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The dinuclear dicopper(1) complex of a 26-membered macrocycle, L' , obtained from the 2 + 2 condensation of 
terephthalaldehyde and 3-azapentane-l,5-diamine, has been isolated as an air stable red-orange complex in 
good yield. The crystal structure of [ C U ~ ( N C M ~ ) ~ L ' ] [ C ~ O ~ ] ~  [triclinic, space group P i ,  a = 10.5773(9), b = 
10.8385(8), c = 7.9715(4) A, CX = 99.572(6), p = 91.698(7), y = 108.952(6)*] showed two distorted tetrahedrally 
co-ordinated copper(1) centres with a Cu-Cu separation of 7.04 A. The air stability of [Cu2(NCMe),L'I2+ 
contrasts with the oxygen sensitivity of the dicopper(1) complex of the 24-membered macrocycle L3 (2 + 2 
condensation of isophthalaldehyde and 3-azapentane- 1,Sdiamine) which leads to oxygenation of one of the 
aromatic rings. The marked difference in reactivity is discussed on the basis of the structural differences 
between the two isomeric compounds, analysed with molecular mechanics calculations. The dinuclear 
dicopper(i1) complexes of the 24- and 26-membered macrocyclic hexaamines L2 and L4, derived by reduction of 
L' and L3, respectively, exhibit dipoledipole coupling in their EPR spectra. The solution structures of the two 
dicopper( 11) complexes have been determined by a combination of molecular mechanics calculations and the 
simulation of their EPR spectra. 

Haemocyanin, the oxygen carrying protein of the phylla 
arthropoda and mollusca, and tyrosinase, a related enzyme 
system that ortho hydroxylates phenols (tyrosine) to catechol 
and ultimately to an ortho-quinone, are now established as 
containing two strongly interacting (type HI) copper atoms. 
Tyrosinase has two copper(1) centres each bound to 
three histidine nitrogens and separated by 3.6 A.' In an effort 
better to understand the structure and reactivity of these 
metalloproteins, many studies have been directed toward 
synthesizing small-molecule model compounds 1-6 with similar 
chromophores and to study their spectroscopy and reactivity. 
Dicopper complexes which bind dioxygen reversibly 7*8 have 
been studied as models for haemocyanin, and a number of 
dinuclear copper model complexes catalyse the oxidation of 
organic substrates. 9* Dinuclear copper(1) complexes of 
macrocyclic ligands with xylyl bridging units which react with 
dioxygen under hydroxylation of the aromatic ring form a 
family of successful model compounds for tyrosinase-type 
reactivity. ~ l4 

The macrocyclic ligands L' and L3 are obtained in high yield 
from a 2 + 2 dipodal condensation of tere- or iso-phthalalde- 
hyde and 3-azapentane- 1,Sdiamine. Hydrogenation of the 
imine groups of L' and L3 yields the reduction products L2 and 
L4. Dicopper(1) complexes of L' are air stable while those of L2 
cannot be isolated in the presence of oxygen because of the 
rapid oxygenation of the copper(1) centres and subsequent 
hydroxylation of one of the benzene rings.14 The crystal 
structure of [ C U ~ ( N C M ~ ) ~ L ' ] [ C ~ O ~ ] ~  is reported and com- 
pared with the calculated structure (molecular mechanics) 
of [Cu2L3I2+. In contrast to L' and L3 the hexaamines L2 and 
L4 form stable dinuclear Cu" complexes. The solution 
structures of these weakly coupled dicopper(I1) complexes were 
determined with a combination of molecular mechanics 
calculations in conjunction with the simulation of the EPR 
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spectra, involving as parameters the Cu-Cu separation and the 
relative orientation of the two Cu chromophores." The 
spectroscopic and electrochemical properties and the reactiv- 
ities of the four dinuclear compounds are discussed on the basis 
of the structural properties of these compounds. 

