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The accessibility of the +3 oxidation state for nickel(II) com-
plexes with N3O2 pentadentate Schiff base ligands prepared
by condensation of naphthaldehyde or 3,5-dichlorosalicylal-
dehyde with triamines (Scheme 1) has been assessed in sev-
eral solvents, by combining cyclic voltammetry and EPR
spectroscopy of the oxidised metal complexes. The data show
that trien/Metrien-based ligands act in pentadentate fashion
and allow for the stabilisation of electrochemically and chem-
ically generated nickel(III) complexes in all solvents used.
The complexes, formulated as [NiIIIL(solv)]+, are low-spin
and have a 2A1, [a dz

2 + b dx
2
−y

2], ground state, with a $ b.
For dien-based ligands, steric constraints prevent coordina-
tion of the amine nitrogen atom of the pentadentate ligand
to the metal centre, thus enforcing a fourfold coordination
on the ligand. The resulting complexes can be oxidised to
nickel(III) species, but only when using iodine as oxidant, in
DMF or (CH3)2SO. The complexes are formulated as

Introduction

We have become interested in the redox chemistry of
nickel(II) complexes with N2O2 Schiff ligands, obtained by
condensation of salicylaldehyde/naphthaldehyde with di-
amines, and on the characterisation of the oxidised/reduced
species.[1210] These tetradentate ligands are noninnocent in
oxidation and reduction processes, and their solution oxid-
ative behaviour is intricate, as both the metal centre and the
ligand can be the final electron donor. It has been found
that, although ligands with substantial π delocalisation fa-
vour ligand oxidation, the solvent plays a determining role
in controlling the final oxidation site,[128] since oxidation of
square-planar NiII complexes proceeds with the simultan-
eous coordination of two solvent molecules. Consequently,
complexes are oxidised to NiIII only in strong donor solv-
ents, such as DMF and (CH3)2SO, whereas in poorly coor-
dinating solvents, ligand oxidation takes place and the prod-
ucts are radical NiII species[2,3,11] or NiII conducting poly-
mers.[7,8]

Nickel(III) complexes with these Schiff ligands are six-
coordinate, with the polydentate ligand defining the equa-
torial plane and with the two elongated axial bonds occu-
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[NiIIIL(solv)2]+, and are low-spin and have a 2A1, [a dz
2 + b

dx
2
−y

2], ground state, with a .. b. The binding of pyridine
and cyanide ion to NiIII trien/Metrien-based complexes was
studied by EPR. The data obtained show that these polydent-
ate ligands provide a flexible coordination sphere, and that
by varying the ratio equatorial/axial ligand field it is possible
to obtain NiIII in three different ground states. For pyridine
adducts, the same ground state as the parent complex was
observed with Metrien-based ligands, while for trien-based
ligands an inverted ground state (2A1, [a dz

2 + b dx
2
−y

2], with
a ,, b) was observed, as the latter provides a higher axial
ligand field. On the other hand, coordination of cyanide ad-
ducts induces a change in the principal molecular axis of the
NiIII complexes, in which the cyanide ions occupy equatorial
positions, and in which a 2A1, [a dz

2 + b dx
2
−y

2], ground state,
with a .. b, is observed.

pied by solvent molecules. The complexes are invariably
low-spin, with a 2A1 [a dz

2 1 b dx
2
2y

2] ground state, with a
.. b.[126] Axial bonds are labile, and substitution of solv-
ent molecules by Lewis bases (such as pyridines, imidazole,
phosphanes, and CN2) is easily accomplished.[126] All these
adducts have the same ground state as the parent NiIII com-
plex, but their decomposition to nickel(II) species is much
faster.

In order to reduce solvent influence on the accessibility
of the 13 oxidation state in nickel complexes with Schiff
bases derived from salicylaldehyde/naphthaldehyde, and
thus to increase the range of solvents in which NiIII com-
plexes can be obtained, we have synthesised similar ligands,
but ones in which the diamines bear a nitrogen donor atom,
thereby constituting potential pentadentate ligands. By
changing the donor ability of the inserted nitrogen atom
and the length of the carbon imine bridge, it is possible to
control the structures of the complexes and the reactivities
of the metal centres.

In this work, we report the characterisation, using EPR
and electronic spectroscopy, of several electrochemically
and chemically generated nickel(III) complexes with N3O2

pentadentate Schiff base ligands, prepared by condensation
of naphthaldehyde or 3,5-dichlorosalicylaldehyde with a tri-
amine (Scheme 1). The accessibility of the 13 oxidation
state to nickel(II) complexes was assessed by cyclic voltam-
metry in several solvents. EPR was the technique of choice
for studying nickel complex oxidation, as this technique al-
lows a clear distinction to be made between metal-based
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and ligand-based oxidised species. The characterisation of
nickel(III) species has revealed that these pentadentate li-
gands make the nickel(III) complexes less solvent-depend-
ent, and thus it was possible to observe NiIII oxidised spe-
cies in methanol, a solvent with moderate coordinating abil-
ity. Moreover, by replacing the axially bound atoms with
increasingly strong donors, it was possible to demonstrate
that the ligands were very flexible and to generate
nickel(III) complexes with different ground states, by con-
trolling the ratio of axial to equatorial ligand fields.

Scheme 1

Results and Discussion

Structural and Electronic Data for Nickel(II) Complexes

Like those of similar Schiff base complexes,[12215] the
electronic spectra of nickel(II) complexes 126 can be group-
ed into two sets on the basis of the size of the imine bridge:
complexes with dien-based ligands and with trien- and Me-
trien-based ligands.

Spectra of complexes with dien bridges (1, 2) are very
similar and exhibit high intensity bands in the range
3802460 nm, attributed on the basis of their extinction co-
efficients to CT and intraligand electronic transitions. The
lack of any observed d-d bands above λ ø 500 nm, since
they must be masked by the high intensity bands, implies a
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four-coordinate environment for the nickel centre.[12,15]

Thus, the amine nitrogen atom of the bridge is not bound
to the metal centre and the ligand acts in tetradentate fash-
ion in a cis conformation.

The crystal structure of [Ni(Cl4salMetrien)] (6) has been
determined;[16] the nickel atom was found to be in a dis-
torted octahedral coordination geometry, with the pentad-
entate ligand acting effectively as an N3O2 donor and with
a solvent molecule (1,4-dioxane) occupying the remaining
coordination site, trans to the amine nitrogen atom. Elec-
tronic spectra are consistent with this geometry, exhibiting
two d-d bands in the near-infrared region, λmax (ε) 5
1159 nm (8 dm3mol21cm21) and 966 nm (10
dm3mol21cm21), one low-intensity d-d band in the visible
region, λ max (ε) 5568 nm (36 dm3mol21cm21), and high-
intensity bands (CT and intraligand) at wavelengths ,
500 nm.

