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188 E.D. MCKENZIE 

A. THE PROBLEM 

This is concerned with the steric effect in bis-chelated metal compounds of the 
ligands 2,2’-bipyridyl (I) and l,lO-phenanthroline (II). 

I II 

The dimensions of these chelates are such that the planar (trans) disposition of two 
of them about a metal atom, with normal metal-nitrogen bond distances, results in an 
impossibly close approach of the o-hydrogen atoms of opposite ligands. Fig. 1 shows the 

Fig. 1. The ‘steric effect” in a pans-bis(bipyridy1) metal compound. This represents the situation in 
an undistorted molecule with M-N distance of 2.0 A_ The circles give the “normal” Van der Waak radii 
of the H atoms (1.2 A). 

situation for a metal-nitrogen distance of 2 A. The “normal” Van der Ward’s radii of the 
ar-hydrogens are represented by the circles. In this idealised case, the non-bonded 
hydrogen atoms have an internuclear separation of only - 1 A. Obviously the con- 
figuration must distort in some manner so as to relieve this steric strain. 

One obvious “distortion:’ would be to a cis rather than a trans configuration of an 
octahedral metal compound or ion [M(chelate)2X,]“+. 

The fust reference in the literature to this steric effect appears to be a statement by 
James and Williams’. Soon after, it was noted in print by a number of Australian 
authors2-’ *_ These and more recent reference&r2 *, with the possible exception of 
Ref. 5, all have a common origin in a comment by B. Bosnich during the discussion of a 
paper presented by the author to an ANZAAS conference in Brisbane in 1961, and 
subsequent calculations of the interatomic distances by Barclay and Hoskinsr3. 

There has been more general, but still incomplete, recognition of this steric effect 
in the recent literature (see Section F); and it is becoming a reasonably common practice 

* Refs. 43 and 9 quote the author’s PhD. thesis (1962); the patronymic is misspelt. 
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to assign the cis geometry to octahedral species simply on the basis of it_ This development 
is not entirely to be encouraged, but it at least shows an awareness of the problem. 
Rund14 and Palade” have recently discussed the geometric incompatibility of such a 
planar [M(chelate)a] species in terms different from the above. 

B. STERIC EFFECTS-SOME GENERAL POINTS 

Recognition of this steric effect has been slow, in parallel with the general 
recognition of the detailed effects of the non-bonded ligand atom interactions in metal 
complexes. Probably part of the reason for this was the low standing of “steric effects” 
amongst many coordination chemists in the late fifties and early sixties. This resulted, at 
least partially, from the over-enthusiastic use of them, for example, to rationalise the 
nonexistence of compounds or isomers. As more and more sterically “impossible” or 
“improbable” compounds were characterised it was observed that metal complexes 
often have a variety of means of alleviating steric strain, and “steric effects” tended to 
fall into some disrepute. Recent years fortunately have seen a more rational approach to 
the problem. 

Steric effects are not an “all-or-nothing” affair. It may be possible to state that 
there is a finite (repulsive) force which has to be overcome in some specified arrangement 
of the bonding atoms. But, provided the bonding energy exceeds the loss from the steric 
interactions, the compound can exist. 

Conversely, the existence of a compound, which is predicted to be unstable in some 
way, is not an argument for the nonexistence of the steric effects. 

As has been noted in a discussion of the steric effect in aromatic hydrocarbons, 
small deviations from the ideal geometry of a number of bond angles in a polyatomic 
compound can alleviate an apparently major steric effect at little cost in energyr6. An 
example from transition-metal chemistry is the compound III, in which the ligands 

twist in such a way that the o-hydrogen atoms of opposite ligands are above and below 
the PdN4 plane”. 

Steric effects may be manifested simply as tendencies for or against the formation 
of a molecule or a particular conformation of a molecule; and the obviousness of the 
manifestation will, of course, depend on the size of the steric effect. Repulsion terms of 
the order of several kcal -mole-’ may be completely swamped by other, essentially. non- 
bonding forces such as different solvation energies’of alternative conformations in 
solution, or the total lattice forces of the various solid forms in which the compound 

Gboni. C?zem Rev., 6 (1971) 187-216 
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may crystallise. This is particularly true for metal compounds, which we can seldom, if 
ever, study in the gaseous state or in solution in non-polar solvents. 

The significance of the steric effect also will depend on the differences in bonding 
energy of alternative structures. For example, in an octahedral species [M(chelate),X,]“+, 
cis and trms isomers probably have much the same total bonding energies; and the 
complete absence of one isomer may result from small differences in non-bonded inter- 
actions (this may not be true if n-bonding energies are significant-they could favour the 
cis configuration)_ 

However, in the case of palladium(I1) and platinum(H), for example, we know from 
chemical experience that the planar MN4 geometry ls distinctly favoured over any other 
geometry (five-coordinate, or six-coordinate). In this case, if the bis(chelate) compounds 
are to form at all, gross distortions of the chelate itself may be as likely as any distortion 
or rearrangement of the coordination polyhedron. 

C. CALCULATIONS OF THE VAN DER WAALS REPULSION ENERGY 

In order to indicate the possible magnitude of the steric effect, some simple 
calculations have been carried out l8 We have considered only the non-bonded inter- . 
actions of the opposing or-hydrogen atoms in r&id chelates, and have allowed the ligands 
to twist with respect to the undistorted coordination polyhedron as indicated in pro- 
jection in Fig. 2. This rigid chelate model is not justified in calculations with any 

Fig. 2. The direction of mutual twist of the ligands, with respect to the normal MN4 plane, for which 
the calculations have been made. 

pretension to reality. However, we note that the distortion of these ligands will require 
distinctly more energy than, for example, that of the ligands in compound III; and the 
size of the effect which the simple calculations show indicates that it will not be 
alleviated by small ligand distortions. There are not enough bonds here over which to 
spread the angular distortions required in sufficiently small increments. In view of the 
impossibility of making exact calculations on these systems, and until suitable structural 
data become available, these calculations are as good a starting point as any. 

The geometry of bipyridyl (Fig. 3) used in the calculations was derived from 
published bond lengths and angles in known crystal structures of bipyridyl compounds 
(references are listed in Table l), and the more accurate values for pyrldlne” and 
biphenyl”. 

Various metal-nitrogen distances were considered, and the total Van der Waals 
energy was calculated at lo increments of the angle of twist of each bipyridyl(0 in Fig. 2). 
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Fig. 3. The geometry of bipyridyl and the coordination polyhedron used inthe calculations. 

TABLE 1 

THE DIHEDRAL ANGLE BETWEEN THE PYRIDYL RESIDUES IN SOME KNOWN BIPYRIDYL 
STRUCTURES 

Compound Dihedral angle Ref. 

Bipyridyl Planar 29 
[Cr(bipy)&O&Ol Planap 30 
[Wblpy), II I 2O and lo”* 2 
[Cu(bipy)~NO~lNOs 10.8” and 11.6” 31 
Cu(blpy)WO& 3.2” 32 
[WbW&U [GaCLI 33 
[Mo(bipy& 021 3.1” 34 
[Mo(bipyXCo),Cl(SnMeclz)l 4.7O 35 
[Ir(bipy)(CO)I,(C,H,O,)l 7.s0 36 
Whipy)~aacac)(Me)s Planar 37 

‘TWO crystalline forms were studied. The chelate lies on a crystallographic mirror plane in 
one of them, and is planar, within experimental error, in the other. *The angles may not 
be significant. 

The calculations t!sed a variety of different sets of parameters for the equation16. 

U=-AR” +Bexp(- CR) 

The results from three sets of such parameters, which have been used by other workers, 
are given in Figs. 4(a), (b) and ( c ), and each gives the results for four different metal- 
nitrogen bond lengths (D in Fig. 3). The parameters of Mason and Kreevoy*l give a 
“hard” model (Fig. 4(a)); those of Hill** give a “soft” model (Fig. 4(c)); while those of 
Barte1123 give an “intermediate” one (Fig. 4(b)). The variety of such curves could be 
multiplied using the variety of parameters applied to aromatic hydrocarbons. The curves 
give the total Van der Waals energy (repulsive) for the pair of bipyridyl molecules, 
plotted against the dihedral angle between theI>. projected planes (i.e. 20 in Fig. 2). 

On the basis of these figures, it is evident that there is still a very significant steric 
effect in the trans-configuration for a rather long metal-nitrogen distance of 2.2 A. Its 

Chord. Chem Rev., 6 (1971) 187-216 
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I I I I I 
10' 2cr 300 4Q- 
Angle of twist ( 28 of Fig 2) 

(b) 

10" 20’ 30’ 
Angle of twist (28 of Fig.21 
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0 30’ 
Angle of twis:?2 @ of Fig. 2) 

40° 

Fig. 4. The repulsion energy vs. angle of twist of the ligands using: (a) the parameters of Mason and 
Kreevoyzl; (b) those of BartelI23; and (c) those of Hi@. 

size will depend upon which of the sets of parameters chosen corresponds closest to the 
reality. Most metal-nitrogen distances, with which we will be concerned, fall well within 
this distance, and a great many are at - 2.0 A, where quite large angles of twist are 
required to relieve the steric effect. Even in the case of the softest model (Fig. 4(c)) a 

twist of 30° is required to reduce the repulsion below 1 kcal -mole-‘; and, if the harder 
model is applicable, this angle increases to about SO”. 

Such gross distortions of the coordination polyhedron are undoubtedly energetically 
unfavourable for most metals. It should not be concluded that non-bonded hydrogen- 
hydrogen distances less than the sum of their Van der Waals radii will not exist. Many 
“overcrowded” aromatic hydrocarbons are known in which these are as low as 1.8 A 
(this corresponds to a dihedral angle, 20, of 30” for a metal-nitrogen distance of 2.0 A, 
in our system.) However, these short contacts do not imply a lack of strain in the 
molecules. The planar structure of biphenyl in the solid state24 has sometimes been 
taken as an indication that the Van der Waals repulsion energy between hydrogen atoms 
has been overestimated. Two close H-H contacts of between 1.9 and 2.0 A are observed 
(this depends on the C-H distance which is not accurately known). However, the 
p-bitolyl molecule packs in the crystal with angles of about 40° between the two 
p-tolyl moieties*’ , and biphenyl has a similar twisted structure in the gaseous state. Both 
correspond to calculated energy minima25. The planar arrangement of biphenyl in the 
solid appears to result from intermolecular forces which swamp the intramolecular 
repulsions. 

