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The tetra- and hinuclear heterometallic complexes of nickel(ll)-vanadium(IV/V) combinations involving a phenol-
based primary ligand, viz., N,N'-dimethyl-N, N -bis(2-hydroxy-3,5-dimethylbenzyl)ethylenediamine (H,L?), are reported
in this work. Carboxylates and /3-diketonates have been used as ancillary ligands to obtain the tetranuclear complexes
[Ni",\VY5(RCOO),(LY),04] (R = Ph, 1; R = MesC, 2) and the binuclear types [(5-diket)Ni"LVVO(S-diket)] (3 and 4),
respectively. X-ray crystallography shows that the tetranuclear complexes are constructed about an unprecedented
heterometallic eight-membered Ni,V,0, core in which the (L1)>~ ligands are bound to the Ni center in a N,O, mode
and simultaneously bridge a V atom via the phenoxide O atoms. The cis-N,O, coordination geometry for Ni is
completed by an O atom derived from the bridging carboxylate ligand and an oxo O atom. The latter two atoms,
along with a terminal oxide group, complete the Os square-pyramidal coordination geometry for V. Each of the
dinuclear compounds, [(acac)Ni"L'VVO(acac)] (3) and [(dbm)Ni"L:VVO(dbm)] (4) [Hdbm = dibenzoylmethane], also
features a tetradentate (LY)?>~ ligand, Ni in an octahedral cis-N,O, coordination geometry, and V in an Os square-
pyramidal geometry. In 3 and 4, the bridges between the Ni and V atoms are provided by the (L%)?~ ligand. The
Ni-++V separations in the structures lie in the narrow range of 2.9222(4) A (3) to 2.9637(5) A (4). The paramagnetic
Ni centers (S = 1) in 1 and 2 are widely separated (Ni---Ni separations are 5.423 and 5.403 A) by the double
VO, bridge that leads to weak antiferromagnetic interactions (J = —3.6 and —3.9 cm™?) and thus an Sy = 0
ground state for these systems. In 3 and 4, the interactions between paramagnetic centers (Ni'' and V'V) are also
antiferromagnetic (J = —8.9 and —10.0 cm™1), leading to an Sy = %/, ground state. Compound 4 undergoes two
one-electron redox processes at E;, = +0.66 and —1.34 V vs Ag/AgCl reference due to a VYV oxidation and a
Ni'"" reduction, respectively, as indicated by cyclic and differential pulse voltammetry.

Introduction applications. These oxidic materials in the desired metastable
The lithium—nickel vanadate system, LiNiViOhas been structural forms are often difficult to synthesize, providing

extensively studied in recent years because of its interesting/imited scope of their isolation. Recently, various organic/

properties. More importantly, it is used as a cathode material inorganic hybrid materials have been used as structure-
in Li ion batteries, which are the contemporary choice as directing precursor components to facilitate these syntteses.
portable power sources for electronic and various other
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Nickel(ll) —Vanadium(IV/V) Heterometal Complexes

A few such hybrid compounds with nickel(Hvanadium- were of analytical grade, were dried from appropriate reagents, and
(IV/V) combinations, prepared mostly by hydrothermal were distilled under nitrogen prior to their uSe.

synthesis, have been reported thus*fa? These compounds Preparation of Complexes. [NV 2(PhCOO)y(L 1)204] (1). [Ni-

have extended structures, some of these are really fascinatingHzL")(PhCOO}] (0.065 g, 0.1 mmol) in acetone (10 mL) was
There are also a few reports involving discrete nickekll) ~ Mixed with a solution of [f-CsHg)aN]Js[HaV1dOz¢] (0.17 g, 0.1
vanadium(IV/V) compound&:4 mmol) in 10 mL of acetonitrile. The resulting solution was kept in

. . . the open air for slow evaporation. After 1 day, a red crystalline
Herein, we report two sets of discrete heterometallic . : i . .
compound was obtained along with some X-ray-diffraction-quality

cqmpounds with nickel(ll—}vanadium('IV/V) combinations crystals. Yield: 0.05 g (30%). Anal. Calcd foreBio NiOr
using a phenol-based tetradentag®hligand (L) asthe v, ¢, 56.38; H, 5.67; N, 4.53. Found: C, 56.44; H, 5.95; N,
primary metal chelator. In the tetranuclear types of com- 4 36. IR (KBr disk, cm)): 3439, 2911, 1591, 1545, 1475, 1374,
pounds [NjV3(RCOO)(LY),04] (1 and2), carboxylates are 1316, 1255, 1226, 954, 868, 816, 720, 542= 4.2 ug at 25°C.
used as ancillary bridging ligands to bind the' dind WO [NiV2(MesCCOO0),(L1),04] (2). This compound was prepared
centers, while in the dinuclear compoundg-fliket)NiL*- in the same manner as that described abovelfarsing [Ni-
VO(S-diket)] (3 and4), S-diketonates are the preferred choice (H2L!)(MesCCOO}] as the precursor nickel(ll) compound. Yield:
as ancillary ligands. X-ray crystallography, electronic spec- 25%. Anal. Calcd for €H7gN4O1NizV2: C, 54.24; H, 6.53; N,
troscopy, and magnetic susceptibility measurements at vari-4.69. Found: C, 54.22; H, 6.27; N, 4.65. IR (KBr disk, Th
able temperatures have been carried out to characterize thesg#34, 2920, 1551, 1476, 1400, 1358, 1317, 1230, 960, 864, 812,

compounds. Redox properties of the dinuclear compounds®12-# = 4-1us at 25°C. _
(3 and 4) have also been investigated by cyclic and  L(@C@ONIL'VO(acac)] (3). [NiL {(H,0),]-0.51,0 (0.23 g, 0.5

