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Many transition metals show two distinct stereochemistries assaciated with 
the same ~oo~~nation number, B~~o~~s~ of this type is shown in tetrahedral 
and square-planar fou~~~ordi~atio~, squ~e-py~dal and trigo~a~-bip~a~~1 
five-coordination, octahedral and trigonai-prismatic six-coordination and penta- 
Golan-bip~a~dai and face-centered octahedral seve~~ord~atio~. In most cases 
there are distinctive features in the types of &and which give the two stereocbemi- 
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cal forms, for example tr~gonal-prismatic complexes have so far been obtained 
only with certain sulphur hgands. In the case of eight~ordi~atiun two stereo- 
chemical forms are again found, the dodecahedron and the square antiprism, but 
there is no such discri~nation in the type of iigand. With the same metal ion in the 
same oxidation state, very closely similar ligands give complexes of different 
geometry. This situation, which may be termed u~~~ur~~~~~ is tmique to eight- 
~ordiuation, the only case which approaches it at all closely is that of five- 
coordination. Eight-coordination is also unique in that the configuration with 
maximum symmetry (the cube) is not one of the two forms adopted. 

The object of this review is to examine the origins of this ambimorp~sm and 
the factors influencing the choice of stereochemistry. The discussion is prefaced 
by a consideration of the factors governing the formation of complexes of high 
coordination number (i.e. coordination numbers greater than six). The treatment 
will be that appropriate to d-block transition metals but much of what is said 
would apply equally to other systems. 

B. FAcZXMS INFLTJENCING THE C~~Q~NATI~N NUMFER 

The simplest approach to the correlation of electronic configurations with 
coordi~tion numbers is the valence-bond approach, by which the ~ordination 
number might be expected not to exceed the number of orbita& unused by non- 
bonding electrons. If the coordination number equals the number of such orbitals, 
this becomes the “nine-orbital” or “eighteen-electron” rule familiar in the chem- 
istry of metal carbonyls I. This rule also follows from molecular-orbital or 
ligand-ffefd treatments .provided that the energy separation between the non- 
bonding and anti-bonding orbitals (the bind-meld splitting) is large. Any non- 
bonding electrons in excess of the number required just to f21 the non-bonding 
orbita& would have to be accommodated in the anti-bonding orbit&s with an 
unfavourably high energy. Thus, for complexes with ligands high in the spectro- 
chemical. series or for complexes of the heavier transition metals or fi.rst-row 
metals, in high oxidation states, i.e. whenever rn~rn~ spin-wring occurs, 
the nine-orbital rule allows prediction of the maximum coordination number 
from the electron configuration and vice wrsa VableI). In these conditions, the 
maximum coordination is usually attained. 

When large Iigand-field effects do not operate, as in many of the comphzxes 
of the first-row transition metals, the nine-orbita! rule does not hold. The anti- 
bonding orbitais are now of lower energy and there will be no restriction on the 
number of form& non-bonding electrons, Spin-free complexes are common as the 
relatively small promo~on energy can easily be overcome by the gain in exchange 
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similar energies, In ~ola~ar-orbital terms, the orbit& on the metal should 
have energies cosnparable to that of the iigand o-orb&&. In either case, increasing 
energy separations between the (n- I)&, m- and np-orbitafs will prejudice the 
simultaneous use of all the (available) orbit&, and inhibit the attainment of high 
coordination numbers. As the energy separation increases, the hybridisatio~ will 
tend towards the d3s- or sp”-type (or even sp-type)‘. Fig. I shows that the separa- 
tion between the (n- I)& and np-orbitals of the neutral atoms increases sharply 
along the ~ansitio~ series. For positively charged ious the trends are similar. This 
effect is, of course, due to the steadiIy increasing effective nuclear charge acting 
on the d-electrons. The ns- and ny-electrom are better shiefded and their energy 
fags more slowly. 

Fig. t. Orbital ionisation energies. Values for first-row traasitjo~ ekments are from Bat.t- 
HAUSEN AND GRAY, Mdecuiar Orbital Tfteory, Benjamin, New York and Ams&r&m. X964: 
thase for the second-row elements were computed from Moore’s data @LB.!% tZkx.tlar 467, 
1949-1952). Both sets have been smoothed. 