Results and Discussion 
Crystal structure of [ Cu,(NCMe),L' ] [ ClO,] 

The crystallographic analysis confirms the co-ordination of the 
hexadentate 26-membered macrocycle to two copper(1) ions. In 
addition, an acetonitrile molecule is co-ordinated to each of the 
copper(1) centres, completing a severely distorted tetrahedral 
geometry. The two perchlorate anions do not interact with the 
metal centres. The separation between the two copper(1) atoms 
is 7.04 A. The two benzene rings of the macrocyclic ligand are 

J. Chem. SOC., Dalton Trans., 1996, Pages 533-539 533 

http://dx.doi.org/10.1039/DT9960000533


Fig. 1 

nearly coplanar and in the plane of the four imine donor atoms. 
The molecular cation of [Cu,(NCMe),L1][CIO,], is shown in 
Fig. 1. Positional parameters and selected bond distances and 
valence angles are given in Tables 1 and 2. 

Strain-energy minimized structures of [ Cu2L3I2 + and [ Cu,L'] + 

The two isomers [Cu,L1I2+ and [Cu,L3I2+ have markedly 
different reactivities towards dioxygen. While the structurally 
characterized [Cu,L1I2 + is oxygen stable [Cu2L3I2 + mimics 
tyrosinase. Its reaction with dioxygen leads to hydroxylation of 
one of the meta-phenylene links. Because of the marked oxygen 
sensitivity of [Cu2L3I2+, it has thus far proved impossible to 
obtain a stable crystalline sample for structural analysis. 
Therefore, we have analysed the two structures, [Cu,L1I2+ 
and [Cu2L3I2+, with molecular mechanics, using a published 
force field, l 7  with additional parameters fitted to 
[Cu,(NCMe),L1l2+ and the few relevant copper(1) structures 
available in the literature. [A search of the Cambridge 
Structural Data Base revealed that only three structures with a 
similar chromophore are available; the four structures used for 
the force-field parameterization include dinuclear copper(1) 
species with markedly different copper-copper distances, as 
well as a mononuclear compound, and cover a large enough 
range of metal-ligand bond lengths for a reasonable force-field 
parameterization, see Tables 3 and 4.18-20] 

For simplicity, MeCN has been replaced by NH, in 
[Cu,(NCMe),L1l2 +. This reduced the number of force-field 
parameters to be evaluated and, more importantly, convergence 
problems are avoided which may be caused by the tumbling of 
the tail of the co-ordinated acetonitrile. However, calculations 
with Cu-NCMe geometries constrained to the experimentally 
observed values indicated that the calculated structure is largely 
independent of the exact nature of the monodentate ligand. 
Table 4 shows that the Cu'-L and Cut-Cu' distances are well 

Table 1 Positional parameters for [Cu,(NCMe),L'][CIO,], 

X Y z 
0.213 34(7) 0.766 35(7) 0.333 65(9) 
0.266 8(1) 0.217 8(1) 0.239 2(2) 
0.303 7(4) 0.356 O(4) 0.259 5(6) 
0.137 9(5) 0.150 6(5) 0.163 4(8) 
0.286 6(6) 0.175 2(6) 0.386 3(7) 
0.351 l(6) 0.178 7(6) 0.127 7(9) 
0.364 7(4) 0.891 2(4) 0.196 6(5) 
0.358 7(4) 0.692 O(4) 0.389 O ( 5 )  
0.092 5(4) 0.725 8(4) 0.1 12 4(5) 
0.161 O(4) 0.876 l(4) 0.520 6(5) 
0.490 2(6) 0.873 8(6) 0.249 l(8) 
0.466 7(6) 0.732 5(6) 0.274 8(8) 
0.384 2(5) 0.633 2(5) 0.504 6(7) 
0.291 7(5) 0.572 l(4) 0.622 6(6) 
0.157 6(5) 0.564 5 ( 5 )  0.621 5(7) 
0.071 9(5) 0.492 2(5) 0.724 2(7) 
0.120 O ( 5 )  0.425 8(4) 0.833 2(6) 
0.255 3(5) 0.446 3(5) 0.850 7(6) 
0.340 l(5) 0.516 6(5) 0.744 2(7) 
0.029 9(6) 0.660 9(5) 0.066 5(7) 
0.164 5(6) 0.816 6(6) 0.000 2(7) 
0.31 1 9(6) 0.836 9(5) 0.018 5(7) 
0.141 7(5) 0.958 O ( 5 )  0.606 7(6) 
0.1 17( 1) 1.070 7(9) 0.715(1) 

