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Co-ordination compounds of the new ligand 1,8-bis(3,5-dimethyl-I -pyrazolyl) -3,6-dithiaoctane 
(bddo) with MCI, (M = Fe, Mn, Ni, Co, Zn, Cu, or Cd), MBr, (M = Mn, Co, Ni, or Zn), Cu(BF,,),, 
and CuX (X = BF,, NCS, CI, Br, or I) are described. The general formula for the divalent metal is 
[M(bddo)X,] and for copper(i), [Cu,(bddo)X,]. With CuCI, two modifications were obtained. The 
green modification of [Cu(bddo)CI,] crystallises in space group P2Jn with a = 9.01 9(2), b = 
28.671(5), c = 8.431 (2) A, p = 11 3.65(2)", R = 0.055, and R' = 0.066 for 1 578 unique reflections 
[I > 20(/)]. The compound consists of Cu(bddo)CI, units. The copper atom is co-ordinated by 
two pyrazole nitrogens and two chloride atoms, in trans positions, in a distorted square-planar 
geometry. The red modification of [Cu(bddo)CI,] crystallises in space group Pbcn with a = 
9.397(4), b = 15.093(4), c = 15.142(4) A, Z = 4, R = 0.069, and R' = 0.089 for 864 unique 
reflections [ I  > ~ ( l ) ] .  This compound consists of CuCI, units linked together by ligand molecules, 
thus forming chains with distinct C, symmetry perpendicular to the chain axis. The copper atom is 
co-ordinated in a distorted-tetrahedral geometry by two pyrazole nitrogens and two chloride atoms 
in cis positions. The sulphur atoms do not participate in the co-ordination, although molecular- 
mechanics calculations show that the ligand bddo is not sterically hindered to form tetradentate 
mononuclear chelates, i.e. with a MN,S, chromophore. The structures of the other divalent metal 
halides were established as being very similar to that of the red modification. For [Cu(bddo) (BF,),] 
semi-co-ordination of one or both tetrafluoroborates is indicated by the i.r. spectrum. Solid-state 
13C n.m.r. spectra of the copper(i) compounds indicate that the S atoms show significant shifts, 
suggesting co-ordination. In the thiocyanate and iodide compounds both thioether sulphurs co- 
ordinate in an identical manner, whereas in the chloride and bromide compounds they co-ordinate 
in a different manner. 

To obtain insight into the correlation between the structure and 
nature of metalloproteins, low-molecular-weight co-ordination 
compounds may be used to model these metalloproteins.1.2 In 
our programme directed towards modelling the N2SS* active 
site of type (blue) I copper proteins we developed a synthetic 
route to a set of N2S2 l igand~.~ These ligands contain pyrazole 
groups and thioether sulphur atoms to mimic the donor set of 
the active site. The set consists of similar ligands differing only 
in the number of methylene units between the donor functions. 
By studying the co-ordination behaviour of these ligands 
towards transition-metal salts a better understanding can be 
gained about the factors that determine the co-ordination 
geometry, thus providing a good base for studies of more 
complex chelating systems. 

A previous report3 described the unusual chelating properties 
of the ligand 1,8-bis(3,5-dimethyl- l-pyrazolyl)-3,6-dithiaoctane 
(bddo) towards the divalent zinc, cobalt, nickel, and cadmium 
thiocyanates. The co-ordination behaviour of bddo towards the 
metal salts MX2 (M = Fe, Mn, Ni, Co, Zn, Cu, or Cd), X = C1; 
M = Mn, Co, Ni, or Zn, X = Br), Cu(BF4),, and CuX (X = 
B F ,  NCS, C1, Br, or I) is reported here. With CuCl, two 
differently coloured modifications, a red and a green one, were 
obtained. For both compounds a single-crystal structure 

determination has now been performed. This paper also 
describes a detailed study of the spectroscopic properties of the 
compounds. Solid-state 3C n.m.r. spectroscopy of the copper(1) 
compounds was undertaken because of insolubility of these 
compounds. To understand better the unusual co-ordination 
behaviour and to investigate possible steric constraints of the 
ligand bddo towards CuCl,, molecular mechanics calculations 
were performed on the species [Cu(bddo)12 +, [Cu(bddo)CI] +, 
and [Cu(bddo)Cl,] in a variety of co-ordination geometries. 

Results and Discussion 
General and Spectroscopy.-The compounds obtained with 

the divalent metal salts all have formula [M(bddo)X,] while 
copper(1) salts form compounds [Cu2(bddo)X2] (X = C1, Br, I, 
or BF4). Analytical results for the co-ordination compounds 
were satisfactory. Colour, melting point, analytical data, i.r. and 
X-ray powder type, and electronic absorption maxima are 

f Supplementary data available: see Instructions for Authors, J. Chem. 
Soc., Dalton Trans., 1990, Issue 1, pp. xix-xxii. 
Non-S.I. units employed: cal = 4.184 J, dyn = lW5 N. 
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Table 1. Colour, melting point, analytical data (calculated values in parentheses), i.r., and X-ray type, electronic absorption maxima, and proposed 
chromophore of the bddo (L) compounds 

Compound Colour 
Brown 
White 
Blue 

Purple 
Red 

Green 
White 
White 
White 
Blue 

Purple 

White 
Green 

White 
White 
White 
White 

M.p. ("C) 
250 (decomp.) 