The similarity between the electronic spectra of 6 in the
solid state and those of the other trien- and Metrien-based
complexes, for which no crystal data are available, is taken
to imply that the latter complexes may have similar struc-
tures. The ligands are thus assumed to act as pentadentate
and to bind in a trans conformation. Furthermore, the sim-
ilarity of the electronic data for complexes 126 in the solid
state and in DMF solution additionally suggests that, in
solution, the complexes may have structures that resemble
those in the solid, with the sixth position occupied by a
solvent molecule.

For complexes with the same aldehyde moieties, those
with trien bridges have the d-d bands at higher energies
than those with Metrien bridges. This hypsochromic shift
reflects the relative position of secondary and tertiary
amine nitrogen atoms in the spectrochemical series.[17] On
the other hand, the d-d bands of complexes derived from
naphthaldehyde are red-shifted relative to those of the cor-
responding chlorosalicylaldehyde derivatives, implying that
the latter are stronger ligands in the nickel(II) complexes
studied.

Cyclic Voltammetry of Nickel(II) Complexes

Cyclic voltammetric data in MeOH, DMF, and
(CH3)2SO are presented in Table 1. As with the spectro-
scopic data, the electrochemical responses can be grouped
into two sets: complexes with dien bridges, which are irre-
versibly oxidised in all solvents, and complexes with trien
and Metrien bridges, for which one oxidation process is
normally observed in the potential range studied.

For dien-based complexes, scan rates up to 1.0 V s21 were
used. For high sweep rates only one incipient anodic wave
could be observed for [Ni(napdien)], and this only in DMF
and in (CH3)2SO. Furthermore, when chemically oxidised
with iodine, all dien-based complexes exhibit NiIII EPR sig-
nals in frozen DMF and (CH3)2SO solutions (see below).
These observations suggest that a very fast chemical decom-
position of the electrogenerated nickel species may occur in
these strongly coordinating solvents after charge transfer,
as the carbon backbone of the imine bridge is long enough
to induce significant tetrahedral distortions in the com-



Ground State Modulation in Nickel(III) Chemistry FULL PAPER

Table 1. Cyclic voltammetric results for NiL complexes in CH3OH, DMF and (CH3)2SO (0.1 mol·dm23 NEt4ClO4) at 25 °C[a]

[a] All potentials in V vs. Ag/AgCl (1 mol·dm23 NaCl). Solute concentration about 1023 mol·dm23; scan rate: 0.50 V·s21; ∆E 5 Epa2Epc;
E1/2 5 1/2(Epa1Epc); Epa and Epc are the anodic and cathodic peak potentials, respectively. Under the conditions used, E1/2 (Fc1/Fc) is
0.45 V in MeOH, 0.47 V in DMF and 0.48 V in Me2SO. 2 [b] Irreversible processes. 2 [c] Values calculated with the Nicholson equation.[18]

plexes and to make it difficult for solvent molecules to co-
ordinate to the metal centre, thus hindering stabilization of
the 13 oxidation state.[2,3,11]

On the other hand, the cyclic voltammograms of trien-
and Metrien-based complexes (326) show one anodic wave
and the corresponding cathodic wave, with the exception of
solutions of naphthaldehyde derivatives in MeOH, which
are irreversibly oxidised (Figure 1). The E1/2 values for com-
plexes with naphthaldehyde derivatives are less positive
than those of the corresponding chlorosalicylaldehyde de-
rivatives. The anodic-cathodic peak potential separations in
all solvents are similar to, or (in the case of chlorosalicylal-
dehyde derivatives) somewhat larger than, those observed
for the Fc1/Fc couple. The ipc/ipa ratios in DMF and
(CH3)2SO are practically constant and equal to 1 for the
naphthaldehyde derivatives, whereas for the chlorosalicylal-
dehyde derivatives the ratios are smaller (ca. 0.80). With
increasing scan rates, a linear dependence is observed be-
tween ip and v1/2.

Figure 1. Cyclic voltammograms of [Ni(napMetrien)] (5) in DMF
at: (i) 0.05; (ii) 0.10; (iii) 0.20, and (iv) 0.50 V·s21

Electrochemical data for the complexes with trien and
Metrien bridges are consistent with one electron diffusion
controlled oxidation process NiII R NiIII [18] (see below).
For complexes with 3,5-dichlorosalicylaldehyde-based li-
gands (4, 6), there is direct evidence of a chemical decom-
position path for the electrogenerated NiIII species after
charge transfer, whereas for naphthaldehyde derivatives, the
decomposition path is not evidenced under the experi-
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mental conditions used for the cyclic voltammetry. How-
ever, during the electrolysis of the complexes (a longer time-
scale technique), decomposition of the oxidised species was
observed for all complexes. Chemical decomposition of
electrogenerated NiIII species has also been observed in
complexes with N2O2 tetradentate Schiff base ligands,[2,3,11]

and although no quantitative studies have been performed
for the complexes used in this work, we would like to point
out that decomposition of the oxidised species are slower
for complexes with pentadentate ligands as compared to
NiIII species with tetradentate N2O2 Schiff bases.
Redox Potentials

Our studies on the electrochemical properties of
nickel(II) complexes with N2O2 coordination spheres[126]

have shown that oxidation of the metal centre is markedly
dependent on the donor capacity of the solvent, and is re-
stricted to solvents with good donor properties, such as
DMF and (CH3)2SO. When an axial nitrogen donor atom
capable of binding to the metal centre is introduced into
the ligand (as in trien and Metrien) we observe: (i) a sta-
bilisation of the NiIII species, as inferred from their lower
E1/2 values and slower decomposition relative to similar
N2O2 nickel(II) complexes, and (ii) a less marked depend-
ence on the solvent. However, in MeOH, a solvent with
lower DN value, a reversible process could only be observed
for chlorosalicylaldehyde derivatives (stronger ligands). Our
results suggest that, even for these five-coordinate ligands,
the oxidation requires a moderately strong solvent, which
means that axial interactions with solvent molecules still
play an important role in the stabilisation of the 13 oxida-
tion state.

