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A new binuclear complex of formula [Cu,(bipym),( H,O),(OH),] [C10,],~2H,O (bipym = 2,2'-bi- 
pyrimidine) has been synthesised and its crystal struct_ure determined by X-ray crystallographic 
methods. It crystallizes in the triclinic space group P1, with a = 7.021 ( l ) ,  b = 10.004(1), c = 
10.721(1) A, x = 100.83(1), p =95.80(1), y = 99.05(1)" and Z = 1. Least-squares refinement of 
2888 reflections with / > 30(/) and 256 parameters gave a final R' = 0.0522. The structure consists 
of discrete centrosymmetric di-p-hydroxo-copper(i1) dimers with 2,2'- bipyrimidine as outer ligand, 
weakly co-ordinated and crystallization water molecules, and unco-ordinated perchlorate anions. The 
co-ordination geometry around each copper( 11) ion is approximately elongated tetragonal octahedral 
with the t w o  bridging hydroxo groups and t w o  nitrogen atoms of bipym building the equatorial plane 
and t w o  water molecules occupying the axial positions. The Cu(1 )-OH-Cu(1a) bridging angle and 
the intramolecular Cu( 1 ) Cu( 1 a) separation are 95.0( 1 )" and 2.870( 1 ) A, respectively. The 
temperature dependence of the magnetic susceptibility, studied in the range 300-4 K, shows a 
relatively strong intramolecular ferromagnetic coupling (+ 147 cm-' for the singlet-triplet energy gap). 
Further evidence for the triplet ground state is provided by  the variable-temperature ESR spectra. 
The strength of the exchange interaction is discussed on the basis of the structural features and 
correlated with reported magneto-structural data on parent double hydroxide- bridged copper( t i )  
complexes. The formation of hydroxo complexes of [Cu(bipym) ( H,0)]2+ has been investigated by 
potentiometry in aqueous solutions [equation (i); log K, = -10.350(1) (25 "C, 0.1 mol dm-, NaNO,)]. 

2[C~(bipym)(H,O),]~+ [C~,(bipyrn),(OH),]~+ + 2H+ + 2H,O (1) 

The value of this stability constant is compared t o  those reported for related Cu"L complexes where L 
are bidentate N-donor ligands. 

A lot of work has been devoted to the magneto-structural 
characterization of di-p-hydroxo-copper(r1) complexes in the 
last fifteen years.' For this family of complexes, it has been 
found that the singlet-triplet energy gap (J) varies linearly with 
the Cu-OH-Cu bridging angle (8) according to equation (1 )  for 

J = - 74.53 8 (cm-' deg-') + 7270 cm-' (1) 

0 values not far from 90". From this equation, singlet and triplet 
ground states are predicted for 8 > 97.5" and 8 < 97.5", 
respectively. These studies have revealed that the value of 8 in 
the complexes [LCu(OH),CuL12 + is strongly influenced by the 
nature of the terminal ligands and the co-ordination of solvent 
molecules and counter ions. So, for instance the magnetic 
coupling in the di-p-hydroxo-copper(r1) complexes [LCu(OH),- 

t Supplementur>- data available: see Instructions for Authors, J .  Chem. 
Soc., Dulton Trans., 1992, Issue 1, pp. xx-xxv. 
Non-Si unit miployed: G = T, emu = SI x 106/4rc. 

Scheme 1 

CuLI2+ is found to be antiferromagnetic (L = diamine) 2-6 or 
ferromagnetic (L = 2,2'-bipyridine) 2 + 7 - 1  with bidentate N- 
donor groups as outer ligands. The co-ordination to copper(I1) 
ion of sp3-hybridized nitrogen atoms (see Scheme 1) for end-cap 
diamines and of sp2 hybridization for 2,2'-bipyridine is at the 
heart of the different nature of the exchange coupling. The 
larger the angle C-N-Cu ( x )  the shorter is the angle N-Cu-N 
(p), and consequently 8 is decreased favouring the ferro- 
magnetic coupling. In this context it seems very interesting to 
use derivatives of 2,2'-bipyridine as outer ligands, to play on the 
value of 0 and tune the magnitude of ferromagnetic coupling. 
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Table I Crystallographic data for [C~,(bipym),(H,0),(0H)~]- 
[CI04],*2H ,O 

