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Preface

2021 marks the 50th Anniversary of the publication by Ken Wade of “The structural
significance of the number of skeletal bonding electron-pairs in carboranes, the
higher boranes and borane anions, and various transition-metal carbonyl cluster
compounds” in Chemical Communications. This paper played an important role in
the subsequent growth of the main group and transition metal cluster chemistry and
as it evolved into the related isolobal analogy it encouraged the appreciation of
imaginative interconnections between the main group, transition metal and organic
chemistry. The characterisation of increasingly large cluster molecules also led to the
emergence of nano-chemistry and important connections to materials chemistry. It
has been widely cited and the rules which resulted from this publication and related
papers are described in most modern undergraduate inorganic textbooks. As the
Series Editor of Structure and Bonding and someone who contributed to some of the
developments, I thought it would be appropriate to publish a set of reviews that
summarised and evaluated the influence of these generalisations on modern inor-
ganic chemistry. I hope that the resulting volumes provide a better insight in how
the origins and development of these ideas have evolved during the subsequent
half-century. The resulting chapters not only celebrate these ideas but also indicate
the limitations of the approach.

The first volume which is sub-titled “Historical and Recent Developments” opens
with a chapter titled “Personal Historical Perspective on the Development of Electron
Counting Rules for Boranes and Clusters and Ken Wade’s Contribution”. It gives a
historical account of the experimental, spectroscopic and conceptual developments
which provided an understanding of the bonding in boron hydrides and eventually led
to the electron-counting approach summarised in Ken Wade’s 1971 Chemical Com-
munication. The chapter also summarises the subsequent papers which extended the
applications of this approach in the 1970s and the early theoretical papers which began
to provide an understanding of the theoretical concepts which were responsible for the
rules which emerged.

A more general and robust theoretical framework was articulated in Anthony
Stone’s Tensor Surface Harmonic Theory published in the early 1980s. The chapter
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“Introduction to Tensor Surface Harmonic Theory” provides an account of this theory
and its subsequent applications. This molecular orbital model which was based on the
development of the particle on a spherical surface problem was able to account not
only for the electron counting generalisations, but also some of the exceptions which
had been noted. Using frontier orbital concepts, it also provided a methodology for
rationalising the polytopal rearrangements and reactivities of polyhedral molecules.

The influential contributions of Williams and Wade focussed primarily on
deltahedral boranes and carboranes with 4—12 vertices. Sourav Kar and Sundargopal
Ghosh’s chapter “Polyhedra Beyond the Icosahedron™ describes the synthesis of
related polyhedral molecules with more than 12 vertices. This possible expansion of
the field had been highlighted by theoretical studies from the 1970s but was not
realised until the twenty-first century when significant experimental challenges had
been overcome. Extensive research on supra-icosahedral borate dianions and their
carbon and metal analogues has been reported in the last two decades and as a result,
a significant number of supra-icosahedral clusters with 13—16 vertices have been
characterised and studied. Before 2003, the absence of suitable precursors had
limited progress in this important field. Modern synthetic methods and particularly
the reduction-capitation methodology have resulted in the isolation of a significant
number of novel supra-icosahedral clusters. For example, 15- and 16-vertex rho-
dium-based metallaboranes have been synthesised from the reactions of
cyclopentadienyl metal halides with mono-borane reagents. The successful isolation
of these large metallaboranes not only verifies earlier predictions of stable, large
supra-icosahedral boranes clusters but has also resulted in a solid foundation for the
subsequent expansion of supra-icosahedral borane chemistry.

Supra-icosahedral deltahedra with 14-16 vertices often adopt the Frank—Kasper
deltahedra which have several degree 6 vertices. The theoretical implications of
these novel structures are discussed by Alexandru Lupan, Amr Attia, Szabolcs Jakd,
Attila-Zsolt Kun and Bruce King in the next chapter. This review discusses how
transition metal atoms have the ability to utilise their d orbitals to stabilise deltahedra
with higher degree vertices and describes how distortions from spherical closo-
deltahedral geometries arise in such metalloboranes and metallocarbaboranes. This
chapter also discusses the more substantial deviations from sphericality observed in
the dirhenaboranes CpRe;B,, oH, » (8 < n < 12) which have oblate ellipsoidal
structures. Specifically, they note that the rhenium atoms are antipodally situated at
degree 6 or 7 vertices with relatively low local curvatures and the boron atoms are
situated at degree 4 and 5 vertices with relatively high local curvatures.

Soon after the discovery of the icosahedral borane anion [B;,H;,]*~ and the
isoelectronic carborane C,BoH;,, it was realised that they exhibited aromatic-like
properties. This led to the discovery of a wide range of substitution reactions and
resulted in the incorporation of many substituents into these cage compounds. This
opened up the possibility of developing families of compounds that matched those
which had been developed previously for benzene and related aromatic organic
molecules. Alan Welch’s chapter “Bis(carboranes) and Related Species” discusses
the syntheses, structures and reactivities of such compounds. The chemistries of these
derivatives are reviewed with particular emphasis on 1,1’-bis(ortho-carborane).
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Its reactivity is conveniently discussed with respect to the following: (a) as a k*-ligand
with transition-metals; (b) 5-membered cyclic derivatives with non-metals; (c)
deboronation-metalation chemistry and (d) reduction-metalation chemistry.

Catherine Housecroft’s chapter “Borane and Carborane Clusters Meet Coordina-
tion Polymers and Networks: In the Hole or in the Backbone?” gives an overview of
the different functions that borane and carbaborane clusters play in the assembly of
coordination polymers and networks. The roles played by these polyhedral building
blocks include “space fillers”, rigid rods (linkers) and connecting nodes. The [Co
(C,BoH|),] metallocarborane provides a notable example of these clusters playing
an important role as “space fillers”. The templating effects of the spatially demand-
ing polyhedral molecules are described. The ability of carbaborane clusters to act as
scaffolds for the design of di-, tri- and tetra-topic multifunctional carboxylate linkers
has proved to be particularly significant. These mimic arene-centred organic mole-
cules are well established as linkers and connecting nodes in 2D- and 3D- metal-
organic networks.

The second volume is sub-titled “Bonding in Clusters, Intermetallics and
Intermetalloids™ and begins with an introductory chapter titled “Electron Counting
Rules for Gold Clusters Which Are Stereochemically Non-rigid and Exhibit Skeletal
Isomerism”. The electron counting methodology associated with the polyhedral
skeletal electron pair theory (PSEPT) has proved to be particularly useful as an
aide-memoire for teaching inorganic chemistry since it summarises economically a
significant body of structural information. Its simplicity provided an easily applica-
ble and reasonably reliable tool to enable synthetic chemists to target potential new
clusters. A fundamental question remains however — “What do you do if the rules do
not work?” This chapter provides an account of a methodology, which was devel-
oped when a significant group of gold cluster compounds was found not to comply
with the rules. It also addresses the additional questions which arise when such
compounds are stereochemically non-rigid either in the solid or in the solution state.

Jean-Yves Saillard, Jean-Francois Halet, Franck Gam, Jianyu Wei and Samia
Kahlal’s chapter “Electron Counting in Ligated High Nuclearity Late Transition
Metal Clusters” develops this theme further by recounting the development of
theoretical models for large ligated transition-metal clusters. The impressive syn-
thetic and structural research which has led to the characterisation of these novel
high nuclearity Group 10 and Group 11 metals have been accompanied by notable
advances in the development of theoretical concepts, which have been assisted by
major advances in computational techniques. The jellium model has proved to be
particularly significant for chemists working in this area since it describes ligated
noble metal nanoclusters as superatoms and supermolecules in a way that resonates
with well-established chemical thinking. This review develops the basic theory and
illustrates its applications for specific spherical and non-spherical ligand-protected
nanoclusters containing platinum and coinage metals.

The extension of the electron counting rules to Zintl/Klemm polyhedral anions
and cations of the main group elements marked a particularly significant develop-
ment in the 1970s and in recent years research into these compounds has proved to
be one of the most exciting areas of cluster chemistry. The chapter by Fuxing Pan,
Bastian Weinert and Stefanie Dehnen titled “Binary Zintl Anions Involving Group
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13-15 (Semi-) Metal Atoms, and the Relationship of Their Structures to Electron
Count” provides a broad account of general developments in this field. They note
that binary molecular Zintl anions based on either two different p-block atoms or
combinations of p- and d-block atoms not only exhibit exceptional cage architec-
tures, but they are important starting compounds for materials chemistry. Many of
the structures can be satisfactorily described using structure-electron counting rela-
tionships, but there are also a significant number of exceptions. This review provides
a comprehensive collection of representative examples and comments on their
respective bonding patterns.

Wilhelm Klein, Annette Schier and Thomas Fissler’s chapter “Molecules Meet
Solids: From Wade-Mingos Clusters to Intermetalloid Clusters” develops this theme
in the next chapter. They note that the atomic and electronic structures of Zintl/
Klemm clusters place them right at the interface between that of molecules and the
extended bulk state. As a result of these studies, a series of compounds — ranging
from bare homoatomic Zintl clusters, through endohedral filled ones to examples of
complex polyanions comprising metal atoms with high coordination numbers has
been characterised which define the transition from molecules to intermetallic
compounds. The examples also mark the transition in chemical bonding from
molecular orbital theory to band structure calculations of extended solid and this
has led to their description as inter-metalloid clusters.

Jing-Xuan Zhang, Fu Kit Sheong and Zhenyang Lin’s chapter titled “Structure
and Bonding of Group 14 Clusters: Wade’s Rules and Beyond” discusses in more
detail the complexities of the bonding in Group 14 clusters. These clusters bear many
similarities to the borane clusters and have inspired chemists to understand their
structure and bonding based on Wade’s original electron counting proposals. The
discovery of many new compounds in this area in recent years has revealed many
challenges for structural and theoretical chemists. In this chapter, the authors discuss
the structure and bonding for a wide variety of Group 14 clusters, including bare
clusters, substituent decorated clusters, endohedral clusters, transition metal-doped
clusters, and their mixtures. Analysing their electronic structures within the frame-
work of molecular orbital theory has helped chemists appreciate their distinctive
features and define new generalisations.

I shall be retiring as Series Editor of Structure and Bonding this year after
20 years in the post and I should like to thank not only those authors who have
contributed to this volume but the volume editors and authors of the 87 volumes
which have been published during my tenure. I should also like to express my
sincere thanks to the senior editors, Marion Hertel, Elizabeth Hawkins, Judith
Hinterberg and Charlotte Hollingworth along with the supporting editorial staff at
Springer who have helped me and all the contributors in producing chapters that
have a very professional appearance and are more easily appreciated by the reader
because of their superior editorial skills and great attention to detail.

Oxford, UK D. Michael P. Mingos
July 2021
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Abstract The valence shell electron pair repulsion theory (VSEPR) added a three-
dimensional interpretation of simple molecular inorganic compounds by proposing
that bonds and lone pairs are both stereochemically active and together define a
characteristic co-ordination polyhedron. The polyhedral skeletal electron pair theory
(PSEPT) developed an analogous relationship for borane and metal carbonyl poly-
hedral molecules which is based on the total number of skeletal valence electrons in
related closo-, nido- and arachno- deltahedral molecules. The historical develop-
ment of the ideas which led to the PSEPT has been described in the Introductory
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Chapter of Volume 1. The electron counting rules associated with this generalisation
have proved to be useful as aide-memoire for teaching inorganic chemistry since
they bring together a large body of structural information for polyhedral molecules.
Their simplicity provided an easily applicable, but reasonably reliable, indicator for
identifying potential new targets for synthetic chemists. The fundamental question
remains — “What do you do if the rules do not work?”. This chapter provides an
account of the steps taken when a significant group of cluster compounds were found
not to comply with the rules. The gold clusters discussed in this chapter were
recognised as such a group in the 1970s, but they did not follow the pattern which
had been recognised earlier for polyhedral boranes and transition metal carbonyl
clusters. Furthermore, as their structures were revealed by X-ray crystallography it
became apparent that they provided many examples of skeletal isomerism, i.e. more
than one skeletal geometry was observed for seemingly isoelectronic molecules. In
addition, spectroscopic studies showed that many of the clusters were
stereochemically non-rigid especially in solution. The challenge of bringing these
gold clusters within the scope of PSEPT when they do not share the same structures
and electron counts as metal carbonyl clusters have multiple structures and are
frequently stereochemically non-rigid was not trivial. Most importantly it was not
sufficient to just tinker with the numerological aspects of PSEPT but a
re-examination of the fundamental quantum mechanical assumptions underlying
PSEPT and reformulating it in the new context.

Keywords Boranes - Zintl ions - Carbonyl clusters - Deltahedra - closo- - nido-
arachno - Electron counting rules - Three-centre bonds - Capping principle skeletal
isomers - Skeletal rearrangements

Abbreviations

CD Circular dichromism

CNCs Chiral nano-metre clusters

CPL Circular polarised luminescence

dppe Diphenylphosphinoethane

dppp Diphenylphosphinopropane

HOMO Highest occupied molecular orbital
HPLC  High-performance liquid chromatography
LUMO Lowest unoccupied molecular orbital

mos Molecular orbitals

NCs Nanoclusters

PSEPT  Polyhedral skeletal electron pair theory
sec Skeletal electron count

Tol tolyl

VCD Vibrational circular dichroism

VSEPR Valence shell electron pair theory
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1 Introduction

1.1 Are Clusters Stereochemically Rigid?

Technical and computational developments in the last 50 years have reduced the
time and effort required to solve the structures of cluster compounds in the solid state
[1, 2]. Solving the structure of a gold phosphine cluster compound in 1970 required
several weeks to collect the data and solve the structure but in 2021 the structures of
large clusters are determined on smaller crystals using automated algorithms in a
matter of days. The structures of clusters with more than 100 metal atoms are
regularly reported. Synchrotron X-ray sources and the use of programmes and
techniques which were developed initially for protein structures have made the
characterisation of these nano-sized clusters accessible if not completely routine.
The excitement of seeing a three-dimensional representation of the cluster molecule
for the first time is palpable. The pictorial representations which show the structure
as spherical balls connected by rods intuitively suggest a very strong and rather rigid
structure. When the observed structure can also be rationalised using simple electron
counting formalisms then one can easily fall into a mindset which assumes that this
structure represents a unique and very stable geometry [3-5]. It is appropriate at
times to remind oneself that these single X-ray structural determinations do not
provide any direct experimental information or even an indication as to whether the
structure is stereochemically rigid in the solid state or in solution. If it is indeed
stereochemically non-rigid, then further measurements are required to define the
magnitude of the activation energies of the fluxional processes and provide evidence
to support a specific mechanism for the polytopal rearrangement process. Further
spectroscopic measurements are required both in the solid state and solution to
resolve whether the fluxional state observed in solution persists in the solid state.
It is also important to determine whether the stereochemical non-rigidity involves
migratory process involving the ligands moving across the surface of the metal
cluster, or rearrangements of the metal skeleton which may require the ligands to
retain their links to the metals. Simultaneous rearrangements of the ligands and the
metal skeleton represent a third possibility. For carbonyl and hydrido-clusters the
activation energies for interconverting terminal and bridging carbonyls are generally
quite small and these ligands frequently migrate over the surface of the cluster
rapidly at room temperature. Hydrido-ligands have also been observed to migrate
from the surface to interstitial sites within the cluster. In contrast phosphine ligands
generally remain anchored to the metal atom and do not migrate readily over the
surface of the cluster. These molecular processes are most effectively studied using
spectroscopic techniques. N.M.R. experiments are particularly helpful for defining
the permutation of nuclei in these rearrangement processes. Kinetic and mechanistic
information has been obtained primarily for those clusters which have nuclei with
nuclear isotopes which may be readily interrogated using N.M.R. techniques. X-ray
crystal structural analyses may provide some circumstantial evidence for stereo-
chemical non-rigidity of the metal skeleton. The temperature factors provide
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evidence concerning the mean amplitudes of vibrations of atoms although they may
also reflect disorder within the crystalline state. A cluster compound may crystallise
in more than one crystalline modification. If the metal skeletal geometries differ
significantly and the two forms interchange in solution, it suggests that the potential
energy surface for the interconversion of the alternative skeletal geometries might be
sufficiently soft to permit the occurrence of rearrangement processes in solution.

2 Gold Clusters [3, 4]

Chapter I of Volume I described how the theories which were developed in the early
1970s led to a better understanding of the electronic factors which influenced the
geometries of main group and transition metal cluster compounds [5]. It established
for the first-time general relationships between the observed geometry and total
number of valence electrons [6—8]. These electron counting rules did not apply to all
polyhedral compounds of the transition metals and worked best for the carbonyl
clusters of the metals in Groups 6-9. It became apparent that the local symmetries of
the individual metal fragments also played an important role in underpinning the
relationships between main group and transition metal fragments. Specifically,
pyramidal M(CO); fragments were more reliable replacements for B-H and C-H
fragments than the less symmetric M(CO),4 and M(CO), fragments [9-12] and we
studied these differences using both theoretical and experimental studies. The
clusters of the coinage metals were less obvious rule breakers since they were
based on axially symmetric M-PPh; (M = Cu, Ag and Au) fragments. In 1976 1
started working at Oxford University on the synthesis of gold cluster compounds and
the research was funded by Imperial Chemical Industries (ICI) and the studentship
was taken up by Brian Theobald. The research project suggested the possibility of
synthesising cluster compounds containing metals from opposite ends of the transi-
tion metal series and studying their catalytic properties. Malatesta’s group in Milan
had reported the first examples of gold cluster compounds [13—16] stabilised by
phosphine ligands in the late 1960s and the structures of [Au;;(PPh3);(SCN);] and
[Aug(PTol3)g](PFg)s had been solved by the Milan group [17-20] and Ron Mason
(helped by research student Mary McPartlin) in Sheffield [21]. They were the first
examples of high-nuclearity metal clusters with interstitial metal atoms and their
skeletal geometries are illustrated in Fig. 1. The structures were interpreted in
terms of modifications of a putative regular centred icosahedron (Au;sL,).
[Aug(Ptol;)s]>* [21] was described as an icosahedron with two pairs of trans-gold
atoms removed and [Au;;(PPh3);(SCN)3] was related to the icosahedron by the
replacement of a triangle of gold atoms by a single gold atom [15, 17, 18]. This
limited number of examples did not reproduce the closo-, nido- and arachno-
relationships for metal clusters first described by Wade in 1971 [6] and their total
valence electron counts did not follow the pattern which was beginning to emerge
for the metal carbonyl clusters of the earlier metals [6, 7].
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Fig. 1 Structures of the high nuclearity clusters synthesised by Malatesta and structurally
characterised by Mason and Albano [20, 21] and their relationship to the icosahedral cluster
synthesised later [22]. The interstitial gold atom is coloured differently

In these early publications there were discussions as to whether these compounds
were best described as cages, representing fragments of a metallic structure, or as
co-ordination compounds with 8 or 10 Au-L “ligands” bonded to the central gold
atom. These limiting alternative representations are illustrated in Fig. 1 for
[Aug(PTols)s]** together with a hybrid representation. They were described some-
times as “porcupine clusters” to indicate this ambiguity [23]. The experimental
metrics suggested that the combined structure is the more appropriate because
both types of bonds (radial and surface) fall in the range anticipated for gold—gold
bonds. The surface Au-Au lengths are somewhat longer than the radial Au-Au bonds
[18, 21, 23]. The radial bonds of Malatesta’s gold cluster compounds lay between
2.62 and 2.72 A whereas the surface bond lengths varied from 2.80 to 3.10 A. In
metallic gold the Au-Au distance is 2.884 A. The radial bonds of Malatesta’s gold
cluster compounds lay between 2.62 and 2.72 A whereas the surface bond lengths
varied from 2.80 to 3.10 A. This is indicated in Fig. 1 by the use of continuous lines
for radial and dotted lines for surface bonds. The initial bonding descriptions noted
that the co-ordination description led to 18 and 16 electron configurations for the
central gold atom which were well established in octahedral and square-planar
complexes of the transition metals [21]. These unresolved bonding issues prompted
me to extend the molecular orbital methodology we had developed for carbonyl
clusters to see if we could understand the exceptional behaviour of gold clusters [24—
26].
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All of Malatesta’s cluster compounds were made by the reduction of gold(I)
phosphine complexes [Au(PR3)X] with sodium borohydride [13-20]. To further
the aims of Brian Theobald’s Ph.D. project we studied the reaction of gold(I)
phosphine complexes with [Ti(-C¢Hg),], which was not a commercially available
reagent, but was routinely synthesised in Malcolm Green’s laboratory by Geoff
Cloke using metal vapour synthesis techniques [22]. In our hands it did not result in
the isolation of stable titanium-gold cluster compounds but it proved to be an
effective reducing agent which resulted after work-up in the isolation of crystals of
[Au;3Cl,(PMe,Ph),o][PFsls. The phosphine was chosen to have a smaller cone
angle than PPhj; in order to encourage the formation of higher nuclearity clusters
and the importance of the steric requirements of the ligands led us subsequently to
define a cluster cone angle [27, 28] based on Tolman’s cone angle. The structure of
[Au;3Cl,(PMe,Ph),o][PFsls proved to be difficult to solve, because it had some
critical disorder problems associated with the counterions which were overcome by
Alan Welch. He solved the structure and established the presence of three counter-
anions. The structure provided the first example of an icosahedral metal cluster with
the geometry illustrated in Fig. 1. In common with other centred cluster compounds
the radial Au—Au bonds are shorter 2.716(2)-2.789(2) A than the peripheral Au—Au
bonds 2.852(2)-2.949(3) A. The spread of bond lengths indicated significant dis-
tortions away from the idealised icosahedral geometry and were attributed to the
steric constraints imposed by the bulky phosphine ligands. The solution of this
structure confirmed an earlier theoretical prediction we had made in 1976 [25] that
13 atom centred gold clusters, [Au3L,,], would have an icosahedral geometry and
be associated with a 5+ charge (i.e. 160 valence electrons). I think that this
represented the first example of a sizeable cluster compound being predicted and
subsequently successfully synthesised and characterised [22, 25].

Taken together with the structures reported by Malatesta’s group these gold
clusters clearly did not follow the patterns proposed by Wade based on analogies
with borane polyhedral molecules. The theoretical analysis we had published in
1976 provided an understanding of the bonding in these gold clusters [25] and
explained the reasons for their aberrant behaviour. In subsequent years salts of the
related ions [Au;3X4(PMe,Ph)g]* (X = CI, Br, I or SCN), [Au;3Br3(PMe,Ph)o]**
and [Au;3(SCN)s(PMe,Ph);] were synthesised. The icosahedral gold cluster com-
pound was subsequently also synthesised by the photolysis of [Au(N3)(PMe,Ph)]
and also by the addition [AuCl(PMe,Ph)] to [Au;;(PMe,Ph),(][PF¢];, which has a
bicapped square-antiprismatic skeletal geometry and this route was subsequently
extended to synthesise mixed icosahedral cluster compounds containing silver and
copper [3, 4]. These examples emphasised the importance of steric effects associated
with the ligands and the cluster cone angle we had proposed provided a useful
parameter for defining these effects [27, 28].

In the 1980s and 1990s the synthetic routes to gold cluster compounds were
expanded and a large number of structures were reported by Steggerda’s group in
Nijmegen, Holland [29—41] and by the Oxford group [42—51]. From the turn of the
century Konishi’s group in Japan has contributed significantly to the range of such
compounds [52—-61]. Malatesta and Steggarda had recognised that bidentate
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2+ 2
[Aug(PPhg)g] [Aug(dppp)l>” [Aug(xy-xantphos),)s] [(H12B10Au){u~Au, (PEt3) }(AuH, 5B 0)]
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bitetrahedra te(t’rgael'\ggfc?r? tetrahedron octahed?on

2
[AugC(PPhy)eI** Ay PPho) T
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bipyramid

Fig. 2 Examples of gold phosphine clusters with six and seven gold atoms [19, 38, 47]

{1 &

[Aug(PPhy)s*" [AU(PPh3);1”" [Aug(P(1,3,5-CeHMe;)sl>" [Aug(PPhy)g]"

Fig. 3 Examples of gold phosphine clusters with eight gold atoms [30-32, 38, 41, 58]

phosphine ligands added extra rigidity and stability to gold clusters and Konishi has
subsequently made a major contribution by his systematic studies based on the dppe
and dppp ligands [52-61]. The structures of gold phosphine clusters which resulted
from these studies are summarised and illustrated in Figs. 2, 3, 4, and 5 and
organised according to the number of metal atoms. The examples are illustrative,
rather than comprehensive, and the results reinforced the view that these clusters
followed a very different pattern from those reported for the carbonyl clusters of the
earlier transition metals. Specifically, there are numerous structures which are not
based on deltahedra and very open structures are more common. The latter are not
simply related by the closo-, nido- and arachno- deletions which had become
familiar for carbonyl clusters and boranes.

In the early 1980s it became apparent that minor changes in the phosphine ligands
could result in large changes in the skeletal geometry and suggested that a soft
potential energy surface may connect alternative skeletal geometries for the gold
clusters which did not have high symmetries and near spherical geometries. For
example, [Aug{P(CcH,OMe); }3l(BF,4); was a minor variant of Malatesta’s cluster
shown in Fig. 1 with a distant replacement of Me by OMe but resulted in the
isolation of crystals of a cluster with a very different skeletal geometry
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[AUG{P(CeH,Me)glgl”" : Z@

[Aug{P(CeH4OMe)3}8]3+ [Aug(PCy3)5(SCN)3 [Au10(PCy2Ph)6CI3]
Icosahedral girdle

[Aug{P(CgH,OMe)5}gl>*
Crown

Fig. 4 Examples of gold clusters with nine gold atoms [21, 31, 35, 40, 41, 44]

[Auy(PPhg)7ls] [AUH(PMePhZ)WO]CH [Auﬁ(PMeth)w]S* [AL'13(F"V|‘92F’h)10C|213+
isomer 1 isomer 2
Capped- hemi- Icosahedron
icosahedron (CHI) Bicapped-square- Bicapped-crown
antiprism (BSA) (BC)

Fig. 5 Examples of clusters with 11 and 13 metal atoms [15, 17, 18, 22, 36, 37, 41, 43, 50, 53, 58,
59]

[44, 45]. Figure 4 illustrates the alternative geometries and shows it has an octagonal
ring of gold atoms rather than being a fragment of an icosahedron. It is noteworthy
that the crown geometry is related to a squashed square-antiprism but has longer Au—
Au distances in the square planes. Later Kevin Hall, in a manner which
Pasteur would have appreciated, manually separated two crystalline modifications
of [Aug{P(CcH4,OMe); }3](NO3); from the same solution and structural determina-
tions of the two polymorphs exhibited the alternative skeletal geometries illustrated
in Fig. 4. This separation was simplified because the two isomers have different
colours, i.e. green and brown. A third geometry for these gold clusters was subse-
quently reported for [Aug{PCy3)s(SCN)3] and is also illustrated on the right-hand
side of Fig. 4. This cluster is closely related to that observed for [Au,o(PCy,Ph)sCls]
and both have a central hexagonal ring but the former has two and the latter three
bridging gold atoms.
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The structures of several gold clusters with 11 atoms have been reported and they
fall into two major classes. [Au;;{P(C¢H4F);}715], [Au; 1 {P(CcH4Cl)3}513], [Aug {P
(CgHs)3 17151, [Auy;{PPh3};(CNi-Pr),I] and [Au;,(dppp))sIs] all share a skeletal
structure based on an icosahedron with a triangle replaced by a single atom as
shown in Fig. 5 (Capped-hemi-icosahedron). The importance of capping atoms in
cluster chemistry had been recognised in 1973 [62] and amplified in later publica-
tions [63, 64]. With the smaller phosphine ligand PMePh, and the carborane
C,BoH, ;™ as a counter anion two crystalline modifications were isolated and their
geometries may be described either as a bicapped square-antiprism (isomer 1) or a
bicapped octagonal ring (isomer 2) (see Fig. 5). In contrast the centred gold clusters
with 13 gold atoms do not show inclinations to form skeletal isomers and all known
examples have icosahedral geometries. The alternative cuboctahedral geometry
which Lipscomb suggested may act as an intermediate in the rearrangements of
icosahedral boranes and carboranes [B12H12]27 and [C,B;gH;>] has not been
observed for phosphine clusters. Cuboctahedral clusters have been observed in
larger poly-spherical gold thiolato-clusters and the geometries of these related
clusters have been discussed in detail elsewhere [65-67].

Gold clusters stabilised by thiolato-ligands rather than phosphines have attracted
considerable interest recently because of their potential applications in the area of
nano-technology [3, 4, 65-67]. The rapid growth of the area has been stimulated by
the development of a flexible general synthetic route which has led to the isolation of
a number of crystalline solids and single crystal X-ray diffraction studies on some
key compounds. The crystallographic determinations of [Au;g(SCcH4CO,H)44]
and [Au,s5(SC,H4Ph),g]” proved to be pivotal in developing an understanding of
the important structural features. Specifically they established that there is a central
core of gold atoms, which is approximately spherical and close packed, and is
stabilised by an outer layer of either SR or organothiolato-gold(I) ligands, e.g. SR,
[Au(SR),]™ and [Au,(SR)3] . These gold-thiolato-ligands have been described as
“staples” because they are considered to be essential for stabilising the gold core.
Reviews in Refs. [3] and [4] give more comprehensive accounts of the developments
in this related and rapidly expanding field [65-67].

The presence of interstitial atoms is not limited to these higher nuclearity clusters
and there are examples of smaller clusters which encapsulate atoms, but since the
central cavity is smaller in these clusters only atoms with smaller radii are accom-
modated. Figure 2 illustrates [Au(;C(PPh3)6]2+ which has an octahedral gold cluster
with a central carbon atom and therefore resembles [RugC(CO);]. They are not
isoelectronic since the former has 80 valence electrons and the latter has 86. The
interstitial carbido-ligand in [AugC(PToly)s]** was initially not detected in the
structure and it was formulated initially as [Aug(PTols)s]**, but molecular orbital
calculations reported in 1976 suggested that such a molecule would be paramagnetic
and suggested that it may actually be the carbido-cluster [AueC(PR3)6]2+
[25]. Schmidbaur et al. developed a rational synthesis for the closely related com-
pound [AugC(PPhs)g]** a decade later and reformulated the earlier PTol; compound
[19, 63]. Analogous compounds with other main group interstitial atoms were
subsequently reported by his group [68-70].