-rd. ~e2em Rev., 6 (1971) 187-216 
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Solid biphenyl is an indication16 (and there are many others’6) that the softer 
model for the calculations is preferable for the hydrocarbons_ It does not necessarily 
follow that this is so in our systems_ 

Our calculations neglect: 
(a) charge redistribution which occurs on bonding to the metal; 
(b) interaction of the H atoms with metal orbitals, which may be significant and 

almost certainly dependent on angle. ‘H NMR results of phenanthroline compounds 
have been interpreted as evidence for such interaction26, and preliminary results with 
complexes of tetramine ligauds containing pyridyl residues27 may indicate similar 
complications. A spherically symmetric correction for the metal as used by Gollogly and 
Ha~kins*~ may only compound the errors; 

(c) other non-bonded interactions. These include other atom-atom interactions 
within the complex, and the interactions with other molecules. The molecules will 
always be in contact directly with their “environment”. It is seldom possible to study 
metal compounds in the gaseous state or even in solution in non-polar solvents. Specific 
solvation effects and solid-state effects (the interaction energies in various crystalline 
lattices) may be just as important in some cases in defining configuration as the intra- 
molecular interactions. 

This is certainly true in the case of metal compounds of the facultative quadridentate 
ligands triethylenetetramine (trien), and its homologue8. Intramolecular steric effects 
favour either a cis- or a rrans-octahedral configuration of the compounds [MN4Xaln+ 
for the different ligand@; but whether cis or Pans isomers of [Ni(tetramine)(solvent)2] *+ 
are formed in solution depends more on the specific salvation energies than the intra- 
molecular non-bonded interactions3*; 

(d) entropy terms; 
(e) metal-ligand bonding energies. For example, n-bonding between the metal and 

the chelates in octahedral structures may favour a cis over a tram configuration; 
(J) other modes of distortion of the coordination polyhedron and/or the ligands. 
The ligands may twist with respect to the coordination polyhedron in much the 

same way as do the ligands in the palladium compound I11r7. The angular distortions 
required are very similar to those in the case calculated. 

Bipyridyl has a degree of freedom not available to phenanthroline. It can twist 
about the C(2)-C(2’) axis; and such a twist, in conjunction with either of the distortions 
of the polyhedron, will help to relieve the overcrowding. Such a twist is indeed observed 
in many of the known crystal structures of bipyridyl compounds (Table 1). It probably 
results, at least in part, from another atom overcrowding which occurs in the l&and 
itself. The 3 and 3’ hydrogen atoms are well within their normal Van der Waals radii, as 
in the case of biphenyl noted above. 

Rund14 gives a preliminary report of an X-ray structural study of [Pd@hen),] (C104)a 
which indicates that the ligands are “bowed” about their C2 axis. We look forward to the 
full structural report. 

Whether, and how, these distortions are to be considered in the calculations must 
depend upon a knowledge of the energy curves for the distortion of the metal-ligand bond 
lengths and angles. Provided (rr) above is insignificant, reasonable calculations of the 
distortion of the ligands could be made. However, there seems to be little point in doing 
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this in the absence of any knowledge of how the coordination polyhedron may distort. 
The situation will change when detailed structural data becomes available on structures 
in which such distortions occur; but in the meantime we think the above calculations as 
useful as any in giving a rough guide to the expected steric effect. It may be greater than 
the calculations imply-it may be less. There is no way yet of deciding. 

D. EXPECTED CONSEQUENCES OF THE STERIC EFFECT 

The effects will be different in the various coordination polyhedra, so some general 
comments are pertinent before the individual metals are discussed. 

(0 Octahedral compounds 

In all systems governed simply by equilibrium thermodynamics-systems in which 
equilibria are rapidly attained-the c&octahedral configuration should occur to the almost 
complete exclusion of the trans configuration_ It is unlikely, in view of the apparent 
magnitude of the effect, that different solvation energies or crystal packing effects will 
be sufficient to stabilise the trms configuration, except at rather long M-N distances_ The 
compounds of the fust-row transition metals in oxidation state 2+ belong to this class of 
“labile” compounds. 

On the other hand, the chemistry of the compounds of transition metals in 
oxidation state 3+, such as Cr’n, Co*n Rh” and Irm, often is controlled by reaction 
energetics. Compounds with “unstablk” st ruc;tures exist because they undergo reaction 
in the medium at a slower rate than that of the reaction which produces them. It is 
therefore often possible to isolate and study the less stable isomers. For example, 
different conformation energies end cumulative ring strain define6 the trans isomer of 
the complex [Co(trien)Cla]+as unstable with respect to the two cis isomers. However, 
under carefully chosen conditions, it is possible to isolate3’ trans-[Co(trien)Cla]Cl and 
[Co(trien)C12]C104. At equilibrium, only cis isomers of [Co(trien)X2]“+ species exist in 
solution6. The fact that either cisiw or cis-j3 isomers exist at equilibrium for different X, 
has been taken as evidence mat there is no steric strain in trien complexes3’. However, 
the existence of an unstable isomer is not evidence for the non-existence of a steric effect. 
This is another case in which different solvation energies swamp the steric effect. 

Hence, the most likely compounds to give a trans configuration of [M(bipy)aX,] 
or [M(phen),X,] are those of metals with large covalent radii, which are kinetically 
stabiIised_ 

Another possible source of a (grossly distorted) Pans-octahedral configuration may 
be the compounds of metals which normally have distorted polyhedra. For example, a 
not uncommon geometry in the known crystal structures of copper(H) compounds40 is 
that shown in Fig. 5. It can be regarded as being formed from a tra~zs-[CuA~B~] 
octahedron by imposing a tetrahedral distortion on the CuA, unit (and the Cu-B bonds 
usually are elongated). For two phenanthrolines (or bipyridyls) occupying the A sites, 

Cuord. Chem. Rev., 6 (1971) 187-216 
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such a distortion would alleviate some of the H-H non-bonded interaction. This is an 
example pertaining to the statement in Section C that the distortion vs. energy curve wilI 
be different for the coordination polyhedra of different metals. 

Fig. 5. One of the known coordination polyhedra of copper(H) compounds. 

(ii) Square coprclnar compounds 

This geometry is well characterised, for example, in Ni”, Pd”, Pt”, and to some 
extent in Cu” compounds. Contrary to a still widespread belief, perhaps emanating from 
valence bond theory, this geometry is very much rarer for Cur’ than for Ni”. 

There are two extreme cases here: (a) metals for which other coordination polyhedra 
are accessible, such as Niu and Cu”; and @) metals such as Pdn and Pt”, for which 
distortions of the planar geometry and changes to other coordination polyhedra cost too 
much in energy. Some recent crystal structures4’ of distinctly overcrowded 
bis [salicylaldiminatopalladium(iI)] compounds show clearly that this metal distinctly 
“prefers” a square coplanar geometry_ 

In the case of metals like Cu” and Ni”, the other coordination polyhedra, cf. (iii) 
below, are expected to occur with the complete exclusion of the planar geometry. How- 
ever, for Pd” and Ptr’ we may expect the coordination polyhedron to distort as little as 
possible, at the expense of distortions in the ligands themselves, if the species are to exist 
at all; and they should be distinctly unstable. But this is partly a rationalisation of known 
facts (see Section F). 

(iii) Other coordination polyhedra 

In structures such as tetrahedral [M(chelate)JX,, and five coordinate, essentially 
trigonal bipyramidal [M(chelate)lX]“+(cf. Ref. 2) the a-hydrogen atoms are not opposed_ 
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These, and now the c&octahedral geometry3* , are the geometries found for the Cu” 
compounds (q-v.), probably at least partially because of the steric effect. The five 
coordinate geometry may occur in other first-row transition-metal compounds, but ri 
although we have looked for them’**’ we have found none yet. 

Higher coordination numbers, as in La(bipy)2(N03)342, have a variety of possible 
structures, and usualiy long M-N bonds (e.g. 26-2.7 A in the Lam structure)_ The- : 
problem of the steric effect, for two ligands in opposed symmetrical planar array, 
generally will not be pertinent. 

E. METHODS USED TO ASSIGN CONFIGURATION 

The isolation of two compounds of empirical formula M(chelate)*X, is not of 
itself evidence for cis and tram isomers- Some authors appear to assume this43. Besides 
the problem of polymorphism of the same compound r”*ll* “, other forms of isomerism 
are possible, such as [M(chelate)2X2] and [M(chelate)3 ] [M(chelate)X4]. 

A recent note44 assigns the configuration of some chromium(II1) and cobalt(Ii1) 
compounds partially on the basis of “chemical correlations”. Rather, other physico- 
chemical evidence for configuration should be used to check if any stereo-change has 
occurred during these reactions. Such “methods” are a carryover from the classical 
proofs of structure in carbon chemistry, and their usefulness in the chemistry of metal 
compounds is yet to be established. It is unlikely to be very great. 

(I) Diffraction methods for solids 

X-ray (and neutron) diffraction methods are almost the only ones that give 
unequivocal answers about structure in the solid state. Although other methods, as 
noted below, may be useful in special cases, the recent tendency to refer to the former 
as “non-sporting” and the latter as “sporting” methods is mistaken. One seldom has even 
a “sporting” chance of success with the latter, and the results usually are interpreted in 
terms of a specific prejudice rather than on the basis of any real evidence. 

X-ray methods are rather expensive in time, or more recently in equipment; and very 
few structural analyses yet are available on the compounds of interest here. 

For the series of kinetically stabilised compounds [M(phen),& JX-nHzO, there 
is a key structure available 45-that of cis-[Co@hen)2 Cl Cl-3H20, Unfortunately, the *] 
published refinement of this structure is incomplete, with the R value standing at 21% 
for 1000 reflections. Even at this level of refinement the basic geometry of the cation is 
unlikely to be incorrect, but the es& for the atom positions will be very high. There is 
probably no difference in the published Co-N bond lengths of 196,1.98,2.03 and 1.96. 
Further, the hydration number cannot be accepted as proven. Another molecule of water 
could well have been missed, unless specifically sought, and we suspect that the compound 
is a tetrabydrate. Many analyses on this particular crystalline species”, and its 
isomorphous Cr” ‘1 and Rhm ‘* analogues, indicate a tetrahydrate, as does the “X-ray 
molecular weight” of the chromium species”. 

Coord. Chem. Rev., 6 (1971) 187-216 
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cis- and nans- 
octahedral isomers of large flat chelates. 

