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The new square-planar NiII–N2O2 complex [Ni(MeL)] (1Me),
where MeL stands for the dianionic phenolato form of N,N�-
bis(3,5-di-tert-butyl-salicylidene)-4,5-dimethyl-1,2-phenyl-
enediamine (MeLH2), has been synthesised and fully charac-
terised. X-ray crystallography was also used for the charac-
terisation. The electrochemical one-electron oxidation of 1Me

produces the thermally stable (within the temperature range
10–295 K) cationic species (1Me)+. The UV/Vis and X-band

There has been much current interest in the nature and
properties of d-transition-metal complexes in which one or
more of the ligands are present in a radical state.[1] This
interest has been stimulated by the observation and study
of so-called “radical enzymes” in nature,[2] as illustrated by
galactose oxidase (GO) that uses, in its active form, a phen-
oxyl radical directly bound to a CuII centre to perform two-
electron oxidation reactions.[3] Further, metal complexes
bearing radical-type ligands may exhibit novel physical
properties. In some cases, valence tautomerism [Mn+1–
–OPh] ↔ [Mn+–·OPh] occurs, which is of relevance for the
construction of molecular switches.[4] For these reasons, a
thorough understanding of the factors governing the locus
of the oxidation (metal versus ligand) is of importance.

Consequently, various suitably protected phenol-contain-
ing ligands were designed and successfully applied to stabi-
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EPR experimental data, supported by DFT calculations, indi-
cate that (1Me)+ is best described as a NiII monoradical com-
plex and, thus, does NOT exist in a NiIII ground state, in con-
trast to its demethylated counterpart [Ni(HL)]+ (1H)+ below
170 K.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

lise a phenoxyl radical state when coordinated to a transi-
tion metal.[1a] With nickel, various NiIII species have been
characterised.[5] Recently, De Castro et al. investigated
bis(salicylidene)diamine-type ligands at NiII centres. Oxi-
dation of the complexes in various polar solvents (SY)
yielded the corresponding octahedral NiIII species [NiIII-
(L)(SY)2]+.[5i–5n] At the same time, two research groups have
independently reported that one-electron oxidation of the
square-planar complexes [NiII(RL)] {RL = a dianionic
Schiff-base ligand with a cyclohexylene-1,2-diamine back-
bone (CyL*)[6] and a phenylene-1,2-diamine (HL)
backbone[7]} (see structure below) produces, in dichloro-
methane, a NiIII complex [NiIII(RL)]+ at sufficiently low
temperature and a NiII radical complex [MII(RL·)]+ (RL· =
phenoxyl radical anion of RL) above 190 K. These interest-
ing results have been interpreted in terms of temperature-
dependent tautomerism.[6,7]

Herein we report the synthesis and characterisation of
the analogous dimethylated complex [Ni(MeL)] (1Me) (MeL
contains the 4,5-dimethylphenylene-1,2-diamine backbone)
and its one-electron oxidised product [Ni(MeL)]+. Surpris-
ingly, experimental EPR spectroscopic and UV/Vis spectro-
electrochemical data reveal that the oxidised species does
NOT exist in a NiIII ground state in the studied low-tem-
perature range, in contrast to its counterparts [Ni(HL)]+ and
[Ni(CyL)]+.[6,7] Instead, it can be best formulated as a NiII

monoradical complex [NiII(MeL·)]+. DFT calculations sup-
port this assignment, pointing to the negligible effect of the
methyl groups when the electronic structures of [Ni(HL)]+

and [Ni(MeL)]+ are compared.
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The tetradentate ligand N,N�-bis(3,5-di-tert-butyl-salicyl-
idene)-4,5-dimethylphenylene-1,2-diimine (MeLH2) was syn-
thesised by the condensation of 4,5-dimethylphenylene-1,2-
diamine with 3,5-di-tert-butyl-salicylaldehyde, as previously
reported.[8] The reaction of MeLH2 with Ni(ClO4)2·6H2O
(1:1) in methanol leads to the formation of red, needlelike
crystals of [Ni(MeL)] (1Me) in 77% yield. The molecular
structure of 1Me (Figure 1), determined by X-ray crystal-
lography at 173 K, reveals a NiII centre with a square-
planar N2O2 coordination sphere defined by the two imine
nitrogen atoms [N(30), N(40)] and the two phenolate oxy-
gen atoms [O(10), O(20)] of MeL. As expected, the structure
and molecular dimensions of 1Me are almost identical to
those of 1H (see Table S1).[7] Thus, the Ni–O and Ni–N
bond lengths [1.853(3)–1.861(2) Å] are short. The mean de-
viation from the least-squares plane defined by Ni(1),
O(10), O(20), N(30) and N(40) is 0.11 Å, with a dihedral
angle of 9.6° between the O(10)–Ni(1)–N(30) and O(20)–
Ni(1)–N(40) planes.