reproduced, with the exception of the Cul-Nimin, bond lengths 
of [Cu,L6I2+. However, in this structure the copper-imine 
distances vary over a wide range (2.054-2.120 A) and the 
experimental error limits are relatively high (R = 0.084). Also, 
in general, the angular geometries are well reproduced (z f 3" 
for Nimine-Cu'-Nimine), except for angles of chromophores with 
co-ordinated solvent molecules, where distortions of up to 15" 
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were observed. This is a general problem for the geometry 
optimization involving monodentate ligands co-ordinated to 
metal ions. Especially reassuring is the fact that there is good 
agreement between the calculated and observed structures of 
[CU,(Y),L']~ + (Y = NH, or MeCN, constrained geometries, 
see above). 120 possible structures of [Cu,(Y),L3I2 + have been 
refined [s-cis or s-trans orientation of the imine double bonds; 
site of co-ordination of the solvent molecule (Y = NH,); 
orientation of the secondary amine proton and conformation of 
the five-membered chelate rings]. From the conformational 

Table2 Selected bond lengths (A) and angles ("1 for [Cu,(NCMe),L']- 
CCl0412 

CU( I)-N( 1 )  
Cu( I )-N( 3) 
N( 1 )-C( 1 ) 
N(2)-C(2) 
N(3)-C( 10) 
N(4)-C( 13) 
C(3)-C(4) 
C( ll)-C( 12) 

N( 1)-CU( 1 )-N(2) 
N( 1 )-CU( 1 )-N(4) 
N(2)-Cu( 1 )-N(4) 
CU( 1 )-N( 1 )-C( 1 ) 
C( 1 )-N( 1 )-C( 12) 
CU( l)-N(2)-C(3) 
CU( 1)-N(3)-C( 10) 
C( 10)-N( 3)-C( 1 1 ) 
N( 1 )-C( 1 )-C( 2) 
N( 2)-C( 3)-C(4) 
C( 3)-C(4)-C(9) 
C( 8)-C( 7)-C( 10) 
N(3)-C( 1 1 )-C( 12) 
N(4)-C( 13)-C( 14) 

2.185(4) 
2.045(4) 
1.460(8) 
1.482(7) 
1.264(6) 
1.107(7) 
1.456(7) 
1.501(9) 

84.6(2) 
110.4(2) 
1 17.7(2) 
105.0(4) 
116.3(5) 
135.9(4) 
134.7(4) 
1 16.4(5) 
11 1 4 4 )  
I26.4(5) 
117.8(5) 
119.6(5) 
110.2(5) 
177.3(7) 

N( l)-Cu( 1)-N(3) 
N(2)-Cu( 1)-N(3) 
N(3 tCNl  W ( 4 )  
CU( 1)-N( 1 )-C( 12) 
CU( 1 )-N( 2)-C(2) 
C(2)-W)-C(3) 
CU( 1)-N(3)-C( 11) 
CU( 1)-N(4)-C( 13) 
N(2)-C(2)-C( 1) 
C(3FC(4)-C(5) 
C(6)-C(7)-C( 10) 
N(3)-C( 10)-C(7) 
N( 1)-C( 12)-C( 11) 

2.022( 5 )  
1.957(4) 
1.461(7) 
1.273(7) 
1.482(7) 
1.5 19(9) 
1.465(7) 
1.47( 1) 

84.4(2) 
129.2(2) 
112.7(2) 
102.2(3) 
108.5( 4) 
115.1(5) 
1 07.6( 3) 
165.3(4) 
110.8(5) 
1 24.7( 5 )  
12 1.3(5) 
124.4(5) 
I09.6( 5 )  

Table 3 
complexes' 

Force-field parameters for mixed amine-imine copper(r) 

Bond length parameters 
Force constant '/ Strain-free bond 

Bond type mdyn A-' length/A 
CU( 1 1-N dm in e 0.70 2.000 
CU( 1 1-N imi ne  0.10 2.200 
Nirnine=C 7.20 1.270 
Cimine-Caromatic 5.00 1.460 
Cimine--H 3.90 0.950 

Bond angle parameters 

Torsion angle parameters 

Strain-free bond 
angle/rad 
1.912 
2.356 
1.920 
1.915 
2.094 
1.911 
2.094 
1.91 1 
2.094 
2.007 
2.094 

