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A new hexadentate ligand 3,6-bis[(6-methyl-2-pyridyl)(2-pyridyl)methyl]pyridazine (mbdpdz) was prepared by

a condensation reaction of 3,6-dichloropyridazine and (6-methyl-2-pyridyl)(2-pyridyl)methyllithium, and the
following binuclear copper(ir) complexes were obtained: [Cu,(mbdpdz)Cl,] 1, [Cu,(mbdpdz)Br,] 2, [Cu,(mbdpdz)-
Cl,(OH)]CI 3 and [Cu,(mbdpdz)Br,(OH)]Br 4. The crystal and molecular structures of the two isomorphous
complexes 3 and 4 are reported. Both complexes crystallize in the monoclinic system, space group C2/c, with eight
formula units per unit cell. Complex 3: a = 28.364(3), b = 13.511(1), c = 16.858(1) A, p = 109.70(1)°. Complex 4:
a=28.528(5), b=13.459(2), c = 17.348(3) A, B =109.35(1)°. The copper centres in the binuclear cation in 3 and

4 have a square-pyramidal geometry, with a bridging hydroxide angle of 115.1(3) and 116.2(5)° respectively. The
Cu- - - Cu distance was 3.251(2) A in both binuclear complexes. These hydroxo-bridged complexes were obtained
by refluxing acetonitrile-water suspensions of 1 and 2, respectively. Variable-temperature magnetic studies on all
complexes indicate the existence of antiferromagnetic exchange phenomena. Extended-Hiickel calculations were
performed on complexes 3 and 4 in order to identify the electronic origin of the spin coupling of these molecules.

Binucleating pyrazolyl, pyridazine and phthalazine ligands
form predominantly binuclear copper(i) complexes in which, in
many cases, the metal centres are bridged by a hydroxide group
in addition to the diazine moiety.

The hydroxo-bridged diazine-bridged compounds studied
by Thompson and co-workers ™! can be roughly divided into
two groups: those involving five-membered chelate rings and
those involving six-membered rings. Owing to geometrical
restrictions imposed by these chelate rings, the Cu-O—-Cu
bridge angle falls into two ranges; smaller angles for six-
membered rings (100-116°) and larger ones for five-membered
rings (116-127°). The antiferromagnetic interactions found are
larger for the latter complexes. These studies emphasize the role
of the hydroxide bridge as the principal exchange pathway in
the hydroxo-bridged complexes.

However, the principal aim of the above mentioned work
concerned complexes with N, diazine ligands. We herein pres-
ent the syntheses of binuclear copper(ir) complexes with new
hexadentate ligands, derived from pyridazine, which present
six-membered chelate rings around the metal centres {Ng: 3,6-
bis[(6-methyl-2-pyridyl)(2-pyridyl)methyl]pyridazine}.

Results and Discussion

As has been observed with complexes of other pyridazine- and
phthalazine-derived ligands, in the syntheses of copper chloride
and bromide complexes of 3,6-bis[(6-methyl-2-pyridyl)(2-
pyridyl)methyl]pyridazine (mbdpdz), binuclear tetrahalide
derivatives are produced when the water content is minimized.
However, when water is used as solvent the hydroxide deriv-
atives are obtained.

The structure of the halide derivatives of the mbdpdz ligand,
[Cuy(mbdpdz)X,] (X =Cl1 or Br 2), could not be determined

* Non-SI units employed: pg ~9.274 x 107 J T ™1, eV~ 1.602 x 1077 J;
cal=4.184J,G=10"*T.

bdpdz

mbdpdz

since good single crystals could not be grown from common
organic solvents due to the limited solubility of the compounds.
Only when the complexes were dissolved in hot water, crystals
of the hydroxo derivatives were obtained, and their structures
determined by X-ray diffraction.