As regards the dependence of redox potential on the li-
gands for complexes 326, those with Metrien bridges ex-
hibit more positive E1/2 values than those with trien bridges,
contrary to prediction based upon the relative inductive ef-
fects of hydrogen atoms and methyl groups. Similar behavi-
our has been observed in other nickel complexes with sim-
ilar trien- and Metrien-based ligands and has been attrib-
uted to a weakening of the axial bond due to steric con-
straints between the methyl groups and the propylene
backbone of the bridge.[19,20] On the other hand, the com-
plexes with ligands derived from naphthaldehyde exhibit
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less positive E1/2 values than those derived from chlorosali-
cylaldehyde, for which the strongly electron-withdrawing
substituents (Cl) should reduce electron density on the che-
late ring, and thus on the metal ion, making it harder to
oxidise the metal centre.

EPR and Electronic Spectra of the Oxidised Species

When nickel(II) complexes 326 are oxidised electrochem-
ically in DMF, the solution colour changes from greenish to
yellow-brown, implying formation of new species. Frozen-
matrix EPR spectra of all electrolysed solutions are similar,
and show significant rhombicity and large g tensor aniso-
tropy, with gav [gav 5 (g1 1 g2 1 g3)/3] in the range
2.1322.15 (g1 ø 2.2422.26, g2 ø 2.1322.16 and g3 ø
2.0222.04): an indication that the oxidised species must
correspond to nickel(III) complexes. Furthermore, all spec-
tra show a well resolved 1:1:1 triplet in the high magnetic
field region, with a ø 1.8022.17 mT. EPR spectra of
nickel(III) species with naptrien and napMetrien in DMF
are presented in Figure 2 (A) and Figure 3 (A), respectively;
EPR data for the electrogenerated nickel(III) species in
DMF are summarised in Table 2.

Figure 2. Frozen EPR spectra of [NiIII(naptrien)]1 in: (A) DMF;
(B) CH3CN; (C) pyridine; (D) [15N]pyridine; (E) CN2, and (F)
13CN2

Chemical oxidation of complexes 326 with iodine were
first performed in DMF. Frozen-matrix EPR spectra of
these solutions are identical to those of electrolysed solu-
tions and thus imply the same coordination environment
for the nickel(III) species, regardless of the oxidation
method used. We also observed that chemically oxidised so-
lutions, owing to the presence in solution of excess oxidant,
are more stable at room temperature than those obtained
electrochemically.
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Figure 3. Frozen EPR spectra of [NiIII(napMetrien)]1 in: (A)
DMF; (B) CH3CN; (C) [15N]pyridine; (D) pyridine;
(E) CN2, and (F) 13CN2

The similarity of the EPR and the longer half-lives of
the chemically oxidised solutions, prompted us to examine
chemical oxidation of complexes 126 (hence including
complexes with dien bridges) in other solvents. The study
was extended to two other O-donor solvents, MeOH, and
(CH3)2SO, and to acetonitrile, a N-donor solvent.

Chemically oxidised solutions of complexes 326 in
MeOH and (CH3)2SO exhibit frozen EPR spectra that are
very similar to those in DMF, with g values in the same
range, and a well resolved triplet (1:1:1) observed in the
high magnetic field region, with a3 5 2.0322.30 mT. Frozen
EPR spectra of the chemically oxidised solutions in MeCN
exhibit the same g features as those in the O-donor solvents,
but with a poorly resolved multiplet, not a triplet, in the
high magnetic field region. The spectra for nickel(III) spe-
cies with trien- and Metrien-based ligands in MeCN are
presented in Figure 2 (B) and 3 (B), and the EPR para-
meters are summarised in Table 2.

Solutions of [Ni(napdien)] and [Ni(Cl4saldien)] (1, 2)
were also chemically oxidised in the same solvents, and the
oxidised samples were immediately frozen in liquid nitro-
gen. The oxidised solutions exhibit EPR spectra, but their
g features depend on the solvent used. EPR data for 122
are presented in Table 2 and spectra of 1 are depicted in
Figure 4. In DMF and (CH3)2SO, the spectra exhibit large
g tensor anisotropy, with gav in the range 2.1522.16, and
small rhombicity; however, no hyperfine couplings were de-
tected in any g region (Figure 4, C,D). The EPR spectrum
in MeCN shows two superimposed signals with similar in-
tensities: one signal for which the low-field components
have a g value similar to those of the chemically oxidised
species in DMF and (CH3)2SO, and one isotropic signal,
with g ø 2.00, due to radical species, which masks the high-
field component of the other signal (Figure 4, B); in MeOH
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Table 2. EPR parameters for nickel(III) species in several solvents

Complex Solvent gx gy gz gav
[a] a(N)1

x
[b] a(N)1

y
[b] a(N)1

z
[b] a(N)2

x
[b] a(N)2

y
[b] a(N)2

z
[b]

[Ni(Cl4saltrien)]1 CH3OH 2.236 2.139 2.038 2.138 1.30 1.60 2.05
(4) CH3CN 2.231 2.140 2.044 2.138 16.00 1.80 2.05 0.80 0.80 1.30

DMF 2.236 2.132 2.039 2.136 1.30 1.70 2.10
(CH3)2SO 2.236 2.130 2.040 2.135 15.00 1.80 2.05

[Ni(Cl4salMetrien)]1 CH3OH 2.248 2.154 2.034 2.145 1.30 1.50 2.20
(6) CH3CN 2.240 2.153 2.041 2.145 1.40 1.80 2.10 0.80 0.80 1.35

DMF 2.247 2.154 2.033 2.145 1.30 16.00 2.15
(CH3)2SO 2.248 2.154 2.035 2.146 1.30 16.00 2.20

[Ni(naptrien)]1 CH3OH 2.250 2.156 2.032 2.146 1.60 1.80 2.26
(3) CH3CN 2.235 2.145 2.040 2.140 1.60 1.80 2.30 0.80 0.80 1.30

DMF 2.237 2.143 2.033 2.138 1.60 1.80 2.30
(CH3)2SO 2.237 2.139 2.034 2.137 1.70 19.70 2.35

[Ni(napMetrien)]1 CH3OH 2.240 2.144 2.032 2.139 1.90 2.10 2.40
(5) CH3CN 2.250 2.156 2.038 2.148 1.60 1.80 2.20 0.80 0.80 1.30

DMF 2.255 2.153 2.030 2.146 1.50 1.80 2.20
(CH3)2SO 2.252 2.155 2.032 2.146 1.50 1.95 2.28

[Ni(Cl4saldien)]1 CH3OH [c]

(2) CH3CN [d]

DMF 2.230 2.200 2.018 2.149
(CH3)2SO 2.220 2.202 2.022 2.148

[Ni(napdien)]1 CH3OH [c])

(1) CH3CN [d])

DMF 2.240 2.210 2.025 2.158
(CH3)2SO 2.230 2.202 2.021 2.151

[a] The value of gav was calculated as (gx 1 gy 1 gz)/3. 2 [b] a(N) values are expressed in mT. 2 [c] EPR spectrum typical of a radical
species with g 5 2.003. 2 [d] Two superimposed EPR spectra are observed: typical of NiIII and radical species.