Force constant ',' Offset angle/ 
Bond torsion mdyn A rad 

N,mine=C' 0.0250 1.571 
Niminc-Cd 0.0005 0.524 
CimineSarom,itiL ' 0.0100 1.571 
'Added to the published force field, ref. 16. bdyn = 10.' N. 
' Periodicity 2. Periodicity 6. 

analysis it emerges that the lowest strain energy structures are a 
pair of enantiomers (shown in Fig. 2 is the enantiomer with 6 
conformations of all chelate rings) which are at least 8 kJ mol-' 
more stable than all the other geometries investigated. The 
Cu-Cu distance of the minimum energy calculated structure is 
3.4 A, i.e. much smaller than that of [CU,(Y),L']~' (6.3 A, see 
below), and indeed similar to that of tyrosinase ( z  3.6 A)' and 
that recently found in the crystal structure of oxygenated and 
deoxygenated haemocyanin (3.6 8, and 4.6 Due to the lack 
of a reasonable basis for the parameterization we have not 
attempted to model the peroxo dicopper intermediate formed 
in the reaction of [CU,(Y),L~]~' with d i~xygen . '~  A recent 
crystal structure of haemocyanin from Limulus polyphemus 
points to a p-q2,q2 (side on) binding mode for the bound 
peroxide.23 The orientation of the benzene rings (coplanar 
for [CU,(Y),L']~ + and twisted for [Cu2(Y),L3l2 +) and the 
markedly different Cu-Cu separations indicate that the 
difference in dioxygen reactivity between the two complexes is 
largely a function of the distance and orientation of the two 
copper(1) chromophores, and also of the distance of the benzene 
rings enforced by meta- and para-substitution in the phenylene 
backbone. 

Solution structures of [ Cu2L2I4 + and [Cu2L4I4 ' 
The dicopper(I1) complexes of L' and L3 are rather unstable 
(see electrochemical data below). In contrast, the saturated 
hexaamine ligands L2 and L4, produced via hydrogenation of 
the imine groups of L' and L3, form stable complexes with 
copper(I1) in solution. The determination of the solution 
structures of [Cu2L2I4+ and [Cu2L4I4+ is of interest since the 
EPR spectra of weakly-coupled dicopper(r1) complexes may be 
related to structural parameters and therefore facilitate the 
molecular mechanics analysis, ' although the increasing 
flexibility in the ligand backbone, due to the loss of conjugation, 
would be expected to lead to different structural properties 
of the dinuclear compounds. The EPR spectra of [Cu2L2I4+ 
and [Cu,L4I4+ (see Fig. 3) are typical for weakly-coupled 
dicopper(I1) sys tems. 

The structural analysis of the two complexes is based on the 
MM-EPR procedure used successfully for other dicopper(1r) 
complexes,' 5 * 2 4  and it involves a conformational analysis by 
molecular mechanics and the simulation of the EPR spectrum, 
based on the structural parameters shown in Fig. 4. The 
conformational analyses were performed in the same way as 
that described above for [Cu2L3I2 + [an equatorial ammonia 
and two additional axial water molecules complete the co- 
ordination around the copper(I1) centres; in Figs. 5 and 6 the 
axial water molecules are omitted for clarity]. The structural 
parameters of the two complexes are given in Table 5 and the 
two structures are plotted in Figs. 5 and 6 .  

The structure refined for [Cu2L2I4+ is more than 9 kJ mol-' 
more stable than all other conformers, while that determined 

Fig. 2 SCHAKAL'l plot of the lowest strain energy structure of 
Ccu2(y)2L312 + 
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Table 4 Strain-energy minimized (and observed) Cu( 1)-N bond lengths (A) and Cu-Cu separations (A) for mixed amine-imine copper(1) complexes 
1 2 *  

[CUL? [CU,L6]2+ 

Strain energy/ 
Structure kJ mol-' CN l)-Narnine/A 
CCu,(NH 3)2L 1 + 56.37 2.192 (2.185) 
ccuL52+2*+ 46.95 2.238 (2.232) 
CCU2L 1 107.79 2.279 (2.280) 
[CU,L']2 + 98.17 2.249 (2.245) 

* Ref. 17. ' Ref. 18. Ref. 19. 