Formula 
M 
Space group 
cr/A 
))/A 
C I A  

4 
PI 
Yl" 
U J A ~  
Z 
DJg ~ m - ~  
F(OO0) 
Crystal size/mm 
p( Mo-Kz)/cm-' 
Scan method 
28 rangel" 
No. of collected reflections 
No. of unique reflections 
No. of independent reflectionsa 
No. of refined parameters 
R (  = CVllF,I - l ~ c l ~ ~ / ~ l ~ o l l ~  

R;r = P(llF0I - I ~ c l l ) 2 / ~ ~ ~ ~ l ~ 0 1 2 1 + f  
S 

C,fJH,,C~2Cu2N*O16 
784.4 
PT 
7.021( 1 )  
1 O.W( 1 ) 
10.721(1) 
1OO.83( 1 )  
95.80( 1 )  
99.05( 1 )  
723.8(2) 
1 
1.80 
398 
0.14 x 0.45 x 0.39 
17.4 
0-20 
3-54 
3488 
3172 
2888 
256 
0.04 I 8 
0.0522 
1.37 

It is the purpose of this paper to present our first contribution 
along this line. Herein we report the synthesis, crystal structure 
and magnetic properties of the first di-p-hydroxo-bridged 
copper(1r) complex of formula [Cu,(bipym),(H,O),(OH),1- 
[C104]2*2H20 containing 2,2'-bipyrimidine (bipym) as outer 
ligand. The formation of hydroxo complexes of [Cu(bipym)12 + 

in aqueous solution is also reported. 

Experimental 
Materials.-All reagents were commercial grade materials 

and were used without further purification. 2,2'-Bipyrimidine 
(bipym) was purchased from Aldrich; 2,2'-bipyridylcopper(11) 
nitrate was prepared by a previously reported procedure.' 
Carbonate-free NaOH standardized against dried potassium 
hydrogenphthalate was used as titrant. In order to get a carbon 
dioxide-free system, presaturated argon was bubbled through 
the solutions during the course of the titrations. All potentio- 
metric measurements were made at a temperature of 25.0 
0.1 "C and the ionic strength was maintained constant by using 
an electrolyte medium of 0.1 mol dmP3 NaNO,. 

Preparation of [Cu2(bipym),(H,0)4(OH)2][C104]2~2H,0. 
-2,2'-Bipyrimidine (1 mmol) dissolved in a minimum amount 
of ethanol was added to an aqueous solution (80 cm3) con- 
taining copper(I1) perchlorate hexahydrate ( 1 mmol) yielding a 
blue-turquoise solution. Its colour turned dark blue-greenish by 
slow addition of solid sodium carbonate (0.5 mmol) and a slight 
precipitate appeared. Nice dark blue rods of [Cu,(bipym),- 
(H,0)4(OH)2][C104]2~2H,0 were grown by slow evaporation 
of the filtered solution at room temperature. They were filtered 
off, washed with cold water and ethanol and stored over 
calcium chloride (Found: C, 24.45; H, 3.05; N, 14.15. Calc. for 
C16H2,C12Cu2N,0,6: C, 24.50; H, 3.30; N, 14.30%). 

Physical Techniques.-The infrared spectrum was taken on a 
Perkin-Elmer 1750 spectrophotometer as KBr pellets in the 
4000-225 cm-' region. Variable-temperature X-band ESR 
spectra were recorded on polycrystalline samples with a Bruker 
ER 200D spectrometer equipped with a nitrogen cryostat. 