Figure 4. Frozen EPR spectra of [NiIII(napdien)]1 in: (A) CH3OH;
(B) CH3CN; (C) DMF, and (D) (CH3)2SO

the spectrum exhibits only the isotropic signal at g ø 2.00
(Figure 4, A).

The similarity between the g values in the spectra of the
chemically oxidised [Ni(Cl4saldien)] and [Ni(napdien)] and
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in those of low-spin, six-coordinate nickel(III) with N2O2-
related Schiff ligands may be used as a basis for proposing
that complexes 122 have the same 2A1 ground state, [a dz

2

1 b dx
2
2y

2 ], with a .. b: C2v(z).[126,21225] Thus, the lack
of observed hyperfine coupling with any nitrogen atom in
the EPR spectra indicates that the amine nitrogen atom re-
mains unbound; hence the ligand behaves as a tetradentate
N2O2 donor towards NiIII. The transient nickel(III) species
are low-spin and six-coordinate, with two solvent molecules
(Solv) axially bound, and can be formulated as
[NiIIIL(Solv)2]1, with L 5 napdien or Cl4saldien
(Scheme 2).

Scheme 2

In MeCN, two EPR signals were observed: one of rad-
ical-type and another from one metal-centred oxidised spe-
cies. The radical species may be short-lived intermediates
in the chemical decomposition path of the oxidised NiIII

complexes. No analysis of the nickel(III) species can be per-
formed, as the intense signal at g 5 2.00 masks the high-
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field component, but the similarity of the low-field com-
ponents with those of nickel(III) species in DMF and
(CH3)2SO implies the formation of [NiIIIL(MeCN)2]1 in
solution. In MeOH only the signal assigned to radical spe-
cies was observed, but this signal cannot be assigned unam-
biguously, since two possible explanations can be invoked:
it may (i) be due to short-lived intermediates in the chemical
decomposition of putative NiIII oxidised species, or (ii) be
the end result of direct oxidation on the ligand.

In contrast, nickel(II) complexes 326 are oxidised to
NiIII species in all solvents used, and their EPR spectra
show behaviour quite different from that of the related com-
plexes with dien-based bridges (Figure 2, Figure 3, and Fig-
ure 4). The EPR spectra are more rhombic, but as the dif-
ference g1 2 g2 is still smaller than g2 2 g3, the ground
state must also be 2A1, [a dz

2 1 b dx
2
2y

2], although with a
$ b, and thus g1 5 gx, g2 5 gy, and g3 5 gz.[21224] The
observation of one well-resolved triplet in the low g region
(gz) in O-donor solvents, changing to a poorly resolved mul-
tiplet in MeCN, is indicative that: (i) the polydentate ligands
act in pentadentate fashion, with the amine nitrogen atom
axially bound as in the parent NiII complex, and (ii) the
sixth coordination site is occupied by a solvent molecule.
The NiIII complexes are thus formulated as [NiIIIL(Solv)]1,
with L denoting pentadentate trien- or Metrien-based li-
gands (Scheme 3 and Scheme 4).

Scheme 3

Scheme 4
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Electronic spectra of electrochemically and chemically
oxidised solutions of complexes 326 in DMF are very sim-
ilar in the NIR region, but the very intense bands due to
the iodine/iodide pair in the chemically oxidised solutions
prevent comparisons below λ 5 600 nm. No electronic
spectra could be obtained for electrochemically or chemic-
ally oxidised solutions of complexes 122 in DMF, since de-
composition of oxidised species is very fast even in cold
fluid solutions (just above the melting point).

Electronic spectra of electrochemically oxidised solutions
of 326 in DMF exhibit a very broad, medium intensity
band in the near IR region (λmax 5 95021100 nm, ε 5
2002900 mol21dm3cm21) and very intense bands at λmax

, 550 nm (ε. 3000 mol21dm3cm21). Spectra recorded se-
quentially at 5-min intervals reveal (i) a gradual weakening
in the NIR band, until it disappears completely, and (ii) a
simultaneous blue shift of the high intensity bands. The
spectra obtained after the disappearance of the NIR band
are typical of nickel(II) complexes and correspond to solu-
tions in which all nickel(III) species have decomposed, as
confirmed by their silent EPR spectra. Moreover, since no
electronic bands due to nickel(II) precursors could be de-
tected above 400 nm, the medium intensity NIR bands in
the spectra of oxidised solutions may thus be unambigu-
ously attributed to d-d transitions of nickel(III) species gen-
erated in situ. The high-intensity bands include charge-
transfer bands attributed to NiIII species and to NiII pre-
cursor complexes/nickel(II) decomposed species. Electronic
spectral data for nickel(III) species are presented in Table 3.

Table 3. Electronic spectral data for NiIII complexes in DMF and
in the presence of Lewis bases

Complex Co-ligand λmax (nm)/ε (mmol21dm3cm21)[a]

[Ni(Cl4salMetrien)]1 DMF 995 br (1.3); , 500
(6) pyridine 1000 br (0.46); , 500

CN2 , 500
[Ni(napMetrien)]1 DMF 1082 br (0.61); , 500

(5) pyridine 975 br (0.77); , 500
CN2 793 br (0.58); , 500

[Ni(Cl4saltrien)]1 DMF 971 br (0.91); , 500
(4) pyridine 975 br (0.28); , 500

CN2 , 500
[Ni(naptrien)]1 DMF 1043 br (1.2); , 500

(3) pyridine 980 br (1.1); , 500
CN2 700 br (0.37); , 500

[a] ε values were estimated assuming that all complexes had been
quantitatively oxidised to NiIII and that no decomposition of the
oxidised species had taken place.

Electronic band maxima occur in the range of values ob-
served for six-coordinate nickel(III) complexes with N2O2

Schiff base ligands derived from the same aldehyde derivat-
ives and two solvent molecules.[226] Analysis of the data
in Table 3 reveals that the general trends in band maxima
observed for the precursor NiII complexes also apply to the
corresponding nickel(III) species: (i) complexes with dichlo-
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rosalicylaldehyde derivatives have electronic bands at
shorter wavelengths than those with naphthaldehyde, hence
suggesting that the latter ligands also act as weaker ligands
for nickel(III), and (ii) given the same aldehyde moiety,
complexes with Metrien bridges have band maxima at
longer wavelengths than those with trien bridges, indicating
that the methyl group, due to steric constraints as outlined
for the parent nickel(II) complexes, does not increase the
ligand field.