It is thus o&y in the earlier Groups, where severaf orbit&s are readi& 

~vai~abie, that the energies of the o~bitais are suitable for the fo~atio~ of com- 
plexes of high coordination Uzbek. 

that the e~~~~es and em separators for the first- and 
second-roe tra~~i~~~ petal atoms are similar. It will be Nassau, therefore, to 

for the reasons for the apparent r~iucta~~ of the asp-row rn~~a~s 

~o~rdi~a~on ~~~be~. 
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Fig. 2, Net dectrostatic energies for complexes of various coordination number. The energies 
are those of compIexes M=+QC-) w-‘- n ). The M-X distances are assumed identical and shielding 
by the metal atom is ignored. 

For complexes containing non-bonding d-electrons, crystal-field effects 
might have an influence on the coordination number. The one-electron energies of 
the d-orbitals in fields of various geometry have been tabulated by Basolo and Pear- 
son’. These values and the estimated values for eight-coordination6 are shown in 
Fig. 3. For complexes with few d-electrons the advantages of increasing coordina- 
tion number are obvious. The gain in stability on going from the tetrahedron to the 

i;ube amounts to 2.67Dq and distortion of the cube to either of the observed eight- 
coordinate geometries results in flier s~bi~a~on. With a Dq of 1 to 3 kcalf 
mole, crystal-field stabilisations could contribute or few keallmole as an hcentive 

for an increased coordination number. 
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Fig. 3. Crystal-field d-orbital energies. Figures in parentheses are orbital degeneracies. 

(v) Type of &and 

Steric effects apart, the nature of the ligand will have a major effect cm the 
coordination number, since-the metal ion relies on the transfer of charge from the 
ligands to achieve its own electroneutrality. Clearly, neutrality may be achieved 
with a small number of polarisable ligands or a large number of less-polarisable 
ligands. The use of readily-polarisable ligands might therefore be expected to 
militate against the attainment of high coordination uumbers. The relative sta- 
bilities of [FeC$J3” and peF613- have been attributed to this effect7. (The in- 
stability of fJTeCl,‘J3- with respect to [FeClJ- is not a steric effect, since FeX6 
arran@ments are perfectly satisfactory in the lattices’ of FeCl, and FeBr, 
(Presumably charge transfer to the metal is reduced in these lattices bemuse each 
halogen is in contact with two metal atoms.) On this basis, higher coordination 
numbers would be favoured by “hard” ligands, low in the nephelauxetk series, 
such as F” and O-donors. A number of complexes is known ix which high COOP 
dination numbers are achieved with “soft” donors like As, Cl’, CN’. For d” and 
d2 complexes soxne reduction of the charge on the metal may be achieved through 
~-~n~g, althou& this is un~ke~y to be extensive for metals in high oxidation 
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states. This mechanism cannot in any case operate for do complexes. The implicit 
assumption was made above that increase in the coordination number necessarily 
gave increased charge on the metal ion. This would probably be true if the metal- 
ligand bond distance were constant. However, the effects of ligand-ligand re- 
pulsion lead to increased distances for higher coordination numbers. For instance, 
the Ti-Cl distances inTiCl,, ~iClJ2- and TiCL l 2 diars] are 2.18,2.34 and 2.46 A 
respectivelyg* lo. Similarly, for SnCI, (2.32 A) and [SnC16]‘- (2.42 A)‘; in this 
case the MSssbauer spectra l1 clearly indicate that the charge density (s-electron 
density) is less in the anion, in accord with the increased bond length. Such in- 
creases in bond length, with concomitant decrease in charge transfer to the metal 
ion, could allow high coordination numbers even for polarisable ligands. 

It should be mentioned, however, that bond lengths do not always increase 
with increasing coordination number. For instance, in the Tav-F system the bond 
lengths are12-14: 

raF,]- 2.13-2.15 A, [TaF,12- 1.94-2.01 A, [TaFJ3- 1.93-2.01 A. 

c. EIGHT-COORDINATION 

The precedinq analy_sis sugested ove~hel~i~~~ that high coordination 
numbers would be restricted to metals of the earlier Groups in moderately-~gh 
oxidation states. Examination of Table II shows that these conclusions are con- 
5qned for tbe eight-coordinate complexes reported to date, with the exception of 
some nitrato complexes (which will be discussed later). Thus, eight-coordinate 
complexes are found predominantly in metals of Groups IV, V and VI, in oxida- 
tion states of -f-4 and +5, with electron configurations of do, d" and d2 (spin- 
paired). The ligaads most likely to give high coordination numbers seemed to be 
hard ligands, low in the nephelauxetic series, although softer ligands were not 
entirely excluded. In practice, the majority of eight-coordinate complexes are 
found with fluoro- and oxygen-donor atoms, but a substantial number of com- 
plexes with polarisable ligands is known. 

