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Synthetic, spectral, and magnetic studies of the Cu(II} polynu-
clear coordination compound [Cu(HLYOH ™)}, with bridging OH~
and HL (allopurinolate; C;H;N,O™) ligands are reported. The com-
pound is obtained from aqueous media (at several pH values and
from CI=, Br~, NOj, SO, CIO7, and CH,CO; Cu(Il} salts),
from DMSO at ca. 70°C using several of the above salts, and under
refluxing methanol employing Cu(S0,) or Cu(CH;CQ,),. The re-
sults suggest that the compound [Cu(HL)Y(OH )], has a polynuclear
form in which the bridging allopurinolate is coordinated through
the N(I) and N(2) atoms of the pyrazolic moiety. All attempts to
grow crystals suitable for X-ray studies were unsuccessful, and an
amorphous compound was always obtained. Magnetic studies show
the existence of a strong antiferromagnetic coupling, which may
be associated with a favorable structural arrangement between the
metallic centers and the bridging ligands. This magnetic behavior
is remarkable for a Cu(Il) polynuclear coordination compound.
Spectral and magnetic results together with the coordination modes
of the bridging groups let us postulate as a possible arrangement
a cyclic polynuclear structure presenting the allopurinolate and
OH™ bridging ligands in a mutually trans configuration. This work
is the first EPR spectral and magnetic study reported for a coordi-
nation compound with the allopurinol heterocycle as a ligand and,
thus for the first example of a polynuclear coordination compound
combining allopurinolate and OH™ as bridging groups. © 1994 aco-
demic Press, Inc.

INTRODUCTION

Heterocycles with pyrimidine- and azole-type rings
fused in their structure are molecules of interest in bio-
chemistry (1), its related areas (2), and coordination chem-
istry (3-5). This interest is due in part to the fact that
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they have several donor atoms, binding arrangements,
and structural dispositions, and their coordination com-
pounds have novel spectral and magnetic properties. In
particular, several of these heterocycles, purine-type mol-
ecules and their structural analogues and isomers, are of
special biochemical and biomedical interest, since they
are heterocyclic substrates of the Mo metalloenzyme xan-
thine oxidase, for which oxidation in almost all of these
substrates takes place in the Mo center (2). In relation to
the structural properties, donor atomic dispositions, and
coordinating capability of these heterocycles, a refined
understanding of the heterocycle—metallic center interac-
tions is an open field of systematic studies, including ki-
netic, thermodynamic, structure, and spectral studies, as
well as in magnetochemical and quantum mechanical re-
search, Among the compounds that contain these hetero-
cycles, only a few examples have been found (3, 4, 6)
that have polynuclear structures. A member of this family,
allopurinol (H,L, 1H-pyrazolo[3,4-d}pyrimidine-4-one),
is a structural isomer of hypoxanthine (6-oxopurine), as
is shown in Fig. 1.

Figure 1 shows in 1 a pyrazolic moicty and in 2 an
imidazolic moiety as five-membered rings. This character-
istic leads to remarkable differences in their behavior with
Lewis acids, e.g., transition metal centers. From previous
and more recent studies with allopurinol and its deriva-
tives (5-11}, and depending on the metallic systems and
the experimental conditions, the N atoms of the five-
membered ring, and in particular the N(2) atom, are the
most favorable coordinating sites of the heterocycle, in
agreement with the donor properties (12-14) of N(2). In
a previous work (5) the ethanolic synthesis and some
properties of the compound [Cu(HL)}OH™)], were re-
ported. The suggested polynuclear nature of this product
and its low magnetic moment at room temperature are
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FIG. 1.
hypoxanthine (2).

Formulae and numbering schemes of allopurinol (1} and

properties that could be associated with an effective mag-
netic coupling pathway, particularly of an antiferromag-
netic character. All these facts prompted us to explore
alternative synthetic routes and to carry out a more de-
tailed characterization and magnetic study of this coordi-
nation compound.

In this paper, other synthetic routes and spectral (EPR),
thermogravimetric, and further magnetic results for
[Cu(HL){OH )], arc reported. From these results we pro-
pose a possible structural arrangement based on a cyclic
framework for [Cu(HL)(OH 7)],. This represents the first
example of a polynuclear system with allopurinolate and
OH " as bridging groups.