Figure 1. ORTEP representation of [Ni(LMe)] (1Me) shown with
50% thermal ellipsoids, as determined at 173 K. The hydrogen
atoms are omitted for clarity. Selected bond lengths [Å] and angles
[°] for 1: Ni(1)–O(10), 1.856(2); Ni(1)–O(20), 1.861(2); Ni(1)–N(30),
1.856(3); Ni(1)–N(40), 1.853(3); C(11)–O(10), 1.327(4); C(21)–
O(20), 1.327(4); C(27)–N(40), 1.321(4); C(36)–N(40), 1.428(4);
C(31)–N(30), 1.421(4); C(17)–N(30), 1.318(4) Å. O(10)–Ni(1)–
N(40), 173.03(11); O(10)–Ni(1)–N(30), 94.07(11); N(40)–Ni(1)–
N(30), 85.63(12); O(10)–Ni(1)–O(20), 86.86(9); N(40)–Ni(1)–O(20),
94.25(11); N(30)–Ni(1)–O(20), 173.37(11)°.
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Complex 1Me exhibits no EPR signal, neither in the solid
state nor in CH2Cl2 solution, at room temperature or at
77 K. This result indicates that 1Me is diamagnetic (S = 0),
as expected for a low-spin d8 square-planar NiII complex.
In CDCl3 solution, 1Me exhibits a well-defined 1H NMR
spectrum with resonances between 0 and 10 ppm, which
also confirms its diamagnetic nature. Similar to that of
complex 1H,[7] the UV/Vis spectrum of 1Me in CH2Cl2 (Fig-
ure 2) displays an absorption band at λmax = 385 nm (εmax

= 29800 –1 cm–1) due to a π�π* intraligand transition.
Another intense absorption band at 499 nm (εmax =
8900 –1 cm–1) and a shoulder at 475 nm (ε = 6700 –1 cm–1)
are assigned to a phenolate�NiII charge transfer. A weak
shoulder at about 600 nm (ε � 200 –1 cm–1) may corre-
spond to a largely metal-centred (MC) transition. These
spectroscopic observations suggest that the square-planar
NiII–N2O2 coordination sphere is retained in CH2Cl2 solu-
tion.

Figure 2. UV/Vis spectroelectrochemistry for the first oxidation of
1Me in CH2Cl2 containing [NBun

4][ClO4] (0.3 ) at 293 K.

The cyclic voltammogram (CV) of complex 1Me in
dichloromethane (v = 100 mV/s, T = 293 K) exhibits two
reversible (Ip,c/Ip,a = 1) one-electron anodic processes at
E1/2 = +0.49 V (∆Ep = 80 mV) and 0.78 V (∆Ep = 110 mV)
vs. Fc/Fc+ (∆Ep = 80 mV) used as an internal standard (see
Figure S1). These oxidation processes are associated with
the formation of (1Me)+ and (1Me)2+, respectively. The larger
peak-to-peak separation for the second anodic step produc-
ing (1Me)2+ indicates a slower electron transfer, most likely
associated with a change in the molecular structure of the
dicationic product. This difference between the anodic steps
became more apparent on the longer time scale of the spec-
troelectrochemical experiments (see below). Interestingly,
the E1/2 values determined for 1Me are lower than those ob-
served for 1H by 90 and 20 mV for the first and second
couple, respectively,[7] and reveal a stabilisation effect of the
methyl groups at the phenyl-diene backbone on the oxidised
species.

