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Abstract 

High nuclearity metal clusters are often based on 
vertex-, edge-, or face-sharing of small cluster units. 
Understanding of the bonding in these clusters in 
general, and their ligand requirements in particular, 
is a prerequisite to the design of even larger clusters. 
We describe here a new ‘cluster of clusters’ (C*) 
model which is a simple but useful approach to elec- 
tron counting of high nuclearity clusters based on 
smaller clusters as building blocks. Specifically, the 
C* model provides a simple means to calculate the 
number of skeletal as well as topological electron 
pairs of a supracluster based on its constituents 
(building blocks). 

Introduction 

High nuclearity metal clusters are often based 
on vertex-, edge-, or face-sharing of small cluster 
units. Recently we reported the synthesis and 
structure of a series of gold-silver-phosphine 
clusters based on vertex-sharing of centered icosa- 
hedral (13-atom) units [l]. For example, the struc- 
ture of a 25-atom cluster containing 13 Au and 12 
Ag atoms [(Ph3P)i2Au1sAgi2Brs]+ [lc] can be 
regarded as two Au-centered AuYAg, icosahedra 
sharing one Au-atom as a common vertex. Similarly, 
the 3%atom cluster [(p-TolsP)loAu1sAg~0Cl141 
[Id] can be viewed as three Au,Ag6 centered icosa- 
hedra sharing three corners in a triangular arrange- 
ment with two more Ag atoms capping the top and 
the bottom Ags triangles. It is apparent that these 
novel structural characteristics may open up new 
pathways to the design of even larger metal clusters 
via fusion of smaller cluster units as building blocks. 
We shall refer to this concept as ‘cluster of clusters’ 
and to the resulting clusters as ‘supraclusters’. 

Understanding of the bonding in these supra- 
clusters in general, and their ligand requirements in 
particular, is important in the design, syntheses, 
and structures of high nuclearity metal clusters. 

*Author to whom correspondence should be addressed. 
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We wish to describe here a new electron counting 
scheme which grew out of our attempt to rationalize, 
as well as to predict, the electronic requirements 
of the Au-Ag supraclusters (based on vertex-sharing 
icosahedra) synthesized and structured in our 
laboratory. We shall refer to this electron counting 
approach as ‘C*(cluster of clusters)’ model. It turns 
out that this new approach can also be applied to 
other cluster systems based on vertex-, edge-, or 
face-sharing of smaller cluster units as building blocks. 
There have been, of course, many bonding ap- 
proaches [2,3] or electron counting schemes [4,5] 
available for polyhedral clusters. The method pre- 
sented here, however, has the advantage of providing 
a simple way for predicting the total electron count, 
as well as for calculating the number of skeletal 
electron pairs for these ‘cluster of clusters’. We 
shall show how one can calculate the number of 
skeletal electron pairs of a high nuclearity supra- 
cluster from its constituents. 

‘Cluster of Clusters’ (C*) Model 

The C* model is based on an extension of the 
Topological Electron Counting (TEC) approach 
[6,7] recently developed by us. In the spirit of 
the TEC rule [7], the number of ‘skeletal electron 
pairs’ can be given by 

B=3V-E for O-D and 1-D (la) 

B=2V-F+E+X for 2-D and 3-D (lb) 

systems and the total number of electron pairs by 

T=V,+6V,+B (2) 

