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, where (L) 2-represents a 24-membered macrocyclic N 6 S 2 supporting ligand, are reported. Analysis of temperature-dependent magnetic susceptibility measurements over the temperature range from 2 to 300 K reveals the presence of weak ferromagnetic exchange interactions between the Ni II ions in the binuclear [Ni 2 L(µ-L')] + subunits with values for the magnetic exchange coupling constants J 1 of 13.5 cm -1 for 4, 20.0 cm -1 for 5, 19.2 cm -1 for 6, and 15.2 cm -1 for 7 (H = -2JS 1 S 2 ). The exchange coupling J 2 across the bistetrazolato bridge in 7 is less than 0.1 cm -1 suggesting that no significant Page 1 of 22 Wiley-VCH ZAAC -2interdimer coupling occurs in this compound. The synthesis and crystal structure of the new complex 7•2MeCN is also reported.

Introduction

The five-membered N-heterocycles pyrazolate [1] and tetrazolate [2] have a rich coordination chemistry due to a number of different coordination modes. To establish if substantial structural and chemical analogy exists between pyrazolato and tetrazolato complexes, we are preparing isostructural complexes of the general form [Ni 2 L(µ-L')] + (L' = RC 3 H 2 N 2 -or RCN 4 -) [3][4][5]. The macrocyclic hexaamine-dithiophenolato ligand L 2-[6] enforces accommodation of the pyrazolato and tetrazolato ligands in analogous, that is, symmetric bridging modes (Scheme 1).

<< Scheme 1 here >> Scheme 1. Coordination modes of pyrazolato and tetrazolato ligands in dinuclear [Ni 2 L(L')] + complexes (supporting ligand L 2-omitted for clarity). respectively, were prepared as described in the literature [5]. The tetrazole 5,5'-(1,4phenylene)bis-1H-tetrazole (H 2 pbtz), necessary for the preparation of 7, was synthesized from 1,4-dicyanobenzene according to a literature procedure [7]. The tetranuclear complex [Ni II 2 L(1,4-(CN 4 ) 2 -C 6 H 4 )][BPh 4 ] 2 (7) was prepared by a substitution reaction between the chlorido complex [Ni II 2 L(µ-Cl)][ClO 4 ] [6] and triethylammonium 5,5'-(1,4-phenylene)bis-1Htetrazolato (prepared in situ from the corresponding bistetrazole and triethylamine) in a 1:2 molar ratio, followed by precipitation with LiClO 4 and subsequent metathesis with NaBPh 4 in 64 % yield as outlined in Scheme 2. The linking of the two [Ni II 2 L] 2+ fragments by the bistetrazolato ligand is a clean and facile step driven forward by the low solubility of the product. A similar approach was used to prepare the tetranuclear complex 3 [5]. and 1133 nm [5]. These are assigned to the spin-allowed 3 A 2g → 3 T 1g (ν 2 ) and 1). The Ni … Ni distance in 7 is 3.442(1) Å, which is very similar to that in 3 and other dinuclear nickel complexes with bridging tetrazolates [5]. The Ni-N tetrazolato bond lengths reveal no anomalies and are comparable to those in 3. Each Ni II atom is surrounded in a highly distorted octahedral fashion by two sulfur atoms and three nitrogen atoms from the supporting ligand L 2-, and one nitrogen atom from the tetrazolato group. Ni-Ni cent /Ni-Ni cent [b] 13.261(8) 13.3037(7) 14.040(1)

N-M-N cis [c]
88.8(2) 88.83(8) 90.69(6) N-M-N trans [c] 176.1 (2) 176.30(9) 177.04(6) S-M-N cis [c] 91.1(1) 91.09(6) 91.06(5) S-M-N trans [c] 170.7(1) 170.47(7) 170.22(5) S-M-S [c] 80.72(5) 80.42(2) 80.46(2) M-S-M [c] 87.03(5) 87.27(2) 85.68(2) [a] N(9) corresponds to N(8) in 3. [b] Distance between center of the Ni … Ni axes of the Ni 2 units. [c] Average values.