As mentioned previously, ambimorphism is the most remarkable aspect 
of eight-coordination. This is most strikingly shown (Table III) by the zirconium(IV) 
complexes, where, for instance, the two forms of the basic sulphate have different 
geometry although the coordination spheres differ only in that two hydroxide 
groups are replaced by water molecules42*43. 

With the iower coord~ation numbers it is usually possible to find distinct 
differences between the ligands which give the two types of complex. For instance, 
tetrahedral complexes are usually found with polarisable ligands, low in the spectro- 
chemical series and square-planar complexes with ligands high in this series; tri- 
gonal-prismatic coordination has so far been achieved only with certain unsaturated 
sulphur-ligands. No such distinction is evident for eight-coordination. To give 
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UGX%T-COORDINATE CGMPLEXES GF TXE d-BIs3CK METALS 

IZPJ 

ISc(tropolone),~ 
IV 
Ti(diar&CI, 1. 
Ti(diars),Br, lQ 
Ti(dip)Q, *O 

V 
V(diars),CI, I7 

Vff 

ZrUiaxsj,C1, X0 
Zr(diars),Br, 10 

ZrFa 11 
w=*l,2rr- ?&I 
ZrF, * 3 H,O zY 
IzrGw,f*- JO, 11 
ik(acac), 1s 
(Zr(NTA)t]“- %I 
Zr&CNR,), .?$I 
Zr(No& 57 

Z@HJ, 3s 
Zr(lO%h JD 
Z&O, 40 

Zr(SO& -4 H,U a 
zr(ow)*so, 01, 4s 
Zr~(OH~~(SO~~ - 4 i&O 43 
Zr(OH~,@JO~~, * 4 H,O b3 
ZrOCI.. - 8 Hz0 $4 
ZrOBrt * 8 K&O OI 

Nb(diars),Cl, ft 
Nb(dia&Br‘ 17 

N&(diars& J.? 

r?wO;>,l” 45 
Nb(S&NMe& SJ 

&&ropolone), ]- 

Hf(dia&CI, 10 

Hf(diars),Br, u; 

HfF, DS 

[HfF,I, 7th 2% 

Hf Fb * 3 H,O ?a 

[Hf(GO,),I”- 30 

WSaCNRah 55 

HftBH,)4 36 

Coordin. Chem. Rev. I (1966) 439458 
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TABLE III 

EIGHT-COORDINATE COMPLEXES OF KNOWN SI-RUCIURE 

Average Edges Eight-coordinate 
&values spanned species 

Antiprismatic 
Zr(acac), 57.3 ssss 
ZrF‘ 57 zr(lu-Fl, 
ZrOCI, - 8 HI0 SS Zr(OH J&-OH)& 
Zr(S0,). - 4 H,O 56.7 zr(OH),@-OSOA 
Zr(OH),SOI Zr(pOH),(pOSOJ, 
ZrfIDJ, 58.0 Z&l-0103‘ 
Na,TaF. 59.0 
K,ReFs 57.7 

Dodecahedra I 
Ti(diars),Cl, 36.3 74.6 aa 
Ti(NOA+ 37.2 80.7 mmmm 
Na,Zr(GDJ, 35.2 73.5 mmmm 
K,BF, 35.3 74.6 mm 
Zs(OHMSOJ3 - 4 I-W m Zr(OH~,(~r-OH~01-OSO,) 
Zr(OH).(NO,)~ - 4 HtO m Zr(OH,),(~-OH),Or-ONO3, 
K&0T& amg 
ZrSiO, 
K ,Cr(O,), 43.4 86.8 mmmm 
K,Mo(CN;, -2 Hz0 34.2 74.0 
K,W(CN)a 12 H,O 
(Ph&)zCoPJO& 46.5 81 mmmm 

l I am indebted to D.S.C. Wallwork for making this results available. 

Ref. 