With major changes in the atomic number of the atoms present, as in the com- 
pounds cis-[Cr@hen)aClz] X-4H,O (X = Cl, Br and I), distinct differences in the powder 
patterns are to be expected even if the compounds are isostructural. In such cases, the 
relationship between the structures may be difficult to discern from their powder 
patterns alone. It is then useful to have a few single crystal X-ray photographs to determine 
the space group and unit cell, as we have done in the case of the above chromium 
compounds _ I1 The known unit cells and space groups for the compounds 
[M@hen)aCl,] X -nH,O are listed in Table 2. 

TABLE 2 

THE UNIT CELLS AND SPACE GROUPS OF CHROMIUM 
[M(chelate)aCla]X-nHa0 

AND COBALT COMPOUNDS 

Compound Space group Unit cell 

Q b c P 

a-cis-[Co(phen),Cla]Cl-xHa0 
cwzis-[Cr(phen)aCla]C1*4HaO 

cis-[Cr(phen)aCla]Br-4HaO 
cis-[Cr(phen)aCla]I-4HrO 

6-cis-[Cr(phen)2ClzJCl-ZHa0 
cis-[Cr(bipy)aCla]I 

a-cis-[Co@hen)2Br2]Br-3H20 

15.46 13.50 12.28 90.2 
15.7 13.6 12.5 100.5 
15.7 13.7 12.5 100 
15.5 13.7 129 101.2 
12.8 123 16.4 
17.0 11.1 11.7 
a 

OThe unit cell data are not given in the abstract69. 

Using powder techniques, Rh” 12*50 and Irm So cations ~(chelate),X.J+also 
have been shown to be cis. In section F a variety of analogous compounds with different 
metals will be noticed, for which there is no reliable structural data. Comparison of their 
X-ray powder patterns with those of the above compounds would be the simplest method 
of determining structure, provided there are not too many complications from 
polymorphism. 

This latter is the major problem encountered in the use of X-ray powder data and 
unit cell determinations in defining structure. For example, five different polymorphs (or 
perhaps different hydrates inone or two cases) of the compound cis-[Cr(phen)zC1a]C1-nHaO 
were encountered”, as well as solid-state changes from one crystaBine form to another. 
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Such polymorphism is quite common in phenanthroline and bipyridyl metal 
compounds”~1*J8~*‘, and in almost every metal-cheiale system we have studied in- 
Sheffield in the last few years lo= “9 12~18*27a46 it has complicated the work. (The record to 
date is eight crystalline forms of a compound Cu(tetramine)(NCSj2 obtained from water 
and a ninth one from ethanol and ether 18. Here also solid-state changes from one 
crystalline form to another have been observed.) 

Similar powder patterns (line position and intensity) of analogous compounds are a 
good test of the same basic structure of the molecular species; but from different powder 
patterns we can deduce little of significance. The latter do not prove different molecular 
structures, but may simply refer to polymorphs of the same molecular species. 

One other use of X-ray powder patterns may be noted46. They are an excellent 
fingerprint, and could profitably be as widely used for this purpose as melting points 
have been in carbon chemistry_ We have found a number of examples where the 
occurrence of polymorphism makes it almost impossible to define the particular 
crystalline species prepared by previous workers. 

(ii) Electronic spectra 

As more structural data become available, it is becoming increasingly apparent that 
the use of electronic spectra for making structural assignments must be very much more 
restricted_ However, for a few metals in some oxidation states, they still appear to give- 
reliable results. In particular, the d-d spectra of the cations of the generic type 
[CON~X,] + and [CrN4X2] + show marked and characteristic differences for cis and 
tram isomers, provided X is sufficiently far from N in the spectrochemical series. We can 

I I I 
2aOOo 15,00Ocm-’ 

Fig. 6. Band patterns in the electronic spectra of cis and frans isomers of [CON&~]* and 
[CrN&I,]+. 

G&d. Gem. Rev., 6 (1971) 187-216 
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pre,jict 11.47.48 with some degree of confidence that the d-d bands for the cations, 
cis-[M(chelate)aCl,]‘(M = Co, Cr; and chelate = phen, bipy) should appear at - 16,500 
and 19,000 cm-‘; while those for the tram isomer should occur at - 16,500 and 
22,500 cm-’ (Fig. 6(b)). Other d-d bands at higher energy are of no concern since they 
will be lost in the more intense ligand R-‘IT* and charge-transfer absorptions. Similar 
remarks apply49 to the spectra of Rh”’ and Ir*n but in these cases the d-d bands 
all occur at too high an energy to be resolved from the other more intense 
absorptionsr2950. 

In practice, the first band for the cis isomer of a cobalt(II1) compound is often of 
such low intensity, that, as in cis-[Co(enj2Clz]+, it is not easily detected in the room 
temperature electronic absorption spectrum-i.e., the pattern observed is often that of 
Fig_ 6(a) rather than 6(b). 

The other transition metal for which the electronic absorption spectra can be used 
in this way is nickel(I1). Iii this case” the absorption bands of interest are well out in 
the near IR region between - 8000 and 18,000 cm-‘, and are not obscured by other 
electronic absorption processes_ The theory is essentially the same as for Cr” or Corn, 
and in practice the observed “splitting” pattern is that of Fig. 6(a). All of the spectra of 
the compounds Ni(chelate)*X* which we have recently measured are consistent with a 
cis-octahedral structure27. 

(iii) Vibrarional speclra 

These sometimes can be of use, but there is widespread misuse of such methods 
Two independent methods, which have been used to assign structure to the compounds of 
interest here, now have been shown” to be untenable in practice. 

The fnst52, and least firmly based, relied on the number of CH bending vibrations 
in the 7004300 cm-’ region. Of the ten compounds originally chosen to illustrate the 
“method”, one already failed to fit the predicted pattern, and the assumed trans structure 
of three more of the ten now is known to be wrong”. The nickel(I1) compounds are 
cis7y27, and the compound accepted as trans-[Co(bipy),Cl,]Cl is a complex.mixture’” 
containing cis-[Co@ipy),Cl,]+ and [Co(bipy),] 3+ cations. Thus, from the original 
table, it is possible to say only that cis-bis(bipyridy1) species may have two, three, or four 
discrete bands in this region of the vibrational spectrum. We find even more variety in this 
region for different salts (and their polymorphs) of the cation cis-[Cr(bipy)2C12]S, which 
shows clearly the wide variation of vibrational spectra that the same molecular species 
can exhibit in different crystalline environments”. 

This cation previously had been assigned53 a trans configuration in the compound 
[Cr(bipy)2Clz] Cl - 2H20 on the above IR criterion. But even if the method had any 

basis in theory or practice, Baker and Ph.iIli~$~ were in error in recording only two 
bands. We find five for the same species”. (Their assignments of the electronic spectra 
also were in error.) 

Other vibrational methods rely on the MX, skeletal vibrations. For the tram 
geometry (i.e. for linear X-M-X) only one IR active vibration should be observed, 
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whereas two are expected for the bent MX2 unit in the cis isomer. This method has been 
applied to the metal-haIogen stretching frequencies of the Rhru and Ir” compounds; 
and two ~~~~~~~~~~ have “proved” the cis configuration with different assignments of 
the metal-halide stretching vibrations. There are obviously some pitfalls in the use of the 
method. 

Methods using vibrational spectra are limited by the following: 
(a) They rely on a group frequency concept, which may not hold, even 

approximately, in the compounds of interest. 
(b) The coupling between the various M-X vibrations (or X vibrations in the 

case of, e.g., NCS, CN, etc.) may be quite small, and therefore unobservable. Because 
of this, the observation of two bands may be evidence for the cis isomer, but only 
one band is not necessarily evidence for the frans isomer. (The usual problem of 
negative evidence_) Related to this is the problem of the resolving power of the 
instrument. 

(c) “Solid-state effects” may complicate the problem. Many compounds are 
studied in the solid state, and unfortunately we do not know enough about solid-state 
effects, which may cause band splitting just as well as molecular symmetry effects (see, 
e.g. Ref. 55). In addition, hydrogen-bonding and other direct interatomic interactions 
may add further complications. 

It is therefore preferable to measure the vibrational spectra in solution, if 
possible; but there may be problems of rearrangement in solution if the species are 
labile. In this case, the solid state and solution measurements may refer to different 
species. 

One saving grace, in the case of the phenanthroline and bipyridyl compounds, is that 
the large ligands appear effectively to dilute the MX, units. Thus, following our earlier 
studys*27.56 of th e isothiocyanato compounds [M(chelate),(NCS),] (cf. also Ref. 57), 
we have recently looked for solid-state effects in the IR spectra of a number of these 
compounds in the C%N stretching region. There appear to be no such complicationss8, 
and the assigned cis configuration for such species with two bands near 2100 cm-‘, 
separated by - 10 cm -l, has recently been confirmed by an X-ray structural determinations9 
of one polymorph of [Fe(bipy),(NCS),]. 

(6) Even if the above complications do not apply, there may be severe practical 
difficulties in assigning the origin of the observed vibrations. The occurrence of other 
bands” in the same region as that of the M-X stretching modes of the cations. 
[M(chelate)2X2]+(X = Cl, Br) is obviously the reason for the two different assign- 
ments50*54 of the Rh-Cl and Rh-Br stretching modes. This appears to be the main reason 
why assignments of molecular symmetry from metal-halogen stretching frequencies are 
unreliable. The same is apparently not true for M-(X-Y), vibrations, where the X-Y 
vibrations come in a major “window” area at 2000 cm-’ (i.e. CN, NCS, CO, 

etc.). 

The most satisfactory use of vibrational methods in the compounds of 
interest here is in the proof of cis structure 6o for the cation [Fe(phen)a(CNH),] 2+ 
in liquid HF. Similarly, the two bands in the IR spectrum near 2100 cm-’ for the 
compound [Co(bipy),(NCS)a] in acetone prove the cis structure in this 
solvenP’_ 

Guxi. c7rem. Rev., 6 (1971) 187-216 
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(iv) Magnetic resonance methods 

‘H NMR methods recently have been applied to the problem of structure of these 
bis(chelate) species. Good structural assignments are available for [Fe@hen)a(CNH)a] *+ 
in liquid HF6’ and [Ir(bipy)2C12]+64 . An example of misuse of the method is given by 
the suggestion61 that the ‘H NMR spectrum of a green compound, supposed to be 
rr-bzs-[Co@hen)2C12] Cl, was evidence of the zrans structure. The green compound was not 
properly characterised first, and, as we suggested”, contains the [CoC14] *- anion. 
Josephsen and Schiifer”* now have shown it to be cis-[Co(phen),C12], [CoCl,] -2Ha0, 
which is probably the same crystalline species that we reportedlo as 1 .5H20 (had the 
authors6* reported the powder pattern which they measured, the doubt would have been 
resolved-cf. (i) above). Even less understanding of the ‘H NMR method is shown in a 
recent note63. 