Chloro complex 1 and bromo complex 2

The structure of complex 1 should be quite similar to that
shown by [Cu,(bdpdz)CL(H,0)]Cl [bdpdz = 3,6-bis(di-2-
pyridylmethyl)pyridazine].'* Therefore, a significantly distorted
octahedral geometry at each copper(1) centre can be inferred,
with two chloride bridges between the two metal centres
together with the bridging diazine ligand. The existence of co-
ordinated water in 1, as in [Cu,(bdpdz)Cl;(H,0)]Cl is not evi-
dent due to the facility that exists in the generation of hydroxo
species with the mbdpdz ligand. However, the elemental analy-
sis of the complex corresponds to [Cu,(mbdpdz)Cl,]-2H,0.
The assumption of similar structures is based on the almost
identical magnetic behaviour that is shown by the two binuclear
complexes. The binuclear species 1 shows magnetic coupling
between the metal centres. This antiferromagnetic behaviour
can be quantified by the calculated J value of —36 cm™, which
compares well with J=-39.8 cm™' for [Cuy(bdpdz)Cl;-
(H,0)]ICl. The variable-temperature magnetic susceptibility
data for complex 1 are shown in Fig. 1. The best fit was calcu-
lated from the modified Bleaney-Bowers equation for exchange-
coupled pairs of copper(ir) ions,"* as shown in equation (1). In
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Fig. 1 Corrected magnetic susceptibility vs. temperature for (A)
[Cu,(mbdpdz)Cl,]-2H,0 1 and (O) [Cu,(mbdpdz)Cl,(OH)]CI 3
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Fig. 2 The EPR spectra of (a) [Cuy(mbdpdz)CL]-2H,0 1 and
(b) [Cuy(mbdpdz)Cl,(OH)]CI 3 at room temperature
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this expression all symbols have their usual meaning. The
parameters giving the best fit were obtained by using a non-
linear regression analysis. The exchange integral for 1 was
2J=—72 cm™, the fraction of magnetically dilute copper(ir)
impurity y = 0.04 and g = 1.91; Na was taken as 120 cm® mol ™.

The low value obtained for g can be attributed to inter-
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Fig. 3 Inverse corrected magnetic susceptibility vs. temperature for
[Cuy(mbdpdz)Br,]-H,0 2

molecular spin coupling interactions, thus indicating that the
simple Bleaney-Bowers equation is not the best mathematical
expression to fit the experimental susceptibility data. Thus the
polycrystalline room-temperature powder EPR spectrum of
complex 1 consists of a single, quasi-symmetrical signal, with
no hyperfine splitting and no signal at half-field, which allows
the calculation of g =2.12 (Fig. 2).

For the bromo complex 2, elemental analysis indicates that a
binuclear species is also formed, as in the case of chloro com-
plex 1. Magnetic measurements made on [Cu,(mbdpdz)Br,]-
H,O show strong temperature dependence of magnetic moment
per dimer, dropping from a value of 2.66 pg at 300 K to 1.51 pg
at 5 K (Fig. 3). The plot of the inverse susceptibility versus
temperature shows two distinct linear dependence ranges. If
one calculates the effective magnetic moment from the 7T
product for each temperature, a monotonic decrease is observed
from room temperature to 2 K (insert Fig. 3). This behaviour
can only be explained by supposing that intermolecular inter-
actions become important as the temperature is lowered. The
powder EPR spectrum of 2 at room temperature is similar to
the one recorded for 1, and allows the calculation of a g value
of 2.12.

[Cu,(mbdpdz)CL(OH)ICI 3 and [Cuy(mbdpdz)Br,(OH)]Br 4

Binuclear complexes 3 and 4 are isostructural with very similar
geometry and dimensions involving the hexadentate ligand and
the two copper(11) centres. The binuclear unit is bridged by the
organic molecule and by the hydroxide group. Both complexes
present one terminal halogen atom in the first co-ordination
sphere of each metal. Complexes 3 and 4 are stabilized by
an external, non-co-ordinated halogen ion, the latter being
severely disordered.

