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Introduction

Complexes with pyrazole-based ligands are a frequent subject of chemical investigations giving an opportunity for a better understanding the relationship between the structure and the activity of the active site of metalloproteins. Namely, the metal ion in biological systems is often co-ordinated to one or more imidazole groups which are part of histidine fragments of the proteins [2]. On the other hand, the aromatic ring systems of imidazoles and pyrazoles are very much alike in the electronic and steric sense, but the latter ones more This paper is Part 14 in the series of our studies on Transition Metal Complexes with pyrazole-based ligands. Part 13 [1]. * Corresponding author. Tel.: /381-21-35-0122x832; fax: /381-2154-065.

readily synthesized compared to the former ligands. Hence, there are excellent review articles on the pyrazole-based coordination compounds [3/5]. Nowadays, attention is paid to the design of various pyrazole ligands with special structural properties to fulfill the E-mail address: mszk@eunet.yu (K. Me´sza´ros Sze´cse´nyi).

specific stereochemical requirements of a particular metal-binding site [6]. The review [6] deals with the coordination chemistry of transition metal complexes with bi-and polydentate pyrazole derivatives.

In our systematic studies on transition metal complexes the pyrazole derivatives take part in co-ordination mostly as monodentate ligands [7/9]. However, during thermal treatment of the compounds, depending on the pyrazole substituents, relatively stable intermediates with a stoichiometric composition are formed, whereby the co-ordination mode of the ligand changes. This points to a possibility of a solid phase synthesis of new compounds. The goal of our systematic studies on pyrazole complexes with transition metal ions is to examine how the substituents of the pyrazole ring, as well as various cations and anions, influence the course of the complex formation reaction. Additionally, our aim is to gain information on the structural dependence of the thermal properties within the investigated series.

In this part we report the synthesis, physico-chemical characteristics and structure of copper(II) complexes formed with 5amino-4-carboxamide-1-phenylpyrazole, (L 2 ), 1-carboxamide-3,5-dimethylpyrazole, (HL 3 ), 4-acetyl-3-amino-5methylpyrazole (HL 4 ) and 1-carboxamidine-3,5-dimethylpyrazole, (HL 5 ) ligands. Compounds with the following compositions are obtained: CuBr2(L 2 )2, Cu(L 3 )2, CuBr2(HL 4 )2, CuBr2(HL 5 )2 and [CuBr(HL 1 )(L 3 )]2, where HL 1 denotes the 3,5-dimethylpyrazole ligand.

Experimental

General procedures

All pyrazole derivatives were reagent grade, commercial products of Aldrich Company, except of HL 4 . Its synthesis was described previously [10]. The copper(II) salts were analytical reagent grade. The IR-spectra were recorded in the range of 4000/150 cm 1 on a Perkin/ Elmer System 2000 FT-IR spectrometer at room temperature using KBr pellets in the mid-IR range and polyethylene pellets in the far-IR range. The spectra were obtained with a resolution of 4 cm 1 and with a co-addition of 16 scans. The thermal analysis was carried out using a DuPont 2000 TA system with a thermobalance DuPont 951 TGA. At the thermogravimetric measurements the samples were heated in a platinum crucible with a heating rate of 10 K min 1 up to 1000 K. With the same heating rate the DSC curves were registered up to 600 K using an open aluminium pan as sample holder and an empty aluminium pan as reference. For the TG-MS measurements a TA Instruments SDT 2960 was employed, coupled with Balzers Termostar GSD 300 T capillary MS. The molar conductivity of freshly prepared 10 3 mol dm 3 solutions of the compounds in DMF was measured at room temperature using a Jenway 4010 conductivity meter. Magnetic susceptibility measurements were conducted at room temperature by means of a magnetic susceptibility balance MSB-MKI, Sherwood Scientific Ltd, Cambridge. The data were corrected for diamagnetic susceptibilities.

