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ABBREVIATIONS

aep 2-(2-aminoethyl)pyridine
(13)ane 1,4.8.11-tetra-aza-cyclotridecane
3-Brpy 3-brompyridine

4Clpy  4-chlorpyridine

4-CNpy  4-cyanopyridine

cvclam 1,4,8.11-tetra-aza-cyclotetradecane

DIM 2,3-dimethyl-1.4.8.11-tetra-aza-cyclotetradeca-1.3-diene
en ethylenediamine

en’ ethylenediamine and its derivatives

Et,en diethylenediamine

4-Etpy 4-ethylpyridine

m imidazole

4-iPrpy  4-isopropylpyridine

LF ligand fieid

LMCT ligand-to-metal charge transfer

3,5-Iut 3,5-dimethylpyridine

3.4-lut 3.4-dimethylpyridine

MAC macrocycle as a ligand

Me,en N, N’-dimethylethylenediamine
4-NH,py 4-aminopyridine

3,7 NHnd 3,7-diazanone-1,9-diamine
4-NO,py 4-nitropyridine

3-pic 3-methylpyridine

4-pic 4-methylpyridine

pY pyridine

TIM 2,3,9,10-tetramethyl-1.4,8,11-tetra-aza-cyclotetra-deca-1,3,8,10-tetraene
tn 1,3-diaminopropane

tnol 1,3-diaminopropane-2-ol

TPP tetraphenylporphyrin

A. INTRODUCTION

More than fifty years ago I.I. Tchernaev formulated the first empirical
rule concerning the mutual influence of ligands in square-planar complexes
of Pt(II), the so called trans effect [1). Failures in the application of the trans
effect in the complexes of some other central atoms as well as an understand-
ing that the trans effect is only one of the possible consequences of the
mutual influence of ligands through the central atom resulted in a more
frequent use of the term “mutual influence of ligands” (MIL). (The term
“mutual influence of ligands” was used in the authors’ papers for the first
time in 1959 [2]. It was due to the fact that the trans effect was not simply
applicable to Cu(Il) complexes, as well as due to the influence of the Russian
term “mutual influence of atoms” (‘“‘vzaimnoe vliyanie atomov’’) used first
by V.V. Markovnikov, a Russian organic chemist [3].) The most general
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meaning of the term MIL is that it expresses the mutual influence of ligands
in complexes through the central atom. This meaning of MIL is considered
also in ref. 4.

MIL may have consequences on so-called static (for instance, thermody-
namic, stereochemical, spectral) and so-called dynamic (mostly kinetic)
properties. The former interaction is mostly termed “influence” (e.g. rrans
influence) whereas the latter is marked “effect” (e.g. trans effect). Trans
effect in substitution reactions is only a particular manifestation of MIL
(there are, e.g. consequences of MIL on redox properties of complexes.
photoreactions of complexes etc. [5S-7]).

Experimental data on the properties of complexes of some central atoms,
in which the ligands can be classified into ligands in equatorial and axial
positions, as well as theoretical study of the interactions of ligands through
the central atom in such complexes, result in a conclusion that the concept of
equatorial-axial influence and equatorial-axial effect of ligands i1s meaning-
ful (abbreviations “equ-ax” influence and “equ—ax” effect) [8—10]. These
terms express the collective interaction of ligands (eventually of polydentate
ligands) in equatorial plane versus axial positions through the central atom.
This interaction is actually manifest in the static and dynamic properties of
complexes. Such an integral approach within the MIL conception differs
from the long investigated trans effect and trans influence in the sense that in
the latter case interactions of ligands are investigated only in a strongly
limited segment of the complex (in the given case in trans ordinate).

The aim of this paper is to present experimental data and theoretical
suggestions about the “equ-ax” influence and *“‘equ-—ax™ effect.

B. EXPERIMENTAL DATA FOR THE CONCEPT OF “EQU-AX" INTERACTIONS AS
THE MANIFESTATION OF MIL

(i) Stereochemical correlations and dependences R, versus R, in Cu(Il) com-
plexes

In trying to understand the reasons for the great number of various shapes
of coordination polyhedra of Cu(lI) complexes and the existence of distor-
tion isomerism [11], the authors studied, several years ago, the changes
between the central atom-ligand distances in the equatorial plane and axial
positions and their relationships [12). This analysis was limited to octahedral
and pseudo-octahedral complexes (including limit cases when both or one
axial bond is weakened to such a degree that the complex becomes pyra-
midal or square-planar). Cu(Il) complexes with different chromophores were
studied in this way. The mean value of central atom-ligand distances in the
equatorial plane was denoted by R and .in the axial positions by R, . These
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symbols (S, short; L, long) in case of Cu(Il) complexes were usually not
controversial with reality (polyhedra of these complexes have mostly shapes
of an elongated tetragonal bipyramid). To eliminate subsequent discrepan-
cies between the symbols and reality we have introduced other symbols: R,
and R, (e, equatorial; a, axial). In the above-mentioned paper [12] certain
correlations between the values of R, and R, were found individually for
several chromophores. The greatest number of data was collected for chro-
mophores [CuO,] and [CuN]. Theoretical elucidation of the origin of
distortion isomerism and plasticity of coordination polyhedra of Cu(ll)
complexes, as well as the R versus R, correlations registered, stimulated us
to consider these correlations as a special manifestation of MIL [7,12]
directing thus our further reseach in this way.

It can be seen from analysis of the data on Cu(ll) complexes with
chromophores [CuG;] and [CuN,O,] and with metallo-cycles in the equa-
torial plane {[13] that the degree of axial distortion of the coordination
polyhedron depends on both the type of the metallo-cycle and its electronic
structure. Axial distortion of coordination polyhedra is most extensive in
complexes which have double bonds and nearly planar metallo-cycles in the
equatorial plane. On the contrary, relatively strong axial bonds have been
found in complexes with five-member or non-planar six-member metallo-
cycles (e.g. in chair conformations). These data agree with other papers
[14,15] discussing the stereo-electronic approach to elucidation of the struc-
ture of Cu(ll) complexes. In Fig.1 the zone corresponding to planar
metallo-cycles (with double bonds in the equatorial piane) is especially noted
and it is limited by a dashed line. This observation highlights the dominant
importance of electronic interactions of ligands through the central atom of
Cu(1l). '

Analogous variations of R, versus R, can be found with chromophores
other. than [CuO,] and [CuN,] [12] and will be mentioned in this paper when
demonstrating the importance of the central atom effect (abbr. “c.a. effect™).

It has been suggested [16,17] that the thermochromism of some Cu(II)
complexes are associated with changes in tetragonal distortion of the poly-
hedra; a shortening of the central atom-ligand distances in the equatorial
plane results in elongation of the interatomic distances between the central
atom and the axial ligands and vice versa. In spite of the new interpretation
[17] which implies a new view of the problem under study, the paper [16] still
remains stimulating for the studies developed by the authors. In this connec-
tion interesting results are presented in ref. 18. It seems that in the systems
under investigation the connection between the variation of R, versus R,
and changes in the conformations of equatorial ligands has to be taken into
account {19,20}].

a-isomers Cu(NH,),X, for X=Cl and Br are changed into B-isomers
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Fig. 1. R, vs. R, dependence for Cu(If) complexes of the chelate type with the coordination
number 4-+2 and 6; I, chromophore [CuO;}: 2. chromophore [CuN,]. The corresponding
data are taken from ref. 12.

under high pressure {21]. Rather a long time ago a spontaneous transforma-
tion of B-isomers of these complexes into a-isomers was reported [12,22-24).
In these cases an R, versus R_ dependence is again suggested.

Even the mutual dependence of interatomic distances Cu-O in hydrated
Cu(1l) 2-substituted carboxylates, Chart I, is quite interesting [25-27]. These
complexes are of the following type:

OH, R

0%-.0"\ l __-0—CR;

| , Cu\ ,
R{,C"?/ l 0’—6%0 Chart [
R OH,
They exhibit a well-defined equatorial plane while two water molecules are
localized on the axial ordinate. Changes in the metal-ligand distances in the
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equatorial plane (i.e. R, o and R, o), caused by the change in sub-
stituents on the ligand, give the reason for a change in the distance
R, = R, on, in the axial direction. When using the mean value of R, =
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Fig. 2. R, vs. R_ dependence in hydrated Cu(lI) substituted carboxylates.

(ZRcy.0-+ 2R, o-)/4 it is possible to find a dependence R, versus R,
along a smooth curve for known data on four compounds (Fig. 2).

Further examples of the plasticity of Cu(II) complexes [12] are known.
The fact that these are seen in complexes in the solid state complicate the
situation from several aspects. Because of the latter reason a statistical
processing of the data is preferred.

(ii) Comparison of the “equ—ax” influence on stereochemistry of complexes with
plastic and rigid coordination polyhedron. Cu(Il) and Ni(II) complexes

The complexes under present study contain [MO;], [MN(], and [MN,O,]
chromophores where the central atoms are M = Cu(Il) and Ni(Il). A set of
such Cu(Il) complexes is presented in ref. 12 and are re-investigated here by
the procedure given below. The Ni(II) complexes being analysed are listed in
Tablel and in refs. 38 and 39. Only the compounds with octahedral or
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Values of R, and R, of some Ni(I) compounds with the [NiO, ] chromophore (in picometres)

Compound R, R, Ref.
Ni(H,0),SiF, 204.7 204.7 28
Ni(H,0)4I, 206.4 206.4 29
Ni;(BO;), 2079 207.1 30
2115 202.0 30
Ni(H ,0),5¢0, 204.5 208.0° 31
Ni(C,H,0OCHO),-2 H,O 202.1 204.1° 32
Ni(UO,)(VO,),-4 H,O 203 201 33
Ni(C;H,0,)-2 H,O 201.7 213.9 34
(NH,),Ni(§0,),-6 H,O 208.4 203.6 35
Ni(D,0),S0, 208.5 202.0 36
Ni(H,0),(NO;), 207.8 203.3 37

2 These values were not taken into account in the calculation of correlation coefficients.

square-bipyramidal configuration of the chromophores were taken into
account, so that their coordination number was equal to 6, 4 + 2, and 2 + 4.
The orthorhombic polyhedra of Cu(Il) complexes (coordination number
2 + 2 + 2) were idealized to a square-bipyramidal form by means of averag-
ing the central atom-ligand distances in the equatorial plane. The mean
values of R, and R, were used as well as a statistical correlation between
them. However, a more sophisticated treatment of such a correlation requires
resolution of the following particular problems.