10 D. M. P. Mingos

[AUs(PPhy)el"" [Aug(dppp),** [Au,(dppp),I**

N

Cl

[Aug(dppp)X,1>* [Auy, (dppe)el”

Fig. 6 Transformation of the geometries of Au, clusters induced by introducing the bidentate
phosphine dppp or dppe [16, 29, 51-53, 55]. The phosphorus atoms are shown in magenta and the
gold atoms in blue

This emphasises once more that the gold cluster compounds constitute a separate
class which did not adhere to the electron counting rules developed for metal
carbonyls and boranes. Figures 2, 3, 4, and 5 show that these gold clusters do not
have one characteristic geometry and small changes in the electronic and steric
properties of the ligands give rise to alternative skeletal geometries. This variability
suggested that the potential energy surface connecting the alternative geometries
may be quite soft.

Another important difference between these clusters and the carbonyl clusters is
that the geometry of gold clusters may be altered by introducing bidentate phosphine
ligands. Konishi [52—61] has made a systematic study of gold clusters stabilised by
bidentate phosphines and particularly dppp and some examples are illustrated in
Fig. 6 and compared with [Auﬁ(PPh3)6]2+. Specifically, dppp has just the correct bite
angles to bridge three atom metal sequences [34, 52-61]. Replacing monodentate
phosphine ligands with such ligands not only increases the gold coordination
numbers for the peripheral gold atoms, but also initiates a change of skeletal
geometry from two tetrahedra sharing an edge to a tetrahedron with two bridged
edges. The two compounds are contrasted in Fig. 6. The coordination chemistry of
gold(I) complexes is dominated by linear (14 electron) complexes, e.g. [Au(CN),] ™~
and [Au(PPhs),]", but trigonal and tetrahedral (16 and 18 electron) centres are
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introduced when dppp is introduced. These exo- gold atoms bridge edges of the
tetrahedral core [61].

Konishi has demonstrated that these clusters have unique spectral properties. The
gold clusters with [core+exo]-type geometries (nuclearity = 6, 7, 8, and 11) com-
monly displayed characteristic single absorption bands in the visible region, which
are absent in PR3 analogues. Theoretical studies demonstrated that the HOMO and
LUMO were shown to be localised around the polyhedral cores and the exo- gold
atoms, respectively. Therefore, the HOMO-LUMO transitions responsible for the
visible absorptions occur in the core — exo direction which is consistent with the
capping principle [62-64]. The HOMO-LUMO gap energies showed no clear
trends with respect to the nuclearity (size), indicating that the individual geometric
features of the inorganic framework primarily govern the clusters’ electronic struc-
tures and spectral properties. Structurally, they generally have a tetrahedral Auy or
bitetrahedral Aug core with one or two exo-gold atoms (see Fig. 6). On the other
hand, the use of bis(diphenylphosphino)ethane (dppe) resulted in the formation of a
higher-nuclearity [core+exo]-type cluster, [Au;;(dppe)e]**, which is composed of a
butterfly-shaped Aug core and two exo gold atoms ([Aug+2Au]-type). Steggerda and
Konishi have also used bidentate phosphines to stabilise icosahedral gold clusters
[29, 52].

A general characteristic of boranes and metal carbonyl clusters is that addition of
electron pairs, either electrochemically or by ligand addition, results in an opening
up of the skeleton of the cluster. For the boranes this is manifested in the closo-,
nido- and arachno- triads [B,ZH”]Z_, [BnH,,]4_, [Ban]G_ and for the 3-connected
polyhedral molecules more specific bond breakage processes result [6—8]. In contrast
gold, platinum and related heteronuclear clusters adopt more compact structures
when additional electron pairs are introduced. Some specific examples of this
alternative behaviour are illustrated in Fig. 7 [6, 8, 42]. In the first example reduction
of the gold cluster leads to a spherical cubic structure and in the second example the
CO ligand co-ordinates to the interstitial platinum and although the sec (skeletal
electron count) stays the same the geometry becomes hemi-spherical. This is
discussed more fully in Sect. 5.

3 'P{"H} N.M.R. Studies in Solution and the Solid State
3.1 Solution Studies [34-42, 50, 51]

Although the common isotopes of gold do not provide a basis for studying directly
the geometries of gold clusters in solution and the solid state using
N.M.R. techniques the *'P{'H} N.M.R. spectra of the phosphine ligands attached
to the clusters have provided important circumstantial evidence concerning the
fluxional behaviour of these clusters in the solution and solid states. The observed
spectra in solution are simpler than that anticipated from the solid state crystal
structure and suggested that the majority of [Au(PR3),]™ and [Au,.(PR3)]™"
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Fig. 7 Examples of reduction and ligand addition to gold clusters. In both examples the clusters
become more spherical as a result of the increase in the total number of electrons [40]

clusters are stereochemically non-rigid in solution even at low temperatures and the
*'P{'H} N.M.R. spectra frequently show only a single average resonance. In the
solid state, magic angle techniques have been used to obtain reasonable high-
resolution spectra with linewidths approximately 300 Hz and have proved more
helpful for defining the solid-state structures. >'P{'"H} N.M.R. studies provide more
robust information when the cluster contains interstitial platinum or rhodium which
are helpful for confirming the occurrence of intramolecular rearrangements. The
presence of silver nuclei on the surface of the cluster may also provide additional
information concerning which atoms are rearranging on the N.M.R. timescale.

The solution >'P{'"H} N.M.R. of the uncentred and lower nuclearity clusters
[Au6(dppp)4]2+ [34] and [Aug(PPhs)s]** provide structural data consistent with the
X-ray crystallographic analysis. The Nijmegen group was the first to recognise that
polydentate phosphine ligands increase the rigidity of gold clusters and thereby
obtain more accessible structural data. In recent years Konishi has exploited this
property most effectively to expand the range of gold clusters [52—61]. The spectrum
of [Aug(dppp)4]** shows two quintets of equal intensity which is consistent with the
solid-state structure shown in Fig. 6. The low temperature solution spectrum
(=90°C) of [Aug(PPh;)¢]** is consistent with the observed solid-state structure,
i.e. the edge shared bitetrahedron shown in Fig. 6 [34, 47]. The low-temperature
spectrum at —40°C shows two singlets in the ratio of 2:4 but the P-P coupling pattern



Electron Counting Rules for Gold Clusters Which Are Stereochemically. .. 13

Fig. 8 Location of halide =Cl O
ions in icosahedral gold
clusters based on the
icosahedron. The structures
are consistent with the >!P
{'H} NMR. spectra in
solution

[Au13CI2(PMeF‘h2)10]3+ [Au13Br4(PMeF’h2)8]+

sec=8 sec=8

was not resolved. As the temperature is raised the spectrum coalesces and at room
temperature only a single resonance is observed. An intermolecular skeletal
rearrangement has been proposed to account for the observed spectral changes and
a bicapped tetrahedron was suggested as the possible transition state. The
[Au;(PPh3);]JOH cluster [39] has the pentagonal bipyramidal geometry shown in
Fig. 2 which resembles those observed for [B7H7]27 and [C,BsH-] but has a more
compressed oblate structure because the apical gold atoms form a strong bond.
Indeed this is the shortest Au—Au bond 2.584(4) A, and is significantly shorter
thanothe surface bonds (average Au,yja—AUequa 2.82(8) A Auegua—Alcquac 2.95
(6) A). It could also be described as an Au, dimer acting as a spindle to a planar
pentagon of more weakly held gold atoms. The solution *'P{'H} N.M.R. spectrum
at room temperature shows only a single resonance suggesting a fluxional process
which interchanges the equatorial and axial gold atoms at a fast rate on the
N.M.R. timescale [39].

The icosahedral [Au;3Brys(PMePh,)g]Br is stereochemically rigid in solution at
room temperature [22, 51]. The solution spectrum has three resonances which is
consistent with the isomer shown in Fig. 8. Three different phosphorus environments
in the ratio 4:2:2. Despite some overlapping three resonances with similar chemical
shifts to those noted in solution are observed. The icosahedral cluster
[Au;3Cl,(PMePh,),o]PFg }; shows a single phosphorus environment which is con-
sistent with the solid state structure shown in Fig. 8. In this case there is no evidence
for stereochemical non-rigidity.

The solution >'P{"H} N.M.R. spectra of the icosahedral [Au;3X4(PMe,Ph)s]Y,
(X =Br, I, SCN; Y = Br, I, SCN, PFg, BPhy) and [Au,3Cl,(PMe,Ph)o][PF¢]5 are
consistent with isomeric structures shown in Fig. 8 [51]. All structures are based on
an icosahedron with the total number of co-ordinated phosphines and halides bonded
to the 12 surface gold atoms. In the first a singlet and two triplets of relative intensity
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4:2:2 are observed and in the latter shows three lines of equal intensity. The 'H
N.M.R. spectra are also consistent with proposed structures. These observations
suggest that the energy barriers separating the alternative isomeric possibilities for
these clusters are sufficiently large that they are not fluxional at ambient tempera-
tures. The energy barriers separating the alternative isomeric possibilities for the
icosahedron are larger than those for other gold clusters without interstitial
atoms [50].

The spectrum of [Au;;(PAr3);(SCN);] (Ar = p-C¢H4Cl) showed only a single
resonance even when the temperature was reduced to —90°C. When PPh; is added to
a solution of [Au;{(PAr3);(SCN);] no exchange between free and co-ordinated
phosphine was detected and similar results were obtained for other high nuclearity
gold clusters. These results suggest that the four different >'P environments
predicted from the ground state structure shown in Fig. 4 (capped-hemi-icosahedron
with C;, symmetry) are exchanging rapidly on the N.M.R. timescale, but technically
there are other possible interpretations, e.g. fortuitous accidental degenerate chem-
ical shifts [31, 36, 37]. The phosphine/glutathione ligand exchange processes in
these clusters have also been studied in detail [71]. The synthesis of
[Au;;(MePh,)0]{C>BoH;,}; has resulted in two isomers crystallised both of
which have structures based on a centred bicapped square-antiprisms or a bicapped
crown (BSA and BC) rather than the C;, geometry described above (see Fig. 5). The
solution *'P{'"H} N.M.R. spectrum of the isomers both show identical sharp singlets
even at low temperatures [50]. The BSA and BC structures are anticipated to have
spectra based on peaks in the ratio of 2:8 and suggesting the occurrence of an
intramolecular skeletal rearrangement. A detailed analysis of the structures of the
isomers lies on the least motion pathway between an idealised BSA and BC
geometries and the Csystructure and suggests a soft potential energy surface
[50]. The marked difference in the room temperature solution and solid-state spectra
has been attributed to faster intermolecular rearrangement processes in solution.
[Aug{P(CsH4OMe); }5](NO3), also crystallises as two polymorphic isomers whose
structures are illustrated in Fig. 4. They show identical >'P{'"H} N.M.R. spectra and
suggest that the two isomers interconvert rapidly in solution. Specifically, when the
temperature is lowered the singlet does not broaden and separate into distinct
resonances suggesting that these compounds are also stereochemically non-rigid
on the N.M.R. timescale [35, 40, 44, 45].

3.2 Solid State N.M.R. Studies [39, 71-74]

The gold clusters have also been studied in the solid state using magic angle spinning
N.M.R. techniques. The clusters show chemical shifts between 37 and 71 ppm
relative to 45% H3;PO, and are associated with a series of side bands spaced at the
spinning frequency. For the spinning speeds used in these studies the side band
intensities are relatively small and represent less than 25% of the total signal
intensity. The chemical shift anisotropies as revealed by the relative intensities of
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the spinning sidebands were found to be similar for the different phosphine envi-
ronments in a given cluster. The line widths of the resonances are generally typically
300 Hz in the solid state whereas related solution spectra have line widths of <5 Hz.
Part of the line width in the solid state may be attributed to dipolar broadening effects
due to '’ Au nuclei which are averaged-out in solution. It is not removed completely
by magic angle spinning because the quadrupole interaction of the gold is compa-
rable to the nuclear Zeeman interaction. Despite the broad lines many of the peaks
are sufficiently well resolved in the solid state [71, 72].

The room temperature solid state 3 lP{IH} spectrum of [Aug{P(CsH4OMe);}6]
(NO3), has two well-resolved peaks with relative intensities of 2:4 and similar to the
resonances observed when the compound was studied in solution at low temperature
(—90°C) and is consistent with the structure (Fig. 6). The marked difference in the
room temperature solution and solid-state spectra has been attributed to faster
intermolecular rearrangement processes in solution. The *'P{'H} solid state NMR
spectrum of [Au;(PPh3),]OH [39], which has a squashed pentagonal Dsy, structure,
has two overlapping peaks at 47.6 and 57.4 ppm downfield relative to 85% H;PO,
consistent with the solid state structure. In solution at room temperature only a single
sharp signal at 51.5 ppm is observed. Similar conclusions were reached for
[Aug{PPh3 }g](NO3), and [Aug{P(CsH4OMe); }5](NO3),, whose structures are illus-
trated in Figs. 3 and 4 . Its solid-state spectrum shows one completely resolved peak
at low field and a number (at least two) overlapping peaks at higher field. The low
field resonance has been assigned to the unique phosphine which has a significantly
longer Au-P distance. The low temperature solution spectrum of [Aug{PPh;}g]
(NOs3), shows only a single low field peak and three overlapping resonances at
high fields, which is consistent with the idealised C;, symmetry observed in the
crystal. In solution two distinct processes involving the equilibration of all the
phosphorus atoms and the movement of the Au-P units around the central gold
atom have been proposed [75].

The solid state >'P{'H} spectrum of [Aug{P(CcH4OMe);}5](NO3), shows two
resonances at +48 and 68.7 ppm relative to 45% H3PO, indicative of two environ-
ments and this is consistent with the D5y, skeletal geometry illustrated in Fig. 4. In
solution it shows only a single resonance even at low temperatures. The second gold
brown isomer gives rise to two peaks with an intensity ratio of 2:6. The idealised
skeletal geometry has Dsgq symmetry which has all phosphorus environments sym-
metry equivalent. The crystallographically imposed symmetry is C,, which allows
four distinct phosphorus environments which suggests overlapping of resonances of
nearly equivalent sites with similar chemical shifts. In solution not only do the
molecules undergoing interesting fluxional processes, but also a rapid interconver-
sion of the two isomers on the N.M.R. timescale [76]. The application of pressures of
up to 60 kbar on the green (D) isomers of [AU9(PPh3)8]3+ in the solid state shows
that it is converted reversibly into the brown isomer (D4q) and the process was
monitored using differences in their optical spectra. This pressure-induced reversible
change in cluster geometry from the Dy, icosahedral-fragment form to the Dyq4
centred-crown form confirms the presence of a low energy intermolecular transfor-
mation. The change in the core skeletal geometries of the clusters may result from a
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relatively minor “twist” of the “top” four Au atoms relative to the “bottom” four Au.
The concomitant realignment of “bonding” Au-Au interactions is efficient and
permits a low energy interconversion of the two forms. Similar pressure studies
have been used to study rearrangements in rhodium gold clusters [77, 78].

In summary these solid state N.M.R. results suggest that in many, but not all
cases, the distinct sites of the cluster framework may be resolved. A combination of
solid state crystallographic, solution and solid state N.M.R. spectroscopic measure-
ments and pressure studies are valuable for studying the ground state structures and
dynamic properties of phosphine clusters. The utility of the solid-state
N.M.R. technique is likely to be of unique importance in cases where crystal
structures cannot be determined, particularly when suitable crystals cannot be
obtained or when a molecule of interest is contained in non-crystalline environ-
ments, e.g. when it is absorbed on the surface or encapsulated in a molecular cavity.

4 Hetero-Metallic Gold Clusters

The incorporation of other metals inside the cages of gold clusters attracted consid-
erable attention in the 1980s. Pignolet [70-81] and Steggerda [82, 83] reported the
first examples of gold clusters with palladium and platinum interstitial atoms and
Watson prepared the first example of gold cluster with an interstitial rhodium
[84, 85]. Subsequently molybdenum, cobalt and other transition metals were incor-
porated. Strahle incorporated carbonyls of the earlier transition metals into gold
clusters [86, 87] and Teo was the first to introduce silver into the surface locations of
icosahedral gold clusters and we reported examples of linked icosahedral derivatives
[88-92]. References [93] and [94] give examples of Ag/Au clusters and Ag/Cu
clusters stabilised by thiolato-clusters. Silver, copper and mercury were subse-
quently incorporated into palladium and platinum gold clusters by Steggerda [82]
and Pignolet [75] and they demonstrated that these clusters would undergo oxidative
addition reactions with hydrogen and this could be utilised as the basis of catalytic
processes. Examples of these clusters are illustrated in Figs. 9 and 10 [75]. Figure 9
provides examples of a range of heteronuclear clusters which are isostructural to the
homonuclear gold clusters and are also isoelectronic. This permitted the interpreta-
tion of the bonding in both classes of cluster using the same bonding model. It is
noteworthy that all the clusters in Fig. 9 have spherical geometries and triangular
faces predominate. The radial Pt—Au bond lengths are 2.6-2.8 A and the Au—Au
distances in the periphery of the metal frame are 2.8-2.9 A, i.e. the pattern
established for the parent homonuclear gold clusters persists. The X-ray structure
of [Pt(AuPPh3)8(Hg)2]4+ shows two Hg atoms in trans-positions and the crown
configuration of the parent [Pt(AuPPh3)8]2+ is largely unaffected (Fig. 15). The steric
crowding associated with the phosphines plays an important deciding the nuclearity
of the clusters. The addition of metal cations (e.g. Ag, or Hg*" or M—X fragments,
e.g. Ag—Cl, AgNO; and CuCl) are particularly effective capping groups with
minimal steric demands [27, 28] and lead to coordination numbers as high as
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Fig. 9 Examples of isostructural and isoelectronic spherical heteronuclear gold clusters

12 for the interstitial atom. The substitution of the Hg-bonded NO3;™~ by CI ™ has been
shown to be a fast reaction.

Figure 10 provides another class of heteronuclear cluster compounds which may
be described in terms of an incomplete icosahedron and indeed many of the larger
examples may be described as hemi-spherical icosahedra. The lower nuclearity
examples are more appropriately described in terms of pentagonal pyramids. It is
also noteworthy that ring clusters undergoes a skeletal rearrangement to a more
spherical shape when ligands are co-ordinated to the central atom. The interconver-
sion of [Pt{AuS(PPhg)g}]2+ into [Pt(CO){Aug(PPh3)g}]2+when CO is added pro-
vides a specific example in Fig. 10 of this skeletal rearrangement [74, 75]. The
cluster compounds [Au;(PPh3);{Mo(CO);}]* and [Au;(PPh3);{C0,(CO)s}]" have
been isolated when [AuN;(PPh3)] is photolysed in the presence of either Mo(CO)¢
and Co,(CO)g [86, 87]. The former has an interstitial molybdenum atom and both
have structures which may be derived from the icosahedron and resembles the
platinum and rhodium clusters described above. [Au;(PPh3);{C0,(CO)¢}] has two
Au,Co trigonal bipyramids linked by a common vertex. The icosahedral clusters
which resemble [Au;;Cl,(PMePh,)]** and have copper or silver partially replacing
gold atoms on the surface have been synthesised by modifying the initial procedure.
Specifically [AuoM4Cl4(PMePh,)g]* (M = Cu or Ag) were made and structurally
characterised [51].

The N.M.R. spectroscopic characterisation of these cluster compounds in solution
was made more informative by the presence of '*°Pt, '“Rh and '“’Ag and '"Ag
nuclei. [PtAug(PPh;)s]** has the centred crown structure observed previously for the
homo-nuclear gold clusters shown in Fig. 4. The platinum cluster reacts more readily
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[(Ph3P)(OC)Pt{Au(PPh3)5]+ [(Ph3P)Pt{Au(PPh3)5(Hg(NO3)2]+

[(Ph3P)(OC)PHAU(PPhy)JI"  [(OC)PHAU(PPh,)s(Ag(NO,)>" [(OC)PHAU(PPh,)g*
0
1
C
/ S
[PtHg{Au(PPh,)}1** [PtAU{PPh )}l [Pt(CO)Aug{PPh,)}g”"
QO =Au =Hg Q =Pt O =Ag

Fig. 10 Examples of heteronuclear gold clusters containing platinum silver and gold

with nucleophiles, e.g. CO, than the related gold cluster and on co-ordination to the
interstitial gold atom increases the skeletal electron count by 2. As a result the
skeletal geometry changes to a more hemi-spherical shape in the way illustrated in
Figs. 7 and 10. A related cluster compound is observed in [Rh
(CNCgH7,)>AugCly(PPh;)g]** which has an interstitial rhodium atom. In the X-ray
structure determinations Pt and Au cannot be readily distinguished because of their
similar atomic numbers and the position of the Pt must be determined by careful
analyses of '*°Pt, and *'P NMR and/or '*” Au Mossbauer spectral studies. To date no
isomer with a central Au and a peripheral Pt has been detected. In the 1980s
Zhenyang and Mingos [94, 95] developed a theoretical model which accounted for
the regioselectivities of these metals in heteronuclear gold clusters. In essence those
metals which have the higher enthalpies of atomisation (Pd, Pt, Ir, Rh) favour
interstitial locations and those with smaller enthalpies of atomisation favour surface
locations (Ag, Cu, Hg). In all the examples studied to date the palladium and
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O =Ruco); () =AuPR, =p-H
[{Ru(CO)3}4{AuPPh}(n—H)s] [{Ru(CO)3}4{Audppm};(u-H),
[{Ru(CO)3}5{AuPPh},(—H)(u-COMe)] [{Ru(CO)3)4(AuF’Phs}g(u—H)]

Fig. 11 Gives examples of cluster building based on the addition of [Au(PR3)]* fragments to
preformed metal carbonyl anions

platinum atoms occupy the interstitial sites. This is reminiscent of the segregation
behaviour of gold/platinum alloys where platinum avoids occupation of surface
sites. Those clusters which have different Au-P sites in the crystalline state show
only a single Au-P resonance in the >'P{'"H} N.M.R. spectra at room temperature.
The intramolecular fluxionality in the platinum clusters can be confirmed by the
retention of coupling between the phosphorus and platinum nuclei over the whole
temperature range.

The Group 11 cations [M(PPh3)]* (M = Cu, Ag and Au) have also been widely
used in cluster aggregation reactions, because they are able to cap triangular faces or
edges of nucleophilic metal carbonyl clusters [96—101]. As discussed in the Intro-
ductory chapter [5] the skeletal electron pairs of the parent carbonyl cluster are not
altered by these capping processes. These properties have been utilised extensively
by Bruce [96, 97], Salter [98], Lauher [99] and Housecroft [100, 101] and their
reviews provide comprehensive compilations of the resulting compounds.
Housecroft developed this strategy to encapsulate a boron atom into metal carbonyl
cages. Similar reactions of [M(PPh3)]* and H* have led to them being described as
isolobal and theoretical calculations have revealed the electronic reasons for this
analogy [10, 26]. Furthermore, the ability of H, to form dihydrogen complexes with
transition metals has some similarities to the behaviour of [M(PPh3)]* fragments
when bonded to metal carbonyl clusters. Specifically, these fragments (especially
when M = Au) tend to aggregate on the cluster surface. The ability of gold to
participate in aurophilic interactions encourages these processes and Fig. 11 pro-
vides some specific ruthenium examples of these compounds. When two or more [M
(PPh3)] fragments are bonded to the metal carbonyl cage N.M.R. studies in solution
indicate that the capping fragments undergo skeletal rearrangements which lead to
site exchange. The carbonyl segment of the cluster appears to remain rigid with the
[M(PPhj3)] fragments migrating over this more rigid cage. The fact that [M(PPh3)]" is
able to cap either faces or edges of the carbonyl cluster facilitates these migratory
processes as do the aurophilic interactions which come into play when the gold-gold
separation becomes less than 3 A. These aurophilic interactions reduce the activation
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energies for these dynamic processes. Dyson, Rossel, Braunstein, Orpen, and
Shapley have reviewed the issues relating to skeletal isomerism in metal clusters
[102-106].

5 A Flexible Bonding Model for Gold Clusters

5.1 Introduction

It became apparent from 1976 that the gold clusters did not follow the bonding
patterns which had been defined in the early 1970s by Wade [6], Rudolph [7] and
Mingos [8]. Specific calculations on platinum and gold clusters explained their
errant behaviour and led to some alternative predictions for the closed shell require-
ments for gold clusters with interstitial atoms, e.g. icosahedral [Au13(PR3)12]5+
[24, 25] and octahedral [AuGC(PPh3)6]2+ [10, 11, 42]. These calculations identified
that the AuPR; fragment was isolobal with H and the alkali metals [107—112] rather
than the trigonal M(CO); fragments commonly present in metal carbonyl clusters
(see Fig. 12). This suggestion enabled synthetic chemists to use this relationship to
develop an aufbau capping procedure to expand the range of carbonyl clusters by the
addition of gold atoms, in the form of [Au(PPhs)]* [96—101]. These semi-empirical
calculations implied that the energy differences separating clusters with alternative
skeletal geometries would be sufficiently large that the structure observed in the solid
state is maintained in solution. The N.M.R. results discussed above showed this to be
incorrect. Synthetic studies increased the number of examples of structurally
characterised skeletal isomers. Continue with Isoelectronic gold clusters conse-
quently highlighted a problem which had not been encountered for rationalising
the structures of borane, hydrocarbon and carborane polyhedral molecules. Eventu-
ally the numerous alternative structures of gold clusters diminished the possibility of
developing a model which was based on a single class of polyhedra. The structures
generated a chimera which had a hint of an underlying pattern but not one that was
not readily amenable to a simple interpretation. The combination of structural and
N.M.R. data suggested these gold clusters represented an intermediate stage lying
between a gold nugget based on rigid polyhedral structures and a more fluid model
resembling a droplet of liquid gold. This raised fundamental issues and highlighted a
general valency question for chemists — how could one develop a satisfactory model
which applied to a body of clusters which were not defined by a single characteristic
geometric feature? This resulted in the development of a more flexible model for
gold clusters which was based initially on less specific topological features [113] and
resembled a droplet model which permitted distortions from spheres into spheroids
of lower symmetry [114]. The physics community had previously developed such
flexible models for describing nuclear structures [114].

It is noteworthy that although the [B,,H,,]*~ anions have characteristic deltahedral
geometries not all examples are stereochemically rigid on the N.M.R. timescale.
Examples of both rigid and fluxional polyhedral geometries had been noted and
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Fig. 12 Frontier orbitals of common fragments [10]

shown to depend on the number of boron atoms [5]. Subsequent studies showed that
these differences did not depend solely on geometric and topological factors but
were also influenced by orbital symmetry effects. In contrast the majority of phos-
phine stabilised gold cluster compounds are fluxional on the N.M.R. timescale but
are made more rigid by dppp bidentate phosphine ligands [52—-61]. An understand-
ing of the structures and fluxional characteristics of gold clusters therefore requires a
quantum mechanically based model but does not depend on a single geometric
polyhedral class. Early analyses of the molecular orbitals of gold cluster compounds
made it apparent that the skeletal molecular orbitals followed a particle in a sphere
pattern, with nodal surfaces increasing in number as the molecular orbitals became
less stable [24, 25, 107, 109]. In these early papers individual mos were classified by
their point group symmetry labels, but their relationship to the orbitals of spherical
atoms was implicit. The nodal characteristics of the mos did not show the degener-
acies associated with spherical atom but clustered sufficiently to suggest that a
spherical model may be a good starting point as long as it permitted distortions
from the full rotation symmetry of spherical point groups. The Tensor Surface
Harmonic Theory published by Stone in 1981 [115-118] articulated in an elegant
and general way the relevance of the spherical free electron models and it provided a
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useful notation for designating the mos in gold clusters. Indeed the greater simplicity
of the frontier orbitals of the [AuPR5]* fragment shown in Fig. 12 made the Stone
methodology simpler to develop than that for borane and carbonyl clusters. This
analysis proved to be a very flexible and appropriate general methodology for gold
clusters when modified to incorporate non-spherical gold cluster shapes [3, 4, 107,
119, 120]. The analysis was simplified considerably by the recognition that although
the molecular orbitals in borane clusters required an analysis of the radial and
tangential molecular orbitals the gold skeletal molecular orbitals depended primarily
on a consideration of the radial molecular orbitals. Indeed, the solutions of the
quantum mechanical problem referenced to the particle in a spherical field resembled
the graphical approaches introduced by King [121]. The publication of the closely
related Jellium model reported by Knight and co-workers in 1984 [122] accounted
for the relativity stabilities of sodium clusters observed in gas-phase molecular beam
experiments proved timely and enabled us to connect the two areas. Clemenger in
1985 extended the Jellium model to prolate and oblate spheroids [123] and this was
closely related the line we had taken for molecular gold clusters and reinforced the
isolobal relationships between gold and the alkali metals [124—127]. Our conclu-
sions were consistent with the ab initio calculations on sodium clusters reported by
Koetecky and Fantucci [128].

5.2 Bonding in Simple Gold Clusters [113, 120, 129, 130]

The frontier orbitals of the [Au(PR3)]" fragment are compared with related carbonyl
and phosphine fragments in Fig. 12 and confirm that that the former has a single
available frontier orbital. The bonding in phosphine cluster compounds of gold is
dominated by a single frontier orbital and metal-metal bonding depends primarily on
overlap between the 6s valence orbitals which hybridise with the 5d,2 [68—70] and to
alesser extent with 6p,. The relative energies of the 5d, 6s and 6p valence orbitals are
greatly affected by relativistic effects which place the 6s and 5d orbitals at similar
energies and encourage effective hybridisation. A large 6s-6p energy separation
minimises the participation of the 6p orbitals and the 6p™ orbitals do not form strong
metal-metal bonds on the surface of the cluster sphere. Pyykko [131, 132] made a
particularly important contribution recognising the importance of these relativistic
effects for gold resulting from the contraction of the 6s orbitals of gold. The bonding
characteristics of the frontier orbitals of [Au(PR3)]" fragments lead to the following
generalisations:

1. The energies of the bonding skeletal molecular orbitals in single shell gold
clusters are dominated primarily by bonding interactions between 6s orbitals.
The number of nearest gold neighbours therefore plays an important role in
defining the spectrum of cluster mos.
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2. Low nuclearity [Au,L,] (n = 2—4) are characterised by a single bonding molec-
ular orbital resulting from the in-phase overlap of 6s orbitals on the individual
gold atoms. This in-phase combination has no angular nodes and therefore
resembles an s atomic orbital and is designated the symbol S° (see Fig. 13).

3. For larger clusters [Au,L,] (n > 4) additional P°® skeletal molecular orbitals,
which are singly noded become available and contribute significantly to the
skeletal bonding. The radial bonding is enhanced by interstitial atoms. If the P°
shell is occupied by 6 electrons, the total electron density is spherically symmetric
and the cluster adopts a spherical geometry.

