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Figure 16. a) [M(Asg)]’~ (M =Nb, I MoP*®), b) [Ti(Ps)J*,**" c) [(As;)Sn(As;)]*, ™ d) [(P)Cuy(Py)]*", P €) [(P;)Zn(Py)]*" P f) [(P,)Cd(P,)]*~ ¥
2) [(As;) PdZ(AS7)]47,[269] h) [Pd7As16]4’,[269] i) [AS@Ni1Z@ASZO]37,[27°] i) [NiSSbU]A*,[Zm k) [Ni4Pn3(CO)6]3’ (Pn=Sb, Bi),[znl ) [Ni4Bi4(CO)6]27,[272]
m) [NigBi;(CO)s]*,”"? n) [Ni,@BisNis(CO)g]* ,*" and o) [Zn@ZngBi,@Bi,]’ . A complete list of the compounds is given in Table 7.

atoms.” To the best of our knowledge, the only known bare
intermetalloid cluster of tin is [NisSb,;]*~ (Figure 16j). The
central Nis unit has a similarity to five of the seven palladium
atoms in Figure 16h. Although the anion with 139 valence
electrons should be paramagneticc no EPR signal is
obtained.’ In the anion [Sb;Ni,(CO)4]*", the Ni:Pn ratio is
close to one and the anion contains a pentagonal bipyramidal
Sb;Ni, skeleton with two antimony atoms in the apical
positions. From the structure and the electron count, the
cluster is a closo deltahedron with 16 skeletal electrons
(Figure 16k).*"

As expected, the heavier congener of antimony, bismuth,
has a higher tendency to form intermetalloid clusters, but
most of its intermetalloid compounds contain CO-coordi-
nated transition metals, such as pentagonal-bipyramidal
[Ni,Biy(CO)¢]* (Figure 16k), bisphenoidal [Ni,Bi,(CO)¢]*
(Figure 16m), truncated icosahedral [NigBiy(CO),]* (Fig-
ure 16m), and filled icosahedral [Ni,@BigNis(CO)]*~ (Fig-
ure 16n) (x=0.33)."™! A ligand-free endohedral cluster has
been found in the anion [Zn@ZngBi,@Bi,]>~, which may be
seen as a zinc-centered, distorted ZngBi, icosahedron capped
by seven bismuth atoms (Figure 160). The ZngBi, icosahe-

Angew. Chem. Int. Ed. 201, 50, 36303670

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

dron shows the same electron count as an icosahedron of
Group 13 elements, such as Al,, or Ga;,, and thus it
contributes 36 electrons to the cluster skeleton. Together
with the two electrons from the zinc atom, and another five
electrons from the cluster charge, 43 electrons are available
for the cluster skeleton. The remaining seven electrons
required for a closo species with 50 skeletal electrons seem
to stem from the seven bismuth atoms, which are considered
by the authors to act as single-electron ligands.”? A
structurally related ternary intermetalloid cluster anion,
[Zn@ZnsSn;Bi;@Bis]*", was recently found. Assuming the
composition ZnSn;Big in the strongly disordered cluster, the
observed nido cluster has the required 48 skeletal electrons if
the five bismuth atoms are again regarded as one-electron-
donor ligands.’” The examples show that in Group 15, owing
to the transition between localized covalent bonds and
delocalizied skeletal bonding, the description of the bonding
situation is sometimes rather difficult as it remains unclear
how many electrons are donated by pnictide atoms such as
bismuth to a cluster framework.
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6. NMR Spectroscopy

Among Group 14 atom clusters, NMR experiments have
been reported for the elements tin and lead, which both
possess magnetically active spin-1/2 nuclei, *°Sn and *’Pb,
with high natural abundance and sufficient NMR receptiv-
ity.?>261 §{ NMR data of polyhedral silicon clusters have not
yet been reported.

Rudolph and co-workers were the first to explore the
structural properties of [Sny]*~ and [Pby]*" in solution using
NMR techniques.”! They dissolved different alloys of the
systems Na-Sn-Pb and K-Sn-Pb in an appropriate solvent in
the absence of any cryptand molecules. The '"°Sn NMR
spectrum of the deep-orange ethylenediamine solution of
NaSn,,s at —40°C displayed only one signal for the [Sn,]*"
unit with a chemical shift of d =—1230 ppm and line splitting
owing to Sn-""Sn coupling of 256-293 Hz.**! A single
resonance at 0 = —4098 ppm was also observed for the [Pb,]*~
cluster extracted from corresponding lead phases in the *’Pb
NMR spectrum, showing that the three magnetically non-
equivalent E atoms of the static C,-symmetric structure
rapidly exchange on the NMR timescale in solution.) The
exchange process involves a bond-making step across the
open square face of the C,-symmetric nido cluster (V,
Figure 2e¢) and leads to the interconversion to the Ds-
symmetric closo cluster (I, Figure 2a) via a C,,-symmetric
transition state (IT or III, Figure 2).[5%"7

The existence of the Zintl clusters [Sng_,,Pb,]*" (n=0-9)
has also been shown by NMR experiments on ethylenedi-
amine extracts of ternary Na-Sn-Pb alloys.’” The Sn NMR
signals of these clusters are gradu-
ally highfield-shifted by AJ-
(*Sn) =31-60 ppm for each addi-

T. F. Fassler et al.

The '”Sn NMR spectrum of a solution of K,Sny and [Pt-
(PPh,);] in ethylenediamine displayed one signal at 5(*'°Sn) =
—736 ppm that was split into a triplet of quintuplets, where
the triplet was assigned to the coupling between '°Sn and '°Pt
(J(*Sn-'"Pt) = 1544 Hz) and the quintet to the "Sn-'"’Sn
coupling along the cluster skeleton bonds (J('*Sn-!"Sn) =
79 Hz). In the *’Pb NMR spectrum of the corresponding lead
cluster a triplet at 0=-2988 ppm occurred with lines
separated by 4122 Hz as a result of *’Pb—'*Pt coupling. For
the cluster [Sny{Pd(PPh;)},]*", one '°Sn NMR signal was
observed with a chemical shift of 6 = —755 ppm and a '*Sn-
"Sn coupling of 39 Hz.*™ All Group 14 element clusters
were found to be fluxional in solution even after the addition
of a transition metal fragment.

20 years later, Eichhorn reinvestigated the reactions of
[Es]*~ with [Pt(PPh;),] and [Pd(PPh,),], but this time in the
presence of [2.2.2]crypt, and the NMR spectra of the solutions
showed the resonances observed by Rudolph but with very
low intensities. The main ""”Sn NMR signals of the solutions
containing [Sno]* and [M(PPh;),] were generated by the
clusters [Pt@SnHJ*~ (6 = —368 ppm),>”! [P,@Sn;,]*" (6=
—742 ppm),>" and [Pt@Sn,Pt(PPh;)]* %! (6 = —862 ppm)
for M =Pt and by [Pd,@Sn5]* > (6 = —730 ppm) for M =
Pd. Only one resonance was detected for each species,
indicating again the fluxional behavior of the cluster frame-
works in solution. The *’Pb NMR resonances of [Ni@Pb,,]*~
(6 =+ 1167 ppm), [Pd@Pb,,]*~ (6 = + 1520 ppm), [Pt@Pb,]*~
(6 =+ 1780 ppm), and [Ni@Pb,(]* (6 = —996 ppm) obtained
from solutions containing [Pby]*~ and [M(PPh;),] or [Ni-
(cod),] have also been established.*?

Table 5: "'°Sn and ?’Pb NMR data for Group 14 element clusters in solution.

tional lead atom, while the Polyanion ""Sn, 8 [ppm] Polyanion 7Pb, & [ppm]
2ph NMR  signals are shifted U("°Sn-"Sn) /Hz] (solvent) (solvent)
downfield by 6 =185 ppm per addi-  [Sno]*" —1230 [260] (en) [Pbg]*~ —4098 (en)
tional tin atom. It was pointed out  [(PPhs),PtSng]'" 736 [79] (en) [(PPh),PtPbg]*"  —2988 (en)
that the substitution of tin by ger- [}(jpphg) PES;'QA? 7?2; (fg‘(")f) | [EZ@ F:EZ]Z; +1;§8 (jmf)

. . t n - — en/to g + m
manium atoms has a c?gmderably {Pt!%SriﬂL iy {1 70} Edrrff) ) {Ning:j]]z’ 1167 Edmg
smaller effect on the "“Sn NMR [(PPhy),PdSng*"  —755 [39] (en) [Ni@Pbyg~ ~996 (dmf)
shifts of the anionic clusters, and for  |pg, @sn, - —730(dmf); —751(en)
clusters of the compositions [<120]

[Sng_, Pb,TI]” the '"Sn NMR sig-  [Ni,@Sn;;]*" 1713, —1049, —1010, +228 (dmf)

nals are shifted to higher field by [Cu@Sng’" —1431 [85] (dmf) [Cu@Pbs]* —4144 (dmf)

about 45 ppm per additional lead —1458 [60] (en)

atom.’™ Results of NMR studies —1440[85] (acn)

are available for a large number of [(CO)sM-Sngl* & Sn, 14 Shy .M Sng, .4 [(CO);MoPbs]*™  Pb,,, Py, ¢, Pby, L
cluster species, for example for p—cr 2493 213 521

[Sn* (0=-1895ppm) and Mo 2125 —402 —681 27, —1934, —3450 (NH;)
[Sn,Bi,]*~ (0 =-1674 ppm).”” An W 2448 —496 ~735

overview is given in Table 5.2
Hints for the existence of Zintl

. . . [iPr-Sn,* 1
ion complexes were also first given

[Cy;Sn-Sng P

[129 to 1048] (NH;)

—14139[170] (dmf)
—1172 [155] (dmf)

on the basis of NMR experiments.
Clusters of the type [E¢{M-
(PPhy)},]*~ (M =Pt, Pd) were sug-
gested as products of the reactions
between [Eo]*~ with [Pt(PPh;),] "
and [Pd(PPh;),], respectively.”*

capped square.
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[a] Measurements were also carried out in en. [b] Coupling constants between the exchanging tin atoms
are 115 Hz and 295 Hz for [iPr(Sny)]*~ and [Cy;Sn(Sne)]’~, respectively. The exo tin atom couples with
Y ("°Sn-"""Sn) =1331 Hz and "J(""*Sn-"""Sn) = 1272 Hz to the Sn, cluster. 'J(*'*Sn-"""Sn) and "J(""*Sn—
"7Sn) coupling constants of 1876 Hz and 1793 Hz, respectively, occur between the alkyl-bonded tin
atom and the remaining eight tin atoms in [iPr(Sne)]*". [c] Multiplet. [d] ap =apical, c=capped, c-s =
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At a temperature of —64°C, a)
the anion [Ni,@Sn;,]*" generates
four different "'’Sn resonances at
0,=—1713 ppm, 6,=—1049 ppm,
0;=—-1010 ppm, and J,=-+
228 ppm with relative intensities
of approximately 4:8:4:1.%% Thus,
the Zintl cluster is rigid in solution
under these conditions, and on the
basis of its solid-state structure
(Figure 15¢), 9, can be assigned to
the eight magnetically equivalent
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b)

357

226

W

tin atoms connected to the central =l

. . 85 Hz

tin atom and J, to the central tin e _280Hz
atom itself. At 60°C, only one 14360  -14380  -1440.0  -14420  -1444.0 ~324 -328 -332 -336
signal is observed at —1167 ppm, d/ppm 5/ppm

indicating again fast atom-to-atom
exchange processes at elevated
temperatures.