where V is the number of vertices (V = V, + V, 
where V, and V,,., represent the number of main- 
group and transition metal atoms, respectively), 
E is the number of edges, F is the number of faces, 
E is the Euler characteristic (E = D - 1 where D is 
the dimensionality of the cluster). Note that both 
eqn. (la) and (lb) stem from the assumption that 
each skeletal atom contributes three orbitals for 
cluster bonding [7]. Equation (lb) is derived from 
Euler’s theorem, E = V t F - E. X is an ‘adjustment’ 
parameter [6,7]. 
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Scheme 1. B values for some 0-, l-, 2-D systems. 
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Using eqn. (l), it is possible to calculate the 
skeletal electron pairs (B) associated with a specific 
cluster moiety, fragment, or cage. For example, the 
B values for some commonly observed polygons and 
polyhedra are given in Scheme 1. For O-D and 1 -D 
systems, B = 3V - E (eqn. (la) where E is the 
number of edges. Thus B = 3 X 1 - 0 = 3 for a single 
atom and B = 3 X 2 - 1 = 5 for a dimer. For the 2-D 
system in Scheme 1, we have, using eqn. (1 b), B = 
2 X 3 - 1 + 1 = 6 for the triangle (A), B = 2 X 4 - 
2 t I = 7 for the rhombus, B = 2 X 4 - 1 t 1 = 8 for 
the square (El), B= 2 X 5 - 1 + 1 = 10 for the penta- 
gon (03, etc. 

According to the C* model, for a supracluster 
which can be regarded as a cluster formed by n 
polyhedral clusters fused together, the B value is 
given by the sum of the Bj values (j = 1 to n) of the 
n individual cluster units minus the sum of the Bk 
values (k = 1 to s) of the s shared vertice(s), edge(s), 
of face(s) 

B=CBj- CB, (3) 

In other words, in order to obtain the overall or 
effective number of skeletal electron pairs (B) for 
a supracluster, we simply sum up the skeletal electron 
pairs (BI) of the individual cluster units (building 
blocks) followed by subtracting the overcounting of 
the skeletal electron pairs (Bk) of the shared vertices, 
edges, or faces. Some examples of vertex-, edge-, and 
face-sharing supraclusters in 2-D, 3-D, or mixed 2-D 
and 3-D systems are depicted in Schemes 2-5. The 
total number of electron pairs (2) can be calculated 
from eqn. (2) and the total electron counts by N= 
2T. We shall discuss some of these examples next. 

Scheme 2. 2-D Systems. 
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Scheme 3. 3-D Systems. 
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Scheme 4. 3-D Systems. 
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Scheme 5. Mixed-dimension systems. 

Discussions 

Let us consider, as depicted in Scheme 2, two 
triangles (A) sharing a vertex (left). Since each tri- 
angle has a B value of 6, and sharing a vertex dim- 
inishes the B value by 3 (cf: Scheme l), we obtain 
a composite B value of 2 X 6(n) - 3(atom) = 9. One 
example is Oss(CO)ra [8]. From eqn. (2) we predict 
T= 39 and N= 78. The observed electron count is 
N Obs = S X 8 t 19 X 2 = 78 which is in perfect agree- 
ment with the predicted N value. For two triangles 
sharing an edge which is shown in Scheme 2 (middle), 
eqn. (3) predicts B = 2 X 6(A) - S(edge) = 7. One 
beautiful example is Re4(C0)r6*- [9]. For this 
planar cluster, eqn. (2) predicts T= 6 X 4 t 7 = 31 
and N = 62 which is in perfect agreement with Nobs = 
4X7+16X2+2=62. 

The va triangle shown in Scheme 2 (right) can be 
considered either as three triangles sharing three 
corners (B - 3 X 6(A) - 3 X 3(atom) = 9) or four 
triangles sharing three edges (B = 4 X 6(A) - 3 X 
S(edge) = 9). It is interesting to note that the two 
distinct descriptions give rise to the same B value. 
One novel example is the planar hexaosmium cluster 
0sg(C0)17[P(OMe)s]4 [lo] with Nobs = 6 X 8 t 17 
X 2 t 4 X 2 = 90. The predicted values are: T= 6 X 6 
t9=45,andalsoN=90*. 