[CU,L']2+ 

CU( l)-Nirnine/A CU-CU/A 
2.034 (2.033) 6.3 (7.0) 
2.216 (2.210) - 

2.013 (1.980) 10.6 (11.0) 
2.022 (2.090) 4.1 (4.4) 

X '  

-v-- - ----- 
'-2T#-2$&' 2h---Jblio'60- . '3160' ' '33& 3400 3500 Fig. 4 Definition of the structural parameters used for the simulation 

of the EPR spectra 

Fig. 5 SCHAKAL 2 1  plot of the calculated structure of [Cu,L']"' 
(MM-EPR) 

' ' ' 'zkio' ' ' z k i s '  ' 'z+so' ' ' 2 $ &  ' 73h' ' ' 3 i 2 5 '  7i i iT-<G<-' '3160' 

B JG 

Fig. 3 Experimentally determined (bottom) and simulated (top) EPR 
spectrum of (a) [Cu2L2]" at 9.548 GHz (r = 6.9 A; 6 = q = 90, T = 
0"; g ,  = 2.06; gll = 2.28; A, = 43 x All  = 157 x lo4 cm-') 
and (b) [Cu2L4I4+ at 9.303 GHz (r = 5.9 A; 6 = 63, T = 69, q = 5"; 
g ,  = 2.09,gll = 2.40;A, = 34 x 10-4,AlI = 131 x 10-4cm-') 

for [Cu,L4I4+ is only 2 kJ mol-' more stable than one 
conformer but more than 5 kJ mol--' more stable than all the 
others. The second-lowest energy conformer of [Cu,L4I4+ 
does not lead to a simulated EPR spectrum in agreement with 
that observed experimentally. Owing to the larger flexibility 

Fig. 6 S C H A K A L ~ ~  plot of the calculated structure of [cu2~4]4+ 

(MM-EPR) 
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Table 5 Geometric parameters of the strain-energy minimized (MM) and solution structures (MM-EPR) 

Strain energy/ 
Structure cu-CUlA 51" t/" rll" kJ mol- 
[CU~L ' ]~+  (MM) 6.9 90 0 90 52.4 1 
C C U ~ L ~ ] ~ '  (MM-EPR) 6.9 90 0 90 
[Cu,L4I4+ (MM) 5.9 49 64 0 50.37 
[ CU 2 L4] + (MM-EPR) 5.9 63 69 5 

of the ligand backbones of the hexaamine macrocycles com- 
pared with the Schiff-base ligands, the difference between 
the Cu-Cu distances in [ Cu,L2I4 + (6.9 A) and [Cu, L4] + (5.9 A) 
is noticeably smaller than that of the related dicopper(1) 
complexes. The calculated Cu-Cu separation of [Cu,L2I4+ 
is confirmed by a preliminary crystal structure25 (Cu-Cu 
separation of 6.95 A) whichcontains two [Cu2L2l4+ units linked 
by a pair of carbonate groups. Due to the interaction of the two 
[Cu,L2I4+ units in the tetramer the relative orientation of the 
copper(I1) chromophores is different in that molecule. Due to 
the instability of the p-co-ordinated carbonate groups it is 
unlikely that this tetrameric structure is present in solution. The 
larger flexibility also results in pronounced differences in the 
geometries of the chromophores, with a tetrahedral twist of 
Oaverage % 9" for [Cu2L2I4+ (6 is the tetrahedral twist angle 
defined by two independent CuN, planes; 8 = 0 for planar 
and 90" for tetrahedral) and a significantly larger twist of 
Oaverage % 40" for [Cu2L4I4'. The spectroscopic parameters 
are in agreement with these structural properties. A reduction 
in A , ,  [157 us. 131 ( x lo4) cm-'1 and a red shift of the 
electronic absorption maximum (16 230 us. 15 480 cm-') are 
indicative of a larger deviation from planarity of the central 
chromophore in [Cu,L4I4+. 