. . .. mmol) was taken in 30 mL of acetonitrile. [VO(acgcj0.13 g,
Sfﬁ;er:g?rlypmse voltammetry as well as by constant potential 0.5 mmol) in solids was added to this solution. The mixture was

refluxed for ca. 2 h, at which time a green solution was obtained.
The solution was cooled and rotary evaporated to about 10 mL
Me\N/ \N/Me volume. The solution was kept in the open air for an overnight
period, after which a green crystalline compound along with some
OH HO diffraction-grade crystals were obtained. Yield: 0.15 g (44%). Anal.
Calcd for GoHa4N-O;NiV: C, 56.61; H, 6.48; N, 4.13. Found: C,
56.81; H, 6.54; N, 4.34. IR (KBr disk, cm): 3459, 2917, 1593,
M Me Me Me 1518, 1474, 1394, 1247, 981, 923, 813, 783, 459~ (CH,-
HyL! Clp) [Amadnm (e/mol~t cnP)]: 857 (75), 631 (50), 448 (sh), 307
(20 000), 231 (21 100). ESI-MS in GBl: m/z677 M+ H*). u
Experimental Section = 3.5ug at 25°C.
[(dbm)NiL 1VO(dbm)]-CH3CN (4). A mixture of [NiLY(H,O),]-
0.5H,0 (0.23 g, 0.5 mmol) and [VO(dbnj)(0.25 g, 0.5 mmol) in

A . 1 acetonitrile (30 mL) was allowed to reflux for 1 h, affording a
reported methods. [Ni( )(PhCOOY, [Ni(HL")(MesCCOO)], yellowish-green solution that was concentrated by rotary evapora-

- ) .

ar_1d [NIL(H;0)o]-0.5H0 were prepared as descnbed_elsewHére. tion to ca. 10 mL volume and filtered. The filtrate upon standing

Dibenzoylmethane (Hdbm) was purchased from Aldrich. All other . ; . - .
overnight in a refrigerator (£C) yielded a dark crystalline

reagents were commercially available and used as received. Sowent%ompound along with some X-ray-diffraction-quality crystals. The

compound was collected by filtration, washed with diethyl ether

Materials. The precursor complexes [VO(acgde) [VO-
(dbm)],16 and [(-C4Hg)sN]3[H3V 1002¢] 17 were prepared following

(3) Xiao, D.; Hou, Y.; Wang, E.; Lu, J.; Li, Y.; Xu, L.; Hu, Anorg.

Chem. Commur2004 7, 437. (2 x 5mL), and dried in vacuo. Yield: 0.25 g (54%). Anal. Calcd
(4) IILUO' C.-M.; Hou, Y.-L.; Zhang, J.; Gao, Snorg. Chem 2002 41, for Cs4HssNsO7NiV: C, 66.96; H, 5.68; N, 4.34. Found: C, 66.63;
- . . H, 5.30; N, 4.19. IR (KBr disk, cmt): 3433, 2912, 1596, 1548
5) Dai, Z.; Chen, X.; Shi, Z.; Zhang, D.; Li, G.; Feng, I8org. Chen ’ o ' ' X ' !
O D an ogs ' ang. Bt & Fend, Borg- HeM 1551 1473, 1398, 1365, 1309, 1245, 987, 811, 754, 632, 570, 368.
(6) Xiao, D.; Li, Y.; Wang, E.; Wang, S.; Hou, Y.; De, G.; Hu, Dorg. UV —vis (CHCIy) [Amaynm (e/mol~t cn?)]: 874 (75), 649 (45),
- Eif&eg 2&Q3L3§ ZGEZ_-Zhang D~Q.; Wang, N.-L.; Chen, Z.J.; Zhu 503 (90), 371 (31 000), 255 (36 000) 226 (32 000). ESI-MS in-CH
D.-B. Eur. J. Inorg. Chem2004 4774, R PET T Cly miz926 (M — CHCN + HY). o = 3.4 up at 25°C.
(8) Liu, C.-M.; Gao, S.; Hu, H.-M.; Jin, X.; Kou, H.-Z]. Chem. Soc., Physical MeasurementsIR spectroscopic measurements were
9 gﬁ.‘tozn_ga”s-zsopé 5985- hana L Yang. G H o done on samples pressed into KBr disks using a Nicolet 520 FTIR
©) Int.I’Ed'. 2888’39"’ 23?205 -+ Zhang, L; Yang, G.; Hudrbew. Chem., spectrom_eter. E_Ifectrpspray ionization mass spectrometry (ESI-MS)
(10) LaDuca, R. L., Jr.; Rarig, R. S., Jr.; Zubietanbrg. Chem 2001, spectra (in positive ion mode) were recorded on a QTOF model
40, 607. YA263 micromass spectrometer. Electronic spectra in solution were

a1 grl:gﬁ: %%'%infggit' R. L.; Gavel, D. P.; Tomlonovic, Baorg. recorded on a Perkin-Elmer Lambda 950 UV/vis/NIR spectropho-