Magnetic susceptibility measurements were carried out at 300- 
4.2 K with a previously described pendulum-type apparatus. l4 
The uncertainty in the data is lower than 0.1 K for temperature 
and 2 x cm3 mol-' for susceptibilities. The apparatus was 
calibrated with Hg[Co(NCS),]. Experimental susceptibilities 
were corrected for both the diamagnetic contribution, estimated 
from Pascal's constants * 5  to be - 398 x emu mol-I and 
the temperature independent paramagnetism (60 x lov6 cm3 
mol-' per Cu"). Potentiometric titrations were performed using 
the equipment (burette, stirrer, electrode, pH meter, microcom- 
puter, etc.) and following the experimental procedure which was 
described elsewhere. A 70 cm3 water-jacketed four-neck flask 
designed to accommodate a microburette delivery tube, argon 
inlet and outlet tubes, and a glass combined electrode was used 
as titration cell. The equilibrium constants for the reaction of 
[C~(bipym)(H,O),]~ + and OH-  were determined by titrating 
aqueous solutions of [C~,(bipym)~(H~O)~(OH)~][Cl0,]~- 
2 H 2 0  (previously acidified with H N 0 3  to pH 4). For the sake of 
comparison, the formation of hydroxo complexes of [Cu(bipy)- 
(H20)2]2 + was reinvestigated by titrating aqueous solutions of 
(2,2'-bipyridyl)copper(11) nitrate with NaOH. The initial 
concentration of copper(Ii), cM, was varied in the range (0.959- 
2.57) x lo-, mol dm-3. The sets of e.m.f. data from different 
experiments for each system, carried out in the pH range 4.0-8.0, 
were merged and treated simultaneously by the computer 
program SUPERQUAD '' to determine the equilibrium 
constants involved in the hydroxo complex formation (see 
below). E.m.f. data from the pH ranges 5.4-7.2 and 5.9-7.0 for 
bipym and bipy systems respectively, were considered in the last 
refinement cycle. 

Crystallographl,.-Diffraction data for [Cu,(bipym),( H20),- 
(OH),][C104],*2H20 were collected at 298 K with a Siemens 
R3m/V automatic diffractometer using graphite-monochro- 
mated Mo-Ka radiation (h  = 0.71069 A). Information con- 
cerning crystallographic data collection and structure refine- 
ment is summarized in Table 1. The unit-cell parameters were 
derived from least-squares refinement of the setting angles of 25 
reflections in the 20 range 14-30". The space group Pi was 
assumed throughout the structure analysis and was confirmed 
by the successful refinement of the structure. Examination of 
three standard reflections, monitored after every 100 reflec- 
tions, showed no substantial intensity decay. A total of 3488 
reflections were collected by the variable-speed 03-20 scan 
method in the 20 range 3-54' with index ranges 0 d h d 8, 
- 12 < k < 12, - 13 \< I ,< 13; 3172 of them were unique, and 
from these, 2888 were assumed as observed [I > 30(1)] and 
used for the structure refinement. Lorentz-polarization and w- 
scan absorption corrections,' but no extinction correction, 
were applied to the intensity data. 

The structure was solved by Patterson methods with the 
SHELXTL PLUS program l 9  followed by successive Fourier 
syntheses and full-matrix least-squares refinements based on 
IFJ. All non-hydrogen atoms were treated anisotropically. The 
hydrogen atoms of the water molecules were located on a AF 
map and refined with constraints. All other hydrogen atoms 
were placed in calculated positions and refined as riding atoms. 
A common fixed isotropic thermal parameter was assigned to 
all hydrogen atoms. On the difference map several possible 
oxygen positions were localized due to different coexistent 
orientations of the perchlorate anion. This disorder was 
described by assigning population parameters of 0.7 and 0.3 to 
each pair of sites. The number of reflections/number of variable 
parameters was 1 1.3. The final values of the discrepancy indices 
R and R' were 0.0418 and 0.0522, respectively; Cw(llF,I - lFc11)2 
was minimized where w = 1/[02(F,) + 0.002421(F0)2] with 
a2(F0) from counting statistics. In the final difference map the 
residual maxima and minima were 0.99 and -0.58 e k3, 
respectively. Atomic scattering factors and corrections for 
anomalous dispersion for Cu and CI atoms were taken from ref. 
20. All calculations were carried out on a micro-Vax 11 
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Table 2 Final atomic coordinates for [Cu,(bipym),(H,O),(OH),!- 
[C10,],-2H2C with estimated standard deviations (e.s.d.s) in 

Xla 
0.0867( 1) 
0.041 l(3) 
0.3959(4) 

0.3675(6) 
0.191 3(3) 
0.2227(5) 
0.2784(5) 

