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Four binuclear copper(Il) compounds with the anionic form
of the ligand 4,5-dihydro-5-oxo0[1,2,4]triazolo[1,5-a]pyrimid-
ine (5tpO~) have been isolated, their formulae being
[Cuy(5tpO)s(H;0),]2H,0 (1), [Cuy(phen),(5tpO),(H;0),]-
(NO3)24H,0  (2),  [Cuy(biim),(5tpO)2(H20)](C10O4)2+5.5H,0
(3), and [Cuy(CH3CO,),(5tpO)2(H0),] (4) (phen = 1,10-
phenanthroline, biim = bisimidazole). A related mononuclear
complex, [Cu(phen),(5HtpO),](NO3), (5), has also been pre-
pared. The crystal structure of compounds 1-3 has been de-
termined by X-ray diffraction, showing their binuclear nature
with four (1) or two (2, 3) bridging 5tpO~ moieties. The triazo-
lopyrimidine ligand binds the copper atoms through N3 and
N4 in compounds 1 and 3, whereas a novel binding mode
through N3 and the exocyclic oxygen atom has been found

in 2. The study of the solution behaviour of 2 and 5 shows
the important role of the solvent in the formation of the mono
or binuclear complex. The reduction of the metal centres to
Cu! has been observed by electrochemical methods, demon-
strating that this ligand stabilizes this oxidation state. Mag-
netic susceptibility measurements and electronic paramag-
netic resonance (EPR) spectra seem to indicate a dimeric
nature also for compound 4. The antiferromagnetic inter-
action between the copper atoms inside the dimer is very
strong for 4 (2J = -221.3 cm™!) and 1 (2J = -104.9 cm™), fairly
strong for 3 (2J = -21.6 cm™), and very weak or non-existent
for 2. The nature of the copper—copper interaction in com-
pound 1 has been analyzed by using molecular orbital calcu-
lations.

Introduction

The study of dinuclear complexes of copper(Il) is a very
active research field and more than nine hundred of such
complexes have been structurally characterized, according
to a recent review.['l The interaction between the spins of
both metal atoms leads to the existence of two states with
different energy, one with a total spin of zero (singlet) and
the other with a total spin of one (triplet). This difference
of energy (2J) is experimentally observable by means of
magnetic susceptibility measurements. The value of 2J de-
pends on many structural features and the Cu—Cu distance
does not seem to be the key parameter. This dependence is
far from being fully understood in the general case, but use-
ful correlations, more empirical than theoretical, have been
formulated for a few types of bridging ligands: hydroxo,
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halides,?* carboxylates,®! azide and thiocyanate,[ or even
purine bases.[”]

The work presented here follows the research line that
has been carried out in the last few years by our group
on the interaction of 1,2,4-triazolo[1,5-a]pyrimidine ligands
with metal ions; a review about the subject has been re-
cently published by us.®! These compounds present several
positions in their molecules for binding metal ions making
them suitable for building dinuclear or polynuclear com-
pounds. The interactions between the metal centres have
been studied by means of molecular orbital (MO) calcula-
tions in dimeric compounds of silver()) and plat-
inum(I1),'% but dinuclear copper(Il) complexes with
bridging triazolopyrimidine ligands have not been described
previously to this article, despite the structural and theoret-
ical interest of copper dinuclear compounds and their mag-
netic properties.

We describe here the synthesis and characterization of
several copper(Il) dinuclear complexes with the ligand 4,5-
dihydro-5-oxo[1,2,4]triazolo[1,5-a]pyrimidine in its anionic
form (5tpO~) bridging the metal centres. The aim of this
work is to characterize the bridging coordination behaviour
of the ligand towards Cu', studying the relationship be-
tween the structure and the experimental properties of the
isolated compounds. The role of the ligand has been deter-
mined by X-ray diffraction, an unexpected binding mode
having been found in the compound with phenanthroline as

1434—1948/02/0404—0811 $ 17.50+.50/0 811



FULL PAPER

M. Quirds et al.

an auxiliary ligand. The way in which the structural features
influence the redox properties (observed by electrochemical
measurements) and the intermetallic interaction (observed
by magnetic susceptibility and EPR measurements) has
been studied. The nature of this interaction has been theor-
etically analyzed by means of MO calculations for the com-
pound with a quadruple bridge. The study of the formation
process in solution of the related mono- and dinuclear com-
plexes containing phenanthroline as an auxiliary ligand has
revealed the role of the solvent.