Corresponding UV/Vis spectroelectrochemical experi-
ments with 1Me in the anodic region were performed in
dichloromethane at 293 K (Figure 2) and 233 K, with al-
most identical results. The one-electron-oxidised species
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(1Me)+ remains fully stable at both temperatures, as revealed
by the completely reversible thin-layer cyclic voltammetric
response (with a small ∆Ep value of about 20 mV, which is
comparable to that of the Fc/Fc+ couple) recorded in the
course of the anodic and reverse cathodic scans. In the UV/
Vis spectral region, the conversion of 1Me to (1Me)+ at room
temperature is accompanied by the disappearance of the
absorption bands of the parent complex (see Experimental
Section) and the growth of new intense bands of the cat-
ionic product at λmax (εmax, –1 cm–1) = 300 (23 200), 374
(22 400), 411 (sh., better resolved at 233 K) and
468 nm(7300); in addition, a broad absorption band of
lower intensity appears at a low energy, with poorly re-
solved maxima at λmax (εmax, –1 cm–1) = 810 (2100) and
920 nm (2500). The reversibilty of the first anodic step is
reflected by the presence of isosbestic points at 280, 375,
405, 466 and 543 nm (Figure 2) and the full recovery of the
initial UV/Vis spectrum of 1Me after “back reduction” of
(1Me)+. It is important to note that absorption bands at ca.
400 nm (εmax ca. 10 000 –1 cm–1) are typically found for
phenoxyl radical complexes and have been attributed to a
π�π* electronic transition of the phenoxyl ligand.[1a,9] The
broad low-energy bands may have their origin in an electron
transfer to the phenoxyl singly occupied molecular orbital
(SOMO) from lower-lying occupied levels.[10] Thus, one-
electron-oxidised (1Me)+ shows the spectroscopic signature
of a phenoxyl radical complex, which suggests that the oxi-
dation of 1Me to (1Me)+ is predominantly ligand-centred.

The second anodic step, i.e. the oxidation of (1Me)+ to
(1Me)2+, is characterised by a large separation between the
anodic and reverse cathodic peaks of the couple observed
in the thin-layer cyclic voltammogram exceeding 500 mV at
233 K. This result points to a significant difference between
the ultimate molecular structures of (1Me)+ and (1Me)2+.
The electronic absorption spectrum of (1Me)2+ (not shown)
exhibits a very intense band at 300 nm with a shoulder at
325 nm, two less intense bands of similar intensities at 420
and 455 nm and a weak band at 558 nm. The absorption
maximum at 820 nm disappeared and the broad, low-en-
ergy absorption band shifted more to the NIR region rela-
tive to (1Me)+ (Figure 2). These absorption features indicate
the presence of the coordinated phenoxyl radical chromo-
phore also in the dicationic product (1Me)2+. The subse-
quent oxidation of (1Me)+ is presumably localised more at
the nickel(II) centre, causing changes in the coordination
sphere, which may explain the electrochemically irreversible
nature of the second anodic step. However, detailed investi-
gation of this process is beyond the scope of this work.
Back reduction of (1Me)2+ resulted in the smooth recovery
of (1Me)+, thereby excluding any decomposition or irrevers-
ible structural change induced by the second anodic reac-
tion.

The X-band EPR spectra of (1Me)+ � generated electro-
chemically (Figure 3) by bulk electrolysis in CH2Cl2 (see
Experimental Section) � were recorded in the temperature
range 10–240 K. Above the freezing point of CH2Cl2 (170–
190 K), the EPR spectrum exhibits a single unresolved iso-
tropic signal centred at giso = 2.04 with a peak-to-peak line
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width of ca. 100 G. This spectrum resembles those obtained
for [Ni(HL)]+[7] and [Ni(CyL)]+[6] at T � 190 K. The gav val-
ues for the latter spectra (2.03–2.04) are much lower than
those expected for a NiIII species (gav values ranging from
2.13 to 2.17),[5] but higher than g factors reported for free[11]