EXPERIMENTAL

I. Materials

The cupric salts, solvents, and buffer solution reagents
were analytical grade products from Aldrich and Merck.
Allopurinol was from Sigma. All these products were used
without further purification.

2. Synthesis

Aqueous medium. Metallic salts with X = Cl—, Br—,
NOj, SO-,Cl0;,and CH,CO;,in1:1,2:1,3:1,1:2,
and 1:3 metal:allopurinol molar ratios, were used
{mmole scale). pH values were 4, 7, and 13, In all synthe-
ses 1 mmole (136.11 mg) of altopurinol was dissolved in
about 100 ml of the respective buffer aqueous solution
(CH,COOH/NaCH,CO, for pH 4, KH,PO,/Na,HPO, for
pH 7, and KCI/NaOH for pH 13) with stirring and heating.
After ligand dissolution, the corresponding cupric salt was
added to the colorless solution at room temperature and
the reaction mixture was stirred for about 1 hr. The deep
blue product obtained was isolated by filtration, washed
with water and hot ethanol, and then dried at 110°C for 4
hr. The same product was also obtained for pH 1 (glycine/
HCI) for a 1: 1 Cu(CH,CO; },: allopurinol molar ratic at
boiling temperature.

Methanol medium. In this technique SO~ and CH,

CO;, as counterions and stronger bases, were used. A
1 : 1 metal : allopurinol molar ratio (mmole scale) was em-
ployed. The heterocycle was dissolved in about 100 ml
of boiling methanol under reflux. The respective metallic
salt was added to the colorless solution, and the mixture
was maintained under reflux for 10 days. The correspond-
ing product was isolated by filtration from the hot mixture
and washed with hot methanol. The resulting deep blue
solid was dried at 110°C for 4 hr. For both techniques,
the compounds obtained were preserved in a desiccator
under vacuum with CaCl,.

Dimethy!l sulfoxide medium. In this technique several
of the metallic salts employed in the aqueous media syn-
thesis were used. A 1:1 metal: allopurinol molar ratio
(mmeole scale) was applied. The ligand was dissolved un-
der stirring in ca. 20 mi of DMSQ and the respective cupric
salt was added. The reaction mixture was maintained at
ca. 70°C for several days. The deep blue compound ob-
tained was filtered, washed with hot methanol, dried, and
preserved as mentioned above.

3. Physical Measurements

Infrared (IR) spectra were obtained as nujol mulls using
Csl plates in the 4000-200 ¢m ™' range employing a
598 Perkin-Elmer spectrometer. Electronic spectra
(3501100 nm) of the powdered samples were measured
by the specular reflectance method in a 160-A Shimadzu
spectrometer. Magnetic susceptibility at room tempera-
ture was measured by the modified Gouy method using
a Johnson Matthey magnetic susceptibility balance and
employing Hg[Co(SCN),] as é:alibrating agent. Thermo-
gravimetric measurements were carried out in DT-30 Shi-
madzu equipment using N; as the carrier gas and a heating
rate of 5°C/min. The variable-temperature magnetic sus-
ceptibility measurements were carried out using a SQUID
Quantum Design magnetometer, from 5 to 300 K under
amagnetic field of 100 G. EPR spectra (X band) of the solid
samples were obtained in a 200-D Bruker spectrometer at
liquid nitrogen and room temperature. An EPR spectrum
(X band) of the frozen solution (DMSO) of the solvated
compound was obtained at liquid nitrogen temperature
only. The g values obtained were standardized against
the absorption of diphenylpicrylhydrazine (DPPH) at
g = 2.0043. X-ray powder diffraction patterns of allopuri-
nol and several samples of the coordination compound
were taken in a XD-5A Shimadzu and a D-500 Siemens
diffractometer, the latter using a secondary monochroma-
tor with CuKea radiation. Scanning electronic microscopy
of solid [Cu(HL)(OH )], samples, treated under several
thermal and pressure conditions, was carried out in JEOL
5400-LV equipment, employing an Ag thin layer as elec-
tric conductor medium. Microanalysis confirmation (C,
H, N) was performed by the Chemistry Department at
the University College, L.ondon.
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RESULTS AND DISCUSSION