> 260 
> 260 

> 260 
201 (decomp.) 
175 (decomp.) 

> 260 
236 

> 260 
> 260 

258 

> 260 
152 

207 
196 
179 
178 

Analysis/% 

M 
12.8 (1 2.0) 
11.9 (1 1.8) 
12.6 (12.6) 

11.7 (12.5) 
13.2 (1 3.4) 
13.3 (13.4) 
13.5 (1 3.8) 
21.5 (21.5) 
9.93 (9.93) 
10.7 (10.6) 

10.7 (10.5) 

11.8 (11.6) 
Il.O(l1.0) 

21.5 (21.9) 
22.6 (23.7) 
19.8 (20.3) 
17.4 (1 7.7) 

Cl/Br 
14.7 (1 5.2) 
15.1 (15.3) 
14.4 (15.1) 

13.8 (15.1) 
15.3 (15.1) 
15.4 (15.1) 
14.2 (14.9) 

27.4 (28.7) 

26.3 (28.7) 

30.0 (28.3) 

13.2 (1 3.2) 

1.r. type 
A 
A 
A 

A 
A 
C 
A 
A 
A 
A 

A 

A 
B 

D 
E 
E' 
F 

X-Ray type 
I1 
I 
I 

I1 
I' 

I11 
I 
I 
I 
I 

I1 

I 
IV 

VI 
V 
V 

VII 

Ligand-field 
maxima ( lo3 cm-') 

30.3. 7.1 

17.4, 15.6(sh), 
8.7, 7.1, 5.8 
17.9, 14.8,9.9 
24.0, 11.2 
26.1, 16.5, 13.9 

16.7(sh), 15.2, 
7.9, 6.8, 5.6 
29.0, 17.4, 
14.4,9.8 

28.6, 16.1, 13.2, 
10.2 

"S, 12.7(13.7);C,41.2(41.0);H,5.6(5.6);andN, 11.8(12.0%).bC,41.1 (41.0);H,5.8(5.6);andN, 11.9(12.0%).'C,40.2(40.6),;H,5.4(5.5);andN, 11.6 
(1 1.8%). C, 32.6 (33.4); H, 4.9 (4.6); and N, 9.5 (9.7%). S, 22.2 (22.0%). 

Figure 1. PLUTO (W. D. S. Motherwell and W. Clegg, University of 
Cambridge, 1978) drawing of [Cu(bddo)CI,] (1) with the atom labelling 
scheme. Hydrogen atoms are omitted for clarity 

Figure 2.PLUTO drawing of [Cu(bddo)Ci,] (2) with the atom labelling 
scheme. Hydrogen atoms are omitted for clarity 

summarised in Table 1. The ligand-field maxima of the nickel(I1) 
and cobalt(I1) halide compounds show clearly that the metals 
are tetrahedrally surrounded by four strong donor atoms,4 
viz. two pyrazole nitrogens and two halide ions. The i.r. 
spectra and X-ray powder patterns were assigned a type, 

which enhances the recognisability of isomorphous com- 
pounds in Table 1. The i.r. and X-ray powder patterns of the 
group [M(bddo)Cl,] (M = Mn, Co, Zn, or Cd) and [M- 
(bddo)Br,] (M = Mn, Co, or Zn) are almost identical, only 
small differences in d values for the bromides being observed. 
This means that these compounds are structurally iso- 
morphous, possessing the same MN,X, chromophore. The 
compounds [M(bddo)Cl,] (M = Fe or Ni) and [Ni(bddo)- 
Br,] show the same i.r. patterns and characteristic ligand-field 
spectra for tetrahedrally surrounded metal ions, thus indicating 
a similar MN2X2 chromophore. No detailed assignment of the 
electronic absorptions was undertaken because the chromo- 
phores contain donors of different types in distorted geometries. 

X-Ray Structure of the Green Modification of [Cu(bddo)Cl,] 
(l).-The structure of this compound (see Figure 1) consists of 
discrete Cu(bddo)Cl, units, packed by normal van der Waals 
interactions. The copper atom is co-ordinated by two pyrazole 
nitrogens and two chloride atoms in a distorted square-planar 
geometry. The pyrazole groups are in trans position to each 
other. The Cu-N bonding distances are 2.002(9) and 2.026(9) A, 
which are normal for copper-pyrazole-nitrogen distances.' The 
Cu-Cl bonding distances are 2.235(3) and 2.240(3) A, which 
are also normal Cu-CI interactions.' The tetrahedral distortion 
of the square-planar geometry is clearly demonstrated by 
the angles N( 12)-Cu-N(22) and C1( l)-Cu-C1(2), which are 
respectively 161.0(2) and 160.4( 1)". The dihedral angle, as 
computed using the two CuNCl planes, is 27". The copper atom 
is not co-ordinated to the sulphur atoms, as the Cu-S distances 
(4.97 and 5.01 A) are far too large. The bridge segment 
SCH,CH,S is disordered in the crystal. Examination of the 
packing of the molecules did not reveal any other than normal 
intermolecular van der Waals interactions. Relevant bond 
distances and angles are listed in Table 2. 

