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The almost quantitative formation of the triangular trinuclear copper derivative [Cus(s-OH)(u-pz)3(MeCOO),(Hpz)]
(1) (Hpz = pyrazole), has been simply achieved by adding Hpz to an ethanol solution of Cu(MeCOQ),*H,0. An
X-ray molecular structure determination shows that 1 is completely unsymmetric and that trinuclear units result
assembled in an extended bidimensional network formed through acetate bridges and hydrogen bonds. EPR and
magnetic measurements are consistent with the presence of a single unpaired electron. Theoretical density functional
calculations carried out for S = 1/2 provide a thorough description of the electronic structure of 1, allowing a
detailed assignment of its UV-vis absorption spectrum. Compound 1 reacts with MeONa, yielding [Cus(zts-OH)-
(1-pz)3(MeCOO)(MeO)(Hpz)] (2) and [Cus(us-OH)(u-pz)s(MeO),(Hpz)] (3) through the substitution of one and two
acetate ions, respectively, with MeO~ ion(s). The spontaneous self-assembly of the triangular trinuclear Cus moiety
seems to occur only with pyrazole as can be inferred by the results obtained in the reactions of copper(ll) acetate
with some substituted pyrazoles leading to the formation of mononuclear [Cu(MeCOO),(L),] (4-8) and dinuclear
[Cu(MeCOO),(L)]2 (9-11) (L = substituted pyrazole) compounds. Also the presence of acetate ions seems to play
a leading role in determining the formation of the trinuclear triangular arrangement, as indicated by the formation
of a mononuclear derivative, [Cu(CF;COO),(Hpz)], (compound 12), in the reaction of copper(ll) trifluoroacetate
with pyrazole. Compounds 1-3, as well as some other mono- and dinuclear copper(ll)-substituted pyrazole complexes,
have been tested as catalyst precursors in cyclopropanation reaction, observing the formation of products in a
syn:anti ratio opposite that normally reported.

Introduction several catalytic biological processe®loreover, this kind
. _— . . of compound often provides the possibility to study mag-
In recent years, investigations of trinuclear transmon_—metal netostructural correlations in mixed bridged systems as well
complexes have had a great development due to the dlscovgnés the opportunity of testing magnetic exchange madals.
of the fundamental role played by these metal systems "N trinuclear array of copper(ll) may be essential functional units
in a number of multicopper blue oxidasestich as laccase

* Authors to whom correspondence should be addressed. Phb&@: d bat id hich tal the f lect

049 8275157 (L.P.):+39 0737 402234 (C.P.). Fax+39 049 8275161 ~ and ascorbate oxidases, which catalyze the tour-electron

(L.P.);+39 0737 637345 (C.P.). E-mail: luciano.pandolfo@unipd.it (L.P.); reduction of dioxygen to water with concomitant one-electron
claudio.pettinari@unicam.it (C.P.).
T University of Padova.

* University of Camerino. (1) For some reviews see: (a) Solomon, E. I|.; Sundaram, U. M,
§ University of Bologna. Machonkin, T. EChem. Re. 1996 96, 2563. (b) Kaim, W.; Rall, J.
I'University of Roma Tor-Vergata. Angew. Chem., Int. Ed. Engl996 35, 43.

10.1021/ic049260y CCC: $27.50 © 2004 American Chemical Society Inorganic Chemistry, Vol. 43, No. 19, 2004 5865

Published on Web 08/14/2004



Casarin et al.

oxidation of a variety of substrates, such as ascorbate andaccumulation of positive charges in metal ion assembled
polyphenols, and aromatic polyamirfeghe fully oxidized compounds. Among the copper(ll) systems, the linear
active site of ascorbate oxidase has a triangular arrangementrinucleat® one-dimensional chairi§,two-dimensional tri-
of copper(ll) atoms with CaCu separations ranging from angular trinuclear networkd,and hexanuclear complexés
3.6 to 3.9 A, with a hydroxide or an oxo group acting as a with triple pyrazolate bridges or containing small anions
bridge between the two type-3 copper atoms. There are thregsuch as Cl, OH~, and Ny~) as bridging units have been
histidine residues bonded to each copper, while the type-2structurally characterized. Moreover, the unusual trinuclear
copper atom is bonded to three histidine molecules and oneCu(ll) species [Cg(us-OH)(u-pz)s(NOs)2(Hpz),] has been
water molecule or hydroxide grodpThe study of the prepared from air oxidation of [Cu(NgXHpz)] in the
reaction mechanisms involved in these and other biological presence of moistur@. In addition to that, there is an
metal arrays is complicated by the fact that metal centersincreasing interest in cyclic trinuclear metal complexes
are normally present in small amounts with respect to the because these systems can be regarded as geometrically
“organic” environment. Moreover, problems of solubility frustrated and offer the opportunity to test magnetic exchange
and/or stability are often present. A possible strategy to gain models!®
information about such complicated systems could involve  Until the present work, no investigation of the reaction of
the synthesis and the study of low molecular weight model copper(ll) carboxylates with pyrazole had been reported. In
complexes having characteristics such as solubility andthe course of a research project dealing with the study of
stability in most common solvents that make easier their the interaction of copper carboxylates with azoles, by reacting
study and electronic and structural features similar to those pyrazole (hereafter Hpz) and Cu(MeCQ®),0, we ob-
of more complex systems under examinafi@onsequently,  served the formation of a previously unreported trinuclear
it is of importance to synthesize low molecular weight triangular copper complex, [Glus-OH)(u-pz)(MeCOO)-
trinuclear copper(ll) complexes having a triangular arrange- (Hpz)] (1).* Here we report a thorough description of its
ment of metal atoms and to study the conditions leading thesemolecular and electronic structure coupled with experimental
compounds to mimic the behavior of natural products. results obtained from IR, U¥vis, and EPR measurements.
Trinuclear triangular and chains of trinuclear triangular Moreover, data on the reactivity dfand some preliminary
copper complexes, with®e7or withouf a Cu(us-OH), core  results about its catalytic behavior are presented. The
have been reported, and Cole et al. synthesized and characsyntheses and the characterization of a series of adducts
terized a trinuclear triangular mixed-valence copper complex obtained from the reaction of differently substituted pyrazoles
which exhibits “Q bond scission and intriguing structural, with Cu(MeCOO)-H,0 and from the reaction of Hpz with
spectroscopic, and redox propertiés”. Cu(CRCOO)*2H,0 are also reported and results seem to
Pyrazole and its derivatives are interesting ligands able to indicate that both pyrazole and acetate ion are determining
provide a 1,2-bridging form, often utilized to prevent in the self-assembly process of the trinuclear triangulay Cu
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Trinuclear Cu(ll) Complex [Cug(us-OH)(u-pz)(MeCOO)(Hpz)]