Methods using ESR, on the other hand, cannot be expected to be of any significant 
use for a priori assignments of configuration, although they may be useful in detecting 
isomers. Gibson and coworkers 65 have considered their possible use for Mn” compounds, 
but note that significant differences between cis- and tians-octahedral isomers cannot be 
expected. An example of the detection of two isomers (?) is given by a recent study66 
of ICu(bipy)a(HaOL I*+ - m a water-ethanol glass at low temperature. The two different 
resonances observed were interpreted as giving evidence for cis- and trans-octahedral 
diaquo isomers. Other interpretations are possible, and the variety of different structures, 
which also could explain the two resonances, are discussed in Section F. 

(v) The Mzissbauer effect 

Here again is a method that can probably detect different species, but is unlikely to 
be of use for a priori assignment of structure_ The method is at present limited to a few 
metals, the most conspicuous of which is iron. Scl-&’ quoted a report that different 
Mijssbauer spectra had been obtained for [Fe(phen),(CN),] isolated under different 
conditions, and used this as evidence for cis and trans isomers. However, later workers6’ 
have been unable to repeat these results, and it is possible that in the earlier work an 
oxidised material was obtained as one of the products_ 

F. A SURVEY OF KNOWN COMPOUNDS 

Table 3 has been constructed in order to help in assessing the possible steric effect 
in the compounds of the different metals. It indicates the known or expected M-N 

(chelate) distances. Ionic radii also are listed to provide a comparison between known and 
unknown M-N distances. They should give a fairly reliable relative scale. 

It is important to note that the steric effect decreases exponentially as the M-N 
distance increases, but there is no way yet of deciding at what distance it becomes 
insigniticantly small, 
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TABLE 3 

METAL-NITROGEN DISTANCES= FOR VARIOUS KNOWN OXIDATION STATES 

M-N (A) Compound Ionic- radii 
(M”+)” 

SC’U 
TiIn 

VIII 

VIV (VO2’) 
Cr"' 
MdZ 
Fen high spin 

low spin 
Fetn 
co” 

gt? 

2:: 

ZzI’ 
Tlzzz 

Tl”’ 
MO(O) 
MO “oxidised” 

b 

b 

b 

2.05 
2.05-2.10 
2.2 
2.17 
2.03 
2.1 
2.1 
1.95-2.00 
2.0-2-l 
2.0-2-l 
2.05-2.1 
2.10 
c 
c 

c 

2.31-2.35 
2.23-2.45 
d 

2.1 
d 

d 

hN 

2.13-2.15 
2.02 
2.01-2.0s 
2.15 
2-l(?) 

[VO(BAE)]~O (s-coord) 

[Cu(bipy)2N02]N033’ 
Zn(phen)Cla (tetrahedral)7” 
[Ga(bipy),Cl,] [GaCl,] 33 

[Mo(dien)(CO)s]” 
(see Tablel) 

[WNHdsW 
2+ 75 

(see Table 1) 
[Pd(bipyam-H)r] r7 
cis- and fr~s-[Pt(NH~)~Cl~] 
[Ag(8-OHquin)(S-O-quin) ] p;” 

0.686 
0.61 
0.625 

0.608 
0.82 
Jr.77 

0.628 
0.72 
0.56 
0.68 

0.613 
0.714 

OThese refer to octahedral species, except where different geometries are specifically noted. Where 
three-dimensional structural data are known for a phenanthroline or bipyridyl compound, these only 
are inchrded. Otherwise, other M-N distances have been quoted without reference to the variety of 
structures, but where only one such was accessible, or particularly pertinent, the compound to which it 
refers is listed. bNo known M-N distances in octahedral species, but the “ionic radii” give an accept- 
able comparison with known bond lengths. =No known M-N distances, but in [MCl,(H,O)]- the 
M-OHz bond lengths79 are: In, 2.23 A; Tl; 2.19 A. M-N distances should be - 0.1 A less than these. 
dAgain no known M-N distances, but they should be much the same as for the metals in the same or 
adjacent subgroups, i.e. - 23-2.4 for W, and - 2.1 for the Group VIII metals. 

Before dealing with the compounds of each metal separately, the data on several 
series of compounds M(chelate)zXz, for the first-row transition metals, is noted. The 
structures of some of these have been related” by their X-ray powder patterns to the 

nickel(U) compounds (q.v.) whose structures are more readily definable’**‘. This date is 
listed in Table 4. Those compounds which are isomorphous with a nickel(U) compound 

~bord. C&m. Rev., 6 (1971) 187-216 
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TABLE 4 

CORRELATIONS OF THE STRUCTURES OF THE COMPOUNDS M(chelate)iXz FROM THEIR 
X-RAY POWDER DIFFRACTION PATTERNSa’ 

Series Metals giving 
isomorphous compound@ 

Not isomorphous’ 

M(phenMNCS)~ Mn,Fe,Co,Ni,Cu 
M&hen)& Mn,Fe,Co,Ni 
M(phe&WO& -xH20 Co,Ni(2H20) 
M(bipy)z(NCS)z None, as yet 
M(bipy),Cl, None, as yet 

Zn 
cur 
Cu$IH,O) 
Fe , Co, Nie, Cu 
Co,Nif 

‘The nickel(H) compounds (q-v.) can be shown to be c&octahedral, so the compounds of all metals in 
this column have this structure. bNone of the compounds of the metals in this column are isomorphous 
with any other of the series. ‘Two different crystalline forms of the five-coordinate species [Cu(phen)s I] I 
are characterised2’. dThree polymorphs are described by K6nigs2, but unfortunately he did not measure 
the X-ray powder patterns. Baker and Bobonich 83 give the d-spacings for one polymorph. ‘The coinpound 
[Ni(bipy)2(NCS)2] usually crystallises as solvates, and on loss of the solvent. it changes in the solid state to a 
brown crystalline material which appears to be [Ni(bipy)z(NCS)]2(SCN)2. %is is based on a statement by 
Lee et aLs4 about the compounds prepared by thermal decomposition from the tris species. They did not 
publish the d-spacings. 

can be confidently assigned a cis octahedral structure, but where the compounds are not 
isomorphous it does not follow that they are not cis; although we do know that a five 
coordinate geometry occurs in the copper(H) compounds (q-v.). 

(i) Scandium 

.Two solid compounds of empirical formula Sc(phen),X,(x = Cl, SCN) recently 
have been described43. They were assigned as cis and tmns isomers of [Sc(phen)2X2 JX, 
but with no significant evidence. Species such as [Sc(phen)J [Sc(phen)X4]X2 have not 
been eliminated, and appear to be of more likely occurrence than the tram isomer here. 
(The assignments relied on untenable IR “methods”). Proper assignment of structure to 
these compounds must await X-ray studies-either comparative powder work or full 
three-dimensional structures. 

(ii) Titanium and vanadhm 

No ME compounds appear to have been isolated, but [Ti(bipy)2Br2]Br85, 
p(chelate)zX2]X86 and [V(chelate)2X2] Iv(chelate)XJ86 are well-characterised. One 
of the vanadium compounds was assigned a cis configuration on the basis of its IR 
spectrum, but no unequivocal data are available on any of the compounds_ The steric 
effect is expected to be large enough to preclude the existence of the tram isomer. 

A variety of bis(chelate)vanadyl compounds VO(chelate)2X2(X = Cl, Br, CIO, and 
4 S04) also have been reporteds7, but no structural data. 
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(ii3 Chromium 

No bis(chelate)chromium(II) compounds appear to have been characterised, but 
good structural data are available on chromium(iIl) species. 

Despite a variety of earlier assignments to the contrary, we have shown*’ that all 
data on the cations [Cr(bipy)sCla]+and [Cr(phen),Cla]+is best interpreted in terms of 
an invariable cis configuration_ No evidence exists for the trans isomer. Anderson et a1.44 
have reached the same conclusion on the basis of less extensive data, and have also con- 
sidered the structure of other aniono-species. 

An earlier report” of the trans as well as the cis isomers of the cations 
[Cr(chelate),(HIO)J 3+ was soon retractedgQ. The species, which were assumed to be 
the ti-ans isomers were showngQ to be dimeric hydroxo- or oxo-bridged species. Recent 
kinetic data on the acid fission of the bridged species have been interpretedgO.as 
evidence for the pdihydroxo structure IV. 

[ 

<I /OH\ I, 4+ 
<1”‘LOH2[> 

1 
IV 

:(iu) Manganese 

No manganese(II1) compounds have been described, but they should &accessible. 
The Mn-N distance in Mn” compounds should be the longest in the complexes of 

the first-row transition series (Table 3). It is here, therefore, that the trans geometry 
should be looked for first. The only defmitive data are on the compounds 
[Mn@hen)a(NCS)a] 57y81 and [Mn(phen)&] 81 , which are cis octahedral (cf. Table 4). 
No structural data are available for the other known Mn” compounds65*81~g1. 

(v) Iron 

The compounds Fe(phen)zXz and Fe(bipy)zXz have been widely studied, and are 
the subject of a recent review by Konigg2 _ They are known in both high-spin and low-spin 
configurations and metal-chelate bond lengths are reported for both”. A rather long 
M-N distance (- 2.2 A) is known in the high-spin case, but there is no reliable evidence 
for the frans species in these compounds. 

The structures of two examples of these compounds have been the subject of a 
number of papers. 

Low-spin [Fe(phen),(CN),] was-first reported by Schiltg2. Soon after Hamer and 
0rgelg3 assigned both this species and its protonated derivative [Fe@hen),(CNIQ2] 2+ a 
&-octahedral configuration on the basis of the IR spectra of the solids. Then SchiP7 
reported the IR spectra of a variety of solvatcs of the compound, its Ru and OS 
analogues and similar bipyridyl species. Some of these compounds did not show the 
splitting into two bands of the C=N stretching frequency, which is the basis of the 

-rd. Chem. Rev., 6 (1971) 187-216 
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assignment of the cis configuiation. Therefore, although he believed the cis structure to 
predominate, Schilt67 suggested that the trans isomer also was represented in his corn- 
pounds. The IMiissbauer evidence which he quoted to support this contention is not 
reproducible _ 68 More recently, Schilt and Lemang4 reported analogous compounds with a 
variety of substituted phenanthrolines. Many of these also gave only one band in their IR 
spectra, and on this basis a tram structure was assigned. As noted in Section E, (iii) this 
is unreliable negative evidence, and not acceptable as proof of the rr~~ns structure, 
although the compounds may be worthy of further investigation. At least in solution in 
liquid HF, the cation [Fe@hen)z(CNH)z ] *+ has the cis configuration. There is good 
‘H NMR and IR evidence for this6’. 

