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The compounds [{CuL(X)},] (X = CI 1 or Br 2, H L  = pyridine-2-carbaldehyde thiosemicarbazone) have 
been synthesised and structurally characterized. Both cr stallize in the triclinic space group P i .  For 

Z = 2, R = 0.046, R' = 0.054. For 2, a = 7.617(1), b = 8.451 (3). c = 8.966(2) , a = 68.50(2), 
p = 95.94(1), y = 71.73(2)", Z = 2, R = R' = 0.035. The copper(ii) ions have square-pyramidal 
environments with the tridentate thiosemicarbazone ligands and the halide atoms in an equatorial 
position. The su l fur  atom of the tridentate ligand acts as a bridging ligand occupying the apical 
position of the symmetric copper atom in the dimeric structure. Such  a disposition of the sulfur  
bridges is very scarce. Q-Band E S R  spectra of the two compounds show rhombic signals with g, = 
2.183, g, = 2.053, g, = 2.033 for 1 and g, = 2.161, g, = 2.057, g, = 2.033 for 2. Magnetic 
measurements on 1 and 2 show antiferromagnetic couplings between the copper(it) cations through 
the su l fur  bridges. The exchange parameter is J / k  =-6.8 K (-4.7 cm-l). Magnetostructural 
correlations have been analysed by using extended Huckel molecular orbital calculations. 

B compound 1, a = 7.91 5(3), b = 8.262(5), c = 9.01 6(2) 8: , a = 67.97(3), p = 92.26(2 , y = 71.33(4)", 

Thiosemicarbazones, in particular carbaldehyde ones, exhibit 
antitumour activity in their own right. Early mechanistic studies 
led to the postulation that the inhibition of ribonucleoside 
diphosphate reductase results in the antitumour activity. In 
the last years some copper(I1) complexes of N-heterocyclic 
carbaldehyde thiosemicarbazones have drawn attention 4i5 due 
to the fact that complexes of such compounds have significantly 
greater antitumour activity than the free thiosemicarbazone 
itself. Biochemical studies showed that the metal complexes 
enter cells to a greater extent, the copper(r1) complex being 
subsequently reduced to the quite stable copper(1) species. The 
possibility of metal complexes being a useful source of drugs is 
just beginning to be explored. In particular, there is a need to 
understand how such compounds interact with cells so that 
mechanistic information may be accumulated to facilitate the 
rational design of new materials. 

Particular attention has been paid to the role of metal 
chelation in the mechanism of action of these compounds, which 
has been hypothesized since the early work of French and his 
co-workers.6 Among the important mechanistic conclusions 
emanating from the structural studies was that a N,N,S- 
tridentate ligand system is a common feature of all thio- 
semicarbazone compounds with carcinostatic potency. In 
particular, the copper complexes of pyridine-2-carbaldehyde 
thiosemicarbazone have shown to be stable in biological 
systems' and have in uitro cytotoxic effects against Ehrlich 

Also a second mechanism of interaction has been 
suggested involving the binding of the copper(r1) drug to the 
nitrogen bases of DNA or RNA. The interest in copper(I1) 
pyridine-2-carbaldehyde thiosemicarbazone (HL) complexes 
arises from the marked antitumour properties of the compound 

t Supplementary data available: see Instructions for Authors, J. Chem. 
SOC., Dalton Trans., 1994, Issue 1 ,  pp. xxiii-xxviii. 
Non-SI unit employed: eV z 1.60 x J.  

[{CuL(MeCO,)}, 1," only recently characterized as a dimer in 
the solid state by single-crystal X-ray crystallography. 

On the other hand, the magnetic properties of these kinds of 
complexes have not been extensively studied. It is well known 
that these tridentate ligands result in planar copper(r1) entities. 
The stacking of parallel planar copper(I1) complexes through 
different halogeno and pseudohalogeno bridging atoms, with 
long apical distances, gives weak magnetic interactions due to 
the poor overlap of the magnetic orbitals sited in planes normal 
to the direction of the exchange propagation. However, to our 
knowledge no example of complexes having sulfur as the 
bridging ligand exists. 