Synthesis

All the compounds were synthesized by mixing warm ethanolic solutions of the ligand (2 mmol) and copper(II) bromide (1 mmol) except for Cu(L 3 )2, where copper(II) acetate monohydrate was used instead, and both the ligand (2 mmol) and the metal salt (1 mmol) were dissolved in methanol. The total volume of the mixture was about 10 cm 3 . The coloured precipitates were obtained at room temperature. The formed compounds were washed with cold EtOH and Et2O and dried at room temperature. All the compounds were characterized by FT-IR spectrometry. Compounds [CuBr(HL 1 )(L 3 )]2 and Cu(L 3 )2 were also studied by single crystal X-ray structure analysis. The structure of the compounds is presented in ORTEP projection [START_REF] Burnett | Report ORNL-6895[END_REF]. For the compounds Observed also in the IR spectrum of the ligand [START_REF] Szabo´ | [END_REF]; may be attributed to different pattern of intermolecular interactions in the crystal. b NH2 scissoring may contribute to these fundamentals in derivatives with an NH2 group.

[CuBr(HL

with no X-ray data the IR assignments [12/14] are given in Table 1.

Crystal structure determination

Crystal data for [CuBr(HL 1 )(L 3 )]2 and Cu(L 3 )2 were collected at room temperature on Enraf-Nonius CAD-4 diffractometers [START_REF] Enraf-Nonius | CAD-4 Software[END_REF] in different laboratories (Paris, Budapest), using Mo Ka radiation (l/0.71073 A˚ ) and v/2u scans. Data correction [START_REF] Fair | An Interactive Intelligent System for Crystal Structure Analysis[END_REF] and absorption correction was applied: psi-scan type [START_REF] North | [END_REF] for Cu(L 3 )2 and Gaussian-type [18], based on the crystal morphology (Tmin/0.335, Tmax/0.735) for [CuBr(HL 1 )(L 3 )]2.

The structures were solved by heavy atom [START_REF] Sheldrick | SHELXS86, Program for the Solution of Crystal Structures[END_REF] and difference Fourier methods and refined on F 2 by fullmatrix least-squares method [START_REF] Sheldrick | SHELXL97, Program for the Refinement of Crystal Structures[END_REF]. The weighting schemes were w/1/[s 2 (Fo 2 )/(0.1731P) 2 ] and w/1/ [s 2 (Fo 2 )/(0.1000P) 2 ] for [CuBr(HL 1 )(L 3 )]2 and Cu(L 3 )2, respectively; P/(Fo 2 /2Fc

2 )/3. In both crystal structures non-hydrogen atoms were refined with anisotropic displacement parameters. In refinement of Cu(L 3 )2 some least-squares restraints (ISOR, DELU for all non-hydrogen atoms, DFIX and SADI for N/H distances) were used. H atoms (except H7 and H17 in Cu(L 3 )2, they were located in difference map) were placed in calculated positions and refined with isotropic displacement parameters. In the case of [CuBr(HL 1 )(L 3 )]2 all H atoms were placed in calculated positions (for the purpose of decreasing the number of refined parameters) and they are in good agreement with positions located in difference maps. Details and final R values are given in Table 2, together with other experimental data relevant to the X-ray analyses. Note: unit cell dimensions for [CuBr(HL 1 )(L 3 )]2 can be transformed to the next values: a/8.965 A˚ , b/9.277 A˚ , c/10.734 A˚ , a/73.478, b/ 71.678, g/61.188.

Results and discussion

The complexes are coloured and stable in air. They are soluble in DMF and MeOH, slightly soluble in EtOH, but insoluble in H2O and Et2O. The molar conductivity for all of the compounds was measured in DMF. A low molar conductivity is characteristic for the Cu(L 3 )2 referring to its non-electrolytic character, while in the case of the CuBr2(HL 5 )2 the value of the molar conductivity corresponds to an electrolyte of 1:1 type [START_REF] Geary | [END_REF]. The molar conductivity of the other complexes suggests only a partial replacement of the bromide ion by the solvent molecule: where (L) denotes (L 2 ) and (HL 4 ). The same is valid for the [CuBr(HL 1 )(L 3 )]2 complex with mixed ligands. Nonetheless, for these compounds the co-ordination of the anion may be regarded as non-ionic, even in solution.

