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Many tetrahedral complexes of nickel(H) and copper(H), with monodentate 
ligands, have been obtained, but only recently have internal complexes of these 
metals been prepared. Several metal chelate compIexes with N-substituted salicyl- 
aldimines have been shown to have tetrahedral structures (I). 

yI$x;p 

M= Co.Ni. Cu. Zn 

(1) 

SALlCYLALDIMINES COMPLEXES OF NICKEL(U) 

The prrramagnetism exhibited by certain diamagnetic nickel(I1) complexes 
(R = .CH,, X = H) in inert solvents’ was initially attribured to the presence, in 
solution, of tetrahedral species. 

However this complex, and those of the homologous series (R = n-alkyl, 
X .= H) do not have dipole moments2 in benzene at room temperature, and thus 
the idea of a tetrahedral species in solution was abandoned. Moreover since these 
complexes become paramagnetic in the fused state, one could exclude the possibil- 
ity that the solvent was solely responsible for the paramagnetism3*4. We have 
isolated a paramagnetic form of the complex bis(N-methylsalicylaldimino)nickel(II) 
whose exceptional insolubility implies an octahedral polymerised structure5. This 
discovery suggested that the paramagnetism of many nickel(H) complexes with 
salicylaldimines whether in solution or in the solid state, is due, at least in part, to 
molecular association. Holm6 and Ferguson’ have also found paramagnetic salicyl- 
aldimine complexes of nickel@) which are paramagnetic in the solid state, and 
have shown from cryoscopic measurements in benzene, that nickel complexes of 
the type (I, R = set-alky16*‘, methyl’, arylg, X = H) are partially associated. 

On the basis of these results, Holm drew the general conclusion that the 
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paramagnetism of all such complexes of nickel(I1) was due to association6V9 
excluding thereby the possibility of a conformational equilibrium between square 
and planar formsrO. 

We found nevertheless that association phenomena could account only in 
part for the paramagnetism of%set-alkyl complexes in solution and this suggested 
that the problem should be studied further. 

The two dimensional Patterson syntheses from X-ray studies of single crystals 
of the complexes (I, R = iso-propyl, X = H) with nickel(H), copper(U), cobalt(L1) 
and zinc(U) have shown that all these complexes are isostructural’“. Since the 
spectr, 11 of the solid cobalt(I1) complex, (I, R = iso-propyl, X = H) (from 5,000 
to 20,000 cm-‘) is identical with the spectrum of the corresponding cob&@> 
complex (I, R = n-butyl, X = H) wh’ich has been shown, through an‘ X-ray 
study13, to l.zlve a tetrahedral structure, it is concluded that the nickel(II) complex 

(I, R = iso-,3ropyl, X = H) also has a tetrahedral structure, albeit slightly dis- 
torted”*14. 

A comrllete X-ray analysis has confirmed this conclusionl? The reflectance 
spectrum of Cre nickel(I1) complex (I, R = iso-propyl, X = H), which is similar 
to the spectn.m of the tetrahalogenonickelares’6, is in good agreement with the 
energy level scheme proposed for tetrahedral complexes by Liehr and Ballhausen”. 
A band observed at ca 6700 cm-l is attributed to the vJ3T,(F) + 3A#‘)) transi- 
tion whilst that at ca 10,960 cm-’ is probably a spin forbidden transition to an 
excited state derived from the ‘D term of the free ion. Three bands at ca 14,000, 
16,900 and 19,600 cm-’ are assigned to the v~(~T~(F) -+ 3T,(P)) transition. 

Through studying the solutions of the nickel(I1) complexes (I, R = set-alkyl, 
X = H) we find: 

a) that there is virtually no molecular association at the boiling point in 
benzene, as indicated by ebullioscopic measurements, whilst the paramagnetism in 
benzene, m-xylene and in dibenzyl, rises regularly with temperature from 20” 
to 200”; 

b) that the absorption spectra of these complexes in inert solvents even at 
room temperature, are characteristic of tetrahedral stereochemistry, especially the 
band at ca 6700 cm-’ whose intensity rises with temperature; 

c)-that the set-alkyl complexes possess a dipole moment in benzene, whilst 
the n-alkyl complexes are practically non-polar. 

We concluded therefore that in non-coordinating solvents, the cc-branched 
n-alkyl complexes of nickel(U) exist in a conformational equilibrium of the planar 
diamagnetic form and the pseudo-tetrahedral paramagnetic form. The. equilibrium 
shifts towards the tetrahedral form with increasing temperature”*‘4. Holm using 
analogous techniques has corrected earlier statements and has reached similar 
conclusions’8. Spectrophotometric measurements have also demonstrated that the 
paramagnetism of n-alkyl complexes of nickel@) (I, R = alkyl, ethyl to n-decyl, 
X = H) whether in solution or in the fused state at SO”, is due to the presence of 
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a tetrahedral form in equilibrium with a planar form;the concentration of the 

tetrahedral form increases with temperaturelg. This is .in accord with earlier vis- 
cosity measurem&k which excluded the presence of association in the fused 

complexes’. 