(12) Rauchfuss, T. B.; Gammon, S. D.; Weatherill, T. D.; Wilson, S. R. tometer. Elemental analyses (for C, H, and N) were performed in

New J. Chem1988 12, 373. _ _ this laboratory (at IACS) using a Perkin-Elmer model 2400 analyzer.
13) u:”dl‘z' I'E'O'f'; '\4?12?#%9%;33*1822'1&; Mukherjee, M.; Helliwell, M.; Magnetic susceptibility and magnetization experiments on pow-
(14) DO?’J_;' Jaco%sony A. Thorg. Chem 2001, 40, 2468. dered polycrystalline samples were performed in the temperature
(15) Rowe, R. A.; Jones, M. Mnorg. Synth 1957, 5, 113. range 1.8-300 K on a Quantum Design SQUID MPMS-XL

(16) I'r‘:ce):’gav Csﬁégirggéngt% 1/;'; Kurita, S.; Takahashi, K.; Watanabe, T. magnetometer. The sampleslof4 were packed in a sealed plastic

(17) Day, V. W.; Klemperer, W. G.; Maltbie, D. J. Am. Chem. Soc
1987 109, 2991. (19) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of
(18) Mandal, D. Ph.D. Thesis, Jadavpur University, Kolkata, India, 2007. Laboratory Chemicals2nd ed.; Pergamon: Oxford, U.K., 1980.
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Table 1. Crystallographic Parameters and Refinement Detaild fof

parameter 1 2 3 4
formula ngH70N4Ni2012V2 C54H7gN4Ni2012V2 C32H44N2NiO7V C52H52N2NiO7V'C2H3N
fw 1234.44 1194.50 678.32 967.66
cryst syst orthorhombic monoclinic monoclinic _triclinic
space group Pbca P2,/c P2;/c P1
a, 13.3548(6) 12.0770(7) 11.9355(15) 11.2938(4)
b, A 17.9752(7) 17.4402(10) 18.902(2) 12.8014(5)
c, A 23.1855(10) 13.4539(8) 14.8328(18) 17.2832(7)
o, deg 90 90 90 83.331(1)

p, deg 90 97.988(1) 96.672(3) 86.659(1)
y, deg 90 90 90 77.124(1)

v, A3 5565.8(4) 2806.2(3) 3323.8(7) 2418.08(16)
z 4 2 4 2

u, cmt 1.058 1.046 0.894 0.638

Dy, g cnT3 1.473 1.414 1.356 1.329

no. of refins 44 603 23632 27 479 20 669

no. of unique reflns 8127 7939 9687 13282

no of obs reflns with > 20(1) 6190 6313 7343 10 655

R (obs data) 0.069 0.042 0.040 0.044

a, bin the weighting scheme 0.062, 6.326 0.062, 0.428 0.057,0 0.064, 0.394
Ry (all data) 0.162 0.111 0.106 0.120
CCDC no. 660946 660947 660948 660949

bag. The raw data were corrected for the sample holder and therefinement details are given in Table 1. Figures 1a, 2a, and S2 and
orbital diamagnetic contributions calculated from Pascal’'s con- S3 (in the Supporting Information) were drawn wWilRTEP® at
stant?° The samples have been checked for ferromagnetic impurities the 50% probability level, and Figures 1b and 2b were drawn with
that were found to be systematically absent by measuring the field the DIAMOND program with arbitrary spher@sData manipulation
dependence of magnetizationTat= 100 K. and analysis was witteXsar?’

Electrochemical measurements were performed at room tem-
perature in an electrochemical cell (15 mL capacity) fitted with a
platinum working electrode, a platinum wire counter electrode, and ~ SynthesesThe synthetic strategy adopted in this work is
an inert-gas inlet. All potentials were measured against an Ag/AgCl outlined in Scheme 1. The tetranuclear complekesd 2
(3 M NacCl Solution) reference electrode. Dl'y degassed acetonitrile have been Synthes|zed Slmply by lelng decavanadate [(
containing 0.1 M tetrabutylammonium_ perchlorate (TBAP) as the CaHo)aN]a[H 3V 1¢02¢] with stoichiometric amounts (1:1 mole
background electrolyte was used during the measurements. BUIkratio) of carboxylate-based precursor compounds [Blght

electrolyses were performed with the use of a platinum gauze _ . - .
working electrode. The apparatus was a PAR model 273A scanning(RCOO)Z] R = P.h or MeC) in an acetone/acetoniirile (1'
1, v/v) solvent mixture. The procedure for the synthesis of

potentiostat. The ferrocenium/ferrocene couple was used as the

Results and Discussion

internal standard. the binuclear compoundsand4 is also quite straightforward

X-ray Crystallography. Intensity data were measured at 223- and 'nV0|V?5 mixing of [N'E(Hzo)z]'0-5Hzol V\_/lth the
(2) K for red 1, red-brown 2, green3, and green-yellow4, corresponding [VQR-diket)] in a 1:1 mole ratio in aceto-
characterized as an acetonitrile solvate, on a Bruker SMART CCD nitrile. Both compoundsdl and 2 are sparingly soluble in
employing Mo Ko radiation so thatima was 30 (30.1° for 2). common organic solvents.