Electrochemical properties 

Cyclic voltammograms of [Cu2L112+ in MeCN show a single 
quasi-reversible oxidation wave due to Cu" centred at +0.54 V 
us. Ag-AgC1. In contrast, the cyclic voltammogram of 
[Cu2L3I2 + shows evidence of two quite well, separated oxid- 
ation waves centred at +0.7 (irreversible) and + 1.35 V 
(quasi-reversible), the first of these possibly involving the 
formation of an intermediate mixed-valence Cu'-Cu" species, 
supporting the existence of a much stronger Cu-Cu interaction 
in this complex, in agreement with the structural analysis. 
Corresponding cyclic voltammograms obtained from the 
analogous [Cu,L6I2+, with the ligand derived from tris(2- 
aminoethyl)amine, also show two oxidation waves, but in this 
case separated by only 220 mV.26 In the crystal structure of 
[Cu2L6I2 +, used in the force-field parameterization, the two 
copper atoms are separated by 4.4 A. In [Cu2L3l2+ the two 
corresponding oxidation waves are separated by 650 mV, a 
feature reflective of a stronger Cu-Cu interaction and a Cu-Cu 
distance somewhat smaller than that in [Cu2L612+, thus 
supportive of the value ( M 3.4 A) obtained from the energy- 
minimized solution structure, 

Cyclic voltammograms for [CU,L']~ + and [Cu2L4I4 + in dry 
MeCN each show a single quasi-reversible oxidation process 
centred at + 0.99 V and a broad quasi-reversible reduction 
wave due to Cu' centred at x -0.4 V. These results are 
consistent with the stabilization of Cu" in these saturated 
hexaamine derivatives and with the much smaller differences 
apparent in the solution structures of [ C U , L ~ ] ~ +  and 
[cu2L4]4+. 

Conclusion 
The redox properties and oxygen reactivity of the two isomeric 
dicopper(1) complexes [Cu2L3J2 + and [Cu,L' J 2  + differ 
strongly. While the former shows tyrosinase-like oxygenation 

reactivity at one of the aromatic rings of the ligand via a rapid 
reaction with dioxygen, the latter forms an oxygen-stable 
complex that can easily be isolated and structurally 
characterized. The strain-energy-minimized solution structure 
of [Cu,L'IZf is in good agreement with the experimental 
crystal structure, with a Cu-Cu separation of 6.3 A. The Cu-Cu 
distance found for [Cu,L3I2 + is significantly shorter ( z  3.4 A) 
and indeed similar to that in tyrosinase (3.6 A), a feature possibly 
largely responsible for the oxygen reactivity observed. From the 
determination of the solution structures of the dicopper(r1) 
species of the related hexaamines, using a combination of EPR 
spectroscopy and molecular mechanics, the conformational 
analysis, based on molecular mechanics alone, could be 
confirmed, and this supports the structural analysis performed 
on the related dicopper(1) compounds, which are based on 
molecular mechanics alone. Despite the deficiencies that might 
be apparent in a conformational analysis based solely on 
molecular mechanics, the results show that the significantly 
shorter Cu-Cu separation found for [Cu,L3I2 + is supported 
by the electrochemical data (evidence of a strong Cu-Cu 
interaction) and, moreover, a self consistency within the 
same type of deterministic conformational analysis, refined 
with a constant force field, for the four binuclear structures 
presented. 

Experimental 
CAUTlO N : Perchlorate salts are potentially explosive and 
should be handled with care. 

Materials 

All chemicals used for the preparative work were of reagent 
grade quality. Solvents used for spectroscopic and electro- 
chemical measurements were of the required grade. 

Synthesis 

The ligands. The macrocycles L' and L3 were prepared by the 
(2 + 2) condensation of terephthalaldehyde and isophthalalde- 
hyde, respectively with 3-azapentane- 1,5-diamine according to 
published  procedure^.^' The 'H and 13C NMR spectra of L3 
in CDCl, are complex, suggesting the presence of tautomeric 
isomers of the Schiff base28 deriving from reversible 
nucleophilic attack by secondary R,NH at an imine carbon. 
However the 'H and 13C NMR spectra of L' in CDCl, are 
consistent with 100% of the tetraimine form. Characterization 
of L' and L3 was on the basis of their vCN bands at 1645 and 
1650 cm-' respectively, and elemental analyses. The macrocyclic 
hexaamines L2 and L4 were obtained by reduction of L' and L3 
with sodium tetrahydridoborate in ethanol, using previously 
described  procedure^.^^ Both were isolated as their HBr salts 
and, following recrystallization from ethanolic HBr, character- 
ized by 'H, 13C NMR and IR spectroscopy [absence of the vCN 
band] and by elemental analyses. 

