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The reaction of Haat [Haat (3-acetylamino-1,2,4-triazole)] with aquated CugSBs),, Cu(NGs),, and Cu-

(ClOy),, respectively, in water results in the trinuclear complexes(CH)(aaty(CFRSOs)(H20):](CF:SOs) (1),
[Cus(OH)(aaty(NO3)(H20):](NO3)+(H20), (2), and [Cy(OH)(aaty(ClO4)(H20):](ClO,) (3). The synthesis, X-ray
structure, and magnetic and spectroscopic properties of the three title complexes are described. The cation of the
three complexes is trinuclear with a §2H skeleton which has the-\N diazine grouping of a triazole ring as
bridge between each pair of copper atoms. TheGQBuunits have an average €O distance of 1.991(6)1},

2.000(6) @), and 2.007(6)3) A, an average CuCu distance of 3.355(2)1), 3.341(1) @), and 3.371(3)3) A,

and an average CtO—Cu angle of 114.6(3)(1), 112.4(2y (2), and 115.4(3)(3). The existence of the GOH
fragment is confirmed by a pseudotetrahedral oxygen environment, by detection of the OH hydrogen atom, and
by stoichiometry. In the trinuclear unit the metal ions show, in the first approximation, a pseudo-square-planar
pyramidal environment forming a CulN3; chromophore; three of the basal positions are occupied by N,N,O aat
ligand atoms, the fourth one is occupied by the oxygen of the central OH group, and the apical site is occupied
by an oxygen atom from a water molecule in the case of two of the copper(ll) atoms and by an oxygen atom from
the coordinating anion in the case of the third metal ion. The three compounds exhibit strong antiferromagnetic
interaction, with similad constants] = —197.7 (1), J = —190.9 @), J= —198.2 @) cm™1], reaching complete

spin coupling at ca. 75 K1)/55 K (2)/95 K (3). At very low temperature the magnetic moment (magnetic
susceptibility) falls below that expected for one unpaired electron. Magnetic parameters are discussed on the
basis of the structural results and compared with those reported in the literature for related trimeric Cu(ll) compounds
with N—O or N—N peripheral bridges. Solid state EPR spectra of the three complexes recorded at liquid N
temperature show axial signals. Crystal data;HzoCusFsN12012S; (1) (My = 917.16) crystallizes in the monoclinic

space groupP2i/c, Z = 4, with cell dimensionsa = 13.080(2) A,b = 17.202(2) A,c = 13.840(2) A5 =
92.40(1y, andV = 3111.3(7) A&, Dcaica= 1.958 Mg nt3; the final agreement values were R10.0582 and wR2

= 0.1462 for 7107 unique reflections.1#124CsN14014 (2) (Myw = 779.07) crystallizes in the ftriclinic space
group,P1, Z = 2, with cell dimensions = 9.647(2) A,b = 9.985(2) A,c = 15.314(2) A,a. = 84.080(10) 8

= 87.694(10)y = 65.030(109, andV = 1330.1(4) &, Dcaca= 1.945 Mg n13; the final agreement values were
R1=0.0397 and wR2= 0.0950 for 7728 unique reflections; ££10CI,.CusN12014 (3) (My, = 817.92) crystallizes

in the monoclinic space grouP2:i/a, Z = 4, with cell dimensionsa = 14.238(5) A,b = 16.387(6) A,c =
11.678(4) A,y = 90.45(2}, andV = 2724.6(18) &, Dcaca= 1.994 Mg n13; the final agreement values were R1

= 0.0616 and wR2= 0.1279 for 4038 unique reflections.

Introduction site of multicopper oxidases and in homogeneous catalysis.

In the recently reported crystal structure of the oxidized
ascorbate oxidase (resolution 2.5 A) an angled triangular array
of copper atoms has been detected with—Quw separations
"lying in the range 3.663.90 A at an average distance of 3.7

Trinuclear copper(ll) compounds of different kinds have been
extensively studied; those of the triangular type have generated
great interest, especially concerning their magnetic, structural
and redox characteristics, in relation to their role in the active

(1) Agnus, Y.; Louis, R.; Metz, B.; Boudon, C.; Gisselbrecht, J. P.; Gross,

* To whom correspondence may be adressed. M. Inorg. Chem.1991, 30, 3155 and references therein.

T Universitat de Valacia. (2) For recentreviews, see: (a) Fenton, D. A.; Okawa].HChem. Soc.,
*Leiden University. Dalton Trans 1993 1349. (b) Solomon, E. I.; Sundaram, U. M.;
8 Universitadi Parma. Machonkin, T. EChem. Re. 1996 96, 2563. (c) Kaim, W.; Rall, J.
I'Universitat de Barcelona. Angew. Chem., Int. Ed. Endl996 35, 43 and references therein.

10.1021/ic981393u CCC: $19.00 © 2000 American Chemical Society
Published on Web 05/01/2000



1860 Inorganic Chemistry, Vol. 39, No. 9, 2000 Ferrer et al.

A5 It seems thus of importance to investigate low-molecular- (I1) is completed by a donor atom (an oxygen) provided by the
weight trinuclear copper(ll) compounds that model those active samebridging ligand; in addition, the complexes were obtained
sites. directly from the corresponding copper(ll) salts (which means
u-Hydroxo oru-oxo ions have generally been observed as that the identification problem of the-hydroxo oru-oxo ligand
central bridging ligands. The existence of the@/core held does not occur). It should be noted that cyclic trinuclear
by peripheral bridging ligands is well documented in the compounds containing a triazole ligand had already been
chemistry of, e.g., iron(H1l) and chromium(Illf but not in obtained before. VreugdenHilhas described related cyclic

that of copper(ll). Actually, only a few complexes with a
CwO(H) core held by pheripheral bridging ligands have been
described so far; these reports involXeO-oximaté-"~10 or
ketonic oxygen bridge¥: to our knowledge, in the literature
only three complexes containing a N,N bridge are known in

trimeric isostructural compounds with the formula fGu-OH)-
(hppth(A)2](H20) [hppt= 3-(2-hydroxyphenyl)-4-phenyl-1,2,4-
triazole; A= NOs, ClO4, CRSG;, x = 4, 2, 3]. The crystal
structure of the nitrate complex was solved, although it showed
some disorder problems. Vreugdenhil’s results will be compared

which the bridge belongs to a pyrazole ring. Two of the three with ours in Results and Discussiéh.