or Zn-coordinated[7,10] phenoxyl radicals (2.004–2.005),
which are typically close to the free electron value (ge =
2.0023).[10b] At temperatures below the freezing point of
CH2Cl2 (10–170 K), the EPR spectrum of (1Me)+ displays a
rhombic signal with g11 = 2.00, g22 = 2.02, g33 (broad) =
2.10 and a gav value of 2.04 (obtained from numerical calcu-
lation of the average over the whole spectrum). The values
g11 = 2.00 and g22 = 2.02 were obtained directly from the
spectrum, and g33 was calculated from gz = 3gav – gx – gy.
Thus, the gav value in frozen CH2Cl2 is identical to that
obtained above 190 K in fluid solution. This observation is
in sharp contrast with the EPR spectra recorded for
[Ni(HL)]+ and [Ni(CyL)]+ at T � 170 K, which exhibit an
axial signal with g� � g� and gav of 2.17 and 2.18, respec-
tively.[6,7] The latter spectra are typically observed as a result
of a (dz2)1 ground state, which, to the best of our knowledge,
can only be achieved for six-coordinate tetragonally elon-
gated nickel(III) compounds,[5] as predicted by the
theory.[12]

Figure 3. X-band EPR spectrum of electrochemically generat-
ed(1Me)+ recorded in frozen CH2Cl2 at 30 K (bottom) and at 255 K
(top). The numbers indicate the g values (see text).

Thus, the experimental data obtained for (1Me)+ indicate
that the electronic structure of the complex remains un-
changed in the 10–240 K temperature range. In frozen
CH2Cl2, the anisotropy becomes resolved. The anisotropy
of (1Me)+ and the low gav value are consistent with a NiII

radical complex; the metal centre has a partial NiIII charac-
ter (vide infra) with a (dp)1 configuration (dp = dxy, dxz

or dyz) in a square-planar coordination environment. Such
interpretation agrees well with the rhombic or axial EPR
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spectra obtained for NiII–(N2O2)· complexes bearing oxam-
ato (g� = 2.040 � g� = 2.005;[13] gav = 2.028), salicylamidato
(g = 2.09, 2.03, 1.95; gav = 2.023)[7] or semiquinonato (gx =
2.0098, 2.0384, 2.1097; gav = 2.019)[14] radical ligands.

DFT calculations were performed with all core states ex-
plicitly included, and exchange-correlation effects were
treated at the BP86[15a,15b] level of theory. Geometry op-
timisation, frontier orbitals and EPR parameters were cal-
culated for both parent (1Me) and oxidised compound
(1Me)+, and similar treatments were applied for 1H and
(1H)+ for comparison. The calculated structural parameters
for geometry optimised 1Me and 1H have been found to
agree appreciably with the corresponding data obtained by
X-ray crystallography: bond lengths are reproduced within
�0.02 Å and bond angles within �0.2° (Table S1). The cal-
culated g-tensor parameters for (1Me)+ are gxx = 2.1341, gyy

= 2.0027, gzz = 1.9822. The z axis is perpendicular to the
plane of the molecule and the x axis is the C2 axis of the
system along the plane of the molecule, as indicated in Fig-
ure 4. The result is in good agreement (within 0.03) with
the experimental data. In particular, the anisotropy in the
g values has been well reproduced, with the two g values
close to ge separated by ca. 0.02 (gyy – gzz) and gxx � gyy,
gzz. We thus tentatively assign the principal g-tensor orien-
tations as g11(2.00) = gzz, g22(2.02) = gyy and g33(2.10) =
gxx. This finding supports the validity of the theoretical
model and rules out unambiguously a (dz2)1 low-spin NiIII

ground state, as had been proposed for (1H)+[7] and
(1Cy)+.[6] The calculated singly occupied molecular orbital
(SOMO) and the corresponding unpaired spin density dis-
tribution of (1Me)+ were also analysed. The SOMO is
mainly delocalised on both phenoxy rings, with appreciable
contributions of the nickel dxz (6.49%) and dyz (6.33%) or-
bitals (Figure 4). Consequently, ca. 75% of the unpaired
spin is located on the ligand and 25% on the nickel centre.
For each phenoxy ring, the typical phenoxy radical pattern
with an alternating spin density distribution was obtained;
a significant amount of positive spin population at the O
(0.115), Cortho (0.08 and 0.06) and Cpara (0.11) atoms (Fig-
ure S2 and Table S2) accounts for ca. 72% of the total spin
density. Hence, the calculations agree well with the experi-
mental findings, and (1Me)+ is best described as a nickel(II)
complex with a phenoxyl-type radical ligand. In addition,
the DFT calculation on (1H)+ shows that the calculated
bond parameters of the complex, the nature of the SOMO
and the anisotropy in the g tensor (calculated g values are
gzz = 1.97771, gyy = 2.0027, gxx = 2.1329) are essentially
identical to the corresponding parameters obtained for
(1Me)+. This result is consistent with the calculated absence
of spin density on the methyl groups in (1Me)+ and rules
out any significant electronic effect of the methyl groups
that can explain the EPR discrepancies between (1Me)+ and
(1H)+ in frozen CH2Cl2. Moreover, in the case of (1H)+, the
EPR data in MeOH remain essentially unchanged relative
to those obtained in CH2Cl2, which suggest a six-coordi-
nate species.[7] Such a coordination environment may have
been achieved by either axial coordination of remnant water
molecules or intermolecular interactions that may have
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been prevented by the presence of the methyl groups in the
case of (1Me)+.