The coordination compound studied was obtained by
several synthetic routes and corresponds to the formula
{Cu(HLYOH™)], (calculated: 27.8, C; 1.8, H; 25.9, N;
found: 27.5, C; 1.9, H; 25.8, N). The reaction was ca.
100% quantitative in all cases. The product is insoluble in
common organic solvents and shows a thermogravimetric
curve that corresponds to an anhydrous sample, its ther-
mal decomposition starting at around 310°C. The same
thermal behavior was observed even when the Cu(ll)
compound was exposed to humid air. X-ray powder dif-
fraction patterns of several samples of [Cu(HL)(OH )],
obtained by different synthetic routes are identical and
show remarkable differences with respect to the free het-
erocycle. The former show scarce, weak, and broader
signals, indicative of a poor-crystalline nature. It is im-
portant to mention that this poor crystallinity was not
overcome by the different product syntheses, by modi-
fying the formation and the precipitation rates, nor by the
redissolution attempts of the same compound in several
solvents at different temperature conditions. The scan-
ning electronic microscopy results for several samples of
solid [Cu(HL)Y(OH™)], do not show the topology and the
morphology of a crystalline product. The electronic spec-
trum of the solid shows a broad band at around 590 nm
and a low energy {ail of a band in the limit of the blue
region. The position of the broad band could be associated
with Cu(ll) d-d transitions, and the pattern of the
spectrum is suggestive of near-planar geometry around
Cu(II}.

The IR spectrum of [Cu(HL)(OH )], shows a strong
band close to 3500 cm™~!, which can be assigned to the
v(OH ~) bridge (15). It is interesting that the splitting band
of the »{OH ") mode can be associated with the presence
of OH~ groups simultancously bridging two metallic cen-
ters in & mutually cis configuration; this spectral behavior
has been reported (16) for the dinuclear system [Ni,(Cq
Fs),(OH™),]*~ and is absent in the spectrum under discus-
sion, suggesting that this type of configuration does not
exist for the OH ™ groups. The complex and broad signal in
the 1130-1010 cm ™! region is associated with the (QH™)
bridge mode. Also, as previously noted (5), the IR spec-
trum shows bands at 1700 cm™' ((C = 0)) and 1610
cm ™! (B(N(5)-H)), therefore excluding these groups of
the organic ligand as coordinating sites in the compound.
Signals at 486 cm™! (»(Cu-OH ™) bridge) and at 295 and
265 cm~' (#(Cu—N)) are also shown. The presence of
these two latter bands in the low-energy region, attributed
to the v{metal-N) mode, is in agreement with the partici-
pation of the N atoms of the pyrazolic moiety of allopuri-
nolate as coordinating sites in a bridging fashion (17). In
summary, IR data are suggestive of the participation of the
pyrazolic fragment of allopurinoiate and OH ™ as bridging

groups between Cu(Il) centers in a polynuclear ar-
rangement.

Although in principle two arrangements of the bridging
ligands are feasible (one in the mutually cis configuration
of the pyrazolic moiety of allopurinolates and the OH~
groups, and the other in the mutually trans configuration},
the IR data are in agreement with a mutually trans config-
uration, which has been found previously in a triazolic
ligand with Cu(Il) in a polynuclear system (18}, and re-
cently in the interesting cyclic compound [Cu(3,3-
dmpz~XOH™)]; (19).

The room-temperature EPR spectrum of powdered
[Cu(HL)(OH 7)1, shows a complex pattern. A reliable as-
signment of the bands is difficult, but it indicates the
existence of strong metal-metal interactions. The approx-
imate g value is 2.27. Although the EPR spectrum at 77
K shows (Fig. 2} a relatively better resolution, its pattern
is complicated because, among other features (a nonflat
baseline and a long tail at the high-field side of the g,
feature), it seems to contain overlapped signals in the
middie-field region. Witha g, value of ca. 2.08, the region
for gy (ca. 2.4) shows several bumps. This last characteris-
tic could be associated with magnetic impurity signals or
exchange averaging of magnetically nonequivalent sites.
With this spectral information it is difficult to conclude
anything about the possibilities mentioned above. How-
ever, the general pattern in the middle-field region could
correspond to a predominant axial line shape and princi-
pally d,2_;z ground state (g > g, > 2.0) in a dominant
tetragonal stereochemistry (20). The underlying broad sig-
nal of the ERP spectrum is suggestive of the existence of
Cu(II}=Cu(II) interactions in a polynuclear arrangement.