X-Ray Structure of the Red Modification of [Cu(bddo)CI,] 
(2).-The structure of this compound, depicted in Figure 2, 
consists of CuCl, units linked together by ligand molecules, 
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Table 2. Bond distances (A) and angles (") of [Cu(bddo)Cl,] (1) 

cu-Cl( 1) 
c u-C1( 2) 
Cu-N( 12) 
Cu-N(22) 
N( 1 1)-N( 12) 
N( 12)-N( 13) 
C( 1 3)-C( 14) 
W4)-C( 15) 
C( 15)-N( 1 1) 
CU3)-C(16) 
C( 15)-C( 17) 
N(1 1)-C(W 
C( 18)-C( 19) 
C( 19)-S( 3 1) * 
S(31)-C(32)* 

C1( l)-CU-c1(2) 
N( 12)-Cu-N(22) 
C1( l)-Cu-N( 12) 
C1( l)-Cu-N(22) 
C1(2)-Cu-N( 12) 
C1(2)-Cu-N(22) 
N( 1 1)-N( 12)-C( 13) 
N(12)-C( 13)-C( 14) 
CU3)-C( 14h-W 5 )  
C( 14)-C( 15)-N( 1 1) 
C( 15)-N( 1 1)-N( 12) 
N(12)-C( 13)-C( 16) 
C( 14)-C( 13)-C( 16) 
N(l 1)-C( 15)-C( 17) 

N( 12)-N( 1 l)-C( 18) 
C( 15)-N( 1 l)-C( 18) 

C( 18)-C(19)-S(3 1) 
N(2 I)-N(22)-C(23) 

C(14)-C(15)-C(17) 

l)-C(18W(19) 

2.235(3) 
2.240(3) 
2.002(9) 
2.026(9) 
1.386( 1 2) 
1.337( 13) 
1.38q 1 3) 
1.410(13) 
1.343( 13) 
1.498( 13) 
1.476( 14) 
1.446( 13) 
1.504(14) 
1.782( 13) 
2.293( 18) 

160.4( 1) 
161.0(2) 
89.6(2) 
92.2(2) 
93.3(2) 
9 I .3(2) 

105.2(8) 
11 1.5(8) 
105.5(9) 
106.6(9) 
11 1.2(8) 
119.8(11) 
128.6(11) 
122.8(11) 
130.5(12) 
12 1 .O( 10) 
127.2( 11) 
1 13.1 ( 12) 
112.9(7) 
108.2( 8) 

* Disordered SCH,CH,S bridge. 

N(22)-C(23)-C(24) 
C(23)-C(24)-C(25) 

W2)-C(23)-C(26) 
C(24)-C(23)-C(26) 

C(24)-C(25)-N(2 1) 
C(25)-N(2 1 )-N(22) 

N(2 1 )-C(25)-C(27) 
C(24)-C(25)-C(27) 
N(22)-N(21)-C(28) 
C(25)-N(2 1)-C(28) 

C(28)-C(29)-S(3 1) 
C( 19)-S( 3 1)-C(32)* 
C(19)-S(31)-C(33)* 
S(3 l)-C(32)-C(33)* 
S(3 l)-C(33)-C(32)* 
C( 29)-S( 34)-C(33)* 
C(29)-S(34)4(32)* 
S(34)-C(33)-C(32)* 
S(34)-C(32)-C(33)* 

N(2 1 )-C(28)-C(29) 

2.305( 18) 
1.349(23) 
1.363( 12) 
1.330( 1 3) 
1.403( 13) 
1.373( 13) 
1.353(13) 
1.483( 15) 
1.5 13( 14) 
1.473( 14) 
1.48 1( 15) 
1.8 3 1 ( 13) 
2.296( 18) 
2.266( 18) 

108.3( 9) 
106.8( 1) 
107.3(9) 
109.4(9) 
121.9( 1) 
129.9( 1) 
122.6( 1) 
130.1 (1) 
122.3( 1) 
128. I(  1) 
109.7(1) 
11 1.2(8) 
107.5( 1) 
99.2( 1 1) 
73.4(14) 
72.4( 14) 

101.2( 1) 
98.4( 12) 
7 1.6( 14) 
74.q 14) 

Table 3. Bond distances (A) and angles (") of [Cu(bddo)Cl, (2) 