Results and Discussion

The compounds described in this work are the following:
[Cuy(5tp0)4(H>0),]-2H,0, (1) [Cux(phen)y(5tpO)>(H>0),]-
(NO3)2*4H,0 (2), [Cux(biim),(5tpO)2(H,0)](ClO4)25.5H,0
(), [Cuy(CH3CO,)y(5tpO), (H>0),] (4), and [Cu(phen)-
(5HtpO),](NO3), (5), SHtpO being the ligand 4,5-dihydro-
5-oxo0[1,2,4]triazolo[1,5-a]pyrimidine and phen and biim
representing respectively the auxiliary chelating ligands
1,10-phenanthroline and bisimidazole.

Description of the Structures

The crystal structures of compounds 1, 2, and 3 have
been determined from single-crystal X-ray diffractometry.
The molecular structure of these compounds is depicted in
Figures 1, 2, and 3. The three complexes are dinuclear with
the anionic form of (5tpO ™) acting as the bridging ligand;
four such bridges are present in compound 1 and two in
compounds 2 and 3. Attached to each copper atom in the
two latter compounds, there is a bidentate aromatic amine
(1,10-phenanthroline or 2,2'-bisimidazole) acting as an aux-
iliary ligand. A typical 4+1 square pyramidal environment
(not considering the other copper atom) is completed by a
water molecule at a longer distance (see Table 1) at the
apical position, except for one of the metal atoms (Cu2) in
compound 3, which is square planar. Copper atoms are, in
all cases, deviated from the corresponding basal planes

Figure 1. View of the molecular structure of compound 1; atoms
are represented as 50% probability thermal ellipsoids
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Figure 2. View of the molecular structure of compound 2; atoms
are represented as 50% probability thermal ellipsoids

Figure 3. View of the molecular structure of compound 3; atoms
are represented as 50% probability thermal ellipsoids

away from their counterparts: the corresponding distances
(also included in Table 1) seem to be influenced both by
the presence of the water molecule in the fifth position (the
deviation is almost zero for the square planar Cu atom and
is higher when the Cu—OH, distance is shorter) and also
by the proximity of the other metal atom. Nitrate 2 or per-
chlorate 3 ions balance the charge and non-coordinated
water molecules complete the crystal structures.

The most outstanding feature of these structures is the
different coordinating behaviour of the ligand. In 1 and 3,
the 5tpO~ entities bridge the metal atoms through the ni-
trogen atoms at positions 3 and 4; such a binding mode is
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Table 1. Selected distances [A] and angles [°]

1 2 3
Cu—Cu 2.891(2) 4.610(1) 3.1968(7)
Cu—N3 2.000(8) 2.004(6) 1.994(3)
1.985(9) 1.997(6) 2.001(3)
Cu—N4 2.036(7) - 1.987(3)
2.080(9) 2.003(3)
Cu—-05 - 2.005(5) -
1.993(5)
Cu—N(amine) - 2.009(6) 2.005(3)
2.012(6) 2.020(3)
2.010(6) 1.995(3)
2.028(7) 2.018(3)
Cu—O(water) 2.207(7) 2.287(5) 2.193(3)
2.345(6)
C5-05 1.242(11) 1.273(8) 1.249(5)
1.217(13) 1.280(8) 1.240(6)
Cu—Ny/N;0 plane 0.2523(13) 0.088(3) 0.2599(10)
0.080(3) 0.0051(10)
N3—-Cu—N3 87.0(4) - 91.30(13)
N4—-Cu—N4 90.3(3) - 93.11(13)
N3—Cu—N4 cis 88.4(3) - -
90.7(3)
N3—-Cu—N4 trans 165.5(3) - —
165.4(3)
N3-Cu—-05 - 91.1(2) -
92.5(2)
C3A—-N4-C5 118.1(8) 116.4(6) 118.2(3)
115.509) 116.7(6) 118.5(4)
N4—-C3A—N8 123.6(8) 123.6(7) 122.6(4)
124.0(10) 123.9(7) 122.7(4)
N4-C5-05 120.5(8) 117.0(7) 119.1(4)
117.3(11) 116.8(7) 118.9(4)

common for triazolopyrimidine ligands and has been ob-
served for Cul,['!} Ag! 121 pd!T 131 Pt [19] and heterometal-
lic Pt""—Pd"™ compounds,'l but it was observed first for
Cu', although other ligands such as purines interact with
Cu' in a similar fashion.['> The coordination behaviour of
the ligand in 2, is much more unusual, however, in using
the exocyclic oxygen atom (instead of N4) together with N3
to bridge the metal atoms (Figure 2). We have not found
any other example in the bibliography of this binding mode
for any metal and any bicyclic aromatic heterocycle con-
taining an exocyclic oxygen atom, apart from a compound
with a single xanthinato ion bridging three titanium atoms
in a disposition that is, however, rather different to that in
our compound.[!¢