The EPR spectrum at 77 K of the DMSO frozen solution
of the solvated sample shows (Fig. 3) the existence of an
anisotropic g tensor, with an axial line shape and values
of g, = 2.07 and g = 2.4. The spectrum exhibits bands
in the low-field region related to a hyperfine structure, It
is interesting to point out that the EPR pattern (axially
symmetric signal) resembles that shown by some cop-
per(Il) compounds in solution with a pentacoordinated
environment (square pyramidal) in the solid state, e.g.,
[Cu(Cl}DMF)XHB((3,5-i-propyl);pz);)] in DMF frozen so-
lution (77 K), which presents, in solid state, a DMF mole-
cule coordinated to Cu(I) (2I). The hyperfine constant
value (=130 G} in the EPR spectrum under discussion is
related to significant e™-nuclei coupling. It may be that
the ground state of the metallic centers is mainly due to
the d,:_,2 orbitals, although it is possible that the EPR
spectrum characteristics could be due to mononuclear
species that appear after a dissociative process induced
by temperature and solvent nature has taken place.

Since there are no magnetic studies reported for polynu-
clear coordination compounds with purine-type ligands
and their isomers, and since the room-temperature effec-
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FIG. 2. X-band (9.25 GHz) EPR spectrum at 77 K of solid [Cu(HLYOH™)],.

tive magnetic moment of powdered [Cu(HL)Y(OH )], is
0.9 up, it was of great interest to explore its magnetic
behavior. Figure 4 presents the experimental molar mag-
netic susceptibility (per Cu(HL)OH ")) as a function of
temperature.

From these results we observe interesting qualitative
features, such as the increase of the molar susceptibility
close to room temperature, which is suggestive of the
existence of a strongly antiferromagnetic coupled system
(22). In the low-temperature region a Curie—Weiss behav-
ior is observed, very probably associated with magneti-
cally noncoupled Cu{Il) centers as a magnetic impurity.
This result was reproducible for all samples studied.

In a preliminary study, the experimental low-tempera-
ture magnetic susceptibility was analyzed employing the
Curie-Weiss law. For the range 5-30 K, the parameters
Xo = 4.27 X 1074, C = 11.06 x 1073, and = —0.2233
K were obtained. Also, and for the range 5-80 K, the
antiferromagnetic coupling behavior results from the
same equation. For this case, we obtained the values
Xp = 442 x 1074, C = 1073 x 1073, and 8 = —0.096
K. This same magneti¢ characteristic is confirmed when
the relation x '-T for the low-temperature region is
studied.

In order to study the magnetic properties of [Cu

(HLYXOH )], several models were selected, correspond-
ing to two principal categories of systems; (a) dinuclear
units for paired spins (23-26) and (b) linear chains of
interacting spins, including 'interchain interactions
(27-29). From a fitting process, the expression that corre-
sponds to a Bleaney-Bowers-type equation (i.e., di-
nuclear systems of paired spins) gave the best results:

-2 s e ()] -
x(T) = e 3 +exp T (1 —p)
Nete? [1]
_ g
+2na(l —p) + p —2kBT )

In this equation, N is the Avogadro number, g the Lande
splitting factor, 8 the Bohr magneton, kg the Boltzmann
consiant, T the temperature in Kelvin, J the interaction
exchange energy between metallic nearest neighbors, p
the mole fraction of the magnetically noncoupled Cu(IT)
impurity, and nea the temperature-independent paramag-
netism term. A fitting of the experimental values with Eq.
[1] (Fig. 4) was carried out using as the criterion of best
fit the minimum value of £, (x ¢ — x9%)%/(x{2)?, with the
following resulting parameters: g 225, p 0.0097,
J= —492 cm~!', and 2nx = 480 x 10~% emu/mole. It is

9,= 207 DPPH

qll: 2.4
T Y— —
[T +— Ay —— Au—4
130G 130G

a

FIG. 3. X-band {9.204 GHz) EPR spectrum of DMSO frozen solution of [Cu{HLYOH )], at 77 K.
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F1G. 4. Experimental (circles) and theoretical {solid line) values of
the molar magnetic susceptibility vs temperature of [Cu(HL)(OH™}],.

interesting that the theoretical g value is in close
agreement with the experimental one (2.27). The p value is
indicative of a very small contribution from magnetically
noncoupled Cu(ll) centers, The presence and nature of
this magnetic impurity were observed in several samples,
and they seem to be inherent to the nature of the polynu-
clear compound. Regarding the J value, its negative char-
acter (joined to the same property for #) may be associated
with the existence of a singlet ground state, that is, an
antiferromagnetic coupling between the Cu(II) atoms. The
magnitude of J is attributed to an appreciable band gap
between the ground and the excited states (22). Similar
results were obtained when the xT-T behavior was ana-
lyzed with Eq. [1] (Fig. 5). In this case, the following

0.20
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FIG. 5. Experimental (circles) and theoretical (solid line) values of

xT vs temperature values of [Cu(HL)OH™)],.