First, in order to select an appropriate set of complexes for the regression
analysis some quantitative criteria of this selection are proposed. For this
purpose the following formula
A 1ol N2 1o 221172
AR; <1.96[0(R;) +0o(R;)| (1)
was accepted, derived from the Gauss law on error spreading, on the
significance level equal to 0.05. In formula (1) AR, ; is a difference between
two central atom-ligand distances and o(R,), o( R,) are standard deviations
of these two bonds lengths under X-ray experiments. If all combinations of
the bond couples fulfil the relation (1), then these complexes become
octahedral (corresponding bond angles are approaching 90 or 180°). For
axially distorted complexes such compounds were selected for the regression
analysis where two bonds in axial positions and simultaneously four bonds
in the equatorial plane fulfil the relation (1) [38,39]. In addition, complexes
were included into a set of the [CuOy] chromophore where, for dlfferences in
copper—oxygen distances, AR, , < 10 pm. The limit of IR, —R_|<20 pm

SR EARRERISEESy *Cu-O
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was used for Ni(II) complexes as follows from Table 2.

Second, in order to form a common set of R, and R, values for the
chromophores [MN,] and [MN,O,] it was necessary to consider the dif-
ferences in the central atom-ligand distances connected with coordination
sphere heterogeneity. Correction on heterogeneity of the coordination sphere
for the chromophore [CuN,O,] was based on the following relation [12]

RT*™(Cu-N)/RI*(Cu-0) = R(Cu — O) /R (Cu-0) (2)

where R™*(Cu-N) and R™"(Cu-O) were mean interatomic distances Cu-N
and Cu-O in square-planar complexes [CuN, ] and [CuO,] (read off the plot
R versus R.), R (Cu-O) were interatomic distances Cu-O in the complex
with chromophore [CuN,O,], and R (Cu-O) were the corrected values.

In the case of Ni(II) complexes it is impossible to determine the R™"(Ni-
N) and RI*(Ni-O) values from the plot R, versus R_ and thus the relation
(2) was modified.

The correction was based on the following relation:

R (Ni-N) /R (Ni-0) = R®"(Ni-0) /R (Ni-O) (3)

where R(Ni-N) and R(Ni-O) were the average nickel-ligand distances
taken from octahedral complexes. The common set of R, and R values and
R (Ni-0) for chromophores [NiN,] and [NiN,O,] is listed in ref. 38. The
plots R, versus R, for chromophores [CuO;]., [NiO;], [CuNg} + [CuN,O,].
and [NiN,]+[NiN,O,] are shown in Figs. 3 and 4.

On the basis of Figs.3 and 4 as well as of the data from literature the
following conclusions can be drawn:

TABLE?2

Some characteristics for the set of interatomic distances for chromophores with coordination
numbers 4+ 2 and 2+4, respectively (in picometres)

Chromophore R_ R, |R,— R.|
Range Difference  Range Difference  Range Difference

[Cu005] 191-215 24 202-328 126 6-145 139
(Ni1O;0%} 202-212 10 202-214 12 1-12 9
[CulN;NY] 194-208 14 233-328 95 28-134 106
[NiN,NY) 206-215 9 205-227 22 1-17 16
{CulN,O,] 198-210 12 256-315° 59 S1-110 59
{NiN,O,] 207-210 3 211-230° i9 3-23 20

2 Values of RO
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(1) A comparison of the compounds investigated with chromophores
[MO,0,], [MN,N,}, and [MN,O,] shows that tetragonal distortion is con-
siderably less important in Ni(II) complexes compared to those of Cu(Il).
This is in agreement with earlier knowledge on stereochemistry of Cu(II) and
Ni(II) complexes [12,40,41]. It is evident from Table 2 that the length of the
| R, — R, | interval changes only slightly in the case of Ni(II), but it changes
extensively for Cu(Il) complexes. Clearly in the tetragonal distortion of
coordination polyhedra due to *“‘equ-ax” interactions the properties of the
central atom play an important role.

(2) After a more detailed analysis of the experimental data, on the basis of
the tests on the significance of the correlation coefficients at the level of
significance 0.05 (Table 3), it is possible unambiguously to refuse the null
hypothesis on mutual independence of the R and R_ parameters in the cases
under study. The nearly linear correlation can be considered significant
within the investigated interval for the chromophores [NiO] and [NiN] +
[NiN,O,]. and non-linear in case of the chromophores [CuQ,] and [CuN.] +
[CuN,O,]. Thus, the central atom-axial ligand distances depend on the
central atom-ligand distances in the equatorial plane at least in the series
investigated. Increase in the central atom-ligand distances in the equatorial
plane results in strengthening of axial bonds (shortening of R distances).
The equ-ax influence within the MIL conception is thus demonstrated as an
integral re-distribution of the bond strengths along three axes of the oc-
tahedron: weakening of the bonds on one axis causes strengthening of the
bond on the remaining two axes and vice versa. Ni(ll) complexes (Fig. 3)
when comparing with [CuQ,] are more rigid; this is probably due to the fact
that this central atom (in contrast to Cu(lI)) has no electronic degenerate or
pseudodegenerate states (in O, or D, symmetry) [42].

(3) As already mentioned the data for Cu(II) complexes [13] indicate that
the axial distortion of octahedra is most extensive in complexes with practi-
cally planar metallo-cycles in which double bonds exist. On the other hand

TABLE 3
Values of the correlation coefficients

Chromophore R v=n—2 R_ ..

[CuOy) —0.885° 20 0.423
[NiO,] —0.860 7 0.602
[CuN, ]+ [CuN,0,] —0.664° 37 0.325
[NiN]+[NIN,O, ] —0.730 i8 0.444

* Values of the coefficients of order correlations.
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this distortion is considerably smaller even in such a case when the metallo-
cycle is nearly planar (that is, the sum of inner angles of a five-member
metallo-cycle is 540° and that of six-member is 720°) but without =-elec-
trons. With respect to this one can also expect, for Ni(II) complexes with a
system of double bonds in the equatorial plane, a shortening of the bonds in
the equatorial plane and simultaneously a weakening of the axial bonds, i.e.
formation of square-planar complexes.

However, it has been found [38] that the interatomic distances Ni-N in
the square-planar complexes with the [NiN,] chromophore are ranging
within an interval of 180-196 pm regardless of the system of double bonds.
Moreover, pseudooctahedral Ni(II) complexes (with bonding interactions in
axial directions) exist in spite of a system of double bonds in the equatorial
plane [43]. Therefore, this factor is not always dominant in the “equ-ax”
interactions.

(4) When comparing non-rigidity of Ni(Il) and Cu(ll) complexes (Figs. 3
and 4) the average nickel-axial ligand distances span a much narrower
interval. In the case of chromophores [NiN,] and [NiN,O,] the tetragonal
distortion does not change continously to a square-planar configuration;
after reaching a certain value, R, = 230 pm, square complexes are formed.
Such a stereochemical change is especially marked in Fig.4; the zone
corresponding to square-planar Ni(II) complexes with weak axial bonds is
limited here with a dashed line.

Figure 4 demonstrates a higher rigidity of Ni(II) complexes in comparison
with Cu(Il) ones, manifested by the stereochemical change octahedral to
square-planar configuration and usually by a change in the spin state. The
expressive non-rigidity of Cu(Il) complexes, associated with electron degen-
erate or pseudodegenerate states of the central atom, has been termed
“plasticity™ [12].

(iii) Central atom effect and the “equ—ax’ influence in complexes with homoge-
neous ligand sphere

Investigation of the “equ—ax” influence and effect within the MIL con-
ception has some special characteristics. The mutual influence of ligands is
often reported by studying the consequences of substitution of one ligand
with another on various properties of the complex [4]. Not only complexes
with different ligands in the equatorial plane and axial positions (heteroge-
neous complexes) are studied in this connection. Also complexes with
ligands which are not identical but bonded to the central atom by the same
donor atoms (quasi-homogeneous complexes) and complexes with all ligands
identical (homogeneous complexes) are investigated. Such an approach to
the investigation of the mutual influence of ligands is rather unusual.



98

However, when taking into consideration that the mutual influence of
ligands is a phenomenon where a change in the interaction of the ligand (or
of a group of ligands) is a result of a change in the interaction of another,
even identical, ligand (or a group of ligands) via central atom, then this
approach seems to be acceptable. Reasons for such an approach are also
quite clear when studying the variation of R, versus R, in homogeneous and
quasi-homogeneous complexes.

The fact that complexes with the chromophores [CuOg], [NiO4], [CulNg],
[CuN,O,], [NiN,], and {NiN,O,] show significant distortions with respect to
the octahedral arrangement of the donor atoms, is not surprising. In many
cases identical donor atoms correspond to different ligands, which, of
course, is reflected in the variability of the central atom-donor atom
interatomic distances. One cannot exclude the possibility of changes of some
interatomic distances as a consequence of a cis or trans influence. It was
therefore necessary to perform a more detailed analysis of the structural data
in the complexes with homogeneous coordination sphere of the type "[MX,]¢,
where X are identical ligands and as simple as possible (m denotes the
complex spin multiplicity).

This further stage of the study R, versus R, was started in ref. 44 with a
series of hexafluoro complexes of the type "[{MF;]% the central atom varied
as follows: M = Cr, Mn, Fe, Co, Ni, Cu, and Zn at the oxidation state M(1I)
and M(III). As the fluoro-ligand has a weak ligand field, high-spin hexa-
fluoro complexes are preferentially stabilized. The corresponding compounds
are of the following types: MF,, A(DMF;, A (I)MF;, A (I[)MF,, ME;,
A(DMEF,, A,(DA(I)MF,, and A(I)A(I[)MF,, where A(I), A’(I) = Li, Na, K,
Rb, Cs, NH,, and TIl, and A(lI) =Ba. These compounds contain well
defined octahedra, tetragonal bipyramids, or rhombohedra (coordination
number 6, 4+ 2, 2+ 4, or 2 + 2+ 2) with single, double, or triple dimen-
sional bridging. The geometry of the complexes with orthorhombic symme-
try is described with three parameters: R, (long), R,; (medium), and Rg
(short) central atom-ligand distances. For coordination polyhedra with
tetragonal symmetry the following relationships can be written: Ry = Ry >
Rg (compressed tetragonal bipyramid), or R, > Ry, = R (elongated form).
Four identical (or nearly equal) interatomic distances M-F define the
equatorial plane of the complex and their mean value was termed R_. The
remaining two distances, after averaging in case of necessity, provide the
axial value R,. A complete list of the structures as well as of selected R, R,
data is given elsewhere [44]. Variation of R, versus R, is given in Fig.5,
individually for the oxidation numbers of the central atoms M(II) and
M(II) and their formal d”-electron configurations. This is the basis for the
following conclusions.

