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Several nickel(11) complexes with tetradentate N,O, Schiff-base ligands (H,L) have been synthesized and their
oxidative chemistry studied in dimethylformamide and in dimethyl sulfoxide. Electrochemical and EPR data for
the oxidised solution revealed that in these strong co-ordinated solvents almost all nickel(1r) complexes were
oxidised to low-spin six-co-ordinate nickel(i) complexes, formulated as [Ni™L(solv),]", where solv stands for a
solvent molecule. Upon addition of pyridine to fluid solutions of [Ni"™L(solv),]" new species were formed which
on the basis of their EPR spectra can be formulated as [Ni™L(py),]*. Extensive electronic characterisation of the

nickel (1) compounds was made by coupling of EPR and electronic spectroscopic data.

High-valence nickel chemistry has attracted increased attention
as it has become clear that the +3 oxidation state is biologically
significant. More recently, it was found that high-valent nickel
species may also be intermediates in newly discovered catalytic
oxidations,? and in the nickel-mediated sequence-specific oxid-
ative cleavage of DNA by designed metalloproteins.®

There is a considerable interest in knowledge of the factors
that modulate oxidative behaviour of nickel(r) complexes with
macrocyclic'**” and other polydentate ligands,'**? and in the
characterisation of their electronic structure in order to under-
stand the role of natural occurring and synthetic nickel(m)
complexes in their catalytic cycles. Moreover, this information
will be useful in the design of new complexes with well defined
catalytic properties.

We have been interested in the study of nickel-(1) and -(1r)
complexes with Schiff-base ligands having mixed co-ordination
spheres.'®"* Identification of the factors that control the
oxidation/reduction site in these complexes, determination of
their redox potentials and characterisation of their electronic
structure have been the main purposes of the ongoing work.
These complexes afford two main differences relative to macro-
cyclic ligands: easier access to mixed-donor environments, and
an open equatorial ring the hole size of which can in principle
accommodate more easily the expected changes in metal size
upon oxidation/reduction.

Nickel(i1) complexes with tetradentate N,O, Schiff-base lig-
ands derived from salicylaldehyde have been known for a long
time.'® Nevertheless their redox properties are currently a theme
of interest since these complexes provide examples of systems
where the final reduction/oxidation site (metal or ligand)
can be controlled by the aromaticity of the ligand (reduction
process) '*!” and by the solvent (oxidation process).!®!"181

Our interest in the chemistry and reactivity of high-valent
nickel complexes has led us to perform a systematic investiga-
tion on the oxidative chemistry of nickel() complexes with
tetradentate N,O, Schiff-base ligands formed by condensation
of salicylaldehyde derivatives with several diamines (Scheme 1).
We have shown *? that in strong donating solvents such com-
plexes are oxidised to nickel(1r) species; however in acetonitrile
and in other lower co-ordinating solvents they are oxidatively
polymerised at the electrode surfaces to generate electroactive
films the physical/chemical properties of which have been a
matter of controversy.'”?' Recently, we have reinvestigated the
oxidation of [Ni(salen)] in acetonitrile® and by coupling
spectroscopic (FTIR, UV/VIS and EPR) and electrochemical
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techniques have demonstrated that polymerisation is ultimately
a ligand-based process and the resulting polymer exhibits
physical/chemical properties that cannot be attributed to an
aggregation of individual nickel-(11) or -(11) complexes, behav-
ing rather like a polyphenylene compound.

We have extended this study, in order to get insights into the
relative influence of the equatorial/axial ligand field in stabilis-
ing the +3 oxidation state of the metal. Hence, the electro-
chemical properties of the complexes in Scheme 1 were studied
in dimethylformamide and dimethyl sulfoxide, using NEt,ClO,
as supporting electrolyte. The complexes were oxidised by
controlled-potential electrolysis in these solvents and their
pyridine adducts were also prepared. Extensive electronic char-
acterisation of the nickel(m) species was obtained by coupling
EPR and electronic spectroscopic data.

Experimental
Reagents, solvents, and ligands

The solvents for syntheses were of reagent grade and those
for electrochemical measurements were of analytical grade; all
were used as received. All reagents (nickel acetate tetrahydrate,
salicylaldehyde, o-phenylenediamine, ethane-1,2-diamine, 2-
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hydroxyacetophenone, 4,5-dichloro-1,2-phenylenediamine, 1,3-
diaminopropane, 2,3-dimethyl-2,3-dinitrobutane, tetraethyl-
ammonium bromide and perchloric acid) were obtained com-
mercially and used as received, except for ethane-1,2-diamine
which was distilled prior to use. 2-3-Dimethylbutane-2,3-
diamine was prepared by a modification of the method of
Sayre.?® Tetraethylammonium perchlorate was prepared by
published procedures from tetraethylammonium bromide and
perchloric acid.** CAUTION: perchlorates are hazardous and
may explode.

The Schiff bases were prepared by standard methods,
which an ethanolic solution of a diamine was added to a rapidly
stirred ethanolic solution of salicylaldehyde and the resulting
mixture was then refluxed. On cooling to room temperature, the
yellow solids formed were filtered off, washed with cold ethanol
and cold diethyl ether, and dried under vacuum for several hours.

16,25 in

Nickel complexes

Nickel(11) complexes were also synthesized by standard pro-
cedures: ' ethanolic solutions of the Schiff base were added to
ethanolic nickel(11) acetate solutions and the resulting mixtures
refluxed; after cooling, brown or red-brown microcrystalline
solids were filtered off, washed with ethanol and diethyl ether,
and dried under vacuum. Several of these complexes have been
studied previously; their inclusion provides a complete and
coherent framework for the overall study reported here.