For [SnyM(CO):]* (M=Cr,
Mo, W) and [PbsMo(CO),]*,
three resonances are observed in
their NMR spectra with a ratio of 4:4:1 and with the chemical
shifts given in Table 5, indicative of a rigid C,,-symmetric E,
skeleton with the lowest-intensity signal assigned to the apical
Group 14 atom.”'*#¢ The remaining two signals are gener-
ated by the two sets of four magnetically equivalent Group 14
atoms in the square planes of the clusters, with the more
shielded resonances assigned to the atoms bound to the
transition metal. The tin atoms receive through-bond and
through-space coupling interactions, and it is assumed that the
direct interaction causes larger coupling constants than the
indirect one.”'¥

The '"°Sn and *’Pb NMR spectra of the endohedral
clusters [Cu@E,]*~ (E = Sn, Pb) in dmf solution again show a
fluxional behavior of the cage atoms down to —60°C with
single resonances at O0=-1431ppm® and o=
—4144 ppm,™¥ respectively. The highfield shifts of the cage
signals compared to that of the empty [Eq]*" clusters is
attributed to an enhanced electron density at the Group 14
atoms in these endohedral clusters.

As both NMR-active copper nuclei ®Cu and ®Cu have a
spin of 3/2 and thus a strong quadrupole moment, the
linewidth of the NMR signals strongly depends on the
symmetry of the copper coordination sphere. An cubic
environment at least is required to decrease the linewidth of
the “Cu NMR resonance to the point that it can be detected.
Owing to the highly dynamic E, framework, which causes an
environment of spherical symmetry for the endohedral
copper atom in [Cu@E,]*", the corresponding copper signals
could readily be detected at 6 = —287 ppm (E =Sn) and 6 =+
258 ppm (E =Pb), with exceptionally narrow linewidths of 9
and 8 Hz, respectively (Figure 17).2*

Recently, the first NMR studies of functionalized clusters
have been reported. For [iPr(Sny)]*~, one 'Sn resonance at
0 =170 ppm was assigned to the tin atom that binds to the
alkyl group, while the remaining eight tin cluster atoms
generate a multiplet at 6 = —1413 ppm.*? The ""Sn NMR
spectrum of [Cy,Sn(Sny)]*~ displayed one signal at &=
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Figure 17. NMR spectra of [Cu@Sn,]’": a) Experimental "'Sn NMR spectrum (6 =—1440 ppm, 1:1:1:1
quartet, J("'°Sn-%/%*Cu) =286 Hz, two satellites with J(''*Sn-"""Sn) =85 Hz), b) experimental
(6=—332 ppm, J(""°Sn-*3Cu) =280 Hz) and simulated “Cu NMR spectrum (inset). The spectra were
recorded in acetonitrile at room temperature. Simulations account for coupling to various "'?""’Sn
isotopomers [Cu@'""Sn,Sn 4~ (with x=0, 1,..., 4).7*

155 ppm caused by the exo tin atom and a second signal at
0 =—1172 ppm corresponding to the scrambling of the Sn,
cage.

The results of NMR investigations carried out on
Group 14 element clusters indicate that the chemical shift of
the Group 14 atoms strongly depends on the ratio of cluster
charge to the number of cluster vertices. A reduced charge
per Group 14 atom causes a downfield shift of the signal,
which is also observed when the cluster atom participates in
coordinative bonding to form of a ten-vertex cluster with a
transition metal in a capping position or when a ligand is exo-
bonded. Accordingly, the signal of a cluster atom appears at
higher field when the number of its bonds is reduced or when
the bond lengths are significantly elongated.

The surprisingly small "?Sn—'"Sn coupling constants in
transition-metal-filled Sn, clusters (x =9, 17, 18) indicate a
hindered direct coupling when the cluster center is occupied.
The very early NMR studies on Group 14 element Zintl ions
showed that the flexibility of these clusters also reduces the
coupling constants. Clusters like [Sn,Ge,]*" display larger
coupling which is assigned to direct Sn-Sn contacts, and in
[(Sny)SnCy,]*~ a much larger coupling arises between the exo-
bonded tin atom and the cluster atoms than between the tin
atoms within the cluster."® In [(Sny)M(CO);]*~ (M = Cr, Mo,
W), the most intensive coupling was found between the apical
tin atom and the tin atoms of the adjacent plane.”'¥ Thus, the
coupling constant increases when static bonds occur. Eich-
horn further proposed that the tin—tin coupling decreases with
both an increasing number of cluster atoms and enlarged
bond lengths within the cluster structure.

Among the Group 15 elements, *'P is an excellent nucleus
for NMR spectroscopy owing to its 100% abundance, its
nuclear spin of '/, and a sensitivity of 6.6 % compared to that
of 'H. *P resonances cover a range of approximately 0 =
1000 ppm between 6 = —488 ppm for P, and ¢ =+ 600 ppm
in organo-substituted diphosphenes. Baudler and co-workers
used *'P NMR spectroscopy to analyze very complex mixtures
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of open-chain, cyclic, and polycyclic phosphanes, hydrogen-
polyphosphides, and polyphosphides in solution.”®-2*? Pre-
cise *'P chemical shifts depend on the concentration, the
temperature, the counterions in ionic compounds, and the
solvent. Open-chain, cyclic, and polycyclic phosphanes show
signals over a range from approximately =450 to
—200 ppm.[1¥281.2821 The polycyclic [P;]°~ anion shows three
well-separated groups of signals at low temperatures with
shifts of 6 =—-50, —100, and —160 ppm, which coalesce at
higher temperatures to give one signal at d = —120 ppm owing
to valence tautomerism.**?! Baudler and co-workers also
succeeded in unambigously identifying the polyphosphides
[P,]>” and [Py]* using one- and two-dimensional NMR
techniques. [P,]>~ has eight different groups of signals in the
range from & = + 72 to —169 ppm, and the [Py]*" anion has a
similar spectrum with nine different groups of signals in the
range from 0 = + 84 to —169 ppm. #3234

The polyphosphides [Ps]~ and [P,]*~ are found as charac-
teristic downfield singlets at approximately 0 =+ 468 ppm
and + 340 ppm, respectively, thus indicating the aromaticity
of these anions.***%! Alkylation, arylation, or substitution
with transition-metal fragments leads to a downfield shift of
the signals. In the anion [Et(P;)W(CO),]*", three groups of
signals are observed in the range 0 = + 142 to —180 ppm,*
and the cations [P;R,]*, [P;R,]*", and [P,R¢]*" have signals
between & =+ 115 and —280 ppm.['*¥!

In the last 30 years, magic angle spinning (MAS) NMR
spectroscopy has developed to an invaluable tool for the
structural characterization especially of amorphous and
disordered solids. However, *'P MAS NMR spectroscopy
suffers from limited resolution owing to *'P-*'P dipole-
dipole interactions, which are not completely averaged even
at high spinning rates.”*’!

To the best of our knowledge, solid-state *'P MAS NMR
spectroscopy on isolated molecular polyphosphides is limited
to the cyclic [Pg]*" anion. This study confirmed that the anion
is not aromatic,®! as the spectrum of Rb,P¢ shows two signals
in a 2:1 ratio at 0 = —55 and —68 ppm, and the spectrum of
Cs P, has only one very broad signal at 6 =—19 ppm. LiPs,
with its three-dimensional infinite anionic phosphorus net-
work, has been analyzed very carefully by one- and multi-
dimensional solid-state NMR spectroscopy. The chemical
shifts range from 0 = +2 to —128 ppm.**

7. Theoretical Investigations

7.1. Wade's Rules, Shell Models, Spherical Aromaticity, and
Cluster MOs

Whereas Group 15 element polyanions can readily be
described by the 8—N rule (including multiple bonds), the
deltahedral Group 14 element clusters require a more
extended description of their bonding characteristics.

Various concepts have been applied in the discussion of
the structure and chemical bonding of Zintl anion clusters. Of
note, none of them had originally been developed for Zintl
clusters, instead they were applied to Zintl anions after it was
established that they give a useful description of those species
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they were primarily designed for, following a general prospect
in cluster chemistry that a unified conceptual treatment of
many different types of clusters might be possible.?%2%1 Most
attractive to chemists are those concepts which establish a
correlation between structure and electron count or at least
lead to counting rules with “magic numbers” associated with
special stability.

Wade’s rules®>**?" are clearly the most commonly used
counting rules for the rationalization of Group 14 element
cluster structures. Primarily developed for boranes, they were
subsequently found to apply also to deltahedral structures of
other main-group element clusters. The four valence electrons
of each atom in homoatomic Group 14 element clusters are
regarded as one lone pair (pointing radially to the outside of
the cluster in analogy to the external B—H bonds in boranes)
and two electrons that take part in the skeletal bonding.
According to Wade’s rules, n + 1 skeletal bonding molecular
orbitals result for a closed deltahedral (closo) cluster struc-
ture with n vertices. Application of Wade’s rules to an n-atom
dianionic cluster [E,]*~ (E =Si, Ge, Sn, and Pb) thus leads to
an n-vertex closo cluster (2n + 2 skeletal electrons) analogous
to the series [B,H,]’". The number of bonding skeletal
molecular orbitals does not depend on whether all vertices of
the deltahedral structure are occupied or not. Consequently,
n-atom nido and arachno clusters (with structures derived
from closo deltahedra by removal of one or two vertices)
require 2n + 4 and 2n + 6 skeletal electrons, resulting in [E,]*
and [E,]® anions, respectively. Notably, the cluster charge is
constant independent of cluster size n for Group 14 element
clusters, as each vertex atom contributes two electrons for
cluster bonding. In contrast, charges of Group 15 element
closo deltahedra [Pn,]""?" increase linearly with cluster
size.’

Wade’s rules are most valuable for the established
correlation between electron count and structure. Several
other models which are occasionally used to rationalize Zintl
clusters, such as the Jellium model,”°"?? tensor surface
harmonic (TSH) theory,®*?*! and the 2(N+1)* rule®%*7
(N=1, 2, 3, ...), can be categorized as “spherical-shell”
models. They provide magic numbers of electrons that are
required for especially stable clusters, independent of the
exact positions of the atomic cores and of the number of
atoms that constitute the cluster. These concepts include
some sort of approximation in which the cluster is represented
by a sphere, and the electrons move in a spherical potential.
The resulting cluster wavefunctions may be described as
spherical harmonics, and they can be labeled using radial and
angular quantum numbers N and L, respectively. These
cluster wavefunctions are not unlike atomic orbitals, and the
ordering of the energy levels leads to a shell structure, which
however is different from that for atomic energy levels.
Special stability results when a shell closure, namely a magic
number of electrons, is reached. Naturally, the applicability of
such spherical models to real systems which do not show
spherical symmetry is limited, and some of these concepts
have been developed further to account for the actual shape
of the cluster.?*%*)

In recent theoretical studies, the electronic structure of
anionic Zintl clusters is usually analyzed by means of density
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functional or ab initio molecular orbital calculations. Energy-
level diagrams and molecular orbital contour plots obtained
from these computations are frequently depicted, and MOs
are usually labeled following a terminology that is employed
for the spherical models.[*82127:30.3011 A jngpection of the
MO plots shows the resemblance to representations of atomic
orbitals, and the labels S, P, D... can be assigned to MOs with
none, one, two... angular nodes. The first series of cluster S, P,
D... orbitals can be labeled as 1S, 1P, 1D... . These MOs do
not have a radial nodal surface, and alternative notations are
S*, P*, D*..., or (s,0), (p,0), (d,0)... . The corresponding
symbols for the second series of cluster MOs are 2S, 2P, 2D...,
S7, P7, D"... and (s,), (p,m), (d,)... . The cluster surface
(defined by the vertices) represents a radial nodal surface for
the 2§, 2P, 2D... MOs. Generally, for a cluster with n vertices,
there are n MOs that predominantly comprise atomic
s orbitals. These MOs are referred to as “s block”, and they
are associated with the lone pairs. Accordingly, there is also a
“p block” of MOs which is mainly based on atomic p orbitals,
with a further differentiation between principally radial and
primarily tangential (with respect to the cluster surface)
atomic p orbitals. The p block MOs can also be referred to as
the skeletal bonding MOs. For their characterization, terms
such as “core bonding”, “surface (on-sphere) bonding”, and
“lone-pair character” are employed. Principally, the partic-
ipation of radially oriented atomic p orbitals leads to core
bonding and lone-pair character, tangential atomic p orbitals
constitute surface bonding MOs. The fully symmetric 2S
cluster MO is radially core bonding. The 2P cluster MOs are
also generally based on radial p orbitals and show some lone-
pair character. The other p block MOs can be described as
mainly surface (on-sphere) bonding or surface bonding with
some lone-pair character. Labels o and i have also been used
for MOs with lone-pair or surface-bonding character, respec-
tively. Of course, the higher the symmetry and the more
spherical the shape of the clusters, the more straightforward
the use of these notations.