The versatility of triazolopyrimidine ligands for binding
metal ions has been well established in previous works!®]
and the possible involvement of the exocyclic oxygen atom
in coordination was predicted for 5tpO~ from theoretical
calculations.['”? However, it is quite unexpected to find such
different ligand binding modes for compounds that are
otherwise so similar, and we cannot see a clear reason for
this behaviour. Perhaps it is just a matter of crystal packing
optimization or small differences between the stacking
properties (or even just the steric demands) of both auxili-
ary ligands. These are not parallel but convergent in 2 and
divergent in 3 as we move away from the metal atoms
(angles between the average planes are 10.7 and 11.7°, re-
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spectively). Stacking interactions are possibly responsible
for this, since the optimum stacking distance between paral-
lel aromatic rings is around 3.4 A,['8! intermediate between
the intermetallic distance in compounds 2 and 3.

There are also differences in the relative disposition of
the ligands: it is head-head-tail-tail for 1, head-tail for 2,
and head-head for 3. The molecular symmetry is then C,,
for 1, C, for 2, and C; for 3. This symmetry is only local,
however: the only exact crystallographic symmetry present
in the dimers is the inversion centre in 1. The relative dis-
position of the ligands in 1 is stabilized by the presence of
the coordinated water molecule (see Figure 1) which forms
strong hydrogen bonds with the carbonyl oxygen atoms of
the ligands [distances O1W---O5, 2.651(10) and 2.689(12)
A] and is the same as that found in the analogous Pt com-
pound with  4,7-dihydro-5-methyl-7-oxopyrimidine.['*]
Compounds analogous to 1 have been reported with purine
ligands!!>19-2% and 7-azaindolate>'1 and all of them present
the C,), atropisomer. We have not found any example of a
copper(Il) compound similar to 3, but the analogous Pd™
complexes with 4,7-dihydro-5-methyl-7-oxopyrimidine!!3]
display head-tail geometry.

Bond lengths within the ligands are not significantly dif-
ferent from those in free SHtpO,!'”! except for the C5—05
bond in 2, which is somewhat longer as a consequence of
OS5 binding to the metal [1.236(3) A for SHtpO]. The bond
angles within the ligands are very similar in the three com-
pounds and differ from the values in free SHtpO mainly
in the angles around N4, C3A—N4—CS5 being closed and
N4—C3A—N8 being open [the angles in the free ligand are
122.6(2) and 118.8(2)° respectively].

The structures are stabilized by extensive hydrogen bond-
ing, with water molecules being the donors towards car-
bonyl oxygen atoms, oxygen atoms of the anions and other
water molecules. The nitrogen atoms of bisimidazole away
from the copper atoms in 3 remain protonated and form
hydrogen bonds in a “chelating’” way towards the oxygen
atom of a water molecule (N4I and N7I) and a neigh-
bouring carbonyl oxygen (N4J and N7J). This suggests that
these couples of atoms, if deprotonated, could act as new
chelating binding sites for metal atoms.

Infrared Spectra

The infrared spectrum of 5, with the ligand in neutral
form, is almost identical to that of the free ligand, dis-
playing an intense band in the C=0 region at 1684 cm ™!,
with two shoulders at 1711 and 1738 cm~!. The spectra of
the other compounds, with the ligand in anionic form, dis-
play the expected shift of this band to lower wavenumber.
The spectrum shows a single narrow band at 1649 cm™! for
1 and 3 and 1637 cm™! for 2, this extra shift being perhaps
due to the involvement of OS5 in coordination. For com-
pound 4, the C=0 band seems to overlap with a band of
the acetate anion, giving rise to a broader band centred at
1640 cm~!. The presence of the anions is indicated by the
typical stretching vibrations of nitrate (2 and 5) and per-
chlorate (3) at 1385 and 1107 cm ™! respectively. Assignment
of other bands is quite uncertain.
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Studies in Solution of Compounds 2 and 5

The behaviour in solution of compound 2 and the related
mononuclear compound 5 has been studied. Compound 2
has been chosen because of its greater solubility in water
and the possibility of making useful comparisons with 5.
The visible spectrum of a 1073 M aqueous solution of 2
presents a band centred at 670 nm (¢ = 72) whereas for 5
the maximum appears at 710 nm (¢ = 38). The spectra of
the latter are identical to those of solutions containing Cu'™,
SHtpO, and phen in 1:1:1 molar ratio. These results seem
to indicate that the dimeric structure of 2 is kept in solution
or, at least, that 5 is not its decomposition product.