Cu-Cl(4 1) 
Cu-N( 12) 
N( 1 1)-N( 12) 
NU2)-C(13) 
C( 13)-C( 14) 
C( 14)-C( 1 5 )  
C( 15)-N( 1 1) 
C( 13)-C( 16) 

Cl(4 1 )-Cu-C1(4 1)* 
C1(41)-Cu-N( 12) 
Cl(4 1 )-Cu-N( 12)* 
N( 12)-Cu-N( 12)* 
C(19)-S(31)-C(32) 
C(19)-S(31)-C(33)* 
N(12)-N(1 l)-C(15) 
N( 12)-N( 1 1)-C( 18) 

N( 1 1)-N( 12)-C( 13) 
N(12)-C(13)-C(14) 

C( 15)-N( 1 1)-C( 18) 

2.228(3) 
1.985(9) 
1.36( 1) 
1.32( 1) 
1.37(2) 
1.39(2) 
1.36( 1) 
1.50(2) 

105.7( 1) 
130.6(2) 
98.7(2) 
96.5(2) 

103(1) 
110.7(9) 
12 1.1(8) 

128( 1) 
106.5(9) 

lOl(1) 

111(1) 

N( 12)-C( 13)-C( 16) 
C(14)-C( 13)-C(1 6) 
C(13)4(14)-C(15) 
N(ll)-C(15)-C(14) 
N( 1 1 )-C( 15)-C( 17) 
C( 14)-C( 15)-C( 17) 
N(l l)-C(18)-C(I9) 

S(3 1 )-C( 32)-C( 33) 
S(3 l)-C( 19)-C( 18) 

S(3 1)-C(33)*-C(32)* 

* Symmetry-related atoms: - x, y, 9 - z. 

1.54(2) 
1.46( 1) 
1.53(2) 
1.79(1) 
1.88(2) 
1.93(2) 
1.56(3) 

122(1) 
127(1) 
107(1) 
105(1) 
123(1) 
132(1) 
114(1) 

114.8(8) 
102(1) 
103( 1) 

thus forming chains with distinct C2 axes perpendicular to the 
chain axis. A study of the packing of the chains indicated that 
the packing is governed by normal van der Waals interactions. 
The copper atom is co-ordinated by two pyrazole nitrogens and 
two chloride atoms, in a normal distorted-tetrahedral fashion 
with theanglesN( 12)-Cu-N( 12')96.5(2)0andC1(41)-Cu-C1(41') 

Table 4. E.p.r. data for the copper(I1) compounds of bddo 

Compound Method T/K !? 
[Cu(bddo)Cl,] (green)" Q-Band 56 2.244,2.043,2.024 
[Cu(bddo)Cl,] (ref) X-Band 77 2 4 2 . 1 0  
CCu(bddo)(BF,),I Q-Band 55 2.224,2.099,2.004 
' X-Band, 77 K, g 2.06. X-Band, 77 K, g 2.22,2.11, and 2.01 

105.7(1)" and the dihedral angle, defined by the planes CuCl, 
and CuN,, 65.0". The bond distances of copper to the nitrogen 
and chloride are respectively 1.985(9) and 2.228(3) A, which are 
considered as normal.' The ethylene bridge between the sulphur 
atoms is disordered and can be described satisfactorily by two 
equally half-occupied positions, C(32) and C(33). Relevant 
bond distances and angles are listed in Table 3. 

E.P.R. and Electronic Spectroscopy of the Copper(I1) Com- 
pounds.-The e.p.r. and electronic absorption data for 
compounds (1) and (2) and also those of [Cu(bddo)(BF,),] are 
listed in Tables 1 and 4. Battaglia et a1.6 observed a correlation 
between the electronic spectra of [CuC1J2- anions and the 
corresponding dihedral angle. Although the present compounds 
have an N2C12 chromophore, the blue shift of the absorption 
envelope with decreasing dihedral angle (= flattening of the 
tetrahedron) is also observed for the present two modifications. 
The e.p.r. spectrum of (2) is remarkable, showing a g value as 
high as 2.44, which can be explained as resulting from the weak 
tetrahedrally based ligand field of the N2C1, donor 

The donor set of the compound [Cu(bddo)(BF,),] cannot be 
determined exactly. The analytical results show clearly that the 
compound does not contain additional solvent or water 
molecules. The hypothesis that the tetrafluoroborate anion is 
also (semi)-co-ordinating is supported by the occurrence of the 
v1 vibration of the BF4- in the i.r. spectrum' at 765 cm-'. From 
the available data it is not established whether there are one or 
two (semi)-co-ordinating BF4- anions, so the chromophore for 
the [Cu(bddo)(BF,),] compound is proposed to be either 
N,S2F or N2S,F,. 

Solid-state ' 3C N.M. R. Spectroscopy.-Because of the 
limited number of spectroscopic techniques which can give 
structural information about copper@) compounds, and also 
because of the poor solubility of the compounds in the common 
deuteriated solvents, solid-state "C n.m.r. spectroscopy was 
undertaken. From the shifts of the resonances relative to the 
free ligand conclusions may be derived concerning the co- 
ordination of the thioethers. The results are collected in Table 5. 
No effort was made to specify which pyrazole-ring carbon 
resonance belongs to which carbon. 