We have synthesised and characterized the [ (CuL(X)},] 
(X = Cl 1 or Br 2) compounds in this paper in order to study 
their structural and magnetic properties, which can provide a 
chemical basis for the antitumour action. This study has been 
done with the aim of obtaining new pyridine-2-carbaldehyde 
copper(I1) complexes which can potentially be used as 
antitumour agents. 

Experimental 
Pyridine-2-carbaldehyde thiosemicarbazone (HL) was syn- 
thesised according to a published method. Copper(1r) chloride 
and bromide were obtained from Aldrich Chemical Co. All the 
complexes were dried under vacuum. Microanalyses were 
performed with a Perkin-Elmer analyzer. Infrared spectra were 
recorded in KBr pellets, in the 4000400 cm-l region, on a 
Nicolet 520 FTIR spectrophotometer, ESR spectra (at 298 K 
and Q band) on a Bruker ESP300 spectrometer, equipped with 
an Oxford continuous-flow cryostat and calibrated by the 
NMR probe to obtain the magnetic field (the frequency was 
measured with a Hewlett-Packard frequenciometer). Magnetic 
measurements were carried out on polycrystalline samples 
with a pendulum-type susceptometer/magnetometer (Manics 
DSM8) equipped with a helium continuous-flow cryostat 
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working in the 4.2-100 K range. The magnetic field was 
approximately 10 000 G (1 T). Diamagnetic corrections were 
estimated from Pascal's constants. 

Preparation of the Copper Complexes.-Both [CuL(Cl)] 1 
and [CuL(Br)] 2 were prepared by the same procedure. 
Ethanolic solutions of pyridine-2-carbaldehyde thiosemi- 
carbazone (1 mmol) were added to a water solution (20 cm3) 
containing 1 mmol of the respective copper(i1) halides. The 
resulting dark green precipitates (yields about 80%) were 
filtered off, washed with water and dried over P,O, for 24 h. 
Both precipitates were recrystallized from aqueous solutions to 
give, after evaporating for several days at room temperature, 
good quality dark green single crystals adequate for X-ray 
analysis. Elemental analyses were consistent with the stoichio- 
metries C,H,ClCuN,S (Found: C, 29.75; H, 2.50; N, 19.65. 
Calc.: C, 30.20; H, 2.55; N, 20.15%) and C,H,BrCuN,S 
(Found: C, 25.85; H, 2.00; N, 17.20. Calc.: C, 26.05; H, 2.20; N, 
17.35%) for 1 and 2 respectively. 

Crystal-structure Determination.-Crystallographic details 
for compounds 1 and 2 are given in Table 1. Preliminary cell 
parameters were determined by rotation and Weissenberg 
photographs performed on a Weissenberg-Stoe 197 1 camera. 
The crystals were sealed in glass capillaries and transferred to 
the goniometer head of an Enraf-Nonius CAD4 diffractometer. 
Unit-cell parameters were calculated from the setting angles of 
25 carefully centred reflections obtained in the 10 < 8 < 24" 
range. Two reflections were chosen as intensity standards and 
measured every 3600s of X-ray exposure time, and two 
orientation controls were measured every 250 reflections. No 
significant intensity decay was observed during the data 
collection. The data were measured using graphite-mono- 
chromated Mo-Ka radiation (h = 0.71069 A) and an 01-29 
scan mode. 

For compound 1, 3308 unique reflections were measured 
(1 6 8 < 28", + h, f k, f I). 21 58 Reflections were assumed as 
observed applying the criterion I >, 2.5o(I). For 2,3 172 unique 
reflections were measured (1 < 8 < 30", + h, f k, f 1) and 1729 
were considered as observed [I >, 2.50(1)]. In both cases 
corrections were made for Lorentz and polarization effects. 
Empirical absorption corrections were made by using the 
DIFABS l 2  program. 

