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Abstract 

The concept of ‘Seat’ is introduced to study steric 
packing quantitatively. Coordination space is 
analysed into a series of cone seats. Degeneracy, 
splitting, transformation and inversion of interlocking 
seats were studied with the seat level diagrams. 

Steric isomerism is described with different seat 
level diagrams. In weak covalent compounds, the 
isomer, with the maximum SAS of the occupied 
seats, is more favourable for ligand packing. The 
difference between the largest vacant seat and the 
smallest occupied seat is also suggested as a criterion 
for estimating stable isomers. 

Introduction 

Although steric packing in coordination and 
organometallic chemistry has been recognized as an 
important factor, it has nevertheless been neglected 
in quantitative studies. The major problem is that 
steric packing is not the unique factor influencing 
molecular structures. Other factors, such as bonding, 
often prevail so that it is quite difficult to observe 
ideal steric packing except in some ionic lattices. 

Nevertheless there have been continued efforts 
towards this objective. Tolman made the first attempt 
to quantify steric effects [ 1,2]. More recently the 
concept of solid angle has been used to describe steric 
packing [3-71. The Packing Saturation Rule (the so- 
called SAS rule) [8-lo] and the Packing Centre Rule 
[9] have been reported. Molecular geometry [ 11, 121 
and some reaction processes [13] have been ex- 
plained quantitatively in terms of steric arrangement. 
However the treatments are still empirical. A more 
general and fundamental understanding is required. 
In the present paper, we introduce the geometrical 
analysis of coordination space and discuss briefly its 
application in structural chemistry. 

*Author to whom correspondence should be addressed. 

0020-1693/87/$3 SO 

The currently adopted concept ‘coordination site’ 
refers only to a location of metal-ligand bonding in 
the coordination sphere. It does not indicate the 
steric hindrance, or geometrical restrictions, of the 
location. We thus introduce ‘coordination seat’ to 
describe the site quantitatively. In the unit sphere 
treatment [9], ‘site’ refers to a point whereas ‘seat’ 
refers to an area. 

1. Seat Analysis 

The coordination space around the central metal 
ion can be analysed into an infinite number of cone 
seats with the metal ion at their joined apex. In 
analysis at a certain symmetry, nl of the largest seats 
(i.e. the first order ones) which interlock with each 
other are derived first and nz of the next largest seats 
are derived from the holes among the first ones. The 
analysis continues to the third and the higher order 
ones. If we use the symbol SI to represent the fan 
angle of the ith order seats, then we have 

4n = 2n gndl - cos&) (1) 
i=1 

where 4n represents the solid angle of the whole 
space. 

The process of seat analysis is illustrated using 
tetrahedral symmetry as an example (Fig. 1). The 
first order seats with S, = 54.74’ are located at the 
four apices of the tetrahedron whereas the second 
order seats with Sz = 15.5’ are located at the centre 
of each triangular face of the tetrahedron. The third 
order seats are located in the holes among every two 
of the first order seats and one of the second order 
seats. Although such an analysis could be carried out 
infinitely, the seats which are smaller than a real 
ligand are less important. (A hydrogen atom, with its 
Van der Waal’s radius of 1.2 A and its distance 3 A 
from the central atom, needs a seat larger than 23.6’ 
(SH = sin-‘(l-2/3)).) 

For convenience, we have introduced the ‘Seat 
Level Diagram’ (Fig. 2 and Table I) to describe the 
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Fig. 1. Seat analysis for a tetrahedron, 

seat analysis. Each seat is represented by a short line, 
which is arranged upwards in the sequence of size. 
The large seats are below the small ones, the infinite 
small seat (zero seat) is represented by a dotted line 
at the top. The symmetry of the first order seats is 
placed below the seat levels. The fan angle of the seat, 
expressed in Sj, is on the right-hand side of the level 
and its position has been put on the left-hand side. 
The ligands accommodated in the seats are written in 
above the corresponding seats. When the seat is 
empty it is written as an H. 

