
Coordination Chemistry Reviews 140 (1995) 
115-135 

Bonding properties of thiocyanate groups in copper( II) and 
copper(I) complexes 

M. KabeSovB, R. BoEa, M. Melnik, D. Valigura, M. Dunaj-JurEo 
Department of Inorganic Chemistry, Slovak Technical University, 812 37 Bratislava, Slovakia 

Received 9 December 1993; in revised form 11 April 1994 

Abstract ..................................................... 115 
1. Introduction ................................................ 117 
2. Bonding properties of thiocyanate groups in the coordination sphere of central atoms Cu( II) 

andCu(1) .................................................. 126 
3. Effective charge on the central atom Cu( II) and the coordination mode of thiocyanate 

groups .................................................... 127 
3.1 n-bonding properties of ligands L ................................. 127 
3.2 Induction effects of substituents in ligands L .......................... 130 
3.3 Different number of ligands L in the coordination sphere ................... 130 
3.4 Different number of thiocyanate groups in the coordination sphere ............. 131 

4. Concluding remarks ............................................ 131 
References .................................................... 133 

Abstract 

The bonding properties of thiocyanate groups of over one hundred copper species, studied 
by X-ray analysis were analysed. It is shown that the bonding properties of thiocyanate groups 
in heterogeneous copper thiocyanate complexes depend on the size of the positive charge on 
the copper atom. 

Keywords: Bonding properties; Thiocyanate groups; Copper (II) complexes; Copper (I) 
complexes 
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actt (1,4,7,13,16,19)-hexa-azacyclotetracosane 
ae aminoethanolate 
aebg 1-(2-aminoethyl)biquanide 
amal 2-( 3-aminopropyl-amino)-ethanolate 
amepy 2-( 2-aminoethyl)pyridine 
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1. Introduction 

Many authors have dealt with the causes of the different coordination modes of 
the thiocyanate group in complexes of transition metals. They showed that in 

Table 1 
Theoretical coordination modes of thiocyanate groups 

NCS- NCS= (NCS=) 
--WCS - MCS- -WCS= --NCS- 
=NCS (==NCS-) =HCS= (=WCS-) 

Thiocyanate groups in parentheses have not yet been observed. 
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homogeneous thiocyanates, the coordination mode is influenced by the nature of 
the central atom [ 11. In heterogeneous thiocyanates, the coordination mode of the 
thiocyanate group was ascribed to the influence of steric factors [2], the polarizing 
activity of the central atom [ 31, symbiosis of “hard and soft” ligands in the coordina- 
tion sphere [4], and the influence of the solvent [ $61. 

The bonding properties of a thiocyanate group in heterogeneous complexes are 
influenced by the cooperative effects of other ligands present in the inner coordination 
sphere [ 71. The n-bonding hypothesis [ 81 proposed that, through cooperative effects, 
only other n-bonding ligands can change the bonding mode of thiocyanate groups. 
However, several M(NCS),L, complexes (where M is the the central atom of class 
A or B), in which the n-bonding ligand L does not change the coordination mode 
of the thiocyanate group, have been found [9]. This discovery reveals that the 
cooperative effects of ligands in heterogeneous thiocyanate complexes are not only 
transported but also influenced simultaneously by the properties of the central atom. 

This paper concentrates on the bonding properties of thiocyanate groups in the 
crystal structures of copper complexes. It seeks to establish that the coordination 
mode of thiocyanate groups in heterogeneous copper complexes depends primarily 
on the size of the positive charge on the copper atom. 

2. Bonding properties of tbiocyanate groups in the coordination sphere of central 
atoms Cu(I1) and Cu(1) 

A linear triatomic thiocyanate group with 16 valence electrons possesses a great 
variety of bonding possibilities. In known crystal structures the thiocyanate group 
uses, at maximum, two coordination bonds by a nitrogen atom and three by a 
sulphur atom. Combining these five possibilities, there are 11 possible coordination 
modes (Table 1). Individual coordination modes of thiocyanate groups of known 
copper coordination compounds are given in Table 2. 

Table 2 summarizes the Cu-N and Cu-S bond lengths of thiocyanate groups 
with regard to the different coordination modes and the “position” in various 
coordination polyhedra. In real crystal structures of copper complexes, seven coordi- 
nation modes of thiocyanate groups have been observed, Cu-NCS and 
Cu-NCS-Cu coordination being the most common. 