Pyridine Adducts
The solutions obtained by addition of pyridine, and of

cyanide ions, to [NiIIIL(Solv)2]1, L 5 napdien and Cl4sald-
ien (1, 2) were found to be EPR-silent, which suggests that
the decomposition rate of the new species must be fast
enough to prevent observation with the experimental set-
up used.

Upon addition of pyridine (natural abundance and 15N-
enriched) to freshly prepared DMF solutions of
[NiIIIL(DMF)]1 (L 5 naptrien, napMetrien, Cl4saltrien,
Cl4salMetrien), new species were formed, as could be in-
ferred from the rapid colour change to dark brown. The
resulting solutions are EPR-active and the frozen solution
spectra of complexes with trien and Metrien bridges exhibit
different g patterns.

Complexes with Metrien Bridge Ligands
The EPR spectra of [14N]py adducts with

[NiIIIL(DMF)]1 (L 5 napMetrien, Cl4salMetrien), are sim-
ilar, with rhombic symmetry and a g pattern (g1 2 g2 # g2

2 g3) that resembles that of the nickel(III) precursor com-
plexes. In the high magnetic field region, a well-resolved
quintuplet is observed (Figure 3, C), with an apparent
1:2:3:2:1 intensity pattern with a3 5 0.19 mT. The ground
state is thus assumed to be 2A1, [a dz

2 1 b dx
2
2y

2], with a $
b, and g1 5 gx, g2 5 gy, and g3 5 gz.[21225]

The need to identify the origin of the quintuplet
prompted us to perform the same experiments, but using
[15N]py (15N; I 5 1/2). The multiplet in the high magnetic
field region became a quadruplet (1:2:2:1), arising from the
interaction of the unpaired electron with two nitrogen
atoms with different I values [the amine nitrogen atom
(Namine; I 5 1) and the pyridine nitrogen atom (Npy;
I 5 1/2)], but with similar hyperfine couplings [aN(amine) 5
1.20; 1.50, and 2.10 mT and aN(py) 5 0.80; 0.10, and
2.10 mT]. In this context, the quintuplet observed in the
[14N]py adducts arises from coupling to two different nitro-
gen atoms 2 one from the pentadentate ligand and the
other from pyridine 2 but with similar coupling constants
(Table 4). The complexes are thus formulated as low-spin,
six-coordinate complexes, [NiIII(L)(py)]1, in which the
ligand L (L 5 napMetrien or Cl4salMetrien) acts in penta-
dentate fashion, and one pyridine molecule is bound at the
sixth position (Scheme 4).

Complexes with trien Bridge Ligands
The EPR spectra of [14N]py adducts with

[NiIIIL(DMF)]1 when L 5 naptrien and Cl4saltrien are dif-
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ferent from those with Metrien bridges. They exhibit appar-
ent axial symmetry with large g tensor anisotropy, and with
a weakly resolved quintuplet (a3 ø 0.1720.20 mT) in the
high magnetic field region, but with a g pattern different
to those of the nickel(III) precursor complexes and of the
homologous Metrien-based compounds. The g pattern is
now g1 2 g2 . g2 2 g3, with g1 ø 2.21, g2 ø 2.09 and g3 ø
2.06 (Table 4). These spectra are consistent with the pres-
ence in solution of axially compressed six-coordinate spe-
cies with a ground state that is essentially dx

2
2y

2 (2A1, [a
dz

2 1 b ], with a ,, b), and in this case g1 5 gz, g2 5 gx,
and g3 5 gy.[21225] Furthermore, the adducts with [15N]py
exhibit EPR spectra that are identical to those with [14N]py,
which implies that the hyperfine splittings cannot be due
to coordinate pyridine molecules but must arise from the
equatorial plane imine nitrogen atoms of the pentadentate
ligand, in accordance with the ground state assignment.

Electronic data for the pyridine adducts are summarised
in Table 3. The spectra show a broad, medium-intensity
band in the NIR region, λ 5 97521000 nm, and high-in-
tensity bands below 450 nm. On monitoring the spectra at
5-min intervals it was possible to observe a continuous loss
of band absorbance for the electronic transition at low ener-
gies and a blue shift of the intense bands at high energies,
an unambiguous indication that the bands in the NIR are
due to d-d transitions in NiIII pyridine adducts. The d-d
bands are shifted to higher energies relative to those of the
NiIII precursor species, and the shift is related to the in-
crease in ligand field when the sixth axial ligand is changed
from DMF to pyridine.

Although no direct information concerning the number
of coordinated pyridine molecules could be obtained, we
propose that, in the adducts with naptrien and Cl4saltrien,
only one pyridine should be bound (Scheme 3), since in
complexes with Metrien base ligands, which impose weaker
ligand fields, only one pyridine molecule is bound to the
nickel centre.

Cyanide Adducts

Upon addition of potassium cyanide, the solution colour
of freshly electrooxidised solutions of [NiIIIL(DMF)]1

(with L 5 naptrien, napMetrien, Cl4saltrien, Cl4salMetrien)
changes from yellow-brown to green. Frozen solutions of
cyanide adducts show EPR spectra that are typical of NiIII

species, but with a g pattern different to that observed for
the parent NiIII complexes and to those of pyridine adducts.
These observations provide a clear indication that cyanide
binds to the nickel(III) centres.

Frozen-matrix EPR spectra of all cyanide adducts show
quasi-axial symmetry and a g pattern typical of low-spin,
six-coordinate complexes with axial elongation, and with a
2A1 ground state, [a dz

2 1 b dx
2
2y

2], with a .. b; g1 5
2.1822.16, g2 5 2.1622.15, g3 ø 2.02, and g1 5 gx, g2 5 gy,
and g3 5 gz in both cases (Table 4).[126,21225] No hyperfine
splittings were detected in the spectra of the adducts with
trien-based ligands (Figure 2, E), but those of Metrien-
based complexes exhibit a high-field signal split into three
lines (not 1:1:1 triplet, a 5 0.19 mT) (Figure 3, E). In order
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Table 4. EPR parameters for nickel(III) species in the presence of pyridine and cyanide ions

Complex Co-ligand gx gy gz gav
[a] a(N)1

x
[b] a(N)1

y
[b] a(N)1

z
[b] a(N)2

x
[b] a(N)2

y
[b] a(N)2

z
[b]