latter compound$213 were synthesized byxidation of a The present work stems from our study on the reactivity of
Cu(l) compound in the presence of the appropriate ligand; the copper(ll) salts with Haat. The ligand Haat (3-acetylamino-1,2,4-
third oné2bis a hexacopper(ll) complex made up of two trimeric  triazole) belongs to the group of the 1,2,4-triazole derivatives,
units in which the trinuclear [Gius-OH)(u-pz)s]?* core in- studied as precursors of compounds with importance in medi-
volved is the same previously identified in the other two cine, biology, and industr$? Numerous papers on their
compounds. This paper describes a new example of N,N-bridgedcoordination chemistry have shown that they can lead to a wide
triangular copper(ll) species, the most remarkable differencesvariety of compounds depending upon the nature of the
with respect to the analogous pyrazole derivatives being that substituent; so, mononuclear, dinuclear, linear trinuclear, and
(a) the N,N bridging is the N1,N2 part of a 1,2,4-triazole ring tetranuclear complexes can be found described in the liter-
and (b) the triazole ring belongs to a chelating ligand, in such ature!®~1° The ligand Haat is an especially versatile ligand due
a way that the square-planar arrangement around the copperto the acetylamino substituent, which contains donor atoms itself,
and to the possibility of dehydronation (it possesses two potential
(3) See, for example, as recently reported trinuclear copper complexes asacidic hydrogens), which enlarges the coordination ability. Until
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Trinuclear Cu(ll) Complexes Involving a @OH Core

This paper deals with the synthesis, structure, spectroscopy,
and magnetic properties of three cyclic trimers, of formulagfCu
(us-OH)(aatpA(H20)2]A (H20)x [A = NOs, CRSG;, ClOs; x
= 0, 2], where aat stands for the former ligand but monode-
hydronated. The coordination behavior of the ligand will be
compared with that described for the mononuclear com-
poundst®~18 The relation between structure and magnetic
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spectra on powdered and solution samples were recorded at X-band
frequencies on a JEOL JES-RE2X ESR spectrometer using an ESR900
continuous-flow cryostat. NMR spectra were obtained on a Bruker S4
200 spectrometer. Magnetic susceptibilities of solid compounds were
measured from 290t4 K with a fully automatized pendulum type
magnetometer (MANIC DSM8) equipped with a continuous helium
flow cryostat and Drusch EAF 16UE electromagnet operating at ca.
15000 G. Data were corrected for magnetization of the sample holder

parameters in the three complexes will be discussed and com-ang for diamagnetic contributions, which were estimated from Pascal

pared with the data available in the literature for similar cases.

Experimental Section

Materials. The ligand Haat has been synthesized as indicated by
van den Bo¥ and recrystallized from boiling water. (In the previous
literature (refs 16-18), the ligand 3-acetylamino-1,2,4-triazole was

abbreviated as aat; in the present paper, aat refers to the same Iigan%ilo

but monodehydronated (& 3-acetylamino-1,2,4-triazolate); so that,
from now we will refer to the non-dehydronated ligand as Haat).
CAUTION'! Perchlorate derivatives may detonate upon scraping or
heating.

Synthesis of [Cu(OH)(aat)3(CF3S0s)(H20).](CF2S0s) (1). Solid
Haat (2 mmol) was added to an aqueous solution of Cy&BCE), (4
mmol in 20 mL) (molar ratio Haat:Cer 2:1). After stirring for ca. 20
min, the resulting solution was filtered and allowed to stand at room
temperature. Within ca. 20 days dark blue irregularly shaped single
crystals appeared; they were isolated by filtration and washed with
water. (Yield: ca. 70%.)

Synthesis of [Cy(OH)(aat)3(NO3)(H20),](NO3)-(H20), (2). Solid
Haat (2 mmol) was added to an aqueous solution of CyN8H,O
(4 mmol in 40 mL) (molar ratio Haat:Cer 2:1). After stirring for ca.
30 min, the resulting solution was filtered and allowed to stand at room
temperature. Within ca. 20 days, dark blue prismatic shaped single
crystals appeared; they were collected on a filter paper and washed
with water. Note different mixtures of Haat and Cu(N§-3H:0O,
always in the ratio 2:1 but with different degrees of dilution, had to be
used in order to obtaionly crystals of2 as, in the first trials, a light
blue microcrystalline product was formed from the starting solution
together with crystals of2. This light blue complex is infrared
isostructural with previously isolated monomeric Haedpper(ll)
compounds$®17In the case ofl, however, a light blue impurity was
seldom detected. (Yield: ca. 50%.)

Synthesis of [Cuy(OH)(aat)3(ClO.)(H20)2](ClO4) (3). Solid Haat
(2 mmol) was added to an aqueous solution of Cu@6H,O (4
mmol in 25 mL) (molar ratio Haat:Cer 2:1). After stirring for ca. 30
min, the resulting solution was filtered and allowed to stand at room
temperature. From this solution were obtained crystals of several
different shapes: first, big flattened light blue crystals (as it happens
with synthesis of2, these light blue crystals are infrared isostructral
with the monomeric Haatcopper(ll) compounds¥? then, among
those crystals, other smaller, violet ones could be observed; later on,
the former crystals redissolved and blue needles appeared; only afte
ca. 2 months did elongated prismatic dark blue crysta&siart to be
formed. Within ca. 5 months crystals ®fvere the main product present
in solution. They were collected by filtration and washed with water.
(Yield: ca. 60%.)

Analysis. Calcd for GaHa0CusFeN12012S, (1) (My = 917.13): C,
18.3; H, 2.2; N, 18.3; S, 7.0; F, 12.4; Cu, 20.8.7. Found: C, 18.3; H,

tables. The TIP correction was100 x 10°¢ cm® mol~?* (per copper
atom). Magnetic data were fitted to the theoretical expressions by means
of a subroutine, using the REGRES computer progtamll the
parameters J and g) were varied independently during the fitting
procedure. This routine minimizes the functiBr= 3;[(yi%° — %94
0°*9?1-
Crystallography. X-ray Data Collection, Structure Determina-
n, and Refinement of Complexes 1, 2, and 3lrregularly (),
prismatic @), and elongated prismati@) shaped crystals, dark blue
(1, 2) and blue 8) colored, were selected and sealed in glass capillaries.
The crystallographic data are summarized in Table 1. Accurate unit-
cell parameters were determined by least-squares refinement of the
setting angles of 251( 2) and 30 8) randomly distributed and carefully
centered reflections witl in the ranges 1612° (1, 2) and 19-31°
(3). The data collection was performed on CAD-4 Enraf Noniy2f
and Siemens AED3) diffractometers by the/26 (1, 2) and6/26 (3)
scan modes, at 293 K. One standard reflection was monitored every
100 measurements, and no significant decay was noticed over the time
of data collection for the three compounds. The individual profiles have
been analyzed following the method of Lehmann and Lat3en.
Intensities were corrected for Lorentz and polarization effects. A
correction for absorption was applied f8r{maximum and minimum
values for the transmission factors were 1.0 and 0.65Zhe three
structures were solved by direct methods (SIR9ahd refined first
isotropically and then anisotropically by full-matrix least-squares using
the SHELXL-97 progran®® for all the non-hydrogen atoms apart from
the methyl carbons C(14), C(24), C(34) and the oxygen atoms of the
perchlorate anions f@. For all three compounds, the hydrogen atoms
were placed at their geometrically default-distance calculated positions
and refined riding on their parent atoms, apart from those of the water
molecules that were located in tid= maps and refined isotropically.