In order to explore the formation process of compounds
2 and 5, kinetic studies were carried out using a stopped-
flow apparatus. In these studies two solutions were mixed,
one containing Cu'' and phenanthroline at 103 M concen-
tration each, and the other containing SHtpO in concentra-
tions ranging from 5-1073 to 10~2 M. When water or aceton-
itrile were used as the solvent, the mononuclear complex
[Cu(5HtpO),(phen)]** was generated within the stopped-
flow mixing time without further spectral changes. Forma-
tion of the binuclear complex 2 was only observed if a
mixed solvent (water/acetonitrile, 1:1) was used; in that
case, the absorbance changes last for ca. 2 seconds. These
results reveal an important effect of the solvent on the
course of the reaction, in agreement with the synthetic pro-
cedures of 2 and 5 (see below), despite the fact that com-
pound 2, once obtained, seems to be stable in solution (see
above). Unfortunately, a more detailed kinetic study of the
formation of 2 was not possible because of the small ab-
sorbance changes and the overlap with the deviations of the
stopped-flow baseline caused by the use of the mixed solv-
ent.

Electrochemical Studies

The electrochemical properties of complexes 1, 2, 3, and
5 were studied by measuring their cyclic voltammograms
(CV) and square-wave voltammograms (SWV) in aqueous
solution. Solubility of compounds 1 and 3 in water is quite
low, just enough to record the voltammograms; the even
lower solubility of compound 4 precluded reliable measure-
ments. Despite their binuclear nature, a single reduction sig-
nal is observed in the CV of 1, 2, and 3. The corresponding
reduction potentials are 0.49 V (1), 0.24 V (2), 0.20 V (3),
and 0.27 V (5). The same is observed in the SWV of 1 and
3, a single signal at the same potentials as the CV. On the
other hand, the SWV of 2 shows two overlapping peaks at
0.239 and 0.293 V, which can be considered as indicative of
the presence of two copper centres and as evidence that the
binuclear structure is maintained in solution, as was also
suggested by visible spectroscopy. In contrast, both the
mononuclear compound 5 and the solution containing
Cu'!, 5SHtpO, and phen (1:1:1) show a single reduction peak
close to 0.28 V. Controlled-potential coulometry confirmed
that this signal corresponds to a single electron process. The
possibility of a breakage of the dimeric compound to gener-
ate a mononuclear compound analogous to the cationic
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complex of 5 and a species of the type [Cu(phen)(H,0),]>"
can be ruled out by the absence of a reduction peak around
0.174 V in the voltammograms of 2, which is what is ob-
served in solutions containing only Cu'® and phenanthro-
line.[??

A comparison of the redox potential of the complexes
[Cu,(5tpO)»(phen),] or [Cu(5HtpO),(phen)]** with those
found for binary copper—phenanthroline complexes®? in-
dicates that the triazolopyrimidine ligand stabilizes Cul,
probably by the generation of dimeric species analogous to
the very stable ones formed by Ag' with these types of li-
gands.['”l This stabilization is corroborated by the quite
high potential value obtained for 1 and for solutions con-
taining Cu'’ and a great excess of SHtpO (also 0.49 V).

Magnetic Susceptibility Measurements and EPR Spectra

The magnetic susceptibility of the four compounds has
been measured in the range 5—300 K. In this range, 2 be-
haves as a magnetically diluted compound obeying the
Curie law with a constant effective magnetic moment of
1.86 BM. Thus, no interaction between the two copper
atoms in the dimer is observed. As expected, the same hap-
pens for the mononuclear compound 5 with p.g¢ = 1.95 BM.

On the other hand, 1, 3, and 4 present a y vs. T curve
with a maximum (Figure 4), indicative of antiferromagnetic
interactions between the metal atoms. In the three cases,
the data fit very well to the Bleaney—Bowers equation for
copper(Il) dimers.*3! The values of g and 2J (energy gap
between the singlet and the triplet state) obtained from this
fit are shown in Table 2. The interaction is very strong for
compounds 1 and 4 and fairly strong for 3. The trend in
the strength of the interaction 1 >> 3 >> 2 is the expected
one according to the number of bridging ligands, the length
of the path across the ligand and the Cu—Cu distance.