Another concept that is often employed relating to Zintl
cluster anions is “spherical or three-dimensional aromatic-
ity” P23 which is a term that has been defined in various
ways. There have been attempts to classify homoatomic
deltahedral anions according to a concept of three-dimen-
sional aromaticity first suggested for fullerenes, which is
commonly referred to as the 2(N+41)* rule mentioned
above.?*?" Currently, the most commonly used aromaticity
criterion for Group 14 element cluster anions is the so-called
nucleus-independent chemical shift (NICS).P**%! In a NICS
analysis, the absolute magnetic shielding at special points of
molecular space is calculated. The NICS(0) value is the NICS
value at the center of the cluster. By convention, the sign of
the calculated NICS values is changed so as to correspond to
the familiar NMR scale. Aromatic clusters exhibit negative
(diatropic) NICS(0) values, whereas antiaromaticity is shown
by positive (paratropic) NICS(0) values.
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7.2. Empty [E,~ Cluster Dianions with n=10, 12

[Pb,]>®" is the only [E,J*~ Zintl cluster of a Group 14
element with n>9 that has been characterized by single-
crystal XRD as a bare empty cluster, but the most prominent
representatives are [Sn;,]>” and [Pby,]*, which have been
identified in gas-phase experiments.”**1%! As they resemble
the Cg, fullerene in size and symmetry (/,), they have been
named stannaspherene and plumbaspherene, respectively. In
this and the following section, the discussion will center on
results obtained for empty ten- and twelve-vertex dianions
[E.J* (n=10, 12) and endohedral intermetalloid clusters
[M@E,]? with n=9, 10, 12 (M =metal atom, g =charge),
respectively.

Applying Wade’s rules to an [E,,]*~ anion (E = Si, Ge, Sn,
or Pb) leads to an icosahedral (1,) closo cluster (12x2+2=
26 skeletal electrons=2n+2, for n=12), analogous to
[B,H,,]>~ for all members of the homologous series. How-
ever, the results of various quantum-chemical calculations
show that the analogy between the borane and the Group 14
element clusters has some limits, and considerable differences
occur within the series.

The 25 highest occupied molecular orbitals of the
icosahedral [E;,]*~ clustersP"***7 can be divided into a
group of 12 s block and a group of 13 p block MOs. The latter
have a,, g, t;,, and h, symmetry and can be labeled as 25, 1F,
2P, and 1G cluster orbitals. A comparison of the valence MOs
of the icosahedral [E;,]*~ clusters with those of
[B,H,, >3 shows that the molecular orbitals of the
Group 14 element Zintl anions [E,]*~ indeed are very similar
to those of the valence-isoelectronic boranes [B,H,]*~ with
the MOs of [E,]*~ that show lone-pair character correspond-
ing to [B,H,]*” MOs with B—H bonding character, but the
relative energetic order of the molecular orbitals is generally
different. For the boranes, surface bonding valence MOs are
higher in energy than valence B—H bonding orbitals, whereas
the highest occupied MOs of the [E,]*~ clusters exhibit lone-
pair character. The HOMO of [B,,H;,]*" is the surface
bonding g, set,”*”" for the [E,]*” anions the HOMO is the h,
(E:Si,[307] Ge, sl Sn[99,3o91) or the t,, (E:Pb[100,300.310]) set
with lone-pair character.

It is worth mentioning that such an orbital scheme is
actually not sufficient to account for the observed photo-
electron spectra of stannaspherene and plumbaspherene, as
spin—orbit coupling has to be taken into account for these
species.””1%l Spin—orbit-coupled MO schemes for the 13
skeletal bonding MOs of [Sny,]*” and [Pby,]*" show the
splitting of each of the degenerate g,, t;,, and h, MO sets into
two levels, which leads to a substantially different MO
pattern, and these spin—orbit-coupled levels are in qualitative
agreement with the observed photoelectron spectra.” 1%

Structure optimizations for the [E;,]*~ anions, E=
Si’[306,307.311,312] Ge,[306.308,312] Sn7199’306’312'313] and Pb,llOO‘SUOV?’Oé‘SBJ
revealed that the expected icosahedron (1,) corresponds to a
ground state for all [E,]*~ clusters, but it represents the global
minimum only for [Sn;,]*~ and [Pby,]*", whereas in the case of
[Ge,]*, structure optimizations led to several energetically
almost equal minima, and the lowest-energy structure has not
been determined unambiguously. The icosahedron is one of
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the candidates; others are structures based on the motif of a
tricapped trigonal prism, and another can be described as two
stacked six-membered rings in chair conformation. Such less-
symmetrical structures, and especially those based on the
tricapped trigonal prism, are clearly favored for [Si;,]*".

Differences between the icosahedral [E;,]*" clusters for
E=Si, Ge, Sn, and Pb also became apparent in NICS
aromaticity studies, which revealed a change down the group
from antiaromatic [Si;,]*~ to aromatic [Pby,]*~.P%! Tcosahedral
[Sip]*~ was found to exhibit a large positive (paratropic)
NICS(0) value (reported values lie between 6 =+ 46.6 ppm
and O = + 56.4 ppm)P*37-311:32] indicative of antiaromaticity,
in contrast to [Bj,H,]*", which is regarded as strongly
aromatic with a large negative (diatropic) NICS(0) value of
0 =—27.3 ppm.l*" Positive (paratropic) NICS(0) values have
also been obtained for the I,-symmetric [Ge,]*~ cluster
(reported  values of O0=+11.8ppmP? and o=
+14.2 ppm®®)). The aromaticity of icosahedral stannaspher-
ene [Sn;,]*~ has been subject to some debate, as depending on
the size of the basis sets and the pseudopotentials employed,
the NICS(0) values range from O0=+2.6ppm to O=
—5.0 ppm, 312381 \whereas plumbaspherene [Pb,,]*~ is
clearly aromatic with NICS(0) values between O=
—10.8 ppm and 6 = —20.7 ppm. P00 306.313.314]

Concerning the discussion of aromaticity, it is worth
mentioning that the [E,,]*” (E =Si, Ge, Sn, Pb) anions with 50
electrons occupying 25 orbitals do not comply with the
2(N+1)? rule with N = 4.7 That is because the o and  shells
(the first and the second series of cluster energy levels) are to
be considered separately in this concept. The electron count
for the [E,]*" clusters is thus 42 4 8. With 42 electrons (1S?
1P% 1D' 1F"* 1G'"°), an open-shell situation arises for the first
series because the 1G orbitals of g, symmetry remain
unoccupied. For the second series (2S, 2P, 2D, ...), however,
the 2(N+1)? rule is met with N =1, owing to the closed-shell
(28 2P°) configuration with 8m electrons. This example
illustrates well that some care has to be taken when magic
numbers deduced from shell models, such as the 2(N+1)* rule
or the Jellium model, are employed for the description of
more complex Zintl anions.

DFT calculations for the [EJ]*~ anions (E=Si,
Ge,[250:306.316] gy 3061 pHi306.317) haye shown that the expected
ten-vertex closo structure, that is, the D ,,-symmetric bicapped
square antiprism, is a minimum in all cases. The most
comprehensive structure optimization studies have been
reported for [Geyo]*".*3'®1 While the bicapped square
antiprism (D,,) is the global minimum according to all
accounts, it depends on the methods employed for the
calculations whether the pentagonal prism (Ds,) corresponds
to a minimum or not. A C;,-symmetric isocloso structure has
been found as a triplet ground state, while the D;,-symmetric
pentagonal antiprism is not a minimum for [Ge,o]*".

According to the calculated NICS(0) values, all D,-
symmetric closo [E >~ cluster anions (E = Si,F%37 Ge, %l
Sn, 3% pp306-3143171y are highly aromatic, and in contrast to the
[E]* series, [Sij)* exhibits the largest negative NICS(0)
value (reported values of 0=-61.9ppmP” and o=
—68.0 ppmP™) and the diatropicity decreases down the
group.F"

[306,315]
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7.3. Intermetalloid Endohedral [M@E,]" Clusters with n=29, 10,
and 12

Gas-phase and related computational studies on metal-
doped Group 14 element clusters ME 7 (M = metal atom, g =
charge) cover a wide range of cluster sizes n, but are mostly
limited to neutral or singly positively or singly negatively
charged species, whereas all intermetalloid endohedral
Group 14 element clusters [M@E,]? obtained from solution
are anionic species with a two- or three-fold negative charge
and a cluster size of n =9, 10, or 12. The following discussion
will focus on [M@E, ]? clusters with n =9, 10, and 12. As far as
nine-vertex clusters are concerned, the discussion will be
limited to structurally characterized species. Both known and
hypothetical examples will be considered for ten- and twelve-
vertex endohedral intermetalloid clusters [M*@(E,)* ] (n =10
or 12; z =charge) where M* is a main group, d block or f block
metal with s°p’, d'°, or f* electron configuration.

Centered ten- and twelve-vertex clusters with deltahedral
cages that have been structurally characterized by single-
crystal X-ray crystallography are the icosahedral clusters
[M@Pb,,]*~ (M =Ni,? Pd,»? ptP322]y and [Ir@Sn,,]*~ (Fig-
ure 4¢),”! and the bicapped square antiprismatic anion
[Ni@Pb,]*~ (Figure 14¢).”>"*? These clusters can be ration-
alized as [M*@(E,)*"] species that contain 2n+2 skeletal
electron [E,]*~ (n=10, 12) units with closo structures, and a
central M® atom with an electron configuration that does not
change the skeletal electron count. The required closed-shell
d' configuration of the d block metal is obviously met when
M is a Group 10 transition metal (M*=Ni’, Pd’, or Pt°), but it
is also reached for M*=1Ir", Co~, and Cu" (Table 6). The
formal description of [[r@Sn;,]*~ as [Ir"@(Sn;,)*7] is sup-
ported by the calculated natural charge of —1.07 for Ir.?
[Co@Ge, ", although valence isoelectronic with
[Ni@Pb,,]*", exhibits a non-deltahedral pentagonal prismatic
structure. A natural charge of —1.05 was calculated for the
cobalt atom, thus also indicating a d'° configuration."