All calculations were carried out on the ENCORE 91 of the “Centro
di Studio per la Strutturistica Diffrattometrica” del CNR, Parma. The
programs Pargf ORTEP?” and PLUTG® were also used. The final
atomic coordinates are provided in the Supporting Information.

Results and Discussion

Ligands and Complexes.The compounds described in the
present study are clearly different from those previously
synthesized with the same ligand [Haat], both in the stoichi-

jometry and in the coordination mode exhibited by the ligand.

In the two kinds of monomers reported, theutralligand forms

a six-membered chelate ring with the metal through the donor
atoms G and N&. In the trimers, where the ligand gehydr-
onatedby loss of the active hydrogen of the triazélehe six-
membered chelate ring is formed with @nd one of the two

2.2;N,18.3; S, 7.1; F, 12.3; Cu, 20.8. Calcd for:4CusN14014 (2)
(My = 778.69): C, 18.5; H, 3.1; N, 25.2; Cu, 24.5. Found: C, 18.5;
H, 3.1; N, 25.3; Cu, 24.3. Compouriwas not analyzed other than
by X-ray analysis, shown below.

Physical Measurements.Elemental analyses were performed by
the Microanalytical Laboratory of University College of Dublin, Ireland.
Infrared spectra were obtained with a Perkin-Elmer model 580B IR
spectrophotometer in the region 460080 cn* as KBr pellets and in
Nujol. Ligand field spectra were registered in the region 2809000
cm ! on a Perkin-Elmer 330 UVvis spectrophotometer, by the use
of the diffuse-reflectance technique with MgO as a reference. EPR

(20) van den Bos, B. GRecl. Tra. Chim. Pays-Ba496Q 79, 836.

(21) Nelder, J. A.; Mead, RComput. J.1965 7, 308.

(22) Lehmann, M. S.; Larsen, F. Kcta Crystallogr., Sect. A974 30,
580.

(23) Walker, N.; Stuart, DActa Crystallogr., Sect. AL983 39, 158.
Ugozzoli, F.Comput. Chem1987, 11, 109.

(24) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Gualiardi, A.; Burla,
M. C.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994 27, 435.

(25) Sheldrick, G. MSHELXL-97. Program for the refinement of crystal
structures University of Gdtingen: Gdtingen, Germany, 1997.

(26) Nardelli, M.Comput. Chem1983 7, 95.

(27) Johnson, C. K. ORTEP. Report ORNL-3794; Oak Ridge National
Laboratory: Oak Ridge, TN, 1965.

(28) Motherwell, W. D. SPLUTO, A Program for plotting molecular and
crystal structuresUniversity Chemical Laboratory: Cambridge, U.K.,
1976.



final Rindices | > 20(1)] (R1, wR2)
Rindices (all data) (R1, wR2)
extinction coeff

0.0582, 0.1462
0.1960, 0.2086

0.0012(3)

0.700 and-0.627

0.0397, 0.0950
0.1090, 0.1256

0.766 and-0.916
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Table 1. Crystal Data and Structure Refinement for Compouhd®, and3?
1 2 3

empirical formula G4H20CLbF6N1201252 C12H24CLbN14014 Clezoclzcl.k;N 12014
fw 917.16 779.07 817.92
temp (K) 293(2) 293(2) 293(2)
wavelength {) 0.71073 0.71073 _ 1.54184
crys syst, space group monoclinR2:/c triclinic, P1 monoclinic,P2,/a
unit cell dimens

a(h) 13.080(2) 9.647(2) 14.238(5)

b (A) 17.202(2) 9.985(2) 16.387(6)

c(A) 13.840(2) 15.314(2) 11.678(5)

o(deg) 84.080(10)

p(deg) 92.40(1) 87.694(10) 90.45(2)

y(deg) 65.030(10)
vol (A3) 3111.3(7) 1330.1(4) 2724.6(18)
Z, calcd density (Mg/rf) 4,1.958 2,1.945 4,1.994
abs coeff (mm?) 2.277 2.469 5.331
F(000) 1828 786 1636
cryst size (mm) 0.1% 0.20x 0.28 0.21x 0.30x 0.35 0.18x 0.22x 0.37
6 range for data collection (deg) 2:327.47 2.26-29.97 3.7910 59.99
index ranges —16=<h=<16,0=< k= 22, —13<h=<13,-13< k=14, —15=<h=<150=< k= 18,

0=<1=17 0=<l=21 0=<1=<13

reflns collected/unique 7107/7107 7728/7728 4252/4038
refinement meth full-matrix least-squareséh
data/restraints/params 7107/342/443 7728/8/412 4038/0/336
goodness-of-fit o2 0.963 1.027 0.694

0.0616, 0.1279
0.1647, 0.1416

0.637 and-0.521

largest diff peak and hole (e &)

2GOF = [3[W(Fs? — FAF/(n — p)]¥24 R1= JIIFo| — [Fdl/3|Fol, WR2=[3[W(Fo> — F2)/ 3 [W(F?)] M2 w = 1/[o*(Fc?) + (aP)? + bP], where
P = [max(F.20) + 2FA)/3.

N-diazinic atoms [N], the second N-diazinic atom fNinteract-
ing with the other metal ion; so, the dehydronated aat acts as a
tridentate chelating and bridging ligand.

It is clear that thedehydronatiorenlarges the coordination
properties of the ligands. On the other hand, as widely
proved!*19in the triazole ligand derivatives also tlengthof
the chelating substituent on the ring is a decisive factor. In this
sense, complexes 2, and3 support Vreugdenhil's suggestion
that cyclic trinuclear compounds as obtained with hppt [3-(2-
hydroxyphenyl)-4-phenyl-1,2,4-triazoléjmost likely can only
exist with triazole ligands that can forsix-memberedhelating
rings#” In comparable trinuclear compounds wittO-oximate
bridging ligands, however, the chelating ring formed consists
only of five members. Baral et al'® already pointed out that in
the latter type of ligand the presence of two carbon atoms away
from a potentially donor nitrogen atom would be a general
feature of the systems that form this kind of complex with the
CusO(H) core.