4. There are almost no phosphine gold clusters which are paramagnetic and conse-
quently the filling of molecular orbitals can proceed in a pairwise aufbau fashion.
If the P° shell is completely occupied by electrons, then the total electron density
is spherical and the cluster adopts a geometry which is spheroidal and maximises
the number of nearest neighbours. If the steric requirements of the ligands are
significant, then distortions away from these ideal geometries may result.

5. When there are insufficient electron pairs to completely fill the P° shell then the
cluster distorts in a manner which creates a stable partially filled shell. The
distortion is sufficiently large that the electrons pair up to form a low spin ground
state. The partial filling of P® molecular orbitals with a single electron pair leads to
a preference for a prolate geometry and oblate shape is favoured when P° is
occupied by 4 electrons (see Fig. 13).

Figure 13 illustrates the consequences of these simple molecular orbital argu-
ments derived from the solutions of the Schrodinger equation for the particle in a
spheroid. The methodology is limited to spheroids and is not based on detailed
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geometric features of a specific cluster. Following the analysis developed by Stone
[115-118] the solutions may be used to specify the coefficients of orbitals which
form the basis set for the molecular orbitals from the locations of the atoms. This
analysis suggests that the mos are most stable when the number of nearest neigh-
bours is maximised. Ideally the clusters which are classified as spherical have the
same connectivities for all the vertices and lie on the same spherical surface. Specific
examples are the tetrahedron, the octahedron and the icosahedron which also have
the maximum number of edges on a spherical surface because they have triangular
faces exclusively. The vertices of the square-antiprism and the cuboctahedron have
the same connectivities as deltahedra with the same number of atoms and also lie on
a single spherical surface but have fewer edges because of the presence of some
square faces.

[Auy(PBu'3)4**{S°}> (Fig. 14 [133-135]), octahedral — [AugC(PPhs)s]**
{S°}2{P°}° (Fig. 15 [68]) and [Au,5Cl,(PMe, Ph),o]** {S°}*{P°}° (Fig. 16 [22])
provide specific examples of closed shell structures compatible with the energy
levels shown in the centre of Fig. 13 for a sphere [133—135]. The square-antiprism
and cuboctahedron have not been observed in simple phosphine complexes. The
cuboctahedron has only been observed in a conjoined form with 25 gold atoms in
thiolato-clusters [3, 4]. Stone’s particle on a sphere equations may be used to define
the wavefunctions for the molecular orbitals of specific clusters and these results are
illustrated in Figs. 14, 15, and 16. The stabilities of the molecular orbitals depend on
the overlap integrals and resonance integrals and in a Hiickel approximation are
maximised for deltahedral arrangements. Figure 17 gives a corresponding molecular
orbital diagram for the cuboctahedron which has fewer edges but still reproduces a
very similar molecular orbital diagram and closed shell structure.

In these figures the skeletal molecular orbitals have been designated by both point
group symmetry labels and the pseudo-spheroidal symmetry labels, which empha-
sise the number of nodes associated with each molecular orbital. The number of
nodes defines the relative energies of the molecular orbitals, viz S° which has no
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Fig. 15 Molecular orbital interaction diagram for [AugC(PPhs)s]**. Similar analyses may be
constructed for trigonal bipyramidal [Au5P(PPh3)5]2+ and tetrahedral [Au4O(PPh3)4]2+

nodes along the tetrahedral edges is strongly bonding and the P°, which is noded
along half the edges, is somewhat antibonding. At its simplest level a Hiickel [70]
interpretation suggests that the bonding molecular S° molecular orbital is stabilised
by 3P (since it has three nearest neighbour gold atoms) and each component of the P®
molecular orbitals is destabilised by —p. The triple degeneracy of P° leads to an equal
spreading of the —3f antibonding character. Therefore a stable closed shell
electronic configuration is associated with triangular [AusLs]* and tetrahedral
[AusL4]**, which both have {S°}* configurations. Although triangular clusters of
gold are not well established, there are several examples of tetrahedral gold clusters,
viz [Auy(PBu'y)41**, [Auy{P(CsH3Mes-1,3,5}4]>", where each gold atom is associ-
ated with a single phosphine ligand. The stable [Au,]** entity may also be stabilised
by a combination of phosphine ligands and anionic bridging ligands along two edges
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Fig. 17 Skeletal molecular orbitals for a centred cuboctahedral gold cluster

of the tetrahedron, namely [Auy(p-I)>(PPhs)4] and [Auy(p-SnCls),(PPhs),] [133—
135]. Since these clusters have only one bonding skeletal mo then the covalent
bonding is not strong between because only a single electron pair in S° is delocalised
over the six edges of the tetrahedron.

Other deltahedral clusters constructed from equilateral triangles do not have the
vertices lying on a single surface and the resultant spheroids are either prolate or
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Fig. 18 The skeletal
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oblate. When n = 5, 8 and 10 (i.e. trigonal-bipyramids, dodecahedra and bicapped
square-antiprisms) the spheroids are prolate and whenn = 7,9 and 11 (i.e. pentagonal
bipyramid, the tricapped trigonal-prism and the octadecahedron) are oblate shaped.
Therefore for these clusters the three components of the P° shell shown in Fig. 13
lose their degeneracy and the reduced symmetry D}, point group is appropriate for
the resultant prolate and oblate spheroids. The P°, component is stabilised in the
prolate sphenoid and if the distortion results in a stabilisation greater than the pairing
energy a closed shell configuration for {S°}*{P°}* becomes the ground state. In
contrast an oblate distortion results in a stabilisation of the degenerate P°, , compo-
nents and favours a {S°}*{P°}* closed shell. Figures 18 and 19 illustrate the LCAO
molecular orbitals of [AusLs]" (prolate-trigonal bipyramid) and [Au;L;]* (oblate-
pentagonal bipyramid) and confirm these geometric consequences. The relationship
between the distortions and the orbital splittings may be analysed using perturbation
theory for the free electron model or by using the co-ordinates of the specific atoms
of deltahedron to derive the linear combinations from which the energies may be
derived from a Hiickel approximation [122—-127].

It follows that prolate geometries are favoured for clusters with {S°}*{P°)?
electronic configurations because the P, ,” components are destabilised relative to
the P.° component as shown in Fig. 13. [Aug(PPh;)g]** has a pair of tetrahedra
sharing a common edge and illustrates the prolate geometry. [Aug(dppp)s]** which
has a structure based on a di-edge bridged tetrahedron provides a second example. In
both examples the P, ,” components are localised on the atoms lying in the equatorial
plane and the nodal plane leads to antibonding next neighbour gold-gold
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Fig. 19 The skeletal molecular orbitals of a pentagonal bipyramidal gold cluster

interactions. A prolate distortion, which pushes the equatorial atoms closer amplifies
the splitting shown in Fig. 13. Konishi et al. [60] have reported a related
tri-tetrahedral geometry [Aug(dppe)s]** with 6 valence electrons which can be
interpreted by an extension of this model.

In contrast an oblate distortion which pushes the polar atoms closer together
results in a greater destabilisation of the P,° component (see Fig. 13). The pentagonal
bipyramidal cluster [Au,(PPhs);]* has an oblate structure and indeed the shortest
bond in the cluster is between the two apical gold atoms. This structure is consistent
with the closed subshell structure {S"}z{PX,y“}4 shown in Fig. 19. It is noteworthy
that the distortions described above create a sufficiently large HOMO-LUMO gap to
ensure that the clusters adopt a low spin state which is diamagnetic. Strahle has
reported that the [Aug(PPh3){Mn(CO);}] also has a pentagonal bipyramidal struc-
ture [86] and a similar spectrum of mos. In these examples the number bonding
electrons in skeletal mos is either 4 or 6 which is significantly lower than that in the
corresponding deltahedral boranes, i.e. 12 and 14, and do not result in a very strong
bonding regime.

This analysis has proved sufficiently robust to account for the geometries of gold
clusters stabilised by soft ligands such as phosphines, iodide and SnCl;. It is
important to recognise that the ligands play an important role in influencing the
stabilities and geometries of the clusters. This influence is not limited to electronic
effects and the steric effects introduced by the substituents on the phosphines and the
anionic ligands also greatly influence the observed geometries. In the absence of
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such ligands the bare clusters either adopt rather different geometries or decompose
to the bulk metal. These structures of bare gold clusters have been established by
careful spectroscopic studies in the gas phase and are supported by DFT calculations.
The structures of these clusters are discussed in some detail by Woodham and
Fielicke in “Gold Clusters in the Gas Phase” [136]. Their studies on clusters up to
Au, have shown that the smaller clusters generally favour close-packed planar
structures and the 2D to 3D transition occurs at Au;, for anions.

5.3 Introduction of Interstitial Atoms

For gold clusters with eight atoms or more the central cavity can accommodate
another metal atom with a slightly smaller radius. The interstitial metal atoms in gold
clusters thereby have smaller effective radii [3, 4, 42, 120]. This property has
resulted in a wide range of gold clusters with interstitial gold, rhodium, palladium
and platinum atoms. The introduction of an interstitial metal with nd, (n+1)s and (n
+1)p valence orbitals in a spherical cluster is represented diagrammatically in Fig. 16
for an icosahedral cluster. The s and p valence orbitals of the interstitial metal atom
match the bonding skeletal molecular orbitals {S°} and [P°] in much the same way
as that described above for carbon (see Fig. 15). The d orbitals of the gold atom are
stabilised but to a lesser extent by a weaker interaction with the D® antibonding
skeletal molecular orbitals. Therefore, a spherical cluster is characterised by the
following filled molecular orbitals {S°}> {d}'® {P°}® This leads to a total of
18 valence electrons, 10 of which are localised mostly as d orbitals on the interstitial
gold atom, i.e. these clusters are characterised by 12n + 18 valence electrons if all the
gold valence orbitals are included. Or 2n + 8 if the d shells on the gold atoms are
excluded because of their smaller bonding contribution, i.e. {S°Y*{P°}° is the
ground state electronic configuration. The relevant skeletal molecular orbitals for a
cuboctahedron are shown in Fig. 17. The computed energies for [Au;3]°" icosahe-
dral and cuboctahedral clusters are very similar. Both polyhedra have 12 strong
radial interactions, but the icosahedron has marginally stronger tangential interac-
tions because it has exclusively triangular faces. The radial bonding interactions with
the interstitial atoms strengthen the cluster but only 8 electrons are involved in the
radial and tangential bonding orbitals. This leads to relatively weak metal-metal
bonds in these compounds and of course a softer potential energy surface for
rearrangements. In the majority of the early publications we described the electron
counts as 12ng + 18 (spherical) and 12ng + 16 (oblate/toroidal), where ng is the
number of surface gold atoms. The filled d shell was included to make them as
similar as possible to the PSEPT description developed earlier for carbonyl clusters.
The discovery of nanoclusters with more than 100 gold atoms made this impractical
and we excluded the d shells and used a notation where only the skeletal electrons
(sec) originating from the 6s and 6p gold valence orbitals were audited.
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Fig. 20 Molecular orbital diagram for [Au9(PR3)g]3+ with a crown geometry (D,gq symmetry). The
contributions of the interstitial gold atom are shown in black and white

Figure 20 illustrates a mo interaction diagram for 8 gold atoms with a crown
geometry and their interactions with the atomic orbitals of an interstitial gold atom.
The degeneracy of the [P°] shell is removed in the oblate topology and the degen-
erate components [P°,,] interact with the orbitals of the ring more strongly. The [P°,]
component is only weakly bonding and this leads to a substantial HOMO-LUMO
gap. These oblate gold clusters are characterised by the closed shell
{S°¥*{d}'*{P°,,}", i.e. 16 electrons or 6 if the d shell is ignored, i.e. sec = 6. This
model may be extended to related clusters with interstitial platinum and iridium
[73, 75, 82, 120].

Gold clusters with more than 7 metal atoms invariably have interstitial metal
atoms and their structures have been illustrated in Figs. 5, 7, 8, 9, and 10. The
molecular orbital analysis suggests that the clusters fall into two classes — oblate
{S°}*{P°}° and spherical {S°}*{P°}*. These spheroidal shapes may be given more
specific molecular descriptions by recognising that they are based either on centred
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Fig. 21 Examples of spherical and oblate (toroidal) gold clusters with interstitial atoms. Hemi-
spherical examples are shown in the middle column

hexagonal or crown cores. Examples based on the centred hexagon are given in
Fig. 21 and those based on a centred crown in Fig. 22. The oblate geometries are
associated with {S°}*{P°}* skeletal mos and skeletal electron counts (sec) of 6, but
the introduction of capping groups along the C; or C, axes leads to the spherical
clusters with {S°}?{P°}° closed electronic shells. The capping involves the addition
of a single gold atom or a triangle of gold atoms along the three or fourfold axis and
leads to spherical clusters with sec of 8. If additional gold atoms are not introduced
along the major axis, but bridge edges of the hexagon then the oblate topology is
maintained (see Fig. 21) and the {S°Y*{P°}* shell configuration is retained. Such
clusters are characterised by sec of 6. Specific examples of these oblate clusters are
shown on the left-hand side of Fig. 21. Addition of a single metal atom along the
rotation axis above and below the interstitial atom leads to a distorted cube and
addition of a pair of triangles leads to an icosahedron (see Fig. 21). This polar
capping results in an increase in the number of skeletal bonding mos from 3 to 4 and
an increase in the skeletal electron count (sec) from 6 to 8. Although the centred
hexagonal ring has not been characterised as an independent species for gold cluster,
it represents an important building block because it corresponds to the central girdle
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Fig. 22 Examples of oblate and spherical clusters gold based on a crown. The examples on the
right have isoelectronic clusters with interstitial platinum atoms

of an icosahedron. The second important component is the oblate centred crown. The
structure is converted into a more spherical geometry by adding atoms along the Cy4
and if accompanied by a squeezing together the four metal atoms which define the
planes above and below the interstitial atom results in the bicapped square-antiprism
shown at the bottom of Fig. 22. If the original crown is kept, then the resultant
capped structure is best described as a bicapped crown. Figure 22 also gives an
example of a mono-capped capped square-antiprism which is also characterised by a
sec of § electrons.

The LUMO of the oblate crown cluster is the [P°_] molecular orbital which has
the appropriate symmetry to interact with lone pair orbital of a ligand. The addition
of PPhs to [Aug(PPh3)7]2+ converts it into [AUS(PPh3)g]2+ and this results in a
rearrangement of the cluster into a hemi-spherical cluster. A similar transformation
has been observed when [PtAug(PPhs)g]** reacts with CO to form [Pt(CO)-
Aug(PPhs)g]** and the structures of the resultant clusters are illustrated in the centre
of Fig. 21 and described as hemispherical.
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5.4 Summary

The bonding model developed above represents a fusion of the free electron Jellium
and Stone models. The former defines the overall topology of the clusters and the
closed shell requirements and the latter provides a menu of reasonable structural
possibilities for the molecule and gives rise to skeletal isomers. The Jellium estab-
lishes the following spheroid shapes for gold clusters with 2—8 skeletal electrons:

{S°)* — spherical ; {S°}*{P°,}* — prolate; {S°}*{P°,,}* — oblate; {S°}*{P°,,.}° -
spherical

Within these geometric boundaries the greatest stabilisation of the surface molec-
ular orbitals is achieved for atomic arrangements with the maximum number of
nearest neighbours, i.e. triangulated arrangements. This stabilisation is diminished as
the number of nearest neighbours is reduced. Connections between oblate and
prolate clusters are made by capping gold atoms and triangles introduced along
the major symmetry axis. These stabilisation energies fall in the same range as the
sterically induced repulsion energies introduced by the ligands. This leads to the
alternative geometric skeletal isomers described above. Figs. 21 and 22 provide
more specific examples which illustrate the scope of these generalisations. These
ideas have been extended to higher nuclearity phosphine and thiolato clusters of gold
in other publications [3, 4, 63, 129, 130]. Other chapters also provide examples of
subsequent developments of the Jellium model to clusters containing metals and
non-metals in other groups of the periodic table. Addition of ligands to the interstitial
atoms leads to hemi-spherical clusters which bridge the oblate and spherical cate-
gories by utilising the LUMO P°, in metal ligand bond.

6 Possible Skeletal Rearrangement Mechanisms

6.1 DSD Mechanism in Borane and Carborane Deltahedral
Molecules

Few of the gold clusters are isostructural with the closo- deltahedra which are
characteristic of boranes and carboranes and there are almost no nido- and arachno-
analogues. In addition they exhibit multiple isomeric structures for a given nuclearity
which result from subtle changes in the electronic and steric properties of the ligands.
In the early 1960s it was established that icosahedral 1,2-[C,B;oH;,] when heated
above 450°C resulted in two isomeric molecules with the carbon atoms occupying
more distant positions on the icosahedral cage. Clearly these rearrangement pro-
cesses were associated with a high activation energy but subsequently detailed ''B
{'"H} N.M.R. studies showed that the boranes [BgHg]*~ and [B; H;;]*~ rearranged
even at low temperatures and the interconversion pathways were associated with low
activation energies. The interpretation of these rearrangement processes represented
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Fig. 23 Definition and specific illustrations of the diamond-square-diamond rearrangement path-
way and the connectivities of the vertices involved. The bonds in red represent the bond broken and
made in the DSD process those in green the trigonal prism

a considerable intellectual challenge since there was no precedence which could be
adapted from organic chemistry.

In the 1960s Lipscomb proposed a general mechanism for the rearrangements of
deltahedral borane structures [137-140]. It provided a conceptual basis for under-
standing the fluxional behaviour of some of the [B,H, >~ anions and the thermally
induced isomerisation of the isoelectronic carboranes [C,B,H,,,»] ([141-144] and
references therein provide an entry into the relevant experimental literature).
Lipscomb focussed attention on two adjacent triangular faces of the deltahedra and
proposed that the diamond-square-diamond (DSD) rearrangement process, illus-
trated in Fig. 23 to explain such skeletal rearrangements. If the bond shared by the
two triangular faces of the deltahedron is broken a square or rhombic face is
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generated. When a new bond is made between the alternative vertices of the square a
new diamond is reformed with an alternative combination of linked vertices. The
rearrangement permutes the vertices although the bond length changes required are
relatively small. The net result is a pseudo-rotation of the initial deltahedron by 90°.
Lipscomb was drawn to the DSD mechanism because relatively small motions of the
atoms were required to achieve the isomerisation and he argued that such a least
motion pathway would facilitate a low activation energy for the skeletal
rearrangement. His insight arose from a disorder problem which occurred whilst
solving the crystal structure of the bicapped square-antiprismatic Cu,B;oH;o.
Lipscomb calculated that four boron atoms remain in the same position and the
other six boron atoms move only 0.4 A when the two isomeric forms are
interconverted. If the DSD process occurs at a frequency faster than the
N.M.R. experiment because of a low activation energy, then only an average signal
is observed for the ''B nuclei. Even in those cases where the activation energy for
the DSD mechanism was large the analysis proved useful for accounting for the
isomers formed when the carboranes [C,B,H,,,,] are heated and isomerise. In this
context he realised that for symmetrical deltahedra and specifically the icosahedron
and the octahedron a single DSD rearrangement does not reproduce the original
deltahedron but a less symmetric deltahedron. Several simultaneous and concerted
DSD processes, however, may provide an alternative least motion pathway for
interconverting isomeric forms. Specifically, he proposed that the formation of
isomeric forms of icosahedral [C,B¢H;,], which required temperatures in excess
of 450°C, could be explained by the concerted multiple DSD processes shown in
Fig. 24. The figure also illustrates how the octahedron may be converted into a
bicapped tetrahedron with a single DSD pseudo-rotation, but into trigonal prism as a
result of a triple concerted DSD mechanism.

Alternative diamond combinations may be chosen for deltahedra where all the
vertices do not have the same connectivities. Not all single DSD moves regenerate
the original deltahedron with permuted locations of the vertices. King [145-148]
was the first to systematically explore the geometric restraints associated with the
DSD mechanism in deltahedral [B,H,]*~. Although the DSD geometric methodol-
ogy identified possible least-motion pathways, it did not evaluate the quantum
mechanical effects which result from the evolution of molecular orbitals as the
DSD process proceeds. The Woodward Hoffmann rules showed that the activation
energies of pericyclic organic reactions are greatly influenced by the specific details
of the stereochemistry of the rearrangement pathways and demonstrated that sym-
metry forbidden orbital crossings greatly influence their activation energies. Orbital
crossings also play an important role in the DSD rearrangements of deltahedral
borane anions [149-162]. King’s graph theoretical and topological analysis [145—
148] suggested that [B5H5]27, [BgHg]zf, [B9H9]27 and [B, 1H11]27 may rearrange to
an identical deltahedron via a single DSD pathway, but experimental and theoretical
studies established that although [BgHg]*~ and [B;;H;,]*~ are indeed highly flux-
jonal [BsHs]>~ and [BoHo]*~ are stereochemically rigid at ambient temperatures
[140-144]. Theoretical analyses have demonstrated that this rigidity results because
the DSD process for [Ban]27 with4p + 1 (p = 1, 2, ...) is symmetry forbidden
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Fig. 24 The effect of a multiple DSD process for interconverting an icosahedron into a
cuboctahedron. The consequences of a single DSD process on an octahedron which results in a
bicapped tetrahedron, and a triple DSD process which interconverts an octahedron into a trigonal
prism

because of an orbital crossing in the Cy, transition state, i.e. the Woodward Hoff-
mann principle of the conservation of orbital symmetry applies to these molecules
which have spherical geometries in the same way that had been established previ-
ously for organic pericyclic reactions [149—163]. These orbital crossings involve the
tangential L™ molecular orbitals defined by Stone’s tensor surface harmonic theory.
Gimarc [149-151], McKee [153-155] and Wales and Stone [160] have analysed the
symmetry implications of these DSD rearrangements (see also [158-163]). Alterna-
tive pathways not based on the DSD process have also been identified in these
theoretical studies and especially those addressing rearrangements of carboranes
where the activation energies are significantly higher [152-157].
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Although Lipscomb focussed his attention on the rearrangements in polyhedral
molecules, the methodology was also developed to analyse possible rearrangement
pathways in co-ordination compounds where deltahedral geometries were frequently
used to define the ligand polyhedron although the atoms are not linked by bonds.
Muetterties [164—166] who was very involved in studying the rearrangements of
(B, H, >~ by N.M.R. extended his knowhow of the DSD mechanism to
co-ordination compounds. He made inorganic chemists more aware of the wide
range of coordination compounds which were stereochemically non-rigid and he
identified co-ordination compounds which are described by deltahedral
co-ordination polyhedral and suggested alternative pathways for their rearrangement
[164-166]. Many complexes with co-ordination numbers greater than 6 are
stereochemically non-rigid because simple small ligands, e.g. H and F, do not
provide a rigid co-ordination polyhedron and may move in a concerted manner
around the co-ordination sphere whilst maintaining strong radial bonds to the central
metal [164—166]. These studies led to the re-evaluation of alternative mechanistic
pathways which complemented those defined by the DSD rearrangements of the
ligand co-ordination polyhedron. Muetterties was very influential in developing the
Biirgi and Dunitz reaction co-ordinate mode of analysis to provide frozen frames of
the rearrangement pathways of co-ordination compounds based on structural data
[2, 164—175]. The group theoretical and symmetry implications of orbital symmetry
effects associated with DSD pathways in polyhedral and co-ordination molecules
have also been discussed in Refs. [159-163, 176—179]. These studies are relevant to
gold clusters which require an ambiguous description between co-ordination com-
pounds and polyhedral cages.

6.2 Orbital Symmetry Constraints for Gold Clusters

The gold clusters provided the first examples of skeletal isomerism in 1984 and led
to the definition that such clusters have identical stoichiometries but with different
skeletal geometries in the solid state [44, 45]. Later the definition was extended to
clusters which share the same number of skeletal electron pairs although they do not
have identical ligands [180—182]. A more recent review by Russel, Seco and Segales
[102] has defined three types of related isomeric possibilities: skeletal, positional and
ligand isomerism in cluster chemistry. They concluded that when skeletal isomers
are obtained from a reaction then crystals may be obtained by changing the counter
ion, solvent or rate of crystallisation. In addition, they noted that small changes in
the steric or electronic effects may result in the preferential crystallisation of one of
the isomers. The versatility of AuPR3 fragment, which is isolobal with H, and the
unsaturation of 16 electron platinum centres encourage the formation of skeletal
isomers and the many examples of this phenomenon were noted [98, 106]. Dyson
[103] has reviewed rearrangements which result as a consequence of ligand addition
and elimination reactions and discussed their importance in catalytic processes.
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The gold clusters do not conform to the structure/bonding generalisations devel-
oped for boranes, carboranes and metal carbonyl clusters in the early 1970s [5] and
often have multiple isomeric structures for isoelectronic clusters. These result from
subtle changes in the electronic and steric properties of the ligands. The denticity and
bite angles of the polydentate ligands also play an important role in influencing the
observed geometries in the solid state. Although there is no reason why the gold
clusters should follow the same pattern of behaviour established for (B,H,*~
anions, it is pertinent to examine whether the DSD mechanism provides a useful
basis for classification and interpretation.

The fluxional behaviour of higher nuclearity gold clusters has been recognised
since the 1970s [3, 4, 13-21] but detailed analyses have been limited to rather
unspecific statements suggesting that relatively minor movements of the gold
atoms can result in facile rearrangements. This section tries to identify plausible
intramolecular rearrangement pathways for gold clusters in addition to DSD. The
analysis also makes use of conclusions derived from the bonding model developed
above. This combined approach explores those processes which exchange all the
gold-phosphine fragments and discards those which limit the exchange to sub-group
of atoms within the cluster. It is possible to exchange all the gold atoms by
combining several individual rearrangement steps, which involve different
sub-groups, sequentially as long as all the individual steps have a low activation
energy. Our analysis utilises the extensive structural database on gold clusters to
benchmark the proposed pathways. This methodology draws on the Dunitz and
Biirgi’s structural correlation method [2, 165-169] which uses extensive structural
data to track probable reaction pathways for rearrangements and nucleophilic reac-
tions. This methodology was used to great effect for classifying the structures and
rearrangement and structures of co-ordination compounds by Muetterties [164—
172]. Orpen and Salter have reported a structural correlation analysis of
heterometallic gold clusters of the platinum metals [98, 106]. They examined
possible rearrangement pathways for M3;Au, cluster cores based on 16 crystal
structures and concluded that the DSD mechanism shown in Fig. 25 was more
consistent with the data than the alternative turnstile mechanism. The homoleptic
gold clusters have a more limited database and so are less definitive. The basic
premise is that if there are several structures with the same skeletal electron count
and the potential energy surface is soft the structures represent local minima which
give pointers to possible intermediates along the rearrangement co-ordinate.

The potential implications of orbital symmetry effects on polytopal
rearrangements of homoleptic gold clusters are illustrated in Fig. 26, which also
illustrates the relevant skeletal molecular orbitals for the rearrangement of a trigonal
bipyramidal cluster via a DSD mechanism. The corresponding rearrangement for
[B5H5]27 has been shown to be forbidden because of an orbital crossing involving
the surface molecular orbitals derived from the p”™ surface atomic orbitals [149-152,
156-163]. The corresponding rearrangement for the [AusLs]* is also symmetry
forbidden because the orbital crossing involves components of the incomplete P®
subshell as shown in Fig. 26 rather than L™/L” surface mos. The topological feature
underlying this orbital crossing results because the trigonal-bipyramid and



40 D. M. P. Mingos

Diamond-Square-Diamond

@RuZEAY | N )A/‘\
\\/ T \\\/

Square-pyramid

u) = (

Trigonal bipyramid Trigonal bipyramid

Turnstile Mechanism

C2 () KP
]
)%Au \ /\ /l /
(3)Ru<\—\Ru(1) ‘—( £(3)\R (1) (3)Ru \\‘ /
Ru
& @

Trigonal bipyramid Square-pyramid Trigonal bipyramid

Fig. 25 DSD and turnstile mechanisms for the rearrangement of RuzAu, clusters

ZIN
% ss\/ 4>4>

;e OT O
\l/

AS

Ss AuslLs”
Trigonal-bipyramid

S°+ a

Ausls*
Square-pyramid

75 AN
e N %

AuslLs*

SS

Trigonal-bipyramid

Fig. 26 DSD mechanism for the trigonal-bipyramidal [AusLs]" cluster which proceeds through a
square-pyramid

square-pyramid represent alternative prolate and hemi-spherical topologies and the
DSD rearrangement causes a reversal of orbital energies of the components of the P®
subshell. For the corresponding [AusLs]** cluster the pathway is symmetry allowed
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because the {S°}” closed shell correlates along the reaction co-ordinate for the DSD
rearrangement. A similar line of reasoning suggests that the trigonal bipyramidal
cluster with an {S°}*{P°}° ground state would similarly follow a symmetry allowed
DSD pathway. Clusters with partially filled {P°}* and {P°}* sub-shells are allowed
only if the same topology is maintained along the rearrangement pathway,
i.e. maintain prolate or oblate spheroidal topologies along the pathway. Pathways
which involve prolate — oblate — prolate, prolate — spherical — prolate,
oblate — prolate — oblate and oblate — spherical — oblate would be orbitally
forbidden, but prolate — prolate, oblate — oblate hemi-spherical — hemi-spherical
and spherical — spherical are allowed processes.

The approach may be illustrated by considering a specific example, viz
[Au6(PPh3)6]2+ which has the bitetrahedral edge sharing geometry illustrated in
Fig. 27. In solution >'P{"H} N.M.R. spectrum at —40°C of this cluster is consistent
with the observed solid state Dy, structure, but on raising the temperature the peaks
coalesce and a single line is observed at room temperature. The solid state *'P{'H}
N.M.R. spectrum is also consistent with the crystal structure and the (4:2 pattern)
and chemical shifts replicate those observed in solution at low temperatures
[43, 76]. Since the N.M.R. experiments suggest that all the phosphine ligands
exchange this rules out some possible skeletal rearrangements. For example, a
rearrangement which keeps the central pair of gold atoms (shown in red) stationary
and has the outer atoms (shown in green in Fig. 27) rotate in opposite directions
would not exchange all gold atoms and maintain the 4:2 pattern throughout and
would not average the two symmetry distinct locations.