32 
21 
44 
41 

42 
39 
14 
28 

10 
35 
31 
22 
43 
43 
33 
40 
46 
50 
48 
72 

furtherexamples14* 28, [TaF,13’, [ReF812- and2’ the polymeric ZrF, and HfF, are 
antiprismatic, while in K&-F, and K2HfF6 tbe anions form chains of linked dode- 
cahedra”. The complex K,Mo(CN), - 2 H,O, the first eight-coordinate complex 
to be investigated by X-ray methods”, was found to have the well-known dode- 
cahedral structure. Recent EAR. evidence63*64 suggests that the corresponding 
complex of the pentavalent metal, [Mo(CN),]~-, is antiprismatic in solution 
(the configuration of ~J~Io(CN),]~- in solution is not known”). 

The ambimorpbism of the eight-coordinate system presumably implies that 
the energy difference between the two configurations is small (although this does 
not necessarily mean that the barrier to interconversion is low). The factors which 
may be expected to influence the choice of configuration are6’ : 

(i) direct bonding interactions, 
(ii) mutual repulsion of the iigands, 
(iii) the presence of non-bonding electrons, 
(iv) the constraints imposed by chelatmg ligands. 
Before these factors are examined inclividualiy it is necessary to describe 

the detaiIed shapes of the two coordination poiyhedra. 
Both configurations are most-readily visualised as distortions of a cube 

(Fig. 4). The antiprism is obtained by rotating a pair of opposite faces until they 
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Fig. 4. Geometry of: (a), the square antiprism; (b), the dodecahedron. 

are mutuahy at 45”. Four-fold symmetry is maintained about the axis of rotation 
and the final symmetry is Da. All ligands are in equivalent positions and none lie 
on any of the symmetry elements. To derive a dodewhedron, the cube is divided 
into its positive and negative tetrahedra, one of which is elongated and the other 
flattened along the same axis, The ligands thus form two non-equivalent sets (A and 
B). The symmetry, regardless of the degrees of elongation and flattening, which 
need not be the same, is D,, and the planes of symmetry each contain four ligands 
(two each of A and B). Both polyhedra may be characterised by the angles (0, 
0,, f?,) which the metaI-ligand bonds make with the major symmetry axes. The 
observed ranges for these angles are 8 = 56-59”, 0, = 34-37”, Bn = 72-74” 
(Table III). When the antiprism is viewed afozg one of the minor two-fold axes, 

the corresponding angles are very close to the dodecahedral angIes66, but the 
two polyhedra differ fundamentally in the twisting about the major axis. When the 
polyhedra are distorted the differences between them become less marked: in 
practice dodecahedra are sometimes twisted towards the antiprismatic structure. 
For instance, in Na,Zr(ox)4 the dodecahedral planes are slightly skGwed3’ and in 
ZrF, - 3 II,0 and HfFa - 3 I&O (which are not isost~c~ral) pronoun~d skewing 
occursz3*24_ Nevertheless, it is usualfy relatively easy to discern the ideal shape 
to which the actual configuration corresponds. 

(ii) Direct bonding interactions 

Eight hybrid orbitals directed towards the comers of an antiprism or dode- 
cahedron can be constructed from the d-s-p set of orbitals on the metal. A set 

Coordin. C%tm. Rev. 1 (1966) 43!?-4S8 
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of eight hybrids with cubic symmetry cannot be reahsed without the use of at least 
onef-orbital, as the +-orbitaf. is now of the wrong symmetry. This ~striction 
applies only for exact cubic symmetry. A dodecahedron of non-equivalent ligands 
in which BA = 8, = 54” 44’ could in principle be obtained from d4sp3 hybrid~satio~, 
although arguments based on group overlap integrals show that the dz~-or‘bital 
would contribute nothing to the bonding. 

Both antiprismatic and dodecahedral hybri~satiou have been examined by 
the Pauling method, assuming that all (n- l)d-, ns- and np-orbitals have idelltical 
radial funiztions67-6g. In 11, symmetry the d-2 and s-orb&a& both transform as 
Al and both will be involved in o-bonding, the highest bond strength being 
obtained with a d4-15 .s***~ p3-** set 67* 68. The strength of these hybrids is 2.99 
and they correspond to 8 = 61”. Better agreement with the experimental B-vatues 
is obtained by omitting the d&orbital, the contribution of which is very small; a 
d%$ set gives a strength of 2,913 and 6r = 57.6”. Simiiar concIusions are reached 
from cai~~latio~s of group overlap inte~a~s7*, which give the optimum &values 
as 57-59”. In both Gases the bond strength is insensitive to variation in 6, the 
changes being about 0.06 oA per degree over a range of i-10” from the optimum. 