0.2691(4) 
0.2197(3) 
0.1937(4) 
0.2329(4) 
0.2 186(6) 
0.1645(6) 
0.1 196( 5 )  

- 0.260 l(5) 

0.2969(5) - 

0.1353(3) 
- 0.2844(2) 
- 0.4473( 1 1 ) 
-0.3745( 14) 
- 0.2 1 83( 20) 
- 0.15 12(21) 
-O.l523(40) 
- 0.3 3 54( 69) 
- 0.0905(27) 
- 0.3465( 40) 

Ylb 
0.3838( 1) 
0.48 12(2) 
0.5274(3) 
0.2343(3) 
0.6327(7) 
0.2276(2) 
0.2 108( 3) 
0.09 14(4) 
O.O073( 3) 
O.O085( 2) 
0.1266( 3) 
0.1566( 3) 
0.0653(3) 
0.1009(4) 
0.2247(4) 
0.3095(3) 
0.2741(2) 
0.2757( 1) 
0.3386( 10) 
0.1486(7) 
0.3648( 13) 
0.282 1 ( 13) 
0.1537(23) 
0.2731(37) 
0.37 18( 16) 
0.2560(27) 

Z l C  
1.0202( 1) 
0.88 17(2) 
1.0972(3) 
0.9456(4) 
0.7879(4) 
0.9 1 7 l(2) 
0.7938(3) 
0.7345(3) 
0.8039(3) 
0.9273(3) 
0.9784( 3) 
1.1 163(3) 
1.1863(3) 
1.3095(4) 
1.3634(3) 
1.2834(3) 
1.1568(2) 
0.5585( 1) 
0.6 1 25( 8) 
0.49 19( 8) 
0.4860( 12) 
0.6568( 10) 
0.5 323( 2 3) 
0.6638(27) 
0.59 39 (24) 
0.4383( 17) 

a Atom with a population parameter of 0.7. ’ Atom with a population 
parameter of 0.3. 

a 

d 

Fig. 1 ORTEP drawing of the cationic unit [Cu,(bipym),(H,O),- 
(OH),]’ + showing the atom labelling. Thermal ellipsoids are drawn at 
30”,, probability level 

computer, using the SHELXTL and PARST2’ program 
package. The molecular plot was drawn with the SHELXTL 
PLUS program. The final atomic coordinates for non-hydrogen 
atoms and selected bond lengths and angles are listed in Tables 
2 and 3. 

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

Results and Discussion 
Description of the Structure.-The structure is made up 

of cationic centrosymmetric di-p-hydroxo-bis[diaqua(2,2’-bi- 
pyrimidine)copper(~~)J dinuclear units, crystallization water 
molecules and unco-ordinated perchlorate anions. A perspective 
view of the dinuclear entity with the atom-numbering scheme is 
depicted in Fig. 1. 

_ _ _ _ _ ~  ~ 

Table 3 Selected interatomic distances (A) and bond angles (”) 
for [Cu,(bipym),(H20),(OH)2][C104]2~2H20 with e.s.d.s in paren- 
theses a 

Copper environment 
CU( 1)-0( 1) 1.950(2) Cu( 1 )-O( la) 1.943(2) 

Cu( 1 )-O( 2) 2.381(2) CU( 1 )-O( 3) 2.61 l(3) 
Cu(l)-N(2) 2.022(3) CU(1 t-N( 1 ) 2.020(2) 

O( 1)-Cu( 1)-O( la) 85.0( 1) O(l)-Cu(l)-N(2) 177.0(1) 
O( 1 )-Cu( 1)-N( 1) 96.8( 1) O( l)-Cu( 1)-0(2) 92.2(1) 
O(l)-Cu(l)-O(3) 88.4(1) O( 1 a)-Cu( 1 )-N( 1) 173.4( 1) 
O(la)-Cu(l)-N(2) 97.8(1) O( la)-Cu( 1)-0(2) 90.6( 1) 
O( 1 a)-Cu( 1 )-0(3) 86.4( 1) 
N(2)-Cu( 1)-0(2) 88.8( 1) 

Cu( 1)-O( 1)-Cu( la) 95.0( 1) 
N( 1 )-CU( 1)-0(2) 95.6( 1) 

