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Valence Tautomerism in Octahedral and Square-Planar Phenoxyl-Nickel(1)
Complexes: Are Imino Nitrogen Atoms Good Friends?

Olaf Rotthaus,””! Fabrice Thomas,*! Olivier Jarjayes,**! Christian Philouze,
Eric Saint-Aman,™ and Jean-Louis Pierre!®

Abstract: The two tetradentate ligands
H,L and H,L™® afford the slightly dis-
torted square-planar low-spin Ni" com-
plexes 1 and 2, which comprise two co-
ordinated phenolate groups. Complex 1
has been electrochemically oxidized
into 1%, which contains a coordinated

ordinated: An intramolecular electron
transfer (valence tautomerism) is pro-
moted by the geometrical changes,
from square planar to octahedral,
around the metal center. The tetraden-
tate ligand H,L™°, in the presence of
pyridine, and the hexadentate ligand

H,L?™ in CH,CI, afford, respectively,
the octahedral high-spin Ni"' complexes
2p, and 3, which involve two equatorial
phenolates and two axially coordinated
pyridines. At 100 K, the one-electron-
oxidized product 2,,* comprises a phe-
noxyl radical ferromagnetically coupled

phenoxyl radical, with a contribution
from the nickel orbital. In the presence

to the high-spin Ni" ion, with large
zero-field splitting parameters, while 3%

¢ o 1+ : L+ Keywords: hybridization - nickel - ol N , ool ”
of pyridine, is converted 1n.to Py radicals - Schiff bases - valence invo ve§ a phenoxyl radica ar}tl errg-
an octahedral phenolate nickel(1m) tautomerisim magnetically coupled to the high-spin

complex with two pyridines axially co-

Introduction

A growing number of metalloproteins are believed to use
free radicals as cofactors to promote oxidation reactions.!!
A prototypical enzyme of this class is galactose oxidase
(GO): Its active site harbors a tyrosyl radical (Tyr272") coor-
dinated, and antiferromagnetically exchange coupled, to a
copper(1) atom.! GO catalyzes the two-electron oxidation
of alcohols into aldehydes, with concommitent reduction of
dioxygen into hydrogen peroxide. It represents a fascinating
example of cooperativity between a metal and a radical to
perform oxidation reactions: The copper(i) ion binds the
substrate by its hydroxy group, thus favoring its deprotona-
tion. The energy of the C,—H bond to be broken is then

—_—
i
—

Dr. O. Rotthaus, Dr. F. Thomas, Dr. O. Jarjayes, Dr. C. Philouze,

Prof. Dr. J.-L. Pierre

Laboratoire de Chimie Biomimétique

LEDSS, UMR CNRS 5616, Université J. Fourier

BP 53, 38041, Grenoble cedex 9 (France)

Fax: (+33)4-7651-4836

E-mail: Fabrice. Thomas@ujf-grenoble.fr
Olivier.Jarjayes@ujf-grenoble.fr.

Prof. Dr. E. Saint-Aman

LEOPR, UMR CNRS 5630, Université J. Fourier

BP 53, 38041 Grenoble Cedex 9 (France).

[b

—

Chem. Eur. J. 2006, 12, 6953 —6962

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Nil ion.

lowered, thereby making hydrogen abstraction by the organ-
ic radical (stabilized by metal coordination) easier.

To model the active site of GO, several biomimetic ap-
proaches have been developed during the last decade. Con-
sequently, a large number of complexes of the first-row tran-
sition metals with noninnocent ligands, especially copper(i1)—-
phenoxyl complexes,”™ have been synthesized. In slightly
distorted square-planar Ni! complexes, the energy levels of
the potentially redox-active orbitals, that is, &t orbitals from
the ligand or d orbitals from the metal, are very similar: By
shifting one above the other, a metal-based or a ligand-
based redox process could be favored. Ni"-semiquinonate
(or —iminosemiquinonate) complexes,””! and more recently
Ni'“semicarbazide and some Ni"—m-radicals,”? have been re-
ported. Only a few Ni'~phenoxyl complexes have been de-
scribed.® ! We have recently shown, in low-spin Ni'' com-
plexes of salen-type prophenoxyl ligands (involving imino or
amidato N donors), that the ligand field dramatically affects
the oxidation locus.”) We observed the following rule when
exogenous pyridine was added to the medium: Electrochem-
ical oxidation of Ni'—phenolate complexes affords octahe-
dral Ni"'-phenolate species (S='/), in which the metal is
axially ligated by two pyridine molecules.””! Previously, Wie-
ghardt and co-workers have demonstrated that oxidation of
the octahedral Ni-phenolate complexes [Ni'(L*)-
(Ph,acac)]” and [Ni"(L")(Ph,acac)]” (L=ligand, acac=ace-
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tylacetonate) affords Ni'—phenoxyl species, in which the
radical is ferromagnetically coupled to a high-spin Ni"
center (Sym="/),"" while Yamauchi and co-workers have
reported that oxidation of pentacoordinated Ni"-phenolate
complexes affords Ni"-phenoxyl species in which the radical
is antiferromagnetically coupled to a high-spin Ni"" center
(Smtal = 1/2)'[1 !

In the present paper, we investigate the effect of the
ligand denticity and field on the oxidation locus in Ni"! com-
plexes with three salen-type prophenoxyl ligands, namely,
H,L, H, LM, and H,L" (Scheme 1). H,L possesses two sali-
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Scheme 1. Ligands used in this study.

cylidene moieties connected together by an ethylidene
spacer. H,LM® differs from H,L in its coordinating nitrogen
atoms, which are methylamino groups instead of the imines
in H,L. H,L and H,LM® are designed to coordinate the
metal cation in a tetradentate fashion. The two methylamino
groups of H,LM® are replaced by (methylpyridine)amino
arms in H,L®, thereby making H,L® a potentially hexaden-
tate ligand, unlike H,L and H,L™¢. The structure, spectro-
scopic properties, spin configuration, and oxidative behavior
of the Ni" complexes are presented herein.