Figure 4. Calculated SOMO for geometry-optimised (1Me)+.

Conclusions

In this communication, we have demonstrated that the
one-electron oxidation of the diamagnetic S = 0, d8, low-
spin NiII square-planar compound [NiII(MeL)] occurs
largely on the Schiff-base ligand, yielding [NiII(MeL·)]+. The
latter cation is the first example of a thermally stable
(within the temperature range 10–295 K) NiII phenoxyl rad-
ical complex. The EPR discrepancies observed (below
170 K) for the reported related complexes [NiIII(HL)]+ and
[NiIII(CyL)]+ cannot be explained by electronic effects.
Rather, they may be the result of axial coordination by
water (present as impurities) and/or intermolecular interac-
tions, which allow the stabilisation of a six-coordinate NiIII

complex. Apparently, this coordination is not stable at
higher temperatures and leads to a g value in liquid solution
that is close to the gav value observed in the present study.
Several new bis(salicylidene)diaminenickel(II) complexes
with various substituents on the phenylene backbone are
being synthesised in order to shed more light on the factors
that govern the “spectroscopic” oxidation states of their
one-electron oxidation product.

Experimental Section
Synthesis of [Ni(MeL)] (1Me) and Characterisation by NMR Spec-
troscopy, MS and Elemental Analysis: H2L (0.568 g, 0.001 mol) in
CHCl3 (25 mL) was added to a solution of nickel(II) perchlorate
hexahydrate (0.365 g, 0.001 mol) in methanol (10 mL), and the re-
sulting red solution was stirred for 2 h at room temperature. Slow
evaporation of the solvent yielded red, needle-shaped crystals
within one day, which were isolated, washed with diethyl ether and
dried in air. The crystals appeared to be suitable for X-ray struc-
tural determination. Yield: 0.46 g (77%). C38H50N2NiO2 (625.51):
calcd. C 72.97, H 8.06, N 4.48; found C 73.04, H 7.71, N 4.40.
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ES(+)-MS: m/z = 624.36 [M+]. IR (neat solid): ν(C=N): 1616 cm–1.
UV/Vis (CH2Cl2): λmax (εmax, –1cm–1) = 268 (42 400), 299 (18
300), 312 (sh.), 385 (29 800), 475 (sh.), 499 (8 900) nm. 1H NMR
(300 MHz, CDCl3): δ = 8.14 (s, 2 H, H–C=N), 7.44 (s, 2 H, HPhN2

),
7.39 (d, 4J = 2.7 Hz, 2 H, HPhO), 7.09 (d, 4J = 2.7 Hz, 2 H,
HPhO), 2.30 (s, 6 H, CH3), 1.46 [s, 18 H, C(CH3)3], 1.30 [s, 18 H,
C(CH3)3] ppm. All measurements were performed on locally avail-
able standard instruments.

Electrochemistry: Each experiment was performed under dinitrogen
using dry, distilled and degassed CH2Cl2. The cyclic voltammog-
ram of the studied compound 1Me (10–3 ) in CH2Cl2 containing
[NBun

4][ClO4] (4�10–1 ) as the background electrolyte was re-
corded at room temperature with a glassy carbon working elec-
trode, a Pt plate auxiliary electrode and a Ag/AgCl reference elec-
trode. The electrode potentials are referenced against the Fc/Fc+

couple that was used as the internal standard. The oxidised species
(1Me)+ was generated by controlled potential electrolysis (CPE) per-
formed on 1Me (10–3 ) at 263 K in a CH2Cl2 solution containing
[NBun

4][ClO4] (4�10–1 ) as the background electrolyte. The elec-
trolytic cell consisted of a Pt gauze basket working electrode, a Pt
gauze auxiliary electrode and a Ag/AgCl reference electrode. Both
CV and CPE measurements were performed by using an Autolab
PGSTAT20 potentiostat.