For the dode~ahedron, the best hybrid orbital strength is obliged by 
maximising the combined strength of the A and 3 sets. The hybrids thus found 
are6s, 69 

set A, d2-fds0~92p1*42~ strength 2_9g5, 0, = 34.6,’ 
set I3 , d’*84.s0-58p’-581 strength 2.97, 6)a = 72.8”. 

Set A gives bonds which are marginally stronger (and longer) than set B, and the 
average strength, 2.98, is v~r&ua~y identic~ to that of the a~tip~smati~ set. Group 
overlap integrals give a rest& a few percent larger than for the antiprism7*. The 
maximum is again rather flat, although slightly steeper than for the aRtiprism~ 
the variation being about 0.1% per degree. 

It appears that there is probably no great ~~~ren~e in the bond strea 
f the two con ations. The optimum shapes coincide wi observed, 
ut the variatio f bond strength with angle would not be t to define 

the shapes to better than S-10” (the total bond stren~h probably arno~uts~’ to 
Ie in a system Iike 2~0s). 

-‘h +~Jw&.& :ru %a.#& ~y~oznn, -SWVC& xn!thdc %.ixJ 
proximatio~, it could be 
Ovid be avai~abie for E-II tricks discussion 

ding we’d be in- 

fa~liar in tet 
I-. The relative e 
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S (d,, rr) for the antiprism and 2(sinO,,+ sinO,)S(d,, n) for the dodecahedron. For 
observed angles in the two systems, e.g. 8 = 58”, 0, = 36”, 0, = 73”, the x-bond 
strengths are in the ratio 1: 1.40 (antiprism : dodecahedron). z-Bonding involving 
the &-orbital is thus considerably weaker than that with ds_oz but is by no 
means negligible. In considering the effects of n-bonding on stereochemistry it 
might be anticipated that the dodecahedron would be favoured by strongly n- 
donating (do) or strongly x-accepting ligands (d’). It is difficult to find evidence 
for this effect but it may contribute to the change from antiprismatic [w(CN)J3- 

(d’) to dodecahedral w(CN)J4- (d’), although Coulombic interactions will 
also be important in this case. In a dodecahedral complex the B set of ligands are 
better able to participate in z-bonding than the A set; at 8, = 36’, OS = 73” the 
overlaps are in the ratio 1: 1.63 (A: B). I: has been suggested” that this is the 
factor responsible for the observed substitution of only four CN-groups in the 
photo-hydrolysis of [Mo(CN)J4- and [W(CN)J4-_ 

The effect of significant n-bonding would be to increase 0, (and possibly 
6,). In the antiprism, the maximum n-bond strength would be obtained for 
8 = 45”, and a decrease in 0 would be expected. No evidence for such effects 
has been obtained. 

(ii) Mutual repulsion of the ligands 

Therelativeligand-ligandrepulsionenergiesmaybeassessed6~65~66bycomput- 
ingthesumof twenty-eight terms ofthe typer,,. -R, where riiis thedistance between the 
ith andjth ligand and n is determined by the type of interaction considered, being 
unity for Coulombic interaction and 6 to 12 for Born repulsions between closed 
electron shells. The repulsion is a function of the metal-ligand distance and the 
characteristic angles of the polyhedra. If the repulsions are minimised for constant 
bond lengths, the optimum angles are very close to those observed in crystalline 
complexes (Table IV), although OR is perhaps a little low. It is doubtful whether this 
agreement is really significant, as the repulsion minima are very shallow. The 

TABLE IV 

RELATIVE LIGAND-LIGAND REPULSlON ENERGIES AND OPTIMUM SHAPES= 

The relative repulsion energies are the sums xr,;- 

??= I 2 6 7 10 12 

Antiprism 19.675 14.337 5.186 4.168 2.242 I.503 
0 55.9 56.2 57.1 57.3 57.7 57.9 

Dodecahedron 19.682 14.352 5.245 4.239 2.329 1 s92 
% 38.3 38.0 37.4 37.2 37.1 37.0 
% 72.0 71.8 71.4 71.3 71.0 70.8 

cube (S, = 0, = 54.70) 19.741 14.500 5.758 4.803 2.941 2.170 

Coordin. Chem Rev. 1 (1966) 439458 
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closed-she11 repulsions will have a greater effect in dete~ng the shape of the 
polyhedra, as the minima become better defined for the higher ‘n-values (approxi- 
mate rate of change for the repulsion energies are 0.01 oA per degree (n = I), 
0.5 % per degree (n = 6) and 2 % per degree (n = 12)). 