The electrical conductances of the acetonitrile solutions were  General Procedure for the Cyclopropanation ReactionsThe
measured with a Crison CDTM 522 conductimeter at room reactions and workup were carried out as reported in the litergture.
temperature. Positive and negative electrospray mass spectra werdhe GC analyses of the products were performed under the
obtained with a series 1100 MSI detector HP spectrometer, usingfollowing conditions: initial (5 min) and final temperatures of 70
an acetonitrile mobile phase. Solutions for electrospray ionization and 200°C, respectively, heating rate 2C min-1. The chemical
mass spectrometry (ESI-MS) were prepared using reagent gradeyields were not optimized. The obtained data were reproducible
acetone or acetonitrile, and the obtained data (masses and intensitiesyithin £2% for several experiments.
were compared to those calculated by using the IsoPro isotopic  Syntheses. [Cu(us-OH)(u-pz)s(MeCOO),(Hpz)] (1). Hpz (0.680
abundance simulator, version 2?Peaks containing copper(ll) ions g, 10 mmol) and Cu(MeCO@H,O (1.50 g, 7.5 mmol) were
are identified as the centers of isotopic clusters. The magnetic dissolved in 50 mL of EtOH. The solution was stirred overnight at
susceptibilities were measured at room temperature-230°C) room temperature. A blue microcrystalline precipitate formed which
by the Gouy method, with a Sherwood Scientific magnetic balance, was filtered, washed with EtOH, dried under vacuum, and identified
MSB-Auto, using HgCo(NCS)as calibrant and correcting for  as compound. (1.35 g, 2.27 mmol, 90% vyield). Acetic acid was
diamagnetism with the appropriate Pascal constants. The magnetidound in mother liquors. Compouridwas recrystallized from hot
moments gs) were calculated from the equatioper = EtOH, yielding well-formed hexagonal platelets, suitable for X-ray
2.84(Xy*"T)*2 The EPR spectra were recorded with a Bruker ER crystal structure determination. Mp: 228 dec, 306°C chars.
200 X-band spectrometer equipped with a nitrogen flow variable- Anal. Calcd for GgHoNgOsCus: C, 32.30; H, 3.39; N, 18.83; O,
temperature system. UWis spectra were recorded on a Varian 13.44. Found: C, 32.23; H, 3.44; N, 18.82; O, 13.30. IR (Nujol,
Cary 5E spectrophotometer, equipped with a device for reflectancecm=2): 3250br, 3180sh, 3110m, 1576s, 1488m, 1450s, 1383s,
measurements. 1351s, 1338s, 1276m, 1175m, 1156m, 1152m, 1059s, 931m, 817m,
Computational Details. Density functional (DF) calculations  774m, 748s, 457m, 350s, 325m. ES| MS) (H,0/MeOH) (higher
were carried out by using the ADF 2002 packag®ptimized peaks; relative abundance, %z 381 (7) [Cu(pz)(MeCOO)-
geometries and vibrational parameters were evaluated by employing(Hpz)]t, 468 (50) [Cy(OH)(pz)s(MeCOO)I", 476 (45) [Cu(OH)-
generalized gradient (GGA) corrections self-consistently included (pz),]*, 510 (20) [Cu(pz)(MeCOO}]* 518 (55) [Cu(pzk-
through the BeckePerdew (BP) formuld’ A triple-G Slater-type (MeCOO)J", 526 (15) [Cu(pz)s]*, 550 (70) [Cu(pzu(MeCOO)-
basis set was used for (i) Cu atoms, (i) all the atoms directly bonded (MeOH)]*, 578 (100) [Cy(pz)s(MeCOOY(Hpz)]t, 586 (80) [Cu-
to them, and (jii) the hydroxyl and pyrazole H atoms, whereas a (pz),(MeCOO)(Hpz)T, 600 (10) [Cy(pzl(MeCOO)+Na]*", 618
double{ basis set was adopted for the remaining atoms of the (20) [Cu(OH)(pz)(MeCOOXHpz)+Na]". uer(296 K): 2.156ug.
complex. The inner cores of Cu (1s2s2p), O (1s), C (1s), and N Ay (EtOH, 1 x 1074 M): 1.0 Q71 moR cm L. Ana/nm(reflec-
(1s) atoms were kept frozen throughout the calculations. All the tance): 611, 6481y,./nm(MeOH solution): 6214 = 183).
numerical experiments were carried out by including spin-polariza- [Cus(us-OH)(-pz)s(MeCOO)(MeO)(Hpz)] (2). MeONa (0.054
tion effects. Energy differences associated with electronic transitionsg, 1 mmol) was added to a methanol solution/suspension of
were evaluated by using the Slater transition-state procé8ure. compoundl (0.59 g, 1 mmol). The suspension was stirred overnight
Moreover, the EPRy tensor was computed by employing the gt room temperature. The pale-blue precipitate formed was filtered
method proposed by van Lenthe and co-work&?SFinally, force off, washed with EtOH/ED, dried under vacuum, and identified
constants and harmonic frequencies were calculated by numericalyg compoun@ (0.340 g, 0.6 mmol, 60% yield). Mp: 28290°C
differentiation of energy gradients computed both at the equilibrium gec. Anal. Caled for GHooCusNgO4: C, 31.77; H, 3.56; N,19.76;
geometry and at slightly deviating geometries. Information about g 11.29. Found: C, 31.95: H, 3.65: N,19.82: O, 11.11. IR (Nuijol,
the localization and the bonding/antibonding character of selected cmY): 3250br, 3180sh, 3117m, 3106m, 3060sh, 1578s, 1490m,
molecular orbitals (MOs) over a broad range of energy was obtained 1460s, 1391s, 1378s, 1353m, 1340m, 1281m, 1176m, 1159w,
by referring to the density of states (DOS), partial DOS (PDOS), 1151w, 1114w, 1071sh, 1060s, 1021w, 931m, 911w, 887w, 843w,
and crystal orbital overlap population (COOP). Corresponding 817w, 774m, 762s, 722m, 679s, 627m, 617m, 613m, 532m, 488w,
curves were computed by weighting one-electron energy levels by 457m 419w, 412w, 350s, 325w, 314w, 291w, 280w, 229m. ESI
their basis orbital percentage and by applying a 0.25 eV Lorentzian g (+) (H.O/MeOH) (higher peak):n/z 550 [Cw(MeO)(pz)-

broadening. , . . . (MeCOO)(Hp2)T- 1e(296 K): 2.15us. Am(EtOH, 1 x 104 M):
Catalytic Experiments. The reactions were carried out indry 9.4 Q-1 moR cmL
chloroform that was distilled over,Bs under nitrogen before use. [Cus(us-OH)(u-p2)s(MeO):(Hpz)] (3). By reactingl (0.59 g

All other reagents and solvents were of the highest analytical grade1 mmol) with MeONa (0.170 g, 3.0 mmol) according to the same
and used without furth_er purification. Chromatographic punflca_tlons procedure employed f& compoundd was obtained (0.350 g, 0.65
were performed on silica gel (350 mesh, Merck) columns. Thin- mmol, 65% yield) as a blue-gray insoluble solid. Mp: 2994
layer chromatography was carried out using Merck Kiesegel 60 °C dec. Anal. Calcd for GH,CsNsOs: C, 31.20: H, 3.74: N,
F254 plates. GC analyses were performed on a Carlo Erba HRGCZO]Q; 0. 8.91. Found: C, 31.10: H, 3.55: N, 21.00: O, 9.21%. IR
5160 instrument equipped with a 30 m Supelco SPB-35 GC column (Nujol, cnr3): 3220br, 3120w, 3104w, 1586m, 1578m, 1489m,

and an FID detector. 1463s, 1283m, 1180m, 1170w, 1061m, 921w, 868w, 747m, 679w,

(15) Senko, M. WisoPro Isotopic Abundance Simulatar. 2.1; National 668w, 630m, 618s, 531br, 366m, 280m. ESI Mg (H,0/MeOH)
High Magnetic Field Laboratory, Los Alamos National Laboratory:  (higher peak):m/z522 [Cu(MeO)(pz)s(Hpz)I". ue(296 K): 2.093

6) ,I&os /t°~ladmos,DNM.,t Functional Packagéersion 2002: Vijie Uni Us. AM(EtOH, 1 x 104 M): 0.2 Q7! moP cm™.
msterdam bensity Functional acka rsion , Ve uni-
versiteit: Amsterdam, The Netherlands, 2002. [Cu(MeCOO0)2(4-MepzH)x(H20)7] (4). 4-MepzH (1.23 g, 15
(17) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Perdew, J. Phys. mmol) and Cu(MeCOQ)H,0 (1.50 g, 7.5 mmol) were dissolved
Rev. B 1986 33, 8822. in 50 mL of an 80/20 mixture of EtOH/4®. The solution was

(18) Slater, J. CAdv. Quantum Cheml972 6, 1.

(19) van Lenthe, E.; Baerends, E.JJ.Chem. Phys200Q 112, 8278.