[Cu,(NCMe),L'] [C1O4I2. The compound [Cu(NCMe),]- 
C10430 (0.88 g, 2.75 mmol) in MeCN (30 cm3) was added 
under argon to a stirred solution of L' (0.5 g, 1.244 mmol) in 
MeCN (50 cm3). The mixture was refluxed for 2 h and the 
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golden orange precipitate filtered off, washed with MeCN and 
dried in a vacuum desiccator over silica gel. Over a period of 
several days at room temperature the filtrate slowly deposited 
red-orange crystals of [Cu,(NCMe),L'][CIO,] which were 
found to be suitable for crystal structure studies (see below). 
Subsequent analysis revealed that the red-orange crystals and 
the golden orange precipitate were of the same composition. 
Yield: 0.61 g, 0.75 mmol, 61% [Found: C, 41.40; H, 4.45; CI, 

41.50; H, 4.50; CI, 8.75; N, 13.80%]; IR (+/cm-') 2210w (C=N) 
and 1619s (C=N). 'H NMR [300 MHz, (CD,),SO, internal 
SiMe,]: 6 2.07 (s, 6 H, MeCN), 2.85 (br, 4 H, CH,), 3.14 (br, 4 
H, CH,), 3.75 (br, 4 H, CH,), 3.87 (br, 4 H, CH,), 4.50 (br, 2 H, 
NH), 8.25 (s, 8 H, C,H,)and 8.76(s, 4 H, CH=N); 13C NMR 
(75.47 MHz, 'H-decoupled): 6 1.3 (MeCN), 45.7 (CH,), 60.5 
(CH,), 118 (MeCN), 128.8 (unsubstituted ring C), 136.5 
(substituted ring C) and 163.9 ( G N ) .  

8.55; N, 13.55. CdC. for C,8H3,CI,CU,N808 ( M  = 810.64): c, 

[Cu2(L2)][CI0,],-H20. An excess of CuCO, (0.2 g, 1.68 
mmol) was added to a solution of L2*6HBr (0.5 g, 0.56 mmol) in 
distilled water (50 cm3), and the suspension was stirred at room 
temperature for 3 h. The excess CuC03 was filtered off, and 
to the deep blue filtrate was added NaClO, (0.3 g, 2.8 mmol, 
in 5 cm3 H 2 0 )  at 0°C. The blue solid that precipitated was 
filtered off and allowed to dry in a desiccator over silica gel. 
Yield: 62 mg, 0.065 mmol, 12% [Found: C, 30.35; H, 4.20; 
N, 8.75. Calc. for C24H,oCI,Cu,N,017 (M = 953.21): C, 
30.20; H, 4.20; N, 8.80%]. Molar conductance (1 x rnol 
dm-3 aqueous solution), A = 460 S cm2 mol-' (4: 1 electrolyte). 
Electronic spectrum (H,O): I,,, = 615 nm ( E  = 125 dm3 
rnol ' cm-' per Cu). peff (18 "C) = 1.6 pB ( Z  1.48 x 
J T-') per Cu. 

[Cuz(L4)] [C10,],*H20. In a similar procedure to that 
described above for [Cu,(L2)] [ClO,],~H,O, a blue precipitate 
was isolated. Yield: 0.3 g, 0.31 mmol, 60% [Found: C, 30.65; H, 

30.20; H, 4.20; N, 8.80%]. Molar conductance (1 x rnol 
drn-., solution in H,O) A = 440 S cm2 mol-' (4: 1 electrolyte). 
Electronic spectrum (H20): A,,, = 646 nm ( E  = 154 dm3 rnol 
cm-' per Cu). peff (18 "C) = 1.53 pB ( ~ 1 . 4 2  x J T-') 
per Cu. 