The differences in the repulsion energies for the two polyhedra are very 
small, being only 0.03 % for Coulombic repulsion and 1.13 to 5.86 % for n = 6 
to 12, the differences always being in favonr of the antiprism. (The cube is even 
Iess favourable, 0.33 % and 1344% respectively.) It is unlikely that these dif- 
ferences could influence the choice of configuration, since the energies involved 
are very small. The electrostatic repulsion energy in a complex of the type [MLJ4- 
could amount to about 1000 kcalfmole but the difference between the two con- 
figurations would be only 0.3 kcal/mole6; for neutral complexes the difference 
would be even smaller. For Born repulsions (n = 7) Hoard and Silverton have 
estimated a value of 56 kcal/mole for the ZrOB system6’. In this case the difference 
would amount to about 1 kcal/mole. 

Two factors can lead to stabilisation of the dodecahedral configuration. The 
full symmetry of this arrangement is maintained even if the M-A and M-B bond 
lengths are not the same. It has been shown that increasing the M-A/M-B ratio 
fessens the repulsion by reducing interactions between A-A pairs, the largest of 
the component interactions 65 In the ZrO, system, the M-A/M-B ratio varies _ 

from 1 .OI to 1.06. Kepert has shown 66 that increase in this ratio has little effect 
on the optimum shape for Coulomb?: repulsion, but for the Born repulsions BA 
is reduced and 8n increased by about 0.5”. There is no obvious reason why similar 
distortion should not occur for the antiprism (except, perhaps, the intuitive “law 
of maximum symmetry”) but the effect has not been considered theoretical&. In 
practice, variations in the bond lengths in a single antiprism do occur but the 
variations are not as great as in the dode~hedral complexes nor are they syste- 
matic. It seems that these variations are best attributed to crystal-packing effects. 

The second factor is the shielding which the metal atom will give to non- 
adjacent ligands, Shielding of this type will be effective only for small values of lr, 
since for larger values the interactions are short-range only. While it is not possible 
to estimate accurately the effects of shielding, qualitatively it is obvious that this 
becomes more effective in the series antiprism az dodecahedron < cube. Estimates 
suggests that in hilly-poIar complexes the dode~ahedral (and cubic) conjuration 
might be considerably stabilised6. This is a possible contributory factor to the 
difference between [M(CN),]3- (antiprismatic) and fM(CN),]“- (more polar, 
dod~~ahedral)_ It may also be significant that for zirconium, for which a iarge 
range of eight-coordinate complexes has been investigated, all the anionic com- 
plexes are dodecahedral. 
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(iii) E@xt of non-bonding electrons 

bob-bonding electrons could affect the shape of eight-coordinate mmplexes 
in three ways: by repulsion of the ligands, by giving rise to crystaMieId stabilisa- 
tion effects and by involvement in z-bonding. The efEct of n-bonding has already 
been treated. 

In the autiprism the no~-bo~di~~ electrons must be a~~~odated in the 
d&orbital which lies along the &axis. Ail eight ligands would therefore be affected 
equally and no irregularity in bond lengths would be produced. At the normal 
angle of 0 = B--59”, interaction of the o-bond pairs of the ligands is s~igbt~y 
greater with the equatorial belt of the &-orbital than with the axial lobes (the 
overlap is zero at 154~44’). S~~~arly, for a Iigand with n-electrons, interaction would 
be greatest wifh the equatorial belt (z-overlap is maximum at 4Y’, as 0 increases 
the improved overlap with the belt is more than of&et by decreased overlap with 
the axial lobes). III. both cases, therefore, the effect of non-bonding electrons might 
be expected to produce a sJight decrease in 8. 