As examples of fused polyhedra in 3-D, let us 
consider two tetrahedra (Td) sharing a vertex 
(Scheme 3, left), an edge (middle), and a face (right). 
Since each tetrahedron contributes a B value of 6 
(cc eqn. (lb)), the C2 model predicts a B value of 
B = 2 X 6(T,) - 3(atom) = 9, 2 X 6(Td) - S(edge) = 
7, and 2 X 6(Td) - 6(A) = 6, respectively via eqn. (3). 
One example for two tetrahedra sharing a vertex 
is 0sgS2(CO)r4H2 [12] with five OS and two S atoms 
as vertices. The observed electron count is Nobs = 

*It should be pointed out, however, that another common- 
ly observed B value for ~2 triangle is 6 as predicted by the 
Shell model [S]. According to the Shell model, T = 6G + K 
= 6 x 6 + 6 = 42 and N = 84 where G is the total number of 
metal atoms and K is the B value at the center of the cluster 
(in this case K = 6 since the cluster centers at a triangular 
hole). One notable example is the Cu3Fe3(C0)123- trianim 
[ll]withN,t,,=3Xl1+3X8+12X2+3=84. 
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5X8+2X6+14X2+2X1=82. The predicted 
electron count is N=2T=2X(Vnt667/,tB)= 
2X(2+6X5 +9)=2X41 =82 (cf. eqn. (2)) in 
perfect agreement. Two tetrahedra sharing an edge 
is exemplified by Mo2FezS2(CsHs)2(CO)s [ 131 
with Mo2Fe2S2 as the cluster skeleton. The observed 
electron count is Nobs =2X6+2X8+2X6+2X 
5 t 8 X 2 = 66 which again agrees with the predicted 
electron count which is N= 2 X (2 t 6 X 4 t 7) = 66. 
Finally, two tetrahedra sharing a triangular face gives 
rise to a trigonal bipyramidal structure. One example 
is 0ss(CO)i6 [8] where Nabs = 5 X 8 t 16 X 2 = 72 
agrees with the predicted electron count ofN = 2 X (6 
X 5 t 6) = 72. Trigonal bipyramids, however, can 
also be considered as a basic polyhedron such that 
other electron counting rules apply*. 

Similarly, since each octahedron (Oh) contributes 
a B value of 7 (cf: eqn. (lb)), two octahedra sharing 
a vertex (Scheme 4, left), an edge (middle), and a 
face (right) will give rise to the predicted B values of 
B = 2 X 7(Oh) - 3(atom) = 11, 2 X 7(Oh) - S(edge) = 
9, and 2 X 7(OrJ - 6(A) = 8, respectively. The latter 
two structures are exemplified by clusters RuroC2- 
(CO)242- [14], and Rhg(CO)rs3- [ 151 with Nabs = 
10X8+2X4+24X2+2=138, and 9X9+19X 
2 t 3 = 122 which agree reasonably well with the 
predicted electron counts of N = 2 X (6 X 10 t 9) = 
2X69= 138,2X(6X9+8)= 124respectively. 

In Scheme 5, we show an interesting sequence of 
cluster fusion in mixed dimensions. On the top we 
have a tetrahedron (3-D) sharing an edge with a tri- 
angle (2-D), giving rise to an edge-capped tetrahedron 
with B = 6(Td) t 6(A) - S(edge) = 7. At the bottom 
is a ‘butterfly’ cluster (pseudo 2-D) sharing two 
vertices with a chain-like trimer (pseudo l-D), giving 
rise to the so-called ‘hinged butterfly’. The ‘butter- 
fly’ can be considered as two triangles sharing an 
edge (cf Scheme 2, middle), hence B = 7. For the 
pseudo chain of trimer, B=3V-E=3X3-2=7. 
From eqn. (3), we obtain B = 7 t 7 - 2 X 3(atom) = 
8 for the ‘hinged butterfly’. One important point 
to note in Scheme 5 is that each of the bottom 
clusters has one (and only one) electron pair over 
the corresponding top cluster. In other words, 
electron counts are not necessarily additive in the 
condensation of clusters. A beautiful example of the 
edge-capped tetrahedron is 0sSH2(CO)i6 [8] with 
N ohs = 5 X 8 + 2 X 1 t 16 X 2 = 74 which agrees well 
with the predicted electron count of N = 2 X (6 X 5 
+ 7) = 74. Hinged butterflies are exemplified by the 
highly interesting clusters RusC(CO)r6 and the 
related H2Ru5C(C0)r5 [8], both with Nabs = 76 
which agrees with the predicted N = 2 X (6 X 5 t 8) 
= 76. 