CuBr2(L)2DMFXCuBr(L)2DMFBr
3.1. Description of the structures

3.1.1. [CuBr(HL 1 )(L 3 )]2
The compound has a dimeric centrosymmetric structure (Fig. 1) with a Cu//Cu? distance of 3.72 A˚ . The coordination around the Cu atom is a square pyramid, formed by co-ordination of the N1 atom of the monodentate HL 1 and N3 and N5 of the bidentate L 3 as well as the bridging bromine atoms*/Br in the equatorial plane and Br? in the apical position. As the ligand L 3 is approximately planar with C9/H//O, an intramolecular hydrogen-bond formation takes place, yielding a six-membered C9/H//O/C11/N4/C6 ring. The copper atoms are displaced from the equatorial N1/N3/ N5/Br coordination plane to the apical Br? atom for an expectable value of 0.24 A˚ . However, the arrangement of the atoms in the equatorial plane is quite irregular. Namely, the N3, N5 and Br atoms together with the two Cu atoms are almost ideally coplanar (root-mean-square deviation of N3, N5, Br, Cu atoms is 0.006 A˚ ) what is an unusual position for a square-pyramidal coordination. This geometry may be explained by the interaction between the metal atom and the C5 methyl group's hydrogen that is supported by the short Cu//H distance (2.67 A˚ ). Besides, the N1/C3/C5 angle is much smaller than the C2/C3/C5 one. It means that the C5 methyl group is shifted towards Cu. Although the rotation of HL 1 around the Cu/N1 bond is possible, it is oriented in such a way as to enable the Cu//H contact in the Cu/N1/C3/C5 plane with a torsion angle of nearly 08. As a consequence, N1 is displaced from the N3/N5/ Br/Cu plane for 0.82 A˚ (Fig. 2), because the whole HL 1 is shifted out of the equatorial plane to obtain the best position for the Cu//H interaction, resulting a pseudooctahedral surrounding around the copper atom. The bridging Br? and H(//Cu) atoms are displaced from the N1/N3/N5/Br equatorial plane for 2.98 and 2.24 A˚ , respectively, and to the opposite direction forming a Br?/Cu/H angle of 1538.

The angle between the mean planes of the two pyrazole rings is 788. There is a short HL 1 3, while the interatomic bond lengths and selected bond angles in the complex are given in Table 3.

Cu(L 3 )2

The a-modification of this compound was synthesized by Valach et al. [22] by the reaction of freshly obtained [Cu(NCO)2(2,4-Me2py)] with 3,5-dimethylpyrazole ligand in a methanolic solution at 278 K. The crystal structure of this modification was determined by X-ray structure analysis. By similar method, at higher temperature the former authors obtained the b-modification of the same compound also, in form of blue flakes.

In our case, the compound was prepared by the reaction of copper(II) acetate with 1-carboxamide-3,5- dimethylpyrazole. By the deprotonation of the ligand the blue b-modification of Cu(L 3 )2 was obtained in a single crystalline form, suitable for an X-ray structure analysis. The deprotonation of the NH2-group (leading to L 3 in the complex) is well reflected also by the IR spectrum of the complex, where the respective NH stretching band has vanished. Additional information provided by IR spectrometry is the unchanged position of the n(C/O) vibrational band upon complex formation indicating that the oxygen atom is not involved in a coordinative bonding with Cu. The IR-spectral data are in accordance with the X-ray analysis. Namely, the oxygen atoms are not involved in co-ordination with the central atom because the Cu/O distances for the adjacent molecules are greater than 3.3 A˚ [23]. The coordination is established through the nitrogen atom of the deprotonated carboxamide group and the pyridine nitrogen atom from two ligand molecules. Both crystalline modifications have a distorted trans square-planar arrangement around the central atom. The ORTEP drawing for the b-modification is presented in Fig. 4. The main difference between the two structures is that the a-modification belongs to monoclinic P21/c space group with Z/4, while the bmodification to triclinic P/1¯ space group with Z/2. The interatomic distances and bond angles are given in Table 4 for both a-and b-modifications. The differences are not significant.