[Ni(salen)]: '"H NMR (CDCl,, 200 MHz, 297 K): § 3.44 (4 H,
CH,CH,), 6.52-7.19 (8 H, aromatic H) and 7.41 (2 H, =CH).
Electronic spectra: A, /nm(g/dm?® mol™ cm™) 540 (230), 440
(3860), 405 (7170) and 390 (4560) (Me,SO); 540, 430, 410
and 370 (Nujol) (Found: C, 59.2; H, 4.3; N, 8.6. Calc. for
CsH14,N,NiO,: C, 59.1; H, 4.3; N, 8.6%).

[Ni(saltmen)]: '"H NMR (CDCl;, 200 MHz, 297 K): & 1.44
[12 H, C(CH;),C(CH,),], 6.48-7.26 (8 H, aromatic H) and 7.48
(2 H, =CH). Electronic spectra: A, /am(g/dm® mol™' cm™") 545
(160), 435 (4000), 410 (7000) and 390 (4250) (Me,SO); 545, 440,
410 and 390 (Nujol) (Found: C, 62.9; H, 5.9; N, 7.4. Calc. for
C,0H,4N,NiO,: C, 63.0; H, 5.8; N, 7.4%).

[Ni(a,a'-Me,salen)]: '"H NMR [(CD,),SO, 200 MHz, 297 K]:
8 2.35[6 H,=C(CH,)] 3.43 (4 H, CH,CH,) and 6.43-7.52 (8 H,
aromatic H). Electronic spectra: A, /nm(e/dm® mol™! cm™)
545 (160), 445 (2600), 405 (6170) and 390 (4670) (Me,SO); 545,
445, 415 and 390 (Nujol) (Found: C, 59.9; H, 5.2; N, 7.7. Calc.
for C;4H,yN,NiO,-0.5H,0: C, 59.7; H, 5.3; N, 7.7%).

[Ni(salpd)]: '"H NMR (low solubility in the solvents used).
Electronic spectra: A, /mm(e/dm® mol™* cm™) 500, 410, 375
and 355 (Me,SO); 590 (Nujol) (Found: C, 59.5; H, 4.4; N, 7.9.
Calc. for C;H;(N,NiO,: C, 60.2; H, 4.7; N, 8.2%).

[Ni(saloph)]: '"H NMR (CDCl,, 200 MHz, 297 K): § 6.62—
7.75 (12 H, aromatic H) and 8.25 (2 H, =CH). Electronic
spectra: A, /am(e/dm® mol™! cm™) 475 (9300), 450 (8000),
375 (28 000) and 365 (24 000) (Me,SO); 570, 520, 490, 450 and
390 (Nujol) (Found: C, 64.3; H, 3.7, N, 7.4. Calc. for
CH14sN,NiO,: C, 64.4; H, 3.8; N, 7.5%).

[Ni(salophCl,)]: 'H NMR [(CD;),SO, 200 MHz, 297 K]:
$ 6.63-8.45 (10 H, aromatic H) and 9.00 (2 H, =CH). Electronic
spectra: Ay, /nm(e/dm® mol™* cm™) 490 (10 500), 455 (8850),
383 (29 800) and 360 (21 200) (Me,SO); 560, 535, 500, 450 and
400 (Nujol) (Found: C, 54.0; H, 2.7; N, 6.2. Calc. for
C,H1,CLLN,NiO,: C, 54.4; H, 2.7; N, 6.3%).

Preparations of nickel(11) complexes were attempted by
electrochemical oxidation of solutions 1 mmol dm™* in the
corresponding nickel(rr) complexes with NEt,ClO, (0.1 mol
dm™®) as support electrolyte, in the following solvents: (a) dmf
at —20°C and (b) Me,SO at room temperature. Owing to
instability of the electrogenerated nickel(1r) species it was not
possible to isolate solids; the electrogenerated species were pre-
pared shortly before measurements and kept frozen in liquid
nitrogen. Manipulations of nickel(1r) species were carried out
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in a nitrogen atmosphere, by use of standard Schlenk tech-
niques and/or of a glove-box.

Pyridine adducts were prepared by addition of cold solutions
of pyridine in toluene (10 fold-in excess of metal complexes) to
freshly electrolysed solutions of Ni™™ that had been frozen and
then warmed to just above the softening point of the frozen
glass. The resulting solutions were immediately transferred to
EPR tubes and then frozen in liquid nitrogen.

Physical measurements

Elemental analyses (C, H and N) were performed at the Micro-
analytical Laboratory, University of Manchester. Proton NMR
spectra were recorded with a Bruker AC 200 spectrometer at
25 °C, using SiMe, as internal reference.

Electrochemical measurements were made with a E 611
VA-Detector, a E 612 VA-Scanner, and a E 524 coulometer (all
from Metrohm) using dmf or Me,SO solutions 1 mmol dm*in
nickel(ir) complex and 0.1 mol dm™~* NEt,ClO,. Cyclic voltam-
metry was performed using a platinum microsphere as working
electrode, a platinum wire as counter electrode, and an Ag—
AgCl (1 mol dm* NaCl) reference electrode. All potentials are
reported relative to that of the reference electrode and to E: of
the ferrocenium—ferrocene couple; under the experimental con-
ditions used (scan rate 0.05 V s™!) E; for latter couple is 0.50 V
in dmf (AE=0.10 V) and 0.48 V in Me,SO (AE=0.09 V).
Measured potentials were not corrected for liquid-junction
potentials. Scan rates from 0.01 to 0.10 V s~ were used and the
low and high potential limits were 0.30 and 1.30 V.