Results and Discussion

Preparation of the ligands and complexes: The ligands
H,L,F! H,LMe 12 and H,L™ have been previously descri-
bed. The tetradentate ligands H,L and H,L™® provide an
N,O, coordination sphere for a single metal ion. H,L" is a
hexadentate ligand with a N,O, donor set. Complex 1 was
obtained by adding one molar equivalent of Ni-
(ClO,),6 H,O to H,L in the presence of two molar equiva-
lents of NEt;. Upon mixing Ni(OAc),4 H,O with the ligand
H,L™® or H,L" in methanol in the presence of two equiva-
lents of NEt,, the Ni" complexes 2 and 3, respectively, were
obtained.
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Structures of the Ni"" complexes: The crystallographic data
for 2 and 3 are reported in Table1 and selected bond
lengths and angles are listed in Table 2.

Table 1. Crystallographic data for 2 and 3.

2 3
formula C3H5,NiN, O, C325H37NipsN, O, 75
M 581.51 423.92
crystal system orthorhombic monoclinic
space group Pbca C2lc
a[A] 17.404(2) 16.652(6)
b[A] 10.906(2) 15.075(5)
c[A] 34.480(3) 18.581(7)
al’] 89 90
Al 89 90.81(2)
y[°] 90 90
VI[A%] 6544(1) 4664(3)
V4 8 8
T[K] 150 150
Peatca [gem ] 1.180 1.223
plem™] 6.23 4.65
monochromator graphite graphite
wavelength Moy, (0.71073 A)  MoKa (0.71073 A)
reflections collected 70026 38607

independent reflections (R,
observed reflections

R
R

6386 (0.16441)
2874 [I>20(1))]
0.0408
0.0553

6806 (0.10953)
4895 [I>20(7)]
0.0446
0.0714

w

Table 2. Selected bond lengths [A] and angles [°] for 2 and 3.
2

Ni—O1 1.848(2)
Ni—N2 1.932(3)
O1-Ni-N1 93.7(1)
N1-Ni-N2 88.6(1)

Ni—02 1.860(2)

02-Ni-N2 93.0(1)
O1-Ni-N2 171.3(1)

Ni—N1 1.937(3)

01-Ni-02 85.7(1)
02-Ni-N1 172.9(1)

3

Ni—O1 1.974(1)

01-Ni-O1 93.31(7)
O1-Ni-N2 95.15(5)
N1-Ni-N2 79.48(5)

Ni—N1 2.133(1)

O1-Ni-N1 91.48(5)
O1-Ni-N2 90.83(5)
N2-Ni-N2 94.07(5)

Ni—N2 2.118(1)
O1-Ni-N1 169.55(5)
N1-Ni-N1 85.37(7)
N2-Ni-N2 171.29(7)

The X-ray crystal structure of 2 is shown in Figure 1. The
metal ion is coordinated to two phenolate oxygen atoms
(01, 02) and two amine nitrogen atoms (N1, N2). The ge-
ometry around the nickel atom is square planar distorted
toward tetrahedral: The bond lengths Ni—O1 and Ni—O2
(1.848(2) and 1.860(2) A, respectively) are shorter than the
Ni—N1 and Ni—N2 lengths (1.937(3) and 1.932(3) A, respec-
tively). The angles for O1-Ni-O2, O1-Ni-N1, O2-Ni-N2, and
N1-Ni-N2 differ slightly from 90° (85.7(1)°, 93.7(1)°,
93.0(1)°, and 88.6(1)°, respectively), while the O1-Ni-N2 and
O2-Ni-N1 angles are 171.3(1)° and 172.9(1)°, respectively.
The mean deviation from the least-square plane defined by
the N1, N2, O1, O2, and Ni atoms is 0.1033 A, with the ni-
trogen atoms N1 and N2 being displaced by —0.1352 and
0.1529 A, respectively, from this plane. The dihedral angle
between the two O-Ni-N planes is 169.3°. The torsion angle
around the N1-C8-C9-N2 bridge is 50.2(3)°, with the C8 and
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Figure 1. X-ray crystal structure of 2, shown with 30 % thermal ellipsoids
(hydrogen atoms are omitted for clarity).

C9 atoms displaced —0.3777 and 0.2906 A, respectively,
from the N1-N2-Ni plane.

The ORTEP view of 3 is depicted in Figure 2. The coordi-
nation sphere of the nickel atom is best described as a dis-

Figure 2. X-ray crystal structure of 3, shown with 30% thermal ellipsoids
(hydrogen atoms are omitted for clarity).