Description of the Structures. The crystal structures of
the trimers are built up by [GQus-OH)(aat}A(H.0),]* [A =
CFR3S0;, NOs, ClOg] cations and one uncoordinated (in a first  Figure 1. ORTEP representation of one isomer of §H)(aat}-
approach) A anion per cation, required by stoichiometry. In the (CRSO;)(H20),]* (1) showing the atom-labeling scheme.
case of the nitrate complex, there are two extra crystallization
water molecules in the lattice. The cyclic trinuclear units of tridentate hydroxy group, placed out of the plane defined by
copper(ll) are centered about a pseudo-3-fold axis passingthe Cu triangle by 0.473(6) A 1), 0.564(3) A @), and
through the hydroxyl OH bond, so that the three copper atoms 0.433(6) A @), with an average distance from each of the copper
fall at the corners of an almost equilateral triangle. The average atoms of 1.991(6) A1), 2.000(6) A @), and 2.007(6) A 3);
Cu—Cu distances are 3.355(2) A (fdj, 3.341(1) A (for2), and (ii) three pseudo-symmetry-related aat molecules each of
and 3.371(1) A (foB). Each unit is chiral, having only pseudo-  which behaves both as bidentate chelate to one of the copper
Cs symmetry. Figures 11}, 2 (2), and 3 8) show ORTEP atoms (via the O carbonyl and the* Kiazole atom) and as a
drawings of the coordination polyhedra of the three compounds, Cu—Cu bridge (via the §N?-diazinic group).
respectively, with the labeling systems used. Selected bond (a) The Copper Environment. The geometry at each copper-
lengths and bond angles are listed in Table 2. (Il ion is best described as a distorted+4Ll) (NN'OO + Q")

In the trimeric units the copper atoms are held together by square-based pyramid. The four atoms constituting the basal
two distinct bridging systems: (i) the oxygen atom of the plane are the O carbonyl atom and a N triazole atom from one
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Table 2. Selected Bond Lengths (A) and Angles (deg) fo2,

and3
complex 1 2 3
Cu(1)-N(11) 1.897(6) 1.908(3) 1.898(9)
Cu(1)-N(32) 1.930(7) 1.938(3) 1.941(9)
Cu(1)}-0(11) 1.967(5) 1.986(3) 1.963(7)
Cu(1)-0(4) 1.977(5) 2.034(3) 1.963(6)
Cu(1)}-0(51) 2.416(8) 2.340(4) 2.717(13)
Cu(2)-N(21) 1.906(6) 1.919(3) 1.889(9)
Cu(2-N(12) 1.955(6) 1.943(3) 1.928(9)
Cu(2)-0(4) 1.998(5) 1.997(2) 2.004(6)
Cu(2}-0(21) 2.002(5) 1.988(3) 1.961(8)
Cu(2)-0(6) 2.306(8) 2.421(4) 2.294(7)
Cu(3)-N(31) 1.912(6) 1.910(3) 1.920(8)
Cu(3)-N(22) 1.963(6) 1.953(3) 1.978(8)
Cu(3)-0(31) 1.999(6) 1.981(3) 1.987(8)
Cu(3-0(4) 2.008(5) 1.999(2) 2.014(6)
Figure 2. ORTEP representation of one isomer of {H)(aat)- Cu@)-0(7) 2.274(7) 2.430(4) 2.322(7)
(NO3)(H20)2]" (2) showing the atom-labeling scheme. N(11)-Cu(1)-O(11) 88.3(2) 87.43(12) 88.7(3)
N(32)-Cu(1)-0(11) 91.5(2) 93.02(12) 94.2(4)
N(11)-Cu(1)-0(4) 89.3(2) 88.64(12) 88.9(3)
N(32)-Cu(1)-0(4) 92.1(2) 90.79(12) 89.9(3)
N(11)-Cu(1)-0(5) 100.9(3) 90.02(14) 106.2(4)
N(32)-Cu(1)-0(5) 95.1(3) 90.46(15) 87.5(4)
O(11)}-Cu(1)-0O(51) 92.9(3) 89.85(14) 97.3(4)
0(32)-Cu(1)-0(51) 82.8(3) 108.30(12) 76.7(3)
N(21)-Cu(2)-0(4) 89.2(2) 89.67(11) 89.9(3)
N(12)-Cu(2)-0(4) 90.7(2) 91.43(12) 91.1(3)

N(21)—Cu(2)-0(21) 87.0(2) 87.61(12) 87.7(4)
N(12)-Cu(2)-0(21) 93.2(2) 91.80(12) 91.6(4)

N(21)—Cu(2)-0(6) 93.3(3) 98.38(13) 91.6(3)
N(12)—Cu(2)-0(6) 95.4(3) 95.89(13) 96.9(3)
O(4)-Cu(2)-0(6) 85.5(3) 91.71(11) 82.7(3)
0(21)-Cu(2)-0(6) 93.6(3) 86.35(12) 95.0(3)

N(31)—Cu(3)-0(31) 87.3(3) 87.17(12) 86.7(3)
N(22)—Cu(3)-0(31) 92.9(2) 91.87(12) 94.8(3)

N(31)—Cu(3)-0(4) 89.0(2) 89.47(12) 87.2(3)
N(22)—-Cu(3y-0(4) 89.8(2) 91.51(12) 91.1(3)
N(31)-Cu(3)-0(7) 92.6(3) 91.61(13)  100.4(3)
N(22)—Cu(3)-0(7) 94.7(3)  101.47(13) 87.2(3)
Figure 3. ORTEP representation of one isomer of §{@H)(aat)(ClOy)- 88)1_)_(:%%?_)_0%)7) gggg; gigggg gg;g;

(H20),]* (3) showing the atom-labeling scheme.
sixth position is occupied by O(B3(I: x, =y + Yo, +z — 1)

aat ligand a N triazole atom from the adjacent aat molecule, (from a “noncoordinating” triflate) inl, by O(52) (from the
and the O atom from the central hydroxy group. The three axial same coordinating nitrate which binds Cu(1Rjrand by O(81)
sites are occupied by one O triflaté)fpitrate @)/perchlorate  (from the “noncoordinating” perchlorate) @ with distances
(3) atom and two O water atoms. Moreover, in all three of 2.67(1), 2.88(1), and 2.78(1) A, respectively. In the case of
compounds a sixth position of coordination is achieved for Cu(2) 3, the Cu(1)-O(51) distance is comparable to the Cu{2)(81)
by an O anion atom at semibonding distances. Notice that, unlike one and could also be regarded as a semibonding interaction;
the reported trinuclear copper(ll) complexX€s!®which contain s, with this criterion, ir3 Cu(l) is coordinated in an almost
always theus-OH group trans to N atoms, the present trimers square-planar manner.
show the hydroxyl group trans to O atoms (as the compound When the angles of the coordination polyhedron are con-
described by Vreugdenhitf:*8In the basal plane, the average sidered, the distortion of the metal environment is also evi-
bond distances (A) are GIN(1) = 1.905(6) ()/1.912(3) @)/ dent (see Tabl®). In the basal plane, in general, the angle
1.902(9) 8), Cu—N(2) = 1.949(7) ()/1.945(3) ©)/1.949(9) B), O(1)-Cu—N(2), where the coordinating atoms are from dif-
Cu—0(1) = 1.989(6) 1)/1.985(3) @)/1.970(8) @), and Cu- ferent ligands, exhibits the highest values (from 94.3¢8)
O(H) = see above. The CtN distances are shorter than the 91 5(2y), and the angle O(H)Cu—N(1), the smallest (from
Cu—0 ones, as expected. All these distances are normal whenge . 7(3) to 88.7(3}).
compared with those of the literatuté2 4 As for the axial The four atoms that define each of the three basal planes
donor atoms, the two coppeOuwater bond lengths are similar  around the metal ions deviate significantly from planarity (only
in each compound and the average values are comparable in the 04 N22 N31 031 atoms dfcan be considered perfectly
and3[2.29(8) vs 2.308(7) A] and significantly elongateddn  coplanar), their main deviation from the least-squares plane
[2.425(4) AJ; the corresponding coppe@aniondistances, similar  passing through their positions being 0.195(T), 0.180(4)
in 1 and2 [2.416(8) and 2.340(4) A], are significantly shorter (2) and 0.215(9)3) A. The copper atoms lie not in the basal
than the corresponding distance32.717(13) A]. The last  plane but slightly out of it at the following distances:
bond length confirms the scarce basic character of the perchlo-0.072(2), 0.055(2), and 0.125(2) A Ih —0.186(1), 0.085(1),
rate anion. and 0.092(1) A in2; 0.029(2), 0.034(2), and 0.071(2) A B

