
DOI: 10.1002/chem.200500283

Tunable Charge Delocalization in Dinickel Quinonoid Complexes

Olivier Siri,[a] Jean-philippe Taquet,[a] Jean-Paul Collin,[b] Marie-Madeleine Rohmer,[c]

Marc B0nard,[c] and Pierre Braunstein*[a]

Dedicated to Professor Heinrich Vahrenkamp on the occasion of his 65th birthday

Introduction

The concept of noninnocent ligands in coordination chemis-
try has usually been employed to determine whether the
odd electron on a paramagnetic species is ligand or metal
centered.[1] Dinuclear complexes in which the odd electron
is located on the metal may display electronic communica-
tion depending on their bridging ligand, and this feature is
central to the emergence of new properties in biological,
physical, and chemical systems.[2] More than 35 years after
the pioneering studies on the Creutz–Taube diruthenium

complex containing a pyrazine (or related) bridging ligand,
which provided the first example of an interaction between
two metal centers mediated by an organic linker,[3] consider-
able research effort is still dedicated to the study of elec-
tronic communication between transition metal centers,
which is of fundamental importance for the design of molec-
ular-based electronic devices.[4] Linkers used to mediate the
electron transfer between the redox centers should provide
effective overlap between their p systems and the orbitals of
the metals.[2,5]

The situation in which the odd electron is located on the
bridging ligand gives rise to noninnocent behaviour.[4d] Or-
ganometallic compounds containing radical ligands are at-
tracting increasing interest in many areas of science, ranging
from bioinorganic chemistry to solid-state physics.[6] Chelat-
ing 1,2-dioxolenes (type 1) have recently attracted much at-
tention as spacers because they combine ligand-based and
metal-based redox activity.[7] Extending such studies to their
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nitrogen analogues C6H2(=NR)2(NHR)2 (2)[8,9] would allow
further electronic fine-tuning, because the NR group should
not only directly affect the metal coordination, but also
allow variations of the R substituents.

The first and only dinuclear complex prepared from a 2,5-
diamino-1,4-benzoquinonediimine derivative 2 (in which
R=CH2tBu, see 2b) was a diplatinum(ii) compound, isolat-
ed in approximately 15% yield, which limited considerably
its study.[8a] Here we describe the high yield synthesis and
properties of new dinickel(ii) complexes obtained from 2 of
which the monoxidation products 3+ have been investigated
experimentally and theoretically, also in the presence of pyr-
idine. The influence of the N-substituents on the redox be-
haviour of 3a,b has also been clearly demonstrated.

Results and Discussion

Synthesis and characterization : The metalation of azophe-
nine C6H2(=NPh)2(NHPh)2 (2a)

[9] with [Ni(acac)2] (2 equiv)
in THF (Scheme 1) afforded [(acac)Ni{m-C6H2(PNPh)4}Ni-
(acac)] (3a) as a violet crystalline solid (ca. 82% yield).

The 1H NMR spectrum of 3a revealed the presence of
four magnetically equivalent methyl groups and no NH res-
onance. This is consistent with a bis-chelating, tetradentate
behaviour for the dianionic ligand derived from 2a and with
a fully delocalized p system. This prompted us to study the
ability of 3a to display ligand-mediated metal–metal interac-
tions. The strongly s donor N2O2 ligand set around each NiII

center is favorable for an oxidation process occurring mostly
at the metal, although related systems can display noninno-
cent character.[5b]

The electronic spectrum of 3a shows two transitions at
520 and 553 nm in THF (Figure 1), typical of a p!p transi-
tion of the benzoquinonediimine bridging ligand[8b] and of a
MLCT transition,[5a] respectively. A weaker absorption is ob-
served around 650 nm, which could be assigned to the
HOMO!LUMO allowed transition (of LMCT character)
calculated to be of weak intensity (see below).

The cyclic voltammogram of 3a shows two poorly reversi-
ble redox waves at 0.15 and 0.45 V versus Fc+/Fc resulting
from two successive one-electron oxidation processes (anhy-
drous CH2Cl2, N(nBu)4PF6 as supporting electrolyte;
Figure 2).