(20) The frozen core approximation for Cu and O inner cores has been (21) Simkhovich, L.; Mahammed, A.; Goldberg, I.; GrossChem—Eur.
lifted during calculations pertaining to the evaluation of ghensor. J. 2001 7, 1041.
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stirred overnight at room temperature and then evaporated underCyH3,Cu,N4Og: C, 41.16; H, 5.53; N, 9.60; O, 21.93. Found: C,

vacuum and the blue residue obtained washed with EtQB/Et/

1) (50 mL). A blue microcrystalline compound was obtained which
was recrystallized from EtOH/ED (1/2), dried under vacuum, and
identified as compound (1.43 g, 4.5 mmol, 60% yield). Mp: 79
82°C. Anal. Calcd for G,H»oN4O6Cu: C, 37.74; H, 5.81; N, 14.67;
0, 25.14. Found: C, 38.01; H, 5.70; N, 14.68; O, 25.37. IR (Nujol,

41.20; H, 5.81; N, 9.60; O, 22.43%. IR (Nujol, cf): 3200s,
3156m, 3098m, 1644s, 1612s, 1586s, 1521s, 1426s, 1374s, 1341m,
1292m, 1211m, 1162m, 1120w, 1048s, 1035m, 1013m, 944w,
785w, 722m, 681s, 626m, 480w, 348s. 288m, 268m. ESI M5 (
(H,O/MeOH) (higher peaks; relative abundance, %)z 111 (10)
[MegpzHy], 282 (40) [Cu(3,4,5-MgpzH)(MeCOO)(HO)(MeOH)],

cm1): 3350br, 3215sbr, 3137sh, 3090sh, 1610s, 1586s, 1556sh,515 (20) [Cu(3,4,5-MepzH)(MeCOO0)(3,4,5-Mgpz)]*, 573 (10)
1505m, 1456s, 1400s, 1335s, 1319sh, 1270m, 1237m, 11712m[Cusy(3,4,5-MepzH),(MeCOO)(3,4,5-Mepz)]*. uct(296 K): 1.498
110s, 1077s, 1045m, 1016m, 967m, 931m, 833s, 675m, 657s, 627sus. Au(EtOH, 1 x 1073 M): 0.3 Q-1 moP cm.

489br, 393w, 331br. ESI MSK) (H,O/MeOH) (higher peak)nvz
286 [Cu(MeCOO)(4-MepzH)'. ue(296 K): 1.89ug. Am(EtOH,
1x 103M): 2.0 27 moP cm™.

[Cu(MeCOO0)4(3,5-MeypzH);] (5). Compounds was prepared
by following the same procedure described 4ppbtaining a pale
blue solid (80% yield). Mp: 168C. Anal. Calcd for G4H2,N4O4-

Cu: C, 44.97; H, 5.93; N,14.98; O, 17.12. Found: C, 45.01; H,
6.02; N, 14.87; O, 16.96. IR (Nujol, cm): 3430 br, 3183m,

[Cu(MeCOO0),(3-Me-5-PhpzH)}L (10). Compound 10 was
prepared by reaction of 1 mmol (0.15 g) of 3-Me-5-PhpzH with 1
mmol of Cu(MeCOO)-H,0O (0.20 g) in EtOH. The solution was
refluxed overnight and then the solvent evaporated under vacuum.
A pale green residue was obtained which was washed with ethanol/
diethyl ether and identified as compoub@d (0.5 mmol, 50% yield).

Mp: 171-177°C. Anal. Calcd for GgH3,CwN4Og: C, 49.48; H,
4.75; N, 8.24; O, 18.83. Found: C, 49.30; H, 5.00; N, 8.15; O,

3110m, 3085m, 3060sh, 1557br, 1459m, 1380br, 1307s, 1185m,18.67%. IR (Nujol, cm?'): 3200br, 1643br, 1604s, 1587sh, 1567m,
1152m, 1052m, 1025m, 1012m, 986w, 937w, 830br, 742m, 722m, 1380br, 1307s, 1185m, 1152m, 1052, 1025m, 1012m, 986w, 937m,

684m, 675s, 637w, 622m, 473m, 428m, 348m, 313s. ESI #M)S (
(H>O/MeOH) (higher peak):m/z 314 [Cu(MepzH)(MeCOO)J*.
1eif(296 K): 1.83up. Am(EtOH, 1x 103M): 1.7 Q2 I moRcm™1.
[Cu(MeCOO0)4(3,4,5-MepzH),] (6). Compound was prepared
by following the same procedure described 4ppbtaining a pale
blue solid (76% yield). Mp: 195197 °C. Anal. Calcd for
Ci16H26N4O4Cu: C, 47.81; H, 6.52; N, 13.94; O, 15.92. Found: C,
47.74; H, 6.82; N, 14.01; O, 15.96. IR (Nujol, cA): 3200~

830br, 742m, 722m 684m, 675s, 637w, 622m, 473m, 428m, 348m,
313s. ESI MS ) (H,O/MeOH) (higher peaks; relative abundance,
%): m/z 159 (10) [3-Me-5-Phpzh*, 438 (100) [Cu(3-Me-5-
PhpzH)}(MeCOO)]t, 526 (20) [Cuy(3-Me-5-PhpzH)MeCOO)-
(MeOH), + H]*, 656 (40) [Cu(3-Me-5-PhpzHYMeCOO} + H]*.
Uel(296 K): 1.521ug. Au(EtOH, 1 x 1073 M): 0.6 Q! mol?
cm i,

[Cu(MeCOO0),(3-Me-4-PhpzH)L (11). Compound 11 was

2800br, 3180br, 3134s, 3086s, 1556br, 1524br, 1341s, 1302s,prepared by reaction of 1 mmol (0.153 g) of 3-Me-4-PhpzH with
1275m, 1178s, 1025m, 1015m, 938m, 830s, 764m, 722w, 708w, 1 mmol of Cu(MeCOOyH,O (0.218 g) in EtOH. The solution

670m, 621w, 571w, 493w, 472w, 343w, 311s, 291m. ESI MP (
(H.O/MeOH) (higher peak):m/z 342 [Cu(3,4,5-MgpzH),(Me-
COO)I". ue(296 K): 1.89ug. Aw(EtOH, 1x 103 M): 1.2Q1
mol cmL.

[Cu(MeCOO0),(3-Me-5-PhpzH)(H,0),] (7). Compound’ was
prepared by following the same procedure described,fobtaining
a pale blue solid (80% yield). Mp: 136137 °C. Anal. Calcd for
C24H26CUN404: C, 57.88; H, 5.26; N, 11.25; O, 12.85. Found: C,
57.58; H, 5.39; N, 11.44; O, 12.45. IR (Nujol, cA): 3200~

was refluxed overnight and then the solvent evaporated under
vacuum. A pale green residue was obtained which was washed with
ethanol/diethyl ether/petroleum ether (1/1/1) (4D °C) and
identified as compound1 (0.7 mmol, 70% yield). Mp: 172173

°C dec. Anal. Calcd for gH3,CwN4Og: C, 49.48; H, 4.75; N,
8.24; 0O, 18.83. Found: C, 49.63; H, 4.64; N, 8.30; O, 18.77%. IR
(Nujol, cm™1):  3400br, 3090m, 3032sh, 1622sh, 1609s, 1569s,
1498m, 1377s, 1364m, 1348m, 1237m, 1156m, 1110m, 1074w,
1045m, 1022m, 967w, 869w, 814m, 765s, 700s, 683s, 659s, 620m,

2800br, 3100br sh, 1604s, 1580s br, 1560s, 1549s, 1250br, 1187mb45m, 534m, 486w br, 420w br, 352m br, 260br. ESI M (
1155m, 1107s, 1072m, 1016m, 1006m, 992w, 967m, 909m, 762s, (H,O/MeOH) (higher peaks; relative abundance, %)z 159 (10)

721m, 696s, 618m, 539m, 524m, 421br, 280br. ESI Mp(H,0/

MeOH) (higher peak):nV/z 438 [Cu(3-Me-5-PhpzHMeCOO)]J".