The major structural difference between 3 and 7 concerns the conformations of the tetradentate coligands (Figure 2). In The N-N and N-C distances of the tetrazolato ligands in 7 differ significantly from the corresponding distances of the free 5,5'-(1,4-phenylene)bis-1H-tetrazole [START_REF] He | [END_REF] and non-coordinated 5,5'-(1,4-phenylene)bis-1H-tetrazolate anion [14]. Particularly affected are the N(7)-N(9) bonds. Thus, for bistetrazole and bistetrazolate these bonds lengths are 1.298(2) Å and 1.295(1) Å, much shorter than 1.354(3) Å in 3 or 1.349(5) Å in 7. Similar differences were also observed for the set of tetrazolato complexes, 4 -6 [5] showing N-N distances of 1.367(3), 1.331(3) and 1.353(5) Å.

Magnetic Properties

For the complexes 4 -6, and 7•2MeCN temperature dependent magnetic susceptibility measurements were carried out using a MPMS 7XL SQUID (Quantum Design) magnetometer to investigate whether magnetic exchange interactions are present in the complexes. The susceptibility data have been recorded for dry, powdered samples between 2 and 300 K in an applied external field of 1.0 T. The temperature dependence of the effective magnetic moment for the four complexes is shown in Figure 4.

<< Figure 4 here >> Although µ eff at 18 K is smaller than the expected spin-only value of 9.84 µ B for a S T = 4 ground-state (S i = 1, g i = 2.20), it still is larger than 6.22 µ B , a value which would be expected for four noninteracting Ni II ions. This finding very much compares to what is observed for the structurally similar dipyrazolato complex [(L 2 Ni) 2 (bpz)[BPh 4 ] 2 ] (2) [4,15], where also no significant interdimer exchange coupling occurs. In conclusion it can be said that weak ferromagnetic exchange interaction can be noted within the dinuclear subunits, but virtually no interaction across the bistetrazolato bridge is seen.

The magnitude of the exchange interactions was determined by least-squares fitting of the experimental magnetic susceptibility data to the appropriate spin Hamiltonian equation 1 or 2 including the isotropic HDvV exchange, the single-ion Zero-field splitting and the single-ion Zeeman interactions using a full-matrix diagonalization approach [16].
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The experimental data of the binuclear compounds 4 -6 were fitted to equation 1 over the temperature range 2 -300 K, assuming identical D and g-values for the two Ni II ions in each one of the complexes. The data are listed in Table 2 along with selected structural data. The data of the pyrazolato complex 2 are included for comparison. For the afore-mentioned complexes 4 -6 J 1 was determined to be +13.5 cm -1 , +19.9 cm -1 and +19.2 cm -1 . The g-values also show a very narrow distribution, namely 2.28, 2.20 and 2.17. D-values were also determined and all of them lie well below 10 cm -1 (Table 2). Although the inclusion of the D parameter improves the fit dramatically, J values are unaffected by its inclusion. Nonetheless the derived D values should be seen rather indicative. The finding that the J 1 , g and D values are very similar corroborates nicely with the fact that the complexes 4 -6 are structurally very similar (Table 2). Scheme 3 illustrates the exchange coupling pathways used to model the susceptibility data of the tetranuclear complex 7. In this model the exchange interaction between the Ni II ions within a binuclear subunit are represented by J 1 , whereas J 2 describes the interdimer interaction across the bistetrazolate bridge. << Scheme 3 here >> Scheme 3. Magnetic exchange pathways used for simulation of the magnetic susceptibility data of the tetranuclear complex 7 (left) and the dinuclear complexes 4 -6 (right).

The zero-field-splitting parameters D and the g-values were considered to be identical for all four Ni II ions. Fitting the experimental data over the full temperature range led to J 1 = +15.2 cm -1 , J 2 = +0.1 cm -1 , g = 2.21 and D =+10.80 cm -1 . The low-temperature fit was significantly improved by the inclusion of the D parameter, but one should bear in mind that, since temperature-dependent magnetic susceptibility measurements are not very appropriate for the determination of D-values, the latter should be taken rather indicative than definite. In addition, temperature dependent magnetic susceptibility measurement are not very appropriate for the determination of the sign of D [17]. However, the theoretical fit reveals that besides the expected exchange couplings in the binuclear subunits, no significant coupling (J 2 = +0.1 cm -1 ) across the tetrazolate bridge occurs. Table 2. Magnetic parameters J 1 [cm -1 ], J 2 [cm -1 ], g and |D| [cm -1 ] for 2 and 4-7 and selected structural data.

2 4 5 6 [a]
7 [b] J

1 [cm -1 ] +24.0 +13.5 +20.0 +19.2 +15.2 J 2 [cm -1 ] <0.1 - - - +0.1
g [c] 2 

Ni•••Ni [Å] 3.373 (1) 3.455(1) 3.425(1) 3.447(1) 3.4253(1) 
S-Ni-S [°] [d] 82.