Electrolyses were carried out at controlled potential at a
value 0.05 V higher than the anodic peak potential in a three-
electrode cell, using a platinum gauze as working electrode, a
platinum foil as counter electrode, and an Ag-AgCl (1 mol
dm? NaCl) reference electrode.

The EPR spectra were obtained with an X-band Varian
E 109 spectrometer at 77 K. Spectra were calibrated with
diphenylpicrylhydrazyl (dpph; g=2.0037) and the magnetic
field was calibrated by use of Mn*" in MgO. The reported
EPR parameters were obtained by computer simulation.?
Nickel(1r) concentrations were estimated by double integration
of EPR spectra, including baseline and Aasa and Vanngard
corrections,”’ using Me,SO solutions of copper(il) nitrate as
concentration standards.

Room-temperature electronic spectra of nickel(t,im) com-
plexes in solutions of dmf and Me,SO and of nickel(11) com-
plexes in Nujol mulls were recorded with a Cary 17DX spectro-
photometer. Molar absorption coefficients for the nickel(1r)
electronic bands were estimated by using the values of the
nickel(111) concentration obtained from EPR spectra.

Results and Discussion
Structural and electronic data for nickel(ir) complexes

Crystal and molecular structures are known for [Ni(salen)],?®
[Ni(salpd)],” [Ni(a,0’-Me,salen)],*® [Ni(saloph)],*! and the co-
ordination geometry around the metal atom has been found
to be square planar in all the complexes, with the ligand co-
ordinated through the nitrogen and oxygen atoms in a N,O, cis
configuration. The N,O, co-ordination sphere is almost planar
with the metal atom lying practically in the plane defined by the
co-ordinated atoms, except in [Ni(salpd)] for which the nickel
atom is 12 pm out of this plane.” The aromatic imine bridges
are necessarily planar, whereas aliphatic bridges are normally
puckered with several atoms deviating from the best co-
ordination plane. As a consequence, in complexes with aro-
matic bridges the Ni-N bond distances are longer than Ni-O, a
situation that is reversed in complexes with aliphatic bridges.
The similarity between the electronic data for the above com-
plexes and for those for which no crystal data are available is
taken to provide support to the assumption that all complexes



Table 1 Cyclic voltammetric results for nickel(i) complexes in dmf and Me,SO (0.1 mol dm~* NEt,CIO,) at 25 °C*“

In dmf In Me,SO

Ag-AgCl (1 mol dm ™3 NaCl) Ferrocenium-ferrocene Ag-AgCl (1 mol dm ™ NaCl) Ferrocenium-ferrocene
Complex E,, E,. AE E E foe i ” E,, E, AE E E e iy ”
[Ni(salen)] 0.92 0.81 0.11 0.87 0.39 0.98 0.84 0.72 0.12 0.78 0.30 1.00
[Ni(salpd)] 0.85 ¢ 0.73 ¢
[Ni(saltmen)] 1.02 0.87 0.15 0.94 0.47 0.93 0.93 0.82 0.11 0.87 0.39 0.95
[Ni(a,a'-Me,salen)] 0.88 0.77 0.12 0.82 0.35 0.99 0.80¢ 0.69¢ 0.11¢ 0.74¢ 0267 1.00¢
[Ni(saloph)] 1.01 0.88 0.13 0.95 0.48 0.96 0.91 0.75 0.17 0.83 0.35 0.98
[Ni(salophCl,)] 1.03 0.91 0.12 0.97 0.50 0.90 0.97 0.79 0.19 0.88 0.40 0.91
[Ni(3,5-Cl,saloph)]© 1.02 0.86 0.16 0.94 0.44 1.10 0.94 0.83 0.11 0.88 0.40 0.98

“ All potentials in V. Solute concentration ~ 10* mol dm™%; scan rate=0.05 V s™'; E,, and E, are the anodic and the cathodic peak potentials,
respectively; AE = E,, — E,; Es=YE,, + E,.).* The ratio i, iy, in dmf decreases for scan rates lower than 0.04 V s™', while in Me,SO this behaviour

pe>

is observed only for scan rates lower than 0.01 Vs™*. ¢ Cyclic volammograms do not show the corresponding cathodic wave. ¢ From ref. 11. ¢ From ref.

10.

prepared in this work must have analogous structures, thus pro-
viding a rationale for the assignment of spectral bands. The
very intense bands at low wavelengths have been assigned to
charge-transfer transitions;***® for complexes with aromatic
bridges these bands occur at longer wavelengths, as expected
from the higher aromaticity of the ligands which eases delocal-

isation of electron density.

The weaker band in the region 530-600 nm in the spectra
of complexes with aliphatic imines is assigned to unresolved
transitions from the four low-lying d orbitals to the empty d,,
orbital.**** This band could not be observed for complexes with
aromatic imine bridges since it is masked by the high-intensity

charge-transfer transitions.