1ef(296 K): 2.02up. Au(EtOH, 1x 103 M): 1.2Q 1t moPcm.
[Cu(MeCOO0),(3-Me-4-PhpzH))] (8). 3-Me-4-PhpzH (0.320 g,

2 mmol) was added to an ethanol solution of Cu(MeC@&)0

(0.200 g, 1 mmol). The solution was stirred under reflux for 24 h

[3-Me-4-PhpzH]*, 438 (100) [Cu(3-Me-4-Phpz{MeCOO)]",
526 (20) [Cy(3-Me-4-PhpzHYMeCOO}(MeOH), + H]*, 656 (40)
[Cuy(3-Me-4-PhpzH)MeCOO) + H] ™. ue(296 K): 1.510us.
Am(EtOH, 1 x 103 M): 0.5 Q" moP cm™.
[Cu(CF3;C0OO0),(Hpz),] (12). Compoundl2was prepared (74%
yield) by following the same procedure described 4dby using

and then evaporated under vacuum and the residue washed witfCu(CRCOOQO)-2H,0O prepared according to the literatdfeBlue

an EtOH/E;O (1/1) solution (30 mL). A pale-blue precipitate
formed that was identified as compoud@78% yield). Mp: 183-
185 °C. Anal. Calcd for GsHo6CuN;O4: C, 57.88; H, 5.26; N,

crystals suitable for X-ray analysis were obtained from slow
evaporation of mother liquors. Mp: 17476 °C. Anal. Calcd for
CioHsCuRN,4O4: C, 28.21; H, 1.89; N, 13.16; O, 15.03. Found:

11.25; O, 12.85. Found: C, 57.87; H, 5.09; N, 11.39; O, 12.65. IR C, 28.43; H, 2.01; N, 12.99; O, 15.35. IR (Nujol, chr 3430br,

(Nujol, cm1): 3400br, 3189m, 3104w, 1605m, 1570s, 1530s,

3163m, 3143m, 3060w, 1677br, 1644br, 1534m, 145m, 1446m,

1455s, 1345m, 1152m, 1104m, 1019m, 1006m, 967w, 814m, 761m,1364m, 1279m, 1205s, 1133s, 1071m, 1055m, 856m, 846m, 797m,
719m, 697m, 667m, 618w, 537w, 584w, 420w, 302br. ESI MS 771s, 765s, 725s, 610m, 600m, 520m, 340m. ESI Mp(H.0/

(+) (H,O/MeOH) (higher peak):m/z 438 [Cu(3-Me-4-PhpzH)
(MeCOO)J". uer(296 K): 2.00up. Am(EtOH, 1 x 103 M): 2.0
Q"I moPk cm.

[Cu(MeCOO0)4(3,4,5-MepzH)], (9). Compound® was prepared
by reaction of 1 mmol of 3,4,5-MgzH with 1 mmol of Cu-
(MeCOO)-H,0 in refluxed ethanol (20 mL). After 24 h petroleum

ether (46-60 °C) was added, and a pale green precipitate formed

that was identified as compourdd® (56% yield). Anal. Calcd for
5868 Inorganic Chemistry, Vol. 43, No. 19, 2004

MeOH) (higher peak):m/z 312 [Cu(CRCOO)(Hpz}]*t. ue(296
K): 1.91 ug. Aw(EtOH, 1 x 1073 M): 6.2 Q 1 mol’ cm™1.

X-ray Crystallography. The X-ray intensity data fot and12
were measured on a Bruker AXS SMART 2000 diffractometer,
equipped with a CCD detector. Cell dimensions and the orientation
matrix were initially determined from a least-squares refinement

(22) Martin, R. L.; Waterman, HJ. Chem. Socl957, 2545.



Trinuclear Cu(ll) Complex [Cug(us-OH)(u-pz)(MeCOO}(Hpz)]

Table 1. Crystal Data and Experimental Details fbrand 12

1 12
empirical formula GeH20CWsNgOs C10HsCuRsN4O4
fw 595.02 425.74
T, K 298(2) 298(2)

A 0.71073 0.71073

cryst symmetry monaclinic monoclinic
space group P2,/c Cc

a A 11.6602(4) 13.981(2)

b, A 19.9062(6) 13.046(2)

c, A 9.6896(3) 8.854(1)

B, deg 99.576(1) 94.568(3)

cell vol, A3 2217.7(1) 1609.8(3)

z 4 4

D¢, Mg m—3 1.782 1.757

u(Mo Ka)), mm2 2.896 1.445

F(000) 1196 844

cryst size, mm 0.1% 0.20x 0.25 0.20x 0.25x 0.30
0 limits, deg 1.7#30.03 2.14-30.24

no. of reflns collected 2931@Hh, £k, £I) 10276 ¢th, £k, £l)

no. of unique obsd refins 6493 [R(int) = 0.092] 4689 R(int) = 0.093]

[Fo > 4o(Fo)]
GOF onF2 0.969 1.041
R1(F)2WR2(F2) 0.0471, 0.1089 0.0562, 0.1511

ARL = Y||Fol — |Fcl/Y|Fol. PWR2 = [YW(Fo? — Fc2)2/yW(Fe?)Z Y2
w = 1/[o4Fo? + (aP)2 + bP], whereP = (Fs? + 2F?)/3.

on reflections measured in three sets of 20 exposures, collected ins cymecoo), + 4 CNH
=N

three differentw regions, and eventually refined against all data.

For all crystals, a full sphere of reciprocal space was scanned by

0.3 w steps, with the detector kept 5.0 cm from the sample. The
software SMART was used for collecting frames of data, indexing
reflections, and determination of lattice parameters. The collected
frames were then processed for integration by the SAINT progtam,
and an empirical absorption correction was applied using SAD-
ABS .24 The structures were solved by direct methods (SIR%97)

and subsequent Fourier syntheses and refined by full-matrix least

squares o2 (SHELXTL),?® using anisotropic thermal parameters
for all non-hydrogen atoms. 1h2, some disorder was detected for
the fluorine atoms of the trifluoroacetate groups, which were refined
over two sites, yielding occupation factors of 0.67 and 0.90 for the
main images of the F atoms bound to C(8) and C(10), respectively.
All hydrogen atoms, except the pyrazole and hydroxy hydrogens,
which were located in the Fourier map and refined isotropically
were added in calculated positions, included in the final stage of
refinement with isotropic thermal parametetfH) = 1.2U(C)
[UH) = 1.5U{C-Me)], and allowed to ride on their carrier
carbons. Fol2 the absolute configuration was determined (Flack
parameter-0.00(2)). Crystal data and details of the data collection
for both structures are reported in Table 1.

Results and Discussion

Compound1 [Cus(us-OH)(u-pz)s(MeCOO}(Hpz)] has
been obtained as a dark-blue microcrystalline solid by adding
Hpz to hydrated copper(ll) acetate in ethanol at room
temperature (Scheme 1) without addition of hydroxide ions

(23) SMART & SAINT Software Reference Manualersion 5.051
(Windows NT Version); Bruker Analytical X-ray Instruments Inc.:
Madison, WI, 1998.

(24) Sheldrick, G. MSADABS, program for empirical absorption correc-
tion; University of Gdtingen: Gitingen, Germany, 1996.

(25) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Moliterni,
A. G. G.; Burla, M. C.; Polidori, G.; Camalli, M.; Siligi, DActa
Crystallogr., Sect. A996 52, C79.

(26) Sheldrick, G. M.SHELXTLplus (Windows NT Version) Structure
Determination Packagé/ersion 5.1; Bruker Analytical X-ray Instru-
ments Inc.: Madison, WI, 1998.

cu(2")

Figure 1. Molecular structure oflL showing O-H:--O and N-H:--O
interactions (dotted lines). Dashed lines indicate the weaker@hbonds

in the coordination sphere of Cu(1), Cu(2), and Cu(3). Symmetry code:
0 —x =y, =z (II) x, =y + 0.5,z + 0.5; (lll) x, =y + 0.5,z — 0.5.
Hydrogen atoms not involved in hydrogen bonding have been omitted for
clarity.

Scheme 1

+ 4 MeCOOH

or other base%. The same compound was obtained also by
carrying out the reaction in 4 or in non-hydroalcoholic
media, such as diethyl ether, light petroleum ether, or
acetonitrile. As an example, in water the reaction is almost
immediate, and solid precipitates after 2 or 3 min and can
be recrystallized from EtOH, yielding well-formed deep-blue
crystals. A 4:3 Hpz:Cu ratio is not strictly required; however,

it provides the higher yield.