The most important differences between the compounds 
listed in Table 5 concern the resonances 3 and 4. For all four 
copper(1) compounds resonance 3 shifts downfield (1.1 to 4.9 
p.p.m.) compared to the free ligand. Resonance 4 shifts upfield in 
the case of [Cu,(bddo)(NCS,I),] (ca. 7.2 p.p.m.), whereas in the 
case of [Cu,(bddo)(Cl,Br),] a second resonance appears at ca. 
2.3 p.p.m. upfield. This behaviour leads to the assumption that 
in case of the thiocyanate and iodide complexes both thioether 
ligand atoms co-ordinate to the copper(1) atom in an identical 
manner. For both the chloride and the bromide compounds the 
chemical surroundings of the thioether atoms are inequivalent, 
and therefore the thioether atoms do not co-ordinate in the 
same way. The number of donating atoms available for each 
copper(1) atom might appear to be limited to three. However, 
when a bridging role of the anions or the thioethers is assumed 
the co-ordination number could be larger. 
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Molecular Mechanics (m.m.) investigation of bddo.-In the 
green modification of [Cu(bddo)C12] (l), see Figure 1, the 
thioether atoms do not co-ordinate to the copper atom. It is 
clear that the lone pairs of the thioether atoms are not directed 
towards the copper atom. To investigate the possibility of steric 
hindrance restraining the ligand bddo from co-ordinating in a 
tetradentate fashion, m.m. calculations were performed on 
various conformations of the [Cu(bddo)Cl,] molecule. The 
models which were considered as possible co-ordination 
geometries are summarised in Table 6. The X-ray structure of 
[Cu(bddo)Cl,] (1) has also been included as a model (SP- 
N,Cl,) in the calculations. 

The metal parameters used for the calculation of a MM2 
force field are listed in Table 7 (for further details see 
Experimental section). Co-ordinates used for the starting 
conformations were taken from X-ray structures containing the 
ligand, or a very similar pyrazole-containing ligand, in the 
desired conformation. This process reduces the chance of 
finding a local minimum when minimising. 

The results of the calculations are listed in Table 6. The 
SCH2CH2S bridge segment in the minimised structure of (l), 
code SP-N,CI,, deviates significantly from the X-ray structure. 

Table 5. I3C N.m.r. chemical shifts (p.p.m.) for the solid copper()) bddo 
compounds 

Compound 1" 2" 3" 4" 
bddo (solid) 11.5 103.8 44.1 28.7' 

13.3 142.2 
147.3 

[Cu,(bddo)(NCS),]' 12.6 104.7 49.0 34.8 
16.5 141.2 

147.2 

CCu,(bddo)I,I 12.5 106.1 47.0 35.9 
14.9 140.2 

146.7 

[Cu,(bddo)Br,] 10.6 106.2 46.5 28.9 
16.0 141.1 31.9 

150.7 

CCu,(bddo)C1,1 10.9 106.1 45.2 28.5 
15.4 140.8 32.0 

150.7 

' 1 = Methyl-group carbons, 2 = pyrazole-ring carbons, 3 = carbons 
adjacent to pyrazole ring, and 4 = carbons adjacent to thioether 
sulphur. ' Two resonances lying close together. ' Because of background 
noise no identification of the C(NCS) resonance was possible. 

This is also the part of the X-ray structure that is disordered. 
Although the values of the final steric energy do not represent 
the formation enthalpies it is clear that all studied conform- 
ations are relatively unstrained, thus indicating that there is no 
evident steric reason why the ligand bddo would not co- 
ordinate to copper(r1) chloride in a tetradentate chelate 
fashion. 

The angles Cu-S-C (0, = 100') in the models, where the 
sulphur atoms co-ordinate, fall in the range 102-115°. 
Although this is slightly greater than usually found (93-105O),* 
this is not likely to be the origin of the unusual co-ordination 
behaviour of bddo. 