(1) Provided there is a sufficient number of experimentally determined
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structures, then all R, versus R curves show a similar shape. In the systems
[MF,]*~ and [MF]*~ a common intrinsic disposition to undergo distortions
along the R, versus R_ variation does exist. This is evidence of a more
general validity of the situation found in *[CuF}*~ complexes [45].

(2) The cationic part of the crystal affects the general trend above:
structures with large Cs* cations show a tendency to shift both R, and R,
distances toward the higher values.

(3) The central atom—fluorine distances in the systems [MF,]>~ are con-
siderably shorter in comparison with the systems [MF,]%".

(4) Complexes S[Cr(II)], *[Mn(II1)}], and *[Cu(1I)] show the highest devia-
tions from the octahedral configuration within the R, versus R, depen-
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dences. Their common feature lies in the fact that these systems have doubly
degenerate electronic ground state E, in the hypothetical octahedral config-
uration. Some of them, e.g. [Cr(NH,),] [MnF], exhibit a regular octahedral
configuration as a result of the dynamic Jahn-Teller effect [46,47].

(5) R, versus R, dependence was also found in the systems having
non-degenerate electronic state A,,, namely in hexafluoro complexes
A[Cr(1ID)], S[Fe(IID)], S[Mn(ID)], 3[Ni(I1I)], and '[Zn(ID)].

(6) Systems having in their hypothetical octahedral configuration a triply
degenerate electronic state 75, (hexafluoro complexes S[Fe(ID)], *4[Co(11)}, and
4[Ni(III)] show distortions of approximately the same order as the systems at
the A,, state within the frame of R, versus R..

It is important that the “c.a. effect” (an influence not only of the proton
number of the central atom but also of its oxidation and the spin state)
affects the observed dependence. As the above-mentioned complexes are
considered in quantum-chemical calculations, this fact will be discussed in
Section C in more detail.

In the variability of the stabilization of the actual shape of a coordination
polyhedron the quality of the cationic part of the crystal bears primary
responsibility; a secondary consequence is bridging of the polyhedra. For
instance, in the K,NiF, structure {48] the chromophore NiF,;F} contains
four equivalent atoms F’ in the equatorial plane, which, due to bridging,
exhibit a length R, . = R, =200 pm, this being longer than could be
expected in a free complex. Due to this, two axial lengths R ;_g~ = R, = 197
pm of non-linked ligands are shorter than could be expected by the R,
versus R, dependence shape. This example demonstrates a situation where
rather integral influence of the equatorial plane affects the shape of the
coordination polyhedron. Simple considerations on the cis influence do not
provide here an adequate image of the actual situation: to an individual
bond Ni-F’ two different types of bonds in the cis position can be attri-
buted, namely two other bonds Ni-F’ in the equatorial plane and different
bonds Ni~F” in the axial direction. Thus the concept of the cis effect results
here in some confusion. The actual stereochemical situation is more truth-
fully described in terms of the equatorial-axial influence.

Next we deal with hexanitro complexes [49]. The systems studied are of
the following type: A ,(DAID[M(II)}(NO,)¢], with metals A(l) = K, Rb, Cs,
and TIl; A(II) = Ca, Sr, Ba, and Pb; and the central atoms M(II) = Co, Ni,
and Cu. These compounds exhibit well-defined units [M(II(NO,)¢]*~. As
the NO, ligands have a strong ligand field, then low spin complexes of
?[Co(I1)] are stabilized preferentially. It has been found in these compounds
that phase transitions occur with decreasing temperature. Their structures
are known for certain phases: «, 8, 8 and y. A complete list of the
structures as well as of selected parameters R,, R_ is given elsewhere [49].
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The R, values were plotted versus R, (Fig.6) and the points belonging to
individual compounds were connected with smooth curves. The following
conclusions can be made:

(1) The dependence R, versus R, exhibits a similar course in various
compounds. The cationic part of the crystal (A(I) = K, Rb, Cs) has influence
on both R, and R, bond-lengths shifting them to higher values similar to the
situation found in hexafluoro complexes.

(2) In individual compounds, let us say in K,Pb[Cu(NO,).], a transition
from elongated to compressed form of a tetragonal bipyramid (y-f transi-
tion) was recorded with increasing temperature. The high-temperature o-
phase, however, shows a regular octahedral structure under the conditions of
X-ray or neutron-diffraction experiments. This is connected with the dy-
namic Jahn—Teller effect.

The principal result found in the case of hexanitro complexes is that the
R, versus R_ variations can be shown to occur within the same compound
but in different phases. The individual phases differ only in the amount of
the total energy. Therefore, a general intrinsic disposition of octahedral
complexes to undergo distortions along the R, and R, vectors should exist
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Fig.6. R, vs. R, dependences in hexanitro complexcs of A (DA(INM(NO;), type. O.
M=Cu(ll); ® M=Ni{ll); O, M=Co(Il); 1, K,PbCo(NO,),; 2, K,PbCu(NO,),; 3,
T1,PbCu(NO,),; 4, Rb,PbCu(NO,); 5, Cs,PbCu(NO,),; 6, K, ECu(NO,), for E=Ca, Sr,
Ba. o, B, £, v, individual phases; dashed lines, expected dependence or extrapolations.
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here and be connected with energetic criteria. However, this may not always
be manifested in the free complexes. In the solid state the tetragonal
distortion of the coordination polyhedron can be stabilized as a result of
external factors.

In connection with the investigation of the “equ-ax” influence and
importance of the “c.a. effect” there is an interesting statement in ref. 50. A
shortening of two axial bonds and elongation of all four bonds in the
equatorial plane was reported in some Sn(IV) complexes. Therefore, the MIL
in these d'° complexes is not manifested as a simple trans- or cis-influence:
disproportionation of the bond strengths along all three axes of the oc-
tahedron occurs here.

(iv) “Equ-ax” influence and spectral properties of complexes

From the electronic spectra of tetragonally distorted complexes the quan-
tities D and D] can be deduced. The D;* parameter is considered a
measure of the ligand field strength of equatorial ligands [51]. The second
parameter D; characterizes the axial ligand field [52]. The special interest in
this parameter results from the fact that the parameter D; usually depends
on the parameter DJ¥. By such dependence the “equ-ax™ influence can be
characterized for the Ni(II) and Co(Il) complexes studied [51,53,54].

D; decreases when the strength of the equatorial ligand field increase. This
was explained on the basis of the inductive influence of ligands [53]. When
the donor properties of different equatorial ligands increase (the formal
charge of central atom is reduced), the axial Ni~Cl bonds weaken. which is
evident from the reduced D; values for Cl~. In agreement with this
approach it was shown [53] that the D;¥ value for pyridine is higher in
Ni(py),(ClO,), or Ni(py)4(BF,), than in Ni(py),Cl, or Ni(py),Br,. This can
be expected considering the weaker donor properties of ClO,” and BF;” in
comparison with those of C1~ and Br ~. However, because of a low number
of complexes under investigation these conclusions cannot be generalized.

The greatest changes in D; are expected in the case of weakly coordinated
ligands, such as ClO, and BF,”. This was shown for a series: Ni(R-
aniline) (Cl0O,),, where R=CH,, O-CH;, O-C,H;, Cl, Br, and I [54].
These compounds belong to two groups: with a substituent in the position 3
or 4, and with a substituent in the position 2. Derivatives of aniline in the 2
position show steric hindrance which causes the perchlorate groups in the
compounds with o-aniline and o-phenetidine to be uncoordinated.
Hexacoordination of Ni(Il) is then reached by two monodentate and two
bidentate nitrogen-containing ligands. Spectral data for other compounds
indicate a bipyramidal structure of the type Ni(R-aniline),(ClO,), with
monodentate ClO; groups on the axis. The dependence D} versus D;” is
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given in Fig.7. The stronger the ligand field in the equatorial plane, the
lower the axial ligand field produced by the perchlorate groups.

After exceeding a certain limited D" value distinct weakening of the axial
bonds is often recorded as well as formation of diamagnetic (nearly planar)
Ni(II) complexes. Such stereochemical changes accompanied by a change in
spin state were observed in Ni(II) complexes with pyridine and its deriva-
tives [55]. The position of a substituent in the pyridine ring also affects the
coordination of axial ligands (Table 4). Table 4 [56] reveals that the shapes of
the polyhedra of these NilL.,X, compounds are changed more regularly in
solution compared to the solid state. In solution all halogen-containing
complexes (X =CIl~, Br~, 17) are nearly octahedral. However, for X =
ClO, and BF, the complexes are tetragonally distorted in the case of
equatorial ligands with pK, < 5.5 and square-planar in the case of equatorial
ligands with pK, >6.2. Generally, with increasing basicity of the above
nitrogen-containing equatorial ligands and with decreasing coordination
ability of axial anionic ligands the probability of formation of square-planar
complexes increases. In the solid state. however, some exceptions exist,
associated with lattice effects.

The complexes M(R-py)(ClO, ), for M = Ni(II) and Co(ll) are compared
in Table5. In contrast to Ni(Il) complexes all Co(Il) compounds have
tetragonally distorted structures. Changing the position of the substituents in
the pyridine ring causes no major stereochemical consequences. However
minor effects may become apparent when X-ray data are available.
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Fig. 7. Plot D; vs. D;'* for complexes of the type [NiA (ClO,),]. A, substituted anilines [54].
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TABLE S
Stereochemistry of complexes of the type M(II) (Rpy).(ClO,),

Rpy MID=Ni M(ID)=Co

Stereochemistry Ref. Stercochemistry . Ref.
py o? 57 o 58.60
3-Brpy o 57 o 58
3-pic sq 57 o 58
3,5-1ut o 57 o 58
3,4-lut sq 59 — —
4-pic sq 57 o 58,60
4-Etpy o 57 o 58
4-iPrpy o 57 o 58
4-NH,py sq 57 — —_

® o, octahedral; sq, squarc planar configuration.