torted octahedron. The two halves of 3 have the same geom-
etry and are related by an inversion center at the nickel
atom. The two phenolate oxygen atoms (O1, O1*) and the
two amine nitrogen atoms (N1, N1*) coordinate in a cis con-
figuration to the equatorial plane. The bond lengths Ni—O1*
and Ni-N1* are 1.974(1) and 2.133(1) A, respectively. These
bonds are much longer than the corresponding ones in 2, a
fact indicating that the spin state of the metal center is dif-
ferent in these complexes, that is, it is low spin in 2 and high
spin in 3. The pyridine nitrogen atoms coordinate in a trans
configuration with an Ni—N2 bond length of 2.118(1) A. The
dihedral angle between the O1-Ni-N1 and OI1*-Ni-N1*
planes is close to that obtained for 2 (166.5°), as is the tor-
sion angle around the N1-C8-C8*-N1* ethylene bridge
(—=59.7(2)°) and the mean deviation from the least-square
plane defined by the N1, N1* O1, O1*, and Ni atoms
(0.1383 A). The N1 and N1* atoms are displaced by 0.1723
and —0.1723 A, respectively, from this latter plane, while the
C8 and C8* atoms are displaced by —0.3619 and 0.3619 A,
respectively, on opposite sides of the N1-Ni-N1* plane.
Interestingly, Neves et al. have recently reported the X-
ray crystal structure of a zinc complex of H,L", prepared
from Zn(OAc),2H,0, in the absence of any base other than
acetate. Only one phenol of the ligand is deprotonated
and the structural arrangement around the metal center is
clearly different than that in 3: The geometry around the
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zinc ion is distorted square pyramidal, with two pyridine ni-
trogen atoms, one tertiary amine nitrogen atom, and one
phenolate oxygen atom occupying the basal plane. The re-
maining tertiary amine nitrogen atom coordinates in the
apical position, while the other phenol oxygen atom is not
coordinated to the zinc(i) ion. Full deprotonation of the
H,L® ligand is achieved in 3 by using an exogenous base
that is stronger than acetate (NEt;) and by the stronger
Lewis acid character of the Ni" ion compared to that of
zinc(1).

Spectroscopic properties of the Ni" complexes: Complexes
1-3 are X-band EPR silent at 100 K. However, 1 and 2 only
show their '"H NMR signals (in CDCl;) within the diamag-
netic region. 3 exhibits NMR signals over an 80-ppm spec-
tral width, thereby showing that it is paramagnetic, in spite
of its “X-band EPR silence”. Such behavior is not unexpect-
ed: At the conventional frequency of 9.4 GHz (X-band), the
microwave quantum energy is approximately 0.3 cm ! In
transition metal ions with integer-spin ground state, the
magnitude of the axial zero-field splitting parameter |D]| is
often larger than this quantum and no EPR spectrum can be
detected.!"¥

Complexes 1 and 2 are thus diamagnetic low-spin Ni"
complexes, while 3 is a high-spin Ni" species. The difference
in spin state between 2 and 3 is interpreted by pyridine axial
ligation in 3 affording an octahedral complex and thus in-
ducing a high-spin configuration.

The UV/Vis spectrum of 1 in CH,Cl, (Figure 3, Table 3) is
dominated by intense absorptions at 349 (¢=9180) and

0.8,
0741
061

T T v T -
400 600 800 1000
2/ nm

Figure 3. Electronic spectra of 0.05 mm solutions of 1 (solid lines), the
electrogenerated 17 (dashed lines), and 1> (dotted lines, recalculated
spectrum) in CH,Cl, containing 0.005M TBAP. T=233 K, path length=
1.000 cm. TBAP =tetra-n-butylammonium perchlorate.

422nm (7380m 'cm™'), a shoulder at 449nm (e=
4740 m'em™"), and a broad lower intensity transition at
560 nm (¢=720 M 'cm™"). The 422-nm band corresponds to
charge-transfer (CT) transitions: It is red shifted and less in-
tense than the CT transition of the previously described
analogous  copper(nm) complex  (Ay,,=405nm (e=
11440 M~'em™)).>) The shorter wavelength features are
associated with m—sm* transitions, while the longer wave-
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Table 3. Electronic properties of the nickel complexes in CH,Cl, solu-
tion.

Complex Any [nm]™ (¢ [M~'cm™])

1 349 (9180), 422 (7380), 449 sh (4740), 560 (720)

1" 300 (18720), 379 (8060), 399 (7340), 436 sh (4920), 899 br
(2560), 1090 br (6980)!™

1p,* 337 (12140), 429 (7280), 493 (8140)"!

1%+ 395 (5260), 414 (6230), 550 br (1000)>¢!

2 311 sh (10540), 377 (2320), 522 (1960)

22+ 390 (5740), 406 (7700), 530 br (1960)!

2y, 305 (21000), 310 sh (20400), 381 (1400), 526 (300)!

2" 393 (2800), 412 (3300), 665 br (900)"!

2p,7* 397 (5700), 411 (7300), 540 br (1580)"!

3 310 (13500), 369 sh (760), 610 (46)!

3+ 391 (3160), 405 (3140), 611 br (2160)™

3 302 (22920), 391 (6400), 408 (8240), 528 (3460)!

[a] sh=shoulder, br=broad. [b] UV/Vis spectra recorded at 238 K in the
presence of 0.005m TBAP (CH,Cl, + 0.1m TBAP solutions electrochem-
ically oxidized and diluted twenty-times). [c] Reconstituted spectrum: see
the text.

length bands correspond to the d—d transitions of a d® low-
spin Ni"" center in a slightly distorted square-planar geome-
try. The electronic spectrum of 2 in CH,Cl, (Figure 4,
Table 3) exhibits absorptions at 311 (¢ =10540), 377 (2320),
and 522 nm (1960 M 'cm ™). Compared to 1, the CT band is
blue shifted while the d-d transition is red shifted.

400 600 800 1000
Alnm

Figure 4. Electronic spectra of 0.05 mM solutions of 2 (solid lines) and the
electrogenerated 2** (dotted lines) in CH,Cl, containing 0.005m TBAP.
T=233 K, path length=1.000 cm.

The electronic spectrum of 3 (Figure 5, Table 3) is quite
different than that of 1 or 2, as no absorption band with in-
tensity >100 M 'ecm™' could be detected above 400 nm. The
spectrum  consists of transitions at 310nm (e=
13500 M 'ecm™!) and a shoulder at 369 nm (¢=760 M 'ecm™).
The very weak d-d transition observed at 610 nm (e=
46 m'cm™) is characteristic of a d® high-spin Ni" center in
an octahedral geometry (spin-allowed ‘A, —°T,, transi-
tion).['8)

Increasing amounts of pyridine were added to CH,Cl, sol-
utions of 1-3 at 298 K. Upon addition, no significant
changes occur in the UV/Vis spectra of 1 and 3. This shows
that either the binding constant is very low or the metal
electronic configuration is retained upon binding.
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400 600 800 1000
Al nm

Figure 5. Electronic spectra of 0.05 mm solutions of 3 (solid lines), the
electrogenerated 3* (dashed lines), and 3°" (dotted lines) in CH,Cl, con-
taining 0.005m TBAP. T=233 K, path length=1.000 cm.