Data processing and empirical absorption correction were ac- |R spectra of the complexe$—4 display all of the
complished with the progranBAINP! andSADABS? respectively. characteristic bands of the coordinated){t ligand. One
The structures were solved by heavy-atom metRédsd refine- such prominent band appears in the region 128530 cnr!
ment (anisotropic displacement parameters, hydrogen atoms in thedue tor(C—Olphenolate) stretching vibrations. Of particular
riding model approximation, and a weighting scheme of the form . . .

interest in the spectra dfand2 is the appearance of a strong

= 1/[0*(Fo?) + aP? + bP] for P = (F¢? + 2F2)/3) was onF 2,24 Lo

w= L[oAFs) ] (Fo )3 w band at ca. 1550 cm due t0vas,{COO) vibrations of the

In the refinement o, two positions were resolved for the methyl . . . . .
groups of thetert-butyl residue, and from refinement, the site ancillary carboxylate ligand. Corresponding signature vibra-

occupancy factors for the components were determined as 0.5711ions for thef-diketonate moiety ir8 and4 appear in the
(11) and 0.429(11), respectively; the component atoms were refinedform of a twin band at ca. 1595 and 1520 ¢ndue tov-
anisotropically. In each refinement, the maximum residual electron (C=C) andv(C=0) stretching bands, respectivéhA single
density peak was less thd e A3, Crystallographic data and final ~ sharp band in the 996960 cnt? region is also observed in
these compounds due taA0; terminal stretches. In addition,

(20) Theory and Applications of Molecular ParamagnetisBoudreaux, ~—
E. A., Mulay, L. N., Eds.; John Wiley & Sons: New York, 1976. 1 a”fj 2 show a mOder.ate.Iy sha_rp b.and at ca. 815cm

(21) SAINT, version 5.6; Bruker AXS Inc.: Madison, WI, 2000. possibly due to -O—Ni bridge vibrations.

(22) (a) Sheldrick, G. MSADABS University of Gdtingen: Gdtingen,
Germany, 2000. (b) Blessing, BADABS Acta Crystallogr.1995 (25) Johnson, C. KORTER Report ORNL-5138; Oak Ridge National
A51, 33. Laboratory: Oak Ridge, TN, 1976.

(23) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.i&arci  (26) DIAMOND, Visual Crystal Structure Information Systerarsion 2.1e;
Granda, S.; Smits, J. M. M.; Smykalla, Che DIRDIF program Bonn, Germany 2002.
systemTechnical Report; Crystallography Laboratory, University of  (27) teXsan: Structure Analysis SoftwaMolecular Structure Corp.: The
Nijmegen: Nijmegen, The Netherlands, 1992. Woodlands, TX, 1997.

(24) Sheldrick, G. MSHELXL97: Program for crystal structure refine- (28) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
ment University of Gdtingen: Giatingen, Germany, 1997. dination Compounds3rd ed.; Wiley-Interscience: New York, 1978.
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Nickel(ll) —Vanadium(IV/V) Heterometal Complexes

Figure 2. (a) Molecular structure and crystallographic numbering scheme
for 3. Hydrogen atoms have been omitted for clarity. (b) Core structure for
3. Color code: same as that for Figure 1b.

in Figure S2 in the Supporting Information. Identical atom-

Figure 1. (a) Molecular structure and crystallographic numbering scheme |5haling schemes have been adopted for both structures for
for 1. The dinuclear molecule is disposed about a crystallographic center . . .
of inversion. Symmetry operation 1 — x, —y, 1 — z Hydrogen atoms easy comparison of their relevant metrical parameters (Table
have been omitted for clarity. (b) Molecular core in Color code: Ni, 2). CompoundL crystallizes in the orthorhombic space group
brown; V, pink; O, red; N, blue; C, gray. Hydrogen atoms are omitted. Pbca with four molecules per unit cell, whil@ has the

Mass Spectroscopy The ESI-MS spectrum (in positive  monoclinic space group2;/c with two molecules accom-
ion mode) of 3 in an acetonitrile medium displays the modated in the unit cell. The molecules have centrosym-
molecular ion peak atVz677 (M+ H™) with 100% relative metric structures, with each half containing a dinuclear{Ni
abundance and the expected isotope pattern. Likewelsp VO(u-O)LY(u-RCOO)] core. The Nicenter in this core has
shows the molecular ion peak sz 926 (M — CH3CN + a distorted octahedral geometry, completed by the O(1), N(1),
H*, 100% relative abundance). The isotope distribution N(2), and O(2) donor atoms, all coming from the ligand
pattern for the base peak Gfis displayed in Figure S1 (L)%, together with O(5) and O(3) atoms, contributed by
(Supporting Information) as a representative example, to- the u-oxo and u-carboxylato moieties, respectively. The
gether with its simulation pattern. The results confirm the phenoxo oxygen atoms O(1) and O(2) along with N(2) and
presence of these binuclear compounds with the desiredthe carboxylato oxygen O(3) form the N@asal plane, while
heterometal combination, devoid of any metal-ion scram- the apical positions are taken up by the remaining amino
bling. The lack of solubilities of the tetranuclear compounds nitrogen N(1) and the bridging oxo ligand O(5). The trans
1 and2 in common organic solvents has prevented us from angles O(1)Ni—N(2) [169.28(109] and O(5>-Ni—N(1)
measuring the ESI-MS spectra of these compounds. [176.65(11)] in 1 are close to linearity, while the third one,