Owing to the proximity of the second oxidation wave
(DE1/2=300 mV), attempts to generate pure 3a+ by control-
led potential electrolysis (Eapplied=0.43 V vs Fc+/Fc) in dry
THF failed (as indicated by excessive current consumption).
However, the absorption bands of 3a at 520 and 553 nm
were clearly replaced by a single, broad band at 438 nm for
3a+ (Figure 1). No intervalence transfer band was observed
at room temperature in the NIR region, which could be due
to a too low concentration of 3a+ (see above) and/or an in-
trinsically weak band.[10]

The p-acceptor N-substituent in 3a was then replaced by
a s-donor group, which should stabilize a formally [NiII–
NiIII]+ species, and [(acac)Ni{m-C6H2(PNCH2tBu)4}Ni(acac)]
(3b) was prepared in toluene by metalation of 2b, similarly
to 3a (Scheme 1). An X-ray diffraction study confirmed the
centrosymmetry of the molecule (Figure 3). The dianion de-
rived from 2b acts as a tetradentate bridging ligand in a
bis(chelating) fashion.

The geometry about the metals is square planar with the
nickel atoms being only slightly out of the plane containing
the C6 ring (inter planar deviation angle is q=238 ;
Figure 3).

The Ni···Ni separation of 7.62(2) P is slightly shorter than
that found in a dinuclear nickel complex containing ligand
1.[11b] By comparison with the bonding parameters in related
systems,[8a,b] the similarity of the bond lengths within the N1-
C3-C1’-C2’-N2’ and N2-C2-C1-C3’-N1’ moieties is consistent
with an extensive electronic delocalization, but there is no

Scheme 1. Synthesis of the dinuclear complexes 3a and 3b.

Figure 1. Electronic spectra of 3a (c) and the mixed-valence complex
3a+ (b), recorded in THF at room temperature

Figure 2. Cyclic voltammogram of 3a in anhydrous CH2Cl2 (0.1m N-
(nBu)4PF6) at a scan rate of 100 mVs�1.
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conjugation between these two 6p systems, since the C2�C3
distance corresponds to a typical single bond.[8a]

The cyclic voltammogram of 3b shows two reversible
redox processes at 0.05 V and 0.91 V versus Fc+/Fc
(Figure 4), corresponding to a one-electron transfer as dem-
onstrated by coulometry and linear sweep voltammetry. As
expected, the more electron rich 3b is easier to oxidize than
3a (0.05 vs 0.15 V). The ratio of the peak currents (Ipa/Ipc) is

unity and the peak separation (Epa�Epc) is around 80 mV at
different scan rates for each signal. Furthermore, the separa-
tion between the two redox processes DE1/2=850 mV for 3b
is much larger than for 3a. This indicates a much higher sta-
bility of 3b+ relative to 3a+ ; this stability originates from
the N-substituents (s-donor alkyl vs p-acceptor aryl groups).

Similarly to 3a, the electronic spectrum of 3b at room
temperature shows two bands at 479 and 510 nm in CH2Cl2
(Figure 5), that can be assigned to a p!p*[8a] and a MLCT
transition,[5a] respectively. In the electronic spectrum of 3b+ ,
generated by controlled potential electrolysis (Eapplied=0.5 V
vs Fc+/Fc) in dry CH2Cl2, these bands are red shifted at 512
and 542 nm, whereas a blue shift was observed when going
from 3a to 3a+ .

Thus, although the p system in ligand 2a could be more
extended than in 2b owing to the possible participation of
the N-phenyl substituents,[8c] a situation which is also ob-
served in their NiII complexes 3a and 3b, the reverse ap-
pears to apply to their oxidized species 3a+ and 3b+ , re-
spectively. The NIR spectrum (1000–3000 nm) of 3b+ , re-
corded at room temperature during a coulometry experi-
ment, displays a weak band at 1030 nm and a weaker one at
910 nm (Figure 6) that could originate from MLCT or
p(dp)!p*(dp) transitions in the metal–ligand–metal
core.[5d]

With the hope to stabilize an oxidized NiII–NiIII species by
addition of a s-donor ligand, the behaviour of 3b was exam-
ined in the presence of pyridine. Its electronic spectrum was
unaffected, which is consistent with the electrochemical data

Figure 3. Top and side views of the structure of 3b. Selected bond lengths
[P] and angles [8]: Ni�N1 1.876(2), Ni�O2 1.848(2), Ni�O1 1.852(2), Ni�
N2 1.877(2), N1�C3 1.332(3), C3�C2 1.500(3), C2�C1 1.404(3), C2�N2
1.333(3); N1-Ni-N2 83.27(8), N1-Ni-O1 175.10(7), N1-Ni-O2 91.01(7),
O1-Ni-O2 93.84(7), Ni-N1-C3 114.2(2), N2-C2-C3 112.0(2), N1-C3-C2
111.7(2), N2-C2-C1 128.7(2).