By contrast, the absorption spectrum dramatically changes
when pyridine is added to 2: the UV/Vis spectral features of
2 progressively disappear and are replaced by a spectrum
similar to that of 3 (Figure 6). This indicates that 2 is con-

0.5
0.4
| 0.3
A 0.2
0.1
O'O_ T T T T
400 600 800 1000
Al nm

Figure 6. Titration of a 0.05 mm CH,CI, solution of 2 with 0—7000 equiv-
alents of pyridine (conversion of 2 into 2p,). The arrow indicates the di-
rection of spectral change. 7=298 K, path length=1.000 cm.

verted into a high-spin octahedral Ni" complex, 2p,, because
of the axial coordination of two pyridine molecules to the
initial square-planar nickel ion. A logf}; value of 1.4+0.1
was obtained at 298 K for the equilibrium described by
Equation (1).
242Py =25, By = [2p,]/([2] x [PY]) (1)

Complexes 1 and 2 thus consist of square-planar d® low-
spin Ni' complexes, while 3 comprises an octahedral d®
high-spin Ni'. In the presence of exogenous pyridine, the
metal centers of 1 and 3 retain their spin configuration. This
is not the case for 2, as it is converted into 2p,, an octahedral
d® high-spin Ni"! complex with two pyridines occupying the
apical positions. As 2 alone exhibits the spin transition in
the presence of pyridine, the hybridization of the coordinat-
ing nitrogen atoms appears to be crucial in conferring such
properties on square-planar Ni'" complexes.

Chem. Eur. J. 2006, 12, 6953 —6962
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Electrochemistry of the Ni"" complexes: The electrochemical

behavior of millimolar solutions of the nickel complexes 1-3
in the presence or absence of added pyridine was investigat-
ed by cyclic voltammetry (CV) of electrolytic solutions in
CH,Cl, with 0.1m TBAP. All potentials are referenced
versus the ferrocenium/ferrocene couple, which was used as
an internal standard.

The CV curves of 1 and 3 (Figure 7, Table 4) display two
successive reversible redox waves at E,,,' =0.586 and E,,° =
1.046 V for 1 and at E,;,'=0.094 and E,;,,>=0.358 V for 3.

2 + pyridine _/\\//'S
= —
3"<§\\//\
06 -04 02 00 02 04 06 08 10
E/V

Figure 7. CV curves of 1 mm solutions of the complexes 1-3 in CH,Cl,
containing 0.1 TBAP. Scan rate: 0.1 Vs~!, T=298 K. The potentials are
referenced versus the Fc*/Fc couple. For 14pyridine and 2+pyridine, 100
and 200 molar equivalents of pyridine, respectively, were added to the
medium.

Table 4. Redox properties of the nickel complexes.

Complex Solvent Ey, [VI¥

1 CH,Cl, 0.586 1.046
CH,C1,4100 equiv of Py 0.518 0.878

2 CH,Cl, 0.406!
CH,C1,4200 equiv of Py 0.254 0.462

3 CH,Cl, 0.094 0.358

[a] Potential values given versus the Fc/Fc*t reference electrode, T=
298 K, complex concentrations of 1 mM; E,, values were obtained from
differential pulse voltammetry (DPV) measurements by adding half of
the pulse amplitude to the potential peak E, value. The confidence level
is £0.005 V. [b] Potential corresponding to the two-electron redox proc-
ess.

Coulometric titrations showed that these correspond to one-
electron processes. As will be shown and discussed below,
electrochemical oxidation of 1 and 3 is ligand centered and
leads successively to the formation of mono- and bisphenox-
yl radical species. The large separation between the half-
wave potentials for both processes (0.460 and 0.264 V for 1
and 3, respectively) indicates that oxidation of one pheno-
late moiety in the complex greatly influences the second
one, a result suggesting a possible structural rearrangement
of the coordination sphere upon oxidation and the existence
of a strong electrochemical communication through bonds
and space in these complexes with two chemically equiva-
lent phenolate groups. The half-wave potentials for both
processes are found to be higher for 1 than for 3 (Table 4).
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The E, ;' value for 1 is very close to that reported for the
[Ni(LY] complex,””! whose structure differs from that of 1
only in the spacer, which is an o-phenylene diamine in
[Ni(L")] and an ethylene diimine in 1. Weaker electrochemi-
cal communication, and structural rearrangement, due to
the rigid spacer of [Ni(L")] results in an E,,* value which is
approximately 0.2 V lower for [Ni(L")] than for 1.”

The CV curve of 2 exhibits a single reversible two-elec-
tron wave (Figure 7), as judged from coulometric titration,
with the formation of a bisphenoxyl radical, 2** (see below).
The chemically equivalent phenolate units linked by an eth-
ylene diamine spacer are thus noninteracting in 2. For mole-
cules bearing two fully noninteracting, chemically equiva-
lent, redox-active subunits, the difference in potential be-
tween the first and the second electron transfer is close to
36 mV; this leads to a CV curve displaying the shape of that
for a one-electron transfer but with a peak current twice as
large.'”)

In the presence of 100 equivalents of pyridine, the two re-
versible redox waves of 1 are negatively shifted (AE;,'=
—68mV, AE,,>=-168mV), a result showing that the oxi-
dized forms are stabilized in the presence of additional
exogenous N-donor ligands (Figure 7).