Among the known nine-vertex endohedral clusters,
[Ni@Ge,]*~?*2¥"l is not well characterized, and as mentioned
above, [Cu@E,]*~ (E = Sn, Pb)?*! can adopt a D,-symmetric
and a C,-symmetric structure (Figure 14a and b). These
known [M@E,]? clusters do not relate to 2n+2 skeletal
electron [E,]*~ closo clusters. But again, quantum-chemical
calculations support the assumption of a d'° configuration for
the encapsulated d block metal and thus suggest a notation as
[Cu@(Eq)*"] (E=Sn, Pb).>*!

Although the enclosed metal atom does not contribute
electrons to the skeletal electron count of the cluster, it
provides orbitals that interact with the cluster orbitals of the
[E, "~ cage. This interaction is held responsible for an overall
stabilization of the cluster, and the main contribution to this
effect is attributed to the mixing of empty s and p orbitals of
the central metal atom with suitable cage orbitals."™***" This
has been shown e. g. by an orbital interaction diagram for the
Ds,-symmetric [Cu@Sn,]*~.?*! Although all copper orbitals
are included in the interaction, the stabilization results from
the mixing of Cu s and p orbitals with the respective S and
P cage orbitals. The same arguments hold for the D,
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symmetric [M*@(E,)*"] and I,-symmetric [M*@(E,)*"] clus-
ter units.

The valence electron count of an [E;,]*" cluster is also
unchanged by an enclosed main group metal M? with s°p°
electron configuration. Indeed, it has been shown that the
valence MOs of [M@Pb,,]* (M =B, Al, Ga, In, Tl) are similar
to those of [Pby,]*".P"! However, the energetic order is
different: the 2S and 2P orbitals (a, and t,,) are lowered in
energy in the filled cluster.

DFT calculations have also been carried out for the d-
block-metal-centered  clusters  [Cu@Sn;,] **!  and
[Ir@Sn,,]*".**! Apart from the insertion of an h, MO set
that represents the Cu3d shell, the energetic sequence of the
MOs of [Cu@Sn,,]™ is consistent with that of the correspond-
ing orbitals of [Sn;,]*~. However, as observed for [M@Pb,]"
(M =B, Al, Ga, In, TI), the a, (2S) and t;, (2P) MOs are
considerably lower in energy for the filled cluster. With spin—
orbit coupling taken into account, each degenerate orbital is
split into two levels.

A molecular orbital diagram (without spin-orbit cou-
pling) with the 18 highest occupied MOs of [[r@Sn,,]’" is
shown in Figure 18a. In icosahedral symmetry, s orbitals
transform as a,, p orbitals as t,,, d orbitals have h, symmetry,
f orbitals are split into g, and t,, sets, and g orbitals into h, and
g, sets. Thus, the s and p (and f) orbitals of a central atom can
only mix with cage S, or P (or F) orbitals. The d orbitals of a
central metal, however, are not only allowed to interact with
cage D orbitals, but also with the h, set of the cage G orbitals.
These principles are well-illustrated by the depicted MOs of
[Ir@Sn,,]*". The HOMO set for example is of h, symmetry
and mainly cluster 1G in character but also shows some
admixing of the Ird orbitals. A detailed MO analysis has also
been reported for [Pu@Pb,,], which can be rationalized as
[Pu2+@(Pb12)2—] .[310]

For many of the [M?(E;,)*"] clusters, the I,-symmetric
endohedral structure was found to correspond to the global
minimum, but for some, and especially for the silicon clusters,
non-endohedral structures have been reported to be energeti-
cally favored. Selected results are summarized as follows.
Structure optimizations led to [,-symmetric ground-state
structures for [Ir@Sn,,]*~ ! and for the [M@Pb,,]*~ clusters
with M =Ni,’% P4, and Pt.**3] The optimized inter-
atomic distances agree well with those obtained from solid-
state structure determinations. Compared to the optimized
structure of the empty [E,]*" cluster, the calculated Sn—Sn
and Pb—Pb distances are elongated by less than 1% and 4%
(for [Pt@Pb,,]*~ ), respectively.

[Cu@Sn,,]~ and [Au@Sn,,] P! have been characterized
in gas-phase experiments, and calculations confirmed the
transition-metal-centered icosahedral structure as the global
minimum for [Cu@Sn,,]". In both cases, simulated photo-
electron spectra based on spin—orbit-coupled calculations
agree well with the experimental data.

The most prominent example of a main-group-metal-
centered [M“@(E;,)*"] cluster is the above-mentioned
[Al@Pb,,]".P" For the AIE,,* clusters, the icosahedral
structure with a central aluminum atom, [,-[AlI@E,,]", is
energetically favored for E=GeP* Sn,F%! and Pb.P%! -
[Al@Sip,]" is a local minimum, but less symmetrical non-
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Figure 18. Molecular orbital (MO) and electron localization function
(ELF) representations of several Group 14 and 15 polyanions: a) Skel-
etal bonding MOs of [Ir@Sn,,]*~ (representative MOs of degenerate
sets are shown),?' b) ELF of [P,]>" ¥ (5(r) =0.78; core basins are
green, disynaptic valence basins yellow, and monosynaptic basins red),
c) ELF of [Ges—Ges]* (17(F) =0.81),5% d) ELF of [Co@Geyo]’

(17(r) =0.635),”% and e) ELF of [Ge,=Ge,~Ges~Ge,[*~

(7(r) =0.72) B2

endohedral structures are lower in energy.’® The icosahedral
structure has been found to be the most stable for all other
[M@Pb,,]" clusters filled with Group 13 elements (M =B, Al,
Ga, In, T1).’! The neutral clusters [Be@E,] (E = Ge, Sn) ¥
[Mg@EIZ] (E _ Ge,[318] Sn,[318] Pb[319'320]), [Ca@snlz] ,[318]
[Zn@E,,] (E=Ge,P'#3232 gnB18l) - and [Cd@E,] (E=
Ge P18 P32y 3150 adopt 7, symmetry, whereas BaPb,
and SrPb,,®"! prefer non-endohedral structures. In gas-
phase experiments, no evidence for an enhanced stability of
ZnGe,, was found, but ZnSn,, and ZnPb,, were detected
abundantly,”>! and for magnesium-doped [Pb,]*~ there is
even some experimental evidence for the I,-symmetric
magnesium-centered icosahedral structure [Mg@Pb,,] in the
gas phase.’™ For doped silicon clusters, /,-symmetric [M*@-
(Siy,)*7] structures correspond only to local minima for M* =
Li+’[306] Na+,[306] B ez+’[3oe,321] Mg2+’[306] Zn2+,[325] B3+7[306] and
AP B% Calculated ground-state structures are also available
for lanthanoid- or actinoid-doped Pb;, clusters [M@Pb,]?
with g varying from + 2 to —4.5'%

The notation [M*@(E,)*"] remains somewhat formal for
the clusters with n =12, as to date no empty [E;,]* unit has
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been isolated and structurally characterized in the solid state.
For the ten-vertex clusters, however, this has been realized,
and [Pb,]>"®! and [Ni@Pb,,]>~"%% are the only pair of an
empty 2n + 2 skeletal electron Group 14 element closo cluster
anion and its endohedral derivative that has been structurally
characterized. As expected according to Wade’s rules, both 22
skeletal electron clusters adopt the D,,-symmetric bicapped
square antiprismatic structure. The Pb—Pb distances in the
endohedral cluster are only slightly elongated (max. 3%)
compared to those in the empty cage. Although the expansion
of the cluster is not isotropic, the filled cage displays an almost
spherical shape as it was also observed for the above
mentioned [Cu@E,]*~ anion (E = Sn, Pb).

The centered D,,-symmetric bicapped square antiprism
has been found as a ground-state structure for [Ni@E,,]*~
(E=Ge, Sn, Pb), and for [Pd@Sn,))*", [Pd@Pb,,]*", and
[Pt@Pb,]>".% The structures of [M@Ge, >~ (M=
Ni,[250:326.327] p( 3271 pl327]) have been studied in more detail,
and the centered D,,-symmetric bicapped square antiprism
was reported to be the energetically most favorable structure
for [Ni@Ge]*~ and a local minimum for [Pd@Ge,]*". A
centered pentagonal prism (Ds;,) which corresponds to a local
minimum for [Ni@Ge,]*” is discussed as the lowest-energy
structure for [Pd@Ge,,]*~ and [Pt@Ge,(]*".

DFT calculations for [Co@Ge,,]*~" have revealed that
the centered non-deltahedral Ds,-symmetric pentagonal
prism is indeed a stable structure, whereas the centered D,,-
symmetric deltahedral cage is not a ground or a transition
state, but the related energy differences are small. The Dy,-
and D, symmetric stationary states of the isoelectronic
anions [Ni@Ge, >~ and [Co@Ge, ]’ differ by 5.33 and
13.3 kcalmol ™!, respectively.™ In spite of the different
electron count, [Fe@Ge,,]*~ was reported to be isostructural
to [Co@Ge,,]*". This is surprising, as [Co@Ge,(]*~ features a
degenerate (e,”) HOMO set, and it is therefore not straight-
forward that a species with one electron less adopts the same
undistorted Ds,-symmetric pentagonal prismatic structure.
However, no calculation of the open-shell system and no
magnetic measurements on (paramagnetic) [Fe@Ge, ]’ are
available yet.

Other ME,;(? clusters have been detected in gas-phase
studies, which show high abundances of AIE,," (E = Ge, Sn,
and Pb),f% and MgPb,, has also been found in gas-phase
experiments.’? The centered D,,-symmetric bicapped square
antiprism has been reported to be the global minimum
structure for these clusters ([AI@E, ]*, E=Ge,** Sn[%
Pb;%! [Mg@Pb,]*"™) and for [Zn@Si,o],**! [Zn@Ge,,],**
and [Cu@Ge,,| " while non-endohedral structures were
found to be more favorable for SrPb,, and BaPb,,.**! For
AlSiy,*, less-symmetric non-endohedral structures are clearly
favored.*!

7.4. Investigations using the Electron Localization Function
To gain insight into the chemical bonding of Group 14 and

Group 15 element polyanions, electron localization function
(ELF) analyses were used.
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Particularly interesting results were obtained for some
polyphosphides. Species such as the aromatic [P,]* anion or
the [P¢]*" anion with a formal P—P double bond have been
shown to differ quite remarkably in the chemical bonding
from their carbon analogues: In [P,]*", the electron delocal-
ization occurs predominantly in the lone pairs outside of the
ring, which led to the term “lone-pair aromaticity” (Fig-
ure 18b). The P—P double bond in [P¢]* also differs from C—
C double bonds, as the m part of the bond is again formed by
the lone pairs of the phosphorus atoms.*-#

The ELF has also been used to describe the bonding
situation in homoatomic germanium clusters. The topological
analysis of the ELF of the [Ge;~Ge,]*” anion (Figure 18c)
confirms that localization occurs predominantly in the lone
pairs and in the form of a localized two-center bond that links
the two Ge, units.'**3*) The localization domains of the
skeletal framework bonding include three-center bonds, as
anticipated. The two-center bond, which links the Ge,
clusters, is represented by the disynaptic valence basin )
between the two germanium atoms that take part in the
intercluster bonding. No monosynaptic valence basins are
associated with these exo-bonding germanium atoms, and all
other germanium atoms of the dimeric anion show mono-
synaptic valence basins (.