Figure 4. Cyclic voltammogram of 3b in anhydrous CH2Cl2 (0.1m N-
(nBu)4PF6) at a scan rate of 100 mVs�1.

Figure 5. Electronic spectra of 3b (c), the mixed-valence complex 3b+

without (b) and with presence of pyridine (a), recorded in CH2Cl2
at room temperature.

Figure 6. NIR spectrum of 3b+ recorded in CH2Cl2 at room temperature.
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and theoretical studies (see below) and indicate the lack of
coordination of pyridine to the NiII centers. In contrast, the
electronic spectrum of 3b+ displays three absorptions at
473(sh), 510, and 538 nm (sh), in agreement with coordina-
tion of the pyridine to the formally NiIII center (Figure 5).
The reversibility of the first wave of the redox process in the
cyclic voltammetry of 3b was not affected by the addition of
pyridine, indicating that the latter does not coordinate on
the timescale of this experiment. The second oxidation pro-
cess could not be analyzed, probably because of the instabil-
ity of the doubly oxidized complex in basic medium. How-
ever, after exhaustive electrolysis in the presence of pyridine
to generate the mixed-valence species 3b+ , a new reversible
redox wave was observed at
0.44 V versus Fc+/Fc. It is ten-
tatively assigned to the oxida-
tion of the remaining NiII

center, now easier than in the
absence of pyridine.

Only an EPR study could
determine whether the odd
electron on the oxidized spe-
cies 3b+ is located more on
the ligand or the metal centers.
Its spectrum, generated as in-
dicated above in dry THF
under N2 and in the presence
of a drop of anhydrous pyri-
dine showed at 4 K two broad
signals corresponding to gk=

2.13 and g?=4.16. These
values are characteristic of a
spin S=3/2 system in which a low-spin NiIII (S=1/2) would
be ferromagnetically coupled to an octahedral NiII (S=
1).[11a] Unfortunately, no hyperfine coupling to the nitrogen
atoms (14N) could be observed.[11a] When the EPR spectrum
of 3b+ was recorded at 100 K, a signal at g�2 was ob-
served, indicating another coupling scheme. Related temper-
ature-dependent EPR behaviour has been noted in other di-
nickel systems.[11a] In the absence of pyridine, a signal at g=
2.028 (Dn1/2=24 G) was observed at 4 and 100 K, suggesting
a strong ligand involvement and a noninnocent behavior of
the bridging ligand.

Theoretical Studies

Complex [(acac)Ni{m-C6H2(PNMe)4}Ni(acac)] (3c) and the
mono-oxidized species 3c+ : DFT calculations have been car-
ried out on a model of 3b, in which the CH2tBu groups
were replaced by methyl substituents (3c). All geometry op-
timizations were carried out with the ADF program,[12]

using the gradient-corrected BP86 functional and Slater-
type atomic basis sets. For first-row atoms, the 1s shell was
frozen and described by a single Slater function. The neon
core of Ni was also modeled by a minimal, frozen Slater
basis. The valence shells of all atoms, including the 4s shell

of Ni were triple-z, whereas the 4p shell of Ni was described
by a single orbital. These sets were supplemented with one
polarization function for all non-metal atoms. For the TD-
DFT estimate of transition energies, the B3LYP hybrid func-
tional was preferred and the calculations were carried with
GAUSSIAN-98,[13] using the previously optimized geome-
tries. For the neutral model complex 3c, a bent structure
similar to that of Figure 3 (C2h symmetry) was used as trial
geometry, but the lowest energy for the NiII–NiII complex
was obtained with a fully planar structure (D2h symmetry).
Apart from the q angle, the main geometrical parameters
are accurately reproduced by the calculations (Table 1). The
sequence of frontier orbitals is displayed in Figure 7.