Among the complexes in which the Cu-NCS mode occurs, several trends can be 
seen. For Cu( II) atoms in trigonal-bipyramidal environments, the mean Cu( II)- N,, 
bond distance of 2.038 A (range 1.950-2.162 A) is somewhat longer than that 
of Cu(II)-N,,, 1.944A (range 1.919-1.958 A). However, when the Cu(I1) atom 
is in a tetragonal-pyramidal or tetragonal-bipyramidal environment, the mean 
Cu(II)6-N,, bond distance! are shortet than those of Cu(I!)-N,,. For example 
1.953 4 (range 1.854-2.037 4) vs. 2.285 4 (range 2.140-2.696 A) for the former, and 
1.979 A (range 1.907-2.060 A) vs. 2.479 A (range 2.178-2.592 A) for the latter. The 
mean Cu(I)-N bond distance of 1.882 A, found in tricoordinated Cu(1) complexes, 
is about 0.026 A shorter than that found for tetrahedrally coordinated Cu(1) com- 
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plexes. In general, the Cu-N bonds of thiocyanate groups can occur in an arbitrary 
position in various coordination polyhedra. 

Cu-S bond lengths of thiocyanate groups in Cu(1) and Cu(I1) complexes occur 
in the interval 2.198-3.286 A. Cu-S bond distances (unlike Cu-N bond distances) 
depend on the oxidation state of the central atom. In three-coordinated Cu(1) 
complexes, the Cu-S bond distances are in the range 2:198-2.361 A; in tetrahedrally 
coordinated species they range from 2.244 to 2.805 A. As can be seen (Table 2), 
among square-pyramidal and pseudo-octahedral coordinated Cu( II) species, 
Cu-SCN “contact” ranging from 2.698 to 3.286 A is found only in the axial positions 
of coordination polyhedra. However, in the trigonal-bipyramidal species, thiocyanate 
groups with Cu-SCN contacts occur in the equatorial plane. 

3. Effective charge on the central atom Cu(I1) and the coordination mode of 
thiocyanate groups 

For several crystal structures of thiocyanate copper complexes, it is possible to 
demonstrate mutual relations between the bonding properties of thiocyanate groups 
and the size of the positive charge on the central atom. The decrease in effective 
positive charge on a copper atom increases the tendency to S-coordination of 
thiocyanate groups and vice versa. 

For a chosen group of heterogeneous thiocyanate copper complexes, given in 
Table 3, it is possible to generalize that a change in the size of the effective positive 
charge on the central atom can be influenced by the following: varying basicity of 
the N-donor atoms in ligands L as a result of differences in their rc-bonding properties; 
varying basicity of the N-donor atoms in ligand L as a consequence of induction 
effects of substituents; different number of ligands L in the coordination sphere of 
the central atom; different number of thiocyanate groups in the coordination sphere 
of the central atom. 

3.1. rc-bonding properties of Eigands L 

The influence of different rc-bonding properties of ligands L on the coordination 
mode of thiocyanate groups can be demonstrated (Table 3) by comparing complexes 
I to V with complexes VI and VII. In complexes I to V, where ligands L are CJ- 
bonded to the central atom, the thiocyanate group is coordinated through the S 
atom. This is in agreement with the so-called rc-hypothesis [S]. 

The influence of the different n-bonding properties of ligands L also affects the 
bonding properties of bridging thiocyanate groups. In complexes X to XIV, the 
ligands L have c and n bonding possibilities. The thiocyanate group binds as a 
bifunctional bridge, using a Cu-S bond in axial and a Cu-N bond in equatorial 
positions of the coordination polyhedra. 

In complexes XIX and XX, the ligands are without distinct rc-acceptor properties 
and the pair of thiocyanate groups marks significant differences in the coordination 
mode. One of the pairs of the thiocyanate group is bonded monofunctionally by a 
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Cu-N bond in the equatorial plane of the coordination polyhedron. The remaining 
thiocyanate group forms a trifunctional bridge, using a Cu-N bond in the equatorial 
plane and a twofold axis with a sulphur atom Cu-S-Cu in axial positions of two 
neighbouring coordination polyhedrons. 

These results seem to show that an increased tendency to S-coordination in 
bridging thiocyanate groups is realized by an increased number of coordination 
bonds on the sulphur atom. In this relation it is possible to mention complex XVIII 
(containing Cu(1)) in which the bridge thiocyanate group brings, on the sulphur 
atom, three coordinate bonds. 

3.2. Induction efects of substituents in ligands L 

A comparison of the complexes III, XXI and VIII containing en and its methyl 
or dimethyl derivatives proves that with an increasing number of methyl substituents 
a gradual change in axial S-coordination of monofunctional thiocyanate groups to 
axial N-coordination occurs. Complex XXI can be considered as an intermediate 
where the original Cu-SCN bond is markedly weakened and axial Cu-NCS 
coordination is beginning to be realized. 

Considering the dependence of the influence of induction effects of ligand substitu- 
ents, varying basicity can be reflected in quantitatively small changes in the bonding 
properties of thiocyanate ligands. While preserving the coordination mode, changes 
in strength among the Cu-S bonds are observed. 