The CV curve of 2 in the presence of 200 equivalents of
pyridine, thereby allowing the conversion of more than 80 %
of 2 into 2p,, contrasts greatly with that obtained in pure
electrolyte: the new curve exhibits two reversible one-elec-
tron redox waves (Figure7) at E;,'=0254V and E,,’=
0.462 'V, respectively. The electrochemical features of 2, are
intermediate between those of 3 and 14-pyridine. The E;),'
and E,,” values of 2 are higher than those of 3. Stabilization
of the oxidized forms of 2 with two exogenous coordinating
pyridines is thus weaker than that observed with 3, which
bears two endogenous coordinating pyridines in a templat-
ing framework.

The electrochemical behavior of these complexes is thus
dictated by the electrochemical communication through
space and bonds between the two phenolate subunits and by
the stabilization of the oxidized forms in the six-coordinate
complexes.

For each complex, a controlled potential electrolysis was
performed at 238 K under bubbling argon, at a carbon-felt
working electrode, in order to generate the one-electron-
oxidized (E applied slightly higher than E,,") and doubly
oxidized (E applied slightly higher than E,,?) products. Ro-
tating-disc electrode (RDE) voltammetry was used to deter-
mine the yield of electrogenerated species by comparison
between the heights of the initial anodic RDE waves and
those of the resulting cathodic RDE waves after consump-
tion of one or two electrons at the appropriate potential. 1%,
2,,*, and 3% were produced in at least 95% yield, while 2°%,
2,,", and 3°* could be electrogenerated in 90% yield. The
maximal yield of 1** was found to be around 50 %, with the
final solution consisting of an equimolar mixture of 1* and
1>*. Continuation of the electrolysis on this solution did not
afford 1** in higher yield, with slow decomposition of 1°*
being observed instead.
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One-electron-oxidized  complexes in CH,Cl, and
CH,Cl,+pyridine: The electronic spectrum of 1 in CH,Cl,
exhibits, in the near-infrared region, remarkably intense
bands at 899 (¢=2560) and 1090 nm (6980 M~'cm™"), which
correspond to CT transitions (Figure 3, Table 3). Additional
features are observed at 379 (e=8060), 399 (7340), and
436 nm (shoulder; 4920m~' cm™), where the typical transi-
tions of phenoxyl radicals are expected to be found.!'
These data thus suggest a significant ligand radical character
for 1*. This behavior is close to that observed for [Ni(L')]*
I thereby showing that the spacer is not of prime impor-
tance in dictating the oxidation locus in nickel complexes of
salen ligands.

The UV/Vis spectrum of 1% in the mixture of CH,Cl, and
pyridine is dramatically different to that recorded in neat
CH,(Cl,, as the high-intensity near-infrared CT bands are
absent (Figure 8). Its electronic spectrum consists of bands

Figure 8. Titration of a 0.05 mm CH,CI, solution of 1* with 0—50 equiva-
lents of pyridine (conversion of 1* into 1p,*). Arrows indicate the spec-
tral changes upon addition of pyridine. 7=238 K, path length=1.000 cm.

at 337 (e=12140), 429 (72800), and 493 nm (8140 m~'cm™).
Based on the similarities between the spectrum of 1t in the
mixture of CH,Cl, and pyridine and those of octahedral Ni™*
complexes of Schiff base ligands,” the former could be con-
sidered as an octahedral Ni' complex with two pyridine
molecules axially bonded to the metal ion; it will be denoted
1p,*. The affinity of 1* for pyridine was obtained from a
UV/Vis titration in CH,Cl, at 238 K (Figure 8): Upon addi-
tion of pyridine, the spectrum of 1% disappears and is pro-
gressively replaced by that of 1p,*. Isosbestic points could
be distinguished at 304, 323, 362, 413, and 640 nm, thereby
showing that only two distinct chromophores are in equili-
brium. By consideration of Equation (2), a logf, value of
8.60+0.11 was obtained, which is within the range of that
obtained for [Ni(L!)]*+.”)
" + 2Py =1p"  Br=[1p"]/([1] x [PYP) (2)
The cation 2* could not be generated in CH,Cl, (see
above) as the chemically equivalent phenolate units are
noninteracting and thus electrochemical oxidation directly
affords the bisphenoxyl radical species 2°*.
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The electronic spectra of 2p,* in CH,Cl, and pyridine and
of 3% in CH,Cl, (or CH,Cl, and pyridine) are very similar,
with bands at 391 (¢=3160), 405 (3140), and 611 nm
(broader; 2160 M 'cm™!) for 3* and at 393 (¢=2800), 412
(3300), and 665nm (broader; 900M 'ecm') for 27*
(Figure 5, Figure 9, Table 3). These absorptions correspond
to the typical m—m* transitions of phenoxyl radicals and
thereby indicate that 3% and 2,,* are phenoxyl radical com-
plexes.!'®!

0.5+
0.4

0.3

Alnm

Figure 9. Electronic spectra of 0.05 mm solutions of the electrogenerated
2p,* (dashed lines) and 2p,** (dotted lines) in CH,Cl, containing 0.005M
TBAP and 0.2M pyridine. 7=233 K, path length =1.000 cm.