Table 1. Electronic configuration, total bonding energies [eV] and selected interatomic distances [P] observed
for 3b (in italics) and calculated for the closed-shell ground state of 3c, and for various oxidized species.[a]

3b 3c 3c+ [3c(py)4]
+ [3c(py)2]

+ [3c(py)2]
+

energy [eV][b] �282.611 �276.652 �557.567 �417.096 �416.931
symmetry C2h D2h D2h D2h C2h C2h

Ni�N 1.876 1.871 1.862 1.991 1.905 1.891
Ni�O 1.850 1.838 1.835 1.988 1.905 1.886
N�C2 1.332 1.337 1.335 1.332 1.339 1.337
C2�C3 1.500 1.470 1.466 1.486 1.472 1.467
C1�C2 1.404 1.405 1.407 1.407 1.405 1.409
Oacac�C 1.285 1.287 1.279 1.282 1.285
Ni�Npy 2.207 2.246 2.606

[a] 3c+(doublet ground state) [3c(py)4]
+ (quartet ground state); [3c(py)2]

+ (doublet ground state and first ex-
cited doublet state). The bonding energy computed for a free pyridine molecule is �70.008 eV. [b] Electronic
configurations of the calculated species: 3c : ground state 1A1g (a1g)

2(b3u)
2(b1u)

2(b3g)
2; 3c+ : ground state 2B3g

(a1g)
2(b3u)

2(b1u)
2(b3g)

1; [3c(py)4]
+: ground state 4B1g (a1g)

1(b3u)
1(b1u)

2(b3g)
2(b2u)

1; [3c(py)2]
+ : ground state 2Bu

(ag)
2(bu)

1(au)
2(bg)

2; [3c(py)2]
+ : excited state 2Bg (ag)

2(bu)
2(bu)

2(bg)
1
.

Figure 7. Sequence of frontier orbitals of 3b, in which the CH2tBu sub-
stituents have been replaced by methyl groups (3c).
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Following the order of increasing energies, we find: 1) the
quasi-degenerate in-phase and out-of-phase combinations of
the Ni dz2 orbitals (18a1g, 17b3u); 2) orbital 7b1u (48% metal)
at 0.8 eV above the dz2 combinations; and 3) the HOMO
5b3g (20% Ni vs 72% delocalized over the benzoquinonedi-
imine p-system), separated from 7b1u by no more than
0.18 eV. Both the 7b1u and the 5b3g MOs are the upper
terms, mostly ligand-centered, of four-electron p interactions
between the metal atoms and the benzoquinonediimine
ligand. The major weight of the spacer p system in the
metal–ligand antibonding HOMO clearly characterizes ben-
zoquinonediimine as a noninnocent ligand responsible for
the highly delocalized character of the unpaired electron in
the oxidized complex. Concerning the lowest unoccupied
MOs, the LUMO (14b2u, 57% Ni) and the LUMO+2 (13b1g,
61% Ni) are the in-phase and out-of-phase combinations of
the metal dxy orbitals destabilized by the s donation from
the N and O lone pairs. The LUMO+1 of 3c (7b2g) corre-
sponds to the LUMO of the 6p+6p delocalized quinonedi-
imine ligand[6b] with a minor metallic contribution (12%).
Finally, the LUMO+3 (5a1u) is a p–antibonding combination
originating in the acacene ligands with a very small metal
contribution (6%) stemming from an out-of-phase combina-
tion of the dyz orbitals. The ground state of the oxidized
complex 3c+ is obtained by removing one electron from the
b3g HOMO. The ionization energy of the isolated molecule
is computed to be 5.96 eV, and the main geometrical param-
eters are practically unaffected with respect to the neutral
complex (Table 1), in agreement with the nonbonding char-
acter of the HOMO regarding either the benzoquinonedii-
mine spacer or the metal coordination environment
(Figure 7).

From the many low-lying singlet excited states character-
ized from TD-DFT/B3LYP calculations only two are al-
lowed with a significant oscillator strength (f). The lowest in
energy (transition A in Figure 7) corresponds to the b3g!a1u
(HOMO!LUMO+3) transition (498 nm and f=0.076).
Given the weak contribution of Ni to the HOMO, this tran-
sition should be considered as a p!p* excitation, but corre-
sponds to a charge transfer from the benzoquinonediimine
to the acacene ligands. Transition B (Figure 7), computed at
450 nm (f=0.67) has a MLCT character and mainly corre-
sponds to the b1u!b2g excitation (HOMO�1!LUMO+1).
In spite of the difference in the computed oscillator
strengths, the two broad peaks observed at 510 and 479 nm
should be assigned to transitions A and B. However, we
cannot ensure that the energy sequence of the observed
transitions is correctly reproduced by the calculations.
Indeed, it has been recently shown that the energy of the
charge-transfer excitations, like transition A, are systemati-
cally underestimated by TD-DFT.[14]