Compoundl is poorly soluble in alcohols, very slightly
soluble in water, and almost insoluble in hydrocarbons,
chlorinated solvents, acetone, and acetonitrile. It was char-
acterized through elemental analysis, IR and-+¥is spectra,

ESI MS, room temperature magnetic susceptibility measure-
ments, and X-ray crystal structure determination. Particularly,
a positive ESI mass spectrum of a methanol/water solution
shows the most intense signal as a cluster centeredzat
578, exactly simulated by [Gpzs(MeCOO)(Hpz)]*, and a
signal centered atvz 618 (20% relative abundance) corre-
sponds to I + NaJt. Moreover, all other relevant signals
show patterns typical for ions containing a{&ystem.

The X-ray molecular structure df (Figure 1) reveals
several interesting features. Compleis made of a trinuclear
[Cus(us-OH)(u-pz)s]?" core in which the copper ions, held
together by the trihapto oxygen of the hydroxy group and
three bridging pyrazolate ligands, lie at the corners of an
irregular triangle. The charge balance is completed by two
acetate ions bonded to Cu(1) and Cu(2), whereas a neutral
pyrazole is bonded to Cu(3). The coordination geometry at
Cu(1), Cu(2), and Cu(3) is square pyramidalith the apical

(27) If exogenous bases, such as NaOH, are added to the reaction pot, brown
uncharacterized material(s) form.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for

Cu(1)-0(1) 1.953(2) Cu(N@) 1.959(3) Cu(1y0(4) 1.966(2)
Cu(2)-0(1) 1.978(2) Cu(3¥N(1) 1.965(3) Cu(1y0(4)? 2.377(3)
Cu(3-0(1) 1.969(3) Cu(3¥N(6) 1.956(3) Cu(3¥N(7) 2.001(4)
Cu(1)-N(4) 1.962(3) Cu(3yN(7) 2.001(4) Cu(1-Cu(2) 3.3697(6)
Cu(1)-N(5) 1.949(3) cu(20(2) 1.965(3) Cu(2)-Cu(3) 3.0818(6)
Cu(2-N(2) 1.976(3) Cu(z}0(3")?2 2.280(3) Cu(1)-Cu(3) 3.3173(7)
Cu(1)-0O(1)-Cu(2) 118.0(1) N(4)-Cu(1)-N(5) 156.8(2) O(13} Cu(1)-0O(4) 168.4(1)
Cu(1)-0(1)-Cu(3) 115.5(1) N(2)-Cu(2)-N(3) 168.7(1) O(1}Cu(2)-0(2) 172.0(1)
Cu(2-0(1)-Cu(3) 102.7(1) N(1)Cu(3)-N(6) 158.4(1) O(1} Cu(3)-N(7) 164.6(1)

aSymmetry code: (I»x, —y, —z (Il) x, =y + 0.5,z — 0.5.

. ) ()
i 7 ) O//C u2 07
i)
CUteyg A= I .
\ /N4—N3 C—Me 0.6
04t \ 02 Me
Me—G” cuyd, / / 4
e—C N, c Cu2” N
o “—'H‘:‘ ’01—-?Cu2“_‘oh_.r’ '\:". / ’ °
[l o ‘\ U3 /N'Z‘\ "r g 047
__JNe %Y/ 5
‘. ,/, 3
Q 034
<C

. N7
Cut = Cu2=33697(6) A /--SNg—H'
CutCu3 =33173(7) A D
Cuz'Cu3=3.0818(6) A  \o==

Figure 2. Partial sketch of the intermolecular interactions among four
trinuclear triangular units of. 0.1

0.2+

positions occupied by an oxygen of an acetate ligand. The oo . r . ' . ,
distances between the three copper ions ag®H are 400 500 600 700 800
similar [Cu(1)-0(1) = 1.953(2) A, Cu(2y-0(1) = 1.978(2) Wavelength (nm)

A’ Cu(3-0(1) = 1.969(3) A, Cu-O(H)ay = 1.967(5) A] Figure 3. Solid-state (a) and MeOH solution (b) electronic spectra.of
(see Table 2 for bond lengths and angledpand shorter
than those reported for the other complexes containing the

two oxygens of different acetates doubly bridging in an

[Cus(us-OH)(u-pz)s) 2+ system?d” Interestingly, inl two of a_symmetric _mode two copper ions belonging to distinct
the CU—O(H)_CU angles [CU(l‘)’O(l)_CU(3) and CU(:B’ trinuclear units [CU(1}0(4) = 1966(2) A, CU(l)‘O(‘]-')
O(1)-Cu(2) = 115.5(1} and 118.0(1 respectively] are  — 2.377(3) A], whereas the acetate ligands bound at Cu(2)

very close to each other but quite different from the third US€ for the coordination to the metals both oxygens, one for
one [Cu(2»0O(1)-Cu(3) = 102.6(1}], and as a conse- the stronger interaction [Cu(20(2) = 1.965(3) A] and one

guence, the nonbonding coppaopper distances Cu(t) for t_h_e weaker interaction [Cu(2p(3') = 2_.280(3)]. In
Cu(3) and Cu(L)-Cu(2) are similar whereas the Cu(2) a_ddlt!on, the acetate oxygen [O(3 involved in the coor-
Cu(3) separation is the shortest one (see Figure 2). Thedination to Cu(2) bridges the shortest Cuf&u(3) separa-
cappingus-O(1)H is displaced about 0.563(2) A out of the tON, establishing an additional weak interaction with Cu(3)
Cus plane, and forms with the three copper ions a very flat [CU(3)~0(3") = 2.485(3) A] that has an irregular square
tetrahedron. The two pyrazolate rings bearing N{SJ4) pyramidal geometry. Further stabilization of the solid-state
and N(5)-N(6) are almost coplanar with the Cplane, network arises from intermolecular hydrogen bonds between
whereas the third one [(N@N(2)] is displaced out of the ~ the H atom of the,-OH group and the acetate oxygen Q(5
Cus plane on the same side of the hydroxy group to alleviate [O(1)=*0(5) = 2.677(4) A, O(1)-H—-O(5) = 164(4y] an'd
the steric hindrance of the neutral pyrazole coordinated to the N—H proton of the pyrazole and the acetate oxygeri'fh(2
Cu(3). The Cu-N(bridged) distances fall in the range [N(8)O(2") =2.828(5], N(8)~H(81)~O(2") = 177(5F].
1.949(3)-1.976(3) A. In'Ferestmeg, the |ntern_10IecuIa_r Cufi)Cu(2) distance,
Each trinuclear triangular unit [Glus-OH)(u-pz)(Me- bridged by two acetate ligands, is very short [3.3355(9) A].

COO)(Hpz)] interacts in an asymmetric fashion with other ~ The low solubility of1 hampered any attempt to perform
three, forming a “polymeric” bidimensional network partially ~€lectrochemical experiments on it, whereas it was possible
sketched in Figure 2. Both Cu(1) and Cu(2) show an almost to record its MeOH solution electronic spectrum. Solution
regular square pyramidal geometry with the more weakly and solid-state reflectance spectra in the range-800 nm
bound acetate oxygen atom in the axial position, but the are reported in Figure 3. The reflectance electronic spectrum
arrangements of the acetate ligands around the metals ar@f 1 (Figure 3a) displays a complex absorption band in the

different. In fact, the coordination at Cu(1) is achieved by range 606-700 nm, in which two maxima at 611 and 648

nm (2.03 and 1.91 eV, respectively) and a shoulder 20

(28) rpararpettler valuesd(_).19i o.gga_and 0.A11 V{/or EU(l),TClKI(Z)haquClj(’o’), nm (1.72 eV) are present. The spectral pattern remains
respectively, according to Ison, A. ., Rao, . N.J Redik, J.; . . .
van Rijn, J.. Verschoor, G. Gl. Chem. Soc., Dalton Trang984 practically unchanged in solution (methanol and water).

1349. Particularly, the spectrum in MeOH solution (Figure 3b)
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Trinuclear Cu(ll) Complex [Cug(us-OH)(u-pz)(MeCOO}(Hpz)]

2800 3000 3200 3400 3600 3800
Magnetic Field (Gauss)

Figure 4. EPR spectrum of a polycrystalline powder sample lof
experimental spectrum (solid line) recordedTat= 120 K and simulated
spectrum (dashed line). The simulation has been carried out assumihg an
= 1/2 species with the principal values and line width reported in the
text.

shows a mediated broad, asymmetric signal centered at 62
nm (€ = 183).