Tetragonally distorted Cu(Il) complexes usually show only one band in
the visible region electronic spectra [61]. Therefore, the D* and D] quanti-
ties cannot be determined from this band. The increase in the ligand field
strength in the equatorial plane (resulting from strengthening the bonds) will
be reflected in vibrational properties of the system, namely in the valence
vibrations of Cu—L (more precisely in the force constants). The band energy
in the visible region reflects the ligand field strength in the plane as well as
A D, (difference between the ligand field strength in the equatorial plane and
ax1al positions) and can be associated with vibrational characteristics in the
plane. Such a dependence was found for Cu(en’), X, complexes where en’ is
ethylenediamine and some of its derivatives. The dependence [3(Cu-N))?
versus the electronic transition energy (Fig. 8) shows a linear course [62].

There are several Ni(Il) complexes with 14- to l16-member tetraaza
saturated macrocycle in the equatorial plane. They are the strong o-donors
and do not form a dative 7-bond with the central atom. In the case when the
axial ligand X is constant and the macrocyclic ligand is varying D] decreases
with increase of Dy [51]. The D; value is strongly dependent on *the ligand
field in the equatonal plane. ThlS ‘equ—ax” influence is illustrated in Fig.9.
Complexes with X = NCS were chosen as there are most data available. The
slope of the line reflects sensitivity of the parameter D; towards change of
the ligand field strength in the equatorial plane.

“Equ—ax” influence is manifested in the same way when varying the axial
ligand field by a fixed macrocycle in the equatorial plane. Although only
data for four axial ligands were available (Cl, Br, N;, NCS) [51] a linear
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dependence between D> and D; was again found. These changes are not so
clearcut as those previously.

An analysis of 65 complexes of Co(III), Fe(1l), and Ni(Il) with saturated
and non-saturated macrocycles was described elsewhere [63]. By means of
electron absorption spectra the parameters D" and D; were calculated and
positions of spectral bands for 38 as yet undescribed compounds were
predicted. On the basis of these data we tried to verify the existence of an
“equ-ax” influence for complexes [Co(IlI) (MAC)X,]"* .This is illustrated
in Fig. 9. Regression analysis for X = Cl and Br has shown a linear correla-
tion (correlation coefficients R; = 0.83 for X = Cl and R, = 0.87 for X = Br).
A similar dependence was reported for Ni(Il) complexes [51]. However. if
the axial ligand is changed with constant macrocyclic ligand. no such
dependence was observed for Co(lll) complexes (in contrast to Ni(1l)
complexes).

(v) “Equ—-ax” influence on the coordination mode of thiocyanate ligand

The coordination modes of pseudohalogenide ligands in solid heteroge-
neous complexes depends on several factors, the effects of which in individ-
ual compounds may have different order of priorities [64]. Such factors are
the internal disposition of pseudohalogenide ligands (which results from its
bonding possibilities) as well as the internal disposition of the central atom
(which depends on its characteristic as a soft or hard Pearson acid [65]). The
bonding and steric properties of other ligands present in the coordination
sphere may also play a role. The effect of the central atom in some
complexes can be shielded by suitable combination of ligands in the coordi-
nation sphere [66,67].

A comparison of the thiocyanate coordination mode in homogeneous and
heterogeneous complexes (Table 6) has shown that o-donor ligands do not
change the disposition of the central atom for the thiocyanate coordination
mode, which has been observed in homogeneous thiocyanates. A change in
this mode can be expected only when some thiocyanate ligands in homoge-
neous thiocyanates are substituted by ligands with 7-acceptor properties.

Replacement of a o-donor ligand by a ligand with 7-acceptor properties is
not, however, always a sufficient condition for a change in the coordination
mode of the remaining thiocyanate ligands for the individual central atoms.
For instance, in the compounds PdL,(NCS),, where L are w-acceptor but
only N-donor ligands (such as py [68], 4-pic [69], 4-NO, py [68], 4-CNpy [68].
4-Clpy [70)) the dominant effect of the central atom is retained and the
thiocyanate ligand is always bound to Pd(II) through the sulphur atom. On
the other hand, a great number of heterogeneous Pd(II) thiocyanates is
known which contain #r-acceptor but P-donor ligands and the thiocyanate
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TABLEG6
The coordination mode of monodentate thiocyanate ligands [64,66]

Transition Coordination mode of thiocyanate ligands in
metal
Homogeneous Heterogeneous thiocyanates with
thiocyanates
o~donor ligand a-acceptor ligand
lass a -NCS ~-NCS ~-SCN
Class b -SCN -SCN ~NCS

ligand is bound via the nitrogen atom [64,66,71,72].

The authors’ studies have shown that thiocyanate Cu(ll) complexes are
suitable for the study of the mutual influence of ligands on NCS bonding
[73] for the following reasons:

(1) Considering the pseudohalogenides NCX (X =0, S, Se) thiocyanate
exhibits not only the greatest variability of bonding properties in complexes
but also similar behaviour for coordination via nitrogen or suiphur. In the
case of cyanate ligands this trend is shifted more towards the nitrogen atom
and in the case of the selenocyanate ligand more to the selenium atom
[73-75].

(2) The plastic features of the Cu(Il) polyhedra [11,12] create conditions
for a sensitive transfer of bonding interactions in the equatorial plane versus
axial positions via the central atom. As Cu(Il) occupies in Pearson’s classifi-
cation of transition metals a border position [65,72] there are preconditions
for the variability of bonding of the NCS ligand to this central atom.

(3) The thiocyanate ligand in Cu(II) complexes can be bound in equatorial
plane as well as in the axial position. In the equatorial plane it is always
bonded via nitrogen; in the axial positions coordination with both nitrogen
and sulphur atom has been observed [73]. The change in the coordination
mode of the thiocyanate ligand is influenced by the other ligands in the
coordination sphere and can thus only be observed in the axial positions.

The manifestation of the “equ-ax” influence in Cu(II) thiocyanates (with
monodentate thiocyanate) can be demonstrated by means of the compounds
given below. With equatorial ligands such as ammonia, en, tn, and tnol, NCS
coordination via sulphur atom is observed (Chart II). On the other hand, in
the case of such ligands as py or aep, NCS coordination via nitrogen was
reported (Chart III).

In order to explain this observation the #-bonding hypothesis seems to be
acceptable [64,71]. It is obvious that the groups of ligands mentioned above
differ in their w-acceptor capacity. Ligands without =-acceptor bonding
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Chart i1l

[Cu(pyh(—NCS?z_; {801 {Culaepl,{(-NCSI,] (81}

NCS @NCS
@ij\i\/ O (L\‘J(N/ )
N N,
49 e

propertics more distinctly reduce the effective charge on the central atom
Cu(II) weakening, thus, its “hard” character. Such a change results generally
in an increased tendency of thiocyanate ligand coordination via sulphur [82].
The exception to this conclusion (the case of Cu(Me,en),(NCS), [77]) leads
us to further study.

The consequences of “equ—ax” influence on the coordination mode of the
thiocyanate ligand can also be demonstrated by means of Cu(II) thiocyanates
with bridging thiocyanate ligands [73]. In this case a decrease of m-acceptor
properties of the equatorial ligand leads to an increase in the number of
coordination bonds via sulphur situated in axial positions (Charts IV and V).
Compounds with py and 4-pic in the equatorial plane contain two equivalent
thiocyanate ligands. They contain bridges formed by double-bonded sulphur

Chart IV
{Culpy},-NCS-1;1 (831 [Culs-picl{-NCS 5] {84]
s s~
e . |
ON\CIU/N ON 1 __-N
C/N/l \NjO> C’N/ ‘\N@—
rd
S s
| |
ON\C /N ON\ /N
/N/l \NO /N/l \NO
S S
P 7

atoms in the axial positions (Chart IV). The increased tendency towards
coordination via sulphur occurs in NH; and en containing Cu(II) complexes
with bridging thiocyanate ligands and is manifest by an increased number of
sulphur bonds (Chart V).
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C. THEORETICAL ASPECTS OF THE “EQU-AX" INFLUENCE

The rarity of octahedral Cu(Il) complexes was the subject of various,
theoretically oriented reviews [12,47,87-89]. The most usual approach to
elucidate this phenomenon is based on the Jahn-Teller theorem [90], or
more exactly, on consideration of the E,—e, vibronic interaction (see below).
In the following text, systems with the doubly degenerate electronic state E,
will be termed *“ E-active” complexes. As explained in more details elsewhere
[89] a strictly degenerate E, state in an octahedron is not required for
distortion by the “Jahn—Teller” mechanism (pseudoJahn-Teller effect).

Distortions of coordination polyhedra are not observed only in E,-active
complexes. Significant distortions were also reported in complexes with the
non-degenerate electronic state A4,,. Examples can be found among com-
plexes with the chromophore [NiQ,], [NiNg] or in hexafluoro complexes
A[Cr(111)], *[Fe(1ID)], °{Mn(11)], and *[Ni(II)] (see Section B). For instance, in
the high-spin complex La,NiO, with chromophore [NiO4] the following
nickel-oxygen distances were found: R, = 193.4 and R, =224.2 pm [91].
Moreover NMR measurements in the solid state have shown [92] that the
tendency to tetragonality should be considered a general property of com-
plexes of the type [MF,]% In this connection it has been found that with
increasing external pressure tetragonal distortion of the coordination poly-
hedron increases [21,92].