In the crystal lattice of the b-modification molecules form N7/H7//O8(iii) dimers (Fig. 5), with the following geometrical parameters: N7/H7/0.78 A˚ , N7// O8(iii)/3.206(2) A˚ , H7//O8(iii)/2.43 A˚ , N7/H7// O8(iii)/176.78; symmetry code (iii) /x, /y/1, /z.

The magnetic moment of the Cu(L 3 )2 and [CuBr(HL 1 )(L 3 )]2 complexes (meff/1.80 and 1.72 mB, respectively) is characteristic for the S/1/2 systems. The lower meff value for [CuBr(HL 1 )(L 3 )]2 is in agreement with its bridged structure.

In complexes with L 2 and HL 4 , Cu(L 2 )2Br2 and Cu(HL 4 )2Br2, the pyrazole derivative acts as monodentate ligand through the pyridine ring nitrogen atom. In principle, most of the copper(II) complexes should have a tetrahedral geometry with a magnetic susceptibility of about 2.2 [START_REF] Neinding | Magnetochemistry of Transition Metal Complexes[END_REF]. On this basis (meff/2.19) for the Cu(L 2 )2Br2 complex a tetrahedral geometry may be assumed, also. For the bis(ligand) complexes of CuCl2 with HL 4 a distorted tetrahedral geometry was found by X-ray analysis [10]. As the space requirement of the bromine atoms is larger, for the bromide complex, Cu(HL 4 )2Br2, with the same ligand, a tetrahedral geometry may be proposed.

Copper(II) bromide with HL 5 also forms a bis(ligand) complex. Its structure seems to have similar geometry as the analogous copper(II) nitrate complex whose structure was determined by X-ray analysis [25]. In this compound the copper(II) is coordinated endobidentate to the pyridine-type and the /NH nitrogen atoms of the ring and the carboxamidine group, respectively. The nitrate groups are bonded as monodentate species in the axial positions providing thus an octahedral environment around the metal atom. As the complexing ability of the nitrate is low, it is not co-ordinated in solution. Bromides form more readily complexes than nitrates. However, the molar conductivity of the corresponding bromide complex is also high and corresponds to an 1:1 electrolyte. Based on this, for the CuBr2(HL 5 )2 a similar octahedral geometry could be proposed.

Table 4 Interatomic bond lengths (A˚ ) and selected bond angles (8) for b-Cu(L 3 )2 compared to those found in a-modification [ Fig. 5. Projections of the crystal packing along crystallographic 'a' axis for Cu(L 3 )2.

Complex formation reactions

The influence of the anion on the complex formation was investigated using different copper(II) salts in conjunction with 1carboxamide-3,5-dimethylpyrazole (HL 3 ) ligand. We have found that in the reaction of HL 3 with CuBr2 a partial decarboxamidation of the ligand takes place, while with Cu(OAc)2 no degradation was observed. In the latter case the Brønsted basicity of the acetate ion in methanol is high enough for the deprotonation of the ligand, replacing thus the voluminous acetate ion and yielding the Cu(L 3 )2 complex. On the other hand, the complex formation with copper(II) chloride leads to a complete decarboxamidation of the ligand [26]. As the Brønsted basicity of both the chloride and bromide ions is too low for the deprotonation of the carboxamide group, the explanation of the complex formation with copper(II) bromide and chloride may be based on Pearson's theory [27/29], taking also into account the structural rearrangements and steric factors. In the presence of the hard chloride base a complete decarboxamidation of 1-carboxamide-3,5-dimethylpyrazole takes place, transforming the ligand to 3,5dimethylpyrazole, which allows an intermediate hard/ hard interaction between the copper(II) and the newly formed ligand. On the other hand, between the relatively small chloride ions and the ligand's methyl substituents the steric repulsion is weak. At the same time the elimination of isocyanic acid is probably promoted by ethanol, forming ethylcarbamate. With copper(II) bromide, decarboxamidation of the ligand occurs, too. However, only one ligand is transformed to 3,5dimethylpyrazole, while the carboxamide group of the other ligand molecule is deprotonated, replacing thus one voluminous bromide ion. Two such molecules are coupled through bromide bridges forming the dimeric [CuBr(HL 1 )(L 3 )]2 complex with mixed ligands.