Structure analysis and refinement. Direct methods 
(MULTAN)I3 were employed to solve the structure of complex 
1. The structure of complex 2 is isostructural. They were then 
refined by the full-matrix least-squares method, using the 
SHELX 76 computer program. The function minimized was 
Cw(lFJ - IFc1)2, where w = (021FoI + ~lF,1~)-' (p 0.0035 1 and 
0.0004 2). Scattering factors and anomalous dispersion 
coefficients were taken from ref. 15. All non-hydrogen atoms 

were assigned anisotropic thermal parameters. The H-atom 
positions were determined from Fourier difference syntheses. 
The final R factors were 0.046 (R' = 0.054) for 1 and 0.035 (R' = 
0.035) for 2. Maximum and minimum peaks in the final 
difference syntheses were 1.75, -0.36 and 0.88, -0.43 e A-3, 
respectively. The final atomic positional parameters for the 
non-hydrogen atoms of 1 and 2 are listed in Table 2. 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 

Results and Discussion 
Crystal Structures O~[{CUL(X)}~] (X = C1 or Br).--Crystals 

of both complexes 1 and 2 contain [CuL(X)] discrete planar 
entities which stack through the sulfur atom of the ligand 
to give centrosymmetric [{CuL(X)},] dimers. A perspective 
view of the dimer is shown in Fig. 1. Selected interatomic 
dimensions are given and compared in Table 3. The copper(n) 
ion is five-co-ordinate, with the two nitrogen and sulfur atoms of 
the ligand [Cu-N(l), -N(2), -S 2.034(4), 1.975(3), 2.278(1) for 1 

Table 1 Summary of crystallographic data and parameters for 
[CuL(Cl)] 1 and [CuL(Br)] 2 * 

1 2 
Formula C,H,ClCuN,S C,H,BrCuN,S 
A4 278.2 322.5 
C stal size/mm 0.17 x 0.13 x 0.16 0.09 x 0.11 x 0.12 

7.91 5(3) 7.617(1) 
8.262(5) 8.45 l(3) 
9.0 16( 2) 8.966( 2) 
67.97(3) 68.50(2) 
92.26(2) 95.94(1) 
71.33(4) 7 1.73(2) 

a/ x 
b/A 
4 
a/" 
PI" 
rl" 
u/A3 509.2(4) 494.1(3) 
DJg cm-3 1.80(2) 2.16(1) 
DJg cm-3 1.82 2.17 
p/cm-' 25.75 63.88 
F(OO0) 278 314 
h,k,l range 
20 Range (") 2.0-56.0 2.0-60 .o 

10, k 1 1, f 12 11, f 11, _+ 12 

Reflections collected 3308 3172 
Observed reflections 21 58 1729 

= (~lAFl)/@lFoI) 0.046 0.035 
R = ~ w ( ~ A F I ) ~ / E w ~ F ~ ~ ~ ] *  0.054 0.035 

* Details in common: triclinic, space group Pi (no. 2); 2 = 2; 149 
parameters; unit-cell parameters and their e.s.d.s were derived by a 
least-squares fitting of the setting angles of 25 reflections in the range 
10 < 0 d 24" for both compounds 1 and 2. 