The energy of the band assigned to d—d transitions can pro-
vide a rough estimate of the ligand-field strength, since one of
the electronic transitions comprised in the band envelope is
. and the energy associated with this transition is
10Dg — C.** No comparison is possible between energies for
d-d transitions for complexes with aliphatic with those with
aromatic imine bridges, as they are not observed in the latter
complexes. However, for those with aliphatic bridges it can be
inferred that an increase in the number of bridging carbon
atoms is associated with a decrease in ligand field, as can be
gathered from the lower energies of d-d transitions for the
complex with the 1,3-propanediamine bridge; this decrease
must be due to an increase in the size of the ligand cavity, as is
corroborated by noting that [Ni(salpd)] has the largest Ni-N
and Ni—O distances of all structures described above.

d,«—d._,

Cyclic voltammetry of nickel(ir) complexes

Electrochemical data are summarised in Table 1. The com-
pound [Ni(salpd)] is irreversibly oxidised and in foregoing dis-
cussion all references will be to the other compounds, for which
in both solvents the voltammograms show one oxidation pro-
cess in the potential range studied: Ei (vs. Ag—AgCl) values
from 0.78 to 0.97 V in dmf and from 0.63 to 0.89 V in Me,SO.
With increasing scan rates a linear dependence is observed
between i, and v and between E, and i,. In both solvents, the
anodic—cathodic peak potential separations [AE(dmf) =0.11-
0.16 and AE(Me,SO)=0.11-0.19 V] are similar to or some-
what larger than those observed for the ferrocenium—ferrocene
couple (0.10 V in dmf and 0.09 V in Me,SO), for which a
diffusion-controlled one-electron reversible process is expected
to occur under the experimental conditions used. The ratio
i,a is solvent dependent: it is practically constant and equal
to 1:1 in Me,SO (except for the scan rate of 0.01 V s™1),
whereas in dmf it depends on the scan rate and reaches values
near 1:1 only for scan rates higher than 0.04 V s,

In both solvents the complexes are oxidised to nickel(m) (see
below); but whereas in Me,SO the oxidation process closely

fpe

resembles reversible charge transfer and the results also provide
support for chemical reversibility within the cyclic voltam-
metric timescale used, in dmf neither chemical nor electro-

chemical reversibility can easily be supported, as i:ip,
approaches 1:1 only for scan rates higher than 0.04 V s™'.3

Dependence of redox potentials on the ligand. The oxidation
potentials are markedly dependent on the imine bridge, with the
more positive potentials observed for complexes with aromatic
bridges. Two possible explanations can be invoked to explain
this behaviour: * (i) an increase in unsaturation that would ease
electron-density delocalisation from the metal to the ligand,
and (ii) higher rigidity of the ligand, imparted by the aromatic
bridge, that would hinder a contraction of the hole cavity.

Substituents on the ligands affect the oxidation potentials in
the usual manner:*'? electron-withdrawing substituents (Cl
atoms) shift the redox potential positively, whereas electron-
donating groups (methyls on the imine carbon) have the oppos-
ite effect. Nevertheless, the above arguments cannot account
for the observed effect of the methyl group on the E: of [Ni-
(saltmen)] as the introduction of these methyl groups, despite
having a positive inductive effect, produces an anodic shift
in the redox potential relative to that of [Ni(salen)]. Based on
the X-ray data obtained for the similar complex [Ni(naptmen)]
[Hynaptmen = N,N’-bis(2-hydroxynaphthylmethylene)-2,3-
dimethylbutane-2,3-diamine], this observation is consistent
with the interpretation that steric hindrance on axial binding
sites, imposed by the axially oriented methyl groups of the
imine bridge, decreases stabilisation of Ni™™ by co-ordinated
solvent molecules.'"**

Dependence of redox potentials on the solvent. The redox
potentials show a cathodic shift with an increase in the donor
capacity of the solvent. Oxidation of square-planar nickel(1r)
complexes to Ni'™ takes place with a concomitant increase in
co-ordination number, as these latter complexes are normally
six-co-ordinate. The cathodic shift in the redox potentials on
going from dmf to Me,SO is attributed to the stronger axial
bonds that are established between nickel(1ir) and the molecules
of the better donor, and that help to stabilise the high oxidation
state of the metal (see below).

Electrolysis of nickel(11) complexes and EPR spectra of the
oxidised species

Electrochemical oxidation in these solvents produces a change
from reddish to dark brown, implying formation of new species.
The observation that EPR spectra of fluid solutions of the elec-
trolysed complexes exhibit a single broad line, with g, in the
range 2.197-2.210 for dmf and 2.161-2.192 in Me,SO, implies a
metal-centred oxidation process, which for nickel must be
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Table 2 The EPR parameters for [NiL(dmf),]” and [NiL(Me,SO),]" complexes

Experimental values Coefficients® Energy of excited states/cm ™!
Complex 8x g g g’ 8iso© G G G ACB) ACAY) AQ?
[Ni(salen)(dmf),]* 2.266 2.222 2.021 2.170 2.199 0.0343 0.0424  0.1075 11 465 9275 3658
[Ni(salen)(Me,SO),]* 2.256 2.216 2.020 2.164 2.183 0.0334 0.0399  0.1045 11774 9856 3763
[Ni(saltmen)(dmf),] " 2.265 2.224 2.020 2.170 2.210 0.0348 0.0414  0.1053 11 300 9499 3734
[Ni(saltmen)(Me,SO),]* 2.254 2.226 2.020 2.167 2.186 0.0351 0.0396  0.1047 11204 9931 3756
[Ni(a,a’-Me,salen)(dmf),]* 2.274 2.220 2.018 2.171 2.198 0.0346 0.0432  0.1010 11 366 9103 3894
[Ni(a,0'-Me,salen)(Me,SO),] "¢ 2.266 2.220 2.021 2.169 2.188 0.0340 0.0414  0.1074 11 566 9499 3662
[Ni(saloph)(dmf),]* 2.259 2.218 2.022 2.166 f 0.0334 0.0400  0.1092 10 704 8938 3274
[Ni(saloph)(Me,SO),]* 2.252 2.214 2.021 2.162 2.182 0.0329 0.3900  0.1065 10 866 9167 3357
[Ni(salophCl,)(dmf),]* 2.254 2.216 2.022 2.164 f 0.0331 0.0392  0.1089 10 801 9120 3283
[Ni(salophCl,)(Me,SO),]* 2.251 2.214 2.021 2.162 2.161 0.0329 0.0389  0.1064 10 866 9190 3360
[Ni(3,5-Cl,saloph)(dmf),] " ¢ 2.238 2.204 2.023 2155 f 0.0308 0.0363  0.1099 11 607 9848 3253
[Ni(3,5-Cl,saloph)(Me,SO),] "¢ 2.234 2.204 2.020 2.153 2.168 0.0313 0.0361 0.1029 11422 9903 2474