The structure of 3 and 4 is shown in Fig. 4, and interatomic
distances and angles relevant to the copper co-ordination
spheres are given in Tables 1 and 2. The binuclear cationic com-
plex is not flat, with the two copper(i1) atoms bound to four
in-plane (N,OCI) donors with Cu—N and Cu-O distances close
to 2.0 A, and Cu—Cl distances of 2.255(3) and 2.252(3) A, and
Cu-Br distances of 2.392(2) and 2.405(2) A, respectively. The
apical Cu(1)-N(3) and Cu(2)-N(6) distances are 2.264(6) and
2.321(7) for 3, and 2.261(9) and 2.334(9) for 4. For complex 3
the deviations of the atoms from the best mean plane defined
for the Cu(1)-O(1)-Cu(2)-N(4)-N(1) ring are —0.008, 0.84,
0.008, —0.018 and 0.018 A. Similar values are found for the
complex 4 Cu(1)-O(1)-Cu(2)-N(4)-N(1) ring (—0.006, 0.83,
0.006, —0.015, 0.015 A).

The stereochemistry at each metal atom is square pyramidal.



Table 1 Selected interatomic distances (A) and angles (°) for complex
3

Cu(1-0(1) 1.930(7) Cu(1)-N(2) 2.015(7)
Cu(1)-N(1) 2.043(6) Cu(1)-CI(1) 2.252(3)
Cu(1)-N(3) 2.264(6) Cu(2)-0(1) 1.921(6)
Cu(2)-N(5) 2.021(6) Cu(2)-N(4) 2.057(6)
Cu2)-ClI(2) 2.255(3) Cu(2)-N(6) 2.321(7)
O(-Cu(1)-N(2)  164.2(3) O(D)-Cu()-N(1)  83.4(3)
NQ)-Cu()-N(1)  86.1(3) O()-Cu()-CI(1)  90.9(2)
N@)-Cu()-CI(1)  95.9(2) N(1)-Cu(1)-CI(1)  163.0(2)
O(1)-Cu(1)-N(3)  103.4(3) NQ2)-Cu(1)-N(3)  87.3(3)
N()-Cu()-N(3)  85.0(3) CI()-Cu(1)-N(3)  111.92)
O(1)-Cu(2)-N(5)  163.8(3) O()-Cu(2)-N@4)  83.6(3)
N(G)-Cu(2-N@)  87.6(3) O()-Cu(2)-CI(2)  90.02)
N(G5)-Cu(2-Cl2)  95.2(2) N@)-Cu(2)-Cl2) 165.2(2)
O(1)-Cu(2)-N(6)  107.0(3) N(5)-Cu(2)-N(6)  85.5(3)
N@)-Cu(2-N(@6)  83.8(3) CI2)-Cu(2)-N(6)  110.9(2)

Cu(2)-0(1)-Cu(l) 115.1(3)

Table 2 Selected interatomic distances (A) and angles (°) for complex
4

Cu(1)-0(1) 1.905(9) Cu(1)-N(2) 2.028(9)
Cu(1)-N(1) 2.058(9) Cu(1)-NQ3) 2.261(9)
Cu(1)-Br(1) 2.392(2) Cu(2)-0(1) 1.923(10)
Cu(2)-N(5) 2.019(10) Cu(2)-N(4) 2.066(9)
Cu(2)-N(6) 2.334(9) Cu(2)-Br(2) 2.405(2)
O(1)-Cu(1)-N(2)  163.5(4) O(1)-Cu(1)-N(1)  82.5(4)
NQ)-Cu(1)-N(1)  86.4(4) O(1)-Cu(1)-N(3)  104.1(4)
NQ)-Cu(1)-N(3)  87.14) N()-Cu(1)-N(3)  85.6(4)
O()-Cu(1)-Br(1)  90.2(3) N(Q2)-Cu(1)-Br(1)  96.6(3)
N(1)-Cu(1)-Br(1) 161.6(3) NG)-Cu(1)-Br(1) 112.7(3)
O(1)-Cu(2)-N(5)  161.5(5) O(1)-Cu(2)-N(4)  83.04)
NG)-Cu(2-N@)  86.8(5) O(1)-Cu(2)-N(6)  107.7(4)
N(5)-Cu(2)-N(@6)  86.1(4) N(@)-Cu(2)-N(6)  82.8(4)
O(1)-Cu(2)-Br(2)  89.7(3) N(G5)-Cu(2)-Br(2)  96.7(3)
N@)-Cu(2)-Br(2) 165.3(3) N(6)-Cu(2)-Br(2) 111.6(3)
Cu()-O(1)-Cu(2) 116.2(5)