Description of Crystal Structures. The tetranuclear  O(3)—Ni—0(2) [158.83(10]], is slightly off because of
compoundsl and 2 are isostructural. The representative restrictions imposed by the two bridging atoms O(3) and
ORTEP structure fol is shown in Figure 1a and that &f 0O(2). Corresponding angles Znare 168.56(6), 174.88(6,

Inorganic Chemistry, Vol. 47, No. 2, 2008 587
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aConditions: (i) [(-C4aHg)aN]3[H3V1002g], in an acetonitrile/acetone mixture. (i) [V@{diket)], in acetonitrile under reflux.

Table 2. Selected Bond Distances (A) and Angles (deg) ¥and2

1 2

Bond Distances (A)
Ni—O1 2.062(2) 2.0481(12)
Ni—02 2.072(2) 2.0802(13)
Ni—03 2.088(2) 2.0475(14)
Ni—05 2.014(2) 2.0213(13)
Ni—N1 2.066(3) 2.0808(17)
Ni—N2 2.071(3) 2.0657(16)
V—04 1.992(2) 1.9867(14)
V—05 1.665(2) 1.6637(14)
V-06 1.597(2) 1.5994(14)
V—01 1.970(2} 1.9873(13)
v—02 2.044(2% 2.0463(13)
Nj-+Vi 2.9227(73 2.9257(4Y

Bond Angles (deg)
05-Ni—03 85.05(10) 86.59(6)
O5—-Ni—N1 176.65(11) 174.88(6)
N1—Ni—N2 85.68(11) 85.43(6)
01-Ni—02 74.68(9) 74.71(5)
01-Ni—N2 169.28(10) 168.56(6)
03-Ni—02 158.83(10) 160.57(5)
05-V—-02 143.57(11) 143.55(6)
04-V—01 156.43(10) 158.60(5Y

aSymmetry operation i: 1= x, =y, 1 — z ? Symmetry operation i:
=X, =Y, —Z
and 160.57(5), respectively. In2, the cis angles at Ni in
the equatorial plane range between 101.9866)d 74.71-
(5)°, totaling 360.11. The corresponding angles inare in
the range between 102.23(1Bnd 74.68(9). The average
Ni—O and Ni-N distances are 2.0541 and 2.0708 A,

respectively, which are as expected for a high-spin octahedral
Ni" compound?® The V centers exist in a distorted square-

pyramidal geometryz{= 0.25 and 0.24%° with four basal

groups, respectively. The axial site is occupied by the oxo
ligand O(6), which forms angles in the range 98.49(12)
110.84(11) [96.46(7)-110.65(7) for 2] with the basal plane.
The trans angles in the basal plane G(8)-0O(2) and O(4)
V—0(1) are 143.57(12) [143.55(6)] and 156.43(10)
[158.60(5)], respectively, which force the vanadium atom
out of the basal plane by 0.425 A (0.408 A) toward the apical
oxygen O(6) atom. The terminal-¥O(6) distance 1.597(2)
A [1.5994(14) A] is in the expected range, while the bridging
V—0(5) distance 1.6637(14) A [1.665(2) A] is shorter than
what is normally observett. The Ni--V separation is
2.9227(7) A [2.9257(4) A], and the NiO—V bridge angle
is 141.01(14) [139.80(8)]. Also in these tetranuclear
compounds, the Ni-Ni and V:--V separations are 5.4233-
(6) A [5.4033(4) A] and 3.4301(8) A [3.4501(4) A],
respectively. Thus, the distant Ni centers in these molecules
are connected together by’ @, tetrahedra formed by a pair
of u-oxo andu-carboxylato bridges. The molecular core in
lis displayed in Figure 1b, which highlights the coordination
modes of the constituent ligands and the presence of the
centrosymmetric heterometallic eight-membered\VhD,
ring, stabilized by alternating oxo and phenoxide O bridges.
The nickel(ll)-oxovanadium(lV) heterodinuclear com-
plexes3 and4 have essentially similar structures (displayed

(29) (a) Berti, E.; Caneschi, A.; Daiguebonne, C.; Dapporto, P.; Formica,
M.; Fusi, V.; Giorgi, L.; Guerri, A.; Micheloni, M.; Paoli, P.; Pontellini,
R.; Rossi, Plnorg. Chem 2003 42, 348. (b) Shimazaki, Y.; Huth,
S.; Karasawa, S.; Hirota, S.; Naruta, Y.; Yamauchii@rg. Chem
2004 43, 7816.