[ I  2 2.50(0] 

Table 2 Fractional atomic coordinates for [CuL(X)] 

Compound 1 (X = Cl) Compound 2 (X = Br) 

X 

0.024 90(6) 
0.193 8(1) 
0.2206(2) - 

- 0.156 8(4) 
- 0.088 8(4) 
-0.038 9(5) 

-0.190 7(6) 
-0.323 3(7) 
- 0.423 6(6) 
-0.391 O(6) 
-0.256 5(5) 
-0.213 8(5) 

0.156 2(6) 

0.091 9(6) 

Y Z 

0.164 34(6) 0.067 64(5) 
0.042 5( 1) 

.0.016 3(2) 0.303 O(1) 
0.336 O(4) 0.147 3(4) 

- 0.090 2( 1) 

0.382 4(4) -0.141 9(4) 
0.395 O(4) -0.287 4(4) 
0.235 4(5) - 0.406 9(4) 
0.302 6(6) 0.296 7(5) 
0.433 2(7) 0.331 8(6) 
0.603 4(6) 0.208 9(6) 
0.637 7(6) 0.052 l(5) 
0.500 7(5) 0.025 3(4) 
0.523 2(5) -0.135 6(4) 
0.240 2(5) -0.273 8(4) 

X 

0.030 39(8) 
0.196 4(2) 
0.272 97(8) - 

- 0.154 9(5) 
-0.090 4(5) 
-0.041 7(6) 

-0.189 6(8) 
-0.319 l(8) 
-0.417 O(8) 
-0.385 3(7) 
- 0.254 2(6) 
-0.213 9(7) 

0.160 7(7) 

0.093 9(7) 

Y Z 

0.160 64(7) 0.066 71(6) 
0.038 9(2) 
0.015 61(7) 0.322 50(6) 
0.330 5(5) 0.139 8(4) 

- 0.088 O( 1) 

0.379 O(5) -0.149 2(4) 
0.391 6(5) -0.294 5(4) 
0.235 3(6) -0.405 7(5) 
0.299 4(7) 0.288 4(6) 
0.431 2(8) 0.321 l(6) 
0.602 O(7) 0.194 5(7) 
0.638 l(6) 0.037 9(6) 
0.498 8(6) 0.0 15 9(6) 
0.521 2(6) -0.145 O(5) 
0.236 4(6) -0.274 4(5) 
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Table 3 Selected bond distances (A) and angles (") for [{CUL(X)}~] (X = C1 or Br) 

X X 

I -x, - 

c1 Br 
Metal co-ordination sphere 
Cu-N( 1 ) 2.034(4) 2.023(4) 
cu-x 2.240(2) 2.405( 1 )  
cu-S' 2.760(2) 2.743(2) 
c u  - * CU" 5.089( 1) 5.266( 1) 
N( 1 )-Cu-N(2) 80.6( 1) 80.7(2) 
S-Cu-N(2) 83.2(1) 82.8(1) 
X-Cu-N( 2) 157.5( 1) 151.3( 1 )  
s-cu-S' 93.0(1) 92.9(1) 

Average values in the thiosemicarbazone ligands 
C-C 1.398(7) 1.396(8) 
c-s 1.756(3) 1.748(4) 
c-c-c 
C-N-C 

120.0(5) 119.7(5) 
118.9(4) 117.6(4) 

Y ,  - z ;  I1 1 - x, --y, 1 - z. 

Cu-N(2) 
cu-s 
c u  ' ' cu' 

S-Cu-N( 1) 
X-Cu-N( 1) 
x-cu-s 
cu-s-cu' 

C-N 
N-N 

C-C-N 
C-N-N 

c1 

1.975(3) 
2.278( 1) 
3.486(2) 

163.8( 1) 
97.9(1) 
96.9( 1) 
87.0(1) 

1.302(6) 
1.361(8) 

119.7(4) 
115.6(3) 

Br 

1.987(3) 
2.275(2) 
3.474(1) 

16341) 
98.2(1) 
96.7(1) 
87.1(1) 

1.326(7) 
1.367(6) 
119.2(5) 
1 15.2(4) 