It should be noted that in spite of the fact that consideration of the £ -e,
vibronic interaction results in prediction of the distortion of coordination
polyhedra in the E_ -active complexes, no satisfactory explanation of the R,
versus R, correlanons (along a smooth curve) was given until now. Relauon-
ships R, versus R_ can hardly be attributed only to the Jahn-Teller effect as
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they can be observed also in those complexes where the E,-e, vibronic
interaction does not occur. On the other hand, it is impossible to disregard
the fact that the greatest vaniations within R, versus R_ correlations are
observed just in E -active complexes. For instance, among hexafluoro com-
plexes the greatest distortions were found in the case of *[Cu(Il)], ’[Cr(1I)],
and *[Mn(III)] complexes [49]. In complexes of the [MX,]? type probably a
certain intrinsic disposition to undergo such distortion exists. At the same
time, however, the secondary application of the cooperative Jahn-Teller
effect in the solid state may result in strengthening the distortion caused by
the “equ-ax” influence.

A theoretical (quantum-chemical) description of stereochemical manife-
station of the “equ-ax” influence is to be started from the general concept of
interrelationships among internal coordinates, describing the geometry of the
coordination polyhedron, by means of the function £ = E(...R,...), where
E, is the total energy of the investigated system. This is the adiabatic
potential represented in a multi-dimensional space of internal coordinates by
a surface of a certain shape and is called the adiabatic potential surface
(APS). There are at least two reasons for such an approach. First, the
knowledge that a different amount of total energy, for instance, in hexanitro
complexes, results in tetragonal distortion. Second, there is the possibility of
implicit involvement of stereochemical consequences of the E,-e, vibronic
interaction in a concrete APS shape.

Problems studied by theoretical methods in the next section can be
formulated as follows:

(1) Investigation of the APS shape obtained by quantitative quantum-
chemical calculations and deducing a generally valid R, versus R, relation-
ship for quasi-octahedral complexes of transition metals.

(2) Specification of dominant interactions directing the stereochemical
manifestation of the “equ-ax” influence.

(3) The attainment of APS characteristics applicable for quantitative de-
scription of plasticity and /or rigidity of the coordination polyhedron.

(4) Demonstration of the central atom effect on the relationships followed.

(5) Formulation of a relationship between the quantitative characteristics
of the “equ-ax” influence on the one hand and the set of Jahn-Teller
parameters (parameters of the E —e, vibronic interaction) on the other.

(6) Demonstration of the solid state effects on the properties of coordina-
tion polyhedron and its “equ-ax” characteristics.

Now, it is necessary to mention some limitations of the theoretical
investigation. First, only the chromophore [MX] is examined. Second, its
octahedral geometry is taken as the basis and only tetragonal distortions are
followed, i.e. four central atom-ligand distances in the equatorial plane R,,
as well as two axial, R, distances are considered to be equivalent. Finally, a



113

limiting case of tetragonal distortion for R, — oo is the square-planar
arrangement in the coordination polyhedron and for the case R, — oo is the
linear configuration. The above restrictions reduce considerably the number
of internal degrees of freedom in the [MX ] polyhedron from 3 X7 —6 = 15
to only two, and thus APS will be considered as a simple function of the
type E+=E(R,, R.). This APS shape is sufficient for description of the
properties of the system along “the reaction pathway”

— +2X~ - — —
[MXJ7 7= [MX]T = [MX]T = [MX]*T — MX, G
Dy, Dy, Oy Dy, D,y

(oxidation number of the central atom is in this case M(II) and that of ligand
is X1, or in a scheme:

P~ |

When taking into account the electronic factors it is necessary to add to
APS several discrete variables specifying particularly the type of the central
atom, M, its oxidation state, n, spin state, m, as well as the type (quality) of
ligands, X, with the following form for APS E;= E(R,, R_; M, n, m, X).
Some characteristics of various octahedral complexes are given in Table7.

(i) Adiabatic potential surfaces and “‘equ-ax” approach

Within the framework of the theoretical study the central atoms M = Mn,
Fe, Co, Ni, and Cu were chosen with oxidation numbers M(II) and M(III)
(n =2, 3) and spin multiplicities in the octahedral complexes varying within
arangeof m=1, 2, 3, 4, 5, and 6. The ligand sphere was represented by the
following halogens: X = F, Cl, and Br. For mapping the APS shapes for the
complexes "[MX,]*~ and "[MX]>~ the CNDO /2 version of MO-LCAO-
SCF calculations was used within the UHF approach [93-95]. Some pre-
liminary results together with details of the method are published elsewher
[45,96-98]. '

The calculated APS shape is schematically presented in Figs. 10 and 1.
That means:

(1) APS of the type Er = E(R,, R_) exhibits one absolute minimum in
the octahedral configuration for the electronic state 4,,. Similarly, it shows
two energy minima corresponding to a slightly compressed (R_> R_) and
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TABLE 7
Electron configurations and states of octahedral d*-d” complexes

d" Low-spin complexes High-spin complexes
system
Config- State Examples Config- State Examples
uration uration
d* 12,0 T, [Cr(iN)] 25 € *E, S[Cr(ID)]
HMn(1ID] SIMn(IiD]
ds 135°¢2 2Ty 2Mn(Il)] 1,002 4., S{Mn(11)]
*[Fe(IlD)} S(Fe(II)]
de 1.2 ‘A, [Fe(I)] 1. 'eq T S[Fe(1D)}
'[Co(1ID)] *[CoII)]
d’ 1.0 ’E, 2[Co(Il)] 1.0 Ty HCo(ID)
ZINi(1ID] ANI(IL))
d8 1% 'E, HNi(ID)] 102 A, 3Ni(1D)]
NCu(Ill)] 3 Cu(IiD]
d® 1% ‘E, 2{Cu(11)}

elongated ( R, > R_) tetragonal bipyramid for the systems having a degener-
ate electronic state E, or T, in the octahedral configuration. (A fine map of
APS for the complex ?[CuF]*" is given elsewhere [45].)

(2) APS shows a valley connecting the absolute minimum with dissoci-
ation limits, e.g. with [MF,]?>~ and MF, for the case of [MF]*~ complexes.
This valley, V, represents a reaction pathway according to the scheme (4)

&)

Re

Fig. 10. Main feature of APS of the form Et = Et(R,, R.)- £ is the projection of a valley, V —
the R, vs. R, correlation curve.
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Dl.h Cn ; Dot

Fig. 1l. Detailed shape of a valley on APS of the E+ =E(R,, R,) form for various
electronic states. Dashed lines represent a harmonic approximation.

and is illustrated in Fig. 10. Projection of the valley V into the plane of
coordinates {R,, R} represents a smooth curve.

If the system is isolated (i.e. a free ion) then a specific equilibrium
geometry corresponds to it, given by the minimum position of APS. Due to
an external perturbation the position of the energy minimum can be re-
moved in the direction of the minimum energy gradient—along the valley V
on APS. The couple of corresponding coordinates {R,, R_.} is changing
along the curve, &, i.e. according to the R, versus R, dependence. Thus, it has
been demonstrated that in complexes of the type [MX]¢ a certain intrinsic
disposition for distortion according to the R, versus R, dependence exists
and is given by the APS shape. An external perturbation can be exemplified
by actual arrangement of the particles in the crystal structure, ie. by
additional electrostatic potential in the first approximation. This is the
situation found, for instance, in hexafluoro complexes. Another example is
the effect of temperature demonstrated by hexanitro complexes.

The method of finding the valley in the case of two-dimensional APS is
described in detail elsewhere [45,96]. Both calculated parts of the R, versus
R, correlation curve represent the “minimum energy path” in the harmonic
approximation [99-102]. The case of complexes >[NiF,]*~ and *[CuF;]*" are
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Fig. 12. The calculated R vs. R_ dependences (full lines) between dissociation limits (dashed
lines). (a) *[CuF,]*~, (b) *[NiF]*~, O, experimental data.

illustrated 1n Fig. 12. Here, the experimental points resulting from the X-ray
structural analysis are included also and the calculated R, versus R, correla-
tion curve is in good agreement with experimental data.

(i) Energy partitioning ~ possibility for revealing the MIL relevancy

The above procedure represents only one of several approaches to explain
the tendency of some complexes to be tetragonally distorted rather than
octahedral. Some other methods used for Cu(II) complexes can be found in
the literature [87,88]. However, these are often limited only to qualitative
considerations. In contrast to the angular overlap method, or the extended
Hiickel calculations, the simple analysis of orbital energies in not recom-
mended for the CNDO method. The total energy partitioning into one-centre,
ligand-ligand and metal-ligand two-centre contributions appears to be more
convenient. The last ierm seems to be decisive for complex stabilization as
was demonstrated first in ref. 103.

The importance of the c.a. effect for the above experimental correlations
and dependences proved indirectly the decisive function of the central atom.
However, this observation was of a qualitative character and did not enable
one to make a quantitative decision on the share of the interaction of ligands
through the central atom and of the direct ligand-ligand interaction. There-
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fore, quantum-chemical calculations for determination of the relevancy of
MIL for these correlations were performed. The dependence of individual
terms of the energy on the complex geometry may provide a picture of which
types of interactions in the complex are responsible for its stabilization.

The total molecular energy, E1, can be easily partitioned, when using the
CNDO method, into one-centre, E,, and two-centre, E,_,, terms

E;=3E,+ 2 E.p (5)
The corresponding formulae for the d-s-p-basis set are given elsewhere [103].

In complexes of the MX/, X’; type ( D,, symmetry) it is quite interesting to
follow the energy terms

Etr =Eqono T ELL T Ey (6)
where E____ is a sum of one-centre terms

EyL =2Ey x +4Ey x» = ZEM-—L, + 4EM-L, (7)
is the total metal-ligand interaction energy, and

E,, =6Ey. y +8Ey y» + Exoyx- (8)

is the total ligand-ligand interaction energy.

Using the above approach, a detailed analysis of the energy stabilization
of 2[CuF,]*~, ?[CuCl ]*~. 2[CuBrs]*, and *[Cu(H,0)¢]** complexes was
performed [103]. The last case is shown in Fig. 13. The equilibrium R value
at R, =const. is defined by the minimum of the function Ey = E4(R;
R_ =const). The analysis of individual energy terms proves that the
dominating factor for equilibrium geometry stabilization is the E,, ; term.
From comparison of the dependence for various R values the shift of the
minimum on the E; curve is directed by the shift of the minimum on the
E,,_, curve. This is a result of the ligand-metal-ligand interaction (MIL).