127.6(2) 
117.7(2) 
11 7.8(3) 

1 14.4( 2) 
118.1(2) 
126.5(3) 
122.7(4) 
1 19.9(3) 
127.6(2) 

1 1 5.9( 3) 

N(2)-Cu( 1)-N( 1) 
N(a-Cu( 1 W ( 3 )  
N(l)-Cu(l)-0(3) 

80.3( 1) 
90.7( 1) 
87.3(1) 

1.377(5) 
1.341(5) 
1.334(4) 
1.3 29(4) 
1.39 l(6) 
1.3 57( 4) 

114.6(2) 
120.1(3) 
122.9(3) 
125.6(3) 
120.0( 3) 
11 5.4(3) 
1 1 5.6( 3) 
117.7(3) 
114.8(2) 
1 17.6(3) 

Hydrogen bond 

O(1) O(4) H(6w) 2.92( 1) 147(3) 

symmetry operation -x, 1 - y ,  2 - 2. 

atom. 

A D H A . * . D  A * H-D 

Atoms Cu(1a) and O(1a) are related to Cu(1) and 0(1) atoms by the 
A = acceptor, D = donor 

The co-ordination geometry around each copper(1r) ion 
is distorted elongated tetragonal octahedral, CuN,O,: the 
equatorial positions are occupied by the two nitrogen atoms 
of 2,2’-bipyrimidine and the two oxygen atoms of the bridg- 
ing hydroxo groups, whereas the apical sites are filled by 
oxygen atoms of water molecules. The Cu-N distances, 2.020(2) 
and 2.022(3) A for Cu(1)-N(1) and Cu(1)-N(2) respectively, 
are similar to those found in other 2,2’-bipyrimidine-contain- 
ing copper(I1) c o m p l e x e ~ . ~ ~ - ~ ~  The Cu-O(hydroxo bridge) 
distances, 1.950(2) and 1.943(2) A for Cu(1)-O(1) and 
Cu( 1)-O( la) respectively, are slightly shorter but very close to 
those observed in parent di-p-hydroxo-bis[(2,2’-bipyridyl)- 
copper(n)] complexes.’-’ The four equatorial atoms are 
practically coplanar with deviations from the least-squares 
plane lower than 0.055 A, the copper atom being displaced 
0.064(1) A towards the axial O(2) oxygen atom. The two 
Cu-O(water) axial distances, 2.381(2) and 2.61 l(3) A, are much 
longer than the equatorial bonds. The calculated tetragonality 26 

is 0.79. 
The pyrimidyl rings of the outer bipyrimidine ligand are 

planar as expected with deviations from the mean planes not 
greater than 0.020 A. However, they are not coplanar: each 
bypyrimidine ligand is buckled so that its outer carbon and 
nitrogen atoms are displaced towards the axial atoms [0(2) 
and O(3) respectively] of the distorted octahedral arrange- 
ment about the copper atom; the dihedral angle between 
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I I 1 

9 
H /kG 

1 

Fig. 2 X-band powder ESR spectrum of [Cu,(bipym),(H,O),- 
(OH),][CIO4],-2H,O at 100 K 

a,. '7 
Y I 

Table 4 
ESR spectrum of [Cu,(bipym),(H20),(OH)2][C104]z~2Hz0 

Observed and calculated magnetic fields for the triplet of the 

Magnetic field/G 

Resonance Exptl. Calc. 

H x z  6 586 6 583 
4 2  8 616 8 606 
H, , 10565 10506 

- 16 552 
H Z 2  

the planar six-membered pyrimidyl rings is 7.1". The bond 
distances and angles within the bipyrimidine ligand are in 
agreement with those previously reported for unco-~rdinated,~' 
chelating 24-2s and bis-chelating 22*23 .25  2,2'-bipyrimidine. The 
N( 1)-Cu( 1)-N(2) angle of 80.3( 1)" is significantly smaller than 
the ideal value of 90" because of the geometrical constraints 
of a bipyrimidyl ring system. 

Hydrogen bonding occurs between hydroxo groups and 
oxygen atoms of unco-ordinated water molecules as shown by 
the contact distances at the end of Table 3. The intramolecular 
copper-copper separation [2.870(1) A for Cu(1) Cu(la)] is 
much smaller than the shortest intermolecular distance of the 
copper from its equivalent position 1 - x, 1 - y ,  2 - 2, which 
is 5.993( 1) A. 