The factors which favour the tetrahedral configuration have been studied in 

a series of complexes variously substituted in the benzene ring (I, R = n-propyl, 
see-butyl, and tert-butyl; X = 3-CHs, 5-CHs, 3-CI, 5-C], 3-Br, 3-Not, 5-N02, 

3,4-benzo, 5,6-benzo). The structures of these complexes in the solid state were 

assigned on the basis of reflectance spectra and confirmed by magnetic measure- 

mentszO. The results reported in Table I demonstrate that the structures of these 

TABLE I 

THE STRUCTURES Ol.+ SOME BIS(R-i’&SALICYLALDIMINO)NICKEL(II) COMPLEX?& SUBSTITUTED IN THE 

BENZENE RING, AS INDICATED BY THEIR REFLECTANCE SPECTRA* 

R H 3-CH, S-CH, 3-Cl 5-CI 3-Br 3-NO, 5.-NO, 5,6- 3,4% 
benzo benzo 

n-Propyl P P P P P P P P 
Iso-propyl T 1 P P P P P P P P(T 
ferf-Butyl T T T T T T T T 

* P = planar; T = tetrahedral; vmx (planar form) ca 16,000 cm-‘; ymal (tetrahedral form) ca 
6700, 9500, 10,900, 14,000, 16,900, 19,600 cm-l. 

complexes are intluenced predominantly by steric effects. In the case of complexes 

with R = n-propyl the planar structure is the most stable. These complexes are 

olive green and diamagnetic. The larger size of the terr-butyl group on the other 

hand constrains complexes having this group to assume a tetrahedral conl?gura- 

tion. These complexes are brown and paramagnetic. In the case of those com- 

plexes where R = iso-propyl and set-butyl, the structure is strongly influenced by 

the electronic and geometric effect of the X substituent in the benzene ring. The 

way in which the molecule packs in the crystal lattice is also probably a factor 

influencing the structure. 

The values of the magnetic moments of the pseudo-tetrahedral complexes, 

3.2-3.3 B&f., are of the same order of magnitude as those found for distorted 

tetrahedral complexes of the type N&L, (X = halogen)21. 

The equilibria between planar and tetrahedral forms has been studied spec- 

trophotometrically in m-xylene and in dibenzyl. The percentage of tetrahedral form 

increases with increasing temperature exce_ot when R = tert-butyl when the reverse 

is found to hold. 
The values of the enthalpy and entropy changes involved in the transforma- 

tion of oae form to the other were obtained from a graph of the logarithm of the 

equilibrium constant uer.su.r the absolute temperature (SO-170%) (Table II). 

The free energy changes are rather small an.d depend mainly on steric effects. 

The heat of formation of the planar form of the n-propyl complexes is lower, by 
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TABLE II 

mmhfo~m~~lc mmo~s FOR x-m PLANAR-~T~DRAL EQUILIBRNM AT 120” IN ~BENZYL 
SOLUTKON 

R 

n-Propyl 

x 

H 
34x 

5-CHs 
5-c1 

AF AH 
kcaljmol kcalJmo1 

2.9 4.6 
- - 

2.8 4.6 
2.7 5.2 

AS 
e. u. 

4 
- _ 

s 
4 

‘. 
6. .-‘_ ;’ 

Iso-propyl H 0.52 3.2 10 
3-cl 0.35 3.0 7 
5-CHs 0.20 2.5 6 
.5-c1 0.16 2.0 4 

some 4-S kcal/mol, than that of the pseudo-tetrahedral form. This difference is 
sufficiently great that the percentage of tetrahedral form existing at room temper- 
ature may be neglected. In the case of the iso-propyl complexes, the corresponding 
difference in enthalpy is lower by 2~3 kcal/mol; this is probably due to repulsion 
between the iso-propyl group and the atoms of the chelate ring opposite. 

As a consequence the percentage of the two forms in equilibrium are com- 
parable at room temperature whilst at higher temperatures the tetrahedral form 
predominates. For the tert-butyl complexes the large repulsion makes the tetra- 
hedral configuration the most stable even at very low temperatures. The free 
energy is also influenced by the position and nature of the ring (x) substituent. 
The planar form is favoured by benzo substitution in the 5,6 positions whilst the 
tetrahedral form is favoured by 3,4 substitution. 

Nevertheless there are other factors present which act in this sense as indi- 
cated by the fact that the two complexes with R = iso-propyl and X=3-Cl and 
3-Br are both planar whilst one would have expected the reverse purely on the 
basis of steric considerationsThe changes in entropy are all positive, from4-10 e-u., 
thus favouring the formation of the tetrahedral stereochemistry. This is in part 
attributed to the influence of a statistical term derived from the different multi- 
plicities of the fundamental electronic states, and in part to the greater facility 
with which the alkyl groups can rotate in a tetrahedral structure. Another entropy 
contribution is derived from the greater solvation of the planar form2’. 