Ni-S-Ni [°] [d] 85. 

063(4)

[a] There are two crystallographically independent molecules A and B in the asymmetric unit. The second value refers to molecule B. [b] Crystal data refer to 7•CH 2 Cl 2 . [c] Identical values for each Ni II atom assumed. [d] Average values Table 2 reveals that the tetrazolato complexes 4-7 have smaller J 1 values than the pyrazolate complex 2. This fact might be attributed to the differences in the Ni-N coligand binding strength. The observation that the tetrazolato complex 4 has the longest Ni-N coligand bonds and the smallest J 1 value would be consistent with this in view. Further experiments are planned in order to establish whether this tendency applies as a general rule. 

Conclusion

Crystal structure determination

The X-ray diffraction data were collected at 213 K using a IPDS-I (STOE) diffractometer and graphite monochromated Mo-K α radiation (λ=0.71073 Å). The intensity data were processed with the program STOE X-AREA [18]. The crystal structure was solved by direct methods and refined by full-matrix least-squares on the basis of all data against F 2 using SHELXL-97 [19]. Non-hydrogen atoms were refined anisotropically whereas the coordinates of the hydrogen atoms were calculated for idealized positions with isotropic displacement In case of 7•CH 2 Cl 2 the tetraphenyl borate anion was found to be disordered on two positions.

Because of this a split atom model for the relevant phenyl groups was introduced using the PART command and the involved carbon atoms were refined isotropically. Electron density attributed to heavily disordered dichloromethane molecules was removed from the structure (and the corresponding F o ) with the SQUEEZE procedure implemented in the PLATON [10] program suite. 

  Scheme 2 shows the synthesized compounds and their labels. The dinuclear Ni II complexes

Figure 1 .

 1 Figure 1. Left: Van der Waals plot of the [(Ni 2 L) 2 (1,4-(CN 4 ) 2 C 6 H 4 )] 2+ dication in crystals of

3 ,Figure 2 .Figure 3 .

 323 Figure 2. Mutual orientation of the Ni 2 tetrazolato and Ni 2 pyrazolato planes in 7•2MeCN,

Figure 3

 3 Figure 3 presents the packing of the molecules in the structures of 7•CH 2 Cl 2 and

Figure 4 .

 4 Figure 4. Temperature dependence of µ eff for 4 (open stars), 5 (open squares), 6 (open

  summary, we presented the synthesis and characterization of a new tetranuclear nickel(II) complex, where two Ni 2 amine-thiophenolate subunits are interconneted by a 5,5'-(1,4-Phenylene)bis-1H-tetrazolato bridging ligand. The complex forms discrete complexes in solid state and in solution, as verified by various analytical methods. The magnetic properties of this compound reveal weak ferromagnetic exchange interactions within the dinuclear Ni II subunits. Coupling across the tetrazolato bridge was found to be negligible. The dinuclear Ni II complexes 4 -6 also reveal weak ferromagnetic exchange interactions between the Ni II (S=1) ions. The magnitude of the exchange interactions appears to decrease with increasing Ni-N heterocycle bond length. Experimental Section General remarks: Solvents and reagents were of reagent grade quality and used as received unless otherwise specified. Synthetic steps involving [Ni II 2 L(µ-Cl)][ClO 4 ] were carried out under an inert atmosphere of nitrogen. The compounds 5,5'-(1,4-phenylene)bis-1H-tetrazole [7], [Ni II 2 L(µ-Cl)][ClO 4 ] [6], [Ni II 2 L(HCN 4 )][BPh 4 ] [5], [Ni II 2 L(MeCN 4 )][BPh 4 ] [5] and [Ni II 2 L(PhCN 4 )][BPh 4 ] [5] were prepared according to the literature procedures. Melting points were determined with a Barnstead Electrothermal IA9100 Series instrument in open glass capillaries and are uncorrected. Infrared spectra were recorded on a Bruker Vector27 FT-IR-spectrometer. Electronic absorption spectra were taken on a JASCO V670 UV/vis/near spectrometer, elemental analyses on a VARIO EL -elemental analyzer. Temperaturedependent magnetic susceptibility measurements on powdered solid samples were carried out using a MPMS 7XL SQUID magnetometer (Quantum Design) over the temperature range from 2 -300 K at an applied magnetic field of 1.0 Tesla. The observed susceptibility data were corrected for underlying diamagnetism.

parameters. During refinement 7 •

 7 2MeCN was found to contain in summary one acetonitrile molecule per asymmetric unit of which one molecule is only half occupied whereas the other half is additionally disordered on two positions. The DFIX command was used to constrain the bond distances of the acetonitrile molecules to 1.15 Å for the C-N triple bond and 1.50 Å for the C-C distance.