Thermal decomposition of the compounds

The thermal decomposition of all the compounds was followed in an air and argon atmosphere with sample masses of about 5 mg. The thermal decomposition data in air are given in Table 5. As an example, the TG-and DTG-curves of the decomposition of [CuBr(HL 1 )(L 3 )]2 and CuBr2(HL 5 )2 in air and argon are presented in Fig. 6.

All the samples begin to decompose in the temperature range of 400/470 K. The lowest thermal stability exhibits the compound with the mixed 3,5-dimethylpyrazole and 1-carboxamide-3,5-dimethylpyrazole ligands, [CuBr(HL 1 )(L 3 )]2, which in the context of the mixed soft/hard interaction can be understandable. The most stable complex is that with 5-amino-4carboxamide-1phenylpyrazole, CuBr2(L 2 )2, presumably because of the n 0/p transition between the unshared electrons of the pyrazole nitrogen and phenyl nucleus.

The decomposition of Cu(L 3 )2 in air results in an unstable intermediate around 470 K. In the mass spectrum recorded at the beginning of the decomposition, the molecular peak of 3,5-dimethylpyrazole, accompanied by the peaks of its fragments, was observed. This was followed by the peak of H2 evolution. The intermediate was isolated and investigated by IR spectrometry. The characteristic changes in the IR spectrum include the disappearance of the n(NH) vibrational band at 3302 cm 1 and the rise of new bands at 2241 and 2170 cm 1 . These latter bands can be assigned to coupled stretching vibrations of two isocyanate groups within a molecule. Another characteristic new band appears at 3122 cm 1 assigned to /CH2 
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[CuBr(HL 1 )(L )]2 and CuCl2(HL 1 )2 complexes from 1carboxamide-3,5dimethylpyrazole [26].

The thermal decomposition of the pyrazole complexes is usually independent of purge gas up to 500/600 K. Above this temperature the degradation in argon slows down and in most cases is not finished up to 1100 K, as is the case with CuBr2(L 2 )2, Cu(L 3 )2 and CuBr2(HL 4 )2 complexes. However, an interesting phenomenon was observed at the decomposition of the [CuBr(HL 1 )(L 3 )]2 and CuBr2(HL 5 )2 complexes: in argon above 900 K no residue was obtained. Unfortunately, at the end of the decomposition, by mass spectrometry we could not detect the evolved fragments, due to too high decomposition temperature. The different thermal decomposition pattern of the compounds in air and argon atmospheres may be explained by the increased basicity and acidity of the remaining components with increasing temperature [30]. Thus, in the CuBr2(HL 5 )2 and [CuBr(HL 1 )(L 3 )]2 complexes the covalency of the bonds is strengthened to the extent which allows a complete evaporation of the remaining parts of the molecule in argon.

The decomposition of the compounds starts with an endothermic reaction which is usually accompanied by the melting of the sample. The next step is an exothermic process except for CuBr2(HL 5 )2 and [CuBr(HL 1 )(L 3 )]2 complexes which is in agreement with the different thermal behavior of these compounds in argon.

Supplementary material

A full list of crystal data and refinement have been deposited at the Cambridge Crystallographic Data Centre, CCDC Nos. 179602 and 179603 for Cu(L 3 )2 and [CuBr(HL 1 )(L 3 )]2, respectively. Copies of this information may be obtained free of charge from The Director, CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK (fax: /44-1223-336-033; e-mail: deposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).

Fig. 1 .