Oxidized pyridine adducts [3c(py)4]
+ and [3c(py)2]

+ : Calcu-
lations have also been carried out to predict the behaviour
of the neutral and oxidized forms of 3c in the presence of
pyridine. Four-pyridine adducts with octahedral coordina-
tion of Ni atoms, D2h symmetry, and with the planes of the

heterocycles perpendicular to the plane of the complex and
to the Ni–Ni line were considered for 3c and 3c+ and their
geometries optimized. The neutral complex was found to be
insensitive to pyridine, as far as a closed-shell electronic
configuration is retained: the interaction remains repulsive
at a Ni�N distance of 3.0 P. This is consistent with the UV-
visible spectrum of 3b and its cyclic voltammogram, which
are unaffected by the addition of pyridine. No open-shell
configuration was considered, since the NiII–NiII complex is
diamagnetic. However, the approach of the pyridine ligands
raises the energy of the nickel dz2 orbital combinations, a1g
and b3u, which develop an antibonding interaction with the
nitrogen lone pairs. In the oxidized species, an attractive in-
teraction with pyridine was obtained by removing two elec-
trons from these orbitals, one of which was transferred to
the LUMO of the complex. The resulting 4B1g quartet state
corresponds to the configuration (b1u)

2(b3g)
2(a1g)

1(b3u)
1(b2u)

1.
The stabilization of the four pyridine fragments amounts
20.5 kcalmol�1 and the Ni�N distance is 2.21 P. The popula-
tion of the s-antibonding b2u orbital yields a stretching of
the Ni�N and Ni�O distances by 0.13 and 0.15 P, respec-
tively (Table 1). The high-spin ground state found for 3c+ in
the presence of pyridine agrees well with the interpretation
of the EPR spectrum. At variance with 3c+ , the 5b3g delo-
calized orbital remains doubly occupied in the pyridine
adduct. The magnetic orbitals a1g, b3u, and b2u are mostly
metal centered and do not extend beyond the adjacent coor-
dination shell; they should favor a more localized mixed-va-
lence state. Less favorable, low-spin configurations of
[3c(py)4]

+ and other types of association between 3c+ and
pyridine are discussed below:

The (a1g)
2(b3u)

1(b1u)
2(b3g)

2 configuration : In this 2B3u doublet
electronic state, only one electron was removed from the
Ni�N antibonding MOs and none had to be transferred to a
high-lying orbital. The bonding energy stabilizes the four
pyridines by 12.6 kcalmol�1 only. Since only one electron
was removed from the Ni�N antibonding MOs the pyridine
moieties remain at a relatively large distance from Ni:
2.45 P.

The (a1g)
2(b3u)

2(b1u)
2(b3g)

1 (2B3g) configuration : Both Ni-N
antibonding MOs remain doubly occupied, whereas the
extra electron is removed from the b3g HOMO of the 3c
complex. At variance with the neutral molecule, the coordi-
nation of the pyridine ligands is favoured by 8.6 kcalmol�1,
probably owing to the increase of electrostatic attraction.
However, the Ni�Npy interaction is very weak and the com-
puted Ni�N distance quite long: 2.78 P.

An alternative to the four-pyridine adduct is a complex in
which one pyridine only is attached to each metal, giving
rise to a square-pyramidal coordination. The symmetry of
the [3c(py)2]

+ complex becomes C2h. In spite of the pyra-
midalization that can be expected for the equatorial coordi-
nation environment, the behaviour of the frontier MOs is
qualitatively the same as in the former case, the major effect
of the pyridine approach being a raise of the Ag and Au
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MOs accommodating the metal dz2 electrons. As for the 4-
py adduct, three electronic states were considered.

The (ag)
1(bu)

1(bu)
2(bg)

2(au)
1 configuration : With two elec-

trons removed from the antibonding Ni�Npy MOs and one
transferred to the au LUMO, this quartet state is electroni-
cally equivalent to the ground state of the 4-py adduct.
However, in the present case it is nonbonding, with an
energy of �416.65 eV, equivalent to the energy of 3c aug-
mented with that of two isolated pyridine molecules.