As indicated, in the three compounds Cu(2) completes its (b) The g3-OH and N—N Bridges. The presence of the
coordination to octahedral (highly tetragonally distorted); the ligand OH™ has been confirmed, following the criteria described
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Table 3. Comparison of Structural Parameters Concerning#h®H and N-N/N—O Bridges in CygNg(OH)/CuN3O3(OH) Trinuclear Clusters
(Order: Decreasing O(H}Cu; Distance/Increasing CtO(H)—Cu Angle, and Compounds of This Work at the End)

param E2N-O_> FN-O_ DN-Np CN-Np AN-N; BN-N,, 2N-N; 1IN-N; 3N-Ng
Cu(1)-O(H)—Cu(2)F 1115(2) 115.4(3) 115.8(3)
Cu(1)-O(H)—Cu(3)F 111.6(2) 114.7(2)  117.1(3)
Cu(2)-O(H)—Cu(3)F 114.2(2) 113.6(2) 113.4(3)
Cu—O(H)—Cu/° (av) 108.8(3) 111.1(3)  109.6(2)  111.2(9) 112.1(3) 114.5(1) 112.4(2) 114.6(3) 115.4(3)
O(H)-+-Cus plane/A 0.695 0.60 0.605 0.576(8)  0.478 0.564(3) 0.473(6)  0.433(6)
Cu—O(H)/A (av) 1.964(6) 1.967(6)  1.992(4)  2.00(2) 2.013(7)  1.994(3) 2.000(6) 1.991(6)  2.007(6)
Cu—Cu/A (av) 3.245(22)  3.251(1) 3.303(4) 3.341(2) 3.351(7) 3.341(1) 3.355(2) 3.371(3)
Cu—N/O/A (avy 1.958(8) 1.969(8)  1.957(4)  1.95(2) 1.95(1) 1.945(4)  1.928(3) 1.927(7)  1.926(9)

1.955(6) 1.935(6)

N—N'/O/A (avyF 1.343(8) 1.356(8) 1.38(1) 1.357(6) 1.369(4) 1.374(8) 1.378(1)
—Jem 244 140 191.2 200(ca)  190.9 197.7 198.2
ref 9 1 13 12b 14 12a tw. tw. tw.

a A = [Cus(uz-OH)(hppty(NOs)2](H20)4 [nppt = 3-(2-hydroxyphenyl)-4-phenyl-1,2,4-triazold};= [Cus(us-OH)(pz)(NOs)(Hpz)](NO3)-H20;
C = [Cus(us-OH)(pz)(ua-NO3)(Hpz)s]2(u-NOs),; D = [Cus(us-OH)(pz)(py)Cla]; E = [Cus(us-OH)L3(ClO4)]ClO4 [HL =3-(phenylimino)butanone
2-oxime]; F = [Cus(us-OH)L3(ClO4)2(H-0)] [HL = 3-(benzilimino)butanone 2-oximel; 2, and3, this work.? i—o = imino-oximato, pz= pyrazole,
tz = triazole. ¢ Distances in the nine-memberf@u—N—N'/O} 3 ring: Cu—N and N-N' in pz, tz; Cu-N/Cu—0 and N-O in i—o ligands.? Defined
as in ref 13; the reported values dfrom the literature have been modified according to the definition used in this paper (see eq 1).

in the literature’, 22 by (a) the location of the hydrogen atom at water molecules may be involved (and that are often neglected)
the expected position in the final difference Fourier map, (b) make the assignment even more ambiguous. These limitations
the electroneutrality of the crystal, and (c) the refined-QfH) being taken into account, the following attempt at assigning the
distances and CtO(H)—Cu angles, which, on the basis of the mentioned bands has been made: in the case of the triflate trimer
trends observed in similar structufésigree well with a roughly (compoundl), a clearly defined band is observed in the expected
tetrahedral/pseudotetrahedral sphere of Cu, Cu, Cu, H ligandsregion with two maxima at 3505 and 3485 ththat can be
around the oxygen. attributed to the hydroxo group and to the two coordinating
Table 3 displays the structural parameters concerning thewater molecules, respectively (the X-ray structure shows that
u3-OH bridge as well as the CtCu, Cu-N, and N-N distances the hydroxy group and one of the two water molecules are not
of the nine-memberefiCu—N—N}3 ring, for several triangular ~ involved in any strong H-bond). The nitrate trimer (compound
copper(ll) compounds with the @DH core. It includes the four ~ 2), with two additional noncoordinating water molecules and a
compounds so far described with N,N peripheral bridtjes; complex H-bond network, only displays a broad band with a
atriazolederivate (its study has not been reported in a jouthal, shoulder over 3440 cnt and a maximum around 3386 cfp
but the corresponding data have been added in the table becausie latter presumably due to the “free” water. As for the

of its obvious interest)B, C, andD, threepyrazolederivatives; perchlorate trimer (compourg}, the IR spectrum shows a broad
the compounds of the present wofk,2, and 3, with a N—N but well-defined single band with the maximum at 3420¢m
triazole bridge; and two complexes with N,O bridg&andF, that must include both the(O—H),s-on and v(O—H)coord 1o
added for comparison purposes (and selected for being the twovibrations, in agreement with the weak H-bond contacts that
most similar ones td, 2, and3). these groups form.