Fig. 4 A computer generated drawing of [Cu,(mbdpdz)X,(OH)]X
(X=Cl3orBr4)

For 3 Cu(l) lies 0.27 A above the mean plane defined by the
basal Cl(1)-O(1)-N(1)-N(2) [—0.036, 0.043, —0.046, 0.039 A]
atoms, while Cu(2) lies 0.26 A above the equivalent mean plane
defined by CI(2)-O(1)-N(4)-N(5) [-0.005, 0.006, —0.007,
0.006 A] atoms. The dihedral angle between these two planes is
64.6°. For 4 Cu(1) lies 0.29 A above the mean plane defined by
the basal atoms Br(1)-O(1)-N(1)-N(2) [—0.43, 0.055, —0.058,
0.046 A], while Cu(2) lies 0.27 A above the mean plane defined
by atoms Br(2)-O(1)-N(4)-N(5) [0.009, —0.01, 0.01, —0.009
A]. The dihedral angle between these two planes is 65.7°. The
distortion from square-pyramidal geometry is greater for Cu(1)
in both complexes.

Table 3 Internal coordinates of the hydrogen atom in the hydroxo
ligand (complex 3 represented by X =Cl, complex 4 by X =Br), as
optimized by molecular mechanics (MM +)

Complex 3 (X =Cl) Complex 4 (X = Br)

O-H bond length/A 1.01 1.00
Cu(1)-O-H angle/° 110.4 104.6
Cu(2)-O-H angle/° 115.4 104.7
H-X(1)/A 2.64 2.79
H-X(2)/A 277 2.86

The copper—copper distance is identical in both complexes
[3.251(2) A], while the Cu(1)-O(1)-Cu(2) angles are 115.1(3)
and 116.2(5)° for 3 and 4 respectively. This difference in the
bridging angle modifies the Cu(1)-O(1) distance which is longer
for complex 3 [Cu(1)-O(1) 1.930(7) A] than for complex 4
[Cu(1)-O(1) 1.905(9) A]. The Cu(2)-O(1) bond remains almost
constant [1.921(6) and 1.923(10) A for 3 and 4 respectively]. A
similar interplay of the bridge angle with the Cu—-O bond
lengths has been reported by Thompson and co-workers.’

Although a hydrogen atom could not be located on O(1),
other data, including an infrared absorption at 3540 cm ™! leave
little doubt as to the identity of this bridging group as
hydroxide.

The position of the hydroxo ligand hydrogen atom of com-
plexes 3 and 4, which X-ray diffraction could not yield, was
refined with molecular mechanics. For molecular mechanics,
the MM + force-field parameter set was slightly modified in
order to account for the copper atom. The van der Waals
parameters for Cu™ have been tested elsewhere with several
types of ligands.'*'* In order to take into account Cu—H 1,3-van
der Waals and 1,3-electrostatic interactions, which revealed
themselves as the most important, and which are used in
inorganic molecular mechanics,® dummy C sp atoms were
added at the middle of the Cu—O bond. As the MM + force field
only takes into account 1,4 non-bonded interactions, these C
atoms served to make the 1,3 Cu—H interactions appear as 1,4
interactions to the force field, without modifying anything else
in the calculation. Thus van der Waals and electrostatic Cu—H
interactions could be taken into account, and the indeterminate
Cu—O-H bending term could be bypassed, being transformed
into C-O-H bending. Also, because of the uncertainty of the
hydroxo-oxygen status in the complex, two atom types were
tried for oxygen, O2 which corresponds to a sp* oxygen, and Of,
the furan type, where the hybridization state is sp?. Finally,
only the former was retained since the two types gave results
corresponding to a tetrahedral oxygen.

For both complexes 3 and 4, the geometry optimization, per-
formed without any constraint on the Cu—O-H angles, yielded
a hydrogen atom with a Cu—O-H angle closer to 109° (tetra-
hedral) than to 122° (trigonal). The H - - - X distance from the
geometry optimization also indicates a slight interaction (Table
3). In order to verify the possibility of existence of multiple
minima, a graph of the strain energy versus the Cu—O-H angles
(both set to the same values) is presented in Fig. 5. The 122°
angle corresponds to a planar structure. Both Cu—O-H angles
were then lowered towards to a tetrahedral structure with the
constraint of both Cu—O-H angles being set to the same value
(recorded on the x axis). The only minimum encountered lies
above the Cu—O—-Cu plane, obviously corresponding to an
attractive interaction between H and Br.

