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Abstract
Two copper(II) clusters Cu4OCl6(pyrazole)4, 1, and Cu4OBr6(Br-pyrazole)4, 2, have been synthesized by reacting acetylacetone and benzohydrazide (1:1 ratio) with CuX2 (X = Cl for 1 and X= Br for 2) in methanol solutions.  The structures of both clusters have been established by X-ray crystallography.  The clusters contain four Cu, one O, six μ2-X atoms, and four pyrazole ligands. The pyrazoles was prepared in situ by the reaction of acetylacetone with benzohydrazide in methanol under reflux. In 2, the methine hydrogens of the pyrazole ligands have been replaced by bromine atoms. The four copper atoms encapsulate the central O atom in a tetrahedral arrangement. All copper atoms are five-coordinate and have similar coordination environments with slightly distorted trigonal bipyramidal geometry. The cyclic voltammogram of the clusters 1 and 2 show a one-electron quasi-reversible reduction wave in the region 0.485 to 0.731 V, and a one-electron quasi-reversible oxidation wave in the region 0.767 to 0.898 V. In 1, one irreversible oxidative response is observed on the positive of side of the voltammogram at 1.512 V and this can be assigned to Cu(II) to Cu(III) oxidation.
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1. Introduction
The synthesis of multi-metal clusters by spontaneous self-assembly of organic-inorganic ligands and transition-metal ions have attracted special attention due to their potential application in magnetic, electrochemical, catalytic studies and coordination chemistry.1-9 A feature of modern coordination chemistry is its development of metal bio-sites modeling for biology systems.10 Self-assembly is one of the few practical strategies for making such compounds. The spontaneous self-assembly of well-defined and complex molecular entities from constituent subunits occurs in solution.11 In biology systems, self-assembly occurs by weak inter- or intra-molecular interactions of non-covalent bonds, while self-assembly in coordination chemistry occurs through the formation of covalent coordinate bonds.11-15 
[bookmark: _GoBack]It is well known that the constituent ligands and metals play important roles in the structures and properties of the multi-metal clusters. The synthesis and characterization of high nuclearity metal clusters with oxo bridges has been the goal of much research.15–20 Oxo-copper(II) halide clusters have been extensively studied.20-23 Bertrand reported the first structure in 1966.24. The usual arrangement in tetranuclear Cu4OX6L4 complexes consists of a central oxygen atom bound to four tetrahedrally arranged copper(II) atoms. At the same time, each copper(II) atom adopts a trigonal bipyramidal coordination with one terminal axial position occupied by ligand L. Many novel complexes or coordination polymers based on ligands generated in situ have been synthesized through one-pot reaction under hydrothermal or solution reaction conditions.25-27 Here we report the synthesis, characterization and electrochemistry of tetranuclear copper(II) clusters 1 and 2, obtained by reaction of CuX2 (X = Cl and Br) and pyrazole ligands generated in situ under hydrothermal conditions.

2. Experimental
2.1. Reagents and Physical measurements
All chemicals were used as supplied by Merck and Fluka without further purification. 
Infrared spectra were taken with an Equinox 55 Bruker FT-IR spectrometer using KBr pellets in the 400-4000 cm-1 range. Absorption spectra were determined in the solvent methanol using a GBC UV-Visible Cintra 101 spectrophotometer with 1 cm quartz, in the range of 200-800 nm at 25oC. Elemental analyses (C, H, N) were performed using a CHNS-O 2400II PERKIN-ELMER elemental analyzer. Cyclic voltammetry was carried out using an Autolab potentiostate/galvanostate (PGSTAT-302N) instrument. The measurements were performed at 300 K in acetonitrile solutions containing 0.1 M tetrabutylammonium perchlorate (TBAP) and 0.1 mM copper(II) complexes deoxygenated by bubbling with nitrogen. The working, counter, and reference electrodes used were glassy carbon electrode, platinum wire and Ag/AgCl (3.0 KCl), respectively.
[bookmark: OLE_LINK31][bookmark: OLE_LINK32]2.2. X-ray Crystallography
	Diffraction images were measured at 200 K on a Nonius Kappa CCD diffractometer using Mo Kα, graphite monochromator (λ = 0.71073 Å). Data was extracted using the DENZO/SCALEPACK package.28 The structures were solved by direct methods with the use of SIR92 and refined on F2 by full matrix last-squares techniques using the CRYSTALS program package.29, 30 Atomic coordinates, bond lengths and angles, and displacement parameters were deposited at the Cambridge Crystallographic Data Centre. Crystallographic details are summarized in Table 1 and refinement details are given in the Supplementary Information.