Comparison of the data of Table 3 illustrates the above- Bands in agreement with both coordinated and noncoordi-
mentioned trend: a larger average-6D(H)—Cu angle @ > nated anions could be observed (in @32 for the nitrate

1 > 2) corresponds to a larger ¥pharacter of the O(H) atom  compound,va{NOgz) = 1384 vs (and unusually sharp), 1310
and so to a higher GO planarity (and obviously a shorterO  M; vsym(NO3) = 1021 m2°3for the triflate compoundyad CFs)

--Cug plane distance3( < 1 < 2)). One could expect that a = 1280, 1250 vsysyn(CFs) = 1230, 1210 spa{SQ;) = 1170,
shorter O(H)--Cug plane distance (or a momxo character of 1150 s;veyn(SO;) = 1035 s, 980 ni? for the perchlorate
the oxygen) would be followed by a shorter €0(H) bond compound, 1190 vs; 116@1090 vs, sp; 975 m; 650 s; 455,
length, but this distance is almost equal in the three compounds445 m110:32.34

and also in the literature compountisB, C, andD. The slightly Table 4 lists the most relevant IR bands of the Haat ligand
shorter bond in compoundsandF must be due to the presence together with the corresponding bands of the Haat mononuclear
of a different peripheral bridge. On the other hand, Table 3 also complexes and those of the now reportedt trinuclear
shows that the nonbonding distances between adjacent Cu atomgomplexes?~1832t shows that the IR spectra can be used as

are comparable to those observed in the othey §stems; a diagnostic tool of the coordination mode of the ligand.

. - : . 1=
hlgher_planfarltyl_gl\éels |0ngerdG(tqu_’ dIStanCle)S:{ d 1 2, (30) Bellamy, L. JThe Infrared Spectra of Complex Molecyl€hapman
indicative of a §|g tly expan.e nine-mempered ring. and Hall: London, 1985: Voal. I.

Spectroscopic and Magnetic Measurements. (a) IR Spec-  (31) Nakanishi, Kinfrared Absorption Spectroscopy. Practicélolden-

icion indi ioti ishing theO Day, Inc.: San Francisco, and Nankodo Company Ltd.: Tokyo, 1962.

tra. A ?eamhh revision Indlg_atesotl’lflt ?stg]guéshmg H (32) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
group from the corresponding ) IR band is not unam- dination Compoundstth ed.; Wiley & Sons Interscience Publ.: New
biguous!112.12a13.29n certain cases this is contradictdri? York, 1986.

although its absence or presence is considered an important point33) (a) Johnston, D. H.; Gaswick, D. C.; Lonergan, M. C.; Stern, C. L.;

N _ - i Shriver, D. F.Inorg. Chem.1992 31, 1869 and references therein.
to discriminate between OHand G~ groups. The main prob (b) Castro, I.; Faus, J.; Julve, M.. Bois, C.; Real, J. A.; Lloret)E.

lem is that the referred compounds very often contain also Chem. Soc., Dalton Trand992 47. (c) Faus, J.; Julve, M.; Amigo
coordinating and noncoordinating water molecdl&esides, J. M.; Debaerdemaeker, J. Chem. Soc., Dalton Tran$989 1681.

i . i ; (34) (a) Hathaway, B. J.; Underhill, A. B. Chem. Socl1961, 3091. (b)
the possible H-bonds in which the hydroxy group and/or the Pavkovik. S. F.. Meck, D. Elnorg. Chem 1965 4, 1091,
(35) Pretsch, E.; Clerc, T.; Seibl, J.; Simon, Wablas..; Springer-Verlag
(29) Ferraro, J. R.; Walker, W. Rnorg. Chem.1965 4, 1382. Ibérica: Barcelona, 1998.
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Table 4. Selected IR Ligand Bands (cr)

»(C=N) + S(N—H)

compound »(C=0) ref
Haat 1685% 1622 s, 1556 s 17
Haat mononuclear compd 16661649, 1646-1634 (sp) s 16051609 s, 15351545 vw 17,18
aattrimeric compd:
1 1640s 1590 s, 1525 s this work
2 1641 m-s 1583 s, 1519 s this work
3 1645, 1635 (sp) s 1585 s, 1525 s this work

as = strong, v= very, w = weak, sp= split or doublet.

(b) Ligand Field Spectra. The reflectance electronic spectra  with two differentJ values (so treating the system as an isosceles
of all the complexes display a single band at 675 nm (14800 triangle) were also performéd338TheJ andJ values obtained,
cm™1), indicating the similarity of the chromophores around the very similar, did not significantly differ from those obtained
different Cu(ll) ions. Electronic spectra in DMSO, methanolic, with only oneJ value, and the goodness of the fitting did not
and aqueous solutions have also been recorded; the observefinprove.]

Iiganq figld bqnd isin agreement Wi'th the fact that the trimers e coupling parameters thus obtained have been compared

remain intact in those solution media. with those reported for analogous compounds as a function of
(c) Magnetic Susceptibility MeasurementsThe temperature  certain structural features (Tables 3 and 5). Magnetostructural

dependence gfuT for complexesl, 2, and3 s given in Figure o rrelations for trimers with the GO(H) moiety have already

4, plots a, b, and c. Atroom temperatyigT is very low (0.86 been described in relation to the two potential bridges: the

(1), 0.90 @), and 0.81 crimol™* K (3)) with respect to the  igentate central oxygen and the bidentate N,N peripheral

;/alue expected for three inﬂgpendlent Cu(ln) ionsﬁAs'ltlkE ligand; the authors established, on the one hand, that the more
oweredyy T decreases, reaching values of 64344 cnf mo flattened is the CyD(H) bridge the stronger is the magnetic

Katca. 75 1), 55 @), and 95 K 8), which correspond to the interaction? and, on the other hand, that higher coplanarity of

. _ ? _l H . . .

spin only value Of.0'437 cm O! |_<for one “r?pa"ed electrc_m the coordination planes around each copper atom is followed
with g = 217 Th|§ behavior indicates a quite strong antlfgr- by a larger spin coupling constaht? in addition, in oxime-
romagnetic interaction between the Cu(ll) ions, with an unpaired bridged trimeric compounds, a direct relationship between both

electron_ per Cy unit in the _gro_und stateyuT keeps on ._former structural features has been observed due to the fact that
decreasing below the former indicated temperatures, reaching.

values of 0.221), 0.23 @), and 0.26 cidmol 1K (3) at 4.7 K: in the CyO complexes there is a higher degree of coplanarity
this situatidn haé b.een o,bserve.d in similar compo&lﬁrﬂlﬁ“s.2""’1'3 of the prlr;gupal ligand planes than in the {QH analogous
From the known structures df, 2, and 3, and considering complexes.