. Fig. 1 Perspective view of the [{CuL(CI)},] dimer showing the atom 
numbering 

and 2.023(4), 1.987(3), 2.275(2) A for 21 and the halide atom 
[Cu-X 2.240(2) and 2.405(1) A for 1 and 2 respectively] 
occupying the basal position, while the axial position is 
occupied by the sulfur atom [Cu-S' (I - x ,  - y ,  - z )  2.760(2) for 
1 and 2.743(2) A for 21 of the symmetric planar copper entity 
inside the dimer. Copper(I1) dimers with this type of bridging 
are very scarce. The distortions of the co-ordination polyhedra 
from the extreme square-pyramidal (SPY) and trigonal- 
bipyramidal (TBP Y) topologies have been analysed by using 
the Muetterties and Guggenberger l6 model. The values of the 
distortion A M 0.70 obtained clearly indicate that the environ- 
ment of both copper atoms is close to the SPY topology. 

The copper atoms sit above the basal planes (0.2 A), toward 
the apical ligand. The most significant differences between the 
chloride and bromide structures are observed in the Cu-Xbasal 
distance, which is 0.165 A larger for the bromide compound. 
The bridging angles Cu-S-Cu' are very similar in the two 
compounds, 87.0( 1) (Cl) and 87.1( 1)' (Br). The intradimeric 
Cu Cu' distances are 3.486(2) and 3.474(1) A for 1 and 2, 
respectively. The shorter interdimeric copper distance Cu 
Cu" for the chloride compound is 5.089(1) A, while for the 
bromide it is 5.266(1) A. 

In both complexes the pyridine-2-carbaldehyde thiosemi- 

I 1 

1100 1130 1160 1190 1220 

B /mT 

Fig. 2 Q-Band ESR spectra of polycrystalline samples of 
C{CUL(Cl)}21 and (b) C{CUBr)}21 

carbazone ligands may be considered as rigid and quasi-planar. 
The average C-C and C-N bond distances in the ligand are 
1.398(7), 1.302(6) A, and 1.396(8), 1.326(7) 8, for compounds 1 
and 2, respectively, in good agreement with values in the 
literature for this ligand."*'* 

Infrared Spectroscopy .-Metal complexes of the pyridine-2- 
carbaldehyde thiosemicarbazone ligand show three bands in the 
3450-3 150 ax-' region, which are assigned to the v(NH,) and 
v(NH) stretching vibrations. The v(C=N) vibration mode is 
shifted from 16 12 cm-' for the free thiosemicarbazone to 1600 
cm-' for the copper complexes, indicating the co-ordination of 
the nitrogen of the azomethine. 

The band appearing at 1550 cm-' has been identified as the 
contribution of the 6(NH,) deformation mode of the thioamide 
group. According to the literature," this band undergoes an 
increase in energy, but a decrease in intensity owing to 
deprotonation of the ligand, upon co-ordination. The v ( M )  
band which appears at 825 cm-' for the free thiosemi- 
carbazone is absent for the copper complexes, due to the change 
of c=s to c-s-. 

Electron Spin Resonance and Magnetic Behauiour.-The 
Q-band ESR spectra of polycrystalline samples of compounds 1 
and 2 have been recorded at room temperature (Fig. 2). Both 
spectra show rhombic symmetries for the g tensor in the 
AMs = f 1 region. For compound 1 g ,  = 2.183, g ,  = 2.053, 
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Table 4 Dinuclear copper(I1) compounds formed by edge-sharing square pyramids 

Long 
distance/A 

2.469 
2.123 
2.83 
1.99 
2.015 
2.760 
2.743 

Bridging 
angle/" 

96.3 
89.76 
88.6 
100.5 
95.7, 102.5 
87.0 
87.1 

J1cm-l Ref. 
+ 1.8 24 

C -0.5 24 
- 2.95 22 
- 3.65 23 
+I05 f 20* 25 

> +200* 26 
- 4.70 This work 
-4.70 This work 

Abbreviations:, terpy = 2,2' : 6',2"-terpyridine; bpy = 4-tert-butylpyridine; tmen = N,N,N',N'-tetramethylethylenediamine. 
* The presence of two short distances enhances the exchange interactions because the bridging and magnetic planes are the same. 