[bookmark: OLE_LINK203]Table 1. Crystallographic data of complex 2
	Compound
	2	

	Chemical formula
	C20H28Br10Cu4N8O

	Formula weight
	1449.72

	Temperature (K)
	200

	Space group
	Tetragonal, I41/a

	Z
	4

	
Unit cell dimensions
	

	[bookmark: OLE_LINK253][bookmark: OLE_LINK254]a (Å)
	17.3344 (3) 

	b (Å)
	17.3344 (3)

	[bookmark: _Hlk273641110]c (Å)
	12.7924 (2)  

	 (°)
	90 

	 (°)
	90 

	 (°)
	90 

	V (Å3)
	3843.88 (11)  

	
	

	F(000)
	2712

	Dcalc (g cm−3)
	2.505

	Crystal size (mm)
	0.32×0.30×0.19

	µ (mm−1)
	12.61 

	  range (°)
	3 – 30

	Limiting indices
	-23  h  24
-24  k  24 
-17 l  17

	R[F2 > 2σ(F2)]
	0.035

	wR(F2) (all data)
	0.087*


*w = 1/[σ2(F2) + (0.04P)2 + 20.94P] , where P = (max(Fo2,0) + 2Fc2)/3 

2.3. Syntheses of tetranuclear copper(II) clusters 
Acetylacetone (1.05 mL, 10 mmol) was added to a methanol solution (25 mL) of benzohydrazide (1.36 g, 10 mmol), and the mixture was heated to reflux for 5 h. A solution of CuX2 (X = Cl and Br, 10 mmol) in methanol was added to the above-mentioned bright yellow solution. The green solution was stirred at room temperature for 2 h.  A green-brown precipitate was obtained upon the slow evaporation of the solvents at room temperature over two days. 
Cluster 1: The raw material was dissolved in acetone/2-propanol/toluene (2:1:1 v/v) and brown-green rod-shaped crystals appeared upon slow evaporation.  They were washed with ethanol and dried in air. Yield 40%. Anal. Calcd. for C20H32Cl6Cu4N8O: C, 27.69; H, 3.72; N, 12.92. Found: C, 27.57; H, 4.01; N, 12.52%. IR (KBr, cm-1): υC=N (pyrazol ring) = 1572, υN–H = 3335. Electronic spectra in methanol: λmax(nm), (log ε): 813 (2.24), 311 (3.59).
Cluster 2: Dark-green block crystals were obtained by slow evaporation of the mother liquor and were washed with methanol and dried in air. Yield 25%. Anal. Calcd. for C20H28Br10Cu4N8O: C, 16.57; H, 1.95; N, 7.73. Found: C, 16.72; H, 2.01; N, 7.52%. IR (KBr, cm-1): υC=N (pyrazol ring) = 1566, υN–H = 3310. Electronic spectra in methanol: λmax(nm), (log ε): 823 (2.07), 316 (3.42).