/!firired und ESR Spectru.-The most relevant features of the 
IR spectrum of the [Cu2(bipym)2(H20)4(OH)2][C104] ,=2H2O 
complex are those concerning the presence of hydroxo bridges 
and 2,2'-bipyrimidine as outer ligand. The presence of the 
Cu(OH),Cu unit is supported by the occiirrence of a weak and 
sharp peak at 3530 cm-' (bridging OH stretching) and a weak 
absorption at 940 cm-' (OH bending ~ i b r a t i o n ) . ~ ~ , ~ ~  The 
coexistence of crystallization and co-ordinated water molecules 
is consistent with the occurrence of a strong and broad 

absorption centred at 3400 cm-' (antisymmetric and symmetric 
OH stretching) and medium intensity peaks at 1640 cm-' 
(HOH bending), 670 and 510 cm-' (rocking and wagging 
frequencies of co-ordinated water). The pattern of CH stretch- 
ing vibration in bipym (3210m, 3060s, 3025m and 2980m cm-') 
appears as three weak peaks at 3060, 3040 and 2980 cm-' in 
the present complex. The strong ring-stretching modes of 
bipym (1 560, 1550 cm-') are observed as two intense and sharp 
bands of nearly equal intensity located at somewhat higher 
frequencies, ca. 1580 and 1560 cm-'. Another ring-stretching 
mode which appears as a strong band at 1400 cm-' in bipym is 
also observed as a single and strong band at 1445 cm-'. This 
shift towards higher frequencies is common to other 2,2'- 
bipyrimidine-containing copper(I1) complexes in which the 
bipym acts either as a chelating 2 4 9 2 5  or bis-chelating 22,23*2s  

ligand. However, the higher frequency doublet is very 
asymmetric (sharp and strong absorption at 1580 cm-' and 
weak at 1560 cm-') for bipyrimidine-bridged copper(r1) com- 
plexes revealing that the quasi-symmetrical or asymmetrical 
doublet in this region can be used as diagnostic of chelating or 
bis-chelating bipym. The P-CH vibration of bipym (1  140 cm-') 
is obscured by the CI-0 perchlorate stretching vibrations in 
our complex. Finally, the antisymmetric y-CH vibration of 
bipym (830, 820 cm-') appears as a single medium intensity 
feature at 825 cm-' for the present complex. 

The powder ESR spectrum of the compound up to 12 0oO G 
and at 100 K is shown in Fig. 2. It exhibits five features at 1620, 
3250, 6586, 8616 and 10 564 G. The spectrum is qualitatively 
similar to that observed for other copper-pair triplet states with 
ID/ > hv.2*'2*30-34 Th e second feature is most likely due to a 
diluted copper(i1) impurity. Unfortunately, we are unable to 
offer conclusive evidence to support this assignment, but its 
temperature dependence agrees with it. The absolute intensities 
of the other four features quickly diminish when the sample is 
heated confirming the triplet nature for the ground state. Any 
band below the 3250 G impurity peak results from either the 
AMs = 4 2 or the low-field parallel transitions. As we have not 
observed with our spectrometer any peak except the one at 
1620 G in such low-field range, we assumed that this feature 
corresponds to the AMs = k 2  transition. In fact, its low 
intensity does not conflict with this assignment. The occurrence 
of other peaks at high field values indicates that the axial zero- 
field splitting parameter D is larger than the incident quantum 
(ca. 0.3 cm-I). To interpret the spectrum quantitatively, it was 
assumed that Wasserman's equations 3s were valid, i.e. that the 
D and g tensor axes were coincident. In the present case only 
one attribution leads to reasonable values for the principal g 
tensors with g,  = 2.08, g, = 2.02, g, = 2.21, ID1 = 1.40 cm-', 
and E = 0.033 cm-', the bands at 6586, 8616 and 10 565 G 
corresponding to H x 2 ,  H y Z  and HzI, respectively. The agree- 
ment between experimental and calculated fields is then 
excellent as shown in Table 4. However, if the g and D tensors 
were not coincident, Wasserman's equations could not be used 
and the previous fit would be f o r t u i t o ~ s . ~ ~  The splitting of 
the lines at higher field in Fig. 2 would point towards this 
possibility. 