Crystal data for 7 •

 7 2MeCN: C 136 H 172 B 2 N 22 Ni 4 S 4 , M r = 2499.66, monoclinic, space group

  

  

  

  

  

  All compounds gave satisfactory elemental analyses and were characterized by appropriate spectroscopic methods (IR, UV/Vis and ESI-MS), as well as by X-ray single-crystal structure analysis. The tetraphenylborate salt 7 is an air-stable solid that is soluble in aprotic solvents

<< Scheme 2 here >> Scheme 2. Structures and synthesis of complexes 3 -7. such as dimethylformamide, dichloromethane, and acetonitrile, but virtually insoluble in methanol, ethanol and water. The electrospray ionization mass spectrum (ESI-MS, positive mode) of a dilute CH 2 Cl 2 solution of 7 exhibits a molecular ion peak with the correct isotopic distribution for the dication 7 2+ (m/z = 891.36). Two prominent absorption bands are seen in the UV/Vis spectrum of 7 in CH 2 Cl 2 , as in the tetrazolato-bridged Ni 2 complexes 4 -6, at 615

Description of the Crystal Structures of 7•2MeCN and 7•CH 2 Cl 2

  

	Single-crystals suitable for X-ray structure analysis could be obtained by two different
	methods. In a first attempt crystals were grown by slow diffusion of methanol into a solution
	of 7 in dichloromethane. Unfortunately those crystals gave unsatisfying R-values because of
	heavily disordered CH 2 Cl 2 in the crystal structure, making it necessary to use the SQUEEZE
	routine of PLATON [10]. Slow evaporation of a 1:1 acetonitrile/ethanol solution of 7 yielded
	single-crystals of 7•2MeCN giving much better R-values. Both crystal structures are
	composed of tetranuclear [(Ni 2 L) 2 (1,4-(CN 4 ) 2 C 6 H 4 )] 2+ dications, tetraphenylborate anions,
	and acetonitrile (or dichloromethane) solvent molecules respectively. The structure of
	7•2MeCN is representative and will be discussed.
	An ORTEP plot of the structure of the centrosymmetric dication of 7 is depicted in Figure 1.
	Selected bond lengths and angles are summarized in Table 1. The metrical data for the
	corresponding bispyrazolato complex [(Ni 2 L) 2 (1,4-(C 3 H 2 N 2 ) 2 C 6 H 4 )] 2+ (3) [4] are included for
	comparison.
	<< Figure 1 here >>
	bands at 231, 270, 336, and 391 nm, the former three of which are attributable to the π-π* The bistetrazolate unit acts as a tetradentate bridging ligand joining two dinuclear [Ni II 2 L] 2+
	transitions within the thiophenolato units of the [Ni 2 L] 2+ fragments. The band at 391 nm can fragments through the ring nitrogen atoms N(7) and N(9). The [Ni 2 L] 2+ subunits in 3 and 7 are
	be attributed to a thiophenolate → Ni II charge transfer absorption [9]. All these findings structurally very similar, and the Ni-N and Ni-S distances lie within very narrow ranges
	strongly indicate that the tetranuclear complex in 7 remains its integrity in the solution state. (Table

3 

A 2g → 3 T 2g (ν 1 ) transitions of a nickel(II) (S = 1) ion (in O h symmetry for simplicity)

[8]

. The observed values closely compare with those of 4 -6 indicative of pseudo-octahedral N 3 S 2 N tetrazolate coordination environments around the metal atoms. The intensities of ν 1 and ν 2 are approximately twice as large as those of 4 -6, which is in good agreement with the formulation of compound 7 as a 2:1 complex. The salt 7 reveals also four well-resolved UV

Table 1 .