The total energy E; and its terms E,_ ., Ey_, and E; | were followed
for 2[CuF,]*~ and ’[NiF,]*~ along the valley V on the APS. Corresponding
plots are given in Figs. 14 and 15. The ligand-ligand interaction energy in
these complexes is approximately constant and not very sensitive to the
change of the complex geometry. On the other hand the terms E_, and
Ey_1, especially the last term, are definitely dependent on the complex
geometry. The term E,,_; exhibits a minimum along the valley V at the same
point as E and thus it is the dominating term of the complex stabilization.
(The E; course for 2[CuF]*~ shows, of course, double minima, however,
with the chosen scale, these minima are not distinct in Fig. 14.)

A more detailed analysis shows within the interval of the interatomic
distances followed, the E,,, term decreases with increasing Ey,, . The
reciprocal course between E\y, ; and Ey_, _gives a reason for the “equ-ax”
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Fig. 13. The energy partitioning for the [Cu(H,0),]>~ complex.

influence approach, while the fact that the above interaction is mediated via
the central atom proves the relevancy of the MIL conception.

(iif} Quantification of the “equ—ax influence

The map of numerical APS values was transformed to an analytic form.
Starting from the Taylor power expansion in the point of energy minimum
the following form of the harmonic approximation can be obtained.

E.(R,,R))=A+BR,+CR, +3k R.+3k, R2+k, R,R, 9)

To determine six constants, at least six numerical APS values are required.
The equilibrium geometry is then estimated as follows: R% =(Bk, —
Ckce)/(kaakcc - k?x;c) and Rg :(Ckac - Bkaa)/(kaakcc - kgc)‘

The harmonic force constant matrix

— ( kaa kac)
kae kcc
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Fig. 14. The energy partitioning for the *{CuF,}*~ complex.

Fig. 15. The energy partitioning for the 3[NiF.]*~ complex.

involves information on the APS properties in the neighbourhood of the
energy minimum. However, resolution of this information into chemical
significance requires application of the following procedure. By inversion of
the force constant matrix the primary, ¢;;, and interaction, c;;, compliants are
obtained (C = K™ '). These are used for defining the interaction displacement
coordinates (IDC):

(dj)f;cij/cii (10)
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Finally the minimum energy coordinates (MEC) are defined as follows
[99-102}:

D,=R,+ Y (d,) R, (11)

J*i

This should mean that D, provides a picture of the change of coordinates
(j# i) in the case of a change in one of them, let us say the R, coordinate.
Thus, MEC D, is a harmonic approximation to the minimum energy path
being shown as linear around the energy minimum.

In two-dimensional space {R,, R.} the relationships (10) and (11) are
simplified as follows

Da = Ra + (de)aRc = Ra—Re(kac/kce) (12)
Dc :Rc + (da)cRa - Rc_Ra(kac/kzm) (13)

and their meaning is illustrated in Fig. 16. For instance, the calculated value
of (d,), =0.107 for the }[NiF,]*~ complex means that the R_ coordinate
will be compressed by 10.7% of the elongation of R,. In such a case the
complex will relax to the energy minimum. Analogously, the value of
(d,). =0.240 for the same complex indicates that R, will be compressed by
24.0% of the length of elongation of the R, coordinate. In view of such an
interpretation the calculated MEC can be accepted as the quantitative
criterion describing plasticity (or rigidity) of the coordination polyhedron in
the harmonic approximation. The term plasticity means here the ability to
undergo tetragonal distortion.

The calculated characteristics of the [MX ]9 octahedral complexes in the
A, (or A,,) electronic state are listed in Table8. On the basis of the
interaction displacement coordinates the following conclusions can be drawn:

Ra

Da

Er{Rq.Rel =const

ROL-—---

De

i
]
i
i

|
1
]
t
i
1
1

i
1

rY Re

Fig. 16. The meaning of the minimum energy coordinates D, and D,.
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TABLES

Calculated characteristics of octahedral [MX]9 complexes in 4, or A,, clectronic state

d" Complex R%2=R%*  Harmonic force constanis®  IDC*
kau kae kcc _‘(dc)a —(d,),
d3 S{MnF,}%" 2227 5.65 1.59 12.91 0.123 0.281
S{FeF,]*~ 208.5 8.47 1.89 18.84 0.100 0223
d® Y[FeF,]*~ 214.9 6.71 1.63 15.04 0.108 0.242
HCoF,1?~ 195.5 11.28 2.33 24.89 0.094 0.207
'[CoCl¢]*~ 2289 8.92 2.30 20.14 0.114 0.258
I[CoBrg]®>~ 2459 10.28 3.19 23.75 0.134 0310
d8 NI 14~ 198.9 10.68 2.56 23.92 0.107 0.240
3INICL, ]~ 2311 8.30 2.80 19.40 0.144 0.337
3{NiBr,]°~ 2482 9.28 3.54 22.11 0.160 0.381

* Distances in pm.
b Force constants in N em ™},
€ IDC, interaction displacement coordinates.

(1) The complexes with g = —3 (the oxidation number of the central atom
is M(III)) are more rigid than those with g = —4 (that is, M(1I)).

(2) In the series of ligands X = F, Cl, and Br the rigidity of the complexes
is decreasing, or in other words, their plasticity is increasing.

(3) In the case of the same oxidation number the rigidity of the coordina-
tion polyhedron is increasing with increasing proton number.

Complexes with degenerate electronic state £, or 75, in the octahedral
configuration require a more detailed analysis. As the APS exhibits here two
minima corresponding to an elongated and compressed tetragonal bipyramid
(see Fig. 11), then the polynomial approximating the analytic form of APS in
the vicinity of an octahedral arrangement should be at least of the fourth
power. Quantitative calculations of this kind are not presented in this paper.
We would like to mention briefly only a simplified approach. First, each
minimum can be separately fitted by a two-dimensional parabola of the type
(6). This situation is illustrated by a dashed line in Fig. 11. By this method
the characteristics for the first minimum (elongated bipyramid) and for the
second minimum (compressed bipyramid), were obtained and are listed in
Table9. However it is rather difficult to compare some characteristics, such
as interaction displacement coordinates with the non-degenerate state.
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(iv) E,~e, vibronic coupling and the “‘equ-ax” approach

Consideration of the vibronic interaction of the degenerate electron state
E, with the vibrational modes of e, type in octahedral complexes leads to a
predlctlon of APS shape around the octahedral geometric configuration.
APS is analytically expressed by the function of symmetric coordinates:
Er = Ex(Q,, @5, Q5)- In this case, the coordinate @, is fully symmetric a,,,
while @, (tetragonal distortion of the octahedron) and Q. (o-rhombic one)
belong to e,- The aim of this section is to find a relationship between the
“‘equ-ax” represematlon of APS of the type E;x = E-(R,,R.) and a better
known representation of the type E; = E(Q;,Q,.0;) found using the
Jahn-Teller theorem.

Let the following limitations be accepted for the vibronic interaction: (i)
E, state interacts only with vibrations of the e, symmetry (Q, and Q;); (1)
normal vibrations are harmonic; and (iti) in the Taylor’s expansion of the
vibronic interaction operator only quadratic terms are taken into considera-
tion. Then, the analytic expression for APS is as follows [89].

ET(Ql»QrQ}) =E, “’P(Atz +A§p2 +2A4,A4,p cos 3¢)V2 + %K:Q:Z + %szz
(14)

where p = (Q3 + 03)/? and ¢ = arctan(Q; /Q,) are polar coordinates. E,, is
the total energy of the “optimum” octahedral configuration and A4,(A4,) is
the linear (quadratic) e, vibronic constant. For Q, = constant this APS is
often represented by the shape of the so called “Mexican hat” with warping.
A cut of this Mexican hat for the case Q; = 0 is given in Fig. 17. Then. the

e o e o s

~Q; 0

Fig. 17. A cut of the Mexican hat for Q; =0.
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‘analytic expression for APS is simplified as follows
E+(Q,.02:Q3=0)=E;—|Q,|(4, = 4,|Q,]) + 1K,07 +1K,03 (15)

where the negative sign in front of A, corresponds to the case o ==
(elongated bipyramid) and the positive sign to the case ¢ = 0 (compressed
form). Energy minima are not equivalent: the lower one is absolute, while
the higher minimum is local for the cut @, = 0. The latter corresponds in the
{Q,, Q;} representation to the saddle point of the warped Mexican hat [89].
Between the internal and symmetric coordinates simple linear rela-.
tionships are valid. When substituting them into the harmonic approxima-
tion of individual APS minima (9), after simple algebraic operations, expres-
sions for K, K,, A,, and A, can be obtained [98]. Numerical data for the
*[CuF,]*~ complex are given in Table 10. The initial set of the “equ-ax”
parameters R9, RY, k_.. k.., and k., for individual minima (I and II) was
transformed into the symmetric coordinates. Finally, Jahn—Teller parameters
K,, K,, A, and 4, were obtained. It should be noted that the theoretical
APS shape (14) or (15) deviates from the shape found numerically. Other-
wise, the following relationships should be valid: (Q?), =(0")y, (K), =
(K,;); and (A4,); =(A,)- The numerically determined APS shape is more

TABLE 10
The characteristics of APS for 2[CuF,]*~

Quantity Unit Minimum I Minimum If
' (p=m) (9 =0)

A. The “equ—ax” parameters

R¢ pm 199.134 195.441

RO pm 196.357 198.207

k,, N cm™! 11.84022 12.00045

k.. Ncm™! 2.98009 2.66768

k. Nem™! 26.83680 27.03727

R, pm 197.356

B. The Jahn-Teller parameters

oY pm —0.17962 —0.17391
(031 pm —3.2066 3.1939
3°E{ /307 Nem™! 5.18977 5.36403
K,=(3%E+/30}) Ncm™! 7.43953 7.39551
A, 10 eV m™! 1.03867 1.06929
A, Ncm™' +0.043564

K, Ncm™ 5.27690
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complex than that resulting from the simple approximate formula (15). The
non-zero equilibrium coordinate QY indicates that besides the E, —e, vibronic
coupling the E —a,, vibronic coupling is also significant and thus the real
situation is better expressed by the E,—(ay, +e,) vibronic interaction.
Questions of this kind are published elsewhere [104,105].