Magnetic Properties.-The magnetic behaviour of the title 
compound is shown in Fig. 3 under the form of the xMT us. T 
plot, xMT being the magnetic susceptibility per two copper(11) 
ions and T the temperature. At room temperature xMT is equal 
to 0.96 cm3 mol-' K, which is a value already higher than what 
is expected for two uncoupled copper(I1) ions. The value of xMT 
increases upon cooling and reaches a plateau around 38 
K with xMT = 1.11 cm3 mol-' K, which remains practically 
constant until 4.2 K. This magnetic behaviour is characteristic 
of a ferromagnetic interaction with a triplet ground state. In 
order to determine the singlet-triplet energy gap ( J ) ,  the simple 
theoretical Bleaney-Bowers expression [equation (2)] was used 

xMT = 2NP2g2/kT-[3 + exp( - J/kT)]- '  (2) 
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Table 5 Structural data and isotropic exchange parameters for [CU,L,(OH),]~+ complexes (L = bipy or bipym)" 

Compound c u - o / A  c u  - ' CUlA cu-o-cu/" o c u o - o c u o / G  

ICU,(biPY )2(0H),l"O,I 2 1.922 2.847 95.6 0.0 
CCU,(biPY )2(OH)21C4O4*4H2O 1.927 2.870 96.4 0.0 
CCU,(biPY ),(OH),lCC~O,I, 1.918 2.87 I 96.9 0.0 
CCU,(biPY )2(0H),ICCF,SO,I2 1.927 2.920 98.5 0.0 1 

(1.926)' (2.89 17) (97.3) (0.13) 
[CU z(bipy ) 2 (  O H  )JS04.5H 2 0  1.939 2.893 96.5 6.1 
c c u  2( biPY )z(OH )21 CPF61, 1.953 2.9 14 96.5 16.5 
C ~ ~ 2 ~ ~ ~ ~ ~ ~ ~ 2 ~ ~ 2 ~ ~ 4 ~ ~ ~ ~ 2 1 ~ ~ ~ ~ ~ 1 2 ~ ~ ~ 2 ~  1.950 2.870 95.0 0.0 

" Average bond distances and angles are given for each structure. * Values in parentheses refer to the asymmetric dimer. 

Jlcrn-' Ref. 
+ 172 2, 8 
+ 145 10 
+ 93 277 + 17 12 

(+158) 12 
+ 49 299 + 12 11 

+ 147 This work 

where N ,  p, k,  g and T have their usual meanings. The average 
value of the g factor for the triplet state can be deduced from the 
value of the plateau (xMT = 2NP2g2/2k). This gives g = 2.107, 
which is practically identical to the deduced one from the ESR 
spectrum (gav = 2.10). We determined J by a least-squares- 
fitting procedure (g  was kept constant and equal to 2.107 in the 
fitting process) and found J = 147 cm-'. The agreement factor 
defined as x:i[(~MT)~b~(i) - ( X M T ) c a l ~ ( ~ ) l ' / ~ i [ ( X M T ) o b s ( ~ ) ] ~  is 
then equal to 2.39 x lo-,. 

Both techniques, magnetic susceptibility measurements and 
ESR spectroscopy, reveal that the nature of the exchange coup- 
ling in [Cu,(bipym),(H,0)4(OH)2][C104]2~2H20 is ferro- 
magnetic. For the sake of comparison, we have gathered in 
Table 5 the reported structural and magnetic data dealing with 
dihydroxo-bridged (2,2'-bipyridine)copper( 11) complexes and 
the present complex. All the cases cited therein exhibit a triplet 
ground state and are examples of the so-called accidental 
orthogonality 36 of the magnetic orbitals qA and qB from each 
copper(r1) ion within the binuclear units. 