The X-band EPR spectrum of 1% (Figure 10a) at 200 K in
CH,(Cl, (with 0.1 TBAP) is characterized by an unresolved
(S="'4) signal centered at g,,=2.034 (peak-to-peak line
width of 4 mT). This g, value, intermediate between those

260 280 300 320 340 360 380
B/mT

Figure 10. X-band EPR spectra of 1 mm solutions in CH,Cl, containing
0.1m TBAP of a) 17 at 260 K, b) 1* at 4K, and c) 1* with 100 equiva-
lents of pyridine at 100 K. Solid lines are experimental spectra, dotted
lines represent simulations performed by using the parameters given in
the text. a) Microwave frequency 9.42 GHz, power 20 mW, modulation
frequency 100 KHz, amplitude 0.099 mT; b) microwave frequency
9.44 GHz, power 1mW, modulation frequency 100 KHz, amplitude
0.099 mT; c) microwave frequency 9.42 GHz, power 20 mW, modulation
frequency 100 KHz, amplitude 0.197 mT.

of zinc(11) complexes incorporating coordinated phenoxyl
radicals (lower than 2.01)" and those of Ni'' complexes
(roughly 2.13-2.18), shows that 17 is best formulated as a
ligand radical, with partial delocalization of the unpaired
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electron onto the orbitals of the nickel ion. The EPR spec-
trum of 1 in CH,Cl, (with 0.1 TBAP) at 100 K contrasts
with that recorded at 200 K, as it consists of a rhombic (S=
'/,) signal (Figure 10b, Table 5), with g values at 2.298,

Table 5. EPR parameters of the one-electron oxidized nickel complexes.

g values A values!
8 8y & 8w Au Ay Ag
2298 2234 2021 218 - -

Complex  Solvent!!

1t CH,(Cl, -
le+ CH2C12+Py'°' 2221 2176 2.025 214 155 155 210
2Py+ CH,Cl, _l_Py[Cl [d] _ _ _
3t CH,(Cl, 222 222 - - -

[a] Measured at 100 K, in the presence of 0.1M TBAP. [b] Corresponds to
the interaction of the electronic spin with two equivalent N atoms.
[c] In the presence of 0.2m pyridine. [d] S=7/, system with a |D| value
larger than the X-band microwave quantum: only part of the spectrum
could be observed, thereby precluding any accurate determination of g
values.

2.234, and 2.021 (g,,=(2.29842.23442.021)/3=2.18), values
that are typical of Ni'™" complexes in a low-spin configura-
tion. Such behavior has been recently discussed in terms of
a valence tautomerism governed by the temperature or re-
laxation effects.® The 100 K EPR spectrum of the pyridine
adduct 1p," in CH,CIl, and pyridine is shown in Figure 10c.
A low-spin (S='/) Ni'"" signal, with hyperfine splitting in
each of the three g components, is observed (Table 5). The
pattern of g values, g, (2.221) =~ g, (2.176) > g, (2.025) ~
g. (2.0023), is indicative of a d,2 ground state where the z
axis is perpendicular to the plane of the molecule. In addi-
tion, the presence of one well-resolved quintuplet in the
high-field component g, (A,y=2.10 mT), as well as two less-
resolved quintuplets in the low-field components g, and g,
(A,n=1.55mT), implies the existence of a six-coordinate
Ni""' complex 1p,* with two equivalent pyridines axially
bonded. A slight difference in g tensor anisotropy exists be-
tween 1p,* and the pyridine adduct of [Ni(L")]*, a fact indi-
cating that the spacer contributes significantly to the elec-
tronic distribution in the complex.

The EPR spectrum of 2p,* in CH,Cl, and pyridine at
100 K is shown in Figure 11a. The narrow signals at g=2.00
and g=2.24 are due to unknown impurities accounting for
less than 2% of the total signal. The major signals at 110,
137, 195, and 315 mT are attributed to an S =2/, system with
a |D| value larger than the microwave quantum energy
(0.3 cm™"), which shows that 2p,* comprises a phenoxyl radi-
cal ferromagnetically coupled to a high-spin Ni" ion
(Table 5). Such behavior (large |D| values and ferromag-
netic coupling) is commonly encountered in octahedral
high-spin Ni"' complexes containing a coordinated semiqui-
none ligand.

The X-band EPR spectrum of 3* in CH,Cl, at 100 K con-
trasts sharply with those of 1,,* and 2,,* under similar con-
ditions (Figure 11a, Table 5), as it consists of an isotropic
signal centered at a g value of 2.22. Its isotropic nature
ruled out the existence of a Ni'" complex such as that in
1p,* or a =7/, system similar to 2p,*. This unusual behav-
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b)

160 Z(IJO 3(,)0 460 560

B/mT

Figure 11. X-band EPR spectra (100 K) of 5 mm solutions in CH,Cl, con-

taining 0.1Mm TBAP of a)2,,* with 200 equivalents of pyridine (solid

lines) and its integrated spectrum (dotted lines) and b) 3*. Microwave

frequency 9.42 GHz, power 20 mW, modulation frequency 100 KHz, am-
plitude a) 0.495 mT, b) 0.197 mT.

ior has been recently reported by Yamauchi and co-workers
and is interpreted by antiferromagnetic coupling between a
phenoxyl radical and a d® high-spin Ni".l"J

The pyridine adduct 1p," could thus be formulated as a
nickel(1n) species, while 2p,* and 3* are high-spin Ni"' com-
plexes containing a coordinated phenoxyl radical. These re-
sults show that pyridine axial ligation promotes an electron
transfer from the metal to the ligand in 1p,*. Moreover, it
has been previously shown in related free ligands that
changes in the hybridization of the nitrogen atoms strongly
affect the oxidation potential of phenol. A double effect
(ligand field combined with changes in the electrochemical
properties of the phenol) is thus proposed to explain the
dramatically different behavior observed with 1p," and 2p,".
The initial metal spin configuration, d® low-spin Ni" ion for
1 or d® high-spin Ni"" ion for 3, may also contribute to this
difference, as it is correlated to the energy of the potentially
redox-active orbital on the metal. In addition, the magnetic
interaction between the metal and the radical is strongly af-
fected by the nature of the pyridine, that is, whether it is en-
dogenous or exogenous from the ligand. Pyridine is expect-
ed to bind the metal ion more strongly in 3 than in 2p,*
(chelate effect), which would result in some geometrical
changes, as reflected by shifts in the E;, values. This may
affect the overlap between the nickel and phenoxyl orbitals
and thus the magnetic coupling.

