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The new bimetallic nickel(II) compound (PPh4)4[Ni2(2)]·6H2O cules. Facile one-electron oxidation of the square-planar
diamagnetic dinickel(II) complex [Ni2(η4:η4-2)]4– generates(3), where H8[2] stands for N,N9,N99,N999-1,2,4,5-benzene-

tetrayltetrakis(oxamic acid), has been synthesized and its the metallo-radical species [Ni2(η4:η4-2·+)]3– with charac-
teristic intra-ligand π-cation radical transitions in the visiblecrystal structure determined by single-crystal X-ray

diffraction. The structure of 3 consists of [Ni2(η4:η4-2)]4– region (475–550 nm) as well as a typical quasi-isotropic EPR
signal at g ø 2.0.anions, tetraphenylphosphonium cations, and water mole-

Interest in the chemistry of metal coordination com- nated copper(II) and nickel(II) complexes, [M(1)]22, oxidise
at relatively low potentials, i.e. 0.41 and 0.60 V vs. SCE,pounds with organic ligands of a radical nature (radical li-

gands) is rapidly increasing in several areas ranging from respectively[10] [11] (CH3CN, 25 °C, 0.1 mol·dm23

NBu4PF6). For the nickel complex, however, a second elec-bioinorganic chemistry to solid-state physics. [1] [2] Radical li-
gand complexes are currently being studied as biomimetic tron can be removed but at a higher potential (1.10 V vs.

SCE). Since this particular ligand H4[1] contains a benzene-catalysts, because experimental evidence is accumulating
about the involvement of organic radical species in the ac- diamido-N unit with potential π-noninnocent character,

these oxidation processes may involve the metal ion as welltive sites of diverse metalloproteins. [3] [4] Likewise, mixed
materials incorporating organic radicals coordinated to as the ligand. Thus, the electronic distribution in a given

oxidised complex can be described by any one of the threemetal ions have been extensively investigated with the aim
of generating molecular-based magnets. [5] [6] The develop- redox isomers depicted in Scheme 1, for which the formal

oxidation states of the metal centre are different (resonancement of these new classes of compounds relies on the firm
understanding of factors that influence the ligand9s inno- forms I to III). Our observations clearly indicate that, at

least the one-electron-oxidised species, [M(1)]2 (M 5 Cu,cence or noninnocence in describing of the electronic struc-
ture of metal complexes. This plays a pivotal role in the Ni), are genuine copper(III) and nickel(III) complexes of

form I. [10] [11] Metal-radical ligand species (form II) can becoordination chemistry field in connection with the formal
oxidation state assignment of the metal centre and, particu- ruled out as might be expected on the basis of the strong σ

field of the tetradentate planar ligand (high σ-donor ca-larly, in high-valent transition metal complexes where the
coordinated ligand contains an extended delocalized sys- pacity of the amido-N group[12215]).
tem.[7] Hence, in the scope of our continuous research in this

Recently, we have shown that substituted oxamato li- field we have extended our studies to the related ligand
gands like H4[1], [8] the parent acid of the tetraanionic poly- H8[2], the parent acid of the ligand N,N9,N99,N999-1,2,4,5-
chelating ligand N,N9-1,2-phenylenebis(oxamate), can sta- benzenetetrayltetrakis(oxamate) (Scheme 2). Potentially,
bilize unusual high oxidation states of first-row transition this dinucleating ligand possesses a noninnocent character,
metal ions, ranging from manganese to copper.[8211] We as its mononucleating counterpart, because the benzene-
have found that the resulting square-planar four-coordi- tetraamido-N fragment is also a putative oxidation site. [16]

We report herein the synthesis, general physical and struc-
[a] Laboratoire de Chimie Inorganique, UMR CNRS 8613, Uni- tural characterisation together with the electrochemical

versité de Paris-Sud, properties of the tetraphenylphosphonium salt of the di-F-91405 Orsay, France
nickel(II) complex of formula (PPh4)4[Ni2(2)] · 6 H2O (3),Fax: (internat.) 1 33-1/69157436

E-mail: jour@icmo.u-psud.fr as well as a preliminary ab initio theoretical study of its[b] Laboratoire de Chimie Théorique, ESA CNRS Q8077, Univer-
electronic structure.sité de Paris-Sud,

F-91405 Orsay, France The 1H-NMR spectrum of 3 shows a sharp singlet corre-
[c] Departament de Quı́mica Inorgànica, Universitat de València, sponding to the two magnetically equivalent phenylene pro-E-46100 Burjassot (València), Spain

tons of the ligand at δ 5 8.35, along with the signals from[d] Departamento de Fı́sica Aplicada, Universidad Politécnica de
València, the aromatic protons of the PPh4