Room-temperature magnetic moments per copper atom for
complex 3 (L= 1.05 pg) and for complex 4 (U = 1.28 ) indi-
cate antiferromagnetic coupling between the copper(i1) centres
(Figs. 1 and 6). The polycrystalline EPR spectra of compounds
3 and 4 where recorded at X-band frequency at 300 K. The
spectra have low absorption intensities and are poorly resolved
in the m, = %1 region near g=2.1, and no m,= %2 absorption
was observed (Fig. 2). Probably the zero-field splitting tensor D
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Fig. 6 Corrected magnetic susceptibility vs. temperature for (A)
[Cu,(mbdpdz)Br,]-H,0 2 and (O) [Cu,(mbdpdz)Br,(OH)]Br 4

and the g tensor are not coaxial, so their principal values can-
not be deduced from powder data as previously reported for
highly coupled dicopper complexes."”

In contrast to the results for the chloro complex 1 and the
bromo complex 2, a much larger antiferromagnetic interaction
is operating in complexes 3 and 4. Since the differences in the
ligands of complexes 1 and 3, and 2 and 4 is obviously the
presence of the hydroxide-oxygen which bridges the copper
centres, the increase of the antiferromagnetic interaction
should be caused by the hydroxo group. The dichloro and
dibromo complexes 1 and 2 have metal centres which are prob-
ably bridged by an equatorial and an axial halogen ligand.
Although halogen bridges are known to be superexchange
active, the orientation of the magnetic orbitals of the metal
centres in these complexes is such that effectively no anti-
ferromagnetic exchange should be expected to occur via these
bridging groups.’* Therefore the diazene bridge is the only
effective path for the magnetic interaction. As previously
reported, when the two copper(l) ions are bridged by an
extended ligand, the ferromagnetic component is actually
very small and only the antiferromagnetic contribution is
significant.'®"

In compounds 3 and 4 a slightly distorted pyramidal geom-
etry of the Cu® ions results in a ground state configuration of
the complex dominated by d,._,: orbitals that orient their lobes
toward both the hydroxo- and pyridazine-bridging ligands.
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When the two copper(11) ions are bridged by an extended ligand
such as pyridazine each magnetic orbital is delocalized over a
large number of bridge atoms, consequently the overlap density
is spread over the entire bridge. Both the ¢ and & orbitals of the
pyridazine heterocycle should be capable of acting as super-
exchange pathways between copper(ir) ions. The overlap of the
copper magnetic orbitals and the ¢ and m orbitals of the
nitrogen-containing heterocycles is maximum in a planar
arrangement when the Cu—N-N angle is close to 120°. The
values reported for the present pyridazine compounds 3 and 4
could explain partially the strong antiferromagnetic interaction
[Cu(1)-N(1)-N(4) 117.6(5) and Cu(2)-N(4)-N(1) 117.5(6)]
for 3 and [Cu(1)-N(1)-N(4) 118.2(8) and Cu(2)-N(4)-N(1)
117.0(9)°] 4. When the corresponding angle deviates signifi-
cantly from the ideal value, as observed for triazole**® and
indazole?"? the exchange decreases. Besides, the moderately
large Cu—O—Cu angles [115.1(3) and 116.2(5)° for 3 and 4
respectively] should result in good overlap between the copper
d._,: orbital and the s and p orbitals of the oxygen atom, thus
permitting the exchange interaction evidenced by the sub-
normal effective magnetic moments at room temperature.