Two-electron-oxidized  complexes in CH,Cl, and
CH,Cl,+-pyridine: The electronic spectrum of 1°* in CH,Cl,
has been calculated by subtracting the electronic spectrum
of 1* from the electronic spectrum of the electrolyzed solu-
tion and assuming the formation of an equimolar mixture of
1’* and 1* (see above). The calculated spectrum exhibits
strong absorption bands at 395 (¢=5260) and 414 nm
(6230 m'cm™!), as well as a broad band at 550 nm (e
~1000 Mm'cm™'; Figure 3, Table 3). No high-intensity CT
transition could be detected in the 800-1100 nm region. The
other two-electron-oxidized complexes exhibit roughly simi-
lar absorption bands. For 2% in CH,Cl,, bands were ob-
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served at 390 (¢=5740), 406 (7700), and 530 nm (broad;
1960 M~'em ™). 2p,** in CH,Cl, and pyridine exhibted bands
at 397 (e=5700), 411 (7300), and 540 nm (broad;
1580 M 'cm ™). For 3** in CH,Cl,, bands appeared at 391
(£=6400), 408 (8240), and 528 nm (3460 m~'cm™"; Figure 4,
Figure 5, Figure 9, Table 3).

These bands match well the
n—n* transitions of the mono-
phenoxyl radical complexes
2p," and 37. They are twice as
large in the dications, which
suggests that these species are
Ni" bisphenoxyl radical com-
plexes. This assumption is cor-
roborated by the close similari-

ty of these UV/Vis data with |\
those of the copper(i) bisphe- N
noxyl radical complex of the re-

duced Jacobsen ligand descri-

bed by Pratt and Stack (405 _N/_ _,\N
(¢=5800), 418 (5800), and N
592 nm (1300 m~'em™)).1 Bu ol

The two-electron oxidized {Bu

species 1°+, 2°%, 2, **, and 3°* N
were found to be X-band EPR \|

silent at 100 K. The state popu-
lated at 100 K is thus either dia-
magnetic (S=0) or paramag-
netic (S=1) with large zero-
field splitting parameters. This
unambiguously gives evidence
for a magnetic interaction be-
tween the radical spins.

The dications 1**, 2°*, 2,°*,
and 3’* are thus bisphenoxyl
radical species in which the two
phenoxyl moieties and the
nickel ion are magnetically in-
teracting.

Conclusion

Complex 1 comprises a low-spin Ni" ion, as is usually ob-
served in square-planar Ni" complexes of salen-type ligands.
Its one-electron-oxidation product, in the presence of pyri-
dine, is a six-coordinate Ni"' complex, 1p,*, which has two
equivalent axially bonded pyridines.

Coordination changes around an Ni" ion, from square
planar to octahedral, are susceptible to promote a low-to-
high-spin transition at the metal center. In the one-electron-
oxidized octahedral nickel complexes of salen-type ligands,
there is therefore a subtle balance that affords either a high-
spin Ni" radical or a nickel(ui) species (valence tautomer-
ism).

We show here that hybridization of the coordinating ni-
trogen atoms is of prime importance in controlling the low-
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to-high-spin transition promoted by the addition of pyridine
to square-planar Ni"' complexes. The chemically induced
spin transition is possible only when the coordinating nitro-
gen atoms are amino (2), and not imino (as in 1), ones.
Hybridization not only controls the spin state of the metal
center but also the oxidation locus (Scheme 2), which is

tBu tBu
{Bu tBu
Delocalized radical ¥
low-spin nickel(ll) N
¥
N
NN s
N | .N
N
Ni“
tBu Bu @ o'| o tBu
B
u N tBu
|
N

Ferromagnetic coupling between the radical
and a high-spin nickel(Il}

tBu

Antiferromagnetic coupling between the radical

and a high-spin nickel(Il)

Scheme 2. Modulation of the oxidation locus by the ligand field and coordination of pyridine.

either metal-centered with imines (1p,*) or ligand-centered
with amines (2p,*, 3*). Control of the magnetic interaction
between the radical and the Ni" spins has also been ach-
ieved. By incorporation of the axial pyridines in the ligand
structure (2p,%), an S=">/, species is obtained, while a §="/,
system is obtained when these pyridines come from the sol-
vent (as in 3%).

Finally two-electron oxidation of all the Ni"" complexes af-
fords bisphenoxyl radical species, irrespective of the hybridi-
zation of the nitrogen atoms.

These results show how fascinating the oxidative chemis-
try of nickel phenolate systems is. They illustrate the high
level of control that can be achieved for both the nickel spin
state, and the oxidation locus, simply by changing the hy-
bridization of the coordinating nitrogen atoms in salen-type
ligands.
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Experimental Section

General: All chemicals were of reagent grade and used without further
purification. NMR spectra ("H at 300 MHz and "C at 75 MHz) were re-
corded on a Bruker AM 300 spectrometer. Chemical shifts are given rela-
tive to tetramethylsilane (TMS). Mass spectra were recorded on a Ther-
mofunnigen (EI/DCI) apparatus.

UV/Vis spectroscopy: UV/Vis spectra (298 K) were recorded on a
Perkin-Elmer Lambda 2 spectrophotometer equipped with a tempera-
ture-controller unit set at 298 K. The pathlength of the quartz cell was
1.000 cm. UV/Vis spectra (238 K) were recorded on a Cary 50 spectro-
photometer equipped with a Hellma low-temperature immersion probe
(quartz cell with 1.000 cm pathlength). The temperature was controlled
with a Lauda RK8 KS cryostat. The affinity constants were obtained
from refinement of the UV/Vis titration data of the complexes with pyri-
dine in CH,Cl,. Fitting was performed with the commercial Specfit 3.0.37
software (Spectrum Software Associates).