“ Obtained from McGarvey equations, see text. * The value of g,, was calculated as (g, + g, + g,). ¢ Obtained from fluid-solution EPR spectra at 233
K. ? Difference between the average energy of the quartet states and the ground state. © From ref. 11. /It was not possible to obtain fluid-solution

EPR spectra, see text. £ From ref. 10.
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Fig. 1 Frozen-solution X-band EPR spectra at —140 °C of (a) an
electrochemically oxidised solution of [Ni(salen)] in dmf and (b) the
corresponding pyridine adduct

associated with the +3 formal oxidation state. Oxidised com-
plex solutions decay, at room temperature, to EPR-silent solu-
tions; the decomposition rates are dependent on the ligand,"
but are always faster in dmf (half-lives of 10 min) than in
Me,SO (up to 2 h). The decay in dmf is significantly slower at
—20 °C (half-lives similar to those in dimethyl sulfoxide), and
the samples are stable in both solvents for several days when
kept frozen in liquid nitrogen. The half-lives in dmf are in
accordance with the chemical irreversibility associated with the
charge-transfer process in cyclic voltammetry.

The time elapsed during electrolysis in either solvent was
typically 20 min corresponding roughly to the moment where
formation of the oxidised species becomes slower than their
decomposition, as can be inferred by following the variation of
the intensity of the derivative EPR bands with electrolysis time.
The concentrations of the nickel(ur) compounds at the end of
the electrolysis, under the conditions used, were estimated by
EPR spectroscopy to be ca. 30 to 50% of the total nickel in
solution.

Frozen-solution EPR spectra of the electrolytically generated
nickel complexes show rhombic symmetry, large g tensor
anisotropy and are typical of nickel(ur) complexes in low-spin
(S=1) electron configuration."*'>*3 No hyperfine splittings
could be detected in any of the three g regions [Fig. 1(a)].
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In the absence of EPR crystal data for the nickel(t)
complexes studied, the observed similarity between their g
features and those of analogous cobalt(ir) compounds*’ can be
extended to support the following orientation scheme for the
tensor axes of the nickel complexes: g; =g, g,=8,> &= 8w
where g, and g; refer to the lowest and highest magnetic field g
values, respectively. The EPR data for the nickel(1r) species in
dmf and in Me,SO are summarised in Table 2.

Pyridine adducts

Addition of pyridine to freshly prepared solutions of the
nickel(11) complexes in Me,SO, at room temperature, and in
dmf, at temperatures just above the softening point of the
frozen glass, gave new species in solution as can be inferred
from the rapid change to yellow-red in the first solvent and to
yellow-brown in the latter solvent.

Frozen solution of pyridine adducts in Me,SO are EPR
silent, but the pyridine adducts in dmf exhibit frozen-solution
EPR spectra of rhombic type, with large g tensor anisotropy
and g,, in the range 2.12-2.14, and show hyperfine couplings in
all g regions. The observation of one well resolved quintuplet
(a=2.14-2.27 mT) in the region of higher magnetic field, and
two non-resolved quintuplets in the two other g regions, imply
the existence in dmf of six-co-ordinate nickel(1r) species with
two pyridines axially bound [Fig. 1(b)]. The similarity between
g patterns of these species with those obtained in dmf and
Me,SO in the absence of pyridine supports the same orient-
ation scheme for the tensor axes of the pyridine adducts. The
EPR parameters for [NiL(py),]" are summarised in Tables 3
and 4.

No EPR signals could be detected in fluid solutions of dmf,
even at temperatures just above the freezing point. This result
combined with the observation that pyridine adducts in Me,SO
are also EPR silent indicates that nickel(m) pyridine adducts
have very short lifetimes in fluid solutions. No extensive charac-
terisation of the pyridine adducts in Me,SO and in fluid dmf
solutions was pursued, but their solution electronic spectra
indicate only the presence of nickel(mr) species, thus suggesting
that under these experimental conditions very fast decom-
position of the nickel(1r) species occurs.

Electronic spectra of nickel(111) species

Electronic spectral data for nickel(mr) species in Me,SO are
included in Table 5; there are no data for dmf solutions as
decomposition of the nickel(1r) species is faster in this solvent
and only very low-intensity spectra could be observed. How-
ever, for [Ni"(salen)]* the decomposition rate in dmf is slow
enough to allow the observation of its spectrum, and the



Table 3 The EPR parameters for [NiL(py),]" complexes

Experimental g values Coefficients Energy of excited states/cm ™!