Conclusion 
In a previous report3 the structures of the compounds 
[Zn(bddo)(NCS),], [Co(bddo)(NCS),], [Ni(bddo)(NCS),], 
and [Cd,(bddo)(NCS),] were described. The ligand sulphur 
atoms co-ordinate to the Ni" and Cd", but in case of Zn", and 
the present isomorphous Co", the sulphurs do not co-ordinate 
and the structures of these compounds are very similar to that 
of the present polymeric compound (2). The compounds 
[M(bddo)Cl,] (M = Fe, Mn, Co, Ni, Zn, or Cd) and 
[M(bddo)Br,] (M = Mn, Co, Ni, or Zn) show spectroscopic 
properties indicating that they are structurally very similar to 
the polymeric compounds [Cu(bddo)Cl,] (2) and [M(bd- 
do)(NCS),] (M = Zn or Co) and must therefore have very 
similar polymeric structures with non-co-ordinating sulphur 
atoms. Experiments undertaken to prepare divalent metal 
tetrafluoroborates were only successful in the case of Cu(BF,),. 
The thioether donor atoms are very likely to be co-ordinating in 
this compound, together with one or two weakly co-ordinating 
tetrafluoroborate anions. The m.m. calculations on the bddo- 
CuC1, system show also that this is sterically possible. Of the 
investigated divalent first-row transition-metal salts only 
CU(BF,)~ and Ni(NCS)2 form complexes in which the sulphurs 
co-ordinate. So, in principle, the ligand is capable of donating all 
its donor atoms to the metal ion. With ligands having shorter 
bridges between the azole nitrogen and the thioether sulphur 
atom full tetradentate chelation occurs in most The 
non-co-ordinating behaviour of the thioether sulphurs seems 
therefore to be due to its rather poor donor properties in 
combination with the large flexible bite between the thioether 

* Distribution analysis on 124 Cu-S-C angles (62 X-ray structures with 
thioethers co-ordinating to Cu, extracted from the CSD file) resulted in 
the two mean values 102 f 2 and 99 & 6' for this angle. This leads to a 
Cu-S-C angle range of 93-105' at a 95% confidence level. 

Table 6. Results* of the molecular-mechanics calculations in kcal mol-I 

Compression 
Bending 
Stretch bend 
van der Waals 

others 
Torsion 
Dipole 

1,4 

SP-N 2C12 
0.56 
5.03 
0.35 

4.44 
- 10.32 
-2.12 

0.40 

SP-N, S 2 

0.84 
4.69 

-0.78 

4.62 
- 7.8 1 

2.10 
1.31 

T-NZS, 
0.88 
9.58 

- 0.56 

1.87 
- 6.75 
- 0.43 

1.49 

TBPY-N,S,CI 
1.49 
6.26 

- 1.76 

3.47 
- 9.01 

0.09 
1.76 

SPY-N,S,Cl 
1.97 
7.21 

- 2.22 

4.21 
- 8.88 

1.10 
1.60 

OC-N,S,Cl, 
2.1 1 
9.01 

-2.14 

3.76 

0.07 
1.85 

- 7.87 

Final - 1.64 4.98 6.08 2.3 1 4.99 6.79 

* SP-N,Cl, = Square-planar co-ordination, nitrogen donors trans, SP-N,S, = square-planar co-ordination, nitrogen and sulphur donors cis to 
each other, T-N,S, = tetrahedral co-ordination, TBPY-N2S2Cl = trigonal-bipyramidal co-ordination, nitrogen donors trans and sulphurs and 
chloride in equatorial plane, SPY-N,S2Cl = square-pyramidal co-ordination, nitrogen and sulphur donors in base plane and chloride in axial 
position, and OC-N,S,CI, = octahedral co-ordination, nitrogen donors in axial positions, sulphurs and chlorides cis to each other. 
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Table 7. Metal parameters used in the molecular-mechanics calculations: r,, in Alk, in mdyn A-' for bonds and 0, in O / k b  in mdyn k' rad-2 for angles 

SP-N,Cl, SP-NZS, T-N,S, TBP Y-N,S,Cl SP Y-N,S,Cl OC-N2S2Cl2 
CU-N 2.012.0 2.012.0 2.012.0 2.012.0 2.012.0 2.0/2.0 
cu-s - 2.312.0 2.312.0 2.312.0 2.312.0 2.312.0 
Cu-cl 2.2412.0 - - 2.2412.0 2.2412.0 2.2412.0 

180/0.1 N-CU-N 180lO.l 9010.1 109.5/0.1 180lO.l 8710.1 a 

N-CU-S - 9010.1 109.5/0.1 9010.1 103-8710.1 9010.1 
N-Cu-Cl 9010.1 - - 90/0.1 9910.1 9010.1 

109.5/0.1 120/0.01 8710.1 90/0.1 
- 1 2010.0 1 9910.1 9010.1 

9010 s-cu-s - 
s-cu-Cl - - 

- 9010.1 Cl-Cu-cI 180lO.l - - - 

a Angles represent a planar base with the metal ion tilted ca. 0.3 A above the base plane. k, was lowered because the S-C-C-S bridge segment 
cannot adjust to 120" without excessive strain. With k b  having the value 0.1 mdyn 8, rad-2 the final steric energy rises to 5.64 kcal mol-'. 