3. Result and discussion
3.1. Synthesis
The synthetic route of the clusters is shown in Scheme 1.  Clusters 1 and 2 were synthesized by a two-steps-one-pot reaction with the initial formation of the pyrazole (without its isolation) and then the addition of a methanolic solution of CuX2 (X = Cl and Br). The pyrazole was prepared in situ from the reactions between acetylacetone and benzohydrazide in methanol under reflux. Initially, (3,5-dimethyl-1H-pyrazol-1-yl)(phenyl)methanone (benz-pyrazole) was obtained by the reaction of equimolar amount of acetylacetone and benzohydrazide.31 The resulting solution was refluxed for 5 h and then was used for the synthesis of the complex without further purification. 
Cluster 1, Cu4Cl6O(pyrazole)4, was obtained by the reaction between CuCl2 and benz-pyrazole in association with hydrolysis at room temperature (Scheme 1).  A search of the literature revealed that the cluster had been reported previously, by Jaćimović et al. in 2007.32 They synthesized the green crystals of the copper(II) cluster from the one-pot reaction of 3,5-dimethylpyrazole-1-carboxamide and CuCl2 in hot ethanol solvent. 




Scheme 1. Schematic illustration for the synthesis of Cu(II) clusters

Reaction between a methanol solution containing benz-pyrazole and CuBr2, at room temperature, leads to formation of cluster 2, Cu4Br6O(Br-pyrazole)4 (Scheme 1).

3.2. Crystal structures

The structure of cluster 1 is similar to the structure that has been previously reported.32 In the Jaćimović report, the space group was triclinic and the crystal structure included ill-defined ethanol solvate molecules.  Our determination is in the monoclinic space group P2/n.  It also contains disordered solvate species, though not ethanol.  This same cell was reported to the Cambridge Structure Database as a private communication by Stibrany and Potenza in 2007.33 The crystallographic data for our determination of the structure of cluster 1 were given previously.26 Selected interatomic distances and angles for 1 are given in Table 2 to allow direct comparisons values for cluster 2. Both structures were run at the same temperature (200K). 

Table 2. Selected bond lengths (Å) and angles (°) in complexes 1 and 2a 
	Complex 1
	
	
	

	[bookmark: _Hlk279149852]Cu1–Cl1
	2.3580 (11)
	Cl1– Cu1–Cl2*
	116.83 (5)

	Cu1–Cl4
	2.4386 (19)
	Cl1– Cu1–O1
	85.46 (4)

	Cu1–Cl2*
	2.4069 (12)
	Cl4– Cu1–O1
	82.59 (8)

	Cu1–N1
	1.9620 (3)
	Cl1– Cu1–N1
	96.12 (9)

	Cu1–O1
	1.9072 (17)
	Cl4– Cu1–N1
	92.75 (10)

	Cu2–Cl1
	2.3567 (10)
	O1– Cu1–N1
	174.33 (11)

	[bookmark: _Hlk279149853]Cu2–Cl2
	2.3810 (10)
	Cl1– Cu2–Cl2
	125.74 (5)

	Cu2–Cl3
	2.4901 (11)
	Cl1– Cu2–Cl3
	117.96 (4)

	[bookmark: _Hlk279154122][bookmark: _Hlk279153998]Cu2–N3
	1.9530 (3)
	O1– Cu2–N3
	175.97 (5)

	Cu2–O1
	1.9091 (16)
	Cu1– O1–Cu2
	107.53 (17)

	N1–N2
	1.3550 (4)
	Cu1– O1–Cu1*
	111.06 (15)

	N1–C4
	1.3340 (4)
	Cu1– O1–Cu2*
	108.36 (18)

	Complex 2
	
	
	

	[bookmark: _Hlk279150914][bookmark: _Hlk279154320][bookmark: _Hlk279154043]Cu1–Br1
	2.5072 (6)
	Br1***– Cu1–Br2
	108.83 (2)

	Cu1–Br2
	2.5163 (6)
	Br1***– Cu1–Br1
	118.90 (2)

	[bookmark: _Hlk279153207][bookmark: _Hlk279150915][bookmark: _Hlk279153568]Cu1*–Br1
	2.5807 (6)
	Br2– Cu1–Br1
	131.17 (2)

	Cu1**–Br2
	2.5163 (6)
	Br2– Cu1–O1
	87.145 (17)