[Ni(Cl4salMetrien)]1 [14N]pyridine 2.223 2.123 2.039 2.128 1.10 1.30 1.89 1.10 1.30 18.90
(6) CN2 2.173 2.147 2.022 2.114

2.178 2.163 2.022 2.121 1.30 1.30 21.00
13CN2 2.177 2.164 2.021 2.121

2.183 2.155 2.021 2.120 1.50 1.50 20.00

[Ni(napMetrien)]1 [14N]pyridine 2.224 2.132 2.035 2.130 1.00 12.00 19.00 1.00 1.20 1.90
(5) [15N]pyridine 2.225 2.133 2.034 2.131 1.20 1.50 2.10 0.60 1.00 2.10

CN2 2.162 2.150 2.022 2.111
2.163 2.161 2.022 2.115 1.30 1.30 2.05

13CN2 2.161 2.156 2.022 2.113
2.163 2.157 2.022 2.114 1.30 1.30 2.05

gz gx gy gav
[a] a(N)z

[b] a(N)x
[b] a(N)y

[b]

[Ni(Cl4saltrien)]1 [14N]pyridine 2.205 2.093 2.063 2.120 1.10 2.00 2.00
(4) CN2 2.177 2.142 2.021 2.113

13CN2 2.177 2.141 2.021 2.113

[Ni(naptrien)]1 [14N]pyridine 2.214 2.096 2.050 2.120 1.10 1.70 1.70
(3) [15N]pyridine 2.212 2.094 2.050 2.118 1.05 1.70 1.70

CN2 2.162 2.147 2.019 2.109
13CN2 2.165 2.149 2.020 2.111

[a] The value of gav was calculated as (gx 1 gy 1 gz)/3. 2 [b] a(N) values are expressed in mT.

to interpret the spectra, we made use of 13CN2 and found
that the EPR spectra of the enriched adducts are identical
to those with natural abundance CN2 (Figure 2, F, and
Figure 3, F): a clear indication that no direct spin interac-
tion of the nickel unpaired electron with the carbon atom
of the cyanide ion takes place. Furthermore, we note that
the spectrum of [NiIII(CN)6]32 is completely different from
those reported here,[26] which implies that displacement of
the pentadentate ligand by cyanide ions had not taken
place.

The number of bound cyanide ions could not be deter-
mined, and the complexes may thus be formulated as [NiIII-
(L)(CN)] or, if the cyanide ions replace the solvent mole-
cule and the N(amine) group, as [NiIII(L)(CN)2]21. However,
the latter hypothesis gained some support by the large hyp-
sochromic shift (stronger ligand field) in the d-d transitions,
relative to those of the nickel(III) precursor complexes, ob-
served upon cyanide coordination.

Before attempting to interpret the EPR spectra of the
cyanide adducts, we must stress that, for all the other NiIII

species referred to above, the equatorial plane was defined
by the ligand {[N2(imine)O2]} atoms and the molecular z
axis was the [N(amine)2NiIII2X] axis (X 5 solvent or py)
(Scheme 3 and Scheme 4).

Complexes with trien Bridge Ligands

The recognition that the spectra are unambiguously at-
tributable to an axially elongated dz

2 ground state and the
non-observation of hyperfine splitting in any of the three g
regions indicate that neither the cyanide ions (13CN2) nor
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any nitrogen atom interacts directly with the unpaired elec-
tron in the dz

2 orbital. Consequently, the oxygen atoms of
the pentadentate ligand must occupy the axial positions.
The z axis must be the [O2NiIII2O] axis, with the two cy-
anide ions and the two N(imine) atoms defining the equa-
torial plane. This arrangement is only possible if the polyd-
entate ligand retains the trans configuration of the nickel(II)
parent complex (Scheme 3). The ligand field in the
[CN22NiIII2CN2] direction is very strong and weakens
the ligand field in the perpendicular plane, which makes the
[O2NiIII2O] bonds longer. A precedent for this proposal
is provided by studies on the interaction of cyanide ions
with tripeptide complexes of NiIII, for which a change in
molecular axis has also been observed upon ligation of cy-
anide ions.[26228]

Complexes with Metrien Bridge Ligands

The key difference in the EPR spectra of Metrien derivat-
ives is the observation of hyperfine splittings in gz. As iden-
tical spectra were observed for 12CN2 and 13CN2, the cyan-
ide ions cannot be considered as the origin for the observed
splitting. The atoms causing the observed splittings must be
the nitrogen atoms of the polydentate ligand, 14N (I 5 1).
The only explanation for the observed multiplet is to as-
sume that the spectra of Metrien derivatives are the super-
imposition of two spectra: (i) one without any hyperfine
splitting and which is similar to those of the trien derivat-
ives, and (ii) the other, which exhibits a 1:1:1 triplet in the
gz region (a 5 2.0022.10 mT). The former spectra must
correspond to species with the same configuration as those
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of [NiIII(L)(CN)2]21 (with L 5 naptrien, Cl4saltrien), with
the polydentate ligand in a trans conformation. The latter
spectra can be accounted for by assuming that the same
change in the z axis has occurred, but with the z axis de-
fined by one imine nitrogen atom and one oxygen atom of
the polydentate ligand, which implies a cis configuration for
the polydentate ligand (Scheme 4).

Conclusions

The accessibility of the 13 oxidation state in the
nickel(II) complexes 126 is determined primarily by the
binding or non-binding of the polydentate ligand amine ni-
trogen atom to the metal centre, which in turn depends on
the number of carbon atoms in the imine bridge. Complexes
with dien bridges are irreversibly oxidised in all solvents,
under the experimentally used cyclic voltammetric condi-
tions, whereas complexes with trien/Metrien-based ligands
show quasi-reversible processes. In the former, steric con-
straints prevent coordination of the amine nitrogen atom to
NiII, thus enforcing a tetradentate coordination mode for
the ligand, but with trien/Metrien bridges the ligand en-
forces a true N3O2 pentadentate coordination sphere.

Formation of nickel(III) complexes takes place with the
simultaneous increase of the coordination number to 6, by
binding of solvent molecules. Analysis of EPR spectra has
permitted unambiguous identification of the oxidised spe-
cies. Spectra of oxidized trien/Metrien-based complexes are
anisotropic, with a 2A1 ground state (a $ b), and provide
direct evidence for coordination of the imine bridge nitro-
gen atom. On the other hand, chemically oxidised dien-
based complexes in DMF and (CH3)2SO exhibit quasi-axial
spectra with a 2A1 ground state (a .. b) and no hyperfine
couplings, which indicates that the amine nitrogen atom is
not coordinated. The difference in stability of dien- and
trien/Metrien-based complexes is thus attributable to the
binding of the bridging amine nitrogen atom. With one ax-
ial coordination position occupied by a strong donor (the
ligand amine nitrogen atom), the stabilization of species ox-
idised at the metal centre is less sensitive to the coordination
ability of the solvent molecule bound to the other axial po-
sition.