The room temperature EPR powder spectrurh cbnsists
of a very broad (200 G) asymmetric line with no structure.
By lowering the temperature, the line width decreases and
the spectrum recorded at 120 K (see Figure 4) shows the
typical features of a spiB= 1/2 species with an anisotropic
g factor. The best computer simulation is obtained by using
the following parametersg,x = 2.015,g,y, = 2.050,0,, =
2.200. Since no hyperfine structure is observed, the hyperfine
interaction was considered as a contribution to the line
width: AByx = 50 G, ABy = AB, = 110 G. On the other
hand, a proper consideration of this interaction should in
principle take into account three Cu nuclei with different
hyperfine couplings and the simultaneous presence of the
two isotope$3Cu and®*Cu, in comparable natural abundance.

The simulated spectrum is also shown in Figure 4. Even
though part of the signal intensity at the spectrum wings is
not reproduced, the agreement could be considered a
satisfactory. The calculated ADF-components (see below)
agree semiquantitatively with the experimental values.

As a whole, the above results indicate that the ground state
of 1 is a doublet state. The deviation of the calculated
spectrum from the experimental one and the high-temperatur
broadening could be assigned to the contribution of a

thermally populated quartet state. The same explanation was

suggested to account for the EPR features of a similar
trinuclear copper comple®.

It is interesting to note that thg factor components are
similar to those measured recently at low temperature for a
spin-frustrated symmetric trinuclear copper complex, which
clearly display the features of the quartet state at high
temperature. For the latter derivative, also the hyperfine
structure by a single Cu nucleus could be resolved, showing
that the unpaired spin is localized on a single copper
moiety3°

The X-ray crystal structure determination evidences the
complete unsymmetry df. The differences in the coordina-
tion environments of the three pentacoordinate copper ions

S

e

electronic structures. As a matter of fact, Cu(3) begige
OH and bridging pyrazolate ligands, is coordinated to a
neutral Hpz, so that its charge should be different with respect
to that of Cu(1) and Cu(2) bonded to negatively charged
acetate ligands. These features could have consequences on
the electronic transmission among copper ions and on the
magnetic behavior of compourid which presents e =
2.156up at 296 K, a low value with respect to that expected
for three independent copper(ll) ions, likely an index of
exchange coupling among the three metal ions.

Further insights into the electronic structureldfave been
gained by carrying out a series of numerical experiments
within the DF theory. In this regard, it can be useful to

1remember that each [Qus-OH)(u-pz)(MeCOO)(Hpz)]

molecule interacts with three other trinuclear units, two of
them involving us-O—H-:-acetate and NH---acetate hy-
drogen bonding. Despite a theoretical investigation of the
whole four-unit structure being out of our computational
resources, the presence of the acetate groups coordinated via
hydrogen bonding has been mimicked by replacing them with
two molecules of acetic aci. The atoms of these two
molecules have been placed in the same crystallographic
positions occupied by noncovalently bonded acetate ligands.
Interestingly, the computed values @§-O—H and N-H
stretching frequenciésare significantly different on passing
from the model without acetic acid molecules (3529 and 3595
cm%, respectively) to the one including them (3068 and 3398
cm™L, respectively). The agreement with IR data (see the
Experimental Section) is definitely better in the latter case,
making us quite confident about the adopted model.

Now, despite the leading role in determining the stability
of trinuclear units ofl being certainly played by bridging
pyrazolate ligands, their spectroscopic and magnetic proper-
ties are mostly determined by the £us-OH) core33 A first,
qualitative description of the bonding scheme of this core,
simply based on symmetry arguments, can be obtained by
using a well-trained method, i.e., the interacting fragment
approach, which consists of dividing the whole molecules
nto interacting fragments and allowing the interaction of
their outermost MOs. In this regard, it has already been
pointed out (see the X-ray structure description) that the
coordination about Cu centers is roughly square pyramidal,
and it is well-knowd* that such an arrangement lifts the
5-fold degeneracy of the d orbitals to give rise to four(b
e+ &) low-lying MOs and to a partially filled plevel. The
assembly of three Cu(ll) centers sharing theOH ligand

will generate 30 (3x 5 x 2) Cu-based spin orbitals (SOs),

27 of them being occupied. Cu-based SOs can be usefully
divided into two sets, hereafter indicated @sand : the

former includes the linear combinations of; ( e + &)

MOs (24 low-lying SOs), and the latter is constituted by the
linear combinations of the;Hike level (6 high-lying SOs, 3

likely may produce potentially interesting differences in their

(29) Lopez-Sandoval, H.; Contreras, R.; Escuer, A.; Vicente, R.; Berne
S.; N@h, H.; Leigh, G. J.; Barba-Behrens, Bl. Chem. Soc., Dalton
Trans.2002 2648.

(30) Cage, B.; Cotton, F. A.; Dalal, N. S.; Hillard, E. A.; Rakvin, B.;
Ramsey, C. MJ. Am. Chem. So2003 125 5270.

(31) The hydrogen atoms of the COOH groups have been placed at 0.99
A along the original G-Cu directions.

(32) O—H and N-H bond lengths have been optimized.

(33) (a) La Monica, G.; Ardizzoia, G. AProg. Inorg. Chem1997, 46,
151. (b) Boca, R.; DIhal.; Mezei, G.; Ortiz-Peez, T.; Raptis, R. G;
Telser, JInorg. Chem.2003 42, 5801.

(34) Rossi, A. R.; Hoffmann, Rnorg. Chem.1975 14, 365.
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Figure 5. Spint and spint components of the G(us-OH) PDOS (left)
and Cu-O COOPs (right) ofL.

of them occupied). In the presence of a lo€alaxis, thej

set spans the (& e) representations, thus having the correct
symmetry to interact with the occupied-ae) OH" frontier
orbitals.

Moving to ADF results, quantum mechanical calculations
were performed for th& = 1/2 andS = 3/2 states, and in
agreement with magnetic and EPR measurementsS the
1/2 state was found more stable t kcal/mol than thes
= 3/2 one. The forthcoming discussion will then be limited
to the results obtained within the assumption of a single
unpaired electron. In Figure 5 the spinand the spin

)

127a @7

£

a0 a0

128a (a)d 130a (e)d

Casarin et al.

components of the G(us-OH) PDOS/COOP are reported.
The inspection of the figure clearly testifies that the qualita-
tive bonding scheme described above nicely matches ADF
results. In particular, the 127a S@),(the 130a highest
occupied SO1j, and the 131a lowest unoccupied St (
correspond to the spihcomponent of the (& e) 3 set (the
spint components are the occupied 128a SO and the empty
130a and 131a SOs). It is noteworty that all these levels are
Cu—OH antibonding in nature (see Figures 5 and 6) so that
the Cu(us-OH) bonding scheme is characterized by the
absence of anyd” interactions (both bonding and antibond-
ing components are occupied). At variance to that, among
the SOs accounting for the gus-OH) antibonding interac-
tion of “z” symmetry [130al), 131af), 130af), and 131a{],
only the first one is occupie®, thus implying a Ce-OH
bond order of 1/2.