The E,-a,, vibronic coupling does not result in distortion of the ideal
octahedral structure. However, in combination with the E, e, vibronic
coupling (taking into consideration the E, —(a,, + e,) vibronic coupling) it
affects the values of the Jahn-Teller parameters not only quantitatively, but
can result even in a qualitatively different picture. Such a situation was
recently demonstrated [104,105] for the 2[CuX,]*~ type, where X =F, Cl,
and Br. First, 2 mapping of the APS in the vicinity of the octahedral
structure was carried out for three independent coordinates: Q,, Q,, and Q;.
From theoretical analysis of the vibronic Hamiltonian (by utilization of the
perturbation theory) a more complicated expression than (14) resulted for
APS. Here several constants appear. These constants acquire a characteristic
value in individual complexes having a degenerate electronic state £ in the
octahedral geometry. Actual values of these constants were obtained by
fitting the numerical APS values to the analytic form. For this purpose the
modified method of non-linear regression was used [106]. The results ob-
tained have shown that when passing from the E,-(a,,+e,) vibronic
coupling towards a more approximate E —e, one, the sign of the quadratic
vibronic 4, constant can be changed. This results in an interchange of the
energy minima and saddle points of ?[CuF]*” (in the approximate illus-
tration of APS as a warped Mexican hat). In both cases, however, the
calculated Jahn-Teller distortion in free ions is relatively small: 107 '-1 pm
in length.

(v) Solid state effects and the “‘equ-ax” influence

The experimentally found distortions of the coordination polyhedra of the
[MX ]9 type with respect to the ideal octahedron are of the order 10 pm (see
Section B). However, the systems under study are in the solid state. The
distortion found is higher than the calculated values in the free ions. Thus,
the solid state does result in additional effects evoking either distortion (in
the case of the non-degenerate 4,, states) or in strengthening the Jahn-Teller
distortion of the free ion. To the main effects of the solid state the followmg
facts should be mentioned:

(1) Mutual electrostatic interaction of individual ions, eventually dipoles
in the crystal structure. ‘

(2) Cooperative Jahn-Teller effect in the case of degenerate or pseudo-
degenerate electronic states.
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(3) The spatial distribution of individual components in the crystal lattice.

An influence of the cooperative Jahn—Teller effect (being, in the electro-
static model, an interaction of the quadrupole-~quadrupole type) is probably
lower than the direct interaction of ions or dipoles in the solid phase (in the
electrostatic model it is the interaction of the charge—charge, charge-dipole,
or dipole—dipole type). The most obvious effect of the solid state, the
charge—charge interaction, was demonstrated by the following simple model
approach.

In the axial positions of the ”[MX,]“ type complex two Na* cations were
localized 500 pm above the central atom (Fig. 18). Systems of the type
"[Na... MX,...Na]?*? for X =F and Cl were taken into consideration. At
the same time, the geometry optimization was carried out with respect to two
geometrical degrees of freedom: R, and R_. The calculated characteristics of
the models studied are given in Table 11. On the basis of the results
presented one can state that the simple model of the solid state considered
considerably affects the properties of the [MX ]Y coordination polyhedron.
The most important conclusion results from the equilibrium geometry found:
the calculated tetragonal distortion in the model complexes is approximately
10 pm and this range is in good agreement with experiment. One cannot

® 500 pm

()p 500pm

Fig. 18. A model complex of solid state influences.
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TABLE 11

Calculated distortions of coordination polyhedra referring to optimum octahedral central
atom-ligand distances ¢

System Siate Multi- Ry(Oy) Distortion
plicity
AR, AR,

CuF#~ E, 2 197.4 1.0 - 1.8
CuF$~ +2Na* 2 —5.5 —19.5
CuClg~ ’E, 2 229.0 0.7 - 1.1
CuCl¢~ +2Na* 2 ~10.6 —4.5
CoF;'~ 3Ty 5 199.4 0.2 -0.3
CoF$~™ +2Na* 5 - 116 -9.0
CoCl$~ 3T 5 230.8 0.2 —0.3
CoCl§~ +2Na* 5 -36 22
NiF;' ~ Ay 3 198.9 0.0 0.0
NiF#™ +2Na* 3 —18.3 —16.8
NiCl%~ T 3 2311 0.0 0.0
NiCI$~ +2Na* 3 ~11.0 -7.2

* Distances in pm.

exclude that the application of another method (e.g. of more sophisticated ab
initio calculations) could provide other numerical values of complex distor-
tion. However, the distortion ratio 1:10 in the free ions and in model
complexes of the solid state can hardly be changed.

From the above facts it is clear that, in the case of the simple model, the
effects of the solid state prevail over the Jahn-Teller effect. It can be
expected, however, that with the increasing number of unit cells (with
E,-active centres) the cooperative Jahn-Teller effect takes place (this leads
to distortion strengthening), while the ion-ion interactions become com-
pensated. This was illustrated by the situation observed in the case of the
hexafluoro complexes where the greatest tetragonal distortion of the coordi-
nation polyhedra were observed for the E, active complexes. Therefore, the
results presented here should be considered as the first stage in an investiga-
tion of the mutual proportionality of the solid state and the Jahn-Teller
effect which influence distortion of coordination polyhedra within the equ-ax
approach.

In spite of the fact that use of the MIL study in isolated complexes (or in
systems with weak interactions with the environment) is often advantageous.
such limitation deprives knowledge about the consequences of MIL on the
complex structure and properties. For instance, the study of MIL in connec-
tion with its chemical consequences is practically impossible without consid-
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ering the interaction of the complex with its surroundings. In some cases the
interaction between the complex and its environment intensifies those effects
which are consequences of MIL. In such a case the function of the environ-
ment can be compared with the function of a developer by which a latent
picture hidden in the photo-material is developed.

D. CONCLUDING REMARKS

On the basis of data dealing with the properties of a large number of
different complexes a collective interaction of equatorial ligands versus axial
ligands has been demonstrated. This has consequences in stereochemistry,
physical properties, and reactivity as well as on the coordination mode of the
thiocyanate ligand. The experimental data and theoretical (quantum-
chemical) calculations have shown that in the equatorial-axial interactions
investigated the central atom has an important function. The consequences
of the equatorial-axial interactions are understood as one form of the MIL
manifestation.

The investigation of the “equ-ax” interaction is a new, more integral
approach within the MIL conception, in which the collective interaction
between certain groups of ligands in the coordination sphere is taken into
consideration (unlike the case of the cis effect, cis influence, trans effect, and
trans influence). Such an approach to the MIL problems is more appropriate
to reality at least in the cases considered above. It relates to current
conceptions of the theory of chemical structure which try to explain the
properties of a chemical compound elucidating its structure as a whole and
not only by description of interactions in its fragment.

More precise limitation of the applicability of the equatorial-axial ap-
proach requires further experimental and theoretical investigations. Its
stimulating importance for the development of the theories on MIL consists
particularly in its collective respect of the interactions of all ligands through
the central atom in the coordination polyhedron.

The experimental data and theory discussed here indicate that the “equ-—
ax” interactions manifest themselves mainly in those complexes having
degenerate or pseudo-degenerate states and in the complexes with metallo-
cycles (including macro-cycles) in the equatorial plane. The latter complexes,
due to their theoretical attractiveness and practical importance, emphasize
the relevancy of the “equ-~ax” influence.

REFERENCES

1 LI Tchernaev, Izv. Instituta izuch. Platiny, 4 (1926) 213; 5 (1927) 118.
2 J. Gazo, Chem. Zvesti, 15 (1961) 20; J. GaZo, Thesis, Slovak Technical University, 1959.



w

R

10

11
12

13
14
15

16
17
18

19
20
21

22
23

24
25

26
27

28
29
30

31
32
33
34
35

129

N.V. Markovnikov, Thesis, Kazan University, 1869.

V.J. Nefedov and M.M. Gofman, Mutual Influence of Ligands in Inorganic Compounds.
Itogi nauki i tekhniky, Moscow, 1978.

J. Ga¥o, in Theory and Structure of Complex Compounds. Pergamon Press and Wydavn.
Naukovo-techniczne, Warszawa, 1964, p. 479.

J. Sykora, J. Sima, D. Valigura, E. Horvath and J. GaZzo, Proceedings of the 3rd
Symposium on Photochemistry and Thermal Reactions of Coordination Compounds,
Mogilany, Krakow, Poland 1980, p. 112.

J. GaZo. Zh. Neorg. Khim., 22 (1977) 2936.

J. Gazo, Proceedings of the 21Ist International Conference on Coordination Chemistry,
ICCC, Toulouse, France, 1980, p. 380; J. Gazo. Proc. of Conference Fiz. i Mat. Metody v
Koord. Khimii, Kishinev, US.S.R., 1980, p. 5.

R. Boé&a, P. Pelikan and J. GaZo, Proceedings of the 8th Conference on Coordination
Chemistry , Bratislava-Smolenice, Czechoslovakia, 1980, p. 37.

J.F. Endicott and B. Durham, in G.A. Melson (Ed.), Coordination Chemistry of
Macrocyclic Compounds, Plenum, New York, NY, and London, 1979, p. 393.

J. Gazo, Pure Appl. Chem., 38 (1974) 279.

J. GaZo, 1.B. Bersuker, J. Garaj, M. Kabe3ova, J. Kohout, H. Langfelderova, M. Melnik.
M. Serator and F. Valach, Coord. Chem. Rev., 19 (1976) 253.

L. Macagkova and J. Gazo, Koord. Khim., 4 (1978) 1314.

M.S. Maslen and T.N. Waters, Coord. Chem. Rev., 17 (1975) 137.

P.M. Zorkij and V.S. Psaligas, Proceedings of the 2nd Seminar on Crystal Coordination
Metal Compounds, Bratislava-Smolenice, Czechoslovakia, 1973, p. 122.

A.B.P. Lever, E. Mantovani and J.C. Donini, Inorg. Chem., 10, (1971) 2424.

I. Grenthe, P. Paoletti, M. Sandstrém and S. Glikberg. Inorg. Chem.. 18 (1979) 2687.
L.P. Battaglia, A.B. Corradi, G. Marcotrigiano, L. Menabue and G.C. Pellacani, J.
Chem. Soc., Dalton Trans., (1981) 8, and references therein.