	Cu1–Cu1*
	3.1450 (7)
	Br2– Cu1–N1
	92.85 (9)

	Cu1–Cu1**
	3.1274 (8)
	Br1– Cu1–O1
	87.189 (18)

	Cu1–O1
	1.9223 (4)
	Br1– Cu1–N1
	93.14 (8)

	Cu1–N1
	1.967 (3)
	O1– Cu1–N1
	179.56 (9)

	N1–N2
	1.355 (4)
	Cu1*– O1–Cu1
	109.774 (12)

	N1–C4
	1.342 (4)
	Cu1– O1–Cu1**
	108.87 (2)

	C3–Br3
	1.871 (3)
	Cu1*– Br1–Cu1
	76.34 (2)


a symmetry codes: for 1, –x+3/2, y, –z+3/2 and 2, (*) y+1/4, –x+3/4, –z+7/4; (**) –x+1, –y+1/2, z; (***) –y+3/2, x–1/4, –z+7/4.

The molecular structures of the clusters, with selected atoms labeled, are shown in Figures 1 and 2.  Selected bond lengths and angles are given in Table 2. The clusters each contains four Cu, one μ4-O and six μ2-X atoms (X = Cl and Br), along with four 3,5-dimethyl-1H-pyrazole ligands for 1 and four 4-bromo-3,5-dimethyl-1H-pyrazole ligands for 2 . The four Cu(II) ions form a nearly ideal tetrahedral skeletal structure with the Cu—Cu—Cu angles ranging from 59.0 to 61.3° (for 1) and 59.6 to 61.2° (for 2) and Cu….Cu distances ranging from 3.078 – 3.203 and 3.127 – 3.145 Å, for 1 and 2 respectively, which are comparable with those found in similar cluster compounds.15, 34-37 The four copper atoms encapsulate a central O atom in a distorted tetrahedral arrangement (Figure 3). The Cu—O bond lengths are 21.907(2) and 21.909(2) Å for 1 and 41.9223(4) Å for 2. The Cu—O—Cu angles in 1 and 2 are 107.53 (2) – 114.04 (2)° and 108.87(2)  109.77(1), respectively; these result are in agreement with 109.47° for an ideal tetrahedron. Between each pair of copper atoms there is a bridging chlorine atom with Cu—Cl distances of 2.3567(10) – 2.4908(2) Å for 1, and a bridging bromine atom with Cu—Br distances of 2.5072(6) – 2.5807(6) Å for 2. In 2, the methine hydrogen of the pyrazole ligand has been replaced by a bromine atom with a C—Br distance of 1.871(3) Å. 

[image: D:\Rasoul\paper\paper cluster\manscript\Journal of\Fig 1.tiff]
Fig. 1. The structure of the [Cu4Cl6O(C5H8N2)4] molecule, cluster 1, with labelling of selected atoms, showing only one location of the disordered atom (Cl4). Asterisks indicate atoms generated by symmetry operations. Anisotropic displacement ellipsoids exhibit 30% probability levels. Hydrogen atoms are drawn as circles with small radii


[image: D:\Rasoul\paper\paper cluster\manscript\Journal of\Fig 2.tiff]
Fig. 2. The structure of the [Cu4Br6O(C5H7N2Br)4] molecule, cluster 2, with labelling of selected atoms. Asterisks indicate atoms generated by symmetry operations. Anisotropic displacement ellipsoids exhibit 30% probability levels. Hydrogen atoms are drawn as circles with small radii