(30) Addition, A. W.; Rao, T. N.; Reedijk, J.; van Rijn, J.; Verschoor, G.
C. J.J. Chem. Soc., Dalton Tran$984 1349.

positions being taken up by O(2) and O(1) belonging to the (31) (a) Dutta, S. K.; Kumar, S. B.; Bhattacharya, S.; Tiekink, E. R. T.;

bridging phenoxo moiety of the ligand {2, together with
O(5) and O(4), contributed by theoxo andu-carboxylato
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Table 3. Selected Bond Distances (A) and Angles (deg)3and4

3 4

Bond Distances (A)
Ni—O1 2.1257(12) 2.1035(11)
Ni—02 2.0283(12) 2.0281(12)
Ni—03 2.0098(13) 2.0094(12)
Ni—04 2.0148(12) 2.0176(12)
Ni—N1 2.0851(15) 2.0836(16)
Ni—N2 2.0879(14) 2.0771(14)
V-01 1.9864(12) 1.9926(12)
V-02 2.0013(12) 2.0085(11)
V-05 1.9857(13) 1.9866(12)
V—-06 1.9849(13) 1.9609(12)
V-07 1.5907(13) 1.5885(14)
Ni-++V 2.9637(5) 2.9222(4)

Bond Angles (deg)
03—-Ni—04 92.09(5) 90.93(5) Figure 3. Temperature dependence of ti€ product forl (O, opened
03—Ni—01 169.72(5) 168.26(5) circles) and2 (O, opened squares) & = 0.1 T. Inset: Temperature
0O1-Ni—02 77.78(5) 77.50(5) dependence of the magnetic susceptibility IO, opened circles) and
02—Ni—N1 169.02(5) 169.09(5) (O, opened squares) &t = 0.1 T. The solid lines are the best fits of the
0O4—Ni—N2 172.44(5) 173.88(5) data using the Heisenbe&= 1 dimer model described in the text.
N1-Ni—N2 84.96(6) 86.26(6) . . .
01-V—-02 81.73(5) 80.56(5) structure of4. Thus, the ancillary-diketonate ligands have
V—02-Ni 94.69(5) 92.76(5) only a limited influence in controlling the overall structures
V—01—Ni 92.17(5) 90.98(5)

of 3 and4.

Magnetic Properties. Magnetic susceptibility measure-
ments for the polycrystalline samples of the compleked
have been carried out in the temperature range 308 K.
For the tetranuclear complexésand 2, theyT vs T andy

in Figures 2a and S3 in the Supporting Information,
respectively) with almost identical metrical parameters (Table
3). Complex3 crystallizes in the monoclinic space group

P2,/c, while 4 has the triclinic space groupl, with four vs T plots displayed in Figure 3 show that they exhibit almost

apd tyvohmoleculltas '? thﬁ'r re;pecnvg unlthceollls.l The Ni the same magnetic behavior. These measurements suggest
sites in these molecules have distorted octahedral geometry,, -+ the Ni (S= 1) centers inl and 2 are antiferromag-

comprised of O(1), N(1), N(2), and O(2) donor sites provided gtically coupled through the diamagnetic oxovanadium(V)
by the tetradentate {)>" ligand, together with O(3) and O(4) ety because theT product gradually decreases from 2.22
fjonor atgms from thg-diketonate moiety. The basal plane and 2.14 cri K mol~ for 1 and2, respectively (300 K), to

is comprised of O(1), N(1), O(3), and O(2) atoms, while the ¢ 09 cnt K mol* at 1.82 K for both compounds. On the
apical positions are taken up by N(2) and O(4). The nickel pasis of the structure consisting of two paramagnetic centers
atoms are displaced marginally (by 0.042 and 0.061 ABfor i these complexes, the magnetic data have been modeled
and 4, respectively) from these least-squares basal planesysing an isotropic Heisenberg model in the weak-field
toward the apical oxo atom O(4). By the trans angles O(4) approximation. Thus, the theoretical susceptibility has been
Ni—N(2) [172.44(5}], O(2)—Ni—N(1) [169.02(5)], and deduced from the van Vleck equatfdnconsidering the
O(3)—Ni—0O(1) [169.72(5)] are slightly short of linearity.  following Hamiltonian: H = —2J(S*S), whereJ is the
Corresponding angles hare 173.88(5) 169.09(5j, and isotropic exchange interaction betweer' Nites andS is
168.26(5), respectively. The average NO [2.0446 A the spin operator for each metal centgr=€ 1 Ni" with i =
(2.0396 A for4)] and Ni—N [2.0865 A (2.0803 A)] distances ~ 1—2).3%In order to reproduce the low-temperature magnetic
are also in the range, expected for a high-spitt dbm- susceptibility typically below 10 K, an additional paramag-
pound?® The VWV sites have square-pyramidal geometry (  netic contribution § = 1 Curie law) has been taken into

= 0.24), with basal positions being occupied by O(5) and account in the fitting procedure, as shown in eq 1.