The stability of the NiIII trien/Metrien-based complexes
has prompted the study of the interaction of these com-
plexes with pyridine and cyanide ion, ligands of increasing
ligand strength. EPR data have made it clear that these po-
lydentate ligands provide a flexible coordination sphere,
and that by varying the equatorial/axial ligand field ratio it
is possible to obtain NiIII species in three different ground
states. Furthermore, it has become evident that the ground
state of NiIII species is also dependent on the substituents
on the imine bridge nitrogen atom: 2H (trien) or 2CH3

(Metrien).
For pyridine adducts of Metrien-based complexes, a

ground state similar to that of the parent NiIII complex,
with 2A1 and a $ b, was obtained, whereas for trien-based
complexes an inverted ground state, 2A1, was observed, with
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a ,, b. The different behaviour was attributed to the
stronger axial field induced by the unsubstituted amine ni-
trogen in the imine bridge, as compared with Metrien,
which, when combined with the ligand strength of pyridine,
is enough to invert the magnitude of the contribution of the
two d orbitals defining the 2A1 ground state.

Upon addition of cyanide (13CN2 and natural abun-
dance CN2), a more drastic change in the ground state was
observed. The rhombic spectra of the parent complexes
changed to axial EPR spectra, typical of complexes with a
ground state that is formulated as 2A1, with a .. b. Com-
bining this result with the non-observation of any hyperfine
splitting in trien-based complexes, we propose that the
strong ligand field of cyanide ions causes a shortening of
the Ni2C bond lengths, so as to change the principal mo-
lecular axis of NiIII complexes, but in which the ligand ex-
ists in a trans conformation. For Metrien-based complexes,
similar spectra have been observed, but with hyperfine split-
tings in the high magnetic field region. The same changes
in the principal molecular axis are assumed, but analysis of
the hyperfine splitting pattern has prompted us to propose
the existence of NiIII complexes in which the ligands exist
in trans and cis conformations, probably a consequence of
the steric requirements of the amine nitrogen methyl group.

Experimental Section

Reagents and Solvents: Solvents and reagents for synthesis were ob-
tained from commercial sources and used as received. The solvents
used in electrochemistry were from Merck (pro analysi). Pyridine
and potassium cyanide were from Merck (p.a.). [15N]Pyridine was
purchased from Cambridge Isotope Laboratories and potassium
[13C]cyanide from Aldrich. Tetraethylammonium perchlorate (NEt4-
ClO4) was prepared by published procedures[29] from the bromide
salt (Aldrich) and perchloric acid (Merck, p.a.).

CAUTION: Perchlorates are hazardous and may explode.

Synthesis of Ligands and Nickel(II) Complexes: The ligands H2nap-
dien (bis{2-[(2-hydroxynaphthyl)methylimido]ethyl}amine), H2nap-
trien (bis{3-[(2-hydroxynaphthyl)methylimido]propyl}amine),
H2napMetrien (bis{3-[(2-hydroxynaphthyl)methylimido]propyl}-
(methyl)amine), H2Cl4saldien {bis[2-(3,5-dichlorosalicylimido)-
ethyl]amine}, H2Cl4saltrien {bis[3-(3,5-dichlorosalicylimido)pro-
pyl]amine}, and H2Cl4salMetrien {bis[3-(3,5-dichlorosali-
cylimido)propyl](methyl)amine} were prepared by standard
methods.[12,17] Typically, the triamine [bis(2-aminoethyl)amine,
bis(3-aminopropyl)amine or bis(3-aminopropyl)(methyl)amine]
(0.01 mol) was added directly to a warm ethanolic solution of the
aldehyde (naphthaldehyde and 3,5-dichlorosalicylaldehyde) (0.02
mol); the reaction mixture was heated to reflux for 30 min and
then cooled on ice. The compounds H2napdien, H2Cl4saldien and
H2naptrien precipitated from the solution, yielding yellow solids
that were recrystallised from methanol; the other ligands were ob-
tained as brown/yellow oils, after solvent removal.

H2napdien: Yield: 3.7 g (90%). 2 C26H25N3O2 (411.5): calcd. C
75.89, H 6.12, N 10.21; found C 75.80, H 6.12, N 10.19. 2 1H
NMR (CDCl3, 200 MHz, 297 K): δ 5 2.8823.69 (8 H, CH2),
6.6828.02 (12 H, aromatic H), 9.06 (2 H, N5CH), 13.91 (2 H,
OH).
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H2naptrien: Yield: 3.0 g (68%). 2 C28H29N3O2·5/2H2O (484.6):
calcd. C 69.40, H 7.07, N 8.67; found C 69.27, H 7.00, N 8.66. 2
1H NMR (CDCl3, 200 MHz, 297 K): δ 5 1.8023.70 (12 H, CH2),
6.6828.02 (12 H, aromatic H), 9.06 (2 H, N5CH), 13.95 (2 H,
OH).

H2napMetrien: Yield: 3.2 g (70%), obtained as an oil. 2 1H NMR
(CDCl3, 200 MHz, 297 K): δ 5 2.20 (3 H, CH3), 1.8523.69 (12 H,
CH2), 6.6928.03 (12 H, aromatic H), 9.01 (2 H, N5CH), 14.02 (2
H, OH).

H2Cl4saldien: Yield: 4.2 g (93%). 2 C18H17Cl4N3O2 (449.2): calcd.
C 46.03, H 3.86, N 7.67; found C 45.97, H 3.84, N 7.68. 2 1H
NMR (CDCl3, 200 MHz, 297 K): δ 5 2.7022.82 (8 H, CH2),
7.0927.38 (4 H, aromatic H), 8.23 (2 H, N5CH).

H2Cl4saltrien: Yield: 3.5 g (74%), obtained as oil. 2 1H NMR
(CDCl3, 200 MHz, 297 K): δ 5 1.8522.80 (12 H, CH2), 7.1027.38
(4 H, aromatic H), 9.86 (2 H, N5CH).