The value of 8 = 95.0( 1) (<97.5") for [Cu,(bipym),(H,O),- 
(OH)2][C104]2-2H20 is in agreement with the ferromagnetic 
interaction observed for this complex. The use of bipym as outer 
ligand allowed us to achieve the smallest 8 angle of the series of 
complexes of Table 5. However, the corresponding Jvalue is not 
the greatest. This is due to the fact that the Cu-O(hydroxo 
bridge) distance is one of the largest, leading to smaller density 
overlap (pA'ps in the bridge surroundings. Therefore, although 
the value 8 angle can be tuned, the Cu-O(bridge) distance varies 
in an unforseeable fashion making difficult the control of the 
resulting J value. 

The ferromagnetic coupling observed in [Cu,(bipym),- 
(H,O),(OH),][ClO,] ,-2H,O demonstrates that this species 
has a triplet ground state. This complex is very interesting as a 
precursor of polymetallic compounds [Cu,M] (alternation of 
spins SCUL = 1 and S,) because of the bis-chelating character of 
2,2'-bipyrimidine. Although we have isolated and characterized 
the [C~,(bipym),(OH),]~+ complex as a perchlorate salt, a 
study of the existence of [C~,(bipym),(OH),]~+ in aqueous 
solution as a function of pH is very appropriate in order to 
design further synthetic work. 

Solution Study.-Series of aqueous solutions of the com- 
plex [Cu,(bipym),(H,0),(OH)2][C104]2~2H20 (previously 
acidified with nitric acid to pH 4) were titrated with sodium 
hydroxide to investigate the formation of hydroxo complexes 
of [C~,(bipyrn),(H,O),]~+. The data analysis by means of 
the program SUPERQUAD allowed us to determine the 
equilibrium constant of equation (3): log K ,  = - 10.350( 1). 
Since equilibrium (4) may be written in terms of equilibrium (3) 

2[C~(bipym)(H,O),]~' 
[C~,(bipym),(OH),]~+ + 2H+ + 2H,O (3) 

and K ,  for water, K2 may be expressed as K, /K , ,  from which a 
value of log K ,  = 17.06 was calculated. The corresponding 
distribution diagram of the existing species as a function of pH 
(Cu": bipym in a 1 : 1 molar ratio) shows that [Cu,(bipym),- 
(OH),I2' is the predominant species at pH > 6.3, being the 
only one existing at pH > 7.5. We have not found any evidence 
of the formation of other hydroxo complexes under our 
experimental conditions. 

The similarity between bipym and bipy led us to reinvestigate 
the formation of hydroxo complexes of [ C ~ ( b i p y ) ( H ~ O ) ~ ] ~  + 

in aqueous solution. As for the bipym system, the [Cu,(bipy),- 
(OH),]* + binuclear complex is the only hydroxo species whose 
formation has been observed under our experimental con- 
ditions, the values of log K ,  and log K4 [equations (5) and (6)] 

2[Cu( bipy)(H,O),]' + 

[C~,(bipy),(OH),]~+ + 2H+ + 2 H 2 0  (5) 

2 [C~(b ipy) (H~O)~]~ '  + 2 0 H -  

being - 10.774(1) and 16.73, respectively. These values are 
very close to those reported previously under the same experi- 
mental conditions (25 "C and I = 0.1 mol dm-3).37 Although 
the presence of monohydroxo { [Cu(bipy)(OH)(H,O)] '} and 
dihydroxo { [Cu(bipy)(OH),]} species was observed in aqueous 
s o l ~ t i o n , ~ ~ . ~ *  we have not detected them. In a more recent 

it was reported that the [C~,(bipy),(OH),]~ + complex 
is the predominant hydroxo species in aqueous solutions con- 
taining Cu" and bipy in a 1 :  1 molar ratio. The same 
situation was found for related systems containing 1,lO- 
phenanthroline or histamine as chelating ligands. 

A comparison of the values of log K ,  and log K ,  [equations 
(3) and (5)] shows that [C~(bipym)(H,O),]~ + is somewhat 
more acidic than [Cu(bipy)(H20),l2 +. The overall charge, 
chromophore and chelating ring are identical for both com- 
plexes. However, the greater x-acceptor character of bipym 
with respect to bipy4' enhances the Lewis acid character of the 
metal ion and makes the co-ordinated water more acidic in the 
bipyrimidyl-containing copper(1r) complex. 
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