The conversion of the bitetrahedron into a bicapped tetrahedron shown at the top
of Fig. 27 requires the formation of a new bond in the northern hemisphere of the
molecule as shown in Fig. 27a, b and creates three tetrahedra sharing faces. This
bicapped tetrahedral structure has been observed in [Aué(xant-phos)ﬁ]2+ (see Fig. 2)
but it does not exchange all the gold environments. If the two bonds shown in red in
the bicapped tetrahedron are broken, then a bi-edged-tetrahedron results (27c) and
this structure has been observed in [Au(g(dppp)4]2+ (see Fig. 2). If these edge bridging
gold atoms pivot to form an alternative bicapped tetrahedron (27d), it no longer has
both red gold atoms in 5-connected sites. Reforming a bitetrahedron (27¢) from 27d
results in an exchange of the central and peripheral gold atoms and when repeated
results in the interchange of al gold atoms. Consequently, the sequence of reactions
at the top of Fig. 27 provides a mechanism for exchanging all gold atoms, albeit by a
rather circuitous route. It does nevertheless incorporate intermediates which have a
precedence in the library of known structures and could reasonably represent minima
in the soft potential energy surface.

The second row in Fig. 27 provides an alternative mechanism whereby the
bitetrahedron (27f) is converted into a high symmetry octahedron (27g) by breaking
the central Au—Au bond and making bonds between the two pairs of points of the
tetrahedra connected by red dotted lines. The intermediate octahedron may reform to
a bitetrahedron by reversing the bond making and breaking processes in the alter-
native axial directions of the octahedron 27g 27h. Early theoretical calculations on
gold clusters indicate that an octahedral gold cluster would be an open shell molecule
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and suggested that an octahedral [Aug(PPhs)s]** does not have a closed shell
structure [24] but an elongated D,;, octahedron of gold atoms has been observed in
the borane compound illustrated in Fig. 2. Nevertheless, a regular octahedron is
unlikely to represent the transition state but the rearrangement may follow a path
which skirts the around this potential energy surface.

The third possible mechanism involves forming a hexagonal ring Fig. 27i, j, by
simultaneously breaking five bonds in Fig. 27i. This geometry is not required to be
planar and indeed the centred chair arrangement of six gold atoms is commonly
observed in phosphine gold clusters. The D3y symmetry permits an alternative
permutation of gold atoms when the bond making processes are reversed as shown
in 27k. The last two mechanisms shift both gold atoms of the common bond in the
bitetrahedron to frans-positions in the outer plane of atoms whereas the first one
transfers only one of the atoms to the outer plane. This analysis suggests the
possibility of distinguishing the mechanisms by variable temperature
N.M.R. experiments and may also be explored further using theoretical calculations.
The third rearrangement mechanism is the most plausible because it achieves a
rearrangement of the isomers using the minimal number of steps and the same oblate
topology is maintained throughout, whereas the second mechanism proceeds
through a spherical octahedron.

The [Au;(PPhs);]* cluster has the pentagonal bipyramidal geometry shown in
Figure 2. The skeleton has the same idealised D5, symmetry as [B,H,]*~ but has a
very compressed oblate structure which results from the compression of the
deltahedron along the fivefold axis. The apical gold atoms are connected by the
shortest bond (2.584(4) A; average Auyiy—Alequa 2-82(8) A 3 AuequarAUequa 2.95
(6) ;\) [39, 141, 142]. The solution 31P{IH} N.M.R. spectrum at room temperature
shows only a single resonance suggesting a fluxional process which interchanges the
equatorial and axial gold atoms at a fast rate on the N.M.R. timescale, but the solid
state N.MLR. is consistent with the solid state structure and shows two *'P environ-
ments [39]. In contrast [B;H,]*, in common with [BoHo]*~ and [B;oH;0]*", is
stereochemically rigid and is not fluxional on the N.M.R. timescale [141, 142]. This
property has been rationalised on geometric and orbital symmetry considerations.
This reinforces the view that the different bonding in gold and borane clusters is
reflected in their different fluxional properties. Figure 28 illustrates a DSD pathway
involving two adjacent faces in the northern hemisphere which results in a capped
octahedron with the cap in the southern hemisphere. A subsequent DSD involving
two adjacent faces from the cap and the octahedron results in pseudo-rotated
pentagonal bipyramid with apical-equatorial atom interchanged (i.e. red green inter-
change in the figure). For boranes it is geometrically and orbitally symmetry
forbidden and accounts for the rigidity of [B;H;]*~. The intermediate capped
octahedron requires a significant lengthening of the short connecting bond between
apical atoms and involves a significant change in topology from oblate to spherical.

The second mechanism illustrated in Fig. 28 recognises the short Au—Au axial
bond in [Aus(PPhs);]* and the relatively long surface Au-Au bonds. The
rearrangement may be viewed as the five equatorial atoms pivoting about this
bond and opening one of the edges of the pentagon to enable one of the initial apical
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Fig. 28 Plausible alternative mechanisms which enable the interchange of nuclei in the
[Au;(PPhs),]" cluster, which has a squashed pentagonal bipyramidal geometry. The DSD pathway
for the top example involves three equatorial atoms and the northern axial atom

gold atoms to take up an equatorial site. The resulting capped chair of seven gold
atoms shown in the figure is a common feature of gold clusters and is reminiscent of
the hemi-spherical clusters shown in Fig. 21. The resulting intermediate has Cs,
symmetry and if the process is reversed utilising one of the alternative chair gold
atoms related by the C; axis then a new pentagonal bipyramid is formed which has
one green and one red apical atom. This results in a different permutation of nuclei
compared to the first example and more detailed N.M.R. studies have the potential of
distinguishing between these alternative rearrangement pathways [168—172]. The
sequential use of this pathway would result in the scrambling of all the gold atoms
after several cycles. The second pathway maintains an oblate topology throughout
and consequently is favoured on orbital symmetry considerations. Figure 29 illus-
trates the molecular orbitals for the pentagonal bipyramid and the capped hexagonal
chair and suggests they can be interchanged without any forbidden orbital crossings.

It was noted above that [Aug{P(CcH4,OMe); }5](NO3); may be co-crystallised as
the crown and icosahedral girdle isomers and their crystallographic structures are
illustrated in Figs. 4, 21, and 22. Solid state N.M.R. experiments have confirmed
their independent structures. In solution the two isomers have identical spectra even
at low temperatures, which suggests that these isomers interchange rapidly. The
atom movements required to interchange these isomers are shown in Fig. 30. A four-
atom metal sequence in the peripheral crown rearranges into a butterfly arrangement.
Figure 31 summarises geometric transformations possible for an octagonal ring of
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Fig. 30 Interconversion of the crown and icosahedral girdle isomers of [Aug{P(CcH,OMe);}s]
(NO3);

gold atoms with an interstitial gold atom. For clarity it is represented as a planar
projection of the octagonal crown and illustrates how the crown may be converted
into alternative structures based on butterfly sequences shown in Fig. 30. Isomers of
bicapped square-antiprismatic gold clusters [Au;; {PMePh,};o]>* have been shown
to have structures lying on this putative reaction pathway (see Fig. 31). This figure
also shows the possibility of forming a basket structure observed in crystals of
[Aug(SCN);{PCy;}s]. Therefore, there are representative experimental structures
for all four possible intermediates shown in Fig. 31 and confirm the plausibility of
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Fig. 31 Possible mechanism for polyhedral rearrangements which account for the N.M.R. spectra
and the geometries observed for nine atom gold clusters having sec = 6. The crown geometry can be
transformed into a square-antiprism by shortening the distances between atoms in the two square-
planes. Intermediate structures with D,,, and C,, symmetry may be generated by shortening only
4 of the inter-gold contacts and simultaneously rotating two of bonds (separated by two or three
bonds) in the initial structure clockwise.

the cycle providing steps with low activation energies for averaging all the peripheral
gold nuclei.

The Auy clusters discussed above share oblate topologies, but the known Auy;
clusters are characterised by spherical skeletal geometries, i.e. bicapped square-
antiprism, a bicapped crown and a capped hemi-icosahedron with C3, symmetry
shown in Figs. 5, 21, and 22. The spherical topologies are consistent with their
{S°}2{P°}° closed shell electronic configurations.

The capped hemi-icosahedron has Cjz, symmetry and has three rhomboidal faces
radiating from the single gold atom on the C; axis. Figure 31 illustrates how a
square-antiprism and the crown may be inter-connected by concerted movements of
all eight metal atoms whilst maintaining D44 symmetry and an oblate topology. Their
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Fig. 32 Rearrangement of bicapped square-antiprism and a capped hemi-icosahedron

bicapped derivatives have been observed in the isomers of [Aull(PMePh2)10]3+
shown in Fig. 5. Figure 32 illustrates the changes in bond connectivities which are
required to interconvert a bicapped square-antiprism and a capped hemi-
icosahedron. If the three rhomboidal faces of the Cs, cluster are transformed into
6 triangular faces by concerted square-diamond transformations, then a bicapped
square-antiprism results. This is equivalent to three simultaneous DSD processes.
These clusters both have spherical geometries and their closed shell configurations
are {S°}*{P°}° and therefore the transformation interconverting them is not sym-
metry forbidden. The eight symmetry-equivalent equatorial vertices of the square-
antiprism provide a pathway for exchanging the all ten vertices in the initial Cs,
structure.

The solution 31P{IH} N.M.R. spectra of the icosahedral [Au;3;X4(PMe,Ph)s]Y,
(X =Br, I, SCN; Y = Br, I, SCN, PF¢, BPh,) and [Au;3Cl,(PMe,Ph);(][PFg]; are
consistent with isomeric structures shown in Fig. 7 [51]. The observation that these
icosahedral gold structures are stereochemically rigid on the N.M.R. timescale
suggests that the alternative cuboctahedral structure is significantly less stable than
the icosahedron in agreement with theoretical calculations. Both polyhedra are
characterised by {S°}*{P°}° closed shell electron configurations, but since the
icosahedron has six more edges this leads to a significant increase in the total
stabilising tangential bonding interactions.

The analysis illustrates how the Jellium model and a molecular orbital analysis
derived from the Stone approach may be used to classify the wide ranges of
structures observed for the gold phosphine cluster compounds. It also provides a
sound basis for proposing plausible mechanisms for the interchange processes which
occur in solution rapidly on the N.M.R time scale. The steric demands of the ligands
play a very important role in diversifying the range of structures observed by
weakening the tangential interactions between the gold atoms. They diminish the
significance of the generalisation associated with boranes whereby the deltahedra
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represent significant global minima on the potential energy surface. The most
plausible mechanisms involve either simultaneous DSD processes or concerted
bond making process involving centred hexagonal or octagonal rings.

6.3 Polytopal Rearrangements in Other Metal Cluster
Compounds

In the great majority of carbonyl clusters of the earlier transition metals the carbonyl
ligands migrate between the metal atoms by making and breaking bridge bonds. For
carbonyls the terminal — bridge — terminal transformations are concerted and
follow facile pathways with small activation energies for the individual steps across
the soft potential energy surface [182—-184]. In solution the majority of these
migrations can be modelled in terms of ligand migrations over the surface of a
rigid metal cage [182—184]. There are nevertheless some clusters where the carbonyl
and metal envelopes both undergo rearrangements, leading to polytopal
rearrangements of the ligand shell and the metal skeleton. The first examples of
carbonyl clusters undergoing metal skeletal rearrangements were defined for rho-
dium and platinum which have isotopes with I = %2 nuclear spins and therefore the
effects of the fluxional processes can be detected by changes in the spin multiplicities
and line widths of the N.M.R. spectra [184, 185]. If the metal nuclei do not have
isotopes which can be observed using this technique, then the skeletal
rearrangements cannot be investigated directly and may appear invisible. In
favourable circumstances evidence can be obtained through other nuclei with
I = ' which retain their bonds to specific metal atoms during the rearrangement
processes.

High nuclearity rhodium clusters were observed to undergo polyhedral
rearrangements on the NMR timescale at ambient temperature by the Union Carbide
group led by Jose Vidal in the 1970s [186-191] and included [Rh;oE(CO),,]""
(E=PorAs,n=3;E=S,n=2)and [Rth(CO)21]27 (E = P or As) which have
capped and bicapped square-antiprismatic geometries illustrated in Fig. 33. The
presence of the interstitial *'P (I = %4) nucleus and the coupling to the '**Rh nuclei
(I = '2) on the surface of the cluster provided ideal conditions for establishing that
the rearrangement is intramolecular and results from the rhodium nuclei migrating
around the phosphorus atom whilst remaining in bonding contact. The limiting low
temperature N.M.R. spectra of these clusters agrees with the structures observed in
the solid-state by single crystal X-ray diffraction (see Fig. 33), but at higher
temperatures all the Rh atoms are observed as one averaged chemical environment.
The *'P{'"H} N.M.R. spectrum of [RhoP(CO),; >~ showed the presence of a ten-line
multiplet centred at 282.3 ppm and it becomes more complex as a result of
inequivalent rhodium environments upon decreasing the temperature from +40 to
—80°C. The square-diamond rearrangement of the rhodium skeleton which leads to
a tricapped trigonal-prism is illustrated in Figs. 32 and 33 and accounts for these
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Fig. 33 The capped and

bicapped square-antiprisms

observed in the rhodium

clusters [RhoE(CO),, 1>~

(E =P or As) and [Rh;oE
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n=3;E=S,n=2)are

shown on the left-hand side

of the figure. Possible

intermediates which account capped square-antiprism tricapped trigonal-prism

for the observed skeletal

rearrangements are shown
on the right-hand side

bicapped square-antiprism capped hemi-icosahedron

observations since the latter could rearrange back using the other two edges of the
trigonal prism parallel to the threefold axis to create alternative permutations of the
rhodium atoms in the initial capped square-antiprism. Similarities between the
infrared spectra as a nujol mull and in solution negate the possibility of a change
in the structure of the cluster on dissolution in the N.M.R. solvent. In common with
the majority of known carbonyl clusters the carbon monoxide ligands simulta-
neously undergo a fluxional process around the surface of the rhodium skeleton.
The group 14 Zintl anion clusters [Mo]*~ (M = Sn, Pb) also have a capped square-
antiprismatic geometries and exhibit similar fluxional characteristics and presumably
also rearrange via a tricapped trigonal prism as shown in Fig. 33 [192].

The bicapped square-antiprismatic clusters [Rh;gE(CO)»]"" (E=Por As,n =3;
E = S, n = 2) have also been structurally characterised and the 3p{'H)
N.M.R. spectrum of the phosphide compound has a symmetric 11 line pattern at
ca 40°C but more complex spectra at low temperatures consistent with the idealised
D44 structure with rhodium environments in the ratio of 2:8 [187, 188]. The
isostructural closo—[Blon]z* anion shows no evidence of skeletal fluxionality on
the N.M.R. timescale and this has been attributed to the orbitally forbidden nature of
the appropriate diamond-square-diamond rearrangement for a bicapped square-
antiprism [159-163]. A double DSD process which results in two open faces sharing
an edge is symmetry allowed but is not utilised because of the high barrier. The
fluxional process for the rhodium anion may proceed as a result of the process shown
in Fig. 32 and has been proposed to account for the fluxionality of the centred gold
clusters, [Au;;X3(PR3);]. It proceeds via a capped hemi-icosahedral cluster which
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may be formed from the bicapped square-antiprism by three Rh-Rh bond lengthen-
ing displacements. The skeleton in the icosahedral cluster [Rhlzsb(CO)27]3_ has
idealised I, symmetry in the crystalline state and its N.M.R. spectrum is consistent
with a fluxional polytopal rearrangement involving the carbonyl ligands. The high
symmetry of the metal framework means that skeletal rearrangements of the metal
cluster cannot be detected in the N.M.R. experiment [190].

The first example of a facile intramolecular skeletal rearrangement of homoleptic
metal carbonyl clusters had resulted from a collaboration between Paulo Chini, Larry
Dahl and Brian Heaton [193-197]. Booth and Chatt had observed that when base
was added to [PtCI,(CO),] a range of brightly coloured solutions were observed and
Longoni and Chini established that the compounds contained related
[{Pt3(CO)6}m]2_ anions (m = 2, 3, 5, and 9) based on stacked [Pt3(p-(CO)3(CO)3]
triangular clusters as illustrated in Fig. 34. These structures shown were determined
by the Dahl group. The stacking does not result in a perfect column because the
triangles are not perfectly eclipsed but show a slight twist perpendicular to the
threefold symmetry axis. The metal-metal bonds within the triangular units are
significantly shorter than those between the layers and suggest that triangular
clusters may rotate relative to each other in solution. Since the oligomers bear the
same 2-charge one may conclude that the column has multilayer bonding reminis-
cent of that established for [Pt(CN),]*". As the column grows the inter-triangle
bonding becomes weaker and permits a rotation that would not be favourable for a
trigonal prism. Elegant and detailed variable temperature '*°Pt and '*C N.M.R. data
have shown that platinum triangles undergo rapid rotations perpendicular to the Cs
axis which interconvert trigonal prismatic/antiprismatic moieties along the chain.
Theoretical description of the bonding in these columnar clusters has been published
by Hoffmann et al. [198]. 13C and 3Pt N.M.R. studies in solution established that
for m = 3 the triangles not only rotate relative to each other but also interchange
triangles between the columnar clusters. This added an additional dimension to that
described above for the rthodium clusters which undergo only intramolecular skeletal
rearrangements [183, 184].

More recent work [199-201] has demonstrated the possibility of functionalising
the anionic Chini/Longoni platinum clusters using mono- and bi-dentate phosphine
ligands. Structures and N.M.R. studies of the numerous compounds isolated have
confirmed a high flexibility associated with the inter-triangular Pt—Pt interactions
along the pseudo-C; axis. The overall trigonal prismatic structures present in the
homoleptic clusters are readily deformed and transformed upon functionalisation.
Such transformations result from both steric and electronic effects and may be
described as local deformations along the conversion co-ordinate connecting the
trigonal prism and octahedron. The structures [Ptg(CO)m(dppe)]z_,
[Pto(CO)16(R-dppp)I° ", [Pti2(CO)2(PPhs)2]*" and  [Pto(CO)16(PPh3)*~ are
represented in a simplified way in this figure. Conversion of the cage from
trigonal-prismatic to octahedral was observed in [Ptg(CO) lo(dppe)]zf and
[Pts(CO),0(PPh3),]* . The reciprocal rotation of two trigonal prismatic units with
the loss of a Pt—Pt contact was established for [Ptlg(CO)zo(dppe)z]z_. Taking a
broader view these clusters represent a midpoint between the gold clusters and the
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Fig. 34 Columnar clusters of platinum clusters [{Pt3(CO)6}m]27 anions (m = 3, 4 and 5) and the
tricapped octahedral and tricapped trigonal prism geometries observed for the central palladium
cluster in [HCo, 5Pd9C3(CO)38]27. (a) to (d) indicate the way they define the transit between these
high symmetry possibilities

more rigid carbonyl clusters of the earlier transition metals since the individual metal
triangles remain rigid but intra- and inter- triangle motions lead to facile rotations
and the transfer of triangles between the columnar clusters [199-201]. Skeletal
isomerism has also been observed in the crystal structures of large molecular
organometallic nanoclusters. Two isomers of the [HCo, sPdyC5(CO)35]*
nanocluster, referred to as TP-Pdg and Oy-Pdo, have been structurally characterised
by single-crystal X-ray crystallography as their organo-ammonium and phospho-
nium salts [202]. The cluster core of TP-Pdy is a tricapped trigonal prism, but a
tricapped octahedron in Oy-Pdg. The presence in the solid state of the Op,-Pdgy or
TP-Pdy isomers depends on the cation employed and/or the number and type of
co-crystallised solvent molecules. Often, mixtures of the two isomers, within the
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same single crystal or as mixtures of different crystals within the same crystallisation
batch, are obtained.

References [202-210] provide more examples of skeletal isomerism which have
been studied recently.

The last 20 years has resulted in the synthesis and characterisation of gold
thiolato-clusters, e.g. [Auszg(SR)z4], [Ausg(SR)s0] and [Auszg(SR)g] [4, 65-67,
211] and has led to very high nuclearity clusters, e.g. [Au;92(SR)44] [212]. They
are collectively described as molecular nanoclusters (NCs) to emphasise the step
change which has marked the isolation of clusters with hundreds of atoms and
thereby approach nano-metre dimensions. The smaller cone angles of the thiolato-
ligands relative to organo-phosphines were important in facilitating this transition.
Moreover, the combination of gold(I) atoms with thiolato- (SR™) anions proved to
be uniquely capable of self-assembling a spherical ligand shell with just the right
dimensions and ligating properties to wrap around the central kernel of gold atoms.
The spherical ligand is constructed from [Au(SR),] ", [Au(SR);] ™ and [Au;3(SR)4]™
fragments which act like straps on the spherical surface and stabilise to the central
gold kernel. The gold cluster located at the centre resembles the gold phosphine
clusters described above and net charge follows the bonding model and electron
counts introduced above. Many have a central icosahedral [Au;5]°* kernel with
sec = 8 satisfying the closed shell [S°]* [P°]° [3, 4].

The thiolato- clusters have not been studied in detail by N.M.R. because neither
Au or S have nuclei with I = ' isotopes and consequently their dynamic properties
are not as well defined. Nevertheless, several examples of skeletal isomerism have
been established. This type of isomerism may prove to be important for understand-
ing and design of gold new nanoclusters and their dynamic properties. Researchers
in the field have identified three distinct mechanisms of structural isomerism
(i.e. core isomerism, staple isomerism and complex isomerism) [3, 4]. The three-
dimensional structures of NCs attracted considerable interest as nanoparticles with
controlled structures are potentially useful for selectively detecting important bio-
molecules [213-224]. This selectivity is enhanced if the NC is chiral. The first
crystal structures of [Au;2(SR)44] and [Auzg(SR),4] revealed the intrinsic chirality
of these clusters. This chirality arose primarily from the arrangement of the gold-
thiolato- ligands on the surface of the cluster cores but other origins of asymmetry
have been identified subsequently. Additional characterisation techniques, e.g. CD,
VCD, N.M.R. and CPL confirmed the asymmetric and optical activity of CNCs
(Chiral nano-metre clusters). Advances in synthetic methods and characterisation
techniques have led to 50 distinct types of CNCs [213, 214]. Their chiral and optical
properties have their origins in (1) the chirality transfer from chiral ligand; (2) the
helical organic—inorganic interface, such as —SR—-Au—SR- staples; (3) the asym-
metric metal kernel and (4) the chiral arrangement of organic ligands [213, 214]. Itis
worth adding that these four bases of chirality are not mutually exclusive and a
specific CNC may manifest optical properties representing the cumulative effect of
multiple sources of chirality.

When achiral ligands are used to stabilize the clusters the resultant compounds are
obtained as racemic mixtures. The separation of the enantiomers by HPLC
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(high-performance liquid chromatography) was achieved and confirmed by the
measurement of their CD spectra. Thermally induced inversion allows determination
of the activation parameters for their racemisation. The inversion studies demon-
strate that the gold—thiolate interface is anything but fixed and indeed suggest that it
is rather flexible. N.M.R. spectroscopy has successfully probed the chirality of well-
defined Au nanoclusters. The chiral [Auzg(SCH,CH,Ph),,] and nonchiral
[Au,5(SCH,CH,Ph)g] nanoclusters have been used as benchmark examples of
chiral and nonchiral gold nanoclusters, respectively. The single crystal X-ray dif-
fraction of [Au;p2(SR)44] in 2007 [212] provided an important stimulus for the
development of nanoclusters of the coinage metals. The possible existence of chiral
metal kernels among Au-GSH CNCs was initially proposed by Whetten et al. in
2000 but not established unambiguously by single-crystal diffraction studies [211].

Subsequently experimental results successfully proved that chiral ligands or helix
staples could induce a chiral metal core [215-220]. The single-crystal diffraction
study of [Aus>(SR)s;] revealed that a DNA-like double-helical Ausz, metal kernel
was induced by four short Au(SR), staples and eight long Au,(SR); staples, both
arranged along a common helix direction [215]. In 2014 Wang et al. [216] reported
Au,(PP3)4Cl4 nanoclusters whose chirality came from the intrinsically chiral metal
kernel. The Au,, metal kernel has a centred Au;; icosahedron surrounded by a
fan-like Au; motif in a helical arrangement but the racemic [Au,y(PP3),Cly] products
available at that moment.

The separation of racemic clusters to obtain pure enantiomers proved to be
challenging. Biirgi and co-workers achieved the enantio-separation of
[Ausg(SR)24] [217, 218, 221] using HPLC. The enantio-separation of racemic
[Auso(SR)24l, [217, 218] [Augg(SR)z0] [219] and [Agao(SR)12(PPhs)4] [220] was
subsequently reported [218-220]. Ackerson et al reported a chiral ammonium
bromide counterion induced phase transfer method that enantioenriched the left-
handed and right-handed Au,(, enantiomers in water and chloroform, respectively
[221]. The enantiopure Au,, with an intrinsically chiral metal kernel has been
separated using a supramolecular self-assembly method (a-cyclodextrin induced).
Recently Zang et al achieved the enantio-separation of [Ag;o(SR)g (dppm)g] NCs
with helically arranged staples and chiral arrangement of ligands through the con-
glomerate crystallisation method in dimethylacetamide (DMAc) solvent [219]. Pas-
teur-like separation of silver nanocluster racemates by conglomerate crystallisation
has also been reported [222-224].

7 Conclusions

Since the early part of the twentieth century chemists have used numerical rules as
pedagogical aids and synthetic chemists found that they proved to be useful indica-
tors for identifying possible new classes of compounds. The octet and 18 electron
rules proposed by Lewis and Langmuir between 1916 and 1920 predated the
development of the quantum mechanical description of the chemical bond. The
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octet rule proved to be a cornerstone of both inorganic and organic chemistry for the
subsequent 50 years especially after Pauling’s quantum mechanical reformulation of
Lewis’ two electron covalent bond. Langmuir’s 18 electron rule underwent a long
period of hibernation as chemists developed the chemistries of the transition metals,
lanthanides and actinides. Many of the compounds resulting from this research did
not follow the 18 electron rule and its application was limited to transition metal
carbonyls. The discovery of ferrocene in the 1950s propelled the growth of organ-
ometallic chemistry and led to an appreciation of thel8 electron rule as a useful aid
for synthesising a wide range of new molecular compounds.

The Hiickel 4p + 2 rule for cyclic aromaticity was initially proposed in 1931 but
had little influence on the development of organic chemistry until the 1950s when
molecular orbital ideas began to percolate into the subject. The development of the
Woodward-Hoffmann Rules in the early 1960s resulted in an important change in
the way organic chemistry was practiced and taught. Its success was based on an
appreciation of how the energies of orbitals in molecules evolved during the course
of the reaction and the important role symmetry played in the process. The stereo-
chemistries of pericyclic organic reactions were controlled by the electron
delocalisation in cyclic transition states.

The valence shell electron pair repulsion theory (VSEPR) provided a three-
dimensional interpretation of molecular inorganic compounds. It proposed that
bonds and lone pairs are both stereochemically active and defined a polyhedron
which locates them as far apart as possible and thereby minimise electron-electron
repulsions. The polyhedral skeletal electron pair theory (PSEPT) developed an
analogous relationship for borane and metal carbonyl polyhedral molecules which
related the total number of valence electrons to closo-, nido- and arachno-
deltahedral polyhedral geometries [5]. The electron counting rules associated with
VSEPR and PSEPT provided a basis for organising a large body of structural
information for molecular and polyhedral inorganic molecules. Gaining from the
prior experience in organic chemistry concepts taken from molecular orbital theory
were used to construct a theoretical framework for translating the numerology
associated with the electron counting formalisms into a more scientifically based
quantum mechanical orbital description.

This chapter provides a description of the steps which were taken when the rules
failed when applied to gold clusters. They did not follow the same structural pattern
which had been established for polyhedral boranes and transition metal carbonyl
clusters. Furthermore, as more of their structures were revealed by X-ray crystallog-
raphy it became apparent that they exhibited many examples of skeletal isomerism,
i.e. more than one skeletal geometry was observed for seemingly isoelectronic
molecules. Spectroscopic studies established that many of the clusters were
stereochemically non-rigid in solution and some even in the solid state. The patterns
associated with VSEPR and PSEPT were identified with ease because related
molecules shared a common stereochemistry. A paradigm which can be traced
back to Van’t Hoff’s deduction that organic compounds are built from tetrahedral
carbon atoms and Werner’s subsequent extension of these ideas to transition metal
co-ordination compounds based on octahedra.
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The exceptional behaviour of gold clusters was resolved by fusing two separate
quantum mechanically based models. The Jellium model defined the overall topol-
ogy of the gold clusters and their closed shell requirements in terms of the quantum
mechanical wave equations of the Schrédinger equation for an electron constrained
in a spheroidal ball. This gives rise to S°, P® and D° solutions which resemble the
familiar solutions for the hydrogen atom. This occurs for 2, 8, 18, 20 electrons for
spherical clusters. It does not, however, specify the locations of the metal atoms or
the preferred geometric shapes. It does imply that when the S°, P° and D° are
partially filled the shape may distort from the spherical shapes characteristic of filled
shells. These deficiencies are partially resolved by using the wave functions for S°,
to define the LCAO of the s functions on the individual gold atoms and estimate the
relevant energies of these molecular orbitals. This draws on the approach developed
by Stone in the Tensor Surface Harmonic Theory. It may also be used to define the
dispersion of mos in the P® and D° shells as a result of transforming the spherical
shape into oblate or prolate spheroids. The resulting sub-shells determine the closed
shell requirements in the gold clusters. This approach provides a menu of reasonable
structural possibilities for the cluster molecules which account for the skeletal iso-
mers based on the following:

{S°}* — spherical , {S°}*{P°}? — prolate , {S°}*{P°}* — oblate , {S°}*{P°}° —
spherical

Within these geometric boundaries the greatest stabilisation of the surface molec-
ular orbitals is achieved for atomic arrangements with the maximum number of
nearest neighbours, i.e. deltahedral arrangements. This stabilisation is diminished
somewhat as the number of nearest neighbours is reduced in order to minimise the
repulsions between the sterically demanding ligands. Connections between oblate
and spherical clusters are made by capping gold atoms and triangles introduced
along the major symmetry axis. These stabilisation energies fall in the same range as
the sterically induced repulsion energies introduced by the ligands. This leads to the
alternative geometric skeletal isomers described above.

The resulting model is sufficiently flexible to give a broad topological represen-
tation of the structure and defines a range of structures which are accessible as a
result of variations in the steric requirements of the ligands. This model since it is
grounded in the orbital characteristics not only provides a basis for articulating
the possible alternative structures but also provides insights into the nature of the
fluxional behaviour of these clusters. In broad terms the fluxionality reflects the
relative weakness of gold—gold bonds in these clusters because the small number of
electrons constituting the closed shells and sub-shells. Plausible pathways for the
fluxional processes may be proposed on the basis that orbital crossings are avoided.
This model has been extended to describe the bonding in condensed and high
nuclearity gold clusters [5, 129, 130].