UV/Vis Spectroelectrochemistry: UV/Vis spectroelectrochemical ex-
periments at low temperatures were performed with a cryostatted
optically transparent thin-layer electrochemical (OTTLE) cell
equipped with CaF2 windows and a Pt minigrid working electrode
(32 wires per cm).[16a] The electrolysis at room temperature was
conducted with another home-made demountable OTTLE cell.[16b]

The concentrations of the solutions were typically 3 �10–1  in the
supporting electrolyte ([NBun

4][ClO4]) and 10–3  in the analyte.
The working electrode potential of the spectroelectrochemical cells
was controlled with a PA4 potentiostat (EKOM, Polná, Czech Re-
public). A thin-layer cyclic voltammogram was recorded during the
course of each spectroelectrochemical experiment. The electronic
absorption spectra were obtained with a HP 8453 diode array spec-
trophotometer.

EPR Spectroscopy: X-band (9.48 GHz) cw-EPR spectra were re-
corded by using a ELEXSYS E680 (Bruker, BioSpin, Rheinstetten)
spectrometer with a TE102 resonator. Sample solutions of electro-
chemically generated (1Me)+ (vide ultra) were rapidly transferred
under exclusion of dioxygen into an X-band quartz tube (4-mm
inner diameter), which was immediately frozen and stored in liquid
nitrogen. The measurements were performed at temperatures from
10 to 240 K using an Oxford ESR 900H cryostat. The microwave
power supplied to the resonator was varied in the range 0.2–2 mW;
a 100-kHz magnetic field modulation with a peak-to-peak ampli-
tude of 0.5 mT was used.

DFT Calculations: The calculations were performed with the Am-
sterdam Density Functional (ADF 2005) program system.[15c,15d] A
Slater-type orbital basis set of triple zeta quality for the valence
orbitals was used, augmented with a polarization function, cf. the
standard TZP basis.[15e] Calculations were performed on isolated
molecules, without inclusion of solvent molecules.[15f]

X-ray Crystallographic Study of 1Me: Crystal data: C38H50N2NiO2,
red, needle, Fw = 625.51, triclinic, space group P1̄, a =
9.2500(10) Å, b = 14.865(2) Å, c = 14.951(2) Å, α = 119.220(10)°,
β = 101.650(10)°, γ = 92.310(10)°, V = 1733.9(4) Å3, d =
1.198 gcm–3, Z = 2, T = 173(2) K, F(000) = 627, µ(Mo-Kα) =
0.593 mm–1. A transparent, red, needlelike single crystal of
0.25�0.05�0.05 mm was mounted on a Lindemann glass capil-
lary and transferred into the cold nitrogen stream of a Nonius Kap-
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paCCD diffractometer on a rotating anode (Mo-Kα radiation,
graphite monochromator, λ = 0.71073 Å). 27617 independent re-
flections (7944 unique; Rint = 0.117) were collected. The intensity
data were corrected for Lorentz and polarisation effects and for
absorption. The structure was solved by direct methods. The pro-
grams COLLECT[17a] SHELXS-97[17b] and SHELXL-97[17c] were
used for data reduction, structure solution and structure refine-
ment, respectively. The final agreement factors are R1 = 0.0657 for
4241 data with F � 4σ(F) and R1 = 0.1554, wR2 = 0.1433 for
7944 data. All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were placed at idealised positions and allowed to
ride on the connecting atom. CCDC-622859 contains the supple-
mentary crystallographic 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.

Supporting Information (see footnote on the first page of this arti-
cle): Cyclic voltammogram of 1Me, in CH2Cl2, containing [NBun

4]-
[ClO4] (0.4 ), plot of the distribution of the non-zero spin popula-
tions, calculated bond lengths [Å] and angles [°] for the optimised
structure of 1Me and 1H, list of individual atomic electron spin den-
sity calculated for (1Me)+.
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