*In fact, many trigonal bipyramidal metal clusters are 76 
(B = 8) rather than 72 (E = 6) electron systems (both of 
which are predicted by the TEC rule [6, 71). 
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Scheme 9. 

Besides providing some simple compounds for 
rationalizing the electron counts based on C2 model 
illustrated in Schemes 2-5, some more complicated 
examples are shown in Schemes 6-9 which we shall 
discuss next. 

Suppose we stack three octahedra together in a 
linear fashion such that they share two triangular 
faces, we obtain a face-sharing trioctahedron shown 
in Scheme 6. Here we predict B = 3 X 7(Oh) - 2 X 
6(A) = 9, in good agreement with that deduced from 
TEC rule. For a dodecavertex metal cluster, we 
predict T=6VmtB=6X 12+9=81 (eqn. (2)) or 
an electron count of N = 2T= 162. This geometry, 
as well as the predicted electron count, has only 
recently been realized by the reported synthesis 
and structure of the Ir12(C0)262- [ 161 dianion 
which has an electron count of Nabs = 12 X 9 + 26 X 
2t2=162. 

If, instead, we fuse three octahedra in a cyclic 
manner such that they share three faces, we obtain 
an undecavertex metal cluster with a ‘hidden’ bond 
as exemplified by the intriguing [Rh11(CO)23]3- 
[ 171 trianion shown in Scheme 7. Here each octa- 
hedron contributes a B value of 7, sharing three 
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triangular faces diminishes the B value by 6 each, and 
the hidden bond increases B by 5, resulting in a final 
B value of 3 X 7(Oh) - 3 X 6(A) + S(hidden edge) = 
8, and hence T=6X 11 +8=74 and N=2X74= 
148. The observed electron count is Nabs = 11 X 9 + 
23 X 2 + 3 = 148, in perfect agreement with the 
predicted value. 

Now, let us consider two higher nuclearity metal 
clusters. A decavertex metal cluster with a v2 tetra- 
hedral structure (Scheme 8) is exemplified by the 
beautiful [OslOC(CO),~]*- [18] dianion. The metal 
framework can be considered as four tetrahedra 
sharing triangular faces with the central octahedron. 
Thus, B=4X6(Td)+7(Oh)-4X6(A)=7; T=6X 
10 + 7 = 67, and N = 134. The latter agrees well with 
N ,,,,=lOX10+4t24X2t2=134. 

The truncated v2 trigonal bipyramid, shown in 
Scheme 9, can be considered as two octahedra sharing 
a face which is further fused with three trigonal 
bipyramids (tbp) via sharing of three rhombus (B= 

7). If each trigonal bipyramid has B = 8*, we predict 
the overall B = 2 X 7(O,J - 6(A) + 3 X 8(tbp) - 3 X 
7(rhombus) = 11. This is indeed observed in [Nir2- 
(CO)21H4- Jn- [ 191 where we predict an electron 
count of N=2X(6V,tB)=2X(6X12+11)= 
166 which agrees well with the observed value of 
N ,,,=12XlOt21X2+4=166. 

Conclusions 

In conclusion, the cluster of clusters (C’) model 
presented here is a simple but useful approach to 
electron counting of high nuclearity clusters based on 
smaller clusters as building blocks. It enables us to 
calculate the number of skeletal electron pairs based 
on its consituents or building blocks (eqn. (3)). 
Combining with the TEC rule (eqn. (2)), the total 
number of electron pairs, and hence the overall 
electron count, can easily be calculated and com- 
pared with the experimental results. 
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