H2Cl4salMetrien: Yield: 3.4 g (72%), obtained as oil. 2 1H NMR
(CDCl3, 200 MHz, 297 K): δ 5 2.20 (3 H, CH3), 1.8622.44 (12 H,
CH2), 7.0827.38 (4 H, aromatic H), 8.21 (2 H, N5CH)

The nickel(II) complexes were also synthesised by standard proced-
ures;[12,17] typically, ethanolic solutions of the ligands (5 mmol)
were added to ethanolic nickel(II) acetate solutions (5 mmol); the
resulting solutions were heated to reflux for 60 min. Upon cooling,
green solids were collected by filtration, recrystallised from aceto-
nitrile (except for dien-based complexes), and dried under vacuum
for several hours.

[Ni(napdien)] (1): Yield: 1.7 g (72%). 2 C26H23N3NiO2 (468.2):
calcd. C 75.89, H 6.12, N 10.21; found C 75.36, H 6.12, N 10.11.
2 UV/Vis: λmax/nm (ε/dm3 mol21 cm21) 5 402 (6600), 420 sh
(DMF).

[Ni(naptrien)] (3): Yield: 1.5 g (60%). 2 C28H27N3NiO2 (496.3):
calcd. C 67.77, H 5.48, N 8.47; found C 67.59, H 5.48, N 8.62. 2

UV/Vis: λmax/nm (ε/dm3mol21cm21) 5 1143 (39), 1010 (33), 566
(85), 521 sh, 408 (9700), 389 (11300) (DMF); λmax/nm 5 606, 522
sh, 418 (Nujol).

[Ni(napMetrien)] (5): Yield: 1.8 g (68%). 2 C29H29N3NiO2 (510.3):
calcd. C 68.26, H 5.73, N 8.23; found C 68.79, H 5.72, N 8.17. 2

UV/Vis: λmax/nm (ε/dm3mol21cm21) 5 1200 (20), 1013 (10), 570
(63), 521 sh, 408 (10000), 388 (11900) (DMF); λmax/nm 5 584, 524
sh, 418 (Nujol).

[Ni(Cl4saldien)] (2): Yield: 1.9 g (75%). 2 C18H15Cl4N3NiO2

(505.9): calcd. C 48.13, H 3.81, N 9.36; found C 48.97, H 3.82, N
9.39. 2 UV/Vis: λmax/nm (ε/dm3mol21cm21) 5 419 (5300), 450
sh (DMF).

[Ni(Cl4saltrien)] (4): Yield: 1.4 g (53%). 2 C20H19Cl4N3NiO2·2H2O
(533.9): calcd. C 42.15, H 4.07, N 7.37; found C 42.27, H 4.00, N
7.55. 2 UV/Vis: λmax/nm (ε/dm3mol21cm21) 5 1088 (10), 935 (11),
564 (30), 384 (8500) (DMF); λmax/nm 5 564, 386 (Nujol).

[Ni(Cl4salMetrien)] (6): Yield: 1.5 g (57%). 2 C21H21Cl4N3NiO2

(547.9): calcd. C 46.03, H 3.86, N 7.67; found C 45.98, H 3.84, N
7.68. 2 UV/Vis: λmax/nm (ε/dm3mol21cm21) 5 1159 (8), 966 (10),
568 (36), 381 (10100) (DMF); λmax/nm 5 590, 392 (Nujol).

Preparation of the Nickel(III) Complexes and Adduct Formation:
Nickel(III) complexes were generated electrochemically by exhaus-
tive electrolysis of DMF solutions 1023 mol·dm23 in nickel(II) pre-
cursor and 0.1 mol·dm23 in NEt4ClO4 at ca. 4 °C. The time elap-
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sing during the electrolysis was varied from 20 to 45 min; the upper
limit was chosen to avoid extensive decomposition of the oxidised
species. Chemically oxidised nickel(III) species were obtained by
addition of a large excess (ca. 50%) of iodine to solutions of the
nickel(II) precursors. Because of the instability of the electrogener-
ated NiIII species it was not possible to isolate solids, and so these
species were generated shortly before measurements and kept
frozen in liquid nitrogen. The decay of NiIII species is significantly
lessened at low temperatures, and the samples are stable for several
days when kept in liquid nitrogen. The adducts were prepared at
temperatures just above the softening point of the frozen glass, by
addition of freshly electrolysed solution of nickel(III) to frozen so-
lutions or suspensions of the corresponding bases.

Physical Measurements: Elemental analysis (C, H, and N) were per-
formed at the Departmento de Quı́mica, Faculdade de Ciências,
Universidade do Porto. 2 Electrochemical measurements were
made with a PAR 273 potentiostat, using solutions ca. 1023

mol·dm23 in nickel(II) complex and 0.1 mol·dm23 in NEt4ClO4. 2

Cyclic voltammetry was performed in MeOH, DMF, and Me2SO,
using a platinum microsphere as working electrode, a platinum wire
as counter-electrode, and an Ag/AgCl (1 mol·dm23 NaCl) reference
electrode. All potentials are reported relative to that of the refer-
ence electrode and to E1/2 of the ferrocenium/ferrocene couple; un-
der the experimental conditions used, E1/2 for the latter couple is
0.48 V in Me2SO, 0.47 V in DMF and 0.45 V in MeOH. Scan rates
from 0.05 to 0.50 V·s21 were used, and the low and high potential
limits were 0.00 V and 1.20 V. 2 Electrolyses in DMF were carried
out at controlled potential, at values about 0.10 V higher than the
anodic peak potential in a three-electrode cell, using platinum
gauze as working and counter-electrodes, and an Ag/AgCl (1
mol·dm23 NaCl) reference electrode (all from Metrohm). 2 Elec-
tronic spectra were recorded with a Shimadzu UV 3101PC spectro-
photometer, in the range 15002300 nm. Conditions used were:
room temperature, 1022 and 1024 mol·dm23, for nickel(II) com-
plexes; and temperature about 4 °C and 1023 mol·dm23 NiII solu-
tions for chemically and electrolysed NiIII complexes. 2 EPR spec-
tra were obtained at 77 K with a Bruker ESP 300E X-band spectro-
meter, using an insert Dewar. The magnetic field was calibrated by
using Mn21 in MgO, and diphenylpicrylhydrazyl was used as in-
ternal reference (dpph; g 5 2.0037). The reported EPR parameters
were obtained by spectral simulation using the programme
WinEPR Simfonia (Bruker) and assuming rhombic Spin Hamilton-
ians; line widths were typically in the range 1.522.0 (z) to 1.523.0
(x, y) mT. The values of a(N)x,y are less accurate, due to the low
spectral resolution. Typical experimental conditions used: micro-
wave power 10215 mW; modulation amplitude 0.5 mT; modula-
tion frequency 100 kHz.
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