Table 8. Crystal data for the green, (1) and red, (2) modifications of 
[Cu(bddo)CI,] * 

Space group 
alA 
blA 
CIA 
a/" 
PI" 
Yl" 

VIA3 
Dclg Cm4 

Crystal sizelmm 
Absorption correction 

20 range/" 
h 
k 
I 

No. measured data 
No. unique data 

No. variables 
R = ~ ( F ) / W , )  

R = [E(F)2/XW(F0)']+ 

(1) 
m l n  

9.01 9(2) 
28.67 l(5) 
8.431(2) 

90 
1 13.65(2) 

90 
2 115 
1.48 

0.40 x 0.20 x 0.15 
Yes (w scan) 

9.5-12.0 
-9, to 9 
0-29 
0-9 
2 415 

1 578 [I > 20(I)] 
226 

0.055 
0.066 

(2) 
Pbcn 

9.397(4) 
15.093(4) 
15.142(4) 

90 
90 
90 

2 148 
1.46 

0.18 x 0.20 x 0.40 
No 

10.0-1 4.0 
0-10 
0-16 
0-16 
1 230 

864 [I > o(l)] 
123 

0.069 
0.089 

* Details in common: M = 472.98; Z = 4; p(Mo-K,) = 15.2 cm-'; 
Lorentz and polarisation correction applied; CAD4 diffractometer; Mo- 
K, radiation (1 = 0.71073 A); 25 orientation reflections; 298 K; scan 
method 63-28; data collection range 8 1.5-21.5"; F(OO0) = 980. 

functions and the dominating mole donor functions. On the 
other hand crystal-packing effects, which have not been 
included in the m.m. calculations, may also have stabilising 
effects on certain geometries. 

Experimental 
Synthesis and Characterisation of the Co-ordination Com- 

pounds.-The compounds with metal(i1) salts were prepared by 
adding a hot solution of the appropriate metal salt (2 mmol) 
in absolute ethanol (10 cm') to a stirred hot solution of bddo3 
(2 mmol) in absolute ethanol (ca. 20 cm3). Triethyl orthoformate 
(ca. 2 cm3) was then added for dehydration. Subsequent cooling 
to room temperature resulted in crystallisation of the co- 
ordination compounds in sufficient yields for analysis. In the 
case of CuC1, a mixture of two compounds was obtained using 
this method. By changing the solvent to acetonitrile the product 
of the synthesis was, in many cases, either pure red or pure 
green. No method was found which gave only one of the two 
compounds in a pure form. 

The experiments with copper(1) were performed under a 

Table 9. Atomic co-ordinates ( x  lo4) of non-hydrogen atoms of 
[Cu(bddo)Cl,] (1) 

X 

3 706(2) 
2 
5 843(3) 
7 145(6) 
4 954(5) 
6 061(9) 
4 709(9) 
1 819(8) 
2 274(9) 
4 160(11) 
5 099( 1 1) 
6 313(12) 
2 685( 11) 
7 690(13) 
6 882( 12) 
6 221(13) 
1 499(12) 

559(12) 
789( 1 1) 

1 725(14) 
124(12) 

2 496( 13) 
4 035(12) 
6 608( 18) 
5 277(18) 

Y 
987(1) 

1497(1) 
703(1) 

2 375(2) 
2 332(2) 
1 090(3) 

870(3) 
1258(3) 

916(3) 
598(3) 
639(3) 
9W3) 
304(4) 

1140(4) 
1455(4) 
1933(4) 

526(4) 
618(4) 

1079(4) 
8x3) 

1 364(4) 
1733(3) 
1751(4) 
2 206(6) 
2 417(6) 

Z 

1892(2) 
1 49( 3) 

4 003(3) 
2 315(5) 
5 874(5) 

257(9) 
293(9) 

3 925( 10) 
3 139(9) 

- 1 035( 12) 
-1 926(11) 
- 1 072( 13) 
-1 390(12) 
- 1 405(14) 

1414(12) 
828( 13) 

4093(12) 
4 537( 12) 
2 448( 15) 
5 553( 13) 
4 132(13) 

4 554(22) 
3 462(20) 

3 200(12) 

5 W 1 3 )  

* SCH,CH,S is disordered the co-ordinates represent the averaged 
values. 

dinitrogen atmosphere and using degassed and dried solvents. l 1  

The isolated solid compounds were, in contrast to the solutions, 
air stable. The copper(1) chloride, bromide, and thiocyanate co- 
ordination compounds were prepared by adding a solution of 
bddo (2 mmol) in acetonitrile (ca. 15 cm3) to a solution of 
copper(1) salt (2 mmol) in acetonitrile (ca. 30 cm3). The products 
precipitated, on standing at room temperature or at -23 "C, 
overnight. The copper(1) iodide was prepared by first reducing a 
C U ( N O ~ ) ~  solution (4 mmol) in acetonitrile (30 cm3) with 
ascorbic acid dissolved in methanol and subsequently adding 
bddo (2 mmol) in acetonitrile (15 cm3), KI (3 mmol) in 
acetonitrile (10 cm'), and methanol (10 cm3). The product starts 
precipitating after the addition of the methanol. 