Ligand (L) g 8 g & G G G ACB)  ACA)  AQ

salen 2.201 2.172 2.024 2.132 0.025 0.030 0.109 15667 13 196 3588
saltmen 2.214 2.186 2.022 2.141 0.028 0.032 0.106 14 146 12 137 3710
a,0’'-Me,salen 2.201 2.175 2.027 2.134 0.025 0.029 0.116 15667 13422 3387
saloph 2.190 2.164 2.024 2.126 0.024 0.028 0.109 15084 12814 3280
salophCl, 2.189 2.162 2.022 2.124 0.024 0.028 0.104 15084 12722 3428
3,5-Cl,saloph® 2.180 2.160 2.025 2.122 0.023 0.003 0.111 15610 13700 3240

“The adducts are not stable in fluid solutions; no experimental values for g, could be obtained; g,, were used, with <g,>=4(g, + g, + g,).

® From ref. 10.

Table 4 Nitrogen-14 superhyperfine coupling constants and spin densities for [NiL(py),]" complexes

Experimental superhyperfine Anisotropic

coupling*“ superhyperfine tensor Spin densities on N
Base A, A, A, Ay’ Ay A, (% Gyl total® (%) 2\
salen 1.65 1.76 2.14 1.85 —-0.15 0.28 0.033 0.084 234 2.5
saltmen 1.82 1.63 2.14 1.86 —0.14 0.27 0.033 0.080 227 2.4
a,0'-Me,salen 1.66 1.68 2.14 1.83 —-0.16 0.30 0.033 0.091 24.7 2.8
saloph 1.60 1.60 222 1.81 —0.20 0.40 0.032 0.119 30.4 3.7
salophCl, 1.60 1.60 2.27 1.83 -0.22 0.44 0.033 0.130 32.6 4.0
3,5-Clsaloph?® 1.62 1.78 2.25 1.88 —0.18 0.36 0.034 0.107 28.2 3.2

“The A values are expressed in mT. * The 4, could not be obtained for the adducts and A4,, values are used instead, with <4,,>=4(4, + 4, + A4,).
¢ Spin density delocalised onto the two axial nitrogen atoms. ¢ From ref. 10.

Table 5 Electronic spectral data for [NiL(Me,SO),]* complexes

Complex Experimental values* Calculated values® £¢

[Ni(salen)(Me,SO),]* 940 (br) (600), 640 (sh) (490) 850, 980, 640 393
[Ni(saltmen)(Me,SO),]* 970 (br) (670), 650 (sh) (530) 910, 980, 650 393
[Ni(a,a'-Me,saltmen)(Me,SO),]* 915 (br) (690), 730 (sh) (520) 880, 1040, 730 393
[Ni(saloph)(Me,SO),]* 1020 (br) (500), d 960, 1100, d 357
[Ni(salophCl,)(Me,SO),]* 1000 (br) (770), d 950, 1050, d 357
[Ni(3,5-Cl,saloph)(Me,SO),] * ¢ 1070 (br) (500), 660 (sh) (400) 980, 1150, 660 357

“ Band maxima expressed in nm; molar absorption coefficients, in parentheses, expressed in dm* mol ™! cm™!; br = broad, sh = shoulder. ® Obtained by
deconvolution of the experimental absorption spectra. ¢ Calculated to get the best fit between the transition energies obtained from electronic spectra
and calculated from EPR parameters. ¢ Obscured by high-intensity charge-transfer bands. ¢ From ref. 10.

similarity between the spectra recorded in both solvents was
taken to presuppose that the spectra of the other complexes
should be analogous in both solvents.

Room-temperature electronic spectra of the oxidised solu-
tions show a very broad band in the near-IR region, 880 <
Amax < 1040 nm, with molar absorption coefficients in the
range 600 to 900 dm*® mol™! cm™!. For some complexes a
higher-energy band (640 <A, <750 nm, &=490-820 dm?®
mol~! em™) only discernible as a shoulder on a very intense
charge-transfer band (£=15000 dm® mol™! cm™) could also
be observed. Owing to decomposition of nickel(mr) species
in fluid solution these bands disappear, and in a few hours
the spectra revert to those of planar diamagnetic nickel(r)
species.

No electronic spectra for [NiL(py),]" could be obtained
under the experimental conditions used, since their respective
lifetimes in fluid solution were not long enough to allow the
recording.

Electronic structure of the nickel(111) species

We assume that, similarly to the nickel(1) precursor complexes,
nickel(mn) pyridine adducts have a C,,(x) molecular sym-
metry *** with an almost planar equatorial N,O, environment.
As g, <g,, g, and the larger nitrogen hyperfine splittings are
observed in the g, component, the unpaired electron must lie
in an orbital which is predominantly d implying a A,
ground state for these species™'>*** A, =a d.+ b d._

assuming a mixture of dand d._,
and with a > b*).

This ground state is observed in the majority of known six-
co-ordinate nickel(i) complexes”'>%*° and the same ground
state is assumed for nickel(1ir) complexes in pure solutions of
dmf and Me,SO, since the pattern of g values is very similar to
those of [NiL(py),]"; the nickel(1r) complexes in pure solutions
are thus formulated as [NiL(solv),]" (solv = dmf or Me,SO).