For a dodecahedral complex the non-bonding electrons must occupy the 
d++-orbital. In this case repulsion effects, both on o- and n-electrons of a I&and, 
would be most pronounced for the ligands of the B-set. The effect would pre- 
sumably be a slight lengthening of the M-3 bonds and a slight decrease in eB- 
Both these changes wodd lead to a small increase in S,. 

retailed X-ray data for complexes with ~0~“bonding eiectrons are avail- 
abIe28*46r5* only for {Mo(CN)sJ14” (d2), [ReF#- (d’) and ~Cr(O,),‘J”- (d’). For 
the last the constraints imposed by the ligaod wi%l have a greater elect on the shape 
than any possible non-bonding interactions. For the orher two complexes the 
observed angles are not all abnormal, but repulsion might account for the equali- 
ty” of the M-A and M-B bond lengths in [Mo(CN)~]~-. 

Crystal-field stabikation effects would occur for both configurations and 
are comparabIe in magnitude, with possibly a slight advantage to zhe dodecahe- 
dron. Within the range of observed shapes the ranges are”: dode~ahedron 

(0, = 34-37O, 9 B = 7%749,l.t a,to 1_4rx,;antiprism1(0 = 56-59”) 0.8, ct, to 1.2 St.. 
These values would be increased by x-bonding. Differences of several k~~/mole 
are possible between these extremes. The effect of these s~~isa~o~ ~~0~~ be 
to increase @ in the antipr~sm and to decrease both angles in the dodecahedron. 

tic) Nature of the ligund 

The nature of the Iigand may inffuence the stereochemistry in several ways.. 
Xn the above discussions, it was assumed that all eight ligands were ~d~~tica~. 
If this identity is removed, say by using two di~ereut ligands, ML”,L”,, the balanm 
between the two ~n~~ratio~, hitherto very even, may be upset. ~ot~tively 
the dode~edron appears to have an advantage since, pro~d~ L” and L” are 
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distributed in the A and B positio ns respectively, there will be no loss of symmetry- 
While there is no justification for this intuitive “law of maximum symmetry”, there 
are distinct advantages in the dodecahedral arrangement. It has already been noted 
that the B-position is more favourably positioned for rr-bonding. Equally, there 
is an advantage in Iengthening the M-A bonds, which might encourage the less 
electronegative ligand to occupy these positions. Finally, if the ligands differ in 
size, the larger would be better accommodated on the B-sites. It is presumably 
significant, then, that all eight-coordinate complexes for which the two sets of 
ligands differ appreciably and whose structures are known, are dodecahedral 
(Table III). Kepert has suggested the term “stoicheiometric control” of stereo- 
chemistry for these complexes66. 

The mixed mono-bi-denated complexes, M(diars),X,, also capitalisme on the 
peculiarities of the dodecahedron”, in that the As atoms occupy the A-sites, with 
the ligand spanning the a-edges. The m-edges are of the right length to accommoda- 
te the chelate, but this would mean that the four halide ions would be distributed 
between two A- and two B-sites, giving them an unlikely degree of non-equivalence. 
The remaining possibility, that of placing the Cl atoms in the A-positions, requires 
the ligand to span the b-edges which would be too long (4.0 A compared to 3.2 A 
for a and m). 

For tetrakis-bi&enrate comp’lexes sever& configurations are possib’e. ?ihese 
may be labelled by specifying the edges which are spanned by the ligands. For a 
given bond length (e.g. 2.2 A in the ZrO, system) the edges a and m of the dode- 
cahedron and s for the antiprism all have the same length (2.6 A). Edges g and I 
are slightly longer (2.7 and 2.8 A, respectively) and b is much longer (3.2, A). 
It does not seem possible to make a choice between the polyhedra on this basis, 
nor even between the possible isomers (e.g. the ring span of acetylacetone is 2.67 
A). It is probable that a gggg configuration could be ruled out as requiring too 
great a ring span, and mixed configurations in which some ligands occupyg-edges 
and the remainder other edges would require impossibly large differences between 
the spans of nominally-identical ligands. When the effects of non-bonding intcr- 
actions are also taken into account the most likely configurations appear to be 
IN, ssss and mmmm65. 

From the limited data available, these do appear to be the favoured arrange- 
ments. For antiprismatic complexes the s-edges appear to be preferred, as in3’ 
Zr(acac)4and44ZrOHa12 - 8 H,O; the latter has a tetrameric unit in which ZrOs 
antiprisms share s edges (a form of chelation)_ Several other compounds give 
extended three-dimensional structures but edge-sharing does not occur often; 
more usually each antiprism is joined to several others. 