The proposed bonding scheme is of great value to provide
a detailed assignment of the WWis absorption spectrum.
In Figure 7 the results of Slater transition-state calculations
(AE™)%* for spin-allowed, Cu-based excitations are reported.
The agreement between theory and experiment is very good.
In particular, the shoulder at 1.72 eV in the bVis spectrum
of 1 is assigned to excitations involving SOs belonging to
the S set (AE'S values corresponding to the excitations
127af) — 131af) and 1284l —130af) amount to 1.66 and
1.60 eV, respectively), while absorptions at 1.91 and 2.03
eV should involve the transfer of an electron from SOs
belonging to the top of the. set to the lowest unoccupied
SO of theB set (AETS values corresponding to the excitations
124af) — 130a¢) and 125al) — 130a¢) amount to 1.74
and 1.86 eV, respectively).

o0

131a (e)d

Figure 6. 3D contour plots of the spihand spint components of the MOs belonging to theet of1. Red (light blue) surfaces correspond to the positive

(negative) value of 0.050.05) é/2 A3/
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SpinT Spinl that found inl, and in addition in the IR spectrum 8fthe
absorptions diagnostic for the acetate groups are absent. In
the ESI MS spectra of both derivatives some peaks with a
pattern characteristic of a @aluster are always present.
131a (e) As far as the formation ol is concerned, it is evident
A A 302 © that it is strictly dependent on the deprotonation e&Hand
Hpz to form OH and pz ions. The acetate ion is a base
strong enough to deprotonate water and Hpz, but this fact
seems to be insufficient to explain the reaction course. As a
matter of fact, experiments carried out in the same conditions
125a with other azoles show a completely different reaction
—— | 124a pattern. Actually, by reacting Cu(MeCO£&H,0 with sub-
stituted pyrazoles, namely, 4-MepzH, 3,5-MeH, 3,4,5-
MezpzH, 3-Me-4-PhpzH, and 3-Me-5PhpzH, no traces of
o acetic acid were detected in mother liquors and the azoles
coordinate as neutral units to Cu(ll), forming mononuclear
species, [Cu(MeCOQ¥-MepzHY}(H.0),] (4), [Cu(Me-
COO)(3,5-MepzH)] (5), [Cu(MeCOOX(3,4,5-MepzH),)]
(6), [Cu(MeCOO)(3-Me-5-PhpzH)YH.0),] (7), and [Cu-
o . et fine of the fronti evel g (MeCOO)(3-Me-4-PhpzHj] (8), always showing a 2:1
e o ouls oreshenidligand to metal molar rato. The positive ESI mass spectra
(a+ e) levels are indicated in parentheses. of methanol/water solutions of compounds8 show the
most intense signals as clusters exactly simulated by [Cu-
. (pZ*H)>(MeCOO)J" (pz*H = substituted pyrazole), and also
Components of thg factor for the s.ta.te corresponding to signals due to the protonated complexes [CtiDz
S=1/2 have also been computed, givigg = 2.042,9,y = (MeCOO), + H]* are present. The magnetic susceptibilities

2.058, andg,, = 2.097 values. As already mentioned they qata for all compounds are in the range expected for
reproduce semiquantitatively EPR measurements, providingparamagnetic mononuclear Cspecies.

further confirmation of the suitability of the model adopted It is worth noting that when the reaction between Cu-

to mimic 1. Discrepancies between theoretical and e>.<peri- (MeCOO})+H,0 and some substituted pyrazole was carried

m_ental valqes of th@_cor_nponents have to .be associated oyt in a 1:1 ligand to metal molar ratio, the pale-green

with the spin contamination of our calculations, a conse- aqdyctso—11 were obtained. On the basis of the susceptibil-

guence of the use of a single-determinant wave function. ity measurements and ESI MS and infrared data, a dimeric
As a final consideration, it is noteworthy that, in contrast strycture is proposed for these compounds. Fhevalues

to our qualitative prediction, the effective charge of Cu(3) gzre in the range expected for dimeric compounds showing

[0.39/0.71}"is substantially the same as that of Cu(1) [0.41/ antiferromagnetic couplin#

0.71] and Cu(2) [0.41/0.70], thus indicating the presence of  Trinuclear triangular copper(ll) compounds having, analo-

an effective redistribution charge mechanism most likely gously tol, the [Cu(us-OH)(u-pz)s] core have been previ-

involving bridging ligands. _ . ~ ously obtained through the oxidation of suitable copper(l)
Compoundl has been reacted with a typical nucleophilic  complexe&or thanks to the addition of an exogenous base

reagent, MeONa, ObserVing the substitution of one and/or to generate OHand pyrazo|ate ionsy when Clt@|0r Cu-

two MeCOO anions with MeO, which leads to the  (NO,),’e are employed. These data point out that also the

131a (e)

A

0.17
.

8 130a (e)

128a (a)

1.60

127a (a) =

1.86

Energy (eV)

formation of compounds [Gus-OH)(u-pz)(MeCOO)-  (gle of the anion is of paramount importance in the self-
(MeO)(Hp2)] @) and [Cu(ua-OH)(u-pz):(MeO)(Hp2z)] (3), assembly of such trinuclear triangular derivatives. For this
respectively, according to Scheme 2. reason we have started to test the influence of the anion in

Compounds2 and 3 have been characterized through the reaction course by treating, in the same conditions as
elemental analysis, IR spectroscopy, ESI MS, room temper-for the synthesis ofl, copper(ll) trifluoroacetate with
ature magnetic susceptibility measurements, and positive ESIpyrazole. The formation of the mononuclear species [Cu-
mass spectrometry (see the Experimental Section). All data(CF,COO)(Hpz),] (12) according to Scheme 3 was ob-
are in agreement with the proposed structures. Particularly,served. Compound2 was characterized through elemental
eir Values of2 and 3 at 296 K are 2.15 and 2.093s, analysis, IR spectroscopy, ESI MS, room temperature
respectively. The IR spectra @and3 show the presence  magnetic susceptibility measurements and X-ray crystal
of a broad band, typical of a OH stretching, analogous to strycture determination.

The positive ESI mass spectrum of a methanol/water
solution of compound 2 shows the most intense signal as a

(35) Occupied bonding partners are the Gbased (at e) SOs.
(36) Slater, J. CQuantum Theory of Molecules and Solids. Vol 4. The
self-consistent-field for molecules and sojiddcGraw-Hill: New

York, 1974. (38) EscrivaE.; Garcia-Lozano, J.; Martinez-Lillo, J.; Nem, H.; Server-
(37) The former and latter values refer to the Hirshfeld and Mulliken charge Carrig, J.; Soto, L.; Carrasco, R.; Cano, ldorg. Chem 2003 42,
density analyses, respectively. 8328.
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Scheme 2
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N U(O,CCF3), F 0 v OHFF

ﬁ Cen

12

cluster exactly simulated by [Cu(pzHERCOO)]t. The
magnetic susceptibility ierr = 1.91 ug) is in the range
expected for a paramagnetic mononucleat €pecies.

As far as the IR spectrum @R is concerned, it is generally
acceptetf that in the case of carboxylate derivatives it is
possible to distinguish among ionic, unidentate, chelating
bidentate, and bridging bidentate groups on the basis of
values [whereA = v,(COO) — v{(COOQ)], according to the ‘
generally accepted trend F(5)

Ni4)

Fi4)

Figure 8. Molecular structure ofl2 showing the intermolecular CtO
Anidentate™ Aionic ~ Abridging bidentate” Achelating bidentate interactions with two neighboring molecules. Symmetry code:x(f-y,
z+ 0.5; () x, =y, z— 0.5.
In compound12 the A value is ca. 30 cmt, indicating a

bridging bidentate coordination, a feature confirmed also by . "y .
the X-ray molecular structure determination. 4,4,5,5-tetramethyl-4,5-dihydradtimidazolin-1-oxyl) [Cu-

The molecular structure df2 is shown in Figure 8, and ~ © = 1:948(4) Al In the solid-state compleiis polymeric

relevant bond lengths and angles are reported in Table 3_andhforfms infinite f2|gr)]zag chains I(Flgure 9.

The copper atom has a distorted square pyramidal surround- T € ormation of the mononuciear compout@instead
ing with two trifluoroacetate groups iftrans positions of a trinuclear one _clea_rly points _ou_,lt the relevance of the
coordinated to the metal center in a monodentate fashionSI'€Ngth of the anion in determining the course of the

through the oxygen atoms and two pyrazole N atoms féaction. As a matter of fact, GEOO™ has a steric
occupying the basal sites. The apical position is occupied hindrance, toward the coordination site, very similar to that

by one oxygen of a trifluoroacetate group belonging to onHSCO(T_, but trifluoroacetic acid is stronger. than acetic
another molecule [CHO(4") = 2.279(3) A]. The two acid. For this reason, the weaker basg@PO™ is unable

¢ to deprotonate kD and Hpz to form OH and pz ions, in
the same extent that GAHOO does. It is likely that a
suitable addition of NaOH to the synthesis pot should be

respectively, of a square pyramid, whereas one oxygen Ofable tc_> form the_ above-in_dicated ions, _thus !ea_\ding to the
the second CE0O" group establishes an intermolecular formation of a'anucIear triangular species, similarltcas
hydrogen bond with one pyrazole [N(4)O(2) = 2.88 A,  Was observed in some other cases.