2. Degeneracy and Splitting of the Seat Levels 

In certain symmetries, the seat levels of identical 
seats are degenerate. For example, in T, symmetry 
both the seat levels of the four first order seats and 
those of the four second order seats possess four-fold 
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Fig. 2. Seat analysis and the corresponding seat level diagrams 
of the most common structural patterns. 

degeneracy. Splitting occurs when these seats become 
different and the symmetry changes to a lower one. 
With one seat increasing or decreasing, the other seats 
are influenced due to interlocking. Dependence of 
these seats on each other could be derived based on 
the sphere triangle functions. Degenerated seat levels 

TABLE I. Seat Analysis for the Most Common Structural Patterns (compare with Fig. 2)’ 

Seat description Structure pattern 

Td Oh C S.A. T.B.b P.B.b 

S1 
i.4 (“) 

4 6 a 8 3 2 

54.1 45 35.3 31.43 60 54 

Bond angle (“) 109.5 90 70.6 74.86 120 180 

SASS 0.8453 0.8787 0.7 340 0.8236 1 0.7500 0.4122 

s2 

:A (“) 

4 8 6 2 2 5 

15.5 9.7 19.5 21.83 30 36 
Bond angle (“) 109.5 - 90 180 180 72 

SAS, 0.073 0.057 2 0.1720 0.0717 0.1340 0.4775 

Bond angle between Sr and S2 70.2 54.7 54.7 59.26 90 90 

SASS, + s, 0.9183 0.9357 0.9096 0.8953 0.8840 0.8897 

In all cases ~ (SAFiri = 0 
i= 1 

aAbbreviations: SAS, the sum of the solid angle factors; FA, fan angle of the seats; n, number of the seats; SAFiri, vector sum of 

the solid angle factors of the seats; Td, tetrahedron; Oh, octahedron; C, cubic; S.A., square antiprism; T.B., trigonal bipyramid; 
P.B., pentagonal bipyramid. bFully interlocking. 
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Fig. 3. Selected structural examples of distorted tetrahedra 
described with seat level diagrams. 

are indicated by the closely arranged lines and the 
symbol Sn for a seat of n degeneracy. 

Deformation of coordination polyhedra can be 
described with the seat level diagrams. Distortion 
from the regular polyhedra is always accompanied by 
the splitting of seat levels. The splitting of tetrahedral 
seats is taken as an example. While two of the four 
seats are increasing the other two seats must decrease. 
The previously four-fold degenerate seat levels split 
into two groups of seats, each of which possesses 
two-fold degeneracy. The splitting of the seat levels 
of distorted tetrahedral geometry is shown in Fig. 3. 
The dependence of seat A and seat B (at C,, sym- 
metry) in the AaBa group of cones is shown in Fig. 4. 

3. The Transformation of Symmetries on Variation of 
the Seats - Numerical Analysis of the Symmetry of 
Cones 

The seats are not of constant value for they could 
be produced and expanded or contract and vanish. 
The first order seat could gradually decrease and 
become a second order and even a higher order seat, 
Meanwhile the second or the third order seat could 
increase and become the first order seat. Such pro- 
cesses are accompanied by the crossing of the seat 
levels and the transformation of the symmetries. 

In fact, this is a problem of the numerical analysis 
of the symmetry of cones which are interlocked into 
each other in the 4n bonding space. The symmetry 

*1/ &AMA”(ll) 

/\ 
ii AMB”(lll) 

10 30 50 70 s,o 90 

Fig. 4. Seats and geometrical frame of molecules MAzB2. 
Abscissa, seat A; ordinate on the left, seat B; ordinate on the 

right, bond angle; curve I, dependence of seat B on seat A; 
curve II, dependence of bond angle AMA on seat A; curve III, 
dependence of bond angle AMB on scat A. 

of cones differs from the symmetry of points in that 
there are interrelations between the symmetry and 
the size of the cones. The relationship is illustrated 
using a group of four cones composed of three A 
cones and one B cone (Fig. 5 and Table II). When 

Fig. 5. Seat level diagram for MAsB packing. (a) Changes of 
seats in correlation with the geometrical frame and the sym- 