that the three metals are structurally almost equivalent and so | N€ previous correlations were established considering only
thatJ; = J, = J; = J, the spin Hamiltonian in eq 1 will describe ~ 0Xime-type compounds, or both oxime compounds with N,O

the interactions of the spirfg:1a36-38 peripheral bridges and azole compounds with N,N peripheral
bridges at the same time. Since the two types of bridges are
H=-)S'S,+S:S;+SS) (1) not strictly comparable (see later), in this work we will focus

on compounds with N,N bridges. Tables 3 and 5 compile
From this Hamiltonian, a solution of the magnetic susceptibility Structural parameters concerning both central and pheripheral

may be derived as follows: bridges, respectively, for the above referred triangular copper-
(1) compounds with CgOH core. So, as for the central bridge,
Y = (Nﬁzgzl4kT)[1 + 5 exp(J/2KN]/[L + exp(3/2KT)] if Iargerl Cu—O(H)—Cu angles/shorter O(H-)-Cue plang dis-
@) tances imply highed values, the correlation showed in Table

3 is quite good, butl; should be higher. With respect to the
whereN, g, 3, k, andT have their usual meanings. Due to the coplanarity of the pheripheral ligands (Table 5), again, it is
above-mentioned experimental variationygfT at low temper- difficult to derive conclusions due to the scarcity of data; in
atures, the inclusion of an additional Weiss-like paraméter ~ 9eneral terms, thé values of the present work are also in the
which would account for possible intertrimer magnetic interac- €xpected range althoug should be higher thas. Compound
tion (T replaced byT — © in eq 2) was considered necessary. E. with a N,O oximato bridge, does not follow the correlation

Variable-temperature magnetic susceptibility data ¥oe, (the N,O bridge seems to be more efficient than the N,N bridge
and 3 were analyzed with the theoretical expression which in the magnetic exchange interaction). In our opinion, the
results from the modified eq 2; fitting was performed . observations made oh 2, and3 suggest, first, that the two

The experimental data are plotted in Figure 4, panels a, b, andabove-described criteria are not totally equivalent when discuss-
c, respectively, along with the best fitted curve. The results of ing magnetostructural correlations since the axial ligand may
the fittings (Tables 3 and 5, Figure 4) indicate that the magnetic Push the copper atom out of the basal plane; second, that these
interaction is of similar strength in the three compounds as the two coplanarity criteria cannot fully explain the magnitude of
Jvalues can be considered equal. This is in principle reasonablethe magnetic exchange: despite the structural differences in
given the fact that the bridging between pairs of copper atoms coplanarity,1, 2, and 3 exhibit essentially identica) values.

is equivalent and the unpaired electrons are in the same type of A different approach to the problem could be carried out by
orbitals. [Attempts at getting a better fit by using an equation taking into account the more studied diazine doubly bridged
Cu(ll) compounds. For the (quasi) planar doubly triazole- or

(35 Sn, = Cood S, e 1970, 91, sty g e, PYTaZ0le-bridged systems, general agreement exists that the
1978 17, 1841. B T ' ' dominant pathway for the antiferromagnetic exchange is pro-

(38) Kahn, O.Molecular MagnetismVCH Publishers: New York, 1993.  vided byo bonding between coppeyzdy? and bridging ligand
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Figure 4. Plot of ymT (cm® mol~t K) vs T (K) in the range 4.5300

K for 1 (a), 2 (b), and3 (c): O, experimental data; solid line, best
fitting curve (magnetic parameters foy—J = 197.7 cm; @ = —5.1
K; g=215R=4.2x 104 for 2, =J = 190.9 cm}; ©® = —4.5K;
g=220;R=57x 104 for 3, -J=198.2cm%; ©® = —3.2K; g
=2.08;R=4.1x 107%).

Ferrer et al.

orbitals2® from this analysis, a correlation betweédrand the
bridging angles has been proposéd! For 1, 2, and3 the six
N—Cu—O(H) angles are similar with values ranging from 89.0
to 92.7; following the mentioned criteria, this would be
consistent with the similarity between tlevalues. Moreover,
the magnitude of the exchange integral would be of the expected
order#! (This simplification considers the-NN bridge the main
way of the superexchange, although the central bridge can
attenuate or enhance the interaction, as described in asymmetric
dinuclear systemsy. However, the six N-Cu—O(H) angles of
D, a pyrazole derivative, are comparable and italue is clearly
lower. So, the value of the bridging angles by itself cannot be
used either to predict the trend in the exchange interaction. On
the other hand, it has been observed that electronic factors which
vary depending on the nature of the heterocyclic ring containing
the bridge influence the magnetic exchange phenorfena:
literature—J values range from 302 to 428 cinfor pyrazolaté®
and 72-236 cn1? for triazolaté! dinuclear compounds. It seems
that also in the case of the cyclic trimers, when trying to correlate
structural and magnetic properties, a distinction should be done
in function of the nature of the ring which affords the bridge.
Another question which remains unsolved is how to rational-
ize the magnetic behavior below 75)(55 @), and 95 K B).
The experimental observation that the magnetic moment drops
below the value expected for one unpaired electron suggests
that other kinds of antiferromagnetic interactions are operative;
in fact, the® values that result from the fitting{5.1 1), —4.5
(2), —3.2 K (3)] are significantly large. But, on the basis of the
crystallographic data available (room temperature) the potential
way for the intertrimer exchange is not clear; the shortest
intertrimeric Cu--Cu distances, longer tie6 A [6.538(2) (),
6.037(1) @), 6.421(3) A B)],5° exclude, at least in principle,
any interaction between spins of different trinuclear entities.
Some tentative explanations (lattice-driven phase transitions,
antisymmetric exchange, ...) were suggested for a similar case
by Angaroni et a2 Our hypothesis is that an antisymmetric
exchange phenomentris operating; a detailed study of it is
in progress.
(d) EPR Spectra.The X-band EPR spectra of complexgs
2, and3 were recorded on powder samples at room and liquid
nitrogen temperatures. The magnetic exchange properties of the
triangular Cu(ll) species resulting from the antiferromagnetic
interactions very often cause no EPR signals to be observed at
room temperature (apparently, because relaxation phenomena
hamper the observatior} and only badly resolved spectra at
low temperature$1?214In the present case, the room temper-
ature spectrum d3 is almost silent but those dfand2 exhibit
signals (with an axial pattern fdrand an isotropic pattern for
2). The spectra for the three complexes at liquid nitrogen
temperature are typical f@ = 1/, spin systems, in agreement
with the observation that at this temperature complete spin
coupling has already been reached, as shown in the previous
part. Following the literatudafor a trinuclear complex of this
type at low temperatures two doublets should be observed;
however, it is not unreasonable to think that the two doublet

(39) Xu, Z.; Thompson, L. K.; Miller, D. Olnorg. Chem1997, 36, 3985.

(40) Hanot, V. P.; Robert, T. D.; Kolnaar, J.; Haasnoot, J. G.; Reediik, J.;
Kooijman, H.; Spek, A. LJ. Chem. Soc., Dalton Tran$996 4275.

(41) Ferrer, S.; van Koningsbruggen, P.; Haasnoot, J. G.; Reedijk, J.;
Kooijman, H.; Spek, A. L.; Lezama, L.; Arif, A. M.; Miller, J. Sl.
Chem. Soc., Dalton Tran§999 4269.