For instance, in complexes XII, XIII and XIV an identical bifunctional bridge of 
thiocyanate groups occurs. In complex XII only one length of Cu-S bond was 
found. Complex XIII contains six Cu-S bonds of different lengths. There are three 
bond lengths which are comparable with the Cu-S bond length in complex XII. 
The remaining three Cu-S bond lengths have a different degree of elongation. The 
elongation of Cu-S bonds can be explained in connection with the positive induction 
effect of the 4-methyl substituent on the pyridine ring. An opposite phenomenon 
was observed in complex XIV, which contains four different Cu-S bond lengths. 
There are three bonds which are comparable in length with the Cu-S bond length 
in complex XII, while the fourth is significantly shorter. The shortening of Cu-S 
bond distances can be correlated with the inductive effect of the 4-halogen0 substi- 
tuent on the pyridine ring, but in the opposite direction. 

3.3. A diflerent number of ligands L in the coordination sphere 

Comparison of complexes X to XIV with complexes XXII and XXIII shows that 
an increased number of ligands with rc-bonding properties practically excludes the 
S-coordination of thiocyanate groups from the inner coordination sphere of the 
central atom. 

In complexes XXII and XXIII, three ligands are bonded in the equatorial planes 
of the tetragonal pyramidal coordination polyhedra. Thiocyanate groups are bonded 
terminally by their nitrogen atoms in the equatorial and axial positions of the 
coordination polyhedra. In both crystal structures, sulphur atoms from the axially 
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coordinated thiocyanate groups are oriented in the direction of the sixth coordination 
places of the neighbouring polyhedra. Significant differences in Cu...S contacts, were 
observed (Table 3). Because the complexes compared are isostructural, it is also 
possible to discuss the observed differences in Cu...S contacts, in connection with 
the additional influence of a different number of substituents in ligands L. 

3.4. A different number of thiocyanate groups in the coordination sphere 

A comparison of complexes XV, XVI and XVII with complex III and of complex 
IX with IV demonstrates another type of change in the coordination sphere. The 
properties of ligands L do not change. A change takes place in the substitution of 
one of a pair of thiocyanate groups in complexes III and IV with the anion, which 
does not enter into the coordination sphere of the central atom. In complexes XV, 
XVI, XVII and IX it was observed that after substitution a transformation to 
N-coordination of the thiocyanate group occurred. Such interference with the coordi- 
nation sphere of the central atom can be understood as a limitation of the number 
of such ligands which by their reduction properties decrease the size of the effective 
positive charge on the central atom. In this connection then, the transformation of 
the coordination mode of a non-substituted thiocyanate group also supports the 
idea of conditioning of the bonding properties of thiocyanate groups and the size of 
the positive charge. 

4. Concluding remarks 

In this study we have analysed the bonding properties of thiocyanate groups of 
approximately one hundred crystal structures of solid copper thiocyanate complexes. 
A summary of the Cu-N and Cu-S bond distances of thiocyanate groups in Cu(I1) 
and Cu(1) complexes is given in Table 4. The bonding properties of thiocyanate 
groups in connection with the effective charge of a copper atom can be documented 
as follows: by the change in bond lengths by which a thiocyanate group is bonded 
with a copper atom; by space orientation of thiocyanate groups in coordination 
polyhedra; by changes in the coordination mode of thiocyanate group in the coordi- 
nation sphere Cu( II). 

Differences in the positive charge of the central atom in the thiocyanate complexes 
of copper influence the strength of Cu-S bonds. With a decreasing positive charge 
of the copper atom, in general, the strength of the Cu-S bonds increases. While in 
Cu(I1) complexes the length of Cu-S bonds is in the range 2.412-3.286 A, in Cu(1) 
complexes it is in the range 2.198-2.805 A. 

In Cu( II) complexes, N-bonded thiocyanate groups occur in an arbitrary position 
of the coordination polyhedron, while S-bonded groups, have a preferential spatial 
orientation. The S-bonding of thiocyanate groups in tetragonal-pyramidal and 
pseudo-octahedral coordination polyhedra was only observed in the axial directions. 
On the contrary, in trigonal-bipyramidal coordination polyhedra, Cu- S bonds 
occupy the equatorial positions. 
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Slight changes in the effective charge of the central Cu(I1) atom can also be 
observed in the change in the coordination mode of the thiocyanate group. In 
monodentate thiocyanate groups the decreasing value of the effective charge increases 
the tendency to S-coordination. In bridging thiocyanate groups, although the decreas- 
ing value of effective charge of the bridging coordination mode remains, the number 
of coordination bonds on the sulphur atom increases. In the groups of complexes 
chosen in this paper, changes in the coordination mode of the thiocyanate groups 
can be obtained, by changing the basicity of N-donor atoms of the other ligands L, 
by a different number of ligands L, or by a different number of thiocyanate groups 
in the coordination sphere of the central Cu(I1) atom. 
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