0O(6) atoms coming from g-diketonate moiety, together with 5

the bridging donors O(1) and O(2), both contributed by , _ (1 _ p\ZNQZﬂB exp(2/kgT) + 5 exp(E/ksT)

phenoxo oxygen atoms from¥2-. The trans angles O(2) 7 keT 1+ 3exp(2lksT) + 5 exp(B/ksT)
V—0(6){159.91(5 [155.21(6} for 4]} and O(1-V—0O(5) INGitg?
{145.73(5} [149.14(5)]} are somewhat compressed, giving W Q)

evidence that the V center is shifted appreciably (by ca. 0.46

A) from the least-squares basal plane toward the apical oxo As shown in Figure 3 by the solid lines, the experimental
atom O(7). The terminal ¥O(7) distance{1.5907(13) A data are well reproduced by this approach and the best sets
[1.5885(14) A} is as expected. and the cis angles that it  of parameters obtained aje= —3.6(1) cnm?, g = 2.20(2),
makes with the equatorial plane are in the range 99.46(6) andp = 0.067 forl andJ = —3.9(1) cm?, g = 2.16(2),
111.27(6% [100.57(6)-110.28(6j]. The Ni---V separation andp = 0.074 for2. The negative sign of these magnetic

is 2.9637(5) A [2.9222(4) A], and the metal centers are - - —
connected by a pair of phenoxo bridges. The core molecular? éi?o\r/&eﬁ':]’i\fér';ighg;22?%2{0'%?%["}‘;‘:"’1%3'\"2‘?‘9”et'c Suscepibility
structure of3 is shown in Figure 2b and is repeated in the (33) Kambe, K.J. Phys. Soc. Jpri95Q 5, 48.
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wheregs2 = (2gni + gv)/3 andgiz = (4gni — 9v)/3. The
simulations of the experimental data using the above expres-
sion are quite satisfactory, as shown by the solid lines in
Figure 4. The best sets of parameters obtained are-8.9-
(1) cn?, gni = 2.18(2), andgy = 1.98(2) for3 andJ =
—10.0(1) cnT?, gni = 2.12(2), andyy = 1.92(2) for4. The
magnetic interactions between'Nand VW are therefore
antiferromagnetic, which stablizes &~ 1/, ground state.
This ground state is confirmed by the field dependence of
the magnetization studied at 1.85 K, which is well reproduced
by anS = Y/, Brillouin function (inset of Figure 4). Nag et
al.’® have recently reported exchange-coupled nickekl)
vanadium(lV) complexes with weak ferromagnetic interac-
Figure 4. Temperature dependence of i€ product for3 (O, opened tion J = +2—12 cn1?). Orthogonality of the magnetic
best s of the data using the Heisenbéig- ¥ and 1 dmer moder Ol of octahedral Mi (de and &) and square-
dgzcrilbed in the text. lIJnse?: Field depende?]:ce (2)f the magnetization at 1.8 pyramldal V=0 (dxy) (.:enters ,IS beheyed to be the reason
K for 3 (O, opened circles) and (O, opened squares). The solid lines are  foOr this ferromagnetic interactiot.As it appears from the
the best fits of the data using tiS= /> Brillouin functions. molecular structures & and4, the dihedral angle between
) ) o ) the basal planes containing the'ldind \W centers is 58.27
interactions implies argr = 0 spin ground state for these (62 66 for 4), which is sufficient to break the orthogonality
complexes. The low values of theparameters confirmthe  of the magnetic orbitals, resulting in antiferromagnetic
presence of a weak amount of paramagnetic impurities in jhteraction in the present case. In fact, a number of

these compounds. Itis worth noting that such an impurity iS heterodinuclear nickel(lycopper(ll) complexes have been
almost always observed in a compound with a diamagnetic rgported in recent timé&®39with closely similar antifer-

ground state because this extrinsic contribution becomes thgomagnetic behavior as reported and 4.

only observable at low temperatures. Of particular interest  glectronic Spectra. Electronic spectra 08 and 4 have
here are the two widely separated"Nienters (Ni--Ni been recorded in dichloromethane, and the data are sum-
separations, 5.4233(6) and 5.4033(4) A for and 2, marized in the Experimental Section. The features are quite
respectively) linked by a ©V—0 bridge that provides a  gimjlar for both compounds. A representative spectrum
relatively efficient pathway for antiferromagnetic coupling.  (compound4) is displayed in Figure S4 in the Supporting

Liu et al* have reported a nickel(Hjvanadium(V) com-  |nformation, which shows three-ai absorptions in the form
octahedral Ni centers are connected by diamagnetig}* 75 mol! cn?), 649 nm (45 mol! cm?), and 503 nm.

linkers, providing a Ni--Ni separation of 5.413 A. This Corresponding band positions f8are at 857 nm (75 mot
compound [Ni(bipy)(HO)V.O¢]. also revealed antiferro- cn?), 631 nm (50 molt cnP), and 448 nm, respectively. In
magnetic exchange interactions between the participatihg Ni principle, several ¢d absorptions are expected for'Nn
centers as observed inand2. an octahedral ligand field, and also fofVin a square-

For the nickel(ll)-vanadium(lV) dinuclear complexés  pyramidal environmerf® Thus, for exchange-coupled het-
and4, the T vs T plots are shown in Figure 4. For both  erodimetallic systems such &sand 4, further discussions
compounds, thgT product exhibits a sharp decrease from on the interpretation of their spectra may sound somewhat
1.52 and 1.42 cAK mol~* (300 K) to 0.45 and 0.43 chi speculative because of the inherent complexities. All of the
mol™* at 1.82 K for 3 and 4, respectively, indicating  remaining bands appearing below 400 nm are due to ligand
intracomplex antiferromagnetic interactions. The magnetic jnternal transitions.