The (ag)
2(bu)

1(au)
2(bg)

2 configuration : In this doublet state,
the removed electron originated from one of the Ni�Npy an-
tibonding MOs. This electronic configuration should be cor-
related to the 2B3u doublet state of the 4-py adduct. Howev-
er, due to the pyramidalized structure at Ni and to the lack
of trans influence, the Ni�N repulsion is greatly reduced
with respect to the D2h structure, so that the Ni�N equilibri-
um distance contracts to 2.246 P (Table 1). As a secondary
effect of the above-mentioned pyramidalization, the equato-
rial metal–ligand distances increase by 0.03 and 0.06 P. This
doublet state is the ground state of the 2-py adduct. With a
bonding energy equal to 10.3 kcalmol�1 for the two pyri-
dines, the stabilization per ligand is the same as for the 4-py
adduct. The 2-py stoichiometry could therefore be competi-
tive in case of a convenient tuning of the available amount
of pyridine. However, as long as pyridine is in excess, the 4-
py adduct is clearly favored.

The (ag)
2(bu)

2(bu)
2(bg)

1 configuration : This doublet configu-
ration is electronically equivalent to state 2B3g of the 4-py
adduct. The double occupancy of the two Ni�Npy antibond-
ing MOs keeps the pyridine moieties relatively far from the
metal (2.606 P). A stabilization of 6.5 kcalmol�1 for the two
pyridine ligands is nevertheless associated with this electron-
ic state.

Conclusion

We have reported new dinuclear complexes 3a and 3b con-
taining a bridging quinonoid ligand. Compared to aromatic
bridging ligands used in related dinuclear systems,[4b] ligands
of type 2 have two electrons less; this should favor oxidation
at the metal rather than at the ligand. However, the charge
delocalization (metal vs ligand)[15] investigated by a com-
bined experimental and theoretical (DFT) study on 3b+ ,
mostly involves the bridging ligand, which contributes most
to the one-electron oxidation of 3. It is shown that the elec-
tronic structure of 3b+ can be altered by addition of a coor-
dinating ligand such as pyridine, which favors the high-spin
configuration with semi-occupied metal-centered orbitals,
leading to a metal–metal interaction in the NiII–NiIII 3b+

system. In contrast to most previously studied sys-
tems,[4d,5a,5c,5e,7] ligands of type 2 allow modifications of the
N-substituents, thus making possible fine-tuning of the prop-
erties of the corresponding dinuclear complexes, as demon-

strated here with 3a and 3b. Further variations will there-
fore become possible. These complexes are furthermore
being evaluated as homogeneous catalysts for olefin oligo-
merization, since dinuclear complexes displaying metal–
metal interactions are of growing interest in catalysis.[16]

Experimental Section

General : Analytical-grade reagents were obtained from commercial sup-
pliers and were used directly without further purification. Solvents were
distilled under argon prior to use and dried by standard methods.
1H NMR spectra were recorded in CDCl3 and [D6]DMSO with a AC300
Bruker spectrometer, operating at 300 MHz for 1H spectra. Chemical
shifts are reported in ppm relative to the singlet at d=7.26 ppm for
CDCl3. Splitting patterns are indicated as s, singlet; m, multiplet. Ele-
mental analyses were performed by the “service de microanalyse de LTIn-
stitut de Chimie,” Strasbourg. FAB mass spectral analyses were recorded
on an autospec HF mass spectrometer and EI mass spectral analyses
were recorded on a Finnigan TSQ 700. UV/Vis and NIR spectra (absorp-
tion spectroscopy) were recorded at room temperature with a Kontron
Instruments UVIKON 860 or a Varian Cary 05E spectrophotometer, re-
spectively. The EPR spectra were recorded on a ESP 300 Bruker spec-
trometer. Electrochemical experiments were performed with a three-
electrode system consisting of a platinum working electrode, a platinum
wire counter electrode, and a silver wire as pseudo-reference electrode.
All potentials are reported versus the ferrocinium/ferrocene couple. The
measurements were carried out under Ar, in degassed CH2Cl2 (distilled
from CaH2 under N2), using 0.1m N(nBu)4PF6 as the supporting electro-
lyte. An EG&G Princeton Applied Research Model 273 A potentiostat
connected to a computer (Programme Research Electrochemistry Soft-
ware) was used for the cyclic voltammetry and potential controlled elec-
trolysis experiments.

