CHAPTER 10 Metal Clusters: 401

«* Wade’s Rules

Though the Lipscomb’s topological model involving STYX numbers and rules was good in the
rationalization of structures of some of the boranes and related species, it was not enough to higher boranes
and carbonyl clusters. Therefore, a more sophisticated and comprehensive method was needed. In 1971, a
British chemist, Kenneth Wade, published a revolutionary paper in the field of cluster chemistry. The main
outlines of this communication were later to be called as Wade’s rules, which provided a straightforward and
elegant explanation of the geometries of ‘‘electron-deficient’” cluster compounds in terms of the number of
skeletal electron pairs (SEPs) available. The main focus of this paper was on boranes, carboranes and low-
valent transition-metal clusters; whose structures could not be explained by the normal 2-center-2-electron
bond. After Wade’s initial report, another British chemist, Michael Mingos, extended the principles of counting
skeletal electron pairs to electron-precise and electron-rich clusters and gave a more generalized way of
calculating the skeletal electron contribution of a wide range of transition-metal. Thereafter, the rules became
known as the Wade-Mingos rules or, more formally, the polyhedral skeletal electron pair theory (PSEPT).

The structure prediction is based on different sets of rules (4, Sn, or 6n), which are developed on the
basis of the number of electrons present per vertex. The 4n rules are pretty much accurate in predicting the
structures of clusters with 4 electrons per vertex, as is the case for many carboranes or boranes. The clusters
following 4n rule are generally classified as closo-, nido-, arachno- or hypho-, depending on whether they
represent a complete (closo-) deltahedron, or a deltahedron that is missing one (nido-), two (arachno-) or three
(hypho-) vertices. However, if the count of electrons is near to 5 electrons per vertex, the structure changes
occur and are governed by the 5# rules (based on 3-connected polyhedrons). Moreover, if the electron count
is increased further, the clusters with 5# electron counts become very unstable, and the 67 rules find their role.
The cluster compounds following 6 rule have structures that are dependent on rings.

> 4n Rule

The basis closo-polyhedra for the 4% rules are composed of triangular faces. The number of vertices
in the cluster prediction and the corresponding basis polyhedron is given below.

Table 8. Base polyhedrons for structure prediction using 4# rule.

No. of Vertex Polyhedron No. of Vertex Polyhedron
4 Tetrahedron 9 Tricapped trigonal prism
5 Trigonal bipyramid 10 Bicapped square antiprism
6 Octahedron 11 Octadecahedron
7 Pentagonal bipyramid 12 Icosahedron
8 D»g4 (trigonal) dodecahedron
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Using the electron count, the predicted structure can be found. » is the number of vertices in the cluster. The
4n rules are enumerated in the following table.

Table 9. Electron count and predicted structure using 4x rule.

Electron count Name Predicted structure

4n—2 Bicapped closo n — 2 vertex closo polyhedron with 2 capped faces
4n Capped closo n — 1 vertex closo polyhedron with 1 face capped

4n+2 Closo Closo polyhedron with n vertices

4n+4 Nido n + 1 vertex closo polyhedron with 1 missing vertex

4n+6 Arachno n + 2 vertex closo polyhedron with 2 missing vertex

4n + 8 Hypho n + 3 vertex closo polyhedron with 3 missing vertex

4n+ 10 Klado n+4 vertex closo polyhedron with 4 missing vertex

The valence electrons are enumerated when the counting of electrons for each cluster is carried out. For each
transition metal atom or ion present, ten electrons are subtracted from the total number of electrons. For
example, in Rhe(CO)6 the total number of electrons would be 6 x 9 + 16 X 2=6 X 10 =86 — 6 x 10 = 26.
Therefore, the cluster is a closo polyhédron because iz = 6, with 4n+ 2 = 26. When structure prediction is
carried out, other postulates may be given as:

1) For clusters that are comprised mainly of transition metals,-any main group atoms are generally counted as

ligands or interstitial atoms, and notwvertices.

i) Larger atoms or more electropositive groups have the tendency to occupy vertices of higher connectivity;

while the smaller or more electronegative atoms tend-to-filt vertices of low connectivity.

iii) In some special boron hydride clusters, every boron connected to 3 or more vertices has one terminal H,
while a boron connected to two other vertices has two terminal H. Any extra hydrogens left are placed in open-
face positions to even out the coordination number of different vertices.

iv) In some special cases of transition metal clusters, ligands are added to the metal centers to impart the metals
a reasonable coordination numbers, and if any H atoms are present, they should be placed in bridging sites to

even out the coordination numbers of different vertices.

Generally speaking, closo clusters with # vertices are n-vertex polyhedral structures. To find the nido-
cluster structure, a closo cluster with n + 1 vertices is exploited as a starting point; if the cluster is consisted of
small atoms, a vertex with high connectivity is removed; while if the cluster is consisted of large atoms, a
vertex with low-connectivity is removed. To find the structure of arachno clusters, a closo polyhedron with
n+2 vertices is exploited as the starting point, and a nido complex with n+1 vertex is created by the rule
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discussed above. However, if the cluster is of small atoms, a second vertex which adjacent to the first is
removed; and if the cluster is of large atoms mainly, the second vertex removed is not adjacent to the first one.

Examples: i) P4: Electron count = 4 x number of valence electron of P =4 x 5 =20 electrons. Since n =4, 4n
+ 4 =20, so the cluster is a nido borane. Starting from base polyhedron of n + 1 vertex, one vertex has to be
removed. Here, starting from trigonal bipyramid and removing one axial vertex gives the tetrahedral cluster.