For the tetrameric [Ge,=Ge~Ge~Gey|*~ anion, the ELF
shows a more unusual bonding situation (Figure 18¢).’2%3]
The bonding between the Ge, units is represented by the
valence basins () and (@). The former correspond to the
shorter inter-Ge, cluster bonds and appear more or less as
normal disynaptic valence basins (two-center bonds), while
the basins (3 which relate to the longer inter-Ge, cluster
bonds appear to be between a disynaptic valence basin (two-
center bond) and a monosynaptic valence basin (lone pair).
Only those germanium atoms that do not take part in inter-
Ge, cluster contacts have typical monosynaptic valence basins
@.

The ELF has also been helpful for the bond analysis of
intermetalloid endohedral clusters. For the rather novel
bonding situation for germanium in the pentagonal prismatic
cage of [Co@Ge, >, the ELF (Figure 18d) shows mono-
synaptic valence basins (1) associated with each germanium
atom, and disynaptic valence basins occurring between
adjacent germanium atoms: both along the edges of the
prism base @) and along the prism height 3). The ELF does
not show any distinct basins for the bonding between
germanium and cobalt. In contrast, a local electron maximum
between the central plutonium atom and the lead atoms of the
icosahedral cage was found for [Pu@Pb,,].F'"

8. From Zintl lons to Novel Materials: Prospects for
Materials Science

Early attempts were made to produce surface-modified
solids from K,Sn, solutions by topochemical oxidation,**!
and the synthesis of amorphous metallic spin glasses of the
composition M,SnTe, (M =Cr, Mn, Fe, Co) based on the
oxidation of the main-group-metal polyanions [SnTe,]*~ by
transition-metal cations in solution has been reported.”*!
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Recently, the reaction of metal chalcogenides and transition-
metal cations was employed to form aerogels using mixed
Zintl ions, such as [ECh,]*", [E,Chg]*",and [E,Ch,,]* (E =Ge
and Sn; Ch=chalcogen atom) as building blocks that are
preformed in Zintl phases. Random network aerogels (chal-
cogels) were obtained by a gradual polymerization of Zintl
ions in the presence of Pt*" in solution.**? The reaction of
[Geo]* and [Sny]* clusters with elemental tellurium led to the
degradation of the cluster framework and the formation of
mixed Ge-TeP! and Sn-Te polyanions.[**3]

The bottom-up synthesis of nanostructured semiconduc-
tors is a great challenge, and there is a rapidly growing interest
in using Zintl anions in these attempted preparations. In
particular, dimensionally reduced semiconductor structures
are in demand as they can exhibit electronic and optical
characteristics similar to those of discrete nanodots. The
oxidation of Zintl phases, such as KSi and Mg,Ge, lead to
silicon nanoparticles® and mesostructured germanium.>’!
Another and possibly more effective way is the application of
soluble Zintl ions instead of unsoluble Zintl phases. The
principal reaction, which involves the self-oxidation of [Gey]*~
in ethylenediamine solution and leads to homoatomic dimers,
oligomers, and polymers of these units, has been described in
Section 3.3. By oxidation with Au' compounds, a well-defined
Geys cluster could even be obtained.

The process of oxidation of soluble Zintl anions has
recently been used to perform cross-linking polymerization
reactions of surfactant-templated Ge' linkers and [Ge,]*"
Zintl anions, thus producing meso-structured germanium.
Related materials are obtained without additional oxidation
agents.**"¥! Oxidation of K,Ge, in ionic liquids produces
either clathrate II-type KgsGe3**Y or even a novel single-
crystalline modification of clathrate II-type germanium.['>34]
The reaction of the neat substrate with elemental mercury at
600°C leads to the ternary phase KsHg;Ge,s,**? in contrast to
the reaction in solution which affords the polymer
' {[HgGe,” }I" (Figure 12¢). In the case of the silicides
A,Si, (A=Na, K) oxidation with gaseous HCI leads to
clathrate I-type compounds of the composition Ag_ Sie**!

The preservation of the Ge, framework during the
oxidation process has been anticipated as a matter of
principle®®*!l and assumed as an intermediate step during
the formation of mesoporous germanium.®” DFT calcula-
tions have shown that polymers that arise from multiple
oxidative coupling reactions of [Ge,]*" have considerable
stability. Two-dimensional connection of nido-Ge, clusters

Figure 19. Proposed germanium allotropes based on Ge, building
units: a) 2 {[Ge,],} sheet, b) ! {[Ge],s,} nanotube, c) (Ges)s, cage.*!
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arises in the allotrope 2 {[Ge,],} (Figure 19a). Coiling up this
sheet results in a ! {[Ges),,} nanotube composed solely of
Ge, units (Figure 19b) and fullerene-like nanoparticles with
the formula (Gey)s, which are constructed by capping the
square faces of a truncated icosidodecahedron with Ge,
clusters (Figure 19¢), are energetically comparable with
bulk-like nanostructures of the same size.**!

9. Summary and Outlook

The immense progress in the synthesis and isolation of
Group 14 and 15 Zintl anions has led to a fast development of
their chemistry. A better understanding of the binary Zintl
phases makes homoatomic main-group-element clusters and
cages available and allows their reactivity to be studied in
great detail. Polyhedral clusters and cages serve as ligands in
transition-metal complexes and show a large variety of
bonding modes reaching from n' to n° coordination. The
addition of organic ligands affords ligand-stabilized main-
group-element systems based on small molecules containing
Group 14 and 15 elements as starting materials. The function-
alized Zintl clusters can serve as building blocks for the
directed bottom-up design of semiconducting functional
materials in the future. The application of these systems for
optoelectronic devices has already been achieved by the
oxidation of homoatomic germanium clusters. With the
availability of silicon clusters in solution Zintl ion chemistry