The compound [Fe(phen)2(NCS)2 ] is high-spin at room temperatures2. An earlier 
IR studys3 found two bands near 2100 cm-’ and a structure [{Fe(phen)2(NCS))2](NCS)2 
with bridging NCS was assigned_ Species such as this have been characterised7 for the 
nickel bipyridyl compound, and their IR spectra are very different from that of 
Fe(phen)2(NCS)z. The two bands in the C=N region for the latter, separated by 
- 10 cm-’ , were later more properly assigned to a &octahedral structure by Schilt and 
Fritschs7. Confumation of the cis structure in the case of the bipyridyl species with very 
similar IR spectrum is now given by a full X-ray structural study”. 

Several mononuclear iron(II1) species are known. Salts of the cation [Fe(phen),Cl,]+ 
were described by Harris and Lockyer”, and those of [Fe(chelate)2(CN)2]+by Schilt67. 
No structural data are available, but the known Fe-N distances (Table 3) suggest that the 
tram isomer is unlikely to exist. 

In addition, a variety of oxo- (or hydroxo-) bridged species, most of which.appear 
to contain the cation [{Fe(chelate)2}20] 4”, have been known for many yearsg6. 
Details are given in two recent papersg7. Many of the compounds may well have a five- 
coordinate structure as does an analogous salen compound72. 

(vi) Cobalt 

A number of bis(chelate) cobalt(I1) compounds have been characterised57781~8491.98. 
The green compound listed as Co(phen),Cl, -2HCl by Pfeiffer et al.” is now known18 
to be (phen I-l)* [CoCl,] _ Positive assignments of structure in this series are available only 
for the species listed in Table 48r. 

The cobalt(II1) compounds have been the subject of many papers, especially by 
some Russian workers. In 1961, Ablov and Palade” reported that, unlike 

ICo@n)20-WM 3”, th e cation ~is-[Co(phen)~(H,O)~]~+did not isomerise to the tram 
isomer in water. Since then, they have reported many other species containing cis cations 
[Cb(chelate)aXa]“‘, but throughout have been unable to find any evidence for a trans 
species. The most recent paper”’ reports a range of bipyridyl compounds 
cis-[Co@ipy)2X2]X. 

It was Ablov et al.45 who, in 1965, reported the X-ray crystal structure of the key 
compound cr-c&[Co(phen)2C12]Cl-3 Hz0 ( see section E, i); and in 1967 Palade”’ 
dealt with a previous report by Spacu et a1.‘o2 that they had isolated cik and tram- 
[Co@ipy)2Clz]Cl. 0 ne of the latter compounds was shown to be cis-[Co(bipy),C12]Cl 
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and the other cis-[Co(bipy),CO,]Cl. Quite recently PaladerS has noticed the steric 
effect which apparently precludes the existence of the trans isomer. 

The green compound, previously lo3 supposed to be trans-[Co(bipy)aCla]Cl, was 
fust shown by Apriie et al.‘04 to give aqueous solutions which contained only 
cis- [Co(bipy),Cla] + and [Co(bipy)a] 3c 
from [Co&] 2-in the solid. We 

cations, together with cobalt(H) species derived 
lo have confirmed these results, and have further shown 

the green materials prepared by such a method to be complex mixtures-probably mixed 
tertiary and quaternary phases. There is no evidence for the trans-[Co(bipy)aCl;?]+ 
cation in them; although it is, of course, impossible to prove the non-existence of a 
trans isomer which might undergo facile reactions on dissolution of the material. The 
separation of [CoC14] 2-salts is a recurrent problem in the preparation of cobalt(II1) 
species’0~‘05. 

Another very recent assignment of a green compound as the trans complex6’ also 
refers’0y62 to a compound of the type cis-[C~@hen),Cl,]~ [CoCl,] _ We have prepared a 
variety of polymorphs and different crystalline species of such mixed cobalt(III)- 
cobalt(I1) chloro compounds containing phenanthroline and bipyridyl, including the 
fast reported isolation of salts of the [CoC1~(H20)]-anion’0*18. 

A green compound which Ablovro6 thought was cis-[Co(phen)a(H20)C1]C12 has 
been shown instead to be simply cis-[Co(phen)zClz]C1-xH20 in different crystalline or 
almost amorphous forms*‘_ 

Aprile et a1.ro7, in their recent paper on the hydrolysis of the cis-[Co(bipy)2(OAc)2]+ 
cation, also have commented on the lack of any evidence for trans species. 

The problem of the very different aquation rates reported by different authors for 
the cations cis-[Co(cheIate)zClz] + has now been resolved by Josephsen et a1.ro8_ 
Cobalt(I1) impurities catalyse the reactions. 

The only outstanding problem in the assignment of structure to such cations is that 
of [Co(chelate)a(NO,),] “. Lambert and Mason”’ prepared these cations by the method 
used for trans- [Co(en)2(N02)2] “, and on this basis alone assigned the trans configuration 

to Ko(Phen)a(NOa)aI +and [Co(bipy)2(N02)2]+. They did note that the phenanthroline 
compound appeared not to be different from that prepared by Ablov106, and which had 
been assigned the cis configuration. Gomwalk and McAuleytt” have accepted the trans 
assignment, and think that one of the reactions they have observed in the acid hydrolysis 

of [Co@fie42(NO2)21 + can be assigned to a trans + cis change. Although there is no 
evidence to prove that these assignments of the tins structure are in error, there is 
equally no evidence for them. The two-stage acid hydrolysis”’ can be explained by other 
reaction schemes than the one they propose, and it seems best to assume the cis con- 
figuration until there is significant proof otherwise. 

(vii) Nickel 

Four coplanar low-spin [Ni(chelate),] ‘+ species are not obtained; but the reason 
may be partly electronic, since we have not observed any low-spin [NiN4] *+ species with 
bis(2-picolylamine) compounds18, and there is no steric effect here. 

chord. them. Rev., 6 (1971) 187-216 
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A wide variety of octahedral ions or molecules Ni(chelate),X2 has been reported. 
In the most extensive series reported7S”‘, we have assigned a cis configuration to alI 
species, largely on the basis of the steric effect. More reliable data now are available from 
the electronic spectra of the compounds in the “near IR” region2’. These are consistent 
with the cis configuration for all cases in which X is far enough from the chelate in the 
spectrochernical series (see Section E, ii)_ And in cases where this condition is not met, as 
in the N6 chromophores with isothiocyanate7s57 and isocyanate112, the IR spectra of the 
anionic ligands usually provide acceptable information about structure. 

These then become key compounds for assigning structures to other M(chelate),X2 
species on the basis of X-ray powder diffraction data (Table 4). 

For the compounds Cu(chelate)aX2, [Cu(chelate)2X] Y, and [Cu(chelate)2R] Y2 
<where X = an anion; R = a unidentate neutral ligand; and Y = C104, PFe) a five- 
coordinate, essentially trigonal bipyramidal structure as in Fig. 7 has been assigned to the 
cations. This assignment was based on a great deal of physicochemical data113, relating 

N 

Fig. 7. The structure2 of the cation in [Cu(bipy)zI] I. 

both to the solid state and solutions in non-aqueous solvents such as nitromethane and 
nitrobenzene; and was first proven in the case of [Cu(bipy)21] I by a full X-ray 
crystallographic study 2* ‘14. In addition, an incomplete study ‘15 of a crystal containing 
the cation [Cu@hen)2H20] 2+ and disordered C104-and PFe- anions (for which latter 
the author admits responsibility) also shows essentially this geometry_ 

More recently, a crystal structure 31 of [Cu(bipy)2N0,]N03 has shown a grossly 
distorted c&octahedral conIiguration for the cation, with a bidentate nitrite group. 
Iargely on the basis of this structure (but also attempting to use the electronic spectra) 
Hathaway et al.’ believe that the &-octahedral geometry predominates in these series 
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of CU” compounds_ They are in error in their deductions_ In our wider study27*“3*6 of 
the spectra of these compounds we have shown that the spectra do not fit at aU nicely 
into the two classes desired by Hathaway et al. and most of the other data favours the 
five-coordinate geometry for most of these species_ However, since in either geometry 
there is no problem of the steric effect, fie argument will be pursued elsewhere. Both 
five-coordinate and six-coordinate &-octahedral species exist in these series (an example 
of the latter is [Cu(phen)2(NCS)2J-see Table 4), but there is no sure way yet of defining 
which is the predominant geometry_ 

Of some interest are the compounds tith anions which generally are reluctant to 
bond to the metal such as C104-, BF,-and PF6-. It is in these compounds, some of 
which are probably of the type [Cu(chelate)2]X2 (although CIOa-and BF4-co- 
ordination appears to occur in some cases 116), that a planar array of the two chelates is 
most likely. However, a recent crystal structure ‘I’ of [Cu(bipyam)2] (ClO&* shows an 
essentially tetrahedral geometry for the CuN4 polyhedron. The angle between the 
chelate planes is - 60”. A similar geometry may occur in some of the phen and bipy 
compounds, but there is no way of proving this short of a full X-ray structural analysis. 
The electronic spectrum ‘I8 of [Cu(bipyam)2](C104)2 is not significantly different from 
that of a whole variety of tetragonal [CuN4X2] and five-coordinate [CuN4X] + 
chromophores *‘. In particu 1 a r, the spectrum of [Cu@hen)2(H10)](C104)2 (which is 
known to be five-coordinate”‘) is practically identical*’ with that of the dehydrated 
[Cu@hen)2](PF6)2. On the other hand, there is a significant difference in the spectra of 

Cu(bipY)#l%)2 and Cu(biPY)z(PF&, while that of the former is identical with that 
of [Cu(bipy)2C10a]PF6. The IR spectrum of Cu@ipy)2(C104)2 in the Cl-0 stretching 
region is the same as the sum of that of [Cu(bipy),C104]PF6 and a [Cu(bipy),X]C104 
species. Of these last two, the former has a broad flat-topped absorption band in this 
region-definitely showing a splitting of the Cl-0 stretching frequencies, and the latter 
gives a sharp single band. Thus the two perchlorates in Cu(bipy)2(C104)2 are in 
different sites in the crystal, and one of them may be involved in a bonding interaction 
with the copper cation in the solid. We have almreported the evidence for perchlorate 
bonding in nitrobenzene solution’16, and in the analogous Ni” compounds’*“‘. Since 
this first report of perchlorate coordination in such cations, it has been firmly 
established for a variety of metal complexes”g. 