1 cations located in the
E-46071 València, Spain region δ 5 7.728.0. The sharpness of these NMR peaks,[°] Present address: Departament de Quı́mica Inorgànica de la
Universitat de València. as well as the small shift of 0.50 ppm for the benzene proton
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tire ligand skeleton is nearly planar [maximum deviation
from the mean molecular plane of 0.264(2) Å for O(5)] (Fig-
ure 1, top). All the bond lengths are identical, within the
3σ criterion, to those of the related mononucleating ligand
in the isostructural complexes (PPh4)2[Cu(1)] [10b] and
(PPh4)2[Ni(1)]. [11] The observed C2C intra-ring benzene
distances in 3 are almost equivalent and are intermediate
between those of single and double bonds (average 1.40 Å),
whereas the C2N bond lengths between the benzene ring
and the amide nitrogen atoms are characteristic of single
bonds (average 1.42 Å), thereby reflecting complete π de-
localisation mainly within the benzene ring.

Scheme 1. Resonance structures of the metal complexes with the
noninnocent N,N9-1,2-phenylenebis(oxamato) ligand

Figure 1. Perspective views of the anionic dinuclear unit of 3 with
the atom-numbering scheme; thermal ellipsoids are drawn at the
30% probability level (hydrogen atoms have been omitted for cla-Scheme 2. N,N9,N99,N999-1,2,4,5-Benzenetetrayltetrakis(oxamic
rity); selected bond lengths [Å] and angles [°] with standard devi-acid)
ations in parentheses: Ni2N(1) 1.822(2), Ni2N(2) 1.823(2),
Ni2O(1) 1.879(2), Ni2O(2) 1.889(2); N(1)2Ni2N(2) 86.36(10),
N(1)2Ni2O(1) 86.76(10), N(1)2Ni2O(2) 172.74(10), N(2)2Ni2signal relative to that of the free ligand Et4H4[2] (δ 5 7.85) O(1) 173.06(10), N(2)2Ni2O(2) 86.47(10), O(1)2Ni2O(2)

are indicative of a diamagnetic nickel(II) complex. That is 100.39(10)
to say, the NiII ion is in a square-planar coordination ge-
ometry (low-spin d8-electronic configuration for NiII). This The cyclic voltammogram of 3 in dry acetonitrile shows

two well-separated one-electron reversible oxidation wavesspectroscopic observation was further confirmed by a sin-
gle-crystal X-ray structure analysis. at the remarkably low potentials of 0.05 and 0.40 V vs. SCE

(25 °C, 0.1 mol·dm23 NBu4PF6). The one-electron natureThe structure of 3 includes centrosymmetric dinuclear
nickel(II) complex anions, [Ni2(2)]42 (Figure 1), tetra- of both waves was confirmed by coulometric measurements.

A comparison of the potentials of the [Ni2(2)]32/42 andphenylphosphonium cations and water molecules of crystal-
lisation. As expected, the coordination environment of each [Ni2(2)]22/32 redox couples with that of [Ni(1)]2/22 (0.60 V

vs. SCE), where both ligands have the same set of donornickel atom is essentially square-planar, formed by two de-
protonated amide-N and two carboxylate-O atoms of the atoms, reveals that both oxidised dinuclear complexes

[Ni2(2)]32 and [Ni2(2)]22 are much more easily accessiblebis-tetradentate chelating ligand [largest deviations from the
plane of the four donor atoms are 0.002(1) Å with the metal than the corresponding mononuclear complex [Ni(1)]2. A

survey on the kinetic stability of the oxidised species ob-ion 0.018(1) Å out of the mean basal plane]. The average
Ni2N and Ni2O bond lengths (1.82 and 1.89 Å, respec- tained after bulk electrolysis of 3 in dry acetonitrile

(240 °C, 0.2 mol·dm23 NBu4PF6, 0.24 and 0.60 V vs. SCE,tively) are identical to those found for the monomeric
nickel(II) complex (PPh4)2[Ni(1)], [11] but significantly respectively), indicates that the complex [Ni2(2)]32 is stable

over several days under nitrogen at room temperature.shorter than those of the copper(II) complex,
(PPh4)2[Cu(1)] (1.91 and 1.95 Å, respectively). [10b] The en- However, the doubly oxidised species, [Ni2(2)]22, rapidly de-
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composes under these same conditions, being stable only tuted, 1,2-diamido- and 1,2,4,5-tetraamidobenzene mol-

ecules. The HOMO is of π-type in both cases and rises inon the time-scale of the cyclic voltammetry measurement.
Preliminary electrochemical studies by combined UV/Vis energy from 26.7 (benzene) to 26.0 (diamide) and to