metries. (b) Changes of the seat level diagram corresponding 
to (a). Abscissa, angle B = angle between axis and seat A. 
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seat A is zero, the whole space is occupied by seat B 
(Sn = 180’). All the other seats are zero. When the 
seats A increase gradually, seat B decreases synchro- 
nically. At the first stage, seat B is the largest seat and 
seat A the next largest. The cone seats which are 
interlocked in the holes among the two seats A and 
one seat B are in the third level and those among the 
three seats A are in the fourth level. When the three A 
seats have expanded to equal seat B, the geometrical 
frame achieves Td symmetry. The seat levels for A 
and B are equivalent and they are in a four-fold 
degenerate state. Meanwhile seat B’ and the other 
three seats among AAB become identical. Subse- 
quently the seats A continue to expand, becoming 
the largest ones and seat B contracts becoming the 
second largest seat while seat B’ rises to the third 
largest seat, At the point when the seats A increase to 
60”, the seat B’ rises to become the same as the seat 
B. Both of them are 30’. The symmetry of the 
geometrical frame then becomes DJh. The seats A are 
at their maximum at Da,, symmetry and decrease 
afterwards. The geometrical frame turns over in the 
direction of MB (see Fig. 5). The seat B becomes 
smaller than seat B’, which gradually increases to 
become equal to seat A. The symmetry then reverts 
to Td. The process continues until seat B’ becomes 
the largest one and then finally occupies the whole 
space and the other seats vanish. During the whole 
process the symmetry changes in the following 
sequence : 

C,,- T,-C,-C, 

Crossing of the seat levels occurs many times, each 
time accompanied by the change of symmetries and 
inversion of seat orders. The functional dependence 
of the main seats is as follows: 

2 cos(Z*) = 3 cos”(S, + S,) - 1 

angle AOB = SA + Sn 

angle AOA = 2SA 

angle AOB’ = S, + SA 

4. Occupied Seats and Unoccupied Seats 

Due to non-bonding repulsions, in weak CFSE 
ligands tend to occupy as much coordination space 
as possible. The space occupancy indicated by the 
Solid Angle Factor Sum (&IS) of the ligand-occupied 
seat could be used for estimation of the relative 
stability of different isomers. 

For example, there is another pattern of four 
cone packing in Da,, symmetry. We can describe the 
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Fig. 6. Isomerism in four &and packing: from tetrahedron 
to tetragon. 

seat interlocking by the matrices shown in Fig. 6. In 
the matrices the symbol 0 indicates the two seats are 
in contact with each other whereas the short line indi- 
cates that the seats are separated. The four identical 
seats are in Td symmetry when they interlock com- 
pletely. They become smaller in a squeezed tetra- 
hedron when the interlockings between Si and Ss, 
and between Ss and S, are broken down. When the 
tetrahedron was squeezed to become a tetragon, each 
seat possesses a fan angle of only 45”. The SAS value 
for the occupied seats had decreased from 0.845 to 
0.586. Meanwhile one can see from Fig. 6 that the 
difference between the largest unoccupied seat and 
the occupied seat decreases gradually during the 
process of squeezing. In a tetrahedron the difference 
is 29.2” whereas in a tetragon the difference is zero. 
Normally, the larger the vacant seat and the smaller 
the occupied seat, the easier the ligand migrates from 
the-latter to the former. When a vacant seat is equal 
to the occupied seats the ligand should move freely 
and the structure should be completely fluxional 
provided that there is no restriction of electronic 
effect. The square planar structure is stable only for 
central ions with d” and p” electron configuration. 
When the central ions have lost all their valence shell 
electrons, the steric factor becomes dominant and 
tetrahedral structures become more stable. 

In this case the packing of three ligands should 
adopt Dsh symmetry rather than Cs, symmetry 
because the largest vacant seats reach a minimum of 
30’ at Dsh symmetry and become larger in Cs, sym- 
metry. The occupied seats become smaller than 60°, 
so that the difference decreases on changing from 
D3,, to Csr,. 
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Fig. 7. Isomerism in five ligand packing (MA5 type): from 
square pyramid to trigonal bipyramid. 

The seat analysis shows that it is impossible to 
produce five identical seats interlocking each other 
without producing large vacant seats. In a square 
pyramid both the five occupied seats and the remain- 
ing vacant seat are 45’ so that the frame is fluxional. 
For the trigonal bipyramid if the equatorial seats are 
the same size as the axial seats, they will reach at 
maximum 45’. These equatorial seats cannot be fixed 
completely by interlocking with each other because 
the sum of the fan angles of the three seats is 135” 
only (Fig. 7). 