Copper(H) species with a structure as in Fig. 6 may well exist, and these may be 
classified as ~rans if desired. Noack and Cordon 66 have interpreted the ESR spectra of 
a water-ethanol glass containing Cu(bipy)2(N03)2 as giving evidence of cis and trans 
isomers of the diaquo species. However, there is no evidence that even the cis diaquo 
species exists_ This is an assumption made in the interpretation of the ‘H NMR data and 
is not proved by the latter (nor is it proved by the electronic spectra, or any other 
physicochemical data). The species normally present in water may well be five- 
coordinate [Cu(bipy),H20]*“. The ESR data do give acceptable evidence for two 
species under the conditions of the measurement. These might be any two of the 
following: cis-[Cu(bipy)2(H20)2]2+, [Cu(bipy)2H20]2+, “rrans-[Cu(bipy)2(HzO)2] 2+” 
(i-e_, Fig. 5), [Cu(bipy)2NO,] “, or species involving bonded ethanol. 

The steric effect is probably, at least partly, responsible for the easy reduction ‘*’ 
of these Cu” species to the tetrahedral Cu’ cations. 
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(ix) zinc 

A few zinc compounds are known, but [Zn@hen),(NCS),] is the only one for 
which any significant data are available_ Its IR spectrum57 in the =N stretching region 
characterises it as cis. 

(x) Gallium, indium and thallium 

A number of compounds containing the cations [M(chelate)zXz] + have been 
described. 

Despite earlier assignments of the trrms configuration to [Ga@ipy)$lJ+ 
cations’*‘, at least one of them so assigned now has been shown33 to be cis. There is no 
acceptable evidence that they are not all cis. 

Indium(II1) compounds have been described by Walton”*, who assigned a cis 
structure on the basis of IR and Raman data. The evidence is of course only circumstantial, 
but it fits with the expectation from the steric effects. 

Both thallium(I) and thallium(II1) compounds have been described’23. Again 
relying on the far IR spectra, but in a most unsatisfactory manner, these authors 
assigned a pans configuration to the thallium(II1) cations. They relied on the similarity 
of the spectrum of [Tl(bipy),C12]C1 to that of ‘Vrans-[Co(bipy)2C1,]Cl”-but the latter 
is a complex mixture containing none of the trans cation” (see above)_ There is no 
evidence for structure in these thallium compounds, and X-ray evidence will be required 
for defining structure in these solids. 

For the Mm species, the indium compounds are the most likely to give a trans 
isomer-having the longest M-N bond distance (probably - 2.2 a by extrapolation from 
[In Cl,H,O] --Table 3). There will still be a steric effect, but it may be small enough 
to allow solid-state effects to stabilise the geometry. 

(x9 Molybdenum and tungsten 

&fetal-nitrogen distances here can be as long as 2.4 A (Table 3). Thus, if the softer 
model for the potential function for the non-bonded hydrogen interactions is applicable, 
the steric effect may be vanishingly sm&, and the trans geometry may occur. 

The well-characterised species [M(chelate)z(CO)2] have been assigned a cis con- 
figuration on the basis of their IR spectra 124 ( 
study ‘*’ 

CO stretching frequencies)_ A more recent 
includes measurements in solution in CS, , so there is little doubt about the cis 

geometry in this solvent. A possible explanation of the “far IR” spectra of the solids is 
that they are a mixture of cis and trans isomers; but it is only a suggestion, and there is no 
real evidence for the trans isomer 125. 

The only other species described are the compounds Mo,(bipy),X6 (X = Cl, Br)‘26, 
which have been assigned the structure [Mo(bipy),Cll] [Mo@ipy)Cl,j _ No evidence is 
available for the configuration of the cation. 
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(xif) Ruthenium and osmium 

A wide variety of compounds containing cations of the type [M(chelate),Xa]“‘, 
[M(chelate)aLX] WI)+ and [M(chelate)2L,](~+‘I + (where M = Ru, OS; X = an anion; 
L = a neutral l&-d; and n = 1,O) has been described3~s~127-12g. Mostly they have been 
assigned the cis configuration because of the steric effect3*5*‘28. However, it is interesting 
to speculate that, because these compounds are generally inert, they may well provide an 
example of a kinetically stabilised trans species. The best argument against this latter is 
the fact that they are so inert-especially to loss of a chelate-whereas the Pt” and Pd’ 
compounds (q-v.) for which the trans geometry is known14 are so labile. 

(xiii) Rhodium and iridium 

After a number of unhappy earlier assignments of configuration, based on prejudice 
rather than any concrete evidence, it now appears to be generally agreed’*? 14*50*54 that 
the known cations [Rh(phen)2X1]+and [Rh(bipy)zXz]+all have the cis configuration_ 
Three polymorphs of [Rh(phen)zClz]C1-xHzO have been characterised”, one of which 
is isomorphous with cu-cis-s-[Co(phen)2Clz]Cl-3H20 of known45 structure_ A variety of 
synthetic procedures all produce this same inert cis cation, and there is no evidence for 
the tram isomer. 

Rh’ compounds often are planar like the isoelectronic Pdn compounds. Martin 
et a1.13’ reported in 1961 several compounds apparently of the type Rh(bipy),X, to which 
they assigned a tram planar structure_ However, no evidence which we could now accept 
for structure was presented_ Doubts also have been raised about the basic nature of these 
materials. 

A compound which was formulated’31 as trans- [Ir(phen)2C12]Cl, now has been 
shown13* to be phenH[ir(phen)Cl,] _ The inert cations [Ir(chelate),X,]+all have been 
shown to have the cis configuration, since their compounds are isomorphous”‘with a 
known cis-RhuL polymorph’*. Further evidence for the cis configuration in the 
[Ir(bipy)2C12]fcation has been given by a recent ‘H NMR study64. 

(xiv) Palladium and platinum 

Bis(chelate) compounds of these metals have been known since 1934, when 
Morgan and Burtsall’33 reported Pt(bipy),Cl, -2H,O. The most extensive published 
study is that of Livingstone and Wheelahan4 , which includes Pd(phen)2X2, Pd(bipy),X, 
and Pt(bipy),X2 compounds. It follows some earlier work by Livingstone’34. 

There is a great wealth of chemical evidence to show the marked preference of 
these metals for the planar MN4 b aeometry, although five-coordinate species are known 
with suitably bulky phosphine and arsine ligands. For these metals the steric effect is 
manifested chemically as a marked lability of one of the ligands4* 134-136, and structurally 
probably as a distortion of the ligands rather than the MN4 polyhedron. At least in one 
case, the preliminary results of an X-ray study r4 of [Pd(phen)2](C104)2 apparently show 
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this. The ligands are said to be “bowed” about their C2 axis. It will be interesting to 
learn by how much, if at all, the MN4 polyhedron also is distorted. 

A crystal structure of a palladium compound such as Pd(chelate),Iz also may be of 
interest, since we cannot reject out-of-hand the possibility of a different coordination 
geometry, perhaps related to that’ of [Cu(bipy)aI] I. It will also be of interest to 
compare. the distortions in bipyridyl with those in phenanthroline. 

Platinum(IV) compounds also have been prepared13’, but there are no structural 
data available. 

(xv) Silver and gold 

A variety of bis(chelate) compounds of both silver(I) and silver(H) is well- 
characterisedr3’. No structural data are available, but it is reasonable to expect the 
structures to be similar to those of the analogous copper compounds. Comparison of the 
X-ray powder patterns of the compounds of the two metals could well be useful here. In 
this connection, we note the preparation of mixed crystals of Ag(phen)2S20S with its Cu 
and Cd analogues’37a_ 

The failurer4’ to obtain bis(chelate) compounds of Au”, which is isoelectronic 
with Pd” and Ptn, may be a result of the steric effect_ 

G. CONCLUSION 

Thus, of the variety of claims for the tram structure in bisphenanthroline and 
bisbipyridyl metal compounds, the only cases for which acceptable evidence is available 
are with Pd” and Pt”; and this comes mainly from the results (albeit preliminary) of an 
X-ray structural deterrnination14, which fortifies our belief in the usual stereochemistry 
of these metals. Many of the claims in the literature for the h-am species are either 
demonstrably wrong, or based on no acceptable evidence_ 

However, it is not to be concluded that frarzs species will not be found for other 
metals. In view of our lack of knowledge of the finer details of the steric effect in such 
compounds, and particularly the energy curves for the distortion of the metal polyhedra, 
it is premature to assume this. 

Of course, any further claims for a tram isomer will need to be based on firmer 
evidence than has often been accepted in the past; and in most cases this will mean a full 
X-ray structural study (unless the compound happens to crystallise in such a way that the 
metal lies on a crystallographic centre of symmetry)_ 

In order to define more clearly the size of the non-bonded interactions in such 
metal complexes, it may be helpful to study similar ligands which have rather smaller 
steric effects. One approach is suggested by the known13’ zrans geometry of the 
diaquobischelatenickel(I1) cation of biimidazolyl (v). We calculater8, from the publi&ed 
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data, a non-bonded H-H distance of 2.46 A, so there is no steric effect for the tram 
ligands. An intermediate ligand 2-imidazolyl-2-pyridyl (irnpy, VI) would give a non- 
bonded H-H distance of - 1 S A in an undistorted trans,trans-bis(impy) compound with 

an M-N distance of 2.0 A 13’. This is a significant improvement on bipyridyl; and in this 
case small distortion of the Egand angles, each with little cost in energy, together with a 
‘twist about the C-C bond joining the two rings, may be sufficient to relieve the strain. 