25.6 eV (tetraamide). These calculations indicate, as ex-and EPR techniques have been carried out in order to de-
termine the nature of the chemically stable one-electron- pected, that the π-donating ability of the ligand is enhanced

with the number of amide substituents.oxidised species of 3.
The electronic absorption spectrum of the orange com- The electronic structure of Na4[Ni2(2)] [19] shows that the

HOMO is essentially located on the organic moiety of theplex 3 in acetonitrile [Figure 2, curve (a)] consists of two
intense asymmetric bands in the UV region centred at 425 complex. Coefficients of the d orbital are small (about 0.03)

whereas those of the p orbitals on the ligand atoms areand 370 nm, corresponding to the π-π* intra-ligand charge
transfer. A third, less intense band appears in the visible considerably larger (0.1020.16). The HOMO is strongly

polarised on the benzene ring and results from the anti-region at 560 nm, which corresponds to a d2d transition
of a low-spin d8-NiII ion. [17] The most remarkable feature bonding combination of the tetraamidobenzene HOMO

with the dxz of the nickel atoms as illustrated in Scheme 3.of the spectrum of the electrochemically generated red com-
plex [Ni2(2)]32 is the appearance of new absorption bands Due to the high energy of the ligand orbital, the contri-

bution from the metallic moiety in this combination is veryon the high- and low-energy side of the visible region [Fig-
ure 2, curve (b)]. The first group of transitions are formed weak. Similar calculations on the mononickel complex

Na2[Ni(1)] give rather different results and show that theby two rather sharp and intense bands located at 555 and
515 nm, along with additional bands at 540 (sh), 500 (sh), three highest molecular orbitals are mainly of d character.
and 475 nm. All these bands, which are not present in the
spectrum of the nickel(III) complex [Ni(1)]2, are similar in
both shape and intensities to those observed for the “Wur-
ster9s Blue” salts containing the 1,4-bis(dimethylamino)-
benzene radical cation. [16] The absorption intensities and
energies of these bands are dependent on the substitution
pattern on the benzene ring. This observation can therefore
be assigned to a ligand-centred one-electron oxidation pro-
cess of 3 rather than the nickel centre. Accordingly, the se-
cond group of bands in the Vis/NIR region comprising one
broad, intense band at 1230 nm with two distinct shoulders
at 1030 and 900 nm probably originates from metal-to-li-
gand charge-transfer (MLCT) transitions. The presence of
this rather low-energy MLCT transition on the spectrum of
[Ni2(2)]32 at 1230 nm (8130 cm21) indicates that there is a

Scheme 3. Shape of the HOMO of [Ni2(2)]42 moietyrelatively small energy separation between the ground and
excited states (corresponding to the two opposed situations
where the locus of oxidation is the ligand and the metal The EPR spectrum at 4.4 K of the electrochemically gen-

erated complex [Ni2(2)]32 exhibits an almost unique andion, respectively). Consequently, a small portion of mixing
can occur between both electronic states. narrow resonance band g close to 2.0 having a linewidth of

only 50 G [Figure 3, curve (a)], typical of an isotropic rad-
ical species. This observation further supports the hypo-
thesis of ligand rather than metal oxidation. Once again,
this is in clear contrast with the observed EPR spectrum of
the nickel(III) complex [Ni(1)]2, where a nearly axial signal
with apparent g at 2.230 and 2.006 is observed [Figure 3,
curve (b)]. In that case, the large anisotropy and the average
g value of 2.155 for [Ni(1)]2 unambiguously indicate that
the oxidation is located on the metal centre. Moreover, the
fact that g> > g|| ø 2.0 clearly establishes a dz2-electronic
ground-state configuration for the NiIII ion.[14b,15b] How-
ever, the situation for [Ni2(2)]32 is somewhat more compli-

Figure 2. Electronic absorption spectra in acetonitrile solution of cated; actually, the EPR signal is slightly anisotropic with
the dinickel(II) complex [Ni2(2)]42 (a) and the electrochemically g1 5 2.037, g2 5 2.012 and g3 5 1.998. The result can pri-generated complex [Ni2(2)]32(b)

marily be interpreted as an NiII
2 complex containing a li-

gand-based π-cation radical; this feeble anisotropy observedTheoretical calculations have been performed on both di-
nuclear ([Ni2(2)]42) and mononuclear ([Ni(1)]22) species at on the EPR signal being due to the partial delocalisation

of the unpaired electron onto the dπ-type orbitals of thethe DFT-B3LYP level with the Gaussian 94 package.[18220]