In order to get a better insight into the above mentioned
electronic effects, we have performed extended-Hiickel® (EH)
calculations on these compounds, with the use of the CACAO
package.” The standard atomic parameters were used for C, O,
N and H;??* those of Cu, Cl and Br were taken from the
literature.***” Calculations were made on the experimental
X-ray molecular structures, which are in both cases not far from
the ideal C, symmetry. The position of the hydroxo hydrogen
atoms, not experimentally determined, were taken from
force field-type calculations described above. The optimized
Cu(1)-O-H and Cu(2)-O-H bond angles and O-H bond dis-
tance of 3 and 4 are given in Table 3. They clearly indicate a
non-planar co-ordination (sp*) of oxygen. This result is consist-
ent with the absence of a vacant p-type orbital on any of the
oxygen neighbours, which would allow conjugation. However,
we were aware that the hybridization of oxygen could some-
what influence the energy and shape of the magnetic orbitals
of 3 and 4. This point has been discussed by others in the case
of related compounds.®3° It turns out that the nature and
energy of the magnetic orbitals are only very slightly depend-
ent on the hybridization of oxygen, as experienced by EH
calculations in which the Cu—O-H bond angles were varied
from 100 to 120°. Therefore, the results described below
correspond to the calculations made with the MM + optimized
hydrogen positions, which are likely to be close to the real
ones.

As expected, 3 and 4 having very similar structures, lead to
very similar results. In both compounds, the Cu - - - Cu overlap
population is close to zero (—0.007 and —0.008 in 3 and 4,
respectively), indicating no direct through-space coupling
between the metals. In agreement with the observed bond dis-
tances, the apical Cu—N overlap populations are much smaller
than the equatorial ones. The corresponding averaged values
for 3 are +0.150 and +0.299, respectively. In 4, they are +0.151
and +0.300, respectively. The two magnetic orbitals of 3 are
plotted in Fig. 7. Both are metal-ligand antibonding and have a
large d,._,. character, with no participation from the apical
nitrogen atoms. This is in agreement with the pyramidal square-
planar co-ordination mode of the metal atoms in 3 and 4. In 3,
these two levels are separated by a gap of 0.20 eV. In the case of
4 it is 0.24 eV. The width of this gap varies as the square root
of the antiferromagnetic coupling constant.”® The magnetic
orbital of lowest energy (¢,) is the in-phase combination of
the copper atomic orbitals (AO’s), while the highest (,) is the
out-of-phase combination. As pointed out by others,?3%33
these orbitals mix in an antibonding way with AO’s of the
bridging oxygen atom. The ¢, orbital mixes with a s-type
oxygen hybrid and ¢, mixes with the 2p(O) orbital which lies
parallel to the Cu---Cu vector. As expected from the rather



Fig.7 Phase and spatial distribution of («) symmetric ¢, and (b) antisymmetric ¢, magnetic orbitals

large Cu—-O—Cu angle,® the Cu—O antibonding character is
larger in @, than in ¢,. In the case of 3, the average Cu-O
overlap populations in ¢, and ¢, are —0.074 and —0.032
respectively; the corresponding values of 4 are —0.068 and
—0.027.

As predicted by Nishida and Kida,* ¢, mixes in an anti-
bonding way with an in-phase combination of s-type diazenic
nitrogen hybrid AQO’s, while @, mixes in an antibonding way
with the out-of-phase combination of the same hybrids. As a
consequence, @, presents some N-N bonding character, as
exemplified by its N-N overlap population which is +0.040 in 3
and +0.038 in 4. On the other hand, ¢, is N-N antibonding
with a corresponding overlap population of —0.061 in 3 and
—0.068 in 4.