It will be interesting to see if tram compounds of this and similar ligandsr4’ can be 
obtained, and if so to have accurate determinations of their geometry. Our preliminary 
study13g of the chromium(II1) and cobalt(II1) complexes of VI shows that assignment 
of configuration from their electronic spectra is not satisfactory, because low-energy 
metal-ligand absorptions obscure much of the region of interest_ So again it looks as 
though three-dimensional crystal structures will be required_ 

The inclusion of “bridging” atoms between the heterocyclic donor rings,.as in 
2,2’dipyridylamine and the dipyrromethenes increases the steric problem in a plariar 
arrangement of the chelates; but the added flexibility in the system allows this steric 
effect now to be overcome (cf. III)_ Substitution in the heterocyclic rings adjacent to the 
donor atoms will, of course, further increase the steric effect142. With two “bridging” 
atoms, as in the ligands VII and VIII, the flexibility of the chelates is such that 
c&octahedral and n-am arrangements of the two chelates in bis complexes is possible. 
The compounds Nib(NCS)2 are &-octahedral for ligand VIII and trans-octabedral for 
ligand VII. A tram planar complex NiL2(C104)2 also is characterised for ligand VIII. 

Analogous steric effects occur in a variety of other diamines, such as the methyl 
substituted derivatives of 2-picolylamine144, and the quadridentate ligands IX which have 
terminal pyridyl groups27* 14’. 

a /o 
N ~C~),-NH~CH~)~-NH-_(CH~?* N 

Comd_ Chem Rev., 6 (1971) 187-216 



214 E-D. hlcKENZIE 

REFERENCES 

a 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 

2”; 
29 
30 
31 
32 
33 

:4 
36 
37 
38 
39 

40 
41 

42 
43 
44 

1: 

47 
48 

B.R. James and R.J.P. Williams, J. Chem. SOC., (1961) 2007. 
G-A.-Barclay, B.F. Hoskins and C.H.L. Kennard,J. Chem. Sot.. (1963) 5691. 
F.P. Dwyer, H.A. Goodwin and EC. Gyarfas,Ausf. J. Cheer., 16 (1963) 544. 
SE. Livingstone and B. Wheeiahan,Ausf. .f. Chem.. 17 (1964) 219. 
D.A. Buc~mgham, F.P. Dwyer, H.A. Goodwin and A.M. Sargeson,Ausr- J. Chem.. 17 (1964) 325. 
B. Bosnich, R.D. Giid, E.D. McKenzie and G.A. Webb,J. Chem. Sot. (A), (1966) 1331. 
CM. Harris and E.D. McKenzie, J. Inorg. Nucl. Chem., 29 (1967) 1047. 
H. Elliott, B-J. Hathaway and R.C. Slade,J. Chem. Sot. (A), (1966) 1443. 
B.J. Hathaway, 1-M. Procter, R.C. Slade and A.A.G. Tomlinson, J. Chem. SOC. (A), (1969) 2219. 
J-G. Gibson, R. Laird and E.D. McKenzie, J. Chem. Sot. (A), (1969) 2089. 
J-G. Gibson and E.D. McKenzie, J. Chem. Sot. (A), (1969) 2637. 
E.D. McKenzie and R.A. PIowman,J. Inorg. NucZ. Chem.. 32 (1970) 199. 
B-F. Hoslcms, Ph.D. Thesis, University of New South Wales, 1962. 
J-V. Rund, Inorg. C/rem., 7 (1968) 24. 
D.M. Paiade, Russ J. Inorg. Chem., 14 (1969) 399. 
CA. Coulson and C-W. Haigh, Tetrahedron, 19 (1963) 527. 
H.C. Freeman and M.R. Snow, Acfa Ctyst.. 18 (1965) 843. 
J-G. Gibson and E.D. McKenzie, unpublished data; J.G. Gibson, Ph.D. Thesis, University of 
Sheffield, 1969. 
B. Bak, L. Hansen-Nygaard and J. Rastrup-Andersen, J. Mol. Spectros. 2 (1958) 361. 
G.B. Robertson, personal communication. 
E-A. Mason and M-M. Kreevoy, J. Amer. Chem. Sot., 77 (1955) 5808. 
T-L. Hi&J. Chem. Phys., 14 (1946) 465; 16 (1948) 399,938. 
L.S. Barteil, J. Chem. Phys., 32 (1960) 831. 
G.B. Robertson, Nature, 191(1961) 593; 192 (1961) 1026. 
G. Casalone, C. Mariani, A. Mu8noli and M. Simonetta, Actu C’rysf., B25 (1969) 1741. 
J-D. Miller and R.& Prince,1 Chem. Sot.. (1965) 4706;J. Chem. Sot. (A), (1969) 519. 
E.D. McKenzie, unpublished data. 
J-R. Gollogly and C.J. Hawkins,Inorg. Chem., 8 (1969) 1168. 
L.L. Merritt and E.D. Schroeder,Acfa Q)xr., 9 (1956) 801. 
R. Stomberg and LB. Ainalem, Acru Chem. Stand, 22 (1968) 1439. 
1-M: Procter and F.S. Stephens, J. Chem. Sot. (A), (1969) 1248. 
F-S. Stephens, J. Chem. Sot. (A), (1969) 2081. 
R. Restivo and G.J. Palenik, Chem. Common.. (1969) 867. 
F-H. Fenn, J. Chem. Sot. /A). (1969) 1764_ 
M. Elder and D. Hall,lnorg. Chem., 8 (1969) 1268. 
V.G. Albano, P.L. Belion and M. Sansoni,Inorg. G’zem.. 8 (1969) 298. 
A.G. Swallow and M.R Truter, l’roc. Roy. Sot. (London), Ser. A, 226 (1962) 527. 
E.D. McKenzie and C. Robinson, in preparation_ 
A.M. Sargeson and G.H. Searle, Itzorg. Chem.. 6 (1967) 787; D.A. Buckingham, P.A. Marzilli 
and A.M. Sargeson, ibid., 6 (1967) 1032. 
E.D. McKenzie, unpublished review. 
PC. Jain and EC. Lingafelter, Acfu Cryst., - 73 (1967) 127; R.L. Braun and E.C. Lingafelter, 
ibid., 22 (1967) 780,787; V-W. Day, M.D. Glick and J.L. Hoard, J. Amer. Chem. Sot., 90 (1968) 
4803. 
A.R. Al-Karaghouli and J.S. Wood, J. Amer. Chem. Sot., 90 (1968) 5648. 
N.P. Crawford and G.A. Melson, J. Chem. Sot. (A), (1969) 427. 
P. Andersen, J. Josephson, G. Nord, C.E. Schaffer and R.L. Granter, C/rem. Commun., (1969) 
408. 
A.V. Ablov, A. Yu. Kon and T-1. Malinovskii, Dokl. Chem., 167 (1966) 410. 
E.D. McKenzie, J. Chem. Sot. (A), (1969) 1655; M.N. Akhtar, E.D. McKenzie,.R.E. Paine and 
A.J. Smith, Znorg. Nucl. Chem. Letters, 5 (1969) 673; D.A. Bone, E.D. McKenzie and K. 
Rowan, Cizem. Commun., (1970), 209; B.M. Hlgson, E.D. McKenzie and R.E. Paine, 
unpublished data. 
H. Yamatera, Bull. Chem. Sot. Jap., 31 (1958) 95. 
H-L. ScNIfer and G. Gliemarm, Basic Principles of Ligand Field Theory, Wiley-Interscience, 
New York and London, 1969. 



. 

BIS(2,2’-BIPYRIDYL) AND BIS(l,lO-PHENANTHROLINE) METAL COMPOUNDS 2i5 

49 
50 
51 

52 
53 
54 
55 

56 

57 

z9” 
60 
61 
62 
63 
64 
65 

66 
67 
68 
69 
70 
71 
72 
73 

;: 
76 
77 

s; 
80 
81 

:5 
84 
85 
86 

:78 
89 
90 
91 
92 
93 
94 
95 

;$ 

98 
99 

S.A. Johnson and F. Basolo, Znorg. C/tern., 1 (1962) 925. 
RD. GilIardand B.T. Heaton,J. Chem. Sot. (A}. (1969) 481. 
C. Furlani and G. Sartori,J. Znorn. NucI_ Chem. 8 (1958) 126: N.F. Curtis and Y.M. Curtis, 
Znorg. Chem. 4 (1965) 804; D-ML. Goodgame, M.-Goodgame, M.A. Hitchman and hi.J. Weeks, 
.Z. Chem. Sot. /Al. (1966) 1769: CR. Hare and C.J. BalIhausen.J. Chem. Phvs.. 40 (1964) 792; 
M.E. Farago, j_M..J-&nes Ad V.C.G. Trew, J. Chem. Sot. (A), (1967) 820; A.BiP. Lever, Gbordl 
Chem. Rev.. 3 (1968) 119. 
W.R. McWhinnie, f. Znorg. A&Z. Chent., 26 (1964) 15. 
W.A. Baker and M.G. Phillips, Znora Chem. 4 (1965) 915. 
G.C. Kulasingam, W-R. Mc%%innie-and J.D: Miller, J: Chem. Sot. (A), (1969) 521. 
D.A. Dows. in D. Fox. M.M. Labes and A. Weissberger (Ed%), Physics and Chemistw of the Solid 
State, Vol. iI1, intershence, New York, 1963. - . _ - 