has reached another milestone, as silicon-based materials will
have an even greater impact than germanium-based materi-
als.

The reaction of homoatomic Zintl ions to intermetalloid
clusters opens a further direction in this field of chemistry. In
analogy to endohedrally filled fullerenes, endohedrally filled
Zintl ions can disclose specific properties of the encapsulated
metal atom as it has already been demonstrated by the rather
sharp signals of the “®Cu NMR of [Cu@Sn,] and [Cu@Pb,]
owing to the high symmetric coordination environment of the
copper atom. In contrast to fullerenes, Zintl ions are available
at a larger scale. Applying the oxidation routes that lead in the
case of bare germanium clusters to semiconducting materials,
the polymerization of intermetalloid clusters might further
improve the electrical properties of such materials.

A major step towards the future of a controllable syn-
thesis of main-group cage compounds will be to close the gap
between homoatomic Zintl clusters and ligand-stabilized cage
molecules experimentally. The formation of bisvinylated
clusters [GeyR,]*~ from Zintl ions and the tris-silylated
clusters [Ge,R5]*~ using small precursor germanium organyls
shows the close relationship, as it does the anion [(MesCu),-
(Si,)]*", which is an intermediate compound between [Si,]*~
and Si,R, and thus “between Zintl and Wiberg”;®**! indeed

there is “plenty of room for fantasy”.[')
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Appendix: Tables 6 and 7

Table 6: Compounds with Group 14 element polyhedra.

T. F. Fassler et al.

Cluster Compound Ref.
[Si.]* NaSi [345]
KSi [346,347]
RbSi, CsSi [346]
BaSi, [389]
K;LiSi, [390]
K;LiSig [390]
Rb,,Si;; [348]
A,Siy; (A=K, Cs) [34]
[Sis]*” [Rb([2.2.2]crypt)];Sis(NH;), [60]
[Sigl [K([2.2.2]crypt)L,Sis [61]
[K([18Jcrown-6)L,Sis (py) [61]
[Sig]~ [K([2-2.2]crypt)];Sis(NH3)s [60]
[Rb([2.2.2]crypt)]eSisSis (NH;)s5 [60]
(K([2.2.2]crypt)]sSis (PY)2s (60]
[Sig]* Rb,,Siy; [348]
A.,Siy; (A=K, Cs) [34]
Rb,Sig(NH3)475 [62]
Rb,Sis(NH;)s [391]
[Rb([18]crown-6)]Rb;Sis(NH;), [62]
[Ge ™ NaGe [345]
KGe, RbGe, CsGe [346]
SrGe,, BaGe, [392]
Na,Cs,Ge, [393]
NaK,Gez, NaPb,Ge, [394]
A,,Ge;; (A=Na, Rb, Cs) [33,34]
(N [K([2-2.2]crypt)],Ges thf) [63]
[A([2.2.2]-crypt)],Ges(NH;), (A=K, Rb) [64]
[GegJ*/* [K([2-2.2Jcrypt) Js[Ges]* [Ges]*~ (en), s (6]
[Ges]” [K([2.2.2]crypt)];Ge, (PPhs) [66]
[K([22.2]crypt)];Geg(en)os [67]
[K([2.2.2]crypt)]sGeyGey(en), (x=0.5, 1.5) [68]
[Geg]*™ KGe, [93]
Cs,Ge,, Rb,Ge, 32]
A,Ge;; (A=Na, Rb, Cs) [33,34]
Rb,Ge,(en) [69]
Cs,Geo(en) [72]
K,Geg(NHs)o, Rb,Geg(NH;)s [71]
[K([2-2]crypt)[K;Ges (en), [70]
[Gerl* [K([2.2.2]crypt),Ge o 73]
[Sn]* NaSn [349,350]
KSn [349,351]
RbSn, CsSn [351,352]
Naj,Sny; [34]
Ai,Sny; (A=K, Rb, Cs) [33,34]
As,Sng, (A=K, Cs) [353]
Rb,Sn,(NH;),, Cs,Sn,(NH;), [31]
A,[Sn,);[GeO,] (A=Rb, Cs) [354]
Cs20[SNJ[SIO4];
[Snsl*- [Na([2.2.2]crypt) Sns [74]
[Snef~ [K[(2.2.2]crypt);Sny(en),s [75]
[K([2.2.2]crypt)]3Sng [67]
[K([2-2.2]crypt)]sSns(en)os [77,78]
[K([2-2.2]crypt)]sSneSng (en)s s (tol) o [76]
[Sng]“’ K4Sng [92]
A,Sny; (A=K, Rb, Cs) [33,34]
Na,Sny(en), [22]
[Li(NH;)4].Sng(NH;) [30]
[Na([2.2.2]crypt)]4Sny [23]
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Table 6: (Continued)
Cluster Compound Ref.
[K([2.2.2]crypt)];KSn, [79]
[K([18]crown-6)],Sny(en) [29]
[K([18]crown-6)]5KSny(en); 5 [29]
[K([18Jcrown-6) ,K,Sny(en). 5 [82]
[Rb([18]crown-6)],Rb,Sns(en); 5 [81]
[K([2.2.2]crypt)ICs;Snsy en)s [84]
[K([2.2]crypt)l,Cs;Sns(en), [83]
[Pb]* NaPb [30]
KPb [351,355]
RbPb, CsPb [351,356]
LiK;Pb,, LiRb;Pb,, LiCs;Pb,, NaCs;Pb, [395]
Rb,Pb,(NH;), B31]
KiPbsO4 (OH)s [355]
[Py~ [Na([2.2.2]crypt)L,Pbs [74,85]
[Py~ [K([2.2.2]crypt)};Pb [36]
[K([2.2.2]crypt)];Pbs(en)os [67]
[K({2:2.2]crypt) JgPbsPby(en), s (tol) s [76]
[Pb]* A,Pby (A=K, Rb) [34,94]
Cs,Pb, [95]
KsCs10Pbss [395]
[Li(NH,) J,[Pbs](NH) [80]
[K([2.2.2]crypt)];KPbs, [86]
[K([18]crown-6)],Pbs(en) (tol) [87]
[K([18]crown-6)],K,Pby(en), 5 [38]
[Pbyo*~ [K([2.2.2]crypt),Pbyo [89]
[Ges~Geg]*” Ki[K([2.2.2]crypt)];[Gey-Ges] (en)s [141]
Cs,[K([2.2.2]crypt)],[Ges-Geg] (en)q [139]
[Rb(Benzo[18]crown-6)],Rb,[Gey-Gey) (en), (x=4, 6) [140]
[K([18]crown-6)],K,[Ges-Ges] (en), [140]
[K([18]crown-6)];Cs;[Gey-Geg)(en), [140]
AdGeyGej|(dmf),, (A= K, Rb) [26]
Ky 5Cs; 5[Gey-Geg] (dmf)y, [26]
[Ge~Ge~Gey|*~ [Rb([2.2.2]crypt)]s[Ges~Ges~Gey] (en); [146]
[K([18]crown-6)]s[Ges~Ges~Ge,](en)s (tol) [147]
[Ge,~Ge,~Ge~Ge,|*~ [Rb([18]crown-6)]s[Ge=Ge~Ges~Gey](en), (x=2, 6) [148]
[K([18]crown-6)]5[Ge~Ge~Ges~Gey](en), [149]
' {[Ges ) [K({18]crown-6)],Ges en) [144]
[K([2.2Jcrypt)]KGes (en), [43]
[Rb([2.1.1]crypt)],Ges(en) [145]
[Sis(SiMe{CH (SiMe;),},)5] K[Sis(SiMe{CH (SiMe),},)s] [152]
[K((18]crown-6)] [Siy (SiMe{CH (SiMe,);}.):] (pen)os [s2]
[Si4(SiMe{CH(SiMe;),},).] [Si4(SiMe{CH (SiMe;),},)] (CeHe)s [152]
Si, (tBu,Si), [Si, (tBu,Si)], (tBu,Si-SitBus) (CeDe) [153]
Ge,(SitBus), [Ge4(SitBus) ], (tBu;Si-SitBus) [154]
Ges{CH(SiMe;),} Ges{CH(SiMe;),}, [358]
Ges[2,6-(2,4,6-Me;CeH,) ,CeHil, Ge5{2,6-(2,4,6-Me,CH,),CoHs )4 [358]
Geg[2,6-(2,6-iPr,CsH;),CHs), Geg{2,6-(2,6-iPr,CgH3) ,-CeHs}, [176]
Ges[N(SiMes) e Ges[N(SiMes) s (179]
Ges[(O1Bu),CeHls Ges[(OtBu),CsHsle [359]
[Ges—CH=CH]*~ [K([18]crown-6)]sK (cp) [Gey-CH=CH,)],(en), [170]
[Ges—SnMe;]*~ [K([2.2.2]crypt)];[Ges-SnMe;] [164]
[Geg—SnPh,]*~ [K([2-2.2]crypt)]5[Gey-SnPh;] (en) [164]
[Ges—(CH=CH,),]* [K([18]crown-6)],[Gey (CH=CH,),] [168]
[(CH3)4N][Ges-(CH=CH,),] (en)os [167]
[(CH;CH,CH,)4N],[Geg(CH=CH,),] [167]
[K([18]crown-6)],[Ges-CH=CH,),](en) [167]
[Ges—(CD=CD;),J"" [K([2-2.2]crypt)];[Gey (CD=CD;),] [168]
[Gey—(C(CH3)=CH-CH,_CH3)),]* [K([2-2.2]crypt) ,[Gey- (C(CH3)=CH-CH,CH3))]o s[Ges- (HC (CH3CH,)=CH-CH5) o5 (bz) [168]
[Geg—(HC(CH,CH,)=CH-CHy) ] [K([2-2.2]crypt) ],[Gey- (C(CH3)=CH-CH,CH;)) oJo s[Gey- (HC(CH;CH,)=CH-CH) o5 (b2) [168]
[Ges—(CH,-CH(CH,),),1* [K([2-2.2]crypt) ];[Gey (CH,-CH (CHy),) ] (en)s [168]
[Gey—(CH=CHFc),]" [K([2.2.2]crypt)|,[Ges (CH=CHFc),] (en)os(py):.s [169]
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Table 6: (Continued)