The analysis of exceptions to the electron counting rules using molecular orbital
theory became a theme of our research for the next decade and the following
references provide a summary of the areas studied and appropriate references:
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. Triangular platinum cluster compounds [225-227].
. Metalloboranes with PtL, fragments and slipped metallocarboranes [228-233].
. Metalloboranes displaying alternative electron counts and unusual geometries

[234, 235, 237, 241].

. Metal clusters with ML, fragments [11, 12, 64].

. Condensed cluster compounds [236, 237].

. Clusters with interstitial atoms and molecules [238-241].

. Bond breaking in electron rich clusters [242, 243].

. Involvement of lone pairs in skeletal bonding [244].

. Transition metal clusters of the earlier transition metals with w-donor

ligands [245].

In each case the chasm left because of the failure of the electron counting rules

was satisfactorily bridged using simple concepts developed from molecular orbital
theory and associated perturbation theory arguments.
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Abstract Over the years, the development of large ligated transition metal clusters
has been accompanied by the development of theories using conceptual ideas and
models which resulted in a range of electron-counting rules. All of them aimed to
understand and rationalize the relationship between the structure and the electron
count. Among these rules, those relying on the spherical jellium approximation,
initially employed to study simple spherical alkali clusters, have shown to be very
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powerful to chemists interested in viewing ligated noble metal nanoclusters as
superatoms, supermolecules or specific nano-objects with “magic” electron counts.
This review develops the basic theory and illustrates its applications for specific
spherical and non-spherical ligand-protected nanoclusters containing metals from
groups 10 and 11.

Keywords Clusters - Copper - Electron-counting rules - Gold - Jellium model -
Nanoclusters - Palladium - Platinum - Polyhedral skeletal electron pair theory -
Silver - Superatoms - Supermolecules

Abbreviations

AO Atomic orbital

Cp* Pentamethylcyclopentadienyl

cve Cluster valence electron

DFT Density functional theory

dmf Dimethylformamide

Dppp 1,3-bis(diphenylphosphino)propane
dtp Dithiophosphate

EAN Effective atomic number

Et Ethyl

GUM Grand unified model
HOMO  Highest occupied molecular orbital
LUMO  Lowest unoccupied molecular orbital

Me Methyl

MO Molecular orbital

Ph Phenyl

PR; Organophosphine

PSEPT  Polyhedral skeletal electron pair theory
SR Organothiolato

tol 4-Methylphenyl

Tr Tropylium

TSH Tensor surface harmonic

1 Introduction

Ken Wade’s seminal paper “The structural significance of the number of skeletal
bonding electron-pairs in carboranes, the higher boranes and borane anions, and
various transition-metal carbonyl cluster compounds” published in Chemical Com-
munications in 1971 [1] certainly paved the way and influenced the way cluster
chemistry has developed during the last 50 years. Wade’s rules were initially setup to
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link the shape of the skeletal polyhedral borane and carborane clusters to the number
of electron pairs [2-7]. Rapidly, interconnections between these boranes and
carboranes and main group and/or ligated transition metal clusters were established
[3, 8-12]. Encouraged by the isolobal analogy [13, 14], a flurry of contributions
resulted, which expanded the impact of the ideas presented in this original paper and
which constitute today the basis of the so-called Polyhedral Skeletal Electron Pair
Theory (PSEPT) — also known as the Wade—Mingos rules [2, 3, 15-17]. The reader
is directed to Mingos’ introductory chapter of this volume for the historical devel-
opment of these electron-counting rules. Although their relevance is sometimes
considered to be limited to the area of organometallic clusters the power of PSEPT
originates from the fact it is able to cover a very large field of structural chemistry
from small clusters to sub-nanometre sized (even nano-sized) metal particles.

Several years after Wade’s publication, Stone developed the elegant Tensor
Surface Harmonic (TSH) theory to theoretically underpin Wade’s rules [18-24]
(see Fowler’s chapter in this volume). In short, TSH theory is related to the problem
of an electron gas constrained to remain over the surface of a sphere, and this is why
the original rules apply only to hollow pseudo-spherical (closo, nido, arachno, etc.)
clusters, although PSEPT is able to extend them to other cluster families [25]
through aufbau processes based on capping and condensation principles. In the
case of non-hollow, compact pseudo-spherical clusters, one has to rely on a some-
what different conceptual model, the so-called spherical jellium model, which is
based on the problem of an electron gas constrained to remain inside a sphere.
Although well known within the physics community [26] for a long time, the jellium
model is not so familiar to chemists. It was initially used to interpret mass spec-
trometry experiments on sodium Na, clusters and other alkali clusters [27], which
exhibited particular abundance for specific numbers of alkali atoms (2, 8, 20, 40 . . .),
which were called “magic numbers” [27-30]. The spherical jellium model views a
cluster of atoms as a single large pseudo-atom with electron shell closings for 2, 8,
18, 20, 34, 40, 58, etc. electrons. This model was subsequently adapted to gold
phosphine clusters by Mingos et al. in the 1980s [22, 31-37]. In the 1990s the
relationships between the spherical jellium model and the TSH theory were also
used to interpret the geometries of clusters derived from ab initio calculations
[23, 24].

Today, with the increasing development of noble metal nano-chemistry, the
Jjellium model is commonly used to rationalize nanoclusters as “giant atoms” with
magic electron counts [38, 39]. The following discussion will illustrate how this
Jjellium model can help to understand the structural and electronic properties of
spherical or nearly spherical ligand-protected nanoclusters. Given the huge amount
of published literature in this area during the past decades, many examples are
available to illustrate these applications. We have had to be selective and the
examples chosen are somewhat illustrative rather than exhaustive — a collection of
“portraits” which we think is educationally helpful.
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2 The Spherical Jellium Model

Before entering into the business of electron counting in high nuclearity late
transition metal clusters — the objective of this chapter — let us briefly summarize
initially the basic principles of the spherical jellium model, with a special emphasis
on the comparison with the polyelectronic atom problem, which will lead to the
concept of superatom.

The Hamiltonian operator for a polyelectronic atom is recalled on the left side of
Fig. 1. The solutions of the Schrodinger equation for such a spherical system are
polyelectronic functions that can be written on the basis of simple monoelectronic
functions, the so-called atomic orbitals, which are the product of a spherical har-
monic and a radial function. In the case of a molecule (middle of Fig. 1), several
nuclei (Z,) are present. Thus, the spherical symmetry is broken and the
polyelectronic solutions of the Schrodinger equation can no longer be written on
the basis of atomic orbitals, all of them centred on the same nucleus. However, in the
very specific case of a pseudo-spherical close-packed (compact) arrangement of the
nuclei, the approximation of replacing the dense cloud of nuclei point charges by a
smoothened (average) uniform positive potential of radial symmetry, v(r), can be
made (Fig. 1, right side). This is the spherical jellium approximation. Thus, the
resulting approximate Hamiltonian somewhat resembles that of the polyelectronic
atom. Both reflect the spherical symmetry of their respective systems and have their
electron/nucleus (nuclei) interactions described by a radial potential. It follows that,
as for the polyelectronic atom case, the solutions of the Schrodinger equation
resulting from the spherical jellium approximation can be written on the basis of
monoelectronic functions which are the product of a spherical harmonic and a radial
function (Fig. 1). These ¥, 1., functions are called “jellium orbitals” in the following

radial potential radial potential

1
Atom (spherical) Molecule (in general non-spherical) Pseudo-spherical close-packed cluster (superatom)

-

Pseudo-spherical and
compact cloud of nuclei

Spherical jellium approximation

Spherical 1-electron orbitals (atomic orbitals): Spherical jellium 1-electron orbitals (“superatomic’” orbitals):
Woimli) = folri) X Vin(©;, @) Woimli) = Gp(r) X Yin(©;, @)
n21,0<l<sn-1,-1Sm<+] n can have all / > 0 values associated with
1s<2s<2p<3s<3p<ids.. 1S<1P<1D<2S<1F<2P..
Closed-shell noble gas rule Closed-shell “magic” numbers of electrons:
2,10, 18, 36, 54... electrons 2, 8,18, 20, 34, 40... (closed-shell superatoms)

Fig. 1 Main features of the spherical jellium approximation and superatom concept
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sections. Their S, P, D, F. . . designation for [ =0, 1, 2, 3. . ., respectively, was coined
by Mingos et al. in the beginning of the 1980s [40]. Three important remarks should
be made at this point.

1. One should keep in mind that the spherical jellium approximation is based on the
assumption of pseudo-spherical symmetry and cluster compactness. Both condi-
tions have to be satisfied simultaneously. Applying such a model to non-spherical
clusters and/or to clusters with hollow cages is likely to lead to erroneous
conclusions. In some cases, however, clusters with lower symmetries can be
treated from the point of view of Jahn—Teller distorted spheres.

2. Although the Hamiltonian operators of the polyelectronic atom and that of the
spherical jellium approximation have related expressions, they differ by the
nature of their radial potential. In the atomic case, it is in 1/r, whereas in the
spherical jellium formalism it is generally approximated to a rounded square
potential, i.e., having a certain value inside the sphere, another one outside and
some continuous function connecting these two regions (Woods—Saxon poten-
tial) [41]. The jellium orbitals thus differ from the atomic orbitals by their radial
functions. In particular, their principal number n conventionally starts at n = 1,
regardless of the associated value of the angular momentum number /. The shell
level ordering 1S < 1P < 1D < 2S < IF < 2P < 1G < 2D < 1H... is rather
independent of the mathematical expression and parameterization given to the
radial potential v(r). It is thus largely independent from the cluster nature, in the
same way as the 1s < 2s < 2p < 3s < 3p. . . shell ordering in polyelectronic atoms
is quasi-independent from the atom nature.

3. Since the jellium approximation consists of replacing the atomic nuclei by an
average potential, there are no nuclei, no atoms, thus no atomic orbitals within the
framework of this approximation. Thus, the stricto sensu jellium orbitals are not
combinations of atomic orbitals. In fact, the S, P, D, F... jellium orbitals have
similar shapes as s, p, d, f. . . atomic orbitals, except that they expand significantly
over a much larger space, that is, within a volume of the order of magnitude of the
cluster sphere. Nowadays in cluster chemistry, the spherical jellium approxima-
tion model is most often used at a qualitative level for the purpose of electron
counting (see below). Modern quantum chemical calculations — usually
performed at the density functional theory (DFT) level — are based on the linear
combination of atomic orbitals (LCAQO) approach. The question which arises
after such calculations is to identify among all the computed molecular (Kohn—
Sham) orbitals (MOs) those that would have been obtained from quantitative
calculations assuming the spherical jellium approximation, i.e., the jellium
orbitals. Indeed, regular LCAO calculations on a given cluster will provide an
orbital spectrum containing much more MOs than that corresponding to the
Jjellium orbitals, such as those associated with atomic cores or ligand orbitals,
for instance. The DFT-computed orbital diagram of a bare centred icosahedral I,
[Agys]°" cluster is shown as an example in Fig. 2, with its lowest jellium orbitals
lying among and above the non-jellium 4d (Ag) combinations.
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Energy —

1S (ag)

4d-block

[Agqs]®*
(lh)

Fig. 2 DFT-computed MO diagram of [, [Agw]5+ (18% 1p° configuration). Note that the 1S orbital
is buried within the block of the non-jellium 4d combinations

The chemical parentage in terms of their shell electronic structures and associated
one-electron orbitals between polyelectronic atoms and clusters that can be
described within this framework has been largely deepened at the turn of the last
century, leading to the word of superatom to designate the latter species [42—48];
their jellium orbitals being often referred as superatomic orbitals. As for any
molecule, chemical stability (viability [49]) of a superatom is expected to be reached
when it will satisfy the closed-shell requirement with a significant HOMO-LUMO
gap. The following configurations result from the successive filling of jellium shells:

1S? (2 electrons)

1S? 1P (8 electrons)

1S% 1P° 1D'° (18 electrons)

182 1P® 1D!° 282 (20 electrons)

1S% 1P° 1D'° 282 1F' (34 electrons)

1S? 1P® 1D'° 282 1F™ 2P° (40 electrons)

1S% 1P° 1D 282 1F™ 2P° 1G!® (58 electrons)

etc.
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Fig. 3 Structural arrangement of bare [Alj;]” (left) [42, 44] and AlsoCp*;, [described as
Alg@Al;@(AICp*);,] (right) [51] aluminium superatoms. Yellow, blue and pink spheres are Al
atoms of the Alg, Alzg and Al,, shells, respectively. Surrounding Cp* groups are omitted for clarity

The closed-shell jellium electron numbers (2, 8, 18, 20, 34, 40, 58. . .) are referred
to as the so-called magic numbers which provide the superatom with chemical
stability. The similarity with the noble gas configurations (2, 10, 18, 36, 54...
electrons), which confers stability to a neutral or ionic atom, is obvious.

Before addressing electron counting in specific late transition metal clusters, we
would like to briefly illustrate the basic concepts with two historical milestones. Both
are taken from aluminium cluster chemistry and show how the superatom concept
can be applied to both bare and ligated cluster species. The first one concerns
[Al;3], which adopts the close-packed centred icosahedral structure Al@Al;,
(Fig. 3, left), a common motif in superatom chemistry. Its peculiar stability was
first recognized by Castleman from mass spectrometry experiments [42]. This bare
cluster, which possesses (13 x 3) + 1 = 40 valence electrons was shown by Khanna
and Jena to be a closed-shell superatom of jellium configuration 18> 1P® 1D'® 282
1F' 2p¢ [44]. The same authors computed the electron affinity of the neutral Al;;
species (outer configuration 2P°) to show that it was comparable to that of a halogen
[45] and defined this cluster as a superhalogen [50]. The second example is the large
ligated Als5oCp*;, compound (Cp* = nS-CSMes), synthesized by Schnockel and
co-workers [51]. This cluster exhibits a rather compact pseudo-spherical structure
(Fig. 3, right) consisting of an inner Alg square antiprism encapsulated within an
Al; icosidodecahedron, the 12 pentagonal faces of which are capped by AlCp*
units (onion-like structure Alg@ Al;,@(AlCp*);,). Assuming the Cp* ligands to be
formally anionic, one is left with (50 x 3) — 12 = 138 aluminium electrons, which is a
superatom magic number. Indeed, DFT calculations performed later on by
Clayborne et al. confirmed the 1S* 1P® 1D'? 28% 1F" 2P°® 1G'® 2D'° 1H?*? 3§
2F" 3P° 11?° superatomic configuration, secured by a surprisingly large HOMO-
LUMO gap [52]. Other superatom examples can be found in the rich metalloid-type
chemistry developed by Schnockel and collaborators [53].

Some time ago, Mingos [54—60] and Teo [61, 62] showed that this jellium model
could also be particularly effective for understanding the structure and closed-shell
electronic configuration of the large class of spherical or near-spherical ligated
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inorganic gold clusters. This is mostly due to the fact that in these species the metal—
metal bonding is principally ensured by the 6s (Au) orbitals, whereas the participa-
tion of the occupied 5d (Au) ones can be neglected. Today, the superatom model is
largely employed in the field of ligand-protected noble metal nanoclusters (not only
gold, but also other coinage metals) [63—67]. Recently, it has been also used to
rationalize the bonding and stability of spherical ligated group 10 nanoclusters,
despite the apparent zero-electron count for many of them [68]. Some specific
examples are discussed in the following sections.

3 Ligated Group 11 Nanoclusters
3.1 Pseudo-Spherical Nanoclusters
3.1.1 Pseudo-Spherical Homometallic Clusters

Among the group 11 metal triad, gold is certainly the most widely encountered in
ligated nanocluster chemistry. In fact, as said above, the pioneering work in this field
started in the 1980s, with substantial contributions from Mingos’ [54—60] and Teo’s
[61, 62] groups. But the booming of gold cluster and nanocluster chemistry really
started at the beginning of this century, in particular (but not only) with the general
use of thiolate ligands as metal core-protecting ligands [69-84]. In terms of structure
rationalization, the major contributions have come from Hikkinen and co-workers
who have shown that the stability of these species can be interpreted within the
framework of the superatom concept [63, 64, 85]. This unified view of ligand-
protected gold clusters applies as well to the silver and copper nano-species which
were characterized subsequently. At the risk of oversimplifying, one can conceptu-
ally divide a given ligated coinage cluster into two components:

1. The compact pseudo-spherical My (M = Cu, Ag, Au) cluster core, which is the
superatomic part of the nano-molecules. Most often, the average oxidation state
of M in the core is comprised between 0 and +1 ([M,]™", 0 < m < x). If it was +I
for all M atoms, then they all would have a nd'® (n + 1)s° configuration and hardly
any M-M bonding would be possible since all the d orbital combinations are
formally occupied. Thus (n + 1)s valence electrons are needed for ensuring M—M
bonding, but not too many to avoid filling antibonding (n + 1)s combinations.
This is why the M average oxidation state is generally slightly higher than zero.
Thus, in the case of group 11 clusters, the number of metallic (rn + 1)s electrons
can be identified as the number of jellium electrons (sometimes called free
electrons), i.e., those responsible for cluster bonding [16, 55]. Consistently, in a
first approximation, the combinations of the metallic (n + 1)s AOs can be
identified as counterpart MOs of jellium (or superatomic) orbitals, independently
from their occupation number. Of course, these (n + 1)s combinations afford
some mixing with metallic occupied nd and vacant (n + 1)p AOs, but as far as



Electron Counting in Ligated High Nuclearity Late Transition Metal Clusters 71

electron counting is concerned, the (n + 1)s combinations of the metallic core can
be considered as corresponding to jellium orbitals. In many cases, a simple
3-dimensional Hiickel calculation of the [M,]™" core (i.e., considering isotropic
s orbitals) can provide the favoured superatomic jellium configuration. At this
point, it is easy to understand why in the [M,]™" core the M average oxidation
state cannot be lower than zero. With M(0) atoms, x/2 = half of the (n + 1)s
combinations are occupied. This is the limit case where the number of bonding
and antibonding (n + 1)s combinations are equal. In general, in such close-packed
spherical systems the number of bonding combinations is lower than x/2, all the
other ones being antibonding.

2. The peripheral protecting (passivating) ligand shell. As a whole, its total formal
charge is generally negative to compensate the formal cationic charge of the metal
core. This negative charge comes generally from ligands that are considered as
formally anionic from the point of view of oxidation states, i.e., hydrides (H™),
halogenides (X ™), thiolates (SR ™), alkynyls (CCR ™), etc. Neutral ligands such as
phosphines or N-heterocyclic carbenes (NHCs) can also be present. The metal
atoms that belong to the [M,]™" superatomic core and that lie on its interface are
generally bonded to one ligand. An important point to notice is that, as far as
thiolates are present, in many cases the peripheral protecting “ligand” shell
contains also supplementary metal centres. These metal atoms can be considered
as being in their +I oxidation state. They are generally only weakly bonded to the
M ™" superatomic core (mainly via metallophilic interactions) and strongly
bonded to two or three sulphur atoms, making the so-called staples (vide infra).
Their role is to satisfy the nucleophilic demand of extra sulphur lone pairs and/or
to participate to the total charge balance, owing to the fact that the charge of an
isolable inorganic molecule is most often equal or close to zero.

Thus, the structure and chemical composition of such atom-precise nanoclusters
is the result of a non-trivial compromise between M—M bonding within the
superatomic core, M—ligand bonding, charge balance and steric requirements. To
illustrate this complexity, we discuss below the structures and electron counts of two
related nanocluster species, namely [Au,5(SR);g5]~ (R = CH,CH,Ph) [86], Me [87])
and [Agy[S;P(OR), 11" R = Pr) [88] (Fig. 4). The superatomic cores of both
clusters are similar, i.e., exhibiting a close-packed centred icosahedral M3
(M@M,,) arrangement (M = Ag, Au) of ideal [, symmetry, with a formal charge
of +5. These [M13]5+ cores are 8-electron superatoms with 1S? 1P° closed-shell
configuration (see Fig. 2). It is of note that combining 13 s-type AOs in [;, symmetry
leads to 4 bonding MOs (a, + t;,) and 9 antibonding MOs (h,* + a.* + t5,*). Thus,
the most favoured closed-shell electron number for such a system is 8. The 1S, 1P,
1D and 28 jellium orbitals can be identified as the a,, #;,, h,* and a,* combinations,
respectively, whereas the #,,* level can be associated with a part of the seven-fold 1F
manifold (the number of jellium orbitals is infinite, while that of the (n + 1)s
combinations is not).

The peripheral shell of [Au,5(SR);g] ™ is composed of 18 formally anionic thiolate
ligands and 12 formally cationic gold atoms, leading to the global composition
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Fig. 4 Structural arrangement of [Au,s(SR);g5]~ (R = CH,CH,Ph [86], Me [87]) (left) and
[Ags>1{S5P(OR)»} 151" R = iPr) [88] (right). R and OR groups are omitted for clarity. Atoms
forming the superatomic icosahedral [M; 3]5+ core are in blue. Outer M(I), S and P atoms are in
purple, yellow and orange, respectively

[Au;(SR),5]®~ for the protecting shell. Each of the 12 peripheral Au(I) atoms is
bonded to two sulphur atoms in an approximately linear coordination, making a local
stable 14-electron centre. With the sulphur atoms they are bonded to, these periph-
eral metal atoms form —S—Au—S—Au-S- staples that are clipped onto the central
icosahedral Au;; core, making each of its 12 Au vertices radially bonded to one
sulphur atom (see Fig. 4). From a structural point of view, the 12 outer Au(I) centres
are capping 12 of the 20 icosahedral faces of the Au,3 core, via weak interactions
being mainly of aurophilic nature.

The peripheral shell of [Ag,; {S,P(OR),}1,]" is composed of 12 formally mono-
anionic dithiophosphate (dtp = S,P(OR),) ligands and 8 peripheral formally cationic
silver atoms, leading to the global composition [Agg{S,P(OR),} L] for the
protecting shell. Each of these peripheral Ag(I) atoms is bonded to three sulphur
atoms in an approximately planar trigonal coordination, making local stable
16-electron centres. These 8 peripheral Ag(I) atoms are capping in a metallophilic
bonding fashion 8 out of the 20 icosahedral faces of the Ag;3 icosahedral core.
Finally, each of the 12 Ag atoms of the icosahedral core is radially mono-
coordinated to a sulphur atom. The orbital diagram of the [Agy;{S,PH,},]*
model used to mimic [Ag,;{S,P(OR),},]" is shown in Fig. 5. A comparison with
that of its [Ag, 5" core (Fig. 2) indicates that the peripheral shell does not destroy
the superatomic nature of the cluster [88].

Thus, although being related through their 8-electron superatomic nature,
[Au,s(SR);g]~ and [Agy;{S,P(OR),},]" differ substantially by their peripheral
protecting shells due to the different nature of their ligands. Although both thiolate
and dtp ligands are formally mono-anions, they differ from their number of coordi-
nating S centres (one vs. two) and by their space occupancy (assuming similar R
groups, one dtp ligand is less bulky than two thiolate ones). The two clusters differ
also from the preference of Au(I) for a linear coordination and Ag(I) for a trigonal
coordination. It is also noteworthy that the peripheral shells are subject to potential
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1D (2a, 2e, 3¢)— —

>
g 1P (1a, Te) ﬁ
0
S lone pairs
4d-block
OAg-S MOs
[Ag21{S2PH2}42]"

(C3)

Fig. 5 DFT-computed MO diagram of the model [Ag,;{S,PH,}2]" of C3 symmetry. MO plots
correspond to the 1P ({a + Ie) and 1D (2a + 2e + 3e) jellium (superatomic) orbitals. See Fig. 2 for a
comparison with 7, [Ag13]5 *. Adapted with permission from Ref. [88]. Copyright (2015) WILEY-
VCH Verlag GmBH

isomerism [89-92], leading to different topologies, all of them maintaining the major
bonding features discussed above.

Apart from the singularity of their peripheral protecting shell, group
11 nanoclusters are most often easy to identify with respect to the nature of their
superatomic core and their jellium electron count. A few selected examples are
provided in Table 1. To this list, one could add the bare (non-ligated) neutral Au,,
cluster of tetrahedral symmetry [93], which illustrates the Au(0) lowest limit case of
metal oxidation state. This gas phase species is of course metastable with respect to
aggregation. Very large ligand-protected Au and Ag clusters have been so far
structurally characterized (up to more than 300 metal atoms) [84, 94-101]. Such
huge species do not always obey the “magic” jellium electron number rule. Several
reasons can be invoked to explain these exceptions.
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Table 1 Selected examples of structurally characterized closed-shell homometallic group
11 superatomic clusters

Jellium electron Jellium
Compound number configuration Superatomic core
[Cu;3{S,CNR,}¢(CCR*),]* [2(13-6-4-1) 18> [Cuy3]'"* centred
[104] cuboctahedron
[CussHoa(PR3) 121" [105] 2025-22-1) 18> [Cuy3]'!* centred
icosahedron
[Au;3(PR3)10CL1* [56] 8(13-2-3) 18> 1p° [Au,5]>*centred
icosahedron
[Agss(SR)30]* [106, 107] | 18 (44 —30 + 4) 18% 1P° 1D Icosahedral
[Agio@Agy] 1
[Agas(PR3)s(SR)24]** [108— |20 (46 — 24 — 2) 18? 1P° ID'? 28? | fec-related [Agsg]'®
110]
Augg(SR)34 [111, 112] 34 (68 — 34) 182 1P° 1D 28 | [Aujo@Augso]*
1IF™ Marks-decahedron
Au;0o(SR)44 [96] 58 (102 — 44) 182 1P® 1D'° 28? | [Augy]*** Marks-
1F' 2p% 1G'® decahedron-like

1. The cluster shape is not spherical enough for the strict application of the spherical
Jjellium approximation. However, in some cases, the electron count can be
rationalized from the point of view of the removal of jellium shell degeneracies
by specific geometries with lower symmetry.

2. The cluster charge is not always precisely known. In particular, it can be difficult
to clearly identify in the X-ray structure the (possibly disordered) small counter-
ions in the vicinity of the huge nanocluster. One could remark, for example, that
the X-ray characterized compound Ag,;;(SR)7,(PPh3)sCl (139 electrons) [94]
when computed as a cationic species presents a significant HOMO-LUMO gap
for the 138-electron count, which is by the way (and perhaps accidentally) a
“magic” electron number.

3. When the metal core increases in size, the favoured HOMO-LUMO gap tends to
decrease, leading to a “metallic” situation over a certain size limit [102, 103]. In
other words, the superatomic jellium levels start to coalesce developing a band
structure. This limit is not clear-cut, since it depends on several parameters such
as the metal and ligand nature and the intimate structure of the core. The metallic
or near-metallic situation is often accompanied with a plasmonic behaviour. For
example, Au,6(SR)go has been reported to be non-metallic with a small band
gap, based on UV/Vis and femtosecond transient absorption spectroscopic as well
as electrochemical measurements [99]. Later, the same authors found a non-me-
tallic-to-metallic transition when going from Au,46(SR)gg to Aus79(SR)gs with
nascent surface plasmonic resonance [100]. Similarly, calculations on the struc-
turally related [Ag;36(SR)e4Cl3]™ and Agz74(SR);13Br,Cl, nanoclusters have
shown that the former exhibits a significant HOMO-LUMO gap, whereas it is
closed for the latter. Conversely, both show plasmonic behaviour [101].



Electron Counting in Ligated High Nuclearity Late Transition Metal Clusters 81

3.1.2 Heterometallic Pseudo-Spherical Group 11-Rich Nanoclusters

When a superatomic heterometallic nanocluster is made of two (or more) group
11 metals [113-116], such as the 18-electron nanoalloys [AuAg,4(SR);g]™ [117] or
[AuAg,o{S,P(OR),} 1" [118], for instance, the electron-counting rules hold in
exactly the same way as their homometallic relatives [119—122]. The only additional
question is metal site occupancy. Alloying group 11 elements with other electron-
rich transition metals has been also commonly reported [113-115, 123—131]. In the
case of alloys containing group 10 or group 12 metal atoms, one can assume that, as
for the group 11 elements, they participate to the cluster bonding with only their
(n + 1)s orbitals, contributing to the jellium count with O and 2 electrons, respec-
tively. Some care should be taken however with less electron-rich metals, for which
the nd AOs might participate to the bonding, as we discuss below [2].

One of the major interests of such alloy nanoclusters is that their properties can be
modulated upon tuning their metal ratio. Another peculiarity of metal heterogeneity
is that it favours structural diversity. New structures can arise, as it is observed for the
tetracapped tetrahedral CuyZng core in the 8-electron superatom Cuy(psz-
ZnCp*)4(CNR)4 [132]. The [Cu@Cu;,@Cuz,@Al,,]Cp*,, icosahedral Mackay-
type [133] structure of Cuy3Al;,Cp*, is even more original [134]. DFT calculations
indicate that this nanocluster is a 67-electron open-shell superatom of configuration
18% 1P 1D'? 28? 1F' 2P° 1G'® 1D’ In this specific case, the Cp* ligands form a
tight protecting shell to kinetically protect the open-shell core.

3.2 Non-spherical Nanoclusters

3.2.1 Unconventional Electron Counts Stabilized by Lowering
of Symmetry

In the same way as simple transition metal complexes can afford Jahn-—Teller
distortion away from ideal symmetry when their electron count deviates from that
satisfying the effective atomic number (EAN) rule, superatoms can also distort away
from sphericity when their jellium electron count is not equal to a superatom closed-
shell magic number. In such cases, simple oblate (flattening) or prolate (elongating)
distortions come obviously to mind. The 6-electron MAu,4(SR);s M = Pd, Pt)
species constitute nice examples of oblate distorted structures. Indeed, their structure
is related to the 8-electron dianionic forms [MAu,4(SR);5]°~ which are isoelectronic
and isostructural to the homometallic [Au,5(SR);g]™ cluster [86, 87]. Whereas the
centred icosahedral [M@Au]2]4+ superatomic core in the dianions adopts a regular
icosahedral shape, their neutral 6-electron counterparts exhibit a flattened centred
icosahedral [M@Aulz]6+ core [128, 135]. This oblate distortion was first predicted
by DFT calculations [128] and later proven by X-ray diffraction measurements
[135]. It causes a two-below-one splitting of the three nearly degenerate 1P
HOMOs in the undistorted core (of idealized ¢;, symmetry; see Fig. 2), thus opening
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Fig. 6 Jahn-Teller distortion associated with the stabilization of the 6-electron cluster Pd@Au,,
(SR);g. Adapted with permission from Ref. [128]. Copyright (2015) American Chemical Society

a HOMO-LUMO gap which allows stabilizing the non-magic 6-electron 1S* 1P*
closed-shell configuration (Fig. 6). However, both the flattening distortion and
HOMO-LUMO gap are moderate, indicative of some cluster frustration with respect
to not reaching the magic 8-electron count [22, 31-37].