The four copper atoms are five-coordinate and have similar coordination environments (Fig. 3). The geometry of the copper atoms in 1 and 2, are best described as having a distorted trigonal bipyrmid coordination sphere with Addison parameter values of τ ≈ 0.90 for 1 and τ ≈ 0.80 for 2. The parameter τ is defined as τ = (α-β)/60, α>β, where α and β are the largest angles, so τ = 1 for a regular trigonal bipyrmid and τ = 0 for a regular square pyramid.38 The three halogen atoms lie in the equatorial positions of the trigonal bipyramid, while the central oxygen and the pyridine nitrogen from the pyrazole ligand are placed at the axial sites. The O—Cu—Cl and N—Cu—Cl bond angles in 1 are 81.18(8) – 85.74(4)°, and 92.75(10) – 99.03(9)°, respectively. The O—Cu—Br and N—Cu—Br bond angles in 2 are 85.106(17) – 87.189(18)°, and 92.85(9) – 94.48(8)°, respectively.
In cluster 1, the planes of the pyrazole rings are angled about 78 to each other, while in 2 the angles are about 57.

[image: D:\Rasoul\paper\paper cluster\manscript\Journal of\Fig 3.tif]
Fig. 3. cluster core (a) cluster 1 and (b) cluster 2

3.3. Cyclic voltammetry
The electrochemical behavior of the Cu(II) complexes has been studied by cyclic voltammetry (CV) in CH3CN solution. Tetrabutyl ammonium perchlorate (TBAP, 0.1 M) was used as the supporting electrolyte. The electrochemical data are summarized in Table 3 and the cyclic voltammograms of the copper(II) complexes are depicted in Fig. 4. As shown in figure 4a, cluster 1 shows a pair of redox peaks with a cathodic peak potential (Epc) at 0.485 V and an anodic peak potential (Epa) at 0.767 V. The half-wave potential (E1/2=1/2(Epa+Epc)) and the peak-to-peak potential separation (ΔEp) were obtained as 0.626 V and 0.282 V, respectively, indicating that the electrochemical behavior of 1 is quasi-reversible corresponding to the redox process of all four copper (Cu(II)/Cu(I)).39-41 The crystal structures of complex 1 shows the presence of four similar Cu(II) centers in the tetranuclear cluster, so we can assume that in solution the four copper ions exhibit similar coordination environments as in the solid state. One irreversible oxidative response is observed on the positive of side of voltammogram at 1.512 V and this can be assigned to Cu(II) to Cu(III) oxidation. 

[image: D:\Rasoul\paper\paper cluster\manscript\Journal of\Fig 4.TIF]
Fig 4. Cyclic voltammograms of the complexes 1 and 2 in a 0.1 M TBAP acetonitrile solution at 300 K and 100 mV/s, 

The cyclic voltammogram for copper(II) complex 2 was recorded at anodic potential in the range -0.2 to +1.6 V. The cyclic voltammogram for 2 is shown in Fig. 4b.  On changing the halogen from Cl to Br more redox peaks are observed.  This usually happens when Cl is changed to Br or I in similar core structures.42-44 The cyclic voltammetry of 2 shows two anodic peaks potential at 0.716 and 0.898 V and two cathodic peaks at 0.731 and 0.530 V. We could not get any wave for the oxidation of copper(II) to copper(III) in the potential range up to 1.6 V. 

Table 3. Cyclic voltammetric data for complexes 1 and 2 (versus Ag/AgCl)
	complex
	Epc (V)
	Epa (V)
	E1/2 (mV)

	1
	0.485
	0.767, 1.512
	0.626

	2
	0.530, 0.731
	0.716, 0.898
	0.623, 0.815 




4. Conclusion
The present work describes the synthesis by a two-steps-one-pot reaction, characterization, and electrochemical behavior of copper(II) clusters 1 and 2. Single crystal X-ray diffraction studies revealed that the two complexes have similar structures, namely a tetranuclear cluster containing four Cu, one μ4-O, six μ2-X atoms (X = Cl, 1 and Br, 2), and four pyrazole ligands.. The electrochemical behavior of clusters 1 and 2 are quasi-reversible corresponding to the redox process of all four copper (Cu(II)/Cu(I)).



Supplementary material
The deposition numbers of the studied ccluster, 2 is CCDC 1404320. These data can be obtained free-of-charge via www.ccdc.cam.ac.uk/data_request/cif, by emailing data-request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax +44 1223 336033.
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