_ 

CM. Harris and E.D. McKenzie, J. Inorg. Nucl. Cfletn.. 19 (1961) 372; E.D. McKenzie, Ph.D. 
Thesis, University of New South Wales, 1962. 
A.A. Schilt and K. Fritsch, J. Inorg. Nucl. Chem., 28 (1966) 2677. 
S.F.A. Kettle, E.D. McKenzie and B.A. Wesby, unpublished data. 
K.J. Watson and E. KBnig, to be published (quoted in Ref. 82). 
M.F.A. Dove and J.G. Hallett, J. Chem. Sot. (A), (1969) 1204. 
J.D. MilIer and R.H. Prince, J. CZlem. Sot. (A), (1969) 519. 
J. Josephsen and C.E. Schiiffer, Acta Chem. Stand., 23 (1969) 2206. 
N. Maki, T. Hamazaki and S. Sakuraba, Bufi. Chem. Sot. Jap.. 41 (1968) 1735. 
R-E. DeSimone and R-S. Drago. Znorp. Chem.. 8 (1969) 2517. 
RD. Dowsing, J.F. Gibson, l%I.L. coodgamk, G. Goidgame and P.J. Hayward, Nature, 219 
(1968) 1037; S.D. Cotton and J.F. Gibson, personal communication. 
M. Noack and G. Gordon, J. Chem. Phys., 48 (1968) 2698. 
A.A. Schilt, Znorg. Chem.. 3 (1964) 1323. 
RR. Bennett and B-W. Fitzsimmons. J. Chem. Sot_ (A), (1967) 525. 
A. Yu. Kon, Chenz. Abstr.. 62 (1965) 15528e. 
D. Brains and D.L. Weaver, Znorg. Chem.. 9 (1970) 130. 
A. Braibanti, A. Tiripicchio, A.M. Manotti Lanfredi and M. Camellmi, Acta Cryst.. 23 (1967) 248. 
M. Gerloch, E.D. McKenzie and A.D.C. Towl. J. Chem. Sot. (A), (1969) 2850. 
C-W. Reimann, S. Black and A. Perloff, Znorg. Chem.. 5 (1966) 1185. 
F-A. Cotton and R.M. Wing, Znorg. Chem.. 4 (1965) 314. 
F. Bottomley and SC. Nyburg. Chem. Commun.. (1966) 897. 
G.C. Dobin&, R. Mason and%.R. Russell, Chem.~Commun.. (1967) 62. 
G.H.W. Milbum and M.R. Truter, J. Chem. Sot. (A)_. (1966) 1609. 
J.E. Fleming and H. Lynton, Can_ /. Chem.. 46 (1968) 471. 
Interatomic Distances. Chem. Sot. Spec. Publ.. No. 11, 1958. 
A.F. Wells, Structural~norganic Che&stry. Oxford University Press, 3rd edn., 1962, p_ 69. 
B.J. Glasper and E-D. McKenzie, in preparation. 
E. KBnig. Coord. Chem. Rev.. 3 (1968) 471. 
W.A. Bgker and B. Bobonich, Znorg. Chem., 3 (1964) 1184. 
RH. Lee. E. Griswold and J. Kleinbere. Znora. Chem.. 3 (1964) 1278. 
G.W.A. iowles and T.E. Lester, J. Ch& So;_ (A), (1968) 1180. 
G.W.A. Fowles and P.T_ Greene, J. Chem. Sot. (A), (1967) 1869. 
J. Selbin and L_H. Holmes. J. Inorg. Nucl. Chem.. 24 (1962) 1111. 
R-G. Inskeep and J. Bjerrum, Acta Chem. Stand.. 15 (1961) 62. 
R-G. Inskeep and M. Benson, J. Znorg. Nucl. Chem.. 20 (1961) 290. 
Sr. D. Wolcott and J.B. Hunt, Znorg. Chem., 7 (1968) 755. 
P. Pfeiffer and Br. Werdeimann, Z. Anorg. Chem.. 261 (1950) 197. 
A.A. Schilt, J. Amer. Chem. Sot., 82 (1960) 3000. 
N.K. Hamer and L.E. Orgel, Nature, 190 (1961) 439. 
A.A. Schilt and T.W. Leman, J. Amer. Chem. Sot., 89 (1967) 2012. 
CM. Harris and T-N. Lockyer, Chem. Znd.. (1958) 1231. 
A. Gaines, L.P. Hammett and G-H. Walden, J. Amer. Chem. Sot. 58 (1936) 1668. 
A.V. Khedekar, I. Lewis, F-E. Mabbs and H. Weigold, J. Gem. Sot. (A), (1967) 1561; R. 
Driver and W.R. Walker, Aust. J. Chem., 20 (1967) 1375. 
L.. Cambi and E. Paglia, J_ Znorg. Nucl. Chem.. 8 (1958) 249. 
A.V. Ablov and D.M. Palade, Russ_ J_ Znorg Chem.. 6 (1961) 601. 

Cuord. Chem. Rev., 6 (1971) 187-216 



216 

100 
101 
102 
103 
104 

105 
106 
107 
108 
109 
110 
111 
112 
113 

114 
115 

.116 
-‘117 

118 
119 

120 
121 
122 
123 

124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
135 

136 
137 

138 
139 
140 

141 

142 
143 

144 

ED. MCKENZIE 

D-M. Palade, A-V. Ablov and V.N. Zubarev, Russ. J. Inorg. Chem., 14 (1969) 227. 
D-M. Palade, Russ. J. Inorg. Chem., 12 (1967) 1695. 
P. Spaca, M. Brezeanu and C. Lepadatu, Stud. Cercet. Chim. (Accod. R.P.R.), 13 (1964) 525. 
F.M. Jaeger and J.A. van Dijk, 2. Anorg. Chenz.. 227 (1936) 305. 
E. Aprile, M. Lederer and F. Masnero. AttiAccad. Naz. Lincei. CL Sci. Fis. Mat. Nat& Rend.. 
36 (i964j 70. 

_ _ 

E.W. Gillow and G.M. Hanis,Inorg. Chem., 7 (1968) 394. 
A.V. Ablov, Russ. J. Jnorg. Chem., 6 (1961) 157. 
F. Aprile, F. Basolo, G. Ilhnninati and F. Maspero, Inorg. Chem., 7 (1968) 519. 
J. Josephsen and GE. Schiffer, CJtem. Commun., (1970) 61. 
D. fambert and J.G. Mason,J. Amer. Chem. Sot. 88 (1966) 1637. 
U.D. Gomwaid and A. McAuley, J. Chem. Sot. (A), (1967) 1796. 
CM. Harris and E.D. McKenzie,J. fnorg_ Nucl. Chem., 19 (1961) 372. 
J.L. Burmeister and T.P. O’Sullivan, Inorg. Chem. Acta.. 3 (1969) 479. 
C.M. Harris, T.N. Lockyer and H. Watermann, Nature, 192 (1961) 424; N.T. Barker, CM. 
Harris, T.N. Lockyer, ED. McKenzie, H. Watermann and W.R. Walker, unpublished data. 
G.A. Barclay and C.H.L. Kennard, Nature, 192 (1961) 425. 
F.S. Stephens, personal communication. 
N.T. Barker, C.M. Harris and E-D. McKenzie, Froc. Chem. Sot., (1961) 335. 
T.A. Beinecke, J.E. Johnson and R.A. Jacobson,Acfu Crysf.. 25A (1969) S 164. 
W.R. McWhinnie, J. Chem. Sot.. (1964) 5165. 
S. Buffagni, L.M. Vallarino and J.V. Quagtiano, Inorg. Cfzem, 3 (1964) 671; L.M. Vallarino, W.E. Hill 
and J.V. Quagliano, Inorg. Chem.. 4 (1965) 1598; P. Pauling, G.B. Robertson and G.A. Rodley, 
Nature, 207 (1965) 73; F.A. Cotton and D.L. Weaver,J. Amer. Chem. Sot., 87 (1965) 4189; WC. 
Jones and W.E. Bull, J. CIlern. Sot. (A), (1968) 1849; F. Madaule-Aubry and G.M. Brown,Acta Ckyst., 
24B (1968) 745. 
W.W. Brandt, F.P. Dwyer and E.C. Gyarfas, Chem. Rev., 54 (1954) 959. 
A-J. C&y, Can_ J. Chem.. 46 (1968) 3779; Coord. CJtem. Rev.. 4 (1969) 29. 
R.A. Walton,J. Chem. Sot. (A), (1969) 61. 
F. Ya Kul’ba, N.G. Yaroslavskii, L.Y. Konovalov, A.V. Barsukov and V.E. Mironov, Russ. J. 
Inorg. Chem.. 13 (1968) 79. 
H. Behrens and N. Harder, Chem. Ber., 97 (1964) 426. 
B. Hutchinson and K. Nakamoto, Inorg. Chim Acta. 3 (1969) 59 1. 
W.M. Carmichael, D.A. Edwards and R.A. Walton. J. Chem. Sot. /A). (1966) 97. 
R-R. Miller, W.W. Brandt and Sr. M. Puke,J. Amer. Chem Sac-, 77 (1955) 3178. 
B. Bosnich and F.P. Dwyer, Aust. J CJtem.. 19 (1966) 2229. 
J. Lewis, F-E. Mabbs and R.A. Walton, J. Chem. Sot. (A), (1967) 1366. 
B. Martin, W.R. McWhinnie and G.M. Waind, J. Inorg. Nucl. Chem.. 23 (1961) 207. 
B, Chiswell and SE. Livingstone, J. Inorg. Nucl. Chem., 26 (1964) 47. 
J.A. Broomhead and W. Grumley, J. Jnorg. Nucl. Chem.. 29 (1967) 2126. 
G.T. Morgan and F.H. Burstall, J. CJtem. Sot. (1934) 965. 
S.E. Livingstone, Proc. Roy. Sot. (N.S.W.). 85 (1951) 151; 86 (1952) 32. 
M. Parsons and R.A. Plowman, unpublished data; M. Parsons. M-SC. Thesis, University of 
Queensland, 1954. 
L. Rasmussen and C.K. JQrgensen, Jnorg. Chim Acta, 3 (1969) 547. 
(a) W. Hieber and F. Miihlbauer, Chem. Ber.. 61 (1928) 2149; (b) G.T. Morgan and F.H. 
BurstaB,J. Chem. SOC_. (1930) 2594; (c) G.A. Barbieri, AttiAccad_ Naz. Lincei(Rend_), (6) 
XVI, II (1932) 44; (d) P. Pfeiffer and W. Christe1eit.Z. Anorg. Chem., 239 (1938) 133; (e) A. 
Mala,@i, AttiAccad. Naz. Ltkcei CL Sci. Fis. Mat. Natur. Rend., 9 (1950) 349. 
A.D. Mighell, C.W. Reimann and F.A. Mauer, Acfa Cr-yst., 25B (1969) 60. 
J. Clark and E.D. McKenzie, unpublished data. 
B. Chiswell, F. Lions and B.S. Morris, Inorg_ Chem., 3 (1964) 110; R.F. Knott and J.G. 
Breckenridge, an. J. Chem., 32 (1954) 514,641. 
B-P. Block and J-C. Bailar, 1. Amer. Chem. Sot.. 73 (1951) 4722; CM. Harris, J. Chem. Sot.. 
(1959) 632; CM. Harris and T.N. Lockyer, ibid.. (1959) 3083. 
F-A. Cotton, B.G_ De Boer and J-R_ Pipal,Inorg_ Chem., 9 (1970) 783. 
A.B.P. Lever, B.S. Ramaswamy, S.H. Simonsen and L.K. Thompson, Cisn. J. Chem., 48 (1970) 
3076. 
S. Utsono,.f. Jnorg. Nucl. Chem., 32 (1970) 1631 and references therein; J.G. Gibson and E.D. 
McKenzie, in preparation. 
A.T. Philhp, A.T. Casey and CR. Thompson, Auszrakn J. Chem., 23 (1970) 491. 145 