(3) //’\ 4
N

nK)

Figure 4. Magnetic susceptibility of compounds 1, 3, and 4 as a
function of temperature; data (in emu/mol) have been multiplied
by 5:10% (1), by 10° (3), or by 10* (4); solid lines represent the
Bleaney—Bowers equation with the parameters indicated in Table 2
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Table 2. Data from magnetic susceptibility measurements and
EPR spectra

1 3 4
From y measurements
g 2.148 2.081 2.117
2J [em™1] —104.9 —21.6 —221.3
From EPR spectra:
g 2.28 ca. 2.3 2.36
g, 2.05 2.05 2.06
D [cm™] 0.161 0.095 0.247

The value of 2J in 1 is, however, considerably smaller
than those found in compounds with quadruple purine
bridges,[’! including that with the adeninate anion,* which
is the most similar one. The wide range of values found
for these compounds indicate how sensitive 2J is to subtle
changes in the structure. We have not been able to find a
clear and unambiguous relationship between 2J and any
structural parameter.

The interaction in 4 is even stronger than in 1, the value
of 2J being intermediate between that of the latter and that
of the copper acetate dimer (2J = —305 cm ™ ').[>5] We have
not been able to grow crystals of compound 4 large enough
to undergo X-ray determination, but these data allow us to
propose a molecular dimeric structure with two acetate and
two 5tpO~ bridging ligands, with the two water molecules
occupying apical positions.

X-band EPR spectra have been recorded for the polycrys-
talline powdered samples at room temperature. Compound
2 presents a spectrum made up by a single very broad asym-
metric band with an average g value of 2.11, which could
be attributed to an unresolved anisotropic triplet or doublet
spectrum. No half-field transition is detected for this com-
pound. The mononuclear compound 5 presents a normal
axial spectrum with gy = 2.25 and g, = 2.08.

T T T T T T

I ] 1
2000 3000 4000

L
1000

Figure 5. Experimental (———) and simulated (- - -) X-band EPR
spectra of 1; the simulation does not include the S = 1/2 and the
half-field transitions (features at 3200 and 1400 G); simulation
parameters, collected in Table 2, also reproduce well the Q-band
spectrum; the spectrum of compound 4 is analogous to this
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The other three spectra are quite complex and their main
features have been assigned to (S = 1, AMg = 1) transitions
with axial symmetry, although the parallel components in
the spectrum of 3 are quite broad and difficult to identify.
Together with these, strong signals also appear assignable
to S = 1/2 transitions and, in the case of 1 and 4, there is
also a quite strong half-field (S = 1, AMg = 2 transition)
band. As all these features overlap, the Q-band spectrum
was also recorded for 1 to help in the assignments. Using
computer simulation by means of the WINEPR pro-
gram,?®! the values in Table 2 were finally obtained. Fig-
ure 5 displays the experimental and the calculated X-band
spectra for 1, only the (S = 1, AMg = 1) transitions are
included in the simulation, which easily explains the differ-
ences between both. It is noteworthy that, comparing the
zero-field splitting parameters of these compounds, we find
the same trend as when comparing the 2J values.

Theoretical Studies

In order to analyze the Cu---Cu interaction in 1, theoret-
ical calculations have been performed for the singlet state
of this compound. Its geometry was optimized and con-
strained to C,;, symmetry (thus, keeping a mirror plane that
relates “head” with “head” and “tail” with “tail” and a
binary axis perpendicular to it, so that the four ligands are
equivalent). A very good agreement between the experi-
mental and theoretical geometries was obtained; in particu-
lar, the theoretical Cu---Cu distance obtained was 2.893 A.
As in previous work by our group,?”l the hybrid density
functional method with a large basis set (B3LYP/6-311G*)
has been demonstrated to be accurate for describing large
transition-metal complexes.

The topology of the electron charge density p(r) was ana-
lyzed by means of the “Atoms in Molecules” (AIM) the-
ory.?82%1 This analysis revealed the presence of a bond crit-
ical point (BCP) between the metal atoms, showing that the
corresponding atomic basins share a common surface, and
thus supporting the existence of a direct metal —metal inter-
action. As a consequence, four ring critical points (RCP)
also appear at the middle of the Cu—Cu—C—N-C irregu-
lar pentagons. The p(r) value at the Cu—Cu BCP is 0.012
ea, >, only about one eighth of the corresponding values at
the Cu—N bonds (0.085 and 0.081 eag 3); this value may be
taken as a rough estimation of the strength of the interac-
tion. The Laplacian of the electron density [V?(p)] is posit-
ive at both Cu—Cu and Cu—N BCP (with values 0.054,
0.344, and 0.302 ea,> for Cu—Cu, Cu—N3, and Cu—N4
respectively), as expected for closed-shell types of interac-
tions, which are always found in coordination bonds and
metal-metal interactions.