Synthesis of [(acac)Ni{m-C6H2(PNPh)4}Ni(acac)] (3a): Ligand 2a[9]

(0.68 mmol, 0.30 g) was dissolved in THF (100 mL) and Ni(acac)2
(1.36 mmol, 0.35 g) was added to the red solution, which turned immedi-
ately into intense purple. The reaction mixture was stirred at room tem-
perature overnight. The solution was then filtered through Celite, the fil-
trate was evaporated, and the solid was redissolved in dichloromethane
(100 mL), and slowly evaporated to afford 3a as a violet crystalline prod-
uct. Yield: 0.42 g (82%); 1H NMR (300 MHz, CD2Cl2, 298 K): d=1.35 (s,
12H; CH3-acac), 4.34 (s, 2H; NPCPC-H), 5.20 (s, 2H; CH-acac), 7.2 ppm
(m, 20H; CH-aryl); 13C{1H} NMR (100 MHz, CD2Cl2, 298 K): d=24.60
(CH3-acac), 89.28 (H-CPC), 100.90 (CH-acac), 124.52, 126.94, 127.57,
(CH-aryl), 145.11 (C-aryl), 165.51 (CPN), 186.21 ppm (CPO); elemental
analysis calcd (%) for C40H36N4O4Ni2: C 63.71, H 4.81, N 7.43; found: C
63.84, H 5.02, N 7.33; UV-visible (CH2Cl2): l (e): 523 (16600), 555 nm
(19500); MS (Maldi-TOF): m/z : 753.231 [M+1]+ .

Synthesis of [(acac)Ni{m-C6H2(PNCH2tBu)4}Ni(acac)] (3b): Ligand 2b[8]

(0.48 mmol, 0.20 g) and Ni(acac)2 (0.96 mmol, 0.25 g) were dissolved in
toluene (100 mL) and heated to reflux for one night. The solution was
then concentrated and green crystals suitable for an X-ray analysis were
isolated by filtration. Yield: 0.19 g (55%). 1H NMR (300 MHz, CDCl3,
298 K): d=1.05 (s, 36H; CH3), 1.79 (s, 12H; CH3-acac), 2.11 (s, 8H; N-
CH2), 4.93 (s, 2H; NPCPC-H), 5.34 ppm (s, 2H; CH-acac); 13C{1H} NMR
(75 MHz, CDCl3, 298 K): d=25.45 (CH3-acac), 29.00 (CMe3), 34.82
(CMe3), 51.72 (N-CH2), 88.13 (H-CPC), 101.13 (CH-acac), 167.02 (CPN),
185.86 ppm (CPO); elemental analysis calcd (%) for C36H60N4O4Ni2: C
59.21, H 8.28, N 7.67; found: C 59.22, H 8.18, N 7.69; UV-visible
(CH2Cl2) l (e): 479 (13500), 510 nm (14700).

X-ray crystallography : The diffraction data for 3b were collected on a
Nonius Kappa-CCD area detector diffractometer (MoKa, l=0.71070 P;
phi scan). The cell parameters were determined from reflections taken
from one set of ten frames (1.08 steps in phi angle), each at 20 s exposure.
The structure was solved by using direct methods (SHELXS97) and re-
fined against F2 by using the SHELXL97 software. The absorption was
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corrected empirically (with Sortav).[17] All non-hydrogen atoms were re-
fined with anisotropic parameters. The hydrogen atoms were included in
their calculated positions and refined with a riding model in
SHELXL97.[18]

Crystal data : C36H60N4O4Ni2, Mr=730.30 gmol�1, green prism, size 0.08V
0.10V0.13 mm, triclinic, space group P1̄, a=9.7060(10), b=10.2970(10),
c=10.9920(10) P, a=63.863(5), b=88.607(5), g=77.502(5)8, V=

959.70(16) P3, T=293 K, Z=1, 1calcd=1.264 gcm�3, m(MoKa)=
1.021 mm�1, F(000)=392, 10595 reflections in h(�13/10), k(�14/14),
l(�15/15), measured in the range 2.18�q�30.08, 5582 independent re-
flections, Rint=0.039, 4207 reflections with I>2s(I), 208 parameters,
R1obs=0.0459, wR2obs=0.1375, GOF=1.071, largest difference peak/hole
0.66/�0.85 eP�3. CCDC-230827 (3b) contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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