HO on

FIG. 6. Schematic drawing of the cyclic framework proposition for
[Cu(HLYOH ™)}, in a mutually frans configuration.

results were obtained: g = 2.24, p = 0.00857,J = —549.7
em™!, and 2no = 515.6 x 107% emu/mole.

The good fitting shown by our results suggests a remark-
able intrachain spin coupling between the Cu(Il) centers
by the bridging ligands due to an arrangement that makes
efficient connection between the magnetic orbitals possi-
ble. As has been previously discussed (30), the planarity
and efficient overlap between the metallic and the bridging
in-phase orbitals gives, in general, this strong antiferro-
magnetic coupling. In our case it is probable that the
participation of the Cu(Il) d,2_ 2 orbitals in sigma bonding
with N and O atomic orbitals of the bridging groups, and
the d,, and/or d,, orbitals of Cu(II) overlapping with prm
orbitals of N atoms of the pyrazolic moiety of allopuri-
nolate, may be relevant to the J value.

Keeping these aspects in mind as well as the structural
and configurational arrangement possibilities for [Cu
(HLYOH™)],, it is interesting to note that the mutually
trans configuration is a favorable arrangement for the
coordination chemistry of pyrazolate™ (pz~), its deriva-
tives, and OH~, OR~, and X~ ligands as bridging groups
(14, 16, 19). The fact that the pyrazolic moiety N atoms
are participating as a bridge in the coordination of allopuri-
nolate, together with the existence of the bridging OH~
ligand in [Cu(HL)(OH )], and the same metal : ligands
stoichiometry with respect to [Cu(3,5-dmpz Y OH™)];,
makes it possible in principle to suggest analogous con-
figurational and structural features in these two coordina-
tion compounds. A schematic drawing of this possible
structure is shown in Fig. 6,

This possible structure is supported also by the fact
that the chemical behavior of the allopurinoate in the
compound [Cu(HL)OH 7)), is established essentially by
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the pyrazolic ring, which is a structural analogue of the
3,5-dmpz~ model system ligand.

CONCLUSIONS

Alternative experimental conditions for the synthesis
of the polynuclear compound [Cu(HL)(OH )], have been
established. The critical factors in these routes of synthe-
sis are the presence of water in the reaction media, the
natur¢ and basic properties of the counterions, and the
pH and temperature. We found that the coordination com-
pound [Cu(HL)(OH )], is kinetic and thermodynamically
stable toward other competitive reactions (31). Concern-
ing the magnetic studies carried out on [Cu(HL)(OH )],,
the results show strong antiferromagnetic coupling, and
the J average value obtained let us suggest the existence
of a favorable structural arrangement, in which the dispo-
sition and orientation of metallic and bridging donor
atomic orbitals are critical for the superexchange coupling
pathway. The influence of the pyrimidinic ring of allopuri-
nolate on the magnetic behavior previously discussed was
studied by analyzing the magnetic results for the molar
susceptibility temperature dependence of [Cu(pz™)
(OH7)], obtained under selected conditions (31). This
compound shows magnetic properties analogous to those
of [Cu(HL)(OH )}, . This allows us to postulate that the
principal heterocyclic ring involved in the magnetic cou-
pling of the metallic centers in [Cu(HL)OH )], is the
pyrazolic moiety. On the structural arrangement for
[Cu(HL)(OH-)], the results suggest a possible cyclic
framework in a mutually frans configuration, in which the
superexchange coupling pathway could be favorable. The
magnitude of this antiferromagnetic coupling is remark-
able for a polynuclear coordination compound. This is
the first report of EPR spectral and magnetic studies of
an allopurinol coordination compound, and of one of the
few polynuclear coordination compounds with these
types of heterocycles reported thus far. Also, this is the
first example of a polynuclear system with allopurinolate
and OH™ as bridging groups.
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