 1 Fig. 1. ORTEP drawing of complex [CuBr(HL 1 )(L 3 )]2 with atom numbering scheme.

//L 3

 3 interligand contact of 3.26 A˚ between the C10 methyl group and the N1 atom, enabling a short C/H//p interaction between a hydrogen atom of C10 and the N1/N2 bond centroid (Cg) with a H//Cg distance of about 2.6 A˚ . In the crystal lattice, the binuclear molecules are mutually connected by intermolecular N2/H//O, N5/ H//O and C4/H//O hydrogen bonds forming 3D supramolecular structure. The geometrical parameters of the H-bonds are: N2/H2N/0.86A˚ , N2//O(i)/ 3.16A˚ , H2N//O(i)/2.43 A˚ , N2/H2N//O(i)/1728; N5/H5N/0.86 A˚ , N5//O(ii)/3.01 A˚ , H5N// O(ii)/2.16 A˚ , N5/H5N//O(ii)/1728; C4/H4A/ 0.96 A˚ , C4//O(i)/3.24 A˚ , H4A//O(i)/2.36 A˚ , C4/ H4A//O(i) /1518; symmetry code: (i) x/1,/y/1,/ z; (ii) /x/1,/y/1,/z. The packing diagram for the compound is presented in Fig.

Fig. 2 .

 2 Fig. 2. The equatorial plane of complex [CuBr(HL 1 )(L 3 )]2 with displaced position of N1 atom to the Br/Cu/N3/N5 plane. Fig. 3. Projection of the crystal packing along crystallographic 'c' axis for [CuBr(HL 1 )(L 3 )]2 (the dashed lines show the hydrogen bonds). Table3

Fig. 6 .

 6 Fig. 6. TG-DTG curves for the CuBr2(HL 5 )2 and [CuBr(HL 1 )L 3 ]2 in air and in argon.

Table 3 Interatomic

 3 

	Bond lengths			
	Cu/N5	1.909(8)	C3/C5	1.501(15)
	Cu/N1	1.988(8)	N3/C8	1.328(12)
	Cu/N3	2.019(8)	N3/N4	1.341(11)
	Cu/Br	2.4786(19)	N4/C6	1.344(13)
	Cu/Br?	2.770(2)	N4/C11	1.455(13)
	N1/C3	1.342(12)	N5/C11	1.290(13)
	N1/N2	1.357(10)	C6/C7	1.343(17)
	N2/C1	1.318(12)	C6/C9	1.504(17)
	C1/C2	1.370(14)	C7/C8	1.437(16)
	C1/C4	1.503(15)	C8/C10	1.468(15)
	C2/C3	1.392(15)	O/C11	1.246(12)
	Bond angles			
	N5/Cu/N1	154.3(4)	N5/Cu/Br?	110.5(3)
	N5/Cu/N3	79.9(4)	N1/Cu/Br?	94.6(2)
	N1/Cu/N3	93.9(3)	N3/Cu/Br?	93.6(3)
	N5/Cu/Br	91.7(3)	Br/Cu/Br?	90.08(7)
	N1/Cu/Br	93.4(2)	Cu/Br/Cu?	89.92(7)
	N3/Cu/Br	171.5(2)		

bond lengths (A˚ ) and selected bond angles

(8) 

for [CuBr(HL 1 )(L 3 )]2 Fig.

4

. ORTEP drawing of complex Cu(L 3 )2 with atom numbering scheme.

Table 5

 5 Thermal decomposition data in air

  The spectrum contains additionally the bands of the methylpyrazole ligand, too. This is the consequence of the low stability of the intermediate, viz., the decomposition of the starting compound was not finished yet when the next decomposition step started. The elemental analysis (Found (%) C, 36.55; H, 3.7; N, 20.04, Required (%): C, 34.78; H. 2,50; N. 23,18) and mass loss data up to 500 K (Found (%) 30.0; Required (%): 28.88) as well as the IR results indicate an elimination process presented in Scheme 1. We note that an analogous isothiocyanate intermediate has been suggested for the formation mechanism of [CuCl2(HL1 

	stretching vibrations.						
	3 )]2	400/467	12.6	12.72	830	29.3	29.52
			(-3,5-DMP)		CuO/CuBr	(1:1)	
	CuBr2(L 2 )2	470/680	26.7	24.57	920	27.5	
			(-2Ph)		?		
	Cu(L 3 )2	425/485	30.0	28.88	690	21.8	23.40
			(/C5H10N2)		CuO		
	CuBr2(HL 4 )2	430/530	8.0	8.57	930	19.6	22.22
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