Antiprismatic structures with chelating ligands are very rare. While this 
may simply reflect the small number of structure determinations which have been 
made, it is more likely that it is due to the ability of the dodecahedron to minimise 
Coulombic repulsion. The mmmm configuration has the least repulsion of any 
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of the chelate arrangements and is the adoration commonly adopted6’. Sharing 
of m-edges in dimeric or polymeric structures will also minimise repulsion, leading 
to the stru&ure op3 Zr~(OH)~(SO~~~~~~O)~ and the chain structure 
of K,ZrF6 and K,HfF62Z, although it is not at ah clear why this structure should 
be preferred to the normahy aeeeptable K,PtCI, structure. 

D. NITRATO COMPLEXES 

The major exceptions to the occurence of eight-coordinate complexes in the 
early transition-metal Groups are” ~e(NO&J- and62 ~CO(NO,),]~-. A tetrakis- 
triffuoroacetato-~rnp~ex of eobaIt(II)72 is now known not to be eight-coordinate“‘. 
The structure has been determined for ~Ph,As],Co(NO& The anion has almost 
exact dode~ahedra~ sy~~t~ with biden~ate nitrate groups spanning the nz- 
edges; 6, = 47.5”,8, = St”, W-A = 2.07 A, N-B = 2.45 A6’. The ionic radius 
of cobalt~I~ (0.8 A) is adequate on the bard-sphere model for the coordination 
of eight oxygen atoms but it is surprising that a bivaIent ion can withstand the 
effect of donation from so many fia>nds. It is interesting that in Tirl\;rCLJ,+, all 
Ti-0 bonds have closdy-simiIar lengths (2.068 _t 0.014 .&35. The observed distor- 
tion in the cobalt complex may help to alleviate the build-up of charge on the metal. 
In ~CO~CF~COO)~]~- the len~he~ng of the N-B bonds is carried even further 
so that the compfex is electively four-coordinate with at most only a very weak 
interaction between the metal and the second set of oxygen atoms73. 

The speetroscopicz and magnetic properties of ~Co~~G~~~12- are very similar 
to those for tetrahedat ~oba~t~I) complexes, and Cotton has suggested that this 
may he explained by taking a “eentre of gravity** for the two oxygen atoms of 
each nitrate group. These centres form a tetrahedron with angles of62 107”. An 
essentially-si~~ar explanation has been proposed by Addison74, who postdates 
that bidentate nitrate groups are bound by a three-centre bond involving only 
one orbital on the metal. 

“rt has $1~0 been suggester tlnat ‘ine Debra-peroxy c~~~lex~s, ~~~~~~~~-, 
should be regarded as ~etrahedr~ z-complexes rather than as dode~hedra~ 
~-~o~p~~xes 75. The obse~ed sbu~e~~g of the distance, however, is consistent 

~~ona~o~ from the lone pairs in ps* ~~t~bo~~i~g orbitaIs of the peroxy 

PS- 
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E. SUMMARY 

The occurrence of eight-coordination in d-block transition metals agrees 
with that expected, namely for metals of the early Groups in relativity-Hugh oxi- 
dation states. Consideration of the relative bond strengths, interligand repuIsion 
energies and the effects of non-bonding electrons shows that the energies of the 
ant~prismatic and dodecahedral configurations are very similar, differing by not 
more than about one kcalfmole for each effect. The only significant factor not 
considered is that of crystal packing. The ambimorphism shown by these systems 
is therefore not surprising and it is not possible to predict which configuration 
would be adopted by any given complex. The only exceptions seem to be that the 
dodecahedron is favoured by CouIombic repulsions in hihighly-pofar complexes 
or when two markedly-different ligands donate to the same metal atom. The 
highly-symmetrical cube compares very unfavourably in terms of ligand-ligand 
repulsion (except in hig~y-poIar complexes) and gives poorer overlap with ligand 
o;orbitaIs. No discrete cubic complexes have yet been reported; even under 
favourable conditions some distortion OCCUS~~. 

Bond strengths are m~mum and interIigand repufsions mi~mum at the 
observed shapes of both polyhedra, but the maxima and minima are very flat. 
Born-type repulsions between cIosed electron she& are probably the interactions 
which are most important in determining the shape, being the least insensitive 
to bond angies. An essentiaIIy similar conciusion has been reached by KettIe76. 
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