0.025 

F 

L 
0 

0.0151 
5 
2 

0.005 : 

0.35 
7 

L 

L 0.25 y 

E 
9 

I0.15 2 

e 
m 

x 
L 4 

o t " ' ~ ' " ~ ~ ' " ' ' ' "  " " L 4  0.05 
0 20 40 60 80 100 

T /K 
Fig. 3 Thermal variation of the molar susceptibility and xmT for 
C~CUL(C1)) 21 

g ,  = 2.033; for 2 g, = 2.161, g ,  = 2.057, g, = 2.033. The 
minor g value is lower than that observed for square-pyramidal 
geometries in copper(@ ions. This can be explained in part by 
the distortion towards the trigonal-bipyramidal geometry and 
above all by the cis distortion in the basal plane of the square 
pyramid (rhombic basal plane)." No 'half-field' transitions 
have been observed for the compounds. 

Magnetic susceptibility measurements for both compounds 
have been performed within the temperature range 4.2-100 K. 
Fig. 3 shows the thermal variation of the molar susceptibility 
(xm), together with the plot of xmT us. T for the chloride 
compound. The results from the bromide are essentially the 
same, within the experimental error margins. The measurements 
show Curie-Weiss behaviour at temperatures larger than 25 K, 
the Weiss temperature being -4.8 K. The Curie constant is 
approximately 0.42 cm3 K mol-'. The xrn value rapidly increases 
with decreasing temperature, reaching a maximum of 0.025 cm3 
mol-' at 8 K after which it rapidly decreases. The xrnT value 
continuously decreases on decreasing the temperature. These 
variations are indicative of antiferromagnetic interactions for 
both compounds. The identical magnetic behaviour, within the 
experimental uncertainties, of both compounds is in accordance 
with the practically equal parameters, apical distances and 
bridging angles, in the Cu2S, bridging units. 

The magnetic behaviour may be described by using the 
Bleaney-Bowers equation for two copper atoms,' derived_fr_om 
the Heisenberg isotropic spin Hamiltonian ( H  = - 2JSlSz), 
for two coupled S = ions, equation (1) where Na = 60 x 

(1) 
x = - [  Ng'P' 

k T  3 + exp(-2J/kT) 

cm3 mol-' per copper(1r) ion. The best least-squares fit (solid 
line in Fig. 3) is obtained from the parameter J / k  = -6.8 K 
(-4.7 cm-') and when g is fixed at 2.09 as obtained from the 
ESR measurements. 

Y 
2 

t 
x / - y  

Scheme 1 

Table 4 compiles different examples of copper(r1) dinuclear 
compounds with topologies consisting of edge-sharing square 
pyramids."-26 As can be seen, the magnetic exchange constant 
of the present compounds is significantly higher than those 
obtained for compounds with halide 2 2 9 2 3  or pseudo-halide 24 

bridging ligands which have long-short bridging distances. 
In the case of two short bridging distances the exchange coup- 
ling can be significantly greater because the exchange 
propagation direction is in the same plane as that of the 
magnetic  orbital^.'^^'^ 

Molecular Orbital Calculations.-It is well known that the 
interaction between two S = $ metal atoms in a dimer leads to 
two molecular states: a spin singlet ( S  = 0) and a triplet 
(S = I), separated by 2 J .  The interaction will be antiferro- 
magnetic (J  < 0) if S = 0 is the ground state. On the contrary, 
if S = 1 the interaction will be ferromagnetic (J  > 0). The 
singlet-triplet energy gap 2J may be expressed as the sum of the 
antiferromagnetic and ferromagnetic contributions 27 in the 
form J = J A F  + JF. Whereas ferromagnetic contributions are 
usually small, antiferromagnetic ones can be considered as 
proportional to the square of the gap between the molecular 
orbitals constructed from the magnetic orbitalsz8 (JAF cc A'). 
Extended-Huckel molecular orbital (EHMO) calculations can 
be employed to evaluate such interactions. 