A. Pajunen, K. Smolander and I. Belinskij. Suom. Kemistil. B, 45 (1972) 317,

L. Macatkova, Thesis, Slovak Technical University, 1977.

B. Papankova, M. Serator, J. Stracelsky and J. GaZo, Proceeding of the 8th Conference
on Coordination Chemistru, Bratislava-Smolenice, Czechoslovakia, 1980, p. 321.

J. Gazo, K. Seratorova and M. Serator, Chem. Zvesti, 13 (1959) 5.

M. Serator and J. GaZo., Zbornik Chemickotechnologickej fakulty SVST, Bratislava,
Czechoslovakia. 1980, p. 47.

J. Gazo, Chem. Zvesti, 20 (1966) 212.

C.K. Prout, R.A. Armstrong, J.R. Carruthers, J.G. Forrest. P. Murray-Rust and F.J.C.
Rossotti, J. Chem. Soc. A, (1968) 2791.

C.K. Prout, J.R. Carruthers and F.J.C. Rossotti, J. Chem. Soc. A, (1971) 554.

C. Coudwell, K. Prout, D. Robey and R. Taylor, Acta Crystallogr.. Sect B, 34 (1978)
1491.

S. Ray, A. Zalkin and D. Templeton, Acta Crystallogr., Sect. B, 29 (1973) 2741.

M. Louner, D. Grandjean and D. Weigel, J. Solid State Chem., 7 (1973) 222.

J. Pardo, M. Martinez-Ripoll and S. Garcia-Blanco, Acta Crystallogr., Sect. B, 30 (1974)
37.

H. Fues, Z. Anorg. Allg. Chem., 379 (1970) 204.

J1.M. Stewart, E.C. Lingafelter and J.D. Breazeale, Acta Crystallogr., 14 (1961) 888.

J. Bazene and F. Ceskorn, Bull. Soc. Fr. Minér Cryst., 93 (1970) 426.

H. Montgomery and E.C. Lingafelter, Acta Crystallogr., 17 (1964) 148].

H. Montgomery and E.C. Lingafelter, Acta Crystallogr., 17 (1964) 1478.



130

36
37
38
39

40
41
42
43

45
46
47

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

66
67

68
69
70
71
72

73
4
75
76
77
78

B.H. O'Connor and D.H. Dale, Acta Crystallogr., 21 (1966) 705.

F. Bigoli, A. Braibanti and A. Tiripicchio, Acta Crystallogr., Sect. B, 27 (1971) 1427,

E. Jona, Thesis. Slovak Technical University, Bratisiava, 1980.

E. Jona, F. Valach, J. Ga3o, E. Fendrych and T. Sramko, Proceedings of the 8th
Conference on Coordination Chemistry, Bratislava-Smolenice, Czechoslovakia, 1980, p.
143,

M.A. Porai-Koshits, Zh. Strukt. Khim., 2 (1961) 218.

M.A. Porai-Koshits. Zh. Strukt. Khim.. 4 (1963) 584.

J.H. Ammeter. Nouv. J. Chim., 4 (1980) 631.

J.F. Kirner, J. Garofalo and W_R. Scheidt, Inorg. Nucl. Chem. Lett., 11 (1975} 107.

R. Bo¢a, Chem. Zvesti, 35 (1981) 769.

R. Bo¢a and P. Pelikan. Inorg. Chem., 20 (1981) 1618.

K. Wieghardt and J. Weiss, Acta Crystallogr. Sect. B, 28 (1972) 529.

D. Reinen and C. Friebel, in J.D. Dunitz et al. (Eds.), Structure and Bonding, Vol. 37.
Springer, Berlin, 1979. p. 1.

D. Balz and K. Plieth, Z. Electrochem., 59 (1955) 545.

R. Boea, Chem. Zvesti, 35 (1981) 779.

M.A. Porai-Koshits. Koord. Khim., 4 (1978) 842.

L.Y. Martin. C.R. Sperati and D.H. Busch. J. Am. Chem. Soc., 99 (1977) 2968.

R.A.D. Wentworth and T.S. Piper. Inorg. Chem.. 4 (1969) 709.

D.A. Rowley and R.S. Drago, Inorg. Chem., 7 (1968) 795.

A.V. Butcher. D.J. Philips and J.P. Redfern, J. Chem. Soc. A, (1968) 1064.

E. Uhlig. Coord. Chem. Rev., 10 (1973) 227.

L.M. Vallarino, W.E. Hill and J.V. Quagliano, Inorg. Chem., 4 (1965) 1598.

W.E. Bull and L.E. Moore, J. Inorg. Nucl. Chem., 27 (1965) 1341.

W.C. Jones and W.E. Bull, J. Chem. Soc. A, (1968) 1849.

S. Buffagni, L.M. Valarino and J.V. Quagliano, Inorg. Chem.. 3 (1964) 671.

D.H. Brown. R.H. Nuttall. J. McAvoy and D.W_A, Sharp. J. Chem. Soc. A. (1966) 892.
B.J. Hathaway, J. Chem. Soc., Dalton Trans., (1972) 1196.

A.B.P. Lever and E. Mantovani, Inorg. Chem.. 10 (1971) 817.

K.B. Yatzimirskii and J.D. Lampeke, Teor. Eksp. Khim. B, (1977) 786.

A.H. Norbury, Adv. Inorg. Chem. Radiochem., 17 (1975) 231.

R.G. Pearson, Hard and Soft Acids and Bases, Dowden Hutchinson and Ross, Strouds-
berg, 1973.

W. Beck and W P. Fehlthammer. MTP Int. Rev. Sci.. Inorg. Chem.. Ser. 1. 2 (1972) 253.
M. Kabelova, L. Macadkova and J. GaZo, Proceedings of the 8th Conference on
Coordination Chemistry, Bratislava-Smolenice, Czechoslovakia, 1980, p. 149.

I. Bertini and A. Sabatini, Inorg. Chem., 5 (1966) 1025,

I.L. Burmeister and F. Basolo. Inorg. Chem. 3 (1964) 1587.

D. Graciunescu and A.H.L. Ben-Bassatt, J. Less-Common Met., 25 (1971) 11.

A. Turco and C. Pecile, Nature (London), 191 {1961) 66.

A.M. Golub and H. Kohler, Chemie der Pseudohalogenide VEB Deuicher Verlag der
Wissenschafien, Berlin, 1979.

M. Kabesova and J. GaZo, Chem. Zvesti, 34 (1980) 800.

J. Kohout, M. Hvastijova and J. Ca%o, Coord. Chem. Rev., 17 (1978) 141.

V. Vrabel, Thesis, Slovak Technical University, 1979.

B.W. Brown and E.C. Lingafelter, Acta Crystallogr., 17 (1964) 254.

J. Korvenranta and A. Pajunen, Suom. Kemistil. B, 43 (1970) 119.

G.D. Andreetti, L. Cavalca and P. Sgarabotto, Gazz. Chim. Ital., 101 (1971) 483.



79
80
81
82

83
84
85
86

87

88
89
90
91
92
93

94
95
96
97

98
99
100
101

102
103
104
105

106

131

K. Dey and S.K. Sen, J. Indian Chem. Soc., (1975) 669.

R.J.H. Clark and C.S. Williams, Spectrochim. Acta, 22 (1966) 1081.

D.L. Kozlowski and D.J. Hodgson, J. Chem. Soc., Dalton Trans., (1975) 55.

M. Cannas, G. Carta, A. Cristini and G. Marongiu. J. Chem. Soc. Dalton Trans., (1974)
1278.

M.A. Porai-Koshits and G.N. Tishchenko, Kristallografiya. 4 (1959) 239.

Z. Savkova. Thesis, Slovak Technical University, 1978.

M. KabeZova, J. Garaj and J. Ga3o, Collect. Czech. Chem. Commun.. 37 (1972) 942.
J.Garaj, M. Dunaj-Juréo and O. Lindgren. Collect. Czech. Chem. Commun.. 36 (1571)
3863.

B.J. Hathaway, in J.D. Dunitz et al. (Eds.). Structure and Bonding. Vol. 14. Springer.
Berlin, 1973, p. 49.

J.K. Burdett, Inorg. Chem.. 14 {1975) 931.

1.B. Bersuker, Coord. Chem. Rev., 14 (1975) 357.

H.A. Jahn and E. Teller, Proc. R. Soc. London, 161 (1937) 220.

H. Miiller-Buschbaum and U. Lehmann, Z. Anorg. Allg. Chem.. 447 (1978) 47.

S.V. Zemskov and S.P. Gabuda, Zh. Strukt. Khim., 17 (1976) 904.

J.A. Pople and D.L. Beveridge. Approximate Molecular Orbital Theory. McGraw-Hill,
New York., NY 1970.

D.W. Clack, N.S. Hush and J.R. Yandle, J. Chem. Phys.. 57 (1972) 3503.

R. Bota and M. Ligka, Program MOSEMI (unpublished work).

R. Boc¢a and P. Pelikan. Chem. Zvesti. 36 (1982) 37.

M. Litka, R. Bota. P. Pelikan and J. Gazo. Proceedings of the 7th Conference on
Coordination Chemistry, Bratislava-Smolenice. Czechoslovakia, 1978. p. 125.

R. Bota, P. Pelikan and J. Gazo, to be published.

B.I. Swanson, J. Am. Chem. Soc.. 98 (1976) 3067.

B.I. Swanson and S.K. Satija. J. Am. Chem. Soc., 99 (1977) 987.

B.1. Swanson, J.J. Rafalko, H.S. Rzepa and M.J.S. Dewar, J. Am. Chem. Soc.. 99 (1977)
7829.

B.1. Swanson, T.H. Arnold, M.J.S. Dewar, J.J. Rafalko, H.S. Rzepa and Y. Yamaguchi.
J. Am. Chem. Soc., 100 (1678) 771.

M. Liska, P. Pelikan and J. Gazo, Koord. Khim.. 5 (1979) 978.

P. Pelikan, M. Breza and M. Liska. Inorg. Chim. Acta. 45 (1980) 1 1.

P. Pelikan. R. Bo¢a and M. Breza. Proceedings of the 8th Conference on Coordination
Chemistry, Bratislava-Smolenice, Czechoslovakia, 1980. p. 331.

R. Fletcher and M.J.D. Powell, Computer J.. 6 (1963) 163.