EPR spectroscopy: X-band EPR spectra were recorded on a Bruker
ESP 300E spectrometer equipped with a Bruker nitrogen-flow cryostat.
Spectra were treated by using the WINEPR software and simulated by
using the Bruker Simfonia software. Spectra at 100 K were recorded on
200-pL samples, while variable-temperature experiments were performed
on 50-uL samples.

Electrochemistry: Cyclic voltammetry, rotating-disc electrode voltamme-
try, and differential pulse voltammetry experiments were carried out at
298 K in millimolar solutions of the complexes in CH,Cl, containing
TBAP as a supporting electrolyte, with a CHI 660 potentiostat and a con-
ventional three-electrode electrochemical cell. A glassy carbon disc was
used as the working electrode (3 mm in diameter) and a Pt wire was the
secondary electrode. The reference electrode consisted of the 0.01m Ag/
AgNO; system. The potential of the regular ferrocenium/ferrocene (Fc*t/
Fc) couple, used as an internal reference, is +0.087 V under our experi-
mental conditions. Experiments were performed under an argon atmos-
phere. Electrolysis at a carbon-felt electrode (1x1x0.5cm) was per-
formed at 233 K, by controlled-potential electrolysis, with a PAR 273 po-
tentiostat.

Crystal structure analysis: For all structures, collected reflections were
corrected for Lorentz and polarization effects but not for absorption. The
structures were solved by direct methods and refined by using the Texsan
software. All non-hydrogen atoms were refined with anisotropic thermal
parameters. Hydrogen atoms were generated in idealized positions,
riding on the carrier atoms, with isotropic thermal parameters. CCDC-
296376 and CCDC-296377 contain the supplementary crystallographic
data for this paper (for 2 and 3, respectively). These data can be obtained
free of charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Preparation of the ligands and complexes: The ligands H,L, H,L™, and
H,L™ have been described previously.” >3

1: H,L (100 mg, 0.20 mmol) and Ni(ClO,),6H,0O (74 mg, 0.20 mmol)
were dissolved in MeOH (30mL) in the presence of NEt; (56 puL,
2 equiv) and the solution was stirred for 1 day. A dark brown precipitate
of 1 (83 mg, 76 %) was then collected. elemental analysis caled (%) for
C3,Hy6N,O,Ni: C 69.96, H 8.44, N 5.10; found: C 70.03, H 8.45, N 5.11;
"H NMR (300 MHz, CD,Cl,, 298 K, TMS): 6=7.44 (s, 2H), 7.22 (d, /=
2.5Hz, 2H), 6.84 (d, Yy=25Hz, 2H), 324 (s, 4H), 1.29 (s, 18H),
1.19 ppm (s, 18H); UV/Vis (CH,Cl,, 238 K): A, (€)=349 (9180), 422
(7380), 449 nm (4740 M 'cm™"); IR (neat): #=2946, 2903, 2867 (W, Vcp),
1624 (s, Vec), 1434 (s, ve,) and 1317 cm™ (s, veo); MS: m/z (%): 549
(100) [M+H]*.

2: NEt; (54 puL, 2 equiv) was added to a solution of H,LM® (100 mg,
0.19 mmol) in MeOH (20 mL). This was followed by addition of a solu-
tion of Ni(OAc),-4H,0 (48 mg, 0.19 mmol) in MeOH (20 mL). The mix-
ture was refluxed for three hours and the formation of 2 as a pink precip-
itate was observed. After cooling of the reaction mixture to 298 K, the
complex was isolated by filtration (68 mg, 63 %). Crystals were obtained
from the filtrate by slow evaporation of MeOH. Elemental analysis calcd
(%) for C3H,N,O,Ni: C 70.23, H 9.36, N 4.82; found: C 69.98, H 9.37,
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N 54.79; '"H NMR (300 MHz, CD,Cl,, 298 K, TMS): 6=7.32 (s, 2H), 6.73
(s, 2H), 3.65 (brs, 4H), 2.25 (brs, 4H), 1.38 (s, 18 H), 1.25 ppm (s, 18H);
UV/Vis (CH,Cl,, 238K): An. (8)=311 (10540), 377 (2320), 522 nm
(1960M ' cm™'); IR (neat): #=2945, 2898, 2859 (W, Vcy), 1612 (s, Voc),
1472 (8, Ven,), 1305 em™ (s, Veo); MS: miz (%): 581 (100) [M+H]*.

3: A solution of Ni(OAc),4H,0 (36 mg, 0.15 mmol) in MeOH (20 mL)
was added to a solution of H,L™ (100 mg, 0.15 mmol) and NEt; (40 pL,
2 equiv) in MeOH (20 mL). After three hours of reflux and evaporation
of two thirds of the solvent, product 3 crystallized at —20°C overnight
and was isolated by filtration (59 mg, 53%). Elemental analysis calcd
(%) for C,HeN,O,Ni: C 71.84, H 8.23, N 7.62; found: C 72.15, H 8.25,
N 7.69; '"HNMR (300 MHz, CDCl,, 298 K, TMS): 6=77.21 (brs, 2H),
67.36 (brs2H), 53.37 (brs, 2H), 44.54 (s, 4H), 36.33 (s, 4H), 27.55 (s,
4H), 10.39 (s, 4H), 1.05 ppm (s, 36 H); UV/Vis (CH,Cl,, 238 K): A4
(¢)=310 (13500), 369 nm (760mM~' cm™'); IR (neat): ¥=2940, 2889 (w,
Ven)s 1600 (s, Vee), 1460 (s, vey,), 1321 em™ (8, Veo); MS: m/z (%): 735
(100) [M+H]*.
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