It is therefore expected that neither in ionic 
lattice nor in coordination compounds of the first 
class of metal ions, which had lost all its valence elec- 
trons, will a molecular structure composed of five 
identical metal-ligand bonds be stable. In packing of 
five ligands made up by four ligands A and one ligand 
B, two sets of seats will generate according to 
whether the ligand A is larger or smaller than the 
ligand B. If A < B the seat level diagram (Fig. 8) 
shows that the largest seat is Su, with the four-fold 
degenerated S, next to it. The largest vacant seat H 
nevertheless competes with the occupied A seats. This 
vacant seat has a strong tendency to accommodate 
ligands to reach a pseudo-Or, coordination pattern. If 
ligand A is larger than ligand B, an inverted square 
pyramid will result (Fig. 8) with the metal atom lying 
outside. Such a structure is not favoured because the 
vacant seat is even larger than the occupied ones. 
Interestingly, in actual molecular structures for the 
first class of metal ions, such a structure pattern has 
not been found so far. In packing of the five ligands 
made up by three A and two B when the fan angle 
of the ligand A is greater than that of the ligand B, 
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Fig. 8. Square pyramid of five ligand packing (MAeB). 
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Fig. 9. Seat level diagram for three A seats and two B seats 
arranged in Dab symmetry. Note: 1. The horizontal for 

showing the change of seat levels in accordance with Sg. 
2. HA and Hg are not independent empty seats, the angle 
between them is less than HA + Hg. 3. When S, > 60”, 
thenSA=H. 

the frame symmetry would be Dsh (Fig. 9), of which 
the largest vacant seat is very small (10.9’) so that 
such a pattern is very stable. Experimental observa- 
tion has confirmed this inference with several struc- 
tures of MCpsXs (M = U, La, Ce,Pr; X = MeCN, 
NCS). It is argued that the apical seats, Sn, are 
restricted to be small when seats S, are large so that 
only small ligands could be accommodated in them. 
It should be noted that D,, symmetry is not always 
the favoured one. When ligands B are larger than 
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ligands A, the symmetry of C,, is preferred rather 
than Djh for ligand arrangement, such as in the struc- 
tures of MCp2H3 (M = V, Ta). These could be ex- 
plained in that a set of three A seats and two B seats 
has a higher space occupancy arranged in D3h sym- 
metry than in C,, symmetry when SA > Sn (Fig. lo), 
whereas it has a higher space occupancy in Czu sym- 
metry when Sn > SA. Dependences of Sn, and major 
vacant seats on S,, in both symmetries, are shown in 
Fig. 10a. Space occupancies and the seat level 
diagrams are shown in Fig. lob and c. An example is 
thus given to show the role of steric factors in ligand 
arrangement. It is also interesting to note that in 
packing of three big A cones and two small B cones, 
the ‘side on’ isomer has so far not been found. This 
isomer is unstable because a big vacant seat always 
accompanies the two seats of the B cones. Thus in 
C’s, symmetry when the two B cones are at the two 
cross sites with one relative to the three A seats, the 
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Fig. 10(b). Comparisons of Dsh (I) and Ca, (II) symmetry 
in space occupancy. 
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Fig. 10(c). Degradation of Dsh to Czu in ligand packing. 
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Fig. 11. Isomerism in correlation with the difference between 
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(A > B) packing. 

third cross site will be left empty; in (I symmetry one 
of the B cones is at the cross site while another is at 
the syn site (Fig. 11); the two partially occupied 
empty sites still have larger holes than those holes in 
the D3h arrangement. 

Another example is illustrated in the six-cone 
packing. When the seats are arranged in octahedral 
symmetry, the fan angles of the occupied seats will be 
45’ and the empty seat will be 9.6’. However when 
the six cones are arranged in a trigonal prism the 
occupied seats will decrease to 41’while the vacant 
seats at the center of the three tetragons will increase 
to 26.8O. The fact simply means that the spaces dis- 
tributed to the cones are less and the waste space left 
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for the holes has increased in the trigonal prism. It is 
thus concluded that in the ideal steric packing, the 
octahedral arrangement is more favourable than the 
trigonal prism. This conclusion is supported by the 
fact that unless the hgands are bidentate the trigonal 
prism is very unusual. 

In packing of eight ligands (MA,), SAS values are 
0.734 and 0.824 for cubic and square antiprism. The 
difference between the occupied seat and the largest 
vacant seat is 15.8’ and 15.6” respectively. Whereas 
there are six large empty seats in a cubic structure, 
there are only two large vacant seats in square anti- 
prismatic structure. The square antiprism, therefore, 
is more favourable than the cubic. 
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