Therefore, at least two important geometrical parameters are
responsible for the existence of a gap between ¢, and ¢,, and
consequently for the antiferromagnetic behaviour of 3 and 4.
One is the large Cu—O—Cu angle which renders ¢, more Cu-O
antibonding than @,. The second one is the rather short N-N
separation which renders @, significantly N-N antibonding and
renders ¢, N-N bonding. One should however be aware that
other factors are contributing to the energies of ¢, and ¢,. In
particular, these two orbitals differ also significantly by their
Cu~-N (diazene) character; ¢, is more Cu—N antibonding than
¢,. In 3, the corresponding average overlap populations in
these two levels are —0.055 and —0.026, respectively; in 4, they
are —0.050 and —0.023. The origin of this difference, which
tends to lower the gap between o, and ¢,, is difficult to rational-
ize simply. A careful analysis of the wavefunction indicates that
the other ligands (i.e. the halogen and the equatorial pyridinic
ring) play some role in the difference of Cu-N (diazene) anti-
bonding character of ¢, and ¢,. Another crucial geometric
factor is the degree of planarity of the CuNNCu sequence. In 3
and 4 the CuNNCu torsional angle is close to zero (3.2 and
2.7°, respectively). In this situation, the nitrogen o-type hybrids
which participate in ¢, and ¢, have their overlap close to
maximum, contributing largely to the existence of a gap
between the magnetic levels. This is not the case, for instance in
similar compounds [Cu,(bdpdz)Cl;(H,0)]Cl and [Cu,(bdpdz)-
Br,] in which this torsional angle is much larger (18.2 and 16.6°,
respectively), and is reflected in low antiferromagnetic inter-
actions.’? This may be part of the reason why 1 and 2, assuming
similar structures to the above mentioned compounds, are less
magnetically coupled than 3 and 4. The position of the oxygen
atom with respect to the mean plane of the ring is also import-
ant. If it was closer to the plane, stronger Cu—O interactions

would result, leading to a larger difference in the Cu—O anti-
bonding character of ¢, and @,.

Finally, it should be noted that the various structural param-
eters described above are not independent, due to the strain in
the CuNNCuO ring. Changing one of them would result in
changing them all. As a consequence, it is not really possible to
identify a single parameter which would be the only significant
factor affecting the magnetic exchange in 3 and 4.

Experimental
Syntheses

(6-Methyl-2-pyridyl)(2-pyridyl)methane was prepared by a
literature method.*

3,6-Bis[(6-methyl-2-pyridyl)(2-pyridyl)methyl]pyridazine

(mbdpdz). This compound was prepared by addition of 3,6-
dichloropyridazine dissolved in diethyl ether to a solution of
(6-methyl-2-pyridyl)(2-pyridyl)methyllithium in the same
solvent at —20 °C. The reaction mixture was allowed to reach
room temperature, and then water was added to destroy any
unreacted organolithium compound. The insoluble solid was
filtered off, washed with water and vacuum dried; yield 40%. 'H
NMR (CDCL): 6 2 (s, 6 H, methyl protons), 6 (s, 2 H, methyne
protons), 67 (m, 14 H, aromatic protons) and 8.5 (dd, 2 H,
pyridine a protons).

[Cu,(mbdpdz)Cl,] 1 and [Cu,(mbdpdz)Br,] 2. A solution of
mbdpdz (1 mmol) in methanol (15 cm®) was added to a warm
solution (5 cm®) of CuBr, or CuCl,-2H,0 (3 mmol) in the same
solvent. The green precipitate obtained was insoluble in most
common solvents and was used without further purification.
Elemental analysis (C, H, N) were performed by the micro-
analytical service of CEPEDEQ of the Universidad de Chile
{Found for 1: C, 43.7; H, 3.7; Cl, 17.8; Cu, 16.45; N, 10.9. Calc.
for [Cu,(mbdpdz)Cl,]-2H,0: C, 44.86; H, 3.74; Cl, 18.96; Cu,
16.96; N, 11.21%. Found for 2: C, 37.0; H, 2.8; Br, 33.4; Cu,
13.5; N, 9.2. Calc. for [Cu,(mbdpdz)Br,]-H,O: C, 36.96; H,
2.86; Br, 35.2; Cu, 13.98; N, 9.24%}.

[Cu,(mbdpdz)Cl,(OH)ICI 3 and [Cu,(mbdpdz)Br,(OH)]Br 4.
Aqueous acetonitrile suspensions of 1 and 2 were refluxed until
the solid dissolved completely. The solutions were left for
several days; on standing blue crystals of 3 and 4 suitable for X-
ray diffraction studies separated {Found for 3: C, 47.9; H, 3.6;
Cl, 14.9; Cu, 18.3; N, 11.9. Calc. for [Cu,(mbdpdz)CL,(OH)]CI:
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Table4 Crystallographic data and refinement details for complexes 3 and 4