Clusters with structures much farther away from sphericity can still sometimes be
described as distorted superatoms with unconventional jellium configuration. This is
the case, for example, of the very prolate 6-electron cluster [Cu;¢Zn;]
(mesitylene)q(Cp*),, the jellium configuration of which was shown by DFT calcu-
lations to be 18> 1P? 2§ [136]. It should be noted that oblate or prolate distortions
are not necessary for inducing removal of jellium shell degeneracy. The sphere is
more symmetrical than any finite (even “pseudo”-spherical) molecular object. A
typical example is the 12-electron Au;¢(SR),4 cluster, which possesses a tetrahedral
Au,g core. In T,; symmetry, the 1D shell splits into two components (e below t,),
leading to the closed-shell configuration 1S% 1P® 1D,* 1D,,° [137]. In this particular
case, the deviation away from sphericity is sufficiently large for inducing a degen-
eracy splitting that is strong enough to favour an unconventional electron count. This
is of course not a general case.

There are also a few cases that still escape from any general electron counting
scheme that could be related in a simple way to the spherical jellium model, as
exemplified by the very nice oblate 30-electron cluster
[AugAgs7(Dppp)a(CsH;1S)3.ClL]" (Dppp = 1,3-bis(diphenylphosphino)propane)
[138]. DFT calculations found the closed-shell jellium configuration 1S 1P® 1D®
28% 2P* 1F* 1G*, which suggests an intermediate situation between the spherical
(3D) and planar (2D) jellium approximations [139].
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3.2.2 Assemblies of Superatoms (Supermolecules)

There is a rapid growing family of definitely non-spherical group 11-rich
nanoclusters where the structure can be described as resulting from the assembly
of several pseudo-spherical (mainly icosahedral) basis units. Teo and co-workers
noticed it a long time ago and proposed the concept of clusters of clusters for its
rationale [140, 141]. In fact, in many cases it is possible to describe such assemblies
of pseudo-spherical superatomic units as “supermolecules” [80], in the same way as
one looks at molecules as being composed of electron-sharing atoms with electron
counts related the bond order, i.e., to the degree of fusion between the atoms/
superatoms [60, 70, 142—154].

With respect to gold-rich clusters made of two fused centred icosahedra, Mingos
elegantly proposed in 2015 [60] to extend the Mulliken’s united atom model used for
diatomics [155-159] to clusters to show the analogy between their total jellium
electron numbers and the valence electron counts of stable main-group diatomic
orbitals. Indeed, fusion of polyhedra provides the equivalent of compression (i.e.,
bond order) for simple diatomic molecules [60]. The major conceptual developments
of what he called a united cluster approach are illustrated for a series of homo- and
heterometallic nanoclusters in Table 2 and Fig. 7. Consider first the closed-shell
Au;g(SR),4 cluster, for example [160]. Its total number of jellium (6s (Au)) electrons
is 38-24 = 14. These 14 jellium electrons are associated to the [Au23]9+ core of the
cluster made of two Au@Au,, icosahedra that share a triangular face (see Table 2
and Fig. 7). The other 15 Au atoms are peripheral Au(I) centres, mainly bonded to
sulphur atoms and belonging to the protecting shell, together with the 24 formally
anionic thiolate ligands. The analogy with the 14-electron closed-shell F, molecule
is straightforward. It can be shown in turn that in the bare [Au23]9+ core, the
combinations of the 6s (Au) orbitals can be described as combinations of the
superatomic (or jellium) 1S and 1P orbitals of the two individual icosahedral
superatoms, in the same way as the 2s and 2p AOs of fluorine combine in F,,
leading to the same 16g2 lo, n,* 2csg2 ng4 26, electron configuration. Such
supermolecular orbitals can still be identified in the entire Ausg(SR),4 cluster.

An important parameter affecting the supermolecule electron count is its degree
of fusion (vertex-sharing, face-sharing or interpenetrating) in a similar way as the
bond order does for main group molecules [60]. For example,
[Au;7Ag>(NO3)o(PMesPh) o] [161] has an [Au17Ag2]9+ core made of two
interpenetrating icosahedra (Table 2 and Fig. 7) and its jellium electron count is
similar to the electron count of the triply bonded N, molecule. Conversely, the much
less compact [Au]3Ag]2]9+ core in [Au;3Ag,Brg(Ptol3);0]" [151] consists of two
icosahedra sharing one vertex and its jellium electron count is that of a van der Waals
(Ne), molecule (bond order = 0) (Table 2 and Fig. 7). To the best of our knowledge,
no intermediate 12-electron bis-icosahedral supermolecule with an open-shell con-
figuration analogous to that of O, has been reported so far. Interestingly however,
Tsukuda and co-workers reported recently the 12-electron MM’ Aus6(SR),4 species
M, M’ = Pd, Pt) which exhibits an [MM’Au21]9+ core made of two centred
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Fig. 8 Stable closed-shell assemblies made of three fused icosahedra [139]. Pt atoms are in green,
and silver atoms in red and black are shared between two and three icosahedra, respectively.
Electron count, dp.p; (A), HOMO-LUMO gap (eV) and isolobal molecule are given in brackets

icosahedra sharing one face [162]. However, its structure is somewhat C,, Jahn—
Teller distorted, resulting in a splitting of the superatomic ny level and a 71',g(x)2 To( y)O
closed-shell situation.

Such a molecular analogy which is in a way a variation of the well-known
isolobal analogy [13, 14] can be extended to assemblies made of more than two
superatoms. This is illustrated in Fig. 8, for instance, for some cluster
supermolecular cores that are computed to be isolobal to simple triatomic molecules
[139]. It is noteworthy that the fusion of icosahedra allows non-linear “bond” angles
between them upon “hybridization” requirement similarly as in polyatomic mole-
cules. Indeed some nanoclusters containing such cluster cores have already been
characterized, as exemplified with PtAg44(dtp),, which contains a [Pt3Ag34]12+
supermolecular assembly isolobal to the [I3]™ anion, as shown in Fig. 9 [130].

It is likely that the library of supermolecules made of the assembly of more than
two superatomic (mostly but not exclusively icosahedral) subunits will develop in
the next future. Stable supermolecules analogous to unknown or unstable molecules
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Fig. 9 DFT-computed MO diagrams of Pt;Agss(dtp),, (left), its 22-electron [Pt3Ag34]'2+ core
(middle) and [I;]" (right). Note that the MO diagram of the ligated cluster Pt3Ag4(dtp)ys is
comparable to that of the bare cluster [Pt;Ags,]'** with (minor) additional orbital mixing/splitting
due to lower symmetry. Adapted with permission from Ref. [130]. Copyright (2019) American
Chemical Society

(such as cyclic O3 [139]) could be designed. However, the isolobal analogy between
assemblies of atoms and superatoms should not be pushed too far. There are obvious
differences (among them the presence of 1D superatomic orbitals [150]), which can
add up when the number of considered atoms/superatoms increases. Closed-shell
non-spherical group 11 nanoclusters exist, the complex structures of which has not
been yet rationalized on the basis of simple electron-counting rules, even those made
from fused icosahedral units [139].

4 Group 10 Ligated Clusters

The chemistry of large low valence ligated transition metal nanoclusters is not
restricted to coinage metals. Group 10 metals (Ni, Pd, Pt) also tend to aggregate in
a compact fashion to produce close-packed metal cores protected by an outermost
shell of ligands (mostly phosphines and/or carbonyls) [163—167]. As for group
11 clusters, although various shapes are encountered there are more and more
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examples of pseudo-spherical species. This is the case, for instance, of the Dahl’s
emblematic  Matryoshka-like  nanoclusters Pd55(PiPr3)12(p3—CO)20 [168],
Pd145(CO)6()(PEt3)3() [169] or Pd164_thx + 1(CO)72(PPh3)20 [170] In these examples
the Pd oxidation state is formally zero (Pd(0) 4d 10550y, Looking at them within the
concept of superatom in a straight similar way as for their group 11 relatives leads to
an apparent jellium electron count of zero. Indeed, if the 44 (Pd) shell is fully
occupied, its electrons are not supposed to ensure M—M bonding. This result is of
course contradictory with the existence of substantial M—M bonding within the
[Pd,]° cluster core of these species. In fact, superatomic bonding exists in these
compounds, with occupation of 5s (Pd) bonding combinations (jellium orbitals),
reaching magic electron counts due to level crossing with 4d (Pd) combinations
[68]. In other words, Pd(0) is in an average 4d 10-x 5gx configuration in these clusters.
This complex situation is discussed below.

4.1 Pseudo-Spherical Nanoclusters

As said above, although most of the largest spherical Pd nanoclusters are neutral
with formal metal oxidation state being zero, it is likely that they all can be depicted
as superatoms, as demonstrated with Pd55(PiPr3)12(p3-CO)2O, for instance
[68, 168]. Its core structural arrangement consists of a Mackay hard-sphere [133]
icosahedral close-packed assembly Pd@Pd,,@Pd,,, ie., a “Matryoshka doll
sequence” with one Pd atom located at the centre of a Pd;, icosahedron, which is
further encapsulated within a Pd,, polyhedron. This metal core is protected by a
ligand shell, which is made of 20 triply bridging carbonyls and 12 terminal phos-
phine groups (Fig. 10).

DFT calculations carried out on related model analogues Pdss(L);2(p3-CO),q
(L = PH3, CO) found a triplet ground state with a nice singlet ground state for its
dianion, secured by a substantial HOMO-LUMO gap [68]. Analysis of their Kohn—
Sham orbital diagrams revealed that both neutral triplet and dianionic singlet exhibit
a jellium configuration of 1S 1P® 1D'® 28? (Fig. 11), with closed-shell “magic”
electron count of 20. These 20 jellium electrons are formally transferred from 4d
(Pd) orbital combinations to 5s (Pd) orbital combinations ( jellium levels), the former
becoming vacant and destabilized by ligand orbitals. Note that in the neutral clusters
the open-shell configuration is associated with 4d-type singly occupied MOs,
located deeply in the metal kernel, in such a way that the stability of the clusters is
not affected [68].

The above-described level crossing is sketched on the left side of Fig. 12. For the
sake of comparison, a related hypothetical situation corresponding to a 20-electron
group 10 cluster is shown on the right side. Major differences come from the fact that
(1) the bare group 10 metal core possesses a substantial HOMO-LUMO gap for the
proper “magic” superatomic electron number, whereas the Pdss core in
Pd55(PiPr3)12(p3-CO)20 exhibits an open-shell behaviour (if really stable for the
considered Mackay architecture) and (ii) the Pd core uses some of its 4d
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combinations (9 in that case) to interact with the peripheral ligands, whereas in the
group 11 case the ligands interact only with the accepting ns/np hybrid orbitals. The
fact that some Pd d-type orbitals participate to the bonding with the ligands (i.e., are
destabilized and depopulated to the benefit of superatomic orbitals) is likely not to be
uncommon in the Ni-triad cluster chemistry. In particular, we suggest that large
spherical icosahedral Mackay clusters such as Pd;45(CO)go(PEt3)30 [169] and Pd 4.
xPt(H12-P)(CO)72(PPh3),0 (x = 7) [170] are indeed superatoms characterized by
(at least approximately) specific “magic” electron counts, these electrons occupying
s states and resulting from electron transfer from d states due to interaction with the
ligand-protecting shell. The difficulty lies in getting the jellium electron count with
M(0) atoms, since the number of d-electrons transferred to the jellium orbitals cannot
be anticipated without theoretical calculations and no simple rules have been
established yet.

Spherical group 10 clusters of smaller size that are known so far generally possess
formal anionic charge on the metal core and/or staples clipped around it, rendering
these clusters electronically similar to group 11 nanoclusters. For instance, the
structure of [Ptl3(CO)12{Cd5(p-Br)5Br2—(dmf)3}2]27 [171] and Pt;3(Pty(p,-CO)
(PPh3),),(po-CO),COg(PPh3)4 [172] consists of a Pt-centred [Pt;3(CO) 12]87
superatom with a jellium configuration 15> 1P® similar to that of the isoelectronic
species [Au13(PR3)]0C12]3+ [56] discussed earlier. The 8 jellium electrons can be
formally considered as coming from the anionic charge or the staples, thus filling the
proper superatomic orbitals and leaving the d-block fully occupied. A somewhat
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similar situation occurs in [Pd; 3(;14—Tr)6]2+ (Tr = CyH5) [173]. This closed-shell
cluster exhibits a centred cuboctahedral core (fcc-like) protected by six tropylium
ligands. Tropylium is generally considered as formally an aromatic (C;H;)" cation,
i.e., a 6 w-electron ligand. However, calculations show that in this particular cluster
the ligand shell is better described as a partly reduced [(C;H;)s]** system interacting
with a [Pd;3]*~ core, the two electrons provided by the charge filling the low-lying
1S orbital [174].

4.2 Non-spherical Nanoclusters

Most of the ligated group 10 clusters that have been characterized are far from
spherical and therefore cannot be approximated to spherical shapes [163—-167]. Some
of them can however be rationalized within the framework of the PSEPT theory
[2, 3, 16, 38, 39]. We also believe that despite their oblate or prolate distorted
structures, most of them possess a supermolecular nature, which means that they can
be viewed as fused assemblies of superatoms, in the same way as for non-spherical
group 11 species discussed previously. In common with the large spherical Pd
species discussed above; only valence s-type electrons can ensure strong
metal —metal bonding in these species. This implies, assuming cluster neutrality,
level crossing (and electron transfer) between occupied d-type orbitals and vacant s-
type (jellium) bonding. It follows that without the help of quantum chemical
calculations, it is difficult to determine their “hidden” supermolecular electronic
structure, despite the fact that some group 10 clusters exhibit metal cores that are
strongly reminiscent of those of group 11 supermolecules.

A certain number of the Ni-triad nanoclusters exhibit core structures based on
interpenetrated  icosahedra or cuboctahedra, especially with platinum
[166, 167]. [Pt;o(CO)71*~ [171] and [Pt;o(CO)x,]*" [175] provide typical examples
of such clusters. The former, which constitutes the anionic moiety of the complex
salt [Ptlg(CO)n{CdS(p-Br)5Br3(Me2CO)2}{Cds(p-Br)5Br(MeZCO)4}]27 exhibits
an interpenetrated bis-icosahedral Pt;9 core, whereas that of the latter consists of
two interpenetrated bi-capped pentagonal prisms (Fig. 13).

Recent DFT calculations revealed that [Ptlg(CO)17]8_ is a 10-electron
supermolecule with corresponding 16g2 lo,? m,* 26g2 tho 26, electron configura-
tion, i.e., analogous to the diatomic molecule N, (Table 2) [176]. Interestingly,
similarly to PdssL>(p3-CO), [68] (see above), its degenerate 5d-type HOMO is
half-occupied leading to a triplet state. With two more electrons, a substantial
HOMO-LUMO gap allows stabilizing a singlet ground state (Fig. 14). Thus, as in
the spherical [Pt13(CO)12]87 superatom discussed above the anionic charge of
[Ptlg(CO)17]107 provides all the cluster jellium electrons (no level crossing). The
“real” [Pt;7(p2-Pt)2(CO) 17]87 cluster is simply lacking two 5d (Pt) electrons to
reach a closed-shell configuration.

The situation is different for [Pt[g(co)22]47, which is a closed-shell 14-electron
supermolecule, thus analogue to F, with the 16> 16, m," 26, m," 26,° electron
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configuration (Table 2) [176]. Considering the tetra-anionic charge of the cluster, a
level crossing occurs between five 6s (Pt) and five 5d (Pt) combinations. The
Pt1o(CO)171® 1% and [Pt;o(CO)»,]*" differ by their number of supermolecular
electrons. The total cluster valence electron (cve) counts (232/234 and 238, respec-
tively) follow the same trend and are consistent with the fact that the metallic core of
the more electron-rich prismatic cluster [Pt 10(CO)2 )% is less compact than that of
the antiprismatic cluster Ptlg(CO)n]S_’ 19 que to a 36° rotation of the central
pentagonal ring when going from the former to the latter.

5 Conclusion

We hope that this pragmatic but illustrative account will stimulate the reader’s
appetite to explore more the extensive and diverse readings in the vibrant field of
ligand-stabilized high-nuclearity clusters. It is clear that, despite increasingly accu-
rate DFT calculations performed today to analyse electronic structures of
nanoclusters, the concepts and ideas which Wade initiated 50 years ago [1] have
been a valuable source of inspiration for the development of qualitative models.
Indeed, over the years, the increasing number of large ligated transition metal
clusters has been accompanied by the development of conceptual ideas and theoret-
ical models aiming at understanding and rationalizing the relationships existing
between the structure and the electron count [2-12, 15-25 59-62, 177, 178]. It
turns out that the most useful characteristic of the electron-counting rules and that
which distinguishes it from numerology is the incitement to understand the origins of
the structural patterns using an orbital description developed from quantum mechan-
ics. The definition of the electronic structure of a specific (nano)cluster is also
important for defining the magnitude of a specific spectroscopic measurement but
rarely leads to a deeper understanding of a general pattern. Interestingly, the devel-
opment of qualitative models continues to be active today. For instance, Gao and
co-workers developed recently the so-called Grand Unified Model (GUM) which
proposes that any ligand-protected gold cluster is made of locally closed-shell
elementary blocks (two-electron triangles and tetrahedra and eight-electron centred
icosahedra) [179, 180]. A variant of the jellium model developed by Teo and Yang
[181, 182], the so-called jelliumatic model, which separates nanoclusters in several
atomic shells has also been used to rationalize the electron count of unusual shapes
and compositions.

Chemists find that electron-counting rules which are based on the jellium approx-
imation are particularly helpful. The perspective that noble metal nanoclusters are
giant superatoms or giant supermolecules associated with electron counts can be
simply derived from the oxidation states of the various cluster components. Appli-
cation of this model to ligated non-coinage transition metal nanoclusters seems to be
possible, assuming more and more involvement of nd orbitals as one moves to the
left of the Periodic Table. This involvement can take two different forms. One is nd
to (n + 1)s electron transfer (and level crossing), as discussed above in the case of Pd
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clusters. The other one is the possible nd participation to jellium orbitals, that is,
inclusion of some d-electrons in the superatom electron count [183]. The jellium
approximation is particularly flexible since it is also applicable to non-spherical
shaped clusters, not only to oblate and prolate ellipsoidal species [31, 184] as
discussed above, but also to clusters with cubic or cuboidal shapes, for instance
[185, 186].

Finally, we would like to remind the reader that any electron-counting rule is
based on the closed-shell principle, i.e., it requires the existence of a sizeable
HOMO-LUMO gap. Although there are exceptions (e.g., Auy,, see above), the
rules should not be applied to neutral bare metal clusters, which usually exhibit
metal-like density of states, as well as, to very large ligated metal nanoclusters. The
latter, having non-specific magic electron counts, lose their major reason to be
exactly atom-precise. Exploring the boundaries between the world of large discrete
clusters and their non-atom-precise nanoparticle counterparts is nowadays a very
active field of research [66, 102—-104, 187].
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Abstract Binary molecular Zintl anions, which consist of either two different
p-block atoms or one type of p- and d-block atoms each do not only exhibit
exceptional cage-type architectures, but they have also served as starting materials
for a variety of derivatives. Like their homoatomic cousins, they can be treated in
regard of the structure-electron count relationship by application of either the 8 — N
rule or Wade-Mingos rules. This review article provides a full collection of repre-
sentative known examples and comments on the respective bonding situations and
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structures, also in the context of contemporary inorganic synthesis and materials
chemistry.

Keywords Binary - Electron count - Heterometallic - Wade-Mingos rules - Zintl
anions

1 Introduction

1.1 General Remarks on Zintl Anions and Electron
Counting Rules

Anions that comprise purely metal or semimetal atoms have been a fascinating
species of molecules since their early discovery at the end of the nineteenth century
by Kraus and Joannis [1, 2] and the more detailed studies and finally confirmation of
their nature by Zintl in the early 1930s [3]. Ever since, the exploration of their
properties in the solid state, in solution and in the gas phase, and their potential use as
precursors for multimetallic cluster synthesis [4—18], or as precursors for new
materials by mild oxidative conditions [19-21], has greatly expanded. As a conse-
quence, Zintl chemistry is a well-established field of inorganic and materials chem-
istry even more than 100 years after the astonishing observations by the pioneers in
this field.

However, while full credit needs to be given to Zintl, who has become the patron
saint of this chemistry posthumously, being awarded this honor by Laves [22], he
had no knowledge of the anions’ structures or bonding properties owing to their lack
of crystallinity or appropriate techniques to investigate his samples. He therefore
suggested wrong molecular architectures of the highly uncommon polyanions,
which required another 40 years to be finally elucidated upon crystallization and
X-ray diffraction studies on corresponding salts by Kummer and Stréhle [23], as well
as Corbett [24].

It should be mentioned that Zintl anions do not need to be molecular, but can
appear in extended structures also. Most of them can be easily understood in terms of
a pseudo-element consideration, at least regarding the connectivity of the atoms
involved in them. This means that the atoms of the one-dimensional,
two-dimensional, or three-dimensional polyanionic substructure of corresponding
solids form 8 — N bonds, with N being the number of s and p valence electrons of the
respective atom plus its (formal) charge. In some cases, the resulting structures even
exactly resemble the element structure of an element with the same number of
valence electrons (hence being the strictest interpretation of the pseudo-element
consideration), yet variations exist as well, especially if the anions are not
homoatomic. In rare cases, the bonding of extended Zintl anions cannot be
understood in terms of the 8 — N rule, particularly if the anionic substructures are
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electron-deficient. This property is much more frequently found in molecular anions,
however, which then form deltahedra or fragments of deltahedra. It is thus also
possible to classify discrete (semi-)metal polyanions either as electron-precise or as
electron-deficient species.

1.2 Outline of This Chapter

In this chapter we particularly survey binary molecular anions involving p-block
(semi-)metal elements, which also usually follow one of the two possible modes of
appearance. Either they are electron-precise, thus strictly following the 8 — N rule, or
they are electron-deficient, thus require the application of Wade-Mingos rules in
order to explain the relationship of their molecular structures to their electron count.
Naturally, many of the anions adopt structures that are known from neutral valence
compounds of p-block elements or simple anions, or the (hypothetical) structures of
boranes on the other hand. However, owing to the elemental combinations covered
in this overview, all of them can be regarded as binary Zintl anions involving group
13-15 elements.

In Sect. 2, we will refer to the underlying concepts of how to interpret the
structures and bonding of the two classes of compounds. For this, homoatomic
anions or neutral valance compounds will be used as examples, hence molecules
that are isoelectronic cousins of the ones on which this chapter is focused. In the
subsequent sections, we will present a comprehensive overview of all known binary
molecular anions, in which the core structures contain exclusively p-block elements
of groups 13—15 (Sect. 3), thereby discriminating between electron-precise and
electron-deficient clusters, and illustrating the different structural motives in each
of these groups. Section 4 is dedicated to binary anions, in which atoms of a group
13-15 element are combined with d-block or f-block metal atoms.

Finally, it should be noted that this survey focuses on anions or neutral valance
compounds that cannot be understood as endohedral clusters, which were compre-
hensively reviewed elsewhere [4—18]. The presented anions resemble either empty
cage-type compounds or coordination compounds with the atoms coordinating a
central atom while being unconnected among themselves.

2 Brief Overview of Structures and Bonding
of Homoatomic Molecular Zintl Anions

2.1 Electron-Precise Zintl Anions and the 8 — N Rule

Molecular Zintl anions that can be written down in a Lewis diagram with all lines
representing 2-electron-2-center bonds are considered as being electron-precise.
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They are not in need of 2-electron multicenter bonding, hyperconjugation, or
hypercoordination, but they may include multiple-bonding. Hence, each atom in
such molecules comprises 8—N bonds to its neighboring atoms. In contrast to this
rule being applied to normal valence compounds of the p-block elements, however,
N does not simply equal the natural valence electron count of the respective main
group, but equals this number plus the formal charge of the respective atom, hence
referring to the group of a respective pseudo-element. This may be as simple as in the
tetrahedral anion Sis*”, in which each of the “Si~™ atoms behaves like a group
15 atom, for which they are called pseudo-group 15 atoms that form 8 -
(4 + 1) = 8 —5 = 3 bonds to three next Si atoms each. But there are also cases, in
which the atoms carry different (formal) charges. One example is the nortricyclane-
type P;°~ anion, in which three atoms behave like (two-bonded) group 16 atoms,
according to 8 — (5 + 1) = 8 — 6 = 2, while 4 P atoms remain neutral and are three-
bonded as typical for a group 15 atom. Therefore, they are analogs of P,S;. Another
example is the butterfly-shaped Si,®~ anion, with its two three-bonded pseudo-group
15 atoms, “Si~”, and 2 two-bonded “Si®>~” sites behaving like a pseudo-group
16 atom. The latter is the only case that may also be viewed as an electron-deficient
anion, as outlined in the next section. This concept has been known under a variety
of names, most commonly as the Zintl-Klemm concept, referring to the pioneers in
this field, but also other denominations, like Zintl-Klemm-Busmann concept or
Klemm concept, have been used in the literature [25, 26].

2.2 Electron-Deficient Anions and the Wade-Mingos Rules

Electron-deficient molecular anions need to share electrons in a ratio smaller than 2:2
between their atoms. Most of them form deltahedral molecular architectures, which
allow for a high degree of electron delocalization (also denoted as three-dimensional
aromaticity), which can be precisely described in terms of a superatomic electronic
situation by means of cluster orbitals. However, to classify the structures in corre-
lation with the respective electron number, the application of Wade-Mingos rules has
proven a fantastic tool for getting a quick answer [27-32]. The most convenient way
of using these rules in the context of Zintl anions starts out with summing up the
valence electron number (VEN) of the cluster (including the negative charge) and
deriving the skeleton electron number (SEN) from this number. The SEN is key to
the cluster type according to the correlation developed for borane clusters, including
heteroboranes and metallaboranes. It is received from the VEN by subtracting two
“exo-electrons” for each of the n main group atoms of the cluster skeleton and
12 “exo-electrons” for each of the m transition metal atoms that are part of the
deltahedron, see Eq. (1). While in boranes the exo-electrons are used to build the
external B-H bond (or to bind other ligands, like CO ligands in metallaboranes, for
instance), they usually represent the lone pairs directing outward of the cluster cage
in the case of Zintl anions.
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SEN=VEN-n-2—m-12 (1)

The correlation of the SEN with the number of cluster atoms (n or n + m) allows
an assignment of the cluster to the different classes, according to the correlation
2-n + x known from boranes. Hence, for a purely main group atom cluster,
SEN = 2.n + 2 indicates a closo-cluster that adopts the shape of a complete
deltahedron, SEN = 2-n + 4 indicates a nido cluster that adopts the shape of a
deltahedral fragment that is derived from a complete deltahedron with n + 1 vertices
by removal of 1 vertex, SEN = 2-n + 6 indicates an arachno cluster that adopts the
shape of a deltahedral fragment that is derived from a complete deltahedron with
n + 2 vertices by removal of 2 vertices, and so on. A few examples of Zintl clusters
can even be discussed in terms of hypho-type architectures, with SEN = 2-n + 8, but
to the best of our knowledge, no electron-deficient Zintl anions have been known to
date with a skeleton electron count of SEN > 2.n + 8. Very prominent examples for
the named types of clusters are Sn94_ (nido) [33] and Si46_ (arachno) [34]. All of
these considerations also apply to clusters, in which n main group atoms and m
transition metal atoms are combined, so that the “2-n + x” expressions are to be
simply replaced by “2-(n + m) + x” for the final electron counts to classify the cluster
types.

As mentioned above, there are some rare cases, in which also extended anionic
substructures are electron deficient and require a description in the Wade-Mingos
formalism, such as the all-vertex-linked B627 octahedra that form a network of closo
clusters in CaBg [35]. To receive the necessary SEN of 2-n + 2, the calculation is
done for the linked cages as follows: SEN = 6-3 (three valence e~ of each of the B
atoms) + 6-1 (one e” from each of the neighboring B atoms) + 2 (negative charge) —
6-2 (two exo-electrons per B atom) = 14 = 2.n + 2.

The following section will give an overview of all known molecular, homoatomic
Zintl anions as a basis of the discussion of the binary ones, and as a reference that
will be used for the description of the binary architectures. It should be noted that
some of the binary anions presented below rather resemble neutral compounds, such
as the tetrahedral P, and As, molecules or the dimeric Al,Clg molecule formed by
edge-sharing of tetrahedral complexes, or they share the structure with common
atom-centered binary anions, such as the carbonate [CO3]27 or silicate [SiO4]47
anion. We will refer to such well-known species directly at the respective places in
Sect. 3.

2.3 Molecular Structures of Homoatomic Molecular Zintl
Anions

The structures of known homoatomic molecular Zintl anions of group 13, group
14, and group 15 (semi-)metal atoms are illustrated in Figs. 1, 2, and 3, respectively.
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Fig. 1 Structures of molecular Zintl anions containing group 13 atoms: (a) Tl487, (b) In597, (c)
Tls"~, (d) Gag"", (&) Tl*, () T, (&) Thy"~ [36-56]
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Fig. 2 Structures of molecular Zintl anions containing group 14 atoms: (a) Sn327, (b) Ge,*, (¢)

Ges®™, (d) Ges'"", (e) Geyo™® ™, (F) Gero”' ™ (g) Sny* ™, (h) Sns™, (i) Sns®~, (§) Sno* ™, (k) Geyo*™
[26, 33, 34, 57-125]

The color codes of the different atom types are indicated in the figure captions and
used throughout this chapter in a consistent way.