None of the nickel(mn) species exhibits EPR spectra for which
hyperfine splittings due to in-plane nitrogen ligand atoms could
be observed. This result has correspondence in analogous
cobalt(ir) complexes with *A,(d,:)" electronic configuration,**!
and in axially elongated six-co-ordinate nickel(11) complexes
with N-bound equatorial ligands.3** This behaviour has been
interpreted as to imply that delocalisation of unpaired spin
density to the equatorial ligand takes place mainly through the
ligand system. We assume that a similar explanation will hold
for our complexes, corroborating the previous assumption of a
ground state that is essentially d . in character.

The electronic spectra of oxidised solutions of the complexes
are similar to those reported for other six-co-ordinate low-spin
nickel(m) complexes with A (d2)" ground state. %42 Band
assignment was made assuming: (i) the high-intensity bands in
the visible region are due to allowed charge-transfer transitions
from ligand to Ni™ [superimposed on charge-transfer bands to
nickel(11), as the electrolysis were not complete; see above] and
(ii) that the two medium-intensity bands in the near-infrared
region can be assigned to nickel(1r) d—d transitions, since the

- allowed in this symmetry,
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spectra of precursor nickel(1) complexes do not show any band
at wavelengths longer than 600 nm.

To assign d-d bands, we made use of the d-orbital ordering
d,,>dp>d,.d, >d._ . as proposed by Hitchman*® for
the homologous cobalt(ir) complexes and which has been
applied to spectrum of the similar complex [Ni(3,5-
Cl,saloph)]*.'® Deconvolution of the broad band yielded two
bands at slightly different energies (Table 5) which are assigned
to the electronic transitions d,, «—d,; (*B;«—?2A;) and
d,. «—d. (A, «—"2A)). The shoulder in the visible region
must correspond to the d,, «—d_: *B, «—?A,) transition.

Additional information on the electronic structure of
nickel(mr) species can be gathered from analysis of the EPR
parameters using the model developed by McGarvey* for d’
systems. Application of this model to a >A,(d;) ground state, in
conjunction with the approximation suggested by Labause and
Raynor* which uses a single (average) value for the energy of
the quartet states, allows for the derivation of equations (la)-
(Ic) for the g tensor’® where C;=E&/A(*B,), C,=E/ACA,) and

€.=2.0023 + 2C2 + 3C,C, — 3G — 2C2 (la)
g.=2.0023 + 2C2=3C,C, — 3C2 + 6C,  (1b)
g,=2.0023 + 2G> - 3C,C, — 3G + 6C,  (lo)

C,=E/A(*B,); A("T;) is the energy difference between the "T;
excited state and the ground state (*A,), and & is the one-
electron spin—orbit coupling constant. The values of C; and C,
yield approximate values for the energies of the excited states
2B, and A, relative to the ground state 2A,.

The reduction of the spin—orbit coupling constant was esti-
mated by finding the value of £ which minimises the difference
between the values of A(*B,) and E(*A,) obtained by EPR spec-
tra analysis and that obtained from the electronic spectra. In
Me,SO the values so obtained indicate a reduction of the spin—
orbit coupling constant of 50% for complexes with saloph and
salophCl,, and a value of 55% for the other complexes (Table
5), values that are in good agreement with those for [Ni(3,5-
Cl,saloph)]'® and several other six-co-ordinate nickel(tr)
complexes.”**** Furthermore, the spin-orbit coupling constant
for the complexes and the C; values enable an estimate of the
(average) energy of low-lying excited quartet states (AQ).

For complexes with axially bound dmf and pyridine it was
not possible to estimate spin—orbit coupling constants using the
procedure described above, as their electronic spectra could not
be recorded, and the energy of the excited states was calculated
using the same spin—orbit coupling constants as in Me,SO.

In Tables 2 and 3 are included the calculated values of
A(B)), ACA,) and AQ for [NiL(dmf),]*, [NiL(Me,SO),]" and
[NiL(py),]*. The importance of quartet states to the spin-
Hamiltonian parameters must be stressed, as their calculated
(average) values are non-negligible, typically in the range of
2880-3990 cm ! above the ground state.

Energy of excited states

No detailed theoretical analysis has been presented, so far, to
explain the factors that affect the electronic structure of six-
co-ordinate low-spin nickel(1ir) complexes, but a detailed anal-
ysis for isoelectronic cobalt(m) salen-type complexes has been
provided by Hitchman.** The calculations showed that an
increase in axial field and/or a raising of the cobalt atom from
the co-ordination plane increases markedly the energy of the
excited doublets, but only induces a small lowering of the
energy of the quartet states. However, the latter energy does
show a significant dependence on the in-plane ligand field: the
greater its strength, the higher is the energy of the quartet state.
Analysis of the data in Table 2 and 3 shows that the energy of
the doublet and quartet states of nickel(1r) complexes comply
to Hitchman predictions for cobalt(ir).
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Effect of the axial co-ordination. First, it must be pointed out
that no significant dependence of the energy of excited quartets
on the strength of axial ligation was observed. On the other
hand, an increase in donor strength of the axial ligand (charac-
terised by donor number:* dmf < Me,SO < pyridine) is
accompanied by an increase in the energy of the excited doub-
lets, due to stronger interaction of the axial ligands with the d..
orbital. The observed decrease in g, and g, when the axially
bound molecules change from dmf to Me,SO and to pyridine
can thus be accounted for by recalling that an increase in the
energy of the excited doublets will make C, and C, smaller. In
fact, neglecting second-order terms, equations (1) can be
expressed as g, =2.0023 + 6C, and g,=2.0023 + 6C;, and a
raising in the energy of d . relative to d,, and d,, would decrease
C, and C, and thus g, and g,.