4.15; N, 8.85. Calc. for C24H40C1,CU2N601 ( M  = 953.21): c ,  

Crystallography 

Crystal data for [Cu,(NCMe),L'] [ClO,],. C28!3,C12- 
Cu2N808, M = 810.64, triclinic, space group P1, a = 
10.5773(9), b = 10.8385(8), c = 7.9715(4) A, a = 99.572(6)", 
p = 91.698(7)", y = 108.952(6)", U = 848.9(1) A3, 2 = I ,  
D, = 1.585 g crnp3, h(Cu-Ka) = 1.5418 A, F(OO0) = 416, red 
plates 0.22 x 0.22 x 0.045 mm, p = 35.08 cm-', R(Fo) = 
0.045, R' = 0.046 [R = C(lFoI - ~Fc~)/C~Fo~, R' = (Cw(F0l - 
~F,~)2/(CwFo2)q, w = l/0(fl2. 

A suitable crystal of [Cu,(NCMe),L'][ClO,], was mounted 
on a glass fibre with cyanoacrylate resin. Lattice parameters at 
21 "C were determined by least-squares fits to the setting 
parameters of 25 independent reflections, measured and refined 
on an AFC-7 four-circle diffractometer employing graphite- 
monochromated Cu-Ka radiation. Intensity data were collected 
in the range 1 < 8 < 60". Data reduction and application of 
Lorentz, polarization, absorption and decomposition correc- 
tions were carried out using the TEXSAN system.31 The 
structure was solved by direct methods using SHELXS 86.32 
Hydrogen atoms were included at calculated sites with fixed 
isotropic thermal parameters. All other atoms with the 
exception of a disordered water molecule were refined 
anisotropically. Full-matrix least-squares methods were used 
to refine an overall scale factor, positional and thermal 
parameters. Neutral atom scattering factors were taken from 
international tables. 33  Anomalous dispersion effects were 

included in F,;34 the values for Af' and Af" 3 5  and the values 
for the mass attenuation coefficients are taken from the 
literature. 36 All calculations were performed using TEXSAN 31 
and plots were drawn using ORTEP.,' 

Complete atomic coordinates, thermal parameters and bond 
lengths and angles have been deposited at the Cambridge 
Crystallographic Data Centre. See Instructions for Authors, 
J. Chem. SOC., Dalton Trans., 1996, Issue 1. 

Physical methods 

Infrared spectra (KBr pellets) were measured with a Perkin- 
Elmer 17 10 FT instrument, UV/VIS on solutions in 1 cm quartz 
cuvettes using Perkin-Elmer Lambda 5 or Philips PU8256 
scanning spectrophotometers. Conductance measurements 
were made with an AGB 1000 conductivity meter using 
1 x lo-, rnol dm-3 solutions of the metal complexes in distilled 
water. Magnetic measurements were recorded on a Johnson 
Matthey mini balance using Hg[Co(NCS),] as the calibrant 
( x ,  = 16.77 x cgs at 18 "C). Cyclic voltammograms were 
recorded using a PAR model 170 electrochemistry system on 
either aqueous (0.1 rnol dm-3 NaCIO,) or MeCN solutions (0.1 
mol dm-, NBu,PF6) of the metal complexes. A standard three- 
electrode cell was used comprising glassy carbon or platinum 
disc working, platinum wire counter and saturated calomel (or 
Ag-AgC1) reference electrodes. Proton and ' NMR spectra 
were recorded on a Bruker AM-300 instrument at 300 MHz 
and 75.47 MHz respectively and EPR spectra mol dmP3 
dimethylformamide-water (1 : 2), frozen solutions at  150 K] 
with a Bruker ESP 300E instrument (Bruker ER 041 XK 
X-band microwave bridge). The spin-Hamiltonian parameters, 
the copper(Ir)-copper(rr) separation and the relative orientation 
of the chromophores of the dipole-dipole coupled binuclear 
copper(1r) complexes were determined by simulation of the 
AM, = I resonances with the computer program DISSIM.37 
Molecular mechanics calculations were performed with 
MOMEC 38 using a published force field.' New parameters 
for Cu'-ligand atom interactions are given in Table 4. Two 
modifications that were necessary to model the copper(1) 
complexes accurately are: (i) the force constant k for the torsion 
angle around the benzene carbon-carbon bonds was set from 
0.003 to 0.015 mdyn A (dyn = N) and (ii) the strain-free 
bond length of the nitrogen-carbon bond of amines co- 
ordinated to copper(r) has to be different from that of copper(i1) 
complexes [ 1.490 A and 1.460 A for copper(r1) and copper(r), 
respectively]. 
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