T. F. Fassler et al.

Cluster Compound Ref.
[Ph;Ge—Ge;—GePh,]* [K([2.2.2]crypt)];[Ph;Ge-Ges-GePh] (tol) (en) o5 [164]
[Me;Sn—Gey—SnMe,]*~ [K([2.2.2]crypt)];[Me;Sn-Gey-SnMe;] (tol) s 5 [164]
[Ph,Sh—Gey—SnPh,]*~ [K([2-2.2]crypt)],[Ph;Sh-Ge,-SnPh;] [164]
[K([18]crown-6)],[Ph;Sn-Gey-SnPh;] ([18]crown-6), 45 (en), [164]
[Ph—Geys—SbPh >~ [K([2.2.2]crypt)],[Ph-Gey-SbPh;](tol) [163]
[Ph,Sb—Ges—SbPh,]*~ [K[2.2.2]crypt)],Gey (SbPh,), (en) [162]
[Ph,Bi—Ge;—BiPh,]~ [K[2.2.2]crypt)],Ges (BiPhy), (en) [162]
[Geo{Si(SiMe;)s}s]~ [Li(thf)]J[Gey{Si(SiMey) }] (thf), 171]
[Ges{Si(SiMes)s},Cr(CO)s]™ Li(thf) [Geo{Si (SiMe;)};Cr(CO)s] [172]
[Geyo{Fe(CO)}e]* Nag[Geyo{Fe(CO),}s](thf):s [173]
[Geyo(SitBus)gl]" [Geyo(SitBus)gl](B(2,3,5,6-F,CeH),) (tol) [175]
[GeroSi{Si(SiMes) s} (SiMes),Me} Li(thf),[Ge,oSi{Si(SiMe;) s} (SiMe;),Me} (CsHy,) [184]
[Gey({Ge(SiMes)s}]* [Ge(SiMe;) J[Lis(thf)d][Ge1,{Ge(SiMe;) }5] (Et,0) [174]
[tBuGe,—GeytBu]*~ [K([2.2.2]crypt)]4[tBu-Gey-Gey-tBu](en), [165]
[Ph,SbGes—Ge,SbPh,]*~ [K([2.2.2]crypt)[Ph,Sb-Ge,-Gey-SbPh,] (en), s [163]
[Ph;SnGey;—Ge,SnPh,]* [K([2.2.2]crypt)]s[Ph;Sn-Gey-GeySnPhs] (en), [164]
[K([18]crown-6)]5[Ges-SnMes](thf) (en), [164]
Sn,Ge,{2,6-(2,6-iPr,-CeH3),CeHsl} Sn,Ge,{2,6-(2,6-1Pry-CeHy)-CeHs}a [176]
[GeSngCH=CH,]*~ [K([2.2.2]crypt)];[GeShg-CH=CH,] (en);(tol); [183]
[GeShg(CH=CHcPr)]~ [K([2.2.2]crypt)]5[GeSng-(CH=CHcPr)] (en); [183]
[Ge,Sn; (CH=CH,) ] [K([2-2.2]crypt) L[Ge,Sny-(CH=CHy),)y (en)s [183]
[PrsN],[Ge,Sn;-(CH=CH,),], [183]
[Ge,Sn,(CH=CHPh)J’~ [K([2.2.2]crypt)]5[Ge,Sn;-(CH=CHPh)](en), [183]
Sn;{2,6-(2,6-iPr,CeH;),CeHs}, Sn;{2,6-(2,6-iPr,CsHs),CeHs}, (hex) [177]
Sn,{GaCl(ddp)} Sn,{GaCl(ddp)}, [160]
Sng(CeH3-2,6-(2,4,6-Me;CeH,),)., Sng(CeH3-2,6-(2,4,6-Me;CoH,)5) 4 (CeHe) 1 5 [178]
[Sns(SitBus)e)” [Na(thf),],[Sng(SitBus)e] [159]
Sng(SitBus)s Sng(SitBus)g [159]
[SnstBul’ [K(12.2.2Zcrypt) L[Sns-1Bu (py). [81]
[SnyiPr]*~ [K(12-2.2lcrypt) L[Sny-iPr](py). [182]
[Sns (CH=CH,)T*~ [K((2.2.2]erypt)[Sny-CH-CH] (py): [81]
[Sne(CH=CHPh)J*~ [K([2-2.2]crypt) ]5[She-CH-CHPh] (tol) (py)os [181]
[SnsSnCy* [K(12.2.2Jcrypt) L[Sn-SnCys] (py). [182]
SNe{2,6-(2,4,6-Pr,CoH,),CoHs ks SNe{2,6-(2,4,6-Pr,CeH,),CoHs )5 (thf), [158]
[Sn10(2,6-(2,4,6-Me;CoH,),CeH3)] [Sn10{2,6-(2,4,6-MeyCeH,),CoH3}5][AICL] (tol) [158]
[SN10{2,6-(2,4,6-Me;CH,),CeHs}][GaCl,] (tol) [158]
Sno{Si(SiMe;)s}s Snyo{Si(SiMe;)s}s [185]
S5 (N(2,6-Pr,CeHs) (SiMes))e Snys{N(2,6-1Pr,CeHs) (SiMes) }e [260]
Snys(N(2,6-iPr,CgH;) (SiMe,Ph)) s Snys{N(2,6-iPr,CsH;) (SiMe,Ph)}¢ [260]
Sny,(GaCl(ddp)), Sny;{GaCl(ddp)}, [160]
Pbyo{Si(SiMey)s}e [Pb1o(Si(SiMes)3)e] (CsHyo) [180]
Pby,(Si(SiMes)s)s [Pby,(Si(SiMes)3)e] (CeHe)s [180]
[Sis(CuMes),]*" Rby 54Ko 46[K ([18]crown-6)],[Si, (CuMes),] (NH;)s, [35]
[SisZn(CeHs)I* [K([2.2.2]crypt) ]5[Sis-Zn (CeHs) 1 (pY). [222]
[Sis—{Ni(CO),},~Sis]* Rb,[K([18]crown-6)],[Rb([18]crown-6)],[Sis-{Ni(CO),},-Sis] (NH3),, [226]
[Gee{Cr(CO)s}el*” [PPh,];[Gee{Cr(CO)s}e] [209]
[Ges{Mo(CO)s}e" [PPh,J[GE{{Mo(CO)s}] [217]
[Ges{W (CO)s}e]~ [PPh,J[Ges{W (CO)s}] [211]
[Gey{Si(SiMe;);}5Cr(CO),]~ Li (THF),[Ges{Si(SiMe;);}5Cr(CO)4]™ [172]
[Geg—Nl(CO)]3’ [K([2.2.2]crypt)]5[Geq-Ni (CO)] [220]
[Ges—Pd(PPh;)]*~ [K([2.2.2]crypt)];[Gey-Pd (PPh;)] (en) [224]
[Gey~Cu(PCys))* [K([2-2]crypt)];[Ges-Cu (PCy3)] (dmf), [221]
[Ges—CU(P'Prz)] [K([2.2.2]crypt) |s[Ges-Cu (PiPrs) (N H;)15 [221]
[Ges—Cu(Gey)]" Ka[K([2-2]crypt)]s[Ges-Cu(Geg) | (NH;3) [221]
Ks[K([2.2.2]crypt)];[Gey-Cu(Geg) [(NH3) 141 [221]
[Cu{Ge[Si(SiMe;)s]s}] [Li(thf)e][Cu{Gey[Si(SiMes);]s}] [237]
[Ag{Ges[Si(SiMe;)s]s}s] [Li(thf)s][Ag{Ge,[Si(SiMe;)s]s}] [237]
[Au{Ge[Si(SiMes)s]s}] [Li(thf)s][Au{Ges[Si(SiMes)3]s}] [230]
[GesAusGeg]* ™ [K([2.2.2]crypt)]5[GesAu;Geg) (sol) [229]
[AusGeys]* [K([2.2.2]crypt)]s[Au;Geys] (sol) , [150]
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Cluster Compound Ref.
[Gey=Zn(CeHs)I* [K([2-2.2]crypt) |s[Ges-Zn (CeHs)] (en).(tol) [222]
[Gey=Zn(GH,)I [K([2-2.2]crypt) ]s[Ges-Zn(C5H;)] (en) (tol), [223]
[Geg=Zn(CoHyy)P~ [K([2.2.2]crypt)]5[Geg-Zn(CoHyy)] [223]
Zn{Ge,[Si(SiMe;);]s}, Zn{Ge,[Si(SiMe3);]s}, [232]
Cd{Gey[Si(SiMe;)s];}, Cd{Gey[Si(SiMe;)s]3}, [232]
Hg{Ge[Si(SiMe;)3]s}, Hg{Ge[Si(SiMe;)5]s}, [232]
[Hes(Geg) " [K([2-2.2]crypt) o[Hgs (Ges) ] (en), (tol), [228]
L {[HgGes) } [K([2-2.2]crypt) ] [HgGes] (en), [51]
[K([2-2]crypt)].[HgGes] (dmf) [227]
[SneNb(n®tol),]*~ [K([2.2.2]crypt)],[SnsNb (n°-tol),] (en) [213]
[Sne{Cr(CO)s}el* [K([2-2.2]crypt) ,[Sne{Cr(CO)s}e] [210]
[PPh,],[Sne{Cr(CO)s}q] [217]
[Sns{Mo(CO)s}e]* [PPh,],[Sn¢{Mo(CO)s}] [217]
[Sne{W(CO)s}ke]* [PPh,J,[Sne{W (CO)s}d] [217]
[Sny—Cr(CO)]* [K([2.2.2]crypt)][Sne-Cr (CO)s] (en),, [49]
[K([2.2.2]crypt)]4[Sny-Cr(CO);](en), (x=0, 1.5) [216]
[Sng—Mo(CO)3]4’ [K([2.2.2]crypt)]4[Sng-Mo(CO);] (en) [214]
[K([2.2.2]crypt)]s[Sng-Mo (CO);] (en). 5 [216]
[K([2.2.2]crypt)]4[Sne-Mo (CO);] (en), [360]
[Sny—W(CO),]* [K([2 2.2]crypt)][Sng-W (CO);] (en) [214]
[K([2-2.2]crypt)4[Sne-W (CO) 3] (en)s 5™ [216]
[Sng—Ir(cod)]*~ [K([2-2.2]crypt)]5[Sng-Ir(cod)] [219]
[K([2 2.2]crypt)]5[Sne-Ir(cod)](en) (tol) [219]
[K([2.2.2]crypt)]5[Sny-Ir(cod)](en), [218]
[Ag(Sns),l* [K([2-2.2]crypt)]s[Ag (Sny),] (en) (tol) [142]
[Sng=Zn(CeHs)]* [K([2 2.2]erypt)]5[Sne-Zn (CeHs)] (tol) [222]
[Sne=Zn(CH))P*” [K([2.2.2]crypt)5[Sng-Zn(C5H5)] (en)os [223]
[Sng=Zn(CoH)]*~ [K([2.2.2]crypt) 5[Sne-Zn (CsHyy)] (tol) [223]
[Sny—Cd (CeHs)I* [K([2-2.2]crypt) ]s[Sng-Cd (CsHs)] (en) [225]
[Sny=Cd{Sn(nBu)s}* [K([2-2.2]crypt) |s[Sne-Cd {Sn (nBu)5}]; (tol)s(py) [225]
[Pbs{Mo(CO)5},]* K[K([2.2]crypt)];[Pbs{Mo(CO),},] (en)s [212]
[Pbs—Cr(CO)s]* [K([2-2.2]crypt)J4[Pbs-Cr(CO)5] [215]
[Pbs—Mo(CO);]*~ [Mo(CO);(en),][K([2.2.2]crypt) 4[Pbs-Mo (CO)s] (en), 5 [214]
[K([2.2.2]crypt)]4[Pby-M0 (CO);] [217]
[K([2-2.2]crypt)4[(Pbs-Mo(CO)5]' [217]
[Pbs—W/(CO),]* [W(CO)s(en),][K([2.2.2]crypt)][Pby-W (CO)s] (en), 5 [214]
[Pbgilr(cod)]zi [K([2.2.2]crypt)]5[Pby-Ir(cod)](en), [218]
[Pby=Zn(CeHs))* [K([2 2.2]erypt)]s[Pby-Zn (CeHs)]o(en), (tol) [222]
[Pbs=Zn(C;H3)P" [K([2-2.2]crypt) s[Pbs-Zn(C5H;)] (en) [223]
[Pbs=Zn (CoHyy)~ [K([2-2.2]crypt) |5[Pbg-Zn(CoHn)] [223]
[Pby—Cd (CeHs)]* [K([2 2.2]erypt)]s[Pby-Cd (CHs)Lo(en), (tol) [225]
[Pby—Cd—Cd—Pb,]*~ [K([2.2.2]crypt)]s[Pbs-Cd-Cd-Pb] (en), [233]
Ni@GeJ* [K([z 2.2Jcrypt)INi@Ges, en), [247]
[K([2.2.2]crypt) s {[Ni@Ges-Ni(en)]osss ([Ni@Geglen) o5} (€n) [220]
[Co@Gey*™ [K([2.2.2]crypt)]s[Co@Geyq)[Co(CgH1y) ] (tol) [250]
[Fe@Geof’ [K(12.2.2Jcrypt) L[Fe@Geo](en), [249]
[Ni;@Geq]* [K([2.2.2]crypt) L[INi; @ Ges] tol), [247]
[Pd,@Ceg]"™ [K([2.2.2]crypt)]4[Pd,@ Ge ] (tol), [254]
[NigGen(CO)J*~ [K(2:2.2]crypt){[NiGe;3(CO);| [262]
[Cu@Sn]* [K([2.2.2]crypt) ,[Cu@Sng] (dmf), [248]
[Ir@Sn)*~ [K([2.2.2]crypt)s[Ir@Sny,) (en) (tol), [219]
[Ni;Sn,,J* [K([2.2.2]crypt) NI, Sny;] (en) [253]
[Pd, @SNl [K([2.2.2]crypt) J[Pd,@Sny5] (en); [255,256]
[Pt,@Sn;,]* [K([2-2.2]crypt)[4[Pt,@Sny7] (en)s [257]
[Cu@Pbs]*~ [K([2.2.2]crypt) ;[Cu@ Pbs] (dmf), [248]
[Ni@Pb,o]* [K([2 2.2]crypt) L[Ni@Pb] [251]
[Ni@Pb,J~ [K([z 2.2]crypt) LINi@Pby](en) [252]
[Pd@PbJ* [K(12:2.2]crypt) LIPd@Pby.] (o) [252]
[Pt@Pby "~ [K(2:22]crypt)L[Pt@Pb] [53]
[INi@Ge,—Ni(CO)J [K([2.2.2]crypt) ,INi @ Ge,-Ni (CO)] (tol) [220]
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Table 6: (Continued)