 1 Selected bond lengths [Å] and angles [°] in 7•2MeCN, 7•CH 2 Cl 2 and

	3•6MeCN•2H 2 O [2].			
		7•2MeCN	7•CH 2 Cl 2	3•6MeCN•2H 2 O
	N(7)-N(9) [a]	1.349(5)	1.321(3)	1.354(3)
	Ni(1)-N(7)	2.078(4)	2.052(2)	2.065(2)
	Ni(1)-N(1)	2.335(5)	2.270(2)	2.276(2)
	Ni(1)-N(2)	2.147(4)	2.149(2)	2.186(2)
	Ni(1)-N(3)	2.218(5)	2.273(2)	2.279(2)
	Ni(1)-S(1)	2.528(2)	2.4537(6)	2.4692(5)
	Ni(1)-S(2)	2.477(2)	2.5143(7)	2.4878(5)
	Ni(2)-N(9)	2.048(4)	2.083(2)	2.091(2)
	Ni(2)-N(4)	2.256(4)	2.271(2)	2.247(2)
	Ni(2)-N(5)	2.160(4)	2.157(2)	2.236(2)
	Ni(2)-N(6)	2.315(4)	2.262(2)	2.300(2)
	Ni(2)-S(1)	2.545(2)	2.4642(7)	2.3983(5)
	Ni(2)-S(2)	2.449(2)	2.4964(6)	2.4967(5)
	Ni-N	2.195(4)	1,907(2)	2.210(2)
	Ni-S	2.500(2)	2.4822(7)	2.4630(5)
	Ni … Ni	3.442(1)	3.4253(1)	3.349(1)

  Safety note! Caution. Perchlorate salts of transition metal complexes are hazardous and may explode. Only small quantities should be prepared and handled with great care.After the reaction mixture was stirred overnight LiClO 4 •3H 2 O (160 mg, 1.00 mmol) was added. The resulting green precipitate was collected by filtration, washed several times with cold methanol, and redissolved in methanol (70 mL). A solution of NaBPh 4 (342 mg, 1.00 mmol) in methanol (50 mL) was added. The mixture was allowed to stir for 1 h, before the volume of the solution was reduced in vacuum to about 50 mL, and the green precipitate was filtered off. The green product was dissolved in CH 2 Cl 2 (100 mL) and NaBPh 4 (342 mg, 1 mmol) in methanol (20 mL) was added. After removal of CH 2 Cl 2 in vacuum, the product was slow diffusion of methanol into a solution of 7 in CH 2 Cl 2 or by slow evaporation of an ethanol/acetonitrile solution of 7.

	[(Ni II 2 L) 2 (1,4-(CN 4 ) 2 C 6 H 4 )][BPh 4 ] 2 (7). Triethylamine (20 mg, 0.20 mmol) was added to a
	solution of 5,5'-(1,4-phenylene)bis-1H-tetrazole (21 mg, 0.10 mmol) in methanol (30 mL).
	[Ni II 2 L(µ-Cl)][ClO 4 ] (184 mg, 0.20 mmol) was added to this solution with constant stirring.
	filtered off, washed with ethanol and dried in vacuum to give 155 mg (64 %) of 7 as a green,
	air-stable, microcrystalline powder. M.p. 358° C (decomp.). IR (KBr, cm -1 ): ν = 3442 (m),
	3054 (s), 3030 (s), 2997 (s), 2964 (vs), 2896 (s), 2863 (s), 2811 (m), 2744 (w), 1636 (w),
	1618 (w), 1580 (m), 1479 (s), 1460 (vs), 1426 (s), 1394 (m), 1363 (s), 1308 (m), 1263 (m),
	1233 (s), 1200 (m), 1152 (m), 1132 (m), 1109 (w), 1074 (s), 1055 (s), 1041 (s), 999 (m), 982
	(w), 930 (m), 911 (m), 881 (m), 843 (w), 825 (s), 817 (s), 807 (m), 749 (s), 733 (vs), 704 (vs),
	668 (w), 629 (m), 611 (s), 564 (w), 543 (w), 492 (w), 470 (w), 418 (w). UV/Vis (CH 2 Cl 2 ):
	λ max (ε)= 231 (93852), 270 (63211), 336 (20681), 391 (4889), 447sh (482), 615 (100), 950sh
	(70), 1133 nm (131 M -1 cm -1 ). Elemental analysis (%) for C 133 H 174 B 2 Cl 2 N 20 Ni 4 S 4 (2508.50):
	calcd. C 63.68, H 6.99, N 11.17, S 5.11 found C 63.76, H 7.07, N 10.90, S 5.07. MS (ESI + ,
	CH 2 Cl

2 ): m/z (7 2+ )=891.36. Single-crystals of 7 suitable for an X-ray structure analysis were grown by
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