3 Binary Zintl Anions of p-Block Atoms of Groups 13-15

Generally, the transfer from homoatomic to binary Zintl anions can be viewed as
isoelectronic replacement of one atom with another one [186]. However, it was
shown in some cases that not only the electron count alone, but also the specific
properties of the involved atoms define the stability of the observed structures
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Fig. 3 Structures of molecular Zintl anions containing group 15 atoms: (a) Biz27, (b) As337, (c)
Bi,*", (@ Bis*", (@) Ps™, () Sbs™ ", (8) As¢", (h) P;°~, (i) Biy,*~ [126-185]

[187]. Moreover, the presence of different types of atoms always provides the
opportunity of forming isomers, which may coexist — at least in solution, but also
in the solid state — and may show different chemical and physical properties. A very
important issue is the resulting charge upon isoelectronic replacement. Solubilities,
crystallization, and the isolation of corresponding anions and their respective salts
are greatly influenced by the total charge. Given that the solution dynamics of
corresponding anionic cages allow for exchange reactions, which was proven to be
the case [188, 189], binary systems can easily react on the demand of a subsequent
heterometallic or intermetalloid cluster to form in reactions with d-block or f-block
compounds [190]. Thus, the introduction of one (or more) additional atom types
always increases the variability, and thus represents a fantastic means of realizing
cluster structures in general, which are not accessible with one atom type only.

3.1 Electron-Precise p-Block-p-Block Anions
3.1.1 P4-Type Anions

The chemistry of white phosphorus (P,) proved to be a blossoming research field for
chemists [181-195]. P4 possesses a tetrahedral molecular symmetry in all states of
matter, and it represents the most reactive and least stable allotrope of elemental
phosphorus under ambient conditions. Its flexible coordination modes have resulted
in a number of activation pathways. The heavier congener of P4, yellow arsenic
(Asy), shows an even more unstable character, so it readily turns into the thermody-
namic stable, air-insensitive gray allotrope, which seriously hinders further use for
coordination chemistry [196]. As a result, As, chemistry faces much more chal-
lenges, as it requires extreme conditions for in-situ preparation, potential storage,
and finally application of the tetrahedral molecule for chemical reactions. To facil-
itate the use of both pnictogens, new methods were developed recently to stabilize
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both P, and As,, including the reversible coordination of P, or As, to transition
metals or the encapsulation of them as molecular guest in porous materials
[195, 197-200]. In 2009, a facile way was reported for the synthesis of the binary
molecule AsP; in the condensed phase. Its structure has been confirmed by coordi-
nation to a corresponding transition metal complex fragment in [Mo(n'-P;As)
(CO)5(P'Pr3)>] (‘Pr = iso-propyl) [201].

Beside the aforementioned approaches, another method to investigate group
13—15 (pseudo-)tetrahedral units was realized by partial or full isoelectronic replace-
ment of the pnictogen atoms in Pny (Pn = P, As) with (formally) negatively charged
atoms of group 13 or 14 elements, yielding Zintl-type binary p-block anions
together. The negative charge of the anions is defined by the elemental combination,
hence is highest in the binary triel-tetrel pseudo-tetrahedra (TrTt;)>~ (Tr: group
13 (triel) element, Tt: group 14 (tetrel) element). Only one such anion has been
established to date, namely (TISn;)°~ (Fig. 4a), that occurs in the alloy Nas(TISn3)
[202]. However, the high negative charge of this anion leads to extremely poor
solubility, which inhibits further use of the salt for solution chemistry. Follow-up
chemistry of this anion is thus limited to high temperature flux reactions. Alloys and
salts comprising Tty*~ and its derivatives (Tt'y,Tt>)*" (Fig. 4b), with slightly
lower charge, can be dissolved in liquid ammonia. Examples of subsequent reactions
have led to the formation of the coordination compounds [(MesCu)z(n3-Tt4)]47
(Tt = Si, Ge, Si/Ge; Mes = mesitylene), [Zn{n>-(Si/Ge)s},1°", [(*-Sn4)Zn(n’-
Sny)]%", and [Au(nz-Sn4)2]77, which form in and crystallize from ammonia solutions
[203-208]. The high overall charges of the heteroatomic (TrTt;)°~ and homoatomic
Tt,*~ species can be further reduced by isoelectronic replacement of (formally)
charged triel or tetrel atoms, Tt(-I) or Tr(-II), by (formally) neutral pnictogen
atom(s), Pn(0). Various related anions have been reported in the meantime as [K
(crypt-222)]* salts (crypt-222 = 4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]
hexacosane): (GaBis)>~, (InBi3)*~, (TIBi3)* ", (Ge,Py)* ", (Ge,As,)* ™, (SnoSby)>
(SnyBin)* ", (PbySby)*~, and (Pb,Bi,)*~ (Fig. 4c, d) [188, 209-215], and several
further binary pseudo-tetrahedral anions, (Tth3)5 ~ (Tr = Al, Ga; Tt = Ge, Sn, Pb),
(InTt;)°~ (Tt = Sn, Pb), (TIPbs)°", (TrPn;)>~ (Tr = Al, Ga; Pn = As, Sb),
(TISbs)*™, (Si,Pny)*~ (Pn = P, As), and (Ge,Sb,)*~, were predicated synthesizable,
although their isolation in condensed phase still has to be proven [216]. The reduced
charge of the (TrBis)*>~ and (Tt,Pn,)>~ anions significantly enhances the solubility
of the corresponding salts, which allows their application for solution chemistry in
room-temperature solvents such as ethane-1,2-diamine (en), pyridine (py), or
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Table 1 Overview of known or predicted electron-precise binary p-block-p-block (semi-)metal
anions with pseudo-tetrahedral shape

Formula Parent compound/source Ref. Figure no.
(TISn3)°~ Nas(TISn3) [202] 4a
(Sis_Ge*™ NaRb-(Siy_,Ge,),, Ki5Si7_Ge, | [203,204] |4b
x=1-3

(TrBis)*~ [K(crypt-222)],(TrBiz)-en [209, 210] |4c
Tr = Ga, In, Tl

(Ge,Pny)*~ [K(crypt-222)],(Ge,Pn,)-en [188-211] |4d
Pn =P, As

(Tt,Pn,)*~ [K(crypt-222)],(Tt,Pny)-en [212-215] 4d
Tt = Sn, Pb; Pn = Sb, Bi

(TrTtz)>~ Calculated [216] -
Tr = Al, Ga; Tt = Ge, Sn, Pb

(InTt3)5 - Calculated [216] -
Tt = Sn, Pb

(TIPbs)°~ Calculated [216] -
(TrPn3)*~ Calculated [216] -
Tr = Al, Ga; Pn = As, Sb)

(TISbs)*~ Calculated [216] -
(Si,Pn,)>~ Calculated [217] -
Pn =P, As

(Ge,Sb,)>~ Calculated [216] -

dimethylformamide (dmf). An overview of known electron-precise binary p-block-
p-block (semi-)metal anions with pseudo-tetrahedral shape is listed in Table 1.

In the past decades, said binary pseudo-tetrahedral anions have thus been shown
to be excellent starting materials for the formation of a large variety of heterometallic
and intermetalloid Zintl clusters. While in most of the reaction products the anionic
structure is heavily modified by fragmentation and rearrangement steps, these
pseudo-tetrahedral units have been maintained in some of the resulting anions.
These may occur in the original version, like in [Au(Sn25b2)2]3_ [217], or in a
form resulting from an atom-exchange reaction, like in [Cd3(Ge3P)3]37 [188], or
both, for example in [Aug(GesAs)(GerAsy)s P~ [189].

3.1.2 Nortricyclane-Type Anions

Homoatomic nortricyclane-type Zintl anions possess the formula Pn,>~. They have
been known from all pnictogen atoms (except N), specifically P>, As;>~, Sb,> ",
and Bi;>~ [9, 175], yet the heaviest congener was identified as late as in 2015 —
hence, more than 50 years later than the first of its congeners, Sb;> in Cs;Sb,
[157]. According to the pseudo-element consideration, the two-bonded atoms in this
cage carry a (formal) charge of 1—, which complies well with the position of real
group 16 elements in the corresponding structure of P,S; [218], the relative prox-
imity of the counterions in the salts of Pn73_, and the selective substitution of these
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Fig. 5 Structures of all known electron-precise binary p-block-p-block (semi-)metal anions
adopting or involving nortricyclane-type structures: (a) (Pn;InPhy)*>~, (b) [In(Pny),]*~, (¢)
(TIPn,)*~, (d) [P;TtN(SiMes),]°~ (Tt = Ge, Sn, Pb), (e) (TtPn;s)>~ (Tt = Sn, Pb, Pn = P; Tt = Sn,
Pn = As), (f) (TtPngH,)*~ (Tt = Si, Pn = P, As; Tt = Ge, Pn = P), () (SnSbe)*™, (h) (Sn3Sb,)°~,
(i) (Sn3Bis)*~, (j) (SnsBig)*~, (k) (GeyBiys)*~, (1) (Ga,Bie)* . H atoms are omitted for clarity in
Fig. 5a, ¢

sites with H* or organic groups [219-221]. Furthermore, the Pn,>~ cages were found
to act as electron donors to other Tr or Tt metal atoms via two of these negatively
charged atoms to form adducts such as (Pn;InPh,)*>~ (Pn = P, As; Fig. 5a), [In
(Pn;),]> ~/(TIPn;)*~ (Pn = P, As; Fig. 5b, ¢) and [P;TtN(SiMes),]*~ (Tt = Ge, Sn,
Pb; Fig. 5d) [222-224]. In addition, a related, larger anion, P1627, can be viewed as
fusion of two nortricyclane-type P>~ anions via a P, dumbbell [225]. Replacement
of one P atom in this dumbbell with one Tt atom generates isoelectronic anions
(TtP;5)*~ (Tt = Sn, Pb; Fig. 5e) [222]. Binary p-block-p-block nortricyclane-type
anions could also be realized. The extraction of ternary K/Si/P, K/Ge/P, or K/Si/As
solids possessing corresponding stoichiometries with en/crypt-222 afforded com-
pounds with (partially protonated) binary anions of the respective group 14/15
elemental combinations, (SiPngH,)>~ (Pn = P, As) and (GeP¢H,)*~ (Fig. 5f)
[226]. Owing to these species’ intrinsically poor crystallinity and low solubility, it
was difficult to establish the identity of these species. However, the combination of
all analytical results available, including single-crystal X-ray diffraction (SC-XRD),
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energy-dispersive X-ray (EDX) spectroscopy, electrospray ionization mass spec-
trometry (ESI-MS), and nuclear magnetic resonance (NMR) spectroscopy, with
quantum chemical studies confirmed said compositions and their doubly protonated
character. These molecules have been the first examples of binary Zintl anions of the
Si/P and Si/As elemental combinations, which added to the recent efforts to synthe-
size p-block-p-block binary Zintl anions.

An (unprotonated) heavier homolog, (SnSbe)*~, was identified in a
corresponding alloy (Fig. 5g) [227], and another variant was obtained by extraction
of the ternary compound Kg[SnSb,] (see also below) with liquid ammonia as a salt of
the (Sn3Sb4)®~ anion — with an even higher average charge on each of its atoms
(Fig. 5h) [212]. It was thus understandable that this anion required close cation—
anion interactions in the K™-ammoniate salt, while the more commonly used en/
crypt-222 counterion stabilization did not work for this system. As it was not
possible to distinguish between Sn and Sb atoms with conventional SC-XRD
studies, EDX spectroscopy served as an auxiliary tool for confirming the given
composition. The result was in full accordance with the total 6— charge of
(Sn3Sby)®~ obtained from application of the Zintl-Klemm concept, with charge
assignments according to [Sb(Sb_)3(Sn_)3]6_.

Two further anions that can be derived from nortricyclane units are (Sn;Bis)*~
and (SnyBiy)*™ (Fig. 5i, j) [228, 229]. They were synthesized by extraction of
“RbSnBi” and “CsSnBi,” respectively, in liquid ammonia. The two isostructural
and isoelectronic anions were described as {Sn,Bis} and {Sn3Bi4} nortricyclane-
like structures, which are monocapped by an additional Sn atom on one side. Both of
the two anions possess a VEN of 40, in accordance with a (hypothetical) molecule
comprising eight pnictogen atoms and no charges.

A structurally more complex binary main group polyanion that is still related to
nortricyclane cages, (GeyBipg)* (Fig. 5k), was obtained by extracting a solid with
the nominal composition “K,GeBi” with en/crypt-222 [230]. Notably, while the first
compound to crystallize from this solutions was [K(crypt-222],Bi4 [231], after
2 months at room temperature (or 90 days at 5 °C), the initially blue solution turned
green, then red-brown, and crystals of [K(crypt-222)]4(Ge4Biy4)-solv (solv = en, tol)
formed at last. Topologically, the anion can be viewed either as two nortricyclane-
type {Bi;} cages that are connected by a linear {Ge,} chain, or alternatively, as a
fusion of one nortricyclane-type {Bi,} cage with a binary {Bi;Ge,} 11-atom cage,
which exhibits the Bi;;>~ “ufosane”-type architecture. According to the pseudo-
element concept, the structure and bonding situation of the tetraanion can be
explained as follows: 2 four-bonded Ge(0) atoms are located around the inversion
center of the cluster, while 2 three-bonded Ge(—I) atoms are located at the two ends
of the {Gey} chain. 12 Bi(0) atoms are connected to this central unit, with
2 two-bonded Bi(—I) sites found at the outmost vertices of the anion. Besides its
extension and the large number of connected Bi atoms, the anion is also unique in
another way: apart from some indication for mixed Ge/Bi site-occupancies in some
of the atomic positions in the crystal structure, the two different types of atoms
clearly show a strong separation tendency within the molecule, in contrast to a
maximum number of heteroatomic bonds being preferred in most of the other binary
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Table 2 Overview of known electron-precise binary p-block-p-block (semi-)metal anions
adopting or involving nortricyclane-type structures

Formula Parent compound Ref. | Figure no.
(Pn;InPh,)*>~ | [K(crypt-222)],(PnsInPhs,) [224] | 5a
Pn =P, As

(TIPn,)*~ [K(crypt-222)],(T1P;)-py [222] |5c
Pn =P, As

[In(Pn7)2]37 [K(crypt-222)]5[In(Pn;),]-n solv [222] |5b
Pn =P, As Pn = P, n solv = 3.5py; Pn = As, n solv = none

(SiPngH,)*~ | [K(crypt-222)15(SiPngH,)-n solvPn = P, solv = en-0.7H,0; | [226] | 5f
Pn =P, As Pn = As, solv = none

(GePeH,)*™ | [K(erypt-222)15(Ge,P7_Hs )1_n(Geo,P,H; ), [226] | 5f
(Sn3Sby)°~ [K6(NH3)9](Sn3Sby) [212] |5h
(SnSbg)*~ Rb,4SnSbg [227] | 5g
(Sn3Bis)*~ [Rb(crypt-222)]5(Sn;Bis)-8.87NH; [228] | 5i
(Sn4Bi4)47 [Cs(18-crown-6)]4(SnyBiy)-12NH; [229] |5j
(TtP5)*~ [K(crypt-222)]5(TtP;5)-en [222] |5e
Tt = Sn, Pb

(SnAs;s)®~ [K(crypt-222)]5(SnAs;s)-2en [222] |5e
[P,TtN [K(18-crown-6)],[P;TtN(SiMe3),]-2py [223] |5d
(SiMes),|*

Tt = Ge, Sn,

Pb

(Ge4Bi14)47 [K(crypt-222)]4(Ge4Bi14) [230] | 5k
(GayBi1e)*™ | [K(crypt-222)13(GasBis6)(-4py) [232] |5l

anions reported to date. However, this unusual finding is in agreement with the
immiscibility of Ge and Bi in the solid state, which could also explain why it has not
been possible to isolate the pseudo-tetrahedral anion (Ge,Bi,)*~ originally targeted
in the corresponding experiment. While anions including the Ga/Bi elemental
combination, like [Bi@Gag(Biy)s]?” (¢ = 3, 5), have been known to form with
more heteroatomic bonds, an anion with an isoelectronic situation, (GazBi16)47
(Fig. 51) [232], was found that is reminiscent of the isoelectronic anion
(GeyBiyg)*™ — with a similar tendency for element segregation at the molecular
scale. Corresponding to the slightly different composition, a “Ga,” > dumbbell is
placed in the center of the (Ga,Bi6)*~ anion, while all other sites are clearly
occupied by Bi atoms; two outmost atoms again are formally Bi(-I). The bonding
situation of all atoms thus complies with the Zintl-Klemm concept in this anion, too.
The (Ga,Bi;¢)*~ anion contains the largest number of consecutively linked Bi atoms
in a binary main group cluster to date. An overview of known electron-precise binary
p-block-p-block (semi-)metal anions adopting or involving nortricyclane-type struc-
tures is given in Table 2.
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3.1.3 [SiO4]* -Type, [Be,Cls]*-Type, CO,-Type and [CO3]*"-Type
Anions

Partial or full isoelectronic replacement of Si and O atoms of the orthosilicate ion
[SiO4]*~ with Tt and Pn elements, respectively, provides us with isoelectronic Zintl
anions [TtPn4]8* (Tt = Si, Ge; Pn = P, As) and [SnSb4]87, respectively (Fig. 6a)
[233-236], with the same centered, tetrahedral structure. These anions were reported
to be stabilized by dications (Ca**, Sr**, Ba®*) or by a combination of Na* with
dications (Ca**, Sr**, Eu**) in a 2:1 ratio. Corresponding sum formulae are A4[TtP,]
(A = Ca, Sr, Ba; Tt = Si, Ge), Bay[TtAs,] (Tt = Si, Ge), Sry[TtAs,] (Tt = Si, Ge),
Nag[SnSby], and A'4A%[SnPn,] (A! = Na, K; A? = Ca, Sr, Ba; Pn = P, As, Sb, Bi),
respectively. Attempts to replace the dications completely with Na*, K*, or Cs™ ions
failed, yet caused the formation of salts comprising anions that adopt the shape of
several other regular valence compounds or complex anions. These are the CO,-type
anions [BPn,]>~ (Pn = P, As) or [P-B-As]’~ in the salts A;[BPn,] (A = Na, K, Rb,
Cs) and Cs3[P-B-As] (Fig. 6b) [237, 238], the [CO3]2_—type anions in compounds
Nas[TtPns] (Tt = Si, Ge; Pn = P, As), Rbs[SiAs3], Rbs[GePs], Css[TtPns] (Tt = Si,
Ge; Pn = P, As), Na,K;5[SnPn3] (Pn = P, Bi), and Na,Cs;[SnP3] [239-242], or the
[B62C16]27-type anions in Na;o[Tt,Ase] (Tt = Ge, Sn), K;o[Sn,Pne] (Pn = As, Sb,
Bi), and NagK,[Sn,Sbg], respectively (Fig. 6¢c, d) [243-246].

All of the aforementioned compounds comprising anions resembling [SiO4]*",
CO,, [CO3]27, or [Be2C16]27 were obtained in neat solids that do not show notable
solubility in any room-temperature solvent, and none of them can be dissolved in
liquid ammonia without decomposition (see the formation of (Sn3Sb,)®~ from
Kg[SnSb,] described above). However, another approach worked for one particular
case: A soluble salt of a [CO5]* -type anion, [SnBi3]°~, was successfully synthe-
sized from reactions of K3Bi, with either K4Sng or K;,Sn;; in liquid ammonia
[247]. In the presence of crypt-222, crystals with the composition KsSnBi3-9NH;3
were isolated. A related reaction of K;Bi, with K;,Sn;7, yet in the presence of
18-crown-6 instead of crypt-222, yielded Ko[K(18-crown-6)][SnBis3],-15NH;. As
for the compounds quoted above, the anion of these two salts, [SnBi3]5 ~, possesses

a) Pn b)
;T\‘ | o o
t Pn B
:/I\o :d] :pn :
Tt
Pn

Fig. 6 Structures of all known electron-precise binary p-block-p-block (semi-)metal anions
representing isoelectronic analogs of [SiO4]*~, CO,, [CO;3)*, or [Be,Clg]*: (a) [TtPn,]® (Tt = Si,
Ge, Sn; Pn = P, As, Sb, Bi), (b) [BPn,]*>~ (Pn =P, As), (¢) [TtPn;]°~ (Tt = Si, Ge, Sn; Pn =P, As,
Bi), (d) [TtAse]'"®™ (Tt = Si, Ge, Sn; Pn = As, Sb, Bi)
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Table 3 Overview of known electron-precise binary p-block-p-block (semi-)metal anions
representing isoelectronic analogs of [SiO4]*~, CO,, [CO3]27, or [Be2C16]27

Formula Parent compound Type Ref. Figure no.
[BPn,]*~ A;[BPn,] CO, [237] 6b
(Pn =P, As) A = Na, K, Rb, Cs
[TtPns]°~ As[TtPns] [COs*™ [239, 240, 6¢c
Tt=Si,Ge; Pn =P, | A = Na, Rb, Cs 242]
As
[SnPn;]°~ As[SnPn;] [CO5*~ [241, 247] 6¢c
Pn =P, Bi A = Na/K, Na/Cs;

Ko[K(18-crown-6)]

[SHB13]215NH3
[SnPny®~ A'4A%,[SnPny] [SiOL* [ [236] 6a
Pn=P, As, Sb, Bi |A' =Na, K; A> = Ca, Sr, Ba;

Pn =P, As, Sb, Bi)
[TtPn, )3~ A4[TtPny] [SiOL* | [233, 234, 6a
Tt=Si, Ge; Pn =P, | A =Ca, Sr, Ba 248]
As
[SnSb4 ¥~ Nag[SnSby] [SiOL* | [235] 6a
[Tt,Asg] 0™ Nayo[TtoAsg] [Be,Cle]*~ | [244, 245] 6d
Tt = Si, Ge, Sn
[SnyPng]'*~ Ajo[SnoPng] [Be,Cll?~ | [243, 246] 6d
Pn = Sb, Bi A = Na, K, Na/K

24 valence electrons and adopts a trigonal planar structure, in which a central Sn
atom covalently bonds to three Bi atoms. It represents the first [CO3]27 analog
containing exclusively metal atoms that was obtained from solution. The anion
shows the same type of electron delocalization as known from [CO5]*~ (Fig. 6¢c),
confirmed by a considerable Sn-Bi bond shortening, in spite of the atoms stemming
from higher period elements. An overview of known electron-precise binary
p-block-p-block (semi-)metal anions representing isoelectronic analogs of
[Si0O4]*", CO,, [CO5)*™, or [Be,Clg]*~ is summarized in Table 3.

3.2 Electron-Deficient p-Block-p-Block Anions Which
Follow the Wade-Mingos Rules

Most of the p-block-p-block anions following Wade-Mingos rules correspond with
nido or closo cages comprising 5, 9, or 10 cluster atoms. The solubility of solids of
the type A,Si;7_,Ge, (A =K, Rb; x =1, 5, 9, 12), which could not be obtained as
single crystals suitable for structure determination by XRD, was investigated in
liquid ammonia. Anionic cages of the compositions (Sig_xGeX)‘F x =12, 1.5;
Fig. 7a) [249] and (Sip_,Ge,)’” (x=4.4,6.6,6.7,6.8; Fig. 7b) [250] were isolated as
ammoniate salts and characterized. While the anions (Siy_,Ge,)*™ clearly possess
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a)

Bi Sn

S .k‘ s sb

Fig. 7 Structures of all known electron-deficient binary p-block-p-block (semi-)metal anions
adopting molecular structures that accord with Wade-Mingos rules: (a) (Sig_Ge)*™, (b)
(Sig_Ge,), (¢) (GeSng-HC=CH,)*~, (d) [Ge,Sn;-(HC=CH,),]*", (e) (Ge,Sn;-HC=CHPh)*~,
(f) (TITty)*~ (Tt = Ge, Sn), (g) Hyp3GeoTl, (h) (Tt;Pn,)*>~ (Tt = Sn, Pb, Pn = Bi; Tt = Ge, Pn = P,
As, Sb), (i) [(SbGes)-(GesSb)]*~, (j) [(SbGes)-CH, = CH,]*~, (k) [(SbGeg)-SbPh,1>~, (I) [Sn
(Geo),]*™, (m) (TrgBis)*™ (Tr = In, T1), (n) (T1,Bi3)* ", (0) (Sn3Biz)>~, (p) (SnsSb3)*~. H atoms are
omitted for clarity
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nido-type structures, the (Siy_,Ge,)*~ species with lower negative charge need to be
regarded as intermediates between the closo- and the nido-type species.

Reactions of the ternary alloy K;Geo_,Sn, with alkynes in en resulted in the
following structurally characterized compounds with alkenylated heteroatomic nido-
type clusters: (GeSng-R)>~ (R = HC=CH,, HC=CHC,,), [Ge,Sn;-(HC=CH,),|*",
and (Ge,Sn,-HC=CHPh)*~ (Fig. 7c—e) [251]. Alternatively, capping of the nido-
Tty*™ anion (Tt = Ge, Sn) by a formally TI* Lewis acid, upon reaction of Tty*~ with
TICp (Cp~ = (CsHs)7), yielded a corresponding closo-type cluster anion, (Tth9)37
(Figs. 7f) [252]. A threefold substitution of (TlGe9)37 with hypersilyl groups
({(SiMe3)3Si} = Hyp) affords a corresponding neutral cluster, closo-(Hyps;GeoTl)
[253] (Fig. 7g), which has a different substitution pattern compared to previously
reported tetra-substituted {Geo} cages. Further Hyp-decorated Tt-d-block anions
will be discussed in Sect. 4.2.2.

Partial replacements of the Tt(-I) atoms in the closo-type or nido-type anions
Tte"™ (x = 2, 4) by atoms of group 15 elements, formally Pn(0), result in isoelectric
anions of binary composition, namely nido-(Ge;Pny)>~ (Pn = P, As; Fig. 7h)
[188, 211], and m'do—(Tt7Bi2)2* (Tt = Sn, Pb; Fig. 7h) [214, 254]. Several deriva-
tives of (Tt;Pn,)*>~ have also been studied. These include a series of species with the
general formula (Ge;P,R3)" (R = CH3;, C,Hs and C3H3) which were theoretically
predicted based on the experimentally known nido-(Ge,P,)*~ anion [255]. The
theoretical design of the derivatives [Ge;Pn,(CHs);]" was extended by replacing P
atoms with As, Sb, or Bi atoms. A simple and efficient method for experimentally
replacing Ge atoms in deltahedral Geo*~ clusters with either Sb or Bi atoms has been
realized by reactions of Geg47 with PnPh3 (Pn = Sb, Bi) at certain temperatures or
under sonication. Structure elucidations revealed “n-doped” deltahedral Zintl ions
[(PnGeg)-(GegPn)]*~ (Pn = Sb, Bi), (Ge,Sby)*", [(SbGe8)-CH=CH,]*~ and
[(SbGeg)-SbPh,]*~ (Fig. 7h—k) [256].

The formation of 10-atom closo-type cages can also be realized by bridging of
9-atom units via p-block metal atoms. For example, [(Geo)Sn(Geo)]*~ (Fig. 71) [257]
consists of two Geg47 clusters, which coordinate an Sn(II) atom in an n4- or n3—
mode, respectively. Owing to shorter Sn-Ge distances (on average) between the
central Sn atoms and the atoms of the n*-coordinating cage, this “side” is viewed as a
closo-type 10-atom cluster according to Wade-Mingos rules, with the SEN being
22 (= 2-n + 2). In contrast, the n°-type coordination and the distances found within
the remaining part of the structure refer to a closo-type 9-atom cage. In summary,
[(Geg)Sn(Geo)]*™ can be treated as a combination of a closo-(GeoSn)>~ and a closo-
(Geo)*~ connected via a Lewis acid-base interaction.

The combination of Tr and Pn atoms has further enriched the spectrum of closo-
or nido-type anions. (In,Sb3)™ and (Tr,Bi3)~ (Tr = Al, Ga, In) [258], which were
reported to exist in the gas phase, are isoelectronic and isostructural with closo-Tts>~
(Tt = Si, Ge, Sn, Pb) [89, 91]. The 9-atom cages (Tr4Bi5)37 (Tr = In, TI; Fig. 7m)
[209, 210], resembling binary analogs of nido-Tt947 [91], were observed as minor
products upon extraction of “KsIn,Biy” with en/crypt-222, or as side products during
the synthesis of [K(crypt-222)],[Tl,Big{Ru(cod)}]-2tol (cod = 1,5-cyclooctadiene).
Solid mixtures of the elemental combination K/TI/Bi indicate the presence of
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multiple Zintl phases. Extractions with en in the presence of crypt-222 afforded
single crystals comprising [K(crypt-222)]" salts of several novel binary anions,
including (T14Bis)*~ (Fig. 7n) [259], among others. (T1,Bi3)* shows a rare pentag-
onal bipyramidal structure. It represents the first binary cage of this topology and the
first 7-atom closo-type p-block cluster. Its SEN amounts to 16 (= 2-n + 2), which is
thus different from the pentagonal bipyramidal cluster anion Tl,”~ in the neat solid
K;Tl;: with an SEN of 14 = 2.n, this homoatomic cluster falls in the category of the
so-called pre-closo cages, with an even larger electron deficiency [49].

As discussed above, many binary closo-type or nido-type Zintl clusters were
isolated to date — most of them as their respective salts through solution chemistry. In
striking contrast, there has been only one example so far of a hypho-cluster anion
obtained this way: (Sn3Bi3)5 ~ (Fig. 70) [228] was synthesized through extraction of
“RbSn,/Rb;3Bi,” in liquid ammonia. The high charge density of this anion is
balanced by close contacts with adjacent Rb* cations in Rbg[SnsBis][Sn4ly,
4-6.75NH;. With VEN = (3-4 + 3.5 + 5) = 32 and SEN = (32-6-2) = 20, this
6-vertex anion correlates with the expectations for a hypho-type cluster. It was
suggested that (Sn3Bis)>~ might represent an intermediate in the reaction pathway
toward two related anions, (Sn3Bis)*~ and (SnyBiy)*~ [228, 229].