Some nickel(U) complexes with N-aryl-salicylaldimines (II, Y = 3-C], 4-Cl, 
4CH,, 3,Pbenzo) are paramagnetic and greatly associated in solutior8. A pre- 

liminary study of the paramagnetism and of the spectra in solution up to 70” 
suggests the idea of an equilibrium between a planar diamagnetic form and a poly- 
meric paramagnetic form. Holm has reaffirmed his conclusion that the relationship 
between paramagnetism and association is in fact general’. 

The magnetic and spectrophotometric measurements carried out by us bet 
tween 80 and 200” have shown instead that there also exists a tetrahedral form of 

Coordin. Gem. Rev., 1 (1966) 126-132 



130 L. SACCONI 

> )_ 
the complexes (II, Y = 3-Cl, &Cl, 4-CH,, 3&benzo) and -we&We therefore 
concluded23, that the following equilibrium is present. .: F 

, 
Associated form -W planar form t--, tetrahedral form 

This equilibrium is displaced completely towards the right with increasing temper- 
ature (or increasing dilution). 

SALICYLALDIMINE COMPLEXES OF COPPER(H) 

The copper(H) complexes (I, R = n-alkyl, X = H) show a single crystal 
field band at CQ 16,000 cm-’ which probably contains several transitions. There is 
also a shoulder24*25 at 22,000 cm-‘. A planar structure has been established for 
the copper@) complexes (I, R = methy126, n-butyl and n-amy12’) by means of 
X-ray studies. On the other hand the copper complexes (R = iso-propyl and 
see-butyl) in which the alkyl group is branched in the a position, are isomorphous 
with the corresponding complexes of nickel(II), cobalt(I1) and zinc(I1) and are 
therefore pseudo-tetrahedral12. This is conmmed by the fact that the reflectance 
spectra of a series of solid solutions of the copper complexes in the corresponding 
zinc salt, are practically identica125. The spectrumZS of the iso-propyl complex 
shows three bands at CQ 8900, 14,000 and 20,500 cm-‘. The crystal field theory 
predicts a single transition (‘T2 3 ‘E) for copper@) complexes in a regular tetra- 
hedral field. If the tetrahedron is distorted the ground or excited state may split 
giving rise to more than one band 2g Three series of copper (II) complexes have . 

been studied, namely (I, R = n-propyl, iso-propyl, and terf-butyl, X = 3-CHs, 
5<=H3, 3-Br, 3-N02, 5-N02, 3,4_benzo, and 5,6-benzo)25_ The results are reported 
in Table III. 

The spectra of the olive green copper@) complexes (R = n-propyl) are 
typical of a planar species. The tert-butyl complexes are a maroon colour, and 
their spectra .are similar to the spectra of the tetrahedral iso-propyl derivatives; 
a pseudo-tetrahedral structure is attributed to these complexes. The iso-propyl 
complexes caq either be green, with spectra typical of a planar species, or brown 
with spectra typical of a pseudo-tetrahedral species, according to the substituent X 
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TABLE’ III 

THE STRUCTURES OF SOME BIS(&N-SALI CYLALDIMINO)COPPER(II) COMPLEXES SiJBSTfTUT ED IN THB 

BENZENE RING, AS INDICATED BY TKEIR REFLECTANCE SPECIXA* 

R H 3-CH, S-CH, 3.4 5,6 3-CI S-Cl 3-Br 3-NO, S-NO, 

benzo 

n-Propyl P P P P P P 
Iso-propyl T Tl p P P P 
ted-Butyl T T T T T T T T T 

* P = planar; T = tetrahedral.. v_= (planar form) 14,000-16,000 cm-l; u_, (tetrahedral {o-&j 
8700-10,000, 12,800-14,000, 19,200-20,800 cm-L _ i ; 

on the ring. A comparison of Table I with Table III shows that the copper@) 

complexes have a greater tendency to assume a tetrahedral structure than the 

corresponding nickel(U) complexes. Thus the copper@) complexes (I, R = iso- 

propyl, X = 3-CH,, and 5-CH,) are tetrahedral whilst the corresponding nickel@) 

complexes are square planar. 

The magnetic moments of the planar complexes lie between 1.83 and 1.86 

B.M., and of the tetrahedral complexes between 1.89 and 1.92 B.M. Ligaud field 

theory in fact predicts3’ a larger magnetic moment for tetrahedral copper 

complexes.. 

The absorption spectra of the n-propyl and tert-butyl complexes in benzene 

solution are very simi!ar to the corresponding reflectance spectra of the solids. The 

absorption spectra of the iso-propyl complexes are intermediate between those of 

the n-propyl and .tert-butyl complexes. The dipole moments of the three series of 

complexes imply that there is a certain symmetry in the molecular structure. They 

increase in the order n-propyl < iso-propyl < teri-butyl corresponding with the 

increasing steric hindrance of the alkyl group. The dipole moments of the copper(U) 

complexes (I, R = fert-butyl) are definitely lower than those of the corresponding 

complexes of cobalt(U) and zinc(II), suggesting a probable flattening of the co- 

ordination tetrahedron. The low values in the case of the n-propyl and iso-propyl 

complexes show either they have a more flattened configuration or that there is _ 
a small percentage of a pseudo-tetrahedral form existing in conformational 

equilibrium. 
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