It is interesting to have a look at the shape of the calcu-
lated MO of the compound, particularly the HOMO and
the LUMO, which are displayed in Figure 6. Looking only
at one half of these orbitals, they resemble the antibonding
combination of the d,2_ orbital of the metal atom and the
proper symmetry adapted combination of the orbitals of
the ligands, as expected from textbook simple MO theory
for metal complexes. These two halves mix with each other
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Figure 6. Calculated (B3LYP/6-311G*) HOMO (a) and LUMO (b)
of 1

giving rise to a “same-phase” (b,) and to a “opposite-
phase” (a,) combination, the latter (HOMO) with less en-
ergy than the former (LUMO). The fact that the lobes of
the HOMO on one copper atom have opposite signs to
those on the other copper atom indicates that this orbital
is antibonding (A antibonding) for the Cu—Cu union. This
result, surprising at first sight, indicates that the stabiliza-
tion of the HOMO with respect to the LUMO does not
come from the direct intermetallic interaction, but from en-
ergetically more favourable electronic distribution within
the ligands.

The calculated energy gap between these two orbitals is
1.095 eV, which of course cannot be regarded, not even as
a first approximation, as the energy difference between the
singlet and the triplet state. This latter value (2J) can only
be theoretically obtained by performing separate calcula-
tions for both states (singlet and triplet) and subtracting the
corresponding total energies. Extremely accurate methods
must be applied for this since the goal is to get a small
number by subtracting another two, very similar to each
other and several orders of magnitude larger. Nevertheless,
a method for calculating 2J in copper(Il) dimers has been
developed by Ruiz et al.,[3% which implies performing a so-
called “broken-symmetry” calculation for the singlet state
without geometry optimization (that is, keeping the geo-
metry observed by X-ray data). This method has yielded
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good results for some systemsP!! but the assumption that
the energy of the singlet is well represented by the broken-
symmetry model has been criticized by several authors.[32-33!
Nevertheless, we have tested the method with our com-
pound but the results do not reproduce, even qualitatively,
the experimental data.

Conclusions

In this work, we have demonstrated the ability of the li-
gand  4,5-dihydro-5-oxo[1,2,4]triazolo[1,5-a]pyrimidinate
(5tpO™) to bridge copper(Il) atoms to form dimeric species.
Four such compounds have been isolated, three of them
having been structurally characterized by single-crystal X-
ray diffraction: compound 1 with a quadruple bridge and
compounds 2 and 3 with a double bridge, and containing
phenanthroline or bisimidazole, respectively, as auxiliary li-
gands. The bridging mode of the ligand in 1 and 3 is the
one most usually found in the triazolopyrimidine ligand
through the nitrogen atoms in positions 3 and 4, whereas
compound 2 displays an unprecedented binding mode
trough N3 and the exocyclic oxygen atom. The dimeric na-
ture of compound 4, for which X-ray structural data are
not available, is indicated by its magnetic behaviour and
EPR spectrum, which allow us to tentatively propose the
presence of two 5tpO~ and two acetate bridges.

The structural features of these compounds clearly influ-
ence their electrochemical, magnetic and EPR properties.
Thus, the ligand ability for stabilizing lower oxidation states
is indicated by the reduction potentials, which increase with
the number of 5tpO~ ligands attached to the metal. The
dimeric nature of 1, 3, and 4 is shown by their strong anti-
ferromagnetic behaviour as well as by their triplet EPR
spectra, these methods not showing clearly the interaction
for the compound with the longer bite (2). Opposite to this,
the SWV of 2 display a double peak, probably revealing its
dimeric nature in solution, whereas the reduction of Cu to
Cu' seems to be simultaneous for both metal atoms in 1
and 3.

The strength of the intermetallic interaction, measured as
the 2J parameter, is clearly correlated with the number and
nature of bridging ligands and with the length of the bite,
following the order: 4 > 1 > 3 > 2. For compound 1, an
unsuccessful attempt has been made for calculating this
parameter theoretically. The zero-field splitting of the trip-
let state, as deduced from the EPR spectra, follows the same
trend as 2J.