In copper(n) dimers where the metal environment is an 
elongated square pyramid the interactions through halide or 
pseudo-halide bridging ligands have been shown to be weak. 22-24 

The geometry is unfavourable to transmit the exchange 
interaction because the magnetic orbitals (x' - y') are 
essentially localized in the basal planes, which are normal to the 
direction of exchange propagation. However, the effect of other 
bridging ligands, such as sulfur, has not yet been analysed. The 
EHMO calculations performed in this work have been, by 
means of the CACAOz9 program, on an idealized dimer as 
shown in Scheme 1, with the four NH, molecules as terminal 
ligands. The apical distance has been considered equal to 2.75 A. 

For a copper(1r) dimer with one unpaired electron on each 
metal atom two molecular orbitals are generated from the 
magnetic orbitals of the two copper atoms. In this case, the 
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Fig. 4 (a) Molecular orbitals formed by the symmetric and 
antisymmetric combinations of the dxz - y z  magnetic orbitals. (b) Walsh 
diagram for the two combinations of magnetic orbitals upon variation 
of the bridging angle 

highest occupied and lowest unoccupied molecular orbitals 
(HOMO and LUMO) combinations have dXZ-y2 as their main 
contribution, corresponding to their symmetric and antisym- 
metric combinations [see Fig. 4(a)]. The square of the energy 
gap between these combinations will be proportional to the 
antiferromagnetic interaction in the compound. The Walsh 
diagram for these significant orbitals when the bridging angle 
(q) varies from 70 to 110" is shown in Fig. 4(b). The variation of 
the square of the energy gaps as a function of the bridging 
angles is shown in Fig. 5(a). As can be seen, J diminishes for 
bridging angles ranging from 70 to 90" and then increases up to 
a bridging angle of 110". The variation of JAF as a function of 
the apical Cu-S distance has also been considered [Fig. 5(b)]. 
The exchange coupling increases significantly with decreasing 
distance, as could be expected. 

The influence of different atoms (N, 0, S, C1, Br) acting as 
bridging ligands on the magnitude of the square of the energy 
gaps in such compounds has also been evaluated. Fig. 5(c) 
shows that the sulfur atom is the most favourable in the 
magnitude of antiferromagnetic interactions. Comparing these 
results with the data shown in Table 4, it can be observed that 
the theoretical trends are in good agreement with the experi- 
mental values obtained for the exchange parameter. The 
interactions increasein thesequence0 < N < C1 < Br < S. 

Conclusion 
Two new copper(n) compounds with the pyridine-2-carb- 
aldehyde thiosemicarbazone ligand have been synthesised. In 
both cases the crystal structure reveals dimeric molecules with 
the sulfur atom of the tridentate ligand acting as a bridge 
between the copper ions. This type of bridging is very unusual. 
The ESR measurements show rhombic signals for both 
compounds. The g values obtained are indicative of the 
existence of distortions in the square-pyramidal topologies. 
Magnetic susceptibility data indicate antiferromagnetic inter- 
actions through the sulfur ligands. The J value obtained is 

0.12 

0.08 

0.04 

0 
70 80 90 100 110 

0.008 - 

0.004 - 

I- 

0 
0 

Fig. 5 Variation of the square of the energy gap between the molecular 
orbitals as a function of (a) the bridging angle, (b) the apical Cu-S 
distance and (c) the bridging atom 

significantly larger than those corresponding to similar dimers 
with halides or pseudo-halides as bridging ligands. The EHMO 
calculations allow us to establish that the factors controlling the 
magnitude of the antiferromagnetic contribution are the apical 
C-S distance, together with the bridging angle. Significant 
variations favouring the sulfur bridges with respect to other 
bridging atoms (N, 0, C1, Br) have also been observed. 
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