Formula CyH,5CL,Cu,NO
M 694.97
Crystal system Monoclinic

Space group, number
Crystal size/mm
Crystal colour, habit

C2/c (no. 15)
0.30 X 0.20 x 0.16

Prismatic, light blue

C,3H,5Br;Cu,N,O
828.35

Monoclinic

C2/c (no. 15)

0.18 X 0.12 x 0.09
Prismatic, dark blue

alA 28.364(3) 28.528(5)
bIA 13.511(1) 13.459(2)
clA 16.858(1) 17.348(3)
Br 109.70(1) 109.35(1)
UIA? 6082.3(9) 6284.8(18)
V4 8 8

DJgcem™® 1.52 1.75

F(000) 2816 3248

wmm ! 1.69 5.20

0 Range/° 1.69-22.55 1.51-22.55
Index ranges —30<h=<29,0s<k=<14,-1=</=<18 —30<h=<28,0<k=<14,0=</=<18
Collected reflections 4484 5796
Independent reflections (R, 4003 (0.033) 4084 (0.040)
Observed reflections [F? > 26(F?)] 2501 2202
Absorption correction None None

R1, wR2 [F* > 20(F?)] 0.069, 0.204 0.085,0.217
R1, wR2 (all data) 0.108, 0.226 0.151, 0.264

C, 48.35; H, 3.63; Cl, 15.30; Cu, 18.26; N, 12.09%. Found for 4:
C, 40.1; H, 3.0; Br, 28.0; Cu, 15.3; N, 10.0. Calc. for [Cu,-
(mbdpdz)Br,(OH)]Br: C, 40.56; H, 3.02; Br, 28.97; Cu, 15.32;
N, 10.14%}.

X-Ray crystallography

Crystal data, data collection and processing; structure analy-
sis and refinement for complexes 3 and 4 are summarized in
Table 4.

Crystallographic programs employed were the Siemens data
collection software and SHELXTL PLUS.* Scattering factors
were from ref. 36.

Both complexes are stabilized by an external, non-
co-ordinated halogen atom. The latter is found to be severely
disordered into a number of partially occupied sites. The occu-
pancies of the halogen atom were restrained during refinement
to add to one, in accordance to the known chemical com-
position. As a result of this severe disorder, the diffraction data
were of a rather poor quality, and although good enough to
allow a reasonable model to be found by Patterson methods, it
prevented any successful unassisted refinement of the latter.
The problem could only be circumvented by imposing a set of
similarity restraints to homologous distances in the structures.
With these set of metric restrictions in force, refinement on
F? converged rather smoothly to the final values reported in
Table 4.

CCDC reference number 186/690.

Magnetic measurements

Samples were used as powders for magnetic susceptibility
measurements. Magnetic susceptibility data were obtained
between 5 and 300 K using a SHE 906 SQUID magnetometer,
at a field of 1 kOe (10* A m™'). For complex 2 magnetic
measurements were repeated at the low-temperature range from
2.24 to 7.03 K in order to minimize the experimental error.

Pascal’s constants were used to estimate the correction of
diamagnetism of the sample, and the temperature-independent
paramagnetism contribution for each copper atom was taken
as 60 cm® mol .

Molecular mechanics

In order to refine the position of the hydroxo ligand hydrogen
atom which X-ray diffraction could not yield, in complexes 3
and 4, a molecular mechanics analysis was performed. The
software package HYPERCHEM 4.5 was used.*’

3688 J. Chem. Soc., Dalton Trans., 1997, Pages 3683—-3689

The MM+ force field was used, along with the introduction
of one new atom type for copper and corresponding van der
Waals parameters." As no dipole moments involving Cu were
available, the electrostatic term was chosen as point charges,
with the charges calculated using the extended-Hiickel method.
All atoms were frozen in their crystallographic positions except
for the hydrogen, and geometry optimization was performed,
using the block-diagonal Newton—Raphson optimizer, with a
root mean square limit of 0.01 kcal mol™ A" for the gradient.
For the potential energy graph, single point energies were calcu-
lated with the additional constraint of both Cu—O-H angles
being fixed at the same value, the value used as the abscissa on
the graph of Fig. 5.
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