data have been modeled using an isotropic Heisenberg model E|ectrochemistry. The electrochemical behaviors of the

[with the following spin Hamiltonian:H = —2J(Si*S,)] in dinuclear complexe8 and 4 have been studied by cyclic
the weak-field approximation considering an isotropic ex- yoltammetry under nitrogen in acetonitrile solutions (0.1 M
change betweefiy = 1 Ni' andS, = ¥/, V! metal ions.  TBAP) using a platinum working electrode, in the potential

The theoretical susceptibilty*°has been deduced from the  yange—2.0 to+2.0 VV vs Ag/AgCl reference. Voltammetric
van Vleck equatioft considering the following Hamiltonian:  features of4 are displayed in Figure 5, showing a couple of
electrochemical responses, one in the cathodic and the other
Nug” 05 + 10gg,,” exp(3/ksT) in the anodic potential range. The observed redox potentials

x= (2)
4kBT 1+2 exp(3]/kBT) (37) de Loth, P.; Karafiloglou, P.; Daube, J. P.; Kahn,JOAm. Chem.
Soc 1988 110 5676.

(38) Terraco, J.; Diaz, C.; Ribas, J.; Ruiz, E.; Mahia, J.; Mestranidrg.

(34) Liu, C. M,; Gao, S.; Hu, H. M,; Jin, X.; Kou, H. ZI. Chem. Soc., Chem 2002 41, 6780.

Dalton Trans.2002 598. (39) Gao, E.-Q.; Liao, D.-J.; Jiang, Z.-H.; Yan, S.#lyhedron2001,
(35) Bencini, A.; Gatteschi, IEPR of Exchange Coupled Syste3pringer- 20, 923.

Verlag: Berlin, 1990. (40) (a) Lever, A. B. Plnorganic Electronic Spectroscop3nd ed.; Elsevier
(36) Gao, E.-Q.; Tang, J.-K,; Liao, D.-J.; Jiang, Z.-H., Yan, S.-P.; Wang, Science BV: Amsterdam, The Netherlands, 1984. (b) Selbdhém.

G.-L. Inorg. Chem 2001, 40, 3134. Rev. 1965 65, 153.
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Another alternative possibility is a /V'"" reduction,
which is expected to be followed by a chemical reaction
involving V=0 bond cleavage. Such a process, unlike the
present one, would give rise to an irreversible reduction. The
latter process is, in fact, totally missing in the voltammogram
of 3, which displays a lone oxidation process Bi/4); =
0.6 V. This, we anticipate, is due to a\\D/VVO electron
transfer. At this stage, we are not quite sure how a small
change in the3-diketonate moiety can bring about such a
prominent effect on the electrochemical behavioBof

Current /pA

Concluding Remarks

Both tetra- and dinuclear heterometal complexes contain-
ing dinickel(ll)—divanadium(V) and nickel(IF-vanadium-
(IV) metal-ion combinations, respectively, have been syn-

Potontial / V thesized and structurally characterized by X-ray diffraction

Figure 5. Cyclic voltammogram+) of 4 in 0.1 M TBAP/acetonitrile at analysis. Fully deprotonated:; ligand (Ll)z_' capable of

a platinum electrode (100 mV-¥. For differential pulse voltammogram  providing enough flexibility, binds the heterometal centers

(= —): scan rate, 20 mV'8; pulse amplitude, 50 mV. together through phenoxo bridging. The core structurg in
and?2 is a centrosymmetric heterometallic eight-membered
Ni,V .0, ring, unprecedented in the literatdfelhe magnetic

are €)1 = +0.66 V (couple 1) andHyp), = —1.46 V measurements reveal that these tetranuclear compléxes (

(couple 2) The Iigands are electrode-inactive in this potential and 2) may be regarded as magnetic dimers of octahedral

range. Both electron-transfer processes are reversible withNj! centers § = 1) antiferromagnetically coupled (ca=

the use of the criteria of the scan rate {800 mV s™) —3.7 cnmd) through diamagnetic YO, linkers. The metal

dependence of the peak current and width and equivalencecenters in the dinuclear complexés and 4 are also

of the cathodic and anodic peak heighthe separation of antiferromagnetically coupled (c&= —9.5 cn1?), inducing

the peak potentialsAEy) is 59 mV for each couple. The  anS= Y, ground state. Botl8 and4 are redox-active in a

electron stoichiometries for these couples were examined bydichloromethane solution. Whilé undergoes a couple of

constant-potential electrolysis with a platinum gauze working reversible electron transfers involving d¥¢/V oxidation

electrode. Exhaustive electrolysis past the oxidation processat E;;, = 0.66 V and a Ni/Ni' reduction atEy, = —1.34 V

(Ew = +0.90 V) established a single-electron stoichiometry vs Ag/AgCl, the latter process is, however, missing in the

(n= 1.0+ 0.08 F motf*) for this couple. Similar experiments  voltammogram of3. It appears that an apparently innocent

with the reduction proces&( = —1.7 V), however, failed  change in thep-diketonate structure has a significant

to provide any meaningful results because of constantinfluence in controlling the voltammetric features of the
coulomb counts. Nevertheless, the monoelectronic nature ofdinuclear complexes.

the latter process has been established from the differential
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