T. F. Fassler et al.

Cluster Compound Ref.
[INi@Ge,—Ni(PPh,)]> [K([2.2.2]crypt) LINi@Ges-Ni (PPh;)] (en) [262]
[Ni@Ge,—Ni(en)]” [K([2.2.2]crypt) s {[Ni@Gey-Ni(en)]osss ([Ni@Geglen) o 25} (en) [220]
[Ni@Ge;—Ni(CCPh)]*~ [K([2-2.2]crypt)],[Ni@Ge,-Ni(CCPh)] (en) [220]
[Ni@Ge,—Pd (PPhy)]> [K([2.2.2]crypt) LINi@Ge,-Pd (PPh,)] (en) [224]
[Ni@Sn,~Ni(CO)P*~ [K((2:22]crypt) L{Ni@Sns-Ni(CO)] (en) (PPhy)q [263]
[Pt@Sn,—Pt(PPhy)> [K([2.2.2]crypt) LIPt@Sns-Pt (PPh,)] (en) [263]
[K([2.2.2]crypt)],[Pt@Sny-Pt (PPh;)] (tol) [263]
EIE, coordinated in a v’ fashion.
Table 7: Compounds with Group 15 element polyhedra.
Cluster Compound Ref.
[P4]27 Cs,P.(NH;), [48]
[K([18]crown-6)],P, (NH), [106]
P LisP, [361]
NasP, [0
K;P, 0]
Rb,P, [10]
Cs;P, [363]
StyPys [364]
Ba;Py, [364]
RbP,(NH), [42)
Cs;3P;(NH;), 13]
Ba; P, (NH;) g [176]
[Li (tmeda)];P, [357]
[K([18]crown-6)]sKs[P7];(NH3)0 [42]
[Rb((18]crown-6){P;] (NH;) [42]
[NMe,],RbP,(NH;) [113]
[NMe;Et]Cs,P,(NH;), [114]
[NMeEt;]Cs,P,(NH;) [112]
[NEt,]Cs,P;(NH;), Mz
[PH]L Na;Py, [10]
KPry 0]
Rb,P, o]
Cs;Pyy [10]
Cs;3Py(NH;); [21]
BaCsP;, (NHs) 1y [120]
[Li(NHs) 5Py, (NH)s [119]
[NMeEt;]CsP;, (NH,)s [118]
[NEt,]Cs,P,, [113]
[INMe;Et];P, [118]
[K([18]crown-6)]5P;; (en), [396]
[P [Li(NHs) P14 (NH) [122]
Na,P,(dme); s [123]
Na,Py4(en)e [123]
[Pl [Li([12ZJcrown-4)1,P (thf), [124]
[P2]* [NEtMe;]sP»,(NH;), 23]
[Pal* LigPas(thf) e [126]
[As [Li(NH3) JAs, [365]
[Na(NH;)slAs,(NH;)5 [365]
[(K[18]crown-6)],As, [106]
[Cs035Rboes ([2.2.2]crypt) |,As, (NH;), [365]
[Asg]* [Rb([18]crown-6)],Rb,Ass(NH;)e [41
[As;]*~ Li;As; [366]
Na,As, 1367]
K;As; [368]
Rb,As; [368,369]
Cs;As; [368,370]
Ba;As,, [3771]
[Li(NHy).JsAs, (NH;) [129]
[Li(dme);As, (Et,0) [132]
[Li(tmeda)];As,(Et,0) [131]
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Table 7: (Continued)
Cluster Compound Ref.
[Li(tmeda)];As;,(tol), 5 [399]
[K(12:2.20Krypt)] 5K, sAs, [400]
[Rb([18]crown-6)];As;(NHs)g [129]
[NMe,],RbAs, (NH) [130]
CsyAs,(NH;) (397]
Cs,As; (NH;), [129]
[PPh,J,CsAs,(NH;)s [129]
[Asn]’~ Li;Asy, [372]
Na,Asy; [372]
K;As,,
RbsAs;, 373]
Cs,Asy, [373]
[K(12.2.2lcrypt)sAsy, [133]
[Cs([18]crown-6)],CsAs,;(NH;3)g [134]
[Asu]* [Rb([18]crown-6)],As; 4 (NH;)s Nn22]
(Al [K(12:2.2]crypt) | Asz, (dm), [135]
[Rb([2.2.2]crypt)]4As,, (dmf) [135]
[Sba* [K(12.2.2Jcrypt) ,Sbs(en), [107]
[Sbsl*~ [Li(NH3).Js[Li (NH,),Sbs] (NH; ) [10]
[Sb,]*~ Cs;Sb, [374]
Li;Sb,(HNMey), [401]
Li;Sb,(tmeda)s(tol) [401]
Na;Sb,(en); [402]
Na;Sb, (tmeda); (thf), [399]
Na;Sb,(pmdeta);(tol) [403]
[Na([2:2.2]crypt)]:Sb, [398]
[K(12.2.2lcrypt) ;b [107]
[Sbyl* Ki7(Sbg)2(NH,) (NH3)175 [136]
[Sbol [Na([2:2.2]crypt)lsSbi, [137]
[K((18]crown-6) (NHs);ISby; (NHs)s s [134]
(B [K([2.2.2crypt)];Bi, [108]
[Rb([2.2.2]crypt)1,Biy [109]
AsP; AsP, [208]
[InBis]* [Na([2.2.2]crypt)];In,Bis [205]
[K([2.2.2]crypt)]e[In,Bis]y(en), s (tol)os [205]
[InBi,J* [K(12.2.2Jcrypt) L{InBis](en) [205]
[Rb(12.2.2]crypt) ,{InBis] (en) [205]
[GaBi;]" [K([2.2.2]crypt)];[GaBis] (en) [205]
[Sn,Bi,J*~ [K(12.2.2Jcrypt) L[Sn;B] (en) B375]
[PsH, Ky (PsHy) (NH;), [202]
Rbs (P;H;) (NH) [202]
[PsH,J [Na(NHs)s]Na(NH); (P,H;)] [201]
[Rb((18]crown-6)L,(PsHs] (NHs) .5 [202]
[Cs([18]crown-6) ;[P;sH;] (NH;), [202]
[{(CO)sW},P,(Nb{N[NplAr};)] [Na([1 Zlcrown-4);][({CO}sW) P (Nb{N[NpJAr};)] [240]
[Na (Et,0)][{(CO)sW) P (Nb{N[NpIAr};)](CHo) [240]
(P;)Mo(N[iPrAr), (P;)Mo(N[iPr]Ar), [240]
({CO}sW) Py (M{N[iPAT) ({CO}sW) Py (M{N[iPrIArL) (M =Mo, W) [240]
(M=Mo, W)
({CO}sW) (Ph;SnPy) (NB{N[Np]Ar};) (CO)sW (Ph;SnPy) (NBb{N[Np]Ar};) ({Me;Si},0) [240]
Mes*NP (W (CO)s) Ps(Nb{N[Np]Ar};)® Mes*NP(W(CO)s)P; (Nb{N[Np]Ar};) (Et;0)05 [240]
{(CO)sW},AdC(O) P5(N{N[NpJAr};) ™! {(CO)sW}HAdC(O)P;(Nb{N[NpJAr};) (CsHio)os [240]
P4(SiR,) P,(SiR,) [187]
P4(SiRy); P4(SiRy), [187]
Cp*Nb(CO),P, Cp*Nb(CO),P, [247]
TI,[P,4(ArDipp,),] Tl,[P4(ArDipp,),] [189]
(CO) WP, (W(CO)s), (CO),WIP,J(W(CO)s), [241,242]
P,(CoCp*),P,(CoCp¥) P2(CoCp*),P4(CoCp¥) [199]
[PsPh,]* [PsPh,][GaCl,] [188]
[(*-Ps){Fe(n*-CsMe)}] [(*-Ps){Fe(n*-CsMe)}] [387]
[PsFe(Cp*Fe);Pq [P;Fe(Cp*Fe);P¢|(thf) [199]
[(Cp*Fe);P¢]’ [(Cp*Fe);Pel[FeCls (thf)] [199]
(Cp'Nb) P, (NbCp’) (Cp'Nb)Ps(NbCp') [247]
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Table 7: (Continued)

T. F. Fassler et al.

Cluster Compound Ref.
(Cp*Mo)Ps(MoCp*) (Cp*Mo)Ps(MoCp*) [246]
[P,Cr(CO)sJ*~ [K([2.2.2]crypt) ];[P,Cr(CO)5] (en) [376]
[P;Mo(CO)s]" [K([2.2.2]crypt)]5[P;Mo(CO);] (en) [376]
[P,W(CO)sJ* [K([2.2.2]crypt) [P, W (CO)s] (en) [376]
[P{FeCp(CO),},] [P;{FeCp(CO),}5](thf) [199]
[P7Ni(CO)]3’ [K([2.2.2]crypt)][(PnBu,],[P;Ni(CO)] [196]
[P;InPh,J*~ [K({2.:2.2]crypt) ,[P;InPh;] [268]
[HPJ>~ [K(12.2.2]crypt) ;K (HP;), (en) [195]
[K([18]crown-6)],(HP,) [195]
[K(db-[18]crown-6)],(HP,) (tol) [195]
[PPh.J(HP;) (NH; )5 [194]
P,Me, P,Me, [191]
P,(MMe,); (M=Si, Ge, Sn, Pb) P,(MMe,); (M =Si, Ge, Sn, Pb) [191]
[HP,Mo (CO).J*~ [K((2:2.2]crypt) L[HP,Mo (CO).] (en) B77]
[HP,W/(CO) [ [K(12.2.2lcrypt) LIHP,W(CO).] (en) B77]
[P;PtH (PPhy)J*~ [K({2.2.2]crypt) ,[P;PtH (PPh,)] [196]
[P,PH, [Nb](OCFAd]Mes)s (P,PH,)] (CHo)os [198]
[P/H,]" [PPh](P;H,) [192]
[P;(PhCH),]” [PPh,][P,(PhCH),] (193]
[P,Phg* [P;Phg][Ga,Cl;] [188]
[Cp'sFes(CO)6Py] [Cp'sFe4(CO)ePy] [378]
[Cp'4Fes(CO)13Py [Cp'4Fes(CO)13Ps [378]
[(Cp*Ir{CO}),(Cr{CO}s);Py] [(Cp*Ir{CO}),(Cr{CO}s);Py] [379]
[(SMCp*,)4Ps] [(SMCp*3)4Ps] [237]
[(Ps) (CotBu,Cp)s] [(Pg) (CotBu;Cp);] [388]
[HPy [K([2.2.2]crypt)],(HPy) [380]
[Sr(NH;)g] (HPy;) (NH;) [381]
[NBzMe;], (HPyy) [118]
[PBzPh;],(HP;;) [118]
[{Ni(PBus),}4Py] [{Ni(PBus),}.P:/] [199]
As;(Co{CO};) As;(Co{CO};) [238]
(CpMo)Ass(MoCp) (CpMo)Ass(MoCp) [244]
[As,Cr(CO),J* [Rb ([2.2.2]crypt)]s[As,Cr(CO)3] (tol)os [50,376]
[As;Mo(CO)J*~ [K(12.2.2]crypt)}/As, Mo (CO).] B76]
[As,;W(CO).] [K([2.2.2Jcrypt) s[As; W (CO)s] en) 376]
[As,PtH (PPh,) 1= [K([2.2.2]crypt) ,[As,PtH (PPhy)] [197]
[RoAS,| [K(12.2.2]crypt)][(PhCH),As [193]
Sby(MoCp{CO},) Sby(MoCp{CO},) [382]
Sb;(MoCp*{CO},) Sb;(MoCp*{CO},) [382]
[SbsNiy(CO)*~ [K(12.2.2lcrypt) L [BisNi, (CO) ] (en) (o) [272]
(Cp'Mo)Sbs(MoCp') (Cp'Mo)Sbs(MoCp') [245]
[Sb,Cr(CO), [K(12.2.2]crypt)[Sb;Cr(CO);] B76]
[Sb,Mo(CO),J*~ [Na([2:2.2]crypt)[Sb;Mo(CO)] [383]
[Sb,W(CO),J*~ [K(12.2.2Jcrypt) 5[Sb,W (CO).] 376]
[Sb(NICO)sJ*~ [K((2:2.2]crypt)[Sby (NiCO).] (en) [236]
[BisM,(CO)*~ (M=Cr, Mo) KIK([2.2.2]crypt)[BisM, (CO)d (en)s [239]
[BisFe,(CO)ys*” [NEt,J,[BisFe,(CO)s] [243]
[Bia (Fe{CO},); (FeCp'{COL)] [Bi(Fe{CO},)s (FeCp'{COL,)] [384]
[Bi;Ni, (CO)* [K([2:2.2Jcrypt) L[BisNi, (CO)e](en) (to 272]
[Bi,Ni,(CO)* [K((2:2.2]crypt)[Bi;Nis(CO) el (tol)s 272]
[Bi;Nig(CO)g* [K([18]crown-6)]5[Bi;Nig(CO),] (en) [272]
[Ni,@BigNis(CO)gl* [K([18]crown-6)],[Ni,@Bi¢Nis (CO) [272]
[Cu(Py)al" [Cu(P,)][AI(OC(CF;)5)4] [235]
[Ag(Po).]" [Ag(P.).JIAI (OC(CF)s).] [385]
[Ti(Ps)a1* [K([18]crown-6)1[Ti(Ps)] [267]
[PPh.JL[Ti(Py).] [267]
[PPNL[Ti(Ps).] [267]
Zn(Py)1* [K(12.2.2]crypt) {Zn (P;).] [268]
[Cd(P,).]" [K([2:2.21crypt) L[CA (P,).] (Py)e [268]

www.angewandte.org

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2011, 50, 3630—3670


http://www.angewandte.org

Zlntl Ions ‘.M"ﬁgﬂﬂﬁﬁcn
Table 7: (Continued)

Cluster Compound Ref.
[(Ase) (As3),{Co (PEt,Ph)e}] [(Ase) (As3),{Co(PEt,Ph)e}] [199]
[Cuy(Asy),]* [K([2.2.2]crypt)]u[Cu,(As;),] [268]
[NbAss]S’ [Rb([2.2.2]crypt)],Rb[NbAsy] [265]
[MoAsg]z’ [K([2.2.2]crypt)],[MoAss](en) [266]
[Pd,(As;)]" [K([2.2.2]crypt)][Pds,As] (en)s [269]
[Sn(As;),]*" [K([2.2.2]crypt)][SnAs,] [135]
[Pd;As;]* [K([2.2.2]crypt)]s[Pd;As;6]2(en)s s [269]
[AS@Niu@Aszo]l’ [PBu,s[As@Ni;,@As,) [270]
[NisSby* [K([2-2.2]crypt)]4[NisSbys] (en) [271]
[Zn@anBiA@BH]S* [K([2.2.2]crypt)]s[ZnyBiyy] (en), (tol) [273]
[Zn@ZnsSn,Bi,@Bis]*” [K([2.2.2]crypt) | Zn @ ZnsSn;Bi,@Bis](en)os (tol)os [274]
[Eu@SngBig* [K([2.2.2]Krypt) l[[Eu@SneBig] (en)s 1362]

[a] Np=neopentyl. [b] Ad =adamantyl.
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