A theoretical analysis has been performed by means of
MO calculations for compound 1. The calculated geometry
fits well with the experimental one and the Bader analysis
indicates the existence of a direct contact between the metal
basins (the BCP). The topology of the HOMO of the com-
pound indicates that its stabilization with respect to the
LUMO comes from the electronic structure within the li-
gands rather than from the direct intermetallic interaction.

Lastly, it is interesting to note the need for a mixed solv-
ent for the formation of compound 2, revealed by kinetic
measurements, in agreement with the synthetic procedure.
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Synthesis of the Compounds

4,5-dihydro-5-oxo[1,2,4]triazolo[1,5-a]pyrimidine (SHtpO) was syn-
thesized as indicated in a previous work.['”! Bisimidazole was also
synthesized according to the literature.?* Copper salts, other re-
agents and solvents were obtained from standard commercial sup-
pliers.

[Cuy(5tpO)4(H,0),]2H,0 (1): A suspension was made with 80 mg
(0.24 mmol) of copper basic carbonate and 200 mg (1.47 mmol) of
SHtpO in 20 mL of water, the mixture being stirred at room tem-
perature for 30 min. After this, a dark blue precipitate was ob-
tained, which was dissolved by adding 10 mL of acetonitrile to the
mixture. Unchanged copper carbonate was then filtered off and,
after two days of keeping the solution at room temperature, dark
blue crystals of 1 were obtained. Yield: 40mg (7.4%).
CyoH50Cu, N, Ox: caled. C 32.48, H 2.71, N 30.31; found C 32.68,
H 2.79, N 30.52%.

[Cuy(phen),(5tp0O),(H,0),](NO3),:4H,0 (2): 240 mg (1 mmol) of
copper(Il) nitrate trihydrate and 180 mg (1 mmol) of 1,10-phen-
anthroline (phen) were dissolved in 20 mL of methanol. This solu-
tion was mixed with another one containing 136 mg (1 mmol) of
SHtpO in 20 mL of water/acetonitrile 2:1. After one week, blue
crystals of the compound appeared. Yield: 300mg (30%).
C34H34Cu,N 404 caled. C 41.25, H 3.43, N 19.82; found C 41.45,
H 3.23, N 19.96%.

[Cu,(biim),(5tpO),(H,0)]|(Cl0y),-5.5H,0 (3): The same procedure
was followed as for compound 2, using copper(Il) perchlorate
hexahydrate instead of copper(Il) nitrate and 2,2’-bisimidazole
(biim) instead of 1,10-phenanthroline. Yield: 50 mg (5.2%).
C»,H59Cl,CusN;60;5.5: caled. C 27.47, H 3.04, N 23.31; found C
27.66, H 3.09, N 23.50%.

[Cuy(CH5CO,),(5tp0O),(H,0),] (4): The procedure starts as for
compound 1, but the dark blue solid initially obtained is treated
with 20 mL of a 10% solution of acetic acid in ethanol instead of
acetonitrile, which dissolves it completely. After two days, a blue
microcrystalline solid was obtained. Yield: 50 mg (12.5%).
C4H6Cu,NgOg: caled. C 30.49, H 2.92, N 20.32; found C 30.62,
H 3.13, N 20.21%.

Table 3. Crystal and refinement data for compounds 1, 2, and 3

[Cu(phen)(SHtpO),](NO3), (5): 240 mg (1 mmol) of copper(Il) ni-
trate trihydrate and 180 mg (1 mmol) of 1,10-phenanthroline
(phen) were dissolved in 20 mL of acetonitrile. 272 mg (2 mmol) of
SHtpO were then added and the suspension was refluxed for 30
min, after which the product was obtained as a blue powder. Yield:
500 mg (78%). C»H sCuN,054: caled. C 41.31, H 2.52, N 26.29;
found C 41.34, H 2.44, N 26.54%.

Instrumental Work: Microanalysis of C, H and N were performed
in a Fisons Instruments EA-1008 analyzer, X-band EPR spectra
were recorded in a X-band Bruker ESP-300 apparatus (all this
equipment sited at the Centre of Scientific Instrumentation of the
University of Granada). The Q-band spectrum of 1 was recorded
on a Q-band Bruker ESP-300 apparatus. IR spectra were obtained
using a FT MIDAC Prospect 1 spectrophotometer with samples
dispersed in KBr pellets. Magnetic susceptibility measurements
were made in a SQUID MPMS-XL Quantum Design magneto-
meter. Solution electronic spectra were obtained using a
Perkin—Elmer Lambda 3B spectrophotometer, whereas the
stopped-flow experiments were carried out using an Applied
Photophysics SX 17MYV instrument.