N—H---O = 155.3]. The Fwo pyrazole rings are tilted with Catalytic Experiments

respect to each other [dihedral angle 50.9(Byesumably _ o _ )

to optimize the aforementioned hydrogen bond in which one ~ The cyclopropyl ring formation is an important reaction
of the two rings is engaged. The €O distances [CtO(1) in organic synthesis due to the presence of such a structure
= 1.959 A,Cu-O(3) 1.999(3) A] are shorter than those found in a number of interesting natural products. Many methods

in the square bipyramidal Cu(@EOO)(4-Mepz) [Cu—O have been developed in the past to achieve such reaction,
= 2.452(3) AJ° and slightly longer than those found, for and several copper, rhodium, and osmium complexes have
been reported to be efficient catalysts for the cyclopropa-

example, in Cu(CEOO)(IMPh), (IMPh = 2-phenyl-

CRCOO™ groups are nonequivalent because of their differen
intermolecular interactions. In fact the two oxygens of one
CRCOO ligand occupy one basal and one apical vertex,

(39) Deacon, G. B.; Phillips, R. Loord. Chem. Re 198Q 33, 227.
(40) Kogane, T.; Harada, K.; Umehara, M.; Hirota, R.; NakaharaBl. (41) Cogne, A.; Laugier, J.; Luneau, D.; Rey,IRorg. Chem 200Q 39,
Chem. Soc. Jpri992 65, 2638. 5510.
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Table 3. Selected Bond Lengths (A) and Angles (deg) f@

Cu-0(1) 1.959(3) CuN(3)
Cu—N(1) 1.994(4) Cw-0(3)
N(1)—Cu—N(3) 170.1(2) O(L)FCu—N(1)
O(1)-Cu-0(3) 178.8(2) O(3¥Cu—N(3)

aSymmetry code: (lIx, —y, z— 0.5.

; |'I: oo

1]
L

-

1.974(5) Cu-O(4")? 2.279(3)
1.999(3)
92.1(2) N(3)-Cu—0(1) 90.5(2)
88.3(2)

Figure 9. Crystal packing ofl2 showing the polymeric zigzag chains running along dheis.

Scheme 4
o)

H\oa

COOEt COOEt

copper complexes .

Table 4. synanti Molar Ratios and Yields (%, in Parentheses) for the
Cyclopropanation Reaction of Styrene with EDA Catalyzed by Copper

A

o +
N, CHCl3 PH

anti syn

nation of olefins by diazo compouné’?*® Among the
transition-metal reagents used for the catalytic decomposition

of the diazo compounds, the copper compounds have been ,

deeply studied? 46

The copper complexes examined in the present study areg,

trinuclear, dinuclear, and mononuclear species, and the

reaction studied has been the classical cyclopropanation of

styrene by ethyl diazoacetate (EDA), which is reported in
Scheme 4. In Table 4 we report the results of the reaction
for the tested catalysts, comparing them with the results
obtained for the reactions catalyzed by CuCl, one of the most
studied catalyst&' 46

As far as the overall cyclopropanation yields are con-
cerned, it is possible to see that only compexives a
moderate result (51%) while the other complexes afford the
cyclopropanated compounds with excellent yields, between
76% and 91%. Particularly interesting are the stereochemical

(42) Dave, V.; Warnhoff, E. WOrg. React.197Q 118 217.

(43) Doyle, M. P.Chem. Re. 1988 88, 911.

(44) Evans, D. A.; Woerpel, K. A.; Hinman, M. M.; Faul, M. M. Am.
Chem. Soc1991, 113 726.

(45) Lowenthal, R. E.; Abiko, A.; Masamune, Betrahedron Lett199Q
31, 6005.

(46) Pfaltz, A.Acc. Chem. Red993 26, 339.

Catalysts
synanti synanti
molar ratios molar ratios
entry? catalyst (overall yield) entrg¢ catalyst (overall yield)
1 CuCl 0.6 (79.3) 5 5 0.41 (81.3)
2 1 1.64 (82.4) 6 7 0.66 (80.0)
2 1.24 (51.0) 7 11 0.51 (75.7)
3 1.28 (86.0) 8 12 0.57 (90.6)

a8 Reactions were carried out at 6C in CHCk with a molar ratio of
bstrate:EDA:catalyst 2500:1000:1.

results, showing that the trinuclear complexgs 8) afford
better synanti ratios compared to the mononuclear and
dinuclear derivatives. Moreover, among the trinuclear com-
pounds,l gives an interestingynanti ratio of 1.64, which

is not very easy to find in the literatre®! and represents

a significant excess of the more hindered compounds, useful

from the synthetic point of view. In our opinion such results

are correlated to the fact that trinuclear derivatives present
a more rigid structure which does not allow the substrates

to approach the catalytic site in a random way, and this fact

can be responsible for the stereochemical results. Further

(47) Callot, H. J.; Piechocki, CTetrahedron Lett198Q 21, 3489.

(48) Callot, H. J.; Metz, E.; Piechocki, Getrahedron1982 38, 2365.

(49) O'Malley, S.; Kodadek, TTetrahedron Lettl99], 32, 2445.

(50) Robbins Wolf, J.; Hamaker, C. G.; Djukic, J.-P.; Kodadek, T.; Woo,
L. K. J. Am. Chem. S0d.995 117, 9194.

(51) Maxwell, J.; Kodadek, TOrganometallics1991 10, 4.
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studies on the reaction mechanism may elucidate thiscore of 1, while a detailed assignment of the UVis

interesting point. absorption spectrum needed quantitative DFT calculations.
In conclusion, we have here shown that a new triangular The EPR spectrum ofl indicates that its ground state

trinuclear copper derivative, [G{aus-OH)(u-pz):(MeCOO})- corresponds, in agreeent with the: value of 2.156ug, to

(Hpz)] (1) has been obtained by reacting Hpz with Cu- a doublet state. Values of tigfactor components computed

(MeCOO)'H,0. The spontaneous self-assembly seems to for the state corresponding = 1/2 are in semiquantitative

occur only when unsubstituted pyrazole is employed, as agreement with data obtained by the best fitting simulation

indicated by the fact that the reactions of copper(ll) acetate of the EPR spectrum.

with some substituted pyrazoles lead to the formation of  The triangular trinuclear compourichas been investigated

mononuclear and dinuclear species. Also the presence ofas a catalyst precursor in the cyclopropanation reaction,

acetate ions seems to be determining for the formation of showing an interesting selectivity toward thgn products,

the trinuclear triangular arrangement, the formation of a a feature opposite that normally reported.

mononuclear derivative being observed in the reaction of Further investigations on the role of substituents on the

copper(ll) trifluoroacetate with pyrazole. azole and on the carboxylate chain effects are in progress.
Compoundl has been fully characterized. It shows that
the idealized 3-fold symmetry of the €us-OH) core, Acknowledgment. The Universities of Bologna, Cam-

roughly preserved by tha,-bridging pyrazolate units, is  erino, Padova, and Roma Tor-Vergata are gratefully ac-
broken by the terminal ligands coordinated to the three Cu knowledged.
centers. In fact, while one Cu atom is coordinated by a
terminal pyrazole, the other two Cu atoms bear acetate Supporting Information Available: X-ray crystallographic files
|igands but arranged in a different Way around the metals. in CIF format for the structure determinations bfand12. This
As a consequence, the three Cu atoms are nonequivalent angiaterial is available free of charge via the Internet at
the molecule is asymmetric. hitp://pubs.acs.org.

Trivial symmetry arguments allowed us to obtain useful
information about the bonding scheme of the;@gOH) IC049260Y
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