Some more species have been reported that correspond with an electron count
expected for arachno-type cages. The synthesis and crystallization of the [K(crypt-
222)]* salt of arachno-(SnsSbs)*~ (Fig. 7p) [187] demonstrated that not only the
electron count of a specific anion determines its structure. In addition, different
chemical composition within an isoelectronic series of binary Zintl anions can lead
to different isomeric structures. The general structural classification as an arachno-
type is matched by the SEN of 22 (= 2:n + 6) here from eight Sn/Sb atoms
occupying the vertices of a polyhedral fragment that can indeed be derived from
the corresponding closo-10-vertex deltahedron. However, unlike the strict rules
followed in borane chemistry regarding the removal of directly adjacent vertices
when going from nido-type to arachno-type cages, (semi-)metal clusters allow for
variations here: instead of the removal of two directly adjacent vertices, Zintl anions
also allow for the removal of next but one or even opposite vertices, which is actually
preferred here and denoted as iso-arachno in the literature. Hence, the structural
motif found for (SnsSb3)>~ is rare, as compared to the square anti-prismatic archi-
tecture reported for several isoelectronic ions: (leBi6)2_ in [T12Bi6{Ru(cod)}]2_
[210], Big>* in [CuBig]** [260], Sng®~ in Rb,Li>Sng and [{K»,ZnSng(ZnMes)},]*~
[261, 262], and (Sn4Sb4)27 in [Co@SnGSb6]37 [263]. Interestingly, however, the
global minimum isomer of two recently reported heterometallic dimers,
[(SnsSb;M),]*~ (M = Cu, Au) [189, 190], comprises related (SnsSbs)>~ fragments
with a slightly different isomeric form of the arachno-cage. As the isolated version
of (Sn5Sb3)37 represents the global minimum structure for this composition,
according to DFT calculations, it was suggested that the slightly different isomer
is more reactive and thus acts as a precursor to the formation of the ternary anions
[(SnsSbsM),]*~ (M = Cu, Au; see Sect. 4.2.4). Another heterometallic cluster,
[SbG(RuCp*)z]z_ (Cp* = CsMes; Fig. 15e) [264], has a remarkably similar
8-vertex core, which will be discussed in more detail in Sect. 4.2.3. An overview
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of known electron-deficient binary p-block-p-block (semi-)metal anions adopting
molecular structures that accord with Wade-Mingos rules is provided in Table 4.

3.3 Ternary Analogs

The existence of several ternary p-block Zintl ions is also worth noting herein. One
example is the dimeric deltahedral cluster [(Sn6GezBi)2]47 (Fig. 8) [265], with
Ge-Ge inter-cluster bonds, which was obtained either by reacting bimetallic clusters
(Sng_,Ge)*™ (x = 4.5, for instance) with BiPh; or by direct extraction of a
quaternary precursor with the nominal composition “K,Ge,SnyBi” with en and
subsequent layering with crypt-222/toluene. Each of the subunits is best described
as distorted tricapped trigonal prisms of six tin atoms, with the two Ge atoms and one
Bi atom capping the three rectangular faces; this description is in accordance with
the interpretation of the subunits as closo-type cages with SEN = 8-4 (Ge, Sn) + 5
(Bi) + 2 (charge) + 1 (Ge-Ge bond) —9-2 (exoe™ Ge, Bi) =40-18=22=2-n+2.
This way, the anion compares well with the known dimers [(Ge9)2]6_ and
[(PnGeg),]*~ (Pn = Sb, Bi), respectively [253, 266]. The alternative description as
a highly distorted monocapped square antiprism, with the open square defined by
one Ge atom, one Bi atom, and two Sn atoms, deviates more from the observed
architecture, and it disagrees with the SEN. The ESI mass spectrum of the reactive
solution obtained from BiPhs + “K,Sn,sGess” in en revealed (SngGe,Bi)~ as
producing the predominant peak. Calculations showed that no structural changes
are present in the lowest-energy isomers when (SngGe,Bi)” ™ is initially oxidized to
(SngGe,Bi)*>~, which is anticipated to subsequently dimerize to form
[(SngGe,Bi),]*~ [267]. The related examples of this category are listed in Table 5.

4 Binary Zintl Anions of p-Block and d-Block Atoms

The remarks made at the outset of Sect. 3, that is, the concept of isoelectronic
replacement of atoms, also apply to binary anions composed of p-block and
d-block atoms. However, the variability is even larger in this case. Naturally, the
reactions yielding the clusters usually require other synthetic protocols, and d-block
atoms show a distinct tendency to occupy an endohedral position within main group
(semi-)metal cages; however, such endohedral, “intermetalloid” [268] clusters
(unless closely related with species discussed herein) will not be addressed in this
chapter, which aims at focusing on cages without interstitial atoms — so-called
“heterometallic clusters” — on the one hand, and on centered anions with no bonds
between the substituents on the other hand. The distinctly different electronic nature
of d-block metal atoms can also have another effect, owing to these atoms’ higher
flexibility regarding their coordination environment. Hence, the transition metal
atoms can stabilize main group (semi-)metal units that would not be stable as
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Fig. 8 Structure of [(Sn(,GezBi)z]‘F, an electron-deficient ternary p-block-p-block-p-block (semi-)
metal anion, in which the molecular structural subunits adopt cage structures that accord with
Wade-Mingos rules

Table 5 Overview of known ternary p-block-p-block-p-block (semi-)metal anion adopting a
molecular structures that accord with Wade-Mingos rules

Formula Parent compound/source Type | Ref. Figure no.
[(SnﬁGezBi)z]“’ [K(crypt-222)]4[(Sn¢Ge,Bi),]-1.5en | closo | [265] |8
[SneGe,Bi]*~ Calculated closo | [267] |—
[Sny_,_,Ge,Biy ™~ Calculated nido |[267] | —
y=14x=0—-09 -y

isolated homoatomic Zintl anions. In summary, the binary anions that result from the
combinations of d-block and p-block atoms, which will be presented in the subse-
quent sections (again distinguished by their electron-precise or electron-deficient
nature, respectively), show a larger variation of resulting geometric and electronic
structures, and also of concomitant chemical and physical properties.

4.1 Electron-Precise p-Block-d-Block Anions
4.1.1 Binary Cages Involving Group 13 Atoms

Examples of heterometallic clusters involving solely group 13 atoms in addition to
d-block metal atoms that were isolated from solution-based syntheses are rare. One
example is given by the neutral compound [(Cp*AlCu)¢Hy] (Fig. 9) [269], which
was discussed in the context of embryonic states of Hume—Rothery phases, owing
to their elemental combination. The cluster is based on a Cug core (a bicapped
tetrahedron), which is surrounded by six {Cp*Al} fragments that are arranged in an
octahedral manner. The compound was shown to provide an inexpensive interme-
diate in the synthesis of selective catalysts for the semihydrogenation of alkynes to
alkenes.
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Fig. 9 Structure of
[(Cp*AlCu)¢Hy]. H atoms
are omitted for clarit
Y \1
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4.1.2 Anions Based on Cyclohexane-Type and Sg-Type Units

[Nb(n®-CgHsMe),] was reacted with K,Sno in en/crypt-222 to yield [(n°-C¢HsMe)
NbSnﬁNb(nG—C6H5Me)]2_ (Fig. 10) as its [K(crypt-222)]* salt [270]. In contrast to
homoatomic polystannide ions isolated from solution, namely nido-Sny*~, paramag-
netic Sng3 o, or closo—Sn527, and in contrast to metal-stabilized Zintl ions including
closo-Sng>~ in [Sng{Cr(CO)s}e]*~ [271], and Sng®~ in closo-Li>Sng*™ [261] or
{[K>ZnSng(ZnMes)],}*~ [262], all of which accord with Wade-Mingos rules, the
heterometallic cluster in [(T]6-C6H5Me)NbSn6Nb(n6-C6H5Me)]2_ can be regarded as
a cyclo-Sng'?™ ion, which is stabilized by two [(n°-C¢HsMe)Nb]** fragments on
both sides. This anion is related to intermetalloid anions of the type (MPng)"~
(M = Nb, Mo; Pn = Sb, As; n = 2, 3) [272-274], yet with the difference that in
the latter, the {Png} “crown” is centered around an interstitial d-block ion, hence
does not form a cage-type structure together with it. While the formal charge
assignments (i.e., the assigned oxidation states) appear extreme, they serve to
describe well the bonding within the {E,} rings: the formal 12— charge of the
{Sng} ring in [(r](’—CsHsMe)NbSnGNb(n6-C6H5Me)]27 is structurally consistent with
a cyclohexane structure, and thus in accordance with short 2e2¢ Sn-Sn single bonds;
similarly, the Png rings of the (MPng)?~ anions, with an Sg-type shape, are in good
agreement with this electron-transfer model, too. Still, it should be emphasized that
this formalism does not reflect accurate oxidation states; as for most of the known
mixed p-block-d-block clusters, it just serves to formally rationalize the structure and
bonding observed in the p-block substructure.

4.1.3 Nortricyclane-Type Anions

Compared to norbornadiene-type electron-precise p-block-p-block anions [9],
nortricyclane-type anions Pn,”>~ show a larger tendency to act as ligands for coor-
dinating d-block metal ions. Among them, P;>~ and As;’, exhibiting relatively
strong bonds within the cages, do not tend to undergo extensive fragmentation and
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Fig. 10 Structure of [(n°-
CeHsMe)NbSngNb(n°-
C6H5Me)]2_. H atoms are
omitted for clarity

rearrangement processes; partial bond cleavage is observed in some cases though,
resulting in rare examples with fragments of the cages serving as donor ligands, for
instance in [Co(n’-Ps){n*-P,H(Mes)}]*~ and [Co(n’-As3){n*-Ass(Mes),}]*~
[275, 276]. Most often however, P73* and As73* cages coordinate to d-block
metal complex fragments as a whole, thereby forming a series of related anions,
such as [P;Ni(CO)]*~, [Fe(HP,),)*", [M(Pn,),]*~ (M = Zn, Pn = P, As, Sb;
M = Cd, Pn = P, As), and [Auz(As7)2]47 (Figs. 11a—d) [280-281]. A comprehen-
sive list of examples is provided in Table 6 [224, 280-288]. The Pn-Pn bond strength
decreases with the increase of the metallicity of Pn, which is reflected in a lower
overall stability of such cages. Thus, besides relatively rare examples of {Sb,} cages
retained in a heterometallic cluster, [Sb7M(CO)4]3 ~ (M = Cr, Mo) and [Zn(Sb7)2]4_
(Fig. 11c, e) [289-290], a bimetallic norbornadiene-like dimeric anion, [(ZnSb6)2]47
(Fig. 11f) [288], was prepared by direct extraction of a ternary alloy of the nominal
composition “K¢ZnSbs” with en in the presence of crypt-222 (it should be noted,
however, that it is not secured whether the extract contained the Sb,>~ anion at all).
The structure represents a new type of coupled norbornadiene-type fragments.
However, distortions decrease the overall molecular symmetry. It is worth noting
that the Zn”* ions formally possess a 16e~ configuration within their nearly perfect
triangular {ZnSb;} coordination pattern.

Although having been predicted to exist by Zintl himself, the lack of a rational
experimental approach of polycyclic polybismuthides has long inhibited their isola-
tion. However, this was finally realized with the combination of suitable synthetic
and crystallization conditions which resulted in the synthesis of Bi;>~ from
(GaBi3)27 and the release of elemental Ga(0) [185], and the synthesis of Bi737
from KsBiy in the presence of [(CgHg)Cr(CO)3] [175]. The first heterometallic
polyanion with nortricyclane-type polybismuthide cages coordinating a transition
metal atom, [(Bi7)Cd(Bi7)]4_ (Fig. 11g), was reported 5 years later [289]. Similar to
the homologous compounds with lighter Pn73 ~ ligands (Pn = P, As, Sb), the two
Bi;” ™ nortricyclane cages bind to the central Cd** ion via two of their two-bonded Bi
atoms each. Overall, this leads to a tetrahedral coordination of the central ion. Based
on a DFT study on the stability of the whole series of [(Pn,)M(Pn,)]*~ species, it was
assumed that slight variations of the reaction conditions might in fact allow for the
successful synthesis and isolation of the homologous complex [(Bi7)Zn(Bi7)]47, but
unfortunately this anion has not been isolated to date. In a report prior to this, the
formation of the heterometallic cluster anion [Biy{Ru(cod)},]>~ has already proven
that another pseudo-tetrahedral anion, (TIBiz)>~, can also serve as an excellent
starting material for the formation of polybismuthide architectures in reactions
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Pn

Fig. 11 Selected structures of known electron-precise binary p-block-d-block (semi-)metal anions
adopting ring-type and cage-type structures: (a) [P,Ni(CO)>~, (b) [Fe(HP,),]* ", (¢) [M(Pn;),]*~
(M = Zn, Pn = P, As, Sb; M = Cd, Pn = P, As), (d) [Aux(As-).]*", (e) [Sb;Cr(CO)4I>~, (F)
[(ZnSbe)2]*", (8) [CA(Bi)2]* ™, (h) [P,M(CO),4]*~ (M = Cr, Mo, W), (i) [HP;M(CO),]*~ (M =Cr,
Mo, W), (j) [Pn,PtH(PPh3)]*~ (Pn = P, As), (k) [Mx(HP;),]*~ M = Ag, Au), (I) [Cuy(Pn;)]*"
(Pn = P, As), (m) [ng(As7)2]4’. H atoms are omitted for clarity in (j)

with transition metal compounds [210]. An overview of known electron-precise
binary p-block-d-block (semi-)metal anions adopting cage-type structures is given in
Table 6.

4.14 SiS, and CO,-Type Anions

In contrast to the orthosilicate ion [SiO4]4_, SiS, consists of Ool[SiSm] chains.
Isoelectronic heterometallic architectures were realized in the one-dimensionally
extended Zintl anions ..'[ZnPn,]*~ (Pn = P, As, Sb, Bi; Fig. 12a) included in
Bay[ZnPn5,] [290], which were synthesized from corresponding element mixtures in
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Table 6 Overview of known electron-precise binary p-block-d-block (semi-)metal anions
adopting cage-type structures

Formula Parent compound Ref. Figure no.
[P,Ni(CO)>~ [K(crypt-222)][(n-C4Ho)4P],[P;Ni [277] 11a
(89)]]
[P;M(CO), 1> [K(crypt-222)]3[n°-P;M(CO),]-en [278] 11h
M = Cr, Mo, W
[HP;M(CO), >~ [K(crypt-222)],[*-HP,M(CO),4]-en [278] 11i
M = Cr, Mo, W
[Fe(HP;),]*~ [K(crypt-222)],[Fe(HP7),] [279] 11b
[M(Pn;),]*~ [K(crypt-222)]4[Zn(Pn7)s] [224, 280, 1lc
M =7Zn; Pn =P, As, Sb | [K(crypt-222)]4[Cd(P;),]-6py 281]

M =Cd; Pn =P, As [K(crypt-222)]4,[Cd(As7),]-en
[K (crypt-222)14[Zn(Sb;),]-8NH,

[Pn,PtH(PPh;) 1>~ [K(crypt-222)],[P;PtH(PPh;)] [282] 11j
Pn =P, As

[M,(HP),*~ [K(crypt-222)],[M(HP,),] [283] 11k
M = Ag, Au)

[Auy(Asy)o]* [K(crypt-222)][Aus(Asy),] (284, 285] 11d
[Cux(Pny)a]*™ [K(crypt-222)]4[Cus(Pn),] [224] 111
Pn =P, As

[Hgx(Asy)o]* ™ [K(crypt-222)]4[Hgo(As7),] [286] 1lm
[Sb;M(CO),]*>~ [K(crypt-222)]5[Sb;M(CO),] [287] lle
M = Cr, Mo

[(ZnSbg),1*~ [K(crypt-222)][(ZnSby),]-0.65t0l [288] 11f
[Cd(Biy)]*~ [K(crypt-222)]4[(Bi;)Cd(Bi;)]-en [289] llg

a lead flux. The anions are constructed by frans-edge-sharing of {ZnPn,} tetrahedra,
which replace the {SiS,} tetrahedra in the archetypical SiS,.

When including alkali metal cations instead of Ba®* in such p-block element
mixtures, molecular units are observed that may be understood as a product of a
cleavage of the chains and disconnection of the {MPn,} units. Selected examples
include [BePn,]*~ (Pn =P, As, Sb), [BPn,]°>~ (Pn =P, As), [MPn,]*~ (M = Zn, Cd,
Hg; Pn = P, As), [AuPn,]°~ (Pn = P, As), [CuPn,]>~ (Pn = As, Sb), and [ZnBi,]*~
(Fig. 12b), which are stabilized by Na*, Na*/K*, K", Rb*, or Cs™ cations, respec-
tively, in corresponding alloys [291-296]. The linear triatomic anions are isoelec-
tronic with CO,. The same applies to [Sn-Zn—Sn]67 (Table 7, Fig. 12c¢) [297], present
in the alloys NagZnSn, and NayyZngSn;, in which Tt atoms are included instead of
Pn atoms. Notably, one of these very highly charged anions, [Bi-Zn-Bi]*~, was even
obtained from solution: Reactions between [Zn,(Mesnacnac), |
(Mesnacnac = [(2,4,6-Me;CgH,)NC(Me)],CH) and K;Bi,/18-crown-6 or KsBi,/
crypt-222 in liquid ammonia result in the formation and isolation of K4[ZnBi,]
(NH3);» [298]. The linear [Bi-Zn-Bi]*~ unit in it represents the first triatomic
16-valence electron species that can alternatively adopt another allotropic form of
TtE, (Tt = C, Si; E = O, S; Scheme 1). In addition, the anion [Bi—Zn-Bi]4* indeed
represents the first (and so far only) metal-atom-based CO, analog obtained from
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Fig. 12 Structures of all known electron-precise binary p-block-d-block (semi-)metal anions
representing isoelectronic analogs of CO,: (a) ool[ZnPnz]“’ (Pn = P, As, Sb, Bi), (b) [BePn,]*~
(Pn = P, As, Sb), [BPn,]>~ (Pn = P, As), [MPn,]*~ (M = Zn, Cd, Hg; Pn = P, As), [AuPn,]*~
(Pn = P, As), [CuPn,]°~ (Pn = As, Sb), and [ZnBi,]*", (¢) [Sn-Zn-Sn]®~

Table 7 Overview of electron-precise binary p-block-d-block (semi-)metal anions representing
isoelectronic analogs of CO, or SiS,

Formula Parent compound Type | Ref. Figure no.
o [ZnPny]* Ba,[ZnPn5,] SiS, [ [290] 12a
Pn =P, As, Sb, Bi

[Sn-Zn-Sn]®~ Nag[ZnSn,], NayoZngSny; CO, |[297] 12¢
[MPn,]*~ A4[MPn,] CO, |[[291- 12b
M =7Zn, Cd, Hg; Pn =P, As | A=Na",Na*/K*, K*,Rb*,Cs" 294]

[AuPn,]’~ (Pn = P, As) Ks[AuPn5,] CO, |[[296] 12b
[CuPn,]*~ K5[CuPn,] CO, |[[296] 12b
Pn = As, Sb

[ZnBi,]*~ K4[ZnBi,] CO, |[295] 12b
[Bi-Zn-Bi]*~ K4(ZnBi,)(NH3), CO, |[[298] 12b

solution. An overview of electron-precise binary p-block-d-block (semi-)metal
anions representing isoelectronic analogs of CO, or SiS, is summarized in Table 7.

4.2 Electron-Deficient p-Block-d-Block Anions
4.2.1 Tt-d-Block Anions

Early NMR studies of reaction mixtures containing [Pt(PPhs),] and Tt94_ ions
(Tt = Sn, Pb) in en confirmed highly fluxional properties of the products. However,
the lack of single crystals had prevented its definitive structural assignment and
further analysis for a while [299]. The synthesis and crystallization of closo-[SngCr
(CO)I* (Fig. 13a) finally evidenced the first member of a new class of polyhedral
clusters, and thus opened up a new gate for mixed-metallic d-block-p-block Zintl
chemistry [300]. In the meantime, a huge number of such closo-type d-block-p-
block Zintl anions have been isolated and identified, holding the record of numbers
among all different types of Zintl clusters. The formation of these species, e.g., [n*-
TtoM(CO)5]*~ (Tt = Sn, Pb; M = Cr, Mo, W) [300-305] (Fig. 13a), can be viewed
as the addition of a neutral {M(CO);} fragment to the open square face of a nido-
Tty*~ ion, thus generating a closo-10-atom deltahedron according to Wade-Mingos
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Scheme 1 Diagram of the two modifications of [Bi-Zn-Bi]*~, drawn with formal charges to
emphasize the isoelectronic analogy to CO, on the one hand (1a) and to SiS, on the other hand
(2a). Reproduced with permission of Wiley-VCH

rules. The {M(CO)s} unit possesses 12 valence electrons (VE), isolobal to a
2-electron (BH)** fragment. Consequently, it does not contribute to cluster bonding,
as all of the VE are considered as exo-electrons. According to the Wade-Mingos
formalism, one calculates SEN = 9-4 (VE Tt) + 12 {VE M(CO)s} + 4 (charge) —
92 (exo-e~ Tt) — 1:12 (exo-e~ {M(CO);}) = 52 - 30 =22 = 2:(n + m) + 2.
Analogous considerations apply to the related anions [n*-TtoML,]>~ shown in
Table 8 and Figs. 13b—e, such as [GeoNi-CO]*~ [306], [n*-Ttolr(cod)]*~ (Tt = Sn,
Pb) [307, 308], [Cu(n*-Geo)(PR3)]* (R = Cy = cyclohexane or R = Pr) [309], and
M*TteZnR]’~ (Tt = Si, Ge, Sn, Pb; R = Et, Mes, ‘Pr, Ph) [310, 311, 314].

A capping of nido-type cages with transition metal fragments to form closo-type
d-block-p-block Zintl anions can alternatively be realized by transition metals
connecting two nido-type 9-atom cages. Similar to the hybrid closo-nido-type
anion [(Geo)Sn(Geo)]*~, the Zn-centered cluster n4:n3-[Zn(Ge9)2]6* (Fig. 13%)
[257] might be regarded as being composed of a (GeoZn)>~ closo-cluster comprising
22 skeleton electrons and nine lone pairs (18 exo-electrons), with an acceptor orbital
being located at the Zn atom that further interacts with a filled orbital of a closo-type
nine-atom anion D3h-G€947. Furthermore, several investigations have been devoted
to synthesize compounds containing low-valent Zn atoms ever since the first Zn
(I) compound, [Zn,Cp*,] with a covalent Zn-Zn bond, was reported in 2004
[318]. This has also been applied to the isolation of closo-Zintl anions by replacing
the Cp* ligands in [Zn,Cp*,] with nido-type Zintl cages through different synthetic
strategies. The resulting anions, (GeQZn-ZnGeg)“ and the structurally related
(PbyCd-CdPby)®™ (Fig. 13g) [312, 313], can be regarded as dimers of closo-
(TtoM)*>~ bearing an unpaired electron at their respective Zn or Cd vertex, which
is paired in the M-M bond. Notably, in addition to the formation of (GeyZn-
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Fig. 13 Structures of all known electron-deficient binary Tt-d-block (semi-)metal anions: (a) [n4—
TteM(CO);]*~ (Tt = Sn, Pb; M = Cr, Mo, W), (b) [GesNi-COJ*~, (¢) [n*-Ttolr(cod)]*~ (Tt = Sn,
Pb), (d) [Cu(n*-Ges)(PR3)]* (R = Cy, 'Pr), () [n*-TtyZnR]>~ (Tt = Si, Ge, Sn, Pb; R = Et, Mes,
"Pr, Ph), (f) [Zn(Geo)s]°, (8) [TtoM-MTto]®™ (TUM = Ge/Zn, Pb/Cd), (h) [(GeoZn)-(Gey)-
(ZnGeo)I*~, () o'[—(GeoZn)*-11. () {[K2ZnSng(ZnMes)l}' ", (k) [Tts{M(CO);}.1*". ()
[Sn4Ni(CO)]*~. H atoms are omitted for clarity



Binary Zintl Anions Involving Group 13-15 (Semi-)Metal Atoms, and the. . .

131

Table 8 Overview of known electron-deficient binary Tt-d-block (semi-)metal anions without

Hyp-substitution

Formula Parent compound/source Type | Ref. Figure no.
[*-TteM(CO);1*~ [K(crypt-222)]4[n*-TteM(CO)35] | closo | [300-305] | 13a
Tt = Sn, Pb; M = Cr,
Mo, W
[GegNi-COP~ [K(crypt-222)]5[GesNi-CO] closo | [306] 13b
[*-TteIr(cod)]*~ [K(crypt-222)]5[n*-Ttolr(cod)] closo | [307,308] | 13c
Tt = Sn, Pb
[Cu(n*-Geo)(PR3)*~ [K(crypt-222)]5[Cu(n*-Geo) closo | [309] 13d
R = Cy, Pr (PR3)]-n solv
R/n solv = Cy/2.5dmf, ‘Pr/13NH;
[N*-TteZnR]*~ [K(crypt-222)]5[n*-TtoZnR]-n closo |[310,311] | 13e
Tt = Si, Ge, Sn, Pb solv
R = Mes, ‘Pr, Ph Tt/R/n solv = Si/Ph/2py, Ge/Mes/
none, Ge/iPr/en-Ztol, Ge/Ph/
2en-tol, Sn/Mes/tol, Sn/Pr/0.5en,
Sn/Ph/tol, Pb/Mes/none, Pb/Ph/
2en-tol
[Zn(Geo),1°~ Ko[K(crypt-222)]4[Zn(Gey)s] closo | [257] 13f
(NH3)21.6 unit
[(GeygZn)-(Geo)- Ky[K(crypt-222)]4— closo |[312] 13h
(ZnGeo)]*~ [(GeoZn)-(Geg)-(ZnGeg)[(NH3)p9 | unit
o [—(GeyZn)>~-] [K(crypt-222)1»(ZnGeo)(en)y o closo | [312] 13i
unit
[TtoM-MTto]5~ Ky [K(crypt-222)],_[GeoZn- closo |[312,313] |13g
TtM = Ge/Zn, Pb/Cd ZnGeo](NH;) unit
[K(crypt-222)]6[PboCd-CdPbs)-
2en
[(n*-Geo)(ZnEt)]*~ [K(crypt-222)]5[(n*-Geo)(ZnEt))- | closo | [314]
7.4NH;
[Pbs{Mo(CO)3},]*~ K [K(crypt-222)],[Pbs{Mo closo | [315] 13k
(CO)3}2]-3en
[Tts{M(CO)3},1*~ Calculated closo | [316] -
Tt = Si, Ge, Sn, Pb
M = Cr, Mo, W
{[K>ZnSng(ZnMes)],}*~ | [K(crypt- closo | [262] 13j
222)14{[K,ZnSng(ZnMes)], } unit
[Sn4Ni(CO)*~ [K(crypt-222)14[Sn;4Ni(CO)]- closo | [317] 131
dmf unit

ZnGey)®~ (Fig. 13g), another compound consisting of three {Gey} clusters that are
connected via two Zn>* ions, [(GCQZH)-(GCQ)-(ZHGCQ)]87 (Fig. 13h), was observed
as a side product. Variation of the reaction conditions afforded Dol[—(Ge9Zn)27-]
(Fig. 13i) as a polymeric strand of closo-(GeoZn)*>~ anions. Very recently, an inverse
sandwich-type cluster dimer, {[ZnSng(ZnMes)],}*~ (Fig. 13j), was reported as the
anionic substructure of {[K,ZnSng(ZnMes)],}*~ [262]. Here, a highly charged
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Sng®~ anion coordinates to mixed-valence Zn(I)/Zn(Il) sites to form dimeric {closo-
[Zn,Sng]}, moieties centering around a Zn-Zn bond.

A quasi-closo-type structure has been discovered in a rare example of a 7-atom
p-block-d-block Zintl anion, [Pbs{Mo(CO);},]*~ (Fig. 13k) [315]. As is shown in
Fig. 13k, cyclo-Pbs*™ acts as an n’°-ligand to two neutral {Mo(CO)} fragments in a
sandwich-type manner. According to Wade-Mingos rules, the structure is based on a
cage with SEN = 16 = 5-4 (VE Pb) + 2-12 {VE Mo(CO)3} + 4 (charge) — 5-2 (exo-
e Pb)—2-12 (exo-e~ {Mo(CO)3}) = 48 — 34 = 14, which differs from the expected
number of 2-(n + m) + 2 = 16 skeleton electrons to bind a 7-vertex closo-type
polyhedron. However, if the {Pbs} ring is alternatively treated as a m-antiaromatic
Pbs*~ ligand coordinating the neutral {Mo(CO);} fragments to form [Pbs{Mo
(CO); }2]4_, the cyclic anion can be regarded as an analog to 4m-antiaromatic
cyclobutadiene in the half-sandwich complex [(C4H4)Fe(CO)s]. A third interpreta-
tion considers the five-ring as a 6r-aromatic Pbs®~, assuming that it receives two
electrons from the {Mo(COs3} units; indeed, DFT calculations indicate a consider-
able diatropic ring current to occur in Pbs®~ as a hint toward aromaticity [319]. The
general accessibility of a series of [n4—Tt5M(CO)3]4* (Tt = Sn, Pb; M = Cr, Mo, W)
with this structure type has also been proposed through DFT calculations [316].

The first example of a face-fused 9-atom anion was reported with [Sn 4N i(CO)]47
(Fig. 131) [317]. Formally, two nido-[SngNi(CO)]°~ clusters exhibiting identical,
elongated, tricapped trigonal prisms are oxidatively fused to share a triangular
{Sn,Ni} face. With the {Ni(CO)} 12-electron fragment (ten electrons from the d'°
atom and two electrons from the CO ligand), the required total number of 62 valence
electrons is met for a face-fused [Sn14Ni(CO)]47 cage; according to Wade-Mingos
rules, the (BH)2+—analog0us {Ni(CO)} fragment again does not contribute to cluster
bonding, as all electrons of the transition metal unit are considered as exo-electrons.
Hence, each of the formally fused, underlying nido-type cages {SngNi
(CO)}G_possesses 84 (VE Sn) + 12 (VE {Ni(CO)}) + 6 (charge) — 8-2 (exo-e~
Sn) — 12 (exo-e~ {Ni(CO)}) =22 =2 (n + m) + 4 skeletal electrons. An overview of
known electron-deficient binary Tt-d-block (semi-)metal anions (without
Hyp-substitution; cf. next section) is listed in Table 8.

4.2.2 Hyp-Substituted Tt-d-Block Anions

A group a Zintl clusters with lower or even no charge is represented by the series of
cages with Hyp groups as substituents, which recently added a new branch to Zintl
chemistry that is dealing with readily soluble Tt-based cluster species. Such com-
pounds can be accessed from molecular building blocks [320] or from Zintl anions
[321], which in the first step allowed for a rational synthesis of (GeoHyp3)™ anions
and subsequently for the generation and isolation of the first tetra-substituted — and
thus neutral — cluster, [Hyp;Geo{SnPh;}] (Fig. 14a) [322]. From this anion, a few
heterometallic Tt-d-block cages were derived that follow Wade-Mingos rules. The
first examples were [Hyp;GeoM(CO)3]~ (M = Cr, Mo, W; Fig. 14b) [326-327] and
[Hyp;EtGeoPd(PPhj3)] (Fig. 14c) [323], followed by [Hyp;EtGeoM(PPh3)] (M = Ni,
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