X-ray Crystallography: X-ray work was carried out at room temper-
ature on a Stoe Stadi4 (1 and 2) or Siemens P4 (3) diffractometer
with Mo-K,, radiation. The dimensions of the chosen crystals were
(in mm) 0.6 X 0.3 X 0.1 (1), 0.45 X 0.3 X 0.15 (2), and 0.5 X 0.4
X 0.3 (3). Data collections were performed in 20/ scan mode. The
number of independent reflections collected were, after averaging,
3908, 7333, and 4640 for 1, 2, and 3, respectively. Data were cor-
rected for Lorentz and polarization effects and empirically (psi-
scans) for absorption (transmission ranges: 0.5888—0.6927 for 1,
0.6456—0.7601 for 2, and 0.6471—0.7750 for 3). The structures were
solved by standard Patterson methods and refined by full-matrix
least-squares using the SHELXL-93B3% (1, 2) or SHELXL-973¢1 (3)
programs. One of the nitrate ions and two water molecules in 2 were
found to be disordered over two positions, as well as two water mole-
cules in compound 3; another water molecule in this compound was
refined with an occupancy of 1/2. Fixed N—O distances (1.19 A)
were imposed to the disordered nitrate. Atoms with an occupancy
of less than one were refined isotropically, all other non-hydrogen
atoms were refined anisotropically. Hydrogen atoms of the organic
residues were introduced in their ideal positions, those of water mole-
cules were found and refined with a fixed O—H distance (0.86 ;\) in

1 2 3
Empirical formula C20H20CUZN1608 C}4H34CU2N14014 szHnglzCUle(,Olsj
Molecular mass 739.60 989.83 963.59
Space group Pbca P2,/c Pl
a[A] 10.2473(5) 11.957(2) 11.6132(9)
b [A] 16.1318(8) 14.422(3) 12.2274(8)
¢ [A] 16.2087(12) 23.888(4) 14.7856(12)
o [deg] - - 97.278(7)
B [deg] - 104.13(1) 108.381(6)
v [deg] - - 110.615(6)
VA3 2679.4(3) 3994.5(12) 1796.8(2)
V4 4 4 2
Peated. [g/em?] 1.833 1.646 1.781
p [mm™1] 1.67 1.15 1.43
R\(F) [F%2 > 20(F2)] 0.1138 0.0718 0.0391
R (F) (all data) 0.2631 0.1879 0.1062
CCDC deposition number 160636 160637 160638
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compounds 1 and 3 and were not found in compound 2. An iso-
tropic thermal parameter was applied to all hydrogen atoms 1.2
times those of their parent atoms. The full sets of crystal data
(excluding structure factors) for these compounds have been
deposited with the Cambridge Crystallographic Data Centre
(CCDC, 12 Union Road, Cambridge CB2 1EZ, UK, E-mail:
deposit@ccde.cam.ac.uk), the corresponding deposition numbers
are indicated in Table 3, together with selected crystal data.

Electrochemical Measurements: The electrochemical measurements
were carried out using an EG&G PARC model 163A potentiostat
provided with a Pt disk working electrode and a Pt wire auxiliary
electrode. A Ag/AgCl electrode was used as reference for the meas-
urements in water and the measured potentials were referenced to
the normal hydrogen electrode by adding 0.222 V.37 The complex
solutions for electrochemical measurements (1—2 mm) contained
0.10 v KNO; and were purged with N, and thermostated at
25.01°C before measurement. The CVs were recorded at a scan rate
of 50 mV/s and the SWVs with a frequency of 5 Hz.

MO and Electronic Charge Density Calculations: Density func-
tional theory (B3LYP) calculations were performed with the
Gaussian 98 package of programs.[3! The singlet state of structure
1 was fully optimized at the B3LYP/6-311G* level, with constrained
C,;, symmetry and tested with frequency calculations (no imaginary
frequencies). The Bader analysis was made by using the AIMPAC
series of programs,*” with the DFT density as input as described
in the AIM theory.[?%2°]

Calculations at the B3LYP/6-31G* level without geometry optim-
ization have also been performed for both the singlet and the triplet
state, including for the singlet state the “broken-symmetry’” proced-
ure that has been described elsewhere*” in order to get an estimate
for the 2J value.
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