P

L=

P P

Figure .10--Structure of Ps.

ii) S4**: Electron count = 4 x number of valence-electron of S = 4% 6 =2 (for charge) = 22 electrons. Since n
=4, 4n + 6 = 22, so the cluster is‘an-arachno borane. Starting from base polyhedron of n + 2 vertex, two
vertexes have to be removed. In-this-case, it-will-start from-octahedron-and then-the removal of two non-

adjacent vertexes will give square cluster.

2%
e
S>NINECES

Figtre 1. Structure of 84",

iii) BsHs*: Electron count = 5 x 3 + 1 x 5 + 4 = 24 electrons. Since n =5, 4n + 4 = 24, so the cluster is a nido
borane. In this case, will start from octahedron and then the removal of one vertexes will give square pyramidal.

The hydrogens have been omitted for clarity.

Figure 12. Structure of BsHs*".
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iv) Oss(CO)13: Electron count: 6 X Os + 18 x CO — 60 (for 6 osmium atoms) =6 x 8 + 18 x 2 — 60 = 24. Since
n =06, 4n =24, so the cluster is capped closo. Starting from a trigonal bipyramid, a face is capped. The carbonyls
have been omitted for clarity.

Os

Os

Figure 13. Structure of Oss(€Q);s.

v) C,BsH7: Electron count =2 x.C +5xB +7 x H=2 x4 + 3 x5 +7 x-]1 = 30. Since n in this case is 7, 4n +
2 =30, the cluster is closo. The hydrogens have been omitted for clarity.

Figure 14. Structure of C,BsHy.

The bookkeeping for deltahedral clusters is sometimes carried out by counting skeletal electrons pairs
instead of the total number of electrons. The CH and BH units are considered as 3 and 2 electron donor,
respectively. Additional hydrogen contributes 1 electron and charge is considered as it is. m is the sum of the

number of boron and carbon atoms.
No. of e pair m—1 m m+1 m+2 m+3 m+4 m+5
Structure Bicapped closo  Capped closo  Closo Nido  Arachno  Hypho Klado

For example, in C,B7Hi3, m is 9, while electron pairs are 2 x CH+7xBH+4 xH=6+14+4 =24 or 12

pairs. The number of framework electron pairs are 9 + 3 = 12; hence the structure is arachno.
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» 5n Rule

If electrons per vertex are approaches 5, the 5# rule is used based on a different series of polyhedra
known as the 3-connected polyhedra, in which each vertex is connected to 3 other vertices.

Table 10. Base polyhedrons for structure prediction using 5# rule.

No. of Vertex Polyhedron No. of Vertex Polyhedron
4 Tetrahedron 14 Dual of triaugmented triangular
6 Trigonal prism 16 Square truncated trapezohedron
8 Cube 18 Dual of edge-contracted icosahedron
10 Pentagonal prism 20 Dodecahedron
12 D»4 pseudo-octahedron

The 5n rules are as follows:

Table 11. Electron count and predicted structure. using-Sx rule.

Electron count Predicted structure
S5n nsvertex)34connected polyhedron
Sn+1 n — 1'wertex 3-connected polyhedron with one vertex inserted into an edge
Sn+2 n — 2 vertex 3-connected polyhedron with'two vertexes inserted into an edge
Sn+k n — k vertex 3-connected polyhedron with & vertex inserted into an edge

Examples: i) P4S3: Electron count = 4 x number of valence electron of P + 3 X number of valence electrons
of S=4x5+3 x 6=38 electrons. Since n =7, 5Sn + 3 = 38. Three vertices are inserted into edges.

Figure 15. Structure of P4Ss.
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ii) P4O¢: Electron count = 4 x number of valence electron of P + 6 x number of valence electrons of O =4 x 5
+ 6 x 6 =56 electrons. Since n =10, 5n + 6 = 56. Six vertices are inserted into edges.

7
L7

Figure 16. Structure of P4Os.

~——-20O

P

» 6n Rule

If the electron count per vertexs about:6, a 6u rule is used for structure prediction. This is because
structures based on 47 or 5# rules would become unstable if'the number of electron approaches 6, and clusters
tend to give structures governed by the 6z rules. The rules forthe 6n structures are as follows:

Table 12. Electron’count and predicted structure-using '6# rule.

Electron count Predicted structure
6n—k n-membered ring with 42 transannular bonds
6n—4 n-membered ring with 2-transannular bonds
6n—2 n-membered ring with 1. transannular bond
6n ri-membered ring
6n+2 n-membered ehain (n-membeéred ring with 1 broken bond)

Examples: i) Ss: Electron count = 8 x number of valence electron of S = 48 electrons. Since n = 8§, 6n = 48.
Therefore, the cluster is an 8-membered ring.

AN
S/S\S

Figure 17. Structure of Ss.
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ii) C¢Hi4: Electron count = 6 x number of valence electron of C + 14 x number of valence electrons of H =6
x 4 + 14 x 1 =38 electrons. Since n = 6, 6n + 2 = 38. Therefore, the cluster is a 6-membered chain.

/\/\/

Figure 18. Structure of C¢H 4.

It is also worth mentioning that Wade’s rules not only rationalized the structures of a vast number of
cluster compounds but they have also stimulated further research in cluster chemistry.
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