Effect of the equatorial ligand. Data in Tables 2 and 3 reveal
that the average energies of the quartet states are more depend-
ent on the equatorial ligand than those of the doublets and,
for each axial ligand, complexes with aliphatic bridges have
energies higher than those with aromatic bridges. Furthermore,
as the energy of the quartet states is directly related to the in-
plane ligand field, it is possible to infer that equatorial ligand
fields are weaker in complexes with aromatic bridges.

Partially to circumvent the lack of structural data needed to
correlate the strength of equatorial ligands with distances from
the nickel(m) centres to the co-ordinated atoms, some structural
details of the corresponding nickel(1r) complexes will be used.
In complexes with aromatic bridges the Ni-N bond distances
are longer than the Ni—O bonds, a situation to be contrasted
with those with aliphatic bridges for which the Ni-N bond dis-
tances are shorter. This behaviour is attributed to the stiffness
of the aromatic bridge which imposes a bite size which the
metal ion has to accommodate, absent in those with aliphatic
bridges, which have the possibility to adapt its conformation to
provide a better fit to the metal-ion size.*” On oxidation, as
the ionic radius of nickel ion decreases it is to be expected
that those ligands with stiff and large bite will be less prone to
adjust the hole cavity to the size of the metal ion, consequently
ligands with aromatic bridges will impose weaker ligand fields
in nickel(1r) complexes.

Nitrogen hyperfine tensor and spin density on nitrogen atoms of
axial bound pyridines

For the nitrogen atoms of the axial base the 2s spin densities
(Cy%) are obtained from the isotropic nitrogen coupling con-
stants (Cy = Ao/ A% A% =55.7 mT),* whereas the prin-
cipal value of the anisotropic tensor (A4,) gives the 2p spin
densities (C,,7=A4.°"/A4,'"; A4,"=335 mT).* As the
unpaired electron in the d_. nickel orbital interacts directly with
the pyridine nitrogen atoms, the signs of the experimental iso-
tropic hyperfine tensor components and those of experimental
values of 4(N), 4,(N) and 4 (N) are taken to be positive.* The
anisotropic hyperfine tensor was calculated after correction for
indirect dipolar coupling using the point—dipole approxim-
ation*® and a value of 200 pm for the Ni-N axial bond distance,
as observed in other nickel(ir) complexes for which the
molecular structure has been determined.*’

The 2s and 2p spin densities, the ratio p:s (A* = C,,/C,) and
the total spin density delocalised onto the axially bounded
pyridine are reported in Table 4. The values of C, are practic-
ally insensitive to changes in the equatorial ligand (0.032 <
Cy2 <0.035), whereas those of C,,> show larger variations
(0.080 < C,,2 < 0.130); thus changes in A* reflect primarily
changes in this latter quantity.

When the complexes are grouped by their A* values, those
with aromatic bridges show the highest values. As A? reflects
primarily the 2p spin densities on the nitrogen atoms, the larger
p character of the nitrogen lone pair directed to the metal will



imply longer (weaker) axial bonds for complexes with aromatic
bridges, a result that agrees with the observation that these
nickel(mr) complexes exhibit the lowest values for doublet states.

The total spin density delocalised onto the axial N atoms is
also greater in complexes with aromatic bridges, an observation
that can be interpreted as to imply that the more extensive
delocalised equatorial ligands will act as stronger © donors to
nickel(1m).

Conclusion

The oxidation of nickel(rr) complexes in the strong donating
solvents dmf and Me,SO was shown to proceed through oxid-
ation of the metal centre, giving nickel(ir) species to which
solvent molecules are axially co-ordinated. The importance of
strong axial co-ordination in the stabilisation of the +3 oxid-
ation state became apparent from the potential cathodic shift
observed as the donating ability of the axially co-ordinated
molecules increases, and by the observation that [Ni(saltmen)],
which exhibits axial steric hindrance, shows one of the more
positive oxidation potentials.

In each solvent, shifts in oxidation potentials can be rational-
ised by arguments that are in a broad sense similar to those put
forward for macrocyclic nickel complexes. Moreover, structural
flexibility in the diimine bridge was found to play a key role in
controlling the oxidation potentials: ligands with aliphatic
imine bridges allow a more facile closing of the hole cavity best
to accommodate changes in size on going from Ni' to Ni™™, and
thus show less positive potentials when compared to those with
aromatic bridges, as the latter’s rigidity makes them less prone
to adjust to the decrease in metal size upon oxidation.

Electronic characterisation of nickel(r) complexes has
shown that the energy of the low-lying excited doublets is more
dependent on the axially co-ordinated ligand, whereas the
energy of the excited quartets shows greater dependence on the
equatorial ligand. This latter relationship allowed us to propose
that ligands with aromatic imine bridges have in-plane ligand
fields that are weaker than those with aliphatic bridges.

The final point to be considered here concerns the effect of
the axially co-ordinated ligands on the lifetime of the nickel(11r)
species: the faster rates of decomposition of the complexes were
observed for the weaker (dmf) and the stronger (pyridine)
donors. However, the reduced set of axial ligands used pre-
vented us proposing any mechanism for the decomposition of
NiHI.

We are extending these studies to other nickel(ir) com-
plexes by selecting two main approaches: (i) to increase ligand
aromaticity in the aldehyde moiety, to get further insights into
the effect of unsaturation on ligand-field strength, and (ii) to
use a large number of N-donor Lewis bases as axial ligands to
probe the decomposition paths of the nickel(11) complexes.
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