Infra-red spectra in the 4 000-300 cm-' range for the ligand 
bddo and for the co-ordination compounds pelleted in KBr 
were recorded on a Perkin-Elmer 580 spectrophotometer, 
equipped with a PE data station. Electronic spectra (270-2 OOO 
nm), using the diffuse reflectance methods with MgO as 
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Table 10. Atomic co-ordinates ( x  lo4) of the non-hydrogen atoms of 
[Cu(bddo)Cl,] (2) 

Atom X Y z 
0 

-1  147(4) 
4 661(4) 
2 280(10) 
1 540(10) 
1 970( 10) 
2 980(10) 
3 2oq10) 
1400(10) 
4 2oq20) 
2 090( 10) 
2 750(10) 
5 050(30) 
4 850(30) 

2 525(1) 2 500 
3 416(2) 1 568(2) 
3 190(3) 1055(2) 
1607(5) 1 519(5) 
1 649(6) 2 289(5) 

978(7) 2 775(7) 
497(7) 2 334(8) 
911(7) 1528(8) 
807(9) 3 685(8) 
693(9) 750(9) 

2 276(8) 833(7) 
3 175(8) 1062(8) 
3 630(20) 2 190(10) 
2 780( 10) 2 770( 10) 

* Refined with occupancy factor equal to 0.5. 

reference, were obtained with a PE 330 spectrophotometer, also 
equipped with a PE data station. X-Ray powder diagrams of the 
compounds were obtained with a Guinier-type camera using 
Cu-K, radiation. After decomposition with nitric acid, metal 
analyses were carried out complexometrically with ethyl- 
enediaminetetra-acetate. ’’ The solid-state ’ 3C n.m.r. spectra 
were recorded, using noise decoupling, on a Bruker MSL 400 
spectrophotometer. The X-band e.p.r. spectrum of [Cu(bddo)- 
Cl,] (red form) was recorded on a Varian E3 spectrophoto- 
meter at liquid-nitrogen temperature. The Q-band spectra of 
[Cu(bddo)Cl,] (green form) and [Cu(bddo)(BF,),] were 
recorded on a Varian E9 spectrophotometer in combination 
with a Varian El 10 microwave bridge and a E266 cavity. 

X- Ray Data Collection and Structure Re$nement.-The 
crystals were isolated from batches consisting of the pure form. 
The data collected for the two structures are listed in Table 8. 
Scattering factors and anomalous dispersion corrections were 
taken from ref. 13. 

[Cu(bddo)Cl,] (green form) (1). The structure was solved by 
Patterson methods and refined by least-squares calculations. 
All H atoms except those on C(32) and C(33) were located from 
difference Fourier maps with reasonable geometries. The 
positions were not refined and the isotropic thermal parameters 
of the H atoms were taken as 20% above the value of the 
adjacent C atoms. The thermal parameters of the non-H atoms 
were refined anisotropically. Refinement led to large thermal 
parameters for S(31), S(34), C(32), and C(33) and to un- 
satisfactory bond distances involving these atoms. It appears 
that the refined values represent averaged positions for two 
alternative conformations of the bridge segment. The final 
discrepancy indices R and weighted index R’ are respectively 
0.055 and 0.066. Maximal residual electron density in the final 
difference Fourier was +0.42 and -0.30 e A-3. Atomic co- 
ordinates are listed in Table 9 and relevant bond lengths and 
angles in Table 2. 

[Cu(bddo)Cl,] (red form) (2). The structure was solved by 
Patterson methods and refined by least-squares calculations. 
Some H atoms were located from Fourier difference maps with 
reasonable geometries, others were placed at 0.95 A from the 
parent atom. The positions of the H atoms were coupled to the 
parent atom and the isotropic thermal parameters were taken as 
20% above the value of the adjacent atoms. The thermal 
parameters of the non-H atoms were refined anisotropically. 
The ethylene bridge between the two sulphur atoms is 
statistically disordered and could best be described by two 
equally occupied positions. The final discrepancy indices R and 

R’ are respectively 0.069 and 0.089. Maximal residual electron 
density in the final difference Fourier was +0.56 and -0.45 e 

Atomic co-ordinates are listed in Table 10 and relevant 
bond lengths and angles in Table 3. 

Molecular-mechanics Calculations.-Molecular-mechanics 
calculations were performed with a version of the MM2 
p r ~ g r a m , ’ ~  modified to allow for co-ordination numbers 
greater than four and to include periodicity at metal angles. 
Computations were carried out on the Amdahl V7 computer at 
the University of Reading and on the Amdahl V7B computer at 
Leiden University. Force-field parameters used for C, H, N, and 
S were taken from values in the MM2 program. Metal 
parameters for the trigonal-bipyramidal co-ordination were 
fitted to match a known structure with the same donor set and 
co-ordination geometry. Metal parameters for the square- 
planar type co-ordination were obtained by fitting the X-ray 
structure of complex (1). In the case of the octahedral co- 
ordination type the parameters were assumed equal to those of 
the square-planar type. It was found that all the metal 
parameters were non-critical; this means that a small variation 
in parameter yielded only a small deviation in minimised 
structure. 
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