Preliminary calculations have been carried out on unsubsti- nickel centres.
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Synthesis of 3: The sodium salt of the dinickel(II) complex was
obtained by reaction of the tetraethyl ester Et4H4[2] with Ni21 in
basic aqueous media: To a suspension of Et4H4[2] (1.1 g, 2.0 mmol)
in water (50 mL) was added an aqueous solution (10 mL) of NaOH
(0.68 g, 17 mmol). After stirring for 15 min at room temperature
until complete dissolution, an aqueous solution (25 mL) of
Ni(NO3)2 · 6 H2O (1.16 g, 4.0 mmol) was added dropwise. The or-
ange solid that formed was collected by filtration, washed with
ethanol and air-dried (90%). Then, the tetraphenylphosphonium
salt of complex 3 was obtained by metathesis of the sodium salt
through the intermediacy of the silver salt: To a suspension of
Na4[Ni2(2)] (0.95 g, 1.5 mmol) in water (100 mL) was added an ex-
cess of AgNO3 (1.36 g, 8 mmol). After 30 min of stirring, the or-
ange solid was collected by filtration, washed with water and etha-
nol, and air-dried (1.3 g, 90%). To a suspension of Ag4[Ni2(2)]
(0.97 g, 1 mmol) in water (25 mL) was added a solution of PPh4Cl
(1.5 g, 4 mmol), dissolved in a minimum amount of water (10 mL).
A white precipitate of AgCl formed and was removed by filtration
after 15 min of stirring. Well-shaped large crystals of 3 suitable for
X-ray diffraction were obtained from slow concentration of theFigure 3. X-band EPR spectrum in frozen acetonitrile solution of
mother liquor. 2 1H NMR ([D6]DMSO): δ 5 8.35 (s, 2 H, p-H ofthe electrochemically generated complex [Ni2(2)]32 (a) compared to

that of complex [Ni(1)]2 (b) at 4.4 K C6H2N4), 7.7128.10 (m, 80 H, C6H5 of PPh4
1). 2 IR (KBr): ν̃ 5

1661 and 1617 cm21 (C5O). 2 C110H82Ni2P4N4O12 · 6 H2O
(2001): calcd. C 65.96, H 4.70, N 2.80; found C 65.90, H 4.64,In summary, compound 3 represents an interesting ex-
N 2.88.

ample of radical-ligand bimetallic complex precursor when
X-ray Crystallographic Study of 3: [23] Crystal data:oxidised to the π-cation radical species. In one, we have
C55H47NiP2N2O9, FW 5 1000.6, triclinic, space group P21, a 5shown that the dinucleating ligand provides a ready locus
13.558(1) Å, b 5 13.799(2) Å, c 5 14.604(1) Å, α 5 78.43(1)°, β 5

of oxidation due to its larger π-electron donor properties 73.01(1)°, γ 5 67.33(1)°, V 5 2399.1(5) Å3, d 5 1.385 g cm23, Z 5
than those of the mononucleating ligand analogue. Sec- 2. 2 Data collection: Enraf-Nonius CAD-4 diffractometer, Mo-Kα
ondly, it also shifts the oxidation potentials of the metal radiation, λ 5 0.71073 Å, graphite monochromator, 293 K, ω-2θ,
ions to values beyond those of the aromatic π system be- Lorentz and polarization effects and absorption correction, µ 5
cause of its smaller σ-electron donor properties, [17] thus 0.532 mm21, 2.0° # θ # 22.5°, crystal size 0.1 3 0.1 3 0.1 mm.

6280 unique reflections, and 6259 assumed as observed with I >precluding metal oxidation. Substitution of diamagnetic
2σ(I). 2 Structural analysis and refinement: standard Pattersonnickel(II) ions by paramagnetic ones, such as copper(II), is
methods with subsequent full-matrix least-squares method refine-a promising strategy to electrochemically control the mag-
ment on F2, SHELX93.[24] The hydrogen atoms were located fromnetic exchange coupling in dimetallic complexes. [21] On the
a difference synthesis and refined with an overall isotropic thermalother hand, it may always be expected that these dinickel
parameter. Refinement of 811 variables with anisotropic thermal

and dicopper complexes readily bind additional paramag- parameters for all nonhydrogen atoms gave R 5 0.035 and Rw 5
netic ions to the terminal carbonyl oxygen atoms giving ox- 0.079 with S 5 1.029.
amato-bridged polymetallic compounds, as is the case for
the mononuclear analogues.
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Ottenwaelder, A. Aukauloo, S. Poussereau, Y. Journaux, M. C. plemented with f-polarization function. The sodium cations

have been taken as point charges (no vacant orbital on theMuñoz, J. Chem. Soc., Dalton Trans. 1998, 7812790.
[11] R. Ruiz, X. Ottenwaelder, A. Aukauloo, S. Poussereau, Y. Jour- atom), the core electrons being described by an effective core

potential. This procedure, which explicitly takes into accountnaux, B. Cervera, M. C. Muñoz, manuscript in preparation.
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