(42) (a) Nishida, Y.; Kida, Slnorg. Chem1988 27, 447. (b) Doman, T.
N.; Williams, D. E.; Banks, J. F.; Buchanan, R. M.; Chang, H.-R;
Webb, R. J.; Hendrickson, D. Nnorg. Chem.199Q 29, 1085.

(43) Tsukerblat, B. S.; Belinski, M. |.; Fainzil'berg, V. Ba. Chem. Re.
1987, 9, 339.
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Table 5. Dihedral Angles (deg) between the Least-Squares Planes Defined hySQuire-Planar Coordination. Coplanarity of Principal
Ligand Planes, Defined by [O(H), N(1), N(2), O(1)] (as Butcher étahd Angaroni et ald)

compd Cu(1y-Cu(2) Cu(1)-Cu(3) Cu(2)-Cu(3) av —-J ref
1 19.9(2) 24.4(2) 31.7(2) 25.3(2) 197.7 this work
2 23.1(1) 23.3(1) 24.4(1) 23.6(1) 190.9 this work
3 17.4(3) 19.4(2) 26.6(2) 21.1(2) 198.2 this work
E 40.3 28.5 31.1 33.0 244 9
B 35 24 23 27 200 (ca.) 12a
AP 25.0(3) 27.3(3) 26.4(2) 26.2(3) 191.2 14
D 4 140 13

aThe reported values dffrom the literature have been modified according to the definition used in this paper (see 8iphes data calculated
in this work?®

states would have very similgrvalues so that the two expected could be attributed to protons of the aat within the trimeric
spectra would merge into one. In practice, the three compoundscompound. To be noted thEramagneticshift of thearomatic
display an axial spectrum giving values ofg, = 2.31,gn = and methyl H atonmsignals, which appear, for instance, at ca.
2.08 (L); gy = 2.29,g0 = 2.03 @); g; = 2.08,g7 = 2.06 QB); 23.0 ppm (expected around 7.8 ppm) and 8.1 ppm (expected at
the fine structure (although badly resolved i can be ca. 2.1 ppm), respectively, in a dmdgsolution of the triflate
appreciated, and the calculated hyperfine coupling constantcompound.

values f = 152 (1), Ay = 135-140 @); Ay = 143 x 10°* Attempts at replacing the coordinating axial water by 4-pi-

cm! (3)) are in agreement with the square-pyramidal, )
geometry around each copgéiThe average@values (2.16,
2.11, and 2.07, fol, 2, and3, respectively) are quite close to
those obtained by the fitting procedure of the magnetic
susceptibility data fod and 3 (2.15, 2.20, and 2.08, fdt, 2,

andg3, respectively, Figure 4); they also show the same tendency

of a slightly lower value for3 when compared with and 2.
The different EPR behavior & with respect tdl and2 could
be connected with its long axial EDanion distance (2.717
compared with 2.416 and 2.340 A). In addition, the liquid
nitrogen temperature spectrum @f exhibits a broadening
centered at about 4.2 (1450500 G), which must be due to
Am = 2 transitionsi12

(e) NMR spectra.As mentioned above, the room-temperature
EPR spectrum 08 is almost silent. It is known that systems

coline in both dmsals and D;OD solutions were not successful,
as easily followed by NMR (no shifts of any 4-picoline protons
observed).

Concluding Remarks

The results described in this paper show that the ligand Haat,
an interesting new asymmetric triazole derivative with a
chelating substituent, in its deprotonated form aat is capable of
coordinating as a bridging ligand to give rise to trinuclear
Cu(ll) complexes of the triangular type, by reaction with three
different copper(ll) salts. The three complexes obtained, very
symmetrical (the most symmetrical reported among the trian-
gular non-oximate type), basically only differ in the coordinating
anion. A quite strong antiferromagnetic interactienJ(= ca.

showing no EPR spectrum may show interesting NMR spectra 200 cnt!) has been found in the three cases. In spite of
(and the reverséfa4Stherefore we have tried to obtain NMR  differences observed in coplanarity of the ligand planes, the three
spectra of the title compounds in solution. Solutionslp®, compounds exhibit almost equal spin exchange constants, so

and3 in dmsods, D,O, and BOD indeed showed signals that

(44) (a)ESR and NMR of Paramagnetic Species in Biological and Related
SystemsBertini, I., Drago, R. S., Eds.; NATO ASI Series C 52;
Reidel: Dordrecht, The Netherlands, 1979.Tbnsition lon Electron
Paramagnetic Resonancéilbrow, J. R., Ed.; Clarendon Press:
Oxford, 1990.

La Mar, G. N.; Horrocks, W. D.; Holm, R. HNMR of Paramagnetic
Molecules. Principles and Applicationacademic Press: New York,
1973.

(45)

(46)
of a recently published paped.(Struct. Chem1997, 38, 441) by A.
V. Virovets, N. V. Podberezskaya, and L. G. Lavrenova, describing
the X-ray structure of a trinuclear triazole copper(ll) compound; it
represents the first reported compound of this type with a triazole

derivative. The structure, however, presents strong disorder problems

and an unambiguous choice between the formula®©jus-OH)-
(u.7%L)3CueCle] and [(us-OH)(u,17%L) 2(u2,m*LH)CusClg] -H20 (L =

Just before submission of this work, the authors obtained knowledge

that they are suitable materials for a detailed study of the
intramolecular magnetic-exchange mechanism.
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Supporting Information Available: Tables of final atomic coor-

"dinates for the non-hydrogen atoms (Tables Sl, SlI, SllIl) and for the

hydrogen atoms (Tables SIV, SV, SVI), complete list of bond distances

3,5-dimethyl-4-amino-1,2,4-triazole) was impossible. As the disorder and angles (Tables SVII, SVIII, SIX), anisotropic thermal parameters
prevents any comparison with our structures, this compound will not (Tables SX, SXI, SXII), and list of possible hydrogen bonds. This

be included in our study. ) ) _material is available free of charge via the Internet at http://pubs.acs.org.
(47) The compound described by Virovets et al. contains a nonchelating

triazole ligand.

(48) In Virovets et al.’s compound there is probably a @I that position.

(49) Apart from the compound reported by Virovets et al.

(50) The shortest “intermolecular” GO’ (coordinating anion) distances
are 4.396(9) 1), 4.927(5) @), and 4.95(2) A 3); so the coordinating
anions do not bridge GO(H) units, which is different from the
situation observed in compounds of refs 9, 12a,b, and 14.

1C981393U

(51) Note The Cambridge Crystallographic Structure Data Base was used
in the literature research [Allen, F. H.; Kennard, O.; Taylor, R.
Systematic Analysis of Structural Data as a Research Technique in
Organic ChemistryAcc. Chem. Red983 16, 146].





